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ABSTRACT: Two independent formal total syntheses of
oseltamivir phosphate were successfully achieved: the first
utilized a copper-catalyzed asymmetric three-component
reaction strategy, and the second utilized L-glutamic acid y-
ester as a chiral source to install the correct stereochemistry.
Both strategies used Dieckmann condensation to construct a
six-membered ring core, after which manipulation of the
functional groups and protecting groups accessed Corey’s
intermediate for the synthesis of oseltamivir phosphate. While
the first synthesis was accomplished via four purification steps
in 25.7% overall yield, albeit with moderate optical purity (76%
ee), the second strategy achieved the synthesis via six
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purification steps in 19.8% overall yield with perfect enantiocontrol.

B INTRODUCTION

Despite long-standing preventive efforts, influenza continues to
be one of the most serious threats to public health. Strains of
the influenza virus easily mutate to escape host defense systems
(such as the case of the HIN1 subtype in 2009),"> and avian
influenza strains sometimes newly acquire infectivity between
humans resulting in very high mortality rate. Although
immunization is a reliable and established method to prevent
human from being infected by the seasonal viruses, the
preparation of vaccines against novel strains usually lags behind
their detection, allowing for flu outbreaks. Possibilities that
highly lethal strains, such as the HSN1 subtype discovered in
1997,% will acquire infectivity between humans are of particular
concern because of the lack of immunologic warheads. An
alternative and powerful means to combat influenza is the use
of antivirals, such as viral neuraminidase inhibitors.*
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oseltamivir phosphate (Tamiflu®), 1

Neuraminidase is a viral enzyme that catalyzes the cleavage of
the sialic acid residue from glycoproteins to liberate proliferated
viruses from infected cells. Six years after the report of the first-
in-class neuraminidase inhibitor, zanamivir (currently marketed
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as Relenza),’ the best-in-class compound, oseltamivir phos-
phate (Tamiflu), developed by Gilead Science and Roche,’ was
approved as a clinical medicine against influenza A and B
viruses by the FDA in 1999. Notably, Tamiflu has
demonstrated positive effects against the HSN1 and HINI1
subtypes and is in clinical use. A huge global stockpile of
oseltamivir phosphate is needed, however, to prepare for an
outbreak of influenza virus, especially newly discovered
hazardous strains that can cause serious mortality.

The process of manufacturing Tamiflu used by Roche
involves a chemical synthesis beginning with (—)-shikimic
acid,” which can be isolated from the seeds of Chinese star
anise (plant of Illicium family). Because the supply of shikimic
acid from the plant is susceptible to climate fluctuations, a
variety of complementary methods have been developed to
secure shikimic acid reserves.®

Step-economic synthetic routes employing inexpensive
starting materials as well as less costly reaction and purification
conditions would be valuable alternative solutions to the supply
problem. Since the first reports of asymmetric total syntheses of
oseltamivir phosphate in 2006,>'° a myriad of synthetic studies
have been published.""'*> Unfortunately, none of these
synthetic methods have been developed to the commercial
scale due to the high total cost (too many steps, low conversion
rates, and costly reagents), impracticality (harsh conditions,
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malodorous reagents, demands for special equipment, high
dilutions, and excessive wastes), and safety issues (flammable or
explosive reagents and intermediates). In our continuing efforts
toward the development of more practical preparative routes,
our group reported several catalytic asymmetric syntheses of
oseltamivir phosphate using a yttrium-catalyzed asymmetric
ring-opening reaction of meso-aziridines with TMSN; or
HOMO-raising barium-catalyzed asymmetric Diels—Alder
reaction as key transformations to manipulate the stereo-
chemistry."> Despite the improved step-economy, the most
recent synthetic route’? still requires a potentially explosive
azide intermediate, which hinders its technical transfer to
industry.

Herein we disclose a formal total synthesis of oseltamivir
phosphate by two novel strategies: one using a catalytic
asymmetric reaction and the other using enantiopure starting
material to install the requisite stereochemistry. Both syntheses
were accomplished via the Dieckmann condensation to form
the six-membered ring skeleton, after which the identical
protocols led to patent-free Corey’s synthetic intermediate of
oseltamivir phosphate, 2.'° The original method reported by
Corey takes seven steps to access to 2 and uses the starting
material of low boiling point. For other approaches to
synthesize Corey’s intermediate, Kann et al. produced 2
through a diene- 1ron carbonyl intermediate and reported its
optical resolution,''* and Okamura et al. synthesized Corey’s
intermediate 2 using a Diels—Alder reaction of hydroxy
pyridone and ethyl acrylate in a racemic manner.''® Trost et
al. also produced an intermediate that is different from 2 only in
the protective group on the nitrogen atom (phthaloyl group) in
an elegant manner using an enantioselective palladium-
catalyzed allylic amination reaction as a key transformation.''*
However, this method includes a step that needs microwave
irradiation. Our approaches provide two alternative strategies to
access Corey’s intermediate in practical manners in terms of
total yield and stereocontrol.

B RESULTS AND DISCUSSION

The two novel approaches to our formal total synthesis of
oseltamivir are summarized in Scheme 1. Retrosynthetically, the
conjugated diene system of 2 precedes a cyclohexene-derived f-
ketoester 3 that can be disconnected to 4 by Dieckmann
condensation. The route then branches off to one of two
pathways, a catalytic asymmetric synthesis and a chiral pool
method. The catalytic asymmetric synthesis takes advantage of
a copper-catalyzed enantioselective three-component reaction
to give optically active propargylic amines. As reported by
Knochel et al,,'* the reaction proceeds via several events in a
stepwise manner. The first step is in situ generation of an
enamine from aldehyde 7 and secondary amine 8. Then, the
copper(I) catalyst activates the enamine as a Lewis acid,
accompanied by concomitant tautomerization into the iminium
form, which is followed by copper(I) acetylide formation en
route to its nucleophilic addition to the iminium resulting in
propargylic amine 5. Subsequent partial reduction of the triple
bond affords 4.

The chiral pool method utilizes the preinstalled chirality of L-
glutamic acid as the origin of the stereochemistry of the target
compound 2. An @-amino aldehyde 9 is readily prepared from a
commercially available L-glutamic acid y-ester, which is followed
by a Z-selective Horner—Wadsworth—Emmons (HWE)
reaction to afford 4.
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According to Knochel’s report, the influence of the

substituents of each substrate on the enantioselectivity of the
three-component reaction can be summarized as follows: (1)
trimethylsilylacetylene is the most preferable, aryl-substituted
acetylene decreases the selectivity (never exceeding 90% ee),
(2) bisbenzylamine gives excellent selectivity, but simple
diallylamine substantially lowers the enantioselectivity, (3)
aliphatic aldehydes provide better selectivity compared to aryl
congeners, and a-alkyl-branched aliphatic aldehydes are the
most preferable. The choice of the secondary amine is
important not only because it is a determinant of the selectivity;
the substituents should act as a protecting group of the primary
amine and must be removed without damaging other
functionalities upon exchange with a Boc group. Because
removal of the benzyl group was expected to be problematic in
the presence of a double bond, which always exists on the
intermediates later than 4 bis(4-methoxybenzyl)amine was
examined in a preliminary study. Unfortunately, oxidative
deprotection did not work. We then decided to use
diallylamine, which is removable via allylic substitution using
Pd(0) as a catalyst. In addition, the absence of examples of
propiolate ester such as 6 in the original reports led us to
optimize reaction conditions (Table 1).

Initially, a reaction with 6, 7, and 8a was conducted under the
standard conditions reported by Knochel with slight
modification: with the catalyst system comprlslng 5 mol % of
CuBr and 5.5 mol % of (R)-Quinap,"® the reactions were
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Table 1. Screening for Chiral Ligand in the Catalytic
Asymmetric Three-Component Reaction

R f coza
COZEt CuBr (5 mol %) R
|’| KH/R _ligand (X mol %) ]/
MS 4A, toluene  EtO,C
. 8 rt, Y h (S)5
EtOzC/7\/CHO

yield ee
entry ligand R X Y (%)° (%)f
1 (R)-Quinap H S.S 4 70 7
2% L1 H 20 12 43 3
3 L2 H 5.5 3 73 1
4 (R)-Monophos H 11 12 88 7
5 (R)-MOP H 11 12 6 3
6 (R)-Segphos H SS 12 21 4
7 (R,R)-i-Pr-DuPhos H 55 14 17 7
8 (S,5)-Ph-BPE H 55 14 25 2
9 (R,R)-Ph-Box H 5.5 3 388 28
10 (R,R)-Ph-Pybox H S 12 89 43¢
11 (5,5)-4-MeO-C4H,- H 55 14 91 33

Pybox
12 (RR)-4-F-C¢H,-Pybox ~ H 55 12 87 468
13 (R,R)-2-naphthyl-Pybox H S.5 14 94 428
14*  (S,S)-Ph-Pybox H 11 12 83 38
15> (5,5)-Ph-Pybox H 11 12 76 47
16”°  (S,S)-Ph-Pybox H 20 24 78 59
17%¢ (8,8)-Ph-Pybox Ph 20 24 91 64
18> (5,S)-Ph-Pybox ~ Ph 20 24 84 76
L1: 0 ph
| A ’:‘ L2: NH
_N 2
Ph,P
" Ph
Ph

I l PPh,

%10 mol % of CuBr was used. °10 mol % of CuBr, was used. “The
reaction was performed at 0 °C. “The reaction was performed at —15
°C. °NMR yield using 2-methoxynaphthalene as an internal standard.
/Determined by HPLC. 8(R)-Isomer predominated.

performed in toluene in the presence of MS 4A for 3 h at room
temperature. The product was obtained in good yield (70%),
but the enantioselectivity was as low as 7% ee. This outcome
forced us to refine the catalyst system in an ad hoc manner to
fit it to our particular system. Toward this end, we performed a
broad screening for chiral ligands. Another P,N-ligand
structurally closely related to Quinap reported by Carreira et
al.'® (L1) also afforded similarly unsatisfactory selectivity (entry
2), whereas a different type of P,N-ligand, L2, afforded an
almost racemic adduct, albeit with clean conversion (entry 3,
73% vyield, 1% ee). Next, testing of a variety of chiral
monodentate and bidentate phosphorus-based ligands (phos-
phine- and phosphoramidite-based) revealed very poor
enantioselectivity (entries 4—8, 6—88% yield, 2—7% ee). We
then turned our attention to the use of Box ligands, which are
well recognized as privileged chiral ligands containing two
oxazoline rings and are commonly used in Lewis acidic copper-
catalyzed asymmetric reactions. While a simple (R,R)-Ph-Box
gave rise to the almost racemic product (entry 9), the tridentate
variant (R,R)-Ph-Pybox, originally developed by Nishiyama and
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co-workers,'” affected the asymmetric induction (entry 10, 89%
yield, the antipode of 43% ee). Further tuning of the electronic
and steric characteristics of the aryl groups located at oxazoline
moieties had almost no beneficial effects on the enantiose-
lectivity (entries 11—13). Notably, a catalyst system comprising
Cu(II) and Ph-Pybox ligand (10 mol % of CuBr, and 20 mol %
of (S,S)-Ph-Pybox) was slightly more effective compared with
the Cu(I) system (entries 14 and 15). Indeed, an improved
enantioselectivity up to 59% ee was observed at lower
temperature at 0 °C, although an increased loading of the
ligand and an extended reaction time (24 h) were required to
fulfill reasonable conversions (entry 16, 78%). Encouraged by
this result, the effects of a secondary amine were then
examined.

Knochel reported that the use of a secondary amine with
additional steric bulk, bis(2-phenylallyl)amine 8b, improved
enantioselectivity in many cases.'® This embellished allyl
functionality can be uneventfully removed by Pd(0)-mediated
allylic substitution. Accordingly, 8b was tested under the
conditions optimized for our system, as discussed above,
resulting in better chemical yield and stereoselectivity (entry
17, 91% yield, 64% ee). Eventually, 84% yield with 76% ee was
attained at a reaction temperature of —15 °C, as demonstrated
in entry 18. Further modifications of the conditions, however,
failed to improve the enantioselectivity.

The overall process according to the catalytic asymmetric
three-component reaction strategy is summarized in Scheme 2.
With the optically active propargylamine products in hand, the
succeeding partial reduction of the triple bond was examined.
When adduct 5a was subjected to the conditions with poisoned
Pd-mediated hydrogenation, such as Lindlar’s catalyst, reduc-
tion of the allyl group afforded Z-olefin 4a as an inseparable
mixture of products. The highest chemoselectivity was realized
by the siloxane-based reduction method reported by Trost
((Me,HSi),0, AcOH, 2.5 mol % of Pd,(dba);-CHCI,, and 10
mol % of P(o-tol),),"® but the reaction continued to suffer from
a substantial undesired reduction of allyl groups. The same
reaction conditions as above with the phenyl-substituted
substrate Sb, however, escaped the overreduction to give Z-
olefin 4b in 84% yield without any trace of reduction of the 2-
phenylallyl groups, presumably because of the increased steric
bulk.

The stage was set for the second key transformation of the
synthesis, Dieckmann condensation. Preliminarily, several bases
to promote this reaction were screened with 4a as the substrate.
Use of 3 equiv of LHMDS at —40 °C led to substantially better
conversion (ca. 90% yield) compared to the cases using KOt-
Bu (31%) and NaH (no reaction). The transformation
completed in 30 min at a higher temperature (—10 °C)
without affecting the reaction course to give cyclization product
3a (see Scheme 3 also). The same protocol was effective for the
synthesis via 4b to afford 3b, which was subjected to a 1,2-
reduction of the enone moiety employing NaBH, to give 13.
The two 2-phenylallyl groups of 13 were removed by allylic
substitution in the presence of a catalytic amount of Pd(PPh,),
and N,N-dimethylbarbituric acid as a nucleophile,20 which was
followed by introduction of the Boc group to give 14 as a
mixture of diastereomers in 58% yield over four steps. Further
efforts to shorten the reaction sequence by introducing the Boc
group prior to Dieckmann condensation failed: anion species
derived from 4 by deprotonation of carbamate NH attacked at
the carbonyl group of ester to give rise to a dead-end
byproduct. At the end of the synthesis, mesylation of the
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Scheme 2. Formal Total Synthesis of Oseltamivir Phosphate
via a Catalytic Asymmetric Three-Component Reaction”
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“Conditions: (a) See Table 1 (runs 16—18), CuBr, (10 mol %), (S,S)-
Ph-Pybox (20 mol %), 6 (2 equiv), 7 (1 equiv), 8a or 8b (2 equiv),
MS 4A, toluene, —15 or 0 °C, 24 h; (b) Pd,(dba);-CHCI, (2.5 mol
%), P(o-tol); (10 mol %), (Me,HSi),O (1 equiv), AcOH (1 equiv),
toluene, 45 or 40 °C, 19 or 24 h, yield 36% for 4a, 84% for 4b; (c)
LHMDS (3 equiv), THF, —40 °C, 1 h; NaBH, (2 equiv), MeOH, —20
°C, 30 min; Pd(PPh;), (10 mol %), N,N-dimethylbarbituric acid (6
equiv), CH,Cl,, rt, 1 h; Boc,O (5 equiv), NaHCO; aq, CH;CN, rt, 1
h, yield 55% for 4 steps; (d) MsCl (1.1 equiv), Et;N (2 equiv),
CH,Cl,, 4 °C, 10 min; DBU (3.1 equiv), CH,CL, rt, 1 h, 87% for 2
steps.

hydroxyl group and subsequent p-elimination afforded the
target compound of this study, Corey’s intermediate 2, in good
yield (87%).

Despite the overall fair efficiency of the synthetic route
described above, enhancing the enantioselectivity of the
asymmetric three-component reaction would be a formidable
task. Therefore, we decided to switch our strategy to the chiral
pool method, sharing the same synthetic intermediate 4 with
the first synthetic route (Scheme 1). Historically, many
asymmetric total syntheses have been accomplished using
readily available chiral compounds, especially abundant natural
products, as their origin of chirality. Of those, natural amino
acids are inexpensive, inexhaustible chiral pools. Among the
natural amino acids, L-glutamic acid is one of the least expensive
starting materials for asymmetric syntheses. Previously, Saicic
and co-workers achieved the synthesis of oseltamivir phosphate
by taking advantage of L-glutamic acid as a chiral source, but the
synthesis also made use of the Evans oxazolidinone-based
diastereoselective aldol reaction to furnish the requisite
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Scheme 3. Formal Total Synthesis of Oseltamivir Phosphate
via the Glutamic Acid Route”
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“Conditions: (a) 60% HClO, (1.1 equiv), +BuOAc (excess), rt, 2 d,
77%; (b) allyl bromide (6 equiv), NaHCO; (4 equiv), EtOH, reflux,
24 h, yield 84%; (c) HCO,H (excess), 80 °C, 1 h; CICO,Et (3 equiv),
Et;N (S equiv), THF, —10 °C, 15 min, then NaBH, (6 equiv), MeOH,
0 °C, 30 min, yield 80% for 2 steps; (d) SO;-pyridine (4 equiv), Et;N
(3.6 equiv), DMSO, 0 °C, 2 h; (CF,CH,0),P(=0)CH,CO,Et (1.1
equiv), 18-crown-6 (S equiv), KHMDS (1.2 equiv), THF, —78 °C, 2
h, yield 80% for 2 steps; (e) LHMDS (3 equiv), THF, —40 °C, 1 h;
NaBH, (2 equiv), MeOH, —20 °C, 30 min; Pd(PPh,), (10 mol %),
N,N-dimethylbarbituric acid (6 equiv), CH,CL, rt, 1 h; Boc,O (S
equiv), CH;CN, rt, 1 h, yield 55% for 4 steps; (f) MsCl (1.1 equiv),
Et;N (2 equiv), CH,CL, 4 °C, 10 min; DBU (3 equiv), rt, 1 h, 87% for
2 steps.

stereochemistry.''” In our approach, the a-carbon of L-glutamic
acid is the sole determinant of the stereochemistry of
oseltamivir phosphate, which made the overall process more
concise and efficient.

Synthesis along this line commenced with commercially
available L-glutamic acid y-ethyl ester 11 (>99% ee) as shown in
Scheme 3. The a-carboxyl group of 11 was masked as tert-butyl
ester 15 under acidic conditions with HCIO, in the presence of
t-BuOAc (77%).”" Then, the allyl groups were uneventfully
introduced to the amino group of 15 to give a fully protected L-
glutamic acid derivative 16 in 84% yield. Subsequent treatment
of HCO,H with 16 unveiled the a-carboxyl group, which was
converted to the corresponding primary alcohol 17 via the
formation of mixed anhydride followed by reduction with
NaBH, in 80% vyield over two steps.’” After thorough
investigation of the conditions for the subsequent oxidation
of the hydroxyl group (e.g, DMP, Swern, TEMPO), Parikh-
Doering oxidation (SO;-pyridine, Et;N, DMSO) was found to
produce the best conversion. Because the aldehyde product 18
was labile upon purification, the crude material was directly
used in the subsequent Z-selective HWE reaction.
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The Journal of Organic Chemistry

Toward this end, two well-known Z-selective HWE reactions
were tested. While Ando’s protocol®® with (o-tol),P(=
O)CH,CO,Et, Nal, and DBU gave the Z-olefin in 62% yield,
accompanied by a substantial amount of the E-isomer (Z/E
ratio; 80/20), the procedure reported by Still and Gennari**
using (CF;CH,0),P(=0)CH,CO,Et, KHMDS, and 18-
crown-6 achieved good reactivity (80% over 2 steps) and
excellent Z/E selectivity (98/2) to give 4a. Subsequently,
essentially the same reaction scheme developed for the first
strategy led to the desired Corey’s intermediate 2. In fact, the
four-step procedure to 20 in 55% yield was followed by the
two-step transformation into 2 in 87% yield as shown in
Scheme 2. The optical purity of the final product 2 obtained by
this method was 99% ee, confirming that no racemization
occurred during the synthesis.

B CONCLUSION

In summary, we developed two independent synthetic methods
to access the synthetic precursor (2) of oseltamivir phosphate
reported by Corey. In the first strategy, we took advantage of
the copper-catalyzed asymmetric three-component reaction of
terminal alkyne, aldehyde, and secondary amine to afford the
propargylic amine product from which a substrate for
Dieckmann condensation, Z-olefin 4b, was derived. The second
strategy used the chirality of a readily available, optically pure L-
glutamic acid derivative as the origin of the stereochemistry of
target compound 2 and accessed the substrate of Dieckmann
condensation 4a via a Z-selective HWE reaction of 18. The first
synthesis was accomplished via five purification steps in 25.7%
overall yield albeit with moderate optical purity (76% ee), and
the second synthesis was achieved via six purification steps in
19.8% overall yield in optical pure form. Studies to further
refine the glutamic acid route to make it more cost-effective by
reducing the purification steps and tuning the reaction
conditions are underway.

B EXPERIMENTAL SECTION

All reactions were performed in oven-dried round-bottom flasks and
test tubes with a Teflon-coated magnetic stirring bar under Ar
atmosphere unless otherwise noted. Air- and moisture-sensitive liquids
were transferred via a gastight syringe and a stainless steel needle. All
workup and purification procedures were carried out with reagent
grade solvents under ambient atmosphere. Flash chromatography was
performed using silica gel 60 (230—400 mesh). Infrared (IR) spectra
were recorded on a Fourier transform IR spectrophotometer. NMR
was recorded on a 400 MHz spectrometer. For 'H NMR (400 MHz),
chemical shifts of protons are reported in parts per million downfield
from tetramethylsilane and are referenced to residual protium in the
NMR solvent (CDCl;, § 7.26 ppm). For *C NMR (100 MHz),
chemical shifts are reported in the scale relative to NMR solvent
(CDCl,, 6 77.0 ppm) as an internal reference. NMR data are reported
as follows: chemical shifts, multiplicity (s: singlet, d: doublet, dd:
doublet of doublets, t: triplet, q: quartet, m: multiplet), coupling
constant (Hz), and integration. Optical rotation was measured using a
2-mL cell with a 1.0-dm path length on a polarimeter. High-resolution
mass spectra (ESI-Orbitrap) were measured on an ESIMS instrument
equipped with an Orbitrap detector. HPLC analysis was conducted on
an HPLC system equipped with chiral stationary-phase columns (0.46
cm X 25 cm).

(S)-Diethyl 4-(Diallylamino)hept-2-ynedioate (5a, Table 1,
entry 16). To a tube containing CuBr, (4.5 mg, 20 ymol, 10 mol %)
and (S,S)-Ph-Pybox (14.8 mg, 40 ymol, 20 mol %) was added toluene
(0.8 mL) with stirring at room temperature. After 30 min, MS 4A (120
mg), ethyl propiolate 6 (40.5 uL, 0.400 mmol, 2 equiv), aldehyde 7>°
(25.0 4L, 0.200 mmol, 1 equiv), and diallylamine 8a (49.2 uL, 0.400
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mmol, 2 equiv) were successively added at 0 °C, and the mixture was
stirred for 24 h at the same temperature. The reaction mixture was
quenched with 1.0 M aqueous HCI. The resulting biphasic mixture was
extracted with EtOAc, and the combined organic extract was washed
with brine and dried over Na,SO,. Evaporation of volatiles under
reduced pressure gave the crude mixture, which was used to determine
ee (HPLC conditions are described below) and NMR yield (10 mg of
2-methoxynaphthalene was used as an internal standard). To collect
physicochemical data, a crude material was purified with silica gel
column chromatography (n-hexane/AcOEt = 8/1 to 6/1) to afford Sa
as a pale yellow oil. "H NMR (CDClj, 400 MHz) § 5.73 (m, 2H), 5.21
(d, ] = 17.0 Hz, 2H), 5.11 (d, J = 10.5 Hz, 2H), 421 (q, ] = 7.1 Hz,
2H), 4.11 (q, J = 7.0 Hz, 2H), 3.71 (dd, ] = 7.8 Hz, 7.1 Hz, 1H), 3.28
(m, 2H), 2.87 (dd, ] = 14.0 Hz, 7.8 Hz, 2H), 2.42 (m, 2H), 1.99 (m,
2H), 1.30 (t, ] = 7.1 Hz, 3H), 124 (t, ] = 7.0 Hz, 3H); *C NMR
(CDCl,;, 100 MHz) § 172.9, 153.6, 135.9, 117.7, 85.9, 77.6, 62.0, 60.5,
53.7, 51.3, 30.9, 27.9, 14.3, 14.0; IR (neat, cm™) 3081, 2981, 2819,
2225, 1740, 1712; ESI-HRMS caled for C,,H,;NO,Na [M + Na]*
330.1676, found 330.1674; [a]**p = —40.1 (34% ee, a sample obtained
under different conditions, ¢ 0.97, CHCl;); HPLC (n-hexane/2-
propanol = 50/1, CHIRALPAK IC, 0.5 mL/min, 254 nm) t; = 17.8
min (minor), 19.6 min (major).

(5)-Diethyl 4-(Bis(2-phenylallyl)lamino)hept-2-ynedioate (5b,
Table 1, entry 18). Substrates 6 (40.5 L, 0.400 mmol, 2 equiv), 7
(25.0 uL, 0.200 mmol, 1 equiv), and bis(2-phenylallyl)amine 8b (94.1
uL, 0400 mmol, 2 equiv) were used in the presence of catalyst
comprising CuBr, (4.5 mg, 20 pmol, 10 mol %) and (S,S)-Ph-Pybox
(14.8 mg, 40 pmol, 20 mol %). After stirring for 24 h at —15 °C, the
reaction mixture was quenched with 1.0 M aqueous HCI. The resulting
biphasic mixture was extracted with EtOAc, and the combined organic
extract was washed with brine and dried over Na,SO,. Evaporation of
volatiles under reduced pressure gave the crude mixture, which was
used to determine NMR yield and ee (HPLC conditions are described
below), then was purified by silica gel column chromatography (n-
hexane/AcOEt = 12/1 to 8/1) to give Sb (86.4 mg, 94%, 76% ee) asa
pale yellow oil. '"H NMR (CDCl;, 400 MHz) § 7.28—7.11 (m, 10H),
543 (s, 2H), 527 (s, 2H), 424 (q, ] = 7.1 Hz, 2H), 4.07—-3.90 (m,
2H), 3.86 (d, ] = 13.8 Hz, 2H), 3.72—3.60 (m, 1H), 3.18 (d, J = 13.8
Hz, 2H), 2.00—1.82 (m, 3H), 1.82—1.68 (m, 1H), 1.32 (dd, ] = 7.1
Hz, 7.1 Hz, 3H), 1.16 (dd, ] = 7.1 Hz, 7.1 Hz, 3H); *C NMR (CDCl,,
100 MHz) § 172.8, 153.5, 144.8, 139.3, 128.0, 127.5, 126.6, 116.5,
85.3,78.0, 62.0, 60.2, 55.4, 50.6, 302, 27.5, 14.1, 14.0; IR (neat, cm™)
2222, 1733, 1711, 1244, 1182, 908, 779, 752, 696, 407; ESI-HRMS
caled for C,oH,,NO, [M + H]* 460.2482, found 460.2477; [a]p”
—38.7 (73% ee, a sample obtained under different conditions, ¢ 1.02,
CHCL;); HPLC (n-hexane/2-propanol = 50/1, CHIRALPAK IC, 0.5
mL/min, 254 nm) t = 22.3 min (minor), 24.5 min (major).

(S)-Diethyl 4-(Diallylamino)-(2)-hept-2-enedioate (4a). To
Pd,(dba);-CHCl; (105 mg, 0.102 mmol, 2.5 mol %) and P(o-tol),
(124 mg, 0.406 mmol, 10 mol %) dissolved in toluene (10.3 mL) were
added (Me,HSi),0 (0.718 mL, 4.06 mmol), AcOH (0.232 mL, 4.06
mmol), and toluene solution (10 mL) of Sa (1.25 g 4.06 mmol)
successively at room temperature. The mixture was stirred at 45 °C for
19 h, then allowed to reach room temperature, and quenched with
saturated aqueous NaHCO;. The aqueous layer was extracted with
EtOAc, and the organic layer was washed with brine, dried over
Na,SO,, and concentrated in vacuo. The resulting residue was purified
by silica gel column chromatography (n-hexane/EtOAc = 9/1 to 7/1)
to afford 4a as a colorless oil (450 mg, 36%). Spectral data are shown
later (as a product of the glutamic acid route). NMR spectra are
included in Supporting Information.

(S)-Diethyl 4-(Bis(2-phenylallyl)amino)-(2)-hept-2-enedioate
(4b). To Pd,(dba);-CHCl; (243 mg, 0.235 mmol, 2.5 mol %) and
P(o-tol); (286 mg, 0.940 mmol, 10 mol %) dissolved in toluene (23.5
mL) were added (Me,HSi),0 (1.66 mL, 9.40 mmol), AcOH (0.537
mL, 9.40 mmol), and toluene solution (23.5 mL) of Sb (4.31 g, 9.39
mmol) successively at room temperature. The mixture was stirred at
40 °C for 24 h, then allowed to reach to room temperature, and
quenched with saturated aqueous NaHCO;. The aqueous layer was
extracted with EtOAc, and the organic layers were washed with brine,
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dried over Na,SO,, and concentrated in vacuo. The resulting residue
was purified by silica gel column chromatography (n-hexane/EtOAc =
12/1 to 8/1) to afford 4b as a colorless oil (3.65 g, 84%). 'H NMR
(CDCl,, 400 MHz) § 7.29—7.23 (m, 4H), 7.21=7.16 (m, 6H), 6.27
(dd, J = 11.4 Hz, 11.4 Hz, 1H), 5.94 (d, ] = 11.4 Hz, 1H), 5.32 (s, 2H),
5.17 (s, 2H), 4.46—4.32 (m, 1H), 4.14—4.04 (m, 2H), 4.03 (q, ] = 7.2
Hz, 1H), 3.83 (d, J = 14.1 Hz, 2H), 3.19 (d, ] = 14.1 Hz, 2H), 2.08—
1.96 (m, 1H), 1.94—1.72 (m, 2H), 1.71-1.58 (m, 1H), 1.21 (dd, ] =
7.2 Hz, 7.2 Hz, 3H), 1.19 (dd, J = 7.2 Hz, 7.2 Hz, 3H); °C NMR
(CDCL,, 100 MHz) & 173.8, 165.6, 146.0, 145.7, 140.1, 127.9, 127.3,
126.6, 122.7, 1152, 60.1, 60.0, 55.2, 54.4, 30.8, 27.2, 14.2; IR (neat,
cm™) 2980, 2820, 1721, 1631, 1416, 1186, 1029, 906, 779, 698; ESI-
HRMS caled for C,gH;sNO, [M + HJ]* 462.2639, found 462.2632;
[a]p = +82.0 (73% ee, ¢ 1.04, CHCL,).

(2R,5S)-Ethyl 5-(tert-Butoxycarbonylamino)-2-hydroxycyclo-
hex-3-enecarboxylate (14). To a stirred solution of diester (4b)
(3.61 g 7.83 mmol) in THF (15.7 mL) was slowly added a 1.0 M
THF solution of LHMDS (23.5 mL, 23.5 mmol) at —40 °C. The
resultant solution was stirred at the same temperature for 1 h, diluted
with EtOAc, and quenched with saturated aqueous NH,Cl. The
biphasic mixture was extracted with EtOAc, and combined organic
extracts were washed with brine and dried over Na,SO,. After
evaporation of the organic solvent under reduced pressure, the crude
product including 3b (keto—enol mixture) was obtained as a pale
yellow oil, which was used for the next reaction without further
purification.

To a stirred solution of the crude material including 3b (maximum
7.83 mmol) in MeOH (39.2 mL) was added NaBH, (592 mg, 15.7
mmol) at —20 °C. The resultant solution was stirred at the same
temperature for 30 min and then quenched with saturated aqueous
NH,CI (slowly added). After warming to room temperature, MeOH
was removed under the reduced pressure. The aqueous layer was
extracted with EtOAc, and the combined organic layers were washed
with brine and dried over Na,SO,. After evaporation of the volatiles
under reduced pressure, the crude product including 13 was obtained
as pale yellow oil, which was used for the next step without further
purification.

To a stirred solution of crude ester (13, maximum 7.83 mmol) in
CH,Cl, (39.2 mL) were successively added Pd(PPh;), (905 mg, 0.783
mmol, 10 mol %) and N,N-dimethylbarbituric acid (7.34 g, 47.0
mmol) at room temperature. The resulting solution was stirred at the
same temperature for 1 h, and CH,Cl, was removed under reduced
pressure. To this mixture were successively added a 1.0 M solution of
Boc,0O in CH;CN (39.2 mL, 39.2 mmol) and saturated aqueous
NaHCO; (39.2 mL) at room temperature. The resulting solution was
vigorously stirred at the same temperature for 1 h, diluted with EtOAc,
and quenched with saturated aqueous NaHCO;. The biphasic mixture
was extracted with EtOAc, and combined organic extracts were washed
with brine and dried over Na,SO,. After evaporation of volatiles under
reduced pressure, the crude mixture was purified by silica gel column
chromatography (n-hexane/AcOEt = 1/1) to give the desired product
(14) (1.23 g, diastereomeric mixture, 55% yield over 4 steps) as a pale
yellow solid. The diastereomers could be partially separated upon
careful silica gel column chromatography. Usually, the mixture of the
isomers was used in the next step without separation.

(1R,2R,5S)-Ethyl 5-(tert-Butoxycarbonylamino)-2-hydroxycy-
clohex-3-enecarboxylate (14, less polar isomer). '"H NMR
(CDCl,, 400 MHz) § 5.77—5.71 (m, 1H), 5.65—5.59 (m, 1H), 4.53—
4.47 (m, 1H), 447—4.40 (m, 1H), 4.35 (brs, 1H), 4.24—4.12 (m, 2H),
2.62—2.52 (m, 1H), 2.51-2.38 (m, 1H), 1.43 (s, 9H), 1.27 (dd, ] = 4.8
Hz, 4.8 Hz, 3H); 3C NMR (CDCl,, 100 MHz) & 173.8, 155.2, 131.6,
130.5, 79.6, 67.7, 61.0, 48.0, 47.3, 31.7, 28.3, 14.1; IR (neat, cm™")
3424, 3361, 2976, 1718, 1682, 1523, 1181, 1053; ES-HRMS calcd for
C14H,;NNaO; [M + Na]* 308.1468, found 308.1474; [a]®, = —53.4
(70% ee, c 1.04, CHCL,).

(1S,2R,5S)-Ethyl 5-(tert-Butoxycarbonylamino)-2-hydroxycy-
clohex-3-enecarboxylate (14, more polar isomer). '"H NMR
(CDCl,;, 400 MHz) § 6.00—5.91 (m, 1H), 5.86—5.76 (m, 1H), 4.54—
442 (m, 1H), 440 (dd, ] = 4.1 Hz, 4.1 Hz, 1H), 432—4.22 (m, 1H),
4.19 (q, J = 7.1 Hz, 2H), 2.80-2.67 (m, 1H), 2.30—2.15 (m, 1H),
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1.99—1.87 (m, 1H), 1.43 (s, 9H), 1.27 (dd, ] = 7.1 Hz, 7.1 Hz, 3H);
3C NMR (CDCl,, 100 MHz) § 174.0, 155.0, 131.0, 129.9, 79.6, 63.6,
609, 44.4, 41.6, 28.3, 27.0, 14.1; IR (neat, cm™) 3361, 2979, 2934,
1690, 1517, 1367, 1248, 1170, 1012, 755; ESI-HRMS calcd for
C14H,3;NNaO; [M + Na]* 308.1468, found 308.1473; [a]*, = —133.3
(70% ee, ¢ 1.02, CHCL,).

(S)-Ethyl 5-((tert-Butoxycarbonyl)amino)cyclohexa-1,3-dien-
ecarboxylate (2). To a stirred solution of the residue were
successively added 14 (172 mg, 0.603 mmol) in CH,Cl, (3 mL),
MsCl (51.3 uL, 0.663 mmol), and Et;N (167 uL, 1.21 mmol) at 4 °C,
and the mixture was stirred for 10 min at the same temperature. DBU
(279 uL, 1.87 mmol) was added to the mixture, and the mixture was
further stirred for 1 h at room temperature. The mixture was diluted
with CH,Cl, and washed with H,O, and the aqueous layer was back-
extracted with CH,Cl,. The combined organic layers were washed
with 1 N HC], saturated aqueous NaHCOj3, and brine successively and
dried over Na,SO,. The mixture was concentrated to give crude
material that was purified with silica gel column chromatography (n-
hexane/Et,0 = 3/1 to 2/1) to afford 2 (140 mg, 0.523 mmol, 87%
yield) as a pale yellow viscous oil. ESI-HRMS calcd for C,,H,;NO,Na
[M + Na]* 290.1363, found 290.1361. Physicochemical data was
identical to those reported.'® Other spectral data are shown later (as a
product of the glutamic acid route). NMR spectra obtained by this
sample are included in Supporting Information.

(S)-1-tert-Butyl 5-Ethyl 2-Aminopentanedioate (15). L-Gluta-
mic acid y-ethyl ester (11, 10.0 g, 57.1 mmol) was dissolved in
aqueous 60% HCIO,, (6.9 mL, 62.8 mmol) with stirring in an ice bath.
t-BuOAc (250 mL) was added, and the stirring was continued until a
homogeneous solution was obtained. The mixture was maintained at
room temperature for 2 days, then 0.1 N HCI (350 mL) was added to
the mixture, and Et,0O was added. The aqueous phase was separated
from the organic phase, and the aqueous phase was adjusted to pH =9
with aqueous Na,CO;. The aqueous phase was extracted with EtOAc,
and the organic layers were combined, washed with brine, dried over
anhydrous Na,SO,, and concentrated to afford the desired ester 15 as
a colorless oil (10.14 g, 77%). The crude product was NMR pure and
was used directly without purification in the next step. '"H NMR
(CDCl,, 400 MHz) & 4.07 (q, ] = 7.2 Hz, 2H), 328 (dd, ] = 8.2 Hz,
5.3 Hz, 1H), 2.38 (dd, ] = 7.6 Hz, 7.6 Hz, 2H), 2.02—1.92 (m, 1H),
1.80—1.68 (m, 1H), 1.51 (s, 2H), 1.40 (s, 9H), 1.19 (dd, ] = 7.1 Hz,
7.1 Hz, 3H); ®C NMR (CDCL,, 100 MHz) & 174.8, 173.2, 81.1, 60.3,
542, 30.6, 29.8, 27.9, 14.1; IR (neat, cm™) 3385, 2979, 2935, 1731;
ESI-HRMS caled for C;;H,,NO, [M + HJ]* 232.1543, found
232.1546; [a)®p = 12.4 (¢ 1.04, CHCL,).

(S)-1-tert-Butyl 5-Ethyl-2-(diallylamino)pentanedioate (16).
Diester 15 (9.4 g, 40.6 mmol) was dissolved in EtOH (100 mL), and
powdered NaHCO; (13.65 g, 0.163 mol) and allyl bromide (21.1 mL,
0.244 mol) were added at room temperature. The mixture was stirred
under reflux for 20 h, then cooled to room temperature, filtered
through a Celite pad using EtOAc, and concentrated to give crude
material, which was purified by silica gel column chromatography (n-
hexane/EtOAc = 32/1) to afford 16 as a colorless oil (10.59 g, 84%).
'"H NMR (CDCl,, 400 MHz) § 5.78—5.65 (m, 2H), 5.15 (d, J = 17.2
Hz, 2H), 5.07 (d, J = 10.1 Hz, 2H), 4.10 (q, ] = 7.1 Hz, 2H), 3.38—
328 (m, 3H), 3.01 (dd, ] = 14.4 Hz, 8.0 Hz, 2H), 2.45—-2.26 (m, 2H),
2.00—1.80 (m, 2H), 1.45 (s, 9H), 1.23 (dd, ] = 7.1 Hz, 7.1 Hz, 3H; "*C
NMR (CDCl,, 100 MHz) & 173.5, 171.9, 136.7, 116.9, 80.9, 61.1, 60.2,
$3.3, 30.9, 28.3, 24.6, 14.2; IR (neat, cm™): 3078, 2978, 2819, 2934,
2841, 1734; ES-HRMS caled for C,,H,0NO,Na [M + Nal* 334.1989,
found 334.1987; [a]®,, = —55.7 (¢ 1.1, CHCL,).

(S)-Ethyl 4-(Diallylamino)-5-hydroxypentanoate (17). Diester
16 (1.4 g, 4.5 mmol) was dissolved in HCO,H (15 mL) and stirred at
80 °C for 1 h. The reaction mixture was cooled to room temperature,
and HCO,H was removed by azeotropic distillation with toluene (3
times) and CHCl; (3 times) under reduced pressure to afford the
crude mixture. To the resultant residue in THF (30 mL) at —10 °C
was added Et;N (3.1 mL, 22.5 mmol), followed by ethyl chloroformate
(1.28 mL, 13.5 mmol). After 15 min, NaBH, (1.02 g, 27 mmol) was
added in one portion. MeOH (30 mL) was then added dropwise to
the mixture at 0 °C. The solution was stirred for an additional 30 min
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at the same temperature and then quenched with saturated aqueous
NH,CI. The organic solvents were evaporated under reduced pressure,
and the product was extracted with EtOAc, washed with brine, dried
over anhydrous Na,SO,, and concentrated under reduced pressure to
afford crude material, which was purified by silica gel column
chromatography (n-hexane/EtOAc = 1/4) to afford 17 as a colorless
oil (869 mg, 80%). '"H NMR (CDCl,, 400 MHz) & 5.80—5.67 (m,
2H), 5.21-5.05 (m, 4H), 4.10 (q, J = 7.2 Hz, 2H), 3.47 (dd, J = 10.6,
5.2 Hz, 1H), 3.34—3.21 (m, 3H), 2.96 (dd, ] = 14.2 Hz, 7.8 Hz, 2H),
2.90—-2.78 (m, 1H), 2.32—2.17 (m, 2H), 1.95—1.83 (m, 1H), 1.48—
1.35 (m, 1H), 1.23 (dd, J = 7.1 Hz, 7.1 Hz, 3H); *C NMR (CDCl,,
100 MHz) 6 173.1, 136.4, 117.4, 60.6, 60.5, 59.2, 52.1, 31.5, 21.0, 14.2;
IR (neat, cm™): 3440, 2978, 2934, 2876, 1733, 1642; ESI-HRMS
caled for C;3H,,NO; [M + H]* 242.1751, found 242.1752; [a]® =
23.1 (c 1.0, CHCL,).

(S)-Ethyl 4-(Diallylamino)-5-oxopentanoate (18). Et;N (0.21
mL, 1.49 mmol) was added to 17 (100 mg, 0.41 mmol) at 0 °C. Then,
SO;-pyridine (264 mg, 1.66 mmol) in DMSO (1.5 mL) was slowly
added at 0 °C. After the addition completed, the mixture was stirred at
the same temperature for 2 h. The reaction mixture was then
quenched by the addition of cold water (1 mL) and extracted with
ether. The combined organic layers were washed with 5% citric acid
and brine, dried over anhydrous Na,SO,, and concentrated under
reduced pressure to afford crude 18 as a colorless oil, which was used
for the succeeding reaction without further purification. '"H NMR
(CDCl,, 400 MHz) 6 9.66 (s, 1H), 5.75—5.65 (m, 2H), 5.16—5.05 (m,
4H), 4.06 (q, ] = 7.1 Hz, 2H), 326—3.11 (m, SH), 2.44—2.37 (m,
1H), 2.31-2.23 (m, 1H), 1.97—1.88 (m, 1H), 1.81—1.72 (m, 1H),
1.19 (t, J = 7.1 Hz, 3H); *C NMR (CDCl,, 100 MHz) § 203.6, 173.2,
136.0, 117.8, 66.9, 60.4, 53.7, 31.0, 19.9, 14.2.

(S)-Diethyl 4-(Diallylamino)-(2)-hept-2-enedioate (4a). A
solution of (CF;CH,0),P(=0)CH,CO,Et (151 mg, 0.455 mmol)
and 18-crown-6 (547 mg, 2.07 mmol) in THF (4 mL) was cooled to
—78 °C and treated with KHMDS (0.5 M in toluene, 0.95 mL, 0.476
mmol). The mixture was stirred at —78 °C for 45 min, and then 18
(maximum 0.414 mmol) in THF (3 mL) was slowly added at —78 °C.
After the addition was completed, the mixture was stirred at =78 °C
for 2 h. Then, the reaction mixture was quenched with saturated
aqueous NH,Cl. After the mixture was warmed to room temperature,
the solvent was evaporated under reduced pressure and extracted with
EtOAc. The combined organic layers were washed with brine, dried
over anhydrous Na,SO,, and concentrated under reduced pressure to
afford crude material as a colorless oil (Z/E = 98/2), which was
purified by silica gel column chromatography (n-hexane/EtOAc =
11.5/1) to afford Z-olefin 4a as a colorless oil (103 mg, 80% over 2
steps). "H NMR (CDCI,, 400 MHz) 5 6.12 (dd, ] = 11.4 Hz, 10.3 H,
1H), 5.89 (d, J = 11.4 Hz, 1H), 5.80—5.70 (m, 2H), 5.13—5.04 (m,
4H), 445 (m, 1H), 4.15—4.07 (m, 4H), 3.26 (m, 2H), 2.91 (dd, J =
14.4 Hz, 7.4 Hz, 2H), 2.46 (m, 1H), 2.30 (m, 1H), 1.93 (m, 1H), 1.73
(m, 1H), 1.28—1.21 (m, 6H); *C NMR (CDCl,;, 100 MHz) § 173.7,
165.8, 1474, 136.5, 122.1, 116.7, 60.2, 60.1, 56.0, 52.5, 31.1, 27.3, 14.2;
IR (neat, cm™) 2980, 2936, 1734, 1732; ESI-HRMS calcd for
C,,H,sNO, [M + H]* 310.2013, found 310.2015; [a]*, = 138.5 (¢
091, CHCL,).

(55)-Ethyl 5-((tert-Butoxycarbonyl)amino)-2-hydroxycyclo-
hex-3-enecarboxylate (14). To a stirred solution of 4a (340 mg,
1.10 mmol) in THF (549 mL) was slowly added a 1.0 M THF
solution of LHMDS (3.30 mL, 3.30 mmol) at —40 °C, and the mixture
was stirred for 30 min at the same temperature. EtOAc and saturated
aqueousNH,Cl were added to quench the reaction, and the aqueous
layer was extracted with EtOAc. The combined organic layers were
washed with brine, dried over Na,SO,, filtered, and concentrated to
give crude 19 (keto—enol mixture) as a pale yellow oil, which was used
for the next reaction without further purification.

To a stirred solution of crude 19 (maximum 1.10 mmol) in MeOH
(549 mL) was added NaBH, (83.2 mg, 2.20 mmol) at —20 °C, and
the mixture was stirred for 30 min at the same temperature. After the
addition of saturated aqueous NH,Cl, MeOH was removed under
reduced pressure. EtOAc was added, and the resulting aqueous layer
was extracted with EtOAc. The combined organic layers were washed
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with brine, dried over Na,SO,, filtered, and concentrated to give crude
20, which was partially purified by silica gel column chromatography
(n-hexane/EtOAc = 2/1) to afford a sample including 20 (180 mg,
0.680 mmol at maximum, diastereomeric mixture) as a pale yellow oil.

To a stirred solution of partially purified 20 (180 mg, maximum
0.680 mmol) in CH,Cl, (3.39 mL) were successively added
Pd(PPh,), (78.4 mg, 67.8 ymol, 10 mol %) and N,N-dimethylbarbi-
turic acid (636 mg, 4.07 mmol) at room temperature, and the mixture
was stirred for 1 h. After removing CH,Cl, under the reduced
pressure, a 0.82 M solution of Boc,O in CH;CN (4.13 mL, 3.39
mmol) and saturated aqueous NaHCO; were successively added at
room temperature, and the mixture was vigorously stirred for 3 h at
the same temperature. The mixture was diluted with EtOAc and
saturated aqueous NaHCO3, and the aqueous layer was extracted with
EtOAc. The combined organic layers were washed with brine, dried
over Na,SO,, filtered, and concentrated to give a crude mixture, which
was purified with silica gel column chromatography (n-hexane/AcOEt
= 1/1) to afford 14 (175 mg, 0.613 mmol, diastereomeric mixture,
56% yield for 4 steps) as a pale yellow solid. NMR and IR data were
identical to those described above. ESI-HRMS caled for
C14H,3NOgNa [M + Na]* 308.1468, found 308.1468. NMR spectra
obtained by this sample (diastereomeric mixture) are included in
Supporting Information.

(S)-Ethyl 5-((tert-Butoxycarbonyl)amino)cyclohexa-1,3-dien-
ecarboxylate (2). The same protocol described above was applied to
14 synthesized via the glutamic acid route. Physicochemical data were
identical to those reported'® as follows. "H NMR (CDCl,, 400 MHz)
57.03 (d, ] = 3.9 Hz, 1H), 6.18—6.09 (m, 2H), 4.61 (m, 1H), 4.42 (m,
1H), 4.20 (q, J = 7.1 Hz, 2H), 2.76=2.61 (m, 2H), 1.42 (s, 9H), 1.29
(t, J = 7.1 Hz, 3H); 3C NMR (CDCl,;, 100 MHz) § 166.8, 154.9,
132.7, 1317, 127.0, 124.8, 79.5, 60.6, 43.5, 28.8, 28.4, 14.3; IR (neat,
cm™!) 3352, 2978, 1705; ESI-HRMS calced for C;,H,NO,Na [M +
Na]* 290.1363, found 290.1361; [a]*>p, = —205.5 (98.9% ee, ¢ 1.1,
CHCL), lit. [a]®y = =217 (599% ee, ¢ 1.1, CHCL);'* HPLC (n-
hexane/2-propanol = 50/1, CHIRALPAK AD-H, 1.0 mL/min, 254
nm) f = 16.4 min (minor), 19.3 min (major).
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