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A new versatile synthesis of 3-piperidones is described, starting from amino acids. It uses, as a key step,
an iron carbonyl-mediated intramolecular tandem isomerizationealdolisation reaction. These new
heterocycles appear as useful scaffolds for the total synthesis of various types of bioactive molecules.
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1. Introduction

Piperidine is a very important skeleton, both in the field of
natural products and also for medicinal chemistry.1 Piperidones are
highly versatile intermediates toward such scaffolds. In particular,
the 4-piperidones [2,3-dihydropyridin-4(1H)-ones] are readily ac-
cessible, either in racemic or optically pure form, and they have
been much used in the literature2 while, the corresponding [1,2-
dihydropyridin-3(6H)-ones] have been less used, in spite of their
excellent potential in synthesis. To the best of our knowledge, only
four methods have been described to date for the preparation of
such derivatives (Scheme 1). The first is the azaeAchmatowicz
rearrangement (Route A), allowing preparation of 3-piperidones
with an OAc or OR group in position 2.3 The second is the ring
closing metathesis (Route B), which has been especially developed
for a versatile synthesis of 3-hydroxypyridines.4 The third (Route C)
is the intramolecular Heck-type reaction with oxime ethers, fol-
lowed by a hydrolysis step.5 The last method is a nickel-catalyzed
[4þ2] cycloaddition of 3-azetidinones with alkynes (Route D).6

These methodologies allow elegant syntheses of various types
of 3-piperidones and application of these intermediates to the
synthesis of natural alkaloids, as well as in the preparation of
univ-rennes1.fr (R. Gr�ee).
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3-hydroxypyridines through elimination reactions. However, it is
noteworthy that only two examples of optically active 3-
piperidones have been reported to date: one by Route A, based
on the use of chiral sulfinylimines (with 75% ee),3 and another by
Route D starting from a chiral azetidinone (up to 99% ee).6

Taking into account the excellent potential of such 3-
piperidones in synthesis of alkaloids, as well as for azasugars, we
became interested in designing a new versatile route to access
these molecules.
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Scheme 1. Various synthetic routes to 3-piperidones.
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Scheme 3. Synthesis of 3-piperidone 17 and 3-piperidol 18.
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Our strategy, based on the intramolecular tandem isomer-
izationealdolisation process developed in our group,7 is indicated
in Scheme 1: starting from amino acids it should be possible to
prepare allylic alcohols with an aldehyde in remote position and
connected through an amino linker. Then, if the tandem reaction is
compatible with this nitrogen containing intermediate, the intra-
molecular process should lead to the aldol products and after de-
hydration to the targeted 3-piperidones. If desired, a final
stereocontrolled reduction should give the corresponding 3-
piperidols. One potential advantage of this new route is the easy
access to awide range of amino acids. On the other hand, both these
new chiral 3-piperidones and corresponding 3-piperidols would be
highly versatile intermediates for further synthetic applications.
Therefore the purpose of this publication is to demonstrate, on
three selected examples, the feasibility of this strategy.

2. Result and discussion

The 3-piperidone 7 and 3-piperidol 8were selected asmodels to
validate the synthetic strategy (Scheme 2). The known8 aminoester
1 is easily accessible from 2,2-dimethoxyethylamine. Protection of
1 gave in good yield derivative 2, which was reduced to amino-
alcohol 3 in 76% yield.
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Scheme 4. Synthesis of 3-piperidone 26 and 3-piperidol 27.
A 2-iodoxybenzoic acid (IBX)-mediated oxidation gave an al-
dehyde, whichwas reacted immediately with vinyl Grignard to give
allylic alcohol 4 in 64% yield for the two steps. The acetal was re-
moved using formic acid,9 affording hydroxymorpholine 5 as
a mixture of two stereoisomers, in 77% yield. In this molecule, only
the closed form was observed by NMR without evidence for the
corresponding hydroxyealdehyde. Starting from this intermediate,
the key tandem intramolecular isomerizationealdolisation process
was successfully performed, by using Fe(CO)5 as the catalyst at
10 mol %, affording aldol derivatives as a 60/40 mixture of di-
astereoisomers. These intermediates were reacted immediately
with mesyl chloride and Et3N to afford desired 3-piperidone 7 in
42% yield from 5. Reduction with Luche’s reagent10 gave (�)-8 in
99% yield, while asymmetric reduction using (S)-CBS agent gave
allylic alcohol (þ)-8 in 75% yield. In agreement with literature data
for similar type of molecules, (þ)-8 was obtained with a very high
enantioselectivity (ee¼99% by chiral HPLC analysis).11 Therefore,
through this synthesis, we have demonstrated that the tandem
reaction was compatible with a Cbz-protected amino group. Fur-
ther, the targets, 3-piperidone 7 and 3-piperidinol (þ)-8, were
obtained in 6 and 7 steps and 13% and 10% overall yields, re-
spectively, from 1.
The next step was to develop this strategy, starting from other
amino acids. This has been done on two representative examples,
one starting from L-Valine (Scheme 3) and the other one using
D-Serine (Scheme 4) as starting material.
Starting from themethyl ester of L-Valine 9, a two-step sequence
alkylation with the bromoacetaldehyde dimethylacetal, followed
by Cbz protection gave aminoester 11 in 70% yield. Then reduction
to alcohol 12, followed by IBX-mediated oxidation to 13 and vinyl
Grignard addition, gave allylic alcohol 14 in 60% yield for the 3
steps.

Reaction with formic acid afforded, in 72% yield, hydrox-
ymorpholine 15 ready for the key isomerizationealdolisation step.
Under the same conditions as previously described, with Fe(CO)5 as
catalyst at 10 mol %, the reaction gave aldols 16, as a mixture of
stereoisomers, in 75% yield. They were immediately submitted to
dehydration step to afford dihydropyridin3-one 17 in 60% yield. A
final reduction, under Luche’s conditions, was completely diaster-
eocontrolled (1H and 13C NMR) with attack of hydride on the less
hindered side opposite to bulky substituent, giving 3-piperidol 18
in 92% yield.

The next example was starting from the O-benzyl-protected
methyl ester of L-Serine 19. A reductive amination with mono-
protected glyoxal, followed by Cbz protection gave intermediate
20 in 76% overall yield for the two steps. Then, the same sequence of
reaction was followed to give the hydroxymorpholine 24 in 4 steps
and 42% overall yield from 20. The iron carbonyl-catalyzed tandem
reaction was again successful and after dehydration, the target 3-
piperidone 26 was obtained in 56% yield from 24. Luche’s
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reduction afforded 3-piperidol 27, with full diastereocontrol, in 96%
yield.

3. Conclusion

In summary we have developed a new, flexible, route to 3-
piperidones and corresponding 3-piperidols, starting from amino
acids. This synthesis demonstrates that the tandem isomer-
izationealdolisation reaction is compatible with aza-derivatives,
provided the nitrogen atom is suitably protected.12 These new
aza-heterocycles have useful functionalities, not only through the
enone and allylic alcohol system, but also via the allylic methyl and
methylene groups. Therefore they appear as versatile intermediates
for the synthesis of various types of bioactive molecules, such as 4-
alkyl analogs of fagomine or other azasugars, and corresponding
results will be reported in due course.

4. Experimental section

4.1. General

All reactions were carried out under argon or nitrogen atmo-
sphere. TLC spots were examined under UV light and revealed by
sulfuric acideanisaldehyde, KMnO4 solution or phosphomolybdic
acid. Dichloromethane was distilled from calcium hydride, tetra-
hydrofuran and diethyl ether were distilled from sodium/benzo-
phenone, methanol was distilled over magnesium. NMR spectra
were obtained at 300 MHz or 500 MHz for 1H and 75 MHz or
125 MHz for 13C with BRUKER AVANCE 300 or 500 spectrometers.
Chemical shifts are given in parts per million (d) relative to chlo-
roform (7.26 ppm) or benzene (7.16 ppm) residual peaks. Assign-
ments of 1H and 13C resonances for complex structures were
confirmed by extensive 2D experiments (COSY, HMQC, HMBC).
Rotation data were recorded on a PerkineElmer 241 Polarimeter.
Mass spectral analyzes have been performed with a Micromass
ZaBSpecTOF at the Centre R�egional deMesures Physiques de l’Ouest
(CRMPO) in Rennes (France).

Caution: all reactions involving Fe(CO)5 have to be carried out
under a well ventilated hood. These iron carbonyl-mediated re-
actions have been performed in usual Pyrex glassware equipment.

4.2. Preparation of 3-piperidones and 3-piperidols

4.2.1. Methyl 2-((benzyloxycarbonyl)(2,2-dimethoxyethyl) amino)
acetate (2). To a solution of 2,2-dimethoxyethylamine (4 g,
38 mmol) in anhydrous diethyl ether (50 mL) was added slowly,
dropwise, methyl bromoacetate (3.8 mL, 40 mmol) at 0 �C. The
mixture was stirred at this temperature for another 30 min and
thenwarmed up to rt. After 12 h, the formed solid was filtered, and
the filtrate was washed by ether (100 mL), and then dried under
vacuum. This salt was used for next step without further
purification.

To a solution of previous hydrobromide (6.3 g) and KHCO3
(10.9 g) in a mixture of ethyl acetate and water (50 mL/50 mL), was
added CbzCl (3.7 mL, 23.6 mmol) at 0 �C. The reaction mixture was
stirred at rt for 14 h and then hydrolyzed by a 10% HCl solution
(50 mL). The organic phase was washed by a solution of brine
(50 mL), dried over MgSO4, filtered, and evaporated under vacuum.
The crude product was purified by column chromatography on
silica gel (Eluent: Pentane/AcOEt 9/1) to give protected amine 2 as
a colorless oil: 6.5 g, 55% overall yield from 2,2-
dimethoxyethylamine.

1H NMR (300 MHz, CDCl3): d¼3.38 (s, 6H), 3.44 (dd, J¼5.2,
9.5 Hz, 2H), 3.65 and 3.73 (s, 3H), 7.07 and 4.12 (s, 2H), 4.36 and 4.43
(t, J¼5.1 Hz, 1H), 5.13 and 5.17 (s, 2H), 7.28e7.35 (m, 5H). 13C NMR
(75MHz, CDCl3): d¼49.9, 50.0, 50.2, 50.6, 51.9, 52.0, 54.4, 54.6, 54.9,
66.9, 67.5, 67.7, 102.8, 103.9, 104.1, 127.8, 127.9, 128.1, 128.4, 128.5,
136.3, 136.4, 156.1, 156.2, 170.2. HRMS m/z calculated for [MþNa]þ

(C15H21NO6Na): 334.1267, found 334.1270.

4.2.2. Benzyl 2,2-dimethoxyethyl(2-hydroxyethyl)carbamate (3). To
a suspension of lithium chloride (1.79 g) in ethanol/THF (150 mL/
100 mL) at 0 �C was added NaBH4 (1.59 g), portionwise in 1 h. The
mixture was stirred at rt for 1 h and then a solution of compound 2
(6 g, 19.3 mmol) in anhydrous THF (30 mL) was added. The reaction
was stirred overnight at rt and then hydrolyzed by addition of
water (50 mL). The aqueous phase was extracted by ethyl acetate
(2�100 mL) and the combined organic phases were dried, filtered,
concentrated under vacuum. The crude product was purified by
column chromatography on silica gel (Eluent: Pentane/AcOEt 8/2,
Rf¼0.3) to give compound 3 as a colorless oil: 4.15 g, 76% yield.

1H NMR (300 MHz, CDCl3): d¼3.30 (s, 3H), 3.41 (s, 3H),
3.27e3.51 (m, 4H), 3.72 (broad s, 2H), 4.44 (t, J¼5.2 Hz, 1H), 4.67 (t,
J¼5.3 Hz, 1H), 5.12 (s, 2H), 7.28e7.33 (m, 5H). 13C NMR (75 MHz,
CDCl3): d¼50.8, 51.8, 52.1, 52.5, 54.7, 56.0, 61.5, 61.7, 67.2, 67.5,102.9,
103.7,127.7,127.8,127.9,128.1,128.3,128.4,136.2,138.4,155.4,156.8.
HRMS m/z calculated for [MþNa]þ (C14H21NO5Na): 306.1317, found
306.1312.

4.2.3. Benzyl 2-hydroxy-6-vinylmorpholine-4-carboxylate (5). To
a suspension of IBX (3.95 g, 14 mmol) in a mixture of DMSO and
CH2Cl2 (2 mL/20 mL) at 50 �C was added a solution of alcohol 3 (2 g,
7.07 mmol) in CH2Cl2 (10 mL). The reaction was stirred at this
temperature for 24 h then hydrolyzed at rt by addition of water
(5 mL). The suspension was filtered on Celite and the filtrate was
washed with AcOEt (30 mL). The aqueous phase was extracted by
AcOEt (2�30 mL). The combined organic phases were washed by
water (3�50mL) and a solution of brine (30mL), dried overMgSO4,
filtered, and evaporated under vacuum. The crude aldehyde (1.79 g)
was used for the next step, without further purification.

To a solution of previous aldehyde in anhydrous THF (20 mL)
was added dropwise vinyl magnesium bromide (10 mL, 1 M Solu-
tion in THF) at �50 �C. The reaction was stirred at this temperature
during 2 h thenwarmed up to room temperature. After 1 h at rt, the
reaction was hydrolyzed by addition of water (50 mL). The organic
phase was extracted by AcOEt (2�50 mL). The combined organic
phases were dried over MgSO4, filtered, and evaporated under
vacuum. The residue was filtered through a short column on silica
gel to give allylic alcohol intermediates 4 (1.38 g, 64% yield for 2
steps), which were used directly for next step, without further
purification.

A solution of previous alcohols 4 in formic acid (15 mL of
a commercial 88% solution) was stirred at rt for 16 h and then
concentrated under vacuum. The residue was purified by column
chromatography on silica gel (Eluent: Pentane/AcOEt 8/2; Rf¼0.1)
to afford lactols 5 (mixture of isomers) (916 mg, 49% overall yield
for 3 steps) as a colorless oil.

1H NMR (300 MHz, CDCl3): d¼2.67e2.86 (m, 2H), 3.15 (d,
J¼13.5 Hz) and 3.29 (d, J¼5.9 Hz, 1H), 4.02e4.24 (m, 2H), 4.61
(broad s, 1H) and 4.84 (broad s, 2H), 5.16 (s, 2H), 5.24 and 5.26 (dd,
J¼1.2, 10.7 Hz, 1H), 5.36 and 5.39 (dd, J¼1.3, 17.3 Hz, 1H), 5.82 (ddd,
J¼5.5, 10.6, 16.5 Hz, 1H), 7.32e7.38 (m, 5H). 13C NMR (75 MHz,
CDCl3): d¼46.8, 48.3, 67.5, 68.1, 74.7, 92.6, 117.7, 117.9, 127.8, 128.0,
128.2, 128.5, 133.9, 137.7, 136.2, 155.1, 155.8. HRMS m/z calculated
for [MþNa]þ (C14H17NO4Na): 286.1055, found 286.1052.

4.2.4. Benzyl 4-methyl-5-oxo-5,6-dihydropyridine-1(2H)-carboxyl-
ate (7). A solution of lactols 5 (770 mg, 2.93 mmol) and Fe(CO)5
(38 mL, 10% mol) in anhydrous THF (20 mL) was irradiated with
a Philips HPK125 W until disappearance of starting material (TLC
monitoring). After being cooled to rt and concentrated, the residue
was diluted in ether, filtered on a short pad of silica gel, and
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concentrated under vacuum to afford aldol products as a mixture of
diastereoisomers. This mixture was purified by column chroma-
tography on silica gel, with Pentane/AcOEt 7/3 as eluent, to afford
the aldol adducts 6 (460 mg), used directly for next step.

To an ice-cold solution of previous aldols 6 (390 mg, 1.5 mmol)
and Et3N (630 mL, 5 equiv) in anhydrous CH2Cl2 (15 mL), was added
MsCl (232 mL, 2 equiv) at 0 �C. After being stirred at rt for 24 h, the
mixture was diluted with CH2Cl2 and H2O. The organic phase was
separated and the aqueous phase was extracted with CH2Cl2
(3�20 mL). The combined organic phases were dried over MgSO4,
filtered, and concentrated under vacuum to afford a residue, which
was purified by chromatography on silica gel, with Pentane/AcOEt
(90/10; Rf¼0.6) as eluent, affording piperidone 7 as a colorless oil,
(301 mg, 42% overall yield for 2 steps).

1H NMR (300 MHz, CDCl3): d¼1.84 (broad s, 3H), 4.19 (s, 2H),
4.27 (s, 2H), 5.17 (s, 2H), 6.78 (broad s, 1H), 7.32e7.40 (m, 5H). 13C
NMR (75 MHz, CDCl3): d¼15.1, 37.6, 43.2, 51.5, 67.7, 128.1, 128.3,
128.6, 140.6, 141.6, 155.8, 194.2. HRMS m/z calculated for [MþNa]þ

(C14H15NO3Na): 268.0950, found 268.0948.

4.2.5. Benzyl 5-hydroxy-4-methyl-5,6-dihydropyridine-1(2H)-car-
boxylate (8)

4.2.5.1. Synthesis of (�)-8 by Luche reduction. A suspension of
enone 7 (60 mg, 0.245 mmol) and cerium chloride in a mixture
of ethanol and chloroform (5 mL/3 mL) was stirred until
complete dissolution of cerium chloride. The reaction was cooled
down to �78 �C and then NaBH4 was added in one portion to this
solution. After completion of the reaction (TLC monitoring), the
reactionwas warmed up to rt, then hydrolyzed by addition of water
(1 mL). The aqueous phase was extracted by CH2Cl2 (2�10mL) then
the combined organic phases were washed by a solution of brine,
dried over MgSO4, filtered, concentrated under vacuum. The resi-
due was purified by flash chromatography (Eluent: pentane/AcOEt
90/10, Rf¼0.5) to give desired allylic alcohol (�)-8 as a colorless oil
(60 mg, 99% yield).

4.2.5.2. Synthesis of (þ)-8 by CBS reduction. To a solution of (S)-
CBS (1.25 mmol) in anhydrous THF (10 mL) was added dropwise,
a solution of BH3$THF (1.5 mmol) at 0 �C. The mixture was stirred
at 0 �C for 30 min and then a solution of enone 7 (245 mg,
1 mmol) in anhydrous THF was added dropwise. Then the reaction
mixture was stirred until complete consumption of starting ma-
terial (TLC monitoring). The reaction was quenched by addition of
anhydrous methanol (2 mL). The mixture was concentrated under
vacuum and the crude product was purified by column chroma-
tography on silica gel to give desired product (þ)-7 in 75% yield
and 99% ee.

1H NMR (300 MHz, CDCl3): d¼1.82 (broad s, J¼1.6 Hz, 3H), 3.42
(d, J¼13.6 Hz, 1H), 3.69 and 3.75 (s, 1H), 3.93 and 3.88 (broad s, 2H),
4.12 and 4.18 (s, 1H), 5.16 (s, 2H), 5.49 (broad s, 1H), 7.33e7.38 (m,
5H). 13C NMR (75 MHz, CDCl3): d¼20.1, 43.5, 48.0, 66.9, 67.3, 120.9,
127.9, 128.0, 128.5, 134.8, 136.6, 155.9. HRMS m/z calculated for
[MþNa]þ (C14H17NO3Na): 270.1106, found 270.1103. Chiral HPLC
analysis: column Chiracel � OD 250*4.6; eluent hexane/EtOH 95:5
at 1.2 mL/min; UV detection at 225 nm (�)-7 shows two peaks of
equal intensity at 9.4 min and 15 min, while (þ)-7 shows peaks at
9.5 min (0.5%) and 15 min (99.5%). [a]D20¼þ293 (c¼0.116, MeOH).

4.2.6. (S)-Methyl 2-((benzyloxycarbonyl)(2,2-dimethoxyethyl)
amino)-3-methylbutanoate (11). To a suspension of ester 9 (3.80 g,
22.7 mmol), K2CO3 (6.28 g, 45.7 mmol) and KI (4.5 g, 27.2 mmol) in
anhydrous DMF solution (60 mL) was added 2-bromo-1,1-
dimethoxyethane (3.12 mL, 25 mmol). The mixture was then
heated at 110 �C for 24 h and then diluted with water (100 mL). The
aqueous phase was extracted by ether (4�50 mL). The combined
organic phases were dried over MgSO4, filtered, and concentrated
under vacuum. The crude product was used for the next steps,
without further purification.

To the solution of this amine hydrobromide (4.8 g) and KHCO3
(10.9 g) in a mixture of ethyl acetate and water (50 mL/50 mL) was
added CbzCl (3.7 mL, 26.3 mmol) at 0 �C. The reactionwas stirred at
rt for 14 h and then washed by a 10% HCl solution (50 mL). The
organic phasewas washed by a solution of brine (50mL), dried over
MgSO4, filtered, concentrated under vacuum. The residue was pu-
rified by column chromatography on silica gel (Eluent: Pentane/
AcOEt 8/2 Rf¼0.3) to give protected amine 11 as a colorless oil (5.6 g,
70% yield for 2 steps).

1H NMR (300 MHz, CDCl3): d¼0.84 (broad s, 3H), 0.97 (d,
J¼5.9 Hz, 3H), 2.31 (broad s, 1H), 3.23 and 3.26 (s, 3H), 3.32e3.43
(5H), 3.57 (s) and 3.67 (s, 3H), 3.98 (d, J¼10.2 Hz) and 4.17 (d,
J¼10.1 Hz, 1H), 4.42 and 4.58 (broad s, 1H), 5.16 (s, 2H), 7.28e7.33
(5H). 13C NMR (75 MHz, CDCl3): d¼18.9, 20.2, 20.6, 27.9, 28.4, 48.1,
49.3, 51.7, 54.4, 54.6, 54.8, 55.0, 65.6, 65.9, 67.4, 103.4, 103.8, 127.9,
128.4, 136.2, 156.2, 176.9. HRMS (ESI) Calculated for [MþNa]þ

(C18H27NO6Na): 376.17361, found 376.1736.

4.2.7. (S)-Benzyl 2,2-dimethoxyethyl(1-hydroxy-3-methylbutan-2-
yl)carbamate (12). To a solution of amine 11 (5 g, 14.2 mmol) in
anhydrous THF (40 mL) was added at 0 �C a solution of Super-
Hydride� (17 mL, 1 M solution in THF). The reaction was stirred at
0 �C for 90 min then warmed up to rt. The mixture was hydrolyzed
by addition of water (50 mL) then extracted by AcOEt (3�30 mL).
The combined organic phases were dried over MgSO4, filtered,
concentrated under vacuum. The residue was purified by column
chromatography on silica gel (Eluent: Pentane/AcOEt 8/2, Rf¼0.15)
to give carbamate 12 as a colorless oil (4.24 g, 93%).

1H NMR (300 MHz, CDCl3): d¼0.77 (d, J¼6.7 Hz) and 0.85 (d,
J¼6.7 Hz, 3H), 0.89 (d, J¼6.7 Hz) and 0.97 (d, J¼6.7 Hz, 3H),1.64e176
(m, 1H), 1.90e2.04 (m, 1H), 3.29 (s) and 3.32 (s, 3H), 3.45 (s) and
3.49 (s, 3H), 3.41 (d, J¼6.8 Hz, 1H), 3.41 (d, J¼2.4 Hz, 1H), 3.65e3.79
(m, 4H), 4.54 (dd, J¼3.8 Hz, 6.8 Hz), and 4.91 (dd, J¼3.0 Hz, 7.9 Hz,
1H), 5.15e5.20 (m,1H), 7.3e7.38 (m, 5H). 13C NMR (75MHz, CDCl3):
d¼19.9. 20.3. 20.5. 27.1. 27.9. 54.8. 55.6. 55.7. 56.1. 61.7. 61.9. 67.3.
67.5. 102.9. 103.9. 127.8. 127.9. 128.2. 128.3. 128.5. 128.6. 136.4. 136.5.
156.9. 157.7. HRMS (ESI) Calculated for [MþNa]þ (C17H27NO5Na):
348.17869, found 348.1787.

4.2.8. (S)-Benzyl 6-hydroxy-3-isopropyl-2-vinylmorpholine-4-
carboxylate (15). To a suspension of IBX (7.75 g, 27.6 mmol) in
a mixture of DMSO and CH2Cl2 (2 mL/20 mL) at 50 �C was added
a solution of alcohol 12 (3 g, 9.2 mmol) in CH2Cl2 (10 mL). The
mixture was stirred at this temperature for 24 h then hydrolyzed at
rt by addition of water (5mL). The suspensionwas filtered on Celite,
and then the filtrate was washed by AcOEt (30 mL). The aqueous
phasewas extracted by AcOEt (2�30mL) and the combined organic
phases were washed with water (3�50 mL), and a solution of brine
(30 mL), dried over MgSO4, filtered, concentrated under vacuum to
give aldehyde 13. This crude intermediate was used directly for
next step without further purification.

To a solution of previous aldehyde 13 in anhydrous THF (20 mL)
was added dropwise vinyl magnesium bromide (10 mL, 1 M solu-
tion in THF) at �50 �C. The reaction was stirred at this temperature
for 2 h then warmed up to rt. After 1 h at rt, the reaction was hy-
drolyzed by addition of water (50 mL). The organic phase was
extracted by AcOEt (2�50 mL). The combined organic phases were
dried over MgSO4, filtered, and evaporated under vacuum. The
residue was filtered through a short column on silica gel to give
vinyl alcohols 14 (as a mixture of stereoisomers), which were used
directly for next step without further purification.

A solution of previous alcohols 14 in formic acid (15 mL of
a commercial 88% solution) was stirred at rt for 16 h and then
concentrated under vacuum. The residue was purified by column
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chromatography on silica gel (Eluent: Pentane/AcOEt 8/2; Rf¼0.1)
to afford lactols 15 (1.68 g, 47% for 3 steps) as a colorless oil.

1H NMR (300 MHz, CDCl3): d¼0.84e1.05 (m, 6H), 2.16e2.27 (m,
1H), 2.70e2.83 (m, 1H), 3.09e3.20 (m, 1H), 3.56e4.26 (m, 3H),
4.49e4.81 (br, 1H), 5.10e5.40 (m, 4H), 5.89 (ddd, J¼5.2, 10.7,
16.9 Hz, 1H), 7.35e7.57 (m, 5H). 13C NMR (75 MHz, CDCl3): d¼19.6,
19.7. 19.8, 19.9, 22.3, 22.4, 22.5, 22.6, 25.4, 25.6, 25.7, 25.8, 43.6, 43.9,
45.2, 45.7, 58.3, 58.9, 59.6, 67.3, 67.5, 67.7, 70.3, 70.6, 77.8, 77.9, 88.2,
89.3, 89.6, 93.1, 93.2, 115.1, 115.3, 115.6, 115.8, 137.6, 127.9, 128.1,
128.2, 128.5, 128.6, 134.8, 134.9, 135.7, 135.9, 136.0, 136.3, 136.4,
155.7, 155.8, 156.4. HRMS (ESI) Calculated for [MþNa]þ

(C17H23NO4Na): 328.1525, found 328.1525.

4.2.9. (S)-Benzyl 5-hydroxy-2-isopropyl-4-methyl-3-oxopiperidine-
1-carboxylate (16). A solution of lactols 15 (720 mmg, 2.36 mmol)
and Fe(CO)5 (32 mL, 10% mol) in anhydrous THF (20 mL) was irra-
diated with a Philips HPK125 W until complete disappearance of
starting material. After being cooled to rt and concentrated, the
crudemixture was purified by column chromatography on silica gel
(Eluent: Pentane/AcOEt 7/3) to afford aldol products as a mixture of
stereoisomers (540 mg, 75%).

1H NMR (300 MHz, CDCl3): d¼0.87e1.09 (m, 6H), 1.15 (d,
J¼6.9 Hz, 3H), 1.20 (d, J¼6.4 Hz, 1H), 2.13e2.22 (m, 1H), 2.36e2.51
(m, 1H) 2.67e2.75 (m, 1H) 3.02e3.59 (m, 1H), 4.09e4.51 (m, 1H),
5.02e5.21 (m, 1H), 7.36 (br, 5H). 13C NMR (75 MHz, CDCl3): d¼10.0,
10.1, 18.7, 19.0, 19.9, 20.3, 27.6, 29.0, 45.1, 45.3, 46.5, 47.3, 49.6, 50.0,
67.8, 67.9, 68.3, 68.9, 71.9, 72.5, 127.9, 128.3, 128.6, 135.8, 136.2,
155.7, 156.4, 205.8, 209.9. HRMS (ESI) Calculated for [MþNa]þ

(C17H23NO4Na): 328.15248, found 328.1526.

4.2.10. (S)-Benzyl 6-isopropyl-4-methyl-5-oxo-5,6-dihydropyridine-
1(2H)-carboxylate (17). To an ice-cold solution of previous aldol
products 16 (440 mg, 1.44 mmol) and Et3N (980 mL, 7 equiv) in
anhydrous CH2Cl2 (20 mL), was added MsCl (410 mL, 5.25 mmol) at
0 �C. After being stirred at rt during 24 h, the mixture was diluted
with CH2Cl2 and H2O. The organic phase was separated and the
aqueous phase was extracted with CH2Cl2 (3�20 mL). The com-
bined organic phases were dried over MgSO4, filtered, and con-
centrated under vacuum to afford a residue, which was purified by
chromatography on silica gel with Pentane/AcOEt (90/10; Rf¼0.6)
as eluent to afford enone 17 as a colorless oil, (247 mg, 60% yield).

1H NMR (300 MHz, CDCl3): d¼0.80 (d, J¼6.7 Hz), and 0.84 (d,
J¼6.7 Hz, 3H), 0.85 (d, J¼6.7 Hz) and 0.89 (d, J¼6.7 Hz, 3H), 1.74 (q,
J¼2.4 Hz), 1.78e1.91 (m, 1H), 3.70 (dd, J¼2.2 Hz, 4.6 Hz) and 3.78
(dd, J¼2.2 Hz, 4.6 Hz, 1H), 3.86 (dd, J¼2.2 Hz, 4.6 Hz, 1H), 4.20 (d,
J¼9.6 Hz, 1H), 4.35 (d, J¼9.6 Hz, 1H), 4.60 (dd, J¼1.9 Hz, 4.8 Hz, 1H)
and 4.67 (dd, J¼1.9 Hz, 4.8 Hz, 1H), 5.0e5.14 (m, 2H), 6.47 (dq,
J¼1.9 Hz, 4.4 Hz) and 6.58 (dq, J¼1.9 Hz, 4.4 Hz, 1H), 7.21e7.29 (m,
5H). 13C NMR (75 MHz, CDCl3): d¼15.4, 15.5, 19.1, 20.0, 29.4, 29.7,
41.4, 41.7, 65.2, 66.0, 67.5, 67.6, 128.1, 128.2,128.5,128.6,132.8,133.1,
136.0, 136.3, 138.8, 139.6, 155.1, 155.5, 195.39, 195.44. HRMS (ESI)
Calculated for [MþNa]þ (C17H21NO3Na): 310.1419, found 310.1422.
[a]D20¼þ61 (c¼0.3, MeOH).

4.2.11. (5S, 6S)-Benzyl 5-hydroxy-6-isopropyl-4-methyl-5,6-
dihydropyridine-1(2H)-carboxylate (18). A suspension of enone 17
(330 mg, 1.14 mmol) and cerium chloride (460 mg) in a mixture of
ethanol and chloroform (14 mL/8 mL) was stirred until the com-
plete dissolution of cerium chloride. The reaction was cooled down
to�78 �C and then NaBH4 (50 mg) was added in one portion to this
solution. After completion of the reaction (TLC monitoring), the
reactionwas warmed up to rt then hydrolyzed by addition of water
(1 mL). The aqueous phase was extracted by CH2Cl2 (2�10mL) then
the combined organic phases were washed by a solution of brine,
dried over MgSO4, filtered, concentrated under vacuum. The resi-
due was purified by flash chromatography (Eluent: pentane/AcOEt
90/10 Rf¼0.5) to give desired product 18 as a colorless oil (303 mg,
92% yield).

1H NMR (300 MHz, CDCl3): d¼0.89 (d, J¼6.8 Hz, 3H), 0.90 (d,
J¼6.6 Hz, 3H), 1.82 (s, 3H), 2.19 (broad s, 1H), 3.7 (broad s, 1H), 4.04
(broad s, 2H), 4.43 (broad s, 1H), 5.10e5.19 (m, 2H), 5.36 (broad s,
1H), 7.29e7.37 (m, 5H). 13C NMR (75 MHz, CDCl3): d¼18.6, 20.4,
21.4, 27.4, 43.0, 59.9, 67.2, 70.0, 118.4, 127.8, 127.9, 128.4, 136.6,
156.2. HRMS (ESI) Calculated for [MþNa]þ (C17H23NO3Na):
312.1576, found 310.1584. [a]D20¼�14.4 (c¼0.36, MeOH).

4.2.12. (R)-Methyl 3-(benzyloxy)-2-((benzyloxycarbonyl)(2,2-dimetho-
xyethyl)amino)-propanoate (20). To a solution of amine 19 (2 g,
9.6 mmol) in MeOH (60 mL) was added sequentially a 60% aqueous
solution of dimethoxyacetaldehyde (1 g, 9.6 mmol), and Pd/C
(150 mg, 7.5%). The mixture was stirred at rt overnight under H2 at-
mosphere. The suspension was filtered on Celite and the organic
phasewas evaporated under vacuum to give secondary amine (1.14 g,
5.5 mmol), which was used immediately for next step without fur-
ther purification.

To the solution of previous amine (1.14 g, 5.5 mmol) in water/
dioxane (10 mL/5 mL) was added KHCO3 (0.92 g, 11.0 mmol) at rt.
The mixture was cooled down to 0 �C by an ice-bath and then
a solution of CbzeCl (12 mmol) in dioxane (15 mL) was added
dropwise in 15 min. The reaction was warmed up to rt and stirred
for another 2 h then EtOAc (40 mL) and water (20 mL) were added.
The organic phase was washed by a 1 M HCl solution, dried over
MgSO4, filtered, evaporated under vacuum. The crude product was
purified by column chromatography on silica gel (Eluent: EtOAc/
Pentane 1/1; Rf¼0.5) to give compound 20 as a colorless oil (3.14 g,
76% yield for 2 steps).

1H NMR (300 MHz, CDCl3): d¼3.28 and 3.33 (s, 3H), 3.40 (s, 3H),
3.45 (d, J¼6.3 Hz, 1H), 3.53 and 3.73 (s, 3H), 3.62 (d, J¼4.0 Hz, 1H),
3.68 (t, J¼3.4 Hz, 1H), 3.83e4.05 (m, 2H), 5.02e5.23 (m, 2H),
7.29e7.39 (m, 10H). 13C NMR (75 MHz, CDCl3) d¼50.1, 50.6, 52.0,
52.2, 54.1, 54.5, 55.1, 55.2, 60.7, 61.1, 65.3, 67.5, 67.6, 68.3, 68.9, 73.1,
104.0,104.3,126.9,127.6,127.7,127.8,128.1,128.4,128.5,128.6,136.1,
136.4, 137.9, 138.0, 140.9, 155.8, 155.9, 169.9, 170.0. HRMS (ESI)
Calculated for [MþNa]þ (C23H29NO7Na): 454.1842, found 454.1850.

4.2.13. (S)-Benzyl 1-(benzyloxy)-3-hydroxypropan-2-yl(2,2-dimetho-
xyethyl)carbamate (21). To a solution of ester 20 (3.1 g, 7.4 mmol) in
anhydrous THF (50 mL) at 0 �C was added slowly a solution of
Super-Hydride� (20mL,1M in THF). The reactionwas stirred at 0 �C
for 90 min then warmed up to rt. The mixture was hydrolyzed by
addition of water (50 mL) then extracted by AcOEt (3�30 mL). The
combined organic phases were dried over MgSO4, filtered, con-
centrated under vacuum. The residue was purified by column
chromatography on silica gel (Eluent: Pentane/AcOEt 8/2; Rf¼0.15)
to give compound 21 as a colorless oil (2.44 g, 82%).

1H NMR (300MHz, CDCl3) d¼3.07e3.14 (m,1H), 3.20 and 3.23 (s,
3H), 3.28 (d, J¼5.3 Hz, 1H), 3.36 (s, 3H) and 3.38 (s, 3H), 3.52e3.73
(m, 4H), 4.12 (m) and 4.28 (broad s, 1H), 4.34e4.37 (m, 2H), 4.71
(dd, J¼3.2, 7.5 Hz, 1H), 5.00e5.13 (m, 2H), 7.14e7.28 (m, 10H). 13C
NMR (75 MHz, CDCl3) d¼46.8, 48.1, 54.6, 55.2, 55.4, 55.9, 58.7, 60.1,
60.9, 61.9, 67.4, 67.5, 68.3, 68.5, 73.1, 77.2, 103.1, 103.8, 127.5, 127.56,
127.6, 127.7, 127.8, 128.0, 128.1, 128.2, 128.4, 128.5, 128.6, 136.3,
136.4, 137.9, 138.1, 156.7, 157.2. HRMS (ESI) Calculated for [MþNa]þ

(C23H29NO7Na): 426.1893, found 426.1895.

4.2.14. (R)-Benzyl 3-(benzyloxymethyl)-6-hydroxy-2-vinylmorpholine-
4-carboxylate (24). To a suspension of IBX (3.5 g, 12.5 mmol) in
a mixture of DMSO and CH2Cl2 (2 mL/20 mL) at 50 �C was added
a solution of alcohol 21 (2.4 g, 6.3 mmol) in CH2Cl2 (10 mL). The
mixturewas stirred at this temperature for 24 h then hydrolyzed at rt
by addition of water (5 mL). The suspension was filtered on Celite,
and the filtrate was washed by AcOEt (30 mL). The aqueous phase
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was extracted by AcOEt (2�30mL) and the combined organic phases
were washed by water (3�50 mL), a solution of brine (30 mL), dried
over MgSO4, filtered, and concentrated under vacuum to give alde-
hyde 22. This crude compound was used directly for next step,
without further purification.

To a solution of previous aldehyde 22 (2.8 g) in anhydrous THF
solution (20 mL) was added dropwise vinyl magnesium bromide
(10 mL, 1 M solution in THF) at �50 �C. The reaction was stirred at
this temperature for 2 h and thenwarmed up to rt. After 1 h at rt the
reaction was hydrolyzed by addition of water (50 mL). The organic
phase was extracted by AcOEt (2�50 mL). The combined organic
phases were dried over MgSO4, filtered, and evaporated under
vacuum. The residue was filtered through a short column on silica
gel to give allylic alcohols 23, whichwere used directly for next step
without further purification.

A solution of previous alcohols in formic acid (15 mL of a com-
mercial 88% solution) was stirred at rt for 16 h then concentrated
under vacuum. The residue was purified by column chromatogra-
phy on silica gel (Eluent: Pentane/AcOEt 8/2; Rf¼0.1) to afford lac-
tols 24 (1.3 g, 51% overall yield for 3 steps, two stereoisomers in
a 55:45 ratio) as a colorless oil.

1H NMR (300 MHz, CDCl3) d¼2.65 and 2.72 (dd, J¼9.3, 13.3 Hz,
1H), 2.91 (broad s, J¼7.3 Hz, 1H), 3.07 (dd, J¼2.2, 14.3 Hz, 1H),
3.44e3.57 (m,1H), 3.59e3.74 (m,1H), 3.87e4.55 (m, 5H), 4.73e4.81
(m, 1H), 5.05e5.53 (m, 5H), 5.69 (ddd, J¼6.4, 10.3, 17.1 Hz, 1H),
7.14e7.28 (m, 10H). 13C NMR (75 MHz, CDCl3) d¼42.3, 42.7, 44.0,
44.6, 52.0, 52.2, 53.1, 53.4, 55.7, 63.9, 64.6, 64.5, 64.6, 67.3, 67.4,
68.5, 68.8, 69.4, 72.8, 72.9, 73.3, 75.7, 75.9, 77.2, 89.4, 89.8, 90.1, 93.2,
116.6, 116.8, 119.7, 127.3, 127.9, 128.0, 128.1, 128.3, 128.4, 128.5, 133.1,
133.8, 134.9, 136.4, 138.0, 138.2, 155.5, 155.9, 156.2. HRMS (ESI)
Calculated for [MþNa]þ (C22H25NO5Na): 406.1630, found 406.1630.

4.2.15. (R)-Benzyl 6-(benzyloxymethyl)-4-methyl-5-oxo-5,6-
dihydropyridine-1(2H)-carboxylate (26). A solution of lactols 24
(900 mmg, 2.35 mmol) and Fe(CO)5 (32 mL, 10 mol %) in anhydrous
THF (20 mL) was irradiated with a Philips HPK125 W until disap-
pearance of starting material (TLC monitoring). After being cooled
to rt and concentrated, the residue was diluted in ether, filtered on
a short pad of silica gel, and concentrated under vacuum to afford
crude aldol products. This mixture was purified by column chro-
matography on silica gel with Pentane/AcOEt 7/3 as eluent to afford
aldols 25 (747 mg, 83%) as a mixture of stereoisomers used directly
for the next step.

To an ice-cold solution of previous aldol products (540 mg,
1.4 mmol) and Et3N (980 mL, 7 equiv) in anhydrous CH2Cl2 (20 mL),
was addedMsCl (410 mL, 5.25 mmol) at 0 �C. After being stirred at rt
during 24 h, the mixture was diluted with CH2Cl2 and H2O. The
organic phase was separated and the aqueous phase was extracted
with CH2Cl2 (3�20 mL). The combined organic phases were dried
over MgSO4, filtered, and concentrated under vacuum to afford
a residue, which was purified by chromatography on silica gel
(Eluent: Pentane/AcOEt 90/10; Rf¼0.6) to afford enone 26 as a col-
orless oil, (415 mg, 67%).

1H NMR (300 MHz, CDCl3) d¼1.78 (s, 3H), 3.58e3.79 (m, 2H),
3.95e4.09 (m, 1H), 4.34e4.61 (m, 3H), 4.71e4.79 (m, 1H), 5.07 and
5.09 (broad s, 2H), 6.59 and 6.69 (broad s, 1H), 7.11e7.28 (m, 10H).
13C NMR (75 MHz, CDCl3) d¼15.3, 42.7, 43.0, 60.3, 60.7, 67.6, 71.2,
71.3, 127.2, 127.6, 128.1, 128.2, 128.4, 128.6, 133.6, 1361, 137.8, 140.9,
141.0, 141.9, 155.1, 194.4. HRMS (ESI) Calculated for [MþNa]þ

(C22H23NO4Na): 388.1525, found 388.1523. [a]D20¼�647.2 (c¼0.18,
MeOH).

4.2.16. (5R, 6R)-Benzyl 6-(benzyloxymethyl)-5-hydroxy-4-methyl-
5,6-dihydropyridine-1(2H)-carboxylate (27). A suspension of com-
pound 26 (160 mg, 0.44 mmol) and cerium chloride (180 mg,
0.48 mmol) in a mixture of ethanol and chloroform (3 mL/2 mL)
was stirred until the complete dissolution of cerium chloride. The
reaction was cooled down to �78 �C, then NaBH4 (40 mg) was
added in one portion to this solution. After completion of the re-
action (TLC monitoring), the reaction mixture was warmed up to rt
and then hydrolyzed by addition of water (1 mL). The aqueous
phase was extracted by CH2Cl2 (2�10 mL) then the combined or-
ganic phases werewashed by a solution of brine, dried over MgSO4,
filtered, and concentrated under vacuum. The residue was purified
by flash chromatography on silica gel (Eluent: Pentane/AcOEt 90/
10, Rf¼0.5) to give desired allylic alcohol 27 as a colorless oil
(155 mg, 96%).

1H NMR (300 MHz, CDCl3) d¼1.80 (m, 3H), 3.48e3.62 (m, 2H),
3.83 (dd, J¼9.7, 9.7 Hz, 1H), 4.1 (broad s, 1H), 4.43e4.58 (m, 3H),
4.88 (broad s, 1H), 5.15 (broad s, 2H), 5.35 (broad s, 1H), 7.27e7.37
(m, 10H). 13C NMR (75 MHz, CDCl3) d¼18.2, 41.0, 66.9, 67.2, 68.6,
73.1, 117.8, 127.5, 127.6, 127.8, 127.9, 128.3, 128.4, 136.5, 137.7, 155.5.
HRMS (ESI) Calculated for [MþNa]þ (C22H25NO4Na): 390.1681,
found 390.1675. [a]D20¼þ98.5 (c¼0.2, MeOH).
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