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Total syntheses of (+)-valiolamine (1) and (–)-1-epi-valiolam-
ine (2) from the naturally abundant (–)-shikimic acid are de-
scribed. Ethyl 3-epi-5-O-methylsulfonyl-shikimate (3), as the
key common intermediate, was first synthesized in five steps

Introduction

Glycosidases are pivotal enzymes that are responsible for
cleavage of glycosidic bonds, glycoprotein processing on the
surface of cell walls, and digestion of carbohydrates in ani-
mals. Inhibition of glycosidases has significant implications
for chemotherapy of some diseases,[1] especially for the ther-
apy of diabetes mellitus.[2] Inhibition of intestinal α-gluco-
sidases has been suggested as a possible means of con-
trolling diabetes mellitus and obesity. (+)-Valiolamine (1;
see Figure 1) has shown very strong α-glucosidase inhibi-
tory activity against porcine intestinal sucrase, maltase and
isomaltase.[3] Its diastereomer (–)-1-epi-valiolamine (2; see
Figure 1) has also shown medium α-glucosidase inhibitory
activity.[4] Moreover, N-[2-hydroxy-1-(hydroxymethyl)ethyl]
valiolamine (Voglibose[5a] or coded as AO-128,[5b] see Fig-
ure 1) has displayed higher activities than the parent 1 and
was used in clinical trials for the treatment of diabetes.[5]

(+)-Valiolamine (1) was first isolated from the fermenta-
tion broth of Streptomyces hygroscopicus subsp. limoneus
IFO12703,[3] and could also be obtained from stereoselec-
tive transformation of valienamine or validamine,[6] and
chemical total syntheses. Compound 1 has aroused much
interest from synthetic chemists, and some total syntheses
of 1 have been reported.[7–11] These total syntheses have
started from natural materials such as d-glucose,[5b,7] l-
quinic acid,[8] d-arabinose,[9] myo-inositol [or (–)-vibo-quer-
citol],[4,10] and d-tartaric acid.[11] (–)-1-epi-Valiolamine (2)
could not be obtained from a natural source, but has been
obtained from chemical total syntheses.[3,7a]
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in 74% overall yield, and then converted into the targets 1
and 2 in seven steps in 48 and 41% overall yield, respec-
tively.

Figure 1. Structure of some related compounds.

(–)-Shikimic acid (see Figure 1) is the key biogenetic pre-
cursor of a variety of naturally occurring aromatic com-
pounds in the biosynthesis through the shikimate pathway
in plants and microorganisms.[12] (–)-Shikimic acid can be
readily obtained in large quantity by extraction from Chi-
nese star anise or other natural plants,[13] or by fermenta-
tion using genetically modified E. coli.[14] Recently, (–)-shi-
kimic acid has been used as a starting material for the syn-
theses of osetalmivir phosphate (Tamiflu)[15] and some chi-
ral building blocks for natural products.[16]

Because of the wide availability of (–)-shikimic acid, and
the structural resemblance between (–)-shikimic acid and
the two target molecules, (–)-shikimic acid could be used as
an appropriate starting material for the total syntheses of
the two target compounds. Herein, we report the total syn-
theses of 1 and 2 from the naturally abundant (–)-shikimic
acid.
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Scheme 1. Synthesis of the key intermediate 3 from (–)-shikimic acid.

Results and Discussion

Our synthetic efforts began with synthesis of a key inter-
mediate, ethyl 3-epi-5-O-methylsulfonyl shikimate (3), start-
ing from (–)-shikimic acid according to the route shown in
Scheme 1.

Ethyl shikimate 4 was first prepared in 97 % yield accord-
ing to a known procedure,[17] and then treated with
5.0 equiv. thionyl chloride in N,N-dimethylformamide
(DMF) at 0 °C to room temperature. The hydroxyl group
at the allylic (C-3) position is much more reactive than the
other two hydroxyl groups at C-4 and C-5, hence, highly
regioselective chlorination of the C-3 hydroxyl by Vilsmeier
reagent (Cl–Me2N+=CHCl)[18] took place smoothly, while
the hydroxyl groups at C-4 and C-5 were masked by formyl
groups. As a result, compound 5 was obtained in 91% yield.
Compound 5 was treated with 2.0 equiv. of powdered
K2CO3 in anhydrous ethanol at room temperature to in-
duce alcoholysis of both ester groups; subsequent intramo-
lecular SN2-type substitution took place smoothly to afford
epoxide 6 in 95 % yield. Compound 6 was exposed to
1.5 equiv. triethylamine and 1.2 equiv. methanesulfonyl
chloride (MsCl) at 0 °C in dichloromethane to afford meth-
anesulfonate 7 in 95 % yield. The stereochemistry of 7 was
unequivocally confirmed by X-ray crystallographic analysis
of its single crystal, as shown in Figure 2.

Subsequently, 7 was treated with aqueous trifluoroacetic
acid (TFA/H2O, 10:1 v/v) at room temperature, during
which water preferentially attacks the much more reactive
allylic (C-3) position on the opposite side of the epoxide,
thus, highly regio- and stereoselective epoxide-opening took
place to furnish the expected ethyl 3-epi-5-O-methylsulf-
onyl-shikimate 3 in 93% yield.

Compound 3 is the common key intermediate for the
syntheses of 1 and 2. It was converted into the two target

www.eurjoc.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2013, 6389–63966390

Figure 2. ORTEP drawing of methanesulfonate 7.

compounds according to the synthetic route shown in
Scheme 2. Thus, compound 3 was treated with 2.0 equiv.
sodium azide at 85 °C in the presence of 0.5 equiv. AcOH
in dimethyl sulfoxide (DMSO) as solvent, leading to a typi-
cal SN2-type nucleophilic substitution to afford 8a in 83 %
yield; the (R) configuration of C-5 was inverted to the (S)
configuration through a Walden type inversion. In contrast,
when 3 was treated with 2.0 equiv. sodium azide at reflux
by using ethanol as the solvent, compound 8b was obtained
in 84 % yield; the (R) configuration of C-5 was retained dur-
ing the substitution.
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Scheme 2. Syntheses of 1 and 2 from key intermediate compound 3.

A reasonable explanation for the formation of 8b from 3
in ethanol is summarized in Scheme 3. Compound 3 may
first undergo intramolecular substitution under basic condi-
tions to form epoxide intermediate I-1, then the azide anion
(N3

–) may attack C-5 on the opposite side of the epoxide,
thus the (R) configuration of C-5 of compound 8b remains
intact after double inversion. The presence of acetic acid
was helpful for the formation of 8a through direct SN2 nu-
cleophilic substitution in DMSO, but the solvent effect
seemed more decisive herein because the reaction of 3 with
2.0 equiv. sodium azide at reflux in ethanol in the presence
of 0.5 equiv. acetic acid also produced 8b as the major prod-
uct in 80% yield, and only a trace amount of 8a (�5 %)
was detected.

Scheme 3. Mechanism for conversion of 3 into 8b.

It is worth pointing out that 2D 1H NMR analyses sup-
port the stereochemistry of compounds 8a and 8b as drawn
in Figure 3. In the 1H-1H NOESY spectra of 8a, 4-H corre-
lates with 6-Hβ, with the correlation spot between 5-H and
6-Hβ being clearly greater than the correlation spot between
5-H and 6-Hα, which suggests that 4-H, 6-Hβ, and 5-H are
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on the same face of the hexenoid ring, thus C-5 should pos-
sess (S)-configuration. In the 1H-1H NOESY spectra of
compound 8b, 4-H correlates with 6-Hβ, with the corre-
lation spot between 5-H and 6-Hα being clearly greater than
the correlation spot between 5-H and 6-Hβ; moreover, 5-H
also correlates with 3-H, which suggests that 4-H, 6-Hα,
and 3-H are on the same face of the hexenoid ring, thus C-
5 should possess (R)-configuration.

Figure 3. Stereochemistry and NOE of 8a and 8b.

When compounds 8a and 8b were exposed to 1.5 equiv.
tert-butyldiphenylsilyl chloride (TBDPSCl), 5.0 equiv. tri-
ethylamine, and a catalytic amount of 4-(N,N-dimeth-
ylamino)pyridine (DMAP) at room temperature in CH2Cl2,
selective protection of the less hindered hydroxyl group at
C-3 took place smoothly to afford 9a and 9b in 93 and
90 % yield, respectively. When 9a and 9b were treated with
2.5 equiv. diisobutylaluminum hydride (DIBAL-H) at
–10 °C in CH2Cl2, the ester groups of 9a and 9b were clearly
reduced, leaving the azido groups intact. The crude re-
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duction products were used as such in the next step, and
were exposed to 3.0 equiv. acetic anhydride, 4.0 equiv. tri-
ethylamine, and a catalytic amount of DMAP at 0 °C in
dichloromethane, thus, 10a and 10b were obtained in 91
and 90% yield, respectively.

When 10a and 10b were treated with 2.0 equiv. sodium
periodate (NaIO4) and 0.1 equiv. ruthenium trichloride at
room temperature in a mixed solvent of acetonitrile and
deionized water (CH3CN/H2O, 3:1), Rh-catalyzed asym-
metric dihydroxylation[19] took place smoothly to afford 11a
and 11b in 92 and 91 % yield, respectively. The steric bulk
of the tert-butyldiphenylsilyloxy (TBDPSO) group directed
the ruthenium catalyst to approach the double bond from
the opposite side during the asymmetric dihydroxylation,
thus each of the two hydroxyl groups at C-4 and C-5 of 11a
and 11b had the desired opposite orientation to the
TBDPSO group at C-3.

When 11a and 11b were treated first with 4.5 equiv. tetra-
butylammonium fluoride (TBAF) at room temperature for
5 h in tetrahydrofuran, and then with 5.0 equiv. acetic anhy-
dride, 5.0 equiv. triethylamine, and a catalytic amount of
DMAP at 0 °C for 1 h in tetrahydrofuran, removal of the
protecting group (TBDPS) and subsequent acetylation of
the two hydroxyl groups at C-3 and C-4 occurred smoothly
to produce 12a and 12b in 80 and 71% yields, respectively.

The stereochemistry of 12b was unequivocally confirmed
by X-ray crystallographic analysis of its single crystal as
shown in Figure 4. As can be seen from the X-ray crystallo-
graphic structure of 12b, the two acetoxyl (AcO) groups at
C-3 and C-4 have a trans relationship, whereas the acetoxyl
group at C-4 and the hydroxyl group at C-5 have a cis rela-
tionship, which are coincident with the stereochemistry of
target compounds 1 and 2. Moreover, 1-H and 3-H have a
cis relationship, which are coincident with the aforemen-
tioned 2D 1H NMR analysis of 8b.

Figure 4. ORTEP drawing of 12b.
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All four acetyl groups of 12a or 12b could be cleanly
removed in one step. When a solution of 12a or 12b was
heated to reflux for approximately 25 h in a mixed solvent
of methanol and ammonia hydrate (CH3OH/NH3·H2O,
5:1), compounds 13a and 13b were obtained in 97 and 96%
yield, respectively.

The azido group of 13a or 13b could be cleanly reduced
by Pd/C-catalyzed hydrogenation. When a solution of 13a
or 13b in aqueous methanol (CH3OH/H2O, 1:1) was ex-
posed to a H2 atmosphere at room temperature for 24 h in
the presence of palladium on charcoal (Pd/C), (+)-valiolam-
ine (1) and (–)-1-epi-valiolamine (2) were obtained in 95
and 96% yield, respectively.

Conclusions

We have successfully developed novel asymmetric total
syntheses of (+)-valiolamine (1) and (–)-1-epi-valiolamine
(2). By using naturally abundant (–)-shikimic acid as the
starting material, the first target compound 1 was synthe-
sized in 12 steps in 35 % overall yield, and the second target
compound 2 was also synthesized in 12 steps in 30% overall
yield. The intermediate compounds 7, 8a, 8b, and 12b were
extensively analyzed by X-ray crystallographic or 2D 1H
NMR techniques, which confirmed that the two target com-
pounds 1 and 2 have correct stereochemical structures.

Experimental Section
General Methods: 1H and 13C NMR spectra were acquired with a
Bruker AM-400 or AM-500 instrument. Chemical shifts are given
on the delta scale as parts per million (ppm) with tetramethylsilane
(TMS) as the internal standard. IR spectra were recorded with a
Nicolet Magna IR-550 spectrometer. MS spectra were recorded
with Shimadzu GC–MS 2010 (EI) or Mariner Mass Spectrum
(ESI) equipment. Optical rotations of chiral compounds were mea-
sured with a WZZ-1S polarimeter at room temperature. Melting
points were determined with a Mel-TEMP II melting point appara-
tus. Column chromatography was performed on silica gel (Qingdao
Chemical Factory). All reagents and solvents were analytically
pure, and were used as received from the chemical suppliers. (–)-
Shikimic acid was purchased from Shanxi Huachang Biotech. Ltd.
(–)-Ethyl shikimate 4 was prepared in 97% yield according to a
known method.[17]

(3S,4S,5R)-Ethyl 3-Chloro-4,5-bis(formyloxy)cyclohex-1-ene-1-
carboxylate (5): Thionyl chloride (14.70 g, 123.6 mmol) was slowly
added into a round-bottomed flask containing DMF (25 mL) at
room temperature over 30 min, and the resulting solution was co-
oled to 0 °C in an ice bath. Powdered crystals of (–)-ethyl shikimate
4 (5.000 g, 24.73 mmol) were added in portions over 10 min, and
the reaction mixture was then warmed to room temperature. The
viscous solution was further stirred at room temperature for 25 h,
then toluene (200 mL) and water (150 mL) were added. While the
mixture was vigorously stirred, powdered potassium carbonate was
added in portions until pH 8–9. The phases were separated and
the aqueous solution was extracted with toluene (2� 50 mL). The
organic extracts were combined, washed with brine (30 mL), and
dried with anhydrous MgSO4. Removal of solvent by vacuum dis-
tillation gave a pale-yellow oil that could be directly used in the
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next step or purified by flash chromatography (EtOAc/hexane, 1:5)
to furnish 5 (6.230 g, 22.52 mmol, 91%). [α]D20 = +36.1 (c = 5.00,
CHCl3). 1H NMR (CDCl3): δ = 1.29 (t, J = 7.1 Hz, 3 H, CH3 in
COOEt), 2.45–2.56 (m, 1 H, 6-H), 3.04 (dd, J = 17.9, 5.8 Hz, 1 H,
6-H), 4.22 (q, J = 7.1 Hz, 2 H, CH2 in COOEt), 4.65–4.72 (m, 1
H, 5-H), 5.18–5.25 (m, 1 H, 4-H), 5.48 (dd, J = 9.6, 7.9 Hz, 1 H,
3-H), 6.76–6.81 (m, 1 H, 2-H), 8.04 (s, 1 H, OCHO), 8.14 (s, 1
H, OCHO) ppm. 13C NMR (CDCl3): δ = 164.69 (COOEt), 159.69
(OCHO), 159.43 (OCHO), 134.87 (C-2), 129.11 (C-1), 73.31 (C-
3), 67.99 (C-4), 61.57 (C-5), 55.62 (OCH2CH3), 29.13 (C-6), 14.18
(OCH2CH3) ppm. HRMS (ESI): calcd. for C11H13O6ClK [M +
K]+ 315.0038; found 315.0042. IR (neat): ν̃ = 2981, 1726 (br., three
C=O), 1374, 1253, 1168, 1074 cm–1.

(3R,4S,5R)-Ethyl 3,4-Epoxy-5-hydroxycyclohex-1-ene-1-carboxylate
(6): Compound 5 (10.00 g, 36.14 mmol) was dissolved in ethanol
(100 mL) and potassium carbonate (9.990 g, 72.28 mmol) was
added. The reaction mixture was stirred at room temperature for
20 h, and the progress of the reaction was monitored by TLC.
Upon completion, the potassium salt was filtered under suction,
and the filtrate was concentrated under vacuum to give an oily
residue, which was partitioned between ethyl acetate (200 mL) and
water (50 mL). The phases were separated and the aqueous phase
was extracted with ethyl acetate (50 mL). Organic extracts were
combined, washed with brine (20 mL), and dried with anhydrous
MgSO4. Removal of the solvent by vacuum distillation gave a pale-
yellow oil that could be directly used for the next step or purified
by flash chromatography (EtOAc/hexane, 1:4) to furnish 6 (6.320 g,
34.31 mmol, 95%). [α]D20 = +91.7 (c = 3.60, CHCl3). 1H NMR
(CDCl3): δ = 1.26 (t, J = 7.1 Hz, 3 H, CH3 in COOEt), 2.22–2.31
(m, 1 H, 6-H), 2.47 (d, J = 6.5 Hz, 1 H, OH), 2.70–2.80 (m, 1 H,
6-H), 3.45 (dd, J = 4.1, 4.0 Hz, 1 H, 4-H), 3.50–3.56 (m, 1 H, 5-
H), 4.17 (q, J = 7.1 Hz, 2 H, CH2 in COOEt), 4.48–4.55 (m, 1 H,
3-H), 7.08–7.12 (m, 1 H, 2-H) ppm. 13C NMR (CDCl3): δ = 166.26
(COOEt), 133.18 (C-2), 131.03 (C-1), 63.31 (C-3), 61.09 (C-5),
56.05 (OCH2CH3), 46.33 (C-4), 29.19 (C-6), 14.13
(OCH2CH3) ppm. HRMS (ESI): calcd. for C9H13O4 [M + H]+

185.0814; found 185.0816. IR (neat): ν̃ = 3438 (O–H), 2981, 1716
(C=O), 1648, 1369, 1267, 1099, 1001 cm–1.

(3R,4R,5R)-Ethyl 3,4-Epoxy-5-(methylsulfonyloxy)cyclohex-1-ene-
1-carboxylate (7): Compound 6 (5.000 g, 27.15 mmol) was dis-
solved in dichloromethane (100 mL) and triethylamine (4.120 g,
40.72 mmol) was added. The resulting solution was cooled to 0 °C
in an ice bath and methanesulfonyl chloride (3.730 g, 32.56 mmol)
was then added dropwise over 30 min. When the addition was fin-
ished, the reaction mixture was further stirred at 0 °C for 30 min.
The reaction was quenched by adding a dilute potassium carbonate
aqueous solution until pH 8–9. The organic and aqueous phases
were separated and the aqueous phase was extracted with dichloro-
methane (80 mL). The organic extracts were combined and dried
with anhydrous MgSO4. Evaporation of the solvent under vacuum
gave a pale-yellow solid product that could be directly used for the
next step or purified by flash chromatography (EtOAc/hexane, 1:6)
to furnish 7 (6.760 g, 25.77 mmol, 95%), m.p. 72.8–73.1 °C. [α]D20 =
+220 (c = 2.00, CHCl3). 1H NMR (CDCl3): δ = 1.28 (t, J = 7.1 Hz,
3 H, CH3 in COOEt), 2.37–2.45 (m, 1 H, 6-H), 2.98–3.07 (m, 1 H,
6-H), 3.03 (s, 3 H, CH3 in OMs), 3.56 (dd, J = 4.0, 3.9 Hz, 1 H, 4-
H), 3.75 (dd, J = 4.0, 5.6 Hz, 1 H, 3-H), 4.20 (q, J = 7.1 Hz, 2 H,
CH2 in COOEt), 5.42–5.48 (m, 1 H, 5-H), 7.11–7.15 (m, 1 H, 2-
H) ppm. 13C NMR (CDCl3): δ = 165.34 (COOEt), 132.89 (C-2),
130.15 (C-1), 72.91 (C-5), 61.26 (C-3), 53.83 (CH2 in COOEt),
46.67 (C-4), 38.69 (CH3 in OMs), 26.86 (C-6), 14.16 (CH3 in CO-
OEt) ppm. HRMS (ESI): calcd. for C10H14O6SNa [M + Na]+
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285.0409; found 285.0403. IR (KBr film): ν̃ = 2990, 1710 (C=O),
1347, 1275, 1173, 1099, 933, 881 cm–1.

(3S,4R,5R)-Ethyl 5-O-(Methylsulfonyl)shikimate (3): Compound 7
(5.000 g, 19.06 mmol) was dissolved in a mixed solvent of TFA
(50 mL) and H2O (5 mL). The resulting solution was stirred at
room temperature for ca. 8 h, until the reaction was complete. The
solution was then concentrated under vacuum to give a crude solid
product that was triturated with a mixed solvent of ethyl acetate
and hexane (1:2) to give pure 3 (4.970 g, 17.73 mmol, 93%), m.p.
125.5–125.8 °C. [α]D20 = –34.1 (c = 1.00, CH3OH). 1H NMR ([D6]
DMSO): δ = 1.22 (t, J = 7.1 Hz, 3 H, CH3 in COOEt), 2.36–2.46
(m, 1 H, 6-H), 2.83 (dd, J = 17.1, 5.8 Hz, 1 H, 6-H), 3.18 (s, 3 H,
CH3 in Ms), 3.50 (dd, J = 9.9, 7.6 Hz, 1 H, 4-H), 4.12–4.22 (m, 3
H, CH2 in COOEt, and 3-H), 4.54–4.64 (m, 1 H, 5-H), 5.52 (br. s,
1 H, OH), 5.67 (br. s, 1 H, OH), 6.56–6.61 (m, 1 H, 2-H) ppm. 13C
NMR ([D6]DMSO): δ = 165.08 (COOEt), 140.61 (C-2), 125.53 (C-
1), 79.54 (C-3), 73.12 (C-5), 70.86 (CH2 in COOEt), 60.52 (C-4),
37.71 (CH3 in Ms), 30.84 (C-6), 14.00 (CH3 in COOEt) ppm.
HRMS (ESI): calcd. for C10H17O7S [M + H]+ 281.0695; found
281.0695. IR (KBr film): ν̃ = 3435 (O–H), 3242 (O–H), 1697
(C=O), 1350, 1294, 1266, 1174, 1096, 954, 841, 793, 744, 522 cm–1.

(3S,4S,5S)-Ethyl 5-Azido-3,4-dihydroxycyclohex-1-ene-1-carboxyl-
ate (8a): To a solution of 3 (2.000 g, 7.135 mmol) in DMSO
(20 mL), sodium azide (930.0 mg, 14.30 mmol) and acetic acid
(215.0 mg, 3.580 mmol) were added. The mixture was heated and
stirred at 85 °C for approximate 2 h. When TLC showed the reac-
tion was complete, ethyl acetate (100 mL) and H2O (80 mL) were
added and the mixture was vigorously stirred for 15 min. The
phases were separated and the aqueous phase was extracted with
ethyl acetate (2 � 50 mL). The organic extracts were combined,
washed with brine (20 mL), and dried with anhydrous MgSO4. The
organic solution was concentrated under vacuum to give the crude
product, which was purified by flash chromatography (EtOAc/hex-
ane, 1:3) to afford 8a (1.346 g, 5.924 mmol, 83%) as off-white crys-
tals, m.p. 65.2–66.5 °C. [α]D20 = +60.1 (c = 1.00, CHCl3). 1H NMR
([D6]acetone): δ = 1.28 (t, J = 7.1 Hz, 3 H, CH3 in COOEt), 2.52
(dd, J = 18.0, 5.5 Hz, 1 H, 6-Hα), 2.62 (dd, J = 18.0, 4.6 Hz, 1 H,
6-Hβ), 3.89 (dd, J = 6.1, 4.5 Hz, 1 H, 4-H), 3.94–4.00 (m, 1 H, 5-
H), 4.20 (q, J = 7.1 Hz, 2 H, CH2 in COOEt), 4.33 (dd, J = 2.1,
4.7 Hz, 1 H, 3-H), 6.75–6.79 (m, 1 H, 2-H) ppm. 13C NMR
(CDCl3): δ = 166.28 (COOEt), 138.03 (C-2), 127.97 (C-1), 73.57
(C-3), 69.36 (CH2 in COOEt), 61.31 (C-5), 60.29 (C-4), 29.03 (C-
6), 14.13 (CH3 in COOEt) ppm. HRMS (ESI): calcd. for
C9H13N3O4Na [M + Na]+ 250.0804; found 250.0808. IR (KBr
film): ν̃ = 3425 (O–H), 3354 (O–H), 2134 (N3), 1688 (C=O), 1654,
1294, 1261, 1085, 1040, 907, 740 cm–1.

(3S,4S,5R)-Ethyl 5-Azido-3,4-dihydroxycyclohex-1-ene-1-carboxyl-
ate (8b): To a solution of 3 (2.000 g, 7.135 mmol) in ethanol
(20 mL), sodium azide (930.0 mg, 14.30 mmol) was added, and the
mixture was heated and stirred at reflux for approximate 3 h. When
TLC showed the reaction was complete, ethanol was removed by
vacuum distillation to give a residue, which was then partitioned
between ethyl acetate (50 mL) and water (20 mL). The phases were
separated and the aqueous phase was extracted with ethyl acetate
(30 mL). The organic extracts were combined, washed with brine
(20 mL), and dried with anhydrous MgSO4. Evaporation of the
solvent under vacuum gave the crude product, which was purified
by flash chromatography (EtOAc/hexane, 1:3) to afford 8b (1.362 g,
5.994 mmol, 84%) as pale-yellow crystals, m.p. 102.3–103.2 °C.
[α]D20 = –23.5 (c = 1.00, CHCl3). 1H NMR ([D6]acetone): δ = 1.28
(t, J = 7.1 Hz, 3 H, CH3 in COOEt), 2.06–2.15 (m, 1 H, 6-Hβ),
2.77 (dd, J = 17.6, 5.6 Hz, 1 H, 6-Hα), 3.55 (dd, J = 10.2, 7.9 Hz,
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1 H, 4-H), 3.67–3.75 (m, 1 H, 5-H), 4.19 (q, J = 7.1 Hz, 2 H, CH2

in COOEt), 4.25–4.31 (m, 1 H, 3-H), 6.68–6.72 (m, 1 H, 2-H) ppm.
13C NMR (CDCl3): δ = 165.87 (COOEt), 138.47 (C-2), 128.30 (C-
1), 75.95 (C-3), 72.04 (CH2 in COOEt), 61.36 (C-5), 60.57 (C-4),
30.11 (C-6), 14.10 (CH3 in COOEt) ppm. HRMS (ESI): calcd. for
C9H13N3O4Na [M + Na]+ 250.0804; found 250.0806. IR (KBr
film): ν̃ = 3420 (O–H), 2984, 2105 (N3), 1713 (C=O), 1657, 1370,
1254, 1095, 1040, 960, 877, 738 cm–1.

(3S,4S,5S)-Ethyl 5-Azido-3-(tert-butyldiphenylsilyloxy)-4-hydroxy-
cyclohex-1-ene-carboxylate (9a): To a solution of 8a (1.000 g,
4.401 mmol) in dichloromethane (10 mL), TBDPSCl (1.814 g,
6.600 mmol), DMAP (54 mg, 0.44 mmol) and triethylamine
(2.227 g, 22.01 mmol) were added in turn. The resulting solution
was then stirred at room temperature for approximate 5 h. The re-
action was concentrated under vacuum to dryness, and then ethyl
acetate (80 mL) and dilute aqueous hydrochloric acid (2 m, 30 mL)
were added. After the mixture was vigorously stirred for 10 min,
the organic phase was separated and washed successively with po-
tassium carbonate aqueous solution (10% w/v, 30 mL) and brine
(20 mL). The organic solution was dried with anhydrous MgSO4

and then concentrated under vacuum to give a pale-yellow oily
residue, which was purified by flash chromatography (EtOAc/hex-
ane, 1:6) to give 9a (1.906 g, 4.095 mmol, 93%). [α]D20 = +73.7 (c =
1.10, CHCl3). 1H NMR (CDCl3): δ = 1.08 [s, 9 H, C(CH3)3], 1.25
(t, J = 7.1 Hz, 3 H, CH3 in COOEt), 2.48 (dd, J = 18.1, 6.6 Hz, 1
H, 6-H), 2.66 (dd, J = 18.1, 4.4 Hz, 1 H, another 6-H), 3.89–3.99
(m, 2 H, 4-H and 5-H), 4.15 (q, J = 7.1 Hz, 2 H, CH2 in COOEt),
4.38 (dd, J = 5.1, 5.6 Hz, 1 H, 3-H), 6.57–6.61 (m, 1 H, 2-H), 7.35–
7.47 (m, 6 H, Ph-H), 7.64–7.72 (m, 4 H, Ph-H) ppm. 13C NMR
(CDCl3): δ = 165.99 (COOEt), 136.77 (C-2), 135.88 (Ar), 135.70
(Ar), 133.12 (Ar), 133.05 (Ar), 130.20 (Ar), 130.14 (Ar), 128.55
(Ar), 128.03 (C-1), 127.88 (Ar), 73.10 (C-3), 70.63 (CH2 in CO-
OEt), 60.92 (C-4), 58.44 (C-5), 27.07 (C-6), 26.95 [C(CH3)3], 19.24
[C(CH3)3], 14.18 (CH3 in COOEt) ppm. HRMS (ESI): calcd. for
C25H31N3O4SiNa [M + Na]+ 488.1892; found 488.1982. IR (neat):
ν̃ = 3479 (O–H), 2932, 2100 (N3), 1715 (C=O), 1471, 1428, 1249,
1110, 824, 705, 610, 506 cm–1.

(3S,4S,5R)-Ethyl 5-Azido-3-(tert-butyldiphenylsilyloxy)-4-hydroxy-
cyclohex-1-ene-carboxylate (9b): The same procedure described for
the preparation of 9a was followed, and compound 9b was ob-
tained from 8b in 90% yield. [α]D20 = +28.6 (c = 1.60, CHCl3). 1H
NMR (CDCl3): δ = 1.09 [s, 9 H, C(CH3)3], 1.23 (t, J = 7.1 Hz, 3
H, CH3 in COOEt), 2.15–2.24 (m, 1 H, 6-H), 2.77 (dd, J = 17.6,
5.6 Hz, 1 H, 6-H), 3.42–3.51 (m, 1 H, 5-H), 3.74 (dd, J = 10.5,
7.6 Hz, 1 H, 4-H), 4.15 (q, J = 7.1 Hz, 2 H, CH2 in COOEt), 4.35
(dd, J = 2.5, 7.6 Hz, 1 H, 3-H), 6.52–6.56 (m, 1 H, 2-H), 7.36–7.48
(m, 6 H, Ph-H), 7.68–7.75 (m, 4 H, Ph-H) ppm. 13C NMR
(CDCl3): δ = 165.63 (COOEt), 138.89 (C-2), 136.01 (Ar), 135.76
(Ar), 133.22 (Ar), 133.04 (Ar), 130.11 (Ar), 128.01 (C-1), 127.88
(Ar), 127.80 (Ar), 127.66 (Ar), 76.68 (C-3), 74.34 (CH2 in COOEt),
60.98 (C-4), 60.23 (C-5), 29.96 (C-6), 26.96 [C(CH3)3], 19.33
[C(CH3)3], 14.16 (CH3 in COOEt) ppm. HRMS (ESI): calcd. for
C25H31N3O4SiK [M + K]+ 504.1721; found 504.1719. IR (neat): ν̃
= 3500 (O–H), 2958, 2107 (N3), 1715 (C=O), 1472, 1427, 1366,
1250, 1109, 976, 823, 705, 610, 506 cm–1.

(3S,4S,5S)-4-Acetoxy-5-azido-3-(tert-butyldiphenylsilyloxy)cyclo-
hex-1-enyl Methyl Acetate (10a): A solution of 9a (1.500 g,
3.222 mmol) in dichloromethane (15 mL) was cooled to –10 °C in a
salt-ice bath, and a solution of DIBAL-H (1.0 m in hexane, 8.1 mL,
8.1 mmol) was slowly added by using a syringe. When the addition
was finished, the mixture was further stirred at –10 °C for 1 h. Ethyl
acetate (60 mL) and dilute aqueous hydrochloric acid (2 m, 20 mL)
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were added. The mixture was vigorously stirred for 15 min, the
phases were separated, and the aqueous phase was extracted with
ethyl acetate (20 mL). The organic extracts were combined, washed
with brine (15 mL), and dried with anhydrous MgSO4. The organic
solution was concentrated under vacuum to dryness. The residue
was dissolved in anhydrous ethyl acetate (20 mL), and the resulting
solution was cooled to 0 °C by an ice bath. Triethylamine (1.304 g,
12.89 mmol), acetic anhydride (1.000 g, 9.795 mmol) and a catalytic
amount of DMAP (39.1 mg, 0.320 mmol) were then added in turn.
After the addition, the mixture was further stirred at 0 °C for 1 h.
The reaction was quenched by adding dilute aqueous hydrochloric
acid (2 m, 10 mL), then the mixture was vigorously stirred for
15 min. The phases were separated and the aqueous phase was ex-
tracted with ethyl acetate (30 mL). The organic extracts were com-
bined, washed successively with potassium carbonate aqueous solu-
tion (10% w/v, 10 mL) and brine (10 mL), and dried with anhy-
drous MgSO4. Evaporation of solvent under vacuum gave a resi-
due, which was purified by flash chromatography (EtOAc/hexane,
1:8) to afford 10a (1.490 g, 2.935 mmol, 91%) as a colorless oil.
[α]D20 = +59.7 (c = 1.00, CHCl3). 1H NMR (CDCl3): δ = 1.06 [s, 9
H, C(CH3)3], 1.86 (s, 3 H, CH3COO), 2.04 (s, 3 H, CH3COO), 2.23
(dd, J = 17.6, 6.0 Hz, 1 H, 6-H), 2.43 (dd, J = 17.6, 4.5 Hz, 1 H),
4.03–4.08 (m, 5-H), 4.40 (s, 2 H, CH2OAc), 4.42–4.47 (m, 1 H, 4-
H), 5.15 (dd, J = 5.9, 2.4 Hz, 1 H, 3-H), 5.40–5.44 (m, 1 H, 2-H),
7.37–7.45 (m, 6 H, Ph-H), 7.63–7.70 (m, 4 H, Ph-H) ppm. 13C
NMR (CDCl3): δ = 170.56 (CH3COO), 170.32 (CH3COO), 135.97
(C-2), 135.74 (Ar), 133.33 (Ar), 133.31 (Ar), 131.65 (Ar), 129.96
(Ar), 129.87 (Ar), 127.74 (C-1), 127.73 (Ar), 125.56 (Ar), 75.17 (C-
3), 68.07 (CH2OAc), 66.39 (C-4), 56.64 (C-5), 29.02 (C-6), 26.85
(CH 3 COO) , 20 .84 (CH 3 COO) , 20 .7 6 [ C ( CH 3 ) 3 ] , 1 9 . 22
[C(CH3)3] ppm. HRMS (ESI): calcd. for C27H33N3O5SiK
[M + K]+ 546.1827; found 546.1828. IR (neat): ν̃ = 2932, 2858,
2119 (N3), 1746 (C=O), 1428, 1370, 1228, 1110, 1049, 824, 742,
705, 610, 508 cm–1.

(3S,4S,5R)-4-Acetoxy-5-azido-3-(tert-butyldiphenylsilyloxy)cyclo-
hex-1-enyl Methyl Acetate (10b): The same procedure described for
the preparation of 10a was followed, and compound 10b was ob-
tained from 9b in 90% yield. [α]D20 = +41.4 (c = 1.20, CHCl3). 1H
NMR(CDCl3): δ = 1.03 [s, 9 H, C(CH3)3], 1.95 (s, 3 H, CH3COO),
1.99 (s, 3 H, CH3COO), 2.14–2.24 (m, 1 H, 6-H), 2.36 (dd, J =
17.1, 5.8 Hz, 1 H, 6-H), 3.45–3.55 (m, 1 H, 5-H), 4.34 (s, 2 H,
CH2OAc), 4.38–4.43 (m, 1 H, 4-H), 5.21 (dd, J = 10.8, 7.7 Hz, 1
H, 3-H), 5.37–5.40 (m, 1 H, 2-H), 7.35–7.47 (m, 6 H, Ph-H), 7.60–
7.70 (m, 4 H, Ph-H) ppm. 13C NMR (CDCl3): δ = 170.41
(CH3COO), 170.21 (CH3COO), 136.03 (C-2), 135.83 (Ar), 133.43
(Ar), 133.14 (Ar), 130.83 (Ar), 129.94 (Ar), 129.87 (Ar), 127.74 (C-
1), 127.73 (Ar), 126.91 (Ar), 76.50 (C-3), 71.63 (CH2OAc), 65.85
(C-4), 58.52 (C-5), 31.16 (C-6), 26.75 (CH3COO), 20.91
(CH3COO), 20.73 [C(CH3)3], 19.19 [C(CH3)3] ppm. HRMS (ESI):
calcd. for C27H34N3O5Si [M + H]+ 508.2268; found 508.2267. IR
(neat): ν̃ = 2933, 2858, 2102 (N3), 1749 (C=O), 1429, 1368, 1224,
1110, 1049, 823, 705, 505 cm–1.

(1S,2S,3S,4S,5S)-2-Acetoxy-1-azido-3-(tert-butyldiphenylsilyloxy)-
4,5-dihydroxycyclohex-5-yl Methyl Acetate (11a): Compound 10a
(1.500 g, 2.955 mmol) was dissolved in CH3CN (15 mL), and an
aqueous solution of RuCl3 (60.0 mg, 0.289 mmol) and NaIO4

(1.265 g, 5.914 mmol) in deionized water (5 mL) was added. The
two-phase mixture was then vigorously stirred at room temperature
for 4 h, then the reaction was quenched by adding saturated aque-
ous Na2S2O3 solution (15 mL). Ethyl acetate (60 mL) was added
and the mixture was vigorously stirred for 10 min. The phases were
separated, the aqueous phase was extracted with ethyl acetate (2�

20 mL), and the combined organic extracts were dried with MgSO4
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and filtered. Concentration of the filtrate followed by flash
chromatography (EtOAc/hexane, 1:4) afforded 11a (1.473 g,
2.719 mmol, 92%) as a colorless oil. [α]D20 = –39.7 (c = 1.00,
CHCl3). 1H NMR(CDCl3): δ = 1.08 [s, 9 H, C(CH3)3], 1.43 (s, 3
H, CH3COO), 1.80 (dd, J = 15.5, 3.6 Hz, 1 H, 6-H), 1.93 (dd, J =
15.5, 3.2 Hz, 1 H, 6-H), 2.10 (s, 3 H, CH3COO), 2.35 (br. s, 1 H,
OH), 3.02 (br. s, 1 H, OH), 3.50–3.58 (m, 1 H, 1-H), 3.89 (d, J =
11.1 Hz, 1 H, CHHOAc), 4.03 (d, J = 11.1 Hz, 1 H, CHHOAc),
4.06–4.18 (m, 2 H, 3-H and 4-H), 4.89 (dd, J = 9.9, 3.5 Hz, 1 H,
2-H), 7.35–7.50 (m, 6 H, Ph-H), 7.60–7.65 (m, 2 H, Ph-H), 7.77–
7.84 (m, 2 H, Ph-H) ppm. 13C NMR (CDCl3): δ = 170.64
(CH3COO), 170.59 (CH3COO), 136.15 (Ar), 135.52 (Ar), 134.50
(Ar), 132.18 (Ar), 130.17 (Ar), 129.56 (Ar), 127.88 (Ar), 127.63
(Ar), 76.09 (C-5), 74.35 (C-2), 73.27 (C-4), 71.66 (C-3), 66.38
(CH2OAc), 58.37 (C-1), 32.36 (C-6), 27.01 (CH3COO), 20.96
(CH3COO), 20.02 [C(CH3)3], 19.73 [C(CH3)3] ppm. HRMS (ESI):
calcd. for C27H35N3O7SiNa [M + Na]+ 564.2142; found 564.2144.
IR (neat): ν̃ = 3496 (O–H), 2933, 2858, 2117 (N3), 1735 (CH3COO),
1429, 1374, 1231, 1113, 1043, 978, 887, 823, 743, 706, 609,
514 cm–1.

(1R,2S,3S,4S,5S)-2-Acetoxy-1-azido-3-(tert-butyldiphenylsilyloxy)-
4,5-dihydroxycyclohex-5-yl Methyl Acetate (11b): The same pro-
cedure described for the preparation of 11a was followed, and com-
pound 11b was obtained from 10b in 91% yield as a colorless oil.
[α]D20 = –26.2 (c = 1.10, CHCl3). 1H NMR (CDCl3): δ = 1.02 [s, 9
H, C(CH3)3], 1.59 (dd, J = 13.8, 12.0 Hz, 1 H, 6-H), 1.81 (s, 3 H,
CH3COO), 2.04 (dd, J = 13.8, 8.9 Hz, 1 H, C-6), 2.10 (s, 3 H,
CH3COO), 2.33 (br. s, 1 H, OH), 2.43 (br. s, 1 H, OH), 3.49 (d, J

= 8.8 Hz, 1 H, 4-H), 3.53–3.62 (m, 1 H, 1-H), 3.83 (d, J = 11.2 Hz,
1 H, CHHOAc), 3.91 (dd, J = 8.8, 9.2 Hz, 1 H, 3-H), 4.01 (d, J =
11.2 Hz, 1 H, CHHOAc), 5.02 (dd, J = 9.2, 9.6 Hz, 1 H, 2-H),
7.36–7.49 (m, 6 H, Ph-H), 7.65–7.72 (m, 4 H, Ph-H) ppm. 13C
NMR (CDCl3): δ = 171.14 (CH3COO), 170.46 (CH3COO), 135.90
(Ar), 135.61 (Ar), 133.39 (Ar), 132.83 (Ar), 130.11 (Ar), 129.90
(Ar), 128.04 (Ar), 127.77 (Ar), 75.66 (C-5), 74.36 (C-2), 73.67 (C-
4), 72.03 (C-3), 66.91 (CH2OAc), 57.91 (C-1), 34.20 (C-6), 26.94
(CH3COO), 20.91 (CH3COO), 20.88 [C(CH3)3], 19.55 [C(CH3)
3] ppm. HRMS (ESI): calcd. for C27H35N3O7SiK [M + K]+

580.1881; found 580.1877. IR (neat): ν̃ = 3483 (O–H), 2957, 2103
(N3), 1742 (C=O), 1428, 1374, 1238, 1112, 1041, 742, 706, 609,
514 cm–1.

(1S,2S,3R,4S,5S)-5-Acetoxymethyl-1-azido-5-hydroxy-2,3,4-tri-
acetoxycyclohexane (12a): Compound 11a (1.300 g, 2.400 mmol)
was dissolved in tetrahydrofuran (15 mL), and TBAF (2.820 g,
10.79 mmol) was added. After stirring was continued at room tem-
perature for approximate 5 h, the mixture was cooled to 0 °C. Tri-
ethylamine (1.215 g, 12.01 mmol), acetic anhydride (1.225 g,
12.00 mmol) and DMAP (30.0 mg, 0.245 mmol) were added in
turn, then the mixture was further stirred at 0 °C for 1 h. The reac-
tion solution was concentrated under vacuum and the residue was
partitioned between ethyl acetate (50 mL) and aqueous HCl (2 M,
20 mL). The phases were separated, the aqueous phase was ex-
tracted with ethyl acetate (2� 25 mL), and the organic extracts
were combined, washed successively with potassium carbonate
aqueous solution (10 % w/w, 10 mL), water (10 mL) and brine
(10 mL), and dried with anhydrous MgSO4. Evaporation of the
solvent under vacuum gave a crude product, which was purified by
flash chromatography (EtOAc/hexane, 1:6) to afford 12a (745.5 mg,
1.925 mmol, 80%) as off-white crystals, m.p. 122.8–124.2 °C. [α]D20

= –13.2 (c = 2.00, CHCl3). 1H NMR (CDCl3): δ = 1.97 (dd, J =
16.0, 3.6 Hz, 1 H, 6-H), 2.00 (s, 3 H, CH3 in Ac), 2.05 (s, 3 H, CH3

in Ac), 2.06 (s, 3 H, CH3 in Ac), 2.10 (s, 3 H, CH3 in Ac), 2.11
(dd, J = 16.0, 3.0 Hz, 1 H, 6-H), 3.40 (s, 1 H, OH), 3.70 (d, J =
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11.4 Hz, 1 H, CHHOAc), 4.00 (d, J = 11.4 Hz, 1 H, CHHOAc),
4.24–4.29 (m, 1 H, 1-H), 5.06 (d, J = 10.2 Hz, 4-H), 5.08 (dd, J =
10.3, 3.8 Hz, 1 H, 2-H), 5.69 (dd, J = 10.3, 10.2 Hz, 1 H, 3-H) ppm.
13C NMR (CDCl3): δ = 170.22 (CH3COO), 169.97 (CH3COO),
169.85 (CH3COO), 169.70 (CH3COO), 73.36 (C-5), 73.14 (C-4),
71.83 (C-3), 68.51 (C-2), 65.55 (CH2OAc), 58.35 (C-1), 33.30 (C-
6), 20.77 (CH3COO), 20.58 (CH3COO), 20.54 (CH3COO), 20.42
(CH3COO) ppm. HRMS (ESI): calcd. for C15H21N3O9Na [M +
Na]+ 410.1175; found 410.1174. IR (neat): ν̃ = 3349 (O–H), 2926,
2111 (N3), 1743 (C=O), 1425, 1375, 1236, 1038, 917, 814, 745, 627,
602, 531 cm–1.

(1R,2S,3R,4S,5S)-5-Acetoxymethyl-1-azido-5-hydroxy-2,3,4-tri-
acetoxycyclohexane (12b): The same procedure described for the
preparation of 12a was followed, and compound 12b was obtained
from 11b in 71% yield as off-white crystals, m.p. 113.1–114.5 °C.
[α]D20 = –11.0 (c = 1.00, CHCl3). 1H NMR(CDCl3): δ = 1.68 (dd, J

= 14.0, 12.7 Hz, 1 H, 6-H), 1.99 (s, 3 H, CH3COO), 2.08 (s, 3 H,
CH3COO), 2.10 (s, 3 H, CH3COO), 2.10 (s, 3 H, CH3COO), 2.19
(dd, J = 14.0, 4.8 Hz, 1 H, 6-H), 2.68 (br. s, 1 H, OH), 3.88 (d, J

= 11.4 Hz, 1 H, CHHOAc) , 3 .93–4.05 (m, 2 H, 1-H and
CHHOAc), 5.07 (dd, J = 10.0, 9.8 Hz, 1 H, 2-H), 5.11 (d, J =
10.1 Hz, 1 H, 4-H), 5.40 (dd, J = 10.1, 10.0 Hz, 1 H, 3-H) ppm.
13C NMR (CDCl3): δ = 170.58 (CH3COO), 170.11 (CH3COO),
169.88 (CH3COO), 169.26 (CH3COO), 73.97 (C-5), 72.15 (C-4),
72.12 (C-3), 71.22 (C-2), 66.23 (CH2OAc), 57.22 (C-1), 35.09 (C-
6), 20.71 (CH3COO), 20.65 (CH3COO), 20.55 (CH3COO), 20.49
(CH3COO) ppm. HRMS (ESI): calcd. for C15H21N3O9Na [M +
Na]+ 410.1175; found 410.1176. IR (neat): ν̃ = 3409 (O–H), 2926,
2106 (N3), 1748 (C=O), 1381, 1238, 1048, 915, 829, 606 cm–1.

(1S,2S,3R,4S,5S)-1-Azido-5-hydroxymethyl-2,3,4,5-tetrahydroxy-
cyclohexane (13a): Compound 12a (500.0 mg, 1.291 mmol) was dis-
solved in a mixed solvent of methanol (10 mL) and ammonia hy-
drate (25% w/w, 2 mL), and the mixture was heated to reflux for
approximately 25 h. The solution was then concentrated under vac-
uum to give an oily residue, which was dissolved in pure water
(0.5 mL). The aqueous solution was washed with diethyl ether (2�

10 mL), and the ether phase was decanted each time. The aqueous
solution was concentrated under vacuum to remove water. Com-
pound 13a (274.5 mg, 1.252 mmol, 97%) was thus obtained as a
colorless oil. [α]D20 = +6.5 (c = 0.9, CH3OH). 1H NMR (CDCl3): δ
= 1.71 (dd, J = 15.7, 3.0 Hz, 1 H, 6-H), 1.92 (dd, J = 15.7, 2.6 Hz,
1 H, 6-H), 3.26 (d, J = 10.0 Hz, 1 H, CHHOAc), 3.28 (d, J =
10.0 Hz, 1 H, CHHOAc), 3.40 (d, J = 10.3 Hz, 1 H, 4-H), 3.53 (dd,
J = 9.8, 3.4 Hz, 1 H, 2-H), 3.66 (dd, J = 10.3, 9.8 Hz, 1 H, 3-H),
3.95–4.02 (m, 1 H, 1-H) ppm. 13C NMR (D2O): δ = 74.52 (C-5),
73.16 (C-4), 72.76 (C-3), 70.77 (C-2), 65.16 (C-1), 60.97 (CH2OH),
31.57 (C-6) ppm. HRMS (ESI): calcd. for C7H13N3O5Na [M +
Na]+ 242.0753; found 242.0753. IR (neat): ν̃ = 3302 (O–H), 2924,
2113 (N3), 1662, 1401, 1347, 1096, 1045 cm–1.

(1R,2S,3R,4S,5S)-1-Azido-5-hydroxymethyl-2,3,4,5-tetrahydroxycy-
clohexane (13b): The same procedure described for the preparation
of 13a was followed, and compound 13b was obtained from 12b in
96% yield as a colorless oil. [α]D20 = –9.3 (c = 1.5, CH3OH). 1H
NMR (CDCl3): δ = 1.39 (dd, J = 14.0, 12.0 Hz, 1 H, 6-H), 1.89
(dd, J = 14.0, 4.4 Hz, 1 H, 6-H), 3.22 (dd, J = 10.0, 9.8 Hz, 1 H,
2-H), 3.28 (d, J = 9.6 Hz, 1 H, 4-H), 3.35 (d, J = 11.5 Hz,
CHHOH), 3.44 (d, J = 11.5 Hz, 1 H, CHHOH), 3.45–3.52 (m, 2
H, 1-H and 3-H) ppm. 13C NMR (D2O): δ = 75.90 (C-5), 73.65 (C-
4), 73.51 (C-3), 72.49 (C-2), 65.23 (C-1), 59.99 (CH2OH), 33.87 (C-
6) ppm. HRMS (ESI): calcd. for C7H13N3O5Na [M + Na]+

242.0753; found 242.0753. IR (neat): ν̃ = 3377 (O–H), 2938, 2105
(N3), 1663, 1430, 1258, 1087, 824, 623 cm–1.
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(+)-Valiolamine (1): A solution of 13a (300.0 mg, 1.369 mmol) in a
mixed solvent of methanol (10 mL) and water (10 mL) was placed
into a flask, which was equipped with a magnetic stirring bar, an
inlet and an outlet of H2. Palladium on charcoal Pd/C (10% w/w,
50 mg) was added. After the flask was purged with H2 several
times, the black suspension was well-stirred at room temperature
for 24 h under an atmosphere of H2. The mixture was then filtered
through a thin layer of Celite to remove the Pd/C catalyst. The
solvent was concentrated under vacuum to give 1 (251.2 mg,
1.300 mmol, 95%) as a colorless syrup. [α]D20 = +18.6 (c = 1.05,
H2O) [ref.[4] [α]D23 = +18.5 (c = 1.00, H2O)]. 1H NMR (D2O): δ =
1.64 (dd, J = 15.4, 3.8 Hz, 1 H, 6-H), 1.80 (dd, J = 15.4, 2.4 Hz, 1
H, 6-H), 3.32 (d, J = 11.0 Hz, 1 H, CHHOH), 3.33–3.39 (m, 2 H,
1-H and 4-H), 3.42 (d, J = 11.0 Hz, 1 H, CHHOH), 3.54 (dd, J =
9.8, 4.3 Hz, 1 H, 2-H), 3.70 (dd, J = 9.8, 9.3 Hz, 1 H, 3-H) ppm.
13C NMR (D2O): δ = 76.47 (C-5), 74.07 (C-4), 73.04 (C-3), 71.71
(C-2), 65.98 (CH2OH), 51.22 (C-1), 32.17 (C-6) ppm. HRMS (ESI):
calcd. for C7H16NO5 [M + H]+ 194.1028; found 194.1030. IR
(neat): ν̃ = 3360 (OH and NH2), 2925, 1666, 1568, 1407, 1096,
1050, 813, 652 cm–1.

(–)-1-epi-Valiolamine (2): The same procedure described for the
preparation of 1 was followed, and compound 2 was obtained from
13b in 96% yield as a colorless syrup. [α]D20 = –18.0 (c = 1.00, H2O).
[ref.[4] [α]D20 = –17 (c = 0.42, H2O)]. 1H NMR (D2O): δ = 1.43 (dd,
J = 14.0, 6.5 Hz, 1 H, 6-H), 1.89 (dd, J = 14.0, 4.3 Hz, 1 H, 6-H),
2.93–3.01 (m, 1 H, 1-H), 3.14 (dd, J = 9.8, 9.6 Hz, 1 H, 2-H), 3.38
(d, J = 11.2 Hz, 1 H, CHHOH), 3.43 (d, J = 11.2 Hz, 1 H,
CHHOH), 3.49–3.58 (m, 2 H, 3-H and 4-H) ppm. 13C NMR
(D2O): δ = 76.44 (C-5), 73.85 (C-4), 73.62 (C-3), 72.76 (C-2), 65.30
(CH2OH), 48.75 (C-1), 35.07 (C-6) ppm. HRMS (ESI): calcd. for
C7H15NO5Na [M + Na]+ 216.0848; found 216.0849. IR (neat): ν̃ =
3415 (OH and NH2), 2924, 1656, 1598, 1206, 1097, 1041 cm–1.

CCDC-894838 (for 7) and -934069 (for 12b) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Crystal data and structure refinement for 7 and 12b; 1H and
13C NMR spectra of 1–3 and 5–13; 1H-1H NOESY spectra of 8a
and 8b.
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