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ABSTRACT: Highly stereoselective six-step syntheses of (—)-1-deoxyaltronojirimycin (altro-DNJ) and (+)-1-deoxymannojir-
imycin (manno-DNJ) from N-Cbz-O-TBDPS-L-serinal are described. Key transformations involve a two-step preparation of a
functionalized dihydropyridin-3-one as a common intermediate followed by Luche reduction and dihydroxylation (for altro-
DN]J). The same sequence employing an epoxidation/epoxide opening in place of dihydroxylation furnishes manno-DNJ.

iperidines make up a well-known class of nitrogen OH OH OH

heterocycles with a vast distribution in nature." Because HOQL~OH HOG O HOG 01
they have interesting and diverse propezrties, piperidines have HO oSy Aoy HOwwSy HO\‘:(Nj
been the target of many research groups.” The synthesis of fully H H H
substituted or polysubstituted piperidines is one of the most nojirimycin 1-deoxynojirimycin - 1-deoxymannonojirimycin
challenging tasks in the chemistry of nitrogen heterocycles, OH OH OH
especially with respect to controlling the relative stereo- HO wOH HO,, OH HO,, WOH
chemistry of up to five stereogenic centers in the ring (32 HOw ﬁj, HO Kj
stereoisomers for fully substituted piperidines). Examples are h N O N h N
the syntheses of aza sugars, such as the well-known nojirimycin. 1-deoxya|tron01|r|mycin 1 deoxygulonOJlrlmycin 1-deoxyidonojirimycin
Nojirimycin was isolated in 1966 by Inuoye from strains of OH
Streptomnys, and they were shown to act as potent glucosidase o oH o HO OH
inhibitors.” Its natural analogue, 1-deoxynojirimycin (DNJ), has \E'j/ jj’
similar biological activities.* Moreover, two derivatives of DNJ, O LY HO N
Glyset and Zavesca, are marketed for the treatment of diabetes H |
and Gaucher disease, respectively.5 In view of this, the synthesis " deoxyalono“r'mycm 1-deoxygalactonojirimycin - 1-deoxytalonojirimycin
of natural or synthetic DNJ analogues has attracted much OH OH
attention, espec1ally for short and divergent approaches HO_ _~_ _OH HO. S _OH
Antidiabetic,® anti-HIV,” antlobe51ty, and anticancer activities’ HOL_ U HO U

WS

are some of the biological properties of these compounds SN

|
(Figure 1). Bu K/OH

In 2013, we developed a one-step method for preparing a,p- N-butyl-1-deoxynojirimycin (zavesca”)  N-hydroxyethyl-1-deoxynojirimycin (Glyset” )
unsaturated diazoketones with Z geometry fro?g aldehydes and Figure 1. Nojirimycin, deoxynojirimycin, and their analogues and
a new Horner—Wadsworth—Emmons reagent.~ Using N-tosyl- derivatives.

protected amino aldehydes, we prepared y-amino unsaturated
diazoketones, which in turn were directly converted to chiral
dihydropyridin-3-ones after an intramolecular N—H insertion
reaction.'’ Dihydropyridin-3-ones are powerful multifunctional
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intermediates that can be converted to polysubstituted Received: June 30, 2016
piperidines'” after a few manipulations. We envisaged that Published: August 8, 2016
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Scheme 1. Synthetic Approach for the Synthesis of 1-Deoxynojirimycin and Its Analogues
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Scheme 2. Attempts To Synthesize altro-DN]J from N-Tosyl-O-TBDPS-serinal
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Table 1. Metal-Catalyzed N—H Insertion Study from N-Cbz-Unsaturated Diazoketone 10

o o0 t-BuOK, THF ﬂo git AP
P + TBDPSO NOo -78°C to0°C condiions - +eppso
BhO ';h)% "o -718°C10°C_ 1mppso NN, N
N

o NHCbz \ .
2 9 10 57% Cbz Cbz
1
entry” catalyst (mol %) solvent T (°C) t (min) yield (%)

1v Cu(acac), (10%) benzene 80 1 20-30
2 Rh,(OAc), (5%) CH,Cl, 25 120 complex mixture
3 Rh,(esp), (5%) CH,Cl, 25 S complex mixture
4 Cu(tfacac), (10%) CH,Cl, 25 120 20
S Cu(hfacac), (10%) benzene 25 40 complex mixture
6° Cu(acac), (10%) CH,Cl, 100 1 33
7° Cu(acac), (10%) benzene 100 1 32
8° Cu(acac), (10%) toluene 100 1 41
9° Cu(acac), (10%) DCE 100 1 17
10° Cu(hfacac), (10%) toluene 100 1 8
11°¢ Cu(acac), (20%) toluene 100 1 17
12¢ Cu(acac), (5%) toluene 100 1 38
13° Cu(acac), (10%) toluene 150 1 37
14° Cu(OAc), (10%) toluene 100 1 36
15° Cu(acac), (10%) toluene 100 2 38

“On a 25.0 mg scale. bAddition of the catalyst at once to the solution of the diazoketone after reaching reflux. “Reaction performed under microwave
irradiation.

starting from a dihydropyridin-3-one with a hydroxymethyl approaches, the use of a single advanced intermediate that
group at C6, we could perform the synthesis of several DNJs
from the same intermediate after carbonyl reduction and
double-bond manipulation (Scheme 1). For example, the
syntheses of (—)-1-deoxyaltronojirimycin (altro-DNJ), deoxy-
mannonojirimycin (manno-DNJ), and/or ido-DNJ would be and deoxymannonojirimycin'* in six steps are described from
the most direct following this strategy. Unlike many known N-Cbz-O-TBDPS-serinal.

can provide several diastereoisomers from deoxynojirimycin is
. . . P . 13 .
more desirable, especially in medicinal chemistry.”” Herein, to

demonstrate this, the total syntheses of deoxyaltronojirimycin
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Scheme 3. Total Syntheses of altro-DNJ and manno-DN]J
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We began our study by employing N-tosyl-dihydropyridin-3-
one 4 (Scheme 2), previously described by us, aiming to
synthesize (—)-1-deoxyaltronojirimycin (r-altro-DN]J). The
Horner—Wadsworth—Emmons reaction of diazophosphonate
1 with N-Ts-O-TBDPS-serinal 2 furnished Z-unsaturated
diazoketone 3 in 63% isolated yield (+7% of the E isomer;
9:1 dr). A copper-catalyzed intramolecular N—H insertion
reaction led to dihydropyridin-3-one 4 in 35—50% yields. Next,
the Luche reduction of 4 was expected to provide cis allylic
alcohol § with a high diastereomeric ratio due to the attack of
hydride from the opposite face of the bulky CH,OTBDPS
group. In fact, § was formed in 98% yield as the only observable
isomer (Scheme 2). NMR analysis (NOE effect and H-H
coupling constants) confirmed the expected stereochemistry.
Dihydroxylation reaction from § in the presence of catalytic
0s0, and NMO furnished 6 in 70% yield as a single isomer, as
detected by NMR. Similar to what was observed from the
Luche reduction, dihydroxylation probably occurred from the
less-hindered « face. Difficulties in proving the expected
stereochemistry by NOE compelled us to continue synthesis to
the end product (removal of the protecting groups) so that
spectroscopic data could be compared with those found in the
literature for altro-DNJ. Although TBDPS removal in the
presence of TBAF gave tetrol 7 in 83% yield, tosyl group
removal proved to be problematic. Several attempts to
deprotect it using Na/naphthalene and Red-Al failed. Changing
the tosyl group to a nosyl group appeared to be an alternative
and a solution to the problem. However, during the cyclization
step in the preparation of the N-Ns dihydropyridin-3-one, a low
8% vyield was obtained. We therefore chose to protect the
amino function using the alternative benzyloxy carbonyl group
(Cbz).

Following the sequence described in Scheme 2, Z-
unsaturated diazoketone 10 was prepared from diazophosph-
onate 1 and the known N-Cbz-O-TBDPS-L-serinal 9 in 57%
isolated yield (+6% E isomer; 9:1 dr). A copper-catalyzed N—H
insertion reaction from 10 in refluxing benzene furnished a 20—

10571

30% yield of the N-Cbz dihydropyridin-3-one 11, forcing us to
perform an optimization study (Table 1).

Rhodium salts showed the same behavior during cyclization
with N-Ts diazoketones, in all cases furnishing a complex
mixture of products. Use of the more reactive Cu(tfacac), and
Cu(hfacac), did not improve the cyclization yield, leading to a
no more than 20% yield or a complex mixture. Better yields
could be observed when these reactions were performed under
microwave irradiation. For example, yields varying from 38 to
41% were obtained after these mixtures had been heated in
toluene at 100 °C for 1 min in the presence of 5—10 mol %
Cu(acac), or Cu(OAc),. Heating the reaction mixture to 150
°C did not change the yield, and using 20 mol % catalysts
decreased the yield to 17%. Using the best condition depicted
in Table 1 (entry 8), we could prepare dihydropyridinone 11 in
good quantities to proceed with the syntheses of altro-DNJ,
manno-DNJ, or ido-DNJ (Scheme 3).

For the synthesis of altro-DNJ, the same sequence described
in Scheme 2 was applied. Luche reduction, dihydroxylation, and
TBDPS deprotection led to N-Cbz-protected tetrol 14 in 67%
overall yield through these three steps. Similar to what was
observed in the sequence with N-Ts dihydropyridinone 4, only
single isomers were observed by NMR. Removal of the Cbz
protecting group was then straightforward, furnishing (—)-L-
altro-DN]J 8 in quantitative yield. Comparison of the NMR
spectra of 8 with those described in the literature confirmed the
expected stereochemistry. We next turned our attention to
preparing epoxide 15 from the same intermediate 11 and
studying the regiochemistry of the epoxide ring opening. As
seen for the dihydroxylation reaction, m-CPBA oxidation of cis
allylic alcohol 12 afforded epoxide 15 in 83% yield as the only
observable isomer from epoxidation of the less-hindered a face.
Epoxide opening proved to be very difficult (Table 2); heating
15 carefully with 3 equiv of a 1 M H,SO, solution in a 1:1
dioxane/water mixture was the best option. Employing this
condition, epoxide opening from C4 with concomitant TBDPS
removal furnished tetrol 16 in 80% vyield with high
regioselectivity (10:1). Hydrogenolysis of the Cbz carbamate
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Table 2. Epoxide Opening Optimization Studies'

o, OH

Ep OH " HO. OH
\/(j/ condition ",
—_—
TBDPSO N HO .
)
I
15 Cbz 16 Cbz
entry conditions time yield (%)
1 1 M H,SO,, dioxane, 95 °C overnight complex
mixture
2 0.3 M KOH, dioxane, 60 °C 16 h complex
mixture
3 ALO,;, H,0 (10 wt %), Et,O 16 h no reaction

BF;-Et,0 (1 equiv), BnOH (1S overnight complex
equiv), DCM mixture
S 10% HCl/dioxane 1 h (50 °C) complex
mixture

6 1M H,S0,, dioxane/H,0 (1:1) 2h (rt) > 2h 80

(80 °C)
7  CF;COOH (3 equiv), THF/H,O overnight 35
(3:1), 65 °C
8  CCL,COOH (20 equiv) 36 h 10

in the presence of Pd(OH),/C and H, gave (+)-L-manno-DN]J
in quantitative yield.

In summary, we were able to complete the total syntheses of
altro-DNJ and manno-DNJ in six steps from the known N-Z-O-
TBDPS-L-serinal in a divergent fashion. The use of the same
intermediate, dihydropyridin-3-one, not only permitted the
short syntheses of these two selected DNJ analogues but also
has the potential to be employed in the preparation of other
DNJ diastereoisomers after appropriate changes in the synthetic
approach. For example, selective reduction of 11 to the trans
allylic alcohol and further investigation may provide other DNJ

isomers.

B EXPERIMENTAL SECTION

General Procedures. All solvents were dried and distilled prior to
use by standard procedures. Reagents were purchased at the highest
commercial quality and used without further purification, unless
otherwise stated. Diazophosphonate 1 was prepared according to
method developed by our research group.'’The aldehydes N-Ts-
TBDPS-L-serinal 2'%° and N-Cbz-TBDPS-L-serinal 9'° were prepared
from N-Ts-TBDPS-L-serinol'” and N-Cbz-TBDPS-L-serinol,"” respec-
tively, after the IBX oxidation reaction. Reactions were monitored by
thin layer chromatography (TLC), performed on 0.25 mm silica gel
plates using UV light as a visualizing agent and potassium
permanganate in aqueous KOH for staining. Column chromatography
was performed using silica gel 60 (particle sizes of 0.063—0.210 mm).
Unless stated otherwise, all the yields refer to isolated products after
flash column chromatography. The solvent mixtures employed in TLC
analysis and in flash column chromatography purifications are reported
as volume by volume and in percentages. Proton nuclear magnetic
resonance ("H NMR) spectra were recorded using 300, 400, and 500
MHz equipment. For 'H NMR spectra, chemical shifts (5) are
referenced from TMS (0.00 ppm), DMSO-dy (2.54 ppm), and D,0O
(479 ppm). Coupling constants (J) are reported in hertz. For
multiplicities, the following abbreviations were used: s, singlet; d,
doublet; t, triplet; g, quartet; m, multiplet; dd, double doublet; bs,
broad singlet; dt, double triplet. Carbon nuclear magnetic resonance
("*C NMR) spectra were recorded using a NMR spectrometer at 100
or 125 MHz. For *C NMR spectra, chemical shifts (5) are given from
CDCl; (77.0 ppm), DMSO-ds (40.0 ppm), and D,O (MeOH as a
reference, 49.50 ppm). Infrared spectra were recorded using FT-IR at
4.0 cm™" resolution and are reported in wavenumbers. Melting points
were determined using a digital melting point apparatus and were not
corrected. High-resolution mass spectra (HRMS) were recorded using
electrospray ionization (ESI) (hybrid linear ion trap—orbitrap FT-MS

and QqTOF/MS). Microwave experiments were performed in an
Anton Paar Monomode 300 system allowing temperatures from 0 to
300 °C (measured with a Ruby thermometer), powers from 0 to 850
W, and pressures from 0 to 30 bar. Experiments were performed in
sealed glass vials (4—30 mL) equipped a snap cap and a silicon
septum.

General Procedure for the HWE Reaction. (R.Z)-N-{1-[(tert-
Butyldiphenylsilyl)oxyg—6—diazo—5—oxohex—3—en—2—yl}—4—methylben—
zenesulfonamide (3)."°% To a flame-dried round-bottom flask, under
an argon atmosphere, were added t-BuOK (88.8 mg, 0.79 mmol, 1.1
equiv) and dry THF (2.60 mL, 0.3 M). The suspension was cooled to
0 °C, and a solution of diphenyl (3-diazo-2-oxopropyl)phosphonate
(1) (228 mg, 0.72 mmol, 1.0 equiv) in dry THF (14.4 mL, 0.05 M)
was added. After 10 min, the solution was cooled to —78 °C, and a
solution of (S)-N-{1-[(tert-butyldiphenylsilyl)oxy]-3-oxopropan-2-yl}-
4-methylbenzenesulfonamide (2) (347 mg, 0.72 mmol, 1.0 equiv) in
dry THF (3.60 mL, 0.2 M) was added. After 1 h, the temperature was
immediately allowed to increase to 0 °C and the mixture stirred for an
additional 1 h, and then a saturated aqueous NH,CI solution was
added to the reaction vessel. Next, the aqueous layer was extracted
three times with ethyl acetate, and the combined organic layers were
washed with water and brine, dried over Na,SO,, and filtered. The
solvent was removed under reduced pressure to furnish the crude
product that was purified by flash column chromatography (silica gel,
8:2 diethyl ether/hexanes) to give Z-a,f-unsaturated diazoketone (3)
(248 mg, 63% yield) and the E isomer (27.6 mg, 7% yield) as an
amorphous yellow solid: mp 90—92; 'H NMR (300 MHz, CDClL,) §
7.65=7.57 (m, 2H), 7.50—7.41 (m, 4H), 7.39=7.29 (m, 4H), 7.26—
7.05 (m, 4H), 5.94 (dd, ] = 11.4, 8.0 Hz, 1H), 5.71 (d, ] = 11.1 Hz,
1H), 541 (d, ] = 5.2 Hz, 1H), 5.18 (s, 1H), 4.99—4.87 (m, 1H), 3.62
(dd, J = 10.0, 4.4 Hz, 1H), 3.56—3.49 (m, 1H), 2.33 (s, 3H), 0.91 (s,
9H).

(Z)-Benzyl-{1-[(tert-butyldiphenylsilyl)oxy]-6-diazo-5-oxohex-3-
en-2-yl}carbamate (10). Amorphous yellow solid: 216 mg, 57% yield;
mp 69—72 °C; Ry = 0.3§ (6:4 Et,O/petroleum ether); IR v,,,, 3071,
2995, 2930, 2856, 2098, 1708, 1645, 1498, 1340, 1216, 1107, 1072,
697 cm™'; 'H NMR (90 °C, 500 MHz, DMSO-dg) & 7.68—7.62 (m,
4H), 7.48—7.38 (m, 6H), 7.38—7.27 (m, SH), 7.11 (bs, 1H), 6.11 (d, ]
= 11.6 Hz, 1H), 6.04 (s, 1H), 5.99 (dd, ] = 11.6, 8.6 Hz, 1H), 5.44—
5.35 (m, 1H), 5.07 (d, ] = 12.7 Hz, 1H), 5.04 (d, ] = 12.7 Hz, 1H),
3.80—3.72 (m, 2H), 1.02 (s, 9H); 3C NMR (125 MHz, DMSO-d;) §
184.8, 155.5, 142.3, 137.2, 135.1, 133.3, 129.6, 128.2, 127.6, 127.5,
126.3, 120.3, 65.7, 65.4, 56.7, 51.5, 26.7, 18.9; [a])*>p — 9.4 (c = 0.5,
MeOH); HRMS (ESI-TOF) calcd for C40H;3;N;0,SiNa [M + Na]
550.2138, found 550.2141.

Procedure for the N—H Insertion Reaction. (R)-6-{[(tert-
Butyldiphenylsilyl)oxylmethyl}-1-tosyl-1,6-dihydropyridin-3(2H)-
one (4).7oa To a flame-dried round-bottom flask were added Z-a,f-
unsaturated diazoketone (3) (250 mg, 0.46 mmol, 1.0 equiv) and
distilled benzene (9.2 mL, 0.05 M). The mixture was then warmed to
reflux, followed by the addition of copper(Il) acetylacetonate (12 mg,
0.049 mmol, 0.1 equiv). After 1 min while being stirred, the reaction
mixture was cooled, and the solvent was removed under reduced
pressure. Next, the crude product was purified by flash column
chromatography (silica gel, 1:1 diethyl ether/hexanes) to furnish the
dihydropyridin-3-one (4) (84 mg, 35% yield) as a colorless oil: 'H
NMR (300 MHz, CDCl;) § 7.54—7.49 (m, 6H), 7.42—7.27 (m, 6H),
7.18—7.12 (m, 2H), 6.63 (dd, J = 10.5, 5.0 Hz, 1H), 5.85 (dd, J = 10.5,
1.6 Hz, 1H), 4.57 (ddd, ] = 9.2, 4.7, 1.7 Hz, 1H), 429 (d, ] = 18.5 Hz,
1H), 4.02 (d, J = 18.5 Hz, 1H), 3.97 (dd, J = 10.5, 4.8 Hz, 1H), 3.75
(dd, J = 10.5, 4.1 Hz, 1H), 2.32 (s, 3H), 0.93 (s, 9H).

Procedure for the N—H Insertion Reaction Assisted by
Microwave (11). A stirred solution of Z-a,f-unsaturated diazoketone
(10) (25.0 mg, 0.05S mmol, 1 equiv) and copper(Il) acetylacetonate
(1.2 mg, 0.005 mmol, 0.1 equiv) in toluene (0.95 mL, 0.05 M) was
heated directly to 100 °C (2 bar pressure) in an Anton Paar microwave
(monowave 300) with a ruby sensor and stirred for 1 min. After the
mixture had cooled, the solvent was removed under reduced pressure,
and the crude product was purified by flash column chromatography
(silica gel, 1:9 EtOAc/petroleum ether) to furnish the dihydropyridin-
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3-one (11) as a yellow oil: 10.3 mg, 41% yield; R=0.2$ (silica gel, 2:8
EtOAc/petroleum ether); IR v,,,, 3071, 3048, 2957, 2930, 2895, 1688,
1426, 1335, 1212, 1100, 991, 822, 697 cm™'; '"H NMR (90 °C, 500
MHz, DMSO-d¢) § 7.76—7.53 (m, 4H), 7.50—7.43 (m, 2H), 7.43—
728 (m, 9H), 7.18 (dd, J = 10.4, 5.0 Hz, 1H), 623 (dd, J = 10.4, 1.4
Hz, 1H), 5.15 (d, ] = 12.5 Hz, 1H), 5.11 (d, J = 12.5 Hz, 1H), 4.91
(ddd, J = 10.3, 4.5, 1.4 Hz, 1H), 441 (d, J = 18.3 Hz, 1H), 4.01 (dd, J
=10.4, 4.5 Hz, 1H), 3.92 (d, J = 18.3 Hz, 1H), 3.88 (dd, ] = 10.4, 4.4
Hz, 1H), 1.02 (s, 9H); 3C NMR (90 °C, 125 MHz, DMSO-dq) &
192.9, 154.7, 148.1, 147.1, 136.0, 135.6, 135.4, 132.5, 130.0, 129.9,
128.6, 128.3, 128.0, 127.8, 67.7, 64.2, 53.7, SL.1, 26.7, 19.0; [a]®p +
48.6 (c = 0.5, MeOH); HRMS (ESI-TOF) caled for C;iH33NO,SiNa
[M + Na] 522.2077, found 522.2083.

General Procedure for the Luche Reduction Reaction.
(3R, 6R)-6-{[(tert-Butyldiphenylsilyl)oxy]methyl}-1-tosyl-1,2,3,6-tetra-
hydropyridin-3-ol (5). Cerium trichloride heptahydrate (31.4 mg,
0.084 mmol, 1 equiv) was dissolved in dry methanol (0.21 mL, 0.4 M),
and this solution was added in a flask containing a solution of
dihydropyridin-3-one (4) (43.7 mg, 0.084 mmol, 1 equiv) in
dichloromethane (1.41 mL, 0.06 M) at —78 °C. After 20 min, sodium
borohydride (4.81 mg, 0.126 mmol, 1.5 equiv) was added, and the
resulting solution was stirred for 1 h. After this period, the reaction
mixture was warmed to 25 °C and the reaction quenched with water.
The layers were separated, and the aqueous portion was extracted
three times with dichloromethane. The combined organic layers were
dried (Na,SO,) and concentrated under reduced pressure to furnish
the alcohol (5) as a colorless oil: 42.9 mg, 98% yield; Ry = 0.50 (8:2
diethyl ether/hexanes); IR v, 3474, 3071, 3048, 2955, 2930, 2891,
2858, 1597, 1471, 1428, 1391, 1340, 1307, 1265, 1160, 1103, 1063,
1016, 985, 962, 896, 814, 78S, 736, 701, 686, 649, 612 cm™'; 'H NMR
(500 MHz, CDCL,) 6 7.66—7.60 (m, 6H), 7.46—7.35 (m, 6H), 7.22—
7.18 (m, 2H), 5.81 (d, ] = 11.9 Hz, 1H), 5.79 (d, ] = 10.9 Hz, 1H),
4.40—4.34 (m, 1H), 3.95 (dd, J = 13.1, 6.2 Hz, 1H), 3.92—3.86 (m,
1H), 3.79—-3.73 (m, 2H), 2.97 (dd, ] = 13.1, 9.2 Hz, 1H), 2.39 (s, 3H),
1.04 (s, 9H); 3C NMR (125 MHz, CDCl,) § 143.5, 137.9, 135.8,
1357, 133.2, 133.1, 131.6, 130.0, 129.9, 129.8, 1279, 127.8, 1274,
127.0, 65.9, 62.3, 54.5, 46.5, 26.9, 21.7, 19.4; [a]*>p, + 16.6 (c = 0.5,
MeOH); HRMS (ESI-TOF) calcd for C,yH;NO,SSiNa [M + Na]
544.1954, found 544.1966.

Benzyl-6-{[(tert-butyldiphenylsilyl)oxy]lmethyl}-3-hydroxy-3,6-di-
hydropyridine-1(2H)-carboxylate (12). Colorless oil: 625.0 mg, 83%
yield (> 99% ee after HPLC analysis; chiralpak AD-H column); Ry =
0.25 (silica gel, 1:1 hexane/Et,0); IR v, 3421, 3071, 2995, 2930,
2891, 2858, 1698, 1682, 1214, 1111, 1070, 738, 701 cm™; '"H NMR
(90 °C, 500 MHz, DMSO-dy) § 7.63—7.57 (m, 4H), 7.47—7.42 (m,
2H), 7.42—7.36 (m, 4H), 7.36—7.25 (m, SH), 5.87 (d, ] = 104, 1H),
5.75 (ddd, J = 10.4, 3.4, 2.0 Hz, 1H), 5.11 (d, J = 12.5 Hz, 1H), 5.06
(d, J = 13.1 Hz, 1H), 4.90 (s, 1H), 4.52—4.46 (m, 1H), 4.17 (dd, J =
12.3, 5.9 Hz, 1H), 4.07—4.00 (m, 1H), 3.78 (dd, J = 10.0, 5.5 Hz, 1H),
3.74 (dd, ] = 9.9, 5.9 Hz, 1H), 2.68 (dd, J = 11.4, 11.2, 1H), 1.0S (s,
9H); *C NMR (125 MHz, DMSO-d) & 155.0, 137.3, 135.5, 135.5,
134.1, 133.7, 133.6, 1302, 1302, 128.8, 1282, 127.9, 125.6, 66.9, 64.8,
62.9, 53.8, 45.5, 27.2, 19.3; [a]*p + 32.4 (c = 0.5, MeOH); HRMS
(ESI-TOF) caled for C4H3NO,SiNa [M + Na] 524.2233, found
524.2231.

General Procedure for the Dihydroxylation Reaction.
(25,3S,4R,55)-2-{[(tert-Butyldiphenylsilyl)oxylmethyl}-1-tosylpiperi-
dine-3,4,5-triol (6). In a round-bottom flask, a solution of olefin (5)
(30.8 mg, 0.059 mmol, 1.0 equiv) was prepared in a 9:1 acetone/water
solvent (1.96 mL, 0.03 M). N-Methylmorpholine N-oxide (13.9 mg,
0.118 mmol, 2.0 equiv) was then added, followed by the addition of a
solution of osmium tetroxide (19.8 uL, 0.15 M, 0.05 equiv). The
reaction solution was allowed to stir at 25 °C for 60 h, and afterward,
water was added and the crude product extracted six times with ethyl
acetate. The combined organic layers were dried (Na,SO,) and
concentrated under reduced pressure. Next, the crude product was
purified by flash column chromatography (silica gel, 100% ethyl
acetate) to furnish the dihydroxylated product (14) as a colorless oil:
22.9 mg, 0.040 mmol, 70% yield; R = 0.10 (8:2 diethyl ether/
hexanes); IR v, 3421, 3071, 3050, 2953, 2930, 2889, 2858, 1593,

1471, 1428, 1393, 1331, 1307, 1268, 1156, 1109, 1086, 1028, 997, 938,
919, 820, 777, 736, 701, 688, 644, 614 cm™'; '"H NMR (500 MHz,
CDCly) 6 7.65 (d, ] = 8.3 Hz, 2H), 7.60—7.54 (m, 4H), 7.47—7.35 (m,
6H), 7.14 (d, ] = 8.0 Hz, 2H), 4.32 (dd, J = 8.3, 6.4 Hz, 1H), 4.21 (s,
1H), 3.84 (dd, J = 13.3, 5.3 Hz, 1H), 3.80—3.71 (m, 1H), 3.56 (dd, ] =
10.7, 5.6 Hz, 1H), 3.60 (dd, ] = 10.7, 5.6 Hz, 1H), 3.54—3.44 (m, 1H),
2.97-2.56 (m, 4H), 2.36 (s, 3H), 1.02 (s, 9H); *C NMR (125 MHz,
CDCL,) & 143.3, 137.2, 135.5, 135.5, 132.6, 132.5, 130.0, 130.0, 129.6,
127.9, 127.8, 127.2, 72.7, 68.8, 66.9, 61.7, 60.1, 45.7, 26.9, 21.5, 19.1;
[@]®, + 72 (¢ = 0.5, MeOH); HRMS (ESI-TOF) calcd for
CyoH;sNOGSSi [M + H] 556.2189, found $56.2211.

Benzyl-2-{[(tert-butyldiphenylsilyl)oxylmethyl}-3,4,5-trihydroxypi-
peridine-1-carboxylate (13). Amorphous white solid: 279.0 mg, 90%
yield; mp 60—65 °C; R;= 0.15 (silica gel, 9:1 AcOEt/MeOH); IR v/
3396, 2953, 2930, 2889, 2856, 1671, 1428, 1344, 1191, 1105, 1074,
822, 738 cm™; 'H NMR (500 MHz, DMSO-dy) & 7.64—7.55 (m,
4H), 7.48—7.35 (m, 6H), 7.35—7.23 (m, 4H), 5.09 (d, J = 12.7 Hz,
1H), 5.03 (d, J = 12.8 Hz, 1H), 4.57—4.50 (m, 1H), 4.44—4.34 (m,
2H), 4.33—4.26 (m, 1H), 4.05 (dd, J = 13.2 Hz, 1H), 3.97—3.94 (m,
1H), 3.80 (dd, J = 10.6, 6.6 Hz, 1H), 3.74 (dd, ] = 104, 6.9 Hz, 1H),
3.68—3.57 (m, 1H), 3.37 (ddd, ] = 8.6, 5.4, 3.2 Hz, 2H), 2.58 (dd, J =
13.3, 10.7 Hz, 1H), 1.01 (s, 9H); '*C NMR (125 MHz, DMSO-d,) §
155.9, 137.5, 135.5, 135.5, 133.6, 133.5, 130.2, 130.2, 128.7, 128.2,
128.0, 127.7,73.2, 68.8, 66.9, 66.8, 61.9, 59.8, 45.7,27.2, 19.2; [a]*, +
8.0 (¢ = 0.5, MeOH); HRMS (ESI-TOF) calcd for CsH;,NOSiNa
[M + Na] 558.2288, found 558.2294.

General Procedure for the TBDPS Deprotection Reaction.
(25,35,4R, 55)-2-(Hydroxymethyl)-1-tosylpiperidine-3,4,5-triol (7). To
a round-bottom flask were added the product of dihydroxylation (6)
(28.7 mg, 0.052 mmol, 1 equiv) and dry THF (2.58 mL, 0.02 M). To
this solution was added a solution of tetrabutylammonium fluoride in
THF (156 L, 1.0 M, 3 equiv) at 0 °C, and the reaction mixture was
allowed to reach room temperature and then was stirred for 16 h. After
this time, the solvent was removed under reduced pressure. The crude
product was purified by flash chromatography (silica gel, 100% ethyl
acetate = 9:1 AcOEt/MeOH) to provide the deprotected product (7)
as a colorless oil: 13.7 mg, 86% yield; Ry = 0.10 (acetyl acetate); IR v,
3382, 3071, 3050, 2955, 2924, 2854, 1731, 1700, 1669, 1599, 1457,
1428, 1379, 1333, 1304, 1259, 1216, 1156, 1111, 1088, 1074, 1028,
1074, 1028, 997, 969, 940, 917, 818, 742, 702, 655, 612 cm™; 'H
NMR (500 MHz, CD,0OD with D,O drop) & 7.87—7.83 (m, 2H),
7.38—7.34 (m, 2H), 4.24—4.19 (m, 1H), 4.09—4.06 (m, 1H), 3.72—
3.51 (m, 5H), 2.86 (dd, J = 13.4, 104 Hz, 1H), 2.43 (s, 3H); °C
NMR (125 MHz, CD,0D) § 144.6, 139.4, 130.5, 128.7, 73.4, 70.0,
67.2, 62.8, 60.8, 47.1, 21.4; [a])*p + 12.4 (¢ = 0.5, MeOH); HRMS
(ESI-TOF) calcd for C;3H,)NOg [M + H] 318.1011, found 318.1013.

Benzyl (2S,3S,4R,5S)-3,4,5-Trihydroxy-2-(hydroxymethyl)-
piperidine-1-carboxylate (14). White semisolid: 70.0, 84% yield; Ry
= 0.20 [silica gel, 9:1 AcOEt/MeOH (run twice)]; IR v/, 3363, 2955,
2916, 2850, 669, 1434, 1218, 1070, 1022 cm™'; "H NMR (90 °C, 500
MHz, DMSO-dy) 6 7.44—7.37 (m, 4H), 7.37—7.30 (m, 1H), 5.16—
5.08 (m, 2H), 4.61 (s, 1H), 4.55 (s, 1H), 4.31—4.22 (m, 3H), 4.07
(dd, J = 13.1, 5.7 Hz, 1H), 3.97-3.92 (m, 1H), 3.71-3.50 (m, 3H),
3.49-3.42 (m, 1H), 2.69 (dd, J = 12.8, 11.2 Hz, 1H); '3C NMR (125
MHz, DMSO-d,) 6 156.0, 137.7, 128.7, 128.0, 127.7, 73.0, 68.9, 67.0,
66.6, 60.2, 59.5, 45.8; [a]*p + 8.2 (¢ = 0.5, MeOH); HRMS (ESI-
TOF) calcd for C,H;)NOgNa [M + Na] 320.1110, found 320.1105.

Procedure for Epoxidation. Benzyl (1S,2S,55,6R)-2-{[(tert-
Butyldiphenylsilyl)oxy]methyl}-5-hydroxy-7-oxa-3-azabicyclo-
[4.1.0]heptane-3-carboxylate (15). In a round-bottom flask (10 mL),
a solution of olefin (12) (200.0 mg, 0.40 mmol, 1.0 equiv) in
dichloromethane (5.0 mL, 0.08 M) was prepared. Next, 77% m-CPBA
(268.0 mg, 1.20 mmol, 3.0 equiv) was added in one portion. After
being stirred at room temperature for 12 h, the reaction mixture was
diluted with dichloromethane and washed with a saturated NaHCO,
aqueous solution and brine. The aqueous portion was extracted three
times with dichloromethane, and the combined organic layers were
dried (Na,SO,) and concentrated under reduced pressure. Next, the
crude product was purified by flash column chromatography (silica gel,
1:1 n-hexanes/Et,0) to furnish the epoxide (15) as a colorless oil:
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171.0 mg, 83% yield; R;= 0.21 (silica gel, 1:1 n-hexanes/Et,0); IR Uy
3041, 3071, 3031, 2953, 2930, 2856, 1700, 1686, 1426, 1307, 1274,
1257, 1191, 1111, 1068, 740, 699 cm™; "H NMR (90 °C, 500 MHz,
DMSO-dg) 6 7.69—7.59 (m, 4H), 7.50—7.36 (m, 6H), 7.35—7.26 (m,
SH), 5.16—5.09 (m, 1H), 5.09—4.98 (m, 2H), 4.54—4.37 (m, 1H),
3.90—3.80 (m, 2H), 3.78—3.68 (m, 2H), 3.63—3.58 (m, 1H), 3.38—
3.34 (m, 1H), 1.02 (s, 9H) (OH not obseved); *C NMR (90 °C, 125
MHz, DMSO-d;) § 154.7, 137.2, 135.5 (2C), 133.6, 130.2, 128.8,
1282, 127.9,79.6, 67.1, 65.2, 61.8, 55.1, 54.0, 50.7, 27.1, 19.3; [a]*p +
8.4 (c = 0.5, MeOH); HRMS (ESI-TOF) caled for CyH,;NO,SiNa
[M + Na] 540.2182, found 540.2184.

Epoxide Ring Opening Reaction. Benzyl (2S,35,45,55)-3,4,5-
Trihydroxy-2-(hydroxymethyl)piperidine-1-carboxylate (16). In a
round-bottom flask (10 mL), a solution of epoxide (15) (26.0 mg,
0.05 mmol, 1.0 equiv) in a 1:1 H,0/dioxane solvent (2.5 mL, 0.02 M)
was prepared. After that, a 1.0 M aqueous solution of H,SO, (0.15 mL,
0.15 mmol, 3.0 equiv) was added dropwise. The reaction mixture was
allowed to stir 2 h at room temperature and then heated to 80 °C for 2
h. After completion, the reaction mixture was diluted with NaHCO;
and extracted with AcOEt (six times). The combined organic layers
were dried (Na,5SO,) and concentrated under reduced pressure. Next,
the crude product was purified by flash column chromatography (silica
gel, 100% AcOEt — 9:1 AcOEt/MeOH) to furnish tetrol (16) as a
colorless oil: 12.0 mg, 80% yield; R; = 0.3 (silica gel, 9:1 AcOEt/
MeOH); IR v,,,,, 3367, 2955, 2922, 2852, 1669, 1457, 1131, 954, 917
em™'; 'H NMR (90 °C, 500 MHz, DMSO-d; with D,O drop) & 7.38—
7.32 (m, 4H), 7.32—7.26 (m, 1H), 5.09 (d, ] = 12.9 Hz, 1H), 5.06 (d, ]
= 13.0 Hz, 1H), 4.09 (dd, J = 6.8, 6.7 Hz, 1H), 3.86—3.78 (m, 2H),
3.76—3.67 (m, 2H), 3.64 (dd, ] = 8.4, 4.8 Hz, 1H), 3.61 (dd, ] = 8.7,
4.4 Hz, 1H), 2.93 (dd, J = 12.1, 11.3 Hz, 1H); *C NMR (125 MHz,
DMSO-dg) 6 156.4, 138.0, 128.9, 128.2, 127.8, 71.3, 69.5, 66.7, 64.6,
60.2, 59.8, 41.3; [a]**p + 4.0 (c = 0.5, MeOH), HRMS (ESI-TOF)
caled for C,,H,QNO,Na [M + Na] 320.1110, found 320.1114.

Removal of the Cbz Protecting Group. (2S,3S,4R,55)-3,4,5-
Trihydroxy-2-(hydroxymethyl)piperidin-1-ium Chloride (i-altro-1-
DNJ hydrochloride) (8). To a round-bottom flask (10 mL) were
added tetrol (14) (21.0 mg, 0,07 mmol, 1 equiv) and dry methanol (1
mL, 0.07 M). To this solution was added in one portion 20 mol %
Pd(OH),/C (4.5 mg, 0.07 mmol). The reaction mixture was allowed
to stir for 24 h under a hydrogen atmosphere. After that, the reaction
mixture was filtered with a short pad of Celite and concentrated under
reduced pressure. To the crude product was added an aqueous
solution of 7% HCI and the solvent removed under reduced pressure
to furnish the hydrochloride (8) as a yellow oil: 14.0 mg (quantitative
yield); 'H NMR (500 MHz, D,0) § 4.19—4.16 (m, 1H), 4.08—4.03
(m, 2H), 3.99 (dd, J = 12.6, 3.3 Hz, 1H), 3.86 (dd, ] = 12.6, 6.8 Hz,
1H), 3.44—3.36 (m, 2H), 3.25 (dd, J = 13.5, 2.9 Hz, 1H); *C NMR
(125 MHz, D,0) 6 68.5, 66.2, 63.6, 58.2, 55.9, 43.9; [a]*, — 11.4 (¢
= 0.5, MeOH) (lit."** — 36.7, ¢ = 1, MeOH; lit."* — 7.2, c = 0.5,
MeOH); HRMS (ESI-TOF) caled for C;H,,NO, [M + H] 164.0917,
found 164.0924.

(25,35,4S,55)-3,4,5-Trihydroxy-2-(hydroxymethyl)piperidin-1-ium
Chloride (--manno-DNJ hydrochloride) (17). Yellow semisolid: 14.0
mg (quantitative yield); '"H NMR (500 MHz, D,0) & 4.30—4.28 (m,
1H), 4.04 (dd, ] = 12.6, 3.3 Hz, 1H), 3.94—3.86 (m, J = 12.6, 10.7, 8.3
Hz, 2H), 3.73 (dd, J = 9.5, 3.1 Hz, 1H), 3.46 (dd, J = 13.6, 3.1 Hz,
1H), 3.29 (dd, ] = 13.6, 1.3 Hz, 1H), 3.23—3.17 (m, 1H); '3C NMR
(125 MHz, D,0 and MeOH drop) & 73.0, 66.5, 66.3, 61.0, 58.7, 48.1;
[a]®s + 8.1 (c = 0.3, MeOH) (lit."¥ + 11.3, ¢ = 0.95, H,0; lit."” + 28,
¢ = 1.0, MeOH); HRMS (ESI-TOF) calcd for C¢H,,NO, [M + H]
164.0917, found 164.0926.
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