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A concise and stereoselective de novo synthesis of the protected oxidized sugar (5R)-3,4:5,6-di-O-iso-
propylidene-D-ribo-hexos-5-ulo-5,2-furanose is described. The synthetic sequence involves a stereoselec-
tive proline-catalyzed aldol reaction of an orthogonally protected L-glyceraldehyde derivative and
2,2-dimethyl-1,3-dioxan-5-one, to obtain 5-O-acetyl-6-O-benzyl-1,3-isopropylidene-L-psicose as a key
intermediate, and the final product in 5 steps and 38% yield.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Monosaccharides are widespread in Nature and a large variety
of them, mainly hexoses and pentoses, has been isolated from nat-
ural sources and identified.1,2 However, only a few of them (D-glu-
cose, D-galactose, D-mannose, D-fructose, D-xylose, D-ribose and L-
arabinose) have a significant presence in living organisms, whereas
all others are defined as ‘rare sugars’ by the International Society of
Rare Sugars (ISRS).3 Among the rare sugars, 5-ketoaldoses (hexos-
5-uloses) constitute a class of dicarbonyl hexoses, which are poorly
studied despite their interesting potential for practical applica-
tions.4 These oxidized sugars are of interest since they have been
used as synthetic intermediates for the preparation of 1,5-iminocy-
clitols (aza sugars),5–7 alkyl derivatives,8–12 inositols,13,14 polyhy-
droxycyclopentanes,15 and are also intermediates for more
complex molecules with cytostatic16 or antibiotic activities,17 as
well as being substrates for biochemical studies.18

The few reported synthetic approaches to hexos-5-uloses
involve their preparation strictly from other hexoses, mainly D-glu-
cose, D-mannose or D-galactose.6,19–36

Considering this background, we herein report a simple and
stereospecific de novo synthesis of a (5R)-D-ribo-hexos-5-ulose
derivative, namely (5R)-3,4:5,6-di-O-isopropylidene-D-ribo-hexos-
5-ulo-5,2-furanose, which, to the best of our knowledge, is the first
de novo synthesis of 5-ketoaldoses reported to date. Our synthetic
strategy involves an organocatalyzed aldol reaction of 2-O-acetyl-
3-O-benzyl-L-glyceraldehyde 1 and 2,2-dimethyl-1,3-dioxan-5-
one 2, to give 5-O-acetyl-6-O-benzyl-1,3-isopropylidene-L-psicose
3 as a key intermediate.37

The use of organocatalyzed aldol reactions for the synthesis of
hexoses has been widely described,38,39 and it is based on the
seminal work of MacMillan and Northrup et al. for the preparation
of L-hexoses.40,41 This protocol was improved to involve complete
proline control,42 by the substitution of the second step which is a
Mukaiyama aldol reaction, with another (R)- or (S)-proline-
catalyzed reaction. Immediately, Enders and Grondal reported the
first diastereo- and enantioselective organocatalytic aldol reaction
using a dihydroxyacetone phosphate (C3 building block)-mimetic,
which is used by Nature in the biosynthesis of carbohydrates.43,44

Considering that Enders used protected (R)-glyceraldehyde and
(S)-proline to obtain D-ketoses,43 we decided to use (S)-glyceralde-
hyde in order to access to the L-series. Taking into consideration
several possibilities regarding the use of protecting groups for
glyceraldehyde derivatives,45 we decided to use a selectively
diprotected glyceraldehyde derivative, thus providing synthetic
versatility to the early steps of the proposed sequence. The
preparation of the suitable C3 building block 2-O-acetyl-3-O-
benzyl-L-glyceraldehyde has been previously described, by using
a concise synthetic strategy from commercially available
L-gulono-c-lactone.46

2. Results and discussion

The first step in the designed synthetic route, was the aldol
reaction between L-glyceraldehyde derivative 1 and dioxanone 2,
to obtain the orthogonally protected L-psicose 3 (5-O-acetyl-6-O-
benzyl-1,3-isopropylidene-L-psicose) in 70% and with complete
stereoselectivity (Scheme 1).47
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Scheme 1. Preparation of 5 using an organocatalyzed aldol addition as the key step.
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With the L-psicose derivative 3 in hand, we proceeded to
remove the acetyl group in C5, according to Zemplen conditions
using a 25% wt. sodium methoxyde solution in methanol,48,49 lead-
ing to the hemiketal 6-O-benzyl-1,3-isopropylidene-b-L-psicofura-
nose 4 in 85% yield. The cyclization took place in a completely
stereoselective fashion, giving 4 as a sole anomer (b), which was
determined by nOe experiments.50

The synthetic strategy toward the final product required the oxi-
dationof theprimaryalcohol (nowbenzylated) to the corresponding
aldehyde. Thus, the following stepwould be the deprotection of this
hydroxyl group under hydrogenation conditions. Unfortunately,
upon hydrogenation of 4 the product did not maintain its furanose
ring, and instead formed a 6-membered-hemiketal. Thus, we
decided toprotect the anomeric hydroxyl group in4before conduct-
ing the hydrogenation. Our strategy was to obtain a diacetonide
derivative, which could be formed after opening the 1,3-dioxane
acetonide in 4.51 Using a dimethoxypropane solution in acetone
andp-toluensulfonic acid as the catalyst, diacetonide5wasobtained
in 90% yield, as a mixture of anomers, a:b = 8:92 (Scheme 1). The
anomeric mixture was easily separable by column chromatography
and each isomerwas characterized and its stereochemistrywas con-
firmed by X-ray diffraction experiments (Fig. 1).50

The stable furanose form that the di-O-isopropylidene protec-
tion gives to 5, allowed deprotection of the primary hydroxyl group
without any undesired cyclization. The debenzylation was carried
out by bubbling hydrogen gas through a solution of a mixture of
anomers of 5 in ethyl acetate using 10% Pd(C) as catalyst
(Scheme 2), and gave a mixture of anomers of 6, which could be
Figure 1. ORTEP plots of 5a and 5b. A: 6-O-Benzyl-1,2:3,4-di-O-isopropylidene-a-
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easily separated. Although 6a was obtained as a colorless oil, it
could not be crystallized; the major b anomer was a crystalline
solid with a melting point in the range of 52–53 �C, which was in
reasonable agreement with reported data,52 and whose structure
was confirmed by X-ray diffraction (Fig. 2).50 Control experiments
performed on each individual anomer showed that the debenzyla-
tion took place with the same yield for each compound. Crystallo-
graphic and spectroscopic data of 6b compared well with those
reported for its enantiomer.50,53,54

Finally, the oxidation of the primary alcohol in 6 was not a
straightforward task. When using the SO3�Py (sulfur trioxide-pyri-
dine) complex in DMSO and triethylamine, a low yield of aldehyde
was obtained, and the recovered starting material showed an
increased ratio of the b-anomer, suggesting a differential reactivity
of both isomers to the oxidation conditions. Thus, the oxidation
was studied on each isomer separately. After some experimenta-
tion, the best conditions for the oxidation of the major isomer were
obtained using Swern’s protocol,55 which gave the protected
5-ketoaldose (R)-7 [(5R)-3,4:5,6-di-O-isopropylidene-D-ribo-
hexos-5-ulo-5,2-furanose] in 80% yield (Scheme 2). The minor
a-anomer of 6 instead, could not be oxidized under the oxidation
protocols assayed (SO3�Py complex; PCC, PDC), with complete
decomposition occurring in all cases.

Thus, through a short and efficient synthetic scheme, the D-ribo-
hexos-5-ulose derivative (5R)-3,4:5,6-di-O-isopropylidene–D-ribo-
hexos-5-ulo-5,2-furanose (R)-7 was prepared in a completely
stereoselective manner from an organocatalyzed aldol reaction as
the key step, in 41% overall yield.
L-psicofuranose; B: 6-O-Benzyl-1,2:3,4-di-O-isopropylidene-b-L-psicofuranose.
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Scheme 2. Final steps in the synthetic sequence to 3,4:5,6-di-O-isopropylidene-D-ribo-hexos-5-ulo-5,2-furanose.

Figure 2. ORTEP plot of 1,2:3,4- di-O-isopropylidene-b-L-psicofuranose 6b.
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3. Conclusion

The protected oxidized sugar (5R)-3,4:5,6-di-O-isopropylidene-
D-ribo-hexos-5-ulo-5,2-furanose was prepared, through an
organocatalyzed aldol reaction as the key step, in 41% overall yield
from starting materials; this is the first de novo synthesis of a 5-
ketoaldose reported to date. The ketoaldofuranoside structure of
the product induces highly stereoselective organometallic addi-
tions,11 thus increasing the synthetic potential of this dicarbonyl
hexose.

4. Experimental

4.1. General

All non-hydrolytic reactions were carried out in a nitrogen
atmosphere with standard techniques for the exclusion of air. Sol-
vents were distilled prior to use. Melting points were determined
Please cite this article in press as: Dibello, E.; et al. Tetrahedron: Asymm
on a Gallenkamp capillary melting point apparatus and are uncor-
rected. Mass spectra (MS) were recorded on a Shimadzu GC-MS QP
1100 EX instrument using electron impact mode (70 eV). High-
Resolution Mass Spectra (HRMS) were performed on a Bruker Dal-
tonics model ToFLC (ESI + mode). Infrared spectra were recorded on
NaCl disks, on a Shimadzu DR-8100 FT-IR spectrometer. NMR spec-
tra were acquired in a Bruker Avance DPX 400 and Bruker AVANCE
III 500 spectrometer instruments. All experiments were taken at
30 �C, and CDCl3 was used as the solvent. Proton chemical shifts
(d) are reported in parts per million (ppm) downfield from TMS
as internal reference, and carbon chemical shifts are reported in
ppm relative to the center line of the CDCl3 triplet (77.0 ppm).
1D-NOESY experiments were carried out on a Bruker AVANCE III
500 spectrometer at 25 �C using the DPFGSE-NOE pulse sequence
of Stott et al. and a mixing time of 300 ms.7 Selective excitation
of specific protons was achieved with Gaussian shaped pulses.
Optical rotations were measured on a Zuzi 412 polarimeter using
a 0.5 dm cell. [a]D21 values are given in units of 10�1 deg cm2 g�1.
Single-crystal X-ray diffraction data for 5a, 5b and 6b were
obtained using a Bruker D8 Venture diffractometer using a
PHOTON100 CMOS detector and with INOCOATEC Microfocus
CuKa 5a,6b and SIEMENS Sealed Tube MoKa 5B radiation sources.
Crystal information, data collection and structure determination
results are listed in the Supplementary information. CCDC
1517868 5a, 1517866 5b and 1517867 6b contain the supplemen-
tary crystallographic data for this paper. The data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/structures.

The degree of advance of the reactions and the purity of the
reactants were preliminary monitored using analytical TLC on sil-
ica gel (Kieselgel HF254 from Macherey–Nagel) and visualized
with UV light (254 nm) and/or p-anisaldehyde in acidic ethanolic
solution. Flash column chromatographies were performed using
silica gel (Kieselgel 60, EM reagent, 230–400 mesh) from
Macherey–Nagel.

4.2. 6-O-Benzyl-1,3-O-isopropylidene-b-L-psicofuranose 4

A 25 wt% sodium methoxide solution in methanol was added in
one portion to 3 mL of methanolic solution of 3 (54.1 mg,
0.154 mmol). After stirring at room temperature for 1 h, 0.15 g of
silica gel were added to the reaction mixture, and the solvent
was distilled under reduced pressure. The residue was purified
by column chromatography (Hex:EtOAc 6:4) yielding 4 (40.5 mg,
0.131 mmol, 85%) as a colorless oil. [a]D21 = +29.3 (c 0.1, MeOH).
etry (2017), http://dx.doi.org/10.1016/j.tetasy.2016.12.011
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IR (NaCl, cm�1): 3400.5, 2939.5, 1375.2, 1201.6, 1082.1, 1055.1,
738.7, 700.2. 1H NMR (CDCl3, 500 MHz): d (ppm) = 7.39–7.31 (m,
5H, Ar), 4.68 (ddd, J1 = 11.4 Hz, J2 = 6.4 Hz, J3 = 4.8 Hz,1H, CH),
4.67 (d, J = 11.8 Hz, 1H, CH2Ph), 4.59 (d, J = 11.6 Hz, 1H, CH2Ph),
4.15 (dt, J1 = 6.4 Hz, J2 = 1.9 Hz, 1H, CH), 4.04 (d, J = 4.8 Hz, 1H,
CH), 4.01 (s, 1H, OH), 3.88 (d, J = 12.6 Hz, 1H, CH2), 3.76 (d,
J = 12.7 Hz, 1H, CH2), 3.73 (dd, J1 = 3.8 Hz, J2 = 2.0 Hz, 2H, CH2),
2.61 (d, J = 11.4 Hz, 1H, OH), 1.51 (s, 3H, CH3), 1.47 (s, 3H, CH3).
13C NMR (CDCl3, 125 MHz): d (ppm) = 136.9, 128.8, 128.4, 128.1,
98.7, 97.3, 84.5, 74.5, 74.0, 71.7, 69.0, 63.7, 28.7, 19.1. MS: m/z
(%) = 295 (M+�CH3, 1.8%), 203 (M+-OBn, 0.9%), 107 (OBn, 9.5%),
91 (tropylium, 100.0%). HRMS: calc. for C16H22O6 + Na+:
333.1309; found: 333.131.

4.3. 6-O-Benzyl-1,2:3,4-di-O-isopropylidene-L-psicofuranose 5

To a stirred solution of 4 (435.9 mg, 1.41 mmol) in acetone
(6 mL) at 0 �C, dimethoxypropane (DMP) (3 mL) and catalytic p-
toluensulfonic acid were added. The reaction was stirred for 1–
2 h, until complete consumption of the starting material. A small
amount of NaHCO3 was added, and acetone was distilled under
reduced pressure. The crude was taken in EtOAc (5 mL) and
washed with brine (1 � 3 mL). The aqueous layer was extracted
with EtOAc (3 � 3 mL) and the organic phase was dried over anhy-
drous Na2SO4. The solvent was distilled under reduced pressure
and the residue was purified by column chromatography (Hex:
EtOAc 9:1) yielding 5 (444.7 mg, 1.27 mmol, 90%). Compound 5
was obtained as a mixture of a:b anomers (8:92), which could be
separated by column chromatography (Hex:EtOAc 9:1). HRMS:
calc. for C19H26O6 + Na+: 373.1622; found: 373.1621. a-Anomer:
MP: 55–57 �C. [a]D21 = �19.3 (c 0.5, MeOH). IR (NaCl, cm�1):
2985.8, 2935.7, 2866.2, 1456.3, 1371.4, 1271.1, 1095.6, 1066.6,
738.7, 698.2. 1H NMR (CDCl3, 400 MHz): d (ppm) = 7.35–7.29 (m,
5H, Ar), 4.65 (dd, J1 = 6.5 Hz, J2 = 2.3 Hz, 1H, CH), 4.57 (d,
J = 12.1 Hz, 1H, CH2Ph), 4.53 (d, J = 12.1 Hz, 1H, CH2Ph), 4.50 (d,
J = 6.5 Hz, 1H, CH), 4.31 (q, J = 3.5 Hz, 1H, CH), 4.09 (d, J = 9.2 Hz,
1H, CH2), 3.99 (d, J = 9.2 Hz, 1H, CH2), 3.60 (d, J = 3.5 Hz, 2H, CH2),
1.60 (s, 3H, CH3), 1.53 (s, 3H, CH3), 1.42 (s, 3H, CH3), 1.36 (s, 3H,
CH3). 13C NMR (CDCl3, 100 MHz): d (ppm) = 137.9, 128.6, 127.9,
115.1, 111.8, 109.8, 81.6, 81.1, 80.5, 73.8, 72.5, 70.4, 26.9, 26.2,
26.1, 26.0. MS: m/z (%) = 350 (M+, 0.3%), 335 (M+-CH3, 6.7%), 229
(M+-Bn-CH3-CH3, 2.2%), 107 (OBn, 10.2%), 91 (tropylium, 100.0%).
b-Anomer:56 MP: 29–31 �C. [a]D21 = +52.4 (c 1.6, MeOH). IR (NaCl,
cm�1): 3030.2, 2987.7, 2939.5, 2866.2, 1454.3, 1373.3, 1211.3,
1068.6, 1028.1, 736.8, 698.2. 1H NMR (CDCl3, 400 MHz): d (ppm)
= 7.35–7.28 (m, 5H, Ar), 4.75 (dd, J1 = 5.9 Hz, J2 = 0.9 Hz, 1H, CH),
4.60 (d, J = 5.9 Hz, 1H, CH), 4.58 (d, J = 12.0 Hz, 1H, CH2Ph), 4.54
(d, J = 11.9 Hz, 1H, CH2Ph), 4.32–4.28 (m, 1H, CH2), 4.28 (d,
J = 9.7 Hz, 1H, CH2), 4.05 (d, J = 9.7 Hz, 1H, CH2), 3.58 (dd,
J1 = 9.7 Hz, J2 = 6.3 Hz, 1H, CH2), 3.52 (dd, J1 = 9.7 Hz, J2 = 8.3 Hz,
1H, CH2), 1.45 (s, 3H, CH3), 1.43 (s, 3H, CH3), 1.37 (s, 3H, CH3),
1.32 (s, 3H, CH3). 13C NMR (CDCl3, 100 MHz): d (ppm) = 138.2,
128.5, 127.8, 127.7, 113.7, 112.7, 111.6, 85.3, 84.0, 82.7, 73.5,
71.0, 70.0, 26.6, 26.6, 26.5, 25.3. MS: m/z (%) = 350 (M+, 0.9%),
335 (M+-CH3, 7.2%), 229 (M+-Bn-CH3-CH3, 11.2%), 107 (OBn,
9.6%), 91 (tropylium, 100.0%).

4.4. 1,2:3,4-Di-O-isopropylidene-L-psicofuranose 6

Hydrogen gas was bubbled through a stirred suspension of 5
(265.0 mg, 0.76 mmol) and Pd(C) 10% (63 mg) in EtOAc (15 mL).
The reaction mixture was stirred for 2 h at room temperature, then
the catalyst was filtered and the solvent was distilled under
reduced pressure. The residue was purified by column chromatog-
raphy (Hex:EtOAc 8:2) yielding 6 (187.8 mg, 0.72 mmol, 95%) as an
anomeric mixture. a-Anomer: Colorless oil. [a]D21 = �20.0 (c 0.6,
Please cite this article in press as: Dibello, E.; et al. Tetrahedron: Asymm
MeOH). IR (NaCl, cm�1): 3508.5, 2987.7, 2937.6, 1383.0, 1217.1,
10099.4, 1058.9. 1H NMR (CDCl3, 400 MHz): d (ppm) = 4.69 (dd,
J1 = 6.9 Hz, J2 = 2.9 Hz, 1H, CH), 4.47 (d, J = 6.9 Hz, 1H, CH), 4.23
(q, J = 3.2 Hz, 1H, CH), 4.09 (d, J = 9.2 Hz, 1H, CH2), 4.05 (d,
J = 9.2 Hz, 1H, CH2), 3.85 (d, J = 11.5 Hz, 1H, CH2), 1.76 (s, 1H,
OH), 3.72 (d, J = 11.3 Hz, 1H, CH2), 1.61 (s, 3H, CH3), 1.53 (s, 3H,
CH3), 1.43 (s, 3H, CH3), 1.37 (s, 3H, CH3). 13C NMR (CDCl3,
100 MHz): d (ppm) = 115.8, 112.2, 109.5, 81.9, 81.3, 80.4, 71.7,
62.9, 27.1, 26.2, 26.1. MS: m/z (%) = 245 (M+-CH3, 61.3%), 229
(M+-CH2OH, 6.7%), 187 (M+-O2C3H6, 9.2%), 144 (M+-2 � (CH3)2CO
42.0%), 117 (M+-, 100%), 97 (M+-CH2OH-2 � (CH3)2CO-O 45.3%),
85 (45.2%), 68 (66.7%). HRMS: calc. for C12H20O6 + Na+: 283.1152;
found: 283.1198. b-Anomer: MP: 52–53 �C. [a]D21 = +52.1 (c 0.7,
MeOH). IR (NaCl, cm�1): 3487.3, 2989.7, 2941.4, 1373.3, 1211.3,
1068.6, 1020.3. 1H NMR (CDCl3, 400 MHz): d (ppm) = 4.92 (dd,
J1 = 5.9 Hz, J2 = 0.9 Hz, 1H, CH), 4.66 (d, J = 5.9 Hz, 1H, CH), 4.34
(d, J = 9.8 Hz, 1H, CH2), 4.30 (t, J1 = 2.9 Hz, 1H, CH), 4.07 (d,
J = 9.8 Hz, 1H, CH2), 3.77 (dt, J1 = 12.6 Hz, J2 = 2.7 Hz, 1H, CH2),
3.65 (ddd, J1 = 12.6 Hz, J2 = 10.6 Hz, J3 = 3.6 Hz, 1H, CH2), 3.19 (dd,
J1 = 10.6 Hz, J2 = 3.0 Hz, 1H, OH), 1.51 (s, 3H, CH3), 1.45 (s, 3H,
CH3), 1.41 (s, 3H, CH3), 1.33 (s, 3H, CH3). 13C NMR (CDCl3,
100 MHz): d (ppm) = 113.6, 112.5, 111.9, 87.0, 86.0, 81.8, 70.1,
64.1, 26.7, 26.5, 26.3, 25.0. MS: m/z (%) = 245 (M+-CH3, 47.2%),
229 (M+-CH2OH, 19.2%), 187 (M+-O2C3H6, 5.8%), 149 (100%), 113
(M+-CH2OH-2 � (CH3)2CO, 81.6%). HRMS: calc. for C12H20O6 + Na+:
283.1152; found: 283.1152.
4.5. (5R)-3,4:5,6-Di-O-isopropylidene-D-ribo-hexos-5-ulo-5,2-
furanose (R)-7

Dimethylsulfoxide (0.10 mL, 1.48 mmol) was added to a 2 M
solution of oxalyl chloride (0.37 mL, 0.74 mmol) in CH2Cl2, in a
flame-dried flask equipped with a bubbler, and stirred for 30 min
at �78 �C. Compound 6 (39.0 mg, 0.15 mmol) was dissolved in
CH2Cl2 (0.75 mL) and added via syringe over 5 min. to the stirred
solution. After 2 h, Et3N (0.20 mL, 1.48 mmol) was added to the
reaction mixture and stirring was continued until it reached room
temperature. The reaction was then diluted with CH2Cl2 (5 mL) and
the organic layer was washed with water (1 � 5 mL), brine
(1 � 5 mL) and dried with anhydrous Na2SO4. Solvent was distilled
under reduced pressure and the residue purified by column chro-
matography (Hex:EtOAc 9:1) yielding 7 (30.9 mg, 0.12 mmol,
80%). Colorless oil. [a]D21 = +15.1 (c 1.0, MeOH). IR (NaCl, cm�1):
2989.7, 2939.5, 1734.9, 1373.3, 1211.3, 1074.3, 1016.5. 1H NMR
(CDCl3, 400 MHz): d (ppm) = 9.68 (s, 1H, CHO), 5.12 (d, J = 5.7 Hz,
1H, CH), 4.50 (d, J = 5.8 Hz, 1H, CH), 4.39 (s, 1H, CH), 4.34 (d,
J = 10.0 Hz, 1H, CH2), 4.19 (d, J = 10.0 Hz, 1H, CH2), 1.53 (s, 3H,
CH3), 1.45 (s, 3H, CH3), 1.38 (s, 3H, CH3), 1.332 (s, 3H, CH3). 13C
NMR (CDCl3, 100 MHz): d (ppm) = 201.4, 113.9, 113.1, 112.6,
88.6, 84.3, 81.5, 69.3, 26.5, 26.4, 26.4, 25.2. MS: m/z (%) = 243
(M+-CH3, 24.9%), 229 (M+-CHO, 36.9%), 113 (M+-CHO-2 � (CH3)2CO,
96.0%), 43 (100%). HRMS: calc. for C12H18O6 + Na+: 281.0996;
found: 281.1022.
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