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aspect of the synthesis is an unexpected Henry-mediated racemization of this new class of highly functionalized cyclohexanes.
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1. Introduction

The classical nitroaldol condensation (the Henry reac-
tion) involves reaction between a carbonyl compound and
an alkylnitro compound bearing a-hydrogens. This reac-
tion results in the formation of a carbon—carbon bond
with concomitant generation of a B-nitroalcohol, from
which a wide variety of other organic compounds can be
derived by functional transformations of the hydroxy and
the nitro functional groups.! The intramolecular Henry
reaction has also proven to be a powerful method for the
preparation of nitro cycloalkanes, and representative
examples include synthetic intermediates recently used in
the preparation of the natural compound perhydrohis-
tionicotoxin,? the lycoricidine alkaloid pancratistatin®
and the antineoplastic agent taxol.* Furthermore, this
reaction is of appreciable interest for the synthesis of
nitro-containing sugars (nitro sugars), recognized both as
novel compounds and as valuable synthetic intermediates
for the transformation of sugars into cyclohexane and
cyclopentane derivatives® such as 1° and 2,7 which can
also be prepared by reaction of nitromethane with
dialdehydes derived from sugars (Fig. 1).
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Figure 1.

* Corresponding author. Tel.: +34-981-563100; fax: +34-981-591014;
e-mail: qorjec@usc.es

2. Results and discussion

Nitroacetic acid and its esters often show a similar
reactivity to alkylnitro compounds and they are there-
fore convenient starting materials for the synthesis of
2-nitroalkanoic acids, which in turn are valuable syn-
thetic intermediates for the synthesis of nitro alcohols,
nitro amines, halonitro compounds, nitroacrylates,
amino acids, amino alcohols, etc.® In fact, methyl
nitroacetate has been shown to be a versatile glycine
synthetic equivalent in the preparation of non-natural
a-amino acids,” including cyclic amino acids from
dialdehydes,'® but its chemistry with sugars has received
much less attention than the corresponding nitro alka-
nes. Indeed, despite the fact that a few examples have
been reported of intramolecular reactions of methyl
nitroacetate with dialdehydes derived from sugars to
give 3-nitropyranose derivatives,'! the nitroacetic acid-
mediated transformation of sugars into cycloalkanes
has not been carried out.

The work described in this paper concerns preliminary
results from a project aimed at the synthesis of sugar-
derived cycloalkane a-nitro acid esters, illustrated by
the preparation of o-nitro acid esters 10 and 11
(Scheme 1), which were obtained by a synthetic
sequence involving two consecutive Henry reactions.
The first Henry reaction was performed between ethyl
nitroacetate and D-glucose derivative 3, a process that
gave a mixture of epimeric compounds 5. The second
step was an intramolecular Henry reaction of epimeric
mixture 6. Alternatively, compounds 5 were trans
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Scheme 1.

formed into the epimeric mixture of compounds 14+15
via compounds 12 and 13 (Scheme 2).

In the first experiment, condensation of aldehyde 3!
with ethyl nitroacetate under typical Henry reaction
conditions gave a 70% yield of a 3:2 mixture of epimers
513 (Scheme 1), which decompose on standing. Subse-
quent removal of the acetonide protecting group by
treatment of 5 with a 1:1 trifluoroacetic acid/water
mixture gave an unstable mixture of compounds 6,
which was immediately treated with 2% aqueous
sodium bicarbonate solution to give, surprisingly, the
racemic mixture of ethyl a-nitrocyclohexane carboxyl-
ates 8 and 9 ([«]® 0.0). The racemic mixture 8+9 was
subsequently reacted with acetic anhydride and p-tolue-
nesulphonic acid to give the corresponding racemic
mixture 10+11 (64% overall yield for the three last

steps, [«]2 0.0). The stereochemistry of these two com-
pounds was firmly established by an X-ray crystallo-
graphic study of the mixture 10+11.'

The crystallographic study also indicated that the
favored chair conformations are, respectively, those
represented in Figure 2—both of which have an equato-
rial disposition of the hydrogen at C, and axial disposi-
tions of hydrogens at C;, C,, Cs and C, These
conformations are also the ones favored in solution, a
fact easily established from the '"H NMR spectrum of
the mixture 10+11, which includes two doublets at 6.03
and 6.15 ppm due to the highly deshielded protons at
C, and C,. The doublet at 6.03 ppm was assigned to the
proton at C, on the basis of its coupling constant
(/=10.0 Hz), which indicates a diaxial disposition for
both protons at C, and at Cs. The coupling constant
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(70% yield, two steps)
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Figure 2. Chair conformation of compounds 10 and 11, and
ORTEP diagram corresponding to an X-ray molecular struc-
ture of compound 10.

for the doublet at 6.15 ppm (J=3.2 Hz) allowed us to
establish the equatorial disposition of the proton at C,
and the axial disposition of the proton at C,.

These results may be explained on the assumption that
the intramolecular Henry reaction of compounds 6
gives diastereomers 7 and 8, and that 8 is a stable
compound, but 7 isomerizes to the more stable com-
pound 9 through a retro-Henry reaction followed by a
stereoselective intramolecular Henry reaction.!> The
equimolar amounts of enantiomers 8 and 9 resulting
from this process may be explained in terms of equili-
bration based on the reversibility of the Henry reaction.

We next decided to explore the possibility of modifying
the process leading to the racemic mixture 8+9 by
protecting (as the benzyloxy derivative) the strategic
hydroxy group at Cs in compounds 5, which is implied
in the transformation of 7 into 9. Accordingly, the
mixture of nitroesters S5 was reacted with
benzyltrichloroacetimidate'® and the resulting mixture
of epimers 12 was then subjected to the same reaction
sequence as compounds 5. This sequence again
involved removal of the acetonide group of 12 with
trifluoroacetic acid and water, followed by treatment of
the resulting mixture of compounds 13 with 2%
aqueous sodium bicarbonate solution (Scheme 2). A 2:1
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Figure 3.

mixture of cyclohexane nitroesters 14 (46% yield, [«]Y
—6.45) and 15 (24% yield, [«]ly —11.0) resulted from this
procedure and both compounds were formed from the
expected intramolecular Henry reaction. The stereo-
chemistry of each compound was established from their
spectroscopic data.

Compound 14 shows an NOE between the ethyl chain
(methyl group) and the hydroxy groups at C; (2.4%),
C; (5.2%) and C¢ (0.7%). Therefore, the relative stereo-
chemistry is that corresponding to a cyclohexane chain
conformation where the ethoxy carbonyl substituent is
axial, the hydroxy groups at C; and Cs are axial and
the hydroxy group at Cg is equatorial. Additionally, the
intense NOE (22%) between protons Hs and Hg pro-
vides further evidence for the equatorial and the axial
disposition proposed for both protons. Moreover, the
presence of two singlets at 6=5.02 ppm (/=10.9 Hz)
and 6=5.06 (J=11.3 Hz), due to protons Hy; and H,,
clearly indicates an axial disposition of the two protons

(Fig. 3).

Similar 'H NMR experiments for compound 15
allowed us to establish it to be a C, epimer of com-
pound 14. Compound 15 showed an intense NOE
(19.1%) between protons Hs and Hyg, a situation consis-
tent with an axial-equatorial disposition or a diequato-
rial disposition of the two protons. However, the
coupling constant values for the signals of both protons
Hy (d, 6=4.85 ppm, J=10.4 Hz, 1H) and H, (d,
0=5.02, J=11.5 Hz, 1H) correspond to an axial-equa-
torial disposition.

In summary, we describe here the first transformation
of a sugar (D-glucose) into polyhydroxylated a-nitrocy-
clohexane carboxylic acids. A salient aspect of this
synthesis was that we unexpectedly obtained the
racemic mixture 8+9, as a consequence of the regiospe-
cific B-epimerization of compound 7 to compound 9
(the enantiomer of compound 8) by a Henry reaction
and the subsequent equilibration of compounds 8 an 9
through compounds 6 and 7. Racemization was
efficiently avoided by appropriate protection of the Cs
OH group of compound 6.

This new chemistry could be used for the transforma-
tion of dialdehydes—including sugar-derived dialde-
hydes—into  polyhydroxylated  a-nitrocycloalkane
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carboxylic acids, that could in turn be converted into
polyhydroxylated cycloalkane a-amino acids, a class of
compounds that have not been studied to any great
extent.!” Future efforts will focus on the application of
the new method to the synthesis of this amino acids
with a view to their incorporation into peptides.

3. Experimental

Melting points were determined using a Kofler Ther-
mogerate apparatus and are uncorrected. Specific rota-
tions were recorded on a JASCO DIP-370 optical
polarimeter. Infrared spectra were recorded on a
MIDAC FTIR spectrophotometer. Nuclear magnetic
resonance spectra were recorded on a Bruker WM-300
apparatus or a Bruker AMX-500, using deuterochloro-
form solutions containing tetramethylsilane as internal
standard. Mass spectra were obtained on a Kratos MS
50 TC mass spectrometer. Elemental analyses were
obtained from the Elemental Analysis Service at the
University of Santiago de Compostela. Thin-layer chro-
matography (TLC) was performed using Merck GF-
254 type 60 silica gel and ethyl acetate/hexane mixtures
as eluants; the TLC spots were visualized with Hane-
sian mixture. Column chromatography was carried out
using Merck type 9385 silica gel. Solvents were purified
as per Ref. 18. Solutions of extracts in organic solvents
were dried with anhydrous sodium sulfate.

3.1. Ethyl 3-O-benzyl-6-deoxy-6-nitro-1,2-O-isopropyl-
D,L-glycero-a-D-glucoheptofuronate 5

Ethyl nitroacetate (0.91 g, 6.87 mmol), a solution of
compound 3 (1.27 g, 4.58 mmol) in THF (5 ml),
triethylamine (0.47 g, 4.58 mmol) and a solution of
tert-butyldimethylsilyl chloride (1.04 g, 6.87 mmol) in
THF (7 ml) were sequentially added to a solution of
tetrabutylammonium fluoride (0.55 g, 1.74 mmol) in
THF (6 ml) at 0°C. The reaction mixture was stirred at
rt for 15 min and then filtered. The solvent was evapo-
rated in vacuo and the solid residue was dissolved in
dichloromethane (125 ml). The resulting solution was
washed with water (3x100 ml) and the organic layer
was dried with anhydrous sodium sulphate, filtered and
evaporated in vacuo. The residue was submitted to
flash column chromatography (eluant: 2:7 ethyl acetate/
hexane) to yield ethyl 3-O-benzyl-6-deoxy-6-nitro-
1,2-O-isopropyl-D,L-glycero-a-D-glucoheptofuronate 5
(1.31 g, 70%) as a 3:2 mixture of epimers: IR (NaCl,
cm™') 3390 (-OH), 1694 (C=0), 1567 (-NO,), 1381
(-NO,); 'H NMR (500 MHz, CDCl,) ¢ 1.32 (s, 3H,
—CH,), 1.33 (s, 3H, —-CH,;), 1.45 (s, 3H, —-CH;), 1.48 (s,
3H, -CH,), 1.32 (t, 6H, J=7.2 Hz, 2x-OCH,CH,), 3.26
(d, 1H, J=6.3 Hz, 1x-OH), 3.27 (d, 1H, 8.8 Hz,
1x-OH), 4.12-4.19 (m, 2H), 4.19-4.21 (m, 1H), 4.30-
4.35 (m, 5H), 4.58-4.72 (m, 7H), 4.78-4.81 (m, 1H),
5.46 (d, 1H, J=3.4 Hz, Hy), 5.50 (d, 1H, J=1.6 Hz,
Hy), 5.88 (d, 1H, J=3.2 Hz, H)), 5.89 (d, 1H, J=3.2
Hz, H,), 7.30-7.38 (m, 10H, 10xH-Ph); '*C NMR (75.3
MHz, CDCl;) ¢ 13.86, 13.92, 26.45, 26.95, 63.20, 63.39,
68.13, 68.36, 72.65, 79.19, 80.68, 80.99, 82.31, 82.36,
88.40, 88.56, 105.17, 105.32, 127.92, 128.25, 128.67,

137.12, 163.11, 163.39; MS (EI) m/z 354 (M*—1, 0.1%),
217 (0.3%), 127 (1.2%), 91 (100%).

3.2. Ethyl 3-O-benzyl-6-deoxy-6-nitro-p,L-glycero-a-D-
glucoheptofuronate 6

A solution of compounds 5 (0.23 g, 0.57 mmol) in a 1:1
mixture of trifluoroacetic acid/water (4 ml) was stirred
at rt for 9 h. The solvent was evaporated in vacuo and
the residue was coevaporated with toluene (3x1 ml) to
remove traces of trifluoroacetic acid. The product was
used in the next step without further purification.

3.3. 1R,2R,3R,4R,5S,6R)-4-0-Benzyl-1-ethoxycar-
bonyl-2,3,5,6-tetrahydroxy-1-nitrocyclohexane 8 and
(18,25,3R,4S5,55,65)-4-O-benzyl-1-ethoxycarbonyl-
2,3,5,6-tetrahydroxy-1-nitrocyclohexane 9

A 2% aqueous solution of sodium bicarbonate (6 ml)
was added to a solution of compound 6 (0.2 g, 0.54
mmol) in methanol (17 ml) and the mixture was stirred
at rt for 14 h. The reaction mixture was then acidified
with a resin (DOWEX 50W), filtered and the solvent
evaporated in vacuo. The residue was submitted to
flash column chromatography (eluant: 2:3 ethyl acetate/
hexane) and the racemic mixture 8+9 (100 mg, 50%
yield) was isolated as an unstable white solid: [«]® 0.0
(c 1.08 in CHCl,); IR (NaCl, cm™") 3364-3468 (—-OH),
1678 (-C=0), 1562 (-NO,), 1380 (-NO,); 'H NMR
(300 MHz, CDCl;y) ¢ 1.42 (t, 3H, J=7.3 Hz, -CH,),
3.73-3.85 (m, 2H), 4.33-4.58 (m, 4H), 4.67 (d, J54,=9.3
Hz, 1H), 5.06 (d, J,;=2.8 Hz, 1H), 7.40-7.62 (m, 5H,
H-Ph); *C NMR (75.3 MHz, CDCl;) § 12.8, 62.66,
70.76, 71.11, 72.99, 73.40, 74.71, 81.01, 98.81, 127.09,
127.78, 139.17, 164.61; MS (EI) m/z 280 (M*-91,
0.2%), 157 (3%), 145 (5%), 107 (12%), 91 (100%).

3.4. 1R2R,3R,4S5,55,6R)-2,3,5,6-Tetraacetoxy-4-0O-
benzyl-1-ethoxycarbonyl-1-nitrocyclohexane 10 and
(15,25,3R,4R,55,65)-2,3,5,6-tetraacetoxy-4-O-benzyl-1-
ethoxycarbonyl-1-nitrocyclohexane 11

p-Toluenesulphonic acid (10 mg, 0.05 mmol) was added
to a solution of the racemic mixture 8+9 (41 mg, 0.11
mmol) in acetic anhydride (6 ml) and the mixture was
stirred at rt for 12 h. The reaction mixture was then
evaporated in vacuo and coevaporated with toluene
(3x1 ml) to remove traces of acetic acid. The residue
was submitted to flash column chromatography (eluant:
2:7 ethyl acetate/hexane) to give the racemic mixture
10+11 (12.2 mg, 84%). Spectroscopic data for the
racemic mixture: mp 115-118°C (EtOH); [«]® 0.0 (c 1
in CHCL); IR (NaCl, cm™) 2925 (-CH-), 1754
(-CO,Et, —-OAc), 1574 (-NO,), 1374 (-NO,); 'H NMR
(300 MHz, CDCly) ¢ 1.37 (t, J=7.23 Hz, 3H, —-CH,),
1.96, 1.97, 2.04, 2.07 (4xs, 12H, —-COCH,), 3.95-4.02
(m, 1H), 4.36-4.72 (m, 4H), 5.43-5.49 (m, 1H), 5.77
(dd, 1H, J=3.2 Hz, /=104 Hz), 6.03 (d, 1H, J54,=10
Hz), 6.15 (d, 1H, J,5=3.2 Hz), 7.23-7.38 (m, SH,
H-Ph); '*C NMR (75.3 MHz, CDCl,) 6 13.92, 20.41,
20.49, 20.61, 64.70, 69.38, 70.82, 72.05, 76.61, 77.46,
93.28, 127.42, 127.95, 128.46, 137.60, 161.64, 168.08,
168.66, 169.53, 169.56; MS (CI, NH;) m/z 540 (M*+1,
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12%), 432 (12%), 390 (18%), 91 (100%). Anal. calcd for
C,H,NO,5: C, 53.43; H, 5.42; N, 2.60. Found C,
53.45; H, 5.40; N, 2.65.

3.5. Ethyl 3,5-di-O-benzyl-6-deoxy-6-nitro-1,2-O-isopro-
pyl-D,L-glycero-a-D-glucoheptofuronate 12

A mixture of benzyl-2,2,2-trichloroacetimidate (1.5 ml,
8.04 mmol) and trifluoromethanesulphonic acid (0.009
ml) in dry cyclohexane (32 ml) was added to a solution
of 5 (1.65 g, 4.02 mmol) in dry dichloromethane (16
ml). The mixture was stirred at rt for 16 h under argon,
filtered and the filtrate washed with saturated aqueous
sodium bicarbonate solution (1x60 ml) and water (1x60
ml). The organic layers were dried, filtered and the
solvent evaporated in vacuo. The residue was submitted
to flash column chromatography (eluant: 1:6 ethyl ace-
tate/hexane) to give ethyl 3,5-di-O-benzyl-6-deoxy-6-
nitro-1,2-0-isopropyl-D,L-glycero-a-D-glucoheptofurona
te (12) (1.14 g, 56% yield) as a yellow oil: IR (NaCl,
cm™!) 1754 (-C=0), 1565 (-NO,), 1375 (-NO,); 'H
NMR (300 MHz, CDCl;) ¢ 1.24-1.35 (m, 12H, 2x—
CO,CH,CH,), 1.52, 1.57 (2xs, 6H, 2x—CH,), 4.12-4.93
(m, 16H), 5.59 (d, 1H, J5x=4.2 Hz, H-6), 5.63 (s, 1H,
H-6), 5.90, 591 (2xd, 2H, J,,=3.8 Hz, J,,=4.2 Hz,
2xH,), 7.11-7.37 (m, 20H, H-Ph); *C NMR (75.3
MHz, CDCl;) ¢ 13.78, 13.93, 26.52, 26.94, 62.89, 63.07,
71.70, 71.86, 74.21, 78.96, 79.04, 80.91, 81.17, 82.54,
81.74, 89.11, 89.29, 104.89, 127.38, 127.72, 127.79,
128.17, 128.30, 128.35, 128.45, 128.56, 128.65, 136.92,
137.51, 137.69, 162.74, 163.13; MS (CI, NH;) m/z 501
(M™, 0.1), 500 [(M+H)*, 0.25], 271 (2), 181 (22), 129
(14), 91 (100). HRMS: caled for C,H;NO, (M*)
501.1954. Found 501.1948.

3.6. Ethyl 3,5-di-O-benzyl-6-deoxy-6-nitro-D,L-glycero-
o-D-glucoheptofuronate 13

A solution of compounds 12 (0.51 g, 1.03 mmol) in a
1:1 mixture of trifluoroacetic acid/water (18 ml) was
stirred at rt for 21 h. The solvent was evaporated in
vacuo, coevaporated with toluene (3x10 ml) in order to
remove traces of trifluoroacetic acid, and the solid
residue was used in the next step without further
purification.

3.7. (18,2R,3R4R,55,65)-2,4-Di-O-benzyl-1-ethoxycar-
bonyl-3,5,6-trihydroxy-1-nitrocyclohexane 14 and
(1R,2R,3R4R,5S,65)-4-di-O-benzyl-1-ethoxycarbonyl-
3,5,6-trihydroxy-1-nitrocyclohexane 15

A 2% aqueous solution of sodium bicarbonate (12 ml)
was added to a solution of 13 (0.46 g, 9.98 mmol) in
methanol (36 ml) and the mixture was stirred at rt for
14 h. The reaction mixture was then acidified with a
resin (DOWEX 50W), filtered and the solvent evapo-
rated in vacuo. The residue was submitted to flash
column chromatography (eluant: 4:9 ethyl acetate/hex-
ane) to give compound 14 (0.22 g, 46% over the last
two steps) and compound 15 (0.10 g, 24% over the last
two steps) as yellow oils. Data for compound 14: [«]Y
-6.45 (¢, 1.10 in CH,CL,); IR (NaCl, cm™") 3539-3472

(—OH), 1748 (-C=0), 1554 (-NO,), 1370 (-NO,); 'H
NMR (300 MHz, CDCL,) § 1.26 (t, 3H, J=7.3 Hz,
_OCH,CH,), 2.45 (bs, 1H, ~OH), 2.83 (bs, 1H, _OH),
3.38 (bs, 1H, -OH), 3.74-3.77 and 3.83-3.87 (m, 2H,
“OCH,Ph), 4.11-4.18 and 430437 (m, 2H,
_OCH,CH,), 4.47-4.54 (m, 4H), 475 (d, 1H, J=11.3
Hz), 5.02 (d, 1H, J=10.9 Hz), 5.06 (d, J—11.3 Hz, 1H),
7.16-7.41 (m, 10H, H-Ph); '*C NMR (75.3 MHz,
CDCl,) 0 13.72, 64.48, 71.39, 71.61, 72.60, 75.04, 77.05,
77.84, 80.27, 95.68, 127.22, 127.90, 128.01, 128.21,
128.42, 128.64, 137.41, 138.35, 164.36; MS (EI) m/z 460
(M*-1, 0.03%), 370 (1.6%), 264 (3%), 181 (5%), 107
(10%), 91 (100%), 65 (10%). HRMS caled for:
C,H,NO, (M*—1) 460.1607. Found 460.1608. Data
for compound 15: [«] —11.0 (¢, 1.60 in CHCL,); IR
(NaCl, cm!) 3549-3453 (2x-OH), 1741 (_C-0). 1564
(_NO,), 1371 (-NO,): 'H NMR (300 MHz, CDCl,) &
129 (t. J=7.1 Hz, 3H, -OCH,CH,), 2.32 (d, 1H,
_OH), 2.76 (bs, J=3.0 Hz, 1H, ~OH), 3.26 (d, J=3.4
Hz, 1H, ~OH), 3.75-3.84 (m, 2H, ~OCH,Ph), 4.30 (q,
2H, ~OCH,CH,), 445449 (m, 2H), 4.57-4.60 (m,
2H), 476 (d, J=11.5 Hz, 1H), 4.85 (d, J=10.4 Hz
1H). 5.02 (d, J=11.5 Hz, 1H), 7.17-7.40 (m, 10H.
H-Ph); *C NMR (75.3 MHz, CDCly) & 13.85, 63.75,
71.63, 71.95, 73.05, 74.86, 76.59, 79.62, 79.91, 97.43,
128.00, 128.03, 128.21, 128.37, 128.65, 137.22, 138.38,
163.33; MS (EI) m/= 460 (M*~1, 0.13), 370 (6), 264 (4).
181 (4), 107 (10), 91 (100). HRMS caled for:
C,iH,NO, (M*~1) 460.1607. Found 461.1603.
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