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Abstract: The enantiomerically pure nitrone 3, a valuable
precursor of mono- and bicyclic azaheterocycles, has been
synthesized in 57% vyield by a novel “one-pot” process
starting from lactol 1, in turn readily available from b-
arabinose. The same process, consisting of reaction with a
O-silyl-protected hydroxylamine followed by mesylation in
pyridine, furnished ent-3 in 55% yield when applied to
L-arabinose.

Nitrones proved to be very useful tools in the construc-
tion of structurally complex molecules, usually allowing
a high degree of diastereocontrol, particularly by means
of the 1,3-dipolar cycloaddition to alkenes.! For example,
five-membered cyclic nitrones, embodying a higher degree
of complexity, are excellent building blocks for the
synthesis of nitrogen heterocycles, pyrrolizidine and
indolizidine alkaloids, and biologically active com-
pounds.'? Recent research has focused on the synthesis
of optically active pyrroline N-oxides?®3 as precursors for
such targets in enantiomerically pure form. In this
context, we have reported the syntheses of optically active
3-hydroxy- and 3,4-trans-dihydroxypyrroline 1-oxides
starting from malic and tartaric acids, respectively, which
have been used in the synthesis of pyrrolizidine and
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indolizidine natural products and their analogues,3®
interesting candidates as glycosidase inhibitors.*

The same procedure is not amenable for the synthesis
of the related cis-dihydroxy nitrone, e.g., 3 (Scheme 1),
which was indeed produced as a racemate,3 due to the
symmetry of its precursor 2. The same nitrone 3 in
racemic form has been prepared by Wightman and co-
workers through oxidation of the corresponding pyrroli-
dine3 and then employed in the synthesis of racemic
pyrrolizidine and indolizidine derivatives.

In this paper, we describe the facile and convenient
synthesis of enantiopure (—)-(3S,4R)-3° by an unprec-
edented “one-pot” process that starts directly from lactol
1,% easily accessible in turn from p-arabinose. Availability
of its enantiomer L-arabinose, also inexpensive, secures
equally easy and practical access to nitrone (+)-3.

To access enantiopure nitrone 3 from lactol 1, we
reasoned that the most direct method should transfer the
stereochemical information at C-2 and C-3 of the eryth-
rose derivative by retaining the desymmetry present at
C-1 and C-4, which are already at the desired oxidation
level as in nitrone 3. The retrosynthetic analysis in
Scheme 2 showed that transformation of the latent
aldehyde of 1 into an oxime (in the event protected as in
5) and of the ring oxygen into a suitable leaving group
might well serve this purpose, since formation of nitrones
by nucleophilic substitution from oximes (or better their
conjugate anions) has been occasionally reported.”

While this work was in progress, Wightman and Closa
have also reported the successful synthesis of enantio-
merically pure nitrone 3 from the same lactol 1, based
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on a conceptually similar procedure. Their approach,
however, consisted of a four-step process involving
Wittig methylenation, mesylation, ozonization, and oxime
formation and gave nitrone 3 with a 24% overall
yield.8

The attempted direct tosylation or mesylation of lactol
1 afforded only complex mixtures of products. Conse-
quently, we investigated exchanging the first two steps
such that the oxime transformation was carried out first
(to provide intermediate 5) followed by the introduction
of a leaving group. We chose to protect the oxime with a
silylated group and anticipated that pyridine might work
as a proper medium for both condensation with hydroxyl-
amine and mesylation steps, yielding the process suitable
to be performed in a “one-pot” fashion. Indeed, treatment
of lactol 1 with an O-silylated hydroxylamine 6 in
pyridine in the presence of molecular sieves, followed by
addition of methanesulfonyl chloride directly furnished
the desired nitrone 3 enantiomerically pure (Scheme 3).
Presumably, this novel one-pot process may consist of the
three individual steps outlined in Scheme 4, pathway a.
The initially formed N-glycosyl hydroxylamine 7 under-
goes O-mesylation through its acyclic tautomer 8 to afford
the O-silyl oxime 9. In situ chloride-mediated desilylation
furnishes then the highly nucleophilic oximate anion,
which displaces the leaving mesylate via an Syi reaction
to give the desired nitrone 3 enantiomerically pure?
whose spectral data were identical with those reported
for the racemic compound. The enantiomeric integrity
of 3 was assessed by *H NMR spectra (see the Experi-
mental Section) recorded in the presence of 5% of the
chiral shift reagent Yb(hfc)s> and later confirmed by
comparison with data reported in the literature: mp 110-
111 °C; [a]*°> —28.0 (c 0.46, CH,CIy) [lit.2 mp 110-112
°C; [a]o = —26.5 (c 0.83, CH,CIy)].

Evidence for formation of intermediate silyl oximes 8
in the first step of the process was collected by 'H NMR
experiments. However, the oximes underwent prompt
desilylation and partial hydrolysis on attempted chro-
matographic purification. Monitoring of the first step of
the process by recording *H NMR spectra on a reaction
performed in pyridine-ds demonstrated that in this
solvent the equilibrium is shifted toward tautomers 8.
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Indeed, only the signals assigned to the two diastereo-
meric oximes (E)- and (Z)-8 were evidenced in the spectra.
The two diastereoisomers were present in solution in a
ca. 2:1 E/Z ratio, on the basis of integration of the proton
HC=N signals, which appear as doublets resonating at
0 7.93 and 7.21 ppm for the E and Z isomer, respectively.
The progress of the reaction was monitored by recording
the spectrum of the reaction mixture at 1 h intervals,
which showed that the reaction occurs slowly, the lactol
3 being still present after 24 h.

The overall yield of the process strongly depends on
the experimental conditions used and particularly the
solvent and hydroxylamine employed, the reaction times
for each step, and the mode of addition of the sulfonyl
chloride. After extensive efforts for optimization of these
parameters, it was found that this process is remarkably
reproducible, leading to >50% yield of nitrone 3 from
lactol 1, with the best yield of 57% being obtained on a 6
mmol scale (see the Experimental Section). Replacement
of pyridine with CH,CI,/NEt; or CH,Cl,/pyridine mix-
tures gave unsatisfactory results; therefore, the use of
pyridine as a solvent for the reaction appears necessary.
Strictly anhydrous conditions are essential to the success
of the reaction, and 3 A molecular sieves (pellets) turned
out to be the most effective dehydration agent to drive
the first step close to completion. The use of O-tert-
butyldimethylsilylhydroxylamine (6b) is preferred to its
trimethylsilyl analogue 6a since the corresponding oxime
8 is less susceptible to the reaction conditions and the
reaction yields are more reproducible. For practical
reasons, the use of 1.2 equiv of 6b and a reaction time of
16 h for the first step are recommended: use of a larger
excess of hydroxylamine was detrimental, and longer
reaction times did not improve the yield of the process.
The use of leaving groups other than mesylate (acetate,
triflate) caused only negligible formation of nitrone.
Addition of excess fluoride ion (as CsF or TBAF) in the
second step after formation of mesylate had no beneficial
effect, indicating that desilylation occurs efficiently.

The rate of addition of methanesulfonyl chloride was
particularly important in achieving a satisfactory product
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yield. A regular addition rate over at least 40 min should
be maintained (15 uL/min addition with a syringe pump
on a 6 mmol scale). Indeed, when this rate was not
carefully controlled, the yield of nitrone 3 dropped to less
than 30%. This was ascribed to the formation of a side
product, which was characterized as the mesylate nitrile
11. A perusal of the literature furnished the proof of the
structural assignment, since the same compound had
been previously synthesized as a key intermediate in the
synthesis of (+)-crotanecine.® We suggest that formation
of 11 occurs through the mechanism reported in Scheme
4, pathway b, which explains its increasing amount when
high local concentrations of MsCI arise. As a matter of
fact, addition of a high excess of MsCI (12 equiv) in the
synthetic sequence of Scheme 3 gave the nitrile 11 in an
unoptimized 55% yield. On the other hand, the reported
synthesis of 11 was obtained by permesylation in pyridine
of the free oxime related to 8.° However, when the above
conditions were carefully controlled, formation of 11 as
a side product was limited to ca. 5%. Other side products
have been identified spectroscopically in the reaction
mixture. Among them, desilylated isomeric oximes 8 and
their mesylated products were the most abundant, albeit
each one below a 5% amount. Their formation can be
ascribed to chloride-mediated desilylation of 8 during
addition of methanesulfonyl chloride, which is once again
an evidence of a fast occurring desilylation step. Their
formation can be furtherly decreased by a faster addition
of methanesulfonyl chloride, but this, on the other hand,
gave an increased amount of nitrile 11. The obtained
optimized >50% yield in nitrone after fine-tuning of the
reaction conditions is remarkable in consideration of the
delicate balance of these counteracting effects and of the
several side reactions that may occur on the intermedi-
ates of the process.

The same “one-pot” process described in Scheme 3
furnished in 55% yield the expected nitrone ent-3, when
carried out on the enantiomer of lactol 1, similarly
obtained from commercial and inexpensive L-arabinose.

In summary, the two nitrones (3S,4R)-O,0’-isopropyli-
denedioxypyrroline 1-oxide (3) and its (3R,4S)-configu-
rated enantiomer (ent)-3 are available from the two
erythrose derivatives 1 and (ent)-1, which in turn are
obtained from sugars of the chiral pool. In addition, lactol
1 can be also easily obtained starting from commercially
available p-isoascorbic acid.’® This one-pot procedure
compares very well with the previously reported method,?
furnishing nitrones 3 with a yield more than doubled and
in a much more direct manner. The two nitrones 3 and
ent-3 are key precursors for structurally diversified
azaheterocycles,® for example, for the synthesis of un-
natural functionalized pyrrolizidinones related to the
necine base (+)-crotanecine®!! and its congeners, accord-
ing to well-established cycloaddition—ring-opening—ring-
closing protocols.?0-:3a12

Further studies are currently underway in our labora-
tories in order to extend the synthetic utility of nitrones
3 and to investigate the generality of this novel one-pot
process.
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Experimental Section

General Methods and Materials. Lactols 1 and ent-1 were
synthesized from p- and L-arabinose, respectively, by protection
as isopropylidene ketals!® followed by glycol oxidative cleavage
with NalO,4,'* according to the literature. For generalities and
instruments, see ref 3a. 'H and 3C NMR spectra have been
performed in CDCl; solutions at 200 and 50.3 MHz, respectively.

Synthesis of (3S,4R)-3,4-1sopropylidenedioxypyrroline
1-Oxide (3). Lactol 1 (960 mg, 6 mmol) and dry pyridine (6 mL)
were added into a 50 mL round-bottom flask containing 3 A
activated molecular sieves (pellets, 5 g). Then, a solution of
hydroxylamine 6b (1.11 g, 7.2 mmol) in pyridine (6 mL) was
added, and the mixture was reacted at rt for 16 h with magnetic
stirring. The reaction mixture was cooled to 0 °C, and meth-
anesulfonyl chloride (560 uL, 7.1 mmol) was added with a
syringe pump at a rate of 15 uL/min during 40 min. The reaction
was stirred for 2 h at 0 °C, warmed to rt, and stirred 4 h. The
mixture was then added with CHCl,, filtered through Celite,
and concentrated. The crude product was purified by flash
column chromatography over silica gel, eluent CH,Cl,—AcOEt—
MeOH 15:7:1, to give pure nitrone 3 (R¢0.16; 540 mg, 3.44 mmol,
57%) as a white solid whose spectroscopic data were identical
with those previously reported.83a

3: mp 110—-111 °C; [a]*°p —28.0 (¢ 0.46, CHCl,) [lit.8 mp 110—
112 °C; [a]p = —26.5 (c 0.83, CH.Cl,)]; *H NMR 6 6.84 (q, J =
1.5 Hz, 1 H, H-C(2)), 5.26 (d, J = 6.2 Hz, 1 H, H—C(3)), 4.87
(ddd, J = 6.2, 5.1, 1.5 Hz, 1 H, H—C(4)), 4.20—3.90 (m, 2 H,
H—-C(5)), 1.41 (s, 3 H, Me), 1.33 (s, 3 H, Me). Anal. Calcd for
CsH11NOs: C, 53.49; H, 7.05; N, 8.91. Found: C, 53.38; H, 7.19;
N, 8.68.

Synthesis of (3R,4S)-3,4-1sopropylidenedioxypyrroline
1-Oxide (ent-3). Application of the same procedure as above to
lactol ent-1 (160 mg, 1 mmol) gave the nitrone ent-3 (87 mg, 0.55
mmol, 55%) as a white solid, whose spectroscopic data were
identical to those of its enantiomer.

ent-3: mp 110—111 °C; [a]®p +27.7 (c 0.67, CH2Cly). Anal.
Calcd for C7H11NOs: C, 53.49; H, 7.05; N, 8.91. Found: C, 53.30;
H, 6.86; N, 8.56.

NMR Studies with Chiral Shift Reagent. The studies for
the assessment of ee of the above synthesized 3 and ent-3 have
been carried out via 'H NMR in the presence of the chiral shift
reagent tris[3-(heptafluoropropylhydroxymethylene)-I-camphor-
ate]ytterbium(l11) [Yb(hfc)s]. Applicability of the method has
been preliminarly evaluated by ascertaining signal separation
on a sample of rac-3 synthesized according to ref 3a. Best results
have been obtained by adding 5—7 mol % of Yb(hfc); to 3. For
example, addition of 2.3 mg of Yb(hfc)s (5%) to an NMR tube
containing 6 mg of rac-3 in CDCl; (0.7 mL) caused a splitting of
the two methyl signals (at 6 1.41 and 1.33 ppm in the spectrum
without shift reagent), allowing integration of the signals of the
two enantiomers. The methyl originally resonating at 6 1.41 ppm
was shifted of about 0.3—0.4 ppm and split into two broadened
signals at ¢ 1.81 and 1.73 ppm, respectively, while the other
methyl signal at 6 1.33 ppm experienced a lower shift and
broadening effect, but was equally efficiently splitted into two
signals resonating at 6 1.56 and 1.50 ppm. All the other signals
in the spectrum were much more shifted and broadened.
Application of the method to samples of 3 and ent-3 allowed
assignment of the two more shifted signals at 6 1.81 and 1.56
ppm to 3 and the more shielded signals at 6 1.73 and 1.50 ppm
to ent-3. No signal assigned to the enantiomer was evidenced in
the spectrum of 3 nor in that of ent-3 in the presence of the chiral
shift reagent. Accuracy of this method was based on integration
of the most shielded methyl signal and was evaluated as >95%.

Synthesis of (2S,3R)-2,3-O-1sopropylidene-4-O-methane-
sulfonylerythrononitrile (11). Lactol 1 (160 mg, 1 mmol) and
dry pyridine (1 mL) were added into a 10 mL round-bottom flask
containing 3 A activated molecular sieves (pellets, 1 g). Then, a
solution of hydroxylamine 6a (126 mg, 1.2 mmol) in pyridine (1
mL) was added, and the mixture was reacted at rt for 16 h with
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magnetic stirring. The reaction mixture was cooled to 0 °C, and
methanesulfonyl chloride (930 «L, 12 mmol) was added with a
syringe all at once. The reaction was stirred for 2 h at 0 °C,
warmed to rt, and stirred 4 h. The mixture was then added with
CHCl,, filtered through Celite, and concentrated. The crude
product was purified by flash column chromatography over silica
gel, eluent CH,Cl,—petroleum ether 10:1, to give the pure nitrile
11 (R¢ 0.18; 130 mg, 0.55 mmol, 55%) as an oil, whose spectro-
scopic data were identical with those previously reported.®
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11: [a]?*°> —50.0 (c 0.20, CHCIs) [lit. [a]o -50.4 (c 1.07,
CHCIl3)].2 Anal. Calcd for CsH13sNSOs: C, 40.84; H, 5.57; N, 5.95.
Found: C, 41.20; H, 5.74; N, 6.00.
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