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Oxidation of N,N-Disubstituted
Hydroxylamines to Nitrones: The Search
for More Sustainable Selective and
Practical Stoichiometric Oxidants

Camilla Matassini*® and Francesca Cardona*#

Abstract: Nitrones are key intermediates for the total synthesis of nitrogen-containing natural products and ana-
logues. The direct oxidation of the corresponding N,N-disubstituted hydroxylamines is one of the most straight-
forward methods to access such compounds. In this account, we describe the state of the art of this oxidative
transformation using stoichiometric reagents. We will focus on the efforts made in the last 25 years to oxidize
polyhydroxylated cyclic hydroxylamines, due to our long-standing interest in the total synthesis of alkaloids and
other glycomimetics. Particular attention will be devoted to the discussion of the regioselectivity issue arising
when unsymmetrical and highly functionalized substrates are involved.
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1. Introduction

Nitrones are extremely valuable com-
pounds used as spin traps in biological
studies and as drugs for age-related dis-
eases.l!l Moreover, they are useful building
blocks for the total synthesis of nitrogen-
containing natural products and their bio-
logically relevant analogues. Their versa-
tility as synthetic intermediates is due to
the ability of nitrones to react as electro-
philes with organometallic reagents,?! or
as 1,3-dipoles in [3+2] cycloaddition reac-
tions.! In addition, they are suitable sub-
strates in [343] cycloadditions, or reagents
in new metal-mediated reactions.[*>]

The most common procedures em-
ployed for the synthesis of nitrones 1 are
reported in Scheme 1 and can be divided
into two main strategies: i) oxidation of
N,N-disubstituted hydroxylamines 2 or
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secondary amines 3[° and ii) condensation
of aldehydes 4 with N-monosubstituted hy-
droxylamines 5.271 An alternative strategy
developed in our group is the direct oxida-
tion of imines 6 to nitrones 1.181 Moreover,
an iridium-catalyzed reductive approach
to nitrones from N-hydroxyamides 7 was
recently reported.l®? As highlighted in
Scheme 1, this review is focused on the ox-
idation of hydroxylamines 2 to nitrones 1.

Actually, N,N-disubstituted hydroxyl-
amines 2 can be oxidized under much mild-
er conditions than amines 3 (often occur-
ring as intermediates in amine oxidation),
affording nitrones 1 in excellent yields.
Hydroxylamine oxidation often requires
the same or similar reagents able to convert
alcohols to the corresponding aldehydes
or ketones. However, while alcohol oxida-
tion is widely investigated by researchers
belonging to different areas,[!0111 the cor-
responding oxidation of hydroxylamines
is much less studied and the aim of this
review is to resume and collate the efforts
of the researchers to find more sustainable,
practical and selective stoichiometric oxi-
dants for this transformation.

In particular, in this account we will fo-
cus on the oxidation of cyclic enantiopure
hydroxylamines since the corresponding
cyclic nitrones are common and useful
precursors for the synthesis of natural alka-
loids.3¢l Moreover, while the preparation
of hydroxylamines is not trivial in the case
of acyclic compounds, cyclic compounds
can be readily obtained through a double
nucleophilic displacement with hydroxyl-
amine.[2!

We will limit the discussion to stoi-

chiometric oxidants and we will discuss
the advantages and disadvantages of the
different procedures, also, when possible,
by comparing yields and selectivity on the
same substrates.

2. Stoichiometric Oxidants for the
Conversion of N,N-Disubstituted
Hydroxylamines 2 to Nitrones 1
(from 1993 to 2017)

Early stoichiometric oxidants for
the synthesis of acyclic and cyclic ni-
trones from N,N-disubstituted hydroxyl-
amines were already reviewed,l'?! and
include the use of oxygen or air (even if
for very long reaction times), potassium
ferricyanide, potassium permanganate,
N-bromosuccinimide, iodine, ceric ammo-
nium nitrate, #-butylhydroperoxide, mer-
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Scheme 1. Eligible precursors for the synthesis
of nitrones 1.
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curic oxide, diethyl azodicarboxylate and
hydrogen peroxide.l'2.13]

Brandi and co-workers reported in
1993 an efficient strategy for the synthesis
of cyclic nitrones 9 starting from L-tartaric
acid and using 2 equiv. HgO (yellow) in
CH,Cl, for the final oxidation step of hy-
droxylamines 8 (Scheme 2).[14 In this case,
the C, symmetry of hydroxypyrrolidine 8
assured the obtainment of enantiopure ni-
trones 9.

However, it has to be taken into account
that when unsymmetrical hydroxylamines
are employed, there is a regioselectivity
issue: two regioisomeric nitrones can be
formed with the selectivity depending on
each individual case. This is clearly evi-
denced in Scheme 3, showing the oxida-
tion of hydroxylamine 10, which gave ni-
trones 11 and 12 in 9:1 ratio.l!5]

The observed selectivity was rational-
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Scheme 2. Oxidation of cyclic hydroxylamines
8 with HgO (yellow).
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Scheme 3: Oxidation of unsymmetrically
substituted hydroxylamine 10 with HgO
(yellow).
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Scheme 4. Oxidation of unsymmetrically
substituted hydroxylamines 10 and 13 with
HgO, NaOCl and MnO,,

ized by studying the oxidation of a deu-
terated hydroxylamine, and arises from a
kinetic preference for the cleavage of the
C-H bond anti to the tert-butoxy group at
C(3) of the hydroxypyrrolidine, thus giv-
ing isomer 11 as the favored one.[!6] This
behavior is related to the electronegative
nature of the substituent (O7Bu, in this
case), with nearly complete regioselectiv-
ity reached with analogue of 10 bearing
the OCOPh substituent at C(3), and lower
selectivity encountered with less electron-
withdrawing groups.!5171

Use of mercury salts in excess amounts,
although being universal, efficient and
successful in most cases,[327:181 should be
avoided for safety reasons due to the high
toxicity of these oxidants.

Goti and co-workers in 1999 observed
that sodium hypochlorite (NaOCl) was
able to promote the oxidation of hydrox-
ylamines to nitrones.!'” This inexpensive,
safe, benign oxidant (the only byproduct
being sodium chloride) allowed to oxidize
a panel of ten hydroxylamines including
acyclic and cyclic ones in moderate to good
yields (50-92%). An aqueous solution (5
or 13%) of NaOCl (ca. 1.3 equiv.) was add-
ed to a 0.5 M solution of hydroxylamine in
CH,CI, at 0 °C, and reacted at room tem-
perature for 2-25 h. The procedure is very
simple, requiring only a separation of the
biphasic mixture before purification of the
product. The reaction rate for the oxidation
dramatically increased when the reactions
were performed at pH = 2.8; however,
lower selectivity and yields were afforded
at acidic pH. The only limitation of this
method appeared to be the low regiose-
lectivity in the oxidation of 3-substituted
hydroxypyrrolidines (Scheme 4).

Theintroductionin 2001 of MnO, as the
oxidant, used in small excess (1.5 equiv.),
represented one of the major breakthrough
in the field.?97 This reagent was used for
the oxidation of several structurally dif-
ferent hydroxylamines, and good results
in terms of yields (85-96%) and regiose-
lectivity were obtained. For instance, the

oxidation of hydroxylamine 10 with MnO,
afforded a mixture of the two regioisomer-
ic nitrones 11 and 12 in 7:1 ratio and 85%
yield (Scheme 4), showing only a lower se-
lectivity with respect to HgOL!SI (9:1), but
a better one with respect to bleach!!91 (5:1).

In the case of o-substituted hydroxyl-
amines such as 13 (Scheme 4), the ketoni-
trone 14 and the aldonitrone 15 originate
by dehydrogenation of the more substi-
tuted or the less substituted o-carbon, re-
spectively, with the first one being favored
by thermodynamic effects and the latter by
statistical effects. This regioselectivity is-
sue is still an unmet goal and may depend
on both the steric hindrance of the peculiar
hydroxylamine and oxidant employed in
each case.l?!l The oxidation of hydroxyl-
amine 13 with HgO, NaOCl and MnO, is
shown in Scheme 4. In all cases the keto-
nitrone 14 was the major product; however,
the selectivity was higher with MnO, as the
oxidant, compared to HgOR2 (5:1 vs 3:1),
while bleachl!9] gave the lowest selectivity
(2:1).

The scope of MnO, was extended in
2002 to the oxidation of several N-alkyl-
N-glycosyl hydroxylamines, precursors
of enantiomerically pure N-glycosyl ni-
trones.[23] These reactions generally occur
with complete regioselectivity in favor of
the aldonitrone, as shown in Scheme 5 for
the selective oxidation of 16 to nitrone 17.
The oxidation of 18 with MnO, led to a
complex mixture of compounds, probably
due to the instability of C-unsubstituted
nitrone 19. However, when 18 was treated
with DDQ (2,3-dichloro-5,6-dicyano-1,4-
benzoquinone), the aldonitrone 19 was
regioselectively formed and immediately
reacted with dimethyl maleate, affording a
1:1 mixture of two isoxazolidine adducts
20 and 21. A previous example of N,N-
disubstituted hydroxylamine oxidation
was reported using unsubstituted p-benzo-
quinone by Ali and co-workers.[24]

An old stoichiometric oxidation with
lead dioxide in dichloromethane was re-
ported allowing the successful preparation
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Scheme 5. Oxidation of N-glycosyl hydroxylamines 16 and 18 with MnO, and DDQ.
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Scheme 6. Oxidation of N,N-disubstituted hydroxylamines with PbO,,.
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Scheme 7. Oxidation of hydroxylamine 27.
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Scheme 8. Oxidation with IBX of carbohydrate-derived hydroxylamines 30.
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Scheme 9. One-pot oxidation/1,3-dipolar cycloaddition of 33 with Ph,BiCO,.

of a series of 4H-imidazole 3-oxides 23
(85-90% yield) through oxidation of hy-
droxylamines 22 (Scheme 6).[25]

This procedure was applied in 2012 to
the regioselective oxidation of the trisub-
stituted hydroxylamine 24, affording a se-
lectivity only slightly lower with respect
to the use of MnO, (6:1 vs 8:1).1261 The
formation of aldonitrone 25 as the ma-
jor product is in total agreement with the
previously proposed mechanism, based
on stereoelectronic effects.[15.17a] Indeed,
removal of the proton in position 5 is fa-
cilitated by the anti relation with the vici-
nal OrBu group, favored with respect to
the elimination of the cis-located proton
in position 2 leading to ketonitrone 26.

The search for more sustainable oxi-
dants prompted an investigation of the use
of  2,2,6,6-tetramethyl-1-piperidinyloxy
radical (TEMPO) in 2007, which promot-
ed the selective oxidation of a highly func-
tionalized hydroxypyrrolidine 27 (Scheme
7). Indeed, in this case, the kinetically fa-
vored nitrone 28 was obtained in a remark-
able 6.7:1 ratio with respect to the thermo-
dynamic nitrone 29 when the reaction was
carried out at O °C for 3 h, while the use of
MnO, at 80 °C furnished a 1:1 mixture of
the two nitrones.[27]

Based on their extensive use in or-
ganic synthesis as selective oxidants and
environmentally friendly reagents,[281 we
recently envisaged that hypervalent iodine
compounds could be successfully applied
to the oxidation of N,N-disubstituted hy-
droxylamines, and we reported in 2015
the reactions of a series (13 examples) of
cyclic and acyclic substrates.? We ini-
tially screened commercially available o-
iodoxy benzoic acid (IBX), Dess-Martin
periodinane (DMP) and diacetoxyiodo-
benzene (DIB), and we found IBX as the
best reagent affording the desired nitrones
efficiently by a simple and straightforward
procedure. In particular, carbohydrate-
derived hydroxylamines 30 gave nitrones
31 and 32 in excellent yields (89-100%)
and very good selectivity in favor of the
aldonitrones 31 (Scheme 8).

Concerning the mechanism of this
oxidation, we collected spectroscopic
evidence by 'H NMR studies suggesting
coordination of the IBX iodine atom at
nitrogen, rather than at oxygen of the hy-
droxylamine, in agreement with the pro-
posal by Nicolau and co-workers for the
IBX oxidation of amines.3% According to
this mechanism, abstraction of hydrogen
by IBX occurs from the less substituted
carbon atom « to nitrogen, thus account-
ing for the observed high regioselectivity
in favor of the aldo nitrones.[?°! We later
expanded the substrate scope of IBX oxi-
dation to differently functionalized N,N-
disubstituted hydroxylamines, demon-
strating wide compatibility to the presence
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of other functional groups (vinyl, allyl and
alkyne). Moreover, by applying our oxida-
tive protocol to monosubstituted hydrox-
ylamines, the unprecedented formation
of nitroso derivatives in a straightforward
manner was disclosed.3!

Due to the low toxicity of bismuth
among the heavy metals,32] Doris and co-
workers reported in 2016 about the use of
triphenylbismuth carbonate for the oxida-
tion of cyclic and acyclic (10 examples)
N,N-disubstituted hydroxylamines. The
reaction was carried out using 1.2 equiv.
oxidant in dichloromethane at room tem-
perature, affording excellent yields with
benzyl hydroxylamines (>91%), and lower
yields (40-76%) with alkyl substituted and
cyclic substrates. An interesting example
of one-pot oxidation/1,3-dipolar cycload-
dition of hydroxylamine 33 to the strained
benzannulated cyclooctyne 34 was report-
ed, affording cycloadduct 35 in 70% yield
after 2 h (Scheme 9).[33]

3. Conclusions

In conclusion, N,N-disubstituted hy-
droxylamines can be easily oxidized to the
corresponding nitrones using a variety of
stoichiometric reagents. To replace toxic
HgO salts, which were traditionally used
for this transformation, many efforts have
been made in the last 25 years to develop
more environmentally benign oxidants
either using less toxic metal derivatives
(MnO,, Ph,BiCO,), or employing metal-
free reagents (NaOCl, TEMPO, hyperva-
lent iodine reagents).

Due to our interest in obtaining highly
hydroxylated nitrones, key building blocks
for the total synthesis of natural alkaloids
and their analogues, we have in particular
collected examples describing the oxida-
tion of cyclic enantiopure hydroxylamines.
The high functionalization of these sub-
strates accounts for the selectivity issue
arising in the oxidation step. Indeed, when
unsymmetrically substituted hydroxyl-
amines are oxidized, two different regiose-
lectivity problems may emerge, and this
has been the object of several studies. On
one hand, formation of aldo versus keto ni-
trones is guided by a balance of kinetic and
thermodynamic effects, and in particular
the use of highly hindered oxidants such
as IBX allowed to obtain the aldo nitrones
in very good selectivity. On the other hand,
the presence of an electron withdrawing
substituent in position C(3) of the hydroxy-
pyrrolidine can drive the formation of one
isomer over the other, with the obtainment
of the major product being guided by the
substrate structure quite independently on
the oxidant employed.

The newly developed procedures are
simple and user-friendly, require facile

work-up and often allow access to pure
nitrones without the need of further puri-
fication. However, efforts to replace toxic
solvents such as dichloromethane are de-
sirable and represent a challenge for the
future.
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