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Organic Synthesis, and Materials Science
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Abstract: This review describes methods for the synthesis of N-alkoxyamines developed over the past 15 years.
Applications of N-alkoxyamines in living radical polymerization, macromolecular chemistry, stabilization of poly-
mers or fluorescence sensing and imaging are discussed and emerging radical additions and cyclizations mediated
by N-alkoxyamines are presented.
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1. Introduction

N-Alkoxyamines 1.1, formally ethers of
hydroxylamines 1.2, represent a broad
family of compounds (R!, R? = H, alkyl,
aryl; R3 = alkyl- or functionalized alkyl)
(Schemel). However, only a subset of all
possible N-alkoxyamines, namely those
that are derived from disubstituted (R!, R? #
H) hydroxylamines 1.2 is known in the cur-
rent literature by the term ‘alkoxyamines’.
The current renaissance of interest in their
chemistry is due to the fact that they are key
species involved in the rapidly developing
field of controlled radical polymerization,
the maturing but still innovation-recep-
tive discipline of polymer stabilization and
emerging applications in synthetic radical
chemistry, fluorescence sensing, and imag-
ing. A prerequisite for application of alk-
oxyamines in these fields is that the closely
related nitroxide radicals 1.3 are stable (per-
sistent) which further narrows the structural
diversity. Therefore, only this kind of alk-
oxyamines, their preparation, properties,
and applications are the topic of this micro
review. Rather than trying to comprehen-
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sively cover the extensive literature, the
most important achievements, trends and
concepts are presented here. The vast field
of nitroxide synthesis and properties is not
discussed for reasons of space. The reader
is instead referred to some excellent mono-
graphs [1][2] and reviews [3-9] on this
subject.

2. Synthesis of Alkoxyamines

This overview summarizes new synthet-
ic methods published in the last 15 years; a
review [10] of older literature is available.

2.1. Alkoxyamines via Trapping of
C-Radicals with Nitroxides

The most important synthesis of alk-
oxyamines by far is based on the radical
coupling of C-centered radicals with ni-
troxide radicals, a reaction proceeding at
nearly diffusion controlled rate [11][12].
Numerous methods using this principle
vary only in the way the C-radical is gener-
ated. A straightforward approach is thermal
or photochemical decomposition of a suit-

able free radical initiator in the presence of
a nitroxide. For example, heating azo-iso-
butyronitrile (AIBN) in benzene solution
of  2,2,6,6-tetramethyl-piperidin-N-oxyl
(TEMPO, 2.1) leads to the alkoxyamine 2.2
[13] and thermolysis of benzoyl peroxide
in styrene solution containing excess of 2.1
affords the functionalized alkoxyamine 2.3
(Scheme 2) [14]. In this case the O-centered
benzoyloxyl radicals do not react with 2.1
but add to styrene to form C-centered radi-
cals which readily couple with 2.1. Several
other alkoxyamine syntheses take advan-
tage of the fact that O-centered radicals do
not form stable coupling products with ni-
troxides but readily abstract H atoms from
a variety of substrates such as alkanes,
alkenes, alkylaromates, ethers, ketones or
esters generating thus C-centered radicals.
Trapping of these C-radicals with nitrox-
ides then affords alkoxyamines. Suitable
sources of O-centered radicals are dialkyl
peroxides, peresters or alkyl hydroperox-
ides. For example, generation of 7-butoxyl
radicals by gentle heating of thermally la-
bile di-#-butyl peroxalate in ethyl benzene
solution of 2.1 leads to the alkoxyamine 2.4

R _R R _R
(I) I
\H hd
1.2 1.3

Scheme 1.
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[15] and photolysis of di-z-butyl peroxide in
THF solution of 2.1 gives the alkoxyamine
2.5 [16] even at —78 °C. Pure regioisomers
are formed in both cases because #-butoxyl
radicals regioselectively abstract labile H
atoms in benzylic or o-to-oxygen posi-
tions. The copper-catalyzed decomposition
of cheap -butyl hydroperoxide in solutions
of nitroxides in hydrocarbons such as ethyl
benzene at 60—80 °C is of interest for large
scale, industrial syntheses of alkoxyamines
[17]. Nitroxides generally do not abstract
H-atoms from hydrocarbons. Exceptions
are some perfluorinated [18] or photoex-
cited [19] nitroxides. However, slow H-
abstraction occurs at elevated temperatures
with benzylic or allylic substrates. For in-
stance, refluxing the solution of 4-hydroxy-
TEMPO 2.6 in m-xylene for 69 h afforded
51% yield of the alkoxyamine 2.7, the cor-
responding hydroxylamine was formed as a
side product [20].

Several versatile syntheses of alkoxy-
amines use alkyl halides as C-radical pre-
cursors. Thus, their reaction with hydrazine
and subsequent oxidation of the resulting
alkyl hydrazines with PbO, generates C-
centered radicals which are intercepted by
nitroxides to give alkoxyamines, e.g. 3.1
(Scheme 3) [16]. One of the most general
and mildest methods is the atom transfer
radical addition (ATRA). It is the reaction
of nitroxides with alkyl halides, copper (1)
salts, e.g. CuCl or CuBr and generally a li-
gand helping to solubilize the Cu species
[21-24]. Elemental copper may be added
to reduce Cu(1r) ions and hence speed up
the reaction. 2,2’-Bipyridyls or readily
available aliphatic tertiary polyamines, e.g.
N,N,N’,N”°,N”’-pentamethyldiethylenetri-
amine (PMDETA) are used as ligands. A
large number of alkoxyamines from diverse
nitroxides and variety of halides having the
halogen atom (Br, Cl, I) in activated posi-
tion such as benzylic, allylic or o to a car-
bonyl group was prepared with this method.
A typical example [24] is 3.3, derived from
the so-called SG-1 nitroxide 3.2.

However, stoichiometric amounts of
Cu salts and ligand are a problem for in-
dustrial-scale synthesis. Furthermore, non-
activated alkyl halides react poorly or not at
all. Fortunately, these can be used in a syn-
thesis [25] which generates C-radicals via
halogen abstraction with tris(trimethyl)silyl
radicals, produced from [(CH,;),;S1)],SiH
and #-butyl hyponitrite. Iodides work best,
giving fair yields of alkoxyamines, e.g. 3.4.
Preparation of alkoxyamines from alkyl
halides and nitroxides using tributyl tin hy-
dride to generate the intermediate C-radi-
cals was also demonstrated [26].

Renaud and coworkers reported that B-
alkyl catecholboranes, readily available via
hydroboration of alkenes with catecholbo-
rane, react smoothly with TEMPO to give
alkyl radicals. In the presence of an excess
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of TEMPO, the generated radicals are ef-
ficiently converted to alkoxyamine deriva-
tives, for instance 3.5 [27].

The ATRA reaction was used to prepare
polymeric alkoxyamines which have the
N-O bond incorporated into the polymer
backbone [28]. For example, reaction of
the bromo nitroxide 4.1 (Scheme 4) with
CuBr in EtOAc afforded quantitative yield
of polymer 4.2.

Similar to the ATRA synthesis of alk-
oxyamines is the method recently reported
by Thiessen and Wolff in which the interme-
diate C-radicals are generated via reaction
of benzylic halides with Zn under vitamin
B12 catalysis or with magnesium catalyzed
by Sml, [29].

Oxidation of ester enolates into C-cen-
tered radicals in the presence of nitroxides
is the underlying principle of several syn-
theses of alkoxyamines [16][30][31]. Thus,
a moderate yield of 5.1 was obtained via
Cu(n)) oxidation of Li-enolate of methyl
isobutyrate (Scheme 5) [16]. TEMPO it-
self acts as an oxidizing agent for organo-
metallic species [14][32] derived from
Li, Mg, Zn, Cu, Sm, Ti or Zr or lithiated
1,3-dithianes [33]. For example, addition

of n-hexyllithium into excess of TEMPO
solution in THF at —78 °C afforded the alk-
oxymine 5.2 in 78% yield [32]. Styrene and
derivatives were successfully transformed
into alkoxyamines using Mn(111) species
and NaBH,,. The mechanism involves addi-
tion of oxo-manganese species to styrene,
trapping of the C-radical intermediate with
nitroxide followed by reductive cleavage of
the oxo-manganese species with borohy-
dride. The originally [34] used expensive
Jacobsen catalyst was replaced by cheaper
Mn salene complex [35][36] or Mn(OAc),
[37]. Thiessen and Wolff [29] further im-
proved the method by use of ultrasound and
replacement of the stoichiometric amount
of Mn (OAc), with a catalytic quantity and
a cheap auxiliary oxidant (KMnO,) and ob-
tained the alkoxyamine 5.3 in 98% yield.

2.2. Alkoxyamines via Addition of
C-Radicals to Nitrones or Nitroso
Compounds

C-centered radicals add very rapidly to
nitroso compounds or nitrones affording
nitroxides which react further in the pres-
ence of an excess of C-radicals to yield
alkoxyamines as final products (Scheme
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6). For example, decomposition of AIBN
in the presence of nitrone 6.1 yields the
alkoxyamine 6.2 [38]. Analogously 1,1’-
azo-bis(cyclohexane-carbonitrile) (ACCN)
and 2,2,4-trimethyl-4-nitrosopentane 6.3
afford 6.4. Grubbs et al. [39] used the same
principle but generated the C-radicals from
phenethyl bromide and CuBr and obtained
the alkoxyamine 6.5 in 68% yield.

2.3. Alkoxyamines from Oxoammo-
nium Salts

Several syntheses of alkoxyamines use
the well-known [40] oxoammonium salts
which are readily available from nitroxides
via one-electron oxidation with halogens
or via acid-promoted disproportionation.
Thus, smooth electrophilic addition [41]
of oxoammonium salts to vinyl ethers, en-
amines or electron-rich olefins affords func-
tionalized alkoxyamines as exemplified by
the addition of 7.1 to vinyl iso-butylether
affording 7.2. (Scheme 7). Styrene reacts

similarly with 1-0x0-2,2,6,6-tetramethylpi-
peridinium chloride or bromide but a free
radical mechanism was postulated [42] in
this case. The intermediacy of C-radicals
is considered [43] also in the alkoxyamine
syntheses [43][44] in which enolates are
coupled with the oxoammonium salts. An
example is the formation of the alkoxy-
amine 7.4 from the Na salt of diethyl malo-
nate and tetramethylpiperidin-1-oxoammo-
nium tetrafluoroborate 7.3 [43].

2.4. Miscellaneous Syntheses of
Alkoxyamines

Under normal conditions nitroxides do
not add to alkenes. However, at elevated
temperatures they undergo [45][46] a slow
reaction with acrylonitrile, methyl acrylate
and styrene to give bis-nitroxide adducts,
e.g. 8.1 (Scheme 8) [46]. With alkenes such
as methyl methacrylate containing an al-
lylic hydrogen the major reaction observed
was hydrogen abstraction. Ketenes are

alkoxyamines, for example 8.3 [48]. O-allyl
alkoxyamines, for instance 8.4 [49], are ac-
cessible via Meisenheimer rearrangement
of the readily available t-amine oxides.

3. Properties of Alkoxyamines

Alkoxyamines are colorless solids or
liquids that can be handled in air. They
are significantly less basic than the corre-
sponding amines and therefore not sensi-
tive to carbon dioxide. In fact, the pK, of
protonated alkoxyamines is in the range
1.5-5, depending on their structure, which
are some 5-6 orders of magnitude less than
the parent amines [50]. A very important
property is the relatively low bond disso-
ciation energy (BDE) of the NO-C bond.
In fact, thermally induced homolysis of
alkoxyamines generates in most cases the
persistent nitroxide and reactive C-centered
radical, path (a) in Scheme 9.

This NO-C BDE depends on several
factors [24][51-56] such as degree of ste-
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ric compression around the C-O bond,
stabilities of radicals formed, polar fac-
tors or hydrogen bonding. For example,
in the series O-methylTEMPO, O-benzyl-
TEMPO, O-(1-phenylethy) TEMPO and
O-cumylTEMPO the BDE of the NO-C
bond is 47.1, 34.7, 30.8 and 26.2 kcal/mol,
respectively [57]. The alternative cleavage
into aminyl and alkoxy radical, path (b), is
significant only (see Section 6) if non-stabi-
lized primary or secondary C-radical would
be formed. Alkoxyamines are quite stable
at room temperature but those prone to ho-
molysis should be stored at 0 °C or below
for longer periods of time.

4. Alkoxyamines in Macromolecular
Chemistry

4.1. Alkoxyamines in Living Radical
Polymerization

Radical polymerization (RP) is one
of the most important methods for mak-
ing polymers. The process tolerates trace
amounts of oxygen or monomer stabiliz-
ers and can be performed under relatively
undemanding and broadly varying condi-
tions, in solution or in bulk, at room or el-
evated temperature, in organic solvents or
in water. A variety of monomers is avail-
able and copolymers with unique material
properties can be made. In fact, around 50%
of industrial polymers are made via RP to-

day. However, the conventional RP does
not allow polymers to be prepared with
defined molecular weight or narrow mo-
lecular weight distribution, defined chain
end functionalities or advanced polymeric
architectures such as e.g. block-, comb-
or star copolymers. Until recently, such
polymers could be made only by means of
sophisticated living polymerizations [58].
First attempts to achieve living radical
polymerization (LRP) were described by
Otsu in 1982 [59]. Since then several tech-
niques [60] for LRP have been developed
and synthesis of complex polymeric archi-
tectures via LRP has become state of the
art these days. Amongst the most power-
ful LRP methods are atom transfer radical
polymerization (ATRP), reversible addi-
tion-fragmentation chain transfer (RAFT)
and nitroxide-mediated living radical poly-
merization (NMP) in which alkoxyamines
play a crucial role. The history of the NMP
discovery was published [61] recently and
the huge NMP literature has been reviewed
[60][62—64] several times. Hence, rather
than discussing details, the key role of
alkoxyamines in NMP will be highlighted
here. In fact, the principle of NMP is the
reversible, thermally induced dissociation
of the weak NO-C bond of alkoxyamines
to afford persistent nitroxide radicals and
reactive C-centered radicals as depicted
in Scheme 10. If monomer is present, one
or few monomer molecules add to the C-
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radical. The so generated new radical then
reversibly couples with nitroxide to reform
the alkoxyamine. The result of this many
times repeated elementary step is a poly-
meric chain bearing the R? group of the
initial alkoxyamine at its beginning and
nitroxide group at its end.

As the equilibrium is shifted far to the
alkoxyamine state, the concentration of
C-radicals stays low during the polymer-
ization. Hence, bimolecular termination
reactions of C-radicals such as coupling or
disproportionation are much less important
compared to conventional RP; however
they never stop completely. Consequently,
an excess of nitroxide radicals builds up
and assures high selectivity of the coupling
between nitroxides and C-radicals over
C-radical termination. This phenomenon
is known as the persistent radical effect
[65][66]. As all chains grow at the same
rate, polymers with low polydispersity (PD
= mass average molecular weight M /num-
ber average molecular weight M), of 1.1-
1.3, are obtained. Polymerization with a
second monomer added to a homopolymer
terminated with alkoxyamine groups will
produce a block copolymer. For a success-
ful NMP, the values of k , k; and the equi-
librium constant K = k,/k; must be within
a defined range [67]. For this reason NMP
with the currently available nitroxides has
to be conducted at rather elevated tempera-
tures, typically at 100-130 °C to achieve
reasonably fast reactions. Moderate success
in achieving faster polymerization was ob-
tained using diverse accelerating additives
[68-70].

Two approaches have been used to per-
form NMP. In the first method, the starting
alkoxyamine is formed in the monomer via
in situ reaction of nitroxide and C-radi-
cals generated from a conventional azo-
or peroxide initiator. This approach is not
optimal due to the various side reactions
accompanying the alkoxyamine forma-
tion. Nowadays, NMP is executed almost
exclusively with pure alkoxyamines, often
called ‘unimer’ or ‘unimolecular initiator’.
Superior results are obtained with this ap-
proach because the initiating C-radicals and
nitroxide radicals are generated in an ex-
act 1:1 ratio by dissociation of the unimer.
TEMPO-based alkoxyamines used in the
early days, e.g. 2.2, 2.3 or 2.4 were effec-
tive only with styrene monomers. New alk-
oxyamines which induce efficient NMP of
styrene, esters and amides of acrylic acid,
4-vinylpyridine, N-vinylpyrrolidone or di-
enes have been developed since then. They
are derived from open chain or highly hin-
dered cyclic nitroxides. Representative ex-
amples are compounds 11.1 [71], 11.2 [72],
11.3[73][74],11.4[73](75],11.5[76] or 11.6
[23] (Scheme 11).

Thus, increased steric hindrance or ring
size of cyclic alkoxyamines increases their
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efficiency as NMP mediators. However,
Siegenthaler and Studer demonstrated that
control of polymerization breaks down with
too bulky alkoxyamines [52].

Versatility of alkoxyamines in synthesis
of complex molecular architectures on labo-
ratory scale has been amply demonstrated;
the reader is referred to the cited reviews.
The latest work indicates that NMP is being
increasingly used in supramolecular chemis-
try, e.g. for grafting of polymeric carpets on
carbon nanotubes [77] or polymeric micro-
spheres [78], preparation of functionalized
micelles and nanoparticles [79] or synthesis
of terpyridine terminated polymers [80] us-
able as building blocks for supramolecular
block copolymers obtained via chelation with
ruthenium. The self-organization of well-de-

fined macromolecular building blocks syn-
thesized by NMP and other LRP techniques
into unprecedented nanostructures was re-
viewed recently [81]. Remarkable progress
was achieved towards realization of NMP in
aqueous emulsion [82]. NMP in ionic liquid
[83] or supercritical CO, [84][85] were also
successful. Moreover, NMP is no longer a
pure laboratory method. In fact, the first ap-
plication of NMP for tonne scale industrial
synthesis of amphiphilic acrylic block copo-
lymers for use as pigment dispersants was
reported recently [73][75].

However, despite the tremendous prog-
ress made in the last years, important chal-
lenges such as NMP of methacrylates or
vinyl acetate, or fast polymerization below
100 °C remain.
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4.2. Design of Thermo Reversible
Polymers with Alkoxyamines

The propensity of alkoxyamines to un-
dergo thermal homolysis was used by Taka-
hara and coworkers [86] to prepare graft
polymers such as 12.3 via reversible radical
crossover of alkoxyamine units attached to
side chain of poly(methacrylic ester) 12.1
and polystyrene 12.2 (Scheme 12). The ob-
tained graft polymer could be transformed
reversibly to the starting materials by heat-
ing with excess amount of alkoxyamine
12.4. Very recently, the same authors used
this principle to develop a novel dynamic
polymer cross-linking system [87] consist-
ing of polymers 12.1 and 12.5. The cross-
linked polymer 12.6 obtained by heating the
linear polymers 12.1 and 12.5 at 100 °C un-
der argon can be de-crosslinked by heating
with an excess of alkoxyamine 12.4.

5. Alkoxyamines in Organic
Synthesis

The persistent radical effect (PRE)
[65][66] plays an important role not only
in controlling the mechanism of NMP.
Studer and coworkers [65][88] and others
[89] showed that it can be used for the de-
sign of new radical addition and cyclization
reactions. The concept is demonstrated on
Scheme 13 [90]. Heating the alkoxyamine
13.1 at 130 °C in #-butanol containing 10%
camphorsulfonic acid induces reversible
homolysis of the NO—C bond. The radical
13.2 disappears via irreversible dimerization
and reversible 5-exo (major) and 6-endo
(minor) cyclization affording radicals 13.3
and 13.5. The latter are captured by TEMPO
in rapid, irreversible reactions affording the
isomerized alkoxyamines 13.4 and 13.6. The
PRE efficiently controls the whole process.
In fact, the original irreversible disappear-
ance of 13.2 leads very soon to a build-up
of an excess of TEMPO which assures that
paths (a)—(c) are highly preferred over (d).
Moreover, the NO-C bond in 13.1 is sig-
nificantly weaker [91] than those in 13.4 or
13.6 which consequently do not undergo
homolysis under reaction conditions. The
resulting irreversible trapping of 13.3 or
13.5 with TEMPO pulls the reaction over to
products 13.4 and 13.6.

The alkoxyamine functionality can be
readily replaced [92][93] with different
functional groups. Hence, these cyclizations
are emerging as valuable, environmentally
benign alternatives to the toxic state of the
art organotin reagents. Thus, alkoxyamines
derived from the so-called SG-1 nitroxide
were used for the synthesis of lactones and
lactames as demonstrated by the cyclization
of 14.1 into 14.2 (Scheme 14) [89]. Recent
developments based on thermolysis of alk-
oxyamines are carbon monoxide trapping
reaction [94] with subsequent Friedel-
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1) 125 C, 2h O—N H ed into the polymer in an extruder.
/ . g 2 BlaMl-:: 0°C peoOC e ke Recently, spc;mal alkoxyammgs such as
Ac + — 15.5 have been introduced as environmen-
" B! 3)pdoac), MeOOC tally friendly flame retardant additives for
/ Me°°°\r° 110°C, 2h ﬁ 1as polymers [103]. Their mode of action is still
e00C 82% ' matter of debate, one hypothesis is that dur-
ing very high temperatures encountered in
Scheme 14. the burning polymer the predominant ho-

Crafts cyclization to afford 3,4-cyclopenta-
1-tetralones, e.g. 14.3, trapping of isonitriles
to yield quinolines [95], e.g. 14.4 or radical
carboaminoxylation [96] with subsequent
Trost-Tsuji allylation as the example 14.5
demonstrates.

6. Applications of Alkoxyamines in
Stabilization of Polymers

Almost every synthetic polymer under-
goes degradation reactions in the presence
of oxygen or under exposure to heat or
light. A variety of antioxidants, heat and
light stabilizers has been developed [97]
to prevent or at least significantly retard

these detrimental processes. Derivatives
of 2,2,6,6-tetramethyl-piperidine  15.1
(Scheme 15) represent a very important
family of light and heat stabilizers (often
abbreviated as HAS) of which thousands
of tonnes are used by the polymer industry
every year. The key step of the stabiliza-
tion mechanism is in situ oxidation of 15.1
into nitroxide radicals 15.2 which scavenge
polymeric C-centered radicals involved in
the degradation process affording thus the
alkoxyamines 15.3. The latter decompose
polymeric peroxyradicals which are also
responsible for polymer degradation un-
der concomitant regeneration of 15.2. This
cyclic mechanism explains the high effi-
ciency of HAS [98-100].

molysis of the N-OC bond takes place (cf.
path (b), Scheme 9). The two reactive radi-
cals generated, cyclohexyloxyl and aminyl,
are proposed to promote, depending on the
polymer structure, chain scission or cross
linking of the burning polymer, hence its
physical consistency, which in turn should
influence its burning properties.

7. Alkoxymines in Fluorescence
Sensing and Imaging

Nitroxides are very effective quenchers
of excited electronic states [104][105]. Con-
sequently, fluorescent molecules attached
to nitroxides show strongly reduced fluo-
rescence due to intramolecular quenching
of fluorophore’s excited state. The fluo-
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rescence is restored by transformation of
nitroxides into diamagnetic alkoxyamines
via C-radical trapping or into hydroxyl-
amines by reduction. Several highly sen-
sitive sensing or imaging methods were
developed using this principle [106-115].
The concept is demonstrated with the fol-
lowing three examples. Bottle and cowork-
ers [111] used the profluorescent nitroxide
16.1 to study the early thermooxidative
degradation phase of polypropylene (PP).
He measured the fluorescence of the alk-
oxyamine 16.2 formed by trapping polymer
alkyl radicals generated during the degra-
dation of PP with 16.1 (Scheme 16). The
radicals were observed before any change
in the polymer was detectable using either
chemiluminiscence or infrared spectrosco-
py. Scaiano and coworkers [112] applied
the profluorescent nitroxide 16.3 for fluo-
rescent imaging of radicals generated from
photoinitiators in poly(methyl methacry-
late) (PMMA). Irradiation of thin PMMA
film containing 16.3 and photoinitiator
through a mask with 10 um features pro-
duced finely resolved fluorescent images
in which the highly fluorescent regions are
those in which radicals have been photo-
chemically generated and trapped to gen-
erate highly fluorescent alkoxyamine 16.4.
Parent and coworkers [114] employed the
profluorescent nitroxide 16.5 to measure
the concentration of TEMPO terminated
chains in polystyrene prepared by NMP.
The nonfluorescent TEMPO end groups
were exchanged by thermal equilibration
with 16.5 and the so generated fluorescent
polymeric chains were quantified via spec-
trofluorimetry.

8. Conclusions

The chemistry of alkoxyamines has
attracted much interest over the past de-
cade. Alkoxyamines are key species in the
booming living radical polymerization by
which increasingly complex macromo-
lecular structures and supramolecular ob-
jects are made. Moreover, this method has
been successfully moved from laboratory
into large-scale industrial production. New
alkoxyamines are finding use as flame re-
tarding additives in synthetic polymers.
Environmentally friendly, sophisticated
organic radical reactions or highly sensi-
tive applications in sensing or fluorescence
imaging are emerging. To meet the demand
for specific applications, versatile synthetic
methods for alkoxyamines have been and
continue to be developed.
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