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The review systematizes the methods for obtaining polyfluorinated organic radicals, con-
siders features of their structure and physicochemical properties, and discusses the prospects

for further development of this area.
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Introduction

Chemistry of organofluorine compounds is one of the
most dynamically developing areas, which is interesting
from the point of view of both fundamental research and
solving applied problems.!=® Unique physical and chem-
ical properties of these compounds play an utterly impor-
tant role in the development of new materials for the
energy, space, and medicine industries, agricultural pre-
parations and pharmaceuticals, and in the development
of modern technologies.”2

Discoveries made at the intersection of various fields
of science are of particular importance in the development
of organofluorine chemistry. In many areas, affecting dif-
ferent spheres of science, researchers have gone far ahead.
Some areas are still being formed. A promising direction
that arose at the border of the chemistry of organofluorine
compounds and organic paramagnets is among the latter.
It is associated with the development of methods for the
preparation and search for practical applications of stable
polyfluorinated organic radicals.

Information on polyfluorinated organic radicals that
appears from time to time in the literature is scat-
tered across a large number of thematic reviews and
monographs.**3:9—15 At the same time, these radiacals
are of a certain interest since there are numerous evi-
dences of fundamental difference between polyfluorin-
ated paramagnets and their counterparts, which do
not contain fluorine atoms. It is precisely this family
of compounds that we tried to draw attention to in
this review.

* Dedicated to Academician of the Russian Academy of Sciences
R. Z. Sagdeev on the occasion of his 80th birthday.

**E. V. Tretyakov, V. I. Ovcharenko, A. O. Terentyev, 1. B.
Krylov, T. V. Magdesieva, D. G. Mazhukin, N. P. Gritsan, Russ.
Chem. Rev., 2022, in press; DOI: 10.1070/RCR5025.

Synthetic methods and properties
of polyfluorinated organic radicals

Alkyl radicals

Introduction of several fluorine atoms into a core or
nearest substituents of the paramagnetic moieties can
significantly affect all the physicochemical properties of
organic radicals, first of all, their stabilities. A striking
example is represented by polyfluorinated C-centered
radical 1a, which was revealed by Russian researchers in
1983. It was isolated in the free form later by chemists
from University of Southern California.1® The preparative
synthesis of paramagnet 1a in the 90% yield is shown in
Scheme 1. It consists in the reaction of perfluoroalkene
2a with gaseous fluorine in perfluorohexane. The method
has been successful in many ways. First, commercially
available products, viz., hexafluoropropene and fluorine,
are used, which, in combination with the kilogram scale
syntheses, makes paramagnet la an easily available re-
agent.17 Second, the developed synthetic concept proved
to be promising, and highly stable paramagnets 1b,c were
prepared analogously from corresponding fluorinated
alkenes 2b,c.

Polyfluorinated radicals la—c are characterized by
rather high chemical and thermodynamic stability. For
instance, at room temperature, radical 1a does not undergo
dimerization or, does not react with hydrogen without
a catalyst, with oxygen, molecular chlorine, bromine, or
iodine, does not interact with aqueous acids or alkalis.
This unique radical can be distilled, isolated using chrom-
atography, and analyzed by GC. Only at temperatures
290 °C, paramagnet 1a undergoes -elimination with the
formation of olefin 3 and trifluoromethyl radical CF; (see
Scheme 1).16 The latter feature determines the capability
of radical 1a of being an initiator of radical polymerization
processes, including those leading to fluorinated polymers
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and co-polymers, and an efficient trifluoromethylating or
trifluoromethylating and fluorinating agent.16

Scheme 1
F F
F3C CF3 F3C CF3
F i F | F
FsC R > FC R
CF3 CF3 CF3 CF3
2a—c la—c
FsC_F
1a > FC F + 'CFs
F CF3
CF3 F
3

R=F (a), CF3 (b), O-CyClO'CsF1oSOSC2F5 (c)

Reagents and conditions: i. F,, C¢F 4, ~20 °C, 15—20 h. ii. A,
11/2 (2a), 90 °C, ~6 h or 100 °C, ~1.8 h.

Triarylmethyl radicals

The series of perfluorinated carbon-centered radical
is continued by triarylmethyl derivatives. Perfluoro-
triphenylmethyl radical 4 was synthesized by TiCl; reduc-
tion of corresponding carbocation 5 generated from alco-
hol 6 under the action of sulfuric acid (Scheme 2).18
According to ESR spectroscopy data, the substance ob-
tained by recrystallization from CCl, contained high,
albeit different, amounts of radical 4, which indicated that
this radical was more stable than its non-fluorinated analog
since the latter would dimerize in the course of the form-
ation of the solid phase.

In contrast, tris(4-nitro-2,3,5,6-tetrafluorophenyl)-
methyl radical 7 was prepared according to Scheme 3,
which includes a reaction of 6 with PBr; with the form-
ation of tris(pentafluorophenyl)methane 8. The latter was
transformed into trinitro derivative 9 by consecutive treat-
ment with hydrazine hydrate, hydroiodic acid, and con-
centrated hydrogen peroxide. Trinitro derivative 9 was
then transformed to carbanion 10 by the action of alkali
in dioxane and oxidized to radical 7 with 0.1 M aqueous
KMnO, in dioxane (Scheme 3).1?

Scheme 2
CeFs CeFs , CeFs
)<OH H2304 HSO4J< T1C13 .
CeFs CefFs CeFs~ CeFs CeFs CeFs
6 4
Scheme 3

NHNH,

9 (77%)

10

Reagents and conditions:: i. PBrj, 127 °C, 3 h. ii. N,H, * H,O, dioxane, A, 20 h. iii. 48% HI, 127 °C, 44 h. iv. 98% H,0,, (CF5;CO0),0,

CH,Cl,. v. 0.1 M NaOH, dioxane. vi. KMnOy, dioxane.
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Imidazolyl biradicaloids

Considering polyfluorinated organic paramagnets, one
should also pay attention to compounds with closed elec-
tron shells, which have a relatively low-lying excited
triplet state. These compounds are called biradicaloids.
Tetrafluoro-substituted 1,4-bis(4,5-diphenylimidazol-2-
ylidene)cyclohexa-2,5-diene 11 can serve as an example
of polyfluorinated biradicaloids. It was synthesized from
1,2,4,5-tetrafluorobenzene 12 (Scheme 4).20 The final
stage in the sequence of transformations is the oxidation
of lophin derivative 13 with potassium ferricyanide under
mild conditions in a two-phase KOH(aq)/benzene system.
It is accompanied by a change in the color of the reaction
mixture from pale yellow to blue-violet due to the forma-
tion of product 11. After recrystallization from hot benz-
ene, compound 11 isolated in the form of small blue-violet
crystals transformed into a colorless product representing
dimer 14 according to the X-ray diffraction data. Irradiation
of this dimer in a benzene solution with 360 nm light leads
to its decomposition to monomer 11, which dimerizes
again with the formation of compound 14 in darkness for
2 days. It is important to note that according to ESR
spectroscopy data, the population of the biradical state of
11 at 293 K is 0.4%, which considerably exceeds that for

Ph Ph Ph Ph
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N N N N
>\ /( Wy
Ph Ph Ph Ph
15

The intensity of the ESR signal of compound 11 de-
creases with decreasing temperature (Fig. 1). This cor-
responds to a decrease in the triplet state population, which
according to estimations, is separated from the ground
singlet state with a gap of 2.37 kcal mol~L.

Aminyl radicals

Fluorine atoms have specific effect on stability of ni-
trenes and polynitrenes and their transformation into
aminyl radicals.?! It is shown that irradiation of 1,3-di-
azidobenzene in ethanol at 77 K does not resilt in its
conversion in the corresponding diaminyl diradical. On

Scheme 4

non-fluorinated analog 15.
F, F F F
Q L C12HCA%;§7CHC12
F F F F
12 65%

FF
Ph N_ _Ph
o I\ /I
N N
Ph Ph
o/ H

13 (20%)

14 (35%)

F F
OHC CHO >
F F
55%
F F
" Ph Ph

Ph

[

A FF
Ph Ph
T T
= —
\_ph” N N™ “pp
F F
1 (92%)

Reagents and conditions: /. AICl;, CHCl;, 70 °C, 24 h. ii. FeSOy4, H,SOy, 150 °C, 6 h. iii. PhC(O)C(O)Ph, MeCO,NH,, MeCO,H,

130 °C, 24 h. iv. aqueous K;3[Fe(CN)¢]. KOH/C¢Hg, 20 °C, 24 h.
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Fig. 1. Temperature dependences of intensities of ESR signals
for solutions of 11 () and 15 (2) in toluene.?® Image is re-
printed with permission from the American Chemical Society.

the other hand, photolysis of 2,4-diazido-1,3,5-trifluoro-
benzene 16 at 77 K initially produces mononitrene 17 and
then dinitrene 18 (Scheme 5). The latter has a larger af-
finity to hydrogen atoms due to electron withdrawing
fluorine atoms. Therefore, upon brief warming of the
reaction mixture to 100 K and subsequent cooling to 77 K,
dinitrene 18 is transformed into triplet diaminyl diradi-
cal 19,22 which is characterized by the following para-
meters of zero-field splitting: [D| = 0.019+0.0003 cm™!,
|E| ~ 0 cm™!.

Scheme 5
F F
N3 N3 N3 N .
i 113
F F F F
16 17
F F
N N B HN NH
11
F F F F
18 19

Reagents and conditions: i. 2-Methyltetrahydrofuran, 77 K, Av.
ii. 77 K, hv. iii. 1) 100 K, 2) 77 K.

Dithiadiazolyl radicals

Properties of polyfluorinated species substantially dif-
fer from those of their non-fluorinated counterparts almost
in all classes of organic radicals. This can be illustrated by
considering the family of 1,2,3,5-dithiadiazolyl radicals
20, which were discovered in the 70s of the last century
and studied in detail later.13:23

In accordance with the X-ray diffraction data, 1,2,3,5-di-
thiadiazolyls are prone to the formation of dimers, the

structure of which depends on the nature of substituents.13
In some compounds, the energy of the antiferromagnetic
exchange interaction is low. Therefore, the population of
the excited triplet state noticeably increases with increas-
ing temperature, determining the development of the
paramagnetic properties of these compounds.24:25

F F F F
N< N~
S S
NC & O,N &N
N-S N-S
F F F F
20a 20b

Introduction of polyfluorinated substituents suppresses
the inclination of radicals 20 to dimerize. For instance,
4-cyanotetrafluorophenyl-substituted radical 20a repre-
sents the first example of 1,2,3,5-dithiadiazolyl radicals
remaining paramagnetic in the solid phase. Rather strong
antiferromagnetic exchange interactions dominate in one
of its modifications at —102 K, whereas upon cooling of
the polycrystalline sample to 35.5 K, a magnetic phase
transition to a magnetically ordered state takes place in
it.26—28 It is evidenced by the observation of the out-of-
phase component of the AC magnetic susceptibility of
paramagnet 20a at frequency of 1 Hz (Fig. 2, @) and the
absence of this component at 10, 100, and 1000 Hz, which
excludes the occurrence of superparamagnetism and other
frequency-dependent effects typical of small-sized mag-
netic particles. The occurrence of a magnetic phase tran-
sition in radical 20a is additionally supported by the
presence of a characteristic peak on the temperature de-
pendence of heat capacity at 35.5 K, as well as by observa-
tion of difference peaks for two neutronograms recorded
at 1.5 K (in the region of magnetic ordering) and 50 K
(above the critical temperature).

Isotherms M(H,T) obtained for radical 20a in the range
from 1.8 to 40 K show that with increasing the magnetic
field strength, the spontaneous magnetization value My (7)
is quickly reached, and then there is a linear increase in
M (Fig. 2, b). The spontaneous magnetization of radical
20a is low and has a value much lower than the theoretical
one (Fig. 2, ¢). This type of magnetic behavior character-
istic of weak ferromagnets is determined by the absence of
strictly antiparallel orientation of spins of two sublattices.

Another unique characteristic of radical 20a consists
in a significant increase in the critical temperature with
increasing pressure. It reaches a value of 65 K at ~16 + 108 Pa,
which is a record value for purely organic ferromagnets.

The replacement of the nitrile group in radical 20a
with the nitro group fundamentally changes the magnetic
behavior of the paramagnet. According to data of SQUID
magnetometry, the ferromagnetic exchange interaction
(C =0.368 cm3 K mol~! at 1.6 K) prevails in the solid
phase of nitro derivative 20b. It causes an increase in the
effective magnetic moment g at low temperatures
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Fig. 2. (a) Temperature dependences of in-phase x " (/) and out-of-phase x” (2) components of magnetic susceptibility of radical 20a.
(b) Magnetization isotherms and temperature dependence of spontaneous magnetization (inset) of 20a; 7/K: 1.8 (1), 5 (2), 10 (3),
20 (4), 30 (5), 35 (6), 40 (7).28 Image is reprinted with permission from the American Physical Society.

(Fig. 3, a, b). At ~10 K, the p.gvalue has a maximum due
to saturation effects in a field of 10 Oe.

Low-temperature studies of the in-phase component
x~ of magnetic susceptibility of a monocrystal of 20b at

different orientations in a field of 2 G at 1.11 Hz revealed
a sharp increase in the x’ values below 1.4 K, which is due
to a transition of radical 20b into the magnetically ordered
state (Fig. 3, ¢). In this case, the magnitude of the jump
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Fig. 3. (@) Temperature dependence (5—280 K) of effective magnetic moment for 20b in a field of 10 Oe (1/x vs. T in inset).
(b) Temperature dependence of the in-phase component %~ of magnetic susceptibility of monocrystal of 20b at different orientations
in a field of 2 G at frequency of 1.11 Hz.2% Image is reprinted with permission from John Wiley and Sons.

of the " value depends substantially on the orientation of
the crystal relative to the magnetic field.2?

Thiadiazinyl and dithiazolyl radicals

The introduction of fluorine (or chlorine) atoms into
paramagnetic moieties possessing sufficiently high spin
density promotes the stabilization of organic radicals.
For instance, benzo-, pyrido-, and pyrazino-annulated
1,2,4-thiadiazinyl radicals are not stable enough to be
isolated. In contrast, 1,2,4-thiadiazinyls 21a,b annulated
with tetrafluoro- and tetrachlorobenzene were isolated
and completely characterized, in particular, using X-ray
analysis.3? Moreover, free hexyloxy-substituted 1,2,4-thia-
diazinyl radical 21¢ was successfully isolated for a study
of liquid crystal paramagnets.3!

F Cl
F. N Cl N
X X
N N
F S Cl S
F Cl
21a 21b
. OCgH13
F N
AN
N
CeH130 S
F
21c

The introduction of polyfluorinated or polychlorinated
substituents at position 5 of 1,2,3- dithiazolyl radicals,
which is a position with a high spin density, reduces the
tendency for these radicals to dimerize. According to the
data of the Cambridge Structural Database, the structures
of only two compounds among non-annulated 1,2,3-di-
thiazolyls were solved. Those are dichloro-5-isothiasolyl-
substituted 4-chloro-1,2,3-dithiasolyl radical 22 and its
pentafluorophenyl-substituted analog 23. Note that the
first compound is the only representative of 1,2,3-dithi-
azolyls with a crystal structure formed by non-dimerized
radicals (Fig. 4, a).32 Unlike compound 22 having a plane
structure in the solid phase, the dihedral angle between
the planes of phenyl and 1,2,3-dithiazolyl cycles in poly-
fluorinated derivative 23 is 58.3°. In addition, radicals 23
have packing in the form of co-facial dimers (Fig. 4, b) with
the shortest S...S distance of 3.2987(13) A, which is much
smaller than the sum of van der Waals radii (3.6 A).33

Nitroxyl radicals

Among nitroxyl radicals, polyfluorinated derivatives
also stand out due to their unusual properties. Bis(tri-
fluoromethyl)nitroxyl radical 24 was obtained already in
the 60s of the last century by oxidation of the correspond-
ing hydroxylamine with fluorine, chlorine, silver(1) or (11)
oxide, mercury(i1) oxide, potassium permanganate,
cerium(1v) sulfate, potassium bromate, or other oxi-
dants.34—38 Organic radical 24 was the first representative
obtained by electrochemical oxidation of hydroxylamine
on platinum electrode (in 99% yield).3® Under normal
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Fig. 4. A fragment of the crystal structure of 4-chloro-5-(3,4-dichlorothiazol-5-yl)-1,2,3-dithiazolyl 22 (a); structure of the dimer of
4-chloro-5-pentafluorophenyl-1,2,3-dithiazolyl radical 23 from two angles (b),32 the shortest S...S distances are shown.

conditions, paramagnet 24 is a purple gas, which condenses
at —25 °C, forming a dark violet liquid, and becomes solid
at—>55-+—70 °C and forms pale yellow crystals. It is soluble
in water, its aqueous solution is pink-violet.34 Nitroxyl
radical 24 is very stable, it withstands heating up to 200 °C,
does not react with water, 10% aqueous NaOH, air oxygen,
stainless steel, or copper. At the same time, it easily reacts
with other types of free radicals, e.g., with NO, producing

O-nitroso-bis(trifluoromethyl)hydroxylamine.3” More-
over, radical 24 forms 2 : 1 adducts with olefins (ethylene,
tetrafluoroethylene, perfluoropropene, and perfluorocyclo-
betene). It also reacts with various organoelement com-
pounds possessing an element—H bond and haloalkanes,
producing diamagnetic products of radical substitution of
a hydrogen atom (Scheme 6).49—42 The treatment of an
excess of nitroxyl radical 24 with strong oxidants such as

Scheme 6
F F
(CF3)2NO
(CF3)2NO ON(CF3)2 g F (CF3)2NO
(99%) jE—F F F
HoC=CHp F > 1904
2C=CHg, F o
20°C 8ere
N
[(CFa)2NOJP(CFg)p < CF2k2PH B I
FsC~ ~CFs
Mﬂ(wy Vit
CHXYMe o~ CFs
(CF3),NOMn(CO) 5 &
(CF3):NOCXYMe FsC~ ~CFs
X=H,Y=F orCl; (849%)

X, Y = F; 72—76%
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PtFg, or O,"SbF¢~ results in the decomposition of the
paramagnet with elimination of trifluoromethyl radical,
which recombines with starting compound 24, producing
(CF3),NOCF; (38%).43 In addition, [(CF3),NO],CF, is
formed in low yield (~17%) in the reaction with O,*SbF¢~
(which is virtually O, SbF¢~+0.73 SbFs).

Other polyfluorinated nitroxyl radicals such as per-
fluoropiperidine N-oxyl 25 and perfluoromorpholine
N-oxyl 26, which are formed by photolysis of N-fluoro-
perfluoropiperedine and N-fluoroperfluoromorpholine,
respectively, in the presence of oxygen and subsequent
heating at ~140—175 °C,44:45 3so exhibit high stability.
Nitroxyl radicals 25 and 26 are volatile blue-violet liquids
(bp 51 and 60 °C, respectively). Their chemical properties
are similar to those of nitroxyl radical 24.

Fa
FgC/C\CFg FgC/O\CFg
cml*,\ /C|:F2 FZCI)\ /C|:F2
5 5
25 26

1,1,2,2-Tetrafluoro- N, N'-bis(trifluoromethyl)ethane-
1,2-diamine- N, N'-dioxyl 27 was synthesized by hydrolysis
ofthe adduct 2CF;NO - C,F, * PCl; and subsequent oxid-
ation with potassium permanganate in diluted sulfuric
acid.4® Polyfluorinated biradical 27 represents a dark violet
liquid with bp 55 °C at 769 Torr and chemical properties
analogous to those of nitroxyl radical 24. Indeed, compound
27 easily reacts with perfluoroalkenes (tetrafluoroethylene,
hexafluoropropene, efc.),

mainly leading to poly- O\ CF CF3
fluorinated co-polymers N—cFr;~ Z\N\
together with minor FsC o]
amounts of polyfluorinated 27
heterocycles.

The method for synthesis of the first representative of
polyfluoroaryl-tert-butylnitroxyl radicals, viz., N-tert-

butyl-N-[2,3,5,6-tetrafluoro-4-(1 H-pyrrol-1-yl)phenyl]-
nitroxyl radical 28, which is unusually stable, was de-
scribed.4” This radical was prepared by conventional
transformation of compound 29 into the corresponding
lithium derivative and subsequent treatment with 2-methyl-
2-nitrosopropane (Scheme 7). Hydroxylamine 30 obtained
in the 32% yield was quantitatively oxidized to target
radical 28. According to the X-ray diffraction data, the
dihedral angle between the plane of the N(—0O)Cg, moi-
ety and the plane of phenyl cycle in nitroxyl radical 28 is
close to 90°. Crystal structure of radical 28 is formed
by the packing of dimers, which arise due to the paired
n-stacking of polyfluorophenyl and pyrrole cycles.

A wide range of polyfluoroaryl-zert-butylnitroxyl rad-
icals was obtained in two steps. At the first step, the prod-
ucts of aminodefluorination are formed in the reaction of
polyfluoroarenes with rerr-butylamine. At the second step,
N-tert-butyl- N-arylamines are oxidized to the corresponding
nitroxyl radicals. The conditions used at the first step depend
on the reactivity of the polyfluoroarene with respect to the
nucleophile, viz., with respect to fert-butylamine in this case.
Polyfluorinated substrates, which are prone to nucleophilic
aromatic substitution, such as octafluorotoluene 31a and
pentafluorobenzonitrile 31b react with fert-butylamine
already at room temperature, producing anilines 32a,b in
quantitative yield (Scheme 8). Oxidation of substituted

Scheme 8
NHBut
31a,b 32a,b (99%) 33a,b (90%)

R =CF3(a), CN (b)
Reagents and conditions: i. BuNH,, CHCIs. ii. m-CPBA, CHClI;.

Scheme 7
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anilines 32a,b with m-chloroperoxybenzoic acid leads to
stable nitroxyl radicals 33a,b in yield exceeding 90%.48

This method has proven itself to be effective in the
synthesis of paramagnetic perfluoropyridine derivatives.
For example, the reactions of pentafluoropyridine 34a and
3,5-dichloro-2,4,6-trifluoropyridine 34b with zert-butyl-
amine gave products of para-substitution 35a,b, oxidation
of which led to radicals 36a,b (Scheme 9). The latter turned
out less stable than radicals 33a,b and were not isolated
pure. At the same time, stable molecular complexes of the
1:2or1: 1 compositions, viz., [Cu(hfac),(36b),],
[Cu(hfac),36a], and [Cu(hfac),36b], are formed in mod-
erate yields in the reaction of nitroxyl radicals 36a,b with
Cu(hfac),. An analysis of the X-ray diffraction data%?
showed that the nitroxyl group exists in the axial position
in all obtained complexes, and the Ono—Cu bond lengths
vary from 2.402 to 2.481 A. Heterospin complexes
[Cu(hfac),(36b),], [Cu(hfac),36a], and [Cu(hfac),36b]
exhibited high stabilities, they withstood heating to
104—112 °C (their melting points). In addition, they were
highly volatile because of saturation with fluorine atoms. The
complexes were quantitatively sublimed within 85—90 °C
at pressure of 30 Torr, forming crystals, the structure of
which was identical to that before sublimation.

In the case of polyfluorinated substrates with a reduced
reactivity or if it is required to introduce two or more tert-
butylamine groups, the other two methods are helpful.
The first one is illustrated by the synthesis of nitroxyl bi-
radical 37, which is produced in a yield of up to ~90% by
the reaction of perfluorobiphenyl 38 with an excess of

lithium zert-butylamide and following oxidation of ob-
tained diamine 39 (Scheme 10).

Scheme 10

O, -Bu'

F NHBu' ©N
F l F F l F F ‘ F
F F i F F i F F
F ] F I F F ! F
F F F F F F
F NHBu' But/N\.O
38 39 37 (90%)

Reagents and conditions: ;. BuUNHLi, THF. ii. m-CPBA, CHCl;.

The second method consists in heating a mixture of
polyfluoroarene with an excess of ferf-butylamine in an
autoclave, which makes it possible to raise the temperature
to the value necessary for the reaction to occur. For in-
stance, heating of perfluoroiodobenzene 40 with fert-
butylamine in an autoclave at 120 °C made it possible to
obtain compound 41, which represents a key tetrafluori-
nated derivative of iodoaniline, which became a precursor
of two nitroxyl radicals 42 and 43 (Scheme 11). These
radicals can serve as paramagnetic building blocks in the
synthesis of spin-labeled compounds.5!
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Scheme 11
Bu'. But
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Si(CH3)3 (98%)
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1
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43 (58%)

Reagents and conditions: ;. BuNH,, 120 °C, autoclave. ii. HC=CSiMe;, ~20 °C, Pd(PPhs),,Cul, Et;N. iii. m-CPBA, CHCl;, ~20 °C.

iv. K,CO;, MeOH, ~20 °C.

Carrying out the reaction of polyfluorinated arenes
with fert-butylamine in an autoclave at specified tem-
peratures makes it possible to successively replace one,
two, or more fluorine atoms in the aromatic substrate. In
particular, one can obtain either mono- 45a,b or bis(ferz-
butylamino)nitrobenzenes 46a,b by the reaction of per-

fluoronitrobenzene 44 with fert-butylamine at different
temperatures. Their oxidation with m-chloroperoxyben-
zoic acid leads to corresponding mono- 47a,b and bi-
radicals 48a,b (Scheme 12). It should be noted that this
approach results in the formation of only meta-substituted
diamines, oxidation of which gives triplet diradicals 48a,b.

Scheme 12
F NHBut F .
4
F F F F F F But
i i \/\ /
— + — | ——N.
P N
F F F F F NHBu' 0
NO, NO» NO, NO»
76%)
N 45a,b ( Y,
44 N 47a,b (70—80%)
4 NHBu! F A But Fs But
\ ﬁ\/\ /
F F F F N N
+ ii Y4 N
But t © \% ©
F NHBu' \H H/B“ NO2
NO2 NO2 48a,b

46a,b (46%)

Reagents and conditions: i. Bu'NH,, 60 °C, autoclave. ii. m-CPBA, CHCl3, ~20 °C. iii. BuNH,, 100 °C.
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The advantage of tert-butylpolyfluoroarylnitroxyl radicals
is their higher stability in comparison with their non-
fluorinated analogs. In particular, E E
pentafluorophenylnitroxyl radical 49 0
remains intact after prolonged boil- ;
ing in benzene, whereas its non-
fluorinated analog undergoes dis- E E
proportionation to the corres- 49
ponding amine and quinone de-
rivative.52:53 In the case of the fluorinated derivatives, this
disproportionation is thermodynamically unfavorable be-
cause of higher strength of the C—F bond (116 kcal mol~1)
as compared to the C—H bond (98 kcal mol~—1).2:54

Consideration of a series of cyclic conjugated nitroxyl
radicals can be started with pentafluorophenyl-substituted
pyrrolinone 1-oxyl 50, which is stable in contrast to its
non-fluorinated analog. Multistage synthesis of oxyl 50
includes lithiation of 1-hydroxypentamethylimidazoline
51, and the following reaction of the formed dianion with
perfluorobenzene leads to intermediate radical 52. Then,
the paramagnetic product was reduced to hydroxylamine
53, which was transformed into dianion and reacted with

/
F N

Nt

Bu

ethyl benzoate. Thus obtained amino enone 54 was trans-
formed into cyclic B-oxonitrone 55, oxidation of which
led to target stable radical 50 (Scheme 13).55

N-Hydroxybenzimidazoles were proposed as conve-
nient easily modified precursors of the corresponding
N-oxyl radicals capable of catalyzing various reactions of
functionalization of C—H bonds. It has been shown that
the introduction of fluorine atoms into N-hydroxybenz-
imidazoles results in an increase in the dissociation energy
of the OH bond and stabilization of the corresponding
radicals, which substantially increases the yield of products
of the C—H functionalization reaction.5¢ The process of
benzylic C—H amination of ethylbenzene 56 catalyzed by
nitroxyl radicals, which are formed in sifu, can be taken
as an example. The use of polyfluorinated N-hydroxybenz-
imidazoles 57c,d as catalysts significantly increases the
yield of amination product 58 (Scheme 14).

The use of polyfluorinated N-hydroxybenzimidazoles
in the transformation of aldehydes such as compound 59
into acyl fluorides 60 under the action of Select-
fluor also has a substantial effect on the product yields
(Scheme 15).56

Scheme 13
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Reagents and conditions: i. 1) LDA, 2) C¢F, Et,0. ii. Zn, NH,CI, MeOH. iii. 1) LDA, 2) PhCO,Et, Et,0. iv. HCI, MeOH. v. MnO,, CHCl,.
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Reagents and conditions: Selectfluor (2 eq.), Cat (10 mol.%),
MeCN, ~20 °C.

Nitronyl nitroxyl radicals

A well-studied class of cyclic nitroxyl radicals is
3-oxido-2-imidazolin 1-oxyl radicals,37—%3 which will be
called below as nitronyl nitroxides. However, the number
of polyfluorinated representatives of this class of radicals
is not large. 2-Pentafluorophenyl-substituted nitronyl
nitroxide 61 was synthesized in the 24% yield by the reac-
tion of perfluorobenzaldehyde 62 and 2,3-bis(hydroxy-
amino)-2,3-dimethylbutane and subsequent oxidation of
formed 1,3-dihydroxyimidazolidine 63 (Scheme 16).94 In
accordance with the X-ray diffraction data, radical 61 in
the solid phase is characterized by the presence of inter-
molecular O...O contacts linking molecules into homo-
geneous magnetic chains.%5 At 3.4 K, nitronyl nitroxide 61
undergoes an unusual structural phase transition, which
results in the transformation of homogenous antiferromag-
netic chains into alternating chains. As a result, the magnetic
behavior of radical 61 at low temperatures (0.5—2 K) is
well described by the Heisenberg model of antiferro-
magnetic alternating chain with 2J/kg = —5.6 K and
a = 0.4.96:67 Note that such a structural phase transition was
not revealed for the non-fluorinated analog of this radical.

Interesting structural-magnetic correlations are inher-
ent in another polyfluorinated paramagnet, in tetrafluoro-
benzimidazolyl-substituted nitronyl nitroxide 64.68 In the
solid phase, molecules of this radical form ribbons due to
NH...N and NH...O hydrogen bond linkages. The ex-
change interactions of the ferromagnetic type take place
within these ribbons (J/kg =22 K in the framework of the

at 0.7 K in nitronyl nitroxide 64.70

F ‘0

"\ Me
F N N
\ (:, Me
. H [/\l Me
E d Me
64

Additional possibilities in the synthesis of polyfluorin-
ated paramagnets are opened by reactions proceeding with
the retention of the paramagnetic moiety. For instance,
adducts linked due to the carbonyl groups were obtained
in the reaction of lithium derivative 65 with polyfluoro-
1,4-naphthoquinones. It is noteworthy that the reaction of
2-methoxypentafluoro-1,4-naphthoquinones proceeds re-
gioselectively with the formation of only 2-(3,5,6,7,8-penta-
fluoro-1-hydroxy-2-methoxy-4-oxo-1,4-dihydronaph-
thalen-1-yl)-4,4,5,5-teramethyl-4,5-dihydro-1H-imid-
azole 3-oxide 1-oxyl 66 (Scheme 17). A biradical adduct,
2,3,5,6,7,8-hexafluoro-1,4-bis(4,4,5,5-tetramethyl-3-
oxido-1-oxylo-4,5-dihydro-1H-imidazol-2-yl)-1,4-di-
hydronaphthalene-1,4-diol 67 was prepared by the reac-
tion of hexafluoro-1,4-naphthoquinone with an excess of
nitronyl nitroxide 65. Molecular and crystal structures of
this compound were solved by the X-ray diffraction study.”!
It is interesting to note that according to ESR data, bi-
radical 67 and monoradical 66 are stable in water, however
in toluene solutions, they undergo rather fast deoxygen-
ation to iminonitroxide derivatives.

In contrast to polyfluorinated quinones, in the case of
polyfluoroarenes, the substitution of the fluorine atom
resulting in the formation of the corresponding nitronyl
nitroxide derivatives occurs under the action of radical 65.
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Scheme 17
Me b F 0O
N R
Me 3 _
MeM N\‘ . THF
e \
F (0] F
65

In particular, the reaction of compound 65 with perfluoro-
benzonitrile leads to 2-cyanotetrafluorophenyl-substituted
radical 66 and a minor product, which is Csp3-bound
biradical 67 (Scheme 18). Nitronyl nitroxide 66 prepared
using the NaNO,/AcOH system easily undergoes deoxy-
genation, forming corresponding iminonitroxide radical
68 in a yield of up to 75%.72

Besides perfluorobenzonitrile, a wide range of poly-
fluorinated substrates are able to react with lithiated
radical 65, forming corresponding polyfluoroaryl-sub-
stituted nitronyl nitroxides 69—72.73:74 It is notice-
able that the regioselective substitution of the fluorine
atom in the para-position relative to the functional group
of the polyfluorinated substrate takes place in all cases
(Scheme 19).

It is clear that the yields of the substitution products
decrease with decreasing the substrate reactivity. The
problem of low yields was not solved even when an alter-

native approach was used, which consisted in carrying out
the cross-coupling of fluorinated iodides with an organo-
gold derivative of nitronyl nitroxide.” The relevant ex-
amples are the interaction of iodide 73 with organogold
derivative 74, which produced target product 75 in a yield
of only 4% (Scheme 20),76 and an attempt to carry out
a similar reaction with perfluoroiodobenzene, which was
unsuccessful.”5:77,78

Substituted benzimidazole 3-oxide 1-oxyls represent
another family of nitroxide radicals. Their flat structures
in combination with an efficient spin density delocalization
promotes the appearance in the solid phase of rather strong
intermolecular exchange interactions of both antiferro-
magnetic and ferromagnetic types. The highest energy of
antiferromagnetic exchange, J/kg = 66 K, was detected
for one of crystalline modifications of 3-oxidobenzimid-
azole l-oxyl radical containing the 2,6-difluorophenyl
substituent 76a.7? On going to pentafluorophenyl derivative

Scheme 18
FF
F CN Me i E F
N
Me
65 L» \) CN +
THF, —-80°C Me N/
\
Me o F F
NaNOz/ACE’V 66 (34%)
(0]
Me s F F
Me N CN
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Me N
Me F
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Scheme 19
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76b, the type of the exchange interactions is changed to
antiferromagnetic (6 = —37°).

pF PIRF
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Radical cations and anions

Although a small, but very specific group of polyfluor-
inated radical cations and anions deserves a separate
consideration. Paradoxically, the introduction of a large
number of fluorine atoms into the aromatic substrate
protects the radical cation formed in a one-electron oxid-

THF, -80 °C

F.Co—CoFs  Me—1—N
L )
Me N/

ation from transformations both during production and
during subsequent manipulations. For instance, the prep-
aration of salts of the CqHg " radical cation remains
unresolved problem, whereas salts of C4F¢ "+ were not only
isolated, but also structurally characterized.8® An un-
doubted achievement are the preparation of the salt
Cg¢Fg "Os,F |~ in the crystalline form by the reaction of
C¢Fg with OsFg in HF in the presence of SbF5 and syn-
thesis of the salt C¢F¢ *Sb,F;;~ by the reaction of
0,"Sb,F,,;~ with C¢Fg and the subsequent recrystallization
of both salts from cold HF. According to the X-ray dif-
fraction data, the radical cation C¢F4 " in these salts
exists in two forms, which are the quinoid and bisallyl
forms (Fig. 5).80 It is noticeable that the lengths of all
C—F bonds in these forms are shorter than in the starting
perfluorobenzene.

Salts containing polyfluorinated radical anions such as
radical anion of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane (TCNQF4)31 are well known. In par-
ticular, stable complexes of 1 : 1 composition obtained by

Fig. 5. Two types of molecular structures of the C¢F4" " radical
cation in salt C¢F4" *Sb,F;~: a quinoid structure (@) and bisallyl
structure (b); both are of D,, symmetry within experimental
error.80 Image is reprinted with permission from John Wiley
and Sons.
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the interaction of equimolar amounts of verdazyl radicals
77a—c and TCNQF4 were isolated in the pure form, and
their molecular and crystal structures were established by
X-ray diffraction.82 Complexes {77 - TCNQF4} are charac-
terized by low magnetic susceptibility, which is attributed
by the authors to strong antiferromagnetic spin interaction
within stacks formed by TCNQF4* ~ radical anions.

Ph
/
N—N
R— >—</ >
l.\l—N
Ph
77a—c
R = MeO (a), Me (b), Cl (c)
Conclusions

Thus, the material presented in the review testifies to
the ability of the fluorine atom to dramatically affect the
chemical and physicochemical properties of organic
radicals. The introduction of fluorine atoms into those
moieties of paramagnets, in which an increased spin den-
sity is concentrated, significantly increases stability of these
species. In particular, this makes it possible to replace
bulky alkyl groups in organic radicals by significantly
smaller CF5 groups or even a fluorine atom, while main-
taining or even increasing the stability of paramagnetic
substrates. This effect can be useful in a wide variety of
research areas.

In the field of molecular magnetics,33:84 the use of
polyfluorinated radicals opens the way to creation of
stable carriers of unpaired electron density with a planar
structure, which are necessary for the formation of solid
phases with high energies of intermolecular exchange
interactions. In addition, the use of polyfluorinated sub-
strates and building blocks will undoubtedly lead to revo-
lutionary changes in the design of stable high-spin organic
systems and polymer magnets, as well as magnetic thermo-
and photoinduced switches.

For the development of the field of magnetically active
graphene nanoribbons83 and quantum dots, the develop-
ment of methods for assembling their derivatives with
polyfluorinated edges will undoubtedly be of great impor-
tance. The study of such derivatives makes it possible to
reveal the specific effect of fluorine atoms on the edge
states of graphene nanostructures, their electronic struc-
ture, electrical conductivity, as well as interaction with
the substrate and guest molecules.

The introduction of a fluorine atom into a paramagnetic
molecule changes the solubility of the compound, increases
its volatility, significantly affects the basicity and acidity
of functional groups, as well as the tendency to form hydr-
ogen bonds.3:86 These properties, individually and col-

lectively, can be useful in the production of thin films by
physical vapor deposition and in the creation of two-di-
mensional heterospin structures or magnetically active
frame materials. In addition, the transition to polyfluori-
nated derivatives of organic paramagnets significantly shifts
the redox potentials relative to those of non-fluorinated
analogs. Taking into account the increased stability of their
reduced forms, such paramagnets can find application as
effective cathode materials in electric batteries.

The world of polyfluorinated radicals is still poorly
understood; in its unexplored corners, it still harbors many
mysteries. We hope that this review will awaken the inter-
est of representatives of different schools working in the
field of organic radical synthesis in the preparation of
polyfluorinated derivatives and their use in the design of
new materials.

This work was performed under financial support of
the Russian Science Foundation (Project No. 21-73-20079).

This paper does not contain descriptions of studies on
animals or humans.

The authors declare no competing interests.

References

1. Fluorine in Heterocyclic Chemistry. Vols 1, 2, Ed. V. Nenaj-
denko, Springer, Heidelberg, 2014.

2. P. Kirsch, Modern Fluoroorganic Chemistry. Synthesis, Reac-
tivity, Applications, 2nd Completely Revised and Enlarged
Edn., Wiley-VCH, Weinheim, 2013, 384 pp.

3. L. V. Politanskaya, G. A. Selivanova, E. V. Panteleeva, E. V.
Tretyakov, V. E. Platonov, P. V. Nikul "shin, A. S. Vinogradov,
Ya. V. Zonov, V. M. Karpov, T. V. Mezhenkova, A. V. Vasilyev,
A. B. Koldobskii, O. S. Shilova, S. M. Morozova, Ya. V.
Burgart, E. V. Shchegolkov, V. 1. Saloutin, V. B. Sokolov,
A. Yu. Aksinenko, V. G. Nenajdenko, M. Yu. Moskalik, V. V.
Astakhova, B. A. Shainyan, A. A. Tabolin, S. L. loffe, V. M.
Muzalevskiy, E. S. Balenkova, A. V. Shastin, A. A. Tyutyunov,
V. E. Boiko, S. M. Igumnov, A. D. Dilman, N. Yu. Adonin,
V. V. Bardin, S. M. Masoud, D. V. Vorobyeva, S. N. Osipov,
E. V. Nosova, G. N. Lipunova, V. N. Charushin, D. O. Prima,
A. G. Makarov, A. V. Zibarev, B. A. Trofimov, L. N. Sobenina,
K. V. Belyaeva, V. Ya. Sosnovskikh, D L Obydennov, S. A. Usacheyv,
Russ. Chem. Rev., 2019, 88, 425; DOI: 10.1070/RCR4871.

4. N. V. Volchkov, M. B. Lipkind, O. M. Nefedov, Russ. Chem.
Bull., 2019, 68, 1232; DOI: 10.1007/s11172-019-2546-8.

5. E. V. Tretyakov, A. M. Maksimov, P. V. Nikul'shin, T. V.
Mezhenkova, Russ. Chem. Bull., 2021, 70, 995; DOI: 10.1007/
s11172-021-3178-3.

6.S. A. Prikhod ko, A. Yu. Shabalin, M. M. Shmakov, V. V.
Bardin, N. Yu. Adonin, Russ. Chem. Bull., 2020, 69, 17; DOI:
10.1007/s11172-020-2719-5.

7. V. P. Reddy, Organofluorine Compounds in Biology and
Medicine, Elsevier, Amsterdam, 2015, 312 pp.; DOI: 10.1016/
C2010-0-64780-8.

8. V. Romanov, E. Tretyakov, G. Selivanova, J. Li, 1. Bagryan-
skaya, A. Makarov, D. Luneau. Crystals, 2020, 10, 786; DOI:
10.3390/cryst10090786.



Polyfluorinated organic paramagnets

Russ. Chem. Bull., Int. Ed., Vol. 70, No. 12, December, 2021

2313

9.

10.

11.

13.

14.

15.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

G. A. Selivanova, E. V. Tretyakov, Russ. Chem. Bull., 2020,
69, 838; DOI: 10.1007/s11172-020-2842-3.

S. V. Chapyshev, D. V. Korchagin, E. Ya. Misochko, Russ.
Chem. Rev., 2021, 90, 39; DOI: 10.1070/RCR4965.

G. I. Likhtenshtein, Nitroxides. Brief History, Fundamentals,
and Recent Developments, Springer Nature, Switzerland AG,
2020, 316 pp.; DOI: 10.1007/978-3-030-34822-9.

. S. Kumar, Y. Kumar, S. K. Keshri, P. Mukhopadhyay,

Magnetochem., 2016, 2, 42; DOI: 10.3390/magnetochemis-
try2040042.

Stable radicals: fundamentals and applied aspects of Odd-
Electron Compounds, Ed. R. G. Hicks, John Wiley & Sons,
Chichester, 2010, 620 pp.; DOI: 10.1002/9780470666975.
L. B. Volodarsky, V. A. Reznikov, V. 1. Ovcharenko, Synthetic
chemistry of stable nitroxides, CRC Press Taylor & Francis Group,
Boca Raton, 1994, 236 pp.; DOI: 10.1201/9780203710159.
L. B. Volodarsky, I. A. Grigoriev, S. A. Dikanov, V. A.
Reznikov, G. I. Shchukin, Imidazolinovye nitroxilnye radicaly
[Imidazoline nitroxyl radicals], 1zd-vo Nauka, Novosibirsk,
1988, 216 pp. (in Russian).

. K. V. Scherer, Jr., T. Ono, K. Yamanouchi, R. Fernandez,

P. Henderson, J. Am. Chem. Soc., 1985, 107, 718; DOI:
10.1021/ja00289a042.

H. Meia, J. Hana, S. Whiteb, G. Butlerb, V. A. Soloshonok,
J. Fluor. Chem., 2019, 227, 109370.

C. Trapp, C.-S. Wang, R. Filler, J. Chem. Phys., 1966, 45, 3472.
R. Filler, A. E. Fiebig, B. K. Mandal, J. Fluor. Chem., 2000,
102, 185.

A, Kikuchi, F. Iwahori, J. Abe, J. Am. Chem. Soc., 2004,
126, 6526.

C. Finke, D. Grote, R. W. Seidel, S. V. Chapyshev, W. Sander,
J. Phys. Org. Chem., 2012, 25, 486.

K. Haider, N. Soundararajan, M. Shaffer, M. S. Platz,
Tetrahedron Lett. 1989, 30, 1225.

J. M. Rawson, A. J. Banister, I. Lavender, Adv. Heterocycl.
Chem., 1995, 62, 137.

A. Decken, T. S. Cameron, J. Passmore, J. M. Rautiainen,
R. W. Reed, K. V. Shuvaev, L. K. Thompson, Inorg. Chem.,
2007, 46, 7436.

K. V. Shuvaev, A. Decken, F. Grein, T. S. M. Abedin, L. K.
Thompson, J. Passmore, Dalton Trans., 2008, 4029.

A.J. Bannister, N. Bricklebank, W. Clegg, M. R. J. Elsegood,
C. I. Gregory, I. Lavender, J. M. Rawson, B. K. Tanner,
J. Chem. Soc., Chem. Commun., 1995, 679.

A.J. Bannister, N. Bricklebank, I. Lavender, J. M. Rawson,
C. I. Gregory, B. K. Tanner, W. Clegg, M. R. J. Elsegood,
F. Palacio, Angew. Chem., Int. Ed. Engl., 1996, 35, 2533.

F. Palacio, G. Antorrena, M. Castro, R. Burriel, J. Rawson,
J. N. B. Smith, N. Bricklebank, J. Novoa, C. Ritter, Phys.
Rev. Lett., 1997, 79, 2336.

A. Alberola, R.J. Less, C. M. Pask, J. M. Rawson, F. Palacio,
P. Oliete, C. Paulsen, A. Yamaguchi, R. D. Farley, D. M.
Murphy, Angew. Chem., Int. Ed., 2003, 42, 4782.

J. Zienkiewicz, P. Kaszynski, V. G. Young, J. Org. Chem.,
2004, 69, 7525.

P. Kaszynski, Molecules, 2004, 9, 716.

L. Beer, A. W. Cordes, R. C. Haddon, M. E. Itkis, R. T.
Oakley, R. W. Reeda, C. M. Robertson, Chem. Commun.,
2002, 1872; DOI: 10.1039/B204855H.

T. M. Barclay, A. W. Cordes, L. Beer, R. T. Oakley, K. E.
Preuss, N. J. Taylor, R. W. Reed, Chem. Commun., 1999, 531;
DOI: 10.1039/A809951K.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48

49.
50.

51.

52.

53.

54

55.

56.

57.

58.

60.

S. P. Makarov, A. Ya. Yakubovich, S. S. Dubov, A. N. Med-
vedev, Dokl. Akad. Nauk SSSR, 1965, 160, 1319 (in Russian).
S. P. Makarov, A. Ya. Yakubovich, S. S. Dubov, A. N. Med-
vedev, Zh. Vses. Khim. Ob-va im. D. 1. Mendeleeva |J. of the
All-Union Chem. Soc. named after D. I. Mendeleev], 1965, 10,
106 (in Russian).

US Pat. 3200158; Chem Abstr., 1965, 63, 71364.

W. D. Blackley, R. R. Reinhard, J. Am. Chem. Soc., 1965,
87, 802.

B. L. Booth, E. D. Kosinski, J. S. Varley, J. Fluor. Chem.,
1987, 37, 419.

A. P. Tomilov, Yu. D. Smirnov, A. F. Videiko, Electrokhimiya
[ Electrochemistry], 1966, 2, 603 (in Russian).

R. E. Banks, R. N, Haszeldine, M. J. Stevenson, J. Chem.
Soc. C, 1966, 901.

H. G. Ang, Chem. Commun, 1968, 1320; DOI: 10.1039/
C19680001320.

R. E. Banks, J. A. Bernardin, R. N. Haszeldine, B. Justin,
A. Vavayanni, J. Fluor. Chem., 1981, 17, 331.

K. O. Christe, C. J. Schack, R. D. Wilson, D. Pilipovich,
J. Fluor. Chem., 1974, 4, 423.

R. E. Banks, K. Mullen, G. E. Williamson, J. Chem. Soc. C,
1968, 2608.

R. E. Banks, A. J. Parker, M. J. Sharp, G. F. Smith, J. Chem.
Soc., Perkin I, 1973, 5.

R. E. Banks, K. C. Eapen, R. N. Haszeldine, P. Mitra,
T. Myerscough, S. Smit, J. Chem. Soc., Chem. Comm., 1972,
833; DOI: 10.1039/C39720000833.

Z. Delen, P. M. Lahti, Polyhedron, 2007, 26, 2031.

. E. Tretyakov, P. Fedyushin, E. Panteleeva, L. Gurskaya,

T. Rybalova, A. Bogomyakov, E. Zaytseva, M. Kazantsev,
1. Shundrina, V. Ovcharenko, Molecules, 2019, 24, 4493.
Pat. RF 2736262; Byul. Izobret. [ Inventor Bull.], 2020, 32.
P. Fedyushin, T. Rybalova, N. Asanbaeva, E. Bagryanskaya,
A. Dmitriev, N. Gritsan, M. Kazantsev, E. Tretyakov,
Molecules, 2020, 25, 2701.

L. V. Politanskaya, P. A. Fedyushin, T. V. Rybalova, A. S.
Bogomyakov, N. B. Asanbaeva, E. V. Tretyakov, Molecules,
2020, 25, 5427.

A. R. Forrester, R. H. Thomson, Nature (London), 1964,
203, 74.

A. Calder, A. R. Forrester, Chem. Commun., 1967, 682.

. B. P. Nikolskii, V. A. Rabinovich, in Spravochnik khimika

[Chemist's Handbook], Vol. 1, 1zd-vo Khimiya, Moscow—
Leningrad, 1966, 1071 pp. (in Russian).

V. A. Reznikov, L. A. Vishnivetskaya, L. B. Volodarskii, Russ.
Chem. Bull., 1993, 42, 1547; DOI: 10.1007/BF00699192].
T. Yoshii, S. Tsuzuki, S. Sakurai, R. Sakamoto, J. Jiang,
M. Hatanaka, A. Matsumoto, K. Maruoka, Chem. Sci., 2020,
11, 5772.

E. V. Tretyakov, V. I. Ovcharenko, Russ. Chem. Rev., 2009,
78, 971; DOI: 10.1070/RC2009v078n11ABEH004093.

E. V. Tretyakov, S. V. Fokin, E. M. Zueva, A. O. Tkacheva,
G. V. Romanenko, A. S. Bogomyakov, S. V. Larionov, S. A.
Popov, V. I. Ovcharenko, Russ. Chem. Bull., 2014, 63, 1459;
DOI: 10.1007/s11172-014-0621-8.

. E. M. Zueva, E. V. Tretyakov, S. V. Fokin, G. V. Romanenko,

A. O. Tkacheva, A. S. Bogomyakov, O. V. Petrova, B. A.
Trofimov, R. Z. Sagdeev, V. I. Ovcharenko, Russ. Chem. Bull.,
2016, 65, 666; DOI: 10.1007/s11172-016-1353-8.

R. Z. Sagdeev, S. E. Tolstikov, S. V. Fokin, I. V. Obsharova,
S. V. Tumanov, S. L. Veber, G. V. Romanenko, A. S.



2314

Russ. Chem. Bull., Int. Ed., Vol. 70, No. 12, December, 2021

Tretyakov and Fedyushin

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Bogomyakov, M. V. Fedin, E. V. Tretyakov, M. Halcrow, V. 1.
Ovcharenko. Russ. Chem. Bull., 2017, 66,222; DOI: 10.1007/
s11172-017-1722-y.

N. A. Artiukhova, G. V. Romanenko, G. A. Letyagin, A. S.
Bogomyakov, S. E. Tolstikov, V. I. Ovcharenko, Russ. Chem.
Bull., 2019, 68, 732; DOI: 10.1007/s11172-019-2480-9.

G. V. Romanenko, O. V. Kuznetsova, E. V. Tretyakov, Russ.
Chem. Bull., 2020, 69, 1530; DOI: 10.1007/s11172-020-2932-2.
G. V. Romanenko, O. V. Kuznetsova, E. V. Tretyakov, Russ.
Chem. Bull., 2021, 70, 864; DOI: 10.1007/s11172-021-3160-0.
J. Goldman, T. E. Petersen, K. Torssell, J. Becher, Tetrahedron,
1973, 29, 3833.

K. Nozawa, Y. Hosokoshi, D. Shiomi, M. Tamura, N. Iwa-
sawa, H. Sawa, R. Kato, M. Kinoshita, Synth. Met., 1993,
56, 3323.

M. Takahashi, Yu. Hosokoshi, H. Nakano, T. Goto, M. Ta-
kahashi, M. Kinoshita, Mol. Cryst. Lig. Cryst. Sci. Tech.,
Section A: Mol. Cryst. Lig. Cryst., 1997, 306, 111.

T. Harada, K. Shimizu, T. Matsushita, N. Wada, Yu. Hoso-
koshi, J. Phys.: Confer. Ser., 2012, 400, 032016.

P. M. Lahti, Adv. Phys. Org. Chem., 2011, 45, 93.

H. Murata, Z. Delen, P. M. Lahti, Chem. Mater., 2006,
18, 2625.

H. Murata, Y. Miyazaki, A. Inaba, A. Paduan-Filho,
V. Bindilatti, Jr. N. F. Oliveira, Z. Delen, P. M. Lahti, J. Am.
Chem. Soc., 2008, 130, 186.

S. I. Zhivetyeva, 1. A. Zayakin, 1. Yu. Bagryanskaya, E. V.
Zaytseva, E. G. Bagryanskaya, E. V. Tretyakov, Tetrahedron,
2018, 74, 3924.

E. V. Tretyakov, P. A. Fedyushin, E. V. Panteleeva, D. V.
Stass, I. Yu. Bagryanskaya, I. V. Beregovaya, A. S. Bogomya-
kov, J. Org. Chem., 2017, 82, 4179.

P. Fedyushin, E. Panteleeva, I. Bagryanskaya, K. Maryunina,
K. Inoue, D. Stass, E. Tretyakov, J. Fluor. Chem., 2019, 217, 1.

74.

76.

77.

78

80.

81.

82.

83.

84.

85.

86.

P. Fedyushin, L. Gurskaya, E. Panteleeva, B. Koshcheev,
A. Maksimov, T. V. Rybalova, E. Zaytseva, E. Tretyakov,
Fluorine Notes, 2019, 123, 7.

. R. Tanimoto, S. Suzuki, M. Kozaki, K. Okada, Chem. Lett.,

2014, 43, 678.

E. V. Tretyakov, T. V. Makhneva, L. V. Politanskaya, 1. Yu.
Bagryanskaya, D. V. Stass, J. Struct. Chem., 2018, 59, 689.
DOI: 10.1134/S002247661803028S.

S. Suzuki, F. Nakamura, T. Naota, Mater. Chem. Front., 2018,
2, 591.

. S. Suzuki, F. Nakamura, T. Naota, Org. Lett., 2020, 22, 1350.
79.

A. Zakrassov, V. Shteiman, Y. Sheynin, B. Tumanskii,
M. Botoshansky, M. Kapon, A. Keren, M. Kaftory, T. E. Vos,
J. S. Miller, J. Mater. Chem., 2004, 14, 1827.

H. Shorafa, D. Mollenhauer, B. Paulus, K. Seppelt, Angew.
Chem., Int. Ed., 2009, 48, 5845.

R. C. Wheland, J. L. Gillson, J. Am. Chem. Soc., 1976,
98, 3916.

S. Nakatsuji, A. Kitamura, A. Takai, K. Nishikawa, Yu. Mo-
rimoto, N. Yasuoka, H. Kawamura, H. Anzai, Zeitschrift fiir
Naturforschung B, 1998, 53, 495.

a- Electron Magnetism, From Molecules to Magnetic Materials,
Ed. J. Veciana, Springer—Verlag, Berlin—Heidelberg, 2001,
208 pp.; DOI: 10.1007/3-540-44684-2.

E. Coronado, Nature Reviews Mater., 2020, 5, 87.

Yu. A. Ten, N. M. Troshkova, E. V. Tretyakov, Russ. Chem.
Rev., 2020, 89, 693; DOI: 10.1070/RCR4923.

E. P. Gillis, K. J. Eastman, M. D. Hill, D. J. Donnely, N. A.
Meanwell, J. Med. Chem., 2015, 58, 8315.

Received July 9, 2021;
in revised form August 26, 2021;
accepted September 22, 2021




	Polyfl uorinated organic paramagnets
	Abstract
	Introduction
	Synthetic methods and propertiesof polyfl uorinated organic radicals
	Alkyl radicals
	Triarylmethyl radicals
	Imidazolyl biradicaloids
	Aminyl radicals
	Thiadiazinyl and dith iazolyl radicalsThe introduction of fl uorine (or chlorine) atoms
	Nitroxyl radicals
	Nitronyl nitroxyl radicals
	Radical cations and anions
	Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 25
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /CourierA
    /CourierA-Bold
    /CourierA-BoldOblique
    /CourierA-Oblique
    /MathFont1
    /NewStandardA
    /NewStandardA-Bold
    /NewStandardA-BoldItalic
    /NewStandardA-Italic
    /NewtonC
    /NewtonC-Bold
    /NewtonC-BoldItalic
    /NewtonC-Italic
    /PragmaticaC
    /PragmaticaC-Bold
    /PragmaticaC-BoldOblique
    /PragmaticaC-Oblique
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 202
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 202
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 610
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.48689
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.001 840.999]
>> setpagedevice


