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Polyfluorinated Blatter radicals
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The first benzotriazinyl radicals containing fluorine atoms
in both aryl substituents were synthesized from poly-
fluorophenylhydrazines and 4-fluoro-N-phenylbenzimidoyl
chloride. Their crystal structure and magnetic properties
were studied thus revealing strong antiferromagnetic
interactions (J/kg from —160 to —185 K).
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The exploration of open-shell compounds has sparked
considerable interest and become a broadly investigated
subject.'™ New approaches to their synthesis and stabilization
led to a wide variety of radicals with lifetime sufficient for many
applications. Among them, there are 1,4-dihydro-1,2,4-benzo-
triazin-4-yl radicals known as Blatter radicals.>® Due to their
stability, Blatter radicals are used in molecular grafting and
design,” spintronics and electronics,®® as polymerization
initiators,'®!! photodetectors,'? qubits for quantum computing,'
and for the production of liquid crystals.!*1

In our previous studies, we have found that the presence of
fluorine atoms in the arene part of the triazinyl core substantially
affected the packing of Blatter radicals and their magnetic
properties.'®!7 To expand the structural diversity of fluorinated
1,2,4-benzotriazinyl radicals and to shed light on their inherent
structure—property correlations, we report the synthesis and
complete characterization of benzotriazinyl radicals containing
F atoms in both phenyl substituents, namely 1-(2,3,6-trifluoro-
phenyl)- (1a), 1-(2,3,5,6-tetrafluorophenyl)- (1b), and
1-(2,3,4,5,6-pentafluorophenyl)-3-(4-fluorophenyl)-1,4-di-
hydro-1,2,4-benzotriazin-4-yl (1c).

The syntheses of radicals 1la—c involved in situ oxidation of
the corresponding amidrazones giving 1,2,4-triazabutadienes,
which were then subjected to electrocyclic ring closure to form
benzotriazines, which were next oxidized to the target products
(Scheme 1).'8-2! Chemically pure samples of 1,2,4-benzotriazinyl
radicals la—c were obtained by column chromatography on
silica gel followed by recrystallization from a mixture of CH,Cl,
with n-hexane. The obtained radicals were comprehensively
studied in solution and in the solid state.

Voltammetric curves of compounds la—c obtained in MeCN
and DMF are shown in Figures 1 and S6-S11 (see Online
Supplementary Materials); potentials are summarized in Table 1.
All the compounds are reduced and oxidized reversibly in both
media with peak potential differences of 63-69 mV, which is
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very close to the theoretical value for a fully reversible process
(59 mV).?! Considering the acceptor nature of fluorine, one
would expect a decrease in reduction potentials and an increase in
oxidation potentials in the series 1a—c. Indeed, the corresponding
values E[% for 1la—c are 954, —896, and —888 mV in MeCN and
-952,-934, and —885 mV in DMF.

Oxidation potentials E} in the series la-¢ are even less
sensitive to the increase in the number of fluorine atoms in the
1-aryl substituent; the corresponding values are 231, 270, and
278 mV in MeCN and 240, 234, and 275 mV in DMF. Thus, the
observed change in redox potentials is rather small, and the
solvent has almost no effect on them.

Continuous-wave ESR spectra of 1,2,4-benzotriazinyls 1la—c
were recorded at room temperature in degassed toluene solutions.
All spectra consist of seven-line multiplets resulting from
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Scheme 1 Reagents and conditions: i: 4-fluoro-N-phenylbenzimidoyl
chloride, Et;N, THF, 24 h, room temperature; ii: MnO,, CH,Cl,, 630 h,
room temperature.
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Figure 1 Cyclic voltammetry curves of oxidation and reduction of la
(1x103 M) in 0.1 M BuyNBF,/MeCN on a glassy carbon disk electrode at a
potential sweep rate of 0.1 V s~!.

Table 1 Potentials of forward (fw) and reverse (rev) peaks of the volt-
ampere reduction (red) and oxidation (ox) curves and half-wave potentials
for compounds la—c.

Radical Solvent ER™ ER™ g gD prox g
1a® MeCN  —989%  —920¢ -954 263 199 231
DMF  -984 -919  -952 274 207 240
1b MeCN  —920  -862  -896 303 236 270
DMF  -967 -900  -934 267 200 234
Ie MeCN 919  -856  -888 312 245 278
DMF 918 -852 -885 308 242 275

“Cyclic voltammetry curves were registered on a glass-carbon electrode in
0.1 M BuyNPF¢/MeCN and DMF. ?All values are in mV relative to Ag/AgClL.
“Values of potentials were obtained by extrapolating the ‘peak potential—
peak current’ dependencies to the zero current for curves recorded at 25, 50,
100, 200, 500, and 1000 mV s~

hyperfine interactions between an unpaired electron and three
similar but slightly nonequivalent '*N nuclei (Figures 2, S12 and
S13). For 1a, hyperfine coupling (HFC) constants and g,
determined via modeling of EPR spectrum and calculated
at the UB3LYP/def2-QZVP level, are N 0.69/0.52,
Ay = 0.52/0.46, and Ay = 0.55/0.50 mT with
g =2.0040/2.0034. A comparison of the calculated HFC
constants and Mulliken spin populations of the N atoms
(Figure S15) showed that they do not correlate, which can be
explained by a small deviation from the planarity of the triazinyl
ring. This deviation leads to a small difference in the hybridization
of the N atoms and consequently in the populations of their
s-type atomic orbitals.

Single crystals of radicals la—c were grown by slow
evaporation of their solutions in a mixture of n-hexane with
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Figure 2 Experimental (black) and simulated (red) ESR spectra for a
degassed ~107 M solution of 1a in toluene at 298 K.

CH,(Cl,. X-ray diffraction revealed that radicals 1a, 1b, and 1c
crystallized in monoclinic space groups Pc and P2, and triclinic
space group PI, respectively (Figure 3, Table S1 in Online
Supplementary Materials)." Selected bond lengths, contacts, and
torsion angles in 1a—c are summarized in Table S2.

In the structure of both 1a and 1b, four crystallographically
independent molecules are similar in bond lengths; they differ in
the angle of rotation of the plane of the tri- or tetrafluorophenyl
ring relative to the bicycle plane. As for the monofluorinated
rings, they lie almost in the plane of the heterocyclic nucleus
(Table S2). The asymmetric unit of 1c¢ contains two
crystallographically independent molecules also differing in the
angle of rotation of the plane of the pentafluorophenyl ring
toward the heterocyclic plane.

According to the data of XRD analysis, crystals of 1la—c have
a network of short contacts (less than the sum of van der Waals
radii) of C-H--F, F---F, and C--C types (Figures S3-S5,
Table S2). As the number of fluorine atoms increases, there is a
tendency for a decrease in the length of respective contacts, and

Figure 3 An ORTEP diagram of polyfluorinated radical 1c at the 50%
probability level and a crystallographic numbering scheme of selected
nonhydrogen atoms.

T Crystal data for 1a. CH,oF,N; (M =356.30), monoclinic,
a=7.674909), b=13.2865(15) and c=29.611(3) A, B =96.469(4)°,
V'=3000.3(6) A3, space group Pc, Z=8, d.=1578gcm>,
F(000) = 1448, u=0.131 mm~'. A total of 30753 reflections (9337
unique, R;, =0.0884) were measured with a Bruker D8 Venture
diffractometer ~ (graphite  monochromatized MoKa  radiation,
A=0.71073 A) using ®- and @-scan modes at 100(2) K. The final
residuals were R; =0.0657 for 6583 reflections with />20(I) and
wR, = 0.1688 for all data and 967 parameters. GoF = 1.065.

Crystal data for 1b. CgHgFsN; (M =374.29), monoclinic,
a=7.72710(10), b = 29.9761(5) and ¢ = 13.2726(2) A, f = 91.0326(9)°,
V=3073.81(8) A3, space group P2,, Z=8, d..=1618gcm>,
F(000) = 1512, u=1.229 mm™". A total of 38954 reflections (11522
unique, R;, =0.0815) were measured with a Bruker D8 Venture dif-
fractometer (graphite monochromatized CuKo. radiation, A = 1.54178 A)
using ®- and @-scan modes at 200(2) K. The final residuals were

R, =0.0575 for 9737 reflections with /> 20(/) and wR, = 0.1690 for all
data and 974 parameters. GoF = 1.043.

Crystal data for 1lc. C;gHgFgN; (M =392.28), triclinic,
a=7.5444(4), b = 13.4606(5) and c = 15.7307(8) A, a = 102.175(2)°,
B =96.784(3)°, y = 91.454(3)°, V= 1548.54(13) A3, space group PI,
Z=4,d..=1.683 gcm3, F(000) =788, u=0.153 mm'. A total of
5508 reflections (5508 unique, R;, = 0.0637) were measured with a
Bruker D8 Venture diffractometer (graphite monochromatized MoKo
radiation, A = 0.71073 A) using ®- and @-scan modes at 100(2) K.
The final residuals were R, =0.0601 for 3027 reflections with
I>20() and wR,=0.1477 for all data and 506 parameters.
GoF = 0.993.

CCDC 2407367, 2407368, and 2407369 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via https:/
www.ccdc.cam.ac.uk.
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Figure 4 The temperature dependence of the y7 product for radical 1b
(open circles). The solid curve is a simulation for a magnetic motif consisting
of a fraction of non-interacting radicals (p) and a fraction of radicals forming
two types of antiferromagnetically coupled dimers.

the calculated crystal density increases from 1.578 g cm™ in 1a
to 1.618 g cm~ in 1b and 1.683 g cm™ in 1¢. Overall, a tendency
of crystal density to increase was observed in the series
starting from 1,3-diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl
as fluorine atoms are introduced into the phenyl substituents,
reaching a maximum value in 1c.

Temperature dependences of x7 for radicals 1a—c are shown
in Figures4, S20, and S21. For 1b, 7T at 300K is
0.277 cm® K mol~! and diminishes with lowering of the
temperature, reaching a plateau of ~0.003 cm?® K mol~' below
S0 K.

The high-temperature value of y7 is well below the theoretical
spin-only value of 0.375cm?®Kmol™' for noninteracting
radicals at g =2, indicating strong antiferromagnetic exchange
interactions; the latter result is consistent with our BS-DFT
calculations (Table S4). We simulated the dependence of Y7 on T
for 1b using a magnetic motif consisting of two types of
antiferromagnetically coupled dimers. The following parameters
correspond to the best fit: J,/kg = —185+3 K, J,/ky =-152+2 K,
g=2.11+0.01, p =0.009. Note that the values of J, and J, are
consistent with the calculations (-243 and —173 K).

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7724.
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