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Experimental and Theoretical Examination of the Radical
Cations Obtained from the Chemical and Electrochemical
Oxidation of 5-Aminothiazoles

Kirara Yamaguchi,®
Jing-Dong Guo,”™ and Norihiro Tokitoh™

Chemical or electrochemical one-electron oxidation of 5-N-aryl-
aminothiazoles was found to afford stable radical cations. For
chemical oxidation, 1 equivalent of [(4-BrC¢H,);NI[SbCl,] (Magic
Blue, MB) was added to CH,Cl, solutions of the thiazoles, and
the thus-obtained radicals showed light absorption in the
near-infrared region. Electrochemical oxidation also led to
bathochromic shifts in the absorption bands, and the obtained
spectra were similar to those derived from the chemically oxi-

1. Introduction

Despite their usually low stability, organic radical cations™?
have raised substantial interest in a wide range of research
areas owing to their critical importance in a multitude of or-
ganic and biological reactions, for which they act as reactive
intermediates. Furthermore, radical cations that absorb light in
the near-infrared (NIR) region have attracted much attention in
the materials science community, as this feature may potential-
ly enhance the efficiency of solar cells.”!! The core structure of
radical cations is usually based on fused rings and/or metal
complexes. Radical cations with monocyclic rings have re-
ceived substantially less attention in comparison.”) The core
units of these molecules usually contain heteroatoms such as
nitrogen, oxygen, and sulfur.'®?5¢ The properties of triaryla-
mine-derived radical cations have especially been studied in
great detail in this context.”’ In general, their absorption bands
at approximately =700 nm are subject to a bathochromic
shift. Moreover, N,N-dimethylaminophenyl-substituted triphe-
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dized species. These radicals afforded electron paramagnetic
resonance (EPR) spectra that are consistent with the notion of
stable nitrogen radicals (half-life <385 h). The EPR spectrum of
a thiazole containing 4-dimethylaminophenyl groups on the
nitrogen atom at the 5-position changed significantly upon
adding > 3 equivalents of MB. Details of the electronic struc-
tures of the experimentally obtained radical cations were gen-
erated from theoretical calculations.

nylamines show absorption bands at approximately A=
1300 nm. However, most of these compounds are unstable
and/or are present only at low temperature. For example, the
radical cation of 1,3,6-tris(di-p-anisylamino)pyrene, which con-
tains fused rings, exhibits a half-life of 3 h.® In addition, several
radical cations generated from sulfur-containing monocyclic ar-
omatics, such as thiophenes® and thiazoles,"” have been re-
ported. Some thiazole radical cations, such as 1-butyl-5-methyl-
thiazolium,®¥ have been reported, but their photophysical
properties have not been disclosed. Furthermore, even the rad-
ical cations derived from large molecules with heterocyclic
rings, such as azathia[7]helicene, exhibit half-lives of only ap-
proximately 8 h.2"

In this context, we recently developed 5-aminothiazoles with
various substituents (Scheme 1) that could be readily prepared
from thioformamides and secondary thioamides. These 5-ami-
nothiazoles represent the first examples of thiazoles that con-
tain diarylamino groups at the 5-position,"” and they show
a wide range of absorption and fluorescence properties that
change upon exposure to external stimuli, such as the addition
of acids. Thiazoles contain electron-donating (D) and electron-
accepting (A) moieties that deviate from coplanar alignment.
These D-A structures usually lead to fluorescence from intra-
molecular charge transfer (ICT) states.' Therefore, the elec-
trons of compounds having the D-A structure are delocalized
over the molecule in stages of absorption and emission. Thus,

Nth NPh, N(CgH4R-4),

L1 e O]

Scheme 1. 5-N-Arylaminothiazoles 1-4.

" IPh

3R =0OMe, 4R = NMe,
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this structure is expected to lead to stabilized charge-separat-
ed species.

Thiazole derivatives moreover exhibit a reversible one-elec-
tron oxidation wave in their cyclic voltammograms (Figure S1,
Supporting Information). For example, the half-wave potential
of 1 in CH,CN appears at +0.623 V, whereas that of 3, which
contains a 4-methoxyphenyl electron donor at the 5-position,
appears at +0.407 V. This result indicates that 3 oxidizes more
easily than 1. In contrast, the cyclic voltammogram of 4,
which bears a 4-dimethylaminophenyl group at the 5-position,
exhibits two reversible oxidation waves. The oxidation poten-
tial and waveform of 5-aminothiazoles can thus be easily con-
trolled by judicious choice of the substituents at the 5-posi-
tion. On the basis of these results, we expected that chemical
oxidation of 5-aminothiazoles would generate stable radicals,
for which we anticipated absorption in the UV/Vis-NIR region.
Herein, we report the chemical and electrochemical oxidation
of 5-aminothiazoles to generate radical cations that show UV/
Vis—=NIR absorption bands. In one case, a half-life time of more
than 300 h was observed.

2. Results and Discussion

To identify appropriate reagents for the chemical oxidation of
5-aminothiazole 1, BF,CF;-OEt™ NOI[SbFJ],™ and [(4-
BrC4H,);N1[SbCl,] (Magic Blue, MB)'® were added to solutions
of 1 in CH,Cl, (Scheme 2). Upon the addition of BF,CF,-OEt, the

BF,CF-OEt
NPh2 | NOSbF,

S
Ph— I —1———— not identified
N

Ph Magic Blue
1 —— > Single chemical species

not identified

Scheme 2. Reactions between thiazole 1 and BF,CF;-OEt, NO[SbF], and [(4-
BrCqH,);NI[SbCl¢] (Magic Blue).

color of the solution changed from yellow to orange. However,
the thus-obtained compounds were very unstable. The use of
NOI[SbF,] did not afford any new species, as evident from
quantitative recovery of the starting materials. Notably,
a single chemical species was only obtained with MB, and
therefore, we subsequently used MB to generate single chemi-
cal species of 1-4.

We then measured the absorption spectra of the radical cat-
ions derived from 1-4 (Figures 1 and S2). Whereas 1-4 showed
absorption maxima at approximately 1=358-410 nm (Fig-
ure 1a), we expected bathochromic shifts in their absorption
bands upon the addition of MB. The addition of 1 equivalent
of MB to 1 afforded new absorption bands at =900 and
650 nm (Table 1). After the addition of 1 equivalent of MB, the
absorption maxima of 2 and 3, both of which contain methoxy
groups, were observed at A=918 and 932 nm. Furthermore,
the addition of 1 equivalent of MB to thiazole 4, which con-
tains the strongest electron donor, resulted in a strong absorp-
tion in the NIR region (A =1180 nm). These results suggest that
the wavelengths and strength of the absorptions can be ad-
justed by the substituents introduced on the thiazole rings.
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Figure 1. Absorption spectra of a) 1-4 and b) 1+ MB to 4+ MB in CH,Cl,,
[solute] =1x10~* M-

Table 1. UV/Vis absorption spectra of thiazoles 1-4 with MB."”

Thiazole Aabs [NM] Species Aaps [NM]

1 364 1+MB 900, 650, 466

2 358 2-+MB 918, 726, 506

3 382 34+ MB 932, 768, 590, 480

4 410 4-+MB (1 equiv) 1180, 1006, 760, 522
4-+MB (3 equiv) 2726, 1474, 796, 456

[a] In CH,Cl,, [solute] =1x107* m.

The addition of >3 equivalents of MB to 4 also induced
a shift in the absorption band (Figure S3). The absorption of 4
gradually changed from 1=760, 1006, and 1180 nm to 796,
1474, and 2726 nm, whereas the color of the solution changed
from red to green. These spectra remained unchanged after
1 day. These results corroborate that thiazole 4 generates dif-
ferent radical species, depending on the amount of MB added.

To compare the photophysical properties of the chemically
oxidized species with those of the electrochemically oxidized
species,!'”” we measured the cyclic voltammograms and ab-
sorption spectra of 1. In CH,Cl,, 1 showed a one-electron oxi-
dation wave with peaks at £E=1.04 and 0.73V (Figure S4).
Thus, a potential of 1.04 V was applied to a CH,Cl, solution of
1 for the electrochemical oxidation while the time-dependent
absorption spectra of this solution were measured (Figure 2).
The oxidation potentials and the waveforms of the oxidation
waves could be controlled by judicious choice of the substitu-
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Figure 2. Time-dependent absorption spectra of 1 after application of 1.04 V
in CH,Cl,; [11=1x10"*Mm, 0.1 ™ [nBu,N][ClO,]; scan rate=100 mVs~'; refer-
ence electrode: Ag/AgCl, counter electrode: Pt, and working electrode: Pt
gauze.

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemistryopen.org

& »ChemPubSoc

el Europe

ents of the 5-aminothiazoles. The observed spectra of electro-
chemically oxidized 1 were found to be similar to those of
chemically oxidized 1 (Figure S5). Hence, the spectral changes
should be attributed to the generation of radical species, and
the radical species derived from 1 showed absorption bands at
A~450 and 650 nm.

To elucidate the properties of the chemically oxidized spe-
cies, the electron paramagnetic resonance (EPR) spectra were
measured at room temperature for CH,Cl, solutions of 1-4
that contained 1 equivalent of MB (1 -+ MB to 4+ MB, Figure 3).
In all cases, the formation of radical species was observed, and
the EPR parameters are summarized in Table 2. The g tensor
and hyperfine coupling constant (hfcc, A) values were deter-
mined from spectral simulations, whereby Ay and Ay refer to
interactions with nitrogen and hydrogen atoms, respectively.

Observed spectra

(a) (b)

Simulated spectra

:

330 335 340 330 335 340
Magnetic Field / mT Magpnetic Field / mT

(c) (d)

=

330 335 340 330 335 340
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(e) ()
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(8) (h)

<
s
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Figure 3. Observed EPR spectra of a) 1, ) 2, e) 3, and g) 4 with 1 equivalent
of MB, as well as that of i) 4 with 3 equivalents of MB; the spectra in pan-
els b, d, f, h, and j are the corresponding simulated spectra. Signals marked
with arrows in panels a, ¢, e, g, and i represent the Mn*" marker.
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Table 2. EPR data of solutions of thiazoles 1-4 with MB."!

Thiazole MB [equiv] g value Ay [mT] 7., [h1®

1 1 2.0030 0.72 91

2 1 2.0031 0.63 74

3 1 2.0034 0.78 385

4 1 2.0033 0.64 (one N atom) 3
0.34 (two N atom)
0.29 (eight H atom)

3 2.0044 043

[alIn CH,CI, (distilled from P,0s), [solute]=1x10"*m. The g and Ay
values were determined from spectral simulations. [b] Calculated by inte-
grating the area of the EPR signals, normalized to the peak height of the
signals from the Mn*>* marker as g standard.

The g values of the spectra for 1+MB to 4+ MB (g=2.0030-
2.0034) differ substantially from the g value of a pure MB solu-
tion (g=2.0102). Thiazoles 3 and 4, with electron-donating
groups at the 5-positions, showed higher g values than 1 and
2. Moreover, upon adding >3 equivalents of MB to 4, the g
value of the 4+ MB solution changed (g=2.0044) relative to
that observed for the addition of 1-2 equivalents of MB. This
result indicates that the properties of the radical species of 4
drastically change upon adding an excess amount of MB.

To elucidate further details from the EPR spectra, we simulat-
ed the spectra for 1+ MB to 4-+MB with software for isotropic
EPR spectra provided by JEOL (Figure 3b,d,f,h,j). In the spec-
tra of 1+MB to 3+ MB, only the nitrogen atom at the 5-posti-
tion affected the spectral line shape. Interestingly, the EPR
spectrum of 4+ MB, which exhibited two reversible oxidation
waves in its cyclic voltammogram, included components of
both the nitrogen atoms and hydrogen atoms, which implies
that the unpaired electron is more delocalized in 4+ MB than
in 1-+MB to 3+ MB, despite the relatively short half-life of 4+
MB (3 h).

5-Aminothiazoles with electron-donating groups at the 5-po-
sition and electron-accepting groups at the 2-position easily
adopt ICT states derived from their D-A structures. The smallest
Ay value among 1-3 was observed for 2 (0.63 mT), which con-
tains an electron-donating group at the 2-position. A slightly
higher Ay value was observed for 3 (0.78 mT), which contains
an electron-donating group at the 5-position, and this value is
also marginally higher than that of 1 (0.72 mT)."® Nevertheless,
these Ay values are much smaller than that of 2,2,6,6-tetrame-
thylpiperidin-1-oxyl (TEMPO, 1.59 mT),"® in which an unpaired
electron is localized on the nitrogen atom. This result implies
that thiazole-based radicals contain more delocalized electrons
than, for example, TEMPO, and hence exhibit higher levels of
stability, which is reflected in the relatively long half-lives of
1+MB to 4+MB (e.g. 3+MB: 7,,,=385 h, ~16 days; Table 2).
Interestingly, 4+ MB exhibited, depending on the amount of
MB added, two types of EPR spectra. Upon the addition of 1-
2 equivalents MB, 4+MB showed multiplet signals, whereas
upon the addition of >3 equivalents of MB, the signals associ-
ated with 4+ MB disappeared.

The simulated spectrum of 4+ MB (Figure 3h) was very simi-
lar to the experimentally observed spectrum (Figure 3g) and

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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reflected interactions with one nitrogen atom (Ay=0.64), two
other nitrogen atoms (Ay=0.34), and eight hydrogen atoms
(Ay=0.29). In contrast, the addition of >3 equivalents of MB
to 4 furnished another radical species (Figure 3i). The simulat-
ed spectrum (Figure 3j) reflects interactions with two nitrogen
atoms (Ay=0.43) and is in good agreement with the experi-
mentally observed spectrum.

Time-dependent density functional theory (TD-DFT) calcula-
tions for neutral 1 showed that the maximum absorption band
(A=416 nm) should be assigned predominantly to the
HOMO —LUMO transition (97% contribution). The composi-
tions of the HOMO and LUMO are shown in Figure S6. The
HOMO is mainly localized on the substituent at the 5-position
and the thiazole ring, whereas the LUMO is located predomi-
nantly on the phenyl group at the 2-position and the thiazole
ring. Accordingly, a correction is required for long-range inter-
actions. For that purpose, we used the long-range-corrected
CAM-B3LYP™ functional instead of the B3LYP functional to re-
calculate the UV/Vis absorption spectrum. The recalculated
spectrum revealed an absorption maximum at A=349 nm,
which is in good agreement with the experimentally observed
value (A=364 nm).

We also calculated the UV/Vis absorption spectrum for the
radical cation of 1. At the B3LYP level, an absorption band at
A =890 nm was obtained, which is in excellent agreement with
the experimental value (=900 nm). This excitation was as-
signed predominantly to the cation-HOMO —SOMO transition
(97% contribution) shown in Figure S6. The cation-HOMO is
very similar to the HOMO—1 of neutral 1, whereas the SOMO
is essentially the singly occupied HOMO of neutral 1. A de-
tailed comparison between the HOMO of neutral 1 and the
SOMO showed a slightly higher contribution from the phenyl
group at the 2-position for the latter, which was probably
caused by increased charge transfer from the substituent at
the 5-position. As a result, the calculated N—C(5-position of
thiazole) and C(2-position of thiazole)—C(2-position phenyl
group) bond lengths contract upon removal of one electron
from 1.399 (N—C neutral) to 1.367 A (N—C radical cation) and
from 1.472 (C—C neutral) to 1.455 A (C—C radical cation).

The cation-HOMO and SOMO essentially exhibit contribu-
tions from the same region, which suggests that the consider-
ation of long-range corrections for the hybrid B3LYP method is
not necessary. The calculated cation-HOMO-SOMO energy gap
(2.10 eV) is much smaller than the HOMO-LUMO gap in neutral
1 (B3LYP: 3.56 eV; CAM-B3LYP: 5.96 eV). This difference should
be responsible for the dramatically redshifted UV/Vis absorp-
tion after the one-electron oxidation.

For organic radicals, the B3LYP method can be used to pre-
dict the EPR parameters.”” The g tensor shifted from the free-
electron value, and the Ay values were predicted by DFT calcu-
lations for our radical-cation species. The calculated g tensor
and the isotropic Fermi Ay values for the N atom at the 5-posi-
tion (2.0029, 0.74 mT) agree very well with the experimental
data (2.0030, 0.72 mT) shown in Table S1, which verifies the
validity of the results obtained from calculations at the B3LYP/
6-31+4G(d) level of theory in this particular case.””
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The spin density map for the radical cation of 1 (Figure 4)
shows positive (blue) and negative (green) spin densities at an
isodensity level of 0.004 ebohr™'. The spin density is mostly
delocalized over the N atom at the 5-position and the neigh-
boring m-conjugated —C=C—N=C— fragment in the thiazole
ring. The radical character of the cation is also reflected in the
occupancy (0.88 e) of the orbital of the lone pair of electrons
for the N atom at the 5-position analyzed by NBO 6.0.%7

Figure 4. Mulliken spin-density map for the radical cation of 1 calculated at
the B3LYP/6-31 + G(d)/PCM(CH,CI,) level of theory.

3. Conclusions

In conclusion, radical cations 1+ MB to 4+ MB were generated
by adding 1 equivalent of Magic Blue (MB) to thiazoles 1-4.
The electron paramagnetic resonance (EPR) spectra of 1+MB
to 4+ MB indicated that it was the nitrogen atom at the 5-pos-
tition that mainly affected the spectral line shape of these thia-
zole-based radical cations. Radical cations with electron-donat-
ing groups at the 5-position (i.e. 3+ MB and 4+ MB) showed
larger g values than the other radical cations. Moreover, upon
the addition of 3 equivalents of MB to 4 a different radical spe-
cies was obtained. Radicals 1+ MB to 4+ MB showed smaller
Ay values than 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO),
which suggested a correspondingly higher level of delocaliza-
tion and, consequently, more stable radical cations. Among
these radical cations, 3+ MB was the most stable (half-life of
385 h). Thus, compounds with strong intramolecular charge-
transfer character that contain one moiety that is able to react
with oxidants may represent a new concept for the design of
stable organic radicals. The absorption wavelengths of 1-4
showed a bathochromic shift upon the addition of 1 equiva-
lent of MB, and the absorption bands of 1+MB to 4+MB
were observed in the near-infrared region. The absorption
spectra of chemically oxidized 1 showed changes similar to
those observed in the spectra of electrochemically oxidized 1.
Therefore, chemical and electrochemical oxidation methods
can be chosen for the generation of similar chemical species.
Further studies on the applications of 5-N-arylaminothiazoles
as stable dyes with a wide absorption and emission range are
currently in progress in our laboratory.
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Experimental Section
General Remarks

High-resolution mass spectra were recorded with a double-focus-
ing mass spectrometer in the El mode. EPR spectra and their simu-
lations were obtained with a JES-TE200. UV/Vis absorption spectra
were measured with a Hitachi U-4100 spectrometer. Electrochemi-
cal measurements were performed by using a platinum working
electrode, a platinum gauze working electrode, a platinum wire
counter electrode, and a Ag/Ag™ [0.01 m AgCl] reference electrode
in CH,Cl, with 0.1m [nBu,N][CIO,]. Measurements were recorded
with a BAS CS-3A Cell Stand and SEC2000 Spectra System. Prior to
use, CH,Cl, was distilled from P,Os. All other chemicals were used
as received without further purification. Photophysical properties
were measured under atmospheric conditions at 23°C. EPR meas-
urements were performed under an atmosphere of argon at 23°C.
Thiazoles 1-4 were prepared according to literature procedures.'

General Procedure for the Preparation of the Radical
Cations

A CH,Cl, solution of the corresponding thiazole (1x103m, 0.1 mL)
was diluted in CH,Cl, (0.8 mL), and the mixture was stirred for
1 min. A CH,Cl, solution of Magic Blue (1x10*m, 0.1 mL) was
then added, which afforded a CH,Cl, solution of the radical cation
(1x10™*m, 1 mL). Then, an aliquot (0.3 mL) of this solution was
transferred to an EPR sample tube (diameter=1 mm), and the
measurements were conducted. To measure the photophysical
properties, 3 mL of the same solution was prepared.
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