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The first steps of electrochemical oxidation and reduction of the title compounds were studied by cyclic voltammetry, and
electrochemically generated long-lived radical cations were characterised by ESR measurements and DFT calculations at the

UB3LYP level of theory.

The redox properties of Groupl5/16 heterocycles are of con-
siderable interest in the context of the design and synthesis of
advanced functional materials based on radical ions, especially
magnetic and conducting materials.! Recently, we described the
electrochemical and chemical generation of the [1,2,5]thia-
diazolo[3,4-c][1,2,5]thiadiazolidyl radical anion followed by its
isolation in the form of stable salts revealed antiferromagnetic
ordering at low temperatures.>? To search new heterocyclic
precursors of stable radical ions, we studied the redox properties
of 1,31%82,2,4-benzodithiadiazines 1-12 in the hydrocarbon and
fluorocarbon series (Scheme 1, Table 1). These compounds
belong to 12m-electron antiaromatic heterocycles featuring non-
trivial heteroatom reactivity.*14

S N
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1 R, =none 7 R,=6-F
2 R,=5-Me 8 R, =6,7-F,
3 R,=6-Me 9 R,=6,8-F,
4 R,=7-Me 10 R, =5,6,7-F;
5 R, =5,7-Bu, 11 R,=5,6,8-F;
6 R, =5-OMe 12 R, =5,6,7,8-F4
Scheme 1

Cyclic voltammograms (CVs)" of 1-12 were measured in the
—23<E<0and 0< E<2.7V potential sweeps for reduction
and oxidation, respectively, for solutions in MeCN. Depending
upon compound, the CVs revealed one or two reduction peak(s)
and two to five oxidation peaks. Since this work is focused on
radical ions, only the first steps of both reduction and oxidation
of 1-12 are discussed below.

For 1-12, both the first oxidation and the first reduction
peaks were diffusion-controlled” and related to one-electron

T Compounds 1-12 were prepared as described elsewhere.>1214-17 The
CV measurements of 1-12 were performed at 298 K in an argon atmo-
sphere in absolute MeCN at a stationary platinum electrode with 0.1 M
Et,NCIO, as a supporting electrolyte with sweep rates of 0.01-100 V s1.
Peak potentials are quoted with reference to a saturated calomel electrode.
For 1-12, both the first oxidation and the first reduction peaks are dif-
fusion-controlled, i.e., Ifv~'2 = const, where I, is the peak current, and v
is the sweep rate.

Table 1 Experimental redox potentials of 1-12 in MeCN, their gas-phase
UB3LYP/6-31G(d) first adiabatic ionization energies (/E;) and electron
affinities (EA,),* and the half-life times (,),) of the radical cations of 1-5,7
under electrochemical conditions.$

- rev
ggﬁ o BNV EAJY BN IERV (D i 55{23/5(2%5)1(
1 087 136 115 711 003 ~T01x10° (600)
2 090 -138 L1l 697 00l 430
3 089 -133 108 697 002 105
4 091 133 108 691 002 227
5 095 143 101 668 00l 500 (95)
6 088 128 107 673 002
7 077 -156 120 722 03 63
§ 075 165 123 728 04
9 068 -167 133 738 2
10 067 -176 133 741 1
11 058 -178 142 750 5
12 055 186 144 756 10

4The sweep rate at which a cathode peak in the reverse part of oxidation CV
becomes observable. “Previously reported —0.57 V.!2 The difference may be
due to the different electrodes used: a dropping-mercury electrode!? and a
stationary platinum one (this work)."

* The quantum-chemical calculations were performed using the Gaussian 98
suite of programs.'® The geometries of neutral 1-12 and their radical
ions were fully optimised at the (U)B3LYP/6-311G(d,p) level of theory.
To account for the solvent, the hfc constants in MeCN were calculated at
the same level of theory using the polarised continuum model (PCM or
Tomasi model)!® as implemented in the Gaussian 98. The adiabatic /E,
and EA, were calculated as the energy difference between the neutral and
corresponding radical ion states. For vertical IEs from Hel UPS, see ref. 11.
§ The ESR spectra were recorded on a Bruker ESP-300 spectrometer
(MW power of 265 mW, modulation frequency of 100 KHz and modula-
tion amplitude of 0.005 mT). The generation of radical cations was carried
out at 243 K under anaerobic conditions. Simulations of the experimental
ESR spectra were performed with the Winsim 32 program (the accuracy
in calculating a is £0.0001 mT).

The half-life times (t,,) of radical cations were calculated from the
time dependence of the integral intensities of ESR signals in the absence
of applied potentials. In the case of 3-5,7, those were determined using
the first-order rate equation for radical cation decay. For the radical
cation of 1, 7, at 243 K was estimated at the initial stage of decay in a
time interval of 3600 s. The experimental kinetic curve of decay of the
radical cation of 2 was not of the first order, and 7,, is the time at which
one half of the initial integral intensity of ESR signal was observed.
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Table 2 Experimental hfc constants (mT) of the radical cations of 1-7
together with those calculated at the DFT/UB3LYP/6-311G(d,p) level of
theory with the PCM model of solvent.

Experimental
in MeCN

UB3LYP/6-311G(d,p)

Gas phase

MeCN solution

0.254 (N2), 0.382
(N4), 0.050 (HS),
0.175 (H6), 0.206
(H7), 0.027 (H8)

0.266 (N2), 0.366
(N4), 0.001 (Me),
0.159 (H6), 0.209
(H7), 0.020 (H8)

0.222 (N2), 0.377
(N4), 0.003 (H5),
0.248 (Me), 0.227
(H7), 0.227 (H8)

0.341 (N2), 0.287
(N4), 0.040 (H5),
0.212 (H6), 0.270
(Me), 0.010 (H8)
0.325 (N2), 0.299
(N4), 0.199 (H6),
0.014 (H8)

0.342 (N2), 0.328
(N4), 0.047 (OMe),
0.010 (H6), 0.206
(H7), 0.077 (H8)

0.203 (N2), 0.245
(N4), 0.028 (H5),
0.402 (F6), 0.645
(H7), 0.038 (H8)

0.254 (N2), 0.302
(N4), -0.088 (H5),
-0.086 (H6), —0.289
(H7), 0.053 (H8)

0.279 (N2), 0.272
(N4), 0.049 (Me),
-0.061 (H6), -0.289
(H7), 0.057 (HS)

0.220 (N2), 0.303
(N4), —0.050 (H5),
0.086 (Me), —0.343
(H7), 0.068 (HS)

0.310 (N2), 0.241
(N4), -0.047 (H5),
-0.140 (H6), 0.409
(Me), 0.056 (H8)

0.348 (N2), 0.207
(N4), 0.003 (B,
-0.120 (H6), 0.006
(But), 0.044 (H8)

0.412 (N2), 0.187
(N4), 0.089 (OMe),
0.021 (H6), —0.223
(H7), 0.052 (H8)
0.164 (N2), 0.348
(N4), -0.057 (H5),
0.208 (F6), —0.357
(H7), 0.060 (H8)

0.262 (N2), 0.290
(N4), -0.070 (H5),
-0.104 (H6), -0.271
(H7), 0.038 (H8)

0.253 (N2), 0.291
(N4), 0.054 (Me),
-0.065 (H6), -0.285
(H7), 0.051 (HS)

0.198 (N2), 0.318
(N4), -0.061 (H5),
0.164 (Me), —0.325
(H7), 0.058 (HS)

0.283 (N2), 0.260
(N4), -0.057 (H5),
-0.135 (H6), 0.380
(Me), 0.050 (H8)

0.316 (N2), 0.228
(N4), 0.003 (BuY),
~0.120 (H6), 0.005
(BuY), 0.040 (HS)

0.381 (N2), 0.203
(N4), 0.076 (OMe),
0.014 (H6), -0.231
(H7), 0.050 (HS)
0.161 (N2), 0.348
(N4), ~0.059 (H5),
0.209 (F6), —0.353
(H7), 0.058 (HS)

transfer. The corresponding cathode and anode peak potentials
are presented in Table 1 as EJR*d and E}°%, respectively; the
gas-phase first adiabatic ionization energies (/E,) and electron
affinities (EA;) from DFT calculations* are given for com-
parison. There is a linear correlation between E'Red and E10x a5
E*=1.06 EjRed + 2.04 (r=0.990, s =0.02, n=12), and the
difference of E}Red and EIO* is constant for compounds 1-12
(1.99+0.02 V).

The radical anions of 1-12 are highly unstable. For 7-12, the
first reduction peak is irreversible with all studied sweep rates.
For 1-6, the peak is quasi-reversible with the sweep rates of
20-80 V s~! depending upon compound. The stability of radical
anions depends on the solvent, and it is higher in DMF than in
MeCN. In particular, quasi-reversibility of the first reduction
peak of 1 was observed at a sweep rate of 20 V s~! in MeCN,
whereas the corresponding sweep rate in DMF was 3 V s,

Amongst radical cations of 1-12, those of 1 and its alkyl,
alkoxy and monofluoro-substituted derivatives 2—7 are long-
lived under the CV conditions (Table 1), whilst the radical
cations of higher fluorinated derivatives 812 are less stable,
especially that of 12.

The radical cations of compounds 1-7 were characterised by
ESR spectroscopy at 243 K (Figure 1, Table 2)% and DFT cal-
culations at the UB3LYP/6-311G(d,p) level of theory (Table 2).*
The calculated hyperfine coupling (hfc) constants agree fairly
well with the experimental ones.

It follows from the DFT calculations that the radical cations
of 1-7 are planar, whereas neutral molecules are bent along the
S1---N4 line (Figure 2). This is in accordance with the data of a
gas-phase electron diffraction study on 1* (for detailed discus-
sion of molecular conformations, see also refs. 5, 6 and 13).
The distortion of radical anions is even more pronounced
(Figure 2). For example, the C2-C1-S1-N2 dihedral angle is
predicted to be 28.9° for 1 and 44.2° for its radical anion, while
the C1-C2-N4-S3 angles of these species are equal to 15.5°
and 21.5°, respectively.

3405 3410 3415 3420 3425

(b)

3405 3410 3415 3420 3425

(c)

1 1
3405 3410 3415 3420 3425

3405 3410 3415 3420 3425

Figure 1 (a), (c) Experimental and (), (d) simulated ESR spectra of
radical cations from electrochemical oxidation of (a), (b) 1 and (c), (d) 7
at 243 K in MeCN (|H| 10 T).

Figure 2 displays the most important changes in bond
lengths on going from 1 to its radical ions. In the radical
anion, the S-N bonds are significantly longer and the C-S and
C-N bonds are shorter than that in neutral 1. This coincides
with the structure of the SOMO of the radical anion (Figure 3)
featured strong antibonding interaction between S and N atoms
and weak bonding interaction between C and S or C and N
atoms, respectively. The changes in the geometry of 1 on
going to its radical cation could be explained in the same way
(Figures 2 and 3).

Figure 3 indicates that the HOMO and LUMO of 1 have
similar structures and compositions. These are pseudo m-MOs
localised considerably on the heterocycle (atoms S1, N2, S3, N4,
C4a, C8a; see Scheme 1). The same is also true for the SOMO
of radical ions of 1. Joint contribution to the frontier MOs of
1-12 from the C5-C8 atoms, which bear substituents, is very
minor. Due to this, carbocyclic substituents in 1 (Scheme 1,
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Figure 2 (U)B3LYP/6-311G(d,p) geometry of 1 and its radical ions (bond
lengths, A) (bottom) and their view along the C1-C2 bond (top).

e e

LUMO SOMO

SOMO
§ HOMO
Figure 3 The HOMO and LUMO of 1 and the SOMO of its radical

ions calculated by HF and ROHF/6-311G(d,p) methods for (U)B3LYP/
6-311G(d,p) geometries.

Table 1) perturb both the HOMO and LUMO only slightly and
in a similar way. This leads to the proportional change of the
frontier MO energies and the HOMO-LUMO gap remains
constant for 1-12. The latter explains the observed correlation
between EjRed and E}°* in 1-12.

Thus, in contrast to radical anions of the title compounds,
their radical cations are relatively stable in the hydrocarbon
series under CV conditions.
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