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ABSTRACT: Salts of 1,2,3-benzodithiazolium (1), 2,1,3-benzo-
thiaselenazolium (3), and 1,2,3-benzodiselenazolium (4) (Herz
cations), namely, [1][BE,], [1][SbCl], [3][BF,], [3][GaCl,],
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In solution, these [BF,]™ and [GaCl,]™ salts as well as [1][GaCl,], : D5 Tse 4 9
[2][GaCl,], [3][GaCl,], [3][Cl], and [4][Cl] were characterized by

multinuclear nuclear magnetic resonance (NMR). The corresponding Herz radicals 1°—4° were obtained in toluene and DCM
solutions by the reduction of the appropriate salts with Ph;Sb and characterized by EPR. Cations 1—4 and radicals 1°—4° were
investigated computationally at the density functional theory (DFT) and second-order Moller—Plesset (MP2) levels of theory.
The B1B95/cc-pVIZ method was found to satisfactorily reproduce the experimental geometries of 1—4; an increase in the basis
set size to cc-pVQZ results in only minor changes. For both 1—4 and 1°—4°, the Hirshfeld charges and bond orders, as well as
the Hirshfeld spin densities for the radicals, were calculated using the B1B9S5/cc-pVQZ method. It was found for both the cations
and the radicals that replacing S atoms with Se atoms leads to considerable changes in the atomic charges, bond lengths, and
bond orders only at the involved and the neighboring sites. According to the calculations, 60% of the positive charge in the
cations and 80% of the spin density in the radicals is localized on the heterocycles, with the spin density distributions being very
similar for all radicals 1°—4°. For the cations 1—4, the NICS values (B3LYP/cc-pVTZ for B1B9S/cc-pVIZ geometries) lie in the
narrow range from —5.5 ppm to —6.6 ppm for the carbocycles, and from —14.4 ppm to —15.5 ppm for heterocycles, clearly
indicating the aromaticity of the cations. Calculations on radical dimers [1°],—[4°], revealed, with only one exception, positive

dimerization energies, i.e., the dimers are inherently unstable in the gas phase.

1. INTRODUCTION

1,2,3-Benzodithiazolium chlorides (or Herz salts) are an important
class of reagents in many fields of pure and applied chemistry,
whereas 1,2,3-benzodithiazolyls (or Herz radicals) are key inter-
mediates for several important reactions. Normally, Herz salts are
the synthetic precursors of Herz radicals, which are obtained from
the salts by chemical or electrochemical reduction of the cations.'
Significantly, 1,2,3-dithiazolyl and their isomeric 1,3,2-dithiazolyl
derivatives, together with many other sulfur—nitrogen 7-heterocyclic
radicals such as 1,3,2,4- and 1,2,3,5-dithiadiazolyls, are of interest to
contemporary material science as promising building blocks in the
design and synthesis of molecular magnets and/or conductors.
Replacement of S by Se strengthens the intermolecular interactions
in the crystalline state and, consequently, increases the electrical
conductivity and the magnetic exchange interactions. For instance,
many selenium-containing pyridobis[1,2,3]dichalcogenazolyls are
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conductors and low-temperature bulk ferromagnets and canted
antiferromagnets.*~”

In contrast to the extensively studied tricyclic 1,2,3-
dichalcogenazolyls and the related cations (in which the chal-
cogens are S and Se), the structural and electronic properties
of the archetypal 1,2,3-benzodichalcogenazolyls 1°—4° and
1,2,3-benzodichalcogenazoliums 1—4 (Chart 1) have received
relatively limited attention. For example, only cations 1 and 2
(as well as their 2-Te congener) were structurally characterized
by X-ray diffraction (XRD) in the form of [GaCl,]" salts."* The
geometries of cations 1 and 2 and radicals 1° and 2°, as well as
the capability of the former two to dimerize and the spin den-
sity distribution and isotropic hfc constants of the latter two,
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were computationally studied using density functional theory
(DFT) methods."* For radicals 1°, 3%, and 4° hyperfine cou-
pling and g-tensors were determined using pulse EPR and
ENDOR spectroscopy.*

For the further exploitation of Herz-type radicals in the
design and synthesis of functional materials, computer-aided
modeling of new species with desired properties is reasonable
at the first stage. In this context, first of all, a level of com-
putational theory providing reliable results should be
established. It is necessary to emphasize that a satisfactory
structural description of chalcogen—nitrogen heterocycles
remains a serious challenge to computational chemistry.’

The present paper deals with the preparation and XRD
structural characterization of the salts of cations 1—4 with
various anions, the chemical reduction of 1—4 to radicals 1°—4°,
as well as with a computational study on both 1—4 and 1°—4°.
The latter included calculations of the molecular structures

and bond orders, as well as the charge and spin density
distributions. For the calculations of the bond orders, the
Hirshfeld partitioning of the electron density was used, because
it was found to be the best for a series of chalcogen—nitrogen
systems as compared with several other approaches.'® The
same technique was applied to the calculation of the charge-
and spin-density distributions. Finally, the dimerization of
radicals 1°—4° in the gas phase was investigated computationally.
When reasonable or/and possible, a comparison with cation §
and radical 5° (Chart 1), isomers of 1 and 1°, respectively, is
made.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

General Procedures. 'H, *C, N, N, and 7’Se NMR spectra
were recorded at the Chemical Service Center of the Siberian Branch
of the Russian Academy of Sciences, using a Bruker Model DRX-500
spectrometer at frequencies of 500.13, 125.76, 36.13, 50.68, and
95.38 MHyz, respectively, and a Bruker Model AV-600 spectrometer at
frequencies of 600.30, 150.95, 43.36, 60.83, and 114.49 MHz, respec-
tively, with tetramethylsilane (TMS), ammonia (NHj; lig.) and
dimethylselenide (Me,Se) as standards; solutions in CD;CN were
used, unless otherwise indicated.

Crystallographic Analysis. Single-crystal XRD data (Table 1)
were obtained using a Bruker Model P4 diffractometer for [1][BF,]
and [3][BF,] and a Bruker Model Kappa Apex-II diffractometer for
[1]5[SbCL],[Cl], [3]5[SbCL],[Cl], and [4][GaCl,], with graphite-
monochromated Mo Ka (0.71073 A) radiation. The structures were
solved by direct methods using the SHELXS-97 program,'’ and

Table 1. Crystal and Structure Refinement Data for [1]5[SbCl],[Cl], [3]5[SbCl],[Cl], [1][BF,], [3][BF,], and [4][GaCl,]

[1]5[SbClsL,[Cl] [315[SbClL,[Cl] [1][BE,] [3](BE,] [4][GaCl,]
formula Cy5H1,Cl13N,SSb, C1sHppClsN,S;Sb,Se;  CoH,BE,NS, C(H,BF,NSSe C¢H,Cl,GaNSe,
formula weight 1167.10 1307.77 241.05 287.94 459.54
crystal system triclinic triclinic monoclinic monoclinic monoclinic
space group P1 P1 C2/c C2/c P2,/n
a [A] 14.9341(11) 14.1279(13) 14.6946(11) 14.769(4) 7.4699(3)

b [A] 15.8102(10) 15.8980(13) 5.5482(4) 5.6552(15) 10.1981(3)

¢ [A] 16.0843(11) 17.0527(15) 21.652(2) 21.781(5) 17.0300(6)

al®] 87.751(4) 88.417(4)

p[°] 85.952(4) 86.258(5) 90.309(8) 91.68(2) 93.895(1)

7 [°] 87.492(4) 88.050(5)

Vv [A%] 3782.1(4) 3818.5(6) 1765.2(2) 1818.4(8) 1294.33(8)

V4 4 4 8 8 4

D(calc) [g/cm?] 2.050 2275 1.814 2.104 2.338

absorption coefficient [mm™] 2.699 2.275 0.620 4.376 8.537

F(000) 2240 2456 960 1104 856

crystal size [mm] 0.02 X 0.13 X 0.15 0.10 X 0.10 X 0.20 0.20 X 0.40 X 0.42 0.38 X 0.80 X 0.05 0.26 X 0.20 X 0.05

temperature (K) 193 173 193 193 200

0 range for data collection [°] 1.3, 28.8 1.3, 30.6 2.8,27.0 2.8,27.0 2.3,32.3

index ranges —20<h <20 —20<h <20 0<h<18 0<h<18 —-11<h<10
-18<k<21 -22<k<22 S<k<7 —-6<k<7 —-12<k< 14
-21<1<21 -24<1<24 27 <127 -27<1<27 -25<1<2§

No. of reflections collected 194388 53761 1981 1997 25594

No. of independent reflections 19591 (R, = 0.052) 22976 (R, = 0.038) 1909 (R,, = 0.062) 1982 (R, = 0.134) 4280 (R, = 0.025)

observed data [I > 26(I)] 13643 15694 1517 1173 3648

completeness to 6 [%)] 99.0 97.9 99.7 99.9 92.5

min/max transmission 0.55/0.75 0.42/0.75 0.51/0.84 0.32/0.75 0.65/0.97

absorption correction SADABS SADABS empirical empirical SADABS

No. of data/parameters 19591/757 22976/799 1909/171 1982/140 4280/127

R [I > 20(1)] 0.0469 0.0651 00531 0.0709 0.0228

wR, (all data) 0.1111 0.1918 0.1419 0.1914 00532

goodness-of-fit 1.20 1.04 L1S 1.0S 1.07

largest diff peak and hole (e A™3) —1.28, 1.70 —2.36, 2.95 —-0.29, 0.08 —0.64, 0.66 —0.46, 0.96
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Figure 1. XRD structures of the salts (displacement ellipsoids at 30%): (a) [1]5[SbCl],[Cl], (b) [3]5[SbCl¢],[Cl], (c) [1][BF,], (d) [3][BF,] and
(e) [4][GaCl,]. For selected bond lengths, see Table 3 (presented later in this paper).

refined by the least-squares method in the full-matrix anisotropic
(isotropic for H atoms) approximation using the SHELXL-97
program.'! Hydrogen atoms were located geometrically. In
[3]5[SbCl],[Cl], one of the six independent 2,1,3-benzothiaselena-
zolium cations is disordered over two positions with an occupation
ratio of 0.597:0.403(S). In [1][BF,] and [3][BFE,] three of the F atoms
of the tetrafluoroborate anions are disordered over two positions with
occupation ratios of 0.571:0.429(4) and 0.74:0.26(2), respectively. For
[3][BF,], the minor F’ atoms (Figure 1) were refined isotropically.
The obtained structures were analyzed in terms of short contacts
between nonbonded atoms using the PLATON'? and MERCURY"?
programs. Atomic coordinates, thermal parameters, bond lengths, and
bond angles have been deposited at the Cambridge Crystallographic
Data Center as CCDC-901416 ([1];[SbCl¢],[Cl]), CCDC-901417
([315[SbCl4],[Cl]), CCDC-901418 ([1][BF,]), CCDC-901419 ([3]-
[BF,]), and CCDC-901420 ([4][GaCl,]).

EPR Measurements. EPR spectra of radicals 1°—4"° in toluene and
DCM solutions were recorded at ambient temperature using a Bruker
EMX spectrometer (modulation frequency = 100 kHz, modulation
amplitude = 0.01 mT). Simulations of the experimental spectra were
performed using the EasySpin program.**

Quantum Chemical Calculations. Quantum chemical calcula-
tions were performed with the Gaussian 03 set of programs,"> by
application of standard gradient techniques at the second-order
Moller—Plesset (MP2)'® (for the geometry optimizations of the
cations and radicals, and for the calculations of the hfc constants of
the radicals), the DFT/B1B9S"” (for the geometry optimizations of
the cations, radicals, and dimers of the radicals, for the calculations of
the charge distributions and bond orders of the cations and radicals,
and for the calculations of the spin-density distributions and hfc
constants of the radicals), the DFT/B3LYP'® (for the geometry
optimizations of the cations and radicals, and for the calculations of the
hfc constants of the radicals), the DFT/PBE'® (for the calculation of

the hfc constants of 1°) and the DFT/PBE0"® (for the calculations of
the hfc constants of 1°) levels of theory using the 6-31G(d),”°
6-311++G(dp),*" cc-pVDZ> ccpVTZ> and ccpVQZ™ basis sets; all
basis sets were used as implemented in the program. Force-field calculations
were used to ascertain whether the resulting C, structures of the
cations and radicals were energy minima. Dimerization energies for the
radicals were calculated using the counterpoise correction imple-
mented in Gaussian 03. Chemical shielding factors were calculated at
all atomic positions and at both ring centers (nonweighted means of
the heavy-atom coordinates) to obtain the NICS values, both at the
B3LYP/cc-pVTZ and B3LYP/cc-pVQZ levels using the B1B9S/
cc-pVTZ and B1B9S5/cc-pVQZ geometries, respectively, using the GIAO
method implemented in Gaussian 03. Chemical shifts for the C
and H atoms were obtained by subtracting the chemical shielding
values of these atoms from those calculated for TMS, which are
185.2231 and 31.845S ppm, respectively, at the B3LYP/cc-pVTZ,
and 183.1384 and 31.8003 ppm, respectively, at the B3LYP/
cc-pVQZ level of theory. Chemical shifts for the N atoms were
obtained by subtracting the chemical shielding values of these
atoms from that calculated for NHj;, which is 267.5078 ppm at the
B3LYP/cc-pVTZ and 263.8679 ppm at the B3LYP/cc-pVQZ level
of theory. Chemical shifts for the S atoms were obtained by
subtracting the chemical shielding values of these atoms from that
calculated for sulfate anion (SO,*”), which is 150.8575 ppm at the
B3LYP/cc-pVTZ and 174.7159 ppm at the B3LYP/cc-pVQZ level
of theory. Chemical shifts for the Se atoms were obtained by
subtracting the chemical shielding values of these atoms from that
calculated for Me,Se, which is 1768.1150 ppm at the B3LYP/
cc-pVTZ and 1766.7785 ppm at the B3LYP/cc-pVQZ level of theory.
Bond orders and charge- and spin-density distributions were calculated
according to the Hirshfeld scheme.'”

Preparations. The syntheses described below were carried out
under argon and in absolute solvents. The reagents were added

dx.doi.org/10.1021/ic302203t | Inorg. Chem. 2013, 52, 3699—3710



Inorganic Chemistry

Table 2. Analytical Data of the Salts

EA, found (caled) [%]

compound decomposition temp [°C] C
[1]5[SbCl¢],[Cl] 160—175 18.85 (18.52)
[3]5[SbCl¢],[Cl] 147-157 16.88 (16.53)
[1][BF,] 135—155° 30.05 (29.90)
(3][BF,] 150—160 25.33 (25.03)
[3][GaCl,] 150—160 17.27 (17.46)
[4][GaCl,] 115—134 15.75 (15.68)

“Previously reported as 165—166.5 °C.**

H N Clor F S
1.39 (1.04) 3.26 (3.60) 39.26 (39.49) 16.14 (16.48)
0.82 (0.92) 3.20 (321) 34.92 (35.24)
1.63 (1.67) 5.82 (5.81) 31.46 (31.53) 26.62 (26.61)
1.71 (1.40) 4.72 (4.86) 25.99 (26.39)
1.01 (0.98) 3.18 (3.39) 34.70 (34.37)
0.94 (0.88) 3.07 (3.05) 30.80 (30.86)

dropwise and the solvents were distilled off under reduced pressure.
The physical and analytical data for the compounds synthesized are
listed in Table 2.

a. [1][GaCl,] and [2][GaCl,]. [1][GaCl,] and [2][GaCl,] were
prepared from GaCly and [1][CI]*** and [2][Cl], respectively, as
reported previously.'*

b. [11[BF,]. A mixture of [1][Cl] (949 mg, S mmol), NaBF, (549 mg,
5 mmol) and MeCN (S5 mL) was stirred for 6 h. Then MeCN (S mL)
was added, the solution was filtered, the precipitate was washed with
MeCN (25 mL) and the solvent was distilled off. The residue was
dissolved in MeCN (3 mL) and Et,0 (3 mL) was added. After 9 days
at 0 °C, the solution was removed with a syringe and the residue was
dried in vacuo. [1][BF,] was obtained in the form of elongated brown
plates (613 mg, 51%) suitable for XRD.

c. [2][CI]. Me,SiCl (222 mg, 2.05 mmol) was added to a stirred
mixture of 2-aminothiophenol (250 mg, 2.0 mmol), H,O (18 mg,
1.0 mmol) and Et,O (20 mL). After 40 min SeO, (244 mg, 2.2 mmol)
and Me;SiCl (916 mg, 8.44 mmol) were added. After an additional
24 h, the brown precipitate was filtered off, washed with Et,O (5 X
5 mL), and dried in vacuo. [2][Cl] was obtained in the form of a
brown powder (227 mg, 96%).

d. [31[BF,]. A mixture of [3][CI]** (129 mg, 0.55 mmol), NaBF,
(60 mg, 0.55 mmol), and MeCN (2 mL) was stirred for 12 h. The
solution then was decanted and the precipitate was washed with
MeCN (2 X § mL). The MeCN solutions were filtered, combined and
the solvent was distilled off. The residue was recrystallized from a mix-
ture of dichloroethane and MeCN (4:1 v/v). [3][BF,] was obtained in
the form of brown crystals (29 mg, 18%). Single crystals of [3][BF,]
suitable for XRD were grown at ambient temperature in a two-layered
system (Et,0O/MeCN) under conditions of mutual diffusion of the
solvents.

e. [3][GaCl,]. A solution of GaCl, (96 mg, 0.54 mmol) in MeCN
(1.1 mL) was added to [3][CI]** (128 mg, 0.54 mmol), and the mix-
ture was kept at ambient temperature for 2 days. The brown solution
formed was filtered and the solvent was distilled off. The crystalline
residue was washed with Et,O and recrystallized from dichloroethane.
[3][GaCl,] was obtained in the form of dark brown crystals (129 mg,
58%).

f. [4][GaCl,]. A solution of GaCl, (178 mg, 1.0 mmol) in 2 mL
of chlorobenzene was added to a stirred suspension of [4][CI]**
(287 mg, 1.0 mmol) in chlorobenzene (40 mL). After 16 h, the
solution was decanted from the precipitate, 20 mL of chlorobenzene
were added and the mixture was stirred for 1 h. The procedure then
was repeated and the remaining solids were filtered off and washed
with chlorobenzene (10 mL). All chlorobenzene solutions were
combined and hexane (80 mL) was added. The precipitate formed was
filtered off, washed with hexane, and dried in vacuo. [4][GaCl,] was
obtained in the form of a brown crystalline solid (235 mg, 51%).
Single crystals of [4][GaCl,] suitable for XRD were grown at ambient
temperature in a two-layered system (hexane/dichloroethane), under
conditions of mutual diffusion of the solvents.

g. [41[Cl] (Modified Procedure).**** (a) A solution of NaOH
(3.308 g 82.7 mmol) in H,O (40 mL) was added to 2-nitro-
phenylselenocyanate™ (1.565 g, 6.9 mmol) wetted with ethanol. Then,
Na,$,0, (10.08 g) was added in small portions and the mixture was
gently heated until a clear yellow solution formed. The mixture was
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cooled and acetic acid (~S mL) was added to pH ~6. The yellow
precipitate was extracted with Et,0 (4 X 10 mL), and the extract
was added to a mixture of EtOH (0.5 mL), Me;SiCl (1 mL) and Et,0
(30 mL). The yellow precipitate was filtered off, washed with Et,O,
and dried in vacuo. 2-Aminoselenophenol hydrochloride was obtained
in the form of a pale yellow powder (1.179 g, 82%). (b) SeO, (0.637 g,
5.74 mmol) was added to a mixture of 2-aminoselenophenol
hydrochloride (1.179 g, 5.65 mmol) and formic acid (15 mL) cooled
in an ice bath. The brown solution formed was kept at 0 °C for 16 h;
then, Et,O (60 mL) was added and the brown precipitate was filtered
off, washed with Et,O, and dried in vacuo. [4][Cl] was obtained in the
form of a brown powder (873 mg, 55%).

h. [115[SbCl],[Cl] and [3]5[SbClg],[Cl]. SbCI (598 mg, 0.256 mL,
2 mmol) was added to a stirred suspension of [1][CI1]*** (379.4 mg,
2 mmol) or [3][CI]** (473 mg, 2 mmol) in CH,Cl, (5 mL). After 5.5 h,
the precipitate was filtered off, washed with CH,Cl, (2 X 2 mL), and
dissolved in MeCN (2 mL). Then, Et,0 (7 mL) was layered onto the
MeCN solution and the system was left at ambient temperature until
the mutual diffusion of the solvents ceased. The solution was removed
with a syringe and the residue was dried in vacuo. [1]5[SbCl],[Cl]
(202 mg, 21%) and [3]5[SbCl,],[Cl] (296 mg, 34%) were obtained in
the form of brown-black crystals suitable for XRD.

For the electron paramagnetic resonance (EPR) measurements,
radicals 1°—4° were prepared as follows. A solution of PhySb (2.1 mg,
7 pmol) in degassed CH,Cl, (1 mL) was added to [1][Cl], [2][Cl],
[3][Cl], or [4][CI] (6 umol). The clear solution formed was diluted
with degassed CH,Cl, (up to S0 mL) or evaporated using an argon
stream, and degassed toluene (S0 mL) was added to the residue. The
solution obtained was degassed by three freeze—pump—thaw cycles
and its EPR spectrum was measured.

3. RESULTS AND DISCUSSION

3.1. Herz Salts. Preparation and XRD Characterization.
The parent salt [1][Cl] was prepared using methods previously
described;>** however, the crystals obtained were not suitable
for XRD. Treatment of [1][Cl] with SbCl; in CH,Cl,, followed
by crystallization of the reaction product from MeCN, gave
[1]5[SbCl],[Cl] (Scheme 1), whose structure was confirmed
by XRD (Figure 1a). Similarly, [3]5[SbCls],[Cl] was obtained
from [3][CI]** (Scheme 1) and structurally characterized (Figure 1b;
note that the top-left cation is disordered). For both salts, however,
the experimental accuracy of the cations’” geometries was rather low.

As an alternative, the anion [BF,]” was chosen. The salts
[1][BF,] and [3][BF,] were obtained by treatment of [1][Cl]
or [3][Cl] with NaBF, in MeCN (Scheme 1), and their struc-
tures were successfully determined (Figures lc and 1d; note
that the anions are disordered). An attempt to prepare [2][BF,]
using this approach failed.

The final anion used was [GaCl,]™, and salts [3][GaCl,] and
[4][GaCl,] were synthesized from GaCl; and the correspond-
ing chlorides (see Scheme 1). For [4][GaCl,], high-quality
single crystals were obtained by crystallization from 1,2-
dichloroethane. Its XRD structure is presented in Figure le.
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Scheme 1. Preparation of the Salts
[1ren

[11[BF,]
NaBF, =0 3IICy [31[BF,]
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1) [1J[C1], CH,CL,

1]5[SbCl¢],Cl1
2) MeCN [113[SbClg ]

SbCl;
1) BI[CIL, CH,Cly

[315[SbClel,Cl
2) MeCN e

[3][GaCl,] did not produce crystals suitable for XRD, whereas
[1][GaCl,] and [2][GaCl,] were synthesized and structurally
characterized previously."

In the salts [1][BF,] and [3][BF,], the cations form centro-
symmetric dimers with short N---S contacts of 3.249(3) A and
3.232(8) A, respectively, which can be compared with the sum
(3.35 A) of the van der Waals (VAW) radii of N and S.*° At the
same time, there are no short contacts between the BF,™ anions
(Figure SI in the Supporting Information). A similar formation
of dimers by cations was previously observed for the tetra-
chlorogallates of 3H-naphtho[1,2-d][1,2,3]diselenazolium® and
1,2,3-benzothiatellurazolium.' In contrast to those salts, there
are no short contacts between the cations in [4][GaCl,], but
there are short contacts between the anions (Figure S1 in the
Supporting Information), particularly Cl---Cl contacts with a
distance of 3.4416(7) A (the sum of VAW radii is 3.50 A).>

Geometries and Electronic Structures of the Cations.
According to the XRD data, the cations of salts [1][GaCl,],"*
[1][BF,], [2][GaCl,],"* [3][BF,], and [4][GaCl,] are planar
to within 0.008, 0.113, 0.024, 0.070, and 0.072 A, respectively.
The experimental geometries of cation 1 in salts [1][BF,] and
[1][GaCl,] display only minor differences which reflects the
structural rigidity of the cation. The only exception is the C5C6
distance, but the reason for this is unclear. The geometry of 1
was optimized using MP2 and DFT methods. Taking into
account the results of 9previous calculations on related sulfur—
nitrogen heterocycles,” the following combinations of DFT
functional and basis set were chosen: B1B95/6-311++G(d,p),
B1B9S5/cc-pVTZ, B1B95/cc-pVQZ, and B3LYP/cc-pVTZ.
MP2 was combined with the 6-311G(d,p) and cc-pVTZ basis
sets. The B1B9S5/cc-pVQZ results have been presented in
Table 3, while the results of the remaining methods have been
gathered in Table S1 in the Supporting Information. Compar-
ison of the results of the BIB9S/cc-pVQZ calculations on 1 and
the XRD data for [1][BF,] and [1][GaCl,] reveals that the
trends in the bonds lengths are reproduced well. This overall
agreement is also seen for the other method/basis set com-
binations in Table S1 in the Supporting Information, even
though the absolute values of the parameters deviate more from
the experimental ones for DFT/B3LYP and MP2 than they do
for DFT/B1B9S. Consequently, further calculations on 1—4
and 1°—4° were carried out using only B1B95/cc-pVQZ. The
B1B95/cc-pVTZ combination will be used only for the calcula-
tions on the radical dimers, because of its lower computational
cost. The cc-pVTZ basis set was also used for the GIAO NMR
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chemical shift calculations for 1—4, because it produces better
results than cc-pVQZ.

Table 3 also contains the calculated Hirshfeld bond orders
for cations 1—4 and the related 1,3,2-benzodithiazolium cation
(5), which provide more insight into the bonding. For all cat-
ions, the bonds have lengths intermediate between the typical
values for single and double bonds.”*>*” For 1, the bond orders
vary between 1.21 and 1.70. Despite the fact that the S—S bond
is only slightly shorter than a typical S—S single bond (~2.070 A),
its bond order in 1 is substantially higher than 1. Replacement
of S by Se leads to a decrease of the bond orders of the involved
bonds, but it has practically no effect on the other bond orders.
The carbocycles of 1—4 have ortho-quinoid character as the
C4CS and C6C7 bond distances/bond orders are shorter/
higher, compared with the other CC bonds. To a lesser extent,
the same is true for cation 5.*°

Table 4 displays the Hirshfeld charge distributions for cations
1-5 obtained from the BIB95/cc-pVQZ calculations. In 1—4,
the positive charge is mainly localized on the heterocycle, more
precisely on the two chalcogen atoms. Atoms C3a and C6 of all
cations, and also atom C7a of cations 1 and 2, bear significant
positive charges. The charge distribution in the carbocycle is
very important for the reactivity of the cations under discus-
sion: in particular, nucleophilic substitutions are known to
proceed usually at C6,'“*** which seems to be consistent with
the calculated charges. The N atom is charged negatively. Re-
placement of S by Se significantly affects only the adjacent
atoms. The symmetrical isomer of 1, cation S, features less
delocalization of the positive charge onto the carbocycle.

Solution NMR Data and NICS Values for the Cations.
Multinuclear NMR data for cations 1—S5, both experimental (in
solution) and calculated, are presented in Table S. Both the
cc-pVTZ and cc-pVQZ basis sets were used for the chemical
shift calculations. The former (Table S) yielded better results
than the latter (see Table S2 in the Supporting Information) in
all cases except for C3a in 3 and 4. For the "N NMR spectra,
the linewidths are large (1200 Hz for [4][GaCl,] in CD;CN).
Assignment of the experimental data is mainly tentative and
based on the results of the calculations; for 'H NMR also, the
multiplicity of the signals is used.

According to the calculations, the most downfield signal in
the *C NMR spectra of 1 and 2 belongs to C3a, and the next
to C7a, whereas for 3 and 4 this sequence is reversed. This is in
contrast with the experimental data obtained for [4][GaCl,],
for which the signal of C7a can be unambiguously identified via
BC—7""Se coupling. It can be assumed that, in the case of 3 and
4, the calculated chemical shift of C7a is overestimated and the
most downfield signal corresponds to C3a.

As a whole, the experimental chemical shifts are satisfactorily
reproduced by the calculations. The best agreement is observed
for S'H and 6'3C. Calculated §'H, 6°C, and 50N are,
in most cases, overestimated, whereas the 6"’Se are under-
estimated.

For 1—4, the effects of the solvent (CD;CN vs CF,;COOH)
and the anion (CI~, BF,~, or GaCl,”) on the chemical shifts are
minor and usually do not exceed 2%. The largest difference
(4%) is observed for the nitrogen spectra of 1 (see Table ).

The difference between the calculated **S chemical shifts for
the two S atoms of 1 (not determined experimentally)*” is only
40—50 ppm. Taking into account the linewidths in the **S
NMR spectra of related thiazoles and isothiazoles (4200 and
7700 Hz, respectively)®' one can conclude that the experimental
signals cannot be resolved with conventional techniques.
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Table 3. Bond Lengths and Bond Orders of Cations 1-5¢

Cation 1, Salts [1][BF,] and [1][GaCl,]”

Cation 3, Salt [3][BF,]

Bond Length, According to
XRD [A]

B1B95/cc-pVQZ
bond 1, [BE,] 1, [GaCl,] length (A) order
C3aN3 1341(4) 1345(4) 1327 154
S182 2.028(1) 2.024(1) 2.034 121
SIN3 1.577(3) 1.561(3) 1.565 1.70
C7aChl 1.698(3) 1.693(3) 1.699 133
C3aC7a 1.428(4) 1.437(4) 1.434 123
C3aC4 1.422(4) 1.407(4) 1412 1.37
C4CS 1.362(4) 1.352(5) 1.360 1.64
CsC6 1.413(5) 1.383(5) 1412 1.40
c6C7 1.372(4) 1.357(5) 1372 1.58
C7C7a 1.409(4) 1.397(4) 1.393 147
Cation 2, Salt [2][GaCl,]”
B1B95/cc-pVQZ
bond bond length, according to XRD (A) length (A)  order
C3aN3 1.324(5) 1.320 1.60
S18e2 2.174(1) 2.168 113
Se2N3 1.740(3) 1.721 144
C7aS1 1.711(4) 1.699 1.34
C3aC7a 1.422(4) 1439 122
C3aC4 1.430(5) 1419 1.34
C4Cs 1.344(5) 1357 165
C5C6 1.405(6) 1412 1.40
c6C7 1.358(6) 1371 1.59
C7C7a 1.391(5) 1.394 1.46
Cation 3, Salt [3][BF,]
B1B95/cc-pVQZ
bond bond length, according to XRD (A) length (A) order
C3aN3 1.334(1) 1.327 1.585
SelS2 2.162(3) 2.175 111
S2N3 1.587(9) 1.564 1.72
C7aSel 1.840(9) 1.842 1.17
C3aC7a 1.424(1) 1431 126

B1B9S/ccpVQZ
bond bond length, according to XRD (A) length (A)  order
C3aC4 1.395(2) 1414 1.36
C4Cs 1383(2) 1.360 1.64
C5C6 1419(2) 1.409 142
c6C7 1347(2) 1374 157
C7C7a 1.424(1) 1.390 1.49
Cation 4, Salt [4][GaCl,]
B1B95/cc-pVQZ
bond bond length, according to XRD (A) length (A)  order
C3aN3 1.330(3) 1321 1.60
SelSe2 2.2902(3) 2.296 1.08
Se2N3 1.742(2) 1.719 145
C7aSel 1.850(2) 1.843 118
C3aC7a 1.435(3) 1.437 125
C3aC4 1.433(3) 1421 1.33
C4Cs 1.354(3) 1.358 1.65
C5C6 1.414(3) 1.409 1.42
C6C7 1.367(3) 1.373 1.58
C7C7a 1.396(3) 1391 1.49
Cation §, Salt [S][CI]®

B1B9S/cc-pVQZ
bond bond length, according to XRD (A) length (A)  order
C7aS1 1.714(4) 1.708 128
C3a83 1.712(4) 1.708 128
N2S1 1.593(4) 1.587 1.60
N2S3 1.625(4) 1.587 1.60
C3aC7a 1.410(5) 1.409 133
C3aC4 1.413(5) 1.396 1.46
C4Cs 1.370(5) 1370 1.59
C5C6 1.411(5) 1.405 1.43
c6C7 1.366(6) 1370 1.59
C7C7a 1.404(5) 1.396 146

“Numbering of atoms as shown in Chart 1. “Data taken from ref la. “Data taken from ref 28.

The Nucleus-Independent Chemical Shift (NICS)* values
calculated for 1—4 and § at the B3LYP/cc-pVTZ//B1B9S/
cc-pVTZ level of theory are negative (see Table 6), clearly
indicating the aromaticity of both the carbocycles and hetero-
cycles of the cations. Replacement of S by Se only leads to a
slight decrease of the NICS absolute values of the heterocycle.
The NICS of the carbocycle decreases only with the replace-
ment of S2 (cations 2 and 4). It is interesting to note that
cations 2 and 4 are more reactive toward nucleophilic substitu-
tion at C6:** the reduction of the aromaticity could be used as
the explanation for the decrease of the activation energy for the
substitution. Transformation of 1 into $ affects the aromaticity
of both the heterocycles and carbocycles, as the carbocycle
becomes more aromatic and the heterocycle becomes slightly
less aromatic. Overall, cations 1—5 can be classified as 107-
electron heteroaromatics.

2.2, Herz Radicals. Generation and EPR Characterization.
Radicals 1°—4° were obtained in toluene and CH,Cl, solutions
by the chemical reduction of the salts of the corresponding
cations with Ph,Sb and characterized by EPR spectroscopy
(Figure 2). The EPR spectra of 3° and 4° generated several
times from independently prepared precursors were unresolved
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and determination of hfc constants was impossible in all cases.
It is somewhat unexpected because reported spectra of naphtho
analogues of the radicals studied are resolved enough to extract
ay constants.® Concentration dependence of the linewidths was
not found for the spectra of 3° and 4° in the range of 1.0—
0.1 mM. One may think that the line broadening observed is
mostly caused by spin—orbit coupling at the Se atoms and large
anisotropy of g-tensors of the radicals.>* The g-values measured
for 3° and 4° were 2.01627 and 2.02433, respectively. A reason
for the larger line broadening in the spectrum of 3°, compared
to that of 2° (Figure 2), is not entirely clear (spin—orbit
coupling should be stronger for 2° than for 3°, because of the
larger spin density at the Se atom), although similar situation
was observed previously for related tricyclic radicals.™
Previous DFT calculations of the hfc constants for 1° with
the B3LYP and B1B9S functionals revealed that the BIB9S func-
tional, in combination with large basis sets such as cc-pVTZ and
cc-pVQZ, produces better results for ay; but performs worse for ay,
compared with the smaller basis sets cc-pVDZ and 6-31G(d).'**%**
In this work, several other approaches were also used: the results of
B3LYP/6-31G(d), B1B95/6-31G(d), B1B9S/cc-pVDZ, BIB9S/
cc-pVTZ, and B1B95/cc-pVQZ calculations can be found in
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Table 4. B1B95/cc-pVQZ Hirshfeld Atomic Charges in
Cations 1-5§

atom 1 2 3 4 S
CS 0.012 0.009 0.009 0.006 0.020
Cé6 0.037 0.037 0.036 0.035 0.020
Cc7 —0.012 —0.015 —0.015 —0.018 —0.005
C7a 0.024 0.024 0.006 0.007 0.004
C3a 0.069 0.066 0.064 0.062 0.004
C4 0.008 0.007 0.008 0.007 —0.005
Ch1 0.233 0.197 0.302 0.267 0.350
Ch2 0.341 0.418 0.309 0.384 0.350
N3 —0.052 -0.077 —0.052 —0.079 —0.074
H4 0.088 0.085 0.086 0.084 0.082
HS 0.084 0.083 0.083 0.082 0.085
H6 0.087 0.086 0.086 0.085 0.085
H7 0.082 0.080 0.079 0.077 0.082
carbocycle 0.477 0.462 0.441 0.428 0.373
heterocycle 0.615 0.628 0.629 0.641 0.634

Table 7, together with the experimental data. The results of MP2/
6-311G(d,p), MP2/cc-pVTZ, PBE/cc-pVDZ, PBE/cc-pVTZ,
PBEO/cc-pVDZ, PBEO/cc-pVTZ, B3LYP/cc-pVDZ, B3LYP/
cc-pVIZ, B3LYP/cc-pVQZ, B1B9S/aug-cc-pVDZ, BIB9S/
aug-cc-pVTZ and B1B95/aug-cc-pVQZ calculations for the radical
1° as well as B3LYP and B1B9S ac constants can be found in
Tables S3 and S4 in the Supporting Information. It was found
that the PBE functional underestimates all hfc constants. The
MP2 method underestimates ay and strongly overestimates
ay; constants. The ag constants'® are satisfactorily reproduced
by the B1B9S functional with the cc-pVDZ, cc-pVQZ, and
aug-cc-pVQZ basis sets, as well as by PBEO/cc-pVTZ and
B3LYP/cc-pVIZ (see Table 7 and Table S3 in the Supporting
Information). The experimental and calculated data for 1°—4°
suggest that replacement of S by Se results in only minor
changes of both the experimental and calculated hfc constants.

For radical §°, the EPR spectrum consists of a 1:1:1 triplet
featuring practically no hyperfine splitting due to spin coupling

Table 6. Nucleus-Independent Chemical Shift (NICS)
Values” for Cations 1-5 at the B3LYP/cc-pVIZ Level for
B1B95/cc-pVIZ Geometries

Chemical Shift

Carbocycle Heterocycle
cation NICS(0) NICS(1) NICS(0) NICS(1)
1 —6.49 —9.65 —15.39 —12.81
2 =5.77 -9.10 —14.34 —-12.27
3 —6.56 -9.61 —14.72 —12.39
4 —5.46 —9.00 —14.82 —12.56
S —10.42 —12.04 —13.26 —11.87

“The NICS(0) and NICS(1) notations denote the values at the center
of the cycle and at a point 1 A above the center of cycle, respectively.

with the protons. Most of the spin density is localized on the
heterocycle. Measured (B3LYP/cc-pVDZ calculated) hfc con-
stants are ay = 11.4 (10.5) and ay; = 0.5 (—=0.4), 0.5 (=0.2) G.*

Geometries and Electronic Structures. Calculated (B1B95/
cc-pVQZ) bond lengths and bond orders for radicals 1°—4° are
presented in Table 8; the corresponding B1B95/cc-pVIZ
values are given in Table S5 in the Supporting Information.
Addition of an electron to cations 1—4 leads to the occupa-
tion of an antibonding 7*-orbital. Consequently, it results in
the elongation of the C3a—N3 bonds by 0.017—0.023 A, the
Ch1—-Ch2 bonds by 0.045—0.053 A, the Ch2—N3 bonds by
0.044—0.045 A, and the C7a—Chl bonds by 0.036—0.039 A,
and in the shortening of the C3a—C7a bond by 0.014—0.019 A.
At the same time, the short bonds of the carbocycle are
elongated (C4—CS by 0.011-0.013 A and C6—C7 by 0.070—
0.090 A), whereas the long ones are shortened (C3a—C4 and
C7—C7a by 0.050—0.090 A, and C5—C6 by 0.015—0.018 A).
Thus, the transformation of cations 1—4 into radicals 1°—4° leads
to an increase in the bond lengths and an associated decrease in
the bond orders for the bonds between the chalcogen and N
atoms, and to an equalization of the CC bonds (see Table 8). This
is in agreement with the antibonding character of 7*-SOMO.

Table 5. Experimental and Calculated (GIAO, B3LYP/cc-pVTZ Values) Multinuclear NMR Data for Cations 1—4 and §

38 or 77Se NMR,

C NMR, § [ppm] 6 [ppm] N NMR, 6 [ppm] 'H NMR, & [ppm]

cation Cs C6 C7 C7a C3a C4 Chl Ch2 N3 H4 HS H6 H7
1 GIAO 141.9 151.8 127.8 162.2 166.2 1382 143.5 187.3 465.2 9.48 890  9.08 905
1[Cl]** 133.9 139.1 1234 156.2 164.0 128.1 406" 9.09 846  8.65 9.00
1[BF,] 1352 139.6 125.6 1582 165.9 129.5 403.2 8.85 824 842 8.84
1[GaCl,] 134.6 139.3 124.9 157.0 164.9 129.0 388.7 8.86 827 845 8.83
2 GIAO 140.5 1524 128.9 166.3 168.8 138.1 131.3 1363 512.9 9.32 882  9.03 905
2[GaCl,] 133.8 139.4 127.4 1622 169.9 130.7 1556 8.69 8.08 8.40 8.66
3 GIAO 140.7 150.0 129.8 172.9 166.9 1412 1267 2243 4914 9.66 8.85 8.95 9.14
3[Cl)° 1322 139.0 128.9 167.1 170.3 135.1 1410 425" 9.17 822 843  9.02
3[GaCl,] 1312 137.7 128.6 166.0 169.7 134.3 1423 41° 9.08 8.18 8.37 8.84
4 GIAO 139.4 150.1 130.7 177.2 169.4 140.6 1207 1392 5325 9.50 879 889 918
4[Cl]¢ 1322 137.1 129.8 169.1 173.8 1332 1344 1581 459.3 894 794 836 8.78
4[GaCl,] 131.8 137.0 1302 168.74 173.6 1333 1350¢ 1601° 454.3 8.93 7.95 8.37 8.68
5 GIAO 1414 1414 128.1 169.9 169.9 128.1 228.1 228.1 4412 9.33 8.83 883 933
s[ciy*? 132.6 132.6 122.8 163.3 163.3 122.8 378" 9.09 8.22 822 9.09

“In CF,COOH. "N NMR. “In CF,COOH/CDCI, 4:1. ¥J(3C—""Se) = 152 Hz. ¢J("’Se—""Se) = 356 Hz.
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Figure 2. Experimental (exp) EPR spectra of radicals (a) 1°, (b) 2°, (c) 3°, and (d) 4° and the associated simulations (sim) for 1°* and 2°.

The addition of an electron to cations 1—4 results, as ex-
pected, in a reduction of the charges on all atoms (see Table 9).
The largest changes are observed for the N and chalcogen
atoms, namely, a decrease of 0.196—0.264. Among the C atoms,
C6 displays the largest decrease (0.079—0.081), while the
values for C4 and C5 (0.048—0.052), C7a (0.041—0.045), and
C3a and C7 (0.031—0.038) are smaller. The same trends are
observed for the H atoms: 0.038—0.040 for H6, 0.034—0.036
for H4 and HS, and 0.029—0.032 for H7. In total, the charge
changes by 0.416—0.453 for the carbocycle and by 0.638—0.659
for the heterocycle (note that the sum is not equal to 1, since
C3a and C7a are common to both cycles). As a result, in the
radicals the N atoms bear the largest negative charges; the
chalcogen atoms are positive and the charges are, as expected,
larger for the atoms in the 2-positions than for those in the
1-positions (see Table 9). The C atoms are charged negatively,
excluding C3a. The absolute values of the charges of atoms
C4—C7 are close to those of the positively charged H atoms
attached to them. Thus, both the carbocycles and the hetero-
cycles have small total charges. In contrast to cations 1—4, the
charge distribution in the radicals seems to be determined
mainly by the inductive effects of the atoms.

The spin densities in 1°—4° are mainly localized on the
heteroatoms, especially on the N atom (Table 10). Only 22%—
24% of the spin density is transferred onto the carbocycle, and
then mainly to C4, C6, and C7a. This pattern resembles the
spin-density distribution in the benzyl radical.***> Replacement
of S by Se does not affect the spin-density distribution to any
great extent (cf. refs la and 8).

The Radical Dimers. 1,2,3-Dithiazolyls, monomeric in solu-
tion, reveal a general propensity for dimerization in the solid
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state, which is very important for their macroscopic magnetic
and electrical properties.*”®** The same is true for 1,3,2-
dithiazolyls.** According to the XRD data, in the dimers the
radicals are coplanar and connected by very long and weak S---S
interactions.*”****3* There are no data on the dimerization of
Se-containing monocyclic or benzo-fused 1,2,3-dichalcogena-
zolyls. For tricyclic pyrido- and pyrazino-bis[1,2,3]-dichalcoge-
nazolyls, the dimerization features the formation of C—C, S-S,
and Se—Se covalent bonds.®> In all cases, the solid-state di-
merization is reversible and in solution the dimers dissociate,
which indicates that their constituent monomers are weakly
bonded. Previously reported gas-phase calculations for several
1,3,2-dithiazolyls, and 1,2,3,5- and 1,3,2,4-dithiadiazolyls,
predicted low (<10 keal mol™) or even zero dimerization energies.7

In this work, the radical dimers [1°],—[4°], were calculated
using the B1B95/cc-pVIZ method in seven different con-
figurations with short contacts between different pairs of
heteroatoms, and with stacked or lateral geometries (see Figure
S2 in the Supporting Information): the short contacts and types
of configurations are Chl--Chl’ and Ch2---Ch2/, stacked (a)
and lateral (b); Chl---Ch2’ and Ch2---Chl’, lateral (c) and
stacked (d); N--Ch’ and Ch---N’, lateral (e) and stacked (f);
Ch--Ch’ and N--N’, lateral (g).

It was found that the dimerization energies are positive
(ie., the dimers are thermodynamically unstable; see Table 11),
and that the intermolecular Hirshfeld bond orders are negative
in practically all cases (see Tables S6—S9 in the Supporting
Information); negative bond orders, arising from the scaling
procedure,'’ indicate that bonding between the radicals in
dimers is very weak. The only exception is lateral dimer [2°], in
configuration e with N--Se contacts ([2°],¢; see Figure 3),
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Table 7. Experimental and Calculated EPR Data for Radicals
1._4.

hfc Constants [mT]

B3LYP B1B9S
atom exp 6-31G(d) 6-31G(d) ccpVDZ cc-pVIZ cc-pVQZ
Radical 1°*
S1 0.355° 0.191 0.276 0.335 0.380 0.341
S2 04451b 0.214 0.364 0.463 0.532 0.450
N3 0.819 0.885 0.884 1.002 0.464 0.491
H4 0.290 —0.409 -0.372 —-0.327 —-0.310 —0.306
HS 0.080 0.167 0.131 0.111 0.102 0.096
H6 0.369 —0.463 —0.420 —0.374 —0.363 —0.357
H7 0.097 0.172 0.134 0.112 0.103 0.098
Radical 2°
S1 0.199 0.283 0.336 0.380 0.341
N3 0.838 0.851 0.859 1.002 0.464 0.495
H4 0.307 —0.409 —-0.371 —0.328 —-0.314 —0.312
HS 0.107 0.170 0.134 0.116 0.109 0.105
H6 0.391 —0.470 —0.424 —0.383 —0.377 —0.374
H7 0.107 0.179 0.139 0.120 0.115 0.111
Radical 3*°
S2 0.213 0.359 0.444 0.506 0.424
N3 0.928 0.880 0.878 1.003 0.469 0.497
H4 0.303 —0414 —-0.378 —0.333 —-0.317 —0.314
HS 0.089 0.175 0.139 0.121 0.114 0.109
Hé6 0.350 —0.467 —0.424 —0.381 —0.371 —0.365
H7 0.103 0.177 0.140 0.121 0.115 0.110
Radical 4*°
N3 0.974 0.839 0.845 0.997 0.466 0.497
H4 0.296 —0.412 -0.373 —-0.333 -0.319 —0.318
HS 0.100 0.176 0.139 0.124 0.119 0.115
H6 0.393 —0.471 —0.425 —0.388 —0.383 —0.380
H7 0.111 0.181 0.143 0.127 0.123 0.120

“The experimental and B1B9S data for ay and ay are taken from ref
3c. YFor S,7-di-tert-butyl-1,2,3-benzodithiazolyl; for 4,6-di-tert-butyl-
1,2,3-benzodithiazolyl, ag = 0.369 and 0.451 mT.'8

which is 13.6 kJ] mol™" more stable than the system of two
noninteracting radicals 2°.

For dimer [2°],¢, the N---Se distance is 2.044 A, which cor-
responds to a Hirshfeld bond order of 0.46. The S—Se bonds of
the components of [2°],e are elongated (2.350 A) and weaker
(Hirshfeld bond order 0.81) than the S—Se bonds of the iso-
lated radical 2° (2.216 A and 1.13, respectively). The dimer-
ization of 2° also leads to the elongation and weakening of the
N—Se bonds: the bond lengths and bond orders, respectively,

Table 9. Atomic Charges in Radicals 1°—4°

(B1B95/cc-pVQZ)
Atomic Charge
atom 1° 2° 3° 4°
Cs —0.040 —0.042 —0.041 —0.042
C6 —0.044 —0.044 —0.044 —0.044
Cc7 —0.047 —0.048 —0.048 —0.049
C7a —0.021 —0.021 —0.034 —0.034
C3a 0.031 0.028 0.031 0.028
C4 —0.043 —0.043 —0.042 —0.042
Chl 0.024 0.001 0.058 0.037
Ch2 0.105 0.152 0.083 0.127
N3 —0.162 —0.178 —0.158 —0.176
H4 0.052 0.051 0.052 0.050
HS 0.049 0.048 0.048 0.048
Ho6 0.047 0.047 0.047 0.047
H7 0.050 0.049 0.049 0.048
carbocycle 0.034 0.026 0.017 0.012
heterocycle —-0.023 0.018 —0.020 —0.018

Table 10. Spin Densities in 1°—4° (B1B95/cc-pVQZ)

Spin Density

atom 1° 2° 3° 4
CS —0.013 —0.015 —0.016 -0.017
Cé6 0.095 0.100 0.097 0.101
Cc7 —0.015 —0.018 —0.017 —0.020
C7a 0.084 0.093 0.088 0.096
C3a —0.006 —0.005 —0.009 —0.007
C4 0.080 0.082 0.082 0.083
Chl 0.148 0.142 0.149 0.144
Ch2 0.287 0.265 0.289 0.266
N3 0.331 0.349 0.330 0.345
H4 0.004 0.004 0.004 0.004
HS —0,001 —0.001 —0.001 —0.002
H6 0.007 0.007 0.007 0.007
H7 —0.002 —0.002 —0.002 —0.002
carbocycle 0.233 0.244 0.233 0.246
heterocycle 0.843 0.844 0.848 0.844

are 1.801 A and 1.03 for [2*],e and 1.769 A and 1.31 for 2°. On
the other hand, the C—S bonds becomes shorter and stronger:
the bond lengths and bond orders are, respectively, 1.723 A and
1.41 in [2%],¢, and 1.742 A and 1.31 in 2°).

Among dimers [1°],¢, [2°]5¢, and [3°],¢, stronger N---Ch2
interactions are observed for radicals with larger charges at

Table 8. B1B95/cc-pVQZ Bond Lengths and Bond Orders in Radicals 1°—4°

1° 2°
bond length [A] order length [A]
C3aN3 1.346 1.51 1.343
Ch1Ch2 2.087 1.11 2213
Ch2N3 1.610 1.58 1.766
C7aChl 1.737 1.24 1.738
C3aC7a 1.417 1.32 1.420
C3aC4 1.404 143 1.410
C4CS 1.373 1.61 1.370
CS5C6 1.394 1.51 1.395
C6C7 1.381 1.57 1.379
C7C7a 1.385 1.53 1.388

3 4°
order length [A] order length [A] order
1.55 1.344 1.52 1.341 1.56
1.0 2226 1.02 2.342 1.01
1.33 1.608 1.60 1.764 1.35
1.24 1.878 1.09 1.881 1.09
1.32 1.417 1.34 1.419 1.34
1.40 1.407 141 1413 1.39
1.62 1.372 1.61 1.369 1.63
1.51 1.393 1.51 1.394 1.51
1.58 1.381 1.57 1.380 1.57
1.51 1.384 1.54 1.386 1.53
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Table 11. Dimerization Energies for the Dimers of Radicals 1°—4° (B1B95/cc-pVTZ)

Dimerization Energy [kJ mol ']

dimer configuration a configuration b configuration ¢
[1°], 263 80.8 80.7
[2°], 22.6 76.6 73.9
(3], 243 78.5 77.0
(4], 17.7 73.1 64.9

configuration d

configuration e configuration f configuration g

38.0 571 22.3 86.3
35.1 —13.6 19.5 79.4
33.0 58.7 20.6 85.2
324 78.7 124 76.5

e e s
\ \

J_ ; - :. .'_ = .
Figure 3. Optimized structure of the lateral dimer [2°],e with contacts

Se2---N and N---Se2. Color code: gray = C, light gray = H, blue = N,
yellow = S, orange = Se.

these atoms. At the same time, dimer [4°],e having, similar to
[2°],e, N---Se contacts in combination with considerable
charges on the N and Se atoms, is unstable, and a general
correlation between the charges on the interacting atoms and
the energies of dimerization seems to be absent.

Importantly, a similar mode of dimerization is also observed for
many 1,2,3-dichalcogenazolium salts, namely, [1][BF,] and [3][BF,]
(present work), and 3H-naphtho[1,2-d][1,2,3]diselenazolium
and 1,2,3-benzothiatellurazolium tetrachlorogallates.la’8

For the dimers of the other studied types, the Ch2---Ch2
interactions are stronger than Chl--Chl (a-, b-, and g-type
interactions) or Ch1--Ch2 (c and d types), or N---Ch2 (f-type)
interactions. Bonding between the N atoms is almost absent in
the a- and g-type interactions. Except for [2°],e, the stacked
dimers are 40—65 kJ mol™" more stable than the lateral ones,
probably because of many weak bonding interactions
resembling 7-stacking interactions.

Overall, radicals 1°—4° have no inherent tendency toward
dimerization in the free state, and the observed solid-state
dimerization of chalcogen-nitrogen heterocyclic z-radicals*~®
seems to be driven by packing forces.

4. CONCLUSIONS

A combined experimental and computational study on the
structure and properties of the archetypal Herz cations and
radicals and their Se congeners was performed. The B1B95/
cc-pVQZ method was found to reproduce the trends in the
experimentally determined bonds lengths well. More time-
economic B1B95/cc-pVTZ calculations provide similar results
and can also be used in computational studies of 1,2,3-
benzodithiazolium and its Se congeners.

The calculations on the cations reveal a delocalization of the
positive charge over both the heterocycles and the carbocycles.
Hirshfeld bond orders of the bonds in both rings lie between 1
and 2, indicating cyclic z-conjugation. According to the NICS
values, 1,2,3-benzodichalcogenazoliums can be classified as 10
m-electron heteroaromatics.

Neutral s-radicals related to the cations, ie., 1,2,3-
benzodichalcogenazolyls, are also delocalized systems: the
B1B95/cc-pVQZ calculations show a delocalization of ~20%
of the spin density onto their carbocycles.
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Replacement of S by Se leads to a limited perturbation of the
molecular and electronic structures of both cations and radicals,
and notable changes are observed only at the involved and
neighboring sites. At the same time, the EPR spectra of the
Se-containing radicals reveal spin—orbit broadening of the
spectral lines, especially for the radicals with the Se atom in
the 1-position. This magnetic anisotropy is important in terms
of the magnetic properties of the corresponding solids, which
are targets of further work.

The B1B95/cc-pVTZ dimerization energies of the radicals in
the gas phase were found to be generally positive, indicating
that the dimers are unstable. A negative energy was observed
in one case only, but its low value implies very weak bonding
between the individual radicals. One can therefore assume that
the previously reported solid-state dimerization of various
chalcogen—nitrogen s-radicals, which affects their magnetic
properties, is driven by the packing forces of the crystal lattices.
Thus, one can expect that, with crystal engineering methods,
it is possible to obtain solids composed of nondimerized
(ie., paramagnetic) 1,2,3-benzodichalcogenazolyls, as has been
successfully done for their 1,3,2-isomers.
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