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Isolation of the 2,1,3-benzothiadiazolidyl radical anion: 
X-ray structure and properties of a [K(THF)][C6H4N2S] salt
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The 2,1,3-benzothiadiazolidyl radical anion 1 was isolated for the first time in the form of the thermally stable salt [K(THF)][1],
which was structurally characterized by X-ray diffraction.

Spin-carrying chalcogen–nitrogen π-heterocycles belong to the
most promising building blocks in the design and synthesis of
magnetic and conducting molecular materials.1–7 While neutral
radicals and radical cations have been a subject of extensive
studies, radical anions have been less studied.1–7

Recently, it has been found that chalcogen–nitrogen π-radical
anions, in particular [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazo-
lidyl, form thermally stable salts with various cations. Magnetic
measurements on the salts revealed antiferromagnetic ordering
of their spin systems at cryogenic temperatures.7 These results
motivate further research in the field focused, particularly, on
new heterocyclic precursors and their radical anions. Another
reason of interest is the general significance of π-radical anions
for organic chemistry and its applications including materials
science.8

The recognized precursors of persistent heterocyclic π-radical
anions are 2,1,3-benzochalcogenadiazoles (chalcogen: S, Se,
Te).9 For the S and Se derivatives, the radical anions have been
known since the 1960s from ESR experiments, but they have
never been isolated in the form of the salts.8,10

This work reports on first isolation of 2,1,3-benzothiadiazo-
lidyl radical anion (1, Scheme 1). To obtain 1, 2,1,3-benzo-
thiadiazole (2, Scheme 1) was treated with elemental potassium
in THF as a solvent. The reaction solution revealed an ESR
spectrum, which was in full agreement with that reported for
1 previously.10 The experimental hfc constants (aN = 5.30,
aH = 2.65, aH = 1.65 G) are fairly well-reproduced by the
DFT/UB3LYP/6-31G(d) calculations (aN = 5.35, aH = 3.90,
aH = 1.50). Further workup of the solution gave crystalline
[K(THF)][1] (3, Scheme 1).† The salt is thermally stable but
extremely sensitive towards atmosphere.

The structure of 3 was confirmed by XRD.‡ In the solid
state, each N and S atom of 1, as well as the O atom of THF, is

coordinated to two cations (Figure 1). Atoms S and K lie in the
crystallographic plane bc, atoms K form chains along the b axis
with K···K distances of 373.2 pm (effective ionic radius of K+

is 138 pm for coordination number 6). The layers formed by
alternating molecules of 1 and THF can be identified in the
crystal as well (Figure 2).

As compared with 2,11 the SN bonds in 1 (Figure 1) are notice-
ably elongated, and the C(5)–C(6) bond is shortened (Figure 1).
This is in agreement with the structure of the π-SOMO of 1
emerging from ROHF/6-31G(d) calculations (Figure 3).

Theoretical calculations of the dimeric exchange interactions
(Ji) performed for experimental crystal packing of 3 using a spin-
unrestricted broken-symmetry approach at the DFT/UB3LYP/
6-31+G(d) level of theory [(cf. refs. 7(a),(c)]§ allow some
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† Preparation of salt 3. Under anaerobic conditions in an H-shaped
Schlenk vessel equipped with two Teflon valves (vertical tubes) and a
G4 frit (horizontal tube) 0.14 g (0.001 mol) of 2 (Aldrich) was added to
a suspension of 0.08 g (0.002 mol) of potassium in 10 ml of THF, and the
reaction mixture was stirred at ambient temperature for 10 days. During
this time colour of the solution changed from pale yellow to crimson and
a red-brown precipitate formed. The solution was filtered through the frit
to another tube, and the solvent was condensed back by cooling the
reaction tube in an ice bath. These operations were repeated several times
until extraction of poorly soluble 3 was completed. Red-brown micro-
crystalline 3 (0.14 g, 57%) was then separated from supernatant solution
and dried in vacuo. Found (%): C, 48.03; H, 4.63; N, 11.85. Calc. for
C10H12KN2OS (%): C, 48.55; H, 4.89; N, 11.32. Single crystals suitable
for X-ray diffraction were obtained by keeping the mother liquor at 7 °C.
‡ XRD data for salt 3: C10H12KN2OS, M = 247.38, monoclinic, space
group P2/c, a = 12.049(2), b = 6.456(1) and c = 14.915(2) Å, b = 96.73(1)°,
V = 1152.14 Å3, Z = 4, dcalc = 1.426 g cm–3, m(MoKα) = 0.62 mm–1. The
final indices are wR2 = 0.0802, S = 0.960 for all 1816 F2, R1 = 0.0381 for
1227 F0 > 4sF0 (138 parameters). The data were measured at 203(2) K
on a Stoe IPDS diffractometer using MoKα (l = 71.073 pm) radiation
with a graphite monochromator. The structure was solved by the direct
methods using the SHELXS-97 program13 and refined by the least-squares
method in the full-matrix anisotropic (isotropic for H atoms) approxima-
tion by use of the SHELXL-97 program.13

CCDC 695223 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
For details, see ‘Notice to Authors’, Mendeleev Commun., Issue 1, 2009.Au
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preliminary comments on the magnetic structure of this salt to
be made. The structure seems to be unexpectedly complex
[cf. refs. 7(a),(c)]. In particular, 12 unique Ji values of both signs
were found corresponding to both antiferromagnetic (negative)
and ferromagnetic (positive) interactions (Figure 4, Table 1).
This situation highlights the importance of quantum chemical
calculations for a decent understanding of magnetic properties

of non-common derivatives:12 since the exchange interactions
of different signs would compensate each other, the magnetic
structure of 3 cannot be obtained from magnetic measurements
alone. Due to these findings, the magnetic properties of salt 3
are worth of further experimental and theoretical studies. The
results of these studies will be published elsewhere.

We are grateful to Professor Ruediger Mews for valuable
discussions.

This work was supported by the Deutsche Forschungsgemein-
schaft (grant no. 436 RUS 113/967/0-1R) and the Siberian Branch
of the Russian Academy of Sciences (interdisciplinary project
no. 25).

§ Quantum chemical calculations on 1 and 3. All calculations were
performed using GAUSSIAN-03 suite of programs.14 The geometry of
radical anion 1 was optimized at the DFT/(U)B3LYP/6-31G(d) level
of theory.15 The hfc constants were calculated by the same method. The
π-SOMO orbital of the 1 was characterized at the ROHF level of theory.

For theoretical analysis of the magnetic structure of the salt 3 we used
a Heisenberg Hamiltonian as given by the equation (1).

The exchange integrals (JAB) between selected pairs of radical anions
1 were calculated for the XRD crystal structure of 3 using the spin-
unrestricted broken-symmetry approach16 at the DFT/UB3LYP/6-31+G(d)
level of theory.15 The JAB values were obtained from the equation (2),
where ET is the energy of the triplet state of the pair of radical anions,
and ES

BS is the energy of the open-shell singlet state within the broken-
symmetry approach.16

In all cases the <S2> value for the broken-symmetry singlet state was
~1.02. The accuracy of the energy calculations was chosen to be 10–7 H
which provided calculations of JAB with the accuracy of 0.04 cm–1.

H = –2ΣJABSASB.
N

A,B
(1)^ ^ ·̂·

JAB = ES
BS – ET. (2)

Figure 1 Orientation of the nearest ions in the crystal of 3. Of two
crystallographically unique cations, K(1) lies on the C2 axis and K(2) at
the centre of symmetry, with the site occupation factors of 0.50. Selected
bond lengths (pm) and bond angles (°) of 1 (in parentheses, those of 211):
N(1)–S(2) 166.9(3) (162.0), S(2)–N(3) 165.5(2) (161.4), N(3)–C(3a)
135.5(4) (134.8), C(3a)–C(4) 140.0(4) (141.9), C(4)–C(5) 136.9(5) (137.0),
C(5)–C(6) 138.5(4) (142.8), C(6)–C(7) 139.5(4) (136.6), C(7)–C(7a)
138.9(5) (141.7), C(7a)–N(1) 137.0(4) (135.2), C(7a)–C(3a) 143.9(3)
(144.1); C(7a)–N(1)–S(2) 106.0(2) (106.4), N(1)–S(2)–N(3) 99.8(1) (101.1),
S(2)–N(3)–C(3a) 106.4(2) (106.5), N(3)–C(3a)–C(7a) 114.4(2) (113.3),
C(3a)–C(7a)–N(1) 113.4(2) (112.8). Non-bonding distances (pm): N(1)···K(1)
295.6(3), N(1)···K(2) 290.7(2), S(2)···K(1) 344.5(1), S(2)···K(2) 354.6(1),
O···K(1) 283.3(2), O···K(2) 289.1(2), K(1)···K(2) 373.2(4). Selected bond
lengths (pm) and bond angles (°) of 1 from DFT/UB3LYP/6-31G(d) calcu-
lations: N(1)–S(2) 170.6, S(2)–N(3) 170.6, N(3)–C(3a) 135.1, C(3a)–C(4)
141.6, C(4)–C(5) 139.8, C(5)–C(6) 140.5, C(6)–C(7) 139.8, C(7)–C(7a)
141.6, C(7a)–N(1) 135.1, C(7a)–C(3a) 146.1; C(7a)–N(1)–S(2) 105.0,
N(1)–S(2)–N(3) 99.8, S(2)–N(3)–C(3a) 105.0, N(3)–C(3a)–C(7a) 115.1,
C(3a)–C(7a)–N(1) 115.1.
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Figure 2 Crystal packing of the salt 3.

Figure 3 The π-SOMO of radical anion 1 from ROHF/6-31G(d) cal-
culations.
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Figure 4 Magnetic structure of salt 3 from the spin-unrestricted broken-
symmetry DFT/UB3LYP/6-31+G(d) calculations (see also Table 1). The
5- and 6-membered rings of 1 are represented by the smaller and bigger
circles, respectively; dark-gray radical anions 1 occupy layer S, and light-
gray ones layer S'. (a) The exchange integrals (JAB) between the unique
pairs of 1 located in same layer of radical anions 1 (S or S'). (b) The
exchange integrals (JAB) between the unique pairs of 1 located in adjacent
layers of radical anions 1 (S and S').

Table 1 Spin-unrestricted broken-symmetry results obtained at the DFT/
UB3LYP/6-31+G(d) level of theory for the dimeric exchange interaction Ji
(Figure 4) of the radical anion 1 with first-nearest neighbours in the crystal
of salt 3. 

Exchange 
interaction d(S···S)/pm Ji /cm–1 Exchange 

interaction d(S···S)/pm Ji /cm–1

J1 373 7.2 J7 748 –0.07
J2 1256 –8.1 J8 709 <|0.04|
J3 379 3.2 J9 780 –0.09
J4 747 –1.0 J10 1412 –0.04
J5 1335 –0.15 J11 1465 <|0.04|
J6 645 –0.3 J12 1501 –0.07Au
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