
Synthesis and Properties of the Heterospin (S1 = S2 = 1/2) Radical-Ion Salt 

Bis(mesitylene)molybdenum(I) [1,2,5]Thiadiazolo[3,4-c][1,2,5]thiadiazolidyl 

 

Nikolay A. Pushkarevsky,†,‡ Nikolay A. Semenov,§ Alexey A. Dmitriev,┴,¶ Natalia V. 

Kuratieva,†,‡ Artem S. Bogomyakov,║ Irina G. Irtegova,§,‡ Nadezhda V. Vasilieva,§ Bela E. 

Bode,# Nina P. Gritsan,┴,¶,* Lidia S. Konstantinova,∆ J. Derek Woollins,# Oleg A. Rakitin,∆ 

Sergey N. Konchenko,†,‡ Victor I. Ovcharenko,║ and Andrey V. Zibarev§,¶,◊,* 

 

†Institute of Inorganic Chemistry, §Institute of Organic Chemistry, ┴Institute of Chemical 

Kinetics and Combustion and ║International Tomography Center, Siberian Branch of the Russian 

Academy of Sciences, 630090 Novosibirsk, Russia 

‡Department of Natural Sciences and ¶Department of Physics, Novosibirsk State University, 

630090 Novosibirsk, Russia 

#EaStCHEM School of Chemistry, University of St. Andrews, St. Andrews, Fife KY16 9ST, 

United Kingdom 

∆Institute of Organic Chemistry, Russian Academy of Sciences, 119991 Moscow, Russia 

◊Department of Chemistry, Tomsk State University, 634050 Tomsk, Russia 

_____________________________________________________________________________ 

ABSTRACT: Low-temperature interaction of [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole (1) with 

MoMes2 (Mes = mesitylene / 1,3,5-trimethylbenzene) in tetrahydrofuran gave the heterospin (S1 

= S2 = 1/2) radical-ion salt [MoMes2]
+[1]– (2) whose structure was confirmed by single-crystal 

X-ray diffraction (XRD). The structure revealed alternating layers of the cations and anions with 

the Mes ligands perpendicular, and the anions tilted by 45°, to the layer plane. At 300 K the 

effective magnetic moment of 2 is equal to 2.40 µB (theoretically expected 2.45 µB) and 

monotonically decreases with lowering of the temperature. In the temperature range 2−300 K, 

the molar magnetic susceptibility of 2 is well-described by the Curie-Weiss law with parameters 

C and θ equal to 0.78 cm3⋅K⋅mol–1 and −31.2 K, respectively. Overall, the magnetic behavior of 

2 is similar to that of [CrTol2]
+[1]– and [CrCp*2]

+[1]–, i.e. changing the cation [MAr2]
+ 3d atom 

M = Cr (Z = 24) with weak spin-orbit coupling (SOC) to a 4d atom M = Mo (Z = 42) with 

stronger SOC does not affect macroscopic magnetic properties of the salts. For the XRD 
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structure of salt 2, parameters of the Heisenberg spin-Hamiltonian were calculated using the 

broken-symmetry DFT and CASSCF approaches, and the complex 3D magnetic structure with 

both the ferromagnetic (FM) and antiferromagnetic (AF) exchange interactions was revealed 

with the latter as dominating. Salt 2 is thermally unstable and slowly loses the Mes ligands upon 

storage at ambient temperature. Under the same reaction conditions, interaction of 1 with 

MoTol2 (Tol = toluene) proceeded with partial loss of the Tol ligands to afford diamagnetic 

product. 

_____________________________________________________________________________ 

 

Introduction 

In the design and synthesis of new molecule-based magnetic materials, the metal-radical 

approach dealing with coordination compounds of paramagnetic metal cations and organic 

radical ligands, both neutral and negatively charged (i.e. radical anions, RAs), can be very 

useful.1-3 Recently, it was shown that thiazyl RAs, derivatives of 1,2,5-thiadiazole and 1,2,3-

dithiazole ring systems, can be used in preparing magnetically-active RA salts.4,5 An especially 

effective approach is reduction of heterocycles such as [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole 

(1, Chart 1) to their RAs with organometallics MR2 (M = Co, Cr, R = Cp, Cp*; M = Cr, R = Ar) 

allowing the synthesis of both homo- and heterospin RA salts.6,7 The resultant salts have 

complex magnetic structures dominated by antiferromagnetic (AF) exchange interactions 

associated within the McConnell I model8 with contacts of like spin density of neighboring 

paramagnetic species in the solid state. At the same time, the presence of weak ferromagnetic 

(FM) interactions, most likely caused by contacts of unlike spin density in the heterospin salts, 

was also recognized.4-7 

 

Chart 1. [1,2,5]Thiadiazolo[3,4-c][1,2,5]thiadiazole 

 

 

The approach based on MAr2 compounds may be generalized4c since first ionization 

energies are practically equal for M = Cr, Mo and W with the same Ar ligands.9 One may 
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anticipate that heterospin RA salts with heavy atoms possessing strong spin-orbit coupling 

(SOC), Mo or W atoms, in the [MAr2]
+ may satisfy the Dzyaloshinsky−Moriya mechanism for 

antisymmetric exchange leading to a spin canting even under conditions of AF exchange 

interactions between paramagnetic centers.4c,8c,10 

Very recently, for a weak organic ferromagnet based on a selenium-nitrogen π-

heterocyclic neutral radical, i.e. the radical composed of light atoms, a large value of spin-orbit 

mediated anisotropic exchange terms was observed to highlight the importance of SOC for 

organic functional materials where this effect was a priori considered as less significant. For this 

reason, the design and synthesis of magnetic functional materials featuring SOC is an interesting 

challenge (ref. 11 and refs therein). 

In this work we report on synthesis of the title salt (2) by interaction of compound 1 with 

MoMes2 (Mes = mesitylene / 1,3,5-trimethylbenzene) together with experimental and theoretical 

studies into its magnetic properties. The salt 2 is the first chalcogen-nitrogen π-heterocyclic RA 

salt containing an atom with non-negligible SOC in the cation. 

 

Experimental and Computational Details 

General Procedure. All operations were carried out under argon using glovebox and 

Schlenk techniques. Solvents were dried by common methods and distilled under argon or using 

a MBraun solvent drying system. 

Compound 1 was synthesized and purified as described before.12 Compounds MoMes2 

and MoTol2 were prepared by literature methods13 and purified additionally by recrystallization 

and vacuum sublimation. The samples were diamagnetic in the solid state and solution according 

to EPR. MoMes2, found (calcd. for C18H24Mo): C, 63.8 (64.3); H, 7.3 (7.2); Mo, 28.0 (28.5). 

Elemental Analysis. Elemental analyses for C, H, N and S were performed with an 

automatic Eurovector 600 analyzer. The samples were weighted and packed in the glovebox. For 

Mo, the weighed samples were dissolved in aqua regia, converted to alkaline solution with 10 % 

ammonium hydroxide and analyzed by means of Thermo Scientific iCAP 6500 spectrometer. 

Crystallographic Analysis. Single-crystal X-ray diffraction data for 2 were collected at 

150(2) K with the graphite-monochromatized MoKα radiation (λ = 0.71073 Å) on a Bruker DUO 

APEX diffractometer equipped with a 4K CCD area detector. The ϕ-scan technique was 

employed to measure intensities. Absorption correction was applied using the SADABS 

program.14 The crystal structure of 2 was solved by direct methods and refined by the full-matrix 

least-squares techniques with the SHELXTL package.15 Atomic thermal parameters for non-
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hydrogen atoms were refined anisotropically. The hydrogen atoms of methyl groups were 

localized geometrically and refined using the riding model. 

Crystallographic data for compound 2: C20H24MoN4S2, M = 480.49, triclinic, space group 

P–1, a = 8.4459(3), b = 8.4852(3), c = 14.5051(6) Å, α = 95.139(2)°, β = 104.494(2)°, γ = 

92.145(2)°, V = 1000.45(7) Å3, T = 150 K, Z = 2, ρcalcd = 1.595 g·cm–1, µ(Mo Kα) = 0.877 mm–1, 

crystal size 0.20 × 0.15 × 0.05 mm, reflections measured 7735 [3458 unique, 2832 with I ≥ 

2σ(I)], Rint = 0.0488, no. of parameters = 250, R1 = 0.0352 [for I ≥ 2σ(I)], wR2 = 0.0740 [all 

reflections], ∆ρmin,max = –0.595, 0.568 e·Å–3, GOF = 0.981. 

CCDC 1062310 contains the supplementary crystallographic data for this paper. The data 

can be obtained free of charge from the Cambridge Crystallographic Data Center via 

www.ccdc.cam.ac.uk/data_request/cif. 

The XRD structure was used in quantum-chemical modeling magnetic properties of salt 

2. 

EPR Measurements. EPR spectra were obtained with two instruments: 1) a Bruker 

ELEXSYS-II E500/540 spectrometer (X-band, microwave (MW) frequency ~9.87 GHz, MW 

power of 20 mW, modulation frequency of 100 kHz, and modulation amplitude of 0.005 mT) 

equipped with a high-Q cylindrical resonator ER 4119HS. The g values were measured with 

respect to 2,2-diphenyl-1-picrylhydrazyl (DPPH, g = 2.0036). Variable-temperature solution 

measurements were performed with a digital temperature control system ER 4131VT. 2) a 

Bruker EMX 10/12 spectrometer (X-band, MW frequency ~9.83 GHz, MW powers of 1 to 20 

mW, modulation frequency of 100 kHz, and modulation amplitudes of 0.005 to 0.02 mT) 

equipped with a cylindrical resonator ER 4103TM. 

Magnetic Measurements. The magnetic susceptibility measurements were performed 

with an MPMS-XL Quantum Design SQUID magnetometer in the temperature range 2−300 K in 

magnetic fields up to 5000 Oe. Linearity of magnetic field dependence of magnetization at 5 K 

(Supporting Information, Figure S1) evidenced the absence of FM impurities in the samples. To 

calculate the molar magnetic susceptibility (χ), the diamagnetic corrections were estimated using 

Pascal’s constants.16 The effective magnetic moment (µeff) of salt 2 was calculated using 

equation: µeff(T) = [(3k/NAµB
2)χT]1/2 ≈ (8χT)1/2. 

Cyclic Voltammetry Measurements. The CV measurements on MoMes2 and MoTol2 

(1.2 and 0.7 mM solutions in MeCN, respectively) were performed with a PG 310 USB 

potentiostat (HEKA Elektronik) at 293 K in an argon atmosphere at a stationary Pt cylindrical 

electrode (S = 0.16 cm2) with 0.1 M Et4NClO4 as a supporting electrolyte. The potential sweep 

rate was 0.1 V s−1. A standard electrochemical cell of 5-ml solution volume connected to the 

potentiostat with three-electrode scheme was used. Peak potentials were quoted with reference to 
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a saturated calomel electrode (SCE). First oxidation peaks for both compounds were diffusion-

controlled, i.e. A1
pI ⋅ν–1/2 = const, where A1

pI  is the peak current. 

Quantum Chemical Calculations. Parameters of the Heisenberg spin-Hamiltonian 

(�� = −2∑ ��	
��
�	
�
�,	 ), viz. the pair exchange coupling constants Jij, were calculated quantum 

chemically. The spin-unrestricted broken-symmetry (BS) approach17 was employed for the 

calculations of exchange interactions between RAs [1]− and between cations [MoMes2]
+. These 

calculations were performed by DFT methods with the UB3LYP functional18 and the def2-TZVP 

basis set with ECP for Mo19 using the ORСA program package.20 The J values were calculated 

according to the following formula: 

LS

BS

HS

LS

BS

HS

SS

EE
J

22

)(

−

−
−=  

where 
HS

E is the energy of the high-spin state of the pair and LS

BSE  is the energy of the low-spin 

state. 

The exchange interactions between [1]– and [MoMes2]
+ were calculated at the 

CASSCF(6,6)/ANO-RSS level. The active space of the CASSCF calculations consisted of five 

d-AOs of Mo and the SOMO of RA [1]–. In addition, the electronic structure and energies of a 

series of lowest states, as well as the ground state g-tensor, were calculated for [MoMes2]
+ at the 

CASSCF(9,9) and CASSCF(9,9)/RASSI/SINGLE_ANISO21 levels with ANO-RCC basis set.22 

The active space of these CASSCF calculations consisted of five d-AOs of Mo and two π-

bonding and two π*-antibonding MOs of Mes ligands. The MOLCAS 8.0 program package23 was 

employed for the CASSCF calculations. 

Synthesis of salt 2. At –50oC, a solution of 0.039 g (0.271 mmol) of 1 in 10 ml of 

tetrahydrofuran (THF) was added slowly via Teflon capillary to a stirred solution of 0.095 g 

(0.282 mmol) of MoMes2 in 10 ml of THF. The reaction mixture immediately turned crimson 

and then precipitation of a solid began. The reaction mixture was warmed-up to ambient 

temperature and the almost colorless solvent was decanted from the precipitate. The latter was 

washed with 2 × 5 ml of Et2O and dried under vacuum. Salt [MoMes2]
+[1]– (2) was obtained in 

the form of microcrystalline brown solid, 0.111 g (83 %). Found (calcd. for C20H24MoN4S2): C, 

49.0 (50.0); H, 5.0 (5.0); Mo, 19.4 (20.0); N, 11.7 (11.5); S, 13.1 (13.4).24 For this product, solid-

state EPR and magnetic measurements were performed. The product was dissolved in DMF to 

give a red solution for EPR measurements. 

Orange plate-like single crystals of 2 suitable for XRD were obtained from the reaction 

between 1 and MoMes2 (0.15 mmol each) in 3 ml of DMF performed at –50oC and followed by 
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concentration of the reaction solution under vacuum at –5°C to a half of the volume and keeping 

overnight at –24°C. 

During storage in a glovebox at ambient temperature, the product gradually released 

liquid (mesitylene, b. p. 165oC) and changed its color to black in the course of 1 month, while in 

concentrated DMF solution, or in the solid state in contact with DMF / ether mixture, the 

compound turned black in 1–2 days depending on the concentration and temperature (in the case 

of solution as appearing black precipitate). 

The black product obtained after storing the salt 2 at ambient temperature had lost ca. 30 % 

of its weight (after evacuation) and solubility in DMF. According to the elemental analysis data, 

the black compound had formula [MoMesy][C2N4S2], y = 0.7–1, featuring the spontaneous loss 

of the Mes ligands. According to solid-state EPR and magnetometry, the final decomposition 

product was diamagnetic, whereas the intermediates revealed paramagnetic properties different 

from those of initial salt 2 (see below). 

 

Results and Discussion 

Quite unexpectedly, the redox properties of MoMes2 and MoTol2 were not quantitatively 

characterized to date. According to the cyclic voltammetry (CV) data, the first step of the 

electrochemical oxidation of both MoTol2 ( A1
pE = −0.71 V) and MoMes2 ( A1

pE = −0.79 V) in 

MeCN solutions is one-electron reversible process ( C1
pI / A1

pI ≈ 1, A1
pE − C1

pE = 0.06 V, A1
pE − A1

p/2E = 

0.06 V) associated with the formation of the long-lived radical cation (Supporting Information, 

Figure S2, Table S1). The remarkably negative potential at which MoAr2 (Ar = Tol, Mes) get 

oxidized is quantitative evidence for their description as strong electron donors comparable with 

the well-known tetrakis(dimethylamino)ethylene whose oxidation potential measured under 

similar conditions is −0.78 V.25 The equilibrium constant of the electron transfer from MoMes2 

onto 1 with formation of radical-ion salt [MoMes2]
+[1]– (2) can be estimated from the standard 

equation K = exp[−F·( 0
MoMes2E − 0

1E )/RT] with 0
MoMes2E  = −0.82 V and 0

1E  = –0.56 V calculated 

from the CV data of MoMes2 (this work) and 14 in MeCN. The values of K = 7.55·105 at 223 K 

and 2.78·104 at 295 K are favorable for the radical-ion salt 2. 

With MoMes2, compound 1 was chemically reduced in THF into air-sensitive heterospin 

salt [MoMes2]
+[1]– (2, Scheme 1) whose identity was confirmed by elemental analysis, single-

crystal X-ray diffraction (XRD; Figure 1), solid-state and solution EPR (Figure 2), and magnetic 

measurements (Figure 3). 
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Scheme 1. Synthesis of salt [MoMes2]
+[1]– (2). 

 

 

Figure 1. Crystal structure of the salt 2 with the layers of the anions and cations alternating 

across the b axis (H atoms are not shown, rear molecules are faded). 

 

According to the XRD data, the structure of salt 2 is composed of cations [MoMes2]
+ in 

the eclipsed conformation and flat RAs [1]–, with both ions in common positions of the crystal 

lattice. The structure is composed of layers of cations and anions spreading in the (010) planes 

(Figure 1). The RAs are inclined by ~44.7° off the layer plane and aligned along the [101] 

direction. The distances between the S atoms of neighboring RAs are 3.45 and 3.89 Å, the 

former are slightly less than double the VdW radius of S (3.6 Å).26 The cations lie nearly parallel 

to the layer plane considering the vector between ring centroids of two Mes ligands. One Me 

group of each Mes protrudes into the anionic layer, i.e. each RA is sufficiently encompassed by 

Me groups of adjacent cations. Such layered crystal packing of 2 is different from that of related 
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radical-ion salt [CrTol2]
+[1]– but similar to the packing of salt [CrTol2][3]– (3 = 

[1,2,5]thiadiazolo[3,4-b]pyrazine).7a The latter contains more flattened layers of the anions and 

more loose layers of the cations which is apparently dependent on the steric demand of molecule 

3. 

Whereas magnetic measurements confirmed that salt 2 is a heterospin, S1 = S2 = 1/2, 

system (see below), in a DMF solution of 2 only the RA [1]– 27 was detected by EPR (Figure 2). 

This is reasonable since in contrast to the well-resolved solution EPR spectrum of [MoTol2]
+ that 

of [MoMes2]
+ in various solvents (e.g. MeCN, THF, EtOH) was reported as an unresolved broad 

signal centered at g = 1.9857.13 (Supporting Information, Figures S3–S5). It should be noted that 

progressive loss of spectral resolution with increasing methyl substitution on the aromatic rings 

of related species [CrAr2]
+ is known.13 

 

 
 

Figure 2. EPR spectra of salt 2 in the solid state (left) and in DMF solution (right). The solution 

spectrum is identical to that of the authentic RA [1]–.27 

 

Magnetic measurements on the salt 2 revealed that at 300 K the product of temperature and 

molar magnetic susceptibility, χT, is equal to 0.71 cm3⋅K⋅mol–1 (µeff = 2.40 µB) which is close to 

the value 0.75 cm3⋅K mol–1 (µeff = 2.45 µB) expected for system of two non-correlated spins S1 = 

S2 = 1/2 with g = 2. On lowering the temperature, χT monotonically decreases. In the whole 

temperature range 2–300, molar magnetic susceptibility is well-described by Curie-Weiss law 

(Figure 3) with parameters C and θ equal to 0.78 ± 0.01 cm3⋅K mol–1 and –31.2 ± 0.2 K, 

respectively, implying the dominance of AF interactions. For salt 2, θ is four-fold bigger than θ 

= –7.1 K for analogous salt [CrTol2]
+[1]– 7a and this might be indication of the SOC contribution 

to AF exchange coupling in 2. 

 

3100 3300 3500 3700 3900

|H|, 10-4 T

3490 3500 3510 3520 3530

|H|, 10-4 T
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Figure 3. Experimental (dots) temperature dependence of the molar magnetic susceptibility of 

salt 2, χ(T), in the form of product χT in the temperature range 2−300 K together with its Curie-

Weiss treatment (solid curve). 

 

In the mean-field approximation, the value of θ is described by the following equation: 

    Jz
3k

1)2S(S
m

N

1m

m

'

∑
=

+
=θ

 

where zm is the number of paramagnetic neighbors with spin S around every paramagnetic 

species coupled by the exchange interaction Jm.28 Therefore, for salt 2 the exchange interactions 

between a selected paramagnetic species and its paramagnetic neighbors may be estimated in 

whole as   Jz m

N

1m

m

'

∑
=

= –43.4 cm–1. The negative θ and decreasing of χT with lowering 

temperature imply the dominance of AF interactions between paramagnetic centers in solid 2. 

Overall, the experimental magnetic behavior of 2 is similar to that of salts [CrTol2]
+[1]–, 

[CrCp*2]
+[1]– and [CoCp2]

+[1]–,7 as well as the salt [CoCp2]2[4]3 (4 = naphtha[2,3-

c][1,2,5]thiadiazole-4,9-dione).29 Particularly, for salts [MAr2]
+[1]– changing the cation 3d atom 

M = Cr (Z = 24) with weak SOC by a 4d atom M = Mo (Z = 42) with stronger SOC does not 

affect their macroscopic magnetic properties. 

Quantum chemical calculations of the properties of the cation [MoMes2]
+ and exchange 

interactions between paramagnetic centers of the salt 2 were performed at various levels of 

theory including DFT and CASSCF. The utility of DFT applications to transition metal 

derivatives has been comprehensively discussed recently.30 First of all, properties of the cation 
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[MoMes2]
+ were calculated using CASSCF(9,9)/RASSI method and 10 sextets, 20 quartets and 

20 doublets were taken into account in the calculations. The ground state of [MoMes2]
+ was 

found to be a doublet, as well as the first and second excited states lying 9542 and 10546 cm–1 

higher in energy. The lowest quartet and sextet states were found to be 30980 and 59430 cm–1 

above the ground state. Taking into account SOC, the components of the g-tensor were 

calculated for the ground Kramers doublet as gx = 2.007, gy = 2.001, gz = 1.966, and giso = 1.991. 

Thus, the cation [MoMes2]
+ in the ground state has almost, but not exactly, an isotropic g-tensor. 

On the contrary, the second doublet state has a very anisotropic g-tensor with gx = 1.686, gy = 

1.688, gz = 3.836, and giso = 2.403. 

Earlier, we demonstrated that the pair exchange interactions between RAs [1]– in their 

salts with various cations,4b,4c,5,7 as well as those between cations [CrR2]
+ (R = Cp*, Tol) in the 

corresponding heterospin salts,7 can be reproduced with a good accuracy in the calculations 

using a spin-unrestricted BS approach at the UB3LYP level of theory. Unfortunately, we did not 

succeed in estimating correctly the exchange interactions between [1]– and [CrR2]
+ using the BS 

approach, and the CASSCF or CASSCF/NEVPT2 methods were used to calculate these 

interactions.7 Therefore, the same approaches were employed in this work to estimate pair 

exchange interactions between paramagnetic ions of the salt 2. 

In the crystals of 2, all RAs [1]– are structurally equivalent. Every single RA has 10 

nearest-neighboring RAs with shortest S···S distances (RS...S) less than 10 Å. According to the 

UB3LYP/def2-TZVP calculations, only two exchange interactions with RS…S of ~3.45 and ~3.89 

Ǻ (Figure S6, Supporting Information) should be taken into account while exchange coupling 

with RS...S > 7.2 Å can be neglected (|J| < 0.1 cm–1). The J values for pairs with RS..S = 3.45 and 

3.89 Å were calculated as J1 = –12.9 cm–1 and J2 = 2.8 cm–1. One can conclude that the RA 

magnetic subsystem can be approximated by alternating chains of RAs (Figure S6, Supporting 

Information) coupled by both AF and FM interactions. 

All cations [MoMes2]
+ are also structurally equivalent, and every single cation has 7 

nearest-neighboring cations with the Mo···Mo (RMo…Mo) distances less than 10 Å (Figure S7, 

Supporting Information). According to the UB3LYP/def2-TZVP calculations with ECP for Mo, 

the J parameters for the cation pairs have both signs and are in the range –0.72 < J < 0.22 cm–1. 

The largest absolute values of J were calculated for the pairs with RMo…Mo of ~7.01 and ~7.95 Å 

as –0.72 and –0.48 cm–1, respectively. The strongest FM interaction of 0.22 cm–1 was calculated 

for the pair with RMo…Mo of 8.44 Å (Figure S7, Supporting Information). 

Besides, every single cation has four nearest-neighboring RAs connected to it by three 

magnetic couplings. The values of J parameters calculated at the CASSCF(6,6)/ANO-RCC level 
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are −3.9, 0.08 and 0.06 cm–1 for RMo…S = 5.22, 6.93 and 5.90 Å, respectively (Figure S8, 

Supporting Information). 

Thus, magnetic structure of the salt 2 is complex and characterized by a presence of both 

AF and FM interactions ranging from –12.9 to 2.7 cm–1 with dominance of the AF interactions. 

Stronger exchange coupling between paramagnetic centers in salt 2 (|J| ≤ 13 cm–1) results in 

higher value of Weiss constant θ as compared with analogous salt [CrTol2]
+[1]–.7a 

Upon storage at ambient temperature in a glovebox, salt 2 isolated from the reaction 

mixture as a brown solid soluble in DMF spontaneously changed its color into black and the 

black substance was insoluble in DMF. This behavior is different from that of previously studied 

RA salts of compound 1 with cations [CrTol2]
+, [CrCp*2]

+ and [CoCp2]
+.6,7 Elemental analysis 

data indicated decomposition with partial loss of Mes ligands. According to solid-state EPR and 

magnetometry, the final decomposition product is diamagnetic, whereas partially decomposed 

samples revealed interesting paramagnetic properties different from those of initial salt 2 (Figure 

S9, Supporting Information) worthy of special study. Particularly, the effective magnetic 

moment of such samples decreases monotonically in temperature range 300−12 K but then 

increases sharply in the range 12−2 K. 

Under the same reaction conditions as for the synthesis of salt 2, interaction of compound 

1 with MoTol2 gave an insoluble black product whose elemental analysis data implied partial 

loss of the Tol ligands.31 According to the magnetic measurements, the product is diamagnetic. It 

should be noted that redox reactions occurring with partial or total loss of Ar ligands are well-

known for MAr2 derivatives32 particularly for those of Mo and W.33 Noticeably, loss of Cp* 

ligand was also observed in the reaction between [1,2,5]thiadiazolo[3,4-b]quinoxaline (5) and 

CrCp*2 where the only isolated product was cubane cluster [Cp*CrS]4 characterized by XRD 

(Figure S10, Supporting Information,).34 

The loss of Ar ligand in the case of MoTol2 and its absence in the case of MoMes2 in the 

reactions with compound 1 is consistent with the generally observed increase in stability of the 

M-Ar bond upon increasing methyl substitution.32 

 

Conclusions 

Molecular magnetic materials based on 4d and 5d transition metals attract much current 

attention due to stronger exchange interactions, higher magnetic anisotropy and potential 

multifunctional properties.35 Reaction between MoMes2 and thiadiazole 1 gave an air-sensitive 

and thermally unstable heterospin (S1 = S2 = 1/2) radical-ion salt 2. The structure of 2 was 

unambiguously confirmed by XRD in combination with EPR and magnetometry. The cation of 2 
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contains 4d atom Mo (Z = 42) with relatively strong SOC however no definite manifestation of 

the latter in macroscopic magnetic properties of 2 was observed. At the same time, the θ value 

for 2 is bigger than for analogous salt [CrTol2]
+[1]– 7a (−θ = 31.2 and 7.1 K, respectively) 

whereas the g-tensor of cation [MoMes2]
+ in the ground state is not exactly isotropic. These 

features might imply very small magneto anisotropy due to SOC. 

Quantum chemical calculations performed with the BS DFT and CASSCF approaches 

revealed complex 3D magnetic structure of salt 2 featuring both the FM and AF exchange 

interactions with the dominance of the latter. 

Upon storage at ambient temperature, salt 2 slowly decomposes with partial loss of Mes 

ligands. The final decomposition product is diamagnetic. 

Further work in the field may be focused on organometallics WAr2 as reducing agents 

providing target radical-ion salts with stronger SOC in their cations (W, Z = 74). Enlarged SOC 

in the RAs can be associated with heavier chalcogens Se (Z = 34) and especially Te (Z = 52). 

The chemistry of 1,2,5-selenadiazoles is well-developed36 and emerging chemistry of 1,2,5-

telluradiazoles is progressing.37 In contrast to Se congeners, however, 1,2,5-telluradiazolidyl 

RAs are unknown despite neutral 1,2,5-telluradiazoles being involved as electron acceptors in 

various charge-transfer processes. This makes generation and identification of these RAs to be a 

goal in itself. 

 

Associated Content 

Supporting Information 

CV data for MoTol2 and MoMes2, XRD data for salt 2 (CCDC-1062310) and the cubane cluster 

[Cp*CrS]4 (CCDC-1053125). 
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Synopsis 

Interaction of [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole (1) with MoMes2 gave the heterospin  

radical-ion salt [MoMes2]
+[1]– (2) whose structure was confirmed by single-crystal X-ray 

diffraction. Based on the magnetic susceptibility measurements, the magnetic behavior of 2 is 

described as dominance of antiferromagnetic exchange interactions which is in agreement with 

the DFT and CASSCF calculations. Salt 2 is the first example of thiadiazolidyl salt with non-

negligible spin-orbit coupling in the cation. 
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Figure 2 

 

 

 

Figure 3 
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Figure S5. 
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Figure S7 

 

 

 

Figure S8 
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Figure S10 
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