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N-thiophosphorylated bis-thiourea with Co": magnetic

properties and thermal decompositiont
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Reaction of piperazine with isothiocyanate (iPrO),P(S)NCS leads to N-thiophosphorylated bis-thiourea
(iPrO),P(S)NHC(S)NC4HgNC(S)NHP(S)(OiPr), (H,L). Recrystallization of H,L from DMSO leads to the
formation of the new ligand (iPrO),P(S)NC4HgNP(S)(QiPr), (1). Reaction of doubly deprotonated L with
Co" leads to the [Co,L,] complex. The thermal properties of [Co,L,] in an air atmosphere were studied by
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means of TGA with the observed final residue corresponding to [CoPSs],. The crystal structure of [Co,L;]

was elucidated by single crystal X-ray diffraction. Two metal cations are in a tetrahedral 1,5-S,S’, environ-
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Introduction

In the literature there are only sixteen structurally charac-
terized cobalt complexes with each having the imidodiphos-
phinate ligands R,P(X)NP(Y)R, (IDP)' and acylthioamides
RC(X)NC(Y)R' (AA) or aroylthioureas R,NC(X)NC(Y)R' (ATU)
(X, Y =0, S, Se). This might be explained by the structural ver-
sability of the formed complexes (tetrahedral and octahedral)
together with the oxidation state of the cobalt cation (Co™ and
Co™). Furthermore, there is only one structure of a Co"
complex with the bipodal ATU (X = S, Y = O) ligand, where two
metal cations are coordinated by the deprotonated chelate
backbones of two parent ligands through the sulfur and
oxygen atoms and the oxygen atom of the methanol molecule,
exhibiting a distorted pyramidal coordination core.?”

The synthesis and complexation properties of N-(thio)phos-
phorylated thioamides and thioureas RC(S)NHP(X)(OR'),
(X =0, S) (NTT), which are IDP’s, AA’s and ATU’s asymmetrical
analogues, have been extensively studied,” but there is still
limited information about structures of cobalt complexes with
NTT. There are only eleven structures of Co" complexes with
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ment formed by the (=S and P=S sulfur atoms. Investigation of the temperature dependence of the
magnetic susceptibility is consistent with two effectively non-interacting Co" S = 3/2 ions.

the deprotonated NTT ligands reported.” No structurally
characterized complexes of bipodal NTT with Co" have been
described so far.

In this work, we describe a complete structural investi-
gation together with thermal and magnetic properties of the
self-assembly of bipodal N-thiophosphorylated bis-thiourea
(iPr0O),P(S)NHC(S)NC,HgNC(S)NHP(S)(OiPr), (H,L) with Co™.

Results and discussion

The ligand H,L was prepared by reacting piperazine with the
isothiocyanate (iPrO),P(S)NCS (Scheme 1). The obtained white
powder is exclusively soluble in DMSO. The complex [Co,L,]
was prepared by the following procedure: the ligand was depro-
tonated in situ using KOH, followed by the reaction with Co
(NOj3),-6H,O (Scheme 1). The obtained green material is
soluble in all common solvents except diethyl ether, n-hexane
and water.

The IR spectrum of [Co,L,] contains a band at 605 cm™" for
the P=S group of the anionic forms L, which is 37 cm™
shifted to low frequencies compared to that in the spectrum of
the parent ligand H,L. In the spectrum of the complex there is
an intense band at 1546 cm™, corresponding to the conju-
gated SCN fragment. The IR spectrum of H,L also contains the
characteristic band for the NH groups at 3314 cm™", while no
band for the NH group was observed in the spectrum of
[Co,L,]. In addition, there is a broad intense band arising
from the POC group at 998-1004 cm ™" in the spectra of the
ligand and the complex.
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Scheme 1 Preparation of H,L and [Co,L,].

*'p{"H} and "H NMR spectroscopy data allow us to establish
the structure of the ligand H,L and to confirm the fact of reac-
tion of isothiocyanate with both NH groups of piperazine.
There is a singlet at 62.8 ppm in the *'P{'H} NMR spectrum of
H,L. The signal is in the region that is characteristic for NTT
(X = S).> The 'H NMR spectrum of H,L contains a set of
signals assigned to the iPr protons: a doublet at 1.19 ppm and
a doublet of septets at 4.66 ppm. The signals of the CH,
protons, corresponding to the piperazine fragment, are 2.47
and 2.73 ppm. A broad singlet at 8.14 ppm derives from the
PNH protons.

No NMR spectra of [Co,L,] were obtained due to the para-
magnetic character of the d” Co™.

According to elemental analysis, the complex [Co,L,] has a
ratio of M:L = 1:1. Divalent metals can form complexes of
1:1 [ML] (A) and 2:2 [M,L,] (B) compositions with such
bipodal ligands. A formation of oligomeric or polymeric
composition [M,L,] (C) is also possible (Scheme 2).

We assume that the structure of complexes depends first of
all on the length and rigidity of bridging chains between two
chelate moieties and secondly on the nature of metal cations.
Earlier it has been shown that for complexes of the bifunc-
tional NTT ligands dimeric molecules are formed in a growing
crystal (Scheme 2, B).

The structure of the chelate unit in [Co,L,] in a CH,Cl,
solution was established by UV-vis spectroscopy. The spectrum
is characterized by three intense bands in the UV region at 257
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(e = 71850 M™' ecm™), 308 (¢ = 34385 M em ') and 379
(e = 24060 M~' em™") nm, which are attributed to intraligand
transitions. In the visible range, there is a structured absorp-
tion band with maxima at 554 (¢ = 517 M™' em ™), 613 (e = 562
M em™) and 665 (¢ = 342 M~ " em™') nm. This absorption
band corresponds to a transition from the ground state *A, to
a *Ty(P) state. The fine-structure (several maxima) is caused by
the spin-orbital interaction as a result of which, first, there is
a splitting of the state *T;(P) and, secondly, there are resolved
transitions in the next doublet states with the same intensity.
The other possible transitions ‘A, — T, and “A, — *Ty(F) are
expected beyond the visible area with poor intensities. Thus,
UV-vis spectroscopy unequivocally confirms the tetrahedral
environment of the Co™ cations in [Co,L,] at least in CH,Cl,. It
is necessary to note that the values of ¢ are approximately
twice larger than for the mononuclear Co™ complexes with
NTT.* This fact testifies the formation of the complex of the
2:2 [M,L,] composition at least in CH,Cl, (Scheme 2, B).

The compounds H,L and [Co,L,] were also analysed by
diffuse reflectance spectroscopy as pure solid powders to avoid
matrix and environment effects. The diffuse reflectance
spectrum of H,L contains a number of bands exclusively in
the UV region, which are attributed to intraligand transitions
(Fig. 1). The diffuse reflectance spectrum of [Co,L,] exhibits
two regions: three bands in the UV region, corresponding to
the intraligand transitions of the deprotonated ligands L, and
a second range from about 500 to 1100 nm (Fig. 1). The latter
bands originate from the same transitions observed in the
UV-vis spectrum of [CoL,] in CH,Cl, (see above). However,
diffuse reflectance spectroscopy has allowed us to observe
the band at 800-1100 nm (Fig. 1). Thus, diffuse reflectance
spectroscopy testifies the tetrahedral environment of the Co™
cation in [Co,L,] in the solid state.

The thermal properties of H,L and [Co,L,] in an air atmos-
phere were studied by means of TGA to determine their
respective stabilities (Fig. 2). Both compounds are stable up to
about 100 °C and decomposed in four clearly defined steps
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Fig. 1 Normalised Kubelka-Munk spectra of H,L (black) and [Co,L;] (red) at
298 K.
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Fig. 2 TGA of H,L (black) and [Co,L;] (red) performed in a dynamic air
atmosphere.
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(Fig. 2). The observed final residue for [Co,L,] is 29.3 wt%.
This value is in excellent agreement with the calculated
29.6 wt% for [CoPS;],, for which the commonly used synthesis
from pure elements is quite complicated and requires specific
conditions.® The formation of [CoPS;], was proved based on
elemental analysis data (calc.: S 51.69%, found: S 51.83%) and
IR spectroscopy, where the majority of the features correspond
to vibrational transitions, which have been discussed pre-
viously, and the band positions agree closely with those
reported previously for P-S and Co-S deformations (Fig. S1 in
ESIt).” There is also a full correspondence with recorded and
calculated PXRD data from a single crystal analysis (JCPDS
42-0824) (Fig. S2 in ESIt).°

Numerous attempts to obtain X-ray suitable crystals of the
parent ligand H,L by recrystallization from DMSO have failed.
Instead, the unprecedented formation of colourless single crys-
tals of the N-thiophosphorylated piperazine (1) was observed
with almost a quantitative yield. The IR spectrum of 1 contains
bands for the P=S and POC groups at 636 and 1014 cm™ ',
respectively. The *'P{"H} spectrum contains a singlet signal at
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65.6 ppm. The "H NMR spectrum of 1 shows a set of signals
assigned to the iPr protons: a doublet at 1.28 ppm and
a doublet of septets at 4.49 ppm. The signals of the CH,
protons, corresponding to the piperazine fragment, are 2.25
and 2.32 ppm. According to X-ray data, 1 crystallizes in the
monoclinic space group C2/c. Results of the structure solution
and refinements are collected in ESL.T Bonding parameters are
listed in Table S1 in ESL{ The molecular structure is shown in
Fig. 3. The (iPrO),P==S groups in the structure of 1 were found
in a trans-configuration (Fig. 3). The P=S and P-N bond
lengths are 1.9228(6) and 1.6521(14) A, respectively, with the
S-P-N angle being 114.27(5)° (Table S1 in ESIT). Compound 1
is an intriguing synthon for coordination chemistry. Com-
plexation properties of 1 are currently under investigation and
will be reported elsewhere.

Crystals of [Co,L,] were obtained by slow evaporation of a
saturated solution in ethyl acetate-n-hexane (1: 5, v/v). Surpris-
ingly, colourless crystals of piperazinium diacetate (2) were
also formed due to partial hydrolysis of the complex. Results
of the structure solution and refinements of [Co,L,] and 2 are
collected in ESI.f Geometric parameters are listed in Tables S2
and S3 in ESL.{ The molecular structures are shown in Fig. 4
and 5, respectively.

According to X-ray data, [Co,L,] crystallizes in the triclinic
space group P1. Two doubly deprotonated ligands L are coordi-
nated to two Co" cations through the sulfur atoms of the C=S
and P=S groups with the formation of two spirocyclic chelate

Fig. 4 Thermal ellipsoid (50%) plot of [Co,L,]. H-atoms were omitted for
clarity.

This journal is © The Royal Society of Chemistry 2013



Fig. 5 Thermal ellipsoid (50%) plot of 2. H-atoms, not involved in hydrogen
bonding, were omitted for clarity.

backbones with distorted tetrahedral CoS, cores (Fig. 4). The
Co-S(P) bond lengths are about 0.03-0.05 A longer than the
Co-S(C) bonds (Table S2 in ESI}). Notably, one of the Co-S(P)
bond lengths is about 0.015 A longer than the other, while the
Co-S(C) bonds are very similar (Table S2 in ESI}). As expected
the C-S, P-S and C-N(P) are somewhat elongated, while the
P-N bonds are shortened compared to those of deprotonated
NTIT (X = S) (Table S2 in ESIf).> The endocyclic angles
S—-Co0-Sendo. are reduced and the exocyclic angles S-Co-S,,,. are
increased in comparison with the ideal tetrahedral angle of
109.5° (Table S2 in ESIf). The six membered CoSPNCS cycles
have the conformation of a distorted boat with planar PNCS
fragments.

In the crystal structure of the salt 2 both NH groups of the
piperazine fragment were found to be protonated with the for-
mation of quaternary nitrogen atoms (Fig. 5, Table S3 in ESIT).
Each of two acetate anions are bonded to the piperazinium
dication through the hydrogen bond formed between one of
the oxygen atoms of the anion and one of the NH hydrogen
atoms of the cation (Fig. 5, Table S4 in ESIf). The second
oxygen atom of the acetate anion forms a hydrogen bond with
one of the NH protons of the neighbouring piperazinium dica-
tion resulting in the formation of a 1D polymeric chain (Fig. 5,
Table S4 in ESIT).

Variable temperature magnetic susceptibility measure-
ments of a crystalline sample of [Co,L,] were carried out in the
temperature range 5-300 K (Fig. 6). At 300 K, the y\T product
is 4.59 cm® mol™" K which is of the order of magnitude
expected for two spins with § = 3/2 and a Landé factor g > 2.0.%
As the temperature is lowered, y\T exhibits a smooth linear
decrease down to ~70 K. Below this temperature the decrease
is more abrupt reaching a value of 2.83 cm® mol ™" K at 5 K.
Simulations of the data using a Heisenberg spin Hamiltonian
indicated that any exchange interaction should be relatively
weak |/| < 0.1 em™'. An inspection of the crystal structure
(Fig. 4) indicates that the Co" ions exhibit an intra-molecular
distance of 8.8 A whereas inter-molecular Co---Co separations
are ~10 A. These distances suggest weak magnetic inter-
actions; to a first approximation the system can be considered
as two isolated S = 3/2 spins obeying the zero field splitting

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Temperature dependence of yyT from a powder sample of [Co,L,] in
the presence of an external field of 0.1 T. The inset shows the field dependence
of magnetization at 2.5 and 5 K. Solid lines are theoretical simulations as
described in the text.

(ZFS) spin Hamiltonian:

_ 5 -
Hyps =D {szl - Z} +E[S:* — 8] + pSgH

The abrupt drop of y7T below 70 K is presumably due to
the effect of ZFS, whereas the linear dependence of y\T above
70 K may be ascribed to the contribution of the Temperature
Independent Paramagnetism (TIP). Satisfactory simulations of
the temperature dependence of y\T were obtained using ZFS
parameter |D| = 24.8 cm™', g = 2.12 and TIP = 12.55 x 10~* cm®
mol~". This model is further supported by magnetization data
recorded as a function of the applied magnetic field at 2.5 K
and 5 K (inset of Fig. 6). The magnetization data at both temp-
eratures were reproduced with the same set of parameters with
an E/D ratio of 0.33. These values are consistent with other
tetra-coordinated Co™ complexes.’

Conclusions

In summary, we have synthesized the binuclear homoleptic
Co™ complex with N-thiophosphorylated bis-thiourea (iPrO),-
P(S)NHC(S)NC,HgNC(S)NHP(S)(OiPr), (H,L). It was established
that both in the solid state and in solution the complex main-
tains its nuclearity and exhibits tetrahedral complex cores with
the 1,5-S,S’, environment of a metal center formed by the
C=S and P=S sulfur atoms.

The thermal decomposition of [Co,L,] in an air atmosphere
resulted in the formation of the final residue, corresponding
to [CoPS;],.

Recrystallization of H,L in DMSO leads to the unprece-
dented formation of the N-thiophosphorylated piperazine (1),
which is an intriguing precursor for coordination chemistry.
Furthermore, an attempt to obtain X-ray suitable crystals
of [Co,L,] from a mixture of ethyl acetate-n-hexane leads to
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partial hydrolysis of the complex with the formation of pipera-
zinium diacetate (2).

The magnetic susceptibility data of [Co,L,] were well repro-
duced assuming two isolated Co™ (S = 3/2) ions with negligible
magnetic interactions which are justified by the relatively large
intramolecular Co---Co distance imposed by the long bridging
ligand L.

Experimental
General procedures

Elemental analyses were performed on a Thermoquest Flash
EA 1112 Analyzer from CE Instruments. The infrared spectrum
(KBr) was recorded with a FTIR-8400S SHIMADZU spectropho-
tometer in the range 400-3600 cm™'. NMR spectra (DMSO-de)
were obtained on a Bruker Avance 300 MHz spectrometer at
25 °C. 'H and *'P{"H} NMR spectra were recorded at 299.948
and 121.420 MHz, respectively. Chemical shifts are reported
with reference to SiMe, (*H) and 85% H,;PO, (*'P{'H}). The
UV-vis absorption spectrum of a 10~* M solution in CH,Cl,
was recorded on a Lambda-35 spectrometer in the range
200-1000 nm. Diffuse reflectance spectra were obtained with a
Varian Cary 5E spectrometer using polytetrafluoroethylene
(PTFE) as a reference. Thermogravimetric (TGA) analyses were
performed by a SDT 2960 Simultaneous DTA-TGA instrument
in a dynamic air atmosphere (100 mL min~") from laboratory
temperature to 1000 °C with a 10 °C min~" heating. Magnetic
susceptibility measurements were performed on a MPMS-5500
Quantum Design instrument in the temperature range
5-300 K. The M vs. T data were collected both in heating and
cooling modes and the data are superimposable (Fig. S3 in
ESIT). Magnetization vs. H measurements were carried out at
liquid helium temperatures and no hysteresis was observed
(Fig. S3 in ESIf). Additionally, magnetization vs. H measure-
ments were recorded at 100 K and 295 K to confirm the
absence of ferromagnetic impurities. Experimental data were
corrected for the sample holder and for the diamagnetic con-
tribution of the sample.

Synthesis of H,L

A solution of piperazine (0.431 g, 5 mmol) in anhydrous
CH,Cl, (15 mL) was treated under vigorous stirring with a solu-
tion of (iPrO),P(S)NCS (2.868 g, 12 mmol) in the same solvent
(15 mL). The mixture was stirred for 1 h. The formed white
powder was filtered. Yield 2.739 g (97%). IR, v: 642 (P=S), 998
(POC), 3314 (NH) em™". '"H NMR, &: 1.19 (d, */gu = 6.1 Hz,
24H, CHj, iPr), 2.47 (br. s, 4H, CH,, piperazine), 2.73 (br. s,
4H, CH,, piperazine), 4.66 (d. s, >Juu = 6.1 Hz, *Jpocu = 9.7 Hz,
4H, OCH, iPr), 8.14 (br. s, 2H, NH) ppm. *'P{'"H} NMR, &:
62.8 ppm. Anal. Calc. for C;3H33N,0,P,S, (564.71): C 38.28,
H 6.78, N 9.92. Found: C 38.41, H 6.84, N 9.82%.

Synthesis of 1

H,L (0.18 mmol, 0.1 g) was dissolved in DMSO (5 mL). Color-
less crystals were formed after slow evaporation of the solvent
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for two days. Yield 0.075 g (93%). IR, v: 636 (P=S), 1014 (POC)
cm™'. "H NMR, &: 1.28 (d, *Juu = 6.0 Hz, 24H, CHj, iPr), 2.25
(br. s, 4H, CH,, piperazine), 2.32 (br. s, 4H, CH,, piperazine),
4.49 (d. s, *Ju = 6.0 Hz, *Jpocu = 10.7 Hz, 4H, OCH, iPr) ppm.
*Ip{'H} NMR, & 65.6 ppm. Anal. Calc. for C;cH36N,04P,S,
(446.54): C 43.04, H 8.13, N 6.27. Found: C 43.11, H 8.19,
N 6.21%.

Synthesis of [Co,L,]

A suspension of H,L (0.565 g, 1 mmol) in MeOH (10 mL) was
mixed with a MeOH solution of KOH (0.124 g, 2.2 mmol).
A MeOH (10 mL) solution of Co(NO;),-6H,O (0.350 g,
1.2 mmol) was added dropwise under vigorous stirring to the
resulting potassium salt. The mixture was stirred at room
temperature for a further 3 h and left overnight. The resulting
complex was extracted with CH,Cl,, washed with water and
dried with anhydrous CaCl,. The solvent was then removed
in vacuo. Green crystals were isolated by recrystallisation from
a 1:3 mixture of CH,Cl, and n-hexane. Yield 0.541 g (87%). IR,
v: 605 (P=S), 1004 (POC), 1546 (SCN) cm™ . UV-vis, Amax
(e, M~ ecm™): 257 (71850), 308 (34385), 379 (24060), 554
(517), 613 (562) and 665 (342) nm. Anal. Calc. for
C36H;7,C0,NgOgP,S, (1243.26): C 34.78, H 5.84, N 9.01. Found:
C 34.62, H 5.88, N 8.95%.

X-ray crystallography

X-ray data collection was performed on a Mar345 image plate
detector using Mo-K, radiation (rotation anode, multilayer
mirror) at 150(2) K for 1 and 2 and at 296(2) K for [Co,L,]. The
data were integrated with the CrysAlisPro software.'® The
implemented empirical absorption correction was applied.
The structures were solved by direct methods using the
SHELXS-97 program'" and refined by full-matrix least squares
on |F?| using SHELXL-97."" Non-hydrogen atoms were aniso-
tropically refined and the hydrogen atoms were placed on cal-
culated positions in riding mode with temperature factors
fixed at 1.2 times Ueq of the parent atoms and 1.5 times U, for
methyl groups. Figures were generated using the program
Mercury.'?

Crystal data for 1. C;gH;36N,0,P,S,, M; = 446.53 g mol ™,
monoclinic, space group C2/c, a = 17.7793(5), b = 7.9981(2), ¢ =
17.2729(6) A, f = 91.163(3)°, V = 2455.71(13) A®, Z = 4, p =
1.208 g cm™®, p(Mo-Ka) = 0.368 mm™', reflections: 11873
collected, 3286 unique, R, = 0.052, Ry(all) = 0.0410, wR,(all) =
0.1117.

Crystal data for [Co,L,]. C36H;,C0,NgOsP,Sg, M, = 1243.24 ¢
mol ™, triclinic, space group P1, a = 10.2715(14), b = 10.7122
(13), ¢ = 14.188(3) A, & = 91.162(13), f = 92.255(14), y = 101.349
(11)°, v = 1528.8(4) A%, Z = 1, p = 1.350 g cm™, u(Mo-Ka) =
0.9682 mm ™", reflections: 6947 collected, 3771 unique, Ry =
0.073, R,(all) = 0.0576, wR;(all) = 0.1535.

Crystal data for 2. CgH3sN,0,4, M; = 206.24 g mol™*, triclinic,
space group P1, a = 5.7855(3), b = 7.0039(11), ¢ = 7.4459(11) A,
a=117.795(16), # = 100.317(9), y = 90.118(9)°, V = 261.32(7) A®,
Z =1, p = 1311 g em>, pyMoKa) = 0.104 mm’,

This journal is © The Royal Society of Chemistry 2013



reflections: 913 collected, 913 unique, Ry = 0.000, Ry(all) =
0.0448, wR,(all) = 0.1096.
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