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The reaction of the deprotonated N-thiophosphorylated thiourea 6-

MeO(O)CC6H4NHC(S)NHP(S)(OiPr)2 (HL) with NiCl2 leads to

violet [NiL2]$CH2Cl2 crystals, which were isolated by recrystalli-

zation from a mixture of CH2Cl2 and n-hexane. It was established

that the deprotonated ligands, L, are 1,5-S,S0-coordinated. The

influence of CH2Cl2 for the complex stabilization was studied.
Recently, it was demonstrated on a large number of examples that the

deprotonated R2P(X)NHP(Y)R0
2 (PNP) (X, Y ¼ O, S, Se, Te)1 and

RC(S)NHC(X)R0 (CNC) (X ¼ O, S)2 are coordinated to the NiII

cation through the donor X and Y atoms. This is, obviously,

explained by the efficient delocalization of the negative charge in the

symmetrical conjugated chelate backbone upon deprotonation.

Contrariwise, the coordination mode of N-(thio)phosphorylated

thioamides and thioureas RC(S)NHP(X)(OR0)2 (X ¼ O, S) (CNP)

towards NiII remains less studied. This is rather surprising since the

negative charge is delocalized asymmetrically in the deprotonated

CNP ligands and, hence, they might show ambidental coordination

properties through the donor atoms of the thiocarbonyl and (thio)

phosphoryl groups, and the nitrogen atom of the phosphorylamide

group.3 Furthermore, the nature of the R and R0 substituents might

influence considerably the coordination mode of CNP both by the

electronic and steric factors. Additional donor functions in these

substituents might also affect crucially the complexation properties.

Recently, we described the influence of the intramolecularH-bonding

of the N–H/S]P type in CNP ligands (X ¼ S) upon coordination

to NiII.4 We have also demonstrated solvent-induced coordination

properties of p-Me2NC6H4NHC(S)NHP(S)(OiPr)2 towards NiII.5 It

was established that the arylNH hydrogen atoms are blocked

through the formation of intermolecular hydrogen bonds with
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acetone molecules and, hence, 1,5-S,S0-coordination of the ligands

towards NiII is realized. Thus, the nature of the solvent might influ-

ence considerably the stabilization of a certain isomer.

In this contribution, we describe the synthesis of [NiL2], a new NiII

complex with the N-thiophosphorylated thiourea 6-MeO(O)

CC6H4NHC(S)NHP(S)(OiPr)2 (HL). Its molecular structure has

been investigated in solution by multinuclear NMR and UV-vis

absorption spectroscopy. Furthermore, the electronic properties of

the isolated isomer were studied by cyclic voltammetry (CV). In order

to characterize the electronic structure of [NiL2] from a theoretical

point of view, DFT based studies involving charge and energy

decomposition bonding analysis (ETS-NOCV), 1H NMR spectra

and TD-DFT calculations were performed. The influence of the

CH2Cl2 molecule, which is trapped during the crystallization, for the

1,5-S,S0-coordinated isomer stabilization was unequivocally estab-

lished by DFT.

The [NiL2] complex was prepared by deprotonating the ligand

in situ using KOH, followed by reaction with NiCl2 (Scheme 1, see

also ESI†). The obtained dark violet solid material is soluble in most

organic solvents and insoluble in n-hexane and water.

In the IR spectrum of [NiL2] there is a band at 566 cm�1, corre-

sponding to the P]S group of the anionic formsL. The band is in the

region characteristic of the 1,5-S,S0-coordinated complex forms.3

There is also an intense band at 1528 cm�1, corresponding to the

conjugated SCN fragment, indicating complex formation.3 In addi-

tion, there is a broad intense band arising from the POC group at

977 cm�1. The spectrum contains the characteristic band for the
Scheme 1 Preparation of [NiL2].

This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Thermal ellipsoid (30%) plot of [NiL2]$CH2Cl2. H-atoms, not

involved in hydrogen bonding, were omitted for clarity.
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arylNH group at 3195 cm�1. Furthermore, there is an intense band at

1690 cm�1, corresponding to the C]O group.

The 31P{1H}NMR spectrum of [NiL2] in CDCl3 contains a unique

singlet signal at 51.1 ppm, which indicates the exclusive presence of

diamagnetic 1,5-S,S0-coordinated complex forms.3–5 The 1H NMR

spectrum contains one set of signals. The signals of the isopropyl CH3

protons are observed at 1.44–1.54 ppm, while the aryl CH3 protons

are at 3.92 ppm. The CHO protons are shown at 5.09 ppm. The

signal for the NH protons shown at 11.21 ppm, which is in the low-

field region, is due to the formation of intramolecular hydrogen

bonds of the arylN–H/O]C type. The spectrum of the complex

contains the signals of the phenylene rings at 6.99–8.57 ppm. As can

be seen from Table 1, the calculated 1H NMR chemical shifts for the

[NiL2]$CH2Cl2 complex, based on GIAO approach6 as implemented

in the ADF package (version 2009.017), are in a good agreement with

the experimental results.

Dark violet [NiL2]$CH2Cl2 crystals were isolated by recrystalliza-

tion from a 1 : 3 mixture of CH2Cl2 and n-hexane. The complex

crystallizes in the triclinic space group P�1 (see ESI†). The metal is in

a square planar trans-S2S
0
2 environment formed by theC]S andP]

S sulfur atoms of two deprotonated ligands (Fig. 1). The six-

membered NiSCNPS metallocycles have an asymmetric boat form.

The values of the intracyclic S–Ni–S angles are about 99� (Table S1 in
ESI†). The lengthening of theC]S and shortening of theC–Nbonds

are observed upon complex formation compared to NTT ligands.3–5

The same change, but to a smaller degree, has been observed for the

P–N and P]S bonds. The arylNH protons are involved in intra-

molecular hydrogen bonds of theN–H/O]C type (Fig. 1, Table S2

in ESI†). Due to these intramolecular hydrogen bonds the NH

hydrogen atoms are blocked and, hence, are not suitable for the

formation of the intramolecular H-bonding of the N–H/S]P type,

allowing the 1,3-N,S-coordination mode of the ligand towards NiII.4,5

Furthermore, there are two intermolecular hydrogen bonds of the C–

H/O]C and C–H/S]C type, which are formed between the

oxygen atom of the carbonyl group and the sulfur atom of the thi-

ocarbonyl group, respectively, and the hydrogen atoms of the

dichloromethane molecule, which is trapped during the crystalliza-

tion (Fig. 1, Table S2 in ESI†)

To examine the intermolecular C–H/O]C and C–H/S]C

interactions in the complex [NiL2]$CH2Cl2, a recently proposed

charge and energy decomposition scheme ETS-NOCV8 was applied

based on the ADF program.7 Details on the original energy

decomposition method ETS and combined ETS-NOCV scheme can

be found in ESI†. The geometry of the [NiL2]$CH2Cl2 complex has

been optimized at the B3LYP level of theory, as implemented in the

Gaussian 09 package.9 The main advantage of the ETS-NOCV

scheme is that it provides both a qualitative and quantitative picture

of chemical bond formation within one common theoretical

framework.
Table 1 Calculated and experimental 1H NMR chemical shifts in ppm
(values relative to SiMe4) for [NiL2]$CH2Cl2

Calculated Experimental

CH3 (iPr) 1.54 1.44–1.54
CH3 (aryl) 3.98 3.92
OCH (iPr) 6.71 5.09
CH (aryl) 8.07 6.99–8.57
NH 12.69 11.21

This journal is ª The Royal Society of Chemistry 2012
The qualitative picture of bonding originates from the depiction of

deformation density contributions (Dri) that characterize the

formation of specific bonding channels (s, p, etc.). In the ETS-

NOCV scheme the quantitative picture of bonding is obtained by

providing the energies [DEorb(i)] associated with each charge flow-

channel (Dri). It was shown that ETS-NOCV is especially useful

when describing bonding between molecular fragments.8 Therefore,

we described the bonding between CH2Cl2 and the rest of the

complex (see black circle line in Fig. 2) using the dispersion corrected

BP86-D functional withTZ2P basis set for all elements.7 It can clearly

be seen from Fig. 2 (panel A) that the total interaction energy,

DEtotal¼ �7.2 kcal mol�1, between CH2Cl2 and [NiL2], is dominated

by the electrostatic factor (DEelstat ¼ �6.8 kcal mol�1). This can be

related to the stabilization arising from the following interactions
Fig. 2 ETS energy decomposition results, characterizing the interaction

between CH2Cl2 and [NiL2], are presented in panel A, whereas the

deformation densities Dri and the corresponding energies DEorb(i),

originating from the ETS-NOCV scheme, are shown in panel B. Red

color of Dri exhibits charge depletion, whereas blue color exhibits charge

accumulation upon bond formation.

CrystEngComm, 2012, 14, 370–373 | 371
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CHd+–Od0� and CHd+–Sd0�. A very important contribution originates

from the dispersion stabilization – the estimated value is DEdisp ¼
�4.2 kcal mol�1. Electronic stabilization due to the charge rear-

rangment upon hydrogen bond formation is slightly less important

and amounts to DEorb ¼ �3.7 kcal mol�1. It is gratifying to see that

the two deformation density channels, Dr1 and Dr2 based on

NOCV’s, characterize separately the formation of C–H/O]C and

C–H/S]C bonds (Fig. 2, B). Qualitatively these bonds are char-

acterized by the charge donation from the lone electron pair of

oxygen (in the case of C–H/O]C) and sulfur (for C–H/S]C)

into the empty s*(C–H) orbitals of CH2Cl2. In addition, an evident

covalent component is formed, i.e. the shift of electron density from

hydrogen atoms of CH2Cl2 and the electron donors (O or S) into the

bonding regions of C–H/O]C and C–H/S]C is observed

(Fig. 2, B). The presence of a covalent component in hydrogen

bonded systems has been recently highlighted by Grabowski.10

Quantitatively, both types of intermolecular interaction have the

same strength (�0.94 kcal mol�1).

It is noteworthy that we have also calculated the 1,3-N,S- and non-

solvated 1,5-S,S0-conformations of the [NiL2] complex. Comparing

the energies between these isomers one might notice higher (by

3.6 kcal mol�1) stabilization in the case of the 1,3-N,S-structure. ETS-

NOCV indicated that it can be related to the presence of the intra-

molecular N–H/O]C and N–H/S]P interactions as well as

stronger amine bonding (Fig. S1 and S2 and Table S1 in ESI†).

Clearly, when including an extra stabilization due to the hydrogen

bond formation by the CH2Cl2 molecule, the 1,5-S,S0-conformation

of [NiL2]$CH2Cl2 becomes more stable (by 3.6 kcal mol�1) as

compared to the 1,3-N,S-conformation (Fig. S1 in ESI†). It is in line

with the experimental results indicating that in a CH2Cl2 solution, the

1,5-S,S0-conformation is predominantly observed.

Dissolving the complex [NiL2] in CH2Cl2 leads to a greenish-blue

solution. TheUV-vis absorption spectrum contains twoUV bands at

254 and around 270 nm. These bands can be assigned to corre-

sponding intraligand transitions (p–p* or n–p* type).4b,5 The visible

region of the spectrum contains two absorption bands at 537 and

about 660 nm. From the rather low intensities (179–188M�1 cm�1) of

the two long-wavelength bands, they are assigned to ligand field (d–d)

transitions. Thus, the assumption that the complex is exclusively 1,5-

S,S0 configured in solution is strongly supported by the absorption

spectrum.

The electrochemistry of the complex [NiL2] was measured using

cyclic voltammetry (Table 2). A reversible first one-electron reduction

at �1.47 V is caused by a ligand-centred reduction.4b,5 On the

oxidative side, the first wave occurs at +0.39 V followed by a second

one at +0.73 V. The oxidation is attributed also to a ligand-centred

process since the observed vast difference in oxidation potentials is
Table 2 Selected electrochemical data for [NiL2] in CH2Cl2
a

Epa

(Ox 3)

Epa

(Ox 2)

Epa

(Ox 1)

Epa

(Red 1)

Epc

(Red 1)

E1/2

(Red 1)

0.73 0.39 �0.02 �1.38 �1.47 �1.43

a From cyclic voltammetry in 0.1 M nBu4NPF6/solvent solutions at
100 mV s�1 scan rate. Potentials in V vs. FeCp2

+/0. Half-wave potentials
E1/2 for reversible processes, peak potential differences DEpp ¼ Epa �
Epc in mV in parentheses (the value for ferrocene was 68 mV), cathodic
peak potentials Epc and anodic peak potentials Epa.

372 | CrystEngComm, 2012, 14, 370–373
too large to be attributed to a nickel-centred oxidation NiII/NiIII. The

assumption of a ligand-based oxidation is also in line with the

absorption spectroscopy, which gave no evidence for a metal-to-

ligand or ligand-to-metal charge transfer.

In order to gain further qualitative insight into the nature of the

absorption spectrum for the [NiL2]$CH2Cl2 complex, the time

dependent density functional method was applied (TD-DFT) as

implemented in Gaussian package.9 The simulated spectrum (at the

DFT/B3LYP level of theory) in the gas phase together with the

selected molecular orbitals involved in the dominant transitions are

presented in Fig. 3. The absorption spectrum plot was obtained using

the Swizard software,11 whereas contours of molecular orbitals were

generated by the GaussView program.12

It can clearly be seen fromFig. 3 (partA) that one dominant band,

with the largest oscillator strength f ¼ 0.2830 a.u. was obtained at

388 nm. This transition is dominated by HOMO�5/ LUMO and

HOMO/LUMO+1charge transfers. It canbenoticedqualitatively

(Fig. 3, B) that the former one characterizes predominantly
Fig. 3 The simulated TD-DFT/B3LYP spectrum of [NiL2]$CH2Cl2 in

the gas phase (part A) together with the contours of molecular orbitals

(0.04 a.u.) involved in the dominant transitions (part B).

This journal is ª The Royal Society of Chemistry 2012
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intra-ligandcharge transfer fromthep-typeorbitalof thearyl ringand

the lone electron pairs of sulfur (HOMO�5) and the charge accu-

mulation into the anti-bonding Ni–S orbitals (predominantly s*). A

ligand to metal charge transfer (LMCT) contribution is also visible.

Minor participation of the d–d charge transfer can be noted from the

presented contours. The latter transfer (HOMO/ LUMO+1) with

f ¼ 0.1229 a.u., which also contributes to the most dominant band,

involvesmostly theoutflowofelectrondensity fromloneelectronpairs

of sulfur into the empty p* orbital of the aryl ring. Finally, a far less

intense peak (f ¼ 0.1240 a.u.) was found at 327 nm, assigned to the

HOMO�3/LUMO+1 transition. It correspondspredominantly to

intra-ligand charge transfer (ILCT), although some contribution

originating from the metal to ligand charge transfer (MLCT) is also

clearly visible (see HOMO�3 and LUMO+1 contours).

Evident domination of the intra-ligand oxidation is thus in line

with the experimental findings based on CV experiments.

To conclude, we have synthesized a NiII complex with N-thio-

phosphorylatedthiourea 6-MeO(O)CC6H4NHC(S)NHP(S)(OiPr)2
(HL). According to the NMR, UV-vis, IR and X-ray analysis data

the complex [NiL2] was found to be exclusively dithiocoordinated

both in solution and in the solid state. The DFT based 1H HMR

results for the dithiocoordinated complex [NiL2] appeared to be in

a very good agreement with the experimental data. The charge and

energy decomposition scheme (ETS-NOCV) deeply characterized the

bonding and stability of [NiL2]. Finally, the TD-DFT study has

indicated that the absorption spectrum is dominated by the intra-

ligand transition, which is in line with the CV experiments.

Furthermore, according to theDFT data the crucial role of a CH2Cl2
molecule, which is trapped during the crystallization and is bound to

the [NiL2] complex through intermolecular hydrogen bonds C–H/
O]C and C–H/S]C, for the 1,5-S,S0-coordinated isomer stabili-

zation was established.
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