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Abstract

Single crystals  of  cis  and trans-bis(O-propyldithiocarbonato)bis(pyridine)nickel( I I ) ,  cis  

and trans-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] ,  have been prepared and studied using s ingle 

crystal  X-ray diffract ion method and IR spectroscopy.  The crystal  structure of  

tetracoordinated Ni( I I )  xanthate complex,  bis(O-propyldithiocarbonato)nickel( I I ) ,  

[Ni(CH3CH2CH2OC(S)S)2] ,  was also determined and compared with the previously 

reported structure.  The existence of  a cis  form for a hexacoordinated species of  the 

[NiS4N2]  type is  infrequent for this  family of  complexes.
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Introduction

Dithiocarbonates are compounds with the OC(S)S   group in their  structures.  They 

were named xanthates after the Greek word "Xanthos" meaning yel lowish,  golden.  

Indeed, most xanthate salts  are yel low based on their  inherent chromophore.  They were 

discovered in 1822 by the Danish organic chemist  Wil l iam Christopher Zeise 1],  who 

was the f irst  to report  the synthesis  of  potassium O-ethyldithiocarbonate (potassium 

ethylxanthate)  by reaction of  CS2 ,  KOH, and ethanol,  EtOH. Already at  the beginning of  

the 20th century and later,  the versati l i ty  of  this  family of  compounds was recognized.  

Hence,  the analyt ical  determination of  nickel  revealed the necessity for the preparation 

of  stable and rel iable potassium O-ethylxanthate 2] In those days,  the name xanthate 

was used as a synonym for the O-ethyl  derivative.  From then on,  their  appl icat ions 

increased.  Potassium xanthate was used as a soi l  fumigant 3];  cel lulose xanthate 4] 

was also prepared,  and in 1930 a work of  s ignif icant future impact was publ ished,  the 

use of  xanthates to promote the f lotation of  sphalerite 5] Even nowadays,  the 

appl icat ions of  compounds containing xanthate in their  structure have diversif ied 

remarkably.  For instance,  coordination complexes with a general  formula M(ROC(S)S)2 ,  

where M is  a transit ion metal  cat ion,  were used to prepare nanopartic les and thin f i lms 

of  metal  sulf ides,  with appl ications in semiconductor materials ,  heterogeneous 

catalysis ,  and photogalvanic cel ls  68].  Another remarkable branch of  appl icat ion for 

metal  coordination complexes containing xanthates is  based on their  potential  

pharmacological  properties.  Relevant studies on their  antiviral ,  antibacterial ,  

antitumoral ,  and antioxidant properties,  among others,  have been reported.  Metal  

xanthates are also extensively used as pestic ides,  corrosion inhibitors,  agricultural  

ingredients,  and quite recently,  they were considered candidates in therapy for HIV 

infections and for treating Alzheimer’s  disease 914].

The structural  chemistry in the Lewis base adducts of  nickel  xanthates is  r ich,  and 

several  different coordination geometries were reported in the l i terature 15,16].  

L ikewise,  the nickel( I I )  xanthate complexes were reported to form square bidentate 

l igand complexes [NiS4]  17] capable of  coordinating two addit ional  nitrogen donor 

species to give either trans-  or  cis-[NiS4N2]  complexes.  The reported antecessor found 

in the l i terature show a marked abundance in favor of  trans-[NiS4N2]  species compared 

with its  geometrical  cis-  isomer.  The cis-  form has a relevant addit ional  property.  I t  

suggests the existence of  optical  isomers,  that is ,  to the formation of  non-
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superimposable mirror images,  opening a f ield for other extended and more specif ic  

appl icat ions.

Our interest  in this  subject  was reinforced as a result  of  a study carr ied out on species 

of  bis(O-propyldithiocarbonato)nickel( I I ) ,  [Ni(CH3CH2CH2OC(S)S)2] ,  using the faci l i t ies of  

SOLEIL and LNLS Synchrotrons 18].  Addit ional ly  to this  study,  our present investigation 

reveals  another set of  data for the previously reported tr ic l inic  crystal  where both 

polymorphic forms were obtained at  different thermal condit ions 19].  Another relevant 

example also reported that bis(O-ethyldithiocarbonato)nickel( I I ) ,  and 

[Ni(CH3CH2OC(S)S)2] ,  show two polymorphs adopting orthorhombic 20] and tr ic l inic  

21] systems.  Moreover,  the incorporation of  this  subject  al lows the merger of  

knowledge from chemical  studies of  smal l  molecules,  the analysis  of  transit ion 

complexes,  and further studies belonging to the discipl ine of  bioinorganic chemistry.  

As already mentioned above,  the extensive structural  data reported for compounds of  

the [NiS4N2]  type shows that the trans  isomer is  the one reported in the vast  majority of  

cases.  For instance,  the trans  isomer has been found in the structural  study for trans-

bis(O-propyldithiocarbonato)bis(3,5- lutidine)nickel( I I ) ,  trans-[Ni(CH3CH2CH2OC(S)S)2-

(3,5-(CH₃ )₂C₅H₃N)2)]  22],  trans-bis(O-amyldithiocarbonato)bis(3,5-

dimethylpyridine)nickel( I I ) ,  trans-[Ni(CH3CH2CH2CH2CH2OC(S)S)2-(3,5-(CH₃ )₂C₅H₃N)2)]  

23],  trans-bis(O-buthylxanthate)bis(3-chloropyridine)nickel( I I ) ,  trans-

[Ni(CH3CH2CH2CH2OC(S)S)2-((3-Cl)C₅H4N)2)  ]  24],  trans-bis(O-

propyldithiocarbonato)bis(4-cyanopyridine)nickel( I I ) ,  trans-[Ni(CH3CH2CH2OC(S)S)  2-((4-

CN)C₅H4N)2)]  25],  trans-bis(O-butyldithiocarbonato)bis(3,5-dimethylpyridine)nickel( I I ) ,  

trans-[Ni(CH3CH2CH2CH2OC(S)S)2-(3,5-(CH₃ )₂C₅H₃N)2)]  26],  trans-bis(O-

butyldithiocarbonato)bis(3-ethylpyridine)nickel( I I ) ,  trans-[Ni(CH3CH2CH2CH2OC(S)S)2-((3-

CH₃CH2)C₅H4N)2)]  27],  trans-bis(O-propyldithiocarbonato)bis(3-

chloropyridine)nickel( I I ) ,  trans-Ni[(CH3CH2CH2OC(S)S)2-((3-Cl)C₅H4N)2)]  28],  trans-bis(O-

ethyl  dithiocarbonato)bis( isoquinol ine)nickel( I I ) ,  trans-[Ni((CH3CH2OC(S)S)2-(C9H7N)2)]  

29],  trans-bis(O-ethyl  dithiocarbonato)bis(3,5-dimethylpyridine)nickel( I I ) ,  trans-

[Ni(CH3CH2OC(S)S)2-(3,5-(CH₃ )₂C₅H₃N)2)]  30],  trans-bis(O-butyldithiocarbonato)bis(4-

cyanopyridine)nickel( I I ) ,  trans-[Ni(CH3CH2CH2CH2OC(S)S)2-((4-CN)C₅H4N)2)]  31],  and 

trans-bis(O-ethyldithiocarbonato)bis(pyridine-3-carbonitr i le)nickel( I I ) ,  trans-

[Ni(CH3CH2OC(S)S)2-((3-CN)C₅H4N)2)]32].  However,  a  cis  isomer was forced to exist  

using dipyridine as l igand in the preparation of  cis-bis(O-

propyldithiocarbonato)(bipyridine)nickel( I I ) ,  [Ni(CH3CH2CH2OC(S)S)2(C₅H₄N)₂]  33].
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However,  from the thermodynamic point of  v iew, energy differences of  both isomers of  

[NiS4N2]  complexes cannot be so dist inct  to explain this  stat ist ical  dominance of  trans-

[NiS4N2]  species observed.  Crystal  packing forces might also play a role in generating 

this  abundance of  trans-[NiS4N2]  complexes in the sol id state.  Of course,  structural  

differences between the sol id state and in solution of  a given complex cannot be ruled 

out according to this  assumption.

We also attempted to prepare the [NiS4N2]  hexacoordinated complex with pyridine,  in 

order to obtain the cis  form, with further focus on its  optic  isomerism and, moreover,  

to acquire one cis  form accomplishing the long l ist  of  trans  isomers of  [NiS4N2]  species.  

Fol lowing this  l ine of  reasoning would suggest f inding to break the chiral  symmetry for 

both cis  enantiomers.  I t  must also be taken into account because this  phenomenon 

cannot be predicted in advance.  Such a s ingularity might be relevant to the origins of  

l i fe.  Recently,  a  pair  of  optical  isomers formulated as {Δ  -cis-[Ni(en)2OAc][ClO4]}n  and 

{Λ-cis- [Ni(en)2OAc][ClO4]}n  (en = ethylendiamine,  Ac = acetate)  were prepared,  isolated 

and studied 34] by the method discovered by Louis  Pasteur in 1848 35].

Final ly,  in  this  work the d8  new high-spin hexacoordinated paramagnetic  trans-bis(O-

propyldithiocarbonato)bis(pyridine)nickel( I I ) ,  trans-[Ni(CH3CH2CH2OC(S)S)2-(C₅H5N)2)]  

and cis-bis(O-propyldithiocarbonato)bis(pyridine)nickel( I I ) ,  cis-[Ni(CH3CH2CH2OC(S)S)2-

(C₅H5N)2)]  (Figure  1 )  have been prepared and structural ly  and spectroscopical ly  

analyzed in the frame of the previous introductory remarks.  

Experimental

Sample preparation and purif ication

Propyl  alcohol,  CH3CH2CH2OH, carbon disulf ide,  CS2 ,  potassium hydroxide,  KOH, 

hexahydrated nickel  chloride,  NiCl2 .6H2O, and pyridine,  C5H5N, were purchased reagent 

grade and used without further purif icat ion.  Solvents as acetone,  CH3C(O)CH3 ,  

chloroform, CHCl3 ,  and acetonitr i le,  CH3CN, were dried using molecular s ieves and 

dist i l led subsequently.  Potassium O-propyldithiocarbonate (potassium propylxanthate),  

CH3CH2CH2OC(S)SK,  was prepared and purif ied according to l i terature methods from 

KOH, CS2 ,  and the corresponding n-propyl  alcohol,  CH3CH2CH2OH 36].

[Ni(CH3CH2CH2OC(S)S)2]  was obtained as dark-green crystals  by reaction of  

CH3CH2CH2OC(S)SK with an acetone solution of  NiCl2 .6H2O 18,19].

Cis  and trans-[Ni(CH3(CH2)2OC(S)S)2(C5H5N)2]  were obtained reacting 

[Ni(CH3CH2CH2OC(S)S)2]  with pyridine in acetone solution.  The reaction mixture was 

kept under constant st irr ing at  room temperature for two hours.  Subsequently,  the 
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reaction mixture was f i l tered,  and a l ight green translucent solution was obtained.  

Then,  the solvent was s lowly evaporated unti l  green crystals  were obtained.  Their  purity 

was checked through FTIR measurements.  This  col lected sample was subsequently used 

for s ingle-crystal  X-ray diffract ion methods and further characterizat ions.

Computational  Chemistry

All  quantum chemical  calculat ions were performed using the Gaussian 03 suite of  

programs 37],  using the B3LYP method in combination with a 6-31+G* basis  set.  

Geometry optimization was sought using standard gradient techniques by s imultaneous 

relaxation of  al l  geometrical  parameters.  The experimental  structure determined by 

crystal  X-ray diffract ion analysis  was taken as start ing model,  including the point group 

symmetry of  the nickel  coordination (C2  and D2 h  for  the cis  and trans  isomers of  [NiS4N2]  

complexes,  respectively) .  The calculated vibrational  properties correspond to potential  

energy minima for which no imaginary frequencies were found.

FTIR spectroscopy

FTIR spectra with a resolution of  4 cm - 1  were recorded at  room temperature on a Nexus 

Thermo Nicolet  instrument equipped with an MCTB and a DTGS detector (for the ranges 

4000–400 cm - 1  or  600–100 cm - 1 ,  respectively) .  For each measurement,  a total  of  32 

scans were accumulated.  The sol id samples were measured in KBr (4000–400 cm - 1  

range) and polyethylene (600–100 cm - 1  range) pel lets.

Crystal  data

The determination of  the crystal  structures was performed at the University of  Essen,  

Germany.  The X-ray data were col lected on a Bruker D8 diffractometer KAPPA series I I  

with an APEX I I  area detection system with Bruker AXS APEX 2 Vers.3.0/2009 software 

38].  The structures were solved by direct  methods using the Bruker AXS SHELXTL Vers 

2008/4/(c)  2008 program 39],  were completed by Fourier  maps,  and ref ined 

anisotropical ly  for[Ni(CH3CH2CH2OC(S)S)2]  and cis- [Ni(CH3(CH2)2OC(S)S)2(C5H5N)2]  and 

isotropical ly  for trans-[Ni(CH3(CH2)2OC(S)S)2(C5H5N)2]  (except H-atoms).  The structure 

analysis ,  the images,  and the study of  non-covalent interactions were performed with 

Mercury 3.1 software 40,41].

Results  and discussion
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Crystal  structure

Crystals  for X-ray analysis  were obtained after s low evaporation of  acetone in the 

preparation of  the complexes.  During such procedures,  three different types of  crystals  

were analyzed separately,  result ing in three different crystal  structures corresponding 

to [Ni(CH3CH2CH2OC(S)S)2] ,  c is-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] ,  and trans-

[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  complexes.  The crystal  structure and packing for the 

three complexes are presented in Figure 2  and Figures S1-S3 .

A summary of  the crystal lographic data obtained for the three complexes is  shown in 

Table 1 .  The parameters of  the col lect ion and processing of  data,  together with the 

tables with the atomic coordinates and other geometric  parameters,  can be found in 

Tables S1-S15 .  Tables 2 and 3  show a comparison of  bond distances (Å)  and angles (°) ,  

respectively,  found for each complex.  

As expected,  the C‒O distance in the O‒C(S)  group is  lower than in the O‒C(C) group for 

the three structures.  This  difference is  consistent with the mesomeric effect,  i .e. ,  the 

delocal izat ion of  π  bonds electrons spread over the xanthate chromophore.  

It  is  known that XANES studies l ink resonances connecting the excitat ion of  core 

electrons and relat ively low energy unoccupied molecular orbitals.  Thus,  the 

[Ni(CH3CH2CH2OC(S)S)2]  complex shows resonances at  528.4 and 530.9 eV assigned to O 

1s →  σ*O‒C(C) and O 1s →  σ*O‒C(S)  transit ions,  respectively.  This  difference of  2.5 eV 

is  very s imilar  to that found for the resonance s ignals  observed below the ionization 

potential  of  C 1s electrons.  The corresponding values of  285.0 and 287.6 eV were 

assigned to C 1s →  σ*O‒C(C) and C 1s →  σ*O‒C(S)  transit ions,  g iving confidence to the 

relat ive posit ions of  both σ*O‒C(C) and σ*O‒C(S)  antibonding orbitals  18].

The same values were also found for both [Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  isomers.  

Therefore,  the σ  O‒C(S)  molecular orbital  was found at  about 2.5 eV more stable than 

the σ  O‒C(C) molecular orbital  for  these species.  Thus,  the mesomeric effect  description 

matches very wel l  the results  obtained by XANES measurements for these species.  They 

are predict ing a tendency to a double bond character for the O‒C(S)  bond compared 

with a s ingle bond character expected in comparison for the O‒C(C) bond 42].  In both 

[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  crystal  structures,  the nickel( I I )  center is  tetra-

coordinated by four sulfur atoms.  The Ni‒S bond distances differ because of  the non-

equal  interactions of  sulfur atoms with their  environment in the crystal  (Table 2 ) .  

In the [Ni(CH3CH2CH2OC(S)S)2]  crystal  structure,  the two bidentate xanthate l igands are 

expected to form essential ly  equivalent Ni–S bonds.  Whereas one xanthate l igand forms 
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sl ightly diss imilar  Ni–S bonds,  i .e.  Ni–S(1)  2.226(4)  Å is  longer than Ni–S(2)  of  2.208(4)  

Å,  the second xanthate l igand forms Ni–S bonds of  2.2200(4)  Å and 2.2212(4)  Å,  which 

are equal  length within 3 .  The reason for the s l ight disparity in the Ni–S distances 

formed by the f irst  xanthate l igand may be traced to the presence of  c lose 

intermolecular contacts between the S(1)  atom and a symmetry-related Ni  atom of 

3.275(1)  Å (symmetry operation:  x,  1y,  z) .  This  contact is  within the sum of the van 

der Waals  radi i  for  nickel  and sulfur of  3.4 Å 43] and may be responsible for the smal l  

elongation in the Ni–S(1)  bond. Both C‒S,  and the two O‒C(S)  and O‒C(C) distances 

present differences almost within the experimental  error.

In the cis-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  complex,  the nickel  atom is  located on a C2  

symmetry axes,  within a hexacoordinated l igand system with C2  symmetry where the 

two pyridine l igands are in a cis  posit ion leading to a cis -[NiS4N]2  coordination (Figure 

1 ) .  The complex units  are associated in a three-dimensional  arrangement by a variety of  

supramolecular interactions including π · · ·π ,  C‒H·· ·S  and C‒H·· ·O interactions (Figure 

S4) .  They might play an important essential  role in stabi l iz ing the crystal  structure 

15,16,44].  The two enantiomeric forms of  the complex are depicted in Figure 3 .  

In the trans-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  complex,  the nickel  atom is  located in a 

local  approximate ( i .e.  non-crystal lographic)  center of  inversion and exists  within a 

distorted sphere of  trans-octahedral  coordination,  trans-S4N2 .  The complex units  are 

associated in a three-dimensional  arrangement by a variety of  supramolecular C‒H·· ·π ,  

C‒H·· ·S,  C‒H·· ·O and S· · ·S  interactions (Figure S4 )  which play an essential  role in 

stabi l iz ing the crystal  structure 6,25,27,45].

In comparison with the tetracoordinated [Ni(CH3CH2CH2OC(S)S)2]  complex,  the 

hexacoordinated adducts with pyridine produce an increase in the Ni‒S interatomic 

distances,(Table 2)  and a decrease of  the value of  S‒Ni‒S angle (Table 3 ) .  These results  

are in agreement with the reported data found in cis-bis(O-

propyldithiocarbonato)(bipyridine)nickel( I I ) ,  [Ni(CH3CH2CH2OC(S)S)2(C₅H₄N)₂]  33].  

Furthermore,  the O‒C(S)  distances for the s ix  coordinated nickel  complexes are shorter 

than the corresponding O‒C(C) ones.  This  fact  is  again attr ibutable to the higher 

proportion of  π-character in the O‒C(S)  in comparison with the O‒C(C) bonds 

17,44,46].

To better understand the nature of  the intermolecular interactions present in a 

[Ni(CH3CH2CH2OC(S)S)2]  crystal ,  the use of  natural  bonding orbitals  (NBO) results  are 

very useful  47,48].  For such a purpose,  NBO analyses were performed using the 

Gaussian'03 program, with the B3LYP/6-31+G* approximation,  taking only two units  of  
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the [Ni(CH3CH2CH2OC(S)S)2]  complex (Figure S5) ,  keeping f ixed the intermolecular 

interactions to be studied.  S ignif icant donor-acceptor orbital  interactions for the S· · ·Ni  

and S· · ·S  contacts as wel l  as their  stabi l izat ion energies calculated by means of  the 

second-order perturbation theory (ΔE2),  the energy differences between the interacting 

orbitals ,  E( j ) -E( i ) ,  and the values of  the Fock integral ,  F( i , j ) ,  are l isted in Table S16 .  

L ikewise,  the orbitals  involved in these interactions are shown in the Table .  From this  

analysis ,  i t  can be concluded that both units  of  the complex contained in the unit  cel l  

act  reciprocal ly  as donor and acceptor s ince they present the same type of  interactions 

from one unit  to the other.  An example of  this  type of  interaction is  LP S (5)    σ* 

Ni(30)S (31) from unit  (a)  to unit  (b)  and LP S(34)σ* Ni(1)S(2)  from (b)  to (a)  units.  

Therefore the result ing structure is  doubly stabi l ized.

IR spectroscopy

Figure 4  shows the FTIR spectra of  the trans  ( top) and cis  (bottom) isomers of  

[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] .  These spectra were compared with antecedents 

reported in the l i terature,  including among others,  pyridine,  potassium n-propylxantate 

[K+CH3CH2CH2OC(S)S -]  49],  the tetracoordinated Ni( I I )  complex 

[(Ni(CH3CH2CH2OC(S)S)2)]  18],  and the hexacoordinated bis-(O-propyldithiocarbonato) 

bis(4-cyanopyridine)Ni( I I )  25],  which help to c lar i fy  the current assignment.  The FTIR 

vibrational  wavenumbers (cm - 1)  of  the hexacoordinated complexes depicted in Figure 4  

are l isted in Table S17 .  A complete vibrational  study including a preresonance Raman 

study of  the tetracoordinated [Ni(CH3CH2CH2OC(S)S)2]  complex,  was reported elsewhere 

18].  Both vibrational  data of  pyridine and [Ni(CH3CH2CH2OC(S)S)2]  are also l isted in 

Table S16  in  order to compare these former results  with those obtained in the present 

work.  

According to Figure 1 ,  the trans  and cis-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  isomers belong 

to the D4h and C2v symmetry point groups,  respectively.  Using concepts derived from 

the group theory,  we can expect the trans  isomer to present a s impler IR spectrum than 

the cis  form, especial ly  in the lower wavenumber region of  the spectrum, associated 

with its  higher symmetry.  I t  seems evident that some equivalent vibrations wi l l  appear 

dupl icated in the spectrum corresponding to the cis  isomer due to its  lower symmetry.

The comparison of  bands assigned to free pyridine and hexacoordinated 

[Ni(CH3CH2CH2OC(S)S)2(C5HN)2]  complexes reveals  shifts  occurring by the formation of  

the adduct except for the CN stretching band, assigned at  1584 cm 1  in  the spectrum 

of pyridine.  This  fundamental  v ibration presents a shift  to higher wavenumbers (1597 
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cm 1)  in  the hexacoordinated Ni  complex evidencing the coordination through the N 

atom of pyridine and a subsequent redistr ibution of  the electronic density of  the cycle.  

At lower wavenumbers in the FTIR spectra,  bands at  603 and 406 cm 1 ,  assigned to in-

plane and out-of-plane deformation modes of  pyridine,  respectively,  are shifted to 

higher energies (trans  at  630 and 445 cm 1 ,  cis  at  627 and 442 cm 1)  when the 

[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  isomers are formed. These shifts  are again indicative of  

the formation of  a complex where the pyridine molecule binds through the nitrogen 

atom.

Conclusions

The present system formed by Ni( I I ) ,  the l igand n-propylxanthate and pyridine is  

especial ly  r ich in information.  Moreover,  the hexacoordinated Ni( I I )  complex with two 

xanthates and two pyridines appears in i ts  two cis  and trans  geometrical  isomers.  It  is  

the cis  isomer composed of  the two enantiomers,  as also evident in i ts  X-ray structure.  

This  versati l i ty  in behavior and properties are promising and open future chal lenges to 

look also for chiral  symmetry breaking of  these or related enantiomers belonging to this  

cis-[NiS4N2]  family.

CCDC Numbers and Supplementary Information

Crystal  structure data were deposited with the Cambridge  Crystal lographic Data Centre 

(CCDC) for cis-bis(O-propyldithiocarbonato)bis(pyridine)nickel( I I ) ,  cis-

Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] ,  Deposit ion Number 2128960; trans-bis(O-

propyldithiocarbonato)bis(pyridine)nickel( I I ) ,  trans-Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] ,  

Deposit ion Number 2128959 and bis(O-propyldithiocarbonato)nickel( I I ) ,  

[Ni(CH3CH2CH2OC(S)S)2] ,  Deposit ion Number 2128961.

Supplementary Information:  Tables S1-S15 contain crystal lographic data of  the three 

crystal  structures,  Table S16 presents the calculated orbital  stabi l izat ion between two 

interacting units  of  [Ni(CH3CH2CH2OC(S)S)2]  and Table S17 l ists  the IR wavenumbers of  

the three complexes.  F igures S1-S3 present different views of  the crystal  packing and 

Figures S4 and S5 show the interactions and intermolecular contacts for the three 

complexes.  Thermal analysis  (TGA and DTA) results  of  [Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  

under oxygen atmosphere are described and presented in Figure S6.
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Table 1. Crystallographic Data for [Ni(CH3CH2CH2OC(S)S)2], cis-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] and trans- [Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]

[Ni(CH3CH2CH2OC(S)S)2] cis-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] trans-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]

Formula C8 H14 Ni O2 S4 C18 H24 N2 Ni O2 S4 C18 H24 N2 Ni O2 S4

Formula weight / Da 329.14 487.34 487.34

Density / g cm-3 (calc.) 1.707 1.447 1.517

F(000) 340 4064 1016

Temperature / K 100(1) 100(1) 100(1)

crystal size / mm 0.32 x 0.22 x 0.17 0.28 x 0.25 x 0.18 0.13 x 0.11 x 0.01

crystal color Dark green Green Green

Crystal description Block Block Plate

Wavelength / Å 0.71073 0.71073 0.71073

Cryst. system Triclinic Orthorhombic Orthorhombic

Space group P1̅ Fddd Pna21

Unit cell dimensions

a / Å 7.4542(5) 14.532(3) 16.9839(10)

b / Å 9.4652(6) 21.130(4) 6.0656(4)

c / Å 9.8106(6) 29.148(4) 20.7121(14)

α / ° 73.457(2) 90 90

β / ° 86.875(2) 90 90

γ / ° 74.910(2) 90 90

Volume / Å3 640.52(7) 8950(3) 2133.7(2)

Z 2 16 4
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[Ni(CH3CH2CH2OC(S)S)2] cis-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] trans-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]

Final R indices [I > 2(I)] R1  0.0259, wR2  0.0698 R1  0.0205, wR2  0.0550 R1  0.0818, wR2  0.1990

R indices (all data) R1  0.0282, wR2  0.0717 R1  0.0225, wR2  0.0562 R1  0.0855, wR2  0.2012

Largest diff. peak and hole 0.634 and -0.873 eÅ3 0.431 and -0.202 eÅ3 2.643 and 1.544 eÅ3



Table 2. Selected bond distances (Å) for [Ni(CH3CH2CH2OC(S)S)2], cis-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] , and  

trans-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] 

Ni‒S Ni‒N C‒S (S)C‒OC (S)CO‒C

[Ni(CH3CH2CH2OC(S)S)2] 2.208 – 2.226 - 1.694 – 1.696 1.304 – 1.308 1.461 – 1.466

[Ni(CH3CH2CH2OC(S)S)2]a 2.204 – 2.223 - 1.682 – 1.694 1.303 – 1.308 1.457 – 1.470

cis-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] 2.444 – 2.468 2.089 1.696 1.337 1.448

trans-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] 2.445 – 2.491 2.097 – 2.099 1.696 – 1.705 1.330 – 1.322 1.445 – 1.457
a  Ref. 19

Table 3. Selected S‒Ni‒S angles (°) obtained from XRD crystal structures of [Ni(CH3CH2CH2OC(S)S)2], cis-

[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  and trans-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]

S(1)‒Ni‒S(2) 79.32

S(1)‒Ni‒S(4) 174.52

S(1)‒Ni‒S(3) 99.68

S(2)‒Ni‒S(3) 175.05

S(2)‒Ni‒S(4) 101.25

[Ni(CH3CH2CH2OC(S)S)2]

S(3)‒Ni‒S(4) 79.28

S(1)‒Ni‒S(2) 73.38

S(1)‒Ni‒S(4) 97.28

S(3)‒Ni‒S(2) 97.28

S(1)‒Ni‒S(3) 166.88

S(2)‒Ni‒S(4) 91.56

cis-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]

S(3)‒Ni‒S(4) 73.38

S(1)‒Ni‒S(2) 73.62

S(1)‒Ni‒S(4) 178.95

S(1)‒Ni‒S(3) 107.86

S(2)‒Ni‒S(3) 178.34

S(2)‒Ni‒S(4) 105.37

trans-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]

S(3)‒Ni‒S(4) 73.16
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Figure 1 .  Hexacoordinated trans-  and cis-  complexes of  the type [NiS4N2] .
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Figure 2.  ORTEP X-ray structure with numerical  notation scheme and unit  cel l  for  (a)  

[Ni(CH3CH2CH2OC(S)S)2] ,  (b)  cis-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  and (c)  trans-  

[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] .  E l l ipsoidal  displacements of  atoms other than 

hydrogen are plotted with a probabi l i ty level  of  50%. 
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Figure  3 .  The enantiomers of  cis-[Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  in  the racemic complex 

(hydrogen atoms were omitted for c lar ity) .  
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Figure 4 .  FTIR spectra (blue trace between 3200 and 600 cm 1  and red trace between 

600 and 50 cm 1)  of  the two forms of  [Ni(CH3CH2CH2OC(S)S)2(C5H5N)2]  assigned to the 

trans  ( top) and cis  (bottom) isomer respectively.
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Graphical  Abstract

• [Ni(CH3CH2CH2OC(S)S)2(C5H5N)2] complex have been prepared 
 

• Trans and cis isomers of [Ni(CH3CH2CH2OC(S)S)2] were determined by X-ray diffraction 
 

• The cis structure found for this complex is infrequent for these type of species 
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