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Abstract 
One mononuclear and two binuclear HgII complexes have been synthesized and characterized by X-ray 
diffraction, ATR IR and Hirshfeld surface analysis. Single-crystal X-ray diffraction showed that binuclear 
compounds are centrosymmetric and isostructural. All complexes form bifurcated intermolecular N−H···O 
hydrogen bonds that contribute to a formation of the centrosymmetric dimers. In binuclear complexes, 
sulfur atoms of thiourea ligands take the bridging role. These are the first examples of such compounds 
with mercury. In binuclear complexes of group 12 elements, halogens are usually the bridging atoms. The 
geometries of binuclear complexes are highly distorted with alarmingly low value of   

  parameter 
suggesting presence of additional donor that turned out to be phenyl ring (Hg···π interaction). The crystal 
structures are stabilized by additional noncovalent interactions, including halogen bonding which leads to 
the formation of chains. The differences and similarities of these complexes indicate that halogen ions 
have a great impact on the structures. Presented complexes comprise unique interactions between 
mercury-bonded halogen atoms and neighboring oxygen atoms of carbonyl groups (Hg‒(Cl,Br,I)∙∙∙O=C 
contacts). 

1 Introduction 
Acylthioureas possess both carbonyl and thiocarbonyl groups within one molecule. They readily form 
complexes with soft Lewis acids such as copper, gold, and mercury ions [1], where they serve as S-donor 
ligands. Because of the presence of thioamide functional group, thione-thiol tautomerism is possible for 
acylthioureas. However, the thione form is strongly preferred [2]. Moreover, a few years ago Okuniewski 
and coworkers analyzed 739 structures containing the CC(=O)NC(=S)N moiety found in the Cambridge 
Crystallographic Database [3].  From this study it can be clearly seen that 3-monosubsituted 
1-acylthioureas adopt S-type conformation [4], with intramolecular N–H···O hydrogen bond forming S(6) 
motif [5]. 

Over the past few decades, benzoylthioureas and their complexes have received substantial attention not 
only due to their coordination ability, but also due to their antibacterial [6] and antimalarial activities [7]. 
These compounds play also an important role in flotation processes [8].  

Complexes of aroylthioureas with heavy metals are isolated mainly as mono- or binuclear [2]. Some 
members of this class are insoluble in most of the common solvents and precipitate as polycrystalline 
powders. However, some powder X-ray structures were successfully refined [9]. Because of the different 
kinds of binding features, the crystal structures of these compounds are also important for application in 
coordination and bioorganic chemistry [10-15]. Despite many years of research, interest in the discussed 
group of compounds is not decreasing [16-21]. In our previous work [22] we have characterized four 1D 
coordination polymers and two mononuclear complexes of HgX2 (X = Cl, Br, I) with 1-benzoyl-3-
phenylthiourea and 1-benzoyl-3-(2-methylphenyl)thiourea. In this work, we wanted to check if and how 
the exchange of the substituent would influence the topology of the complexes and the crystal packing. We 
have used ligand with methoxy groups: 1-benzoyl-3-(3,4-dimethoxyphenyl)thiourea (L), that we 
described earlier [21]. Herein, we report the synthesis and crystal structures of the three complexes 
(Scheme 1) as well as a discussion of the influence of halogenide ions on the product formation.  
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Scheme 1. Synthesis outline. 

2 Experimental 
2.1 Syntheses  

1-Benzoyl-3-(3,4-dimethoxyphenyl)thiourea (L) was prepared as described in literature [21]. Complexes 
were synthesized according to the same procedure as in our previous work [22]: 0.5 mmol of 
commercially available HgX2 (X = Cl, Br, I) was dissolved in 15 ml of methanol and 0.5 mmol of 1-benzoyl-
3-(3,4-dimethoxyphenyl)thiourea was dissolved in 45 ml of methanol. These solutions were combined 
and stirred for 15 min and then filtered. The filtrate was left to slowly evaporate at room temperature. 
Synthesis in acetone resulted an amorphous product. 

Each product was collected from the reaction liquor in form of several monocrystals so the reaction yield 
was not determined. Obtained crystals were highly soluble in tetrahydrofuran, well soluble in acetone and 
chloroform, quite soluble in methanol and ethanol, but insoluble in diethyl ether, toluene, 2-propanol and 
water.  

For 1, 0.136 g of HgCl2 and 0.158 g of L were used. After few hours, colorless plate crystals were isolated. 
Mp.: 147(1)°C. IR (ATR, cm−1) νC=O 1693, νN‒H 3173. 

For 2, 0.180 g of HgBr2 and 0.158 g of L were used. After a week, colorless diamond-shaped crystals were 
isolated. Mp.: 162(1)°C. IR (ATR, cm−1) νC=O 1691, νN‒H 3331 and 3144. 

For 3, 0.227 g of HgI2 and 0.158 g of L were used. After few hours, yellowish, block-shaped crystals were 
isolated. Mp.: 169(7)°C. IR (ATR, cm−1) νC=O 1689, νN‒H 3335 and 3138. 

Table 1. Crystal and final structure refinement data for 1, 2 and 3.  

Compound reference 1 (CCDC 1579759) 2 (CCDC 1579758) 3 (CCDC 1579760) 

Chemical formula C32H32Cl2HgN4O6S2 C32H32Br4Hg2N4O6S2 C32H32Hg2I4N4O6S2 

M, g/mol 904.25 1353.55 1541.51 

Crystal system monoclinic  monoclinic monoclinic 

Space group P21/c P21/c P21/c 

a, Å 29.5396(19) 9.9088(9) 10.1781(5) 

b, Å 6.9354(9) 26.060(3) 26.4742(19) 

c, Å 16.963(3) 7.6223(8) 7.7759(6) 

β, ° 103.905(9) 90.378(9) 91.682(5) 

V, Å3 3373.3(7) 1968.2(3) 2094.4(2) 

Z; F(000) 4; 1784 2; 1264 2; 1408 

dcalc, g/cm3 1.780 2.284 2.444 

μ, 1/mm 4.91 12.00 10.40 

Nref 34002 13468 15170 

Nref [independent] 9130 3882 4116 

Nref [I > 2σ(I)] 3403 2441 2989 

Rint  0.087 0.069 0.074 

R [F2 > 2σ(F2)] 0.058 0.052 0.065 

wR (F2) 0.169 0.115 0.195 

Diffractometer STOE  KUMA KUMA 
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2.2 Measurements 

X-ray analyses were carried out using KUMA KM4CCD or STOE IPDS instruments. 

KUMA: Diffraction data were recorded at 293(2) K on a KUMA KM4 diffractometer with graphite-
monochromated MoKα radiation (0.71073 Å), equipped with a Sapphire 2 CCD camera (Oxford 
Diffraction). Data collection was performed using CrysAlis PRO (Oxford Diffraction) in the ω-scan mode. 
Analytical absorption correction was applied for all crystals.  

STOE: Diffraction intensity data were collected on an IPDS 2T dual-beam diffractometer (STOE & Cie 
GmbH) at 120.0(2) K with MoKα radiation of a microfocus x-ray source (GeniX 3D Mo High Flux, Xenocs, 
50 kV, 1.0 mA, λ = 0.71069 Å). The crystal was thermostated in nitrogen stream at 120 K using 
CryoStream-800 device (Oxford CryoSystem) during the entire experiment. Data collection and data 
reduction were controlled by X-Area 1.75 program (STOE). An absorption correction was performed on 
the integrated reflections by a combination of frame scaling, reflection scaling and a spherical absorption 
correction. Outliers have been rejected according to Blessing’s method.  

The structures were solved by direct methods and refined anisotropically using the program packages 
OLEX2 [23] and SHELX-2015 [24]. Positions of the hydrogen atoms were calculated geometrically and 
taken into account with isotropic temperature factors. Further information on crystal structure 
refinement can be found in Table 1.  

The solid state IR spectra were measured using Nicolet iS50 FT-IR spectrometer equipped with the Specac 
Quest single-reflection diamond attenuated total reflectance (ATR) accessory controlled by Omnic 
computer software in range 4000-400 cm−1. 

Melting points were measured on SMP30 (Stuart) and were uncorrected. 

2.3 Auxiliary parameters 

In the description of the coordination polyhedra we have used Okuniewski’s   
  [22] and Addison’s    [25] 

structural parameters described as: 

  
  

   

      
 
      

      
 

   
   

   
 

where     are two greatest valence angles and          
 

 
         is the tetrahedral angle. For 

square planar geometry   
    and for tetrahedral geometry   

   , while for square pyramidal geometry 
     and for trigonal bipyramidal geometry     . 

Isostructurality of 2 and 3 was analyzed using two parameters: unit cell identity parameter Π [26] (for 
two identical unit cells    ) and isostructurality index I′ [27] (for two identical structures     ). 

Hydrogen bonds motifs are described using Etter’s graph-set notation [5]. 

2.4 Hirshfeld surface 

Hirshfeld surfaces and 2D fingerprints were calculated using the CrystalExplorer package ver. 3.1. [28]. 
Crystal structures were imported from CIF files. Hirshfeld surfaces were generated using a high surface 
resolution and mapped with the dnorm function.  

3 Results and discussion 
3.1 Crystal structure of 1 

Compound 1 is an example of a mononuclear seemingly symmetrical complex, which in fact does not have 
a 2-fold axis passing through the central atom. The whole molecule is present in the asymmetric unit (Fig.  
1). The central atom has a coordination number of 4 and the HgCl2S2 coordination center adopts distorted 
tetrahedral geometry (  

      ). Ligand molecules have retained the native S conformation with 
intramolecular N−H···O hydrogen bond [21].  
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Fig.  1. Molecular structure and atom numbering scheme for 1. Ellipsoids are drawn at 50% probability level. Selected 
hydrogen bonds are denoted with dashed lines. 

Ligands are arranged in such a way that both of them take part in bifurcated hydrogen bonds (inter- and 
intramolecular) resulting in the formation of chains propagating in [001] direction. Besides 
intermolecular hydrogen bonds, both ligands are involved in intramolecular N−H···Cl hydrogen bonding. 
The parameters of all hydrogen bonds are summarized in Table 2. 

Table 2. Hydrogen bond parameters in 1. Symmetry codes: (i)  ,       ,      ; (ii)  ,       ,      . 

D−H···A D−H, Å H···A, Å D···A, Å D−H···A, ° 
N3−H···Cl1 0.88 2.63 3.435(8) 153 
N2−H···O1 0.88 2.00 2.683(10) 133 
N2−H···O4i 0.88 2.33 2.983(10) 131 
N1−H···Cl2 0.88 2.74 3.603(7) 168 
N4−H···O1ii 0.88 2.32 3.045(10) 139 
N4−H···O4 0.88 2.05 2.712(10) 131 

In the structure of 1, a number of halogen interactions can be also found. We can distinguish significant 
interactions between the atoms of chlorine (having anisotropic electron density) and neighboring oxygen 
atoms of carbonyl groups (Fig. 2.).   

No classical stacking interactions are present in this structure, however CgS1···CgS3ii stacking of parallel 
(    ) quasi-aromatic pseudo-rings with centroid-centroid distance of 3.947(4) Å can be found. CgS1 
and CgS3 are the centroids of O1/C10/N1/C1/N2/H1 and O4/C30/N3/C3/N4/H4 pseudo-rings 
respectively. In the crystal structure of sole ligand quasi-aromatic pseudo-rings were interacting with 
phenyl rings, not with each other. Symmetry operations are defined in Fig. 2.   

 

Fig.  2. The intra- and intermolecular interactions (hydrogen bonds – thin dashed lines, halogen interactions – thick 
dashed lines and quasi-aromatic pseudo-ring stacking interactions – green dashed lines) in 1. The parameters of 
halogen contacts are (Å, °):  Cl1···O1iii 3.768(8), Cl1···O4i 3.436(7), Cl2···O1i 3.308(7), Cl2···O4ii 3.598(8), 
Hg1−Cl1···O1iii 88.7(1), Hg1−Cl1···O4i 124.6(1), C10iii−O1iii···Cl1 132.9(6), C30i−O4i···Cl1 83.0(5), Hg1−Cl2···O1i 
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142.8(1), Hg1−Cl2···O4ii 96.4(1), C10i−O1i···Cl2 83.3(5), C30ii−O4ii···Cl2 144.0(6). Symmetry operations: (i) 

 , –   ,  ; (ii)  , –     ,      ; (iii)  , –     ,      . Aromatic rings are omitted for clarity.  

3.2 Crystal structure of 2 and 3 

The complexes 2 and 3 exhibit great similarity, both are binuclear and centrosymmetric (Fig. 3). At first 
glance, mercury atoms have a coordination number of 4 with the HgBr2S2/HgI2S2 coordination centers 

adopting highly distorted tetrahedral geometry (for 2   
        and for 3   

      ). Thiourea’s sulfur is 
the bridging atom.  

For highly distorted tetrahedral geometries, when   
      , one should check if the coordination number 

of metallic center isn’t greater. Additional Cg2···Hg1 contact with 3.686(3) Å and 3.731(5) Å distance for 2 
and 3 can be found respectively (Cg2 is a centroid of C21-C26 ring). Distorted geometry between square 
pyramidal and trigonal bipyramidal with         (2) and         (3) can be assigned to mercury. 

 

Fig. 3. Molecular structure and numbering scheme for 2 and 3. Ellipsoids are drawn at 50% probability level. Selected 
hydrogen bonds are denoted with thin dashed lines, Cg2···Hg1 interactions are marked with thick dashed lines. The 
parameters of selected distances and angles in the coordination centers (first value is for 2 and second value is for 3; 
Å, °): S1−Hg1 2.647(2)/2.685(3), S1−Hg1i 2.998(2)/3.157(3), Hg1−X1 2.464(1)/2.635(1), Hg1−X2 2.462(1)/2.627(1), 
Cg2···Hg1 3.686(3)/3.731(5), Hg1−S1−Hg1i 89.67(7)/85.54(7), S1−Hg1−S1i 90.33(7)/94.46(7), X1−Hg1−X2 

141.00(4)/143.55(4). Symmetry operation: (i) –    , –   , –    . ∘ denotes the center of the inversion. 

In structure 2 and 3 there are no significant stacking interactions. However, interesting halogen bonds 
formed by Br1/I1 and surrounding oxygen atoms of carbonyl groups can be found (Fig. 4).  

 

Fig. 4. The system of hydrogen bonds (thin dashed lines) and halogen interactions (thick dashed lines) on the example 
of 2. Only selected atoms of ligands are shown for clarity. The parameters of halogen contacts are (first value is for 2 
and second value is for 3; Å, °): X1···O1i 3.493(5)/3.652(8), X1···O1ii 3.714(5)/3.839(8), Hg1−X1···O1i 
136.8(1)/137.6(1), Hg1−X1···O1ii 122.09(9)/124.2(1), C10i−O1i···X1 86.8(4)/85.2(6), C10ii−O1ii···X1 

137.5(5)/137.7(7). Symmetry operations: (i)  ,  ,    ; (ii) –  , –   , –    ; (iii) –  , –   , –    . 
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Isostructurality parameters for 2 and 3 (described in chapter Auxiliary parameters) are equal to: 
       ,        . Additionally we have calculated powder XRD diffractograms from CIF files using 
Mercury 3.10 software [29] (Fig.  5). It can be clearly seen that both diffractograms overlay well. 
Diffraction peaks for 3 are distributed tighter as the unit cell parameters are slightly greater (Table 1). In 
diffractogram of 2 some diffraction peaks overlap – eg.        and      . 

 

Fig.  5. Overlay of powder XRD diffractograms calculated form CIF files of 2 and 3. Gray numbers in parentheses 
indicate Miller indices of lattice planes. 

We have analyzed structures of mercury complexes with acylthioureas among entries deposited into the 
CSD v. 5.39 (November 2017 update) [30] and these are the first examples of mercury complexes with 
bridging acylthiourea. In binuclear complexes of group 12 elements, halogens are usually the bridging 
atoms. There are only two examples of such complexes of 12 group with zinc [31,  32]. Binuclear 
complexes in which sulfur atoms take the bridging role are typical for transition elements [33-36]. 
Moreover, in our previous work [22] we have shown that acylthioureas in the reaction with HgX2 readily 
form coordination polymers and mononuclear complexes. 

The crystal cohesion of the complexes is ensured by intermolecular N–H∙∙∙O hydrogen bonds, X∙∙∙O=C 
halogen bonds, quasi-aromatic pseudo-ring stacking, van der Waals and electrostatic interactions that 
create a three-dimensional network.  

In all structures ligand molecules adopt most abundant S-type conformation [3, 4], with intramolecular N–
H···O hydrogen bond forming S(6) motif [5]. These hydrogen bonds are bifurcated at hydrogen atom and 
form   

      motifs. In all structures of 2 and 3, two of such hydrogen bonds combine each pair of dimers 
to form chains propagating in [    ] direction (Fig. 6). The second N–H group serves as a donor for 
halogen atom and forms intramolecular N–H∙∙∙X hydrogen bond. The parameters of all the hydrogen bonds 
found in 2 and 3 are summarized in Table 3. 

Table 3. Hydrogen bond parameters in structure of 2 and 3. Symmetry codes: (i)     ,     ,     ; (ii)   , 
    ,   . 

 D−H, Å H···A, Å D···A, Å D−H···A, ° 

2 
N1−H···Br2i 0.86 2.90 3.591(7) 139 
N2−H···O1 0.86 2.00 2.672(9) 134 
N2−H···O1ii 0.86 2.42 3.077(8) 134 

3 
N1−H···I2i 0.86 3.16 3.805(9) 134 
N2−H···O1 0.86 2.01 2.678(12) 134 
N2−H···O1ii 0.86 2.40 3.083(11) 137 
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Fig. 6. Centrosymmetric dimers found in the structure of 2 and 3, linked by intermolecular hydrogen bonds (dashed 
lines) into chains spreading in [    ] direction. 

In 2 and 3 the methoxy groups are almost coplanar with parent aromatic ring (maximum distance is 
between C3 and mean plane of phenyl ring – 0.201 Å for 2 and 0.121 Å for 3), but in 1 those substituents 
are slightly twisted (maximum distance between mean plane of phenyl ring and C27 is 0.442 Å, and 0.290 
Å for C28). 

3.3 Hirshfeld surface analysis 

The Hirshfeld surface (HS) of compound 1 mapped with dnorm function has four big red areas 
corresponding to the strong, bifurcated hydrogen bonds (N2−H···O4i, N4−H···O1ii, symmetry operations 
are defined in Table 2) and four smaller ones on the sides corresponding to the weaker hydrogen bonds 
with oxygen atoms of methoxy groups C48−H···O5[−x+1, y−1/2, −z+1/2] and C34−H···O2[−x, y−1/2, 
−z+1/2] (see Fig. 7). Moreover, two small spots related to the Cl···O halogen bond should be noticed. On 
the HS, we can also notice twenty two very small red areas corresponding to weak C···C and C···H 
interactions. A study of the decomposed fingerprint plots shows that the most important interactions 
between molecules in 1 are van der Waals forces. Around 2% of HS is associated with relatively close 
Cl⋯O contacts. 

 

Fig. 7. Hirshfeld surface of complex 1 mapped with dnorm function. 

Due to their similarity, HS of 2 and 3 will be described together. On the surfaces mapped with dnorm 
function we can notice four big red areas which correspond to weak C2−H···O2[x, −y+3/2, z−1/2] 
hydrogen bond and strong bifurcated N2−H···O1[−x, −y+1, −z] hydrogen bonds (Fig. 8). The latter are 
responsible for the formation of a supramolecular chains. Furthermore, on the HS of 2 there are two more 
small red spots corresponding to weak C13−H···O3[−x, y−1/2, −z+1/2] hydrogen bonds with 2.578(5) Å 
distance (in 3 distance 2.701(8) Å is too large to see red spots on HS).  

The differences of interaction in these two structures are shown in the diagrams based on 2D Hirshfeld 
surface fingerprint decomposition (Fig. 9). The main difference is the lack of sulfur-halogen and sulfur-
mercury interactions on the HS of 3. In both structures around 1% of HS is associated with relatively close 
X⋯O contacts (X = Br, I). 
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Fig. 8. Hirshfeld surface of 2 and 3 mapped with dnorm function (arrows show main differences). 

 

Fig. 9. Hirshfeld surface fingerprint decompositions showing main types of interactions for 1, 2 and 3. 

4 Conclusion 
Within presented work, we have synthesized and characterized three new HgX2 (X = Cl, Br, I) complexes 
with 1-benzoyl-3-(3,4-dimethoxyphenyl)thiourea.  

The study shows that halogen type have a significant influence on the final structure of complex. At the 
first glance, complexes 1-3 have coordination number 4 and their geometries can be described as highly 
distorted tetrahedral. However,   

  parameter for 1 (0.79) is significantly greater than for 2 (0.67) and 3 
(0.65). This is caused by additional Cg2···Hg1 short contact present in latter ones (Fig. 10). In fact, low 
values of   

  parameter should alarm authors to check if there are additional interactions with metallic 
center. Such Hg···π interactions can be found in many structures deposited to CSD, including phenyl rings 
substituted with methoxy groups [37]. The lower polarizability of the chlorine may cause the mercury ion 
adopts less distorted tetrahedral geometry (  

      ) than in the case of bromide and iodide complexes. 

Appendix A. Supplementary data 
CCDC 1579759, 1579758, 1579760 contains the supplementary crystallographic data for 1-3. These data 
can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the 
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk. 
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