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Abstract 

  
Coordination complexes of iron(III), cobalt(II) and zinc(II) with the ligand          

N′-{[1-(pyridin-2-yl)ethylidene]amino}pyridine-2-carboximidamide (pmhpa) have been    
synthesised and were structurally characterized by elemental analysis, mass         

spectrometry, X-ray diffraction and infrared spectroscopy. The mononuclear iron(III)         

complex, [Fe(pmhap)​2​][FeCl​4​], (1), adopts the orthorhombic non-centric space group         
P2​1​2​1​2​1​. The iron is present in an octahedral environment in the ion [Fe(pmhap)​2​]​+​.             

The crystallographically-determined formula of the cobalt(II) complex (2) is         
[Co​2​(pmhap)​2​Cl​3​]​2​[CoCl​4​].4MeOH. The compound crystallizes in the      

non-centrosymmetric space group P2​1​c with a single cobalt ion in the asymmetric            
unit. The complex is dinuclear, with two cobalt ions bridged by chloride and the two               

nitrogen atoms of N=N of the pmhap ligand. The zinc(II) complex;           
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[Zn​2​(pmhpa)​3​](NO​3​)​4​.2.75MeOH (3) crystallizes in the cubic space group Pa with          
disordered methanol molecules present. This is dinuclear with the two zinc atoms            

being bridged by three N=N links from the ligand to form a threefold symmetric rotor.               
Infrared spectroscopy confirms that coordination occurs through the azide bridge.          

Measurements of magnetic susceptibility for the iron(III) and cobalt(II) complexes          

show that they are paramagnetic between 5 and 300 K. Mössbauer spectroscopic            
data supports the structure of the iron(III) complex being composed of an octahedral             

and a tetrahedral iron atom.  
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Introduction 
Thiosemicarbazone molecules, known to coordinate various metal ions, have         

aroused considerable interest in chemistry and biology [1, 2]. They show           

pharmacological activity as antiparasitic, antimalarial, antiproliferative, or       
antitubercular molecules and have structural resemblance to carboxamidrazone [1].         

There is recently a strong demand for novel metal-based compounds for therapeutics            
or detection.  

The use of coordination complexes in therapeutics is attractive due to intrinsic            

properties of the metal ions such as redox activity, variable coordination modes,            
reactivity toward various substrates, magnetism or fluorescence. [3] Ligand         

substitution and modification of chemical structures has led to the synthesis of a wide              
range of metal-based compounds which have demonstrated enhanced properties [4].          

Studies by Billington ​et al​. have established N-pyridine-2-carboxamidrazone as a          

lead molecule of a N-benzylidene-pyridine carboxamidrazone derivatives series        
with a minimum inhibitory concentration (MIC) value less than 50 mg/mL against            

Mycobacterium forutitum [5]. The azido-bridged complexes have attracted intense         
interest, due to their coordination versatility and the magnetic diversity of the            

complexes [6]. Gokhale ​et al​. have examined the structure of the ligand-based            

distorted square planar copper(II) complex,     
cis-[dichloro(N1-(2-benzyloxybenzylidene)pyridine-2-carboxamidrazone)copper(II)], 

and its analogue with Nʹ-(2-acetylpyridine)pyridine-2-carboxamidrazone. The activity       
against the human breast cancer cell line MCF-7 and the mouse melanoma cell line              



B16F10 has been evaluated [7, 8]. They have also presented the crystal structure             
and antimalarial activity of    

cis-[dichloro(N1-2-acetylthiophene-pyridine-2-carboxamidrazone)copper(II)] with a   
highly distorted square planar geometry (see Figure 1A) [9]. The ligand,           

N′-{[1-(pyridin-2-yl)ethylidene]amino}pyridine-2-carboximidamide, presents an   

unusual arrangement of potential donor sites, with the possibility of monodentate           
coordination modes to the pentadentate limit. Free rotation about the N-N single            

bond would lead to both folded ​trans and ​cis conformations due to the flexibility of the                
ligand around the N–N single bond [10, 11].  

In previous work, we have described the crystal structure of the N-H​⋯​N bounded             

networks of the N′-{[1-(pyridin-2-yl)ethylidene]amino}pyridine-2-carboximidamide    

molecule and its precursor N'-amino-pyridine-2-carboximidamide [12]. As part of the          
continuing investigation, we here complete the library of carboxamidrazone         

complexes through the synthesis and structural investigation of new iron(III) [13],           

cobalt(II) [14], and zinc(II) [15] complexes (Figure 1B), in which the metal-ion centres             
are bridged by single bonds to the polydentate ligand         

N′-{[1-(pyridin-2-yl)ethylidene]amino}pyridine-2-carboximidamide (pmhap).  
  

Results and discussion 
The pmhap ligand readily forms complexes with first row transition metals. Here we             
present the structure and properties of complexes of iron, cobalt and zinc. Crystal             

structure data for these compounds are summarized in the Supplement 1.  
The iron(III) complex, [Fe(pmhap)​2​][FeCl​4​] (1), crystallises as well-formed very dark          

brown needles. It adopts the orthorhombic non-centric space group P2​1​2​1​2​1​. The           

asymmetric unit (Figure 2A) contains two independent [Fe(pmhap)​2​]​+ and two [FeCl​4​]​−           

ions. ​The two [Fe(pmhap)​2​]​+ ions contain iron(III) in approximately octahedral          

coordination with each iron surrounded by six nitrogen ligands. The two           

[Fe(pmhap)​2​]​+ ions are held together in a dimer by two hydrogen bonds:            

N14-H14A···N8 (0.89(3) Å N14 - H14A, 3.298(8) Å N14 - N8, 160(9)° N14 - H14A -                
N8) and N4-H4A···N18 (0.89(3) Å N4 - H4A, 3.493(9) Å N4 - N18, 145(9)° N4 - H4A                 

- N18). Between the Fe(pmhap)​2​···Fe(pmhap)​2​ʹ dimers (Figure 2B), the [FeCl​4​]​− ions           
are arranged in sheets that extend in the xy plane. Similarly, the dimers are also               

arranged in sheets such that there is ABAB stacking of these two types of sheets               

parallel to the c-axis (Figure 2C). There are a large number of C-H···Cl and C-H···N               



interactions that enforce this arrangement. The mass spectrum of the          
[Fe(pmhap)​2​][FeCl​4​] molecule shows only one ion peak signal at m/z 532.1           

corresponding to the  [Fe(pmhap)​2​]​+​  molecular fragment. 
The crystallographically-determined formula of the cobalt(II) complex (2) is         

[Co​2​(pmhap)​2​Cl​3​]​2​[CoCl​4​].4MeOH where half of the solvent is crystallographically        

resolved. The compound crystallises in the non-centrosymmetric space group P2​1​c          
with two different cobalt ions in the asymmetric unit as shown in Figure 3A. The               

[Co​2​(pmhap)​2​Cl​3​]​+ unit is derived from two cobalt ions bridged by a single chloride             
and held together by two ligands through the N=N bond. Each cobalt ion then lies in                

a distorted octahedral environment (Figure 3B). The two halves of the cluster are             

related by the symmetry operation 1−​x​, 2−​y​, ​z (2-fold rotation about ​z​). Cobalt is also               
found within a second ion, [CoCl​4​]​2−​. A single molecule of methanol was identified             

within the structure. This methanol acts as a hydrogen bond donor to the cluster and               
a hydrogen bond acceptor to N-H of a different cluster. Analysis using PLATON             

suggests there are other solvent molecules present that are not crystallographically           

ordered. The solvent resides in two pockets within the unit cell at locations ½, ½, 0                
and 0, 0, ½. Each of these pockets comprises about 11.38 % of the unit cell volume.                 

The SQUEEZE routine was used to model the solvent in these regions; a total of 141                
electrons were located in these regions. This corresponds to a little more than four              

molecules of methanol and gives an approximate formula        

[Co​2​(pmhap)​2​Cl​3​]​2​[CoCl​4​].4MeOH for the crystal. In the solid the metal clusters are           
packed to form pockets that are filled with methanol. The packing facilitates N-H···Cl             

hydrogen bonds between [Co​2​(pmhap)​2​Cl​3​]​2​+ and [CoCl​4​]​2‒ ions. There are also          
C-H···Cl interactions between the clusters. Two views of the packing arrangement are            

shown in Figure 3C. The zinc(II) complex (3) contains two metals and is best              

formulated as [Zn​2​(pmhap)​3​]​4+​. It crystallizes in the cubic space group Pawith nitrate            
and poorly-ordered methanol. The crystallographically determined composition is        

thus [Zn​2​(pmhpa)​3​](NO​3​)​4​.2.75MeOH. Figure 4A shows an asymmetric unit for (3).          
The [Zn​2​(pmhpa)​3​]​4+ is sited within the unit cell so that the two independent zinc ions               

lie on the threefold axis (.3. site symmetry) and hence the overall complex has              

threefold symmetry and can be described as a symmetric rotor (Figure 4B). Each             
zinc is octahedrally coordinated by six nitrogen atoms; each ligand binds through            

pyridine and the two nitrogen atoms of the diazine unit. The Zn−N bond lengths are               
of typical length for zinc to nitrogen (2.101(4) Å - 2.172(4) Å). The complexes and               



nitrate anions are arranged within the cell to leave small voids. There is evidence that               
these hold methanol but this solvent is not crystallographically resolved. The           

SQUEEZE routine was used for the modelling. Each of the four voids, located at 1/2,               
1/2, 1/2 and symmetry-related positions contains approximately 5.5 molecules of          

methanol. The [Co​2​(pmhap)​2​Cl​3​]​2​[CoCl​4​].4MeOH complex and the      

[Zn​2​(pmhpa)​3​](NO​3​)​4​.2.75MeOH showed molecular ion peak at m/z 709.7 and 846.2          
corresponding to the cation [Co​2​(pmhap)​2​Cl​3​]​+ and [Zn​2​(pmhpa)​3​]​4+ respectively        

together with different molecular fragment parts (see Supplement 2). The infrared           
spectrum of the ligand showed two characteristic stretching absorption peaks at 3464            

and 3317 cm​-1 due to an intramolecularly hydrogen bonded -NH​2 group. The imino             

(C=N) grouping showed sharp peaks around 1613 and 1584 cm​-1​. The amine-protons            
peaks of ligand pmhap are masked in the complexes by the broad stretching             

vibration of O-H from methanol solvent molecules. In related copper complexes the            
peaks due to -NH​2 are generally shifted to lower frequencies due to the loss of               

intramolecular hydrogen bonding [9]. The imino C=N frequencies are shifted to higher            

frequencies in all complexes: 1649, 1635 cm​-1 in the iron complex, 1649, 1620 cm​-1 in               
the cobalt complex and 1651, 1623 cm​-1 in the zinc complex, due to back bonding.               

Thus, ligand in the complex is bound through nitrogen of the imine [9]. Pyridine ring               
breathing bands are found at 988 cm​-1 for the ligand and 1018 cm​-1 in the three                

complexes, consistent with the pyridine ring coordination [16]. Moreover, the zinc           

complex exhibits a very strong vibration at 1380 cm​-1 characteristic of a nitrate salt              

(see supplement 3) [17]. ​Mössbauer spectra of [Fe(pmhap)​2​][FeCl​4​] were recorded          

between 80 and 298 K to confirm the spin states of the complex and their change                

with temperature. Mössbauer parameters and spectra are presented in Supplement          

4. The spectra are consistent with the presence of an octahedral low spin (S = 1/2)                
iron(III) and a tetrahedral high-spin (S = 5/2) iron (III) (Figure 5). The 1:1 contribution               

is confirmed at 80K whereas a discrepancy is found at higher temperature [18]. ​The              
magnetic moment vs temperature graph at 5 kOe for ​[Fe(pmhap)​2​][FeCl​4​] (​1), 5 kOe             

and 0.5 kOe for ​[Co​2​(pmhap)​2​Cl​3​]​2​[CoCl​4​].4MeOH (​2) is predominantly paramagnetic.         

The curves deviates from a purely paramagnetic signal below ~20-30 K (see Figure             
6). At low temperatures, the shape of the loop is not a straight line, but has an                

“S-shape” indicative of superparamagnetism. This superparamagnetism could       
emerge from an intrinsic magnetic behaviour of the compound or perhaps from the             

presence of magnetic nanoparticles and/or magnetic aggregates​. 



  
Three coordination complexes based on     

N′-{[1-(pyridin-2-yl)ethylidene]amino}pyridine-2-carboximidamide (pmhap):  
[Fe(pmhap)​2​][FeCl​4​] (1), [Co​2​(pmhap)​2​Cl​3​]​2​[CoCl​4​].4MeOH (2) and     

[Zn​2​(pmhpa)​3​](NO​3​)​4​.2.75MeOH (3), have been synthesized and characterized.       

Complexes 1 and 2 exhibit a superparamagnetic interaction and the octahedral and            
tetrahedral components of complex 1 have been confirmed by Mössbauer          

spectroscopy. The synthesized materials may find application for both human health           
and industry related processes. 

  

  
  

  

Figure 1A. Structurally characterized carboxamidrazine-copper(II) complexes [7-9] 
  

  

  

Figure 1B. Synthetic scheme for the complexes 1-3 

  



  

Figure 2A: ORTEP representation of complex [Fe(pmhap)​2​][FeCl​4​]  (1) showing the 
coordination of Fe​3+​ ion in one of the symmetry-unique iron complexes with 
displacement ellipsoids drawn at the 50% probability level 

  

  



  

Figure 2B: Complex [Fe(pmhap)​2​][FeCl​4​]  (1) ORTEP representation of the 
Hydrogen-bonded dimer; Fe(pmhap)​2​···Fe(pmhap)​2​ with displacement ellipsoids 
drawn at the 50% probability level 

  



  

Figure 2C: ORTEP representation of the Packing of complex [Fe(pmhap)​2​][FeCl​4​]  (1) 
viewed down the a-axis with displacement ellipsoids drawn at the 50% probability 
level 

  

  



  

Figure 3A. ORTEP representation of the asymmetric unit of complex          
[Co​2​(pmhap)​2​Cl​3​]​2​[CoCl​4​].4MeOH (2) with displacement ellipsoids drawn at the 50%         

probability level  
  



  

Figure 3B.  Molecular structure of complex [Co​2​(pmhap)​2​Cl​3​]​2​[CoCl​4​].4MeOH (2) with 
atoms drawn as 50% probability ellipsoids 

  

  



 

 

Figure 3C.  Two views of complex [Co​2​(pmhap)​2​Cl​3​]​2​[CoCl​4​].4MeOH (2) down the 
c-axis. In the upper figure hydrogen bonds are shown as dashed lines.  

  
  



  

Figure 4A. ORTEP representation of the asymmetric unit of complex          

[Zn​2​(pmhpa)​3​](NO​3​)​4​.2.75MeOH (3) with displacement ellipsoids drawn at the 50%         

probability level (minor disorder in the nitrate anions is not shown).  
  

  

Figure 4B: (A) view of complex [Zn​2​(pmhpa)​3​](NO​3​)​4​.2.75MeOH (3) down the          

threefold axis; each separate ligand is coloured differently. (B) side view of the             
complex. rounded by six nitrogen ligands. (For bond lengths see the crystal data file) 

  



  
  

 

Figure 5. 80K Mossbauer spectrum of complex [Fe(pmhap)​2​][FeCl​4​]  (1) 



 

Figure 6. ​Magnetic moment vs temperature graph at 5 kOe for ​[Fe(pmhap)​2​][FeCl​4​] 
(​1), 5 kOe and 0.5 kOe for ​[Co​2​(pmhap)​2​Cl​3​]​2​[CoCl​4​].4MeOH (2)​. 
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