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A Structural Study of Dithizone Coordination Chemistry 
Craig R. Rice,[a]* Robert A. Faulkner,[a] Roger A. Jewsbury,[a] Samantha Bullock[a] and Rachel Dunmore.[a] 
Dithizone, since its discovery in 1878, has become an essential colorimetric assay for numerous transition metal ions.  However, despite it being a vital reagent its coordination chemistry is not fully understood. Here we give insight into the binary complexes of dithizone, which contain two different metal ions, and the secondary complexes with Cu(II) which can either involve reduction of the metal ion or double deprotonation of dithizone giving the self-assembled [(H-DPTC)8Cu8] and [(DPTC)4Cu4] species respectively.
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Introduction

Dithizone (usually abbreviated to either H2-DPTC, or DTZ), when complexed to metal ions gives a wide range of different colorimetric responses and due to this has become an essential reagent for the determination of first, second and third row metal ions (e.g. from manganese to zinc, palladium to tin and platinum to bismuth).1 First reported by E. Fischer in 18782 and pioneered from the work carried out by H. Fischer in 1925,3 it is still in use today for the quick, accurate and easy determination of the concentration of metal ions. Its use is wide-ranging and it is an essential medical tool due to its ability to act as a cell staining agent.4,5 Other uses for dithizone include the absorption of pollutants6 and its anti-cancer properties have been investigated.7 Even today research into the development of dithizone continues, with a recent examples involving dithizone-modified gold surfaces as well as ion-imprinted polymers for the removal of heavy metal waste.8 There has been extensive research into the coordination chemistry of dithizone and generally it is accepted that the hydrazine N-H atom, adjacent to the thiocarbonyl group, deprotonates forming the monoanionic ligand (H-DPTC) which then ligates via the sulfur and terminal azo nitrogen atoms (Fig. 1). This forms neutral complexes of the type [(H-DPTC)2M]9 with divalent metal ions and [(H-DPTC)3M]10 with trivalent metal ions with solid-state structures of Bi(III), In(III), Cu(II), Ni(II) and Zn(II) complexes reported.11 This previous work has demonstrated that despite the number of potential donor atoms contained within the ligand strand in all of these cases the ligand acts as a simple bidentate donor coordinating via the sulfur and the terminal azo-nitrogen atoms (e.g. N4). Although, there are reported examples where the sulfur atom bridges two low valent osmium metal ions giving binuclear osmium carbonyl compounds.

Figure 1. H2-DPTC and its deprotonated variants. For simplicity, the neutral ligand is referred to as H2-DPTC, the mono-deprotonated species as H-DPTC and the dianionic species DPTC.
However, examination of the scientific literature over the past 100 years shows that the chemistry of H2DPTC is far from straight-forward and there is still some significant unexplained and unresolved chemistry associated with this ligand. Along with the expected and well-established (H-DPTC)2M species, a different complex, often referred to as a secondary complex, has also been reported.13 Whereas the former contains a 2:1 ligand to metal ratio the latter contains the species in a 1:1 ratio and is formed at high metal to ligand concentration ratios or at high values of pH. However, the actual nature of this structure has not been established, correspondingly Irvine argued that this secondary complex was a doubly deprotonated form of dithizone (DPTC) allowing formation of the neutral Cu(II)-containing species e.g. Cu(DPTC);14 whereas Freiser postulated a monoanionic ligand and reduction of the copper to Cu(I) again giving a neutral polymeric species15 with the true nature of this secondary complex remaining elusive. Further to this, complexes of [(DPTC)2M] have also been reported to form diheterometallic species with other metal ions, however the actual nature of these binary complexes and how the ligand can coordinate to two different metal ions has not been previously established.16 We now show, for the first time, how DPTC can coordinate more than one metal ion and that reaction with Cu(II) can lead to either reduction giving the self-assembled Cu(I)-containing structure [(H-DPTC)8Cu8] or double deprotonation of the ligand strand giving [(DTPC)4Cu4].
Results and discussiona
b

Reaction of Hg(ClO4)2 with H2-DPTC in MeCN gives a red solution from which, upon standing for 24 h, a red crystalline material is produced. Analysis by single crystal X-ray diffraction showed the expected structure, with the metal ion coordinated by two ligands each of which acts as a bis-bidentate donor, coordinating via the nitrogen and sulfur atoms (Fig. 2). Each of the ligands has been mono-deprotonated and acts as an anionic species giving the neutral complex [(H-DPTC)2Hg].17
[image: Description: mo_rachel_aghg_0m]
Figure 2. Single-crystal X-ray structure of [(H-DPTC)2Hg]. Thermal ellipsoids shown at 50% probability.
The single deprotonation of dithizone is supported by the bond lengths observed (Table 1):  the nitrogen-nitrogen double bond distance for the azo-group (N3-N4) is 1.272 (5) Å whereas the nitrogen-nitrogen single bond is slightly longer (1.340 (5) Å N1-N2). Also, the distances between the nitrogen atoms and the thiocarbonyl carbon atom are also consistent with deprotonation, as the N3-CS is longer (1.391 (6) Å) than the N1-CS bond length (1.319 (6) Å) which would be expected due to the double bond character of the N2-CS bond. 
Reaction of [(H-DPTC)2Hg] with Ag(ClO4) in acetone gives, after diffusion of diethyl ether, dark red crystals. Analysis by X-ray crystallography established the formation of a tetranuclear species [((H-DPTC)2Hg)2Ag2(acetone)2(ClO4)2] which contains two mercury and two silver metal ions (Fig. 3a). In this structure, the [(H-DPTC)2Hg] complex itself acts as a ligand and each of the sulfur atoms coordinates to a different silver ion and each of these ions is further coordinated by another [(H-DPTC)2Hg] complex giving an 8-membered [-Ag-S-Hg-S-]2 ring (Fig 3b). The silver ions are also coordinated by a perchlorate counter anion and by a molecule of acetone resulting in a four-coordinate tetrahedral geometry. Examination by ESI-MS showed ions at m/z = 1737 and 1529 corresponding to {[((H-DPTC)2Hg)2Ag2(ClO4)]}+ and {[((H-DPTC)2Hg)2Ag]}+ respectively and this, coupled with the solution-state UV-Vis work of Irving, shows the tetranuclear assembly persists in solution.15

Figure 3. Single crystal X-ray structure of (a) [((H-DPTC)2Hg)2Ag2(Me2CO)2(ClO4)2] and (b) showing the [-Ag-S-Hg-S-]2 ring. Hydrogen atoms omitted for clarity and thermal ellipsoids shown at 50% probability. 
Reaction of Cu(ClO4)2•6H2O with H2-DPTC in acetone initially gave a brown solution, which gradually turned red over a period of 24 hrs. Slow diffusion of dichloromethane into this solution gave a red crystalline material which was analysed by X-ray crystallography. In the solid state an octanuclear species is formed by coordination of eight copper ions with eight ligands i.e. [(H-DPTC)8Cu8] (Fig. 4). In this species each of the copper ions is coordinated by the sulfur and nitrogen atoms of an anionic ligand, as seen in the two previous examples. However, the sulfur atom of this unit coordinates two further [(H-DPTC)Cu] units either side of itself, which continues in a cyclic manner giving the octanuclear [(H-DPTC)8Cu8] with a band of eight sulfur and eight copper atoms (Fig 4b). The uncoordinated azo-end of the ligand alternates around the “Cu8” core such that four C=N-NHPh moieties point upwards and the remaining four point in the opposite direction (Fig 4c). This gives rise to a cavity containing four C=N-NHPh units, which act as a hydrogen bond donor to a perchlorate anion, which sits in both cavities. It is possible that this perchlorate acts as a template and the formation of the “Cu8” is a result of the presence of the anion, which is accompanied by a potassium ion giving a species of the overall formula K2[(H-DPTC)8Cu8(ClO4)2]. The bond lengths of the ligating framework are similar to the mercury-containing analogue indicating that the ligand acts as a monoanionic species (Table 2). As this is the case and the perchlorate anions are associated with a cation it would indicate that the Cu(II) has been reduced to Cu(I) and the “Cu8” core is a neutral species. The same behaviour is observed when Cu(BF4)2 is used in the complexation reaction and gives the isostructural octanuclear species K2[(H-DPTC)8Cu8(BF4)2]. 
	
	(H-DPTC)2Hg
	((H-DPTC)2Hg)2Ag2a
	(H-DPTC)8Cu8a

	N1-N2
	1.340 (5)
	1.321
	1.315

	N3-N4
	1.272 (5)
	1.268
	1.285

	N2-C=S
	1.319 (6)
	1.313
	1.310

	N3-C=S
	1.391 (6)
	1.387
	1.378


Table 1. Bond lengths (Å) of the donor framework in the H-DPTC complexes. a average bond lengths.
Examination by ESI-MS confirms that multiple coordination of “[(H-DPTC)Cu]” can occur and shows clusters of three ions {[(H-DPTC)nCun-1}, {(H-DPTC)nCun} and {(H-DPTC)nCun+1} where n = 3 – 9, including an ion at m/z 2550 corresponding to {(H-DPTC)8Cu8}. The presence of ions corresponding to n = 3 – 7 and n = 9 strongly indicates that the formation of the octanuclear species [(H-DPTC)8Cu8] in the solid state is due to templation by the anion as in the gas-phase many species, including larger homologues, are present. a
b
c

Figure 4. Single-crystal X-ray structure of (a) [(H-DPTC)8Cu8(ClO4)2]2-: (b) showing the Cu8L8 core and (c) top view of [(H-DPTC)8Cu8(ClO4)2]2-. Selected hydrogen atoms omitted for clarity and thermal ellipsoids shown at 50% probability. 
Reaction of equimolar amounts of Cu(CH3CO2)2∙H2O with H2-DPTC in acetone gives an initial brown colour which turns red after several hours and small needle shaped crystals are formed overnight. Examination of this crystalline material by X-ray diffraction showed it to be a neutral complex containing three ligands and two copper ions (Fig. 5). In this species one of the ligands coordinates via the sulfur and terminal nitrogen atoms and from the bond lengths of this unit and it would appear that this ligand has deprotonated in the usual manner for a H2-DPTC ligand (Table 2). However, one of the ligands acts as a bis-bidentate donor coordinating via the sulfur atom, which bridges two metal ions, and both of the terminal nitrogen atoms. One possibility is that the complex is a mixed valence species containing both Cu(I) and Cu(II) ions but this can be discounted as the bis-bidentate ligand would be only mono-deprotonated (e.g. H-DPTC) and the terminal nitrogen atom which bears the proton would have to adopt a tetrahedral geometry (i.e. sp3 hybridized) upon coordination to copper. Clearly from the X-ray data this nitrogen atom is trigonal (i.e. sp2 hybridized) and as both terminal nitrogen atoms adopt this geometry upon coordination to the two metal ions the ligand must be in its doubly deprotonated form; resulting in two mono anionic ligands (H-DPTC) a dianionic ligand (e.g. DPTC) and two Cu(II) ions. Furthermore, in the bis-bidentate ligand both nitrogen-nitrogen and nitrogen-thiocarbonyl bond lengths are very similar and their values are equidistant in length between the double and single bonds observed in the mono-deprotonated derivative indicative of the delocalized nature of the doubly deprotonated version of dithizone. It seems likely that it is this delocalization across the (PhN-N)2C=S unit and subsequent stabilization of the second negative charge, that allows deprotonation without the addition of strong base.
[image: mo_Sam_DPTC_CuAce_PF6_0m_in_P-1]
Figure 5. X-ray structure of [(H-DPTC)2(DPTC)Cu2]. Thermal ellipsoids shown at 50% probability.
[bookmark: _Hlk482535003]Analysis of this species by ESI-MS does show an ion at m/z 891 corresponding to [(H-DPTC)2(DPTC)Cu2] but this is accompanied by other signals which are similar to that obtained with [(DPTC)8Cu8] (e.g. clusters of three ions {[(H-DPTC)nCun-1}, {(H-DPTC)nCun} and {(H-DPTC)nCun+1} where n = 3 – 9). The reason for this is twofold; firstly, ESI-MS is an electrochemical technique and reduction of Cu(II) is not uncommon and secondly it is very possible [(DPTC)8Cu8] is present within the solution and examination of the crystalline material deposited from the reaction mixture shows other species are present. For example, X-ray analysis has shown [(H-DPTC)2Cu] to be present in the reaction medium and it is very likely that other complexes of dithizone are also present giving rise the ions observed in the ESI-MS.
Dissolving [(H-DPTC)2(DPTC)Cu2] (which, as stated above, contains varying amounts of [(H-DPTC)2Cu]) in dichloromethane followed by slow diffusion of diethyl ether gave varying amounts of red crystalline material. Analysis by X-ray diffraction showed the formation of a grid assembly containing four copper ions and four ligands. Each of the copper ions is coordinated by two bidentate bis-N,S donor units from two different ligands giving an eight-membered “Cu4S4” core (Fig. 6).  In a similar manner to the bis-bidentate ligand in [(H-DPTC)2(DPTC)Cu2] both ligating nitrogen atoms adopt a trigonal geometry and to achieve this the ligand must be doubly deprotonated. Again, the N-N and N-C=S bond lengths are all similar and equidistant in length between the double and single bond values for H-DPTC indicating that the ligand has been doubly deprotonated and formed the neutral Cu(II)-containing species [(DTPC)4Cu4)]. 
[image: sad_in_P2_1_n]
Figure 6. X-ray structure of [(DPTC)4Cu4]. Thermal ellipsoids shown at 50% probability.
It is possible that anions such as perchlorate promote the formation of the Cu(I)-containing species as an anion may be required to template its formation as both Cu(I) species were formed in the presence an anion. Furthermore, both the Cu(II)-containing species were formed without any anions present. For example, [(H-DPTC)2(DPTC)Cu2] was prepared from Cu(CH3CO2)2∙H2O and the acetate anion would be easily protonated and unavailable to act as a template. However, it is important to note that in all the copper-containing complexes other materials were present in the crystallization process (often [(H-DPTC)2Cu] amongst other material) and the structures described are “snap-shots” of the reaction media. It is clear that reaction of H2-DPTC with Cu(II) gives a highly complex mixture of species with [(H-DPTC)2Cu], [(H-DPTC)8Cu8], [(H-DPTC)2(DPTC)Cu2], [(DPTC)4Cu4] and probably many others, yet to be isolated, complexes all formed dependent upon conditions and time. 
	
	[(H-DPTC)2(DPTC)Cu2] a
	[(DPTC)4Cu4]

	N1-N2
	1.335b
	1.302c
	1.304d
	1.285(8) – 1.314(8)e

	N3-N4
	1.287b
	1.305c
	
	

	N2-C=S
	1.321b
	1.341c
	1.349f
	1.335(9) – 1.358(9)g

	N3-C=S
	1.378b
	1.352c
	
	



Table 2. Bond lengths (Å) of the donor framework in the H-DPTC and DPTC complexes; a average bond lengths; b H-DPTC ligand; c DPTC ligand; d average of all eight N-N bonds; e range of N-N bonds; f average of all eight N-C=S bonds; g range of N-C=S bonds.
Conclusion
This work sheds light on the issues surrounding the metal complexes of dithizone but also shows how the coordination behavior of this ligand is much more complex than previously thought. Furthermore, it is quite remarkable that a ligand, discovered over 100 years ago and which has numerous uses across the scientific disciplines, can lead to such exotic self-assembled polymetallic species. As its uses are so great and wide-ranging, it is therefore highly advantageous for the scientific community to fully understand its chemistry. On a final note it would appear that both Freiser and Irving were correct in their postulated chemistry. Under the correct conditions dithizone can react with Cu(II) to form a doubly deprotonated secondary complex of the type “Cu(DPTC)” which Irving postulated but it can also be reduced to form a Cu(I) containing polymer as Freiser suggested. It would appear that formation of any one material is highly variable, very sensitive to the conditions and metal to ligand ratio. Indeed, it is to their credit that such advances were made in an obviously highly complex system.
Experimental

General Details

Single crystal X-ray diffraction data was collected at 150(2) K on either a Bruker Apex Duo diffractometer equipped with a graphite monochromated Mo(K) radiation source or a Bruker Venture diffractometer equipped with a Cu-IμS source and a cold stream of N2 gas. Solutions were generated by conventional heavy atom Patterson or direct methods and refined by full-matrix least squares on all F2 data, using SHELXS-97 and SHELXL software respectively. Absorption corrections were applied based on multiple and symmetry-equivalent measurements using SADABS (Table 3). Refinement for all of the structures was straightforward apart from K2[((H-DPTC)Cu)8(ClO4)2] and NaK[((H-DPTC)Cu)8(BF4)2] which contained s-block ions and molecules of dichloromethane disordered over two sites (as well rotational disorder for the tetrafluoroborate anion). These were refined using the PART instruction and the atoms were constrained using the SIMU, DELU and in some cases ISOR instructions in the least squares refinement. [(DPTC)4Cu4] contained a molecule of diethyl ether with large and irregular anisotropic displacement parameters. Modelling of disorder associated with this species was unsuccessful and the atoms were constrained using the SIMU, DELU and in some cases ISOR instructions in the least squares refinement. 1H NMR spectra were recorded on a 400MHz Bruker Avance DPX400. Mass spectra were obtained on a Bruker MicroTOF-q LC mass spectrometer.

Synthesis of [(H-DPTC)2Hg]: To a solution of Hg(ClO4)2·4H2O (10 mg, 0.021 mmol) in MeCN (2 ml) was added H2-DPTC (10.8 mg, 0.042 mmol) and the resulting suspension sonicated until dissolution. The solution was allowed to stand overnight during which time red needle-like crystals were produced. These were then mounted directly from solution for X-ray analysis. Filtration, washing with MeCN (1 ml) and then Et2O (1 ml) produced a sample for 1H NMR and ESI-MS analysis (yield = 76%). 

Synthesis of [((H-DPTC)Hg)2Ag2(acetone)2(ClO4)2]. To a solution of Hg(ClO4)2·4H2O (10 mg, 0.021 mmol) in Me2CO (2 ml) was added H2-DPTC (10.8 mg, 0.042 mmol) and the resulting suspension sonicated until dissolution. To this was then added Ag(ClO4) (4.3 mg, 0.021 mmol) and after slight heating to dissolved the silver salt the solution was filtered through a plug of cotton wool. After this the sample was then exposed to an atmosphere of diisopropyl ether and after several days a red crystalline material was produced. These were then mounted directly from solution for X-ray analysis. Filtration of the remaining crystals and washing with diisopropyl ether (1 ml) and then Et2O (1 ml) produced a sample for ESI-MS analysis. 

[bookmark: _Hlk482465852]Synthesis of K2[((H-DPTC)Cu)8(ClO4)2]. To a solution of Cu(ClO4)2·6H2O (10 mg, 0.027 mmol) in acetone (2 ml) was added H2-DPTC (6.9 mg, 0.027 mmol) and the solution sonicated and gently heated to reflux until all the ligand had dissolved. The sample was then exposed to an atmosphere of dichloromethane and after several days a red crystalline material was produced (along with other material, see text for details). These were then mounted directly from solution for X-ray analysis. Filtration, washing with acetone (1 ml) and then Et2O (1 ml) produced a sample for ESI-MS analysis. NaK[((H-DPTC)Cu)8(BF4)2] was prepared in an identical fashion using Cu(BF4)2·6H2O.

Synthesis of [(H-DPTC)2(DPTC)Cu2]. To a glass vial charged with Cu(OAc)2·H2O (10 mg, 0.05 mmol) and H2-DPTC (12.8 mg, 0.05 mmol) was added acetone (1 ml) and the resulting suspension gently heated and sonicated until the all materials had dissolved. The solution was then filtered through a plug of cotton wool and allowed to stand overnight during which time small dark red needle-like crystals had formed. These were then mounted directly from solution for X-ray analysis (along with other material, see text for details). 

Synthesis of [(DPTC)4Cu4]. To a glass vile charged with [(H-DPTC)2(DPTC)Cu2] (5 mg, see text) was added dichloromethane (1 ml) and the resulting suspension gently heated and sonicated until the all materials had dissolved. The solution was then filtered through a plug of cotton wool and layered with diethyl ether. After a few days small dark red plate-like crystals had formed. These were then mounted directly from solution for X-ray analysis (along with other material, see text for details). 
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