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Article 
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Abstract: The reaction of the bulky ligand 1,2-bis-(di-tert-butylphosphinomethyl)benzene with 
[Ni(DME)Cl2] affords the blue Zwitterionic complex containing a phosphonium group and an anionic 
nickel trichloride. The neutral and stable complex is of interest as it shows an apparently Zwitterionic 
structure, one counter-anion to the Ni(II) being delocalised into the backbone of the ligand. This 
complex decomposes in alcohols such as methanol and turns yellow. A discussion of the mechanism 
leading to the observed product is presented. In dimethylformamide, however, the complex exhibits 
thermochromic properties: an ambient temperature pale blue solution changes colour reversibly to 
yellow on cooling. The structures of the previously prepared molybdenum complex, [1,2-(C6H4-
CH2PtBu2)2Mo(CO)4] and the diphosphine sulfide 1,2-(C6H4-CH2P(S)tBu2)2 are described for 
comparative purposes. 

Keywords: metal complex; Zwitterion; nickel; thermochromic; phosphine; alpha ligand; 
complexation; crystal structure; DMF 
 

1. Introduction 

The coordination chemistry of nickel(II) dichlorides with bidentate phosphines is one of the most 
studied areas of coordination chemistry with the variation in coordination geometries [1–3] between 
square planar and tetrahedral [4,5] being used as a vehicle to teach the differences between strong 
and weak ligand fields [6]. In most cases the colour of a metal complex is enough to assign whether 
the complex is low- or high-field: a larger energy gap (low-field) means the colour of the complex is 
the complementary one i.e. blue or green wavelengths missing, therefore a yellow, orange or red [7–
10]. Some complexes exist in both coordination modes and some are switchable. In rare cases a 
complex may be observed as a Zwitterion, which is the subject of this work. The ligand we used was 
1,2-bis-(di-tbutylphosphinomethyl)benzene [11] 1, which is the classic so-called alpha ligand [12]. We 
have extensive experience in the coordination of these ligands, particularly the ferrocene class [13–
15]. It is known that palladium is coordinated by the ferrocene alpha ligand, butphos, 2, in a square-
planar fashion (Figure 1) [13]. 
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(a) (b) 

Figure 1. Side and top views of the structure of [{1,2- ƞ5-C5H3(CH2PtBu2)2}Fe(ƞ5-C5H5)PdCl2], [(butphos)PdCl2] 
showing the square-planar coordination mode [13]. 

We decided to examine the complexation reaction of nickel with the simple alpha ligand. Much 
is known about the similar square-planar coordination chemistry with palladium and platinum, as 
these complexes are useful industrial catalysts [16–18]. To visualise the alpha ligand more clearly the 
disulfide derivative was prepared to ensure air-stability, and its crystal structure was determined. 
This is shown in Figure 2. The pendant methylene-phosphines are located above and below the plane 
of the benzene ring. On reaction of the alpha ligand with molybdenum hexacarbonyl the 
molybdenum tetracarbonyl complex is formed [19,20]. 

(a) (b) 

Figure 2. Top and side views (w.r.t benzene) of the disulfide of the alpha ligand: 1,2-(C6H4-CH2P(S)tBu2)2. 

2. Results and Discussion 

The phosphorus atoms move to the same side of the benzene ring to adopt a pseudo-octahedral 
coordination mode (Figure 3).  It is interesting to observe that axial carbonyl ligands are bent back 
away from the perpendicular plane, a consequence of the steric crowding due to the proximity of the 
bulky tert-butyl groups on the ligand. 

 
 

 
(a) (b) 
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(c) (d) 

Figure 3. (a) Top, (b) side, (c) cutaway, and (d) central axis, views of the pseudo-octahedral complex [1,2-(C6H4-
CH2PtBu2)2Mo(CO)4] showing the Mo atom as part of a half-boat chair configuration, [21]. 

With these data in hand the reaction of this ligand with hydrated nickel(II) chloride in alcoholic 
solvents was attempted, but this led only to amorphous yellow powders. However, when a solution 
of the ligand is added to the [Ni(DME)Cl2] complex [22] in dichloromethane the solution develops a 
blue colour and, when left for several days, deep blue crystals begin to grow. These crystals were 
collected after 2 weeks and examined by single-crystal X-ray diffraction; the product is a rare 
Zwitterionic compound, which accounts for its poor solubility in organic solvents. Only one 
phosphine is bound to nickel, which has 3 chloro ligands attached in a pseudo-tetrahedral 
coordination (Figure 4). 

  

(a) (b) 

  
(c) (d) 

 
(e) 

 

Figure 4. Views of the structure of [(C6H4-CH2PtBu2-2-C6H4-CH2P(H)tBu2)2NiCl3], w.r.t benzene ring: (a) side 
view, (b) top view, (c), cutaway showing the hydrogen bond between methylene H and Cl,  d) the proximity of 

the pendant phosphorus to the nickel centre, (e) showing tetrahedral coordination of nickel. 
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The other phosphorus atom is protonated, forming a phosphonium pendant arm; this probably 
explains why the crystals grow so slowly. The Cl-Ni-Cl angles are 101.00(3), 120.89(3), 109.76(3)°, 
while there are two hydrogen bonding interactions (Figure 4), between a chloro ligand and the proton 
on the phosphorus (Cl…H = 2.70(4) Å), and between another chloro ligand and phenyl ring H atom 
(Cl…H = 2.7943(7) Å).  The origin of the proton and the additional chloride attached to nickel is 
unclear: the proton may come from the solvent or trace water, while the chloride may come from the 
solvent or excess nickel chloride starting material. It is likely that nickel plays a role in the proton 
transfer process. The product complex decomposes in methanol and forms a pale-yellow 
solution/slurry. It is sparingly soluble in DMF and forms a blue solution at room temperature.  On 
cooling this solution to −20°C, the blue colour (ƛmax, ~ 621nm) changes to yellow (ƛmax, ~ 417nm) totally 
reversibly. We postulate that the proton on phosphorus is transferred to DMF to form its quaternary 
cation. Interestingly this compound is one which crystallised well in regimented fashion in local 
magnetic fields [23]. It is known that complex equilibria exist in DMF solutions of nickel chlorides 
and thus DMF binding to nickel may occur.  We have also been able to isolate two nickel complexes 
from the reaction of [Ni(DME)Cl2] with DMF in magnetic fields [23]. These complexes are the 
octahedral complexes, all-trans- diaqua-bis(dimethylformaldehydo)dichloronickel(II), 
[Ni(Cl)2(H2O)2(DMF)2] (Figure 5b) and the known hexadimethylformaldehydo-nickel(II) 
tetrachloronickelate(II), [Ni(DMF)6)]2+[NiCl4]2− (Figure 5a). 

 

(a) (b) 

Figure 5. The complexes (a) [Ni(DMF)6)]2+[NiCl4]2- (cation only) and (b) trans- [Ni(Cl)2(H2O)2(DMF)2] formed 
from [Ni(DME)2Cl2] and DMF at room temperature. 

These are both formed at room temperature, which demonstrates the lability of the chloro 
ligands. [NiCl2(H2O)2(DMF)2] exists in hydrogen-bonded ribbons which are also of general interest. 
Cutaway sections of a packing diagram are shown in Figure 6.  

  
(a) (b) 

Figure 6. Partial packing diagram of [NiCl2(H2O)2(DMF)2] showing the hydrogen bonding between molecules. 

These results confirm that DMF can bind to the nickel centre at room temperature. The other 
alternative is that DMF functions as a base to deprotonate the phosphonium phosphorus atom, which 
may than coordinate to the nickel to displace a chloro ligand. During these coordination studies we 
have non-definitive evidence for the formation of the anticipated square-planar Ni-alpha complex as 
small red crystals, which were isolated during one of our room-temperature coordination reactions, 
but the initial crystallographic results indicated a disordered structure. However, we note that we 
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have recently been able to determine the structure of the red nickel dichloride complex of the related 
ligand [1,2-C6H4-(CH2PiPr2)2]. The structure is disordered but it clearly shows that nickel adopts a 
square-planar coordination mode (Figure 7).  

 
 

(a) (b) 

Figure 7. Structure of [(1,2-C6H4-(CH2PiPr2)2NiCl2] (both observed conformers, shown in (a) and (b)). 

Clearly this ligand is less hindered, which may account for the difference in coordination 
properties and its relative ease of formation. We had previously observed similar disorder in the 
nickel dichloride complex of the bis-1,2-{(1,3-dimethyladamantyl)phosphino}ferrocene [7], which 
interestingly exhibited tetrahedral coordination (Figure 8).   The research reported here, and these 
observations make this area of research worthy of a more though investigation, as this limited work 
was done without external funding.  

 

Figure 8. Partial structure of the nickel dichloride complex of bis-1,2-{(1,3-
dimethyladamantyl)phosphino}ferrocene (chloroform solvate). This exhibits tetrahedral coordination as well 

as C-H…Cl hydrogen bonding between the ligand and a chloro ligand [13]. 

A reaction was attempted in which d5-pyridine was used in an NMR experiment: in this case it 
was clear to see partial de-ligation of the alpha ligand with the appearance of the resonances of the 
free ligand in solution. There were two phosphorus resonances observed at approximately 27.5 and 
62.3 ppm (several resonances). The former is due to free ligand, which indicates partial de-ligation 
possibly due to trace water in the d5-pyridine.  

3. Materials and Methods 

The protocols used in this work were essentially standard coordination and crystallization at 
room temperature, conditions which were developed with a view to keeping the methodology as 
simple as possible. Of course, we could add that crystallization is one of the main methods of self-
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assembly. All metal complex crystallizations were carried out with the compound dissolved in a 
solution of reagent-grade dichloromethane with a top layer of diethyl ether added carefully. Crystals 
formed in all cases after the solvents diffused together over several days.  Additional experimental 
detail is given in the Supplementary Information.  

4. Conclusions 

Although the coordination of the alpha ligand with palladium and platinum is relatively 
straightforward, the coordination with nickel is less so: the natural propensity towards tetrahedral 
coordination may be difficult because of the steric bulk of the ligand in a relatively small coordination 
sphere. However, it is interesting to observe the formation of a new Zwitterionic complex. Given that 
there is a readily available supply of related ligands, it will be of interest to observe the general trends 
in coordination chemistry when the synthetic method described here is applied. Clearly, given that 
these nickel complexes are so much cheaper to prepare than the corresponding palladium and 
platinum derivatives and the former of these is used in such large quantities in industrial acrylic 
formation, it is clearly imperative to test them in carboxy-alkylation reactions. We would encourage 
interested research groups to contact us to develop such work.   

Supplementary Materials: Crystallographic data for [1,2-(C6H4-CH2PtBu2)2Mo(CO)4], [1,2-(C6H4-H2P(S)tBu2)2], 
[2-(C6H4-CH2P(H)tBu2-1-(CH2PtBu2NiCl3)Cl, [1,2-(C6H4-CH2PiPr2)2NiCl2], [Ni(DMF)6)]2+[NiCl4]2-, 
[Ni(Cl)2(H2O)2(DMF)2] are available as supplementary materials. CCDC 2421627, 2421631-5 respectively also 
contain the supplementary crystallographic data for this paper. These CCDC data can be obtained free of charge 
via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from CCDC, 12 Union Road, Cambridge, CB2 1EZ. Fax: 
+44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk). 
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