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ABSTRACT  

In its neutral state, bis(diisopropylphosphino)amine HL reacts in equimolar amounts with the 

nickel halides NiCl2•6H2O, NiBr2, and NiI2 in ethanol solutions to give the air- and moisture-

stable P,P-chelated complexes (HL)NiX2 (X = Cl, Br, I). Under similar conditions, complexes of 

the form [(HL)2Ni]X2 (X = BF4, NO3, ClO4) were prepared from 2:1 ligand-metal ratios of 

Ni(BF4)2•6H2O, Ni(NO3)2•6H2O, or Ni(ClO4)2•6H2O. Deprotonation of the ligand with NaNH2 

followed by reaction with NiI2 gives L2Ni when performed in Et2O, but leads to the co-crystal 

L2Ni•2[NCCHC(Me)NH2] when the solvent is acetonitrile.  In addition to these Ni2+
 compounds, 

the Ni0 complex (HL)Ni can be prepared from a toluene solution of Ni(cod)2. Each complex has 

been characterized by a combination of IR and multi-nuclear NMR spectroscopies, as well as 

single-crystal X-ray diffraction.  Electrochemical studies of the complexes revealed irreversible 

decomposition of the (HL)NiX2  (X = Cl, Br, I) series, but electrocatalytic CO2 reduction by the 

[(HL)2Ni]X2 (X = BF4, NO3, ClO4) compounds. 
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1. INTRODUCTION 
 

Nickel complexes in which the metal is bound to at least two phosphorus atoms are a very 

versatile class of molecules.  They have been used as stoichiometric reagents for 

hydrosilation,[1] to form nickelaoxetanes as models for catalytic oxidation processes,[2]  and to 

make mixed-metal compounds to model heterogeneous clusters[3]. They have been used as 

active catalysts, pre-catalysts, or catalytic model compounds for photoelectrochemical water 

splitting,[4] ethylene oligomerization and polymerization,[5] functionalization of unsaturated 

hydrocarbons,[6] cross-coupling reactions, [7] and other processes.[8] Of most interest to us, 

they are used for the activation and conversion of CO2,[9] an area of growing concern both 

academically and industrially.[10] 

In many cases, the active nickel species is generated by combining the metal and phosphine 

ligand in situ, with little or no characterization of the resulting complex.  Nevertheless, more than 

2300 mononuclear NiP2 complexes have been characterized by single-crystal X-ray 

diffraction.[11] Of these, approximately 100 contain bidentate ligands with a single-atom bridge 

between the phosphorus centers. With a few exceptions, the bridging atom is split roughly 

equally between N and C. A closer examination of these structures reveals a striking difference 

between these two groups. While most of the carbon bridges are simple methylene (–CH2–) 

fragments, the vast majority of the nitrogen bridges are tertiary amines, with alkyl, aryl, or other 

groups as the third substituent.  Only four complexes contain an unsubstituted nitrogen atom. Of 

those four complexes, three are based on the neutral ligands HN[P(t-Bu)2PMe(t-Bu)][12] or 

HN(PPh2)2,[13], while the fourth uses the latter in its anionic, deprotonated form [N(PPh2)2]
-. We 
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have previously shown that this anionic ligand will react with CO2 in rather unexpected ways 

when bound to either Mg,[14] Ca or Sr,[15] or Zn.[16]   When the phenyl groups are replaced by 

isopropyl groups, we have found that the reactivity is often more straightforward.  The anion 

{N[P(i-Pr)2]2}- will chelate main group elements through the phosphorus atoms, and the 

resulting Zn[16], Sn,[17] or In[18] complexes will insert CO2 into the M-P bonds. Each of these 

complexes, however, is unstable in the presence of moisture, a serious drawback to any future, 

large-scale operation for CO2 capture and recycle/conversion. We hypothesized that if the ligand 

were kept in its neutral form HN[P(i-Pr)2]2, the resulting complexes would be more likely to 

tolerate moisture and other protic environments.  As well, with an eye towards a possible future 

capture and conversion process, Ni is fortunately an earth abundant metal, as are our previously-

used Zn and Sn metals.  

2. Experimental 
 

2.1 General Considerations 

 All manipulations were carried out in an argon-filled glovebox or by using standard 

Schlenk techniques unless otherwise noted. The ligand bis(diisopropylphosphino)amine HL was 

prepared according to literature procedures.[19] Anhydrous solvents were stored in the glovebox 

over 4 Å molecular sieves prior to use. 1H and 13C{1H} spectra were referenced to residual 

solvent downfield of TMS.  31P{1H}, 11B{1H}, and 19F{1H} spectra were referenced to external 

85% H3PO4, BF3•Et2O, and C6F6, respectively.  Due to low solubility, 13C{1H} NMR was not 

obtained for most compounds. IR spectra were recorded as mineral oil mulls on KBr windows. 

Elemental analyses were performed by ALS Global (Tucson, AZ) or on a Perkin Elmer 2400 

Series II CHNS/O Analyzer. Single-crystal X-ray diffraction studies were performed on a Bruker 

Kappa Apex II CCD diffractometer.  Crystals were coated in Paratone-N oil and mounted on a 
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MiTeGen MicroLoopTM.  The Bruker Apex3 software suite[20] was used for data collection, 

structure solution and refinement. Crystal data are summarized in Table 1. 

Electrochemical measurements were carried out using an Autolab 302N potentiostat 

interfaced through Nova 2.0 software to a personal computer. Electrochemical measurements 

were performed using 0.1M [Bu4NPF6]/THF electrolyte solutions from solvent that had been 

purified by passing through an alumina-based purification system. Diamond-polished glassy 

carbon electrodes of 3mm diameter were employed for cyclic voltammetry (CV) scans. CV data 

were evaluated using standard diagnostic criteria for diffusion control and for chemical and 

electrochemical reversibility. The experimental reference electrode was a silver wire coated with 

anodically deposited silver chloride and separated from the working solution by a fine glass frit. 

The electrochemical potentials in this paper are referenced to ferrocene/ferrocenium couple, as 

recommended elsewhere.[21] The ferrocene potential was obtained by its addition to the analyte 

solution[22] at an appropriate time in the experiment. 

2.2 Synthesis of (HL)NiCl2 (1)  

NiCl26H2O (1.0 mmol) was dissolved in 10 mL EtOH and warmed to 50 °C in air to get 

a yellow solution. A colorless solution of HL (0.25 g, 1.0 mmol) in 5 mL EtOH was then added, 

and the solution immediately turned bright red.  The solution was allowed to cool slowly to room 

temperature and was then further cooled to 4 °C. After 24 h, the supernatant was decanted from 

red, X-ray quality single crystals. Yield = 0.23 g (61%), mp = >200 °C. IR  3202 (br, N-H) cm-

1. 1H{31P} NMR (300 MHz, CD2Cl2):  1.33 (d, 3JHH = 7.2 Hz, 12H, CH3), 1.57 (d, 3JHH = 7.2 

Hz, 12H, CH3), 2.41 (sept, 3JHH = 7.2 Hz, 4H, CH), 3.07 (s, 1H, NH) ppm. 31P{1H} NMR (121 
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MHz, CD2Cl2):  63.9 ppm. Anal Calcd. for C12H29Cl2NNiP2: C, 38.04; H, 7.71; N, 3.70. Found: 

C, 38.06; H, 8.31; N, 3.71. 

2.3 Synthesis of (HL)NiBr2 (2) 

NiBr2 (0.22 g, 1.0 mmol) was partially dissolved in 10 mL EtOH and warmed 50 °C in 

air to get a peach-colored suspension. A colorless solution of HL (0.25 g, 1.0 mmol) in 5 mL 

EtOH was then added, and the mixture immediately turned bright red.  The heterogeneous 

mixture was held at 50 °C for two hours, and was then allowed to cool slowly to room 

temperature.  After 24 hrs, the supernatant was decanted from the red-orange powder. Yield = 

0.32 g (68 %), mp = >200 °C.  IR  3186 (br, N-H) cm-1. 1H{31P} NMR (300 MHz, CD2Cl2):  

1.34 (d, 3JHH = 7 Hz, 12H, CH3), 1.59 (d, 3JHH = 7 Hz, 12H, CH3), 2.47 (sept, 3JHH = 7 Hz, 4H, 

CH), 3.11 (br s, 1H, NH) ppm. 31P{1H} NMR (121 MHz, CD2Cl2):  71.9 ppm. Anal Calcd. for 

C12H29Br2NNiP2: C, 30.81; H, 6.25; N, 2.99. Found: C, 30.03; H, 6.43; N, 2.93. X-ray quality 

single crystals were grown by slow evaporation of the NMR solution. 

2.4 Synthesis of (HL)NiI2 (3) 

NiI2 (0.31 g, 1.0 mmol) was combined with 10 mL EtOH and warmed 50 °C in air. A 

colorless solution of HL (0.25 g, 1.0 mmol) in 5 mL EtOH was then added, and the mixture 

immediately turned dark red.  The heterogeneous mixtures was held at 50 °C for five hours, and 

was then allowed to cool slowly to room temperature.  After 24 hrs, the supernatant was 

decanted from the purple-red powder. Yield = 0.39 g (69%), mp = >200 °C.  IR  3192 (w, N-H) 

cm-1. 1H{31P} NMR (300 MHz, CD2Cl2):  1.34 (d, 3JHH = 7.2 Hz, 12H, CH3), 1.58 (d, 3JHH = 7.2 

Hz, 12H, CH3), 2.52 (sept, 3JHH = 7.2 Hz, 4 H, CH), 3.27 (br s, 1H, NH) ppm.  31P{1H} NMR 

(121 MHz, CD2Cl2)  84.1 ppm. Anal Calcd. for C12H29I2NNiP2: C, 25.65; H, 5.20; N, 2.49. 
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Found: C, 25.02; H, 5.40; N, 2.45.  X-ray quality single crystals were grown by slow evaporation 

of the NMR solution. 

2.5 Synthesis of [(HL)2Ni](ClO4)2 (4) 

Ni(ClO4)26H2O (0.37 g, 1.0 mmol) was dissolved in 10 mL EtOH and warmed to 50 °C 

in air to get a pale green solution. A colorless solution of HL (0.50 g, 2.0 mmol) in 10 mL EtOH 

was then added, and solution immediately turned bright yellow.  The solution was allowed to 

cool slowly to room temperature and was then further cooled to 4 °C. After 24 h, the supernatant 

was decanted from yellow, X-ray quality single crystals. Yield = 0.45 g (59%), mp = >200 °C. 

IR  3150 (br, N-H) cm-1. 1H{31P} NMR (300 MHz, CD2Cl2):  1.37 (d, 3JHH = 7 Hz, 24H, CH3), 

1.46 (d, 3JHH = 7 Hz, 24H, CH3), 2.44 (sept, 3JHH = 7 Hz, 8H, CH), 6.01 (s, 2H, NH). 31P{1H} 

NMR (121 MHz, CD2Cl2):  70.9 ppm.  Anal Calcd. for C24H58Cl2N2NiO8P4: C, 38.12; H, 7.73; 

N, 3.70. Found: C, 37.14; H, 8.03; N, 3.65. 

2.6 Synthesis of [(HL)2Ni](NO3)2 (5) 

Same as 4, beginning with Ni(NO3)26H2O (0.29 g, 1.0 mmol). Yield = 0.48 g (70%), mp 

= 191-193 °C. IR  2569 (m, N-H) cm-1. 1H{31P} NMR (300 MHz, CD2Cl2):  1.35 (d, 3JHH = 7 

Hz, 24H, CH3), 1.46 (d, 3JHH = 7 Hz, 24H, CH3), 2.43 (sept, 3JHH = 7 Hz, 8H, CH), 8.36 (s, 2H, 

NH) ppm. 31P{1H} NMR (121 MHz, CD2Cl2):  67.4 ppm.  Anal Calcd. for C24H58N4NiO6P4: C, 

42.31; H, 8.58; N, 8.22. Found: C, 42.29; H, 8.89; N, 8.20. 

2.7 Synthesis of [(HL)2Ni](BF4)2 (6) 

Same as 4, beginning with Ni(BF4)26H2O (0.34 g, 1.0 mmol). Yield = 0.34 g (47 %), mp 

= >200 °C. IR  3245 (s, N-H) cm-1. 1H{31P} NMR (300 MHz, C6D6):  1.36 (d, 3JHH = 7 Hz, 
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24H, CH3), 1.47 (d, 3JHH = 7 Hz, 24H, CH3), 2.43 (sept, 3JHH = 7 Hz, 8H, CH), 5.75 (s, 2H, NH). 

31P{1H} NMR (121 MHz, CD2Cl2):  70.7 ppm.  19F{1H} NMR (282 MHz, CD2Cl2)  -149.9 

ppm.  11B{1H} NMR (96 MHz, CD2Cl2)  0.90 ppm. Anal Calcd. for C24H58B2F8N2NiP4: C, 

39.44; H, 8.00; N, 3.83. Found: C, 39.60; H, 8.22; N, 3.79. 

2.8 Synthesis of L2Ni (7) 

NaNH2 (0.08 g, 2.0 mmol) was added to a colorless solution of HL (0.50 g, 2.0 mmol) in 

15 mL anhydrous Et2O. The mixture was allowed to stir at rt for 1.5 h, and then NiI2 (0.31 g, 1.0 

mmol) was added.  After stirring for 24 h at rt, NaI was removed by filtration and the volume of 

the orange solution was reduced under vacuum to ca. 4 mL. Upon cooling to -25 °C, orange 

crystals were isolated.  Yield = 0.47 g (85 %), mp = dec >145 °C. 1H{31P} NMR (300 MHz, 

C6D6):  1.15 (d, 3JHH = 7 Hz, 24H, CH3), 1.41 (d, 3JHH = 7 Hz, 24H, CH3), 1.88 (sept, 3JHH = 7 

Hz, 8H, CH) ppm.  13C{1H} NMR (75 MHz, C6D6)  16.7 (s, CH3), 19.0 (s, CH3), 30.9 (vt, CH) 

ppm.  31P{1H} NMR (121 MHz, C6D6)  24.3 ppm. Anal Calcd. for C24H56N2NiP4: C, 51.91; H, 

10.17; N, 5.04.  Found:  C, 52.64; H, 10.62, N, 5.28. 

2.9 Synthesis of L2Ni•2[NCCHC(Me)NH2] (7a) 

NaNH2 (0.08 g, 2.0 mmol) was added to a colorless solution of HL (0.50 g, 2.0 mmol) in 

15 mL anhydrous MeCN. The mixture was allowed to stir at rt for 1h, and then NiI2 (0.31 g, 1.0 

mmol) was added. Over the course of 3.5 h, an orange solution with a yellow-orange ppt formed.  

Volatiles were removed under vacuum, and the residue was suspended in CH2Cl2.  Insoluble 

NaI2 was separated by filtration, and then the solvent was removed under vacuum to give a 

yellow-orange powder.  Yield = 0.56 g (78 %), mp = 93-94 °C. 1H{31P} NMR (300 MHz, 

CD2Cl2):  1.13 (d, 3JHH = 7 Hz, 24H, CH3), 1.38 (d, 3JHH = 7 Hz, 24H, CH3), 1.94 (sept, 3JHH = 7 
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Hz, 8H, CH), 2.09 (s, 6H, CCH3), 3.77 (s, 4H, NH2), 4.09 (s, 2H, CCH) ppm. 13C{1H} NMR (75 

MHz, CD2Cl2)  16.9 (s, CH3), 19.3 (s, CH3), 19.9 (s, CCH3), 20.4 (s, CCH3), 31.0 (vt, PCH), 

62.0 (s, CH), 63.7 (s, CH), 119.9 (s, CN), 122.0 (s, CN), 161.9 (s, CCH3),162.4(s, CCH3) ppm. 

31P{1H} NMR (121 MHz)  24.9 ppm (C6D6); 29.1 ppm (CD2Cl2).  Anal Calcd. for 

C32H68N6NiP4: C, 53.42; H, 9.53; N, 11.68.  Found:  C, 53.42; H, 9.79; N, 11.82. X-ray quality 

single crystals were grown from a concentrated CH2Cl2 solution. 

2.10 Synthesis of (HL)2Ni (8) 

Ni(cod)2 (0.28 g, 1.0 mmol) was dissolved in 10 mL toluene to give a yellow solution.  

HL (0.50 g, 2.0 mmol) was added and the solution was allowed to stir at rt for 2 h.  Volatiles 

were removed under vacuum and the residue was dissolved in 1 mL pentane and cooled to -25 

°C.  After 24 hrs, the dark supernatant was decanted from yellow block-like crystals.  Yield = 

0.31 g (56%), mp = dec >175 °C. 1H{31P} NMR (300 MHz, C6D6):  1.21 (d, 3JHH = 7.2 Hz, 

12H, CH3), 1.23 (d, 3JHH = 7.2 Hz, 12H, CH3), 1.72 (s, 1H, NH), 1.90 (sept, 3JHH = 7.2 Hz, 4H, 

CH) ppm.  13C{1H} NMR (75 MHz, C6D6)  18.4 (s, CH3), 19.1 (s, CH3), 29.2 (vt, CH) ppm.  

31P{1H} NMR (121 MHz, C6D6)  97.9 ppm.  IR (Nujol mull)  3323 (NH) cm-1.  Anal Calcd. 

for C24H58N2NiP4: C, 51.72; H, 10.49; N, 5.03.  Found: C, 52.02; H, 10.56; N, 4.91. 
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Table 1.  Crystallographic data for compounds 1-8. 
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3. RESULTS AND DISCUSSION 
 

3.1 Synthesis and structure  

To the best of our knowledge, there is only one previous example in which HN[P(i-Pr)2]2 

(HL) has been directly used as a neutral ligand rather than as an anion.  In that case, HL 

coordinates in a monodentate manner to B(C6F5)3 through one of its P atoms and the amine H 

atom shifts to the other P.[23] In addition, a Pt complex of HL is claimed in the patent 

literature,[24] and Woollins and co-workers have reported the low-yield formation of a 

ruthenium complex containing HL, but in that case it formed via an in situ reduction of the 

disulfide HN[P(=S)(i-Pr)2]2 rather than directly from HL.[25]  

The nickel(II) halides NiCl2, NiBr2 and NiI2 react with HN[P(i-Pr)2]2 (HL) in warm 

ethanol to give complexes with the general formula (HL)NiX2.  These red complexes 1 (X = Cl), 

2 (X = Br), and 3 (X = I) can be handled and stored in air and do not appear to be sensitive to 

water.  In fact, while 1 was initially prepared from anhydrous NiCl2, there was found to be no 

advantage to using that starting material over the much less expensive and more soluble 

NiCl26H2O, and so the hexahydrate was used for all subsequent preparations (Scheme 1).  Once 

formed, the complexes 1-3 were found to have relatively poor solubilities in most solvents and as 

such we were unable to obtain solution-phase 13C{1H} NMR data, but the 1H{31P} and 31P{1H} 

spectra were recorded in CD2Cl2.  The 1H{31P} spectra were shifted significantly downfield 

relative to the free ligand with the CH septet appearing at 2.41, 2.47 and 2.52 ppm for 1, 2 and 3, 

respectively, and the pair of CH3 doublets at 1.33/1.57, 1.34/1.59, and 1.34/1.58 ppm. The NH 

proton was observed as a broad singlet at 3.07, 3.11 and 3.27 ppm for the three complexes, and 

the corresponding N-H IR stretches were found at 3202, 3186 and 3192 cm-1.  In contrast to the 

similar chemical shifts of the 1H NMR signals, the 31P{1H} spectra of 1-3 were more varied. The 



 11 

chloride derivate 1 appeared at 63.9 ppm, upfield from the free ligand at 69.1 ppm.  The bromide 

2 and iodide 3, however, were shifted downfield, to 71.9 and 84.1, respectively. 

 

Scheme 1.  Synthesis of nickel complexes (HL)NiX2 1-3 and [(HL)2Ni]X2 4-6. 

 

The spectroscopic data strongly indicated that HL binds to the nickel halides as a P,P-

chelating ligand with the NH bond intact, in contrast to the monodentate coordination with 

NH/PH tautomerization seen upon reaction with B(C6F5)3.[23] To confirm the exact nature of the 

complexes 1-3, they were examined by single crystal X-ray diffraction.  Suitable crystals of 1 

were obtained directly from the reaction mixture upon cooling, while single crystals of 2 and 3 

were grown from slow evaporation of the NMR solutions.  

Each of the structure solutions of 1-3 revealed a distorted square planar nickel center, 

bound to two halide atoms and chelated by the phosphorus atoms from a single HL ligand (Fig. 

1). Selected bond lengths and angles are summarized in Table 2.  The NH acts as a hydrogen 

bond donor to one halide in a neighboring molecule, giving rise to infinite 1-D chains in the solid 

state. The nitrogen atom of the ligand is bent slightly out of the NiP2 plane by 0.146(2), 0.128(4), 

and 0.184(3) Å for 1-3, respectively. In an ideal square planar coordination environment, the P 
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and X atoms would be co-planar, but in 1-3 the NiP2 and NiX2 planes were twisted relative to 

one another by 8.386(4), 7.521(7), and 15.158(4) °, respectively. The Ni-P bond lengths are 

unremarkable compared to previously reported nickel dihalides containing a P,P-chelating N-

bridged ligand, whose mean value in the Cambridge Structural Database[11] is 2.123 Å (range 

2.101-2.161 Å).  The N-P bond lengths, however, fall at the short end of the range of 1.684-

1.745 Å  (mean 1.700 Å) for known structures. 

 

                 

Fig. 1. Structures of (HL)NiX2 complexes 1-3. Thermal ellipsoids are shown at 50% probability 

and all hydrogen atoms except the N-H have been omitted for clarity.   

Several different metal-ligand stoichiometries were screened during the preparations of 1-

3, but the 1:1 complexes appeared to be the only substances formed when the anion was a simple 

halide. By switching to more complex, weakly coordinating anions, it was possible to prepare a 

series of Ni2+ complexes with a different coordination environment. When warm ethanol 

solutions of the green-colored nickel salts Ni(BF4)26H2O, Ni(NO3)26H2O, or Ni(ClO4)26H2O 

are combined in a 1:2 ratio with the neutral HL ligand HN[P(i-Pr)2]2 (Scheme 1), an immediate 

color change to orange-yellow occurs.  Upon cooling, air- and moisture-stable yellow crystals 

with the formula [(HL)2Ni]X2 (X = BF4 4; X= NO3 5; X = ClO4 6) are obtained in good yields.  

As was the case with 1, these crystals obtained directly from the reaction mixture proved suitable 

for single crystal X-ray diffraction (Fig. 2). 
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Fig. 2.  Structures of [(HL)2Ni]X2 complexes 4-6. Thermal ellipsoids are shown at 50% 

probability and all hydrogen atoms except the N-H have been omitted for clarity.  Only the major 

position of the disordered BF4 anion of 4 is shown. 

As with complexes 1-3, the structure solutions of 4-6 were very similar. Each one 

features a square planar NiII center chelated by the four phosphorus atoms of two HL ligands. 

Again, the nitrogen atom of the ligand is bent slightly out of the NiP4 plane (4 = 0.141(2) Å; 5 = 

0.101(1) Å; 6 = 0.160(2) Å), similarly to the (HL)NiX2 complexes 1-3. In contrast to the 

hydrogen-bonded chains of 1-3, each NH in 4-6 forms a hydrogen bond to a fluorine (4) or 

oxygen (5, 6) of the outer-sphere anions, and there are no notable supramolecular interactions 

beyond these discrete ion pairs.  With the exception of the Ni-P bonds, which are on average 

nearly 0.1 Å longer in 4-6 than the corresponding bonds in 1-3, there is little difference in 

between the bond lengths and angles across the six compounds (Table 2). 

Despite the different metal-ligand ratios and anion coordination, the complexes 4-6 were 

surprisingly found to be just as poorly soluble as the original set, so once again only the 1H{31P} 

and 31P{1H} NMR spectra were recorded.  Complexes 4 and 6 had nearly identical 31P{1H} 
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spectra, each a singlet at 70.7 and 70.9 ppm, respectively, while 5 was found slightly upfield at 

67.4 ppm. As was the case with the chloride and bromide compounds 1 and 2, these resonances 

are very close to the signal of the free ligand, leaving the 1H{31P} NMR spectra as the best way 

to distinguish between product and starting material.  Once again, the alkyl signals were shifted 

significantly downfield relative to the free ligand, with a single septet in each spectrum for the 

CH signal between 2.43-2.44 ppm for each of 4-6, while the two CH3 doublets were recorded 

between 1.35-1.37 and 1.46-1.47 ppm. For HL, the corresponding resonances are 1.61, 1.06, and 

1.03 ppm, respectively. Despite the similarities in the alkyl region of their NMR spectra, the NH 

signal varied substantially from one complex to the next.  For compounds 4 and 6, the NH 

resonance appears at 5.75 ppm and 6.01 ppm, respectively, significantly downfield from the 

corresponding signals in 1-3 (3.07-3.27 ppm).  Compound 5 is even more of an outlier, found at 

8.36 ppm.  A similar pattern was seen in the IR spectra. The NH stretches of 4 and 6 were found 

at 3244 and 3150 cm-1, respectively, close to those of 1-3 (3186-3202 cm-1), but 5 was quite 

different at 2569 cm-1. This is a region more typically associated with cationic NH groups.[26] 

Of the six complexes, 5 has the shortest N-H•••X hydrogen bond, which is perhaps why its NH 

stretch has such a different spectroscopic signature. 

   As we noted earlier, complexes containing neutral HL were heretofore virtually 

unknown, but the use of it and related HN(PR2)2 ligands in their anionic form [N(PR2)2]
- is 

relatively widespread.  HL can be deprotonated in situ by NaNH2 in Et2O.  Subsequent addition 

of NiI2 gives, after 24 hours, L2Ni 7 (Scheme 2).  The orange crystals of 7 were far more soluble 

than complexes 1-6, allowing for characterization by 13C{1H} NMR spectroscopy as well as 

1H{31P} and 31P{1H} NMR spectroscopy. A single isopropyl environment was observed, with 
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the CH and CH3 fragments at 1.88, 1.41, and 1.15 ppm in the 1H{31P} NMR spectrum, and at 

30.9,  

Table 2.  Selected bond lengths (Å) and angles (°) of the nickel complexes 1-8. 
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19.0, and 16.7 ppm in the 13C{1H} NMR spectrum. Likewise, a single 31P{1H} peak was 

observed, with the somewhat unexpected chemical shift of 24.3 ppm.  This is far upfield from 

the previously reported complexes featuring anionic L- as either a P,P-chelating ligand in L2Zn 

(91.4 ppm),[16] L2Sn (80.2 ppm),[17] L2SnCl2 (127.1 ppm)[27] and L2InCl (122 ppm)[18] or as 

a P,P-bridging ligand in (LSn)2 or (LGe)2 at 98.3 and 103.5 ppm, respectively.[27] 

 

Scheme 2. Synthesis of L2Ni 7 and L2Ni•2[NCCHC(Me)NH2] 7a. 

The structure of 7 was confirmed by single crystal X-ray diffraction (Fig. 3). The square 

planar NiII ion is P,P-chelated by two ligands, just as in the cores of the [(HL)2Ni]X2 complexes 

4-6. Although one might expect the Ni-P bonds to be shorter with an anionic rather than a neutral 

ligand, they are instead quite similar in length to 4-6. The P-N bonds, however, are slightly 

shorter and the P-N-P and P-Ni-P (chelate) angles are more acute than any found in 1-6. 
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Fig. 3.  Structure of L2Ni complex 7. Thermal ellipsoids are shown at 50% probability and 

hydrogen atoms have been omitted for clarity.   

Because 7 took significantly longer to form than the neutral-ligand complexes 1-6, a 

number of different solvents and deprotonating agents were screened in an attempt to improve 

the reaction rate.  Initially, acetonitrile appeared to be a much better solvent than the diethyl ether 

for this synthesis. By 31P{1H} NMR spectroscopy, the conversion was complete in about four 

hours instead of twenty four hours, and the yield of orange powder after work-up was higher.  

Further characterization, however, indicated that it was not pure 7 that had been isolated from the 

MeCN solution. The melting point of this product 7a was significantly lower and both the 

1H{31P} and 13C{1H} NMR spectra had, in addition to the peaks that corresponded to 7, extra 

peaks that were inconsistent with either HL or the reaction solvent. To determine the nature of 

this product, single crystals of 7a were grown from a concentrated CH2Cl2
 solution.  
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Fig. 4.  Structure of L2Ni•2[NCCHC(Me)NH2] 7a. Thermal ellipsoids are shown at 50% 

probability and all hydrogen atoms except the N-H have been omitted for clarity. 

The structure was solved as a 1:2 co-crystal of 7 and 3-amino-2-butenenitrile, also known 

as 3-aminocrotonitrile (Fig. 4). In addition to deprotonating HL, the NaNH2 quite unexpectedly 

promotes a Thorpe reaction[28] of the acetonitrile solvent, thus leading to the formation of the 3-

amino-2-butenenitrile. This molecule engages in extensive hydrogen-bonding (Fig. 5), 

preventing its removal during normal work-up procedures. The amine end of the 3-amino-2-

butenenitrile acts as a hydrogen bond donor, and the nitrile end acts as an acceptor, forming 

infinite chains with itself.  These chains are cross-linked by the nickel complex whose 

deprotonated N atoms also behave as hydrogen bond acceptors; interestingly, the opposite role 

that they play in their neutral form in 1-6.   Despite its versatility in hydrogen bonding, being 

known since at least 1889,[29] and being commercially available from several suppliers, crystal 

structures containing 3-amino-2-butenenitrile have been reported only twice before – once as a 

co-crystal with tetramethylammonium fluoride[30] and just last year as the discrete 

molecule.[31] 

                        

Fig. 5.  Hydrogen-bonding in 7a. Isopropyl groups omitted for clarity. 
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Although NiII is the oxidation state for many of the applications noted in the introduction, 

Ni0 is also very commonly used. Using a ligand closely related to HL, namely HN(PPh2)2,  

Kornev et al. reported that they were unable to obtain the corresponding homoleptic Ni0 complex 

from Ni(cod)2 but they were able to isolate a heteroleptic complex [HN(PPh2)2]Ni(PPh3)2.[13a] 

Kubiak et al. found that in the presence of various isocyanides, the reaction of Ni(cod)2 and 

HN(PPh2)2 also gives heteroleptic complexes, although in that case the HN(PPh2)2 ligands 

bridged two metal centers instead of acting as a chelate to a single nickel atom.[32]  

In light of those precedents, we were unsure what to expect from the reaction of Ni(cod)2 

with two equivalents of HL (Scheme 3). The reaction was monitored by 31P{1H} NMR 

spectroscopy which showed the clean formation of a single product 8 over the course of a few 

hours. This is consistent with our prior observations (vide supra) that there is often a great 

difference in reactivity when phenyl substituents are replaced with isopropyl groups. The 

31P{1H} NMR spectrum of 8 is a singlet at 97.9 ppm, the most downfield of all the compounds 

described herein. In the 1H{31P} spectrum, the signals assigned to the isopropyl CH and CH3 

groups were observed as a septet at 1.90 and doublets at 1.21 and 1.23 ppm.  Consistent with an 

absence of hydrogen bond acceptors, the NH was found at 1.72 ppm in the NMR spectrum and 

3323 cm-1 in the IR spectrum.  Neither the 1H{31P} nor the 13C{1H} spectra showed any 

resonances corresponding to cyclooctadiene, suggesting that 8 was a homoleptic species.  
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Scheme 3.  Synthesis of the Ni0 complex 8. 

 

Since HL and Ni(cod)2 were combined in a 2:1 ratio and no unreacted ligand was found 

to persist in the crude reaction mixture, it seemed most likely that 8 was a chelate complex of the 

form (HL)2Ni, rather than a P,P-bridged [(HL)Ni]2. Single crystals were grown from a 

concentrated pentane solution and the structure was confirmed as (HL)2Ni (Fig. 6). As one would 

expect upon switching from the d8 NiII centers of 1-7a to the d10 Ni0 configuration of 8, the 

coordination geometry at nickel is now tetrahedral instead of square planar. The Ni-P bond 

lengths (Table 2) are within the range of those noted for 1-7a, despite the difference in charge at 

the metal center.  The P-N bonds, however, are not only longer than in the other complexes, but 

are slightly longer on average than in the free ligand[17] itself (HL = 1.705(4) Å, 8 = average 

1.712(13) Å). This is consistent with backbonding between the Ni0 and P weakening the P-N 

bonds. 

                                                     

Fig. 6. Structure of (HL)2Ni complex 8. Thermal ellipsoids are shown at 50% probability and all 

hydrogen atoms except the N-H have been omitted for clarity.   
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3.2 Electrochemistry 

Compounds 1, 2, and 3 display very similar cathodic behaviors. For each compound at 

least four modestly spaced diffusion-controlled chemically-irreversible cathodic reductions were 

observed at the potentials collected in Table 3. Some smaller oxidation waves were also 

observed during the back scan and those are presumably due to the presence of decomposed 

reduced products (Fig. 7-9). No peak was observed in the oxidative region. 

Bulk coulometry at the potential of the first cathodic wave confirmed that the first redox 

event is a one-electron process. Unfortunately, the rapid decomposition of the mono-

electronically reduced product did not allow identification of its structure. The peak potential of 

the first reduction wave decreases when chloride (1) is replaced by bromide (2), and is even 

lower when replaced by iodide (3). This tends to suggest that the electrochemical reduction of 

those compounds involve the reduction of the metal-halogen bond as the first step.[33] Although 

the formation of a transient 1-, 2-, or 3- could not be ruled out, the lack of reversibility of the first 

reduction at higher sweeping rates (up to 250,000 V.s-1) and at low temperature (-50°C) suggests 

that the electron transfer might be coupled to the cleavage of the nickel-halogen bond. In 

addition to the chemical irreversibility, 1, 2 as well as 3 display an important degree of 

electrochemical irreversibility.[34] The measured Ep-Ep/2 values for the first reduction of these 

complexes are diagnostic of a slow charge transfer process with coefficient () of 0.28, 0.34, and 

0.37, respectively.[34]  Finally, in presence of CO2, no change has been observed during the 

cyclic voltammetry and bulk electrolysis experiments. 
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Figure 7. Cyclic Voltammetry scan of 1 mM 1 in THF/0.1M [NBu4][PF6] at 3 mm glassy carbon 

electrode, scan rate 0.2V s-1. 

                       

Figure 8. Cyclic Voltammetry scan of 1 mM 2 in THF/0.1M [NBu4][PF6] at 3 mm glassy carbon 

electrode, scan rate 0.2V s-1. 
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Figure 9. Cyclic Voltammetry scan of 1 mM 3 in THF/0.1M [NBu4][PF6] at 3 mm glassy carbon 

electrode, scan rate 0.2V s-1. 

 

Table 3. Electrochemical parameters for compounds 1, 2 and 3. 

Compound First 

reduction 

Ep-Ep/2 Second 

reduction 

Third 

reduction 

Fourth 

reduction 

1 Epc = -1.93 V 170 mV Epc = -2.28 V Epc = -2.44 V Epc = -2.97 V 

2 Epc = -1.86 V 140 mV Epc = -2.16 V Epc = -2.50 V Epc = -2.96 V 

3 Epc = -1.73V 130 mV Epc = -1.94 V Epc = -2.46 V Epc = -2.91 V 

 

Compounds 4, 5, and 6 display again very similar redox behaviors. Although only 

compound 6 proved to be totally soluble under our electrochemical conditions, 4 and 5 were 

soluble enough to yield reliable electrochemical data.  Each of the complexes demonstrates two 

reduction waves with significant chemical reversibility, which is consistent with the reduction of 

the nickel center from NiII to NiI and then from NiI to Ni0. The E1/2 values for those oxidations 
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are very similar for each complex and are summarized in Table 4. More over, bulk electrolysis of 

compound 6, under argon atmosphere, at -1.30 V and at -1.60 V confirmed that both reduction 

processes involve a one-electron transfer. In addition, the NiI and Ni0 reduced forms of the 

complex have been found to be stable under the bulk electrolysis conditions since their re-

oxidation led to the quantitative reformation of the starting material. 

Table 4.  Electrochemical parameters for compounds 4, 5 and 6. 

Compound E1
pc E1

pa E1
1/2

 E2
pc E2

pa E2
1/2 

4 -1.04 V -0.90 V -0.97 V -1.51 V -1.39 V -1.45 V 

5 -1.13 V -0.99 -1.06 V -1.59 V -1.47 V -1.53 V 

6 -1.11V -0.91 V -1.01 V -1.56 V -1.42 V -1.49 V 

 

In presence of CO2, cyclic voltammograms of compounds 4, 5, and 6 exhibit significantly 

different features showing a reaction between the low valent compound and carbon dioxide 

(Table 5). The fact that the reduction potentials for the two redox events are similar to those 

previously recorded in absence of CO2 suggests that the compounds are unlikely to 

spontaneously form a CO2 adduct prior to their reduction. More specifically, for complexes 5 and 

6, no change was observed to the first reduction process when scanning until -1.20 V. However, 

scanning past the second reduction wave showed a complete loss of chemical reversibility for 

both reductions as well as a significant increase of current for the second reduction wave. This 

indicates that the Ni0 form of the complex is reacting with CO2 and proceeds presumably via an 

outer-sphere process.[35] Surprisingly, in the case of compound 4, both reduction waves showed 

an increase of current under CO2 conditions suggesting a more intricate mechanism. As 

expected, chemical reversibility as well as the original electrochemical features of each 

compounds were restored after purging the solution with argon. Bulk electrolysis of compound 6 
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at -1.6V under CO2 never reached completion even after passing 9F/mol. However, when the 

bulk electrolysis cell was purged with argon and the electrolysis resumed, the cathodic reduction 

of compound 6 was achieved after passing 2F/mol. This suggest that the reduced form of the 

catalyst is able to perform catalytical electroreduction of CO2.  

 Efforts are underway to fully characterize the products of the irreversible oxidations in 

presence of CO2. 

 

Table 5.  Electrochemical parameters for compounds 4, 5 and 6 in presence of CO2 

Compound E1
pc I1

pccat/
1Ipc0 E2

pc I2
pccat/

2Ipc0 

4 -1.14 V 6.6 -1.79V 6.6 

5 -1.13 V / -1.59 V 14.4 

6 -1.11V / -1.56 V 2.0 
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Figure 10. Cyclic Voltammetry scan of 4 in THF/0.1M [NBu4][PF6] at 3 mm glassy carbon 

electrode, scan rate 0.2V s-1 under argon (black curve) and under CO2 (blue curve) atmosphere. 

                    

Figure 11. Cyclic Voltammetry scan of 5 in THF/0.1M [NBu4][PF6] at 3 mm glassy carbon 

electrode, scan rate 0.2V s-1 under argon (black curve) and under CO2 (blue curve) atmosphere. 
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Figure 12. Cyclic Voltammetry scan of 1mM 6 in THF/0.1M [NBu4][PF6] at 3 mm glassy carbon 

electrode, scan rate 0.2V s-1 under argon (black curve) and under CO2 (blue curve) atmosphere. 

4. CONCLUSIONS 
 

Six air- and moisture-stable NiII complexes of bis(diisopropylphosphino)amine (HL) 

were prepared from either a 1:1 ratio of HL with NiCl2•6H2O, NiBr2, and NiI2, or a 2:1 ratio of 

HL with Ni(BF4)2•6H2O, Ni(NO3)2•6H2O, and Ni(ClO4)2•6H2O, all in ethanol solutions.  The 

resulting complexes, which took the form of either (HL)NiX2 (X = Cl, Br, I) or [(HL)2Ni]X2 (X 

= BF4, NO3, ClO4), were characterized by IR and multi-nuclear NMR spectroscopy as well as 

single-crystal X-ray diffraction.  In tests of their ability to act as electrocatalysts for the reduction 

of CO2, the simple halides (HL)NiX2 (X = Cl, Br, I) were found to undergo chemical and 

electrochemical irreversible reductions. Electrocatalytic reduction of CO2 was possible with the 

[(HL)2Ni]X2 (X = BF4, NO3, ClO4) complexes.  The synthesis and characterization of the Ni0 
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complex (HL)2Ni and the NiII complexes L2Ni and L2Ni•2[NCCHC(Me)NH2] were also 

described. 
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Graphical Abstract: 

 

                                   

 

 

Bis(diisopropylphosphino)amine (HL) reacts with NiX2 (X = Br, I) and NiX2•6H2O (X = Cl, 

BF4, NO3, ClO4) to form P,P-chelated complexes (HL)NiX2 (X = Cl, Br, I) and [(HL)2Ni]X2 (X 

= BF4, NO3, ClO4), each of which was crystallographically characterized.  Electrocatalytic 

reduction of CO2 was observed for each of the latter set of compounds. 


