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RT Room temperature 
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SQUID Superconducting quantum interference device 

t Triplet 

T Temperature 

TBAP Tetrabutylammonium perchlorate 
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Introduction 1 

1 Introduction 

1,3-Diynes are a kind of conjugated diyne units with the rod-like molecular structure (Scheme 

1.1).[1] They are frequently found as an important structural motif in natural products, 

pharmaceuticals and other bioactive compounds with anti-HIV, antifungal, anti-inflammatory 

and antibacterial or anticancer properties (Scheme 1.2).[2-10] They have been isolated from 

numerous natural sources which includes plants, fungi, bacteria, marine sponges and corals.[8] 

For example, symmetrical 1,3-diyne repandiol isolated from the hedgehog mushroom (Hydnum 

repandum), displays cytotoxic activity against several types of tumor cells.[11] Caryoynencins 

(Scheme 1.3), isolated from liquid culture of the plant pathogen Pseudomonas caryophylli are 

polyyne antibiotics with effective antibacterial activities.[12-13] (2E,8E)-2,8-Decadiene-4,6-

diynedioic acid dimethyl ester has been isolated from the waxcap mushroom (Hypgrophorus 

virgineus).[14]1,3-Diynes have been played an integral role in the construction of 

supramolecular materials, macrocyclic annulenes, and carbon rich oligomers and polymers 

(Scheme 1.4 and Scheme 1.5).[15-19] They are also found as essential building blocks in synthetic 

transformations, liquid crystals, non-linear materials and molecular wires.[20-22] Therefore, 

much consideration has been dedicated in the synthesis of 1,3-diyne derivatives. 

 

 

 

Scheme 1.1: 1,3-Diynes. 
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Scheme 1.2: Examples of natural 1,3-diynes. 

 

 

Scheme 1.3: Synthesis of caryoynencins. 

 

Scheme 1.4: Supramolecular material containing 1,3-diyne unit; R = (4-tBuC6H4)3CC6H4. 
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Scheme 1.5: Examples of macrocyclic 1,3-diynes. 
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Transition metal-mediated oxidative homocoupling reaction of terminal alkynes is an important 

method for the synthesis of 1,3-diynes. 

1.1 Copper-Catalyzed Homocoupling of Terminal Alkynes 

Homocoupling reaction of terminal alkynes was first reported by Carl Glaser in 1869.[23] 

Copper(I) phenylacetylide, prepared by the reaction of copper(I) chloride and phenylacetylene, 

undergoes oxidative dimerization to 1,4-diphenylbuta-1,3-diyne (diphenyldiacetylene) when 

exposed to air (Scheme 1.6). 

 

Scheme 1.6: Glaser coupling reaction. 

 

Two important modifications in Glaser reaction were independently introduced by Eglinton and 

Hay.[24-26] In 1956, Eglinton and Galbraith reported the improvement of the homocoupling 

reaction by using stoichiometric or excess amount of copper(II) acetate in the presence of 

methanolic pyridine (Scheme 1.7). 

 

Scheme 1.7: Eglinton reaction conditions. 
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In 1962, Hay published oxidative homocoupling reaction with oxygen in presence of catalytic 

amount of copper(I) chloride and bidentate ligand TMEDA (N,N,N,N-

tetramethylethylenediamine) (Scheme 1.8). Since then, several modified copper-mediated 

Glaser-Eglinton-Hay coupling reactions have been widely used in the synthesis of 1,3-diyne 

derivatives.[27-33] 

 

Scheme 1.8: Hay coupling reaction. 

The well accepted mechanism for copper-mediated homocoupling reaction was proposed by 

Bohlmann in 1964 (Scheme 1.9).[34] Initially, the side-on coordination of Cu(I) ions to the 

alkyne triple bond activate its deprotonation in aid of base. 

 

Scheme 1.9: General mechanism for copper-catalyzed homocoupling reaction of terminal alkynes. L = N 

ligand; X = Cl-, OAc-; B = base (e.g. TMEDA). 
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Subsequently, deprotonated terminal alkyne reacts with copper(II) species to produce dinuclear 

copper(II) acetylide complex, which collapses through innersphere electron transfer, generating 

coupling product 1,3-diyne and copper(I) species. Regeneration of copper(II) species was 

fulfilled by the oxidation of copper(I) species with oxidant to complete the catalytic cycle. 

However, isolation of these dinuclear copper(II) acetylide and a copper(I) intermediate along 

with detailed information regarding the crucial cycle closing oxidation step from copper(I) to 

copper(II) species has remained elusive to date. 

Recently, Lei and coworkers provided the evidence for the reduction of copper(II) to copper(I) 

species by terminal alkynes in the presence of TMEDA in a stoichiometric reaction, in which 

TMEDA plays dual role as both ligand and base (Scheme 1.10).[35] The structures of the starting 

Cu(II) species and the obtained Cu(I) species were determined by EXAFS spectroscopy as 

[(TMEDA)CuCl2] and [(TMEDA)CuCl]2 dimer complex, respectively. 

 

Scheme 1.10: Stoichiometric reaction conditions by Lei and coworkers. 
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1.2 Palladium-Catalyzed Homocoupling of Terminal Alkynes 

Palladium-catalyzed homocoupling of terminal alkynes have been represented as a major 

alternative to Glaser coupling reaction for the synthesis of 1,3-diyne derivatives. The reaction 

was first reported by Sonagashira and co-workers in 1975.[36] Formation of 1,3-diyne was 

observed as a side product during the reaction of [Pd(PPh3)2Cl2] and terminal alkyne in presence 

of copper(I) iodide and diethylamine. In 1985, Rossi and co-workers described significant 

modification using [Pd(PPh3)4] and copper(I) iodide.[37] From then onward, several modified 

palladium-mediated homocoupling reaction of terminal alkynes have been widely applied in 

the synthesis of 1,3-diynes.[38-44] A general procedure for palladium-mediated homocoupling 

reaction of terminal alkynes is shown in Scheme 1.11. 

 

Scheme 1.11: Palladium-mediated homocoupling of terminal alkynes. 

The well accepted mechanisms for palladium-catalyzed homocoupling of terminal alkynes are 

depicted in Scheme 1.12. 

 

Scheme 1.12: Mechanism proposed for palladiam-mediated homocoupling reaction of terminal alkynes. 

X = Cl, I; B = base (e.g. NEt3, iPr2NH). 
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The catalytic cycle involves formation of the dialkynylpalladium(II) intermediate by 

transmetalation of copper(I) acetylide, which is formed in situ by the reaction of copper(I) 

iodide and terminal alkyne in presence of a base. Successive reductive elimination leads to the 

dimerized product 1,3-diyne and a palladium(0) species, which is reoxidized to palladium(II) 

by oxidant. Evidence for the formation of dialkynylpalladium(II) intermediate and it’s isolation 

and structural characterization has to be determined. 
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1.3 Nickel-Catalyzed Homocoupling of Terminal Alkynes 

There has been less thorough investigation of the potential of nickel complexes for the synthesis 

of 1,3-diyne derivatives by homocoupling of terminal alkynes in comparison to copper- or 

palladium-mediated reactions. Nickel-mediated homocoupling reaction was first reported by 

Rhee and co-workers in 1969.[45] Formation of 1,3-diyne product diphenyldiacetylene was 

observed in 48% yield as a side product from the reaction of [Ni(CO)4] with two equivalent 

lithium phenylacetylide in THF at -30C over 15 h stirring and subsequent addition of iodine-

methanol solution (Scheme 1.13). A detailed description about mechanism was not reported by 

the authors. 

 

Scheme 1.13: Formation of diphenyldiacetylene from reaction of Ni(CO)4 with lithium phenylacetylide. 

In 1989 and 1994, Klein et al and Smith et al independently found that the stoichiometric 

reaction of [Ni(PR3)2Cl2] with two equivalents of lithium acetylide gave the desired 1,3-diyne 

in good yield (Scheme 1.14).[46-47] The trans-dialkynylnickel(II) complexes (R = SiMe3 and 

Me3C) can be isolated at -78C and undergo reductive elimination to corresponding 1,3-diyne 

and nickel(0) species upon warm to room temperature under inert atmosphere. The same trans-

dialkynylnickel(II) complex (R = Me3C) produces 1,3-diyne and [Ni(PMe3)4] upon reaction 

with two equivalent PMe3 at room temperature over 15 h.[46] Whereas, Smith et al described 

that addition of lithium acetylide to [Ni(PPh3)2Cl2] in THF at -78C under inert atmosphere and 

subsequent stirring for 12 h under air at room temperature resulted in moderate to good yields 

of the homocoupled products, 1,3-diynes. The authors also suggested from the results of cross-

coupling experiments that the 1,3-diynes are produced by reductive elimination from 

intermediate dialkynylnickel(II) species.[47] Recently homocoupling reaction of terminal 

alkynes for the synthesis of rotaxanes using stoichiometric amounts of nickel and copper salts 

have been reported.[48] 
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Scheme 1.14: Nickel-mediated stoichiometric homocoupling reactions. 

In the year 2009, for the first time, Lei and co-workers carried out oxidative homocoupling 

reaction of terminal alkynes using catalytic amounts of NiCl26H2O and CuI in presence of air 

(Scheme 1.15).[49] 

 

Scheme 1.15: Nickel-catalyzed homocoupling reation by Lei and co-workers. 

The authors found that the homocoupling of phenylacetylene using modified Hay conditions 

[CuI (5 mol%), TMEDA (20 mol%)] under air gave 25% 1,3-diyne product after 1 h. 

Unexpectedly, addition of 5 mol% of NiCl2·6H2O greatly enhanced the reaction, and the 

homocoupling was completed within 1 h in 93% yield. The authors described this enhanced 

reaction rate by cooperative effect where nickel complex undergoes redox reaction with oxygen 

and form a NiO2 species, while copper forms copper acetylide that transmetalate to nickel 

complex and generates a dialkynylnickel intermediate. The final reductive elimination releases 

the coupling product and regenerates the nickel(0) complex. Isolation and structure 

determination or spectroscopic evidence for the formation of dialkynylnickel intermediate and 

NiO2 species which could be nickel(II)-superoxo or nickel(III)-peroxo were not described. 

Recently homocoupling reaction of aromatic terminal alkynes using catalytic amount of 

[Ni(dppe)Cl2] with stoichiometric amount of Ag2O as a base and as an oxidant was reported by 

Yang and co-workers (Scheme 1.16).[50] 
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Scheme 1.16: Nickel-catalyzed homocoupling reation by Yang and co-workers. 

Although a detailed study on the reported nickel-acetylene chemistry has not been carried out, 

a generalized mechanism features a nickel(II)/nickel(0) catalytic cycle (Scheme 1.17 and 

Scheme 1.18). The general mechanism is composed of three steps: (a) transmetalation of 

nickel(II) with metal acetylide to form a dialkynylnickel(II) intermediate, (b) subsequent 

reductive elimination of dialkynylnickel(II) species to give 1,3-diyne product and a nickel(0) 

species, and (c) reoxidation of nickel(0) to nickel(II) by an oxidant. 

 

Scheme 1.17: Mechanism proposed by Lei and co-workers for nickel-catalyzed homocoupling reaction of 

terminal alkynes ; L = TMEDA. 
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Scheme 1.18: Mechanism proposed by Yang and co-workers for nickel-catalyzed homocoupling reaction 

of terminal alkynes; L = dppe. 

Apart from copper, palladium and nickel, other transition metals have been barely used for the 

homocoupling reaction of terminal alkynes. TiCl4, Co2(CO)8, Fe(acac)3, [Au(PPh3)(NTf2)] and 

[Ru(dppp)2(CH3CN)Cl][BPh4] have been used as catalyst for homocoupling of terminal 

alkynes.[51-55] There has been no detailed mechanistic investigations through intermediates 

isolation and spectroscopic characterization. Most studies have focused on the examination of 

different substrates, catalyst precursors, and additives. Periasamy et al reported that the reaction 

of TiCl4 with a mixture of terminal alkynes and triethylamines produces 1,3-diynes in moderate 

to good yield over 6 h (62% with phenylacetylene).[55] Krafft et al described that homocoupling 

of terminal alkynes proceeds using Co2(CO)8 pretreated with phenanthroline to give good yields 

of 1,3-diynes under mild conditions.[54] Fe(acac)3/Cu(acac)2 promoted oxidative homocoupling 

reaction of terminal alkynes using K2CO3 as a base and air as an oxidant in DMF at 50C within 

8 - 12 h in good yield has been studied by Meng et al.[53] Bhattacharjee and co-authors carried 

out the homocoupling reaction in the presence of [Ru(dppp)2(CH3CN)Cl][BPh4] and AgNO3 in 

DMF at 90C under air over 0.5 – 5 h in moderate to good yields.[51] 
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1.4 Nickel-O2 Chemistry 

Oxygen is an excellent oxidant from both economic and environmental point of view. Oxidation 

of low valent transition metals by oxygen has been considered as a fundamental reaction in the 

transition metal-catalyzed oxidative reactions. After the first report of reversible coordination 

of oxygen with the iridium(I) center in [(Ph3P)2Ir(CO)Cl] by Vaska (Scheme 1.19), several 

dioxygen adducts of transition metals have been described.[56-59] 

 

Scheme 1.19: Reaction of Vaska compound with O2. 

Reaction with low valent copper and palladium complexes with molecular oxygen has been 

extensively investigated in stoichiometric and catalytic reactions.[60-76] In comparison to Cu/O2 

or Pd/O2 reaction, there has been very little investigation towards Ni/O2 chemistry. 

Scheme 1.20 illustrates the ligands used in Ni/O2-reactions. Heimbach and Otsuka separately 

reported the formation of NiO2 species by the reaction of Ni(0) complex containing PPh3 or 

RNC (R = tBu, Cy) ligand and O2.
[77-78] 
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Scheme 1.20: Ligands used in previously reported Ni/O2 chemistry. 
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In 2001, Riordon and co-workers studied that reaction of [NiI(L1)(CO)] with oxygen generates 

nickel(III)-bis-µ-oxo complex (Scheme 1.21).[79] 

 

Scheme 1.21: Reaction of [NiI(L1)(CO)] with O2. 

Later they isolated a side-on coordinated nickel(II)-superoxo complex by the reaction of 

[NiI(L2)(CO)] with oxygen (Scheme 1.22).[80] 

 

Scheme 1.22: Formation of Ni(II)-superoxo complex and its conversion to Ni(III)-bis-µ-oxo complex. 

In 2004 and 2006 respectively, Riordon and co-workers also described the identification of a 

dinuclear trans-µ-1,2-peroxo nickel(II) species and a mononuclear end-on nickel(II)-superoxo 

species, produced by the reaction of nickel(I) precursor with oxygen at different conditions 

(Scheme 1.23).[81-83] Driess and co-workers synthesized and structurally characterized a planar 
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tetracoordinated side-on nickel(II)-superoxo complex formed by the reaction of 

[{NiI(L4)}a2(toluene)] with oxygen.[84]  

 

 

Scheme 1.23: Reaction of [NiI(L3)]+ with O2. 

Later, Masuda and co-workers reported the formation of a mononuclear nickel(III)-peroxo 

complex [NiIII(L5)(O2)]
+ by reacting [NiII(L5)](ClO4)2 with KO2 in methanol at room 

temperature (Scheme 1.24).[85] It was also described that the same nickel(III)-peroxo can be 

prepared by the reaction of [NiII(L5)](ClO4)2 with NaBH4 and subsequent addition of O2. 

Recently, Gade and co-workers found that nickel(I) complexes containing chiral pincer ligands 

(L5 and L6; Scheme 1.20) react with molecular oxygen at low temperature to form dinuclear 

trans-µ-1,2-peroxo nickel(II) complexes (Scheme 1.25).[86] 
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Scheme 1.24: Generation of Ni(III)-peroxo species [NiIII(L5)(O2)]+. 

 

 

 

Scheme 1.25: Formation of dinuclear nickel(II)-peroxo complex. 
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Nickel(III)-peroxo and nickel(II)-superoxo complexes have also been prepared by reacting 

nickel(II) complex with H2O2 in presence of base (e.g. triethylamine, tetramethylammonium 

hydroxide). Nam and co-workers synthesized and structurally characterized mononuclear 

nickel(III)-peroxo complexes [NiIII(L8)(O2)](ClO4) and [NiIII(L9)(O2)](ClO4) by the reaction of 

[NiII(L8)(CH3CN)](ClO4)2 and [NiII(L9)(CH3CN)](ClO4)2 with five equivalent H2O2 in the 

presence of two equivalent triethylamine (TEA) in CH3CN at room temperature, respectively 

(Scheme 1.26).[87-88] 

 

Scheme 1.26: Preparation of [NiIII(L8)(O2)]+. 

They also prepared and spectroscopically characterized mononuclear end-on nickel(II)-

superoxo complex [NiII(L9)(O2)](ClO4) by reacting [NiII(L9)(CH3CN)](ClO4)2 with five 

equivalent H2O2 in the presence of two equivalent tetramethylammonium hydroxide (TMAH) 

in CH3CN at – 40C.[88] Recently, Cho and co-workers described the synthesis and 

characterization of mononuclear nickel(III)-peroxo complexes [NiIII(L10)(O2)]
+

 and 

[NiIII(L11)(O2)]
+, produced in the similar way.[89] Nickel-O2 chemistry with L-N4Me2 ligand will 

be described herein and is also currently underway in Prof. Krüger research group. 
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1.5 Motivation 

Cyanide bridge propagates magnetic and electronic interactions between two metal ions.[90-93] 

Cyanide-bridged complexes have been extensively investigated in a wide range of shapes and 

arrangements such as squares, cubes and trigonal bipyramids.[94-105] These have been 

established considerable attention for their physical properties, such as multi-step redox, spin 

crossover, single-molecule magnetism (SMM), and charge-transfer induced spin transitions 

(CTIST).[94, 96, 99-105] 

Prof Krüger and co-workers observed a problem in cyanide-bridged square complexes 

containing L-N4Me2 as ligand (e.g. [{Ni(L-N4Me2)(CN)}4](ClO4)4, [{Cu(L-

N4Me2)(CN)}4](ClO4)4, [{Fe(L-N4Me2)(CN)}4](ClO4)4 and [{Co(L-

N4Me2)(CN)}4](ClO4)4).
[106] The exact positions of carbon and nitrogen atoms in the cyanide 

ligand is not clearly understood by x-ray structure determination. To solve this problem and 

produce magnetic materials, particularly for charge-transfer induced spin transitions (CTIST) 

(Scheme 1.27), I propose to replace cyanide with the isoelectronic acetylide anion ligand, 

[CC]2-, for which the symmetric nature and higher charge are expected to increase the strength 

of the magnetic interactions with increasing the overlap between ligand and metal orbitals. 

 

Scheme 1.27: Thermally and photoinduced interconversion of FeII(µ-CC)CoIII and FeIII(µ-CC)CoII units. 

Initially, I started with 1,4-diethynylbenzene dianion (para-DEB2-) derivative of [CC]2- 

ligand. But the reaction of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) and para-DEB2- ended with 

insoluble, inconclusive product formation. To understand Ni-Calkynyl bond formation, I 

performed the reaction between [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) and lithium 

phenylacetylide under nitrogen at room temperature to produce a mononuclear nickel(II)- 

dialkynyl complex [Ni(L-N4Me2)(CCPh)2] (Scheme 1.28), instead I isolated a dinuclear 

nickel(I)-diyne complex, where nickel(II) reduces to nickel(I) and lithium phenylacetylide 

forms diphenyldiacetylene with CC bond formation. With the isolation of this dinuclear 

complex, my motivation shifted towards nickel-mediated CC bond formation reactions and 
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mechanistic investigation of such reactions through intermediates isolation and 

characterization. 

 

Scheme 1.28: Reaction of 1 with lithium phenylacetylide. 

As already discussed in introduction, mechanistic evidence for transition metal-catalyzed 

homocoupling reaction of terminal alkynes has to be elucidated. A single electron redox process 

with a dinuclear copper(II) acetylide and a copper(I) intermediates are proposed in copper-

catalyzed oxidative homocoupling reaction (Scheme 1.9). Isolation of these intermediates has 

remained elusive to date, spectroscopic detection of copper(I) species was recently reported. 

Whereas palladium-catalyzed reactions are based on a palladium(II)/palladium(0) catalytic 

cycle, and proceed through two electron transfer polar (non-radical) mechanism. Similarly, 

nickel(II)/nickel(0) catalytic cycles with two electron redox process in nickel catalyzed reaction 

has been proposed, although the easy availability of nickel(III) and nickel(I) oxidation states 

might alter the modes of reactivity. Moreover, a NiO2 species as an intermediate is assumed in 

nickel-catalyzed oxidative homocoupling reaction in the presence of oxygen as an oxidant 

(Scheme 1.17), but no isolation and characterization or spectroscopic evidence for the formation 

of NiO2 was provided. Therefore, isolation and characterization of reaction intermediates 

involved in catalytic reaction by experiments remain important and challenging to gain detailed 

mechanistic insights. 

Herein, I disclose a detailed mechanistic aspect of the nickel-mediated homocoupling reaction 

of terminal alkynes.  
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2 Result and Discussions 

Our studies initiated with the synthesis of a nickel(II) complex [Ni(L-N4Me2)(MeCN)2](ClO4)2 

(1) containing a tetradentate N,N′-dimethyl-2,11-diaza[3.3](2,6)pyridinophane (L-N4Me2) as 

ligand. The ligand coordinates to a transition metal ion in a distorted octahedral geometry 

leaving two cis-coordination sites vacant for other monodentate or bidentate chelating ligand(s) 

(Scheme 2.1).[107-108] 

 

Scheme 2.1: Schemetic presentation of L-N4Me2 and its coordination mode. 

 

2.1 Synthesis and Characterization of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) 

The complex [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) was synthesized according to the modified 

literature procedure.[106, 108] X-ray structure determination, spectroscopic characterization (IR 

and UV-Vis-NIR) with electrochemistry of 1 were previously performed by Prof. Krüger and 

co-workers.[106] Figure 2.1 shows a perspective view of the complex cation in 1. I remeasure 

these spectroscopies and electrochemistry, and use collective information for this study 

purpose. In addition, I characterize the complex 1 by electrospray ionization mass spectrometry 

(ESI-MS). 

Synthesis 

The reaction between Ni(ClO4)26H2O and equivalent amounts of L-N4Me2 in acetonitrile under 

air produced a violet solution. After slow diffusion of diethyl ether into the solution, analytically 

pure product [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) was obtained as violet crystals (yield 84%) 

(Scheme 2.2). The purity of the complex was confirmed by elemental analysis, which showed 
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excellent agreement between the calculated and experimental C, H, and N values (see 

experimental section). 

 

Scheme 2.2: Synthesis of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1). 

 

 

Figure 2.1: Perspective view of the complex cation in 1. 
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IR Spectroscopy 

Infrared (IR) absorption spectrum of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) was measured on KBr 

pellet at room temperature. The spectrum displays typical absorption of coordinated 

diazapyridinophane ligand, L-N4Me2 (appendix Figure 7.1). The spectrum of 1 also exhibits 

characteristic stretching frequency of CN triple bond (CN) of coordinated acetonitrile 

molecules at 2285 and 2313 cm-1. The complex is dicationic in nature, having ClO4
- as the 

counter anion. The stretching vibrations of ClO4
- are found at 1093 and 623 cm-1. 

ESI Mass Spectrometry 

The ESI-MS spectrum of the complex [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) in acetonitrile at 

room temperature is displayed in Figure 2.2. The spectrum shows a prominent ion peak at a 

mass-to-charge ratio (m/z) of 424.9 with a relatively lower abundance peak at a m/z of 162.9, 

whose mass and isotope distribution pattern correspond to [Ni(L-N4Me2)(ClO4)]
+ (calculated 

m/z 425.0) and [Ni(L-N4Me2)]
2+ (calculated m/z 163.0) respectively (Figure 2.3 and Figure 2.4). 

  

Figure 2.2: ESI-MS spectrum of 1 in MeCN. 
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Figure 2.3: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(ClO4)]+. 

 

 

Figure 2.4: The experimental and calculated isotope distribution for [Ni(L-N4Me2)]2+. 
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UV-Vis-NIR Spectroscopy 

The complex [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) was also characterized by electronic 

absorption spectroscopy in acetonitrile at room temperature. Appendix Figure 7.2 shows the 

electronic absorption spectrum of 1. The complex exhibits characteristic d-d transitions for 

distorted octahedral Ni(II) system at 516 (3A2g  3T1g), 816 (3A2g  1Eg) and 920 (3A2g  3T2g) 

nm. The complex also shows charge transfer bands at 339 and 261 nm. 

Electrochemistry 

Electrochemical property of the complex [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) was investigated 

by cyclic voltammetry in acetonitrile solution. The cyclic voltammograms of the complex are 

displayed in Figure 2.5 and Figure 2.6. The compound exhibits a quasireversible oxidation for 

nickel(II) center at 1.85 V vs SCE (Epa = 1.91 V and Epc = 1.79 V). Apart from the oxidation, 

the cyclic voltammogram of 1 also reveals two quasireversible reduction processes at 1.135 

V vs. SCE (Epc = -1.25 V and Epa = - 1.02 V) and 1.69 V vs. SCE (Epc = -1.75 V and Epa = - 

1.63 V), which corresponds to reduction of nickel(II) center and ligand L-N4M2, respectively. 

These studies indicate that the L-N4Me2 ligand may be suitable to stabilized nickel(I) complex. 
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Figure 2.5: Cyclic voltammogram for the oxidation of 1 in 0.2 M TBAP/MeCN sweeping with a scan rate 

of 100 mV s-1. All potentials are given vs. SCE. 

 

Figure 2.6: Cyclic voltammogram for the reduction of 1 in 0.2 M TBAP/MeCN sweeping with a scan rate 

of 100 mV s-1. All potentials are given vs. SCE. 
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2.2 Synthesis and Characterization of Dinuclear Nickel(I)-Diyne Complexes 

The reaction of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) with two equivalent lithium acetylide 

(phenyl, p-substituted phenyl, propyl and ferrocenyl derivatives) under a pure nitrogen 

atmosphere at room temperature led us to isolate dinuclear nickel(I)-diyne species (2a-2g) with 

the reduction of nickel(II) to nickel(I) and formation of C-C bond (Scheme 2.3). 

 

 

 

Scheme 2.3: Dinuclear nickel(I)-diyne complexes (2a-2g). 

A search of the literature revealed that there is a quite number of well characterized nickel-

alkyne complexes. Mononuclear systems with nickel(0), however, are relatively common.[109-

114] Nevertheless, even a few alkyne compounds of mononuclear nickel(II) and nickel(I) have 

been isolated and structurally characterized.[115-117] In contrast, structural data on dinuclear 

nickel(0)-diyne complexes are extremely limited and dinuclear nickel(I)-diyne complexes are 

not available.[118-119]  
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2.2.1 Synthesis 

Lithium acetylides (RCCLi) were prepared in situ by the reaction between corresponding 

terminal alkyne (RCCH) and 2.5 M nBuLi in tetrahydrofuran at -78C. 

The reaction of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) in acetonitrile with two equivalent lithium 

acetylide (RCCLi) in tetrahydrofuran at room temperature afforded a dark brown solution. After 

removing the volatiles, the resulting dark residue obtained was dissolved in a minimum volume 

of methanol (for 2a-2b) or ethanol (for 2c-2g). The solution was refluxed shortly, cooled to 

room temperature, and allowed to stand for 2-3 days to afford analytically pure, crystalline 

products [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a-2f) and [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 

·EtOH [R = Fc] (2g) in yields of 55 – 65% (Scheme 2.4).  

 

Scheme 2.4: Preparation of 2a-2g. 

The purity of these dark brown compounds was confirmed by elemental analyses, which 

showed excellent agreement between the calculated and experimental C, H, and N values (see 

experimental section).  

2.2.2 X-ray Structures Analysis 

Single crystals suitable for X-ray structure analysis were obtained from hot methanolic (2a-2b) 

or ethanolic (2c-2g) solution of the complexes. The perspective view of the complex cation in 

the complexes are shown in the Figure 2.7 to Figure 2.13. Selected bond lengths and angles are 

given in Table 2.1 to Table 2.5. X-ray structure measurements were performed at 150 (2a-2g, 

except 2b), 193 (2a and 2b) and 293 K (2a). The complexes (2a-2e) crystallize in triclinic space 

group P1̅, while other two complexes (2f and 2g) crystalize in triclinic space group P21/n and 

monoclinic space group C2/c, respectively.   
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In all the complexes (2a-2g), two nickel centers are coordinated with tetraazamacrocyclic 

diazapyridinophane ligand, L-N4Me2 and bridged by a 1,3-diyne unit. In the complex, each 

nickel center is coordinated to the four nitrogen donor atoms of the ligand L-N4Me2 and alkyne 

group of 1,3-diyne ligand in side-on fashion and is best described with a distorted trigonal 

bipyramidal coordination environment. The tetradentate ligand is folded along the NamineNamine 

axis due to small macrocycle ring size. The amine nitrogen atoms of the tetradentate ligand 

occupy axial position while pyridine nitrogen atoms occupy equatorial position and the 

remaining equatorial position occupy by alkyne group of diyne ligand in trigonal bipyramidal 

coordination environment. The complexes (except 2e and 2g) have a crystallographically 

imposed inversion center located at the middle of CspCsp single bond of diyne ligand. The 

CCCC backbone of diyne unit in the complexes adopts a distorted trans conformation. 

Similar conformation has been noticed in the dinuclear rhodium(I)-diyne complex 

[{Rh(PMe3)3(Cl)}2(-RC4R)] (R = C6H4CF3-4).[120] 

 

Figure 2.7: Perspective view of the complex cation in 2a. 
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Figure 2.8: Perspective view of the complex cation in 2b. 

 

 

Figure 2.9: Perspective view of the complex cation in 2c. 
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Figure 2.10: Perspective view of the complex cation in 2d. 

 

 

Figure 2.11: Perspective view of the complex cation in 2e. 
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Figure 2.12: Perspective view of the complex cation in 2f. 

 

 

Figure 2.13: Perspective view of the complex cation in 2g. 
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Table 2.1: Selected bond lengths [Å] and angles [] in [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a) at 

150, 193 and 293 K. 

 T = 150 K T = 193 K T = 293 K 

Ni(1)-N(1) 2.2282(15) 2.2179(16) 2.2353(16) 

Ni(1)-N(2) 2.0016(15) 1.9944(14) 2.0029(14) 

Ni(1)-N(3) 2.2346(15) 2.2230(14) 2.2391(16) 

Ni(1)-N(4) 1.9957(16) 1.9901(14) 1.9917(17) 

Ni(1)-C(17) 1.9940(17) 1.9887(15) 1.9915(16) 

Ni(1)-C(18) 1.9586(18) 1.9461(15) 1.9582(18) 

C(17)-C(18) 1.270(3) 1.264(2) 1.268(2) 

C(18)-C(19) 1.448(3) 1.443(3) 1.440(3) 

C(17)-C(17A) 1.394(4) 1.384(3) 1.398(3) 

N(1)-Ni(1)-N(2) 80.27(6) 80.37(6) 80.10(6) 

N(1)-Ni(1)-N(3) 153.58(6) 153.49(5) 153.11(6) 

N(1)-Ni(1)-N(4) 80.17(6) 80.08(6) 80.03(7) 

N(1)-Ni(1)-C(17) 105.30(6) 105.13(6) 105.10(6) 

N(1)-Ni(1)-C(18) 101.20(6) 101.14(6) 101.34(7) 

N(2)-Ni(1)-N(3) 80.343(6) 80.31(5) 80.27(6) 

N(2)-Ni(1)-N(4) 84.81(6) 84.82(6) 84.84(6) 

N(2)-Ni(1)-C(17) 156.34(7) 156.36(6) 156.12(7) 

N(2)-Ni(1)-C(18) 119.22(7) 119.26(7) 118.97(7) 

N(3)-Ni(1)-N(4) 80.27(6) 80.26(6) 80.07(7) 

N(3)-Ni(1)-C(17) 99.60(6) 99.84(6) 100.29(6) 

N(3)-Ni(1)-C(18) 103.91(6) 104.08(6) 104.18(7) 

N(4)-Ni(1)-C(17) 118.66(7) 118.64(6) 118.91(7) 

N(4)-Ni(1)-C(18) 155.91(7) 155.86(7) 156.14(7) 

C(17)-Ni(1)-C(18) 37.48(8) 37.46(7) 37.43(7) 

C(17)-C(18)-C(19) 148.16(18) 148.04(16) 148.61(18) 

C(18)-C(17)-C(17A) 157.3(2) 157.78(19) 157.4(2) 
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Table 2.2: Selected bond lengths [Å] and angles [] in [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = C6H4Me-4] 

(2b) at 293 K, [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = C6H4F-4] (2c) and [{Ni(L-N4Me2)}2(-

RC4R)](ClO4)2 [R = C6H4OMe-4] (2d) at 150 K. 

 2b  2c 2d 

Ni(1)-N(1) 2.2295(13) 2.222(2) 2.2444(11) 

Ni(1)-N(2) 1.9804(12) 2.008(2) 2.0023(11) 

Ni(1)-N(3) 2.2324(13) 2.232(2) 2.2176(11) 

Ni(1)-N(4) 1.9998(12) 1.988(3) 1.9898(11) 

Ni(1)-C(17) 1.9956(14) 1.994(3) 2.0026(13) 

Ni(1)-C(18) 1.9485(15) 1.952(3) 1.9464(13) 

C(17)-C(18) 1.2710(19) 1.265(4) 1.2676(17) 

C(18)-C(19) 1.446(2) 1.454(4) 1.4447(17) 

C(17)-C(17A) 1.388(3) 1.405(5) 1.392(2) 

N(1)-Ni(1)-N(2) 80.61(5) 80.49(8) 80.01(4) 

N(1)-Ni(1)-N(3) 153.55(5) 153.61(10) 153.30(4) 

N(1)-Ni(1)-N(4) 80.30(5) 80.62(10) 79.90(4) 

N(1)-Ni(1)-C(17) 100.25(5) 98.67(10) 106.05(5) 

N(1)-Ni(1)-C(18) 103.99(6) 103.26(10) 101.29(5) 

N(2)-Ni(1)-N(3) 80.31(5) 80.03(9) 80.49(4) 

N(2)-Ni(1)-N(4) 85.72(5) 84.35(9) 85.04(4) 

N(2)-Ni(1)-C(17) 116.99(5) 158.10(11) 118.65(5) 

N(2)-Ni(1)-C(18) 154.37(6) 121.20(10) 155.76(5) 

N(3)-Ni(1)-N(4) 80.16(5) 79.91(11) 80.41(4) 

N(3)-Ni(1)-C(17) 104.68(5) 106.01(10) 99.24(5) 

N(3)-Ni(1)-C(18) 101.14(6) 102.00(12) 103.99(5) 

N(4)-Ni(1)-C(17) 157.18(5) 117.26(11) 156.08(5) 

N(4)-Ni(1)-C(18) 119.86(5) 154.42(10) 119.13(5) 

C(17)-Ni(1)-C(18) 37.57(6) 37.37(12) 37.41(5) 

C(17)-C(18)-C(19) 149.56(15) 147.7(3) 147.72(13) 

C(18)-C(17)-C(17A) 158.01(18) 158.7(4) 157.07(16) 
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Table 2.3: Selected bond lengths [Å] and angles [] in [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = C6H4NMe2-4] 

(2e) at 150 K. 

     

Ni(1)-N(1) 2.2350(14) Ni(2)-N(7)  2.2200(14) 

Ni(1)-N(2) 1.9933(13) Ni(2)-N(8) 1.9618(13) 

Ni(1)-N(3) 2.2311(14) Ni(2)-N(9) 2.2134(14) 

Ni(1)-N(4) 1.9959(14) Ni(2)-N(10) 1.9581(13) 

Ni(1)-C(17) 2.0049(15) Ni(2)-C(27) 1.9856(16) 

Ni(1)-C(18) 1.9479(16) Ni(2)-C(28) 1.9373(16) 

C(17)-C(18) 1.266(2) C(27)-C(28) 1.271(2) 

C(18)-C(19) 1.442(2) C(28)-C(29) 1.440(2) 

C(17)-C(27) 1.396(2) C(17)-C(27) 1.396(2) 

N(1)-Ni(1)-N(2) 80.16(5) N(7)-Ni(2)-N(8) 80.62(5) 

N(1)-Ni(1)-N(3) 153.45(5) N(7)-Ni(2)-N(9) 151.50(5) 

N(1)-Ni(1)-N(4) 80.47(6) N(7)-Ni(2)-N(10) 79.31(5) 

N(1)-Ni(1)-C(17) 102.00(6) N(7)-Ni(2)-C(27) 104.21(6) 

N(1)-Ni(1)-C(18) 98.47(6) N(7)-Ni(2)-C(28) 106.35(6) 

N(2)-Ni(1)-N(3) 80.51(5) N(8)-Ni(2)-N(9) 79.49(5) 

N(2)-Ni(1)-N(4) 85.22(5) N(8)-Ni(2)-N(10) 91.98(5) 

N(2)-Ni(1)-C(17) 153.92(6) N(8)-Ni(2)-C(27) 153.03(6) 

N(2)-Ni(1)-C(18) 116.64(6) N(8)-Ni(2)-C(28) 115.24(6) 

N(3)-Ni(1)-N(4) 79.94(5) N(9)-Ni(2)-N(10) 81.19(5) 

N(3)-Ni(1)-C(17) 103.37(6) N(9)-Ni(2)-C(27) 102.78(6) 

N(3)-Ni(1)-C(18) 106.41(6) N(9)-Ni(2)-C(28) 100.52(6) 

N(4)-Ni(1)-C(17) 120.85(6) N(10)-Ni(2)-C(27) 114.97(6) 

N(4)-Ni(1)-C(18) 157.77(6) N(10)-Ni(2)-C(28) 152.67(6) 

C(17)-Ni(1)-C(18) 37.32(7) C(27)-Ni(2)-C(28) 37.80(6) 

C(17)-C(18)-C(19) 150.22(16) C(27)-C(28)-C(29) 146.27(16) 

C(18)-C(17)-C(27) 158.09(16) C(28)-C(27)-C(17) 155.24(16) 
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Table 2.4: Selected bond lengths [Å] and angles [] in [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = nC3H7] (2f) at 

150 K. 

 2f 

Ni(1)-N(1) 2.2427(14) 

Ni(1)-N(2) 1.9929(14) 

Ni(1)-N(3) 2.2290(15) 

Ni(1)-N(4) 2.0135(13) 

Ni(1)-C(17) 2.0016(15) 

Ni(1)-C(18) 1.9572(15) 

C(17)-C(18) 1.254(2) 

C(18)-C(19) 1.485(2) 

C(17)-C(17A) 1.398(3) 

N(1)-Ni(1)-N(2) 80.15(6) 

N(1)-Ni(1)-N(3) 153.37(5) 

N(1)-Ni(1)-N(4) 79.85(5) 

N(1)-Ni(1)-C(17) 103.43(6) 

N(1)-Ni(1)-C(18) 103.12(6) 

N(2)-Ni(1)-N(3) 80.81(6) 

N(2)-Ni(1)-N(4) 84.56(5) 

N(2)-Ni(1)-C(17) 152.85(6) 

N(2)-Ni(1)-C(18) 115.93(6) 

N(3)-Ni(1)-N(4) 79.96(5) 

N(3)-Ni(1)-C(17) 102.02(6) 

N(3)-Ni(1)-C(18) 101.88(6) 

N(4)-Ni(1)-C(17) 122.59(6) 

N(4)-Ni(1)-C(18) 159.51(6) 

C(17)-Ni(1)-C(18) 36.92(6) 

C(17)-C(18)-C(19) 150.07(16) 

C(18)-C(17)-C(17A) 157.7(2) 
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Table 2.5: Selected bond lengths [Å] and angles [] in [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 ·EtOH [R = Fc] (2g) 

at 150 K. 

    

Ni(1)-N(1) 2.2458(15) Ni(2)-N(5) 2.2208(15) 

Ni(1)-N(2) 1.9969(15) Ni(2)-N(6) 2.0145(14) 

Ni(1)-N(3) 2.2174(16) Ni(2)-N(7) 2.2395(15) 

Ni(1)-N(4) 2.0107(14) Ni(2)-N(8) 1.9996(14) 

Ni(1)-C(17) 2.0323(16) Ni(2)-C(29) 2.0109(16) 

Ni(1)-C(18) 1.9488(17) Ni(2)-C(30) 1.9558(16) 

C(17)-C(18) 1.264(2) C(29)-C(30) 1.269(2) 

C(18)-C(19) 1.438(2) C(30)-C(31) 1.443(2) 

C(17)-C(29) 1.398(2) C(17)-C(29) 1.398(2) 

N(1)-Ni(1)-N(2) 80.04(6) N(5)-Ni(2)-N(6) 80.31(6) 

N(1)-Ni(1)-N(3) 153.58(6) N(5)-Ni(2)-N(7) 153.18(5) 

N(1)-Ni(1)-N(4) 79.94(6) N(5)-Ni(2)-N(8) 80.04(6) 

N(1)-Ni(1)-C(17) 99.98(6) N(5)-Ni(2)-C(29) 100.92(6) 

N(1)-Ni(1)-C(18) 101.24(6) N(5)-Ni(2)-C(30) 102.16(6) 

N(2)-Ni(1)-N(3) 80.40(6) N(6)-Ni(2)-N(7) 79.72(6) 

N(2)-Ni(1)-N(4) 84.36(6) N(6)-Ni(2)-N(8) 84.17(5) 

N(2)-Ni(1)-C(17) 148.18(6) N(6)-Ni(2)-C(29) 155.50(6) 

N(2)-Ni(1)-C(18) 111.42(7) N(6)-Ni(2)-C(30) 118.29(6) 

N(3)-Ni(1)-N(4) 80.62(6) N(7)-Ni(2)-N(8) 80.28(6) 

N(3)-Ni(1)-C(17) 106.00(6) N(7)-Ni(2)-C(29) 104.69(6) 

N(3)-Ni(1)-C(18) 102.34(7) N(7)-Ni(2)-C(30) 103.00(6) 

N(4)-Ni(1)-C(17) 127.24(6) N(8)-Ni(2)-C(29) 120.26(6) 

N(4)-Ni(1)-C(18) 164.19(7) N(8)-Ni(2)-C(30) 157.53(6) 

C(17)-Ni(1)-C(18) 36.96(7) C(29)-Ni(2)-C(30) 37.28(7) 

C(17)-C(18)-C(19) 156.45(18) C(29)-C(30)-C(31) 150.15(17) 

C(18)-C(17)-C(29) 157.32(17) C(30)-C(29)-C(17) 155.11(17) 
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X-ray structure measurements were performed on suitable single crystal of [{Ni(L-N4Me2)}2(-

RC4R)](ClO4)2 [R = Ph] (2a) at 150, 193 and 293 K. Figure 2.7 shows the perspective view of 

the complex cation in the complex 2a. Selected bond lengths and angles are listed in Table 2.1. 

In the complex 2a, L-N4Me2 coordinated nickel centers are bridged by the diyne ligand C16H10 

(Ph–CC–CC–Ph). 

At 150 K, in the complex Namine–Ni–Namine and Npy–Ni–Npy angles are 153.58(6) and 

84.81(6), which are deviated from ideal value of 180 and 120 respectively in trigonal 

bipyramidal geometry. The Calkyne–Ni–Calkyne angle is 37.48(8), in equatorial plane. In 

addition, in the complex, the Npy(2)–Ni–Ccentroid(CC) and Npy(4)–Ni–C centroid(CC) angles are 

138.02 and 137.16, respectivelyThe sum of the angles of the equatorial ligands is 360°, and 

the axial-to-equatorial bond angles are ∼90° for both Namine–Ni–Npy (80.17° − 80.43°) and 

Namine–Ni–C (104.02° and 102.40°), supporting the description of a distorted trigonal 

bipyramidal coordination environment. 

In a five coordinated system, information about the coordination environment around the metal 

center as a square-pyramid or a trigonal bipyramid can be obtained by determining the structural 

index , which represents the relative amount of trigonality [square pyramid,  = 0; trigonal 

bipyramid,  = 1;  = ( – )/60; where  and  being the two largest angles around the central 

atom].[121] In addition, according to this model, out of the equatorial ligands (A, D, E), A is 

chosen such that the M–A bond length is longer than M–D/E and A should not be any one of 

the four donor atoms forming the two largest angles (Figure 2.14).  

 

Figure 2.14: Five-coordinated compound 

The obtained value of 0.26 for the structural index   for 2a reveals that the coordination 

environment around each nickel center is best described as distorted square-pyramid, which 

contrasts with the above described structural features. This could be explained by the large 
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deviation of Namine–Ni–Namine angle (153.58(6)from 180 and presence of two largest angles 

Npy(2)–Ni–Ccentroid(CC) and Npy(4)–Ni–Ccentroid(CC) angles (138.02 and 137.16 instead of one. 

Thus, characterization of coordination environment around nickel centers in the nickel(I)-diyne 

complexes by this model is insignificant. 

In the complex, the axial Ni–Namine bonds with an average length of 2.231  0.003 Å are longer 

than the equatorial Ni–Npy bonds which average to 1.999  0.002 Å. However, these Ni-Namine 

and Ni-Npy bond lengths are very similar to those in other octahedral nickel(II) complexes 

containing L-N4Me2 as ligand (Table 2.6).[106, 108] The average Ni–Calkyne bond length is about 

1.967  0.021 Å. Notably, the inner Ni–C17 bond (1.9940(17) Å) is slightly longer than the 

outer Ni–C18 (1.9586(18) Å) and such differences could be caused by the steric crowding. In 

addition, the average Ni–Calkyne bond length of 1.967  0.021 Å is on the higher end of the 

reported Ni–Calkyne bonds (1.856 − 1.960 Å) in nickel π-alkyne complexes.[115, 118] 

Table 2.6: Average Ni–Namine and Ni–NPy bond lengths [Å] in 2a, 1 and [Ni(L-N4Me2)Cl(H2O)]Cl. 

 2a 1[106] [Ni(L-N4Me2)Cl(H2O)]Cl[108] 

Ni–Namine 2.231 2.172 2.199 

Ni–NPy 1.999 2.009 2.021 

 

In the complex 2a, the relevant CC triple bond (C17–C18) and CC single bond (C17–C17A) 

lengths in coordinated diphenyldiacetylene ligand (PhC18C17C17AC18APh) are 1.270(3) Å 

and 1.394(4) Å respectively, which are slightly longer than that of the free diyne (1.205(2) and 

1.363(2) Å).[122] In addition, CC triple bond length is less close to the value of a typical double 

bond (1.331 Å), and comparable to those found in nickel π-alkyne complexes.[111, 115-119] The 

CPh–C18 bond length of 1.448(3) Å is slightly longer than that (1.435 Å) of the free diyne.[122] 

Moreover, the C17A–C17–C18 and C17–C18–C19 angles are 157.3(2) and 

148.16(18)respectively, which are more bent compared to those in free diyne (179.6(2) and 

178.57(11)).[122] These angles are comparable to those found in nickel π-alkyne complexes. 

[111, 115-119] Elongation of CC bonds and bending of CCC angles indicate σ-donation from 

alkyne group of diyne ligand to the nickel center and π-back donation from the nickel center to 

alkyne group of diyne ligand. In the complex, the distance between two nickel centers is 5.036 

Å. The complex 2a shows very similar structural properties at 193 and 293 K. 



40  

 

The bonding in transition metal-alkyne complex can be described by Dewar-Chatt-Duncanson 

model.[123-127] Within this model, there are three resonance structures for the bonding 

interaction, π-complex (A) and metallacyclopropene (B and C) (Figure 2.15). Although in A 

and B the alkyne acts as a two-electron donor ligand, the difference between the resonance 

structures A and B appear from the extent of π-back-bonding, which occurs between the metal 

atom and the alkyne ligand. The resonance structure B can also be described as a M2+ species 

being coordinated by a [η2-alkenediyl]2- ligand. In addition, for electron-poor metal centers, the 

alkyne can act as an additional π-donor ligand, providing electron density to the metal atom via 

the orthogonal π-system and therefore acting as a four-electron donor ligand (Figure 2.15, C). 

 

Figure 2.15: Resonance structures of transition metal-alkyne complex. 

Based on the molecular structure of dicationic complex 2a, two resonance structures for each 

nickel center of 2a could be outlined: (i) nickel(I) π-alkyne complex with d9 electronic 

configuration and (ii) nickel metallacyclopropene complex (Ni(III) with a [η2-alkenediyl]2- 

ligand) with d7 electronic configuration. But, aforesaid structural parameters of 2a clearly 

suggest the formation of a nickel(I) π-alkyne complex instead of a nickel metallacyclopropene 

complex (Ni(III) with a [η2-alkenediyl]2- ligand). 

In addition, for nickel(I) complexes with the ligand L-N4Me2 in an octahedral coordination 

environment, an elongation of the Ni-N bonds either in the axial or the equatorial positions is 

expected (Figure 2.16). But I did not observe any kind of bond elongation in 2a (Table 2.6), 

which also supports the formulation of a trigonal bipyramidal L-N4Me2 coordinated nickel(I)-

diyne complex with (dxz, dyz)
4 (dxy, dx2-y2)4 (dz2)1 electronic configuration (assuming an 

idealized D3h ligand field description with the z-axis oriented along Namine-Namine axis), instead 

of octahedral nickel(I)-diyne complex with N4C2 coordination environment (alkyne group as 

bidentate ligand with small bite angle). 
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Figure 2.16: Bonds elongation in L-N4Me2 coordinated nickel(I) complexes in octahedral coordination 

environment; L = other mono or bidentate ligand(s). 

To the best of my knowledge, 2a represents the first structurally characterized dinuclear 

nickel(I)-diyne complex. 

All the other complexes 2b-2g also exhibits very similar structural properties. A comparison of 

selected bond lengths and angles in these complexes with 2a are given in Table 2.7 and Table 

2.8. The structural differences, particularly in Ni-N, Ni-C, and CC bond lengths and CR-CC 

angle are not large enough to consider as significant. The CC bond length in 2a, 2f and 2g, in 

contrast, show significant deviations, with the 2a complex showing the largest elongation 

(1.270(3) Å), closely followed by the 2g (1.267 (avg.) Å) and then 2f (1.254(2) Å) (Table 2.7). 

In addition, in the complex 2g, L-N4Me2 coordinated nickel centers are connected by diyne 

ligand FcC4Fc. Each ferrocenyl group with co-planar and eclipsed cyclopentadienyl rings 

represents a linear sandwich structure with a characteristic [5-Fe-5] coordination mode. The 

iron atom is coordinated to the free and substituted cyclopentadienyl rings with ring centroid-

iron lengths of 1.651/1.643 (Fe1) and 1.645/1.642 (Fe2) Å, and with ring centroid-iron-ring 

centroid angle of 177.8° (Fe1) and 179.3° (Fe2). The average Fe–CCp and Fe–CCp bond lengths 

are 2.041/2.040 (Fe1) and 2.037/2.041 (Fe2) Å. The average carbon carbon bond lengths in iron 

coordinated free and substituted cyclopentadienyl rings are 1.409/1.423 (Fe1) and 1.412/1.426 

(Fe2) Å. These bond lengths and angles indicate that there is an iron(II) oxidation state in each 

ferrocenyl group.[128-129] 



42  

 

DFT calculation of 2b also shows it is a complex with two nickel(I) centers. The spin density 

is well localized on the nickel atoms and the dz2 orbital is singly occupied (Figure 2.17). 

 

Figure 2.17: Spin density plot of 2b. Hydrogen atoms are removed for clarity. 
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Table 2.7: Selected bond lengths [Å] in [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a–2g). 

 2a 2b 2c 2d 2e 2f 2g 

Ni–Namine(avg.) 2.232  0.004 2.231  0.001 2.226  0.006 2.231 0.013 2.233  0.002 

2.217  0.003 

2.236 0.007 2.232  0.014 

2.230  0.009 

Ni–Npy(avg.) 1.999  0.003 1.990  0.010 1.9928  0.010 1.996  0.006 1.995  0.001 

1.960  0.002 

2.003  0.010 2.004  0.007 

2.007  0.007 

Ni–Calkyne 1.9940(17) 

1.9586(18) 

1.9956(14) 

1.9485(15) 

1.994(3) 

1.952(3) 

2.0026(13) 

1.9464(13) 

2.0049(15) 

1.9479(16) 

1.9856(16) 

1.9373(16) 

2.0016(15) 

1.9572(15) 

2.0323(16) 

1.9488(17) 

2.0109(16) 

1.9558(16) 

Ni–CCC
a 1.870 1.867 1.869 1.870 1.879 

1.856 

1.878 1.888 

1.879 

CC 1.270(3) 1.2710(19) 1.265(4) 1.2676(17) 1.266(2) 

1.271(2)  

1.254(2) 1.264(2) 

1.269(2) 

Csp–Csp 1.394(4) 1.388(3) 1.405(5) 1.392(2) 1.396(2) 1.398(3) 1.398(2) 

CR–C 1.448(3) 1.446(2) 1.454(4) 1.4447(17) 1.442(2) 

1.440(2) 

1.485(2) 1.438(2) 

1.443(2) 

NiNib 5.042 5.038 5.033 5.072 5.064 5.056 5.110 

CCCCCC
  2.613 2.611 2.624 2.607 2.609 2.602 2.604 

acentroid, bDistance between two centers 
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Table 2.8: Selected angles [] in [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a–2g). 

 2a 2b 2c 2d 2e 2f 2g 

Namine–Ni–Namine 153.58(6) 153.55(5) 153.61(5) 153.30(5) 153.45(5) 

151.50(5) 

153.37(5) 153.58(6) 

153.18(5) 

Npy–Ni–Npy 84.81(6) 85.72(5) 84.35(9) 85.04(5) 85.22(5) 

91.98(5) 

84.56(5) 84.36(6) 

84.17(5) 

Calkyne–Ni–Calkyne 37.48(8) 37.57(6) 37.37(12) 37.41(5) 37.32(7) 

37.80(6) 

36.92(6) 36.96(7) 

37.28(7) 

CR–CC 148.16(18) 149.56(15) 147.7(4) 147.72(13) 150.22(16) 

146.27(16) 

150.07(16) 156.45(18) 

150.15(17) 

CC–C 157.3(2) 158.01(18) 158.7(3) 157.07(16) 158.09(16) 

155.24(16) 

157.7(2) 157.32(17) 

155.11(17) 

Namine–Ni–CCC
a 103.98 

104.18 

103.98 

103.67 

101.55 

104.82 

102.23 

104.47 

100.83/102.34 

105.71/106.16 

 

102.61 

104.01 

101.18/102.18 

104.99/104.64 

 b 81.95 83.49 81.94 81.11 81.89 

85.49 

89.76 89.13 

89.43 

acentroid, bdihedral angle between Namine–Ni–Namine and CR–CC–C plane 
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2.2.3 Magnetochemistry 

X-ray structure determination and DFT calculation confirmed that the dinuclear nickel(I)-diyne 

complexes have two spin carriers. To know, how these spins interacts with each other and the 

impact of substituents to 1,3-butadiyne on magnetic interaction, magnetic susceptibility 

measurements were carried out on the nickel(I)-diyne complexes 2a-2g at a magnetic field of 

0.5 T in the temperature range 2295 K. The temperature dependence of the magnetic 

susceptibility for the complexes (2a-2g) are shown in Figure 2.18 to Figure 2.24. 

The values at 295 K are 0.83 cm3 K mol-1 – 0.89 cm3 K mol-1, which are slightly higher 

than the expected spin-only value of 0.75 cm3 K mol-1 of two nickel(I) (S = ½) centers in the 

absence of any exchange coupling with a Lande´ g-factor of 2.00. In all the complexes, the  

values decrease gradually with lowering temperature and reach zero at 2 K, indicating 

antiferromagnetic coupling between two nickel(I) centers. 

 

Figure 2.18: Variation of the product MT with temperature for solid 2a at an applied magnetic field of 

0.5 T. The solid line represents the best fit of the data. 
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The magnetic susceptibility data were fitted using Heisenberg–Dirac–van-Vleck (HDvV) spin 

Hamiltonian for isotropic exchange coupling and Zeeman splitting (equation 1). 

𝐻̂ = -2J𝑆̂1𝑆̂2 + gB(𝑆̂1 +𝑆̂2)B           (1) 

Table 2.9 includes the selected parameters that obtained from simulation of the SQUID data. 

Additional parameters are listed in appendix Table 7.10. The least squares fit of the 

experimental data lead to g1 = g2 = 2.252 to 2.341 and J = - 33.83 to - 46.23 for the complexes 

2a-2g, which indicate that two nickel(I) centers are antiferromagnetically coupled. 

Table 2.9: Parameters obtained from simulation of the SQUID data. 

Complex Spin g J [cm-1] 

2a [R = Ph] S1 = ½, S2 = ½ 2.252, 2.252 - 44.27 

2b [R = C6H4Me-4] S1 = ½, S2 = ½ 2.254, 2.254 - 39.27 

2c [R = C6H4F-4] S1 = ½, S2 = ½ 2.341, 2.341 - 46.23 

2d [R = C6H4OMe-4] S1 = ½, S2 = ½ 2.252, 2.252 - 42.56 

2e [R = C6H4NMe2-4] S1 = ½, S2 = ½ 2.285, 2.285 - 41.53 

2f [R = nPr] S1 = ½, S2 = ½ 2.272, 2.272 - 33.83 

2g [R = Fc] S1 = ½, S2 = ½ 2.296, 2.296 - 37.55 

 

It is known that the magnitude and nature of magnetic interaction of ligand-bridged dinuclear 

complexes depends on several structural parameters such as metal-metal distance, metal-ligand-

metal bridge angle, metal-ligand bond distance and coordination environment around metal 

centers and electronic nature of bridging ligand.[130-133] These parameters effect the overlap 

between the magnetic metal atomic orbitals and the bridging ligand orbitals. The magnetic 

orbitals of dinuclear nickel(I)-diyne complexes are dz
2, which are antiferromagnetically coupled 

through diyne ligand. A weak antiferromagnetic interaction in the diyne-bridged dinuclear 

nickel(I) complexes in distorted trigonal bipyramidal coordination environment is expected. 

Since the magnetic orbital and the bridging diyne ligand are bonded in the orthogonal plane, 

the overlap of the magnetic dz
2 orbitals are weaker and less effective. However, a strong 

antiferromagnetic coupling is observed for the dinuclear complexes, which suggests a strong 

interaction between the magnetic orbital and the bridging diyne ligand. The effect of 

substituents to diyne ligand on the structural parameters are not very different (Table 2.7 and 

Table 2.8) and therefore electronic nature could provide a basis for the explanation of the 
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different magnetic behaviors for the dinuclear nickel(I)-diyne complexes. The strength of the 

antiferromagnetic interaction in nickel(I)-diyne complexes (2a-2e) decreases with increasing 

electron richness of diyne ligand, which could be explained by the destabilization of 

HOMO.[130, 132] In addition, antiferromagnetic coupling constant value is greatest for 2a, 

followed by 2g and 2f (Table 2.9). 

In addition, the polycrystalline powder and frozen solution of the dinuclear nickel(I)-diyne 

complexes are EPR silent at room temperature and 77 K, which also confirm the strong 

antiferromagnetic coupling. 

 

Figure 2.19: Variation of the product MT with temperature for solid 2b at an applied magnetic field of 

0.5 T. The solid line represents the best fit of the data. 
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Figure 2.20: Variation of the product MT with temperature for solid 2c at an applied magnetic field of 

0.5 T. The solid line represents the best fit of the data. 

 

Figure 2.21: Variation of the product MT with temperature for solid 2d at an applied magnetic field of 

0.5 T. The solid line represents the best fit of the data. 
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Figure 2.22: Variation of the product MT with temperature for solid 2e at an applied magnetic field of 

0.5 T. The solid line represents the best fit of the data. 

 

Figure 2.23: Variation of the product MT with temperature for solid 2f at an applied magnetic field of 

0.5 T. The solid line represents the best fit of the data. 
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Figure 2.24: Variation of the product MT with temperature for solid 2g at an applied magnetic field of 

0.5 T. The solid line represents the best fit of the data. 
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2.2.4 Spectroscopic Studies 

The complexes [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a-2g) are well characterized by IR 

spectroscopy, ESI-MS and UV-Vis-NIR spectroscopy. 

IR Spectroscopy 

The CC vibrational frequencies have often been used to determine relative CC bond strengths 

and the nature of metal alkyne bonding, as the strength of the CC bond in an alkyne complex 

depends on the metal alkyne interactions. Therefore, IR spectroscopy measurements of the 

nickel(I)-diyne complexes were performed as KBr pellet at room temperature. IR spectrum of 

the complex 2a is depicted in Figure 2.25. IR spectra of the other nickel(I)-diyne complexes 

(2b-2g) are displayed in appendix section. A comparison of the IR data of nickel-diyne 

complexes (2a-2g) is summarized in Table 2.10. IR spectra of the complexes display typical 

absorption of coordinated diazapyridinophane ligand, L-N4Me2 at around 1605, 1475, 1445 and 

1378 cm-1. The complexes are dicationic in nature, having two ClO4
- as the counter anions. The 

stretching vibrations of ClO4
- are found at 1092 – 1096 cm-1 and 621 – 623 cm-1. 

 

Figure 2.25: IR spectrum (KBr pellet) of 2a. 
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Table 2.10: Comparison of IR data (in cm-1) for [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a–2g). 

2a 2b 2c 2d 2e 2f 2g 

      3088 

2970 2964 2966 2959 2963 2965  

2904 2906 2908 2909 2895 2921 2916 

 2875 2878 2877  2872  

2814 2813 2815 2813 2813 2817 2814 

     1855  

1809 1813 1808 1810 1806  1820 

1607 1604 1606  1601 1605 1604 

1579 1579 1592 1579  1582 1579 

  1493 1499 1513   

1479 1473 1475 1474 1474 1473 1472 

1444 1444 1445 1444 1444 1447 1444 

1375 1377 1378 1376 1361 1378 1375 

   1285 1285  1303 

   1250 1250   

  1222 1218   1213 

1165  1151 1161 1161 1162 1162 

1134 1132 1119   1120  

1093 1093 1095 1095 1092 1099 1096 

   1025    

1012 1012 1012 1014 1013 1014 1012 

    945   

870 872 871 871 871 870 870 

  843 837  821 828 

794 791 794 793 794 792 792 

760   758 758 757  

694       

634       

621 623 623 623 623 623 623 
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IR spectra of the complexes exhibit bands around 1809-1852 cm-1 which are assigned to 

asymmetric stretching frequency of coordinated CC of diyne ligand. Table 2.11 shows a 

comparison of CC stretching frequency (CC) between the coordinated diyne in complexes 

and the free diyne. The relatively lower CC stretching compared to free diyne confirms the 

extent of π-interaction in complexes. 

Table 2.11: Comparison of selected IR data of [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a–2g) with free diyne. 

Complex CC in cm-1 (CC in Å) CC in cm-1 (Free RC4R)[134-

137] 

2a [R = Ph] 1809 (1.270(3)) 2147 

2b [R = C6H4Me-4] 1813 (1.271(2)) 2142 

2c [R = C6H4F-4] 1808 (1.265(4)) 2143 

2d [R = C6H4OMe-4] 1810 (1.267(2) 2138 

2e [R = C6H4NMe2-4] 1806 (1.268) 2140 

2f [R = nPr] 1852 (1.254(2)) - 

2g [R = Fc] 1820 (1.267) 2140 

 

The impact of the para substituents to the aryl group of the diyne ligand (4-XC6H4CCCC 

C6H4X-4) on the profile of CC stretching frequency is insensitive (Figure 2.26). In contrast, 

for Ph, Fc and nPr group as substituents to 1,3-dibutadiyne (RCCCCR), CC stretching 

frequency of diyne shifted to higher energy in order of 2f > 2g > 2a [CC = 1809 cm-1 for 2a 

(R = Ph), 1820 cm-1 for 2f (R = Fc) and 1852 cm-1 for 2g (R = nPr)] (Figure 2.27). This trend is 

also consistent with the CC bond length of coordinated diyne in the nickel(I)-diyne complexes 

(Table 2.7). Overall, X-ray and IR data suggest that the combined effect of the alkyne  nickel 

σ-bond and nickel  alkyne π-bond is greatest for 2a, followed by 2g and 2f. 
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Figure 2.26: Selected IR spectra of 2a-2e. 

 

Figure 2.27: Selected IR spectra of 2a, 2f and 2g. 
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ESI mass spectrometry 

The ESI-MS studies of the dinuclear nickel(I)-diyne complexes [{Ni(L-N4Me2)}2(µ-

RC4R)](ClO4)2 (2a-2g) are conducted in acetonitrile at room temperature under nitrogen 

atmosphere. ESI-MS spectrum of the complex 2a is depicted in Figure 2.28. ESI-MS spectra 

of the other nickel(I)-diyne complexes (2b-2g) are displayed in appendix section. ESI-MS data 

is summarized in Table 2.12. 

 

Figure 2.28: ESI-MS spectrum of 2a in MecN. 

 

The spectrum of [{Ni(L-N4Me2)}2(RC4R)](ClO4)2 [R= Ph] (2a) reveals four prominent ion 

peaks at m/z of 955.2, 528.0, 427.1 and 325.9, whose mass and isotope distribution pattern 

correspond to [{Ni(L-N4Me2)}2(-PhC4Ph)(ClO4)]
+ (calculated m/z 955.0), [Ni(L-

N4Me2)(PhC4Ph)]+ (calculated m/z 528.2), [{Ni(L-N4Me2)}2(-PhC4Ph)]2+ (calculated m/z 

427.0) and [Ni(L-N4Me2)]
+ (calculated m/z 326.1) respectively (Figure 2.29 to Figure 2.32).  

ESI-MS spectra of the other nickel(I)-diyne complexes (2b-2g, except 2f) show similar ion 

distribution. The spectra of these complexes resulted in ion peaks corresponding to [{Ni(L-

N4Me2)}2(-RC4R)(ClO4)]
+, [Ni(L-N4Me2)(RC4R)]+, [{Ni(L-N4Me2)}2(-RC4R)]2+ and [Ni(L-

N4Me2)]
+. The ESI-MS spectrum of 2f displays ion peaks corresponding to [Ni(L-

N4Me2)(RC4R)]+ and [Ni(L-N4Me2)]
+. 
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Table 2.12: ESI MS data (in m/z) for [{Ni(L-N4Me2)}2(µ-RC4R)](ClO4)2 (2a-2g). 

 2a 

Calc. 

Found 

2b 

Calc. 

Found 

2c 

Calc. 

Found 

2d 

Calc. 

Found 

2e 

Calc. 

Found 

2f 

Calc. 

Found 

2g 

Calc. 

Found 

[{Ni(L-N4Me2)}2(-RC4R)(ClO4)]+ 955.2 

955.0 

983.3 

983.0 

991.1 

990.9 

1013.3 

1013.0 

1041.3 

1041.1 

- 1171.1 

1171.0 

[{Ni(L-N4Me2)}2(-RC4R)]2+ 427.0 

427.2 

441.2 

441.1 

445.1 

445.0 

457.2 

457.1 

470.2 

470.1 

- 535.1 

534.9 

[Ni(L-N4Me2)(RC4R)]+ 528.2 

528.0 

556.2 

556.1 

544.2 

544.0 

588.2 

588.1 

614.3 

614.2 

460.1 

460.0 

744.1 

743.9 

[Ni(L-N4Me2)]
+ 326.1 

325.9 

326.1 

325.9 

326.1 

325.9 

326.1 

325.9 

326.1 

325.9 

326.1 

325.9 

326.1 

325.9 

[Ni(L-N4Me2)(O2)]
+ 358.1 

357.9 

358.1 

357.9 

358.1 

357.9 

358.1 

357.9 

358.1 

357.9 

358.1 

357.9 

358.1 

357.9 

 

The complex [{Ni(L-N4Me2)}2(RC4R)](ClO4)2 [R= Ph] (2a) dissociates into a mononuclear 

nickel(I)-diyne complex [NiI(L-N4Me2)(PhC4Ph)]+ with strong signal intensity and a 

mononuclear bisphenoidal nickel(I) complex [NiI(L-N4Me2)]
+ with moderate signal intensity in 

gas phase. Formation of this mononuclear [NiI(L-N4Me2)(PhC4Ph)]+ complex provides 

important insights into the generation and isolation of L-N4Me2 coordinated mononuclear 

nickel(I)-alkyne complex in condense phase. The mononuclear complex [NiI(L-N4Me2)]
+ is 

both electron-rich and has an open coordination site, so that it is able to react with substrate 

molecules. Activation of CO2 molecule by [NiI(L-N4Me2)]
+ complex in gas phase was 

investigated in collaboration with Prof. Mark A. Johnson’s group at Yale University. The 

reaction of [NiI(L-N4Me2)]
+ with CO2 molecule forms mononuclear complex [NiII(L-

N4Me2)(CO2
-·)]+, where nickel(I) oxidized to nickel(II) and CO2 reduced to CO2

-·.[138] 

In addition, for all complexes, I also found a prominent ion peak at a m/z of 357.9, whose mass 

and isotope distribution pattern correspond to [Ni(L-N4Me2)(O2)]
+ (calculated m/z 358.1) 

(appendix Figure 7.6). The [Ni(L-N4Me2)(O2)]
+ species could be formed by the reaction of 

[NiI(L-N4Me2)]
+ and O2 (present in small amounts in the instrument chamber). 
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Figure 2.29: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(PhC4Ph)]+. 

 

 

Figure 2.30: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-

PhC4Ph)(ClO4)]+. 

 



58  

 

 

Figure 2.31: The experimental and calculated isotope distribution for [Ni(L-N4Me2)]+. 

 

 

Figure 2.32: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-PhC4Ph)]2+. 
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UV-Vis-NIR Spectroscopy 

Electronic absorption spectra of nickel(I)-diyne complexes [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 

(2a-2g) were recorded in acetonitrile under pure nitrogen atmosphere at room temperature. UV-

Vis-NIR spectrum of the complex 2a is depicted in Figure 2.33. Deconvoluted UV-Vis-NIR 

spectrum of 2a is shown in appendix Figure 7.8. UV-Vis-NIR spectra of the other nickel(I)-

diyne complexes (2b-2g) are displayed in appendix section. A comparison of electronic 

absorption data of nickel-diyne complexes (2a-2g) is given in Table 2.13. 

 

Figure 2.33: UV-Vis-NIR spectrum of 2a in MeCN. 

The complexes 2a-2g exhibit broad band at around 7806 - 8306 cm-1 ( = 73 - 91 M-1 cm-1) and 

a shoulder at around 12594 - 13369 cm-1 ( = 85 - 146 M-1 cm-1) in visible-NIR region, which 

are attributed to d-d transitions (dxy, dx
2
-y

2  dz
2 and dxz, dyz  dz

2 respectively). The complexes 

also show a shoulder at around 16000 - 18182 cm-1 ( = 491 – 823 M-1 cm-1) and an intense 

band at 24875 - 26738 cm-1 ( = 7200 – 35180 M-1 cm-1), which are assigned CT transitions. In 

addition, the spectra reveal band or shoulder assigned to L-N4Me2 ligand based ILCT transition 

at around 39215 - 39840 cm-1 ( = 24818 – 42460 M-1 cm-1).[108] The complexes display bands 

and/or shoulders corresponding to diyne ligand based ILCT transitions at around 30211 - 36100 

cm-1 ( = 7411 – 38288 M-1 cm-1).[139-140] 
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Table 2.13: UV-Vis-NIR data (in cm-1) for [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a-2g). 

Complex max / cm-1 (  / M-1 cm-1) 

2a [R = Ph] 39525 (42460), 35087 (sh, 26230), 32895 (22660), 30769 

(18310), 26385 (21434), 18018 (sh, 808), 13210 (sh, 146) and 

8299 (91) 

2b [R = C6H4Me-4] 39525 (42285), 34130 (sh, 27724), 32362 (sh, 23415), 30211 (sh, 

18511), 26385 (20907), 17921 (sh, 769), 13369 (sh, 99) and 8264 

(87) 

2c [R = C6H4F-4] 39682 (37313), 35714 (sh, 25349), 32362 (sh, 20629), 26525 

(21572), 18182 (sh, 784), 13333 (sh, 85) and 8319 (87) 

2d [R = C6H4OMe-4] 39290 (39290), 36101 (sh, 33373), 32787 ( sh, 27015), 26178 

(26956), 17761 (sh, 754), 13158 (sh, 95) and 8157 (89) 

2e [R = C6H4NMe2-4] 42373 (sh, 42416), 39682 (sh, 37569), 30864 (38288), 24875 

(35180), 17391 (sh, 823), 12970 (sh, 117) and 7968 (81) 

2f [R = nPr] 39840 (24818), 32051 (sh, 7411), 25839 (7200), 17212 (sh, 506), 

12594 (sh, 98) and 7806 (73) 

2g [R = Fc] 39215 (sh, 33894), 35587 (sh, 22482), 26738 (19175), 16000 (sh, 

551), 12987 (sh, 103) and 7968 (74) 

 

The absorption maxima in the range of 26500 – 25000 cm-1 of the complexes 2a-2e bearing 

electronically different diyne display modest bathochromic shifts going from 2c to 2a and 2b, 

whereas a significant shift to lower energy was observed in the case of 2d to 2e (appendix 

Figure 7.84). The extent of the observed red shift is consistent with the increasing electron 

donating nature of the diyne in the order F < H < Me < OMe < NMe2. Furthermore, absorption 

maxima in the range of 26500 – 25000 cm-1 is greatest for 2g, followed by 2a and 2f (appendix 

Figure 7.85). 

A closer inspection of the absorptions corresponding to the d-d (dxy, dx
2
-y

2  dz
2) transition in 

the spectra reveal that the impact of the para substituents to the aryl group of the diyne ligand 

(4-XC6H4CCCC C6H4X-4) on the profile of the absorption band in NIR region is not 

dramatic (Figure 2.34). The peak maximum marginally red-shifts to energy as the electron-

donating ability of the diyne increasesmax = 8306 cm-1 for 2c (X = F), 8299 cm-1 for 2a (X 

= H), 8264 cm-1 for 2b (X = Me), 8156 cm-1 for 2d (X = OMe) and 7968 cm-1 for 2e (X = 
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NMe2)]. However, impact of Ph, Fc and nPr substituents to 1,4-dibutadiyne (RCCCCR) 

on the profile of the absorption band in NIR region is intense (Figure 2.35). The peak maximum 

red-shifts to energy on the substitution of Ph, Fc and nPr group respectively to RC4R max = 

8299 cm-1 for 2a (R = Ph), 7968 cm-1 for 2g (R = Fc) and 7806 cm-1 for 2f (R = nPr)]. These 

results indicate that the ligand field strength exerted by the diyne ligand onto the nickel center 

is enhanced in the order of PhC4Ph  FcC4Fc nPrC4
nPr. 

Table 2.14: UV-Vis-NIR data (in nm) for [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a-2g). 

Complex max / nm (  / M-1 cm-1) 

2a [R = Ph] 253 (42460), 286 (sh, 26230), 304 (22660), 325 (18310), 379 

(21434), 554 (sh, 808), 690 (sh, 146) and 1205 (91) 

2b [R = C6H4Me-4] 253 (42285), 291(sh, 27724), 309 (sh, 23415), 330 (sh, 18511), 

379 (20907), 558 (sh, 769), 747 (sh, 99) and 1210 (86) 

2c [R = C6H4F-4] 252 (37313), 273 (sh, 25349), 306 (sh, 20629), 377 (21572), 550 

(sh, 784), 750 (sh, 85) and 1202 (87) 

2d [R = C6H4OMe-4] 252 (39290), 282 (sh, 33373), 313 (sh, 27015), 382 (26956), 563 

(sh, 754), 760 (sh, 95) and 1226 (89) 

2e [R = C6H4NMe2-4] 237 (sh, 42416), 254 (sh, 37569), 324 (38288), 402 (35180), 575 

(sh, 823), 771 (sh, 117) and 1255 (81) 

2f [R = nPr] 251 (24818), 316 (sh, 7411), 386 (7200), 558 (sh, 506), 794 (sh, 

98) and 1281 (73) 

2g [R = Fc] 254 (sh, 33894), 282 (sh, 22482), 374 (19174), 610 (sh, 551), 770 

(sh, 103) and 1255 (74) 
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Figure 2.34: UV-Vis-NIR spectra of 2a-2e (region 6000 – 13000 cm-1) in MeCN. 

 

 

Figure 2.35: UV-Vis-NIR spectra of 2a, 2f and 2g (region 6000 – 13000 cm-1) in MeCN. 
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2.2.5 Electrochemistry 

The electrochemical behaviors of the dinuclear nickel(I)-diyne complexes [{Ni(L-N4Me2)}2(-

RC4R)](ClO4)2 (2a-2g) are studied by cyclic voltammetry and coulometry in acetonitrile 

solution. Cyclic voltammogram for the oxidation of the complex 2a is depicted in Figure 2.36. 

Cyclic voltammograms of the other nickel(I)-diyne complexes (2b-2g) are displayed in 

appendix section. The electrochemical data of the complexes (2a-2g) is summarized in Table 

2.15. 

 

Figure 2.36: Cyclic voltammogram for the oxidation of 2a in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 

 

The cyclic voltammogram of the complex [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a) 

exhibits two irreversible oxidation at +0.08 V and +0.39 V vs SCE for the two nickel(I) centers 

followed by another quasireversible oxidations at +1.84 V vs SCE (Figure 2.36). The oxidation 

potential +1.84 V vs SCE is similar with that of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) (Figure 

2.5), which indicates that after successive oxidation of two nickel(I) centers, PhC4Ph falls apart 

and produces [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1). In addition, the cyclic voltammogram for the 

reduction of 2a display two irreversible reductions at -1.54 V and -1.82 V vs SCE (appendix 

Figure 7.9). 
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Figure 2.37: UV-Vis spectra of electrochemically generated solution of 2a with 25 times dilution in 0.2 M 

TBAP/MeCN (top) and a 2:1 mixture of 1 (0.0048 mM) with PhC4Ph (0.0024 mM) in 0.2 M 

TBAP/MeCN (bottom). [Path length = 0.1 cm]. 

 

 

Figure 2.38: UV-Vis-NIR spectra of a electrochemically generated solution of 2a in 0.2 M TBAP/MeCN 

(top) and a 2:1 mixture of 1 (0.12 mM) with PhC4Ph (0.06 mM) in 0.2 M TBAP/MeCN 

(bottom). [Path length = 1 cm]. 
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Coulometric experiments show two electrons per molecule are transferred during oxidation of 

2a at +0.8 V vs SCE and subsequent electronic absorption measurement of generated violet 

solution confirms the formation of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) and free 

diphenyldiacetylene (Scheme 2.5) (Figure 2.37 and Figure 2.38). 

 

Scheme 2.5: Electrochemical oxidation of 2a. 

Similar to the complex 2a, the cyclic voltammograms of the complexes 2b-2g show two 

irreversible oxidations for the two nickel(I) centers at - 290 mV to + 188 mV and + 2 mV to + 

515 mV vs SCE, followed by another quasireversible oxidation for the follow-up product [Ni(L-

N4Me2)(MeCN)2](ClO4)2 (1). The oxidation potential of nickel center varied depending on the 

nature of the diyne ligand. In the complexes 2a-2e, oxidation potential decreases with 

increasing electron richness of diyne ligand (Table 2.15 and Figure 2.39). Furthermore, the 

oxidation potential of nickel center is greatest for 2a, followed by 2g and 2f (Table 2.15 and 

appendix Figure 7.86).  

Table 2.15: Electrochemical Properties for the Complexes [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a-2g) 

Complex Epa1 (V) Epa2 (V) Epa3 (V) Epa4 (V) 

2a [R = Ph] 0.08 0.39 - - 

2b [R = C6H4Me-4] 0.035 0.36 - - 

2c [R = C6H4F-4] 0.19 0.52 - - 

2d [R = C6H4OMe-4] 0.02 0.35 1.49 - 

2e [R = C6H4NMe2-4] -0.07 0.11 .83 .95 

2f [R = nPr] - 0.29 0.02 - - 

2g [R = Fc] -0.14 0.02 0.58a 0.70a 

aReversible wave (E1/2) 
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Figure 2.39: Cyclic voltammograms for the oxidation of 2a-2e in 0.2 M TBAP/MeCN sweeping with 

different scan rates. All potentials are given vs. SCE. 

In addition, the cyclic voltammogram of the complex 2d shows an additional irreversible 

oxidation at 1.49 V vs SCE (appendix Figure 7.47), and complex 2e displays two additional 

irreversible oxidations at 816 mV and 948 mV vs SCE (appendix Figure 7.60). These additional 

irreversible oxidation of 2d and 2e could be explained by oxidation of L-N4Me2 coordinated 

nickel(II) complexes containing RC4R ligand, coordinated through OMe and NMe2 groups for 

2d and 2e respectively. Furthermore, the cyclic voltammogram of the complex 2g also exhibits 

two additional oxidations at 586 mV and 704 mV vs SCE for follow-up product FcC4Fc 

(appendix Figure 7.80).[141] 

Moreover, the cyclic voltammograms for the reduction of the nickel(I)-diyne complexes 

[{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a-2g) display two irreversible reductions (see appendix 

section).  



Result and Discussions 67 

2.2.6 Stoichiometric Reaction in Presence of Radical Inhibitor 

To accumulate further insight into the formation of dinuclear nickel(I)-diyne complex, radical 

scavenger such as TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl),[142-145] was employed 

in the stoichiometric reaction (Scheme 2.6). 

 

Scheme 2.6: Radical trapping experiment. 

The reaction of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) and two equivalents radical inhibitor 

TEMPO in acetonitrile with two equivalents lithium phenylacetylide in tetrahydrofuran at room 

temperature under a pure nitrogen atmosphere afforded a dark brown solution. After removing 

the volatiles, the resulting dark residue obtained was dissolved in a minimum volume of 

methanol. The solution was refluxed shortly, cooled to room temperature, and allowed to stand 

for 2-3 days to afford analytically pure crystalline product [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 

[R = Ph] (2a) (yield 67%). 

The stoichiometric reaction between 1 and lithium phenylacetylide in presence of radical trap 

TEMPO does not alter the yield of 2a. This result suggests that the reactions occurring during 

the reduction of nickel(II) to nickel(I) and CC bond formation of diphenyldiacetylene do not 

follow a free radical mechanism. 

A concerted pathway might be involved in the formation of 2a as depicted in Scheme 2.7. 

Lithium phenylacetylide reacted with [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) to produce a 

mononuclear nickel(II) phenylacetylide complex (1a), which converts to a dinuclear nickel(II) 

phenylacetylide species (1b). The dinuclear nickel(II) phenylacetylide species (1b) complex 

collapses through innersphere electron transfer to generate dinuclear nickel(I) complex [{Ni(L-

N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a). A similar concerted mechanism has been proposed 

for copper-mediated homocoupling reaction of terminal alkynes (Scheme 1.9).[34-35]
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Scheme 2.7: Proposed concerted mechanism for the formation of 2a. 
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2.2.7 Stoichiometric Reaction at Low Temperature 

To gain deeper insights into the aforesaid concerted mechanism (Scheme 2.7), a stoichiometric 

reaction was performed at low temperature (−65 °C) in propionitrile (Scheme 2.8).  

 

Scheme 2.8: Stoichiometric reaction at low temperature to room temperature. 

Addition of two equivalent lithium phenylacetylide in tetrahydrofuran to a cooled (-65°C), 

violet solution of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) in propionitrile afforded an orange-yellow 

solution. After stirring for 8 h, the reaction mixture was allowed to warm to room temperature 

and stirred further for 2 h. In the course of stirring at room temperature, the color of the solution 

changes from orange-yellow to dark brown. After removing the volatiles, the resulting dark 

residue obtained was dissolved in a minimum volume of methanol. The solution was refluxed 

shortly, cooled to room temperature, and allowed to stand for 2-3 days to afford analytically 

pure crystalline product [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a) (yield 68%). 

The above described stoichiometric reaction was also monitored via UV-Vis-NIR spectroscopy 

at −60°C in propionitrile (Figure 2.40). A solution of lithium phenylacetylide (100 µL, 1.6 M) 

in tetrahydrofuran was added to a precooled solution of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) (4 

mL, 20 mM) in propionitrile at -60°C. UV-Vis-NIR measurements were performed at different 

time intervals (appendix Figure 7.13). The orange-yellow intermediate was detected, which 

displayed absorption bands at 774, 821 and 1270 nm. The intermediate converted to 2a upon 

warming the solution to 20°C. The orange-yellow species could not be isolated after several 
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attempts. Presumably, the species corresponds to a mononuclear nickel(II) phenylacetylide (1a) 

and/or a dinuclear nickel(II) phenylacetylide complex (1b) (Scheme 2.7). 

 

Figure 2.40: UV-Vis-NIR spectrum of 1(violet), the reaction product 2a (brown), and intermediate 1b 

(orange yellow) in EtCN. 
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2.3 Synthesis and Characterization of [Ni(L-N4Me2)(PhC2Ph)](ClO4)  MeOH (3) 

Cyclic voltammogram of the complex [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) has provided the 

insights into the formation of nickel(I) containing L-N4Me2 ligand. Further, ESI-MS 

investigations of dinuclear nickel(I)-diyne complexes also have given the evidences for the 

formulation of L-N4Me2 coordinated mononuclear nickel(I)-alkyne complexes ([Ni(L-

N4Me2)(RC4R)]+). On the basis of these results, I have tried to prepare a L-N4Me2 coordinated 

mononuclear nickel(I) complex containing diphenylacetylene (PhC2Ph) ligand [Ni(L-

N4Me2)(PhC2Ph)](ClO4) MeOH (3) to investigate the structural and electronic properties. 

2.3.1 Synthesis 

The reaction of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) and diphenylacetylene (PhC2Ph) in 

acetonitrile with reducing agent sodium acenaphthylene (prepared in situ by the reaction of 

sodium and acenaphthylene) in THF under a pure nitrogen atmosphere afforded dark brown 

complex [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3), which was crystalized from hot 

methanolic solution as analytically pure compound (yield 46%). 

 

Scheme 2.9: Preparation of [Ni(L-N4Me2)(PhC2Ph)](ClO4) MeOH (3). 

The purity of the dark brown compound was confirmed by elemental analysis, which showed 

excellent agreement between the calculated and experimental C, H, and N values (see 

experimental section). 
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2.3.2 X-Ray Structure Analysis 

The X-ray diffraction analysis was performed on suitable single crystal of [Ni(L-

N4Me2)(PhC2Ph)](ClO4)MeOH (3) at 150 K. Figure 2.41 shows a perspective view of the 

complex cation in 3. Selected bond lengths and angles are given in Table 2.16, in comparison 

with dinuclear nickel(I)-diyne complex [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a). The 

monocationic complex (3) crystalizes in triclinic space group P1̅ with one perchlorate ion as 

counter anion. 

 

Figure 2.41: Perspective view of the complex cation in 3. 

In the complex, nickel center is coordinated to the four nitrogen donor atoms of the 

tetraazamacrocyclic diazapyridinophane ligand, L-N4Me2 and alkyne group of 

diphenylacetylene ligand in side-on fashion. As in the previously described nickel(I)-diyne 

complexes of L-N4Me2, the twelve-membered tetraazamacrocycle in the nickel containing 

complex is folded along the Namine-Namine axis due to the small macrocycle ring size. The amine 

nitrogen atoms of the tetradentate ligand occupy axial position, while pyridine nitrogen atoms 

occupy equatorial position and the remaining equatorial position was occupied by alkyne group 

of diphenylacetylene ligand in trigonal bipyramidal coordination environment. 
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Table 2.16: Selected bond lengths [Å] and angles [] in [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3) and [{Ni(L-

N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a) at 150 K. 

3 T = 150 K 2a T = 150 K 

Ni(1)-N(1) 2.2212(13) Ni(1)-N(1) 2.2282(15) 

Ni(1)-N(2) 1.9914(13) Ni(1)-N(2) 2.0016(15) 

Ni(1)-N(3) 2.2245(13) Ni(1)-N(3) 2.2346(15) 

Ni(1)-N(4) 1.9917(17) Ni(1)-N(4) 1.9957(16) 

Ni(1)-C(17) 1.9652(15) Ni(1)-C(17) 1.9940(17) 

Ni(1)-C(24) 1.9603(15) Ni(1)-C(18) 1.9586(18) 

C(17)-C(24) 1.258(2) C(17)-C(18) 1.270(3) 

C(17)-C(18) 1.452(2) C(18)-C(19) 1.448(3) 

N(1)-Ni(1)-N(2) 80.83(5) N(1)-Ni(1)-N(2) 80.27(6) 

N(1)-Ni(1)-N(3) 154.21(5) N(1)-Ni(1)-N(3) 153.58(6) 

N(1)-Ni(1)-N(4) 80.02(5) N(1)-Ni(1)-N(4) 80.17(6) 

N(1)-Ni(1)-C(17) 103.36(6) N(1)-Ni(1)-C(17) 105.30(6) 

N(1)-Ni(1)-C(24) 102.68(5) N(1)-Ni(1)-C(18) 101.20(6) 

N(2)-Ni(1)-N(3) 80.55(5) N(2)-Ni(1)-N(3) 80.343(6) 

N(2)-Ni(1)-N(4) 85.60(5) N(2)-Ni(1)-N(4) 84.81(6) 

N(2)-Ni(1)-C(17) 156.52(6) N(2)-Ni(1)-C(17) 156.34(7) 

N(2)-Ni(1)-C(24) 119.17(6) N(2)-Ni(1)-C(18) 119.22(7) 

N(3)-Ni(1)-N(4) 80.91(5) N(3)-Ni(1)-N(4) 80.27(6) 

N(3)-Ni(1)-C(17) 100.84(5) N(3)-Ni(1)-C(17) 99.60(6) 

N(3)-Ni(1)-C(24) 101.92(5) N(3)-Ni(1)-C(18) 103.91(6) 

N(4)-Ni(1)-C(17) 117.84(6) N(4)-Ni(1)-C(17) 118.66(7) 

N(4)-Ni(1)-C(24) 155.22(6) N(4)-Ni(1)-C(18) 155.91(7) 

C(17)-Ni(1)-C(24) 37.39(6) C(17)-Ni(1)-C(18) 37.48(8) 

C(24)-C(17)-C(18) 148.75(15) C(17)-C(18)-C(19) 148.16(18) 

C(17)-C(24)-C(25) 152.79(15) C(18)-C(17)-C(17A) 157.3(2) 
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In the complex 3, the average Ni–Namine and Ni–Npy bond lengths are 2.223 0.002 Å and 1.991 

 0.001 Å respectively, whereas the average bond length for Ni–Calkyne bond is 1.962  0.002Å. 

These bond lengths are very similar to those found in dinuclear nickel(I)-diyne complexes 

(2.220  0.003 Å, 1.992  0.002 Å and 1.967  0.021 Å in [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 

[R = Ph] (2a)). As in the previously described nickel(I)-diyne complexes, these Ni-Namine and 

Ni-Npy bond lengths are very similar to those in other octahedral nickel(II) complexes 

containing L-N4Me2 as ligand.[106, 108] 

The structural aspects, particularly the angles and their deviation from ideal values for trigonal 

bipyramidal coordination environment, closely resemble those found in the dinuclear nickel(I)-

diyne complexes. In the complex 3, NamineNiNamine and NpyNiNpy angles are 154.21(5) 

and 85.60(5), which are deviated from 180 and 120respectively, in an ideal trigonal 

bipyramidal coordination environment. The CalkyneNiCalkyne angle is 37.39(6) in equatorial 

plane. The angles NamineNiNamine, NpyNiNpy and CalkyneNiCalkyne are very similar to those 

found in dinuclear nickel(I)-diyne complexes (153.58(6), 84.81(6) and 37.48(8) respectively 

in [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a)). The sum of the angles of the equatorial 

ligands is 360°, and the axial-to-equatorial angles are ∼90° for both Namine–Ni–Npy (80.02° − 

80.91°) and Namine–Ni–Calkyne (100.84° − 103.36°), supporting the description of a distorted 

trigonal bipyramidal coordination environment.  

The CC triple bond and CCPh single bond lengths in coordinated diphenylacetylene ligand 

(PhCCPh) are 1.258(2) Å and 1.452(2) Å respectively, which are elongated compared to 

free diphenylacetylene (1.198(4) Å and 1.437(4) Å).[146] The C18C17C24 and C25C24C17 

angles are 152.79(15) and 148.75(15) respectively, which are more bent compared to that in 

free diphenylacetylene (178.4(2)).[146] Elongation of CC bonds and bending of CCC angles 

indicate σ-donation from alkyne group of diphenylacetylene to the nickel center and π-back 

donation from the nickel center to alkyne group of diphenylacetylene. 

The structural aspects of complex 3 in comparison with the dinuclear nickel(I)-diyne complex 

2a, particularly Ni-N, CC bond lengths and CPh-CC angle confirm the formulation of a 

trigonal bipyramidal L-N4Me2 coordinated nickel(I)-diphenylacetylene complex with (dxz, 

dyz)
4(dxy, dx2-y2)4(dz2)1 electronic configuration (assuming an idealized D3h ligand field 

description with the Z-axis oriented along Namine-Namine axis), instead of a nickel 

metallacyclopropene complex (Ni(III) with a [η2-alkenediyl]2- ligand). 
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2.3.3 Spectroscopic Studies 

IR Spectroscopy 

IR spectrum of [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3) was measured as KBr pellet at room 

temperature. The spectrum is depicted in Figure 2.42. The spectrum displays typical absorption 

of coordinated diazapyridinophane ligand, L-N4Me2 at around 1606, 1474, 1442 and 1376 cm-

1. The spectrum of 3 also exhibits a characteristic stretching frequency of coordinated triple 

bond of diphenylacetylene (CC) at 1885 cm-1. The relatively lower CC stretching frequency 

compared to free diphenylacetylene (CC = 2220 cm-1, Raman active) confirms the extent of 

π-interaction in the complex.[147] The complex is monocationic in nature, having ClO4
- as the 

counter anion. The stretching vibrations of ClO4
- are found at 1095 and 623 cm-1. 

 

Figure 2.42: IR spectrum of 3 in KBr Pellet. 

 

ESI mass spectrometry 

The ESI-MS spectrum of [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3) in acetonitrile at room 

temperature shows a prominent ion peak at a m/z of 504.0 (Figure 2.43), whose mass and 

isotope distribution pattern correspond to [Ni(L-N4Me2)(PhC2Ph)]+ (calculated m/z 504.1) 

(Figure 2.44). 
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Figure 2.43: ESI-MS spectrum of 3 in MeCN. 

 

 

Figure 2.44: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(PhC2Ph)]+. 
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UV-Vis-NIR Spectroscopy 

The complex [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3) was characterized by UV-Vis-NIR 

spectroscopy in acetonitrile at room temperature under nitrogen atmosphere. Figure 2.45 shows 

the UV-Vis-NIR spectrum of [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3).  

The UV-Vis spectrum exhibits absorption bands at 675 ( = 34 M-1 cm-1) and 1220 ( = 44 M-

1 cm-1) in visible-NIR region, which are assigned to d-d transitions dxz, dyz  dz
2 and dxy, dx

2
-y

2 

 dz
2, respectively. A comparison of the lowest energy absorption band suggests that the 

diphenylacetylene ligand is weaker field than diphenyldiacetylene ligand (appendix Figure 

7.87). 

 

Figure 2.45: UV-Vis-NIR spectrum of 3 in MeCN. 

The absorption spectrum also shows a shoulder at around 514 nm ( = 208 M-1 cm-1) and an 

intense band at 364 nm ( = 11338 M-1 cm-1), which are assigned to CT transitions. In addition, 

the band at 249 nm ( = 26720 M-1 cm-1) is assigned as L-N4Me2 ligand based ILCT 

transition.[108] The shoulder at around 324 nm ( = 9120 M-1 cm-1) is assigned as 

diphenylacetylene ligand based ILCT transition (appendix Figure 7.94). 
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EPR Spectroscopy 

The EPR measurement was performed on a frozen solution of [Ni(L-

N4Me2)(PhC2Ph)](ClO4)MeOH (3) in acetonitrile containing 0.2 M TBAP at 77 K. The EPR 

spectrum is depicted in Figure 2.46. The EPR spectrum reveals a rhombic signal with g values 

of 2.300, 2.213 and 2.008, suggesting an S = ½ ground state for the complex. The high 

anisotropy of the rhombic signal and the quintet splitting of the high field gzz component with 

a hyperfine coupling constant of 36.70 MHz due to the interaction between the electron spin 

and the nuclear spin (I=1) of two axial amine nitrogen atoms are consistent with the formation 

of a L-N4Me2 coordinated nickel(I) species with a (dz
2)1 ground state. 

 

Figure 2.46: EPR spectrum of 6 in 0.2 M solution of TBAP in MeCN at 77 K, experimental (blue) and 

simulation (red). 

2.3.4 Electrochemistry 

The electrochemical properties of the complex [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3) was 

investigated by cyclic voltammetry in acetonitrile solution. The cyclic voltammogram for the 

oxidation of the complex 3 is displayed in Figure 2.47. The cyclic voltammogram exhibits an 

irreversible oxidation at + 152 mV vs SCE for the nickel(I) centers followed by another 

quasireversible oxidation at + 1.84 V vs SCE. The oxidation potential +1.84 V vs SCE is similar 

with the oxidation potential of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) (Figure 2.5), which indicates 
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that after oxidation of nickel(I) center, PhC2Ph falls apart and produces [Ni(L-

N4Me2)(MeCN)2](ClO4)2 (1). In addition, the cyclic voltammogram for the reduction of the 

complex 3 shows an irreversible reduction at -1.72 V vs SCE (appendix Figure 7.88). 

 

 

Figure 2.47: Cyclic voltammogram for the oxidation of 3 in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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2.4 Reactivity of [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a) with Molecular 

Oxygen 

2.4.1 Spectroscopic Studies 

The reactivity of [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a) with molecular oxygen in 

acetonitrile at room temperature was studied by in situ UV-Vis-NIR, NMR and EPR 

spectroscopies and ESI-MS. 

UV-Vis-NIR Spectroscopy 

Upon reaction with molecular oxygen, the complex [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= 

Ph] (2a) shows a spectral change in absorption spectrum as shown in Figure 2.48 and Figure 

2.49. The spectral change at the higher energy region (Figure 2.48) was observed as a decrease 

in absorption of CT band of 2a at 380 nm with apprearence of two prominent bands at 305 and 

326 nm, which are the characteristic bands for free diphenyldiacetylene (appendix Figure 7.90). 

 

Figure 2.48: UV-Vis spectral change during the reaction of 2a (0.023 mM) and O2 in MeCN at room 

temperature in 30 min intervals. The arrows indicate how the intensities of absorption 

bands change over time. 
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Whereas the spectral change at the visible NIR region (Figure 2.49) was observed as a decrease 

in the d-d band of 2a at 1205 nm with apprearence of three bands at 592, 822 and 996 nm 

(appendix Figure 7.91), which are the characteristic d-d bands for Ni(II) distorted octahedral 

complexes with L-N4Me2 as ligand.[108] 

 

Figure 2.49: UV-Vis-NIR spectral change during the reaction of 2a (5.33 mM) and O2 in MeCN at room 

temperature in 15 min intervals. The arrows indicate how the intensities of absorption 

bands change over time. 

NMR Spectroscopy 

The reaction of 2a and molecular oxygen was carried out in CD3CN for a period of 24 h and 

subsequent 1H and 13C NMR measurements of generated solution confirm the formation of free 

diphenyldiacetylene (Figure 2.50 and Figure 2.51). Broadening of 1H signals also indicate the 

presence of paramagnetic nickel species. 
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Figure 2.50: 1H NMR (600 MHz) spectrum of the reaction mixture of 2a and O2 in CD3CN at room 

temperature (after 24 h stirring); (ppm) = 7.57-7.59 (d, 4 H, J = 12 Hz), 7.40–7.48 (m, 6 

H). Inset shows the magnified region. 

 

 

 

Figure 2.51: 13C NMR (150.1 MHz) spectrum of the reaction mixture of 2a and O2 in CD3CN at room 

temperature (after 24 h stirring); (ppm) = 74.03, 82.34, 121.98, 129.67, 130.69 and 133.33. 

  



Result and Discussions 83 

ESI mass spectrometry 

In ESI-MS spectra (Figure 2.52), I observed a prominent ion peak at m/z of 528.0, whose mass 

and isotope distribution pattern correspond to [Ni(L-N4Me2)(PhC4Ph)]+ (4a) (calculated m/z 

528.1) (Figure 2.53). This mononuclear nickel(I)-diyne species 4a exhibited an interesting rise-

and-decay profile during the course of reaction. The peak intensity radically increased to the 

maximum and then decreased gradually with the time of the reaction. 

 

Figure 2.52: Time-course of ESI-MS spectra of the reaction mixture of 2a and O2 in MeCN (top to 

bottom: 15, 30, 75, 105 and 210 min). Y axis: Relative Intensity (107). 
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Figure 2.53: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(PhC4Ph)]+ (4a). 

I was also able to detect ion peaks at m/z of 357.9 and 785.0, whose mass and isotope 

distribution patterns correspond to [Ni(L-N4Me2)(O2)]
+ (5) (calculated m/z 358.1) and [{Ni(L-

N4Me2)}2(O2)(ClO4)]
+ (6) (calculated m/z 785.1) respectively (Figure 2.54 and Figure 2.57). 

Both species also exhibited rise-and-decay profiles during the course of reaction. 
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Figure 2.54: Time-course of ESI-MS spectra of the reaction mixture of 2a and O2 in MeCN (top to 

bottom: 15, 30, 75, 105 and 210 min). Y axis: Relative Intensity (105). 
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Figure 2.55: Time-course of ESI-MS spectra of the reaction mixture of 2a and O2 in MeCN (top to 

bottom: 15, 30, 75, 105 and 210 min). Y axis: Relative Intensity (106). 
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Figure 2.56: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(O2)]+ (5). 

 

 

Figure 2.57: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(O2)(ClO4)]+ (6). 
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EPR Spectroscopy 

EPR experiments were performed on the reaction mixture of 2a (4 mM) with oxygen in 

acetonitrile containing 0.2 M TBAP. Aliquots from the reaction mixture then taken every few 

minutes over the course of 180 min and frozen in EPR tubes. EPR spectra are depicted in Figure 

2.58. 

From the EPR spectra, it was found that upon reaction of 2a with oxygen two EPR active nickel 

species are formed in different concentration (12:3.5 ratios at 15 min). The intensities of both 

species continued to increase over the first 15 min and then decreased. After 180 min, the 

reaction mixture was EPR silent. At 15 min (Figure 2.59), the species with higher concentration 

exhibits a rhombic signal with g values of 2.282, 2.208 and 2.013, which is indicative of S = ½ 

ground state for the species. The anisotropy of the rhombic signal and the quintet splitting of 

the high field gz component with a hyperfine coupling constant of 36.70 MHz due to the 

interaction between the electron spin and the nuclear spin (I = 1) of two axial amine nitrogen 

atoms are consistent with the formulation as L-N4Me2 coordinated to a nickel species of (dz
2)1 

electronic configuration. 

 

Figure 2.58: X-Band EPR spectra of frozen solution of the reaction mixture of 2a (4 mM) and O2 

containing 0.2 M TBAP in acetonitrile at 77 K. 
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Figure 2.59: X-Band EPR spectra of frozen solution of the reaction mixture of 2a (4 mM) and O2 

containing 0.2 M TBAP in acetonitrile at 77 K, at 15 min; experimental (blue) and 

simulation (red). 

These spectroscopic parameters (gx = 2.282, gy = 2.208, gz = 2.013 and Az = 36.70 MHz) are 

very similar to those (gx = 2.300, gy = 2.213, gz = 2.008 and Az = 36.70 MHz) obtained for the 

mononuclear nickel(I)-alkyne complex [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3). 

The other species reveals a pseudoaxial signal (gx = 2.220, gy = 2.193, gz = 2.038) with hyperfine 

coupling to two axial amine nitrogen atoms (Az = 42.60 MHz), which is also consistent with the 

formation of a L-N4Me2 coordinated nickel(III) species with a (dz
2)1 ground state.[89, 108, 148-149] 

These spectroscopic parameters are similar to those (gx = 2.224, gy = 2.191, gz = 2.038 and Az 

= 42.60 MHz) obtained for the mononuclear nickel(III)-peroxo complex [NiIII(L-N4Me2)(O2)]
+ 

(5). (see section 2.6). 

The results from these investigations suggest that the reaction of [{Ni(L-N4Me2)}2(-

RC4R)](ClO4)2 [R= Ph] (2a) with molecular oxygen produced a mononuclear nickel(I)-diyne 

complex [NiI(L-N4Me2)(PhC4Ph)]+ (4a) and a mononuclear nickel(III)-peroxo species [NiIII(L-

N4Me2)(O2)]
+ (5), which are converted to free diphenyldiacetylene and an unstable dinuclear 

nickel(II) species [{NiII(L-N4Me2)}2(O2)(ClO4)]
+ (6) (Scheme 2.10). 
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Scheme 2.10: Reaction of 2a with O2 in MeCN. 

2.4.2 Reactivity in Presence of Lithium Perchlorate 

The reactivity of [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a) with molecular oxygen in 

presence of lithium ion in acetonitrile was performed. When the complex 2a was treated with 

molecular oxygen in the presence of excess lithium perchlorate in acetonitrile at room 

temperature, a white solid was precipitated, which was collected and dried under vacuum. A 

solution of the solid in H2SO4 (0.2 M) decolorizes the violet solution of KMnO4 (see 

experimental details), which was monitored by UV-Vis spectroscopy (appendix Figure 7.92). 

These results could suggest the formation of lithium peroxide as white precipitate during the 

course of the reaction between 2a and O2 in presence of lithium perchlorate. Raman spectrum 

of the isolated solid confirms the formation of lithium peroxide (̅O-O = 780 cm-1) (appendix 

Figure 7.93).[150-154] 
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2.5 Reactivity of [Ni(L-N4Me2)(PhC2Ph)](ClO4)  MeOH (3) with Molecular Oxygen 

The reactivity of [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3) with molecular oxygen was also 

investigated by in situ spectroscopies (UV-Vis-NIR and EPR) and ESI-MS. 

UV-Vis-NIR Spectroscopy 

Upon reaction with molecular oxygen, the complex 3 shows a spectral change in absorption 

spectrum as shown in Figure 2.60 and Figure 2.61. 

The spectral change at the higher energy region was observed as a decrease in absorption of 

charge transfer bands of the complex 3 at 249 and 364 nm with apprearence of two new bands 

at 278 and 296 nm, which are the characteristic bands for free diphenylacetylene (appendix 

Figure 7.94). 

 

Figure 2.60: UV-Vis spectral change during the reaction of 3 (0.726 mM) and O2 in MeCN at room 

temperature in 30 min intervals. The arrows indicate how the intensities of absorption 

bands change over time. 
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Whereas the spectral change at the visible NIR region was observed as a decrease in absorption 

of two bands and a shoulder of the complex 3 at 675, 1220 and 514 nm respectively with 

appearance of three new bands at 592, 822 and 996 nm (appendix Figure 7.95). Later bands are 

very similar with these of the Ni(II) distorted octahedral complexes with L-N4Me2 as ligand.[108] 

 

Figure 2.61: UV-Vis-NIR spectral change during the reaction of 3 (9.07 mM) and O2 in MeCN at room 

temperature in 30 min intervals. The arrows indicate how the intensities of absorption 

bands change over time. 
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ESI mass spectrometry 

In the course of reaction of 3 with oxygen in acetonitrile at room temperature over 420 min, the 

peak of the starting complex 3 ([Ni(L-N4Me2)(PhC2Ph)]+, m/z = 504.0) decreased gradually 

with the time of reaction (Figure 2.62). 

 

Figure 2.62.: Time-course of ESI-MS spectra of the reaction mixture of 3 and O2 in MeCN (top to 

bottom: 15, 60, 120, 180, 240, 300 and 420 min). Y axis: Relative Intensity (0-7 )(107). 

I am also able to detect signals due to [Ni(L-N4Me2)(O2)]
+ (5) (m/z = 357.9) and [{Ni(L-

N4Me2)}2(O2)(ClO4)]
+ (6) (m/z = 785.0) but with much smaller intensities as shown in Figure 

2.63 and Figure 2.64. The isotope patterns agree with those obtained by computer simulations 

(Figure 2.65 and Figure 2.66). Both species exhibited rise-and-decay profile during the course 

of reaction. 
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Figure 2.63: Time-course of ESI-MS spectra of the reaction mixture of 3 and O2 in MeCN, (top to 

bottom: 15, 60, 120, 180, 240, 300 and 420 min).Region: m/z = 355-365 and Y axis: Relative 

Intensity (0-15 )(105). 
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Figure 2.64: Time-course of ESI-MS spectra of the reaction mixture of 3 and O2 in MeCN, (top to 

bottom: 15, 60, 120, 180, 240, 300 and 420 min). Region: m/z = 775-795 and Y axis: Relative 

Intensity (0-3 )(105). 
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Figure 2.65: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(O2)]+ (5). 

 

 

Figure 2.66: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}(O2)(ClO4)]+ (6). 
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EPR Spectroscopy 

EPR experiments were performed on the reaction mixture of 3 (4 mM) with oxygen in 

acetonitrile containing 0.2 M TBAP. Aliquots from the reaction mixture then taken every few 

minutes over the course of 390 min and frozen in EPR tubes. EPR spectra are depicted in Figure 

2.67 and Figure 2.68. 

It was found that upon reaction of 3 with oxygen, the intensity of [Ni(L-N4Me2)(PhC2Ph)]+ 

species decreased gradually with the time of reaction. The EPR spectra also revealed presence 

of additional band nearly around gz = 2.038 ( gz = 2.008), whose intensity decreases to some 

extent with the time of reaction. The additional peak could be due to the presence of EPR active 

species [NiIII(L-N4Me2)(O2)]
+ (5). 

 

Figure 2.67: X-Band EPR spectra of frozen solution of the reaction mixture of 3 (4 mM) and O2 

containing 0.2 M TBAP in MeCN, measured at 77 K. 

 

The results from these investigations suggest that the reaction of 3 with molecular oxygen 

produced diphenylacetylene and [NiIII(L-N4Me2)(O2)]
+ (5), which reacts with 3 to produce 

unstable [{NiII(L-N4Me2)}2(O2)(ClO4)]
+ (6) (Scheme 2.11). 
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Figure 2.68: X-Band EPR spectra of frozen solution of the reaction mixture of 3 (4 mM) and O2 

containing 0.2 M TBAP in acetonitrile, measured at 77 K , at 15 min. 

 

Scheme 2.11: Reaction of 3 with O2 in MeCN. 
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2.6 Generation and Characterization of [Ni(L-N4Me2)(O2)]+ (5) 

I have observed that upon reaction of [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a) with 

oxygen two EPR active nickel species [Ni(L-N4Me2)(PhC4Ph)]+ (4a) and [Ni(L-N4Me2)(O2)]
+ 

(5) are formed in different concentration. The species [Ni(L-N4Me2)(O2)]
+ (5) shows a 

pseudoaxial signal with magnetic anisotropy of g value and quintet splitting of gz component in 

EPR experiments. To support the formulation of [Ni(L-N4Me2)(O2)]
+ (5), I performed the 

reaction between [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) and potassium superoxide to generate 

[Ni(L-N4Me2)(O2)]
+ (5) species. 

The reaction between [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) and 1.1 equivalent potassium 

superoxide affords an olive green solution in acetonitrile containing 0.2 M TBAP at – 35 C. 

 

Scheme 2.12: Generation of [Ni(L-N4Me2)(O2)]+ (5) using KO2. 

EPR experiment was performed on the reaction mixture. Aliquot from the reaction mixture was 

taken in a cooled EPR tube and frozen in liquid nitrogen. The EPR spectrum of the reaction 

mixture is displayed in Figure 2.69. The spectrum exhibits a pseudoaxial signal with g values 

of 2.224, 2.191 and 2.038, which is indicative of an S = ½ ground state for the species. The 

high anisotropy of the rhombic signal and the quintet splitting of the high field gzz component 

with a hyperfine coupling constant of 42.6 MHz due to the interaction between the electron spin 

and the nuclear spin (I = 1) of two axial amine nitrogen atoms are also consistent with the 

formulation [NiIII(L-N4Me2)(O2)]
+ species of (dZ

2)1 electronic configuration. 

These spectroscopic parameters (gx = 2.224, gy = 2.191, gz = 2.038 and Az = 42.6 MHz) are 

similar to those (gx = 2.220, gy = 2.193, gz = 2.038 and Az = 42.6 MHz) obtained for less 

concentrated species [Ni(L-N4Me2)(O2)]
+ (5) formed upon reaction of 2a with molecular 

oxygen. 
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Figure 2.69: X-Band EPR spectrum of the solution from the reaction of 1 with KO2 in MeCN containing 

0.2 M TBAP at – 35 C, measured at 77 K; experimental (blue) and simulation (red). 

The stability of the EPR active nickel(III)-peroxide species at -35C was also monitored by 

EPR measurements. Aliquots from the reaction mixture was taken at a different time interval 

in precooled EPR tubes and frozen in liquid nitrogen. Spectral changes are depicted in Figure 

2.70 and appendix Figure 7.97. Spectra show the intensity of the species continued to decrease 

over time, which attributed to the instability of the species at -35C in acetonitrile. 

When the reaction between [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) and potassium superoxide was 

performed in propionitrile containing 0.1 M TBAP at – 65C, it produced same EPR active 

nickel(III)-peroxide species [Ni(L-N4Me2)(O2)]
+ (5). The stability of the species at – 65C was 

also monitored by EPR measurements at different time intervals. Spectral changes are depicted 

in Figure 2.71 and Figure 2.72. The spectra indicate that the EPR active species is relatively 

stable at - 65C. In addition, spin quantification using complex 3 (5.1 mM in 0.1 M 

TBAP/EtCN) as standard finds that the EPR signal corresponds to around 65% of the total 

nickel content in the sample.  
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Figure 2.70: X-Band EPR spectra of the solutions from the reaction of 1 with KO2 in 0.2 M TBAP/MeCN 

at – 35 C at different time interval (6-32 h). All spectra are recorded at 77 K. 

 

 

Figure 2.71: X-Band EPR spectra of the solutions from the reaction of 1 with KO2 in 0.1 M TBAP/EtCN 

at –65C at different time interval (2 - 29 h). All spectra are recorded at 77 K. 
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Figure 2.72: X-Band EPR spectra of the solutions from the reaction of 1 with KO2 in 0.1 M TBAP/EtCN 

at –65C at different time interval (48 - 50 h). All spectra are recorded at 77 K. 

Metal(III)-peroxo complexes have been generated by reacting metal(II) complex with H2O2 in 

presence of base (e.g. triethylamine).[87, 89, 155-158] I also generate nickel(III)-peroxo complex 

[Ni(L-N4Me2)(O2)]
+ (5) using similar procedure. 

5 equivalents of H2O2 was added to a solution containing [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) 

and two equivalents of triethylamine in 0.2 M TBAP/MeCN at -35C (Scheme 2.13). EPR 

experiment was performed on the reaction mixture after 3 h stirring. Aliquot from the reaction 

mixture was taken in a cooled EPR tube and frozen in liquid nitrogen. 

 

Scheme 2.13: Generation of [Ni(L-N4Me2)(O2)]+ (5) using H2O2. 

 

290 300 310 320 330 340

-4

0

4

8

In
te

n
s
it
y

H / mT

 48 h

 50 h



Result and Discussions 103 

The EPR spectrum of the reaction mixture is depicted in Figure 2.73. The spectrum exhibits a 

pseudoaxial signal with the quintet splitting of the high field gzz component (gx = 2.223, gy = 

2.190, gz = 2.038 and Az = 42.6 MHz), suggesting formation of the same EPR active nickel(III)-

peroxide species [Ni(L-N4Me2)(O2)]
+ (5) upon reaction of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) 

and H2O2 in 0.2 M TBAP/MeCN containing triethylamine at – 35 C. 

 

Figure 2.73: X-Band EPR spectrum of the solution mixture from the reaction of 1 with H2O2 in 0.2 M 

TBAP/MeCN containing triethylamine at – 35 C, measured at 77 K; experimental (blue) 

and simulation (red). 
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2.7 Nickel-Mediated Catalytic Reaction 

The reactivity of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) was evaluated for homocoupling reaction 

of phenylacetylene as a test substrate. 

The reaction when conducted with catalytic quantity (10 mol%) of 1 and two equivalents of 

sodium hydride as base at room temperature under the oxygen atmosphere afforded 1,3-diyne 

(diphenyldiacetylene) in 78% yield (Scheme 2.14). 

 

Scheme 2.14: Evaluation of 1 as catalyst. 

It is important to mention that I did not observe diphenyldiacetylene formation neither in the 

presence of weak base like triethylamine, nor in the absence of it. These results suggest that 

there is no activation of terminal alkyne towards deprotonation by the coordination of CC 

triple bond and nickel(II) species. 
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2.8 Spectroscopy Studies on Catalytic Reaction 

To investigate the catalytic cycle and the intermediates involved in the aforesaid nickel-

catalyzed homocoupling process, ESI-MS and EPR studies on the catalytic reaction mixture 

were carried out (Scheme 2.15).  

 

Scheme 2.15: [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) catalyzed homocoupling reaction condition. 

ESI mass spectrometry 

To examine the catalytic reaction mixture by ESI-MS, one equivalent phenylacetylene, two 

equivalent NaH and [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) (10 mol%) was added in acetonitrile 

under oxygen atmosphere. The solution mixture was stirred for 5 min and then after 

microfiltration the mixture was injected to mass spectrometer for analysis. 

ESI-MS spectrum is depicted in Figure 2.74. The spectrum shows signals due to ion peak at a 

m/z of 528.0, whose mass and isotope distribution pattern corresponds to [Ni(L-

N4Me2)(PhC4Ph)]+ (4a) (and Figure 2.75). ESI-MS spectrum also displays signals due to ion 

peaks corresponds to [{Ni(L-N4Me2)}2(-PhC4Ph)]2+ (2a) (m/z = 427.0), [Ni(L-N4Me2)(O2)]
+ 

(5) (m/z = 357.9) and [{Ni(L-N4Me2)}2(O2)(ClO4)]
+ (6) (m/z = 785.0) with the predicted isotope 

patterns but with much smaller intensities as shown in appendix Figure 7.100 to Figure 7.103. 
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Figure 2.74: ESI-MS spectrum of catalytic reaction mixture in MeCN. 

 

 

Figure 2.75: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(PhC4Ph)]+(4a). 
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EPR Spectroscopy 

To explore the catalytic reaction mixture by EPR spectroscopy, one equivalent phenylacetylene, 

two equivalent NaH and [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) (10 mol%) was added in 0.2 M 

TBAP acetonitrile solution under oxygen atmosphere. The solution mixture was stirred for 15 

min. Aliquot from the reaction mixture was taken in a EPR tube and frozen in liquid nitrogen. 

The EPR spectrum of the catalytic reaction mixture is depicted in Figure 2.76. The EPR analysis 

reveals a EPR signal indicating the presence of two EPR active species, [Ni(L-

N4Me2)(PhC4Ph)]+ (4a) and [Ni(L-N4Me2)(O2)]
+ (5).  

 

Figure 2.76: X-band EPR spectrum of the catalytic reaction mixture in 0.2 M TBAP/MeCN, measured at 

77 K; experimental (blue) and simulation (red). 

These results from the ESI-MS and EPR studies give evidence for the presence of [{Ni(L-

N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a), [Ni(L-N4Me2)(PhC4Ph)]+ (4a), [Ni(L-N4Me2)(O2)]
+ 

(5) and [{Ni(L-N4Me2)}2(O2)(ClO4)]
+ (6) complexes in the catalytic reaction mixture. 

  



108  

 

2.9 Proposed Mechanism 

On the basis of experimental data obtained from both stoichiometric and catalytic reactions of 

nickel-mediated homocoupling reaction of terminal alkynes, the reaction mechanism is 

proposed as outlined in Scheme 2.16. The transmetalation reaction between complex [Ni(L-

N4Me2)(MeCN)2](ClO4)2 (1) and sodium acetylide gives the mononuclear nickel(II) alkynyl 

complex (1a). This is then converted to a dinuclear nickel(I)-diyne complex [{Ni(L-

N4Me2)}2(-RC4R)](ClO4)2 (2) via the intermediacy of a dinuclear nickel(II) alkynyl species 

(1b). In presence of oxygen, intermediate 2 is transformed to a mononuclear nickel(I)-diyne 

[Ni(L-N4Me2)(RC4R)]+ (4) and nickel(III)-peroxo [Ni(L-N4Me2)(O2)]
+ (5) species. Both these 

species (4 and 5) are readily converted to an unstable dinuclear nickel(II)-peroxo complex 

[{Ni(L-N4Me2)}2(O2)(ClO4)]
+ (6) along with the concomitant release of 1,3-diyne (RC4R). 

Complex 6 undergoes a solvent exchange with precipitation of sodium peroxide to give 1 which 

carries forward the catalytic cycle. 
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Scheme 2.16: Proposed mechanism for [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) catalyzed homocoupling reaction of terminal alkynes. 
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3 Summary 

A detailed mechanistic aspect of the nickel-mediated homocoupling reaction of terminal 

alkynes is investigated through the isolation and characterization of key intermediates from 

both the stoichiometric and the catalytic reactions. 

A series of dinuclear nickel(I)-diyne complexes bridged by a 1,3-diyne ligand is described. The 

complexes have been isolated from stoichiometric nickel(II)-mediated C-C bond formation 

reactions and thoroughly characterized by x-ray structure determination and other physical 

methods. The structure analyses of the complexes assign a distorted trigonal bipyramidal 

coordination geometry to each nickel(I) center with the ligand L-N4Me2 and alkyne group of 

1,3-diyne ligand in side-on fashion. 

The structural, magnetic, spectroscopic and theoretical investigations of these complexes 

confirm the formation of dinuclear nickel(I) π-diyne complex instead of nickel 

metallacyclopropene complex (Ni(III) with a [η2-alkenediyl]2- ligand) with (dz2)1 electronic 

ground state. The detailed magnetic investigations reveal strong antiferromagnetic coupling 

between the nickel centers via 1,3-diyne bridging ligand. The results of the magnetic 

investigations are expected to deliver valuable insights into diyne bridge-mediated exchange 

coupling as well as electron transfer between metal centers. The complexes not only represent 

as a key intermediate in nickel-mediated carbon carbon bond formation reaction of terminal 

alkynes, but also describe the first structurally characterized dinuclear nickel(I)-diyne 

complexes. In addition, the complexes constitute important addition to the family of structurally 

well characterized nickel(I) complexes. 

The influence of substituents to the diyne ligand on structural, magnetic, electronic properties 

of the dinuclear nickel(I)-diyne complexes has been investigated. These studies provide 

important insights into the nature of interaction between nickel center and diyne ligands. 

Radical trapping and low temperature UV-Vis-NIR experiments in the formation of the 

dinuclear nickel(I)-diyne confirm that the reactions occurring during the reduction of nickel(II) 

to nickel(I) and C-C bond formation of diyne follow non-radical concerted mechanism. 

Nevertheless, question regarding mechanistic details like formation of the mononuclear 

nickel(II)-alkynyl and/or dinuclear nickel(II)-alkynyl intermediates remains open. 



Summary 111 

The reactivity of dinuclear nickel(I)-diyne complex [{Ni(L-N4Me2)2(-RC4R)](ClO4)2 [R= Ph] 

(2a) with molecular oxygen has been investigated. The reaction yields a mononuclear nickel(I)-

diyne complex [NiI(L-N4Me2)(PhC4Ph)]+ (4a) and a mononuclear nickel(III)-peroxo species 

[NiIII(L-N4Me2)(O2)]
+ (5), which are converted to free diphenyldiacetylene and an unstable 

dinuclear nickel(II) species [{NiII(L-N4Me2)}2(O2)(ClO4)]
+ (6). These species represent 

important key intermediates in nickel-mediated homocoupling reaction of terminal alkynes 

using oxygen as oxidant. The mononuclear nickel(I)-alkyne complex [Ni(L-

N4Me2)(PhC2Ph)](ClO4) MeOH (3) has been isolated and well characterized, whose 

spectroscopic properties further confirm the formulation of [NiI(L-N4Me2)(PhC4Ph)]+ (4a). 

Generation and spectroscopic characterization of [NiIII(L-N4Me2)(O2)]
+ (5) species is also 

described. The results from the reaction of nickel(I)-diyne complex and oxygen portend the 

opportunity to further explore and define nickel-O2 chemistry, which is a subject of 

considerable current interest due to its practical importance in industrial and biological 

oxidation reactions. 

Nickel-catalyzed homocoupling of phenylacetylene with catalytic amounts of [Ni(L-

N4Me2)(MeCN)2](ClO4)2 (1) employing oxygen as oxidant at room temperature is investigated. 

Spectroscopic experiments on the catalytic reaction mixture confirms the presence of [{Ni(L-

N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a), [NiI(L-N4Me2)(PhC4Ph)]+ (4a),  [NiIII(L-

N4Me2)(O2)]
+ (5) and [{NiII(L-N4Me2)}2(O2)(ClO4)]

+ (6) complexes as intermediates. Results 

of both stoichiometric and catalytic reactions suggested the mechanism involving 

nickel(II)/nickel(I)/nickel(III) oxidation states. These findings are expected to open a new 

paradigm towards nickel catalyzed organic transformations. 
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4 Experimental Section 

4.1 Physical Methods 

The elemental analyses (C, H and N) were carried out from the department of Organic 

Chemistry at the Technische Universität Kaiserslautern with elemental analyzer Vario MICRO 

cube from Elementar Analysensysteme GmbH. 

The IR spectra were recorded on a FT / IR-4100 spectrometer from Jasco. The substances were 

measured as KBr pellet. Only the most intense bands are given. 

The NMR spectra were recorded on the devices Avance DPX 400 and Avance DPX 600 from 

Bruker. The chemical shift is indicated by the δ scale in ppm. The signals of the residual protons 

(1H) or carbons (13C) atom in the deuterated solvents were used as the internal standard.[159] The 

spectra were evaluated using the program TopSpin 3.1 from Bruker. 

Electronic absorption spectra were recorded on a Varian Cary 5000 UV-Vis-NIR spectrometer. 

For low temperature measurements, Unisoku UnispeKs cryostat was used. 

Electrochemical experiments were performed in 0.2 M solution of TBAP in acetonitrile using 

a potentiostat/galvanostat 273 A of Princeton Applied Research and a platinum foil as working 

electrode, a platinum net as counter electrode and a saturated calomel electrode as the reference 

electrode. The ferrocene/ferrocenium redox couple served as the internal reference (+0.42 V 

vs. SCE). 

EPR measurements were carried out with a Bruker Elexsys 580 X-Band spectrometer equipped 

with a Bruker ER 4122 SHQE resonator in combination with an Oxford Instruments ESR 900 

continuous flow cryostat controlled by an Oxford Instruments ITC 503 temperature control 

device. The simulation of the ESR spectra were carried out with help of Prof. H.-J. Krüger, 

Ph.D. from the department of Inorganic Chemistry at Technische Universität Kaiserslautern 

using the program EasySpin version 5.1.8.[160] 

The ESI-MS were carried out from the department of Physical Chemistry at Technische 

Universität Kaiserslautern. It was performed using a Paul-type quadrupole ion trap instrument 

(Bruker Esquire 3000plus) and data analysis was performed using Bruker Data Analysis 3.4 

software. 
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The X-ray structure analyses were carried out by Dr. H. Kelm from the department of Inorganic 

Chemistry at Technische Universität Kaiserslautern with the devices Stoe IPDS and Oxford 

Diffraction Gemini S Ultra. The program SIR97 was used to solve the recorded data.[161] 

Structural refinements were made using SHELXL-97.[162] 

DFT calculations were carried out by Prof. Dr. C. Van Wüllen from the department of Physical 

and Theoretical Chemistry at Technische Universität Kaiserslautern. 

Raman measurement was carried out by Dr. M. Schmitz, group member of Prof. H.-J. Krüger, 

Ph.D. from the department of Inorganic Chemistry at Technische Universität Kaiserslautern 

using LabRam HR 800 UV Horiba Jobin-Yvon equipped with microscope BX41 Olympus 

(laser excitation wavelength: 784 nm). 

Susceptibility measurement was carried out with a Quantum-Design MPMS-5S SQUID by Dr. 

S. Demeshko, group member of Prof. Dr. F. Meyer of the Institute of Inorganic Chemistry at 

the Georg-August-University Göttingen. SQUID magnetometer equipped with a 5 T magnet in 

the range from 298 to 2.0 K. The powdered sample was contained in a gel bucket and fixed in 

a nonmagnetic sample holder. The raw data file for the measured magnetic moment was 

corrected for the diamagnetic contribution of the sample holder and the gel bucket. The molar 

susceptibility was corrected by using Pascal’s constants and the increment method. 

Experimental data for complexes were modelled by using a fitting procedure to the appropriate 

Heisenberg–Dirac–van-Vleck (HDvV) spin Hamiltonian for istropic exchange coupling and 

Zeeman splitting [Equation (1)].[163] 

Ĥ = –2JŜ1Ŝ2 + gµB(Ŝ1+Ŝ2)B                                                                                                           (1) 

A temperature-independent paramagnetism (TIP) and a Curie-behaved paramagnetic impurity 

(PI) with spin S = 1/2 were included according to calc = (1 PI)∙+ PI∙mono + TIP. 

Simulation of the experimental magnetic data with full-matrix diagonalisation of exchange 

coupling and Zeeman splitting was performed with the julX program. TIP and PI values are 

listed in appendix Table 7.10 
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4.2 Starting Materials 

ABCR: p-Fluorophenylacetylene, Nickel(II) perchlorate hexahydrate 

Acros Organics: nButyllithium (2.5M in hexane), Calcium hydride, Diphenylacetylene, 

Ferrocenylacetylene, 1-Pentyne, Phenylacetylene, Potassium bromide, Potassium superoxide, 

Propionitrile, Sodium, TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl), p-

Tolylacetylene 

Deutero: Chloroform-d 

euriso-top: Chloroform-d, Methanol-d4 

Fisher Chemicals: Acetonitrile, Methanol, Tetrahydrofuran 

Fluka Chemika: Lithium perchlorate 

Maybridge: p-Methoxyphenylacetylene 

Sigma-Aldrich: p-Dimethylaminophenylacetylene, Propionitrile 

Laboratory Stock without manufacturer specification (Obtained from the chemical store of the 

department of chemistry of Technische Universität Kaiserslautern): 

Acetone, Diethyl ether, Ethanol, Methanol (tech.), Pentane, Petroleum ether (40-60) 

Laboratory Stock without manufacturer specification: Ferrocene, Tetrabutylammonium 

perchlorate (TBAP) 

In addition, the following starting compound was prepared according to the stated literature 

procedures: 

N,N-Dimethyl-2,11-diaza[3.3](2,6)pyridinophan (L-N4Me2) (modified)[164] 
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4.3 Experimental Details 

4.3.1 Synthesis of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) 

 

The complex [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) was synthesized according to the modified 

literature procedure.[108]Under air, a solution of L-N4Me2 (270 mg, 1 mmol) in acetonitrile (20 

mL) was slowly added to a solution of Ni(ClO4)26H2O (365 mg, 1 mmol) in acetonitrile (20 

mL). The violet reaction mixture was then heated for a short time to reflux temperature and 

then allowed to cool to room temperature. The volume of the solution was reduced to 

approximately 15 mL. After slow diffusion of diethyl ether into the solution, analytically pure 

product [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) was obtained as violet crystals. 

Yield: 511 mg (0.84 mmol, 84%); MW (C20H26N6Cl2NiO8) = 608.06 g.mol-1. 

Characterization 

Elemental analysis:   Calculated:   C = 39.51 %   H = 4.31 %   N = 13.82 % 

                                   Found:         C = 39.44 %   H = 4.34 %   N = 13.78 % 

IR (KBr Pellet): ̃ = 3086, 3004, 2976, 2936, 2824, 2313, 2285, 2012, 1608, 1585, 1478, 1454, 

1380, 1304, 1268, 1220, 1167, 1093, 1032, 1003, 870, 797, 761, 694 and 623 cm-1. 

ESI-MS (Acetonitrile solution):  

m/z = Calculated for [Ni(L-N4Me2)(ClO4)]
+: 425.0; Found: 424.9. 

          Calculated for [Ni(L-N4Me2)]
2+: 163.0; Found: 162.9. 

UV-Vis-NIR (Acetonitrile solution, Room temperature):  

max (єM) = 261 (7274), 339 (315), 516 (9.1), 816 (sh, 24.0) and 920 (28.2) nm (M-1cm-1).  
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4.3.2 Synthesis of [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a-2g) 

 

Under pure nitrogen atmosphere, a solution of terminal alkyne (0.5 mmol) in absolute THF (10 

mL) was cooled to -78 ºC. A solution of nBuLi (200 µL, 2.5 M) in hexane was carefully added 

dropwise to the cooled solution of terminal alkyne. The resulting mixture was stirred for 0.5 h 

and then allowed to warm to room temperature. The mixture was stirred for an additional 1 h 

to give a pale yellow (for 2a-2f) or orange (for 2g) solution. The in situ generated lithium 

acetylide was then transferred to an another flask containing [Ni(L-N4Me2)(MeCN)2](ClO4)2 

(1) (152.0 mg, 0.25 mmol) dissolved in dry acetonitrile (30 mL) via cannula. The color of the 

mixture changed from violet to dark brown. The solution was stirred for 2 h. After removing 

the volatiles, a dark residue obtained was dissolved in a minimum volume of methanol (2a-2b) 

or ethanol (for 2c-2g). The solution was refluxed shortly, cooled to room temperature, and 

allowed to stand for 2-3 days to afford analytically pure, crystalline product [{Ni(L-

N4Me2)}2(-RC4R)](ClO4)2. The yield can be enhanced by a further reduction of the volume of 

the mother liquid and additional storage of it. 

[{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a): 

From phenylacetylene (55 µL, 0.5 mmol) a total yield of 87 mg (0.082 mmol, 66%) of 

crystalline dark brown product was obtained. 

Yield: 87 mg (0.082 mmol, 66%); MW (C48H50N8Cl2Ni2O8) = 1055.28 g.mol-1. 

Characterization 

Elemental analysis: Calculated:   C = 54.63 %   H = 4.78 %   N = 10.62 % 

                                 Found:         C = 54.49 %   H = 4.48 %   N = 10.64 % 

IR (KBr Pellet): 

 ̃ = 2970, 2904, 2814, 1809, 1606, 1579, 1479, 1444, 1375, 1165, 1134, 1093, 1012, 870, 794, 

760, 694, 634 and 621 cm-1. 
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ESI-MS (Acetonitrile solution): 

m/z = Calculated for [{Ni(L-N4Me2)}2(-PhC4Ph)(ClO4)]
+: 955.2; Found: 955.0. 

          Calculated for [Ni(L-N4Me2)(PhC4Ph)]+: 528.1; Found: 528.2. 

UV-Vis-NIR (Acetonitrile solution, Room temperature):  

max (єM) = 253 (42460), 286 (sh, 26230), 304 (22660), 325 (18310), 379 (21434), 554 (sh, 

808), 690 (sh, 146) and 1205 (91) nm (M-1 cm-1) 

[{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= C6H4Me-4] (2b): 

From p-tolylacetylene (64 µL, 0.5 mmol) a total yield of 85 mg (0.078 mmol, 62%) of 

crystalline dark brown product was achieved. 

Yield: 85 mg (0.078 mmol, 62%); MW (C50H54N8Cl2Ni2O8) = 1083.30 g.mol-1. 

Characterization 

Elemental analysis: Calculated:   C = 55.44 %   H = 5.02 %   N = 10.34 % 

                                 Found:         C = 55.17 %   H = 5.16 %   N = 10.25 % 

IR (KBr Pellet):  

 ̃ = 2964, 2906, 2875, 2813, 1813, 1604, 1579, 1473, 1444, 1377, 1132, 1093, 1012, 872, 821, 

791 and 623 cm-1. 

ESI-MS (Acetonitrile solution): 

m/z = Calculated for [{Ni(L-N4Me2)}2(-RC4R)(ClO4)]
+: 983.3; Found: 983.0. 

          Calculated for [Ni(L-N4Me2)(RC4R)]+: 556.2; Found: 556.1. 

          Calculated for [{Ni(L-N4Me2)}2(-RC4R)]2+: 441.2; Found: 441.1. 

          Calculated for [Ni(L-N4Me2)]
+: 326.1; Found: 325.9.  

UV-Vis-NIR (Acetonitrile solution, Room temperature): 
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max (єM) = 253 (42285), 291(sh, 27724), 309 (sh, 23415), 330 (sh, 18511), 379 (20907), 558 

(sh, 769), 747 (sh, 99) and 1210 (87) nm (M-1 cm-1). 

[{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= C6H4Me-4] (2c): 

From p-fluorophenylacetylene (58 µL, 0.5 mmol) a total yield of 88 mg (0.081 mmol, 65 %) of 

crystalline dark brown product was obtained. 

Yield: 88 mg (0.081 mmol, 65 %); MW (C48H48N8Cl2Ni2O8F2) = 1091.23 g.mol-1. 

Elemental analysis: Calculated:   C = 52.83 %   H = 4.43 %   N = 10.27 % 

                                 Found:         C = 52.82 %   H = 4.64 %   N = 10.28 % 

Characterization 

IR (KBr Pellet):  

 ̃ = 2966, 2908, 2878, 2815, 1808, 1606, 1592, 1493, 1475, 1445, 1378, 1222, 1151, 1119, 

1095, 1012, 871, 843, 794 and 623 cm-1 

ESI-MS (Acetonitrile solution):  

m/z = Calculated for [{Ni(L-N4Me2)}2(-RC4R)(ClO4)]
+: 991.2; Found: 990.9. 

          Calculated for [Ni(L-N4Me2)(RC4R)]+: 564.2; Found: 564.0. 

          Calculated for [{Ni(L-N4Me2)}2(-RC4R)]2+: 445.1; Found: 445.0. 

          Calculated for [Ni(L-N4Me2)]
+: 326.1; Found: 325.9.  

UV-Vis-NIR (Acetonitrile solution, Room temperature):  

max (єM) = 252 (37313), 273 (sh, 25349), 306 (sh, 20629), 377 (21572), 550 (sh, 784), 750 (sh, 

85) and 1202 (87) nm (M-1 cm-1) 

[{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = C6H4OMe-4] (2d): 

From p-methoxyphenylacetylene (65 µL, 0.5 mmol) a total yield of 78 mg (0.070 mmol, 56 %) 

of crystalline dark brown product was isolated. 
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Yield: 78 mg (0.070 mmol, 56%); MW (C50H54N8Cl2Ni2O10) = 1115.33 g.mol-1. 

Characterization 

Elemental analysis: Calculated:   C = 53.85 %   H = 4.88 %   N = 10.05 % 

                                 Found:         C = 54.11 %   H = 4.96 %   N = 10.14 % 

IR (KBr Pellet): 

 ̃ = 2959, 2909, 2877, 2813, 1810, 1597, 1579, 1499, 1474, 1444, 1376, 1285, 1250, 1218, 

1161, 1095, 1025, 1014, 871, 837, 793, 758, 623 and 580 cm-1 

ESI-MS (Acetonitrile solution):  

m/z = Calculated for [{Ni(L-N4Me2)}2(-RC4R)(ClO4)]
+: 1013.3; Found: 1013.0. 

          Calculated for [Ni(L-N4Me2)(RC4R)]+: 588.2; Found: 588.1. 

          Calculated for [{Ni(L-N4Me2)}2(-RC4R)]2+: 457.2; Found: 457.1. 

          Calculated for [Ni(L-N4Me2)]
+: 326.1; Found: 325.9. 

UV-Vis-NIR (Acetonitrile solution, Room temperature): 

max (єM) = 252 (39290), 282 (sh, 33373), 313 (sh, 27015), 382 (26956), 563 (sh, 754), 760 (sh, 

95) and 1226 (89) nm (M-1 cm-1). 

[{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = C6H4NMe2-4] (2e):  

From p-dimethylaminophenylacetylene (72.6 mg, 0.5 mmol) a total yield of 82 mg (0.072 

mmol, 57 %) of crystalline dark brown product was obtained. 

Yield: 82 mg (0.072 mmol, 57%); MW (C52H60N10Cl2Ni2O8) = 1141.40 g.mol-1. 

Characterization: 

Elemental analysis: Calculated:   C = 54.72 %   H = 5.30 %   N = 12.27 % 

                                 Found:         C = 55.02 %   H = 5.32 %   N = 12.13 % 
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IR (KBr Pellet): 

 ̃ = 2963, 2895, 2813, 1806, 1601, 1513, 1474, 1444, 1361, 1285, 1250, 1226, 1161, 1092, 

1013, 945, 871, 817, 794, 758 and 623 cm-1. 

ESI-MS (Acetonitrile solution):  

m/z = Calculated for [{Ni(L-N4Me2)}2(-RC4R)(ClO4)]
+: 1041.3; Found: 1041.1. 

          Calculated for [Ni(L-N4Me2)(RC4R)]+: 614.3; Found: 614.2. 

          Calculated for [{Ni(L-N4Me2)}2(-RC4R)]2+: 470.2; Found: 470.1. 

          Calculated for [Ni(L-N4Me2)]
+: 326.1; Found: 325.9.  

UV-Vis-NIR (Acetonitrile solution, Room temperature):  

max (єM) = 237 (sh, 42416), 254 (sh, 37569), 324 (38288), 402 (35180), 575 (sh, 823), 771 (sh, 

117) and 1255 (81) nm (M-1 cm-1). 

[{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = nC3H7] (2f): 

From 1-pentyne (50 µL, 0.5 mmol) a total yield of 80 mg (0.081 mmol, 65 %) of crystalline 

dark brown product was obtained. 

Yield: 80 mg (0.081 mmol, 65 %); MW (C48H50N8Cl2Ni2O8) = 987.22 g.mol-1. 

Characterization 

Elemental analysis: Calculated:   C = 51.10 %   H = 5.51 %   N = 11.35 % 

                                 Found:         C = 50.97 %   H = 5.73 %   N = 11.36 % 

IR (KBr Pellet): 

 ̃ = 2965, 2921, 2872, 2817, 1855, 1605, 1582, 1473, 1447, 1378, 1162, 1120, 1099, 1014, 

870, 821, 792, 757 and 623 cm-1. 

ESI-MS (Acetonitrile solution):  

m/z = Calculated for [Ni(L-N4Me2)(RC4R)]+: 460.1; Found: 460.0. 
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          Calculated for [Ni(L-N4Me2)]
+: 326.1; Found: 325.9.  

UV-Vis-NIR (Acetonitrile solution, Room temperature):  

max (єM) = 251 (24818), 316 (sh, 7411), 386 (7200), 558 (sh, 506), 794 (sh, 98) and 1281 (73) 

nm (M-1 cm-1). 

[{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = Fc] EtOH (2g): 

From ferrocenylacetylene (72.6 mg, 0.5 mmol) a total yield of 102 mg (0.077 mmol, 61 %) of 

crystalline brown product was obtained. 

Yield: 102 mg (0.077 mmol, 61 %); MW (C58H64N8Cl2Ni2Fe2O9) = 1317.19 g.mol-1. 

Characterization 

Elemental analysis: Calculated:   C = 52.89 %   H = 4.90 %   N = 8.51 % 

                                 Found:         C = 52.84 %   H = 4.98 %   N = 8.45 % 

IR (KBr Pellet): 

 ̃ = 3088, 2916, 2814, 1820, 1604, 1579, 1472, 1444, 1375, 1303, 1213, 1162, 1096, 1012, 

870, 828, 792 and 623 cm-1 

ESI-MS (Acetonitrile solution):  

m/z = Calculated for [{Ni(L-N4Me2)}2(-RC4R)(ClO4)]
+: 1171.1; Found: 1171.0. 

          Calculated for [Ni(L-N4Me2)(RC4R)]+: 744.1; Found: 743.9. 

          Calculated for [{Ni(L-N4Me2)}2(-RC4R)]2+: 535.1; Found: 534.9. 

          Calculated for [Ni(L-N4Me2)]
+: 326.1; Found: 325.9.  

UV-Vis-NIR (Acetonitrile solution, Room temperature):  

max (єM) = 254 (32799), 282 (21742), 374 (18507), 610 (sh, 532), 770 (sh, 107) and 1255 (75) 

nm (M-1 cm-1). 
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4.3.3 Stoichiometric Reaction in Presence of Radical Inhibitor TEMPO 

 

Under pure nitrogen atmosphere, a solution of phenylacetylene (55 µL, 0.5 mmol) in absolute 

THF (10 mL) was cooled to -78 ºC. A solution of nBuLi (200 µL, 2.5 M) in hexane was carefully 

added dropwise to the cooled solution of phenylacetylene. The resulting mixture was stirred for 

0.5 h and then allowed to warm to room temperature. The mixture was stirred for an additional 

1 h to give a pale-yellow solution. The in situ generated lithium phenylacetylide was then 

transferred to an another flask containing [Ni(L-N4Me2)(MeCN)2](ClO4)2 (152.0 mg, 0.25 

mmol) and TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl) (78.1 mg, 0.5 mmol) 

dissolved in dry acetonitrile (30 mL) via cannula. The color of the mixture changed from orange 

to dark brown. The solution was stirred for 2 h. After removing the volatiles, a dark residue 

obtained was dissolved in a minimum volume of methanol. The solution was refluxed shortly, 

cooled to room temperature, and allowed to stand for 2-3 days to give dark brown crystals. The 

second crop could be obtained by reducing the volume of the mother liquor and leaving the 

solution for another few days at room temperature. A total amount of 88 mg (0.083 mmol, 67%) 

of dark brown crystalline product [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a) was 

obtained. 

Yield: 88 mg (0.083 mmol, 67%); MW (C48H50N8Cl2Ni2O8) = 1055.25 g.mol-1  

Characterization 

Elemental analysis: Calculated:   C = 54.63 %   H = 4.78 %   N = 10.62 %  

                                 Found:         C = 54.42 %   H = 4.61 %   N = 10.55 % 

IR (KBr Pellet): 

 ̃ = 2970, 2904, 2814, 1810, 1605, 1579, 1478, 1445, 1376, 1163, 1134, 1091, 1012, 870, 794, 

760, 694, 634 and 622 cm-1.  
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4.3.4 Stoichiometric Reaction at Low Temperature to Room Temperature 

 

Under pure nitrogen atmosphere, a solution of phenylacetylene (55 µL, 0.5 mmol) in absolute 

THF (10 mL) was cooled to -78 ºC. A solution of nBuLi (200 µL, 2.5 M) in hexane was carefully 

added dropwise to the cooled solution of phenylacetylene. The resulting mixture was stirred for 

0.5 h and then allowed to warm to room temperature. The mixture was stirred for an additional 

1 h to give a pale yellow solution and was cooled again to -65 ºC. The in situ generated lithium 

phenylacetylide was then transferred to another flask containing a cooled (-65 ºC) solution of 

[Ni(L-N4Me2)(MeCN)2] (ClO4)2 (1) (151.5 mg, 0.25 mmol) in dry propionitrile (30 mL) via 

cannula. The color of the mixture changed from violet to orange yellow. After stirring for 8 h, 

the reaction mixture was allowed to warm to room temperature and stirred further for 2 h. In 

the course of stirring at room temperature the color of the solution changed from orange-yellow 

to dark brown. After removing the volatiles, a dark residue obtained was dissolved in a 

minimum volume of methanol (20 mL). The solution was refluxed shortly, cooled to room 

temperature, and allowed to stand for 2-3 days to give dark brown crystals. The second crop 

could be obtained by reducing the volume of the mother liquor and leaving the solution for 

another few days at room temperature. A total amount of 90 mg of dark brown crystalline 

product [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a)  was obtained. 

Yield: 90 mg (0.085 mmol, 68%); MW (C48H50N8Cl2Ni2O8) = 1055.25 g.mol-1  

Characterization 

Elemental analysis: Calculated:   C = 54.63 %   H = 4.78 %   N = 10.62 %  
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                                 Found:         C = 54.60 %   H = 4.86 %   N = 10.70 % 

IR (KBr Pellet): 

 ̃ = 2970, 2904, 2814, 1810, 1605, 1579, 1478, 1445, 1376, 1163, 1134, 1091, 1012, 870, 794, 

760, 694, 634 and 623 cm-1. 
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4.3.5 Synthesis of [Ni(L-N4Me2)(PhC2Ph)](ClO4)  MeOH (3) 

 

Under pure nitrogen atmosphere, sodium (14 mg, 0.6 mmol) was added carefully to a yellow 

solution of acenaphthylene (91.3 mg, 0.6 mmol) in dry THF (10 mL). The mixture was stirred 

for 2 h at room temperature giving a dark brown solution. The resulting reaction mixture was 

then transferred to an another flask containing [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) (304 mg, 0.5 

mmol) and diphenylacetylene (107 mg, 0.6 mmol) dissolved in dry acetonitrile (20 mL) via 

cannula. The color of the mixture changed from violet to dark brown. The solution was stirred 

for 4 h at room temperature. After removal of solvent, dry THF (20 mL) was added and resulting 

mixture was filtered. The solid residue was dissolved in MeCN (10 mL) followed by removal 

of volatiles giving a brown solid. The solid was dissolved in a minimum volume of methanol 

(10 mL). The solution was refluxed shortly, cooled to room temperature, and kept at -30 C for 

2-3 days to afford analytically pure, crystalline products. The yield can be enhanced by a further 

reduction of the volume of the mother liquid and additional storage of it. A total yield of 146 

mg of crystalline brown product [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3) was obtained. 

Yield: 146 mg (0.229 mmol, 46%); MW (C31H34N4ClNiO5) = 636.78 g.mol-1. 

Characterization 

Elemental analysis: Calculated:   C = 58.47 %   H = 5.38 %   N = 8.80 % 

                                 Found:         C = 58.64 %   H = 5.23 %   N = 8.89 % 

IR (KBr Pellet): 

 ̃ = 2965, 2915, 2814, 1885, 1606, 1592, 1579, 1486, 1474, 1442, 1376, 1246, 1162, 1120, 

1095, 1013, 869, 791, 758, 693 and 623 cm-1                             

ESI-MS (Acetonitrile solution):  

m/z = Calculated for [Ni(L-N4Me2)(PhC2Ph)]+: 425.0; Found: 504.0. 
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UV-Vis-NIR (Acetonitrile solution, Room temperature):  

max (єM) = 249 (26720), 324 (sh, 9120), 364 (11338),  514 (sh, 208), 675 (34) and 1220 (44) 

nm (M-1 cm-1) 

Magnetic moment  

= 1.84 B 
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4.3.6 Reactivity of [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a) with Molecular Oxygen 

The complex [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a) was dissolved in absolute 

acetonitrile under a pure nitrogen atmosphere at room temperature. Nitrogen was flushed out 

followed by oxygen in-flow into the solution and then stirring at room temperature. UV-Vis-

NIR studies were performed with a solution of 2a (2.5 mL, 5.9 mM and 0.0236 mM for lower 

and higher energy region respectively) in acetonitrile using 1 cm cuvette. ESI-MS experiments 

were performed with a solution of 2a (5 mL, 1 mM); aliquots were taken at 15, 30, 75, 105 and 

210 min and injected to mass spectrometer for analysis. For NMR experiments, a solution of 

2a (16 mg, 0.015 mmol) in CD3CN (0.6 mL) was taken and stirred for 24 h. The resulting 

solution was directly analyzed by 1H and 13C NMR spectroscopy. To performed EPR 

measurements, a solution of 2a (7 mL, 4 mM,) in acetonitrile containing 0.2 M TBAP was used. 

Aliquots were taken at 0 (immediately), 15, 30, 60, 90, 120, 150 and 180 min and frozen in 

EPR tubes.  

4.3.7 Reactivity of [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a) with Molecular Oxygen 

in Presence of Lithium Perchlorate 

The complex [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R= Ph] (2a) (85 mg, 0.08 mmol) and lithium 

perchlorate (26.5 mg, 0.25 mmol) was dissolved in dry acetonitrile (5 mL) under a pure nitrogen 

atmosphere at room temperature. Nitrogen was flushed out followed by oxygen in-flow into the 

solution and then the reaction mixture was stirred for 24 h. The reaction mixture afforded a 

white precipitate. After decanting the solvent, the solid was washed with acetonitrile (30 mL) 

and diethyl ether (30 mL) respectively and dried under vacuo. For qualitative characterization 

of the solid by UV-Vis Spectroscopy, it was dissolved in 0.5 M H2SO4 (~1 mL). Then the in 

situ generated H2O2 solution (0.1 mL) was added to an aqueous solution of KMnO4 (2.5 mL, 4 

mM, 1 cm cuvett) and resulting changes in absorbance was recorded. 
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4.3.8 Reactivity of [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3) with Molecular Oxygen 

The complex [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3) was dissolved in absolute acetonitrile 

under a pure nitrogen atmosphere at room temperature. Nitrogen was flushed out followed by 

oxygen in-flow into the solution and then stirring at room temperature. UV-Vis-NIR studies 

were performed with a solution of 3 (2.5 mL, 9.07 mM and 0.726 mM for lower and higher 

energy region respectively) in acetonitrile using 1 cm cuvette. ESI-MS experiments were 

performed with a solution of 3 (5 mL, 1 mM); aliquots were taken at 15, 60, 120, 180, 240, 300 

and 420 min and injected to mass spectrometer for analysis. To performed EPR measurements, 

a solution of 3 (7 mL, 4 mM,) in acetonitrile containing 0.2 M TBAP was used. Aliquots were 

taken at 0 (immediately), 15, 45, 90, 150, 210, 330 and 390 min and frozen in EPR tubes.  
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4.3.9 Generation of [Ni(L-N4Me2)(O2)]+ 

Generation of [Ni(L-N4Me2)(O2)]
+ (4) using KO2 

 

 

Under an atmosphere of pure nitrogen, solid potassium superoxide (21.5 mg, 0.275 mmol) was 

added to a cooled (-35 C) solution of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) (152.0 mg, 0.25 

mmol) in acetonitrile (25 mL) containing 0.2 M TBAP and the reaction mixture was stirred. 

Aliquots from the reaction mixture were taken at different time intervals in a cooled EPR tubes 

and frozen in liquid nitrogen. 

 

 

Under an atmosphere of pure nitrogen, solid potassium superoxide (21.5 mg, 0.275 mmol) was 

added to a cooled (-65 C) solution of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) (152.0 mg, 0.25 

mmol) in propionitrile (50 mL) containing 0.1 M TBAP and the reaction mixture was stirred. 

Aliquots from the reaction mixture were taken at different time intervals in a cooled EPR tubes 

and frozen in liquid nitrogen. 
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Generation of [Ni(L-N4Me2)(O2)]
+ (4) using H2O2 and triethylamine 

 

 

Under an atmosphere of pure nitrogen, aqueous 30% H2O2 (112 L, 1.0 mmol) was added to a 

cooled (-35 C) solution of [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) (136.1 mg, 0.20 mmol) in 0.2 

M TBAP-MeCN (25 mL) containing triethylamine (64 L, 0.4 mmol) and the reaction mixture 

was stirred. Aliquots from the reaction mixture were taken after 3 h in a cooled EPR tube and 

frozen in liquid nitrogen. 
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4.3.10 Nickel-Mediated Catalytic Reaction 

 

A 10 mL schlenk tube was charged with [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) (30.4 mg, 0.05 

mmol, 10 mol %), NaH (24 mg, 1 mmol), and phenylacetylene (55 L, 0.5 mmol) under oxygen 

atmosphere, and dissolved in dry acetonitrile (5 mL). The resulting reaction mixture was stirred 

for 24 h. After the stipulated time period, all volatile materials were removed under vacuo. The 

residue was dissolved in diethyl ether and filtered through a short plug of silica. The filtrate was 

evaporated under vacuo to obtain solid crude product. The yield of the product was determined 

by 1H-NMR analysis of the crude product in CDCl3 using CH2Br2 (10 L, 0.1425 mmol) as an 

internal reference. 

Yield: 78 % with respect to Phenylacetylene. 

1H-NMR (600 MHz, CDCl3): 

 (ppm) = 7.53-7.55 (m, 4 H), 7.34-7.39 (m, 6 H) and 4.93 (s, 2 H, CH2Br2). 

13C-NMR (150.9 MHz, CDCl3): 

 (ppm) = 132.71, 129.42, 128.65, 121.99, 81.76, 74.11 and 19.13 (CH2Br2). 
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7 Appendix 

7.1 [Ni(L-N4Me2)(MeCN)2](ClO4)2 (1) 

 

Figure 7.1: IR spectrum of 1 as KBr pellet. 
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Figure 7.2: UV-Vis-NIR Spectrum of 1 in MeCN. 

 

Figure 7.3: Cyclic voltammograms for the oxidation of 1 in 0.2 M TBAP/MeCN sweeping with different 

scan rates. All potentials are given vs. SCE. 
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Figure 7.4: Cyclic voltammograms for the reduction of 1 in 0.2 M TBAP/MeCN sweeping with different 

scan rates. All potentials are given vs. SCE. 

 

 

Figure 7.5: Cyclic voltammograms for the first reduction of 1 in 0.2 M TBAP/MeCN sweeping with 

different scan rates. All potentials are given vs. SCE. 
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7.2 [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 (2a-2g) 

7.2.1 [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a) 

Table 7.1: Crystal data and structure refinement for 2a [R = Ph] at 150 K 

Identification code 16073ocu 

Empirical formula C24H25ClN4NiO4 

Formula weight 527.64 

Temperature 150(2) K 

Wavelength 1.54184 Å 

Crystal system Triclinic 

Space group P1̅ 

Unit cell dimensions a = 8.9628(3) Å = 98.221(3)° 

b = 11.4221(5) Å = 108.088(3)° 

c = 13.1365(4) Å  = 104.987(4)° 

Volume 1197.83(8) Å3 

Z 1 

Density (calculated) 1.463 Mg/m3 

Absorption coefficient 0.960 mm-1 

F(000) 548 

Crystal size 0.51 x 0.50 x 0.38 mm3 

Theta range for data collection 2.86 to 30.00°. 

Index ranges -12<=h<=12, -13<=k<=16, -18<=l<=10 

Reflections collected 12893 

Independent reflections 6979 [R(int) = 0.0250] 

Completeness to theta = 30.00° 99.7 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7118 and 0.6403 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6979 / 0 / 309 

Goodness-of-fit on F2 1.011 

Final R indices [I>2sigma(I)] R1 = 0.0406, wR2 = 0.1028 

R indices (all data) R1 = 0.0544, wR2 = 0.1060 

Largest diff. peak and hole 0.543 and -0.448 e.Å-3 
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Table 7.2: Crystal data and structure refinement for 2a [R = Ph] at 190 K 

Identification code 11009 

Empirical formula C24H25ClN4 NiO4 

Formula weight 527.64 

Temperature 193(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P1̅ 

Unit cell dimensions a = 8.9016(10) Å = 97.887(13)° 

b = 11.2772(12) Å = 108.017(13)° 

c = 13.0297(14) Å  = 105.406(13)° 

Volume 1164.3(2) Å3 

Z 2 

Density (calculated) 1.505 Mg/m3 

Absorption coefficient 0.987 mm-1 

F(000) 548 

Crystal size 0.53 x 0.47 x 0.36 mm3 

Theta range for data collection 2.55 to 28.00°. 

Index ranges -11<=h<=11, -14<=k<=14, -17<=l<=17 

Reflections collected 14244 

Independent reflections 5187 [R(int) = 0.0431] 

Completeness to theta = 30.00° 92.1 % 

Absorption correction None 

Max. and min. transmission 0.7176 and 0.6227 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5187 / 0 / 309 

Goodness-of-fit on F2 1.058 

Final R indices [I>2sigma(I)] R1 = 0.0333, wR2 = 0.0899 

R indices (all data) R1 = 0.0363, wR2 = 0.0912 

Largest diff. peak and hole 0.583 and -0.554 e.Å-3 
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Table 7.3: Crystal data and structure refinement for 2a [R = Ph] at 293 K 

Identification code 11213o 

Empirical formula C48H50Cl2N8Ni2O8 

Formula weight 1055.28 

Temperature 293(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P 1̅ 

Unit cell dimensions a = 8.9628(3) Å = 98.221(3)° 

b = 11.4221(5) Å = 108.088(3)° 

c = 13.1365(4) Å  = 104.987(4)° 

Volume 1197.83(8) Å3 

Z 1 

Density (calculated) 1.463 Mg/m3 

Absorption coefficient 0.960 mm-1 

F(000) 548 

Crystal size 0.51 x 0.50 x 0.38 mm3 

Theta range for data collection 2.86 to 30.00°. 

Index ranges -12<=h<=12, -13<=k<=16, -18<=l<=10 

Reflections collected 12893 

Independent reflections 6979 [R(int) = 0.0250] 

Completeness to theta = 30.00° 99.7 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7118 and 0.6403 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6979 / 0 / 309 

Goodness-of-fit on F2 1.011 

Final R indices [I>2sigma(I)] R1 = 0.0406, wR2 = 0.1028 

R indices (all data) R1 = 0.0544, wR2 = 0.1060 

Largest diff. peak and hole 0.543 and -0.448 e.Å-3 
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Figure 7.6: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(O2)]+. 

 

 

Figure 7.7: UV-Vis-NIR spectrum of 2a in MeCN. 
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Figure 7.8: Deconvoluted UV-Vis-NIR spectrum of 2a; convolution is performed in 11001 – 19305 cm-1 

range using Gaussian function. 

 

 

Figure 7.9: Cyclic voltammogram for the reduction of 2a in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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Figure 7.10: Cyclic voltammograms for the oxidation of 2a in 0.2 M TBAP/MeCN sweeping with 

different scan rates. All potentials are given vs. SCE. 

 

 

Figure 7.11: IR spectrum of 2a as KBr pellet, prepared by stoichiometric reaction in pesence of TEMPO. 
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Figure 7.12: IR spectrum of 2a as KBr pellet, prepared by stoichiometric reaction at low temperature to 

room temperature. 

 

 

Figure 7.13: UV-Vis-NIR spectral change during the reaction of 1 with PhCCLi at -60C in EtCN. 
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7.2.2 [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = C6H4Me-4] (2b) 

Table 7.4: Crystal data and structure refinement for 2b [R = C6H4Me-4] at 293 K 

Identification code 11214oa 

Empirical formula C50H54Cl2N8Ni2O8 

Formula weight 1083.33 

Temperature 293(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P 1̅ 

Unit cell dimensions a = 9.0140(4)  Å = 100.958(3)° 

b = 11.9024(5) Å = 107.618(4)° 

c = 13.3942(5) Å  = 107.150(4)° 

Volume 1245.65(9)  Å3 

Z 1 

Density (calculated) 1.444 Mg/m3 

Absorption coefficient 0.925 mm-1 

F(000) 564 

Crystal size 0.41 x 0.39 x 0.18 mm3 

Theta range for data collection 2.82 to 30.00°. 

Index ranges -12<=h<=10, -16<=k<=16, -18<=l<=18 

Reflections collected 13503 

Independent reflections 7242 [R(int) = 0.0310] 

Completeness to theta = 30.00° 99.8 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8512 and 0.7029 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7242 / 0 / 319 

Goodness-of-fit on F2 0.910 

Final R indices [I>2sigma(I)] R1 = 0.0344, wR2 = 0.0783 

R indices (all data) R1 = 0.0483, wR2 = 0.0810 

Largest diff. peak and hole 0.245 and -0.337 e.Å-3 
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Figure 7.14: IR spectrum of 2b as KBr pellet. 

 

 

Figure 7.15: ESI-MS spectrum of 2b in MeCN. 
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Figure 7.16: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(RC4R)]+ [R = 

C6H4Me-4]. 

 

 

Figure 7.17: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-RC4R)]2+ [R = 

C6H4Me-4]. 
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Figure 7.18: The experimental and calculated isotope distribution for [Ni(L-N4Me2)]+. 

 

 

Figure 7.19: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-RC4R)(ClO4)]+ 

[R = C6H4Me-4]. 
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Figure 7.20: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(O2)]+ [R = C6H4Me-

4]. 

 

 

Figure 7.21: UV-Vis-NIR spectrum of 2b in MeCN. 
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Figure 7.22: Deconvoluted UV-Vis-NIR spectrum of 2b; convolution is performed in 11062 – 18620 cm-1 

range using Gaussian function. 

 

 

Figure 7.23: Cyclic voltammogram for the oxidation of 2b in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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Figure 7.24: Cyclic voltammogram for the reduction of 2b in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 

 

 

Figure 7.25: Cyclic voltammograms for the oxidation of 2b in 0.2 M TBAP/MeCN sweeping with 

different scan rates. All potentials are given vs. SCE. 
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7.2.3 [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = C6H4F-4] (2c) 

Table 7.5: Crystal data and structure refinement for 2c [R = C6H4F-4] at 150 K 

Identification code 17030occ 

Empirical formula C48H48Cl2F2N8Ni2O8 

Formula weight 1091.26 

Temperature 150(2) K 

Wavelength 1.54184 Å 

Crystal system Triclinic 

Space group P1̅ 

Unit cell dimensions a = 8.9133(6) Å = 98.609(6)° 

b = 11.0724(8) Å = 108.412(6)° 

c = 13.4334(10) Å  = 104.660(6)° 

Volume 1178.25(16) Å3 

Z 1 

Density (calculated) 1.538 Mg/m3 

Absorption coefficient 2.644 mm-1 

F(000) 564 

Crystal size 0.200 x 0.170 x 0.070 mm3 

Theta range for data collection 3.582 to 62.589°. 

Index ranges -10<=h<=10, -12<=k<=10, -15<=l<=15 

Reflections collected 7338 

Independent reflections 3727 [R(int) = 0.0233] 

Completeness to theta = 30.00° 98.9 % 

Absorption correction Analytical 

Max. and min. transmission 0.852 and 0.637 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3727 / 0 / 318 

Goodness-of-fit on F2 1.067 

Final R indices [I>2sigma(I)] R1 = 0.0398, wR2 = 0.0971 

R indices (all data) R1 = 0.0491, wR2 = 0.1039 

Extinction coefficient n/a 

Largest diff. peak and hole 0.324 and -0.571 e.Å-3 
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Figure 7.26: IR spectrum of 2c as KBr pellet. 

 

 

Figure 7.27: ESI-MS spectrum of 2c in MeCN. 
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Figure 7.28: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(RC4R)]+ [R = 

C6H4F-4]. 

 

 

Figure 7.29: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-RC4R)]2+ [R = 

C6H4F-4]. 
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Figure 7.30: The experimental and calculated isotope distribution for [Ni(L-N4Me2)]+. 

 

 

Figure 7.31: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-RC4R)(ClO4)]+ 

[R = C6H4F-4]. 
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Figure 7.32: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(O2)]+. 

 

 

Figure 7.33: UV-Vis-NIR spectrum of 2c in MeCN. 
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Figure 7.34: Deconvoluted UV-Vis-NIR spectrum of 2c; convolution is performed in 11062 – 18656 cm-1 

range using Gaussian function. 

 

 

Figure 7.35: Cyclic voltammogram for the oxidation of 2c in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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Figure 7.36: Cyclic voltammogram for the reduction of 2c in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 

 

 

Figure 7.37: Cyclic voltammograms for the oxidation of 2c in 0.2 M TBAP/MeCN sweeping with 

different scan rates. All potentials are given vs. SCE. 
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7.2.4  [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = C6H4OMe-4] (2d) 

Table 7.6: Crystal data and structure refinement for 2d [R = C6H4OMe-4] at 150 K 

Identification code 13042o 

Empirical formula C50H54Cl2N8Ni2O10 

Formula weight 1115.33 

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P1̅ 

Unit cell dimensions a = 8. 9455(5) Å = 97.826(4)° 

b = 11.3861(5) Å = 108.007(5)°. 

c = 13.5739(7) Å  = 106.135(4)°. 

Volume 1225.16(11) Å3 

Z 1 

Density (calculated) 1.512 Mg/m3 

Absorption coefficient 0.946 mm-1 

F(000) 580 

Crystal size 0.36 x 0.36 x 0.27 mm3 

Theta range for data collection 2.80 to 30.00°. 

Index ranges -8<=h<=12, -16<=k<=14, -19<=l<=17 

Reflections collected 12286 

Independent reflections 7124 [R(int) = 0.0182] 

Completeness to theta = 30.00° 99.7 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7843 and 0.7271 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7124 / 0 / 328 

Goodness-of-fit on F2 1.050 

Final R indices [I>2sigma(I)] R1 = 0.0296, wR2 = 0.0678 

R indices (all data) R1 = 0.0344, wR2 = 0.0701 

Largest diff. peak and hole 0.415 and -0.347 e.Å-3 
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Figure 7.38: IR spectrum of 2d as KBr pellet. 

 

 

Figure 7.39: ESI-MS spectrum of 2d in MeCN. 
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Figure 7.40: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(RC4R)]+ [R = 

C6H4OMe-4]. 

 

 

Figure 7.41: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-RC4R)]2+ [R = 

C6H4OMe-4]. 
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Figure 7.42: The experimental and calculated isotope distribution for [Ni(L-N4Me2)]+. 

 

 

Figure 7.43: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-RC4R)(ClO4)]+ 

[R = C6H4OMe-4]. 
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Figure 7.44: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(O2)]+. 

 

 

Figure 7.45: UV-Vis-NIR spectrum of 2d in MeCN. 
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Figure 7.46: Deconvoluted UV-Vis-NIR spectrum of 2d; convolution is performed in 11000 – 18450 cm-1 

range using Gaussian function. 

 

 

Figure 7.47: Cyclic voltammogram for the oxidation of 2d in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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Figure 7.48: Cyclic voltammogram for the reduction of 2d in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 

 

 

Figure 7.49: Cyclic voltammograms for the oxidation of 2d in 0.2 M TBAP/MeCN sweeping with 

different scan rates. All potentials are given vs. SCE. 
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7.2.5 [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = C6H4NMe2-4] (2e) 

Table 7.7: Crystal data and structure refinement for 2e [R = C6H4NMe2-4] at 150 K 

Identification code 13206od 

Empirical formula C52H60Cl2N10Ni2O8 

Formula weight 1141.42 

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P 1̅ 

Unit cell dimensions a = 12.0739(5) Å = 110.472(4)°. 

b = 14.4830(6) Å = 94.892(3)°. 

c = 16.7908(7) Å  = 105.787(4)°. 

Volume 2593.4(2) Å3 

Z 2 

Density (calculated) 1.462 Mg/m3 

Absorption coefficient 0.894 mm-1 

F(000) 1192 

Crystal size 0.520 x 0.220 x 0.090 mm3 

Theta range for data collection 2.749 to 30.000°. 

Index ranges -16<=h<=16, -20<=k<=20, -23<=l<=23 

Reflections collected 33410 

Independent reflections 15107 [R(int) = 0.0321] 

Completeness to theta = 30.00° 99.7 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.79657 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 15107 / 0 / 675 

Goodness-of-fit on F2 1.048 

Final R indices [I>2sigma(I)] R1 = 0.0398, wR2 = 0.0851 

R indices (all data) R1 = 0.0529, wR2 = 0.0906 

Extinction coefficient n/a 

Largest diff. peak and hole 0.613 and -0.569 e.Å-3 
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Figure 7.50: IR spectrum of 2e as KBr pellet. 

 

 

Figure 7.51: ESI-MS spectrum of 2e in MeCN. 
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Figure 7.52: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(RC4R)]+ [R = 

C6H4NMe2-4]. 

 

 

Figure 7.53: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-RC4R)]2+ [R = 

C6H4NMe2-4]. 
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Figure 7.54: The experimental and calculated isotope distribution for [Ni(L-N4Me2)]+. 

 

 

Figure 7.55: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-RC4R)(ClO4)]+ 

[R = C6H4NMe2-4]. 
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Figure 7.56: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(O2)]+. 

 

Figure 7.57: UV-Vis-NIR spectrum of 2e in MeCN. 
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Figure 7.58: Deconvoluted UV-Vis-NIR spectrum of 2e; convolution is performed in 10604 – 17180 cm-1 

range using Gaussian function. 

 

Figure 7.59: Cyclic voltammogram for the reduction of 2e in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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Figure 7.60: Cyclic voltammogram for the oxidation of 2e in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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7.2.6 [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = nC3H7] (2f) 

Table 7.8: Crystal data and structure refinement for 2f [R = nC3H7] at 150 K 

Identification code 14041o 

Empirical formula C42H54Cl2N8Ni2O8 

Formula weight 987.25 

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P 21/n 

Unit cell dimensions a = 11.6006(3) Å = 90° 

b = 13.7058(3) Å = 99.558(2)°. 

c = 14.2543(3) Å  = 90°. 

Volume 2234.91(9) Å3 

Z 2 

Density (calculated) 1.467 Mg/m3 

Absorption coefficient 1.023 mm-1 

F(000) 1032 

Crystal size 0.360 x 0.180 x 0.130 mm3 

Theta range for data collection 2.887 to 29.991°. 

Index ranges -16<=h<=13, -8<=k<=19, -20<=l<=14 

Reflections collected 12268 

Independent reflections 6495 [R(int) = 0.0257] 

Completeness to theta = 30.00° 99.6 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.83775 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6495 / 0 / 283 

Goodness-of-fit on F2 1.048 

Final R indices [I>2sigma(I)] R1 = 0.0359, wR2 = 0.0816 

R indices (all data) R1 = 0.0499, wR2 = 0.0882 

Extinction coefficient n/a 

Largest diff. peak and hole 0.584 and -0.444 e.Å-3 
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Figure 7.61: IR spectrum of 2f as KBr pellet. 

 

 

Figure 7.62: ESI-MS spectrum of 2f in MeCN. 
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Figure 7.63: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(RC4R)]+ [R = 
nC3H7]. 

 

 

Figure 7.64: The experimental and calculated isotope distribution for [Ni(L-N4Me2)]+. 
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Figure 7.65: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(O2)]+. 

 

 

Figure 7.66: UV-Vis-NIR spectrum of 2f in MeCN. 
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Figure 7.67: Deconvoluted UV-Vis-NIR spectrum of 2f; convolution is performed in 10593 – 18083cm-1 

range using Gaussian function. 

 

Figure 7.68: Cyclic voltammogram for the oxidation of 2f in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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Figure 7.69: Cyclic voltammogram for the reduction of 2f in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 

 

 

Figure 7.70: Cyclic voltammograms for the oxidation of 2f in 0.2 M TBAP/MeCN sweeping with 

different scan rates. All potentials are given vs. SCE. 
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7.2.7 [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 EtOH [R = Fc] (2g) 

Table 7.9: Crystal data and structure refinement for 2g [R = Fc] at 150 K 

Identification code 13219o 

Empirical formula C58H64Cl2N8Ni2Fe2O9 

Formula weight 1317.19 

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group C 2/c 

Unit cell dimensions a = 20.2681(6) Å = 90° 

b = 15.1999(10) Å = 96.392(3)°. 

c = 36.2651(13) Å  = 90°. 

Volume 11102.8(9) Å3 

Z 8 

Density (calculated) 1.576 Mg/m3 

Absorption coefficient 1.343 mm-1 

F(000) 5456 

Crystal size 0.400 x 0.260 x 0.210 mm3 

Theta range for data collection 2.861 to 30.000°. 

Index ranges -28<=h<=28, -21<=k<=15, -51<=l<=18 

Reflections collected 30297 

Independent reflections 16191 [R(int) = 0.0239] 

Completeness to theta = 30.00° 99.8 % 

Absorption correction Analytical 

Max. and min. transmission 0.758 and 0.602 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 16191 / 47 / 812 

Goodness-of-fit on F2 1.071 

Final R indices [I>2sigma(I)] R1 = 0.0371, wR2 = 0.0758 

R indices (all data) R1 = 0.0486, wR2 = 0.0797 

Extinction coefficient n/a 

Largest diff. peak and hole 0.444 and -0.535 e.Å-3 
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Figure 7.71: IR spectrum of 2g as KBr pellet. 

 

 

Figure 7.72: ESI-MS spectrum of 2g in MeCN. 
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Figure 7.73: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-RC4R)(ClO4)]+ 

[R = FC]. 

 

 

Figure 7.74: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(µ-RC4R)(ClO4)]+ [R 

= FC]. 

 

1164 1168 1172 1176 1180 1184

 Experimental1171.0

1171.1

m/z

 Calculated

738 740 742 744 746 748 750 752 754

743.9  Experimental

744.1

m/z

 Calculated



Appendix 191 

 

Figure 7.75: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-RC4R)]2+ [R = 

FC]. 

 

 

Figure 7.76: The experimental and calculated isotope distribution for [Ni(L-N4Me2)]+. 

 

530 532 534 536 538 540 542 544

 Experimental534.9

535.1

m/z

 Calculated

320 322 324 326 328 330 332 334

 Experimental325.9

326.1

m/z

 Calculated



192  

 

 

Figure 7.77: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(O2)]+. 

 

Figure 7.78: UV-Vis-NIR spectrum of 2g in MeCN. 
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Figure 7.79: Deconvoluted UV-Vis-NIR spectrum of 2g; convolution is performed in 10593 – 18083cm-1 

range using Gaussian function. 

 

Figure 7.80: Cyclic voltammogram for the oxidation of 2g in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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Figure 7.81: Cyclic voltammogram for the reduction of 2g in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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Table 7.10: Parameters obtained from simulation of the SQUID data 

Complex Spin g J [cm-1] PI [%] TIP 

[10-4 cm3 

mol-1] 

2a [R = Ph] S1 = ½, S2 = ½ 2.252, 2.252 - 44.27 1.2 1.00 

2b [R = C6H4Me-4] S1 = ½, S2 = ½ 2.254, 2.254 - 39.27 1.1 1.60 

2c [R = C6H4F-4] S1 = ½, S2 = ½ 2.341, 2.341 - 46.23 4.1 2.50 

2d [R = C6H4OMe-4] S1 = ½, S2 = ½ 2.252, 2.252 - 42.56 0.1 1.57 

2e [R = C6H4NMe2-4] S1 = ½, S2 = ½ 2.285, 2.285 - 41.53 2.0 1.09 

2f [R = nPr] S1 = ½, S2 = ½ 2.272, 2.272 - 33.83 2.0 1.72 

2g [R = Fc] S1 = ½, S2 = ½ 2.296, 2.296 - 37.55 11.7 4.32 

 

 

Figure 7.82: UV-Vis-NIR spectra of 2a-2e (region 6000 – 21000 cm-1) in MeCN. 
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Figure 7.83: UV-Vis-NIR spectra of 2a, 2f and 2g (region 6000 – 21000 cm-1) in MeCN. 

 

 

Figure 7.84: UV-Vis spectra of 2a-2e (region 6000 – 50000 cm-1) in MeCN. 
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Figure 7.85: UV-Vis spectra of 2a, 2f and 2g (region 6000 – 50000 cm-1) in MecN. 

 

 

Figure 7.86: Cyclic voltammograms for the oxidation of 2a, 2g and 2g in 0.2 M TBAP/MeCN sweeping 

with different scan rates. All potentials are given vs. SCE. 
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7.3  [Ni(L-N4Me2)(PhC2Ph)](ClO4)  MeOH (3) 

Table 7.11: Crystal data and structure refinement for 6 at 150 K 

Identification code 14300o 

Empirical formula C31H34ClN4NiO5 

Formula weight 636.78 

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P1̅ 

Unit cell dimensions a = 10.3408(6) Å = 72.486(5)° 

b = 12.4332(6) Å = 67.131(5)° 

c = 13.2816(7) Å  = 88.881(4)° 

Volume 1491.19(15) Å3 

Z 2 

Density (calculated) 1.418 Mg/m3 

Absorption coefficient 0.787 mm-1 

F(000) 666 

Crystal size 0.510 x 0.480 x 0.200 mm3 

Theta range for data collection 2.829 to 28.999° 

Index ranges -14<=h<=14, -16<=k<=16, -14<=l<=18 

Reflections collected 15250 

Independent reflections 7889 [R(int) = 0.0235] 

Completeness to theta = 30.00° 99.8 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.96476 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7889 / 22 / 449 

Goodness-of-fit on F2 1.033 

Final R indices [I>2sigma(I)] R1 = 0.0351, wR2 = 0.0857 

R indices (all data) R1 = 0.0435, wR2 = 0.0911 

Extinction coefficient n/a 

Largest diff. peak and hole 0.415 and -0.420 e.Å-3 
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Figure 7.87: UV-Vis-NIR spectra of 2a and 3 in MeCN. 

 

 

 

Figure 7.88: Cyclic voltammogram for the reduction of 3 in 0.2 M TBAP/MeCN sweeping with a scan 

rate of 100 mV s-1. All potentials are given vs. SCE. 
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Figure 7.89: Cyclic voltammograms for the first oxidation of 3 in 0.2 M TBAP/MeCN sweeping with 

different scan rates. All potentials are given vs. SCE. 
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7.4 Reactivity of [{Ni(L-N4Me2)}2(-RC4R)](ClO4)2 [R = Ph] (2a) with Oxygen 

 

Figure 7.90: UV-Vis spectrum of diphenyldiacetylene (PhC4Ph) in MeCN. 

 

Figure 7.91: UV-Vis-NIR spectral change during the reaction of 2a (5.33 mM) and O2 in MeCN at room 

temperature; initial (0 min) and 12 h. 
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Figure 7.92: UV-Vis spectrum showing the change in absorption of KMnO4 (2.5 mL of a 4 mM aqueous 

solution; blue line) which occurs upon the addition of H2O2 (0.1 mL of H2SO4 solution, red 

line) which is produced in the reaction between H2SO4 ( 1 mL, 0.5 M) and white solid 

(Li2O2). 

 

 

Figure 7.93:  Raman spectrum of the solid isolated from the reaction of 2a and O2 in presence of LiClO4. 

Li2CO3 and LiOH could be formed by the reaction of Li2O2 and air. MeCN: reaction 

solvent.[150-154, 165-169] 
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7.5 Reactivity of [Ni(L-N4Me2)(PhC2Ph)](ClO4)MeOH (3) with Oxygen 

 

Figure 7.94: UV-Vis spectrum of dipheylacetylene (PhC2Ph) in MeCN. 

 

Figure 7.95: UV-Vis-NIR spectral change during the reaction of 6 (9.07 mM) and O2 in MeCN at room 

temperature; initial (0 min) and 21 h. 
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Figure 7.96: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(PhC2Ph)]+. 
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7.6 [Ni(L-N4Me2)(O2)]+ (5) 

 

Figure 7.97: X-Band EPR spectra of the solutions from the reaction of 1 with KO2 in 0.2 M TBAP-MeCN 

at – 35 C at different time interval (3-5 h). All spectra are recorded at 77 K. 
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7.7 Nickel-Mediated Catalytic Reaction  

 

Figure 7.98: 1H-NMR (600 MHz) spectrum of crude product of catalytic reaction in CDCl3 using CH2Br2 

as an internal reference. Inset shows the magnified region. 

 

 

Figure 7.99: 13C-NMR (150.9 MHz) spectrum of crude product of catalytic reaction in CDCl3 using 

CH2Br2 as an internal reference. 
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7.8 Spectroscopy Studies on Catalytic Reaction 

 

Figure 7.100: The expanded regions of ESI-MS spectrum of the catalytic reaction mixture in MeCN. a) 

m/z = 355 – 365; b) m/z = 424 – 434; c) m/z = 780 – 792 and d) m/z = 948 – 964. Y 

components: Intensity (104). 

 

Figure 7.101: The experimental and calculated isotope distribution for [Ni(L-N4Me2)(O2)]+. 
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Figure 7.102: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(µ-PhC4Ph)]2+. 

 

 

Figure 7.103: The experimental and calculated isotope distribution for [{Ni(L-N4Me2)}2(O2)(ClO4)]+. 
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