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The development of palladium catalysis has been influential in a wide range of organic 

transformations, in particular C-C coupling, C-Heteroatom coupling and C-H functionalization 

reactions.  These catalytic transformations normally proceed through the Pd0/II catalytic cycle.  

These reactions are remarkably useful, however, they suffer from two major problems: β-hydride 

elimination and palladium black deposition.  To circumvent these problems, recent reports have 

been focused on developing novel organic transformations proceeding through high-valent 

palladium and nickel catalytic cycles.   

To this point, we recently reported the isolation and characterization of various 

mononuclear PdIII complexes using the tetradentate ligands, N,N’-di-alkyl-2,11-

diaza[3.3](2,6)pyridinophane (RN4, R = tBu, iPr, Me).  As a result, the ligand effects on the stability 

and reactivity of the corresponding high-valent palladium complexes were studied.  Herein, we 

report our continued effects to improve our overall understanding of these high-valent complexes 

and the roles they may play in catalytic transformations. 
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First, we investigated the synthesis and utilization of an asymmetric N4 ligand, resulting 

in the destabilization of the ensuing PdIII complexes.  Then we synthesized a series of arene-

substituted nickel complexes to study the effect of altering the electronics and sterics of the ligand 

on the nickel complexes’ stability and reactivity.  The synthesis and reactivity of the first reported 

dialkyl NiIII complexes was investigated next.  These studies along with additional synthesis and 

characterization of a NiIV complex provided strong evidence for the involvement of NiIV 

intermediates during nickel catalyzed cross-coupling reactions.  Lastly, we investigated the 

deprotonation of the N4 ligand system in hopes of facilitating various C-H activation reactions.  

All told, these studies gave us valuable insights into high-valent palladium and nickel complexes 

relevant to C-C coupling, C-Heteroatom coupling and C-H functionalization reactions.   By 

continuing to improve our understanding of these valuable organic transformations, we can 

continue to develop more effective catalytic systems. 
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1.1 Developments in Palladium Catalysis 

The development of palladium catalysis has been influential in a wide range of organic 

transformations, in particular C-C coupling, C-Heteroatom coupling and C-H functionalization 

reactions.  These catalytic transformations normally proceed with high versatility and selectivity.  

The majority of the reported transformations involve a Pd0/II catalytic cycle, which correlates 

nicely to palladium’s strong affinity for the Pd0 and PdII oxidation states.1-3   

 Of the numerous palladium catalyzed reactions, cross-coupling reactions are of particular 

importance.  The ability to control and understand the formation of new carbon-carbon bonds plays 

a critical role in the synthesis of new organic molecules.  Over the past few decades many cross-

coupling reactions have been developed, thus affording new pathways to previously unattainable 

organic molecules (Scheme 1.1).4-10  

 

Scheme 1.1 Notable cross-coupling reactions.  

 

 

Through the years, palladium catalyzed cross-coupling reactions have played significant 

roles in the development of numerous pharmaceuticals, natural products, and polymers.  The 

majority of these cross-coupling reactions involve the conventional Pd0/II catalytic cycle, which 
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contains three fundamental steps: oxidative addition, transmetallation, and reductive elimination 

(Scheme 1.2).1,4-15  These reactions are remarkably useful, however, they suffer from two major 

problems: β-hydride elimination and Pd0 deposition.  To circumvent these problems, novel 

catalytic systems employing high-valent PdIII and/or PdIV active intermediates have recently been 

reported as alternatives for the well-established Pd0 and PdII catalysts.  For instance, a number of 

organic transformations have been developed utilizing the advantageous PdI/III or PdII/IV catalytic 

cycles.16-34  These high-valent reactions generally proceed under mild reaction conditions with 

exceptional site selectivity due to the increased reactivity of the PdIII and PdIV intermediates.35   

Further development of these high-valent palladium-catalyzed transformations is vital to 

developing improved catalytic systems. 

 

Scheme 1.2 General Pd0/II catalytic cycle for palladium-catalyzed cross-coupling reaction. 
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1.2 Transition to Nickel Catalysis 

 Nickel complexes similar to palladium complexes have been employed in a wide range of 

organic transformations, most notably in cross-coupling and C-heteratom bond formation 

reactions.36-41  Nickel and palladium are both group 10 metals and have significant similarities.  

Therefore utilizing nickel catalysts instead of palladium catalysts could provide major cost and 

toxicity benefits.  Additionally, nickel can more easily undergo both one- and two-electron redox 

reactions, thus enabling the NiIII and/or NiI oxidation states to be more commonly proposed as 

catalytic intermediates in cross-coupling reactions42-66 and oxidatively induced C-heteroatom bond 

formation reactions (Scheme 1.3).67-71   

 

Scheme 1.3 General NiI/III catalytic cycle for nickel-catalyzed cross-coupling reaction. 

 

 

The mechanism for nickel-catalyzed cross-coupling is not fully understood, unlike its 

thoroughly-studied palladium-catalyzed counterpart.  The presence of highly reactive 

paramagnetic species generally makes reactivity studies more difficult.  To this point, no 

organometallic NiIII species capable of undergoing C-C or C-heteroatom bond formation had been 

isolated or characterized until our group reported the synthesis of a series of NiIII(aryl)halide 



5 

 

complexes in 2014 (Scheme 1.4).72  Overcoming the limitations associated with nickel catalysis is 

essential to gaining a better understanding of these reactions and the role they may play in the 

future development of new organic molecules. 

 

Scheme 1.4 Organometallic NiIII species capable of C-heteroatom bond formation reported by our 

group.  

 

 

1.3 High-Valent Organometallic Palladium Complexes 

 The investigation of high-valent PdIII and PdIV complexes is relatively new compared to 

the heavily investigated Pd0 and PdII complexes.  The first reported structural characterization of 

an organometallic PdIV complex, (bpy)PdIVMe3I, was in 1986 by Canty et al (Figure 1.1).73-75  A 

year later the first reported structural characterization of a mononuclear PdIII complex, 

[PdIII(ttcn)2]
3+ (ttcn = 1,4,7-trithiacyclononane), was reported by Schroder et al (Figure 1.1).76  The 

reported structures revealed the PdIII and PdIV oxidation states preferred an octahedral geometry.  

Additionally, the X-ray structures of [PdIII(ttcn)2]
3+ revealed a strong Jahn-Teller distortion to the 

octahedral geometry as expected for a PdIII d7 metal center. 
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Figure 1.1 ORTEP77 representation of [PdIII(ttcn)2](ClO4)3 (left) and (bpy)PdIVMe3I (right). 

Selected bond distances (Å), [PdIII(ttcn)2](ClO4)3: Pd1-S1, 2.545; Pd1-S2, 2.356; Pd1-S3, 2.369.  

(bpy)PdIVMe3I: Pd1-C1, 2.046; Pd1-C2, 2.034; Pd1-C3, 2.040; Pd1-N1, 2.188; Pd1-N2, 2.173; 

Pd1-I1, 2.834. 

 

Over the past three decades, organometallic PdIV complexes have been heavily 

investigated.  As a result, a wide range of organometallic PdIV complexes have been isolated and 

characterized.  Multidentate ligand systems, including Tetramethylethylenediamine [TMEDA], 

1,4,7-Triazacyclononane [TACN], hydrotris(pyrazolyl)borate [Tp], tris(pyrazol-1-yl)methane 

[(pz)3CH] and bypyridine derivatives have been utilized to stabilize and support these reactive 

PdIV complexes (Scheme 1.5).78-84  A majority of the reported PdIV complexes were synthesized 

from commercially available PdII precursors using a wide range of chemical and electrochemical 

oxidation methods.1,85  These enhanced PdIV systems have resulted in a significant number of new 

organic transformations vital in the development of improved pharmaceuticals, natural products 

and polymers. 
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Scheme 1.5 Select organometallic PdIV complexes stabilized by multidentate ligand systems: 

(TMEDA)PdIVMe2(O2CAr)86, [(Tp)PdIV(cycloneophyl)(L)]+ 87, [(pz3CH)PdIVMe3]
+ 88 and 

(bpy)PdIVI2Me(Tol)86. 

 

 

 In contrast to the extensive investigation of organometallic PdIV complexes, the 

investigation of PdIII complexes was relatively dormant until the late 2000s.  At this time, several 

organometallic PdIII complexes were reported, starting with Cotton et al reporting the synthesis of 

a stable PdIII-PdIII paddlewheel complex in 2006 (Scheme 1.6).89  Followed shortly thereafter by 

Ritter et al reporting the first organometallic reaction facilitated by a bimetallic PdIII complex in 

2009 (Scheme 1.6).90,91  Likewise in 2010, our group reported the first isolation and structural 

characterization of a series of mononuclear organometallic PdIII complexes (Scheme 1.7).92 

 

Scheme 1.6 A stable organometallic PdIII-PdIII paddlewheel complexes (left) and the carbon-

heteroatom bond formation facilitated by a bimetallic PdIII complex (right). 
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 Our group’s work utilized a special tetradentate ligand, N,N’-di-tert-butyl-2,11-

diaza[3.3](2,6)pyridinophane (tBuN4), to stabilize the PdIII complexes by allowing them to adopt 

the preferred distorted octahedral geometry.  This unprecedented stability provided a unique 

platform to study the properties and reactivity of organometallic PdIII complexes.  Our isolated 

PdIII complexes were brightly colored with strong LMCT bands observable via UV-Vis 

spectroscopy.  The characteristic PdIII electron paramagnetic resonance (EPR) spectra confirmed 

the unpaired electron was localized in the 𝑑𝑧2 ground state for most of our PdIII complexes (Figure 

1.2).  The reactivity of these PdIII complexes showed the formation of various organic products 

(ethane, methane, chloromethane, biphenyl and benzene) upon irradiation via a radical mechanism 

initiated by the hemolytic cleavage of the Pd-Carbon bond (Scheme 1.7).92   

 

Scheme 1.7 Reactivity of mononuclear organometallic (tBuN4)PdIII complexes. 
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Figure 1.2 UV-Vis spectrum for [(tBuN4)PdIIIMeCl](ClO4) in MeCN (left) and EPR spectrum of 

[(tBuN4)PdIIIMeCl](ClO4) in 3:1 PrCN/MeCN (right) experimental (red line) and simulated 

spectrum (black line) using the following parameters: gx = 2.239, gy= 2.134, gz = 2.005 (AN = 19.5 

G). 

 

Over the past few years, our group has continued to show the unique opportunities offered 

by these pyridinophane (N4) supported complexes.  In 2012, we reported the first aerobic oxidation 

of a dimethyl PdII complex capable of oxidatively-induced C-C bond formation involving PdIII and 

PdIV intermediates.93  Shortly thereafter, the conformational flexibility associated with the N4 

ligand system was found to be quintessential to the stabilization of these rare PdIII complexes.94  

To this end, the N4 ligand system has been modified to study the electronic and steric effect 

associated with this unique stabilization.95-100  In particular, the N,N’-di-methyl-2,11-

diaza[3.3](2,6)pyridinophane (MeN4) ligand has been shown to not only stabilize the PdIII oxidation 

state, but the PdIV oxidation state as well.  This unprecedented stability allowed the first direct 

comparison of two palladium oxidations in an identical ligand environment (Scheme 1.8).95,96 
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Scheme 1.8 Direct structural and reactivity comparison of [(MeN4)PdIIIMe2]
+ and 

[(MeN)PdIVMe2]
2+ complexes.  Selected bond distances (Å), [(MeN4)PdIIIMe2]

+: Pd1-C1, 2.043; 

Pd1-C2, 2.043; Pd1-N1, 2.139; Pd1-N2, 2.139; Pd1-N3, 2.401; Pd1-N4, 2.351.  [(MeN)PdIVMe2]
2+: 

Pd1-C1, 2.042; Pd1-C2, 2.039; Pd1-N1, 2.054; Pd1-N2, 2.058; Pd1-N3, 2.129; Pd1-N4, 2.116.   

 

 

 Over the past few decades, great progress has been made in the isolation and 

characterization of reactive high-valent palladium complexes.  These fundamental studies on PdIII 

and PdIV have strongly reinforced the potential high-valent catalysis may play in the future.  

Continued exploration of PdIII and PdIV complexes will generally aid our overall understanding of 

palladium catalysis and improve our ability to develop novel organic transformations. 

 

1.4 High-Valent Organometallic Nickel Complexes 

 In recent years, the investigation of high-valent nickel complexes has greatly progressed.  

However, a number of NiIII complexes were reported as early as 1936.101  Even though many of 

the early reported NiIII complexes were later found to be NiII-stabilized ligand cation radicals by 

using  electron paramagnetic resonance (EPR) studies,102 the first reported X-ray structure of a 
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stable NiIII was reported back in 1968 by Gray et al (Figure 1.3).103  Nearly two decades later, the 

first stable mononuclear organometallic NiIII was reported by Welch et al in 1983 (Figure 1.3).104  

Additionally, numerous binuclear organometallic NiIII complexes have been reported over the past 

four decades utilizing a cyclopentadienyl ring moiety (Figure 1.3).105-107 

 

 

Figure 1.3 ORTEP77 representation of [NiIII(diars)2Cl2]Cl (left), Ni[C6H3(CH2NMe2)2-o,o’]I2 

(middle) and [Ni2(η-C5H5)2(C6F5C≡CC6F5)] (right). Selected bond distances (Å), 

[NiIII(diars)2Cl2]Cl: Ni1-As1, 2.37; Ni1-As2, 2.34; Ni1-Cl1, 2.43.  Ni[C6H3(CH2NMe2)2-o,o’]I2: 

Ni1-I1, 2.613; Ni1-I2, 2.627; Ni1-N1, 2.050; Ni1-N2, 2.038; Ni1-C1, 1.898.  [Ni2(η-

C5H5)2(C6F5C≡CC6F5)]: Ni1-Ni2, 2.329; Ni1-Cp1, 2.096; Ni1-C7, 1.914; Ni1-C8, 1.899; Ni2-

Cp2, 2.106; Ni2-C7, 1.904; Ni2-C8, 1.924; C7-C8, 1.362.      

 

 Similar to NiIII complexes, NiIV complexes have likewise become a subject of increased 

focus.  Most notably, Sanford et al has reported the reactivity and isolation of NiIV intermediates 

which are implicated in various organic transformations (i.e. nickel catalyzed C-C cross-coupling 

and C-heteroatom bond formation).108-111  Although these recent reports have garnered excitement, 

the first NiIV complex was reported over a century ago.  A series of alkali nickel molybdate 

complexes were first reported by Hall et al in 1907.112  Sixty years later, the first reported X-ray 

structure of a stable NiIV complex was reported in 1968 by Soderberg et al (Figure 1.4).113  

Furthermore, the first organometallic NiIV complex was reported in 1982 and the first 

organometallic NiIV X-ray structures were reported in 1994 (Figure 1.4).114,115 
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Figure 1.4 Prominent high-valent NiIV complexes: NiIV[C6H4(NH)2]2
113, [(Cp*)NiIV]2+ 114 and 

NiIVMe(3-tertbutyl-5-methyl-2-oxobenzoy)(PMe3)2I
115. 

 

Inspired by these previous reports and our group’s aforementioned experience 

investigating high-valent palladium complexes, in 2014 we reported the first isolation and 

characterization of a series of organometallic NiIII species capable of undergoing C-C or C-

heteroatom bond formation (Scheme 1.4).72  Additionally, in 2015 we reported the isolation and 

characterization of a pair of extraordinarily stable (N4)NiIII(CF3)2 complexes.116  Lastly, we 

recently reported an aromatic methoxylation and hydroxylation proposed to proceed through a 

highly-reactive NiIV intermediate (Scheme 1.9).117  

 

Scheme 1.9 Aromatic methoxylation by organometallic high-valent nickel complexes.
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Over the past century, high-valent nickel chemistry has developed into a growing area of 

investigation.  Similar to its counterpart palladium, these fundamental studies on NiIII and NiIV 

have revealed the ample possibilities high-valent catalysis may offer in the future.  Continued 

exploration into NiIII and NiIV complexes will further our overall understanding of nickel 

chemistry, subsequently improving our ability to develop novel catalytic systems. 
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Chapter 2 

 

Synthesis and Reactivity of Organometallic Palladium 

Complexes Supported by a Pseudo-Tridentate Ligand 
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2.1   Introduction 

Recent developments in aerobic transformations catalyzed by palladium complexes are a 

vastly growing synthetic method that provides a practical use of dioxygen as an environmentally 

benign and inexpensive oxidant for a range of oxidative organic transformations.1-8  The majority 

of the reported transformations involve a Pd0/PdII catalytic cycle in which dioxygen regenerates 

the PdII species.1-8  However, recently an increasing number of high-valent PdIV and/or PdIII     

active intermediates have been reported in several catalytic and stoichiometric aerobic 

transformations.9-14   

We have recently reported several PdIIMe2 complexes supported by tetradentate ligands 

that are capable of undergoing facile oxidation by O2 or peroxides to produce PdIII and PdIV 

intermediates, which undergo elimination of ethane under ambient conditions.15,16 Similarly, we 

have reported the aerobic oxidation of (Me3tcan)PdIIMe2  (Me3tacn = N,N′,N″-trimethyl-1,4,7-

triazacyclononane) to produce a stable high-valent PdIV complex [(Me3tacn)PdIVMe3]
+, which can 

undergo reductive elimination of ethane at elevated temperatures.17  From both of these studies the 

stability of the high-valent Pd species was shown to be essential in controlling the subsequent C-

C bond formation reactivity.  Therefore, one could imagine increasing the rate of reactivity by 

destabilizing the resulting high-valent Pd intermediates.   

Herein, we report the synthesis and reactivity of PdII complexes supported by the ligand, 

N-mehtyl-N’-tosyl-2,11-diaza[3.3](2,6)pyridinophane (TsMeN4), where an amine has a tosyl 

substituent.  Given the limited donating ability of a tosylated amine, we proposed TsMeN4 could act 

as a “pseudo-tridentate” ligand.  Indeed, the pseudo-tridentate nature of the TsMeN4 was 

experimentally confirmed using electron paramagnetic resonance (EPR).   Yet, this ligand was still 

able to stabilize the high-valent Pd species, albeit to a lesser extent.  As a result, the aerobic 
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oxidation of the PdIIMe2 complex was improved and progresses directly to the key PdIVMe3 

intermediate, with only trace quantities of the previously observed PdIIIMe2 intermediate.   

However, the rate of ethane formation was narrowly affected, suggesting the reductive elimination 

step from the high-valent PdIVMe3 intermediate is rate-determining. 

 

2.2   Experimental Section 

2.2.1 Synthesis of Ligands and Complexes 

Reagents and Materials.  All manipulations were carried out under a nitrogen atmosphere using 

standard Schlenk and glove box techniques if not indicated otherwise. All reagents for which 

synthesis is not given were commercially available from Sigma-Aldrich, Fisher Scientific, VWR, 

Acros, STREM or Pressure Chemical and were used as received without further purification. 

Solvents were purified prior to use by passing through a column of activated alumina using an 

MBRAUN Solvent Purification System.  2,11-diaza[3.3](2,6)pyridinophane (N4H2)
18, 

(COD)PdIICl2
19, (COD)PdIIMeCl20 and (COD)PdIIMe2

15 were prepared according to the literature 

procedures. 

 

N-tosyl-2,11-diaza[3.3](2,6)pyridinophane (TsHN4).  Solid N4H2 (1.67g, 6.95mmol) was placed 

in a 1000 mL round bottom flask equipped with a magnetic stirring bar and dissolved in 200 mL 

dry CH2Cl2.  Then triethylamine (970µL, 6.95mmol) was added.  The resulting solution was cooled 

down to 0°C under nitrogen atmosphere.  And a solution of p-toluenesulfonyl chloride (1.325g, 

6.95mmol) in 400 mL dry CH2Cl2 was added dropwise.  After the addition was complete, the 

reaction was stirred at 0 °C for an additional three hours.  After the reaction was complete the 

reaction mixture was washed with a solution of saturated sodium bicarbonate (3 x 200 mL).  The 
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organic layer was then dried over potassium carbonate for 30 minutes and concentrated to dryness 

to isolate a product mixture of TsHN4 and N4Ts2.  The product mixture was then suspended in 600 

mL of isopropanol.  The suspension was stirred overnight and then vacuum filtered.  The solid and 

filtrate were dried separately resulting in N4Ts2 (1.14g, 2.08mmol) and TsHN4 (1.28g, 3.24mmol, 

47%) respectively. 1H-NMR (300 MHz, CDCl3), δ (ppm): 7.83 (d, 2H, Ts-H), 7.41 (d, 2H, Ts-H), 

7.22 (t, 2H, Py-H), 7.10 (d, 2H, Py-H), 6.64 (d, 2H, Py-H), 4.52 (s, 4H, -CH2-), 3.96 (s, 4H, -CH2-

), and 2.46 (s, 3H, -CH3). 
13C-NMR (600 MHz, CDCl3), δ (ppm): 158.60, 155.31, 143.60, 136.37, 

129.94, 126.91, 122.06, 120.88, 57.16, 55.75, 21.54.  ESI-MS of TsHN4 in Acetonitrile: m/z 

395.1535; Calculated: m/z 395.1463. 

 

N-methyl-N’-tosyl-2,11-diaza[3.3](2,6)pyridinophane (TsMeN4).  Solid TsHN4 (1.28g, 

3.24mmol) was placed in a 500 mL round bottom flask equipped with a magnetic stirring bar and 

dissolved in 200 mL concentrated formic acid and  20 mL 40% formaldehyde solution.  The 

solution was stirred and refluxed at 110 °C for 24 hours under nitrogen atmosphere.  The solution 

was then treated with 20 mL of concentrated hydrochloric acid.  After several minutes the solution 

was concentrated to dryness. The residue was basified with 1M sodium hydroxide solution and 

extracted with CH2Cl2 (4x200mL).  The combined organic portions were dried over anhydrous 

potassium carbonate, and filtered.  The filtrate was concentrated to dryness resulting in a yellow-

white solid, TsMeN4 (1.145g, 2.82mmol, 87%).  1H-NMR (300 MHz, CDCl3), δ (ppm): 7.78 (d, 

2H, Ts-H), 7.40 (d, 2H, Ts-H), 7.23 (t, 2H, Py-H), 7.10 (d, 2H, Py-H), 6.86 (d, 2H, Py-H), 4.52 (s, 

4H, -CH2-), 3.80 (s, 4H, -CH2-), 2.72 (s, 3H, -CH3), 2.49 (s, 3H, -CH3).  
13C-NMR (600 MHz, 

CDCl3), δ (ppm): 157.16, 154.55, 143.56, 136.33, 135.99, 129.91, 126.86, 123.20, 122.53, 65.73, 

56.56, 49.04, 21.49.  ESI-MS in Acetonitrile: m/z 409.1695; Calculated: m/z 409.1620. 
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Synthesis of TsMeN4PdCl2 (1). Solid samples of (COD)PdCl2 (71.1 mg, 2.50mmol) and TsMeN4 

(102.3mg, 2.50mmol) were placed into a 100 mL round bottom flask equipped with a magnetic 

stirring bar and a septum. The flask was evacuated and refilled with nitrogen three times. Then 60 

mL anhydrous CH2Cl2 was added with a syringe and the reaction mixture was stirred vigorously 

under nitrogen for 2 days in the dark.  Using an ice-bath the CH2Cl2 was rotary evaporated, leaving 

an orange precipitate.  The precipitate was re-dissolved in the minimal amount of dichloromethane 

and precipitated with the addition of excess diethyl ether.  The precipitate was filtered off, washed 

with ether, pentane, and dried under vacuum.  The resulting precipitation was a pale orange-brown 

solid (0.1250g, 2.13mmol, 86%).  1H-NMR (600 MHz, DMSO), δ (ppm) for Major Isomer 1’ 

(NpyNamPdIICl2): 8.00 (d, 2H, Ts-H), 7.96 (t, 2H, Py-H), 7.56 (m, 6H, Ts-H & Py-H), 6.25 (dd, 4H, 

-CH2-), 5.50 (d, 2H, -CH2-), 4.53 (d, 2H, -CH2-), 2.47 (s, 3H, -CH3), 2.22 (s, 3H, -CH3). 1H-

NMR (600 MHz, DMSO), δ (ppm) for Minor Isomer 1” (NpyNpyPdIICl2): 7.90 (d, 2H, Ts-H), 7.66 

(t, 2H, Py-H), 7.55 (d, 2H, Ts-H), 7.26 (d, 2H, Py-H), 7.14 (d, 2H, Py-H), 5.22 (d, 2H, -CH2-), 

5.15 (d, 2H, -CH2-) 4.66 (d, 2H, -CH2-), 3.96 (d, 2H, -CH2-), 3.03 (s, 3H, -CH3), 2.47 (s, 3H, -

CH3). ESI-MS: m/z 549.0; Calculated for [(TsMeN4)PdCl]+: m/z 549.0. Anal. Found: C, 42.57; H, 

3.52; N, 8.59. Calcd for C22H24Cl2N4O2Pd2S (1/2 CH2Cl2): C, 43.01; H, 4.01; N, 8.92. 

 

Synthesis of TsMeN4PdMeCl (2). Solid samples of (COD)PdMeCl (63.7mg, 2.40mmol) and 

TsMeN4 (98.2mg, 2.40mmol) were placed into a 100 mL round bottom flask equipped with a 

magnetic stirring bar and a septum. The flask was evacuated and refilled with nitrogen three times. 

Then 40 mL anhydrous ether was added with a syringe and the reaction mixture was stirred 

vigorously under nitrogen for 2 days in the dark. Pale grey precipitate was filtered off, washed 

with ether, pentane, and dried under vacuum.  The solid was dissolved in a minimal amount of 
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dichloromethane and precipitated with the addition of excess pentane. The precipitate was a pale 

grey solid (114.2mg, 2.02mmol, 84%). 1H-NMR (300 MHz, CDCl3), δ (ppm): 7.84 (d, 2H, Ts-

H), 7.52 (m, 4H, Py-H), 7.44 (d, 2H, Ts-H), 7.06 (dd, 2H, Py-H), 6.15 (m, 4H, -CH2-), 5.18 (dd, 

2H, -CH2-), 4.24 (dd, 2H, -CH2-), 2.53 (s, 3H, -CH3), 2.34 (s, 3H, -CH3), 1.62 (s, 3H, Pd-CH3). 

13C-NMR (600 MHz, CDCl3), δ (ppm): 158.30, 157.00, 144.41, 138.19, 136.39, 130.33, 126.79, 

125.34, 125.01, 66.02, 63.43, 59.66, 57.41, 39.52, 21.59, -6.92. ESI-MS: m/z 529.1; Calculated 

for [(TsMeN4)PdMe]+: m/z 529.1. Anal. Found: C, 44.31; H, 3.90; N, 8.47. Calcd for 

C23H27ClN4O2Pd2S (CH2Cl2): C, 44.32; H, 4.49; N, 8.61. 

 

Synthesis of TsMeN4PdMe2 (3). Solid samples of (COD)PdMe2 (0.3740grams, 1.52mmol)  and 

TsMeN4 (0.6227grams, 1.52mmol) was cooled down to 0°C in an ice bath, then the flask was 

evacuated/refilled with nitrogen three times.  Then under nitrogen 30 mL of anhydrous ether was 

added.  The reaction mixture was stirred vigorously at 0°C for 3 hours, and then the solvents were 

removed by evaporation on a high vacuum line at 0°C. The resulting pale yellow-white solid was 

transported under nitrogen into the glove box.  The solid was washed with pentane, and then 

dissolved in a minimal amount of tetrahydrofuran.  The resulting orange colored solution was 

precipitated with pentane.  The cloudy solution was then decanted and the solid dried under 

vacuum, resulting in a pale yellow-orange solid (0.4889 grams, 0.90mmol, 59%). 1H-NMR (300 

MHz, Benzene), δ (ppm) for Major Isomer 1’ (NpyNpyPdIIMe2): 7.65 (d, 2H, Ts-H), 7.34 (d, 2H, 

Ts-H), 6.81 (d, 2H, Py-H), 6.66 (t, 2H, Py-H), 6.37 (m, 4H, -CH2-), 6.22 (d, 2H, Py-H), 4.83 (d, 

2H, -CH2-), 3.68 (d, 2H, -CH2-), 1.97 (s, 3H, -CH3), 1.95 (s, 3H, -CH3), 0.84 (s, 6H, Pd-CH3). 

1H-NMR (300 MHz, Benzene), δ (ppm) for Minor Isomer 1” (NpyNamPdIIMe2): 7.57 (d, 2H, Ts-

H), 7.39 (d, 2H, Ts-H), 7.25 (m, 2H, Py-H), 6.55 (t, 2H, Py-H), 6.04 (m, 2H, Py), 5.28 (d, 1H, -
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CH2-), 4.74 (dd, 2H, -CH2-), 3.86 (d, 1H, -CH2-), 1.97 (s, 3H, -CH3), 1.95 (s, 3H, -CH3), 0.70 (d, 

6H, Pd-CH3). 13C-NMR (600 MHz, Benzene), δ (ppm): 157.86, 157.45, 143.27, 138.10, 136.61, 

130.11, 128.30, 127.05, 124.47, 63.66, 57.46, 39.57, 21.21, and -9.45. ESI-MS: m/z 529.1; 

Calculated for [(TsMeN4)PdMe]+: m/z 529.1.  The elemental analysis of this complex could not be 

obtained due to its high aerobic sensitivity.  

 

Synthesis of [(TsMeN4)PdIIICl2]ClO4 [1+].  Low temperature controlled potential electrolysis was 

performed in a stirred solution of 1 (17.6 mg, 30 μmol) in 10 mL of 0.1 M Bu4NClO4 solution in 

MeCN at a potential of 1.3 V in a sealed H-shaped electrolysis cell using a reticulated vitreous 

carbon working electrode and a non-aqueous silver wire reference electrode.  The controlled 

potential electrolysis was conducted at -40°C.  The electrolysis was stopped after the charge 

corresponding to one electron oxidation was transferred, resulting in the formation of a dark teal 

green solution.  The solution was then stored at -20 °C and used for all further characterization.  

UV-Vis, λ, nm (ε, M-1∙cm-1), MeCN: 380 (1480), 635 (450).   

 

Synthesis of [(TsMeN4)PdIIIMeCl]ClO4 [2+].  Controlled potential electrolysis was performed in a 

stirred solution of 2 (5.7 mg, 10 μmol) in 10 mL of 0.1 M Bu4NClO4 solution in MeCN at a 

potential of 0.50 V in a H-shaped electrolysis cell using a reticulated vitreous carbon working 

electrode and a non-aqueous Ag/0.01M AgNO3 reference electrode. The electrolysis was stopped 

after the charge corresponding to one electron oxidation was transferred, resulting in the formation 

of a purple solution.  The solution was then stored at -20 °C and used for all further 

characterization.  UV-Vis, λ, nm (ε, M-1∙cm-1), MeCN: 350 (sh, 1220), 545 (203), 665 (120).   
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Synthesis of [(TsMeN4)PdIIMe(MeCN)](OTf).  The complex [(TsMeN4)PdIIMe(MeCN)](OTf) was 

prepared according to the modified literature procedure for preparation of 

[(N4)PdIIMe(MeCN)](OTf).21  A solution of AgOTf (11.8 mg, 0.045 mmol) in 2 mL of MeCN 

was added dropwise to a stirred solution of (TsMeN4)PdIIMeCl (25 mg, 0.045 mmol) in 4 mL of 

MeCN. The resulting suspension was stirred at RT for 5 hours in the dark. The white precipitate 

of AgCl was removed by filtration through 0.2 μm syringe filter and the resulting clear yellow 

solution was concentrated to dryness at RT. The solid residue was triturated with dry ether causing 

precipitation of a yellow solid which was filtered, washed with ether, pentane, and dried under 

vacuum.  Yield: 14.1 mg, 0.027 mmol, 60.0%. 

 

Synthesis of (TsMeN4)PdIIMe(OH) (5).  [(TsMeN4)PdIIMe(MeCN)](OTf) (14.1 mg, 0.027 mmol) 

was dissolved in 0.6 mL of MeOD.  Then 1 equivalent of 40% NaOD in D2O (2.47 μL) was added 

to give a clear yellow solution of (TsMeN4)PdIIMe(OH).  In 1H NMR spectrum of the resulting 

solution there were two overlapping complexes (TsMeN4)PdIIMe(OH) and (TsMeN4)PdIIMe(OMe).  

Several attempts to isolate this complex were unsuccessful, likely due to decomposition and 

sensitivity to water.  UV-Vis, λ, nm (ε, M-1∙cm-1), MeOH: 390 (sh, 92).  1H-NMR (300 MHz, 

MeOD), δ (ppm): 7.93 (dd, 2H, Ts-H), 7.73 (m, 4H, Py-H), 7.50 (dd, 2H, Ts-H), 7.33 (m, 2H, Py-

H), 6.03 (dd, 2H, -CH2-), 5.79 (dd, 2H, -CH2-), 5.34 (m, 2H, -CH2-), 4.37 (m, 2H, -CH2-), 2.51 

(s, 3H, -CH3), 2.40 (s, 3H, -CH3), 0.48 (s, 3H/2, Pd-Me), 0.45 (s, 3H/2, Pd-Me).  
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2.2.2 Physical Measurements 

1H NMR spectra were recorded on a Varian Mercury-300 spectrometer (300.121 MHz) or 

a Varian Unity Inova-600 spectrometer (599.746 MHz).  13C NMR spectra were recorded on a 

Varian Unity Inova-600 spectrometer (599.746 MHz).   Chemical shifts are reported in parts per 

million (ppm) with residual solvent resonance peaks as internal reference.22  Abbreviations for the 

multiplicity of NMR signals are singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and 

broad (br).  UV-visible spectra were recorded on a Varian Cary 50 Bio spectrophotometer and are 

reported as λmax, nm (ε, M-1*cm-1).  EPR spectra were recorded on a JEOL JES-FA X-band (9.2 

GHz) EPR spectrometer in frozen solution at 77 K.  ESI-MS experiments were performed using a 

Thermo FT or Bruker Maxis Q-TOF mass spectrometer with an electrospray ionization source. 

ESI mass-spectrometry was provided by the Washington University Mass Spectrometry Resource.  

Elemental analyses were carried out by the Columbia Analytical Services Tucson Laboratory.   

Cyclic voltammetry (CV) experiments were performed using a BASi EC Epsilon 

electrochemical workstation or a CHI 660D Electrochemical Analyzer. Electrochemical-grade 

supporting electrolytes were purchased from Fluka.  The electrochemical measurements were 

performed under a blanket of nitrogen, and the analyzed solutions were deaerated by purging with 

nitrogen. A glassy carbon disk electrode was used as the working electrode, and the auxiliary 

electrode was a Pt wire.  A non-aqueous Ag/0.01M AgNO3 electrode in MeCN was used as a 

reference electrode.  The reference electrode was calibrated against ferrocene (Fc) at the 

conclusion of each CV experiment. 

Electrochemical oxidations were performed using controlled potential electrolysis (CPE) 

in a two compartment H-shaped electrolysis cell separated by a fine-frit glass junction.  A 

reticulated vitreous carbon working electrode and a non-aqueous Ag/0.01M AgNO3 or silver wire 
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reference electrode were used in the anodic chamber.  Similarly, platinum gauze (25 mm x 10 mm) 

was used as the auxiliary electrode in the cathodic chamber.  The anodic chamber was equip with 

a magnetic stirring bar and was under a blanket of nitrogen.  Prior to all CPE experiments, a CV 

was obtained to determine the proper potential for electrolysis.  Solvents were purified prior to use 

by passing through a column of activated alumina using an MBRAUN Solvent Purification 

System, and electrochemical-grade supporting electrolytes were purchased from Fluka. 

X-ray diffraction quality crystals of 1 and 2 were obtained by slow ether vapor diffusion 

into acetonitrile or CH2Cl2 solutions.  Similarly, quality crystals of 3 were obtained by slow 

pentane vapor diffusion into a tetrahydrofuran solution.  Suitable crystals of appropriate 

dimensions were mounted and preliminary examination and data collection were performed using 

a Bruker Kappa Apex-II Charge Coupled Device (CCD) Detector system single crystal X-Ray 

diffractometer equipped with an Oxford Cryostream LT device. Data were collected using graphite 

monochromated Mo Kα radiation (λ= 0.71073 Å) from a fine focus sealed tube X-Ray source. 

Apex II and SAINT software packages23 were used for data collection and data integration.  Final 

cell constants were determined by global refinement of reflections from the complete data set. Data 

were corrected for systematic errors using SADABS23 based on the Laue symmetry using 

equivalent reflections.  Structure solutions and refinement were carried out using the SHELXTL- 

PLUS software package24. The structures were refined with full matrix least-squares refinement 

by minimizing Σw(Fo
2-Fc

2)2.  All non-hydrogen atoms were refined anisotropically to 

convergence. Typically, H atoms are added at the calculated positions in the final refinement 

cycles.  The complete listings of x-ray diffraction parameters are included in Appendix B.   
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 2.2.3 Computational Studies 

The density functional theory (DFT) and time-dependent density functional theory (TD-

DFT) calculations were performed with the program package Gaussian 09.25  The UB3LYP hybrid 

functional26,27 along with Stevens (CEP-31G)28,29 valence basis sets and effective core potentials 

were employed for single point and geometry optimization calculations.  This combination of 

hybrid functional and basis sets have been previously shown to work well for reproducing 

experimental parameters of complexes containing palladium.30,31  The ground state wave function 

was investigated by analyzing the frontier MOs, and the atomic contributions to MOs were 

calculated using the program Chemissian.32 TD-DFT calculations were employed to obtain the 

predicted absorption bands and their major contributing transitions. The calculated UV-Vis spectra 

were generated using GaussSum33, with a full width at half maximium (FWHM) values of 3000 

to 3500 cm-1. 

 

2.2.4 Reactivity Studies 

1H NMR reactivity studies for aerobic oxidation.  A 3-4 mM solution of 3 with an equimolar 

amount of 1,3,5-trimethoxybenzene (used as internal standard) was dissolved in O2-saturated 

CD3OD solution, and an NMR tube was filled to the top (to avoid the escape of volatiles into the 

headspace) and sealed with a septum.  The reaction mixture was kept in the dark and periodically 

analyzed by 1H NMR.  The yields of Pd intermediates and organic/Pd products were determined 

by integration versus the internal standard, calculated as [moles of product]/[moles of 3]*100% 

and given as an average of two runs.   
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1H NMR reactivity studies with methyl iodide.  A 3-4 mM solution of 3 with 1,3,5-

trimethoxybenzene (used as internal standard) was dissolved in d6-acetone.  To which, a methyl 

iodide solution was added.  The NMR tube was then filled to the top with additional d6-acetone 

(so that no headspace is left to avoid the escape of volatiles) and sealed with a septum.  The reaction 

mixture was kept in the dark and periodically analyzed by 1H NMR.  The yields of Pd intermediates 

and organic/Pd products were determined by integration versus the internal standard, calculated as 

[moles of product]/[moles of 3]*100% and given as an average of two runs.   

 

UV-Vis reactivity studies for aerobic oxidation.  A 2.14 mM solution of 3 in CD3OD was placed 

into a quartz cuvette (1 cm pathlength) equipped with a septum-sealed cap and a magnetic stirring 

bar.  Dry O2 was bubbled through the solution for 2 minutes and the reaction mixture was stirred 

at 20°C in the dark. The reactivity reaction was then monitored using a Varian Cary 50 Bio 

spectrophotometer.   

 

ESI-MS reactivity studies for aerobic oxidation.  A solution of 0.1 mg of 3 in methanol was 

prepared in the absence of O2.  To which, an O2-saturated methanol solution was added 

immediately prior to ESI-MS analysis.  Then approximately 50 µL of the resulting solution was 

injected into the instrument at various time points to detect any intermediates formed during the 

aerobic oxidation.  The ESI-MS experiments were performed using a Bruker Maxis Q-TOF mass 

spectrometer with an electrospray ionization source.  
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2.3   Results and Discussion 

2.3.1 Ligand Synthesis and Design 

The N-mehtyl-N’-tosyl-2,11-diaza[3.3](2,6)pyridinophane (TsMeN4) ligand is a variant of 

the previously studied tetradentate ligands, N,N’-di-tert-butyl-2,11-diaza[3.3](2,6)pyridinophane 

(tBuN4)34 and N,N’-di-methyl-2,11-diaza[3.3](2,6)pyridinophane (MeN4)16.  TsMeN4 was designed 

to behave like a “pseudo-tridentate” ligand by attaching a bulky electron-withdrawing protecting 

group to one of the axial amines in order to alter the metal-binding ability of this N donor.  The 

TsMeN4 variant was successfully synthesized by a new synthetic route (Scheme 2.1). The synthesis 

began with the preparation of the new intermediate, TsHN4, which was prepared in 47% yield via 

selective tosylation of the HN4 precursor18 using 4-toluenesulfonyl chloride.  The TsHN4 

intermediate was then methylated using Eschweiler-Clarke conditions to produce the desired 

ligand, TsMeN4, in 87% yield.  

 

Scheme 2.1 Synthetic route for the pseudo-tridentate TsMeN4. 
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2.3.2 Destabilization of PdIII Complexes 

A series of Pd complexes supported by the newly designed TsMeN4 ligand were synthesized 

to determine if the proposed pseudo-tridentate nature of the ligand resulted in destabilization of 

the high-valent PdIII metal center.  The PdII complexes (TsMeN4)PdCl2 (1), (TsMeN4)PdMeCl (2), 

and (TsMeN4)PdMe2 (3) were obtained in a manner similar to the previously synthesized N4 

analogues.15,16,35  Complex 1, was prepared in 86% yield from the precursor (COD)PdIICl2
19 via 

ligand exchange with TsMeN4.  Similarly, complexes 2 and 3 were prepared in 84% and 59% yields 

from precursors (COD)PdIIMeCl20 and (COD)PdIIMe2
15

 respectively. 

The X-ray structure of 1 revealed a unique square planer geometry around the PdII metal 

center with two chloride ligands, one amine donor and one pyridine N atom of the TsMeN4 ligand 

binding equatorially (Figure 2.1).  This unique bonding geometry is different from the previously 

synthesized N4 supported complexes, since a square planar geometry involving the two exogenous 

ligands and the two pyridine N atoms is most commonly observed.  However, the metrical 

parameters of complex 1 are generally comparable to those of previously synthesized complexes 

(tBuN4)PdCl2 and (MeN4)PdCl2.  

The X-ray structures of complexes 2 and 3 revealed both complexes adopted the more 

commonly observed bonding geometry featuring both the pyridine N atoms bound to the Pd metal 

center (Figure 2.1).  Additionally, the metrical parameters of complexes 2 and 3 are again generally 

comparable to those of the corresponding previously synthesized complexes. 
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Figure 2.1 ORTEP36 representation (50% probability ellipsoids) of 1 (left), 2 (middle), and 3 

(right).  Selected bond distances (Å): 1, Pd1-Cl1 2.279, Pd1-Cl2 2.307, Pd1-N1 2.057, Pd1-N2 

2.062; 2, Pd1-C1 2.027, Pd1-Cl1 2.307, Pd1-N1 2.044, Pd1-N2 2.172; 3, Pd1-C1 2.053, Pd1-C2 

2.053, Pd1-N1 2.151, Pd1-N2 2.151.  A complete listings of structural parameters are included in 

Appendix B.      

  

Cyclic voltammetry of all three compounds in 0.1 M Bu4NClO4 in CH2Cl2 or THF revealed 

a series of oxidation waves covering a wide range of potentials (Figure 2.2, Table 2.1).  The cyclic 

voltammogram (CV) of 1 revealed oxidation peaks at 715 and 950 mV and a reversible wave at 

1100 mV vs Fc+/Fc.  Similarly, the cyclic voltammogram of 3 exhibited two oxidation peaks and 

a reversible wave at -440, -130 and 73.4 mV vs Fc+/Fc, respectfully.  The cyclic voltammograms 

of 2, however, revealed a single oxidation wave at 100 mV and a reversible wave at 605 mV vs 

Fc+/Fc.  Since the TsMeN4 ligand is not redox active within this potential range, the irreversible 

oxidations peaks are assigned to the κ3 and κ4 PdII/III oxidations and the reversible oxidation was 

assigned to the PdIII/IV oxidation.  These assignments are consistent with our reported 

electrochemical analysis of the previously synthesized complexes supported by the tetradentate 

N4 analogues.35,37  The observed oxidation potentials of 1-3 are slightly higher than the previously 

synthesized complexes15,16,35 due to the inability of the protected amine to support the high valent 
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Pd metal center.  This is contributed to the large steric and electronic effects introduced to the 

ligand by the protected amine. 
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Figure 2.2 Cyclic voltammograms of 1 (left), 2 (middle), and 3 (right) in 0.1 M Bu4NClO4 in 

CH2Cl2 or THF, 100 mV/s scan rate. 

 

 

Table 2.1 Redox potentials obtained from the CV of complexes 1, 2 and 3. 

Complex Epa PdII/III [mV] Epc PdIII/II [mV] E1/2 PdIII/IV [mV] 

(TsMeN4)PdIICl2 (1) 715, 950 670, 396 1100 

(TsMeN4)PdIIMeCl (2) 100 -45, -220 605 

(TsMeN4)PdIIMe2 (3) -440, -130 -615 74 

* CV measurements were obtained in 0.1 M Bu4NClO4 at a 100 mV/s scan rate.  The reported 

potentials are adjusted versus Fc+/Fc. 

 

Controlled potential electrolysis (CPE) of 1 and 2 at potentials above the first anodic wave 

were performed to generate deeply colored solutions of complexes [(TsMeN4)PdIIICl2]
+ (1+, forest 

green) and [(TsMeN4)PdIIIMeCl]+ (2+,  purple).  Neither electrochemical nor chemical oxidations 

were capable of producing detectable amounts of the corresponding PdIII product (3+) of complex 

3, due to the instability of the PdIII product.  The UV-Vis spectra of [1+] and [2+] in MeCN (Figure 

2.3) show strong absorption bands at 545-665 and 350-380 nm.  Additionally, the reduced stability 
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of the PdIII complexes was also monitored via UV-Vis spectroscopy.  The characteristic PdIII 

absorption bands for complexes [1+] and [2+] decay at room temperature within 30 minutes and 2 

hours, respectively.   
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Figure 2.3 UV-Vis spectra of a solution of [1+]ClO4 (left) and [2+]ClO4 (right) in MeCN. 

 

Complexes [1+] and [2+] are both paramagnetic, allowing the bonding interactions with the 

Pd metal center to be probed using electron paramagnetic resonance spectroscopy (EPR).  The 

EPR spectra of [1+] and [2+] (Figure 2.4) [77 K, 3:1 PrCN/MeCN glass] revealed the bonding 

coordination of these complexes differs from the previously reported complexes supported by 

tetradentate ligands.3,4,12  The EPR spectra confirm the N atoms of the two axial amines couple 

differently with the Pd metal center. 

In complex [1+] the Pd metal center strongly couples to the N atom of the methylated amine 

[AN1 = 35.5 G] and weakly couples to the N atom of the protected amine [AN2 = 10.0 G].  This 

variance in the N atom hyperfine coupling constants produces the distinctive superhyperfine 

coupling pattern observed in the experimental EPR spectrum.  The weakly coupled N atom of the 
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protected amine causes a broadening effect on the superhyperfine coupling pattern of the N atom 

of the methylated amine, resulting in the observed broadened triplet of triplets.   Additionally, in 

complex [2+] the coupling between the Pd metal center and the N atom of the protected amine is 

even less [AN2 = 5.0 G].  As a result the broadening of the observed superhyperfine coupling is 

reduced.    

These distinctly different coupling values for the different N atoms strongly support the 

proposed pseudo-tridentate nature of the TsMeN4 supported complexes.  Furthermore, the extent to 

which the N atom of the protected amine couples with the Pd metal center appears to be dependent 

on the exogenous ligands bonded to the Pd metal center.  The more electronegative the exogenous 

ligands, the greater interaction the Pd metal center requires from the protected amine, resulting in 

greater coupling.  From this general trend, the binding coordination of complex [3+] was proposed 

to be almost completely tridentate, corresponding to it’s instability. 
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Figure 2.4 EPR spectra of a solution of [1+]ClO4 (left) and [2+]ClO4 (right) in 3:1 PrCN/MeCN 

(red lines), and simulated EPR spectra (black lines) using the following parameters: [1+]ClO4, gx= 

2.163, gy= 2.129, gz= 2.001 (AN,1 = 35.5 G, AN,2 = 10.0 G); [2+]ClO4, gx= 2.222, gy= 2.118, gz= 

2.011 (AN,1 = 31.5 G, AN,2 = 5.0 G).    
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2.3.3 Computational studies on PdIII Complexes 

Due to the low stability of complexes [1+] and [2+] x-ray quality crystals of these complexes 

were not able to be isolated and characterized.  However, it is shown in the above spectroscopic 

experiments that complexes [1+] and [2+] are clearly formed.  Furthermore, the resulting EPR 

results suggest the bonding geometry around the PdIII metal center adopts a pseudo-tridentate 

nature (Figure 2.4).  To support the proposed structures, density functional theory (DFT) and time-

dependent density functional theory (TD-DFT) calculations were performed to support the 

proposed pseudo-tridentate structures.   

The resulting metrical parameters for the optimized geometries of complexes [1+] and [2+] 

(Table 2.2 and 2.3) were compared to the previously characterized tetradentate MeN4 supported 

complexes [(MeN4)PdIIICl2]
+ (4+) and [(MeN4)PdIIIMeCl]+ (5+).  The bond length of the axial 

nitrogen atoms in [4+] and [5+] were determined to be nearly symmetric, whereas, in complexes 

[1+] and [2+] the bond lengths of the two axial nitrogen atoms differ.  The electron-deficient 

protected amine is unable to form a strong bond with the high-valent PdIII metal center, resulting 

in an elongated bond length.  Thus, confirming the proposed pseudo-tridentate assignments for 

complexes [1+] and [2+].   

Additionally, the comparison of complexes [1+] and [2+] correlates perfectly with the 

experimental EPR results.  The bond length between the protected amine and the high-valent PdIII 

metal center is dependent on the electronegativity of the exogenous ligands.  As seen in the EPR 

spectra for complexes [1+] and [2+] the more electronegative the exogenous ligands, the greater 

coupling observed between the protected amine and the Pd metal center.  The calculated metrical 

parameters summarized in Tables 2.2 and 2.3 clearly follow the proposed trend.   
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Table 2.2 DFT-calculated (UB3LYP/CEP-31G) bond lengths (Å) for complexes [1+] and [2+] 

compared to experimentally determined parameters of similar MeN4 supported complexes.     

Metrical 

Parameters 
[1+] (calc.) [4+] (expt.) [2+] (calc.) [5+] (expt.) 

Pd-N1(Ts/Me) 2.498 2.310 2.529 2.302 

Pd-N2 (Me) 2.318 2.311 2.313 2.338 

Pd-N3 (Py) 2.063 2.002 2.111 2.085 

Pd-N4 (Py) 2.067 2.029 2.181 2.085 

Pd-Cl1 2.416 2.303 2.466 2.344 

Pd-Cl2/C1 2.417 2.322 2.073 2.021 

 

 

Table 2.3 DFT-calculated (UB3LYP/CEP-31G) bond angles (degrees) for complexes [1+] and [2+] 

compared to experimentally determined parameters of similar MeN4 supported complexes.     

Metrical 

Parameters 
[1+] (calc.) [4+] (expt.) [2+] (calc.) [5+] (expt.) 

N1-Pd-N2 150.6 153.5 146.5 149.1 

N3-Pd-N4 82.8 82.3 80.9 81.4 

 

 

Furthermore, TD-DFT calculations were employed to simulate the UV/Vis spectra for 

complexes [1+] and [2+] (Figure 2.5 and 2.6).  The calculated absorption bands for both complexes 

and their resulting compositions were summarized in Table 2.3 and 2.4.  The β-LUMO’s for both 

complexes were likewise generated and the corresponding atomic contributions were computed.  

The resulting β-LUMO, atomic contributions, axial Pd-N bond distances and the experimental 

EPR superhyperfine couplings were once again compared to the MeN4 supported complexes 

(Figure 2.7).     
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Figure 2.5 Comparison of experimental (red line) and computational simulated (black line) UV-

Vis spectra of complexes [1+]ClO4 (left) and [2+]ClO4 (right) in MeCN.  
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Figure 2.6 TD-DFT calculated UV-Vis spectra of complexes [1+] (left) and [2+] (right). 
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Table 2.3 TD-DFT calculated absorption bands and the corresponding orbital compositions for 

[1+].  Only the transitions with oscillator strengths larger than 0.007 are listed; similarly only 

contributing transitions with greater than 35% contribution to the absorption band are included. 

Wavelength 

(nm) 

Oscillator 

Strength 
Major Contributing Transitions 

614.81 0.036 β-HOMO  β-LUMO (75%) 

491.26 0.012 α-HOMO  α-LUMO+1 (76%) 

405.88 0.037 β-HOMO-3  β-LUMO (70%) 

372.74 0.039 β-HOMO-7  β-LUMO (50%) 

356.06 0.008 β-HOMO-6  β-LUMO+1 (77%) 

305.05 0.013 α-HOMO-10  α-LUMO (46%) 

 

 

Table 2.4 TD-DFT calculated absorption bands and the corresponding orbital compositions for 

[2+].  Only the transitions with oscillator strengths larger than 0.007 are listed; similarly only 

contributing transitions with greater than 35% contribution to the absorption band are included.  

Wavelength 

(nm) 

Oscillator 

Strength 
Major Contributing Transitions 

625.04 0.016 β-HOMO  β-LUMO (40%) 

553.60 0.009 α-HOMO  α-LUMO (81%) 

361.98 0.036 β-HOMO-1  β-LUMO+1 (35%) 

355.98 0.014 β-HOMO-3  β-LUMO (46%) 

354.76 0.011 β-HOMO-3  β-LUMO (37%) 

320.33 0.008 α-HOMO  α-LUMO+5 (75%) 
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 [1+] [2+] [4+] [5+] 

Axial Bond 

Lengths [Å] 

NTs-Pd     2.498 

NMe-Pd    2.318 

NTs-Pd     2.529 

NMe-Pd    2.313 

N1-Pd      2.365 (2.310)   

N2-Pd      2.368 (2.311) 

N1-Pd      2.379 (2.302) 

N2-Pd      2.377 (2.338) 

EPR Coupling 

Parameters [G] 

AN, Ts        10.0 

AN, Me       35.5 

AN, Ts         5.0 

AN, Me      31.5 
AN, Me       25.5 AN, Me       23.0 

 

Figure 2.7 DFT-calculated (UB3LYP/CEP-31G) molecular orbitals (β-LUMOs) of [1+] (bottom-

left) and [2+] (bottom-right) compared to similar MeN4 supported complexes (top).  The calculated 

atomic contributions, DFT-calculated or experimentally determined axial Pd-N bond distances and 

the experimental EPR superhyperfine couplings are listed for each complex.   
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2.3.4 Aerobic reactivity of (TsMeN4)PdIIMe2  

On account of the low oxidation potential observed for complex 3, as well as the previously 

observed aerobic oxidation of (tBuN4)PdIIMe2 and (MeN4)PdIIMe2, we proposed that 3 could be 

similarly oxidized using mild oxidants to form reactive high-valent Pd species.  Therefore, a 

solution of 3 in methanol was reacted with O2 and the reaction was monitored by NMR to reveal 

the formation of ethane in up to 49% yield (Scheme 2.5).  This yield is similar to results previously 

reported for similar complexes.15,16  Furthermore, the observed C-C bond formation reactivity was 

not affected by the presence of the alkyl radical trap TEMPO, suggesting a non-radical mechanism 

(Scheme 2.5).  

 

Scheme 2.5 Aerobic Reactivity of (TsMeN4)PdIIMe2 (3).

 

 

In the previously reported cases, the formation of high-valent PdIII species formed via the 

aerobic oxidation was monitored by UV-Vis spectroscopy.  Similarly, the formation of the PdIII 

species was confirmed using EPR and ESI-MS.15,16  The utilization of these techniques to verify 

the presence of the PdIII intermediates was possible due to the inherent stability of these complexes.  

In the case of our newly synthesized pseudo-tridentate supported complex, [3+], the ligand cannot 

stabilize the PdIII metal center, therefore, the PdIII intermediate was not observed during the aerobic 
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oxidation of complex [3+] using UV-Vis spectroscopy (Figure 2.8).  The reaction was observed 

directly progressing from the starting material to the final product.  

    

200 300 400 500 600 700 800 900

0.0

0.5

1.0

1.5

2.0

A
b

s
o

rb
a

n
c

e
 (

A
u

)

Wavelength (nm)

 

 

 

200 300 400 500 600 700 800 900

0.0

0.5

1.0

1.5

2.0

A
b

s
o

rb
a

n
c

e
 (

A
u

)

Wavelength (nm)

 

 

 

Figure 2.8 UV-vis spectrum of 2.14 mM solution of 3 in methanol under O2 at 20°C (t = 0-1560 

min).  The UV-Vis spectrum was recorded continuous at 10 minute intervals (left).  To highlight 

the growth of the band at 440 nm, the spectrum at 2 hour intervals is also plotted (right).  

 

Similarly, the formation of the PdIII intermediate was not observed using EPR 

spectroscopy.  However, a trace amount of the short lived PdIII intermediate was observed using 

ESI-MS, which reveals a peak at m/z 545.1131 (calculated for 3+: 544.1124).  The PdIII species 

[3+] is initially present right after aerobic oxidation.  However, it fades rather quickly, with 

complete transformation to the key intermediate [(TsMeN4)PdIVMe3]
+, 4, within 10 minutes.  The 

life-time of 4 conversely is much longer; the ESI-MS results confirm the presence of 4 until 

completion of the reaction.  These results suggest a rapid formation of the key PdIV intermediate 

and only a very transient formation of the PdIII intermediate.   

Additionally, the observed rate of reactivity is comparable to the previously reported 

tetradentate supported complexes, suggesting that the formation of the high-valent PdIVMe3 
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intermediate is not rate-determining.  Overall, these results suggest the rate determining step is the 

subsequent reductive elimination from the PdIVMe3 intermediate, and thus the destabilization of 

the PdIII intermediate had a minimal effect on the rate of the C-C bond formation. 

 

2.3.5 Proposed mechanism for the aerobic C−C bond formation reactivity   

Based on the experimental results described above, and by analogy with the aerobic 

oxidation of previously reported PtII and PdII dimethyl complexes,38-40 we proposed the mechanism 

for the aerobically induced C-C bond formation from 3 is altered from the previously reported 

mechanisms for (tBuN4)PdIIMe2 and (MeN4)PdIIMe2.
15,16  We proposed a mechanism that proceeds 

directly to the key intermediate 4 without generating the [3+] intermediate (Scheme 2.6).  Oxidation 

of 3 by O2 through an inner sphere mechanism is expected to generate a transient PdIII-superoxide 

intermediate, [(κ3- TsMeN4)PdIIIMe2(O2)].
18  Upon protonation, this would yield the 

PdIVhydroperoxo species 6, which was shortly detected via ESI-MS during the aerobic oxidation.  

Then complex 6 can further oxidize another molecule of 3 to give two molecules of the PdIV-

hydroxo species 7.  Complex 7 can then undergo a PdIV-to-PdII methyl group transfer along with 

complex 3 to produce the key reactive intermediate 4 and the observed by-product 5.   From 

intermediate 4 the rate-determining reductive elimination of ethane can occur to produce additional 

by-product 5.  The reductive elimination of ethane from intermediate 4 was independently 

confirmed via the observed reactivity of methyl iodide with complex 3.  The reaction was 

monitored by NMR to reveal the formation of ethane in up to 92% yield in 1 hour (Scheme 2.5).     
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Scheme 2.6 Proposed Mechanism for Aerobic Oxidation of (TsMeN4)PdIIMe2 (3) and Subsequent 

Ethane Elimination.  

 

2.4   Conclusion 

In summary, reported herein is the synthesis and reactivity of an organometallic PdIIMe2 

complex supported by a newly synthesized “pseudo-tridentate” N4 ligand.  The pseudo-tridentate 

ligand was shown via spectroscopic methods to destabilize the high-valent PdIII metal center.  As 

a result, the corresponding aerobic transformation of the organometallic PdIIMe2 complex was 

improved by favoring the direct formation of the key intermediate PdIVMe3.  Subsequently, the 

selective C-C bond formation reaction was minimally affected by the destabilization of the PdIII 

intermediate.  Consequently, these studies provided experimental evidence that the rate 

determining step controlling the aerobically induced C-C bond formation is in fact the reductive 

elimination of ethane from the key intermediate PdIVMe3, as previously proposed.      
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Chapter 3 

 

Structural and Reactivity Comparison of Ortho-

Substituted Organometallic Nickel(III) Complexes  
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3.1   Introduction 

The use of ligand modification has been frequently studied to gain a greater understanding 

of the role electronic and steric properties play in ligand design.  Various ligand modifications 

have thus been used to improve numerous catalytic systems for a range of organometallic 

transformations.1-5  Furthermore, several of these organometallic transformations propose the 

involvement of high-valent NiIII intermediates, in particular during various cross coupling6-30 and 

carbon-heteroatom bond formation reactions31-35.  Therefore, studying the effects of ligand 

modifications on these NiIII intermediates would improve the development of catalytic systems for 

these important organic transformations. 

To this point, we have reported the isolation and characterization of a series of NiIII(para-

aryl)halide complexes stabilized by utilizing the tetradentate ligand system, N,N′-di-tert-butyl-

2,11-diaza[3.3](2,6)pyridinophane (tBuN4).36  These NiIII complexes were found to be stable at low 

temperatures, but would undergo C-halide bond formation upon warming to room temperature 

(Scheme 3.1).  Herein, we report the isolation and characterization of a series of NiIII(othro-

aryl)halide complexes stabilized utilizing the tetradentate ligand (tBuN4).  These complexes were 

then directly compared to the previously synthesized para-substituted complexes to gain a greater 

insight into the effect of the electronics and sterics of the aryl ligand. 

 

Scheme 3.1 C-Halide bond formation reactivity of [(tBuN4)NiIII(para-aryl)halide]+ complexes.36 
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 3.2   Experimental Section 

3.2.1 Synthesis of Ligands and Complexes 

Reagents and Materials.  All manipulations were carried out under a nitrogen atmosphere using 

standard Schlenk and glove box techniques if not indicated otherwise. All reagents for which 

synthesis is not given were commercially available from Sigma-Aldrich, Fisher Scientific, VWR, 

Acros, STREM or Pressure Chemical and were used as received without further purification. 

Solvents were purified prior to use by passing through a column of activated alumina using a 

MBRAUN Solvent Purification System.  N,N′-di-tert-butyl-2,11-diaza[3.3](2,6)pyridinophane 

(tBuN4)37, (tBuN4)NiII(p-FPh)Br36, and FcPF6
38 were prepared according to the literature 

procedures. 

 

(tBuN4)NiII(o-PhF)Br (1).  A suspension of tBuN4 (100.0 mg, 0.26 mmol) in 1-bromo-2-

fluorobenzene (3 mL) was added to [Ni(COD)2] (70.2 mg, 0.26 mmol) and the mixture was stirred 

at room temperature for 3 hours. Pentane (10 mL) was added and the olive green precipitate was 

separated by filtration, washed with pentane (2 x 3 mL), and dried under vacuum. Yield: 119.0 

mg, 0.20 mmol, 77%.   

 

(tBuN4)NiII(o-PhF)Cl (2).  A suspension of tBuN4 (50.0 mg, 0.13 mmol) in 1-chloro-2-

fluorobenzene (2 mL) was added to [Ni(COD)2] (35.1 mg, 0.13 mmol) and the mixture was stirred 

at room temperature for 2 hours. Pentane (10 mL) was added and the grey precipitate was separated 

by filtration, washed with pentane (2 x 3 mL), and dried under vacuum. Yield: 43.1 mg, 0.08 

mmol, 62%.   
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(tBuN4)NiII(o-PhMe)Br (3).  A suspension of tBuN4 (100.0 mg, 0.26 mmol) in 2-bromotoluene (3 

mL) was added to [Ni(COD)2] (70.2 mg, 0.26 mmol) and the mixture was stirred at room 

temperature for 3 hours. Pentane (10 mL) was added and the tan precipitate was separated by 

filtration, washed with pentane (2 x 3 mL), and dried under vacuum. Yield: 109.0 mg, 0.19 mmol, 

73%.   

 

(tBuN4)NiII(o-PhMe)Cl (4).  A suspension of tBuN4 (100.0 mg, 0.26 mmol) in 2-chlorotoluene (3 

mL) was added to [Ni(COD)2] (70.2 mg, 0.26 mmol) and the mixture was stirred at room 

temperature for 1.5 hours. Pentane (10 mL) was added and the grey precipitate was separated by 

filtration, washed with pentane (2 x 3 mL), and dried under vacuum. Yield: 67.4 mg, 0.13 mmol, 

49%.   

 

(tBuN4)NiII(o-PhOMe)Br (5).  A suspension of tBuN4 (50.0 mg, 0.13 mmol) in 2-bromoanisole (3 

mL) was added to [Ni(COD)2] (35.1 mg, 0.13 mmol) and the mixture was stirred at room 

temperature for 3 hours. Pentane (10 mL) was added and the grey precipitate was separated by 

filtration, washed with pentane (2 x 3 mL), and dried under vacuum. Yield: 41.2 mg, 0.07 mmol, 

54%.   

  

[(tBuN4)Ni(o-PhF)Br]PF6 (6).  A THF solution of 1 (34.3 mg, 0.058 mmol) and FcPF6 (19.4 mg, 

0.058 mmol) was stirred at -50 ºC for 5 hours. The resulting solution was then filtered at -50 ºC 

and pentane was diffused into the filtrate at -35 °C. After 3 days, the product was obtained as X-

ray quality yellow-brown crystals. Yield: 8.7 mg, 0.012 mmol, 21%. 
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[(tBuN4)Ni(o-PhF)Cl]PF6 (7).  A THF solution of 2 (10.0 mg, 0.018 mmol) and FcPF6 (6.1 mg, 

0.018 mmol) was stirred at -50 ºC for 2 hours.  At which time, 100 µL aliquot of the resulting dark 

green solution was mixed with 300 µL pre-cooled PrCN in an EPR tube.  The EPR sample was 

thoroughly mixed, frozen at 77 K and analyzed confirming the formation of the desired NiIII 

complex, however all attempts to isolate X-ray quality crystals of complex 2 have been 

unsuccessful.  

 

3.2.2 Physical Measurements 

1H NMR and 19F NMR spectra were recorded on a Varian Mercury-300 spectrometer 

(300.121 MHz).   Chemical shifts are reported in parts per million (ppm) with residual solvent 

resonance peaks as internal reference.39  Abbreviations for the multiplicity of NMR signals are 

singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br).  EPR spectra were 

recorded on a JEOL JES-FA X-band (9.2 GHz) EPR spectrometer in frozen solution at 77 K.   

Cyclic voltammetry (CV) experiments were performed using a BASi EC Epsilon 

electrochemical workstation or a CHI 660D Electrochemical Analyzer. Electrochemical-grade 

supporting electrolytes were purchased from Fluka.  The electrochemical measurements were 

performed under a blanket of nitrogen, and the analyzed solutions were deaerated by purging with 

nitrogen. A glassy carbon disk electrode and auxiliary Pt wire were used as the working electrode 

for cyclic voltammetry.  Two different non-aqueous reference electrodes were used: Ag/filled with 

0.01M AgNO3/0.1M Bu4NClO4/MeCN solution or silver wire.  The reference electrodes were 

calibrated against ferrocene (Fc) at the conclusion of each CV experiment. 

X-ray diffraction quality crystals of [(tBuN4)Ni(o-PhF)Br]PF6 were obtained by slow 

pentane vapor diffusion into a tetrahydrofuran solution.  Suitable crystals of appropriate 
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dimensions were mounted and preliminary examination and data collection were performed using 

a Bruker Kappa Apex-II Charge Coupled Device (CCD) Detector system single crystal X-Ray 

diffractometer equipped with an Oxford Cryostream LT device. Data were collected using graphite 

monochromated Mo Kα radiation (λ= 0.71073 Å) from a fine focus sealed tube X-Ray source. 

Apex II and SAINT software packages40 were used for data collection and data integration.  Final 

cell constants were determined by global refinement of reflections from the complete data set. Data 

were corrected for systematic errors using SADABS40 based on the Laue symmetry using 

equivalent reflections.  Structure solutions and refinement were carried out using the SHELXTL- 

PLUS software package41. The structures were refined with full matrix least-squares refinement 

by minimizing Σw(Fo
2-Fc

2)2.  All non-hydrogen atoms were refined anisotropically to 

convergence. Typically, H atoms are added at the calculated positions in the final refinement 

cycles.  The complete listings of x-ray diffraction parameters are included in Appendix B.   
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3.2.3 Reactivity Studies 

1H NMR reactivity studies.  A 3-4 mM solution of 1 or 2 in d3-MeCN was added into a NMR 

tube containing 1,3,5-trimethoxybenzene as an internal standard.   Then a solution of FcPF6 in 

MeCN-d3 was added to the NMR tube.  The reaction mixture was kept in the dark and periodically 

analyzed by 1H NMR.  The yield of the products were determined by integration versus the internal 

standard, calculated as [moles of product]/[moles of 1 or 2]*100%. 

 

19F NMR reactivity studies.  Periodically following the 1H NMR analysis the same solution was 

monitored via 19F NMR.  For these studies the counterion PF6 from the FcPF6 was used as the 

internal standard.  Similar to the 1H NMR studies, the yield of the products were determined by 

integration versus the internal standard, calculated as [moles of product]/[moles of 1 or 2]*100%. 

 

GC reactivity studies.  At -50°C 20-21 mM solution of 1 or 2 in MeCN was added to a 20 mL 

vial containing hexamethylbenzene as an internal standard.  Then a solution of FcPF6 in MeCN 

was added and the reaction mixture was warmed up to room temperature and stirred in the dark.  

After the reaction was complete, the reaction was quenched with 1 mL concentrated ammonium 

chloride.  The resulting solution was stirred for 15 mintues, then extracted with diethyl ether.  The 

organic layer was separated and dried using magnesium sulfate prior to GC analysis.  The yield of 

the products were determined by integration versus the internal standard, calculated as [moles of 

product]/[moles of 1 or 2]*100%.  The identity of the organic products were confirmed by GC-

MS. 
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3.3   Results and Discussion 

3.3.1 Synthesis and Structure of NiII Complexes. 

A series of NiII complexes (1-5) were effectively prepared using the previously reported 

method for the synthesis of (tBuN4)NiII(p-PhF)Br (Scheme 3.2).36  The characterization of the 

resulting complexes, however, was problematic due to the complexes having low solubility in 

common organic solvents.  Furthermore, even if the complexes were soluble in select organic 

solvents they would rapidly undergo ligand exchange forming the stable (tBuN4)NiIIX2 and the 

highly reactive di-aryl NiII species, which subsequently, reductive eliminated to produce the ortho-

substituted biphenyl and [Ni0] (Scheme 3.2).    

 

Scheme 3.2 Synthesis of NiII complexes 1-5 and the resulting ligand exchange in organic 

solvents. 

 

Complex 1 showed the slowest decomposition in tetrahydrofuran, thus allowing limited 

cyclic voltammetry (CV) experiments to be conducted.  The CV of complex 1 shows two 

oxidation processes at -0.27 and 0.30 V vs Fc+/Fc (Figure 3.1).  The low oxidative process is 

assigned to the NiII/NiIII couple, while the higher oxidative wave is tentatively assigned to a 
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NiIII/NiIV couple.  These potentials are extremely low and indicate the NiIII oxidation state should 

be readily attainable.   
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Figure 3.1 Cyclic voltammograms of 1 in 0.1 M Bu4NClO4 in tetrahydrofuran: (left) full range, 

(right) NiII/NiIII couple.  Scan rate: 100 mV/s. 

 

3.3.2 Synthesis and Structure of NiIII Complexes.   

The NiII/NiIII oxidation potential for complex 1 was extremely low, therefore the 

analogous complex 2 was proposed to have a similarly low NiII/NiIII oxidation potential.  

Complexes 1 and 2 were both oxidized with 1 equivalent [Fc+]PF6 in THF at -50°C to yield 

[(tBuN4)NiIII(o-PhF)Br]PF6, 6, as a yellow-brown solution, and [(tBuN4)NiIII(o-PhF)Cl]PF6, 7, as 

a dark green solution, respectively.  The oxidation of complex 3-5 failed to produce detectable 

quantities of the corresponding NiIII complexes, therefore the ensuing studies focused on 

complexes 1 and 2 and their NiIII counterparts 6 and 7. 

  X-ray quality crystals of 6 were obtained from THF/pentane (Figure 3.2).  Complex 6 

adopts a distorted octahedral geometry with an average axial Ni-Namine bond length of 2.344 Å, a 

shorter average equatorial Ni-Npyridyl bond length of 1.969 Å, a Ni-C bond length of 1.993 Å and 
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Ni-Br bond length of 2.440 Å.  These values are consistent with the previously reported 

[(tBuN4)NiII(p-PhF)Br]+ and [(tBuN4)NiII(p-PhF)Cl]+ complexes (Ni-Namine bond lengths of 2.305-

2.323 Å, Ni-Npyridyl bond length of 1.903 and 1.965 Å, Ni-C bond length of 1.980-2.018 Å and 

Ni-Halide bond length of 2.273-2.395 Å)37, and the only other reported six-coordinate NiIII 

complexes.44-46 

 

 

Figure 3.2 ORTEP42 representation of the cation of 6 with 50% probability thermal ellipsoids. 

Selected bond distances (Å), Ni1-N1, 1.981; Ni1-N2, 1.956; Ni1-N3, 2.342; Ni1-N4, 2.345; Ni1-

C23, 1.993; Ni1-Br1, 2.440.  A complete listings of structural parameters are included in 

Appendix B.         

 

The EPR spectra of complexes 6 and 7 exhibited rhombic signals with a gavg of 2.157 and 

2.158, respectively.  Superhyperfine coupling was observed in the gz direction (6: A2N = 13.0 G; 

7: A2N = 13.8 G) due to the two axial N donors (I =1) coupling to the NiIII center (Figure 3.3).  

Additionally, the EPR spectrum of complex 6 contained superhyperfine coupling in the gy and gz 

direction (gy: ABr = 12.0 G; gz: ABr = 12.7 G) due to the equatorial Br donor (I = 3/2) coupling to 

the NiIII center.  These results are consistent with a distorted octahedral NiIII metal center in a dz
2 
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ground state.43-47  As a whole, these values are consistent with the previously reported 

[(tBuN4)NiII(p-PhF)Br]+ and [(tBuN4)NiII(p-PhF)Cl]+ complexes.36 
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Figure 3.3 EPR spectra (black lines) of 6 (left) and 7 (right) in 3:1 PrCN/THF at 77K, and the 

simulated EPR spectrum (red lines) using the following parameters: 6, gx= 2.260, gy= 2.187 (ABr 

= 12.0 G), gz= 2.023 (A2N = 13.0 G and ABr = 12.7 G); 7, gx= 2.269, gy= 2.181, gz= 2.025 (A2N = 

13.8 G).   

 

3.3.3 C-Halide Bond Formation Reactivity.   

In addition to the characterization of complexes 6 and 7, the C-Halide bond formation 

reactivity of these complexes was investigated.  Oxidation of complex 1 in MeCN at room 

temperature generated observable quantities of 1-bromo-2-fluorobenzene via 1H NMR, 19F NMR 

and GC-FID. Conversely, the oxidation of complex 2 exhibited limited reactivity with no 

observable quantities of 1-chloro-2-fluorobenzene.  Additionally, isolated complex 6 generated 

observable quantities of 1-bromo-2-fluorobenzene upon warming to room temperature (Scheme 

3.3).   
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Scheme 3.3 C-Halide Bond Formation Reactivity of [(tBuN4)NiIII(ortho-aryl)halide]+ complexes. 

  

 

 Reactivity of complex 1 resulted in formation of a similar product to the previously 

reported (tBuN4)NiII(p-PhF)Br, however complex 1 was significantly more reactive.  The reaction 

with complex 1 had reached completion within 1 hour, whereas (tBuN4)NiII(p-PhF)Br took nearly 

6 hours.36  We propose the increased reactivity of complex 1 is due to the increased steric effects 

caused by the ortho-fluoride definitively observed in the X-ray crystal structure (Figure 3.2).  

The complex’s limited stabilization is most likely due to the electronic effects of the ortho-

fluoride similar to the para-substituted analog.  The non-reactivity of complex 2 is not fully 

understood, but we propose the high instability of complex 7 leads to limited reductive 

elimination of the desired product.  Overall, the steric effects introduced by the ortho-fluoride 

outweigh the stabilizing electronic effects, thus causing the NiIII intermediates to be highly 

destabilized.  These studies have shown controlling a ligand’s electronics and steric effect is vital 

to regulating the stability of these high-valent nickel intermediates. 
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3.4   Conclusion 

In summary, the studies reported herein provide the synthesis and reactivity of a series of 

ortho-substituted organometallic NiIII complexes.  These complexes where directly compared to 

the previously synthesized para-substituted counterparts to study the impact of altering the 

electronic and steric effects of these ligands.   The steric and electronic effects introduced by the 

ortho-substituent were found to destabilize the resulting NiIII intermediates.  The decreased 

stability had varying results ranging from greatly improving the rate of reactivity to preventing 

the formation of the desired product.  Overall, these studies have confirmed the importance 

ligand electronics and sterics play in controlling the stability of high-valent nickel intermediates.  

This combination of ortho- and para-substituted NiIII complexes has provided a rare opportunity 

to directly investigate intermediates fundamentally important to various catalytic reactions. 
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Chapter 4 

 

High-Valent Dimethyl Nickel Complexes Relevant to 

Cross-Coupling and C-C Bond Formation Reactions 
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4.1   Introduction 

Nickel complexes have been employed in a wide range of catalytic organometallic 

transformations, most notably Negishi, Kumada, and Suzuki cross-coupling reactions.1-6  Nickel-

catalyzed cross-coupling reactions in contrast to the Pallidum-catalyzed reactions can more easily 

undergo both one- and two-electron redox reactions.  Therefore, the NiIII and/or NiI oxidation states 

are more commonly proposed as catalytic intermediates of cross-coupling reactions7-31 and 

oxidatively induced C-heteroatom bond formation reactions.32-36  To this point, we recently 

published the first isolated NiIII species that could undergo C-heteroatom bond formation 

reactions.37  Nevertheless, the NiIII intermediates being proposed for cross-coupling and 

oxidatively induced C-C bond formation reactions are dialkyl NiIII intermediates.  To date, no 

reported dialkyl NiIII complex has been isolated or characterized.  Previously, however, we have 

reported a series of rare mononuclear organometallic PdIII and PdIV complexes capable of C-C and 

C-heteroatom bond formations.38-42  These complexes were stabilized using a series of unique 

tetradentate ligands, most notably N,N′-di-tert-butyl-2,11-diaza[3.3](2,6)pyridinophane (tBuN4) 

and N,N′-di-methyl-2,11-diaza[3.3](2,6)pyridinophane (MeN4), which allowed for the isolation of 

these rare high-valent metal complexes.  Consequently, using these same pyridinophane ligands 

we report herein the isolation, structural and spectroscopic characterization, and resulting C-C 

bond formation reactivity of the first reported stable dialkyl NiIII complexes relevant to cross 

coupling reactions.  Notably, the aforementioned C-C bond formation was shown to proceed 

slowly from the NiIII intermediate.  However, upon further oxidation to a proposed NiIV 

intermediate the observed C-C bond formation greatly improved.  Moreover, both the NiII and NiIII 

complexes were shown to be active catalysts for Kumada cross-coupling reactions.  As a whole, 

these studies provide for the first time structural and spectroscopic evidence for existence of 
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dialkyl NiIII complexes directly involved in C-C bond formation and most notably provide strong 

evidence the reactive species involved in nickel catalyzed cross-coupling reactions are in fact NiIV 

intermediates rather than the previously proposed NiIII intermediates.   

 

4.2   Experimental Section 

4.2.1 Synthesis of Ligands and Complexes 

Reagents and Materials.  All manipulations were carried out under a nitrogen atmosphere using 

standard Schlenk and glove box techniques if not indicated otherwise. All reagents for which 

synthesis is not given were commercially available from Sigma-Aldrich, Fisher Scientific, VWR, 

Acros, STREM or Pressure Chemical and were used as received without further purification. 

Solvents were purified prior to use by passing through a column of activated alumina using a 

MBRAUN Solvent Purification System.  N,N’-ditertbutyl-2,11-diaza[3.3](2,6)pyridinophane 

(tBuN4)43, N,N’-methyl-2,11-diaza[3,3](2,6)pyridinophane (MeN4)44, Mg(CD3)I
39, (tBuN4)NiIIBr2

45 

and FcPF6
46 were prepared according to the literature procedures.   

 

Preparation of (MeN4)NiIIBr2.  (DME)NiBr2 (0.345 g, 1.12 mmol) and MeN4 (0.300 grams, 1.12 

mmol) were dissolved in 60 ml of CH2Cl2 at RT under N2. The solution turned from orange to 

green. After 24 hours, the solvent was evaporated under vacuum and the solid residue was 

recrystallized from CH2Cl2 with slow ether diffusion to afford green paramagnetic crystals (0.341 

grams, 0.70 mmol, 63%).  UV-Vis, λ, nm (ε, M-1∙cm-1), DCM: 259 (2305), 315 (sh, 680), 405 

(281), 623 (22), 980 (33).  Evans method (CD3CN): µeff = 3.05µb.  
1H-NMR (300 MHz, CDCl3), 

δ (ppm): 68.45 (br), 56.41 (br), 13.23 (br), 1.58 (br).  Anal. Found: C, 37.18; H, 4.03; N, 10.41.  

Calculated for C16H20Br2N4Ni▪(1/2 CH2Cl2): C, 37.44; H, 4.00; N, 10.58. 
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Synthesis of (MeN4)NiIIMe2 (1).  To a stirred suspension of (MeN4)NiBr2 (177 mg, 0.364 mmol) 

in THF (5 mL), cooled at -50°C, was added 0.56 mL of a ca. 1.94 M solution of MeMgCl in THF 

solution. The mixture was stirred at this temperature for 30 minutes, and then slowly warmed up 

to -5°C overnight.  Next dioxane (5 mL) was added to the deep red solution.  The resulting 

suspension was let stand for 1 hour in the -35°C freezer.  The suspension was then filtered and the 

solvent was completely removed under vacuum at -50°C and the residue was extracted with 

precooled diethyl ether (100 mL).  The deep red solution was filtered and dried under vacuum.  A 

red solid was obtained (84.1 mg, 0.235 mmol, 65%).  X-ray quality crystals were obtained by slow 

pentane diffusion into a diethyl ether solution at -35°C.  Several attempts to obtain elemental 

analysis data proved unsuccessful, likely due to its decomposition during transportation and 

handling. UV-Vis, λ, nm (ε, M-1∙cm-1), THF: 400 (3100). 1H-NMR (300 MHz, d3-MeCN), δ (ppm): 

7.42 (t, 2H, Py-H), 7.00 (d, 4H, Py-H), 6.77 (d, 2H, -CH2-), 4.22 (d, 2H, -CH2-), 2.25 (s, 18H, -

CH3), -0.91 (s, 6H, Ni-CH3). 
13C-NMR (600 MHz, d8-THF), δ (ppm): 159.22, 134.46, 124.58, 

63.94, 63.94, 38.48, -9.65. 

 

Preparation of [(MeN4)NiIIIMe2]PF6 (2).  A solution of 1 (32.8 mg, 0.092 mmol) and FcPF6 (30.4 

mg, 0.092 mmol) in pre-cooled THF was stirred at -50 ºC for 3 hours and the resulting solution 

was then filtered at -50 ºC.  To the filtrate was added pre-cooled pentane producing a precipitate 

immediately.  After filtration, an orange-red solid was isolated and dried under vacuum (17.6 mg, 

0.035 mmol, 38%).  X-ray quality crystals were obtained by slow pentane diffusion into a 

tetrahydrofuran solution at -35°C in the presence of NaBPh4.  Elemental analysis sample was 

obtained using similar X-ray quality crystals obtained under the same conditions. 
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Evans method (CD3CN): µeff = 1.70µb. UV-Vis, λ, nm (ε, M-1∙cm-1), MeCN: 240 (10800), 465 

(470).  ESI-MS (HR) in Acetonitrile: m/z 356.1501; Calculated for [(MeN4)NiIIIMe2]
+: m/z 

356.1511.  Anal. Found: C, 71.31; H, 6.89; N, 7.55. Calculated for C42H46BN4Ni▪C4H8O, based 

on the composition of the unit cell obtained from X-ray analysis: C, 73.82; H, 7.27; N, 7.49. 

 

Synthesis of (MeN4)NiII(CD3)2 (1-d6).  To a stirred suspension of (MeN4)NiBr2 (220 mg, 0.452 

mmol) in THF (6 mL), cooled at -50°C, was added 1.35 mL of the CD3MgI solution. The mixture 

was stirred at this temperature for 30 minutes, and then slowly warmed up to -5°C overnight.  Next 

dioxane (6 mL) was added to the deep red solution.  The resulting suspension was let stand for 1 

hour in the -35°C freezer.  The suspension was then filtered and the solvent was completely 

removed under vacuum and the residue was extracted with precooled diethyl ether (150 mL).  The 

deep red solution was filtered and dried under vacuum.  A red solid was obtained (150 mg, 0.413 

mmol, 91%).  The 1H NMR spectrum of the product is identical to that of (MeN4)NiIIMe2 except 

for the missing singlet for the Ni-Me group. 

 

Synthesis of (tBuN4)NiIIMe2 (3).  To a stirred suspension of (tBuN4)NiIIBr2 (120 mg, 0.210 mmol) 

in THF (5 mL), cooled at -50°C, was added 0.28 mL of a ca. 1.94 M solution of MeMgCl in THF 

solution. The mixture was stirred at this temperature for 30 minutes, and then slowly warmed up 

to -5°C overnight.  Next dioxane (5 mL) was added to the deep red solution.  The resulting 

suspension was let stand for 1 hour in the -35°C freezer.  The suspension was then filtered and the 

solvent was completely removed under vacuum and the residue was extracted with precooled 

diethyl ether (100 mL).  The deep red solution was filtered and dried under vacuum.  A red solid 

was obtained (59.1 mg, 0.124 mmol, 64%).  X-ray quality crystals were obtained by slow 
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evaporation of a diethyl ether solution at -35°C.  Several attempts to obtain elemental analysis data 

proved unsuccessful, likely due to its decomposition during transportation and handling.  UV-Vis, 

λ, nm (ε, M-1∙cm-1), THF: 397 (1500).  1H-NMR (300 MHz, MeCN-d3), δ (ppm): 7.42 (t, 2H, Py-

H), 7.01 (d, 4H, Py-H), 6.57 (d, 2H, -CH2-), 4.67 (d, 2H, -CH2-), 1.35 (s, 18H, tBu), -1.07 (s, 6H, 

Ni-CH3).   

 

Synthesis of [(tBuN4)NiIIIMe2]PF6 (4).  A solution of 3 (56.2 mg, 0.127 mmol) and FcPF6 (42.2 

mg, 0.127 mmol) in pre-cooled THF was stirred at -50 ºC for 3 hours and the resulting solution 

was then filtered at -50 ºC.  To the filtrate was added pre-cooled pentane producing a precipitate 

immediately.  After filtration a bright yellow solid was isolated and dried under vacuum (46.8 mg, 

0.080 mmol, 63%).  X-ray quality crystals were obtained by slow pentane diffusion into a 

tetrahydrofuran solution at -35°C.  Evans method (CD3CN): µeff = 1.85µb.  UV-Vis, λ, nm (ε, M-

1∙cm-1), MeCN: 260 (9900), 310 (sh, 1350), 448 (300).  ESI-MS (HR) in Acetonitrile: m/z 

440.2458; Calculated for [(tBuN4)NiIIIMe2]
+: m/z 440.2450. 

 

Synthesis of (tBuN4)NiII(CD3)2 (3-d6).  To a stirred suspension of (tBuN4)NiBr2 (102 mg, 0.179 

mmol) in THF (6 mL), cooled at -50°C, was added 0.5  mL of the CD3MgI solution. The mixture 

was stirred at this temperature for 30 minutes, and then slowly warmed up to -5°C overnight.  Next 

dioxane (6 mL) was added to the deep red solution.  The resulting suspension was let stand for 1 

hour in the -35°C freezer.  The suspension was then filtered and the solvent was completely 

removed under vacuum and the residue was extracted with precooled diethyl ether (150 mL).  The 

deep red solution was filtered and dried under vacuum.  A red solid was obtained (66.1 mg, 0.148 
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mmol, 83%).  The 1H NMR spectrum of the product is identical to that of (tBuN4)NiIIMe2 except 

for the missing singlet for the Ni-Me group. 

 

Synthesis of [(tBuN4)NiIII(CD3)2]PF6 (4-d6).  A solution of 3-d6 (37.1 mg, 0.083 mmol) and FcPF6 

(27.5 mg, 0.083 mmol) in pre-cooled THF was stirred at -50 ºC for 3 hours and the resulting 

solution was then filtered at -50 ºC.  To the filtrate was added pre-cooled pentane producing a 

precipitate immediately.  After filtration, an orange-red solid was isolated and dried under vacuum 

(43.0 mg, 0.073 mmol, 88%).  The EPR spectrum of the product is identical to that of 

[(tBuN4)NiIIIMe2]PF6. 

 

4.2.2 Physical Measurements 

1H NMR spectra were recorded on a Varian Mercury-300 spectrometer (300.121 MHz), 

Agilent DD2-500 spectrometer (499.885 MHz) or Agilent DD2-600 spectrometer (599.736 MHz).  

13C NMR spectra were recorded on an Agilent DD2-600 spectrometer (599.736 MHz).  Chemical 

shifts are reported in ppm and referenced to residual solvent resonance peaks.47 Abbreviations for 

the multiplicity of NMR signals are s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br 

(broad).  UV-visible spectra were recorded on a Varian Cary 50 Bio spectrophotometer and are 

reported as λmax, nm (ε, M-1*cm-1).  EPR spectra were recorded on a JEOL JES-FA X-band (9.2 

GHz) EPR spectrometer in frozen solution at 77 K.  ESI-MS experiments were performed using a 

Thermo FT or Bruker Maxis Q-TOF mass spectrometer with an electrospray ionization source. 

ESI mass-spectrometry was provided by the Washington University Mass Spectrometry Resource, 

an NIH Research Resource (Grant No. P41RR0954). Elemental analyses were carried out by the 

Intertek Pharmaceutical Services. 
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Electrochemical-grade electrolytes from Fluka were used as the supporting electrolyte for 

electrochemical measurements. Cyclic voltammetry and controlled potential electrolysis 

experiments were performed with a BASi EC Epsilon electrochemical workstation or a CHI 660D 

Electrochemical Analyzer. The electrochemical measurements were performed under a blanket of 

nitrogen, and the analyzed solutions were deaerated by purging with nitrogen. A glassy carbon 

disk electrode (d = 1.6 mm) was used as the working electrode for cyclic voltammetry. The 

auxiliary electrode was a Pt wire for cyclic voltammetry measurements. Two different non-

aqueous reference electrodes were used: Ag/filled with 0.01M AgNO3/0.1M Bu4NClO4/MeCN 

solution or silver wire.  The reference electrode was calibrated against ferrocene (Fc) at the 

conclusion of each CV experiment. 

X-ray quality crystals of (MeN4)NiIIMe2 were obtained by slow pentane diffusion into a 

diethyl ether solution at -35°C. Similarly, quality crystals of (tBuN4)NiIIMe2 were obtained by slow 

evaporation of a diethyl ether solution.  X-ray quality crystals of [(MeN4)NiIIIMe2]BPh4 and 

[(tBuN4)NiIIIMe2]BPh4 were obtained by slow pentane vapor diffusion into a tetrahydrofuran 

solution at -35°C.  Suitable crystals of appropriate dimensions were mounted and preliminary 

examination and data collection were performed using a Bruker Kappa Apex-II Charge Coupled 

Device (CCD) Detector system single crystal X-Ray diffractometer equipped with an Oxford 

Cryostream LT device. Data were collected using graphite monochromated Mo Kα radiation (λ= 

0.71073 Å) from a fine focus sealed tube X-Ray source. Apex II and SAINT software packages48 

were used for data collection and data integration.  Final cell constants were determined by global 

refinement of reflections from the complete data set. Data were corrected for systematic errors 

using SADABS48 based on the Laue symmetry using equivalent reflections.  Structure solutions 

and refinement were carried out using the SHELXTL- PLUS software package.49 The structures 
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were refined with full matrix least-squares refinement by minimizing Σw(Fo
2-Fc

2)2.  All non-

hydrogen atoms were refined anisotropically to convergence. Typically, H atoms are added at the 

calculated positions in the final refinement cycles.  The complete listings of x-ray diffraction 

parameters are included in Appendix B. 

 

4.2.3 Computational Studies 

The density functional theory (DFT) and time-dependent density functional theory (TD-

DFT) calculations were performed with the program package Gaussian 09.50  The UB3LYP hybrid 

functional with the 6-31G* basis set for C, N, H and the modified m6-31G* basis set for Ni were 

employed.  This combination of hybrid functional and basis sets have been previously shown to 

work well for reproducing experimental parameters of Ni complexes.51,52  Geometry optimization 

calculations were performed using the X-ray coordinates as the starting geometry. The ground 

state wave function was investigated by analyzing the frontier MOs, and the atomic contributions 

to MOs were calculated using the program Chemissian.53 

 

4.2.4 Reactivity Studies 

1H NMR reactivity studies of (MeN4)NiIIMe2 or (tBuN4)NiIIMe2 .  A solution of 5-7 mg 1 or 3 in 

d3-MeCN was added into a NMR tube containing 1,3,5-trimethoxybenzene as an internal standard. 

To this solution were added the additional reagents in d3-MeCN.  For crossover experiments, 

equimolar amounts of 1 and 1-d6 or 3 and 3-d6 in d3-MeCN were added to the NMR as individual 

solutions.  For all experiments the NMR tube was then filled to the top with additional d3-MeCN 

(so that no headspace was left to avoid the escape of volatiles) and sealed with a septum.  The 

reaction mixtures were mixed carefully to form homogeneous solutions.  The reaction mixtures 
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were then kept in the dark and periodically analyzed by 1H NMR.  The yield of the products were 

determined by integration versus the internal standard, calculated as [moles of product]/[moles of 

1 or 3]*100%.   

 

1H NMR reactivity studies of [(MeN4)NiIIIMe2]BPh4 and [(tBuN4)NiIIIMe2]PF6.  A solution of 

5-7 mg 2 or 4 in d3-MeCN was added into a NMR tube containing 1,3,5-trimethoxybenzene as an 

internal standard. For some experiments, to this solution was added additional reagents in d3-

MeCN.  For all experiments the NMR tube was then filled to the top with additional d3-MeCN (so 

that no headspace was left to avoid the escape of volatiles) and sealed with a septum.  The reaction 

mixtures were mixed carefully to form homogeneous solutions.  The reaction mixtures were then 

kept in the dark and periodically analyzed by 1H NMR.  The yield of the products were determined 

by integration versus the internal standard, calculated as [moles of product]/[moles of 2 or 

4]*100% and given as an average of two runs.  For each experiment the moles of 2 and 4 were 

determined using EPR spin quantitation versus a standard [(MeN4)NiIII(Cycle)]PF6 solution. 

 

GC Product Analysis for the reactivity of (MeN4)NiIIMe2.  The NMR samples were quenched 

with 100 µL of 1.0 M HCl and 5 mL H2O, and extracted with ethyl ether (6 mL). The organic layer 

was then separated and dried over MgSO4.  The yield of product(s) was obtained by GC/FID using 

1,3,5-trimethoxybenzene as the internal standard.  The identity of the products were confirmed by 

GC/MSD. 

 

UV-Vis Monitoring of the oxidation of (MeN4)NiIIMe2.  A 1.0 mL aliquot of a 0.5 mM solution 

of 1 or 3 in MeCN was placed into a quartz cuvette (pathlength 1 cm) equipped with a septum-

sealed cap and a magnetic stirring bar.  A pre-oxidized sample was collected. The sample was then 
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oxidized and mixed thoroughly, then the reaction mixture was let stand at 20 °C in the dark. The 

reaction progress was monitored using a Varian Cary 50 Bio spectrophotometer.   

 

EPR Monitoring of the oxidation of (MeN4)NiIIMe2.  A solution of 1 or 3 in degassed 

butyronitrile was prepared immediately before the experiment.  Oxidinat was then added and the 

solution mixed for 1 minute at 20°C.  The solution was transferred to a quartz EPR tube and the 

samples were then frozen (77 K) and analyzed using a JEOL JES-FA X-band (9.2 GHz) EPR 

spectrometer.  The EPR spectrum was monitored over 24 hours at RT in the dark.  

  

Kumada cross-coupling with (MeN4)NiIIMe2 and [(MeN4)NiIIIMe2]BPh4.  Inside a nitrogen 

filled glove box, a small vial equipped with a magnetic stir bar was charged with the corresponding 

alkyl halide or aryl halide substrate (0.1 mmol), internal standard (hexamethylbenzene or 

dodecane), and 1 (2.0 mg, 0.05 equivalents) or 2 (3.4 mg, 0.05 equivalents) in THF (3.0 mL). To 

the stirring solution, the Grignard reagent (1.2 equivalents) was added via syringe and the resulting 

solution was allowed to stir at room temperature. After the allotted reaction time, the reaction 

mixture was worked up by quenching with 100 µL of 1.0 M HCl and 5 mL H2O, and extracting 

the mixture with diethyl ether (6 mL). The organic layer was separated and dried over MgSO4.  

The yield of product(s) was obtained by GC/FID using the internal standard for calibration, while 

the identity of the products was supported by GC/MSD. 
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4.3   Results and Discussion 

4.3.1 Synthesis and Structure of NiII Complexes.  

The NiII complexes (MeN4)NiIIMe2, 1, and (tBuN4)NiIIMe2, 3, were prepared in 63-64% 

yield from the  (MeN4)NiIIBr2 and (tBuN4)NiIIBr2 precursors, respectively, via transmetalation with 

methylmagnesium chloride (Scheme 4.1).  The resulting red complexes were determined to be 

diamagnetic, suggesting a square planar geometry comprised of two pyridyl nitrogen atoms from 

the N4 ligands and two exogenous methyl groups.  The strong σ-donating behavior of the 

exogenous methyl groups greatly favors the low-spin square planar geometry.  The X-ray 

structures of 1 and 3 confirmed the square planar geometry, with an average equatorial Ni-Npyridyl 

bond length of 1.973 and 2.005 Å and an average Ni-CMe bond length of 1.913 and 1.930 Å, 

respectively (Figure 4.1).   

 

Scheme 4.1 Synthesis of (RN4)NiIIMe2 and [(RN4)NiIIIMe2]
+ Complexes (R = tBu or Me).  
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Figure 4.1 ORTEP54 representation of 1 (left) and 3 (right) with 50% probability thermal 

ellipsoids.  Selected bond lengths (Å), 1: Ni1-C1, 1.913; Ni1-C2, 1.913; Ni1-N1, 1.973; Ni1-N2, 

1.973; 3: Ni-N1 2.005; Ni-N2 2.005; Ni-C1 1.930; Ni-C2 1.930.  A complete listings of structural 

parameters are included in Appendix B.       

 

The cyclic voltammetry (CV) of complex 1 shows two oxidation processes at -1.44 and      

-0.42 V vs Fc+/Fc, as well as a reversible oxidation wave at 0.08 V vs Fc+/Fc (Figure 4.2).  

Similarly, the CV of complex 3 shows two oxidation processes at -1.35 and -0.53 V vs Fc+/Fc, as 

well as a reversible oxidation wave at 0.49 V vs Fc+/Fc (Figure 4.2).  The lower two oxidative 

processes for both complexes are assigned to the κ3 and κ4 NiII/NiIII couples, while the higher 

oxidative wave is tentatively assigned to a NiIII/NiIV couple.  These potentials are extremely low 

and indicate the NiIII and NiIV oxidation states for both complexes should be readily attainable.   
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Figure 4.2 Cyclic voltammograms of 1 (left) and 3 (right) in 0.1 M Bu4NPF6 in MeCN. Scan rate: 

100 mV/s. 

 

4.3.2 Synthesis and Structure of NiIII Complexes.   

Complex 1 was oxidized with 1 equivalent [Fc+]PF6 in THF at -50°C to yield 

[(MeN4)NiIIIMe2]PF6, 2, as an orange-red solid in 38% yield.  Similarly, complex 3 was oxidized 

to yield [(tBuN4)NiIIIMe2]PF6, 4, as a yellow solid in 63% yield (Scheme 4.1).  Quality crystals of 

both complexes for single crystal X-ray diffraction analysis were obtained (Figure 4.3).  Both 

complexes 2 and 4 adopt a distorted octahedral geometry with an average axial Ni-Namine bond 

length of 2.246 and 2.386 Å and a shorter average equatorial Ni-Npyridyl bond length of 1.988 and 

1.961 Å, respectively.  These values are consistent with our previously reported organometallic 

NiIII complexes (Ni-Namine bond lengths of 2.314 and 2.315 Å, Ni-Npyridyl bond length of 1.947 and 

1.929 Å)37, and the only other reported six-coordinate NiIII complexes.44-46  Similarly, the average 

Ni-CMe bond lengths of 1.983 and 1.963 Å are consistent with the only other structurally 

characterized NiIII-alkyl complexes reported (1.923, 1.994, and 2.015 Å).51,55,56 
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Figure 4.3 ORTEP54 representation of the cations 2 (left) and 4 (right) with 50% probability 

thermal ellipsoids.  Selected bond lengths (Å), 2: Ni1-C1, 1.987; Ni1-C2, 1.978; Ni1-N1, 1.979; 

Ni1-N2, 1.996; Ni1-N3, 2.252; Ni1-N4, 2.240; 4: Ni-N1 1.966; Ni-N2 1.956; Ni-N3 2.400; Ni-N4 

2.372; Ni-C23 1.968; Ni-C24 1.957.  A complete listings of structural parameters are included in 

Appendix B.       

 

The EPR spectrum of complex 2 exhibited a pseudo axial signal with a gx, gy, and gz of 

2.228, 2.210, and 2.014, respectively, whereas, the EPR spectrum of complex 4 exhibited a 

rhombic signal with a gx, gy, and gz of 2.314, 2.264, and 2.009, respectively.  Additionally, 

superhyperfine coupling was observed in both complexes in the gz direction (2: A2N = 14.3 G; 4: 

A2N = 11.0 G) due to the two axial N donors (I =1) coupling to the NiIII center (Figure 4.4 and 4.5).  

These results are consistent with a distorted octahedral NiIII metal center in a dz
2 ground state.57-61  

Furthermore, density functional theory (DFT) calculations proposed a metal-based radical 

description for both complexes and the calculated spin density revealed the unpaired electron 

resides mostly on the nickel center (Figure 4.4 and 4.5).  Overall, complexes 2 and 4 are the first 

reported stable dialkyl NiIII complexes to be isolated with full structural and spectroscopic 

characterization.  Since such organometallic NiIII species are proposed as key intermediates in 

cross coupling reactions, these studies provide the first evidence for existence of a dialkyl NiIII 

intermediate.   
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Figure 4.4 (Left) EPR spectrum (black line) of 2 in PrCN at 77K, and the simulated EPR spectrum 

(red line) using the following parameters: gx= 2.228, gy= 2.210, gz= 2.014 (A2N = 14.3 G).  (Right) 

DFT calculated Mulliken spin density for 2 (shown as a 0.005 isodensity contour plot), and the 

relevant atomic and Ni orbital contributions to the spin density. 
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Figure 4.5 (Left) EPR spectrum (black line) of 4 in PrCN at 77K, and the simulated EPR spectrum 

(red line) using the following parameters: gx= 2.314, gy= 2.264, gz= 2.009 (A2N = 11.0 G).  (Right) 

DFT calculated Mulliken spin density for 4 (shown as a 0.005 isodensity contour plot), and the 

relevant atomic and Ni orbital contributions to the spin density. 

 

Ni: 
   𝑑𝑧2  0.783 

   𝑑𝑥2−𝑦2     0.140 

   s        0.026 
Nax         0.130 
Neq         0.015 
CMe            -0.110 

Ni: 
   𝑑𝑧2  0.804 

   𝑑𝑥2−𝑦2     0.141 

   s        0.035 
Nax         0.120 
Neq         0.015 
CMe            -0.124 
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4.3.3 C-C Bond Formation Reactivity.   

In addition to the isolation and characterization of complexes 2 and 4, the C-C bond 

formation reactivity was investigated for complexes 1-4 using different oxidative conditions.  Both 

one- and two- electron oxidations of complex 1 in MeCN at room temperature generated 

observable quantities of ethane via NMR (Scheme 4.2).  Similarly, the reactivity of isolated 

complex 2 both with and without one-electron oxidation generated observable quantities of ethane 

at room temperature.  Complex 4 was stable at room temperature, therefore all the reactivity for 

complexes 2 and 4 were conducted at 50°C.  The one-electron oxidation of complex 2 generated 

observable quantities of ethane via NMR (Scheme 4.3).  Additionally, complex 4 with and without 

one-electron oxidation also generated observable quantities of ethane.  All reactions were 

monitored until no additional changes were observed.  Surprisingly, complexes 2 and 4 both 

exhibited limited reactivity without further oxidation.  However, promoted by further oxidations 

the reactivity of these complexes proceeded more rapidly, suggesting the involvement of a 

potential NiIV intermediate.   
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Scheme 4.2 C-C bond formation reactivity of the complexes 1 and 2. 

 

 

Scheme 4.3 C-C bond formation reactivity of the complexes 3 and 4. 

 

 

To investigate the different oxidative pathways several mechanistic studies were 

performed.  Crossover experiments using a 1:1 mixtures of 1 and (MeN4)NiII(CD3)2, 1-d6, 3 and 

(tBuN4)NiII(CD3)2, 3-d6, or 4 and [(tBuN4)NiIII(CD3)2]PF6, 4-d6,  resulted in a similar difference 

between the one- and two-electron oxidation reactions (Scheme 4.4).  The one-electron oxidation 

of complexes 1 resulted in significant crossover.  Whereas, the one-electron oxidation of complex 
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3, the two-electron oxidation of complex 1 and the one-electron/non-oxidation of complex 4 all 

showed only trace amounts of crossover products.  Furthermore, all reactions were unaffected in 

the presence of the radical trap (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl, TEMPO, suggesting 

the absence of radical mediated pathways (Scheme 4.5).   

 

Scheme 4.4 C-C bond formation reactivity of crossover experiments using a 1:1 mixture of 

complexes 1, 3 and 4. 

 

 

Scheme 4.5 C-C bond formation reactivity of the complexes 1 and 4 in the presence of radical trap 

TEMPO. 

 



85 
 

From the various reactivity studies three distinctive reaction pathways were proposed for 

the oxidatively induced C-C bond formation.  The first pathway (Scheme 4.6) is slower and 

consistent with a slow non-radical methyl group transfer between two NiIIIMe2 intermediates to 

form a reactive NiIVMe3 intermediate, which undergoes rapid reductive elimination.  The 

formation and corresponding slow decay of the NiIII intermediate was confirmed via EPR and UV-

Vis experiments.  Additionally, the presence of crossover products further suggests the stability of 

the NiIII intermediate allowing for methyl group transfer prior to reductive elimination.  The 

reactivity of the one-electron oxidation of complex 1 and the non-oxidation of complex 2 are 

constant with this proposed pathway.  The second pathway (Scheme 4.7), is proposed to involve a 

highly-reactive NiIVMe2 intermediate which rapidly undergoes concerted reductive elimination 

resulting in rapid ethane formation.  The presence of only trace crossover products and the rapid 

rate of reductive elimination suggest a more reactive intermediate was formed.  The instability of 

the resulting high-valent intermediate hindered any possible detection using UV-Vis, NMR and 

ESI-MS experiments.  Additionally, EPR and UV-Vis experiments showed the formation of trace 

NiIII intermediate which accounts for the trace amounts of crossover products observed.  The 

reactivity of the two-electron oxidation of complex 1 and the one-electron oxidation of complexes 

2 and 4 are constant with this second pathway.  The third and final pathway (Scheme 4.8), is 

proposed to involve a NiIIIMe2 intermediate which undergoes concerted reductive elimination 

forming ethane and a reactive NiI intermediate.  The NiI intermediate then rapidly undergoes 

comproportionation with an additional NiIIIMe2 intermediate forming two stable 

[(tBuN4)NiIIMe(MeCN)]+ species. The presence of only trace crossover products and the limited 

yields are constant with this proposed pathway.  The reactivity of the one-electron oxidation of 

complex 3 and the non-oxidation of complex 4 are best describe by this third pathway.  Overall, 
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we proposed three distinctive pathways, all involving high-valent NiIII and NiIV intermediates 

which undergo reductive elimination resulting in C-C bond formation.   

 

Scheme 4.6 Proposed pathway for reactivity of complexes 1 and 2 resulting in C-C bond 

formation. 

 

 

Scheme 4.7 Proposed pathway for the reactivity of complexes 1, 2 and 4 resulting in C-C bond 

formation. 

 

 

 

 



87 
 

Scheme 4.8 Proposed pathway for the reactivity of complexes 3 and 4 resulting in C-C bond 

formation. 

 

 

4.3.4 Catalytic Reactivity of NiII/NiIII
 Complexes.  

In addition to the reactivity studies, complexes 1 and 2 were shown to be a capable catalyst 

for Kumada cross-coupling using both alkyl- and aryl-halides at moderate temperatures and 

reaction times.  The unoptimized reactions of iodotoluene with PhMgBr and MeMgCl were 

achieved with yields of 52% and 44% respectively.  Remarkably, chlorotoluene was also shown 

to react with PhMgBr with yields of 71% (Table 4.1).  Additionally, the coupling of unactivated 

1-iodooctane with PhMgBr and MeMgCl resulted in poor yields of 4-7% (Table 4.2).   

To investigate the nature of the cross-coupling mechanism the radical clock substrate 

(bromomethyl)cyclopropane was utilized.  The cross-coupling of (bromomethyl)cyclopropane 

with PhMgBr resulted in both rearrangement and unarranged products, suggesting the formation 

of radical intermediates during the catalytic cycle.  The proposed catalytic cycle, Scheme 4.9, 

begins with the oxidation of the NiII catalyst by the alkyl or aryl halide.  Complex 1 was shown to 

rapidly undergo oxidation in the presence of both alkyl and aryl halides (vide infra).  Complex 2 

then reductively eliminates to the reactive NiII intermediate (A) as proposed above for the oxidation 

of complex 1 with 1 equivalent of oxidant (Scheme 4.6).  The alkyl or aryl halide can then undergo 

oxidative addition forming a NiIV intermediate (B).  Notably, the reduced yields observed when 
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using alkyl halide is attributed to the disfavored oxidative addition of alkyl halides.  The NiIV 

intermediate (B) can then rapidly undergo transmetalation with the Grignard reagent producing 

the key NiIV intermediate (C), which reductively eliminates to produce the desired cross-coupled 

product.  The reductive elimination from intermediate C is proposed to follow a similar pathway 

to that reported above for the oxidation of complex 1 with 2 equivalents of oxidant (Scheme 4.7).  

Remarkably, these results suggest the cross-coupling reactions proceed through a reactive NiIV 

intermediate instead of the more stable NiIII intermediate which is more commonly proposed.   

 

Table 4.1 Substrates used in the Kumada cross-coupling reactions catalyzed by 5 mol % 

(MeN4)NiIIMe2 or [(MeN4)NiIIIMe2]BPh4 with 1 equivalent R’MgX and 1 equivalent aryl halide at 

room temperature in THF. 

Aryl Halide R'MgX Reaction Time, h NiII (1) Yield, % NiIII (2) Yield, % 

4-iodotoluene PhMgBr 1 52 51 

4-iodotoluene MeMgCl 1, 4 43 44 

4-chlorotoluene PhMgBr 24 42 71 

4-chlorotoluene MeMgCl 24 6 5 

* Yield was determined using GC-FID with hexamethylbenzene as the internal standard.    

 

Table 4.2 Substrates used in the Kumada cross-coupling reactions catalyzed by 5 mol % 

(MeN4)NiIIMe2 or [(MeN4)NiIIIMe2]BPh4 with 1 equivalent R’MgX and 1 equivalent alkyl halide 

at room temperature in THF. 

Alkyl Halide R'MgX Reaction Time, h NiII (1) Yield, % NiIII (2) Yield, % 

1-iodooctane PhMgBr 1 4 5 

1-iodooctane MeMgCl 1 7 6 

* Yield was determined using GC-FID with dodecane as the internal standard.    
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Scheme 4.9 Proposed catalytic cycle for the Kumada cross-coupling reactions catalyzed by 

(MeN4)NiIIMe2. 

 

 

4.3.5 Reaction of Alkyl and Aryl Halides with (MeN4)NiIIMe2 Complex.   

In order to assess whether NiIII species could be formed under the catalytic cross-

coupling conditions, we probed the reaction of the NiII precursor with alkyl and aryl halides.  

Complex 1 was shown to readily undergo oxidation in the presence of both alkyl and aryl 

halides.  The formation of complex 2 was confirmed by EPR analysis.  In addition, the reaction 

of complex 1 with CD3I in the presence of the radical trap TEMPO was conducted and showed 

nearly quantitative formation of the TEMPO-CD3 adduct determined by GC/FID analysis,  
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confirming the homolytic cleavage of the carbon halide bond.  These results strongly suggest 

alkyl and aryl halides are acting as one-electron oxidants, instead of undergoing oxidation 

addition.  Furthermore, the resulting complex 2 exhibited C-C bond formation reactivity and 

generated observable quantities of various organic products (Scheme 4.10 and 4.11).  The major 

reaction pathway resulting in the formation of ethane is consistent with the proposed reactivity of 

complex 2 shown above (Scheme 4.6).  However, the presence of both d3-ethane and xylene 

provide evidence for a possible alternative pathway involving the interaction of the radical alkyl 

or aryl group with the NiIII intermediate (Scheme 4.12).  Overall, these studies provide strong 

evidence for the involvement of high-valent organometallic Ni species, both NiIII and NiIV, in 

cross-coupling reactions. 

 

Scheme 4.10 C-C bond formation reactivity from the oxidation of (MeN4)NiIIMe2 complex using 

alkyl and aryl halides. 

 

 

 

 

 

 



91 
 

Scheme 4.11 C-C bond formation reactivity from the reaction of [(MeN4)NiIIIMe2 ]BPh4 complex 

with alkyl and aryl halides. 

 

 

Scheme 4.12 Proposed reaction pathway for the oxidation of (MeN4)NiIIMe2 by alkyl and aryl 

halides and the corresponding C-C bond formation reactivity. 
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4.4   Conclusion 

In summary, the studies reported herein provide the first stable NiIII dialkyl complexes 

stabilized using the unique tetradentate pyridonophane ligands.   The rare stability of these 

complexes allowed for the isolation and full structural and spectroscopic characterization of the 

NiIII dimethyl complexes.  Furthermore, both one- and two-electron oxidations were utilized to 

induce C-C bond formation reactivity.  As a result, three distinctive high-valent pathways were 

observed providing strong support for various roles of NiIII and NiIV dialkyl complexes in cross-

coupling reactions.   Additionally, the NiII and NiIII dimethyl complexes were shown to be a 

capable catalyst for a variety of Kumada cross-coupling reactions.  All told, these studies 

provided a rare opportunity to directly investigate high-valent Ni intermediates capable of 

undergoing C-C bond formation reactivity and provide for the first time viable evidence for their 

various roles in catalytic cross-coupling reactions.  
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Chapter 5 

 

Synthesis and Isolation of High-Valent Organometallic 

Nickel Complexes Supported by Cycloneophyl Group 
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5.1   Introduction 

To better support the proposed reactive NiIV intermediates shown in Chapter 4 (Scheme 

4.5 and 4.6) we aimed to synthesize a stable analogous NiIV complex supported by the same MeN4 

ligand system.  We proposed modifying the exogenous ligands to disfavor reactive elimination, 

thus stabilizing the reactive NiIV complex.  In recent reports, the utilization of the cycloneophyl 

group had been shown to minimize C-C bond formation from reactive NiIV and PdIV intermediates 

(Scheme 5.1).1-8   

 

Scheme 5.1 Synthesis of [(Py3CH)NiIV(cycloneophyl)(CF3)]OTf.3 

 

 

Additionally, our group has utilized the stabilizing properties of the cycloneophyl group to 

stabilize various PdIV complexes.7,9  In particular, the [(Me3tacn)PdIV(cycloneophyl)(OH)]+ 

complex was capable of being isolated and fully characterized, providing valuable insight into 

these high-valent PdIV complexes.7  Herein, we report the synthesis and characterization of the 

proposed NiIV complex stabilized by a cycloneophyl group and the MeN4 ligand.  As a result, these 

studies provide strong experimental evidence supporting the previously proposed NiIV 

intermediates.  
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5.2   Experimental Section 

5.2.1 Synthesis of Ligands and Complexes 

Reagents and Materials.  All manipulations were carried out under a nitrogen atmosphere using 

standard Schlenk and glove box techniques if not indicated otherwise. All reagents for which 

synthesis is not given were commercially available from Sigma-Aldrich, Fisher Scientific, VWR, 

Acros, STREM or Pressure Chemical and were used as received without further purification. 

Solvents were purified prior to use by passing through a column of activated alumina using an 

MBRAUN Solvent Purification System.  N,N′-di-methyl-2,11-diaza[3.3](2,6)pyridinophane 

(MeN4)10, (PMe3)2NiII(cycloneophyl)11, FcPF6
12 and FcBF4

12 were prepared according to the 

literature procedures. 

 

(MeN4)NiII(cycloneophyl) (1).  A solution of MeN4 (0.2300 grams, 0.86 mmol) and 

(PMe3)2NiII(cycloneophyl) (0.2940 grams, 0.86 mmol) in diethyl ether was stirred at room 

temperature overnight.  The orange precipitate was then separated by filtration, washed with 

pentane (3 mL), and dried under vacuum. Yield: 0.2473 grams, 0.54 mmol, 63%.  UV-vis (MeCN, 

RT), λmax (ε, M-1 cm-1): 247 (17500), 302 (5900), 367 (5530), 490 (350).  1H-NMR (300 MHz, 

CDCl3), δ (ppm): 7.54 (t, 1H, Py-H), 7.46 (t, 1H, Py-H), 7.11 (d, 2H, Py-H), 7.04 (d, 2H, Py-H), 

6.66 (m, 6H, Cycle/-CH2-), 6.38 (t, 1H, Cycle), 5.86 (d, 1H, Cycle), 4.22 (dd, 4H, -CH2-), 2.24 (s, 

6H, N-CH3), 1.32 (s, 6H, CH3), 1.24 (s, 2H, Ni-CH2-Cycle).  13C-NMR (600 MHz, d3-MeCN), δ 

(ppm): 159.21, 158.49, 136.35, 136.16, 136.05, 135.88, 125.59, 125.48, 123.89, 123.24, 122.95, 

121.91, 66.70, 64.07, 63.95, 49.09, 38.87, 34.21.  Anal. Found: C, 66.18; H, 6.74; N, 11.65. 

Calculated for C26H32N4Ni▪(1/3 C4H10O): C, 67.83; H, 7.36; N, 11.58. 
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[(MeN4)NiIII(cycloneophyl)]PF6 (2).  A THF solution of (MeN4)NiII(cycloneophyl) (0.1581 grams, 

0.34 mmol) and FcPF6 (0.1140 grams, 0.34 mmol) was stirred at -50 ºC for 2 hours. The resulting 

solution was then precipitated with excess pentane.  The red-orange precipitate was separated by 

filtration, washed with pentane (3 mL), and dried under vacuum. Yield: 0.1658 grams, 0.27 mmol, 

79%.  X-ray quality crystals were obtained by slow pentane diffusion into a tetrahydrofuran 

solution in the presence of NaBPh4 at -35°C.  Evans method (CD3CN): µeff  = 1.894 µb.  UV-vis 

(MeCN, RT), λmax (ε, M-1 cm-1): 246 (18000), 473 (630), 964 (50).  ESI-MS of 

[(MeN4)NiIII(cycloneophyl)]PF6, m/z 458.1969; calculated for [(MeN4)NiIII(cycloneophyl)]+, 

458.1980.  Anal. Found: C, 52.32; H, 5.79; N, 7.96. Calculated for C26H32F6N4NiP▪C4H8O, based 

on the composition of the unit cell obtained from X-ray analysis: C, 53.28; H, 5.96; N, 8.28. 

 

[(MeN4)NiIV(cycloneophyl)](PF6)2 (3).  A d3-MeCN solution of [(MeN4)NiIII(cycloneophyl)]PF6 

(20 mg, 0.03 mmol) and NOPF6 (29 mg, 0.17 mmol) was stirred at -40 ºC for 15 minutes. The 

resulting solution was then transferred to a pre-cooled NMR tube.  NMR experiments were 

conducted at -15°C.  An X-ray structure was not obtained due to decomposition of X-ray quality 

crystals during data collection.  X-ray quality crystals were however obtained by slow pentane 

diffusion into a tetrahydrofuran solution at -35°C.  Elemental analysis proved unsuccessful due to 

instability and decomposition of the complex.  UV-vis (MeCN, RT), λmax (ε, M-1 cm-1): 258 (8825), 

305 (1400), 457 (525).  1H-NMR (500 MHz, CDCl3, -15°C), δ (ppm):  8.05 (t, 1H, Py-H), 7.97 (t, 

1H, Py-H), 7.51 (d, 2H, Py-H), 7.41 (d, 2H, Py-H), 7.25 (t, 1H, Cyc-H), 7.19 (d, 1H, Cyc-H), 6.92 

(t, 1H, Cyc-H), 6.55 (d, 1H, Cyc-H), 5.33 (s, 2H, Ni-CH2-Cyc), 5.01 (d, 2H, -CH2-), 4.56 (d, 2H, 

-CH2-), 4.22 (d, 2H, -CH2-), 4.08 (d, 2H, -CH2-), 2.38 (s, 6H, N-CH3), 1.67 (s, 6H, -CH3).  
13C-
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NMR (500 MHz, CDCl3, -15°C), δ (ppm): 159.42, 158.44, 156.25, 154.50, 144.89, 133.85, 

132.31, 131.31, 131.15, 125.82, 125.07, 79.77, 77.38, 57.31, 36.00. 

 

5.2.2 Physical Measurements 

1H NMR spectra were recorded on a Varian Mercury-300 spectrometer (300.121 MHz) or 

Agilent DD2-600 spectrometer (599.736 MHz).  13C NMR spectra were recorded on an Agilent 

DD2-600 spectrometer (599.736 MHz).  Chemical shifts are reported in parts per million (ppm) 

with residual solvent resonance peaks as internal reference.13  Abbreviations for the multiplicity of 

NMR signals are singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br).  UV-

visible spectra were recorded on a Varian Cary 50 Bio spectrophotometer and are reported as λmax, 

nm (ε, M-1*cm-1).  EPR spectra were recorded on a JEOL JES-FA X-band (9.2 GHz) EPR 

spectrometer in frozen solution at 77 K.  ESI-MS experiments were performed using a Thermo FT 

or Bruker Maxis Q-TOF mass spectrometer with an electrospray ionization source. ESI mass-

spectrometry was provided by the Washington University Mass Spectrometry Resource.  

Elemental analyses were carried out by the Columbia Analytical Services Tucson Laboratory.   

Cyclic voltammetry (CV) experiments were performed using a BASi EC Epsilon 

electrochemical workstation or a CHI 660D Electrochemical Analyzer. Electrochemical-grade 

supporting electrolytes were purchased from Fluka.  The electrochemical measurements were 

performed under a blanket of nitrogen, and the analyzed solutions were deaerated by purging with 

nitrogen.  A glassy carbon disk electrode (d = 1.6 mm) was used as the working electrode for cyclic 

voltammetry. The auxiliary electrode was a Pt wire for cyclic voltammetry measurements. Two 

different non-aqueous references electrodes were used: Ag/filled with 0.01M AgNO3/0.1M 
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Bu4NClO4/MeCN solution or silver wire.  The reference electrode was calibrated against ferrocene 

(Fc) at the conclusion of each CV experiment. 

X-ray photoelectron spectroscopy (XPS) spectra were recorded on a PHI 5000 Versa Probe 

II X-Ray Photoelectron Spectrometer.  XPS was provided in conjunction with the Washington 

University Institute of Materials Science and Engineering.  X-ray diffraction quality crystals of 

(MeN4)NiII(cycloneophyl) and [(MeN4)NiIII(cycloneophyl)]BPh4 were obtained by slow pentane 

vapor diffusion into tetrahydrofuran solutions.  Suitable crystals of appropriate dimensions were 

mounted and preliminary examination and data collection were performed using a Bruker Kappa 

Apex-II Charge Coupled Device (CCD) Detector system single crystal X-Ray diffractometer 

equipped with an Oxford Cryostream LT device. Data were collected using graphite 

monochromated Mo Kα radiation (λ= 0.71073 Å) from a fine focus sealed tube X-Ray source. 

Apex II and SAINT software packages14 were used for data collection and data integration.  Final 

cell constants were determined by global refinement of reflections from the complete data set. Data 

were corrected for systematic errors using SADABS14 based on the Laue symmetry using 

equivalent reflections.  Structure solutions and refinement were carried out using the SHELXTL- 

PLUS software package.15 The structures were refined with full matrix least-squares refinement 

by minimizing Σw(Fo
2-Fc

2)2.  All non-hydrogen atoms were refined anisotropically to 

convergence. Typically, H atoms are added at the calculated positions in the final refinement 

cycles.  The complete listings of x-ray diffraction parameters are included in Appendix B.   
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5.2.3 Characterization Studies 

NMR studies.  A 65 mM solution of 2 in MeCN-d3  was reacted with NOPF6 (5 equivalents) at -

40ºC for 5 minutes. The resulting solution was then transferred to a pre-cooled NMR tube at -40ºC.  

The NMR tube was sealed and quickly removed from the glove box and directly placed into the 

instrument.  The temperature controls were set at -15ºC for all NMR experiments. 

 

XPS studies.  In the glove box solid samples of 2 and 3 were prepared.  The samples were then 

transported and stored on dry ice prior to XPS analysis.  Immediately prior to analysis, the two 

samples were transferred at RT to a piece of tape pre-fixed to the XPS plate.  The samples were 

compressed and quickly loaded into the instrument.  A survey scan was first conducted, followed 

by high-resolution scans comprising the nickel and nitrogen regions.  

 

UV-Vis studies.  Solutions of complexes 1-3 in MeCN were placed into a quartz cuvettes (1 cm 

pathlength) equipped with a septum-sealed cap inside the nitrogen filled glove box at -50°C.  The 

spectra were then recorded using a Varian Cary 50 Bio spectrophotometer.   

 

5.2.4 Reactivity Studies 

Gas Chromatography (GC) product analysis for the reactivity of (MeN4)NiII(cycloneophyl).  

A solution of 5-7 mg 1 in MeCN was added into a 5 mL vial containing hexamethylbenzene as an 

internal standard. To this solution was added all additional reagents in MeCN.  The reaction 

mixtures were mixed carefully to form homogeneous solutions and kept in the dark and 

periodically analyzed by GC.  The reaction samples were quenched with 100 µL of 1.0 M HCl and 

5 mL H2O, and extracted with ethyl ether (6 mL). The organic layer was then separated and dried 
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over MgSO4.  The yield of product(s) was obtained by GC/FID using hexamethylbenzene as the 

internal standard.  The identity of the products were confirmed by GC/MSD.   

 

5.3   Results and Discussion 

5.3.1 Synthesis and Structure of NiII Complex. 

The NiII complex (MeN4)NiII(cycloneophyl), 1, was prepared in 63% yield from the 

precursor (PMe3)2NiII(cycloneophyl) via ligand exchange with MeN4 (Scheme 5.2).  The resulting 

orange-red complex was determined to be diamagnetic, suggesting a square planar geometry 

comprised of two pyridyl nitrogen atoms from the MeN4 ligand and two exogenous methyl groups.  

The strong σ-donating behavior of both the exogenous cycloneophyl group greatly favors the low-

spin square planar geometry.  The X-ray structure of 1 confirms the square planar geometry, with 

an average equatorial Ni-Npyridyl bond length of 1.967 Å and an average Ni-C bond length of 1.917 

Å (Figure 5.1).   

 

Scheme 5.2 Synthesis of complexes 1-3. 
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Figure 5.1 ORTEP16 representation of 1 (left) and the cation of 2 (right) with 50% probability 

thermal ellipsoids. Selected bond distances (Å), 1: Ni1-C1, 1.879; Ni1-C8, 1.954; Ni1-N1, 1.936; 

Ni1-N2, 1.997. 2: Ni1-C17, 1.973; Ni1-C18, 1.920; Ni1-N1, 2.001; Ni1-N2, 1.997; Ni1-N3, 2.241; 

Ni1-N4, 2.266.  A complete listings of structural parameters are included in Appendix B.         

 

The cyclic voltammetry (CV) of complex 1 shows an oxidation process at -1.17 V vs 

Fc+/Fc, as well as a reversible oxidation wave at 0.25 V vs Fc+/Fc (Figure 5.2).  The lower 

oxidative process is assigned to the NiII/NiIII couple, while the higher oxidative wave is tentatively 

assigned to a NiIII/NiIV couple.  These potentials are extremely low and indicate the NiIII and NiIV 

oxidation states should be readily attainable.   
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Figure 5.2 Cyclic voltammograms of 1 (left) and 2 (right) in 0.1 M Bu4NPF6 in MeCN with a scan 

rate of 100 mV/s. 
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5.3.2 Synthesis and Structure of NiIII Complex. 

Complex 1 was oxidized with 1 equivalent [Fc+]PF6 in THF at -50°C to produce 

[(MeN4)NiIII(cycloneophyl)]PF6, 2, as a red solid in 79% yield (Scheme 5.2).  X-ray quality crystals 

of 2 were obtained from THF/pentane solutions (Figure 5.1).  Complex 2 adopts a distorted 

octahedral geometry with an average axial Ni-Namine bond length of 2.254 Å and a shorter average 

equatorial Ni-Npyridyl bond length of 1.999 Å.  As for the Ni-C bond lengths, the Ni-Csp3 was 

slightly longer than the Ni-Csp2 (1.973 Å vs 1.920 Å).    

The EPR spectrum of complex 2 exhibited a pseudo-axial signal with a gx, gy, and gz of 

2.223, 2.201, and 2.012, respectively.  Additionally, superhyperfine coupling was observed in the 

gz direction (A2N = 14.5 G) due to the two axial N donors (I =1) coupling to the NiIII center (Figure 

5.3).  These results are consistent with a distorted octahedral NiIII metal center in a dz
2 ground 

state.17-21  Overall, complex 2 provided a stable replacement for the previously synthesized 

[(MeN4)NiIIIMe2]
+ complex, providing an opportunity for the synthesis of a stable NiIV complex 

supported by the MeN4 ligand system.   

 

270 280 290 300 310 320 330 340

 

 

 

Field (mT)
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Figure 5.3 EPR spectrum (black line) of 2 in PrCN at 77K, and the simulated EPR spectrum (red 

line) using the following parameters: gx= 2.223, gy= 2.201, gz= 2.012 (A2N = 14.5 G).   
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5.3.3 Synthesis and Characterization of NiIV Complex. 

Complex 2 was further oxidized using NOPF6 in MeCN at -40°C to yield the desired 

[(MeN4)NiIV(cycloneophyl)](PF6)2, 3 (Scheme 5.2).  An X-ray structure of complex 3 was not 

obtained due to decomposition of X-ray quality crystals during data collection.  However, the 

complex was confidently assigned via NMR and X-ray photoelectron spectroscopy (XPS).  NMR 

experiments on complex 3 convincingly support the formation of a stabilized NiIV complex 

(Appendix A).  The significant downfield shifts observed for complex 3 compared to complex 1 

are characteristic of a highly oxidized species.  The downfield shift was most notable for the 

aliphatic protons of the cycloneophyl group, which shift from 1.24 ppm in complex 1 to 5.33 ppm 

in complex 3.  The localized increase in electronegative of a NiIV metal center is consistent with 

the significant deshielding we observed.   Additionally, the observed XPS shift corresponding to 

bonding energy between complexes 2 and 3 further supports a NiIV oxidation state (Figure 5.4 and 

5.5).  The observed increase in binding energy (𝛥2𝑝3/2
, 0.54 eV and Δ2𝑝1/2

, 0.67 eV) for complex 

3 is consistent with an oxidation of the nickel center.  The difference in binding energy is minimal 

due to similarities in coordination geometry between complex 2 and 3.  As a whole, these 

experiments confidently confirmed the MeN4 ligand system is capable of supporting the NiIV 

oxidation state, providing viable evidence for our previously proposed reactivity pathways 

involving a NiIV intermediate (Chapter 4).  
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Figure 5.4 X-ray photoelectron spectra of the nickel region for complexes 2 (black line) and 3 (red 

line). Selected bonding energies (eV), 2: 2𝑝3/2
, 854.43; 2𝑝1/2

, 871.79.  3: 2𝑝3/2
, 854.97; 2𝑝1/2

, 

872.46.   
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Figure 5.5 XPS spectrum of 2 (left) and 3 (right), Bonding energies: 2, 2𝑝3 2⁄ , 854.43 eV and 

2𝑝1 2⁄ , 871.79 eV; 3, 2𝑝3 2⁄ , 854.97 eV and 2𝑝1 2⁄ , 872.46 eV.      
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5.3.4 C-C Bond Formation Reactivity.   

In addition to the characterization of complex 3, the reactivity of complex 1 was 

investigated using different oxidative conditions.  Both one- and two- electron oxidations of 

complex 1 in MeCN at room temperature generated observable quantities of the C-C bond 

formation product via GC-FID (Scheme 5.3).  Not surprisingly, complex 2 exhibited limited 

reactivity, however, the reactivity of 3 showed an increased amount of C-C bond formation 

product. These preliminary reactivity studies were successful in confirming the limited reductive 

elimination of complexes 2 and 3.  However, additional reactivity studies should be conducted to 

determine these complexes’ affinity to nucleophilic attach, as well as their reactivity upon 

oxidation using a variety of different oxidants.    

 

Scheme 5.3 C-C Bond Formation Reactivity of the (MeN4)NiII(cycloneophyl) Complex 
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5.4   Conclusion 

In summary, the studies reported herein provide the synthesis of a stable NiIV complex 

using the cycloneophyl group and the MeN4 ligand system.  The identity of the NiIV complex was 

confirmed using comprehensive NMR and XPS studies.  As a result, these studies provided 

validation to our previously proposed NiIV intermediates.  Additionally, preliminary reactivity 

studies were successful in confirming the limited reductive elimination of the high-valent NiIII 

and NiIV complexes due to the utilization of the cycloneophyl group.  Overall, these studies 

provided a rare opportunity to directly investigate high-valent Ni complexes proposed as 

intermediates in C-C bond formation reactions. 
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Chapter 6 

 

Deprotonation of Pyridinophane Ligands Resulting in 

the Formation of Neutral Nickel(III) Complexes 
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6.1 Introduction 

Recently, there has been a growing interest in metal-ligand cooperation and the role it could 

play in homogenous catalysis.1-10  In a short period of time, metal-ligand cooperation has already 

been shown to facilitate the activation of H-H,11-15 C-H (sp2 and sp3),11,16-19 O-H,20,21 S-H,21-23 N-

H,21,24-29 B-H,30 and most recently O-O bonds.31  These typically thermodynamically uphill 

reactions normally have to be conducted using harsh energy intensive processes, however the 

development of metal-ligand cooperation has made more environmentally benign procedures 

feasible.32  

 A notable usage of metal-ligand cooperation is the recent use of the PNP pincer ligand, 

2,6-bis-(di-tert-butylphosphinomethyl)pyridine, by Milstein and co-workers.11,12,31  They showed 

the PNP pincer complex [(PNP)IrI(COE)]PF6 could facilitate the C-H activation of benzene by 

utilizing the dearomatization and subsequent aromatization of the PNP ligand.  The 

aforementioned dearomatization occurs under mild reaction conditions resulting in the formation 

of the dearomatized complex, (PNP*)IrI(COE).  The dearomatized complex can then undergo 

quantitative C-H activation of benzene to form the neutral (PNP)IrI(C6H5) complex with no overall 

change in oxidation state.11   

 Inspired by the work of Milstein, we noticed several similarities between the tetradentate 

ligands, N,N′-di-tert-butyl-2,11-diaza[3.3](2,6)pyridinophane (tBuN4)33 and N,N′-di-methyl-2,11-

diaza[3.3](2,6)pyridinophane (MeN4)34, and the PNP pincer ligand.  As a result, the neutral high-

valent complexes (MeN4*)NiIIIMe2 and (tBuN4*)NiIIMe2 were synthesized and characterized.  

Interestingly, the resulting high-valent complexes were stable providing a unique platform for the 

study of metal-ligand cooperation.  Furthermore, investigating metal-ligand cooperation systems 
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which utilize naturally abundant and cheap metals like nickel would greatly improve the 

implementation of these environmentally friendly procedures on an industrial scale. 

 

6.2   Experimental Section 

6.2.1 Synthesis of Ligands and Complexes 

Reagents and Materials.  All manipulations were carried out under a nitrogen atmosphere using 

standard Schlenk and glove box techniques if not indicated otherwise. All reagents for which 

synthesis is not given were commercially available from Aldrich, Acros, STREM or Pressure 

Chemical and were used as received without further purification. Solvents were purified prior to 

use by passing through a column of activated alumina using an MBRAUN SPS.  (MeN4)NiIIMe2 

(1), (tBuN4)NiIIMe2 (2), [(MeN4)NiIIIMe2]PF6 (3) and [(tBuN4)NiIIIMe2]PF6 (4) were prepared 

according to the same procedures previously reported in Chapter 4.      

 

Synthesis of (MeN4*)NiIIIMe2 (5).  A solution of 3 (55.8 mg, 0.111 mmol) and lithium 

bis(trimethylsilyl)amide (37.2 mg, 0.222 mmol) in THF was stirred at room temperature for 30 

minutes.  The solvent was then removed under vacuum and the residue was extracted with diethyl 

ether.  The diethyl ether solution was dried, the red residue was then further extracted with pentane.  

A red solid was isolated after drying to completion under vacuum (26.4 mg, 0.074 mmol, 67%).  

X-ray quality crystals were obtained by slow evaporation of an ether solution of (MeN4)NiIIMe2 at 

-35°C.  Evans method (THF-d8): µeff = 1.49µb.  UV-Vis, λ, nm (ε, M-1∙cm-1), THF: 313 (3750), 

425 (830), 532 (420).  
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 Synthesis of (tBuN4*)NiIIIMe2 (6).  A solution of 4 (57.5 mg, 0.127 mmol) and lithium 

bis(trimethylsilyl)amide (42.5 mg, 0.254 mmol) in THF was stirred at room temperature for 30 

minutes.  The solvent was then removed under vacuum and the residue was extracted with diethyl 

ether.  The diethyl ether solution was dried, the red residue was then further extracted with pentane.  

A red solid was isolated after drying to completion under vacuum (39.9 mg, 0.091 mmol, 93%).  

Evans method (THF-d8): µeff = 1.51µb.  UV-Vis, λ, nm (ε, M-1∙cm-1), THF: 261 (10725), 310 

(4040), 451 (890). 

 

6.2.2 Physical Measurements 

1H NMR spectra were recorded on a Varian Mercury-300 spectrometer (300.121 MHz), 

Agilent DD2-500 spectrometer (499.885 MHz) or Agilent DD2-600 spectrometer (599.736 MHz).  

13C NMR spectra were recorded on an Agilent DD2-600 spectrometer (599.736 MHz).   Chemical 

shifts are reported in parts per million (ppm) with residual solvent resonance peaks as internal 

reference.35  Abbreviations for the multiplicity of NMR signals are singlet (s), doublet (d), triplet 

(t), quartet (q), multiplet (m), and broad (br).  UV-visible spectra were recorded on a Varian Cary 

50 Bio spectrophotometer and are reported as λmax, nm (ε, M-1*cm-1).  EPR spectra were recorded 

on a JEOL JES-FA X-band (9.2 GHz) EPR spectrometer in frozen solution at 77 K.  ESI-MS 

experiments were performed using a Thermo FT or Bruker Maxis Q-TOF mass spectrometer with 

an electrospray ionization source. ESI mass-spectrometry was provided by the Washington 

University Mass Spectrometry Resource.  Elemental analyses were carried out by the Columbia 

Analytical Services Tucson Laboratory.   

Cyclic voltammetry (CV) experiments were performed using a BASi EC Epsilon 

electrochemical workstation or a CHI 660D Electrochemical Analyzer. Electrochemical-grade 
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supporting electrolytes were purchased from Fluka.  The electrochemical measurements were 

performed under a blanket of nitrogen, and the analyzed solutions were deaerated by purging with 

nitrogen.  A glassy carbon disk electrode (d = 1.6 mm) was used as the working electrode for cyclic 

voltammetry. The auxiliary electrode was a Pt wire for cyclic voltammetry measurements. Two 

different non-aqueous reference electrodes were used: Ag/filled with 0.01M AgNO3/0.1M 

Bu4NClO4/MeCN solution or silver wire.  The reference electrode was calibrated against ferrocene 

(Fc) at the conclusion of each CV experiment. 

X-ray diffraction quality crystals of (MeN4)NiIIMe2 were obtained by slow pentane vapor 

diffusion into a diethyl ether solution.  Similarly, quality crystals of (tBuN4)NiIIMe2 were obtained 

by slow evaporation of a diethyl ether solution.  X-ray diffraction quality crystals of 

[(MeN4)NiIIIMe2]BPh4 and [(tBuN4)NiIIIMe2]BPh4 were obtained by slow pentane vapor diffusion 

into a tetrahydrofuran solutions.  Remarkably, X-ray diffraction quality crystals of 

(MeN4*)NiIIIMe2 were obtained serendipitously from a slow evaporation of complex 1 in a diethyl 

ether solution.  Suitable crystals of appropriate dimensions were mounted and preliminary 

examination and data collection were performed using a Bruker Kappa Apex-II Charge Coupled 

Device (CCD) Detector system single crystal X-Ray diffractometer equipped with an Oxford 

Cryostream LT device. Data were collected using graphite monochromated Mo Kα radiation (λ= 

0.71073 Å) from a fine focus sealed tube X-Ray source. Apex II and SAINT software packages36 

were used for data collection and data integration.  Final cell constants were determined by global 

refinement of reflections from the complete data set. Data were corrected for systematic errors 

using SADABS36  based on the Laue symmetry using equivalent reflections.  Structure solutions 

and refinement were carried out using the SHELXTL- PLUS software package.37  The structures 

were refined with full matrix least-squares refinement by minimizing Σw(Fo
2-Fc

2)2.  All non-
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hydrogen atoms were refined anisotropically to convergence. Typically, H atoms are added at the 

calculated positions in the final refinement cycles.  The complete listings of x-ray diffraction 

parameters are included in Appendix B.  

 

6.2.3 Deprotonation Comparison Studies 

UV-Vis studies for deprotonation reaction.  A 0.125 mM solution of 3 or 4 in tetrahydrofuran 

was placed into a quartz cuvette (1 cm pathlength) equipped with a septum-sealed cap and a 

magnetic stirring bar.  The preliminary spectrum was then collected.  To the cuvette 5 equivalents 

lithium bis(trimethylsilyl)amide was added and the spectrum was again collected.  Lastly, 5 

equivalents trifluoromethanesulfonic acid was added and the final spectrum was collected.  The 

reactivity reaction was then monitored using a Varian Cary 50 Bio spectrophotometer. 

 

EPR studies for deprotonation reaction.  A 1.0 mM stock solution of 3 or 4 in 3:1 

tetrahydrofuran-toluene was prepared.  A 500 µL aliquot of the stock solution was placed into a 

sealed EPR tube.  Five equivalents lithium bis(trimethylsilyl)amide was added to the remaining 

stock solution.  Another 500 µL aliquot was placed in a second EPR tube.  Lastly, five equivalents 

trifluoromethanesulfonic acid were added to the basified-stock solution.  A final 500 µL aliquot 

was placed in a third EPR tube.  Additional toluene was added to each EPR tube to adjust the 

samples to a similar final concentration.  All three samples were then frozen (77 K) and analyzed 

using a JEOL JES-FA X-band (9.2 GHz) EPR spectrometer. 
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ESI-MS studies for deprotonation reaction.  To start, 0.012 M solutions of tBuN4 and 6 in 

concentrated DCl/D2O were prepared.  Additionally, a 0.024 M solution of tBuN4 in the presence 

of 5 equivalents lithium bis(trimethylsilyl)amide was prepared in THF and diluted with an equal 

volume of concentrated DCl/D2O.  The three samples were then heated at 70°C for 1 hour, at which 

point each sample was diluted with 1 mL deuterated methanol.  The diluted samples were further 

diluted to achieve a final concentration of approximately 2 µM.  The final samples were injected 

into the instrument to determine the percentage of deuterium incorporated into the free ligand.   

 

6.3   Results and Discussion 

6.3.1 Synthesis and Structure of Deprotonated NiIII Complex.   

Complexes 3 and 4 were deprotonated with 1 equivalent lithium bis(trimethylsilyl)amide 

in THF at room temperature to yield [(MeN4*)NiIIIMe2, 5, and [(tBuN4*)NiIIIMe2, 6, as red solids 

in 67% and 93% yield, respectively (Scheme 6.1).  To determine whether the deprotonated 

complexes were actually isolated, a deuterium quenching experiment was conducted using 

complex 6.  Complex 5 and the analogous controls all decomposed under the reaction conditions, 

therefore only the results for complex 6 are discussed.  The experiment was conducted by exposing 

complex 6 and free tBuN4 ligand (with and without prior exposure to base) to concentrated DCl in 

D2O, and determining the percentage of deuterium incorporation.  The isolated complex showed 

approximately 70% deuterium adducts versus 6% for the free ligand.  With these results we are 

confident our isolated complexes are in the deprotonated state.  
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Scheme 6.1 Synthesis of (RN4*)NiIIIMe2 Complex (R = tBu or Me).   

 

 

Additionally, quality crystals of 5 for single crystal X-ray diffraction analysis were 

obtained from a slow evaporation of complex 1 in diethyl ether.  This unexpected crystal allowed 

for a direct structural comparison between complexes 3 and 5 (Figure 6.1).  Complex 5 adopts a 

distorted octahedral geometry in which the aromaticity of one pyridine ring has been disturbed 

resulting in an average axial Ni-Namine bond length of 2.242 Å and an average equatorial Ni-Npyridyl 

bond length of 1.960 Å.  Compared to complex 3 the average Ni-Npyridyl bond length of 5 is 

shortened due to one Ni-Npyridyl bond length being significantly shorter, 1.945 Å, as a result of the 

anionic character now associated with that pyridine.  Furthermore, the average Ni-CMe bond length, 

1.962 Å, was also shortened compared to complex 3.  Further attempts to obtain quality crystals 

of complex 5 from isolated samples failed due to the ease in which the complex is protonated, 

however continued effort in the regard is ongoing.      
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Figure 6.1 ORTEP38 representation of the cations 3 (left) and 5 (right) with 50% probability 

thermal ellipsoids.  Selected bond lengths (Å), 3: Ni1-C1, 1.987; Ni1-C2, 1.978; Ni1-N1, 1.979; 

Ni1-N2, 1.996; Ni1-N3, 2.252; Ni1-N4, 2.240; 5: Ni1-C18, 1.959; Ni1-C17, 1.965; Ni1-N1, 1.945; 

Ni1-N2, 1.974; Ni1-N3, 2.233; Ni1-N4, 2.251, N4-C14, 1.455; C1-C14, 1.358; C14-H14, 0.970.  

Selected bond angles, 5: C1-C14-H14, 122.8°.  A complete listings of structural parameters are 

included in Appendix B.      

 

 

6.3.2 Comparison of Cationic and Deprotonated NiIII Complexes.   

The deprotonation of complexes 3 and 4 was monitored using EPR and UV-Vis 

spectroscopy.  The EPR spectra of complexes 3 and 5 exhibited pseudo axial signals, whereas the 

EPR spectra of complexes 4 and 6 exhibited rhombic signals.  Additionally, all complexes exhibit 

superhyperfine coupling in the gz direction due to the two axial N donors (I =1) coupling to the 

NiIII metal center (Figure 6.2 and 6.3).  These results are consistent with a distorted octahedral NiIII 

metal center in a dz
2 ground state.39-43  The deprotonation of both complexes 3 and 4 resulted in 

small yet significant shifts of the gx and gy values, therefore we could monitor the deprotonation 

reaction using via EPR spectroscopy.    
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Figure 6.2 Comparison of EPR spectra of [(MeN4)NiIIIMe2]PF6 (right) and (MeN4*)NiIIIMe2 (left) 

in 3:1 THF-Toluene at 77 K.  The simulated EPR spectra (red lines) were obtained using the 

following parameters: [(MeN4)NiIIIMe2]PF6; gx= 2.225, gy= 2.208, gz= 2.013 (A2N = 14.0 G) and 

(MeN4*)NiIIIMe2; gx= 2.231, gy= 2.208, gz= 2.012 (A2N = 14.0 G).  
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Figure 6.3 Comparison of EPR spectra of [(tBuN4)NiIIIMe2]PF6 (right) and (tBuN4*)NiIIIMe2 (left) 

in 3:1 THF-Toluene at 77 K.  The simulated EPR spectra (red lines) were obtained using the 

following parameters: [(tBuN4)NiIIIMe2]PF6; gx= 2.314, gy= 2.264, gz= 2.009 (A2N = 11.0 G) and 

(tBuN4*)NiIIIMe2; gx= 2.323 (AN = 8.0), gy= 2.269 (AN = 8.0), gz= 2.009 (A2N = 10.75 G).  
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The UV-Vis spectra of complexes 3 and 5 exhibit similar features, however the extension 

coefficients for the cationic complex 3 are significantly reduced compared to the deprotonated 

complex 5 (Figure 6.4).  Similarly, complexes 4 and 6 have similar peaks of interest, which follow 

a similar trend of increasing extension coefficients upon deprotonation (Figure 6.5).  These 

resulting shifts in g-values and extension coefficients were further highlighted by performing a 

toggle experiment, by first reacting complexes 3 and 4 with lithium bis(trimethylsilyl)amide 

(LiHMDS) and monitoring the change in-situ of the EPR and UV-Vis spectra.  The resulting 

complexes 5 and 6 were then reacted with trifluoromethanesulfonic acid (TfOH) to return the 

complex to the cationic starting complexes (Figure 6.6 and 6.7).  As a whole, these results confirm 

that complexes 3 and 4 can undergo deprotonation to form stable neutral NiIIIMe2 complexes.    
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Figure 6.4 Comparison of UV-Vis spectra of [(MeN4)NiIIIMe2]PF6 (right) and (MeN4*)NiIIIMe2 

(left) in THF (1.25*10-4 M). 
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Figure 6.5 Comparison of UV-Vis spectra of [(tBuN4)NiIIIMe2]PF6 (right) and (tBuN4*)NiIIIMe2 

(left) in THF (1.25*10-4 M). 
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Figure 6.6 Interconversion between [(MeN4)NiIIIMe2]PF6 (black & blue lines) and 

(MeN4*)NiIIIMe2 (red line) monitored by EPR (right) and UV-visible (left) spectroscopy.  Lithium 

bis(trimethylsilyl)amide (base) and trifluoromethanesulfonic acid (acid) were added as stock 

solutions. 
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Figure 6.7 Interconversion between [(tBuN4)NiIIIMe2]PF6 (black & blue lines) and 

(tBuN4*)NiIIIMe2 (red line) monitored by EPR (right) and UV-visible (left) spectroscopy.  Lithium 

bis(trimethylsilyl)amide (base) and trifluoromethanesulfonic acid (acid) were added as stock 

solutions. 

 

 

6.3.3 Preliminary C-H Activation Studies. 

On account of the observed deprotonation of the above nickel complexes, as well as the 

previously observed reactivity of the (PNP*)IrI(COE) complex with benzene, we proposed that 

these pyridinophane supported nickel complexes could similarly facilitate the C-H activation 

(Scheme 6.2).  Therefore, solutions of complexes 1, 2, and (tBuN4)NiIIBr2  in benzene were exposed 

to LiHMDS and heat (75°C) for 24 hours.  The reactions were monitored by NMR and gas 

chromatography (GC).  However, no desired products were observed (Scheme 6.3).  These were 

only preliminary studies and investigating different reaction conditions is needed to confidently 

ascertain whether these complexes are capable of C-H activation (i.e. varying the temperature, 

solvent and base used).  Additionally, different types of C-H compounds with varying bond 

strengths should be investigated. 



 

125 
 

Scheme 6.2 Proposed mechanism for C-H activation by pyridinophane supported Ni complexes. 

 

 

Scheme 6.3 C-H activation reactivity of pyridinophane supported nickel complexes.  

 

 

 

6.4   Conclusion 

In summary, the studies reported herein provide evidence for the deprotonation of the 

pyridinophane ligand system (N4) resulting in the formation of neutral NiIII dimethyl complexes.  

The deprotonation reactions were monitored and confirmed in-situ by using UV-Vis and EPR 

spectroscopy.  Additionally, a crystal structure of the MeN4 supported deprotonated complex, 

(MeN4*)NiIIIMe2, was independently ascertained serendipitously.  Lastly, these complexes were 

unable to facilitate the C-H activation of benzene.  Consequently, further investigation is needed 

to properly determine whether these complexes are capable of C-H activation.   
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Chapter 7 

 

Future Directions 
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7.1 Reactivity of Organometallic Palladium Complexes 

 In chapter 2, we showed an organometallic PdIIMe2 complex supported by the newly 

synthesized “pseudo-tridentate” N4 ligand, TsMeN4, showed a slightly improved rate of C-C bond 

formation reactivity. The pseudo-tridentate nature of the TsMeN4 ligand was shown via 

spectroscopic methods to destabilize the high-valent PdIII metal center, leading a more rapid C-C 

bond formation.  However, upon further investigation, the improvement was found to be due to 

the reaction proceeding directly to the key PdIVMe3 intermediate.  Therefore, the subsequent 

reductive elimination was minimally affected by the destabilization of the PdIII intermediate.   

These studies showed the rate determining step controlling the aerobically induced C-C 

bond formation is the reductive elimination of ethane from the key PdIVMe3 intermediate.  To this 

point, we propose future experiments should be focused in two major areas.  The continued 

destabilization of the PdIIIMe2 intermediate, as well as the destabilization of the PdIVMe3 

intermediate via modifications to the N4 ligand system.  By continuing to vary the substituents on 

the axial amines we can possibly further destabilize these key intermediates (Scheme 7.1). 

 

Scheme 7.1 Possible modifications to the N4 ligand system. 
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The use of the symmetric TsN4 ligand could accomplish both these objectives.  The TsN4 

ligand would have a more limited donating ability than the TsMeN4 ligand due to the two tosylated 

amines (Scheme 7.2).  The resulting PdIIIMe2 intermediate would be greatly destabilized, and 

hopefully result in a more rapid formation of the PdIVMe3 intermediate.  Similarly, the two 

tosyalted amines would allow the PdIVMe3 intermediate to more rapidly achieve the 5-coordinate 

geometry necessary to undergo reductive elimination.1-3  Overall, we propose these experiments 

will improve the rate of reactivity, giving us a greater insight into the scope of high-valent 

palladium catalysis. 

 

Scheme 7.2 Proposed aerobically induced C-C bond formation reactivity of the (TsN4)PdIIMe2 

complex. 

  

 

7.2 Characterization of Arene-Substituted Nickel Complexes 

The synthesis of a series of ortho-substituted organometallic NiIII complexes reported in 

Chapter 3 allowed for a direct comparison to the previously synthesized para-substituted 

counterparts.  To study the impact of altering the ligand’s electronic and steric effects, the ortho- 

and para-substituted complexes were characterized and their reactivity investigated.  Interestingly, 

the ortho-substituents were found to destabilize the resulting NiIII intermediates.  The decreased 

stability had varying effects ranging from greatly improving the rate of reactivity to preventing the 
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formation of the desired product.  Overall, these studies have confirmed the importance ligand 

electronics and sterics play in controlling the stability of high-valent nickel intermediates.   

To further our understanding of these effects, we propose additional reactivity studies to 

be conducted on the ortho-substituted complexes.  By using different reaction conditions, oxidants, 

and characterization methods we may be able to improve our analysis of these destabilized high-

valent nickel complexes.  Additionally, the meta-substituted complexes should be investigated and 

similarly compared to the ortho- and para-substituted complexes (Scheme 7.3).  Overall, these 

studies are valuable for the developing more efficient and selective catalysts for various catalytic 

transformations. 

 

Scheme 7.3 Proposed synthesis and reactivity of meta-substituted nickel complex. 

 

 

7.3 Reactivity of Dialkyl and Diaryl Nickel Complexes  

The studies in chapter 4 provided the first reported stable NiIII dialkyl complexes stabilized 

using the unique tetradentate pyridonophane ligand.   Additionally, the oxidative reactivity was 

shown to proceed through two distinctive high-valent pathways.  The ability to isolate and 

characterize these high-valent nickel complexes has provided strong support for NiIII and NiIV 

complexes playing critical roles in various catalytic transformations.    
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Surprisingly, these studies showed the NiIIIMe2 complex exhibited limited reactivity 

without further oxidation.  The NiIIIMe2 complex would undergo a very slow non-radical methyl 

group transfer between two NiIIIMe2 intermediates, resulting in the formation of a reactive NiIVMe3 

intermediate.  Only after the reactive NiIVMe3 intermediate was formed would the complex 

undergo reductive elimination.  To improve the sluggish rate of reactivity of the NiIIIMe2 complex 

we propose using the TsMeN4 and TsN4 ligands to destabilize the NiIIIMe2 intermediate.  Our 

previous work with palladium has shown the TsMeN4 ligand does destabilize the PdIIIMe2 complex 

resulting in rapid formation of the PdIVMe3 intermediate (Chapter 2).  We propose similar results 

may be observed for our nickel counterparts (Scheme 7.4).  All told, these studies will provide a 

rare opportunity to directly investigate high-valent Ni intermediates pivotal to various C-C bond 

formation reactions. 

 

Scheme 7.4 Proposed reactivity of the [(TsMeN4)NiIIIMe2]
+ complex. 

  

 

7.4 Reactivity of Cycloneophyl Supported NiIV Complexes  

The synthesis and characterization of the stable NiIV complex reported in Chapter 5 was 

possible due to the use of the cycloneophyl group and the MeN4 ligand system.  This stable NiIV 

complex confirmed the MeN4 ligand system is capable of supporting the NiIV oxidation state, 
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providing valuable evidence for our previously proposed reactivity pathways involving a NiIV 

intermediate (Chapter 4).  Overall, these studies did provide a rare opportunity to directly 

investigate high-valent Ni complexes, however, the reactivity of the NiIV complex was not fully 

investigated.  We propose additional reactivity studies should be conducted to determine the 

affinity of the NiIII and NiIV complexes to undergo nucleophilic attack similar to other reported 

high-valent nickel and palladium complexes (Scheme 7.5).4-7  Additionally, the reactivity of the 

NiII precursor with various oxidants should be conducted in the hope of observing a variety of 

different C-X bond formation products (Scheme 7.6).8-11  These studies will give us a better insight 

into the reactivity of these high-valent NiIV intermediates and what roles they play in various C-C 

and C-heteroatom bond formation reactions. 

 

Scheme 7.5 Proposed reactivity of NiIV complex via nucleophilic attack. 

 

 

Scheme 7.6 Proposed reactivity of NiII complexes with various oxidants. 
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7.5 Deprotonation of Organometallic Nickel Complexes 

In Chapter 6, the deprotonation of the pyridinophane ligand system (N4) was shown to 

form neutral NiIII complexes.  The deprotonation reactions were monitored and confirmed in-situ 

by using UV-Vis and EPR spectroscopy, however these complexes were unable to facilitate the 

C-H activation of benzene in preliminary reactivity studies.  Further reactivity studies are needed 

to properly determine whether these complexes are capable of C-H activation.  We propose 

investigating different reaction conditions and different compounds with varying C-H bond 

strengths (Scheme 7.7).  Additionally, other N4-supported nickel complexes should be 

investigated to determine if their deprotonation results in the formation of new high-valent nickel 

complexes and/or C-H activation.  Overall, these studies are critical to confidently ascertain 

whether these complexes are capable of C-H activation and deserve further focus. 

 

Scheme 7.7 Proposed C-H activation studies on deprotonated (N4)Ni complexes. 
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Appendix A 

 

Select NMR Spectra of Ligands and Metal Complexes 
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Figure A1: 1H NMR spectrum of TsHN4 in CDCl3. 

 

 

Figure A2: 1H NMR spectrum of TsMeN4 in CDCl3. 
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Figure A3: 1H NMR spectrum of (TsMeN4)PdIICl2 in DMSO.   

 

 

 
Figure A4: 1H NMR spectrum of (TsMeN4)PdIIMeCl in CDCl3.  Peaks marked with an asterisk 

correspond to a trace amount of solvent (ether and pentane) in the sample. 
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Figure A5: 1H NMR spectrum of (TsMeN4)PdIIMe2 in Benzene.  Peaks marked with an asterisk 

correspond to a trace amount of solvent (tetrahydrofuran) in the sample. 

 

Figure A6: 1H NMR spectrum of (MeN4)NiIIMe2 in Tetrahydrofuran.   
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Figure A7: 1H NMR spectrum of (MeN4)NiII(cycloneophyl) in MeCN.  Peaks marked with an 

asterisk correspond to a trace amount of solvent (tetrahydrofuran and pentane) in the sample. 

 

 

 
Figure A8: 1H NMR spectrum of (tBuN4)NiIIMe2 in Tetrahydrofuran.   
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NMR Spectra of NiIV Complex [(MeN4)NiIV(cycloneophyl)](PF6)2 

 

1H-NMR (300 MHz, CDCl3), δ (ppm): 8.05 (t, 1H, F), 7.97 (t, 1H, G), 7.51 (d, 2H, I), 7.41 (d, 

2H, H), 7.25 (t, 1H, L), 7.19 (d, 1H, K), 6.92 (t, 1H, M), 6.55 (d, 1H, N), 5.33 (s, 2H, O), 5.01 (d, 

2H, E), 4.56 (d, 2H, B), 4.22 (d, 2H, D), 4.08 (d, 2H, C), 2.38 (s, 6H, A), 1.67 (s, 6H, J).   

 

13C-NMR (600 MHz, CDCl3), δ (ppm): 159.42 (p, k), 158.44 (i), 156.25 (g), 154.50 (c), 144.89 

(e), 133.85 (o), 132.31 (n), 131.31 (l), 131.15 (m), 125.82 (d), 125.07 (f), 79.77 (h), 77.38 (b), 

57.31 (a), 36.00 (j). 

 

 

                 

 

Figure A9. Proton (left) and carbon (right) structural assignments from NMR experiments.  
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Figure A10. 1H NMR spectrum of [(MeN4)NiIV(cycloneophyl)](PF6)2 in MeCN at -15°C. 

 

 

Figure A11. 13C NMR spectrum of [(MeN4)NiIV(cycloneophyl)](PF6)2 in MeCN at -15°C. 

1.02.03.04.05.06.07.08.0

6.507.007.508.00

4.004.505.005.50

F G 

I H 

L, K 
M 

N 

O 

E B 
D C 

A 

J 

d
3
-M

eC
N

 

P
en

ta
n
e 

P
en

ta
n
e 

THF 

i 

255075100125150175

p, k 

g, c 

e 

o, n, l, m 

d, f 

d3-MeCN 

h 

b 

a 

j 

d3-MeCN 



144 

 

 

 
 

Figure A12. 1H-1H COSY spectrum of [(MeN4)NiIV(cycloneophyl)](PF6)2 in MeCN at -15°C. 
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Figure A13. 1H-13C HMBC spectrum of [(MeN4)NiIV(cycloneophyl)](PF6)2 in MeCN at -15°C. 
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Figure A14. 1H-13C HSQC spectrum of [(MeN4)NiIV(cycloneophyl)](PF6)2 in MeCN at -15°C. 
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Appendix B 

 

X-ray Crystal Structure Data of Metal Complexes 
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Table B1. Crystal data and structure refinement for (TsMeN4)PdIICl2. 

Identification code  l6912 

Empirical formula  C22 H24 Cl2 N4 O2 Pd S 

Formula weight  585.81 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/𝐶 

Unit cell dimensions a = 13.8080(13) Å α = 90°. 

 b = 13.9729(12) Å β = 101.523(5)°. 

 c = 12.1642(11) Å γ = 90°. 

Volume 2299.6(4) Å3 

Z 4 

Density (calculated) 1.692 Mg/m3 

Absorption coefficient 1.158 mm-1 

F(000) 1184 

Crystal size 0.25 x 0.19 x 0.08 mm3 

Theta range for data collection 2.10 to 27.55°. 

Index ranges -17≤h≤17, -18≤k≤18, -15≤l≤15 

Reflections collected 31868 

Independent reflections 5287 [R(int) = 0.0550] 

Completeness to theta = 27.55° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9110 and 0.7613 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5287 / 0 / 298 

Goodness-of-fit on F2 1.018 

Final R indices [I>2sigma(I)] R1 = 0.0344, wR2 = 0.0687 

R indices (all data) R1 = 0.0580, wR2 = 0.0773 

Largest diff. peak and hole 0.664 and -0.713 e.Å-3 

 



149 

 

Table B2.   Bond lengths [Å] 

and angles [°]for 

(TsMeN4)PdIICl2. 

Pd(1)-N(2)  2.057(2) 

Pd(1)-N(3)  2.062(3) 

Pd(1)-Cl(1)  2.2792(9) 

Pd(1)-Cl(2)  2.3065(8) 

Pd(1')-N(2)  2.027(13) 

Pd(1')-N(3)  2.063(14) 

Pd(1')-Cl(1')  2.17(5) 

Pd(1')-N(1)  2.550(19) 

Pd(1')-Cl(2)  2.569(15) 

Pd(1')-C(6)  2.610(15) 

S(1)-O(2)  1.430(2) 

S(1)-O(1)  1.432(2) 

S(1)-N(4)  1.629(3) 

S(1)-C(16)  1.759(3) 

N(1)-C(1)  1.339(4) 

N(1)-C(5)  1.341(4) 

N(2)-C(12)  1.343(4) 

N(2)-C(8)  1.352(4) 

N(3)-C(15)  1.492(4) 

N(3)-C(7)  1.493(4) 

N(3)-C(6)  1.513(4) 

N(4)-C(14)  1.475(4) 

N(4)-C(13)  1.480(4) 

C(1)-C(2)  1.389(5) 

C(1)-C(13)  1.506(4) 

C(2)-C(3)  1.371(5) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.378(5) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.374(5) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.507(4) 

C(6)-H(6A)  0.9900 

C(6)-H(6B)  0.9900 

C(7)-C(8)  1.499(4) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-C(9)  1.377(4) 

C(9)-C(10)  1.371(5) 

C(9)-H(9)  0.9500 

C(10)-C(11)  1.379(5) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.383(4) 

C(11)-H(11)  0.9500 

C(12)-C(14)  1.520(4) 

C(13)-H(13A)  0.9900 

C(13)-H(13B)  0.9900 

C(14)-H(14A)  0.9900 

C(14)-H(14B)  0.9900 

C(15)-H(15A)  0.9800 

C(15)-H(15B)  0.9800 

C(15)-H(15C)  0.9800 

C(16)-C(17)  1.384(4) 

C(16)-C(21)  1.388(4) 

C(17)-C(18)  1.379(5) 

C(17)-H(17)  0.9500 

C(18)-C(19)  1.393(5) 

C(18)-H(18)  0.9500 

C(19)-C(20)  1.395(5) 

C(19)-C(22)  1.495(5) 

C(20)-C(21)  1.365(5) 

C(20)-H(20)  0.9500 

C(21)-H(21)  0.9500 

C(22)-H(22A)  0.9800 

C(22)-H(22B)  0.9800 

C(22)-H(22C)  0.9800 

N(2)-Pd(1)-N(3) 81.72(10) 

N(2)-Pd(1)-Cl(1) 174.69(8) 

N(3)-Pd(1)-Cl(1) 93.09(7) 

N(2)-Pd(1)-Cl(2) 96.41(8) 

N(3)-Pd(1)-Cl(2) 174.72(7) 

Cl(1)-Pd(1)-Cl(2) 88.67(3) 

N(2)-Pd(1')-N(3) 82.4(5) 

N(2)-Pd(1')-Cl(1') 159.1(17) 

N(3)-Pd(1')-Cl(1') 84.0(14) 

N(2)-Pd(1')-N(1) 76.7(5) 

N(3)-Pd(1')-N(1) 86.8(5) 

Cl(1')-Pd(1')-N(1) 118.3(16) 

N(2)-Pd(1')-Cl(2) 89.5(5) 

N(3)-Pd(1')-Cl(2) 140.6(9) 

Cl(1')-Pd(1')-Cl(2) 91.0(14) 

N(1)-Pd(1')-Cl(2) 128.7(6) 

N(2)-Pd(1')-C(6) 91.9(5) 

N(3)-Pd(1')-C(6) 35.4(2) 

Cl(1')-Pd(1')-C(6) 86.1(14) 

N(1)-Pd(1')-C(6) 56.0(4) 

Cl(2)-Pd(1')-C(6) 175.3(8) 

O(2)-S(1)-O(1) 119.98(14) 

O(2)-S(1)-N(4) 106.50(13) 

O(1)-S(1)-N(4) 106.54(14) 

O(2)-S(1)-C(16) 107.80(14) 

O(1)-S(1)-C(16) 107.79(15) 

N(4)-S(1)-C(16) 107.68(14) 

C(1)-N(1)-C(5) 117.0(3) 

C(1)-N(1)-Pd(1') 132.6(3) 

C(5)-N(1)-Pd(1') 90.2(3) 

C(12)-N(2)-C(8) 118.6(3) 

C(12)-N(2)-Pd(1') 121.6(5) 

C(8)-N(2)-Pd(1') 115.1(4) 

C(12)-N(2)-Pd(1) 130.7(2) 

C(8)-N(2)-Pd(1) 110.7(2) 

C(15)-N(3)-C(7) 107.2(2) 

C(15)-N(3)-C(6) 105.1(2) 

C(7)-N(3)-C(6) 113.6(2) 

C(15)-N(3)-Pd(1) 116.0(2) 
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C(7)-N(3)-Pd(1) 103.37(18) 

C(6)-N(3)-Pd(1) 111.81(19) 

C(15)-N(3)-Pd(1') 127.0(4) 

C(7)-N(3)-Pd(1') 110.5(4) 

C(6)-N(3)-Pd(1') 92.5(6) 

C(14)-N(4)-C(13) 114.6(2) 

C(14)-N(4)-S(1) 118.6(2) 

C(13)-N(4)-S(1) 118.7(2) 

N(1)-C(1)-C(2) 123.0(3) 

N(1)-C(1)-C(13) 116.3(3) 

C(2)-C(1)-C(13) 120.4(3) 

C(3)-C(2)-C(1) 118.6(3) 

C(3)-C(2)-H(2) 120.7 

C(1)-C(2)-H(2) 120.7 

C(2)-C(3)-C(4) 119.3(3) 

C(2)-C(3)-H(3) 120.4 

C(4)-C(3)-H(3) 120.4 

C(5)-C(4)-C(3) 118.5(3) 

C(5)-C(4)-H(4) 120.8 

C(3)-C(4)-H(4) 120.8 

N(1)-C(5)-C(4) 123.5(3) 

N(1)-C(5)-C(6) 116.6(3) 

C(4)-C(5)-C(6) 119.9(3) 

C(5)-C(6)-N(3) 115.0(3) 

C(5)-C(6)-Pd(1') 84.5(4) 

N(3)-C(6)-Pd(1') 52.1(4) 

C(5)-C(6)-H(6A) 108.5 

N(3)-C(6)-H(6A) 108.5 

Pd(1')-C(6)-H(6A) 80.7 

C(5)-C(6)-H(6B) 108.5 

N(3)-C(6)-H(6B) 108.5 

Pd(1')-C(6)-H(6B) 160.6 

H(6A)-C(6)-H(6B) 107.5 

N(3)-C(7)-C(8) 111.2(2) 

N(3)-C(7)-H(7A) 109.4 

C(8)-C(7)-H(7A) 109.4 

N(3)-C(7)-H(7B) 109.4 

C(8)-C(7)-H(7B) 109.4 

H(7A)-C(7)-H(7B) 108.0 

N(2)-C(8)-C(9) 122.2(3) 

N(2)-C(8)-C(7) 116.3(3) 

C(9)-C(8)-C(7) 121.4(3) 

C(10)-C(9)-C(8) 118.8(3) 

C(10)-C(9)-H(9) 120.6 

C(8)-C(9)-H(9) 120.6 

C(9)-C(10)-C(11) 119.0(3) 

C(9)-C(10)-H(10) 120.5 

C(11)-C(10)-H(10) 120.5 

C(10)-C(11)-C(12) 119.9(3) 

C(10)-C(11)-H(11) 120.1 

C(12)-C(11)-H(11) 120.1 

N(2)-C(12)-C(11) 120.8(3) 

N(2)-C(12)-C(14) 119.4(3) 

C(11)-C(12)-C(14) 119.5(3) 

N(4)-C(13)-C(1) 108.1(3) 

N(4)-C(13)-H(13A) 110.1 

C(1)-C(13)-H(13A) 110.1 

N(4)-C(13)-H(13B) 110.1 

C(1)-C(13)-H(13B) 110.1 

H(13A)-C(13)-H(13B) 108.4 

N(4)-C(14)-C(12) 109.8(2) 

N(4)-C(14)-H(14A) 109.7 

C(12)-C(14)-H(14A) 109.7 

N(4)-C(14)-H(14B) 109.7 

C(12)-C(14)-H(14B) 109.7 

H(14A)-C(14)-H(14B) 108.2 

N(3)-C(15)-H(15A) 109.5 

N(3)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 

N(3)-C(15)-H(15C) 109.5 

H(15A)-C(15)-H(15C) 109.5 

H(15B)-C(15)-H(15C) 109.5 

C(17)-C(16)-C(21) 119.9(3) 

C(17)-C(16)-S(1) 119.9(3) 

C(21)-C(16)-S(1) 120.2(2) 

C(18)-C(17)-C(16) 119.5(3) 

C(18)-C(17)-H(17) 120.3 

C(16)-C(17)-H(17) 120.3 

C(17)-C(18)-C(19) 121.6(3) 

C(17)-C(18)-H(18) 119.2 

C(19)-C(18)-H(18) 119.2 

C(18)-C(19)-C(20) 117.6(3) 

C(18)-C(19)-C(22) 120.8(3) 

C(20)-C(19)-C(22) 121.6(3) 

C(21)-C(20)-C(19) 121.5(3) 

C(21)-C(20)-H(20) 119.3 

C(19)-C(20)-H(20) 119.3 

C(20)-C(21)-C(16) 120.0(3) 

C(20)-C(21)-H(21) 120.0 

C(16)-C(21)-H(21) 120.0 

C(19)-C(22)-H(22A) 109.5 

C(19)-C(22)-H(22B) 109.5 

H(22A)-C(22)-H(22B) 109.5 

C(19)-C(22)-H(22C) 109.5 

H(22A)-C(22)-H(22C) 109.5 

H(22B)-C(22)-H(22C) 109.5
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Table B3.  Crystal data and structure refinement for (TsMeN4)PdIIMeCl. 

Identification code  l6412/lt/JS-01-022812 

Empirical formula  C23 H27 Cl N4 O2 Pd S 

Formula weight  565.40 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 16.0105(7) Å α = 90°. 

 b = 9.8303(5) Å β = 97.558(3)°. 

 c = 14.9486(7) Å γ = 90°. 

Volume 2332.29(19) Å3 

Z 4 

Density (calculated) 1.610 Mg/m3 

Absorption coefficient 1.028 mm-1 

F(000) 1152 

Crystal size 0.22 x 0.18 x 0.18 mm3 

Theta range for data collection 2.44 to 27.55°. 

Index ranges -20≤h≤20, -12≤k≤12, -19≤l≤19 

Reflections collected 48475 

Independent reflections 5356 [R(int) = 0.0533] 

Completeness to theta = 27.55° 99.5 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8374 and 0.8047 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5356 / 0 / 292 

Goodness-of-fit on F2 1.036 

Final R indices [I>2sigma(I)] R1 = 0.0277, wR2 = 0.0591 

R indices (all data) R1 = 0.0389, wR2 = 0.0636 

Largest diff. peak and hole 0.789 and -0.418 e.Å-3 
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Table B4.   Bond lengths [Å] 

and angles [°] for 

(TsMeN4)PdIIMeCl. 

Pd(1)-C(1)  2.027(2) 

Pd(1)-N(1)  2.044(2) 

Pd(1)-N(2)  2.1724(19) 

Pd(1)-Cl(1)  2.3073(6) 

S(1)-O(2)  1.4302(18) 

S(1)-O(1)  1.4307(19) 

S(1)-N(4)  1.628(2) 

S(1)-C(17)  1.756(2) 

N(1)-C(6)  1.350(3) 

N(1)-C(2)  1.351(3) 

N(2)-C(13)  1.344(3) 

N(2)-C(9)  1.352(3) 

N(3)-C(16)  1.445(3) 

N(3)-C(7)  1.456(3) 

N(3)-C(8)  1.459(3) 

N(4)-C(15)  1.465(3) 

N(4)-C(14)  1.468(3) 

C(1)-H(1A)  0.9800 

C(1)-H(1B)  0.9800 

C(1)-H(1C)  0.9800 

C(2)-C(3)  1.376(4) 

C(2)-C(15)  1.507(3) 

C(3)-C(4)  1.383(4) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.381(4) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.384(4) 

C(5)-H(5)  0.9500 

C(6)-C(7)  1.514(4) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-C(9)  1.515(3) 

C(8)-H(8A)  0.9900 

C(8)-H(8B)  0.9900 

C(9)-C(10)  1.384(3) 

C(10)-C(11)  1.382(4) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.380(3) 

C(11)-H(11)  0.9500 

C(12)-C(13)  1.380(3) 

C(12)-H(12)  0.9500 

C(13)-C(14)  1.512(3) 

C(14)-H(14A)  0.9900 

C(14)-H(14B)  0.9900 

C(15)-H(15A)  0.9900 

C(15)-H(15B)  0.9900 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 

C(16)-H(16C)  0.9800 

C(17)-C(18)  1.379(3) 

C(17)-C(22)  1.391(3) 

C(18)-C(19)  1.380(3) 

C(18)-H(18)  0.9500 

C(19)-C(20)  1.386(3) 

C(19)-H(19)  0.9500 

C(20)-C(21)  1.389(4) 

C(20)-C(23)  1.504(4) 

C(21)-C(22)  1.379(3) 

C(21)-H(21)  0.9500 

C(22)-H(22)  0.9500 

C(23)-H(23A)  0.9800 

C(23)-H(23B)  0.9800 

C(23)-H(23C)  0.9800 

C(1)-Pd(1)-N(1) 91.11(9) 

C(1)-Pd(1)-N(2) 173.51(9) 

N(1)-Pd(1)-N(2) 82.96(7) 

C(1)-Pd(1)-Cl(1) 89.59(8) 

N(1)-Pd(1)-Cl(1) 178.41(6) 

N(2)-Pd(1)-Cl(1) 96.41(5) 

O(2)-S(1)-O(1) 119.34(11) 

O(2)-S(1)-N(4) 108.77(11) 

O(1)-S(1)-N(4) 106.50(11) 

O(2)-S(1)-C(17) 106.90(11) 

O(1)-S(1)-C(17) 109.06(11) 

N(4)-S(1)-C(17) 105.47(11) 

C(6)-N(1)-C(2) 119.6(2) 

C(6)-N(1)-Pd(1) 119.78(17) 

C(2)-N(1)-Pd(1) 120.28(16) 

C(13)-N(2)-C(9) 119.08(19) 

C(13)-N(2)-Pd(1) 120.19(15) 

C(9)-N(2)-Pd(1) 120.38(15) 

C(16)-N(3)-C(7) 115.5(2) 

C(16)-N(3)-C(8) 115.4(2) 

C(7)-N(3)-C(8) 119.5(2) 

C(15)-N(4)-C(14) 121.24(19) 

C(15)-N(4)-S(1) 120.60(16) 

C(14)-N(4)-S(1) 117.76(15) 

Pd(1)-C(1)-H(1A) 109.5 

Pd(1)-C(1)-H(1B) 109.5 

H(1A)-C(1)-H(1B) 109.5 

Pd(1)-C(1)-H(1C) 109.5 

H(1A)-C(1)-H(1C) 109.5 

H(1B)-C(1)-H(1C) 109.5 

N(1)-C(2)-C(3) 121.7(2) 

N(1)-C(2)-C(15) 117.4(2) 

C(3)-C(2)-C(15) 120.8(2) 

C(2)-C(3)-C(4) 119.4(2) 

C(2)-C(3)-H(3) 120.3 

C(4)-C(3)-H(3) 120.3 

C(5)-C(4)-C(3) 118.6(3) 

C(5)-C(4)-H(4) 120.7 

C(3)-C(4)-H(4) 120.7 

C(4)-C(5)-C(6) 120.3(2) 

C(4)-C(5)-H(5) 119.9 

C(6)-C(5)-H(5) 119.9 
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N(1)-C(6)-C(5) 120.4(2) 

N(1)-C(6)-C(7) 118.7(2) 

C(5)-C(6)-C(7) 120.9(2) 

N(3)-C(7)-C(6) 117.7(2) 

N(3)-C(7)-H(7A) 107.9 

C(6)-C(7)-H(7A) 107.9 

N(3)-C(7)-H(7B) 107.9 

C(6)-C(7)-H(7B) 107.9 

H(7A)-C(7)-H(7B) 107.2 

N(3)-C(8)-C(9) 116.2(2) 

N(3)-C(8)-H(8A) 108.2 

C(9)-C(8)-H(8A) 108.2 

N(3)-C(8)-H(8B) 108.2 

C(9)-C(8)-H(8B) 108.2 

H(8A)-C(8)-H(8B) 107.4 

N(2)-C(9)-C(10) 121.2(2) 

N(2)-C(9)-C(8) 118.0(2) 

C(10)-C(9)-C(8) 120.8(2) 

C(11)-C(10)-C(9) 119.7(2) 

C(11)-C(10)-H(10) 120.2 

C(9)-C(10)-H(10) 120.2 

C(12)-C(11)-C(10) 118.6(2) 

C(12)-C(11)-H(11) 120.7 

C(10)-C(11)-H(11) 120.7 

C(11)-C(12)-C(13) 119.6(2) 

C(11)-C(12)-H(12) 120.2 

C(13)-C(12)-H(12) 120.2 

N(2)-C(13)-C(12) 121.7(2) 

N(2)-C(13)-C(14) 117.3(2) 

C(12)-C(13)-C(14) 121.0(2) 

N(4)-C(14)-C(13) 114.82(19) 

N(4)-C(14)-H(14A) 108.6 

C(13)-C(14)-H(14A) 108.6 

N(4)-C(14)-H(14B) 108.6 

C(13)-C(14)-H(14B) 108.6 

H(14A)-C(14)-H(14B) 107.5 

N(4)-C(15)-C(2) 112.24(19) 

N(4)-C(15)-H(15A) 109.2 

C(2)-C(15)-H(15A) 109.2 

N(4)-C(15)-H(15B) 109.2 

C(2)-C(15)-H(15B) 109.2 

H(15A)-C(15)-H(15B) 107.9 

N(3)-C(16)-H(16A) 109.5 

N(3)-C(16)-H(16B) 109.5 

N(3)-C(16)-H(16C) 109.5 

C(18)-C(17)-C(22) 120.6(2) 

C(18)-C(17)-S(1) 120.14(18) 

C(22)-C(17)-S(1) 119.16(18) 

C(17)-C(18)-C(19) 119.3(2) 

C(17)-C(18)-H(18) 120.3 

C(19)-C(18)-H(18) 120.3 

C(18)-C(19)-C(20) 121.3(2) 

C(18)-C(19)-H(19) 119.4 

C(20)-C(19)-H(19) 119.4 

C(19)-C(20)-C(21) 118.5(2) 

C(19)-C(20)-C(23) 120.6(2) 

C(21)-C(20)-C(23) 120.8(2) 

C(22)-C(21)-C(20) 121.1(2) 

C(22)-C(21)-H(21) 119.5 

C(20)-C(21)-H(21) 119.5 

C(21)-C(22)-C(17) 119.2(2) 

C(21)-C(22)-H(22) 120.4 

C(17)-C(22)-H(22) 120.4 

C(20)-C(23)-H(23A) 109.5 

C(20)-C(23)-H(23B) 109.5 

H(23A)-C(23)-H(23B) 109.5 

C(20)-C(23)-H(23C) 109.5 

H(23A)-C(23)-H(23C) 109.5 

H(23B)-C(23)-H(23C) 109.5 
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Table B5. Crystal data and structure refinement for (TsMeN4)PdIIMe2. 

Identification code  l19712/lt/JS-01-092512 

Empirical formula  C28 H38 N4 O3 Pd S 

Formula weight  617.08 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/m 

Unit cell dimensions a = 9.0624(12) Å α = 90°. 

 b = 11.9786(15) Å β = 97.064(8)°. 

 c = 12.5671(15) Å γ = 90°. 

Volume 1353.9(3) Å3 

Z 2 

Density (calculated) 1.514 Mg/m3 

Absorption coefficient 0.800 mm-1 

F(000) 640 

Crystal size 0.31 x 0.26 x 0.09 mm3 

Theta range for data collection 1.63 to 26.73°. 

Index ranges -11≤h≤11, -14≤k≤15, -15≤l≤15 

Reflections collected 41945 

Independent reflections 3019 [R(int) = 0.0780] 

Completeness to theta = 26.73° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9308 and 0.7908 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3019 / 54 / 168 

Goodness-of-fit on F2 1.140 

Final R indices [I>2sigma(I)] R1 = 0.0774, wR2 = 0.1711 

R indices (all data) R1 = 0.0984, wR2 = 0.1880 

Extinction coefficient 0.0074(13) 

Largest diff. peak and hole 2.378 and -2.619 e.Å-3 
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Table B6.   Bond lengths [Å] 

and angles [°] for 

(TsMeN4)PdIIMe2 

Pd(1)-C(1)#1  2.053(7) 

Pd(1)-C(1)  2.053(7) 

Pd(1)-N(1)#1  2.151(6) 

Pd(1)-N(1)  2.151(6) 

S(1)-O(1)  1.425(5) 

S(1)-O(1)#1  1.425(5) 

S(1)-N(2)  1.627(7) 

S(1)-C(8)  1.757(10) 

N(1)-C(6)  1.345(10) 

N(1)-C(2)  1.356(8) 

N(2)-C(7)  1.476(8) 

N(2)-C(7)#1  1.476(8) 

N(3)-C(13)  1.455(9) 

N(3)-C(13)#1  1.455(9) 

N(3)-C(14)  1.462(17) 

C(1)-H(1A)  0.9800 

C(1)-H(1B)  0.9800 

C(1)-H(1C)  0.9800 

C(2)-C(3)  1.381(10) 

C(2)-C(7)  1.511(11) 

C(3)-C(4)  1.390(12) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.388(11) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.377(11) 

C(5)-H(5)  0.9500 

C(6)-C(13)  1.517(9) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-C(9)  1.385(10) 

C(8)-C(9)#1  1.385(10) 

C(9)-C(10)  1.367(13) 

C(9)-H(9)  0.9500 

C(10)-C(11)  1.380(13) 

C(10)-H(10)  0.9500 

C(11)-C(10)#1  1.380(13) 

C(11)-C(12)  1.503(19) 

C(12)-H(12A)  0.9800 

C(12)-H(12B)  0.9800 

C(12)-H(12C)  0.9800 

C(13)-H(13A)  0.9900 

C(13)-H(13B)  0.9900 

C(14)-H(14A)  0.9800 

C(14)-H(14B)  0.9800 

C(14)-H(14C)  0.9800 

C(1S)-O(1S)  1.1533 

C(1S)-C(2S)  1.4259 

C(1S)-C(4S)  1.9046 

C(1S)-H(1SA)  0.9601 

C(1S)-H(1SB)  0.9605 

C(2S)-C(3S)  1.6065 

C(2S)-C(3S')  1.8306 

C(2S)-H(2SA)  0.9605 

C(2S)-H(2SB)  0.9602 

C(3S)-C(3S')  0.6027 

C(3S)-C(4S)  1.7546 

C(3S)-H(3SA)  0.9602 

C(3S)-H(3SB)  0.9606 

C(4S)-O(1S)  1.4088 

C(4S)-H(4SA)  0.9606 

C(4S)-H(4SB)  0.9601 

C(3S')-H(3SA)  0.6256 

C(3S')-H(3SB)  1.0705 

C(1)#1-Pd(1)-C(1) 87.9(4) 

C(1)#1-Pd(1)-N(1)#1 176.8(3) 

C(1)-Pd(1)-N(1)#1 94.9(2) 

C(1)#1-Pd(1)-N(1) 94.9(3) 

C(1)-Pd(1)-N(1) 176.8(3) 

N(1)#1-Pd(1)-N(1) 82.2(3) 

O(1)-S(1)-O(1)#1 119.4(5) 

O(1)-S(1)-N(2) 106.7(2) 

O(1)#1-S(1)-N(2) 106.7(3) 

O(1)-S(1)-C(8) 108.1(3) 

O(1)#1-S(1)-C(8) 108.1(3) 

N(2)-S(1)-C(8) 107.3(4) 

C(6)-N(1)-C(2) 119.4(6) 

C(6)-N(1)-Pd(1) 119.6(4) 

C(2)-N(1)-Pd(1) 120.8(5) 

C(7)-N(2)-C(7)#1 118.7(7) 

C(7)-N(2)-S(1) 118.5(4) 

C(7)#1-N(2)-S(1) 118.5(4) 

C(13)-N(3)-C(13)#1 119.6(9) 

C(13)-N(3)-C(14) 115.2(5) 

C(13)#1-N(3)-C(14) 115.2(5) 

Pd(1)-C(1)-H(1A) 109.5 

Pd(1)-C(1)-H(1B) 109.5 

H(1A)-C(1)-H(1B) 109.5 

Pd(1)-C(1)-H(1C) 109.5 

H(1A)-C(1)-H(1C) 109.5 

H(1B)-C(1)-H(1C) 109.5 

N(1)-C(2)-C(3) 121.3(7) 

N(1)-C(2)-C(7) 117.1(6) 

C(3)-C(2)-C(7) 121.6(6) 

C(2)-C(3)-C(4) 119.7(7) 

C(2)-C(3)-H(3) 120.2 

C(4)-C(3)-H(3) 120.2 

C(5)-C(4)-C(3) 118.1(8) 

C(5)-C(4)-H(4) 121.0 

C(3)-C(4)-H(4) 121.0 

C(6)-C(5)-C(4) 120.1(8) 

C(6)-C(5)-H(5) 120.0 

C(4)-C(5)-H(5) 120.0 

N(1)-C(6)-C(5) 121.3(6) 

N(1)-C(6)-C(13) 118.2(6) 

C(5)-C(6)-C(13) 120.5(7) 
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N(2)-C(7)-C(2) 111.6(7) 

N(2)-C(7)-H(7A) 109.3 

C(2)-C(7)-H(7A) 109.3 

N(2)-C(7)-H(7B) 109.3 

C(2)-C(7)-H(7B) 109.3 

H(7A)-C(7)-H(7B) 108.0 

C(9)-C(8)-C(9)#1 118.5(10) 

C(9)-C(8)-S(1) 120.7(5) 

C(9)#1-C(8)-S(1) 120.7(5) 

C(10)-C(9)-C(8) 120.5(9) 

C(10)-C(9)-H(9) 119.7 

C(8)-C(9)-H(9) 119.7 

C(9)-C(10)-C(11) 121.0(10) 

C(9)-C(10)-H(10) 119.5 

C(11)-C(10)-H(10) 119.5 

C(10)-C(11)-C(10)#1 118.4(12) 

C(10)-C(11)-C(12) 120.8(6) 

C(10)#1-C(11)-C(12) 120.8(6) 

C(11)-C(12)-H(12A) 109.5 

C(11)-C(12)-H(12B) 109.5 

C(11)-C(12)-H(12C) 109.5 

N(3)-C(13)-C(6) 117.1(6) 

N(3)-C(13)-H(13A) 108.0 

C(6)-C(13)-H(13A) 108.0 

N(3)-C(13)-H(13B) 108.0 

C(6)-C(13)-H(13B) 108.0 

H(13A)-C(13)-H(13B) 107.3 

N(3)-C(14)-H(14A) 109.5 

N(3)-C(14)-H(14B) 109.5 

H(14A)-C(14)-H(14B) 109.5 

N(3)-C(14)-H(14C) 109.5 

H(14A)-C(14)-H(14C) 109.5 

H(14B)-C(14)-H(14C) 109.5 

O(1S)-C(1S)-C(2S) 130.9 

O(1S)-C(1S)-C(4S) 47.4 

C(2S)-C(1S)-C(4S) 91.3 

O(1S)-C(1S)-H(1SA) 104.6 

C(2S)-C(1S)-H(1SA) 104.7 

C(4S)-C(1S)-H(1SA) 149.5 

O(1S)-C(1S)-H(1SB) 104.4 

C(2S)-C(1S)-H(1SB) 104.4 

C(4S)-C(1S)-H(1SB) 94.9 

H(1SA)-C(1S)-H(1SB) 105.7 

C(1S)-C(2S)-C(3S) 97.8 

C(1S)-C(2S)-C(3S') 116.2 

C(3S)-C(2S)-C(3S') 18.8 

C(1S)-C(2S)-H(2SA) 112.2 

C(3S)-C(2S)-H(2SA) 112.2 

C(3S')-C(2S)-H(2SA) 99.9 

C(1S)-C(2S)-H(2SB) 112.2 

C(3S)-C(2S)-H(2SB) 112.2 

C(3S')-C(2S)-H(2SB) 105.6 

H(2SA)-C(2S)-H(2SB) 109.8 

C(3S')-C(3S)-C(2S) 102.1 

C(3S')-C(3S)-C(4S) 152.8 

C(2S)-C(3S)-C(4S) 91.3 

C(3S')-C(3S)-H(3SA) 39.4 

C(2S)-C(3S)-H(3SA) 113.4 

C(4S)-C(3S)-H(3SA) 113.4 

C(3S')-C(3S)-H(3SB) 83.1 

C(2S)-C(3S)-H(3SB) 113.4 

C(4S)-C(3S)-H(3SB) 113.4 

H(3SA)-C(3S)-H(3SB) 110.8 

O(1S)-C(4S)-C(3S) 105.6 

O(1S)-C(4S)-C(1S) 37.1 

C(3S)-C(4S)-C(1S) 77.3 

O(1S)-C(4S)-H(4SA) 110.6 

C(3S)-C(4S)-H(4SA) 110.6 

C(1S)-C(4S)-H(4SA) 99.5 

O(1S)-C(4S)-H(4SB) 110.6 

C(3S)-C(4S)-H(4SB) 110.6 

C(1S)-C(4S)-H(4SB) 144.6 

H(4SA)-C(4S)-H(4SB) 108.8 

C(1S)-O(1S)-C(4S) 95.5 

C(3S)-C(3S')-C(2S) 59.1 

C(3S)-C(3S')-H(3SA) 102.8 

C(2S)-C(3S')-H(3SA) 115.5 

C(3S)-C(3S')-H(3SB) 63.0 

C(2S)-C(3S')-H(3SB) 93.4 

H(3SA)-C(3S')-H(3SB) 135.9 
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Table B7. Crystal data and structure refinement for [(tBuN4)NiIII(o-PhF)Br]PF6. 

Identification code  l15413/lt/JS-01-091313 

Empirical formula  C32 H44 Br F7 N4 Ni O P 

Formula weight  803.30 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 35.9614(13) Å α = 90°. 

 b = 13.0696(5) Å β = 90.599(2)°. 

 c = 15.4316(5) Å γ = 90°. 

Volume 7252.5(4) Å3 

Z 8 

Density (calculated) 1.471 Mg/m3 

Absorption coefficient 1.748 mm-1 

F(000) 3304 

Crystal size 0.508 x 0.504 x 0.055 mm3 

Theta range for data collection 1.658 to 25.472°. 

Index ranges -43≤h≤43, -15≤k≤15, -18≤l≤18 

Reflections collected 48245 

Independent reflections 6705 [R(int) = 0.0907] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 4901 and 0.3796 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6705 / 942 / 471 

Goodness-of-fit on F2 1.110 

Final R indices [I>2sigma(I)] R1 = 0.0896, wR2 = 0.2245 

R indices (all data) R1 = 0.1352, wR2 = 0.2515 

Extinction coefficient n/a 

Largest diff. peak and hole 0.977 and -1.076 e.Å-3 
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Table B8.   Bond lengths [Å] 

and angles [°] for 

[(tBuN4)NiIII(o-PhF)Br]PF6. 

Br(1)-Ni(1)  2.4404(18) 

Br(1')-Ni(1)  2.400(5) 

Ni(1)-N(2)  1.956(6) 

Ni(1)-N(1)  1.981(6) 

Ni(1)-C(23')  1.982(10) 

Ni(1)-C(23)  1.993(18) 

Ni(1)-N(3)  2.342(7) 

Ni(1)-N(4)  2.345(7) 

N(1)-C(1)  1.329(11) 

N(1)-C(5)  1.339(9) 

N(2)-C(12)  1.324(9) 

N(2)-C(8)  1.343(9) 

N(3)-C(6)  1.479(11) 

N(3)-C(7)  1.491(10) 

N(3)-C(15)  1.534(12) 

N(4)-C(13)  1.482(10) 

N(4)-C(14)  1.503(9) 

N(4)-C(19)  1.534(9) 

C(1)-C(2)  1.386(11) 

C(1)-C(14)  1.476(10) 

C(2)-C(3)  1.399(11) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.351(12) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.383(11) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.484(12) 

C(6)-H(6A)  0.9900 

C(6)-H(6B)  0.9900 

C(7)-C(8)  1.478(11) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-C(9)  1.382(10) 

C(9)-C(10)  1.377(11) 

C(9)-H(9)  0.9500 

C(10)-C(11)  1.374(10) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.396(10) 

C(11)-H(11)  0.9500 

C(12)-C(13)  1.510(9) 

C(13)-H(13A)  0.9900 

C(13)-H(13B)  0.9900 

C(14)-H(14A)  0.9900 

C(14)-H(14B)  0.9900 

C(15)-C(17)  1.503(16) 

C(15)-C(18)  1.546(15) 

C(15)-C(16)  1.567(15) 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 

C(16)-H(16C)  0.9800 

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 

C(18)-H(18A)  0.9800 

C(18)-H(18B)  0.9800 

C(18)-H(18C)  0.9800 

C(19)-C(21)  1.507(12) 

C(19)-C(22)  1.532(14) 

C(19)-C(20)  1.535(13) 

C(20)-H(20A)  0.9800 

C(20)-H(20B)  0.9800 

C(20)-H(20C)  0.9800 

C(21)-H(21A)  0.9800 

C(21)-H(21B)  0.9800 

C(21)-H(21C)  0.9800 

C(22)-H(22A)  0.9800 

C(22)-H(22B)  0.9800 

C(22)-H(22C)  0.9800 

C(23)-C(24)  1.27(2) 

C(23)-C(28)  1.43(2) 

C(24)-C(25)  1.39(2) 

C(24)-F(1)  1.419(18) 

C(25)-C(26)  1.39(3) 

C(25)-H(25)  0.9500 

C(26)-C(27)  1.31(3) 

C(26)-H(26)  0.9500 

C(27)-C(28)  1.40(3) 

C(27)-H(27)  0.9500 

C(28)-H(28)  0.9500 

C(23')-C(24')  1.276(18) 

C(23')-C(28')  1.428(17) 

C(24')-C(25')  1.383(18) 

C(24')-F(1')  1.416(16) 

C(25')-C(26')  1.38(2) 

C(25')-H(25')  0.9500 

C(26')-C(27')  1.31(2) 

C(26')-H(26')  0.9500 

C(27')-C(28')  1.392(19) 

C(27')-H(27')  0.9500 

C(28')-H(28')  0.9500 

P(1)-F(2)  1.588(5) 

P(1)-F(3)  1.590(6) 

P(1)-F(4)  1.589(6) 

P(1)-F(7)  1.592(5) 

P(1)-F(6)  1.602(5) 

P(1)-F(5)  1.604(6) 

O(2S)-C(5S)  1.4130 

O(2S)-C(8S)  1.4134 

C(5S)-C(6S)  1.3930 

C(5S)-H(5S1)  0.9900 

C(5S)-H(5S2)  0.9900 

C(6S)-C(7S)  1.3923 

C(6S)-H(6S1)  0.9900 

C(6S)-H(6S2)  0.9900 

C(7S)-C(8S)  1.3950 
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C(7S)-H(7S1)  0.9900 

C(7S)-H(7S2)  0.9900 

C(8S)-H(8S1)  0.9900 

C(8S)-H(8S2)  0.9900 

O(1S)-C(4S)  1.4140 

O(1S)-C(1S)  1.4149 

C(1S)-C(2S)  1.3947 

C(1S)-H(2S1)  0.9900 

C(1S)-H(2S2)  0.9900 

C(2S)-C(3S)  1.3947 

C(2S)-H(3S1)  0.9900 

C(2S)-H(3S2)  0.9900 

C(3S)-C(4S)  1.3940 

C(3S)-H(4S1)  0.9900 

C(3S)-H(4S2)  0.9900 

C(4S)-H(1S1)  0.9900 

C(4S)-H(1S2)  0.9900 

N(2)-Ni(1)-N(1) 80.6(2) 

N(2)-Ni(1)-C(23') 178.3(5) 

N(1)-Ni(1)-C(23') 97.7(5) 

N(2)-Ni(1)-C(23) 176.5(17) 

N(1)-Ni(1)-C(23) 97.5(14) 

N(2)-Ni(1)-N(3) 80.3(2) 

N(1)-Ni(1)-N(3) 81.3(3) 

C(23')-Ni(1)-N(3) 100.0(6) 

C(23)-Ni(1)-N(3) 102(2) 

N(2)-Ni(1)-N(4) 81.0(2) 

N(1)-Ni(1)-N(4) 79.7(2) 

C(23')-Ni(1)-N(4) 98.2(5) 

C(23)-Ni(1)-N(4) 95.7(19) 

N(3)-Ni(1)-N(4) 155.2(2) 

N(2)-Ni(1)-Br(1') 99.6(5) 

N(1)-Ni(1)-Br(1') 174.7(4) 

N(3)-Ni(1)-Br(1') 103.9(4) 

N(4)-Ni(1)-Br(1') 95.1(3) 

N(2)-Ni(1)-Br(1) 84.10(18) 

N(1)-Ni(1)-Br(1) 164.5(2) 

C(23)-Ni(1)-Br(1) 97.9(13) 

N(3)-Ni(1)-Br(1) 93.85(19) 

N(4)-Ni(1)-Br(1) 100.22(16) 

C(1)-N(1)-C(5) 121.3(7) 

C(1)-N(1)-Ni(1) 118.0(5) 

C(5)-N(1)-Ni(1) 117.6(5) 

C(12)-N(2)-C(8) 121.2(6) 

C(12)-N(2)-Ni(1) 119.4(4) 

C(8)-N(2)-Ni(1) 118.2(5) 

C(6)-N(3)-C(7) 109.5(6) 

C(6)-N(3)-C(15) 109.7(7) 

C(7)-N(3)-C(15) 110.2(7) 

C(6)-N(3)-Ni(1) 102.0(5) 

C(7)-N(3)-Ni(1) 98.8(5) 

C(15)-N(3)-Ni(1) 125.5(5) 

C(13)-N(4)-C(14) 108.0(6) 

C(13)-N(4)-C(19) 109.1(6) 

C(14)-N(4)-C(19) 109.9(5) 

C(13)-N(4)-Ni(1) 103.4(4) 

C(14)-N(4)-Ni(1) 99.0(5) 

C(19)-N(4)-Ni(1) 126.0(6) 

N(1)-C(1)-C(2) 120.8(7) 

N(1)-C(1)-C(14) 116.0(7) 

C(2)-C(1)-C(14) 123.2(8) 

C(1)-C(2)-C(3) 117.9(8) 

C(1)-C(2)-H(2) 121.1 

C(3)-C(2)-H(2) 121.1 

C(4)-C(3)-C(2) 120.1(8) 

C(4)-C(3)-H(3) 119.9 

C(2)-C(3)-H(3) 119.9 

C(3)-C(4)-C(5) 119.6(7) 

C(3)-C(4)-H(4) 120.2 

C(5)-C(4)-H(4) 120.2 

N(1)-C(5)-C(4) 120.2(8) 

N(1)-C(5)-C(6) 117.2(7) 

C(4)-C(5)-C(6) 122.5(7) 

N(3)-C(6)-C(5) 116.9(7) 

N(3)-C(6)-H(6A) 108.1 

C(5)-C(6)-H(6A) 108.1 

N(3)-C(6)-H(6B) 108.1 

C(5)-C(6)-H(6B) 108.1 

H(6A)-C(6)-H(6B) 107.3 

C(8)-C(7)-N(3) 113.2(6) 

C(8)-C(7)-H(7A) 108.9 

N(3)-C(7)-H(7A) 108.9 

C(8)-C(7)-H(7B) 108.9 

N(3)-C(7)-H(7B) 108.9 

H(7A)-C(7)-H(7B) 107.8 

N(2)-C(8)-C(9) 120.5(7) 

N(2)-C(8)-C(7) 116.1(6) 

C(9)-C(8)-C(7) 123.4(6) 

C(10)-C(9)-C(8) 118.8(6) 

C(10)-C(9)-H(9) 120.6 

C(8)-C(9)-H(9) 120.6 

C(11)-C(10)-C(9) 120.4(7) 

C(11)-C(10)-H(10) 119.8 

C(9)-C(10)-H(10) 119.8 

C(10)-C(11)-C(12) 118.2(7) 

C(10)-C(11)-H(11) 120.9 

C(12)-C(11)-H(11) 120.9 

N(2)-C(12)-C(11) 120.9(6) 

N(2)-C(12)-C(13) 118.6(6) 

C(11)-C(12)-C(13) 120.4(7) 

N(4)-C(13)-C(12) 115.2(7) 

N(4)-C(13)-H(13A) 108.5 

C(12)-C(13)-H(13A) 108.5 

N(4)-C(13)-H(13B) 108.5 

C(12)-C(13)-H(13B) 108.5 

H(13A)-C(13)-H(13B) 107.5 

C(1)-C(14)-N(4) 111.7(6) 

C(1)-C(14)-H(14A) 109.3 
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N(4)-C(14)-H(14A) 109.3 

C(1)-C(14)-H(14B) 109.3 

N(4)-C(14)-H(14B) 109.3 

H(14A)-C(14)-H(14B) 107.9 

C(17)-C(15)-N(3) 110.2(9) 

C(17)-C(15)-C(18) 109.2(9) 

N(3)-C(15)-C(18) 110.5(8) 

C(17)-C(15)-C(16) 108.8(10) 

N(3)-C(15)-C(16) 110.0(8) 

C(18)-C(15)-C(16) 108.1(10) 

C(15)-C(16)-H(16A) 109.5 

C(15)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16B) 109.5 

C(15)-C(16)-H(16C) 109.5 

H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109.5 

C(15)-C(17)-H(17A) 109.5 

C(15)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

C(15)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

C(15)-C(18)-H(18A) 109.5 

C(15)-C(18)-H(18B) 109.5 

H(18A)-C(18)-H(18B) 109.5 

C(15)-C(18)-H(18C) 109.5 

H(18A)-C(18)-H(18C) 109.5 

H(18B)-C(18)-H(18C) 109.5 

C(21)-C(19)-C(22) 110.0(9) 

C(21)-C(19)-C(20) 108.3(9) 

C(22)-C(19)-C(20) 107.7(7) 

C(21)-C(19)-N(4) 109.7(6) 

C(22)-C(19)-N(4) 110.8(7) 

C(20)-C(19)-N(4) 110.2(7) 

C(19)-C(20)-H(20A) 109.5 

C(19)-C(20)-H(20B) 109.5 

H(20A)-C(20)-H(20B) 109.5 

C(19)-C(20)-H(20C) 109.5 

H(20A)-C(20)-H(20C) 109.5 

H(20B)-C(20)-H(20C) 109.5 

C(19)-C(21)-H(21A) 109.5 

C(19)-C(21)-H(21B) 109.5 

H(21A)-C(21)-H(21B) 109.5 

C(19)-C(21)-H(21C) 109.5 

H(21A)-C(21)-H(21C) 109.5 

H(21B)-C(21)-H(21C) 109.5 

C(19)-C(22)-H(22A) 109.5 

C(19)-C(22)-H(22B) 109.5 

H(22A)-C(22)-H(22B) 109.5 

C(19)-C(22)-H(22C) 109.5 

H(22A)-C(22)-H(22C) 109.5 

H(22B)-C(22)-H(22C) 109.5 

C(24)-C(23)-C(28) 115(2) 

C(24)-C(23)-Ni(1) 107(3) 

C(28)-C(23)-Ni(1) 129(3) 

C(23)-C(24)-C(25) 123(3) 

C(23)-C(24)-F(1) 126(3) 

C(25)-C(24)-F(1) 104(2) 

C(24)-C(25)-C(26) 121(3) 

C(24)-C(25)-H(25) 119.6 

C(26)-C(25)-H(25) 119.6 

C(27)-C(26)-C(25) 119(3) 

C(27)-C(26)-H(26) 120.5 

C(25)-C(26)-H(26) 120.5 

C(26)-C(27)-C(28) 119(3) 

C(26)-C(27)-H(27) 120.7 

C(28)-C(27)-H(27) 120.7 

C(27)-C(28)-C(23) 123(3) 

C(27)-C(28)-H(28) 118.5 

C(23)-C(28)-H(28) 118.5 

C(24')-C(23')-C(28') 115.7(11) 

C(24')-C(23')-Ni(1) 127.8(11) 

C(28')-C(23')-Ni(1) 116.4(10) 

C(23')-C(24')-C(25') 127.1(14) 

C(23')-C(24')-F(1') 121.4(11) 

C(25')-C(24')-F(1') 110.0(12) 

C(24')-C(25')-C(26') 116.3(15) 

C(24')-C(25')-H(25') 121.9 

C(26')-C(25')-H(25') 121.9 

C(27')-C(26')-C(25') 120.0(14) 

C(27')-C(26')-H(26') 120.0 

C(25')-C(26')-H(26') 120.0 

C(26')-C(27')-C(28') 121.5(15) 

C(26')-C(27')-H(27') 119.3 

C(28')-C(27')-H(27') 119.3 

C(27')-C(28')-C(23') 118.9(14) 

C(27')-C(28')-H(28') 120.6 

C(23')-C(28')-H(28') 120.6 

F(2)-P(1)-F(3) 90.8(3) 

F(2)-P(1)-F(4) 90.2(3) 

F(3)-P(1)-F(4) 91.6(3) 

F(2)-P(1)-F(7) 178.6(4) 

F(3)-P(1)-F(7) 90.5(3) 

F(4)-P(1)-F(7) 90.4(3) 

F(2)-P(1)-F(6) 90.0(3) 

F(3)-P(1)-F(6) 89.8(3) 

F(4)-P(1)-F(6) 178.6(3) 

F(7)-P(1)-F(6) 89.3(3) 

F(2)-P(1)-F(5) 89.4(3) 

F(3)-P(1)-F(5) 179.3(3) 

F(4)-P(1)-F(5) 89.1(3) 

F(7)-P(1)-F(5) 89.3(3) 

F(6)-P(1)-F(5) 89.5(3) 

C(5S)-O(2S)-C(8S) 103.5 

C(6S)-C(5S)-O(2S) 109.3 

C(6S)-C(5S)-H(5S1) 109.8 

O(2S)-C(5S)-H(5S1) 109.8 

C(6S)-C(5S)-H(5S2) 109.8 
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O(2S)-C(5S)-H(5S2) 109.8 

H(5S1)-C(5S)-H(5S2) 108.3 

C(7S)-C(6S)-C(5S) 100.3 

C(7S)-C(6S)-H(6S1) 111.7 

C(5S)-C(6S)-H(6S1) 111.7 

C(7S)-C(6S)-H(6S2) 111.7 

C(5S)-C(6S)-H(6S2) 111.7 

H(6S1)-C(6S)-H(6S2) 109.5 

C(6S)-C(7S)-C(8S) 104.6 

C(6S)-C(7S)-H(7S1) 110.8 

C(8S)-C(7S)-H(7S1) 110.8 

C(6S)-C(7S)-H(7S2) 110.8 

C(8S)-C(7S)-H(7S2) 110.8 

H(7S1)-C(7S)-H(7S2) 108.9 

C(7S)-C(8S)-O(2S) 103.5 

C(7S)-C(8S)-H(8S1) 111.1 

O(2S)-C(8S)-H(8S1) 111.1 

C(7S)-C(8S)-H(8S2) 111.1 

O(2S)-C(8S)-H(8S2) 111.1 

H(8S1)-C(8S)-H(8S2) 109.0 

C(4S)-O(1S)-C(1S) 101.8 

C(2S)-C(1S)-O(1S) 108.6 

C(2S)-C(1S)-H(2S1) 110.0 

O(1S)-C(1S)-H(2S1) 110.0 

C(2S)-C(1S)-H(2S2) 110.0 

O(1S)-C(1S)-H(2S2) 110.0 

H(2S1)-C(1S)-H(2S2) 108.4 

C(3S)-C(2S)-C(1S) 102.0 

C(3S)-C(2S)-H(3S1) 111.4 

C(1S)-C(2S)-H(3S1) 111.4 

C(3S)-C(2S)-H(3S2) 111.4 

C(1S)-C(2S)-H(3S2) 111.4 

H(3S1)-C(2S)-H(3S2) 109.2 

C(4S)-C(3S)-C(2S) 102.8 

C(4S)-C(3S)-H(4S1) 111.2 

C(2S)-C(3S)-H(4S1) 111.2 

C(4S)-C(3S)-H(4S2) 111.2 

C(2S)-C(3S)-H(4S2) 111.2 

H(4S1)-C(3S)-H(4S2) 109.1 

C(3S)-C(4S)-O(1S) 100.9 

C(3S)-C(4S)-H(1S1) 111.6 

O(1S)-C(4S)-H(1S1) 111.6 

C(3S)-C(4S)-H(1S2) 111.6 

O(1S)-C(4S)-H(1S2) 111.6 

H(1S1)-C(4S)-H(1S2) 109.4 
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Table B9.  Crystal data and structure refinement for (MeN4)NiIIMe2. 

Identification code  l13514/lt/x8/JS-091514-01 

Empirical formula  C18 H26 N4 Ni 

Formula weight  357.14 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 14.2510(7) Å α = 90°. 

 b = 13.1814(5) Å β = 98.280(3)°. 

 c = 9.2333(4) Å γ = 90°. 

Volume 1716.38(13) Å3 

Z 4 

Density (calculated) 1.382 Mg/m3 

Absorption coefficient 1.135 mm-1 

F(000) 760 

Crystal size 0.289 x 0.204 x 0.078 mm3 

Theta range for data collection 2.115 to 28.316°. 

Index ranges -18≤h≤18, -17≤k≤17, -12≤l≤11 

Reflections collected 10169 

Independent reflections 2135 [R(int) = 0.0360] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8621 and 0.7705 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2135 / 0 / 215 

Goodness-of-fit on F2 1.016 

Final R indices [I>2sigma(I)] R1 = 0.0263, wR2 = 0.0544 

R indices (all data) R1 = 0.0358, wR2 = 0.0591 

Extinction coefficient n/a 

Largest diff. peak and hole 0.241 and -0.162 e.Å-3 

 

 

 

 

 

 

 



163 

 

Table B10.   Bond lengths [Å] 

and angles [°] for 

(MeN4)NiIIMe2. 

Ni(1)-C(1)  1.913(7) 

Ni(1)-C(1)#1  1.913(7) 

Ni(1)-N(1)  1.973(6) 

Ni(1)-N(1)#1  1.973(6) 

N(1)-C(6)  1.342(6) 

N(1)-C(2)  1.351(5) 

N(2)-C(8)#1  1.447(4) 

N(2)-C(9)  1.457(4) 

N(2)-C(7)  1.461(4) 

C(1)-H(1A)  0.9800 

C(1)-H(1B)  0.9800 

C(1)-H(1C)  0.9800 

C(2)-C(3)  1.381(4) 

C(2)-C(8)  1.520(5) 

C(3)-C(4)  1.395(4) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.402(5) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.389(6) 

C(5)-H(5)  0.9500 

C(6)-C(7)  1.493(4) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-N(2)#1  1.447(4) 

C(8)-H(8A)  0.9900 

C(8)-H(8B)  0.9900 

C(9)-H(9A)  0.9800 

C(9)-H(9B)  0.9800 

C(9)-H(9C)  0.9800 

Ni(1')-C(1')#1  1.915(7) 

Ni(1')-C(1')  1.915(7) 

Ni(1')-N(1')  1.950(7) 

Ni(1')-N(1')#1  1.950(7) 

N(1')-C(6')  1.341(4) 

N(1')-C(2')  1.353(6) 

N(2')-C(8')#1  1.441(6) 

N(2')-C(9')  1.460(5) 

N(2')-C(7')  1.470(4) 

C(1')-H(1'1)  0.9800 

C(1')-H(1'2)  0.9800 

C(1')-H(1'3)  0.9800 

C(2')-C(3')  1.371(5) 

C(2')-C(8')  1.519(5) 

C(3')-C(4')  1.389(6) 

C(3')-H(3')  0.9500 

C(4')-C(5')  1.348(9) 

C(4')-H(4')  0.9500 

C(5')-C(6')  1.414(5) 

C(5')-H(5')  0.9500 

C(6')-C(7')  1.509(4) 

C(7')-H(7'A)  0.9900 

C(7')-H(7'B)  0.9900 

C(8')-N(2')#1  1.441(6) 

C(8')-H(8'A)  0.9900 

C(8')-H(8'B)  0.9900 

C(9')-H(9'A)  0.9800 

C(9')-H(9'B)  0.9800 

C(9')-H(9'C)  0.9800 

C(1)-Ni(1)-C(1)#1 91.1(7) 

C(1)-Ni(1)-N(1) 91.6(3) 

C(1)#1-Ni(1)-N(1) 173.5(7) 

C(1)-Ni(1)-N(1)#1 173.5(7) 

C(1)#1-Ni(1)-N(1)#1 91.6(3) 

N(1)-Ni(1)-N(1)#1 86.5(3) 

C(6)-N(1)-C(2) 119.4(4) 

C(6)-N(1)-Ni(1) 120.2(3) 

C(2)-N(1)-Ni(1) 120.5(4) 

C(8)#1-N(2)-C(9) 112.8(3) 

C(8)#1-N(2)-C(7) 119.1(3) 

C(9)-N(2)-C(7) 114.4(3) 

Ni(1)-C(1)-H(1A) 109.5 

Ni(1)-C(1)-H(1B) 109.5 

H(1A)-C(1)-H(1B) 109.5 

Ni(1)-C(1)-H(1C) 109.5 

H(1A)-C(1)-H(1C) 109.5 

H(1B)-C(1)-H(1C) 109.5 

N(1)-C(2)-C(3) 121.4(4) 

N(1)-C(2)-C(8) 118.6(4) 

C(3)-C(2)-C(8) 120.0(4) 

C(2)-C(3)-C(4) 119.6(3) 

C(2)-C(3)-H(3) 120.2 

C(4)-C(3)-H(3) 120.2 

C(3)-C(4)-C(5) 118.7(4) 

C(3)-C(4)-H(4) 120.6 

C(5)-C(4)-H(4) 120.6 

C(6)-C(5)-C(4) 118.2(5) 

C(6)-C(5)-H(5) 120.9 

C(4)-C(5)-H(5) 120.9 

N(1)-C(6)-C(5) 122.6(4) 

N(1)-C(6)-C(7) 118.5(3) 

C(5)-C(6)-C(7) 118.9(4) 

N(2)-C(7)-C(6) 117.7(2) 

N(2)-C(7)-H(7A) 107.9 

C(6)-C(7)-H(7A) 107.9 

N(2)-C(7)-H(7B) 107.9 

C(6)-C(7)-H(7B) 107.9 

H(7A)-C(7)-H(7B) 107.2 

N(2)#1-C(8)-C(2) 118.0(4) 

N(2)#1-C(8)-H(8A) 107.8 

C(2)-C(8)-H(8A) 107.8 

N(2)#1-C(8)-H(8B) 107.8 

C(2)-C(8)-H(8B) 107.8 

H(8A)-C(8)-H(8B) 107.1 

N(2)-C(9)-H(9A) 109.5 

N(2)-C(9)-H(9B) 109.5 
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H(9A)-C(9)-H(9B) 109.5 

N(2)-C(9)-H(9C) 109.5 

H(9A)-C(9)-H(9C) 109.5 

H(9B)-C(9)-H(9C) 109.5 

C(1')#1-Ni(1')-C(1') 89.2(3) 

C(1')#1-Ni(1')-N(1') 177.1(3) 

C(1')-Ni(1')-N(1') 92.1(2) 

C(1')#1-Ni(1')-N(1')#1 92.1(2) 

C(1')-Ni(1')-N(1')#1 177.1(3) 

N(1')-Ni(1')-N(1')#1 86.8(3) 

C(6')-N(1')-C(2') 118.3(5) 

C(6')-N(1')-Ni(1') 119.7(4) 

C(2')-N(1')-Ni(1') 121.9(4) 

C(8')#1-N(2')-C(9') 115.1(3) 

C(8')#1-N(2')-C(7') 118.5(3) 

C(9')-N(2')-C(7') 112.1(3) 

Ni(1')-C(1')-H(1'1) 109.5 

Ni(1')-C(1')-H(1'2) 109.5 

H(1'1)-C(1')-H(1'2) 109.5 

Ni(1')-C(1')-H(1'3) 109.5 

H(1'1)-C(1')-H(1'3) 109.5 

H(1'2)-C(1')-H(1'3) 109.5 

N(1')-C(2')-C(3') 122.3(5) 

N(1')-C(2')-C(8') 117.2(4) 

C(3')-C(2')-C(8') 120.5(3) 

C(2')-C(3')-C(4') 118.7(4) 

C(2')-C(3')-H(3') 120.7 

C(4')-C(3')-H(3') 120.7 

C(5')-C(4')-C(3') 120.5(5) 

C(5')-C(4')-H(4') 119.8 

C(3')-C(4')-H(4') 119.8 

C(4')-C(5')-C(6') 118.3(4) 

C(4')-C(5')-H(5') 120.9 

C(6')-C(5')-H(5') 120.9 

N(1')-C(6')-C(5') 121.9(4) 

N(1')-C(6')-C(7') 118.5(4) 

C(5')-C(6')-C(7') 119.6(4) 

N(2')-C(7')-C(6') 117.6(3) 

N(2')-C(7')-H(7'A) 107.9 

C(6')-C(7')-H(7'A) 107.9 

N(2')-C(7')-H(7'B) 107.9 

C(6')-C(7')-H(7'B) 107.9 

H(7'A)-C(7')-H(7'B) 107.2 

N(2')#1-C(8')-C(2') 117.8(3) 

N(2')#1-C(8')-H(8'A) 107.9 

C(2')-C(8')-H(8'A) 107.9 

N(2')#1-C(8')-H(8'B) 107.9 

C(2')-C(8')-H(8'B) 107.9 

H(8'A)-C(8')-H(8'B) 107.2 

N(2')-C(9')-H(9'A) 109.5 

N(2')-C(9')-H(9'B) 109.5 

H(9'A)-C(9')-H(9'B) 109.5 

N(2')-C(9')-H(9'C) 109.5 

H(9'A)-C(9')-H(9'C) 109.5 

H(9'B)-C(9')-H(9'C) 109.5 
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Table B11.  Crystal data and structure refinement for [(MeN4)NiIIIMe2]BPh4. 

Identification code  l8714_sq/lt/x8/JS-061614-01 

Empirical formula  C46 H54 B N4 Ni O 

Formula weight  748.45 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P1 

Unit cell dimensions a = 8.9600(7) Å α = 88.779(4)°. 

 b = 14.2611(10) Å β = 75.985(4)°. 

 c = 16.7826(12) Å γ = 73.867(4)°. 

Volume 1996.3(3) Å3 

Z 2 

Density (calculated) 1.245 Mg/m3 

Absorption coefficient 0.526 mm-1 

F(000) 798 

Crystal size 0.323 x 0.224 x 0.149 mm3 

Theta range for data collection 1.252 to 27.608°. 

Index ranges -11≤h≤11, -18≤k≤18, -21≤l≤21 

Reflections collected 40240 

Independent reflections 9164 [R(int) = 0.0406] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8621 and 0.7941 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9164 / 1 / 487 

Goodness-of-fit on F2 1.031 

Final R indices [I>2sigma(I)] R1 = 0.0389, wR2 = 0.0904 

R indices (all data) R1 = 0.0518, wR2 = 0.0966 

Extinction coefficient n/a 

Largest diff. peak and hole 0.532 and -0.437 e.Å-3 
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Table B12.   Bond lengths [Å] 

and angles [°] for 

[(MeN4)NiIIIMe2]BPh4. 

Ni(1)-C(2)  1.9782(19) 

Ni(1)-N(1)  1.9792(14) 

Ni(1)-C(1)  1.987(2) 

Ni(1)-C(1')  1.994(9) 

Ni(1)-N(2)  1.9958(15) 

Ni(1)-N(4)  2.2399(14) 

Ni(1)-N(3)  2.2519(14) 

N(1)-C(7)  1.340(2) 

N(1)-C(3)  1.342(2) 

N(2)-C(10)  1.343(2) 

N(2)-C(14)  1.343(2) 

N(3)-C(17)  1.471(2) 

N(3)-C(8)  1.478(2) 

N(3)-C(9)  1.485(2) 

N(4)-C(18)  1.479(2) 

N(4)-C(15)  1.480(2) 

N(4)-C(16)  1.484(2) 

C(1)-H(1A)  0.9800 

C(1)-H(1B)  0.9800 

C(1)-H(1C)  0.9800 

C(1')-H(1'1)  0.9800 

C(1')-H(1'2)  0.9800 

C(1')-H(1'3)  0.9800 

C(2)-H(2A)  0.9800 

C(2)-H(2B)  0.9800 

C(2)-H(2C)  0.9800 

C(3)-C(4)  1.381(2) 

C(3)-C(16)  1.506(2) 

C(4)-C(5)  1.390(3) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.382(3) 

C(5)-H(5)  0.9500 

C(6)-C(7)  1.383(3) 

C(6)-H(6)  0.9500 

C(7)-C(8)  1.506(2) 

C(8)-H(8A)  0.9900 

C(8)-H(8B)  0.9900 

C(9)-C(10)  1.500(2) 

C(9)-H(9A)  0.9900 

C(9)-H(9B)  0.9900 

C(10)-C(11)  1.381(3) 

C(11)-C(12)  1.384(3) 

C(11)-H(11)  0.9500 

C(12)-C(13)  1.388(3) 

C(12)-H(12)  0.9500 

C(13)-C(14)  1.378(3) 

C(13)-H(13)  0.9500 

C(14)-C(15)  1.506(3) 

C(15)-H(15A)  0.9900 

C(15)-H(15B)  0.9900 

C(16)-H(16A)  0.9900 

C(16)-H(16B)  0.9900 

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 

C(18)-H(18A)  0.9800 

C(18)-H(18B)  0.9800 

C(18)-H(18C)  0.9800 

O(1S)-C(1S)  1.417(3) 

O(1S)-C(4S)  1.432(3) 

C(1S)-C(2S)  1.497(3) 

C(1S)-H(1SA)  0.9900 

C(1S)-H(1SB)  0.9900 

C(2S)-C(3S)  1.507(3) 

C(2S)-H(2SA)  0.9900 

C(2S)-H(2SB)  0.9900 

C(3S)-C(4S)  1.506(4) 

C(3S)-H(3SA)  0.9900 

C(3S)-H(3SB)  0.9900 

C(4S)-H(4SA)  0.9900 

C(4S)-H(4SB)  0.9900 

C(19)-C(24)  1.396(3) 

C(19)-C(20)  1.402(3) 

C(19)-B(1)  1.645(2) 

C(20)-C(21)  1.394(3) 

C(20)-H(20)  0.9500 

C(21)-C(22)  1.380(3) 

C(21)-H(21)  0.9500 

C(22)-C(23)  1.380(3) 

C(22)-H(22)  0.9500 

C(23)-C(24)  1.396(3) 

C(23)-H(23)  0.9500 

C(24)-H(24)  0.9500 

C(25)-C(30)  1.400(2) 

C(25)-C(26)  1.403(2) 

C(25)-B(1)  1.642(2) 

C(26)-C(27)  1.389(3) 

C(26)-H(26)  0.9500 

C(27)-C(28)  1.385(3) 

C(27)-H(27)  0.9500 

C(28)-C(29)  1.383(3) 

C(28)-H(28)  0.9500 

C(29)-C(30)  1.387(3) 

C(29)-H(29)  0.9500 

C(30)-H(30)  0.9500 

C(31)-C(36)  1.400(3) 

C(31)-C(32)  1.404(3) 

C(31)-B(1)  1.644(3) 

C(32)-C(33)  1.396(3) 

C(32)-H(32)  0.9500 

C(33)-C(34)  1.382(3) 

C(33)-H(33)  0.9500 

C(34)-C(35)  1.382(3) 

C(34)-H(34)  0.9500 

C(35)-C(36)  1.397(3) 
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C(35)-H(35)  0.9500 

C(36)-H(36)  0.9500 

C(37)-C(42)  1.400(2) 

C(37)-C(38)  1.401(2) 

C(37)-B(1)  1.638(2) 

C(38)-C(39)  1.390(3) 

C(38)-H(38)  0.9500 

C(39)-C(40)  1.385(3) 

C(39)-H(39)  0.9500 

C(40)-C(41)  1.385(3) 

C(40)-H(40)  0.9500 

C(41)-C(42)  1.391(3) 

C(41)-H(41)  0.9500 

C(42)-H(42)  0.9500 

C(2)-Ni(1)-N(1) 93.26(7) 

C(2)-Ni(1)-C(1) 84.68(17) 

N(1)-Ni(1)-C(1) 176.34(10) 

C(2)-Ni(1)-C(1') 71.9(8) 

N(1)-Ni(1)-C(1') 165.1(8) 

C(2)-Ni(1)-N(2) 176.88(7) 

N(1)-Ni(1)-N(2) 84.19(6) 

C(1)-Ni(1)-N(2) 97.96(16) 

C(1')-Ni(1)-N(2) 110.7(8) 

C(2)-Ni(1)-N(4) 97.74(7) 

N(1)-Ni(1)-N(4) 80.22(6) 

C(1)-Ni(1)-N(4) 103.03(9) 

C(1')-Ni(1)-N(4) 101.5(6) 

N(2)-Ni(1)-N(4) 80.07(6) 

C(2)-Ni(1)-N(3) 101.88(7) 

N(1)-Ni(1)-N(3) 80.42(6) 

C(1)-Ni(1)-N(3) 97.02(10) 

C(1')-Ni(1)-N(3) 102.0(6) 

N(2)-Ni(1)-N(3) 79.51(6) 

N(4)-Ni(1)-N(3) 153.07(6) 

C(7)-N(1)-C(3) 120.86(15) 

C(7)-N(1)-Ni(1) 119.74(12) 

C(3)-N(1)-Ni(1) 118.96(11) 

C(10)-N(2)-C(14) 120.20(16) 

C(10)-N(2)-Ni(1) 119.06(12) 

C(14)-N(2)-Ni(1) 119.18(12) 

C(17)-N(3)-C(8) 109.27(14) 

C(17)-N(3)-C(9) 108.37(13) 

C(8)-N(3)-C(9) 112.00(14) 

C(17)-N(3)-Ni(1) 116.59(11) 

C(8)-N(3)-Ni(1) 106.15(10) 

C(9)-N(3)-Ni(1) 104.45(10) 

C(18)-N(4)-C(15) 108.70(14) 

C(18)-N(4)-C(16) 108.27(14) 

C(15)-N(4)-C(16) 112.40(14) 

C(18)-N(4)-Ni(1) 116.36(11) 

C(15)-N(4)-Ni(1) 106.94(10) 

C(16)-N(4)-Ni(1) 104.21(10) 

Ni(1)-C(1)-H(1A) 109.5 

Ni(1)-C(1)-H(1B) 109.5 

H(1A)-C(1)-H(1B) 109.5 

Ni(1)-C(1)-H(1C) 109.5 

H(1A)-C(1)-H(1C) 109.5 

H(1B)-C(1)-H(1C) 109.5 

Ni(1)-C(1')-H(1'1) 109.5 

Ni(1)-C(1')-H(1'2) 109.5 

H(1'1)-C(1')-H(1'2) 109.5 

Ni(1)-C(1')-H(1'3) 109.5 

H(1'1)-C(1')-H(1'3) 109.5 

H(1'2)-C(1')-H(1'3) 109.5 

Ni(1)-C(2)-H(2A) 109.5 

Ni(1)-C(2)-H(2B) 109.5 

H(2A)-C(2)-H(2B) 109.5 

Ni(1)-C(2)-H(2C) 109.5 

H(2A)-C(2)-H(2C) 109.5 

H(2B)-C(2)-H(2C) 109.5 

N(1)-C(3)-C(4) 120.85(16) 

N(1)-C(3)-C(16) 115.40(15) 

C(4)-C(3)-C(16) 123.69(15) 

C(3)-C(4)-C(5) 118.80(16) 

C(3)-C(4)-H(4) 120.6 

C(5)-C(4)-H(4) 120.6 

C(6)-C(5)-C(4) 119.61(17) 

C(6)-C(5)-H(5) 120.2 

C(4)-C(5)-H(5) 120.2 

C(5)-C(6)-C(7) 118.94(16) 

C(5)-C(6)-H(6) 120.5 

C(7)-C(6)-H(6) 120.5 

N(1)-C(7)-C(6) 120.86(16) 

N(1)-C(7)-C(8) 116.22(15) 

C(6)-C(7)-C(8) 122.84(16) 

N(3)-C(8)-C(7) 114.13(14) 

N(3)-C(8)-H(8A) 108.7 

C(7)-C(8)-H(8A) 108.7 

N(3)-C(8)-H(8B) 108.7 

C(7)-C(8)-H(8B) 108.7 

H(8A)-C(8)-H(8B) 107.6 

N(3)-C(9)-C(10) 111.81(14) 

N(3)-C(9)-H(9A) 109.3 

C(10)-C(9)-H(9A) 109.3 

N(3)-C(9)-H(9B) 109.3 

C(10)-C(9)-H(9B) 109.3 

H(9A)-C(9)-H(9B) 107.9 

N(2)-C(10)-C(11) 121.49(17) 

N(2)-C(10)-C(9) 114.91(15) 

C(11)-C(10)-C(9) 123.56(16) 

C(10)-C(11)-C(12) 118.48(18) 

C(10)-C(11)-H(11) 120.8 

C(12)-C(11)-H(11) 120.8 

C(11)-C(12)-C(13) 119.78(19) 

C(11)-C(12)-H(12) 120.1 

C(13)-C(12)-H(12) 120.1 

C(14)-C(13)-C(12) 118.82(18) 

C(14)-C(13)-H(13) 120.6 
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C(12)-C(13)-H(13) 120.6 

N(2)-C(14)-C(13) 121.15(17) 

N(2)-C(14)-C(15) 115.85(16) 

C(13)-C(14)-C(15) 122.91(17) 

N(4)-C(15)-C(14) 112.96(14) 

N(4)-C(15)-H(15A) 109.0 

C(14)-C(15)-H(15A) 109.0 

N(4)-C(15)-H(15B) 109.0 

C(14)-C(15)-H(15B) 109.0 

H(15A)-C(15)-H(15B) 107.8 

N(4)-C(16)-C(3) 112.52(14) 

N(4)-C(16)-H(16A) 109.1 

C(3)-C(16)-H(16A) 109.1 

N(4)-C(16)-H(16B) 109.1 

C(3)-C(16)-H(16B) 109.1 

H(16A)-C(16)-H(16B) 107.8 

N(3)-C(17)-H(17A) 109.5 

N(3)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

N(3)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

N(4)-C(18)-H(18A) 109.5 

N(4)-C(18)-H(18B) 109.5 

H(18A)-C(18)-H(18B) 109.5 

N(4)-C(18)-H(18C) 109.5 

H(18A)-C(18)-H(18C) 109.5 

H(18B)-C(18)-H(18C) 109.5 

C(1S)-O(1S)-C(4S) 108.59(17) 

O(1S)-C(1S)-C(2S) 107.74(19) 

O(1S)-C(1S)-H(1SA) 110.2 

C(2S)-C(1S)-H(1SA) 110.2 

O(1S)-C(1S)-H(1SB) 110.2 

C(2S)-C(1S)-H(1SB) 110.2 

H(1SA)-C(1S)-H(1SB) 108.5 

C(1S)-C(2S)-C(3S) 101.1(2) 

C(1S)-C(2S)-H(2SA) 111.6 

C(3S)-C(2S)-H(2SA) 111.6 

C(1S)-C(2S)-H(2SB) 111.6 

C(3S)-C(2S)-H(2SB) 111.6 

H(2SA)-C(2S)-H(2SB) 109.4 

C(4S)-C(3S)-C(2S) 102.12(19) 

C(4S)-C(3S)-H(3SA) 111.3 

C(2S)-C(3S)-H(3SA) 111.3 

C(4S)-C(3S)-H(3SB) 111.3 

C(2S)-C(3S)-H(3SB) 111.3 

H(3SA)-C(3S)-H(3SB) 109.2 

O(1S)-C(4S)-C(3S) 105.58(19) 

O(1S)-C(4S)-H(4SA) 110.6 

C(3S)-C(4S)-H(4SA) 110.6 

O(1S)-C(4S)-H(4SB) 110.6 

C(3S)-C(4S)-H(4SB) 110.6 

H(4SA)-C(4S)-H(4SB) 108.8 

C(24)-C(19)-C(20) 115.28(16) 

C(24)-C(19)-B(1) 123.96(16) 

C(20)-C(19)-B(1) 120.40(16) 

C(21)-C(20)-C(19) 122.63(19) 

C(21)-C(20)-H(20) 118.7 

C(19)-C(20)-H(20) 118.7 

C(22)-C(21)-C(20) 120.08(19) 

C(22)-C(21)-H(21) 120.0 

C(20)-C(21)-H(21) 120.0 

C(21)-C(22)-C(23) 119.20(17) 

C(21)-C(22)-H(22) 120.4 

C(23)-C(22)-H(22) 120.4 

C(22)-C(23)-C(24) 120.03(19) 

C(22)-C(23)-H(23) 120.0 

C(24)-C(23)-H(23) 120.0 

C(23)-C(24)-C(19) 122.72(19) 

C(23)-C(24)-H(24) 118.6 

C(19)-C(24)-H(24) 118.6 

C(30)-C(25)-C(26) 115.08(16) 

C(30)-C(25)-B(1) 121.90(15) 

C(26)-C(25)-B(1) 122.61(15) 

C(27)-C(26)-C(25) 122.76(17) 

C(27)-C(26)-H(26) 118.6 

C(25)-C(26)-H(26) 118.6 

C(28)-C(27)-C(26) 120.27(17) 

C(28)-C(27)-H(27) 119.9 

C(26)-C(27)-H(27) 119.9 

C(29)-C(28)-C(27) 118.67(17) 

C(29)-C(28)-H(28) 120.7 

C(27)-C(28)-H(28) 120.7 

C(28)-C(29)-C(30) 120.36(17) 

C(28)-C(29)-H(29) 119.8 

C(30)-C(29)-H(29) 119.8 

C(29)-C(30)-C(25) 122.85(17) 

C(29)-C(30)-H(30) 118.6 

C(25)-C(30)-H(30) 118.6 

C(36)-C(31)-C(32) 115.30(16) 

C(36)-C(31)-B(1) 122.82(16) 

C(32)-C(31)-B(1) 121.59(16) 

C(33)-C(32)-C(31) 122.94(18) 

C(33)-C(32)-H(32) 118.5 

C(31)-C(32)-H(32) 118.5 

C(34)-C(33)-C(32) 119.62(18) 

C(34)-C(33)-H(33) 120.2 

C(32)-C(33)-H(33) 120.2 

C(35)-C(34)-C(33) 119.47(18) 

C(35)-C(34)-H(34) 120.3 

C(33)-C(34)-H(34) 120.3 

C(34)-C(35)-C(36) 120.13(19) 

C(34)-C(35)-H(35) 119.9 

C(36)-C(35)-H(35) 119.9 

C(35)-C(36)-C(31) 122.46(18) 

C(35)-C(36)-H(36) 118.8 

C(31)-C(36)-H(36) 118.8 

C(42)-C(37)-C(38) 115.69(16) 
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C(42)-C(37)-B(1) 122.14(15) 

C(38)-C(37)-B(1) 121.88(16) 

C(39)-C(38)-C(37) 122.36(18) 

C(39)-C(38)-H(38) 118.8 

C(37)-C(38)-H(38) 118.8 

C(40)-C(39)-C(38) 120.19(18) 

C(40)-C(39)-H(39) 119.9 

C(38)-C(39)-H(39) 119.9 

C(41)-C(40)-C(39) 119.19(17) 

C(41)-C(40)-H(40) 120.4 

C(39)-C(40)-H(40) 120.4 

C(40)-C(41)-C(42) 119.88(18) 

C(40)-C(41)-H(41) 120.1 

C(42)-C(41)-H(41) 120.1 

C(41)-C(42)-C(37) 122.67(18) 

C(41)-C(42)-H(42) 118.7 

C(37)-C(42)-H(42) 118.7 

C(37)-B(1)-C(25) 112.17(14) 

C(37)-B(1)-C(31) 104.59(13) 

C(25)-B(1)-C(31) 112.04(14) 

C(37)-B(1)-C(19) 111.37(14) 

C(25)-B(1)-C(19) 103.18(13) 

C(31)-B(1)-C(19) 113.74(14)
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Table B13.  Crystal data and structure refinement for (MeN4)NiII(cycloneophyl). 

Identification code  l19415t5/lt/JS-092815-01 

Empirical formula  C30 H40 N4 Ni O 

Formula weight  531.37 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  Pn 

Unit cell dimensions a = 11.5021(9) Å α = 90°. 

 b = 17.8327(13) Å β = 90.026(5)°. 

 c = 12.9451(11) Å γ = 90°. 

Volume 2655.2(4) Å3 

Z 4 

Density (calculated) 1.329 Mg/m3 

Absorption coefficient 0.761 mm-1 

F(000) 1136 

Crystal size 0.589 x 0.566 x 0.232 mm3 

Theta range for data collection 1.142 to 30.624°. 

Index ranges -16≤h≤16, -25≤k≤25, -18≤l≤18 

Reflections collected 29108 

Independent reflections 29108 [R(int) = 0.042] 

Completeness to theta = 25.242° 99.5 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.746070 and 0.621766 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 29108 / 2 / 658 

Goodness-of-fit on F2 1.041 

Final R indices [I>2sigma(I)] R1 = 0.0508, wR2 = 0.1253 

R indices (all data) R1 = 0.0587, wR2 = 0.1316 

Absolute structure parameter -0.010(16) 

Largest diff. peak and hole 1.273 and -1.586 e.Å-3 
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Table B14.   Bond lengths [Å] 

and angles [°]for 

(MeN4)NiII(cycloneophyl). 

Ni(1)-C(1)  1.879(9) 

Ni(1)-N(1)  1.936(7) 

Ni(1)-C(8)  1.954(9) 

Ni(1)-N(2)  1.997(7) 

N(1)-C(15)  1.339(10) 

N(1)-C(11)  1.371(11) 

N(2)-C(18)  1.343(11) 

N(2)-C(22)  1.367(12) 

N(3)-C(17)  1.442(12) 

N(3)-C(25)  1.454(11) 

N(3)-C(16)  1.473(11) 

N(4)-C(23)  1.448(12) 

N(4)-C(26)  1.462(12) 

N(4)-C(24)  1.476(11) 

C(1)-C(6)  1.411(12) 

C(1)-C(2)  1.421(12) 

C(2)-C(3)  1.379(12) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.391(13) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.391(13) 

C(4)-H(4A)  0.9500 

C(5)-C(6)  1.375(12) 

C(5)-H(5)  0.9500 

C(6)-C(7)  1.521(13) 

C(7)-C(8)  1.506(12) 

C(7)-C(9)  1.537(12) 

C(7)-C(10)  1.546(13) 

C(8)-H(8A)  0.9900 

C(8)-H(8B)  0.9900 

C(9)-H(9A)  0.9800 

C(9)-H(9B)  0.9800 

C(9)-H(9C)  0.9800 

C(10)-H(10A)  0.9800 

C(10)-H(10B)  0.9800 

C(10)-H(10C)  0.9800 

C(11)-C(12)  1.366(13) 

C(11)-C(24)  1.479(12) 

C(12)-C(13)  1.373(13) 

C(12)-H(12)  0.9500 

C(13)-C(14)  1.383(14) 

C(13)-H(13)  0.9500 

C(14)-C(15)  1.374(12) 

C(14)-H(14)  0.9500 

C(15)-C(16)  1.511(13) 

C(16)-H(16A)  0.9900 

C(16)-H(16B)  0.9900 

C(17)-C(18)  1.524(12) 

C(17)-H(17A)  0.9900 

C(17)-H(17B)  0.9900 

C(18)-C(19)  1.393(12) 

C(19)-C(20)  1.395(13) 

C(19)-H(19)  0.9500 

C(20)-C(21)  1.389(13) 

C(20)-H(20)  0.9500 

C(21)-C(22)  1.389(13) 

C(21)-H(21)  0.9500 

C(22)-C(23)  1.515(13) 

C(23)-H(23A)  0.9900 

C(23)-H(23B)  0.9900 

C(24)-H(24A)  0.9900 

C(24)-H(24B)  0.9900 

C(25)-H(25A)  0.9800 

C(25)-H(25B)  0.9800 

C(25)-H(25C)  0.9800 

C(26)-H(26A)  0.9800 

C(26)-H(26B)  0.9800 

C(26)-H(26C)  0.9800 

Ni(1A)-C(8A)  1.903(8) 

Ni(1A)-C(1A)  1.905(9) 

Ni(1A)-N(2A)  1.944(7) 

Ni(1A)-N(1A)  1.973(7) 

N(1A)-C(15A)  1.350(11) 

N(1A)-C(11A)  1.362(12) 

N(2A)-C(22A)  1.343(12) 

N(2A)-C(18A)  1.350(11) 

N(3A)-C(16A)  1.453(10) 

N(3A)-C(25A)  1.454(11) 

N(3A)-C(17A)  1.465(11) 

N(4A)-C(24A)  1.431(12) 

N(4A)-C(26A)  1.451(11) 

N(4A)-C(23A)  1.465(11) 

C(1A)-C(2A)  1.383(12) 

C(1A)-C(6A)  1.409(11) 

C(2A)-C(3A)  1.400(12) 

C(2A)-H(2A)  0.9500 

C(3A)-C(4A)  1.377(13) 

C(3A)-H(3AA)  0.9500 

C(4A)-C(5A)  1.378(13) 

C(4A)-H(4AA)  0.9500 

C(5A)-C(6A)  1.402(12) 

C(5A)-H(5A)  0.9500 

C(6A)-C(7A)  1.490(12) 

C(7A)-C(9A)  1.508(12) 

C(7A)-C(8A)  1.554(13) 

C(7A)-C(10A)  1.569(14) 

C(8A)-H(8AA)  0.9900 

C(8A)-H(8AB)  0.9900 

C(9A)-H(9AA)  0.9800 

C(9A)-H(9AB)  0.9800 

C(9A)-H(9AC)  0.9800 

C(10A)-H(10D)  0.9800 

C(10A)-H(10E)  0.9800 

C(10A)-H(10F)  0.9800 

C(11A)-C(12A)  1.405(13) 
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C(11A)-C(24A)  1.529(12) 

C(12A)-C(13A)  1.386(13) 

C(12A)-H(12A)  0.9500 

C(13A)-C(14A)  1.396(14) 

C(13A)-H(13A)  0.9500 

C(14A)-C(15A)  1.401(13) 

C(14A)-H(14A)  0.9500 

C(15A)-C(16A)  1.519(13) 

C(16A)-H(16C)  0.9900 

C(16A)-H(16D)  0.9900 

C(17A)-C(18A)  1.515(13) 

C(17A)-H(17C)  0.9900 

C(17A)-H(17D)  0.9900 

C(18A)-C(19A)  1.370(11) 

C(19A)-C(20A)  1.387(13) 

C(19A)-H(19A)  0.9500 

C(20A)-C(21A)  1.374(13) 

C(20A)-H(20A)  0.9500 

C(21A)-C(22A)  1.369(12) 

C(21A)-H(21A)  0.9500 

C(22A)-C(23A)  1.533(13) 

C(23A)-H(23C)  0.9900 

C(23A)-H(23D)  0.9900 

C(24A)-H(24C)  0.9900 

C(24A)-H(24D)  0.9900 

C(25A)-H(25D)  0.9800 

C(25A)-H(25E)  0.9800 

C(25A)-H(25F)  0.9800 

C(26A)-H(26D)  0.9800 

C(26A)-H(26E)  0.9800 

C(26A)-H(26F)  0.9800 

O(1S)-C(1S)  1.409(13) 

O(1S)-C(4S)  1.450(12) 

C(1S)-C(2S)  1.517(14) 

C(1S)-H(1SA)  0.9900 

C(1S)-H(1SB)  0.9900 

C(2S)-C(3S)  1.500(16) 

C(2S)-H(2SA)  0.9900 

C(2S)-H(2SB)  0.9900 

C(3S)-C(4S)  1.516(16) 

C(3S)-H(3SA)  0.9900 

C(3S)-H(3SB)  0.9900 

C(4S)-H(4SA)  0.9900 

C(4S)-H(4SB)  0.9900 

O(2S)-C(8S)  1.403(12) 

O(2S)-C(5S)  1.426(14) 

C(5S)-C(6S)  1.490(17) 

C(5S)-H(5SA)  0.9900 

C(5S)-H(5SB)  0.9900 

C(6S)-C(7S)  1.514(19) 

C(6S)-H(6SA)  0.9900 

C(6S)-H(6SB)  0.9900 

C(7S)-C(8S)  1.493(17) 

C(7S)-H(7SA)  0.9900 

C(7S)-H(7SB)  0.9900 

C(8S)-H(8S1)  0.9900 

C(8S)-H(8S2)  0.9900 

C(1)-Ni(1)-N(1) 176.0(3) 

C(1)-Ni(1)-C(8) 83.5(3) 

N(1)-Ni(1)-C(8) 93.6(3) 

C(1)-Ni(1)-N(2) 98.7(3) 

N(1)-Ni(1)-N(2) 84.4(3) 

C(8)-Ni(1)-N(2) 175.3(4) 

C(15)-N(1)-C(11) 118.5(7) 

C(15)-N(1)-Ni(1) 120.2(6) 

C(11)-N(1)-Ni(1) 120.8(6) 

C(18)-N(2)-C(22) 117.0(8) 

C(18)-N(2)-Ni(1) 121.9(6) 

C(22)-N(2)-Ni(1) 120.1(6) 

C(17)-N(3)-C(25) 113.4(7) 

C(17)-N(3)-C(16) 118.1(6) 

C(25)-N(3)-C(16) 115.0(7) 

C(23)-N(4)-C(26) 113.8(9) 

C(23)-N(4)-C(24) 117.7(7) 

C(26)-N(4)-C(24) 113.3(8) 

C(6)-C(1)-C(2) 117.8(8) 

C(6)-C(1)-Ni(1) 116.6(7) 

C(2)-C(1)-Ni(1) 125.6(6) 

C(3)-C(2)-C(1) 120.8(9) 

C(3)-C(2)-H(2) 119.6 

C(1)-C(2)-H(2) 119.6 

C(2)-C(3)-C(4) 120.0(9) 

C(2)-C(3)-H(3) 120.0 

C(4)-C(3)-H(3) 120.0 

C(3)-C(4)-C(5) 120.1(9) 

C(3)-C(4)-H(4A) 120.0 

C(5)-C(4)-H(4A) 120.0 

C(6)-C(5)-C(4) 120.5(9) 

C(6)-C(5)-H(5) 119.7 

C(4)-C(5)-H(5) 119.7 

C(5)-C(6)-C(1) 120.7(8) 

C(5)-C(6)-C(7) 124.2(8) 

C(1)-C(6)-C(7) 114.9(8) 

C(8)-C(7)-C(6) 105.3(7) 

C(8)-C(7)-C(9) 109.6(8) 

C(6)-C(7)-C(9) 109.5(7) 

C(8)-C(7)-C(10) 111.4(8) 

C(6)-C(7)-C(10) 112.5(8) 

C(9)-C(7)-C(10) 108.4(8) 

C(7)-C(8)-Ni(1) 113.8(6) 

C(7)-C(8)-H(8A) 108.8 

Ni(1)-C(8)-H(8A) 108.8 

C(7)-C(8)-H(8B) 108.8 

Ni(1)-C(8)-H(8B) 108.8 

H(8A)-C(8)-H(8B) 107.7 

C(7)-C(9)-H(9A) 109.5 

C(7)-C(9)-H(9B) 109.5 

H(9A)-C(9)-H(9B) 109.5 
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C(7)-C(9)-H(9C) 109.5 

H(9A)-C(9)-H(9C) 109.5 

H(9B)-C(9)-H(9C) 109.5 

C(7)-C(10)-H(10A) 109.5 

C(7)-C(10)-H(10B) 109.5 

H(10A)-C(10)-H(10B) 109.5 

C(7)-C(10)-H(10C) 109.5 

H(10A)-C(10)-H(10C) 109.5 

H(10B)-C(10)-H(10C) 109.5 

C(12)-C(11)-N(1) 121.8(8) 

C(12)-C(11)-C(24) 120.8(9) 

N(1)-C(11)-C(24) 117.3(8) 

C(11)-C(12)-C(13) 119.6(9) 

C(11)-C(12)-H(12) 120.2 

C(13)-C(12)-H(12) 120.2 

C(12)-C(13)-C(14) 118.5(9) 

C(12)-C(13)-H(13) 120.8 

C(14)-C(13)-H(13) 120.8 

C(15)-C(14)-C(13) 120.3(9) 

C(15)-C(14)-H(14) 119.9 

C(13)-C(14)-H(14) 119.9 

N(1)-C(15)-C(14) 121.3(9) 

N(1)-C(15)-C(16) 116.2(7) 

C(14)-C(15)-C(16) 122.5(8) 

N(3)-C(16)-C(15) 117.9(7) 

N(3)-C(16)-H(16A) 107.8 

C(15)-C(16)-H(16A) 107.8 

N(3)-C(16)-H(16B) 107.8 

C(15)-C(16)-H(16B) 107.8 

H(16A)-C(16)-H(16B) 107.2 

N(3)-C(17)-C(18) 117.9(7) 

N(3)-C(17)-H(17A) 107.8 

C(18)-C(17)-H(17A) 107.8 

N(3)-C(17)-H(17B) 107.8 

C(18)-C(17)-H(17B) 107.8 

H(17A)-C(17)-H(17B) 107.2 

N(2)-C(18)-C(19) 123.4(8) 

N(2)-C(18)-C(17) 114.6(8) 

C(19)-C(18)-C(17) 121.9(8) 

C(18)-C(19)-C(20) 119.6(8) 

C(18)-C(19)-H(19) 120.2 

C(20)-C(19)-H(19) 120.2 

C(21)-C(20)-C(19) 117.3(8) 

C(21)-C(20)-H(20) 121.3 

C(19)-C(20)-H(20) 121.3 

C(22)-C(21)-C(20) 120.3(9) 

C(22)-C(21)-H(21) 119.8 

C(20)-C(21)-H(21) 119.8 

N(2)-C(22)-C(21) 122.4(8) 

N(2)-C(22)-C(23) 116.5(8) 

C(21)-C(22)-C(23) 121.1(8) 

N(4)-C(23)-C(22) 119.8(8) 

N(4)-C(23)-H(23A) 107.4 

C(22)-C(23)-H(23A) 107.4 

N(4)-C(23)-H(23B) 107.4 

C(22)-C(23)-H(23B) 107.4 

H(23A)-C(23)-H(23B) 106.9 

N(4)-C(24)-C(11) 117.9(7) 

N(4)-C(24)-H(24A) 107.8 

C(11)-C(24)-H(24A) 107.8 

N(4)-C(24)-H(24B) 107.8 

C(11)-C(24)-H(24B) 107.8 

H(24A)-C(24)-H(24B) 107.2 

N(3)-C(25)-H(25A) 109.5 

N(3)-C(25)-H(25B) 109.5 

H(25A)-C(25)-H(25B) 109.5 

N(3)-C(25)-H(25C) 109.5 

H(25A)-C(25)-H(25C) 109.5 

H(25B)-C(25)-H(25C) 109.5 

N(4)-C(26)-H(26A) 109.5 

N(4)-C(26)-H(26B) 109.5 

H(26A)-C(26)-H(26B) 109.5 

N(4)-C(26)-H(26C) 109.5 

H(26A)-C(26)-H(26C) 109.5 

H(26B)-C(26)-H(26C) 109.5 

C(8A)-Ni(1A)-C(1A) 83.9(4) 

C(8A)-Ni(1A)-N(2A) 175.8(4) 

C(1A)-Ni(1A)-N(2A) 98.3(3) 

C(8A)-Ni(1A)-N(1A) 94.3(3) 

C(1A)-Ni(1A)-N(1A) 176.1(3) 

N(2A)-Ni(1A)-N(1A) 83.7(3) 

C(15A)-N(1A)-C(11A) 119.7(8) 

C(15A)-N(1A)-Ni(1A) 118.9(6) 

C(11A)-N(1A)-Ni(1A) 120.8(6) 

C(22A)-N(2A)-C(18A) 119.2(7) 

C(22A)-N(2A)-Ni(1A) 118.8(6) 

C(18A)-N(2A)-Ni(1A) 121.3(6) 

C(16A)-N(3A)-C(25A) 113.5(7) 

C(16A)-N(3A)-C(17A) 116.8(7) 

C(25A)-N(3A)-C(17A) 115.6(7) 

C(24A)-N(4A)-C(26A) 113.2(7) 

C(24A)-N(4A)-C(23A) 118.3(7) 

C(26A)-N(4A)-C(23A) 115.0(8) 

C(2A)-C(1A)-C(6A) 115.6(8) 

C(2A)-C(1A)-Ni(1A) 127.6(6) 

C(6A)-C(1A)-Ni(1A) 116.7(6) 

C(1A)-C(2A)-C(3A) 122.5(8) 

C(1A)-C(2A)-H(2A) 118.7 

C(3A)-C(2A)-H(2A) 118.7 

C(4A)-C(3A)-C(2A) 120.9(8) 

C(4A)-C(3A)-H(3AA) 119.5 

C(2A)-C(3A)-H(3AA) 119.5 

C(3A)-C(4A)-C(5A) 118.2(9) 

C(3A)-C(4A)-H(4AA) 120.9 

C(5A)-C(4A)-H(4AA) 120.9 

C(4A)-C(5A)-C(6A) 120.8(8) 

C(4A)-C(5A)-H(5A) 119.6 

C(6A)-C(5A)-H(5A) 119.6 
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C(5A)-C(6A)-C(1A) 121.9(8) 

C(5A)-C(6A)-C(7A) 123.7(8) 

C(1A)-C(6A)-C(7A) 114.3(8) 

C(6A)-C(7A)-C(9A) 112.4(8) 

C(6A)-C(7A)-C(8A) 106.4(7) 

C(9A)-C(7A)-C(8A) 112.6(8) 

C(6A)-C(7A)-C(10A) 108.0(7) 

C(9A)-C(7A)-C(10A) 109.3(8) 

C(8A)-C(7A)-C(10A) 107.9(8) 

C(7A)-C(8A)-Ni(1A) 113.7(6) 

C(7A)-C(8A)-H(8AA) 108.8 

Ni(1A)-C(8A)-H(8AA) 108.8 

C(7A)-C(8A)-H(8AB) 108.8 

Ni(1A)-C(8A)-H(8AB) 108.8 

H(8AA)-C(8A)-H(8AB) 107.7 

C(7A)-C(9A)-H(9AA) 109.5 

C(7A)-C(9A)-H(9AB) 109.5 

H(9AA)-C(9A)-H(9AB) 109.5 

C(7A)-C(9A)-H(9AC) 109.5 

H(9AA)-C(9A)-H(9AC) 109.5 

H(9AB)-C(9A)-H(9AC) 109.5 

C(7A)-C(10A)-H(10D) 109.5 

C(7A)-C(10A)-H(10E) 109.5 

H(10D)-C(10A)-H(10E) 109.5 

C(7A)-C(10A)-H(10F) 109.5 

H(10D)-C(10A)-H(10F) 109.5 

H(10E)-C(10A)-H(10F) 109.5 

N(1A)-C(11A)-C(12A) 119.9(8) 

N(1A)-C(11A)-C(24A) 117.6(8) 

C(12A)-C(11A)-

C(24A) 122.5(8) 

C(13A)-C(12A)-

C(11A) 121.4(9) 

C(13A)-C(12A)-H(12A) 119.3 

C(11A)-C(12A)-H(12A) 119.3 

C(12A)-C(13A)-

C(14A) 117.5(8) 

C(12A)-C(13A)-H(13A) 121.3 

C(14A)-C(13A)-H(13A) 121.3 

C(13A)-C(14A)-

C(15A) 119.8(8) 

C(13A)-C(14A)-H(14A) 120.1 

C(15A)-C(14A)-H(14A) 120.1 

N(1A)-C(15A)-C(14A) 121.7(9) 

N(1A)-C(15A)-C(16A) 118.1(8) 

C(14A)-C(15A)-

C(16A) 120.2(8) 

N(3A)-C(16A)-C(15A) 118.5(7) 

N(3A)-C(16A)-H(16C) 107.7 

C(15A)-C(16A)-H(16C) 107.7 

N(3A)-C(16A)-H(16D) 107.7 

C(15A)-C(16A)-H(16D) 107.7 

H(16C)-C(16A)-H(16D) 107.1 

N(3A)-C(17A)-C(18A) 117.7(8) 

N(3A)-C(17A)-H(17C) 107.9 

C(18A)-C(17A)-H(17C) 107.9 

N(3A)-C(17A)-H(17D) 107.9 

C(18A)-C(17A)-H(17D) 107.9 

H(17C)-C(17A)-H(17D) 107.2 

N(2A)-C(18A)-C(19A) 121.9(8) 

N(2A)-C(18A)-C(17A) 117.2(7) 

C(19A)-C(18A)-

C(17A) 120.8(8) 

C(18A)-C(19A)-

C(20A) 118.6(8) 

C(18A)-C(19A)-H(19A) 120.7 

C(20A)-C(19A)-H(19A) 120.7 

C(21A)-C(20A)-

C(19A) 119.1(8) 

C(21A)-C(20A)-H(20A) 120.5 

C(19A)-C(20A)-H(20A) 120.5 

C(22A)-C(21A)-

C(20A) 119.8(9) 

C(22A)-C(21A)-H(21A) 120.1 

C(20A)-C(21A)-H(21A) 120.1 

N(2A)-C(22A)-C(21A) 121.2(9) 

N(2A)-C(22A)-C(23A) 118.0(8) 

C(21A)-C(22A)-

C(23A) 120.6(8) 

N(4A)-C(23A)-C(22A) 117.2(8) 

N(4A)-C(23A)-H(23C) 108.0 

C(22A)-C(23A)-H(23C) 108.0 

N(4A)-C(23A)-H(23D) 108.0 

C(22A)-C(23A)-H(23D) 108.0 

H(23C)-C(23A)-H(23D) 107.2 

N(4A)-C(24A)-C(11A) 118.4(7) 

N(4A)-C(24A)-H(24C) 107.7 

C(11A)-C(24A)-H(24C) 107.7 

N(4A)-C(24A)-H(24D) 107.7 

C(11A)-C(24A)-H(24D) 107.7 

H(24C)-C(24A)-H(24D) 107.1 

N(3A)-C(25A)-H(25D) 109.5 

N(3A)-C(25A)-H(25E) 109.5 

H(25D)-C(25A)-H(25E) 109.5 

N(3A)-C(25A)-H(25F) 109.5 

H(25D)-C(25A)-H(25F) 109.5 

H(25E)-C(25A)-H(25F) 109.5 

N(4A)-C(26A)-H(26D) 109.5 

N(4A)-C(26A)-H(26E) 109.5 

H(26D)-C(26A)-H(26E) 109.5 

N(4A)-C(26A)-H(26F) 109.5 

H(26D)-C(26A)-H(26F) 109.5 

H(26E)-C(26A)-H(26F) 109.5 

C(1S)-O(1S)-C(4S) 108.4(9) 

O(1S)-C(1S)-C(2S) 108.0(8) 

O(1S)-C(1S)-H(1SA) 110.1 

C(2S)-C(1S)-H(1SA) 110.1 

O(1S)-C(1S)-H(1SB) 110.1 
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C(2S)-C(1S)-H(1SB) 110.1 

H(1SA)-C(1S)-H(1SB) 108.4 

C(3S)-C(2S)-C(1S) 102.6(9) 

C(3S)-C(2S)-H(2SA) 111.3 

C(1S)-C(2S)-H(2SA) 111.3 

C(3S)-C(2S)-H(2SB) 111.3 

C(1S)-C(2S)-H(2SB) 111.3 

H(2SA)-C(2S)-H(2SB) 109.2 

C(2S)-C(3S)-C(4S) 102.0(9) 

C(2S)-C(3S)-H(3SA) 111.4 

C(4S)-C(3S)-H(3SA) 111.4 

C(2S)-C(3S)-H(3SB) 111.4 

C(4S)-C(3S)-H(3SB) 111.4 

H(3SA)-C(3S)-H(3SB) 109.2 

O(1S)-C(4S)-C(3S) 106.4(9) 

O(1S)-C(4S)-H(4SA) 110.4 

C(3S)-C(4S)-H(4SA) 110.4 

O(1S)-C(4S)-H(4SB) 110.4 

C(3S)-C(4S)-H(4SB) 110.4 

H(4SA)-C(4S)-H(4SB) 108.6 

C(8S)-O(2S)-C(5S) 108.0(8) 

O(2S)-C(5S)-C(6S) 107.9(9) 

O(2S)-C(5S)-H(5SA) 110.1 

C(6S)-C(5S)-H(5SA) 110.1 

O(2S)-C(5S)-H(5SB) 110.1 

C(6S)-C(5S)-H(5SB) 110.1 

H(5SA)-C(5S)-H(5SB) 108.4 

C(5S)-C(6S)-C(7S) 103.9(10) 

C(5S)-C(6S)-H(6SA) 111.0 

C(7S)-C(6S)-H(6SA) 111.0 

C(5S)-C(6S)-H(6SB) 111.0 

C(7S)-C(6S)-H(6SB) 111.0 

H(6SA)-C(6S)-H(6SB) 109.0 

C(8S)-C(7S)-C(6S) 102.8(10) 

C(8S)-C(7S)-H(7SA) 111.2 

C(6S)-C(7S)-H(7SA) 111.2 

C(8S)-C(7S)-H(7SB) 111.2 

C(6S)-C(7S)-H(7SB) 111.2 

H(7SA)-C(7S)-H(7SB) 109.1 

O(2S)-C(8S)-C(7S) 105.1(10) 

O(2S)-C(8S)-H(8S1) 110.7 

C(7S)-C(8S)-H(8S1) 110.7 

O(2S)-C(8S)-H(8S2) 110.7 

C(7S)-C(8S)-H(8S2) 110.7 

H(8S1)-C(8S)-H(8S2) 108.8 
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Table B15. Crystal data and structure refinement for [(MeN4)NiIII(cycloneophyl)]BPh4. 

Identification code  l9315/lt/smart/JS-050415-01 

Empirical formula  C62 H76 B N4 Ni O3 

Formula weight  994.78 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 18.0244(6) Å α = 90°. 

 b = 12.6029(4) Å β = 98.4100(16)°. 

 c = 23.9084(8) Å γ = 90°. 

Volume 5372.6(3) Å3 

Z 4 

Density (calculated) 1.230 Mg/m3 

Absorption coefficient 0.410 mm-1 

F(000) 2132 

Crystal size 0.572 x 0.194 x 0.072 mm3 

Theta range for data collection 1.722 to 27.512°. 

Index ranges -23≤h≤23, -8≤k≤16, -31≤l≤30 

Reflections collected 84276 

Independent reflections 12338 [R(int) = 0.0678] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8621 and 0.7578 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12338 / 114 / 645 

Goodness-of-fit on F2 1.031 

Final R indices [I>2sigma(I)] R1 = 0.0613, wR2 = 0.1446 

R indices (all data) R1 = 0.0970, wR2 = 0.1660 

Extinction coefficient n/a 

Largest diff. peak and hole 0.858 and -0.570 e.Å-3 
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Table B16.   Bond lengths [Å] 

and angles [°] for 

[(MeN4)NiIII(cycloneophyl)]BPh4

. 

Ni(1)-C(18)  1.920(3) 

Ni(1)-C(17)  1.973(3) 

Ni(1)-N(2)  1.997(2) 

Ni(1)-N(1)  2.001(2) 

Ni(1)-N(3)  2.241(2) 

Ni(1)-N(4)  2.266(3) 

N(1)-C(5)  1.340(3) 

N(1)-C(1)  1.345(4) 

N(2)-C(8)  1.338(4) 

N(2)-C(12)  1.346(4) 

N(3)-C(15)  1.478(3) 

N(3)-C(7)  1.484(4) 

N(3)-C(6)  1.485(4) 

N(4)-C(16)  1.474(4) 

N(4)-C(13)  1.488(4) 

N(4)-C(14)  1.490(4) 

C(1)-C(2)  1.386(4) 

C(1)-C(14)  1.507(4) 

C(2)-C(3)  1.380(4) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.388(4) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.383(4) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.502(4) 

C(6)-H(6A)  0.9900 

C(6)-H(6B)  0.9900 

C(7)-C(8)  1.494(4) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-C(9)  1.395(4) 

C(9)-C(10)  1.369(5) 

C(9)-H(9)  0.9500 

C(10)-C(11)  1.374(5) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.398(4) 

C(11)-H(11)  0.9500 

C(12)-C(13)  1.489(5) 

C(13)-H(13A)  0.9900 

C(13)-H(13B)  0.9900 

C(14)-H(14A)  0.9900 

C(14)-H(14B)  0.9900 

C(15)-H(15A)  0.9800 

C(15)-H(15B)  0.9800 

C(15)-H(15C)  0.9800 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 

C(16)-H(16C)  0.9800 

C(17)-C(24)  1.551(4) 

C(17)-H(17A)  0.9900 

C(17)-H(17B)  0.9900 

C(18)-C(19)  1.393(4) 

C(18)-C(23)  1.403(4) 

C(19)-C(20)  1.393(5) 

C(19)-H(19)  0.9500 

C(20)-C(21)  1.381(5) 

C(20)-H(20)  0.9500 

C(21)-C(22)  1.384(5) 

C(21)-H(21)  0.9500 

C(22)-C(23)  1.401(4) 

C(22)-H(22)  0.9500 

C(23)-C(24)  1.509(4) 

C(24)-C(25)  1.539(4) 

C(24)-C(26)  1.539(4) 

C(25)-H(25A)  0.9800 

C(25)-H(25B)  0.9800 

C(25)-H(25C)  0.9800 

C(26)-H(26A)  0.9800 

C(26)-H(26B)  0.9800 

C(26)-H(26C)  0.9800 

C(27)-C(32)  1.405(4) 

C(27)-C(28)  1.408(4) 

C(27)-B(1)  1.648(4) 

C(28)-C(29)  1.388(4) 

C(28)-H(28)  0.9500 

C(29)-C(30)  1.386(4) 

C(29)-H(29)  0.9500 

C(30)-C(31)  1.383(4) 

C(30)-H(30)  0.9500 

C(31)-C(32)  1.394(4) 

C(31)-H(31)  0.9500 

C(32)-H(32)  0.9500 

C(33)-C(38)  1.401(4) 

C(33)-C(34)  1.412(4) 

C(33)-B(1)  1.654(4) 

C(34)-C(35)  1.396(4) 

C(34)-H(34)  0.9500 

C(35)-C(36)  1.383(5) 

C(35)-H(35)  0.9500 

C(36)-C(37)  1.381(5) 

C(36)-H(36)  0.9500 

C(37)-C(38)  1.386(4) 

C(37)-H(37)  0.9500 

C(38)-H(38)  0.9500 

C(39)-C(44)  1.400(4) 

C(39)-C(40)  1.406(4) 

C(39)-B(1)  1.638(4) 

C(40)-C(41)  1.392(4) 

C(40)-H(40)  0.9500 

C(41)-C(42)  1.382(5) 

C(41)-H(41)  0.9500 

C(42)-C(43)  1.381(5) 

C(42)-H(42)  0.9500 

C(43)-C(44)  1.396(4) 



178 

 

C(43)-H(43)  0.9500 

C(44)-H(44)  0.9500 

C(45)-C(50)  1.399(4) 

C(45)-C(46)  1.406(4) 

C(45)-B(1)  1.655(4) 

C(46)-C(47)  1.391(4) 

C(46)-H(46)  0.9500 

C(47)-C(48)  1.382(5) 

C(47)-H(47)  0.9500 

C(48)-C(49)  1.391(5) 

C(48)-H(48)  0.9500 

C(49)-C(50)  1.395(4) 

C(49)-H(49)  0.9500 

C(50)-H(50)  0.9500 

O(1S)-C(1S)  1.388(7) 

O(1S)-C(4S)  1.495(8) 

C(1S)-O(1S')  1.429(16) 

C(1S)-C(2S)  1.472(7) 

C(1S)-H(1SA)  0.9900 

C(1S)-H(1SB)  0.9900 

C(2S)-C(3S)  1.510(7) 

C(2S)-H(2SA)  0.9900 

C(2S)-H(2SB)  0.9900 

C(3S)-C(4S)  1.414(7) 

C(3S)-H(3SA)  0.9900 

C(3S)-H(3SB)  0.9900 

C(4S)-O(1S')  1.233(15) 

C(4S)-H(4SA)  0.9900 

C(4S)-H(4SB)  0.9900 

O(2S)-C(8S)  1.378(7) 

O(2S)-C(5S)  1.468(8) 

C(5S)-C(6S)  1.416(10) 

C(5S)-O(2S')  1.501(15) 

C(5S)-H(5S1)  0.9900 

C(5S)-H(5S2)  0.9900 

C(6S)-C(7S)  1.468(9) 

C(6S)-H(6SA)  0.9900 

C(6S)-H(6SB)  0.9900 

C(7S)-C(8S)  1.502(8) 

C(7S)-H(7SA)  0.9900 

C(7S)-H(7SB)  0.9900 

C(8S)-O(2S')  1.666(16) 

C(8S)-H(8S1)  0.9900 

C(8S)-H(8S2)  0.9900 

O(3S)-C(12S)  1.395(6) 

O(3S)-C(9S)  1.399(6) 

C(9S)-C(10S)  1.490(6) 

C(9S)-H(9SA)  0.9900 

C(9S)-H(9SB)  0.9900 

C(10S)-C(11S)  1.504(6) 

C(10S)-H(10A)  0.9900 

C(10S)-H(10B)  0.9900 

C(11S)-C(12S)  1.489(7) 

C(11S)-H(11A)  0.9900 

C(11S)-H(11B)  0.9900 

C(12S)-H(12A)  0.9900 

C(12S)-H(12B)  0.9900 

C(18)-Ni(1)-C(17) 82.88(12) 

C(18)-Ni(1)-N(2) 177.67(11) 

C(17)-Ni(1)-N(2) 95.35(10) 

C(18)-Ni(1)-N(1) 99.00(11) 

C(17)-Ni(1)-N(1) 178.08(11) 

N(2)-Ni(1)-N(1) 82.78(9) 

C(18)-Ni(1)-N(3) 102.09(11) 

C(17)-Ni(1)-N(3) 99.39(10) 

N(2)-Ni(1)-N(3) 79.68(9) 

N(1)-Ni(1)-N(3) 79.84(9) 

C(18)-Ni(1)-N(4) 99.36(11) 

C(17)-Ni(1)-N(4) 100.34(11) 

N(2)-Ni(1)-N(4) 79.42(10) 

N(1)-Ni(1)-N(4) 79.82(9) 

N(3)-Ni(1)-N(4) 152.39(9) 

C(5)-N(1)-C(1) 120.0(2) 

C(5)-N(1)-Ni(1) 118.05(18) 

C(1)-N(1)-Ni(1) 119.31(19) 

C(8)-N(2)-C(12) 119.9(3) 

C(8)-N(2)-Ni(1) 119.0(2) 

C(12)-N(2)-Ni(1) 118.8(2) 

C(15)-N(3)-C(7) 109.8(2) 

C(15)-N(3)-C(6) 108.6(2) 

C(7)-N(3)-C(6) 111.3(2) 

C(15)-N(3)-Ni(1) 116.63(17) 

C(7)-N(3)-Ni(1) 107.22(17) 

C(6)-N(3)-Ni(1) 103.21(16) 

C(16)-N(4)-C(13) 109.7(3) 

C(16)-N(4)-C(14) 108.9(3) 

C(13)-N(4)-C(14) 112.2(3) 

C(16)-N(4)-Ni(1) 116.6(2) 

C(13)-N(4)-Ni(1) 103.31(18) 

C(14)-N(4)-Ni(1) 106.08(18) 

N(1)-C(1)-C(2) 121.0(3) 

N(1)-C(1)-C(14) 115.2(3) 

C(2)-C(1)-C(14) 123.7(3) 

C(3)-C(2)-C(1) 119.0(3) 

C(3)-C(2)-H(2) 120.5 

C(1)-C(2)-H(2) 120.5 

C(2)-C(3)-C(4) 119.8(3) 

C(2)-C(3)-H(3) 120.1 

C(4)-C(3)-H(3) 120.1 

C(5)-C(4)-C(3) 118.4(3) 

C(5)-C(4)-H(4) 120.8 

C(3)-C(4)-H(4) 120.8 

N(1)-C(5)-C(4) 121.8(3) 

N(1)-C(5)-C(6) 114.3(2) 

C(4)-C(5)-C(6) 124.0(3) 

N(3)-C(6)-C(5) 111.1(2) 

N(3)-C(6)-H(6A) 109.4 

C(5)-C(6)-H(6A) 109.4 
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N(3)-C(6)-H(6B) 109.4 

C(5)-C(6)-H(6B) 109.4 

H(6A)-C(6)-H(6B) 108.0 

N(3)-C(7)-C(8) 112.5(2) 

N(3)-C(7)-H(7A) 109.1 

C(8)-C(7)-H(7A) 109.1 

N(3)-C(7)-H(7B) 109.1 

C(8)-C(7)-H(7B) 109.1 

H(7A)-C(7)-H(7B) 107.8 

N(2)-C(8)-C(9) 121.6(3) 

N(2)-C(8)-C(7) 116.0(3) 

C(9)-C(8)-C(7) 122.3(3) 

C(10)-C(9)-C(8) 118.6(3) 

C(10)-C(9)-H(9) 120.7 

C(8)-C(9)-H(9) 120.7 

C(9)-C(10)-C(11) 120.1(3) 

C(9)-C(10)-H(10) 119.9 

C(11)-C(10)-H(10) 119.9 

C(10)-C(11)-C(12) 119.0(3) 

C(10)-C(11)-H(11) 120.5 

C(12)-C(11)-H(11) 120.5 

N(2)-C(12)-C(11) 120.7(3) 

N(2)-C(12)-C(13) 114.8(3) 

C(11)-C(12)-C(13) 124.5(3) 

N(4)-C(13)-C(12) 112.0(3) 

N(4)-C(13)-H(13A) 109.2 

C(12)-C(13)-H(13A) 109.2 

N(4)-C(13)-H(13B) 109.2 

C(12)-C(13)-H(13B) 109.2 

H(13A)-C(13)-H(13B) 107.9 

N(4)-C(14)-C(1) 112.9(2) 

N(4)-C(14)-H(14A) 109.0 

C(1)-C(14)-H(14A) 109.0 

N(4)-C(14)-H(14B) 109.0 

C(1)-C(14)-H(14B) 109.0 

H(14A)-C(14)-H(14B) 107.8 

N(3)-C(15)-H(15A) 109.5 

N(3)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 

N(3)-C(15)-H(15C) 109.5 

H(15A)-C(15)-H(15C) 109.5 

H(15B)-C(15)-H(15C) 109.5 

N(4)-C(16)-H(16A) 109.5 

N(4)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16B) 109.5 

N(4)-C(16)-H(16C) 109.5 

H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109.5 

C(24)-C(17)-Ni(1) 116.21(19) 

C(24)-C(17)-H(17A) 108.2 

Ni(1)-C(17)-H(17A) 108.2 

C(24)-C(17)-H(17B) 108.2 

Ni(1)-C(17)-H(17B) 108.2 

H(17A)-C(17)-H(17B) 107.4 

C(19)-C(18)-C(23) 118.5(3) 

C(19)-C(18)-Ni(1) 123.2(2) 

C(23)-C(18)-Ni(1) 118.2(2) 

C(20)-C(19)-C(18) 121.3(3) 

C(20)-C(19)-H(19) 119.4 

C(18)-C(19)-H(19) 119.4 

C(21)-C(20)-C(19) 119.8(3) 

C(21)-C(20)-H(20) 120.1 

C(19)-C(20)-H(20) 120.1 

C(20)-C(21)-C(22) 120.0(3) 

C(20)-C(21)-H(21) 120.0 

C(22)-C(21)-H(21) 120.0 

C(21)-C(22)-C(23) 120.5(3) 

C(21)-C(22)-H(22) 119.7 

C(23)-C(22)-H(22) 119.7 

C(22)-C(23)-C(18) 119.8(3) 

C(22)-C(23)-C(24) 123.7(3) 

C(18)-C(23)-C(24) 116.4(3) 

C(23)-C(24)-C(25) 110.3(2) 

C(23)-C(24)-C(26) 111.1(3) 

C(25)-C(24)-C(26) 107.9(2) 

C(23)-C(24)-C(17) 106.2(2) 

C(25)-C(24)-C(17) 110.2(2) 

C(26)-C(24)-C(17) 111.2(2) 

C(24)-C(25)-H(25A) 109.5 

C(24)-C(25)-H(25B) 109.5 

H(25A)-C(25)-H(25B) 109.5 

C(24)-C(25)-H(25C) 109.5 

H(25A)-C(25)-H(25C) 109.5 

H(25B)-C(25)-H(25C) 109.5 

C(24)-C(26)-H(26A) 109.5 

C(24)-C(26)-H(26B) 109.5 

H(26A)-C(26)-H(26B) 109.5 

C(24)-C(26)-H(26C) 109.5 

H(26A)-C(26)-H(26C) 109.5 

H(26B)-C(26)-H(26C) 109.5 

C(32)-C(27)-C(28) 114.8(3) 

C(32)-C(27)-B(1) 124.7(2) 

C(28)-C(27)-B(1) 120.3(2) 

C(29)-C(28)-C(27) 122.9(3) 

C(29)-C(28)-H(28) 118.6 

C(27)-C(28)-H(28) 118.6 

C(30)-C(29)-C(28) 120.2(3) 

C(30)-C(29)-H(29) 119.9 

C(28)-C(29)-H(29) 119.9 

C(31)-C(30)-C(29) 118.9(3) 

C(31)-C(30)-H(30) 120.5 

C(29)-C(30)-H(30) 120.5 

C(30)-C(31)-C(32) 120.2(3) 

C(30)-C(31)-H(31) 119.9 

C(32)-C(31)-H(31) 119.9 

C(31)-C(32)-C(27) 122.8(3) 

C(31)-C(32)-H(32) 118.6 

C(27)-C(32)-H(32) 118.6 
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C(38)-C(33)-C(34) 114.6(3) 

C(38)-C(33)-B(1) 124.1(3) 

C(34)-C(33)-B(1) 121.3(3) 

C(35)-C(34)-C(33) 122.7(3) 

C(35)-C(34)-H(34) 118.6 

C(33)-C(34)-H(34) 118.6 

C(36)-C(35)-C(34) 120.1(3) 

C(36)-C(35)-H(35) 120.0 

C(34)-C(35)-H(35) 120.0 

C(37)-C(36)-C(35) 118.9(3) 

C(37)-C(36)-H(36) 120.5 

C(35)-C(36)-H(36) 120.5 

C(36)-C(37)-C(38) 120.4(3) 

C(36)-C(37)-H(37) 119.8 

C(38)-C(37)-H(37) 119.8 

C(37)-C(38)-C(33) 123.2(3) 

C(37)-C(38)-H(38) 118.4 

C(33)-C(38)-H(38) 118.4 

C(44)-C(39)-C(40) 115.0(3) 

C(44)-C(39)-B(1) 123.6(3) 

C(40)-C(39)-B(1) 121.4(3) 

C(41)-C(40)-C(39) 122.6(3) 

C(41)-C(40)-H(40) 118.7 

C(39)-C(40)-H(40) 118.7 

C(42)-C(41)-C(40) 120.1(3) 

C(42)-C(41)-H(41) 120.0 

C(40)-C(41)-H(41) 120.0 

C(43)-C(42)-C(41) 119.5(3) 

C(43)-C(42)-H(42) 120.2 

C(41)-C(42)-H(42) 120.2 

C(42)-C(43)-C(44) 119.5(3) 

C(42)-C(43)-H(43) 120.2 

C(44)-C(43)-H(43) 120.2 

C(43)-C(44)-C(39) 123.2(3) 

C(43)-C(44)-H(44) 118.4 

C(39)-C(44)-H(44) 118.4 

C(50)-C(45)-C(46) 114.8(3) 

C(50)-C(45)-B(1) 123.5(2) 

C(46)-C(45)-B(1) 121.5(3) 

C(47)-C(46)-C(45) 123.2(3) 

C(47)-C(46)-H(46) 118.4 

C(45)-C(46)-H(46) 118.4 

C(48)-C(47)-C(46) 120.1(3) 

C(48)-C(47)-H(47) 119.9 

C(46)-C(47)-H(47) 119.9 

C(47)-C(48)-C(49) 118.8(3) 

C(47)-C(48)-H(48) 120.6 

C(49)-C(48)-H(48) 120.6 

C(48)-C(49)-C(50) 120.0(3) 

C(48)-C(49)-H(49) 120.0 

C(50)-C(49)-H(49) 120.0 

C(49)-C(50)-C(45) 123.1(3) 

C(49)-C(50)-H(50) 118.5 

C(45)-C(50)-H(50) 118.5 

C(39)-B(1)-C(27) 109.7(2) 

C(39)-B(1)-C(33) 110.6(2) 

C(27)-B(1)-C(33) 108.9(2) 

C(39)-B(1)-C(45) 107.9(2) 

C(27)-B(1)-C(45) 109.5(2) 

C(33)-B(1)-C(45) 110.2(2) 

C(1S)-O(1S)-C(4S) 101.6(4) 

O(1S)-C(1S)-C(2S) 106.4(4) 

O(1S')-C(1S)-C(2S) 101.6(7) 

O(1S)-C(1S)-H(1SA) 110.5 

C(2S)-C(1S)-H(1SA) 110.5 

O(1S)-C(1S)-H(1SB) 110.5 

C(2S)-C(1S)-H(1SB) 110.5 

H(1SA)-C(1S)-H(1SB) 108.6 

C(1S)-C(2S)-C(3S) 102.2(4) 

C(1S)-C(2S)-H(2SA) 111.3 

C(3S)-C(2S)-H(2SA) 111.3 

C(1S)-C(2S)-H(2SB) 111.3 

C(3S)-C(2S)-H(2SB) 111.3 

H(2SA)-C(2S)-H(2SB) 109.2 

C(4S)-C(3S)-C(2S) 103.1(4) 

C(4S)-C(3S)-H(3SA) 111.2 

C(2S)-C(3S)-H(3SA) 111.2 

C(4S)-C(3S)-H(3SB) 111.2 

C(2S)-C(3S)-H(3SB) 111.2 

H(3SA)-C(3S)-H(3SB) 109.1 

O(1S')-C(4S)-C(3S) 103.8(8) 

C(3S)-C(4S)-O(1S) 110.8(4) 

C(3S)-C(4S)-H(4SA) 109.5 

O(1S)-C(4S)-H(4SA) 109.5 

C(3S)-C(4S)-H(4SB) 109.5 

O(1S)-C(4S)-H(4SB) 109.5 

H(4SA)-C(4S)-H(4SB) 108.1 

C(8S)-O(2S)-C(5S) 102.3(5) 

C(6S)-C(5S)-O(2S) 105.4(7) 

C(6S)-C(5S)-O(2S') 113.4(8) 

C(6S)-C(5S)-H(5S1) 110.7 

O(2S)-C(5S)-H(5S1) 110.7 

C(6S)-C(5S)-H(5S2) 110.7 

O(2S)-C(5S)-H(5S2) 110.7 

H(5S1)-C(5S)-H(5S2) 108.8 

C(5S)-C(6S)-C(7S) 105.1(6) 

C(5S)-C(6S)-H(6SA) 110.7 

C(7S)-C(6S)-H(6SA) 110.7 

C(5S)-C(6S)-H(6SB) 110.7 

C(7S)-C(6S)-H(6SB) 110.7 

H(6SA)-C(6S)-H(6SB) 108.8 

C(6S)-C(7S)-C(8S) 104.6(5) 

C(6S)-C(7S)-H(7SA) 110.8 

C(8S)-C(7S)-H(7SA) 110.8 

C(6S)-C(7S)-H(7SB) 110.8 

C(8S)-C(7S)-H(7SB) 110.8 

H(7SA)-C(7S)-H(7SB) 108.9 

O(2S)-C(8S)-C(7S) 103.5(5) 
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C(7S)-C(8S)-O(2S') 106.1(6) 

O(2S)-C(8S)-H(8S1) 111.1 

C(7S)-C(8S)-H(8S1) 111.1 

O(2S)-C(8S)-H(8S2) 111.1 

C(7S)-C(8S)-H(8S2) 111.1 

H(8S1)-C(8S)-H(8S2) 109.0 

C(12S)-O(3S)-C(9S) 109.2(4) 

O(3S)-C(9S)-C(10S) 107.2(4) 

O(3S)-C(9S)-H(9SA) 110.3 

C(10S)-C(9S)-H(9SA) 110.3 

O(3S)-C(9S)-H(9SB) 110.3 

C(10S)-C(9S)-H(9SB) 110.3 

H(9SA)-C(9S)-H(9SB) 108.5 

C(9S)-C(10S)-C(11S) 102.0(4) 

C(9S)-C(10S)-H(10A) 111.4 

C(11S)-C(10S)-H(10A) 111.4 

C(9S)-C(10S)-H(10B) 111.4 

C(11S)-C(10S)-H(10B) 111.4 

H(10A)-C(10S)-H(10B) 109.2 

C(12S)-C(11S)-C(10S) 100.7(4) 

C(12S)-C(11S)-H(11A) 111.6 

C(10S)-C(11S)-H(11A) 111.6 

C(12S)-C(11S)-H(11B) 111.6 

C(10S)-C(11S)-H(11B) 111.6 

H(11A)-C(11S)-H(11B) 109.4 

O(3S)-C(12S)-C(11S) 106.8(4) 

O(3S)-C(12S)-H(12A) 110.4 

C(11S)-C(12S)-H(12A) 110.4 

O(3S)-C(12S)-H(12B) 110.4 

C(11S)-C(12S)-H(12B) 110.4 

H(12A)-C(12S)-H(12B) 108.6 

C(4S)-O(1S')-C(1S) 114.1(12) 

C(5S)-O(2S')-C(8S) 88.7(9)
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Table B17. Crystal data and structure refinement for (tBuN4)NiIIMe2. 

Identification code  l18812/lt/BZ-12 

Empirical formula  C24 H38 N4 Ni 

Formula weight  441.29 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 13.739(5) Å α = 90°. 

 b = 13.549(5) Å β = 117.78(3)°. 

 c = 14.404(5) Å γ = 90°. 

Volume 2372.2(14) Å3 

Z 4 

Density (calculated) 1.236 Mg/m3 

Absorption coefficient 0.834 mm-1 

F(000) 952 

Crystal size 0.15 x 0.14 x 0.05 mm3 

Theta range for data collection 2.25 to 25.33°. 

Index ranges -16≤h≤16, -16≤k≤16, -17≤l≤17 

Reflections collected 20583 

Independent reflections 2139 [R(int) = 0.2373] 

Completeness to theta = 25.33° 98.2 %  

Absorption correction Numerical 

Max. and min. transmission 0.9579 and 0.8844 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2139 / 0 / 136 

Goodness-of-fit on F2 1.156 

Final R indices [I>2sigma(I)] R1 = 0.1261, wR2 = 0.2893 

R indices (all data) R1 = 0.1571, wR2 = 0.3047 

Largest diff. peak and hole 1.115 and -1.466 e.Å-3 
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Table B18.   Bond lengths [Å] 

and angles [°] for 

(tBuN4)NiIIMe2. 

Ni(1)-C(1)#1  1.930(9) 

Ni(1)-C(1)  1.930(9) 

Ni(1)-N(1)#1  2.005(8) 

Ni(1)-N(1)  2.005(8) 

N(1)-C(2)  1.348(12) 

N(1)-C(6)  1.365(12) 

N(3)-C(7)#1  1.467(12) 

N(3)-C(8)  1.478(12) 

N(3)-C(9)  1.506(12) 

C(1)-H(1A)  0.9800 

C(1)-H(1B)  0.9800 

C(1)-H(1C)  0.9800 

C(2)-C(3)  1.398(13) 

C(2)-C(8)  1.488(13) 

C(3)-C(4)  1.386(15) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.377(15) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.382(14) 

C(5)-H(5)  0.9500 

C(6)-C(7)  1.512(14) 

C(7)-N(3)#1  1.467(12) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-H(8A)  0.9900 

C(8)-H(8B)  0.9900 

C(9)-C(12)  1.519(15) 

C(9)-C(11)  1.524(14) 

C(9)-C(10)  1.539(16) 

C(10)-H(10A)  0.9800 

C(10)-H(10B)  0.9800 

C(10)-H(10C)  0.9800 

C(11)-H(11A)  0.9800 

C(11)-H(11B)  0.9800 

C(11)-H(11C)  0.9800 

C(12)-H(12A)  0.9800 

C(12)-H(12B)  0.9800 

C(12)-H(12C)  0.9800 

C(1)#1-Ni(1)-C(1) 89.7(7) 

C(1)#1-Ni(1)-N(1)#1 94.2(4) 

C(1)-Ni(1)-N(1)#1 175.1(4) 

C(1)#1-Ni(1)-N(1) 175.1(4) 

C(1)-Ni(1)-N(1) 94.2(4) 

N(1)#1-Ni(1)-N(1) 82.0(4) 

C(2)-N(1)-C(6) 119.7(8) 

C(2)-N(1)-Ni(1) 119.9(6) 

C(6)-N(1)-Ni(1) 118.4(6) 

C(7)#1-N(3)-C(8) 109.6(7) 

C(7)#1-N(3)-C(9) 113.6(7) 

C(8)-N(3)-C(9) 114.8(8) 

Ni(1)-C(1)-H(1A) 109.5 

Ni(1)-C(1)-H(1B) 109.5 

H(1A)-C(1)-H(1B) 109.5 

Ni(1)-C(1)-H(1C) 109.5 

H(1A)-C(1)-H(1C) 109.5 

H(1B)-C(1)-H(1C) 109.5 

N(1)-C(2)-C(3) 120.4(9) 

N(1)-C(2)-C(8) 118.7(8) 

C(3)-C(2)-C(8) 120.8(9) 

C(4)-C(3)-C(2) 119.6(9) 

C(4)-C(3)-H(3) 120.2 

C(2)-C(3)-H(3) 120.2 

C(5)-C(4)-C(3) 119.6(9) 

C(5)-C(4)-H(4) 120.2 

C(3)-C(4)-H(4) 120.2 

C(4)-C(5)-C(6) 119.0(10) 

C(4)-C(5)-H(5) 120.5 

C(6)-C(5)-H(5) 120.5 

N(1)-C(6)-C(5) 121.6(9) 

N(1)-C(6)-C(7) 118.0(8) 

C(5)-C(6)-C(7) 120.4(9) 

N(3)#1-C(7)-C(6) 113.0(8) 

N(3)#1-C(7)-H(7A) 109.0 

C(6)-C(7)-H(7A) 109.0 

N(3)#1-C(7)-H(7B) 109.0 

C(6)-C(7)-H(7B) 109.0 

H(7A)-C(7)-H(7B) 107.8 

N(3)-C(8)-C(2) 112.9(8) 

N(3)-C(8)-H(8A) 109.0 

C(2)-C(8)-H(8A) 109.0 

N(3)-C(8)-H(8B) 109.0 

C(2)-C(8)-H(8B) 109.0 

H(8A)-C(8)-H(8B) 107.8 

N(3)-C(9)-C(12) 108.6(9) 

N(3)-C(9)-C(11) 108.0(8) 

C(12)-C(9)-C(11) 107.0(9) 

N(3)-C(9)-C(10) 111.8(8) 

C(12)-C(9)-C(10) 111.3(10) 

C(11)-C(9)-C(10) 110.0(9) 

C(9)-C(10)-H(10A) 109.5 

C(9)-C(10)-H(10B) 109.5 

H(10A)-C(10)-H(10B) 109.5 

C(9)-C(10)-H(10C) 109.5 

H(10A)-C(10)-H(10C) 109.5 

H(10B)-C(10)-H(10C) 109.5 

C(9)-C(11)-H(11A) 109.5 

C(9)-C(11)-H(11B) 109.5 

H(11A)-C(11)-H(11B) 109.5 

C(9)-C(11)-H(11C) 109.5 

H(11A)-C(11)-H(11C) 109.5 

H(11B)-C(11)-H(11C) 109.5 

C(9)-C(12)-H(12A) 109.5 

C(9)-C(12)-H(12B) 109.5 

H(12A)-C(12)-H(12B) 109.5 

C(9)-C(12)-H(12C) 109.5 

H(12A)-C(12)-H(12C) 109.5 

H(12B)-C(12)-H(12C) 109.5 
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Table B19. Crystal data and structure refinement for [(tBuN4)NiIIIMe2](BPh4). 

Identification code  l8214/lt/smart/JS-530-01 

Empirical formula  C52 H66 B N4 Ni O 

Formula weight  832.60 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21 

Unit cell dimensions a = 12.5441(5) Å α = 90°. 

 b = 12.5846(6) Å β = 108.530(3)°. 

 c = 16.0244(7) Å γ = 90°. 

Volume 2398.51(19) Å3 

Z 2 

Density (calculated) 1.153 Mg/m3 

Absorption coefficient 0.444 mm-1 

F(000) 894 

Crystal size 0.279 x 0.104 x 0.075 mm3 

Theta range for data collection 2.101 to 25.038°. 

Index ranges -14≤h≤14, -14≤k≤14, -19≤l≤19 

Reflections collected 37699 

Independent reflections 8270 [R(int) = 0.0889] 

Completeness to theta = 25.000° 98.6 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9281 and 0.8565 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8270 / 957 / 501 

Goodness-of-fit on F2 1.031 

Final R indices [I>2sigma(I)] R1 = 0.0610, wR2 = 0.1393 

R indices (all data) R1 = 0.0926, wR2 = 0.1587 

Absolute structure parameter 0.011(10) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.660 and -0.398 e.Å-3 

 

 

 

 



185 

 

Table B20.   Bond lengths [Å] 

and angles [°] for 

[(tBuN4)NiIIIMe2](BPh4). 

Ni(1)-N(2)  1.956(6) 

Ni(1)-C(24)  1.957(7) 

Ni(1)-N(1)  1.966(6) 

Ni(1)-C(23)  1.968(7) 

Ni(1)-N(4)  2.372(6) 

Ni(1)-N(3)  2.400(6) 

N(1)-C(5)  1.358(9) 

N(1)-C(1)  1.367(9) 

N(2)-C(12)  1.343(8) 

N(2)-C(8)  1.359(8) 

N(3)-C(6)  1.487(10) 

N(3)-C(7)  1.503(9) 

N(3)-C(15)  1.526(9) 

N(4)-C(13)  1.487(10) 

N(4)-C(14)  1.495(9) 

N(4)-C(19)  1.524(9) 

C(1)-C(2)  1.403(10) 

C(1)-C(14)  1.492(10) 

C(2)-C(3)  1.372(11) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.409(11) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.364(11) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.500(10) 

C(6)-H(6A)  0.9900 

C(6)-H(6B)  0.9900 

C(7)-C(8)  1.500(11) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-C(9)  1.393(9) 

C(9)-C(10)  1.385(10) 

C(9)-H(9)  0.9500 

C(10)-C(11)  1.395(10) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.383(10) 

C(11)-H(11)  0.9500 

C(12)-C(13)  1.500(10) 

C(13)-H(13A)  0.9900 

C(13)-H(13B)  0.9900 

C(14)-H(14A)  0.9900 

C(14)-H(14B)  0.9900 

C(15)-C(18)  1.531(13) 

C(15)-C(17)  1.539(10) 

C(15)-C(16)  1.542(11) 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 

C(16)-H(16C)  0.9800 

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 

C(18)-H(18A)  0.9800 

C(18)-H(18B)  0.9800 

C(18)-H(18C)  0.9800 

C(19)-C(21)  1.518(10) 

C(19)-C(22)  1.527(11) 

C(19)-C(20)  1.538(12) 

C(20)-H(20A)  0.9800 

C(20)-H(20B)  0.9800 

C(20)-H(20C)  0.9800 

C(21)-H(21A)  0.9800 

C(21)-H(21B)  0.9800 

C(21)-H(21C)  0.9800 

C(22)-H(22A)  0.9800 

C(22)-H(22B)  0.9800 

C(22)-H(22C)  0.9800 

C(23)-H(23A)  0.9800 

C(23)-H(23B)  0.9800 

C(23)-H(23C)  0.9800 

C(24)-H(24A)  0.9800 

C(24)-H(24B)  0.9800 

C(24)-H(24C)  0.9800 

C(25)-C(26)  1.403(11) 

C(25)-C(30)  1.416(11) 

C(25)-B(1)  1.657(9) 

C(26)-C(27)  1.383(10) 

C(26)-H(26)  0.9500 

C(27)-C(28)  1.390(12) 

C(27)-H(27)  0.9500 

C(28)-C(29)  1.386(11) 

C(28)-H(28)  0.9500 

C(29)-C(30)  1.391(10) 

C(29)-H(29)  0.9500 

C(30)-H(30)  0.9500 

C(31)-C(36)  1.394(9) 

C(31)-C(32)  1.413(9) 

C(31)-B(1)  1.651(9) 

C(32)-C(33)  1.405(9) 

C(32)-H(32)  0.9500 

C(33)-C(34)  1.398(11) 

C(33)-H(33)  0.9500 

C(34)-C(35)  1.378(11) 

C(34)-H(34)  0.9500 

C(35)-C(36)  1.393(10) 

C(35)-H(35)  0.9500 

C(36)-H(36)  0.9500 

C(37)-C(38)  1.388(10) 

C(37)-C(42)  1.414(10) 

C(37)-B(1)  1.658(12) 

C(38)-C(39)  1.413(11) 

C(38)-H(38)  0.9500 

C(39)-C(40)  1.383(11) 

C(39)-H(39)  0.9500 

C(40)-C(41)  1.390(11) 

C(40)-H(40)  0.9500 

C(41)-C(42)  1.414(10) 

C(41)-H(41)  0.9500 

C(42)-H(42)  0.9500 

C(43)-C(48)  1.398(10) 

C(43)-C(44)  1.400(10) 

C(43)-B(1)  1.655(12) 

C(44)-C(45)  1.381(10) 

C(44)-H(44)  0.9500 

C(45)-C(46)  1.385(10) 

C(45)-H(45)  0.9500 

C(46)-C(47)  1.368(10) 

C(46)-H(46)  0.9500 

C(47)-C(48)  1.391(10) 

C(47)-H(47)  0.9500 

C(48)-H(48)  0.9500 

O(2S)-C(8S)  1.37(2) 

O(2S)-C(5S)  1.41(2) 

C(5S)-C(6S)  1.33(3) 

C(5S)-H(5SA)  0.9900 

C(5S)-H(5SB)  0.9900 

C(6S)-C(7S)  1.49(3) 

C(6S)-H(6SA)  0.9900 

C(6S)-H(6SB)  0.9900 

C(7S)-C(8S)  1.40(3) 

C(7S)-H(7SA)  0.9900 

C(7S)-H(7SB)  0.9900 

C(8S)-H(8SA)  0.9900 

C(8S)-H(8SB)  0.9900 

O(1S)-C(4S)  1.39(2) 

O(1S)-C(1S)  1.44(2) 

C(1S)-C(2S)  1.27(3) 

C(1S)-H(1SA)  0.9900 

C(1S)-H(1SB)  0.9900 

C(2S)-C(3S)  1.50(3) 

C(2S)-H(2SA)  0.9900 

C(2S)-H(2SB)  0.9900 

C(3S)-C(4S)  1.37(3) 

C(3S)-H(3SA)  0.9900 
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C(3S)-H(3SB)  0.9900 

C(4S)-H(4SA)  0.9900 

C(4S)-H(4SB)  0.9900 

N(2)-Ni(1)-C(24) 93.0(3) 

N(2)-Ni(1)-N(1) 88.4(2) 

C(24)-Ni(1)-N(1) 178.4(3) 

N(2)-Ni(1)-C(23) 177.6(3) 

C(24)-Ni(1)-C(23) 85.2(3) 

N(1)-Ni(1)-C(23) 93.5(3) 

N(2)-Ni(1)-N(4) 75.8(2) 

C(24)-Ni(1)-N(4) 99.7(3) 

N(1)-Ni(1)-N(4) 79.8(2) 

C(23)-Ni(1)-N(4) 105.9(3) 

N(2)-Ni(1)-N(3) 79.5(2) 

C(24)-Ni(1)-N(3) 105.4(3) 

N(1)-Ni(1)-N(3) 75.6(2) 

C(23)-Ni(1)-N(3) 99.5(3) 

N(4)-Ni(1)-N(3) 145.4(2) 

C(5)-N(1)-C(1) 120.0(6) 

C(5)-N(1)-Ni(1) 120.1(5) 

C(1)-N(1)-Ni(1) 119.9(5) 

C(12)-N(2)-C(8) 119.7(6) 

C(12)-N(2)-Ni(1) 119.3(5) 

C(8)-N(2)-Ni(1) 120.7(4) 

C(6)-N(3)-C(7) 109.7(5) 

C(6)-N(3)-C(15) 112.9(6) 

C(7)-N(3)-C(15) 109.6(5) 

C(6)-N(3)-Ni(1) 98.5(4) 

C(7)-N(3)-Ni(1) 101.4(4) 

C(15)-N(3)-Ni(1) 123.6(4) 

C(13)-N(4)-C(14) 108.3(5) 

C(13)-N(4)-C(19) 110.9(6) 

C(14)-N(4)-C(19) 111.9(5) 

C(13)-N(4)-Ni(1) 98.2(4) 

C(14)-N(4)-Ni(1) 101.5(4) 

C(19)-N(4)-Ni(1) 124.5(4) 

N(1)-C(1)-C(2) 119.8(7) 

N(1)-C(1)-C(14) 115.9(6) 

C(2)-C(1)-C(14) 123.5(6) 

C(3)-C(2)-C(1) 119.2(7) 

C(3)-C(2)-H(2) 120.4 

C(1)-C(2)-H(2) 120.4 

C(2)-C(3)-C(4) 120.3(7) 

C(2)-C(3)-H(3) 119.8 

C(4)-C(3)-H(3) 119.8 

C(5)-C(4)-C(3) 118.2(7) 

C(5)-C(4)-H(4) 120.9 

C(3)-C(4)-H(4) 120.9 

N(1)-C(5)-C(4) 122.1(7) 

N(1)-C(5)-C(6) 115.0(6) 

C(4)-C(5)-C(6) 122.9(7) 

N(3)-C(6)-C(5) 111.2(6) 

N(3)-C(6)-H(6A) 109.4 

C(5)-C(6)-H(6A) 109.4 

N(3)-C(6)-H(6B) 109.4 

C(5)-C(6)-H(6B) 109.4 

H(6A)-C(6)-H(6B) 108.0 

C(8)-C(7)-N(3) 113.7(6) 

C(8)-C(7)-H(7A) 108.8 

N(3)-C(7)-H(7A) 108.8 

C(8)-C(7)-H(7B) 108.8 

N(3)-C(7)-H(7B) 108.8 

H(7A)-C(7)-H(7B) 107.7 

N(2)-C(8)-C(9) 120.9(7) 

N(2)-C(8)-C(7) 115.8(6) 

C(9)-C(8)-C(7) 122.9(6) 

C(10)-C(9)-C(8) 118.7(7) 

C(10)-C(9)-H(9) 120.7 

C(8)-C(9)-H(9) 120.7 

C(9)-C(10)-C(11) 120.0(7) 

C(9)-C(10)-H(10) 120.0 

C(11)-C(10)-H(10) 120.0 

C(12)-C(11)-C(10) 118.2(7) 

C(12)-C(11)-H(11) 120.9 

C(10)-C(11)-H(11) 120.9 

N(2)-C(12)-C(11) 122.0(7) 

N(2)-C(12)-C(13) 114.9(6) 

C(11)-C(12)-C(13) 123.1(7) 

N(4)-C(13)-C(12) 111.6(6) 

N(4)-C(13)-H(13A) 109.3 

C(12)-C(13)-H(13A) 109.3 

N(4)-C(13)-H(13B) 109.3 

C(12)-C(13)-H(13B) 109.3 

H(13A)-C(13)-H(13B) 108.0 

C(1)-C(14)-N(4) 114.2(6) 

C(1)-C(14)-H(14A) 108.7 

N(4)-C(14)-H(14A) 108.7 

C(1)-C(14)-H(14B) 108.7 

N(4)-C(14)-H(14B) 108.7 

H(14A)-C(14)-H(14B) 107.6 

N(3)-C(15)-C(18) 109.0(6) 

N(3)-C(15)-C(17) 108.8(6) 

C(18)-C(15)-C(17) 108.6(7) 

N(3)-C(15)-C(16) 111.1(6) 

C(18)-C(15)-C(16) 110.8(7) 

C(17)-C(15)-C(16) 108.4(6) 

C(15)-C(16)-H(16A) 109.5 

C(15)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16B) 109.5 

C(15)-C(16)-H(16C) 109.5 

H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109.5 

C(15)-C(17)-H(17A) 109.5 

C(15)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

C(15)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

C(15)-C(18)-H(18A) 109.5 

C(15)-C(18)-H(18B) 109.5 

H(18A)-C(18)-H(18B) 109.5 

C(15)-C(18)-H(18C) 109.5 

H(18A)-C(18)-H(18C) 109.5 

H(18B)-C(18)-H(18C) 109.5 

C(21)-C(19)-N(4) 109.8(6) 

C(21)-C(19)-C(22) 110.1(7) 

N(4)-C(19)-C(22) 112.0(6) 

C(21)-C(19)-C(20) 108.2(6) 

N(4)-C(19)-C(20) 107.4(6) 

C(22)-C(19)-C(20) 109.1(6) 

C(19)-C(20)-H(20A) 109.5 

C(19)-C(20)-H(20B) 109.5 

H(20A)-C(20)-H(20B) 109.5 

C(19)-C(20)-H(20C) 109.5 

H(20A)-C(20)-H(20C) 109.5 

H(20B)-C(20)-H(20C) 109.5 

C(19)-C(21)-H(21A) 109.5 

C(19)-C(21)-H(21B) 109.5 

H(21A)-C(21)-H(21B) 109.5 

C(19)-C(21)-H(21C) 109.5 

H(21A)-C(21)-H(21C) 109.5 

H(21B)-C(21)-H(21C) 109.5 

C(19)-C(22)-H(22A) 109.5 

C(19)-C(22)-H(22B) 109.5 

H(22A)-C(22)-H(22B) 109.5 

C(19)-C(22)-H(22C) 109.5 

H(22A)-C(22)-H(22C) 109.5 

H(22B)-C(22)-H(22C) 109.5 

Ni(1)-C(23)-H(23A) 109.5 

Ni(1)-C(23)-H(23B) 109.5 

H(23A)-C(23)-H(23B) 109.5 

Ni(1)-C(23)-H(23C) 109.5 

H(23A)-C(23)-H(23C) 109.5 

H(23B)-C(23)-H(23C) 109.5 

Ni(1)-C(24)-H(24A) 109.5 

Ni(1)-C(24)-H(24B) 109.5 

H(24A)-C(24)-H(24B) 109.5 
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Ni(1)-C(24)-H(24C) 109.5 

H(24A)-C(24)-H(24C) 109.5 

H(24B)-C(24)-H(24C) 109.5 

C(26)-C(25)-C(30) 114.8(5) 

C(26)-C(25)-B(1) 121.7(8) 

C(30)-C(25)-B(1) 123.5(8) 

C(27)-C(26)-C(25) 124.1(7) 

C(27)-C(26)-H(26) 118.0 

C(25)-C(26)-H(26) 118.0 

C(26)-C(27)-C(28) 119.5(7) 

C(26)-C(27)-H(27) 120.3 

C(28)-C(27)-H(27) 120.3 

C(29)-C(28)-C(27) 118.7(6) 

C(29)-C(28)-H(28) 120.7 

C(27)-C(28)-H(28) 120.7 

C(28)-C(29)-C(30) 121.3(7) 

C(28)-C(29)-H(29) 119.4 

C(30)-C(29)-H(29) 119.4 

C(29)-C(30)-C(25) 121.6(7) 

C(29)-C(30)-H(30) 119.2 

C(25)-C(30)-H(30) 119.2 

C(36)-C(31)-C(32) 114.8(6) 

C(36)-C(31)-B(1) 124.8(6) 

C(32)-C(31)-B(1) 120.4(6) 

C(33)-C(32)-C(31) 122.7(7) 

C(33)-C(32)-H(32) 118.7 

C(31)-C(32)-H(32) 118.7 

C(34)-C(33)-C(32) 119.8(7) 

C(34)-C(33)-H(33) 120.1 

C(32)-C(33)-H(33) 120.1 

C(35)-C(34)-C(33) 118.6(7) 

C(35)-C(34)-H(34) 120.7 

C(33)-C(34)-H(34) 120.7 

C(34)-C(35)-C(36) 120.7(7) 

C(34)-C(35)-H(35) 119.6 

C(36)-C(35)-H(35) 119.6 

C(35)-C(36)-C(31) 123.4(7) 

C(35)-C(36)-H(36) 118.3 

C(31)-C(36)-H(36) 118.3 

C(38)-C(37)-C(42) 115.8(7) 

C(38)-C(37)-B(1) 123.8(7) 

C(42)-C(37)-B(1) 120.4(6) 

C(37)-C(38)-C(39) 122.3(7) 

C(37)-C(38)-H(38) 118.8 

C(39)-C(38)-H(38) 118.8 

C(40)-C(39)-C(38) 120.6(7) 

C(40)-C(39)-H(39) 119.7 

C(38)-C(39)-H(39) 119.7 

C(39)-C(40)-C(41) 119.2(7) 

C(39)-C(40)-H(40) 120.4 

C(41)-C(40)-H(40) 120.4 

C(40)-C(41)-C(42) 119.4(7) 

C(40)-C(41)-H(41) 120.3 

C(42)-C(41)-H(41) 120.3 

C(41)-C(42)-C(37) 122.7(7) 

C(41)-C(42)-H(42) 118.7 

C(37)-C(42)-H(42) 118.7 

C(48)-C(43)-C(44) 114.8(7) 

C(48)-C(43)-B(1) 124.0(6) 

C(44)-C(43)-B(1) 121.2(6) 

C(45)-C(44)-C(43) 123.1(7) 

C(45)-C(44)-H(44) 118.5 

C(43)-C(44)-H(44) 118.5 

C(44)-C(45)-C(46) 120.3(7) 

C(44)-C(45)-H(45) 119.9 

C(46)-C(45)-H(45) 119.9 

C(47)-C(46)-C(45) 118.5(7) 

C(47)-C(46)-H(46) 120.7 

C(45)-C(46)-H(46) 120.7 

C(46)-C(47)-C(48) 120.7(7) 

C(46)-C(47)-H(47) 119.6 

C(48)-C(47)-H(47) 119.6 

C(47)-C(48)-C(43) 122.6(7) 

C(47)-C(48)-H(48) 118.7 

C(43)-C(48)-H(48) 118.7 

C(31)-B(1)-C(43) 109.6(6) 

C(31)-B(1)-C(25) 109.7(5) 

C(43)-B(1)-C(25) 109.8(6) 

C(31)-B(1)-C(37) 108.9(6) 

C(43)-B(1)-C(37) 109.6(5) 

C(25)-B(1)-C(37) 109.3(7) 

C(8S)-O(2S)-C(5S) 109.0(19) 

C(6S)-C(5S)-O(2S) 108(2) 

C(6S)-C(5S)-H(5SA) 110.1 

O(2S)-C(5S)-H(5SA) 110.1 

C(6S)-C(5S)-H(5SB) 110.1 

O(2S)-C(5S)-H(5SB) 110.1 

H(5SA)-C(5S)-H(5SB) 108.4 

C(5S)-C(6S)-C(7S) 105(2) 

C(5S)-C(6S)-H(6SA) 110.7 

C(7S)-C(6S)-H(6SA) 110.7 

C(5S)-C(6S)-H(6SB) 110.7 

C(7S)-C(6S)-H(6SB) 110.7 

H(6SA)-C(6S)-H(6SB) 108.8 

C(8S)-C(7S)-C(6S) 104(2) 

C(8S)-C(7S)-H(7SA) 111.0 

C(6S)-C(7S)-H(7SA) 111.0 

C(8S)-C(7S)-H(7SB) 111.0 

C(6S)-C(7S)-H(7SB) 111.0 

H(7SA)-C(7S)-H(7SB) 109.0 

O(2S)-C(8S)-C(7S) 104.2(19) 

O(2S)-C(8S)-H(8SA) 110.9 

C(7S)-C(8S)-H(8SA) 110.9 

O(2S)-C(8S)-H(8SB) 110.9 

C(7S)-C(8S)-H(8SB) 110.9 

H(8SA)-C(8S)-H(8SB) 108.9 

C(4S)-O(1S)-C(1S) 103.7(16) 

C(2S)-C(1S)-O(1S) 109.5(19) 

C(2S)-C(1S)-H(1SA) 109.8 

O(1S)-C(1S)-H(1SA) 109.8 

C(2S)-C(1S)-H(1SB) 109.8 

O(1S)-C(1S)-H(1SB) 109.8 

H(1SA)-C(1S)-H(1SB) 108.2 

C(1S)-C(2S)-C(3S) 106(2) 

C(1S)-C(2S)-H(2SA) 110.6 

C(3S)-C(2S)-H(2SA) 110.6 

C(1S)-C(2S)-H(2SB) 110.6 

C(3S)-C(2S)-H(2SB) 110.6 

H(2SA)-C(2S)-H(2SB) 108.7 

C(4S)-C(3S)-C(2S) 99.6(19) 

C(4S)-C(3S)-H(3SA) 111.8 

C(2S)-C(3S)-H(3SA) 111.8 

C(4S)-C(3S)-H(3SB) 111.8 

C(2S)-C(3S)-H(3SB) 111.8 

H(3SA)-C(3S)-H(3SB) 109.6 

C(3S)-C(4S)-O(1S) 106.0(19) 

C(3S)-C(4S)-H(4SA) 110.5 

O(1S)-C(4S)-H(4SA) 110.5 

C(3S)-C(4S)-H(4SB) 110.5 

O(1S)-C(4S)-H(4SB) 110.5 

H(4SA)-C(4S)-H(4SB) 108.7 
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Table B21. Crystal data and structure refinement for (MeN4*)NiIIIMe2. 

Identification code  l11014/lt/JS-072114-01 

Empirical formula  C18 H25 N4 Ni 

Formula weight  356.13 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P b c a 

Unit cell dimensions a = 14.2465(19) Å α = 90°. 

 b = 12.9539(17) Å β = 90°. 

 c = 18.915(3) Å γ = 90°. 

Volume 3490.7(8) Å3 

Z 8 

Density (calculated) 1.355 Mg/m3 

Absorption coefficient 1.116 mm-1 

F(000) 1512 

Crystal size 0.284 x 0.231 x 0.129 mm3 

Theta range for data collection 2.153 to 27.985°. 

Index ranges -17≤h≤18, -17≤k≤17, -24≤l≤24 

Reflections collected 45796 

Independent reflections 4197 [R(int) = 0.0607] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8621 and 0.7776 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4197 / 15 / 240 

Goodness-of-fit on F2 1.027 

Final R indices [I>2sigma(I)] R1 = 0.0314, wR2 = 0.0702 

R indices (all data) R1 = 0.0464, wR2 = 0.0772 

Extinction coefficient n/a 

Largest diff. peak and hole 0.445 and -0.346 e.Å-3 
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Table B22.   Bond lengths [Å] 

and angles [°] for 

(MeN4*)NiIIIMe2. 

Ni(1)-N(1)  1.9453(15) 

Ni(1)-C(18)  1.9593(18) 

Ni(1)-C(17)  1.965(2) 

Ni(1)-N(2)  1.9736(15) 

Ni(1)-N(4)  2.2329(16) 

Ni(1)-N(3)  2.2507(15) 

N(1)-C(5)  1.340(2) 

N(1)-C(1)  1.386(2) 

N(2)-C(8)  1.335(2) 

N(2)-C(12)  1.343(2) 

N(3)-C(15)  1.472(2) 

N(3)-C(6)  1.475(2) 

N(3)-C(7)  1.481(2) 

N(4)-C(14)  1.455(3) 

N(4)-C(16)  1.473(2) 

N(4)-C(13)  1.476(2) 

C(1)-C(14)  1.358(3) 

C(1)-C(2)  1.449(3) 

C(2)-C(3)  1.351(3) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.419(3) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.376(3) 

C(4)-H(4)  0.9500 

C(5)-C(6)  1.506(3) 

C(6)-H(6A)  0.984(11) 

C(6)-H(6B)  0.988(11) 

C(7)-C(8)  1.508(3) 

C(7)-H(7A)  0.975(11) 

C(7)-H(7B)  0.980(11) 

C(8)-C(9)  1.389(2) 

C(9)-C(10)  1.386(3) 

C(9)-H(9)  0.9500 

C(10)-C(11)  1.379(3) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.386(2) 

C(11)-H(11)  0.9500 

C(12)-C(13)  1.501(3) 

C(13)-H(13A)  0.984(11) 

C(13)-H(13B)  0.982(11) 

C(14)-H(14)  0.97(2) 

C(15)-H(15A)  0.9800 

C(15)-H(15B)  0.9800 

C(15)-H(15C)  0.9800 

C(16)-H(16A)  0.9800 

C(16)-H(16B)  0.9800 

C(16)-H(16C)  0.9800 

C(17)-H(17A)  0.9800 

C(17)-H(17B)  0.9800 

C(17)-H(17C)  0.9800 

C(18)-H(18A)  0.9800 

C(18)-H(18B)  0.9800 

C(18)-H(18C)  0.9800 

N(1)-Ni(1)-C(18) 94.03(7) 

N(1)-Ni(1)-C(17) 178.75(8) 

C(18)-Ni(1)-C(17) 85.49(9) 

N(1)-Ni(1)-N(2) 88.39(6) 

C(18)-Ni(1)-N(2) 177.58(7) 

C(17)-Ni(1)-N(2) 92.08(8) 

N(1)-Ni(1)-N(4) 81.31(6) 

C(18)-Ni(1)-N(4) 101.97(7) 

C(17)-Ni(1)-N(4) 99.92(8) 

N(2)-Ni(1)-N(4) 78.39(6) 

N(1)-Ni(1)-N(3) 78.27(6) 

C(18)-Ni(1)-N(3) 100.04(7) 

C(17)-Ni(1)-N(3) 100.67(8) 

N(2)-Ni(1)-N(3) 80.43(6) 

N(4)-Ni(1)-N(3) 150.83(6) 

C(5)-N(1)-C(1) 121.76(15) 

C(5)-N(1)-Ni(1) 121.02(12) 

C(1)-N(1)-Ni(1) 116.62(12) 

C(8)-N(2)-C(12) 120.75(15) 

C(8)-N(2)-Ni(1) 120.31(12) 

C(12)-N(2)-Ni(1) 118.94(12) 

C(15)-N(3)-C(6) 110.03(15) 

C(15)-N(3)-C(7) 110.68(14) 

C(6)-N(3)-C(7) 111.54(15) 

C(15)-N(3)-Ni(1) 114.67(12) 

C(6)-N(3)-Ni(1) 102.25(10) 

C(7)-N(3)-Ni(1) 107.42(11) 

C(14)-N(4)-C(16) 111.00(16) 

C(14)-N(4)-C(13) 111.78(15) 

C(16)-N(4)-C(13) 110.21(15) 

C(14)-N(4)-Ni(1) 104.19(11) 

C(16)-N(4)-Ni(1) 115.89(13) 

C(13)-N(4)-Ni(1) 103.47(12) 

C(14)-C(1)-N(1) 118.17(17) 

C(14)-C(1)-C(2) 125.68(17) 

N(1)-C(1)-C(2) 116.15(16) 

C(3)-C(2)-C(1) 120.35(17) 

C(3)-C(2)-H(2) 119.8 

C(1)-C(2)-H(2) 119.8 

C(2)-C(3)-C(4) 121.47(17) 

C(2)-C(3)-H(3) 119.3 

C(4)-C(3)-H(3) 119.3 

C(5)-C(4)-C(3) 116.52(17) 

C(5)-C(4)-H(4) 121.7 

C(3)-C(4)-H(4) 121.7 

N(1)-C(5)-C(4) 123.14(17) 

N(1)-C(5)-C(6) 112.72(15) 

C(4)-C(5)-C(6) 124.10(16) 

N(3)-C(6)-C(5) 110.74(15) 

N(3)-C(6)-H(6A) 110.8(13) 

C(5)-C(6)-H(6A) 110.6(13) 

N(3)-C(6)-H(6B) 105.5(12) 
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C(5)-C(6)-H(6B) 109.0(12) 

H(6A)-C(6)-H(6B) 110.1(17) 

N(3)-C(7)-C(8) 114.34(15) 

N(3)-C(7)-H(7A) 108.2(13) 

C(8)-C(7)-H(7A) 108.7(13) 

N(3)-C(7)-H(7B) 110.3(14) 

C(8)-C(7)-H(7B) 107.4(13) 

H(7A)-C(7)-H(7B) 107.8(19) 

N(2)-C(8)-C(9) 120.73(17) 

N(2)-C(8)-C(7) 117.04(15) 

C(9)-C(8)-C(7) 122.17(16) 

C(10)-C(9)-C(8) 118.99(17) 

C(10)-C(9)-H(9) 120.5 

C(8)-C(9)-H(9) 120.5 

C(11)-C(10)-C(9) 119.55(17) 

C(11)-C(10)-H(10) 120.2 

C(9)-C(10)-H(10) 120.2 

C(10)-C(11)-C(12) 118.88(18) 

C(10)-C(11)-H(11) 120.6 

C(12)-C(11)-H(11) 120.6 

N(2)-C(12)-C(11) 120.99(17) 

N(2)-C(12)-C(13) 114.78(16) 

C(11)-C(12)-C(13) 124.19(17) 

N(4)-C(13)-C(12) 110.82(15) 

N(4)-C(13)-H(13A) 112.0(13) 

C(12)-C(13)-H(13A) 110.8(14) 

N(4)-C(13)-H(13B) 107.0(13) 

C(12)-C(13)-H(13B) 108.7(13) 

H(13A)-C(13)-H(13B) 107.4(19) 

C(1)-C(14)-N(4) 119.55(17) 

C(1)-C(14)-H(14) 122.8(14) 

N(4)-C(14)-H(14) 117.3(14) 

N(3)-C(15)-H(15A) 109.5 

N(3)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 

N(3)-C(15)-H(15C) 109.5 

H(15A)-C(15)-H(15C) 109.5 

H(15B)-C(15)-H(15C) 109.5 

N(4)-C(16)-H(16A) 109.5 

N(4)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16B) 109.5 

N(4)-C(16)-H(16C) 109.5 

H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109.5 

Ni(1)-C(17)-H(17A) 109.5 

Ni(1)-C(17)-H(17B) 109.5 

H(17A)-C(17)-H(17B) 109.5 

Ni(1)-C(17)-H(17C) 109.5 

H(17A)-C(17)-H(17C) 109.5 

H(17B)-C(17)-H(17C) 109.5 

Ni(1)-C(18)-H(18A) 109.5 

Ni(1)-C(18)-H(18B) 109.5 

H(18A)-C(18)-H(18B) 109.5 

Ni(1)-C(18)-H(18C) 109.5 

H(18A)-C(18)-H(18C) 109.5 

H(18B)-C(18)-H(18C) 109.5 
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Appendix C 

 

Supplemental Reactivity Data  
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Table C1. Yields of the products of elimination from (TsMeN4)PdIIMe2 in saturated CD3OD with 

O2 at 20°C (average of 2 runs). 

 

Table C2. Yields of the products of elimination from (TsMeN4)PdIIMe2 in saturated CD3OD with 

O2 in the presence of TEMPO at 20°C. 

 

Table C3. Yields of the products of elimination from (TsMeN4)PdIIMe2 in d6-actone with 1 

equivalent of MeI at 20°C (average of 2 runs). 

Time, h Me-Me, % CH4, % CH3D, % (TsMeN4)PdIIMeI 

0.5 32±1 0 0 33±1 

1 49±2 0 0 50±4 

3 68±1 0 0 68±4 

5 79±8 0 0 73±10 

7 82±1 0 0 81±3 

9 84±2 0 0 83±3 

12 85±2 0 0 85±2 

15 87±2 0 0 89±2 

22 88±2 0 0 92±2 

24 89±2 0 0 93±3 

 

Table C4. Yields of the products of elimination from (TsMeN4)PdIIMe2 in d6-actone with 20 

equivalents MeI at 20°C. 

 

 

 

Time, h Me-Me, % CH4, % CH3D, % (TsMeN4)PdIIMe(OH) 

1 37+7 0.0 0.0 76+4 

2 42+1 0.0 0.0 81+1 

4 49+1 0.0 0.0 83+2 

Time, h Me-Me, % Me-H/D, % (TsMeN4)PdIIMe(OH) Me-TEMPO, % 

1 40 0 84 0 

2 50 0 88 0 

4 51 1 85 0 

Time, h Me-Me, % CH4, % CH3D, % (TsMeN4)PdIIMeI 

1 92 0 0 96 

2 99 0 0 98 
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Table C5. Yields of the products of elimination from (TsMeN4)PdIIMe2 in d6-actone with CD3I at 

20°C (average of 2 runs). 

 

Table C6. Yields of the products from the reaction of (tBuN4)NiII(o-PhF)Br with 1 equivalent of 

FcPF6  in d3-MeCN at RT. 

 1H NMR 19F NMR GC-FID 

Time, h o-FPhBr, % o-FPhBr, % o-FPhBr, % 

1 96   

2 97   

3  90  

20 97  92 

 

Table C7. Yields of the products from the reaction of [(tBuN4)NiIII(o-PhF)Br]PF6 in MeCN at RT. 

 GC-FID 

Time, h o-FPhBr, % 

20 86 

 

Table C8. Yields of the products of elimination from (MeN4)NiMe2 in d3-MeCN at RT. 

Time, h Me-Me, % Me-H/D, % 

1 3 0 

2 5 2 

4 8 3 

8 11 5 

24 15 18 

 

 

 

 

 

Time, h CH3-CH3, % CH3-CD3, % Me-H/D, % (TsMeN4)PdIIMeI 

1 17 ± 4 19 ± 5 0 34 ± 9 

2 24 ± 4 27 ± 12 0 50 ±12 

4 29 ± 5 45 ± 11 0 59 ± 13 

7 32 ± 2 50 ± 5 0 63 ± 7 

10 34 ± 4 57 ± 11 0 67 ± 12 

24 35 ± 4 63 ± 7 0 69 ± 10 
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Table C9. Yields of the products from the reaction of (MeN4)NiMe2 with 1 equivalent of FcPF6  in 

d3-MeCN at RT. 

Time, h Me-Me, % Me-H/D, % 

1 31 ± 3 5 ± 4 

2 36 ± 3 6 ± 6 

4 44 ± 4 10 ± 4 

8 56 ± 5 15 ± 4 

24 64 ± 1 31 ± 9 

 

Table C10. Yields of the products from the reaction of (MeN4)NiMe2 with 1 equivalent of AcFcBF4 

in d3-MeCN at RT. 

Time, h Me-Me, % Me-H/D, % 

0.5 35 ± 1 5 ± 1 

1 37 ± 2 5 ± 1 

2 43 ± 1 6 ± 1 

4 55 ± 1 8 ± 1 

8 67 ± 1 11 ± 2 

24 77 ± 3 20 ± 3 

 

Table C11. Yields of the products from the reaction of (MeN4)NiMe2 with 1 equivalent of AcFcBF4 

and 2 equivalents of TEMPO in d3-MeCN at RT. 

Time, h Me-Me, % Me-H/D, % 

0.5 34 1 

1 35 1 

2 41 1 

4 50 1 

8 65 2 

24 76 13 

 

Table C12. Yields of the products from the crossover of (MeN4)NiMe2 and (MeN4)Ni(CD3)2 with 

1 equivalent of AcFcBF4 in d3-MeCN at RT. 

Time, h Me-Me, % CD3-CH3, % [CD3-CD3], % Me-H/D, % 

0.5 14 ± 1 5 ± 1 16 1 ± 1 

1 15 ± 1 6 ± 1 16 1 ± 1 

2 17 ± 1 8± 3 18 2 ± 3 

4 20 ± 1 15 ± 4 20 4± 5 

8 25 ± 2 25 ± 2 17 11 ± 9 

24 26 ± 4 30 ± 11 21 18 ± 6 



195 

 

Table C13. Yields of the products from the crossover of (MeN4)NiMe2 and (MeN4)Ni(CD3)2 with 

1 equivalent of AcFcBF4 and 2 equivalents of TEMPO in d3-MeCN at RT. 

Time, h Me-Me, % CD3-CH3, % [CD3-CD3], % Me-H/D, % 

0.5 14 5 16 0 

1 14 5 18 0 

2 17 6 20 0 

4 21 13 21 1 

8 27 26 14 5 

24 29 38 10 15 

 

Table C14. Yields of the products from the reaction of (MeN4)NiMe2 with 2 equivalents of AcFcBF4 

in d3-MeCN at RT. 

Time, h Me-Me, % Me-H/D, % 

0.5 88 ± 1 1 ± 1 

1 89 ± 1 1 ± 1 

2 89 ± 1 1 ± 1 

4 89 ± 1 1 ± 1 

8 89 ± 1 1 ± 1 

24 90 ± 1 1 ± 1 

 

Table C15. Yields of the products from the reaction of (MeN4)NiMe2 with 2 equivalents of AcFcBF4 

and 2 equivalents of TEMPO in d3-MeCN at RT. 

Time, h Me-Me, % Me-H/D, % 

0.5 66 1 

1 68 1 

2 69 1 

4 73 1 

8 78 1 

24 80 1 

 

Table C16. Yields of the products from the crossover of (MeN4)NiMe2 and (MeN4)Ni(CD3)2 with 

2 equivalents of AcFcBF4 in d3-MeCN at RT. 

Time, h Me-Me, % CD3-CH3, % [CD3-CD3], % Me-H/D, % 

0.5 34 ± 10 6 ± 1 48 0 ± 1 

1 35 ± 10 4 ± 3 50 0 ± 1 

2 36 ± 9 6 ± 2 47 0 ± 1 

4 37 ± 7 6 ± 2 46 0 ± 1 

8 38 ± 4 9 ± 4 43 0 ± 1 

24 41 ± 3 10 ± 5 39 0 ± 1 
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Table C17. Yields of the products from the crossover of (MeN4)NiMe2 and (MeN4)Ni(CD3)2 with 

2 equivalents of AcFcBF4 and 2 equivalents of TEMPO in d3-MeCN at RT. 

Time, h Me-Me, % CD3-CH3, % [CD3-CD3], % Me-H/D, % 

0.5 27 6 56 0 

1 28 6 55 0 

2 30 8 51 0 

4 32 8 49 0 

8 35 11 44 0 

24 39 13 38 0 

 

Table C18. Yields of the products from the reaction of (MeN4)NiMe2 with 1 equivalent of CD3I in 

d3-MeCN at RT. 

Time, h Me-Me, % CD3-CH3, % Me-H/D, % 

0.75 9 8 2 

1 10 8 2 

2 17 10 2 

4 32 12 2 

8 48 12 2 

24 67 20 2 

 

Table C19. Yields of the products from the reaction of (MeN4)NiMe2 with 1 equivalent of CD3I 

and 2 equivalents of TEMPO in d3-MeCN at RT. 

Time, h Me-Me, % CD3-CH3, % Me-H/D, % TEMPO-CD3, % 

0.75 11 3 0 31 

1 15 8 2 32 

2 23 7 2 38 

4 37 10 3 54 

8 54 11 2 74 

24 70 8 3 85 

 

Table C20. Yields of the products from the reaction of (MeN4)NiMe2 with 2 equivalents CD3I in 

d3-MeCN at RT. 

Time, h Me-Me, % CD3-CH3, % Me-H/D, % 

4 25 13 2 

8 51 22 2 

24 66 27 1 
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Table C21. Yields of the products from the reaction of (MeN4)NiMe2 with 1 equivalent of FcPF6 

and 1 equivalent of CD3I in d3-MeCN at RT. 

Time, h Me-Me, % CD3-CH3, % Me-H/D, % 

4 37 7 1 

8 52 16 1 

24 67 21 0 

 

Table C22.  Yields of the products from the reaction of (MeN4)NiMe2 with 1 equivalents of CD3I 

and 2 equivalents of TEMPO in d3-MeCN at RT. 

 

 

 

 

 

 

 

Table C23. Yields of the products from the reaction of [(MeN4)NiIIIMe2]BPh4 in d3-MeCN at RT. 

Time, h Me-Me, % Me-H/D, % 

0.5 11 ± 4 6 ± 1 

1 14 ± 4 9 ± 2 

2 19 ± 3 10 ± 3 

4 31 ± 3 16 ± 6 

8 43 ± 4 21 ± 5 

24 54 ± 2 30 ± 1 

 

Table C24. Yields of the products from the reaction of [(MeN4)NiIIIMe2]BPh4 with 1 equivalent of 

AcFcBF4 in d3-MeCN at RT. 

Time, h Me-Me, % Me-H/D, % 

0.5 22 ± 3 1 ± 1 

1 25 ± 2 1 ± 1 

2 30 ± 3 1 ± 1 

4 38 ± 6 1 ± 1 

8 59 ± 1 1 ± 1 

24 84 ± 1 1 ± 2 

Product Structure Yield 

TEMPO-H 

 

7 

TEMPO-CD3 

 

84 
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Figure C1.  UV-Vis spectra of 0.50 mM solution of MeN4Ni(II)Me2 in MeCN reacted with 2 

equivalents of AcFcBF4 at -35°C.  The spectra are shown at different time points: A) Full reaction, 

B) Individual species, C) Oxidation Reaction, and D) Warming to RT. 

A B 

C D 
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Figure C2.  UV-Vis spectra of 0.50 mM solution of MeN4Ni(II)Me2 in MeCN reacted with 2 

equivalents of H2O2 at -35°C.  The spectra are shown at different time points: A) Full reaction, B) 

Individual species, C) Oxidation Reaction, and D) Warming to RT. 
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Figure C3. A) EPR monitoring of (MeN4)NiMe2 reacting with 1 equivalent of CD3I at RT over 24 

hours. B) EPR spectrum and simulation of reaction species at the 4 hour time point. The ratio of 

species A to species B at 4 hours is 9:1. Simulation used the following parameters: Species A) gx= 

2.2283, gy= 2.2100, gz= 2.0137 (AN = 14.30 G), Species B) gx= 2.2960, gy= 2.2398, gz= 2.0100 

(AN = 12.00 G). 
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Figure C4. A) EPR monitoring of (MeN4)NiMe2 reacting with 1 equivalent of Iodotoluene at RT 

over 24 hours. B) EPR spectrum and simulation of reactions species at 4 hour time point.  

Simulation used the following parameters: gx= 2.2283, gy= 2.2100, gz= 2.0137 (AN = 14.30 G). 
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Table C25.  Products and yields from the Kumada cross-coupling reactions of Iodotoluene and 

PhMgBr catalyzed by 5 mol % (MeN4)NiMe2 or [(MeN4)NiIIIMe2]BPh4. 

*Hexamethylbenzene was used as an internal standard.  Reaction Time: 1 hour. 

 

Table C26.  Products and yields from the Kumada cross-coupling reactions of Iodotoluene and 

MeMgCl catalyzed by 5 mol % (MeN4)NiMe2 or [(MeN4)NiIIIMe2]BPh4. 

*Hexamethylbenzene was used as an internal standard. Reaction Time: (MeN4)NiMe2 , 1hour; and 

[(MeN4)NiIIIMe2]BPh4,4 hours. 

 

Product Structure NiII Yield NiIII Yield 

Toluene 

 

23 18 

p-Xylene 

 

0 0 

Biphenyl 
 

27 24 

4-methyl-1,1’-biphenyl 
 

52 51 

4,4’-dimethylbiphenyl 
 

5 5 

Product Structure NiII Yield NiIII Yield 

Toluene 

 

8 7 

p-Xylene 

 

43 44 

Iodotoluene 

 

11 0 

4,4’-dimethylbiphenyl 
 

4 4 
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Table C27  Products and yields from the Kumada cross-coupling reactions of Chlorotoluene and 

PhMgBr catalyzed by 5 mol % (MeN4)NiMe2 or [(MeN4)NiIIIMe2]BPh4. 

*Hexamethylbenzene was used as an internal standard.  Reaction Time: 24 hours. 

 

Table C28.  Products and yields from the Kumada cross-coupling reactions of Chlorotoluene and 

MeMgCl catalyzed by 5 mol % (MeN4)NiMe2 or [(MeN4)NiIIIMe2]BPh4. 

*Hexamethylbenzene was used as an internal standard.  Reaction Time: 24 hours. 

 

 

Product Structure NiII Yield NiIII Yield 

Toluene 

 

11 5 

Chlorotoluene 

 

14 5 

Biphenyl 
 

22 23 

4-methyl-1,1’-Biphenyl 
 

42 71 

4,4’-Dimethylbiphenyl 
 

7 13 

Product Structure NiII Yield NiIII Yield 

Toluene 

 

2 2 

p-Xylene 

 

6 5 

Chlorotoluene 

 

46 48 

4,4’-Dimethylbiphenyl 
 

1 1 
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Table C29.  Products and yields from the Kumada cross-coupling reactions of Iodooctane and 

PhMgBr catalyzed by 5 mol % (MeN4)NiMe2 or [(MeN4)NiIIIMe2]BPh4.  

*Dodecane was used as an internal standard.  Reaction Time: 1 hour. 

 

Table C30.  Products and yields from the Kumada cross-coupling reactions of Iodooctane and 

MeMgCl catalyzed by 5 mol % (MeN4)NiMe2 or [(MeN4)NiIIIMe2]BPh4. 

*Dodecane was used as an internal standard.  Reaction Time: 1 hour. 

 

Product Structure NiII Yield NiIII Yield 

Toluene 

 

1 1 

Octene  11 6 

Octane  28 23 

Biphenyl 
 

40 37 

Octylbenzene 

 

4 5 

Hexadecane  12 13 

Product Structure NiII Yield NiIII Yield 

Octene  8 6 

Octane  40 27 

Nonane  7 6 

Hexadecane  2 1 
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Table C31.  Products and yields from the Kumada cross-coupling reactions of PhMgBr and 

(Bromomethyl)cyclopropane catalyzed by 5 mol % (MeN4)NiMe2. 

 

 

 

 

*Hexamethylbenzene was used as an internal standard.  Reaction Time: 3 hours. 

 

Table C32.  Yields of the products from the reaction of (tBuN4)NiMe2PF6 in d3-MeCN at 50°C. 

Time, h Me-Me, % Me-H/D, % 

2 23 ± 1 0 ± 1 

4 30 ± 1 0 ± 1 

6 35 ± 1 0 ± 1 

8 38 ± 1 1 ± 1 

24 46 ± 1 1 ± 1 

 

Product Structure Yield 

(Bromomethyl)cyclopropane 
 

15 

Toluene 

 

5 

3-phenyl-but-1-ene 

 

2 

4-phenyl-1-butene 
 

1 

1-phenyl-2-butene 

 

1 

2-methyl-1-phenylpropene 
 

2 

2-Methyl-3-phenyl-1-propene 
 

1 

Cyclopropylphenylmethane 
 

2 

Biphenyl 
 

37 
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Table C33.  Yields of the products from the reaction of (tBuN4)NiMe2PF6 and (tBuN4)Ni(CD3)2PF6 

in d3-MeCN at 50°C. 

Time, h Me-Me, % CD3-CH3, % Me-H/D, % 

2 12 ± 1 0 ± 1 0 ± 1 

4 16 ± 1 0 ± 1 0 ± 1 

8 20 ± 1 0 ± 1 0 ± 1 

24 25 ± 1 0 ± 1 1 ± 1 

 

Table C34.  Yields of the products from the reaction of (tBuN4)NiMe2PF6 with 2 eq TEMPO in d3-

MeCN at 50°C. 

Time, h Me-Me, % Me-H/D, % 

4 34 2 

8 42 2 

24 47 2 

 

Table C35.  Yields of the products from the reaction of (tBuN4)NiMe2 with O2 in d3-MeCN at 

50°C. 

Time, h Me-Me, % Me-H/D, % 

2 36 ± 4 0 ± 1 

4 46 ± 4 1 ± 1 

8 48 ± 3 5 ± 7 

24 48 ± 4 5 ± 7 

 

Table C36.  Yields of the products from the reaction of (tBuN4)NiMe2PF6 with 1 eq ThBF4 d3-

MeCN at 50°C. 

Time, h Me-Me, % Me-H/D, % 

1 50 0 

2 57 0 

4 62 0 

8 68 0 

24 81 0 

48 86 0 
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Table C37.  Yields of the products from the reaction of (tBuN4)NiMe2 with 1 eq FcPF6 d3-MeCN 

at 50°C. 

Time, h Me-Me, % Me-H/D, % 

1 34 0 

2 39 0 

4 51 0 

8 62 0 

24 68 0 

48 71 0 

 

Table C38.  Yields of the products from the reaction of (tBuN4)NiMe2 and (tBuN4)Ni(CD3)2 with 

1 eq FcPF6  in d3-MeCN at 50°C. 

Time, h Me-Me, % CD3-CH3, % Me-H/D, % 

2 31 0 10 

4 31 0 9 

7 30 0 8 

24 31 0 6 
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