
 
 

N-Heterocyclic Bisphosphine Ligands For Use In Nickel-Catalyzed 
C(sp2)-N Cross-Coupling 

 
 
 
 

by 
 
 
 
 
 

Alexandre V. Gatien 
 
 
 
 
 

Submitted in partial fulfilment of the requirements 
for the degree of Master of Science 

 
 
 
 

at 
 

 
 

Dalhousie University 
Halifax, Nova Scotia 

June 2018 
 
 
 

© Copyright by Alexandre V. Gatien, 2018 



ii 
 

Table of Contents 

List of Figures ................................................................................................................................. v 

List of Schemes .............................................................................................................................. vi 

Abstract ......................................................................................................................................... vii 

List of Abbreviations and Symbols Used .................................................................................... viii 

Acknowledgements ......................................................................................................................... x 

Chapter 1 - Introduction .................................................................................................................. 1 

1.1 Introduction to Catalysis ....................................................................................................... 1 

1.1.1 Overview ........................................................................................................................ 1 

1.2 Concepts in Ligand Design ................................................................................................... 1 

1.3 Evolution of Transition Metal-Catalyzed C(sp2)-N Cross-Coupling .................................... 2 

1.3.1 Development of Buchwald-Hartwig Amination............................................................. 3 

1.3.2 Mechanistic Considerations ............................................................................................ 4 

1.3.3 Premier Ligands for BHA ............................................................................................... 6 

1.3.4 Development of Nickel-Catalyzed C(sp2)-N Cross-Coupling ........................................ 7 

1.3.5 Mechanistic Considerations for Nickel-Catalyzed C(sp2)-N Cross-Coupling ............... 7 

1.3.6 Highly Effective Ligands for Nickel-Catalyzed C(sp2)-N Cross-Coupling ................... 8 

1.4 A New Approach to Ligand Design for Nickel-Catalyzed Aminations ............................... 9 

1.5 Overview of Thesis Work ................................................................................................... 11 

Chapter 2 - Application of NHP-Based Bisphosphines in Nickel-Catalyzed C(sp2)-N Cross-
Couplings ...................................................................................................................................... 13 
 

2.1 Contributions ....................................................................................................................... 13 

2.2 Introduction ......................................................................................................................... 13 

2.3 Results and Discussion ....................................................................................................... 15 

2.3.1 Ligand Synthesis and Characterization ........................................................................ 15 

2.3.2 Screening of Ligands L1-L6 in Nickel-Catalyzed C(sp2)-N Cross-Couplings ............ 16 

2.3.3 Nickel Coordination Chemistry .................................................................................... 18 

2.3.3.1 Coordination Chemistry of Nickel Dichlorides ......................................................... 18 

2.3.3.2 Coordination Chemistry of Nickel Pre-catalysts ....................................................... 20 

2.3.4 Scope of Reactivity Employing Precatalyst C1 ........................................................... 22 



iii 
 

2.3.4.1 Challenging Substrates Employing Precatalyst C1 ................................................... 24 

2.3.4.2 Electrophile Selectivity Employing Precatalyst C1 .................................................. 26 

2.3.5 Comparison of Different L2 and L7 Containing Nickel Precatalyst Systems ............. 27 

2.3.6 Computational Comparison of NHP-DalPhos (L2) and PAd-DalPhos (L7) ............... 28 

2.3.7 Experimental Investigation into the Reactivity of C3 .................................................. 30 

2.3.8 Computational Investigation into the Reactivity of C3 ................................................ 33 

2.3.9 Conclusions .................................................................................................................. 34 

2.4 Experimental Section .......................................................................................................... 35 

2.4.1 General Considerations................................................................................................. 35 

Chapter 3 - Development of 1,1-Bisdiazaphospholenyl Ferrocene Ligands for Nickel-Catalyzed 
C(sp2)-N Cross-Couplings ............................................................................................................ 46 
 

3.1 Contributions ....................................................................................................................... 46 

3.2 Introduction ......................................................................................................................... 46 

3.2 Results and Discussion ....................................................................................................... 47 

3.2.1 Ligand Synthesis........................................................................................................... 47 

3.2.2 Solid State Structures of Ligands ................................................................................. 49 

3.3 Conclusions ......................................................................................................................... 49 

3.4 Experimental Section .......................................................................................................... 50 

3.4.1 General Considerations................................................................................................. 50 

Chapter 4 – Conclusions and Future Work ................................................................................... 52 

4.1 General Conclusions ........................................................................................................... 52 

4.2 Future Work ........................................................................................................................ 52 

4.2.2 Chapter 2....................................................................................................................... 52 

4.2.3 Chapter 3....................................................................................................................... 53 

References ..................................................................................................................................... 55 

Appendix A – Supplementary Information..................................................................................... 1 

Catalytic Screening Results ........................................................................................................ 1 

Characterization of Cross-Coupling Products ............................................................................ 5 

Computational Data .................................................................................................................. 11 

Appendix References ................................................................................................................ 73 

Crystallographic Solutions and Refinement Details ................................................................. 74 



iv 
 

NMR Spectra ............................................................................................................................ 87 

Appendix B ................................................................................................................................. 132 

Copyright Permission .............................................................................................................. 132 

 

  



v 
 

List of Figures 

 
Figure 1: Blockbuster pharmaceuticals which can be made utilizing BHA methods .................... 3 

Figure 2: Premier ligands for palladium-catalyzed C-N cross-coupling reactions ........................ 6 

Figure 3: Premier ligands for nickel-catalyzed C(sp2)-N cross-coupling reactions ...................... 9 

Figure 4: Previously reported bidentate NHP-type ancillary ligands .......................................... 14 

Figure 5: Crystallographically determined structures of L1, L2, and L4 .................................... 16 

Figure 6: Single-crystal X-ray structures of (L2)NiCl2 and C1 .................................................. 20 

Figure 7: Single-crystal X-ray structures of C2 and C3. ............................................................. 22 

Figure 8: 31P{1H} NMR data for the stoichiometric experiments on the activation of C3 
employing toluene and 1 equivalent of COD. .............................................................................. 32 
 

Figure 9: 31P{1H} NMR data for the stoichiometric experiments on the activation of C3 
employing d8-toluene and no COD. .............................................................................................. 32 
 

Figure 10:Previously reported ferrocene containing ancillary ligands ........................................ 47 

Figure 11: Single-crystal X-ray structures of L9 and L10 .......................................................... 49 

 

 

  



vi 
 

List of Schemes 

 
Scheme 1: General catalytic cycle for palladium-catalyzed C(sp2)-N cross-coupling reaction ..... 5 

Scheme 2: Synthesis of the NHP-bisphosphines L1-L6 .............................................................. 15 

Scheme 3: Screening of ligands in nickel-catalyzed C(sp2)-N cross-couplings. .......................... 17 

Scheme 4: Nickel coordination complexes derived from L2 ....................................................... 19 

Scheme 5: Substrate scope for the cross-coupling of primary alkylamines and (hetero)aryl 
halides employing C1 as a pre-catalyst ........................................................................................ 23 
 

Scheme 6: Small nucleophilic amine substrates employing C1 as a catalyst .............................. 24 

Scheme 7: Bulky primary amine substrates employing C1 as a catalyst ..................................... 25 

Scheme 8: Primary amide substrates employing C1 as a catalyst. .............................................. 26 

Scheme 9: (Pseudo)halide competition study employing C1....................................................... 27 

Scheme 10: DFT study comparing (L2/L7)Ni species ................................................................ 30 

Scheme 11: Activation of C3 ....................................................................................................... 34 

Scheme 12: Synthesis of L9 and L10 via lithiation of ferrocene................................................. 48 

Scheme 13: Synthesis of L10 via P-cyclopentadienyl-substituted route ..................................... 48 

 

 

  



vii 
 

Abstract 

 
 Notwithstanding the utility of Buchwald-Hartwig Amination (BHA) technology, the cost 

and scarcity of palladium has prompted a move to base metal catalysis in recent years. Nickel has 

emerged as a prime candidate in this chemistry to compete with palladium, being both cheap and 

abundant. Amination chemistry with nickel is relatively unexplored, and the distinct electronic 

properties of nickel offer reactivity benefits over palladium when employing challenging phenol 

derived electrophiles. While ligand design requirements for BHA chemistry are well-understood, 

structure-reactivity trends for nickel counterparts are ill-defined, with few ligands capable of 

promoting these nickel-catalyzed cross-couplings. Following the establishment of PAd-DalPhos 

as the state-of-the-art ligand in challenging nickel-catalyzed amination reactions, we sought to 

build on this ortho phenylene bridged motif and explore new architectures encompassing a bulky, 

modestly electron-donating bisphosphine framework which would favour reductive elimination, 

the presumed rate-limiting step in the catalytic cycle.  

 My thesis work aims to explore the incorporation of N-heterocyclic phosphine fragments 

into bisphosphine ligand frameworks for application in nickel-catalyzed C(sp2)-N cross-coupling 

reactions. Notably, this thesis reports on the synthesis and catalytic application of a new family of 

ortho-phenylene bridged bisphosphine ancillary ligands featuring a sterically demanding NHP 

donor fragment paired with an adjacent PR2 donor group (R = alkyl or aryl), whereby the 

incorporation of phosphorus into either a saturated or unsaturated heterocyclic ring serves as a 

means of modulating the donicity of the NHP fragment. Screening the new ligands in 

representative nickel-catalyzed C(sp2)-N cross-coupling test reactions allowed for the 

identification of one variant, featuring a saturated NHP structure and an adjacent 

diphenylphosphino donor group (i.e., NHP-DalPhos), as being particularly effective in 

transformations of primary alkylamines. Application of the derived pre-catalyst (NHP-

DalPhos)NiCl(o-tolyl) enabled the typically challenging monoarylation of structurally diverse 

primary alkylamines with (hetero)aryl chlorides or bromides at room temperature. Within this 

thesis is also reported the synthesis and characterization of two 1,1-bisdiazaphospholenyl 

ferrocene ligands, featuring the privileged ferrocene backbone, for application in the nickel-

catalyzed amination of secondary amines and challenging N-heterocyclic nucleophiles.  
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Chapter 1 - Introduction  

1.1 Introduction to Catalysis 

1.1.1 Overview 

Transition metal-catalyzed cross-coupling reactions are ubiquitous in modern synthetic 

chemistry, enabling the assembly of complex molecular structures from easily procured starting 

materials.1 The activity of a metal catalyst is greatly influenced by its coordination sphere. In the 

majority of cases, the success of such metal catalysts hinges on the identification of an appropriate 

supporting ancillary ligand, an organic or main-group molecule which binds to the metal and alters 

the coordination sphere. When bound to a reactive metal of interest, the ancillary ligand can 

engender desired catalytic properties (e.g., activity, selectivity, etc.).2 Ancillary ligands help to 

control the steric and electronic properties of a metal complex and therefore its reactivity. Hence, 

the establishment of new ligands has enabled once challenging or inconceivable transformations, 

opening doors to alternative synthetic pathways with far-reaching applications in pharmaceutical, 

agrochemical and material sciences.3 For example, the industrial synthesis of the Parkinson’s drug 

L-DOPA was enabled through the use of chiral DIPAMP phosphine ligands allowing for the key 

rhodium-catalyzed enantioselective hydrogenation step to be achieved.4 Indeed, the importance of 

transition metal-catalyzed cross-coupling reactions was highlighted in the 2010 Nobel Prize to 

Richard F. Heck, Akira Suzuki, Ei-ichi Negishi for the development of palladium-catalyzed 

methodologies for carbon-carbon bond formation. 

1.2 Concepts in Ligand Design 

 A key parameter for controlling the metal coordination sphere is steric bulk. The size of a 

ligand has an impact on metal complex stability as well as reactivity. Ligands with appropriate 

steric hindrance can, for example, prevent unwanted dimerization of reactive low-coordinate 

intermediates, as well as increase selectivity by limiting access to the active metal site to specific 

substrates or geometric orientations.5 The importance of steric bulk is also well-established in 

cross-coupling reactions, whereby ligands with large steric encumbrance can aid in reductive 

elimination (R.E.), regenerating the active catalyst and turning over product.6 The most common 

methods for quantification of ligand steric parameters are ligand cone angles, whereby the angle 

between ligand substituents protruding from the metal at a fixed metal-donor atom length is 

determined. This metric provides a useful means of comparing the steric effect of substituents on 
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tertiary phosphine ligands.7 As well, percent buried volume (%Vbur), where the percent volume of 

a sphere of fixed radius occupied by the ligand is determined, offers an alternative description of 

the steric environment for non-conical ligands, such as N-heterocyclic carbene (NHC) ligands or 

Buchwald biaryl phosphines.8 Related to the notion of steric bulk is that of ligand bite angle, the 

angle between two donor atoms and the metal center. In a bidentate ligand, the backbone steric 

and geometric constraints may prevent binding at an ideal angle of 90°, which can have an impact 

on reactivity. For example, the larger than anticipated bite angle of XantPhos enables enhanced 

reactivity in Rh-catalyzed hydroformylation reactions.9 

 Ligands can also influence the electronic properties of a metal by interacting with metal d-

orbitals of appropriate symmetry and changing the electron density at the metal centre. For 

example, donation of electron density from a filled ligand orbital to an empty metal d-orbital to 

form a metal-ligand σ-bond will increase the electron density at the metal centre, thereby leading 

to more nucleophilic characteristics. Conversely, ligands with empty p-orbitals or π* orbitals can 

also accept electron density from a filled metal d-orbital of appropriate symmetry. This donation 

of electron density from metal to ligand orbitals, or π backbonding, leads to an increase in 

electrophilic character at the metal centre. The relative electronic effects of a ligand can be 

determined by comparing bond lengths in crystallographic data of structurally related complexes, 

as backbonding lengthens the bond trans to the metal-ligand bond. As well, the CO stretching 

frequency of metal carbonyl complexes of type LnM(CO)m, determined experimentally or 

computationally, can be used to quantify ligand electronic properties, and is referred to as the 

Tolman Electronic Parameter (TEP).7 

 Evidently, an appropriate balance of steric and electronic parameters is required to obtain 

desired catalytic reactivity from a transition metal complexes. This challenge lies at the core of 

ligand design in transition metal-mediated cross-coupling reactions. Of particular relevance to this 

thesis is the evolution of ligands for palladium catalyzed C(sp2)-N cross-coupling reactions, known 

as the Buchwald-Hartwig Amination (BHA). 

1.3 Evolution of Transition Metal-Catalyzed C(sp2)-N Cross-Coupling  

 The synthetic power of BHA technology lies in the ability to form arylamine C(sp2)-N 

bonds from widely available and inexpensive aryl (pseudo)halides and a broad range of nitrogen 

nucleophiles under mild conditions (e.g. room temperature, low catalyst loadings, etc.). Such 

protocols have found widespread academic and industrial applications in the development of 
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pharmaceuticals, materials and natural products.3, 5, 10 Traditional methods for the synthesis of 

arylamine C(sp2)-N bonds involved the nitration of arenes followed by reduction of the 

corresponding nitroarene to form the desired aniline, typically occurring under highly acidic 

conditions and thus severely limiting the substrate scope.11 Copper was the first transition metal 

used at the turn of the 20th century to catalyze C(sp2)-N bond formation and has a well-established 

history in C(sp2)-N cross-coupling chemistry, however the requirement of elevated reaction 

temperatures, in combination with relatively activated (hetero)aryl electrophiles (commonly 

bromides and iodides), can render such protocols less desirable relative to BHA.12  

 

 

Figure 1: Selection of blockbuster pharmaceuticals which can be made utilizing BHA methods.13 

 

1.3.1 Development of Buchwald-Hartwig Amination 

 Initial developments in modern palladium catalyzed C(sp2)-N cross-coupling reactions 

began in 1995 with independent reports from the Buchwald and Hartwig groups on the coupling 

of aryl bromides and secondary dialkyl and arylalkyl amines using P(o-tol)3 and other bulky 

triarylmonophosphines.14 Shortly thereafter, both groups independently reported the application 

of chelating bisphosphine ligands, DPPF and rac-BINAP, for use in second-generation catalysts 

for this chemistry, allowing a significant decrease in catalyst loadings and the ability to couple a 

small scope of primary alkylamines.15 Chelating bisphosphine ligands offer enhanced stability 

compared to their monophosphine counterparts, referred to as the chelate effect, and can enforce 

a cis geometry at the metal center, favouring productive elementary catalytic steps. Continued 

development of ligands for BHA led to the third generation of ligands, hindered monodentate 

phosphines, such as P(t-Bu)3
16 and biaryl dialkylphosphines,5, 17 and N-heterocyclic carbenes 

(NHCs),18 in which the steric bulk prevents unwanted side-reactions and whose electron-rich donor 
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atoms facilitate the oxidative addition of unactivated aryl electrophiles. This allowed for coupling 

of cheaper and more abundant aryl chlorides (cf. aryl bromides, iodides) as well as the use of 

milder conditions (e.g. room temperature, < 1 mol% loadings). Further advances in ligand design 

led to bulky and electron-donating species which aimed to stabilize the active low-coordinate 

palladium centre through a second donor atom,19 by blocking reactive sites with extreme steric 

bulk,20 or through interaction of the metal centre with the ligand arene backbone.21 This latest 

fourth generation of ancillary ligands combines the chelation benefits of the second generation 

ligands with the steric bulk and strong σ-donation abilities of the encumbered alkylphosphine 

ligands of the third generation,22 allowing for the broadest scope of electrophilic and nucleophilic 

partners to date under the mildest conditions thus far. These ligands include variants of the 

JosiPhos family,22-23 Buchwald biarylmonophosphines,3, 5 Mor-DalPhos10 and BippyPhos20, 24 (for 

ligand-specific reactions, vide infra).  

1.3.2 Mechanistic Considerations 

 Throughout the course of ligand development for BHA, mechanistic insights into the 

catalytic cycle have guided improvements in ligand design, allowing for new and ever more 

challenging transformations to be accomplished. Though the exact nature of elementary steps and 

their order can vary somewhat depending on the substrates and conditions involved, a general 

mechanistic picture has emerged involving a Pd(0)/Pd(II) cycle, as outlined in Scheme 1.14a 

Following the generation of a ligand-bound Pd(0) species, oxidative addition of the aryl halide 

substrate occurs, cleaving the carbon-halogen bond and generating a Pd(II) oxidative addition 

intermediate. A combination of amine binding and dehydrohalogenation by base affords a 

palladium (aryl)amido intermediate. From this intermediate, reductive elimination of the aryl and 

amido ligands leads to the formation of the C(sp2)-N bond and regenerates the ligand bound Pd(0) 

species.  
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Scheme 1: General catalytic cycle for palladium-catalyzed C(sp2)-N cross-coupling reaction 

 

 The ligands used in these transformations have a direct impact on the reaction. Mechanistic 

studies have established that the rate-limiting step in BHA chemistry is often the oxidative addition 

of the aryl (pseudo)halide bond, especially in the case of aryl chlorides.25 As such, electron-rich 

ligands, which enhance the electron density at the metal centre and increase the propensity for 

backbonding into the σ*C-X orbital, make the cleavage of the carbon-halide bond more facile. 

Indeed, the more electron-rich alkylphosphine and NHC ligands have found the most success in 

this chemistry.22 As well, steric bulk helps prevent unwanted side reactions, such as dimerization, 

in low-coordinate Pd0 species and has the additional benefit of promoting reductive elimination by 

pushing the aryl and amide ligands closer together.3, 5 It is worth noting that the electronic 

requirements for oxidative addition and reductive elimination are orthogonal; ligands can only be 

designed to favour one process or the other. Due to the rate-limiting oxidative addition (O.A.) step 

in BHA, electron-rich and sterically encumbered ligands have had the most success, which is 

clearly highlighted in the newest generation of ligands.  
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1.3.3 Premier Ligands for BHA 

 The current state-of-the-art ligands for palladium catalyzed C(sp2)-N cross-coupling 

reactions all incorporate steric bulk and electron rich alkylphosphine donor atoms. A selection of 

these are shown below in Figure 2. The JosiPhos ligand family, initially developed for 

enantioselective hydrogenations, has found widespread applicability in numerous cross-coupling 

reactions.22, 26 Notably, the CyPF-tBu variant has been used successfully as a fourth generation 

ligand for palladium catalyzed C(sp2)-N cross-couplings, enabling the monoarylation of ammonia 

in 2006,27 a challenging and highly desirable transformation, as well as the monoarylation of 

hydrazones, and a broad range of primary and secondary amines with < 50 ppm catalyst loadings 

in certain instances.22 Another highly successful bisphosphine ligand for this chemistry has been 

Mor-DalPhos, an electronic intermediate between the well-established JosiPhos and Buchwald 

monophosphine ligand families. Along with the monoarylation of ammonia and hydrazine, this 

ligand has enabled challenging oxidative additions, permitting the use of aryl tosylates 

electrophiles, and facilitates room temperature reactivity.10, 19 The highly modular bulky biaryl 

monophosphines developed by Buchwald make up an important segment of ligands developed for 

BHA. Varying the backbone has allowed for reaction-specific ligand tailoring. For example, the 

larger steric bulk of AdBrettPhos over BrettPhos allows for the monoarylation of ammonia, and 

can accommodate the coupling of weakly nucleophilic amides.3, 28 BippyPhos shares similar 

characteristics to the Buchwald ligand class and has been touted as an excellent ligand with general 

applicability in BHA. Indeed, its broad nucleophile scope includes monoarylation of ammonia and 

hydrazine, a range of primary and secondary amines, amides and derived sulfonamides, as well as 

the medicinally relevant indole motif.20  

 

  

Figure 2: Selection of premier ligands for palladium-catalyzed C-N cross-coupling reactions 
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1.3.4 Development of Nickel-Catalyzed C(sp2)-N Cross-Coupling 

Notwithstanding the utility of BHA, the relative scarcity and high cost of precious metals, 

including palladium, provides motivation for the development of alternative protocols employing 

base metal catalysis.29 From an industrial perspective, the challenges in obtaining bulk quantities 

of palladium provide further incentive for transitioning towards base metals. Though copper is 

well-established in C(sp2)-N cross-couplings (vide supra), limitations with respect to scope (e.g. 

aryl chlorides are typically ineffective) and harsh conditions make this a less attractive route 

relative to BHA. Conversely, nickel catalysis has emerged as a competitive alternative to 

palladium-based methods,26, 30 being significantly more abundant and less expensive than 

palladium. In addition, the enhanced propensity of nickel to engage in C(sp2)-X bond oxidative 

additions in typically less reactive (hetero)aryl chlorides31 or related phenol-derived electrophiles32 

makes nickel particularly well-suited to supplant palladium in C(sp2)-N cross-coupling 

applications, given the rate-limiting nature of oxidative additions in palladium cross-couplings. 

Nickel also has an established track-record in other cross-coupling reactions, such as Negishi,33 

Kumada,34 Mizoroki-Heck,26, 35 photoredox cross-couplings36 as well as shuttle catalysis.37 

The use of nickel catalysis in amination reactions had its debut in the 1950s, whereby the 

coupling of methylamine and chlorobenzene was examined briefly.38 The investigation of various 

nickel sources for amination reactions remained a relatively quiet field until the emergence of 

palladium aminations around the turn of the 21st century. In 1997 Wolfe and Buchwald reported 

the use of DPPF or 1,10-phenanthroline along with Ni(cod)2 to couple aryl chlorides with primary 

and secondary amines at elevated temperatures.39 Air-stable pre-catalyst variants were made, 

allowing for convenient in situ generation of the active metal species. This seminal work set the 

stage for modern developments in nickel catalyzed C(sp2)-N cross-coupling reactions, with a range 

of bisphosphine and NHC ligands allowing for mild reaction conditions, low catalyst loadings and 

challenging electrophiles such as electron-rich aryl chlorides and phenol derivatives to be 

successfully applied in cross-coupling reactions, competing with and in many cases surpassing the 

abilities of analogous palladium based catalyst systems.26, 40 

1.3.5 Mechanistic Considerations for Nickel-Catalyzed C(sp2)-N Cross-Coupling 

 As with the development of BHA, mechanistic studies for nickel-catalyzed amination 

initially lagged behind empirical advances in ligand application. A 2014 study by Hartwig on the 
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amination of aryl chlorides using a (BINAP)Ni(η2-NCPh) complex found that a similar mechanism 

to that invoked for BHA (Scheme 1) was operational, supporting a Ni(0)/Ni(II) catalytic cycle.41 

Kinetic experiments with activated aryl chlorides and alkylamines led to the conclusion that the 

oxidative addition step was rate limiting in this system. The lack of observed cyclized product 

using a radical clock experiment in a similar (JosiPhos)Ni(η2-NCPh) species was used to discount 

the possibility for a Ni(I)/Ni(III) cycle.42 Conversely, a 2015 mechanism study by Stewart on a 

related (BINAP)Ni[P(OPh)3]2 complex for C(sp2)-N cross-coupling of aryl halides and primary 

alkylamines found O.A. to be rapid and either transmetallation or R.E. to be the rate-limiting-

step.43 A more recent study by Nicasio on the amination of chloropyridines and indoles using the 

NHC precatalyst (IPr)Ni(η6-toluene) concluded that reductive elimination was rate-limiting in 

their system,44 highlighting the challenges in mechanism determination where changes in substrate 

and ligand can have a significant impact. Furthermore, the propensity for nickel to mediate single 

electron redox chemistry cannot be neglected, and there is growing evidence for parallel 

Ni(I)/Ni(III) cycle involving a rate-limiting oxidative addition step.45 Currently, the broadly 

accepted predominant mechanism is a Ni(0)/Ni(II) catalytic cycle similar to the BHA mechanism, 

with reductive elimination being the rate limiting step in the majority of studied cases.26, 34, 40, 46 

1.3.6 Highly Effective Ligands for Nickel-Catalyzed C(sp2)-N Cross-Coupling 

 Though the mechanism of nickel and palladium catalyzed C(sp2)-N cross-coupling 

reactions differ in certain respects, little effort has been put into designing ligands tailored to nickel 

catalysis. Indeed, the general research method for nickel catalyzed C(sp2)-N cross-couplings has 

been to repurpose ligands designed for analogous palladium chemistry, with inconsistent results. 

This is in part due to the smaller atomic radius and higher electropositive nature of nickel versus 

palladium.26, 30  Currently, bisphosphines such as DPPF39, 47 and JosiPhos CyPF-Cy32, 46, 47b as well 

as the NHC IPr40c, 48 represent top-tier ligands in nickel-catalyzed transformations (Figure 3). 

DPPF was used in the 1997 seminal report on nickel-catalyzed C(sp2)-N cross-coupling by Wolfe 

and Buchwald, allowing for the coupling of aryl chlorides with secondary alkylarylamines and 

alkylamines.39 Since then, DPPF has become a premier ligand for use with secondary cyclic and 

acyclic alkylamines as well as N-H containing heterocycles such as indole,47c a sought after 

substrate for its biological activity.49 The electrophile scope has also since been expanded to allow 

for the use of sulfamates, mesylates and triflates.47a The JosiPhos variant CyPF-Cy was used in the 

first monoarylation of ammonia with nickel in 2015,46 and can be used to couple a broad range of 
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primary alkylamines, including heterocyclic variants, at ambient temperatures.46, 47b Phenol-

derived carboxylate electrophiles such as sulfamates, carbamates and pivalates are also 

accommodated, increasing the versatility of this catalyst system.32 NHC ligands were first used in 

nickel amination reactions in 2001, with SIPr enabling the cross-coupling of aryl chlorides with 

secondary alkyl and arylamines as well as anilines at elevated temperatures.50 Since then, the 

substrate scope has been expanded to include ammonia surrogates, cyclic and acyclic amines, 

medicinally relevant N-heterocyclic motifs such as indole, as well as various pseudohalide 

electrophiles with the IPr40c, 48, 51 ligand framework. The use of π-allyl complexes as pre-catalysts 

have since allowed for room temperature reactivity using NHCs.51c  

 

Figure 3: Premier ligands for nickel-catalyzed C(sp2)-N cross-coupling reactions 

 

1.4 A New Approach to Ligand Design for Nickel-Catalyzed Aminations 

Despite the success of these ligands, ‘repurposing’ ligands developed for use with 

palladium in nickel chemistry has proven inconsistent. No clear ligand design trends for nickel 

C(sp2)-N cross-couplings  have emerged thus far, in contrast to the general trend of bulky and 

electron-rich ligands developed for palladium aminations (vide supra). Furthermore, no ancillary 

ligand design targeting nickel C(sp2)-N cross-couplings specifically had yet been reported by 2016. 

To address this deficiency, the Stradiotto group aimed to design ligands tailored to nickel, leading 

to the development of PAd-DalPhos40b for use more broadly in nickel-catalyzed C(sp2)-N cross-

couplings. Unlike the bulky and electron-rich ancillary ligands that are optimal in palladium-

catalyzed C(sp2)-N cross-couplings, it was envisioned that a sterically demanding but more 

modestly electron-donating ligand would be well-suited, given the propensity of nickel for 

oxidative addition of aryl halide bonds compared to palladium. Such ligands would also facilitate 

the presumptive turnover-limiting C(sp2)-N bond reductive elimination within a Ni(0)/Ni(II) 

catalytic cycle – an assertion which recently gained computational support.44-45 Therefore, a 
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phosphaadamantane fragment was strategically incorporated into the ligand framework to 

accomplish these goals, having the σ-donation ability comparable to that of a phosphite, yet the 

large steric bulk similar to that of P(tBu)2.
52  

PAd-DalPhos (Figure 3) has proven to be a highly effective ligand design for nickel 

amination chemistry. When complexed to nickel to form an air-stable pre-catalyst of type LNiCl(o-

tol), it has enabled a number of reactivity breakthroughs in challenging C(sp2)-N cross-

couplings.40b This ligand facilitated the first nickel-catalyzed room-temperature monoarylation of 

ammonia with aryl halides and pseudohalides, including sought-after mesylate electrophiles. The 

ability to use gaseous ammonia in these reactions makes this system attractive for scaling up to 

industrial needs. The room-temperature amination of challenging primary amines, such as methyl 

and ethylamine, was accomplished, as well as the first nickel catalyzed C(sp2)-N cross-coupling 

of primary amides and lactams using activated aryl electrophiles.53 A recent PAd-DalPhos variant, 

CyPAd-DalPhos, substituting cyclohexyl groups for the original ortho-tolyl substituents excelled 

in the nickel-catalyzed C(sp2)-N cross-coupling of cyclopropylamine at room-temperature,54 a 

pharmaceutically relevant motif for which few catalyst systems exist. Previous systems were 

limited to palladium catalysis of aryl bromides at room-temperature or aryl chlorides at elevated 

temperatures.55 These significant advances in the field enabled by the PAd-DalPhos motif 

highlights the benefit of designing ligands tailored to the specific needs of nickel in C(sp2)-N cross-

coupling reactions.  

 Since the development of the PAd-DalPhos ligand family, other notable advances in the 

field of ligand design for nickel have occurred. Though not directly related to C(sp2)-N cross-

coupling, the Doyle group reported in 2017 the development of new ligands for nickel-catalyzed 

Suzuki cross-coupling reactions.56 Motivated by the failure of repurposing ligands designed for 

analogous palladium chemistry, they used statistical models to quantify ligand steric and electronic 

properties, leading to the identification of new and successful ligands for nickel catalysis. A key 

metric developed was remote steric hindrance, whereby a large cone angle combined with low 

percent buried volume can be used in conjunction as a predictor for ligand success in Suzuki cross-

couplings. The idea of remote steric hindrance has the potential for far-reaching applications in 

ligand design for a broad range of nickel cross-coupling reactions, including C(sp2)-N cross-

coupling. Another method of ligand development for nickel, identified by the Weix group, 

involved screening a pharmaceutical compound library to find new nitrogen and oxygen 
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containing heterocycles for use in nickel-catalyzed cross-electrophile coupling.57 From an initial 

library of 2.8 million compounds, 31 new heterocyclic ligands were identified, vastly expanding 

the repertoire of known ligands for cross-electrophile couplings with minimal time and effort 

compared to traditional modular ligand design methodologies. Together, these studies highlight 

the success that tailored ligand design can have on nickel cross-couplings.  

1.5 Overview of Thesis Work 

 Transition metal-catalyzed cross-coupling reactions have revolutionized synthetic 

chemistry, enabling the facile generation of complex products under mild conditions. Among these 

cross-coupling reactions, the palladium-catalyzed Buchwald-Hartwig Amination has had a 

profound impact on the pharmaceutical industry, facilitating the formation of medicinally relevant 

C(sp2)-N bonds.3 Notwithstanding its utility, the cost and scarcity of palladium has motivated the 

development of cheap and abundant base metals as alternative catalysts for this chemistry. As 

outlined in the previous section, nickel has surged to the forefront as a viable replacement, allowing 

for competitive if not superior reactivity in C(sp2)-N cross-coupling reactions compared to 

palladium.26, 33, 40b, c, 46, 57-58 However, the mixed results from repurposing ligands designed for 

palladium in analogous nickel chemistry has prompted a drive to develop ligands tailored to the 

unique properties of nickel. Indeed, due to the well-established propensity of nickel to mediate 

challenging oxidative addition reactions,31 and the strong likelihood for reductive elimination to 

be the rate limiting step,43-45 bulky and modestly electron-donating ligands should be successful in 

this chemistry. To this point, the first ligand developed specifically for nickel, PAd-DalPhos, 

enabled the monoarylation of ammonia at room temperature, a first for the field.40b  

 It is obvious that continued advances in nickel-catalyzed C(sp2)-N cross-coupling 

chemistry relies on the development of new ligands to address challenges in the field. With this in 

mind and encouraged by the success of PAd-DalPhos, we turned our attention toward developing 

complementary and modular new classes of bisphosphines, so as to diversify the ancillary ligand 

‘toolkit’. Building on the successful use of diaminophosphine oxide-derived, saturated N-

heterocyclic phosphine (NHP) ancillary ligands in nickel-catalyzed C(sp2)-C(sp2) cross-couplings 

by Ackermann and co-workers,59 I became interested in developing ortho-phenylene bridged 

bisphosphine ancillary ligands in which a sterically demanding neutral NHP donor fragment is 

paired with an easily varied PR2 donor group (R = alkyl or aryl) for use in nickel-catalyzed C(sp2)-

N cross-coupling. These fragments are not widely explored, and so we became curious as to how 
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the donicity of this NHP moiety would compare to a traditional phosphine donor. The synthesis 

and characterization of these ligands and their nickel-bound pre-catalyst variants are described at 

the beginning of Chapter 2. The scope of C(sp2)-N cross-coupling reactions enabled by the pre-

catalyst system is described, and an experimental and computational comparison to the state-of-

the-art system PAd-DalPhos is discussed in the second half of Chapter 2.  

 In building on this work, I next turned my attention to developing an NHP variant of 1,1′-

bis(diphenylphosphino)ferrocene (DPPF), which has a well-established track record in nickel-

catalyzed C(sp2)-N cross-coupling chemistry.15b, 47b, c My next focus was to build on this motif and 

develop a bis-NHP containing variant in an attempt to address shortcomings in current C(sp2)-N 

cross-couplings mediated by DPPF. The synthesis and characterization of these new ligands are 

described in Chapter 3. As well, proposals for future work are detailed in Chapter 4, with 

concluding remarks provided in Chapter 5.  
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Chapter 2 - Application of NHP-Based Bisphosphines in Nickel-Catalyzed 

C(sp2)-N Cross-Couplings 

2.1 Contributions 

 This chapter describes the development of a new class of neutral NHP containing 

bisphosphines for use in the nickel-catalyzed C(sp2)-N cross-coupling of aryl halides with primary 

aryl and alkylamines at room-temperature. This project was completed in collaboration with 

Christopher Lavoie and Dr. Erin Johnson, who performed all the computational experiments found 

herein, Raymond Bennett, who assisted in the isolation of the substrate scope, and Dr. Robert 

McDonald and Dr. Michael Ferguson who conducted the crystallographic solutions and 

refinements. The author’s contributions consist of the synthesis and characterization of the new 

ligands, selection of a lead candidate through reaction screening, development and characterization 

of pre-catalysts, isolation and characterization of the substrate scope, stoichiometric experiments 

to probe catalyst activation, preparing the supplementary information and drafting the manuscript. 

This work is published in ACS Catalysis (DOI: 10.1021/acscatal.8b01005) 

2.2 Introduction 

 As outlined in Chapter 1 (vide supra), we aimed to build on the success of the PAd-DalPhos 

ligand framework through the incorporation of N-heterocyclic phosphine (NHP) fragments to 

generate sterically demanding bisphosphine ancillary ligands. This modular framework allows for 

the incorporation of phosphorus into either a saturated or unsaturated heterocyclic ring which could 

serve as a means of modulating the donicity of the NHP fragment, in keeping with N-heterocyclic 

carbene60 ancillary ligands.61 As well, the easily varied PR2 donor group (R = alkyl or aryl) allow 

for further tuning of the ligand steric and electronic parameters. The incorporation of bulky mesityl 

groups prevent dimerization while promoting reductive elimination, a common feature utilized in 

both NHP61-62 and NHC48, 63 ligands. To the best of our knowledge, no ancillary ligands of this 

type exist in the literature.  

 The NHP motif has featured prominently in other chemistry, such as the bidentate N-

heterocyclic phosphenium ligand (A) developed by Thomas and co-workers, for which the 

coordination chemistry with nickel is explored, though no catalytic applications are discussed.64 

An NHP-benzenesulfonato ancillary ligand (B) was utilized by Caporaso, Mecking, Göttker-

Schnetmann, and co-workers in palladium-catalyzed Mizoroki-Heck reactions involving 

acrylates,65 allowing for regioselective control to form the regioirregular 1,2-insertion product. 
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The air-stable diaminophosphine oxide-derived, saturated N-heterocyclic phosphine ligand 

framework (C) has also been successfully utilized by Ackermann in palladium-catalyzed C(sp2)-

C(sp2) Kumada couplings, enabling the use of aryl chlorides, fluorides and (a)cyclic alkenyl 

tosylates.59 As well, NHPs have previously been used for hydroboration,66 hydrophosphination,67 

and stoichiometric reductions,68 such as in the recent use of chiral diazaphospholenes for the 

asymmetric hydroboration of imines reported by Speed and co-workers in 2017.69  

 

Figure 4: Some previously reported bidentate NHP-type ancillary ligands, and the new NHP-
DalPhos ancillary ligand developed herein 

 

 Described below are the results of our synthetic and catalytic investigations of new ortho-

phenylene bridged NHP-bisphosphine ancillary ligands in the context of nickel-catalyzed C(sp2)-

N cross-coupling chemistry. This work establishes that the use of (NHP-DalPhos)NiCl(o-tolyl) 

(C1), featuring the new NHP-DalPhos ancillary ligand (Figure 4), enables the monoarylation of 

primary alkylamines and related ammonium salts with (hetero)aryl chlorides or bromides at room 

temperature – a reaction for which few effective nickel catalyst systems are known.40b, 41, 47b, 54 To 

complement this experimental work, the results of our comparative DFT analysis of nickel-

catalyzed primary alkylamine C(sp2)-N cross-coupling employing PAd-DalPhos or NHP-DalPhos 

are also presented. 
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2.3 Results and Discussion  

2.3.1 Ligand Synthesis and Characterization 

The targeted series of new saturated and unsaturated ortho-phenylene bridged NHP-

bisphosphines (L1-L6) was prepared as outlined in Scheme 2. In all cases ligands featuring 

sterically demanding N-mesityl groups on the NHP fragment were pursued in an effort to promote 

C(sp2)-N bond reductive elimination at nickel in cross-coupling applications. Cyclohexyl, phenyl, 

and ortho-tolyl substituents were incorporated as substituents on the adjacent phosphine donor 

fragment, to allow for the steric and electronic properties of the NHP-bisphosphine structure to be 

varied further (Scheme 2).  

 

Scheme 2: Synthesis of the NHP-bisphosphines L1-L6 

 

The new ligands L1-L6 were fully characterized on the basis of NMR spectroscopic and 

mass spectrometric data; restricted rotation of the bulky N-Mes groups is evident to various extents 

in the 1H and 13C{1H} spectra of L1-L6 at 300 K. In the case of L1, L2, and L4, the connectivity 

was confirmed on the basis of single-crystal X-ray data (Figure 5). Comparison of the geometrical 

parameters in these three structures revealed no systematic variation of either the P-N or P-C 

distances, or the angles at phosphorus, within the NHP fragment. While the heterocyclic C-N 

distances in L1 and L2 (~1.47 Å) are only modestly longer than those in L4 (~1.42 Å), as expected 

a much longer heterocyclic C7-C8 linkage is found in the saturated diazaphospholidine ligands 

(L1: 1.505(3) Å; L2: 1.517(3) Å) versus the unsaturated diazaphospholene (L4: 1.3307(18) Å).  
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 dd  

Figure 5: Crystallographically determined structures of L1 (left), L2 (middle), and L4 (right), 
represented with thermal ellipsoids at the 30% probability level. Selected hydrogen atoms are 
omitted for clarity. 

2.3.2 Screening of Ligands L1-L6 in Nickel-Catalyzed C(sp2)-N Cross-Couplings  

With the NHP-bisphosphines L1-L6 in hand, their utility in promoting the nickel-catalyzed 

C(sp2)-N cross-coupling of (hetero)aryl chlorides was evaluated in a preliminary screen employing 

Ni(COD)2/L precatalyst mixtures. In this regard, 1-chloronaphthalene (E1), 4-chlorobenzonitrile 

(E2), 3-chloroanisole (E3), and 5-chlorobenzo[b]thiophene (E4) were employed as representative 

ortho-substituted, para-substituted electron-poor, meta-substituted electron-poor, and heterocyclic 

test electrophiles, respectively, while furfurylamine (N1), morpholine (N2), and indole (N3) were 

employed as representative primary alkylamine, secondary cyclic dialkylamine, and heterocyclic 

NH reaction partners, respectively. Both PAd-DalPhos (L7)40b and DPPF (L8)39, 47a were screened 

alongside L1-L6, so as to provide a direct comparison to state-of-the-art ligands in nickel-

catalyzed C(sp2)-N cross-coupling. The reaction preferences exhibited by L1-L6 are summarized 

in Scheme 3; for full tabulated catalytic results, see Appendix Figures A1-A4.   
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Scheme 3: Screening of NHP-bisphosphine ligands in nickel-catalyzed C(sp2)-N cross-couplings. 
Results are estimated on the basis of calibrated GC data using dodecane as an internal standard. 

 

The results of the screen employing L1-L6 in the nickel-catalyzed C(sp2)-N cross-coupling 

of (hetero)aryl chlorides with furfurylamine (N1) suggests that these new NHP-bisphosphine 

ligands hold promise in such cross-couplings of primary alkylamines. Under the conditions 

employed, the performance of L2 (NHP-DalPhos) in particular was consistently competitive with, 

or superior to, both the other NHP-bisphosphines surveyed, as well as the highly effective PAd- 

DalPhos (L7).40b In many but not all cases, structurally analogous ancillary ligands featuring a 

saturated NHP moiety (L1-L3) out-performed analogous unsaturated variants (L4-L6) in the 

cross-coupling of E1-E4 with N1.70 Unlike L7, NHP-bisphosphines bearing a P(o-tolyl)2 donor 

fragment (i.e., L3 and L6) performed consistently worse than the other NHP-bisphosphine ligands 

examined herein as well as L7 in the monoarylation of N1, including generating the highest 

percentage of by-products resulting from dehydrohalogenation and other undesired off-cycle 

events. Such reactivity differences are likely the result of steric rather than electronic factors, given 

the similar σ-donor properties of PPh3 and P(o-tolyl)3.7 In turning our attention to cross-couplings 

involving morpholine or indole, the performance of DPPF (L8) was found to be superior to that of 

L1-L6 in all of the transformations examined; only in the particular pairing of 4-chlorobenzonitrile 

(E2) and indole (N3) did L2 and L6 offer competitive performance relative to L8. Collectively, 

the reactivity profile displayed by the NHP-bisphosphines reported herein, and L2 (NHP-DalPhos) 

in particular, in the nickel-catalyzed C(sp2)-N cross-coupling of amines is analogous to that of L7 

(PAd-DalPhos).47b 
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2.3.3 Nickel Coordination Chemistry  

 Having identified L2 as being a suitably effective ancillary ligand for use in the nickel-

catalyzed C(sp2)-N cross-coupling of primary alkylamines, we turned our attention to preparing 

derived nickel precatalysts of the type (L2)NiX(aryl). Such precatalysts are attractive in that they 

can provide direct access to (L2)Ni0 species under standard amination conditions in the absence 

of potential inhibition by COD,71 thereby enabling more mild reaction conditions (e.g. low 

loadings, room temperature, etc) to be employed.40a Given that the choice of X and aryl within 

LnNiX(aryl) can impact the stability and reactivity of such precatalysts,72 the synthesis of two 

variants was targeted: (L2)NiCl(o-tolyl) (C1) and (L2)NiBr(Mes) (C2).  

2.3.3.1 Coordination Chemistry of Nickel Dichlorides 

Initial synthetic efforts were directed toward the preparation of (L2)NiCl2 as a precursor to 

C1. Treatment of NiCl2(DME) with L2 afforded (L2)NiCl2 as an analytically pure orange solid in 

85% isolated yield (Scheme 4). The crystallographically determined structure of (L2)NiCl2 

(Figure 6) features a distorted square planar geometry at nickel, whereby the observed Ni-Cl 

interatomic distances of 2.2487(10) Å (trans to NHP) and 2.2073(10) Å (trans to the PPh2) suggest 

that the NHP is a stronger trans-directing group relative to the triarylphosphine moiety. Both of 

the Ni-P distances in (L2)NiCl2 are shorter than those in (L7)NiCl2, whereas the corresponding 

Ni-Cl distances in (L2)NiCl2 are modestly longer than those in (L7)NiCl2;40b this observation 

would appear to suggest that L2 binds nickel more tightly than does L7, despite the considerable 

steric demands of the NHP group in the former. With this in mind, and given the negligible 

difference in the Ni-P distances (Ni-NHP 2.1373(11) Å, Ni-PPh2 2.1263(10) Å), it is plausible that 

a shorter than expected Ni-NHP interaction in (L2)NiCl2 arises in part due to π-backbonding 

phenomena. While the crystal structure of a conceptually related (κ2-P,P)NiCl2 complex 

comprising a chelated neutral variant of A (Figure 4) featuring a P-Cl linkage has been reported 

by Thomas and co-workers,64 the bonding in this complex varies significantly from that observed 

in (L2)NiCl2. 
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Scheme 4: Nickel coordination complexes derived from L2 

With the goal of comparing the effect of backbone saturation and phosphine substituent on 

the nickel coordination chemistry, we were able to synthesize nickel dichloride complexes of L1, 

L4, and L6 through analogous methods to those employed for (L2)NiCl2. All three complexes 

exhibited a distorted square planar geometry at nickel, in keeping with (L2)NiCl2. In the saturated 

NHP backbone complexes, the Ni-Cl bond distance trans to the NHP was approximately the same 

in both (L1)NiCl2 (2.2366(5) Å) and (L2)NiCl2, whereas the Ni-Cl bond distance trans to the PR2 

moiety was slightly longer for (L1)NiCl2 (2.2334(5) Å), in keeping with the stronger donicity of 

the alkyl phosphine relative to the aryl phosphine substituent. The Ni-P distances for (L1)NiCl2 

(Ni-NHP 2.1380(6) Å, Ni-PCy2 2.1473(5) Å) were similar to those seen in (L2)NiCl2, albeit with 

a slight elongation in the Ni-PR2 bond rationalized by the increased steric bulk of the cyclohexyl 

substituent.7 In general, the unsaturated dichloride complexes, (L4)NiCl2 and (L6)NiCl2, exhibited 

slightly shorter Ni-Cl bonds trans to the NHP, at 2.2011(14) Å and 2.2193(9) Å, respectively. It is 

likely that this shortened Ni-Cl bond is caused by reduced σ-donation character of the unsaturated 

NHP, relative to the saturated variant. As well, both L4 and L6 bound dichlorides demonstrated 

an elongated Ni-PR2 bond compared to their saturated analogues, which may be caused by the 

reduced flexibility in the unsaturated NHP backbone preventing tighter binding to the nickel 

center. It is worthwhile to note that the Ni-NHP distance remains nearly constant in all nickel 
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dichloride complexes, with a slight elongation in the case of (L6)NiCl2 likely caused by the larger 

steric bulk of the ortho-tolyl substituents.  

 

Figure 6: Single-crystal X-ray structures of (L2)NiCl2 (left) and C1 (right), represented with 
thermal ellipsoids at the 30% probability level. Selected hydrogen atoms are omitted for clarity. 
Selected interatomic distances (Å) for (L2)NiCl2: Ni-P1 2.1373(11); Ni-P2 2.1263(10); Ni-Cl1 
2.2487(10); Ni-Cl2 2.2073(10). Selected interatomic distances (Å) for C1: Ni-P1 2.2010(7); Ni- 
P2 2.1217(7); Ni-Cl 2.1886(7); Ni-C51 1.949(3). 

2.3.3.2 Coordination Chemistry of Nickel Pre-catalysts   

While treatment of (L2)NiCl2 with (o-tolyl)MgCl under various conditions afforded the 

target complex C1 as the major product on the basis of 31P NMR data, the quantitative formation 

of C1 was achieved upon combination of L2 with (TMEDA)NiCl(o-tolyl),73 as outlined in Scheme 

4. Precatalyst C1 was thus obtained as an analytically pure yellow solid (98% yield), and was 

characterized by use of spectroscopic and X-ray crystallographic techniques (Figure 6). The 

solution 31P{1H} NMR spectrum of C1 (THF-d8, 300 K) features only two doublets (120.3 and 

57.0 ppm) in keeping with the existence of a single diastereomer in solution, while the 1H NMR 

spectrum of this complex features signals consistent with a C1-symmetric structure whereby Ni-

C(o-tolyl) bond rotation is apparently slow on the NMR timescale. A distorted square planar 

geometry is observed about nickel in the crystal structure of C1, with chloride positioned trans to 

the triarylphosphine moiety. While it is likely that a combination of steric and electronic factors 

contribute the observed cis-disposed NHP and chloride donors in C1, it is worth noting that in the 

corresponding PAd-DalPhos complex (L7)NiCl(o-tolyl), chloride is preferentially positioned 

trans to the phosphaadamantane group. In keeping with the stronger trans-directing character of 

an aryl group relative to chloride, the Ni-NHP distance in C1 (2.2010(7) Å) is significantly longer 
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than the related distance in (L2)NiCl2 (vide supra), whereas the Ni-PPh2 contact in C1 (2.1217(7) 

Å) is indistinguishable from that found in (L2)NiCl2. 

In the pursuit of C2, L2 was treated with NiBr2 as outlined in Scheme 4, thereby affording 

(L2)NiBr2 as an analytically pure red solid in 90% isolated yield. Subsequent exposure of 

(L2)NiBr2 to MesMgBr employing literature methods72b afforded what is tentatively assigned as 

a mixture (~10:1) of diastereomers of the target complex C2, along with approximately 10% of an 

additional by-product (C3), on the basis of 31P NMR data obtained from a sample of the crude 

reaction mixture. Although I have thus far been unable to obtain useful quantities of analytically 

pure C2 free of contamination by C3, X-ray crystallographic analysis (Figure 7) of a minute 

quantity of crystalline C2 confirmed the identity of this species as the distorted square planar 

complex (L2)NiBr(Mes), whereby the mesityl group is trans to the NHP fragment, and the Ni-P 

and Ni-C(aryl) distances are comparable to those found in C1. In one instance I was also 

fortuitously able to isolate a small quantity of crystalline C3, which was characterized on the basis 

of data obtained from 31P NMR, elemental analysis, and X-ray crystallographic experiments. 

Whereas the 31P NMR data allowed us to confirm the identity of this material as being the same 

as that formed as a by-product in the synthesis of C2 (i.e., C3, vide supra), the X-ray data obtained 

for C3 (corroborated by elemental analysis data) allowed for the identification of this species as a 

distorted square planar complex as arising from cyclometallation of an ortho-methyl of an NHP-

mesityl group, with net loss of mesitylene (Figure 7). The tridentate nature of the cyclometallated 

ancillary ligand in C3, along with the presence of a weakly trans-directing bromide ligand, results 

in C3 having the shortest Ni-NHP distance (2.0929(5) Å) amongst the complexes reported herein. 

Given the apparent complexities associated with the synthesis of C2, in moving forward we opted 

to employ C1 exclusively as a pre-catalyst. 
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Figure 7: Single-crystal X-ray structures of C2 (left) and C3 (right), represented with thermal 
ellipsoids at the 30% probability level. Selected hydrogen atoms are omitted for clarity. Selected 
interatomic distances (Å) for C2: Ni-P1 2.2220(7); Ni-P2 2.1305(7); Ni-Br 2.3091(4); Ni-C51 
1.950(3). Selected interatomic distances (Å) for C3: Ni-P1 2.0929(5); Ni-P2 2.1907(5); Ni-Br 
2.3668(3); Ni-C17 1.9921(17). 

 

2.3.4 Scope of Reactivity Employing Precatalyst C1 

Having prepared an appropriate precatalyst, the substrate scope enabled by use of C1 in 

the nickel-catalyzed N-arylation of primary alkylamines at room temperature was surveyed 

(Scheme 5). In keeping with our preliminary catalytic testing (Scheme 3), the cross-coupling of 

furfurylamine (N1) with electrophiles E1-E4 afforded the targeted monoarylation products 1a-1d 

in high isolated yield; 1-bromonaphthalene also proved compatible in this chemistry. In conducting 

the larger-scale cross-coupling of E1 and N1 using C1 (5.37 mmol E1), the desired product 1a 

was obtained in excellent yield (1.13 g, 94%). 
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Scheme 5: Substrate scope for the cross-coupling of primary alkylamines and (hetero)aryl halides 
employing C1 as a pre-catalyst. Conditions: NaO(t-Bu) (1.5-2 equiv), (hetero)aryl halide (1.0 
equiv), and amine (1.1 equiv), with isolated yields shown. a Estimated yield on the basis of 
calibrated GC data using dodecane as an internal standard. b Conditions: NaO(t-Bu) (2.5 equiv), 
(hetero)aryl halide (1.0 equiv), and ethylammonium chloride (1.2 equiv) at 80 ○C. 

A range of other (hetero)aryl halides were employed successfully, including those featuring 

ortho-substitution (1e, 1i), trifluoromethyl (1f), ether (1k), nitrile (1l), or ketone (1m) 

functionalities. Heterocyclic electrophiles also proved to be useful coupling partners, including 

those featuring benzothiophene (1d), pyridine (1e), quinoxaline (1g, 1h) and quinoline (1j) core 

structures. A diverse array of primary alkylamines were successfully coupled in the course of this 

reactivity survey, featuring benzylic (1j, 1k), allylic (1l), aliphatic (1m), and heteroaryl 

functionalities (1a-d, 1i). In the case of 1l, no rearrangement of the allylic fragment was seen. 

Small nucleophilic reagents were also transformed efficiently, using commercially available stock 
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solutions of methylamine and ethylamine to afford the monoarylated product exclusively (1e-g). 

In the case of 1e and 1f, the volatile nature of the cross-coupled product led to material loss while 

drying in vacuo; however, the high conversion achieved in these reactions was confirmed on the 

basis of GC analysis. The viability of using commercially available ammonium salts, which are 

more easily handled than their volatile liquid analogues, was also explored briefly. In this vein, the 

cross-coupling of ethylammonium chloride and 6-chloroquinoxaline leading to 1h was readily 

achieved, adding to the few known examples of nickel-catalyzed cross-coupling of 

alkylammonium salts.40b, 42, 54 Throughout the course of these cross-couplings employing C1 as a 

pre-catalyst, no undesired polyarylated species were detected as by-products. 

2.3.4.1 Challenging Substrates Employing Precatalyst C1 

Although the methodology described above was successful in the cross-coupling of many 

(hetero)aryl halides and amine nucleophiles, there were certain substrate classes which were 

particularly challenging in this chemistry, resulting in little to none of the desired C(sp2)-N cross-

coupled product. A selection of these products are shown below in Schemes 6-8. 

 

Scheme 6: Challenging small nucleophilic amine substrates employing 5 mol% C1 as a catalyst. 
Conditions: NaO(t-Bu) (2.5 equiv), (hetero)aryl halide (1.0 equiv), and ammonium salt (1.1 equiv) 
at 80 oC with estimated GC yields shown. a Reaction performed at 25 oC using 1.1 equiv of a 
methylamine stock solution. b Reaction performed at 80 oC using 1.1 equiv of a methylamine stock 
solution. c 2 mol% C1 used.  

 

 Though ammonium salts were found to be effective substrates in certain cases with C1 

(e.g. 1h), they were less reactive on average compared to the amine analogues (Scheme 6). 

Furthermore, both (L7)NiCl(o-tolyl)40b and (PhPF-tBu)Ni(η2-NCPh)42 have demonstrated 

superior reactivity to C1 with the same substrates under the similar conditions, with L7 allowing 

for the conversion of 2b in 81% isolated yield and the JosiPhos variant affording 2d in 84% 

isolated yield. The reduced yields may be a result of inhibition caused by the substrate counter ion, 

potentially in a similar fashion to the inhibitory effect of tosylate (vide infra). 
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 Bulky primary amines were another challenging substrate class when employing C1. The 

current state-of-the-art for the C(sp2)-N cross-coupling of bulky amines is still dominated by 

palladium catalysts,74 though some nickel-based examples have appeared in recent years, utilizing 

both bisphosphine75 and NHC76 ligand scaffolds. These allow for the cross-coupling of tert-

butylamine and adamantylamine at elevated temperatures, albeit often in only modest yields 

(~50%). Conversely, when using C1, increasing the steric bulk on the α-carbon or ortho position 

of arylamines led to significant decrease in conversion, with the bulkiest examples affording no 

product (2h, 2i), as shown in Scheme 7. A similar trend is seen with (L7)NiCl(o-tolyl). The 

inversely proportional relationship between reactivity and steric bulk of a substrate is likely due to 

the inability of the nucleophile to access the metal center, given the steric hindrance enforced by 

the NHP moiety.  

 

Scheme 7: Challenging bulky primary amine substrates employing 2 mol% C1 as a catalyst. 
Conditions: NaO(t-Bu) (1.5-2 equiv), (hetero)aryl halide (1.0 equiv), and amine (1.1 equiv), with 
estimated GC yields shown. a Reaction performed at 110 oC with 5 mol% C1. 

 

 In an attempt to build on the recent success of (L7)NiCl(o-tolyl) in the first nickel-

catalyzed C(sp2)-N cross-coupling of primary amides53 and develop a substrate niche for C1, I 

targeted substrates which had reported yields below 80% in the seminal publication.53 Though C1 

did demonstrate some activity towards primary amides (Scheme 8), it was significantly less 

effective than the L7 precatalyst for this class of substrates. The most successful substrates (2l, 

2m) had less bulky alkyl substituents on the α-carbon, potentially due to rate-limiting steric effects 

caused by the large NHP-DalPhos ligand. As well, no reactivity was noted with C1 when 

employing secondary amides, a challenging reaction for which only palladium variants exist at the 

time of writing.77  
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Scheme 8: Challenging primary amide substrates employing 2 mol% C1 as a catalyst. Conditions: 
K3PO4 (1.5 equiv), (hetero)aryl halide (1.0 equiv), and amide (1.1 equiv) at 90 oC, with estimated 
GC yields shown. a Reaction performed with 5 mol% C1. 

 

 In addition to the aforementioned substrate classes, a range of other nucleophiles were also 

unsuccessful when employing C1. Most notably the use of ammonia led to polyarylation as the 

major product instead of exclusive monoarylation observed with L7. This difference is potentially 

due to the nickel metal center being more accessible in the case of C1 compared to (L7)NiCl(o-

tolyl), allowing for amination of the product aniline to occur more readily. Certain substrates led 

to no appreciable turnover, such as in the case of hydrazine and related derivatives, a notoriously 

challenging substrate for which PAd-DalPhos is also ineffective. Indeed, only a handful of 

examples in palladium C(sp2)-N cross-coupling can utilize hydrazine and related derivatives.78 

Similar to secondary amides, Boc-protected amines afforded no turnover product, likely due to the 

poor nucleophilicity of the substrate. Protic functional groups were poorly tolerated, with the 

attempted cross-coupling of activated aryl chlorides with hydroxylamine, 4-aminophenol and 

glycine affording mainly starting material and dehydrohalogenation under forcing conditions. 

Variation in base, counterion, and base loading had no effect on product distribution. It is possible 

that an alkoxide forms and preferentially binds to the metal center, preventing turnover or leading 

to catalyst decomposition. Urea and related derivatives led to no appreciable turnover, potentially 

limited by the ability of the substrate to form N,O-chelated ureates,79 limiting productive catalysis. 

Finally, electron-rich electrophiles were unsuccessful with C1 in comparison to (L7)NiCl(o-tolyl), 

with the C(sp2)-N cross-coupling of 4-chloroanisole and furfurylamine yielding 45% and 85% 

product, respectively.  

2.3.4.2 Electrophile Selectivity Employing Precatalyst C1 

To gain some preliminary insights into the electrophile reactivity preferences of C1, I 

conducted a (pseudo)halide competition study using limiting furfurylamine (N1). An aryl chloride, 

bromide, and tosylate were compared under standard reaction conditions, with substituents on the 
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aryl moiety bearing similar steric and electronic characteristics so as to focus solely on the inherent 

reactivity behavior of the (pseudo)halide electrophile (Scheme 9). In competitions involving an 

aryl chloride and an aryl bromide, a 2:1 preference for the bromide electrophile was observed, with 

full conversion of furfurylamine. When an aryl chloride and an aryl tosylate were compared, a 3:1 

preference for the chloride was noted, although a significant decrease in overall product formation 

was found. The same trend was seen in the competition of an aryl bromide and an aryl tosylate, 

with a 20:1 preference for the bromide. Collectively, these results highlight the potential inhibitory 

effect of aryl tosylates (and possibly sulfonates more generally) on C1, a phenomenon that has 

been observed in our previous studies involving CyPAd-DalPhos in nickel-catalyzed C(sp2)-N 

cross-couplings.54 

 

Scheme 9: (Pseudo)halide competition study employing C1. Reported product distributions and 
total conversions to 1n and 1o estimated on the basis of calibrated GC data. 

 

2.3.5 Comparison of Different L2 and L7 Containing Nickel Precatalyst Systems 

Although for convenience I opted to employ 5 mol% C1 in the substrate scope exploration 

presented in Scheme 5, I became interested in examining if lower loadings, and/or alternative 

nickel precatalysts featuring L2, might be effective in such transformations. Moreover, I sought to 

learn more about the relative reactivity behavior of (L)NiCl(o-tolyl) precatalysts (L = L2, NHP-

DalPhos; L = L7, PAd-DalPhos). In studying the cross-coupling of 5-chlorobenzo[b]thiophene 

(E4, 1 equiv) and furfurylamine (N1, 1.1 equiv) to give 1d as a test reaction (2 equiv NaO(t-Bu), 

toluene, 16 h, 25 ˚C), quantitative conversion to 1d was achieved by use of 2 mol% C1. In using 

(TMEDA)NiCl(o-tolyl)/L2 mixtures under analogous room temperature conditions, high (~85%) 
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but incomplete conversion to 1d was detected, and no conversion to product was achieved by use 

of (TMEDA)NiCl(o-tolyl) alone. The finding that the addition of TMEDA (1 equiv) to C1 did not 

inhibit room temperature catalysis suggests that the inferior performance of (TMEDA)NiCl(o-

tolyl)/L2 mixtures under these conditions is likely attributable to incomplete formation of C1 in 

situ. While clean conversion to 1d was also achieved with (L7)NiCl(o-tolyl) under the test 

conditions, the use of either (L2)NiCl2 or Ni(COD)2/L2 mixtures (2 mol% Ni) in the presence or 

absence of PhBPin as an activator45 afforded ≤10 % conversion to 1d, thereby establishing the 

inferiority of such catalyst systems. Upon lowering the loading of C1 to the 1 mol% level, only 

40% conversion to 1d (50% in the presence of 1 equiv PhBPin) was achieved; conversely, >90% 

conversion to 1d was achieved by use of (L7)NiCl(o-tolyl) (1 mol%), in keeping with our previous 

reports.40b, 45 In an effort to learn more about the relative activity of catalysts generated from 

(L)NiCl(o-tolyl) (L = L2 or L7), I elected to monitor the room temperature cross-coupling of 3-

chloroanisole (E3, 1 equiv) and furfurylamine (N1, 1.1 equiv) to give 1c. Under the test conditions 

employed (2 mol% Ni, 2 equiv NaO(t-Bu), toluene, 25 ˚C), quantitative conversion to 1c was 

achieved after 0.25 h with (L7)NiCl(o-tolyl), at which time-point <20% conversion to 1c was 

observed when using (L2)NiCl(o-tolyl) (C1); 1.5 h was required in order to achieve full conversion 

to 1c when using C1 under these conditions, in the absence of an observable induction period. 

Collectively, these experiments reaffirm the particular utility of employing (L)NiCl(o-tolyl) 

precatalysts40a in C(sp2)-N cross-coupling applications. While in head-to-head reactivity 

comparisons PAd-DalPhos (L7) was found to out-perform NHP-DalPhos (L2) to a modest extent, 

the catalytic performance of C1 establishes L2 as being a member of a small subset of ligands 

(along with PAd-DalPhos40b and CyPAd-DalPhos54) that have proven capable of enabling the 

nickel-catalyzed monoarylation of primary alkylamines with (hetero)aryl chlorides at room 

temperature with broadly useful scope. 

2.3.6 Computational Comparison of NHP-DalPhos (L2) and PAd-DalPhos (L7) 

To understand more fully the behavior of L2 versus L7 in nickel-catalyzed C(sp2)-N cross-

coupling chemistry, one potential reaction pathway within a presumptive Ni0/NiII cycle45 for the 

cross-coupling of chlorobenzene and furfurylamine (N1) to yield N-phenyl-furanmethanamine 

(1p) was modelled via density functional theory (DFT) calculations (Scheme 10). The B3LYP-

XDM80 method and the 6-311+G(2d,2p) basis set were used, which are well-suited for calculating 

3d transition metal-ligand binding energies.80d The geometry optimizations and frequency 
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calculations were performed with a smaller, mixed basis set, and frequencies were used to assign 

stationary points as either minima (no imaginary frequencies) or transition states (one imaginary 

frequency). The following steps were modeled: (i) arene exchange between (L)Ni(η2-toluene) (IN- 

1) and chlorobenzene to afford (L)Ni(η2-PhCl) (IN-2); (ii) C-Cl oxidative addition to give 

(L)Ni(Ph)Cl (IN-3) via TS-1; (iii) reaction with furfurylamine and tert-butoxide to give 

(L)Ni(Ph)(NH(CH2-furyl)) (IN-4); (iv) C-N reductive elimination to afford (L)Ni(η2-N-phenyl-

furanmethanamine) (IN-5) via TS-2; and (v) arene exchange from IN-5 to regenerate IN-1 and 

liberate N-phenyl-furanmethanamine product (1p). 

Exchange of toluene for chlorobenzene in the conversion of IN-1 to IN-2 is modestly 

exergonic for both L2 (-1.5 kcal mol-1) and L7 (-3.5 kcal mol-1). Consistent with the view that C-

Cl bond oxidative addition of chloroarenes to phosphine supported P2Ni0 complexes is relatively 

facile,26, 30, 33, 45 the free-energy activation barriers for chlorobenzene oxidative addition (via TS-

1) were found to be small (L2: 7.7 kcal mol-1, L7: 7.2 kcal mol-1), and the formation of IN-3 from 

IN-2 is highly exergonic (L2: -24.0 kcal mol-1, L7: -26.1 kcal mol-1). Owing to the lack of clarity 

involving the role of the base, location of a transition state leading to the formation of IN-4 was 

not attempted. Nonetheless, the reaction was found to be exergonic for both ligands (L2: -11.7 

kcal mol-1, L7: -11.4 kcal mol-1). The C-N reductive elimination to afford IN-5 is exergonic for 

both L2 (-8.8 kcal mol-1) and L7 (-6.1 kcal mol-1) pathways. However, it is notable that the L2 

derived pathway (19.2 kcal mol-1) suffers from a comparatively higher barrier to C-N reductive 

elimination (via TS-2) versus the L7 based pathway (16.0 kcal mol-1), which may in part form the 

basis of the superior reactivity of L7 versus L2 in room temperature N-arylations of furfurylamine 

(vide supra) within a putative Ni0/NiII cycle.45 Indeed, when conducting the cross-coupling of 

chlorobenzene and furfurylamine (N1) using 1 mol% of C1 or (L7)NiCl(o-tolyl) at room 

temperature under experimental conditions outlined in Scheme 5, 70% conversion to N-phenyl-

furanmethanamine 1p was observed after only 1 h with (L7)NiCl(o-tolyl); conversely, in using C1 

only 30% of the desired product 1p was obtained under such conditions (with the remainder being 

unreacted starting materials). To complete the cycle, IN-1 is regenerated via arene exchange of 

bound 1p by toluene, the overall reaction of which is approximately thermoneutral (L1: -0.6 kcal 

mol-1, L2: 0.6 kcal mol-1). 
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chlorobenzonitrile (E2) with allylamine, with both C1 and C3 generating the desired product 1a 

and 1l in >95% and 70% yield, respectively. Conversely, both precatalysts struggled with 3-

chloroanisole (E3) and sec-butylamine, with < 20% conversion for both systems. Given the 

structural differences between the two complexes, I became intrigued as to how the 

cyclometallated species C3 could activate in situ. In an attempt to gain a better understanding of 

this activation process, I performed a series of stoichiometric studies with C3, monitoring three 

reaction variants using 31P{1H} NMR. Firstly, only base was added to C3 (A). In the second 

reaction base and furfurylamine were added (B), and in the third reaction base, furfurylamine and 

1-chloronaphthalene were added to the reaction vessel (C). These reactions were performed with 

and without COD (Figure 8 and Figure 9, respectively), in an attempt to trap any potential 

intermediates generated.  

 For variant A, both reactions with and without COD show the same shifts in the 31P{1H} 

NMR; residual starting material and a new pair of peaks at 148 ppm and 21 ppm, albeit with 

different relative intensities. The new shifts at 148/21 ppm are likely due to displacement of the 

bromide by tert-butoxide, generating a nickel alkoxide species consistent with IN-13 (Scheme 

11). These do not correspond to a (L2)Ni(COD) complex since the 31P{1H} shifts of a control 

experiment mixing L2 and Ni(COD)2 to generate the putative (L2)Ni(COD) were not seen 

throughout the course of the stoichiometric investigations. In the second set of reactions (B) 

involving amine and base, the presumed nickel alkoxide shifts were once again noted, as were two 

new pairs of shifts corresponding to a putative amine bound nickel species consistent with IN-8 

(Scheme 11), at 151/40 ppm and 153/39 ppm. Only the shifts at 151/40 ppm are seen in the COD 

containing reaction and as such this is tentatively assign this as the nickel amido species IN-8, with 

153/39 ppm corresponding to the η2-imine species, unseen in the COD reaction due to the potential 

for displacement by the alkene. In variant C, no shifts corresponding to nickel alkoxide, amido or 

η2-imine species are seen. In both cases only new shifts are noted, which likely correspond to 

intermediates in the catalytic cycle, with significantly more shifts noted in the case of the COD 

free reaction. As well, the different ratios of product distribution between the two reactions, COD 

containing and COD free, are likely due to inhibition by COD, though the exact mechanism of this 

is unclear. As well, the possibility for NMR silent products to be generated cannot be discounted, 

and any future mechanistic investigations should account for this. Unfortunately, I was unable to 

isolate and fully characterize any individual species generated throughout the course of the 
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stoichiometric studies, leading us to undertake alternative methods to probe the activation 

pathway.  

 

Figure 8: 31P{1H} NMR data for the stoichiometric experiments on the activation of C3 employing 
toluene and 1 equivalent of COD.  Reaction A performed with 2 equivalents of NaO(t-Bu). 
Reaction B performed with 2 equiv. NaO(t-Bu) and 1 equiv furfurylamine. Reaction C performed 
with 2 equiv. NaO(t-Bu), 1 equiv furfurylamine and 1 equiv 1-chloronapthalene.  

 

Figure 9: 31P{1H} NMR data for the stoichiometric experiments on the activation of C3 employing 
d8-toluene and no COD.  Reaction A performed with 2 equivalents of NaO(t-Bu). Reaction B 
performed with 2 equiv. NaO(t-Bu) and 1 equiv furfurylamine. Reaction C performed with 2 
equiv. NaO(t-Bu), 1 equiv furfurylamine and 1 equiv 1-chloronapthalene.  
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2.3.8 Computational Investigation into the Reactivity of C3 

We then undertook computational studies to model the activation of C3. Presumably C3 

navigates to a common LnNi0 intermediate accessed by C1, given their similar reactivity profiles 

(vide supra). The first activation pathway considered involves reaction of furfurylamine and tert-

butoxide to yield IN-8, followed by C(sp3)-N reductive elimination to form an N-coordinated IN-

9 species. While formation of IN-8 was calculated to be quite favorable (Grel = -11.3 kcal mol-1, 

Hrel = -15.4 kcal mol-1), the Csp3-N reductive elimination to form IN-9 was both endergonic (Grel 

= +6.0 kcal mol-1) and endothermic Hrel = +6.4 kcal mol-1). Furthermore, decoordination of the 

furfurylamine bound mesityl side arm to open up a coordination site (IN-10) for starting material 

complexation is severely disfavored (Grel = +18.6 kcal mol-1, Hrel = +15.2 kcal mol-1), thus it is 

unlikely such an activation pathway is responsible for the observed activity of C3. Alternatively, 

IN-8 could undergo β-hydride elimination to form IN-11, followed by C(sp3)-H reductive 

elimination to restore the original framework of L2 and yield an η2-fufurylimine Ni species IN-

12, which could access the same IN-2 intermediate proposed for the L2 derived pathway (Scheme 

11) via dissociation of fufurylimine.  

Formation of IN-12 was calculated to be quite favorable relative to IN-8 (Grel = -13.7 kcal 

mol-1, Hrel = -12.4 kcal mol-1), thus an activation pathway involving β-hydride elimination and 

subsequent C(sp3)-H reductive elimination may be responsible for the formation of catalytically 

active species starting from C3. Finally, based on spectroscopic analysis of stoichiometric 

reactions involving C3, which implicated the formation of tert-butoxy intermediates, we 

considered the possibility of accessing IN-8 via initial reaction with tert-butoxide to form IN-13, 

followed by reaction with furfurylamine. Reaction with base to form IN-13 is exergonic (Grel = -

18.0 kcal mol-1) and exothermic Hrel = -12.8 kcal mol-1), and reaction with furfurylamine to form 

IN-8 was only slightly disfavored (Grel = +1.5 kcal mol-1, Hrel = +2.5 kcal mol-1), thus it is possible 

that C3 activates via multiple pathways that both involve IN-8, and avoiding the formation of tert-

butoxy intermediates such as IN-13 could lead to more productive catalysis. 
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or bromides to be achieved – a typically challenging class of reactions for which only PAd-

DalPhos, L740b and CyPAd-DalPhos54 have proven capable with broadly useful scope. In 

comparing the catalytic behavior of L2 and L7 in such transformations, nickel catalysts derived 

from the latter were found to out-perform the former to a modest extent on the basis of the catalyst 

turnover number and frequency; this trend can be attributed in part to a larger barrier to C(sp2)-N 

bond reductive elimination in the case of L2, as evidenced by the results of our DFT computational 

studies reported herein. In addition to establishing for the first time the utility of NHP-derived 

bisphosphines in challenging nickel-catalyzed C(sp2)-N cross-couplings, the work presented 

herein contributes toward advancing our understanding of the key design parameters associated 

with the rational development of ancillary ligands for such synthetically useful transformations. 

2.4 Experimental Section 

2.4.1 General Considerations 

Unless otherwise indicated, all experimental procedures were conducted in a nitrogen-

filled, inert-atmosphere glovebox using oven-dried glassware and purified solvents, with the 

exception of the workup of catalytic reaction mixtures which was conducted on the bench-top in 

air using unpurified solvents. Toluene and pentane were purged with nitrogen and passed through 

a double-column purification system containing alumina and copper-Q5 reactant. Diethyl ether 

and tetrahydrofuran (THF) were dried over Na/benzophenone and distilled under a nitrogen 

atmosphere. Dichloromethane (DCM) and acetonitrile were purged with nitrogen, while 

deuterated NMR solvents were freeze-pump-thaw degassed three times. In all cases, solvents 

purified as outlined above for use within the glovebox were stored over activated 4 Å molecular 

sieves in bulbs fitted with Teflon taps for a minimum of 24 h prior to use. 2-Chloro-1,3-dimesityl-

1,3,2-diazaphospholidine,81 2-bromo-1,3-dimesityl-1,3,2-diazaphospholene,82 and 4-butylphenyl 

tosylate54 were prepared according to established literature procedures. Otherwise, all other 

solvents, reagents, and materials were used as received from commercial sources. Flash 

chromatography was carried out on silica gel using Silicycle SiliaFlash 60 silica (particle size 

40−63 μm; 230−400 mesh), with the exception of the large-scale synthesis of 1a, where automated 

flash chromatography was carried out on a Biotage Isolera One automated flash purification 

system using 100 g Biotage SNAP KP-SIL (particle size 30−90 μm) with a gradient of 2−8−2 

column volumes and a flow rate of 40 mL/min. Unless otherwise indicated, NMR spectra were 

recorded on a Bruker AV 300 MHz or Bruker AV 500 MHz spectrometer at 300 K, with chemical 
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shifts (in ppm) referenced to residual protio solvent peaks (1H), deuterated solvent peaks 

(13C{1H}), or external 85% H3PO4 (31P{1H}). Splitting patterns are indicated as follows: br, broad; 

s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. All coupling constants (J) are reported in 

hertz (Hz). In some cases, fewer than expected carbon resonances were observed despite prolonged 

acquisition times. Elemental analyses were performed by Galbraith Laboratories, Inc., Knoxville, 

TN. Mass spectra were obtained using ion trap electrospray ionization (ESI) instruments operating 

in positive mode. Gas chromatography (GC) data were obtained on an instrument equipped with a 

SGE BP-5 column (30 m, 0.25 mm i.d.). 

 

Synthesis of L1. A glass vial was charged with (2-bromophenyl)dicyclohexylphosphine (0.253 g, 

0.716 mmol), diethyl ether (4 mL), a magnetic stir bar and was cooled to -30 °C. Magnetic stirring 

of the solution was initiated, resulting in a clear and colorless solution. To this mixture was added 

2.5 M nBuLi in hexanes (0.300 mL, 0.752 mmol) leading to the immediate formation of a white 

opaque solution. The resulting mixture was warmed to room temperature and stirred for 1 h, 

forming a pale yellow and opaque solution. 2-Chloro-1,3-dimesityl-1,3,2-diazaphospholidine 

(0.272 g, 0.752 mmol) was added and the resulting solution was stirred for 48 h at room 

temperature. An opaque orange solution resulted. The solvent was removed in vacuo, yielding a 

pale yellow solid, which was washed with cold (~0 oC) pentane (3 x 1 mL). The off-white solid 

was recrystallized via slow evaporation of a hexanes solution (initially 5 mL) to afford the title 

compound as a white solid (0.184 g, 0.308 mmol, 43%). 1H NMR (500 MHz; C6D6): δ 8.27 – 8.19 

(m, 1H), 7.34 – 7.24 (m, 2H), 7.14 – 7.10 (m, 1H), 6.76 (br. s, 4H), 3.93 – 3.84 (m, 2H), 3.16 – 

3.07 (m, 2H), 2.35 (very br., 12H), 2.15 (s, 6H), 1.84 (br. s, 3H), 1.72 (br. s, 3H), 1.54 (br. s, 2H), 

1.45 (br. s, 4H), 1.34 – 1.30 (br. m, 2H), 1.09 (m, 4H), 0.99 – 0.91 (m, 2H), 0.57 (m, 2H). 13C{1H} 

NMR (125.8 MHz, C6D6): δ 155.7 (d, J = 23.4 Hz), 155.3 (d, J = 23.5 Hz), 140.8 – 140.4 

(overlapping signals), 137.5, 134.4, 132.4, 131.2 (d, J = 7.5 Hz), 130.0 (d, J = 4.0 Hz), 129.5, 

127.9, 127.1, 52.2 (d, J = 6.0 Hz), 34.2 – 34.0 (overlapping signals), 30.2 (d, J = 16.6 Hz), 28.8 

(d, J = 10.2 Hz), 27.1 (d, J = 11.5 Hz), 27.0 (d, J = 8.3 Hz), 26.3, 20.6 – 20.2 (overlapping signals). 
31P{1H} (202.4 MHz, CDCl3): δ 86.1 (d, J = 185.7 Hz, 1P), -13.5 (br. m, 1P). HRMS-ESI (m/z): 

Calc’d for C38H53N2P2 [M+H]+ : 599.3678. Found: 599.3522. 

Synthesis of L2 (NHP-DalPhos). A glass vial was charged with (2-

bromophenyl)diphenylphosphine (1.00 g, 2.93 mmol), diethyl ether (10 mL), a magnetic stirbar, 
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and was cooled to -30 °C. Magnetic stirring of the solution was initiated, resulting in a clear and 

colorless solution. To this solution was added 2.5 M nBuLi in hexanes (1.23 mL, 3.08 mmol) 

leading to the immediate formation of a dark red solution. The resulting mixture was warmed to 

room temperature and stirred for 1 h, forming a dark red and opaque solution. The solvent was 

then removed in vacuo and the residue was washed with cold (~0 oC) pentane (3 x 8 mL) and 

subsequently dried in vacuo, affording a red residue. 2-Chloro-1,3-dimesityl-1,3,2-

diazaphospholidine (1.11 g, 3.08 mmol) and toluene (10 mL) were consecutively added and the 

resulting solution was stirred for 48 h at room temperature. An opaque brown solution resulted. 

The mixture was filtered through a Celite/silica plug. The eluent was collected, from which the 

solvent was removed in vacuo to afford an off-white solid. This crude solid was triturated with 

cold (~0 oC) pentane (4 mL) and dried in vacuo, affording the title compound as a white solid 

(0.687 g, 1.17 mmol, 40%). 1H NMR (500 MHz; C6D6): δ 8.20 (br. s, 1H), 7.24 (br. s, 1H), 7.02 

(br. s, 6H), 6.88 (br. s, 6H), 6.71 (br. s, 4H), 3.85 (br. s, 2H), 3.10 (br. s, 2H), 2.29 (br. s, 12H), 

2.13 (br. s, 6H).13C{1H} NMR (125.7 MHz, C6D6): δ 153.2 (d, J = 25.1 Hz), 152.8 (d, J = 25.1 

Hz), 143.3 – 143.0 (overlapping signals), 141.1 (d, J = 14.9 Hz), 139.0 (d, J = 8.6 Hz), 138.9 (d, J 

= 8.6 Hz), 137.7, 135.0, 134.4 – 134.3 (overlapping signals), 131.0 (d, J = 7.3 Hz), 130.6, 130.0, 

128.7, 128.5, 52.8 (d, J = 5.9 Hz), 21.2 – 20.8 (overlapping signals). 31P{1H} (121.4 MHz, CDCl3): 

δ 86.8 (d, J = 199.0 Hz, 1P), -15.5 (d, J = 199.0 Hz, 1P). HRMS-ESI (m/z): Calc’d for C38H41N2P2 

[M+H]+ : 587.2739. Found: 587.2739. 

 

Synthesis of L3. A glass vial was charged with (2-bromophenyl)di(ortho-tolyl)phosphine (0.400 

g, 1.08 mmol), diethyl ether (4 mL), a magnetic stir bar and was cooled to -30 °C. Magnetic stirring 

of the solution was initiated, resulting in a clear and colorless solution. To this solution was added 

2.5 M nBuLi in hexanes (0.455 mL, 1.14 mmol) leading to the immediate formation of an off-

white and milky solution. The resulting mixture was warmed to room temperature and stirred for 

1 h, forming a pale yellow and opaque solution. The solvent was removed in vacuo following 

stirring and the residue was washed with cold (~0 oC) pentane (3 x 3 mL) and subsequently dried 

in vacuo, affording a pale yellow residue. 2-Chloro-1,3-dimesityl-1,3,2-diazaphospholidine (0.410 

g, 1.14 mmol) and toluene (4 mL) were added consecutively and the resulting solution was stirred 

for 48 h at room temperature. An opaque yellow solution resulted. The mixture was cooled to -30 
oC and then filtered through a Celite/silica plug. The eluent was collected and the solvent was 
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removed in vacuo to afford an off-white solid. The crude material was dissolved in DCM, cooled 

to -30 oC and filtered through a Celite/silica plug. The eluent was collected and the solvent was 

removed in vacuo to yield a white solid (0.194g, 0.316 mmol, 29%). 1H NMR (500 MHz; C6D6): 

δ 8.18 – 8.10 (m, 1H), 7.41 – 7.36 (m, 1H), 7.15 (t, J = 7.4 Hz, 1H), 7.09 – 7.04 (m, 2H), 7.04 – 

6.99 (m, 2H), 6.80 (t, J = 7.3 Hz, 2H), 6.69 (br. s, 5H), 6.52 (dd, J = 3.7, 7.4 Hz, 2H), 4.18 – 4.10 

(m, 2H), 3.44 – 3.37 (m, 2H), 2.20 (s, 6H), 2.15 (br. s, 12H), 2.03 (s, 6H). 13C{1H} NMR (125.7 

MHz, C6D6): δ 152.4 (d, J = 24.5 Hz), 152.0 (d, J = 24.5 Hz), 142.1 (d, J = 26.8 Hz), 141.2 (d, J 

= 14.2 Hz), 140.9 (d, J = 14.1 Hz), 137.0, 136.2 (d, J = 8.9 Hz), 136.1 (d, J = 9.0 Hz), 134.2, 133.3, 

133.2 (d, J = 4.8 Hz), 130.9 (d, J = 7.4 Hz), 129.5, 129.4 (d, J = 4.9 Hz), 129.2, 128.3, 127.8, 

127.7, 125.5, 52.2 (d, J = 5.8 Hz), 21.0 – 20.1 (overlapping signals). 31P{1H} (121.4 MHz, CDCl3): 

δ 87.6 (d, J = 199.6 Hz, 1P), -28.1 (d, J = 199.6 Hz, 1P). HRMS-ESI (m/z): Calc’d for C40H45N2P2 

[M+H]+ : 615.3052. Found: 615.3052. 

 

Synthesis of L4. A glass vial was charged with (2-bromophenyl)dicyclohexylphosphine (0.288 g, 

0.815 mmol), diethyl ether (4 mL), a magnetic stir bar and was cooled to -30 °C. Magnetic stirring 

of the solution was initiated, resulting in a clear and colorless solution. To this solution was added 

2.5 M nBuLi in hexanes (0.342 mL, 0.857 mmol) leading to the immediate formation of an opaque 

and white solution. The resulting mixture was warmed to room temperature and stirred for 1 h, 

forming a pale yellow and opaque solution. The solvent was then removed in vacuo and the residue 

was washed with cold (~0 oC) pentane (3 x 2 mL) and subsequently dried in vacuo, affording a 

pale yellow residue. 2-Bromo-1,3-dimesityl-1,3,2-diazaphospholene (0.345 g, 0.857 mmol) and 

toluene (4 mL) were added consecutively and the resulting solution was stirred for 48 h at room 

temperature. An opaque orange solution resulted. The mixture was filtered through a Celite/silica 

plug. The eluent was collected and the solvent was removed in vacuo to afford an orange solid. 

The crude solid was recrystallized from acetonitrile (7 mL) to afford the title product as an orange 

powder (0.185 g, 0.310 mmol, 38%). 1H NMR (500 MHz; C6D6): δ 8.61 – 8.59 (m, 1H), 7.27 – 

7.24 (m, 2H), 7.13 – 7.12 (m, 1H), 6.82 (br. s, 2H), 6.66 (br. s, 2H), 5.68 (s, 2H), 2.66 (br. s, 6H), 

2.14 (s, 6H), 1.96 (br. s, 6H), 1.86 (br. s, 2H), 1.69 (br. s, 2H), 1.57 (br. s, 2H), 1.51 – 1.47 (m, 

4H), 1.28 – 1.25 (m, 2H), 1.10 – 0.95 (m, 8H), 0.47 – 0.46 (m, 2H). 13C{1H} NMR (125.7 MHz, 

C6D6): δ 152.2 (d, J = 27.1 Hz), 151.7 (d, J = 26.9 Hz), 140.9 (d, J = 14.5 Hz), 138.7 (d, J = 20.9 

Hz), 138.5 (d, J = 20.8 Hz), 137.6, 136.8, 135.1, 133.0, 132.4 (d, J = 8.8 Hz), 130.4 (d, J = 27.1 
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Hz), 129.8, 120.3 (d, J = 5.4 Hz), 35.2 (d, J = 5.9 Hz), 35.1 (d, J = 5.9 Hz), 31.5 (d, J = 17.6 Hz), 

29.4 (d, J = 8.7 Hz), 28.1, 27.9, 21.3, 20.8, 20.3. 31P{1H} (202.4 MHz, CDCl3): δ 81.4 (d, J = 192.1 

Hz, 1P), -13.9 (br. d, J = 188.9 Hz, 1P). HRMS-ESI (m/z): Calc’d for C38H51N2P2 [M+H]+ : 

597.3522. Found: 597.3522. 

 

Synthesis of L5. A glass vial was charged with (2-bromophenyl)diphenylphosphine (0.200 g, 

0.587 mmol eq), diethyl ether (2 mL), a magnetic stir bar and was cooled to -30 °C. Magnetic 

stirring of the solution was initiated, resulting in a clear and colorless solution. To this solution 

was added 2.5 M nBuLi in hexanes (0.246 mL, 0.615 mmol) leading to the immediate formation 

of an opaque and white solution. The resulting mixture was warmed to room temperature and 

stirred for 1 h, forming a pale yellow and opaque solution. The solvent was then removed in vacuo 

and the residue was washed with cold (~0 oC) pentane (3 x 2 mL) and subsequently dried in vacuo, 

affording a pale yellow residue. 2-Bromo-1,3-dimesityl-1,3,2-diazaphospholene (0.248 g, 0.615 

mmol) and toluene (2 mL) were consecutively added and the resulting solution was stirred for 48 

h at room temperature. An opaque dark orange solution resulted. The mixture was filtered through 

a Celite/silica plug. The eluent was collected and the solvent was removed in vacuo to afford a 

dark orange residue. The crude material was washed with pentane (3 x 3 mL) and dried in vacuo 

to afford the title compound as an orange solid (0.130 g, 0.222 mmol, 38%). 1H NMR (500 MHz; 

C6D6): δ 8.51 – 8.47 (m, 1H), 7.21 (doublet of triplets, J = 7.3, 0.8 Hz, 1H), 7.05 – 6.93 

(overlapping multiplets, 12H), 6.84 – 6.61 (br. m, 4H), 5.70 – 5.68 (m, 2H), 2.58 (br. s, 6H), 2.14 

(s, 6H), 1.92 (br. s, 6H). 13C{1H} NMR (125.7 MHz, C6D6): δ 148.4 (d, J = 27.9 Hz), 148.0 (d, J 

= 28.1 Hz), 140.4 (d, J = 14.0 Hz), 139.8 (d, J = 14.4 Hz), 139.6 (d, J = 14.3 Hz), 138.5 (d, J = 7.2 

Hz), 138.4 (d, J 7.1 Hz), 137.2 (d, J = 12.4 Hz), 135.3, 134.7, 134.6, 134.4, 131.6 (d, J = 8.8 Hz), 

130.9, 130.5, 129.4, 128.9 (d, J = 6.4 Hz), 120.2 (d, J = 5.4 Hz), 21.4, 20.5. 31P{1H} (202.4 MHz, 

CDCl3): δ 82.8 (d, J = 195.4 Hz, 1P), -15.4 (d, J = 195.3 Hz). HRMS-ESI (m/z): Calc’d for 

C38H39N2P2 [M+H]+ : 585.2583. Found: 585.2583.  

 

Synthesis of L6. A glass vial was charged with (2-bromophenyl)di(ortho-tolyl)phosphine (0.400 

g, 1.08 mmol), diethyl ether (4 mL), a magnetic stir bar and was cooled to -30 °C. Magnetic stirring 

of the solution was initiated, resulting in a clear and colorless solution. To this mixture was added 
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2.5 M nBuLi in hexanes (0.455 mL, 1.14 mmol) leading to the immediate formation of an opaque 

and white solution. The resulting mixture was warmed to room temperature and stirred for 1 h, 

forming a pale yellow and opaque solution. The solvent was removed in vacuo and the residue was 

washed with cold (~0 oC) pentane (3 x 2 mL) and subsequently dried in vacuo, affording a pale 

yellow residue. 2-Bromo-1,3-dimesityl-1,3,2-diazaphospholene (0.459 g, 1.14 mmol) and toluene 

(4 mL) were consecutively added and the resulting solution was stirred for 48 h at room 

temperature. An opaque orange solution resulted. The mixture was filtered through a Celite/silica 

plug. The eluent was collected and the solvent was removed in vacuo to afford an orange residue. 

The crude material was washed with pentane (3 x 3 mL) and dried in vacuo to afford the title 

compound as an orange solid (0.094 g, 0.153 mmol, 14%). 1H NMR (500 MHz; C6D6): δ 8.61 – 

8.57 (m, 1H), 7.23 – 7.18 (m, 1H), 6.97 – 6.92 (overlapping multiplets, 4H), 6.90 – 6.86 (m, 2H), 

6.85 – 6.79 (overlapping multiplets, 4H), 6.76 – 6.53 (br. overlapping multiplets, 4H), 5.69 – 5.68 

(m, 2H), 2.54 (br. s, 6H), 2.09 (s, 6H), 2.07 (s, 6H), 1.94 (br. s, 6H). 13C{1H} NMR (125.7 MHz, 

C6D6): δ 149.1 (d, J = 26.3 Hz), 148.7 (d, J = 26.2 Hz), 143.2 (d, J = 26.3 Hz), 140.2 (d, J = 14.5 

Hz), 138.9 (d, J = 13.2 Hz), 138.6 (d, J = 13.1 Hz), 136.7 (d, J = 7.3 Hz), 136.6 (d, J = 7.4 Hz), 

135.1, 134.3, 134.1 (d, J = 3.6 Hz), 132.4 (d, J = 8.1 Hz), 131.1, 130.8 (d, J = 4.5 Hz), 130.5, 

129.3, 129.2, 128.9, 126.7, 120.5 (d, J = 4.2 Hz), 21.7, 21.6, 21.3, 20.8, 20.4 (br. m). 31P{1H} 

(202.4 MHz, CDCl3): δ 81.9 (d, J = 193.4 Hz, 1P), -28.7 (d, J = 193.4 Hz, 1P). HRMS-ESI (m/z): 

Calc’d for C40H43N2P2 [M+H]+ : 613.2896. Found: 613.2896.  

Synthesis of (L2)NiCl2. A glass vial was charged with NiCl2(DME) (0.017 g, 0.078 mmol), L2 

(0.048 g, 0.082 mmol), THF (0.782 mL) and a magnetic stir bar before being sealed with a cap 

containing a PTFE septum. The reaction mixture was magnetically stirred at 25 oC for 3 h, 

affording an opaque orange solution. The solvent was removed in vacuo, affording a reddish 

orange solid which was washed with cold (~0 oC) pentane (3 x 1 mL). The crude residue was 

dissolved in DCM (1 mL) and quickly filtered through a Celite plug. The solvent was removed in 

vacuo and the dark orange residue washed with pentane (3 x 1 mL) and dried in vacuo to afford 

the title compound as an orange powder (0.047 g, 0.066 mmol, 85%). 31P{1H} (202.4 MHz, 

1,1,2,2-Tetrachloroethane-d2): δ 111.6 (d, J = 75.5 Hz), 58.0 (d, J = 75.2 Hz). Anal. Calc’d for 

C38H40Cl2N2NiP2 : C, 63.72; H, 5.63; N, 3.91. Found : C, 63.54; H, 5.71; N, 3.88.  
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Synthesis of (L1)NiCl2. A glass vial was charged with NiCl2(DME) (0.018 g, 0.083 mmol), L1 

(0.050 g, 0.084 mmol), THF (0.800 mL) and a magnetic stir bar before being sealed with a cap 

containing a PTFE septum. The reaction mixture was magnetically stirred at 25 oC for 3 h, 

affording an opaque dark orange solution. The solvent was removed in vacuo, affording an orange 

solid which was washed with cold (~0 oC) pentane (3 x 1 mL). The crude residue was dissolved in 

DCM (1 mL) and quickly filtered through a Celite plug. The solvent was removed in vacuo and 

the orange residue washed with pentane (3 x 1 mL) and dried in vacuo to afford the title compound 

as an orange powder (0.057 g, 0.078 mmol, 98%). 31P{1H} (121.4 MHz, CDCl3): δ 111.6 (d, J = 

66.8 Hz), 77.2 (d, J = 66.8 Hz).  

Synthesis of (L4)NiCl2. A glass vial was charged with NiCl2(DME) (0.014 g, 0.064 mmol), L4 

(0.040 g, 0.067 mmol), THF (0.638 mL) and a magnetic stir bar before being sealed with a cap 

containing a PTFE septum. The reaction mixture was magnetically stirred at 25 oC for 3 h, 

affording an opaque dark red solution. The solvent was removed in vacuo, affording a dark purple 

solid which was washed with cold (~0 oC) pentane (3 x 1 mL). The crude residue was dissolved in 

DCM (1 mL) and quickly filtered through a Celite plug. The solvent was removed in vacuo and 

the dark purple residue washed with pentane (3 x 1 mL) and dried in vacuo to afford the title 

compound as dark purple powder (0.045 g, 0.062 mmol, 96%). 31P{1H} (202.4 MHz, CDCl3): δ 

110.9 (d, J = 48.0 Hz), 80.3 (d, J = 48.0 Hz).  

Synthesis of (L6)NiCl2. A glass vial was charged with NiCl2(DME) (0.0043 g, 0.020 mmol), L6 

(0.0126 g, 0.021 mmol), THF (0.250 mL) and a magnetic stir bar before being sealed with a cap 

containing a PTFE septum. The reaction mixture was magnetically stirred at 25 oC for 3 h, 

affording an opaque dark purple solution. The solvent was removed in vacuo, affording a dark 

purple solid which was washed with cold (~0 oC) pentane (3 x 1 mL). The crude residue was 

dissolved in DCM (1 mL) and quickly filtered through a Celite plug. The solvent was removed in 

vacuo and the dark purple residue washed with pentane (3 x 1 mL) and dried in vacuo to afford 

the title compound as dark purple powder (0.0138 g, 0.018 mmol, 90%). 31P{1H} (202.4 MHz, 

CDCl3): δ 104.7, 53.3. 

Synthesis of C1. A glass vial was charged with (TMEDA)NiCl(o-tolyl) (0.049 g, 0.162 mmol), 

L2 (0.100 g, 0.170 mmol), THF (3.2 mL), and a magnetic stir bar, forming a clear orange solution 

upon initiation of stirring. The vial was sealed with a cap containing a PTFE septum, magnetic 
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stirring was initiated, and the mixture was heated to 65 oC for 3 h. A clear amber solution resulted. 

The reaction mixture was allowed to cool to room temperature and pentane (13 mL) was added, 

resulting in the immediate formation of an opaque orange solution. The solution was stirred at 

room temperature for 3 h. An opaque yellow suspension formed while stirring. The solvent was 

removed in vacuo yielding a bright yellow residue, which was washed with cold (~0 oC) pentane 

(3 x 3 mL) and dried in vacuo affording the title compound as a yellow solid (0.123 g, 0.159 mmol, 

98%). 1H NMR (500 MHz; THF-d8): δ 8.27 – 8.21 (m, 1H), 7.61 – 7.52 (overlapping multiplets, 

3H), 7.43 – 7.35 (m, 2H), 7.34 – 7.28 (m, 1H), 7.26 – 7.20 (m, 1H), 7.16 – 7.09 (m, 2H), 7.06 (s, 

1H), 6.98 – 6.92 (m, 2H), 6.82 (s, 1H), 6.69 (s, 1H), 6.55 (m, 1H), 6.50 (s, 1H), 6.39 (m, 2H), 6.32 

(m, 1H), 6.19 (m, 1H), 6.07 (m, 1H), 4.39 – 4.32 (m, 1H), 4.18 – 4.09 (m, 1H), 3.98 – 3.91 (m, 

2H), 2.96 (s, 3H), 2.75 (s, 3H), 2.33 (s, 3H), 2.16 (s, 3H), 1.97 (s, 3H), 1.38 (s, 3H), 1.09 (s, 3H). 
13C{1H} NMR (125.7 MHz, THF-d8): δ 158.8 (d, J = 39.3 Hz), 158.0 (d, J = 39.5 Hz), 155.6 (d, J 

= 19.5 Hz), 155.3 (d, J = 19.8 Hz), 144.3, 140.3, 139.0 (d, J = 10.7 Hz), 138.7 (d, J = 38.6 Hz), 

138.5, 138.3 (d, J = 38.3 Hz), 138.2, 137.3 (d, J = 11.6 Hz), 136.0, 135.9, 134.8, 133.6 (d, J = 12.0 

Hz), 133.2 (d, J = 9.1 Hz), 132.0, 131.8 (d, J = 14.8 Hz), 131.5, 131.5 (d, J = 15.7 Hz), 130.7, 

130.5 (d, J = 5.2 Hz), 130.2, 129.9 (d, J = 1.8 Hz), 129.2, 128.2 (d, J = 11.1 Hz), 128.0 (d, J = 6.3 

Hz), 126.8 (d, J = 10.3 Hz), 121.6 (d, J = 8.1 Hz), 121.4, 51.4, 50.2, 23.0, 22.0, 21.1, 21.0, 20.0, 

19.8, 19.3. 31P{1H} (121.4 MHz, THF-d8): δ 120.3 (d, J = 8.8 Hz, 1P), 57.0 (d, J = 8.8 Hz, 1P). 

Anal. Calcd for C45H47ClN2NiP2 : C, 70.01; H, 6.14; N, 3.63. Found : C, 70.16; H, 6.08; N, 3.56.  

Synthesis of (L2)NiBr2. A glass vial was charged with NiBr2 (0.017 g, 0.078 mmol), L2 (0.048 

g, 0.082 mmol), THF (0.782 mL) and a magnetic stir bar before being sealed with a cap containing 

a PTFE septum. The reaction mixture was magnetically stirred and heated to 65 oC for 2 h, and 

then allowed to stir at room temperature overnight. An opaque red solution formed. The solvent 

was removed in vacuo, affording a dark red solid that was washed with cold (~0 oC) pentane (3 x 

1 mL). The crude material was dissolved in DCM (1 mL) and quickly filtered through a Celite 

plug. The solvent was removed in vacuo and the dark red residue washed with pentane (3 x 1 mL) 

and dried in vacuo to afford the title compound as a red powder (0.057 g, 0.071 mmol, 90%). 
31P{1H} (202.4 MHz, 1,1,2,2-Tetrachloroethane-d2): δ 122.5 (d, J = 63.7 Hz), 63.6 (d, J = 62.7 

Hz). Anal. Calcd for C38H40Br2N2NiP2 : C, 56.68; H, 5.01; N, 3.48. Found : C, 56.52; H, 5.13; N, 

3.32.  
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Synthesis of C2. A glass vial was charged with (L2)NiBr2 (0.523 g, 0.653 mmol), THF (4 mL), a 

magnetic stir bar and cooled to 0 oC. Magnetic stirring was initiated, resulting in an opaque red 

solution. To this mixture was added 2-mesitylmagnesium bromide (1.0 M in THF; 0.653 mL, 0.653 

mmol) dropwise, leading to a clear and dark red solution. The reaction mixture was allowed to 

warm to room temperature with continued stirring for 18 h. Following this, MeOH (1 mL) was 

added, the reaction was stirred for 5 minutes, and the solvent was removed in vacuo. A rust red 

residue was obtained. The resulting solid was washed with pentane (3 x 3 mL), diethyl ether (3 x 

3 mL) and dried in vacuo to afford an orange solid (0.043 g, 0.051 mmol, 77%; ~90% pure C2 

with C3 as a contaminant). 1H NMR (500 MHz; C6D6): δ 7.92 – 7.88 (m, 1H), 7.09 (t, J = 7.2 Hz, 

1H), 7.04 – 6.95 (overlapping multiplets, 9H), 6.87 – 6.81 (overlapping multiplets, 5H), 6.62 (s, 

2H), 6.25 (d, J = 2.0 Hz, 2H), 3.76 – 3.70 (overlapping multiplets, 4H), 3.13 (s, 6H), 2.12 (s, 6H), 

2.10 (s, 3H), 2.07 (s, 6H), 1.65 (s, 6H). 13C{1H} NMR (125.7 MHz, C6D6): δ 157.8 (d, J = 16.8 

Hz), 157.5 (d, J = 16.8 Hz), 150.6 (d, J = 32.2 Hz), 149.7 (d, J = 31.5 Hz), 143.8, 140.6, 139.7 (d, 

J = 36.8 Hz), 139.3 (d, J = 36.6 Hz), 139.3 (d, J = 11.0 Hz), 137.9, 136.7, 134.8 (d, J = 10.3 Hz), 

133.2 (d, J = 14.1 Hz), 132.4 (d, J = 14.4 Hz), 132.2 (d, J = 16.3 Hz), 131.8, 131.7, 131.2, 131.0 

(d, J = 4.9 Hz), 130.4, 130.1, 128.9, 128.2 (d, J = 10.2 Hz), 52.0, 25.7, 23.1, 22.5, 21.4, 21.1. 
31P{1H} (202.4 MHz, C6D6): δ 115.8 (major), 115.4 (minor), 51.3 (major), 50.0 (minor).  

Characterization Data for Crystalline C3: 31P{1H} (202.4 MHz, C6D6): 156.3 (d, J = 14.9 Hz), 

37.2 (d, J = 14.7 Hz). Anal. Calcd for C38H39BrN2NiP2 : C, 63.02; H, 5.43; N, 3.87. Found : C, 

63.13; H, 5.29; N, 4.05.  

General Procedure for Ancillary Ligand Screening. The following procedure was adapted from 

the literature.13d In a nitrogen-filled glovebox, bis(cyclooctadiene)nickel(0) (0.0017 g, 0.006 

mmol, 5 mol%), L1-L8 (0.006 mmol), base (1.5 – 2 equiv), (hetero)aryl halide (0.12 mmol, 1 

equiv), dodecane (0.0273 mL, 0.12 mmol) and toluene or CPME (1 mL) were placed in a screw-

capped vial containing a magnetic stir bar, followed by the addition of amine (1.1-1.5 equiv). The 

vial was sealed with a cap containing a PTFE septum, removed from the glovebox, and placed in 

a temperature-controlled aluminum heating block set either to 100 °C (CPME) or 110 °C (toluene) 

for 16 h under the influence of magnetic stirring. After this time, the vial was cooled to room 

temperature, and then EtOAc (100 μL) was added to the reaction mixture. A 200 μL aliquot of the 

reaction mixture was filtered through a Celite/silica plug and diluted with EtOAc (1.5 mL) prior 
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to analysis by use of calibrated gas chromatographic methods using dodecane as an internal 

standard. Reactions with furfurylamine (1.1 equiv) used toluene and NaO(t-Bu) (2 equiv), 

reactions with morpholine (1.5 equiv) used CPME and LiO(t-Bu) (1.5 equiv), and reactions with 

indole (1.1 equiv) used toluene and NaO(t-Bu) (1.5 equiv).  

General Procedure for N-Arylation of Primary Alkylamines with (Hetero)aryl Halides at 

Room Temperature. In a nitrogen-filled glovebox, precatalyst C1 (5 mol%), NaO(t-Bu) (1.5 - 2 

equiv), (hetero)aryl halide (1.0 equiv), a magnetic stir bar, toluene and amine (1.1 equiv) were 

consecutively added to a screw-capped 4 dram vial. The vial was sealed with a cap containing a 

PTFE septum, and the reaction mixture was stirred at 25 ○C for 16 h (unoptimized). Following 

this, the vial was removed from the glovebox, the crude mixture was diluted with EtOAc (30 mL) 

and washed with a saturated NaCl solution (3 x 30 mL). The organic layer was isolated and dried 

over anhydrous sodium sulfate. The mixture was filtered, the eluent collected and the solvent 

removed via rotary evaporation. The resulting residue was purified via flash column 

chromatography on silica gel. See the Appendix for complete reaction-specific details.  

General Procedure for (Pseudo)halide Competition Study. A screw-capped glass vial was 

charged with C1 (0.0046 g, 0.006 mmol, 5 mol%), NaO(t-Bu) (0.0231 g, 0.24 mmol), aryl halide 

1 (0.12 mmol, 1 equiv), aryl (pseudo)halide 2 (0.12 mmol, 1 equiv), toluene (1 mL), dodecane 

(0.0273 mL, 0.12 mmol), a magnetic stir bar, and furfurylamine (0.0117 mL, 0.132 mmol) 

consecutively in a nitrogen-filled glovebox. The vial was capped with a cap containing a PTFE 

septum and the reaction mixture stirred for 16 h at room temperature (unoptimized). After this 

time, the vial was removed from the glovebox, and then EtOAc (100 μL) was added to the reaction 

mixture. A 200 μL aliquot of the reaction mixture was filtered through a Celite/silica plug and 

diluted with EtOAc (1.5 mL) prior to analysis by use of calibrated gas chromatographic methods 

employing dodecane as an internal standard.  

Large-Scale Synthesis of 1a: In a nitrogen-filled glovebox, an oven-dried 100 mL round-bottom 

flask was charged with C1 (207.6 mg, 0.269 mmol), NaO(t-Bu) (1.033 g, 10.75 mmol), 1-

chloronaphthalene (732 μL, 5.37 mmol), toluene (45 mL), and furfurylamine (522 μL, 5.91 mmol), 

followed by a magnetic stir bar. The flask was sealed with a glass stopcock, and the reaction 

mixture was stirred at room temperature for 16 h (unoptimized). Following this, the flask was 

removed from the glovebox, the crude mixture was diluted with EtOAc (200 mL) and washed with 
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a saturated NaCl solution (3 x 200 mL). The organic layer was isolated and dried over anhydrous 

sodium sulphate. The mixture was filtered, and the filtrate was concentrated to ∼10 mL under 

reduced pressure. The resulting brown-orange mixture was purified by automated flash 

chromatography (100 g Biotage SNAP KPSIL cartridge, 0-10% EtOAc in hexanes, 40 mL/min 

flow rate), affording the title compound as a pale yellow oil (1.128 g, 94%).  

General Procedure for Stoichiometric Study of C3. A screw-capped glass vial was charged with 

C3 (0.0200 g, 0.028 mmol), NaO(t-Bu) (0.0053 g, 0.055 mmol), 1-chloronaphthalene (0.028 

mmol, 0.0037 mL, if required), toluene (0.750 mL), a magnetic stir bar, and furfurylamine (0.0024 

mL, 0.028 mmol, if required) consecutively in a nitrogen-filled glovebox. The vial was capped 

with a cap containing a PTFE septum and the reaction mixture stirred for 45 minutes at room 

temperature. After this time, COD (0.0034 mL, 0.028 mmol) was added if required and the reaction 

was stirred a further 15 minutes. Following this, the sample was taken up in an NMR tube, capped 

and sealed with PTFE tape in the glovebox, and subjected to analysis via 31P{1H} NMR.  
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Chapter 3 - Development of 1,1-Bisdiazaphospholenyl Ferrocene Ligands for 

Nickel-Catalyzed C(sp2)-N Cross-Couplings 

3.1 Contributions 

This chapter describes the development of a new class of bisphosphine ligands containing 

two neutral NHP fragments for use in the nickel-catalyzed C(sp2)-N cross-coupling reactions. This 

project was initiated by the author, and at the time of writing remains incomplete. The author’s 

contributions consist of the synthesis and characterization of the new ligands. Crystallographic 

data were collected, solved and refined by Dr. Robert McDonald and Dr. Michael Ferguson.  

3.2 Introduction 

 Given the success of the NHP moiety in nickel-catalyzed C(sp2)-N cross-coupling reactions 

outlined in Chapter 2 (vide supra), we became interested in exploring alternate ligand architectures 

incorporating this fragment and a ferrocene backbone. Bulky bisphosphine ligands have shown 

excellent activity in nickel-catalyzed cross-coupling reactions (vide supra), and the ferrocene 

backbone is a privileged structural motif present in many bisphosphine ligands (see Chapter 2). It 

was envisoned that these new bis(NHP) ferrocene ligands might find success in areas where DPPF 

struggles, such as the C(sp2)-N cross-coupling of indoles under mild conditions or the coupling of 

secondary amides.  

 Prominent examples of ferrocene-containing phosphine ligands include QPhos, the 

JosiPhos ligand family (see Chapter 1), and DPPF. The monophosphine ligand QPhos has been 

used successfully as a general purpose ligand in palladium cross-coupling reactions, enabling 

Suzuki, BHA and C-O etherification reactions.83 Amination reactions with QPhos have employed 

aryl bromide and chloride electrophiles alongside with simple primary, secondary aryl and alkyl 

amines at elevated temperatures. No successful examples of QPhos in analogous nickel-catalyzed 

amination reactions have been reported at the time of writing. Conversely, DPPF has demonstrated 

excellent activity in nickel amination reactions, finding particular utility in the cross-coupling of 

secondary amines and indole.39, 47b, c Varying the PR2 group of DPPF affords little improvement in 

performance, with the exception of 3,5-bis(CF3)phenyl showing slightly better reactivity with 

challenging indole substrates relative to the parent phenyl structure.47c An excess of steric bulk 

was found to hinder reactivity, with 1-naphthyl and tert-butyl derivatives performing poorly. This 

is in contrast to palladium-catalyzed aminations, where analogous tert-butyl DPPF derivatives 
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were found to increase reactivity,84 further highlighting the importance of striking an appropriate 

balance of steric and electronic parameters when employing this architecture with nickel. 

  

 

Figure 10: Some previously reported ferrocene containing ancillary ligands, and the new 
D(NHP)F framework reported 

 

 NHP containing variants of the privileged DPPF motif have also been successfully 

synthesized. Gudat and coworkers reported the synthesis and characterization of an unsaturated 

version of D(NHP)F shown in Figure 10, however no crystallographic data, coordination 

chemistry or reactivity of this species was reported.85 We became intrigued as to how this type of 

bisphosphine motif would behave as a ligand in nickel-catalyzed C(sp2)-N cross-coupling 

reactions. Described below is the synthesis, spectroscopic and crystallographic characterization of 

two D(NHP)F bisphosphine compounds.  

 

3.2 Results and Discussion  

3.2.1 Ligand Synthesis 

 The synthesis of target ligands L9 and L10 was initially attempted via lithiation of 

ferrocene followed by quenching with an appropriate halo-phosphine fragment (Scheme 12). This 

methodology, though different than literature precedent, was effective in synthesizing the 

previously reported L9. The 31P{1H} NMR showed a diagnostic shift at 86 ppm, in keeping with 

literature values.85 The 1H NMR spectrum is consistent with literature, where the C(mesityl) bond 

rotation is apparently slow on the NMR timescale, as exhibited by broadening of the Ar-H and 

ortho-methyl peaks of the mesityl fragments.  
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Scheme 12: Synthesis of L9 and L10 via lithiation of ferrocene  

 

Conversely, the synthesis of L10 via this route was unsuccessful, affording a mixture of 

starting material, alkylated phosphine and product. Purification attempts were hindered by the 

similar solubilities of the by-products and desired product. As such, an alternate synthetic route 

was explored to prevent formation of alkylated phosphine by-product, involving the formation of 

a P-cyclopentadienyl-substituted NHP intermediate (Scheme 13), as reported by Gudat and 

coworkers.85 This allowed for increased product yields, though residual P-cyclopentadienyl-

substituted NHP starting material remained challenging to remove fully. 31P{1H} NMR of L10 

showed a diagnostic shift at 88 ppm, and the 1H NMR spectrum showed similar broadening of the 

mesityl shifts as L9. At the time of writing, I was unable to cleanly isolate pure L10 for acceptable 

spectroscopic analysis.  

 

Scheme 13: Synthesis of L10 via P-cyclopentadienyl-substituted 1,3,2-diazaphospholene route 
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3.2.2 Solid State Structures of Ligands 

 Though hindered by synthetic challenges, I was fortunate enough to grow high quality 

crystals for crystallographic assessment of both L9 and L10. Both compounds exhibit a distorted 

trigonal pyramidal geometry about the phosphorus atoms, consistent with the cyclic nature of the 

NHP fragment and keeping with literature precedents.66 L10 exhibits a slightly longer average P-

N bond than L9, whereas both the heterocyclic C-N and C-C bond lengths of the NHP moiety 

display shorter bond lengths for L10 compared to L9, as expected. This same trend is observed for 

the NHP containing ligands described in Chapter 2.  

 

 

Figure 11: Single-crystal X-ray structures of L9 (left) and L10 (right), represented with thermal 
ellipsoids at the 30% probability level. Selected hydrogen atoms are omitted for clarity. Selected 
interatomic distances (Å) for L9: P2-N4: 1.7292(18); P2-C6: 1.8169(20); C11-C12: 1.324(3); 
C11-N1: 1.426(3). Selected interatomic distances (Å) for L10: P2-N4: 1.7125(20); P2-C6: 
1.822(2); C11-C12: 1.510(4); C11-N1: 1.471(3) 

 

 

3.3 Conclusions 

 In this chapter I was able to characterize crystallographically for the first time two 1,1-

bisdiazaphospholenyl ferrocene species, L9 and L10, which both exhibited distorted trigonal 
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pyramidal geometry about phosphorous. L9, though previously reported in the literature, was 

synthesized using a new route directly from ferrocene, whereas we were unsuccessful in 

synthesizing the new compound L10 in high enough purity for spectroscopic analysis. Future work 

will need to address this shortcoming, in an effort to continue to build upon our ligand design 

theme of bulky and moderately electron-rich ligands for use in nickel-catalyzed C(sp2)-N cross-

coupling catalysis with these ligands and future variants.  

 

3.4 Experimental Section 

3.4.1 General Considerations 

Unless otherwise indicated, all experimental procedures were conducted in a nitrogen-

filled, inert-atmosphere glovebox using oven-dried glassware and purified solvents. Toluene and 

pentane were purged with nitrogen and passed through a double-column purification system 

containing alumina and copper-Q5 reactant. Diethyl ether and tetrahydrofuran (THF) were dried 

over Na/benzophenone and distilled under a nitrogen atmosphere. Dichloromethane (DCM) and 

acetonitrile were purged with nitrogen, while deuterated NMR solvents and dimethylethoxide 

(DME) were freeze-pump-thaw degassed three times. In all cases, solvents purified as outlined 

above for use within the glovebox were stored over activated 4 Å molecular sieves in bulbs fitted 

with Teflon taps for a minimum of 24 h prior to use. 2-Chloro-1,3-dimesityl-1,3,2-

diazaphospholidine81 and 2-bromo-1,3-dimesityl-1,3,2-diazaphospholene82 were prepared 

according to established literature procedures. The synthesis of L10 was attempted following 

literature procedures.85 Otherwise, all other solvents, reagents, and materials were used as received 

from commercial sources. Unless otherwise indicated, NMR spectra were recorded on a Bruker 

AV 300 MHz or Bruker AV 500 MHz spectrometer at 300 K, with chemical shifts (in ppm) 

referenced to residual protio solvent peaks (1H), deuterated solvent peaks (13C{1H}), or external 

85% H3PO4 (31P{1H}). Splitting patterns are indicated as follows: br, broad; s, singlet; d, doublet; 

t, triplet; q, quartet; m, multiplet. All coupling constants (J) are reported in hertz (Hz). In some 

cases, fewer than expected carbon resonances were observed despite prolonged acquisition times.  

 

Synthesis of L9: A glass vial was charged with ferrocene (0.200 g, 1.08 mmol), TMEDA (0.338 

mL, 2.26 mmol), hexanes (4.5 mL) and a magnetic stir bar. Magnetic stirring of the solution was 

initiated, resulting in a clear orange solution. To this mixture was added 2.5 M nBuLi in hexanes 
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(0.902 mL, 2.26 mmol) dropwise leading to the formation of an opaque orange solution over 3 

hours. The resulting mixture was stirred overnight. A solution of 2-bromo-1,3-dimesityl-1,3,2-

diazaphospholene (0.910 g, 2.26 mmol) in toluene (6mL) was cooled to -30 oC and added 

dropwise. The resulting opaque dark brown solution was stirred for 4 h at room temperature. The 

solvent was then removed in vacuo, yielding a brown residue, which was dissolved in DCM and 

filtered through a Celite/silica plug. The eluent was collected, from which the solvent was removed 

in vacuo to afford a dark orange solid. The solid was extracted with cold (~ 0 oC) hexanes  (3 x 4 

mL), and the solvent was removed in vacuo to afford an orange solid. The resulting material was 

recrystallized from hexanes (0.7 mL) at -30 oC to afford the title compound as an orange solid 

(0.094 g, 0.113 mmol, 10%). 1H NMR (500 MHz; C6D6): δ 6.80 (br. s, 4H), 6.70 (br. s, 4H), 5.62 

(s, 4H), 4.02 (m, 4H), 3.97 (m, 4H), 2.63 (br. s, 12H), 2.13 (br. s, 12H), 2.10 (s, 12H). 13C{1H} 

NMR (125.8 MHz, C6D6): δ 138.8 (m, J = 7.0 Hz), 136.7, 136.1, 134.9, 130.0, 117.9, 84.0, 83.6, 

71.7 (m, J = 17.5 Hz), 71.1, 20.8, 19.8. 31P{1H} (202.4 MHz, C6D6): δ 86.4. Matches literature 

precedent.85 
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Chapter 4 – Conclusions and Future Work 

4.1 General Conclusions 

 I have successfully developed a series of NHP containing ligands and nickel complexes for 

use in nickel-catalyzed C(sp2)-N cross-coupling reactions. Following the establishment of PAd-

DalPhos as the state-of-the-art ligand in challenging nickel-catalyzed amination reactions, we 

sought to build on this ortho phenylene bridged motif and explore new architectures encompassing 

a bulky, modestly electron-donating bisphosphine framework which would favour reductive 

elimination, the presumed rate-limiting step in the catalytic cycle. I opted to explore the NHP motif 

in this context to allow for steric and electronic variation of the ligand set. I developed both NHP-

DalPhos and ferrocene bridged bisphosphines ligands (L9 and L10) for use in room-temperature 

nickel-catalyzed C(sp2)-N  cross-coupling reactions of primary amines and secondary amines, 

respectively. Notably, NHP-DalPhos joins a handful of ligand frameworks capable of promoting 

amination reactions with nickel. Though NHP-DalPhos was found to be less active than PAd-

DalPhos in head-to-head reactivity comparisons, it does give credence to our idea of rational ligand 

design for nickel amination reactions; that is, making bulky and more modestly electron-donating 

bisphosphine ligands to favour reductive elimination. In moving forward, efforts will be directed 

towards teasing out the relative electronic and steric ligand requirements for particular substrate 

classes through thoughtful experimental, computational and mechanistic studies (vide infra).  

 From a broader perspective, nickel is still in its infancy relative to palladium for this 

chemistry, and work on understanding ligand trends and the mechanisms involved, notably off-

cycle product formation, remains to be done. This is unfortunately not a simple process, as the 

current empirical ligand trends for nickel are challenging to rationalize, and the potential for a 

Ni(I)/Ni(III) cycle complicates the mechanistic picture. Exciting developments in the field of 

ligand design for nickel, such as Doyle’s concept of remote steric hindrance,56 Weix’s use of 

pharmaceutical compound libraries for new ligands,57 and Balcells’ and Nova’s computational 

work studying off-cycle species formation in cross-coupling reactions86 have the potential for 

broad reaching applications in ligand design for nickel-catalyzed amination reactions.  

4.2 Future Work  

4.2.2 Chapter 2 

 As discussed in Chapter 2, NHP-DalPhos was less active than PAd-DalPhos in nickel-

catalyzed C(sp2)-N cross-coupling reactions. In a bid to improve this, new and potentially more 
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active ligand variants could be developed. Notably, a series of electron-donating groups could be 

incorporated into the NHP backbone to alter the ligand electronic parameters. The rationale behind 

this is a comparison of Ni-Cl bond lengths in the dichloride complexes. The saturated cyclohexyl 

variant L1NiCl2 has a longer Ni-Cl bond trans to the NHP fragment compared to the unsaturated 

cyclohexyl version L4NiCl2, with L1 showing significantly better reactivity than L4 in the screen 

reactions (see Section 2.3.2 for screen results and Section 2.3.3.1 for nickel dichloride bond length 

comparisons). As such, further increasing the donicity of the bisphosphine may yield reactivity 

improvements. In a bid to save time and synthetic efforts, the rate-limiting reductive elimination 

step for a series of backbone-modified NHP-DalPhos variants could be modelled computationally, 

allowing for a broader survey of potential EDG than would be synthetically feasible. As well, 

EWG could also be modelled to verify if these lead to a higher barrier to reductive elimination.  

 Due to the similarities in reactivity trends between NHP-DalPhos and PAd-DalPhos, 

further reactivity screens would likely be unproductive. Modification of the ligand framework is 

likely to lead to the highest chance of success with regards to reactivity benefits.  

 Though stoichiometric experiments were unsuccessful in isolating and characterizing any 

intermediates evolved from C3, the use of deuterium labelling experiments coupled with mass 

spectrometry could yield experimental, instead of computational, insight into this activation 

pathway. By using deuterated furfurylamine, it could be possible to see a deuterated-methyl group 

on the mesityl fragment of L2, if activation does indeed proceed via the β-hydride elimination 

pathway outlined in Scheme 11. As well, mass spectrometry could be used to identify the 

furfurylimine species generated from this activation pathway.   

4.2.3 Chapter 3 

 As outlined in Chapter 3, I was able to synthesize and characterize crystallographically for 

the first time L9. Though a solid state structure of L10 was obtained, we were unsuccessful in 

obtaining pure material within the allotted timeframe of this project. Moving forward, reaction 

optimization will be required to establish a reliable synthetic route for L10, with efforts focused 

on the more successful P-cyclopentadienyl-substituted route over the ferrocene lithiation 

methodology. From here, the coordination chemistry of these ligands with nickel should be 

established, both via nickel dichlorides for comparison of the ligand electronic parameters, and via 

LnNi(Ar)(X) precatalysts for use in substrate scope screens. Both the coordination chemistry and 

reactivity of these complexes should be compared to analogous DPPF nickel complexes.  



54 
 

 Due to the similarities between the architectures of DPPF and L9/L10, substrate scope 

explorations should focus on coupling partners which pose a challenge for DPPF. These may 

include bulky secondary amines, secondary amides, indole and related derivatives. A particular 

focus on N-heterocyclic nucleophile and electrophile should be made, especially 5-membered N-

heterocycles, as these represent a gap in the literature for nickel amination reactions. Throughout 

all reaction screens DPPF should be used as reference to gauge relative success versus the state-

of-the-art systems.  
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Appendix A – Supplementary Information 

Catalytic Screening Results 

Figure A1. Ligand screen for the N-arylation of 3-chloroanisole. Results are estimated from 
calibrated GC data using dodecane as an internal standard. Mass balance attributed to starting material, 
polyarylation and unknown by-products on the basis of GC data.  
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Figure A2: Ligand screen for the N-arylation of 1-chloronaphthalene. Results are estimates 
made using calibrated GC with dodecane as an internal standard. Mass balance attributed to 
starting material, polyarylation and unknown by-products on the basis of GC data (ligands 
depicted in Figure A1) 
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Figure A3: Ligand screen for the N-arylation of 4-chlorobenzonitrile. Results are estimates made 
using calibrated GC with dodecane as an internal standard. Mass balance attributed to starting 
material, polyarylation and unknown by-products on the basis of GC data (ligands depicted in 
Figure A1). 
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Figure A4: Ligand screen for the N-arylation of 5-chloro[b]thiophene. Results are estimates 
made using calibrated GC with dodecane as an internal standard. Mass balance attributed to 
starting material, polyarylation and unknown by-products on the basis of GC data (ligands 
depicted in Figure A1). 
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Characterization of Cross-Coupling Products 

 

N1-naphthalenyl-2-furanmethanamine (1a): The general procedure was followed using C1 

(0.023 g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.1153 g, 1.2 mmol), 1-chloronaphthalene (0.082 

mL, 0.6 mmol) or 1-bromonaphthalene (0.084 mL, 0.6 mmol), furfurylamine (0.058 mL, 0.66 

mmol) and toluene (5 mL). After flash column chromatography on silica gel (10% EtOAc in 

hexanes) the title compound was isolated as a pale yellow oil (X = Cl; 0.125 g, 94%, X = Br; 

0.109 g, 81%). 1H NMR (500 MHz; CDCl3): δ 7.90 – 7.84 (m, 2H), 7.50 (m, 2H), 7.47 (d, J = 

0.9 Hz, 1H), 7.41 (t, J = 8.0 Hz, 1H), 7.34 (d, J = 8.2 Hz, 1H), 6.76 (d, J = 7.5 Hz, 1H), 6.43 – 

6.41 (m, 1H), 6.38 (d, J = 3.2 Hz, 1H), 4.74 (br. s, 1H), 4.55 (s, 2H). 13C{1H} NMR (125.7 MHz, 

CDCl3): δ 152.5, 142.8, 142.1, 134.3, 128.7, 126.5, 125.8, 124.9, 123.6, 120.0, 118.1, 110.4, 

107.3, 104.9, 41.8. Spectroscopic data are in agreement with those previously reported (in 

CDCl3).1 

 

4-[(2-Furanylmethyl)amino]-benzonitrile (1b): The general procedure was followed using C1 

(0.023 g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.1153 g, 1.2 mmol), 4-chlorobenzonitrile (0.0825 g, 

0.6 mmol), furfurylamine (0.058 mL, 0.66 mmol) and toluene (5 mL). After flash column 

chromatography on silica gel (30% EtOAc in hexanes) the title compound was isolated as a pale 

yellow oil (0.101 g, 0.51 mmol, 85%). 1H NMR (500 MHz; CDCl3): δ 7.48 – 7.44 (m, 2H), 7.42 

– 7.39 (m, 1H), 6.68 – 6.65 (m, 2H), 6.37 (dd, J = 3.2, 1.9 Hz, 1H), 6.29 (dd, J = 3.2, 0.5 Hz, 

1H), 4.63 (br. s, 1H), 4.39 (d, J = 5.8 Hz, 2H). 13C{1H} NMR (125.7 MHz, CDCl3): δ 151.2, 

150.7, 142.3, 133.7, 120.2, 112.5, 110.5, 107.6, 99.6, 40.5. Spectroscopic data are in agreement 

with those previously reported (in CDCl3).1 
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N-(3-Methoxyphenyl)- 2-furanmethanamine (1c): The general procedure was followed using 

C1 (0.023 g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.1153 g, 1.2 mmol), 3-chloroanisole (0.074 mL, 

0.6 mmol), furfurylamine (0.058 mL, 0.66 mmol) and toluene (5 mL). After flash column 

chromatography on silica gel (20% EtOAc in hexanes) the title compound was isolated as a pale 

yellow oil (0.112 g, 0.55 mmol, 92%). 1H NMR (500 MHz; CDCl3): δ 7.41 – 7.40 (m, 1H), 7.13 

(t, J = 8.1 Hz, 1H), 6.38 – 6.32 (overlapping multiplets, 3H), 6.29-6.27 (m, 2H), 4.35 (s, 2H), 

4.07 (br. s, 1H), 3.81 (s, 3H). 13C{1H} NMR (125.7 MHz, CDCl3): δ 160.8, 152.7, 149.0, 141.9, 

130.0, 110.3, 107.0, 106.2, 103.2, 99.2, 55.1, 41.4. Spectroscopic data are in agreement with 

those previously reported (in CDCl3).1 

 

N-(2-Furanylmethyl)-benzo[b]thiophen-5-amine (1d): The general procedure was followed 

using C1 (0.023 g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.1153 g, 1.2 mmol), 5-chloro[b]thiophene 

(0.1012 g, 0.6 mmol), furfurylamine (0.058 mL, 0.66 mmol) and toluene (5 mL). After flash 

column chromatography on silica gel (20% EtOAc in hexanes) the title compound was isolated 

as an opaque yellow oil (0.124 g, 0.55 mmol, 91%). 1H NMR (500 MHz; CDCl3): δ 7.69 (d, J = 

8.7 Hz, 1H), 7.44 – 7.41 (m, 2H), 7.22 (d, J = 5.4 Hz, 1H), 7.11 (d, J = 2.3 Hz, 1H), 6.83 (dd, J = 

8.6, 2.3 Hz, 1H), 6.39 – 6.37 (m, 1H), 6.31 (d, J = 3.0 Hz, 1H), 4.42 (s, 2H), 4.11 (br. s, 1H). 
13C{1H} NMR (125.7 MHz, CDCl3): δ 152.8, 145.2, 141.9, 140.9, 130.0, 126.9, 123.4, 122.9, 

114.1, 110.4, 107.0, 105.5, 42.0. Spectroscopic data are in agreement with those previously 

reported (in CDCl3).1 

 

N-Ethyl-3-methyl-2-pyridinamine (1e): The general procedure was followed using C1 (0.023 

g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.0865 g, 0.9 mmol), 2-chloro-3-methylpyridine (0.065 
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mL, 0.6 mmol), and 2 M ethylamine in THF (2.10 mL, 4.2 mmol). After flash column 

chromatography on silica gel (50% EtOAc in hexanes) the title compound was isolated as a 

volatile opaque yellow oil (0.051 g, 0.37 mmol, 62%). 1H NMR (500 MHz; CDCl3): δ 8.02 (dd, 

J = 5.0, 1.1 Hz, 1H), 7.20 – 7.18 (m, 1H), 6.49 (dd, J = 7.1. 5.1 Hz, 1H), 4.03 (br. s, 1H), 3.53 – 

3.47 (m, 2H), 2.07 (s, 3H), 1.27 (t, J = 7.2 Hz, 3H). 13C{1H} NMR (125.7 MHz, CDCl3): δ 

157.1, 145.6, 136.7, 116.5, 112.5, 36.5, 17.1, 15.4. Calc’d for C8H13N2 [M+H]+: 137.1073. 

Found: 137.1073. 

 

N-Methyl-3-(trifluoromethyl)-benzenamine (1f): The general procedure was followed using 

C1 (0.023 g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.0865 g, 0.9 mmol), 3-chlorobenzotrifluoride 

(0.081 mL, 0.6 mmol), and 2 M methylamine in THF (2.10 mL, 4.2 mmol). After flash column 

chromatography on silica gel (40% EtOAc in hexanes) the title compound was isolated as a 

volatile opaque yellow oil (0.072 g, 0.41 mmol, 68%). 1H NMR (500 MHz; CDCl3): δ 7.30 (t, J 

= 10.0 Hz, 1H), 6.98 (d, J = 7.7 Hz, 1H), 6,84 (s, 1H), 6.78 (dd, J = 8.2, 1.6 Hz, 1H), 3.94 (br. s, 

1H), 2.90 (s, 3H). 13C{1H} NMR (125.7 MHz, CDCl3): δ 149.4, 131.6 (q, J = 31.6 Hz), 129.5, 

124.4 (q, J = 272.2 Hz), 115.4, 113.5 (q, J = 3.8 Hz), 108.3 (q, J = 3.8 Hz), 30.4. 19F{1H} NMR 

(470.4 MHz, CDCl3): δ -62.9. Calc’d for C8H9F3N [M+H]+: 176.0682. Found: 176.0682. 

 

N-Methyl-6-quinoxalinamine (1g): The general procedure was followed using C1 (0.023 g, 

0.03 mmol, 5 mol %), NaO(t-Bu) (0.0865 g, 0.9 mmol), 6-chloroquinoxaline (0.099 g, 0.6 

mmol), and 2.0 M methylamine in THF (2.10 mL, 4.2 mmol). After flash column 

chromatography on silica gel (60% EtOAc in hexanes) the title compound was isolated as a 

yellow solid (0.084 g, 0.53 mmol, 88%). 1H NMR (500 MHz; CDCl3): δ 8.62 (d, J = 1.7 Hz, 

1H), 8.48 (d, J = 1.7 Hz, 1H), 7.80 (d, J = 9.1 Hz, 1H), 7.10 (dd, J = 9.1, 2.6 Hz, 1H), 6.93 (d, J 

= 2.5 Hz, 1H), 4.41 (br. s, 1H), 2.96 (d, J = 5.2 Hz, 3H). 13C{1H} NMR (125.7 MHz, CDCl3): δ 
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150.3, 145.8, 145.0, 140.4, 138.2, 130.1, 122.2, 103.3, 30.6. Calc’d for C9H10N3 [M+H]+: 

160.0869. Found: 160.0869. 

 

N-Ethyl-6-quinoxalinamine (1h): A modification of the general procedure was followed using 

C1 (0.023 g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.1442 g, 1.5 mmol), 6-chloroquinoxaline (0.099 

g, 0.6 mmol), ethylamine hydrochloride (0.0587 g, 0.72 mmol) and toluene (3 mL) at 80 ˚C. 

After flash column chromatography on silica gel (100% EtOAc) the title compound was isolated 

as a yellow oil (0.075 g, 0.43 mmol, 72%). 1H NMR (500 MHz; CDCl3): δ 8.63 (s, 1H), 8.50 (s, 

1H), 7.82 (d, J = 9.1 Hz, 1H), 7.10 (dd, J = 9.1, 2.5 Hz, 1H), 6.95 (d, J = 2.1 Hz, 1H), 4.15 (br. s, 

1H), 3.34 – 3.28 (m, 2H), 1.35 (t, J = 7.2 Hz, 3H). 13C{1H} NMR (125.7 MHz, CDCl3): δ 149.4, 

145.8, 145.1, 140.4, 138.2, 130.2, 122.3, 103.6, 38.4, 14.6. Calc’d for C10H12N3 [M+H]+: 

174.1026. Found: 174.1026. 

 

 

N-(2,5-Dimethylphenyl)-2-thiophenemethanamine (1i): The general procedure was followed 

using C1 (0.023 g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.0865 g, 0.9 mmol), 2-chloro-p-xylene 

(0.081 mL, 0.6 mmol), 2-thiophenemethylamine (0.068 mL, 0.66 mmol) and toluene (5 mL). 

After flash column chromatography on silica gel (8% EtOAc in hexanes) the title compound was 

isolated as a yellow oil (0.119 g, 0.55 mmol, 91%). 1H NMR (500 MHz; CDCl3): δ 7.32 – 7.29 

(m, 1H), 7.13 (s, 1H), 7.09 – 7.05 (m, 2H), 6.63 (s, 2H), 4.63 (s, 2H), 3.90 (br. s, 1H), 2.40 (s, 

3H), 2.21 (s, 3H). 13C{1H} NMR (125.7 MHz, CDCl3): δ 145.6, 143.2, 136.8, 130.1, 127.0, 

125.1, 124.7, 119.4, 118.4, 111.2, 43.6, 21.6, 17.1. Calc’d for C13H16N [M+H]+: 217.0925. 

Found: 218.0998. 
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N-(Phenylmethyl)-6-quinolinamine (1j): The general procedure was followed using C1 (0.023 

g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.0865 g, 0.9 mmol), 6-chloroquinoline (0.098 g, 0.6 

mmol), benzylamine (0.072 mL, 0.66 mmol) and toluene (5 mL). After flash column 

chromatography on silica gel (40 - 60% EtOAc in hexanes) the title compound was isolated as an 

off-white solid (0.118 g, 0.50 mmol, 84%). 1H NMR (500 MHz; CDCl3): δ 8.62 (dd, J = 4.1, 1.2 

Hz, 1H), 7.88 (t, J = 8.8 Hz, 2H), 7.43 – 7.39 (overlapping br. s, 2H), 7.37 (t, J = 7.3 Hz, 2H), 

7.30 (t, J = 7.2 Hz, 1H), 7.24 (dd, J = 8.3, 4.3 Hz, 1H), 7.13 (dd, J = 9.1, 2.5 Hz, 1H), 6.72 (d, J 

= 2.5 Hz, 1H), 4.44 (d, J = 5.1 Hz, 2H), 4.41 – 4.37 (br. m, 1H). 13C{1H} NMR (125.7 MHz, 

CDCl3): δ 146.3, 146.0, 143.4, 138.7, 133.8, 130.4, 130.1, 128.8, 127.5, 127.4, 121.4, 121.3, 

103.3, 48.3. Calc’d for C16H15N2 [M+H]+: 235.1230. Found: 235.1230. 

 

N-(3-Methoxyphenyl)-α-methyl-benzenemethanamine (1k): The general procedure was 

followed using C1 (0.023 g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.1153 g, 1.2 mmol), 3-

chloroanisole (0.0.74 mL, 0.6 mmol), α-methyl-benzylamine (0.085 mL, 0.66 mmol) and toluene 

(5 mL). After flash column chromatography on silica gel (20% EtOAc in hexanes) the title 

compound was isolated as a pale yellow oil which solidified upon standing (0.133 g, 0.59 mmol, 

98%). 1H NMR (500 MHz; CDCl3): δ 7.37 (d, J = 7.3 Hz, 2H), 7.32 (t, J = 7.9 Hz, 2H), 7.24 – 

7.21 (m, 1H), 7.00 (t, J = 8.2 Hz, 1H), 6.22 (dd, J = 7.8, 1.9 Hz, 1H) 6.15 (dd, J = 8.1, 1.7 Hz, 

1H), 6.08 (t, J = 2.3 Hz, 1H), 4.49 (q, J = 6.7 Hz, 1H), 4.05 (br. s, 1H), 3.69 (s, 3H), 1.52 (d, J = 

6.7 Hz, 3H). 13C{1H} NMR (125.7 MHz, CDCl3): δ 160.7, 148.7, 145.2, 129.8, 128.6, 126.9, 

125.8, 106.4, 102.5, 99.4, 55.0, 53.5, 24.9. Calc’d for C15H18N [M+H]+: 228.1383. Found: 

228.1383. 

 



10 
 

 

4-(2-Propen-1-ylamino)-benzonitrile (1l): The general procedure was followed using C1 

(0.023 g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.1153 g, 1.2 mmol), 3-chlorobenzonitrile (0.083 g, 

0.6 mmol), allylamine (0.050 mL, 0.66 mmol) and toluene (5 mL). After flash column 

chromatography on silica gel (20% EtOAc in hexanes) the title compound was isolated as a pale 

yellow oil which solidified upon standing (0.059 g, 0.37 mmol, 62%). 1H NMR (500 MHz; 

CDCl3): δ 7.40 (d, J = 8.6, 2H), 6.57 (d, J = 8.8 Hz, 2H), 5.94 – 5.85 (m, 1H), 5.27 (dd, J = 17.2, 

1.3 Hz, 1H), 5.20 (dd, J = 10.3, 1.0 Hz, 1H), 4.45 (br. s, 1H), 3.81 (t, J = 5.5 Hz, 2H). 13C{1H} 

NMR (125.7 MHz, CDCl3): δ 151.2, 133.8, 133.6, 120.5, 116.9, 112.4, 98.7, 45.6. HRMS-ESI 

(m/z): Calc’d for C10H10N2Na [M+Na]+: 181.0736. Found: 181.0736. 

 

1-[4-[(2-Phenylethyl)amino]phenyl]-1-propanone (1m): The general procedure was followed 

using C1 (0.023 g, 0.03 mmol, 5 mol %), NaO(t-Bu) (0.1153 g, 1.2 mmol), 4-

bromophenylethylketone (0.128 g, 0.6 mmol), benzene ethanamine (0.083 mL, 0.66 mmol) and 

toluene (5 mL). After flash column chromatography on silica gel (20% EtOAc in hexanes) the 

title compound was isolated as a pale yellow oil which solidified upon standing (0.132 g, 0.52 

mmol, 87%). 1H NMR (500 MHz; CDCl3): δ 7.89 (d, J = 8.7 Hz, 2H), 7.39 – 7.35 (m, 2H), 7.32 

– 7.25 (m, 3H), 6.61 (d, J = 8.7 Hz, 2H), 4.37 (br. s, 1H), 3.50 (t, J = 7.0 Hz, 2H), 2.97 (t, J = 7.0 

Hz, 2H), 2.94 (q, J = 7.3 Hz, 2H), 1.25 (t, J = 7.3 Hz, 3H). 13C{1H} NMR (125.7 MHz, CDCl3): 

δ 199.1, 151.8, 138.8, 130.5, 128.7 (overlapping singlets), 126.6, 126.4, 111.6, 44.4, 35.3, 31.0, 

8.8. HRMS-ESI (m/z): Calc’d for C17H19NONa [M+Na]+: 276.1359. Found: 276.1363. 
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Computational Data 

Reference for Gaussian 09 Revision B.01: M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. 

Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, 

H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. 

Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, 

Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. 

Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. 

Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. 

Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. 

Gomperts, R. E. Stratmann,  O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. 

L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. 

Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, 

Gaussian, Inc., Wallingford CT, 2010. 

General Computational Details. All density-functional theory (DFT) calculations were 

performed using the Gaussian 09 software package, revision B.01, along with the postg2 program 

for the dispersion energies. Geometry optimizations and frequency calculations were performed 

on all species in the gas-phase with the B3LYP functional3 and the exchange-hole dipole moment 

(XDM)4  dispersion correction. A mixed basis set was used, consisting of 6-31G* for C and H, 

and 6-31+G* for all other elements. Single-point energy calculations on the optimized 

geometries were carried out using the same B3LYP-XDM method with the 6-311+G(2d,2p) 

basis set. The XDM damping parameters were a1 = 0, a2 = 3.7737 Å for the geometry 

optimizations and a1 = 0.4376, a2 = 2.1607 Å for the single-point energies.  

 

Thermochemical Energies and Cartesian Coordinates for the Computed Species 

 

Toluene 

 

Zero-point correction=                           0.128318 (Hartree/Particle) 
Thermal correction to Energy=                    0.134524 
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Thermal correction to Enthalpy=                  0.135468 
Thermal correction to Gibbs Free Energy=         0.097615 
Sum of electronic and zero-point Energies=           -271.443562 
Sum of electronic and thermal Energies=              -271.437355 
Sum of electronic and thermal Enthalpies=            -271.436411 
Sum of electronic and thermal Free Energies=         -271.474264 
Single-point energy (6-311+G(2d,2p)) = -271.668522 
 
C                    -1.7827   -4.38255  -0.00067 
C                    -0.38648  -4.37962   0.01322 
C                     0.33403  -3.17691   0.01571 
C                    -0.38622  -1.97395   0.01061 
C                    -1.78231  -1.97079  -0.00329 
C                    -2.48671  -3.17663  -0.00967 
H                    -2.32022  -5.32764   0.00008 
H                     0.1533   -5.32444   0.02424 
H                     0.15371  -1.02915   0.0195 
H                    -2.31963  -1.02559  -0.00471 
H                    -3.57358  -3.17649  -0.0171 
C                     1.84666  -3.17674  -0.00051 
H                     2.23489  -3.16055  -1.02802 
H                     2.2541   -2.2985    0.51229 
H                     2.25376  -4.0705    0.48479 
 
Chlorobenzene 

 
Zero-point correction=                           0.091230 (Hartree/Particle) 
Thermal correction to Energy=                    0.096733 
Thermal correction to Enthalpy=                  0.097677 
Thermal correction to Gibbs Free Energy=         0.061441 
Sum of electronic and zero-point Energies=           -691.758724 
Sum of electronic and thermal Energies=              -691.753221 
Sum of electronic and thermal Enthalpies=            -691.752277 
Sum of electronic and thermal Free Energies=         -691.788512 
Single-point energy (6-311+G(2d,2p)) = -691.962808 
 
C                    -1.25523   1.38798   0.00026 
C                     0.14021   1.42833   0.00123 
C                     0.8129    2.65153   0.0006 
C                     0.06675   3.82944  -0.00106 
C                    -1.32728   3.81069  -0.00208 
C                    -1.9839    2.57879  -0.00139 
H                    -1.77234   0.43305   0.00077 

Cl
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H                     0.71403   0.50575   0.00246 
H                     1.8968    2.69378   0.0013 
H                    -1.88451   4.74135  -0.0033 
H                    -3.0701    2.55506  -0.0021 
Cl                    0.90653   5.37899  -0.0019 
 

tert-Butoxide 

 
Zero-point correction=                           0.121461 (Hartree/Particle) 
Thermal correction to Energy=                    0.127784 
Thermal correction to Enthalpy=                  0.128728 
Thermal correction to Gibbs Free Energy=         0.092817 
Sum of electronic and zero-point Energies=           -232.952827 
Sum of electronic and thermal Energies=              -232.946504 
Sum of electronic and thermal Enthalpies=            -232.945560 
Sum of electronic and thermal Free Energies=         -232.981471 
Single-point energy (6-311+G(2d,2p)) = -233.168725 
 
C                     1.06553   0.6917   -0.00238 
C                     1.64319   1.41899   1.2573 
H                     1.27333   2.45262   1.27595 
H                     1.27311   0.91851   2.16178 
H                     2.74715   1.44407   1.301 
C                     1.64335   1.41885  -1.26207 
H                     2.74731   1.44392  -1.30563 
H                     1.27338   0.91827  -2.16654 
H                     1.27349   2.45248  -1.28088 
C                     1.64303  -0.76292  -0.00226 
H                     1.27295  -1.29584   0.88349 
H                     1.27306  -1.29594  -0.888 
H                     2.74699  -0.81342  -0.00219 
O                    -0.2891    0.69185  -0.00247 
 
 

tert- Butanol  

 
Zero-point correction=                           0.136151 (Hartree/Particle) 
Thermal correction to Energy=                    0.142874 
Thermal correction to Enthalpy=                  0.143818 
Thermal correction to Gibbs Free Energy=         0.107159 
Sum of electronic and zero-point Energies=           -233.547294 
Sum of electronic and thermal Energies=              -233.540571 
Sum of electronic and thermal Enthalpies=            -233.539627 
Sum of electronic and thermal Free Energies=         -233.576286 
Single-point energy (6-311+G(2d,2p)) = -233.776853 
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C                     1.16699   0.70144  -0.00237 
C                     1.64481   1.42733   1.26398 
H                     1.28536   2.46477   1.28012 
H                     1.26706   0.92096   2.15824 
H                     2.7394    1.45571   1.31678 
C                     1.64497   1.42719  -1.26875 
H                     2.73957   1.45557  -1.32141 
H                     1.26733   0.92072  -2.163 
H                     1.28552   2.46462  -1.28505 
C                     1.6232   -0.75936  -0.00226 
H                     1.24356  -1.27676   0.88477 
H                     1.24367  -1.27686  -0.88928 
H                     2.71672  -0.82454  -0.00219 
O                    -0.27716   0.63688  -0.00246 
H                    -0.62655   1.54246  -0.00253 
 
chloride 

 
Zero-point correction=                           0.000000 (Hartree/Particle) 
Thermal correction to Energy=                    0.001416 
Thermal correction to Enthalpy=                  0.002360 
Thermal correction to Gibbs Free Energy=        -0.015023 
Sum of electronic and zero-point Energies=           -460.271463 
Sum of electronic and thermal Energies=              -460.270047 
Sum of electronic and thermal Enthalpies=            -460.269103 
Sum of electronic and thermal Free Energies=         -460.286486 
Single-point energy (6-311+G(2d,2p)) = -460.303727 
 
Cl                    4.77575   3.37673  -0.48322 
 
Furfurylamine 

 
Zero-point correction=                           0.115442 (Hartree/Particle) 
Thermal correction to Energy=                    0.121414 
Thermal correction to Enthalpy=                  0.122359 
Thermal correction to Gibbs Free Energy=         0.085413 
Sum of electronic and zero-point Energies=           -324.576109 
Sum of electronic and thermal Energies=              -324.570136 
Sum of electronic and thermal Enthalpies=            -324.569192 
Sum of electronic and thermal Free Energies=         -324.606137 
 
C,0,-0.3654697965,0.2791966128,-0.0000050042 
C,0,0.995771008,0.2634244651,0.0003092911 
C,0,1.4180556022,1.6372590574,-0.0000338826 
C,0,0.2843541298,2.3858704525,-0.0002910015 

O
H2N
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O,0,-0.8196183481,1.5731448133,0.0001618089 
H,0,1.6099465428,-0.6241847704,0.0005628031 
H,0,2.4331866523,2.0098607943,-0.0000781482 
H,0,0.0818442467,3.4456649032,-0.0005456885 
C,0,-1.4161979548,-0.7897376316,-0.0000070874 
H,0,-2.0685247468,-0.6566608047,0.8743983609 
H,0,-2.0684452151,-0.6567706431,-0.8744879836 
N,0,-0.8027252604,-2.1267983706,0.0000756292 
H,0,-1.0669302358,-2.661969074,0.8205073787 
H,0,-1.0671562244,-2.6621687042,-0.820152776 
 

Single-point energy (6-311+G(2d,2p)) = -3.248081057416E+02 
 

N-Phenyl-2-furanmethanamine 

 
Zero-point correction=                           0.196977 (Hartree/Particle) 
Thermal correction to Energy=                    0.207759 
Thermal correction to Enthalpy=                  0.208703 
Thermal correction to Gibbs Free Energy=         0.158613 
Sum of electronic and zero-point Energies=           -555.556142 
Sum of electronic and thermal Energies=              -555.545361 
Sum of electronic and thermal Enthalpies=            -555.544417 
Sum of electronic and thermal Free Energies=         -555.594507 
Single-point energy (6-311+G(2d,2p)) = -5.559443030602E+02 
C,0,-0.2242550117,0.0846961249,0.066119008 
 C,0,1.0254382359,-0.4487478472,-0.021108754 
 C,0,1.9274765322,0.6563107094,-0.1899771112 
 C,0,1.1608767964,1.778214088,-0.1924335015 
 O,0,-0.1605371406,1.4491172089,-0.0390357804 
 H,0,1.2656711706,-1.5008935447,0.0187090729 
 H,0,3.0023234117,0.6122549497,-0.2981967169 
 H,0,1.3691689226,2.832443657,-0.2880915516 
 C,0,-1.5926093268,-0.4982351239,0.2559652201 
 H,0,-1.9627934556,-0.251498382,1.2590980549 
 H,0,-2.2913909933,-0.0298334458,-0.4565511681 
 N,0,-1.5894157015,-1.9470175709,0.1305128445 
 H,0,-2.0798197762,-2.422614027,0.8750336797 
 C,0,-1.7206710174,-2.5738452652,-1.1163098928 
 C,0,-2.1315416553,-3.91870268,-1.1693880414 
 C,0,-1.4279542249,-1.9109096423,-2.3201080772 
 C,0,-2.2479578869,-4.5771860455,-2.3889675333 
 H,0,-2.3593546946,-4.4439521609,-0.2435837943 
 C,0,-1.5507781964,-2.5830833854,-3.536718106 
 H,0,-1.0854729136,-0.8823053374,-2.3080577872 

O
N
H
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 C,0,-1.9602191496,-3.9151846879,-3.586002519 
 H,0,-2.570045987,-5.6152498481,-2.4031310837 
 H,0,-1.3184776369,-2.0514674608,-4.4559730069 
 H,0,-2.0524118013,-4.430431383,-4.5373611544 
 

(PAd-DalPhos)Ni  

 

Zero-point correction=                           0.575791 (Hartree/Particle) 
Thermal correction to Energy=                    0.610190 
Thermal correction to Enthalpy=                  0.611135 
Thermal correction to Gibbs Free Energy=         0.511577 
Sum of electronic and zero-point Energies=          -3579.792858 
Sum of electronic and thermal Energies=             -3579.758458 
Sum of electronic and thermal Enthalpies=           -3579.757514 
Sum of electronic and thermal Free Energies=        -3579.857072 
Single-point energy (6-311+G(2d,2p)) = -3581.014408 
 
Ni 0.2736600 0.0216600 -1.7063280 
P -1.3529430 -0.3304910 -0.4509620 
P 1.8321280 0.0372710 -0.3084960 
C -0.4498920 -1.0078010 1.0383950 
C 0.9607650 -0.8490810 1.0821130 
C -2.9342590 -1.3828100 -0.6143610 
C -2.3393040 1.1896970 0.1496360 
C 2.2610960 1.6849250 0.4024540 
C 3.4504660 -0.8507400 -0.3731610 
O -3.7491340 -1.4000760 0.5835440 
O -3.2032180 1.5599520 -0.9505150 
C 1.6867600 -1.4089360 2.1414400 
C -1.0747250 -1.7299580 2.0687210 
C -3.2117060 0.8605470 1.3629260 
C -3.7415460 -0.7010410 -1.7298720 
C -2.6159360 -2.8337800 -0.9378860 
C -1.4273240 2.3784700 0.3899740 
C 2.7385640 2.7007330 -0.4619250 
C 2.0374620 1.9846380 1.7545440 
C 3.4946940 -2.1513530 -0.9338420 
C 4.6419580 -0.2421710 0.0484790 

P

P

O
O

O

Ni
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H 2.7670820 -1.2971540 2.1624670 
C 1.0478730 -2.1197730 3.1575040 
C -0.3359530 -2.2813080 3.1169600 
H -2.1468210 -1.8816370 2.0358830 
C -4.3076410 -0.1451730 0.9809060 
H -2.6026900 0.4705590 2.1830810 
H -3.7015860 1.7792780 1.7080240 
H -4.5995020 -1.3338000 -1.9871860 
H -3.1237860 -0.5651020 -2.6228660 
C -4.2708140 0.6582610 -1.2466000 
H -3.5461560 -3.3962710 -1.0801180 
H -2.0471380 -3.3038820 -0.1302720 
H -2.0224080 -2.8907960 -1.8563210 
H -2.0277120 3.2610230 0.6411710 
H -0.8363770 2.5936040 -0.5053020 
H -0.7353330 2.1766150 1.2127580 
C 2.9799160 3.9728650 0.0700040 
C 2.2797130 3.2607910 2.2633390 
H 1.6658970 1.2126360 2.4194950 
C 2.9919760 2.4522520 -1.9294770 
C 4.7353340 -2.7889610 -1.0431540 
H 4.6094780 0.7539110 0.4788370 
C 2.2493650 -2.8667520 -1.4005130 
C 5.8693590 -0.8941250 -0.0755900 
O -5.0687950 0.4236490 -0.0832760 
H 1.6296610 -2.5497350 3.9685090 
H -0.8451220 -2.8440520 3.8951070 
C -5.2716150 -0.4462850 2.1109220 
C -5.1512580 1.3577420 -2.2619710 
H 3.3484260 4.7542800 -0.5904390 
C 2.7541560 4.2602860 1.4162980 
H 2.0981430 3.4680840 3.3145200 
H 3.7625780 1.6883460 -2.0876560 
H 3.3195840 3.3699460 -2.4279170 
H 2.0839570 2.0882380 -2.4298870 
H 4.7741320 -3.7877800 -1.4719710 
H 1.6444860 -2.2298990 -2.0624390 
H 1.5988970 -3.1386860 -0.5600420 
H 2.5057080 -3.7846980 -1.9388830 
C 5.9157950 -2.1747780 -0.6228860 
H 6.7796700 -0.4026430 0.2574300 
H -6.0311520 -1.1511440 1.7628840 
H -5.7611810 0.4745460 2.4393620 
H -4.7346500 -0.8878300 2.9558490 
H -5.5134950 2.2991910 -1.8409050 
H -6.0070660 0.7259460 -2.5150770 



18 
 

H -4.5771580 1.5696800 -3.1684840 
H 2.9466210 5.2596230 1.7972710 
H 6.8642630 -2.6950740 -0.7261260 
 
(PAd-DalPhos)Ni(2-toluene) 

 
Zero-point correction=                           0.706137 (Hartree/Particle) 
Thermal correction to Energy=                    0.747644 
Thermal correction to Enthalpy=                  0.748588 
Thermal correction to Gibbs Free Energy=         0.635228 
Sum of electronic and zero-point Energies=          -3851.279479 
Sum of electronic and thermal Energies=             -3851.237972 
Sum of electronic and thermal Enthalpies=           -3851.237028 
Sum of electronic and thermal Free Energies=        -3851.350388 
Single-point energy (6-311+G(2d,2p)) = -3852.724250 
 
Ni 0.2485680 1.3144450 -0.1226080 
P -1.3183510 -0.1641440 -0.3719960 
P 1.7422370 -0.2848330 0.0624600 
C -0.4497540 -1.6581750 -1.0466450 
C 0.9531460 -1.6733340 -0.8846580 
C -2.9111240 -0.0086440 -1.3965440 
C -2.2791880 -0.7311550 1.1781100 
C 2.1657700 -1.1110690 1.6735530 
C 3.3809590 -0.1559260 -0.7889950 
O -3.7113110 -1.2169480 -1.3899580 
O -3.1485790 0.3638850 1.5393830 
C 1.7093060 -2.7047440 -1.4567760 
C -1.0577350 -2.6920980 -1.7790980 
C -3.1406260 -1.9599220 0.8761410 
C -3.7201210 1.1040090 -0.7183430 
C -2.6131440 0.3055820 -2.8543170 
C -1.3576720 -0.9374530 2.3653590 
C 2.6415260 -0.3397640 2.7612120 
C 1.9411610 -2.4837440 1.8674930 
C 3.4362350 0.2907880 -2.1327970 
C 4.5788870 -0.4129030 -0.1053920 
H 2.7891670 -2.7033780 -1.3382880 

P

P

O
O

O

Ni
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C 1.0935140 -3.7202540 -2.1868920 
C -0.2930380 -3.7119400 -2.3458030 
H -2.1308440 -2.6809070 -1.9260060 
C -4.2522570 -1.6040160 -0.1227010 
H -2.5271030 -2.7792940 0.4913110 
H -3.6165320 -2.2961000 1.8054300 
H -4.5856190 1.3466500 -1.3472270 
H -3.1107120 2.0008480 -0.5925530 
C -4.2315240 0.6336680 0.6481070 
H -3.5522720 0.4355950 -3.4047130 
H -2.0437570 -0.5000020 -3.3271040 
H -2.0296020 1.2288380 -2.9234820 
H -1.9553560 -1.1591710 3.2573880 
H -0.7667760 -0.0360790 2.5516210 
H -0.6706940 -1.7688650 2.1870980 
C 2.8738410 -0.9719350 3.9890870 
C 2.1739900 -3.0947400 3.0995450 
H 1.5719600 -3.0895700 1.0487740 
C 2.9157350 1.1363940 2.6324490 
C 4.6909310 0.4799270 -2.7239410 
H 4.5438120 -0.7785690 0.9154850 
C 2.1959700 0.5315330 -2.9614380 
C 5.8188830 -0.2168780 -0.7137420 
O -5.0192590 -0.5428180 0.4422230 
H 1.6931850 -4.5096070 -2.6322750 
H -0.7820060 -4.4945840 -2.9200310 
C -5.2047140 -2.7499520 -0.3989710 
C -5.1106720 1.6522610 1.3437080 
H 3.2393620 -0.3749420 4.8212550 
C 2.6428880 -2.3346940 4.1685950 
H 1.9866210 -4.1585950 3.2177950 
H 3.7828660 1.3320300 1.9894290 
H 3.1174420 1.5846370 3.6103620 
H 2.0620600 1.6481930 2.1819690 
H 4.7347140 0.8272670 -3.7538250 
H 1.3960290 0.9989170 -2.3742440 
H 1.7872590 -0.4108670 -3.3470450 
H 2.4202780 1.1746320 -3.8187650 
C 5.8758620 0.2370780 -2.0297290 
H 6.7311070 -0.4219760 -0.1598510 
H -5.9758780 -2.4206710 -1.1002190 
H -5.6806120 -3.0720500 0.5312280 
H -4.6619020 -3.5940960 -0.8349280 
H -5.4580800 1.2436060 2.2962290 
H -5.9760130 1.8904240 0.7190700 
H -4.5374260 2.5641290 1.5327020 
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H 2.8261600 -2.7951390 5.1356280 
H 6.8338580 0.3994120 -2.5162320 
C -0.0529700 3.1659680 -1.0974530 
C 0.9598480 3.1985310 -0.0735920 
C 0.4788080 3.5412590 1.2363460 
C -0.8246480 3.9452410 1.4669950 
C -1.7341220 4.1096740 0.3937160 
C -1.3425460 3.7255310 -0.8711300 
H 0.2601890 3.0273590 -2.1314500 
H 1.1862120 3.5542850 2.0620600 
H -1.1326290 4.1991070 2.4780970 
H -2.7239170 4.5196960 0.5731180 
H -2.0176890 3.8403110 -1.7165950 
C 2.4250560 3.3832520 -0.4115660 
H 3.0732090 3.0014860 0.3829790 
H 2.6583400 4.4504300 -0.5435670 
H 2.6978350 2.8697380 -1.3370800 
 
(PAd-DalPhos)Ni(2-PhCl) 

 
Zero-point correction=                           0.668556 (Hartree/Particle) 
Thermal correction to Energy=                    0.709736 
Thermal correction to Enthalpy=                  0.710680 
Thermal correction to Gibbs Free Energy=         0.597119 
Sum of electronic and zero-point Energies=          -4271.600069 
Sum of electronic and thermal Energies=             -4271.558889 
Sum of electronic and thermal Enthalpies=           -4271.557944 
Sum of electronic and thermal Free Energies=        -4271.671505 
Single-point energy (6-311+G(2d,2p)) = -4273.022227 
 
Ni 0.2392290 1.2183100 -0.1290980 
P -1.3972010 -0.2076750 -0.3846030 
P 1.6453790 -0.4821740 0.0860850 
C -0.6002800 -1.7368190 -1.0534130 
C 0.7977950 -1.8239080 -0.8734540 
C -2.9638270 0.0622000 -1.4161100 
C -2.3917690 -0.7153080 1.1608690 
C 1.9950430 -1.3097850 1.7073850 

P

P

O
O

O

Ni

Cl
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C 3.2992000 -0.4157120 -0.7288600 
O -3.8352010 -1.0936390 -1.4181030 
O -3.1869980 0.4329270 1.5221790 
C 1.5065760 -2.8902790 -1.4417890 
C -1.2544320 -2.7346050 -1.7955730 
C -3.3291070 -1.8843850 0.8473750 
C -3.7013750 1.2213040 -0.7332430 
C -2.6365760 0.3645200 -2.8701150 
C -1.4878060 -0.9876000 2.3485510 
C 2.4269320 -0.5303070 2.8054940 
C 1.7960520 -2.6873790 1.8845160 
C 3.3995550 0.0196920 -2.0720570 
C 4.4658530 -0.7205130 -0.0135110 
H 2.5843710 -2.9413780 -1.3163140 
C 0.8461630 -3.8707310 -2.1808740 
C -0.5365120 -3.7914240 -2.3552580 
H -2.3238020 -2.6660910 -1.9553170 
C -4.4094060 -1.4510280 -0.1550950 
H -2.7677760 -2.7400470 0.4617320 
H -3.8304330 -2.1931700 1.7725610 
H -4.5458630 1.5236560 -1.3643830 
H -3.0363400 2.0764490 -0.5983990 
C -4.2482270 0.7769990 0.6282640 
H -3.5622320 0.5564910 -3.4247640 
H -2.1164530 -0.4728370 -3.3442710 
H -1.9958070 1.2496490 -2.9317300 
H -2.1011020 -1.1811040 3.2362940 
H -0.8456730 -0.1247920 2.5470700 
H -0.8509180 -1.8570230 2.1648250 
C 2.6540620 -1.1652820 4.0326160 
C 2.0166140 -3.2997200 3.1184120 
H 1.4585330 -3.2950310 1.0533220 
C 2.6236330 0.9596930 2.6957470 
C 4.6734190 0.1372840 -2.6389080 
H 4.3921390 -1.0630830 1.0131290 
C 2.1907340 0.3367890 -2.9187200 
C 5.7258910 -0.5913770 -0.5975830 
O -5.1079190 -0.3450740 0.4114770 
H 1.4092410 -4.6879880 -2.6233590 
H -1.0577790 -4.5467320 -2.9373810 
C -5.4328450 -2.5303740 -0.4443260 
C -5.0609180 1.8469420 1.3269270 
H 2.9914150 -0.5662440 4.8749420 
C 2.4505930 -2.5345800 4.1985740 
H 1.8507240 -4.3678950 3.2285150 
H 3.2923320 1.2379010 1.8736620 
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H 3.0398580 1.3663680 3.6228380 
H 1.6669800 1.4546790 2.5030420 
H 4.7559540 0.4789750 -3.6679180 
H 1.4363480 0.8938810 -2.3515080 
H 1.7055530 -0.5766310 -3.2849050 
H 2.4753330 0.9397970 -3.7862380 
C 5.8299240 -0.1578990 -1.9173210 
H 6.6158660 -0.8289460 -0.0213120 
H -6.1765060 -2.1470090 -1.1477060 
H -5.9345030 -2.8261630 0.4810180 
H -4.9438380 -3.4055540 -0.8826230 
H -5.4371070 1.4568140 2.2762270 
H -5.9069810 2.1441490 0.7012420 
H -4.4296910 2.7183510 1.5222440 
H 2.6290260 -2.9970630 5.1655420 
H 6.8042990 -0.0469190 -2.3853450 
C -0.0844330 3.0398720 -0.9930530 
C 1.0291370 2.9946540 -0.0703830 
C 0.8205050 3.5581430 1.2355880 
C -0.3826070 4.1327010 1.5794910 
C -1.4220090 4.2918510 0.6228620 
C -1.2545130 3.7848950 -0.6432460 
H 0.1075690 2.8681180 -2.0505270 
H 1.6495830 3.5676060 1.9348720 
H -0.5118800 4.5300000 2.5830320 
H -2.3210570 4.8408340 0.8878690 
H -2.0033750 3.9645430 -1.4116960 
Cl 2.7263320 3.1619790 -0.7134630 
 
 

 

 

 

 

(PAd-DalPhos)Ni(Ph)Cl 

 
Zero-point correction=                           0.669717 (Hartree/Particle) 
Thermal correction to Energy=                    0.710944 

P

P

O
O

O

Ni

Cl
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Thermal correction to Enthalpy=                  0.711888 
Thermal correction to Gibbs Free Energy=         0.598366 
Sum of electronic and zero-point Energies=          -4271.640752 
Sum of electronic and thermal Energies=             -4271.599524 
Sum of electronic and thermal Enthalpies=           -4271.598580 
Sum of electronic and thermal Free Energies=        -4271.712102 
Single-point energy (6-311+G(2d,2p)) = -4273.065005 
 
Ni 0.2294730 1.3238010 -0.0238930 
Cl 1.5796940 3.0840710 -0.0861570 
P -1.0733230 -0.4083730 -0.3699090 
P 1.9523770 -0.1514150 0.0447110 
C -1.2222190 2.5557740 0.0584700 
C -1.6089680 3.3445740 -1.0342010 
C -1.8751380 2.7528450 1.2828260 
C -0.0040300 -1.7062170 -1.1656490 
C 1.3867900 -1.5651200 -0.9803140 
C -2.6618430 -0.3610970 -1.4214430 
C -1.9688990 -1.2172520 1.1124110 
C 2.3412400 -0.9214100 1.6775040 
C 3.5723840 0.3115180 -0.6720770 
C -2.6428770 4.2784630 -0.9182310 
C -2.8971920 3.7012700 1.4086680 
H -1.6053140 2.1555960 2.1503380 
O -3.2103740 -1.6957620 -1.5369910 
O -3.0126300 -0.3117460 1.5055660 
C 2.2772150 -2.4468400 -1.6054010 
C -0.4687010 -2.7533590 -1.9804740 
C -2.5947470 -2.5460570 0.6788920 
C -3.6975320 0.5035730 -0.6978570 
C -2.3807440 0.1263060 -2.8336650 
C -1.0606040 -1.3626890 2.3189290 
C 2.3935550 -0.1310480 2.8499620 
C 2.5455330 -2.3073280 1.7682090 
C 3.6411600 0.8278800 -1.9884630 
C 4.7359330 0.2031820 0.1007460 
H -2.9283450 4.8770590 -1.7806590 
C -3.2955070 4.4577980 0.3045530 
H -3.3829370 3.8440830 2.3719100 
H 3.3464390 -2.3076240 -1.4735640 
C 1.8014680 -3.4771180 -2.4138050 
C 0.4264760 -3.6267790 -2.5981190 
H -1.5302320 -2.8646470 -2.1550530 
C -3.7207880 -2.2938350 -0.3343420 
H -1.8395380 -3.2186360 0.2638730 
H -3.0341990 -3.0276940 1.5602470 
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H -4.5794460 0.5797400 -1.3447340 
H -3.3169420 1.5041600 -0.5075090 
C -4.1244870 -0.1653930 0.6108310 
H -3.3100460 0.1113800 -3.4139690 
H -1.6462690 -0.5068600 -3.3397720 
H -2.0019810 1.1515100 -2.8009000 
H -1.6434290 -1.7493710 3.1625180 
H -0.6372540 -0.3959990 2.6032060 
H -0.2392260 -2.0535700 2.1117310 
C 2.6497300 -0.7737440 4.0689760 
C 2.7948670 -2.9244460 2.9929440 
H 2.5007190 -2.9189400 0.8745980 
C 2.1774250 1.3604280 2.8405080 
C 4.8954130 1.2087080 -2.4771210 
H 4.6763510 -0.1880490 1.1107810 
C 2.4273640 0.9749760 -2.8737050 
H -4.0954480 5.1876010 0.3982910 
C 5.9733920 0.5976420 -0.4078130 
O -4.6759000 -1.4463680 0.2884900 
H 2.4988370 -4.1512190 -2.9032220 
H 0.0443890 -4.4184360 -3.2367860 
C -4.4420270 -3.5552020 -0.7642330 
C -5.1817490 0.6095830 1.3662640 
H 2.6911960 -0.1719820 4.9732230 
C 2.8452930 -2.1510480 4.1510840 
H 2.9467950 -3.9992400 3.0367960 
H 2.8353820 1.8778270 2.1361160 
H 2.3446840 1.7791700 3.8374340 
H 1.1581220 1.6214300 2.5320450 
H 4.9605960 1.6110520 -3.4848430 
H 1.6420440 1.5454410 -2.3658760 
H 2.0091530 0.0024910 -3.1598940 
H 2.6872520 1.5096150 -3.7921970 
C 6.0514800 1.1015320 -1.7037050 
H 6.8640110 0.5121150 0.2082060 
H -5.2358620 -3.2970750 -1.4697310 
H -4.8839940 -4.0455680 0.1072830 
H -3.7437670 -4.2453240 -1.2473630 
H -5.4419970 0.0744570 2.2833510 
H -6.0764850 0.7141620 0.7463670 
H -4.7988800 1.6015390 1.6167340 
H 3.0358650 -2.6151860 5.1149060 
H 7.0072200 1.4165350 -2.1136260 
H    -1.0840820             3.2502400         -1.9820930 
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(PAd-DalPhos)Ni(Ph)Cl Csp2-Cl oxidative addition transition state (TS-1) 

 
Zero-point correction=                           0.667304 (Hartree/Particle) 
Thermal correction to Energy=                    0.708285 
Thermal correction to Enthalpy=                  0.709229 
Thermal correction to Gibbs Free Energy=         0.596476 
Sum of electronic and zero-point Energies=          -4271.587154 
Sum of electronic and thermal Energies=             -4271.546174 
Sum of electronic and thermal Enthalpies=           -4271.545230 
Sum of electronic and thermal Free Energies=        -4271.657983 
Single-point energy (6-311+G(2d,2p)) = -4273.019837 
 
Ni -0.2244190 1.0519830 -0.5772420 
Cl -0.1958650 1.9891360 -2.7957450 
P 1.4945040 0.0108320 0.2843970 
P -1.5523370 -0.6059400 0.0478810 
C -1.1728060 2.5832420 -1.0892090 
C -0.3040610 3.3735980 -0.2971940 
C -2.5618450 2.8319440 -1.1148080 
C 0.7929990 -1.1637610 1.5241200 
C -0.5949250 -1.4103140 1.4227530 
C 2.9224420 0.9076840 1.1457700 
C 2.6586530 -0.9521670 -0.8693680 
C -1.8080160 -2.0130560 -1.1312240 
C -3.2066240 -0.3718560 0.8324400 
C -0.8717610 4.2813760 0.6200830 
C -3.0831920 3.7383160 -0.2081300 
H -3.2061610 2.2742660 -1.7841640 
O 3.9226650 -0.0070260 1.6508890 
O 3.3277430 0.0492780 -1.6656330 
C -1.2228120 -2.2264730 2.3727220 
C 1.5126180 -1.7374760 2.5855450 
C 3.7108730 -1.7326690 -0.0797390 
C 3.5664470 1.7760900 0.0542190 
C 2.4414550 1.7256570 2.3337390 
C 1.8793080 -1.8146330 -1.8448040 
C -2.4251350 -1.7847670 -2.3858100 
C -1.3226080 -3.2968680 -0.8358620 
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C -3.3561920 0.5854140 1.8661170 
C -4.3340820 -1.0706510 0.3748830 
H -0.2171270 4.8875160 1.2420930 
C -2.2464640 4.4549820 0.6757750 
H -4.1593920 3.8864220 -0.1687180 
H -2.2908220 -2.4085690 2.2964260 
C -0.4967900 -2.7912500 3.4205020 
C 0.8724750 -2.5429310 3.5273050 
H 2.5693690 -1.5230820 2.6915310 
C 4.6409730 -0.7654340 0.6690760 
H 3.2366850 -2.4289650 0.6176180 
H 4.3208570 -2.3145390 -0.7811400 
H 4.3192900 2.4261970 0.5152890 
H 2.8163480 2.4011170 -0.4385350 
C 4.2640790 0.8865010 -0.9857790 
H 3.2822580 2.2795660 2.7667790 
H 2.0159230 1.0809650 3.1082570 
H 1.6714800 2.4347120 2.0141120 
H 2.5711710 -2.2799310 -2.5565050 
H 1.1582810 -1.2074390 -2.3992950 
H 1.3338490 -2.6024460 -1.3173840 
C -2.5311510 -2.8534670 -3.2846290 
C -1.4302630 -4.3449760 -1.7499260 
H -0.8499760 -3.4867140 0.1205790 
C -2.9717440 -0.4369480 -2.7841740 
C -4.6380480 0.8151230 2.3799790 
H -4.2202120 -1.8205150 -0.4009360 
C -2.1843790 1.3256200 2.4609450 
H -2.6805080 5.1729320 1.3654540 
C -5.6017630 -0.8255930 0.9023590 
O 5.2374680 0.0984550 -0.2943990 
H -1.0000340 -3.4154660 4.1539520 
H 1.4429520 -2.9677240 4.3489480 
C 5.7658780 -1.4600100 1.4093660 
C 4.9905300 1.6706010 -2.0584790 
H -3.0085700 -2.6782580 -4.2455790 
C -2.0373630 -4.1220390 -2.9832440 
H -1.0419460 -5.3269620 -1.4935510 
H -3.4361660 -0.4862700 -3.7738500 
H -2.1755110 0.3116070 -2.8222320 
H -3.7290800 -0.0793230 -2.0771830 
H -4.7567240 1.5523220 3.1706370 
H -1.5138980 1.7168180 1.6895620 
H -1.5847800 0.6670890 3.1021700 
H -2.5267400 2.1669260 3.0700650 
C -5.7552230 0.1276700 1.9071130 
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H -6.4590970 -1.3793880 0.5294070 
H 6.3957210 -0.7123410 1.8982480 
H 6.3739580 -2.0364360 0.7069690 
H 5.3578560 -2.1348020 2.1679140 
H 5.4901660 0.9766050 -2.7392530 
H 5.7377420 2.3266610 -1.6035190 
H 4.2743260 2.2724500 -2.6248210 
H -2.1289590 -4.9271000 -3.7072790 
H -6.7369320 0.3340590 2.3250440 
H 0.7634490 3.3793020 -0.4822870 
 
(PAd-DalPhos)Ni(Ph)furfurylamido 

 
Zero-point correction=                           0.772925 (Hartree/Particle) 
Thermal correction to Energy=                    0.819678 
Thermal correction to Enthalpy=                  0.820622 
Thermal correction to Gibbs Free Energy=         0.693559 
Sum of electronic and zero-point Energies=          -4135.381678 
Sum of electronic and thermal Energies=             -4135.334926 
Sum of electronic and thermal Enthalpies=           -4135.333982 
Sum of electronic and thermal Free Energies=        -4135.461045 
Single-point energy (6-311+G(2d,2p)) = -4.136988543490E+03 

Ni 0.3120920 0.7322050 -0.1940410 
P -1.7102400 -0.1976020 -0.2985150 
P 1.0830730 -1.3907950 -0.0411120 
C -0.2871990 2.5260840 -0.3443070 
C -0.3280540 3.2133750 -1.5689220 
C -0.6707720 3.2363790 0.8069880 
C -1.4715650 -1.9113810 -0.9792170 
C -0.1667080 -2.4417630 -0.8819020 
C -3.1800250 0.5219040 -1.2686780 
C -2.7249190 -0.3486950 1.3095760 
C 1.2712290 -2.1669490 1.6237280 
C 2.6546680 -1.7366910 -0.9156930 
C -0.7611130 4.5417240 -1.6497000 
C -1.0911040 4.5687440 0.7366670 
H -0.6629730 2.7420440 1.7764120 
O -4.3262570 -0.3594380 -1.1870590 
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O -3.1363170 0.9890440 1.6460030 
C 0.1363970 -3.6796450 -1.4631090 
C -2.4538240 -2.6617070 -1.6483280 
C -3.9667380 -1.2138720 1.0811490 
C -3.5630330 1.8491750 -0.6080690 
C -2.8540190 0.6838860 -2.7448620 
C -1.8786820 -0.8355350 2.4713030 
C 1.7615700 -1.4118590 2.7153340 
C 0.8925940 -3.5042990 1.8232740 
C 2.7967880 -1.3735000 -2.2764590 
C 3.7495770 -2.2608270 -0.2169910 
H -0.7862460 5.0448020 -2.6143030 
C -1.1490210 5.2257060 -0.4954320 
H -1.3760270 5.0935750 1.6466080 
H 1.1524920 -4.0608520 -1.4085270 
C -0.8465010 -4.4079120 -2.1308580 
C -2.1423380 -3.8968210 -2.2173430 
H -3.4548220 -2.2628480 -1.7488500 
C -4.9264380 -0.5154850 0.1074280 
H -3.6895060 -2.2045240 0.7105080 
H -4.4872130 -1.3398770 2.0379220 
H -4.3547040 2.3109190 -1.2098440 
H -2.7141400 2.5288050 -0.5650470 
C -4.1189020 1.5985610 0.7966950 
H -3.7309970 1.0815130 -3.2680370 
H -2.5804730 -0.2703180 -3.2045610 
H -2.0248440 1.3867180 -2.8635900 
H -2.4816170 -0.8286150 3.3865130 
H -1.0156540 -0.1816590 2.6190780 
H -1.5180570 -1.8528980 2.2950950 
C 1.8657030 -2.0439750 3.9624310 
C 0.9956340 -4.1080190 3.0751840 
H 0.5036780 -4.0841550 0.9943620 
C 2.1474350 0.0395060 2.5972570 
C 4.0445840 -1.5582090 -2.8822650 
H 3.6403320 -2.5265020 0.8290150 
C 1.6584140 -0.8127720 -3.0979370 
H -1.4817140 6.2587590 -0.5534010 
C 4.9849180 -2.4340560 -0.8419070 
O -5.2626400 0.7475240 0.6684110 
H -0.6010150 -5.3633410 -2.5862650 
H -2.9139450 -4.4529030 -2.7428450 
C -6.2199970 -1.2726840 -0.1149980 
C -4.5649410 2.8618360 1.5002250 
H 2.2460090 -1.4700240 4.8036190 
C 1.4887880 -3.3719010 4.1511960 
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H 0.6942920 -5.1438830 3.2035180 
H 2.7783980 0.2419450 1.7266040 
H 2.6628550 0.3750550 3.5023450 
H 1.2575940 0.6696270 2.4635040 
H 4.1656370 -1.2754280 -3.9251010 
H 1.1000510 -0.0406250 -2.5540900 
H 0.9361150 -1.5917300 -3.3709650 
H 2.0356970 -0.3679100 -4.0239050 
C 5.1319880 -2.0798350 -2.1810230 
H 5.8233390 -2.8366940 -0.2806820 
H -6.8566300 -0.7100980 -0.8026070 
H -6.7449220 -1.3993950 0.8356840 
H -6.0127380 -2.2578340 -0.5437310 
H -4.9537130 2.6113860 2.4908020 
H -5.3516880 3.3510040 0.9193300 
H -3.7165620 3.5428880 1.6014810 
H 1.5775520 -3.8264520 5.1342170 
H 6.0894560 -2.2014350 -2.6799920 
H -0.0092790 2.7111020 -2.4816000 
N 2.1264460 1.3260850 -0.2704420 
H 2.3656800 1.3393280 -1.2657710 
C 2.5789250 2.5917990 0.2902850 
H 2.2088660 2.6744660 1.3223950 
H 2.2091460 3.4970000 -0.2217690 
C 4.0792890 2.6308400 0.3041010 
C 5.0447610 1.6993120 0.0528420 
O 4.6699440 3.8269560 0.6324740 
C 6.3095620 2.3554420 0.2386170 
H 4.8632490 0.6728970 -0.2297360 
C 6.0255680 3.6371210 0.5896880 
H 7.2951980 1.9250600 0.1228560 
H 6.6248150 4.5020730 0.8295470 
 
 

 

(PAd-DalPhos)Ni(Ph)furfurylamido Csp2-N reductive elimination transition state (TS-2) 

 
Zero-point correction=                           0.772478 (Hartree/Particle) 
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Thermal correction to Energy=                    0.818459 
Thermal correction to Enthalpy=                  0.819403 
Thermal correction to Gibbs Free Energy=         0.695361 
Sum of electronic and zero-point Energies=          -4135.358748 
Sum of electronic and thermal Energies=             -4135.312767 
Sum of electronic and thermal Enthalpies=           -4135.311823 
Sum of electronic and thermal Free Energies=        -4135.435866 
Single-point energy (6-311+G(2d,2p)) = -4.136964821056E+03 
Ni 0.1762750 0.8382510 -0.2083120 
P -1.6793790 -0.3142260 -0.2881920 
P 1.2641500 -1.2023580 -0.0922930 
C -0.3336640 2.6648060 -0.4239100 
C -0.7209890 3.1941770 -1.6908040 
C -0.8055500 3.3608270 0.7259520 
C -1.2506370 -1.9565120 -1.0285770 
C 0.1150850 -2.3204120 -0.9959800 
C -3.2611070 0.2527580 -1.1666050 
C -2.5882650 -0.6285290 1.3568460 
C 1.5721560 -2.1001540 1.4920010 
C 2.8474910 -1.3410800 -1.0121060 
C -1.5269510 4.3230300 -1.7913600 
C -1.6155630 4.4892080 0.6042910 
H -0.5668660 2.9878980 1.7190510 
O -4.3180120 -0.7324810 -1.0583850 
O -3.1116590 0.6485580 1.7678920 
C 0.5486680 -3.4741380 -1.6614550 
C -2.1547800 -2.7899820 -1.7092860 
C -3.7500760 -1.6051170 1.1573080 
C -3.7106730 1.5249590 -0.4397780 
C -3.0343840 0.4890390 -2.6510690 
C -1.6397380 -1.0678660 2.4565940 
C 2.0537120 -1.3768510 2.6081050 
C 1.2842490 -3.4665010 1.6304600 
C 2.9306760 -0.8440550 -2.3367940 
C 4.0055660 -1.8119970 -0.3766420 
H -1.8024290 4.6880180 -2.7792890 
C -1.9925030 4.9869450 -0.6476530 
H -1.9637630 4.9835560 1.5097890 
H 1.6050870 -3.7287870 -1.6550710 
C -0.3586350 -4.2848270 -2.3418900 
C -1.7120530 -3.9427560 -2.3579340 
H -3.2020430 -2.5169180 -1.7525040 
C -4.8254420 -0.9759830 0.2594560 
H -3.3961850 -2.5487630 0.7320370 
H -4.2034750 -1.8175810 2.1329070 
H -4.5576590 1.9548210 -0.9872610 
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H -2.9090150 2.2624570 -0.4064730 
C -4.1804160 1.1865700 0.9783420 
H -3.9773160 0.8007290 -3.1148440 
H -2.6833170 -0.4157200 -3.1559630 
H -2.2965610 1.2843350 -2.7869350 
H -2.1909240 -1.1493900 3.4005110 
H -0.8371340 -0.3368390 2.5843840 
H -1.1928270 -2.0386490 2.2249450 
C 2.2407160 -2.0580320 3.8171060 
C 1.4693510 -4.1245980 2.8460690 
H 0.9020900 -4.0251760 0.7838230 
C 2.3428210 0.1003800 2.5363020 
C 4.1803500 -0.8443460 -2.9682710 
H 3.9430090 -2.1877800 0.6392240 
C 1.7250430 -0.3395430 -3.0947200 
H -2.6212710 5.8678410 -0.7319150 
C 5.2408030 -1.7964630 -1.0238220 
O -5.2469050 0.2365130 0.8741950 
H -0.0110130 -5.1754960 -2.8581690 
H -2.4260240 -4.5667720 -2.8887910 
C -6.0537100 -1.8467760 0.0873430 
C -4.7083310 2.3843540 1.7377590 
H 2.6112130 -1.5043300 4.6761880 
C 1.9529710 -3.4162890 3.9446340 
H 1.2365330 -5.1825960 2.9294030 
H 3.0781120 0.3490410 1.7636980 
H 2.7230960 0.4711610 3.4930110 
H 1.4310320 0.6595320 2.2921410 
H 4.2518050 -0.4618690 -3.9837110 
H 1.0891320 0.2988970 -2.4678790 
H 1.0948820 -1.1659430 -3.4457220 
H 2.0340380 0.2406140 -3.9699740 
C 5.3287360 -1.3092100 -2.3263320 
H 6.1252460 -2.1611870 -0.5090780 
H -6.7785840 -1.3302380 -0.5470450 
H -6.5087740 -2.0460150 1.0613670 
H -5.7804220 -2.7967510 -0.3819290 
H -5.0309770 2.0721260 2.7346030 
H -5.5590210 2.8167650 1.2039890 
H -3.9204060 3.1360110 1.8263920 
H 2.1018580 -3.9149850 4.8984870 
H 6.2846250 -1.2864210 -2.8424200 
H -0.3769840 2.7027440 -2.6004580 
N 1.4665850 2.2174290 -0.4118510 
H 1.7064730 2.5333230 -1.3449230 
C 2.1750240 2.9829550 0.5921710 
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H 1.8181430 2.6910880 1.5855770 
H 1.9628150 4.0653360 0.5119520 
C 3.6531260 2.7547730 0.5186560 
C 4.4520390 1.9365140 -0.2247650 
O 4.4247550 3.5010950 1.3742470 
C 5.8024430 2.1878930 0.1968420 
H 4.1182570 1.2357560 -0.9738530 
C 5.7289730 3.1389360 1.1640550 
H 6.7000770 1.7158220 -0.1776900 
H 6.4574630 3.6499100 1.7745300 
 
(PAd-DalPhos)Ni(2- N-Phenyl-2-furanmethanamine) 

 
Zero-point correction=                           0.774317 (Hartree/Particle) 
Thermal correction to Energy=                    0.820646 
Thermal correction to Enthalpy=                  0.821591 
Thermal correction to Gibbs Free Energy=         0.694931 
Sum of electronic and zero-point Energies=          -4135.393786 
Sum of electronic and thermal Energies=             -4135.347457 
Sum of electronic and thermal Enthalpies=           -4135.346513 
Sum of electronic and thermal Free Energies=        -4135.473173 
Single-point energy (6-311+G(2d,2p)) = -4.136999618103E+03 
Ni -0.0766720 -0.5032230 0.7495800 
P 1.7479430 -0.3561820 -0.3996720 
P -0.7322190 1.4201030 -0.0357130 
C 1.3445210 0.7853260 -1.8060060 
C 0.1774300 1.5643660 -1.6441810 
C 2.6601470 -1.8198540 -1.1925410 
C 3.3359240 0.2976580 0.4246550 
C -0.2352530 2.9893690 0.8270370 
C -2.4913580 1.7069090 -0.5130380 
O 3.8227070 -1.4186330 -1.9582600 
O 3.7534090 -0.7366050 1.3451890 
C -0.2692450 2.3759990 -2.6945890 
C 2.0380480 0.8505760 -3.0263760 
C 4.4527610 0.5211680 -0.5966560 
C 3.1397950 -2.6810680 -0.0163560 
C 1.7597640 -2.5905650 -2.1453890 

P

P

O
O

O

Ni

HN O
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C 3.0544230 1.5266050 1.2694050 
C -0.2963690 3.0691430 2.2377820 
C 0.2597030 4.0870370 0.1054200 
C -3.1390050 0.8344470 -1.4254490 
C -3.2405270 2.6958180 0.1449390 
H -1.1836720 2.9506810 -2.5732400 
C 0.4288980 2.4310540 -3.9000540 
C 1.5849090 1.6664640 -4.0632570 
H 2.9167310 0.2348010 -3.1748660 
C 4.8873850 -0.8157420 -1.2160420 
H 4.1326980 1.2198240 -1.3745410 
H 5.3208220 0.9543040 -0.0848380 
H 3.5597940 -3.6154180 -0.4077030 
H 2.3071830 -2.9212940 0.6480520 
C 4.2415050 -1.9458630 0.7621610 
H 2.2973370 -3.4590540 -2.5435320 
H 1.4441930 -1.9638130 -2.9844340 
H 0.8637610 -2.9362150 -1.6196520 
H 3.9685090 1.8339140 1.7909820 
H 2.2824480 1.3089470 2.0122340 
H 2.7082380 2.3562300 0.6453580 
C 0.1342710 4.2459410 2.8646030 
C 0.6873980 5.2485820 0.7474600 
H 0.3249030 4.0370240 -0.9746690 
C -0.7938190 1.9277070 3.0838400 
C -4.5167330 0.9918450 -1.6275940 
H -2.7444100 3.3683440 0.8376760 
C -2.4095930 -0.2365210 -2.2054880 
C -4.6112170 2.8314750 -0.0735270 
O 5.3053460 -1.6704890 -0.1531640 
H 0.0665640 3.0588020 -4.7097700 
H 2.1293090 1.6929710 -5.0035460 
C 6.0545050 -0.6864310 -2.1739420 
C 4.8236890 -2.7612420 1.8984790 
H 0.0876500 4.3048100 3.9492810 
C 0.6242110 5.3286640 2.1371480 
H 1.0679050 6.0809980 0.1617240 
H -1.8237800 1.6494500 2.8372270 
H -0.7605170 2.1863810 4.1468920 
H -0.1933360 1.0240350 2.9314510 
H -5.0195810 0.3149940 -2.3138850 
H -1.6652650 -0.7509690 -1.5907050 
H -1.8959930 0.1872730 -3.0768910 
H -3.1160210 -0.9930270 -2.5591630 
C -5.2536510 1.9716260 -0.9625940 
H -5.1686190 3.6037560 0.4496470 
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H 6.3205430 -1.6743860 -2.5586150 
H 6.9172850 -0.2597300 -1.6552760 
H 5.7834720 -0.0375840 -3.0122510 
H 5.6226260 -2.1925570 2.3812550 
H 5.2327450 -3.7004440 1.5161720 
H 4.0458780 -2.9782680 2.6360960 
H 0.9565530 6.2252030 2.6536410 
H -6.3224100 2.0598040 -1.1384370 
C 0.0405030 -1.9828330 3.9734890 
C 0.4583940 -2.4993110 2.7706970 
C -0.3110120 -2.3295340 1.5718890 
C -1.5605350 -1.6112380 1.6533370 
C -1.9993060 -1.1683770 2.9499950 
C -1.2168200 -1.3192840 4.0671000 
H 0.6485220 -2.1139470 4.8644490 
H 1.3849300 -3.0663200 2.7219310 
H -0.1459660 -3.0115400 0.7387570 
H -2.9809310 -0.7024160 3.0227360 
H -1.5615980 -0.9516570 5.0301940 
N -2.5291880 -1.8040470 0.5975060 
H -3.1114670 -0.9728540 0.5146960 
C -3.4020880 -2.9832510 0.7791360 
H -3.8639360 -3.0108500 1.7809340 
H -2.7846100 -3.8818240 0.6803620 
C -4.4646790 -3.0076670 -0.2628710 
C -4.6073030 -3.6371700 -1.4643750 
O -5.5302700 -2.1644620 -0.0607340 
C -5.8298070 -3.1580040 -2.0424420 
H -3.9164620 -4.3517640 -1.8899740 
C -6.3439140 -2.2668920 -1.1515090 
H -6.2649990 -3.4449820 -2.9897000 
H -7.2369720 -1.6619480 -1.1260960 
 

 

 

(NHP-DalPhos)Ni 

 
Zero-point correction=                           0.684613 (Hartree/Particle) 
Thermal correction to Energy=                    0.726517 
Thermal correction to Enthalpy=                  0.727462 
Thermal correction to Gibbs Free Energy=         0.606998 
Sum of electronic and zero-point Energies=          -3771.998728 
Sum of electronic and thermal Energies=             -3771.956824 

P
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Sum of electronic and thermal Enthalpies=           -3771.955880 
Sum of electronic and thermal Free Energies=        -3772.076343 
Single-point energy (6-311+G(2d,2p)) = -3.773393120170E+03 
Ni 0.3592090 0.4804080 -1.4331480 
P 1.0430060 -0.7652870 0.0738950 
P -1.0918390 1.5911280 -0.4130270 
N 0.3663010 -2.3523520 0.3346950 
N 2.6015350 -1.3501990 0.5235010 
C 0.3706500 0.1633460 1.5512930 
C -0.5485540 1.2138720 1.3351850 
C 0.2885590 0.6035010 3.9444650 
H 0.6162560 0.3650590 4.9531730 
C 0.7698450 -0.1310760 2.8620450 
H 1.4744050 -0.9390580 3.0317000 
C 1.3669270 -3.4087370 0.4689280 
H 1.5987870 -3.8744750 -0.5040670 
H 1.0038160 -4.2006820 1.1341390 
C 2.6102200 -2.7212600 1.0512300 
H 2.5706590 -2.7313660 2.1514920 
H 3.5306550 -3.2288420 0.7452750 
C -0.9928400 -2.6824580 0.0486360 
C -1.5048340 -2.6464950 -1.2682550 
C -2.8452010 -2.9771190 -1.4840420 
H -3.2339520 -2.9402550 -2.4998560 
C -3.6916650 -3.3658620 -0.4438410 
C -3.1608740 -3.4149530 0.8459270 
H -3.8002190 -3.7181850 1.6727000 
C -1.8318850 -3.0736960 1.1139080 
C -0.6499300 -2.2676800 -2.4500500 
H -1.0991470 -2.6222040 -3.3834480 
H 0.3616120 -2.6739580 -2.3743900 
H -0.5536910 -1.1663260 -2.5333530 
C -5.1345210 -3.7164970 -0.7144430 
H -5.2226880 -4.4777220 -1.4992500 
H -5.6948660 -2.8362720 -1.0525760 
H -5.6278880 -4.1024510 0.1835800 
C -1.3206900 -3.1283380 2.5329440 
H -2.1440400 -3.3041970 3.2325290 
H -0.8228460 -2.1959080 2.8111020 
H -0.5920540 -3.9366890 2.6780270 
C 3.7988190 -0.7500240 0.0138950 
C 4.6007200 0.0255070 0.8716030 
C 5.7686090 0.6100010 0.3686170 
C 6.1606060 0.4503350 -0.9610920 
C 5.3537700 -0.3324570 -1.7933100 
H 5.6449490 -0.4785000 -2.8319890 
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C 4.1844910 -0.9413550 -1.3316140 
C 4.2164510 0.2412780 2.3151230 
H 4.0766780 -0.7088210 2.8436490 
H 3.2749830 0.7928010 2.4007300 
C 3.3596480 -1.7801580 -2.2766320 
H 3.8741250 -1.9036950 -3.2347160 
H 2.3853250 -1.3128990 -2.4681600 
H 3.1599150 -2.7780430 -1.8702790 
H 6.3840020 1.2090320 1.0368630 
C -1.0237970 1.9508850 2.4295430 
C -0.6103050 1.6507810 3.7267680 
H -0.9851050 2.2335980 4.5640440 
H -1.7169170 2.7706030 2.2633420 
C -1.3018050 3.4242550 -0.3396510 
C -2.5273510 4.0726950 -0.1327690 
C -0.1449390 4.2005750 -0.5161460 
C -2.5919550 5.4679590 -0.0980560 
H -3.4338230 3.4891710 -0.0037840 
C -0.2080670 5.5918170 -0.4676190 
H 0.8062830 3.7033430 -0.6943110 
C -1.4341930 6.2299070 -0.2604010 
H -3.5493430 5.9582540 0.0595320 
H 0.6965370 6.1791130 -0.6023940 
H -1.4866400 7.3150030 -0.2324130 
C -2.8265070 0.9742460 -0.4751520 
C -3.4701800 0.3401840 0.5945750 
C -3.5139820 1.1129490 -1.6929380 
C -4.7809080 -0.1230940 0.4572350 
H -2.9495980 0.2008060 1.5354750 
C -4.8262940 0.6648200 -1.8245560 
H -3.0126450 1.5766240 -2.5394190 
C -5.4662030 0.0480060 -0.7451110 
H -5.2635170 -0.6198100 1.2944120 
H -5.3486630 0.7918430 -2.7692060 
H -6.4903820 -0.3016600 -0.8452350 
H 4.9917830 0.8072460 2.8409470 
C 7.4244880 1.0872210 -1.4881970 
H 7.9003180 1.7187470 -0.7313930 
H 8.1567060 0.3299570 -1.7966360 
H 7.2221020 1.7123650 -2.3663410 
 
(NHP-DalPhos)Ni(2-toluene) 
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Zero-point correction=                           0.815144 (Hartree/Particle) 
Thermal correction to Energy=                    0.865065 
Thermal correction to Enthalpy=                  0.866010 
Thermal correction to Gibbs Free Energy=         0.728263 
Sum of electronic and zero-point Energies=          -4043.489577 
Sum of electronic and thermal Energies=             -4043.439655 
Sum of electronic and thermal Enthalpies=           -4043.438711 
Sum of electronic and thermal Free Energies=        -4043.576458 
 
Single-point energy (6-311+G(2d,2p)) = -4.045108349835E+03 
 
Ni 0.5787750 0.5266750 -0.8029620 
P 0.7278930 -0.8448420 0.8208830 
P -1.1300830 1.5042550 0.1093970 
N 0.0000600 -2.4081000 1.0144510 
N 2.2352100 -1.4332150 1.4231740 
C -0.0446570 0.0944950 2.2435930 
C -0.9221590 1.1451470 1.9130480 
C -0.4440900 0.5302710 4.6026430 
H -0.2497090 0.2942240 5.6457700 
C 0.1845290 -0.1973830 3.5950440 
H 0.8663250 -0.9966330 3.8653760 
C 0.8937040 -3.4504300 1.5218700 
H 1.1986140 -4.1369770 0.7181310 
H 0.3897620 -4.0500030 2.2920360 
C 2.1162310 -2.7233780 2.1137120 
H 1.9813330 -2.5730240 3.1941300 
H 3.0308660 -3.3065070 1.9871060 
C -1.2477280 -2.7834300 0.4213550 
C -1.3006370 -3.1934360 -0.9269090 
C -2.5251850 -3.5927310 -1.4683130 
H -2.5587910 -3.9088780 -2.5091220 
C -3.6993090 -3.6005390 -0.7130290 
C -3.6238820 -3.1929490 0.6199480 
H -4.5258370 -3.1953200 1.2287450 
C -2.4218610 -2.7810370 1.2025960 
C -0.0654490 -3.2004190 -1.7887580 
H -0.3210700 -3.4138650 -2.8309850 
H 0.6532680 -3.9632490 -1.4635370 
H 0.4449350 -2.2337430 -1.7634880 
C -5.0164810 -4.0141200 -1.3224170 
H -4.8702400 -4.6148380 -2.2262310 
H -5.6114850 -3.1351110 -1.6026890 
H -5.6187720 -4.6003950 -0.6191540 
C -2.4150120 -2.3435670 2.6464860 
H -3.2785380 -2.7574090 3.1776250 
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H -2.4652270 -1.2524060 2.7301770 
H -1.5046520 -2.6574330 3.1636790 
C 3.4731100 -0.9636640 0.8838080 
C 3.9506070 0.3066060 1.2698210 
C 5.1332660 0.7930520 0.7041660 
C 5.8708380 0.0560050 -0.2240780 
C 5.3780420 -1.1967530 -0.5957020 
H 5.9184260 -1.7797930 -1.3390330 
C 4.1902480 -1.7169330 -0.0733680 
C 3.1989900 1.1652680 2.2555960 
H 2.8546250 0.5843930 3.1154440 
H 2.3054470 1.6116520 1.8017550 
C 3.6862860 -3.0390340 -0.5984220 
H 4.1780640 -3.2851160 -1.5445790 
H 2.6089920 -3.0076480 -0.7762610 
H 3.8825380 -3.8717600 0.0893740 
H 5.4887000 1.7764060 1.0055810 
C -1.5542140 1.8747360 2.9318940 
C -1.3216590 1.5672740 4.2705800 
H -1.8141020 2.1387420 5.0528850 
H -2.2101360 2.7019400 2.6759480 
C -1.4460760 3.3169840 0.0963190 
C -2.4881200 3.8872470 -0.6496790 
C -0.5269740 4.1714630 0.7307750 
C -2.6141410 5.2749710 -0.7486980 
H -3.2058100 3.2468100 -1.1527160 
C -0.6592310 5.5551050 0.6383710 
H 0.2989060 3.7490750 1.2972850 
C -1.7041510 6.1131330 -0.1036920 
H -3.4292820 5.6991280 -1.3293220 
H 0.0575780 6.1992890 1.1409700 
H -1.8051580 7.1923100 -0.1795100 
C -2.7660420 0.7936710 -0.3393300 
C -3.8967710 0.8585400 0.4874840 
C -2.8733740 0.1915380 -1.6002990 
C -5.1187880 0.3488020 0.0509560 
H -3.8235130 1.3064030 1.4738250 
C -4.0993710 -0.3115390 -2.0393970 
H -1.9932700 0.1232290 -2.2344490 
C -5.2239850 -0.2263130 -1.2182960 
H -5.9899540 0.4039590 0.6985600 
H -4.1714540 -0.7759370 -3.0188540 
H -6.1803430 -0.6122370 -1.5615130 
H 3.8324540 1.9826730 2.6148980 
C 1.0976150 -0.5561300 -4.0804870 
C 2.0279620 -0.5844040 -3.0705660 
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C 2.1402550 0.4936080 -2.1320380 
C 1.3328080 1.6726060 -2.3138160 
C 0.3859810 1.6626300 -3.3954220 
C 0.2501200 0.5806370 -4.2324510 
H 1.0169860 -1.3858620 -4.7779480 
H 2.7047730 -1.4292940 -2.9714080 
H 3.0420970 0.5522320 -1.5282320 
H -0.2261050 2.5504190 -3.5470060 
H -0.4828470 0.6029270 -5.0352540 
C 1.7901200 3.0042410 -1.7474720 
H 2.3006360 2.8765680 -0.7869530 
H 2.4997320 3.4918290 -2.4329950 
H 0.9505280 3.6888950 -1.5952620 
C 7.1652570 0.5854590 -0.7933510 
H 7.1726130 1.6802530 -0.8193750 
H 8.0263330 0.2679080 -0.1896080 
H 7.3322700 0.2214800 -1.8128860 
 
(NHP-DalPhos)Ni(2-PhCl) 

 
Zero-point correction=                           0.778091 (Hartree/Particle) 
Thermal correction to Energy=                    0.827290 
Thermal correction to Enthalpy=                  0.828234 
Thermal correction to Gibbs Free Energy=         0.693174 
Sum of electronic and zero-point Energies=          -4463.810753 
Sum of electronic and thermal Energies=             -4463.761554 
Sum of electronic and thermal Enthalpies=           -4463.760610 
Sum of electronic and thermal Free Energies=        -4463.895670 
Single-point energy (6-311+G(2d,2p)) = -4.465406164609E+03 
 
Ni 0.6786240 0.5441640 -0.6909140 
P 0.5772290 -1.1232530 0.6777510 
P -1.0239510 1.4862760 0.2895420 
N -0.2894790 -2.6183730 0.5347370 
N 1.9905730 -1.9455480 1.2059310 
C -0.2281430 -0.3864900 2.1915870 
C -1.0132820 0.7648340 1.9929050 
C -0.7564080 -0.3147420 4.5633270 
H -0.6419230 -0.7267270 5.5625970 
C -0.1055540 -0.9114930 3.4855240 
H 0.5151280 -1.7854810 3.6557570 
C 0.5040730 -3.8155020 0.8237450 
H 0.8107090 -4.3140080 -0.1078120 
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H -0.0775280 -4.5370760 1.4080170 
C 1.7232360 -3.3295090 1.6234290 
H 1.5089380 -3.3701630 2.7006470 
H 2.6027830 -3.9518950 1.4480350 
C -1.6168530 -2.7406100 0.0231460 
C -1.8868320 -2.4752730 -1.3382830 
C -3.1925750 -2.6214670 -1.8101390 
H -3.3930850 -2.4095220 -2.8580590 
C -4.2395290 -3.0360720 -0.9836590 
C -3.9496950 -3.2990650 0.3550040 
H -4.7499560 -3.6189220 1.0196580 
C -2.6600010 -3.1574050 0.8778100 
C -0.8039490 -2.0368730 -2.2867050 
H -1.1204210 -2.1681910 -3.3259350 
H 0.1249210 -2.5948200 -2.1353170 
H -0.5514600 -0.9766530 -2.1526670 
C -5.6355380 -3.2039130 -1.5324440 
H -5.6908220 -4.0440790 -2.2368640 
H -5.9583040 -2.3073870 -2.0743050 
H -6.3595700 -3.3946990 -0.7335510 
C -2.4210370 -3.4664920 2.3354630 
H -3.3600530 -3.4249110 2.8965300 
H -1.7212510 -2.7596810 2.7855110 
H -2.0075810 -4.4747890 2.4773980 
C 3.2897760 -1.5105520 0.7914040 
C 3.8657260 -0.3890340 1.4227520 
C 5.1127440 0.0704350 0.9891860 
C 5.8159900 -0.5536920 -0.0431050 
C 5.2217510 -1.6568890 -0.6598720 
H 5.7352790 -2.1410940 -1.4881440 
C 3.9666180 -2.1397210 -0.2770260 
C 3.1470740 0.3508110 2.5227730 
H 2.6911780 -0.3359240 3.2411800 
H 2.3388350 0.9747940 2.1208660 
C 3.3521920 -3.2689870 -1.0689530 
H 3.8933410 -3.4111770 -2.0092280 
H 2.3064110 -3.0569180 -1.3118960 
H 3.3776510 -4.2284970 -0.5377660 
H 5.5436360 0.9432230 1.4749810 
C -1.6754180 1.3556480 3.0798360 
C -1.5526400 0.8166200 4.3584770 
H -2.0640670 1.2835210 5.1958650 
H -2.2672020 2.2534100 2.9256730 
C -1.1768710 3.2845310 0.6393840 
C -2.2492780 4.0677710 0.1931730 
C -0.1281960 3.9032930 1.3400840 



41 
 

C -2.2737730 5.4423580 0.4457990 
H -3.0674720 3.6086230 -0.3519580 
C -0.1605930 5.2706180 1.6013790 
H 0.7204100 3.3123480 1.6715570 
C -1.2335810 6.0459600 1.1517210 
H -3.1115090 6.0377500 0.0922070 
H 0.6581670 5.7341690 2.1450020 
H -1.2543780 7.1144830 1.3479910 
C -2.6524840 1.0519180 -0.4359020 
C -3.7506560 0.6120300 0.3131920 
C -2.7853540 1.2000760 -1.8259140 
C -4.9706980 0.3533550 -0.3133630 
H -3.6538750 0.4663490 1.3841940 
C -4.0089390 0.9533510 -2.4474960 
H -1.9259110 1.5057020 -2.4167530 
C -5.1064670 0.5377740 -1.6902640 
H -5.8151170 0.0072020 0.2761570 
H -4.1032450 1.0807270 -3.5226610 
H -6.0616000 0.3488150 -2.1731160 
H 3.8371210 1.0115340 3.0567680 
C 1.4230470 -0.0047380 -4.1309790 
C 2.2154760 -0.3180670 -3.0560000 
C 2.2915940 0.5343400 -1.9027560 
C 1.5572950 1.7772290 -1.9415540 
C 0.7886930 2.1122050 -3.1085980 
C 0.6931140 1.2227660 -4.1487290 
H 1.3763180 -0.6673450 -4.9907730 
H 2.8318130 -1.2128160 -3.0716460 
H 3.1520160 0.4398240 -1.2483600 
H 0.2908990 3.0770340 -3.1422570 
H 0.0821320 1.4713240 -5.0129460 
Cl 2.2511450 3.1826120 -1.0286310 
C 7.1768470 -0.0589180 -0.4704510 
H 7.9726870 -0.4995250 0.1453450 
H 7.3880630 -0.3210320 -1.5124950 
H 7.2547220 1.0290730 -0.3726300 
 
(NHP-DalPhos)Ni(Ph)Cl 

 
Zero-point correction=                           0.779275 (Hartree/Particle) 
Thermal correction to Energy=                    0.828723 
Thermal correction to Enthalpy=                  0.829667 

P
NN MesMes

P
Ph2

Ni
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Cl
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Thermal correction to Gibbs Free Energy=         0.693199 
Sum of electronic and zero-point Energies=          -4463.844140 
Sum of electronic and thermal Energies=             -4463.794693 
Sum of electronic and thermal Enthalpies=           -4463.793749 
Sum of electronic and thermal Free Energies=        -4463.930216 
 
Single-point energy (6-311+G(2d,2p)) = -4.465444433389E+03 
 
Ni 0.3254190 0.4285560 -0.8823470 
P 0.7471810 -1.2393980 0.5465940 
P -0.9775960 1.3118820 0.5756190 
N 0.0537360 -2.8062140 0.4011900 
N 2.3099980 -1.8689510 0.7937040 
C 0.1135210 -0.6652000 2.1995310 
C -0.7314480 0.4519820 2.1898340 
C -0.1978760 -0.8550880 4.5997560 
H 0.0216370 -1.3567190 5.5383860 
C 0.3813950 -1.3062940 3.4187870 
H 1.0418300 -2.1659470 3.4448680 
C 1.0228680 -3.9006430 0.5465490 
H 1.2732960 -4.3354120 -0.4292730 
H 0.6025410 -4.6958690 1.1750430 
C 2.2685030 -3.2827400 1.2003110 
H 2.2166450 -3.3734070 2.2945670 
H 3.1810790 -3.7866410 0.8800160 
C -1.2444730 -3.0741510 -0.1503900 
C -1.4106970 -3.2499890 -1.5436290 
C -2.6941930 -3.5006450 -2.0407900 
H -2.8189780 -3.6221190 -3.1147310 
C -3.8085690 -3.6137840 -1.2060460 
C -3.6127690 -3.4692000 0.1677010 
H -4.4628370 -3.5642470 0.8402020 
C -2.3526010 -3.2052300 0.7135890 
C -0.2503770 -3.2034740 -2.5039510 
H -0.6101020 -3.1590280 -3.5362650 
H 0.3716360 -4.1042440 -2.4167300 
H 0.3950110 -2.3368480 -2.3456200 
C -5.1754520 -3.9235900 -1.7694070 
H -5.2821360 -3.5482460 -2.7928910 
H -5.9707250 -3.4823000 -1.1587150 
H -5.3552810 -5.0065210 -1.8015840 
C -2.2261550 -3.0753330 2.2112420 
H -3.0327790 -3.6229560 2.7094660 
H -2.2908450 -2.0302500 2.5329050 
H -1.2698520 -3.4618800 2.5710370 
C 3.5362280 -1.2451680 0.3842140 
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C 4.0067800 -0.1104560 1.0714150 
C 5.2015670 0.4880110 0.6576850 
C 5.9497830 -0.0122850 -0.4068170 
C 5.4661370 -1.1447200 -1.0658530 
H 6.0208330 -1.5431090 -1.9129320 
C 4.2678850 -1.7639130 -0.7070600 
C 3.2562460 0.4876620 2.2348430 
H 2.9086640 -0.2782150 2.9338860 
H 2.3706680 1.0434990 1.9034570 
C 3.7839340 -2.9350610 -1.5261210 
H 4.2388030 -2.9096760 -2.5202310 
H 2.7017820 -2.8958920 -1.6617360 
H 4.0446600 -3.9032080 -1.0760190 
H 5.5572710 1.3659380 1.1930950 
C -1.3384170 0.8889760 3.3780250 
C -1.0741460 0.2373830 4.5780990 
H -1.5404740 0.5813830 5.4970720 
H -2.0027950 1.7476840 3.3653930 
C -0.6926740 3.0734350 0.9835500 
C -1.2839030 4.0817030 0.2069330 
C 0.2234300 3.4294910 1.9837350 
C -0.9855770 5.4208250 0.4505950 
H -1.9544700 3.8216920 -0.6045620 
C 0.5254330 4.7713630 2.2190670 
H 0.7037170 2.6631650 2.5831310 
C -0.0828210 5.7697760 1.4570310 
H -1.4474880 6.1899830 -0.1614900 
H 1.2361870 5.0333140 2.9980220 
H 0.1523000 6.8146060 1.6406150 
C -2.7731420 1.1498420 0.2592120 
C -3.7258410 1.9869040 0.8578990 
C -3.1995420 0.1078510 -0.5749240 
C -5.0851470 1.7851560 0.6199040 
H -3.4085910 2.8063450 1.4952670 
C -4.5596220 -0.0892400 -0.8130340 
H -2.4684400 -0.5457000 -1.0414300 
C -5.5032730 0.7486870 -0.2180740 
H -5.8162010 2.4421810 1.0831820 
H -4.8747930 -0.8956070 -1.4666240 
H -6.5624690 0.5979570 -0.4083480 
H 3.8939510 1.1904240 2.7804460 
Cl 1.7478900 -0.2278100 -2.4328740 
C -0.1172610 1.9440980 -1.9807840 
C -1.2832430 2.0207460 -2.7526710 
C 0.7954670 3.0079360 -2.0513570 
C -1.5383790 3.1333920 -3.5651850 
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H -2.0095210 1.2129870 -2.7314700 
C 0.5449100 4.1183140 -2.8585400 
H 1.7182930 2.9665330 -1.4775990 
C -0.6291160 4.1901740 -3.6145760 
H -2.4501570 3.1683870 -4.1581310 
H 1.2691490 4.9292160 -2.8989590 
H -0.8266280 5.0561310 -4.2416040 
C 7.2236820 0.6622540 -0.8561910 
H 8.0044820 -0.0694360 -1.0938150 
H 7.0551660 1.2603000 -1.7613160 
H 7.6138360 1.3352960 -0.0855310 
 
(NHP-DalPhos)Ni(Ph)Cl Csp2-Cl oxidative addition transition state (TS-1) 

 
Zero-point correction=                           0.776667 (Hartree/Particle) 
Thermal correction to Energy=                    0.826125 
Thermal correction to Enthalpy=                  0.827069 
Thermal correction to Gibbs Free Energy=         0.690307 
Sum of electronic and zero-point Energies=          -4463.794428 
Sum of electronic and thermal Energies=             -4463.744970 
Sum of electronic and thermal Enthalpies=           -4463.744026 
Sum of electronic and thermal Free Energies=        -4463.880788 
Single-point energy (6-311+G(2d,2p)) = -4.465391026979E+03 
 
Ni 0.5240360 0.3233920 -0.8896530 
P 0.4070160 -1.2359780 0.6266960 
P -0.9136060 1.5390710 0.2253590 
N -0.6123420 -2.6296190 0.6359110 
N 1.7688170 -2.1662730 1.0963800 
C -0.1394250 -0.3162380 2.1510500 
C -0.7136050 0.9549830 1.9679400 
C -0.3791330 -0.0622620 4.5558970 
H -0.2473810 -0.4590980 5.5591040 
C 0.0117890 -0.8149970 3.4518030 
H 0.4477850 -1.7967650 3.6041600 
C 0.0715200 -3.8860310 0.9532760 
H 0.2406370 -4.4857200 0.0477450 
H -0.5363990 -4.4881310 1.6412290 
C 1.4122760 -3.4986140 1.6039990 
H 1.3205670 -3.4903750 2.7000170 
H 2.2006220 -4.2135290 1.3528940 
C -1.9181840 -2.6594730 0.0427900 
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C -2.0702150 -2.9153490 -1.3366120 
C -3.3570530 -2.9574530 -1.8794040 
H -3.4677720 -3.1535180 -2.9438410 
C -4.4972970 -2.7591180 -1.0984040 
C -4.3235310 -2.5215170 0.2655650 
H -5.1980580 -2.3753220 0.8961470 
C -3.0562650 -2.4668070 0.8532450 
C -0.8800960 -3.1407540 -2.2332260 
H -1.1965510 -3.2411160 -3.2754580 
H -0.3307800 -4.0510910 -1.9652830 
H -0.1832540 -2.3004370 -2.1840000 
C -5.8762620 -2.7831970 -1.7109390 
H -5.8831800 -3.3209080 -2.6647390 
H -6.2365710 -1.7643270 -1.9037870 
H -6.6035390 -3.2619830 -1.0455300 
C -2.9487480 -2.2066580 2.3354280 
H -3.8717200 -2.5038680 2.8441970 
H -2.7852900 -1.1433210 2.5417860 
H -2.1130880 -2.7492260 2.7843100 
C 3.1052860 -1.8629280 0.6782790 
C 3.8842150 -0.9606460 1.4263590 
C 5.1900370 -0.6812660 1.0069050 
C 5.7441570 -1.2665620 -0.1320370 
C 4.9451980 -2.1461370 -0.8697690 
H 5.3461230 -2.5974670 -1.7750640 
C 3.6358470 -2.4519080 -0.4910510 
C 3.3346270 -0.2706130 2.6488160 
H 2.8276310 -0.9728550 3.3161970 
H 2.5972770 0.4941490 2.3786010 
C 2.8045580 -3.3587800 -1.3638810 
H 3.3477380 -3.6166010 -2.2776590 
H 1.8689840 -2.8739740 -1.6553600 
H 2.5401560 -4.2978510 -0.8635250 
H 5.7876670 0.0151810 1.5913650 
C -1.0972390 1.7144190 3.0839570 
C -0.9316030 1.2094430 4.3718310 
H -1.2282500 1.8056030 5.2306270 
H -1.5082630 2.7099740 2.9429120 
C -0.7455060 3.3570050 0.3925530 
C -1.7549160 4.2638650 0.0445640 
C 0.5055070 3.8523770 0.7959770 
C -1.5235950 5.6404020 0.1191230 
H -2.7224970 3.8981100 -0.2840830 
C 0.7288920 5.2237180 0.8848750 
H 1.3107640 3.1585310 1.0232410 
C -0.2863950 6.1231140 0.5460940 
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H -2.3152040 6.3333110 -0.1538880 
H 1.7014300 5.5913450 1.2008750 
H -0.1094760 7.1936130 0.6062440 
C -2.6982030 1.2780650 -0.1365530 
C -3.7186580 1.4526400 0.8103750 
C -3.0351950 0.9031850 -1.4447460 
C -5.0537160 1.2767270 0.4483770 
H -3.4726150 1.7214310 1.8328880 
C -4.3730340 0.7377710 -1.8071910 
H -2.2464950 0.7323110 -2.1716730 
C -5.3831770 0.9297680 -0.8643620 
H -5.8367120 1.4132710 1.1897780 
H -4.6213440 0.4480610 -2.8243100 
H -6.4249490 0.8014330 -1.1465500 
H 4.1368330 0.2221540 3.2070470 
Cl 0.2306690 0.1180860 -3.3274740 
C 1.3249370 1.4734020 -2.1249330 
C 1.2115740 2.8468870 -2.4131380 
C 2.5538880 0.8949350 -1.7386250 
C 2.2934250 3.6621570 -2.1287050 
H 0.2753850 3.2546260 -2.7792340 
C 3.6207820 1.7619410 -1.4177040 
H 2.7255750 -0.1741440 -1.7944710 
C 3.4925740 3.1301460 -1.6055580 
H 2.2021120 4.7342870 -2.2833640 
H 4.5632450 1.3325380 -1.0910100 
H 4.3285470 3.7915350 -1.3960600 
C 7.1652760 -0.9746050 -0.5516080 
H 7.5411950 -0.0595030 -0.0826610 
H 7.8408110 -1.7916100 -0.2650110 
H 7.2455750 -0.8565540 -1.6381030 
 
 

 

 

 

(NHP-DalPhos)Ni(Ph)furfurylamido 

 
Zero-point correction=                           0.883899 (Hartree/Particle) 
Thermal correction to Energy=                    0.938278 
Thermal correction to Enthalpy=                  0.939222 
Thermal correction to Gibbs Free Energy=         0.793005 
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Sum of electronic and zero-point Energies=          -4327.589388 
Sum of electronic and thermal Energies=             -4327.535009 
Sum of electronic and thermal Enthalpies=           -4327.534065 
Sum of electronic and thermal Free Energies=        -4327.680282 
Single-point energy (6-311+G(2d,2p)) = -4.329372948997E+03 
 
Ni 0.0172100 0.4360680 -0.5413390 
P 0.3087610 -1.2816080 0.8583610 
P -1.5805160 1.1415950 0.7588630 
N -0.3448570 -2.7811920 0.3091760 
N 1.7505750 -2.0319170 1.3863040 
C -0.7077470 -0.9416430 2.3801130 
C -1.5958170 0.1408250 2.3106180 
C -1.4974470 -1.4201110 4.6253750 
H -1.4528720 -2.0240390 5.5277990 
C -0.6654840 -1.7144200 3.5504300 
H 0.0198400 -2.5520500 3.6201450 
C 0.5660730 -3.9212370 0.4578010 
H 1.0561350 -4.1649910 -0.4937780 
H 0.0102800 -4.8066490 0.7917660 
C 1.5994150 -3.4917460 1.5075310 
H 1.2565400 -3.7650220 2.5155670 
H 2.5641900 -3.9774680 1.3525300 
C -1.4804170 -2.8929870 -0.5584220 
C -1.3299620 -2.7894910 -1.9620120 
C -2.4668390 -2.8996100 -2.7678500 
H -2.3496640 -2.8061830 -3.8457820 
C -3.7370710 -3.1465550 -2.2368450 
C -3.8523040 -3.2823820 -0.8540090 
H -4.8278310 -3.4864120 -0.4178230 
C -2.7481070 -3.1586500 -0.0020780 
C 0.0176450 -2.6047050 -2.6117440 
H -0.1023910 -2.3019420 -3.6570010 
H 0.5821590 -3.5472470 -2.6123260 
H 0.6326050 -1.8490880 -2.1130560 
C -4.9373760 -3.2902290 -3.1427150 
H -4.9835240 -2.4788280 -3.8788950 
H -5.8721780 -3.2854690 -2.5727980 
H -4.9003220 -4.2311410 -3.7070360 
C -2.9547490 -3.3127290 1.4847950 
H -3.8365090 -3.9300860 1.6853390 
H -3.1139720 -2.3435830 1.9705960 
H -2.0891520 -3.7719380 1.9679740 
C 3.0494840 -1.4231990 1.3541190 
C 3.4030450 -0.4906070 2.3486370 
C 4.6634120 0.1142600 2.2944760 



48 
 

C 5.5881070 -0.1920890 1.2960380 
C 5.2226660 -1.1380890 0.3356920 
H 5.9160790 -1.3708600 -0.4687560 
C 3.9674120 -1.7502150 0.3311510 
C 2.4568510 -0.1219480 3.4641620 
H 2.0066010 -1.0075440 3.9216550 
H 1.6291270 0.5037560 3.1106000 
C 3.6111970 -2.6801100 -0.8012330 
H 4.3634940 -2.6118260 -1.5903210 
H 2.6502740 -2.3884430 -1.2333910 
H 3.5545220 -3.7310350 -0.4908860 
H 4.9274300 0.8402170 3.0607580 
C -2.4463880 0.4261790 3.3898320 
C -2.3983670 -0.3508890 4.5427730 
H -3.0559040 -0.1255250 5.3778360 
H -3.1409310 1.2586080 3.3286660 
C -1.2226940 2.8352090 1.3591790 
C -1.6763930 3.9590280 0.6516360 
C -0.3669650 3.0206660 2.4556250 
C -1.2996680 5.2413210 1.0510300 
H -2.3112430 3.8335420 -0.2180980 
C 0.0138730 4.3039690 2.8478120 
H 0.0024740 2.1624880 3.0078930 
C -0.4549670 5.4177210 2.1485180 
H -1.6607270 6.1022330 0.4953070 
H 0.6763170 4.4314300 3.6995380 
H -0.1600780 6.4176130 2.4547600 
C -3.3336530 1.1617910 0.2348190 
C -4.2894500 2.0275150 0.7881840 
C -3.7324840 0.2235480 -0.7255690 
C -5.6216830 1.9557680 0.3822970 
H -3.9932700 2.7687090 1.5238940 
C -5.0665120 0.1516060 -1.1265610 
H -3.0016210 -0.4506820 -1.1564280 
C -6.0115780 1.0179840 -0.5769110 
H -6.3532360 2.6347160 0.8121540 
H -5.3616820 -0.5788550 -1.8729660 
H -7.0491530 0.9664550 -0.8958690 
H 2.9827940 0.4403890 4.2420810 
C -0.5109540 1.7014760 -1.8783350 
C -1.3226170 1.2628190 -2.9410160 
C -0.0712540 3.0345690 -1.9116280 
C -1.6885750 2.1202700 -3.9826470 
H -1.6761550 0.2338720 -2.9641740 
C -0.4308830 3.8970320 -2.9531640 
H 0.5604220 3.4173820 -1.1134910 
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C -1.2459110 3.4452890 -3.9921220 
H -2.3195990 1.7511420 -4.7890060 
H -0.0725440 4.9246750 -2.9488550 
H -1.5290820 4.1142560 -4.8009340 
N 1.5717710 0.0972330 -1.6026720 
H 1.3406230 0.3496020 -2.5658140 
C 2.6540430 0.9973730 -1.2042180 
H 2.9123580 0.8124060 -0.1538620 
H 2.3918350 2.0709400 -1.2666880 
C 3.8801300 0.7881220 -2.0415470 
C 4.1898820 -0.0554980 -3.0674910 
O 4.9592030 1.5915580 -1.7689230 
C 5.5453560 0.2325620 -3.4472780 
H 3.5292880 -0.8000830 -3.4858210 
C 5.9632630 1.2337540 -2.6287270 
H 6.1233960 -0.2420930 -4.2286590 
H 6.8829230 1.7898460 -2.5301200 
C 6.9234810 0.5069400 1.2237360 
H 7.2030350 0.9411790 2.1895030 
H 7.7202080 -0.1790340 0.9148260 
H 6.8909770 1.3208880 0.4887590 
 
(NHP-DalPhos)Ni(Ph)furfurylamido Csp2-N reductive elimination transition state (TS-2) 

 
Zero-point correction=                           0.882241 (Hartree/Particle) 
Thermal correction to Energy=                    0.936319 
Thermal correction to Enthalpy=                  0.937263 
Thermal correction to Gibbs Free Energy=         0.791786 
Sum of electronic and zero-point Energies=          -4327.559183 
Sum of electronic and thermal Energies=             -4327.505105 
Sum of electronic and thermal Enthalpies=           -4327.504160 
Sum of electronic and thermal Free Energies=        -4327.649637 
 
Single-point energy (6-311+G(2d,2p)) = -4.329341104392E+03 
 
Ni 0.0755920 0.4565630 -0.4711120 
P 0.2536020 -1.0742230 1.1599920 
P -1.7799750 1.1374700 0.4056670 
N -0.1618040 -2.7315790 0.9070560 
N 1.6772390 -1.5134940 2.0171920 
C -1.0038760 -0.5778170 2.4517560 
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C -1.9882520 0.3449800 2.0591980 
C -2.1078990 -0.7982390 4.6076110 
H -2.1427470 -1.2334960 5.6029530 
C -1.0708900 -1.1294640 3.7408230 
H -0.3109680 -1.8284100 4.0711920 
C 0.7301280 -3.7017470 1.5471980 
H 1.3277840 -4.2332540 0.7929330 
H 0.1557850 -4.4560470 2.1023200 
C 1.6380630 -2.9001650 2.5032480 
H 1.2426230 -2.9388300 3.5270130 
H 2.6452520 -3.3167430 2.5397710 
C -1.1021010 -3.1691420 -0.0788260 
C -0.7046580 -3.3048850 -1.4264360 
C -1.6446520 -3.7302600 -2.3702860 
H -1.3360800 -3.8263110 -3.4093760 
C -2.9587240 -4.0460160 -2.0147330 
C -3.3240450 -3.9190080 -0.6732510 
H -4.3426020 -4.1579630 -0.3742870 
C -2.4224390 -3.4844580 0.3031240 
C 0.7077940 -3.0050790 -1.8597350 
H 0.7955300 -3.0722560 -2.9493080 
H 1.4192400 -3.7210420 -1.4299080 
H 1.0229880 -2.0022900 -1.5542360 
C -3.9479070 -4.5394660 -3.0440710 
H -4.9579410 -4.1675060 -2.8391570 
H -4.0027520 -5.6363110 -3.0492180 
H -3.6668610 -4.2236620 -4.0543530 
C -2.8908140 -3.3500220 1.7313030 
H -3.7683620 -3.9803990 1.9077540 
H -3.1731580 -2.3169590 1.9617670 
H -2.1119100 -3.6315810 2.4442300 
C 2.8961990 -0.7773740 1.8746770 
C 2.9851310 0.5111440 2.4431410 
C 4.1566660 1.2556910 2.2657870 
C 5.2509260 0.7603470 1.5565130 
C 5.1457900 -0.5231350 1.0162400 
H 5.9738800 -0.9229420 0.4350360 
C 3.9890720 -1.2962480 1.1410640 
C 1.8429760 1.1150380 3.2228850 
H 1.3845660 0.3859370 3.8969920 
H 1.0481410 1.4827920 2.5615680 
C 3.9466010 -2.6333350 0.4415800 
H 4.6624380 -2.6452340 -0.3836020 
H 2.9574730 -2.8313970 0.0234700 
H 4.2019000 -3.4677000 1.1089890 
H 4.2113300 2.2509970 2.7018360 
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C -3.0476950 0.6554130 2.9264700 
C -3.1124030 0.0841470 4.1933580 
H -3.9334640 0.3308650 4.8609070 
H -3.8136960 1.3584740 2.6128490 
C -1.9261320 2.9262830 0.7536530 
C -2.2077810 3.7940380 -0.3130000 
C -1.6064060 3.4689770 2.0072750 
C -2.2149250 5.1736770 -0.1149030 
H -2.3994800 3.3954360 -1.3039780 
C -1.6084550 4.8511850 2.2000130 
H -1.3610030 2.8149640 2.8379250 
C -1.9208960 5.7064340 1.1414010 
H -2.4295230 5.8302160 -0.9530780 
H -1.3675690 5.2576380 3.1788210 
H -1.9236920 6.7825910 1.2926760 
C -3.3089980 0.7203450 -0.5160850 
C -4.5292360 1.3869290 -0.3291580 
C -3.2347170 -0.3221590 -1.4495330 
C -5.6561190 1.0097330 -1.0589350 
H -4.5948080 2.2140270 0.3714300 
C -4.3631300 -0.6979450 -2.1791200 
H -2.2909020 -0.8374710 -1.6021130 
C -5.5741590 -0.0331870 -1.9856470 
H -6.5960540 1.5344340 -0.9093640 
H -4.2892890 -1.5047110 -2.9013500 
H -6.4517760 -0.3207340 -2.5585890 
H 2.1921770 1.9675000 3.8141530 
C 0.2606060 1.7796190 -1.8538080 
C -0.5416410 1.6944680 -3.0335920 
C 0.7424790 3.0723670 -1.4980600 
C -0.8123490 2.8191350 -3.8013920 
H -0.9582240 0.7323180 -3.3275020 
C 0.4551620 4.1872030 -2.2848280 
H 1.3143600 3.2011380 -0.5820940 
C -0.3148620 4.0834500 -3.4452620 
H -1.4314860 2.7116900 -4.6905700 
H 0.8331870 5.1583420 -1.9702220 
H -0.5273390 4.9565860 -4.0549480 
N 1.4941690 0.4601140 -1.7530290 
H 1.4027120 0.1507020 -2.7128960 
C 2.8262600 0.9680920 -1.4771210 
H 2.9900820 0.9836110 -0.3931910 
H 2.9361220 2.0150790 -1.8194390 
C 3.8871820 0.1422890 -2.1275690 
C 3.9171560 -1.0831820 -2.7273920 
O 5.1425800 0.6929890 -2.1515640 
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C 5.2752470 -1.3100590 -3.1381480 
H 3.0784150 -1.7522250 -2.8467520 
C 5.9735510 -0.2071530 -2.7605210 
H 5.6688020 -2.1777360 -3.6496360 
H 7.0044520 0.0979970 -2.8525000 
C 6.4913280 1.5917610 1.3374480 
H 6.5451720 1.9410700 0.2984970 
H 6.5027900 2.4731750 1.9867850 
H 7.4026830 1.0147570 1.5338810 
 
(NHP-DalPhos)Ni(2-N- N-Phenyl-2-furanmethanamine) 

 
Zero-point correction=                           0.883589 (Hartree/Particle) 
Thermal correction to Energy=                    0.938268 
Thermal correction to Enthalpy=                  0.939213 
Thermal correction to Gibbs Free Energy=         0.790623 
Sum of electronic and zero-point Energies=          -4327.606046 
Sum of electronic and thermal Energies=             -4327.551367 
Sum of electronic and thermal Enthalpies=           -4327.550423 
Sum of electronic and thermal Free Energies=        -4327.699012 
 
Single-point energy (6-311+G(2d,2p)) = -4.329384518688E+03 
 
Ni 0.2439700 -0.1031390 -0.8147390 
P -0.5484920 -1.4617450 0.6106390 
P -0.6380810 1.5934400 0.1926640 
N -2.0708850 -2.3032400 0.5790120 
N 0.2642940 -2.8943480 1.1268780 
C -0.7688160 -0.4004370 2.1336390 
C -0.8647170 0.9890840 1.9290550 
C -1.0045220 -0.0456350 4.5275450 
H -1.0447430 -0.4490550 5.5361960 
C -0.8371200 -0.9016680 3.4409060 
H -0.7440520 -1.9697850 3.6123830 
C -1.9879780 -3.7386950 0.8482080 
H -2.0289530 -4.3175650 -0.0871800 
H -2.8245310 -4.0679230 1.4748380 
C -0.6503780 -3.9535270 1.5761480 
H -0.8001580 -3.8937580 2.6637980 
H -0.2227600 -4.9363790 1.3641060 
C -3.3025380 -1.7028130 0.1799370 
C -3.5047420 -1.3030370 -1.1608000 
C -4.7175320 -0.7085480 -1.5154230 

P
NN MesMes

PPh2

Ni

HN
O
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H -4.8607480 -0.3958370 -2.5474330 
C -5.7470030 -0.5116190 -0.5923420 
C -5.5335050 -0.9281540 0.7215890 
H -6.3207500 -0.7852170 1.4594470 
C -4.3322430 -1.5181540 1.1283720 
C -2.4460660 -1.4996760 -2.2122150 
H -2.8742660 -1.4118510 -3.2156200 
H -1.9625890 -2.4778150 -2.1263420 
H -1.6457020 -0.7515730 -2.1263090 
C -7.0538590 0.1145750 -1.0148730 
H -7.6239530 -0.5534690 -1.6738450 
H -6.8856820 1.0465270 -1.5663880 
H -7.6859120 0.3429480 -0.1503420 
C -4.1792750 -1.9526860 2.5653300 
H -4.8995000 -1.4315690 3.2041400 
H -3.1756580 -1.7459450 2.9413000 
H -4.3620880 -3.0294840 2.6876800 
C 1.5761730 -3.1820750 0.6347970 
C 2.6845520 -2.5629240 1.2473940 
C 3.9667110 -2.8076630 0.7433970 
C 4.1881170 -3.6502960 -0.3475350 
C 3.0736930 -4.2416950 -0.9483600 
H 3.2160410 -4.8770450 -1.8203470 
C 1.7727290 -4.0154680 -0.4896210 
C 2.5119100 -1.6152310 2.4072060 
H 1.7865940 -1.9939270 3.1318770 
H 2.1444670 -0.6387740 2.0693000 
C 0.6156970 -4.6070550 -1.2574310 
H 0.9557080 -4.9878160 -2.2252010 
H -0.1563740 -3.8537430 -1.4425660 
H 0.1386540 -5.4431900 -0.7319340 
H 4.8177800 -2.3307110 1.2257430 
C -1.0404050 1.8461460 3.0261870 
C -1.1153580 1.3329990 4.3192460 
H -1.2468110 2.0043340 5.1636710 
H -1.0940140 2.9195850 2.8666810 
C 0.2955990 3.1564130 0.4629160 
C -0.0889600 4.3880790 -0.0859400 
C 1.5252440 3.0741270 1.1431170 
C 0.7348110 5.5100660 0.0425050 
H -1.0328450 4.4735210 -0.6152970 
C 2.3434490 4.1948640 1.2728990 
H 1.8508930 2.1237830 1.5539920 
C 1.9514780 5.4178490 0.7192680 
H 0.4197570 6.4577670 -0.3867500 
H 3.2941770 4.1053470 1.7909700 
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H 2.5913790 6.2908940 0.8147210 
C -2.2905280 2.1619740 -0.3701280 
C -3.3758400 2.4082390 0.4799630 
C -2.4498730 2.3456160 -1.7534890 
C -4.5903040 2.8574730 -0.0409850 
H -3.2779200 2.2408340 1.5476010 
C -3.6591370 2.8096460 -2.2701930 
H -1.6230340 2.1153820 -2.4210290 
C -4.7301710 3.0728580 -1.4131270 
H -5.4279540 3.0387160 0.6270830 
H -3.7676520 2.9565390 -3.3416190 
H -5.6733310 3.4347180 -1.8141590 
H 3.4661080 -1.4530170 2.9193770 
C 0.4297650 -0.5875680 -4.3219510 
C 0.9447670 -1.4062530 -3.3427420 
C 1.5794220 -0.8766610 -2.1747950 
C 1.7277290 0.5508750 -2.0717380 
C 1.2341520 1.3716000 -3.1390400 
C 0.5742290 0.8233550 -4.2150150 
H -0.0604960 -1.0153870 -5.1921890 
H 0.8833550 -2.4863410 -3.4486540 
H 2.2085700 -1.5347710 -1.5855600 
H 1.3933150 2.4468280 -3.0757690 
H 0.1889490 1.4683240 -5.0006060 
N 2.6282230 1.0801010 -1.0902790 
H 2.5606010 2.0932570 -1.0552880 
C 4.0391770 0.6640140 -1.1836240 
H 4.4564880 0.8310480 -2.1911660 
H 4.0992140 -0.4069240 -0.9731060 
C 4.8564020 1.3930000 -0.1750670 
C 5.2748110 1.1089140 1.0914440 
O 5.2407900 2.6699070 -0.5063330 
C 5.9586860 2.2732890 1.5750700 
H 5.1031780 0.1815940 1.6189310 
C 5.9047580 3.1870550 0.5677340 
H 6.4296940 2.4053470 2.5393210 
H 6.2796470 4.1914650 0.4455420 
C 5.5843670 -3.9255710 -0.8523330 
H 6.0075660 -4.8247940 -0.3845310 
H 5.5930610 -4.0893900 -1.9354050 
H 6.2615880 -3.0940700 -0.6301240 
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(NHP-DalPhos)Ni(mesityl)Br 

 
Zero-point correction=                           0.862302 (Hartree/Particle) 
Thermal correction to Energy=                    0.917048 
Thermal correction to Enthalpy=                  0.917992 
Thermal correction to Gibbs Free Energy=         0.770399 
Sum of electronic and zero-point Energies=          -6692.943651 
Sum of electronic and thermal Energies=             -6692.888906 
Sum of electronic and thermal Enthalpies=           -6692.887962 
Sum of electronic and thermal Free Energies=        -6693.035554 
 
Single-point energy (6-311+G(2d,2p)) = -6.697367605580E+03 
 

Br 1.5677860 -0.8200610 -2.3176550 
Ni 0.3778840 0.2288660 -0.5869170 
P -0.6591660 1.3815530 0.9225380 
P 0.0364650 -1.6253440 0.6267260 
N 1.2937490 -2.7465440 0.8904560 
N -1.0998690 -2.8698480 0.2696070 
C 2.9724050 1.9287640 -0.2498790 
C 1.7178610 5.6826010 -3.3768760 
C -1.3605190 1.7232040 -2.8936640 
C 1.9685760 2.5531190 -1.1888200 
C 2.2626150 3.7683750 -1.8098570 
C 1.3777470 4.3665500 -2.7160340 
C 0.1974110 3.6878500 -3.0174530 
C -0.1185280 2.4518240 -2.4287730 
C 0.7492500 1.9034350 -1.4748910 
C 0.9020700 2.8018120 2.8063290 
C 1.6041890 3.9169290 3.2647180 
C 1.5914600 5.1033150 2.5296690 
C 0.8825710 5.1666210 1.3291850 
C 0.1874090 4.0522440 0.8625240 
C 0.1770860 2.8615160 1.6068720 
C -2.9202830 3.1193810 1.0306040 
C -4.2546570 3.4372670 0.7724970 
C -5.0538840 2.5640120 0.0332210 
C -4.5152420 1.3690660 -0.4467160 
C -3.1807010 1.0530940 -0.1982480 
C -2.3704070 1.9271010 0.5393470 
C 2.6217390 -4.0998240 -1.3740880 
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C 6.8613730 -1.6896430 -0.1827880 
C 2.7632490 -0.9150080 2.6287930 
C 3.3357760 -3.1583850 -0.4354790 
C 4.6892640 -2.8973560 -0.6565970 
C 5.4153550 -1.9963250 0.1245520 
C 4.7510250 -1.3703330 1.1784770 
C 3.4031760 -1.6169530 1.4576060 
C 2.6856480 -2.5096770 0.6378150 
C -3.5291700 -2.4413780 1.8483420 
C -6.1229080 -1.9678920 -2.4323100 
C -1.2323680 -3.0935740 -2.6751450 
C -3.5233180 -2.4482990 0.3404170 
C -4.7330550 -2.2368030 -0.3320210 
C -4.8168860 -2.2379600 -1.7236480 
C -3.6497700 -2.5001920 -2.4465460 
C -2.4210730 -2.7337530 -1.8229860 
C -2.3490880 -2.6668080 -0.4103030 
C 0.7753360 -4.0978930 1.1497340 
C -0.5452450 -4.2269380 0.3737210 
C -0.6479340 -1.8608380 3.4318270 
C -1.1786190 -1.3681130 4.6188560 
C -1.6277970 -0.0433390 4.6890310 
C -1.5027330 0.7880010 3.5812610 
C -0.9265510 0.3030260 2.3958360 
C -0.5282570 -1.0364570 2.3017920 
H 2.5169950 1.6640390 0.7114430 
H 3.3721950 1.0012660 -0.6747770 
H 3.8077520 2.6085950 -0.0469010 
H 2.1177790 6.4062650 -2.6558140 
H 2.4802600 5.5561080 -4.1574770 
H 0.8377430 6.1313370 -3.8501910 
H -2.2824750 2.2611990 -2.6411760 
H -1.3410730 1.5962970 -3.9835520 
H -1.4164590 0.7232550 -2.4560630 
H 3.2046620 4.2645410 -1.5782890 
H -0.4910910 4.1151030 -3.7466730 
H 0.9254940 1.8859670 3.3864870 
H 2.1620510 3.8546750 4.1950140 
H 2.1382440 5.9717020 2.8869820 
H 0.8833180 6.0784180 0.7392590 
H -0.3285980 4.1058750 -0.0896890 
H -2.3096330 3.8054830 1.6073210 
H -4.6669010 4.3689350 1.1504590 
H -6.0920600 2.8139990 -0.1679880 
H -5.1270810 0.6794300 -1.0188000 
H -2.7705130 0.1261600 -0.5840860 
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H 2.6167800 -5.1349160 -1.0034900 
H 1.5902750 -3.7870660 -1.5410320 
H 3.1209010 -4.1083600 -2.3470630 
H 6.9439250 -0.9516400 -0.9915510 
H 7.3780640 -1.2774800 0.6904670 
H 7.4030120 -2.5856400 -0.5062670 
H 2.1168620 -0.0901980 2.3074440 
H 2.1435310 -1.5938520 3.2215840 
H 3.5303640 -0.4868440 3.2817260 
H 5.1810220 -3.3912480 -1.4921810 
H 5.2950620 -0.6738520 1.8130710 
H -2.8068150 -3.1510220 2.2573920 
H -3.2738430 -1.4550400 2.2508410 
H -4.5242290 -2.7008740 2.2242300 
H -6.2895530 -2.6778320 -3.2504490 
H -6.9729330 -2.0368320 -1.7457950 
H -6.1353490 -0.9628930 -2.8753160 
H -0.3149490 -2.6033940 -2.3464760 
H -1.0621680 -4.1790760 -2.6712510 
H -1.4017960 -2.7976660 -3.7147210 
H -5.6327380 -2.0686080 0.2562090 
H -3.6936440 -2.5380380 -3.5329950 
H 1.5021620 -4.8428240 0.8240950 
H 0.6131630 -4.2561850 2.2252210 
H -1.2489190 -4.8827990 0.9020080 
H -0.3671440 -4.6526530 -0.6213480 
H -0.3358860 -2.8978340 3.3810430 
H -1.2611020 -2.0166080 5.4869080 
H -2.0672710 0.3367230 5.6070310 
H -1.8389020 1.8192050 3.6379370 
 

(NHP-DalPhos)Ni(CH2-Mesityl)Br 

 
 

Zero-point correction=                           0.676723 (Hartree/Particle) 
Thermal correction to Energy=                    0.720083 
Thermal correction to Enthalpy=                  0.721027 
Thermal correction to Gibbs Free Energy=         0.598042 
Sum of electronic and zero-point Energies=          -6342.920811 
Sum of electronic and thermal Energies=             -6342.877451 
Sum of electronic and thermal Enthalpies=           -6342.876507 
Sum of electronic and thermal Free Energies=        -6342.999491 
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Single-point energy (6-311+G(2d,2p)) = -6.347033320645E+03 
 
Br 0.9963790 2.2849590 -2.3958680 
Ni 0.7774200 0.3921610 -0.9860870 
P -0.5239250 1.4505450 0.4707770 
P 0.5366490 -1.3496390 0.1897710 
N -0.5183430 -2.6356220 -0.2026170 
N 1.8907110 -2.3704140 0.2697950 
C -1.0430420 4.0741550 1.4187120 
C -0.6428880 5.3376100 1.8586410 
C 0.7119870 5.6714350 1.8876330 
C 1.6694450 4.7442800 1.4681650 
C 1.2743140 3.4849770 1.0208460 
C -0.0849280 3.1403800 1.0041890 
C -3.3104730 0.9877060 0.8341310 
C -4.6441970 1.0740620 0.4300770 
C -4.9722040 1.6923560 -0.7765950 
C -3.9616510 2.2116190 -1.5909500 
C -2.6279640 2.1251850 -1.1963520 
C -2.2971460 1.5238560 0.0299100 
C -2.3563080 -3.7020280 1.7365160 
C -6.1788640 -2.0511420 -1.1099710 
C -1.4661950 -1.3287610 -2.6940470 
C -2.8315650 -2.9933100 0.4910140 
C -4.2033630 -2.8478430 0.2611320 
C -4.6960080 -2.2117590 -0.8790620 
C -3.7751930 -1.7315250 -1.8130940 
C -2.3957200 -1.8574010 -1.6321060 
C -1.9235060 -2.4792050 -0.4556870 
C 4.1487820 -2.9195350 1.9798510 
C 6.9309660 0.0644860 -1.0118970 
C 2.0501180 -0.7101360 -2.0430800 
C 4.2726150 -2.0494850 0.7526560 
C 5.4897540 -1.4397690 0.4251650 
C 5.6079950 -0.5817260 -0.6725910 
C 4.4801130 -0.3494910 -1.4661550 
C 3.2503390 -0.9667290 -1.2036230 
C 3.1661420 -1.8144950 -0.0739940 
C 0.2126770 -3.8101230 -0.7005220 
C 1.5559790 -3.7880140 0.0467960 
C 0.2501850 -1.6434560 3.0232950 
C -0.0699290 -1.1487610 4.2861400 
C -0.5763820 0.1491950 4.4218170 
C -0.7544020 0.9562550 3.2988180 
C -0.4318040 0.4654990 2.0266640 



59 
 

C 0.0677900 -0.8396030 1.8918940 
H -2.0987980 3.8219070 1.3849830 
H -1.3906890 6.0608250 2.1726260 
H 1.0213690 6.6567820 2.2254690 
H 2.7232780 5.0077370 1.4714780 
H 2.0132140 2.7766030 0.6588960 
H -3.0640040 0.4979570 1.7703730 
H -5.4235100 0.6533260 1.0591430 
H -6.0116000 1.7657190 -1.0857690 
H -4.2109520 2.6837170 -2.5372740 
H -1.8377860 2.5146420 -1.8329590 
H -1.6521120 -4.5093640 1.5055880 
H -1.8424110 -3.0168620 2.4173190 
H -3.2025420 -4.1406850 2.2742520 
H -6.7624240 -2.4996670 -0.2996980 
H -6.4528440 -0.9912190 -1.1766510 
H -6.4913560 -2.5234120 -2.0494190 
H -0.9929910 -0.3852170 -2.3926460 
H -0.6563290 -2.0276780 -2.9209160 
H -2.0147840 -1.1337700 -3.6203060 
H -4.9024590 -3.2465880 0.9931770 
H -4.1373850 -1.2430530 -2.7147700 
H 3.9976110 -3.9770410 1.7260280 
H 5.0507330 -2.8559790 2.5961300 
H 3.2916460 -2.6122850 2.5905190 
H 7.6122790 0.0572170 -0.1545220 
H 7.4328460 -0.4626670 -1.8344840 
H 6.7971350 1.1042250 -1.3307010 
H 2.2876510 -0.1236290 -2.9299020 
H 1.5631640 -1.6424560 -2.3538500 
H 6.3566910 -1.6233930 1.0565070 
H 4.5511800 0.3184020 -2.3215050 
H -0.3590140 -4.7180200 -0.4791190 
H 0.3673110 -3.7630410 -1.7888380 
H 2.3512970 -4.2573590 -0.5388000 
H 1.4683360 -4.3233470 1.0026510 
H 0.6593660 -2.6434710 2.9119380 
H 0.0844030 -1.7659540 5.1669330 
H -0.8172370 0.5362680 5.4080210 
H -1.1195590 1.9728880 3.4114300 
 
(NHP-DalPhos)Ni(CH2-Mesityl)OtBu 
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Zero-point correction=                           0.801969 (Hartree/Particle) 
Thermal correction to Energy=                    0.850456 
Thermal correction to Enthalpy=                  0.851400 
Thermal correction to Gibbs Free Energy=         0.719292 
Sum of electronic and zero-point Energies=          -4004.407131 
Sum of electronic and thermal Energies=             -4004.358644 
Sum of electronic and thermal Enthalpies=           -4004.357700 
Sum of electronic and thermal Free Energies=        -4004.489807 
 
Single-point energy (6-311+G(2d,2p)) = -4.006001794513E+03 
 
Ni 0.8759910 0.3859230 -0.8916600 
P -0.4617810 1.4109220 0.6676690 
P 0.3786780 -1.4544470 0.0728580 
N -0.7650100 -2.6258220 -0.4419890 
N 1.6338380 -2.6036170 0.1007500 
C -0.7667130 3.8769790 2.0592140 
C -0.2750000 5.0703990 2.5884100 
C 1.0626650 5.4233350 2.3927610 
C 1.9047620 4.5857520 1.6596630 
C 1.4195880 3.3921620 1.1219030 
C 0.0794390 3.0281620 1.3284340 
C -3.1728540 0.6381750 1.0191410 
C -4.5493370 0.7634950 0.8259630 
C -5.0618180 1.8243900 0.0802820 
C -4.1875110 2.7606900 -0.4764150 
C -2.8124150 2.6400960 -0.2824470 
C -2.2870270 1.5786860 0.4739420 
C -2.7681780 -3.7447790 1.2752740 
C -6.3129890 -1.6111030 -1.6133220 
C -1.4701360 -0.9971720 -2.8171870 
C -3.1309670 -2.9062210 0.0733730 
C -4.4754600 -2.6723420 -0.2302000 
C -4.8590200 -1.8934730 -1.3238040 
C -3.8551680 -1.3631340 -2.1369640 
C -2.4983800 -1.5821050 -1.8835630 
C -2.1366750 -2.3492200 -0.7556110 
C 3.6934960 -3.5860520 1.8946040 
C 6.9515800 -0.5235750 -0.4680220 
C 2.1308860 -0.7172390 -1.9515000 
C 3.9881810 -2.5887470 0.8004820 
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C 5.2758220 -2.0608940 0.6429820 
C 5.5566850 -1.0846810 -0.3174010 
C 4.5222850 -0.6499670 -1.1522160 
C 3.2289200 -1.1790990 -1.0636940 
C 2.9777320 -2.1480290 -0.0648900 
C -0.1145490 -3.8198410 -1.0032250 
C 1.1957850 -3.9679630 -0.2179190 
C 0.0526300 -2.0118970 2.8592840 
C -0.1583700 -1.6190200 4.1785360 
C -0.4549030 -0.2819700 4.4694400 
C -0.5463840 0.6573820 3.4441000 
C -0.3383260 0.2673180 2.1144220 
C -0.0346660 -1.0722830 1.8235610 
H -1.8102430 3.6136780 2.2042920 
H -0.9360790 5.7236260 3.1518430 
H 1.4433690 6.3547040 2.8037380 
H 2.9406650 4.8663870 1.4903080 
H 2.0479240 2.7671250 0.4952020 
H -2.7963740 -0.1945760 1.6012890 
H -5.2165320 0.0247710 1.2592300 
H -6.1342800 1.9249080 -0.0637720 
H -4.5748810 3.5931880 -1.0575610 
H -2.1482980 3.3814400 -0.7104630 
H -2.1670020 -4.6195000 1.0001000 
H -2.1802580 -3.1722250 1.9992870 
H -3.6701070 -4.1069000 1.7783290 
H -6.9728510 -2.2766520 -1.0474670 
H -6.5703300 -0.5782870 -1.3443820 
H -6.5417240 -1.7322680 -2.6783270 
H -0.9438850 -0.1477100 -2.3600780 
H -0.7004460 -1.7243800 -3.0926870 
H -1.9440290 -0.6383400 -3.7357540 
H -5.2409940 -3.1080610 0.4086250 
H -4.1325140 -0.7648530 -3.0022140 
H 3.4814980 -4.5886430 1.5001480 
H 4.5432660 -3.6766370 2.5780960 
H 2.8169180 -3.2786040 2.4766180 
H 7.5662750 -0.7359850 0.4131200 
H 7.4646560 -0.9546710 -1.3383330 
H 6.9309760 0.5626080 -0.6127660 
H 2.4993260 -0.0473870 -2.7222860 
H 1.5983980 -1.5592330 -2.4129870 
H 6.0685700 -2.4039030 1.3047970 
H 4.7176820 0.1129430 -1.9019800 
H -0.7669160 -4.6900920 -0.8720380 
H 0.0848050 -3.7040500 -2.0795740 
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H 1.9670230 -4.4672860 -0.8117380 
H 1.0279430 -4.5584450 0.6948480 
H 0.3056870 -3.0423670 2.6277470 
H -0.0798750 -2.3457930 4.9825100 
H -0.6070900 0.0277610 5.4997440 
H -0.7651940 1.6948740 3.6766770 
O 1.6800090 1.9376600 -1.5529610 
C 1.3151650 2.7194320 -2.6591810 
C -0.1140060 3.2772770 -2.5038820 
H -0.1832200 3.8598090 -1.5783130 
H -0.3985410 3.9286270 -3.3407510 
H -0.8371310 2.4543160 -2.4547250 
C 2.3116930 3.8953570 -2.7091260 
H 3.3332040 3.5097760 -2.7984930 
H 2.1143030 4.5647800 -3.5564740 
H 2.2480170 4.4782020 -1.7834870 
C 1.3928750 1.9351890 -3.9874430 
H 1.1023700 2.5632890 -4.8397130 
H 2.4122610 1.5746740 -4.1648020 
H 0.7245760 1.0663740 -3.9609810 
 

(NHP-DalPhos)Ni(CH2-Mesityl)furfurylamine 

 
Zero-point correction=                           0.780601 (Hartree/Particle) 
Thermal correction to Energy=                    0.829010 
Thermal correction to Enthalpy=                  0.829955 
Thermal correction to Gibbs Free Energy=         0.695939 
Sum of electronic and zero-point Energies=          -4095.432093 
Sum of electronic and thermal Energies=             -4095.383683 
Sum of electronic and thermal Enthalpies=           -4095.382739 
Sum of electronic and thermal Free Energies=        -4095.516754 
 
Single-point energy (6-311+G(2d,2p)) = -4.097029017014E+03 
 
Ni -0.4935200 -0.6331710 -0.9376030 
P 0.8775150 -0.5780030 0.8532570 
P -1.4929800 1.0580740 -0.0990510 
N -1.3074010 2.6681400 -0.6725090 
N -3.1770630 1.1015900 -0.3201190 
C 2.1480140 -2.5068770 2.5292250 
C 2.2080390 -3.7518120 3.1576340 
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C 1.2011710 -4.6942500 2.9414710 
C 0.1350500 -4.3924810 2.0907540 
C 0.0786790 -3.1551660 1.4500410 
C 1.0836990 -2.2016220 1.6707290 
C 2.7346890 1.5267950 1.1328730 
C 3.9912850 2.1168470 0.9938530 
C 5.0707990 1.3699300 0.5201410 
C 4.8878570 0.0269390 0.1815120 
C 3.6352840 -0.5693950 0.3222940 
C 2.5469640 0.1751420 0.8090250 
C -0.6369850 4.8145470 1.1238880 
C 3.8172570 5.2549490 -1.2046570 
C 0.5102880 1.8610410 -2.8756980 
C 0.3103160 4.3521590 0.0429810 
C 1.5561330 4.9747030 -0.0943080 
C 2.4652280 4.5945320 -1.0826020 
C 2.0881160 3.5794260 -1.9652580 
C 0.8527170 2.9334000 -1.8735200 
C -0.0344340 3.3096780 -0.8405520 
C -5.6008620 0.5130100 1.1239560 
C -5.7667650 -3.9357090 -1.2730810 
C -2.0069670 -0.7026510 -2.2223430 
C -5.0257230 -0.4461160 0.1100560 
C -5.6381040 -1.6819180 -0.1298760 
C -5.0874100 -2.6104320 -1.0174560 
C -3.9057050 -2.2751850 -1.6857770 
C -3.2709500 -1.0382320 -1.5077880 
C -3.8532800 -0.1295150 -0.5911100 
C -2.4862380 3.1265720 -1.4196620 
C -3.6774160 2.4114280 -0.7622730 
C -1.9055300 1.8622620 2.6238020 
C -1.5814890 1.8296340 3.9774670 
C -0.4709070 1.0954970 4.4129140 
C 0.3026780 0.3837050 3.4988780 
C -0.0244910 0.4042630 2.1359460 
C -1.1255420 1.1556200 1.6984100 
H 2.9410810 -1.7838840 2.6936410 
H 3.0425260 -3.9841790 3.8138240 
H 1.2502730 -5.6637330 3.4301050 
H -0.6453780 -5.1268600 1.9113990 
H -0.7210200 -2.9327530 0.7515990 
H 1.9033610 2.1254540 1.4894400 
H 4.1199230 3.1629920 1.2551190 
H 6.0491910 1.8308850 0.4139350 
H 5.7191860 -0.5632010 -0.1935370 
H 3.5065160 -1.6137530 0.0557400 
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H -1.6355970 5.0282020 0.7270840 
H -0.7612570 4.0556490 1.9021920 
H -0.2614390 5.7266300 1.5981580 
H 3.9231820 6.0865240 -0.5006190 
H 4.6235210 4.5385040 -1.0030180 
H 3.9821080 5.6469160 -2.2154930 
H 0.5336630 0.8596730 -2.4246360 
H -0.4938980 1.9896370 -3.2910560 
H 1.2238100 1.8694150 -3.7049730 
H 1.8173200 5.7800790 0.5890240 
H 2.7737000 3.2797500 -2.7550480 
H -6.0339800 1.4060990 0.6544600 
H -6.3924770 0.0340760 1.7082370 
H -4.8240680 0.8602090 1.8152300 
H -6.4423590 -4.2039630 -0.4538600 
H -6.3647920 -3.9072220 -2.1941190 
H -5.0364510 -4.7444650 -1.3885760 
H -1.7811410 -1.4512260 -2.9860050 
H -2.0763920 0.2729440 -2.7212680 
H -6.5520480 -1.9295900 0.4061190 
H -3.4673860 -2.9857300 -2.3839720 
H -2.5740580 4.2159850 -1.3385030 
H -2.4203180 2.8701220 -2.4881400 
H -4.4994740 2.2654770 -1.4688040 
H -4.0531090 3.0003500 0.0868740 
H -2.7674400 2.4262300 2.2786690 
H -2.1917980 2.3688650 4.6969180 
H -0.2191510 1.0688500 5.4695470 
H 1.1470860 -0.2040240 3.8459620 
N 0.3522780 -2.1375110 -1.6991080 
H -0.2328010 -2.6088360 -2.3844640 
C 1.6705560 -1.9343830 -2.2903380 
H 1.6480680 -1.8288720 -3.3902950 
H 2.1087970 -0.9891580 -1.9352830 
C 2.6369990 -3.0320720 -1.9403580 
C 2.5861050 -4.0984470 -1.0916140 
O 3.8835970 -2.9650390 -2.5194630 
C 3.8750540 -4.7324870 -1.1464770 
H 1.7310610 -4.3768510 -0.4957830 
C 4.6202880 -4.0078910 -2.0220640 
H 4.1956190 -5.6118640 -0.6044290 
H 5.6280500 -4.0894870 -2.3999790 
 

(NHP-DalPhos)Ni(Mesityl-CH2-furfurylamine) N-coordinated 
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Zero-point correction=                           0.783647 (Hartree/Particle) 
Thermal correction to Energy=                    0.831733 
Thermal correction to Enthalpy=                  0.832678 
Thermal correction to Gibbs Free Energy=         0.698074 
Sum of electronic and zero-point Energies=          -4095.424134 
Sum of electronic and thermal Energies=             -4095.376048 
Sum of electronic and thermal Enthalpies=           -4095.375104 
Sum of electronic and thermal Free Energies=        -4095.509707 
 
Single-point energy (6-311+G(2d,2p)) = -4.097021577853E+03 
 
Ni 0.6260450 0.5955050 -0.5897620 
P -0.3977620 1.2697070 1.1150450 
P 0.3799830 -1.4233460 -0.1325650 
N -0.6603920 -2.7288920 -0.6674690 
N 1.7614930 -2.4475380 -0.4175480 
C -1.1719290 3.4104250 2.8956710 
C -0.8843060 4.5113720 3.7072000 
C 0.4378980 4.9109060 3.9085840 
C 1.4749270 4.2104690 3.2855970 
C 1.1854700 3.1240220 2.4617220 
C -0.1392780 2.7015200 2.2644470 
C -3.1467080 0.4690600 1.3335060 
C -4.4935610 0.5416620 0.9695540 
C -4.9229160 1.4978990 0.0495600 
C -3.9959010 2.3766960 -0.5180530 
C -2.6502550 2.2987910 -0.1628090 
C -2.2103730 1.3507610 0.7775370 
C -2.5865050 -4.1941930 0.8682120 
C -6.2738140 -1.8478940 -1.6480230 
C -1.4955760 -0.8263590 -2.8059430 
C -3.0041300 -3.2186780 -0.2052060 
C -4.3630910 -3.0086510 -0.4569570 
C -4.8030740 -2.1013510 -1.4221150 
C -3.8385600 -1.4166390 -2.1630160 
C -2.4693370 -1.6044480 -1.9564710 
C -2.0450450 -2.5049730 -0.9541160 
C 3.6169450 -3.4763700 1.5869290 
C 7.1180420 -0.3047960 -0.1478010 
C 2.6503130 -0.3897770 -2.3975300 
C 4.0082690 -2.4213030 0.5814490 
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C 5.3015030 -1.8948930 0.6207410 
C 5.7261770 -0.8819030 -0.2425180 
C 4.8106810 -0.4254500 -1.1892100 
C 3.5079050 -0.9313540 -1.2786660 
C 3.0847050 -1.9372250 -0.3765260 
C 0.0606630 -3.7971100 -1.3589370 
C 1.4378350 -3.8490210 -0.6875010 
C 0.1734830 -2.5542560 2.5347040 
C -0.0193650 -2.4537800 3.9132070 
C -0.3161470 -1.2126770 4.4818930 
C -0.4281890 -0.0821590 3.6708200 
C -0.2383900 -0.1774580 2.2861390 
C 0.0802700 -1.4259090 1.7112300 
H -2.2038090 3.1047890 2.7496840 
H -1.6958550 5.0550520 4.1847900 
H 0.6594320 5.7671750 4.5402010 
H 2.5067560 4.5202070 3.4316120 
H 1.9889120 2.5932680 1.9537240 
H -2.8256220 -0.2829490 2.0465700 
H -5.2038650 -0.1566970 1.4033450 
H -5.9719980 1.5566500 -0.2289220 
H -4.3200730 3.1192940 -1.2428110 
H -1.9303260 2.9713590 -0.6226770 
H -1.9734920 -5.0109500 0.4678970 
H -1.9914930 -3.6995100 1.6411010 
H -3.4647720 -4.6425410 1.3436780 
H -6.8914080 -2.6269010 -1.1890180 
H -6.5768520 -0.8856460 -1.2145300 
H -6.5168630 -1.8091420 -2.7163270 
H -1.1080050 0.0443930 -2.2560410 
H -0.6307680 -1.4310970 -3.0964680 
H -1.9846190 -0.4651100 -3.7171490 
H -5.0957710 -3.5638570 0.1255500 
H -4.1574320 -0.7132690 -2.9296460 
H 3.4826340 -4.4623240 1.1249050 
H 4.3889480 -3.5782150 2.3555800 
H 2.6768030 -3.2156700 2.0802930 
H 7.1921810 0.4247840 0.6696270 
H 7.8639430 -1.0835930 0.0470180 
H 7.4012100 0.2103340 -1.0717800 
H 3.2871850 -0.2541460 -3.2875120 
H 1.8507420 -1.0863700 -2.6554160 
H 5.9948660 -2.2809120 1.3656020 
H 5.1264630 0.3292070 -1.9090770 
H -0.4708530 -4.7509030 -1.2539370 
H 0.1687540 -3.5914500 -2.4385940 
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H 2.1925840 -4.2883740 -1.3489940 
H 1.3855580 -4.4620110 0.2249990 
H 0.3938050 -3.5210840 2.0919460 
H 0.0596480 -3.3377720 4.5411780 
H -0.4657960 -1.1259910 5.5550520 
H -0.6629460 0.8799980 4.1167480 
N 2.0096760 0.9151490 -2.0500610 
H 2.7342820 1.5242900 -1.6654880 
C 1.4654120 1.5583690 -3.2643160 
H 2.2295310 1.6003440 -4.0590430 
H 0.6564550 0.9214240 -3.6421210 
C 0.9648300 2.9419970 -3.0020300 
C 0.7525530 3.7019790 -1.8895210 
O 0.6405010 3.6574150 -4.1257440 
C 0.2581050 4.9693510 -2.3532610 
H 0.8931510 3.3729730 -0.8692240 
C 0.2065610 4.8877040 -3.7080780 
H -0.0181580 5.8200600 -1.7460050 
H -0.0917030 5.5648380 -4.4932700 
 

 

(NHP-DalPhos)Ni(Mesityl-CH2-furfurylamine)  

 
 Zero-point correction=                           0.781684 (Hartree/Particle) 
 Thermal correction to Energy=                    0.830751 
 Thermal correction to Enthalpy=                  0.831695 
 Thermal correction to Gibbs Free Energy=         0.691566 
 Sum of electronic and zero-point Energies=          -4095.393149 
 Sum of electronic and thermal Energies=             -4095.344082 
 Sum of electronic and thermal Enthalpies=           -4095.343138 
 Sum of electronic and thermal Free Energies=        -4095.483267 
 

Single-point energy (6-311+G(2d,2p)) = -4.097021577853E+03 
 

Ni 0.0701000 -0.2112520 -1.0418600 
P 2.0785200 -0.7531540 -1.2621970 
P -0.1501270 -0.3189520 1.0147160 
N 0.0441590 1.0758040 2.0441560 
N -1.4181220 -0.8946340 2.0364000 
C 4.1507180 -1.9634290 -2.8537820 
C 4.6379120 -2.9651860 -3.6970300 
C 3.8209290 -4.0361830 -4.0618190 
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C 2.5076850 -4.0991000 -3.5878060 
C 2.0164360 -3.0928730 -2.7581410 
C 2.8348270 -2.0186990 -2.3732760 
C 4.1340520 0.9557200 -0.2207980 
C 5.0145170 2.0363490 -0.3145330 
C 5.0819660 2.7903060 -1.4855480 
C 4.2455220 2.4748550 -2.5608430 
C 3.3565230 1.4071120 -2.4623340 
C 3.3037030 0.6220540 -1.2978530 
C 2.2437030 1.5840360 3.8156000 
C 3.6368340 5.4208940 0.8513810 
C -0.4360940 2.7478700 -0.3658270 
C 1.9975330 2.4293150 2.5896430 
C 2.8553930 3.4940930 2.2994880 
C 2.6858300 4.2923270 1.1671200 
C 1.6093020 4.0101600 0.3238540 
C 0.7137900 2.9691820 0.5831720 
C 0.9159920 2.1605090 1.7243140 
C -1.6132130 -3.5308550 3.1878310 
C -5.4656580 -4.5067120 0.0840390 
C -3.2760890 0.0312090 -0.0514120 
C -2.5539420 -3.0633330 2.1042090 
C -3.5389470 -3.9268250 1.6196160 
C -4.4056760 -3.5557880 0.5878170 
C -4.2810830 -2.2714770 0.0555710 
C -3.3298950 -1.3641480 0.5344330 
C -2.4397380 -1.7697250 1.5526240 
C -1.0527470 1.2661380 2.9908940 
C -1.5765380 -0.1450660 3.2890670 
C 1.5858340 -1.8701920 2.6992100 
C 2.7089750 -2.6512400 2.9675180 
C 3.6501950 -2.8799190 1.9608210 
C 3.4642560 -2.3199310 0.6974960 
C 2.3394440 -1.5303320 0.4192270 
C 1.3774370 -1.3112550 1.4309290 
H 4.7948550 -1.1350370 -2.5749190 
H 5.6588910 -2.9082640 -4.0660000 
H 4.2020880 -4.8145100 -4.7174620 
H 1.8633020 -4.9261020 -3.8744310 
H 0.9887140 -3.1314450 -2.4031860 
H 4.0932360 0.3774100 0.6955220 
H 5.6466730 2.2866950 0.5328810 
H 5.7769810 3.6224800 -1.5607900 
H 4.2835520 3.0639180 -3.4734740 
H 2.6952300 1.1747770 -3.2938990 
H 1.4559220 1.7111570 4.5694290 
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H 2.2747680 0.5205590 3.5633290 
H 3.1929790 1.8566800 4.2876040 
H 4.3300440 5.6040220 1.6788690 
H 4.2333170 5.1914040 -0.0402680 
H 3.0992560 6.3552850 0.6497750 
H -0.2072330 1.9329580 -1.0822930 
H -1.3552910 2.4701610 0.1552520 
H -0.6306430 3.6489150 -0.9566450 
H 3.6852340 3.6968300 2.9736580 
H 1.4514620 4.6250730 -0.5600710 
H -1.6827910 -2.9104210 4.0896080 
H -1.8395950 -4.5616330 3.4773980 
H -0.5726780 -3.4907380 2.8510600 
H -5.1230480 -5.5466370 0.1230710 
H -6.3790510 -4.4437620 0.6911130 
H -5.7461710 -4.2802070 -0.9498390 
H -2.8827780 0.7281300 0.7060890 
H -3.6169390 -4.9241660 2.0483080 
H -4.9385660 -1.9493460 -0.7463410 
H -0.6943400 1.7592840 3.9019190 
H -1.8546250 1.8946240 2.5657950 
H -2.6318230 -0.1309990 3.5796950 
H -1.0031820 -0.5948690 4.1139730 
H 0.8556610 -1.6944720 3.4825790 
H 2.8487040 -3.0830020 3.9553120 
H 4.5253580 -3.4932080 2.1585640 
H 4.1967840 -2.5029250 -0.0833480 
H -2.5485020 0.0604960 -0.8785780 
N -4.5645760 0.4692770 -0.5860830 
H -5.2736670 0.4396230 0.1460020 
C -4.4994320 1.8142660 -1.1502420 
H -4.1917530 2.5875740 -0.4213320 
H -3.7215170 1.8048600 -1.9285130 
C -5.8183500 2.2016770 -1.7355280 
C -6.8602710 1.4952950 -2.2595710 
O -6.0879540 3.5440000 -1.8013460 
C -7.8380210 2.4592960 -2.6789620 
H -6.9127350 0.4195060 -2.3416260 
C -7.3197310 3.6803050 -2.3822780 
H -8.7968390 2.2621590 -3.1381670 
H -7.6678350 4.6944740 -2.5016410 
 

 

(NHP-DalPhos)Ni(2-fufurylimine) 
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Zero-point correction=                           0.779571 (Hartree/Particle) 
Thermal correction to Energy=                    0.828729 
Thermal correction to Enthalpy=                  0.829673 
Thermal correction to Gibbs Free Energy=         0.693484 
Sum of electronic and zero-point Energies=          -4095.453388 
Sum of electronic and thermal Energies=             -4095.404230 
Sum of electronic and thermal Enthalpies=           -4095.403286 
Sum of electronic and thermal Free Energies=        -4095.539476 

 

Single-point energy (6-311+G(2d,2p)) = -4.097048427965E+03 
 
Ni 0.3279680 0.6087090 -0.9472060 
P 0.4258790 -1.0011070 0.4683840 
P -1.3420490 1.4973420 0.1402480 
N -0.4592180 -2.4788530 0.2392590 
N 1.8021060 -1.8659730 1.0078310 
C -0.3937250 -0.3175000 2.0012870 
C -1.1897170 0.8334530 1.8541730 
C -0.8448720 -0.2995540 4.3889480 
H -0.7062940 -0.7392830 5.3732000 
C -0.2404080 -0.8792190 3.2762070 
H 0.3688440 -1.7682730 3.3986620 
C 0.3550490 -3.6875110 0.3789640 
H 0.7088040 -4.0450130 -0.6003840 
H -0.2326040 -4.4929570 0.8334950 
C 1.5303290 -3.2880740 1.2771000 
H 1.2730230 -3.4480080 2.3348020 
H 2.4259340 -3.8771100 1.0623640 
C -1.7833100 -2.5864800 -0.2888010 
C -2.0434470 -2.3456770 -1.6553810 
C -3.3472920 -2.4936110 -2.1343990 
H -3.5407010 -2.3016230 -3.1879060 
C -4.3986280 -2.9001150 -1.3098780 
C -4.1139000 -3.1611000 0.0310610 
H -4.9149810 -3.4898810 0.6901070 
C -2.8289730 -3.0068470 0.5605090 
C -0.9477240 -1.9450850 -2.6074740 
H -1.2667160 -2.0808420 -3.6458920 
H -0.0344680 -2.5258460 -2.4471490 
H -0.6752950 -0.8889640 -2.4731380 
C -5.7969870 -3.0444370 -1.8583460 
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H -5.8072050 -3.6339760 -2.7828230 
H -6.2267300 -2.0631990 -2.0955960 
H -6.4613830 -3.5344410 -1.1391610 
C -2.5906960 -3.3052520 2.0207540 
H -3.5382950 -3.5017970 2.5320830 
H -2.0937070 -2.4735350 2.5254340 
H -1.9556420 -4.1894240 2.1618860 
C 3.1574900 -1.4397580 0.8001600 
C 3.8211320 -0.7105010 1.8027860 
C 5.1713190 -0.3902610 1.6243400 
C 5.8775390 -0.7761220 0.4858090 
C 5.1906830 -1.4825560 -0.5044870 
H 5.7144260 -1.7723950 -1.4124600 
C 3.8393270 -1.8073710 -0.3788180 
C 3.1142260 -0.2734850 3.0615630 
H 2.6474980 -1.1188560 3.5774070 
H 2.3168330 0.4471420 2.8507410 
C 3.1391920 -2.5314350 -1.5015840 
H 3.7577230 -2.5262260 -2.4031530 
H 2.1883260 -2.0472590 -1.7437240 
H 2.9241700 -3.5785910 -1.2533450 
H 5.6835830 0.1691980 2.4043780 
C -1.7930310 1.4172180 2.9776890 
C -1.6208760 0.8548800 4.2404450 
H -2.0850910 1.3161480 5.1078950 
H -2.3852120 2.3203340 2.8658660 
C -1.3482740 3.3211890 0.3407900 
C -2.4792730 4.0408460 0.7570430 
C -0.1573900 4.0093750 0.0674210 
C -2.4094950 5.4236270 0.9261920 
H -3.4187260 3.5235710 0.9312870 
C -0.0904550 5.3926430 0.2417980 
H 0.6924890 3.4601100 -0.3235260 
C -1.2125200 6.0999490 0.6760500 
H -3.2901430 5.9735370 1.2477400 
H 0.8342900 5.9182170 0.0199630 
H -1.1610700 7.1778600 0.8048650 
C -3.0726640 1.1455050 -0.3609790 
C -3.9939510 0.4586650 0.4368030 
C -3.4688420 1.5886440 -1.6345660 
C -5.2961890 0.2401240 -0.0199430 
H -3.6995240 0.0917820 1.4139890 
C -4.7688030 1.3751150 -2.0855630 
H -2.7571220 2.1140410 -2.2668230 
C -5.6895420 0.7046570 -1.2742040 
H -6.0009610 -0.2962580 0.6091800 
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H -5.0650060 1.7326050 -3.0680870 
H -6.7066070 0.5441550 -1.6217350 
H 3.8184400 0.1996190 3.7530630 
C 7.3272260 -0.4025600 0.3004700 
H 7.9068090 -1.2309780 -0.1229520 
H 7.4212550 0.4455930 -0.3900820 
H 7.7929070 -0.1123130 1.2479600 
C 5.1849290 1.1866500 -2.4470300 
C 4.9678790 2.0665270 -1.4319460 
C 3.5586120 2.0585140 -1.1872470 
C 3.0046450 1.1805240 -2.0802560 
O 4.0022830 0.6350340 -2.8551260 
H 6.0651520 0.8436000 -2.9681100 
H 5.7189200 2.6447910 -0.9112120 
H 3.0154430 2.6297010 -0.4488890 
C 1.6325070 0.8143680 -2.4424560 
H 1.5786510 0.0219410 -3.1942790 
N 0.6703580 1.7957580 -2.3786800 
H -0.0881580 1.6111330 -3.0415140 
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Crystallographic Solutions and Refinement Details 

 

L2: Crystallographic data for L2 were obtained at –100(±2) oC on a Bruker D8/APEX II CCD 

diffractometer using Cu Kα (λ = 1.54178 Å) microfocus source radiation, employing a sample 

that was mounted in inert oil and transferred to a cold gas stream on the diffractometer. Programs 

for diffractometer operation, data collection, data reduction, and absorption correction were 

supplied by Bruker. Gaussian integration (face-indexed) was employed as the absorption 

correction method. The structure of L2 was solved by use of intrinsic phasing methods, and 

refined by use of full-matrix least-squares procedures (on F2) with R1 based on Fo2 ≥ 2σ(Fo2) 

and wR2 based on all data. Anisotropic displacement parameters were employed for all the non-

hydrogen atoms shown. Non-hydrogen atoms are represented by Gaussian ellipsoids at the 30% 

probability level. 

L1NiCl2: Crystallographic data for L1NiCl2●dichloromethane were obtained at –100(±2) oC on 

a Bruker D8/APEX II CCD diffractometer using Cu Kα (λ = 1.54178 Å) microfocus source 

radiation, employing a sample that was mounted in inert oil and transferred to a cold gas stream 

on the diffractometer. Programs for diffractometer operation, data collection, data reduction, and 

absorption correction were supplied by Bruker. Gaussian integration (face-indexed) was 

employed as the absorption correction method. The structure of L1NiCl2 was solved by use of 

Patterson/structure expansion, and refined by use of full-matrix least-squares procedures (on F2) 

with R1 based on Fo2 ≥ 2σ(Fo2) and wR2 based on all data. Anisotropic displacement 

parameters were employed for all the non-hydrogen atoms shown. Non-hydrogen atoms are 

represented by Gaussian ellipsoids at the 30% probability level. 

L2NiCl2: Crystallographic data for L2NiCl2 were obtained at –100(±2) oC on a Bruker 

D8/APEX II CCD diffractometer using Cu Kα (λ = 1.54178 Å) microfocus source radiation, 

employing a sample that was mounted in inert oil and transferred to a cold gas stream on the 

diffractometer. Programs for diffractometer operation, data collection, data reduction, and 

absorption correction were supplied by Bruker. Gaussian integration (face-indexed) was 

employed as the absorption correction method. The structure of L2NiCl2 was solved by use of 

intrinsic phasing methods, and refined by use of full-matrix least-squares procedures (on F2) with 

R1 based on Fo2 ≥ 2σ(Fo2) and wR2 based on all data. Anisotropic displacement parameters 
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were employed for all the non-hydrogen atoms shown. Non-hydrogen atoms are represented by 

Gaussian ellipsoids at the 30% probability level. 

L4NiCl2: Crystallographic data for L4NiCl2●dichloromethane were obtained at –100(±2) oC on 

a Bruker D8/APEX II CCD diffractometer using Cu Kα (λ = 1.54178 Å) microfocus source 

radiation, employing a sample that was mounted in inert oil and transferred to a cold gas stream 

on the diffractometer. Programs for diffractometer operation, data collection, data reduction, and 

absorption correction were supplied by Bruker. Gaussian integration (face-indexed) was 

employed as the absorption correction method. The structure of L4NiCl2 was solved by use of 

intrinsic phasing, and refined by use of full-matrix least-squares procedures (on F2) with R1 

based on Fo2 ≥ 2σ(Fo2) and wR2 based on all data. Anisotropic displacement parameters were 

employed for all the non-hydrogen atoms shown. Non-hydrogen atoms are represented by 

Gaussian ellipsoids at the 30% probability level. 

L6NiCl2: Crystallographic data for L6NiCl2●dichloromethane were obtained at –100(±2) oC on 

a Bruker D8/APEX II CCD diffractometer using Cu Kα (λ = 1.54178 Å) microfocus source 

radiation, employing a sample that was mounted in inert oil and transferred to a cold gas stream 

on the diffractometer. Programs for diffractometer operation, data collection, data reduction, and 

absorption correction were supplied by Bruker. Gaussian integration (face-indexed) was 

employed as the absorption correction method. The structure of L6NiCl2 was solved by use of 

Patterson/structure expansion, and refined by use of full-matrix least-squares procedures (on F2) 

with R1 based on Fo2 ≥ 2σ(Fo2) and wR2 based on all data. Anisotropic displacement 

parameters were employed for all the non-hydrogen atoms shown. Non-hydrogen atoms are 

represented by Gaussian ellipsoids at the 30% probability level. 

C1: Crystallographic data for C1●THF were obtained at –80(±2) oC on a Bruker 

PLATFORM/APEX II CCD diffractometer using graphite-monochromated Mo Kα (λ = 

0.71073) radiation, employing a sample that was mounted in inert oil and transferred to a cold 

gas stream on the diffractometer. Programs for diffractometer operation, data collection, data 

reduction, and absorption correction were supplied by Bruker. Gaussian integration (face-

indexed) was employed as the absorption correction method. The structure of C1 was solved by 

use Patterson/structure expansion, and refined by use of full-matrix least-squares procedures (on 

F2) with R1 based on Fo2 ≥ 2σ(Fo2) and wR2 based on all data. Anisotropic displacement 
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parameters were employed for all the non-hydrogen atoms shown. Non-hydrogen atoms are 

represented by Gaussian ellipsoids at the 30% probability level. 

C2: Crystallographic data for C2●toluene were obtained at –80(±2) oC on a Bruker 

PLATFORM/APEX II CCD diffractometer using graphite-monochromated Mo Kα (λ = 

0.71073) radiation, employing a sample that was mounted in inert oil and transferred to a cold 

gas stream on the diffractometer. Programs for diffractometer operation, data collection, data 

reduction, and absorption correction were supplied by Bruker. Gaussian integration (face-

indexed) was employed as the absorption correction method. The structure of C2 was solved by 

use Patterson/structure expansion, and refined by use of full-matrix least-squares procedures (on 

F2) with R1 based on Fo2 ≥ 2σ(Fo2) and wR2 based on all data. Anisotropic displacement 

parameters were employed for all the non-hydrogen atoms shown. Non-hydrogen atoms are 

represented by Gaussian ellipsoids at the 30% probability level. 

C3: Crystallographic data for C3●1,1,2,2-tetrachloroethane●0.5 hexanes were obtained on a 

Bruker D8/APEX II CCD diffractometer using Cu Kα (λ = 1.54178 Å) microfocus source 

radiation, employing a sample that was mounted in inert oil and transferred to a cold gas stream 

on the diffractometer. Programs for diffractometer operation, data collection, data reduction, and 

absorption correction were supplied by Bruker. Gaussian integration (face-indexed) was 

employed as the absorption correction method. The structure of C3 was solved by use of intrinsic 

phasing methods, and refined by use of full-matrix least-squares procedures (on F2) with R1 

based on Fo2 ≥ 2σ(Fo2) and wR2 based on all data. Anisotropic displacement parameters were 

employed for all the non-hydrogen atoms shown. Non-hydrogen atoms are represented by 

Gaussian ellipsoids at the 30% probability level. 

L9: Crystallographic data for L9 were obtained at –100(±2) oC on a Bruker D8/APEX II CCD 

diffractometer using Cu Kα (λ = 1.54178 Å) microfocus source radiation, employing a sample 

that was mounted in inert oil and transferred to a cold gas stream on the diffractometer. Programs 

for diffractometer operation, data collection, data reduction, and absorption correction were 

supplied by Bruker. Gaussian integration (face-indexed) was employed as the absorption 

correction method. The structure of L9 was solved by use of intrinsic phasing methods, and 

refined by use of full-matrix least-squares procedures (on F2) with R1 based on Fo2 ≥ 2σ(Fo2) 

and wR2 based on all data. Anisotropic displacement parameters were employed for all the non-
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hydrogen atoms shown. Non-hydrogen atoms are represented by Gaussian ellipsoids at the 30% 

probability level. 

L10: Crystallographic data for L10●benzene were obtained at –100(±2) oC on a Bruker 

D8/APEX II CCD diffractometer using Cu Kα (λ = 1.54178 Å) microfocus source radiation, 

employing a sample that was mounted in inert oil and transferred to a cold gas stream on the 

diffractometer. Programs for diffractometer operation, data collection, data reduction, and 

absorption correction were supplied by Bruker. Gaussian integration (face-indexed) was 

employed as the absorption correction method. The structure of L10 was solved by use of 

intrinsic phasing methods, and refined by use of full-matrix least-squares procedures (on F2) with 

R1 based on Fo2 ≥ 2σ(Fo2) and wR2 based on all data. Anisotropic displacement parameters 

were employed for all the non-hydrogen atoms shown. Non-hydrogen atoms are represented by 

Gaussian ellipsoids at the 30% probability level. 

 

 

Crystallographic experimental details for L2 

A.  Crystal Data 

formula C38H40N2P2 
formula weight 586.66 
crystal dimensions (mm) 0.24  0.14  0.04 
crystal system triclinic 
space group P1̅ (No. 2) 
unit cell parametersa 
 a (Å) 10.8029 (2) 
 b (Å) 11.0466 (2) 
 c (Å) 15.1847 (3) 
  (deg) 96.8689 (9) 
  (deg) 103.7648 (11) 
  (deg) 110.2858 (9) 
 V (Å3) 1609.73 (5) 
 Z 2 
calcd (g cm-3) 1.210 

µ (mm-1) 1.435 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 



78 
 

radiation ( [Å]) Cu K (1.54178) (microfocus source) 
temperature (°C) –100 
scan type  and  scans (1.0) (5 s exposures) 
data collection 2 limit (deg) 148.34 
total data collected 11630 (-13  h  13, -13  k  13, -18  l  18) 
independent reflections 6302 (Rint = 0.0277) 

number of observed reflections (NO) 5524 [Fo2  2(Fo2)] 

structure solution method intrinsic phasing (SHELXT-2014c) 
refinement method full-matrix least-squares on F2 (SHELXL–2014d) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.9964–0.7585 
data/restraints/parameters 6302 / 0 / 385 
goodness-of-fit (S)e [all data] 1.035 
final R indicesf 
 R1 [Fo2  2(Fo2)] 0.0364 
 wR2 [all data] 0.1036 

largest difference peak and hole 0.399 and –0.310 e Å-3 
 

 

 

Crystallographic experimental details for L1NiCl2●dichloromethane 

A.  Crystal Data 

formula C39H54Cl4N2NiP2 
formula weight 813.29 
crystal dimensions (mm) 0.41  0.18  0.06 
crystal system triclinic 
space group P1̅ (No. 2) 
unit cell parametersa 
 a (Å) 10.30453 (18) 
 b (Å) 10.82298 (19) 
 c (Å) 19.0988 (3) 
  (deg) 90.5905 (6) 
  (deg) 93.6539 (6) 
  (deg) 110.7544 (8) 
 V (Å3) 1986.50 (6) 
 Z 2 
calcd (g cm-3) 1.360 

µ (mm-1) 4.165 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 
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radiation ( [Å]) Cu K (1.54178) (microfocus source) 
temperature (°C) –100 
scan type  and  scans (1.0) (5 s exposures) 
data collection 2 limit (deg) 147.84 
total data collected 14264 (-12  h  12, -13  k  13, -23  l  23) 
independent reflections 7740 (Rint = 0.0212) 

number of observed reflections (NO) 7496 [Fo2  2(Fo2)] 

structure solution method Patterson/structure expansion (DIRDIF–2008c) 
refinement method full-matrix least-squares on F2 (SHELXL–2014d) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.8598–0.3644 
data/restraints/parameters 7740 / 0 / 460 
goodness-of-fit (S)e [all data] 1.015 
final R indicesf 
 R1 [Fo2  2(Fo2)] 0.0399 
 wR2 [all data] 0.1089 

largest difference peak and hole 0.925 and –0.621 e Å-3 
 

 

Crystallographic experimental details for L2NiCl2 

A.  Crystal Data 

formula C42.50H48Cl6N2NiP2 
formula weight 920.18 
crystal dimensions (mm) 0.16  0.14  0.05 
crystal system monoclinic 
space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 
 a (Å) 12.8219(3) 
 b (Å) 17.6158(5) 
 c (Å) 19.8760(5) 
  (deg) 107.4462(17) 
 V (Å3) 4282.84(19) 
 Z 4 
calcd (g cm-3) 1.427 

µ (mm-1) 5.058 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 
radiation ( [Å]) Cu K (1.54178) (microfocus source) 
temperature (°C) –100 
scan type  and  scans (1.0) (5-10-15 s exposures)c 
data collection 2 limit (deg) 144.52 
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total data collected 25857 (-15  h  15, -21  k  21, -24  l  24) 
independent reflections 8372 (Rint = 0.0813) 

number of observed reflections (NO) 5881 [Fo2  2(Fo2)] 

structure solution method intrinsic phasing (SHELXT-2014d) 
refinement method full-matrix least-squares on F2 (SHELXL–2016e.f) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.8594–0.4951 
data/restraints/parameters 8372 / 0 / 466 
goodness-of-fit (S)g [all data] 1.059 
final R indicesh 
 R1 [Fo2  2(Fo2)] 0.0582 
 wR2 [all data] 0.1672 

largest difference peak and hole 0.915 and –0.714 e Å-3 
 

 

 

Crystallographic experimental details for L4NiCl2●dichloromethane 

A.  Crystal Data 

formula C39H52Cl4N2NiP2 
formula weight 811.27 
crystal dimensions (mm) 0.25  0.05  0.04 
crystal system orthorhombic 
space group Pbca (No. 61) 
unit cell parametersa 
 a (Å) 21.9326 (7) 
 b (Å) 16.0004 (5) 
 c (Å) 23.0088 (8) 
 V (Å3) 8074.5 (5) 
 Z 8 
calcd (g cm-3) 1.335 

µ (mm-1) 4.098 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 
radiation ( [Å]) Cu K (1.54178) (microfocus source) 
temperature (°C) –100  
scan type  and  scans (1.0) (30 s exposures) 
data collection 2 limit (deg) 141.03 
total data collected 51657 (-26  h  26, -19  k  19, -24  l  27) 
independent reflections 7617 (Rint = 0.1842) 
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number of observed reflections (NO) 4969 [Fo2  2(Fo2)] 

structure solution method intrinsic phasing (SHELXT-2014c) 
refinement method full-matrix least-squares on F2 (SHELXL–2014d) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.8213–0.4269 
data/restraints/parameters 7617 / 0 / 439 
goodness-of-fit (S)e [all data] 1.038 
final R indicesf 
 R1 [Fo2  2(Fo2)] 0.0708 
 wR2 [all data] 0.1932 

largest difference peak and hole 1.115 and –0.535 e Å-3 
 

 

Crystallographic experimental details for L6NiCl2●dichloromethane 

A.  Crystal Data 

formula C41.75H45.5Cl5.5N2NiP2 
formula weight 890.92 
crystal dimensions (mm) 0.34  0.27  0.27 
crystal system monoclinic 
space group P21/c (No. 14) 

unit cell parametersa 
 a (Å) 16.9518 (3) 
 b (Å) 10.14114 (19) 
 c (Å) 26.5298 (5) 
  (deg) 105.3206 (12) 
 V (Å3) 4398.67 (14) 
 Z 4 
calcd (g cm-3) 1.345 

µ (mm-1) 4.635 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 
radiation ( [Å]) Cu K (1.54178) (microfocus source) 
temperature (°C) –100 
scan type  and  scans (1.0) (5 s exposures) 
data collection 2 limit (deg) 148.10 
total data collected 30641 (-21  h  21, -12  k  12, -32  l  33) 
independent reflections 8871 (Rint = 0.0255) 

number of observed reflections (NO) 8348 [Fo2  2(Fo2)] 

structure solution method Patterson/structure expansion (DIRDIF–2008c) 
refinement method full-matrix least-squares on F2 (SHELXL–2014d) 
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absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.4898–0.3233 
data/restraints/parameters 8871 / 0 / 488 
goodness-of-fit (S)e [all data] 1.084 
final R indicesf 
 R1 [Fo2  2(Fo2)] 0.0654 
 wR2 [all data] 0.2007 

largest difference peak and hole 1.617 and –1.203 e Å-3 
 

 

Crystallographic experimental details for C1●THF 

A.  Crystal Data 

formula C49H55ClN2NiOP2 
formula weight 844.05 
crystal dimensions (mm) 0.21  0.13  0.06 
crystal system triclinic 
space group P1̅ (No. 2) 
unit cell parametersa 
 a (Å) 10.7807 (9) 
 b (Å) 11.7173 (10) 
 c (Å) 18.7445 (16) 
  (deg) 86.5087 (13) 
  (deg) 88.8545 (13) 
  (deg) 66.8194 (12) 
 V (Å3) 2172.6 (3) 
 Z 2 
calcd (g cm-3) 1.290 

µ (mm-1) 0.620 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/APEX II CCDb 
radiation ( [Å]) graphite-monochromated Mo K (0.71073) 
temperature (°C) –80 
scan type  scans (0.3) (20 s exposures) 
data collection 2 limit (deg) 55.29 
total data collected 19297 (-14  h  14, -15  k  15, -24  l  24) 
independent reflections 10070 (Rint = 0.0449) 

number of observed reflections (NO) 6690 [Fo2  2(Fo2)] 

structure solution method Patterson/structure expansion (DIRDIF–2008c) 
refinement method full-matrix least-squares on F2 (SHELXL–2014e) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 1.0000–0.8649 



83 
 

data/restraints/parameters 10070 / 0 / 512 
goodness-of-fit (S)e [all data] 1.031 
final R indicesf 
 R1 [Fo2  2(Fo2)] 0.0468 
 wR2 [all data] 0.1230 

largest difference peak and hole 0.623 and –0.337 e Å-3 
 

 

Crystallographic experimental details for C2●toluene 

A.  Crystal Data 

formula C45H47BrN2NiP2 
formula weight 816.40 
crystal dimensions (mm) 0.64  0.16 x 0.08 
crystal system monoclinic 
space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 
 a (Å) 10.1048 (5) 
 b (Å) 16.6355 (9) 
 c (Å) 23.9617 (13) 
  (deg) 100.9528 (7) 
 V (Å3) 3954.6 (4) 
 Z 4 
calcd (g cm-3) 1.371 

µ (mm-1) 1.616 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker PLATFORM/APEX II CCDb 
radiation ( [Å]) graphite-monochromated Mo K (0.71073) 
temperature (°C) –80 
scan type  scans (0.3) (15 s exposures) 
data collection 2 limit (deg) 56.60 
total data collected 37269 (-13  h  13, -22  k  22, -31  l  31) 
independent reflections 9764 (Rint = 0.0295) 

number of observed reflections (NO) 7950 [Fo2  2(Fo2)] 

structure solution method Patterson/structure expansion (DIRDIF–2008c) 
refinement method full-matrix least-squares on F2 (SHELXL–2014d) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.9039–0.5197 
data/restraints/parameters 9764 / 0 / 466 
goodness-of-fit (S)e [all data] 1.039 
final R indicesf 
 R1 [Fo2  2(Fo2)] 0.0312 
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 wR2 [all data] 0.0858 

largest difference peak and hole 0.586 and –0.215 e Å-3 
 

 

 

Crystallographic experimental details for C3●1,1,2,2-tetrachloroethane●0.5 hexanes 

 A.  Crystal Data 

formula C42.50H48Cl6N2NiP2 
formula weight 920.18 
crystal dimensions (mm) 0.16  0.14  0.05 
crystal system monoclinic 
space group P21/n (an alternate setting of P21/c [No. 14]) 

unit cell parametersa 
 a (Å) 12.8219(3) 
 b (Å) 17.6158(5) 
 c (Å) 19.8760(5) 
  (deg) 107.4462(17) 
 V (Å3) 4282.84(19) 
 Z 4 
calcd (g cm-3) 1.427 

µ (mm-1) 5.058 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 
radiation ( [Å]) Cu K (1.54178) (microfocus source) 
temperature (°C) –100 
scan type  and  scans (1.0) (5-10-15 s exposures)c 
data collection 2 limit (deg) 144.52 
total data collected 25857 (-15  h  15, -21  k  21, -24  l  24) 
independent reflections 8372 (Rint = 0.0813) 

number of observed reflections (NO) 5881 [Fo2  2(Fo2)] 

structure solution method intrinsic phasing (SHELXT-2014d) 
refinement method full-matrix least-squares on F2 (SHELXL–2016e.f) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.8594–0.4951 
data/restraints/parameters 8372 / 0 / 466 
goodness-of-fit (S)g [all data] 1.059 
final R indicesh 
 R1 [Fo2  2(Fo2)] 0.0582 
 wR2 [all data] 0.1672 

largest difference peak and hole 0.915 and –0.714 e Å-3 
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Crystallographic experimental details for L9 

A.  Crystal Data 

formula C52.25H61.25FeN4P2 
formula weight 863.09 
crystal dimensions (mm) 0.34  0.08  0.06 
crystal system monoclinic 
space group C2/c (No. 15) 
unit cell parametersa 
 a (Å) 24.4360(5) 
 b (Å) 20.0370(4) 
 c (Å) 19.4486(4) 
  (deg) 95.3765(12) 
 V (Å3) 9480.6(3) 
 Z 8 
calcd (g cm-3) 1.209 

µ (mm-1) 3.476 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDb 
radiation ( [Å]) Cu K (1.54178) (microfocus source) 
temperature (°C) –100 
scan type  and  scans (1.0) (5-10-15 s exposures)c 
data collection 2 limit (deg) 144.85 
total data collected 32765 (-30  h  30, -24  k  24, -24  l  23) 
independent reflections 9380 (Rint = 0.0419) 

number of observed reflections (NO) 7818 [Fo2  2(Fo2)] 

structure solution method intrinsic phasing (SHELXT-2014d) 
refinement method full-matrix least-squares on F2 (SHELXL–2016e.f) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.8732–0.4595 
data/restraints/parameters 9380 / 0 / 526 
goodness-of-fit (S)g [all data] 1.037 
final R indicesh 
 R1 [Fo2  2(Fo2)] 0.0374 
 wR2 [all data] 0.1098 

largest difference peak and hole 0.253 and –0.320 e Å-3 
 
 



86 
 

 

Crystallographic experimental details for L10●benzene 

A.  Crystal Data 

formula C56H66FeN4P2 
formula weight 912.91 
crystal dimensions (mm) 0.19  0.13  0.04 
crystal system triclinic 
space group P1̅ (No. 2) 
unit cell parametersa 
 a (Å) 12.4322(3) 
 b (Å) 13.9428(3) 
 c (Å) 15.0464(4) 
  (deg) 71.8732(16) 
  (deg) 79.7521(15) 
  (deg) 88.0432(16) 
 V (Å3) 2438.53(10) 
 Z 2 
calcd (g cm-3) 1.243 

µ (mm-1) 3.406 
B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8 /APEX II CCDb 
radiation ( [Å]) Cu K (1.54178) (microfocus source) 
temperature (°C) –100 
scan type  and  scans (1.0) (5-5-10 s exposures)c 
data collection 2 limit (deg) 145.48 
total data collected 16329 (-15  h  15, -17  k  16, -18  l  18) 
independent reflections 9240 (Rint = 0.0483) 

number of observed reflections (NO) 7312 [Fo2  2(Fo2)] 

structure solution method intrinsic phasing (SHELXT-2014d) 
refinement method full-matrix least-squares on F2 (SHELXL–2016e) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.9703--0.5646 
data/restraints/parameters 9240 / 0 / 580 
goodness-of-fit (S)f [all data] 1.054 
final R indicesg 
 R1 [Fo2  2(Fo2)] 0.0434 
 wR2 [all data] 0.1179 

largest difference peak and hole 0.535 and –0.452 e Å-3 
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NMR Spectra 

 

 

Figure A5. 1H NMR spectrum of L1 (C6D6, 500.1 MHz)  
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Figure A6. 13C{1H} NMR spectrum of L1 (C6D6, 125.8 MHz) 
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Figure A7. 31P{1H} NMR spectrum of L1 (CDCl3, 202.4 MHz) 
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Figure A8. 1H NMR spectrum of L2 (C6D6, 500.1MHz) 

 

Figure A9. 13C{1H} NMR spectrum of L2 (C6D6, 125.7 MHz) 
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Figure A10. 31P{1H} NMR spectrum of L2 (CDCl3, 121.4 MHz) 
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Figure A11. 1H NMR of L3 (C6D6, 121.4 MHz) 
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Figure A12. 13C{1H} NMR spectrum of L3 (C6D6, 125.7 MHz) 

 

Figure A13. 31P{1H} NMR spectrum of L3 (CDCl3, 121.4 MHz) 
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Figure A124. 1H NMR spectrum of L4 (C6D6, 500.1 MHz) 
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Figure A15. 13C{1H} NMR spectrum of L4 (C6D6, 125.7 MHz) 

 

Figure A16. 31P{1H} NMR spectrum of L4 (CDCl3, 202.4 MHz) 
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Figure A17. 1H NMR spectrum of L5 (C6D6, 500.1 MHz) 



97 
 

 

Figure A18. 13C{1H} NMR spectrum of L5 (C6D6, 125.7 MHz) 

 

Figure A19. 31P{1H} NMR spectrum of L5 (CDCl3, 202.4 MHz) 
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Figure A20. 1H NMR spectrum of L6 (C6D6, 500.1 MHz) 
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Figure A21. 13C{1H} NMR spectrum of L6 (C6D6, 125.7 MHz) 

 

Figure A22. 31P{1H} NMR spectrum of L6 (CDCl3, 202.4 MHz) 
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Figure A23. 31P{1H} NMR spectrum of (L2)NiCl2 (1,1,2,2-Tetrachloroethane-d2, 202.4 MHz) 
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Figure A24. 1H NMR spectrum of C1 (THF-d8, 500.1 MHz) 

 

Figure A25. 13C{1H} NMR spectrum of C1 (THF-d8, 125.7 MHz) 
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Figure A26. 31P{1H} NMR spectrum of C1 (THF, 202.4 MHz) 
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Figure A27. 31P{1H} NMR spectrum of (L2)NiBr2 (1,1,2,2-Tetrachloroethane-d2, 202.4 MHz) 
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Figure A28. 1H NMR spectrum of C2 (C6D6, 500.1 MHz) 
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Figure A29. 13C{1H} NMR spectrum of C2 (C6D6, 125.7 MHz) 

 

Figure A30. 31P{H} NMR spectrum of C2 (C6D6, 202.4 MHz) 
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Figure A31. 31P{1H} NMR spectrum of C3 (C6D6, 202.4 MHz) 
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Figure A32. 1H NMR spectrum of N1-naphthalenyl-2-furanmethanamine 1a (CDCl3, 500.1MHz) 
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Figure A33. 13C{1H} NMR spectrum of N1-naphthalenyl-2-furanmethanamine 1a (CDCl3, 125.7 

MHz) 
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Figure A34. 1H NMR spectrum of 4-[(2-furanylmethyl)amino]-benzonitrile 1b (CDCl3, 500.1 

MHz) 
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Figure A35.13C{1H} NMR spectrum of 4-[(2-furanylmethyl)amino]-benzonitrile 1b (CDCl3, 

125.7 MHz) 
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Figure A36. 1H NMR spectrum of N-(3-methoxyphenyl)-2-furanmethanamine 1c (CDCl3, 500.1 

MHz) 
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Figure A37. 13C{1H} NMR spectrum of N-(3-methoxyphenyl)-2-furanmethanamine 1c (CDCl3, 

125.7 MHz) 
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Figure A38. 1H NMR spectrum of N-(2-furanylmethyl)-benzo[b]thiophen-5-amine 1d (CDCl3, 

500.1 MHz) 

 

Figure A39. 13C{1H} NMR spectrum of N-(2-furanylmethyl)-benzo[b]thiophen-5-amine 1d 

(CDCl3, 125.7 MHz) 
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Figure A40. 1H NMR spectrum of N-ethyl-3-methyl-2-pyridinamine 1e (CDCl3, 500.1 MHz) 

 

Figure A41. 13C{1H} NMR spectrum of N-ethyl-3-methyl-2-pyridinamine 1e (CDCl3, 125.7  

MHz) 
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Figure A42. 1H NMR spectrum of N-methyl-3-(trifluoromethyl)-benzenamine 1f (CDCl3, 500.1 

MHz) 
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Figure A43. 13C{1H} NMR spectrum of N-methyl-3-(trifluoromethyl)-benzenamine 1f (CDCl3, 

125.7 MHz) 

 

Figure A44. 19F{1H} NMR of N-methyl-3-(trifluoromethyl)-benzenamine 1f (CDCl3, 470.4 

MHz) 
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Figure A45. 1H NMR spectrum of N-methyl-6-quinoxalinamine 1g (CDCl3, 500.1 MHz) 

 

Figure A46. 13C{1H} NMR spectrum of N-methyl-6-quinoxalinamine 1g (CDCl3, 125.7 MHz) 
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Figure A47. 1H NMR spectrum of N-ethyl-6-quinoxalinamine 1h (CDCl3, 500.1 MHz) 

 

Figure A48. 13C{1H} NMR spectrum of N-ethyl-6-quinoxalinamine 1h (CDCl3, 125.7 MHz) 
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Figure A49. 1H NMR spectrum of N-(2,5-dimethylphenyl)-2-thiophenemethanamine 1i (CDCl3, 

500.1 MHz) 
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Figure A50. 13C{1H} NMR spectrum of N-(2,5-dimethylphenyl)-2-thiophenemethanamine 1i 

(CDCl3, 125.7 MHz) 
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Figure A51. 1H NMR spectrum of N-(phenylmethyl)-6-quinolinamine 1j (CDCl3, 500.1 MHz) 

 

Figure A52. 13C{1H} NMR spectrum of N-(phenylmethyl)-6-quinolinamine 1j (CDCl3, 125.7 

MHz) 
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Figure A53. 1H NMR spectrum of N-(3-methoxyphenyl)-α-methyl-benzenemethanamine 1k 

(CDCl3, 500.1 MHz) 
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Figure A54. 13C{1H} NMR spectrum of N-(3-methoxyphenyl)-α-methyl-benzenemethanamine 

1k (CDCl3, 125.7 MHz) 
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Figure A55. 1H NMR spectrum of 4-(2-propen-1-ylamino)-benzonitrile 1l (CDCl3, 500.1 MHz) 

 

Figure A56. 13C{1H} NMR spectrum of 4-(2-propen-1-ylamino)-benzonitrile 1l (CDCl3, 125.7 

MHz) 
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Figure A57. 1H NMR spectrum of 1-[4-[(2-Phenylethyl)amino]phenyl]-1-propanone 1m 

(CDCl3, 500.1 MHz)  
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Figure A58. 13C{1H} NMR spectrum of 1-[4-[(2-Phenylethyl)amino]phenyl]-1-propanone 1m 

(CDCl3, 125.7 MHz) 
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Figure A59. 31P{1H} NMR spectrum of L1NiCl2 (CDCl3, 121.4 MHz) 
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Figure A60. 31P{1H} NMR spectrum of L4NiCl2 (CDCl3, 202.4 MHz) 
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Figure A61. 31P{1H} NMR spectrum of L6NiCl2 (CDCl3, 202.4 MHz) 

 

 

 

 

  



132 
 

Appendix B 

Copyright Permission 

 


