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SUMMARY 

Ligands exert a subtle control on the structure and reactivity of transition metal 

complexes in a way that is not only catalytically relevant but also an important aspect in 

the coordination chemistry. The ability to design and modify different ligand frameworks 

has been an important component of synthetic chemistry. This ability has enabled reactivity 

of complexes to be tuned via steric and electronic modification of the ligands frameworks. 

In turn, ligands that perform different functions during the catalytic processes have been 

developed ranging from those that act as place-holders to those that are actively involved. 

Presented in this thesis is an elaboration of the acridine framework and its application in 

the study of CO and CO2 coordination complexes. Starting from acridone, a variety of 

acridine-based ligands are synthesized, modified to suit different reaction conditions, their 

respective complexes synthesized and characterized, and their ability to function as an 

electron reservoir investigated. For comparison, the reactivity of complexes of a wide bite 

angle ligand, Cy-xantphos, with CO and CO2 are also presented herein.      

Chapter 1 contains a brief description of cooperative catalysis in the activation of 

small molecules. A discussion on the importance of the metal ligand cooperation in 

achieving bond-breaking/forming reactions mimicking nature is presented. More focus is 

placed on the ligand frameworks that store electrons in their π-systems to support reactivity 

at the metal centers especially for CO2 activation and reduction. These ligands cooperate 

with metals in a synergistic manner, and their interplay facilitates chemical processes. A 

majority of the redox-active ligands used in CO2 activation contain nitrogen donors in a 

conjugated π system. A structure-property analysis shows that reactive low-nuclearity 
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metal complexes are required for activation of small molecules. Due to the stability of these 

small molecules, they require robust and reactive complexes for their activation. A number 

of the CO2 reduction catalysts tend to be pincer-type in nature to provide the robustness 

that these complexes require. Put together, these observations inform the directions of 

ligand synthesis strategies, complexes formation and reactivity studies contained in this 

thesis.  

 Chapter 2 describes synthesis of substituted acridones from bis(4-tert-

butylphenyl)amine via directed metalation using in-situ-formed carbamate as a removable 

directing group, followed by closing of the central six-membered ring using phenyl 

chloroformate. The substituted acridone can be easily converted to a dibromoacridone, a 

versatile substrate for a number of reactions. Substitution of the bromides using transition-

metal-catalyzed cross-coupling reactions or halogen-metal exchange leads to formation of 

different ligand frameworks with varying degrees of steric hindrance around the nitrogen 

donor atom. The reaction of the different acridone ligand frameworks with transition metal 

precursors to form corresponding complexes did not lead to isolable products. However, 

the dibromoacridone and some of the ortho-functionalized acridones were converted to the 

corresponding acridines under moderate reaction conditions.     

Chapter 3 describes the use of dibromoacridine in synthesis of a rigid terdentate 

PNP-chloroacridine. The chloro substituent at the 9-position of this ligand makes it 

vulnerable in low-valent metal complexes due to the possibility of side reactions like 

oxidative addition. However, the reactivity of this position toward nucleophilic aromatic 

substitution allows its replacement with nucleophiles such as alkoxy and aryloxy groups to 

give (MeO)PNP-acridine and (ArO)PNP-acridine respectively. This ligand framework 
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accepts an electron during reduction to form a radical anionic ligand. The cyclic 

voltammetry study of the free (ArO)PNP-acridine shows a reversible reduction wave, 

confirming the redox-activity of the free ligand. The ligands form nickel(II) and cobalt(II) 

complexes that, after reduction, react with CO2 and CO to form the respective coordination 

complexes.  Transition metals supported by this ligand framework can therefore participate 

in redox processes in a chemical reaction while avoiding uncommon oxidation states due 

to the ligand’s ability to function as an electron reservoir.  

In pursuit of a catalytic system that transforms CO2 as a C1 building unit in C-C 

bond formation, Chapter 4 describes the synthesis and application of (Cy-xantphos)Ni 

complexes in CO2 activation. The reaction of (Cy-xantphos)Ni(0) with CO2 forms (Cy-

xantphos)Ni(CO2) complex. Comparison of data obtained for this complex with other 

bidentate nickel-CO2 complexes shows a possible η2-binding mode. Further reduction of 

(Cy-xantphos)Ni(CO2) in the presence of different Lewis acids, followed by exposure to 

CO or CO2, produces a product similar to the independently synthesized (Cy-

xantphos)Ni(CO)2 complex. 



 1 

CHAPTER 1.    INTRODUCTION 

 

1.1 Cooperative catalysis in small molecule activation 

Activation and conversion of small molecules (N2, H2, CO2, O2, H2O etc.) into 

useful products is an energy-intensive process and requires multi-electron/proton systems.1 

For example, the transition metal-catalyzed water oxidation into dioxygen and hydrogen, 

which in nature takes place at the oxygen-evolving complex of the photosystem II (PSII), 

occurs through proton-coupled electron transfer (PCET)1-2 involving a total of four 

electrons and protons.3-12 Nitrogen reduction to two equivalents of ammonia requires a 

series of six electrons and six protons.13-14 Similar numbers of protons and electrons are 

required for CO2 reduction to methanol.15 Development of transition metals catalysts to 

activate these molecules is motivated by observations of how nature carries out some of 

these reactions.  

Reduction of nitrogen to ammonia in nature is catalyzed by nitrogenase which 

consists of two component metalloproteins, the Fe-protein and the MoFe-protein.16 These 

two components work in concert to achieve N2 reduction with the MoFe-protein acting as 

the active binding site while the Fe-protein being the redox-active agent that supplies 

electrons to the active site.17 Another example is the activation of H2 by [FeFe] or [NiFe] 

hydrogenases where H2 is heterolytically split across the metal-ligand bond (Scheme 

1.1).18-22 The reduction of CO2 to CO occurs at a square planar nickel center23-25 that 

contains a [NiFe4S4] core (Figure 1.1).23, 25-30 It has been proposed that the Fe plays a crucial 
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role in elongation of C-O bond, making it easier to cleave the C-O bond to form Ni(II)-CO 

fragment.31 These observations plus many others not listed here inspired development of 

cooperative multi-metallic catalytic approach to bond-breaking and bond-forming 

processes.32-34  

 

Figure 1.1.   Activation of CO2 at a square planar nickel center in a [NiFe4S4] core. 

Scheme 1.1.   Proposed mechanism of H2 splitting by [NiFe]-hydrogenase.  

An equally important approach is one where the ligands are no longer used as 

spectators in a reaction, but work in cooperation with transition metals to achieve catalysis. 

Cooperation between ligand fragments and metals in catalysis is a ubiquitous concept in 

biological systems. An example is the case of [NiFe]-hydrogenase where an S atom of 

cysteine helps in the oxidation of H2 to H+ as shown in Scheme 1.1 above.7, 35-38 This 

cooperation is also represented in redox-active ligands, which can be categorized as either 

reactive39 or non-reactive (electron reservoirs) ligands.40-45 Ability of these ligands to store 

electrons has successfully facilitated two-electron reactivity of metals that have an intrinsic 
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tendency to react by one-electron pathways. This has in turn made it possible for these 

metals to be used in place of noble metals.40-41, 46-47  

1.2 Activation of CO2 and effect of ligand framework 

In CO2 reduction, a number of transition metal complexes supported by nitrogen-

donor ligands have been used as molecular catalysts.48-50 Some of the nitrogen-rich donor 

ligands used include porphyrins,51-54 polypyridines,55-58 cyclams, and related unsaturated 

N4-macrocycles.59-64 In the case of complexes bearing polypyridine ligands, evidence 

suggests that reducing equivalents are stored on the supporting polypyridine ligands during 

electrocatalytic reduction of CO2, making these more versatile ligands for molecular 

catalyst development.65-68 The electron density is stored at the vicinity of the active site and 

released only when needed for CO2 activation.69-74 

 It is suggested that redox non-innocence might have a significant impact on both 

substrate and product selectivity.75 Manganese and rhenium tricarbonyl catalysts supported 

on bipyridyl moieties reduce CO2 rather than protons in presence of water and/or weak 

acids.75-78 An experimental and theoretical study of the complexes made from ligands of 

pyridine-type or related, with non-innocence behavior suggest that this selectivity 

originates from the complexes delocalized electronic states.68  

Previously, a structure-activity relationship study of phosphine-containing 

palladium pincer electrocatalysts revealed that selectivity for CO2 reduction was highly 

sensitive to variations in ligand substituents, donor type (anionic, 1 to neutral, 2), bite angle 

(1&2 compared to 3&4) and changes in redox potential of the complexes (Figure 1.2).33, 

79-80 These factors modulate the basicity of the catalytic complexes. For example, for CO2 
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activation, at a more reducing potential, high selectivity for CO2 reduction is achieved 

resulting into a negative charge on the oxygen atom of the bound CO2 and a higher basicity 

than the metal center.33, 80 CO2 reduction in the presence of acid using 1 produces only 

hydrogen.33 The activity and selectivity of molecular catalysts can be tuned by an informed 

alteration in their structure.81-82 

 

Figure 1.2.   Physical alteration in ligand properties. 

Due to the high stability of CO2, its conversion to useful products is chemically 

challenging, often requiring a series of proton-coupled electron transfer steps to avoid 

formation of unstable, high energy intermediates.83-86 The ability of transition metal 

complexes to coordinate to CO2 and enable these multi-electron/proton transfer steps put 

them at the forefront of development of effective activation catalysts.83 In many cases, low-

valent late transition metals are applied in these activation studies since they are very basic 

and capable of coordinating to a weak ligand like CO2 through back-bonding.87 

Since the pioneering work on Ni and Co macrocyclic complexes as potential 

electrochemical CO2 reduction catalysts,59, 88 various metal complexes have been used in 

this pursuit, many of them based on noble metals.23, 48-49, 83, 89-93  Coordinatively unsaturated 

transition metal complexes bearing pincer ligands are a recurring motif.94-99 However, the 

cost and toxicity of precious metals continue to drive a search for alternatives within late 
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first-row transition metals.46, 100 Molecular catalysts from first-row transition metal 

complexes based on the terpyridine ligands have showed competition between hydrogen 

evolution and CO2 to CO conversion in (90:10, v/v) DMF/H2O mixtures.101 

Also, a large number of first-row transition metals engage in single-electron 

processes.46-47 Development of ligands that can contribute to the number of electrons 

available for catalysis either as electron reservoirs or as “redox non-innocent” is quite an 

appealing approach. When these redox-active ligands are used in conjunction with metals 

that possess different oxidation states, multi-electron/proton transfer processes are 

achieved leading to CO2 reduction to CO or even to methanol.76-78, 102 

1.3 Low-nuclearity late first-row transition metal complexes and their application 

in catalysis and coordination chemistry 

 Small molecule activation often requires large energy inputs and reactive metal 

centers. The right ligand can both stabilize the metal complexes to give robust catalysts, 

and tune the geometry and electronic configuration at the metal to achieve the required 

reactivity. Three-coordinate complexes of transition metals with partially filled d shells 

have showed unusual reactivity and electronic structure.103 There are a few examples of 

three-coordinate d9 nickel complexes104-110 in nature. One example is found at the low-

coordinate proximal nickel site of the acetyl-coenzyme A synthase (where transformation 

of methylcobalamin, CO, and coenzyme A into acetyl-coenzyme A takes place).111-116A 

recurring motif in these systems is the presence of geometric constraints and/or rigidity to 

enforce a T-shaped orientation.  
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To achieve low nuclearity, a number of nitrogen donor ligands have found 

widespread applications as either chelating agents or in stabilization of the coordinately 

unsaturated complexes. Of the different examples of ML3 complexes reported, a number 

of them are amido complexes [M(NR2)3] with bulky substituents like SiMe3.
117 Others bear 

mixed ligands like [M(NR2)2L] and [M(NR2)L2] and most of the structurally characterized 

complexes are of first row transition metal complexes.117  

1.4 Concluding Remarks 

Despite intensive research in the area of CO2 activation, there remains work to be 

done in improving catalyst stability and product selectivity. Where possible, catalysts 

should also be based on benign, non-toxic and earth-abundant metals instead of the noble 

ones, for the invention to have practical and economically viable applications. A systematic 

ligand development based on nitrogen donor atoms, with a rigid ligand backbone, capable 

of providing vacant substrate binding/activation site while eliminating degradation 

pathways is of great interest. A tridentate pincer-type ligand that can support a Ni2+ in a 

pseudo square planar geometry with a labile fourth ligand, such as a solvent molecule, 

would nevertheless allow the ready accessibility of a single equatorial site of the nickel 

center by a CO2 molecule for activation.118 

The following chapters describe the synthesis, modification, characterization, and 

reactivity studies of (PNP-acridine)-supported nickel and cobalt complexes towards 

formation of carbonyl complexes and CO2 activation. This begins with development of a 

new synthetic procedure that employs CO surrogates for synthesis of acridone as shown in 

Chapter 2. The acridone is then applied in development of new acridine frameworks in 
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Chapter 3. A redox-active ligand, PNP-acridine, is used in the synthesis of metal 

complexes, and modified to arrive at frameworks that are stable in reducing environments. 

The complexes obtained are characterized and their reactivity tested towards CO2 

activation. Chapter 4 introduces nickel complexes of a wide bite angle Cy-xantphos ligand. 

These complexes are studied in the formation of carbonyl and CO2 adducts. The reactivity 

of the CO2 complexes is tested in presence of different Lewis acids as well as with 

hydrogen bond donors.  
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CHAPTER 2.    ACRIDONE SYNTHESIS AND APPLICATION IN 

COMPLEX FORMATION 

 

2.1 Background 

2.1.1 Development of sterically encumbering amido ligands for low nuclearity complexes 

Sterically demanding amido ligands have found widespread use in organometallic 

chemistry and homogeneous catalysis including applications as chelating systems to 

stabilize low-valent species or to achieve unusual geometries. Diphenylamine can behave 

as either a terminal or bridging ligand. A common method to achieve unusually low 

coordination is to use ligands which are so bulky as to preclude either the attachment of 

further ligands or the attainment of a higher coordination by ligand bridging.1  

Isolation of transition metal complexes with coordination numbers as low as three 

has been achieved by employing diphenylamido (Ph2N
-) and disilylamido (Me3Si)2N

- 

ligands.1-7 Many early cases of successful synthesis of homoleptic M(NR2)n complexes 

with dialkylamides were limited to the earlier transition metals.8 Later transition metals 

showed reluctance to form stable M-NR2 complexes. This can be rationalized in terms of 

the bonding properties of –NR2 which acts as both a σ-donor and a π-donor. It therefore 

forms stronger bonds with earlier transition metals which have vacant d-orbitals of -

symmetry (π-acceptors) than with later transition metals which are electron-rich (π-

donors).8  
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To induce mononuclearity, Powers, Lappert, Lee, Girolami and coworkers all used 

bulky amido ligands to stabilize two-coordinate transition metal complexes of CrII through 

NiII. 9-16 The steric constraints in monodentate 3,6-dimethyl-1,8-diphenylcarbazolido (2) 

and 1,8-dimesityl-3,6-dimethylcarbazolido (3) ligands (Figure 2.1 below) enabled their 

application in the stabilization of highly reactive Group 13 centers.17-18 Moreover, fused 

polycyclic ring type ligands have displayed a greater degree of stability under different 

reaction conditions due to their rigidity and chemical inertness and also offer a variety of 

avenues for modification to modulate activity and reactivity at the transition metal center. 

Even though ligands 2 and 3 offered a point of comparison in the study of the differences 

in electronic properties of amido versus aryl (1) ligands, when used in synthesis of 

complexes of Cr-Co, the resulting complexes were homoleptic (ML2).
19 

 

Figure 2.1.   Structurally enforced binding pocket protection.  

     The desire to construct frameworks that can support low-coordinate, especially 

mononuclear open-shell transition-metal complexes remains to be achieved. The expansion 

of the carbazole backbone with an atom or combination of atoms like S, Si, -CMe2, SO, -

C=O (4, Figure 2.1) would constrain the metal binding pocket and enhance the ability to 
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achieve low-nuclearity M-NR2 transition metal complexes. This led to the design of 4,5-

substituted acridone-based ligands (5, Scheme 2.3). 

2.1.2 General applications of acridone and its analogues 

Acridone is a biologically active molecule found in an array of natural products, 

biological probes, pigments, dyes, bioactive molecules, fluorescent labels, and functional 

materials. The interaction of acridones with their cellular target is very diverse and 

molecules of this family are broadly applied as antimalarial,20-21 antifungal,22 antitumor,23 

anti-inflammatory24 and antiviral25-26 agents. Acridone analogues have also shown 

promising leads in application as chemical therapeutics27-29 and as treatment measures 

against multi-drug resistance in cancer cells.30 Because of its versatile activities, this 

pharmacologically active moiety has earned the name “privileged structure”, and its 

application in manufacture of the acridone acetic acid sodium salt (Na-AAA), 

commercially available with a trade name Neovir, reflects its relevance to clinical drug 

development.31 Moreover, many acridone-containing molecules exhibit fluorescence in the 

visible region of the electromagnetic spectrum, making them applicable as fluorescent 

probes for visualizing their activities in cell cultures or tissue samples.21, 32-34 For materials 

development, acridones with extended conjugated systems are promising candidates for 

organic semiconductors due to their unusual electronic and photo-physical properties.35 

Furthermore, acridones offer fascinating potential catalyst backbones owing to their rigid 

structure and dentate nitrogen atom.36-37 Owing to these many applications of acridones 

and its analogues, development of a facile and efficient method for its synthesis is 

desirable.  



 20 

2.1.3 Available synthetic routes to acridone and its analogues 

Since the first synthesis of unsubstituted acridone in 191238, a number of methods, 

generally relying on intramolecular six-membered central ring closure as a key step in most 

employed strategies, have been developed as shown below. Even though numerous 

cyclization approaches have been investigated, the synthetic routes to obtain the acridone 

framework can be classified into three main types: (1) C-N coupling;39-40 (2) acid-promoted 

cyclization;41-43 (3) and CO insertion.44-45 The classical methods to acridone synthesis are 

paths a and b on Scheme 2.1. 

Scheme 2.1.   Approaches towards synthesis of acridone and its derivatives. 

Reprinted with permission from: Song, J.; Ding, K.; Sun, W.; Wang, S.; Sun, H.; 

Xiao, K.; Qian, Y.; Liu, C., Synthesis of acridones through palladium-catalyzed 

carbonylative of 2-Bromo-diarylamines. Tetrahedron Lett. 2018. Copyright 2018. Elsevier 

Ltd.  
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Path a requires benzophenone substrates like 2-aminobenzophenones or phenyl-(2-

phenylaminophenyl)methanone to achieve the C-N coupling reaction.40 Acid-promoted 

cyclization (path b) includes the use of N-phenyl-anthranilic acid or intramolecular 

nucleophilic substitution of 2-amino-2′-halobenzophenones.34, 39, 41, 46-49Although these 

strategies provide access to substituted acridones, they suffer from drawbacks like 

relatively harsh and strict reaction conditions, low atom economy, tedious workup 

procedures and the use of expensive substrates or those that require prior preparation. 

These disadvantages limit the application of these methods, and the need to develop one-

pot intermolecular synthetic approach from readily available starting materials that would 

exhibit advantages of step economy and high reaction efficiency is still needed.  

2.1.4 Synthesis of acridone via CO insertion 

With a view to address these challenges, a method that applies CO insertion, path 

c, is more appealing since it utilizes CO as a cheap C1 source thereby meeting requirements 

of atom economy, step economy, and green chemistry. These advantages have led to 

increased interest in developing methods that apply CO insertion for ring closure in 

acridone synthesis. The first synthetic route to acridones via CO insertion was developed 

in 2015 by Jiang and coworkers where palladium catalyzed the reaction between aryne 

generated from silylaryl triflates precursors and N-alkyl(aryl)-iodoaniline (Scheme 2.1 

(i)).44A palladium/copper co-catalyzed oxidative carbonylation of diphenylamine (Scheme 

2.1 (ii)) with the help of an oxidant has also been applied in synthesis of acridone as well.45 

Recently, Song and coworkers reported acridone synthesis via palladium catalyzed 

carbonylation/C-H activation of 2-bromo-diarylamine.50  
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Over the past three decades, there has been a rising need to develop methodologies 

that apply CO-free carbonylative procedures that use easy to handle inorganic or organic 

carbonyl compounds.51 A number of CO surrogates are known, and transition-metal-

catalyzed carbonylation reactions that use CO surrogates as a convenient and safe approach 

for the synthesis of carbonyl derivatives circumventing the need to use gaseous CO have 

been investigated.51-56 We herein report a complementary method for the efficient 

construction of substituted acridones starting from commercially available bis(4-tert-

butylphenyl)amine. An ortho-directed metalation of the in-situ-formed carbamate followed 

by the central six-membered ring closure using phenyl chloroformate leads to the formation 

of the substituted acridone.  

2.2 Results and Discussion 

2.2.1 New synthesis and characterization of acridone 

To arrive at the acridone framework, a nitrogen-based ligand, a synthetic approach 

that uses carbamate anion as a removable directing group57-58 was employed. Katritzky and 

coworkers demonstrated the use of carbon dioxide as an N-protecting and a directing group 

in the regiospecific ortho-functionalization of N-alkylanilines as shown on Scheme 2.2 

below:59 

 

Scheme 2.2.   Preparation of ortho-substituted N-methyl- and N-ethyl-aniline. 
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Starting with the conversion of bis(4-tert-butylphenyl)amine to carbamate, we were able 

to apply directed metalation to achieve symmetric dilithiation. Quenching with phenyl 

chloroformate led to the formation of 2,7-di-tert-butylacridin-9(10H)-one in 30% yield 

(Scheme 2.3).  

Scheme 2.3.   Synthesis of 2,7-di-tert-butylacridin-9(10H)-one. 

The parent acridone (5) reacts readily with sodium hydride under reflux to give the 

deprotonated version as seen from the 1H NMR of its deuterated adduct in Figure 2.9.             

2.2.2 Modification of acridone, its coupling products and characterization and 

complexation studies 

With 5 synthesized, either as shown above or via Friedel-Crafts alkylation60 of the 

parent acridone (the Friedel-Crafts procedure was used due to the inconsistent yields 

obtained in scaling up the reaction), we looked to enhance the steric encumbrance around 

the nitrogen. One way to do this is to turn 5 into a substrate that can undergo coupling 

reactions, directed metalation, etc. This would mean activating the 4- and 5-positions on 

the acridone framework.61 Bromination of 2,7-di-tert-butylacridin-9(10H)-one (5) with 

bromine in acetic acid produces 4,5-dibromo-2,7-di-tert-butylacridin-9(10H)-one (6) in 

near-quantitative yield (Scheme 2.4). 
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Scheme 2.4.   Bromination of 2,7-di-tert-butylacridin-9(10H)-one.  

 Modification via conversion into chloroacridine 

 Acridines have attracted a considerable interest due to their unique physical and 

chemical properties, biological activities, and industrial applications.62 In industry, acridine 

and its analogues function as pigments and dyes.63 Acridine derivatives with extended 

conjugated systems are expected to be promising candidates for organic semiconductor 

materials because they have unusual electronic and photophysical properties.35 Therefore, 

development of new synthetic methods for construction of various acridine derivatives 

especially with this backbone that is poised to undergo numerous functionalization 

reactions is an important step for the chemistry community.  

The available synthetic methods include the Brenthsen reaction (this is one of the 

earliest methods used in the preparation of acridines and entails heating a diphenylamine 

and a carboxylic acid together with ZnCl2 between 200-270 oC for 24 hours),64-66 

cyclization reactions of (2-formyl- or 2-ketophenyl)(phenyl)amines and other methods 

which include C-H functionalization, dehydrogenation, or metal-catalyzed coupling 

reactions.67-71 These methods often require either harsh reaction conditions, such as high 

temperatures and strongly basic or acidic media, or they require materials that are not 

readily available. Substrate 6 however undergoes reaction with thionyl chloride to give in 
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quantitative yields, 4,5-dibromo-2,7-di-tert-butyl-9-chloroacridine (7) as shown below.72-

73  

 

Scheme 2.5.   Synthesis of 4,5-dibromo-2,7-di-tert-butyl-9-chloroacridine. 

Substrate 7 undergoes clean lithium-halogen exchange, making it a suitable 

candidate for functionalization via electrophilic reactions. After lithium-halogen reaction, 

treatment with DMF as shown in Scheme 2.6 gives an easily identified product as shown 

by the singlet resonance in the 1H NMR spectrum at  11.61 ppm for the two aldehyde 

protons (see Figure 2.12). 

 

Scheme 2.6.   Synthesis of 2,7-di-tert-butyl-4,5-dicarboxaldehyde-9-chloroacridine. 

           Substrate 6 is a versatile synthon that can be converted to different ligand 

frameworks via functionalization ortho to nitrogen using cross-coupling reactions to 

produce ligands that have a rigid backbone, are sterically hindered and contain a σ-basic 

nitrogen donor. Alternatively, directed ortho-metalation could be applied to arrive at a 

neutral N-donor pyridine-based ligand framework.  
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 Modification via ortho-functionalization using tolyl groups and complex 

formation studies 

            With a view of synthesizing a sterically protected pocket as depicted in 4 in Figure 

2.1, we envisioned that installation of p-tolyl groups would have a similar effect to the 

mesityl groups in 1 and 3 (Figure 2.1). To achieve this ligand framework, palladium-

catalyzed carbon-carbon18 bond formation was carried out, as depicted in Scheme 2.7, 

affording 4,5-di-p-tolyl-2,7-di-tert-butylacridin-9(10H)-one (9) in 68% yield. We 

hypothesized that these groups would align perpendicular to the plane of acridone thus only 

allowing specific bonding orientation at the nitrogen center and achieving low-nuclearity 

metal complexes.  

Scheme 2.7.   Synthesis of 4,5-di-p-tolyl-2,7-di-tert-butylacrid-9(10H)-one. 

               The complexes of 2 in Figure 2.1 were synthesized via salt metathesis between 

the lithium adduct of 3,6-dimethyl-1,8-diphenylcarbazolido and the respective transition 

metal halides (CrCl2, MnCl2, FeCl2(thf)1.5 or CoBr2(DME)).19 Gallium complexes of 3 

were also synthesized from the treatment of 1,8-dimesityl-3,6-dimethylcarbazolido lithium 

adduct with GaCl3.
18  With these precedents in mind, we hoped that ligand 9 might behave 

similarly.  
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Treatment of 9 with sodium hydride (Scheme 2.8) in THF gave a fluorescent 

yellow-green solution. Quenching with D2O, and analysis of the product using 1H NMR 

spectroscopy showed the absence of a resonance normally observed at  8.30 ppm for the 

N-H moiety, indicating a successful deprotonation (Figure 2.15). When the sodium salt of 

4,5-ditolyl-2,7-di-tert-butylacridin-9(10H)-one was treated with either CuCl2 or 

(CuOTf)2•C6H6, the resulting products’ 1H NMR spectra showed highly broadened, non-

informative resonances typical of paramagnetic products. Attempts to recrystallize the 

sample led to powdering and reemergence of protio-ligand. This ligand (9) however, reacts 

in the same way as 6 in Scheme 2.5 above to form 4,5-di-p-tolyl-2,7-di-tert-butyl-9-

chloroacridine quantitatively and cleanly as shown in Figure 2.16.  

 

Scheme 2.8.   Reaction of 4,5-di-p-tolyl-2,7-di-tert-butylacrid-9(10H)-one with NaH 

followed by D2O quench.  

 Modification via ortho-functionalization using benzophenone-imine groups and 

complex formation studies 

To enhance the stability of the complexes formed, we increased the number of 

donor atoms. Using benzophenone imine and 6 under palladium-catalyzed C-N cross-

coupling reactions,74 2,7-di-tert-butyl-4,5-bis(diphenylmethyleneimino)acridin-9(10H)-

one (10) was synthesized in 81% yield (Scheme 2.9).  
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Scheme 2.9.   Synthesis of 2,7-di-tert-butyl-4,5-bis(diphenylmethyleneimino)acridin-

9(10H)-one. 

An attempt to synthesize a palladium(II) complex of the 2,7-di-tert-butyl-4,5-

bis(diphenylmethyleneimino)acridin-9(10H)-one, by heating the free ligand with 

palladium(II) acetate, appeared successful as analyzed by 1H NMR spectroscopy (see 

Figure 2.21) and infrared spectroscopy. The solid-sate structure of crystals obtained from 

a DCM solution layered with Et2O at -35 oC however, revealed only 13% palladation and 

gave the structure shown in Figure 2.2 below. This structure afforded an insight into the 

free ligand structure which co-crystallized with it. 
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Figure 2.2.   Solid-state structure of (10)Pd(II) acetate complex shown as 50% probability 

ellipsoids. (It was not possible to obtain reliable bond metrics due to disorder). 

The solid-state analysis of the crystals obtained of the ligand indicate a sterically 

hindered binding site around the nitrogen atom (Figure 2.3). The N•••N distance is 4.479 

Å, putting the H atom ca. 2.239 Å from each nitrogen and potentially allowing H-bonding 

interactions.  
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Figure 2.3.   Solid-state structure of 10 shown as 50% probability ellipsoids. 

Selected interatomic distances (Å) and angles (o): C5-N2, 1.421(2); C27-N3, 1.405(3); N2-

N3, 4.479; C4-C5-N2, 118.0(4); C3-C27-N3, 114.2(2). N2 and N3 undergo hydrogen 

bonding with the hydrogen on N1.   

Ligand 10 shows an absorption frequency at 3370 cm-1 corresponding to the NH 

stretch in the infrared spectroscopy (Figure 2.4 red trace). The ketone stretch shows up at 

1635 cm-1, a slightly lower frequency but comparable to other related structures of similar 

framework, like 4-pyridone (1642 cm-1 for C=O and 3210-2830 cm-1 for NH (or OH). The 

appearance of a well-defined single peak at 3370 cm-1 for the NH suggests the 

predominance of the acridone form over its 9-hydroxyacridine tautomer, in contrast to 4-

pyridone which has a more complex pattern in the spectrum in that region as a result of this 
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effect.75 When 10 is treated with Me3Al, complex formation is indicated by the 

disappearance of the NH absorption as shown by the blue trace in the IR spectrum in Figure 

2.4. In the 1H NMR spectrum (Figure 2.22), there is a new resonance at  -0.94 ppm in the 

region where the methyl protons of aluminum attached to an oxygen or nitrogen are 

expected to appear. The singlet resonance at  9.63 ppm in the 1H NMR spectrum 

corresponding to NH is also gone indicating aluminum complex formation.  

  

Figure 2.4.   IR spectrum of ligand, 10, before (red) and after (blue) reaction with Me3Al. 

In solution, 10 has a λmax of 430 nm in the UV-Vis spectroscopy and after its 

reaction with Me3Al, the absorption is red-shifted to a λmax of 492 nm. The spectroscopic 

data obtained from the treatment of this ligand with Me3Al points to the ability of this 

ligand to interact with group 13 metals and could offer a good comparison with structures 

2 and 3 in terms of steric hindrance. However, from the data presented herein, we cannot 

tell whether the aluminum is O- or N-bound.  
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 Modification via ortho-functionalization using morpholine groups and complex 

formation studies 

Ligand frameworks that incorporate electron reservoirs together with proton-channeling 

pathways could be very useful in the PCET processes that many catalytic processes require. 

In light of the ease with which the central six-membered ring converts into the acridine 

framework, we sought to install at the ortho-position functional groups bearing oxygen 

atoms capable of undergoing hydrogen bonding. Using palladium catalyzed C-N cross-

coupling reactions, 4,5-dimorpholino-2,7-di-tert-butylacridin-9(10H)-one (11) was 

synthesized in 56% yield (Scheme 2.10). 

Scheme 2.10.   Synthesis of 4,5-dimorpholino-2,7-di-tert-butylacridin-9(10H)-one. 
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Figure 2.5.   Solid-state structure of 11 shown as 50% probability ellipsoids.  

Selected interatomic distances (Å) and angles (o): C5-N2, 1.428(6); C18-N3, 1.441(6); N2-

N3, 4.586; C4-C5-N2, 117.2(4); C3-C1-N3, 116.3(9). 

Crystals for X-ray diffraction were obtained from a THF solution layered with 

hexanes and kept at -35 oC. The solid-state structure of the ligand (Figure 2.5) reveals a 

wider, less sterically hindered binding pocket as compared to the previous ligands. This 

pocket was expected to be more amenable to stable metal complex formation if sterics was 

the problem previously. As with 9, treatment of 11 with NaH led to deprotonation of the 

ligand. When the sodium salt of 11 was treated with CoCl2 and the product formed taken 

for mass spectrometry, a mass of 653 amu was obtained, consistent with 

[M++H+2CH3CN]. On the other hand, the reaction of sodium salt of 11 with CuCl2 gave a 

product of mass 605 amu in the negative mode. This would be consistent with addition of 
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a methoxide ion from the methanol solvent to the molecular ion during the process of 

ionization. The free ligand has a λmax of 398 nm in the UV-Vis spectrum, whereas after 

reaction with CuCl2, peak absorbances at 398 and 673 nm were observed. Attempts at 

structurally characterizing these products proved unsuccessful. The trimethylaluminum 

reaction with the ligand leads to similar observations as obtained with 10, notably the 

disappearance of the NH stretch at 3357 cm-1 (blue trace) in the IR spectrum for the 

formation of the aluminum complex (red trace) Figure 2.6.  

 

Figure 2.6.   IR spectrum of ligand, 11, before (blue) and after (red) reaction with Me3Al. 

2.3 Concluding Remarks 

We have herein shown that through a combination of directed metalation 

techniques, together with use of CO2 and CO surrogates, we can synthesize in one pot an 

acridone bearing tertiary alkyl groups. Modification of this acridone via ortho-

functionalization either through lithium-halogen exchange or transition-metal-catalyzed 
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coupling reactions leads to a variety of acridone and acridine frameworks with varying 

degree of steric hindrance around the nitrogen donor atom.   

2.4 Experimental 

2.4.1 General Considerations 

All reactions, unless otherwise stated, were carried out in an MBraun inert 

atmosphere (nitrogen) glovebox, or in resealable glassware on a Schlenk line under argon 

atmosphere. Glassware and magnetic stir bars were dried in a ventilated oven at 160 °C 

and were allowed to cool under vacuum. Molecular sieves (Alfa Aesar) and Celite (EMD 

545) were dried under vacuum for at least twelve hours at 160 °C.  

1H NMR spectra were obtained using a Varian Vx 400 MHz or Varian Mercury 

300 (300.323 MHz for 1H) spectrometer and 13C NMR spectra were obtained using either 

Avance IIIHD 500 spectrometer, or Bruker Avance IIIHD 700 spectrometer. 1H and 13C 

NMR chemical shifts are referenced with respect to solvent signals and are reported relative 

to tetramethylsilane.76 Elemental analyses were performed by Atlantic Microlab, Inc. in 

Norcross, GA. Infrared spectra were collected from neat and liquid samples using a Bruker 

Alpha-P FT-IR spectrometer equipped with an attenuated total reflection (ATR) platinum 

diamond reflector accessory. Air and moisture sensitive samples were exposed to air as 

briefly as possible prior to data collection. 
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2.4.2 Materials and Methods 

Tetrahydrofuran (EMD Millipore Omnisolv), hexanes (EMD Millipore Omnisolv), 

diethyl ether (EMD Millipore Omnisolv) and toluene (EMD Millipore Omnisolv) were 

sparged with ultra-high purity argon (NexAir) for 30 min prior to first use, and dried using 

an MBraun solvent purification system. These solvents were further dried over sodium 

benzophenone ketyl, degassed by successive freeze–pump–thaw cycles and then 

transferred under vacuum to an oven-dried resealable flask. Dichloromethane (EMD 

Millipore Omnisolv), acetonitrile (EMD HPLC) were each stirred over calcium hydride 

(Alfa Aesar) in a sealed flask for at least twelve hours and degassed by several freeze-

pump-thaw cycles, then vacuum-transferred to resealable Schlenk flasks. These solvents 

were then stored over 3Å molecular sieves (Alfa-Aesar) in the glovebox. Methanol (BDH), 

acetone (BDH), ethyl acetate (BDH) and hexanes used in benchtop work were used as 

received. 

Dichloromethane-d2 (Cambridge Isotope Laboratories) and acetonitrile-d3 were 

dried by stirring overnight over calcium hydride for at least twelve hours, degassed by 

several successive freeze–pump–thaw cycles. They were then transferred under vacuum to 

an oven-dried resealable flasks and stored in the glovebox. Benzene-d6 and 

Tetrahydrofuran-d8 (Cambridge Isotope Laboratories) were dried over sodium 

benzophenone ketyl, degassed by successive freeze–pump–thaw cycles and transferred 

under vacuum to an oven-dried resealable flask and stored in the glovebox. D2O 

(Cambridge Isotope Laboratories), sodium tert-butoxide (TCI America), sodium hydroxide 

(EMD), anhydrous MgSO4 (AlfaAesar), HCl (BDH), NaHCO3 (BDH), benzophenone 
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(Alfa-Aesar), calcium hydride (Alfa-Aesar), acetic acid (Alfa-Aesar), nitrogen (NexAir), 

and argon (both industrial and ultra-high purity grades, NexAir) were used as received. 

Sodium hydride (Alfa Aesar), carbon dioxide (NexAir), bis(4-tert-

butylphenyl)amine (TCI), n-BuLi and t-BuLi (Sigma Aldrich), phenyl chloroformate (Alfa 

Aesar), benzophenone-imine (CHEM-IMPEX), bromine (Alfa Aesar), thionyl chloride 

(Sigma Aldrich), dimethylformamide (EMD), tetrakis(triphenylphosphine)palladium(0) 

(SREM chemicals), tolylboronic acid (Oakwood Chemicals), (CuOTf).C6H6 (Sigma 

Aldrich), Pd(OAc)2 (STREM), rac-BINAP (Sigma Aldrich), Me3Al (Sigma Aldrich), 

morpholine (Fisher Scientific), Pd2dba3 (Oxchem), cesium carbonate (Sigma Aldrich), tri-

tert-butylphosphine (Sigma Aldrich), CoCl2 (Sigma Aldrich), AlCl3 (STREM) were all 

used as received.  

2.4.3 Experimental Procedures 

 2,7-Di-tert-butylacridin-9(10H)-one 

Into a 100-mL Schlenk flask was added bis(4-tert-butylphenyl)amine (2.00 g, 7.11 

mmol). This was evacuated and refilled with argon and the cycle repeated two more times. 

Under argon, 12 mL of dry and degassed diethyl ether was added to dissolve. The solution 

was cooled to -70 °C using dry ice-acetone mixture. A solution of n-BuLi in hexanes (2.5 

M, 3.2 mL, 7.8 mmol) was added dropwise over 10 min to this solution while stirring. The 

reaction was further stirred at -70 °C for 1 hour then let to warm up to room temperature 

for another 1 hour. The solution was degassed in three cycles before being warmed to room 

temperature. CO2 was then bubbled into the solution for 10 min. It was stirred at room 

temperature for 30 min, before being degassed in three cycles then refilled with argon. The 

reaction mixture was cooled to -70 °C once more, and while stirring, t-BuLi in pentane (1.7 
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M, 8.8 mL, 15 mmol) was added dropwise over 20 min. The cooling bath was changed to 

-20 °C (ice-salt water) and the reaction mixture kept at this temperature for 1 hour. The 

reaction was then cooled to -70 °C before addition of phenyl chloroformate (0.89 mL, 7.1 

mmol) dropwise. Reaction was left to warm up to room temperature overnight. After 12 

hours, it was quenched with 20 mL of distilled water leading to formation of yellow 

suspension. This was filtered off and dried under vacuum to give 0.235 g of product. To 

the remaining yellow solution was added 2 mL of distilled water and the mixture heated to 

90 °C for about 15 min forming more yellow solid. This was collected via filtration and 

washed with ~2 mL of chilled water followed by ~2 mL of acetonitrile to give 0.421 g of 

product leading to a combined yield of 30%. 1H NMR (400 MHz, DMSO) δ (ppm) 11.64 

(s, 1H, NH), 8.18 (s, 2H, ArH), 7.82 (d, 2H, ortho-ArH), 7.48 (d, 2H, meta-ArH), 1.35 (s, 

18H, C(CH3)3). 
13C NMR (176 MHz, DMSO) δ (ppm) 176.77 (s), 143.11 (s), 138.92 (s), 

131.56 (s), 120.77 (s), 119.79 (s), 117.26 (s), 34.29 (s), 31.13 (s). Attempts to scale up the 

reaction gave inconsistent yields. Therefore, large-scale synthesis was achieved following 

Friedel-Crafts alkylation method that was published by Yamamoto and Higashibayashi 

when this project was underway.60 
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Figure 2.7.   1H NMR spectrum of 2,7-di-tert-butylacridin-9(10H)-one in DMSO-d6 

solution. 

 

Figure 2.8.   13C NMR spectrum of 2,7-di-tert-butylacridin-9(10H)-one in DMSO-d6 

solution. 
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 2,7-Di-tert-butyl-N-deuteroacridone  

To 2,7-di-tert-butylacridin-9(10H)-one (0.015 g, 0.048 mmol) in a 50-mL Schlenk 

flask was added THF (2 mL) followed by sodium hydride (0.006 g, 0.25 mmol) and the 

mixture brought to stir at 80oC for 6 hours. The greenish-yellow fluorescent solution was 

quenched with 1 mL of D2O, then extracted with CH2Cl2 (2 mL). The organic mixture was 

dried using anhydrous MgSO4 then filtered over Celite. The solvent was removed under 

vacuum to give a yellow solid quantitatively. 1H NMR (400 MHz, DMSO): δ (ppm) 8.12 

(d, J = 2.9 Hz, 2H), 7.41 (d, J = 2.4 Hz, 4H), 1.34 (s, 18H). 

 

Figure 2.9.   1H NMR spectrum of 2,7-di-tert-butyl-N-deuteroacridone in DMSO-d6 

solution. 
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 4,5-Dibromo-2,7-di-tert-butylacridin-9(10H)-one 

In a 100-mL Schlenk flask, 2,7-di-tert-butylacridin-9(10H)-one (0.120 g, 0.390 

mmol) was dissolved in acetic acid (12 mL). To this yellow solution was added bromine 

(0.07 mL, 1 mmol) forming a brown solution. It was brought to stir at 81 °C for 24 hours 

forming a bright yellow suspension. The suspension was cooled in an ice bath before 

filtering. It was washed with chilled methanol (3 x 5 mL) and air-dried to give light yellow 

solid (0.177 g, 97%). 1H NMR (400 MHz, CD2Cl2): δ (ppm) 10.90 (s, 1H, NH), 8.94 (s, 

2H, ArH), 8.46 (s, 2H, meta-ArH), 1.49 (s, 18H, C(CH3)3). 

 

Figure 2.10.   1H NMR spectrum of 4,5-dibromo-2,7-di-tert-butylacridin-9(10H)-one in 

CD2Cl2 solution. 
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 4,5-Di-bromo-2,7-di-tert-butyl-9-chloroacridine 

To a 500 mL Schlenk flask was added (0.525 g, 1.12 mmol) of 4,5-dibromo-2,7-

di-tert-butylacridin-9(10H)-one. To this, 100 mL of thionyl chloride was added. This 

yellow solution was brought to stir at 72 oC for 12 hours after which the solvent was 

removed under vacuum. The yellow crude solid was taken up in 75 mL of 

dichloromethane after which it was sequentially washed with 5% ice-cold sodium 

hydroxide (3 x 20 mL) followed by 20 mL of water. The combined aqueous layers were 

extracted one more time with 10 mL of CH2Cl2. The combined organic phases were dried 

using anhydrous MgSO4 and filtered over Celite. The solvent was removed under 

vacuum, leaving a yellow solid. This was washed with cold methanol and the solid 

filtered and dried under vacuum to give a faint yellow solid (0.536 g, 99%). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 8.28 (dd, J = 7.5, 2.0 Hz, 4H), 1.48 (s, 18H). Anal. Calcd for 

C21H22Br2ClN: C, 52.15; H, 4.58; N, 2.90. Found: C, 51.33; H, 4.46; N, 2.91. 
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Figure 2.11.   1H NMR spectrum of 4,5-dibromo-2,7-di-tert-butyl-9-chloroacridine in 

CDCl3 solution. 

 2,7-Di-tert-butyl-4,5-dicarboxaldehyde-9-chloroacridine 

In a 250-mL Schlenk flask was added (0.32 g, 0.66 mmol) of 4,5-dibromo-2,7-di-

tert-butyl-9-chloroacridine followed by 18 mL of dry and degassed THF. This solution 

was cooled to 0 °C and n-BuLi (2.5 M, 0.5 mL, 1.32 mmol) was added dropwise while 

stirring. After complete addition, the brown solution was kept at this temperature for 1 

hour. It was then cooled to -70 °C, after which (0.4 mL, 4 equiv.) of dry DMF was added 

with stirring. It was left to warm up to room temperature overnight. The reaction mixture 

was then cooled to 0 °C, then hydrolyzed using (5mL) of 1M HCl. The light brown 

solution was diluted with 40 mL of ethyl acetate. It was washed with 2 x 25 mL of 1M 

NaOH followed by 2 x 25 mL of 1M NaHCO3. The combined aqueous layers were 
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extracted again with 10 mL of ethyl acetate. The combined organic layer was dried using 

anhydrous MgSO4, filtered over Celite and solvent removed under vacuum to give a 

yellowish orange crude product. This was washed with hot hexanes to give an orange 

solid (0.0921 g, 36%). 1H NMR (300 MHz, CDCl3) δ (ppm) 11.61 (s, 2H), 8.62 (s, 4H), 

1.53 (s, 18H). 

 

Figure 2.12.   1H NMR spectrum of 2,7-di-tert-butyl-4,5-dicarboxaldehyde-9-

chloroacridine in CDCl3 solution. 
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 4,5-Di-p-tolyl-2,7-di-tert-butylacridin-9(10H)-one 

 To a 250-mL Schlenk flask were added 4,5-dibromo-2,7-di-tert-butylacridin-

9(10H)-one (0.860 g, 1.85 mmol) and tetrakis(triphenylphosphine)palladium(0) (0.426 g, 

0.369 mmol). The flask was evacuated and refilled with argon and the cycle repeated 2 

more times. To the stirred mixture was added toluene (100 mL). A solution of p-

tolylboronic acid (3.78 g, 27.8 mmol) in 22 mL of ethanol was added to the mixture 

followed by 28 mL of 1 M aqueous sodium carbonate solution. The mixture was then 

degassed in several cycles before refilling with argon. It was then set to stir at 80 °C for 48 

hours. The purple solution was filtered hot, and the filtrate washed with 1M NaOH (2 x 72 

mL) followed by 2 x 72 mL of water. The organic layer was dried using anhydrous MgSO4, 

filtered over Celite and the volatiles removed under vacuum. The crude solid was washed 

with 10 mL of hot ethanol, filtered and dried to give greenish-yellow solid (0.620 g, 68%). 

1H NMR (400 MHz, C6D6): δ (ppm) 9.10 (d, 2H, ArH), 8.31 (s, 1H, NH), 7.64 (d, 2H, 

meta-ArH), 6.95 (d, 4H, tol-ArH), 6.84 (d, 4H, tol-ArH), 2.14 (s, tol-CH3, 6H), 1.28 (s, 

18H, C(CH3)3). 
13C{1H} NMR (176 MHz, C6D6): δ (ppm) 178.08 (s, C=O), 143.94 (s), 

136.97 (s), 135.98 (s), 134.30 (s), 131.01 (s), 129.66 (s), 129.05 (s), 127.98 (s), 127.94 (s), 

127.62 (s), 122.79 (s), 121.54 (s), 34.37 (s), 31.12 (s), 20.74 (s). Anal. Calcd for C35H37NO: 

C, 86.20; H, 7.65; N, 2.87. Found: C, 83.94; H, 7.63; N, 2.80. 
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Figure 2.13.   1H NMR spectrum of 4,5-di-p-tolyl-2,7-di-tert-butylacridin-9(10H)-one in 

C6D6 solution. 

 

Figure 2.14.   13C NMR spectrum of 4,5-di-p-tolyl-2,7-di-tert-butylacridin-9(10H)-one in 

C6D6 solution. 
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Deprotonation of 4,5-di-p-tolyl-2,7-di-tert-butylacridin-9(10H)-one and 

subsequent quenching with D2O gave the following data. 1H NMR (400 MHz, C6D6): δ 

(ppm) 9.10 (d, 2H, ArH), 7.64 (d, 2H, meta-ArH), 6.95 (d, 4H, tol-ArH), 6.83 (d, 4H, tol-

ArH), 2.14 (s, tol-CH3, 6H), 1.28 (s, 18H, C(CH3)3). 

 

Figure 2.15.   1H NMR spectrum of 4,5-di-p-tolyl-2,7-di-tert-butylacridin-9(10-deutero)-

one in C6D6 solution. 

 4,5-Di-p-tolyl-2,7-di-tert-butyl-9-chloroacridine 

To a 20-mL vial was added 4,5-di-p-tolyl-2,7-di-tert-butylacridin-9(10H)-one 

(0.05 g, 0.10 mmol). To this was added 3 mL chloroform, 0.25 mL DMF and 0.24 mL 

thionyl chloride. This yellow solution was brought to stir at 62 oC for 5 hours after which 
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the solvent was removed under vacuum. The yellow crude solid was taken up in 2.5 mL of 

dichloromethane after which it was sequentially washed with 5% ice-cold sodium 

hydroxide (2 x 2 mL) followed by 2.5 mL of water. The combined aqueous layers were 

extracted one more time with 2 mL of CH2Cl2. The combined organic phases were dried 

using anhydrous MgSO4 and filtered over Celite. The solvent was removed under vacuum 

leaving behind a yellow-brown solid. This was washed with cold methanol and the solid 

filtered and dried under vacuum to give product as a light yellow-brown solid. (0.049 g, 

96%). 1H NMR (300 MHz, CD2Cl2) δ (ppm) 8.36 (d, J = 2.2 Hz, 2H), 7.91 (d, J = 2.2 Hz, 

2H), 7.57 (d, J = 8.0 Hz, 4H), 7.19 (d, J = 8.4 Hz, 4H), 2.44 (s, 6H), 1.52 (s, 18H). 

 

Figure 2.16.   1H NMR spectrum of 4,5-di-p-tolyl-2,7-di-tert-butyl-9-chloroacridine in 

CD2Cl2 solution. 
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 4,5-Dimorpholino-2,7-di-tert-butylacridin-9(10H)-one 

 To a 100-mL Schlenk flask under argon was added 4,5-dibromo-2,7-di-tert-

butylacridin-9(10H)-one (0.926 g, 1.99 mmol), morpholine (1.4 mL, 16 mmol), Cs2CO3 

(1.578g, 4.8 mmol), Pd2dba3 (0.282g, 15 mol%), and P(tBu)3 (75 µL, 15 mol%). To this 

flask was added 20 mL of dry and degassed toluene after which the mixture was brought 

to stir at 110 oC for 24 h. After cooling down to room temperature, the mixture was washed 

with 2 x 10 mL of water followed by 10 mL of NaCl solution. The layers were separated, 

and the aqueous layer was extracted with 15 mL of CH2Cl2, which was combined with the 

organic layer. The combined organic layers were dried using anhydrous MgSO4 and 

filtered over Celite. The solvent was removed under vacuum. To the crude product was 

added 2 mL of hot methanol, and the resulting mixture was set to stand at room temperature 

overnight to recrystallize. The white solid formed was filtered and dried under vacuum to 

give product as an off-white solid (0.531 g, 56%). 1H NMR (400 MHz, CDCl3): δ (ppm) 

9.78 (s, 1H, NH), 8.27 (d, J = 2.1 Hz, 2H, ArH), 7.57 (d, J = 2.1 Hz, 2H, ArH), 4.04 (s, 

8H, morpholino-CH2), 3.05 (s, 8H, morpholino-CH2), 1.41 (s, 18H, C(CH3)3). 
13C{1H} 

NMR (176 MHz, CD2Cl2): δ (ppm) 178.35 (C=O), 144.03 (s), 140.33 (s), 133.83 (s), 

122.49 (s), 121.27 (s), 118.42 (s), 67.91 (s), 53.09 (s), 34.87 (s), 31.20 (s). Anal. Calcd for 

C29H39N3O3: C, 72.92; H, 8.23; N, 8.80. Found: C, 71.58; H, 8.00; N, 8.26. ESI-MS (+): 

478.3 [M+H]+.  
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Figure 2.17.   1H NMR spectrum of 4,5-dimorpholino-2,7-di-tert-butylacridin-9(10H)-one 

in CDCl3 solution. 

 

Figure 2.18.   13C NMR spectrum of 4,5-dimorpholino-2,7-di-tert-butylacridin-9(10H)-

one in CD2Cl2 solution. 
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 2,7-Di-tert-butyl-4,5-bis(diphenylmethyleneamino)acridin-9(10H)-one  

To a 250-mL Schlenk flask under argon was added 4,5-dibromo-2,7-di-tert-

butylacridin-9(10H)-one (1.20 g, 2.58 mmol), benzophenone-imine (0.95 mL, 5.67 mmol), 

Pd2dba3 (0.709 g, 30 mol%), rac-BINAP (0.482 g, 30 mol%) and NaOtBu (0.992 g, 10.32 

mmol). To this flask was added 50 mL of dry and degassed toluene, and the resulting 

mixture was stirred at 105 °C for 24 h. It was then cooled down to room temperature and 

washed with 2 x 10 mL of water. The combined aqueous layers were extracted with 10 mL 

of diethyl ether. The combined organics were dried using anhydrous MgSO4 then filtered 

over Celite to give a greenish-brown solution. The solvent was removed under vacuum to 

give an oily brown crude product. To this was added hot methanol then cooled down, 

filtered off and dried under vacuum to give the product as orange solid (1.388 g, 81%). 1H 

NMR (400 MHz, CD2Cl2): δ (ppm) 9.63 (s, 1H, NH), 8.03 (s, 2H, acridone-ArH), 7.80 (d, 

J = 7.6 Hz, 2H, bz-imine-ArH), 7.43 (t, J = 7.6 Hz, 2H, bz-imine-ArH), 7.35 (d, J = 4.0 

Hz, 6H, bz-imine-ArH), 7.23 – 7.18 (m, 8H), 6.73 (s, 2H, acridone-ArH), 1.08 (s, 18H, 

C(CH3)3). 
13C{1H} NMR (176 MHz, CD2Cl2): δ (ppm) 177.96 (C=O), 169.91 (C=N), 

143.12 (s), 138.90 (s), 137.08 (s), 136.05 (s), 133.52 (s), 131.00 (s), 129.10 (s), 129.02 (s), 

128.82 (s), 128.54 (s), 128.31 (s), 121.90 (s), 121.06 (s), 117.90 (s), 34.31 (s), 30.81 (s). 

Anal. Calcd for C47H43N3O: C, 84.78; H, 6.51; N, 6.31. Found: C, 83.58; H, 6.67; N, 6.07. 

ESI-MS (+): 666.3 [M+H]+. 
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Figure 2.19.   1H NMR spectrum of 4,5-bis(diphenylmethyleneamino)-2,7-di-tert-

butylacridin-9(10H)-one in CD2Cl2 solution. 

 

Figure 2.20.   13C NMR spectrum of 4,5-bis(diphenylmethyleneamino)-2,7-di-tert-

butylacridin-9(10H)-one in CD2Cl2 solution. 
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 [4,5-Bis(diphenylmethyleneamino)-2,7-di-tert-butylacridonato]palladium(II) 

acetate 

To a 50-mL Schlenk flask under argon was added 4,5-

bis(diphenylmethyleneamino)-2,7-di-tert-butylacridin-9(10H)-one (0.02 g, 0.03 mmol) 

together with Pd(OAc)2 (0.007 g, 0.033 mmol) followed by 2 mL of dry toluene. The 

mixture was brought to stir at reflux for 12 hours leading to a greenish-brown solution. The 

solvent is removed under vacuum and the product analyzed by 1H NMR (400 MHz, 

CD2Cl2) δ (ppm) 10.14 (s, 1H), 8.17 (d, J = 2.0 Hz, 2H), 7.65 (d, J = 8 Hz, 2H), 7.55 (t, J 

= 4 Hz, 2H), 7.37 (tt, J = 7.6, 1.2 Hz, 2H), 7.23-6.98 (m, 16H), 6.62 (d, J = 8 Hz, 2H), 2.31 

(s, 3H), 1.95 (s, 3H), 1.11 (s, 18H). 

 

Figure 2.21.   1H NMR spectrum of [4,5-bis(diphenylmethyleneamino)-2,7-di-tert-butyl-

acridonato]palladium(II) acetate complex in CD2Cl2 solution. 
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 [4,5-Bis(diphenylmethyleneamino)-2,7-di-tert-butylacridonato] 

dimethylaluminum 

To a solution of 4,5-bis(diphenylmethyleneamino)-2,7-di-tert-butylacridin-

9(10H)-one (10 mg, 0.015 mmol) in toluene at 0 °C was added Me3Al (8 µL, 0.02 mmol) 

dropwise while stirring. The resulting mixture was stirred at this temperature for 1 hour, 

then allowed to warm to room temperature for 20 min. Solvent was removed under 

vacuum, leaving behind a red solid.  1H NMR (400 MHz, CD2Cl2) δ (ppm) 8.33 (d, J = 1.9 

Hz, 2H), 7.60 – 7.55 (m, 6H), 7.46 (d, J = 7.3 Hz, 2H), 7.42 – 7.37 (m, 8H), 7.23 (d, J = 

1.9 Hz, 2H), 7.21 (d, J = 6.9 Hz, 4H), 1.08 (s, 18H), -0.93 (s, 6H), -0.94 (s, 10H). 

 

Figure 2.22.   1H NMR spectrum of [4,5-bis(diphenylmethyleneamino)-2,7-di-tert-butyl-

acridonato]dimethylaluminum complex in CD2Cl2 solution. 
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2.4.4 X-ray Diffraction Studies 

A suitable crystal of complex 10 from a DCM solution layered with Et2O and kept 

at -35 °C was selected and mounted on a loop on Bruker APEX-II CCD diffractometer 

using paratone oil. The crystal was kept at 100(2) K during data collection. Using Olex2,77 

the structure was solved with XT78 structure solution program using Intrinsic Phasing and 

refined with XL79 refinement package using Least Squares minimisation.  

Crystal Data for C47H43N3O (M =665.84 g/mol), (10): monoclinic, space group 

P21/n (no. 14), a = 12.8604(14) Å, b = 18.361(2) Å, c = 15.7943(17) Å, β = 106.9562(14)°, 

V = 3567.5(7) Å3, Z = 4, T = 100(2) K, μ(MoKα) = 0.074 mm-1, Dcalc = 1.240 g/cm3, 

62939 reflections measured (3.492° ≤ 2Θ ≤ 61.06°), 10881 unique (Rint = 0.0700, Rsigma = 

0.0497) which were used in all calculations. The final R1 was 0.0622 (I > 2σ(I)) and wR2 

was 0.1774 (all data). 

A suitable single yellow prism-shaped crystals of complex 11 was selected from a 

THF solution layered with hexanes at -35 oC. The crystal with dimensions 0.25×0.10×0.10 

mm3 was mounted on a loop on a Saxi-CrysAlisPro-abstract goniometer imported SAXI 

images diffractometer using paratone oil. The crystal was kept at a steady T= 100(2) K 

during data collection.  

Data were measured using w scans using MoKa radiation. The total number of runs 

and images was based on the strategy calculation from the program CrysAlisPro.77 The 

maximum resolution that was achieved was Q = 24.713° (0.85 Å). Data reduction, scaling 

and absorption corrections were performed using CrysAlisPro (Rigaku, V1.171.38.41, 

2015). The final completeness was 100.00 % out to 24.713° in Q. The absorption coefficient 
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m of this material is 0.077 mm-1 at this wavelength (l = 0.711Å) and the minimum and 

maximum transmissions are 0.873 and 1.000. 

The structure was solved in the space group P21/c (# 14) by the XT using Olex2 as 

the graphical interface,77 the structure was solved with XT78 structure solution program 

using Intrinsic Phasing solution method and refined with XL79 refinement package using 

Least Squares minimisation. All non-hydrogen atoms were refined anisotropically. 

Hydrogen atom positions were calculated geometrically and refined using the riding model. 

Crystal Data. C29H39N3O3, Mr = 477.63, monoclinic, P21/c (No. 14), a = 

8.1922(9) Å, b = 22.935(3) Å, c = 14.2034(16) Å, b = 94.712(10)°, a = g = 90°, V = 

2659.6(5) Å3, T = 100(2) K, Z = 4, Z' = 1, m(MoKa) = 0.077 mm-1, 14008 reflections 

measured, 4540 unique (Rint = 0.1711) which were used in all calculations. The final wR2 

was 0.1717 (all data) and R1 was 0.0966 (I > 2σ(I)). 
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CHAPTER 3.      NEW SYNTHESIS OF ACRIDINE-BASED 

LIGANDS, COMPLEX FORMATION, CHARACTERIZATION 

AND REACTIVITY STUDIES 

 

3.1 Background 

Many coordinatively unsaturated transition metal complexes display high 

reactivity.1 A number of them have been applied in homogeneous catalysis to achieve novel 

transformations2 as well as in activation of inert small molecules like CO, CO2, H2, N2, 

etc.3 These highly reactive complexes require a suitable ligand framework that is resistant 

to rearrangements or degradation during reaction. Pincer ligands4 have found widespread 

applications in this aspect.5-6 

Tridentate pincer ligands bind at the flanking and coplanar sites to the metal center 

to form stable complexes.4 Homogeneous catalysts of pincer complexes tend to be 

chemically and thermally stable, thereby minimizing leaching of the metal during catalytic 

transformations.5 The stability, reactivity, and selectivity of these complexes can be tuned 

by ligand or metal modifications. In light of these capabilities, pincer ligands have 

especially attracted much attention since they were first used by Shaw7, van Koten and 

Noltes.8 Complexes of PNP pincer ligands were first reported in the late 1960s (amino-

based PNP pincer complex)9 and early 1970s (pyridine-based PNP pincer complex).10 
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3.1.1 PNP pincer ligands design, modification and coordination geometry 

Figure 3.1.   Pyridine-based ligands and their coordination geometry. 

Neutral tridentate pyridine-based PNP pincer ligands form transition metal 

complexes that not only possess high reactivity but also offer great flexibility for 

modification.11 Some of the examples in this category include 2,6-

bis(diphenylphosphinomethyl)pyridine, 1 (Figure 3.1).12-17 However the methylene groups 

connecting the phosphorus atoms to the pyridine ring make 1 less rigid and may at times 

undergo unwanted side-reactions. Binding modes of this ligand include tridentate 

coordination with a “T-shaped” planar geometry, 2, and bidentate coordination, 3.16 Under 

basic conditions, complex 2 reacts through elimination of benzylic hydrogen to form a 

delocalized phosphinomethanide structure, 4.17 The phosphorus in these types of 

complexes are more prone to oxidation than those that do not have a methylene linker. 

Unlike 1, “acriphos” 5,18 possess  a rigid backbone with no benzylic hydrogens, minimizing 

these possible side-reactions. 

A ligand with a rigid backbone should behave differently from those that have 

flexible backbones. A cobalt complex bearing bis(2-diisopropylphosphino)-4-

methylphenylamine (PNP)19-20 ligand rearranges from a terminal chelating mode to a 

bridging mode, forming a [Co2N2] diamond core resting state. However, it behaves as a 
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three-coordinate Co(I) synthon, which on treatment with N2 or CO forms bridging 

dinitrogen complexes and mono- and di-carbonyl complexes respectively (see Scheme 

3.1).21 Cobalt carbonyl complexes were the first precatalysts used in hydroformylation. 

One advantage of cobalt is its resistance to poisoning.22-23 Since the 1998 independent 

discovery of catalytic application of cobalt-derived pincer complexes based on 

bis(imino)pyridine by Brookhart, Bennett and Gibson in olefin polymerization,24-26 a 

number of cobalt pincer complexes have found wide application in homogenous catalysis 

including formation of formic acid from CO2 and H2.
27-30  

 

Scheme 3.1.   Reorganization of the PNP pincer ligand from a terminal chelating mode to 

a bridging mode and its reaction with CO.  

Many classical examples in homogeneous catalysis involve transformations that 

occur solely at the metal center while the ligands remain unchanged during the process. 

However, reactivity in many enzymes involve fine-tuned systems in which the ligand and 

the metal cooperate to achieve bond activation. Sometimes this metal-ligand cooperation 

(MLC) leads to chemical modification of both the ligand and the metal. An example is the 

activation of H2 by [FeFe] or [NiFe] hydrogenases where H2 is heterolytically split across 

the metal-ligand bond without change in metal oxidation state.31-35 Also, in a MLC through 
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outer-sphere mechanism like aromatization/dearomatization,36 the overall oxidation state 

of the metal remains unchanged. Many complexes of the general framework like 2 with a 

methylene linker show this type of mechanism. An example is an iridium complex with 

RPNP (R =i-Pr, t-Bu) that activates H2 and C-H bonds.37-40  

Metalloenzymes have also showed many reactions that involve ligand-centered 

redox processes.41-47 These observations in turn led to a great interest in the study of the 

behavior of such redox non-innocent (redox-active) ligands and contributed to the 

development of many effective bio-inspired catalytic transformations.48-54 Many of the 

cheaper first-row transition metals are capable of undergoing one-electron transformations 

that could be very valuable in mediating radical-type reactions. Therefore, ligands that 

behave as electron reservoirs (reactive or non-reactive)55-60 have a great potential to expand 

the applications of these first-row transition metals in organometallic catalysis.42, 61-62  

There are many examples of first-row transition metal complexes based on redox-

active ligands that have showed great catalytic activity.42 Harry B. Gray and Jonas C. Peters 

and co-workers developed a highly active cobalt water reduction catalyst based on 

tetradentate bis(iminopyridine) framework (Figure 3.2 structure A).63 Jonas C. Peters and 

co-workers also showed that ligand B on reduction preferentially reduces CO2 to CO even 

in presence of proton donors.64 The DFT studies on the ligand revealed that it stores 

reducing equivalents in its structure.64 Another example by Wieghardt and co-workers is a 

nickel bis(iminopyridine) pincer (Figure 3.2 structure C)65-66 that was applied by Luca and 

co-workers in aqueous electrocatalytic H2 production (Figure 3.3).67 A computational 

proposal for this process suggests an energetic accessibility of a PCET step devoid of any 

redox changes at the NiII center.42  
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Figure 3.2.   Examples of redox-active ligands based on the pyridyl fragment. 

 

Figure 3.3.   A proposed catalytic cycle based on formation NiII-hydride intermediate.  

Another earlier example, that was presented by Soper and co-workers where the 

metal overall oxidation state remained unchanged, is that of metal-carbon bond formation 

through oxidative addition on a cobalt(III) center supported by two redox-active 

amidophenolate ligands.68 Instead, the two electrons needed for this bond formation is 

provided through one electron oxidation of each of the redox-active ligands.68 The 
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structures A, B and C are just a few of the many examples that exist of ligand frameworks 

that support redox-active systems. In general, many conjugated C-N ligands like α-

diimines, iminepyridines, bypiridines, terpyridines and 2,6-pyridinediimines are 

considered “non-innocent” since their π systems can easily accept one or more electrons.61-

62 

Ligand-centered reactivity of transition-metal complexes that benefit from either 

cooperative or redox-active ligands continue to attract much attention in homogeneous 

catalysis. We were therefore interested in development of a mixed donor ligand built on 

the pyridine-based six-membered central ring, and studying its ability to act as a one-

electron-reducible ligand. Also of interest is the application of complexes of this redox 

non-innocent ligand in small molecules coordination and activation. The potential of tuning 

the electronic and steric properties of these pyridine-based ligands without altering their 

ability to bind to the metal center coupled with hard-soft donor characteristics of the 

binding atoms, makes these ligands capable of coordinating to a large number of transition 

metals with varied oxidation states. This in turn extends considerably the importance and 

applications of these bidentate or polydentate phosphine ligands69 in homogeneous 

catalysis. 

3.2 Results and Discussion 

3.2.1 PNP acridine ligand synthesis, complex formation and characterization 

The “acriphos” ligand 5 (R=phenyl) was initially synthesized by Haenel and co-

workers from pre-functionalized substrates (2-amino-3-fluorobenzoic acid and 2-

fluoroiodobenzene) (Scheme 3.2).18 This ligand has a rigid tridentate PNP pocket that 
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prevents the twisting and folding commonly observed with other PNPR-derived 

complexes.18 However, it requires a cumbersome synthetic procedure as well as pre-

functionalized substrates.  Since its synthesis, the more flexible bis(phosphino)methyl 

variant has been synthesized by Gunanathan and Milstein.70-71 Haenel used sodium 

diphenylphosphide to install the phosphorus moieties. Milstein on the other hand installed 

bromomethyl groups at 4- and 5-positions of the acridine backbone followed by C-P cross-

coupling reaction to make a more flexible flanking arm. Even though these ligands’ 

synthesis is not straightforward, their complexes display great catalytic activities in 

synthesis of primary amines from alcohols and ammonia as well as in hydroformylation, 

carbonylation, carboxylation etc.71-72 

Scheme 3.2.   Synthesis of “acriphos” from pre-functionalized substrates.18  

In order to develop an alternative new synthetic route to the PNP acridine 

(“acriphos”) ligand from the one provided by Haenel and co-workers, an applicable 

substrate would be 4,5-dibromo-2,7-di-tert-butyl-9-chloroacridine which has been shown 

to undergo a clean dilithiation in the previous Chapter (Scheme 2.6). This substrate is easily 

obtained from the reaction of 4,5-dibromo-2,7-di-tert-butylacridin-9(10H)-one with 

thionyl chloride under reflux. Instead of the fluoro substituents at 4- and 5-positions, this 
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substrate is bromo-substituted and therefore is expected to react differently from 4,5-

difluoro-9-chloroacridine under directed metalation to give a metalated intermediate that 

can interact with electrophilic alkyl or aryl chlorophosphines to give the desired 

phosphorus-substituted products.    

 Synthesis of PNP-chloroacridine 

For halogen-metal exchange reactions, 4,5-dibromo-2,7-di-tert-butyl-9-

chloroacridine was treated with n-BuLi to give the metalated intermediate, this was then 

quenched with chlorodiphenylphosphine to afford 2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine (6, acridPNP) in 44% yield (Scheme 3.3). This synthetic 

route makes use of ClPPh2 and circumvents potential issues with unstable phosphide 

intermediates. 

 

Scheme 3.3.   Synthesis of 2,7-di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine. 

 Synthesis of complexes of 2,7-di-tert-butyl-9-chloro- 4,5-

bis(diphenylphosphino)acridine and their characterization 

The efficacy of 6 as a ligand was tested in making complexes of Co, Ni, Pd and Ag. 

The reaction of 6 with (PPh3)2CoCl2 in THF at room temperature overnight gives the 

corresponding (acridPNP)CoCl2 complex in 96% yield as green solid (Scheme 3.4).  
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Scheme 3.4.   Synthesis of [2,7-di-tert-butyl-9-chloro-4,5-bis 

(diphenylphosphino)acridine]cobalt(II) chloride. 

The solid-state analysis of the complex surprisingly revealed a 2-coordination mode with 

the nitrogen unbound (Figure 3.4). Although the Co–N distance of 2.488(2) Å is well 

within the sum of the two atoms’ van der Waals radii, the cobalt lies 0.840 Å above the 

acridine plane, and the Co1–N1–C9 angle is 155.4(7)° suggesting minimal donation of 

electron density from nitrogen to cobalt. 
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Figure 3.4.   Solid-state structure of 7 shown as 50% probability ellipsoids. 

Selected interatomic distances (Å) and angles (o): N1-Co1, 2.488; Co1-P1, 2.391(9); Co1-

P2, 2.411(9); C1-P1, 1.815(3); C4-P2, 1.830(3); P1-Co1-P2, 120.5(2); Cl1-Co1-Cl2, 

108.4(9).  

When the ligand 6 is treated with (CH3CN)2PdCl2 in dichloromethane, it forms a 

brown solid in 92% yield. Mass spectrometry gives a molecular ion mass that is consistent 

with the presence of one inner-sphere chloride as depicted by 8 below (Scheme 3.5). The 

product crystallizes as the tetrachloropalladate(II) salt shown in Figure 3.5.  
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Scheme 3.5.   Synthesis of [2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine]palladium(II) tetrachloropalladate. 

 

Figure 3.5.   Solid-state structure of 8. (It was not possible to obtain reliable bond metrics 

due to disorder). 

The reaction of 6 with (PPh3)2NiCl2 in dichloromethane for 12 hours at room 

temperature (Scheme 3.6) followed by workup leads to the corresponding complex 9 in 
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83% yield as a red-purple solid. This crystallizes as a five-coordinate (acridPNP)NiCl2 as 

shown in Figure 3.6.  

 

Scheme 3.6.   Synthesis of [2,7-di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)- 

acridine]nickel(II) chloride. 

 

Figure 3.6.   Solid-state structure of 9 shown as 50% probability ellipsoids. 

Selected interatomic distances (Å) and angles (o): N1-Ni1, 1.923; Ni1-P1, 2.178(0); Ni1-

P2, 2.190(0); C1-P1, 1.811(2); C4-P2, 1.815(2); P1-Ni1-P2, 159.5(5). 
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Reactivity studies of (acridPNP)NiCl2 

Reactions of five-coordinate nickel complexes have been studied for different 

pincer complexes. Hu and coworkers showed alkyl-alkyl Kumada-type coupling of a 

preformed nickel(II) pincer complex, ([(N2N)Ni-Cl)].73 Vicic and coworkers also used a 

terpyridine ligand in making five coordinate nickel complexes to enable detection of a 

Ni(III) intermediate formed during cross-coupling reactions.74 Complex 9 reacts with one 

equivalent of isopropylmagnesium chloride solution to give a mixture of products. 

However, when two equivalents of the Grignard are used, it reacts cleanly to form the 

dialkyl nickel complex (10) as shown in Scheme 3.7 below. Attempts to oxidize 10 to 

induce C-C reductive elimination were unsuccessful, as were attempted insertion reactions 

of CO2 or CO. 

 

Scheme 3.7.   Reaction of (acridPNP)NiCl2 with Grignard. 

3.2.2 Modification of PNP-chloroacridine ligand, complexes formation and 

characterization       

Nickel under reducing conditions can activate aryl chloride bonds for cross-

coupling reactions.75 Low-valent cobalt on the other hand enables C-H/electrophile 

coupling reactions of aryl chlorides or alkyl chlorides.76-77 Therefore, anticipating that the 

chloride at position C-9 would be vulnerable to attack by low-valent species during 
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reduction experiments, we decided to modify the ligand framework to avoid these side-

reactions. One method would be to convert the 9-Cl position in 6 (Scheme 3.3) to 9-H, then 

use the resulting ligand to make complexes of cobalt and nickel. 

 Synthesis of PNP-acridine ligands  

The chloride at the C-9 position activates it and makes the C9 prone to nucleophilic 

attack. Therefore, treatment with nucleophilic substrates like p-toluenesulfonyl hydrazide 

leads to conversion of 9-Cl to 9-H in two steps72 as shown in Scheme 3.8 below in good 

yields; 83% (first step) and 87% (second step). With attempts to expand the class of ligands 

and alter the donor ability of the ancillary phosphorus groups, we chose to introduce alkyl 

phosphorus moiety.  

Scheme 3.8.   Synthesis of 4,5-dibromo-2,7-di-tert-butylacridine.            

The reaction of 11 with two equivalents of n-BuLi followed by quenching with 

chlorodiisopropylphosphine led to formation of mixtures 12 and 13 as shown in Scheme 
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3.9. Acridine has been known to be reactive towards nucleophilic addition at its C-9 

position. With reagents like Ph2PH or Ph2PLi, acridine reacts as shown in Scheme 3.10 to 

form the corresponding products 14 and 15, respectively.18, 78 

Scheme 3.9.   Synthesis of 2,7-di-tert-butyl-4,5-bis(diisopropylphosphino)-9-

hydroacridine. 

 

Scheme 3.10.   Reactions of 9-hydroacridine at the C-9 position.18, 78 

However 4,5-di-bromo-2,7-di-tert-butyl-9-chloroacridine reacts as shown in Scheme 3.11 

below to form 16 in 34% yield.  

 

Scheme 3.11.   Synthesis of 2,7-di-tert-butyl-4,5-bis(diisopropylphosphino)-9-

chloroacridine. 
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 Synthesis of PNP-9-(alkoxy or aryloxy)acridine ligands 

Alternatively, the reaction of 2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine with oxygen nucleophiles as shown in Scheme 3.12 below 

would lead to a less reactive C-9 position. With sodium methoxide, the 2,7-di-tert-butyl-

4,5-bis(diphenylphosphino)-9-methoxyacridine (17, (MeO)PNP-acridine) is obtained in 

77% yield. With 2,4,6-trimethylphenol, a 58% yield of 2,7-di-tert-butyl-4,5-

bis(diphenylphosphino)-9-(2,4,6-trimethylphenoxy)acridine (18, (ArO)PNP-acridine) is 

obtained. These two forms of C9-substituted acridines offer different degrees of hindrance 

about the C-9 position.  

Scheme 3.12.   Installation of alkoxy and aryloxy groups at the C-9 position of PNP-9-

chloroacridine. 
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 Synthesis and reactivity studies of nickel complexes of (MeO)PNP-acridine and 

(ArO)PNP-acridine ligands 

i. Reactivity of [(MeO)PNP-acridine]NiCl2 with CO2 

Reaction between 17 and (PPh3)2NiCl2 leads to a slightly unexpected product. The 

starting ligand (17) shows a distinctive singlet resonance in the 1H NMR spectrum at δ 3.76 

ppm from the methoxy protons (red trace, spectrum 1, Figure 3.7). There is however no 

discernible resonance in the complex 1H NMR spectrum (black trace, spectrum 2) that 

results from the methoxy protons when this ligand is treated with (PPh3)NiCl2 (Figure 3.7). 

The 31P NMR spectrum shows a shifts from δ -12.49 ppm (free ligand) to δ 19.73 ppm after 

the complexation reaction. There are distinctive differences in the 13C NMR spectrum 

before and after complexation reaction as shown in the Figure 3.8 below. A resonance at  

175.96 ppm in the 13C NMR spectrum of complex (black trace) and lack of a signal in the 

60 ppm region for the methoxy carbon as observed with free ligand (red trace) could be 

indicators of lack of a methoxy group in the complex. 
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Figure 3.7.   Comparison of 1H NMR spectra of ligand, 17 (red trace) in CDCl3 solution 

and that of [17]NiCl2 complex (black trace) in CD2Cl2 solution. 

 

Figure 3.8.   Comparison of 13C NMR spectra of ligand, 17 (red trace) in C6D6 solution 

and that of [17]NiCl2 complex (black trace). 

3.76 

175.96 
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 The mass spectra indicate the presence of the expected product with a molecular 

ion mass of 782.19 amu [M+Cl]. The spectrum however shows a major peak at M+ = 

767.17 amu. This ion would correspond to a complex formed when the central ring changes 

to an acridone framework. For CO2 reduction, a low-valent metal center is needed. 

Therefore, [17]NiCl2 was treated with two equivalents of KC8 to reduce it to the respective 

Ni(0) complex. On exposure to CO2 and analysis by infrared spectroscopy, the infrared 

spectrum shows two absorptions of equal intensities at 1625 cm-1 and 1590 cm-1 (Figure 

3.9).  

  

Figure 3.9.   IR spectrum of [17]NiCl2 after reduction followed by treatment with CO2. 

With the data we have, we cannot fully understand what is going on in the reaction 

of 17 with (PPh3)2NiCl2 and therefore its application in CO2 activation would not be 

informative. Reasoning that with a bulky appendage, access to this position would be 

minimized, we resorted to synthesis of nickel complex from 18.  
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ii. [(ArO)PNP-acridine]NiCl2 and its reaction with CO2 

In dichloromethane, 18 reacts with (PPh3)2NiCl2 to give the corresponding complex 

19 (Scheme 3.13) in 90% yield with [M+Cl] = 886 amu in the mass spectrometry (Figure 

3.10). This complex when reduced with KC8, forms a paramagnetic species. On exposure 

to CO2, the spectra are indistinct, as expected for a paramagnetic species. The spectra 

obtained after exposure remain so, suggesting that diamagnetic products do not form as 

observed in the 1H and 31P NMR spectra.  

 

Scheme 3.13.   Synthesis of [(ArO)PNP-acridine]NiCl2, its subsequent reduction, and 

exposure to CO2. 
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Figure 3.10.   Mass spectrum of [(ArO)PNP-acridine]NiCl2. 

The infrared spectrum of the complex obtained after the CO2 reaction shows a broad 

absorption in the region of 1608-1495 cm-1. Reaction of the reduced species of 19 with 

13CO2 does not show any coupling between the carbon and the phosphorus in the 13C and 

31P NMR spectra. However, there is a broad singlet peak in the 13C NMR spectrum at δ 

160.81 ppm that could correspond to carbonate carbon (Figure 3.11). 
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Figure 3.11.   13C NMR of the product of reaction between CO2 and reduced [(ArO)PNP-

acridine]NiCl2. 

 Synthesis and reactivity studies of cobalt complexes of (MeO)PNP-acridine and 

(ArO)PNP-acridine ligands 

i. [(MeO)PNP-acridine]CoCl2 and its reaction with CO 

Cobalt complex is formed in 94% yield when 17 reacts with (PPh3)2CoCl2 in THF 

overnight as shown in Scheme 3.14. The product is paramagnetic but its mass spectrometry 

data gives the mass of expected molecular ion to be 818.21 amu [M+2Cl] while [M+Cl] is 

783.23 amu. 
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Scheme 3.14.   Synthesis of [(MeO)PNP-acridine]CoCl2. 

 

Figure 3.12.   Mass spectrum of [(MeO)PNP-acridine]CoCl2. 

Reaction of 20 with KC8 under nitrogen leads to a product which show absorptions 

at ʋ = 2025 cm-1, 2081 cm-1 in its infrared spectrum (could be a mixture of products hence 

the two stretches). When Mindiola and co-workers reduced their anionic [(PNP)CoCl] in 

the presence of dinitrogen, they formed a bridging nitrogen complex with ʋNN = 2024 cm-

1.21 It is very likely that one or both of the absorptions might be stretches from bound 

nitrogen. The resulting reduced species reacts with CO to give a product that has an 

absorption at 1985 cm-1 and 1904 cm-1 in the infrared spectrum as shown in Figure 3.13. 
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synthesized by Mindiola and coworkers (ʋCO= 1957 cm-1, 1893 cm-1)21 and Caulton and 

coworkers (ʋCO= 1885 cm-1).79 

Scheme 3.15.   Reduction of [(MeO)PNP-acridine]CoCl2 under N2 followed by exposure 

to CO. 

 

Figure 3.13.   Infrared spectrum of [(MeO)PNP-acridine]CoCl2 after reduction and 

exposure to CO. 
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but its mass spectrometry data gives the mass of molecular ion to be 887.26 amu, [M+Cl] 

and 922.34 amu, [M+2Cl] (Figure 3.14). 

 

Scheme 3.16.   Synthesis of [(ArO)PNP-acridine]CoCl2. 

 

Figure 3.14.   Mass spectrum of [(ArO)PNP-acridine]CoCl2. 

919.35

887.36

922.34

924.34

889.36

903.36
933.37

901.37
935.37905.35

938.35

926.34

0.0

0.2

0.4

0.6

0.8

1.0

4x10

In
te

n
s
. 
[a

.u
.]

890 900 910 920 930 940
m/z



 89 

 

Scheme 3.17.   Reduction of [(ArO)PNP-acridine]CoCl2 followed by exposure to CO. 

 

Figure 3.15.   Infrared spectrum of [(ArO)PNP-acridine]CoCl2 after reduction and 

exposure to CO. 
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Figure 3.16.   UV-visible absorbance of the ligand (18) and of [(ArO)PNP-

acridine]Co(CO)2. 

Reaction of 22 with KC8 followed by CO leads to a product which gives IR 

absorption at 1911 cm-1 and 1968 cm-1 as shown in Figure 3.15. The absorbance of the free 

ligand features a strong absorption at 270 nm in the UV region potentially due to π to π* 

transition (Figure 3.16, blue trace). When compared to the carbonyl complex (orange 

trace), there are more transitions resulting from the complex as can be seen by the presence 

of peaks at 262 nm, 257 nm and a shoulder one at 250 nm (inset). It is therefore possible 

that some of these transitions might result from ligand to metal charge transfer (LMCT) 

processes. 
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3.2.3 Electrochemical studies of (ArO)PNP-acridine and EPR studies of its radical anion 

Treatment of (ArO)PNP-acridine, dissolved in dry THF, with one equivalent of 

KC8 leads to an instant color change from yellow to green. The product of this reaction is 

indeed paramagnetic as confirmed by the broadened resonance in 1H NMR and lack of a 

signal in 31P NMR. Analysis of the sample by EPR further confirms the presence of 

unpaired electrons in the ligand. The experimental EPR pattern matches very well with the 

simulated one (Figure 3.17 and 3.18) and gives a g-value of 2.0047.  

 

Figure 3.17.   Stacked EPR spectra of the ligand ((ArO)PNP-acridine) radical anion; 

experimental (blue trace) and simulated (orange trace). 
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Figure 3.18.   Overlaid EPR spectra of the ligand ((ArO)PNP-acridine) radical anion; 

experimental (blue trace) and simulated (orange trace). 

For comparison, a sample of 0.01 g of [(ArO)PNP-acridine]Co(CO)2 in 0.7 mL of 

dry THF was analyzed by EPR. The EPR pattern obtained is more complicated than the 

one for the ligand but clearly shows presence of a new paramagnetic species (Figure 3.19). 

The experimental and the simulated pattern do not match very well; however, the spectra 

shows species with isotropic best fit g-value of 2.0045 and hyperfine coupling constants 

shown in Table 3.1 below. This g-value is almost identical to that obtained for the ligand 

radical anion. 
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Figure 3.19.   Overlaid EPR spectra of [(ArO)PNP-acridine]Co(CO)2 complex; 

experimental (blue trace) and simulated (orange trace). 

Table 3.1.   Hyperfine splitting constants for the radical anion ligand and its cobalt 

complex.  

                        Hyperfine coupling constants (MHz) 

Complex  A
N

 A
P

 A
Ho

 A
Hp

 A
Co

 

(ArO)PNP-acridine radical 19.34 2.52 8.97 8.69  

[(ArO)PNP-acridine]Co(CO)2 8.36 3.47 14.49 19.77 6.51 

Distinguishing between metal- and ligand-centered radicals requires the application 

of many techniques, of which EPR is one.80 Spectroscopic features of radical ligands mirror 

those of free organic radicals e.g. well-resolved EPR signals that are detectable at room 

temperature, and well-resolved ligand (super)-hyperfine coupling constants close to the g-
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value of free electron (ge =2.0023).81 Metal-centered radical complexes on the other hand 

generally display much broader spectra as a result of rapid electron-spin relaxation 

effects.80-81 Therefore for metal-centered radicals, EPR data acquisition at lower 

temperatures (<70 K) are preferred, and normally lead to anisotropic spectra.81 Typical but 

not always, are the much larger deviations (g >2.1 or g <1.95) of the g-anisotropies of these 

metalloradicals from ge compared to those of radical ligand complexes.81 The g-value and 

hyperfine constants alone are not sufficient to assign radicals as either metal-centered or 

ligand-centered. However, more often than not, an observation of sharp and strong EPR 

spectra of metal complexes in solution at room temperature is usually a strong indication 

that the unpaired electron is located in a ligand-based orbital with only weak mixing with 

metal orbitals.81  

Electrochemical studies 

The redox processes of the ligand ((ArO)PNP-acridine) were examined using cyclic 

voltammetry. The voltammogram of a 10 mM solution of the ligand in CH2Cl2 shows a 

reversible process with an onset of reduction at -2.40 V (relative to Cp2Fe/Cp2Fe+) (Figure 

3.19). (The values for the plot are corrected to the mid-point of the redox wave of 

ferrocenium).   
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Figure 3.20.   Cyclic voltammogram of (ArO)PNP-acridine in CH2Cl2. 

Conditions: 10 mM solution of ((ArO)PNP-acridine) in CH2Cl2, 0.1 M ([n-Bu4N][PF6]), 

1.0 mm Pt electrode, 100 mV/s scan rate. Temperature: 25 oC.  

3.3 Concluding Remarks 

We have herein reported a new synthesis of a rigid tridentate PNP-acridine starting 

from bis(4-tert-butylphenyl)amine or parent acridone that eliminates the requirement of 

pre-functionalized substrates. We have showed that it is possible to install nucleophiles at 

the C-9 after the synthesis of PNP-acridine ligand. We have also presented a route for the 

installation of alkylphosphine moieties on this backbone instead of the known aryl ones. 

We have applied the ligand to synthesize and characterize different transition metal 

complexes. Due to the ability of this ligand to support transition metal in different oxidation 

states, and having been earlier showed to be applicable in a number of catalytic reactions, 
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this new synthetic route will open a number of opportunities for elaborations and catalytic 

applications.  

3.4 Experimental 

3.4.1 General Considerations 

All reactions, unless otherwise stated, were carried out in an MBraun inert 

atmosphere (nitrogen) glovebox, or in a resealable glassware on a Schlenk line under argon 

atmosphere. Glassware and magnetic stir bars were dried in a ventilated oven at 160 °C 

and were allowed to cool under vacuum. Molecular sieves (Alfa Aesar) and Celite (EMD 

545) were dried under vacuum for at least twelve hours at 160 °C. 

1H, 31P spectra were obtained using a Varian Vx 400 MHz or Varian Mercury 300 

(300.323 MHz for 1H) spectrometer and 13C, NMR spectra were obtained using either 

Avance IIIHD 500 spectrometer, or Bruker Avance IIIHD 700 spectrometer. 1H and 13C 

NMR chemical shifts are referenced with respect to solvent signals and are reported relative 

to tetramethylsilane.82 31P NMR chemical shifts were referenced to 85% H3PO4 as an 

external standard. UV-Vis samples were prepared in the glovebox and transferred into 

resealable cuvettes and the data acquired using UV-2401 PC recording spectrophotometer.  

Cyclic voltammetry experiments were performed inside an N2-filled glovebox in CH2Cl2 

with 0.1 M ([n-Bu4N][PF6]) as the supporting electrolyte. The voltammograms were 

recorded with a CH instrument 620C potentiostat using a 2.5 mm (outer diameter), 1.0 mm 

(inner diameter) Pt disk working electrode, Ag wire quasi-reference electrode, and a Pt 

wire auxiliary electrode, at a scan rate of 0.1 V s-1. Reported potentials are referenced to 

the ferrocenium/ferrocene (Fc+/Fc) redox couple added as an internal standard at the 
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conclusion of each experiment. Elemental analyses were performed by Atlantic Microlab, 

Inc. in Norcross, GA. Infrared spectra were collected from neat and liquid samples using a 

Bruker Alpha-P infrared spectrometer equipped with an attenuated total reflection (ATR) 

attachment. Since the instrument is inside glovebox, data acquisition for air and moisture 

sensitive samples were all carried out in the glovebox. 

3.4.2 Materials and Methods 

Dichloromethane (BDH), diethyl ether (EMD Millipore Omnisolv), hexanes (EMD 

Millipore Omnisolv), tetrahydrofuran (THF, EMD Millipore Omnisolv), and toluene 

(EMD Millipore Omnisolv) were sparged with ultra-high purity argon (NexAir) for 30 

minutes prior to first use, dried using an MBraun solvent purification system. These 

solvents were further dried over sodium benzophenone ketyl, transferred under vacuum to 

an oven-dried sealable flask, and degassed by successive freeze–pump–thaw cycles. 

Anhydrous benzene (EMD Millipore Drisolv) and anhydrous pentane (EMD Millipore 

Drisolv), both sealed under a nitrogen atmosphere, were used as received and stored in a 

glovebox. Acetic acid (Alfa-Aesar), methanol (BDH), acetone (BDH), dichloromethane 

(BDH) hydrochloric acid (EMD) chloroform (BDH), ethylene glycol (BDH) for benchtop 

work was used as received. Tap water was purified in a Barnstead International automated 

still prior to use. 

Dichloromethane-d2 (Cambridge Isotope Labs) and acetonitrile-d3 (Cambridge 

Isotope Labs) were dried over excess calcium hydride overnight, vacuum-transferred to an 

oven-dried sealable flask, and degassed by successive freeze-pump-thaw cycles. 

Tetrahydrofuran-d8 (Cambridge Isotope Labs) was dried over sodium benzophenone ketyl, 
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vacuum-transferred to an oven-dried sealable flask, and degassed by successive freeze-

pump-thaw cycles. Deuterium oxide (Cambridge Isotope Labs), chloroform-d (Cambridge 

Isotope Labs), methanol-d4 (Cambridge Isotope Labs) and methanol-d1 (Cambridge 

Isotope Labs) were used as received. 

Sodium tert-butoxide (TCI America), potassium tert-butoxide (Alfa-Aesar), silver 

trifluoromethanesulfonate (STREM), copper (I) chloride (Alfa-Aesar), i-Pr2MgCl (Sigma 

Aldrich), i-Pr2PCl (TCI), ClPPh2 (TCI), (C6H5CN)2PdCl2 (STREM), p-tosylhydrazide 

(BTC), (CH3CH)2PdCl2 (Sigma Aldrich), (PPh3)2CoCl2 (Sigma Aldrich),  2, 4, 6-

trimethylphenol (Alfa Aesar), magnesium sulfate (Alfa-Aesar), alumina (EMD), sodium 

metal (Alfa-Aesar), potassium (Sigma-Aldrich), benzophenone (Alfa-Aesar), calcium 

hydride (Alfa-Aesar), 13CO2 (Cambridge Isotope Labs), hydrogen (Sigma- Aldrich), 

nitrogen (NexAir), carbon monoxide (GT&S Inc.) and argon (both industrial and ultra-high 

purity grades, NexAir) were used as received. Carbon dioxide (NexAir) was passed 

through phosphorus pentoxide (Sigma-Aldrich) to ensure dryness. Diethylzinc (Acros, 1M 

in hexanes), methylmagnesium bromide (Strem, 3M in diethyl ether) were used as 

received. 

3.4.3 Experimental Procedures 

 2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine (6) 

To a 100-mL Schlenk flask was added (0.42 g, 0.88 mmol) of 4,5-dibromo-2,7-di-

tert-butyl-9-chloroacridine followed by 40 mL of dry and degassed THF to dissolve. This 

solution was cooled down to -35 oC. A solution of n-BuLi in hexanes (2.5 M, 0.74 mL, 1.8 

mmol) was added dropwise over 10 min while stirring. This mixture was then stirred at 
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room temperature for 2 hours after which it was cooled back to -35 oC. 

Chlorodiphenylphosphine (0.32 mL, 1.8 mmol) was added all at once. The cooling bath 

was removed, and the dark brown solution set to stir at room temperature for 24 hours. The 

solvent was removed under vacuum to give an oily crude product. To this was added 40 

mL of dried and degassed dichloromethane then filtered over basic alumina and Celite to 

give a light brown solution. After solvent removal, the crude product was taken up in 1.5 

mL of CH2Cl2 followed by addition of 4 mL of chilled ethanol to precipitate the product. 

The precipitate was filtered and dried to give the product as a light yellow solid (0.126 g, 

21%). 1H NMR (400 MHz, CD2Cl2) δ (ppm) 8.24 (dd, J = 2.0, 0.5 Hz, 2H), 7.30-7.20 (m, 

22H), 1.23 (s, 18H). 13C{1H} NMR (176 MHz, CD2Cl2): δ (ppm) 149.85 (CAr), 148.09 

(CAr), 147.98 (CAr), 140.66 (t, CAr), 140.01 (d, CAr), 138.56 (d, CAr), 135.77 (CAr), 134.57 

(d, CAr), 134.50 (d, CAr), 128.72 (CAr), 128.55 (CAr), 128.53 (d, CAr), 128.51 (CAr),  124.32 

(CAr), 119.63 (CAr),  35.71 (C(CH3)), 30.72 (C(CH3)). 
31P{1H} NMR (161 MHz, CD2Cl2, 

85% H3PO4): δ (ppm) -13.83. Anal. Calcd for C45H42ClNP2: C, 77.85; H, 6.10; N, 2.02. 

Found: C, 77.66; H, 6.02; N, 1.99.   
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Figure 3.21.   1H NMR spectrum of 2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine in CD2Cl2 solution. 

 

Figure 3.22.   31P NMR spectrum of 2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine in CD2Cl2 solution. 
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Figure 3.23.   13C NMR spectrum of 2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine in CD2Cl2 solution. 

 2,7-Di-tert-butyl-9-methoxy-4,5-bis(diphenylphosphino)acridine (17) 

To a 100-mL Schlenk flask was added (4.00 mg, 0.174 mmol) of sodium followed 

by 1 mL of dry and degassed methanol. This was stirred till all the sodium is consumed. A 

solution of 2,7-di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine                       

(0.014 g, 0.020 mmol) in 1.5 mL of dry and degassed THF was added to the sodium 

methoxide solution. This mixture was brought to stir at 60 oC for 6 hours. The solvent was 

removed under vacuum leaving behind a yellow crude solid product. The solid was taken 

up in 2 mL of dichloromethane, to this solution was added 2 mL of H2O and shaken to 

form layers then separated. The aqueous layer was extracted two more times with 1.5 mL 

each of dichloromethane. The combined organic layers were dried using anhydrous MgSO4 
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and then filtered over Celite. Solvent was removed under vacuum to give a yellow solid. 

This was washed with 1 mL of cold methanol, filtered off and dried under vacuum to give 

pure product as a yellow solid (0.0104 g, 77%). 1H NMR (400 MHz, C6D6) δ 8.20 (d, J = 

2.1 Hz, 2H), 7.54 (td, J = 7.4, 1.7 Hz, 8H), 7.43 (dd, J = 3.5, 2.2 Hz, 2H), 7.08-7.13 (m, 

12H), 3.76 (s, 3H), 1.18 (s, 18H). 13C NMR (176 MHz, C6D6) δ 161.61 (t), 149.75 (d, J = 

18.2 Hz), 147.80 (s), 141.18 (d, J = 17.4 Hz), 139.30 (d, J = 14.6 Hz), 135.02 (s), 134.83 

(d, J = 20.9 Hz), 128.44 – 128.35 (m), 128.31 (s), 120.23 (s), 116.93 (s), 63.19 (s), 35.29 

(s), 30.82 (s). 31P{1H} NMR (161 MHz, C6D6, 85% H3PO4): δ (ppm) -12.49. Anal. Calcd 

for C46H45NOP2: C, 80.09; H, 6.58; N, 2.03. Found: C, 79.82; H, 6.75; N, 1.96.  

 

Figure 3.24.   1H NMR spectrum of 2,7-di-tert-butyl-9-methoxy-4,5-

bis(diphenylphosphino)acridine in C6D6 solution. 
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Figure 3.25.   31P NMR spectrum of 2,7-di-tert-butyl-9-methoxy-4,5-

bis(diphenylphosphino)acridine in C6D6 solution. 

 

Figure 3.26.   13C NMR spectrum of 2,7-di-tert-butyl-9-methoxy-4,5-

bis(diphenylphosphino)acridine in C6D6 solution. 
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 2,7-Di-tert-butyl-9-(2,4,6-trimethylphenoxy)-4,5-bis(diphenylphosphino) 

acridine (18) 

To a 100-mL Schlenk flask was placed 2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine, (0.018 g, 0.026 mmol), K2CO3 (0.110 g, 0.080 mmol), 

and 2,4,6-trimethylphenol (0.011 g, 0.081 mmol) followed by 2.5 mL of DMF. The mixture 

was set to stir at 60 oC for 72 hours. The solvent was removed under vacuum, and the crude 

solid taken up in dichloromethane. It was washed with water and the layers separated, the 

aqueous layer was extracted two more times with 1.5 mL of water each. The combined 

organic layers were dried using anhydrous MgSO4 and filtered over Celite. The solvent 

was removed under vacuum to give a red-orange solid. This was washed with methanol, 

filtered off and dried under vacuum to give the product as an orange solid (0.012 g, 58%). 

1H NMR (400 MHz, C6D6) δ 8.20 (dd, J = 2.1, 0.8 Hz, 2H), 7.53 (td, J = 7.2, 1.7 Hz, 10H), 

7.39 (dd, J = 3.5, 2.1 Hz, 2H), 7.13 – 7.05 (m, 14H), 6.67 (s, 2H), 2.09 (s, 3H), 2.01 (s, 

6H), 1.06 (s, 18H). 13C NMR (176 MHz, C6D6) δ 157.24 (s, CAr), 153.75 (s, CAr), 149.15 

(d, CAr), 146.95 (s, CAr), 140.56 (d, CAr), 139.15 (d, CAr), 134.53 (s, CAr), 134.46 (d, CAr), 

128.70 (s, CAr), 128.08 (s, CAr), 127.98 (t, CAr), 117.56 (s, CAr), 116.94 (s, CAr), 34.97 

(C(CH3)), 30.41 (C(CH3)), 20.21 (phenoxy(CH3)), 16.80 (phenoxy(CH3)). 
31P{1H} NMR 

(161 MHz, C6D6, 85% H3PO4): δ (ppm) -12.17. Anal. Calcd for C54H53NOP2: C, 81.69; H, 

6.73; N, 1.76. Found: C, 81.79; H, 6.90; N, 1.78.  
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Figure 3.27.   1H NMR spectrum of 2,7-di-tert-butyl-9-(2,4,6-trimethylphenoxy)-4,5-

bis(diphenylphosphino)acridine in C6D6 solution. 

 

Figure 3.28.   13C NMR spectrum of 2,7-di-tert-butyl-9-(2,4,6-trimethylphenoxy)-4,5-

bis(diphenylphosphino)acridine in C6D6 solution. 
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Figure 3.29.   31P NMR spectrum of 2,7-di-tert-butyl-9-(2, 4, 6-trimethylphenoxy)-4,5-

bis(diphenylphosphino)acridine in C6D6. 

 4,5-Dibromo-2,7-di-tert-butylacridine (11) 

In a 250-mL Schlenk flask was placed p-tosylhydrazide (0.164 g, 0.883 mmol). 

This was evacuated and then refilled with argon. To the flask was added 4 mL of 

chloroform to dissolve then placed in oil bath at 50 oC. 4,5-dibromo-2,7-di-tert-butyl-9-

chloroacridine (0.388 g, 0.803 mmol) was dissolved in 5 mL chloroform and this solution 

was added to the one in the flask at 50 oC. The mixture was stirred at this temperature for 

15 min before setting to stir at room temperature for 12 hours. The solvent was removed 

under vacuum to give an oily crude, to which was added 2 mL of hexanes to produce 

product as a yellow precipitate. The precipitate was filtered off, washed with 1.5 mL of 

cold hexanes and dried under vacuum to give the product as a yellow solid (0.446 g, 83%). 

The 1H NMR (400 MHz, CDCl3) spectrum of the product showed broadened peaks at δ 
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(ppm) 10.16, 8.23, 7.81-7.76, 7.38-7.32, 2.45 and 1.42. This 9-(p-tosylhydrazide)-4,5-

dibromoacridinium chloride salt was suspended in 16 mL of ethylene glycol. To this 

suspension was added 8 mL of 3.4 M NaOH solution and the mixture stirred at 100 oC for 

2 hours forming a red-brown precipitate. It was cooled down to room temperature then 

poured into a beaker containing 5 mL ice-cold water. The red precipitate was collected via 

vacuum filtration and washed with water then dried for some time. This resulting solid was 

washed with cold methanol to give product as a white solid with some pink taint (0.261 g, 

87%).  1H NMR (400 MHz, CD2Cl2) δ 8.73 (s, 1H), 8.29 (d, J = 2.0 Hz, 2H), 7.90 (d, J = 

2.0 Hz, 2H), 1.46 (s, 18H). 13C NMR (101 MHz, CD2Cl2) δ 149.95 (s), 144.80 (s), 137.29 

(s), 133.99 (s), 128.02 (s), 125.20 (s), 122.74 (s), 35.43 (s), 30.95 (s). Anal. Calcd for 

C21H23Br2N: C, 56.15; H, 5.16; Br, 35.57; N, 3.12. Found: C, 56.35; H, 5.24; Br, 35.32; N, 

3.07.  

 

Figure 3.30.   1H NMR spectrum of 4,5-dibromo-2,7-di-tert-butylacridine in CD2Cl2 

solution. 
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Figure 3.31.   13C NMR spectrum of 4,5-dibromo-2,7-di-tert-butylacridine in CD2Cl2 

solution. 

 2,7-Di-tert-butyl-4,5-bis(diisopropylphosphino)acridine 

Into a 100-mL Schlenk flask was placed 4,5-dibromo-2,7-di-tert-butylacridine 

(0.374 g, 0.832 mmol) followed by 25 mL of diethyl ether to dissolve. This solution was 

cooled down to -35 oC. A solution of n-BuLi in hexanes (2.5 M, 0.7 mL, 1.7 mmol) was 

added dropwise while stirring. The reaction mixture was let to warm up to room 

temperature for 2 hours after complete addition. It was then cooled back to -35 oC, then 

(0.26 mL, 1.66 mmol) of chlorodiisopropylphosphine was added all at once. The reaction 

mixture was stirred at room temperature for 24 hours. An aliquot from this reaction showed 

only about 30% conversion to the desired product. The reaction was left to stir for another 
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12 hours after which conversion to the desired product improved to 50%. The solvent was 

removed under vacuum and the crude product taken up in degassed dichloromethane. It 

was filtered through a column containing 50:50 silica gel and basic alumina and the yellow 

second eluent collected. This eluent was evaporated to dryness. The product was 

precipitated using 1 mL of cold ethanol. This reaction however leads to formation of a 

mixture of products: 2,7-di-tert-butyl-4,5-bis(diisopropylphosphino)acridine (12) and 2,7-

di-tert-butyl-9-(n-butyl)-4,5-bis(diisopropylphosphino)-9,10-dihydroacridine (13). Data 

for 12 1H NMR (400 MHz, CD2Cl2) δ (ppm) 8.65 (s, 1H), 8.03 (dd, J = 4.4, 2.4 Hz, 2H), 

7.84 (d, J = 2.0 Hz, 2H), 2.80 (m, 4H), 1.47 (s, 18H), 1.17 (dd, J = 13.2, 7.2 Hz, 14H), 0.93 

(dd, J = 13.2, 6.8 Hz, 14H). 31P{1H} NMR (161 MHz, CD2Cl2, 85% H3PO4): δ (ppm) -6.01 

(The spectrum however has a very poorly resolved baseline).  HRMS (ESI): m/z 524.36 

[M+H] (Calcd for C33H51NP2: 523.35).  
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Figure 3.32.   1H NMR spectrum of 2,7-di-tert-butyl-4,5-

bis(diisopropylphosphino)acridine in CD2Cl2 solution. 

Data for 13 1H NMR (400 MHz, CD2Cl2) δ (ppm) 8.93 (t, J = 8.8 Hz, 1H), 7.24 – 

7.20 (m, 2H), 7.15 (d, J = 2.4 Hz, 2H), 2.28-2.17 (m, 4H), 1.33 (s, 18H), 1.22-1.12 (m, 

18H), 1.01-0.91 (m, 17H), 0.80 (t, J = 6.8 Hz, 3H). 31P{1H} NMR (161 MHz, CD2Cl2, 85% 

H3PO4): δ (ppm) -16.02. HRMS (ESI): m/z 580.41 [M]+ (Calcd for C37H61NP2: 581.42). 
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Figure 3.33.   1H NMR spectrum of 2,7-di-tert-butyl-9-(n-butyl)-4,5-

bis(diisopropylphosphino)-9,10-dihydroacridine in CD2Cl2 solution. 

 

Figure 3.34.   31P NMR spectrum of 2,7-di-tert-butyl-9-(n-butyl)-4,5-

bis(diisopropylphosphino)-9,10-dihydroacridine in CD2Cl2 solution. 
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 [2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine]silver triflate 

To a 20-mL scintillation vial, (0.015 g, 0.021 mmol) of 2,7-di-tert-butyl-9-chloro-

4,5-bis(diphenylphosphino)acridine was dissolved using 0.5 mL of CD2Cl2 solution. This 

solution was added dropwise to another vial containing silver triflate (0.006 g, 0.021 mmol) 

in 0.5 mL of CD2Cl2 solution and stirred for 3 hours. 1H NMR (400 MHz, CD2Cl2) δ (ppm) 

8.56 (d, J = 2.0 Hz, 2H), 7.75 (td, J = 5.6, 2.0 Hz, 4H), 7.63 (td, J = 6.0, 1.6 Hz, 8H), 7.46-

7.40 (m, 8H), 7.17 (dd, J = 10.4, 2.0 Hz, 2H), 1.22 (s, 18H). 31P{1H} NMR (161 MHz, 

CD2Cl2, 85% H3PO4): δ (ppm) -6.14. 

 

Figure 3.35.   1H NMR spectrum of [2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine]silver triflate in CD2Cl2 solution. 
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Figure 3.36.   31P NMR spectrum of [2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine]silver triflate in CD2Cl2 solution. 

 [2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine]palladium(II) 

tetrachloropalladate (8) 

To a 20-mL scintillation vial (0.012 g, 0.014mmol) of 2,7-di-tert-butyl-9-chloro-

4,5-bis(diphenylphosphino)acridine and (0.006 g, 0.014 mmol) of 

bis(benzonitrile)palladium(II) chloride were placed. Dichloromethane (1 mL) was added, 

and the mixture set to stir overnight. The solvent was removed under vacuum to dryness to 

give a brown-red solid. It was washed with 1 mL of cold methanol give the product as a 

brown solid (0.011 g, 92% yield). 1H NMR (400 MHz, CD2Cl2) δ (ppm) 8.86 (d, J = 1.7 

Hz, 2H), 8.38 (td, J = 5.8, 1.9 Hz, 2H), 7.85 (dd, J = 13.8, 7.2 Hz, 8H), 7.63 (t, J = 7.4 Hz, 
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4H), 7.55 (t, J = 7.5 Hz, 8H), 1.50 (s, 18H). 31P{1H} NMR (161 MHz, C6D6, 85% H3PO4): 

δ (ppm) 32.11.  

 

Figure 3.37.   1H NMR spectrum of [2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine]palladium(II) tetrachloropalladate in CD2Cl2 solution. 
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Figure 3.38.   31P NMR spectrum of [2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine]palladium(II) tetrachloropalladate in CD2Cl2 solution. 

 [2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine]cobalt(II) 

chloride (7) 

Into a 20-mL scintillation vial fitted with a stir-bar (0.016 g, 0.024 mmol) of 

dichlorobis(triphenylphosphine)cobalt(II) was dissolved using 1 mL of THF. To this was 

added solution of 2,7-di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine (0.015 g, 

0.022 mmol) in 2 mL of THF dropwise while stirring. The reaction was set to stir at room 

temperature overnight after which solvent was evaporated to dryness. To this crude solid 

was added cold diethyl ether (2 mL) and then filtered off to give green solid which was 

further washed with 1.5 mL of cold diethyl ether. The solid was dried under vacuum to 

give a paramagnetic product (0.017 g, 96%) characterized by mass spectrometry ESI: m/z 

787.15 [M+Cl]+ (calcd for C45H42Cl2CoNOP2: 787.15, and C45H42Cl3CoNP2: 822.12).   
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 [2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine]nickel(II) 

chloride (9) 

Into a 20-mL scintillation vial, (0.024 g, 0.036 mmol) of 

dichlorobis(triphenylphosphine)nickel(II) was dissolved using 2 mL of dichloromethane. 

To this was added solution of 2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine (0.025 g, 0.036 mmol) in 2 mL of dichloromethane 

dropwise while stirring. The reaction was set to stir for 12 hours at room temperature. 

Solvent was evaporated to dryness leaving behind a red solid. To this solid was added cold 

Et2O (2 mL), filtered off and dried under vacuum to give a red-purple solid (0.025 g, 84%). 

1H NMR (400 MHz, CD2Cl2) δ (ppm) 8.59 (d, J = 2.0 Hz, 2H), 8.29 (d, J = 2.0 Hz, 2H), 

8.03 (dt, J = 6.8, 1.6 Hz, 8H), 7.57 (tt, J = 7.6, 1.2 Hz, 4H), 7.49 (tt, J = 7.2, 1.2 Hz, 8H), 

1.44 (s, 18H). 13C NMR (176 MHz, CD2Cl2) δ (ppm) 152.79 (s), 151.34 (s), 145.37 (s), 

139.91 (s), 134.94 (s), 133.59 (s), 132.16 (s), 129.37 (s), 129.01 (s), 127.46 (s), 124.43 (s), 

36.05 (s), 30.85 (s). 31P{1H} NMR (161 MHz, C6D6, 85% H3PO4): δ (ppm) 24.67. Anal. 

Calcd for C37H27Cl2NNiP: C, 65.61; H, 5.14; N, 1.70. Found: C, 66.10; H, 5.39; N, 1.70. 
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Figure 3.39.   1H NMR spectrum of [2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine]nickel(II) chloride in CD2Cl2 solution. 

 

Figure 3.40.   31P NMR spectrum of [2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine]nickel(II) chloride in CDCl3 solution. 
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Figure 3.41.   13C NMR spectrum of [2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine]nickel(II) chloride in CD2Cl2 solution. 

  [2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine] 

diisopropylnickel(II) (10) 

To a scintillation vial was placed (0.059 g, 0.072 mmol) of [2,7-di-tert-butyl-9-

chloro-4,5-bis(diphenylphosphino)acridine]nickel(II) chloride and dissolved using 2 mL 

of toluene. Isopropylmagnesium chloride (76 µL, 0.15 mmol) was added to the solution at 

-35 oC while stirring. The reaction mixture was set to stir at room temperature for 12 hours 

after which the solvent was evaporated to dryness. Cold 1,4-dioxane (1 mL) was added and 

the resulting suspension filtered off. The filtrate was evaporated to dryness to give product 

as a purple solid (0.0493 g, 82% yield). 1H NMR (400 MHz, C6D6) δ (ppm) 8.02 (dd, J = 

12.2, 6.6 Hz, 8H), 7.57 (d, J = 1.9 Hz, 2H), 7.30 (dd, J = 7.0, 5.0 Hz, 2H), 6.97 (d, J = 6.7 
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Hz, 12H), 2.58 (septet, J = 6.8 Hz 2H), 1.22 (s, 18H), 1.07 (d, J = 6.4 Hz, 6H). 31P{1H} 

NMR (161 MHz, C6D6, 85% H3PO4): δ (ppm) 23.24. 

 

Figure 3.42.   1H NMR spectrum of [2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine]diisopropylnickel(II) in C6D6 solution. 
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Figure 3.43.   31P NMR of [2,7-di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino) 

acridine]diisopropylnickel(II) in C6D6 solution. 

  [2,7-Di-tert-butyl-9-methoxy-4,5-bis(diphenylphosphino)acridine] 

cobalt(II) chloride (20) 

To a 20-mL scintillation vial was placed 2,7-di-tert-butyl-9-methoxy-4,5-bis 

(diphenylphosphino)acridine (0.045 g, 0.068 mmol) and (0.045 g, 0.068 mmol) of 

dichlorobis(triphenylphosphine)cobalt(II). To this mixture was added 5 mL of THF and set 

to stir for 12 hours. The solvent was removed under vacuum to give an off-green solid. 

Cold Et2O (2 mL) was added to wash the solid and then it was filtered off. The solid was 

dried under vacuum to give (0.047 g, 94% yield). It was analyzed by mass spectrum using 

HRMS (MALDI): m/z 818.21 [M+Cl2]
+ (calcd for C46H45Cl2CoNOP2: 818.17).   
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  [2,7-Di-tert-butyl-9-(2,4,6-trimethylphenoxy)-4,5-

bis(diphenylphosphino)acridine]cobalt(II) chloride (22) 

Into a 20-mL scintillation vial was placed 2,7-di-tert-butyl-9-(2,4,6-

trimethylphenoxy)-4,5-bis(diphenylphosphino)acridine (0.067 g, 0.084 mmol) and (0.055 

g, 0.084 mmol) of dichlorobis(triphenylphosphine)cobalt(II). To this was added 7.5 mL of 

THF and set to stir for 12 hours. The solvent was removed under vacuum to give a light 

green solid. Cold Et2O (3 mL) was added to wash the solid and then it was filtered off. The 

solid was dried under vacuum to give (0.076 g, 97% yield). The product was analyzed by 

mass spectrum using HRMS (MALDI): m/z 887.36 [M+Cl]+ (calcd for C54H53ClCoNOP2: 

887.26 and C54H53Cl2CoNOP2: 922.23).  

  [2,7-Di-tert-butyl-9-(2,4,6-trimethylphenoxy)-4,5-

bis(diphenylphosphino)acridine]nickel(II) chloride (19) 

  Into a 20-mL scintillation vial, (0.012 g, 0.015 mmol) of 

dichlorobis(triphenylphosphine)nickel(II) and 2,7-di-tert-butyl-9-(2,4,6-

trimethylphenoxy)-4,5-bis(diphenylphosphino)acridine (0.012 g, 0.015 mmol) were added 

then dissolved using 2 mL of dichloromethane. The reaction mixture was set to stir for 12 

hours at room temperature. Solvent was evaporated to dryness leaving behind a reddish-

purple solid. To this was added cold Et2O (1 mL) and the filtered off to give red solid. This 

was dried under vacuum giving the product (0.014 g, 99%). 1H NMR (400 MHz, THF-d8) 

δ (ppm) 8.80 (s, 2H), 8.71 (s, 2H), 7.98 (d, J = 7.4 Hz, 8H), 7.53 (t, J = 7.2 Hz, 8H), 7.18 

(t, J = 7.4 Hz, 4H), 7.03 (s, 2H), 2.31 (s, 3H), 2.11 (s, 6H), 1.25 (s, 18H). 31P{1H} NMR 

(161 MHz, C6D6, 85% H3PO4): δ (ppm) 23.77. 
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Figure 3.44.   1H NMR spectrum of [2,7-di-tert-butyl-9-(2,4,6-trimethylphenoxy)-4,5-

bis(diphenylphosphino)acridine]nickel(II) chloride in THF-d8 solution. 

 

Figure 3.45.   31P NMR spectrum of [2,7-di-tert-butyl-9-(2,4,6-trimethylphenoxy)-4,5-

bis(diphenylphosphino)acridine]nickel(II) chloride in THF-d8 solution. 
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 Reduction Experiments 

A given mass of the complex was weighed into a scintillation vial in the glovebox. 

To this was added dry and degassed THF to dissolve. Two equivalents of KC8 synthesized 

according to literature83 were dissolve in a given volume of dry and degassed THF. This 

KC8 solution was added to the complex solution dropwise while stirring at room 

temperature. The mixture was left to stir for 12 hours in the glovebox. The mixture was 

then filtered off over Celite, and the solvent remove under vacuum to get the reduced 

species as a solid. 

 Reactivity of reduced species with CO2 and CO 

A given mass of the reduced complex species was dissolved in dry and degassed 

THF-d8 solution. The solution was then transferred into a J-Young NMR tube. This was 

then degassed several times through freeze-pump-thaw cycles. Then 1 atm of the respective 

gas was introduced into the J-Young tube. The sample was agitated for about 30 min and 

in some cases (reaction of CO2 with nickel complexes) overnight. The products were 

analyzed using spectroscopic methods.  

3.4.4 X-ray Diffraction Studies 

A suitable crystal of complex 7 from a DCM solution layered with Et2O and kept 

at -35 oC was selected and mounted on a loop on Bruker APEX-II CCD diffractometer 

using paratone oil. The crystal was kept at 100(2) K during data collection. Using Olex2,84 

the structure was solved with ShelXD85 structure solution program using Dual Space and 

refined with the ShelXL86 refinement package using Least Squares minimisation. 
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Crystal Data for C46H44Cl5CoNP2 (M =908.94 g/mol), (7): monoclinic, space 

group P21/n (no. 14), a = 9.6819(5) Å, b = 30.4563(14) Å, c = 15.0708(9) Å, β = 

93.805(2)°, V = 4434.2(4) Å3, Z = 4, T = 100(2) K, μ(MoKα) = 0.793 mm-1, Dcalc = 

1.362 g/cm3, 77780 reflections measured (4.424° ≤ 2Θ ≤ 60.136°), 12977 unique (Rint = 

0.0458, Rsigma = 0.0340) which were used in all calculations. The final R1 was 0.0592 (I > 

2σ(I)) and wR2 was 0.1358 (all data). 

A suitable crystal of complex 9 from a slow evaporation benzene and toluene 

solution was selected and mounted on a loop on Bruker APEX-II CCD diffractometer using 

paratone oil. The crystal was kept at 100(2) K during data collection. Using Olex2,84 the 

structure was solved with ShelXT85 structure solution program using Intrinsic Phasing and 

refined with ShelXL87 refinement package using Least Squares minimisation.  

Crystal Data for C55H53Cl3NNiP2 (M =954.96 g/mol), (9): triclinic, space group P-

1 (no. 2), a = 11.4684(5) Å, b = 15.3120(7) Å, c = 15.4461(7) Å, α = 65.826(2)°, β = 

83.663(2)°, γ = 74.927(2)°, V = 2389.38(19) Å3, Z = 2, T = 100(2) K, μ(MoKα) = 0.679 

mm-1, Dcalc = 1.327 g/cm3, 33460 reflections measured (4.668° ≤ 2Θ ≤ 61.016°), 14477 

unique (Rint = 0.0470, Rsigma = 0.0715) which were used in all calculations. The final R1 

was 0.0490 (I > 2σ(I)) and wR2 was 0.1076 (all data).  

3.4.5 EPR Experiments 

Samples for EPR measurements were prepared under N2 atmosphere in the 

glovebox. The radical anion of (ArO)PNP-acridine was generated by reducing 0.01 g of 

the ligand using 1 equivalent of KC8 (0.002 g) in 1 mL of THF. The mixture was filtered 

over Celite and dried under vacuum. Into a vial, 0.005 g of this product was dissolved in 
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300 µL of dry THF and transferred to an EPR tube and sealed in the glovebox. Into another 

vial, 0.01 g of [(ArO)PNP-acridine]Co(CO)2 was dissolved in 0.7 mL of dry THF and 

transferred to an EPR tube then sealed. The X-band continuous wave (CW) EPR 

measurements were performed on a Bruker EMX spectrometer with 9.839 GHz at 298 K 

for both samples. Simulation data were obtained using EasySpin (available at 

www.easyspin.org) package for Matlab 2018a using the garlic method.88  
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CHAPTER 4.      NICKEL COMPLEXES OF CY-XANTPHOS, 

CHARACTERIZATION, AND APPLICATION IN CO2 FIXATION  

 

4.1 Background 

4.1.1 Industrial applications of CO2 and its catalytic transformations using transition 

metal complexes 

CO2 exists in abundant quantity as a byproduct of energy generation.1 Its use as 

renewable, non-toxic C1 building block is a very attractive goal for synthetic chemistry on 

a laboratory and industrial scale.1-3 Currently, CO2 is used in the chemical industry for 

production of urea, salicyclic acid, cyclic carbonates, and polypropylene carbonates.4 Its 

reduction to CO5-10, methane or methanol11 are still far less implemented due to the energy 

barriers that need to be overcome.12 This has led to increased interest in designing catalytic 

processes that use CO2 in C-C bond formation, which when achieved could have positive 

ramifications on efforts towards carbon management.13-22 But that process has to be able 

to overcome the kinetic and thermodynamic stability of CO2 by providing reactive 

intermediates that can attack the low-energy CO2 molecule while achieving high selectivity 

for the desired product.2 

CO2 reacts with different transition metals through either its electrophilic carbon, 

its two equivalent C-O π bonds or its nucleophilic oxygen.12 As such, it is capable of 

forming a variety of coordination complexes,15, 23-27 with the most common binding modes 

being 1 and 2.12  
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Figure 4.1.   Possible coordination modes of CO2 to transition-metal complexes. 

4.1.2 Biological activation of CO2 at a nickel center and the role of a Lewis acid in the 

process 

Biological reduction of CO2 to CO (a primary industrial C1 source) takes place 

efficiently at a square planar nickel center,3, 28-29 where nickel(0) has been proposed to be 

responsible for the CO2 uptake.30 X-ray crystallography revealed the active site to contain 

a [NiFe4S4] core3, 29-34 where CO2 is proposed to bind forming Ni-COO-Fe and subsequent 

protonation cleaves C-O bond leaving behind a Ni(II)-CO fragment.35 As such the 

coordination of CO2 and CO at nickel centers supported by pincer ligands to enforce a 

square planar geometry is of interest, and has been widely explored35-45 even though the 

exact mechanistic details remain debatable.46-48 

Lee and co-workers recently showed that addition of CO2 to nickel(0) supported by 

4,5-bis(diisopropylphosphino)-2,7,9,9-tetramethyl-9H-acridin-10-ide (acriPNP)45 in the 

presence of Na+ leads to formation of LNi-COONa. As in Ni-COO-Fe, the addition of two 

equivalents of H+ leads to formation of LNi-CO complex, (acriPNP-Ni(II)CO) (see Scheme 

4.1).45   
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Scheme 4.1.   Activation of CO2 at a nickel center and subsequent reaction with H+.    

4.1.3 Ligand architecture and effects on CO2 binding modes 

The groups of Aresta, and later Hillhouse, demonstrated η2-CO2 binding modes at 

low-valent nickel species when two phosphorus donors were present in their complexes 

(PCy3)2Ni(η2-CO2) (I)49 and (dtbpe)Ni(η2-CO2) (II)50 respectively (see Figure 4.2). Many 

four-coordinate Ni(0) species tend to form η1-CO2 complexes in which the C-O bonds 

possess a greater degree of single bond character.37, 44 The bonds are thus elongated and 

readily interacts with Lewis acids, making them easier to cleave during reduction processes 

and favoring the formation of carbonyl complexes.37 We were however interested in 

reducing the metal center in LNi(CO2) in an η2-binding mode followed by insertion of CO2 

or CO without cleavage of the C-O bond in LNi(CO2). We envisioned that use of a ligand 

framework such as that based on Xantphos would enable synthesis of η2-CO2 complexes. 

 

Figure 4.2.   η2-CO2 binding modes at low-valent nickel species. 
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Scheme 4.2.   Xantphos51-52 Ni π-complexes obtained from reaction of Ni(COD)2, 

Xantphos and 2 equiv. of alkenes or alkynes.61 

Xantphos ligands (structure III, Scheme 4.2) 51-52 are phosphorus-based chelates 

with a semirigid backbone, and normally bind to metals via the two phosphorus donors. 

These ligands have a wide bite angle and have been used in a number of nickel-catalyzed 

reactions including hydrocyanation,53-56 alkylcyanation,57 cross coupling,58 conversion of 

ethylene into 1-butene59 and cycloaddition.60 With the evidence for Xantphos-based Ni-π 

complexes (see Scheme 4.2 above),61 we hoped that (Cy-xantphos)Ni(0) would form η2-

CO2 complexes that are stable enough as to enable transformation of CO2 as C1 source. To 

investigate this possibility, low-valent Cy-xantphos nickel complexes were synthesized 

and their reactivity with CO2 under different conditions tested.  
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4.2 Results and Discussions 

4.2.1 Synthesis and characterization of (Cy-xantphos)nickel complexes 

   

Scheme 4.3.   Synthesis of (Cy-xantphos)Ni(0) using Ni(COD)2. 

Route 1: Cy-xantphos reacts with Ni(COD)2 (where COD is 1,5-cyclooctadiene) 

to form (Cy-xantphos)Ni(COD) complex (4) with liberation of free COD as seen from the 

1H NMR with resonances at δ 5.58 and 2.22 ppm. Hydrogenation of the resulting complex 

shows a decrease in the intensity of free COD resonances in the 1H NMR spectrum, to form 

what is presumed to be a solvent-bound (Cy-xantphos)Ni(0) complex (5) (Scheme 4.3). 

Route 2: Treatment of Cy-xantphos with (PPh3)2NiCl2 leads to formation of a 

purple solid identified as (Cy-xantphos)NiCl2, (6) through spectroscopic as well as solid-

state analysis. Reduction of this nickel(II) complex using KC8 produces the low-valent 

complex 5.  
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Scheme 4.4.   Synthesis of (Cy-xantphos)Ni(0) via reduction of (Cy-xantphos)Ni(II). 

Crystal structure obtained from a dichloromethane solution of 6 (Figure 4.3) layered with 

diethyl ether and kept at -35 oC reveals a four-coordinate (Cy-xantphos)NiCl2 with P-Ni 

bond of about 2.351 Å. The bonds are long enough that the Ni is held ca. 2.982 Å above 

oxygen at an angle of 118.7(7)o.  

 

Figure 4.3.   Solid-state structure of 6 shown as 50% probability ellipsoids. 

H atoms omitted for clarity with selected interatomic distances (Å) and angles (o): O1-Ni1, 

2.982; Ni1-P1, 2.345(6); Ni1-P2, 2.356(1); C25-P1, 1.828(3); C32-P2, 1.826(2); P1-Ni1-

P2, 118.7(7); P1-Ni1-Cl1, 98.1(4); P1-Ni1-Cl2, 103.1(4); P2-Ni1-Cl1, 101.6(3); P2-Ni1-

Cl2, 100.5(8).  
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4.2.2 Application of Cy-xantphos nickel complexes in CO2 activation 

 

Scheme 4.5.   Synthesis of (Cy-xantphos)Ni(CO2). 

Reaction of 5 with CO2 led to an immediate color change from either dark brown 

(route 1) or red-brown (route 2) to brownish-yellow. Analysis of this product by FTIR 

shows an absorption at 1742 cm-1 in the infrared spectrum which could be resulting from 

the C=O stretch of the (Cy-xantphos)Ni(CO2) complex (Figure 4.4). This absorption is 

close to that observed by Aresta and co-workers for their side-on bound CO2 in 

(PCy3)2Ni(η2-CO2)
49and that of Hillhouse and co-workers in (dtbpe)Ni(η2-CO2)

50 at 1741 

cm-1 and 1724 cm-1 respectively. These values are slightly higher compared to those 

observed for tridentate ligands that normally participate in η1 binding modes (Table 4.1 

below). 
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Figure 4.4.   IR of (Cy-xantphos)Ni(CO2) (film). 

There is another stretch in the IR at 1896 cm-1 (Figure 4.4) from the reaction of CO2 with 

the (Cy-xantphos)Ni(0) obtained through reduction of (Cy-xantphos)NiCl2 by KC8 which 

is suspected to be that of CO. This could result from further reduction of CO2 in (Cy-

xantphos)Ni(CO2). 

Table 4.1.  Comparison of selected physical parameters between PNP and POP nickel CO2 

complexes. 

Complex ʋCO2 (cm-1) C-O (Å) 

(PCy3)2Ni(CO2)  (1)49 1741 1.22, 1.17 

(dtbpe)Ni(CO2)  (2)50 1724 1.200(3), 1.266(3) 

(PPMeP)Ni(CO2)  (3)44 1682 1.218(2), 1,252(2) 

(PPMeP)Ni(COOB(C6F5)3)  (4)44 1631 1.223(4), 1.340(4) 

(Cy-xantphos)Ni(CO2)  (5) 1742  

Table 2 also shows how spectroscopic data and bond lengths relate to the degree of 

CO2 activation. Both 1, 2 and 5 have fairly high absorption frequencies in the infrared 
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spectrum compared to 3 and 4. The two C-O bond lengths for each complex 1-3 are fairly 

close, but the effect of a Lewis acid in elongating the C-O bond is evident in 4. The presence 

of borane in 4 causes the bond lengths to differ by ~0.12 Å, a clear indication that one of 

the C=O bonds has developed more of a single bond character. 

4.2.3 Confirmatory test for Ni-CO2 complex formation using 13CO2 experiment 

Under reaction conditions similar to those used with natural abundance CO2, (Cy-

xantphos)Ni(0) was treated with 13CO2. The data obtained from this experiment points to 

a successful synthesis of (Cy-xantphos)Ni(13CO2). In the 13C NMR spectrum, there is a 

triplet resonance at δ 157.26 ppm with a coupling constant of 9.5 Hz, while in the 31P NMR 

spectrum, a single doublet resonance is observed at δ 14.67 ppm with a coupling constant 

of 9.6 Hz as well. The FTIR data shows a shift in absorption from 1742 cm-1 to 1697 cm-1 

in the infrared spectrum (Figure 4.5). Studies on (PCy3)2Ni (13CO2) showed infrared 

absorption shifts from 1741 cm-1 to 1696 cm-1 and a resonance at δ 159.28 ppm in the 13C 

NMR.15, 62-63 This data strongly suggests formation of nickel CO2 adducts from the reaction 

of CO2 with low-valent Cy-xantphos nickel species. 
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Figure 4.5.   IR of (Cy-Xantphos)Ni(13CO2) (film).  

The results could not prove whether there was formation of NiCO adducts in the 

course of the reaction. However, literature precedents show that the interaction of transition 

metal complexes with CO2 leads to disproportionation into carbonato and carbonyl 

complexes.64-65 In the reaction of Ni(dcpe) (dcpe = 1,2-bis(dicyclohexylphosphino)ethane) 

with CO2, Mastrorilli and co-workers observed formation a strong band at 1741 cm-1 

together with a weak band at 1898 cm-1.66 After further studies, they assigned the 

absorption at 1898 cm-1 to the carbonyl carbon stretch in (dcpe)NiCO. In our case, it is 

very likely that the band at 1896 cm-1 results from (Cy-Xantphos)Ni(CO). 
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4.2.4 Synthesis of Cy-xantphos nickel dicarbonyl via CO2 displacement 

 

Scheme 4.6.   Synthesis of (Cy-xantphos)Ni(CO)2. 

The reaction of (Cy-Xantphos)Ni(CO2) with CO at room temperature leads to 

formation of (Cy-Xantphos)Ni(CO) complex (Scheme 4.6). The obtained complex shows 

two strong absorptions at 1981 cm-1 and 1913 cm-1 in the infrared spectrum which must be 

originating from the two inequivalent carbonyls (Figure 4.7). The complex also gives a 

triplet resonance at δ 201.92 ppm with a coupling constant of 6.5 Hz in the 13C NMR 

spectrum. The solid state structure reveals C-O bond of length of 1.18(3) Å on average, 

compared to (1.128 Å for C-O triple bond in CO) and (1.162 Å for C-O double bond in 

CO2).
67 The nickel is held 0.967 Å above the cy-xantphos plane at a Ni1-O1-C3 angle of 

146.0(4)o. These observations compare well with other previously reported nickel carbonyl 

complexes of terdentate pincer ligands (Table 4.2).  

Table 4.2.  Comparison of selected physical parameters between PNP and POP nickel 

carbonyl complexes. 

Complex ʋCO (cm-1) C-O (Å) Ni-C (Å) 

{(acriPNP)Ni(CO)}-   (1)45 1828 1.18(1) 1.77(1) 

(acriPNP)Ni(CO)    (2)45 1931 1.14(9) 1.76(5) 

(Cy-xantphos)Ni(CO)2      (3) 1981, 1913 1.18(1), 1.18(4) 1.75(9), 1.73(5) 
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Data from this independently synthesized Cy-xantphos nickel carbonyl complex will be an 

important point of reference for the reduction products of (Cy-xantphos)Ni(CO2).  

 

Figure 4.6.   Solid-state structure of (Cy-xantphos)Ni(CO)2 shown as 50% probability 

ellipsoids. H atoms are omitted for clarity. Selected interatomic distances (Å) and angles 

(o): O1-Ni1, 3.175; Ni1-P1, 2.259(7); Ni1-P2, 2.258(2); C10-P1, 1.837(6); C6-P2, 

1.841(2); C40-O2, 1.181(4); C41-O3, 1.184(4); P1-Ni1-P2, 118.6(3); P1-Ni1-C40, 

106.2(9); P1-Ni1-C41, 99.5(4); P2-Ni1-C40, 107.3(6); P2-Ni1-C41, 98.4(0).  
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Figure 4.7.   IR of (Cy-Xantphos)Ni(CO)2 (film). 

4.2.5 Manipulation of (Cy-xantphos)Ni(CO2) adduct 

Selectivity remains a key issue in CO2 functionalization to higher value products. 

As such, the products obtained from CO2 reduction range from oxalic acid (1-electron), 

carbon monoxide or formic acid (2-electron), formaldehyde (4-electron), and methanol (6-

electron) all the way to hydrocarbons.3 Partial reduction of CO2 produces CO, an attractive 

target as it remains the primary C1 building block. 

The presence of internal dipoles along the C=O bonds in CO2 gives it the ambiphilic 

character. This character enables bifunctional activation of CO2, and nature takes 

advantage of this in which the low-valent (nucleophilic) nickel sites attacks the 

electrophilic carbon of CO2 while the oxygen is stabilized by a Lewis acid, Fe.30, 68 In trying 

to mimic nature, the past 30 years has seen development of transition-metal complexes for 

CO2 activation and catalytic reduction based on this observation.69-71 Our interest in 
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investigating whether a Lewis acid stabilized (Cy-xantphos)Ni(CO2) would undergo 

further reduction at the nickel center and allow CO or CO2 insertion led to the following 

studies.     

 Reduction of (Cy-xantphos)Ni(13CO2) with KC8 in presence of magnesium 

triflate 

 

Scheme 4.7.   Reduction of (Cy-xantphos)Ni(13CO2) in presence of Mg(OTf)2. 

There is no change in the 31P and 13C NMR spectra when magnesium triflate is 

added to the (Cy-xantphos)Ni(13CO2) complex. But on addition of one equivalent of KC8 

to this complex, a new product that has a triplet resonance at δ 199.84 ppm with a coupling 

of 29.9 Hz in the 13C NMR spectrum was formed (Figure 4.8). Compared to the 

independently synthesized (Cy-xantphos)Ni(CO)2, this peak would correspond to a 

carbonyl carbon. It is therefore within reason to expect that the one equivalent of reducing 

agent intended to reduce the nickel center instead was consumed in the reduction of some 

of the bound CO2. The triplet resonance at δ 157.97 ppm in the spectrum is originally from 

the carbon of (Cy-xantphos)Ni(13CO2) but it is significantly reduced in intensity (see Figure 

4.16). Reduction of (Cy-xantphos)Ni(13CO2) using sodium naphthalenide solution leads to 

the same observation.  
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Figure 4.8.   A portion of 13C NMR spectrum of the product formed from the reduction of 

(Cy-xantphos)Ni(13CO2) in presence of Mg(OTf)2. 

 Reaction of (Cy-xantphos)Ni(13CO2) with amidinium salt followed by reduction 

i. Preparation of amidine salt72 

Reaction between N,N-dicyclohexylcarbodiimide and phenyllithium forms a 

lithium amidinate complex, which on hydrolysis with a weakly acidic solution, leads to 

formation of 9 (Scheme 4.8). The complex reacts with ethereal tetrafluoroboric acid to give 

the amidinium tetrafluoroborate salt 10 (amidinium-BF4). This is expected to be a possible 

hydrogen bond donor compound capable of interacting with the (Cy-xantphos)Ni(CO2).   
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Scheme 4.8.   Synthesis of amidinium-BF4 salt. 

ii. Reduction of (Cy-xantphos)Ni(13CO2) in the presence of amidinium-BF4 

salt 

Scheme 4.9.   Reduction of (Cy-xantphos)Ni(13CO2) in presence of amidinium-BF4 

followed by CO2 addition.  

On treatment of (Cy-xantphos)Ni(13CO2) with the amidinium salt (Scheme 4.9) 

followed by reduction with KC8 then exposure to CO2, the 31P NMR spectrum shows a 

singlet resonance at δ 15.92 ppm instead of the initial doublet obtained for Ni13CO2 adduct. 

The 13C NMR spectrum gives a major broad singlet resonance at δ 171.35 ppm instead of 

the earlier recorded triplet at δ 159.21 ppm for (Cy-xantphos)Ni(13CO2) as shown in Figure 

4.9 below. On standing for 24 hours, the triplet resonance at δ 200.24 ppm intensifies and 

the 31P NMR spectrum shows multiple peaks. The IR spectrum of the resulting product 

shows no N-H stretch as seen in IR spectrum of the amidinium-BF4 salt before the reaction. 
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Figure 4.9.   13C NMR spectrum of (Cy-xantphos)Ni(13CO2) before (1) and after (2) 

reduction in presence of amidinium-BF4 salt. 

Previously, complexes of CO2 in η2-binding mode similar to those obtained by 

Aresta49 and Hillhouse50 were shown to add another molecule of CO2 in a head-to-tail 

fashion to form a dimer of CO2 (Figure 4.10) prior to reductive disproportionation to give 

CO and CO3
2-.69, 73-75  

 

Figure 4.10.   An iridium CO2 dimer. 

171.35 
200.24 

159.21 
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Besides disproportionation, the application of amidinium-BF4 in this reaction could 

provide a bifunctional system that works to initiate the attack of the bound CO2 by H+ 

followed by reduction to give monocarbonyl complex and water as a byproduct.63, 76 

The 13C NMR can often be used to identify the CO2 complexes especially when 

isotopically labeled CO2 is employed in their synthesis. [Ni(dcpe)][CO3] and [Ni(dcpp)( 

η2-CO2)] (dcpp = 1,3-bis(dicyclohexylphosphino)propane) exhibit nearly identical 

chemical shifts for the central carbon at δ 166.2 ppm and 164.2 ppm respectively, but the 

carbonate appears as a singlet while the CO2 complex exhibits coupling.66 In the reaction 

of low-valent Ni(dcpe) with 13CO2, Mastrorilli and co-workers observed formation of a 

triplet resonance at δ 204.1 ppm which they ascribed to monocarbonyl species 

Ni(dcpe)(13CO) and the singlet resonance at δ 166.2 ppm to Ni(dcpe)(CO3).
66 Comparably, 

in the reaction of (Cy-xantphos)Ni(13CO2) with KC8 in presence of amidinium-BF4, the 

newly formed broad singlet at δ 171.35 ppm can be ascribed to a carbonate carbon. The 

triplet resonance at δ 200.24 ppm observed in the 13C NMR can be assigned to the carbonyl 

carbon of (Cy-xantphos)Ni(13CO)2. This resonance is nearly identical to that obtained for 

the independently synthesized (Cy-xantphos)Ni(13CO)2 at δ 201.92 ppm.  

4.3 Concluding Remarks 

We have herein synthesized and characterized (Cy-xantphos)Ni(II) complex. We 

have showed that when reduced, this complex binds both the CO and CO2 molecules. The 

carbonyl complex shows two strong inequivalent absorptions in the infrared at fairly high 

CO vibrational frequencies (ʋCO= 1981, 1913 cm-1). Coupled with the fairly short C-O bond 
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length for a transition metal bound CO (1.183 Å), there seems to be a weak back-donation 

from Ni center to CO π* orbitals. 

The interaction between a transition metal bound CO2 with a Lewis acid seems to 

have an overall effect of C-O bond elongation as shown in 4 Table 4.1. This make it easier 

to cleave the C-O bond during the subsequent reduction step to form the respective 

carbonyl complexes. It is possible that a similar effect is experienced when (Cy-

xantphos)Ni(CO2) is treated with Lewis acids. Reduction of (Cy-xantphos)Ni(CO2) in 

presence of Mg2+ ions forms mainly a carbonyl product as seen in the 13C NMR spectrum. 

The same observations are made, albeit not cleanly, when the reduction of (Cy-

xantphos)Ni(CO2) is carried out in presence of hydrogen bond donor, amidinium-BF4 salt.  

4.4 Experimental 

4.4.1 General Considerations 

All reactions, unless otherwise stated, were carried out in an MBraun inert 

atmosphere (nitrogen) glovebox, or in a resealable glassware on a Schlenk line under argon 

atmosphere. Glassware and magnetic stir bars were dried in a ventilated oven at 160 °C 

and were allowed to cool under vacuum. Molecular sieves (Alfa Aesar) and Celite (EMD 

545) were dried under vacuum for at least twelve hours at 160°C. 

1H, 31P spectra were obtained using a Varian Vx 400 MHz or Varian Mercury 300 

(300.323 MHz for 1H) spectrometer and 13C, NMR spectra were obtained using either 

Avance IIIHD 500 spectrometer, or Bruker Avance IIIHD 700 spectrometer. 1H and 13C 

NMR chemical shifts are referenced with respect to solvent signals and are reported relative 
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to tetramethylsilane.77 31P NMR chemical shifts were referenced to 85% H3PO4 as an 

external standard. Elemental analyses were performed by Atlantic Microlab, Inc. in 

Norcross, GA. Infrared spectra were collected from neat and liquid samples using a Bruker 

Alpha-P infrared spectrometer equipped with an attenuated total reflection (ATR) 

attachment. Since the instrument is inside glovebox, data acquisition for air and moisture 

sensitive samples were all carried out in the glovebox. 

4.4.2 Materials and Methods 

Dichloromethane (BDH), diethyl ether (EMD Millipore Omnisolv), hexanes (EMD 

Millipore Omnisolv), tetrahydrofuran (THF, EMD Millipore Omnisolv), and toluene 

(EMD Millipore Omnisolv) were sparged with ultra-high purity argon (NexAir) for 30 

minutes prior to first use, dried using an MBraun solvent purification system. These 

solvents were further dried over sodium benzophenone ketyl, transferred under vacuum to 

an oven-dried sealable flask, and degassed by successive freeze–pump–thaw cycles. 

Anhydrous benzene (EMD Millipore Drisolv) and anhydrous pentane (EMD Millipore 

Drisolv), both sealed under a nitrogen atmosphere, were used as received and stored in a 

glovebox. Methanol (BDH), acetone (BDH), dichloromethane (BDH) hydrochloric acid 

(EMD) for benchtop work were used as received. Tap water was purified in a Barnstead 

International automated still prior to use. 

Dichloromethane-d2 (Cambridge Isotope Labs) and acetonitrile-d3 (Cambridge 

Isotope Labs) were dried over excess calcium hydride overnight, vacuum-transferred to an 

oven-dried sealable flask, and degassed by successive freeze-pump-thaw cycles. 

Tetrahydrofuran-d8 (Cambridge Isotope Labs), benzene-d6 were dried over sodium 
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benzophenone ketyl, vacuum-transferred to an oven-dried sealable flask, and degassed by 

successive freeze-pump-thaw cycles. Deuterium oxide (Cambridge Isotope Labs), 

chloroform-d (Cambridge Isotope Labs), methanol-d4 (Cambridge Isotope Labs) and 

methanol-d1 (Cambridge Isotope Labs) were used as received. 

Sodium tert-butoxide (TCI America), potassium tert-butoxide (Alfa-Aesar), 

magnesium sulfate (Alfa-Aesar), alumina (EMD), sodium metal (Alfa-Aesar), 

benzophenone (Alfa-Aesar), calcium hydride (Alfa-Aesar), 13CO2 (Cambridge Isotope 

Labs), hydrogen (Sigma- Aldrich), nitrogen (NexAir), carbon monoxide (GT&S Inc.) and 

argon (both industrial and ultra-high purity grades, NexAir) were used as received. Natural 

abundance carbon dioxide (NexAir) was passed through phosphorus pentoxide (Sigma-

Aldrich) to ensure dryness. Ni(COD)2 (Strem), magnesium triflate (Strem), 

dicyclohexylcarbodiimide (Sigma Aldrich), phenyllithium (Sigma Aldrich), trifluoroboric 

acid ether complex (Sigma Aldrich), Cy-xantphos (Matrix Scientific) were all used as 

received.  

4.4.3 Experimental Procedures 

 4,5-Bis(dicyclohexylphosphino)-9,9-dimethylxanthene nickel(II) dichloride or 

(Cy-xantphos)NiCl2 (6) 

To a 20-mL scintillation vial was added 4,5-bis(dicyclohexylphosphino)-9,9-

dimethylxanthene (Cy-xantphos) (0.042 g, 0.066 mmol) and dichlorobis(triphenyl-

phosphine)nickel(II) (0.043 g, 0.066 mmol). To this was added 5 mL of dry and degassed 

dichloromethane to dissolve, giving a blue solution. It was stirred for 12 hours after which 

solvent was removed under vacuum to give pinkish-blue solid. To this crude was added 2 
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mL of cold diethyl ether and filtered off, rinsed with 1.5 mL of cold diethyl ether and the 

resulting pink solid dried under vacuum to give (0.045 g, 93%). 1H NMR (300 MHz, 

CD2Cl2) δ (ppm) 10.62 (s, br, 4H), 8.50 (s, br, 4H), 5.41 (s, br, 4H), 3.10 – 0.95 (m, 50H). 

31P NMR (161 MHz, THF-d8, 85% H3PO4): δ (ppm) (br, s, 12.04. Anal. Calcd for 

C39H56Cl2NiOP2: C, 63.96; H, 7.71. Found: C, 63.70; H, 7.71.  

 

Figure 4.11.   1H NMR spectrum of (Cy-xantphos)NiCl2 in CD2Cl2 solution.  

 [4,5-Bis(dicyclohexylphosphino)-9,9-dimethylxanthene]nickel(0) (5) 

Method A. To 4,5-bis(dicyclohexylphosphino)-9,9-dimethylxanthene (0.024 g, 

0.041 mmol) in a 20-mL scintillation vial was added 2 mL of dry and degassed THF to 

dissolve. To another vial fitted with a stir-bar was added Ni(COD)2 (0.014 g, 0.051 mmol) 

followed by 1.5 mL of THF to dissolve. This ligand solution was added dropwise over 5 
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min to the nickel solution while stirring, leading to formation of brown solution. Stirring 

was continued at room temperature for 2 hours. The solution was concentrated to about 1 

mL then transferred to a J-young NMR tube. This was degassed by freeze-pump-thaw 

cycles and then 1 atm of hydrogen added. The mixture was agitated for 24 hours at room 

temperature leading to a decrease in the intensity of free COD. 

Method B. To [4,5-bis(dicyclohexylphosphino)-9,9-dimethylxanthene]nickel(II) 

chloride (0.022 g, 0.027 mmol) in a 20-mL scintillation vial fitted with a stir-bar in a 

glovebox was added 2 mL of dry and degassed THF to dissolve. Into another vial was 

added KC8 (0.007 g, 0.055 mmol) followed by 1 mL of THF. This solution of KC8 was 

added dropwise to the THF solution of the complex over 5 min while stirring. The reaction 

was left to stir at room temperature for 18 hours after which it was filtered over Celite to 

give dark red solution. The solvent was removed under vacuum to give the product as a red 

solid. 1H NMR (300 MHz, C6D6) δ (ppm) 7.27 (d, J = 7.5 Hz, 2H), 7.05 (d, J = 6.8 Hz, 

2H), 6.96 (t, J = 7.5 Hz, 2H), 2.22 (s, 6H), 1.90 – 1.28 (m, 44H). 13C NMR (176 MHz, 

C6D6) δ (ppm) 157.82 (t, J = 6.0 Hz), 135.07 (s), 129.34 (s), 128.22 (s), 127.98 (s), 124.14 

(s), 123.33 (t, J = 6.3 Hz), 122.73 (s), 36.75 (t, J = 9.8 Hz), 36.03 (s), 35.41 (s), 29.18 (s), 

29.09 (s), 27.96 (s), 27.57 (s), 27.18 (s), 26.56 (s), 23.57 (s). 31P NMR (161 MHz, THF-d8, 

85% H3PO4): δ (ppm) 7.52. 
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Figure 4.12.   1H NMR spectrum of (Cy-xantphos)Ni(0) in C6D6 solution.  

 

Figure 4.13.   31P NMR spectrum of (Cy-xantphos)Ni(0) complex in THF-d8 solution.  
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Figure 4.14.   13C NMR spectrum of (Cy-xantphos)Ni(0) in C6D6 solution.  

 (Cy-xantphos)Ni(CO2) (7) 

The (Cy-xantphos)Ni(0) complex was taken up in THF-d8 solution and transferred 

to a J-Young tube and degassed severally. CO2 was then introduced into this tube and the 

sample taken for NMR after one hour. 1H NMR (400 MHz, THF-d8): δ (ppm) 7.50 (2H, 

d), 7.41 (2H, br d), 7.18 (t, 2H), 2.38 (10H, pseudo-d), 1.16-1.69 (51H, m). 13C NMR (176 

MHz, C6D6) δ 159.32 (NiCO2, t, J = 7.4, Hz), 157.96 (t, J = 5.9 Hz), 134.85 (s), 130.46 (s), 

128.22 (s), 126.04 (s), 124.38 (s), 123.27 (s), 119.00 (t, J = 9.5 Hz), 35.92 (s), 33.35 (t, J = 

10.9 Hz), 29.88 (s), 28.65 (s), 27.95 (s), 27.37 (s), 27.09 (t, J = 6.7 Hz), 26.89 (t, J = 4.2 

Hz), 26.28 (s). 31P NMR (161 MHz, THF-d8, 85% H3PO4): δ (ppm) 14.70. IR (film) cm-1: 

3067, 2921, 2849, 2234, 2079, 1900, 1742, 1446, 1400, 1219, 1098, 1047, 744, 495. 
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Figure 4.15.   1H NMR spectrum of (Cy-xantphos)Ni(CO2) in THF-d8 solution.  

 

Figure 4.16.   31P NMR spectrum of (Cy-xantphos)Ni(CO2) in THF-d8 solution.  
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Figure 4.17.   13C NMR spectrum of (Cy-xantphos)Ni(CO2) in C6D6 solution. 

 (Cy-xantphos)Ni(13CO2) 

(Cy-xantphos)Ni(0) was dissolved in THF-d8 solution and transferred to a J-Young 

tube. This was degassed by freeze-pump-thaw cycles after which 1 atm of 13CO2 was added 

into the tube leading to an immediate color change from red to brown. The sample was 

analyzed by IR and NMR. 13C{1H} NMR (176 MHz, THF-d8): δ (ppm) 159.19 (t, J = 5.6 

Hz), 158.05 (Ni-13CO2, t, J = 9.6 Hz), 136.48 (CAr), 131.14 (CAr), 128.84 (CAr), 126.80 

(CAr), 125.68 (13CO2), 123.96(CAr), 118.62 (CAr), 68.03 (CCH2), 37.12 (CCH2), 33.83             

(t, CCH2), 30.56 (CCH3), 29.35 (CCH2), 27.83 (t, CCH2), 27.15 (CCH2), 26.19 (CCH2). 
31P{1H} 

NMR (161 MHz, THF-d8, 85% H3PO4): δ (ppm) 14.67 (d, J = 9.6 Hz). IR (film) cm-1: 

3065, 2921, 2847, 2234, 2079, 1697, 1616, 1446, 1398, 1047, 711, 495.  
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Figure 4.18.   13C NMR spectrum of (Cy-xantphos)Ni(13CO2) in THF-d8 solution.  

 

Figure 4.19.   31P NMR spectrum of (Cy-xantphos)Ni(13CO2) in THF-d8 solution.  
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 [4,5-Bis(dicyclohexylphosphino)-9,9-dimethylxanthene]nickel carbonyl (8) 

(Cy-xantphos)Ni(0) was taken up in 1 mL of C6D6 and transferred to a J-Young 

tube. This was degassed severally using freeze-pump-thaw cycles. CO (1 atm) was then 

introduced into this tube and the sample analyzed by IR and NMR after 2 hours. 1H NMR 

(700 MHz, C6D6) δ (ppm) 7.28 (d, J = 7.0 Hz, 2H), 7.11 (d, J = 7.7 Hz, 2H), 7.00 (t, J = 

7.7 Hz, 2H), 2.25 (t, J = 11.8 Hz, 4H), 2.15 (d, J = 11.9 Hz, 4H), 2.07 (d, J = 12.6 Hz, 

4H), 1.76 (dd, J = 23.1, 10.5 Hz, 16H), 1.61 (d, J = 12.6 Hz, 4H), 1.27 (m, 18H), 1.17 (t, 

J = 12.6 Hz, 4H). 13C NMR (176 MHz, C6D6) δ (ppm) 201.92 (t, J = 6.5 Hz), 156.14 (t, J 

= 5.1 Hz), 145.48 (s), 134.20 (s), 128.99 (s), 128.24 (s), 127.98 (d, J = 7.3 Hz), 125.04 

(s), 122.60 (s), 36.60 (t, J = 8.8 Hz), 35.77 (s), 29.20 (s), 28.16 (s), 27.69 (d, J = 2.5 Hz), 

27.59 (t, J = 5.1 Hz ), 27.40 (t, J = 5.1 Hz), 26.45 (s), 23.67 (s). 31P{1H} NMR (161 

MHz, THF-d8, 85% H3PO4): δ (ppm) 15.91. IR (film) cm-1: 3065, 2923, 2849, 2236, 

2081, 1981, 1913, 1446, 1400, 1230, 1047, 750, 491. 
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Figure 4.20.   1H NMR spectrum of (Cy-xantphos)Ni-(CO)2 in C6D6 solution. 

 

Figure 4.21.   13C NMR spectrum of (Cy-xantphos-Ni-(CO)2 in C6D6 solution. 
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Figure 4.22.   31P NMR spectrum of (Cy-xantphos)Ni-(CO)2 in C6D6 solution.  

 Synthesis of amidinium-BF4 salt (10) 

Into a 250-mL Schlenk flask was added dicyclohexylcarbodiimide (2.00 g, 9.69 

mmol). To this was added 30 mL of diethyl ether to dissolve. The solution was cooled 

using ice-water bath then phenyllithium in di-n-butylether (1.8 M, 27 mL, 0.05 mol) added 

dropwise over 20 minutes while stirring. After complete addition, the cooling bath was 

removed and the mixture stirred at room temperature for 16 hours. It was then diluted with 

50 mL of cold 0.1 M HCl(aq), and then extracted 3 x 100 mL with Et2O. The ether extracts 

were washed with 50 mL of water. The combined organic extracts were dried using 

anhydrous MgSO4, and filtered over Celite. The solvent was evaporated to dryness under 

vacuum for several hours to give a light brown oily product. Into a Strauss flask was added 

(1.00 g, 3.52 mmol) of this product and dissolved using 10 mL of Et2O. It was then cooled 
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in ice-water bath. To this cold solution was added (0.85 mL, 3.52 mmol) of ethereal 

tetrafluoroboric acid. The cooling bath was removed and the mixture stirred for 2 hours at 

room temperature. The resulting white precipitate was filtered off and dried under vacuum. 

It was dissolved in 1.5 mL of dichloromethane then layered with 2 mL of Et2O and set to 

recrystallize at -35oC overnight. The resulting clear crystals were filtered off and dried 

under vacuum to give a white solid (0.683 g, 68%). 1H NMR (700 MHz, THF) δ (ppm) 

8.40 (d, J = 55.3 Hz, 2H), 7.70-7.58 (m, 5H), 4.09-4.04 (m, 1H), 3.09-3.03 (m, 1H), 2.11 

(d, J = 11.2 Hz, 2H), 1.88 – 1.82 (m, 2H), 1.76 (d, J = 11.2 Hz, 2H), 1.71-1.66 (m, 6H), 

1.47-1.42 (m, 2H), 1.31-1.26 (m, 2H), 1.21-1.12 (m, 2H), 1.03-0.95 (m, 2H). 13C NMR 

(176 MHz, THF) δ (ppm) 162.94 (s), 132.54 (s), 130.43 (d, J = 6.8 Hz), 129.96 (s), 128.39 

(s), 127.94 (s), 57.24 (s), 52.04 (s), 32.69 (s), 32.53 (s), 26.06 (s), 25.80 (s).                               

IR (film) cm-1: 3301 (NH), 3036, 2931, 2859, 1631 (C=N), 1577, 1057, 703. 

 

Figure 4.23.   1H NMR spectrum of amidinium-BF4 salt in THF-d8 solution.  
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Figure 4.24.   13C NMR spectrum of amidinium-BF4 salt in THF-d8 solution. 

 Reduction of [(Cy-xantphos)Ni(13CO2)]amidinium complex 

(Cy-xantphos)Ni(0) (0.021 g, 0.032 mmol) was dissolved in 0.6 mL of C6D6 

solution and transferred to a J-young tube. This was degassed by freeze-pump-thaw cycles 

after which 1 atm of 13CO2 was added into the tube leading to an immediate color change. 

In a 20-mL scintillation vial, amidinium-BF4 salt (0.010 g, 0.032 mmol) was dissolved in 

0.4 mL of THF-d8 and transferred into the tube. This was analyzed after 1 h, 24 h and 48 

h. 1H NMR spectrum showed slightly broadened peaks. 13C NMR (176 MHz, C6D6) δ 

(ppm) 200.24 (NiCO, t, J = 29.4 Hz), 171.35 (s), 156.04 (s), 133.18 (s), 132.29 (s), 129.26 

(s), 128.54 (d, J = 6.9 Hz), 125.22 (s), 35.54 (s), 30.66 (s), 29.83 (s), 28.94 (s), 27.70 (s), 

27.70 (s), 27.48 (s), 26.80 (s), 26.07 (s). 31P{1H} NMR (161 MHz, THF-d8, 85% H3PO4): 

δ (ppm) 15.92. 
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Figure 4.25.   31P NMR spectrum of [(Cy-xantphos)Ni(13CO2)]amidinium mixture after 

reduction. 

 

Figure 4.26.   13C NMR spectrum of [(Cy-xantphos)Ni(13CO2)]amidinium mixture after 

reduction. 
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Figure 4.27.   IR spectrum of amidinium-BF4 before reaction (blue trace) and [(Cy-

xantphos)Ni(13CO2)]amidinium mixture after reduction (red trace). 

 Procedure for the reduction of (Cy-xantphos)Ni(13CO2) in presence of Mg(OTf)2 

(Cy-xantphos)Ni(13CO2) was prepared as earlier described. To a solution of this 

complex in THF was added a solution of 1 equivalent of Mg(OTf)2 in THF. It was stirred 

for 1 hour. A solution of 1 equivalent of KC8 in THF was added to this mixture while 

stirring at room temperature. After complete addition, the mixture was set to stir overnight. 

The mixture was filtered through Celite, and solvent evaporated to dryness to give the 

product.  

4.4.4 X-ray Diffraction Studies 

A suitable crystal of complex 8 from a THF solution at -35 oC was selected and 

mounted on Bruker APEX-II CCD diffractometer. The crystal was kept at 100(2) K during 

data collection. Using Olex2,78 the structure was solved with ShelXT79 structure solution 
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program using Intrinsic Phasing and refined with ShelXL80 refinement package using Least 

Squares minimisation. 

Crystal Data for C44.5H64Cl0.5NiO3.5P2 (M =793.33 g/mol), (8): orthorhombic, 

space group Pbca (no. 61), a = 12.5369(16) Å, b = 16.5870(19) Å, c = 40.334(5) Å, V = 

8387.4(18) Å3, Z = 8, T = 100(2) K, μ(MoKα) = 0.610 mm-1, Dcalc = 1.257 g/cm3, 122505 

reflections measured (4.546° ≤ 2Θ ≤ 61.016°), 12789 unique (Rint = 0.1181, Rsigma = 

0.0605) which were used in all calculations. The final R1 was 0.0474 (I > 2σ(I)) and wR2 

was 0.1147 (all data). 

Crystals of 6 grown from a DCM solution layered with Et2O and kept at -35 oC was 

selected and analyzed in the same way as for 8 above.  

Crystal Data for C39H56Cl2NiOP2 (M =732.38 g/mol), (6): tetragonal, space group 

I-4 (no. 82), a = 22.820(3) Å, c = 14.415(2) Å, V = 7507(2) Å3, Z = 8, T = 100.01 K, 

μ(MoKα) = 0.774 mm-1, Dcalc = 1.296 g/cm3, 37446 reflections measured (4.89° ≤ 2Θ ≤ 

60.99°), 11401 unique (Rint = 0.0508, Rsigma = 0.0566) which were used in all calculations. 

The final R1 was 0.0358 (I > 2σ(I)) and wR2 was 0.0778 (all data). 
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CHAPTER 5.    CONCLUSIONS AND FUTURE OUTLOOK 

This thesis presents the design, synthesis, modification and characterization of new 

ligand frameworks. These ligands have been applied in complex formation and 

coordination studies with CO and CO2. From a commercially available bis(4-tert-

butylphenyl)amine, substituted acridone can be synthesized. The obtained acridone can 

then be converted into functionalized acridone- or acridine-based ligand frameworks.  

Presented herein is the synthesis of acridone from bis(4-tert-butylphenyl)amine via 

directed metalation using in-situ-formed carbamate as a removable directing group,1 

followed by closing of the central six-membered ring using phenyl chloroformate. This 

method leads to formation of substituted acridones bearing an alkyl side chain that would 

undergo dealkylation under the strong acid conditions used in several current available 

synthetic methods.2 When converted to ortho-dibrominated substrate, the resulting 

dibromoacridone, is a versatile synthon that can be converted to numerous ligand 

frameworks via cross-coupling reactions or directed ortho-metalation reactions. Also 

included in this chapter is the synthesis of different ortho-substituted acridones and their 

applications in complex formation reactions. Even though the data obtained point to 

possible interactions of the ligands with the transition metals in these synthesis, attempts 

to isolate and characterize any resulting complexes were not successful.  

The dibromoacridone can be easily converted to dibromoacridine which provides a 

new route to synthesis of a rigid tridentate PNP-acridine that eliminates the requirement of 

pre-functionalized substrates. The activated C-9 position of this ligand makes it possible to 

replace the chloride with nucleophiles such as alkoxy and aryloxy groups to give 
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(MeO)PNP-acridine and (ArO)PNP-acridine respectively. One-electron reduction of 

(ArO)PNP-acridine leads to formation of a radical anion as confirmed by EPR 

spectroscopy. Cyclic voltammetry of (ArO)PNP-acridine shows that it undergoes a 

reversible redox process. Both the (MeO)PNP-acridine and (ArO)PNP-acridine react with 

Ni(II) and Co(II) chlorides to form the corresponding complexes. Reduction of 

[(ArO)PNP-acridine]NiIICl2 and subsequent exposure to CO2 leads to possible formation 

of a carbonate as judged by 13C NMR spectroscopy. Reduction of cobalt complexes 

followed by exposure to CO leads to formation of dicarbonyl complexes.  

For comparison, as well as in pursuit of developing a catalytic system that can 

transform CO2 as a C1 building unit in C-C bond formation, also presented herein is the 

synthesis and application of (Cy-xantphos)Ni complexes in CO2 activation. The treatment 

of (Cy-xantphos)Ni(CO2) complex with different Lewis acids followed by reduction and 

subsequent exposure to CO2, produces what on comparison to the independently 

synthesized (Cy-xantphos)Ni(CO)2 complex, appears to be (Cy-xantphos)nickel carbonyl 

complexes instead of the insertion products.  

Future Outlook 

In light of the observations made from the ligand synthesis as well as the 

applications of their complexes in coordination and activation of CO and CO2, a few 

variations could offer informative comparisons. We have showed that it is possible to 

install dialkylphosphino groups at the 4- and 5-positions of the acridine ring. We have also 

showed that the C-9 position could be functionalized by reaction of the 9-Cl component 

with nucleophiles. Also showed is the ease with which acridone can be converted to 
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acridine, including those that already have functional groups installed at the ortho positions 

to the nitrogen like 4,5-di-p-tolyl-2,7-di-tert-butyl-9-chloroacridine. Therefore, structural 

modifications like functionalization of 2,7-di-tert-butyl-4,5-bis(diisopropylphosphino)-9-

chloroacridine with a methoxy or aryloxy group at its C-9 position then comparing the 

reactivity of CO and CO2 with its low-valent complexes to those discussed in this thesis 

could be important in structure and bonding comparison. It would be especially interesting 

to see how changes in donor ability of the phosphines affect the structure and bonding in 

the cobalt complexes formed. Other variations could include changing the appendage at 

the C-9 position and monitoring how that affects the reactivity at the nitrogen donor atom. 

More interesting will be to find out whether this ligand can be converted into one 

that is applicable in homogenous electrocatalysis. Its ability to undergo a reversible redox 

process if coupled with a functional group that could possibly participate in hydrogen 

bonding like morpholine groups in the 2,7-di-tert-butyl-4,5-dimorpholinoacridone, could 

lead to a suitable framework for an electrocatalyst ligand. A ligand with such a framework 

might be able to support the PCET processes that are necessary to convert CO2 to 

hydrocarbons or even to alcohols.3  

Before diverting to acridine-based ligands and applications of their complexes in 

small molecules activation, we had set out to synthesize and study the reactivity of 

complexes based on acridone ligands. We successfully synthesized different variations of 

functionalized acridone ligand frameworks, however attempts to form complexes were not 

fruitful. However, in 2017 Lee and co-workers showed the functionalization and 

complexes of a ligand with as similar framework constrain as the acridone framework 

(Scheme 5.1).4 
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Scheme 5.1.   Synthesis of 4,5-bis(diisopropylphosphino)-2,7,9,9-tetramethyl-9H-acridin-

10-ide and its nickel complex formation.  

Installation of the phosphino substituents at the 4- and 5-positions enabled the 

ligand to interact with transition metals and bring the metal within a bonding distance to 

the nitrogen, leading to a successful formation of the respective complexes. Similarly, 

Grubbs and co-workers showed that treatment of 1,8-bis(diisopropylphosphino)anthracene 

with ((chlorobis(cyclooctene)iridium dimer), [IrCl(COE)2]2 in toluene at reflux leads to 

formation of the iridium complex.5 It is therefore possible that installation of phosphino 

substituents at the 4- and 5-positions on acridone would lead to successful formation of 

complexes. An alternative to solving the difficulty in complexes formation would be to 

install a linker at the 4- and 5-positions so that the bond lengths of the ligand pendant arms 

could be extended in order to hold the incoming transition metal at a suitable bonding 

distance to the nitrogen. For example, placing a protecting group on the nitrogen, followed 

by halogen-metal exchange then treatment with DMF should provide a 4,5-

dicarboxaldehyde substituted intermediate. A condensation reaction of this intermediate 

with primary amines followed by deprotection should provide a neutral ligand.   
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Scheme 5.2.   Acridone modification through installation of a -CH linker. 

It is also possible to install a -CH2 linker via bromomethylation. The obtained 

intermediate can then undergo nucleophilic reactions especially with chlorophosphines to 

form the corresponding anionic PNP ligands. 

 

Scheme 5.3.   Acridone modification through installation of a –CH2 linker followed by 

phosphine substituents. 

Successful synthesis of these ligand frameworks and their respective complexes should 

provide a point of comparison for reactivity studies to those observed with acridine- and 

Cy-xantphos-based complexes. It would be especially interesting to determine whether the 

flexibility in the pendant arms will lead to different CO2 binding modes and how that 

affects the reactivity of the CO2 adducts formed. An equally interesting study will be to 

determine whether the formed complexes undergo tautomerization and interconvert 

between the acridone and hydroxyacridine frameworks and how that affects the reactivity 

of the complexes.   
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APPENDIX A.      SYNTHESIS AND REACTIVITY STUDIES OF 

ANIONIC PNP COMPLEXES 

A.1 Background 

Pincer-type PNP ligands based on bis(ortho-phosphinoaryl)amine substructure of 

the form N-H [PN(H)P, 1] or N-R [PN(Me)P, 2] contains both hard amido donor as well 

as soft phosphine donors.1-3 Since the pioneering work by Fryzuk1 in these types of ligand 

frameworks, a variety of related ligands have been synthesized.4 Ligands of this framework 

prefer tridentate, anionic, mer-PNP binding mode to late transition metals, and normally 

form complexes through N-H or N-C bond cleavage.3 1 and 2 form complexes with group 

10 metals through oxidative addition to the zerovalent metal centers.3 

Ligand 1 does not have as rigid a framework as that of PNP-acridine. But due to 

the uni-negative nature of the nitrogen donor atom in PN(H)P,1 it is capable of forming 

robust complexes. We were therefore interested in investigating the reactivity of its Ni, Cu, 

Pd and main group metal complexes with N2, CO, CO2 etc. After the first report on catalytic 

conversion of N2 to NH3 at ambient temperature in 2003 by Schrock and Yandulov using 

a Mo-N2 complex of a triamidoamine ligand,5-8 a number of complexes bearing the PNP-

type pincer ligand framework have been shown to be effective catalysts in conversion of 

N2 to NH3.
9-11 Peters and coworkers reported the conversion of N2 to NH3 catalyzed by Fe 

pincer complexes at a very low temperature.12-14 Many effective N2 fixation complexes are 

based on Mo and Fe even though [CoH(N2)(PPh3)3] was the first reported transition metal-

dinitrogen complex directly derived from N2.
15-20 Cobalt is not only abundant and cheap, 

but it has been shown to bind dinitrogen and in some cases afford the transformation of N2 



 183 

under mild conditions.20-26 In light of these observations, we were interested in part in the 

study of N2 transformation using cobalt amido pincer complexes.  

A.2 Results and Discussion 

Ligand 1 was obtained via stepwise reaction starting with bromination of bis(4-tert-

butylphenyl)amine followed by halogen-metal exchange and finally phosphination using 

ClPPh2.
27-28 Ligand 2 was prepared as a neutral N-donor ligand for comparison starting 

with N-methylation of bis(4-tert-butylphenyl)amine 27 then following similar procedure as 

with 1. Cobalt and palladium complexes of 1 were then prepared in good yields from the 

respective metal precursors (Scheme A1).  

App Scheme A.1.   Synthesis of PN(H)P (1) and its cobalt and palladium complexes. 
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App Scheme A.2.   Synthesis of PN(Me)P ligand (2). 

The reduction of the cobalt complex using sodium naphthalenide or KC8 under 

nitrogen at room temperature does not lead to a dinitrogen complex. However, reaction of 

the cobalt complex with diethylzinc or triethylaluminum show conversion of a 

paramagnetic complex into one with more diamagnetic properties as reflected by a better 

resolved 1H NMR spectrum.  

A.2.1 Reactivity studies of (PNP)NiH 

 

App Scheme A.3.   Reactivity of (PNP)NiH with alkenes and subsequent fluorination 

studies. 

Insertion of Ni(COD)2 into the N-H bond is fast and takes place with liberation of 

free COD to form (PNP)NiH.29 The hydride resonance appears as a triplet at δ -18.5 ppm 

in the 1H NMR spectrum. This reaction however leads to formation of two products as can 

be seen from the existence of two phosphorus signals in the 31P NMR spectrum at δ 27.4 

and 32.7 ppm. At the beginning, the products are in a nearly 1:1 ratio, but as time goes by 

there is an 8-fold increase in the intensity of the product with a resonance at δ 32.7 ppm. 

This could be as a result of the addition of the liberated COD to the Ni-H bond to form a 
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(PNP)Ni-cyclooctene complex. Similar reactivity was observed before by Liang and 

coworkers in formation of [Ph-PNP]Ni(η1-C8H13).
29 

(PNP)NiH reacts with linear alkenes like 1-hexene or 1-octene to form the 

respective (PNP)Ni-alkyls.29-30 The reaction with 1-hexene produces a major product with 

a resonance at δ 26.8 ppm in the 31P NMR spectrum. This chemical shift value is very close 

to the one observed by Liang and coworkers for their amido (PNP)NiH reaction with alkene 

to form [Ph-PNP]Ni(n-hexyl).30 The 1H NMR shows the disappearance of Ni-H peak while 

the nickel bound CH2 appears as a triplet at δ 1.13 ppm and the CH3 as a triplet at δ 0.76 

ppm. Attempts to synthesize fluoro alkyls from these substrates however did not give any 

positive results. For comparison, fluorination of styrene using the cationic palladium 

complex [(PNP)Pd+]BF4
- was attempted which nevertheless gave negative results.  

Due to these unpleasant observations, our interest drifted towards synthesis of low 

nuclearity copper(I) complex. The reactivity of this complex with CO or CO2 would be of 

great interest due to the exceptional role of copper as the only metal that can reduce CO2 

to either CO or hydrocarbons in the electrocatlytic reduction of CO2.
31 Insights into 

structure, bonding and reactivity of Cu-CO or Cu-CO2 complexes could be useful inputs 

to molecular-level mechanistic understanding of the active sites of the copper-based 

complexes and contribute towards design of a more selective copper catalyst.32-36 The 

copper complex is obtained from the reaction of 1 with mesitylcopper in benzene (App 

Scheme A4). However, solid-state analysis reveals a dicopper diamond core, Cu2-N2 

stucture (App Figure A1), that is incapable of acting as a catalyst towards CO or CO2. 



 186 

A related solid-state structure was obtained from analysis of the resulting product 

of reaction between mesitylcopper and (tBu2-PNP)H.37 As expected, the 31P NMR shows 

phosphorus in very different chemical environments with phosphorus resonance of 3 

coming up at δ -11.2 ppm compared to δ -33.9 ppm in [(tBu2-PNP)Cu]2. The   Cu•••Cu 

distances in both cases are almost identical with 2.676 Å in 3 and 2.624 Å in the solid-state 

structure of [(tBu2-PNP)Cu]2. The P-Cu-P bond angles are 132.93 and 137.69o as 

compared to 127.79o and 131.39o in 3.37 

 

App Scheme A.4.   Synthesis of (PNP)Cu complex and exposure to CO.  
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App Figure A.1.   Solid-state structure of (PNP)Cu. 

H atoms omitted for clarity with selected interatomic distances (Å) and angles (o): 

Cu••••Cu, 2.676; P1-Cu1-P2, 127.79; P1-Cu2-P2, 131.39.  

A.3 Concluding Remarks 

Observations of dimer formation in synthesis of (PNP)Cu complex synthesis is a 

reiteration of the role that ligand backbone strain and steric hindrance play in 

rearrangements around metal center. Changing from alkyl phosphorus to aryl phosphorus 

substituents do not alter much the type of copper complexes obtained in the reaction of 

PN(H)P with mesitylcopper. In keeping with the current literature evidence,38 for a 

successful synthesis of PNP-Co(N2) complexes, the substituents on the phosphorus might 

need to be alkyl groups.   
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A.4 Experimental 

A.4.1 General Considerations 

All reactions, unless otherwise stated, were carried out in an MBraun inert 

atmosphere (nitrogen) glovebox, or in a resealable glassware on a Schlenk line under argon 

atmosphere. Glassware and magnetic stir bars were dried in a ventilated oven at 160 °C 

and were allowed to cool under vacuum. Molecular sieves (Alfa Aesar) and Celite (EMD 

545) were dried under vacuum for at least twelve hours at 160°C.  

1H NMR spectra were obtained using a Varian Vx 400 MHz or Varian Mercury 

300 (300.323 MHz for 1H) spectrometer and 13C NMR spectra were obtained using either 

Avance IIIHD 500 spectrometer, or Bruker Avance IIIHD 700 spectrometer. 1H and 13C 

NMR chemical shifts are referenced with respect to solvent signals and are reported relative 

to tetramethylsilane.39 Elemental analyses were performed by Atlantic Microlab, Inc. in 

Norcross, GA. Infrared spectra were collected from neat and liquid samples using a Bruker 

Alpha-P FT-IR spectrometer equipped with an attenuated total reflection (ATR) platinum 

diamond reflector accessory. Air and moisture sensitive samples were exposed to air as 

briefly as possible prior to data collection. 

A.4.2 Materials and Methods 

Tetrahydrofuran (EMD Millipore Omnisolv), hexanes (EMD Millipore Omnisolv), 

diethyl ether (EMD Millipore Omnisolv) and toluene (EMD Millipore Omnisolv) were 

sparged with ultra-high purity argon (NexAir) for 30 min prior to first use, and dried using 

an MBraun solvent purification system. These solvents were further dried over sodium 

benzophenone ketyl, degassed by successive freeze–pump–thaw cycles and then 

transferred under vacuum to an oven-dried resealable flask. Dichloromethane (EMD 
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Millipore Omnisolv), acetonitrile (EMD HPLC) were each stirred over calcium hydride 

(Alfa Aesar) in a sealed flask for at least twelve hours and degassed by several freeze-

pump-thaw cycles, then vacuum-transferred to a resealable Sclenk flasks. These solvents 

were then stored over 3Å molecular sieves (Alfa-Aesar) in the glovebox. Methanol (BDH), 

acetone (BDH), ethyl acetate (BDH) and hexanes used in benchtop work were used as 

received. 

Dichloromethane-d2 (Cambridge Isotope Laboratories) and acetonitrile-d3 were 

dried by stirring overnight over calcium hydride for at least twelve hours, degassed by 

several successive freeze–pump–thaw cycles. They were then transferred under vacuum to 

an oven-dried resealable flasks and stored in the glovebox. Benzene-d6 and 

Tetrahydrofuran-d8 (Cambridge Isotope Laboratories) were dried over sodium 

benzophenone ketyl, degassed by successive freeze–pump–thaw cycles and transferred 

under vacuum to an oven-dried resealable flask and stored in the glovebox. D2O 

(Cambridge Isotope Laboratories), sodium tert-butoxide (TCI America), sodium hydroxide 

(EMD), anhydrous MgSO4 (AlfaAesar), HCl (BDH), NaHCO3 (BDH), benzophenone 

(Alfa-Aesar), calcium hydride (Alfa-Aesar), acetic acid (Alfa-Aesar), nitrogen (NexAir), 

and argon (both industrial and ultra-high purity grades, NexAir) were used as received. 

Bis(4-tert-butylphenyl)amine (TCI), n-BuLi and t-BuLi (Sigma Aldrich), bromine 

(Alfa Aesar), dimethylformamide (EMD), Pd(OAc)2 (STREM), Me3Al (Sigma Aldrich), 

CoCl2 (Sigma Aldrich), NBS (Sigma Aldrich), ClPPh2 (TCI), Diethylzinc (Acros, 1M in 

hexanes), Ni(COD)2 (Strem), mesitylcopper (Sigma Aldrich), carbon monoxide (GT&S 

Inc.), Carbon dioxide (NexAir), 1-hexene (Sigma Aldrich), 1-octene (Sigma Aldrich), 

NFSI (Sigma Aldrich), Fluoropyridinium tetrafluoroborate (Sigma Aldrich), methyl iodide 
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(Sigma Aldrich), K2CO3 (Sigma Aldrich), AgBF4 (Alfa-Aesar), 2,4,6-trifluorobenzonitrile 

(Sigma Aldrich) were all used as received. 

A.4.3 Experimental Procedure 

A.4.3.1 Bis(2-bromo-4-tert-butylphenyl)amine 

Method A: To a 250-mL Strauss flask was added (2.00 g, 7.11 mmol) of bis(4-

tert-butylphenyl)amine followed by 50 mL of acetic acid to dissolve. The solution was 

cooled to 5 oC, then (0.74 mL, 14 mmol) of bromine was added. The cooling bath was 

removed and the mixture left to stir overnight. The reaction formed an off-white precipitate 

which was filtered off and dried over vacuum. The crude product was recrystallized from 

hot hexanes to give (1.75 g. 56%) of pure product.27-28 

Method B: In a round bottom flask, bis(4-tert-butylphenyl)amine (1.018 g, 3.620 

mmol) was added. To this was added 11 mL of DMF and stirred to dissolve then wrapped 

with aluminum foil. N-bromosuccinimide (1.293 g, 7.265 mmol) in 2 mL of DMF was 

added dropwise over 10 min while stirring. The mixture, red in color, was left to stir for 3 

hours at room temperature in the dark. To this green mixture was added 30 mL of H2O and 

then extracted using dichloromethane (3 x 5 mL). The combined organic layers were 

washed with H2O (2 x 15 mL), then dried using anhydrous MgSO4. The solvent was 

evaporated to dryness. The crude was taken up in 10 mL of dichloromethane and filtered 

through Celite/silica bed (5 g each). The obtained filtrate was again filtered through 3 g of 

Celite and 7 g of silica. The light pink solution was evaporated to dryness resulting to a 

pinkish-red solid. The solid was washed with 5 mL of cold methanol resulting to white 

solid (1.213 g, 76%). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.58 – 7.55 (m, 2H), 7.22 – 

7.21 (m, 4H), 6.27 (s, 1H), 1.30 (s, 18H). 13C NMR (176 MHz, CDCl3) δ (ppm) 145.82 (s), 
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137.89 (s), 130.17 (s), 125.21 (s), 117.72 (s), 114.08 (s), 34.43 (s), 31.46 (s). Anal. Calcd 

for C20H25Br2N: C, 54.69; H, 5.74; N, 3.19. Found: C, 54.90; H, 5.74; N, 3.25. 

 

App Figure A.2.   1H NMR spectrum of bis(2-bromo-4-tert-butylphenyl)amine in CDCl3 

solution.  

 

App Figure A.3.   13C NMR spectrum of bis(2-bromo-4-tert-butylphenyl)amine in CDCl3 

solution.  
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A.4.3.2 N-Methyl-4,4'-di-tert-butyldiphenylamine 

Protocol adapted from Fan et al.27 To a 250-mL Schlenk flask under nitrogen was 

added (1.01 g, 3.58 mmol) of bis(4-tert-butylphenyl)amine and (1.48 g, 10.7 mmol) of 

K2CO3. Acetonitrile (7 mL) was added to dissolve followed by methyl iodide (0.9 mL, 14 

mmol). The mixture was stirred at 86 oC for 24 hours. After cooling down to room 

temperature, 36 mL of H2O was added to the mixture then extracted using diethyl ether (2 

x 18 mL). The combined organic phases were dried using anhydrous MgSO4, filtered over 

Celite and solvent evaporated to dryness. The crude was taken up in 5 mL of diethyl ether 

and let to cool to -15 oC for 30 min. The white solid formed was filtered and dried over 

vacuum to give (1.06 g, 95%) of pure product. 1H NMR (300 MHz, CDCl3) δ (ppm) 7.28 

(d, J = 8.8 Hz, 4H), 6.95 (d, J = 8.8 Hz, 4H), 3.29 (s, 3H), 1.32 (s, 18H). 13C NMR (176 

MHz, CDCl3) δ (ppm) 146.74 (s), 143.87 (s), 126.06 (s), 119.94 (s), 40.37 (s), 34.25 (s), 

31.62 (s). Anal. Calcd for C21H29N: C, 85.37; H, 9.89; N, 4.74. Found: C, 85.36; H, 9.69; 

N, 4.72.  

 

App Figure A.4.   1H NMR spectrum of N-methyl-4,4'-di-tert-butyldiphenylamine in 

CDCl3 solution.   
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App Figure A.5.   13C NMR spectrum of N-methyl-4,4'-di-tert-butyldiphenylamine in 

CDCl3 solution. 

A.4.3.3 N-Methyl-2,2'-dibromo-4,4'-di-tert-butyldiphenylamine 

Into a round bottom flask, N-methyl-4,4'-di-tert-butyldiphenylamine (0.13 g, 0.43 

mmol) was added. To this was added 2.5 mL of DMF and stirred to dissolve. It was then 

wrapped with aluminum foil. N-bromosuccinimide (0.151 g, 0.851 mmol) in 0.3 mL of 

DMF was added dropwise over 10 min while stirring. The mixture, green in color, was left 

to stir for 3 hours at room temperature in the dark. To this green mixture was added 2.5 mL 

of cold H2O and then extracted using dichloromethane (3 x 2 mL). The combined organic 

layers were washed with H2O (2 x 2.5 mL), then dried using anhydrous MgSO4. The 

solvent was evaporated to dryness. The crude was taken up in 2 mL of dichloromethane 

and filtered through Celite/silica bed (2.5 g each). The obtained filtrate (light brown in 

color) was evaporated to dryness resulting into an oily reddish-brown crude product. Cold 

methanol (2.5 ml) was added to precipitate out the solid and placed in the freezer overnight. 
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It was filtered and washed with 2 mL of cold methanol resulting to a white solid (0.15 g, 

77%). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.55 (d, J = 2.2 Hz, 2H), 7.23 (dd, J = 8.4, 2.3 

Hz, 2H), 6.92 (d, J = 8.4 Hz, 2H), 3.19 (s, 3H), 1.29 (s, 18H). 13C NMR (176 MHz, CDCl3) 

δ (ppm) 148.07 (s), 146.25 (s), 131.40 (s), 125.12 (s), 123.32 (s), 120.11 (s), 41.54 (s), 

34.44 (s), 31.42 (s). Anal. Calcd for C21H27Br2N: C, 55.65; H, 6.00; N, 3.09. Found: C, 

55.57; H, 5.87; N, 3.11. 

App Figure A.6.   1H NMR spectrum of N-methyl-2,2'-dibromo-4,4'-di-tert-

butyldiphenylamine in CDCl3 solution. 
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App Figure A.7.   13C NMR spectrum of N-methyl-2,2'-dibromo-4,4'-di-tert-

butyldiphenylamine in CDCl3 solution. 

A.4.3.4 N-Methyl-bis(2-diphenylphosphino)-4,4'-di-tert-butylphenylamine  

Adapted from Fan et al.27 To a 100-mL Schlenk flask containing (0.200 g, 0.440 

mmol) of N-methyl-2,2'-dibromo-4,4'-di-tert-butyldiphenylamine under argon was added 

5 mL of diethyl ether to dissolve. This solution was cooled to -35 oC after which a solution 

of n-BuLi in hexanes (2.5 M, 0.24 mL, 0.59 mmol) was added dropwise over 5 min while 

stirring. The cooling bath was removed and the reaction mixture stirred at room 

temperature overnight. The reaction mixture was cooled down to -35 oC again before 

addition of chlorodiphenylphosphine (0.11 mL, 0.59 mmol) dropwise while stirring. The 

cooling bath was removed and the reaction mixture stirred at room temperature for another 

12 hours. The reaction mixture with some white suspension was pumped down to dryness 

after which 2.5 mL of toluene was added and the resulting precipitate filtered off over 
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Celite. The filtrate was pumped down to dryness resulting into an oily crude product. To 

this crude product was added 2 mL of cold pentane and set to stand in the freezer at -35 oC 

overnight yielding clear to white crystals. The crystals were filtered off and washed with 2 

x 2 mL of cold pentane. They were dried under vacuum to give a white solid (0.131 g, 

45%). 1H NMR (400 MHz, C6D6) δ (ppm) 7.50-7.46 (m, 8H), 7.36 (q, J = 2.4 Hz, 2H), 

7.07-7.01 (m, 12H), 6.97 (dd, J = 2.4, 8.4 Hz, 2H), 6.83 (dt, J = 2.4 Hz, 2H), 3.11 (s, 3H), 

1.09 (s, 18H). 31P{1H} NMR (161 MHz, C6D6, 85% H3PO4): δ (ppm) -16.74. 13C{1H} 

NMR (176 MHz, CD2Cl2): δ (ppm) 154.53 (t, CAr), 145.82 (CAr), 139.60, 139.55 (dd, CAr), 

135.31 (CAr), 133.91 (t, CAr), 128.89 (CAr), 128.40 (t, CAr), 128.29 (CAr), 126.90 (CAr), 

122.86 (t, CAr), 45.50 (N(CH3)), 34.45 (C(CH3)), 31.24 (C(CH3)). Anal. Cald for 

C45H47NP2: C, 81.42; H, 7.14; N, 2.11. Found: C, 81.29; H, 7.11; N, 2.17.  

 

App Figure A.8.   1H NMR spectrum of N-methyl-bis(2-diphenylphosphino)-4,4'-di-tert-

butylphenylamine in C6D6 solution.  
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App Figure A.9.   31P NMR spectrum of N-methyl-bis(2-diphenylphosphino)-4,4'-di-tert-

butylphenylamine in C6D6 solution.  

 

App Figure A.10.   13C NMR spectrum of N-methyl-bis(2-diphenylphosphino)-4,4'-di-

tert-butylphenylamine in CD2Cl2 solution. 
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A.4.3.5 Bis(4-(tert-butyl)-2-(diphenylphosphino)phenyl)amine 

Into a 250-mL Schlenk flask fitted with a stir-bar was added (2.11 g, 0.481 mmol) 

of bis(2-bromo-4-tert-butylphenyl)amine. To this was added 80 mL of diethyl ether and 

cooled to -35 oC. Under argon, a solution of n-BuLi in hexanes (2.5 M, 5.9 mL, 1.5 mmol) 

was added dropwise over 15 min while stirring. The cooling bath was removed and the 

mixture set to stir at room temperature for 3 hours. The yellowish mixture with white 

suspension was cooled back to -35 oC before adding (2.6 mL, 1.5 mmol) of 

chlorodiphenylphosphine dropwise over 15 min while stirring. The cooling bath was 

removed and the reaction set to warm up to room temperature overnight while stirring. To 

this mixture was added 2 mL of concentrated HCl and stirred for 2 hours. The mixture was 

extracted three times with 10 mL of diethyl ether. The combined organic layers were 

washed water (3 x 10 mL), dried using anhydrous MgSO4 then filtered over Celite. The 

solvent was removed under vacuum to give an off-white solid which was then washed with 

cold ethanol. The solid was recrystallized from 50% CH2Cl2/ethanol mixture to give a 

white solid (1.78 g, 57%). 1H NMR (400 MHz, CD2Cl2) δ 7.37-7.29 (m, 12H), 7.23-7.19 

(m, 10H), 7.07 (dd, J = 8.5, 4.9 Hz, 2H), 6.80 (dd, J = 5.1, 2.4 Hz, 2H), 6.54 (t, J = 5.4 Hz, 

1H), 1.09 (s, 18H). 13C{1H} NMR (176 MHz, CD2Cl2): δ (ppm) 144.78 (CAr), 144.66 (CAr), 

144.33 (CAr), 136.58 (d, CAr), 134.10 (CAr), 134.05 (d, CAr), 131.63 (CAr), 129.08 (CAr), 

128.85 (t, CAr), 127.12 (CAr), 125.73 (CAr), 118.02 (CAr), 34.48 (C(CH3)), 31.32 (C(CH3)). 

31P{1H} NMR (161 MHz, C6D6, 85% H3PO4): δ (ppm) -18.93. IR (cm-1): 3302 (N-H), 

3070-2861.57 (C-H sp2). Anal. Calc for C44H45NP2: C, 81.33; H, 6.98; N, 2.16. Found: C, 

81.29; H, 6.93; N, 2.23. 
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App Figure A.11.   1H NMR spectrum of bis(4-(tert-butyl)-2-(diphenylphosphino)phenyl) 

amine in CD2Cl2 solution. 

 

App Figure A.12.   31P NMR spectrum of bis(4-(tert-butyl)-2-(diphenylphosphino)phenyl) 

amine in CD2Cl2 solution. 
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App Figure A.13.   13C NMR spectrum of bis(4-(tert-butyl)-2-(diphenylphosphino) 

phenyl)amine in CD2Cl2 solution.  

A.4.3.6 [Bis(4-(tert-butyl)-2-(diphenylphosphino)phenyl)amido]Pd(II) acetate 

Adapted from Davidson et al.3 Into a 20-mL scintillation vial was added bis(4-(tert-

butyl)-2-(diphenylphosphino)phenyl)amine (0.305 g, 0.469 mmol) and palladium(II) 

acetate (0.112, 0.493 mmol). To this mixture was added 3 mL of toluene to dissolve. This 

purpleish-brown solution was set to stir at room temperature for 12 hours after which the 

solvent was removed under vacuum. The resulting solid was recrystallized from 50% 

CH2Cl2/diethyl ether mixture to give a purple solid (0.334 g, 87%). 1H NMR (400 MHz, 

C6D6) δ (ppm) 8.03 (dd, J = 12.3, 6.0 Hz, 8H), 7.73 (dt, J = 8.8, 2.8 Hz, 2H), 7.29 (td, J = 

5.6, 2.0 Hz, 2H), 7.12 (d, J = 7.6 Hz, 2H), 7.07-7.00 (m, 17H), 1.95 (s, 3H), 1.13 (s, 18H). 

31P{1H} NMR (161 MHz, C6D6, 85% H3PO4): δ (ppm) 29.4. 
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App Figure A.14.   1H NMR spectrum of [bis(4-(tert-butyl)-2-

(diphenylphosphino)phenyl)amido]Pd(II) acetate in C6D6 solution. 

App Figure A.15.   31P NMR spectrum of [bis(4-(tert-butyl)-2-

(diphenylphosphino)phenyl)amido]Pd(II) acetate in C6D6 solution.  
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Acetate exchange for chloride was achieved by dissolving the resulting [bis(4-(tert-

butyl)-2-(diphenylphosphino)phenyl)amido]Pd(II) acetate in 2.5 mL of dichloromethane. 

To this solution was added 2.5 mL of brine and stirred at room temperature for 1 hour. The 

mixture was extracted twice using 2.5 mL of CH2Cl2. The combined organic layers were 

dried using anhydrous MgSO4 then filtered over Celite. The resulting purple solid was 

dried overnight under vacuum to give (0.311 g, 96%). 1H NMR (400 MHz, C6D6) δ (ppm) 

7.97-7.92 (m, 8H), 7.84 (dt, J = 8.9, 2.8 Hz, 2H), 7.29 (td, J = 5.8, 2.3 Hz, 2H), 7.07 (dd, J 

= 8.9, 2.4 Hz, 2H), 6.98-6.96 (m, 12H), 1.14 (s, 18H). 31P{1H} NMR (161 MHz, C6D6, 

85% H3PO4): δ (ppm) 30.01. 

 

App Figure A.16.   1H NMR spectrum of [bis(4-(tert-butyl)-2-

(diphenylphosphino)phenyl)amido]Pd(II) chloride in C6D6 solution.  
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App Figure A.17.   31P NMR spectrum of [bis(4-(tert-butyl)-2-

(diphenylphosphino)phenyl)amido]Pd(II) chloride in C6D6 solution. 

A.4.3.7 [Bis(4-(tert-butyl)-2-(diphenylphosphino)phenyl)amido]cobalt chloride 

Method A. Adapted from Lagaditis et al.40 Into a 20-mL scintillation vial, (0.118 

g, 0.182 mmol) of bis(4-(tert-butyl)-2-(diphenylphosphino)phenyl)amine was added 

followed by cobalt(II) chloride. To this mixture was added 3 mL of THF and the reaction 

set to stir at room temperature for 48 hours. A solution of KOtBu (0.025 g, 0.220 mmol) in 

2.2mL of THF was added to the reaction mixture and stirred for 1 hour. This was then 

filtered and the solvent removed under vacuum. The resulting solid was dissolved in 2 mL 

of toluene, layered with 1 mL of pentane and put in the freezer to recrystallize. Green 

crystals obtained were filtered off and dried under vacuum to give the product (0.102 g, 

75% yield). 
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Method B. Adapted from Liang et al.41 To a 100-mL Schlenk flask was added 

bis(4-(tert-butyl)-2-(diphenylphosphino)phenyl)amine (0.208 g, 0.320 mmol) followed by 

8 mL of THF to dissolve. This solution was cooled down to -35 oC after which a solution 

of n-BuLi in hexanes (0.21 mL, 0.51 mmol) was added dropwise over 5 min while stirring. 

The mixture was warmed to room temperature and stirred for 2 hours. Into another flask, 

cobalt(II) chloride (0.042 g, 0.320 mmol) was dissolved in 5 mL of THF. The lithium amide 

salt at -35 oC was added dropwise to the cobalt chloride solution at -35 oC while stirring. 

The reaction was left to warm up to room temperature while stirring for 22 hours. Solvent 

was removed under vacuum and the crude taken in toluene, then filtered off over Celite. 

The filtrate was pumped down to dryness to give green solid which was washed with 

pentane then filtered off and dried to give the product as a green solid (0.147 g, 62% yield). 

Comparison of the IR spectra of the product and that of the starting ligand shows 

disappearance of the N-H peak (3303 cm-1).  

A.4.3.8 [Bis(4-(tert-butyl)-2-(diphenylphosphino)phenyl)amido]copper(I) 

Mesitylcopper (0.017 g, 0.093 mmol) and (0.055 g, 0.085 mmol) of bis(4-(tert-

butyl)-2-(diphenylphosphino)phenyl)amine were placed into a 20-mL scintillation vial. To 

this was added 2 mL of benzene to dissolve and stirred at room temperature overnight. The 

solvent was evaporated under vacuum to dryness to give a yellow solid. This was then 

washed with cold 2 mL of cold pentane to give bright yellow powder (0.058 g, 95%). 1H 

NMR (400 MHz, C6D6) δ (ppm) 7.62 (s, 2H), 7.34 (s, 2H), 7.16 (s, 4H), 6.92 (s, 18H), 1.18 

(s, 18H). 31P{1H} NMR (161 MHz, C6D6, 85% H3PO4): δ (ppm) -12.5. 
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App Figure A.18.   1H NMR spectrum of [bis(4-(tert-butyl)-2-(diphenylphosphino) 

phenyl)amine]copper(I) in C6D6 solution.  

App Figure A.19.   31P NMR spectrum of [bis(4-(tert-butyl)-2-(diphenylphosphino) 

phenyl)amine]copper(I) in C6D6 solution.  
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A.4.3.9  [Bis(4-(tert-butyl)-2-(diphenylphosphino)phenyl)amido]nickel hydride 

Into a 20-mL scintillation vial containing a solution of Ni(COD)2 (0.013 g, 0.047 

mmol) in 1 mL of THF was added a solution of bis(4-(tert-butyl)-2-

(diphenylphosphino)phenyl)amine (0.03 g, 0.05 mmol) in 1 mL of THF dropwise while 

stirring at room temperature. The solution turned brown immediately. It was stirred for 10 

min and then solvent removed under vacuum, and the product taken up in C6D6 for NMR. 

1H NMR (400 MHz, C6D6) δ (ppm) 7.88 (d, J = 9.9 Hz, 2H), 7.77 (d, J = 5.6 Hz, 6H), 7.39 

(m, 2H), 7.23 (s, 2H), 7.19-7.14 (m, 5H), 6.99-6.91 (m, 14H), 5.58 (s, 5H), 2.21 (s, 16H), 

1.21 (s, 18H), 1.09 (s, 6H), -18.50 (t, 1H).  31P{1H} NMR (161 MHz, C6D6, 85% H3PO4): 

δ (ppm) 32.76, 27.43. 

App Figure A.20.   1H NMR spectrum of [bis(4-(tert-butyl)-2-

(diphenylphosphino)phenyl)amido]NiH in C6D6 solution.  
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App Figure A.21.   31P NMR spectrum of [bis(4-(tert-butyl)-2-

(diphenylphosphino)phenyl)amido]NiH in C6D6 solution.  

A.4.3.10 [PNP]Ni(n-hexyl).  

To a 20-mL scintillation vial containing bis(4-(tert-butyl)-2-

(diphenylphosphino)phenyl)amine (0.01 g, 0.02 mmol), Ni(COD)2 (0.004 g, 0.015 mmol) 

and 1-hexene (30 µL, 0.233 mmol) were added 1 mL of benzene. The resulting light brown 

reaction mixture was stirred at room temperature for 24 hours while being monitored by 

1H NMR and 31P{1H} NMR spectroscopy. 1H NMR (400 MHz, C6D6) δ (ppm) 7.88-7.79 

(m, 10H), 7.38 (td, J = 2.4 Hz, 2H), 7.11 (dd, J = 2.4 Hz, 2H), 7.06 – 7.04 (m, 13H), 1.19 

(s, 18H), 1.13 (t, 3H), 0.76 (t, 3H). 
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App Figure A.22.   1H NMR spectrum of [bis(4-(tert-butyl)-2-

(diphenylphosphino)phenyl)amido]Ni(n-hexyl) in C6D6 solution.  

App Figure A.23.   31P NMR spectrum of [bis(4-(tert-butyl)-2-

(diphenylphosphino)phenyl)amido]Ni(n-hexyl) in C6D6 solution.  
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