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Synopsis 

 

The thesis entitled “Synthesis, Characterization, and Application of Diphosphinoamine (DPPA) 

Ligand” is about the synthesis of the DPPA supported transition metal complexes and their 

applications in the various field of photoluminescence, catalysis, etc. This thesis is divided into 

five chapters starting with the brief introduction of DPPA ligand, and the application of ligand 

supported metal complexes. Each chapter contains the details of experimental as well as 

theoretical investigations of DPPA supported transition metal complexes (M = Cu, Ag, Au, and 

Pd) reported in this thesis. 

 

Chapter 1: Introduction 

This chapter explores the chemistry of diposphinoamine (DPPA) ligands. There are various 

types of DPPA ligands based on functional group present on the nitrogen and phosphorus, 

are discussed briefly. Various coordination modes of DPPA ligands are discussed in this 

chapter. The metal complexes based on such type of DPPA ligand have various applications 

to developed materials having unique photo-physical properties and homo- and hetero-

geneous catalytic activity. So here, the applications of these ligands are discussed in brief. In 

the end, we discussed the ligand design employed in this thesis. 

 

Chapter 2: Synthesis and Characterization of Diphosphinoamine Gold (I) Complexes 

A series of N-functionalized DPPA ligand supported Au(I) complexes (2.6-2.13) are 

synthesized and characterized by X-ray crystallographic analysis and routine techniques 

(NMR and Mass spectroscopy). Most of the Au(I) complexes show aurophilic interaction with 

intramolecular Au···Au distance in the range of 2.78-3.00 Å. However, some of Au(I) 

complexes do not possess aurophilic interaction. The effect of the intramolecular aurophilic 

interaction on the photo-physical properties of these complexes discussed in chapter 3.  
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Chapter 3: Photophysical and Theoretical Studies of Diphosphinoamine Gold (I) 

Complexes 

In this chapter, we studied the photo-physical properties of N-functionalized DPPA 

supported Au(I) complexes 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13 which we synthesized and 

characterized in chapter 2. We observed that aurophillicity affects the emission properties 

of Au(I) complexes as those complexes which devoid of aurophilic interaction, do not display 

luminescence. Some of the Au(I) complexes show a high quantum yield. It is observed that a 

subtle change of substituent on ligand leads to the different colour of emission which could 

be very useful in designing new luminescent material of selective colour. 

 

   

Chapter 4: Synthesis, characterization and photo-physical studies of 

Diphosphinoamine copper (I) and silver (I) complexes 

In this chapter, we synthesized differently N-functionalized DPPA ligand supported copper 

(I) and silver(I) complexes, and studied their photo-physical properties. Cu···Cu interactions 

observed in these complexes ranging from 2.65 to 2.935 Å. The copper (I) complexes having 

Cu···Cu distance >2.8 Å were found to exhibit mechanochromic as well as thermochromic 

luminescent behaviour presumably stemming from a decrease in their Cu···Cu distances.   
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Chapter 5: Palladium Catalyzed C-N Cross-Coupling of Sterically Hindered Aryl 

Bromide Using Efficient Diphosphinoamine Ligands 

In this chapter, we employed the easily accessible, cost effective diphosphinoamine ligands, 

for C-N cross-coupling of sterically demanding aryl bromides and aryl amines, by 

conventional as well as microwave-assisted organic synthesis (MAOS) technique. All the 

coupling products are obtained in multigram scale with good to excellent yields. MAOS 

method drastically reduces the reaction completion time up to 15-30 min when compared 

to the conventional heating and thereby rendering facile access to the C-N cross-coupled 

products, especially for the bulky substrates. 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

 

Abbreviations 

 

Anal. Analysis 

Calcd. Calculated 

DPPA Diphosphinoamine 

CCDC Cambridge Crystallographic Data Centre 

CIF Crystallographic Information file 

DCM Dichloromethane 

DFT Density Functional Theory 

Dipp Diisopropylaniline 

CD3CN Deuterated acetonitrile 

CDCl3 Deuterated chloroform 

HRMS High-Resolution Mass Spectroscopy 

hrs Hours 

iPr Isopropyl 

MALDI Matrix-Assisted Laser Desorption/Ionization  

MAOS microwave-assisted organic synthesis 

min Minutes 

mmol Millimoles 

ppm Parts per million 

RT Room Temperature 

NMR Nuclear Magnetic Resonance 

XRD X-ray Diffraction 

Hz Hertz 

P-XRD Powder X-ray diffraction 



14 
 

Publications  

 

Publications included in Thesis 

1. Synthesis, Characterization, and Luminescence Studies of Gold(I) Complexes with 

PNP- and PNB-Based Ligand Systems 

Shiv Pal, Neha Kathewad, Rakesh Pant, and Shabana Khan* 

Inorg. Chem. 2015, 54, 10172-10183  

2. Synthetic Diversity and Luminescence Properties of ArN(PPh2)2‐Based Copper(I) 

Complexes 

Neha Kathewad, Shiv Pal, Rameshwar L. Kumawat, Md. Ehesan Ali,* Shabana Khan,* 

Eur. J. Inorg. Chem. 2018, 2518-2523 

3. Synthesis and Photophysical Properties of PNP Based Au(I) Complexes with Strong 

Intramolecular Au∙∙∙Au Interaction,  

Neha Kathewad, Nanda Kumar, Rajarshi Dasgupta, Moushakhi Ghosh, Shiv Pal, and 

Shabana Khan,* Dalton transaction, (just accepted) DOI: 10.1039/C8DT04471F 

4. Facile Buchwald-Hartwig coupling of sterically encumbered substrates effected by 

PNP as ligands,  

Neha Kathewad, Anagha M. C., Sneha Parambath, Pattiyil Parameswaran,* and 

Shabana Khan,* Dalton Trans., 2019, 48, 2730-2734 

 

Publications not included in Thesis 

1. Stepwise isolation of an unprecedented silylene supported dinuclear gold(I) cation 

with aurophilic interaction 

Shabana Khan,* Shiv Pal, Neha Kathewad, Indu Purushothaman, Susmita Deb and 

Pattiyil Parameswaran,* Chem. Commun., 2016, 52, 3880-3882 

2. Silicon(II) Bis(trimethylsilyl)amide (LSiN(SiMe3)2, L = PhC(NtBu)2) Supported 

Copper, Silver, and Gold Complexes 

Shabana Khan*, Saurabh K. Ahirwar, Shiv Pal, Nasrina Parvin, and Neha Kathewad 

Organometallics 2015, 34, 5401-5406 



15 
 

3. Synthesis of acyclic α-borylamido- germylene and stannylene and their catalytic 

application in hydroboration of aldehydes 

Shabana Khan*, Shiv pal; Nilanjana Sen; Subhrashis Banerjee; Neha Kathewad; 

Kumar Vanka, Manuscript under consideration 

  



16 
 

 

Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

  



17 
 

Ligands are, atom or molecule, capable of functioning as the electron-pair donor in the 

electron-pair bond (a coordinate covalent bond) formed with the metal atom.1 Various types 

of ligands are known, i.e., neutral, anionic, cationic, etc. depending upon the coordinating site 

of ligands.2 Coordinating site of ligands possesses nitrogen, oxygen, phosphorus, carbene, 

sulphur, halides, etc. which have non-bonding or sigma bonding electron pair.3 Phosphine 

ligands have been extensively used in inorganic and organometallic chemistry especially 

tertiary mono- and diphosphines.4,5 The metal complxes of phosphine ligands are widely 

used for their catalytic application in various coupling reaction.6 

 

1.1. Diphosphinoamine ligands and their various types 

Over the past five decades, a considerable amount of work has been done in the area of 

synthesis and chemistry of metal complexes with bi- and polydentate short bite ligands 

containing group 15 donor atoms.7 These ligands contain the donor sites (E = P, As) 

separated by X atom, where X= CH2, NR (Chart 1.1).7 Higher congeners (E = As) of these 

ligands have also been studied.8 Here we are mainly focusing on Phosphorus (E = P) 

containing ligands. 

 

 

Chart 1.1. General representation of short-bite ligands (X= CH2, NR and E = P, As) 

 

Phosphine ligands (E = P, X= CH2) with the P-C-P framework have been widely studied for 

their various applications,9 whereas P-N bond containing aminophosphines (P-N 

framework),10 Bis-diphosphinoamines (P-N-P framework)11 and iminobiphosphines (P=N-P 

framework) (Chart 1.2) have also attracted considerable attention. P-N bond containing 

ligands evoked interest because of their different electronic properties.12 
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Chart 1.2. (a) Aminophosphine (b) Diphosphinoamine (c) Iminobiphosphine 

 

In Bis-diphosphinoamine ligands, the substituent on both phosphorus and nitrogen can be 

varied resulting in the change of P-N-P bond angle and the conformation around the 

phosphorus atoms.13 In these ligands, the phosphorus atoms are the chelating sites which 

generate a rather strained, four-membered chelate ring. Such ligands show a distinct 

tendency to coordinate in a bridging mode between metal atoms where the strain in the 

ligand backbone is largely absent. These ligands display different coordination mode (Chart 

1.3). The tendency of bridging makes these short-bite ligands useful for the synthesis and 

stabilization of metal complexes with two or more metal atoms.7 

 

 

Chart 1.3. Possible coordination mode of diphosphinoamine ligands 
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A variety of substituted Bis-diphosphinoamine ligands has been synthesized and used in 

various applications.10 Braunstein and coworkers elaborated all the different types of 

functionalized diphosphinoamine ligands, e.g., the various N-substituents include nitrogen-, 

oxygen-, phosphorus-, sulfur-, halogen-, and silicon-based functionalities and directly N-

bound metals.10e This review also discusses about a diverse range of bis (diphosphino) 

amine-type ligands linked through an organic spacer and N-functionalized bis 

(dialkylphosphino) amine-type ligands, where the PPh2 substituents are replaced by PR2 (R 

= alkyl, benzyl) groups.  

These DPPA-type ligands (1-8) bear an amino group as N-substituent, typically tertiary 

amino group, separated from DPPA moiety by aliphatic spacers. Such N-functionalization 

does not get involved during the complexation with metals. However this N-

functionalization prompts these simple bidentate DPPA ligands to act as a hemilabile, 14-17 

tridentate, mixed-donor ligand. 

 

 

Chart 1.4. Nitrogen-based functionalization 
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Hydrazines-Derived DPPA-type Ligands 9-12 are also called as ‘Diphosphinohydrazides’ 

which display direct N-N single bond. These ligands are very much prone to migratory 

rearrangement.18-21 When 10, 11a and 11b are subjected for deprotonation with 

LiN(SiMe3)2, undergo molecular rearrangement and the migratory insertion of a PPh2 group 

into the N−N bond, give rise to a diphosphazenide products 10−, 11a−, and 11b− (Scheme 

1.1).18 Similarly, ligand 12 also undergoes rearrangement on heating at 130oC in toluene 

solution or on reaction with LiN(SiMe3)2.19 The reason behind such type of migration might 

be the nature of substituent on the nitrogen (NHR1 ). The high electron density on nitrogen 

causes the elongation of N-N bond length which results in the subsequent cleavage and 

allows insertion of the PPh2 group.18,19 There are some functionalized DPPA ligands which 

exist in the isomeric form of their corresponding iminobiphosphine ligands as they are not 

stable in the form of diphosphinoamine (chart 1.4, 13 and 14)20,21. Zhaofu Fei et al. studied 

such type of ligands and the influence of functionalization of nitrogen atom on the 

corresponding diphosphinoamine ligand. Ligands RN=PPh2–PPh2, where R = C6H4(p-CN), 

C6H4(m-CN), C6H4(o-C6H5), C6F5 or C6H4(o-CF3), shows existence in two forms, 

diphosphinoamine, and their corresponding iminobiphosphine.20 

 

 

Scheme 1.1. Rearrangement after Deprotonation Leading to the Diphosphazenide Group in 10−, 11a−, 

and 11b− 

 

This type of isomeric transformation observed during coordination to transition metals, e.g., 

synthesis of the group 10 metal complexes (M = Pd, Pt) supported by m- or p-cyanoaryl-
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functionalized DPPA-type ligands 13 and 14, resulting from the rearrangement of the 

corresponding iminobisphosphine precursors 13′ and 14′ upon reaction with [MCl2(COD)] 

(M = Pd, Pt).20,21 Such type of rearrangements are giving a new approach for the synthesis of 

chelating and bis-chelating transition-metal complexes.  

In biological systems, the metal complexes play a very important role, as they can form 

complementary hydrogen bonds which represent an important class of compounds for the 

development of biochemically active molecules. Woollins and colleagues reported N9-(N2′-

diphenylphosphinoaminoethyl)-adenine functionalized DPPA-ligands 15 and 16, as part of 

a mixture of compounds that resulted from the aminolysis of functionalized adenine 

derivative.21 Synthesis of such adenine functionalized ligands has been tried to pursue an 

objective to prepare compounds with potential antiviral or anticancer activity. Ligand 17 is 

a pentadentate ligand based on the association of two DPPA-type units linked through a 

pyridine substituted in its 2 and 6 positions. Such ligands allow the synthesis of polynuclear 

metal complexes and macrocyclic ring systems since it has the presence of numerous donor 

groups, hence also known to be poly-DPPA ligands. 22,23 Similar to N-functionalized DPPA 

ligand 8, N-furfuryl-functionalized DPPA ligand 19 also have an aliphatic spacer between the 

DPPA moiety and furfuryl ring.15 Additional donor group functionality does not interact with 

the metal centre coordinated to DPPA fragment, because of the short spacer group between 

PNP moiety and the additional donor group in the ‘scorpionate type’ ligands. However, 

similar to DPPA ligand 1-8, ligand 19 also plays a role during the catalytic cycle by stabilizing 

the active or low-valent species in intermolecular fashion. These ligands found to have 

application in catalyzing the ethylene oligomerization (Details discussed in section 1.2.2).15  

Ligand 33 and 34 were reported by Wasserscheid, McGuinness, and colleagues for the 

purpose to access the corresponding alcohol.24 Silyl ethers have often been employed as 

alcohol protecting groups as they are easily and selectively prepared in the presence of 

amines and can be readily cleaved either with tetrabutylammonium fluoride (TBAF) and a 

proton source or by hydrolysis. Since authors found out that the conventional methods failed 

to deprotect the silyl ether in order to generate alcohol, attempts were made for deprotection 

of silyl ether using TiCl4.25, but instead of deprotection, they isolated ligand-TiCl4 (34B) 

adduct (scheme 2). Moreover, on refluxing ligand 34 with methanol solution leads to the 
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deprotection of silyl ether followed by intramolecular rearrangement to generate 

monocyclic hydrophosphorane (34B).  

 

  

 

Chart 1.5. Oxygen and Sulphur-based functionalization 
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Chart 1.6. Metal clusters stabilized by ligand 46 

 

N-[3-(methylthio)propyl]-substituted DPPA-type ligand 41 reported by Weng, Hor, and 

colleagues.26 The in situ mixture of [Cr(acac)3] with 2 equivalent of the PNP ligand (41) with 

440 equiv. of MAO has been used to study their catalytic application in selective Cr-catalyzed 

ethylene teramerization.26 Ni(II) coordination complex with ligand 41 was synthesized and 

employed for its catalytic application in selective ethylene oligomerization.27 Series of 

iminobiphosphine type ligands directly functionalized on their N atom by a sulfonyl group 

(44 and 45) are the isomeric form of their corresponding bis-diphosphinoamine ligand, and 

undergo rearrangement during coordination with a metal center, e.g., nickel dibromide 

complexes.28 Synthesis of the Novel octadentate ligand 1,2,4,5-{(Ph2P)2NCH2CH2SCH2}4C6H2 

(46) (chart 1.5) was described by Smith and co-workers, which consists of four independent 

DPPA units, each connected to a phenyl ring by a thio-ether based spacer (CH2CH2SCH2).29a 

This ligand has a very interesting role in stabilizing molecular metal clusters (46a-c chart 

1.6).29 Ellermann and colleagues reported tris(diphenylphosphino)amine ligand, 47 and 

examined its potential as assembling ligand for the formation of (hetero)polynuclear 

complexes.30 
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Scheme 1.2. Reactivity of ligand 34 toward TiCl4 (34B) and MeOH (34A) 

 

Phosphorus functionalized DPPA ligands 49-52 have multiple sites for coordinating the 

metals. 1,2-azaphophanolanes species 49-52 are easily synthesized by the one-pot reaction 

between the corresponding 3-halopropylamine hydro-halides and 2 equiv. of PPh2Cl in the 

presence of an excess of NEt3. The additional phosphorus donor site is not present; instead 

of that, it has P atom, i.e., PR4+ moiety. 31 

 

 

Chart 1.6. Phosphorus, Halogen and Silicon-based functionalization 
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Synthesis of halogen functionalized DPPA ligands 53-67 reported by Braunstein and co-

workers. Lau and colleagues synthesized p-trifluoromethane substituted DPPA ligand (56) 

which has been employed to synthesize Ruthenium precatalyst [RuCl(Tp)(PPh3)2] and to 

study the reactivity of the precatalyst.32 Ligands 55 and 67 have been used to study the 

coordination chemistry toward group 10 and 11 mononuclear metal precursors and Co(0) 

molecular clusters. The same group studied the possibility to stabilize low-valent cobalt 

carbonyl clusters with the ligand 55 and 67.33 A series of N-(halo) aryl functionalized mono- 

(57-62) and bis-halogenated (63-66) DPPA-type ligands are reported by Jiang and 

colleagues. In combination with [Cr(acac)3] and MAO as co-catalyst, these ligands give a 

highly active system for catalytic selective tetra-merization of ethylene.34 

Silicon functionalized DPPA-type ligands 68-75 were synthesized to serve a purpose of 

anchoring metal complexes or clusters into porous supports, for the formation of potential 

heterogeneous catalysts. (Details in section 1.2.2). Until now only five different types of this 

silicon functionalized DPPA ligands are known, which consist of connecting DPPA moiety to 

an alkoxy or mixed alkyl/alkoxy-silyl group separated by aliphatic (69, 71 and 72) or rigid 

aromatic (70) spacer, or an additional donor spacer (68).35  

 

 

 

Chart 1.7. Poly-bis(diarylphosphino)amine Derivatives 
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DPPA-type ligands directly functionalized with the trimethylsilyl group (73-75) was first 

reported by Schmidbaur and colleagues in the late 1970s. The synthetic protocol involves 

two steps, deprotonation of acidic N-H proton of DPPA using n-BuLi followed by addition of 

SiClMe3.36 

Another important category is poly-bis(diarylphosphino) amine derivatives (76-83). They 

are multidentate ligands with two or more DPPA fragments assembled through an organic 

spacer.35c,37 Ligand 76 was used to prepare Ni(II), Pd (II) and Pt(II) complexes and 76-PdCl2 

complex was further evaluated in both Suzuki and Heck coupling reactions. 53 Ligand 77, 78 

and 79 were used in a ternary catalytic mixture of ligand/Cr(III)/MAO for selective ethylene 

tetra-merization.60 

 

1.2.  Applications  

All above mentioned functionalized DPPA ligands have shown various applications from 

coordination to the metal center to catalysis using these metal complexes.38-50 These pre-

catalysts derived from these ligands and metals shows various applications as in 

homogeneous, heterogeneous catalysis. Some of the complexes have been (especially 

coinage metals, i.e., Cu, Ag, Au) found to displays photo-physical properties.  

1.2.1 Coordination with Coinage Metal Complexes  

The coinage metal (d10) chemistry has attracted considerable attention in the last few 

decades due to their structural diversities, rich photo-physical properties,38 and catalytic 

applications.39 Our work focuses on photo-physical properties of DPPA coordinated coinage 

metal complexes. Some of the DPPA coordinated coinage metal complexes which are 

summarized in chart 1.8 studied for their photo-physical properties. Facile synthesis with 

tunable optical properties of these luminescent metal-organic complexes has attracted much 

interest over the past decades owing to their enormous potential application in 

optoelectronic devices.38 Metallophilic interaction is an interesting type of bonding, i.e., the 

non-covalent interaction between the two closed shell d10 metal atoms which plays an 
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important role in influencing the structural as well as the photo-physical properties of 

coinage metal complexes.40-42  

 

 

Chart 1.8. DPPA Coinage metal complexes 
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N-Functionalized DPPA ligands supported Au(I) complexes, 84 and 85 both are non-

luminescent, and complex 85 shows Au-Au distance 3.0095(7)Ao.43,44 Ellermann and 

colleagues synthesized compounds 93, 94 and 95. Complexes 93 and 94 were synthesized 

by treating tris(tri-phenyl) diphosphinoamine ligand 47 with 3 equivalent of AgCl and 

[AuCl(CO)] respectively, whereas complex 95 was synthesized by treating chromium 

carbonyl complex of ligand 47 with 1 equivalent of [Au(CO)Cl].30  Yam and co-workers 

synthesized a series of luminescent DPPA based Au(I) complexes (86, 87, 96, 97-115) and 

studied their photo-physical properties. A series of alkynyl gold(I) 

bis(diphenylphosphino)alkyl-and aryl-amine complexes 87a-87e have been prepared 

which show emission bands at room temperature as well as 77 K upon excitation at 350 nm. 

These complexes have short intermolecular distances in the range of 2.84-3.07 Ao.45  

Further studies on gold(I) thiolate complexes have shown that complexes with bridging 

DPPA ligands, [Au2(PPh2N(R)PPh2)(SR’)2] (96a and 96b), exhibits intense lower energy 

triplet thiolate-to-gold 3LMCT (ligand-to-metal charge transfer) emissions analogous with 

methylene-linked diphosphine ligands, such as bis(dicyclohexylphosphino) methane (dcpm) 

and bis(diphenylphosphino)-methane (dppm) supported complexes display LMCT.46 The 

reason for this can be attributed to the presence of the more electronegative N atom on the 

DPPA ligand, which would render the Au(I) centres less electron-rich and hence would lower 

the metal acceptor orbital energy. A series of DPPA supported Au(I) clusters (97-115) has 

also been synthesized and studied for their photo-physical properties. These are the high 

nuclearity chalcogenides (sulfido and selenido) Au(I) clusters (97-115) with bridging DPPA 

ligands showing phosphorescence upon photoexcitation in the solid as well as solution state 

at ambient and low temperature. Deca-nuclear clusters (97-107) have intermolecular 

Au∙∙∙Au distance in the range of 3.0255-3.2783 Å and show intense dual luminescence in the 

green and orange-red region. Whereas the hexanuclear clusters (108-115) display intense 

emission in the orange-red region with Au∙∙∙Au distance in the range of 2.9264(7) to 

3.3508(10) Å.47 Balakrishna and co-workers synthesized DPPA supported copper clusters 

120-125. DPPA supported tetrameric iodo cluster of Cu(I) 123 show photoluminescence 

with very short Cu-Cu distance of 2.568 Ao.48 Our group synthesized PNP based Au(I) 
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complex 90 and studied their photo-physical properties. (Discussed in brief chapter 2 and 

3)49  

 

1.2.2. Homogeneous Catalysis 

The DPPA ligand supported metal complexes have been used for many catalytic applications, 

like catalytic Olefin Poly/Oligomerization, Oligomerization of ethylene, cross-coupling 

reactions, etc. Some of them has been discussed below. 

1.2.2.1  Ethylene oligomerization  

Researchers made an intensive effort to develop a catalytic system for selective 

oligomerization of ethylene, under the homogeneous condition, which remains an ongoing 

and attractive field of research. Combination of chromium metal and DPPA ligands have been 

used for ethylene oligomerization in two ways (i) as a part of the catalytic mixture, e.g., 

ligand/Cr(III)/MAO (MAO- methylaluminoxane) (ii) Chromium-DPPA ligand complex used 

as pre-catalyst.51-53 

Jiang and colleagues studied the effect of different parameters, e.g. like temperature, 

pressure, chromium source, ligand structure, molar ratio of Cr/Al (MAO) on the catalytic 

activity and product selectivity of ethylene oligomerization. They used ligand 7, 76, 77, 80 

and 81 to study the effect of the ligands on ethylene oligomerization. Ligand 76, 77 and 80 

have been used with catalytic mixture ligand/Cr(III)/MAO under similar condition, 80 with 

rigid aromatic spacer exhibits 30% more yield compared to 77 which have long flexible 

aliphatic chain spacer, and four times higher than N-ethyl linked bis-DPPA ligand 76.54a 

When catalysis was performed with the pre-catalyst of [(CrCl3)3] with triple-site DPPA ligand 

7 both the activity and selectivity gets lowered.54b 

Nitrogen-functionalized hydrazine-based ligands 13 and 15a-e were recently investigated 

for the selective oligomerization of ethylene, where it was observed that selectivity gets 

induced from 1-octene to 1-hexene by 15c to 15a, 15b, 15d and 15e respectively and the 

reason behind this is the increase in steric hindrance.25  Ligand 15a and 15c-e give a large 

amount of polyethylene and a significant amount of higher oligomers, moreover, nitrogen-
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functionalized DPPA ligand 2 and aromatic substituted hydrazine functionalized 15b was 

found to be selective toward tri-merization and tetra-merization with overall 1-hexene 

product selectivity.25 Bercaw and colleagues developed a series of chromium (pre)catalyst 

[CrCl3(PNP)]2 with oxygen functionalized ligands 21a, 22, 25 and 26  for the catalysis of 

ethylene oligomerization.55 In contrast to the previous results for such systems, these 

catalyst found to be highly active, stable, and selective for tri- and tetra-merization under 

mild reaction conditions. Blann and co-workers synthesized chromium catalysts with N-

SiMe3 functionalized ligand 73 shows instability of the catalytic system due to a possible 

interaction between organo-aluminium co-catalyst and silicon functionalization of ligand 

and shows more selectivity toward tetra-merization.35c 

Gao, Wu, and colleagues synthesized series of [NiBr2(PNP)] complexes with N-pendent 

heterocycle (pyridine, fur-furyl, thio-phene, etc) DPPA ligands 8b, 19, 40a and 40b in order 

to incorporate these complexes for ethylene oligomerization.15b It was observed that all 

complexes were highly active and gave rise to butene and a small amount of hexane. 

Increased activity was observed in relation with the increase of basicity of the N-

functionalized pendant group, i.e., N-benzyl < fur-furyl (19) < 2-methyl thio-phene (40a) < 

2-picolyl (8b). Whereas in the case of Ni(II) catalyst of 40a and 40b, an increase of α-

selectivity observed upon lengthening of the spacer between the PNP moiety and the 

additional S donor. This indicates that catalytic activity largely affected by subtle changes in 

the pendent group, and also the introduction of additional donor group has a beneficial effect 

by providing the additional binding site for the active species. Braunstein, and co-workers 

synthesized [NiCl2(PNP)] complexes with N-alkyl- and N-aryl-thio-ether functionalized 

DPPA ligand 39 and 41 as a catalyst for ethylene polymerization.28b It was observed that N-

aryl-thio-ether complex [NiCl2(41)] shows better activity than the N-alkyl complex 

[NiCl2(39)] at lower AlEtCl2/Ni ratios (3-10 equiv), whereas at higher concentration of  

AlEtCl2/Ni the later shows activity twice that of the former.  

Poly-ketones which represents as low-cost thermoplastics has been synthesized by co-

polymerizing CO and ethylene using a mixture of bis-DPPA type ligand 83 and 2 equivalents 

of [Pd(OAc)2] with tri-fluoroacetic acid (4 equiv.) in excess of ethanol.56  
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1.2.2.2    Cross-coupling 

Cross-coupling (C-X, X= C, N, O, S, etc) is a powerful tool for organic synthesis, and a number 

of ligands have been employed in catalytic system with transition metals.57 However among 

them, phosphine are most widely used ligands.6,58 

A series of PdCl2 complexes of mono- and dimethoxyphenyl mono-DPPA- (27-31), 

dimethoxybiphenyl bis-DPPA-type (24.Pd) have been studied for their catalytic activity for 

Suzuki coupling. All these ligands gives excellent yields of coupling products, but found to be 

slightly less efficient with electron-rich or releasing groups (R =H, Me, OMe).59.60 (PdCl2)2 and 

(PdCl2)3 complexes of tris-DPPA type 7 bis-DPPA type 77 have been synthesized and 

compared their catalytic performances, showed that the presence of more than one catalytic 

site does not lead to significant improvement in the activity of the Suzuki coupling. The  

PdCl2 complex of ligand 19 was incorporated for Heck coupling and observed that this pre-

catalyst only effectively work for aryl bromides with electron-withdrawing groups and gives 

poor yield in case of electron-releasing groups.61  

 

1.2.3.  Material Science and Heterogeneous Catalysis 

Group of Braunstein reported complementary strategies for the anchoring of molecular 

palladium complexes, of cobalt or platinum clusters, or of gold colloids inside the nanopores 

of alumina membranes via N-functionalized DPPA-type ligands, as some of specific N-

functionalized DPPA type ligands enable the anchoring of these metal complexes onto a 

mesoporous matrix or metal surface.62,63  

Pure nanocrystalline Co2P particles have been synthesized by anchoring the [Co4(CO)10(μ-

DPPA)] onto the mesoporous silica matrix of type SBA-15, and that has been derivatized by 

DPPA ligand 72 (Ph2P)2N(CH2)3Si(OMe)3.62 Heating of such anchored clusters at higher 

temperature like 650-800oC gives rise to nanoparticles. Using the same strategy which was 

applied for the synthesis of the Co2P nanoparticle, anchored cluster of NiBr2 catalyst onto 

silica, which was synthesized by Braunstein, Schmid, and Wang colleagues (Scheme 1.4),35b 

was further evaluated in the Biginelli reaction (Scheme 1.4).63 Good to excellent yields were 
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obtained for the reaction products with a series of aromatic aldehydes, ethyl acetoacetate, 

and (thio)urea. The silica-supported nickel catalysts could be recovered and recycled up to 

five times without significant loss of activity (yields 95−89%). 

 

 

Scheme 1.3 Synthetic strategy for Synthesis of CO2P nanoparticles 

 

 

Scheme 1.4. Biginelli Reaction Catalyzed by the Supported Ni Catalyst 

 

Recently in 2017, two palladium complexes has been synthesized using silicon 

functionalized DPPA ligand 72 i.e. [Pd{(Ph2P)2N(CH2)3Si(OCH3)3-kP,P’}X2] (X= Cl and Br). 
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These palladium complexes are then immobilized with clay named as montmorillonite and 

then used as heterogeneous catalyst for Suzuki-Miyaura coupling. The immobilized 

complexes, used as heterogenized catalysts, displayed higher activity in the Suzuki-Miyaura 

coupling compared to that of the free complexes.64 

 

1.3. Scope and objectives of the work  

By taking inspiration from the fact that DPPA ligands can be utilized in various applications, 

e.g., DPPA-metal complexes show photoluminescence properties and can be employed in 

catalytic systems, we thought to use them for preparing fully supported coinage metal 

complexes (Cu, Ag, Au) as well as utilize them as an ancillary ligand in Buchwald-Hartwig 

coupling reactions. The effect of substitution on DPPA ligand on various factors like 

photoluminescence, catalytic application (using Palladium catalyst) is the main focus of this 

work. In order to do so we synthesize DPPA ligands with various N-functionalization (L1-

L6). 

DPPA ligands can be synthesized by using common aminolysis method by employing 

aliphatic or aromatic amine with PPh2Cl and Et3N. We slightly modified the procedure and 

used lithiation of amine followed by addition of PPh2Cl (scheme 1.5) to synthesize our DPPA 

ligands (2.1-2.5, 4.1 and 4.2) (scheme 1.5). 

 

 

Scheme 1.5 Synthesis of DPPA ligand 

[Ligands L1-L7 denoted as (i) Chapter 2: L1 = 2.1, L2 = 2.2, L5= 2.3, L6 = 2.4 and L7 = 2.5; 

(ii) Chapter 4 : L3 = 4.1, L4 = 4.2] 
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35. (a) Posset, T.; Rominger, F.; Blümel, J., Chem. Mater. 2005, 17, 586. (b) Braunstein, P.; 

Kormann, H.-P.; Meyer-Zaika, W.; Pugin, R.; Schmid, G. Chem. - Eur. J. 2000, 6, 4637. 

(c) Blann, K.; Bollmann, A.; de Bod, H.; Dixon, J. T.; Killian, E.; Nongodlwana, P.; 

Maumela, M. C.; Maumela, H.; McConnell, A. E.; Morgan, D. H.; Overett, M. J.; Prétorius, 

M.; Kuhlmann, S.; Wasserscheid, P., J. Catal. 2007, 249, 244. 

36. Schmidbaur, H.; Wagner, F. E.; Wohlleben-Hammer, A., Chem. Ber. 1979, 112, 496. 
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Chapter 2 

 

Synthesis and Characterization of Diphosphinoamine Gold (I) 

Complexes 
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2.1. Introduction 

Aurophilic interaction, a noncovalent interaction between the two closed-shell Au atoms, has 

become the subject of intense current research. Such interaction between the two Au atoms 

often led to remarkable photo-physical properties displayed by a majority of multinuclear 

gold complexes and thereby reckoned as potential candidates for sensors and optical 

devices.1−3 Aurophilic interaction ranges roughly from 2.5 to 3.5 Å and was thereby exploited 

as a tool for the synthesis of a number of unusual multinuclear gold complexes, which exhibit 

intriguing electronic absorption and luminescence properties.4,5 Many gold(I) complexes are 

found to be luminescent at room temperature in the solution state, and some of them are 

emissive in the solid state. The luminescent properties of these complexes heavily rely on 

the nature and distance of Au···Au centers. Recent years have witnessed interesting 

developments starting from solvoluminescence to on-off switching of luminescence arising 

from the switching of intra- to intermolecular Au···Au interactions (Chart 1).6 These Au(I) 

based luminescent materials, especially the blue luminescent materials, can be of great use 

for the development of certain organic light-emitting diodes.7 To date, various P-, N-, S-, and 

C-based fully supported, semi-supported, and unsupported gold(I) systems have been used 

to study the luminescence properties.1−4,6 In order to explore the influence of intramolecular 

aurophilic interaction on the color of the luminescence properties, we synthesized 

substituted diphosphinoamine ligand based Au(I) complexes (2.6-2.13), where these 

ligands are having different electron donating and withdrawing groups on the N-aromatic 

backbone, like C6H5N(PPh2)2 (2.1), 2,6-Me2C6H3N(PPh2)2 (2.2), (2,6-iPr2C6H3N)(PPh2)2 

(2.3), 4-FC6H4N(PPh2)2 (2.4) and 4-OMeC6H4N(PPh2)2 (2.5). In this chapter we have 

synthesized neutral and cationic Au(I) complexes such as [ClAu(C6H5N)(PPh2)2]2 (2.6), 

[Au(C6H5N)(PPh2)2]2[SbF6]2 (2.7), [ClAu(2,6-Me2C6H3N)(PPh2)2] (2.8), [Au(2,6-

Me2C6H3N)(PPh2)2]2[SbF6]2 (2.9), [AuCl{(2,6-iPr2C6H3N)(PPh2)2}] (2.10), [Au(2,6-

iPr2C6H3N)(PPh2)2]2[SbF6]2 (2.11) [Au(4-FC6H4N)(PPh2)2]2[SbF6]2 (2.12) and [Au(4-

OMeC6H3N)(PPh2)2]2[SbF6]2 (2.13).  
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2.2. Experimental Section 

2.2.1. General Remarks 

All manipulations were performed under a dry and oxygen-free atmosphere (N2) using 

standard Schlenk techniques and a glove box. All solvents were dried over activated 

molecular sieves after distillation. All the chemicals are purchased from Sigma Aldrich and 

alpha aesar. 1H, 13C, 31P, and 19F solution NMR spectra were recorded on a Jeol 400 and 

Bruker 400 MHz spectrometer.  

 

2.2.2. Synthesis of 2.6-2.13 

Compound 2.6 

 A total of 20 mL of CH2Cl2 was added to the flask containing 2.1 [C6H5N(PPh2)2] (0.49 gm, 1 

mmol) and [AuCl (Me2S)] (0.294 gm, 1 mmol), and the solution was kept for overnight 

stirring. The reaction mixture become yellow, then filtered off and evaporated one third and 

1:1 mixture of n-Pentane was added. Storing the solution at 0o C afford yellow crystals of 2.6 

[ClAu(C6H5N)(PPh2)2]2. Yield: 0.95 g (69.85 %); 1H NMR (CDCl3, 400 MHz, ppm): δ 7.31-7.34 

(m, 22H, Ph), 7.44-7.48 (m, 13H, Ph), 7.53 (br, 15H, Ph) ; 31P{1H} NMR (CDCl3, 161.976 MHz, 

ppm): δ 87.63 (s) ppm; 13C{1H} NMR (CDCl3, 100.613 MHz, ppm): δ 129.06 (Ph), 129.36 (Ph), 

130.82 (Ph), 131.74 (Ph), 132 (Ph), 132.68 (Ph), 132.98 (Ph), 134.08 (Ph) ppm; MS (ESI+). 

Calcd for C60H50Au2N2P4Cl2: m/z 1386.16. Found: m/z 1351.19 (M+-Cl). Elemental analysis 

(%) calcd. C 51.93, H 3.63, N 2.02. Found. C 52.54, H 4.13, N 1.92. 

Compound 2.7 

A total of 20 mL of CH2Cl2 was added to the flask containing compound 2.6 

[ClAu(C6H5N)(PPh2)2]2 (0.693 gm, 0.5 mmol) and AgSbF6 (0.172 gm, 0.5 mmol), and the 

solution was kept for overnight stirring. The reaction mixture become colourless, then 

filtered off and evaporated one third and 1:1 mixture of n-Pentane was added. Storing the 

solution at 0o C afford colourless crystals of 2.7 [Au(C6H5N)(PPh2)2]2[SbF6]2. Yield: 0.7 g 

(78.29 %); 1H NMR (CDCl3, 400 MHz, ppm): δ 7.10-7.13 (m, 7H, Ph), 7.18 (s, 2H, Ph), 7.31 (s, 

6H, Ph) 7.41-7.51 (m, 25H, Ph), 7.61-7.66 (m, 10H, Ph); 31P{1H} NMR (CDCl3, 161.976 MHz, 
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ppm): δ 100 (s) ppm; 13C{1H} NMR (CDCl3, 100.613 MHz, ppm): δ 125.80 (Ph), 129.23 (Ph), 

129.31 (Ph), 130.67 (Ph), 132.17 (Ph), 136.56 (Ph), 135.49 (Ph) ppm; 19F NMR (CDCl3, 

376.498 MHz, ppm): δ 166.0 ppm (br); MS (ESI+). Calcd for C60H50Au2N2P4: m/z 658.11. 

Found: m/z 658.14 (M+). Elemental analysis (%) calcd. C 40.30, H 2.82, N 1.57. Found C 40.78, 

H 3.12, N 1.39. 

Compound 2.8 

A total of 20 mL of CH2Cl2 was added to the flask containing compound 2.2 [2,6-

Me2C6H3N(PPh2)2] (0.49 gm, 1 mmol) and [AuCl (Me2S)] (0.294 gm, 1 mmol), and the 

solution was kept for overnight stirring. The reaction mixture become pale yellow, then 

filtered off and evaporated one third and 1:1 mixture of n-pentane was added. Storing the 

solution at 0o C afford colourless crystals of 2.8 [ClAu(2,6-Me2C6H3N)(PPh2)2]. Yield: 0.64 g 

(88.76 %); 1H NMR (CDCl3, 400 MHz, ppm): δ 2.15 (s, 6H, CH3), 6.78 (br, 2H, Ph), 7.04 (s, 2H, 

Ph), 7.37 (t, J = 7.6 Hz, 8H, Ph) 7.49-7.55 (m, 6H, Ph), 7.79-7.84 (m, 7H, Ph); 31P{1H} NMR 

(CDCl3, 161.976 MHz, ppm): δ 65.05, 84.88 ppm; 13C{1H} NMR (CDCl3, 100.613 MHz, ppm): δ 

20.51 (CH3), 20.90 (CH3), 126.23 (Ph), 128.22 (Ph), 128.66 (Ph), 128.85 (Ph), 129.63 (Ph), 

130.65 (Ph), 130.76 (Ph), 132.37 (Ph), 132.6 (Ph), 135.05 (Ph) ppm; MS (ESI+). Calcd for 

C32H29AuClNP2: m/z 723.11. Found: m/z 688.24 (M+-Cl); Elemental analysis (%) calcd. C 

53.24, H 4.05, N 1.94. Found (%) C 52.90, H 4.02, N 1.85. 

Compound 2.9 

A total of 20 mL of CH2Cl2 was added to the flask containing compound 2.8 [ClAu(2,6-

Me2C6H3N)(PPh2)2] (0.537 gm, 0.74 mmol) and AgSbF6 (0.128 gm, 0.74 mmol), and the 

solution was kept for overnight stirring. The reaction mixture become colourless, then 

filtered off and evaporated one third and 1:1 mixture of n-Pentane was added. Storing the 

solution at 0o C afford colourless crystals of 2.9 [Au(2,6-Me2C6H3N)(PPh2)2]2[SbF6]2. Yield: 

0.92 g (67.64 %); 1H NMR (CDCl3, 400 MHz, ppm): δ 2.19 (s, 12H, CH3), 7.10-7.13 (m, 7H, Ph), 

7.18 (s, 2H, Ph), 7.31 (s, 6H, Ph) 7.41-7.51 (m, 25H, Ph), 7.61-7.66 (m, 10H, Ph); 31P{1H} NMR 

(CDCl3, 161.976 MHz, ppm): δ 79.3 (s); 13C{1H} NMR (CDCl3, 100.613 MHz, ppm): δ 21.53 

(CH3), 125.80 (Ph), 129.23 (Ph), 129.31 (Ph), 130.67 (Ph), 132.17 (Ph), 136.56 (Ph), 135.49 

(Ph); 19F NMR (CDCl3, 376.498 MHz, ppm): δ 166.0 (br); MS (ESI+). Calcd for C60H50Au2N2P4: 



44 
 

m/z 686.14. Found: m/z 686.14 (M2+); Elemental analysis (%) calcd. C 56.29, H 4.36, N 2.02. 

Found (%) C 55.96, H 4.07, N 1.98. 

Compound 2.10 

A total of 20 mL of CH2Cl2 was added to the flask containing compound 2.3 [(2,6-

iPr2C6H3N)(PPh2)2] (0.272 g, 0.5 mmol) and [AuCl(Me2S)] (0.197g, 0.5 mmol), and the 

solution was left stirring overnight. The solution became colorless from pale yellow, and then 

the solvent was evaporated under reduced pressure. The complex was extracted with CH2Cl2 

and filtered off. The solvent was concentrated to one-third, and 5 mL of n-pentane was added. 

Storing the solution at 0°C afforded colorless crystals of 2.10 [AuCl{(2,6-

iPr2C6H3N)(PPh2)2}]. Yield: 0.304 g (78.5%). 1H NMR (CD2Cl2, 400 MHz, ppm): δ 1.09-1.11 (d, 

12H, J = 6.8 Hz, (CH3)2CH), 3.08-3.14 (m, 1H, (CH3)2CH), 7.06−7.84 (m, 23H, Ph). 31P{1H} NMR 

(CD2Cl2, 161.976 MHz, ppm): δ 20.09, 67.67. 13C{1H} NMR (CD2Cl2, 100.613 MHz, ppm): δ 

23.97 (CH3), 25.61 (CH3), 122.62 (Ph), 123.56 (Ph), 127.79 (Ph), 128.43 (Ph), 128.87 (Ph), 

129.16 (Ph) , 130.61 (Ph), 131.78 (Ph); MS (ESI+). Calcd for C36H37AuNP2Cl: m/z 777.18. 

Found: m/z 775.39 [M]+; Elemental analysis (%) calcd. C 41.68, H 3.17, N 1.52. Found (%) C 

41.5, H 2.96, N 1.08. 

Compound 2.11 

CH2Cl2 (20 mL) was added to a mixture of compound 2.10 [AuCl{(2,6-iPr2C6H3N)(PPh2)2}] 

(0.56 g, 0.7 mmol) and AgSbF6 (0.24 g, 0.7 mmol) and stirred overnight. The solvent was 

evacuated under reduced pressure, and the residue was extracted with CH2Cl2 and filtered 

off. The solvent was concentrated to one-third, and 5 mL of n-pentane was added. Storing at 

0 °C affords colorless crystals of 2.11 [Au(2,6-iPr2C6H3N)(PPh2)2]2[SbF6]2. Yield: 0.43 g 

(62%). 1H NMR (CD2Cl2, 400 MHz, ppm): δ −0.05 to −0.07 (d, 24H, J = 6.5 Hz, (CH3)2CH), 2.64 

(m, 4H, CH(CH3)2), 6.99 (d, 4H, J = 7.8 Hz, Ph), 7.33-7.40 (m, 18H, Ph), 7.58-7.63 (m, 24H, Ph). 

31P{1H} NMR (CD2Cl2, 161.976 MHz, ppm): 100. 19F NMR (CD2Cl2, 376.498 MHz, ppm): δ 

150.85 (br). 13C{1H} NMR (CD2Cl2, 100.613 MHz, ppm): δ 23.54 (CH3), 30.80 [CH(CH3)2], 

126.99 (Ph), 129.93 (Ph), 130.89 (Ph), 134.68 (Ph), 135.23 (Ph), 148.87 (Ph); MS (ESI+). 

Calcd for [C72H74Au2N2P4]2+ (1484.41): m/z 742.20. Found: m/z 742.20[M]2+. Elemental 

Analysis (%): calcd. C 58.48; H 5.11; N 1.87; P 8.26. Found C 58.02; H 5.10; N 1.80 
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Compound 2.12 

CH2Cl2 (20 mL) was added to a mixture of 2.4 [(4-FC6H4N)(PPh2)2] (0.48 g, 1 mmol), 

Au(SMe2)Cl (0.294 g, 1 mmol) and AgSbF6 (0.324 g, 1 mmol) and stirred overnight. The 

solvent was evacuated under reduced pressure, and the residue was extracted with CH2Cl2 

and filtered off. The solvent was concentrated to one-third, and 5 mL of n-pentane was added. 

Storing at 0 °C affords colorless crystals of 2.12 [Au(4-FC6H4N)(PPh2)2]2[SbF6]2. Yield: 0.43 

g (62%). 1H NMR (CD3CN, 400 MHz, ppm): δ 6.99 (m, 4H, Ph), 7.33-7.40 (m, 20H, Ph), 

7.58−7.63 (m, 24H, Ph). 31P{1H} NMR (CD3CN, 161.976 MHz, ppm): 99.67. 19F NMR (CD3CN, 

376.498 MHz, ppm): δ -111.83 (s), 165.42 (br). 13C{1H} NMR (CD3CN, 100.613 MHz, ppm): δ 

133.96 (Ph), 130.14-129.27 (Ph), 117.26 (Ph); MS (ESI+). Calcd for [C60H48Au2N2P4F]2+: m/z 

676.10. Found: m/z 676.10 [M]2+. Elemental Analysis (%): Calcd. C 53.60; H 3.69; N 2.05. 

Found C 53.80; H 3.50; N, 2.01 

Compound 2.13 

CH2Cl2 (20 mL) was added to a mixture of 2.5 [(4-OMeC6H3N)(PPh2)2] (0.48 g, 1 mmol), 

Au(SMe2)Cl (0.294 g, 1 mmol) and AgSbF6 (0.324 g, 1 mmol) and stirred overnight. The 

solvent was evacuated under reduced pressure, and the residue was extracted with CH2Cl2 

and filtered off. The solvent was concentrated to one-third, and 5 mL of n-pentane was 

added. Storing at 0 °C affords colorless crystals of 2.13 [Au(4-OMeC6H3N)(PPh2)2]2[SbF6]2. 

Yield: 0.43 g (62%). 1H NMR (DMSO-d6, 400 MHz, ppm): δ 3.73 (s, 3H, CH3), 6.01-6.31 (m, 4H, 

Ph), 7.01-7.58 (m, 50H, Ph); 31P{1H} NMR (DMSO-d6, 161.976 MHz, ppm): 100. 19F NMR 

(DMSO-d6, 376.498 MHz, ppm): δ -102 to -132.44 (m). 13C{1H} NMR (DMSO-d6, 100.613 MHz, 

ppm): δ 55.76 (OCH3), 115.55 (Ph), 125.00 (Ph), 129.92 (Ph), 134.48 (Ph), 156.84 (Ph), 

163.46 (Ph); MS (ESI+). Calcd for [C61H54Au2N2P4O]2+ (1846.41): m/z 688.12. Found: m/z 

688.12 [M]2+. Elemental Analysis (%): Calcd. C 54.40; H 4.06; N 2.01; O, 2.30. Found C 54.49; 

H 3.95; N 2.20; O, 2.35. 
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2.2.3. X-ray crystallographic Details 

Crystallography reflections were collected on a Bruker Smart Apex Duo diffractometer at 

150 K using Mo Kα radiation (λ = 0.71073 Å). The structures of 2.6-2.13 were solved by 

direct methods and refined by full-matrix least-squares methods against F2 (SHELXL-

2014/6).7 

 

2.3. Result and Discussion 

Complexation of 2.1, 2.2, 2.3, 2.4 and 2.5 with 1 equivalent of AuCl·Me2S in DCM 

followed by addition of silver hexafluoroantimonate (AgSbF6) led to the formation of 

mononuclear and dinuclear Au(I) complexes 2.6-2.13, respectively (Scheme 2.1). 

The 31P NMR of neutral dinuclear Au(I) 2.6 shows a single peak at δ 87.63 ppm, while 

mononuclear Au(I) compound 2.8 and 2.10 exhibits two peaks, for 2.8 at δ 84.78 and 

64.94 and for 2.10 δ 20.09 and 67.67 which reflects the presence of two chemically 

non-equivalent phosphorus atoms. The formation of cationic complexes were 

accompanied by the shift in the 31P NMR spectrum of 2.7 (δ 100.24 ppm), 2.9 (δ 

78.81ppm), 2.11 (100 ppm), 2.12 (99.76 ppm) and 2.13 (100.24 ppm) which are in 

good agreement with previously reported cationic Au(I) complexes, such as [Au(2,6-

iPr2C6H3N)(PPh2)2]2[SbF6]2 (δ 100 ppm),11 [(Au)2(dmbpaip)][ClO4]2 (δ 97.9 ppm).12  

The appearance of only one signal in the 31P NMR of 2.7, 2.8, 2.9, 2.11, 2.12 and 2.13 

indicates the presence of only one type of phosphorus atom in them. The single 

crystals suitable for X-ray diffraction studies for 2.6-2.13 were grown in DCM/n-

pentane (1:1) mixture. Compound 2.6, 2.8 and 2.10 crystallizes in P-1, P-1, and C2/c 

respectively. The molecular structure of 2.6 reveals a dinuclear trans-annular 

architecture with two tri-coordinated Au(I) atoms (Figure 2.1). The distance between 

the two Au(I) centers (3.0067(3) Å) is within the range of effective aurophilic 

interaction. Compound 2.6 shows the dimeric framework with Au…Au distance of 

3.0056 (4) Å, which falls within the aurophilic interaction range (2.5 to 3.5 Å) . The P-

Au-P bond angle (141.41(2)o) in 2.6 is deviating significantly from linearity and gives 

a slightly bent conformation to the structure.  
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Scheme 2.1.  Synthesis of neutral (2.6, 2.8 and 2.10) and cationic (2.7, 2.9, 2.11, 2.12 and 

2.13), Au(I) complexes. 
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 The molecular structures of 2.8 and 2.10 reveal a mononuclear complex with only 

one phosphorus atom coordinating to the Au center (P→Au 2.234 (1) Å) while the 

other phosphorus atom remains non-coordinated which is closely matching with the 

literature i.e. [(AuCl)2Ph2PN(p-BrC6H4)PPh2] [Au−P = 2.233(2) Å and P−Au−Cl = 

177.99(7)°] and [(AuCl)2(dmbpaip)] [Au−P = 2.227(2) Å and P−Au−Cl = 174.07(10)°], 

respectively.2-4,11,12,14 

 

 

Figure 2.1. Molecular structures of 2.6 (left) and 2.8 (right) with anisotropic displacement 

parameters depicted at the 50% probability level. Hydrogen atoms are omitted for clarity. 

Selected bond lengths (Å) for 2.6: Au1-Au1 3.0056 (4), Au1-Cl 2.589 (1), P1-Au1 2.3062 (8), P2-

Au1 2.3396 (7), P1-N1 1.708 (3), P2-N1 1.713 (3), bond angles (°) for 2.6: P2-Au1-P1 141.39 (3), 

Cl1-Au1-Au1 123.84 (2), P1-Au1-Cl1 114.33 (3), P2-Au1-Cl1 102.43 (3).; Selected bond lengths 

(Å) for 2.8: Au1-Cl1 2.278 (1), P1-Au1 2.234 (1), P1-N1 1.692 (4), P2-N1 1.748 (4), bond angles 

(o) for 2.8: Cl1-Au1-P1 178.06 (4) 

 

There is no Au···Au interaction present in the crystal structure of 2.6 and 2.10. This 

could be due to the presence of methyl and isopropyl groups on ortho-positions in 

ligand 2.2 and 2.3 rendering adequate electron density required to attenuate the 

dimerization. The linear geometry of the Au(I) center in 2.6 and 2.10 is confirmed by 

P-Au-Cl bond angle of 178.06(3)o and 175.57(4)o respectively, matching well with the 

previously reported Au(I) complexes.11,13-19 Complexes 2.7 and 2.9 crystallize in 

Pca21 and P21/n space group respectively, revealing a dinuclear dimeric framework 
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for both 2.7 and 2.9. Molecular structures of 2.7 and 2.9 show dinuclear 

[Au(C6H5N)(PPh2)2]22+ and [Au(2,6-Me2C6H3N)(PPh2)2]22+ cations with two non-

coordinated SbF6- anions. The most significant feature of 2.7 and 2.9 is the presence 

of strong intra-molecular aurophilic interaction with the Au···Au bond distances of 

2.7988(4) Å and 2.8292(7) Å, respectively. The intramolecular Au···Au distances in 

2.7 and 2.9 found to be shorter than those found in analogous Au(I) complexes 

reported previously for N, S-bridged Au2 systems: 2.8797(4) Å in [Au2(μ-TU)(μ-

dppm)](CF3CO2), and 2.8617(7) and 2.8864 (6) Å in [Au2(μ-Me-TU)(μ-

dppm)](CF3CO2) and also the Au···Au distance in metallic gold (2.889(1) Å).15 

 

Table 2.1 31P NMR data and Au-Au distance in Au(I) complexes 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13. 

 

Compound Ligand 31P NMR 

(ppm) 

31P NMR of 

ligand 

(ppm) 

Au-Au 

distance (Å) 

2.6 2.1 87.63 70 3.00 

2.7 2.1 100.24 2.79 

2.8 2.2 84.78, 64.94 56 - 

2.9 2.2 78.81 2.83 

2.10 2.3 20.09, 67.67 -6.4 - 

2.11 2.3 100 2.80 

2.12 2.4 99.76 71 2.78 

2.13 2.5 100.24 72 2.79 

 

The P-Au-P bond angles in 2.7 (170.92(7)o and 173.26(7)o) deviate slightly from the 

linearity. 2.9 displays a significant deviation from the linearity in P-Au-P bond angle 

(164.61(3)o). The P→Au bonds for complexes 2.7 and 2.9 are slightly elongated [for 

2.7: 2.313 (2) and 2.308(2) Å; for 2.9: 2.3183 (9) and 2.3202 (9) Å] than the P→Au 

bonds present in 2.6 and 2.8 [2.6: 2.3062 (8) and 2.3396 (7) Å; 2.8: 2.234 Å].  

The solid-state structure of 2.11 crystallized in P21/n, revealed formation of the 

anticipated [Au(2,6-iPr2C6H3N)(PPh2)2]22+ along with two non-coordinated SbF6− 

anions in the framework (Figure 2.3). The molecular structure of 2.11 discloses the 

presence of C2 symmetry in the molecule. However, the most significant feature is the 
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Au···Au interaction of 2.7944(19) Å. The Au(1)···Au(2) distance falls within the range of 

aurophilic interaction, and to the best of our knowledge, this is one of the shortest distances 

(e.g., 2.798,14 2.858,16 2.862,16 and 2.799 Å17) known for such aurophilic interactions.15,16 The 

coordination geometry at the Au(I) atoms is distorted from linearity with P1−Au1−P1 bond 

angle of 170.9(2)° like [(Au)2(dmbpaip)][ClO4]2 [P1−Au1−P2 169.0(2)°].12 The backbone of 

2.11 contains an eight-membered ring, bridging by an Au···Au interaction, and is folded by 

57.14° with respect to the Au···Au axis (taking P1 → Au1···Au1 ← P1 into the account; Figure 

2b). All four P → Au bond distances [Au1−P1 2.330(5) Å] are identical and in good agreement 

with the literature values.12,14,15,16 

 

  

Figure 2.2. Molecular structures of 2.7 (left) and 2.9 (right) with anisotropic displacement parameters 

depicted at the 50 % probability level. Hydrogen atoms and SbF6- anion are not shown for clarity. 

Selected bond lengths (Å) for 2.7: Au1-Au2 2.7987 (6), P1-Au2/P4-Au2 2.313 (2), P2-Au1/P3-Au1 2.308 

(2), P1-N2 1.719 (7), P3-N1 1.700 (3), P2-N2 1.695 (6), P4-N1 1.705 (6), bond angles (o) for 2.7: P1-Au2-

P4 173.26 (7), P2-Au1-P3 170.92 (7) , P1-N2-P2 125.3 (4), P3-N1-P4 126.2 (4); Selected bond lengths 

(Å) for 2.9: Au1-Au1 2.8293 (8), P1-Au1 2.317 (1), P2-Au1 2.3200 (9), P1-N1 1.715 (3), P2-N1 1.717 (3), 

bond angles (°) for 2.9: P1-Au1-P2 164.61 (3), P1-N1-P2 124.4 (2). 
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Figure 2.3 Molecular structures of 2.10 (left) and 2.11 (right) with anisotropic displacement 

parameters depicted at the 50 % probability level. Hydrogen atoms and SbF6
- anion are not shown for 

clarity. Selected bond lengths (Å) for 2.10: Au1-Cl1 2.280 (12), P1-Au1 2.23134 (12), P1-N1 1.692 (4), 

P2-N1 1.748 (4), bond angles (o) for 2.10: Cl1-Au1-P1 175.57 (4). bond lengths (Å) for 2.11 Au1-Au1 

2.7944(19), P1-Au1 2.330, P1-N2 1.72, bond angles (o) for 2.11: P1-Au1-P2 170.9, P1-N2-P2 119 (4). 

 

 

 

Figure 2.4 Molecular structures of 2.12 (left) and 2.13 (right) with anisotropic displacement 

parameters depicted at the 30 % probability level. Hydrogen atoms and SbF6- anion are not shown for 

clarity. Selected bond lengths (Å) for 2.12: Au1-Au2 2.783 (5), P1-Au2/P4-Au2 2.26 (2), P2-Au1/P3-Au1 

2.28 (2), P1-N2 1.74 (4), P3-N1 1.69 (4); bond angles (o) for 2.12: P1-Au2-P2 171.7 (5), P1-N2-P2 124 

(2); Selected bond lengths (Å) for 2.13: Au1-Au1 2.7927 (6), P1-Au1 2.301 (1), P2-Au1 2.299 (3), P1-N1 

1.70 (1); bond angles (°) for 2.13: P1-Au1-P2173.2 (1).  

 



52 
 

Complexes 2.12 and 2.13 crystallize in P-1 and P21/n space group respectively, and similar 

to that of compound 2.7, 2.9 and 2.11 have a dimeric framework. Molecular structures of 

2.12 and 2.13 show dinuclear [Au(4-FC6H4N)(PPh2)2]22+ and [Au(4-OMeC6H4N)(PPh2)2]22+ 

cations with each containing two non-coordinated SbF6- anions Strong intra-molecular 

aurophilic interaction is a significant feature of 2.12 and 2.13 where Au…Au distance is 

2.783(5) Å and 2.7927(6) Å, respectively, shortest among all the above complexes. P-Au-P 

bond angle for both the compounds shows a slight deviation from linearity, [2.12 (171.7o) 

and for 2.13 (173.2o)] 

 

2.4 Conclusion 

In conclusion, we synthesized differently N-functionalized DPPA ligand (2.1-2.5) supported 

Au(I) complexes.  All the Au(I) complexes 2.6-2.13 characterized by X-Ray crystallographic 

studies and other routine techniques (NMR, Mass spectroscopy, etc). It was observed that 

compounds 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13 show aurophilic interaction where Au…Au 

distance ranges from 2.794-3.005 Å. Compound 2.12 and 2.13 show short Au…Au distance 

of 2.794 and 2.783 Å among all other Au(I) complexes found in the literature. 
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Chapter 3 

Photophysical and Theoretical Studies of Diphosphinoamine 

Gold (I) Complexes
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3.1  Introduction 

The study of photo physical property e. g. photoluminescence, chemiluminescence, 

thermoluminescence, electroluminiscence etc. of luminescent materials has been attracted 

lot of attention1 in the last few decades for their potential use in light-emitting2 diodes, 

chemosensing,3 thermoluminescence dating etc.4 Among the coinage metal (d10 system) 

complexes, gold (I) complexes have been well documented for their luminescence property.5 

As it has been discussed in the previous chapter, the short Au…Au distance which is known 

as Aurophilic interaction originate as a result of the relativistic effects and correlation effects, 

is solely responsible for luminescent behaviour of gold(I) complexes.6 The Au(I), being a soft 

center, have a strong affinity towards phosphorus and therefore a large number of P⟶Au 

luminescent complexes have been reported till date utilizing the diphosphine or 

aminodiphosphine ligands.7 It was observed that gold complexes show photoluminescence 

properties and they are luminescent at room temperature in solid as well as solution state. 

Some of the gold (I) complexes are found highly emissive in solid state and have high 

quantum yields, e.g. [Au2(dcpm)2](ClO4)2 (0.37), [Au2(dcpm)2](PF6)2 (0.74), 

[Au2(dcpm)2](SO3CF3)2 (0.53), [Au2(dcpm)2][Au(CN)2]2 (0.12). Since compounds with Au(I) 

centres have Au…Au interaction which display luminescent behaviour are well documented. 

So we thought to study differently functionalized DPPA supported Au(I) complexes for their 

photophysical properties. We utilized complexes 2.6-2.13 (prepared in Chapter 2) for 

further photophysical studies. Among them, mononuclear Au(I) complexes 2.8 and 2.10 

were found to be non-luminescent due to absence of Au…Au interaction. However, rest of the 

Au(I) complexes display emission properties in the solid state. 2.7 displays a remarkably 

high quantum yield of 0.59 with a decay lifetime of 50 ns. Other complexes 2.6, 2.7, 2.9, 2.11 

2.12 and 2.13 also shows luminescence. Our results are reported herein. It was observed 

that aurophilic interaction also plays an important role, which is discussed in section 3.2.3 
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3.2  Result and Discussion 

3.2.1. General Remarks 

UV-visible absorption spectra were recorded using a Perkin-Elmer UV- visible spectrometer. 

Steady-state PL and PL decay dynamics (time-correlated single photon counting) were 

measured using a Horiba Jobin-Yvon Fluorolog 3 spectrometer and FLS 980 instrument 

(Edinburg Instruments). 

3.2.2. Photophysical Studies of 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13 

Since compound 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13 possess strong Au···Au 

interactions, we probed them further for their photo-physical properties. 

Interestingly all of these complexes were found to display emission, under UV-light in 

the solid state (Figure 3.1) and in good agreement with the CIE plots, but weakly 

emissive in solution state. On account of having no aurophilic interaction, 2.8 and 

2.10 do not show photoluminescence either in solid or in solution state. Among these 

luminescent complexes, 2.9 shows a significant quantum yield of 60%. All these 

complexes show a variety of colour of emission, e.g., 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13 

show yellow, lilac, cyan blue, blue, greenish-yellow and yellowish-orange 

respectively. It is interesting to observe that by changing the substituent on DPPA 

ligand from electron-donating (-Me, -ipr, -OMe) to electron-withdrawing (-F) the 

colour of emission can be tuned. This might be helpful in developing fluorescent 

compound of choice of colour. 

The absorption and emission spectra for all the luminescent complexes is recorded in 

solid state and are shown in Figure 3.1 and 3.2. 2.6 exhibits absorption bands around 

224 nm, 280-290 nm, and 390-450 nm. The absorption band around 224 and 280-290 

nm corresponds to the intra-ligand transitions (ILCT),1-6 while the low energy 

absorption maximum band in the range of 390-450 nm can be tentatively assigned as 

a mixture of 1XLCT and 1MLCT charge transfer transitions,7,8 which also supported by 

theoretical calculation. Compounds 2.7, 2.9, 2.11, 2.12 and 2.13 display very similar 

pattern of absorption with high energy and low energy band.  
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Table 3.1 Photo physical data of 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13 with their respective Au…Au 

distances 

 

Compound 2.7 and 2.9 three bands, one band ranging from 250-300 nm, the second 

band around 322 nm and third low energy band around 370-380 nm. Absorption 

peaks observed in the range of 225-280 nm can be attributed to the intra-ligand 

charge transfer (ILCT) transitions involving the aromatic backbone of the DPPA 

ligand, whereas the low energy peaks can be assigned for the mixture of ligand to 

metal charge transfer (P→Au) (LMCT) and intra-ligand charge transfer (ILCT) 

transitions perturbed by intra-molecular Au…Au interactions.1-6 The absorption 

spectrum of 2.11 shows similar pattern to that of the compound 2.7 and 2.9. The 

spectral features for the gold complexes 2.11 include an absorption band around 260-

280 nm which is related to the aromatic rings of the phosphine ligands and a low-

energy band at 330 nm, which is tentatively related to the mixture of ligand-to-metal 

charge-transfer (LMCT) and intraligand charge-transfer (ILCT) transitions.1-6  

UV-visible absorption spectra of Au(I) cationic compound 2.12 and 2.13 display the 

similar kind of pattern for absorption peaks as that of other Au(I) cationic complexes. 

Compound 2.6 2.7 2.9 2.11 2.12 2.13 

Au-Au distance 3.00 2.79 2.83 2.80 2.78 2.79 

Absorbance 

wavelength 

(nm) 

224, 280, 

415 

273, 319, 

365 

260, 315, 

347 

275, 

330 

270, 327, 

345 

260, 300, 

328 

Excitation 

wavelength 

(nm) 

400 365 383 330 327 300 

Emission 

wavelength 

(nm) 

520, 625 425 422, 497 417 420, 520 591 

Lifetime (µs) 0.169 0.050 0.050 0.049 701 11 

Quantum yield 

(ϕ) (%) 

20.83 59 37 15 

(CH2Cl2) 

- - 
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Steady state measurement of yellow luminescent compound 2.6 in the solid state at 

room temperature shows a peak at 520 nm and a broad shoulder ranging from 630-

660 nm on excitation at 400 nm (Figure 3.2) with large Stoke shift (120 nm) and long 

lifetime of 169 ns. Cationic complexes 2.7 and 2.9 show a sharp, intense peak at 425 

and 422 nm which shows lilac and cyan blue colour of fluorescence under UV light 

respectively. Compound 2.9 show one more additional less intense low energy peak 

at 497 nm on excitation at 322 nm.  

 

 

Figure 3.1 UV-Visible spectra of 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13 

 

The lifetime values of 2.7 (201 ns) and 2.9 (49.3 ns) indicate the fluorescent nature of 

emission.1,12-18 The most remarkable feature of compound 2.6, 2.7 and 2.9 is their 

high quantum yields (ф) [0.21 (2.6), 0.59 (2.7) and 0.37 (2.9)], and value of quantum 

yield for 2.7 i.e. 0.59 is the second largest one compared to the literature 

{[Au2(dcpm)2](ClO4)2 (0.37), [Au2(dcpm)2](PF6)2 (0.74), [Au2(dcpm)2](SO3CF3)2 

(0.53), [Au2(dcpm)2][Au(CN)2]2 (0.12)}.9-11  

Blue luminescence was observed from colorless crystals of 2.11 under irradiation of 

UV light. The emission spectrum of 2.11 is recorded in solid as well as solution state 
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display the appearance of a band at 417 nm on excitation at 330 nm. This complex 

exhibits quantum yield of 0.15 in solution state (DCM). 

 

Table 3.2 Photophysical data for reported luminescent Au(I) complexes of same type. 

Compound Emission (nm) Quantum yield 

 Solid (nm) Solution (nm) Solution solid 

[Au2(dcpm)2]Cl2 16,18c 366, 505 513 0.065 ± 0.002 0.23 

[Au2(dcpm)2][(ClO4)2]16,18c 368, 564 (w) 370, 510 

(CH3CN) 

0.048 ± 0.007 0.37 

[Au2(dcpm)2][PF6]16,18c 368, 505 (w) 370, 490 

(CH3CN) 

0.025 ± 0.001 0.74 

[Au2(dcpm)2][(SO3CF3)2]16,18c 368 370, 500 

(CH3CN) 

0.027 ± 0.002 0.53 

[Au2(dcpm)2]I216,18c 473, 486 530 (CH3CN) 0.085 ± 0.002 0.17 

[Au2(dcpm)2][Au(CN)2]216,18c 368 370, 495 

(CH3CN) 

0.013 ± 0.001 0.12 

[Au2(dcpm)2][SCN]18c 465 - - 0.09 

 

The short luminescence lifetimes (Table 3.1) and the relatively small Stokes shift 

between the absorption and emission bands suggest that the emission is fluorescent 

between singlet states. Compound 2.12 which displays intense greenish-yellow 

emission under a UV lamp, shows emission maximum at 420 and 520 nm on excitation 

at 327 nm, with a longer lifetime of 700 µs. Longer lifetime and stock shift of around 

90 nm indicate that it might be a phosphorescence. Whereas compound 2.13 displays 

an emission maximum at 591 nm, and have longer decay lifetime of 11µs. Longer 

lifetime of 2.13 indicates it might be phosphorescence or delayed fluorescence. 

Similar kind of systems from the literature found to have higher lifetimes and are 

phosphorescent, 12-18 while some of our systems (2.6, 2.12 and 2.13) also have longer 

decay lifetime and might have phosphorescence (Table 3.1). This observation of 

change in emission properties by changing substituents on ligand backbone reveals 
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that Au…Au interaction is sensitive to the subtle change in ligand fragment and can be 

tuned to get the desired colour of emission. 

 

 

Figure 3.1 Emission spectra of 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13 

 

3.2.3. Theoretical investigation of 2.6, 2.7, 2.9, 2.11-2.13 

 

 

Figure 3.3. Molecular orbitals of complexes (a) 2.6; (b) 2.7; (c) 2.9 
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(a)                                                                                   (b) 

 

(c) 

Figure 3.4. Molecular orbitals of complexes (a) 2.11; (b) 2.12; (c) 2.13 

 

To understand the origin of the observed photo-physical properties of 2.6, 2.7, 2.9, 2.11, 

2.12 and 2.13 TD-DFT calculations were performed (see Appendix section for details).19-23 
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Computed values of bond distances are in fair agreement with a slight over estimation to the 

experimentally measured values. The simplified MO diagrams corresponding to the 

optimized structures of 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13 are shown in Figure 3.3 and 3.4. A 

detailed analysis of the frontier molecular orbitals reveals that the HOMOs of compound 2.6 

are mainly composed of d-orbitals of metal and p-orbitals of chloride, while the LUMO is 

spread over the cluster core with small contribution coming from the ligand orbitals. The 

high energy orbitals (from LUMO+1 to LUMO+4) are mainly localized on the DPPA ligand 

(Figure 3.3a). Molecular orbitals of 2, 4, 6, 7 and 8 show a similar kind of transition pattern. 

The HOMOs of 2.7, 2.9, 2.11, 2.12 and 2.13 are mainly located on the phenyl rings of the 

ligand, while most of the LUMOs are located on the cluster core. The energy separation 

between the HOMO and LUMO orbitals of 2.6 (3.67 eV) is relatively smaller than the 

complexes 2.7 (4.38 eV), 2.9 (4.06 eV), 2.11 (3.03 eV), 2.12 (4.26 eV) and 2.13 (4.06 eV). 

Moreover, the smaller gap of 2.6 can be attributed to the observed low energy 

emission as compared to 2.7, 2.9, 2.11, 2.12 and 2.13. The computed lowest energy 

electronic transitions are in accordance with the HOMO-LUMO gaps. Further analyses 

of the orbitals involved in the lowest energy transitions suggest that the peak around 

410 nm for 2.6 is primarily due to a mixture of 1XLCT and 1MLCT charge transfer 

transitions which correspond to HOMO→LUMO. In contrast to 2.6 The low energy 

peak at 322 nm for 2.7 corresponds to HOMO-1→LUMO, peak at 328 nm for 2.9 

corresponds to HOMO→LUMO. Similar to 2.7 and 2.9 results were obtained for 2.11-

2.13. HOMO’s are localized on the ligands and LUMO present on metal centres. Peak 

330 nm for 2.11 corresponds to HOMO-1→LUMO, peak at 325 nm for 2.12 

corresponds to HOMO-1→LUMO and peak at 329 nm for 2.13 corresponds to HOMO-

2→LUMO are primarily from the 1LMCT. 

 

3.3  Conclusion 

In summary we have studied the photophysical properties of DPPA supported Au(I) 

complexes (2.6-2.13). Complexes 2.6, 2.7, 2.9, 2.11, 2.12 and 2.13 are emissive and show 
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yellow, lilac, cyan blue, blue, greenish yellow and orangish yellow emission respectively 

when exposed to UV light. Mononuclear Au(I) complexes 2.8 and 2.10 are non-luminescent, 

which could be attributed to the absence of aurophilic interaction, in their crystal packing. It 

is observed that subtle change of substituent leads to the different colour of emission which 

could be very useful in designing new luminescent material of selective colour. 
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Chapter 4 

Synthesis, Characterization and Photophysical studies of 

copper (I) and silver (I) complexes 
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4.1. Introduction 

The copper(I) complexes have been studied recently with great interest as they exhibit 

structural diversities,1 metallophilicity,2 rich photophysical properties,3 and they have been 

found application in catalysis,4 as well as in organic light emitting diodes (OLEDs) as 

dopants.5 Previous studies showed that a wide range of structure motifs could be accessible 

by combining copper halides and a variety of N, P, O, and S based ligand systems leading to 

di-, tri-, and tetra-nuclear copper (I) complexes that show strikingly different luminescent 

behavior.6-9 Recently, we reported the synthesis and luminescence studies of gold(I) 

complexes with PNP-based ligand systems.10 As copper is a more appealing element as 

luminescent dopant due to low cost and non-toxicity, we decided to prepare analogous 

copper(I) complexes with PNP-ligands and compare their structural and photophysical 

properties. The reaction of Ph2PN(2,6-Me2C6H3)PPh2 (2.2) with copper bromide/chloride 

led to dimeric copper(I) complexes analogous to our recent report on silylene supported 

dimeric copper(I) complexes.11,12 It has to be noted here that the reactions of simple 

(PPh2)2NPh (2.1) ligand with copper(I) halides led to tetrameric structures.13a These 

findings indicate that the ligand/substituent has a vital role in the structural arrangement as 

well as on the resulting photophysical properties of the complexes.14 Therefore, we sought 

to alter the position of the methyl substituents in the N-phenyl ring and isolate the resulting 

copper complexes. Interestingly, these complexes show significant structural diversities as 

the methyl groups in ortho, meta, and para position of the N-phenyl ring afforded three 

entirely different structural motifs. Apart from structural diversities, the resulting 

complexes (4.3-4.8) show different photophysical behavior. For example, complex 4.3 and 

4.4 are non-luminescent while 4.5-4.8 exhibit mechanochromic and thermochromic 

behaviour. 

Among coinage metal complexes gold and copper are most widely used complexes for their 

photophysical properties. However, silver also shows metallophilic interaction, i.e. Ag…Ag 

distance in the range of 2.7-3.4 Ao and termed as argentophilic interaction,  but examples of 

their photophysical properties are limited.15 Therefore we planned to prepare DPPA 

supported silver complexes and studied them for their emission properties. 
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Scheme 4.1. Syntheses of differently substituted diphosphinoamine ligand based copper (I) complexes 

4.3-4.8. 

 

4.2  Experimental section 

4.2.1. General Remarks 

All manipulations were performed under a dry and oxygen-free atmosphere (N2) using 

standard Schlenk techniques and glove box. All solvents were dried over activated molecular 

sieves after distillation. All the chemicals are purchased from Sigma Aldrich and alpha aesar. 

1H, 13C, 31P, and 19F solution NMR spectra were recorded on a Jeol 400 and Bruker 400 MHz 

spectrometer. Fourier transform infrared (FT-IR) spectra were taken on a PerkinElmer 

spectrophotometer. UV-visible absorption spectra were recorded using a Perkin-Elmer UV- 

visible spectrometer. Steady-state PL and PL decay dynamics (time-correlated single photon 
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counting) were measured using a Horiba Jobin-Yvon Fluorolog 3 spectrometer and FLS 980 

instrument (Edinburg Instruments). 

 

 

Scheme 4.2. Syntheses of differently substituted diphosphinoamine ligand based Silver (I) complexes 

4.9-4.12 

 

4.2.2 Synthesis of complexes 4.3-4.12 

Compound 4.3 

CH2Cl2 (20 mL) was added to a flask containing 2.2 (0.490 g, 1 mmol) and CuCl (0.099 g, 1 

mmol), and the solution was stirred overnight. The reaction mixture was filtered off and 

reduced to 5 mL. Subsequently n-pentane (5 mL) was added to the flask and the solution was 

stored at 0 °C to afford pale yellow crystals of 4.3. Yield: 0.82 g (74.54 %). 1H NMR (CDCl3, 

400 MHz): δ = 2.03 (s, 12 H, CH3-pPh), 6.65 (s, 2 H, Ph), 7.29–7.44 (m, 44 H, Ph) ppm; 31P{1H} 
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NMR (CDCl3, 161.976 MHz): δ = 68.50 (s) ppm. 13C{1H} NMR (CDCl3, 100.613 MHz): δ = 19.75 

(o-CH3), 127.73 (Ph), 128.70 (Ph), 130.43 (Ph), 134.59 (Ph), 135.94 (Ph) ppm. IR: ν˜ = 689.26, 

813.87, 1031.45, 1101.04, 1266.88, 1431.11, 1574.53 cm–1. MS (ESI+) Cu2(μ2-

Cl)2{C8H9N(PPh2)2}2 (1174): m/z = 1175.32 [M+]. Elemental Analysis (%): Calcd. C 65.31; H 

4.97; N 2.38. Found C 65.25; H 4.90; N 2.29 

Compound 4.4 

The same procedure used for 2.2 was followed with CuBr instead of CuCl. Pale yellow colored 

crystals of 4.4 were obtained. Yield: 0.88 g (75.21 %). 1H NMR (CDCl3, 400 MHz): δ = 2.01 (s, 

12 H, CH3-pPh), 6.75–6.84 (s, 7 H, Ph), 7.15–7.58 (m, 39 H, Ph) ppm. 31P{1H} NMR (CDCl3, 

161.976 MHz): δ = 73.65 (s) ppm. 13C{1H} NMR (CDCl3, 100.613 MHz): δ = 22.34 (o-CH3), 

127.9 (Ph), 128.81 (Ph), 129.34 (Ph), 130.36 (Ph), 134.48 (Ph) ppm; IR: ν˜ = 689.26, 813.87, 

1031.45, 1101.04, 1266.88, 1431.11, 1574.53 cm–1. MS (ESI+) Cu2(μ2-Br)2-{C8H9N(PPh2)2}2 

(1264): m/z = 1185.14 [M+ – Br]. Elemental Analysis (%): Calcd. C 60.72; H 4.62; N 2.21. 

Found C 60.65; H 4.70; N 2.00 

Compound 4.5 

CH2Cl2/toluene mixture (1:1) (20 mL) was added to the flask containing 4.1 (0.490 g, 1 

mmol) and CuCl (0.099 g, 1 mmol) and the solution was stirred overnight. The reaction 

mixture was filtered off and concentrated to 5–6 mL and kept at room temperature to obtain 

colorless crystals of 4.5. Yield: 0.67 g (71.05 %); 1H NMR (CDCl3, 400 MHz): δ = 2.38 (s, 6 H, 

CH3-oPh), 6.41 (s, 3 H, Ph), 6.95–6.99 (m, 32 H, Ph), 7.05–7.06 (br, 32 H, Ph), 7.19–7.28 (m, 

27 H, Ph) ppm. 31P{1H} NMR (CDCl3, 161.976 MHz): δ = 59.11 (s) ppm. 13C{1H} NMR (CDCl3, 

100.613 MHz) δ = 20.62 (m-CH3), 125.22 (Ph), 127.82 (Ph), 128.15 (Ph), 128.90 (Ph), 136.50 

(Ph), 130.47 (Ph), 133.04 (Ph) ppm. IR: ν˜ = 689.26, 813.87, 1031.45, 1101.04, 1266.88, 

1431.11, 1574.53 cm–1. Elemental Analysis (%): Calcd. C 66.64; H 5.07; N, 2.43. Found C 

66.55; H 5.25; N, 2.20. 

Compound 4.6 

The same procedure used for 4.5 was followed with CuBr instead of CuCl. Yield: 0.67 g (73 

%). 1H NMR (CDCl3, 400 MHz) δ = 2.37 (s, 6 H, CH3-oPh), 6.41 (s, 3 H, Ph), 6.95–6.99 (m, 32 
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H, Ph), 7.05–7.06 (br., 32 H, Ph), 7.19–7.28 (m, 27 H, Ph) ppm. 31P{1H} NMR (CDCl3, 161.976 

MHz): δ = 55.86 (s) ppm. 13C{1H} NMR (CDCl3, 100.613 MHz): δ = 136.50 (Ph), 133.04 (Ph), 

130.47 (Ph), 128.90 (Ph), 128.15 (Ph), 127.82 (Ph), 125.22 (Ph), 20.62 (m-CH3) ppm; IR: ν˜ = 

689.96, 811.65, 1029.50, 1096.72, 1266.30, 1478.57, 2376.39 cm–1. Elemental Analysis (%): 

Calcd. C 63.39; H 4.82; N, 2.31. Found: C 63.39; H 4.81; N, 2.25. 

Compound 4.7 

CH2Cl2 (20 mL) was added to the flask containing 4.2 (0.475 g, 1 mmol) and CuCl (0.099 g, 1 

mmol), and the solution was stirred overnight. The reaction mixture was then filtered off and 

concentrated to 5 mL and equal amounts of n-pentane were added. Storing the solution at 0 

°C afforded colorless crystals of 4.7. Yield: 0.74 g (73.03 %). 1H NMR (CDCl3, 400 MHz): δ = 

2.07 (s, 6 H, CH3-oPh), 5.80 (d, J = 8.1 Hz, 4 H, Ph), 6.46 (d, J = 8.2 Hz, 4 H, Ph),7.25–7.50 (m, 

40 H, Ph) ppm. 31P{1H} NMR (CDCl3, 161.976 MHz): δ = 60.20 (s) ppm. 13C{1H} NMR (CDCl3, 

100.613 MHz): δ = 20.80 (p-CH3), 128.43 (Ph), 128.63 (Ph), 130.47 (Ph), 131.39 (Ph), 132.82 

(Ph), 134.08 (Ph), 136.87 (Ph) ppm. IR: ν˜ = 689.26, 811.65, 1029.50, 1096.72, 1266.30, 

1430.28, 1478.57 cm–1. MS (ESI+) Cu2(μ2-Cl)2{C8H9N(PPh2)2}2 (1341): m/z = 1306.42 [M+–

Cl]. Elemental Analysis (%): Calcd. C 55.28; H, 4.04; N, 2.08. Found: C 54.98; H 3.95; N, 2.01. 

Compound 4.8 

The same procedure used for 4.7 was followed with CuBr instead of CuCl. Yield: 0.60 g (80 

%). 1H NMR (CDCl3, 400 MHz): δ = 1.98 (s, 6 H, CH3-oPh), 5.32 (d, J = 8.1 Hz, 4 H, NPh), 6.26 

(d, J = 8.2 Hz, 4 H, NPh), 6.94–7.29 (m, 40 H, Ph) ppm; 31P{1H} NMR (CDCl3, 161.976 MHz): δ 

= 57.04 (s) ppm; 13C{1H} NMR (CDCl3, 100.613 MHz): δ = 20.76 (p-CH3), 127.98 (Ph), 130.29 

(Ph), 132.15 (Ph), 132.96 (Ph), 136.95 (Ph) ppm; IR: ν˜ = 687.33, 739.09, 864.80, 1008.89, 

1079.77, 1258.06, 1433.41, 2963.06 cm–1. MS (ESI+) Cu2(μ2-Br)2{C8H9N(PPh2)2}2 (1527): 

m/z = 1447.02 [M+ –Br]. Elemental Analysis (%): Calcd. C 48.84; H 3.57; N, 1.84. Found: C 

48.84; H 3.794; N, 1.70. 

Compound 4.9 

CH2Cl2 (20 mL) was added to a flask containing 2.1 (0.460 g, 1 mmol) and AgOTf (0.256 g, 1 

mmol), and the solution was stirred overnight. The reaction mixture was filtered off and 
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reduced to 5 mL. Subsequently n-pentane (5 mL) was added to the flask and the solution was 

stored at 0 °C to afford colourless crystals of 4.9. Yield: 0.57 g (80 %). 1H NMR (CDCl3, 400 

MHz): δ = 6.17 (d,  4H, J = 7.8 Hz, Ph), 6.69 (t,  4H, J = 7.9 Hz, Ph), 6.9 (s,  2H, Ph),  7.33-7.49 

(m, 29 H, Ph) ppm; 31P{1H} NMR (CDCl3, 161.976 MHz): δ = 83.15 (dt, JP-Ag = 553.4, 19.8 Hz) 

ppm. 13C{1H} NMR (CDCl3, 100.613 MHz): δ 133.49 (Ph), 132.17 (Ph), 131.31 (Ph), 129.21 

(Ph), 128.56 (Ph) ppm. 19F NMR -77.61(s) ppm. MS (ESI+) {(C6H5N(PPh2)2AgOTf}2 

(1436.01): m/z = 1436.83 [M+]; Elemental Analysis (%): Calcd. C 51.83; H 3.51; N 1.95; O 

6.68; S, 4.46. Found C 51.50; H 2.86; N, 2.20; O 6.60; S, 4.45. 

Compound 4.10 

CH2Cl2 (20 mL) was added to a flask containing 2.2 (0.490 g, 1 mmol) and AgOTf (0.256 g, 1 

mmol), and the solution was stirred overnight. The reaction mixture was filtered off and 

reduced to 5 mL. Subsequently n-pentane (5 mL) was added to the flask and the solution was 

stored at 0 °C to afford pale yellow crystals of 4.10.Yield: 0.55 g (70 %). 1H NMR (CD3CN, 400 

MHz): δ = 1.99 (s, 12H, CH3-oPh), 7.35-7.39 (m, 30 H, Ph), 7.56-7.6 (m, 16 H, Ph) ppm. 31P{1H} 

NMR (CD3CN, 161.976 MHz): δ = 85.61 (br) ppm. 13C{1H} NMR (CD3CN, 100.613 MHz): δ = 

138.98 (Ph), 134.96 (Ph), 132.42 (Ph), 129.48 (Ph), 128.74 (Ph), 20.32 (o-CH3) ppm. 19F NMR 

δ = -79.27 (s) ppm. MS (ESI+) {(C8H9N(PPh2)2AgOTf}2 (1492.07): m/z = 1004 (M+- 

C8H9N(PPh2)2). Elemental Analysis (%): Calcd. C 53.10; H 3.92; N 1.88; O 6.43; S 4.29. Found 

C 52.68; H 2.844; N, 2.50; O 6.55; S, 4.25. 

Compound 4.11 

CH2Cl2 (20 mL) was added to a flask containing 4.1 (0.490 g, 1 mmol) and AgOTf (0.256 g, 1 

mmol), and the solution was stirred overnight. The reaction mixture was filtered off and 

reduced to 5 mL. Subsequently n-pentane (5 mL) was added to the flask and the solution was 

stored at 0 °C to afford pale yellow crystals of 4.11.Yield: 0.57 g (77 %). 1H NMR (CD3CN, 400 

MHz): δ = 2.2 (s, 12 H, CH3-mPh), 7.35-7.39 (m, 30 H, Ph), 7.56-7.76 (m, 16H, Ph) ppm; 

31P{1H} NMR (CDCl3, 161.976 MHz): δ = 85.97 (br) ppm. 13C{1H} NMR (CDCl3, 100.613 MHz): 

δ = 138.98 (Ph), 134.96 (Ph), 132.42 (Ph), 129.48 (Ph), 128.74 (Ph), 20.32 (m-CH3)ppm. 19F 

NMR -79.24 (s) ppm. MS (ESI+) {(C8H9N(PPh2)2AgOTf}2 (1286.15): m/z = 986 (M+- 
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C8H9N(PPh2)2). Elemental Analysis (%): Calcd. C 53.10; H 3.92; N 1.88; O 6.43; S 4.29. Found 

C 53.07; H, 3.99; N, 1.79; O, 6.41; S, 4.23. 

Compound 4.12 

CH2Cl2 (20 mL) was added to a flask containing 4.2 (0.475 g, 1 mmol) and AgOTf (0.256 g, 1 

mmol), and the solution was stirred overnight. The reaction mixture was filtered off and 

reduced to 5 mL. Subsequently n-pentane (5 mL) was added to the flask and the solution was 

stored at 0 °C to afford pale yellow crystals of 4.12..Yield: 0.51 g (70 %). 1H NMR (CDCl3, 400 

MHz): δ = 2.07 (s, 6H, CH3-pPh), 5.98-6.0 (d, 4H, J = 8.3 Hz, Ph), 6.5-6.52 (d, 4H, J = 8.3 Hz, Ph) 

7.34-7.52 (m, 42H, Ph) ppm. 31P{1H} NMR (CDCl3, 161.976 MHz): δ = δ 84.32 (dt, JP-Ag= 550.1, 

19.5 Hz) ppm. 13C{1H} NMR (CD3CN, 100.613 MHz): δ = 138.36 (Ph), 133.57 (Ph), 132.06 

(Ph), 130.90 (Ph), 128.95 (Ph), 19.82 (p-CH3) ppm. 19F NMR -77.49 (s) ppm. Elemental 

Analysis (%): Calcd. C 52.48; H 3.72; N 1.91; O 6.55; S 4.38. Found C 52.30; H 3.25; N 1.67; O 

6.40; S 4.26. 

4.2.3. X-ray Crystallographic Details 

Single crystals of suitable size were coated with paraffin oil was mounted for all the 

complexes. Crystal data for all the complexes were collected on a Bruker Smart Apex Duo 

diffractometer at 100 K using Mo Kα radiation (λ = 0.71073 Å) and Cu Kα radiation (λ = 

1.5418 Å). 16 A multi-scan absorption correction was applied to the collected reflections. The 

structures were solved by the direct method using SHELXTL17 and were refined on F2 by  full-

matrix least-squares technique using the SHELXL-9717 program. All non-hydrogen atoms 

were refined anisotropically. All hydrogen atoms were located in successive difference 

Fourier maps, and they were treated as riding atoms using SHELXL default parameters. 

Appendix tables 4A.1-4A.4 contain crystallographic data for 4.3-4.12. 1568543 (4.3), 

1568544 (4.4), 1568545 (4.5), 1568546 (4.6), 1568547 (4.7), and 1568548 (4.8). These 

data can be obtained free of charge from Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif.  

 

 

http://www.ccdc.cam.ac.uk/data_request/cif
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4.2.4. Computational Methods 

The molecular geometries of all the Cu(I) complexes were fully optimized applying density 

functional theory (DFT) based full-potential VASP code.18 The projector-augmented wave 

(PAW) method was employed to take into account the full nodal character of the all-electron 

charge density in the core region.19 In order to obtain an accurate description of the 

electronic states the energy cut off of 450 eV for the pseudopotentials along with Perdew-

Burke-Ernzenhof (PBE) prescription for the exchange-correlation energy in the generalized 

gradient approximation (GGA) was used.20 The electronic structures and the optical 

properties of all the complexes were investigated applying density functional theory (DFT) 

using Becke’s three-parameter, Lee-Yang-Parr exchange correlation hybrid functional 

B3LYP along with Ahlrich’s def2-TZVP(P) polarized basis set of triple ζ quality on all atoms. 

We also employed the RIJCOSX approximation combining the RI-J method and the COSX 

approximation with ORCA 3.0.3 chemical code. The electronic spectra were obtained 

applying TD-DFT approach within the framework of Tamm-Dancoff approximations.21,22 The 

ground state molecular geometries were optimized applying PBE exchange correlation 

functionals in the DFT. 

 

4.3. Result and Discussion 

4.3.1. Synthesis and characterization of DPPA supported Copper(I) complexes (4.3-4.8) 

DPPA ligands (2.2, 4.1, and 4.2) were synthesized adopting the same synthetic protocol that 

has been used to prepare Ph2PN(2,6-iPr2C6H3)PPh2.10 The purpose of synthesizing these 

ligands is to study the modulation of the structural and Photophysical properties of the 

copper(I) complexes. Complexation of copper(I) chloride and bromide with these DPPA 

ligands, 2.2, 4.1, and 4.2, affords structurally different copper(I) complexes 4.3-4.8 (Scheme 

4.1).  
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Figure 4.1. The molecular structure of 4.3 and 4.4, with anisotropic displacement parameters depicted 

at the 50% probability level. All hydrogen atoms and lattice solvent have been omitted for clarity. 

Selected bond lengths (Å) and bond angles (o) for 4.3 Cu1-Cl1/Cu1’-Cl1’ 2.301(1), Cu1-Cl1’/Cu1’-Cl1 

2.3513(9), P1-Cu1/P1’-Cu1’ 2.288(1), P2-Cu1/P2’-Cu1’ 2.320(1), P1-N1/P1’-N1’ 1.725(2), P2-N1/P2’-

N1’1.723(2); Cl1-Cu1-Cl1’/Cl1-Cu1’-Cl1’ 96.46(3), Cu1-Cl1-Cu1’/Cu1-Cl1’-Cu1’ 83.54 (3), P1-Cu1-

P2/P1’-Cu1’-P2’ 73.87(3); for 4.4 Cu1-Br1/Cu1’-Br1’ 2.473(2), Cu1-Br1’/Cu1’-Br1 2.434(2), P1-

Cu1/P1’-Cu1’ 2.338(3), P2-Cu1/P2’-Cu1’ 2.292(3), P1-N1/P1’-N1’ 1.693(8), P2-N1/P2’-N1’ 1.748(7); 

Br1-Cu1-Br1’/Br1-Cu1’-Br1’ 100.15(6), Cu1-Br1-Cu1’/Cu1-Br1’-Cu1’ 79.85(5), P1-Cu1-P2/P1’-Cu1’- P2’ 

73.31(9). 

 

The reactions of CuCl and CuBr with 2.2 in CH2Cl2 resulted in dinuclear dimeric copper(I) 

complexes 4.3 and 4.4. Analogous reactions of CuBr and CuCl with ligand 4.1 in a 1:1 ratio 

led to trinuclear structures with μ3-bridging halide atoms (complexes 4.5 and 4.6). 

Tetranuclear clusters 4.7 and 4.8 were obtained on treatment of 4.2 [4-MeC6H4N(PPh2)2] 

with CuCl and CuBr in CH2Cl2 in a 1:1 ratio. Complexes 4.7 and 4.8 display bi-capped 

“octahedron”-type arrangements in which two of the halide atoms are μ2-bridged, and the 

other two halides have μ3- or μ4-coordination. The crystals of all of these copper(I) 

complexes were grown from a CH2Cl2/n-pentane (1:1) and CH2Cl2/toluene (1:1) mixture and 

are moderately stable upon exposure to air and moisture. 

The complexation of the ligand 2.2 is accompanied by the downfield shift in the 31P NMR 

spectra of 4.3 (δ = 61.0 ppm) and 4.4 (δ = 72.8 ppm) compared with 2.2 (δ = 55.9 ppm).  
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(a)                                                                      (b) 

Figure 4.2. Molecular structure of (a) 4.4 and (b) 4.5 with anisotropic displacement parameters 

depicted at the 50% probability level. All hydrogen atoms and lattice solvent have been omitted for 

clarity. Selected bond lengths (Å) and bond angles (o) for 4.4: Cu1-Cu2 2.808(2), Cu2-Cu3 2.925(1), Cu3-

Cu1 2.934(2), Cu1-Cl1 2.434 (2), Cu1-Cl2 2.465(2), Cu2-Cl1 2.415(2), Cu2-Cl2 2.472(2), Cu3-Cl1 

2.469(2), Cu3-Cl2 2.430(2), Cl3-Cu4 2.087(5), Cl4-Cu4 2.077(5), P1-Cu1 2.244(2), P2-Cu2 2.238(2), P3-

Cu2 2.233(2), P4-Cu3 2.240(2), P5-Cu3 2.238(2), P6-Cu1 2.240(2); Cu1-Cu2-Cu3 61.57(4), Cu2-Cu3-Cu1 

57.29(4), Cu3-Cu1-Cu2 61.14 (4), Cu1-P1-N1 117.7(2), Cu2-P2-N1 117.1(2), Cu2-P3-N2 118.2(2), Cu1-

P6-N3/ Cu3-P4-N2 117.5(2), Cu3-P5-N3 117.5(2), Cl3-Cu4-Cl4 176.6(2), P1-N1-P2 120.5(3), P3-N2-P4 

121.54(3), P5-N3-P6 121.0(4); For 4.5: Cu1-Cu2 2.923(1), Cu2-Cu3 2.801(1), Cu3-Cu1 2.934(1), Cu1-Br1 

2.565(1), Cu1-Br2 2.546(1), Cu2-Br1 2.534(1), Cu2-Br2 2.590(1), Cu3-Br1 2.553(1), Cu3-Br2 2.585(1), 

Cu4-Br3/ Cu4-Br4 2.210(2), P1-Cu1/ P2-Cu2 2.240(2), P3-Cu2/ P6-Cu1 2.241(2), P4-Cu3 2.252(2), P5-

Cu3 2.244(2); Cu1-Cu2-Cu3 61.62(3), Cu2-Cu3-Cu1 61.23(3), Cu3-Cu1-Cu2 57.15(3), Cu1-P1-N1 

117.2(2), Cu2-P2-N1 118.0(2), Cu2-P3-N2 117.5(2), Cu1-P6-N3 117.0 (2) Cu3-P4-N2/Cu3-P5-N3 

117.4(2), Br3-Cu3-Br4 178.23(9), P1-N1-P2 121.8 (3), P3-N2-P4 120.4(3), P5-N3-P6 121.4(3). 

 

Molecular structures of complexes 4.3 and 4.4 are shown in Figure 4.1. Complexes 4.3 and 

4.4 crystallize in the monoclinic space group P21/c, and each consists of a planar four-

membered Cu2X2 ring. Each copper atom in complexes 4.3 and 4.4 is coordinated with one 

ligand 2.2 through two phosphorus atoms and thereby exhibit distorted tetrahedral 

geometries. There is no Cu···Cu interaction present in complexes 4.3 and 4.4, as the two 

copper atoms in 4.3 and 4.4 are separated by a distance of 3.098(4) and 3.149(2) A, 
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respectively, which is greater than the sum of van der Waals radii of copper (2.8 A). The 

resonances in the 31P NMR spectra of complexes 4.5 and 4.6 appear at δ = 58.9 and 55.7 ppm, 

respectively, which is upfield shifted compared with the corresponding ligand 4.1 (δ = 66.2 

ppm). Molecular structures of 4.5 and 4.6 comprise of linear dihalocuprate(I) anions, [CuX2], 

and [Cu3(μ3-X)2{C8H9N(PPh)2}3]+ complex cations [X = Cl and Br]. The molecular structures 

of complexes 4.5 and 4.6 (Figure 4.2) possess three copper atoms in the cationic segment 

with a discrete CuX2 anion.  

Each copper atom is tetra-coordinated, connected to two ligands (4.1) through phosphorus 

atoms and with bridging halogen atoms above and below the Cu3-plane, and thereby exhibit 

tetrahedral geometries. The Cu–Cu distances in both the complexes are found to be in the 

range of 2.8–2.9 A.23 The copper-phosphorus bond lengths range from 2.23 to 2.24 A, which 

are in accordance with those in [Cu4(μ3-Cl)4(μ-dtbpf)2]24 [2.1950(17) A] [dtbpf = 1,1′-bis(di-

tert-butylphosphanyl)ferrocene] and [Cu3-(dppm)3(μ3-Br)2]+ [dppm = 

bis(diphenylphosphanyl) methane] [2.241(5)–2.259(4) A].23b For both complexes 4.5 and 

4.6, the halide atoms above and below the triangular plane are found to be almost 

equidistant from the copper atoms, varying with a very small difference of 2.415(2)–

2.470(2) and 2.534(1)-2.587(1) Å, respectively. The presence of a dihalocuprate anion in 

both complexes 4.5 and 4.6 is confirmed by single-crystal X-ray studies. The Cu–Cl bond 

lengths in the [CuCl2]– anions are 2.077(5) and 2.081(5) Å with a bond angle of 176.6(2)° for 

Cl3–Cu4–Cl4 indicating a linear structure. Similarly, the Cu–Br distance is 2.210(4) Å for the 

[CuBr2]– anion in complex 4.6 (Figure 4.2) and the linearity is confirmed by the bond angle 

of Br3–Cu4–Br4 [178.23(9)°]. 

To the best of our knowledge, there is no report on such a type of dihalocuprate anion 

generated with a halogen bridged trinuclear copper (I) complex. A singlet resonance at δ = 

59.9 and 56.9 ppm was observed in the 31P NMR spectra of complexes 4.7 and 4.8, 

respectively, and it seems to be slightly upfield compared with that of ligand 4.2 (δ = 68.5 

ppm), but in agreement with those reported for Cu4(dppan)2Cl4 (59.1 ppm), Cu4(dppan)2Br4 

(59.0 ppm) [dppan = bis(diphenylphosphanyl) aniline].13a 
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(a)                                                                                   (b) 

Figure 4.3. Molecular structure of (a) 4.7 and (b) 4.8 with anisotropic displacement parameters 

depicted at the 30% probability level. All hydrogen atoms and lattice solvent have been omitted for 

clarity. Selected Bond lengths (Å) and Selected Bond angles (o) For 4.7: Cu2-Cu1/ Cu2’-Cu1’ 2.748(4), 

Cu1-Cu2’/ Cu1’-Cu2 2.858(5), Cu2’-Cl1/ Cl1’-Cu2 2.344(4), Cu1-Cl1/ Cu1’-Cl1’ 2.235(4), Cu1-Cl2/ Cl2’-

Cu1’ 2.381(4), Cu2-Cl2/ Cu2’-Cl2’ 2.411(4), Cl2-Cu2’/ Cl2’-Cu2 2.569(4), P2-Cu2/ P2’-Cu2’ 2.185(4), P1-

Cu1/ P1’-Cu1’ 2.163(4); Cu1-Cu2-Cu1’/Cu1-Cu2’-Cu1’ 99.60(5), Cu2-Cu1-Cu2’/Cu2-Cu1’-Cu2’ 80.40(5), 

P1-Cu1-Cu2/ P1-Cu1-Cu2 92.02(8), P2-Cu2-Cu1/ P2’-Cu2’-Cu1’ 90.92(7), Cu2-Cl1’-Cu1’/Cu1-Cl1-Cu2’ 

77.20(9), Cu1-Cl2-Cu2/ Cu1’-Cl2’-Cu2’ 69.97(7), Cu1-Cl2-Cu2’/ Cu1’-Cl2’-Cu2 70.42(7); For 4.8: Cu2-

Cu1/ Cu2’-Cu1’ 2.650(1), Cu1-Cu2’/ Cu1’-Cu2 2.702(1), Cu2-Br1/’ Br1-Cu2’ 2.424(1), Cu1-Br1/ Cu1’-

Br1’ 2.4174(8), Cu1-Br2/ Br2’-Cu1’ 2.736(1), Cu2-Br2/ Cu2’-Br2’ 2.8641(1), Cu2-Br2’/ Cu2’-Br2 

2.5598(9), Cu1-Br2’/ Cu1’-Br2 2.580(1), P2-Cu2/ P2’-Cu2’ 2.192(2), P1-Cu1/ P1’-Cu1’ 2.185(2); Cu1-

Cu2-Cu1’/Cu1’-Cu2’-Cu1 87.53(3), Cu2-Cu1-Cu2’/Cu2’-Cu1’-Cu2 92.47(3), P1-Cu1-Cu2/ P1’-Cu1’-Cu2’ 

93.67(5), P2-Cu2-Cu1/ P2’-Cu2’-Cu1’ 93.63(5), P1-N1-P2/ P1’-N1’-P2’ 117.3(2), Cu2-Br1’-Cu1’/Cu1-

Br1-Cu2’ 67.83(3), Cu1-Br2-Cu2/ Cu1’-Br2’-Cu2’ 56.43(2), Cu1-Br2-Cu2’/ Cu1’-Br2’-Cu2 59.23(2), Cu1-

Br2’-Cu2/Cu1’-Br2-Cu2’ 62.07(3), Cu1-Br2’-Cu2’/ Cu2-Br2-Cu1’ 61.24(2). 

 

The molecular structures of complexes 4.7 and 4.8 with atom-numbering schemes are 

shown in Figure 4.3(a) and (b) respectively. The molecular structure of 4.7 consists of a 

[{Cu4(μ2-Cl)2(μ3-Cl)2}] core [Figure 4.3a), while the molecular structure of 4.8 contains a 

[{Cu4(μ2-Br)2(μ4-Br)2}] core (Figure 4.3b). In complex 4.7 two of the four copper atoms are 

tetra-coordinated while the other two are tri-coordinated. Four copper atoms are arranged 

in a distorted rectangular shape. Two halide atoms are situated at apical positions above and 

below the plane and coordinated to the three copper atoms. These two halide atoms are 
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connected to three copper atoms, while there is no significant bonding interaction with the 

fourth copper atom [3.060(5) Å]. The other two halide atoms are connected in a μ2-fashion 

with the copper atoms. In complex 4.8 capping halides are bonded to four copper atoms in a 

μ4-fashion and are placed in axial positions above and below the Cu4-plane, whereas both the 

bromine atoms above and below the core plane are not exactly equidistant from each of the 

copper atoms. One of the copper atoms is at a longer distance of 2.861(1) Å, while the other 

three copper atoms are at a distance of 2.580(1), 2.560(1), and 2.736(1) Å, from the bromine 

atom. The Cu–Cu distances in complexes 4.7 and4.8 range from 2.65-2.87 Å.  

 

4.3.2. Synthesis and characterization of DPPA supported silver(I) complexes (4.9-4.12) 

Complexation of silver (I) triflate with DPPA ligands, 2.1, 2.2, 4.1, and 4.2 affords silver(I) 

complexes 4.9-4.12 (Scheme 4.2). The reactions of AgOTf with DPPA ligands 2.1, 2.2, 4.1, 

and 4.2 in 1:1 ratio in CH2Cl2 resulted in dinuclear dimeric silver(I) complexes. The purpose 

of synthesizing these complexes is to study the structural and Photo-physical properties of 

the silver (I) complexes. Silver complexes also shows cluster structure as like copper 

complexes.25 But in this case we got only dimeric structure of silver complexes, the reason 

behind this might be the size of anion in silver salt which has been used for complexation 

and nature of ligand where there is phosphine group of DPPA ligand situated near to each 

other.26 Whereas in case of copper complexes the copper salt (CuCl, and CuBr) which we 

used for complexation is small in size. All of these compounds are characterized by routine 

techniques (NMR, Mass, etc). Single crystals suitable for X-Ray diffraction studies were 

grown in CH2Cl2/n-pentane mixture. Phosphorus NMR of these complexes has been 

recorded. Complexes 4.9 and 4.12 show doublet of triplet in 31P NMR spectrum with 

coupling constant (J) of 550 and 119 Hz, indicating coupling of Ag-P (figure 4A.7- 4A.10).27 

Whereas 31P NMR spectra of 4.10 and 4.11 show a broad signal at 85.97 and 85.61 ppm, 

respectively. A sharp singlet in 19F NMR was observed for all the silver complexes in the 

range of -77 to -79 ppm which matches well with the OTf group reported in the literature.27 

Molecular structures of all of the silver complexes show dimeric dinuclear framework with 

Ag…Ag distance in the range of 2.80-3.05 Ao which falls within the range of argentophilic 
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interaction (2.7-3.4 Ao). The P-Ag-P bond angles of 4.9-4.12 are in the range of 142-161o 

which are deviated from the linearity.  4.11 shows Ag…Ag distance 2.864 Ao which is the 

shortest among all other silver complexes.   

 

 

                                                       (a)                                                      (b) 

Figure 4.4. Molecular structure of 4.9 (a) and 4.10 (b) with anisotropic displacement parameters 

depicted at the 50% probability level. All hydrogen atoms, phenyl rings, and lattice solvent have been 

omitted for clarity. Selected Bond lengths (Å) and Selected Bond angles (o) for 4.9: Ag1-Ag2 3.0202(8), 

Ag1-O1 2.508; Bond angles(o)  P1-Ag1-P3 161.24(6)/158.64(6), P1-N1-P2 119.7(4); Selected Bond 

lengths (Å) and Selected Bond angles (o) for 4.10 Ag1-Ag2 3.0202(8), Ag1-O1 2.631(2); Bond angles(o)  

P1-Ag1-P3 152.00(2), P1-N1-P2 119.5(1)  

 

Unlike copper complexes (4.3-4.8) silver complexes (4.9-4.12) are found to be non-

luminescent or weakly luminescent. To confirm the presence of Ag-Ag interaction we studied 

the Raman spectra of these complexes. But we able to record the spectra only for 4.9 and 

4.10 (Appendix Figure 4A.11 and 4A.12). Other two complexes could not be characterized 

using Raman spectroscopy might be because of competent phenomena of fluorescence. In 

case of 4.9 and 4.10 we observed peaks at 88 and 90 cm-1 this peak corresponds to the Ag-

Ag stretch fundamental and overtone bands. 
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(a)                                                       (b)                        

Figure 4.6. Molecular structure of 4.11 (a) and 4.12 (b) with anisotropic displacement parameters 

depicted at the 50% probability level. All hydrogen atoms and lattice solvent have been omitted for 

clarity. Selected Bond lengths (Å) and Selected Bond angles (o) for 4.11: Ag1-Ag2 2.864(3), Ag1-O1 

2.438(7) Ag1-O6 2.468(8); Bond angles(o) P1-Ag1-P3 144.84(7)/144.67(7), P1-N1-P2 

122.4(4)/121.7(4); Selected Bond lengths (Å) and Selected Bond angles (o) for 4.12 Ag1-Ag2 3.054(1), 

Ag1-O1 2.425(3); Bond angles (o) P1-Ag1-P3 142.02(3), P1-N1-P2 120.2(2). 

 

4.3.3. Photophysical studies of copper complexes 4.5-4.8 

Copper (I) halide complexes, especially the iodide derivatives, have been investigated 

extensively due to their intriguing photoluminescence properties. Hence, we have also 

studied the luminescence properties of complexes 4.5-4.8. It has been observed that 

complexes 4.5-4.8 show mechanochromism as well as thermochromism. 

We have investigated the frontier molecular orbitals for all the complexes to understand the 

difference in their properties. The stimuli-responsive properties of complexes 4.5-4.8 are 

explored in the solid state by studying their steady-state measurements (absorption-

emission profile) and lifetimes.  
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Figure 4.4. UV-visible absorbance spectra of 4.5-4.8 at room temperature in the solid state. 

 

Complexes 4.5-4.8 are luminescent in the solid state and show orange to orangish-yellow 

luminescence under UV light, whereas they are very weakly emissive in solution. The 

absorption spectra of complexes 4.5-4.8 were recorded in the solid state at 298 K. UV/Visible 

absorption spectra of complexes 4.5-4.8 (Figure 4.4) show ligand-centered characteristic 

bands, n→π* and π→π* over the range 250–300 nm. The peaks from 330 to 370 nm indicate 

the halide-to-ligand charge transfer (XLCT) transition.13b Mechanochromism is the change of 

the color of emission upon addition of a mechanical stimulus, typically grinding of the 

samples. The unground and ground forms have a propensity to exhibit different molecular 

arrangements and intermolecular interactions, leading to different photophysical 

properties.28 Upon grinding the solid samples of complexes 4.5–4.8 using a pestle and 

mortar, mechanochromic luminescence properties are observed. The otherwise non-

luminescent complexes 4.5–4.8 become luminescent after grinding and show yellowish to 

orangish-yellow colors of emission upon irradiation of UV light [Figure 4.5(b)]. 
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Figure 4.5. (a) Images of ground samples of complexes 4.5-4.8 (i) under normal light, (ii) under UV 

light at room temperature, and (iii) under UV light at 77K; (b) Emission spectra of 4.5-4.8 (after 

grinding, solid state) at room temperature; (oc) at 77 K. [λex = 350 nm (4.5), 351 nm (4.6), 360 nm (4.7) 

and 360 nm (4.8)]. 

 

Solid-state photoluminescence measurements of the ground samples of 4.5–4.8 reveal 

broad emission bands ranging from ca. 557–572 nm, thereby confirming the 

mechanochromism in these complexes. The emission bands observed at room temperature 

for complexes 4.5–4.8 (Figure 4.5) most likely originate from the cluster centered (3CC) 

triplet excited state, which is a combination of halide-to-metal charge transfer (XMCT) and 
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copper-centered 3d→4s, 4p transitions.29 The lifetime values for these complexes (4.5–4.8) 

are detected in μs (Table 1), reflecting that these emissions are from triplet excited states.13b  

In addition to the mechanochromism compounds 4.5–4.8 also show thermochromism 

(Figure 4.5). Complexes 4.5-4.8 exhibit chromism when the ground solids are cooled (they 

return to their original emissions at r.t.) as shown in Figure 4.5(c). The blue shift upon cooling 

at 77 K for complexes 4.5-4.8 can be attributed either to the structural changes of the 

multiplex excimer or lattice contraction.30 Emission spectra of complexes 4.5-4.8 at 77 K 

show peaks at around the 490–520 nm region. It is assumed that at 77 K, the singlet state is 

more populated in comparison with the triplet state. Hence, a cluster-centered transition 

(1CC) from the excited singlet state (S1) to the singlet ground state (S0) could be responsible 

for the emission at shorter wavelengths (high energy) upon cooling.24 

 

4.3.4. Powder-XRD studies of copper complexes 4.5-4.8 

To understand whether mechanical grinding has caused any structural changes, powder X-

ray diffraction (PXRD) analyses were performed with complexes 4.5-4.8 (Figure 4.6). All the 

complexes show weak diffractions in the ground PXRD pattern (4.5G-4.8G) as compared 

with those of the unground samples. The decrease in intensity and the presence of some 

ambiguous peaks in the PXRD spectra of the ground samples (4.5G-4.8G) suggest a change 

of the crystalline phase toward a microcrystalline and amorphous phase.30 

To confirm our hypothesis, we dissolved the complexes in DCM and dried the solution 

quickly so that they could form only microcrystalline and amorphous solids instead of 

crystals. The quickly dried samples showed luminescence that was comparable to those 

obtained from ground samples. The PXRD patterns (4.5R-4.8R) of the dried samples showed 

lower 2θ peaks. However, higher 2θ peaks were diminished, thus confirming their 

microcrystalline and amorphous nature.29-31 The mechanochromic luminescence is found to 

be reversible as after recrystallization the luminescence is not seen. The reason behind such 

mechanochromic behaviour might be the change in molecular arrangement and 

intermolecular interactions, leading to different photo-physical properties. 



87 
 

 

Figure 4.6. The powder X-ray diffraction patterns of 4.5-4.8 in different states (S-simulated, 

unground, G-ground and R-recovered). 

Peaks with decreased intensity are observed in unground samples. Broadening of the overall 

pxrd pattern is observed this might be because of the phase change from crystalline to 

amorphous state of the complexes. The reason behind such broadening of peak might be 
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because of size confinement of the crystalline material which might be converting to 

nanoparticles. 

 

4.3.5. Theoretical investigation of 4.3-4.8 

The optimized structures are shown in Figure 4.7, and the computed structural parameters, 

i.e. bond lengths (Å) and angles (°) are also tabulated and compared in Table 4A.1 for I & II 

(previously reported), Table 4A.2 for 4.3 & 4.4, Table 4A.3 for 4.5 & 4.6 and Table 4A.4 for 

4.7 & 4.8. In general, we observed a fair agreement between the computed structures and 

the structures obtained in the x-ray crystallographic studies. 

To understand the luminescent properties and electronic structures, we have investigated 

the frontier molecular orbitals for all the complexes. The orbital energies are plotted in 

Figure 4.7, and we indeed observe a correlation between the luminescent properties and 

HOMO-LUMO energy gaps (ΔE) apart from the Cu····Cu interactions. The HOMO-LUMO gap 

for the luminescent complexes, i.e. II (Chart 4.1) and 4.8 are smaller by 45 meV and 245 meV 

than the corresponding copper (I) chloride complexes, i.e. I and 4.7, respectively. In all other 

non-luminescent complexes (unground state), the HOMO-LUMO gap for the bromide 

complexes is higher than its chloride counterparts (Figure 4.7). The luminescence is an 

excited state phenomenon and controlled by the electronic structure of the excited states, 

the lifetime of the excited states and the mechanisms involved in the de-excitation processes. 

The electron-phonon couplings and the intersystem crossings also play the major role for 

the lifetimes of the excited state. The ab initio calculation of luminescence spectra is not 

straight forward as the excited states geometries, and wave functions optimizations are 

involved This is beyond the scope of the current work, however we have performed the TD-

DFT calculations for complexes I & II and complexes 4.7 and 4.8 that provides the excitation 

spectra and their oscillator strengths that eventually provide an idea for the electronic 

transition from the ground state to the excited states.  

The orbitals involved in these electronic excitations, i.e., HOMO to LUMO+3, HOMO-2 to 

LUMO and HOMO-1 to LUMO (Figure 4.8). Considering the fact that the electrons fall back 

from the excited state to the HOMO in the de-excitation process, we observed that the 
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LUMO+3 to HOMO transitions [i.e., halide (equatorial) to ligands transitions] are responsible 

for the luminescent spectra for complex II and 4.8.  

 

     

Chart 4.1. UV-visible absorption and emission spectra of II in the solid state (λex = 337 nm).  

 

The dx2-y2 orbitals of Cu(I) atom significantly contributes to the HOMOs of all the complexes 

associated in this work. The planer arrangements of the Cu(I) atom assists the Cu···Cu 

interactions that originate from the bonding interactions between the dx2-y2 orbitals of the 

Cu(I). The square planner symmetric interaction for the bromide complexes (II & 4.8) breaks 

down for complex I and 4.7. This could be attributed to the additional bonding interactions 

between the P and Cu atomic orbitals. The utilization of the dx2-y2 atomic orbitals of the Cu-

atoms for the additional Cu-P bonding (that decrease the Cu-P bond lengths) makes it 

unavailable for the Cu…Cu interactions. The Cu∙∙∙∙Cu interactions are mainly driven by the 

dx2-y2 atomic orbitals of all the four Cu-atoms. In the case of luminescent molecules, all the 

four dx2-y2 orbitals of the Cu(I) atoms contributes equally that eventually reduces the intra 

copper distances in complex 6. HOMO LUMO+3 II 4.8 HOMO LUMO+3. In complex [Cu4(μ2-

Cl)2(μ3-Cl)2}{C7H7N(PPh2)2}2] 4.7, two chloride atoms were found to form μ2-bridges and 

two in μ3-bridges fashion. While in the case of [Cu4(μ2-Br)2(μ4-Br)2{C7H7N(PPh2)2}2], i.e., 

complex 4.8, two of bromide atoms are in μ2-bridges with copper, and the other two were 

found in μ4- fashion. 
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Figure 4.7. The energy level diagrams correspondence to the frontier molecular orbitals (FMOs) 

calculated using the B3LYP/def2-TZVP(P) method. The HOMO-LUMO energy gaps for the luminescent 

complexes, i.e. II and 4.8 are smaller than the corresponding copper (I) chloride complexes, while higher 

for the non-luminescent complexes.  

 

 

Figure 4.8. Molecular orbitals involved in the emission properties of II and 4.8.  
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Figure 4.8. Computed geometrical structures of Copper Complexes (I) [Cu4(μ2-Cl)2(μ3-

Cl)2{C6H5N(PPh2)2}2] (II) [Cu4(μ2-Br)2(μ4-Br)2{C6H5N(PPh2)2}2] (4.3) [Cu2(μ2-Cl)2{C8H9N(PPh2)2}2] (4.4) 

[Cu2(μ2-Br)2{C8H9N(PPh2)2}2] (4.5) [Cu3(μ3-Cl)2{C8H9N(PPh)2}3](4.6) [Cu3(μ3-Br)2{C8H9N(PPh)2}3] (4.7) 

[Cu4(μ2-Cl)2(μ3-Cl)2}{C7H7N(PPh2)2}2] (4.8) [Cu4(μ2-Br)2(μ4-Br)2{C7H7N(PPh2)2}2]. Hydrogen atoms are 

omitted for clarity. Color code Green Cl, Cayenne Br, Salmon Cu, Tangerine P, Sky C, Blueberry N. 
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Cu2-Cu1/ Cu2’-Cu1’ bond lengths are smaller (by ~0.073Å) than the experimental values, 

while the Cu1-Cu2’/ Cu1’-Cu2 distance is larger by ~0.02 Å. All the four calculated Cu-Cu-Cu 

bond angles in compound 4.7 and 4.8 are found in the range of 77.30 - 102.70°. All the three 

Cu-Cl-Cu angles in complex 4.7 are (69.01 to 77.19°) corresponds well with the experimental 

values. The Cu-Br-Cu bond angles in complex 4.8 are in the range of 53.80 to 68.25° (Table 

4A.4).  

 

4.4. Conclusion 

In this study, we have shown that the reactions of copper halides with PNP ligands that have 

the methyl substituent at either the ortho, meta, and or para position led to the formation of 

complexes with different nuclearities such as dinuclear (4.3 and 4.4), trinuclear (4.5 and 

4.6), and tetranuclear complexes (4.7and 4.8). The formulation of 4.3-4.8 was validated by 

single-crystal X-ray diffraction studies. Among these complexes, 4.5-4.8 exhibit 

mechanochromismas well as thermochromism. PXRD patterns reveal that the luminescence 

properties of complexes 45-4.8 arise from their phase transition from crystalline to 

microcrystalline/ amorphous nature upon grinding of their solid samples. This study 

exemplifies the importance of the position of the substituents in the ligand backbone, which 

may result in novel thermo- and mechanochromic properties of the derived complexes. 

Similarly, we synthesized DPPA supported Silver (I) triflate complexes (4.9-4.12) with Ag-

Ag distance ranging from 2.80-3.05 Ao. Ag-Ag bond stretching is confirmed by Raman spectra 

of some of silver complexes. Although these complexes show argentophilic interaction 

(range 2.7-3.4 Ao), they found to be weakly luminescent and nonluminescent. 
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Chapter 5 

Palladium Catalyzed C-N Cross-Coupling of Sterically Hindered 

Aryl Bromide Using Efficient Diphosphinoamine Ligands 
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5.1. Introduction 

The discovery of palladium catalyzed C-N cross coupling, namely Buchwald-Hartwig 

coupling, is a significant breakthrough in organic chemistry due to its importance in the 

synthesis of pharmaceutical drugs, dyes, polymers, and natural products etc.1-6 While the 

Migita and coworkers commenced the Pd catalyzed cross-coupling reactions,7 the more 

accessible routes were established by the groups of Buchwald and Hartwig.8 The most 

common ligands for the C-N coupling reactions are BINAP,9 dppf,10 Xantphos,11 Josiphos,12 

Xphos,13 N-heterocyclic carbenes14, and several phosphines.15-26 Nevertheless, there are very 

few ligands available for the coupling of bulky substrates but their substrate scope is very 

limited, and sometimes the yield of the reactions are also not very high (vide infra).17,23,26 

Moreover, the synthesis of ligand itself is challenging in many cases.23,26 A further 

encouragement comes from the recent works by Buchwald and coworkers stating the 

importance of developing new ligands which can provide a broad substrate scope especially 

for sterically demanding groups.8e Hence, it is deemed desirable to have easily accessible 

ligands in C-N coupling reactions which can be used for a broad substrate scope for bulky 

substituents along with high isolated yields of the coupling products. Recently, we have 

reported diphosphinoamine [(Ph2P)2N(Ar)] based ligands to make luminescent Au(I) and 

Cu(I) complexes.27-28 Since bidentate phosphine ligands have already shown their potentials 

in the C-N coupling reactions, we also got motivated to explore our bidentate PNP ligands 

[(Ph2P)2N(Ar)] in such catalytic system. These PNP-ligands [(Ph2P)2N(Ar); 5.1 (Ar = C6H5), 

5.2 (Ar = 2,6-iPr2C6H3)] (Chart 5.1) are very easy to prepare in bulk scale (90-93% yield). 

Herein, we report C-N coupling of sterically demanding substrates by using ligands 5.1 and 

5.2 in combination with a palladium source by conventional method as well as under 

microwave assistance (15-30 min). Our ligands 5.1 and 5.2 were found very efficient even 

in the coupling of very bulky amine Ar*NH2 [Ar*= 2,6-{C(H)Ph2}2-4-MeC6H2]29a with various 

bromo substrates (>90% yield), which were obtained in very low yield (~30-65%) with the 

previously reported ligands (vide infra).29b Moreover, -CF3 substituted bromo derivatives 

also afforded ~90-98% yield of coupled products, which were otherwise obtained in ~28-

58% yields respectively.30 
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Chart 5.1. Ligands (2.1 and 2.3) used for coupling reactions and selected examples of this work. 

 

Since bidentate phosphine ligands have already shown their potential in C-N coupling 

reactions, we also got motivated to explore our bidentate PNP ligands [(Ph2P)2N(Ar)] in such 

catalytic system. These PNP-ligands [(Ph2P)2N(Ar); 2.1 (Ar = C6H5), 2.3 (Ar = 2,6-iPr2C6H3)]  

(Chart 5.1) are very easy to prepare in bulk scale and cost effective. Herein, we report C-N 

coupling of sterically demanding substrates by using ligands 2.1 and 2.3 in combination with 

palladium source by conventional method as well as under microwave assistance. Ligands, 

2.1 and 2.3, were prepared very good yields (90-93%) by literature method.28 

 

5.2. Experimental Section 

5.2.1. General Remarks 

General: All manipulations were performed under a dry and oxygen-free atmosphere (N2) 

using standard Schleck techniques and glove box. All solvents were dried over activated 

molecular sieves after distillation. 200-300 mesh silica gel was employed for column 

chromatography.1H, 13C, 19F solution NMR spectra were recorded on Jeol and Bruker 400 

MHz instrument. Fourier-transform infrared (FT-IR) spectra were taken on a PerkinElmer 

spectrophotometer. 
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5.2.2. Synthesis and characterization 

Typical procedure for coupling reactions 

NaOtBu (7 eq), Pd (dba)2 (5 mol%), PNP ligand 2.1 (5 mol%) or 2.3 (5 mol%) was taken in 

100 mL schlenk flask inside the glove box. To that flask toluene, aromatic amine (1 eq.) and 

aromatic bromide (1 eq.) was added, and the reaction mixture was subjected to conventional 

heating (110oC for 5 d). Reaction completion monitored by TLC and NMR and purified using 

column chromatography using ethyl acetate and n-Hexane mixture (2% EA + 98% n-

Hexane).Required amount of NaOtBu (7 eq), 5 mol% of   Pd (dba)2  and 5 mol% PNP ligand 

(2.1 or 2.3) was taken in microwave tube inside the glove box. 4 mL of toluene added to that 

tube and required amount of aromatic amine and aromatic bromide was added and 

subjected to microwave heating (184oC for 15-30 min) reaction. Reaction completion 

monitored by TLC and NMR and some of the compounds purified using column 

chromatography using ethyl acetate and n-Hexane mixture (2% EA + 98% n-Hexane). 

 

 

5.3a: Conventional heating method: 2,6-diisopropylaniline 1.88 mL (10 mmol) , 

bromobenzene 1.05 mL (10 mmol), Yield: 2.1 = 2.18 gm (86%), 2.3 = 2.36 gm (92%). 

Microwave heating method: 2,6-diisopropylaniline 0.19 mL (1 mmol), bromobenzene 0.11 

mL (1mmol), Yield: 2.1 = 0.21 gm (83%), 2.3 = 0.23 gm (90%); 1H NMR (CDCl3, 400 MHz, 

ppm) : δ 1.17 (d, 12H, J= 6.9 Hz, CH3), 3.14-3.31 (m, 2H, (CH3)2CH), 5.14 (s, 1H, NH), 6.51 (d, J 

= 8.5 Hz, 2H, Ph), 6.74 (t, J = 7.3 Hz, 1H, Ph), 7.18 (dd, 3H, J=22.2 Hz, Ph), 7.31 (dd, J = 14.4, 

7.7 Hz, 2H, Ph); 13C NMR (CDCl3, 100.613 MHz, ppm) δ 148.1 (Ph), 147.9 (Ph), 147.6 (Ph), 

147.6 (Ph), 135.2 (Ph), 135.1 (Ph), 129.2 (Ph), 127.2 (Ph), 123.8 (Ph), 117.7 (Ph), 113.0 (Ph), 

28.2 [CH(CH3)], 23.8 (CH3); IR (cm-1) : 688.62, 742.28, 800.11, 1056.91, 1257.62, 1308.28, 

1454.05, 1495.84, 1601.34, 2961.08, 3402.80; HRMS (positive ESI) : 254.1917 (100 % M+ 

+H) 

 



101 
 

  

5.3b: Conventional heating method: 2,4,6-trimethylaniline 0.35 mL (2.5 mmol), 

bromobenzene 0.26 mL (2.5 mmol), Yield: 2.1 = 0.48 gm (90%), 2.3 = 0.49 gm (92%). 

Microwave heating method: 2,4,6-trimethylaniline 0.35 mL (1 mmol), bromobenzene 0.26 

mL (1mmol) Yield 2.1 = 0.19 gm (91%), 2.3 = 0.19 (90%); 1H NMR (CDCl3, 400 MHz, ppm)  δ 

2.24 (s, 6H, o-CH3) 2.31 (s, 3H, p-CH3), 5.10 (s, 1H, NH ), 6.92 (d, J = 19.4 Hz, 7H, Ph); 13C NMR 

(CDCl3, 100.613 MHz, ppm) δ 146.7 (Ph), 136.1 (Ph), 135.6 (Ph), 135.5 (Ph), 129.3 (Ph), 118.0 

(Ph), 113.3 (Ph), 21.0 (p-CH3), 18.4 (o-CH3); IR (cm-1) : 685.24, 738.33, 797.04, 1017.62, 

1301.56, 1488.69, 1596.67, 2920.95, 3086.04 ; HRMS (positive ESI) : 212.1452 (100 % M+ 

+H) 

 

 

5.3c: Conventional heating method: NaOtBu, 2,6-dimethylaniline 0.31 mL (2.5 mmol), 2,6-

dimethylbromobenzene 0.33 mL (2.5 mmol), Yield: 2.1 = 0.51 gm (91%), 2.3 = 0.55 gm 

(98%). Microwave heating method: 2,6-dimethylaniline 0.12 mL (1 mmol), 2,6-

dimethylbromobenzene 0.13 mL (1 mmol), Yield 2.1 = 0.20gm (88%), 2.3 = 0.21 gm (92%); 

1H NMR (CDCl3, 400 MHz, ppm)  : δ 2.02 (s, 12H, CH3, Ph), 4.81 (s, 1H, N-H), 6.79-6.93 (m, 2H, 

Ph), 6.99 (d, J = 7.5 Hz, 4H, Ph); 13C NMR (CDCl3, 100.613 MHz, ppm) : δ 141.8 (Ph), 129.7 

(Ph), 128.8 (Ph), 121.8 (Ph), 19.2 (o-CH3); IR (cm-1) : 791.48, 1011.91, 1087.26, 1259.16, 

1433.55, 2922.27, 2961.26; HRMS (positive ESI) : 226.1599 (100 % M++H) 

 

 

 

5.3d: Conventional heating method: 2,6-dimethylaniline 0.31 mL (2.5 mmol), 2,4,6-

trimethyl-1-bromobenzene 0.38 mL (2.5 mmol),  Yield 2.1 = 0.52 gm (87%),  2.3 = 0.56 gm 
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(94%). Microwave heating method: 2,6-dimethylaniline 0.12 mL (1 mmol), 2,4,6-trimethyl-

1-bromobenzene 0.15 mL (1 mmol),  Yield 2.1 = 0.21 gm (88%) 2.3 = 0.23 gm (95%); 1H 

NMR (CDCl3, 400 MHz, ppm) : δ 2.02 (d, 12H, J= 2.2 Hz, CH3-oPh), 2.28 (s, 3H, CH3-pPh), 4.74 

(s, 1H, NH), 6.83 (s, 3H, Ph), 6.99 (d, J = 7.5 Hz, 2H, Ph); 13C NMR (CDCl3, 100.613 MHz, ppm): 

δ 142.2 (Ph), 139.0 (Ph), 131.6 (Ph), 130.5 (Ph), 129.2 (Ph), 128.8 (Ph), 128.5 (Ph), 121.0 

(Ph), 20.6 (p-CH3), 19.1 (o-CH3), 19.0 (o-CH3); IR (cm-1):793.18, 1012.81, 1085.40, 1258.91, 

1516.84, 2918.98, 2960.67, 3676.56; HRMS (positive ESI): 240.1760 (100 % M++H) 

 

 

5.3e: Conventional heating method: 2,6-diisopropylaniline 0.47 mL (2.5 mmol),  2,6-

dimethyl-1-bromobenzene 0.33 mL (2.5 mmol), Yield: 2.1 = 0.62 gm (88%), 2.3 = 0.65 gm 

(95%),  Microwave heating method: 2,6-diisopropylaniline 0.19 mL (1 mmol),  2,6-dimethyl-

1-bromobenzene 0.13 mL (1 mmol), Yield (%)2.1 = 0.24 gm (87%) 2.3 = 0.26 gm (93%); 1H 

NMR (CDCl3, 400 MHz, ppm) : δ 1.18 (d, J=6.9 Hz,12H, (CH3)2CH), 2.04 (s, 6H, CH3-Ph), 3.22 

(dt, 2H, J= 13.7, 6.9 Hz, CH(CH3)2), 4.88 (d, 1H, J= 20 Hz, N-H), 6.78 (t, J=7.4 Hz, 1H, Ph), 7.00 

(d, 2H, J= 7.4 Hz, Ph), 7.15-7.22 (m, 3H, Ph); 13C NMR (CDCl3, 100.613 MHz): δ 144.3 (Ph), 

143.3 (Ph), 138.9 (Ph), 129.7 (Ph), 125.8 (Ph), 125.0 (Ph), 123.4 (Ph), 119.8 (Ph), 28.2 

[CH(CH3)] , 23.6 (CH3), 19.5 (o-CH3); IR (cm-1): 693.14, 930.35, 1427, 1461.85, 1548.47, 

1946.42, 2561.63, 3304.84; HRMS (Positive ESI): 282.2229 (100% M++H) 

 

 

5.3f : Conventional heating method: 2,6-diisopropylaniline 0.94 mL (5 mmol),  2,4,6-

trimethyl-1-bromobenzene 0.76 mL (5 mmol) , Yield (%):2.1 = 1.28 gm (87%), 2.3 = 1.31 

gm (89%), Microwave heating method: 2,6-diisopropylaniline 0.19 mL (1 mmol),  2,4,6-

trimethyl-1-bromobenzene 0.15 mL (1 mmol), Yield 2.1 = 0.26 gm (88%), 2.3 = 0.26 gm 
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(88%); 1H NMR (CDCl3, 400 MHz, ppm) : δ 1.16 (d, 12H, J = 6.9 Hz,(CH3)2CH), 2.01 (s, 6H, CH3-

oPh), 2.28 (s, 3H, CH3-p-Ph), 3.06-3.28 (m, 2H, CH(CH)3), 4.72 (s, 1H, NH), 6.81 (s, 2H, Ph), 

7.15 (s, 3H, Ph); 13C NMR (CDCl3, 100.613 MHz, ppm) : δ 143.4 (Ph), 140.5 (Ph), 139.2 (Ph), 

130.1 (Ph), 126.4 (Ph), 124.2 (Ph), 123.3 (Ph), 28.0 [CH(CH3)], 23.5 (CH3), 20.5 (p-CH3), 19.3 

(o-CH3).; IR (cm-1) 737.68, 787.59, 852.65, 1017.48, 1265.45, 1334.33, 1480.46, 2959.72 ; 

HRMS (Positive ESI) : 296.2384 (100% M++H) 

 

 

5.3g: Conventional heating method: 2,4,6-trimethylaniline 0.62 mL (5 mmol), 2,4,6-

trimethyl-1-bromobenzene 0.77 mL (5 mmol), Yield: 2.1 = 1.12 gm (90%), 2.3 = 1.21 gm 

(96%). Microwave heating method: 2,4,6-trimethylaniline 0.35 mL (1 mmol), 2,4,6-

trimethyl-1-bromobenzene 0.15 mL (1 mmol); Yield 2.1 = 0.23 gm (93%), 2.3 = 0.24 gm 

(96%); 1H NMR (CDCl3, 400 MHz, ppm) : δ 2.01 (s, 12H, CH3-o-Ph), 2.27 (s, 12H, CH3-p-Ph), 

4.64 (s, 1H, NH), 6.82 (s, 4H, Ph); 13C NMR (CDCl3, 100.613 MHz, ppm) : δ 139.5 (Ph), 130.7 

(Ph), 129.4 (Ph), 129.3 (Ph), 20.5 (p-CH3), 19.0 (o-CH3); IR (cm-1): 650.56, 990.36, 1456.56, 

1589.36, 1956.56, 2600.25, 3402.25; HRMS (Positive ESI) : 254.1914 (100% M++H). 

 

 

5.3h: Conventional heating method: 2,6-dimethylaniline 1.23 mL (10 mmol), 2,6-

diisopropyl-1-bromobenzene 2.06 mL (10 mmol), Yield : 2.1 = 2.33 gm (83%), 2.3 = 2.64 gm 

(94%). Microwave heating method: 2,6-dimethylaniline, 0.12 mL (1 mmol), 2,6-diisopropyl-

1-bromobenzene 0.21 mL (1 mmol); Yield 2.1 = 0.24 gm (87%), 2.3 = 0.26 gm (92%); 1H 

NMR (CDCl3, 400 MHz, ppm): δ 1.13 (d, 12H, J = 6.9 Hz,(CH3)2CH-oPh), 1.99 (s, 6H, CH3), 3.15 

(dd, 2H, J = 13.7, 6.9 Hz, CH(CH3)2) 4.80 (s, 1H, NH), 6.73 (t, J = 7.4 Hz, 1H, Ph), 6.95 (d, 2H, J= 

7.5 Hz, Ph), 7.13 (t, 3H,  J = 4.8 Hz, Ph); 13C NMR (CDCl3, 100.613 MHz, ppm): δ 144.3 (Ph), 
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143.2 (Ph), 138.9 (Ph) , 129.6 (Ph), 125.7 (Ph), 124.9 (Ph), 123.3 (Ph), 119.7 (Ph), 28.2 

[CH(CH3)], 23.6 (CH3), 19.5 (o-CH3); IR (cm-1):693.14, 930.35, 142733, 1461.85, 1548.47, 

1946.42, 2561, 3304.84; MALDI: 280.98 (M+-H) 

 

 
5.3i: Conventional heating method: 2,4,6-trimethylaniline 0.62 mL (5 mmol), 2,4,6-

triisopropyl-1-bromobenzene 1.26 mL (5 mmol); Yield: 2.1 = 1.52 gm (90%), 2.3 = 1.48 

(88%).  Microwave heating method: 2,4,6-trimethylaniline  0.35 mL (1 mmol), 2,4,6-

triisopropyl-1-bromobenzene 0.24 mL (1 mmol); Yield 2.1 = 0.31 gm (93%), 2.3 = 0.32 gm 

(95%); 1H NMR (CDCl3, 400 MHz, ppm) : δ 1.14 (d, J= 6.9 Hz, 12H, (CH3)2CH-oPh), 1.28 (d, J = 

6.9 Hz, 6H, (CH3)2CH-oPh), 1.96 (s, 6H, CH3-oPh), 2.25 (s, 3H, CH3-pPh), 2.91 (s, 1H, (CH3)2CH-

pPh), 3.17 (dt,  J= 13.7, 6.9 Hz, 1H, (CH3)2CH-pPh), 4.63 (s, 1H, NH), 6.77 (s, 2H, Ph), 6.97 (s, 

2H, Ph);13C NMR (CDCl3, 100.613MHz, ppm) : δ 144.96 (Ph), 143.91 (Ph), 140.89 (Ph), 136.66 

(Ph), 130.08 (Ph), 128.26 (Ph), 125.35 (Ph), 121.03 (Ph), 34.05 [p-CH(CH3)2], 28.11 [o-

CH(CH3)2], 24.24 [p-CH(CH3)2], 23.57 [o-CH(CH3)2], 20.40 (p-CH3), 19.23 (o-CH3); IR (cm-1) : 

642.38, 698.40, 739.08, 804.43, 853.54, 876.96, 943.02, 1057.25, 1100.89, 1314.17, 1459.07, 

1605.03, 1717.71, 2958.62; HRMS (positive ESI) : 338.3423 (100% M+). 

 

 

5.3j: Conventional heating method: 2,6-diisopropylaniline, 1.88 mL (10 mmol) 2,4,6-

triisopropyl-1-bromobenzene 2.4 mL (10 mmol); Yield: 2.1 = 3.63 gm (96%), 2.3 = 3.71 gm 

(98%). Microwave heating method: 2,6-diisopropylaniline 0.19 mL (1 mmol), 2,4,6-

triisopropyl-1-bromobenzene 0.24 mL (1 mmol); Yield: 2.1 = 0.37 gm (97%), 2.3 = 0.36 gm 
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(96%); 1H NMR (CDCl3, 400 MHz, ppm) : 1.00-1.24 (m, 24H, (CH3)2CH-oPh), 1.00-1.24 (d, 6H, 

J = 6.9 Hz,(CH3)2CH-pPh), 1.29 (d, J = 6.9 Hz, 5H), 2.90 (s, 1H, (CH3)2CH-pPh), 3.13 (ddt, J=25.9, 

13.7, 6.8 Hz, 4H, (CH3)2CH-oPh), 4.82 (s, 1H, NH), 6.90-7.17 (m, 5H, Ph); 13C NMR (CDCl3, 

100.613 MHz, ppm) : δ 142.57 (Ph), 140.65 (Ph), 139.93 (Ph), 138.81 (Ph), 137.00 (Ph), 

122.76 (Ph), 120.88 (Ph), 120.56 (Ph), 32.93 [p-CH(CH3)2], 26.84 [o-CH(CH3)2], 26.63 [p-

CH(CH3)2], 23.20 [o-CH(CH3)2], 22.56 [o-CH(CH3)2]; IR (cm-1): 729.22, 757.23, 1030.84, 

1098.92, 1224.89, 1268.70, 1297.98, 1329.61, 1329.61, 1465.44, 2321.01, 2354.76, 2958.37, 

3744.29; HRMS (positive ESI) : 380.3314 (95% M++H). 

 

 

5.3k: Conventional heating method: 2,6-(CHPh2)-3-methyl-aniline 0.22 gm (5 mmol), 

bromobenzene 0.52 mL (5 mmol); Yield (%): 2.1 = 2.03 gm (79%), 2.3 = 2.32 gm (90%). 

Microwave heating method: 2,6-(CHPh2)-3-methyl-aniline 0.44 gm (1 mmol), 

bromobenzene 0.11 mL (1 mmol); Yield: 2.1 = 0.45 gm (88%), 2.3 = 0.48 gm (94%); 1H NMR 

(CDCl3, 400 MHz, ppm):  δ 2.20 (s, 3H, CH3- p-Ph), 4.41 (s, 1H, NH), 5.65 (s, 2H, CH(Ph)2), 6.49 

(d, J = 8.5 Hz, 2H, Ph), 6.71 (s, 2H, Ph), 6.79 (s, 1H, Ph), 6.99 (d, J = 7.5 Hz, 8H, Ph), 7.17-7.30 

(m,14H, Ph); 13C NMR (CDCl3, 100.613 MHz, ppm) : δ 147.28 (Ph), 144.06, (Ph) 143.53 (Ph), 

136.24 (Ph), 135.18 (Ph), 129.79 (Ph), 129.37 (Ph), 128.22 (Ph), 126.19 (Ph), 117.87 (Ph), 

112.79 (Ph), 51.71 [CH(Ph)2], 21.67 [CH(Ph)2]; IR (cm-1) 531.47, 602.17, 996.83, 1218.41, 

1442.46, 1722.25, 2311.69, 3396.24, 3850.31; HRMS (positive ESI) : 516.2690 (100% 

M++H). 
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5.3l: Conventional heating method: 2,6-(CHPh2)-3-methyl-aniline 1.1 gm (2.5 mmol), 2,4,6-

trimethyl-1-bromobenzene 0.38 mL (2.5 mmol),  Yield : 2.1 = 1.29 gm (93%), 2.3 = 1.31 gm 

(94%),  Microwave heating method: 2,6-(CHPh2)-3-methyl-aniline 0.44 gm (1 mmol), 2,4,6-

trimethyl-1-bromobenzene 0.15 mL ( 1 mmol),  Yield: 2.1 = 0.55 gm (95%), 2.3 = 0.55 gm 

(95%). 1H NMR (CDCl3, 400 MHz, ppm) : 1.45 (s, 6H, CH3- o-Ph),) 2.13 (s, 3H, CH3- p-Ph ), 2.25 

(s, 3H, CH3- p-Ph ), 4.12 (s, 1H, NH), 5.53 (s, 2H, CH(Ph)2), 6.49 (s, 2H, Ph), 6.72 (s, 2H, Ph), 

6.85-6.97 (m, 8H, Ph), 7.23 (ddd, J = 8.5, 7.5, 6.0 Hz, 13H, Ph);  13C NMR (CDCl3, 100.61 MHz, 

ppm): δ 143.66 (Ph), 138.79 (Ph), 138.55 (Ph), 137.58 (Ph), 131.79 (Ph), 129.60 (Ph), 129.10 

(Ph), 128.27 (Ph), 126.27 (Ph), 125.95 (Ph), 76.79 (Ph), 52.30 [CH(Ph)2], 21.50 (p-CH3), 

20.55 (p-CH3), 18.54 (o-CH3); IR (cm-1) : 650.52, 790.25, 905.32, 1056.26, 1300.02 1446.67, 

2321.01, 2354.76, 2958.37; HRMS (positive ESI) : 557. 2483 (95% M+). 

 

 

5.3m: Conventional heating method: 2,6-diisopropylaniline 0.47 mL (2.5 mmol), 1-bromo-

2-fluorobenzene 0.27 mL (2.5 mmol); Yield: 2.1 = 0.47 gm (70%), 2.3: 0.53 gm (78%). 

Microwave heating method: 2,6-diisopropylaniline 0.19 mL (1 mmol), 1-bromo-2-

fluorobenzene 0.11 mL (1 mmol); Yield: 2.1 = 0.19 gm (70%), 2.3 = 0.21 gm (79%). 1H NMR 

(CDCl3, 400 MHz, ppm):  δ 1.19 (d, J = 6.9 Hz, 12H, (CH3)2CH), 3.22 (m, 2H, (CH3)2CH ), 5.35 

(s, 1H, NH), 6.23 (t, J = 8.5 Hz, 1H, Ph), 6.67 (m, 1H, Ph), 6.88 (t, J = 7.6 Hz, 1H, Ph), 7.02-7.18 

(m, 1H, Ph), 7.23-7.43 (m, 3H, Ph); 13C NMR (CDCl3, 100.613 MHz): δ 147.79 (Ph), 127.64 

(Ph), 124.44 (Ph), 123.95 (Ph), 117.07 (Ph), 114.61 (Ph), 113.19 (Ph), 28.25 [CH(CH3)2], 

23.88 [CH(CH3)2] ppm; 19F NMR : δ -137.33 (s) ppm; IR (cm-1) : 729.22, 808.01, 1035.33, 
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1102.75, 1446.67, 2321.01, 2354.76, 2958.37; HRMS (positive ESI) : 272.1825 (100% 

M++H). 

 

 

 

5.3n: Conventional heating method: 2,6-(CHPh2)-3-methyl-aniline 1.1 gm (2.5 mmol), 1,2-

dibromobenzene 0.3 mL (2.5 mmol); Yield: 2.1 = 1.3 gm (88%), 2.3 = 1.36 gm (92%). 

Microwave heating method: 2,6-(CHPh2)-3-methyl-aniline 0.44 gm (1 mmol), 1,2-

bromobenzene 0.12 mL (1 mmol); Yield: 2.1 = 0.53 gm (90%), 2.3 = 0.53 gm (90%). 1H NMR 

(CDCl3, 400 MHz, ppm): δ  2.23 (s, 3H, CH3- p-Ph),),  5.08 (s, 1H, NH), 5.55 (s, 2H, CH(Ph)2), 

6.30 (s, 2H, Ph),  6.60 (m, 8H, Ph), 6.75-7.43 (m, 16H, Ph); 13C NMR (CDCl3, 100.613 MHz, 

ppm): δ 144.06 (Ph), 143.73 (Ph), 143.25 (Ph), 143.04 (Ph), 136.63 (Ph), 134.21 (Ph), 132.50 

(Ph), 129.69 (Ph), 129.11 (Ph), 128.24 (Ph), 126.21 (Ph), 118.39 (Ph), 112.04 (Ph), 108.73 

(Ph), 51.94 (CHPh2), 21.70 (p-CH3); IR (cm-1) : 694.11, 805.01, 1024.36, 1094.77, 1262.88, 

1507.67, 1686.49, 2310.40, 2963.36, 3732.30; MALDI: 616.48 (M++Na) 

 

 

5.3o: Conventional heating method: 2,6-(CHPh2)-3-methyl-aniline 2.2 gm (5 mmol), 1-

bromo-2-fluorobenzene 0.54 mL (5 mmol); Yield (%) : 2.1  = 2.52 gm (95%), 2.3 = 2.57 gm 

(97%).  Microwave heating method: 2,6-(CHPh2)-3-methyl-aniline 0.44 gm (1 mmol), 1-

bromo-2-fluorobenzene 0.11 mL (1 mmol); Yield: 2.1 = 0.5 gm (96%), 2.3 = 0.5 gm (96%). 

1H NMR (CDCl3, 400 MHz, ppm): δ 2.19 (s, 3H, CH3- p-Ph), 4.73 (s, 1H, NH), 5.61 (s, 2H, 

CH(Ph)2), 6.29-6.39 (m, 1H, Ph), 6.73 (s, 9H, Ph), 6.84 (s, 15H, Ph), 6.97 (d, J = 7.1 Hz, 8H), 

7.26–7.13 (m, 13H, Ph); 13C NMR (101 MHz, CDCl3, ppm) δ 144.15 (Ph), 143.27 (Ph), 136.55 
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(Ph), 135.43 (Ph), 134.07 (Ph), 129.82 (Ph), 129.26 (Ph), 128.16 (Ph), 127.79 (Ph), 126.25 

(Ph), 124.51 (Ph), 117.29 (Ph), 114.77 (Ph), 112.86 (Ph), 51.77 (CHPh2), 21.68 (p-CH3); 19F 

NMR : δ -136.85 (s) ppm; IR (cm-1) : 565.86, 804.88, 872.06, 997.73, 1092.14, 1217.65, 

1378.26, 1734.35, 2311.34, 3739.40; HRMS (positive ESI) : 532.2427 (100% M++H). 

 

 

5.3p: Conventional heating method: 2,6-(CHPh2)-3-methyl-aniline 1.1 gm (2.5 mmol), 3,4-

trifluoromethyl-1-bromobenzene 0.43 mL (2.5 mmol); Yield: 2.1 = 1.28 gm (79%), 2.3 = 1.3 

gm (80%). Microwave heating method: 2,6-(CHPh2)-3-methyl-aniline 1.1 gm (2.5 mmol), 

3,4-trifluoromethyl-1-bromobenzene 0.43 mL (2.5 mmol); Yield: 2.1 = 1.27 gm (78), 2.3 = 

1.25 gm (77). 1H NMR (CDCl3, 400 MHz, ppm): δ 2.21 (s, 3H, CH3- p-Ph),),  4.83 (s, 1H, NH), 

5.48 (s, 2H, CH(Ph)2), 6.70 (d, J = 23.4 Hz, 4H, Ph),  6.93 (d, J = 7.5 Hz, 8H, Ph), 7.11-7.33 (m, 

13H, Ph); 13C NMR (CDCl3, 100.613 MHz, ppm): δ 148.00 (Ph), 143.96 (Ph), 142.71 (Ph), 

137.68 (Ph), 132.93 (Ph), 132.63 (Ph), 132.30 (Ph), 130.18 (Ph), 129.17 (Ph), 128.45 (Ph), 

126.50 (Ph), 124.82 (Ph), 122.11 (Ph), 110.92 (Ph), 52.13 (CHPh2), 21.74 (p-CH3); 19F NMR : 

δ -63.06 (s) ppm; IR (cm-1): 603.61, 894.42, 894.42, 1432.71, 1689.42, 2313.24, 3562.92, 

3736.25; MALDI : 652.13 (M+). 

 

 

5.3q: Conventional heating method: 2,6-diisopropylaniline 0.47 mL (2.5 mmol), 3,4-

trifluoromethyl-1-bromobenzene 0.43 mL (2.5 mmol); Yield: 2.1 = 0.86 gm (89%), 2.3 = 0.89 

gm (92%). Microwave heating method: 2,6-diisopropylaniline 0.19 mL (1 mmol), 3,4-

trifluoromethyl-1-bromobenzene 0.17 mL (1 mmol); Yield: 2.1 = 0.3 gm (78%), 2.3 = 0.29 

gm (77%). 1H NMR (CDCl3, 400 MHz, ppm): δ 1.17 (d, J = 6.9 Hz, 12H, (CH3)2CH), 3.01-3.20 
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(m, 2H, (CH3)2CH ), 5.54 (s, 1H, NH), 6.86 (s, 2H, Ph), 7.20 (s, 1H, Ph), 7.20 (s, 1H, Ph), 7.28 (d, 

J = 2.1 Hz, 1H, Ph), 7.39 (d, J = 7.8 Hz, 1H, Ph); 13C NMR (CDCl3, 100.613 MHz, ppm): δ 148.95 

(Ph), 147.41 (Ph), 133.01 (Ph), 132.70 (Ph), 132.36 (Ph), 132.03 (Ph), 128.50 (Ph), 124.84 

(Ph), 124.40 (Ph), 122.13 (Ph), 112.01 (Ph), 111.22–110.02 (CF3), 28.36 [CH(CH3)2], 23.79 

[CH(CH3)2]; 19F NMR : δ -63.22 (s) ppm; IR (cm-1) : 535.03, 606.59, 740.76, 999.65, 1125.60, 

1273.69, 1381.54, 1485.16, 1619.11, 2920.13, 3369.52; MALDI: 389.0893 (M+). 

 

 

5.3r: Conventional heating method: 2,4,6-trimethylaniline 0.31 mL (2.5 mmol), 3,4-

trifluoromethyl-1-bromobenzene 0.43 mL (2.5 mmol); Yield: 2.1 = 0.78 gm (90%), 2.3 = 0.82 

gm (94%). Microwave heating method: 2,4,6-trimethylaniline 0.14 mL (1 mmol), 3,4-

trifluoromethyl-1-bromobenzene 0.17 mL (1 mmol), Yield: 2.1 = 0.32 gm (93%), 2.3 = 0.33 

gm (95%). 1H NMR (CDCl3, 400 MHz, ppm): δ 2.14 (s, 6H, CH3- o-Ph), 2.32 (s, 3H, CH3-p-Ph), 

5.46 (s, 1H, NH), 6.80 (s, 2H, Ph), 6.97 (s, 2H, Ph), 7.16 (s, 1H, Ph); 13C NMR (CDCl3, 100.613 

MHz, ppm): δ  147.66 (Ph), 136.94 (Ph), 136.03 (Ph), 133.17 (Ph), 132.73 (Ph), 132.41 (Ph), 

129.65 (Ph) , 124.86 (Ph), 122.15 (Ph), 112.11 (Ph), 110.80 (CF3), 20.95 (p-CH3), 18.13 (o-

CH3); 19F NMR : δ -63.16 (s) ppm; IR (cm-1) : 729.22, 1446.67, 2321.01, 2354.76, 2958.37; 

HRMS (positive ESI) : 348.1191 (100% M+). 

 

5.2.3. Computational methodology 

Quantum mechanical calculations were carried out for Pd catalyzed Buchwald-Hartwig 

coupling reaction using Gaussian 09 programme package.31 All geometries were optimized 

using the exchange functional of Becke in conjunction with the correlation functional of 

Perdew (BP86)32 with def2-SVP basis set.33 Single-point calculations were done by meta-

hybrid GGA functional M0634 with triple ζ-quality augmented by two set of polarization 

function (def2-TZVPP). Reaction energy (ΔE) and energy of activation (ΔE╪) were calculated 

by adding electronic energy at the M06/def2-TZVPP level of theory with zero-point 
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correction calculated at the BP86/def2-SVP level of theory. Gibbs free energy (ΔG) and Gibbs 

free energy of activation (ΔG╪ ) were calculated by adding electronic energy calculated at 

the M06/def2-TZVPP level of theory with thermal correction to Gibbs free energy calculated 

at the BP86/def2-SVP level of theory. 

 

5.3. Result and Discussion 

5.3.1. Optimization of Palladium source and mol % 

Table 5.1. Optimization of Palladium source and mol % 

 

Entry Palladium source Ligand Mol % Yield a(%) 

1 Pd(dba)2 2.1 1 55 

2 Pd(dba)2 2.1 2.5 65 

3 Pd(dba)2 2.1 3 65 

4 Pd(dba)2 2.1 5 87 

5 Pd(OAc)2 2.1 5 75 

6 Pd2(dba)3 2.1 5 93 

7 Pd(dba)2 2.3 1 60 

8 Pd(dba)2 2.3 2.5 65 

9 Pd(dba)2 2.3 5 88 

8 Pd(OAc)2 2.3 5 78 

9 Pd2(dba)3 2.3 5 90 

10 Pd(dba)2 - 5 >10 
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Reaction conditions: Aryl amine = 2,6-diisopropyl aniline, (1 mmol), Aryl bromide = Mesityl bromide (1 

mmol) NaOt-Bu (2.8 mmol). aIsolated yields (average of two runs) dba = dibenzylideneacetone, OAc = 

Acetate. 

For the optimization of reaction conditions for the C-N cross-coupling, 2,4,6-trimethyl 

bromobenzene, and 2,6-diisopropyl aniline are taken as substrate. This reaction involves the 

use of NaO-tBu as a base and toluene as solvent whereas the palladium source has been 

optimized (Table 5.1).  

It was observed that yields of cross-coupling products in case of Pd(dba)2 and Pd2(dba)3 are 

higher compared to Pd(OAc)2. Blank reaction with only palladium source, without ligands 

2.1 or 2.3, afforded less than 10 % of the product. Mole percentage of Pd(dba)2 has been 

optimized, and it was observed that low catalyst loading (1, 2.5 and 3 mol%) gives low yield 

(50-65%) of coupling products, whereas 5 mol% leads >85 % yield. The reaction conditions 

for the conventional route involves 1:1 palladium /ligand ratio and 3-4 days reaction time.  

To evaluate the effectiveness of our ligands, 2.1 and 2.3, we performed a model coupling 

reaction of bulky 1-Bromo 2,4,6-triisopropyl benzene with 2,6-diisopropyl aniline (Scheme 

1)17,23,29 and compared with the reported ligands. A range of phosphine ligands (Chart 5.2) 

were used in the coupling of 1-Bromo-2,4,6-triisopropyl benzene with 2,6-

diisopropylaniline (Scheme 5.1), and few of them found efficient.  

 

 

Scheme 5.1. Coupling of 1-bromo-2,4,6-triisopropylbenzene with 2,6-diisopropyl aniline 

 

Reaction condition 

I  Pd(dba)2 (5mol%) 2.1 or 2.3 (5mol%) NaOt-Bu, toluene, reflux, 3d 

II : Pd(dba)2 (5mol%) 2.1 or 2.3 (5mol%) NaOt-Bu, toluene, MW, 15-30 min 
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The reaction conditions are same as that of conventional, but the reaction completion time 

gets reduced drastically to 15-30 min. Subsequently, we accessed the substrate scope for a 

broad variety of sterically demanding aryl halides and amines. We investigated the variation 

of aryl bromides including the one with electron withdrawing groups like fluorine and CF3, 

to check the activeness of the catalyst (Table 5.3). Nonetheless, our ligands were found very 

efficient and give excellent isolated yields for such sterically hindered substrates (Entry 20 

and 21). Other than 2.1 and 2.3, ligands A17 and C17 (Table 5.2, Entry 1 and 2) also reported 

to give excellent isolated yields with very low catalyst loading. However, upon comparison, 

it can be seen that access to our ligand is very easy. In order to reduce the reaction time, 

compared to conventional route, we also performed microwave assisted synthetic route. It 

was observed that aryl bromides with alkyl substituents lead to very good isolated yields 

(83-98%) of coupling products 5.3a-5.3j. 

 

 

 

Chart 5.2. Some P-based ligands used for the cross coupling of 1-Br-2,4,6-iPr3C6H2 and 2,6-

iPr2C6H3NH2. 

 

However, fluorine substituted aryl bromides give low to moderate yield of coupling products 

(65-80%). It is noteworthy to mention that CF3 substituted aryl bromides (5.3p-5.3r) were 

found to give very good isolated yield (~77-95%). We also probed very bulky amine Ar*NH2 

[Ar*= (C6H2{C(H)Ph2}2Me-2,6,4)]30 as a substrate and found when it is coupled with bromide 

like 1,2-di-bromobenzene, gives selectively mono-substituted coupling product, 3n in 88-

92% yield. Moreover, the coupling of this very bulky amine Ar*NH2 with other halides was 

also found very effective (5.3k, 5.3i, 5.3n-p; ~88-94% isolated yield).  
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(a)                                            (b)                                                   (c) 

Figure 5.1 Molecular structure of (a) 5.3d (b) 5.3f and (c) 5.3i with anisotropic displacement 

parameters depicted at the 50% probability level. All hydrogen atoms and lattice solvent have been 

omitted for clarity. 

 

Table 5.2. Screening of various ligands for the coupling of 1-Bromo-2,4,6-triisopropyl benzene and 

2,6-diisopropylaniline 

Entry Ligand Conversion 

Yield (%)a 

Entry Ligand Conversion 

Yield (%)a 

1 Ab,17 100 (96 )e 12 t-Bu2PMec,29 83 

2 Bb,17 24 13 P (o-tol)3c,29 29 

3 Cb,17 100 (98)e 14 BINAPc,17 0 

4 Db,17 72 15 Xanthphosc,17 46 

5 Eb,17 61 16 PCy3c,29 100 

6 Fb,17 24 17 Johnphosc,17 0 

7 Gb,17 70 18 SPhosc,17 18 

8 Hc,29 36 19 XPhosc,17 5 

9 Ic,29 0 20 I.HBF4d,23 - (75)e 

10 Jc,29 4 21 2.1 - (96I/97II)e 

11 Kc,29 100 22 2.2 -(98I/96II)e 

 

aDetermined by GC and HPLC analysis, bConditions: aryl bromide (1.0 equiv.), amine (1.2 equiv.), 

Pd2(dba)3  (0.05 mol%)/Ligand (0.3 mol%) 1:3, NaOt-Bu (1.5 equiv.), toluene, 110oC, 20 h. cReaction 

conditions: 1-bromo-2,4,6-triisopropylbenzene (1.0 mmol), 2,6-diisopropylaniline (1.2 mmol), Pd2(dba)3 

(0.5 mol %), Ligand (1.0 mol %), NaOt-Bu (1.5 mmol), toluene (2 mL), 80 °C, 1 h. dAryl bromide (0.8 

mmol), aniline (1.0 mmol), NaOt-Bu (0.85 mmol), Pd (2 mol %), DTBNpP.HBF4 (2 mol %), toluene (2 
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mL), 50oC, 3-4 hrs. I, II: Reaction condition I (Conventional heating), II (Microwave heating); eIsolated 

yield is given in bracket. 

Crystal structures of some of the coupling products are given. All the cross-coupling 

reactions led to good to excellent isolated yields (Table 5.3). Higher yields were observed in 

the case of ligand 2.3, compared to that of ligand 2.1 for cross-coupling product and the 

reason behind such behavior might be the steric bulk on the backbone of ligand 2.3.9a,24,25 All 

the coupling reactions were performed by microwave route too and the yields are given as 

reaction condition II in Table 5.3. 

5.3.2. Catalysis using ligand 2.1 and 2.3 

Table 5.3 Pd(dba)2/2.1 or 2.2-Catalyzed coupling of aryl bromides with aryl amines and substrate 

scope 
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Isolated yields using 1 : Ligand 2.1 and 2: Ligand 2.3 (average of two runs), Reaction conditions: Aryl 

bromide (1 mmol), Aryl amine (1 mmol), NaOt-Bu (2.8 mmol) dba = dibenzylideneacetone, Palladium 

source (5 mol%), ligand (5 mol%), Reaction condition I : Conventional heating, Reaction condition II : 

Microwave heating. 

 

5.4. Theoretical calculation  

Pd complexes with an ancillary ligand are the active catalyst involved in coupling reactions. 

Hence, we have considered Pd2 {2.3 = [(PPh2)2N(CH(CH3)2)2Ph]} as an active catalyst.  Since 

variation in the reaction energetics is found to be minimal in presence of solvent toluene 

(Scheme 5.2), we considered gas reaction energetics for further discussion.  

The first step of the reaction can be considered as the formation of tri-coordinated planar 

complex Int1 by coordinating the lone pair on bromine atom of aryl bromide with the 

catalyst Pd2 (Scheme 5.2). This step of reaction is thermodynamically favorable (ΔE= -18.0 

kcal/mol and ΔG = -6.6 kcal/mol). The C-Br bond in Int1 (1.971 Å) is significantly elongated 

as compared to that in free aryl bromide (1.912 Å, Figure S1), which facilitates its oxidative 

addition to Pd(0) center resulting in the square planar Pd(II) complex Int2.   

 

 

Scheme 5.2. Total reaction energy and Gibbs free energy (ΔE, ΔG in kcal/mol) for the formation of 3 

with solvent as toluene calculated at the M06/Def2-TZVPP//BP86/Def2-SVP level of theory.  

 

The reaction energy for this step is highly favorable (ΔE= -22.9 kcal/mol and ΔG = -21.3 

kcal/mol) and the corresponding energy barrier is also very low (ΔE╪= 2.4 kcal/mol and ΔG╪ 

= 3.3 kcal/mol).  The next step is the formation of complex Int3 by the coordination of the 

lone pair of electron of amino group of p-amino toluene with concomitant Pd-Br bond 
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breakage, which is assisted by the hydrogen bond formation between the formally Br- anion 

(NBO charge = -0.78 e) with positively charged hydrogen atom of the amino group (NBO 

charge =  0.45 e). Note that the Pd-Br distance in Int3 is 3.859 Å and the Br---H distance is 

within the hydrogen bond distance (2.114 Å).  The hydrogen bonded N-H bond length (1.07 

Å) in Int3 is elongated as compared to the non-hydrogen bonded N-H bond length (1.02 Å).  

 

 

Scheme 5.3. Catalytic cycle for the formation of 3 from p-bromo toluene and p-toluidine calculated at 

the M06/Def2- TZVPP//BP86/Def2-SVP level of theory. ΔE and ΔG (in kcal/mol) represent the reaction 

energy and Gibb’s free energy. ΔE╪ and ΔG╪ (in kcal/mol) represent activation energy and Gibb’s free 

energy of activation respectively. 
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This step is slightly endothermic (ΔE=2.3kcal/mol) and endergonic (ΔG = 16.4kcal/mol) and 

involves a low activation energy barrier (ΔE╪= 5.5kcal/mol and ΔG╪ =19.7kcal/mol). The 

hydrogen bonded acidic proton can be easily removed by the base sodium tert-butoxide 

resulting Pd(II) complex Int4, t-BuOH and NaBr, which is thermodynamically favorable.  The 

next step is the coupling between the N-atom of NH-C6H4-CH3 group with a phenylic carbon 

atom of C6H4-CH3 group resulting tri-coordinated planar Pd(0) complex Int5.  This step is 

thermodynamically (ΔE= -11.1 kcal/mol and ΔG = -12.1 kcal/mol) as well as kinetic 

favorable (ΔE╪ = 17.6 kcal/mol and ΔG╪ = 18.3 kcal/mol) at reaction condition. The 

elimination of the C-N coupled product from Int5 followed by the addition of aryl bromide 

(ΔE= -2.2 kcal/mol and ΔG = -2.4 kcal/mol)) carry forward the catalytic cycle further.   

Note that the reaction pathway which involves the oxidative addition of N-H bond to 

palladium is highly energy demanding (Scheme 5.3; ΔE= 15.5 kcal/mol, ΔG= 18.1 kcal/mol) 

and hence did not consider further. 

 

5.5. Conclusion 

In summary, we have studied the easily accessible, cost effective phosphinoamine ligands, 

2.1 and 2.3 in the C-N cross-coupling of sterically demanding aryl bromides and aryl amines, 

by conventional as well as microwave-assisted organic synthesis (MAOS) technique. All the 

coupling products are obtained in multigram scale with good to excellent yields. MAOS 

method drastically reduces the reaction completion time up to 15-30 min when compared 

to the conventional heating and thereby rendering facile access to the C-N cross-coupled 

products, especially for the bulky substrates. 
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Summary 

 

In summary, the thesis presents the synthesis, characterization and application of 

diphosphinoamine ligands (DPPA). In chapter 2, differently N-functionalized DPPA ligand 

supported Au(I) complexes (neutral and cationic) are synthesized and characterized using 

routine NMR, Mass spectra analysis. DPPA supported mononuclear and dinuclear Au(I) 

complexes do not show any intermolecular aurophillic interaction while the dinuclear  Au(I) 

complexes possess intramolecular aurophillic interaction which ranges from 2.794-3.005 Å. 

In chapter 3, we discussed the photophysical and theoretical investigation of DPPA 

supported Au(I) complexes. It is observed that the complexes having intramolecular 

aurophillic interaction show luminescent behaviour, while those are devoid of aurophillic 

interaction are found to be non-luminescent. Theoretical investigation show that transition 

responsible for luminescent behavior of cationic gold complexes are of mixed in nature i. e. 

mixture of ligand to metal transition (LMCT) and intra-ligand charge transfer (ILCT) whereas  

for neutral gold complex, mixture of metal to ligand charge transfer (MLCT) and halide to 

ligand charge transfer (XLCT) transitions are observed. It is observed that subtle change of 

substituent leads to the different colour of emission which could be very useful in designing 

new luminescent material of selective colour. 

In chapter 4, we synthesized the differently N-functionalized DPPA supported copper (I) 

complexes and their photophysical properties are investigated. Copper complexes with 

different nuclearity i.e. dinuclear, trinuclear and tetranuclear clusters were obtained by 

reaction of DPPA ligand and copper halide in 1:1 ratio. It was observed that those complexes 

possess Cu…Cu distances >2.8 Å shows mechanochromic and thermochromic 

luminescencent behaviour. PXRD patterns reveals that the luminescence properties of these 

copper complexes arise from their phase transition from crystalline to microcrystalline/ 

amorphous nature upon grinding of their solid samples. 

In chapter 5, we employed these DPPA ligands for catalytic application in C-N coupling using 

palladium metal salt. Easily accessible, cost effective DPPA ligands, 2.1 and 2.3 in the C-N 

cross-coupling of sterically demanding aryl bromides and aryl amines, by conventional as 
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well as microwave-assisted organic synthesis (MAOS) technique. All the coupling products 

are obtained in multigram scale with good to excellent yields. MAOS method drastically 

reduces the reaction completion time up to 15-30 min when compared to the conventional 

heating and thereby rendering facile access to the C-N cross-coupled products, especially for 

the bulky substrates. 
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Table 2A.1 Crystallographic data for 2.6-2.8 

 2.6 2.7 2.8 

Chemical formula C60H50Au2Cl2N2P4 C60H50Au2F12N2P4Sb2 C32H29AuCl N P2 

Formula weight 1387.73 1788.33 721.92 

Temperature 150 (2) 150 (2) 150 (2) 

Wavelength (Å) 0.71073 0.71073 0.71073 

Crystal system Triclinic Orthorhombic Triclinic 

Space group P -1 P c a 21 P -1 

Unit cell dimensions a = 9.8734(10) Å a = 21.2744(19) Å a = 10.7487(19) 

Å 

 b = 11.6662(12) Å b = 16.6689(15) Å b = 13.558(2) Å 

 c = 12.3849(12) Å c = 19.4149(18) Å c = 19.785(4) Å 

 α= 70.703(3)o α= 90o α= 96.481(4)o 

 β= 81.836(3)o β= 90o β= 99.229(4)o 

 γ= 74.313(3)o γ= 90o γ= 96.747(4)o 

Volume (Å3) 1294.1(2) 6884.9(11) 2800.6(9) 

Z 1 4 4 

Density (calculated) 

(g/cm3) 

1.781 1.794 1.712 

Absorption 

coefficient (mm-1) 

5.931 5.265 5.485 

F(000)  676 3544 1416 

Theta range for data 

collection (o) 

2.153 to  25.248 2.183 to 25.249 2.297 to 28.313 

Index ranges -11<=h<=11 

-13<=k<=13 

-14<=l<=14 

-25<=h<=25 
-20<=k<=20 
-23<=l<=23 

-14<=h<=14 

-18<=k<=18 

-26<=l<=26 

 

Reflections collected 49442 216082 53758 

Independent 

reflections 

6411 [R(int) = 

0.0613] 

12392 [R(int)= 
0.0578] 

13788 [R(int) = 

0.0890] 

Coverage of 

independent 

reflections (%) 

98.5 99.9 99.4 

Function minimized Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data/ restraints/ 

parameters 

6411/ 0/ 316 12392/ 7/ 740 13788/ 0/ 671 
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Goodness-of-fit on 

F2 

0.613 1.041 0.748 

∆/ σ max 0.003 0.003 0.003 

Final R indices 5827 data; 

[I>2σ(I)] R1= 

0.0186, wR2= 

0.0613 

 

12055 data; [I>2σ(I)] 
R1= 0.0220, wR2= 
0.0578 

11255 data; 

[I>2σ(I)] R1= 

0.0311, wR2= 

0.0890 

 all data, R1= 

0.0259, wR2= 

0.0720 

all data, R1= 0.0229, 
wR2= 0.0582 

all data, R1= 

0.0464, wR2= 

0.1029 

Largest diff. peak 

and hole (eÅ-3) 

1.192 and 

-1.197 

0.711 and -0.558 0.858 and 

-1.706 

R. M. S deviation 

from mean (eÅ-3)  

0.155 0.095 0.156 

 

 

Table 2A.2 Crystallographic data for 2.9-2.11 

 2.9 2.10 2.11 

Chemical formula C66H62Au2Cl4F12N2P4

Sb2 
C37 H39 Au Cl3 N P2 C72 H74 Au2 N2 P4, 

F12 Sb2 

Formula weight 2014.29 862.95 1956.64 

Temperature 150 (2) 100(2) 100(2) 

Wavelength (Å) 0.71073 Colourless niddle Colourless plate 

Crystal system Monoclinic monoclinic orthorhombic 

Space group P 21/n C 2/c C c c a 

Unit cell 

dimentions 

a = 13.516(4) Å a = 30.781(4) a = 14.313(4) 

 b = 13.530(4) Å b = 10.6267(14) b = 19.807(6) 

 c = 18.730(6) Å c = 43.893(6) c = 25.416(8) 

 α= 90o α = 90° α = 90° 

 β= 95.971(8)o β= 99.789(5)° β= 90o 

 γ= 90o γ= 90o γ= 90o 

Volume (Å3) 3406.5(17) 14148(3) 7205(4) 

Z 2 16 4 
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Density 

(calculated) 

(g/cm3) 

1.964 1.620 1.804 

Absorption 

coefficient (mm-1) 

5.404 4.503 4.964 

F(000)  1936 6848 3792 

Theta range for 

data collection (o) 

2.135 to 28.367 1.766 to 25.243 2.377 to 25.247 

Index ranges -18<=h<=17 

-17<=k<=18 

-24<=l<=25 

-36<=h<=30 

-12<=k<=10 

-52<=l<=52 

-17<=h<=17 

-23<=k<=23 

-30<=l<=30 

Reflections 

collected 

77882 82928 66170 

Independent 

reflections 

8541 [R(int) = 
0.0716] 

12756  [R(int) = 
0.1098] 

3276  [R(int) = 

0.1717] 

Coverage of 

independent 

reflections (%) 

99.0 99.6 99.9 

Function 

minimized 

Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data/ restraints/ 

parameters 

8541/ 0/ 417 12756/ 0/ 803 3276/ 7/ 194 

Goodness-of-fit on 

F2 

1.987 0.923 1.211 

∆/ σ max 0.003 0.003 0.001 

Final R indices 7883 data, [I>2σ(I)] 
R1= 0.0292, wR2= 
0.0716 

11438 data, 
[I>2σ(I)] R1= 
0.0319, wR2= 
0.1098 

1897data, 

[I>2σ(I)] R1= 

0.0856, wR2= 

0.1717 

 all data, R1= 0.0327, 
wR2= 0.0724 

all data, R1= 
0.0373, wR2= 
0.1152 

all data, R1= 

0.1552, wR2= 

0.2074 

Largest diff. peak 

and hole (eÅ-3) 

2.213 and -1.321 1.076 and -1.53 3.183 and -1.593 

R. M. S deviation 

from mean (eÅ-3)  

0.147 0.134 0.207 
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Table 2A.3 Crystallographic data for 2.12-2.13 

 2.12 2.13 

Chemical formula C60 H58 Au2 F14 N2 P4 Sb2 C62 H58 Au2 Cl2 F12 N2 O 
P4 Sb2 

Formula weight 1834.39 1907.31 

Temperature 150 (2) 150 (2) 

Wavelength (Å) 0.71073 0.71073 

Crystal system triclinic Monoclinic 

Space group P -1 P 21/n 

Unit cell dimensions a = 10.838(16) a = 12.427(2)Å 

 b = 10.94(2) Å b = 17.067(3)Å 

 c = 15.43(3) Å c = 17.350(3)Å 

 α= 103.01(6)o α= 90o 

 β= 98.45(6)o β= 91.086(5)o 

 γ= 116.91(6)o γ= 90o 

Volume (Å3) 1523(5) 3679.3(11) 

Z 1 2 

Density (calculated) (g/cm3) 2.000 1.722 

Absorption coefficient (mm-1) 5.867 4.929 

F(000)  878 1828 

Theta range for data 

collection (o) 

2.196 to 20.974 2.327 to 25.242 

Index ranges -14<=h<=14 

-20<=k<=20 

-20<=l<=19 

-14<=h<=14 

-20<=k<=20 

-20<=l<=19 

Reflections collected 3219 30137 

Independent reflections 3219 [R(int) = 0.1361]  6396  [R(int) = 

0.0704] 

Coverage of independent 

reflections (%) 

98.9 96 

Function minimized Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data/ restraints/ parameters 3219/0/412 6396/ 0/ 416 

Goodness-of-fit on F2 1.050 1.064 

∆/ σ max 1.507 0.001 

Final R indices 1715 data, [I>2σ(I)] R1= 

0.1361, wR2= 0. 0.3001 

5797 data, [I>2σ(I)] 

R1= 0.0704, wR2= 

0.1932 
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 all data, R1= 0.2264, 

wR2= 0.3465 

all data, R1= 0.0772, 

wR2= 0.2009 

Largest diff. peak and hole 

(eÅ-3) 

2.245 and -3.107 14.612 and -1.785 

R. M. S deviation from mean 

(eÅ-3)  

0.415 0.327 

 

 

Figure 2A.1 31P NMR (CDCl3) of 2.6 
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Figure 2A.2 31P NMR (CDCl3) of 2.7 

 

Figure 2A.3 31P NMR (CDCl3) of 2.8 
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Figure 2A.4 31P NMR (CDCl3) of 2.9 

 

Figure 2A.7 31P NMR (CDCl3) of 2.12 
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Figure 2A.8 31P NMR (CDCl3) of 2.13 

 

Figure 4A.1 31P NMR (CDCl3) of 4.3 
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Figure 4A.2 31P NMR (CDCl3) of 4.4 

 

Figure 4A.3 31P NMR (CDCl3) of 4.5 
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Figure 4A.4 31P NMR (CDCl3) of 4.6 

 

Figure 4A.5 31P NMR (CDCl3) of 4.7 
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Figure 4A.6 31P NMR (CDCl3) of 4.8 

 

Figure 4A.7 31P NMR (CDCl3) of 4.9 
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Figure 4A.8.  31P NMR (CDCl3) of 4.10 

 

 

Figure 4A.9.  31P NMR (CDCl3) of 4.11 
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Figure 4A.10.  31P NMR (CDCl3) of 

 

Figure 4A.11. Raman spectra of 4.9 
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Figure 4A.12.  Raman spectra of 4.10 

 

Table 4A.1 Crystallographic data for 4.3-4.5 

 4.3 4.4 4.5 

Formula C64H58Cl2Cu2N2P4 C128 H104 Br4 Cu4 N4 
P8 

C103 H95 Cl4 Cu4 N3 P6 

Formula weight 1176.98 2519.71 1956.59 

T, K 150 (2) 150 (2) 150 (2) 

color, habit Pale yellow, block Yellow, block Colorless, block 

crystal system Monoclinic Monoclinic Orthorhombic 

Space group P21/c P21/c Pbca 

Unit cell dimensions a = 9.891(4) Ao a = 9.9192(7) a = 25.523(3) 

 b = 16.678(6) Ao b = 16.7083(13) Ao b = 22.815(3) Ao 

 c = 17.378(6) Ao b = 17.4691(13) Ao b = 34.364(5) Ao 

 α = 90o α = 90o α = 90o 
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 β = 102.441(10)o β =102.762(5)o β = 90o 

 γ  = 90o γ  = 90o γ  = 90o 

V, Å3 2799.5(18) 2823.7(4) 20010(5) 

Z 2 1 8 

dcalcd, g cm−3 1.396 1.482 1.299 

Absorption coefficient (mm-

1) 
1.012 3.980 3.197 

F(000) 1936 1276 8064 

Theta range for data 
collection (o) 

2.135 to 28.367 3.705 to 67.964 2.572 to 67.479 

Index ranges -11<=h<=11 
-20<=k<=20 
-20<=k<=20 

-11<=h<=11 
-19<=k<=19 
-20<=k<=20 

-30<=h<=30 
-27<=k<=23 
-41<=k<=40 

Reflections collected 35190 47655 347179 

Independent reflections 5053 [R(int) = 
0.0790] 

5045  [R(int) = 
0.1691] 

17905  [R(int) = 
0.1970] 

Coverage of independent 
reflections (%) 

99.0 98.3 99.4 

Function minimized Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data/ restraints/ 
parameters 

5053/ 0/ 336 5045/ 0/ 336 17905 / 72/ 1112 

Goodness-of-fit on F2 1.023 1.056 1.079 

∆/ σ max 0.001 0.000 0.069 

Final R indices 3894 data, 
[I>2σ(I)] R1= 
0.0389, wR2= 

0.0790 

2789 data, 
[I>2σ(I)] R1= 
0.0795, wR2= 

0.1691 

12339 data, 
[I>2σ(I)] R1= 
0.1059, wR2= 

0.1970 
 all data, R1= 

0.0624, wR2= 
0.0877 

all data, R1= 
0.1657, wR2= 

0.2115 

all data, R1= 0.1613, 
wR2= 0.2218 

Largest diff. peak and hole 
(eÅ-3) 

0.485 and -0.349 0.703 and -0.846 0.674 and -1.404 

R. M. S deviation from mean 
(eÅ-3) 

0.068 0.142 0.109 
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Table 4A.2. Crystallographic data for 4.6-4.8 

 4.6 4.7 4.8 

Formula C96H87Br4Cu4N3 P6 C32 H29 Cl4 Cu2 N P2 C62 H54 Br4 Cu4 N2 P4 

Formula weight 2042.30 758.38 1524.75 

T, K 150 (2) 150 (2) 150 (2) 

color, habit Colourless, block Yellow, Needle Colorless, block 

crystal system orthorhombic Monoclinic Monoclinic 

Space group Pbca P21/c P 21/n 

Unit cell dimensions a = 25.764(3) Ao a = 9.776(19) Ao a =  14.344(3) Ao 

 b = 22.909(3) Ao b =  22.94(4) Ao b =  16.175(3) Ao 

 c = 34.509(4) Ao C =  16.07(3) Ao c =  14.823(3) Ao 

 α = 90o α = 90o α = 90o 

 β = 90o β = 91.19(7)o β =  111.997(5)o 

 γ  = 90o γ  = 90o γ  = 90o 

V, Å3 20368(4) 3604(12) 3189.1(10) 

Z 8 4 2 

dcalcd, g cm−3 1.332 1.398 1.588 

Absorption 
coefficient (mm-1) 

3.989 1.587 3.960 

F(000) 8240 1536 1512 

Theta range for data 
collection (o) 

2.561 to 68.187 2.181 to  25.246 2.498 to  25.248 

Index ranges -30<=h<=30 
-26<=k<=27 
-41<=k<=41 

-11<=h<=11 
-19<=k<=19 
-27<=k<=27 

-17<=h<=17 
-19<=k<=19 
-17<=k<=17 

Reflections 
collected 

423156 76565 28184 

Independent 
reflections 

18423  [R(int) =   
0.1650] 

6527   [R(int) =  
0.1981] 

5770  [R(int) = 0.0963] 
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Coverage of 
independent 

reflections (%) 

98.9 100 99.8 

Function minimized Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data/ restraints/ 
parameters 

18423/1698/ 1024 6527/ 0/ 371 5770/ 0/ 344 

Goodness-of-fit on 
F2 

1.020 1.166 1.012 

∆/ σ max 0.001 0.000 0.003 

Final R indices 12529  data, 
[I>2σ(I)] R1=  
0.0660, wR2= 

0.1650 

2855 data, 
[I>2σ(I)] R1= 
0.0840, wR2= 

0.1981 

4104 data, [I>2σ(I)] R1= 
0.0442, wR2= 0.0963 

 all data, R1= 0.1070, 
wR2= 0.1926 

all data, R1= 
0.2135, wR2= 

0.2525 

all data, R1= 0.0780, wR2= 
0.1088 

Largest diff. peak 
and hole (eÅ-3) 

1.657and -1.705 0.808 and -0.825 0.696 and -0.578 

R. M. S deviation 
from mean (eÅ-3) 

0.138 0.123 0.114 

 

 

Table 4A.3. Crystallographic data for 4.9-4.10 

 4.9 4.10 

Formula C64 H54 Ag2 Cl4 F6 N2 O6 

P4 S2 

C140 H132 Ag4 F12 N8 O12 P8 

S4 

Formula weight 1606.63 3154.01 

T, K 150 (2) 150 (2) 

color, habit Colourless, Needle Colourless, block 

crystal system orthorhombic Monoclinic 

Space group P n a 21 P 21/n 

Unit cell dimensions a = 25.662(4) Ao a = 13.6191(9) Ao 

 b = 21.397(4) Ao b =  13.0833(10) Ao 

 c = 11.9939(18) Ao C =  18.4322(15) Ao 
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 α = 90o α = 90o 

 β = 90o β = 97.486(2)o 

 γ  = 90o γ  = 90o 

V, Å3 6585.7(18) 3256.3(4) 

Z 4 1 

dcalcd, g cm−3 1.620 1.608 

Absorption coefficient (mm-1) 3.989 0.839 

F(000) 8240 1604 

Theta range for data collection (o) 2.324 to 25.249 2.167 to  28.362 

Index ranges -30<=h<=30 

-25<=k<=25 

-14<=k<=14 

-17<=h<=18 

-17<=k<=17 

-24<=k<=24 

Reflections collected 264647 162494 

Independent reflections 11926 [R(int) =   

0.1002] 

8148   [R(int) =  0.0649] 

Coverage of independent reflections 

(%) 

99.9 99.9 

Function minimized Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data/ restraints/ parameters 11926/73/ 812 8148 / 0/ 427 

Goodness-of-fit on F2 1.031 0.977 

∆/ σ max 0.023 0.005 

Final R indices 11247  data, [I>2σ(I)] 

R1=  0.0400, wR2= 

0.1002 

6346 data, [I>2σ(I)] R1= 

0.0315, wR2= 0.0649 

 all data, R1= 0.0437, 

wR2= 0.1033 

all data, R1= 0.0315, wR2= 

0.0649 

Largest diff. peak and hole (eÅ-3) 1.979 and -1.464 0.533 and -0.997 

R. M. S deviation from mean (eÅ-3) 0.106 0.093 
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Table 4A.4. Crystallographic data for 4.11-4.12 

 4.11 4.12 

Formula C69 H64 Ag2 Cl6 F6 N2 O6 

P4 S2 

C64 H54 Ag2 F6 N2 O6 P4 S2 

Formula weight 1747.66 1464.83 

T, K 150 (2) 150 (2) 

color, habit Colourless, block Colourless, block 

crystal system triclinic Monoclinic 

Space group P -1 C 2/c 

Unit cell dimentions a = 14.276(14) Ao a = 20.297(8) Ao 

 b = 15.177(19)Ao b =  15.800(6) Ao 

 c = 19.090(18) Ao C =  19.955(8) Ao 

 α = 84.04(6)o α = 90o 

 β = 82.53(6)o β = 101.272(12) o 

 γ  = 64.19(5)o γ  = 90o 

V, Å3 3687(7) 6276(4) 

Z 2 4 

dcalcd, g cm−3 1.574 1.550 

Absorption coefficient (mm-1) 0.958 0.863 

F(000) 1764 2960 

Theta range for data collection (o) 2.155 to 25.250 2.492 to 28.254 

Index ranges -17<=h<=17 

-18<=k<=18 

-22<=k<=22 

-27<=h<=26 

-21<=k<=20 

-26<=k<=26 

Reflections collected 86134 133472 
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Independent reflections 13323  [R(int) =   

0.1376] 

7741  [R(int) =  0.0755] 

Coverage of independent reflections 

(%) 

99.9 99.7 

Function minimized Σ w(Fo2 - Fc2)2 Σ w(Fo2 - Fc2)2 

Data/ restraints/ parameters 18423/1698/ 1024 7741 / 0/ 389 

Goodness-of-fit on F2 1.020 1.000 

∆/ σ max 0.001 0.004 

Final R indices 7523  data, [I>2σ(I)] 

R1=  0.0642, wR2= 

0.1376 

5363 data, [I>2σ(I)] R1= 

0.0467, wR2= 0.0755 

 all data, R1= 0.1504, 

wR2= 0.1793 

all data, R1= 0.0943, wR2= 

0.0878 

Largest diff. peak and hole (eÅ-3) 1.717 and -0.832 0.751 and -0.557 

R. M. S deviation from mean (eÅ-3) 0.133 0.113 

 

 

Table 4A.5. Selected experimental and calculated bond lengths (Å) and bon angles angles (°) of 

complex I and II. 

Complex I Complex II 

Bonds Exp Cal Bonds Exp Cal 

Cu2-Cu1/ Cu2’-

Cu1’ 

2.776 2.722 Cu2-Cu1/ Cu2’-Cu1’ 2.685 2.641 

Cu1-Cu2’/ Cu1’-

Cu2 

2.903 2.881 Cu1-Cu2’/ Cu1’-Cu2 2.711 2.719 

Cu2’-Cl1/ Cl1’-Cu2 2.351 2.351 Cu2’-Br1/ Br1-Cu2’ 2.440 2.460 

Cu1-Cl1/ Cu1’-Cl1’ 2.264 2.266 Cu1-Br1/ Cu1’-Br1’ 2.398 2.415 

Cu1-Cl2/ Cl2’-Cu1’ 2.368 2.331 Cu1-Br2/ Br2’-Cu1’ 2.448 2.454 

Cu2-Cl2/ Cu2’-Cl2’ 2.380 2.371 Cu2-Br2/ Cu2’-Br2 2.441 2.447 

Cl2-Cu2’/ Cl2’-Cu2 2.534 2.620 Br2-Cu2’/ Br2’-Cu2 2.810 2.905 
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P2-Cu2/ P2’-Cu2’ 2.172 2.156 P2-Cu2/ P2’-Cu2’ 2.187 2.189 

P1-Cu1/ P1’-Cu1’ 2.181 2.178 P1-Cu1/ P1’-Cu1’ 2.196 2.198 

      

Cu1-Cu2-

Cu1’/Cu1-Cu2’-

Cu1’ 

104.52 106.10 Cu1-Cu2-Cu1’/Cu1-Cu2’-

Cu1’ 

103.21 104.27 

Cu2-Cu1-

Cu2’/Cu2-Cu1’-

Cu2’ 

75.48 73.90 Cu2-Cu1-Cu2’/Cu2-Cu1’-

Cu2’ 

76.79 75.73 

P1-Cu1-Cu2/ P1-

Cu1-Cu2 

92.55 94.25 P1-Cu1-Cu2/ P1-Cu1-Cu2 96.18 96.58 

P2-Cu2-Cu1/ P2’-

Cu2’-Cu1’ 

90.03 90.42 P2-Cu2-Cu1/ P2’-Cu2’-Cu1’ 90.94 92.12 

Cu2-Cl1’-

Cu1’/Cu1-Cl1-Cu2’ 

77.93 77.19 Cu2-Cl1’-Cu1’/Cu1-Cl1-

Cu2’ 

68.15 67.81 

Cu1-Cl2-Cu2/ 

Cu1’-Cl2’-Cu2’ 

71.56 70.75 Cu1-Cl2-Cu2/ Cu1’-Cl2’-

Cu2’ 

66.62 64.75 

Cu1-Cl2-Cu2’/ 

Cu1’-Cl2’-Cu2 

72.55 70.89 Cu1-Cl2-Cu2’/ Cu1’-Cl2’-

Cu2 

61.62 60.29 

 

 

Table 4A.6. Selected experimental and calculated Bond lengths (Å) and angles (°) of complex 4.3 and 

4.4. 

Complex 4.3 Complex 4.4 

Bonds Exp Cal Bonds Exp Cal 

Cu1-Cl1/Cu1’-Cl1’ 2.304(1) 2.335 Cu1-Br1/Cu1’-Br1’ 2.472 (2) 2.495 

Cu1-Cl1’/Cu1’-Cl1 2.3508 

(9) 

2.352 Cu1-Br1’/Cu1’-Br1 2.442 (4) 2.461 

P1-Cu1/P1’-Cu1’ 2.290 (1) 2.280 P1-Cu1/P1’-Cu1’ 2.354 (5) 2.293 

P2-Cu1/P2’-Cu1’ 2.320 (1) 2.286 P2-Cu1/P2’-Cu1’ 2.299 (7) 2.287 

P1-N1/P1’-N1’ 1.728 (2) 1.747 P1-N1/P1’-N1’ 1.693 (9) 1.749 

P2-N1/P2’-N1’ 1.722 (2) 1.749 P2-N1/P2’-N1’ 1.761 (8) 1.753 
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Cl1-Cu1-Cl1’/Cl1-

Cu1’-Cl1’ 

96.41 (3) 97.66 Br1-Cu1-Br1’/Br1-Cu1’-

Br1’ 

100.44 

(5) 

97.64 

Cu1-Cl1-Cu1’/Cu1-

Cl1’-Cu1’ 

83.59 (3) 82.34 Cu1-Br1-Cu1’/Cu1-Br1’-

Cu1’ 

79.56 (5) 82.41 

P1-Cu1-P2/P1’-

Cu1’-P2’ 

73.82 (3) 74.43 P1-Cu1-P2/P1’-Cu1’-P2’ 73.09 (9) 74.16 

 

 

Table 4A.7. Selected experimental and calculated Bond lengths (Å) and angles (°) of complex 4.5 and 

4.6. 

Complex 4.6 Complex 4.7 

Bonds Exp Cal Bonds Exp Cal 

Cu1-Cu2 2.809 (1) 2.841 Cu1-Cu2 2.923 (1) 2.906 

Cu2-Cu3 2.922 (1) 2.939 Cu2-Cu3 2.801 (1) 2.828 

Cu3-Cu1 2.934 (1) 2.971 Cu3-Cu1 2.934 (1) 2.930 

Cu1-Cl1 2.434 (2) 2.516 Cu1-Br1 2.565 (1) 2.648 

Cu1-Cl2 2.466 (2) 2.467 Cu1-Br2 2.546 (1) 2.609 

Cu2-Cl1 2.416 (2) 2.551 Cu2-Br1 2.534 (1) 2.596 

Cu2-Cl2 2.475 (2) 2.587 Cu2-Br2 2.590 (1) 2.664 

Cu3-Cl1 2.469 (2) 2.489 Cu3-Br1 2.553(1) 2.627 

Cu3-Cl2 2.431 (2) 2.495 Cu3-Br2 2.585(1) 2.630 

Cl3-Cu4/ Cl3-Cu4 2.081 (5) 2.164 Cu4-Br3/ Cu4-Br4 2.210 (2) 2.296 

P1-Cu1 2.243 (2) 2.252 P1-Cu1/ P2-Cu2 2.240 (2) 2.257 

P2-Cu2 2.238 (2) 2.249 P3-Cu2/ P6-Cu1 2.241 (2) 2.264 

P3-Cu2 2.230 (2) 2.244 P4-Cu3 2.252 (2) 2.254 

P4-Cu3 2.241 (2) 2.248 P5-Cu3 2.244 (2) 2.256 

P5-Cu3 2.240 (2) 2.248    

P6-Cu1 2.242 (2) 2.249    
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Cu1-Cu2-Cu3 61.54 (3) 61.83 Cu1-Cu2-Cu3 61.62 (3) 61.45 

Cu2-Cu3-Cu1 57.33 (3) 57.45 Cu2-Cu3-Cu1 61.23 (3) 60.60 

Cu3-Cu1-Cu2 61.13 (3) 60.72 Cu3-Cu1-Cu2 57.15 (3) 57.95 

Cu1-P1-N1 117.7 (2) 118.23 Cu1-P1-N1 117.29 

(2) 

117.69 

Cu2-P2-N1 117.1 (2) 117.33 Cu2-P2-N1 118.0 (2) 118.56 

Cu2-P3-N2 118.3 (2) 118.84 Cu2-P3-N2 117.5 (2) 117.52 

Cu1-P6-N3/ Cu3-

P4-N2 

117.6 (2) 118.40 Cu1-P6-N3 117.0 (2) 118.69 

Cu3-P5-N3 117.5 (2) 117.89 Cu3-P4-N2/Cu3-P5-

N3 

117.4 (2) 117.83 

Cl3-Cu4-Cl4 176.8 (2) 179.1 Br3-Cu3-Br4 178.23 

(9) 

173.1 

P1-N1-P2 120.5 (3) 120.12 P1-N1-P2 121.8 (3) 119.98 

P3-N2-P4 121.3 (3) 120.08 P3-N2-P4 120.4 (3) 119.59 

P5-N3-P6 120.7 (3) 119.37 P5-N3-P6 121.4 (3) 119.80 

 

 

Table 4A.8. Selected experimental and calculated Bond lengths (Å) and angles (°) of complex 4.7 and 

4.8. 

Complex 4.7 Complex 4.8 

Bonds Exp. Cal. Bonds Exp. Cal. 

Cu2-Cu1/ Cu2’-

Cu1’ 

2.748(4) 2.675 Cu2-Cu1/ Cu2’-Cu1’ 2.650(1) 2.646 

Cu1-Cu2’/ Cu1’-

Cu2 

2.858(5) 2.879 Cu1-Cu2’/ Cu1’-Cu2 2.701(1) 2.742 

Cu2’-Cl1/ Cl1’-

Cu2 

2.344(4) 2.348 Cu2-Br1’/ Br1-Cu2’ 2.424(1) 2.447 

Cu1-Cl1/ Cu1’-

Cl1’ 

2.235(4) 2.267 Cu1-Br1/ Cu1’-Br1’ 2.417(8) 2.439 

Cu1-Cl2/ Cl2’-

Cu1’ 

2.381(4) 2.334 Cu1-Br2/ Br2’-Cu1’ 2.786(1) 2.927/2.886 
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Cu2-Cl2/ Cu2’-

Cl2’ 

2.411(4) 2.386 Cu2-Br2/ Cu2’-Br2’ 2.865(9) 2.922 

Cl2-Cu2’/ Cl2’-

Cu2 

2.569(4) 2.639 Cu2-Br2’/ Cu2’-Br2 2.560(9) 2.531 

P2-Cu2/ P2’-

Cu2’ 

2.185(4) 1.181 Cu1-Br2’/ Cu1’-Br2 2.580(1) 2.505 

P1-Cu1/ P1’-
Cu1’ 

2.163(4) 2.159 P2-Cu2/ P2’-Cu2’ 2.192(1) 2.189 

   P1-Cu1/ P1’-Cu1’ 2.186(2) 2.177 

      

Cu1-Cu2-

Cu1’/Cu1-Cu2’-

Cu1’ 

99.60(5) 102.70 Cu1-Cu2-Cu1’/Cu1’-

Cu2’-Cu1 

87.53(3) 89.17 

Cu2-Cu1-

Cu2’/Cu2-Cu1’-

Cu2’ 

80.40(5) 77.30 Cu2-Cu1-Cu2’/Cu2’-

Cu1’-Cu2 

92.47(3) 90.81 

P1-Cu1-Cu2/ 

P1-Cu1-Cu2 

92.02(8) 93.81 P1-Cu1-Cu2/ P1’-Cu1’-

Cu2’ 

93.67(4) 93.19 

P2-Cu2-Cu1/ 

P2’-Cu2’-Cu1’ 

90.92(7) 92.48 P2-Cu2-Cu1/ P2’-Cu2’-

Cu1’ 

93.62(4) 95.09 

Cu2-Cl1’-

Cu1’/Cu1-Cl1-

Cu2’ 

77.20(9) 77.19 P1-N1-P2/ P1’-N1’-P2’ 117.1(2) 116.80 

Cu1-Cl2-Cu2/ 

Cu1’-Cl2’-Cu2’ 

69.97(7) 69.01 Cu2-Br1’-Cu1’/Cu1-Br1-

Cu2’ 

67.84(3) 68.25 

Cu1-Cl2-Cu2’/ 

Cu1’-Cl2’-Cu2 

70.42(7) 70.46 Cu1-Br2-Cu2/ Cu1’-

Br2’-Cu2’ 

56.43(2) 53.80 

   Cu1-Br2-Cu2’/ Cu1’-

Br2’-Cu2 

59.22(2) 60.53 

   Cu1-Br2’-Cu2/Cu1’-Br2-

Cu2’ 

62.09(2) 63.40 

   Cu1-Br2’-Cu2’/ Cu2-

Br2-Cu1’ 

61.24(2) 60.31 
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Table 4A.9. Computed frontier molecular orbital energy difference in eV obtained using the 

B3LYP/def2-TZVP(P) level. 

Compound 𝑬𝑯𝑶𝑴𝑶 𝑬𝑳𝑼𝑴𝑶 ∆𝑬𝑯𝑶𝑴𝑶−𝑳𝑼𝑴𝑶 

I -4.9047 -1.2664 3.6383 

II -4.8421 -1.249 3.5931 

1 -4.5895 -1.1480 3.4415 

2 -4.6744 -1.2066 3.4678 

3 -6.9857 -3.1876 3.7981 

4 -7.1535 -3.1898 3.9637 

5 -4.8514 -1.1280 3.7234 

6 -4.7527 -1.2836 3.4691 
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** = Grease; * = Toluene; # =H2O 

 

Figure 5A.1 1H NMR (CDCl3) of 5.3a 

 

Figure 5A.2 13C NMR (CDCl3) of 5.3a 
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Figure 5A.3 1H NMR (CDCl3) of 5.3b 

 

Figure 5A.4 13C NMR (CDCl3) of 5.3b 
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Figure 5A.5 1H NMR (CDCl3) of 5.3c 

 

Figure 5A.6 13C NMR (CDCl3) of 5.3c 
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Figure 5A.7 1H NMR (CDCl3) of 5.3d 

 

Figure 5A.8 13C NMR (CDCl3) of 5.3d 
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Figure 5A.9 1H NMR (CDCl3) of 5.3e 

 

Figure 5A.10 13C NMR (CDCl3) of 5.3e 



155 
 

 

Figure 5A.11 1H NMR (CDCl3) of 5.3f 

 

Figure 5A.12 13C NMR (CDCl3) of 5.3f 
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Figure 5A.13 1H NMR (CDCl3) of 5.3g 

 

Figure 5A.14 13C NMR (CDCl3) of 5.3g 
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Figure 5A.15 1H NMR (CDCl3) of 5.3h 

 

Figure 5A.16 13C NMR (CDCl3) of 5.3h 
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Figure 5A.17 1H NMR (CDCl3) of 5.3i 

 

Figure 5A.18 13C NMR (CDCl3) of 5.3i 
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Figure 5A.19 1H NMR (CDCl3) of 5.3j 

 

Figure 5A.20 13C NMR (CDCl3) of 5.3j 



160 
 

 

Figure 5A.21 1H NMR (CDCl3) of 5.3k 

 

Figure 5A.22 13C NMR (CDCl3) of 5.3k 



161 
 

 

Figure 5A.23 1H NMR (CDCl3) of 5.3l 

 

Figure 5A.24 13C NMR (CDCl3) of 5.3l 
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Figure 5A.25 1H NMR (CDCl3) of 5.3m 

 

Figure 5A.26 13C NMR (CDCl3) of 5.3m 
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Figure 5A.27 19F NMR (CDCl3) of 5.3m 

 

Figure 5A.28 1H NMR (CDCl3) of 5.3n 
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Figure 5A.29 13C NMR (CDCl3) of 5.3n 

 

Figure 5A.30 1H NMR (CDCl3) of 5.3o 
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Figure 5A.31 13C NMR (CDCl3) of 5.3o 

 

Figure 5A.32 19F NMR (CDCl3) of 5.3o 
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Figure 5A.33 1H NMR (CDCl3) of 5.3p 

 

Figure 5A.34 13C NMR (CDCl3) of 5.3p 
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Figure 5A.35 19F NMR (CDCl3) of 5.3p 

 

Figure 5A.36 1H NMR (CDCl3) of 5.3q 
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Figure 5A.37 13C NMR (CDCl3) of 5.3q 

 

Figure 5A.38 19F NMR (CDCl3) of 5.3q 
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Figure 5A.39 1H NMR (CDCl3) of 5.3r 

 

Figure 5A.40 13C NMR (CDCl3) of 5.3r 
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Figure 5A.41 19F NMR (CDCl3) of 5.3r 
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