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ABSTRACT 

Photoinduced, copper-catalyzed reactions of organohalides have emerged in recent years as 

a powerful tool to construct a wide array of CïN bonds, which are prevalent in organic materials and 

polymers, pharmaceuticals, natural products, and ligands in transition metal catalysts. Described 

herein is the study and applications of copper complexes ligated by carbazole and its derivatives in 

photoinduced, copper-catalyzed CïN bond-constructing transformations. Various areas of synthetic 

inorganic and organic chemistry are explored, including in-depth mechanistic elucidation, ligand and 

catalyst design, reaction development, as well as spectroscopic and structural characterization of 

reactive copper complexes. 

Chapter 2 describes the mechanistic investigation on photoinduced, copper-catalyzed 

couplings of carbazoles with unactivated alkyl halides. A wide array of mechanistic tools suggests 

the viability of an out-of-cage Csp³ïN coupling pathway. Spectroscopic and structural characterization 

data of the key intermediates are detailed.  

Chapter 3 outlines the design and preparation of a new copper-based photoredox catalyst 

supported by a tridentate bis(phosphino)carbazole ligands. The ground- and excited-state properties 

of the new photocatalyst are examined. 

Chapter 4 details the development of photoinduced, copper-catalyzed Csp³ïN couplings of 

carbamates with unactivated alkyl bromides using the new copper photoredox system. The scope with 

respect to the nucleophile and the electrophile and mechanistic investigations are communicated. 

Chapter 5 illustrates the chemistry of copper complexes supported by bidentate 

(phosphino)carbazole ligands. A diverse array of copper complexes in both the S = 0 and S = 1/2 

states are reported, including a rare, paramagnetic copperïphosphine complex that may serve as a 

structural model for key copper intermediates of the enantioselective Csp³ïN couplings of carbazoles.  
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Chapter 1. Introduction  
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1.1. Transition metal-catalyzed coupling reactions of organohalides 

One of the first chemical reactions taught in a classroom setting is the double 

displacement reaction between two generic species AïX and BïY to form products AïY and 

BïX.1 Perhaps the most broadly executed class of a double displacement reaction in practice 

is the coupling of an organic electrophile (e.g. organohalides) with a carbon, or heteroatom, 

nucleophile on a catalytic platform constructed by a transition metal complex (Scheme 1.1).2 

Due to the possibility of building molecular complexity in a modular manner, transition 

metal-catalyzed couplings have revolutionized not only the field of synthetic chemistry, but 

also many other disciplines of physical science and engineering.3 For this reason, the Nobel 

Prize in Chemistry was awarded for the development of Pd-catalyzed cross-coupling 

reactions in 2010.4 

 

Scheme 1.1. General outline of the coupling of a nucleophile and an electrophile catalyzed 

by a transition metal. Nu: carbon- or heteroatom-based group; M: metal (e.g. Li); X: 

leaving group (e.g. halide); R: carbon-based group; TM: transition metal (e.g. Cu). 

In addition to thermally-driven counterparts, photoinduced approaches to transition 

metal-catalyzed coupling reactions emerged as a powerful synthetic tool in the past decade.5 

The renaissance of light-driven synthetic transformations may be largely attributed to the 

increased diversity of photoresponsive molecules (photoredox catalysts) that can mediate the 
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transfer of energy or electrons between two, otherwise inert compounds. Although the 

synthetic community has mostly utilized photoredox catalysts based on ruthenium and 

iridium,5aïc several research groups have recognized the synthetic potential of copper in 

photocatalysis (Figure 1.1).5d 

 

Figure 1.1. Examples of photoredox catalysts and their excited-state properties. Potentials 

are reported against saturated calomel electrode in CH3CN. R = 4-methoxyphenyl. Ű0 = 

lifetime.  

A general outcome of the irradiation of the organohalide electrophiles is the 

formation of radicals (ÅR, Scheme 1.2).6 Under the conditions of photolysis, radicals may be 

generated via the direct homolysis of the electrophile, halogen atom abstraction (inner-sphere 

electron transfer), or outer-sphere electron transfer. The resulting radicals may then traverse 

reaction pathways that complement even-electron elementary steps commonly observed in 

thermally-driven coupling reactions of organohalides.2,7 
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Scheme 1.2. Examples of pathways by which the formation of a radical (ÅR) from an 

organohalide (XïR) occurs in the presence of light and a hypothetical photocatalyst (M). 

1.2. Photoinduced, copper-catalyzed CïN couplings 

One representative proof-of-principle study that demonstrated the viability of a 

radical pathway in the copper-catalyzed Csp²ïN coupling of an aryl halide with an amine (also 

known as the Ullmann coupling) was communicated by the Peters and Fu laboratories in 

2012.8 Prior to this report, the Peters group had been examining the use of their luminescent 

copper complexes to facilitate light-initiated multi-electron processes,9 and observed that the 

irradiation of complex 1.1 and iodobenzene yields N-phenyl carbazole (Scheme 1.3, top).8 

In the 2012 study, the Fu and Peters groups showed that a wide array of mechanistic data is 

consistent with a radical pathway,10 in contrast to the even-electron pathways that had been 

suggested in thermal Ullmann couplings,11  en route to the Csp²ïN bond-formation. 

Furthermore, they demonstrated that Nïphenyl carbazole can be detected in 64% yield when 

lithium carbazolide is irradiated in the presence of iodobenzene and a substoichiometric 

quantity (10 mol%) of CuI (Scheme 1.3, bottom). 
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Scheme 1.3. Photoinduced Ullmann coupling reported in 2012 by the Fu and Peters 

laboratories.  

The demonstration of the catalytic Csp²ïN coupling in the absence of exogenous 

ligands led to the proliferation of photoinduced, copper-catalyzed coupling reactions of 

organohalides, all of which proceeded under the general conditions described in Figure 1.2.12 

By 2015, the scope had been expanded to include a variety of C-, N-, O-, and S-based 

nucleophiles and aryl and alkyl (Csp³) halide electrophiles.13  
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Figure 1.2. Selected examples of nucleophiles employed in photoinduced, copper-

catalyzed couplings in the absence of exogenous ligands. 

The possibility to construct CïN bonds under thermally mild conditions is 

particularly attractive in view of the prevalence CïN bonds in biologically-active natural 

products and pharmaceuticals. A 2014 study reported that more than 80% of U.S. FDA-

approved pharmaceuticals contain one or more CïN bonds.14 In 2011, it was estimated that 

6 out of the top 10 most frequently employed reactions in medicinal chemistry forge CïN 

bonds, accounting for 40% of all reactions in medicinal chemistry.15 Modern reviews and 

perspectives continue to echo the importance of the discovery of efficient and versatile 

methods to accomplish the construction of CïN bonds.16 For example, a 2016 survey had 

found that 8 out of the top 10 worst-performing reaction types in terms of yield involve Nï

arylation or Nïalkylations reactions.16b 
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1.3. Chemistry of carbazole  

By far the most versatile nucleophile explored by the Fu and Peters groups is 

carbazole. To date, carbazole remains the only coupling partner that can participate in Nï

substitution reactions with any organohalide under the conditions of photoinduced copper 

catalysis. Specifically, the Fu and Peters laboratories observed that carbazole undergoes 

alkynylation (Csp),
13c alkenylation (Csp²),

13c arylation (Csp²),
13c and alkylation (Csp³) with 

primary,13a secondary,13a and tertiary alkyl halides.17 The coupling of carbazole with tertiary 

alkyl halides (Ŭ-chloroamides) even proceeds in a stereoconvergent manner, providing 

access to enantioenriched, Nïalkylated carbazoles. 

 

Figure 1.3. Examples of Nïsubstituted carbazoles accessible via photoinduced methods. 

Applications of Nïsubstituted carbazoles in synthetic organic chemistry are rather 

limited although molecules containing the carbazole scaffold have been reported to display 

a wide range of biological activities,18,19 including antibacterial and anticancer activities.20 
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Nïsubstituted carbazoles are of particular interest, instead, in materials and polymer 

sciences.21,22 Carbazole is available readily from the distillation of coal tar and can be 

inexpensively purchased from more than 100 commercial suppliers.23 Its versatility to 

participate in a variety of Nïsubstitution has enabled the preparation of a library of light-

responsive organic small molecules and polymers with tunable photoproperties.21, 24 

Summarized in Figure 1.4 are selected examples of compounds that contain the carbazole 

scaffold and their applications.  

 

Figure 1.4. Representative structures and applications of carbazole and its derivatives.  

In addition to the central N atom, the carbazole ring can also be expediently 

functionalized at 1- and 8- positions. As a result, an array of multidentate pincer ligands 

containing the carbazole scaffold had been prepared and shown to coordinate to various 

transition metal centers, including early25 and late d-block metals26. Several complexes 

display catalytic activity in challenging synthetic transformations, including nitrogen 
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fixation,27 alkane dehydrogenation,28 and asymmetric epoxidation (Figure 1.5).29 However, 

their applications in coupling reactions of organohalides have largely been underexplored.30  

 

Figure 1.5. Transition metal catalysts supported by carbazole-based multidentate ligands 

and their applications. Ad = 1-adamantyl. 

1.4. Overview of individual chapters 

This Thesis recapitulates our endeavors since the autumn of 2013 to explore the 

chemistry of copperïcarbazolide complexes in photoinduced, copper-catalyzed coupling 

reactions of alkyl halides, with particular emphasis on Csp³ïN bond-constructing 

transformations.31 At the time, the Fu and Peters groups had been continuously expanding 

the scope with respect to the nucleophiles and electrophiles under the general conditions of 

photoinduced, copper-catalyzed coupling reactions in the absence of exogenous ligands 

(Figure 1.2). However, despite the simplicity of the conditions of catalysis, mechanistic 

understandings had remained elusive.  

We begin our narrative in Chapter 2 by presenting an in-depth mechanistic 

investigation on photoinduced, copper-catalyzed couplings of carbazoles with unactivated 

alkyl halides (Scheme 1.4). We demonstrate that the nucleophile (Li(carb)) itself can be 
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responsible for photoinduced single electron transfer events to generate carboradicals from 

unactivated alkyl bromides. As part of this mechanistic study, we report the first example of 

structurally-characterized, homoleptic, 3-coordinate copper(II)ïamide anion and elucidate 

its role in the key, out-of-cage Csp³ïN bond-forming step. 

 

Scheme 1.4. Optimized reaction conditions for an in-depth mechanistic study on 

photoinduced, copper-catalyzed couplings of carbazoles with unactivated alkyl halides 

described in Chapter 2.  

Inspired by the viability of an out-of-cage Csp³ïN coupling mechanism, we report in 

Chapter 3 a new, copper-based photoredox catalyst designed to effect the formation of Csp³ï

N bonds with non-photoactive nucleophiles. We share the design principles behind 

bis(phosphino)carbazole ligands for the preparation of photoactive copper complexes. We 

demonstrate that complex 3.1 is a potent excited-state photoreductant and show the viability 

of copper-catalyzed Csp³ïN couplings induced by blue-LED irradiation (Scheme 1.5). 
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Scheme 1.5. Application of a newly-designed copper-based photoredox catalyst 3.1 ligated 

by a tridentate bis(phosphino)carbazole discussed in Chapter 3.  

In Chapter 4, we build upon the results described in Chapter 3 and communicate 

the development of the photoinduced, copper-catalyzed couplings of carbamates with 

unactivated alkyl bromides (Scheme 1.6). We establish that our reaction provides direct and 

expedient access to carbamate-protected primary amines, which are valuable synthetic 

intermediates. We share our mechanistic insights on the role of the bis(phosphino)carbazole 

ligand L4.1 and confirm the viability of an out-of-cage Csp³ïN bond-forming step in the Nï

alkylation of carbamates, akin to our findings in Chapter 2. 

 

Scheme 1.6. Photoinduced, copper-catalyzed couplings of carbamates with unactivated 

alkyl bromides detailed in Chapter 4.  
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We examine another class of copperïcarbazolide complexes in Chapter 5 using 

bidentate (phosphino)carbazole ligands. We establish that a diverse array of copper 

complexes can be generated on bidentate ligand platforms, both in the S = 0 and S = 1/2 

states. In the latter electronic state, we structurally confirm a rare example of a mononuclear, 

monophosphine complex of copper (5.15, Figure 1.6). We suggest that it may serve as a 

model complex for understanding the chemistry of key intermediates in photoinduced, 

copper-catalyzed enantioconvergent Csp³ïN couplings of carbazoles.17  

 

Figure 1.6. Selected structures of copper complexes supported by bidentate 

(phosphino)carbazole ligands reported in Chapter 5.  
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Chapter 2. Mechanistic insights on copper-catalyzed alkylations of amines: 

photoinduced couplings of carbazoles and unactivated alkyl halides 
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2.1. Introduction 

As part of the 2012 study on the viability of radical pathways in the Ullmann 

couplings of carbazole and aryl (Csp²) halides, the Fu and Peters laboratories also observed 

the formation of Csp³ïN bonds. Specifically, 1-(allyloxy)-2-iodobenzene was shown to 

produce exclusively the ring-closed compound under photoinduced Nïarylation conditions 

(Scheme 2.1a).1 The product was proposed to have resulted from the rapid, 5-exo-trig 

carboradical cyclization, resulting in the formation of a Csp³ radical from the Csp² radical prior 

to the construction of the Csp³ïN bond. This key observation inspired the development of 

general, photoinduced, copper-catalyzed couplings of carbazoles and alkyl halides (Scheme 

2.1b).2  

 

Scheme 2.1. Evolution of Nïfunctionalizations of carbazole. (a) Formation of Csp³ïN bond 

under carbazole arylation conditions. (b) General conditions for the photoinduced, copper-

catalyzed couplings of carbazole with alkyl halides. 
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Under related conditions, a variety of carbon- and heteroatom-based nucleophiles 

(nitrogen, sulfur, and oxygen) were coupled with alkyl (Csp³), aryl (Csp²), and alkenyl (Csp²) 

halides. 3  Preliminary mechanistic investigations provided support for the simplified 

mechanistic cycle shown in Figure 2.1; the irradiation of a copper(I)ïnucleophile complex 

a yields an excited-state complex b, which delivers an electron to the electrophile to generate 

an organic radical and a copper(II)ïnucleophile complex c, which then combine to forge a 

carbonïnucleophile bond. This pathway, wherein a copper complex serves both as a 

photoreductant and as a participant in the key bond-constructing step, is different from that 

suggested for most photoredox reactions, wherein a photosensitizer (e.g., Ru2+
 or Ir+) 

generates a radical via reduction or oxidation, but is not itself engaged in the resulting bond-

formation.4,5  

 

Figure 2.1. Early outline of a possible pathway for photoinduced, copper-catalyzed cross-

couplings. For simplicity, all copper complexes are depicted as neutral species, and all 

processes are illustrated as unidirectional. X may be an inner- or an outer-sphere group, 

and Ln represents additional ligand(s) coordinated to copper. 
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Implicated in Figure 2.1 is an in-cage coupling step, akin to the radical rebound 

mechanism performed by cytochrome P-450 enzymes.6 Under this scenario, the photo-

excited complex b generates an organic radical, and the resulting oxidized copper complex 

c couples with the formed organic radical rapidly within the solvent cage prior to diffusion. 

A follow-up study on the mechanism of photoinduced, copper-mediated Sïarylations of aryl 

thiols and aryl iodides further provided support for the simplified mechanistic scheme in 

Figure 2.1.7  

An alternate mechanistic scenario is an out-of-cage coupling pathway in which the 

organic radical escapes the solvent cage via diffusion and exists as a free alkyl radical before 

it is captured by a new copper species in solution. A related pathway (the coupling of free 

alkyl radicals and copper(II)ïnucleophile species) had been proposed as the key bond-

forming step in several copper-catalyzed Csp³ïH amination reactions.8,9 

The mechanistic understanding of transition metal-catalyzed Csp³ïN bond-forming 

reactions is of substantial interest due to the importance of amines in a variety of disciplines, 

including biology, chemistry and materials science.10 Recognizing that operating pathways 

may be largely dependent on the nucleophile, the electrophile, and the reaction conditions, 

we have chosen to elucidate the mechanism of the photoinduced, copper-catalyzed coupling 

of carbazole with alkyl halides. This study differs from the mechanistic investigation of 

photoinduced reactions of aryl iodides with copper(I)ïthiolates under related reaction 

conditions with respect to nucleophile (sulfur vs nitrogen), electrophile (aryl vs alkyl halide), 

and the quantity of copper (stoichiometric vs catalytic) (Figure 2.2). Herein, we demonstrate 
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that photoinduced, copper-catalyzed couplings of carbazole with alkyl halides proceed via a 

predominantly out-of-cage process.  

 

Figure 2.2. Key differences in mechanistic examinations of photoinduced, copper-

catalyzed couplings.  

2.2. Results and Discussions 

2.2.1. Optimization of conditions for mechanistic studies 

Initial studies on photoinduced, copper-catalyzed alkylations of carbazoles focused 

on the use of alkyl iodides as electrophiles. However, we observed unexpected side reactions 

of alkyl iodides during the course of the present study (Scheme 2.2). Secondary unactivated 

alkyl iodides such as 6-iodo-1-heptene can be nearly quantitatively recovered upon extended 

irradiation in CH3CN at or below ambient temperature. In the absence of light, 6-iodo-1-

heptene does not react with LiOt-Bu. In contrast, the irradiation of 6-iodo-1-heptene in the 

presence of LiOt-Bu leads to a consumption of the electrophile as determined by GC analysis 

of the crude mixture; the decrease in the signal corresponding to 6-iodo-1-heptene is 
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accompanied by the growth of a new set of peaks with roughly 4:1 ratio of signal intensities. 

The m/z values of the new signals are 224, consistent with those expected of cyclized isomers 

of 6-iodo-1-heptene. In contrast, 6-bromo-1-heptene remains stable under otherwise identical 

conditions; consequently, alkyl bromides were chosen as model electrophiles to minimize 

mechanistic complications.  

 

Scheme 2.2. Photostability of 6-halo-1-heptenes. 50% of the starting material is consumed 

after 30 min of irradiation in the case of 6-iodo-1-heptene. No isomerization is observed 

with 6-bromo-1-heptene even after hours of irradiation.  

To further simplify the reaction conditions for mechanistic investigations, discrete 

reaction components were utilized ([CuI(carb)2]Li as the catalyst and Li(carb) as the 

nucleophile; carb = carbazolide),11 rather than the mixture of CuI, carbazole, and LiOt-Bu 

that had been described in the earlier study. Under the new conditions, carbazole undergoes 

alkylation with 2-bromo-4-phenylbutane in 64% yield at 0 °C in the presence of 5 mol% of 

catalyst (Scheme 2.3). In the absence of light, no coupling (< 1%) is observed.  
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Scheme 2.3. New conditions for the mechanistic studies.  

2.2.2. Stoichiometric reactivity of [CuI(carb)2]Li  

The irradiation of the stoichiometric mixture of [CuI(carb)2]Li with 2-bromo-4-

phenylbutane leads to the generation of Nïalkylation product in 96% yield (Scheme 2.4). 

This observation suggests that [CuI(carb)2]Li is both stoichiometrically and catalytically 

competent in the coupling of carbazole with alkyl bromides. These combined observations 

are consistent with the general mechanistic pathway shown in Figure 2.1. 

 

Scheme 2.4. Stoichiometric reaction between [CuI(carb)2]Li and 2-bromo-4-phenylbutane. 

Because single electron transfer (SET) from the excited-state copper complex, 

[CuI(carb)2]Li*, to an alkyl bromide should lead to the formation of a paramagnetic 

copper(II) complex, we employed electron paramagnetic resonance (EPR) spectroscopy to 

probe for an S = 1/2 copper photoproduct. When a freezing mixture of [CuI(carb)2]Li and 2-

bromo-4-phenylbutane (5 equiv) in butyronitrile is irradiated at 350 nm, a pseudoaxial EPR 
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signal is observed (Figure 2.3, black trace). A similar spectrum is obtained by treating 

[CuI(carb)2]Li with tris(4-bromophenyl)ammoniumyl hexachloroantimonate (Magic Blue; 

0.2 equiv) in butyronitrile at ï80 °C (Figure 2.3, blue trace). Although hyperfine coupling is 

unresolved in these spectra, strong g anisotropy indicates the presence of a copper-containing 

metalloradical. 

 

Figure 2.3. EPR spectra in the absence of exogenous Li(carb) (9.4 GHz, 77 K, 

butyronitrile). Black trace: mixture of [CuI(carb)2]Li and 2-bromo-4-phenylbutane (5 

equiv) in freezing butyronitrile upon irradiation at 350 nm; blue trace: mixture of 

[CuI(carb)2]Li and Magic Blue (0.2 equiv) at ï80 °C. Simulated g values: g = [2.445, 2.060, 

1.994]. 

The likelihood of the photoinduced single electron oxidation of copper is further 

corroborated by the decrease in the lifetime of [CuI(carb)2]Li* in the presence of an alkyl 

bromide. Because [CuI(carb)2]Li in CH3CN absorbs in the UV-A, (Ů365nm = 4300 Mï1 cmï1), 

we probed the excited-state properties by transient absorption spectroscopy. The excitation 

using a ND:YAG laser source of a sample of [CuI(carb)2]Li yields a non-emissive excited 
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state with an absorption maximum at 580 nm and a lifetime of 910 ns. The quenching of the 

excited state by 2-bromo-4-phenylbutane occurs with a rate constant of 4.8 × 106 Mï1 sï1. In 

view of the EPR data, electron transfer instead of energy transfer is the more likely 

mechanism of quenching.12  

2.2.3. Single electron transfer from [Li(carb)]*  

Although stoichiometric reactivity patterns of [CuI(carb)2]Li with an alkyl bromide 

demonstrate the viability of elementary steps outlined in Figure 2.1, they do not necessitate 

the relevance of individual steps under catalytic conditions. Under the conditions of catalysis, 

Li(carb) rather than [CuI(carb)2]Li is present in a much larger quantity. This stoichiometry is 

noteworthy in view of the optical spectra of the two species. Although Li(carb) shows 

concentration-dependent molar absorptivity in CH3CN, its molar absorptivity above 13 mM 

concentrations at 365 nm reaches 2200 Mï1 cmï1, which is approximately 50% of the molar 

absorptivity of [CuI(carb)2]Li at the same wavelength (Figure 2.4).  
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Figure 2.4. Optical spectra. Black trace: absorption of 0.094 mM solution of [CuI(carb)2]Li 

in CH3CN; red trace: absorption of 1.3 mM solution of Li(carb) in CH3CN; blue trace: 

emission of the 100-watt medium pressure Hg lamp normalized to its maximum intensity. 

The competitive light absorption by Li(carb) has a substantial chemical consequence. 

In the absence of light, stirring a mixture of Li(carb) and the alkyl bromide does not result in 

the consumption of the electrophile. However, a small amount of the CïN coupling product 

is generated (5% yield) along with considerable side products (e, f, and g) when the mixture 

is irradiated with a 100-watt Hg lamp (Scheme 2.5). While metal-free background reactions 

are not uncommon in transition metal-catalyzed transformations, this observation is 

suggestive of the presence of both carbazyl and alkyl radicals upon irradiation.13  
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Scheme 2.5. Outcome of the irradiation of a mixture of Li(carb) and 2-bromo-4-

phenylbutane in the absence of copper. 

The feasibility of photoinduced SET from the excited state, [Li(carb)]*, to the alkyl 

bromide is further corroborated by the Stern-Volmer analysis. The absorption of 355 nm 

Nd:YAG laser pulse by a 49 mM (catalytic concentration) solution of Li(carb) produces a 

luminescent excited state with a lifetime of 31 ns. This excited state is quenched by 2-bromo-

4-phenylbutane with a second-order rate constant of 4.9 × 108 Mï1 sï1.  

Under turnover conditions, the copper precatalyst persists in solution. For example, 

ESI-MS trace of the reaction after 1 h of irradiation shows m/z signals of 395 and 397 which 

correspond to the masses of [63CuI(carb)2]
ï and [65CuI(carb)2]

ï, respectively. However, the 

relative molar absorptivity values and concentrations of [CuI(carb)2]Li and Li(carb) indicate 

that Li(carb) serves as the dominant light absorber and reacts with the alkyl halide. Therefore, 

we propose that the excitation to Li(carb)* is the major photophysical event that leads to the 

formation of an alkyl radical under the catalytic conditions (Figure 2.5).  
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Figure 2.5. Outline of a new possible pathway for the photoinduced, copper-catalyzed 

coupling of Li(carb) with an alkyl bromide.  

In this mechanistic model, photoinduced SET generates two organic radicals: 

carbazyl and alkyl radicals. The two radicals then diffuse away from one another faster than 

they couple and exist as free radicals in solution. Thus, an out-of-cage CïN coupling pathway 

is demanded under this mechanistic scenario. We propose that the carbazyl radical reacts 

with [CuI(carb)2]Li to generate a new copper(II) complex, [CuII(carb)3]Li, which then 

couples with an alkyl radical to afford the Nïalkylation product. As in the case of the original 

mechanism (Figure 2.1), the key CïN bond-forming step is still the reaction of an alkyl 

radical with a copper(II)ïcarbazolide complex, but the pathway for forming these 

intermediates is different. 

2.2.4. Characterization of [CuII (carb)3]ï 

Because metalloradicals are generally more stable than organic radicals, we sought 

to detect [CuII(carb)3]Li, which is the copper(II)ïnucleophile intermediate proposed in 
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Figure 2.5. Specifically, the reaction mixture under the model conditions (Scheme 2.3) was 

irradiated at 0 °C for 60 min and subsequently freeze-quenched at ï196 °C, which led to the 

appearance of a strong, pseudoaxial EPR signal that shows an unpaired spin coupled to 

63/65Cu (I = 3/2) (Figure 2.6, black trace). This EPR spectrum is different from that observed 

upon the irradiation of a mixture of [CuI(carb)2]Li and the same alkyl bromide in the absence 

of exogenous Li(carb) (Figure 2.3).  

 

Figure 2.6. Simulated and experimental (9.4 GHz, 77 K, C3H7CN) EPR spectra of 

[CuII(carb)3]Li, generated through three independent pathways. Black trace: freeze-

quenched sample of an irradiated mixture of standard reactions; blue trace: mixture of 

Li(carb) and CuBr2; green trace: mixture of Li(carb), [CuI(carb)2]Li, and Magic Blue; red 

trace: simulated EPR spectrum (g = [2.318, 2.058, 2.050]), displaying hyperfine couplings 

to one 63/65Cu and three 14N atoms.  
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The EPR-active compound observed under turnover conditions can also be generated 

through the treatment of CuBr2 with 3 equiv of Li(carb) at low temperature (Figure 2.6, blue 

trace), and through the reaction of [CuI(carb)2]Li with Li(carb) and Magic Blue (Figure 2.6, 

green trace). These EPR signals are modeled well as a monomeric copper(II) species 

coordinated by three equivalent 14N (I = 1) nuclei (Figure 2.6, red trace), consistent with its 

assignment as the homoleptic [CuII(carb)3]Li complex. 

Although we have been unable to crystallographically characterize a lithium salt of 

[CuII(carb)3]
ï, due in part to its thermal instability, crystals of two potassium salts, 

[CuII(carb)3][K(THF)6] and [CuII(carb)3][K(benzo-15-crown-5)2], have been obtained by 

layering Et2O onto a solution that contained a mixture of Cu(OTf)2, K(carb), and benzo-15-

crown-5 in THF at ï78 °C (Figure 2.7, left). When an analogous reaction is performed using 

18-crown-6 in place of benzo-15-crown-5, single crystals of [CuII(carb)3][K(18-crown-

6)(THF)] is also obtained.14 The powder and glass EPR spectra of [CuII(carb)3][K(benzo-15-

crown-5)2] are consistent with the spectra of [CuII(carb)3]Li (Figure 2.7, right). Both in solid 

and solution states, [CuII(carb)3][K(benzo-15-crown-5)2] is deep-blue; [CuII(carb)3]
ï shows 

an absorption band at 580 nm with an approximate molar absorptivity of 1100 Mï1 cmï1. 
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Figure 2.7. Characterization of the copper(II) intermediate. Left: solid-state molecular 

structure of [CuII(carb)3][K(THF)6] as determined by single crystal X-ray diffraction 

(countercation and H atoms are omitted for clarity). Right: EPR spectra (9.4 GHz, 77 K); 

black trace: powder spectrum of [CuII(carb)3][K(benzo-15-crown-5)2]; blue trace: frozen 

solution of [CuII(carb)3][K(benzo-15-crown-5)2] in C3H7CN. 

The distinct color of [CuII(carb)3]
ï allowed us to detect its presence also by optical 

spectroscopy. When a reaction mixture is irradiated under the standard catalysis conditions 

(Scheme 2.3), the solution turns deep-blue; this color diminishes when irradiation is 

discontinued and the solution is allowed to warm to room temperature. When a model 

reaction mixture is irradiated in a quartz cuvette at 0 °C, the absorption band at 580 nm of 

[CuII(carb)3]Li is observed within a few seconds (Figure 2.8, left, black trace). This 

absorption feature can also be generated through the treatment of CuBr2 with 3 equiv of 

Li(carb) at low temperature (Figure 2.8, left, blue trace), and through the reaction of 

[CuI(carb)2]Li with Li(carb) and Magic Blue (Figure 2.8, left, green trace). 
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Within 3 min of irradiation, a concentration of [CuII(carb)3]Li accounting for Ḑ50% 

of the original amount of copper is reached (Figure 2.8, right). Our observations indicate 

that the concentration of two radical species outlined in (Figure 2.5) diverges rapidly from 

the initial 1:1 stoichiometry. Derived mostly from the carbazyl radical, [CuII(carb)3]Li, is a 

persistent radical that builds up in concentration upon irradiation of the catalysis mixture and 

observable by various spectroscopic techniques, while the alkyl radical is a transient radical 

present in low concentrations.15 

  

Figure 2.8. UVïvis spectra. Left: generation of [CuII(carb)3]Li through three independent 

ways; black trace: catalyzed reaction mixture after irradiation; blue trace: mixture of CuBr2 

and Li(carb) (3 equiv) in butyronitrile at ï80 °C; green trace: mixture of [CuI(carb)2]Li (1 

equiv) and Li(carb) (2 equiv) treated with Magic Blue (0.3 equiv) in butyronitrile at ï80 

°C. Right: appearance of an absorption peak at 580 nm of [CuII(carb)3]Li upon the 

irradiation of a reaction mixture containing [CuI(carb)2]Li (5 mol%), Li(carb) (1.5 equiv), 

and 2-bromo-4-phenylbutane in CH3CN in a quartz cuvette at 0 °C.  
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The metalloradical [CuII(carb)3]
ï unit represents a rare example of structurally 

characterized homoleptic three-coordinate copper(II) complex.16 The quality of the X-ray 

diffraction data for [CuII(carb)3][K(THF)6] is modest, and structural metrics should therefore 

be viewed with caution (Figure 2.7, left).17 Nevertheless, the N˾Cu˾ N bond angles (two 

large and one small: 126.7(2), 124.4(2), 108.8(2)°) indicate a structural departure from a 

trigonal planar geometry, as anticipated for an 2E electronic state that is Jahn-Teller active.  

DFT computations on the [CuII(carb)3]
ï core show a significant delocalization of the 

unpaired spin, with 0.43 e˾ on Cu atom and 0.27 e˾ distributed between the three N atoms of 

the carbazolide ligands (Figure 2.9, left).18 This spin-delocalization is also apparent in the 

experimental EPR spectrum of [CuII(carb)3]
ï (Figure 2.7, right). Consistent with the new 

mechanistic hypothesis (Figure 2.5), DFT-predicted formation of [CuII(carb)3]
ï via the 

coupling of carbÅ with [CuI(carb)2]
ï is exergonic by ~9 kcal molï1. In contrast, the 

hypothetical coupling of a secondary unactivated alkyl radical (ÅR) with [CuI(carb)2]
ï to 

generate a [CuII(carb)2R]ï unit is endergonic by ~3 kcal molï1. Thus, DFT predictions are in 

line with the observation of [CuII(carb)3]
ï under the conditions of catalysis.  
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Figure 2.9. Carbazyl-radical character in [CuII(carb)3]
ï. Left: DFT-computed spin-density 

plot of [CuII(carb)3]
ï in which 27% of the total spin resides on the three N nuclei. Right: 

resonance contributors to [CuII(carb)3]
ï consistent with its thermal decomposition 

products; g is 9,9ǋ-bicarbazyl. 

Given the appreciable predicted spin density on nitrogen, [CuII(carb)3]
ï might display 

reactivity characteristic of a carbazyl radical.19 The observation of products of formal 

carbazyl radical dimerization (3,3ǋ-bicarbazole, and 9,9ǋ-bicarbazyl) upon warming a 

solution of [CuII(carb)3]
ï is consistent with this view. Thus, the key bond-forming step in 

these photoinduced, copper-catalyzed reactions might occur through the direct Csp³ïN 

coupling, rather than through a copper(III)ïnucleophile intermediate.  

Previously, a reaction between a trityl radical (Ph3CÅ) and a copper(II)ïanilide 

complex to furnish a C˾N bond (Ph3C N˾HAr) and a copper(I) species had been illustrated 

in the literature.8 While the addition of trityl radical did not yield the C N˾ coupled product, 

the addition of TEMPO˾H to a freshly prepared solution of [CuII(carb)3]Li generates 

TEMPOÅ as the only EPR-active species (TEMPOÅ = 2,2,6,6-tetramethylpiperidine 1-oxyl), 

as well as [CuI(carb)2]Li (Scheme 2.6). The observed reactivity is consistent with hydrogen 
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atom abstraction from TEMPO˾H by [CuII(carb)3]Li, rather than a proton transfer which is 

expected to yield an EPR spectrum.  

 

Scheme 2.6. Hydrogen atom transfer by TEMPOïH to [CuII(carb)3]Li, resulting in the full 

consumption of [CuII(carb)3]Li and the formation of TEMPOÅ and [Cu
I(carb)2]Li 

Thus, the mechanistic scheme outlined in Figure 2.5 is in essence the coupling of an 

alkyl radical and a carbazyl radical in an out-of-cage process mediated by copper. Copper 

truly provides a platform for bond-construction of two organic radicals. This mechanistic 

model remains conceptually different from common photoredox transformations which can 

be prone to radical chain processes involving free radicals.20 While complex photochemistry 

of [CuI(carb)2]Li and Li(carb) does not permit an unequivocal evaluation of chain processes 

in the present study, the standard reaction (Scheme 2.3) is estimated to have a chain length 

of 0.3, which is suggestive of a non-chain pathway.  

2.2.5. Evidence for out-of-cage coupling via free radical intermediate 

Because unactivated secondary alkyl radicals are unstable, transient species, standard 

spectroscopic techniques that have been useful in the detection of the copper(II) intermediate 

were not applicable to the direct observation of free alkyl radicals. Instead, we designed and 
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performed independent reactivity, stereochemical, and product studies to probe for the 

involvement of free alkyl radicals.  

Alkyl radicals with pendant olefins can undergo intramolecular cyclizations.21 For 

example, the derived secondary alkyl radical of 6-bromo-1-heptene isomerizes with a rate 

constant of 1.0 × 105 sï1 at 25 °C, furnishing a primary alkyl radical with ~4:1 cis/trans 

diastereoselectivity.22  When 6-bromo-1-heptene is subjected to our standard reaction 

conditions, the cyclized coupling product (h) is formed in 62% yield with 4:1 

diastereoselectivity, along with 10% of the direct-coupling product (i) (Scheme 2.7). 

Because the rate of diffusion (typically exceeding 108 s 1˾) is significantly higher than the rate 

of cyclization of the derived secondary radical, the predominant generation of the cyclized 

products h suggests that if ring formation is occurring through radical cyclization, then the 

C N˾ bond-construction is proceeding primarily through an out-of-cage pathway. 

 

Scheme 2.7. The coupling of 6-bromo-1-heptene, yielding the cyclization product 

predominantly. 

The 4:1 cis/trans stereoselectivity that we observed is essentially the dr previously 

reported for the cyclization of this putative secondary alkyl radical at 0 °C.22 To provide 

further support for a radical rather than an organometallic pathway for ring formation, we 
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examined the photoinduced, copper-catalyzed coupling of the deuterium-labeled analogue 

of 6-bromo-1-heptene (Scheme 2.8). The analysis via NMR spectroscopy revealed a 1:1 

mixture at the indicated stereocenter, which is inconsistent with a radical-free organometallic 

mechanism that involves an uninterrupted sequence of oxidative addition, ɓ-migratory 

insertion, and reductive elimination. 

 

Scheme 2.8. Trans-deuterium-labeled analogue of 6-bromo-1-heptene resulting in the loss 

of stereochemical information upon coupling under the standard conditions. 

To further explore the question of out-of-cage coupling, we investigated the effect of 

the concentration of the reaction on the resulting ratio of the amount of cyclized (h) to 

uncyclized (i) product (Scheme 2.9). In dilute solutions, the intramolecular isomerization 

takes place prior to the intermolecular coupling step. As the reaction concentrations are 

increased, the extent of intermolecular coupling event is increased. If all of the cross-coupling 

is occurring in-cage, then the ratio should not depend on concentration since the quantity of 

reactive species within the solvent cage remains constant. The trend that we observeïa 

greater preference for cyclization at lower concentrationïis that expected if out-of-cage 

coupling is occurring. The observation of a considerable amount of TEMPO adducts derived 

from the trapping of the uncyclized secondary radical or the cyclized primary radicals, when 
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a photoinduced, copper-catalyzed cross-coupling is run in the presence of TEMPO, further 

supports the possibility of out-of-cage coupling. 

 

Scheme 2.9. The effect of overall reaction concentrations on the extent of cyclization.  

In thermally-driven, nickel-catalyzed transformations, the effect of the variation in 

the quantity of nickel catalyst on the amount of cyclization of the alkyl radical had been 

frequently examined.23 A linear correlation between the quantity of the catalyst and the 

extent of direct coupling is often used to support the involvement of free radicals, since the 

concentration of reactive metal species is presumed to increase linearly with the amount 

introduced to the reaction mixture. When the analogous study is performed using 6-bromo-

1-heptene, the effect of added [CuI(carb)2]Li is not pronounced, and the ratio of cyclized-to-

uncyclized product plateaus at a value of 6 past a catalyst loading of 5 mol% (Figure 2.10).  
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Figure 2.10. The extent of cyclization as a function of the initial catalyst concentration. 

At first glance, the observed trend may appear to suggest that [CuI(carb)2]Li does not 

lead to the formation of an active, bond-constructing catalyst. We performed kinetic 

simulations to gain insight into the reduced effect of the catalyst loading on the outcome of 

alkyl radical cyclization. Assuming irreversibility, a simplified kinetic model involving a 

metal-mediated bond-formation shows the expected linear trend (Figure 2.11, bottom left). 

In contrast, under photochemical conditions, wherein the rate of radical generation is 

inherently gated by the photon flux, the intensity of the light source becomes a critical 

parameter that is invariable even when the amount of catalyst is increased. This fixed rate in 

photochemical settings in turn leads to a less pronounced effect on the degree of direct 

coupling (Figure 2.11, bottom right) and is the key factor that induces the observed 

saturation behavior in the experimental plot shown in Figure 2.10. 
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Figure 2.11. Differences in the rate-influencing steps for the formation of free radicals 

between thermal and photoinduced cross-couplings. Bottom left: simulated degree of direct 

coupling assuming linear correlation between the rate of radical generation and catalyst 

loading (thermal reactions). Bottom right: simulated degree of direct coupling at fixed rates 

of radical generation (photoinduced reactions); degree of direct coupling is determined by 

taking the ratio of the amount of direct coupling product to the amount of cyclized product. 

Further evidence for the involvement of free alkyl radicals is provided by the product 

analysis of the crude reaction mixtures over time (Figure 2.12). Side products formed from 

bimolecular reactions of alkyl radicals in the absence of the catalyst are also detected in the 

presence of the catalyst but in much smaller amounts. In the absence of [CuI(carb)2]Li, alkyl 

radicals undergo fast, uncontrolled bimolecular decomposition reactions, while the formation 

of CïN coupling product stalls at <5% yield. In the presence of [CuI(carb)2]Li, the 



 

 

40 

unproductive radical decomposition products are minimized; instead, the alkyl radical is 

selectively captured by the persistent radical, [CuII(carb)3]Li, and converted to the CïN 

coupling product. This observation is fully consistent with the new mechanistic proposal 

illustrated in Figure 2.5 and underscores the importance of copper in photoinduced cross-

couplings that occur via an SET process. 

 

 

Figure 2.12. Formation of products over time. Left: yields in the presence of 

[CuI(carb)2]Li; right: yields in the absence of [CuI(carb)2]Li.  

2.3. Conclusions 

Using a wide range of tools, we have investigated the mechanism of the 

photoinduced, copper-catalyzed coupling of carbazole with an alkyl bromide, which is one 
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of the first examples of transition metal catalysis of the alkylation of an amine by an alkyl 

halide. In addition to the originally proposed pathway, we suggest that a second mechanism 

is operative and dominant, wherein photoexcited Li(carb) serves as a reductant of the alkyl 

bromide, generating an alkyl radical and a carbazyl radical, which combine via an out-of-

cage, copper-catalyzed pathway in which [CuI(carb)2]Li and [CuII(carb)3]Li are key 

intermediates (Figure 2.5). Using ESI-MS, we have obtained evidence for the presence of 

[CuI(carb)2]
ï under catalysis conditions. With the aid of UVïvis and luminescence 

spectroscopy, we have established that upon irradiation, Li(carb) can undergo excitation and 

then electron transfer to an alkyl bromide, thereby affording a carbazyl radical and an alkyl 

radical. Using EPR spectroscopy, we have obtained evidence for the formation of a 

copper(II) complex during catalysis; we had postulated this intermediate to be [CuII(carb)3]
˾ 

(generated by the reaction of a carbazyl radical with [CuI(carb)2]
ï), which we then 

independently synthesized and structurally characterized. Through the use of UVïvis 

spectroscopy, we have monitored the buildup of this complex, the persistent radical that is 

responsible for effective cross-coupling, during a reaction. Radical cyclization, 

stereochemical, and reactivity probes are consistent with the generation of an alkyl radical, 

which engages in an out-of-cage coupling with [CuII(carb)3]
ï. The chain length for the 

coupling reaction is relatively low (0.3), as expected for a non-chain process. The additional 

pathway illustrated in Figure 2.5 highlights the opportunity to achieve photoinduced, 

copper-catalyzed coupling reactions not only through excitation of copperïnucleophile 

complexes but also of nucleophiles themselves. Regardless of the photoreductant under 

catalytic conditions, copper appears to play a critical role in the key bond construction step 

via coupling of a copper(II)ïnucleophile complex with an organic radical. 
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2.4. Experimental section 

2.4.1. General information 

Unless otherwise noted, materials were either purchased from commercial suppliers 

and used as received, or prepared via literature procedures. Solvents were deoxygenated and 

dried by thoroughly sparging with argon followed by passage through an activated column 

in a solvent purification system. All manipulations of air-sensitive materials were carried out 

in oven-dried glassware using standard Schlenk, or glovebox techniques, under an N2 

atmosphere. Silicycle SiliaFlashR P60 silica gel (particle size 40ï63 ɛm) was used for flash 

chromatography. Analytical thin layer chromatography was conducted with glass TLC plates 

(silica gel 60 F254), and spots were visualized under UV light or after treatment with 

standard TLC stains. X-band EPR measurements were made with a Bruker EMX 

spectrometer at 77 K. Simulation of EPR data was conducted using the software EasySpin.2. 

1H, 13C, and 31P NMR spectra were recorded on a Bruker Ascend 400 MHz, a Varian 

300 MHz, a Varian 400 MHz, a Varian 500 MHz, or a Varian 600 MHz spectrometer with 

CHCl3 (
1H, ŭ = 7.26) and CDCl3 (

13C, ŭ = 77.0) as internal references and with 85% H3PO4 

(31P) as an external reference. Multiplicity and qualifier abbreviations are as follows: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, app = apparent). GC 

analyses were carried out on an Agilent 6890 Series system with an HP-5 column (length 30 

m, I.D. 0.25 mm). 

X-ray crystallography studies were carried out at the Beckman Institute 

Crystallography Facility on a Bruker D8 Venture kappa duo photon 100 CMOS instrument 
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(Mo KŬ radiation). Structures were solved using SHELXT and refined against F2 by full-

matrix least squares with SHELXL and OLEX2. Hydrogen atoms were added at calculated 

positions and refined using a riding model. The crystals were mounted on a glass fiber, or a 

nylon loop, with Paratone N oil. Steady-state fluorimetry was performed in the Beckman 

Institute Laser Resource Center (BILRC; California Institute of Technology). Steady-state 

emission spectra were collected on a Jobin S4 Yvon Spec Fluorolog-3-11 with a Hamamatsu 

R928P photomultiplier tube detector with photon counting. Absorbance spectra were 

acquired on a Cary 50 UV-Vis spectrophotometer with a Unisoku Scientific Instruments 

cryostat to maintain temperature. 

Mass spectral data were collected on a Thermo LCQ or LTQ ion trap mass 

spectrometer, or on an Agilent 5973 mass spectrometer.  

Photolytic reactions were performed using a 100 W Blak- Ray Long Wave 

Ultraviolet Lamp (Hg), a 100-W Blak-Ray B-100Y High Intensity Inspection Lamp (Hg), or 

a Luzchem LZC-4V photoreactor equipped with LZC-UVA lamps centered at 350 nm. If 

required, the temperature was maintained with an isopropanol bath cooled by an SP Scientific 

cryostat.  
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2.4.2. Procedures for photoinduced cross-couplings 

Determination of photoinstability of 6-iodo-1-heptene 

 

An equimolar mixture of 6-iodo-1-heptene (0.2 mmol) and LiO-tBu (0.2 mmol) in 

CH3CN (1 mL) was prepared in an 8 mL borosilicate vial equipped with a magnetic stir bar. 

The mixture was capped and stirred for 5 minutes and the reaction vessel was fully 

submerged in an isopropanol bath kept at 0 °C with a cryostat. The mixture was irradiated 

with a 100-watt Hg lamp before it was diluted with a solution of dodecane in Et2O or EtOAc. 

An aliquot was filtered through a short pad of silica gel (EtOAc eluent) and the sample was 

injected for GC analysis.  

Alternatively, a 10 mL quartz tube was used to prepare the mixture of 6-iodo-1-

heptene and LiO-tBu in CH3CN. A small, measured quantity of n-dodecane was added as 

the internal standard, followed by a magnetic stir bar. The quartz tube was capped with a 

rubber septum, stirred for 5 minutes and placed in a Luzchem photoreactor at room 

temperature for irradiation under 350 nm. After irradiation, the quartz tube was shaken 

vigorously and an aliquot was immediately taken via syringe. The sample was filtered 

through a short pad of silica gel (EtOAc eluent) and the sample was injected for GC analysis. 

The data are summarized below for the irradiation under 350 nm. 
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Table 2.1. Conversion of 6-iodo-1-heptene at room temperature under 350 nm irradiation 

in CH3CN in the presence of an equivalent of LiOt-Bu.  

 

General procedure for the coupling of alkyl bromides 

 

[Li( CH3CN)n][Cu(carb)2] (0.007 mmol), Li(carb) (0.2 mmol), and alkyl bromide 

(0.13 mmol) were added to a 4 mL borosilicate vial in the glovebox under a nitrogen 

atmosphere. A magnetic stir bar and 4 mL CH3CN were added to the vial. The mixture was 

capped and stirred for 5 minutes and the reaction vessel was fully submerged in an 

isopropanol bath kept at 0 °C with a cryostat. The mixture was irradiated with a 100-watt Hg 

lamp while stirring for 8 hours, after which time it was diluted with a solution of dodecane 

in Et2O or EtOAc. An aliquot was filtered through a short pad of silica gel (EtOAc eluent) 

and the sample was injected for GC analysis. Products were isolated after removing the 

solvent in vacuo and loading the crude mixture on silica gel and eluting with hexanes. 
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9-(hept-6-en-2-yl)-9H-carbazole (compound i). Following the general coupling procedure 

using 6-bromo-1-heptene, the title compound can be obtained after column chromatography 

(hexanesŸ1% EtOAc/hexanes) as colorless oil. A typical run produces 10% of the coupling 

product according to calibrated GC analysis.  

1H NMR (400 MHz, CDCl3) ŭ 8.12 (d, J = 7.8 Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H), 7.44 (t, J = 

7.6 Hz, 2H), 7.22 (t, J = 7.0 Hz, 2H), 5.66 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.96ï4.84 (m, 

2H), 4.85ï4.66 (m, 1H), 2.40ï2.22 (m, 1H), 2.13ï1.88 (m, 3H), 1.68 (d, J = 7.0 Hz, 3H), 

1.47ï1.28 (m, 1H), 1.24ï1.09 (m, 1H). 

13C NMR (101 MHz, CDCl3) ŭ 139.9, 138.4, 125.5, 123.3, 120.4, 118.7, 115.0, 110.2, 51.3, 

34.4, 33.5, 26.3, 19.5. 

FT-IR (film): 2931, 1640, 1625, 1594, 1482, 1451, 1331, 1316, 1223, 1157, 746, 721 cmï1. 

MS (ESI) m/z (M)+ calcd for C19H21N: 263.2, found: 263.3. 
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9-((2-methylcyclopentyl)methyl)-9H-carbazole (compound h). Following the general 

coupling procedure using 6-bromo-1-heptene, the title compound can be obtained as the 

mixture of diastereomers after column chromatography (hexanesŸ1% EtOAc/hexanes) as a 

colorless solid. A typical run produces 60% of the coupling product according to calibrated 

GC analysis. 1H NMR resonances were assigned for major and minor diastereomers based 

on COSY data. The stereochemistry of the major diastereomer was analyzed by NOESY. 

NMR resonances of the major diastereomer are as follows.  

1H NMR (400 MHz, CDCl3) ŭ 8.10 (d, J = 7.7 Hz, 2H), 7.48ï7.41 (m, 4H), 7.24ï7.20 (m, 

2H), 4.37 (dd, J = 14.6, 4.6 Hz, 1H), 4.17 (dd, J = 14.6, 10.9 Hz, 1H), 2.69ï2.44 (m, 1H), 

2.26ï2.19k (m, 1H), 1.96ï1.75 (m, 2H), 1.53ï1.38 (m, 4H), 1.13 (d, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 140.8, 125.6, 123.0, 120.4, 118.8, 109.0, 44.0, 43.1, 36.2, 

33.3, 29.0, 22.7, 15.6. 

FT-IR (film): 2954, 2870, 1597, 1484, 1461, 1452, 1326, 1218, 1153, 748, 722 cmï1. 

MS (ESI) m/z (M)+ calcd for C19H21N: 263.2, found: 263.3. 
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Figure 2.13. 1H-1H COSY trace of the major diastereomer (CDCl3, rt, 600 MHz) 

  

Figure 2.14. 1H-1H NOESY trace of the major (cis) diastereomer (CDCl3, rt, 600 MHz). 

Couplings of the methyl resonances to the methine resonances are highlighted in yellow. 

The difference in the magnitude of correlation is consistent with the cis configuration in a 

5-membered ring. 
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Figure 2.15. 1H-1H COSY trace of the minor diastereomer (CDCl3, rt, 600 MHz). 

  

Figure 2.16. 1H-1H NOESY trace of the minor (trans) diastereomer (CDCl3, rt, 600 MHz). 

Couplings of the methyl resonances to the methine resonances are highlighted in yellow. 

Approximately equal magnitude of correlation is consistent with the trans configuration in 

a 5-membered ring.  
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9-((2-methylcyclopentyl)methyl-d)-9H-carbazole. Following general coupling procedure 

with (E)-6-bromo-1-heptene-1-d, the title compound can be obtained as the mixture of 

diastereomers after column chromatography (hexanes̥1% EtOAc/hexanes) as colorless 

solid. A typical run produces 60% of the coupling product according to calibrated GC 

analysis. NMR resonances of the major diastereomer are as follows. 

1H NMR (400 MHz, C6D6) ŭ 8.22ï8.02 (m, 2H), 7.50ï7.38 (m, 2H), 7.30ï7.21 (m, 4H), 

3.96ï3.79 (m, 0.5H), 3.80ï3.65 (m, 0.5H), 2.41ï2.16 (m, 1H), 1.89ï1.79 (m, 1H), 1.59ï1.50 

(m, 2H), 1.27ï1.21 (m, 2H), 1.20ï1.13 (m, 2H), 0.81 (d, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, C6D6) ŭ 141.1, 125.8, 123.6, 120.8, 119.2, 109.3, 43.6 (t, J = 20.4 Hz), 

43.0, 36.2, 33.3, 28.9, 22.7, 15.4. 

2H NMR (61 MHz, C6D6) ŭ 3.86, 3.70. 

MS (ESI) m/z (M)+ calcd for C19H20DN: 264.2, found: 264.1. 
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Figure 2.17. 1H NMR spectrum of 9-((2-methylcyclopentyl)methyl-d)-9H-carbazole 

(C6D6, 400 MHz, rt). 
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Figure 2.18. 2H NMR spectrum of 9-((2-methylcyclopentyl)methyl-d)-9H-carbazole 

(C6H6, 61 MHz, rt). 

 

Figure 2.19. 13C{1H} NMR spectrum of 9-((2-methylcyclopentyl)methyl-d)-9H-carbazole 

(C6D6, 126 MHz, rt). 
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Procedure for the coupling of alkyl bromides in the absence of [Cu(carb)2]ï   

 

Li(carb) (0.2 mmol) and alkyl bromide (0.13 mmol) were added to a 4 mL 

borosilicate vial in the glovebox under nitrogen atmosphere. A magnetic stir bar and 4 mL 

CH3CN were added to the vial. The mixture was capped and stirred for 5 minutes and the 

reaction vessel was fully submerged in an isopropanol bath kept at 0 °C with a cryostat. The 

mixture was irradiated with 100-watt Hg lamp while stirring for 8 hours, after which time it 

was diluted with a solution of dodecane in Et2O or EtOAc. An aliquot was filtered through a 

short pad of silica gel (EtOAc eluent) and the sample was analyzed by GC. 9,9ǋ-bicarbazyl 

(1.2 mg, 3% yield) was quantified by preparative TLC with hexanes. 

Procedure for standard photolytic reactions at varying reaction concentrations 

 

Stock solutions of [Li(CH3CN)n][Cu(carb)2], Li(carb), and 6-bromo-1-heptene were 

prepared in CH3CN. Desired amounts of each were transferred to a 4 mL borosilicate vial, 
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and the mixture was diluted to a total volume of 4 mL with CH3CN. The vial was subjected 

to the standard photolytic conditions, and the products were analyzed by GC. Five reaction 

concentrations were tested: 0.011 M, 0.022 M, 0.033 M, 0.044 M, and 0.055 M in a total of 

4 mL of CH3CN using 6-bromo-1-heptene as the limiting reagent. The data are summarized 

in Table 2.2; h/i values were calculated prior to rounding of yields of products h and i. 

Table 2.2. Variation of yields of products h and i as a function of reaction concentrations.  

 

Procedure for stoichiometric coupling of [Cu(carb)2]ï with 2-bromo-4-phenylbutane 

 

Stock solutions (0.0067 mmol mLï1) of [Li(CH3CN)n][Cu(carb)2] and 2-bromo-4- 

phenylbutane were prepared in CH3CN. Then, 0.0067 mmol of each reactant was added to a 

4 mL vial containing a magnetic stir bar. The mixture was diluted to a total of 4 mL with 

CH3CN. The mixture was capped and stirred for 5 minutes and the reaction vessel was fully 

submerged in an isopropanol bath kept at 0 °C with a cryostat. The mixture was irradiated 

with 100-watt Hg lamp while stirring for 8 hours, after which time it was diluted with a 

solution of dodecane in Et2O or EtOAc. An aliquot was filtered through a short pad of silica 
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gel (EtOAc eluent) and the sample was analyzed by GC. Run 1: 95% yield. Run 2: 96% 

yield. 

Procedure for the time-course analysis of reactions with and without [Cu(carb)2]Li  

 

Stock solutions of [Li(CH3CN)n][Cu(carb)2], Li(carb), and 2-bromo-4- phenylbutane 

were prepared in CH3CN. Desired amounts of each were transferred to a 4 mL borosilicate 

vial as outlined in the general procedure, and the vial was diluted to a total of 4 mL with 

CH3CN. The vial was subjected to the standard photolytic conditions for the specified 

amount of time, and the products were analyzed by GC. The data are summarized in Table 

2.3 and Table 2.4. 

Table 2.3. Yields of debromination, homocoupling, and CïN cross-coupled product over 

time under catalysis conditions.  
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Table 2.4. Yields of debromination, homocoupling, and CïN cross-coupled product over 

time in the absence of copper.  

 

2.4.3. Preparation of metal carbazolides  

Preparation of [Li(CH 3CN)n][Cu(carb)2] 

Mesitylcopper (183 mg, 1 mmol), carbazole (167 mg, 1 mmol), and Li(carb) (1 

mmol) were added to a 20 mL scintillation vial in a nitrogen atmosphere glovebox. 10 mL 

of CH3CN was added to the vial, and the mixture was stirred overnight at ambient 

temperature. The solution was filtered through a pad of Celite and the volatiles were removed 

in vacuo. Benzene (1 mL) was added to dissolve the oil and the residue was triturated with 

pentane (5 mL). The supernatant was decanted and benzene was added again. Benzene (1 

mL) was added to the solid residue followed by pentane (5 mL) to precipitate the product. 

This process was repeated until a free-flowing, off-white powder was obtained. This powder 

was isolated atop a sintered glass frit and washed with benzene (3 × 5 mL) and pentane (3 × 

5 mL). The solid can be further dried under vacuum overnight to yield the 400 mg of the title 

compound as one CH3CN adduct as determined by 1H NMR analysis. Spectroscopic data 

match the literature report.2 
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Preparation of Li(carb)  

Carbazole (3.6 g, 22 mmol) was suspended in 150 mL of Et2O in a 250 mL flask in 

a nitrogen-atmosphere glovebox. After cooling to ï78 °C, n-butyllithium (1.6 M in hexanes, 

15 mL) was added dropwise. The mixture was stirred at ï78 °C for 3 h and allowed to warm 

to room temperature overnight. The white solid was collected atop a sintered glass frit, 

washed with cold Et2O and pentane and then recrystallized in cold THF. The crystals were 

then dissolved in minimal acetonitrile and the solution was dried in vacuo to afford the title 

compound (2.9 g, 76% yield). Spectroscopic data match those reported in the literature.24 

Preparation of [Cu II (carb)3][K(benzo-15-crown-5)2] 

A ï70 °C suspension of Cu(OTf)2 (36 mg, 0.05 mmol) in 2 mL THF was added 

dropwise to a pre-chilled stirring solution of K(carb) (3 equiv, 64 mg, 0.15 mmol) in 2 mL 

at ï70 °C (temperature of coldwell when cooled by dry ice and acetone). The blue solution 

was allowed to stir for 5 h. The EPR spectrum of the crude mixture showed complete to the 

[CuII(carb)3]
ï. The solution was then filtered through a PTFE syringe filter, and a THF 

solution of benzo-15-crown-5 (2 equiv, 26 mg, 0.1 mmol) in 1 mL THF was added at ï70 

°C. The mixture was allowed to stand overnight at ï70 °C to give a deep blue suspension 

containing a deep blue precipitate. The precipitate was collected while cold atop a sintered 

glass frit and washed with cold Et2O to yield [K(benzo-15-crown-5)2][CuII(carb)3] (30 mg, 

26% yield). Crystals were grown by layering Et2O onto the solution in THF at ï70 °C. The 

blue solid was stored at -30 °C. 
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2.4.4. Procedures for freeze-quench EPR studies  

Irradiation of [Cu I(carb)2]Li and 2-bromo-4-phenylbutane in an EPR tube  

 

[Li( CH3CN)][Cu(carb)2] (4.4 mg, 0.01 mmol) and 2-bromo-4-phenylbutane (10 mg, 

0.05 mmol) were added to a 4 mL vial. The mixture was dissolved in 0.3 mL butyronitrile, 

and the resulting solution was transferred to an EPR tube. The EPR tube was sealed and 

cooled to ï78 °C. The EPR tube was irradiated in the Luzchem photoreactor (350 nm) while 

being introduced to a quartz Dewar filled with liquid nitrogen. Irradiation of the freezing 

solution proceeded for approximately 15 seconds. Simulated parameters are as follows: g = 

[2.445, 2.060, 1.994], isotropic linewidth (Gaussian line shape, FWHM = 10 mT), ACu 

(MHz) = [75, 1, 1]. 

Detection of [Cu I I(carb)3]Li in a catalytic reaction mixture  

 

A 4 mL solution of the standard reaction mixture containing [Li(CH3CN)][Cu(carb)2] 

(0.0067 mmol), Li(carb) (0.2 mmol), and the alkyl bromide (0.13 mmol) was prepared in a 

4 mL borosilicate glass vial according to the standard procedure using butyronitrile as the 

solvent. A portion of the resulting solution (300 ɛL) was transferred to an EPR tube. The 

tube was sealed and cooled to 0 °C, and irradiated with a 100-watt Hg lamp at 0 °C. 
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Alternatively, an aliquot (0.1 mL) of the standard reaction mixture in CH3CN in a 4 mL 

borosilicate vial that was irradiated for 1 h was transferred to a pre-cooled EPR tube 

containing butyronitrile (0.2 mL) under N2. The EPR tube was briefly shaken and cooled to 

77 K. Simulation parameters are as follows: g = [2.318, 2.058, 2.050]; HStrain (MHz) = 

[120, 5, 5]; ACu (MHz) = [350, 25, 21] A3N (MHz) = [50, 35, 35].  

Generation and detection of [Cu I I(carb)3]Li via metallation  

 

A pre-chilled solution of CuBr2 (2.2 mg, 0.01 mmol) in 1 mL acetonitrile was added 

dropwise to a pre-chilled slurry of Li(carb) (5.3 mg, 0.03 mmol) in the glovebox. The deep 

blue solution was allowed to stir for 5 min before transferring an aliquot to a solution of 

butyronitrile in dry ice and acetone bath. The solution was then transferred to an EPR tube. 

Detection of [Cu I I(carb)3]Li via chemical oxidation of [CuI(carb)2]Li  

 

[Li( CH3CN)][Cu(carb)2] (10.0 mg, 0.023 mmol) and Li(carb) (8 mg, 0.046 mmol) 

were mixed in 200 ɛL of butyronitrile, added to an EPR tube, and frozen at 77 K. To this 

frozen layer was added a 200 ɛL solution of tris(4-bromophenyl)ammoniumyl 

hexachloroantimonate (ñMagic Blueò, 3.4 mg, 0.0042 mmol) in butyronitrile. The solutions 

were allowed to mix briefly (~5 s) in thawing butyronitrile and frozen again. 
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2.4.5. Procedures for UV-vis studies  

Determination of molar absorptivity of [Cu I I(carb)3]Li at 580 nm 

 

A 20 mL vial was charged with Li(carb) (5.5 mg, 0.030 mmol) and a magnetic stir 

bar. Next, CH3CN (9.0 mL) was added to the vial, and the solution was cooled to thawing 

CH3CN temperature. A separate vial was charged with CuBr2 (6.6 mg, 0.030 mmol) and 

CH3CN (3.0 mL). Then, 1 mL of the resulting green solution of CuBr2 (0.010 mmol) was 

added dropwise to the thawing CH3CN solution of Li(carb). After completed addition, the 

deep blue solution was stirred vigorously at thawing CH3CN temperature for approximately 

30 minutes. The solution was transferred into a pre-chilled 1 cm pathlength quartz cuvette. 

The cuvette was capped and quickly inserted into the ï40 °C UV-vis sample holder. The 

molar absorptivity at 580 nm was found to be approximately 1100 Mï1 cmï1. 

Table 2.5. Measured molar absorptivity at 580 nm of [CuII(carb)3]Li in CH3CN.  

 

Detection of [Cu I I(carb)3]Li during catalysis 
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A 4 mL CH3CN solution of the standard reaction mixture containing 

[Li( CH3CN)][Cu(carb)2] (2.9 mg, 0.0067 mmol), Li(carb) (34 mg, 0.19 mmol), and 2-

bromo-4-phenylbutane (28 mg, 0.13 mmol) was prepared in a quartz cuvette containing a 

magnetic stir bar. The reaction mixture was allowed to cool for 10 minutes in the dark at 0 

°C in an ice bath. Then the mixture was irradiated with a 100-watt Hg lamp while stirring, 

and UV-vis spectra were collected at 0 °C at various times after irradiation. 

Detection of [Cu I I(carb)3]Li via chemical oxidation of [CuI(carb)2]Li  

 

In a glovebox, a 4 mL butyronitrile solution containing [Li(CH3CN)][Cu(carb)2] 

(0.037 mmol) and Li(carb) (0.074 mmol) was prepared in a quartz cuvette containing a 

magnetic stir bar. The cuvette was then sealed with a septum. Another solution containing 

tris(4-bromophenyl)ammoniumyl hexachloroantimonate (ñMagic Blueò, 0.012 mmol) was 

dissolved in 0.2 mL butyronitrile and taken up into a 1 mL Hamilton sample locked syringe, 

and the needle was pierced through a septum to prevent the introduction of air. The cuvette 

was cooled to ï80 °C in the UV-vis sample holder. Next, the sample lock was opened and 

the solution of Magic Blue was introduced into the mixture with vigorous stirring. The 

stirring was stopped and the sample was allowed to stabilize before a spectrum was acquired. 

Determination of the molar absorptivity of Li(carb)  

A 10 mM solution of Li(carb) in CH3CN was made, and this solution was used as a 

stock to generate lower concentration solutions of Li(carb). Each solution was transferred 

via pipette into a 1 mm path length cuvette and absorption spectra were acquired at room 
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temperature for each concentration. Below 0.4 mM, a solution of Li(carb) in CH3CN does 

not absorb 365 nm. The molar absorptivity at 365 nm for concentrations of Li(carb) greater 

than 0.4 mM was found to be 2200 Mï1 cmï1.  

 

Figure 2.20. UV-vis spectra of Li(carb) in a 1 mm cuvette.  

2.4.6. Actinometry  

Calibration of light intensity  

The Hatchard-Parker method was used to make a 0.006 M potassium ferrioxalate 

solution in 0.1 N H2SO4.
25 A 4 mL ferrioxalate solution in a quartz cuvette was then 

irradiated at 0 °C for 40 s in three separate runs using a 365 nm LED (Thorlabs, M365L2) 

and a focusing lens. A photon flux of 1.7 × 10ï6 einstein minï1 was calculated.  

Determination of quantum yield of model reaction.  

A 4 mL CH3CN solution of the standard mixture containing [Li(CH3CN)][Cu(carb)2] 

(0.0067 mmol), Li(carb) (0.2 mmol), 2-bromo-4-phenylbutane (0.13 mmol) was prepared in 
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a 1 cm path length quartz cuvette containing a magnetic stir bar. The reaction mixture was 

allowed to cool to 0 °C with an internal cooling loop in a cuvette holder. Then, the mixture 

was irradiated with the 365 nm LED while stirring. After irradiation, the reaction mixture 

was diluted with Et2O and dodecane as an internal standard. An aliquot was filtered through 

a short pad of silica gel (EtOAc eluent) and the sample was injected for GC analysis. The 

quantum yield (ū) was, by dividing the amount of electrophile consumed by the total amount 

of photons absorbed by the mixture, to be 0.099. 

2.4.7. Procedures for Stern-Volmer analysis  

Quenching of [CuI(carb)2]Li* by an alkyl bromide  

[Li( CH3CN)][Cu(carb)2] was diluted in CH3CN to make a 0.00335 M solution. Also, 

2-bromo-4-phenylbutane was diluted in CH3CN to make 100, 200, 400, 600, 700, and 800 

mM solutions. In 4 mL vials, a 250 ɛL aliquot of the solution containing 

[Li( CH3CN)][Cu(carb)2] was mixed with a 250 ɛL aliquot of either CH3CN or one of the 

solutions containing the alkyl bromide, such that the concentration of 

[Li( CH3CN)][Cu(carb)2] in each solution was equal to the standard reaction concentration, 

0.0017 M. The solutions were pipetted into cuvettes (1 mm path length). The lifetime of a 

non-emissive excited state of [Li(CH3CN)][Cu(carb)2] as a function of electrophile 

concentration was measured by transient absorbance spectroscopy (ɚpump = 355 nm, ɚprobe = 

580 nm); the data are summarized in Table 2.6. The lifetime of the short-lived, emissive 

excited state of [Li(CH3CN)][Cu(carb)2] was measured at the picosecond (ps) time scale 

using luminescence spectroscopy, and was found to be 590 ps. Data were analyzed using 

Matlab R2014A with the default curve fitting function.  
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Figure 2.21. Excited state properties of [Cu(carb)2]Li. Left: Transient absorbance decays 

in the presence of varying amounts of (3-bromobutyl)benzene (synonymous with 2-bromo-

4-phenylbutane); right: luminescence decay of the emissive excited state of [Cu(carb)2]Li. 

Table 2.6. The lifetime of [CuI(carb)2]Li* in the presence of 2-bromo-4-phenylbutane.  

 

Quenching of Li(carb)* by an alkyl bromide 

Li(carb) (86.6 mg, 0.5 mmol) was diluted in a 10 mL volumetric flask with 

acetonitrile to make 10 mL of a 0.05 M solution (the concentration in the catalytic reactions). 

In four other volumetric flasks, the same amount of Li(carb) was weighed out, but only ~5 

mL of CH3CN was added. Then, 2-bromo-4-phenybutane was added to the Li(carb) solutions 

via syringe to make 50, 100, 200, or 400 mM solutions of 2-bromo-4-phenybutane in 10 mL 

CH3CN, and CH3CN was added to the mark. For each run, one of these solutions was 



 

 

65 

syringed into the Harrick flow cell (100 ɛm path length) until there were no gas bubbles, and 

flowed through with a syringe pump while fluorescence measurements were being collected. 

After each run, the flow cell was cleaned and dried under vacuum, and the next solution was 

syringed into the cell. 

  

Figure 2.22. Excited state properties of Li(carb). Left: Luminescence decays of Li(carb) 

in the presence of varying amounts of (3-bromobutyl)benzene (synonymous with 2-bromo-

4-phenylbutane); right: transient absorbance decays of Li(carb) at varying concentrations. 

Table 2.7. The lifetime of Li(carb)* in the presence of 2-bromo-4-phenylbutane.  

 

Self-quenching of Li(carb)*  

Li(carb) (43.3 mg, 0.25 mmol) was dissolved in 5 mL of CH3CN to make a 0.05 M 

solution (the concentration in the catalytic reactions). This solution was serially diluted to 
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make 4.3, 2.2, 1.1, and 0.50 mM solutions. The solutions were pipetted into cuvettes with a 

path length of 1 mm. The excited state lifetime of Li(carb) was measured by transient 

absorbance spectroscopy (ɚpump = 355 nm, ɚprobe = 580 nm). Data were analyzed using Matlab 

R2014A with the default curve fitting function. The rate constant of self-quenching was 

found to be 2.0 × 107 Mï1 sï1. It is important to note that in the presence of electrophile 

quencher, this long-lived, non-emissive excited state was not observed, and SET appears to 

proceed from the fluorescent state at a rate faster than that of intersystem crossing. 

Determination of chain length 

The quenching fraction (Q) can be defined as the ratio of the rate at which the excited 

state species (Li(carb)) is quenched productively (by 2-bromo-4-phenybutane) to the sum of 

the rates of all the other relaxation processes which are available to the excited state. 

However, the unusual self-quenching behavior of Li(carb) permits only the estimation of the 

upper limit for Q. Thus,  

ὗ
Ὧ 2"Ò

† Ὧ 2"Ò

τȢω ρπ- Ó πȢπσςυ -
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The chain length is the ratio of the quantum yield to the quenching fraction. From our 

calculated values, a lower limit can be determined. 
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2.4.8. Reactivity of [CuII (carb)3]Li  

Thermal decomposition of [CuII (carb)3]Li  

 

A freshly prepared CH3CN solution of Li[CuII(carb)3] in acetone and dry ice bath 

was allowed to warm to room temperature overnight. The mixture was then concentrated in 

vacuo and the residue was loaded on a 20 cm × 20 cm Merck TLC plate. Two of many UV-

active bands after developing the TLC in hexanes were identified as the commercially 

available 9,9ǋ-bicarbazyl and 3,3ǋ-bicarbazole by co-spotting and 1H NMR spectroscopy. 

Hydrogen atom transfer from TEMPOïH to [Cu II (carb)3]Li  

 

A freshly prepared solution of [CuII(carb)3]Li  was prepared in thawing CH3CN. A 

cold solution of 2,2,6,6-tetramethylpiperidin-1-ol26 (TEMPOïH, 1 equiv) in CH3CN was 

added to the cold solution of [CuII(carb)3]Li , and the mixture was allowed to stir in thawing 

CH3CN temperature for 30 min. A portion of the reaction mixture was transferred to an EPR 

tube and diluted with butyronitrile for X-band EPR measurement at 77 K. The only EPR 

active signal was that of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOÅ), and signals 



 

 

68 

corresponding to a CuII species were absent (Figure 2.23, left). The analogous reaction 

conducted in CD3CN at ï45 °C shows the appearance of [CuI(carb)2]
ï signals by 1H NMR 

spectroscopy, consistent with the delivery of an H atom (Figure 2.23, right). 

      

Figure 2.23. Hydrogen atom transfer to [CuII(carb)3]Li . Left: EPR spectra (9.4 GHz, 77 K, 

butyronitrile); black trace: TEMPOÅ; red trace: a mixture of [CuII(carb)3]Li  and TEMPOÅ; 

blue trace: freshly prepared [CuII(carb)3]Li . Right: 1H NMR spectra (500 MHz, ï40 °C, 

CD3CN); top: mixture of carbH and [CuI(carb)2]Li ; bottom: mixture of [CuII(carb)3]Li  and 

TEMPOïH.  

2.4.9. Computational methods  

The Orca 3.0.1 program was used for all calculations.27 All optimizations and energy 

calculations were conducted with tight convergence criteria using the M06-L functional28 

and def2-TZVP basis set.29  Open- and closed-shell species were modeled within the 

unrestricted and restricted Kohn-Sham formalisms, respectively. All geometry optimizations 

were conducted without symmetry constraints using gradient methods. Ground state 
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geometries were verified as true minima by the absence of imaginary frequencies. All 

energies reported are Gibbs free energies at 298.15 K and include translational, rotational, 

vibrational, and solvation energy contributions. Solvation was treated with the conductor-

like screening model, using default parameters for acetonitrile in all cases.30  For 

[CuII(carb)3]
ï, the Loewdin spin density was derived from a constrained optimization where 

the NïCuïN angles and the C(1)ïC(9a)ïNïCu dihedrals along each carbazole were 

constrained to match that of the experimentally determined solid-state crystal structure. The 

energy was derived from an unconstrained optimization. Solvation was treated with the 

conductor-like screening model, using values of Ů = 20 and ɖ = 1.38 for butyronitrile. 

Table 2.8. Free energies of computed molecules.  

 

 

 

  

Compound Gibbs free energy (Hartree) 

[CuI(carb)2]
ï 

CuII(carb)2 

[CuII(carb)2]
ï
 

[CuII(carb)2(i-Pr)]ï 

[carb]ï 

(carb)Å 

(i-Pr)Å 

-2674.3593 
-2674.2012 
-3191.1839 
-2792.7926 
-516.9644 
-516.8096 
-118.4381 
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Kinetic simulations 

All  simulations were performed using COPASI software using a unicompartmental 

biochemical model. The following table summarizes the parameters used for the kinetic 

simulations.  

Table 2.9. Input parameters for the cyclization under photochemical conditions.  
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2.4.10. X-ray crystallographic data  

[Cu II (carb)3][K( 18-crown-6)(THF)] 

 

The X-ray diffraction data were of poor quality and hence only sufficient for 

establishing overall atomic connectivity. Only unit cell parameters are shown below.  

Table 2.10. Crystal data for [CuII(carb)3][K(18-crown-6)(THF)].  

Identification code [CuII(carb)3][K(18-crown-6)(THF)] 

Empirical formula C52H56N3O7KCu 

Formula weight 937.63 

Temperature/K 100.01 

Crystal system monoclinic 

Space group P21/n 

a/Å 13.2219(5) 

b/Å 18.0111(6) 

c/Å 19.3667(8) 

Ŭ/Á 90 

ɓ/Á 96.1241(14) 

ɔ/Á 90 

Volume/Å3 4585.7(3) 

Z 4 

ɟcalcg/cm3 1.358 

ɛ/mm-1 0.624 

F(000) 1972.0 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 4.524 to 63.522 

Index ranges -19 Ò h Ò 19, -26 Ò k Ò 26, -28 Ò l Ò 27 

Reflections collected 136556 

Independent reflections 14447 [Rint = 0.0742, Rsigma = 0.0733] 
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[Cu II (carb)3][K(benzo-15-crown-5)2] 

 

The X-ray diffraction data were of poor quality and hence only sufficient for 

establishing overall atomic connectivity. Only unit cell parameters are shown below.  

Table 2.11. Crystal data for [CuII(carb)3][K( benzo-15-crown-5)2].  

Identification code [CuII(carb)3][K(benzo-15-crown-5)2] 

Empirical formula C64H64CuKN3O10 

Formula weight 1137.87 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P2/c 

a/Å 22.677(3) 

b/Å 13.8859(14) 

c/Å 20.631(2) 

Ŭ/Á 90 

ɓ/Á 102.949(7) 

ɔ/Á 90 

Volume/Å3 6331.2(12) 

Z 15 

ɟcalcg/cm3 1.554 

ɛ/mm-1 2.223 

F(000) 3076.0 

Radiation CuKŬ (ɚ = 1.54178) 

2Ū range for data collection/Á 6.364 to 160.548 

Index ranges -27 Ò h Ò 27, -17 Ò k Ò 16, -25 Ò l Ò 22 

Reflections collected 177608 

Independent reflections 12678 [Rint = 0.2899, Rsigma = 0.1706] 

 

[Cu II (carb)4][K( 15-crown-5)2]2[C4H10O]4 
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The X-ray diffraction data were of poor quality and hence only sufficient for 

establishing overall atomic connectivity. Solvent molecules are omitted for clarity. Only unit 

cell parameters are shown below.  

Table 2.12. Crystal data for [CuII(carb)4][K( 15-crown-5)2]2[C4H10O]4.  

Identification code [CuII(carb)4][K(15-crown-5)2]2[C4H10O]4 

Empirical formula C104H152CuK2N4O24 

Formula weight 1984.11 

Temperature/K 99.98 

Crystal system tetragonal 

Space group I41/acd 

a/Å 23.8760(8) 

b/Å 23.8760(8) 

c/Å 32.8852(12) 

Ŭ/Á 90 

ɓ/Á 90 

ɔ/Á 90 

Volume/Å3 18746.6(11) 

Z 24 

ɟcalcg/cm3 1.2866 

ɛ/mm-1 1.722 

F(000) 7686.9 

Radiation Cu KŬ (ɚ = 1.54178) 

2Ū range for data collection/Á 7.4 to 158.5 

Index ranges -28 Ò h Ò 28, -28 Ò k Ò 30, -39 Ò l Ò 38 

Reflections collected 143587 

Independent reflections 4528 [Rint = 0.1708, Rsigma = 0.0477] 

 

[Cu II (carb)3][K( THF)6] 

 

Table 2.13. Crystal data and structure refinements for [CuII(carb)3][K( THF)6].  

Identification code [CuII(carb)3][K(THF)6] 

Empirical formula C60H72CuKN3O6 

Formula weight 1033.9 
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Temperature/K 100.05 

Crystal system monoclinic 

Space group P21/n 

a/Å 12.9317(5) 

b/Å 22.3762(9) 

c/Å 18.9484(6) 

Ŭ/Á 90 

ɓ/Á 104.763(2) 

ɔ/Á 90 

Volume/Å3 5301.9(3) 

Z 6 

ɟcalcg/cm3 1.288 

ɛ/mm-1 1.709 

F(000) 2172.0 

Radiation CuKŬ (ɚ = 1.54178) 

2Ū range for data collection/Á 6.234 to 136.854 

Index ranges -15 Ò h Ò 14, -26 Ò k Ò 26, -22 Ò l Ò 22 

Reflections collected 57323 

Independent reflections 9697 [Rint = 0.1553, Rsigma = 0.1076] 

Data/restraints/parameters 9697/0/650 

Goodness-of-fit on F2 1.043 

Final R indexes [I>=2ů (I)] R1 = 0.1065, wR2 = 0.2568 

Final R indexes [all data] R1 = 0.1845, wR2 = 0.3014 

Largest diff. peak/hole / e Å-3 1.19/-0.99 

 

Table 2.14. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for [CuII(carb)3][K( THF)6]. Ueq is defined as 1/3 of the trace of the 

orthogonalized UIJ tensor.  

Atom x y z U(eq) Atom x y z U(eq) 

Cu01 4786.3(8)  5173.8(6)  2403.2(5)  46.4(4)  C019 7544(7)  4032(4)  3943(4)  53(2)  

K002 155.6(14)  6827.8(8)  2586.4(10)  56.2(5)  C01A - 273(6)  8494(3)  3917(5)  56(2)  

N003 3640(4)  4749(2)  2613(2)  27.6(12)  C01B 3448(6)  6519(3)  4137(4)  49.0(19)  

O004 2166(4)  6796(2)  3057(3)  48.4(13)  C01C - 1312(6)  8185(3)  3617(4)  50(2)  

O005 - 1816(4)  6897(2)  1959(3)  53.1(14)  C01D - 3206(6)  6635(4)  921(4)  51(2)  

O006 724(4)  7682(2)  1949(3)  55.6(15)  C01E 3795(6)  6253(5)  1082(4)  58(2)  

N007 4909(4)  6011(3)  2337(3)  43.7(16)  C01F 4340(6)  7451(4)  1465(4)  57(2)  

O008 - 10(4)  7497(2)  3587(4)  72.9(19)  C01G 7615(7)  4828(4)  625(4)  59(2)  

N009 6048(4)  4818(3)  2281(3)  38.9(14)  C01H 310(7)  8261(4)  1768(4)  52(2)  

O00A 213(5)  5984(3)  3441(3)  75(2)  C01I - 2981(7)  7298(4)  924(5)  64(2)  

C00B 3364(5)  4737(3)  3280(3)  28.4(14)  C01J 3402(7)  7182(4)  4060(4)  57(2)  

C00C 2868(5)  4412(3)  2140(3)  29.5(14)  C01K 538(7)  8046(4)  3803(5)  58(2)  

C00D 5478(5)  6373(3)  2893(3)  37.1(17)  C01L 3700(7)  7298(5)  781(4)  64(3)  

C00E 2100(5)  4189(3)  2483(3)  30.7(14)  C01M 3441(7)  6724(5)  600(4)  65(3)  

O00F 158(6)  6072(3)  1667(3)  91(2)  C01N - 460(7)  5480(4)  3290(5)  68(3)  

C00G 2432(5)  4405(3)  3231(3)  32.1(15)  C01O - 1150(7)  5547(4)  3839(5)  59(2)  

C00H 6513(5)  4868(3)  1692(3)  38.1(17)  C01P 174(7)  8314(4)  953(4)  59(2)  

C00I 6795(6)  4508(3)  2805(4)  38.6(17)  C01Q - 471(7)  5874(4)  4459(4)  60(2)  

C00J 2802(5)  4274(3)  1414(3)  34.4(16)  C01R - 1045(6)  7537(4)  3727(5)  58(2)  
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C00K 6090(5)  6201(3)  3587(3)  36.5(16)  C01S - 2412(7)  7433(4)  1704(4)  61(2)  

C00L 6561(5)  6641(3)  4072(4)  39.3(17)  C01T 1012(8)  7904(5)  813(4)  69(3)  

C00M 5390(5)  6980(3)  2709(4)  37.2(17)  C01U 546(7)  5956(5)  555(4)  70(3)  

C00N 6450(5)  7238(4)  3895(4)  41.1(18)  C01V - 285(7)  6185(5)  905(4)  69(3)  

C00O 7509(6)  4587(3)  1832(4)  40.1(18)  C01W 1496(7)  7605(5)  1518(4)  73(3)  

C00P 4714(5)  7000(4)  1960(3)  42.6(19)  C01X 526(7)  6049(5)  4223(4)  69(3)  

C00Q 7705(6)  4357(3)  2562(4)  39.4(17)  C01Y 925(10)  5623(6)  1747(5)  107(5)  

C00R 4451(5)  6403(4)  1776(4)  49(2)  C01Z 963(18)  5441(9)  1012(7)  54(6)  

C00S 3891(5)  5008(3)  3936(3)  33.5(16)  C01{ 1510(30)  5740(18)  1300(20)  64(12)  

C00T 1966(6)  3931(3)  1042(4)  43.2(18)  C00Z 2561(6)  4608(4)  4480(4)  48(2)  

C00U 5877(5)  7407(3)  3205(4)  40.4(17)  C010 8071(7)  4574(4)  1294(4)  50(2)  

C00V 3472(6)  4940(3)  4531(4)  42.9(18)  C011 8445(6)  3869(3)  3700(4)  48.9(19)  

C00W 1264(5)  3840(3)  2100(4)  41.3(17)  C012 1198(6)  3711(3)  1378(4)  43.5(18)  

C00X 6067(6)  5129(4)  1004(3)  41.9(18)  C013 6630(7)  5103(4)  489(4)  53(2)  

C00Y 2023(6)  4343(3)  3844(4)  46.3(19)  C014 8528(6)  4036(3)  3013(4)  49.1(19)  

C017 - 2539(6)  6409(3)  1671(4)  46.6(19)  C015 2794(6)  6294(3)  3376(4)  43.3(18)  

C018 2827(6)  7310(4)  3272(4)  46.6(19)  C016 6724(6)  4345(3)  3504(4)  45.4(19)  

 

 

Table 2.15. Anisotropic Displacement Parameters (Å2×103) for [CuII(carb)3][K( THF)6]. The 

anisotropic displacement factor exponent takes the form: -2ˊ2[h2a*2U11+2hka*b*U12+é]. 

Atom U11 U22 U33 U23 U13 U12 Atom U11 U22 U33 U23 U13 U12 

Cu01 38.7(6)  79.6(9)  24.3(5)  - 9.1(5)  13.8(4)  - 23.1(6)  C01B 41(4)  51(5)  51(5)  0(4)  4(4)  - 12(4)  

K002 48.5(10)  57.0(11)  63.9(12)  1.4(9)  15.6(9)  0.1(8)  C01C 50(5)  48(5)  54(5)  6(4)  17(4)  7(4)  

N003 26(3)  38(3)  19(2)  0(2)  7(2)  1(2)  C01D 40(4)  60(5)  58(5)  4(4)  21(4)  6(4)  

O004 44(3)  52(3)  43(3)  - 2(3)  - 2(2)  - 7(2)  C01E 35(4)  105(7)  32(4)  - 22(5)  5(3)  - 1(4)  

O005 56(3)  50(3)  53(3)  - 1(3)  12(3)  0(3)  C01F 37(4)  94(7)  39(4)  - 1(5)  11(4)  21(4)  

O006 57(3)  61(4)  59(3)  19(3)  34(3)  14(3)  C01G 70(6)  82(6)  37(4)  - 18(4)  34(4)  - 16(5)  

N007 28(3)  74(5)  29(3)  - 15(3)  7(2)  - 13(3)  C01H 58(5)  51(5)  48(5)  2(4)  15(4)  - 5(4)  

O008 52(3)  37(3)  147(6)  - 23(3)  56(4)  - 6(3)  C01I 76(6)  58(6)  61(6)  8(4)  20(5)  10(5)  

N009 43(3)  53(4)  25(3)  - 6(3)  16(3)  - 20(3)  C01J 66(5)  55(5)  42(4)  - 3(4)  0(4)  3(4)  

O00A 92(5)  96(5)  50(3)  - 21(3)  39(3)  - 49(4)  C01K 54(5)  56(5)  64(5)  - 4(4)  16(4)  - 4(4)  

C00B 25(3)  35(4)  26(3)  4(3)  8(3)  9(3)  C01L 51(5)  107(8)  30(4)  4(5)  2(4)  29(5)  

C00C 29(3)  33(4)  24(3)  3(3)  2(3)  6(3)  C01M 45(5)  122(9)  26(4)  0(5)  4(4)  24(5)  

C00D 20(3)  66(5)  29(3)  - 5(3)  14(3)  - 2(3)  C01N 76(6)  74(6)  62(5)  - 41(5)  32(5)  - 39(5)  

C00E 26(3)  37(4)  28(3)  7(3)  3(3)  2(3)  C01O 52(5)  62(5)  71(6)  - 16(5)  32(4)  - 13(4)  

O00F 113(5)  126(6)  36(3)  5(3)  23(3)  73(5)  C01P 79(6)  48(5)  42(5)  3(4)  - 1(4)  6(4)  

C00G 26(3)  39(4)  30(3)  4(3)  6(3)  5(3)  C01Q 67(6)  66(6)  57(5)  - 5(4)  31(4)  - 9(5)  

C00H 43(4)  46(4)  29(4)  - 14(3)  16(3)  - 23(4)  C01R 51(5)  55(5)  79(6)  12(5)  37(4)  6(4)  

C00I 44(4)  41(4)  33(4)  - 12(3)  14(3)  - 19(3)  C01S 73(6)  55(5)  60(5)  - 12(4)  25(5)  - 3(5)  

C00J 31(4)  43(4)  28(3)  1(3)  7(3)  13(3)  C01T 84(7)  83(7)  46(5)  18(5)  28(5)  6(5)  

C00K 26(3)  56(5)  29(3)  - 5(3)  9(3)  - 8(3)  C01U 79(6)  100(8)  37(4)  - 2(5)  24(4)  28(6)  

C00L 26(4)  61(5)  29(4)  2(3)  3(3)  - 1(3)  C01V 53(5)  121(9)  34(4)  2(5)  9(4)  14(5)  

C00M 21(3)  57(5)  34(4)  - 5(4)  8(3)  6(3)  C01W 49(5)  132(9)  47(5)  29(5)  27(4)  17(5)  

C00N 26(4)  60(5)  37(4)  - 12(4)  6(3)  5(3)  C01X 48(5)  116(9)  45(5)  - 17(5)  13(4)  - 17(5)  

C00O 46(4)  45(4)  33(4)  - 19(3)  18(3)  - 20(3)  C01Y 142(10)  140(11)  38(5)  12(6)  23(6)  111(9)  

C00P 21(3)  82(6)  24(4)  - 6(4)  5(3)  12(4)  C01Z 71(12)  55(10)  37(8)  - 3(7)  17(7)  22(9)  

C00Q 46(4)  41(4)  32(4)  - 16(3)  12(3)  - 15(4)  C01{ 48(19)  50(20)  100(30)  10(20)  31(19)  25(15)  

C00R 28(4)  91(7)  30(4)  4(4)  11(3)  6(4)  C01B 41(4)  51(5)  51(5)  0(4)  4(4)  - 12(4)  

C00S 26(3)  45(4)  27(3)  2(3)  3(3)  7(3)  C01C 50(5)  48(5)  54(5)  6(4)  17(4)  7(4)  

C00T 49(4)  44(4)  31(4)  - 7(3)  - 1(3)  10(4)  C01D 40(4)  60(5)  58(5)  4(4)  21(4)  6(4)  

C00U 31(4)  49(4)  43(4)  0(4)  11(3)  9(3)  C01E 35(4)  105(7)  32(4)  - 22(5)  5(3)  - 1(4)  

C00V 49(4)  55(5)  23(3)  - 1(3)  6(3)  9(4)  C01F 37(4)  94(7)  39(4)  - 1(5)  11(4)  21(4)  

C00W 33(4)  48(5)  44(4)  0(4)  11(3)  - 1(3)  C01G 70(6)  82(6)  37(4)  - 18(4)  34(4)  - 16(5)  

C00X 39(4)  63(5)  25(3)  - 8(3)  12(3)  - 13(4)  C01H 58(5)  51(5)  48(5)  2(4)  15(4)  - 5(4)  

C00Y 55(5)  55(5)  32(4)  5(4)  18(3)  - 9(4)  C01I 76(6)  58(6)  61(6)  8(4)  20(5)  10(5)  

C00Z 50(5)  60(5)  41(4)  13(4)  22(4)  6(4)  C01J 66(5)  55(5)  42(4)  - 3(4)  0(4)  3(4)  
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C010 58(5)  59(5)  39(4)  - 11(4)  25(4)  - 3(4)  C01K 54(5)  56(5)  64(5)  - 4(4)  16(4)  - 4(4)  

C011 51(5)  45(5)  50(5)  - 6(4)  10(4)  - 11(4)  C01L 51(5)  107(8)  30(4)  4(5)  2(4)  29(5)  

C012 35(4)  43(4)  46(4)  - 3(4)  - 1(3)  3(3)  C01M 45(5)  122(9)  26(4)  0(5)  4(4)  24(5)  

C013 60(5)  72(6)  28(4)  - 8(4)  15(4)  - 23(5)  C01N 76(6)  74(6)  62(5)  - 41(5)  32(5)  - 39(5)  

C014 57(5)  47(5)  49(5)  - 13(4)  23(4)  - 8(4)  C01O 52(5)  62(5)  71(6)  - 16(5)  32(4)  - 13(4)  

C015 42(4)  46(4)  41(4)  1(4)  7(3)  11(3)  C01P 79(6)  48(5)  42(5)  3(4)  - 1(4)  6(4)  

C016 60(5)  47(5)  34(4)  - 5(4)  22(4)  - 10(4)  C01Q 67(6)  66(6)  57(5)  - 5(4)  31(4)  - 9(5)  

C017 48(4)  47(5)  50(4)  - 4(4)  23(4)  - 5(4)  C01R 51(5)  55(5)  79(6)  12(5)  37(4)  6(4)  

C018 35(4)  57(5)  49(4)  5(4)  13(3)  - 8(4)  C01S 73(6)  55(5)  60(5)  - 12(4)  25(5)  - 3(5)  

C019 71(6)  54(5)  38(4)  - 4(4)  18(4)  - 23(4)  C01T 84(7)  83(7)  46(5)  18(5)  28(5)  6(5)  

C01A 53(5)  36(4)  80(6)  - 10(4)  19(4)  7(4)  C01U 79(6)  100(8)  37(4)  - 2(5)  24(4)  28(6)  

C01Y 142(10)  140(11)  38(5)  12(6)  23(6)  111(9)  C01V 53(5)  121(9)  34(4)  2(5)  9(4)  14(5)  

C01Z 71(12)  55(10)  37(8)  - 3(7)  17(7)  22(9)  C01W 49(5)  132(9)  47(5)  29(5)  27(4)  17(5)  

C01{ 48(19)  50(20)  100(30)  10(20)  31(19)  25(15)  C01X 48(5)  116(9)  45(5)  - 17(5)  13(4)  - 17(5)  

 

Table 2.16. Bond lengths for [CuII(carb)3][K( THF)6].  

Atom Atom Length/Å Atom Atom Length/Å Atom Atom Length/Å Atom Atom Length/Å 

Cu01 N003 1.887(5)  C00J C00T 1.367(9)  N007 C00D 1.384(9)  C016 C019 1.364(11)  

Cu01 N007 1.886(7)  C00K C00L 1.378(9)  N007 C00R 1.389(10)  C017 C01D 1.548(10)  

Cu01 N009 1.882(6)  C00L C00N 1.376(10)  O008 C01K 1.426(9)  C018 C01J 1.516(10)  

K002 O004 2.525(5)  C00M C00P 1.466(9)  O008 C01R 1.432(9)  C01A C01C 1.489(11)  

K002 O005 2.528(5)  C00M C00U 1.374(10)  N009 C00H 1.401(8)  C01A C01K 1.506(11)  

K002 O006 2.471(5)  C00N C00U 1.382(9)  N009 C00I 1.383(9)  C01B C01J 1.489(11)  

K002 O008 2.468(6)  C00O C00Q 1.438(10)  O00A C01N 1.408(10)  C01C C01R 1.494(11)  

K002 O00A 2.476(7)  C00O C010 1.394(9)  O00A C01X 1.441(9)  C01D C01I 1.510(11)  

K002 O00F 2.428(6)  C00P C00R 1.401(11)  C00B C00G 1.399(9)  C01E C01M 1.393(13)  

K002 C01N 3.471(10)  C00P C01F 1.379(11)  C00B C00S 1.394(9)  C01F C01L 1.390(11)  

K002 C01R 3.363(8)  C00Q C014 1.383(10)  C00C C00E 1.409(9)  C01H C01P 1.513(10)  

K002 C01V 3.408(8)  C00R C01E 1.411(10)  C00C C00J 1.390(8)  C01I C01S 1.505(11)  

K002 C01W 3.453(8)  C00S C00V 1.379(9)  C00D C00K 1.405(9)  C01L C01M 1.348(13)  

K002 C01X 3.483(9)  C00T C012 1.398(10)  C00D C00M 1.400(10)  C01N C01O 1.541(11)  

K002 C01Y 3.406(10)  C00V C00Z 1.376(10)  C00E C00G 1.455(9)  C01O C01Q 1.469(11)  

N003 C00B 1.397(7)  C00W C012 1.380(10)  C00E C00W 1.380(9)  C01P C01T 1.494(12)  

N003 C00C 1.384(8)  C00X C013 1.359(9)  O00F C01V 1.435(9)  C01Q C01X 1.521(11)  

O004 C015 1.428(8)  C00Y C00Z 1.364(10)  O00F C01Y 1.394(10)  C01T C01W 1.483(11)  

O004 C018 1.428(8)  C010 C01G 1.377(11)  C00G C00Y 1.399(9)  C01U C01V 1.490(11)  

O005 C017 1.451(9)  C011 C014 1.384(10)  C00H C00O 1.396(10)  C01U C01Z 1.461(16)  

O005 C01S 1.442(10)  C011 C019 1.405(11)  C00H C00X 1.410(10)  C01U C01{ 1.69(4)  

O006 C01H 1.411(9)  C013 C01G 1.378(12)  C00I C00Q 1.410(10)  C01Y C01Z 1.463(16)  

O006 C01W 1.453(9)  C015 C01B 1.558(10)  C00I C016 1.399(9)  C01Y C01{ 1.30(3)  

 

Table 2.17. Bond angles for [CuII(carb)3][K( THF)6].  

Atom Atom Atom Angle/ę Atom Atom Atom Angle/ę Atom Atom Atom Angle/ę Atom Atom Atom Angle/ę 

N007 Cu01 N003 126.7(2)  N007 C00D C00M 112.7(6)  C01V K002 C01N 89.6(2)  C01M C01E C00R 116.7(9)  

N009 Cu01 N003 124.4(2)  C00M C00D C00K 119.4(6)  C01V K002 C01W 69.7(2)  C00P C01F C01L 118.4(9)  

N009 Cu01 N007 108.8(2)  C00C C00E C00G 105.4(5)  C01V K002 C01X 125.0(3)  C010 C01G C013 121.1(7)  

O004 K002 O005 172.63(17)  C00W C00E C00C 120.4(6)  C01W K002 C01N 149.5(2)  O006 C01H C01P 105.0(6)  

O004 K002 C01N 99.0(2)  C00W C00E C00G 134.2(6)  C01W K002 C01X 143.0(2)  C01S C01I C01D 104.3(7)  

O004 K002 C01R 112.86(19)  C01V O00F K002 121.7(6)  C01Y K002 C01N 67.3(3)  C01B C01J C018 106.4(6)  

O004 K002 C01V 103.31(19)  C01Y O00F K002 123.8(6)  C01Y K002 C01V 39.5(2)  O008 C01K K002 33.8(3)  

O004 K002 C01W 66.16(18)  C01Y O00F C01V 109.1(6)  C01Y K002 C01W 82.8(3)  O008 C01K C01A 107.6(6)  
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O004 K002 C01X 77.03(18)  C00B C00G C00E 106.0(5)  C01Y K002 C01X 91.7(2)  C01A C01K K002 128.5(5)  

O004 K002 C01Y 75.3(3)  C00B C00G C00Y 119.9(6)  C00B N003 Cu01 126.6(4)  C01M C01L C01F 121.5(9)  

O005 K002 C01N 86.1(2)  C00Y C00G C00E 134.1(6)  C00C N003 Cu01 127.9(4)  C01L C01M C01E 122.3(8)  

O005 K002 C01R 72.44(19)  N009 C00H C00X 127.7(7)  C00C N003 C00B 105.5(5)  O00A C01N K002 36.1(4)  

O005 K002 C01V 71.19(19)  C00O C00H N009 112.0(6)  C015 O004 K002 126.5(4)  O00A C01N C01O 102.6(6)  

O005 K002 C01W 106.87(19)  C00O C00H C00X 120.1(6)  C015 O004 C018 106.2(5)  C01O C01N K002 113.8(6)  

O005 K002 C01X 110.06(19)  N009 C00I C00Q 112.0(6)  C018 O004 K002 124.4(4)  C01Q C01O C01N 105.0(6)  

O005 K002 C01Y 102.0(2)  N009 C00I C016 127.4(7)  C017 O005 K002 127.4(4)  C01T C01P C01H 103.5(6)  

O006 K002 O004 77.68(18)  C016 C00I C00Q 120.6(7)  C01S O005 K002 126.7(5)  C01O C01Q C01X 105.7(6)  

O006 K002 O005 96.48(18)  C00T C00J C00C 118.4(6)  C01S O005 C017 105.2(6)  O008 C01R K002 41.0(4)  

O006 K002 O00A 161.2(2)  C00L C00K C00D 118.4(7)  C01H O006 K002 133.5(4)  O008 C01R C01C 103.2(6)  

O006 K002 C01N 170.4(2)  C00N C00L C00K 122.0(7)  C01H O006 C01W 104.1(6)  C01C C01R K002 119.7(5)  

O006 K002 C01R 101.11(19)  C00D C00M C00P 105.2(6)  C01W O006 K002 121.1(5)  O005 C01S C01I 104.3(6)  

O006 K002 C01V 82.5(2)  C00U C00M C00D 120.7(6)  C00D N007 Cu01 124.7(5)  C01W C01T C01P 106.0(7)  

O006 K002 C01W 21.1(2)  C00U C00M C00P 134.2(7)  C00D N007 C00R 104.6(7)  C01V C01U C01{ 101.0(11)  

O006 K002 C01X 146.3(2)  C00L C00N C00U 119.6(7)  C00R N007 Cu01 130.7(5)  C01Z C01U C01V 101.9(9)  

O006 K002 C01Y 103.0(3)  C00H C00O C00Q 105.8(6)  C01K O008 K002 127.5(5)  O00F C01V K002 37.3(4)  

O008 K002 O004 91.64(18)  C010 C00O C00H 119.9(7)  C01K O008 C01R 108.2(6)  O00F C01V C01U 103.9(7)  

O008 K002 O005 92.87(19)  C010 C00O C00Q 134.3(7)  C01R O008 K002 116.6(5)  C01U C01V K002 126.4(6)  

O008 K002 O006 90.1(2)  C00R C00P C00M 105.0(7)  C00H N009 Cu01 128.7(5)  O006 C01W K002 37.8(4)  

O008 K002 O00A 87.3(2)  C01F C00P C00M 134.5(8)  C00I N009 Cu01 126.3(4)  O006 C01W C01T 105.1(7)  

O008 K002 C01N 99.1(2)  C01F C00P C00R 120.5(7)  C00I N009 C00H 104.4(6)  C01T C01W K002 126.6(6)  

O008 K002 C01R 22.38(19)  C00I C00Q C00O 105.7(6)  C01N O00A K002 124.3(5)  O00A C01X K002 36.4(4)  

O008 K002 C01V 161.4(2)  C014 C00Q C00I 119.8(7)  C01N O00A C01X 106.7(6)  O00A C01X C01Q 103.8(6)  

O008 K002 C01W 107.5(2)  C014 C00Q C00O 134.4(7)  C01X O00A K002 123.4(5)  C01Q C01X K002 117.2(6)  

O008 K002 C01X 68.8(2)  N007 C00R C00P 112.6(6)  N003 C00B C00G 111.4(5)  O00F C01Y K002 36.3(4)  

O008 K002 C01Y 158.8(2)  N007 C00R C01E 126.9(9)  C00S C00B N003 128.1(6)  O00F C01Y C01Z 107.1(8)  

O00A K002 O004 83.75(19)  C00P C00R C01E 120.6(8)  C00S C00B C00G 120.4(6)  C01Z C01Y K002 138.5(8)  

O00A K002 O005 102.3(2)  C00V C00S C00B 118.4(6)  N003 C00C C00E 111.7(5)  C01{ C01Y K002 116(2)  

O00A K002 C01N 19.58(19)  C00J C00T C012 121.5(7)  N003 C00C C00J 127.9(6)  C01{ C01Y O00F 107.5(14)  

O00A K002 C01R 83.2(2)  C00M C00U C00N 119.9(7)  C00J C00C C00E 120.3(6)  C01U C01Z C01Y 104.4(11)  

O00A K002 C01V 105.1(2)  C00Z C00V C00S 120.7(7)  N007 C00D C00K 127.9(7)  C01Y C01{ C01U 100(2)  

O00A K002 C01W 146.3(2)  C012 C00W C00E 118.8(7)  O00F K002 C01N 73.3(2)  C00Q C014 C011 119.3(7)  

O00A K002 C01X 20.2(2)  C013 C00X C00H 118.6(7)  O00F K002 C01R 151.0(2)  O004 C015 C01B 104.6(6)  

O00A K002 C01Y 74.8(2)  C00Z C00Y C00G 118.4(7)  O00F K002 C01V 21.0(2)  C019 C016 C00I 118.9(7)  

O00F K002 O004 92.6(2)  C00Y C00Z C00V 122.0(7)  O00F K002 C01W 80.7(3)  O005 C017 C01D 104.6(6)  

O00F K002 O005 83.7(2)  C01G C010 C00O 118.8(8)  O00F K002 C01X 105.4(2)  O004 C018 K002 36.1(3)  

O00F K002 O006 97.7(2)  C014 C011 C019 120.5(8)  O00F K002 C01Y 19.9(2)  O004 C018 C01J 103.7(6)  

O00F K002 O008 171.8(2)  C00W C012 C00T 120.4(7)  C01N K002 C01X 38.4(2)  C01J C018 K002 119.5(5)  

O00F K002 O00A 86.1(2)  C00X C013 C01G 121.5(7)  C01R K002 C01N 88.5(2)  C016 C019 C011 120.9(7)  

C01R K002 C01X 69.2(2)  C01A C01C C01R 104.2(6)  C01R K002 C01V 143.6(2)  C01C C01A C01K 103.2(6)  

C01R K002 C01Y 155.7(3)  C01I C01D C017 104.9(6)  C01R K002 C01W 121.5(2)  C01J C01B C015 103.5(6)  
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Chapter 3. Copper complexes supported by tridentate bis(phosphino)carbazole ligands 
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3.1. Introduction  

The out-of-cage Csp³ïN coupling mechanism proposed in Chapter 2 (Figure 2.5) 

suggests that the generation of alkyl radicals does not strictly require a photoactive copper(I)ï

nucleophile complex. Instead, photoinduced, copper-catalyzed coupling reactions may 

follow a generalized mechanistic pathway illustrated in Figure 3.1, in which the 

photoinduced radical generation (photocatalysis) is separated from the bond-forming (cross-

coupling) cycle. In theory, lithium carbazolide may serve as a stoichiometric photoreductant 

for the hypothetical coupling of non-photoactive nucleophiles while cross-coupling is 

enabled by an in situ formed copper(II)ïnucleophile complex. However, the Nïsubstitution 

of carbazole and competing ligand substitution reactions can pose a significant challenge in 

the selective coupling of the desired nucleophile under this hypothetical reaction condition.   

 

Figure 3.1. Generalized coupling of photoinduced copper catalysis. For simplicity, all 

copper complexes are depicted as neutral species, and all processes are illustrated as 

unidirectional. X may be an inner- or an outer-sphere group, and Ln represents additional 

ligand(s) coordinated to copper. 
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Although many examples of excited-state photoreductants have emerged within the 

past decade (e.g. Figure 1.1), very few have the appropriate thermodynamic driving force to 

react with unactivated alkyl halides other than alkyl iodides.1 Alkyl iodides tend to exhibit 

promiscuous reactivity patterns which allow them to be employed in a variety of 

photoinduced transformations, but high reactivity can also present problems with regard to 

selectivity due to the prevalence of uncontrolled radical decomposition pathways.2 

Very few systems are able to utilize unactivated alkyl bromides under photoinduced 

conditions. Both in terms of thermodynamics and kinetics, alkyl bromides are less likely to 

engage in single electron transfer (SET) pathways than the heavier congeners. The few 

known examples tend to require high-energy UVC light (254 nm),3 which is less desirable 

in the context of functional group compatibility and safety. In fact, even the solar ultraviolet 

radiation does not contain wavelengths in the UVC region when measured at the surface of 

Earth.4  

Since lithium carbazolide is able to engage in SET with unactivated alkyl bromides, 

we envisioned that the inherent photoproperties of the carbazole scaffold may be used 

advantageously in the design of a new photocatalyst that could initiate copper-catalyzed 

cross-coupling reactions of non-photoactive nucleophiles. Lending credence to the viability 

of this approach is the observation of an unexpected photosensitization elicited by added 

carbazole in photoinduced, copper-catalyzed Nïarylations. Specifically, carbazole enables 

the Nïphenylation of benzimidazole with iodobenzene under 350 nm irradiation when the 

otherwise identical reaction condition does not lead to an effective coupling of benzimidazole 

in the absence of carbazole (Scheme 3.1)5  
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Scheme 3.1. Photosensitization by carbazole of the coupling of benzimidazole and 

iodobenzene observed by previous members of the Fu laboratory.  

Carbazolide complexes of copper have also been shown to harness visible light 

irradition. The Fu and Peters laboratories have previously reported that three-coordinate 

copper complexes bearing two monodentate phosphines and one carbazolide ligand 

(complexes 3.a and 3.b) react with aryl and alkyl halides to form CïN bonds upon irradiation 

with CFL or blue LED lamps (Figure 3.2).6,7 Importantly, 3.a has an estimated reduction 

potential of ï2.6 V vs SCE and reacts with alkyl bromides in addition to alkyl iodides. 

 

Figure 3.2. Design of visible-light photocatalyst inspired by existing examples of 

copper(I)-carbazolides in photoinduced copper catalysis.  
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We hypothesized that, by linking these monodentate ligands into a tridentate ligand, 

we may be able to access a copper complex that is stable to ligand substitutions (e.g. with 

respect to nucleophiles under cross-coupling conditions). Owing to its electronic properties, 

the target complex may then serve as an effective photocatalyst that can initiate new copper-

catalyzed reactions upon exposure to visible light, independent of the nucleophile.  

We anticipated that the design principles embodied in the tridentate 

bis(phosphino)carbazole ligand would minimize deleterious side reactions. The substitution 

at the 1- and 8-positions of the carbazole would impede the functionalization at nitrogen,8 

and the substitution at the 3- and 6-positions would preclude the addition of radicals at these 

sites (Figure 3.2).9 Although several bis(phosphino)carbazole ligands were known when we 

began this investigation, we targeted the ligand bearing methylene bridges in the 1- and 8-

positions to best accomplish the trigonal planar geometry in previously observed in 

complexes 3.a and 3.b.  

3.2. Results and Discussions 

3.2.1. Synthesis and characterization of copper(I) complexes supported by tridentate 

bis(phosphino)carbazole ligands 

The SN2 substitution of 1,8-bis(bromomethyl)-3,6-di-t-butylcarbazole with a 

secondary phosphine leads to a complete and clean conversion of the electrophile, and the 

subsequent workup forges the desired bis(phosphino)carbazole ligands (Scheme 3.2). Thus, 

a wide range of ligands containing aryl, small alkyl, sterically hindered alkyl, and chiral and 

achiral cyclic alkyl groups on the phosphines can be prepared.  
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Scheme 3.2. Preparation of PNP ligands.  

When ligands L3.1ïL3.6 are treated with mesitylcopper or with a mixture of CuCl 

and LiOt-Bu in benzene, the crude 1H NMR spectra of the resulting solutions show the 

disappearance of NïH resonances of free ligands (Scheme 3.3). The 31P NMR spectra also 

reveal the downfield shift and broadening of the phosphorous resonances, consistent with the 

ligation to the copper center.  

 

Scheme 3.3. Synthesis of mononuclear, three-coordinate copper complexes. 

The formation of the copper complexes 3.1ï3.6 is further confirmed by the analysis 

of their single-crystal X-ray diffraction data. All complexes feature a three-coordinate, 

trigonal planar copper(I) center akin to complexes 3.a and 3.b. The lack of counteranion and 
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the CuïN distances which range from 1.96 to 2.00 Å, are consistent with the assignment of 

neutral copper(I) complexes. Complexes 3.1ï3.6 are colorless in pure form, similar to 3.a 

and 3.b. Considering the availability and cost of di-i-propyl-substituted phosphine 

precursors, extensive studies and characterizations have been performed using CuPNP-iPr 

(complex 3.1) which can be recrystallized from a saturated mixture of benzene and pentane 

or by slow evaporation of a saturated Et2O solution (Figure 3.3, left).  

Complex 3.1 is poorly soluble in CH3CN but very soluble in THF, Et2O, or benzene. 

The cyclic voltammogram of 3.1 in THF shows a reversible redox behavior attributable to 

the CuI/II  couple appearing at 0.6 V vs SCE (Figure 3.3, right). The observed reversibility is 

likely a result of the improved stability provided by the chelating ligand since the oxidation 

of 3.a (estimated to occur at 0.5 V vs SCE) does not display a reversible redox feature.6  

   

Figure 3.3. Characterization of 3.1. Left: solid-state molecular structure (50% probability 

thermal ellipsoids) by X-ray diffraction of a single crystal grown from the evaporation of 

Et2O; hydrogen atoms are omitted for clarity. Right: cyclic voltammogram in THF (0.1 M 

[TBA][PF6]).  
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The UV-vis spectrum of 3.1 shows strong absorptions in the UV-A region that tail 

into the visible range (Figure 3.4, left). Importantly, the absorption overlaps with the 

emission spectra of 100-watt Hg lamp as well as blue LEDs. These transitions allow access 

to an emissive excited state, which has a lifetime of 8.1 ns. The relatively short lifetime is 

suggestive of a mostly ligand-centered excitation. Time-dependent density functional theory 

calculations indicate that a ˊ-to-ˊ* transition based essentially on the carbazolide core leads 

to the observed excited state (see section 3.4.6). On the basis of the cross section of the 

excitation and the emission profiles10 (Figure 3.4, right) and the electrochemical data, we 

estimate that complex 3.1 has an excited-state reduction potential of ï2.5 V vs SCE. This 

value is on par with strong photoreductants that are based on cerium and tungsten.11,12 

 

Figure 3.4. Photoproperties of 3.1. Left: normalized absorption spectrum showing overlap 

with the emission spectra of common light sources. Right: excitation (emission at 420 nm) 

and emission spectra (excitation at 360 nm).  
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3.2.2. Reactivity of complex 3.1 

We performed Stern-Volmer analysis using complex 3.1 to assess the viability of 

photoinduced single electron transfer to an unactivated secondary alkyl bromide. Quenching 

of the luminescence of the excited-state of complex 3.1 (3.1*) is observed in the presence of 

2-bromo-4-phenylbutane with a rate constant of 2.0 × 109 Mï1 sï1. On the basis of the 

estimated excited-state reduction potential of complex 3.1, we postulate that this quenching 

is likely due to single electron transfer from the 3.1*  to the alkyl bromide. 

 

Figure 3.5. Quenching of the luminescence of 3.1* at 427 nm in the presence of 2-bromo-

4-phenylbutane.  

Although the one-electron oxidation of 3.1 is reversible in the electrochemical time 

scale, the treatment of 3.1 with acetylferrocenium tetrafluoroborate ([FcAc][BF4]) at ï78 °C 

produces a dark purple solution which discolors upon warming to ambient temperature. The 

EPR spectrum of this purple solution shows an almost isotropic signal centered near the g-

value of the free electron. In the presence of Na[BArF
24], single crystals suitable for XRD are 

obtained ([BArF24]
ï = [B(3,5-(CF3)2-C6H3)4]

ï). Although the quality of the diffraction data is 
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modest, the structure confirms the atomic connectivity of the complex, [CuPNP-

iPr][BArF
24] (3.7-BAr F

24). The cation 3.7 is a rare example of a monomeric, formally 

copper(II) complex ligated by phosphines. On the basis of its EPR spectrum (Figure 3.6), 

however, 3.7 may be better described as a copper(I) adduct of an organic radical cation, 

analogous to the only reported example of a monomeric, formally copper(II) complex 

supported by a bis(phosphine) ligand.13  More discussions on paramagnetic copper 

complexes containing CuïP unit are presented in Chapter 5. 

 

Figure 3.6. Oxidation of complex 3.1. Inset: EPR spectrum (9.4 GHz, 77 K, THF/2-

MeTHF) of 3.7-BF4 produced by the reaction of 3.1 with [FcAc][BF4].  

Even at ï35 °C, a solution of 3.7-BF4 in THF eventually discolors. When the solution 

is allowed to stand for several days at ï35 °C, colorless crystals are observed. Although the 

obtained crystals are twinned, the structure confirms the atomic connectivity of the 

decomposition product, which is the product of a formal hydrogen atom transfer, [CuPNHP-

iPr][BF4] (3.8-BF4; Scheme 3.4).  
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Scheme 3.4. Formation of complex 3.8ïBF4.  

Complex 3.8-BF4 can also be prepared independently by treating ligand L3.1 with a 

cationic copper(I) precursor such as [Cu(CH3CN)4][BF4] in THF. The 1H NMR spectrum of 

the reaction mixture shows the intact NïH resonance, unlike in the preparation of 3.1 

(Scheme 3.3). Higher-quality single crystals suitable for XRD are obtained when 

[Cu(CH3CN)4][PF6] is used. Consistent with its 1H NMR spectrum, the CuïN distance in 

3.8-PF6 (2.251(3) Å) is increased by more than 10% from that in 3.1. The loss of covalent 

interaction in the CuïN unit is also accompanied by the increased linearity of PïCuïP angle, 

which reaches 170.4°, from the three-coordinate counterpart, which has a PïCuïP angle of 

160.2°. The CuïN bond can be restored by the treatment of 3.8-PF6 with an equivalent of 

LiOt-Bu, resulting in the formation of 3.1. 

3.2.3. Catalytic CïN coupling enabled by complex 3.1 and light 

The viability to transform the decomposition product of the one-electron oxidation 

of 3.1 (e.g. 3.8) back to 3.1 is advantageous in the context of developing catalytic 

transformations using 3.1. Specifically, we envisioned that upon photoexcitation, the excited-

state complex (3.1*) can deliver an electron to the alkyl bromide substrate, releasing an alkyl 
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radical and the oxidized copper complex (3.7; Figure 3.7). Complex 3.7 may then be trapped 

by an external nucleophile (Nu) in solution, or participate in an electron transfer event with 

copper(I)ïnucleophile species ([LnCuINu]) to enter a productive bond-forming cycle.14 

Albeit at a slow rate, 3.7 may decompose in solution to 3.8 as observed in the attempted 

isolation, but 3.8 can re-enter the productive cycle in the presence of an external base to form 

3.1.  

 

Figure 3.7. Potential photocatalytic cycle (e.g. left half of the full cycle shown in Figure 

3.1) that involves complex 3.1.  

Gratifyingly, we found that 3.1 can be used as an effective catalyst for the 

photoinduced copper-catalyzed couplings of carboxamide-type nucleophiles with 

unactivated alkyl halides. In particular, the coupling of t-butyl carbamate with an unactivated 
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secondary bromide using blue LED lamps as the light source can be achieved in the presence 

of 3.1 although the yield of the observed CïN coupling is modest (33%, Scheme 3.5). Similar 

reactivity is observed when the same reaction is performed using ligand L3.1 and CuBr 

(34%). In the absence of light, no reaction is observed, and the alkyl bromide can be 

recovered quantitatively.  

 

Scheme 3.5. Catalytic CïN coupling of t-butyl carbamate with 2-bromo-4-phenylbutane. 

Ar = 4-t-Bu-phenyl.  

To further confirm the importance of the design principles embodied in L3.1, related 

tridentate ligands featuring a carbazole backbone have also been prepared (Figure 3.8). 

When ligand SNS-Ar  (L3.7) or NNN-iPr (L3.8) is employed instead of L3.1 under related 

conditions, carbamate alkylation does not proceed. The use of 3,6-di-t-butyl-carbazole and 

tri-t-butylphosphine in place of L3.1 also fails to yield substantial amount of the CïN coupled 

product (<5 % yield).  
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Figure 3.8. Ligand structures and combinations that are ineffective for the coupling of t-

butyl carbamate with 2-bromo-4-phenylbutane under conditions related to that shown in 

Scheme 3.5.  

The observed catalytic CïN coupling is also unique to copper. If CuBr is replaced by 

other transition metals commonly utilized in cross-couplings, no photocatalysis is observed. 

For example, even at 10 mol% loadings, carbamate alkylation is not observed using CoBr2, 

NiCl2(glyme), PdCl2(cod), or Au(PPh3)Cl in place of CuBr. Thus, the original design 

principles outlined in Figure 3.2 remain appropriate for the development of photocatalysts 

for the CïN couplings of alkyl bromides.  

3.3. Conclusions 

Inspired by the mechanistic conclusions made in Chapter 2, we designed a new 

photoredox catalyst 3.1, based on copper and a tridentate bis(phosphino)carbazole ligand 

L3.1, that can serve as an electron donor upon irradiation by blue LED or Hg lamps. We 

demonstrated that the new photocatalyst features a highly-reducing excited state that can 

elicit a mesolytic cleavage of an unactivated secondary alkyl bromide. Upon one-electron 

oxidation, 3.1 forms a metastable radical 3.7 which thermally decomposes to the diamagnetic 



 

 

94 

cation 3.8 via a formal hydrogen atom transfer. The decomposition product 3.8 can be 

recycled to give the starting material 3.1 under cross-coupling conditions. We also articulated 

that 3.1 can catalyze the CïN coupling reaction between t-butyl carbamate and 2-bromo-4-

phenylbutane. The design embodied in complex 3.1 is crucial in eliciting the observed 

photochemical transformation, as copper, bis(phosphino)carbazole, and light are all required 

for the formation of CïN bonds. The methodological development of this carbamate 

alkylation using complex 3.1 or ligand L3.1 is discussed in detail in Chapter 4.  
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3.4. Experimental section 

3.4.1. General information 

Unless otherwise noted, materials were either purchased from commercial suppliers 

and used as received, or prepared via literature procedures. L3.1 was synthesized according 

to a literature procedure15 and recrystallized from a cold, saturated solution in Et2O/CH3CN 

for use in photoinduced cross-couplings. L3.216 and L3.817 were prepared following reported 

procedures. Solvents were deoxygenated and dried by thoroughly sparging with argon, 

followed by passage through an activated column in a solvent purification system. 

All manipulations of airȤsensitive materials were carried out in oven-dried glassware 

using standard Schlenk, or glovebox techniques, under an N2 atmosphere. Silicycle 

SiliaFlash® P60 silica gel (particle size 40ï63 ɛm) was used for flash chromatography.  

Analytical thin layer chromatography was conducted with glass TLC plates (silica gel 60 

F254), and spots were visualized under UV light or after treatment with standard TLC stains. 

X-band EPR measurements were made with a Bruker EMX spectrometer at 77 K. 

Simulation of EPR data was conducted using the software EasySpin.18 

IR measurements were recorded on a Bruker ALPHA Diamond ATR or using a 

Perkin Elmer Paragon 1000 spectrometer using thin films deposited on KBr plates. 

1H, 13C, and 31P NMR spectra were recorded on a Bruker Ascend 400 MHz, a Varian 

300 MHz, a Varian 400 MHz, a Varian 500 MHz, or a Varian 600 MHz spectrometer with 

CHCl3 (
1H, ŭ = 7.26) and CDCl3 (

13C, ŭ = 77.0) as internal references and with 85% H3PO4 
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(31P) as an external reference. Multiplicity and qualifier abbreviations are as follows: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, app = apparent).  GC 

analyses were carried out on an Agilent 6890 Series system with an HP-5 column (length 30 

m, I.D. 0.25 mm). 

X-ray crystallography studies were carried out at the Beckman Institute 

Crystallography Facility either Bruker Kappa Apex II diffractometer or a Bruker D8 Venture 

kappa duo photon 100 CMOS instrument (Mo KŬ radiation). Structures were solved using 

SHELXT and refined against F2 by full-matrix least squares with SHELXL and OLEX2.  

Hydrogen atoms were added at calculated positions and refined using a riding model.  The 

crystals were mounted on a glass fiber or a nylon loop with Paratone N oil. 

Steady-state fluorimetry was performed in the Beckman Institute Laser Resource 

Center (BILRC; California Institute of Technology).  Steady-state emission spectra were 

collected on a Jobin S4 Yvon Spec Fluorolog-3-11 with a Hamamatsu R928P 

photomultiplier tube detector with photon counting.  Absorbance spectra were acquired on a 

Cary 50 UV-Vis spectrophotometer with a Unisoku Scientific Instruments cryostat to 

maintain temperature. 

Measurements of the excited-state lifetimes were conducted in BILRC. A Q-

switched Nd:YAG laser (SpectraPhysics Quanta-Ray PRO-Series; 355 nm) was used as the 

source of the excitation pulse Transmitted light from the sample was detected with a 

photomultiplier tube (Hamamatsu R928). All instruments and electronics in these systems 

were controlled by software written in LabVIEW (National Instruments). 
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Electrochemical measurements were carried out in a thick-walled one-component 

electrochemical cell fitted with a Teflon stopcock and tungsten leads protruding from the top 

of the apparatus in a nitrogen-filled glovebox. A CH Instruments 600B electrochemical 

analyzer or a CHS-3600B potentiostat was used for data collection. A freshly-polished glassy 

carbon electrode was used as the working electrode, and platinum wire was used as the 

auxiliary electrode. Solutions (THF) of electrolyte (0.1 M tetra-n-butylammonium 

hexafluorophosphate) contained ferrocene (~1 mM, post measurement), to serve as an 

internal reference, and analyte (~1 mM). 

Mass spectral data were collected on a Thermo LCQ or LTQ ion trap mass 

spectrometer, or on an Agilent 5973 mass spectrometer. 

Photolytic reactions were performed using 34 W Kessil H150 Blue LED lamps, a 

100 W Blak-Ray Long Wave Ultraviolet Lamp (Hg), or a 100-W Blak-Ray B-100Y High 

Intensity Inspection Lamp (Hg). If required, the temperature was maintained with an 

isopropanol bath cooled by an SP Scientific cryostat. 

Elemental analyses were performed by Midwest Microlab (Indianapolis, IN). 
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3.4.2. Preparation of ligands 

General procedure for the preparation of ligands  

 

Procedures have been adapted from literature protocols.15 To a suspension of 1,8-

bis(bromomethyl)-3,6-di-t-butylcarbazole16 (1 equiv) in CH2Cl2, a solution of secondary 

phosphine (2 equiv) in CH2Cl2 was added dropwise. The resulting clear solution was stirred 

at room temperature for at least 4 h. Then, volatiles were removed in vacuo, and the resulting 

residue was washed with n-pentane before it was re-suspended in CH2Cl2. After excess NEt3 

(1 mL) was added, the solution was stirred for another 30 min. Next, volatiles were removed 

in vacuo, and the resulting mixture was extracted in Et2O and filtered. The filtrate was 

concentrated in vacuo to yield spectroscopically pure target compounds, which can be 

recrystallized in cold Et2O/CH3CN mixture to remove colored impurities.  
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Preparation of PNP-tBu (L3.3) 

 

Following the general procedure, L3.3 can be prepared from the reaction of 1,8-

bis(bromomethyl)-3,6-di-t-butylcarbazole (604 mg, 1.30 mmol) and di-t-butylphosphine 

(396 mg, 2.71 mmol) in 57% yield (440 mg) as colorless solid. Spectral data matched those 

reported in the literature.19 

Preparation of PNP-iBu (L3.4) 

 

Following the general procedure, L3.4 can be prepared from the reaction of 1,8-

bis(bromomethyl)-3,6-di-t-butylcarbazole (465 mg, 1.00 mmol) and di-i-butylphosphine 

(292 mg, 2.00 mmol) in 67% yield (410 mg) as colorless solid.  

1H NMR (400 MHz, C6D6) ŭ 9.18 (s, 1H), 8.17 (s, 2H), 7.37 (s, 2H), 2.99 (s, 4H), 1.64ï1.57 

(m, 4H), 1.49 (s, 18H), 1.41ï1.36 (m, 4H), 1.33ï1.26 (m, 4H), 0.97ï0.92 (m, 24H). 

31P NMR (162 MHz, C6D6) ŭ ï42.8. 
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Preparation of PNP-Et (L3.5) 

 

Following the general procedure, L3.5 can be prepared from the reaction of 1,8-

bis(bromomethyl)-3,6-di-t-butylcarbazole (465 mg, 1.00 mmol) and diethylphosphine (198 

mg, 2.20 mmol) in 95% yield (460 mg) as colorless solid.  

1H NMR (400 MHz, C6D6) ŭ 9.13 (s, 1H), 8.21 (s, 2H), 7.38 (s, 2H), 2.97 (s, 4H), 1.48 (s, 

18H), 1.29 (q, J = 7.7 Hz, 8H), 0.95 (dt, J = 7.7 Hz, 12H). 

31P NMR (162 MHz, C6D6) ŭ ï24.3. 

Preparation of PNP-PMP (L3.6) 

 

Following the general procedure, L3.6 can be prepared from the reaction of 1,8-

bis(bromomethyl)-3,6-di-t-butylcarbazole (465 mg, 1.00 mmol) and 2,2,3,4,4-

pentamethylphosphetane20 (290 mg, 2.01 mmol) in 20% yield (120 mg) as colorless solid.  

1H NMR (400 MHz, C6D6) ŭ 9.30 (s, 1H), 8.16 (s, 2H), 7.53 (s, 2H), 3.28 (s, 4H), 2.24ï2.17 

(m, 2H), 1.48 (s, 18H), 1.23ï1.17 (m, 24H), 0.70 (s, 3H), 0.67 (s, 3H). 
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31P NMR (162 MHz, C6D6) ŭ 22.2. 

Preparation of SNS-Ar (L3.7)  

 

A 4 mL vial was charged with sodium 4-(t-butyl)-benzenethiolate21 (38 mg, 0.20 

mmol), 1,8-bis(bromomethyl)-3,6-di-t-butylcarbazole (47 mg, 0.10 mmol), and a magnetic 

stir bar. Then, 1 mL of THF was added, and the mixture was allowed to stir at room 

temperature overnight. The reaction was quenched by the addition of 1 mL of saturated 

NaHCO3(aq), and the mixture was extracted with EtOAc (5 mL). The organic layer was 

collected, concentrated in vacuo, and purified by column chromatography (10% EtOAc in 

hexanes) to give the title compound (L3.7) as white solid in 47% yield (30 mg).  

1H NMR (300 MHz, CDCl3) ŭ 8.67 (s, 1H), 7.92 (d, J = 1.6 Hz, 2H), 7.23 (br, 8H), 7.07 (d, 

J = 1.7 Hz, 2H), 4.38 (s, 4H), 1.34 (s, 18H), 1.26 (s, 18H).  

13C NMR (101 MHz, CDCl3) ŭ 150.4, 142.3, 137.3, 131.8, 126.3, 126.0, 124.8, 124.2, 119.2, 

115.6, 38.0, 34.7, 34.6, 32.1, 31.4. 

FT-IR (film): 2956, 2873, 2817, 1491, 1455, 1193, 1027, 849 cmï1. 

MS (ESI) m/z (M)+ calcd for C42H53NS2: 635.4, found: 635.4. 
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Preparation of ONO-Ar  (L3.9) 

 

A 4 mL vial was charged with lithium 4-(t-butyl)-phenolate22 (32 mg, 0.20 mmol), 

1,8-bis(bromomethyl)-3,6-di-t-butylcarbazole (47 mg, 0.10 mmol), and a magnetic stir bar. 

Then, 1 mL of THF was added, and the mixture was allowed to stir at room temperature 

overnight. The reaction was quenched by the addition of 1 mL of saturated NaHCO3(aq), and 

the mixture was extracted with EtOAc (5 mL). The organic layer was collected, concentrated 

in vacuo, and purified by column chromatography (5Ÿ10% Et2O in hexanes) to give the title 

compound (L3.9) as off white solid in 66% yield (40 mg).  

1H NMR (300 MHz, CDCl3) ŭ 9.46 (s, 1H), 8.28 (d, J = 1.6 Hz, 2H), 7.36ï7.35 (m, 3H), 

7.19 (s, 2H), 7.03ï6.97 (m, 4H), 6.96 (br, 1H), 5.14 (s, 4H), 1.45 (s, 18H), 1.24 (s, 18H). 

13C NMR (101 MHz, CDCl3) ŭ 156.4, 144.0, 142.2, 137.3, 126.4, 124.0, 122.8, 119.0, 116.4, 

114.6, 70.1, 34.7, 34.3, 32.2, 31.7. 

FT-IR (film): 3466, 2954, 2869, 1512, 1363, 1108, 1004, 828 cmï1. 

MS (ESI) m/z (M+Na)+ calcd for C42H53NO2Na: 626.4, found: 626.4. 
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3.4.3. Preparation of copper complexes 

General procedure for the preparation of copper complexes (CuPNP) 

 

To a 20 mL scintillation vial, bis(phosphino)carbazole (1 equiv), CuCl (1 equiv), 

LiOt-Bu (1 equiv), a magnetic stir bar, and dry, degassed benzene were added. The mixture 

was vigorously stirred overnight at room temperature. Next, the mixture was filtered through 

a pad of Celite, and the filtrate was concentrated in vacuo. The 1H NMR spectrum of the 

residue showed the clean formation of the target compound, which can be further purified by 

recrystallization from a mixture of benzene/n-hexanes, Et2O or CH3CN at ï35 °C to afford 

colorless crystals of copper complexes. 

CuPNP-iPr (3.1) 

 

Following the general procedure, 3,6-di-tert-butyl-1,8-bis((di-i-

propylphosphanyl)methyl)-9H-carbazole (L3.1) (310 mg, 0.57 mmol, 1.0 equiv), CuCl (55 

mg, 0.56 mmol, 1.0 equiv), LiOt-Bu (48 mg, 0.60 mmol, 1.0 equiv), were used to give 
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colorless crystals of the target complex after recrystallization in a mixture of benzene/n-

hexanes at ï35 °C (260 mg, 76% yield). Crystals suitable for single-crystal X-ray diffraction 

were grown by slow evaporation of a concentrated sample in Et2O at room temperature. 

1H NMR (400 MHz, C6D6) ŭ 8.49 (s, 2H), 7.39 (s, 2H), 3.19 (s, 4H), 1.65 (s, 18H), 1.63ï

1.57 (m, 4H), 0.89 (dq, J = 26.9, 7.1 Hz, 24H). 

13C NMR (101 MHz, C6D6) ŭ 148.0, 137.5, 125.5, 123.1, 119.8, 115.7, 34.8, 32.8, 26.4 (t, J 

= 8.8 Hz, 23.1 (t, J = 7.4 Hz), 19.7 (t, J = 3.8 Hz), 18.8 (t, J = 2.0 Hz). 

31P NMR (162 MHz, C6D6) ŭ 21.8. 

Anal. Calcd for C34H54CuNP2: C, 67.80; H, 9.04; N, 2.33. Found: C, 68.16; H, 9.38; N, 2.22. 

CuPNP-Ph (3.2) 

 

Mesitylcopper (18.3 mg, 0.100 mmol, 1 equiv), and L3.2 (67.6 mg, 0.100 mmol, 1 

equiv) was added to a 20 mL vial containing a magnetic stir bar. Benzene (4 mL) was then 

added, and the solution was allowed to stir overnight. The resulting precipitate was collected 

and washed with benzene (3 × 1 mL) to afford the target complex (55 mg, 74%). Crystals 

suitable for single-crystal X-ray diffraction were grown by vapor diffusion of pentane into a 

concentrated sample in benzene at room temperature. 
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1H NMR (500 MHz, CD2Cl2) ŭ 7.95 (s, 2H), 7.61 (br, 8H), 7.35ï7.39 (m, 12H), 7.19 (s, 2H), 

3.97 (s, 4H), 1.39 (s, 18H). 

31P NMR (202 MHz, CD2Cl2) ŭ ï0.7. 

CuPNP-tBu (3.3) 

 

Following the general procedure, L3.3 (60 mg, 0.10 mmol, 1 equiv), CuCl (9.9 mg, 

0.10 mmol, 1 equiv), LiOt-Bu (9.0 mg, 0.11 mmol, 1.1 equiv), were used to give colorless 

crystals of the target complex (57 mg, 87% yield). Crystals suitable for single-crystal X-ray 

diffraction were grown by slow evaporation of a concentrated sample in Et2O at room 

temperature. 

1H NMR (400 MHz, C6D6) ŭ 8.47 (s, 2H), 7.44 (s, 2H), 3.36 (s, 4H), 1.65 (s, 18H), 1.06ï

1.03 (m, 36H). 

31P NMR (162 MHz, C6D6) ŭ 38.3. 
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CuPNP-iBu (3.4) 

 

Following the general procedure, L3.4 (12 mg, 0.020 mmol, 1 equiv), CuCl (2 mg, 

0.020 mmol, 1 equiv), LiOt-Bu (4.0 mg, 0.050 mmol, 2.5 equiv), were used to give colorless 

crystals of the target complex (12 mg, 91% yield). Crystals suitable for single-crystal X-ray 

diffraction were grown by vapor diffusion of pentane into a concentrated sample in THF at 

room temperature. 

1H NMR (400 MHz, C6D6) ŭ 8.49 (s, 2H), 7.36 (s, 2H), 3.13 (s, 4H), 1.64 (s, 18H), 1.62ï

1.50 (m, 4H), 1.38ï1.30 (m, 8H), 0.83 (d, J = 6.6 Hz, 12H) 0.83 (d, J = 6.6 Hz, 12H). 

31P NMR (162 MHz, C6D6) ŭ ï19.5. 

CuPNP-Et (3.5) 

 

Following the general procedure, L3.5 (330 mg, 0.68 mmol, 1 equiv), CuCl (6.7 mg, 

0.68 mmol, 1 equiv), LiOt-Bu (8.5 mg, 0.11 mmol, 1.6 equiv), were used to give colorless 

crystals of the target complex after recrystallization in a mixture of benzene/n-hexanes at ï
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35 °C (150 mg, 40% yield). Crystals suitable for single-crystal X-ray diffraction were grown 

from a saturated solution in CH3CN at ï35 °C. 

1H NMR (400 MHz, C6D6) ŭ 8.46 (s, 2H), 7.32 (s, 2H), 3.12 (s, 4H), 1.64 (s, 18H), 1.21 (s, 

8H), 0.82 (s, 12H). 

31P NMR (121 MHz, C6D6) ŭ ï2.08. 

CuPNP-PMP (3.6) 

 

Following the general procedure, L3.6 (12 mg, 0.020 mmol, 1 equiv), CuCl (2.0 mg, 

0.020 mmol, 1 equiv), LiOt-Bu (1.6 mg, 0.20 mmol, 1 equiv), were used to give the target 

product (10 mg, 76% yield). Crystals suitable for single-crystal X-ray diffraction were grown 

by slow evaporation of a concentrated sample in Et2O at room temperature. 

1H NMR (300 MHz, C6D6) ŭ 8.36 (s, 2H), 7.42 (s, 2H), 3.52 (s, 4H), 2.22 (q, J = 6.7 Hz, 

2H), 1.64 (s, 18H), 1.16ï1.06 (m, 24H), 0.64 (d, J = 7.2 Hz, 6H). 

31P NMR (121 MHz, C6D6) ŭ 41.7. 
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[CuPNHP][PF6] (3.8-PF6) 

 

To a 20 mL scintillation vial, L3.1 (110 mg, 0.2 mmol, 1 equiv) and 

[Cu(CH3CN)4][PF6] (74 mg, 0.2 mmol, 1 equiv) were added. A magnetic stir bar and 5 mL 

of THF were then added, and the mixture was vigorously stirred at room temperature 

overnight. The solution was concentrated to dryness in vacuo and the residue was washed 

with n-hexane to give white solid (110 mg, 73% yield). Crystals suitable for single crystal 

X-ray diffraction were grown by vapor diffusion of pentane into a concentrated sample in 

THF at room temperature.  

1H NMR (400 MHz, CD3CN) ŭ 8.31 (s, 1H), 8.04 (s, 2H), 7.45 (s, 2H), 3.66ï2.96 (m, 4H), 

1.90 (br, 4H), 1.43 (s, 18H), 1.29ï1.07 (m, 24H). 

13C NMR (101 MHz, CD3CN) ŭ 147.1, 139.9, 128.4, 126.1, 122.8, 116.2, 32.0, 27.1, 23.6, 

20.0, 19.2. 

31P NMR (162 MHz, CD3CN) ŭ 14.1, ï144.6 (p).  

Anal. Calcd for C34H55CuF6NP3ǒC4H8O: C, 55.63; H, 7.74; N, 1.71. Found: C, 55.53; H, 

7.63; N, 1.69.  
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[CuPNP][BAr F
24][Hexane] (3.7-BAr F

24) 

 

To a 4 mL vial, 3.1 (12.8 mg, 0.020 mmol, 1 equiv), [Fc][BArF
24] (20 mg, 0.019 

mmol, 1 equiv), and a magnetic stir bar was added. Then, the vial was cooled to ï78 °C, and 

pre-chilled CH2Cl2 was added to the vial. The resulting dark mixture was allowed to stir for 

30 min, and the volatiles were removed in vacuo at ï78 °C. Pre-chilled Et2O was added to 

the vial, and the solution was filtered into a new, pre-chilled 4 mL vial. The filtrate was 

allowed to stand at ï35 °C overnight, resulting in an oily residue that contained single crystals 

of 3.7- BAr F
24.  

3.4.4. Photoproperties of complexes 

Determination of the lifetime of 3.1* 

A 1 mg/mL solution was prepared by dissolving 3 mg of 3.1 in 3 mL THF. This 

solution was then diluted 50-fold, and the diluted solution as transferred to a quartz cuvette. 

The cuvette was sealed, and the luminescence decays upon 355 nm excitation were measured 

at various wavelengths. The data are summarized below.  
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Table 3.1. Luminescence lifetimes of 3.1 at various emission wavelengths in THF 

Entry Emission wavelength Lifetime Average lifetime 

    

1 427 nm 7.87 ns 

8.12 ns 

2 432 nm 7.92 ns 

3 455 nm 8.39 ns 

4 405 nm 8.25 ns 

5 415 nm 8.08 ns 

 

Figure 3.9. Representative fitting of the luminescence decay of copper complex 3.1 at 427 

nm. 

Quenching of 3.1* by an alkyl bromide 

Measured amounts of 2-bromo-4-phenylbutane were added via Hamilton sample 

locked syringe to a solution of 3.1 in 4 mL THF in a quartz cuvette equipped with a PTFE-
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septum cap. Emission spectra were collected at various wavelengths at each concentration of 

2-bromo-4-phenylbutane. A representative figure is shown below.  

 

Figure 3.10. The emission spectra of a solution of copper complex 3.1 in THF upon 

irradiation at 380 nm in the presence of varying amounts of 2-bromo-4-phenylbutane.  
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Figure 3.11. UV-vis spectra in THF of L3.1 and its derivatives. 

 

Figure 3.12. Emission spectra in THF of L3.1 and its derivatives (excitation at 300 nm).   
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3.4.5. EPR spectroscopy 

Oxidation of 3.1 using FcAcBF4 

 

In two separate vials, solutions of 3.1 (4.8 mg, 0.080 mmol, 1 equiv) in 1 mL THF 

and acetylferrocenium tetrafluoroborate (2.4 mg, 0.076 mmol, 1 equiv) in 1 mL THF were 

prepared at ï78 °C. The solution of 3.1 was then added dropwise to the solution of 

acetylferrocenium tetrafluoroborate, and the resulting purple mixture was stirred at ï78 °C 

for 2 h, yielding a dark purple mixture. The EPR spectrum of this mixture is provided below. 

The prolonged storage of the resulting mixture at ï35 °C gives twinned crystals of 3.8-BF4. 

 

Figure 3.13. X-band EPR spectra of the oxidation product of 3.1 (9.4 MHz, 77 K, THF/2-

MeTHF, g = 2.007).  
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3.4.6. DFT calculations 

Geometry optimizations, single-point calculations, frequency calculations, and time-

dependent calculations were performed using the Gaussian 09 (Rev B.01) suite of programs 

with the B3LYP functional and the 6-31G* basis set for all atoms.23 Frequency calculations 

were performed on optimized geometries to ensure true minima. 

 

Figure 3.14. DFT-generated frontier molecular orbitals (MO = 160, MO = 161, MO = 162, 

MO = 163, MO = 164, MO = 165) of copper complex 3.1.  

 

Figure 3.15. HOMO (MO = 162), HOMO-1 (MO = 161), and HOMO-2 (MO = 162) of 

copper complex 3.1 (H atoms are omitted for clarity).  
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Figure 3.16. LUMO (MO = 163), LUMO+1 (MO = 164), and LUMO+2 (MO = 165) of 

copper complex 3.1 (H atoms are omitted for clarity). 

 

Figure 3.17. TD-DFT results: Orbital compositions of the calculated singlet excitations 

(first three) of copper complex 3.1. Transitions of significance are in bold.  
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Figure 3.18. Calculated absorption spectrum of copper complex 3.1. 

3.4.7. General procedure for the photoinduced alkylations 

 

Figure 3.19. A typical irradiation setup at room temperature. Shown are three 34-watt blue 

LED lamps, a reflective Dewar, and a table fan.  
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A standard reaction mixture was prepared in an 8 mL vial, using either CuBr (10 mg, 

0.070 mmol) and L3.1 (3.8 mg, 0.0070 mmol), or 3.1 (4.2 mg, 0.0070 mmol). Then, LiOt-

Bu (168 mg, 2.1 mmol), and t-butylcarbmate (246 mg, 2.1 mmol), were added to the vial, 

followed by 2-bromo-4-pheny(149 mg, 0.70 mmol) and DME (8 mL). Next, the vial was 

capped, and the reaction vial and a magnetic stir bar were submerged in a low-form 

hemispherical Dewar flask filled with water in a well-ventilated fume hood. Three 34-watt 

blue LED lamps were placed 3 inches from the vial (as close to the vial as possible, without 

the lamps being in contact with water), and the vial was irradiated for 16 h. The temperature 

of the water bath was maintained below 30 °C with a table fan. A typical setup is shown 

above. After irradiation, a 20 mL vial was charged with a measured quantity of an internal 

standard (n-dodecane). The unpurified reaction mixture was then added to the 20 mL vial 

that contained the internal standard, ensuring quantitative transfer through EtOAc rinses (2 

mL × 3). An aliquot was filtered through a pad of silica gel (eluting with EtOAc) into a GC 

vial, and the sample was subjected to GC analysis. 
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3.4.8. X-ray crystallographic data  

CuPNP-iPr (3.1) 

 

Table 3.2. Crystal data and structure refinement for 3.1. 

Identification code 3.1 

Empirical formula C34H54NP2Cu 

Formula weight 602.26 

Temperature/K 100.05 

Crystal system orthorhombic 

Space group Pbca 

a/Å 12.4490(9) 

b/Å 22.9148(14) 

c/Å 23.1633(14) 

Ŭ/Á 90 

ɓ/Á 90 

ɔ/Á 90 

Volume/Å3 6607.7(7) 

Z 8 

ɟcalcg/cm3 1.211 

ɛ/mm-1 0.780 

F(000) 2592.0 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 3.516 to 66.098 

Index ranges -18 Ò h Ò 18, -34 Ò k Ò 32, -28 Ò l Ò 35 

Reflections collected 103697 

Independent reflections 11695 [Rint = 0.0580, Rsigma = 0.0339] 

Data/restraints/parameters 11695/0/357 

Goodness-of-fit on F2 1.060 

Final R indexes [I>=2ů (I)] R1 = 0.0403, wR2 = 0.1284 

Final R indexes [all data] R1 = 0.0550, wR2 = 0.1405 

Largest diff. peak/hole / e Å-3 0.76/-0.69 
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Table 3.3. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 3.1. Ueq is defined as 1/3 of the trace of the orthogonalized UIJ 

tensor. 

Atom x y z U(eq) Atom x y z U(eq) 

Cu1 8134.6(2)  3559.3(2)  294.2(2)  12.50(6)  C41 8868.4(14)  5047.2(7)  731.1(7)  24.2(3)  

P2 9428.5(3)  2905.6(2)  196.9(2)  12.76(8)  C38 3031.9(13)  4020.1(9)  2166.4(8)  27.9(4)  

P3 7233.1(3)  4381.6(2)  205.0(2)  12.32(8)  C42 7096.8(14)  5565.1(6)  568.9(8)  22.6(3)  

N1 7194.9(10)  3150.1(5)  848.7(5)  12.0(2)  C8 7105.8(11)  2686.3(5)  1741.8(6)  12.4(2)  

C24 8167.6(11)  1844.6(6)  2003.2(6)  13.5(2)  C45 8062.8(13)  4880.5(7)  - 786.5(7)  21.4(3)  

C26 6469.4(11)  3440.0(5)  1200.3(6)  12.2(2)  C34 8286.5(16)  764.8(7)  2175.6(8)  29.7(4)  

C31 8745.3(12)  2222.8(5)  412.9(6)  14.4(2)  C40 7644.0(12)  4981.0(6)  696.4(6)  15.9(3)  

C27 6373.7(11)  3171.5(5)  1751.1(6)  12.1(2)  C36 4142.2(12)  4096.6(6)  2444.6(6)  17.0(3)  

C28 5640.2(11)  3383.1(6)  2160.4(6)  13.9(2)  C13 5134.5(11)  4132.7(6)  1483.1(6)  14.7(2)  

C32 8554.5(13)  1372.6(6)  2423.7(7)  17.2(3)  C35 9771.1(14)  1422.5(7)  2509.7(8)  24.8(3)  

C25 7408.6(11)  2263.1(6)  2148.7(6)  14.0(2)  C47 9257.9(14)  2432.7(8)  - 898.3(7)  25.5(3)  

C23 8594.2(11)  1850.1(5)  1436.6(6)  13.6(2)  C48 10490.3(15)  3291.1(7)  - 785.3(7)  25.7(3)  

C11 10482.9(12)  2957.7(6)  755.7(6)  16.9(3)  C46 10065.3(13)  2732.3(6)  - 500.8(6)  17.8(3)  

C22 8308.5(11)  2256.0(5)  1019.2(6)  12.5(2)  C43 6987.5(12)  4709.0(6)  - 511.9(6)  15.9(3)  

C29 5004.9(11)  3863.9(6)  2031.1(6)  14.0(2)  C44 6380.7(14)  4278.4(7)  - 901.0(6)  22.4(3)  

C30 5871.9(11)  4205.1(6)  467.6(6)  15.5(3)  C1 11159.6(15)  3512.0(7)  698.6(8)  26.9(3)  

C21 7570.0(11)  2691.8(5)  1183.7(6)  11.8(2)  C33 8014.0(15)  1427.5(8)  3013.6(8)  28.0(4)  

C20 11192.1(14)  2416.0(7)  810.9(7)  24.6(3)  C39 4340.0(15)  4747.5(7)  2573.0(8)  27.3(4)  

C37 4144.0(13)  3773.9(6)  3023.3(7)  20.2(3)  C4 5839.5(11)  3932.0(5)  1061.9(6)  13.1(2)  

 

Table 3.4. Anisotropic Displacement Parameters (Å2×103) for 3.1. The anisotropic 

displacement factor exponent takes the form: -2ˊ2[h2a*2U11+2hka*b*U12+é]. 

Atom U11 U22 U33 U23 U13 U12 Atom U11 U22 U33 U23 U13 U12 

Cu1 14.75(10)  8.87(9)  13.88(10)  1.67(5)  2.58(6)  1.81(5)  C33 30.2(9)  34.8(9)  19.0(8)  14.7(6)  3.5(6)  8.0(7)  

P2 15.32(17)  9.46(15)  13.52(17)  0.79(11)  2.63(12)  1.57(11)  C39 40.6(10)  15.6(6)  25.7(8)  - 0.7(6)  14.3(7)  4.6(6)  

P3 15.15(18)  9.33(14)  12.48(16)  2.07(11)  2.14(12)  1.58(12)  C4 13.8(6)  11.0(5)  14.5(6)  1.8(4)  1.3(5)  - 0.5(4)  

N1 14.5(5)  8.5(4)  13.0(5)  0.9(4)  1.2(4)  0.4(4)  C41 24.0(8)  20.8(7)  28.0(8)  0.0(6)  - 2.7(6)  - 1.6(6)  

C24 15.7(6)  9.4(5)  15.4(6)  2.4(4)  - 0.9(5)  - 0.7(4)  C38 17.3(8)  41.2(10)  25.2(8)  5.4(7)  4.2(6)  3.5(6)  

C26 13.7(6)  10.1(5)  12.9(6)  - 0.2(4)  0.2(5)  - 0.5(4)  C42 27.4(8)  13.9(6)  26.4(8)  - 3.6(5)  3.6(6)  3.9(5)  

C31 19.4(7)  8.6(5)  15.1(6)  - 0.9(4)  2.2(5)  0.5(4)  C8 13.7(6)  10.3(5)  13.2(6)  0.6(4)  0.4(5)  - 0.7(4)  

C27 13.3(6)  9.8(5)  13.2(6)  1.0(4)  - 0.1(5)  - 1.1(4)  C45 29.9(8)  17.5(6)  16.8(7)  4.0(5)  5.7(6)  - 2.1(5)  

C28 15.6(6)  12.7(5)  13.3(6)  0.9(5)  1.8(5)  - 0.9(4)  C34 41.6(10)  12.8(6)  34.9(10)  8.0(6)  - 10.4(8)  - 3.2(6)  

C32 18.9(7)  14.0(5)  18.6(7)  5.0(5)  - 0.7(5)  1.0(5)  C40 19.3(7)  13.5(5)  15.1(6)  - 0.7(5)  2.4(5)  - 1.0(5)  

C25 15.9(6)  12.3(5)  13.9(6)  2.0(4)  - 0.1(5)  - 1.3(4)  C36 17.3(6)  16.1(6)  17.7(7)  2.0(5)  5.6(5)  2.8(5)  

C23 15.8(6)  8.5(5)  16.6(6)  - 0.4(4)  0.1(5)  - 0.4(4)  C13 14.9(6)  12.6(5)  16.5(6)  1.6(5)  2.3(5)  1.4(4)  

C11 17.0(7)  15.9(6)  17.8(7)  0.1(5)  0.0(5)  - 1.2(5)  C35 20.0(8)  28.4(8)  26.0(8)  5.9(6)  - 4.2(6)  2.6(6)  

C22 15.4(6)  8.4(5)  13.7(6)  - 0.8(4)  0.8(5)  - 1.6(4)  C47 27.3(8)  33.2(8)  16.1(7)  - 3.9(6)  3.3(6)  2.3(6)  

C29 15.1(6)  12.5(5)  14.4(6)  0.1(4)  2.8(5)  - 0.6(4)  C48 31.0(9)  23.9(7)  22.1(8)  5.7(6)  10.6(6)  1.7(6)  

C30 16.3(6)  14.5(6)  15.7(6)  4.0(5)  0.5(5)  1.3(5)  C46 21.7(7)  16.5(6)  15.2(7)  2.1(5)  5.2(5)  5.2(5)  

C21 13.8(6)  8.5(5)  13.1(6)  0.5(4)  - 0.1(4)  - 1.2(4)  C43 21.7(7)  12.6(5)  13.3(6)  2.6(5)  1.8(5)  3.4(5)  

C20 19.3(7)  24.4(7)  30.1(9)  4.4(6)  - 2.3(6)  4.0(6)  C44 27.7(8)  24.3(7)  15.3(7)  - 0.9(6)  - 0.1(6)  - 1.0(6)  

C37 22.7(7)  20.2(6)  17.7(7)  1.9(5)  5.9(6)  1.8(5)  C1 25.1(8)  21.7(7)  33.8(9)  0.8(6)  - 2.5(7)  - 7.7(6)  
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Table 3.5. Bond Lengths for 3.1. 

Atom Atom Length/Å Atom Atom Length/Å 

Cu1 P2 2.2112(4)  C32 C34 1.543(2)  

Cu1 P3 2.2029(4)  C32 C35 1.532(2)  

Cu1 N1 1.9741(11)  C25 C8 1.4039(18)  

P2 C31 1.8497(14)  C23 C22 1.3878(18)  

P2 C11 1.8474(15)  C11 C20 1.529(2)  

P2 C46 1.8434(15)  C11 C1 1.530(2)  

P3 C30 1.8452(15)  C22 C21 1.4097(18)  

P3 C40 1.8557(14)  C29 C36 1.5347(19)  

P3 C43 1.8477(15)  C29 C13 1.4201(19)  

N1 C26 1.3857(17)  C30 C4 1.5127(19)  

N1 C21 1.3868(16)  C21 C8 1.4162(19)  

C24 C32 1.5332(19)  C37 C36 1.531(2)  

C24 C25 1.3878(19)  C39 C36 1.541(2)  

C24 C23 1.4160(19)  C4 C13 1.3906(19)  

C26 C27 1.4214(18)  C41 C40 1.534(2)  

C26 C4 1.4103(18)  C38 C36 1.535(2)  

C31 C22 1.5080(19)  C42 C40 1.530(2)  

C27 C28 1.4028(19)  C45 C43 1.533(2)  

C27 C8 1.4379(18)  C47 C46 1.526(2)  

C28 C29 1.3889(19)  C48 C46 1.534(2)  

C32 C33 1.528(2)  C43 C44 1.535(2)  

 

Table 3.6. Bond Angles for 3.1. 

Atom Atom Atom Angle/ę   Atom Atom Atom Angle/ę 

P3 Cu1 P2 160.224(16)    C22 C23 C24 123.75(12)  

N1 Cu1 P2 100.15(3)    C20 C11 P2 114.61(11)  

N1 Cu1 P3 99.52(3)    C20 C11 C1 111.31(13)  

C31 P2 Cu1 102.15(5)    C1 C11 P2 112.60(11)  

C11 P2 Cu1 113.73(5)    C23 C22 C31 121.50(12)  

C11 P2 C31 101.06(7)    C23 C22 C21 116.98(13)  

C46 P2 Cu1 123.27(5)    C21 C22 C31 121.50(12)  

C46 P2 C31 104.64(6)    C28 C29 C36 122.65(12)  

C46 P2 C11 108.82(7)    C28 C29 C13 118.17(12)  

C30 P3 Cu1 104.45(4)    C13 C29 C36 119.12(12)  

C30 P3 C40 102.31(7)    C4 C30 P3 114.53(10)  

C30 P3 C43 103.49(7)    N1 C21 C22 127.22(12)  

C40 P3 Cu1 115.80(5)    N1 C21 C8 112.35(11)  

C43 P3 Cu1 121.06(5)    C22 C21 C8 120.43(12)  

C43 P3 C40 107.23(7)    C26 C4 C30 121.52(12)  

C26 N1 Cu1 122.75(8)    C13 C4 C26 117.12(12)  

C26 N1 C21 104.69(11)    C13 C4 C30 121.23(12)  
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C21 N1 Cu1 121.61(9)    C25 C8 C27 133.97(13)  

C25 C24 C32 123.17(13)    C25 C8 C21 120.63(12)  

C25 C24 C23 118.31(12)    C21 C8 C27 105.39(11)  

C23 C24 C32 118.52(12)    C41 C40 P3 112.29(10)  

N1 C26 C27 112.01(11)    C42 C40 P3 113.97(11)  

N1 C26 C4 127.73(12)    C42 C40 C41 111.47(12)  

C4 C26 C27 120.23(12)    C29 C36 C39 110.18(12)  

C22 C31 P2 112.03(9)    C29 C36 C38 109.18(13)  

C26 C27 C8 105.55(11)    C37 C36 C29 112.19(12)  

C28 C27 C26 120.77(12)    C37 C36 C39 107.36(13)  

C28 C27 C8 133.63(12)    C37 C36 C38 108.27(13)  

C29 C28 C27 119.94(12)    C38 C36 C39 109.61(14)  

C24 C32 C34 109.40(12)    C4 C13 C29 123.73(12)  

C33 C32 C24 111.81(12)    C47 C46 P2 110.03(11)  

C33 C32 C34 108.19(14)    C47 C46 C48 110.09(13)  

C33 C32 C35 108.24(14)    C48 C46 P2 110.19(10)  

C35 C32 C24 109.91(12)    C45 C43 P3 109.42(10)  

C35 C32 C34 109.25(13)    C45 C43 C44 110.54(12)  

C24 C25 C8 119.80(13)    C44 C43 P3 110.37(10)  

 

CuPNP-Ph[C6H6] (3.2-C6H6)  

 

Table 3.7. Crystal data and structure refinement for 3.2-C6H6. 

Identification code 3.2-C6H6 

Empirical formula C52H52CuNP2 

Formula weight 738.32 

Temperature/K 100.03 

Crystal system triclinic 

Space group P-1 

a/Å 12.5805(4) 

b/Å 13.8221(4) 

c/Å 14.5741(5) 

Ŭ/Á 87.4145(12) 

ɓ/Á 64.6820(11) 

ɔ/Á 67.0504(12) 

Volume/Å3 2086.88(12) 

Z 2 

ɟcalcg/cm3 1.175 

ɛ/mm-1 0.630 

F(000) 776.0 

Radiation MoKŬ (ɚ = 0.71073) 
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2Ū range for data collection/° 4.816 to 72.826 

Index ranges -20 Ò h Ò 20, -23 Ò k Ò 23, -24 Ò l Ò 24 

Reflections collected 144242 

Independent reflections 20296 [Rint = 0.1587, Rsigma = 0.0885] 

Data/restraints/parameters 20296/0/511 

Goodness-of-fit on F2 1.005 

Final R indexes [I>=2ů (I)] R1 = 0.0558, wR2 = 0.1403 

Final R indexes [all data] R1 = 0.0997, wR2 = 0.1639 

Largest diff. peak/hole / e Å-3 0.93/-1.10 

 

Table 3.8. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 3.2-C6H6. Ueq is defined as 1/3 of the trace of the orthogonalized 

UIJ tensor. 

Atom x y z U(eq) Atom x y z U(eq) 

Cu1 7186.1(2)  6763.1(2)  3755.9(2)  8.38(5)  C32 12918.3(15)  6006.1(13)  1969.3(13)  14.2(3)  

P2 6168.9(4)  6550.3(3)  2915.6(3)  8.06(7)  C19 6576.2(17)  7978.3(15)  9137.1(13)  17.7(3)  

P3 8525.7(4)  7203.3(3)  4066.6(3)  7.18(7)  C24 6899.8(15)  9336.6(13)  4339.8(13)  13.6(3)  

N1 6116.3(12)  6565.7(10)  5137.3(10)  8.0(2)  C36 5226.4(18)  8706.8(13)  2781.0(14)  17.5(3)  

C20 4899.4(13)  6596.1(11)  5437.1(11)  7.1(2)  C40 3880.0(17)  7860.6(13)  2781.7(13)  16.5(3)  

C1 6093.8(14)  6916.7(11)  6024.4(11)  7.9(2)  C31 12464.0(15)  5398.2(13)  2692.3(13)  15.3(3)  

C22 8437.4(14)  6678.5(12)  5275.5(11)  8.4(2)  C13 231.4(16)  7245.6(16)  7995.9(14)  18.8(3)  

C4 5647.0(14)  7595.2(12)  8011.6(11)  9.0(2)  C26 7311.6(17)  10810.0(13)  4678.1(13)  16.1(3)  

C11 4409.6(14)  6306.9(11)  4828.6(11)  7.6(2)  C45 7419.3(19)  4427.9(15)  387.5(13)  19.6(3)  

C23 8040.2(14)  8621.1(12)  4351.2(11)  9.8(3)  C15 866.8(17)  5865.7(13)  6605.3(15)  18.1(3)  

C2 7096.2(14)  7020.2(11)  6149.0(11)  8.1(2)  C25 6537.3(16)  10423.3(13)  4502.9(14)  16.7(3)  

C10 3144.0(14)  6414.7(11)  5316.8(12)  8.6(2)  C18 4249.8(18)  8963.0(15)  9607.4(14)  21.4(4)  

C8 2828.4(14)  7051.4(11)  6969.3(12)  9.4(2)  C44 8351.9(18)  4698.1(15)  - 364.7(13)  19.2(3)  

C3 6838.3(14)  7362.1(12)  7140.8(11)  9.0(2)  C43 8616.8(17)  5507.7(15)  - 120.4(13)  19.2(3)  

C21 5230.4(14)  5832.8(11)  3713.2(11)  9.0(2)  C39 3009.9(19)  8828.9(15)  2718.6(15)  22.9(4)  

C6 4878.6(14)  7164.4(12)  6891.2(11)  8.8(2)  C38 3241(2)  9732.1(15)  2694.6(15)  25.5(4)  

C5 4666.3(14)  7493.4(12)  7867.6(11)  9.4(2)  C37 4349(2)  9672.3(14)  2722.6(15)  25.0(4)  

C12 929.0(14)  6914.8(12)  6834.0(12)  11.1(3)  C51 8973(2)  95.1(16)  1829.2(17)  31.1(5)  

C29 10263.4(14)  6715.9(11)  3261.3(11)  8.9(2)  C52 10267(2)  - 422.1(18)  1175.8(18)  31.5(5)  

C7 4097.9(14)  6958.6(11)  6502.9(11)  8.4(2)  C47 10700(2)  - 1280.6(18)  469.1(16)  33.4(5)  

C9 2327.3(14)  6785.6(11)  6381.6(12)  8.8(2)  C48 9830(3)  - 1627.7(18)  420.7(17)  36.2(6)  

C34 10736.6(15)  7313.0(12)  2515.6(12)  11.7(3)  C50 8097(2)  - 238.8(19)  1770.8(17)  34.1(5)  

C41 7001.6(15)  5789.7(12)  1635.7(11)  10.2(3)  C49 8531(3)  - 1102(2)  1062.4(19)  35.6(5)  

C35 4995.9(16)  7789.4(12)  2816.4(12)  11.4(3)  C30 11142.3(15)  5754.1(12)  3332.7(13)  13.7(3)  

C16 5411.5(15)  7895.7(13)  9110.6(12)  12.0(3)  C33 12052.0(16)  6962.7(13)  1884.7(12)  13.4(3)  

C28 8799.5(16)  9014.8(12)  4552.3(12)  12.0(3)  C42 7953.8(17)  6044.6(14)  871.6(13)  16.3(3)  

C27 8433.4(17)  10102.8(13)  4711.8(13)  15.0(3)  C14 221.5(16)  7783.6(14)  6348.0(14)  16.9(3)  

C46 6738.9(17)  4970.7(13)  1386.3(13)  14.7(3)  C17 5149.4(18)  7024.3(15)  9749.1(13)  17.7(3)  
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Table 3.9. Anisotropic Displacement Parameters (Å2×103) for 3.2-C6H6. The anisotropic 

displacement factor exponent takes the form: -2ˊ2[h2a*2U11+2hka*b*U12+é]. 

Atom U11 U22 U33 U23 U13 U12 Atom U11 U22 U33 U23 U13 U12 

Cu1 8.72(9)  10.19(9)  7.50(8)  0.89(6)  - 3.49(7)  - 5.19(7)  C36 22.7(8)  11.8(7)  16.6(8)  3.2(6)  - 6.6(7)  - 8.1(6)  

P2 9.47(16)  7.86(16)  7.71(16)  0.44(12)  - 4.32(13)  - 3.76(13)  C40 17.5(8)  14.5(7)  16.7(7)  - 0.2(6)  - 10.8(6)  - 2.1(6)  

P3 6.78(15)  7.91(15)  6.74(15)  0.63(12)  - 2.24(13)  - 3.73(13)  C31 9.5(6)  13.7(7)  17.3(7)  1.6(6)  - 3.6(6)  - 2.2(5)  

N1 6.5(5)  10.6(5)  7.0(5)  0.0(4)  - 2.6(4)  - 4.0(4)  C13 10.5(7)  29.2(9)  15.9(8)  - 0.2(7)  - 2.1(6)  - 11.2(7)  

C20 6.4(6)  6.6(5)  8.4(6)  0.3(4)  - 3.4(5)  - 2.6(5)  C26 20.2(8)  8.7(6)  13.6(7)  - 0.8(5)  - 2.8(6)  - 5.3(6)  

C1 6.1(6)  9.0(6)  8.2(6)  - 0.2(5)  - 2.6(5)  - 3.0(5)  C45 26.5(9)  20.6(8)  12.5(7)  - 4.0(6)  - 6.7(7)  - 11.8(7)  

C22 7.1(6)  10.1(6)  7.6(6)  1.5(5)  - 2.5(5)  - 4.0(5)  C15 13.2(7)  13.6(7)  28.3(9)  - 0.1(6)  - 7.2(7)  - 8.2(6)  

C4 7.5(6)  12.0(6)  7.5(6)  0.9(5)  - 3.2(5)  - 4.2(5)  C25 12.2(7)  12.0(7)  19.7(8)  1.0(6)  - 4.8(6)  - 1.1(6)  

C11 7.5(6)  6.5(5)  8.3(6)  0.6(4)  - 3.6(5)  - 2.4(5)  C18 19.6(8)  23.4(9)  13.7(8)  - 7.9(6)  - 5.5(7)  - 2.5(7)  

C23 9.6(6)  9.0(6)  8.4(6)  0.4(5)  - 2.4(5)  - 3.3(5)  C44 18.4(8)  21.1(8)  11.6(7)  - 3.7(6)  - 3.9(6)  - 4.5(7)  

C2 7.8(6)  9.6(6)  7.4(6)  1.7(5)  - 3.2(5)  - 4.4(5)  C43 17.0(8)  23.9(8)  11.7(7)  0.5(6)  - 1.0(6)  - 9.4(7)  

C10 7.7(6)  8.1(6)  11.1(6)  0.9(5)  - 4.9(5)  - 3.4(5)  C39 21.4(9)  20.2(8)  19.1(8)  0.0(7)  - 11.7(7)  2.6(7)  

C8 6.8(6)  9.1(6)  11.0(6)  0.1(5)  - 3.6(5)  - 2.5(5)  C38 26.9(10)  16.1(8)  15.6(8)  4.2(6)  - 5.8(7)  4.0(7)  

C3 8.6(6)  10.5(6)  8.8(6)  1.1(5)  - 3.9(5)  - 4.7(5)  C37 33.9(11)  11.3(7)  20.0(9)  4.1(6)  - 5.8(8)  - 7.1(7)  

C21 10.2(6)  8.6(6)  9.5(6)  - 0.2(5)  - 4.9(5)  - 4.3(5)  C51 41.6(13)  16.9(8)  21.8(10)  4.7(7)  - 7.2(9)  - 7.7(8)  

C6 6.0(6)  11.2(6)  8.5(6)  0.0(5)  - 2.5(5)  - 3.5(5)  C52 35.1(12)  29.7(11)  30.5(11)  16.3(9)  - 15.4(10)  - 14.6(9)  

C5 5.7(6)  11.6(6)  8.4(6)  - 0.8(5)  - 1.2(5)  - 3.1(5)  C47 28.7(11)  33.4(11)  17.4(9)  10.6(8)  - 3.9(8)  - 0.8(9)  

C12 7.0(6)  11.5(6)  15.2(7)  0.7(5)  - 4.8(5)  - 4.3(5)  C48 52.3(15)  27.4(11)  19.1(10)  0.6(8)  - 16.7(10)  - 5.7(10)  

C29 8.9(6)  9.1(6)  7.1(6)  - 0.3(5)  - 1.7(5)  - 4.1(5)  C50 26.2(10)  32.9(11)  24.3(10)  9.2(9)  - 2.7(8)  - 4.0(9)  

C7 7.9(6)  9.0(6)  8.9(6)  0.8(5)  - 4.1(5)  - 3.7(5)  C49 43.5(14)  40.0(13)  33.3(12)  15.3(10)  - 22.3(11)  - 22.1(11)  

C9 7.8(6)  7.9(6)  11.4(6)  1.8(5)  - 4.4(5)  - 3.9(5)  C46 17.7(7)  15.4(7)  10.8(7)  - 0.4(5)  - 4.7(6)  - 8.4(6)  

C34 11.6(6)  11.9(6)  8.8(6)  1.9(5)  - 2.2(5)  - 4.6(5)  C30 12.2(7)  10.6(6)  14.6(7)  3.2(5)  - 3.2(6)  - 4.2(5)  

C41 11.1(6)  9.8(6)  8.3(6)  0.3(5)  - 4.8(5)  - 2.3(5)  C33 12.4(7)  15.6(7)  11.3(7)  2.1(5)  - 2.5(5)  - 8.0(6)  

C35 15.5(7)  8.1(6)  8.4(6)  0.4(5)  - 5.7(5)  - 2.2(5)  C42 15.4(7)  19.3(8)  12.8(7)  - 0.4(6)  - 2.9(6)  - 9.3(6)  

C16 9.6(6)  18.8(7)  7.3(6)  - 1.1(5)  - 2.8(5)  - 6.2(6)  C14 9.7(7)  17.1(7)  25.2(9)  5.3(6)  - 9.5(6)  - 4.9(6)  

C28 13.4(7)  11.1(6)  13.3(7)  1.9(5)  - 7.8(6)  - 4.8(5)  C17 19.6(8)  26.9(9)  12.1(7)  6.1(6)  - 7.9(6)  - 14.2(7)  

C27 20.8(8)  12.2(7)  14.3(7)  1.4(5)  - 7.7(6)  - 9.2(6)  C32 8.9(6)  17.1(7)  13.1(7)  - 1.7(6)  - 1.4(5)  - 5.5(6)  

C24 9.6(6)  12.8(7)  16.8(7)  1.0(5)  - 4.7(6)  - 4.1(5)  C19 17.9(8)  31.2(9)  11.0(7)  2.8(6)  - 7.4(6)  - 15.6(7)  

 

Table 3.10. Bond Lengths for 3.2-C6H6. 

Atom Atom Length/Å Atom Atom Length/Å Atom Atom Length/Å Atom Atom Length/Å 

Cu1 P2 2.2113(4)  C12 C15 1.541(2)  C4 C5 1.395(2)  C32 C31 1.387(2)  

Cu1 P3 2.2120(4)  C29 C34 1.402(2)  C4 C16 1.544(2)  C24 C25 1.388(2)  

Cu1 N1 1.9643(13)  C29 C30 1.393(2)  C11 C10 1.385(2)  C36 C37 1.389(3)  

P2 C21 1.8341(15)  C34 C33 1.390(2)  C11 C21 1.507(2)  C40 C39 1.389(2)  

P2 C41 1.8245(15)  C41 C46 1.398(2)  C23 C28 1.398(2)  C26 C25 1.390(2)  

P2 C35 1.8224(15)  C41 C42 1.397(2)  C23 C24 1.396(2)  C45 C44 1.387(3)  

P3 C22 1.8501(15)  C35 C36 1.401(2)  C2 C3 1.400(2)  C44 C43 1.385(3)  

P3 C23 1.8190(15)  C35 C40 1.391(2)  C10 C9 1.423(2)  C39 C38 1.384(3)  

P3 C29 1.8273(15)  C16 C17 1.540(2)  C8 C7 1.396(2)  C38 C37 1.381(3)  

N1 C20 1.3841(18)  C16 C19 1.530(2)  C8 C9 1.392(2)  C51 C52 1.376(3)  

N1 C1 1.3865(18)  C16 C18 1.532(2)  C6 C5 1.393(2)  C51 C50 1.385(4)  

C20 C11 1.420(2)  C28 C27 1.388(2)  C6 C7 1.440(2)  C52 C47 1.375(3)  

C20 C7 1.420(2)  C27 C26 1.389(2)  C12 C9 1.528(2)  C47 C48 1.383(4)  

C1 C2 1.408(2)  C46 C45 1.395(2)  C12 C14 1.538(2)  C48 C49 1.378(4)  

C1 C6 1.425(2)  C30 C31 1.398(2)  C12 C13 1.527(2)  C50 C49 1.382(3)  

C22 C2 1.512(2)  C33 C32 1.388(2)  C4 C3 1.412(2)  C42 C43 1.385(2)  
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Table 3.11. Bond Angles for 3.2-C6H6. 

Atom Atom Atom Angle/ę   Atom Atom Atom Angle/ę Atom Atom Atom Angle/ę   Atom Atom Atom Angle/ę 

P2 Cu1 P3 158.689(18)    C13 C12 C14 108.37(14)  C20 C11 C21 122.69(13)    C32 C33 C34 120.59(15)  

N1 Cu1 P2 100.36(4)    C13 C12 C15 107.96(14)  C10 C11 C20 117.23(13)    C43 C42 C41 120.84(15)  

N1 Cu1 P3 100.36(4)    C34 C29 P3 119.01(11)  C10 C11 C21 119.96(13)    C31 C32 C33 119.54(15)  

C21 P2 Cu1 104.72(5)    C30 C29 P3 122.74(12)  C28 C23 P3 121.64(12)    C25 C24 C23 120.61(15)  

C41 P2 Cu1 123.25(5)    C30 C29 C34 118.21(14)  C24 C23 P3 119.29(12)    C37 C36 C35 120.50(18)  

C41 P2 C21 103.71(7)    C20 C7 C6 105.67(12)  C24 C23 C28 119.04(14)    C39 C40 C35 120.25(17)  

C35 P2 Cu1 113.95(5)    C8 C7 C20 121.58(13)  C1 C2 C22 121.84(13)    C32 C31 C30 119.90(15)  

C35 P2 C21 105.73(7)    C8 C7 C6 132.75(14)  C3 C2 C1 117.26(13)    C27 C26 C25 119.57(15)  

C35 P2 C41 103.87(7)    C10 C9 C12 119.48(13)  C3 C2 C22 120.64(13)    C44 C45 C46 120.51(16)  

C22 P3 Cu1 103.40(5)    C8 C9 C10 118.21(13)  C11 C10 C9 123.80(13)    C24 C25 C26 120.10(15)  

C23 P3 Cu1 115.40(5)    C8 C9 C12 122.27(14)  C9 C8 C7 119.63(14)    C43 C44 C45 119.72(16)  

C23 P3 C22 105.03(7)    C33 C34 C29 120.58(15)  C2 C3 C4 123.87(14)    C44 C43 C42 120.15(16)  

C23 P3 C29 102.75(7)    C46 C41 P2 123.51(12)  C11 C21 P2 115.37(10)    C38 C39 C40 120.36(19)  

C29 P3 Cu1 125.56(5)    C42 C41 P2 117.66(12)  C1 C6 C7 105.32(12)    C37 C38 C39 120.03(17)  

C29 P3 C22 102.36(7)    C42 C41 C46 118.82(14)  C5 C6 C1 121.19(13)    C38 C37 C36 119.98(18)  

C20 N1 Cu1 123.44(10)    C36 C35 P2 118.48(13)  C5 C6 C7 133.45(14)    C52 C51 C50 120.1(2)  

C20 N1 C1 105.14(12)    C40 C35 P2 122.64(12)  C6 C5 C4 120.20(13)    C47 C52 C51 120.4(2)  

C1 N1 Cu1 123.84(10)    C40 C35 C36 118.87(15)  C9 C12 C14 108.34(13)    C52 C47 C48 119.7(2)  

N1 C20 C11 128.49(13)    C17 C16 C4 108.65(13)  C9 C12 C15 110.66(13)    C49 C48 C47 120.2(2)  

N1 C20 C7 111.97(12)    C19 C16 C4 112.58(13)  C14 C12 C15 109.48(13)    C49 C50 C51 119.5(2)  

C7 C20 C11 119.54(13)    C19 C16 C17 107.47(13)  C13 C12 C9 111.98(13)    C48 C49 C50 120.1(2)  

N1 C1 C2 128.41(13)    C19 C16 C18 108.18(14)  C2 C22 P3 115.60(10)    C27 C28 C23 120.05(15)  

N1 C1 C6 111.90(12)    C18 C16 C4 110.44(13)  C3 C4 C16 123.09(13)    C28 C27 C26 120.61(15)  

C2 C1 C6 119.67(13)    C18 C16 C17 109.45(14)  C5 C4 C3 117.79(13)    C45 C46 C41 119.95(16)  

C5 C4 C16 119.04(13)    C29 C30 C31 121.16(15)           

 

CuPNP-tBu [Et2O]0.25 (3.3-Et2O) 

 

Table 3.12. Crystal data and structure refinement for 3.3-Et2O. 

Identification code 3.3-Et2O 

Empirical formula C39H64.5CuNO0.25P2 

Formula weight 676.95 

Temperature/K 99.99 

Crystal system monoclinic 

Space group P2/c 
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a/Å 25.6250(14) 

b/Å 13.0072(7) 

c/Å 47.425(3) 

Ŭ/Á 90 

ɓ/Á 102.731(2) 

ɔ/Á 90 

Volume/Å3 15418.7(14) 

Z 17 

ɟcalcg/cm3 1.166 

ɛ/mm-1 0.676 

F(000) 5864.0 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 1.76 to 60.182 

Index ranges -34 Ò h Ò 33, -18 Ò k Ò 18, -61 Ò l Ò 66 

Reflections collected 292242 

Independent reflections 41022 [Rint = 0.0646, Rsigma = 0.0527] 

Data/restraints/parameters 41022/0/1666 

Goodness-of-fit on F2 1.011 

Final R indexes [I>=2ů (I)] R1 = 0.0449, wR2 = 0.0935 

Final R indexes [all data] R1 = 0.0799, wR2 = 0.1049 

Largest diff. peak/hole / e Å-3 1.18/-0.70 

 

Table 3.13. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 3.3-Et2O. Ueq is defined as 1/3 of the trace of the orthogonalized 

UIJ tensor. 

Atom x y z U(eq) Atom x y z U(eq) 

Cu01 2804.7(2)  2960.1(2)  4443.1(2)  13.66(5)  C02R 1343.6(9)  748.5(19)  5774.5(5)  27.3(5)  

Cu02 5225.0(2)  6428.2(2)  6865.1(2)  12.80(5)  C02S - 1199.9(9)  8031.0(18)  3148.3(5)  26.0(5)  

Cu03 2202.3(2)  3022.7(2)  5657.2(2)  12.72(5)  C02T 4765.3(8)  649.2(18)  5312.4(5)  22.8(5)  

Cu04 - 88.4(2)  6499.3(2)  3169.8(2)  14.61(5)  C02U 1897.7(9)  2070.6(18)  3895.9(5)  24.6(5)  

P005 4881.4(2)  4932.5(4)  6699.6(2)  12.77(10)  C02V 1832.6(9)  180.0(18)  3962.3(5)  26.4(5)  

P006 1786.4(2)  4519.9(4)  5654.9(2)  12.97(10)  C02W 2413.5(9)  923.0(18)  6317.8(5)  25.2(5)  

P007 3222.0(2)  4434.6(4)  4435.5(2)  15.16(10)  C02X 3390.8(9)  491.2(18)  4789.2(5)  23.3(5)  

P008 2363.3(2)  1359.8(4)  5735.3(2)  12.44(10)  C02Y 4031.4(9)  3664(2)  4850.3(5)  26.8(5)  

P009 5408.4(2)  8081.4(4)  6856.7(2)  14.24(10)  C02Z 5882.6(9)  8443(2)  6386.9(5)  28.1(5)  

P00A 76.3(2)  4846.9(4)  3247.6(2)  15.3(1)  C030 4853.2(8)  9010.5(16)  6710.0(5)  19.9(4)  

P00B 2629.3(2)  1320.4(4)  4353.1(2)  13.31(10)  C031 1573.1(9)  628.8(18)  5295.6(5)  25.0(5)  

P00C - 452.5(2)  8009.6(4)  3216.8(2)  15.7(1)  C032 4334.3(9)  7328.5(18)  5496.4(6)  30.5(6)  

N00D 2208.3(6)  3359.4(12)  4619.0(3)  13.2(3)  C033 4916.9(9)  643.8(17)  5850.8(5)  22.4(5)  

N00E 5559.9(6)  6092.0(12)  7269.3(3)  12.8(3)  C034 1519.3(10)  7939.8(17)  4897.9(5)  28.4(5)  

N00F 2791.0(6)  3386.0(12)  5470.0(3)  12.6(3)  C035 3133.4(9)  1977.5(17)  6196.5(5)  23.8(5)  

O00G 2746.8(6)  8176.3(13)  3603.6(4)  29.8(4)  C036 - 135.6(10)  8760.0(18)  3548.0(5)  29.0(5)  

N00H 399.4(6)  6854.8(13)  2919.4(4)  15.2(3)  C037 443.3(9)  4483.2(17)  2968.1(5)  25.0(5)  

C00I 4263.4(8)  1885.6(15)  5560.1(4)  13.2(4)  C038 6890.9(9)  2189.1(17)  7887.7(5)  26.0(5)  

C00J 6344.9(7)  6090.2(14)  7621.5(4)  11.5(4)  C039 1925.0(9)  - 691.7(17)  5670.6(5)  27.3(5)  

C00K 5955.5(7)  6689.7(15)  7434.1(4)  12.3(4)  C03A 6349.8(9)  9263.5(19)  6855.0(5)  29.8(5)  

C00L 3794.1(8)  1297.4(15)  5543.6(4)  13.8(4)  C03B 4584.3(9)  8682.7(19)  6400.4(5)  26.3(5)  

C00M 3289.4(8)  1719.6(15)  5515.5(4)  13.2(4)  C03C 7304.8(10)  9294.5(18)  7989.6(5)  30.2(5)  

C00N 4215.6(7)  2948.0(15)  5548.7(4)  13.2(4)  C03D 6372.5(9)  7366.0(18)  6789.1(5)  26.5(5)  

C00O 3778.3(8)  5402.2(15)  5482.6(4)  13.5(4)  C03E 2289(1)  3684.6(18)  2777.7(6)  32.1(6)  

C00P 6177.8(7)  5040.9(15)  7567.7(4)  12.5(4)  C03F 2452.7(9)  5198(2)  3991.1(5)  30.0(5)  

C00Q 1082.4(8)  7903.7(15)  2835.9(4)  15.0(4)  C03G 5024.3(10)  10139.6(17)  6712.4(6)  29.2(5)  

C00R 1750.3(8)  2779.4(15)  4590.7(4)  12.8(4)  C03H - 42.3(9)  1723.8(19)  4778.8(5)  28.1(5)  
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C00S 1192.9(8)  1290.9(15)  4548.3(4)  15.0(4)  C03I 962.3(9)  3699.3(19)  5257.9(5)  28.1(5)  

C00T 3478.9(8)  6297.4(15)  5449.9(4)  14.7(4)  C03J 2581.3(9)  934.7(19)  3765.9(5)  26.3(5)  

C00U 3248.0(7)  2799.0(15)  5501.7(4)  12.4(4)  C03K 5965.2(10)  1515.4(19)  7800.7(6)  34.3(6)  

C00V 3523.7(7)  4451.1(15)  5487.5(4)  12.1(4)  C03L 1820.3(10)  4599(2)  6244.2(5)  32.6(6)  

C00W 6008.4(8)  7764.9(15)  7431.3(4)  13.7(4)  C03M 3500.2(10)  7919.4(18)  5166.4(6)  32.9(6)  

C00X 2961.9(7)  4388.0(15)  5458.8(4)  12.6(4)  C03N 830.4(9)  5538(2)  5354.2(6)  32.5(6)  

C00Y 5696.3(7)  5094.8(14)  7352.9(4)  11.8(4)  C03O - 206.3(9)  1771.5(19)  4240.7(5)  29.7(5)  

C00Z 6775.8(8)  6561.0(15)  7809.9(4)  13.4(4)  C03P 2799.5(9)  5264(2)  2959.0(6)  32.2(6)  

C010 3711.8(8)  3404.9(15)  5518.9(4)  12.6(4)  C03Q 991.8(11)  11382.6(19)  2525.3(5)  33.5(6)  

C011 1528.7(8)  6289.6(15)  4623.8(4)  14.8(4)  C03R 1394.8(10)  7963.4(18)  4359.7(5)  27.6(5)  

C012 6392.0(8)  4095.0(15)  7674.0(4)  13.7(4)  C03S 3930.9(9)  5817(2)  6698.6(5)  30.2(5)  

C013 1700.8(8)  1702.1(15)  4574.4(4)  13.9(4)  C03T 4058.6(10)  5338(3)  6217.6(5)  42.0(7)  

C014 552.5(8)  7849.8(16)  2879.2(4)  15.5(4)  C03U 1880.6(10)  10749.4(18)  2784.5(6)  31.8(6)  

C015 785.6(8)  2951.5(15)  4547.1(4)  13.7(4)  C03V 3664.8(10)  8594(2)  3669.8(6)  34.8(6)  

C016 731.2(8)  1886.7(15)  4536.6(4)  14.8(4)  C03W 3067.0(9)  5113(2)  4080.5(5)  28.0(5)  

C017 1793.4(8)  5340.3(16)  2828.7(4)  16.7(4)  C03X 204.5(9)  227.2(17)  4515.4(6)  33.0(6)  

C018 1288.1(7)  3399.2(14)  4574.4(4)  12.0(4)  C03Y 1837.5(10)  7683(2)  3575.8(6)  35.4(6)  

C019 2918.1(8)  6212.4(15)  5418.6(4)  15.7(4)  C03Z 2324.2(9)  5131.5(19)  2448.8(5)  27.1(5)  

C01A 2041.1(8)  4367.6(15)  4626.5(4)  13.0(4)  C040 1660.3(10)  6304.6(19)  5993.5(6)  33.1(6)  

C01B 6133.0(8)  3191.9(15)  7571.2(4)  14.7(4)  C041 1250.2(11)  11449.8(19)  3062.4(5)  32.7(6)  

C01C 4890.9(8)  4201.3(16)  7034.9(4)  15.3(4)  C042 6459.8(11)  1546.3(19)  7401.2(6)  34.7(6)  

C01D 1261.7(8)  6858.3(15)  2844.4(4)  14.9(4)  C043 2550.5(9)  5435(2)  6073.2(5)  29.8(5)  

C01E 2087.6(8)  6192.8(15)  4652.9(4)  16.0(4)  C044 3847.7(10)  3997(2)  6558.9(7)  46.3(8)  

C01F 1367.6(8)  4759.3(16)  2890.6(4)  18.7(4)  C045 3592.3(10)  7998.0(18)  5700.4(6)  32.4(6)  

C01G 1228.1(8)  5394.4(15)  4596.6(4)  14.4(4)  C046 734.0(9)  4193(2)  5719.2(5)  31.6(6)  

C01H 1044.1(8)  9753.9(16)  2814.8(4)  17.3(4)  C047 7258.4(11)  7893(2)  8333.2(5)  35.2(6)  

C01I 6444.4(8)  8196.8(15)  7618.7(4)  15.1(4)  C048 3239.1(11)  4418(3)  3852.7(5)  42.8(7)  

C01J 1734.1(8)  6396.0(16)  2808.6(4)  16.1(4)  C049 5259.1(11)  4632(2)  6198.3(5)  39.1(7)  

C01K 1479.8(7)  4437.4(15)  4597.3(4)  12.8(4)  C04A 3179.2(10)  8227(2)  3461.0(6)  35.4(6)  

C01L 5418.6(7)  4184.8(15)  7251.0(4)  13.3(4)  C04B - 826.6(10)  4192(2)  2870.3(6)  41.6(7)  

C01M 508.8(8)  9682.5(16)  2847.9(4)  18.3(4)  C04C 4171.9(10)  5481(2)  4731.9(7)  41.3(7)  

C01N 257.8(8)  8763.6(16)  2881.4(4)  16.8(4)  C04D 4280.8(10)  4048(3)  4390.7(6)  42.4(7)  

C01O 833.8(8)  6253.7(16)  2897.6(4)  15.0(4)  C04E 5834.9(10)  4086(2)  6656.7(5)  38.4(7)  

C01P 5644.5(8)  3267.1(15)  7363.8(4)  15.6(4)  C04F 7831.6(9)  7714(2)  7974.7(7)  40.2(7)  

C01Q 4796.7(8)  1328.2(15)  5580.9(4)  15.4(4)  C04G - 1394.1(10)  7433(3)  2872.5(5)  45.9(8)  

C01R 1323.4(8)  8848.5(16)  2806.2(4)  16.6(4)  C04H 2297.1(11)  7704(3)  3429.2(6)  42.9(7)  

C01S 2181.1(8)  1011.6(15)  4597.7(4)  15.9(4)  C04I - 276.3(12)  8286(3)  3811.8(6)  54.2(9)  

C01T 1047.1(8)  4517.4(17)  5495.0(4)  18.9(4)  C04J - 1387.4(12)  7436(3)  3383.5(6)  58.4(10)  

C01U 2801.1(8)  1051.6(15)  5484.8(4)  15.0(4)  C04K 3322.6(12)  6163(2)  4079.3(7)  44.9(7)  

C01V 1281.6(8)  7361.4(15)  4617.6(5)  17.5(4)  C04L 264.0(12)  4774(3)  3845.9(6)  66.0(12)  

C01W 888.5(8)  5183.3(16)  2924.8(4)  17.1(4)  C04M 5032.3(15)  3035(2)  6427.8(9)  62.6(11)  

C01X 6832.8(8)  7619.0(15)  7810.7(4)  14.2(4)  C04N - 857.7(12)  4105(3)  3381.7(7)  68.7(12)  

C01Y 2353.2(8)  5266.4(16)  4652.7(4)  15.8(4)  C04O - 345.5(11)  2802(2)  3168.6(9)  63.3(11)  

C01Z 6025.2(8)  8336.8(17)  6716.0(5)  21.1(4)  C04Q 464.3(12)  8641(4)  3586.3(6)  78.4(14)  

C020 2650.7(8)  5292.8(15)  5424.1(4)  14.3(4)  C04S 640(2)  3394(4)  3694.5(11)  32.1(17)  

C021 2772.7(8)  1041.5(15)  6103.6(4)  16.7(4)  C0AA 903(2)  3675(4)  3576.2(12)  29.6(17)  

C022 1788.5(8)  446.2(16)  5620.4(5)  19.0(4)  C2AA - 1462(2)  9084(5)  3004(2)  30(2)  

C023 7302.5(8)  8127.0(15)  8022.2(4)  17.4(4)  C2AB - 1428.8(19)  9078(4)  3193.9(19)  35.0(18)  

C024 2051.3(8)  5279.0(16)  5387.2(4)  16.8(4)  C9 1050(4)  5095(14)  3638.3(15)  30(3)  

C025 4151.9(8)  4992.9(17)  6528.5(5)  19.6(4)  C9A 924(4)  5568(9)  3634.0(13)  28.4(17)  

C026 6359.2(8)  2125.8(15)  7665.2(5)  19.5(4)  C1 - 146.4(19)  9914(4)  3494.4(10)  36.0(14)  

C027 5589.7(8)  8430.6(15)  7244.6(4)  17.4(4)  C1A - 456(3)  9813(5)  3577.9(13)  30.0(18)  

C028 1290.2(9)  10817.5(16)  2795.1(5)  21.6(4)  C02H 5261.9(8)  2076.2(17)  5595.8(5)  21.4(4)  

C029 675.6(8)  7315.9(16)  4583.2(5)  22.4(5)  C02I - 315.6(8)  8755.3(18)  2909.6(5)  22.1(5)  

C02A 3958.0(8)  4438.9(18)  4602.5(5)  22.3(5)  C02J 537.5(9)  4583.3(18)  3604.1(5)  25.3(5)  

C02B 3724.2(8)  7371.3(16)  5452.1(5)  20.5(4)  C02K 178.2(8)  1405.0(16)  4517.0(5)  19.0(4)  

C02C 1946.3(8)  5273.1(17)  6000.0(4)  19.6(4)  C02L 3644.6(8)  656.2(18)  4319.7(5)  24.7(5)  

C02D 3183.1(8)  361.7(16)  4462.6(4)  17.4(4)  C02M - 499.3(8)  3922.1(17)  3169.5(5)  20.5(4)  

C02E 2294.9(8)  4848.3(17)  2762.3(5)  22.5(5)  C02N 5255.8(9)  4115.7(17)  6486.6(5)  20.7(4)  

C02F 3127.7(9)  90.6(17)  6112.7(5)  24.2(5)  C02O 3023.5(9)  - 761.9(17)  4396.0(5)  24.7(5)  

C02G 2952.3(8)  5248.3(16)  4690.2(5)  17.8(4)  C02P 4437.6(9)  8892.5(18)  6896.2(5)  25.2(5)  

C02Q 2219.2(8)  1081.7(16)  3979.6(4)  18.4(4)       
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Table 3.14. Anisotropic Displacement Parameters (Å2×103) for 3.3-Et2O. The anisotropic 

displacement factor exponent takes the form: -2ˊ2[h2a*2U11+2hka*b*U12+é]. 

Atom U11 U22 U33 U23 U13 U12 Atom U11 U22 U33 U23 U13 U12 

Cu01 12.47(11)  14.04(12)  15.64(12)  1.16(9)  5.63(9)  1.50(9)  C03O 19.9(11)  29.4(13)  36.8(14)  - 3.2(10)  - 0.1(10)  - 4.7(10)  

Cu02 14.08(11)  11.89(12)  12.02(11)  0.40(9)  1.99(9)  - 0.65(9)  C03P 20.5(11)  36.1(14)  37.4(14)  - 10.8(11)  0.7(10)  3(1)  

Cu03 11.93(11)  11.79(12)  15.47(12)  0.24(9)  5.21(9)  0.45(9)  C03Q 44.2(15)  21.7(12)  30.7(13)  8.8(10)  0.0(11)  - 8.0(11)  

Cu04 13.62(11)  16.89(13)  14.50(12)  - 1.00(9)  5.64(9)  1.05(10)  C03R 29.7(12)  18.2(11)  36.8(13)  8.2(10)  11.6(10)  2.0(9)  

P005 13.4(2)  14.1(2)  11.0(2)  - 1.03(19)  3.09(18)  - 1.78(19)  C03S 20.5(11)  48.3(16)  21.9(12)  2.4(11)  4.4(9)  10.6(11)  

P006 11.4(2)  13.8(2)  14.4(2)  0.33(19)  4.25(18)  1.43(19)  C03T 28.8(13)  77(2)  18.6(12)  3.2(13)  1.7(10)  16.6(14)  

P007 12.4(2)  17.6(3)  16.6(3)  4.1(2)  5.71(19)  0.1(2)  C03U 30.1(13)  18.2(12)  48.1(16)  0.7(11)  10.7(11)  - 5.4(10)  

P008 12.0(2)  11.4(2)  14.6(2)  - 0.69(19)  4.29(18)  - 1.76(19)  C03V 30.4(13)  30.4(14)  43.7(15)  3.4(12)  8.5(11)  0.2(11)  

P009 15.0(2)  12.2(2)  14.9(2)  2.53(19)  1.78(19)  0.96(19)  C03W 22.1(11)  36.5(14)  24.9(12)  14(1)  4.2(9)  - 2.8(10)  

P00A 13.4(2)  15.8(3)  18.1(3)  - 3.0(2)  6.37(19)  - 2.0(2)  C03X 20.2(11)  15.9(11)  62.1(18)  - 5.3(11)  7.5(11)  - 5.0(9)  

P00B 12.6(2)  13.4(2)  14.2(2)  0.79(19)  3.64(18)  4.04(19)  C03Y 31.1(13)  35.1(15)  39.4(15)  - 7.7(12)  6.8(11)  - 4.2(11)  

P00C 15.7(2)  18.9(3)  13.6(2)  - 0.4(2)  5.53(19)  3.4(2)  C03Z 24.5(11)  29.0(13)  30.5(12)  - 2.4(10)  11.7(10)  4.4(10)  

N00D 12.4(8)  12.5(8)  15.5(8)  - 0.2(6)  5.0(6)  - 0.7(6)  C040 35.5(14)  28.2(13)  35.1(14)  - 10.8(11)  6.7(11)  4.7(11)  

N00E 14.0(8)  11.6(8)  12.4(8)  0.1(6)  2.2(6)  - 1.0(6)  C041 44.3(15)  20.9(12)  31.1(13)  - 8(1)  4.5(11)  - 2.1(11)  

N00F 12.5(8)  12.3(8)  14.3(8)  0.0(6)  5.4(6)  1.1(6)  C042 46.3(15)  20.5(12)  34.8(14)  - 4.4(10)  3.4(11)  13.9(11)  

O00G 27.7(9)  28.1(9)  32.2(9)  - 4.0(7)  3.6(7)  - 1.5(7)  C043 19.9(11)  49.4(16)  18.8(11)  - 10.8(10)  1.5(9)  - 3.0(11)  

N00H 15.3(8)  15.7(9)  16.2(8)  - 0.4(7)  6.5(6)  1.4(7)  C044 21.6(13)  36.3(16)  73(2)  3.1(14)  - 7.6(13)  - 8.2(11)  

C00I 13.7(9)  13.3(9)  12.7(9)  0.3(7)  3.4(7)  2.2(7)  C045 33.7(13)  18.2(12)  44.5(15)  - 7.0(11)  7.1(11)  - 1.2(10)  

C00J 13.3(9)  11.3(9)  10.9(9)  - 0.3(7)  4.6(7)  - 0.2(7)  C046 17.8(11)  53.3(17)  25.6(12)  - 2.2(11)  9.0(9)  - 7.5(11)  

C00K 14.0(9)  12.0(9)  11.1(9)  - 0.3(7)  3.2(7)  0.6(7)  C047 46.7(15)  32.3(14)  21.7(12)  - 1.1(10)  - 3.2(11)  - 13.4(12)  

C00L 17.7(9)  10.0(9)  14.9(9)  - 0.2(7)  6.0(7)  0.6(7)  C048 35.0(14)  73(2)  22.6(13)  11.9(13)  10.7(11)  11.1(14)  

C00M 16.1(9)  12.8(9)  12.3(9)  0.3(7)  6.5(7)  - 0.6(7)  C049 34.8(14)  67(2)  19.5(12)  1.4(12)  15(1)  13.8(13)  

C00N 12.0(9)  14.1(9)  13.8(9)  2.7(7)  3.4(7)  - 0.8(7)  C04A 31.0(13)  33.4(14)  42.8(15)  2.9(12)  10.2(11)  - 3.1(11)  

C00O 13.3(9)  12.5(9)  15.0(9)  1.7(7)  3.8(7)  - 0.1(7)  C04B 22.8(12)  54.7(18)  40.8(15)  12.2(13)  - 7.5(11)  - 13.3(12)  

C00P 14.0(9)  11.2(9)  13.3(9)  - 0.9(7)  5.1(7)  0.1(7)  C04C 18.4(12)  35.5(15)  64.4(19)  6.5(13)  - 2.6(12)  - 6.2(11)  

C00Q 17.2(10)  16.3(10)  12.2(9)  0.2(7)  4.8(7)  0.7(8)  C04D 25.1(13)  76(2)  31.9(14)  22.1(14)  17.9(11)  20.9(13)  

C00R 13.6(9)  13.2(9)  12.1(9)  - 1.5(7)  3.9(7)  0.5(7)  C04E 29.3(13)  61.0(19)  27.4(13)  - 0.3(12)  11.4(10)  22.0(13)  

C00S 18.4(10)  9.4(9)  18.6(10)  - 1.2(7)  6.9(8)  0.2(8)  C04F 20.1(12)  39.3(16)  57.3(18)  - 21.7(13)  0.4(12)  - 2.7(11)  

C00T 17.2(9)  11.4(9)  15.8(9)  1.6(7)  4.6(7)  0.3(8)  C04G 25.4(13)  90(2)  22.4(13)  - 0.7(14)  4.5(10)  - 23.4(14)  

C00U 13.1(9)  13.6(9)  11.3(9)  - 0.5(7)  4.6(7)  1.7(7)  C04H 37.5(15)  55.8(19)  32.5(15)  0.1(13)  1.8(12)  - 10.1(13)  

C00V 12.9(9)  11.9(9)  11.8(9)  0.7(7)  3.5(7)  1.3(7)  C04I 42.3(16)  104(3)  17.6(13)  - 9.3(15)  9.9(11)  - 15.9(17)  

C00W 16.6(9)  11.1(9)  13.5(9)  0.1(7)  3.4(7)  1.0(7)  C04J 32.3(15)  118(3)  31.9(15)  - 12.6(17)  21.3(12)  - 26.1(18)  

C00X 14.0(9)  14.2(9)  10.3(9)  1.4(7)  4.3(7)  0.2(7)  C04K 41.8(16)  43.4(17)  47.9(17)  25.5(14)  6.2(13)  - 2.7(13)  

C00Y 14.0(9)  11.4(9)  10.9(9)  0.7(7)  4.9(7)  0.1(7)  C04L 32.0(15)  145(4)  19.1(13)  26.4(18)  1.7(11)  - 9.6(19)  

C00Z 15.1(9)  12.6(9)  12.5(9)  1.2(7)  2.9(7)  1.0(7)  C04M 77(2)  28.3(16)  104(3)  - 26.6(17)  67(2)  - 12.2(15)  

C010 15.3(9)  11.4(9)  11.8(9)  1.4(7)  4.7(7)  - 0.7(7)  C04N 43.5(17)  121(3)  53.0(19)  - 45(2)  35.4(15)  - 54(2)  

C011 18.5(10)  11.7(9)  15.0(9)  0.0(7)  5.3(8)  1.3(8)  C04O 28.8(15)  19.0(14)  134(3)  13.9(17)  1.0(18)  - 8.8(11)  

C012 11.7(9)  15.2(10)  14.1(9)  1.7(7)  3.0(7)  0.2(7)  C04Q 44.1(18)  169(4)  20.7(14)  - 19(2)  3.6(13)  - 53(2)  

C013 16.1(9)  12.1(9)  14.7(9)  - 0.6(7)  5.8(7)  0.9(7)  C04S 36(3)  32(3)  26(3)  6(2)  2(2)  15(2)  

C014 17(1)  18.8(10)  11.3(9)  - 0.3(8)  4.2(7)  0.7(8)  C0AA 27(3)  22(3)  36(3)  3(2)  - 4(2)  7(2)  

C015 12.8(9)  12.8(9)  15.9(9)  - 1.6(7)  4.3(7)  1.3(7)  C2AA 18(3)  29(3)  41(6)  4(3)  3(3)  10(2)  

C016 13.1(9)  14(1)  17.5(10)  - 2.2(8)  3.8(7)  - 2.4(8)  C2AB 27(2)  34(3)  49(5)  12(2)  19(2)  14.6(19)  

C017 15.4(9)  18.2(10)  17.4(10)  - 3.2(8)  5.2(8)  1.8(8)  C9 15(3)  48(7)  22(3)  1(3)  - 4(2)  - 7(4)  

C018 14.4(9)  10.5(9)  11.8(9)  - 1.0(7)  4.3(7)  0.9(7)  C9A 25(3)  32(4)  25(3)  3(3)  - 2(2)  - 4(3)  

C019 18.1(10)  11.5(9)  17.7(10)  2.4(7)  4.5(8)  4.3(8)  C02T 17.9(10)  25.3(12)  24.6(11)  - 5.7(9)  3.5(8)  5.8(9)  

C01A 14.1(9)  14.0(9)  11.8(9)  0.0(7)  5.0(7)  0.0(7)  C02U 23.1(11)  28.3(12)  20.0(11)  0.4(9)  - 0.2(9)  10.0(9)  

C01B 18(1)  11.1(9)  16(1)  2.1(7)  6.1(8)  1.1(7)  C02V 27.3(12)  26.2(12)  22.5(11)  - 5.5(9)  - 1.5(9)  - 2.1(10)  

C01C 15.7(9)  16.8(10)  13.9(9)  - 0.4(8)  4.0(7)  - 3.8(8)  C02W 31.4(12)  26.5(12)  19.4(11)  2.6(9)  9.5(9)  - 1(1)  

C01D 15.7(9)  14.6(10)  14.9(9)  - 0.7(8)  4.6(7)  0.1(8)  C02X 20(1)  25.3(12)  22.3(11)  4.0(9)  - 0.4(9)  7.4(9)  

C01E 16.2(10)  11.9(10)  20.7(10)  - 0.7(8)  5.7(8)  - 4.4(8)  C02Y 19.8(11)  38.8(14)  21.3(11)  5.9(10)  3.6(9)  5.9(10)  

C01F 23.8(11)  14.4(10)  19.5(10)  - 2.7(8)  8.1(8)  0.6(8)  C02Z 27.9(12)  33.9(13)  25.0(12)  9.1(10)  11.1(9)  - 1(1)  

C01G 13.6(9)  14.9(10)  15.3(9)  - 0.8(7)  4.6(7)  0.3(8)  C030 19(1)  16.6(10)  22.0(11)  3.7(8)  - 0.2(8)  2.2(8)  

C01H 22.4(10)  16(1)  12.8(9)  2.0(8)  2.0(8)  0.7(8)  C031 19.4(11)  25.5(12)  27.5(12)  - 5.3(9)  - 0.3(9)  - 6.8(9)  

C01I 19.7(10)  9.4(9)  16.8(10)  - 0.6(7)  5.1(8)  - 0.7(8)  C032 23.4(12)  14.7(11)  52.5(16)  2.7(10)  6.3(11)  - 3.9(9)  

C01J 15.2(9)  17.2(10)  16.9(10)  - 1.8(8)  6.0(8)  - 1.3(8)  C033 20.6(11)  21.0(11)  24.1(11)  5.3(9)  1.8(9)  5.7(9)  

C01K 14.0(9)  12.9(9)  12.4(9)  - 2.0(7)  4.7(7)  - 0.4(7)  C034 31.0(12)  17.0(11)  33.9(13)  - 8.8(10)  - 0.1(10)  4.9(10)  

C01L 13.4(9)  14.7(10)  12.9(9)  - 1.6(7)  5.1(7)  - 2.5(7)  C035 27.5(12)  22.8(11)  18.5(11)  - 1.0(9)  - 0.3(9)  - 4.6(9)  

C01M 23.7(11)  16.3(10)  14.8(10)  3.3(8)  3.8(8)  7.2(8)  C036 42.3(14)  23.0(12)  17.7(11)  - 4.6(9)  - 1.8(10)  - 0.1(10)  

C01N 16.4(10)  22.1(11)  11.9(9)  2.5(8)  3.3(7)  4.3(8)  C037 28.2(12)  21.1(11)  32.3(12)  - 12.0(9)  21.2(10)  - 8.3(9)  

C01O 15.8(9)  17.7(10)  12.7(9)  - 2.1(7)  5.5(7)  0.4(8)  C038 25.9(12)  13.1(10)  35.4(13)  4.7(9)  - 1(1)  3.5(9)  
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C01P 19.3(10)  11.2(9)  17(1)  - 1.6(7)  5.8(8)  - 3.2(8)  C039 25.6(12)  17.8(11)  38.1(14)  - 1.7(10)  6(1)  - 7.1(9)  

C01Q 14.2(9)  13.4(10)  18(1)  0.7(8)  2.5(7)  2.1(8)  C03A 23.8(12)  29.3(13)  35.4(14)  5.8(10)  4.6(10)  - 9(1)  

C01R 17.6(10)  17.7(10)  14.6(10)  - 0.3(8)  3.5(8)  - 0.4(8)  C03B 23.1(11)  29.3(13)  23.0(11)  4.2(10)  - 2.3(9)  4.3(10)  

C01S 16.4(10)  14.2(10)  18.1(10)  1.1(8)  5.8(8)  2.7(8)  C03C 33.0(13)  20.0(12)  32.5(13)  - 1.1(10)  - 3.9(10)  - 8.4(10)  

C01T 12.2(9)  24.1(11)  20.6(10)  - 2.3(9)  3.9(8)  - 0.4(8)  C03D 22.2(11)  29.7(13)  29.8(12)  7.5(10)  10.6(9)  4.8(10)  

C01U 16.5(9)  13(1)  17.1(10)  - 2.2(8)  7.4(8)  - 1.5(8)  C03E 26.5(12)  22.7(12)  50.5(16)  - 2.2(11)  15.7(11)  5.8(10)  

C01V 19(1)  11.6(10)  21.6(11)  - 0.2(8)  3.7(8)  - 0.3(8)  C03F 24.8(12)  41.1(15)  23.3(12)  11.8(10)  3.9(9)  6.5(11)  

C01W 19.4(10)  15.6(10)  18.7(10)  - 5.2(8)  9.7(8)  - 2.8(8)  C03G 29.0(12)  17.6(11)  37.2(14)  6.6(10)  - 1.1(10)  3.2(10)  

C01X 15.9(9)  14(1)  13.1(9)  - 1.6(7)  4.0(7)  - 1.4(8)  C03H 22.7(11)  27.4(13)  38.1(14)  - 1.8(10)  15.3(10)  - 8(1)  

C01Y 14.9(9)  16.7(10)  16.1(10)  - 1.5(8)  4.1(8)  - 2.0(8)  C03I 20.8(11)  35.2(14)  27.6(12)  - 8.9(10)  3.7(9)  - 7(1)  

C01Z 18.9(10)  22.8(11)  22.3(11)  5.7(9)  5.9(8)  - 1.8(9)  C03J 26.7(12)  35.5(13)  17.0(11)  - 0.9(9)  5.2(9)  9.7(10)  

C020 15.5(9)  14.4(10)  13.6(9)  2.6(7)  4.7(7)  3.1(8)  C03K 30.4(13)  19.0(12)  53.1(16)  17.2(11)  8.1(12)  - 0.4(10)  

C021 19.3(10)  14.5(10)  16(1)  0.8(8)  3.6(8)  - 0.5(8)  C03L 35.0(13)  45.9(16)  19.6(11)  - 3.1(11)  11.9(10)  - 1.6(12)  

C022 15.8(10)  16.2(10)  25.4(11)  - 1.7(8)  5.6(8)  - 5.4(8)  C03M 35.2(13)  20.1(12)  40.6(15)  13.3(10)  2.5(11)  - 5.4(10)  

C023 19.2(10)  12.3(10)  18.9(10)  - 1.9(8)  0.2(8)  - 0.7(8)  C03N 17.3(11)  33.2(14)  42.6(15)  2.4(11)  - 2.9(10)  6(1)  

C024 15.1(9)  17.7(10)  18.2(10)  5.8(8)  5.4(8)  3.7(8)  C02G 13.9(9)  16.9(10)  23.3(11)  - 3.5(8)  5.7(8)  - 3.8(8)  

C025 15.2(10)  21.3(11)  20.3(10)  0.3(8)  - 0.4(8)  - 0.8(8)  C02H 13.3(10)  19.5(11)  31.8(12)  1.5(9)  5.5(9)  2.5(8)  

C026 20.5(10)  9.4(10)  27.5(11)  1.7(8)  3.1(9)  0.8(8)  C02I 19.7(10)  29.2(12)  18.2(10)  8.6(9)  6.1(8)  8.4(9)  

C027 21.4(10)  11.8(10)  17.6(10)  - 1.2(8)  1.3(8)  3.1(8)  C02J 19.2(11)  23.1(12)  29.4(12)  - 6.3(9)  - 3.3(9)  6.8(9)  

C028 27.4(11)  14.5(10)  22.3(11)  0.9(8)  3.9(9)  - 1.2(9)  C02K 13.6(9)  14.8(10)  28.4(11)  - 3.1(9)  4.0(8)  - 3.3(8)  

C029 20.9(11)  12.5(10)  34.1(13)  1.2(9)  6.9(9)  3.5(8)  C02L 17.8(10)  28.1(12)  29.5(12)  3.1(10)  8.1(9)  8.9(9)  

C02A 13.2(10)  27.6(12)  26.7(12)  7.2(9)  5.7(8)  0.8(9)  C02M 16.8(10)  19.8(11)  25.4(11)  - 1.3(9)  6.0(8)  - 5.3(8)  

C02B 19.6(10)  10.4(10)  30.5(12)  2.7(8)  3.2(9)  - 0.2(8)  C02N 24.2(11)  18.7(11)  23.1(11)  - 5.7(9)  14.0(9)  - 1.7(9)  

C02C 17.3(10)  22.0(11)  18.8(10)  - 4.6(8)  2.7(8)  2.9(8)  C02O 22.6(11)  19.0(11)  31.8(12)  0.5(9)  4.7(9)  7.7(9)  

C02D 16(1)  15.6(10)  20.6(10)  1.9(8)  3.9(8)  7.2(8)  C02P 21.3(11)  25.4(12)  27.8(12)  0.9(9)  2.6(9)  8.8(9)  

C02E 16.1(10)  20.1(11)  31.8(12)  - 5.1(9)  6.2(9)  1.3(8)  C02Q 17.8(10)  20.8(11)  15.6(10)  - 1.9(8)  1.7(8)  4.9(8)  

C02F 24.7(11)  21.6(11)  24.7(11)  3.9(9)  2.4(9)  5.9(9)  C02R 17.6(11)  29.8(13)  36.6(13)  - 2.9(10)  10.6(9)  - 5.7(9)  

C02S 15.8(10)  22.8(12)  41.0(14)  - 0.2(10)  9.7(9)  6.0(9)         

 

Table 3.15. Bond Lengths for 3.3-Et2O. 

Atom Atom Length/Å Atom Atom Length/Å Atom Atom Length/Å Atom Atom Length/Å 

Cu01 P007 2.2001(6)  C01C C01L 1.506(3)  C00Q C01D 1.433(3)  C02E C03Z 1.549(3)  

Cu01 P00B 2.2021(6)  C01D C01J 1.395(3)  C00Q C01R 1.396(3)  C02J C04L 1.491(4)  

Cu01 N00D 1.9653(16)  C01D C01O 1.416(3)  C00R C013 1.408(3)  C02J C04S 1.612(6)  

Cu02 P005 2.2071(6)  C01E C01Y 1.384(3)  C00R C018 1.421(3)  C02J C0AA 1.531(5)  

Cu02 P009 2.2033(6)  C01F C01W 1.388(3)  C00S C013 1.387(3)  C02J C9 1.449(7)  

Cu02 N00E 1.9691(16)  C01G C01K 1.402(3)  C00S C016 1.405(3)  C02J C9A 1.607(7)  

Cu03 P006 2.2188(6)  C01H C01M 1.418(3)  C00T C019 1.416(3)  C02K C03H 1.530(3)  

Cu03 P008 2.2177(6)  C01H C01R 1.383(3)  C00T C02B 1.531(3)  C02K C03O 1.532(3)  

Cu03 N00F 1.9692(16)  C01H C028 1.532(3)  C00U C010 1.413(3)  C02K C03X 1.534(3)  

Cu04 P00A 2.2058(6)  C01I C01X 1.409(3)  C00V C00X 1.418(3)  C02M C04B 1.522(3)  

Cu04 P00C 2.2070(6)  C01L C01P 1.382(3)  C00V C010 1.440(3)  C02M C04N 1.523(3)  

Cu04 N00H 1.9597(16)  C01M C01N 1.383(3)  C00W C01I 1.384(3)  C02M C04O 1.510(3)  

P005 C01C 1.849(2)  C01N C02I 1.504(3)  C00W C027 1.505(3)  C02N C049 1.525(3)  

P005 C025 1.868(2)  C01O C01W 1.402(3)  C00X C020 1.411(3)  C02N C04E 1.525(3)  

P005 C02N 1.870(2)  C01Q C02H 1.528(3)  C00Y C01L 1.410(3)  C02N C04M 1.520(3)  

P006 C01T 1.879(2)  C01Q C02T 1.537(3)  C00Z C01X 1.384(3)  C02P C030 1.534(3)  

P006 C024 1.851(2)  C01Q C033 1.534(3)  C011 C01E 1.414(3)  C02Q C02U 1.532(3)  

P006 C02C 1.874(2)  C01T C03I 1.528(3)  C011 C01G 1.386(3)  C02Q C02V 1.526(3)  

P007 C02A 1.878(2)  C01T C03N 1.534(3)  C011 C01V 1.529(3)  C02Q C03J 1.530(3)  

P007 C02G 1.850(2)  C01T C046 1.526(3)  C012 C01B 1.384(3)  C02S C04G 1.509(4)  

P007 C03W 1.864(2)  C01V C029 1.526(3)  C013 C01S 1.508(3)  C02S C04J 1.520(4)  

P008 C01U 1.8488(19)  C01V C034 1.532(3)  C014 C01N 1.410(3)  C02S C2AA 1.610(7)  

P008 C021 1.875(2)  C01V C03R 1.533(3)  C015 C016 1.392(3)  C02S C2AB 1.517(5)  

P008 C022 1.877(2)  C01W C037 1.509(3)  C015 C018 1.393(3)  C030 C03B 1.539(3)  

P009 C01Z 1.876(2)  C01X C023 1.536(3)  C016 C02K 1.533(3)  C030 C03G 1.532(3)  
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P009 C027 1.852(2)  C01Y C02G 1.506(3)  C017 C01F 1.410(3)  C036 C04I 1.508(4)  

P009 C030 1.879(2)  C01Z C02Z 1.529(3)  C017 C01J 1.382(3)  C036 C04Q 1.516(4)  

P00A C02J 1.869(2)  C01Z C03A 1.529(3)  C017 C02E 1.529(3)  C036 C1 1.521(5)  

P00A C02M 1.876(2)  C01Z C03D 1.540(3)  C018 C01K 1.433(3)  C036 C1A 1.620(7)  

P00A C037 1.848(2)  C020 C024 1.507(3)  C019 C020 1.382(3)  C03F C03W 1.541(3)  

P00B C01S 1.848(2)  C021 C02F 1.530(3)  C01A C01K 1.417(3)  C03V C04A 1.488(4)  

P00B C02D 1.874(2)  C021 C02W 1.521(3)  C01A C01Y 1.406(3)  C03W C048 1.545(4)  

P00B C02Q 1.876(2)  C021 C035 1.533(3)  C01B C01P 1.415(3)  C03W C04K 1.516(4)  

P00C C02I 1.847(2)  C022 C02R 1.535(3)  C01B C026 1.531(3)  C03Y C04H 1.494(4)  

P00C C02S 1.871(2)  C022 C031 1.536(3)  C00I C00N 1.387(3)  C028 C041 1.533(3)  

P00C C036 1.876(2)  C022 C039 1.528(3)  C00I C01Q 1.531(3)  C02A C02Y 1.528(3)  

N00D C00R 1.377(2)  C023 C03C 1.527(3)  C00J C00K 1.415(3)  C02A C04C 1.538(4)  

N00D C01A 1.383(2)  C023 C047 1.534(3)  C00J C00P 1.436(3)  C02A C04D 1.522(3)  

N00E C00K 1.376(2)  C023 C04F 1.521(3)  C00J C00Z 1.399(3)  C02B C032 1.532(3)  

N00E C00Y 1.379(2)  C025 C03S 1.524(3)  C00K C00W 1.405(3)  C02B C03M 1.527(3)  

N00F C00U 1.378(2)  C025 C03T 1.509(3)  C00L C00M 1.384(3)  C02B C045 1.530(3)  

N00F C00X 1.380(2)  C025 C044 1.535(3)  C00M C00U 1.408(3)  C02C C03L 1.542(3)  

O00G C04A 1.421(3)  C026 C038 1.531(3)  C00M C01U 1.504(3)  C02C C040 1.526(3)  

O00G C04H 1.403(3)  C026 C03K 1.532(3)  C00N C010 1.400(3)  C02C C043 1.525(3)  

N00H C014 1.378(3)  C026 C042 1.531(3)  C00O C00T 1.384(3)  C02D C02L 1.535(3)  

N00H C01O 1.383(2)  C028 C03Q 1.527(3)  C00O C00V 1.401(3)  C02D C02O 1.532(3)  

C00I C00L 1.413(3)  C028 C03U 1.527(3)  C00P C00Y 1.418(3)  C02D C02X 1.532(3)  

C00Q C014 1.419(3)  C02E C03P 1.517(3)  C00P C012 1.396(3)  C02E C03E 1.516(3)  

 

Table 3.16. Bond Angles for 3.3-Et2O. 

Atom Atom Atom Angle/ę   Atom Atom Atom Angle/ę Atom Atom Atom Angle/ę   Atom Atom Atom Angle/ę 

P007 Cu01 P00B 156.98(2)    C02H C01Q C00I 112.18(16)  C00K C00W C027 121.36(18)    C04L C02J P00A 110.76(17)  

N00D Cu01 P007 101.70(5)    C02H C01Q C02T 107.58(17)  C01I C00W C00K 117.62(18)    C04L C02J C04S 91.8(3)  

N00D Cu01 P00B 101.17(5)    C02H C01Q C033 108.65(17)  C01I C00W C027 120.92(18)    C04L C02J C0AA 126.5(3)  

P009 Cu02 P005 157.49(2)    C033 C01Q C02T 108.80(17)  N00F C00X C00V 112.03(16)    C04L C02J C9A 100.7(4)  

N00E Cu02 P005 101.80(5)    C01H C01R C00Q 120.21(19)  N00F C00X C020 128.06(17)    C04S C02J P00A 116.7(2)  

N00E Cu02 P009 100.68(5)    C013 C01S P00B 115.76(14)  C020 C00X C00V 119.91(18)    C0AA C02J P00A 109.9(2)  

P008 Cu03 P006 158.17(2)    C03I C01T P006 105.38(14)  N00E C00Y C00P 112.24(16)    C0AA C02J C9A 104.2(5)  

N00F Cu03 P006 101.65(5)    C03I C01T C03N 107.64(19)  N00E C00Y C01L 127.89(17)    C9 C02J P00A 113.2(4)  

N00F Cu03 P008 100.17(5)    C03N C01T P006 114.21(15)  C01L C00Y C00P 119.87(17)    C9 C02J C04L 113.9(5)  

P00A Cu04 P00C 156.92(2)    C046 C01T P006 110.96(15)  C01X C00Z C00J 120.34(18)    C9 C02J C04S 108.7(8)  

N00H Cu04 P00A 101.96(5)    C046 C01T C03I 108.00(19)  C00N C010 C00U 120.95(17)    C9A C02J P00A 100.9(3)  

N00H Cu04 P00C 101.04(5)    C046 C01T C03N 110.30(19)  C00N C010 C00V 133.76(18)    C016 C02K C03X 111.57(17)  

C01C P005 Cu02 102.65(7)    C00M C01U P008 114.99(13)  C00U C010 C00V 105.25(16)    C03H C02K C016 109.98(17)  

C01C P005 C025 102.55(9)    C011 C01V C034 110.33(17)  C01E C011 C01V 119.30(17)    C03H C02K C03O 109.07(18)  

C01C P005 C02N 105.16(10)    C011 C01V C03R 109.32(17)  C01G C011 C01E 117.67(18)    C03H C02K C03X 107.41(19)  

C025 P005 Cu02 113.57(7)    C029 C01V C011 111.96(17)  C01G C011 C01V 123.02(17)    C03O C02K C016 109.65(18)  

C025 P005 C02N 111.88(10)    C029 C01V C034 108.20(18)  C01B C012 C00P 120.08(18)    C03O C02K C03X 109.11(19)  

C02N P005 Cu02 118.75(7)    C029 C01V C03R 107.55(18)  C00R C013 C01S 121.77(17)    C04B C02M P00A 106.49(16)  

C01T P006 Cu03 116.17(7)    C034 C01V C03R 109.41(19)  C00S C013 C00R 117.40(18)    C04B C02M C04N 106.9(2)  

C024 P006 Cu03 102.90(7)    C01F C01W C01O 117.19(18)  C00S C013 C01S 120.77(17)    C04N C02M P00A 109.37(17)  

C024 P006 C01T 102.34(9)    C01F C01W C037 119.41(19)  N00H C014 C00Q 112.17(17)    C04O C02M P00A 115.15(16)  

C024 P006 C02C 106.11(10)    C01O C01W C037 123.27(19)  N00H C014 C01N 128.43(18)    C04O C02M C04B 108.1(2)  

C02C P006 Cu03 116.24(7)    C00Z C01X C01I 118.00(18)  C01N C014 C00Q 119.39(19)    C04O C02M C04N 110.4(3)  

C02C P006 C01T 111.12(9)    C00Z C01X C023 119.79(17)  C016 C015 C018 120.17(18)    C049 C02N P005 109.82(16)  

C02A P007 Cu01 116.25(7)    C01I C01X C023 122.20(18)  C00S C016 C02K 122.40(18)    C049 C02N C04E 106.76(19)  

C02G P007 Cu01 103.60(7)    C01A C01Y C02G 122.85(18)  C015 C016 C00S 118.07(18)    C04E C02N P005 106.50(15)  

C02G P007 C02A 102.00(10)    C01E C01Y C01A 116.97(18)  C015 C016 C02K 119.53(17)    C04M C02N P005 114.02(16)  

C02G P007 C03W 106.43(11)    C01E C01Y C02G 120.14(18)  C01F C017 C02E 122.85(19)    C04M C02N C049 108.6(2)  

C03W P007 Cu01 114.81(8)    C02Z C01Z P009 110.40(15)  C01J C017 C01F 117.92(18)    C04M C02N C04E 110.9(2)  

C03W P007 C02A 111.95(10)    C02Z C01Z C03D 107.44(19)  C01J C017 C02E 119.08(18)    C02U C02Q P00B 105.25(14)  

C01U P008 Cu03 102.77(7)    C03A C01Z P009 114.05(16)  C00R C018 C01K 105.24(16)    C02V C02Q P00B 113.58(15)  
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C01U P008 C021 104.86(9)    C03A C01Z C02Z 110.73(19)  C015 C018 C00R 120.68(17)    C02V C02Q C02U 109.03(18)  

C01U P008 C022 102.98(9)    C03A C01Z C03D 108.48(18)  C015 C018 C01K 134.06(18)    C02V C02Q C03J 110.47(18)  

C021 P008 Cu03 114.59(7)    C03D C01Z P009 105.39(14)  C020 C019 C00T 124.17(18)    C03J C02Q P00B 110.54(14)  

C021 P008 C022 111.89(9)    C00X C020 C024 122.62(18)  N00D C01A C01K 111.83(17)    C03J C02Q C02U 107.66(18)  

C022 P008 Cu03 117.63(7)    C019 C020 C00X 117.04(17)  N00D C01A C01Y 128.12(17)    C04G C02S P00C 105.80(16)  

C01Z P009 Cu02 112.27(7)    C019 C020 C024 120.33(18)  C01Y C01A C01K 120.04(18)    C04G C02S C04J 106.1(2)  

C01Z P009 C030 112.52(10)    C02F C021 P008 114.32(14)  C012 C01B C01P 117.93(18)    C04G C02S C2AA 92.5(4)  

C027 P009 Cu02 103.26(7)    C02F C021 C035 108.47(18)  C012 C01B C026 123.02(18)    C04G C02S C2AB 121.5(4)  

C027 P009 C01Z 105.26(10)    C02W C021 P008 110.34(14)  C01P C01B C026 119.02(17)    C04J C02S P00C 110.02(18)  

C027 P009 C030 102.34(9)    C02W C021 C02F 110.04(18)  C01L C01C P005 115.60(13)    C04J C02S C2AA 125.1(4)  

C030 P009 Cu02 119.15(7)    C02W C021 C035 107.67(18)  C01J C01D C00Q 133.38(19)    C2AA C02S P00C 113.7(3)  

C02J P00A Cu04 112.94(7)    C035 C021 P008 105.70(14)  C01J C01D C01O 120.59(18)    C2AB C02S P00C 113.7(2)  

C02J P00A C02M 111.97(10)    C02R C022 P008 108.49(15)  C01O C01D C00Q 106.03(17)    C2AB C02S C04J 99.1(3)  

C02M P00A Cu04 118.60(7)    C02R C022 C031 107.31(18)  C01Y C01E C011 124.42(18)    C02P C030 P009 106.72(14)  

C037 P00A Cu04 103.78(8)    C031 C022 P008 106.19(14)  C01W C01F C017 123.80(19)    C02P C030 C03B 107.46(18)  

C037 P00A C02J 106.36(11)    C039 C022 P008 115.46(15)  C011 C01G C01K 119.98(18)    C03B C030 P009 108.56(15)  

C037 P00A C02M 101.33(10)    C039 C022 C02R 110.04(18)  C01M C01H C028 119.16(18)    C03G C030 P009 114.94(15)  

C01S P00B Cu01 102.55(7)    C039 C022 C031 109.00(18)  C01R C01H C01M 117.83(19)    C03G C030 C02P 109.01(19)  

C01S P00B C02D 102.64(9)    C03C C023 C01X 112.45(17)  C01R C01H C028 123.00(19)    C03G C030 C03B 109.87(18)  

C01S P00B C02Q 105.10(9)    C03C C023 C047 107.32(19)  C00W C01I C01X 123.62(18)    C04I C036 P00C 110.10(19)  

C02D P00B Cu01 118.75(7)    C047 C023 C01X 109.22(17)  C017 C01J C01D 120.32(19)    C04I C036 C04Q 106.3(2)  

C02D P00B C02Q 112.58(9)    C04F C023 C01X 110.32(17)  C01A C01K C018 105.70(16)    C04I C036 C1 122.9(3)  

C02Q P00B Cu01 113.04(7)    C04F C023 C03C 108.2(2)  C01G C01K C018 133.38(18)    C04I C036 C1A 93.1(3)  

C02I P00C Cu04 103.29(7)    C04F C023 C047 109.2(2)  C01G C01K C01A 120.91(18)    C04Q C036 P00C 106.70(19)  

C02I P00C C02S 102.73(10)    C020 C024 P006 116.43(14)  C00Y C01L C01C 122.06(17)    C04Q C036 C1 95.8(3)  

C02I P00C C036 105.37(11)    C03S C025 P005 104.64(14)  C01P C01L C00Y 117.10(17)    C04Q C036 C1A 126.6(3)  

C02S P00C Cu04 115.79(8)    C03S C025 C044 106.8(2)  C01P C01L C01C 120.82(18)    C1 C036 P00C 112.6(2)  

C02S P00C C036 112.04(11)    C03T C025 P005 111.39(16)  C01N C01M C01H 123.73(19)    C1A C036 P00C 112.3(3)  

C036 P00C Cu04 115.67(8)    C03T C025 C03S 108.1(2)  C014 C01N C02I 122.01(19)    C01W C037 P00A 117.57(15)  

C00R N00D Cu01 122.66(13)    C03T C025 C044 111.6(2)  C01M C01N C014 117.66(18)    C03F C03W P007 106.49(15)  

C00R N00D C01A 105.06(15)    C044 C025 P005 113.82(16)  C01M C01N C02I 120.30(19)    C03F C03W C048 106.3(2)  

C01A N00D Cu01 122.41(13)    C01B C026 C03K 110.44(18)  N00H C01O C01D 111.52(17)    C048 C03W P007 108.53(17)  

C00K N00E Cu02 122.41(13)    C038 C026 C01B 111.97(17)  N00H C01O C01W 128.34(18)    C04K C03W P007 115.07(18)  

C00K N00E C00Y 105.05(15)    C038 C026 C03K 107.90(19)  C01W C01O C01D 120.14(18)    C04K C03W C03F 110.5(2)  

C00Y N00E Cu02 121.16(12)    C038 C026 C042 107.78(19)  C01L C01P C01B 124.05(18)    C04K C03W C048 109.5(2)  

C00U N00F Cu03 122.34(13)    C042 C026 C01B 109.22(18)  C00I C01Q C02T 109.61(16)    O00G C04A C03V 108.9(2)  

C00U N00F C00X 104.97(15)    C042 C026 C03K 109.5(2)  C00I C01Q C033 109.93(16)    O00G C04H C03Y 111.3(2)  

C00X N00F Cu03 121.68(12)    C00W C027 P009 115.68(14)  C013 C00R C018 119.86(17)    C02O C02D C02X 109.31(18)  

C04H O00G C04A 111.4(2)    C01H C028 C041 109.32(18)  C013 C00S C016 123.79(18)    C02X C02D P00B 106.27(14)  

C014 N00H Cu04 123.01(13)    C03Q C028 C01H 110.42(18)  C00O C00T C019 118.08(18)    C02X C02D C02L 106.79(17)  

C014 N00H C01O 105.20(16)    C03Q C028 C03U 108.5(2)  C00O C00T C02B 123.39(17)    C017 C02E C03Z 108.59(18)  

C01O N00H Cu04 122.91(13)    C03Q C028 C041 108.8(2)  C019 C00T C02B 118.52(17)    C03E C02E C017 112.96(18)  

C00L C00I C01Q 118.94(17)    C03U C028 C01H 111.94(18)  N00F C00U C00M 127.65(18)    C03E C02E C03P 110.0(2)  

C00N C00I C00L 118.07(17)    C03U C028 C041 107.8(2)  N00F C00U C010 112.39(17)    C03E C02E C03Z 106.67(19)  

C00N C00I C01Q 122.96(17)    C02Y C02A P007 105.33(14)  C00M C00U C010 119.96(17)    C03P C02E C017 111.42(18)  

C00K C00J C00P 105.70(16)    C02Y C02A C04C 107.6(2)  C00O C00V C00X 121.07(17)    C03P C02E C03Z 106.88(19)  

C00Z C00J C00K 120.52(17)    C04C C02A P007 114.03(16)  C00O C00V C010 133.59(17)    C01Y C02G P007 116.70(14)  

C00Z C00J C00P 133.78(18)    C04D C02A P007 111.22(17)  C00X C00V C010 105.34(16)    C01N C02I P00C 115.64(14)  

N00E C00K C00J 112.01(16)    C04D C02A C02Y 107.13(19)  C00Y C00P C00J 105.00(16)    C040 C02C P006 115.49(15)  

N00E C00K C00W 128.11(18)    C04D C02A C04C 111.1(2)  C012 C00P C00J 134.06(18)    C040 C02C C03L 109.62(19)  

C00W C00K C00J 119.88(17)    C00T C02B C032 111.89(17)  C012 C00P C00Y 120.92(18)    C043 C02C P006 106.66(14)  

C00M C00L C00I 123.80(18)    C03M C02B C00T 110.28(18)  C014 C00Q C01D 105.06(17)    C043 C02C C03L 106.12(19)  

C00L C00M C00U 117.33(17)    C03M C02B C032 108.14(19)  C01R C00Q C014 121.11(18)    C043 C02C C040 110.0(2)  

C00L C00M C01U 121.32(17)    C03M C02B C045 109.30(19)  C01R C00Q C01D 133.78(18)    C02L C02D P00B 108.75(14)  

C00U C00M C01U 121.26(17)    C045 C02B C00T 109.36(18)  N00D C00R C013 127.99(17)    C02O C02D P00B 115.23(14)  

C00I C00N C010 119.88(18)    C045 C02B C032 107.80(19)  N00D C00R C018 112.14(17)    C02O C02D C02L 110.10(18)  

C00T C00O C00V 119.73(17)    C03L C02C P006 108.49(16)           
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CuPNP-iBu (3.4) 

 

Table 3.17. Crystal data and structure refinement for 3.4. 

Identification code 3.4 

Empirical formula C38H62CuNP2 

Formula weight 658.36 

Temperature/K 100.02 

Crystal system monoclinic 

Space group P21/n 

a/Å 13.4149(7) 

b/Å 10.9661(6) 

c/Å 24.9005(13) 

Ŭ/Á 90 

ɓ/Á 93.334(2) 

ɔ/Á 90 

Volume/Å3 3656.9(3) 

Z 4 

ɟcalcg/cm3 1.196 

ɛ/mm-1 0.710 

F(000) 1424.0 

Crystal size/mm3 0.39 × 0.35 × 0.33 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 3.276 to 55.098 

Index ranges -17 Ò h Ò 17, -14 Ò k Ò 14, -32 Ò l Ò 32 

Reflections collected 92972 

Independent reflections 8447 [Rint = 0.0229, Rsigma = 0.0099] 

Data/restraints/parameters 8447/0/393 

Goodness-of-fit on F2 1.053 

Final R indexes [I>=2ů (I)] R1 = 0.0230, wR2 = 0.0621 

Final R indexes [all data] R1 = 0.0239, wR2 = 0.0628 

Largest diff. peak/hole / e Å-3 0.39/-0.27 
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Table 3.18. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 3.4. Ueq is defined as 1/3 of the trace of the orthogonalized UIJ 

tensor. 

Atom x y z U(eq) Atom x y z U(eq) 

Cu01 6829.9(2)  6653.7(2)  3655.8(2)  9.88(4)  C00L 6167.2(8)  3537.4(10)  3536.9(5)  15.1(2)  

P002 5887.7(2)  7703.0(2)  4191.3(2)  10.21(6)  C00M 4078.2(8)  8579.5(10)  2280.2(4)  11.20(19)  

P003 7775.3(2)  5165.8(2)  3361.0(2)  9.52(6)  C00N 5631.8(9)  4496.2(11)  1074.2(5)  16.0(2)  

N004 6362.1(7)  7415.2(8)  2956.4(4)  10.04(17)  C00O 4613.9(8)  7087.5(10)  4198.0(5)  14.1(2)  

C005 5503.1(8)  8118.4(9)  2909.4(4)  9.72(19)  C00P 2868.2(8)  10299.5(10)  2485.0(5)  13.9(2)  

C006 5464.3(8)  6963.5(10)  2153.8(4)  10.17(19)  C00Q 6900.3(9)  7347.9(11)  5219.0(5)  18.5(2)  

C007 6764.5(8)  5157(1)  1878.2(4)  11.8(2)  C00R 5879.6(10)  2194.3(11)  3557.4(6)  23.4(3)  

C008 6325.7(8)  6719.6(9)  2490.8(4)  9.86(19)  C00S 5339.6(9)  4273.5(12)  3245.3(6)  24.0(3)  

C009 7012.0(8)  5830.5(10)  2337.9(4)  10.66(19)  C00T 4673.6(9)  4866.0(12)  755.0(5)  19.1(2)  

C00A 5153.2(8)  8963.9(9)  3281.2(4)  10.37(19)  C00U 9303.4(9)  4682.1(11)  4194.6(4)  16.2(2)  

C00B 4939.5(8)  7903.4(9)  2420.5(4)  10.15(19)  C00V 2374.9(9)  10011.3(11)  1930.4(5)  19.3(2)  

C00C 5252.0(8)  6291.6(10)  1683.1(4)  11.05(19)  C00W 3780.8(9)  7891.8(11)  4409.0(5)  18.6(2)  

C00D 5882.3(8)  5354.4(10)  1547.4(4)  11.6(2)  C00X 2070.5(9)  10174.3(12)  2898.8(5)  20.9(2)  

C00E 4292.6(8)  9608.3(10)  3129.6(4)  11.67(19)  C00Y 3234(1)  11627.0(11)  2479.5(6)  22.2(3)  

C00F 6272.4(8)  8245.3(10)  4870.0(4)  13.4(2)  C00Z 7230.9(11)  7950.3(14)  5751.5(5)  27.2(3)  

C00G 7165.1(8)  3666.2(10)  3272.9(4)  13.4(2)  C010 6350.8(12)  6159.8(13)  5315.6(6)  29.6(3)  

C00H 9069.9(8)  4832.1(10)  3590.7(4)  12.7(2)  C011 10423.6(10)  4462.8(15)  4295.9(5)  28.7(3)  

C00I 7975.6(8)  5616(1)  2662.8(4)  11.64(19)  C012 8713.2(11)  3649.4(14)  4431.1(5)  27.6(3)  

C00J 3755.4(8)  9461.9(10)  2628.1(4)  11.54(19)  C013 3626.2(11)  7645.3(18)  5000.5(6)  36.5(4)  

C00K 5678.0(8)  9152.1(9)  3826.1(4)  11.38(19)  C014 5480.8(14)  3203.2(13)  1291.9(7)  37.4(4)  

C016 2804.9(10)  7673.2(15)  4080.3(6)  31.5(3)  C015 6476.5(10)  4483.6(18)  689.4(6)  36.0(4)  

 

Table 3.19. Anisotropic Displacement Parameters (Å2×103) for 3.4. The anisotropic 

displacement factor exponent takes the form: -2ˊ2[h2a*2U11+2hka*b*U12+é]. 

Atom U11 U22 U33 U23 U13 U12 Atom U11 U22 U33 U23 U13 U12 

Cu01 10.77(7)  9.00(7)  9.98(7)  - 0.45(4)  1.59(5)  1.32(4)  C00N 15.9(5)  18.3(5)  13.6(5)  - 5.4(4)  - 1.1(4)  5.0(4)  

P002 11.55(12)  9.24(12)  9.97(12)  - 0.68(9)  1.81(9)  0.18(9)  C00O 13.6(5)  13.0(5)  15.9(5)  - 0.7(4)  2.6(4)  - 2.2(4)  

P003 9.26(12)  9.27(12)  10.05(12)  - 0.30(9)  0.79(9)  1.07(9)  C00P 11.8(5)  11.5(5)  18.5(5)  - 0.5(4)  0.6(4)  3.1(4)  

N004 10.4(4)  9.1(4)  10.8(4)  - 0.2(3)  2.2(3)  1.0(3)  C00Q 18.3(5)  22.0(6)  15.0(5)  0.5(4)  - 0.6(4)  2.6(4)  

C005 9.5(4)  8.1(4)  11.8(5)  2.0(4)  2.0(4)  - 0.7(4)  C00R 25.9(6)  14.4(6)  30.7(7)  - 1.1(5)  8.8(5)  - 6.1(5)  

C006 9.9(4)  9.6(4)  11.2(5)  1.7(4)  2.5(4)  0.3(4)  C00S 13.3(5)  21.7(6)  37.0(7)  3.9(5)  0.2(5)  - 1.1(5)  

C007 12.3(5)  12.4(5)  11.1(5)  0.3(4)  3.0(4)  3.2(4)  C00T 16.0(5)  24.0(6)  16.8(5)  - 7.1(5)  - 3.0(4)  3.3(4)  

C008 10.5(5)  9.2(5)  10.1(5)  1.3(4)  2.2(4)  - 0.9(4)  C00U 16.1(5)  20.2(5)  11.9(5)  - 1.0(4)  - 1.4(4)  3.4(4)  

C009 10.4(5)  11.6(5)  10.1(4)  1.9(4)  2.2(4)  1.1(4)  C00V 16.1(5)  19.5(6)  21.7(6)  - 0.8(4)  - 4.0(4)  6.7(4)  

C00A 11.4(5)  8.2(4)  11.6(5)  0.5(4)  1.9(4)  - 1.1(4)  C00W 15.3(5)  17.9(6)  23.2(6)  - 1.6(5)  6.7(4)  - 1.3(4)  

C00B 10.6(5)  8.6(4)  11.5(5)  1.1(4)  2.7(4)  - 0.9(4)  C00X 14.1(5)  24.6(6)  24.5(6)  - 1.0(5)  4.5(4)  6.1(5)  

C00C 10.5(5)  12.3(5)  10.5(5)  1.5(4)  0.8(4)  0.3(4)  C00Y 20.7(6)  11.3(5)  34.2(7)  1.8(5)  - 2.3(5)  3.2(4)  

C00D 12.9(5)  12.5(5)  9.5(5)  0.0(4)  1.7(4)  - 0.1(4)  C00Z 27.1(7)  36.5(7)  17.2(6)  - 1.8(5)  - 5.7(5)  - 0.9(6)  

C00E 12.2(5)  8.6(4)  14.5(5)  - 1.1(4)  3.4(4)  0.7(4)  C010 41.4(8)  21.1(6)  25.3(7)  7.9(5)  - 7.0(6)  - 2.1(6)  

C00F 15.3(5)  13.8(5)  11.3(5)  - 2.1(4)  1.5(4)  - 0.4(4)  C011 19.0(6)  47.5(9)  18.7(6)  - 2.9(6)  - 6.3(5)  8.7(6)  

C00G 14.1(5)  10.2(5)  15.9(5)  - 1.9(4)  1.8(4)  - 0.2(4)  C012 33.0(7)  31.1(7)  18.3(6)  9.0(5)  - 1.7(5)  - 2.9(6)  

C00H 11.0(5)  15.3(5)  11.7(5)  - 0.7(4)  - 0.1(4)  2.3(4)  C013 21.9(7)  64.8(11)  23.9(7)  - 6.2(7)  10.9(5)  - 1.5(7)  

C00I 10.4(5)  14.1(5)  10.5(5)  0.4(4)  1.9(4)  2.5(4)  C014 62.1(11)  14.7(6)  32.8(8)  - 5.1(5)  - 19.2(7)  1.4(6)  

C00J 9.6(5)  9.0(5)  16.1(5)  1.8(4)  2.1(4)  0.3(4)  C015 16.9(6)  71.8(11)  19.3(6)  - 22.3(7)  0.4(5)  8.7(7)  

C00K 12.5(5)  8.8(4)  12.9(5)  - 0.9(4)  1.4(4)  - 0.1(4)  C016 16.7(6)  43.7(9)  33.9(7)  - 1.2(6)  - 0.3(5)  5.2(6)  

C00L 15.1(5)  12.1(5)  18.3(5)  - 0.7(4)  3.4(4)  - 2.2(4)  C00M 10.4(5)  10.7(5)  12.6(5)  1.1(4)  1.0(4)  - 0.2(4)  
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Table 3.20. Bond Lengths for 3.4. 

Atom Atom Length/Å   Atom Atom Length/Å 

Cu01 P002 2.2125(3)    C00C C00D 1.3852(15)  

Cu01 P003 2.2176(3)    C00D C00N 1.5299(15)  

Cu01 N004 1.9992(9)    C00E C00J 1.4142(15)  

P002 C00F 1.8371(11)    C00F C00Q 1.5324(16)  

P002 C00K 1.8443(11)    C00G C00L 1.5318(15)  

P002 C00O 1.8382(11)    C00H C00U 1.5270(15)  

P003 C00G 1.8443(11)    C00J C00M 1.3849(15)  

P003 C00H 1.8335(11)    C00J C00P 1.5290(14)  

P003 C00I 1.8418(11)    C00L C00R 1.5242(16)  

N004 C005 1.3859(13)    C00L C00S 1.5224(17)  

N004 C008 1.3863(13)    C00N C00T 1.5264(15)  

C005 C00A 1.4098(14)    C00N C014 1.5356(19)  

C005 C00B 1.4149(14)    C00N C015 1.5260(17)  

C006 C008 1.4137(14)    C00O C00W 1.5400(16)  

C006 C00B 1.4331(14)    C00P C00V 1.5292(16)  

C006 C00C 1.3996(15)    C00P C00X 1.5342(16)  

C007 C009 1.3863(15)    C00P C00Y 1.5366(16)  

C007 C00D 1.4187(15)    C00Q C00Z 1.5242(17)  

C008 C009 1.4086(14)    C00Q C010 1.5229(18)  

C009 C00I 1.5030(14)    C00U C011 1.5283(16)  

C00A C00E 1.3870(14)    C00U C012 1.5200(18)  

C00A C00K 1.5060(14)    C00W C013 1.5236(18)  

C00B C00M 1.3999(14)    C00W C016 1.5220(18)  

 

Table 3.21. Bond Angles for 3.4. 

Atom Atom Atom Angle/ę   Atom Atom Atom Angle/ę 

P002 Cu01 P003 160.031(12)    C007 C00D C00N 119.46(9)  

N004 Cu01 P002 98.41(3)    C00C C00D C007 118.16(10)  

N004 Cu01 P003 100.11(3)    C00C C00D C00N 122.30(10)  

C00F P002 Cu01 125.66(4)    C00A C00E C00J 123.77(10)  

C00F P002 C00K 101.61(5)    C00Q C00F P002 115.44(8)  

C00F P002 C00O 108.79(5)    C00L C00G P003 115.09(8)  

C00K P002 Cu01 103.12(4)    C00U C00H P003 117.71(8)  

C00O P002 Cu01 112.24(4)    C009 C00I P003 112.45(7)  

C00O P002 C00K 101.87(5)    C00E C00J C00P 119.17(9)  

C00G P003 Cu01 115.91(4)    C00M C00J C00E 118.03(10)  

C00H P003 Cu01 126.38(4)    C00M C00J C00P 122.78(10)  

C00H P003 C00G 105.36(5)    C00A C00K P002 112.09(7)  

C00H P003 C00I 99.23(5)    C00R C00L C00G 109.44(9)  

C00I P003 Cu01 103.47(4)    C00S C00L C00G 112.19(10)  

C00I P003 C00G 102.41(5)    C00S C00L C00R 110.45(10)  

C005 N004 Cu01 121.56(7)    C00J C00M C00B 119.83(10)  

C005 N004 C008 104.29(8)    C00D C00N C014 108.89(10)  

C008 N004 Cu01 119.52(7)    C00T C00N C00D 112.23(9)  
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N004 C005 C00A 128.13(10)    C00T C00N C014 107.74(11)  

N004 C005 C00B 112.34(9)    C015 C00N C00D 110.56(10)  

C00A C005 C00B 119.53(9)    C015 C00N C00T 108.00(10)  

C008 C006 C00B 105.52(9)    C015 C00N C014 109.35(13)  

C00C C006 C008 121.14(10)    C00W C00O P002 119.09(8)  

C00C C006 C00B 133.26(10)    C00J C00P C00V 112.11(9)  

C009 C007 C00D 123.36(10)    C00J C00P C00X 110.71(9)  

N004 C008 C006 112.35(9)    C00J C00P C00Y 109.06(9)  

N004 C008 C009 127.96(10)    C00V C00P C00X 107.80(10)  

C009 C008 C006 119.67(10)    C00V C00P C00Y 108.03(10)  

C007 C009 C008 117.58(10)    C00X C00P C00Y 109.05(10)  

C007 C009 C00I 121.22(9)    C00Z C00Q C00F 109.73(10)  

C008 C009 C00I 121.20(9)    C010 C00Q C00F 112.58(10)  

C005 C00A C00K 121.71(9)    C010 C00Q C00Z 110.63(11)  

C00E C00A C005 117.38(10)    C00H C00U C011 108.84(10)  

C00E C00A C00K 120.90(9)    C012 C00U C00H 112.34(10)  

C005 C00B C006 105.44(9)    C012 C00U C011 110.37(11)  

C00M C00B C005 121.23(10)    C013 C00W C00O 111.75(11)  

C00M C00B C006 133.30(10)    C016 C00W C00O 110.18(10)  

C00D C00C C006 119.84(10)    C016 C00W C013 109.31(11)  

 

CuPNP-Et (3.5) 

 

Table 3.22. Crystal data and structure refinement for 3.5. 

Identification code 3.5 

Empirical formula C30H46CuNP2 

Formula weight 546.20 

Temperature/K 294.05 

Crystal system monoclinic 

Space group P21/n 

a/Å 15.141(6) 

b/Å 10.413(4) 

c/Å 19.344(8) 

Ŭ/Á 90 

ɓ/Á 90.049(11) 

ɔ/Á 90 

Volume/Å3 3050(2) 

Z 4 

ɟcalcg/cm3 1.171 

ɛ/mm-1 0.838 

F(000) 1141.0 
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Crystal size/mm3 0.475 × 0.358 × 0.172 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 3.418 to 56.306 

Index ranges -19 Ò h Ò 19, -13 Ò k Ò 13, -25 Ò l Ò 25 

Reflections collected 126575 

Independent reflections 7139 [Rint = 0.0331, Rsigma = 0.0148] 

Data/restraints/parameters 7139/0/369 

Goodness-of-fit on F2 1.053 

Final R indexes [I>=2ů (I)] R1 = 0.0477, wR2 = 0.1357 

Final R indexes [all data] R1 = 0.0622, wR2 = 0.1487 

Largest diff. peak/hole / e Å-3 0.65/-0.25 

 

Table 3.23. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 3.5. Ueq is defined as 1/3 of the trace of the orthogonalized UIJ 

tensor. 

Atom x y z U(eq) 

Cu01 5305.1(2)  4608.3(3)  6988.3(2)  50.26(12)  

P002 4337.4(4)  5878.1(6)  6486.7(3)  47.25(16)  

P003 5824.9(4)  2979.9(7)  7586.0(3)  51.24(17)  

N004 6411.3(12)  5505.0(18)  6735.9(10)  41.3(4)  

C005 6444.8(14)  6367(2)  6198.9(11)  39.0(4)  

C006 7231.0(14)  6263(2)  5812.9(11)  39.4(4)  

C007 7387.8(15)  7060(2)  5250.4(12)  44.1(5)  

C008 8770.4(15)  3557(2)  6338.5(12)  46.2(5)  

C009 7192.3(14)  4820(2)  6684.1(11)  39.7(4)  

C00A 8262.7(15)  3192(2)  6918.8(13)  48.3(5)  

C00B 8493.1(15)  4599(2)  5955.5(12)  43.4(5)  

C00C 7488.8(15)  3802(2)  7104.8(12)  44.5(5)  

C00D 5794.6(14)  7265(2)  6000.4(12)  41.9(5)  

C00E 7713.8(14)  5230(2)  6124.8(11)  39.4(4)  

C00F 5976.6(16)  8030(2)  5434.9(13)  46.8(5)  

C00G 6765.6(16)  7962(2)  5050.9(13)  47.1(5)  

C00H 6988.6(16)  3386(3)  7737.9(12)  52.7(6)  

C00I 4941.0(15)  7395(2)  6389.0(13)  47.9(5)  

C00J 9598.2(19)  2814(3)  6139.0(15)  64.3(8)  

C00K 6920(2)  8869(3)  4449.2(16)  63.6(7)  

C00L 4054(3)  5423(3)  5610.2(16)  70.2(8)  

C00M 5400(2)  2735(4)  8459.0(16)  70.8(8)  

C00N 3300.7(19)  6389(4)  6882.6(19)  72.2(8)  

C00O 5854(3)  1352(3)  7244.6(19)  77.0(9)  

C00P 3624(4)  6401(4)  5157(2)  118.2(19)  

C00Q 6236(3)  1237(5)  6540(3)  112.9(16)  

C00R 2671(3)  5285(5)  6998(3)  106.0(15)  

C00S 4412(3)  2549(6)  8472(2)  119.6(18)  

C00T 9180(9)  1477(11)  5745(8)  75(5)  

C00U 9688(7)  1572(8)  6494(4)  109(4)  

C1 7101(13)  7983(12)  3799(5)  138(7)  

C3 6875(8)  10276(6)  4720(5)  96(4)  

C4 6129(5)  8809(15)  3934(5)  116(5)  

C4A 6223(7)  9748(12)  4314(7)  79(5)  

C3A 7778(8)  9592(12)  4607(9)  155(7)  

C1A 7731(7)  8691(12)  4068(6)  90(3)  

C00W 10399(3)  3624(8)  6496(6)  164(5)  

C0AA 9878(5)  2998(8)  5449(3)  157(4)  

C1AA 10121(10)  2380(20)  6701(7)  65(8)  
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Table 3.24. Anisotropic Displacement Parameters (Å2×103) for 3.5. The anisotropic 

displacement factor exponent takes the form: -2ˊ2[h2a*2U11+2hka*b*U12+é]. 

Atom U11 U22 U33 U23 U13 U12 

Cu01 37.79(17)  59.7(2)  53.3(2)  13.02(13)  0.55(12)  4.49(12)  

P002 36.3(3)  57.3(4)  48.2(3)  1.9(3)  1.3(2)  8.4(3)  

P003 44.4(3)  58.9(4)  50.4(3)  13.5(3)  2.6(3)  3.0(3)  

N004 35.0(9)  48(1)  40.8(9)  2.6(7)  - 1.7(7)  5.1(7)  

C005 36.3(10)  40.2(10)  40.6(10)  - 1.1(8)  - 2.4(8)  2.9(8)  

C006 34.4(10)  41.2(10)  42.5(11)  0.6(8)  - 4.3(8)  2.8(8)  

C007 38.3(11)  44.2(11)  49.9(12)  4.7(9)  3.3(9)  6.3(9)  

C008 36(1)  54.1(13)  48.4(12)  6.9(10)  - 0.8(9)  9.4(9)  

C009 33.9(10)  46.6(11)  38.5(10)  2.2(9)  - 4.0(8)  3.0(8)  

C00A 39.8(11)  56.2(13)  48.8(12)  12.1(10)  - 2.8(9)  7.1(10)  

C00B 36.1(11)  50.3(12)  43.9(11)  7.9(9)  0.8(9)  4.2(9)  

C00C 37(1)  54.7(13)  41.8(11)  9.7(10)  - 3.1(8)  4.3(9)  

C00D 38.3(10)  39.8(10)  47.7(11)  - 2.7(9)  - 1.1(9)  5.8(8)  

C00E 35.5(10)  42.9(11)  39.9(10)  3.3(8)  - 4.0(8)  3.4(8)  

C00F 43.1(11)  40.8(11)  56.3(13)  3.8(10)  - 1.1(10)  11.8(9)  

C00G 46.8(12)  40.5(11)  54.0(13)  8.7(9)  2.2(10)  8.4(9)  

C00H 43.9(12)  70.7(16)  43.5(12)  15.7(11)  - 1.6(9)  6.0(11)  

C00I 44.5(12)  48.1(12)  51.1(12)  - 3.4(10)  3.6(10)  12.4(10)  

C00J 53.5(15)  73.7(18)  65.7(16)  23.5(14)  14.1(12)  26.1(13)  

C00K 63.6(16)  59.3(15)  68.0(17)  23.0(13)  12.4(13)  17.2(13)  

C00L 96(2)  61.1(17)  53.9(15)  - 5.7(13)  - 10.0(16)  - 3.3(16)  

C00M 63.6(17)  89(2)  60.3(16)  23.6(15)  13.0(13)  5.0(15)  

C00N 43.3(14)  94(2)  80(2)  - 10.1(17)  10.3(13)  9.6(14)  

C00O 84(2)  66.5(18)  80(2)  5.2(16)  - 11.8(17)  4.0(16)  

C00P 183(5)  81(2)  90(3)  4(2)  - 74(3)  - 12(3)  

C00Q 110(3)  116(4)  113(3)  - 44(3)  6(3)  - 16(3)  

C00R 54(2)  135(4)  129(4)  - 5(3)  25(2)  - 10(2)  

C00S 75(2)  185(5)  99(3)  31(3)  27(2)  - 12(3)  

C00T 67(8)  50(7)  107(12)  - 31(7)  25(7)  16(5)  

C00U 112(7)  85(5)  129(6)  39(5)  53(5)  54(5)  

C1 240(17)  97(7)  76(6)  50(6)  64(8)  62(10)  

C3 134(9)  51(4)  104(6)  28(4)  26(6)  1(4)  

C4 91(5)  162(12)  94(6)  63(8)  - 23(4)  - 10(6)  

C4A 83(7)  68(7)  87(8)  44(6)  11(6)  22(5)  

C3A 99(8)  127(10)  240(17)  124(11)  - 25(9)  - 45(7)  

C1A 91(6)  86(6)  93(6)  49(5)  43(5)  40(5)  

C00W 53(3)  137(7)  303(12)  - 67(7)  - 13(4)  18(3)  

C0AA 177(6)  223(8)  70(3)  67(4)  68(4)  170(7)  

C1AA 49(8)  91(17)  56(7)  24(7)  - 8(5)  35(9)  

 

Table 3.25. Bond Lengths for 3.5. 

Atom Atom Length/Å   Atom Atom Length/Å 

Cu01 P002 2.1988(8)    C00D C00F 1.381(3)  

Cu01 P003 2.1978(9)    C00D C00I 1.502(3)  

Cu01 N004 1.979(2)    C00F C00G 1.409(3)  

P002 C00I 1.835(3)    C00G C00K 1.517(3)  

P002 C00L 1.812(3)    C00J C00T 1.708(13)  

P002 C00N 1.826(3)    C00J C00U 1.470(6)  
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P003 C00H 1.835(3)    C00J C00W 1.631(7)  

P003 C00M 1.825(3)    C00J C0AA 1.413(5)  

P003 C00O 1.820(4)    C00J C1AA 1.418(11)  

N004 C005 1.374(3)    C00K C1 1.583(12)  

N004 C009 1.385(3)    C00K C3 1.558(9)  

C005 C006 1.410(3)    C00K C4 1.559(9)  

C005 C00D 1.411(3)    C00K C4A 1.422(8)  

C006 C007 1.389(3)    C00K C3A 1.532(11)  

C006 C00E 1.433(3)    C00K C1A 1.445(8)  

C007 C00G 1.385(3)    C00L C00P 1.493(5)  

C008 C00A 1.413(3)    C00M C00S 1.509(5)  

C008 C00B 1.379(3)    C00N C00R 1.510(5)  

C008 C00J 1.523(3)    C00O C00Q 1.487(6)  

C009 C00C 1.409(3)    C00T C00U 1.64(2)  

C009 C00E 1.407(3)    C1 C4 1.725(18)  

C00A C00C 1.381(3)    C3A C1A 1.40(2)  

C00B C00E 1.390(3)    C00W C1AA 1.42(3)  

C00C C00H 1.504(3)          

 

Table 3.26. Bond Angles for 3.5. 

Atom Atom Atom Angle/ę   Atom Atom Atom Angle/ę 

P003 Cu01 P002 159.13(3)    C00B C00E C009 121.0(2)  

N004 Cu01 P002 99.85(6)    C00D C00F C00G 124.0(2)  

N004 Cu01 P003 101.02(6)    C007 C00G C00F 117.6(2)  

C00I P002 Cu01 103.38(8)    C007 C00G C00K 122.0(2)  

C00L P002 Cu01 114.37(12)    C00F C00G C00K 120.3(2)  

C00L P002 C00I 104.27(15)    C00C C00H P003 114.83(16)  

C00L P002 C00N 105.43(17)    C00D C00I P002 113.75(16)  

C00N P002 Cu01 124.25(13)    C008 C00J C00T 102.8(5)  

C00N P002 C00I 102.74(14)    C008 C00J C00W 104.0(3)  

C00H P003 Cu01 104.45(9)    C00U C00J C008 113.8(3)  

C00M P003 Cu01 117.90(11)    C00U C00J C00T 61.7(8)  

C00M P003 C00H 102.90(13)    C0AA C00J C008 114.7(3)  

C00O P003 Cu01 122.45(12)    C0AA C00J C00W 96.0(6)  

C00O P003 C00H 104.45(16)    C0AA C00J C1AA 126.8(6)  

C00O P003 C00M 102.37(17)    C1AA C00J C008 115.2(6)  

C005 N004 Cu01 121.78(14)    C1AA C00J C00W 55.0(11)  

C005 N004 C009 104.47(18)    C00G C00K C1 105.9(4)  

C009 N004 Cu01 119.84(15)    C00G C00K C3 108.7(4)  

N004 C005 C006 112.45(18)    C00G C00K C4 110.3(4)  

N004 C005 C00D 127.8(2)    C00G C00K C3A 106.5(5)  

C006 C005 C00D 119.8(2)    C3 C00K C1 145.4(5)  

C005 C006 C00E 105.40(19)    C3 C00K C4 102.7(8)  

C007 C006 C005 120.90(19)    C4 C00K C1 66.6(9)  

C007 C006 C00E 133.7(2)    C4A C00K C00G 115.3(4)  

C00G C007 C006 120.5(2)    C4A C00K C3A 110.5(8)  

C00A C008 C00J 120.8(2)    C4A C00K C1A 128.3(5)  

C00B C008 C00A 118.2(2)    C1A C00K C00G 116.3(3)  

C00B C008 C00J 120.9(2)    C1A C00K C3A 56.2(8)  

N004 C009 C00C 128.1(2)    C00P C00L P002 118.2(3)  

N004 C009 C00E 112.27(19)    C00S C00M P003 112.6(3)  

C00E C009 C00C 119.6(2)    C00R C00N P002 112.5(3)  

C00C C00A C008 123.0(2)    C00Q C00O P003 114.6(3)  

C008 C00B C00E 120.2(2)    C00U C00T C00J 52.0(5)  

C009 C00C C00H 121.8(2)    C00J C00U C00T 66.3(6)  

C00A C00C C009 117.8(2)    C00K C1 C4 56.0(5)  

C00A C00C C00H 120.5(2)    C00K C4 C1 57.4(7)  

C005 C00D C00I 121.6(2)    C1A C3A C00K 58.8(6)  

C00F C00D C005 117.3(2)    C3A C1A C00K 65.0(6)  

C00F C00D C00I 121.1(2)    C1AA C00W C00J 54.9(6)  

C009 C00E C006 105.39(19)    C00W C1AA C00J 70.1(8)  

C00B C00E C006 133.5(2)            
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CuPNP-PMP (3.6) 

    

Table 3.27. Crystal data and structure refinement for 3.6. 

Identification code 3.6 

Empirical formula C38H58CuNP2 

Formula weight 654.33 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 12.8686(5) 

b/Å 18.0813(6) 

c/Å 16.3204(6) 

Ŭ/Á 90 

ɓ/Á 102.3660(10) 

ɔ/Á 90 

Volume/Å3 3709.3(2) 

Z 4 

ɟcalcg/cm3 1.172 

ɛ/mm-1 0.700 

F(000) 1408.0 

Crystal size/mm3 0.28 × 0.19 × 0.12 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 4.308 to 68.63 

Index ranges -20 Ò h Ò 19, -28 Ò k Ò 27, -24 Ò l Ò 25 

Reflections collected 125180 

Independent reflections 14571 [Rint = 0.0410, Rsigma = 0.0365] 

Data/restraints/parameters 14571/0/395 

Goodness-of-fit on F2 1.032 

Final R indexes [I>=2ů (I)] R1 = 0.0488, wR2 = 0.1164 

Final R indexes [all data] R1 = 0.0741, wR2 = 0.1286 

Largest diff. peak/hole / e Å-3 1.55/-0.49 
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Table 3.28. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 3.6. Ueq is defined as 1/3 of the trace of the orthogonalized UIJ 

tensor. 

Atom x y z U(eq) 

Cu01 2672.7(2)  6619.5(2)  4881.4(2)  14.65(5)  

P002 4144.1(3)  6956.5(2)  4490.2(2)  15.12(8)  

P003 1017.7(3)  6675.1(2)  5049.0(2)  13.43(7)  

N004 3239.7(10)  5790.4(7)  5633.3(8)  14.0(2)  

C005 1693.2(11)  5623.7(8)  6331.7(9)  13.8(2)  

C006 3540.4(11)  5336.4(8)  6996.7(9)  14.2(2)  

C007 2194.4(12)  5224.7(8)  7814.1(9)  15.2(3)  

C008 3245.8(12)  5151.8(8)  7749.8(9)  15.7(3)  

C009 2779.1(11)  5591.2(8)  6293.2(9)  13.5(2)  

C00A 5595.4(12)  5213.8(9)  7163.1(10)  17.1(3)  

C00B 1436.0(11)  5450.4(8)  7092.9(9)  15.3(3)  

C00C 4548.2(11)  5376.5(8)  6752.3(9)  14.5(2)  

C00D 5153.3(11)  5812.1(8)  5512.1(9)  15.2(3)  

C00E 4317.7(11)  5666.9(8)  5924.4(9)  14.4(2)  

C00F 6424.0(12)  5359.0(9)  6767.8(10)  18.2(3)  

C00G - 200.7(12)  6891.5(9)  4226.5(9)  17.0(3)  

C00H 832.0(11)  5793.7(9)  5567.4(9)  15.8(3)  

C00I 1820.7(12)  5075.8(9)  8628.9(10)  19.1(3)  

C00J 6179.4(12)  5654.2(9)  5945.4(10)  18.4(3)  

C00K 446.0(12)  7456.3(9)  5562.7(9)  17.7(3)  

C00L 4967.3(12)  6114.8(9)  4631.3(10)  17.7(3)  

C00M 4375.9(14)  7488.9(11)  3559.8(10)  23.1(3)  

C00N 7594.2(12)  5234.9(10)  7191.8(11)  22.9(3)  

C00O 4902.6(14)  7767.4(9)  5024.8(10)  21.8(3)  

C00P 1301.9(15)  5777.2(12)  8896.7(12)  28.2(4)  

C00Q 2737.7(14)  4855.8(11)  9351.0(11)  24.7(3)  

C00R 3388.7(17)  7625.6(13)  2873.2(13)  33.1(4)  

C00S 1000.1(16)  4449.2(12)  8497.5(12)  31.1(4)  

C00T 8163.7(16)  5988.1(13)  7263.8(15)  37.7(5)  

C00U 7729.2(15)  4924.4(14)  8081.2(14)  36.7(5)  

C00V - 249.9(14)  7655(1)  4673.6(11)  23.8(3)  

C00W - 0.6(18)  7004.4(14)  3345.8(12)  35.7(5)  

C00X 1231.1(17)  8062.0(12)  5917.0(15)  36.4(5)  

C00Y - 1327.0(15)  7999.9(12)  4621.0(12)  30.7(4)  

C00Z 6059.9(15)  7622.8(11)  5410.5(14)  31.9(4)  

C010 - 1145.4(16)  6381.3(12)  4185.6(14)  34.8(5)  

C011 - 183.9(19)  7223.7(13)  6208.0(13)  36.4(5)  

C012 4642.9(15)  8183.0(11)  4160.2(12)  26.0(3)  

C013 5284.4(18)  7221.0(15)  3183.5(13)  38.1(5)  

C014 4374.4(19)  8142.4(13)  5682.6(14)  35.9(4)  

C015 5476.7(17)  8711.3(13)  3967.4(14)  37.4(5)  

C016 8117.3(16)  4715.4(16)  6666.6(15)  45.2(6)  

 

Table 3.29. Anisotropic Displacement Parameters (Å2×103) for 3.6. The anisotropic 

displacement factor exponent takes the form: -2ˊ2[h2a*2U11+2hka*b*U12+é]. 

Atom U11 U22 U33 U23 U13 U12 

Cu01 13.59(8)  14.16(9)  16.27(9)  1.89(6)  3.33(6)  0.82(6)  


























































































































































































































































































































































































































