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ABSTRACT 

 

 sp3 C−H functionalization represents a paradigm shift from the conventional rationality of 

organic synthesis. Classical organic synthesis relies on the manipulation of functional groups while 

the new logic of C−H functionalization focuses on the direct installation of functional groups using 

supposedly “unreactive” C−H bonds even in the presence of more reactive functional groups. This 

paradigm has the potential to change the synthetic organic chemistry strategy for creating new 

molecules. This way, light aliphatic hydrocarbons can be converted into value−added chemicals 

such as amines. Alternatively, complex molecules with one or more functional groups may be 

converted into more functionalized chemicals for industrial purposes such as drug discovery. 

Recent advances in the field of organotransition metal chemistry have offered opportunities 

to achieve activation and functionalization of C−H bonds. Seminal work in this area focused on 

the reaction development for relatively simple hydrocarbons. Over the past few years, however, 

several C−H functionalization methods have been discovered and established for the synthesis of 

complex target molecules. Nowadays, the field has moved from an organometallic challenge with 

the goal of simply cleaving C−H bonds to form metal−carbon bonds to the development of new 

synthetic methods for efficient organic synthesis.  

Despite all the aforementioned advances, the development of site−selective C−H 

functionalization is still in its infancy. Although several catalyst sytems have been established and 
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many mechanisms have been proposed for transition metal catalyzed C−H functionalization, only 

a handful of examples are well understood and are mechanistically deriven for resolving the 

site−selectivity issue. Therefore, more detailed mechanistic studies are needed towards the goal of 

creating a wide range of reactions suitable for the practical synthesis of both simple and complex 

molecules by C−H bond functionalization. 

Herein decribes a series of mechanistic studies that employ −diketiminato copper(I) and 

nickel(I) complexes in catalytic intermolecular sp3 C−H functionaliztion. Initially, the successful 

isolation of a terminal copper−nitrene for nitrene group tranfer into nucleophiles such as 

isocyanides and phosphines as well as the benzylic C−H bonds is discussed (Chapter 1). Reactivity 

studies showed a dicopper(II) ketimide complex can be considered as a “masked” terminal 

copper−arylnitrene complex [Cu]=NAr (Ar = 2,6−iPr2C6H3) for successful nitrene transfer into 

isocyanides, phosphines and C−H bond of ethylbenzene.  

Learning from the isolation of the masked arylnitrene complex, several bulky 

−diketiminate ligands were designed and synthesized to stabilize transient copper−acylnitrene 

[Cu]=NC(O)Ar species for site−selective hydrogen atom abstraction (HAA) of R−H substrate to 

form primary and secondary organoradicals R• (chapter 2). Radical capture (RC) of this alkyl 

radical by the sterically congested [CuII]−NHC(O)Ar furnished primary and secondary amidated 

products R−NHC(O)Ar. This is the first example of the site−selective primary and secondary 

functionalization of aliphatic C−H bonds via transition−metal nitrenes. This primary 

site−selectivity completes that of the previously reported C−H functionalization by our laboratory 

for the tertiary selective C−H functionalization.  
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Recent studies from our laboratory have discovered that C−H functionalization with 

unactivated amines, anilines or acyl−protected phenols with tBuOOtBu as an oxidant can 

take place at CuI −diketiminates under a radical−relay mechanism. Mechanistic studies 

revealed that while in some cases the copper(II) alkylamide [CuII]−NHR′ is capable of 

HAA, the principle role of the copper intermediates [CuII]−NHR′ or [CuII]−OAr is to 

capture an alkyl radical R• (generated in the HAT of R−H substrate via tBuO• radical) to 

form R−NHR’ or R’OAr, respectively.  

We sought to extend this protocol to Ni−catalysis to expand the scope of functional 

groups that can be installed via radical relay approaches to C−H functionalization (chapter 

3). Besides potentially offering access to a wider range of functional groups, a radical−relay 

approach that employs [NiII]−FG species more stable than their [CuII]−FG could potentially 

offer different site−selectivities comparing to the established Cu system. Hence, mild 

activation of tBuOOtBu at [NiI] center was shown and the resulted {[NiII]}2(μ−OtBu)2 

complex was shown to be a suitable precursor to prepare several [NiII]−FG complexes were 

prepared where FG = nitromethanoato, enolato, amido or phenolato ligands. These 

complexes were carefully characterized and their radical capture behavior was studied to 

assess the capability of this system for catalytic reactions. 

 The Glaser coupling reaction, an oxidative cross−coupling of alkynes to form 

1,3−diynes is an important reaction in synthetic chemistry and material sciences. This 

transformation was discovered by Carl Glaser in 1869 with the use of cuprous chloride as 

catalyst and aqueous ammonia as the base under an oxygen atmosphere. Since discovery 

of this oxidative coupling, chemists have been synthesizing molecules by this means 



 

vi 

 

featuring conjugated C≡C bonds, yet its mechanism is unclear up to date. Although several 

mechanisms have been proposed, the most currently accepted one has been reported by 

Bohlmann and coworkers in 1964 and relies on dimeric copper acetylides as intermediates 

in the oxidative acetylenic coupling. Herein, transalkynylation of a sterically encumbered 

copper(II) tert−butoxide with and sterically bulky, electron−deficient terminal arylakyne 

allows for isolation of the first three-coordinate, terminal copper(II) alkynyl species [CuII]-

C≡CArCl2 (Cl2Ar = 2,6−Cl2C6H3) (chapter 4).  

Facile reduction of [CuII]−C≡CArCl2 (E1/2 = −645 mV vs Cp2Fe+/Cp2Fe) to the 

copper(I) alkynide complex {[CuII]−C≡CArCl2}− was achieved using cobaltocene. This 

reduction triggers redox disproportionation upon coordination of the Lewis base, such as 

MeCN, 2,4−lutidine, or an alkynylate anion to provide [CuII]−C≡CArCl2(LB), which 

reductively eliminates 1,3−diyne Cl2ArC≡C−C≡CArCl2. This new mechanistic findings 

provide insight into the mechanism of C−C coupling in the Glaser coupling and support a 

redox disproportionation pathway involving CuI, CuII, and CuIII organometallic 

intermediates.  
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Chapter I 

Towards the Isolation of Terminal Copper Arylnitrene Intermediates§ 

1.1. Introduction 

Cu–nitrene intermediates have long been sought−after as they play a key role in 

many aziridination and amination reactions.1−3 Such intermediates have been elusive for 

decades now, preventing the explicit assignments of mechanisms for the aforementioned 

C−N bond formation reactions. Furthermore, the electronic structure of the Cu–nitrenes 

has also been ambiguous. The singlet state (with a bent nitrene coordination mode as Cu(I)–

NR) and the triplet state (with linear nitrene coordination as Cu(II)–N•R) have been 

calculated via DFT simulations (Scheme 1.1). These structural questions have motivated 

chemists to isolate and investigate the reactivity of terminal Cu–nitrene species.4−5 

 

Scheme 1.1. DFT calculated structures of singlet and triplet copper nitrenes. 

Moreover, the study of their electronic and structural features can also shed light 

on the chemical properties of biologically relevant copper−oxyl intermediates that are 

proposed as key intermediates in several Cu–catalyzed C−H hydroxylation reactions. Since 

Cu–nitrenes are isoelectronic with Cu−oxyl intermediates, their synthesis and structural 

characterization can be useful to elucidate the electronics and structural features of highly 

reactive Cu−oxyl intermediates (Figure 1.1). 

 

§ The results of this project were published in Angew. Chem. Int. Ed. 2017, 56, 6426−6430. 

Useful discussion with Prof. Subrata Kundu is acknowledged. 
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Figure 1.1. Putative intermediates formed in the reaction between Cu and oxene and 

nitrene sources. 
 

The seminal work by Sloan and his co−workers in 1964 described the in situ 

generation of sulfonyl nitrenes by dinitrogen extrusion from three azides 

(l−pentanesulfonyl azide, 2−propysulfonyl azide and p−toluenesulfonyl azides) under high 

pressure and high temperature (175 ºC). They observed nitrene group RSO2N inserts into 

sp3 C−H bonds of cyclohexane (BDE = 95.5 kcal mol−1) in high yields (up to 72 %) as 

shown in Scheme 1.2.6 

 

Scheme 1.2. First report of direct C−H amination via free nitrene insertion using 

sulfonylazides. 

In 1967, Kwart and Khan reported the first transition metal catalyzed C−H 

amination using copper powder in nitrene insertion into C−H bonds of cyclohexane with 

phenylsulfonyl azide (PhSO2N3) as nitrene source. They proposed that a copper nitrene 

intermediate “Cu=NSO2Ph” is the active species responsible for this transformation. The 
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low−yield aminated product (3%) was accompanied by several other byproducts that were 

dependent on the solvent choice (Scheme 1.3).7 

 

Scheme 1.3. First known instance of metal catalyzed nitrene mediated C−H amination 

reported by Kwart and Khan. 

In 1993, Jacobsen and Evans reported back−to−back reports on enantioselective 

aziridination of olefins promoted by copper(I) triflate salt as copper source, PhI=NTs as 

the nitrene source, and bidentate diimine supporting ligands (Scheme 1.4).8−9  

 

Scheme 1.4. Copper catalyzed enantioselective aziridination of alkenes using 

PhI=NTS as nitrene source. 
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Jacobsen reported the conversion of the alkene substrates to the corresponding 

aziridines with good yields and remarkable ee’s while the reactions were carried out at −78 

ºC. They also suggested that the active oxidant is a putative Cu−nitrene species that is 

bound to a single chiral diimine ligand.  

Evans discovered the use of a BOX ligand to convert olefins to their corresponding 

aziridines at RT with excellent ee’s (up to 97%). Evans group also observed that similar 

enantioselectivity may be achieved when a Cu(II) source was employed. They speculated 

that the copper catalyst in their system functions at +2 oxidation state. 

In 1969, Turner and his colleagues used chloramin−T as nitrene source and copper 

powder as catalyst for direct amination of 1,4−dioxane at mild conditions with 70% yield 

(Scheme 1.5).10
  

 

Scheme 1.5. Copper catalyzed amination of dioxane using Chloramine−T as nitrene 

source. 

 

However, it was not until 1998 that an efficient catalytic system was discovered by 

Taylor group for C−H amination. A mixture of chloramine−T, copper(I) triflate and 

N−pentyl imine of pyridine−2−carboxaldehyde as supporting ligand was used for allylic 

C−H amination of cyclohexene (BDE = 87 kcal mol−1) as well as benzylic C−H amination 

of tetralin (BDE = 83 kcal mol−1) as shown in Scheme 1.6.11    
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Scheme 1.6. Copper catalyzed amination of cyclohexene and tetralin using 

Chloramine−T as nitrene source. 
 

In 2003, Pérez et al. reported mononuclear cuprous tris(pyrazolylborate) complexes 

(CuTps) that catalyzed the oxidative amination of strong sp3 C−H bonds of cyclohexane 

using PhI=NTs as nitrene source in 65% yield (Scheme 1.7).12−13 

 

Scheme 1.7. Copper(I) catalyzed nitrene insertion into C−H bonds of cyclohexane 

using PhI=NTs as nitrene source. 

Two possible pathways for C−H amination are accepted with mechanistic support 

for each system (Scheme 1.8): A) The concerted pathway that involves direct insertion of 

the nitrene moiety into the C−H bond;14 B) The stepwise pathway, which proceeds through 

initial hydrogen atom abstraction (HAA) followed by radical rebound (RR) step, where 

[M]=NR abstracts a hydrogen atom from R−H substrate to generate organoradical •R and 

metal amido species [M]−NHR, which rebounds with the •R radical.15 
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Scheme 1.8. Two generally accepted mechanistic pathways for nitrene insertion: 

concerted and stepwise HAA/RR.  
 

The Warren group successfully synthesized and isolated the first examples of 

copper−nitrene complexes that were active in direct C−H amination of secondary benzylic 

and aliphatic R−H substrates in excellent yields with alkyl azides as nitrene source, such 

as N3Ad or tBuN3, using a −diketiminato copper(I) complex catalyst [Cl2NN]Cu(I) 

(Scheme 1.9 and 1.10).16−17 It is worth mentioning that the Warren group also reported the 

first isolation of Cu−arylnitrenes via activation of arylazides and using a −diketiminato 

copper(I) complex.18  

Detailed mechanistic studies revealed that this catalytic system operates through 

stepwise HAA/RR pathway (path B vide supra) as shown in Scheme 1.7. The same studies 

showed that the dicopper nitrene complex, {[Cl2NN]Cu}2(−NAd), first dissociates in 

benzene at elevated temperatures to give a transient terminal nitrene [Cl2NN]Cu=NAd and 

a [Cl2NN]Cu(2−C6H6) complex. 
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Scheme 1.9. Catalytic amination of C−H bonds: proposed mechanism. 

 

 

Scheme 1.10. Catalytic amination of C−H bonds with 1−azidoadamantane (N3Ad) 

employing 2.5 mol% [Cl2NN]Cu catalyst. 



8 

 

 

Terminal nitrene [Cl2NN]Cu=NAd then engages in HAA to form 

[Cl2NN]Cu−NHAd and organic radical •R. Next, the amido complex [Cl2NN]Cu−NHAd 

captures •R to yield aminated product R−NHAd and resting state of the catalyst 

(Cl2NN]Cu(2−C6H6)). This species stoichiometrically aminates C−H substrates through 

the intermediacy of a highly reactive, terminal copper nitrene species, [Cu]=NAd, via 

dissociation of dinuclear {[Cl2NN]Cu}2(−NAd). Reactive [Cu]=NAd species was not 

observed spectroscopically due to its high reactivity and short life−time Scheme 1.9. 

 

A milestone in the synthesis of terminal Cu−nitrene complexes was the study by 

Ray and co−workers in 2012.19 His team reported a scandium stabilized terminal copper 

sulfonylnitrene complex can be trapped in solution and characterized. This Lewis acid 

stabilized nitrene complex could oxidize C−H bonds cyclohexane to give C−H amination 

product in modest yield 35% via HAA/RR mechanism. They characterized this species via 

several solution techniques such as UV−vis spectroscopy, resonance Raman (rRaman), and 

X−ray absorption spectroscopies XAS and XANES as well as DFT calculations. Ray 

suggested that the best electronic model for this complex can be formulated as 

[CuII]−•NSO2ArSO2
tBu (Scheme 1.11). In a follow up paper, Ray group used the same 

ligand scaffold to synthesize an arylnitrene species and their results showed that the Cu 

center was only coordinated by two N atoms of the ligand scaffold and one N atom of the 

arylnitrene ligand, which was also coordinated by Sc3+ ion.20 Reactivity studies showed 

that this Cu−nitrene species was a worse H atom abstracting agent resulting in slower 

reaction rates than their previous example with sulfonylnitrene. This can be attributed to 

the lower N−H bond dissociation energy after HAA step of [CuII]−•NAr species (N−H 
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BDE ≈ 90−95 kcal mol−1) in comparison with [CuII]−•NSO2R with N−H BDE ≈ 105 kcal 

mol−1). 

 

Scheme 1.11. Synthesis of terminal copper−sulfonylnitrene stabilized by Lewis acid 

and its chemical reactivity in C−H amination of cyclohexane. 

 

Bertrand reported the first crystal structure of a stable singlet phosphinonitrene in 

2012 (Scheme 1.12 A).21 The authors claim that the bonding between P and N atoms in 

this surprisingly stable nitrene is analogous to that of observed for metallonitrenes. In hope 

for isolation of terminal Cu−nitrenes, Bertrand and his colleagues reacted this free nitrene 

with 2 equiv. phosphonitrene Cu(I) triflate and isolated a dicopper−nitrene complex that 

was similar to the dicopper nitrene species reported by Warren group.16−18 Upon reaction 

of 0.5 equiv. or 1 equiv. of Cu(I) salt Bertrand isolated a mononuclear Cu−dinitrene and 

dinuclear Cu−mononitrene complexescharacterized by X−ray diffraction analysis. 

Attempts to isolate a mononuclear terminal Cu−mononitrene complex was not successful 

as the reactions led to the formation of a mixture of the dicopper−nitrene and the 

copper−dinitrene complexes. The authors concluded that the terminal Cu−nitrene complex 

underwent dismutation (Scheme 1.12 B). Noteworthy, none of Bertrand’s copper−nitrene 

species are reactive towards the nitrene group transfer reactions. 
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Scheme 1.12. A) Structure of isolable singlet phosphinonitrene; B) Schematic 

structures of dicopper−nitrene and copper−dinitrene complexes. 

 

Most recently, Ribas, Ray and Company reported the characterization of a 

mononuclear Cu−arylnitrne complex that can be generated through the reaction between 

[Cu(NCMe)4]OTf and an azido triazamacrocycle ligand (Scheme 1.13).22 Although this 

compound was not isolable to be structurally characterized by X−ray crystallography, it 

was characterized via UV−vis, rRaman, XAS and XANES spectroscopic methods as well 

as cold spray ionization mass spectrometry and DFT simulation studies. They confirmed 

the formation of a mononuclear Cu−arylnitrene complex that could best be modeled as 

Cu(II)−(•NAr) in solution. It was also claimed that this Cu−arylnitrene species reacted with 

weak C−H bonds of 1,4−cyclohexadiene (BDE = 77 kcal mol−1), however the organic 

products derived from this reaction were not reported or characterized.  

 

Scheme 1.13. Synthesis and characterization of terminal copper−triazaarylnitrene 

complex. 
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The latest work by Herres−Pawlis and her team showed that bis(pyrazolyl)methane 

ligands can be used to stabilize terminal copper tosyl nitrenes.23 They trapped these highly 

active intermediates at low temperatures and studied the formation and thermal decay of 

the Cu−nitrenes by UV/Vis spectroscopy of the highly coloured species. Additionally, her 

team studied these reactive nitrenes by cryoUHR−ESI mass spectrometry as well as DFT 

calculations. Four distinct copper tosyl nitrenes were prepared at low temperatures by the 

reaction with SO2tBuPhI=NTs and copper(I) acetonitrile precursors (Scheme 1.14). They 

also carried on stoichiometric reactions to elucidate their reactivity towards the nitrene 

transfer to phosphines, aziridination of styrenes, and perhaps most interestingly, to enable 

the C−H amination of cyclohexane and toluene and in the presence of excess R−H 

substrates at low temperatures. 

 

Scheme 1.14. Synthesis and characterization of terminal copper−tosylnitrene 

complexes supported by bis(pyrazolyl)methane ligands and their reactivity in C−H 

amination of cyclohexane and toluene. 
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For isolation of a terminal copper–nitrene, we specifically targeted arylnitrene 

intermediates [Cu]=NAr since we anticipated that they would be less reactive towards 

HAA than corresponding alkylnitrenes [Cu]=NR. For instance, [Cu]=NR (R=1–Ad or tBu) 

intermediates undergo facile intra− and intermolecular HAA reactions with C–H bonds, 

driven by the strong N–H bond in the HAA product is calculated to be 98.4 kcal mol−1 for 

[Cl2NN]Cu–NHAd (calculated by Prof. Tom. Cundari at University of North Texas).24 The 

other parameter that was taken into consideration was the sterics of the supporting 

−diketiminate ligand. Previously isolated dicopper nitrene showed that electrophilic 

nitrene N atom binds to another Cu center of a −diketiminate Cu(I) complex to obtain 

further stability through formation of [Cu]2(μ−NAr).16−18 

Herein describes the synthesis and characterization of isolable dicopper(II) 

ketimide that serves as a “masked” copper−arylnitrene through which, we gain 

understanding and provide evidence for the presence of terminal arylnitrene species. 

 

1.2. Results and Discussion 

1.2.1. Isolation of Dicopper(II) Ketimide 

Employing a sterically demanding copper(I) −diketiminate [iPr2NN]Cu, we sought to 

discourage the formation of bridged dicopper nitrenes [Cu]2(−NAr) to enable the direct 

observation of terminal nitrenes [Cu]=NAr. Reaction of [iPr2NN]Cu(NCMe) (1) with 

N3ArCl3 (ArCl3=2,4,6−Cl3C6H2) in ethereal solution at −35 ºC results in a rapid color change 

from pale yellow to purple to orange (Scheme 1.15). Crystallization from ether : n−pentane 

yields orange crystals of the dicopper(I) aryltriazenido species 2 in 71% yield (Figure 1.2). 

While 1,3−diaryltriazenido complexes are known,25 2 is a novel example of a 
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monoaryltriazenide directly from the reduction of the corresponding arylazide. We propose 

that the aryltriazenido complex forms by nucleophilic attack of the −carbon of one 

−diketiminato moiety at the terminal N atom of an azide coordinated to another 

[iPr2NN]Cu moiety (Scheme 1.15).  

 

Scheme 1.15. Formation of dicopper triazenide complexes 2 and 3. 

 

Repeating this reaction with mesityl azide N3ArMe3 (ArCl3=2,4,6−Me3C6H2) similarly 

results in the isolation of the corresponding aryltriazenido complex 3 in 36% yield. Both 2 

and 3 possess short Cu···Cu separations of 2.5974(5) and 2.5978(3) Å, respectively (Figure 

1.3). 

 In contrast to N3Mes and N3ArCl3, reaction of the bulkier 2,6−diisopropylphenyl 

azide N3AriPr2 (AriPr2 = 2,6−iPr2C6H3) with 1 at −35 °C leads to a rapid color change from 

pale yellow to dark violet with effervescence of N2 gas and formation of dicopper(II) 

ketimide complex 4 in 59% yield (Scheme 1.16).  
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Scheme 1.16. Synthesis of dicopper(II) diketimide 4 via terminal nitrene 5. 

 

The X−ray structure of 4 (Figure 1.4) shows a centrosymmetric dimer connected by a long 

sp3−sp3 C−C bond (C33−C33’ = 1.586(4) Å) formed by dimerization of the NAriPr2 rings 

at the p−position, resulting in a bridging diketimide ligand. The trigonal planar Cu center 

possesses a much shorter Cu−Nketimide bond length of 1.7661(17) Å as compared to its 

nearly identical Cu−Nβ−dik distances of 1.9128(16) and 1.9142(16) Å. Interestingly, the 

Cu−Nketimide−C angle approaches linearity at 161.78(15)º suggesting the possibility of 

extended interaction with the −system. Careful investigation of the C−C bond lengths of 

the ketimide aromatic ring clearly reveal dearomatization with corresponding alternating 

bond lengths. For instance, the C30−C31 bond length is 1.501(3) Å whereas the C31−C32 

bond distance is 1.331(3) Å.  

It is noteworthy that 4 is isostructural with a dinickel(II) diketimide obtained from 

the reaction of {[iPr2NN]Ni}2(−toluene) with N3AriPr2 as reported in 2007 by Bai and 

Stephan.26 While the steric bulk of the azide N3AriPr2 apparently directs reaction with 

[iPr2NN]Cu towards a nitrene intermediate [iPr2NN]Cu=NAriPr2 (5), a few crystals of a 

triazenide {[iPr2NN]Cu(μ−iPr2PhN=N=N)}2, similar to 2 and 3, were isolated as a minor 

product (Figure 1.5.). 
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Figure 1.2.  X−ray crystal structure of dicopper(I) triazinide 2 collected at 100 K. 
Selected bond distances (Å) and angles (°): Cu1−N1′ 1.9088(12), Cu1−N3 1.9392(11), 

Cu1−N4 2.1770(12),Cu1•••Cu1′ 2.5974(5), N1−N2 1.3150(15), N1−C1 1.4181(16), N2−N3 

1.2898(15), N3−C7 1.4740(16), N4−C8 1.2813(17), N5−C22 1.2734(17), N1−Cu1−N3′ 

163.70(5), N1−Cu1−N4′ 116.78(5), N3−Cu1−N4 79.24(5), N1−Cu1′−Cu1 86.21(4), 

N3−Cu1−Cu1′ 80.90(4), N4−Cu1−Cu1′ 145.80(3), N2−N1−C1 110.29(10), N2−N1−Cu1′ 

125.68(9), C1−N1−Cu1′ 123.99(9), N3−N2−N1 114.41(11). 
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Figure 1.3.  X−ray crystal structure of dicopper(I) triazinide 3 collected at 100 K. 
Selected bond distances (Å) and angles (°): Cu1−N1 1.9045(10), Cu1−N3′ 1.9375(10), 

Cu1−N4′ 2.2028(10), Cu1•••Cu1′ 2.5978(3), N1−N2 1.3003(14), N1−C1 1.4412(15), 

N2−N3 1.3034(14), N3−Cu1′ 1.9376(10), N4−Cu1′ 2.2028(10), N1−Cu1−N3′ 159.58(5), 

N1′−Cu1′−N4 121.34(4), N3−Cu1′−N4′ 78.10(4), N1−Cu1−Cu1′ 85.55(3), N3−Cu1′−Cu1 

80.80(3), N4−Cu1′−Cu1 142.00(3), N1−N2−N3 115.27(10). 
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Figure 1.4.  X−ray crystal structure of dicopper(II) ketimide 4 collected at 100 K. 
Selected bond distances (Å) and angles (°):Cu1−N3 1.7661(17), Cu1−N1 1.9128(16), 

Cu1−N2 1.9142(16), N3−C30 1.266(2), C30−C35 1.495(3), C30−C31 1.501(3), C31−C32 

1.331(3), C32−C33 1.493(3), C33−C33′ 1.586(4), N3−Cu1−N1 132.34(7), N3−Cu1−N2 

130.75(7), N1−Cu1−N2 96.30(7), C30−N3−Cu1 161.78(15), C32−C33−C33′ 109.6(2), 

C34−C33−C33′ 110.4(2). 

 



18 

 

 
 Figure 1.5. Molecular structure of {[iPr2NN]Cu(μ−iPr2PhN=N=N)}2. Thermal ellipsoid 

plots are shown at the 50% probability level. −diketiminate isopropyl groups and all 

hydrogen atoms are omitted for clarity. Cu1−Cu2 2.6805(5), Cu1−N1 1.9115(15), Cu2−N3 

1.9348(15), Cu1−N9 2.2433(14), Cu2−N4 2.2096(15), N1−N2 1.297(2), N2−N3 1.306(2), 

Cu1−N1−N2 124.61(12), N1−N2−N3 115.20(14), Cu1−N2−N3 124.61(12), 

Cu1−Cu2−N3 78.39(4), Cu1−Cu2−N6 84.08(4). 

 

1.2.2. Solution Characterization and Reactivity 

Dicopper(I) triazenide complex 2 is diamagnetic in solution and gives interpretable 

1H and 13C NMR spectra. 2 is a centrosymmetric complex and displays two sets of iPr 

group peaks in its 1H NMR at 2.73 and 2.91 ppm indicative of two different type of N−aryl 

groups on the −diketimine ligand. This complex also shows only one signal for its Me 

groups of the diimine at 1.71 ppm. The backbone H of the diimine ligand appeared at 5.54 

ppm while the H atoms on the ArCl3 ring features a singlet at 7.50 ppm. While complex 2 
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is stable for several weeks at room temperature under an inert atmosphere, its analogues 

dicopper(I) triazinide complex 3 is highly thermally sensitive and decomposes with color 

change when warmed up to temperatures above −35 ºC. This fast decomposition hampered 

any further analysis and characterization.  

Dicopper (II) ketimide 4 is paramagnetic in solution with a characteristic dark violet 

color (max = 560 nm (5600 M−1cm−1) and 639 nm (3500 M−1cm−1)) as shown in Figure 

1.6. Paramagnetic dicopper(II) complex 4 also exhibits an X−band EPR spectrum typical 

of a triplet biradical species. Coupling to both Cu(II) centers results in a seven−line pattern 

with (A(2Cu) = 99.5 MHz) centered at g = 2.0548 in its isotropic X−band EPR spectrum 

at RT in n−pentane (Figure 1.7.). Complex 4 is paramagnetic with a solution molecular 

magnetic moment of 2.49(2) BM in C6D6 at 23 °C (12.5 mM solution aith TMS as 

reference), consistent with a triplet formulation. 

 

 

 

 

Figure 1.6. Right: UV−vis spectra of 4 in pentane at RT at different concentrations. 

Left: Beer’s law plot for 4 shows λmax/nm (ε/M−1cm−1) = 560 nm (5600), 639 nm (3500). 
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Figure 1.7. Isotropic X−band electron paramagnetic resonance (EPR) spectra of 4 

(0.46 mM in pentane at 297 K. Frequency = 8.9951 GHz, Power = 0.25 mW, 

ModWidth = 1.0 mT, time constant = 0.03 s.  Simulation was performed using a 2Cu 

system: giso = 2.0548 with Aiso(Cu) = 99.5 MHz. Lorentzian lineshape, linewidth Wiso = 

11.0 mT. Linear A−strain on Cu: ∈  = 0.0023 mT2/MHz, quadratic A−strain on Cu: 1 

mT2/MHz. 

 

Reactivity studies of 4 demonstrate clean nitrene group transfer to nucleophiles such 

as trimethylphosphine (PMe3) and tert−butylisocyanide (tBuNC) (Scheme 1.17.). Reaction 

of 4 with 10 equiv. PMe3 or tBuNC at RT leads to the rapid discharge of the violet color of 

4 with formation of iPr2ArN=PMe3 and iPr2ArN=C=NtBu in 94% and 97% yields, 

respectively. The use of excess nucleophile traps the [iPr2NN]Cu fragment as adducts 

[iPr2NN]Cu(PMe3) (6) and [iPr2NN]Cu(CNtBu) (7) (Figures 1.8. and 1.9.) that may also be 

prepared independently by addition of PMe3 or CNBut to [iPr2NN]Cu(NCMe).  

Importantly, the stoichiometric (1:1) reaction of 4 with ethylbenzene (BDE = 87 

kcal/mol) at 90 °C gives C−H amination of the benzylic site in modest yield (31%) along 

with concomitant formation of 2,6−diisopropylaniline. Increasing the ethylbenzene loading 
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to 50 equiv. enhances the isolated yield of C−H amination product to 79%. To our delight, 

C−H amination with N3AriPr2 may also be carried out catalytically with 1 mol% 

[iPr2NN]Cu(NCMe) as catalyst in neat ethylbenzene at 90 °C to give a 51% GC yield. 

 

Scheme 1.17. Reactivity of dicopper(II) diketimide 4 via terminal nitrene 5.  

The reactivity profile of dicopper(II) ketimide 4 does not fit that of a transition 

metal−ketimide species. For instance, transition metal ketimides have been used to 

stabilize high oxidation state, tetrahedral Mn(IV),27 Fe(IV),28 and Co(IV)29 complexes due 

to their bonding properties that render the M−N bond rather inert. Rather, the reactivity of 

4 mirrors that of −diketiminato copper nitrene intermediates [Cu]=NR that can undergo 

attack by nucleophiles such as phosphines and isocyanides as well as participate in C−H 

amination.16−18 Thus, we propose that these nitrene transfer reactions proceed via the 

intermediacy of the terminal nitrene [iPr2NN]Cu=NAriPr2 (5) (Scheme 1.17).  
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Figure 1.8. X−ray structure of [iPr2NN]Cu(PMe3). Thermal ellipsoid plots are shown at 

the 30% probability level. All hydrogen atoms are omitted for clarity. Cu1−N1 1.946(2), 

Cu1−N2 1.944(2), Cu1−P1 2.146(4), N1−Cu1−N2 97.05(9), N1−Cu1−P1 136.37(17), 

N2−Cu1−P1 126.48(16). 

 

 
 

Figure 1.9. Molecular structure of [iPr2NN]Cu(CNtBu). Thermal ellipsoid plots are 

shown at the 50% probability level. All hydrogen atoms are omitted for clarity. Cu1−N1 

1.9263(10), Cu1−N2 1.9583(10), Cu1−C30 1.8298(14), C30−N3 1.1555(18), 

N1−Cu1−N2 97.06(4), N1−Cu1−C30 143.16(5), N2−Cu1−C30 119.76(5). 
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To sterically block C−C coupling in nitrene intermediates [Cu]=NAr, we examined 

the reaction of the aryl azide 4−Ph−2,6−iPr2C6H3N3 (Ar4PhN3) that possesses a p−Ph group 

with [iPr2NN]Cu(NCMe) (1) (Scheme 1.18).  

 

Scheme 1.18. Attempted synthetic route for isolation of terminal arylterminal nitrene. 

Upon addition of the azide, a rapid color change from pale yellow to deep violet 

was observed with effervescence of N2 gas. The product of this reaction (8) may be isolated 

from pentane that retains an equivalent of MeCN, but unfortunately resists X−ray structural 

characterization. 1H NMR studies of diamagenetic 8 in benzene−d6 reveal a MeCN 

resonance at  0.00 ppm that exchanges rapidly with added MeCN (Figure 1.10).  

 

Figure 1.10. 1H NMR spectrum (400 MHz, 293 K) of 

[iPr2NN]Cu(2−N,N−NC(Me)Ar4Ph) (8) in C6D6. 
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Unlike the 1−N bound MeCN ligand in [iPr2NN]Cu(NCMe) that exhibits a C≡N 

stretch at 2221 cm−1 (Figure 1.11), 8 possesses no high energy stretch around 2200 cm−1 

characteristic of C≡N bonds. Rather, we note a band in the IR spectrum of solid 8 at 1533 

cm−1 that shifts to 1518 cm−1 when prepared from [iPr2NN]Cu(N13CMe) as shown in Figure 

1.12. These data are consistent with insertion of MeCN into [Cu]=NAr to give the 

2−diazametallocyclobutene 8 ([iPr2NN]Cu(2−N,N−NC(Me)Ar4Ph). Such nitrile insertion 

into [M]=NR functionalities is quite uncommon, though previously observed in the 

reaction of nucleophilic metal−imides [Ti]=NR, [U]=NR with organonitriles R′C≡N.30−33 

Amidine products RNHC(=NTs)Me have been observed in C−H amidation of substrates 

R−H with PhI=NTs carried out in MeCN with Mn, Fe, and Cu−based catalysts,34−35 

suggested to proceed via [M](2−N,N−NC(Me)NTs) intermediates.35 

 

Figure 1.11. FT−IR (KBr pellet) spectrum of starting material [iPr2NN]Cu(NCMe) 

(1). C≡N appears at 2221 cm−1. 
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Figure 1.12. FT−IR (KBr pellet) spectra of starting material 

[iPr2NN]Cu(2−N,N−NC(Me)Ar4Ph) (8) prepared from [iPr2NN]Cu(NCMe) (1) (red) 

and [iPr2NN]Cu(N13CMe) (1−13C) (blue). 

 

Curiously, the UV−vis spectra of dicopper diketimide 4 and nitrene−MeCN adduct 

8 in dilute pentane are similar in form with strong bands at  = 560 and 639 nm (4) or 533 

and 630 nm (8) (Figures 1.13). This observation suggests that both may exist as the closely 

related terminal nitrenes [iPr2NN]Cu=NAriPr2 (5) and [iPr2NN]Cu=NAr4Ph (9) in dilute 

solution. Indeed, freezing point depression measurements in cyclohexane suggest that both 

diketimide 4 and MeCN adduct 8 are ca. 35% and 80% dissociated to the corresponding 

terminal nitrenes 5 and 9. 
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Figure 1.13. Right: UV−Vis spectra of [iPr2NN]Cu(2−N,N−NC(Me)Ar4Ph (8) in 

pentane at RT at different concentrations. Left: Beer’s law plot for 8 shows λmax/nm 

(ε/M−1cm−1) = 533 nm (4600), 630 nm (2200). 

Accordingly, reactivity studies of nitrene−MeCN adduct 8 demonstrate quantitative 

nitrene group transfer to nucleophiles such as PMe3 as well as tBuNC. Heating isolated 8 

with 50 equiv. ethylbenzene at 90 °C allows for isolation of the C−H amination product in 

71% GC yield (Scheme 1.19). 
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Scheme 1.19. Reactivity of [iPr2NN]Cu(2−N,N−NC(Me)Ar4Ph via terminal nitrene 

[iPr2NN]Cu=NAr4Ph (9).   

We specifically targeted arylnitrene intermediates [Cu]=NAr since we anticipated 

that they would be less reactive towards HAA than corresponding alkylnitrenes. For 

instance, [Cu]=NR (R = 1−Ad16 or tBu18) intermediates undergo facile intra− and 

intermolecular HAA reactions with sp3 C−H bonds, driven by the strong N−H bond in the 

HAA product ( calculated to be 98.4 kcal/mol for [Cl2NN]Cu−NHAd). Accordingly, 

addition of AdN3 to [iPr2NN]Cu(NCMe) (1) at RT led to intramolecular C−H amination of 

a −diketiminato 3° benzylic o−iPr C−H bond to furnish [AdNHCMe2NNDipp]Cu (10), 

consistent with previously reported intramolecular C−H amination via Cu−alkylnitrenes 

by our group (Scheme 1.20)16. This difference in HAT reactivity between alkyl− and 

arylnitrene intermediates may be attributed to the higher N−H BDEs of alkylamines H2NR 
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(≈ 95−100 kcal mol−1) vs. anilines H2NAr (≈ 86−95 kcal mol−1), though we cannot discount 

steric differences between specific [Cu]=NAr and [Cu]=NAd intermediates. 

 

 

Scheme 1.20. Right: Synthesis of [AdNHCMe2NNDipp]Cu (10). Left: X−ray structure of 

[AdNHCMe2NNDipp]Cu (10).  

1.2.3. DFT Studies (Calculations by Prof. Tom Cundari and Dr. Quan Jiang) 

We employed DFT methods to elucidate the electronic structure of the dicopper 

diketimide 4 as well as to assess the viability of the terminal nitrene intermediate 

[iPr2NN]Cu=NAriPr2 (5). First, DFT geometry optimization of 4 in the triplet state at (BP86 

functional with dispersion and solvent effects)36 with all−electron basis sets predicted 

distances of Cu−Nketimide and C−C (C33−C33’) as 1.76 and 1.62 Å, respectively (Figure 

1.14), as compared to the experimentally observed structure of 1.7661(17) and 1.586(4) Å, 

respectively. The triplet electronic structure has significant spin density predicted at the Cu 

and ketimide N atoms (Figure 1.15), rationalizing the hyperfine observed to both Cu 

centers (A(Cu) = 99.5 MHz) in the isotropic EPR spectrum of 4 (Figure 1.7).  
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Figure 1.14. DFT structure for dicopper diketimide 4. H atoms have been omitted from 

the figure for clarity. Selected distances (Å) and angles(°): Cu−NAr 1.76, N−C(nitrene) 

1.28, C−C (between NAr rings) 1.62, Cu−N−dik 1.925, 1.90, Cu−N−C(nitrene) 161.6, 

N−dik−Cu−N−dik 97.3. 

 

 

Figure 1.15. The spin density profile for the triplet of dicopper ketimide 4. The blue 

surface (positive spin density) corresponds to an excess of α−electron density, while the 

green surface (negative spin density) corresponds to an excess of 𝛽−electron density. H 

atoms have been omitted from the figure for clarity. Isovalue = 0.002. 

We also computationally examined the terminal nitrene [iPr2NN]Cu=NAriPr2 (5). 

Based on earlier studies of related −diketiminato aryl37 and alkyl16−18 nitrenes, we 

considered both an open−shell singlet (5−S) and triplet (5−T). Both spin states give rise to 
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very similar structures with Cu=NAr distances of 1.75 Å for both, each with a nearly linear 

Cu−N−Ar linkage.37 The open shell singlet 5−S (Figure 1.16) is 4.3 kcal/mol higher in free 

energy at 298 K than triplet 5−T (Figures 1.17) using DFT methods. In both spin states, 

the aryl nitrene substituent possesses alternating spin density. Most critically, there is 

substantial spin density on the p−position of the nitrene aryl substituent that may facilitate 

C−C coupling to form the observed dicopper(II) diketimide 4. Indeed, these DFT methods 

predict that dimerization of 5−S to form 4 by C−C bond formation is favorable by 2.8 

kcal/mol in free energy at 298 K. 

 

Figure 1.16. Spin density profiles for terminal nitrene intermediate 

[iPr2NN]Cu=NAriPr2 in its (a) open−shell singlet state (5−S). The blue surface indicates 

excess of α−electron density; the green surface indicates excess of 𝛽−electron density. H 

atoms have been omitted from the figure for clarity. Isovalue = 0.002. 
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Figure 1.17. Spin density profiles for terminal nitrene intermediate 

[iPr2NN]Cu=NAriPr2 in its triplet state (5−T). The blue surface indicates excess of 

α−electron density; the green surface indicates excess of 𝛽−electron density. H atoms have 

been omitted from the figure for clarity. Isovalue = 0.002. 

 

DFT studies indicate that the 2−N,N insertion product 8 is 2.7 kcal/mol lower in free 

energy than separated MeCN and terminal arylnitrene [iPr2NN]Cu=NAr4Ph (9), the only 

bound state identified by DFT. Multi−configurational self−consistent field (MCSCF) 

calculations on terminal [iPr2NN]Cu=NAr4Ph (9) indicate that the open−shell singlet state 

is highly multi−configurational and lies 10 kcal/mol below the triplet state, as discussed 

previously for both [iPr2NN]Cu=NAriPr2 (5) and simpler copper−nitrene models reported 

in the literature.4  
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1.3. Conclusions 

The dicopper diketimide 4 and MeCN insertion adduct 8 join two other structural 

motifs identified in iron, nickel, and copper chemistry that are proposed to dissociate into 

reactive terminal nitrenes / imides [M]=NR (Scheme 1.21). Complementing the reversible 

C−C coupling pathway of copper arylnitrene [Cu]=NAr (5), King et al. showed that 

sterically unencumbered high spin [FeIII]=NAr species could asymmetrically dimerize via 

N−C coupling (Scheme 1.21b).37 Heating this N−C coupled product in toluene at 80 °C led 

to C−H amination consistent with a terminal [Fe]=NPh intermediate. Dinickel24,38 and 

dicopper16−18 nitrenes [M]2(−NR) may dissociate into terminal species [M]=NR, which 

participate in nitrene group transfer including sp3 C−H amination (Scheme 1.21c). This 

study also suggests reversible insertion of nitriles as an additional method to stabilize 

highly reactive [M]=NR species. This family of masked terminal nitrene / imide motifs 

represent important design considerations in the development of new catalytic nitrene 

transfer systems.  

 

Scheme 1.21. Masked forms of terminal Fe, Ni and Cu imides / nitrenes. 
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1.4. Experimental Details 

1.4.1. General Procedures and Instrumentation Details 

All preparations and handling of air/moisture sensitive chemicals were carried out 

under dry dinitrogen atmosphere in an MBraun glove box and/or standard Schlenk 

techniques unless otherwise mentioned. 1H and 13C{1H} NMR spectra were recorded on a 

Varian 400 MHz spectrometer at room temperature. The chemical shift (δ) values are 

expressed in ppm relative to TMS (0.0 ppm), whereas the residual 1H signal of deuterated 

solvent served as an internal standard. Elemental analyses were performed on a 

Perkin−Elmer PE2400 micro−analyzer at Georgetown University. UV−vis spectra were 

recorded on Agilent 8454 Diode Array spectrometer equipped with stirrer. The molar 

extinction coefficients of different isolated complexes were determined from the Beer’s 

law plot (absorbance vs. concentration) with three different concentrations. IR spectra were 

collected on a Varian 3100 FT−IR spectrometer by using KBr pellet method. EPR spectra 

were collected on a JEOL continuous wave spectrometer JES−FA200 equipped with an 

X−band Gunn oscillator bridge, a cylindrical mode cavity, and a liquid nitrogen cryostat. 

EPR measurements were performed in sealed quartz tubes and the simulation of EPR 

spectra were carried out using the program QCMP 136 by Prof. Dr. Frank Neese from the 

Quantum Chemistry Program Exchange as described previously.40 Magnetic susceptibility 

was calculated by the Evans Method (1H−NMR) in C6D6 and tetramethylsilane (TMS) as 

internal standard.41 

All chemicals were purchased from regular vendors (e.g. Sigma−Aldrich, Acros 

Organics, Strem Chemicals, TCI America) and used without further purification unless 

otherwise noted. Molecular sieves (4A, 4−8 mesh beads) were obtained from 
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Sigma−Aldrich and activated under vacuum at 200 °C for 16 h. Extra dry solvents with 

Acroseal® and deuterated solvents were purchased from Acros Organics and Cambridge 

Isotope Laboratories (CIL), respectively. All solvents (including deuterated solvents) were 

sparged with dry dinitrogen and stored over activated 4A molecular sieve under an inert 

atmosphere. 

[Cu(NCMe)4]OTf (MeCN = acetonitrile and OTf = Trifluoromethanesulfonate) 

was purchased from Sigma−Aldrich. The [iPr2NN]H ligand and [iPr2NN]Cu(NCMe) (1) 

was synthesized according to literature procedures.42 Aryl azides N3ArCl3 (ArCl3 = 

2,4,6−Cl3C6H2), N3ArMe3 (ArMe3 = 2,4,6−Me3C6H2), N3AriPr2 (AriPr2 = 2,6−iPr2C6H3), 

N3AriPr3
 (AriPr3 = 2,4,6−iPr3C6H2) and N3AriPr2Ph (AriPr2Ph = 4−Ph−2,6−iPr2−C6H3) were 

synthesized according to the procedure reported by Moses et al.43 

 

1.4.2. Synthesis of Copper Compounds 

Synthesis and Characterization of {[iPr2NN]Cu(μ−Cl3PhN=N=N)}2 (2) 

To a chilled solution of [iPr2NN]Cu(NCMe) (0.200 g, 0.383 mmol) in anhydrous 

ether (5 mL), an ether solution (1 mL) of 2,4,6−tribromophenyl azide (0.136 g, 0.383 

mmol) was added dropwise and the reaction mixture was stirred at room temperature for 

10 min. The pale yellow color of the starting Cu(I) complex changed quickly to dark violet 

upon addition of the azide. The violet color changed to dark orange within a few minutes. 

After 10 min, the volume of the reaction mixture was reduced under vacuum to ca. 3 mL, 

topped with 1 mL of n−pentane and the vial was placed in −35 °C freezer inside the 

glovebox. 0.249 g of orange crystals of 2 were obtained in 78% yield after 24 hrs. 1H NMR 

(400 MHz, 298 K, C6D6): δ 7.50 (d, J = 1.6 Hz, 4H), 7.13 – 6.95 (m, 15H), 5.54 (s, 2H), 
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2.91 (hept, J = 6.6 Hz, 4H), 2.73 (hept, J = 7.0 Hz, 4H), 1.71 (s, 12H), 1.34 (d, J = 6.7 Hz, 

12H), 1.17 (d, J = 6.9 Hz, 12H), 0.96 (d, J = 6.8 Hz, 13H), 0.87 (d, J = 7.0 Hz, 13H). 13C 

NMR (100 MHz, 298 K, C6D6): δ 172.30, 147.44, 144.92, 136.37, 136.01, 134.35, 124.49, 

123.07, 122.49, 117.90, 80.27, 33.93, 28.19, 27.77, 23.75, 23.03, 22.85, 22.64, 22.14, 

18.63, 13.65. FT−IR (KBr pellet, cm−1): νN=N=N = 1643. Anal. Calcd for 2 C70H86Cl6Cu2N10: 

C, 59.74; H, 6.16; N, 9.95. Found: C, 59.65; H, 6.15; N, 9.99. 

 

Figure 1.18. 1H NMR spectrum (400 MHz, 298 K, C6D6) of 
{[iPr2NN]Cu(μ−Cl3PhN=N=N)}2 (2). 

Synthesis and Characterization of {[iPr2NN]Cu(μ−Me3PhN=N=N)}2 (3) 

[To a chilled solution of [iPr2NN]Cu(NCMe) (0.200 g, 0.383 mmol) in anhydrous 

ether (≈ 5 mL), a pentane solution (1.5 mL) of 2,4,6−trimethylphenyl azide (0.062 g, 0.383 

mmol) was added dropwise and the reaction mixture was stirred at room temperature for 3 

min. Upon addition of the azide the pale yellow color of the starting Cu(I) complex changed 
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to deep blue. The blue color of the solution changed to dark green within 5 min. The volume 

of the reaction mixture was reduced under vacuum to ca. 2 mL, topped with ≈ 2 mL of cold 

n−pentane and the vial was placed in −35 °C freezer inside a glove box. 0.089 g of bright 

green crystals of 3 were obtained in 36% yield after 24 h. Complex 3 is thermally unstable 

both in solution and solid state and decomposes to a gooey black mass within seconds at 

room temperature. Satisfactory elemental and spectroscopic analyses for this complex were 

hampered by its extreme thermal sensitivity. 

Synthesis and Characterization of Dicopper(II) Diketimide 4 

A solution of 2,6−diisopropylphenyl azide  (0.078 g, 0.383 mmol) in anhydrous 

ether (2.0 mL) was added to a solution of [iPr2NN]Cu(NCMe) (0.200 g, 0.383 mmol) in 

2.0 mL anhydrous ether. The color of the solution immediately changed from pale yellow 

to dark violet while N2 bubbles were observed. After stirring the solution for 15 min, the 

reaction mixture was evaporated to obtain a violet solid, which was re−dissolved in 3.0 mL 

ether/pentane mixture (1:2). This solution was then filtered through a plug of Celite and 

topped with ≈3 mL cold acetonitrile.  Upon cooling at −35 °C in a freezer overnight 

afforded violet crystals of 4 (0.148 g, 59% yield). µeff = 2.49 B.M. (C6D6). Anal. Calcd for 

C82H116Cu2N6: C, 75.01; H, 8.91; N, 6.40. Found: C, 74.96; H, 8.96; N, 6.46. UV−vis 

(pentane, RT): λmax/nm (ε/M−1cm−1) = 560 (5600), 639 (3500). EPR (n−pentane, 297 K): 

giso = 2.0473 [A(63Cu) = 97.5 MHz and A(14N) = 50.0 MHz]. 

 

 



37 

 

Dissociation of Dicopper Diketimide 4 Measured by Freezing Point Depression of 

Cyclohexane 

In 3.0 mL cyclohexane was dissolved solid dicopper diketimide 4 (0.0460 g, 0.0351 

mmol in trial 1 and 0.0490 g, 0.0374 mmol based on dimeric X−ray structure). This 

solution was cooled to ca. 10 °C then further cooled to ca. −1.0 °C while observing the 

change in temperature over time using a Vernier stainless steel temperature probe. A 

sudden plateau of temperature was recorded as the observed freezing point where two 

different trials gave 6.1 and 6.0 °C, respectively. The freezing point of pure cyclohexane 

was recorded as 6.5 °C using this system. 

Starting from a dimeric molecular weight formulation as observed in the solid state, van’t 

Hoff factor i (i = 1 dimeric; i = 2 monomeric) was calculated via the expression: 

ΔT = Kf  ∙ m ∙ i   where  

ΔT = Tsoln – Tpure−cyclohexane = −0.4 °C (trial 1); −0.5 °C (trial 2)  

Kf = 20 °C kg/mol (for cyclohexane) m = 0.0151 mol/kg for trial 1 and 0.0160 mol/kg for 

trial 2.   

The van’t Hoff factor was calculated to be 1.33 for trial 1 and 1.40 for trial 2. 

Therefore, compound 4 was determined to be ≈ 33% and 40% dissociated in cyclohexane 

solution as terminal arylnitrene 5. 
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Reaction of Dicopper(II) Diketimide 4 with PMe3 and Formation of 6 

 

A solution of dicopper diketimide 4 (0.200 g, 0.152 mmol) in C6D6 (≈ 5 mL) was 

stirred for 5 min. A THF solution containing 10 equiv. trimethylphosphine (1.523 mL of 

1M solution in tetrahydrofuran, 1.523 mmol) was added dropwise over 2 min. The color 

of the solution gradually changed from dark violet to pale orange over 30 min. After 3 h 

stirring at room temperature, the resultant solution was filtered through a plug of Celite and 

was analyzed via GC−MS as well as 31PNMR spectroscopy to calculate the yield of the 

corresponding trimethyl−5−phosphanimine (δ = −9.60 ppm) against an authentic sample 

synthesized according to the reported procedure.44 The clear colorless filtrate was 

evaporated to dryness and redissolved in ≈ 4 mL pentane, filtered through a plug of 

precooled Celite and left in freezer inside the glove box to obtain colorless crystals of 6 

(0.086 g, 51% yield). Anal. Calcd for C32H50CuN2P: C, 68.97; H, 9.04; N, 5.03. Found: C, 

69.08; H, 9.08; N, 5.10. 1H NMR (400 MHz, 298 K, CDCl3): δ  7.11 (q, J = 5.5 Hz, 6H), 

5.01 (s, 1H), 3.46 (hept, J = 6.9 Hz, 4H), 1.86 (s, 6H), 1.28 (d, J = 6.9 Hz, 13H), 1.23 (d, J 

= 7.0 Hz, 12H), 0.39 (d, J = 6.3 Hz, 9H).13C{1H} NMR (100 MHz,CDCl3): δ 162.05, 

150.14, 139.51, 122.79, 93.57, 27.89, 23.76, 23.75, 22.76, 22.74, 15.12, 14.89. 31P NMR 

(121 MHz, 298 K, CDCl3): δ −52.92. 
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Figure 1.19. 1H NMR spectrum (400 MHz, 298 K, C6D6) of 6. 

 

 

Reaction of Dicopper(II) Diketimide 4 with tBuNC and Formation of 7 

 

A solution of dicopper diketimide 4 (0.200 g, 0.152 mmol) in C6D6 (≈ 5 mL) was 

stirred for 5 min. A solution containing 10 equiv. tert−butyl isocyanide (0.172 mL, 1.523 

mmol) was added dropwise over 1 min. The color of the solution changed from dark violet 

to pale yellow solution within 5 min. After 2 h stirring at room temperature, the resultant 

solution was filtered through a plug of Celite and was analyzed via GC−MS to calculate 
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the yield of the corresponding carbodiimide against an authentic sample synthesized 

according to the reported procedure.38 The clear colorless filtrate was evaporated to 

dryness, redissolved in ≈ 3 mL hexanes and filtered through a precooled pad of Celite and 

left in freezer inside the glove box to obtain colorless crystals of 7 (0.118 g, 69% yield). 

Anal. Calcd for C34H50CuN3: C, 72.36; H, 8.93; N, 7.45. Found: C, 72.37; H, 8.98; N, 7.50. 

1H NMR (400 MHz, 298 K, C6D6): δ 7.18 (d, J = 1.7 Hz, 2H), 7.07 (ddd, J = 8.4, 6.9, 1.6 

Hz, 3H), 5.03 (d, J = 1.5 Hz, 1H), 3.57 (hept, J = 7.1 Hz, 5H), 1.85 (t, J = 1.3 Hz, 6H), 1.45 

(dd, J = 6.9, 1.6 Hz, 12H), 1.29 (dd, J = 7.1, 1.7 Hz, 12H), 0.52 (d, J = 1.6 Hz, 9H. 13C{1H} 

NMR (100 MHz, C6D6): δ 162.57, 161.09, 149.53, 142.36, 140.84, 139.98, 39.15, 123.28, 

122.81, 119.43, 93.60, 31.46, 28.95, 28.22, 27.74, 24.20, 23.01, 22.81, 20.36. 
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Figure 1.20. 1H NMR spectrum (400 MHz, 298 K, C6D6) of 7. 

Synthesis and Characterization of [iPr2NN]Cu(2−N,N−NC(Me)Ar4Ph) (8) 

 

To a solution of [iPr2NN]Cu(NCMe) (0.500 g, 0.958 mmol) in 3 mL pentane at −35 

°C was added a solution of precooled 4−azido−3,5−diisopropyl−1,1'−biphenyl (0.268 g, 

0.958 mmol) in 2 mL pentane. The solution turned into dark violet within 1 min and stirred 

for 10 min at room temperature. The solution was then filtered through a plug of Celite (ca. 

1 cm) and allowed to stand at −35 °C overnight to obtain dark violet solid of 8 in 56% yield 

(0.394 g). 1H NMR (400 MHz, 298 K, C6D6): δ 7.53–7.30 (m, 2H), 7.19 (s, 1H), 7.14–7.10  
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(m, 1H), 7.04 (s, 1H), 6.98–7.02  (m, 5H), 6.96–6.91  (m, 3H), 4.83 (s, 1H), 3.41 (hept, J 

= 7.2 Hz, 4H), 3.22 (hept, J = 6.7 Hz, 2H), 1.69 (s, 6H), 1.26 (d, J = 6.8 Hz, 12H), 1.14 (d, 

J = 6.9 Hz, 12H), 1.01 (d, J = 6.7 Hz, 12H), 0.00 (s, 3H).13C{1H} NMR (100 MHz,C6D6): 

δ 163.00, 140.61, 135.22, 129.02, 127.01, 123.68, 116.29, 93.35, 65.95, 28.65, 28.25, 

24.56, 23.64, 22.51, 15.66. 

Solution NMR Studies on [iPr2NN]Cu(2−N,N−NC(Me)Ar4Ph) 

1H NMR studies were performed on complex 8 to assess the binding mode of the 

acetonitrile. The 1H NMR spectrum of 8 shows a singlet in at 0.00 ppm (CH3CN) in C6D6. 

To further assess the lability of the MeCN in 8, we added 6 equiv. p−tolunitrile 

(4−MeC6H4CN) to a C6D6 solution of 8. Upon addition of excess p−tolunitrile, the 

acetonitrile CH3CN peak shifted to  0.57 ppm (free MeCN).45 

 

Figure 1.21. 1H NMR spectrum (400 MHz, 293 K) of 

[iPr2NN]Cu(2−N,N−NC(Me)Ar4Ph) (8) after addition of 6 equiv. p−tolunitrile in 

C6D6. 
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Synthesis and Characterization of [AdNHCMe2NNDipp]Cu (10) 

 

To a solution of [iPr2NN]Cu(NCMe) (0.500 g, 0.958 mmol) in ≈ 10 mL ether at 

−35 °C was added a solution of precooled 1−adamantylazide (0.170 g, 0.958 mmol) in ≈ 

10 mL ether. The solution was stirred for 3 h at room temperature to obtain an orange 

solution. The solution was then filtered through a plug of Celite (ca. 1 cm) and all the 

volatiles were removed under vacuum to give a dark orange microcrystalline solid. The 

solid obtained was dissolved in ≈ 5 mL of pentane, filtered and was allowed to stand 

overnight at −35 °C. The bright orange solid was decanted, washed with cold pentane and 

dried to yield pure complex 10 (0.604 g, 80 %). Recrystallization via slow evaporation of 

a ether/pentane mixture induced formation of crystals that were suitable for X−ray 

diffraction. Anal. Calcd for C34H50CuN3: C, 74.06; H, 9.24; N, 6.64. Found: C, 74.16; H, 

9.25; N, 6.77. 1H NMR (400 MHz, 298 K, C6D6): δ 7.29 (d, J = 7.6 Hz, 1H), 7.19 (d, J = 

7.5 Hz, 2H), 7.14 – 7.07 (m, 2H), 6.93 (t, J = 7.7 Hz, 1H), 4.85 (s, 1H), 3.74 (h, J = 7.1 Hz, 

1H), 3.63 (h, J = 7.1 Hz, 1H), 3.42 (p, J = 6.8 Hz, 1H), 2.22 (s, 1H), 1.86 (d, J = 4.9 Hz, 

6H), 1.81 (s, 3H), 1.59 (dt, J = 8.8, 3.7 Hz, 7H), 1.50 (s, 3H), 1.44 (t, J = 6.5 Hz, 6H), 1.39 

– 1.29 (m, 14H), 1.23 (s, 7H), 1.10 (d, J = 6.6 Hz, 3H).13C{1H} NMR (100 MHz,C6D6): δ 

163.28, 160.64, 148.29, 148.18, 140.89, 140.22, 138.95, 131.22, 125.38, 124.39, 123.29, 

123.10, 122.85, 120.48, 93.14, 61.24, 57.94, 35.71, 34.33, 32.82, 29.70, 28.02, 27.71, 

27.41, 24.19, 24.14, 23.51, 23.12, 23.05, 22.90, 22.06, 20.78. 
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Figure 1.22. 1H NMR spectrum (400 MHz, 298 K, C6D6) of 10. 

1.4.3. Characterization of Organic Compounds 

Characterization of trimethyl−5−phosphanimine 

94% Yield (31PNMR yield with respect to triphenylphosphine oxide as 

internal standard (δ 23.20 ppm) . 1H NMR (400 MHz, 298 K, CDCl3): δ  

7.01 (dd, J = 7.6, 1.5 Hz, 2H), 6.84 (td, J = 7.5, 2.8 Hz, 1H), 3.45 (hept, 

J = 6.9 Hz, 2H), 1.56 (dd, J = 12.0, 0.6 Hz, 9H), 1.18 (dd, J = 6.8, 0.6 Hz, 12H).13C{1H} 

NMR (100 MHz,CDCl3): δ 144.45, 143.24, 143.17, 122.43, 119.49, 119.45, 28.03, 23.96, 

18.07, 17.38. 31P NMR (121 MHz, 298 K, CDCl3): δ −9.60. GC−MS: m/z 251.0.  
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Characterization of Carbodiimide iPr2ArN=C=NtBu  

97% GC Yield. 1H NMR (400 MHz, 298 K, C6D6): δ  7.13 – 6.97 (m, 

3H), 3.41 (hept, J = 12.2, 7.5, 6.1 Hz, 2H), 1.37 (d, J = 1.5 Hz, 9H), 1.25 

(dd, J = 7.1, 1.5 Hz, 12H).13C{1H} NMR (100 MHz,C6D6): δ 144.45, 

143.24, 143.17, 122.43, 119.49, 119.45, 28.03, 23.96, 18.07, 17.38. GC−MS: m/z 257.5. 

Characterization data for 2,6−diisopropyl−N−(1−phenylethyl)amine 

1H NMR (400 MHz, 298 K, CDCl3): δ  7.28 (s, 5H), 6.91 (d, J = 2.4 

Hz, 2H), 4.08 (q, J = 7.4 Hz, 1H), 3.64 (s, 2H), 2.99 – 2.86 (m, 2H), 

1.63 (dd, J = 7.4, 2.4 Hz, 3H), 1.33 – 1.19 (m, 12H).13C{1H} NMR 

(100 MHz,CDCl3): δ 147.36, 135.98, 132.37, 128.16, 127.51, 125.61, 122.02, 77.00, 44.61, 

28.06, 22.47, 22.46. GC−MS: m/z 281.2. 

Characterization of 

N−(3,5−diisopropyl−[1,1'−biphenyl]−4−yl)−1,1,1−trimethyl−5−phosphanimine 

86% Yield (31PNMR yield with respect to 

triphenylphosphine oxide as internal standard (δ 23.20 ppm) . 1H 

NMR (400 MHz, 298 K, C6D6): δ  7.74–7.67 (m, 2H), 7.49 (d, J = 

1.6 Hz, 2H), 7.29–7.14 (m, 2H), 7.11 (dt, J = 4.7, 1.1 Hz, 1H), 3.54 (hept, J = 6.9 Hz, 2H), 

1.30 (d, J = 6.9 Hz, 12H), 0.89 (d, J = 12.0 Hz, 9H).13C{1H} NMR (100 MHz,C6D6): δ 

146.19, 144.41, 143.32, 132.90, 129.46, 127.80, 126.55, 122.49, 29.42, 24.71, 18.58, 

17.89. 31P NMR (121 MHz, 298 K, C6D6): δ −7.61. GC−MS: m/z 328.5. 
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Characterization of N−tert−butyl−N−(3,5−diisopropyl−[1,1'−biphenyl]−4 

yl)methanediimine 

91% GC Yield. 1H NMR (400 MHz, 298 K, CDCl3): δ  7.65–

7.60 (m, 2H), 7.47 (dd, J = 8.3, 6.8 Hz, 2H), 7.39–7.26 (m, 

3H), 3.52 (hept, J = 6.9 Hz, 2H), 1.43 (d, J = 0.9 Hz, 9H), 

1.36 (d, J = 6.9 Hz, 12H). 13C{1H} NMR (100 MHz,CDCl3): δ 142.61, 141.65, 137.46, 

133.87, 131.02, 128.66, 127.06, 122.14, 56.15, 31.58, 28.90, 23.43. GC−MS: m/z 333.8. 

Characterization data for 

3,5−diisopropyl−N−(1−phenylethyl)−[1,1'−biphenyl]−4−amine 

1H NMR (400 MHz, 298 K, CDCl3): δ  7.62 (dt, J = 8.0, 1.5 

Hz, 2H), 7.45 (td, J = 7.8, 1.7 Hz, 2H), 7.38–7.28 (m, 8H), 

4.16 (qd, J = 6.8, 1.6 Hz, 1H), 3.20 (pd, J = 6.9, 1.6 Hz, 2H), 

1.59 (dd, J = 6.9, 1.7 Hz, 3H), 1.30 (dd, J = 6.9, 1.7 Hz, 6H), 1.14 (dd, J = 6.9, 1.7 Hz, 

6H).13C{1H} NMR (100 MHz,CDCl3): δ 144.75, 142.68, 141.86, 141.16, 135.85, 128.56, 

128.39, 127.05, 126.82, 126.51, 126.27, 122.30, 59.85, 27.92, 24.15, 21.97. GC−MS: m/z 

357.4. 

1.4.4. Crystallographic Data 

Single crystals of each compound 2 (CCDC 1502970), 3 (CCDC 1502971), 4 

(CCDC 1502972), 6 (CCDC 1502974), 7 (CCDC 1502975), 10 (CCDC 1502976), and 11 

(CCDC 1502973) were mounted under mineral oil on glass fibers and immediately placed 

under a cold nitrogen stream at 100(2) K prior to data collection.  Data for compounds 2, 

3, 4, 10 and 11 were collected on Bruker DUO equipped with an APEXII CCD detector 

and Mo fine−focus sealed source.  Data for compounds 6 and 7 were collected on a Bruker 
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D8 Quest equipped with a Photon100 CMOS detector and a Mo IS source. Either full 

spheres (triclinic) or hemispheres (monoclinic or higher) of data were collected (0.3 or 

0.5−scans; 2θ max = 56; monochromatic Mo Kα radiation, λ = 0.7107 Å) depending on 

the crystal system and integrated with the Bruker SAINT program. Structure solutions were 

performed using the SHELXTL/PC suite46 and XSEED.47 Intensities were corrected for 

Lorentz and polarization effects and an empirical absorption correction was applied using 

Blessing’s method as incorporated into the program SADABS.48 Non−hydrogen atoms 

were refined with aniostropic thermal parameters and hydrogen atoms were included in 

idealized positions. Structures were rendered with POV−Ray in XSEED using 50% 

probability ellipsoids. Further comments on disorder models: 

{[iPr2NN]Cu(μ−MesN=N=N)}2 (3). A structural model consisting of the target 

molecule was developed. Two isopropyl groups are disordered over two positions.  

{[iPr2NN]Cu(μ−iPr2PhN=N=N)}2 (11). A structural model consisting of the target 

molecule was developed. One iPr2Ph group is disordered over two positions. Since positions 

for the solvate molecules were poorly determined a second structural model was refined 

with contributions from the solvate molecules squeezed out from the diffraction data using 

the bypass procedure in PLATON (Spek, 1990).49 No positions for the host  network 

differed by more than two su's between these two refined models.  The electron count from 

the "squeeze" model converged in good agreement with two molecules of acetonitrile.  

[iPr2NN]Cu(PMe3) (6). A structural model consisting of the target molecule was 

developed. Three isopropyl groups are disordered over two positions. Also, the methyl 

groups of the trimethylphosphine ligand is disordered over three positions. 
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[iPr2NN]Cu(CNtBu) (7). A structural model consisting of the target molecule was 

developed. One isopropyl group is disordered over two positions. Also, the tert−butyl 

group on the isocyanide ligand is disordered over two positions. 

[AdNHCH2NN]iPr2Cu (10). A structural model consisting of the target molecule 

was developed. One isopropyl group is disordered over two positions. The Cu atom is 

disordered over two positions.  The disorder refines to ≈95% PART 1 and ≈5% PART 2, 

however, if the atom is not disordered there is a 5 electron peak unaccounted for next to 

Cu atom. The two Cu sites are very close together, so EADP constrain was used for 

displacement parameters. Since positions for the solvate molecule was poorly determined 

a second structural model was refined with contributions from the solvate molecule 

squeezed out from the diffraction data using the bypass procedure in PLATON (Spek, 

1990).50 No positions for the host  network differed by more than two su's between these 

two refined models. The electron count from the "squeeze" model converged in good 

agreement with ≈80% highly disordered pentane molecule. 

 

1.4.5. General X−Band EPR Details  

Samples were prepared and sealed in N2 atmosphere and sent to 

Friedrich−Alexander−University in liquid N2 dewar, The EPR measurements were 

performed in quartz tubes with J. Young valves. Solution EPR spectra were recorded on a 

JEOL continuous wave spectrometer JES−FA200 equipped with an X−band Gunn 

oscillator bridge, a cylindrical mode cavity, and a helium cryostat. For all samples, a 

modulation frequency of 100 kHz and a time constant of 0.1 s were employed. 
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All spectra were obtained on freshly prepared solutions (1−10 mM in toluene) of at 

least 2 independently synthesized batches and were checked carefully for reproducibility. 

Background spectra were obtained on clean solvents at the same measurement conditions. 

Spectral simulation was performed using the program QCMP 136 by Prof. Dr. Frank Neese 

from the Quantum Chemistry Program Exchange as used by Neese et al.40 The fittings 

were performed by the “chi by eye” approach and always taking all available spectra at 

different temperatures into account. Collinear g and A tensors were used. Deviations from 

the simple 2 Cu, 6 N model (nuclear spin for 53/55Cu: I = 3/2 and for 14N: I = 1) was only 

implemented when clearly justified from comparing with the experimental spectra as well 

as the DFT calculations. Likewise deviations from isotropic parameters in spectra of frozen 

glasses were only used when clearly justified. Deviations given in parentheses are upper 

limits carefully assessed by simulating the spectra with slightly different parameters and 

taking into account the uncertainty of the experimental parameters. When no deviation is 

given the value was not exclusively fitted from the present spectrum. 

The isotropic g−values, Aiso(Cu), and A1(Cu) hyperfine parameters are considered 

very well determined however, not absolute proof of the validity of the models and the 

parameters used.  

 

1.4.6. DFT Calculations Details (By Prof. Tom Cundari and Dr. Quan Jiang) 

To further elucidate the reactivity of dicopper diketimide 4 via the intermediacy of 

terminal nitrene [iPr2NN]Cu=NAriPr2 (5), DFT methods were employed using Gaussian 09 

program50 and the BP8651−52 functional. An all−electron, triple−ζ basis set with 

d−polarization function (6−311G(d)) was used for both copper and nitrogen. The carbon 
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atoms were also augmented with d−polarization functions but a double−ζ basis set 

(6−31G(d)) was used. The STO−3G basis set was used for hydrogen atoms to make the 

modeling of these very large complexes tractable. Solvent (SMD−benzene53) and 

dispersion (GD3BJ54) corrections were included in these geometry optimizations. At these 

geometries, singlet point BP86−GD3BJ/6−311++G(d,p)/SMD−benzene calculations were 

run for more accurate electronic energies. 

Calculations were carried out on both open−shell singlet and triplet spin states. For 

the latter, the typical unrestricted DFT protocol was followed. For the open−shell singlet, 

a triplet single point was first run and then this converged density used as an initial guess 

to initiate the unrestricted singlet geometry optimization. The open−shell singlet 

geometries were optimized with unrestricted BP86 requesting the HOMO and LUMO to 

be mixed (guess=mix) and with the NoSymm keyword to obviate spatial and spin 

symmetries. Other computational notes: first, full geometry optimization was carried out 

for nitrene species, in both parallel and perpendicular orientation (defining the orientation 

of the aryl substituent ring relative to the −diketiminate ring). Both conformations 

converged to the same, intermediate conformation with ≈45° Ndik−Cu…Cu'−N'dik dihedral 

angles. Second, vibrational frequency calculations were performed to confirm the 

stationary points were minima and to obtain the thermal corrections. Third, all DFT spin 

density profiles were computed from single point calculations at these optimized structures. 

The DFT−optimized geometries of the 4−Ph substituted nitrene complexes were 

used for single point multi−configuration energy calculations. The DFT−optimized 

open−shell singlet state geometry was first used to generate reference RHF (restricted 

Hartree−Fock) and ROHF (restricted open−shell Hartree−Fock) wavefunctions for the 
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open−shell singlet and triplet spin states, respectively, MCSCF (multi−configuration 

self−consistent−field) calculations, which employed the GAMESS55 package. The basis 

sets are as described above. The final MCSCF simulations were obtained with an 8−orbital, 

8−electron active space, and indicate the open−shell singlet of the 4−Ph substituted copper 

nitrene monomer is the ground state by 10.4 kcal/mol lower in energy than the triplet, 

consistent with the experimental observations. The procedure was also repeated using the 

DFT−optimized triplet spin state geometry. These MCSCF calculations further confirmed 

that the open−shell singlet of 4−Ph substituted copper nitrene monomer is the ground state 

by 10.2 kcal/mol lower in energy than the triplet. As can be deduced from Figures 1.21 and 

1.22 below, the singlet state has substantially more multi−reference (i.e., biradical) 

character with natural orbital occupation numbers of 1.5 e− and 0.5 e− for the  and * 

CuN orbitals, respectively, while the triplet is well described by a single electronic 

configuration. A similar conclusion was offered in an earlier paper by our group on simple 

copper−nitrene models.4 

  
 

Figure 1.23. The most highly correlated natural orbitals for the open−shell singlet 

state of 4−Ph substituted nitrene monomer. Occupation = 1.5 e− for the left natural 

orbital and 0.5 e− for the right. Contour value = 0.04. 
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Figure 1.24. The two natural orbitals for the triplet state with occupation ≈ 1 e−. 

Contour value = 0.04. 
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Chapter II 

Sterically Driven Primary and Secondary C−H Amidation via Copper Nitrenes§ 

 

2.1. Introduction 

sp3 C−H bond functionalization is at the forefront of modern organic synthesis.56-

57 Traditional synthetic approaches utilize functional groups that allows for site−selective 

transformations to take place at certain reaction sites.58 On the other hand, the need of 

functional groups to control the chemistry often make syntheses cumbersome, especially 

if the functional groups are not present in the desired product. C–H functionalization adopts 

an alternative method through the insertion of the desired functional group directly into C–

H bonds.59 This strategy not only significantly streamlines a synthesis, but also diminishes 

the generation of unwanted byproducts.56-57  

A vast number of C−H functionalization methodologies are based on hydrogen 

atom abstraction (HAA) process that often represents the most challenging step of the 

overall process.60 This step often determines the site−selectivity of the corresponding C−H 

functionalization reactions with the exception of those that can undergo radical 

rearrangement.60 As the majority of organic substrates contain multiple C−H bonds with 

different electronics and sterics with similar chemical properties, differentiating between 

these C−H bonds with high levels of site−selectivity represents one of the most challenging 

issues in the field of C−H functionalization.61 In sp3 C−H functionalization, general 

site−selectivities often follow C−H bond strengths (bond dissociation energies (BDEs)) 

since a common mechanism involves HAA from the C−H bond (Figure 2.1).61  

§ The results of this project were published in Angew. Chem. Int. Ed. 2019, 58, 3421–3425. 
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Figure 2.1. Controlling elements for site−selectivity in C–H functionalization. 

The electrophilic nature of many HAA agents such as transition metal carbene and 

oxo species can further amplify this selectivity towards electron−rich C−H bonds.61 Thus, 

these reactions typically occur at weaker benzylic and allylic as well as more electron−rich 

3° C−H bonds over stronger 1° and 2° C−H bonds. Thus, site−selective, undirected 

functionalization of unprotected complex molecules is one current major challenge in 

organic synthesis.62 Development of a method that accomplishes these reactions with 

selectivity for one C−H bond over another dictated by the catalyst structure that override 

the innate reactivity of C−H bonds is an even greater challenge.63 The accomplishment of 

such goals would significantly facilitate the synthesis of analogs for studies on 

structure−reactivity relationships in medicinal chemistry and could create short total 

synthesis of complex structures. 

A successful approach to address the site−selectivity issue relies on the catalyst 

design to finely tune the access of different types of C−H bonds.61 Catalyst−controlled 

site−selectivity that overcomes a substrate’s innate preferences based on steric and 

electronic properties of individual C−H bonds in the absence of directing groups is a crucial 

challenge in the development of C−H functionalization.64 Recognizing that 3° C−H bonds 

are sterically more hindered, however, suggests a strategy to achieve selective 

functionalization of more exposed 1° and 2° C−H bonds through catalyst−centered steric 

control. Thus, the challenge becomes the design of a catalyst system potent enough to react 
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with very strong 1° and 2° C−H bonds, yet with the capability to sterically differentiate 

among the wide range of C−H bonds typically found within substrate molecules.64 

Early, seminal work by Callot et al. demonstrated that 1° C−H bond selectivity for 

carbene insertion reactions of n−alkanes with ethyl diazoacetate catalyzed by [Rh(por)I] 

(where por = meso−tetraarylporphyrinato) increases with the increase of the sterics of the 

ortho groups of the meso−aryl rings (Scheme 2.1).65 

 

Scheme 2.1. First report of site−selective C−H functionalization via carbenoid 

insertion using ethyldiazoacetate catalyzed by [Rh(por)I]. 

Inspired by Callot’s work, Che and co−workers showed that a recyclable, robust and 

sterically congested Rh−porphyrin as catalyst leads to high 1° selectivity in carbenoid 

transfer reactions as shown in Scheme 2.2.66 Che’s group also chose bulkier carbene 

precursor N2C(Ph)CO2Me and replaced iodo ligand in Callot’s report with a stronger sigma 

donor ligand (Me).66   
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Scheme 2.2. Intermolecular C−H bond insertion of n−hexane, n−octane and n−decane 

with N2C(Ph)CO2Me catalyzed by [Rh(por)Me(MeOH)]. 

Recently, the Davies group reported several dirhodium catalysts that offer high 

level of site− and in some cases enantioselectivity for the functionalization of 1°, 2° and 3° 

C–H bonds via [Rh]=CR2 intermediates.67-69 Davies group successfully altered the sterics 

of the carboxylate ligands to finely tune the site−selectivity of their system to prefer either 

3°, 2° or 1° C–H bonds (Scheme 2.3).67-69 These reports clearly shows the power of ligand 

design to control site−selectivity and in some cases stereoselectivity. These results show 

that high site−selectivity is possible in C–H functionalization reactions without the need 

for a directing or anchoring group present in the molecule. 
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Scheme 2.3. General scheme of catalyst−controlled, site−selective carbene−induced 

C–H functionalization by Davies group. 

Discriminate control over product selectivity may also override innate 

site−selectivity in C–H hydroxylation reactions.62 The White group reported that steric 

enhancement of a Fe(PDP) catalyst switches the selectivity from 3° to 2° C−H bonds due 

to decreased accessibility to the putative [Fe]=O intermediate as shown in Scheme 2.4.70 

Structurally related chiral Fe and Mn catalysts also become more enantioselective through 

addition of steric bulk.71 
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Scheme 2.4. Overriding the innate site−selectivity by catalyst design in C–H oxidation 

via putative [Fe]=O intermediate. 

Despite these advances in redirecting C−H functionalization away from weaker C–

H bonds in metal−carbene and −oxo based methods, progress with metal−nitrene based 

protocols has been much slower. In 2006 Peréz and coworkers reported that very bulky 

substituents in TpCu (Tp = tris(pyrazolyl)borate) catalysts could greatly favor C–H 

amination of cumene with PhI=NTs at the unactivated 1° site over the electronically 

favored 3° C–H bond (Scheme 2.5).72 Unfortunately, overall amination yields were low, 

despite using a large excess of the C−H substrate. The authors attributed their 

site−selectivity results to the volume of the catalyst pocket, which is largely defined by the 

sterics of the TpBr3 ligand. They concluded that relative increase or decrease in the volume 

of such a pocket when moving from one ligand to another defines the site−selectivity of 

the C–H amination.72 
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Scheme 2.5. Earliest example of primary site−selectivity in C–H amination reactions 

mediated by nitrene intermediates. 

Based on our development of discrete −diketiminato copper nitrene complexes 

[Cu]2(−NR’) and [Cu]=NR’ for stoichiometric and catalytic C−H amination with alkyl 

and aryl azides N3R’ (shown in Eq. 1),73-77 we felt that steric modification of the 

−diketiminate ligand could result in the selective amination of stronger 1° C−H bonds 

provided that copper nitrenes with heightened reactivity could be generated.  

 

Equation 1. sp3 C−H amination via copper nitrenes [Cu]=NR. 

To enhance the reactivity of our copper nitrene intermediates [Cu]=NR’, we 

employed benzoyl azides ArC(O)N3 as potentially more electrophilic nitrene sources than 

alkyl or aryl azides. We also hypothesized that due to higher N–H BDE for organic 

benzamides (BDE ≈ 107 kcal mol–1)76 compared with alkyl amines (BDE ≈ 100 kcal mol–

1)76, the benzoyl nitrene should have enough driving force to abstract H atom from stronger 
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primary and secondary C–H bonds. With this logic, we expected to accomplish this 

transformation under mild reaction conditions and with limited R−H substrate.  

Dr. Yosra Badiei’s Ph.D. work in the Warren group at Georgetown University 

showed that the use of benzoyl azide (BzN3) as nitrene source allows for the amidation of 

toluene. In fact, addition of 2 equiv. N3C(O)Ph to 1 equiv. {[Cl2NN]Cu}2(μ−C6H6) (1) at 

−78 °C in toluene results in N2 extrusion and concomitant color change of the solution from 

yellow to green, which rapidly turns to purple−brown within minutes. 

 

Scheme 2.6. Earliest example of C–H amidation reactions mediated by benzoyl 

nitrene intermediates. 

1H NMR and GC/MS analysis reveal that stoichiometric amidation of toluene, 

ethylbenzene and cyclohexane at −35 °C resulted in the formation of corresponding 

amidated products in 73%, 70% and 80% yield, respectively. While stoichiometric 

amidation takes place in good yields, catalytic reactions with PhCON3 and 5 equiv. of 
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ethylbenzene at RT using 2.5 mol % of catalyst 1 resulted in amidation in 12% determined 

by 1H NMR.  

Targeting a copper acylnitrene intermediate, Dr. Badiei performed crystallization 

attempts using excess BzN3 and 1 equiv. {[Cl2NN]Cu}2(μ−C6H6) that led to formation of 

green crystals from the reaction mixture whose X−ray structure revealed the formation of 

dinuclear bridged diazene complex {[Cl2NN]Cu}2(2−O,N−NC(O)Ph) as shown in Figure 

2.2.  

 

Figure 2.2. X−ray structure of {[Cl2NN]Cu}2(2−O,N−NC(O)Ph) isolated by Dr. 

Yosra Badiei. 

The formation of this diazene complex further provides evidence for the formation 

of a transient Cu−bound benoylnitrene complex that can undergo an attack by another 

equivalent of PhCON3, or bimolecular decay to yield the corresponding dicopper bridged 

diazene complex (Scheme 2.7). 
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Scheme 2.7. A proposed mechanism for the formation of 

{[Cl2NN]Cu}2(2−O,N−NC(O)Ph) complex. 

Herein describes the design and synthesis of a sterically hindered copper(I) 

−diketiminate that serves as catalyst to insert benzoyl nitrene moieties into sp3 C–H bonds 

of linear and cyclic hydrocarbons. This copper catalyst, [IPr*
2NN]Cu(2−C6H6), 

demonstrates high levels of site−selectivity favoring primary and secondary C–H bonds in 

the presence of tertiary C–H bonds. This work represents the first example of site−selective 

primary and secondary C–H functionalization mediated by transition−metal nitrenes. 

  

2.2. Results and Discussion 

2.2.1. Synthesis and Characterization of [IPr2
*NN]Cu Catalyst 

To discourage bimolecular interactions between transient acylnitrene intermediates 

[Cu](NC(O)Ph) that could lead to N–N coupling, we synthesized a novel copper(I) 

−diketiminate complex [IPr2
*NN]Cu(2−benzene) (4) that features extremely sterically 

demanding o−CHPh2 and p−tBu substituents on the −diketiminato N−aryl groups.  

The appropriate aniline was synthesized according to the reported procedure from 

4−tert−butylaniline, diphenylmethanol in acidic condition in 83% isolated yield.88 

Condensation of this aniline with acetylacetone under acidic condition allows for isolation 
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of the diketimine ligand [IPr2
*NN]H (5) in 83% yield (IPr* = diphenylmethyl). 

Deprotonation of the free −diketimine [IPr*2NN]H with n−BuLi yielded [IPr2
*NN]Li, 

which was subsequently followed by reaction with CuCl in benzene to furnish 

[IPr2
*NN]Cu(2−benzene) (4) in 72% yield (Scheme 2.8). This complex was characterized 

with 1H and 13C NMR spectroscopy as well as X−ray crystallography to fully elucidate its 

structure (Figure 2.3). 

 

Scheme 2.8. Synthetic route to [IPr2
*NN]Cu(2−benzene) (4). 
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Figure 2.3. X−ray structure of [IPr2*NN]Cu(2−C6H6) (4). Selected bond distances (Å) 

and angles (°): Cu1−N1 1.951(3), Cu1−N2 1.923(3), Cu1−C78 2.081(5), Cu1−C79 

2.106(5), N1−Cu1−N2 100.17(12), N1−Cu1−C78 109.62(18), N2−Cu1−C78 148.76(18), 

N2−Cu1−C79 110.55(18), C78−Cu1−C79 38.9(2). 

 

Figure 2.4. Space−filling model of the X−ray structure of 4 clearly shows the 

considerable steric influence of the four o−CHPh2 substituents (IPr*) in 

[IPr2*NN]Cu(2−C6H6). 
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2.2.2. Preliminary Study on the Catalytic Activity of 4  

Preliminary screening experiments that employed ethylbenzene and benzoyl azide 

(BzN3) in a 1 : 1 ratio in fluorobenzene (PhF) catalyzed by 10 mol% 4 at room temperature 

showed complete conversion of the azide, but produced the desired amide 

PhCH(NHC(O)Ph)Me in only 29% yield with a significant amount of benzamide 

PhC(O)NH2 (57%). IR analysis of the reaction mixture shows the disappearance of the 

azide stretch of the PhC(O)N3 at 2135 cm−1 and no evidence for the Curtius rearranged 

product PhNCO. Nonetheless, this is a considerable improvement comparing with initial 

studies by Dr. Badiei as mentioned earlier. Remarkable is the amount of benzamide as the 

major product could suggest that over the course of this reaction, a high concentration of 

copper benzoylnitrene [Cu]C(O)Ph is present, which could possibly engage in double 

HAA to yield PhC(O)NH2. 

Slow addition of PhC(O)N3, however, led to a significant increase in the C–H 

amidation yield to 57% with a concomitant decrease in the undesired benzamide 

PhC(O)NH2 (14%) as shown Scheme 2.9. It is worth noting that slow addition techniques 

have been used in other C–H functionalization protocols where the reactive intermediates 

are susceptible to dimerization or degradation or to simulate high catalyst loadings. The 

use of the highly electrophilic aroyl azide PhC(O)N3 enables C−H amidation at RT; in 

contrast, scouting experiments with the aryl azide PhN3 under similar conditions reveal 

only PhN=NPh formation. 
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Scheme 2.9. Catalytic amidation of benzylic C–H bond of ethylbenzene with BzN3 

catalyzed by catalyst 4. 

 

2.2.3. Azide Scope and Amidation of Benzylic, Secondary and Tertiary C–H Bonds   

A range of aroyl azides ArC(O)N3 led to benzylic C–H amidation of 1.0 equiv. 

ethylbenzene in moderate to good yields in PhF at room temperature using 10 mol% of 4 

as shown in Table 2.1.  

Table 2.1. Azide scope for the C–H amidation of ethylbenzene catalyzed by 4. 
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Both electron−poor and electron−rich benzoylazides participate in C–H amidation, 

with yields perhaps marginally higher for electron−poor benzoylazides. Lower yields result 

with rather hindered azides such as anthracene 9−carbonyl azide (entry 6n). 2−picolinoyl 

azide (entry 6o) leads to only a trace amount of the C–H amidation product detected with 

GC−MS. In this case, it is hypothesized that pyridyl group coordination inhibits azide 

activation. For instance, addition of 2−picoline to 4 results in isolation of 

[IPr2*NN]Cu(2−picoline) (7) that is inactive in the C–H amidation of ethylbenzene with 

PhC(O)N3 even at elevated temperatures (60 °C). The X−ray structure of 7 is shown in 

Figure 2.5. 

 

Figure 2.5. X−ray structure of [IPr2*NN]Cu(N–2–picoline)  (7). Selected bond 

distances (Å) and angles (°):Cu1−N1 2.0002(15), Cu1−N2 1.9528(16), Cu1−N3 1.947(3), 

N1−Cu1−N2 97.41(6), N2−Cu1−N3 141.22(10), N1−Cu1−N3 121.32(10). 
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Both benzylic as well as unactivated 2° C−H bonds undergo amidation upon slow 

addition of BzN3 catalyzed by 10 mol% 4 as presented in Table 2.2. Notably, good yields 

are obtained with using the R–H substrates as the limiting reagent (1.0 equiv.) at room 

temperature. Benzylic C–H bonds undergo smooth C–H amidation (entries 8a−8e). This 

catalytic system functionalizes the unactivated 2° C−H bonds of cyclohexane (BDE = 99.5 

kcal mol–1)76 (entry 8f) in 71% yield. Likewise, amidation of norbornane at 2° C−H bonds 

(entry 8g) gives the exo regioisomer (dr = 13:1; crude 1H NMR), which may be isolated in 

63% yield. On the other hand, adamantane and 1,3−dimethyladamantane underwent 

selective amidation at the 3° C–H sites to provide the benzamide products 8h and 8i. The 

latter furnished the N−benzoyl derivative of the Alzheimer’s disease medication 

memantine in 55% yield.77 

Table 2.2. Benzylic, secondary and tertiary amidation of unactivated C–H bonds of 

hydrocarbons with PhC(O)N3 catalyzed by 4. 
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2.2.4. Site−selectivity of C–H Amidation of Hydrocarbons with BzN3 Catalyzed by 4 

 This catalytic system can efficiently functionalize 1° C–H bonds as illustrated in 

the reaction of BzN3 with tert−butylbenzene (BDE ~ 99 kcal mol–1)76 to furnish the 1° C–

H amidation product in 67% isolated yield (entry 9a).  

Remarkably, amidation of the 1° C–H bond of cumene (BDE ≈ 101 kcal mol–1)76 

occurs with synthetically useful selectivity over the more hindered, yet weaker 3° benzylic 

C–H bond (BDE ≈ 85 kcal mol–1)76 to give a 71% yield (entry 9b).  A small amount of 3° 

amidation product is observed to give a (regiomeric ratio (rr) of 7.8:1.  

Table 2.3. Catalyst−dictated site−selectivities in C–H amidation of diverse 
straight−chain hydrocarbon substrates. 
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Indeed, synthetically useful 1° selectivity also occurs in the presence of benzylic 

and  methine C–H bonds in iso−butylbenzene and neo−pentylbenzene (entries 9c and 9d) 

to give 1° amidation products in 62% and 69% isolated yields, respectively, with r.r. ≥10:1 

in each case as presented in Figures 2.6 for iso−butylbenzene and Figure 2.7 for 

neo−pentylbenzene.  

 

 

Figure 2.6. 1H NMR (400 MHz, CDCl3) of crude reaction of iso−butylbenzene with 

BzN3 catalyzed by 4. 
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Figure 2.7. 1H NMR (400 MHz, CDCl3) of crude reaction of neo−pentylbenzene with 

BzN3 catalyzed by 4. 

This catalyst system also differentiates between the 1°, 2°, and 3° C–H bonds 

present in branched hydrocarbons (entries 9e – 9j) to deliver the 1° functionalized 

benzamide as the major product. Amidation of 2,3−dimethylbutane and 

2,2−dimethylbutane (entries 9e and 9f) occur in 48% and 53% yield with 1°/3° and 1°/2° 

selectivities of 8.8 for 2,3−dimethylbutane (Figure 2.8) and 12.3 for 2,2−dimethylbutane.  



72 
 

 

Figure 2.8. 1H NMR (400 MHz, CDCl3) of crude reaction of 2,3−dimethylbutane with 

BzN3 catalyzed by 4. 

2,4−dimethylpentane (entry 9h) led to amidation principally at the 1° C−H bonds 

with small amount of the 3° product (r.r. = 7.3, determined via crude GC−MS), reversing 

the site−selectivity reported for other related C−H functionalization reactions (Figure 

2.9).78 
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Figure 2.9. Chromatogram of the crude reaction of 2,4−dimethylpentane with BzN3 

catalyzed by 4. 

Surprisingly, 4 is capable of differentiating more hindered methyl C−H bonds from 

less hindered ones. For instance, amidation of isooctane proceeds with exclusive 1° 

selectivity that targets the slightly less hindered Me C–H bonds in the i−Pr vs. the t−Bu 

ends of the molecule (r.r = 4.3; entry 9j). The crude 1H NMR is shown in Figure 2.10.  

While 1° over 2° C–H amidation occurs when 2° sites are hindered (entries 9c, d, 

f−j), straight chain alkanes lead to a preference for CH2 sites (entries 9k, l). The C−H 

amidation of n−pentane and n−hexane principally furnished C2−products with overall 

k2°/k1° = 6.3 and k2°/k1° = 9.4 in combined yields of 66% and 75%, respectively. The crude 

1H NMR of n−pentane reaction is presented in Figure 2.11. 



74 
 

 
Figure 2.10. 1H NMR (400 MHz, CDCl3) of crude reaction of iso−octane. 

 

 

Figure 2.11. 1H NMR (400 MHz, CDCl3) of crude reaction of n−pentane. 

This system shows a high degree of methylene selectivity in methylated 

cycloalkanes. For instance, amidation of cis−1,3−dimethylcyclohexane principally targets 
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the two methylene sites C4 and C5 with k2°/k1° = 8.3 (Table 2.4., entry 10a) while 

cis−1,4−dimethylcyclohexane gives a 2:1 ratio of 2° products with k2°/k1° = 10 (entry 10b). 

Figure 2.12 depicts the crude 1H NMR of cis−1,3−dimethylcyclohexane reaction. 

Table 2.4. Catalyst−dictated methylene−selectivity in C–H amidation of cyclic 
hydrocarbon as well as complex R–H substrates. 
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Figure 2.12. 1H NMR (400 MHz, CDCl3) of crude reaction of cis−1,3 

dimethylcyclohexane. 

In contrast, trans−1,4−dimethylcyclohexane furnishes a single 2° product in 55% 

yield with k2°/k1° = 10 (entry 10c; Figure 2.13). The major product of this compound was 

also crystallized and its solid state structure was determined (Figure 2.14). Heavily 

methylated cis−1,3,5−trimethylcyclohexane produces a single 2° isomer along with the 1° 

product (k2°/k1° = 1.3; entry 10d).  
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Figure 2.13. 1H NMR (400 MHz, CDCl3) of crude reaction of trans−1,4 

dimethylcyclohexane. 

 

 

Figure 2.14. X−ray structure of N−((1R,2R,5R)−2,5−dimethylcyclohexyl)benzamide. 

We were profoundly interested in establishing the potential for site−selective 

amidation of more complex molecules. The amidation of trans−pinane occurred at a single 

methylene site (C−3) in 49% yield (entry 10e).  
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Exclusive methylene functionalization occurs with cis−and trans−decalin with 

C3/C2 selectivities of 2.1 and 1.3, respectively (entries 10f and 10g). In case of 

trans−decalin, some crystals were formed in the reaction mixture that was analyzed by 

X−ray diffraction (Figure 2.15). 

 

Figure 2.15. X−ray structure of 

N−((2S,4aR,8aR)−decahydronaphthalen−2−yl)benzamide. 

Selective C−H amidation of 5α−cholestane (entry 10h) with 48 sp3 C−H bonds, 

seven 3° C−H bonds and 13 unique 2° sites, takes place exclusively at the steroidal A−ring 

at the sterically most accessible, most electron−rich methylene site (C3) to give the −C−3 

benzamide product 10h in 31% yield, along with 8% of the −C−3 product (/ = 3.88) 

with no evidence of functionalization at other sites. Previous C−H chlorination of this 

substrate with a N−chloroamide reagent79 or under Mn catalysis80 showed significantly 

lower selectivities (kC3/kC2 = 2 and 1.5, respectively). These examples further outline the 

unique capabilities of this catalyst system to differentiate among closely related C−H bonds 

within substrates. The product 10g was also crystallized for accurate assignment of the 

functionalization site (Figure 2.16).  
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Figure 2.16. X−ray of  amidation product from amidation of 5α−cholestane 

(N−((3S,5S,8R,9S,10S,13R,14S)−10,13−dimethyl−17−((R)−4−methylpentan−2−yl)hex

adecahydro−1H−cyclopenta[a]phenanthren−3−yl)benzamide).  

 

 2.2.5. Mechanistic Studies of C−H Amidation 

To probe the pathway for catalytic C−H amidation, we employed 

(2−methylcyclopropyl)benzene as R−H substrate with BzN3 that provided the ring−opened 

product 11 in 23% yield along with  PhC(O)NH2 and some unreacted starting material 

(Scheme 2.10.). The absence of any amidation product with the cyclopropane ring intact 

suggests a HAA pathway to generate the 1° cyclopropylmethyl radical (12) that rapidly 

ring opens (k = 4 × 1011 s−1)81 followed by capture by a copper(II) benzamide intermediate 

[CuII]−NHC(O)Ph (13).  

 

Scheme 2.10. Radical clock experiment using (2−methylcyclopropyl)benzene as 

probe. 
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We also identified a kinetic isotope effect (KIE) of 3.4 ± 0.3 for cyclohexane, and 

5.5 ± 0.3 for tert−butylbenzene (Scheme 2.11.). These KIE values are similar to that 

identified for C−H amination of ethylbenzene, adamantane and cumene via N−adamantyl 

(KIE = 5.3), N−tosyl (KIE = 4.9 and 4.1) and N−nosyl (KIE = 3.1 and 3.2) copper nitrene 

intermediates, respectively, a bit lower than observed in the C−H amination of cyclohexane 

via −diketiminato copper N−adamantyl nitrene intermediates (KIE = 6.6).73-74,82 

 

Scheme 2.11. Kinetic isotope effect experiments in C−H amidation of cyclohexane 

and tert−butylbenzene. 

 

2.2.6. DFT Studies (Calculations by Prof. Tom Cundari and Dr. Quan Jiang) 

Employing theory at the uBP86/mixed basis set level of theory, κ1−N, κ1−O, and 

κ2−N,O binding modes of the highly reactive intermediates were evaluated for copper 

nitrenes [IPr*
2NN]Cu(NC(O)Ph) (Figure 2.17).  
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Figure 2.17. The optimized geometry of singlet [IPr*2NN]Cu(κ2−N,O−NC(O)Ph) (14). 

Selected bond lengths in Å and angles in degrees: Cu−Nket(trans to O) 1.92,  Cu−Nket(trans 

to N) 1.94, Cu−Nnitrene 1.92, Cu−O 1.93, Cu−Cnitrene 2.33, Nket−Cu−Nket 97.9, O−Cu−Nnitrene 

69.6, twist angle between Nket−Cu−Nket and O−Cu−Nnitrene planes 4.4.   

Geometry optimizations indicate the κ1−N and κ1−O isomers were higher in energy 

(>13 kcal mol–1) than the κ2−N,O isomer and are not considered further. The ground state 

computed for [IPr*
2NN]Cu(κ2−N,O−NC(O)Ph) (14) is a singlet that is 21.1 kcal mol–1 

lower than the triplet. Moreover, MCSCF (multi−configuration self−consistent−field) 

calculations74 at the DFT−optimized geometries also predict the ground state is a singlet, 

but this structure has significant multi−configuration character as evidenced by deviation 

of natural orbital occupation numbers (NOONs) from single−determinant values (1.6 and 

0.4 e− in Figure 2.18.). Therefore, like reported Cu−alkynitrenes,74-75,83 copper acylnitrenes 

have significant multi−reference (singlet biradical) character. The two natural orbitals in 

Figure 2.18. have significant orbital character on the nitrene N, consistent with a complex 

that can perform HAA/RC mechanism in this C−H  bond amidation process. The density 

on the nitrene N is in an orbital that is in the plane defined by the CuNOC atoms of the 

acylnitrene. 
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Figure 2.18. The most highly correlated CAS(8,8) natural orbitals of the singlet 

[IPr*2NN]Cu(κ2−N,O− NC(O)Ph). Natural orbital occupation number = 1.6 e− (left) and 

0.4 e− (right). Contour value = 0.03. 

The N−H BDEs of copper benzamide products [Cu](NHC(O)Ph) that result from 

HAA from copper acylnitrene intermediates [Cu](NC(O)Ph) (14) were investigated with 

DFT methods at the BP86/6−311+G(d) level of theory.84-85 The N−H BDE of 

[IPr*
2NN]Cu(2−N,O−NHC(O)Ph) is 81.5 kcal mol–1 as compared to 96.8 kcal mol–1 for 

[Cl2NN]Cu−NHAd (Figure 2.19.). The simulations suggest that the stabilization of the 

Cu…O and Cu…N interactions upon N−H scission is responsible for the reduced N−H bond 

energy of [IPr*
2NN]Cu(2−N,O−NHC(O)Ph) vs. [Cl2NN]Cu−NHAd. Nonetheless, 

considerable steric hindrance that impedes access to the active nitrogen is expected to lead 

to the observed selectivity for primary overcrowded 3° benzylic bonds in substrates such 

as cumene. Calculations to investigate the N−H bond energies were carried out using the 

methods reported previously. For organic models used to calibrate the accuracy of the DFT 

techniques, the composite ab initio G3B3 method86 was also used to provide another check 

on the computed bond energies (Table 2.5).  
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2[Cl2NN]CuNHC(O)Ph → [Cl2NN]CuNC(O)Ph + 2H•  

2[IPr*2NN]CuNH(O)Ph → 1[IPr*2NN]CuNC(O)Ph  + 2H• 

  

Figure 2.19. N−H bond dissociation energy calculations. 

BP86/6−311+G(d)/SMD−benzene//BP86/6−31+G(d)/gas. Units in kcal mol–1. The prefix 

superscript indicates the multiplicity. [Cl2NN]Cu complexes, left. [IPr*2NN]Cu 

complexes, right. The κ2−N,O isomers were set to the relative zero point energy. 

  

Table 2.5. Calibration calculations of N−H bond dissociation enthalpies for 

representative organic molecules*. 

  

Compound Experimental DFTa G3B3b 
Acetamide 107.5 108.3 111.4,113.0 

Aniline 89.7, 92.2b 88.6 92.5, 93.2 

Me2NH 95±2 89.8 94.0, 94.3 

Urea 111 104.3 108.3, 109.9 

Benzamide 107 106.3 110.7, 111.6 

Benzylamine 100 97.2 100.3, 100.8 

*Units in kcal mol–1. aBP86/6−311+G(d)/SMD−benzene//BP86/6−31+G(d)/gas. bIn SMD 

benzene solvent; the other G3B3 derived value is in the gas phase. Experimental values are 

taken from “Handbook of Bond Dissociation Energies in Organic Compounds;” Luo, Y. 

R., CRC Press: Boca Raton, 2003. 

 

2.3. Conclusions 

Significantly increasing the steric bulk of the copper −diketiminato catalyst 

through addition of bulky N−aryl o−CHPh2 substituents present in the [IPr2
*NN]Cu 

catalyst enabled the C−H amidation of a wide range of sp3−C−H bonds with aroyl azides 

ArC(O)N3 under mild conditions. This system allows for the use of a 1 : 1 ratio of C−H 
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substrate and azide. The high reactivity of the copper−nitrene intermediates 

[Cu](NC(O)Ar) (14) enables rapid reaction with sp3− C−H bonds via H−atom transfer 

along with steric bulk that impedes catalyst deactivation, particularly those that would 

involve two catalyst intermediates. Indeed, the sterically demanding environment of the 

highly reactive nitrene moiety leads to C−H amidation site selectivities that favor stronger, 

yet more exposed 1° C−H bonds over weaker, more hindered 3° C−H bonds. Rigid cyclic 

substrates show a preference for amidation of 2° C−H bonds over 1° and 3° sites, allowing 

for selective functionalization of polycyclic substrates. As such, this Cu−acylnitrene 

system provides a credible starting point for catalyst−based site−selectivity to introduce 

N−based functionalities into more complex molecules for applications in late−stage C−H 

functionalization and diversification. 

 

2.4. Experimental Details 

2.4.1. General Procedures and Instrumentation Details 

All preparations and experiments were carried out in a dry dinitrogen atmosphere 

using an MBraun glovebox and/or standard Schlenk techniques. 4A molecular sieves were 

activated under dynamic vacuum at 180 ºC for 24 h. All solvents and substrates were 

purchased from TCI America, ACROS or Alfa Aesar and were dried over activated 4A 

molecular sieves prior to use. Diphenylmethanol, 4–tert–butylaniline, anhydrous ZnCl2, 

HCl 37%, acetylacetone and p–toluenesulfonic acid mono hydrate, trichloroacetonitrile, 

PPh3, NaN3, SOCl2, n–BuLi (2.5 M in hexane), and all the carboxylic acids/carboxylic acid 

chlorides were purchased from Sigma–Aldrich and were use as received without further 

purification. Phenylmethylcyclopropane was prepared according to the reported procedure. 
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CuCl was purchased from Strem Chemicals. All deuterated solvents and reagents were 

purchased from CIL and were sparged with dry dinitrogen, dried over activated 4A 

molecular sieves and stored under dinitrogen inside of the dry box. Celite® 545 was dried 

overnight at 200 °C under vacuum.1H and 13C–NMR spectra were recorded on a 400 MHz 

Inova Spectrometer (400 and 100.47 MHz respectively). All NMR spectra were recorded 

at room temperature and were indirectly referenced to residual solvent signals as internal 

standards. GC–MS spectra were recorded on a Varian Saturn 3900. [Cl2NN]H and 

{[Cl2NN]Cu}2(µ–benzene) were prepared by literature methods or may be obtained from 

Strem Chemicals (MDL No. MFCD12911904). All benzoylazides were synthesized 

according to the literature procedures. 

CAUTION: Azides are energetic compounds that can quickly decompose with loss 

of N2. Handled with proper safety measures, organoazides with a C/N (or (C + O) /N) ratio 

more than 3 are generally stable enough to be isolated as pure substances.87 Organoazides 

with a C/N ratio higher than one (but less than 3) can generally be synthesized and isolated, 

but should be stored below RT as solutions in no more than 1.0 M concentration. 

Organoazides with C/N less than 1 should never be isolated.32 In this study, benzoyl azides 

were synthesized at a maximum of 0.5 grams of material and used soon after initial 

synthesis. Once isolated, benzoyl azides were stored in a freezer inside a glove box and 

away from sources of heat, light, pressure and shock; PhC(O)N3 was typically stored as a 

solution in fluorobenzene before use. All catalytic reactions using carbonyl azides were 

performed inside a glove box. 
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2.4.2. Synthesis and Characterization of Copper Compounds 

Preparation of 2,6–dibenzhydryl–4–(tert–butyl)aniline by Friedel−Crafts Alkylation 

This chemical was prepared by following the procedure 

reported synthesis by Fortier et al. with slight modification.88 A 100 

mL round–bottom flask was loaded with 4–tert–butylaniline (5 g, 33.5 

mmol, 1.0 equiv) and diphenylmethanol (12.4 g, 67.0 mmol, 2.0 equiv) and heated to 175 

°C. The eutectic homogeneous liquid was then treated with a pre–mixed solution of 

anhydrous zinc(II) chloride (2.3 g, 16.8 mmol, 0.5 equiv) in conc. hydrochloric acid (37% 

in H2O, 2.8 mL, 33.5 mol, 1.0 equiv). CAUTION: This causes intense exothermic 

bubbling. After 30 min at 175 °C, the reaction was placed under high vacuum at 175 °C 

for 5 min before the crude brownish sticky solid was dissolved in 250 mL dichloromethane 

(DCM). The DCM solution was washed three times with DI water (3 × 100 mL), then dried 

over anhydrous MgSO4. DCM was evaporated, and the resulting brownish residue was 

dissolved in the minimum amount of hot toluene. Crystallization was initiated by addition 

of cold pentane, and the process was repeated until no more crystals formed. The pure 

aniline was obtained as an off–white crystalline solid (13.4 g, 83%). 1H NMR (400 MHz, 

CDCl3): δ 7.29 (t, 8H, JHH = 7.50 Hz), 7.22 (m, 4H), 7.10 (m, 8H), 6.58 (s, 2H), 5.46 (s, 

2H), 3.27 (s, 2H), 0.97 (s, 9H). 13C{1H} NMR (121 MHz, CDCl3): δ 143.3, 140.2, 139.6, 

129.6, 128.7, 126.8, 125.6, 52.8, 34.1, 31.5.  
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Synthesis of [IPr2
*NN]H (5) 

To a suspension of p–toluenesulfonic acid monohydrate (1.97 g, 

10.4 mmol) in 250 mL of xylenes is added acetylacetone (1.04 g, 10.4 

mmol) and 2,6–dibenzhydryl–4–(tert–butyl)aniline (10.0 g, 20.8 mmol). 

Using a Dean–Stark trap, the mixture was refluxed for 4 days to obtain a 

creamy colored suspension. After cooling down the resulting suspension, 

the protonated β–diketimine salt was filtered off and the solid was vacuum dried. This solid 

was then taken up in 400 mL of DCM and stirred with 400 mL of 30% Na2CO3 solution 

for 30 minutes. The organic layer was then separated and dried over anhydrous MgSO4. 

All volatiles were removed in vacuum to give a yellow oil. Addition of 200 mL of cold 

pentane afforded a white solid. The slurry was stored at –20 °C overnight for further 

crystallization. The product was isolated by vacuum filtration, washed with cold pentane, 

and dried to yield 8.9 g (83%) of the title ligand (5). X–ray quality crystals were grown 

from THF/pentane mixture in the freezer. Anal. Calcd. for C77H74N2: C, 90.01; H, 7.26; N, 

2.73. Found: C, 90.04; H, 7.26; N, 2.70. 1H NMR (400 MHz, CDCl3): δ 11.81 (s, br, 1H), 

7.03 (m, 4H), 6.95 (td, J = 6.0, 2.6 Hz, 4H), 6.84 (s, 4H), 6.80 (s, 20H), 5.71 (s, 4H), 3.93 

(s, 1H), 0.93 (s, 18H), 0.00 (s, 6H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 163.89, 146.38, 

144.84, 142.75, 141.19, 137.96, 130.00, 129.38, 128.15, 127.89, 126.01, 125.75, 125.68, 

94.60, 52.37, 34.42, 31.28, 22.66, 19.81, 14.13. 
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Figure 2.20. 1H NMR spectrum (400 MHz, CDCl3) of [IPr2*NN]H (5). 

 

Figure 2.21. 13C NMR spectrum (400 MHz, CDCl3) of [IPr2*NN]H (5). 
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Synthesis of [IPr2
*NN]Cu(2−C6H6) (4) 

 In a glovebox, ligand 5 (1.0 g, 0.97 mmol) was dissolved in 10 mL 

THF and cooled to –35 °C. 400 µL of n–butyllithium (2.5 M in hexane) 

was added dropwise to the ligand solution. A red color was developed 

after the addition was completed. The mixture was stirred for 6 hours 

and then all volatiles were evaporated under vacuum. The resulting 

orange compound was washed with cold pentane (2 × 10 mL) and then was taken up into 

benzene (10 mL). To this solution was added CuCl (400 mg, 4.04 mmol) while stirring. 

After 16 hours at room temperature, the volatiles were evaporated under vacuum to yield 

a brownish sticky solid. This solid was crystallized from warm benzene/pentane (1:3) 

mixture. The cream colored solid that obtained from crystallization washed with cold 

pentane (2 × 10 mL) again and the bright yellow powder was filtered and dried under 

vacuum to furnish the pure desired copper(I) complex 4. (818 mg, 72%). X–ray quality 

crystals were grown from benzene/pentane mixture in the freezer inside a glove box. Anal. 

Calcd. for C77H73CuN2: C, 85.34; H, 6.82; N, 2.40. Found: C, 85.55; H, 6.92; N, 2.42. 1H 

NMR (400 MHz, CDCl3): δ 11.81 (s, br, 1H), 7.03 (m, 4H), 6.95 (td, J = 6.0, 2.6 Hz, 4H), 

6.84 (s, 4H), 6.79 (s, 20H), 5.70 (s, 4H), 3.93 (s, 1H), 0.93 (s, 18H), 0.00 (s, 6H). 13C{1H} 

NMR (100.47 MHz, CDCl3): δ 166.53, 143.11, 134.59, 131.41, 128.71, 128.51, 127.42, 

126.89, 126.23, 49.19, 21.69. 
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Figure 2.22. 1H NMR spectrum (400 MHz, C6D6) of [IPr2
*NN]Cu(2−C6H6) (4). 

 

Figure 2.23. 13C NMR spectrum (100 MHz, C6D6) of [IPr2
*NN]Cu(2−C6H6) (4). 
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[IPr2
*NN]Cu(N–2–picoline)  (7) 

In a glovebox, complex 4 (100 mg, 0.094 mmol) was dissolved 

in 2 mL of THF and (10 µL, 0.1 mmol) of 2–picoline was added. After 

10 minutes of stirring at room temperature, all volatiles were 

evaporated under reduced pressure to yield a yellow solid. This solid 

was dissolved in 1 mL THF and was layered with 3 mL of pentane. 

After 2 days at –35 °C freezer, X–ray quality yellow crystals of 7•THF were deposited in 

nearly quantitative yield. Thoroughly in vacuo dried samples for elemental analysis did not 

contain THF. Anal. Calcd. for C83H80CuN3: C, 84.26; H, 6.82; N, 3.55. Found: C, 84.29; 

H, 6.82; N, 3.53. 1H NMR (400 MHz, CDCl3): δ 7.59 – 7.54 (m, 8H), 7.37 (s, 4H), 7.15 

(dd, J = 6.8, 2.9 Hz, 8H), 7.09 (t, J = 7.6 Hz, 9H), 7.00 – 6.94 (m, 4H), 6.88 – 6.85 (m, 

1H), 6.80 (dd, J = 5.1, 1.9 Hz, 12H), 6.69 (td, J = 7.7, 1.6 Hz, 1H), 6.65 (s, 4H), 6.40 (d, J 

= 7.8 Hz, 1H), 6.02 (t, J = 6.4 Hz, 1H), 4.49 (s, 1H), 1.38 (s, 3H), 1.15 (s, 18H), 0.99 (s, 

6H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 166.53, 143.11, 134.59, 131.41, 128.71, 

128.51, 127.42, 126.89, 126.23, 49.19, 21.69. 
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Figure 2.24. 1H NMR (400 MHz, C6D6) of [IPr2
*NN]Cu(N–2–picoline) (7). Asterisks 

show the solvated THF signals from 7•THF. 

 

Figure 2.25. 13C NMR (400 MHz, C6D6) of [IPr2
*NN]Cu(N–2–picoline) (7). Asterisks 

show the solvated THF signals from 7•THF. 

 



93 
 

2.4.3. Catalytic Reactions 

Typical Procedure for Synthesis of Benzoyl Azides 

Benzoyl azide PhC(O)N3. In a 50 mL round−bottomed flask fitted with an efficient 

mechanical stirrer is placed a solution of benzoyl chloride (420 mg, 348 L, 3.0 mmol) in 

acetone (10 mL). The flask is surrounded by an ice water bath kept at 0 °C. Once the stirring 

is started, a solution of sodium azide (650 mg, 10 mmol) in water (5 mL) is added from a 

dropping funnel over a period of about 15 min. Stirring is continued for 30 min after the 

addition is complete, followed by addition of more water (50 mL) and the reaction mixture 

stirred for an additional 2 h. Most of the acetone was removed under reduced pressure and 

the reaction mixture was extracted with ether (2 x 10 mL). The combined organic layers 

were dried over MgSO4 and ether was removed under reduced pressure. The residue was 

purified using silica gel column chromatography (n−hexane/EtOAc) to give the 

corresponding benzoyl azide. The product thus obtained consists of a colorless oil that 

solidifies in freezer (394 mg, 89% yield). 1H NMR (400 MHz, CDCl3): δ 8.03 (m, 2H), 

7.61 (m, 1H), 7.46 (m, 2H). 13C{1H} NMR (100 MHz, CDCl3): δ 172.49, 134.31, 130.65, 

129.44, 128.63. 

The general procedure above that describes the synthesis of benzoyl azide PhC(O)N3 was 

followed for the synthesis of all aroyl azides ArC(O)N3 employed in this chapter, 

substituting ArC(O)Cl for PhC(O)N3. 

Formation of PhC(O)N=NC(O)Ph in reaction of PhC(O)N3 with [Cl2NN]Cu (1) in 

benzene 

During attempts to isolate putative a copper acylnitrene intermediate 

[Cu](NC(O)Ph) or [Cu]2(−NC(O)Ph), we performed crystallization attempts using excess 
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PhCON3 and 1 equiv. {[Cl2NN]Cu}2(μ−C6H6) in benzene. Only in one instance, a few 

green crystals were isolated from the reaction mixture whose X−ray structure revealed the 

formation of a unique dinuclear bridged 2−N,O diazene complex 

{[Cl2NN]Cu}2(μ−PhC(O)N=NC(O)Ph). The N−N bond distance of 1.440(8) Å found is 

unusually long, much longer than in N−N bond distance (1.16−1.30 Å) of diazene 

complexes. This is perhaps due to the high degree of −backbonding from the metal center 

to the electron−deficient carbonyl diazene linkage. The formation of this diazene complex 

further provides evidence for the formation of a transient Cu−bound nitrene complex that 

can undergo an attack by another equivalent of PhCON3 to give the corresponding dicopper 

bridged diazene complex. Several attempts to isolate more crystals to perform 

spectroscopic studies were unsuccessful. Stoichiometric reaction between 1.0 equiv. BzN3 

and 0.5 equiv. {[Cl2NN]Cu}2(μ−C6H6) allows for isolation of diazene product 

PhC(O)N=NC(O)Ph in 46% yield. 1H NMR (400 MHz, CDCl3): δ 8.11 (dd, J = 8.5, 1.2 

Hz, 4H), 7.83 – 7.77 (m, 2H), 7.66 – 7.57 (m, 4H). 13C{1H} NMR (100.47 MHz, CDCl3): 

δ 168.84, 136.90, 134.04, 132.35, 130.40. GC−MS (EI): m/z 238.1. 

General Procedure for Catalytic C–H Amidation with Benzoyl Azides 

Representative Reaction Procedure for C−H Amidation of Ethylbenzene: In a 

nitrogen−filled glovebox, ethylbenzene (Mw = 106.2, d = 0.867; 200.0 L, 1.63 mmol, 1.0 

equiv.) and [IPr2*NN]Cu(2−C6H6)  (4) (194.0 mg, 10 mol%) were mixed with dry PhF 

(1.0−2.0 mL) in a scintillation vial capped with a rubber septum. To this solution 

benzoylazide ArC(O)N3 (1.0 equiv.; 4.1 M in PhF) was added via slow−injection pump at 

a rate of 0.010 mL/min to give a dark colored solution. Subsequently the vial was sealed 

while inside the glove box and stirred for 3−6 h at room temperature. After the reaction is 
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done the mixture was allowed to expose to air. The solution was then dried under reduced 

pressure to yield a dark brown oil. The solution was then dried under reduced pressure and 

suspended in the minimum amount of DCM to dissolve the crude product. The respective 

compounds were isolated and purified by silica gel preparative thin layer chromatography 

or by using Teledyne Isco CombiFlash® Rf+ Lumen. The desired product was obtained as 

colorless oil/white powder.  

Characterization of C–H Amidation Products 

N–(1–phenylethyl)benzamide  

See representative reaction procedure above. To a solution of 

ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 mg, 10 mol %) in PhF (1.5 mL) was added 

240 mg (1.63 mmol) benzoyl azide (BzN3) in PhF (0.5 mL) via slow−injection pump at a 

rate of 0.01 mL/min. Flash chromatography afforded the title compound in 57% yield as a 

white powder. 1H NMR (400 MHz, CDCl3): δ 7.77 (d, J = 7.1 Hz, 2H), 7.51–7.28 (m, 8H), 

6.44 (br, d, J = 6.3 Hz, 1H), 5.34 (q, J = 7.0 Hz, 1H), 1.61 (d, J = 6.9 Hz, 3H). 13C{1H} 

NMR (100.47 MHz, CDCl3): δ 166.53, 143.11, 134.59, 131.41, 128.71, 128.51, 127.42, 

126.89, 126.23, 49.19, 21.69. GC−MS (EI): m/z 225. N–(1–phenylethyl)benzamide was 

previously reported by Widenhoefer et al. Org. Lett., 2005, 7, 2635–2638.  

N–(2,3–dihydro–1H–inden–1–yl)benzamide  

See representative reaction procedure. To a solution of indan (Mw 

= 118.2, d = 0.965; 200 L, 1.63 mmol) and 4 (190.0 mg, 10 mol 

%) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF (0.5 mL) 
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via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography afforded the title 

compound in 52% yield as a white powder. 1H NMR (400 MHz, CDCl3): δ 7.74 (d, J = 7.5 

Hz, 2H), 7.37 (m, 4H), 7.20 (m, 3H), 6.26 (br, d, J = 8.5 Hz, 1H), 5.63 (q, J = 7.6 Hz, 1H), 

2.98 (m, 1H), 2.88 (dt, J = 15.7, 8.0 Hz, 1H), 2.66 (dtd, J = 3.6, 6.8, 16.8Hz, 1H), 1.87 (qd, 

J = 16.1, 8.0 Hz, 1 H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 167.16, 143.58, 143.14, 

134.53, 131.50, 128.58, 128.11, 126.92, 126.87, 124.91, 124.12, 55.18, 34.23, 30.33. 

GC−MS (EI): m/z 237. N–(2,3–dihydro–1H–inden–1–yl)benzamide was previously 

reported by Widenhoefer et al. Org. Lett., 2005, 7, 2635–2638. 

N–(1,2,3,4–tetrahydronaphthalen–1–yl)benzamide  

See representative reaction procedure on page 103. To a solution of 

1,2,3,4−tetrahydronaphthalene (Mw = 132.2, d = 0.973; 221 L, 1.63 

mmol) and 4 (190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 

g (1.63 mmol) benzoyl azide (BzN3) in PhF (0.5 mL) via slow−injection pump at a rate of 

0.01 mL/min. Flash chromatography afforded the title compound in 78% yield as a white 

powder. 1H NMR (400 MHz, CDCl3): δ 7.78 (m, 2H), 7.49 (m, 1H), 7.43 (m, 1H), 7.35 

(m, 1H), 7.13–7.23 (m, 4H), 6.32 (d, br, J = 7.8 Hz, 1H), 5.41 (m, 1H), 2.84 (tdd, J = 16.9, 

11.6, 6.4 Hz, 2H), 2.17 (m, 1H), 1.92 (m, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 

166.65, 137.75, 136.64, 134.69, 131.46, 129.27, 128.79, 128.59, 127.39, 126.91, 126.37, 

47.97, 30.22, 29.30, 20.06. GC−MS (EI): m/z 251. .N–(1,2,3,4–tetrahydronaphthalen–1–

yl)benzamide was previously synthesized by Feng et al. Org. Biomol. Chem., 2012, 10, 

9137–9141. 
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N–(1–(furan–2–yl)ethyl)benzamide  

See representative reaction procedure on page 103. To a solution of 

2−ethylfurane (Mw = 96.13, d = 0.912; 172 L, 1.63 mmol) and 4 

(190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) 

in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 68% yield as a white powder. 1H NMR (400 MHz, CDCl3): 

δ 7.63 (d, J = 7.1 Hz, 2H), 7.32 (m, 3H), 7.09 (m, 1H), 6.86 (m, 2H), 6.21 (d, br, J = 7.0 

Hz, 1H), 5.47 (p, J = 7.2 Hz, 1H), 1.55 (d, J = 7.0 Hz, 1H). 13C{1H} NMR (100.47 MHz, 

CDCl3): δ 166.86, 155.82, 147.52, 134.89, 132.08, 128.87, 127.40, 110.66, 106.32, 43.65, 

20.12. GC−MS (EI): m/z 215. N–(1–(thiophen–2–yl)ethyl)benzamide was previously 

synthesized by Demir et al. Helv. Chim. Acta. 2003, 49, 91–105.  

N–(1–(thiophen–2–yl)ethyl)benzamide  

See representative reaction procedure on page 103. To a solution of 

2−ethylthiophene (Mw = 112.2, d = 0.99; 185 L, 1.63 mmol) and 

4 (190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide 

(BzN3) in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash 

chromatography afforded the title compound in 61% yield as a white powder. 1H NMR 

(400 MHz, CDCl3): δ 7.77 (d, J = 7.1 Hz, 2H), 7.46 (m, 3H), 7.24 (m, 1H), 7.00 (m, 2H), 

6.36 (d, br, J = 7.0 Hz, 1H), 5.62 (p, J = 7.2 Hz, 1H), 1.70 (d, J = 6.8 Hz, 1H). 13C{1H} 

NMR (100.47 MHz, CDCl3): δ 166.34, 147.00, 133.37, 131.56, 128.57, 126.94, 126.89, 

124.43, 124.15, 45.07, 22.17. HRMS (CI) calc’d for C13H14NOS ([M+H]+) 232.0796, 

found 232.0802.  
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N–cyclohexylbenzamide  

See representative reaction procedure on page 103. To a solution of 

cyclohexane (Mw = 84.2, d = 0.779; 176 L, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl 

azide (BzN3) in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash 

chromatography afforded the title compound in 71% yield as a white powder. 1H–NMR 

(400 MHz, CDCl3): δ 7.75 (d, J = 7.1 Hz, 2H), 7.44 (m, 3H), 6.04 (br, s, 1H), 3.96 (m, 1H), 

2.02 (m, 2H), 1.69 (m, 3H), 1.46–1.37 (m, 2H), 1.21 (m, 3H). 13C{1H} NMR (100.47 MHz, 

CDCl3): δ 166.56, 135.07, 131.15, 128.43, 126.79, 48.63, 33.18, 25.53, 24.89. GC−MS 

(EI): m/z 203. N–cyclohexylbenzamide was previously reported by Jiang, et al. Org. Lett. 

2011, 13, 1028–1031. 

N–exo−Bicyclo[2.2.1]hept–2–yl–benzamide  

See representative reaction procedure on page 103. To a solution of 

norbornane (Mw = 96.2; 157 mg, 1.63 mmol) and 4 (190.0 mg, 10 

mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF (0.5 

mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography afforded the 

title compound in 63% yield as a white powder. 1H NMR (400 MHz, CDCl3): δ 7.73 (d, J 

= 7.3 Hz,  2H), 7.44 (dt, J = 26.5, 7.3 Hz, 3H), 5.95 (s, br, 1H), 3.92 (q, J = 7.4, 6.8 Hz, 

1H), 2.32 (s, br, 2H), 1.90 (dd, J = 12.8, 8.5Hz, 1H), 1.51 (m, 2H), 1.29 (m, 5H). 13C{1H} 

NMR (100.47 MHz, CDCl3): δ 166.72, 135.02, 131.20, 128.48, 126.78, 53.31, 42.44, 

40.61, 35.69, 28.14, 26.52. GC−MS (EI): m/z 215. N–Bicyclo[2.2.1]hept–2–yl–benzamide 

was previously synthesized by Studer et al. J. Am. Chem. Soc., 2007, 129, 4498–4503. 

 

 



99 
 

N–(adamantan–1–yl)benzamide  

See representative reaction procedure on page 103. To a solution of 

adamantane (Mw = 136.2; 221 mg, 1.63 mmol) and 4 (190.0 mg, 10 mol 

%) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) 

in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 49% yield as a white powder. 1H NMR (400 MHz, CDCl3): 

δ 7.68 (m, 2H), 7.43 (m, 3H), 5.84 (s, br, 1H), 5.39 (m, 1H), 2.13 (s, 9H), 1.72 (br, s, 6H). 

13C{1H} NMR (100.47 MHz, CDCl3): δ 166.59, 136.06, 131.00, 128.43, 126.68, 52.27, 

41.69, 36.39, 29.51. GC−MS (EI): m/z 255. .N–(adamantan–1–yl)benzamide was 

previously made by Zhang et al. Org. Lett., 2015, 17, 6054. 

N−(3,5−dimethyladamant−1−yl)benzamide  

See representative reaction procedure on page 103. To a solution of 

dimethyladamantane (Mw = 164.3, d = 0.886; 302 L, 1.63 mmol) and 

4 (190.0 mg, 10 mol %) in PhF (1.0 mL) was added 0.30 g (1.63 mmol) 

benzoyl azide (BzN3) in PhF (1.0 mL) via slow−injection pump at a rate of 0.01 mL/min. 

Flash chromatography afforded the title compound in 55% yield as a white powder. 1H 

NMR (400 MHz, CDCl3): δ 7.69 (m, 2H), 7.41 (m, 3H), 2.17 (hept, J = 3.2 Hz, 1H), 1.98 

– 1.92 (m, 2H), 1.81 – 1.71 (m, 4H), 1.42 (m, 2H), 1.31 (ddd, J = 12.4, 2.9, 1.6 Hz, 2H), 

1.18 (qt, J = 12.5, 2.1 Hz, 2H), 0.86 (s, 6H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 

166.62, 135.96, 131.00, 128.41, 126.66, 53.86, 50.62, 47.64, 42.69, 40.21, 32.46, 30.19, 

30.06. GC−MS (EI): m/z 283. N−(3,5−dimethyladamant−1−yl)benzamide was previously 

synthesized by Ishii et al. Chem. Commun., 2002, 516. 
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N–benzylbenzamide  

See representative reaction procedure on page 103. To a solution of 

toluene (Mw = 92.14, d = 0.865; 174 L, 1.63 mmol) and 4 (190.0 mg, 

10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF 

(0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 53% yield as a white powder. 1H–NMR (400 MHz, CDCl3): 

δ 7.79 (d, J = 7.1 Hz, 2H), 7.49 (m, 1H), 7.42 (d, J = 7.7 Hz, 2H), 7.38–7.24 (m, 5H), 6.62 

(s, 1H), 4.42 (d, J = 5.7 Hz, 2H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 167.33, 138.20, 

134.36, 131.45, 128.70, 128.51, 127.82, 127.52, 126.93, 44.05. GC−MS (EI): m/z 211. N–

benzylbenzamide was previously reported by Bhangae et al. ACS Catal., 2013, 3, 287–

293. 

N−(4−fluorophenyl)−2−phenylpropanamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.0 mL) was added 269 mg (1.63 mmol) 4−fluorobenzoyl azide in 

PhF (1.0 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 69% yield as colorless crystals. 1H NMR (400 MHz, 

CDCl3): δ 7.76 (ddd, J = 9.7, 5.9, 2.5 Hz, 2H), 7.31 (m, 4H), 7.02 (m, 2H), 6.73 (d, br, J = 

7.4 Hz, 1H), 5.28 (p, J = 7.0 Hz, 1H), 1.56 (d, J = 6.9 Hz, 3H). 13C{1H} NMR (100.47 

MHz, CDCl3): δ 166.55, 163.30,  143.09, 130.68, 129.31, 128.61, 127.33, 126.15, 115.47, 

115.25, 49.26, 21.62. GC−MS (EI): m/z 243. 4–Fluoro–N–(1–phenylethyl)benzamide was 

formerly prepared by Fu et al. Org. Lett., 2008, 10, 1863–1866. 
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 N−(2−fluorophenyl)−2−phenylpropanamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 mg, 

10 mol %) in PhF (1.0 mL) was added 269 mg (1.63 mmol) 2−fluorobenzoyl azide in PhF 

(1.0 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 55% yield as colorless crystals. 1H NMR (400 MHz, 

CDCl3): δ 7.70–7.27 (m, 9H), 6.44 (s, br, 1H), 5.36 (q, J = 8, 1H), 1.62 (d, J = 7, 3H). 

13C{1H} NMR (100.47 MHz, CDCl3): δ 165.46, 142.70, 135.03, 131.27, 130.60, 130.29, 

130.19, 128.72, 127.48, 127.10, 126.25, 77.32, 77.00, 76.68, 49.63, 21.75. HRMS (CI) 

calc’d for C15H14F2NO ([M+H]+) 262.1043, found 262.1047.  

N−(2−chlorophenyl)−2−phenylpropanamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 mg, 

10 mol %) in PhF (1.0 mL) was added 296 mg (1.63 mmol) 2−chlorobenzoyl azide in PhF 

(1.0 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 52% yield as colorless crystals. 1H NMR (400 MHz, 

CDCl3): δ 7.64 (dd, J = 7.3, 2.0 Hz, 1H), 7.35 (m, 8H), 6.51 (s, br, 1H), 5.34 (p, J = 7.0 

Hz, 1H), 1.61 (d, J = 6.9 Hz, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 165.45, 142.72, 

135.07, 131.19, 130.59, 130.20, 130.14, 128.67, 127.42, 127.03, 126.23, 49.58, 21.71. 

GC−MS (EI): m/z 259. 2–Chloro–N–(1–phenylethyl)benzamide was recently prepared by 

Bantreil et al. Eur. J. Org. Chem. 2015, 417–422. 
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 N−(4−cyanophenyl)−2−phenylpropanamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.0 mL) was added 281 mg (1.63 mmol) 4−cyanobenzoyl azide in 

PhF (1.0 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 51% yield as colorless crystals. 1H NMR (400 MHz, 

CDCl3): δ 7.80 (d, J = 8.4, 2H), 7.66 (d, J = 8.4, 2H), 7.29 (m, 5H), 6.29 (d, J = 7.6 Hz, 

1H), 5.27 (p, J = 7.0, 1H), 1.57 (d, J = 6.9, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 

164.73, 142.47, 138.48, 132.42, 128.89, 127.65, 126.24, 117.95, 115.11, 49.68, 21.53. 

HRMS (CI) calc’d for C16H15NO ([M+H]+) 251.1184, found 251.1176. 

N−(4−nitrophenyl)−2−phenylpropanamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 mg, 10 mol %) in PhF (1.0 

mL) was added 313 mg (1.63 mmol) 4−nitrobenzoyl azide in PhF (1.0 mL) via 

slow−injection pump at a rate of 0.01 mL/min. Flash chromatography afforded the title 

compound in 49% yield as colorless crystals. 1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 

8.9, 2H), 7.85 (d, J = 8.8 Hz, 2H) 7.29 (m, 5H), 6.57 (d, J = 7.0 Hz, 1H), 5.25 (p, J = 7.0 

Hz, 1H), 1.56 (d, J = 6.9 Hz, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 164.56, 149.50, 

142.46, 140.09, 128.82, 128.14, 127.71, 126.20, 123.70, 49.73, 21.52. 4–Nitro–N–(1–

phenylethyl)benzamide was recently reported by Bantreil et al. Eur. J. Org. Chem. 2015, 

417–422. HRMS (CI) calc’d for C15H15N2O3 ([M+H]+) 271.1083, found 271.1077. 
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2−phenyl−N−(p−tolyl)propanamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.0 mL) was added 263 mg (1.63 mmol) 4−methylbenzoyl azide in 

PhF (1.0 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 55% yield as colorless crystals. 1H NMR (400 MHz, 

CDCl3): δ 7.68 (d, J = 8.2 Hz, 2H), 7.36 (m, 4H) 7.28 (m, 1H), 7.21 (m, 2H), 6.46 (d, J = 

7.2 Hz, 1H), 5.33 (p, J = 7.0 Hz, 1H), 2.36 (s, 3H), 1.59 (d, J = 6.9, 3H). 13C{1H} NMR 

(100.47 MHz, CDCl3): δ 166.45, 143.25, 141.74, 131.69, 129.10, 128.63, 127.29, 126.89, 

126.20, 49.05, 21.70, 21.36. GC−MS (EI): m/z 239. 4–Methyl–N–(1–

phenylethyl)benzamide was previously synthesized by Bantreil et al. Tetrahedron Lett. 

2014, 70, 5093–5099. 

N−(3,4–Dimethoxyphenyl)−2−phenylpropanamide 

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.0 mL) was added 338 mg (1.63 mmol) 3,4−dimethoxybenzoyl 

azide in PhF (2.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash 

chromatography afforded the title compound in 44% yield as colorless crystals. 1H NMR 

(400 MHz, CDCl3): δ 7.49 (d, J = 8.7 Hz, 1H), 7.38 (dt, J = 15.0, 7.4 Hz, 4H), 7.29 (m, 

1H), 7.26 (s, 1H), 6.86 (d, J = 8.7 Hz, 1H), 6.58 (d, J = 8.5 Hz, 1H), 5.32 (p, J = 7.0 Hz, 

1H), 3.89 (s, 3H), 3.85 (s, 3H), 1.61 (d, J = 6.9 Hz, 3H). 13C{1H} NMR (100.47 MHz, 

CDCl3): δ 165.07, 155.22, 145.36, 142.92, 128.65, 127.85, 127.35, 126.22, 125.81, 110.44, 
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77.34, 77.02, 76.70, 60.62, 56.11, 49.63, 21.85. GC−MS (EI): m/z 255. 4–Methyl–N–(1–

phenylethyl)benzamide was previously synthesized by Bantreil et al. Tetrahedron Lett. 

2014, 70, 5093–5099. 

N−(4−(dimethylamino)phenyl)−2−phenylpropanamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.0 mL) was added 310 mg (1.63 mmol) 4−(dimethylamino)benzoyl 

azide in PhF (2.0 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash 

chromatography afforded the title compound in 39% yield as colorless crystals. 1H NMR 

(400 MHz, CDCl3): δ 7.37 (m, 3H), 7.25 (m, 4H), 6.95 (d, J = 7.9 Hz, 1H), 6.82 (dd, J = 

8.9, 1.5 Hz, 1H), 6.30 (d, J = 6.6 Hz, 1H), 5.34 (q, J = 7.3 Hz, 1H) 2.98 (s, 6H), 1.61 (d, J 

= 6.9 Hz, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 167.32, 153.84, 150.78, 143.27, 

135.48, 129.04, 128.71, 127.37, 126.24, 115.18, 113.66, 111.49, 49.12, 40.49, 21.76. 

HRMS (CI) calc’d for C17H21N2O ([M+2H]2+) 270.1732, found 270.1739. 

 N−(1−phenylethyl)−3,5−bis(trifluoromethyl)benzamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.0 mL) was added 462 mg (1.63 mmol) 

3,5−bis(trifluoromethyl)benzoyl azide in PhF (2.5 mL) via slow−injection pump at a rate 

of 0.01 mL/min. Flash chromatography afforded the title compound in 66% yield as 

colorless crystals. 1H NMR (400 MHz, CDCl3): δ 8.20 (m, 2H), 7.99 (s, 1H), 7.43–7.27 

(m, 5H), 6.48 (d, J = 7.6 Hz, 1H), 5.35 (p, J = 7.1 Hz, 1H), 1.65 (d, J = 6.9 Hz, 3H). 13C{1H} 
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NMR (100.47 MHz, CDCl3): δ 166.62, 143.13, 134.70, 132.59, 131.77, 128.85, 128.75, 

128.41, 127.71, 127.58, 127.46, 127.31, 126.71, 126.71, 126.30, 123.58, 49.33, 21.72. 

HRMS (CI) calc’d for C19H18NO ([M+H]+) 276.1388, found 276.1371. 

2,4,6−trichloro−N−(1−phenylethyl)benzamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 mg, 10 mol %) in PhF (1.0 

mL) was added 408 mg (1.63 mmol) 2,4,6−trichlorobenzoyl azide in PhF (2.5 mL) via 

slow−injection pump at a rate of 0.01 mL/min. Flash chromatography afforded the title 

compound in 49% yield as colorless crystals. 1H NMR (400 MHz, CDCl3): δ 8.38 (d, J = 

8.4 Hz, 1H), 7.81 (m, 4H), 7.37 (m, 7H), 6.50 (d, J = 7.5 Hz, 1H), 5.35 (p, J = 7.0 Hz, 1H), 

1.60 (d, J = 6.9, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 166.62, 143.13, 134.70, 

132.59, 131.77, 128.85, 128.75, 128.41, 127.71, 127.58, 127.46, 127.31, 126.71, 126.71, 

126.30, 123.58, 49.33, 21.72. HRMS (CI) calc’d for C19H18NO ([M+H]+) 276.1388, found 

276.1371. 

N−(1−phenylethyl)furan−2−carboxamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 mg, 

10 mol %) in PhF (1.0 mL) was added 223 mg (1.63 mmol) furan−2−carbonyl azide in PhF 

(1.0 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 54% yield as colorless crystals. 1H NMR (400 MHz, 

CDCl3): δ 7.70 (d, 2H, J = 7.8 Hz), 7.40–7.26 (m, 6H), 6.61 (dd, J = 3.5, 1.0 Hz, 1H), 6.31 

(d, J = 8.0 Hz, 1H), 5.34–5.30 (m, 1H), 1.60 (d, J = 7.0 Hz, 3H). 13C{1H} NMR (100.47 
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MHz, CDCl3): δ 165.6, 143.2, 142.8, 137.7, 133.0, 128.5, 128.2, 127.2, 126.6, 48.2, 21.5. 

GC−MS (EI): m/z 215. N–(1–phenylethyl)furan–2–carboxamide was previously reported 

by Yu et al. Tetrahedron 2011, 67, 4649–4654. 

 N−(1−phenylethyl)thiophene−2−carboxamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 mg, 

10 mol %) in PhF (1.0 mL) was added 250 mg (1.63 mmol) thiophene−2−carbonyl azide 

in PhF (1.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 51% yield as colorless crystals. 1H NMR (400 MHz, 

CDCl3): δ 7.50 (dd, J = 3.7, 1.1 Hz, 1H), 7.45 (dd, J = 5.0, 1.1 Hz, 1H), 7.36 (m, 4H), 7.28 

(m, 1H), 7.05 (dd, J = 5.0, 3.7 Hz, 1H) 6.29 (d, J = 6.7 Hz, 1H), 5.30 (p, J = 7.0, 1H), 1.59 

(d, J = 6.9 Hz, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 160.59, 142.91, 139.01, 

129.85, 128.72, 127.98, 127.53, 127.48, 126.26, 49.20, 21.63. GC−MS (EI): m/z 231. N–

(1–phenylethyl)thiophene–2–carboxamide was previously reported by Buchwald et al. 

Angew. Chem. Int. Ed. 2007, 46, 8460–8463.  

 N−(naphthalen−1−yl)−2−phenylpropanamide  

See representative reaction procedure on page 103. To a 

solution of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.0 mL) was added 320 mg (1.63 mmol) 2−naphthoyl azide in PhF 

(2.0 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 31% yield as colorless crystals. 1H NMR (400 MHz, 

CDCl3): δ 8.38 (d, J = 8.4 Hz, 1H), 7.81 (m, 4H), 7.37 (m, 7H), 6.50 (d, J = 7.5 Hz, 1H), 
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5.35 (p, J = 7.0 Hz, 1H), 1.60 (d, J = 6.9, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 

166.62, 143.13, 134.70, 132.59, 131.77, 128.85, 128.75, 128.41, 127.71, 127.58, 127.46, 

127.31, 126.71, 126.71, 126.30, 123.58, 49.33, 21.72. HRMS (CI) calc’d for C19H18NO 

([M+H]+) 276.1388, found 276.1371. 

 N−(1−phenylethyl)anthracene−9−carboxamide  

See representative reaction procedure on page 103. To a solution 

of ethylbenzene (200 L, 1.63 mmol) and 4 (190.0 mg, 10 mol %) 

in PhF (1.0 mL) was added 403 mg (1.63 mmol) 

anthracene−9−carbonyl azide in PhF (2.5 mL) via slow−injection pump at a rate of 0.01 

mL/min. Flash chromatography afforded the title compound in 11% yield as colorless 

crystals. 1H NMR (400 MHz, CDCl3): δ 8.40 (m, 1H), 8.00 (dd, J = 7.3, 3.7 Hz, 4H) 7.34 

(m, 9H), 6.38 (d, J = 8.0 Hz, 1H), 5.57 (p, J = 7.0 Hz, 1H), 1.66 (d, J = 6.9, 3H). 13C{1H} 

NMR (100.47 MHz, CDCl3): δ 168.49, 142.85, 131.71, 131.00, 128.73, 128.44, 128.13, 

127.99, 127.53, 126.80, 126.61, 126.30, 125.40, 124.49, 49.47, 21.88. HRMS (CI) calc’d 

for C23H20NO ([M+H]+) 326.1545, found 326.1529. 

N–(2–methyl–2–phenylpropyl)benzamide  

See representative reaction procedure on page 103. To a solution of 

tert−butylbenzene (Mw = 134.2, d = 0.867; 252 L, 1.63 mmol) 

and 4 (190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide 

(BzN3) in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash 

chromatography afforded the title compound in 67% yield as a white powder. 1H NMR 

(400 MHz, CDCl3): δ 7.57 (m, 2H), 7.39 (m, 7H), 7.26 (m, 1H), 7.34–7.16 (m, 5H), 5.87 
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(s, br, 1H), 3.67 (d, J = 6.1 Hz, 2H), 1.42 (s, 6H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 

167.44, 146.32, 134.62, 131.22, 130.46, 128.79, 128.58, 128.41, 126.65, 126.37, 125.84, 

50.97, 38.99, 26.55. HRMS (CI) calc’d for C17H20NO ([M+H]+) 254.1545, found 

254.1542. 

N–(2–phenylpropyl)benzamide  

See representative reaction procedure on page 103. To a solution 

of cumene (Mw = 120.2, d = 0.862; 226 L, 1.63 mmol) and 4 

(190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) 

in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 71% yield as a white powder. 1H NMR (400 MHz, CDCl3): 

δ 7.61 (m, 2H), 7.39 (m, 4H), 7.27 (m, 4H), 5.94 (s, br, 1H), 3.86 (dt, J = 13.1, 6.0 Hz, 1H), 

3.41 (ddd, J = 13.6, 8.9, 4.9 Hz, 1H), 3.09 (dq, J = 14.6, 7.1 Hz, 1H), 1.35 (d, J = 7.0 Hz, 

3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 167.38, 144.02, 131.32, 128.80, 128.52, 

127.22, 126.84, 126.73, 46.58, 39.83, 19.27. HRMS (CI) calc’d for C16H18NO ([M+H]+) 

240.1388, found 240.1386. 

N−(2−methyl−3−phenylpropyl)benzamide  

See representative reaction procedure on page 103. To a solution 

of iso−butylbenzene (Mw = 134.2, d = 0.853; 256 L, 1.63 mmol) and 4 (190.0 mg, 10 

mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF (0.5 

mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography afforded the 

title compound in 62% yield as a white powder. 1H NMR (400 MHz, CDCl3): δ 7.61 (m, 

3H), 7.38 (m, 3H), 7.22 (m, 2H), 7.15 (m, 2H), 5.96 (s, br, 1H), 3.35 (m, 2H), 2.66 (dd, J 
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= 13.6, 6.8 Hz, 1H) 2.52 (dd, J = 13.7, 7.5 Hz, 2H), 0.94 (d, J = 6.7 Hz, 3H). 13C{1H} NMR 

(100.47 MHz, CDCl3): δ 167.35, 140.40, 134,71, 131.30, 129.06, 128.47, 126.74, 126.12, 

45.92, 41.70, 35.69, 18.12. HRMS (CI) calc’d for C17H20NO ([M+H]+) 254.1545, found 

254.1546. 

N–(2,2–dimethyl–3–phenylpropyl)benzamide  

See representative reaction procedure on page 103. To a 

solution of (2,2−Dimethyl−1−propyl)benzene (Mw = 148.2, d = 0.858; 282 L, 1.63 

mmol) and 4 (190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl 

azide (BzN3) in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash 

chromatography afforded the title compound in 69% yield as a white powder. 1H NMR 

(400 MHz, CDCl3): δ 7.59 (m, 2H), 7.48 (m, 2H), 7.40 (m, 2H), 7.30 (m, 2H), 7.22 (m, 

2H), 5.97 (s, br, 1H), 3.38 (d, J = 6.3 Hz, 2H), 2.63 (s, 2H), 1.00 (s, 6H). 13C{1H} NMR 

(100.47 MHz, CDCl3): δ 167.38, 138.55, 134.82, 131.30, 130.38, 128.50, 128.21, 126.73, 

126.31, 49.62, 47.14, 36.12, 25.28. HRMS (CI) calc’d for C18H22NO ([M+H]+) 268.1701, 

found 268.1701. 

N−(2,3−dimethylbutyl)benzamide 

See representative reaction procedure on page 103. To a solution of 

2,3−dimethylbutane (Mw = 86.2, d = 0.662; 213 L, 1.63 mmol) and 4 (190.0 mg, 10 mol 

%) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF (0.5 mL) 

via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography afforded the title 

compound in 48% yield as colorless crystals. 1H NMR (400 MHz, CDCl3): δ  7.78 – 7.74 

(m, 2H), 7.51 – 7.45 (m, 1H), 7.44 – 7.39 (m, 2H), 3.46 (dt, J = 13.5, 5.7 Hz, 1H), 3.28 
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(ddd, J = 13.5, 7.8, 6.1 Hz, 1H), 1.78 – 1.59 (m, 2H), 1.06 – 0.75 (m, 9H). 13C NMR (100.47 

MHz, CDCl3): δ 167.54, 134.95, 131.24, 128.50, 126.78, 44.02, 39.02, 30.12, 20.45, 17.88, 

13.62. GC−MS (EI): m/z 205. N−(2,3−dimethylbutyl)benzamide was previously reported 

by Inagaki et al. Chem. Lett. 1982, 9−12. 

N−(2,3−dimethylbutan−2−yl)benzamide) 

From the reaction of 2,3−dimethylbutane with BzN3, the minor isomer 

was isolated by column chromatography to give the title compound as a white solid (5% 

yield). 1H NMR (400 MHz, CDCl3) δ 7.73 – 7.69 (m, 2H), 7.49 – 7.44 (m, 1H), 7.44 – 7.38 

(m, 2H), 5.85 (s, 1H), 2.44 (hept, J = 6.9 Hz, 1H), 1.40 (s, 6H), 0.95 (d, J = 6.9 Hz, 6H). 

13C NMR (100.47 MHz, CDCl3) δ 166.80, 136.24, 130.99, 128.49, 126.62, 57.17, 34.85, 

23.64, 17.44. GC−MS (EI): m/z 205. N−(2,3−dimethylbutyl)benzamide was previously 

reported by Inagaki et al. Chem. Lett. 1982, 9−12. 

N−(3,3−dimethylbutyl)benzamide  

See representative reaction procedure on page 103. To a solution of 

2,2−dimethylbutane (Mw = 86.2, d = 0.791; 180 L, 1.63 mmol) 

and 4 (190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide 

(BzN3) in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash 

chromatography afforded the title compound in 53% yield as a white wax. 1H NMR (400 

MHz, CDCl3): δ  7.77 – 7.73 (m, 2H), 7.50 – 7.44 (m, 1H), 7.41 (ddt, J = 8.3, 6.5, 1.4 Hz, 

2H), 6.15 (s, 1H), 3.55 – 3.39 (m, 2H), 1.61 – 1.45 (m, 2H), 0.96 (s, 9H). 13C NMR (100.47 

MHz, CDCl3): δ 167.38, 134.85, 131.21, 128.47, 126.76, 43.36, 36.75, 29.97, 29.41. 
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GC−MS (EI): m/z 205. N−(3,3−dimethylbutyl)benzamide was previously reported by 

Guijarro et al. Eur. J. Org. Chem. 2014, 7034−7038. 

N−(3,3−dimethylbutan−2−yl)benzamide  

From the reaction of 2,2−dimethylbutane with BzN3, the minor isomer 

was isolated by column chromatography to give the title compound as a white solid (4% 

yield). 1H NMR (400 MHz, CDCl3) δ 7.77 – 7.73 (m, 2H), 7.52 – 7.47 (m, 1H), 7.46 – 7.41 

(m, 2H), 5.91 (s, 1H), 4.12 (dq, J = 9.7, 6.8 Hz, 1H), 1.17 (d, J = 6.8 Hz, 3H), 0.98 (s, 9H). 

13C NMR (100.47 MHz, CDCl3) δ 166.84, 135.32, 131.24, 128.58, 126.74, 53.10, 34.46, 

26.26, 16.20. GC−MS (EI): m/z 205. N−(2,3−dimethylbutyl)benzamide was previously 

reported by Inagaki et al. Chem. Lett. 1982, 9−12. 

N−(3−ethylpentyl)benzamide  

See representative reaction procedure on page 103. To a solution 

of 3−ethylpentane (Mw = 100.2, d = 0.694; 252 L, 1.63 mmol; 93% purity from TCI 

America) and 4 (190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) 

benzoyl azide (BzN3) in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. 

Flash chromatography afforded the title compound in 49% yield as a white solid. 1H NMR 

(400 MHz, CDCl3): δ  7.70 – 7.67 (m, 2H), 7.44 – 7.39 (m, 1H), 7.36 (ddt, J = 8.4, 6.7, 1.5 

Hz, 2H), 6.00 (s, 1H), 3.54 – 3.25 (m, 2H), 1.53 – 1.47 (m, 2H), 1.33 – 1.21 (m, 5H), 0.81 

(t, J = 7.2 Hz, 6H). 13C NMR (100.47 MHz, CDCl3): δ 167.42, 134.92, 131.25, 128.52, 

126.78, 38.35, 38.19, 32.80, 25.37, 10.78. HRMS (CI) calc’d for C14H21NO ([M+H]+) 

219.1623, found 219.1622. N−(3−ethylpentyl)benzamide was previously reported by 

Hartwig et al. J. Am. Chem. Soc. 2014, 136, 2555−2563. 
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N−(3−ethylpentan−2−yl)benzamide  

From the reaction of 3−ethylpentane with BzN3, the minor isomer was 

isolated by column chromatography to give the title compound as a 

white solid (14% yield). 1H NMR (400 MHz, CDCl3) δ 7.78 – 7.68 (m, 2H), 7.49 – 7.44 

(m, 1H), 7.40 (ddt, J = 8.4, 6.7, 1.5 Hz, 2H), 5.94 (d, J = 8.3 Hz, 1H), 4.31 (ddt, J = 10.7, 

8.7, 6.6 Hz, 1H), 1.44 – 1.23 (m, 5H), 1.17 (d, J = 6.7 Hz, 3H), 0.97 – 0.90 (m, 6H). The 

aliphatic areas contain overlapping peaks from trace amount of primary product that cannot 

be further removed. 13C NMR (100.47 MHz, CDCl3) δ 166.69, 135.16, 131.20, 128.51, 

126.73, 46.85, 46.18, 22.20, 17.81, 11.81. HRMS (CI) calc’d for C14H21NO ([M+H]+) 

219.1623, found 219.1623. N−(3−ethylpentyl)benzamide was previously reported by 

Hartwig et al. J. Am. Chem. Soc. 2014, 136, 2555−2563. 

N–(2,4–dimethylpentyl)benzamide  

See representative reaction procedure on page 103. To a solution 

of 2,4−dimethylpentane (Mw = 100.2, d = 0.697; 243 L, 1.63 mmol) and 4 (190.0 mg, 10 

mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF (0.5 

mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography afforded the 

title compound in 48% yield as a colorless oil. 1H NMR (400 MHz, CDCl3): δ  7.77 (m, 

2H), 7.49 (m, 1H), 7.43 (m, 2H), 6.15 (s, 1H), 3.40 (ddd, J = 13.6, 7.1, 5.8 Hz, 1H), 3.24 

(ddd, J = 13.3, 7.2, 6.8 Hz, 1H), 1.85 (m, 1H), 1.69 (m, 1H), 1.22 (dt, J = 14.1, 7.3 Hz, 

1H), 1.11 (m, 1H), 0.95 (d, J = 6.8 Hz, 3H), 0.92 (d, J = 6.8 Hz, 3H), 0.87 (d, J = 6.8 Hz, 

3H). 13C NMR (100.47 MHz, CDCl3): δ 167.51, 134.98, 131.24, 128.52, 126.75, 46.21, 

44.01, 31.12, 25.20, 23.39, 22.11, 17.84. GC−MS (EI): m/z 219. N–(2,4–
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dimethylpentyl)benzamide was formerly reported by Hartwig et al. J. Am. Chem. Soc. 

2014, 136, 2555−2563. 

N−(2,5−dimethylhexyl)benzamide  

See representative reaction procedure on page 103. To a 

solution of 2,5−dimethylhexane (Mw = 114.2, d = 0.694; 268 L, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in 

PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 53% yield as a colorless oil. 1H NMR (400 MHz, CDCl3): 

δ  7.75 (m, 2H), 7.49 (m, 1H), 7.42 (m, 2H), 6.21 (s, br, 1H), 3.40 (dt, J = 12.0, 5.9 Hz, 

1H), 3.24 (dt, J = 13.4, 6.7 Hz, 1H), 1.70 (m, 1H), 1.51 (m, 1H), 1.40 (m, 2H), 1.20 (m, 

2H), 0.96 (d, J = 6.7, 1H), 0.87 (d, J = 6.5 Hz, 6H). 13C NMR (100.47 MHz, CDCl3): δ 

167.57, 135.00, 131.24, 128.52, 126.78, 45.99, 36.12, 33.68, 32.24, 28.20, 22.46, 17.77. 

HRMS (CI) calc’d for C15H24NO ([M+H]+) 234.1858, found 234.1844. 

N−(2,4,4−trimethylpentyl)benzamide  

See representative reaction procedure on page 103. To a solution 

of 2,2,4−trimethylpentane (Mw = 114.2, d = 0.690; 270 L, 1.63 mmol) and 4 (190.0 mg, 

10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF 

(0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 49% yield as a colorless oil. 1H NMR (400 MHz, CDCl3): 

δ 7.76 (m, 2H), 7.50 (m, 1H), 7.43 (m, 2H), 6.15 (s, br, 1H), 3.38 (dt, J = 13.1, 6.6 Hz, 1H), 

3.21 (dt, J = 13.3, 6.8 Hz, 1H), 1.81 (m, 1H), 1.28 (m, 2H), 1.02 (d, J = 6.7 Hz, 3H), 0.93 

(s, 9H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 167.51, 134.93, 131.26, 128.53, 126.72, 
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48.83, 47.45, 30.96, 29.86, 25.45, 20.68. HRMS (CI) calc’d for C15H24NO ([M+H]+) 

234.1858, found 234.1854. 

N−(pentanyl)benzamide; three isomers  

See representative reaction procedure on page 103. To a solution of 

n−pentane (Mw = 72.2, d = 0.626; 187 L, 1.63 mmol) and 4 (190.0 mg, 10 mol %) in PhF 

(1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF (0.5 mL) via 

slow−injection pump at a rate of 0.01 mL/min. Flash chromatography afforded a mixture 

of isomers in 66% yield as a colorless oil. Those isomers were identified and matched 

against authentic samples that were synthesized independently that are synthesized 

previously by Aubineau and Cossy, Chem. Commun., 2013, 49, 3303−3305 and 

Aribi−Zouioueche and co−workers, Synth. Commun., 2014, 44, 2364−2376. 

N−(hexanyl)benzamide; three isomers  

See representative reaction procedure on page 103. To a solution of 

n−hexane (Mw = 86.2, d = 0.655; 215 L, 1.63 mmol) and 4 (190.0 mg, 10 mol %) in PhF 

(1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF (0.5 mL) via 

slow−injection pump at a rate of 0.01 mL/min. Flash chromatography afforded a mixture 

of isomers in 75% yield as a colorless oil. Those isomers were identified and matched 

against authentic samples that were synthesized independently that are synthesized 

previously described in J. Chem. Soc., Perkin Trans. 1983, 1, 591−593 and Angew. Chem. 

Int. Ed. 2015, 54, 7564−7567. 
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N−((2R,4R)−3,5−dimethylcyclohexyl)benzamide  

See representative reaction procedure on page 103. To a solution of 

1,3−dimethylcyclohexane (Mw = 112.2, d = 0.784; 238 L, 1.63 mmol) 

and 4 (190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide 

(BzN3) in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash 

chromatography afforded the title compound in 51% yield as a colorless oil to provide a 

mixture of isomers. 1H NMR (400 MHz, CDCl3): δ 7.74 (m, 2H), 7.46 (m, 1H), 7.40 (m, 

2H), 5.80 (d, J = 9.0 Hz, 1H), 3.66 (tdd, J = 11.1, 9.3, 4.1 Hz, 1H), 2.04 (dq, J = 12.1, 3.4 

Hz, 1H), 1.72 (m, 2H), 1.40 (m, 1H), 1.17 (m, 2H), 0.96 (d, J = 6.5 Hz, 3H), 0.89 (d, J = 

6.5 Hz, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 167.03, 135.18, 131.15, 128.51, 

128.48, 126.73, 77.29, 76.97, 76.65, 60.16, 54.41, 43.19, 39.11, 38.49, 34.54, 34.01, 33.65, 

32.24, 31.24, 25.57, 22.21, 22.12, 19.20, 19.10. HRMS (CI) calc’d for C15H21NO ([M+H]+) 

231.1623, found 231.1624. 

N−((1R,2R,5S)−2,5−dimethylcyclohexyl)benzamide  

See representative reaction procedure on page 103. To a solution 

of cis−1,4−dimethylcyclohexane (Mw = 112.2, d = 0.783; 234 L, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in 

PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 62% yield as a mixture of isomers. 1H NMR (400 MHz, 

CDCl3): δ 7.75 (ddd, J = 6.7, 5.3, 1.5 Hz, 2.5 H), 7.48 (m, 1.25 H), 7.42 (m, 2.57 H), 6.00 

(d, J = 6.9 Hz, 1.44H), 4.17 (ddt, J = 12.6, 8.5, 4.3 Hz, 0.48 H), 4.01 (ddt, J = 12.5, 8.7, 

4.0 Hz, 1 H), 2.28 (dtd, J = 12.9, 6.4, 4.1 Hz, 0.5 H), 1.91 (dq, J = 12.4, 6.8, 5.8 Hz, 1.1 
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H), 1.52 (m, 10 H), 1.03 (m, 5.9 H), 0.93 (dd, J = 6.8, 1.3 Hz, 2.9 H). 13C{1H} NMR 

(100.47 MHz, CDCl3): δ 166.72, 135.26, 131.16, 128.50, 126.77, 51.11, 50.16, 37.32, 

36.76, 35.38, 32.29, 31.20, 30.47, 30.27, 28.24, 28.14, 28.06, 22.35, 19.56, 18.48, 11.71. 

N−((1R,2R,5R)−2,5−dimethylcyclohexyl)benzamide was previously reported by Hartwig 

et al. J. Am. Chem. Soc. 2014, 136, 2555−2563. 

N−((1R,2R,5R)−2,5−dimethylcyclohexyl)benzamide  

  See representative reaction procedure on page 103. To a solution 

of trans−1,4−dimethylcyclohexane (Mw = 112.2, d = 0.761; 240 L, 1.63 mmol) and 4 

(190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) 

in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 55% yield as colorless crystals. 1H NMR (400 MHz, 

CDCl3): δ 7.73 (m, 2H), 7.48 (m, 1H), 7.42 (m, 2H), 5.79 (d, J = 10.9 Hz, 1H), 3.73 (qd, J 

= 10.9, 10.3, 4.0 Hz, 1H), 2.04 (ddd, J = 12.3, 5.8, 3.6 Hz, 2H), 1.78 (dq, J = 13.2, 3.2 Hz, 

2H), 1.67 (dp, J = 12.3, 3.2 Hz, 2H), 1.57 (dddd, J = 14.3, 11.6, 6.8, 3.3 Hz, 1H), 1.27 (ddq, 

J = 17.0, 10.2, 3.4 Hz, 2H), 1.16 (ddd, J = 13.1, 11.7, 3.4 Hz, 1H), 0.98 (d, J = 6.3 Hz, 3H), 

0.93 (d, J = 3.4 Hz, 1H), 0.90 (d, J = 6.5 Hz, 3H), 0.88 – 0.81 (m, 1H). 13C{1H} NMR 

(100.47 MHz, CDCl3): δ 166.97, 135.19, 131.21, 128.52, 126.76, 54.39, 42.44, 38.36, 

34.57, 34.10, 32.02, 22.17, 18.91. N−((1R,2R,5R)−2,5−dimethylcyclohexyl)benzamide 

was previously reported by Hartwig et al. J. Am. Chem. Soc. 2014, 136, 2555−2563.  
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N−((1R,2R,4R,6S)−2,4,6−trimethylcyclohexyl)benzamide  

See representative reaction procedure on page 103. To a solution 

of 1,3,5−trimethylcyclohexane (Mw = 126.2, d = 0.772; 266 μL, 1.63 mmol) and 4 (190.0 

mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in 

PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash chromatography 

afforded the title compound in 49% yield as colorless crystals. 1H NMR (400 MHz, 

CDCl3): δ 7.77 (dt, J = 7.0, 1.5 Hz, 2H), 7.50 (m, 1H), 7.43 (m, 2H), 5.65 (d, J = 10.0 Hz, 

1H), 3.45 (q, J = 10.4 Hz, 1H), 1.75 (d, J = 13.3 Hz, 2H), 1.68 – 1.11 (m, 4H), 0.97 (dd, J 

= 6.6, 1.3 Hz, 6H), 0.93 – 0.89 (m, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 167.57, 

135.21, 131.20, 128.56, 126.74, 77.32, 77.00, 76.68, 60.02, 43.22, 38.78, 31.78, 22.12, 

19.17. HRMS (CI) calc’d for C16H23NO ([M+H]+) 245.1780, found 245.1783. 

N−((1R,2R,3S,5S)−2,6,6−trimethylbicyclo[3.1.1]heptan−3−yl)benzamide  

See representative reaction procedure on page 103. To a solution of (1S)−(−)−trans−pinane 

(Mw = 138.3, d = 0.854; 264 L, 1.63 mmol) and 4 (190.0 mg, 10 mol %) in PhF (1.5 mL) 

was added 0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF (0.5 mL) via slow−injection 

pump at a rate of 0.01 mL/min. Flash chromatography afforded the title compound in 49% 

yield as colorless crystals. 1H NMR (400 MHz, CDCl3): δ 7.77 (m, 2H), 7.40  (m, 1H), 

7.32 (t, J = 7.5 Hz, 2H), 6.62 (d, J = 8.5 Hz, 1H), 4.46 (m, 1H), 2.61 (ddt, J = 13.2, 10.0, 

2.9 Hz, 1H), 2.44 – 2.29 (m, 1H), 1.94 (dqd, J = 8.6, 5.4, 4.0, 2.5 Hz, 2H), 1.80 (td, J = 5.9, 
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1.7 Hz, 1H), 1.63 (ddd, J = 14.0, 6.2, 2.3 Hz, 1H), 1.20 (s, 3H), 1.11 (d, J = 7.2 Hz, 3H), 

1.02 (s, 3H), 0.95 (d, J = 9.8 Hz, 1H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 167.00, 

134.96, 131.04, 128.31, 126.97, 77.46, 77.14, 76.82, 48.34, 47.80, 45.89, 41.61, 38.44, 

37.05, 35.07, 28.02, 23.32, 20.78. HRMS (CI) calc’d for C15H24NO ([M+H]+) 257.1780, 

found 257.1781.  

N−(decahydronaphthalenyl)benzamide  

See representative reaction procedure on page 103. To a solution of 

cis−decahydronaphthalene (Mw = 138.3, d = 0.897; 251 L, 1.63 

mmol) and 4 (190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl 

azide (BzN3) in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash 

chromatography afforded the title compound as a mixture of isomers in 62% yield as a 

white powder. HRMS (CI) calc’d for C17H23NO ([M+H]+) 257.1780, found 257.1780. 

Isomers were identified based on the NMR multiplicity reported for similar compounds. J. 

Org. Chem. 2007, 72, 9376–9378; J. Am. Chem. Soc. 2015, 137, 5300–5303; J. Am. Chem. 

Soc. 2014, 136, 14389–14392; Chem. Sci. 2018, 9, 5360–5365;  J. Chem. Soc., Perkin 

Trans. 1 2002, 2190–2197; J. Am. Chem. Soc. 2012, 134, 2547–2550. 
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Figure 2.26. 1H NMR spectrum (400 MHz, CDCl3) of cis−decalin amidation reaction 

mixture.  

N−(decahydronaphthalenyl)benzamide  

See representative reaction procedure on page 103. To a solution of 

trans−decahydronaphthalene (Mw = 138.3, d = 0.896; 252 L, 1.63 

mmol) and 4 (190.0 mg, 10 mol %) in PhF (1.5 mL) was added 0.30 g (1.63 mmol) benzoyl 

azide (BzN3) in PhF (0.5 mL) via slow−injection pump at a rate of 0.01 mL/min. Flash 

chromatography afforded the title compound in as a mixture of isomers in 66% yield as 

colorless crystals. Isomers were identified based on the NMR multiplicity. HRMS (CI) 

calc’d for C17H23NO ([M+H]+) 257.1780, found 257.1777.  
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Figure 2.27. 1H NMR spectrum (400 MHz, CDCl3) of trans−decalin amidation 

reaction mixture. 

N−((5S,8R,9S,10S,13R,14S,17R)−10,13−dimethyl−17−((R)−6−methylheptan−2−yl)he

xadecahydro−1H−cyclopenta[a]phenanthren−3−yl)benzamide  

See representative reaction procedure on page 103. To 

a solution of 5−α−Cholestane (607 mg, 1.63 mmol) 

and 4 (380.0 mg, 20 mol %) in PhF (2.5 mL) was added 

0.30 g (1.63 mmol) benzoyl azide (BzN3) in PhF (1.0 mL) via slow−injection pump at a 

rate of 0.01 mL/min. Flash chromatography afforded the title compound in 39% yield as 

colorless crystals (mixture of  and isomers). Preparative thin layer chromatography was 

used afterwards to furnish the  isomer in 31% overall yield (249 mg) as demonstrated by 

X−ray (Figure S34). 1H NMR (400 MHz, CDCl3): δ 7.77 (m, 2H), 7.47 (m, 3H), 6.37 (d, J 

= 7.5 Hz, 1H), 4.33 (m, 1H), 1.98 (dt, J = 12.6, 3.4 Hz, 1H), 1.80 (m, 2H), 1.74 – 1.45 (m, 
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5H), 1.41 – 1.31 (m, 2H), 1.31 – 1.18 (m, 5H), 1.18 – 0.94 (m, 6H), 0.90 (d, J = 6.5 Hz, 

3H), 0.87 (d, J = 1.8 Hz, 3H), 0.85 (d, J = 1.8 Hz, 2H), 0.84 (s, 3H), 0.71 (ddd, J = 12.3, 

10.5, 4.2 Hz, 1H), 0.66 (s, 3H). 13C{1H} NMR (100.47 MHz, CDCl3) δ 166.59, 132.74, 

130.48, 129.50, 128.25, 71.33, 60.91, 56.49, 56.29, 54.37, 44.86, 42.58, 40.04, 39.50, 

38.20, 37.01, 36.17, 35.78, 35.50, 32.08, 31.50, 28.74, 28.23, 27.98, 24.20, 23.83, 22.79, 

22.54, 21.25, 18.66, 14.30, 12.30, 12.06. HRMS (CI) calc’d for C34H53NO ([M+H]+) 

491.4127, found 491.4124. 

Catalyst observation after catalytic reaction  

In a nitrogen−filled glovebox, cyclohexane (4.43 mL, 41 mmol, 5 equiv.) and 

[IPr2*NN]Cu(2−C6H6) (4) (970 mg, 10 mol%) were mixed with dry PhF (6 mL) in a 25 

mL scintillation vial capped with a rubber septum. To this solution benzoylazide ArC(O)N3 

(1.0 equiv.; 4.1 M in PhF) was added via slow−injection pump at a rate of 0.010 mL/min 

to give a dark colored solution. Subsequently the vial was sealed while inside the glove 

box and stirred for 6 h at room temperature. After the reaction is finished all volatiles were 

evaporated under reduced pressure to yield a dark brown residue. To this mixture was then 

added a few drops of 2−picoline followed by 3 mL deuterated benzene. The solution then 

was allowed to stir for 5 minutes and an aliquot was analyzed by 1H NMR spectroscopy in 

C6D6 that reveals the presence of [IPr2*NN]Cu(N−2−picoline) (7). Integration of 

resonances at  4.12 ppm (−diketiminate backbone C−H) vs. the peak at  6.12 ppm 

(methine C−H of the CHPh2 substitutes) gives a 1:4 ratio that indicates that no significant 

modification of the bulky −diketiminate ligand takes place in the soluble catalyst 

recovered despite the presence of four weak 3° benzylic C−H bonds.  
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2.4.4. Experimental Details of Radical Clock and KIE Experiments 

KIE experiment of secondary C−H bonds  

The reaction was conducted with BzN3 as limiting reagent. In a dried vial, 

cyclohexane (0.05 mmol, 20 equiv.) and cyclohexane−d12 (0.05 mmol, 20 equiv.) were 

dissolved in PhF (1.0 mL) under a N2 atmosphere inside a glove box. 4 (3 mg, 10 mol%) 

was added to this solution and BzN3 (0.0025 mmol, 1.0 equiv. in 1.0 mL PhF) was added 

sequentially to the mixture via a slow−injection pump at a rate of 0.01 mL/min. This 

mixture was allowed to stir at room temperature for another 3 h. The product 9 was purified 

by column chromatography on silica gel and aliquots was taken to run GC−MS. The 

relative yields of C6H11NHC(O)Ph and C6D11NDC(O)Ph were determined by GC/MS 

integration against each other and by applying a response factor based on a previously 1:1 

sample of pure compounds (C6H11NHC(O)Ph and C6D11NDC(O)Ph). Averaging two 

different runs gave a value kH / kD = 3.4 ± 0.3. First run: (69% isolated yield) KIE = 3.7; 

Second run: (64% isolated yield) KIE = 3.1. 

KIE experiment of primary C−H bonds 

 The reaction was conducted with BzN3 as limiting reagent. In a dried vial, 

tert−butylbenzene (0.05 mmol, 20 equiv.) and tert−butylbenzene−d14 (0.05 mmol, 20 

equiv.) were mixed in PhF (1.0 mL) under a N2 atmosphere inside a glove box. 4 (3 mg, 

10 mol%) was added to this solution and BzN3 (0.0025 mmol, 1.0 equiv. in 1.0 mL PhF) 

was added sequentially to the mixture via a slow−injection pump at a rate of 0.01 mL/min. 

This mixture was allowed to stir at room temperature for another 16 h. The amidated 

products were purified by column chromatography on silica gel and aliquots was taken to 
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run GC−MS. The relative yields of PhC(CH3)2(CH2NHC(O)Ph) and 

d5PhC(CD3)2(CD2NDC(O)Ph) were determined by GC/MS integration against each other 

and by applying a response factor based on a previously 1:1 sample of pure compounds 

(PhC(CH3)2(CH2NHC(O)Ph) and d5PhC(CD3)2(CD2NDC(O)Ph)). Averaging two different 

runs gave a value kH / kD = 5.5 ± 0.3. First run: (58% isolated yield) KIE = 5.7; Second run: 

KIE = 5.2. 

Ring−opening radical−probe experiment 

 In a dried vial, (2−methylcyclopropyl)benzene (0.132 g, 1 mmol) was mixed with 

4 (116 mg, 10 mol%) in 2.0 mL PhF inside a glove box. A solution of BzN3 (0.0025 mmol, 

1.0 equiv.) in 1.0 mL PhF was added to the mixture via a slow−injection pump at a rate of 

0.01 mL/min. and the reaction was allowed to stir at room temperature for 6 h. 

Ring−opened product N−(1−phenylbut−3−en−1−yl)benzamide (11) was isolated with a 

yield of 23%. Note: The mass balance of this reaction was poor due to sluggish reactivity. 

No other known products were detected from the crude NMR and GCMS. 1H NMR (400 

MHz, CDCl3): δ 7.77 (dd, J = 7.1, 1.9 Hz, 2H), 7.49 (m, 1H), 7.41 (dd, J = 8.3, 6.8 Hz, 

2H), 7.34 (m, 4H), 7.26 (tt, J = 6.5, 3.2 Hz, 1H), 6.58 (d, J = 7.9 Hz, 1H), 5.77 (ddt, J = 

17.1, 10.1, 7.0 Hz, 1H), 5.29 (q, J = 7.1 Hz, 1H), 5.22–5.08 (m, 2H), 2.80–2.60 (m, 

2H).13C{1H} NMR (100.47 MHz, CDCl3): δ 166.67, 141.64, 134.57, 134.06, 131.45, 

128.62, 128.53, 127.34, 126.91, 126.44, 118.36, 52.75, 40.56. GC−MS (EI): m/z 251.7. 

N−(1−phenylbut−3−en−1−yl)benzamide was previously synthesized by Schneider and Qin 

J. Am. Chem. Soc. 2016, 138, 13119–13122. 
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Figure 2.28. 1H−NMR spectrum (400 MHz, CDCl3) of 

N−(1−phenylbut−3−en−1−yl)benzamide. 
 

2.4.5. DFT Calculations Details 

The geometry optimizations were carried out using the Gaussian09 program with 

the BP86 functional. For the [Cl2NN]CuNC(O)Ph isomers, an all−electron, triple−ξ basis 

set with d−polarization function (6−311G(d)) was used for copper and nitrogen atoms. The 

STO−3G basis set was used for other atoms to make calculations on these large complexes 

practical. While for the even larger [IPr*2NN]CuNC(O)Ph isomers, only the benzyl 

nitrogen, oxygen and copper were treated with 6−311G(d) and other atoms were treated 

with the STO−3G basis set. Vibrational frequencies were calculated at all DFT−optimized 

stationary points to confirm them as minima. At these geometries, single point calculations 

were run with solvent (SMD−benzene) and dispersion effects (GD3BJ) to obtain more 

accurate energies.  



125 
 

 The calculations with unrestricted DFT protocol were carried out on both 

open−shell singlet and triplet spin states. The HOMO and LUMO were requested to be 

mixed (guess = mix) to obviate spin symmetries. The DFT−optimized geometry was used 

to generate reference RHF (restricted Hartree−Fock) and ROHF (restricted open−shell 

Hartree−Fock) wavefunctions for the open−shell singlet and triplet spin states, 

respectively. MCSCF (multi−configuration self−consistent−field) calculations utilizing 

GAMESS package and an 8−orbital, 8−electron active space. 

Calculations to investigate the N−H bond energies were carried out using the methods 

reported previously. For organic models used to calibrate the accuracy of the DFT 

techniques, the composite ab initio G3B3 method was also used to provide another check 

on the computed bond energies. The energies quoted were free energies that were 

calculated at 298.15 K and 1 atm unless otherwise indicated. 
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Chapter III 

Radical Capture at Ni(II) Complexes for C–C, C–N and C–O Bond Formation§  

  3.1. Introduction 

Nickel complexes serve as highly effective catalysts for cross–coupling 

reactions.89–91 Alongside palladium, nickel has been used extensively for both Suzuki–

Miyaura and Negishi cross–couplings.92–94 Over the past few decades, the scope of cross–

coupling reactions has improved well beyond more conventional biaryl synthesis and now 

includes several types of coupling partners. For instance, the Fu group has developed 

several Ni–catalyzed protocols for Csp3–X (X = Csp3, Csp2, N and O) bond formation with 

alkyl halides and organic nucleophiles (Scheme 3.1).  

 

 

 

 

 

 

 

§ This work takes advantage of a number of compounds originally synthesized and reported 

by Dr. Stefan Wiese in 2011, a former graduate student in the Warren laboratory. 

{[Me3NN]Ni}2(μ–OtBu)2 (2), [Me3NN]Ni(2–O2N=CH2) (3), [Me3NN]Ni(3–

CH2C(O)Ph) (4), [Me3NN]Ni(2–NHC(O)Ph) (5), {[Me3NN]Ni}2(μ–NHCH2CH2Ph)2 

(6) or {[Me3NN]Ni}2(μ–NHAr3,5–Me2)2 (7), {[Me3NN]Ni}2(μ–NH2)2 (8), [Me3NN]Ni–

NHPh2,4,6–Cl3 (10). While the X-ray structures were first described in Dr. Wiese’s 

thesis, this chapter describes their full characterization, including collection of 

higher quality X-ray data. Also, I would like to acknowledge the contributions by 

graduate student Bryan Figula in the Warren Laboratory throughout this chapter. 

The results of this work were published on chemrxiv in 2019 (DOI 

10.26434/chemrxiv.8115860.v1). 
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Scheme 3.1. Representative examples of enantioconvergent alkyl–alkyl and alkyl–aryl 

cross–couplings reported by the Fu group.  
 

Recently, nickel metallaphotocatalysis has attracted significant attention as a 

powerful method to construct Csp2–X (X = Csp3, N, O, F, P and S) as well as Csp3–

Csp3 bonds.95–99  
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Scheme 3.2. Representative examples of nickel metallaphotocatalysis for alkyl–

aryl, aryl–vinyl, and alkyl–alkyl cross–couplings (top) and proposed mechanism for 

decarboxylative arylation of aliphatic carboxylic acids (bottom).  
 

This general catalytic platform enables commercially available carboxylic acids to 

be used as alkyl source through a previously known decarboxylative pathway (Scheme 

3.2).100 More recently, benzylic, α–amino and α–oxy have all been demonstrated as 

competent substrates.101 Exploration of the electrophilic coupling partner revealed that aryl 

halides, vinyl halides and also alkyl halides are all compatible with this dual catalytic 

platform, and the desired vinylation, arylation or alkylation products are obtained in good 

yields and in some cases excellent stereoselectivity. 101–102 It is worth mentioning that the 

dual nickel photoredox catalysis is not limited to the use of the iridium–based and 



129 

 

ruthenium–based photocatalysts. Organic donor–acceptor fluorophores such as 1,2,3,5–

tetrakis(carbazol–9–yl)–4,6–dicyanobenzene99 have been studied as a highly efficient 

photocatalyst in the decarboxylative arylation methodology as well as the trifluoroborate 

coupling manifold popularized by the Molander group.100 

Mechanistically, many of these dual nickel photoredox–catalyzed C–X bond 

forming protocols have not yet been unambiguously established. 90 Several studies assumed 

Ni(0)–Ni(II)– Ni(III)–Ni(I)–Ni(0) cycle shown in Scheme 3.2 is one potential pathway. An 

alternate Ni(0)–Ni(I)–Ni(III)–Ni(I)–Ni(0) cycle has also been proposed.90 

While most Ni–catalyzed cross–couplings feature conventional nucleophiles 

with electrophiles or even cross–electrophile couplings, the direct functionalization 

of unactivated, non–directed Csp3–H bonds is underdeveloped. As sp3 C–H bonds 

are ubiquitous in organic molecules, discovering new methods to carry out Csp3–H 

functionalization opens new opportunities to modify existing molecules. 

Several C–H functionalization methods catalyzed by first–row transition metals 

have been developed.103–104 In most cases, an organic C–based radical (R•) is captured by 

the metal center [M]–FG (where FG is the desired functional group) to form FG–[M]–R 

species, followed by reductive elimination to furnish the organic product R–FG. This 

strategy has been used successfully with Mn105–106, Fe107–108, Co109–110, Ni111-113 and Cu114–

116. For instance, Groves group has established Mn–based catalysts, supported by porphyrin 

ligand (por) for the formation of C–X (X=F, Cl, Br), C–N and C–O bonds (Scheme 3.3 

a).105–106 Hartwig’s laboratory discovered site–selective azidation of aliphatic C–H bonds 

in simple and complex molecules catalyzed by the combination of Fe(OAc)2 and a PyBox 

ligand (Scheme 3.3 b).107–108 CoII–porphyrin catalysts have been shown by Zhang109 and 
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Cenini110 groups to be active catalysts for the formation of C–N bonds using organoazides 

as nitrene precursors (Scheme 3.3 c). Lei group and others have successfully used Ni(acac)2 

as efficient catalyst for sp3 C–H arylation or sp3 C–H amination reactions that operates via 

radical–relay mechanism (Scheme 3.3 d).111–113  

 

Scheme 3.3. C–H functionalization through radical–relay mechanism catalyzed by 

Mn, Fe, Co and Ni catalysts.  
 

Perhaps most visited system for radical–relay C–H functionalization is the Cu–

catalyzed C–H functionalization.114–116 The seminal work by Kharasch and Sosnovsky 

introduced Cu as effective catalyst for the formation of C–O bonds (Scheme 3.3 e).117 

Several other research groups showed the efficacy of Cu–based catalyst for the formation 

of C–X bonds (X = C, N, O) that proceeds via the relay of R• radical followed by 



131 

 

recombination with the metalloradical [CuII]–FG complex to yield the R–FG organic 

products (Scheme 3.3 f).114–116 

Several studies from our laboratory have shown the efficient C–H functionalization 

of sp3 C–H bonds with unactivated amines, anilines or acyl–protected phenols with 

tBuOOtBu as external oxidant catalysed bu well–defined CuI –diketiminates in a radical–

relay manner Scheme 3.4.118–123 Mechanistic studies revealed that while in some cases the 

copper(II) alkylamide [CuII]–NHR′ is capable of H–atom abstraction (HAA),118 the 

principle role of the copper intermediates [CuII]–NHR121 or [CuII]–OAr120 is to capture an 

alkyl radical •R (generated in the HAA of R–H substrate via tBuO• radical) to form R–

NHR′.121  

 

Scheme 3.4. Efficient Cu–catalyzed radical–relay mechanism for C–H 

functionalization reactions developed in the Warren group. 

For example, isolated [CuII]–NHArCl3 (where ArCl3 = 2,4,6–Cl3C6H2) capture trityl 

radical Ph3C•, generated in situ from the Gomberg’s dimer, to generate corresponding 

Ph3CNHArCl3 in 78% yield as shown in Scheme 3.5 a.121 Similarly, isolated [CuII]–OAr4Cl 

(where Ar4Cl = 4–Cl–C6H4) was showed to capture tBu• to form tBuOAr4Cl in 71% yield 

(Scheme 3.5 b).120 
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Scheme 3.5. Radical capture at –diketiminato supported [CuII]–NHArCl3 (a) and 

[CuII]–OAr4Cl (b). 

 

We sought to extend this protocol to Ni–catalysis to expand the scope of functional 

groups that can be installed via radical relay approaches to C–H functionalization. Besides 

potentially offering access to a wider range of functional groups, a radical–relay approach 

that employs [NiII]–FG intermediates more stable than their [CuII]–FG counterparts could 

further expand the development of radical relay approaches. 

Herein we target a family of –diketiminato supported NiII nitromethanoato, amido, 

anilido, and phenolato species derived from the acid–base exchange between a NiII tert–

butoxide [NiII]–OtBu and protic functional groups (FGs) such as nitromethane, amines, 

amides, and phenols. This family of mono– and dinuclear [NiII]–FG complexes 

demonstrates a variety of bonding modes that strongly depend on the functional group 

steric and electronic properties. Most importantly, we describe their stoichiometric reaction 

with organoradicals, generated in situ from dialkylazo compounds under thermal 

conditions. This allows for the study of the key bond forming step in many Ni–catalyzed 
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C–X bond formation reactions. We envision the results of this chapter to deploy radical 

relay catalysis with [NiI] analogues to the [CuI] system that has been developed in our 

laboratory.  

 

3.2. Results and Discussion 

3.2.1. Isolation of {[Me3NN]Ni}2(μ–OtBu)2 (2) 

Addition of tBuOOtBu to a solution of [Me3NN]Ni(2–picoline) in ether at room 

temperature results in the precipitation of the NiII alkoxide {[Me3NN]Ni}2(μ–OtBu)2 (2) in 

82% yield as a green solid (Scheme 3.6).  

 

Scheme 3.6. Synthesis of {[Me3NN]Ni}2(μ–OtBu)2 (2). 

Slow vapor diffusion of tBuOOtBu into a toluene solution of 

[Me3NN]NiI(lut)122–123 results in the formation of dark green crystals suitable for 

single crystal X–ray diffraction (Figure 3.1). The solid state structure of dinuclear 2 

consists of two monomeric [Me3NN]NiII–OtBu units in which the two Ni centers are 

related via an inversion center with a Ni…Ni separation of 3.058 Å (Figure 3.1). 2 

shows a pseudo–tetrahedral coordination at Ni with twist angles between N–Ni–N 

and O–Ni–O planes of 83.01° and Ni–O distances of 1.9527(14) and 1.9828(14) Å. 

This complex is reminiscent of that reported earlier by our laboratory 
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{[Me3NN]Ni}2(μ–OCy)2 with comparable structural features.124 As suggested by its 

tetrahedral geometry around Ni center, this complex is paramagnetic in solution with 

a μeff of 3.3(4) B.M. in toluene–d8 by the Evans method.125  

 

 
Figure 3.1.  X–ray crystal structure of Synthesis of {[Me3NN]Ni}2(μ–OtBu)2 collected 

at 100 K. Selected bond distances (Å) and angles (°): Ni1–O1 1.9527(14), Ni1–O1′ 

1.9828(14), Ni1–N1 1.9979(17), Ni1–N2 1.9840(18), Ni1…Ni1′ 3.051(2), O1–Ni1–O1 

78.03(6), O1–Ni1–N2 119.22(7), O1–Ni1–N2 120.48(7), O1–Ni1–N1 133.14(7), O1–

Ni1–N1 117.81(7), N2–Ni1–N1 91.57(7). 

 

 

 



135 

 

3.2.2. Reaction of {[Me3NN]Ni}2(μ–OtBu)2 (2) with Mildly Protic Functional Groups 

Despite its dinuclear nature that renders it not highly soluble in common 

hydrocarbon solvents, 2 reacts readily with a number of mildly acidic substrates H–FG 

to provide mononuclear [NiII]–FG and dinuclear [NiII]2(–FG)2 complexes (FG = 

NO2CH2, CH2C(O)Ph, NHC(O)Ph, NHAr, NHCH2CH2Ph, NH2 or OAr) as showed 

in Scheme 3.7.  

 

Scheme 3.7. Synthetic pathways for the synthesis of NiII complexes 3–11. 

For instance, {[Me3NN]Ni}2(μ–OtBu)2 (2) reacts with nitromethane to form 

mononuclear complex [Me3NN]Ni(2–O2N=CH2) (3) isolated as red crystals from 

ether in 78% (Figure 3.2). In its crystal structure, 3 shows a rare O,O'–

nitromethanoato coordination modes that is scarcely known in the literature.126–127 

The Ni atom in 3 adopts a square planar geometry with the [H2C=NO2]
– ligand chelated to 
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the NiII center through its two oxygen atoms. The Ni–O distances in 3 are 1.9064(13) and 

1.9281(13) while it shows O–N–O and O–Ni–O angles of 110.03(14) and 69.20(5), 

respectively. The C=N distance is shortened to 1.280(2) Å as compared with a normal C–

N single bond at 1.47 Å. This square planar complex is diamagnetic and exhibits C2v 

symmetry in benzene–d6.  The IR spectrum of 3 shows NO bands at 1608 and 1624 

cm–1 along with C=N at 1529 cm–1 in accordance with reported literature values.126–

127 

 

Figure 3.2. X–ray structure of [Me3NN]Ni(2–O2N=CH2) (3). The thermal ellipsoid 

plots are drawn at 50% probability level. Hydrogen atoms are omitted for clarity except for 

the nitromethanoato ligand. Selected bond distances (Å) and angles (°): Ni1–N1 

1.8409(16), Ni1–N2 1.8408(15), Ni1–O1 1.9064(13), Ni1–O2 1.9281(13), Ni1–N3 

2.3399(16), N3–C24 1.280(2), O1–Ni1–O2 69.20(5), N3–O1–Ni1 90.90(9), N3–O2–Ni1 

89.85(10), N2–Ni1–N1 95.37(7). 

Upon reaction with 2 equiv. acetophenone, 2 furnishes [Me3NN]Ni(3–

CH2C(O)Ph) (4) as yellow crystals from ether in 60% isolated yield. While there are 

several early transition metal–enolate structures with either 2– or 3– bonding 

mode derived from acetophenone (–CH2C(O)Ph) compounds prepared and 

isolated previously, 4 is the only example of an isolated and structurally 

characterized late, first–row transition metal–enolate known thus far.128–129 The 

phenyl enolate ligand binds to the nickel center through an 3–interaction involving the 
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O,C, and C atoms in the delocalized –system (Figure 3.3). The Ni–CCH2 and Ni–O bond 

distances in 4 are 2.0570(16) Å and 1.9055(11) Å, respectively while the Ni–Ccarbonyl bond 

length is 2.0400(16) Å. 

 

Figure 3.3. X–ray structure of [Me3NN]Ni(3–CH2C(O)Ph) (4). The thermal ellipsoid 

plots are drawn at 35% probability level. Hydrogen atoms are omitted for clarity except for 

the enolato ligand. Selected bond distances (Å) and angles (°): Ni1–N1 1.8599(13), Ni1–

N2 1.8735(13), Ni1–O1 1.9055(11), Ni1–C25 2.0400(16), Ni1–C24 2.0570(16), O1–C25 

1.307(2), N1–Ni1–N2 96.11(6), N1–Ni1–O1 168.68(5), N2–Ni1–O1 95.18(5), N1–Ni1–

C25 130.80(6), N2–Ni1–C25 128.86(6), O1–Ni1–C25 38.50(6), N1–Ni1–C24 98.65(6), 

N2–Ni1–C24 164.63(6), O1–Ni1–C24 70.18(6), C25–Ni1–C24 39.83(6), C25–O1–Ni1 

76.32(9). 

Similarly, 2 reacts with 2 equiv. benzamide to yield an analogous 

[Me3NN]Ni(2–NHC(O)Ph) (5) complex isolated in 55% yield as brown crystals. 

This benzamide complex exhibits a closely related square planar structure in the solid 

state as depicted in Figure 3.4. The Ni–Namide and Ni–O bond distances in 5 are 1.948(19) 

Å and 1.906(13) Å, respectively while the Ni–Ccarbonyl bond length is 2.316(5) Å. Thus, 5 

is best considered 2–N,O with the Ni center only 33.95° out of the benzamide O–C–N 
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plane whereas in the 3–O,C,C acetophenone enolate 4 the Ni center is 64.20° out of the 

enolate O–C–C plane. 

 

Figure 3.4.  X–ray structure of [Me3NN]Ni(2–NHC(O)Ph) (5). The thermal ellipsoid 

plots are drawn at 30% probability level. Hydrogen atoms are omitted for clarity except for 

the benzamido ligand. Selected bond distances (Å) and angles (°):  Ni1–N1 1.841(2), Ni1–

N1’ 1.841(2), Ni1–O1 1.906(13), Ni1–N2 1.948(19), Ni1–C13 2.316(5), O1–C13 1.15(3), 

N2–C13 1.59(2), N1–Ni1–N1 95.86(13), N1–Ni1–O1 162.0(3), N1–Ni1–O1 100.6(4), 

N1–Ni1–N2 93.8(5), N1–Ni1–N2 169.3(6), O1–Ni1–N2 69.3(2), N1–Ni1–C13 135.7(5), 

N1–Ni1–C13 128.3(4), O1–Ni1–C13 29.8(8), N2–Ni1–C13 42.8(6), C1–N1–C4 118.3(2), 

C1–N1–Ni1 126.39(17), C4–N1–Ni1 115.27(17). 

Similarly, {[Me3NN]Ni}2(μ–OtBu)2 (2) reacts with alkyl and aryl amines such as 

phenethylamine (H2NCH2CH2Ph) or 3,5–dimethylaniline (H2NAr3,5–Me2) in Et2O at RT to 

form the dinuclear species {[Me3NN]Ni}2(μ–NHCH2CH2Ph)2 (6) or {[Me3NN]Ni}2(μ–

NHAr3,5–Me2)2 (7) as red crystals in 58% and 62% yield, respectively (Figure 3.5 and 3.6). 

Notably, these two compounds had been previously prepared and characterized by Warren 

group alumnus Dr. Stefan Wiese in 2011. 

X–ray structures of 6 and 7 reveal dinuclear, slightly distorted square planar 

structures bridged by amide or anilide ligands to give Ni centers related by inversion 

symmetry with Ni…Ni separations of 2.949 and 2.998 Å, respectively. The Ni–Namido 
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distances in 6 are 1.918(3) and 1.922(3) whereas 7 shows Ni–Namido bond lengths of 

1.9462(13) and 1.9551(13). In both complexes 6 and 7, the Ni centers adopt a twisted 

square planar geometry with an angle of 20.02° between N–dik–Ni–N–dik and Namide–

Ni–Namide and 22.14° for the planes between Ndik–Ni–N–dik and Nanilide–Ni–Nanilide 

atoms.   

 
Figure 3.5.  X–ray structure of {[Me3NN]Ni}2(μ–NHCH2CH2Ph)2 (6). The thermal 

ellipsoid plots are drawn at 35% probability level. Hydrogen atoms are omitted for clarity 

except for the amido ligand. Selected bond distances (Å) and angles (°): Ni1–N3 1.918(3), 

Ni1–N2 1.919(3), Ni1–N3 1.922(3), Ni1–N1 1.932(3), Ni1…Ni1’ 2.9490(9), N3–Ni1–N2 

162.26(13), N3–Ni1–N3’ 79.66(14), N2–Ni1–N3’ 95.00(12), N3–Ni1–N1 94.53(12), N2–

Ni1–N1 93.77(12), N3–Ni1–N1 167.27(12), N2–Ni1–Ni1’ 132.55(9). 
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Figure 3.6.  X–ray structure of {[Me3NN]Ni}2(μ–NHAr3,5–Me2)2 (7). The thermal 

ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for clarity 

except for the anilido ligand. Selected bond distances (Å) and angles (°): Ni1–N1 

1.9187(13), Ni1–N2 1.9369(13), Ni1–N3 1.9462(13), Ni1–N3’ 1.9551(13), Ni1…Ni1’ 

2.9981(4), N1–Ni1–N2 93.51(6), N1–Ni1–N3’ 161.89(6), N2–Ni1–N3’ 95.15(6), N1–

Ni1–N3 95.62(6), N2–Ni1–N3 164.99(6), N3–Ni1–N3’ 79.56(6). 

 

A particularly novel complex the parent amido complex {[Me3NN]Ni}2(μ–

NH2)2 (8) isolated as in 91% yield as orange crystals by slow diffusion of NH3 into 

a solution of {[Me3NN]Ni}2(μ–OBut)2 (2) (Figure 3.7). As compared to the other 

dinuclear amido complexes reported herein (6 and 7), the parent amide 8 exhibits 

the shortest Ni–Namide bond distances of 1.9001(11) and 1.9017(11) Å along with a 

Ni…Ni separation of 2.919 Å that is shorter than in the other dinuclear amides 7 and 

8. The twist angle between the N–dik–Ni–N–dik and Namide–Ni–Namide planes of 
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18.42° deviates least from idealized square planar geometry, likely a result of the 

minimal steric demands of the amido ligands. 

 

Figure 3.7. X–ray structure of {[Me3NN]Ni}2(–NH2)2  (8). The thermal ellipsoid plots 

are drawn at 50% probability level. Hydrogen atoms are omitted for clarity except for the 

amido ligand. Selected bond distances (Å) and angles (°): Ni1–N2 1.8975(11), Ni1–N1 

1.8993(11), Ni1–N3 1.9001(11), Ni1–N3’ 1.9017(11), N2–Ni1–N1 94.51(4), N2–Ni1–N3’ 

94.23(5), N1–Ni1–N3’ 167.01(5), N2–Ni1–N3 164.76(5), N1–Ni1–N3 95.48(5), N3–Ni1–

N3’ 78.05(5). 

 

 

 

Nickel(II) complexes [NiII]–FG that bear weaker donors give rise to dinuclear 

or mononuclear species that are paramagnetic. For instance, addition of 2 equiv. 

phenol (PhOH) to {[Me3NN]Ni}2(μ–OBut)2 (2) in ether at RT gives the dinuclear 

phenoxide complex {[Me3NN]Ni}2(μ–OPh)2 (9) as dark green crystals (Figure 3.8).  
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Figure 3.8. X–ray structure of {[Me3NN]Ni}2(μ–OPh)2 (9). The thermal ellipsoid plots 

are drawn at 30% probability level. Hydrogen atoms are omitted for clarity. Selected bond 

distances (Å) and angles (°): Ni1–N1 1.928(5), Ni1–N2 1.949(5), Ni1–O2 1.966(3), Ni1–

O1 1.967(3), Ni2–N4 1.934(5), Ni2–N3 1.945(5), Ni2–O2 1.954(4), Ni2–O1 1.986(3), 

N1–Ni1–N2 94.0(2), N1–Ni1–O2 111.49(18), N2–Ni1–O2 140.32(17), N1–Ni1–O1 

120.29(17), N2–Ni1–O1 117.94(17), O2–Ni1–O1 75.41(13), N4–Ni2–N3 93.4(2), N4–

Ni2–O2 111.88(18), N3–Ni2–O2 137.43(19), N4–Ni2–O1 122.13(18), N3–Ni2–O1 

120.13(14), O2–Ni2–O1 75.25(13). 

The X–ray structure of 9 reveals a distorted tetrahedral environment around 

the NiII centers with Ni–O distances of 1.966(3) and 1.967(3) Å along with a Ni…Ni 

separation of 3.115 Å, which is the longest in the series of dinuclear complexes 6, 7 

and 8). This complex is paramagnetic in solution with a μeff of 2.7(2) B.M. in 

benzene–d6 by the Evans method.125 
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Addition of the bulky, electron–poor 2,4,6–trichloroaniline or 2,4,6–

trichlorophenol to 2 provided deep blue [Me3NN]Ni–NHPh2,4,6–Cl3 (10) or teal 

[Me3NN]Ni–OPh2,4,6–Cl3 (11) isolated in 40 and 49 % yields, respectively (Figure 

3.9 and 3.10). These structures feature much shorter Ni–N and Ni–O distances of 

1.8765(19) and 1.8812(12) Å, respectively, to the anilido or phenoxy donors than in 

dinuclear structures 7 and 10. Interestingly, these structures are best described as 

pseudo tetrahedral due to coordination of one of the o–Cl atoms with Ni–Cl 

distances of 2.4811(6) and 2.4595(5) Å.  Accordingly, each is paramagnetic in 

solution with magnetic moments in benzene–d6 of  2.6(2) and 2.8(1) B.M,125 

respectively, consistent with S = 1, high spin d8  electronic structures. 
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Figure 3.9. X–ray structure of [Me3NN]Ni(NHAr2,4,6–Cl) (10). The thermal ellipsoid plots 

are drawn at 50% probability level. Hydrogen atoms are omitted for clarity except for the 

anilido ligand. Selected bond distances (Å) and angles (°): Ni1–N3 1.8765(19), Ni1–N1 

1.8979(17), Ni1–N2 1.9097(17), Ni1–Cl1 2.4811(6), N3–Ni1–N1 127.27(8), N3–Ni1–N2 

122.98(8), N1–Ni1–N2 95.01(7), N3–Ni1–Cl1 81.87(6), N1–Ni1–Cl1 122.38(6), N2–Ni1–

Cl1 108.26(5). 
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Figure 3.10. X–ray structure of [Me3NN]Ni(OAr2,4,6–Cl) (11). The thermal ellipsoid plots 

are drawn at 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond 

distances (Å) and angles (°): Ni1–O1 1.8812(12), Ni1–N1 1.8843(13), Ni1–N2 1.9001(14), 

Ni1–Cl1 2.4595(5), O1–Ni1–N1 127.80(6), O1–Ni1–N2 119.14(5), N1–Ni1–N2 95.42(6), 

O1–Ni1–Cl1 83.54(4), N1–Ni1–Cl1 122.46(4), N2–Ni1–Cl1 109.48(4). 

 

3.2.3. Solution Characterization  

Nitromethanoato complex 3 is diamagnetic and shows a fully interpretable 

1H NMR spectrum as shown in Figure 3.11. It also shows two bands in its UV–Vis 

spectrum (Et2O, RT) with max = 500 nm (1600 M–1 cm–1) and 680 nm (300 M–1 cm–1) 

(Figure 3.12). 
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Figure 3.11. 1H NMR spectrum (RT, C6D6, 400 MHz) of [Me3NN]Ni(2–O2N=CH2) 

(3). 
 
a) 

 

b)  

 

Figure 3.12. (a) UV–Vis spectra of [Me3NN]Ni(2–O2N=CH2) (3) in Et2O at RT at 

different concentrations. (b) Beer’s law plot for [Me3NN]Ni(2–O2N=CH2) (3) depicts 

λmax = 500 nm (ε = 1600 M–1cm–1) and λmax = 680 nm (ε = 300 M–1cm–1). 

 

Based on their square planar geometry at Ni center, enolato complex [Me3NN]Ni(3–

CH2C(O)Ph) (4) and benzamide compound [Me3NN]Ni(2–NHC(O)Ph) (5) are both 

diamagnetic in solution. The 1H NMR spectrum of 4 (Figure 3.13) in benzene–d6 at RT 
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shows a single characteristic –diketiminato C–H backbone peak at 4.97 ppm, whereas 5 

shows a singlet at 4.96 ppm that is characteristic of –diketiminato C–H backbone (Figure 

3.14). The enolato CH2 peak appears at 2.93 ppm as a singlet while the amido N–H peak 

exhibits a broad signal at 2.97 ppm.  

 

Figure 3.13. 1H NMR spectrum (RT, C6D6, 400 MHz) of [Me3NN]Ni(3–CH2C(O)Ph) 

(4). 

As shown in Figures 3.13 and 3.14, complexes [Me3NN]Ni(3–CH2C(O)Ph) (4) 

and [Me3NN]Ni(2–NHC(O)Ph) (5) show only one set of broad –diketiminato N–aryl o–

Me and backbone Me resonances. If the NHC(O)Ph and CH2C(O)Ph ligands were firmly 

locked in the orientations seen in their crystal structures, one would expect two backbone 

Me signals rather than one observed in 4 and 5.  
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Figure 3.14. 1H NMR spectrum (RT, C6D6, 400 MHz) of [Me3NN]Ni(2–NHC(O)Ph) 

(5). 

At –80 °C, [Me3NN]Ni(3–CH2C(O)Ph) (4) and [Me3NN]Ni(2–NHC(O)Ph) (5) 

each shows two sets of two distinct –diketiminato N–aryl o–Me, p–Me, and backbone Me 

resonances consistent with their solid state structure that possess two different donors in 

square planar 4 and 5. Warming results in coalescence of these sets of resonances indicating 

a symmetrization within the coordination wedge that may proceed either through three 

coordinate 1–enolate and benzamide or tetrahedral intermediates.  The barrier for this 

fluxional process is higher for the enolato derivative 4 than the benzamido species 5 with 

G‡(207 K) = 10.3(2) kcal mol–1 and G‡(288 K) of 13.9(4) kcal mol–1, respectively 

(Figures 3.15 and 3.16). 
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Figure 3.15. Variable temperature 1H NMR spectra (400 MHz, toluene–d8) of 

[Me3NN]Ni(3–CH2C(O)Ph) (4) over the temperature range –10 °C to +20 °C.  

Tc = 15 °C for –diketiminato backbone Me groups gives G‡ = 13.9 (2) kcal mol–

1. 
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Figure 3.16. Variable temperature 1H NMR spectra (400 MHz, toluene–d8) of 

[Me3NN]Ni(2–NHC(O)Ph) (5) over the temperature range –85 °C to – 25 °C.  

Tc= –64 °C for –diketiminato backbone Me groups gives G‡ = 10.2 (1) kcal mol–

1. 

 

1H NMR spectra of 6 in benzene–d6 shows complicated behavior (Figure 3.17). 

Two prominent signals in the –diketiminato backbone C–H region (5 to 6 ppm) indicate 

that there is more than one species in solution. A possible mechanism that would explain 

the formation of up to four related species is shown in Scheme 3.8 that features –hydride 

elimination/reinsertion process in the monomeric [Me3NN]Ni–NHCH2CH2Ph species 

considered. 
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Scheme 3.8. Three monomeric isomers of 6 via –hydride elimination / reinsertion 

pathway. 

 

 

Figure 3.17. 1H NMR spectrum (RT, C6D6, 400 MHz) of {[Me3NN]Ni}2(μ–

NHCH2CH2Ph)2 (6). 

 

On the other hand, the dinuclear complex {[Me3NN]Ni}2(μ–NHPh3,5–Me2)2 (7) 

maintains its dinuclear structure in solution as judged by its 1H NMR spectrum. In 

solution, 7 is diamagnetic and possesses a 1H NMR spectrum in C6D6 at RT (Figure 

3.18) that features a –diketiminato C–H backbone resonance at  = 4.51 ppm with 

two different signals for the –diketiminato N–aryl meta–Ar–H sites at  = 6.880 
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and 6.464 ppm. Thus, 7 retains its dimeric, square–planar structure in solution at RT 

with one anilido NPh3,5–Me2 group above and below the N3–Ni–N3’ plane. This 

dinickel (II) anilido species features a dark red color (max = 550 nm with  = 4000 M–1cm–

1)) as shown in Figure 3.19. 

 

 

Figure 3.17. 1H NMR spectrum (RT, C6D6, 400 MHz) of {[Me3NN]Ni}2(μ–

NHCH2CH2Ph)2 (6). 
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a) 

 

b)  

 
Figure 3.19. (a) UV–Vis spectra of {[Me3NN]Ni}2(μ–NHPh3,5–Me2)2 (7) in Et2O at RT at 

different concentrations. (b) Beer’s law plot for {[Me3NN]Ni}2(μ–NHPh3,5–Me2)2 (7) 

depicts λmax = 550 nm (ε = 4000 M–1cm–1). 

 

{[Me3NN]Ni}2(μ–OPh)2 (9), [Me3NN]Ni(NHAr2,4,6–Cl) (10), and 

[Me3NN]Ni(OAr2,4,6–Cl) (11) are all paramagnetic in solution. All complexes have 

tetrahedral geometry around Ni center. The UV–Vis spectrum of 9 shows two bands at 498 

and 631 nm with molar absorptivities of 3100 and 1900 M–1cm–1, respectively (Figure 

3.20). 

 a) 

 

b)  

 

Figure 3.20. (a) UV–Vis spectra of {[Me3NN]Ni}2(μ–OPh)2 (9) in Et2O at RT at 

different concentrations. (b) Beer’s law plot for {[Me3NN]Ni}2(μ–OPh)2 (9) depicts λmax 

= 498 nm (ε = 3100 M–1cm–1) and λmax = 631 nm (ε = 1900 M–1cm–1).  
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Suggested by the tetrahedral geometry in its X–ray structure, complex 10 is 

paramagnetic in solution and possesses a μeff of 2.6 (2) B.M. in C6D6. Though 

paramagnetic, 10 exhibits clearly identifiable 1H NMR spectrum and shows 4 signals in 

C6D6. Integration of these peaks allows for assignment of –diketiminato N–aryl p–Me, o–

Me, and m–H resonances at 28.64, 28.57, and 28.30 ppm, respectively. A single upfield 

peak at –46.81 ppm is ascribed to the –diketiminato backbone C–H resonance (Figure 

3.21). 

 

Figure 3.21. 1H NMR spectrum (RT, C6D6, 400 MHz) of [Me3NN]Ni(NHAr2,4,6–Cl) (10). 
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a) 

 

b)  

 

Figure 3.22. (a) UV–Vis spectra of [Me3NN]Ni(NHAr2,4,6–Cl) (10) in Et2O at RT at 

different concentrations. (b) Beer’s law plot for (10) depicts λmax = 598 nm (ε = 4900 M–

1cm–1). 

Similarly, complex 11 is paramagnetic in solution with a μeff of 2.8 (1) B.M. in 

C6D6. This complex displays a peak at 589 nm ( = 5100 M–1cm–1) in its UV–Vis spectrum 

as shown in Figure 3.23. 

a) 

 

b)  

 

Figure 3.23. (a) UV–Vis spectra of [Me3NN]Ni(OAr2,4,6–Cl) (11) in Et2O at RT at 

different concentrations. (b) Beer’s law plot for [Me3NN]Ni(OAr2,4,6–Cl) (11) depicts λmax 

= 589 nm (ε = 5100 M–1cm–1).  

3.2.4. Reactivity Studies of Ni Complexes with Alkyl Radicals 

We explored the radical capture ability of each [Me3NN]Ni–FG complex 3–

11 through the in situ generation of the secondary benzylic radical PhCH(•)Me from 
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the aliphatic azo compound (E/Z)–azobis(–phenylethane) at 100 °C.130 Reaction of 

complexes 3–6 and 9 with (E/Z)–azobis(–phenylethane) at 100 °C in  

fluorobenzene solvent gave 25–67 % yields of the corresponding radical capture 

products PhCH(FG)Me as shown in Table 3.1.  

Table 3.1. PhCH(•)Me radical capture by [NiII]–FG complexes 3–7, and 9. 

 

Thus, radical capture at [NiII]–FG complexes results in the formation of C–C 

(59% for 3 and 61% for 4), C–N (67% for 5, 55% for 6 and 25% for 7), and C–O 

(48% for 9) bonds.  

In case of complex 7, concomitant formation of diazene ArN=NAr (Ar = 3,5–

Me2C6H3) was observed in 49% GC yield along with 25% yield of the amination 

product PhCH(NHAr)Me. This observation is reminiscent of that reported –
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diketiminato copper(II) anilide complexes reported by our research group. For 

parent amide complex {[Me3NN]Ni}2(–NH2)2 (8) only a trace amount of the C–H 

amination product PhCH(NH2)Me was detected by GC–MS analysis, attributed to 

its poor solubility, even at elevated temperatures in most organic solvents.  

On the other hand, mononuclear complexes [Me3NN]Ni–FG with bulky, 

electron–poor functional groups (FG = NHArCl3 (10) or OArCl3 (11)) did not result 

in radical capture.  Rather, only erythro and threo isomers of the ethylbenzene 

radical dimer PhCH(Me)–CH(Me)Ph are observed. Encouraged by these 

observations, we examined several tertiary alkyl radicals in hope of constructing 

quaternary carbon centers as these centers are ubiquitous in many biologically active 

molecules. For this purpose we used tBu and cumyl radicals formed in situ from 

their corresponding azo compounds tBuN=NtBu and Ph(Me)2CN=NC(Me)2Ph. We 

also investigated trityl radical formed in situ by using Gomberg’s dimer. 

Unfortunately, none of these tertiary alkyl radicals was attacked by complexes we 

examined for this purpose (complexes 3, 4, 5 or 6). This may be attributed to the 

steric effect of these tertiary radicals and further studies are needed.  

3.2.5. DFT Studies (Calculations by Christine Greene) 

To provide insight into the pathways for radical capture at the [NiII]–FG 

complexes, we computationally examined the capture of the PhCH(•)Me radical at 

mononuclear complexes [Me3NN]Ni(2–O2N=CH2) (3) and [Me3NN]Ni(2–

NHC(O)Ph) (5). These DFT simulations were carried out by my colleague Ms. 

Christine Greene. 
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Employing DFT studies performed at the BP86/6–

31+G(d)/gas//BP86+GD3BJ/6–311++G(d,p)/SMD–benzene level of theory,131–135 

we considered two distinct pathways to form PhCH(FG)Me products. The first 

involves radical capture at Ni to form a Ni(III) organometallic complex, followed 

by reductive elimination (Figure 3.24; route a) while the second involves concerted 

bond formation between the PhCH(•)Me radical at the functional group (Figure 3.24;  

route b).  In all cases, we consider the Ni(I) solvento species [Me3NN]Ni(2–benzene) as 

the final product to assess the overall thermodynamics of radical capture.  Accordingly, 

capture of the ethylbenzene radical by benzamide [Me3NN]Ni(2–NHC(O)Ph) (5) and 

nitroalkanoate [Me3NN]NiII(κ2–O2N=CH2) (3) is thermodynamically favored with 

Grxn = –8.1 and –18.2 kcal mol–1, respectively. 

 

Figure 3.24. Two feasible mechanistic pathways for [Me3NN]NiII–FG radical 

capture in benzene. 

First examining interaction of the ethylbenzene radical (R•) with benzamide 5 

(Figure 3.25), we find that capture at the metal center to form the Ni(III) organometallic 

species [Me3NN]NiIII(2–NHC(O)Ph)(CH(Ph)CH3) is slightly endergonic at 3.2 kcal mol–

1 with a barrier of 8.8 kcal mol–1. The barrier for the reductive elimination of 

[Me3NN]NiIII(2–NHC(O)Ph)(CH(Ph)CH3) is 10.5 kcal mol–1 (G≠
overall = +13.7 kcal 
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mol–1). We also considered the alternative pathway with the formation of a 

[Me3NN]NiIII(1–NH(CH(Ph)CH3)C(O)Ph) intermediate via radical capture at the 

functional group. We propose that the [Me3NN]Ni(κ2–NHC(O)Ph) will isomerize to form 

a [Me3NN]Ni(1–NHC(O)Ph) complex endergonically at +6.7 kcal mol–1 with a barrier of 

9.4 kcal mol–1 (at 298 K). The calculated barrier for 2 to 1 isomerization is close to the 

experimental value G‡(207 K) = 10.3(2) kcal mol–1 for symmetrization determined by 

variable temperature NMR.  

 

Figure 3.25. Radical capture pathway by [Me3NN]Ni(2–NHC(O)Ph) complex to 

form Ni(III) organometallic species [Me3NN]NiIII(2–NHC(O)Ph)(CH(Ph)CH3) 

followed by reductive elimination. 
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[Me3NN]Ni(1–NHC(O)Ph) can then undergo direct radical capture at the 

functional group to form [Me3NN]Ni(NH(CH(CH3)C(O)Ph) complex (G = –6.4 kcal 

mol–1) with a barrier of +8.2 kcal mol–1 (G≠
overall= +14.9) which is higher in energy than 

the barrier for the radical capture at the metal center. While each pathway is 

competitive, these DFT studies suggest that radical capture at metal center to form a 

nickel(III) organometallic species [Me3NN]NiIII(R)(FG) should be more kinetically 

favorable than direct radical capture at the benzamide ligand which requires 2 to 1 

isomerization.  

 

Figure 3.26. Radical capture pathway at functional group in [Me3NN]NiII(2–

O2N=CH2) complex to form Ni(II) complex [Me3NN]Ni(2–O2NCH2–

CH(CH3)Ph). 

We also considered in detail the interaction of the ethylbenzene radical with 

nitroalkanoate 3 (Figure 3.26). Radical capture at the metal center to form the Ni(III) 
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organometallic species [Me3NN]NiIII(2–O2NCH2)(CH(Ph)CH3) is endergonic (G = +5.9 

kcal mol–1) and possesses a barrier of 11.3 kcal mol–1 for the overall reaction. On the other 

hand, direct capture of the radical at the C–atom of the nitroalkanoate ligand in 

[Me3NN]NiII(2–O2N=CH2) (3) is significantly exergonic to form [Me3NN]Ni(2–

O2NCH2–CH(CH3)Ph) with G = –15.8 kcal mol–1.  Importantly, this direct capture 

exhibits only a modest barrier of 7.6 kcal mol–1. Thus, direct C–C bond formation at the 

nitromethanoate ligand is favored over initial radical capture at the metal center. 

3.3. Conclusions 

{[Me3NN]Ni}2(μ–OtBu)2 (2) serves as a versatile precursor for installation of a 

variety of functional groups onto the Ni(II) center [NiII]–FG complexes. Functional groups 

such as NH3, alkyl amines, anilines, nitromethane, acetophenone, benzamide and phenols 

give rise to mono and dinuclear [NiII]–FG species that are stable enough to be isolated and 

characterized unequivocally. The radical capture capability of these species were then 

investigated and the results show that several [NiII]–FG complexes are capable of capturing 

alkyl radical PhC(•)HCH3 to form PhCH(FG)CH3. We envision the use of this method 

to deploy radical relay catalysis with [NiI] analogues to the Cu system that has been 

developed in our laboratory. This mild peroxide activation and HAT via tBuO• could 

be advantageous in further site– and perhaps enantioselective C–H functionalization 

reactions. This study clearly shows the possibility of the catalytic C–H 

functionalization via [NiI] and shows that all the steps from peroxide activation to 

generate [NiII]–OtBu, acid–base exchange to form [NiII]–FG and the radical capture 

by [NiII]–FG to yield the functionalized C–H bond may occur efficiently.  
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3.4. Experimental Details 

3.4.1. General Procedures and Instrumentation Details 

All preparations and experiments were carried out in a dry dinitrogen atmosphere using 

an MBraun glovebox and/or standard Schlenk techniques. 4A molecular sieves were 

activated under dynamic vacuum at 180 ºC for 24 h. All solvents and substrates were 

purchased from Sigma Aldrich, TCI America, ACROS or Alfa Aesar and were dried over 

activated 4A molecular sieves prior to use. Luperox® di–tert–butyl peroxide, anhydrous 

nitromethane, acetophenone, benzamide, phenol, 2,4,6–trichloroaniline, 2,4,6–

trichlorophenol, phenethyl amine, 3,5–dimethyl aniline, 0.5 M ammonia solution in THF, 

acetylacetone, 2,4–lutidine, and p–toluenesulfonic acid monohydrate were purchased from 

Sigma–Aldrich and were used as received without further purification. 2,4,6–trimethyl 

aniline was purchased from TCI America. Anhydrous NiI2 was purchased from Strem 

Chemicals. All deuterated solvents were sparged with anhydrous dinitrogen, dried over 

activated 4 Å molecular sieves and stored under dinitrogen inside of the dry box. Celite® 

545 was dried overnight at 200 °C under vacuum. [Me3NN]H and [Me3NN]NiI(lut) were 

prepared by literature methods.122–123  

1H and 13C{1H} NMR spectra were recorded on a 400 MHz Inova Spectrometer (400 

and 100.47 MHz respectively). All NMR spectra were recorded at room temperature and 

were indirectly referenced to residual solvent signals as internal standards. GC–MS spectra 

were recorded on a Varian Saturn 3900. UV–Vis spectra were measured on an Agilent 

8454 Diode Array Spectrometer, using cuvettes with screw–cap tops. IR measurements 

were performed on Perkin Elmer Spectrum One FT–IR Spectrometer.  
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3.4.2. Synthesis of Nickel Compounds 

{[Me3NN]Ni}2(μ–OtBu)2 (2). This complex was made according 

to the reported procedure by Dr. Wiese in 2011 with slight 

modification. This modification gave the desired compound in 

higher yield. To a chilled solution of [Me3NN]Ni(2,4–lutidine) 

(500 mg, 1.00 mmol) in Et2O (15 mL) was added 10 eq. of pre–cooled anhydrous di–tert–

butylperoxide (1.88 mL, 1.50 g, 10.00 mmol). The reaction mixture was allowed to stir at 

RT for 3 h. Throughout this time the color changed from a homogenous red solution to a 

dark green solution with a green precipitate. The reaction mixture was allowed to settle and 

the green solid was separated via filtration and washed with cold pentane (3 × 10 mL) to 

afford a green solid in 86% yield (402 mg). To afford crystals suitable for single crystal 

X–ray measurements, {[Me3NN]Ni}2(μ–OtBu)2 (100 mg) was dissolved in 1 mL of THF 

and the mixture was filtered through a plug of Celite. The filtrate was placed inside a –35 

ºC freezer inside of the drybox and settled for several days to furnish X–ray quality crystals. 

UV–vis (Et2O, RT) max = 565 nm and 642 nm ( was not determined due to limited 

solubility). Anal. Calcd for C54H76N4Ni2O2: C, 69.70; H, 8.23; N, 6.02. Found: C, 69.55; 

H, 8.36; N, 6.02. 1H NMR (C6D6, RT, 400 MHz) 27.20, 25.13, 6.64, 2.98, 2.59, 1.25. 

{[Me3NN]Ni}2(μ–OtBu)2 is paramagnetic in solution. Its 1H NMR spectrum is shown 

below with chemical shifts at 27.20 (p–Ar–Me), 25.13 (o–Ar–Me), 6.64 

(backbone C–H), 2.97 (m–Ar–H) and –37.26 ppm (backbone Me).  

[Me3NN]Ni(2–O2N=CH2) (3). {[Me3NN]Ni}2(μ–OtBu)2 (188 mg, 

0.202 mmol) was added to excess anhydrous nitromethane (5 mL, 5.70 

g, 93.38 mmol). The reaction mixture was stirred for 30 min during which a color change 
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from green to deep red occurred. The volatiles were removed under vacuum to yield a red 

solid. The solid was crystallized from pentane to yield red crystals suitable for single 

crystals X–ray diffraction (159 mg; 78% yield). UV–Vis (Et2O, RT) max = 500 nm (1600 

M–1 cm–1) and 680 nm (300 M–1 cm–1). 1H NMR (C6D6, 400 MHz) δ 6.74 (s, 4H; m–Ar–

H), 4.84 (s, 1H; backbone C–H), 3.86 (s, 2H; H2C=NO2), 2.80 (s, 12H; o–Ar–Me), 2.03 (s, 

6H; p–Ar–Me), 1.38 (s, 6H; backbone Me). 13C{1H} NMR (C6D6, 100 MHz): δ 157.63, 

142.18, 134.18, 133.63, 129.13, 128.30, 128.06, 127.82, 101.81, 99.12, 21.48, 21.12, 

19.38. Anal. Calcd for C27H47N3NiO2: C, 63.74; H, 6.91; N, 9.29. 

Found: 63.82; H, 6.98; N, 9.27. 

 [Me3NN]Ni(3–CH2C(O)Ph) (4): To a chilled suspension of 

{[Me3NN]Ni}2(μ–OtBu)2 (254 mg, 0.273 mmol) in toluene (10 mL), a 

solution of anhydrous acetophenone (64 L, 66 mg, 0.546 mmol) in toluene (2 mL) was 

added. The reaction mixture was stirred for 2 h during which a color change from green to 

a yellowish brown occurred. The volatiles were removed under vacuum to yield a 

yellowish brown solid. The solid was crystallized from pentane to yield X–ray quality 

brown crystals in 60% yield (204 mg). UV–Vis (Et2O, RT) max = 530 nm (3300 M–1 cm–

1).1H NMR (toluene–d8, 400 MHz) δ 7.55 (d, J = 7.3 Hz, 2H; Ph–H), 7.11 (dd, J = 28.8, 

10.5 Hz, 3H; Ph–H), 6.83 (s, br, 4H; m–Ar–H), 4.97 (s, 1H; backbone C–H), 2.93 (s, 2H, 

enolate CH2), 2.47 (s, br, 12H; o–Ar–Me), 2.18 (s, 6H; p–Ar–Me), 1.48 (s, br, 6H; 

backbone Me). 13C{1H} NMR (toluene–d8, 100 MHz): δ 165.27, 160.67, 134.96, 132.98, 

130.79, 130.37, 130.02, 129.51, 129.12, 99.56, 55.58, 35.92, 27.57, 24.19, 23.17, 22.54, 

15.75. Anal. Calcd for C31H36N2NiO: C, 72.82; H, 7.10; N, 5.48. Found: C, 73.16; H, 7.21; 

N, 5.38. 
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 [Me3NN]Ni(2–NHC(O)Ph) (5): To a chilled suspension of 

{[Me3NN]Ni}2(μ–OtBu)2 (282 mg, 0.303 mmol) in  Et2O (10 mL) was 

added  benzamide (73.4 mg, 0.606 mmol) in Et2O (2 mL). The reaction 

mixture was stirred overnight at RT during which an immediate color change from green 

to brown occurred. All volatiles were removed under vacuum and remaining solid was 

taken up in 10 mL Et2O. The mixture was then passed through a pad of Celite and then 

concentrated to afford a brown solid. X–ray quality crystals were grown from ether at –35 

°C in 55% yield (171 mg). UV–Vis (Et2O, RT) max = 510 nm (2200 M–1 cm–1). 1H NMR 

(C6D6, 400 MHz) δ 6.88 (d, J = 7.8 Hz, 2H; Ph–H), 6.82 (s, 4H; m–Ar–H), 6.74 (t, J = 7.3 

Hz, 1H; Ph–H), 6.54 (t, J = 7.3 Hz, 2H; Ph–H), 4.96 (s, 1H; backbone C–H), 2.97 (s, 1H; 

amide N–H), 2.78 (s, 12H; o–Ar–Me), 2.15 (s, 6H; p–Ar–Me), 1.47 (s, 6H; backbone Me). 

13C{1H} NMR (C6D6, 100 MHz): δ 158.15, 145.78, 133.68, 133.09, 131.20, 128.71, 

125.90, 98.96, 21.68, 21.17, 19.47. NH = 3184 cm–1; Anal. Calcd for C30H35N3NiO: C, 

70.33; H, 6.89; N, 8.20. Found: 70.09; H, 6.94; N, 8.12. 

 [Me3NN]Ni}2(μ–NHCH2CH2Ph)2 (6). To a chilled 

suspension of {[Me3NN]Ni}2(μ–OtBu)2 (220 mg, 0.236 mmol) in 

Et2O (10 mL) was added  phenethylamine (60 μL, 57.5 mg, 0.473 

mmol) in  Et2O (2 mL). The reaction mixture was stirred for 1h at RT during which a color 

change from green to reddish brown with brown solids occurred. All volatiles were 

evaporated under vacuum. The remaining brown solid was taken up in Et2O and passed 

through a plug of Celite. The filtrate was concentrated and left for crystallization in a –35 

°C freezer to afford X–ray quality red crystals in 58% yield (140 mg). UV–Vis (Et2O, RT) 
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max = 498 nm (900 M–1 cm–1). 1H NMR (C6D6, 400 MHz) δ 7.86 (d, J = 7.3 Hz, 1H), 7.43 

(t, J = 7.4 Hz, 2H), 7.22 (m, 1H), 7.12 (d, J = 7.7 Hz, 2H), 7.02 (dd, J = 15.1, 7.2 Hz, 3H), 

6.89 (s, 1H), 6.76 (s, 1H), 6.75 – 6.68 (m, 2H), 6.67 – 6.58 (m, 2H), 6.51 (s, 1H), 6.32 (s, 

1H), 5.04 (s, 1H), 4.82 (s, 2H), 4.70 (s, 1H), 3.67 (s, 2H), 3.26 (q, J = 7.0 Hz, 4H), 3.14 (s, 

2H), 2.19 (s, 5H), 2.15 (s, 3H), 2.07 (s, 2H), 1.93 (s, 3H), 1.75 (s, 3H), 1.63 (s, 2H), 1.49 

(s, 2H), 1.37 (d, J = 15.0 Hz, 4H), 1.23 (s, 3H), 1.10 (m, 12H). 13C{1H} NMR (C6D6, RT): 

δ  159.83, 159.21, 146.03, 142.82, 141.11, 133.20, 132.89, 132.84, 132.65, 132.29, 131.46, 

131.45, 129.69, 129.44, 128.97, 128.67, 128.53, 126.33, 125.95, 99.22, 97.84, 65.93, 

49.60, 49.26, 42.35, 39.09, 23.03, 21.17, 20.68, 19.36, 19.03, 18.75, 15.61. NH = 3289 cm–

1. Anal. Calcd for C62H78N6Ni2: C, 72.67; H, 7.67; N, 8.20. Found: C, 72.35; H, 7.28; N, 

7.82. 

 [Me3NN]Ni}2(μ–NHPh3,5–Me2)2 (7). To a chilled suspension 

of {[Me3NN]Ni}2(μ–OtBu)2 (255 mg, 0.274 mmol) in toluene (10 

mL) was added a chilled solution of 3,5–dimethylaniline (68 L, 

66.4 mg, 0.548 mmol) in  toluene (5 mL). The reaction mixture 

was allowed to stir at room temperature for 90 min during which a color changed from 

green to dark purple was observed. All volatiles were removed under vacuum to yield a 

dark maroon solid. The crude solid was taken up in pentane (15 mL) and filtered through 

Celite after which the solution was concentrated to crystallize. Crystallization from pentane 

afforded red crystals suitable for single crystal X–ray diffraction in 62% yield (174 mg). 

UV–Vis (Et2O, RT) max = 550 nm (4000 M–1 cm–1). 1H NMR (C6D6, 400 MHz) δ 8.02 (s, 

4H; anilide Ar–H), 6.91 (s, 2H; anilide Ar–H), 6.88 (s, 4H; m–Ar–H), 6.46 (s, 4H; anilide 

Ar–H), 4.49 (s, 2H; backbone C–H), 3.15 (s, 12H; o–Ar–Me), 2.67 (s, 2H; anilide N–H), 
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2.55 (s, 12H; o–Ar–Me), 2.29 (s, 12H; o–Ar–Me), 1.23 (s, 12H; backbone Me), 1.04 (s, 

12H; backbone Me). 13C{1H} NMR (C6D6): δ 158.63, 151.71, 145.44, 136.02, 135.13, 

133.52, 132.85, 129.66, 129.41, 126.45, 123.48, 110.43, 99.68, 65.93, 23.39, 21.87, 20.29, 

18.46, 15.61.; ʋNH = 3434 cm–1; Anal. Calcd for C62H78N6Ni2: C, 72.67; H, 7.67; N, 8.20. 

Found: C, 72.31; H, 7.70; N, 8.25. 

{[Me3NN]Ni}2(–NH2)2  (8). {[Me3NN]Ni}2(μ–OtBu)2 (268 mg, 

0.288 mmol) was dissolved in  THF (10 mL). This mixture was 

filtered through a plug of Celite into a 10 mL scintillation vial. 

This vial was placed into a larger vial containing NH3 in dioxane (0.5 M, 10 mL). The large 

vial was then capped and set aside inside a dinitrogen–filled glove box. Crystals formed 

via vapor diffusion at RT overnight in 91% (214 mg) yield and they were suitable to be 

analyzed by X–ray crystallography. Due to its insolubility in common organic solvents 

further spectroscopic characterization could not be done. ʋNH = 3430 and 3413 cm–1. Anal. 

Calcd for C46H62N6Ni2 (for {[Me3NN]Ni}2(μ–NH2)2): C, 67.67; H, 7.65; N, 10.29. Found: 

67.47; H, 7.92; N, 10.94. 

{[Me3NN]Ni}2(μ–OPh)2 (9). To a chilled suspension of {[Me3NN]Ni}2(μ–OtBu)2 (210 

mg, 0.226 mmol) in Et2O (5 mL) was added a chilled solution of 

phenol (42.5 mg, 0.451 mmol) in Et2O (3 mL). The reaction 

mixture was allowed to stir at room temperature for 3 h. All 

volatiles were evaporated under vacuum to yield a dark maroon 

solid. The crude solid was extracted with pentane (15 mL) and filtered through Celite. The 

solution was then concentrated and cooling to –35 °C gave green crystals of the title 

compound that were suitable for single crystal X–ray diffraction in 72% yield (158 mg). 

 

 



168 

 

UV–Vis (Et2O, RT) max = 498 nm (3100 M–1 cm–1) and 631 nm (1900 M–1 cm–1). Anal. 

Calcd for C58H68N4Ni2O2: C, 71.77; H, 7.06; N, 5.77. Found: C, 71.56; H, 7.06; N, 5.83. 

Due to the extent of paramagnetic broadening of the NMR spectrum of the title compound, 

reliable 1H NMR could not be obtained.  Magnetic susceptibility (Evans method, 25 ºC) 

eff = 2.7(2) B. 

 [Me3NN]Ni(NHAr2,4,6–Cl) (10). To a chilled suspension of {[Me3NN]Ni}2(μ–OtBu)2 (288 

mg, 0.309 mmol) in Et2O (10 mL) was added  2,4,6–

trichloroaniline (122 mg, 0.619 mmol) in Et2O (2 mL). The reaction 

mixture was stirred for 5 min at RT during which an immediate 

color change from green to deep blue was observed. All volatiles 

were removed under vacuum and the remaining solid was extracted with Et2O (5 mL) and 

passed through Celite. The filtrate was then set in a –35 °C freezer inside a dry box to 

afford blue rectangular crystals suitable for X–ray diffraction (145 mg, 40% yield). UV–

Vis (Et2O, RT) max = 598 nm (4900 cm–1M–1). 1H NMR (C6D6, 400 MHz) δ 29.62 (s, br, 

6H; p–Ar–Me), 28.56 (s, br, 12H; o–Ar–Me), 28.28 (s, br, 4H; m–Ar–H), –46.78 (s, 6H; 

backbone Me). NH = 3381 cm–1. Solution magnetic moment (297 K, C6D6): Magnetic 

susceptibility (Evans method, 25 ºC) eff = 2.6(2) B. Anal. Calcd for C29H32Cl3N3Ni: C, 

59.27; H, 5.49; N, 7.15. Found: C, 59.24; H, 5.66; N, 7.08. 

 [Me3NN]Ni(NHAr2,4,6–Cl) (11). To a chilled solution of {[Me3NN]Ni}2(μ–OtBu)2 (268 

mg, 0.288 mmol)  in Et2O (10 mL) was added 2,4,6–

trichloroaniline (114 mg, 0.619 mmol) in Et2O (5 mL). The 

reaction mixture was stirred for 30 min at RT during which an 

immediate color change from green to teal was noted. All volatiles 
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were removed under vacuum and the remaining solid was extracted with  Et2O (5 mL) and 

passed through a pad of Celite. The filtrate was then placed in a –35 °C freezer inside a dry 

box to give teal crystals suitable for X–ray crystallography in 49% yield (166 mg). UV–

Vis (Et2O, RT) = 589 nm (4600 cm–1M–1). Magnetic susceptibility (Evans method, 25 ºC) 

eff = 2.8(1) B. Anal. Calcd for C29H31Cl3N2NiO: C, 59.18; H, 5.31; N, 4.76. Found: C, 

59.13; H, 5.29; N, 4.80.  

3.4.3. General Procedure for Radical Capture by NiII Complexes 

CAUTION: Aliphatic azo compounds are known to be potentially explosive. Although no 

problems were encountered while conducting the work described herein, it is prudent to 

handle these compounds behind a blast shield and take extreme caution. (E/Z)–azobis(–

phenylethane) was synthesized according to the previously reported procedure.130 

In a nitrogen–filled drybox, [Me3NN]Ni–FG complex (3–11) (100–150 mg, 1.0 equiv.) 

was dissolved in fluorobenzene (3 mL) and (E/Z)–azobis(–phenylethane) (5.0 equiv.) was 

added to the solution in one portion in a 15 mL pressure vessel. The mixture was then 

heated to 100 °C for 16 h. The reaction was cooled to RT and quenched by exposure to air. 

The volatiles were then evaporated under reduced pressure to yield a brownish residue. 

The organic product was then isolated and purified by automated flash chromatography on 

silica (1–10 % ethyl acetate in hexanes) to furnish the desired product as an oil or a solid. 

3.4.4. Characterization of Organic Products 

 (1–nitropropan–2–yl)benzene. See representative reaction procedure. To a solution of 

[Me3NN]Ni(2–O2N=CH2) (3) (111 mg, 0.245 mmol) in 

fluorobenzene (3 mL) was added (E/Z)–azobis(–phenylethane) (292 

mg, 1.23 mmol). The reaction mixture was then heated in a 15 mL pressure vessel at 110 
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°C for 16 h. SiO2 preparative thin layer afforded the title compound in 55% yield (30 mg) 

as a pale yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.37 (m, 2H), 7.31 (m, 1H), 7.25 (m, 

2H), 4.56 (dd, J = 12.1, 7.4 Hz, 1H), 4.50 (dd, J = 12.1, 8.1 Hz, 1H), 3.65 (h, J = 7.3 Hz, 

1H), 1.39 (d, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 143.93, 128.64, 127.09, 

125.56, 86.79, 39.12, 26.45. (1–nitropropan–2–yl)benzene was previously reported by Wu 

and Zhang et al. Angew. Chem. Int. Ed. 2012, 51, 8573. 

1,3–diphenylbutan–1–one. See representative reaction procedure. To a solution of 

[Me3NN]Ni(3–CH2C(O)Ph) (4) (123 mg, 0.241 mmol) in 

fluorobenzene (3 mL) was added (E/Z)–azobis(–phenylethane) 

(287 mg, 1.21 mmol). The reaction mixture was then heated in a 15 mL pressure vessel at 

110 °C for 16 h. SiO2 preparative thin layer afforded the title compound in 55% yield (30 

mg) as a pale yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.94 (m, 2H), 7.55 (m, 1H), 7.45 

(dd, J = 8.4, 6.9 Hz, 2H), 7.30 (m, 3H), 7.20 (ddt, J = 8.5, 5.9, 2.1 Hz, 1H), 3.52 (m, 1H), 

3.31 (dd, J = 16.4, 5.7 Hz, 1H), 3.19 (dd, J = 16.5, 8.3 Hz, 1H), 1.35 (d, J = 6.9 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 199.04, 146.55, 137.19, 132.94, 128.54, 128.51, 128.05, 

126.83, 126.25, 77.32, 77.00, 76.68, 47.02, 35.56, 21.86. 1,3–diphenylbutan–1–one was 

previously reported by Hayashi et al. Angew. Chem. Int. Ed. 2006, 45, 5164. 

N–(1–phenylethyl)benzamide. See representative reaction procedure above. To a solution 

of [Me3NN]Ni(2–NHC(O)Ph) (5) (125 mg, 0.244 mmol) in 

fluorobenzene (3 mL) was added (E/Z)–azobis(–phenylethane) 

(291 mg, 1.22 mmol). The reaction mixture was then heated in a 15 mL pressure vessel at 

110 °C for 16 h. Flash chromatography afforded the title compound in 67% yield (39 mg) 

as a white solid.  1H NMR (400 MHz, CDCl3): δ 7.77 (d, J = 7.1 Hz, 2H), 7.51–7.28 (m, 
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8H), 6.44 (br, d, J = 6.3 Hz, 1H), 5.34 (q, J = 7.0 Hz, 1H), 1.61 (d, J = 6.9 Hz, 3H). 13C{1H} 

NMR (100.47 MHz, CDCl3): δ 166.53, 143.11, 134.59, 131.41, 128.71, 128.51, 127.42, 

126.89, 126.23, 49.19, 21.69. N–(1–phenylethyl)benzamide was previously reported by 

Widenhoefer et al. Org. Lett., 2005, 7, 2635–2638. 

N–phenethyl–1–phenylethan–1–amine hydrochloride See representative reaction 

procedure above. To a solution of {[Me3NN]Ni}2(μ–

NHCH2CH2Ph)2 (6) (134 mg, 0.131 mmol) in fluorobenzene 

(5 mL) was added (E/Z)–azobis(–phenylethane) (312 mg, 1.31 mmol). The reaction 

mixture was then heated in a 15 mL pressure vessel at 110 °C for 16 h. All volatiles were 

then removed under reduced pressure and the residue was extracted with 10 mL methylene 

chloride. 5 mL of 2.0 M hydrogen chloride solution in ether was added to the chilled 

solution of crude product in methylene chloride. A solid formed immediately that was 

collected on a frit and washed with 3 × 10 mL cold ether and air dried. The title compound 

was collected in 44% yield as a white powder (68 mg). 1H NMR (400 MHz, CDCl3): δ 7.49 

(dt, J = 3.6, 1.9 Hz, 3H), 7.45 (dd, J = 7.1, 2.6 Hz, 2H), 7.34 (m, 3H), 7.22 (m, 2H), 4.42 

(q, J = 6.9 Hz, 1H), 3.27 (d, J = 7.3 Hz, 1H), 3.18 (m, 1H), 2.99 (m, 4H), 1.66 (d, J = 6.9 

Hz, 3H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 136.30, 135.48, 129.61, 129.33, 128.91, 

128.58, 127.47, 127.22, 58.23, 46.37, 31.52, 18.15. N–phenethyl–1–phenylethan–1–amine 

was previously reported by Williams et al. J. Org. Chem., 2011, 76, 2328–2331.  

 (1–phenoxyethyl)benzene. See representative reaction procedure above. To a solution of 

{[Me3NN]Ni}2(μ–OPh)2 (9) (178 mg, 0.183 mmol) in fluorobenzene 

(5 mL) was added (E/Z)–azobis(–phenylethane) (437 mg, 1.83 

mmol). The reaction mixture was then heated in a 15 mL pressure vessel at 110 °C for 16 
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h. All volatiles were then removed under reduced pressure and the residue was extracted 

with 10 mL methylene chloride. Column chromatography (10% EtOAc/hexane) followed 

by SiO2 preparative thin layer afforded the title compound in 48% yield as a colorless oil 

(35 mg). 1H NMR (400 MHz, CDCl3): δ 7.35 (m, 4H), 7.221 (m, 3H), 6.85 (d, J = 8.1 Hz, 

3H), 5.30 (q, J = 6.4 Hz, 1H), 1.63 (d, J = 6.5 Hz, 3H). 13C{1H} NMR (100.47 MHz, 

CDCl3): δ 157.95, 143.24, 129.26, 128.56, 127.35, 125.51, 120.60, 115.91, 75.86, 24.43. 

(1–Phenoxyethyl)benzene was previously reported by Warren et al. J. Am. Chem. 

Soc. 2016, 138, 16580. 

3.4.5. Crystallographic Data 

Single crystals of each compound 2–11 (CCDC 1861876–1861885) were mounted under 

mineral oil on glass fibers and immediately placed under a cold nitrogen stream at 100(2) 

K prior to data collection. Data for compounds 5, 6, 7, 8, and 9 were collected on a Bruker 

DUO equipped with an APEXII CCD detector and Mo fine–focus sealed source. Data for 

2, 3, 4, 10, and 11 were collected a Bruker D8 Quest equipped with a Photon100 CMOS 

detector and a Mo IS source. Either full spheres (triclinic) or hemispheres (monoclinic or 

higher) of data were collected (0.3 or 0.5–scans; 2θ max = 56; monochromatic Mo 

Kα radiation, λ = 0.7107 Å) depending on the crystal system and integrated with the Bruker 

SAINT program.146 Structure solutions were performed using the SHELXTL/PC suite and 

XSEED.147–148 Intensities were corrected for Lorentz and polarization effects and an 

empirical absorption correction was applied using Blessing’s method as incorporated into 

the program SADABS.149 Non–hydrogen atoms were refined with aniostropic thermal 

parameters.  All amine H atoms were located in the difference map and their positions were 

allowed to refine; remaining hydrogen atoms were included in idealized positions. 
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Structures were rendered with POV–Ray in XSEED using 30 or 50% probability ellipsoids. 

Further comments on disorder models are given below. 

Compound 4. The pentane molecule is disordered across a symmetry site and thus was 

refined with negative PART commands.  C33, C34, C35, C36, C33B, C34B, C35B, and 

C36B are constrained with EXYZ commands because they sit on exactly the same positions 

in each part. All of the H atoms are calculated. The pentane Me hydrogens were not allowed 

to rotate because the model would not converge. 

Compound 5. The benzamido ligand is disordered across the symmetry site.  A negative 

PART command was used and the site occupancy was fixed to be 50%. The amido H atom 

was located in the difference map. The N–H distance was restrained with a DFIX command 

to be 0.88.  There is no available H–bond acceptor. 

Compound 6. The lattice solvent is a toluene molecule that is disordered across a 

symmetry site. Negative PART commands as well as ISOR command were used to address 

the issue. The ring was constrained using AFIX 66 to be a perfect hexagon. The amine H 

atom was found in the difference map and the N–H bond distance was restrained to 0.88 

angstroms. 

Compound 7. A structural model consisting of the host plus a highly disordered diethyl 

ether solvate molecule was developed; however, positions for the idealized solvate 

molecules were poorly determined. Thus the solvent molecule were attempted to be 

removed from the model using the SQUEEZE routine in PLATON.150-151 However, the 

model did not converge so it was modeled as a disordered diethyl ether. The amine H atom 
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was found in the difference map. There are no H–bond acceptors available and all the other 

H atoms were calculated. 
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Chapter IV 

Cu(II) Alkynyl Intermediates: Revisitation of the Glaser Coupling Reaction 

4.1. Introduction 

150 years ago, Carl Glaser developed the first copper mediated oxidative coupling 

of terminal alkynes to form 1,4−diphenylbuta−1,3−diyne from phenylacetylene using            

ammoniacal cuprous chloride and oxygen as the oxidant (Scheme 4.1).152 

 

Scheme 4.1. Acetylenic coupling described by Glaser in 1869. 

Later, this oxidative coupling was extended by Eglington to use Cu(II) salts such 

as Cu(OAc)2 in the presence of methanolic pyridine (Scheme 4.2).153 

 

Scheme 4.2. General form of the Eglinton oxidative homocoupling of alkynes. 

This process was further developed in the so−called Hay coupling under copper 

catalysis with N, N, N′, N′−tetramethylethylenediamine (TMEDA) as supporting ligand 

(Scheme 4.3).154 

 

Scheme 4.3. Catalytic oxidative homocoupling of alkynes developed by Hay in 1962. 
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Other similar catalytic procedures were discovered such as Cadiot−Chodkiewicz 

and Sonogashira cross−coupling reactions (Scheme 4.4).155−156 

 

Scheme 4.4. Cu−mediated cross coupling reactions to form Csp−Csp bonds via 

Cadiot−Chodkiewicz (a) and Sonogashira reaction (b). 

The success and practicality of Cu−catalyzed oxidative couplings of terminal 

alkynes motivates the understanding of catalytically active species as well as the reaction 

pathway to further improve and expand these methodologies.157 The first mechanistic 

proposal was reported by Salkind and Fundyler, where they proposed the terminal alkyne 

is deprotonated, then oxidized by copper(II) to form the alkynyl radical that would be 

unstable towards dimerization to deliver the final 1,3−diyne product (Scheme 4.5).158 

 

Scheme 4.5. Oxidative homocoupling of terminal alkynes mediated by Cu(OAc)2 as 

proposed by Salkind and Fundyler. 

Later, a more elaborated mechanistic study was reported by Bohlmann.159 The 

authors reported that the reaction starts with the −coordination of the C≡C bond to a 

copper species to facilitate the activation of the terminal C–H bond under mild basic 

conditions to generate a Cu(II) alkynyl species supported by N−donor ligands. In final step, 
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the diyne product is formed through reductive elimination from a dinuclear copper(II) 

alkynyl species (Scheme 4.6).159  

 

Scheme 4.6. Bohlmann proposal for the Cu−mediated coupling of acetylenes. 

Cu(II)−alkynyl intermediates are envisioned in several Cu−catalyzed organic 

transformations such as photoinduced Sonogashira coupling,160 

trifluoromethylalkynylation of alkenes,161 click reaction,162 oxidative Csp3–H/Csp–H 

cross−coupling,163 and oxidative coupling of terminal alkynes.164−165 Despite numerous 

examples of well−characterized copper(I) alkynyl complexes in the literature,166 copper(II) 

alkynyl complexes are extremely rare. In fact, Tilley et al. demonstrated the only example 

of an isolated Cu(II) alkynyl species as a mixed−valence Cu2(I,II) μ−alkynyl complex.167 

Reaction of μ−Ph complex [Cu2(μ−η1:η1−Ph)DPFN]NTf2 (DPFN = (DPFN = 

2,7−bis(fluoro−di(2−pyridyl)methyl)−1,8−naphthyridine; NTf2
− = N(SO2CF3)2

−) with 

excess p−tolylacetylene resulted in isolation of a dicopper(I) μ−alkynyl complex. The latter 

was then oxidized with acetylferrocenium triflimide to afford the mixed−valent Cu2(I,II) 

μ−alkynyl complex [Cu2(μ−η1:η1−C≡C(C6H4)CH3)DPFN](NTf2)2 in 85% yield (Scheme 

4.7).167  
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Scheme 4.7. Synthesis of [Cu2(μ−η1:η1−C≡C(C6H4)CH3)DPFN](NTf2)2 by Tilley et al. 
Selected bond distances (Å) and angles (°): Cu1−C1  1.943(3), Cu2−C1 1.916(3), C1−C2 

1.234(5), C2 C1 Cu1 136.7(3), C2 C1 Cu2 148.8(3), Cu1∙∙∙Cu2 2.3356(4). 

 

Inspired by our recently reported copper(II) aryl complexes,168 which was isolated 

from the reaction between β−diketiminate supported copper(II) tert−butoxide [CuII]−OtBu 

and B(C6F5)3, we targeted discrete, mononuclear copper(II) alkynyl [CuII]−C≡CAr. 

 

Scheme 4.8. Synthetic strategy for isolation of [Me2NNF6]Cu-C6F5 and [iPr2NNF6]Cu-

C6F5.  
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4.2. Results and Discussion 

4.2.1. Synthesis and Characterization of [iPr2NN]Cu−OtBu (2) 

Addition of tBuOOtBu to a solution of [iPr2NN]Cu(NCMe) (1) in pentane at room 

temperature results in the formation of CuII alkoxide [iPr2NN]Cu−OtBu (2) in 73% yield 

as dark brown solid that can be crystallized from n−pentane for X−ray crystallography 

(Scheme 4.9).  

 

Scheme 4.9. Synthesis of [iPr2NN]Cu−OtBu (2). 

The solid state structure of this three−coordinate copper(II) complex is 

similar to those of related −diketiminato copper(II) alkoxides reported by our group  

(Figure 4.1).18−20 

X‐ray structure analysis of 2 shows Cu−O bond (1.809(7) Å) along with 

shortened Cu−N distances (1.877(6), 1.894(6) Å) relative to those reported 

previously.18−20 The isotropic EPR spectrum of 2 (1.0 mM in toluene) features a 

broad signal with giso = 2.11 with Aiso(Cu) = 112.0 MHz and Aiso(N) = 5.0 MHz 

(Figure 4.2). Frozen glass EPR spectra of 2 indicate a roughly axial environment (g1 

= 2.23, g2 = 2.07, g3 = 2.06) with A1(Cu) = 333.0, A2(Cu) = 5.0 and A3(Cu) = 0.0 

MHz and A1(N) = 30.0, A2(N) = A3(N) = 12.0 MHz similar to that found in related 

three−coordinate copper(II) alkoxides (Figure 4.3).169−171 
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Figure 4.1.  X−ray crystal structure of [iPr2NN]Cu−OtBu (2) collected at 100 K. 
Selected bond distances (Å) and angles (°): Cu1−O1 1.809(5), Cu1−O1′ 1.806(8), Cu1−N1 

1.877(6), Cu1−N2 1.894(6), O1−Cu1−N1 125.3(3), O1′−Cu1−N1 129.8(4), O1−Cu1−N2 

134.8(3), O1′−Cu1−N2 124.9(5).  

 

 

Figure 4.2.  X−band EPR spectrum and simulation for [iPr2NN]Cu−OtBu (2) (toluene, 

293 K, Frequency = 9.162439 GHz, power = 1.0 mW, ModWidth = 1.6 mT, 

time−constant = 0.001 s).  Simulation was performed using a 1Cu, 2N model: giso = 2.11, 

with Aiso(Cu) = 112.0 MHz and Aiso(N) = 5.0 MHz, Gaussian line shape with line 

broadening of Wiso = 28 mT. 
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Figure 4.3. X−band EPR spectrum and simulation for [iPr2NN]Cu−OtBu (2) (toluene, 

80 K, Frequency = 8.971482 GHz, power = 1 mW, ModWidth = 1.0 mT, time−constant 

= 0.01 s).  Simulation was performed using a 1Cu, 2N model: g1 = 2.23, g2 = 2.07, g3 = 

2.06 with A1(Cu) = 333, A2(Cu) = 5, A3(Cu) = 0.0 MHz and A1(N) = 20.00, A2(N) = 33.0, 

A3(N) = 33.0 MHz, Gaussian line shape with line broadening of W1 = 30, W2 = 12, W3 = 

12 mT. 

 

4.2.2. Synthesis and Characterization of [iPr2NN]CuII−C≡CArCl2 (Ar = 2,6−Cl2C6H3) 

Our group has successfully showed the versatility of the [CuII]−OtBu species to 

deliver different functional groups to isolate low coordinate copper(II) complexes such as 

[CuII]−NHR (R = alkyl,169 aryl172), [CuII]−OAr,173 and [CuII]−Ar.168 Therefore, we 

anticipated an analogous transalkynylation reaction between [iPr2NN]CuII−OtBu and a 

mildly Brønsted acidic terminal arylalkynes ArC≡CH. Addition of Cl2ArC≡CH (Cl2Ar = 

2,6−Cl2C6H3) to 2 in n−pentane at room temperature (RT) results in a color change from 

brown to dark violet within 30 min. Crystallization of the reaction product from n−pentane 

affords thermally sensitive dark violet crystals of [iPr2NN]Cu−C≡CArCl2 (3) in 41% yield 

(Figure 4.4). 
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Figure 4.4. Molecular structure of [iPr2NN]Cu−C≡CArCl2 (Ar = 2,6−Cl2−C6H3) (3). 

The thermal ellipsoid plots are drawn at 30% probability level. Hydrogen atoms are omitted 

for clarity. Selected bond distances (Å) and angles (°):Cu1−N1 1.907(4), Cu2−N3 

1.861(4), Cu1−N2 1.859(4), Cu2−N4 1.903(4), Cu1−C30 1.887(5), Cu2−C67 1.872(6), 

C31−C30−Cu1 174.3(5), C68−C67−Cu2 170.1(6), N2−Cu1−C30 142.5(2), N1−Cu1−C30 

122.0(2), N3−Cu2−C67 150.6(2), N4−Cu2−C67 112.9(2). 

 

The use of the sterically encumbered β−diketiminate ancillary ligand is crucial for 

isolation of such low coordinate organometallic Cu(II) species. In fact, addition of several 

terminal alkynes ArC≡CH, including Cl2ArC≡CH, to sterically more open [CuII]−OtBu 

precursors result in rapid formation of the homocoupled ArC≡C−C≡CAr Glaser products 

with concomitant reduction of Cu species to [CuI].  

The FT−IR features a strong C≡C = 2187 cm−1 that is significantly stronger than 

that of measured for the parent terminal alkyne ArC≡CH (C≡C = 2069 cm−1). The X−ray 

structure of 3 reveals two independent molecules featuring three coordinate copper centers, 
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presumably due to the stabilization through π−stacking between the electron−rich N−aryl 

ring of one molecule and electron−deficient dichlorophenyl ring of its neighboring unit. 

 

Figure 4.5. Perspective of X−ray structure of 3 showing a weak −stacking between 

N−aryl ring of one [iPr2NN]Cu−C≡CArCl2 molecule with aryl group of the alkynyl 

ligand of [iPr2NN]Cu−C≡CArCl2 from the neighboring unit. The centroid−centroid 

distance is 3.928 Å. 

This compound shows two distorted Y−shaped sites with Cu−Calkynyl distances of 

1.887(5) and 1.872(6) Å (Figure 4.4). The sum of angles around the Cu centers in 3 are 

359.72(7)° and 359.60(8)°, indicating trigonal planar coordination around each Cu center. 

Each Cu center in 3 shows a “larger” and “smaller” N-Cu-C angle (Nβ‑dik−Cu1−C30 

142.5(2) and 122.0(2)° in one molecule and Nβ‑dik−Cu2−C67 150.6(2) and 112.9(2)° in the 

other molecule). In the X−ray of 3 Cu1−Nβ‑dik distances of 1.907(4) and 1.859(4)Å, and  

Cu2−Nβ‑dik distances of 1.903(4) and 1.861(4) Å are observed with the shorter Cu−N 

distance essentially trans to the alkynyl ligand. 

 To provide further insight into the electronic structure of three coordinate 

copper(II) alkynyl complex 3, EPR spectroscopy was carried out both at 200K (isotropic) 

and at 80 K (anisotropic). The isotropic X−band EPR spectrum of 3 in toluene at 200 K 
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shows a four−line signal characteristic of a Cu(II) with S = 1/2 site (Figure 4.6). Simulation 

of the isotropic EPR spectrum provides giso = 2.097 with Aiso(Cu) = 210 and Aiso(N) = 40 

MHz.  

 

Figure 4.6.  X−band EPR spectrum and simulation for [iPr2NN]Cu−C≡CArCl2 (3) 

(toluene, 293 K, Frequency = 8.968117 GHz, power = 0.455 mW, ModWidth = 2 mT, 

time−constant = 0.001 s).  Simulation was performed using a 1Cu, 2N model: giso = 2.097, 

with Aiso(Cu) = 210.0 MHz and Aiso(N) = 40.0 MHz, Gaussian line shape with line 

broadening of Wiso = 31 mT. 

The frozen glass EPR spectrum of 3 in heptane at 80 K provides a axially biased 

signal and its simulation gives g1 = 2.178, g2 = 2.040, g3 = 2.050 with A1(Cu) = 130, A2(Cu) 

= 290, A3(Cu) = 130 MHz (Figure 4.7). These data are in good agreement with previously 

reported axially biased three coordinate [CuII]−X species (X = amide169, alkoxide,171-174 

thiolate,170 halide175) with (g1 ≈ 2.20, g2,3 ≈ 2.05). 
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Figure 4.7. X−band EPR spectrum and simulation for [iPr2NN]Cu−C≡CArCl2 (3) 

(toluene, 80 K, Frequency = 8.968114 GHz, power = 1 mW, ModWidth = 1.0 mT, 

time−constant = 0.01 s).  Simulation was performed using a 1Cu, 2N model: g1 = 2.178, 

g2 = 2.040, g3 = 2.050 with A1(Cu) = 130, A2(Cu) = 290, A3(Cu) = 130 MHz and A1(N) = 45 

MHz, A2(N) = A3(N) = 35.0 MHz, Gaussian line shape with line broadening of W1 = 60, W2 

= 20, W3 = 50 mT. 

DFT geometry optimization of 3 at the BP86/6−311+G(d)//Gd3bj/SMD=benzene 

level of theory by graduate student colleague, Ms. Christine Green, leads to a Y−shaped 

trigonal planar geometry with a Cu−C30 distance of 1.87 Å with a remarkably high bond 

dissociation energy (BDE) of 79.7 kcal mol-1 (Figure 4.8). As a comparison, our group 

recently reported a BDE of 36.0 − 56.2 for related [CuII]−aryl species.168 The DFT 

calculated bond length of 3 is in good agreement with the X−ray crystal structure of 3. DFT 

studies also suggest that the SOMO for [CuII]−alkynyl species 3 results from a 

π−interaction between the Cu d orbital destabilized via σ−donation by the β−diketiminate 

N−donors and the π−system of the alkynyl ligand. This interaction shifts e− spin density 

onto the C≡CArCl2 (0.432 e− total) away from the formally d9 CuII center (0.365 e−) (Figure 

4.8). 
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Figure 4.8. Spin density plot of [iPr2NN]Cu−C≡CArCl2. Contour value = 0.001.  

Cyclic voltammetry of [iPr2NN]Cu−C≡CArCl2 in fluorobenzene at RT exhibits a 

quasi−reversible reduction wave centered at −645 mV vs Cp2Fe+/Cp2Fe as shown in Figure 

4.9. Inspired by this, cobaltocene reduction of 3 in C6D6 allows for in situ formation of the 

corresponding copper(I) acetylide [Cp2Co]+{[iPr2NN]Cu−C≡CArCl2}− (4). Unfortunately, 

aggregation of this Cu(I) acetylide species along with transmetalation of the alkynide 

ligand leads to formation of an insoluble yellow solid, presumably Cu−C≡CArCl2, which 

hindered the isolation of this compound for X−ray analysis.  

The 1H NMR spectrum of [Cp2Co]+{[iPr2NN]Cu−C≡CArCl2}− in THF−d8 exhibits 

sets of resonances that fully support diamagnetic nature of (4) including sharp, distinct 

resonances arising from backbone CH3 and methine CHs, N−aryl iPr resonances and 10 H 

atoms of the [Cp2Co]+ cation (Figure 4.10). 
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Figure 4.9. Cyclic voltammogram of [iPr2NN]Cu−C≡CArCl2 (3) (1.8 mM in 

fluorobenzene at 23 °C) in presence of sodium 

tetrakis[3,5−bis(trifluoromethyl)phenyl]borate (0.1 M). Scan proceeds in the indicated 

direction with scan rate of 20 mV/s. 

 

 

Figure 4.10. 1H NMR of [CoCp2]+{ [iPr2NN]Cu−C≡CArCl2}− (4) in THF−d8. Signals 

at  3.52 and 1.36 ppm (indicated by asterisk) represents THF solvent residual peaks. 
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4.2.3. Reactivity Studies of [iPr2NN]CuII−C≡CArCl2 (Ar = 2,6−Cl2C6H3) (3) 

With [iPr2NN]Cu−C≡CArCl2 (3) in hand, we aimed to reactions that could connect 

it to the Glaser coupling, specifically seeking the formation of the 1,3−diyne 

Cl2ArC≡C−C≡CArCl2  (5). [iPr2NN]Cu−C≡CArCl2 (3) is unstable at RT in solution and 

decays to Glaser product 5 (top reaction in Scheme 4.9). For instance, 3 decays over a 

period of 180 min to furnish Cl2ArC≡C−C≡CArCl2 (5) in 68% GC−MS yield. At 90 °C in 

toluene, 3 decays in less than 60 min to give 1,3−diyne 5 in 89% GC−MS yield (bottom 

reaction in Scheme 4.10).  

 

Scheme 4.10. [iPr2NN]Cu−C≡CArCl2 (3) mediated homocoupling reactions. 

Remarkably, coordinating solvents such as acetonitrile accelerate the decay of 

[CuII]−C≡CArCl2 to provide [CuI]−NCMe and Cl2ArC≡C−C≡CArCl2 in 98% and 88% yields 

within 40 min confirmed by 1H NMR and GC−MS, respectively (Scheme 4.11). In the 
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same way, addition of excess 2,4−lutidine to n−pentane solution of [CuII]−C≡CArCl2 causes 

instantaneous color change from violet to dull yellow within 5 minutes (Scheme 4.10). 

Analysis of the mixture by GC−MS indicates quantitative yield of Cl2ArC≡C−C≡CArCl2 

and concomitant formation of [iPr2NN]Cu(2,4−lutidine) confirmed by GC−MS and 1H 

NMR, respectively. Acceleration by addition of a Lewis base is reminiscent of our recently 

reported [CuII]−C6F5 system, which would seem to rule out the intermediacy of simple 

bimolecular intermediates {[CuII]2(μ−C≡CArCl2)2} as such dimerization should be 

hampered upon binding of an additional Lewis base to the [CuII] center (Scheme 4.11).  

 

Scheme 4.11. Lewis base−induced homocoupling reactions mediated by 

[iPr2NN]Cu−C≡CArCl2 (3). 

Notably, attempts at C−O bond formation with O−based free radicals such as 

TEMPO• failed and led to formation of homocoupled product 5 in a sluggish manner and 

28% yield, confirmed by GC−MS (Scheme 4.12).  
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Scheme 4.12. Homocoupling reaction mediated by [iPr2NN]Cu−C≡CArCl2 (3) in the 

presence of TEMPO. 

4.2.4. Mechanistic Studies on the Glaser−Type Homocoupling Reactions 

Encouraged by the reactivity profile of the copper(II) alkynyl complex 

[iPr2NN]Cu−C≡CArCl2 (3), we aimed to study the mechanism of the Glaser homocoupling 

reactions of the terminal alkynes. Recently, we reported a unique Cu(II)−aryl system that 

underwent nucleophilic attack by phenolate ion to give diaryl ethers. Mechanistic studies 

on that system revealed for the first time that this Chan−Lam−Evans type coupling reaction 

could proceed through a redox disproportionation between [CuII]−Ar and 

{[CuII](Ar)(OAr′)}− anion to give {[CuI]−Ar}− and a reactive [CuIII](Ar)(OAr′) that 

immediately undergoes reductive elimination to furnish [CuI] and the corresponding diaryl 

ether Ar′O−Ar (Scheme 4.13).168 
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Scheme 4.13. DFT calculated thermodynamic values of each individual step in C−O 

coupling mediated by [CuII]−C6F5 in C6H6 through redox disproportionation 

pathway. 

 We anticipated an analogous Csp−Csp coupling pathway that could be mediated by 

[iPr2NN]Cu−C≡CArCl2 (3) as shown in Scheme 4.13. The proposed mechanism starts with 

nucleophilic attack of an alkynide to [iPr2NN]Cu−C≡CArCl2 (3) to form the corresponding 

four−coordinate {[CuII](C≡CArCl2)(C≡CR)}− species. A redox disproportionation of 

resulting anion {[CuII](C≡CArCl2)(C≡CR)}− and another molecule of [CuII]−C≡CArCl2 

leads to the formation of anionic {[CuI]−C≡CArCl2}− (4), which was prepared 

experimentally and is observable by 1H NMR, and [CuIII](C≡CArCl2)(C≡CR) (8). The latter 

is unstable towards reductive elimination to give corresponding 1,3−diyne 

RC≡C−C≡CArCl2 along with [iPr2NN]Cu(solv). This process is depicted in Scheme 4.14.  



192 

 

We started assessing our hypothesis with reactivity studies of 

[iPr2NN]Cu−C≡CArCl2 with lithium alkynides as a nucleophilic model instead of 

short−lived {[iPr2NN]Cu−C≡CArCl2}− species. 

 

Scheme 4.14. Individual mechanistic steps in C−C coupling mediated by 

[iPr2NN]CuII−C≡CArCl2 (3). 

In our studies we investigated three different lithium alkynyides as nucleophiles: 

Me3SiC≡CLi, CF3ArC≡CLi (CF3Ar = 4−CF3C6H4), and Cl2ArC≡CLi (Cl2Ar = 2,6−Cl2C6H3). 

Addition of these alkynide nucleophiles to [iPr2NN]Cu−C≡CArCl2  at RT results in 

immediate color change from violet to dull yellow and formation of the corresponding 

1,3−diynes Me3SiC≡C−C≡CArCl2 (6), CF3ArC≡C−C≡CArCl2 (7), or Cl2ArC≡C−C≡CArCl2 

(5) in 33% (for 6) 56% (for 7) and (71% for 5) yields (Scheme 4.15). In case of 

Me3SiC≡CLi and CF3ArC≡CLi the reactions occur with simultaneous formation of the 

homocoupled 1,3−diyne Cl2ArC≡C−C≡CArCl2 (5) in 36% and 13% yields confirmed by 

GC−MS. Notably, these reaction occur with concomitant formation of [iPr2NN]Cu(C6D6) 

(C6D6 is the NMR co−solvent) as well as {[iPr2NN]Cu(C≡CR)}−. The latter could decay 
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to [iPr2NN]Li(THF−d8) + Cu−C≡CR as confirmed by 1H NMR independently. For 

instance, reaction of 3 with Cl2ArC≡C− alkynide results in the formation of 

[iPr2NN]Cu(C6D6), [iPr2NN]Li(THF−d8), {[iPr2NN]Cu(C≡CR)}− and 

Cl2ArC≡C−C≡CArCl2 as shown in its 1H NMR (Figure 4.11). 

 

Scheme 4.15. Reaction of [CuII]−C≡CArCl2 (3) with different alkynide anions to form 

1,3−diynes 5, 6 and 7. 
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Figure 4.11. 1H NMR spectrum (400 MHz, 298 K, C6D6) of the crude solution obtained 

upon addition of 0.5 equivalent THF solution of lithium alkynide Cl2ArC≡C− to 

equimolar amount of 3 in C6D6. Formation and yields of Cl2ArC≡C−C≡CArCl2 (5) was 

confirmed by GC−MS as shown in Figures 4.13 and 4.14. 

This mechanism is under further studies via DFT simulations in our laboratory by 

my colleague Ms. Christine Greene and the results will be published in due course. 

Concisely, we propose that the Glaser coupling follows these individual steps 

mechanistically: (1) Lewis base coordination; (2) redox disproportionation to give 

{[CuIII]−C≡CR(LB)}+ and {[CuI]−C≡CR}−; (3) ligand substitution to give [CuIII] (C≡CR)2 

and [CuI]−LB; and (4) reductive elimination of [CuIII] (C≡CR)2 to yield the 1,3−diyne 

RC≡C−C≡CR and [CuI] as shown in Scheme 4.15. 

To further confirm this mechanism experimentally, we investigated the yield of the 

homocoupled product Cl2ArC≡C−C≡CArCl2 (5) upon addition of different equivalents of 

the corresponding lithium alkynide Cl2ArC≡C− to 1 equiv. of [iPr2NN]Cu−C≡CArCl2 (3). A 

plot of the yield of Cl2ArC≡C−C≡CArCl2 (5) vs different equivalents of alkynide anion 
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represents a maximum yield of product at 0.5 equiv. alkynide anion / 

[iPr2NN]Cu−C≡CArCl2 as shown in Figure 4.12−4.14 and Table 4.1. In the addition of 1 

equiv. Cl2ArC≡C− to 2 equiv 3 in C6D6/THF−d8 mixture, GC−MS and 1H NMR analyses 

indicates formation of Cl2ArC≡C−C≡CArCl2 (5) (73% yield based on 1 equiv. 3) along with 

[iPr2NN]Cu(C6D6), anionic {[iPr2NN]Cu(C≡CArCl2)}− and [iPr2NN]Li(THF−d8) in 88%, 

30% and 49% yields, respectively (Figures 4.12−4.14).  

 

Figure 4.12. Analysis of reaction stoichiometry for the reaction of 

[iPr2NN]Cu(C≡CArCl2) with lithium alkynide Cl2ArC≡CLi to form 
Cl2ArC≡C−C≡CArCl2 (5). 
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Figure 4.13. GC−FID plot of the crude reaction mixture obtained upon addition of 

0.5 equivalent of lithium phenolate (in THF) to a solution consisting equimolar 

amounts of 3 and 4,4′-di-tert-butylbiphenyl (as internal standard) in C6H6. Glaser 

product (retention time: 16.070 min) and 4,4′-di-tert-butylbiphenyl (retention time: 14.163 

min). The unassigned peaks correspond to other organic byproducts or ligand residues. 

Analysis of this GC−FID provides a GC yield of 71% (based on 3 as the limiting reagent) 

for Cl2ArC≡C−C≡CArCl2 (5).  

 

Figure 4.14. MS−EI mode spectra of Cl2ArC≡C−C≡CArCl2 (5) (calc. m/z for C16H6Cl4: 

337.92 (100%). 
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4.2.5. Radical Capture at Cu(II) in [iPr2NN]Cu−C≡CAr
Cl2 (3) 

An active area of research in our group is Cu−catalyzed Csp3−H functionalization 

of unactivated alkanes through a radical relay mechanism.169,171−173 Detailed mechanistic 

studies in our laboratory revealed that the principle role of the copper intermediates 

[CuII]−FG (FG = NHR, NHAr, OAr) is to capture an alkyl radical R• (generated via 

H−atom abstraction from R−H substrate by tBuO• radical) to form corresponding R−FG 

(Scheme 4.16).169,171−173  

 

Scheme 4.16. Efficient Cu−catalysed radical−relay mechanism for C−H 

functionalization reactions. 

For instance, isolated[CuII]−NHAr (Ar = 2−pyridyl) captures the trityl radical 

Ph3C• generated in situ from Gomberg’s dimer to generate corresponding Ph3C−NHAr in 

78% yield (Scheme 4.16).176 Similarly, isolated [CuII]−OAr4Cl (Ar4Cl = 4−Cl−C6H4) 

captures tBu• (generated in situ from di−tert−butyl diazene) to form tBu−OAr4Cl in 71% 

yield (Scheme 4.17).171 
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Scheme 4.17. C−N and C−O bond formation by radical capture at a copper(II) 

anilide and phenolate.  

Having [iPr2NN]Cu−C≡CArCl2 (3) in hand, we took advantage of the readily 

available trityl radical Ph3C• (by equilibrium dissociation of Gomberg’s dimer {Ph3C}2)
175 

to probe the reactivity of 3 with a C−centered radical under mild conditions for direct 

observation of the Csp3−Csp bond formation. Addition of 1 equiv. Gomberg’s dimer to 

[iPr2NN]Cu−C≡CArCl2 in C6D6 results in the formation of the corresponding trityl 

substituted alkyne Ph3C−C≡CArCl2 (9) in 69% yield and [iPr2NN]Cu(C6D6) in 78% yield, 

respectively (Scheme 4.18). Compound 9 was also characterized by X−ray crystallography 

(Figure 4.16) as well as full spectroscopic methods. 

 

Scheme 4.18. Capture of Ph3C• by [iPr2NN]Cu−C≡CArCl2 (3) to form Ph3C−C≡CArCl2 

(9). 
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Figure 4.15. Solid state structure of Ph3C−C≡CArCl2 (9). Thermal ellipsoids are shown 

at 50% probability. Selected bond distances (Å) and angles (°): C1−C7 1.432(2), C7−C8 

1.197(2), C8−C9 1.482(2), C8−C7−C1 178.79(16), C7−C8−C9 179.04(16).  

This experiment reveals that attack of Ph3C• to [iPr2NN]Cu−C≡CArCl2 can cleanly 

deliver the functionalized organic product. Encouraged by this observation, my colleague 

Dr. Elisha Otome is now developing a catalytic methodology for Csp3−H alkynylation 

under Cu−catalyzed radical−relay mechanism established by our laboratory for C−N and 

C−O bond formations.169,171−173 

4.3. Conclusions 

The synthesis and structural characterization of a rare, mononuclear three−coordinate 

copper(II) alkynyl complex (3) allowed for interrogating the mechanism of the Glaser 

coupling. The high bond dissociation energy of Cu−C (79.7 kcal mol−1) in 

[iPr2NN]Cu−C≡CArCl2 (3) suggests that radical cleavage of Cu−C to generate •C≡CArCl2 

is very unlikely. Instead, it was shown herein that facile reduction of [CuII]−C≡CArCl2 (3) 

to the copper(I) alkynylate complex {[iPr2NN]Cu−C≡CArCl2}− (E1/2 = −645 mV vs 

Cp2Fe+/Cp2Fe) enables redox disproportionation upon coordination of the acetylide 
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nucleophiles to provide [CuIII](C≡CArCl2)(C≡CR) that reductively eliminates 

Cl2ArC≡C−C≡CR. Direct observation of trityl radical rebound with [CuII]−C≡CArCl2 

complex to form a new Csp3−Csp bond was also carried out. Based on this observation, a 

Cu−catalyzed system can be developed for alkynylation of aliphatic substrates.  

4.4. Experimental Details 

4.4.1. General Procedures and Instrumentation Details 

All preparations and handling of air/moisture sensitive chemicals were carried out 

under dry dinitrogen atmosphere in an MBraun glove box and/or standard Schlenk 

techniques unless otherwise mentioned. 1H and 13C{1H} NMR spectra were recorded on a 

Varian 400 MHz spectrometer at room temperature. The chemical shift (δ) values are 

expressed in ppm relative to TMS (0.0 ppm), whereas the residual 1H signal of deuterated 

solvent served as an internal standard. Elemental analyses were performed on a 

Perkin−Elmer PE2400 micro−analyzer at Georgetown University. UV−vis spectra were 

recorded on Agilent 8454 Diode Array spectrometer equipped with stirrer. The molar 

extinction coefficients of different isolated complexes were determined from the Beer’s 

law plot (absorbance vs. concentration) with three different concentrations. IR spectra were 

collected on a Varian 3100 FT−IR spectrometer by using KBr pellet method. EPR spectra 

were collected on a JEOL continuous wave spectrometer JES−FA200 equipped with an 

X−band Gunn oscillator bridge, a cylindrical mode cavity, and a liquid nitrogen cryostat. 

EPR measurements were performed in sealed quartz tubes and the simulation of EPR 

spectra were carried out using the program QCMP 136 by Prof. Dr. Frank Neese from the 

Quantum Chemistry Program Exchange as described previously.176 Magnetic 
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susceptibility was calculated by the Evans Method (1H−NMR) in C6D6 and 

tetramethylsilane (TMS) as internal standard. 

All chemicals were purchased from regular vendors (e.g. Sigma−Aldrich, Acros 

Organics, Strem Chemicals, TCI America) and used without further purification unless 

otherwise noted. Molecular sieves (4A, 4−8 mesh beads) were obtained from 

Sigma−Aldrich and activated under vacuum at 200 °C for 16 h. Extra dry solvents with 

Acroseal® and deuterated solvents were purchased from Acros Organics and Cambridge 

Isotope Laboratories (CIL), respectively. All solvents (including deuterated solvents) were 

sparged with dry dinitrogen and stored over activated 4A molecular sieve under an inert 

atmosphere. 

[Cu(NCMe)4]OTf (MeCN = acetonitrile and OTf = trifluoromethanesulfonate) was 

purchased from Sigma−Aldrich. The [iPr2NN]H ligand and [iPr2NN]Cu(NCMe) (1) were 

synthesized according to literature procedures.177 Terminal alkynes were purchased from 

TCI America or prepared according to the literature procedures.178 

4.4.2. Synthesis of Copper Compounds 

Synthesis and Characterization of [iPr2NN]Cu−OtBu (2) 

 

Scheme 4.19. Synthesis of [iPr2NN]Cu−OtBu (2). 
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To a chilled solution of [iPr2NN]Cu(NCMe) (0.500 g, 0.956 mmol) in anhydrous 

n−pentane (5 mL), an n−pentane solution (1 mL) of di−tert−butylperoxide (0.280 g, 351 

L, 1.912 mmol) was added dropwise and the reaction mixture was stirred at room 

temperature for 30 min. The pale yellow color of the starting Cu(I) complex changed 

quickly to dark brown upon addition of the peroxide. After 30 min, the reaction mixture 

was filtered through a plug of Celite and all the volatiles were removed under reduced 

pressure to give a brown residue. The residual was dissolved in 1 mL of n−pentane and the 

vial was placed in −35 °C freezer inside the glovebox. 0.386 g of brown crystals of 2 were 

obtained in 73% yield after crystallization. This compound is thermally sensitive and this 

sensitivity troubled a satisfactory elemental analysis. UV−Vis (toluene, 25 °C): λmax/nm 

(ε/M−1cm−1) = 470 (1450) (Figure 4.16). EPR (toluene, 293 K): giso = 2.11 with Aiso(Cu) = 

115.0 MHz and Aiso(N) = 30.0 MHz (Figure 4.2). EPR (toluene, 80 K): g1 = 2.225, g2 = 

2.07, g3 = 2.035 with A1(Cu) = 330.0, A2(Cu) = 0.0, A3(Cu) = 6.0 MHz and A1(N) = 0.0, 

A2(N) = 70.0, A3(N) = 70.0 MHz (Figure 4.3). 

  

Figure 4.16. Left: UV−Vis spectra of 2 in toluene at 25 °C at different concentrations. 
Right: Beer’s law plot for 2 depicts λmax/nm (ε/M−1cm−1) = 470 (1450). 
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Synthesis and Characterization of [iPr2NN]Cu−C≡CArCl2 (3) 

 

Scheme 4.20. Synthesis of [iPr2NN]Cu−C≡CArCl2 (3). 

A solution of Cl2ArC≡CH (Cl2Ar = 2,6−Cl2−C6H3) (0.100 g, 0.581 mmol) in 

n−pentane (5 mL) was added to a solution of [iPr2NN]Cu−OtBu (0.322 g, 0.581 mmol) in 

n−pentane (5 mL). The color of the solution slowly changed from brown to dark violet. 

After stirring the solution for 45 min, the resultant mixture was filtered through a plug of 

Celite to remove insoluble yellowish solids and the filtrate concentrated under reduced 

pressure. Allowing to stand at −40 °C for a few days afforded dark violet crystals of the 

desired product 3 in 41% (0.155 g, 0.238 mmol). The title compound is extremely 

thermally sensitive and therefore its elemental analysis was not in agreement with the 

calculated values. UV−Vis (heptane, 25 °C): λmax/nm (ε/M−1cm−1) = 500 (4150), 915 (405) 

(Figure 4.17). IR (KBr pellet): C≡C = 2187 cm−1 (Figure 4.18). 
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Figure 4.17. Left: UV−Vis spectra of 3 in toluene at 25 °C at different concentrations. 

Right: Beer’s law plot for 3 depicts λmax/nm (ε/M−1cm−1) = 500 (3500), 915 (250). 

 

EPR (toluene, 293 K): giso = 2.093 with Aiso(Cu) = 175.0 MHz and Aiso(N) = 10.0 

MHz (Figure 4.6). EPR (toluene, 80 K): g1 = 2.178, g2 = 2.04, g3 = 2.05 with A1(Cu) = 

130.0, A2(Cu) = 290.0, A3(Cu) = 130.0 MHz and A1(N) = 45.0 MHz, A2(N) = A3(N) = 35.0 

MHz (Figure 4.7). 

 

Figure 4.18. FT−IR (KBr pellet) spectrum of [iPr2NN]Cu−C≡CArCl2. 
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Observation of [CoCp2]+{ [iPr2NN]Cu−C≡CArCl2}− (4) 

A solution of [iPr2NN]Cu−C≡CArCl2 (3) (0.100 g, 0.154 mmol) in THF−d8 (1.0 

mL) was added to a solution of cobaltocene (CoCp2) (0.029 g, 0.154 mmol) in THF−d8 

(1.0 mL). The color of the reaction mixture immediately changed from violet to dull orange 

with concomitant precipitation of dark yellow solid over the course of the reaction. After 

stirring for additional 5 min, an aliquot of the solution was taken to record its 1H NMR. 

[CoCp2]
+{ [iPr2NN]Cu−C≡CArCl2}− was observed via 1H NMR as shown in Figure 4.10, 

however its high reactivity hampered its isolation for further characterization. 1H NMR 

(400 MHz, 298 K, THF−d8): δ 6.60 (d, J = 8.2 Hz, 2H), 6.17 (t, J = 8.1 Hz, 1H), 4.75 (s, 

1H), 3.95 (d, J = 1.1 Hz, 10H), 3.26 (hept, J = 7.1 Hz, 4H), 1.61 (s, 6H), 1.16 (d, J = 6.9 

Hz, 12H), 1.11 (d, J = 6.9 Hz, 12H). 

4.4.3. Reactivity of studies on [iPr2NN]Cu−C≡CAr
Cl2 (3) 

Thermal decay of [iPr2NN]Cu−C≡CArCl2 (3) 

Solutions of [iPr2NN]Cu−C≡CArCl2 (3) in benzene (1.0 mL, 10.0 mM, 0.01 mmol) 

and 1,4−dibromo−2,5−difluorobenzene in benzene (1.0 mL, 10.0 mM, 0.01 mmol) were 

taken in a scintillation vial inside a glove box. The vial was then sealed with electrical tape 

and stirred at RT until the violet color bleached (ca. 180 min). The resultant reaction 

mixture was analyzed without any further workup via GC/MS. GC−MS analysis on a dilute 

solution in dichloromethane confirms the formation of Cl2Ar≡C−C≡CArCl2 in 68% yield. 

In another experiment, solutions of [iPr2NN]Cu−C≡CArCl2 (3) in benzene (1.0 mL, 

10.0 mM, 0.01 mmol) and 1,4−dibromo−2,5−difluorobenzene in benzene (1.0 mL, 10.0 

mM, 0.01 mmol) were taken in a thick−wall pressure vessel. The pressure vessel was then 
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sealed and heated to 90 °C for 1 h. The color of the reaction mixture changed from violet 

to bright yellow with formation of an insoluble yellow solid. The reaction mixture was then 

filtered through a plug of Celite and was analyzed without any further workup via GC/MS. 

GC−MS analysis on a dilute solution in dichloromethane confirms the formation of 

Cl2Ar≡C−C≡CArCl2 in 89% yield. 

Decay of [iPr2NN]Cu−C≡CArCl2 (3) promoted by Lewis bases  

[iPr2NN]Cu−C≡CArCl2 (3) decays rapidly in the presence of Lewis bases such as 

acetonitrile and pyridine. Therefore, the attempts to follow acetonitrile promoted decay 

profiles were not successful. However, NMR and GC/MS analysis in presence of an 

internal standard (ferrocene) can be used for product analysis.  

Dark violet crystals of 3 (0.017 g, 0.026 mmol) were dissolved in anhydrous 

CD3CN (0.5 mL). The color of the solution immediately turned orange with concomitant 

formation of a dark orange solid. The solution became bright yellow within 40 min, at 

which point the resultant mixture was filtered through a plug of Celite to give a bright 

yellow solution. This solution was analyzed by 1H NMR spectroscopy (Figure 4.19) as well 

as GC/MS. 1H NMR analysis in presence of ferrocene as internal standard indicates 

formation of copper(I) complex 1−MeCN (98% yield) and Glaser homocoupling product 

Cl2Ar≡C−C≡CArCl2 in 88%. GC−MS analysis on a dilute solution confirms the formation 

of Cl2Ar≡C−C≡CArCl2 product. 
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Figure 4.19. 1H NMR spectrum (400 MHz, 298 K, CD3CN) of 3. Internal standard 

(ferrocene) shows a singlet at 3.93 ppm. −Diketiminate backbone C−H signal was used 

to determine the yield of 1−MeCN (signal at 4.80 ppm; 98% yield).  

 

Reactivity of [iPr2NN]Cu−C≡CArCl2 (3) with Cl2Ar≡C−C− anion 

 Independent stock solutions of [iPr2NN]Cu−C≡CArCl2 (3), 

4,4ʹ−di−tert−butylbiphenyl (internal standard), and lithium alkynide (Cl2Ar≡C−C−) were 

prepared by dissolving calculated amounts of individual compounds in specific amounts 

of solvents as tabulated below: 

 

 

 

 



208 

 

Table 4.1. Preparation of stock solutions for reactivity analysis of 3. 

Compound Weight (g) mmol Solvent Volume 

(mL) 

Concentration 

(mM) 

3 0.050 0.077 benzene 19.480 1.5 

Standard 0.018 0.065 benzene 21.577 3.0 

Cl2Ar≡C−C− 0.012 0.057 THF 26.316 1.5 

 Independent reactions between 3 and different equivalents (0.1, 0.2, 0.3, 0.4, 0.5, 

0.6, 0.7, 0.8, 0.9, 1.0, 1.5, and 2.0) of lithium alkynide were carried out and analyzed by 

GC−MS for determining the yield of desired product Cl2Ar≡C−C≡CArCl2. 

 1000 μL 1.5 mM stock solution of 3 was added to each vial equipped with micro 

stir bar. 500 μL 3.0 mM solution of standard (1,4−dibromo−2,5−difluorobenzene) and 

calculated amounts of 1.5 mM lithium alkynide stock solution were added to each vial. The 

reaction mixtures were stirred until the violet color of 3 bleached. The resultant mixture 

was then filtered to remove any insoluble material and subsequently was analyzed by 

GC−MS without any additional workup. The ratios of integrated areas (Product/Standard) 

were obtained from GC analysis of each sample. A response factor obtained from 

calibration curve was applied to determine the GC yields based on 1.0 equivalent of 

standard (1,4−dibromo−2,5−difluorobenzene) added to each reaction. 
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Scheme 4.21. Reaction of [iPr2NN]Cu−C≡CArCl2 (3) with different equivalents of 

lithium alkynide. 

 

Table 4.2. Yields of Cl2Ar≡C−C≡CArCl2 (5) from the reaction of 

[iPr2NN]Cu−C≡CArCl2 (3) with different equivalents of lithium alkynide 
Cl2Ar≡C−CLi. 

 

Equivalent of 

Cl2Ar≡C−C− 

% Yielda of Glaser 

product 5 

% Yieldb of Glaser 

product 5 

0.1 6.55 13.1 

0.2 10.65 21.3 

0.3 22.0 44.0 

0.4 27.85 55.7 

0.5 35.6 71.2 

0.6 34.7 69.4 

0.7 34.05 68.1 

0.8 33.3 66.6 

0.9 34.75 69.5 

1.0 35.75 71.5 

1.5 37.15 74.3 

aYields are based on 3 as limiting reagent. bYields are based on 2:1 

stoichiometry between 3 and lithium alkynide. 

 

Reactivity of [iPr2NN]Cu−C≡CArCl2 (3) with Me3Si≡C−C− and CF3Ar≡C−C− anions 

 

Scheme 4.22. Reaction of [iPr2NN]Cu−C≡CArCl2 (3) with lithium alkynides 

Me3Si≡C−C− and CF3Ar≡C−C−. 
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1000 μL 1.5 mM stock solution of 3 was added to a scintillation vial equipped with 

micro stir bar. 500 μL 3.0 mM solution of standard (1,4−dibromo−2,5−difluorobenzene) 

and calculated amounts of 1.5 mM lithium alkynides Me3Si≡C−C− and CF3Ar≡C−C− (CF3Ar 

= 4−CF3−C6H4) stock solution  in THF (2 mL) were added to each vial. The reaction 

mixtures were stirred until the violet color of 3 decolorized. The resultant mixture was then 

filtered to remove any insoluble material and subsequently was analyzed by GC−MS 

without any further workup. The ratios of integrated areas (Product/Standard) were 

obtained from GC analysis of each sample. A response factor obtained from calibration 

curve was applied to determine the GC yields based on 1.0 equivalent of standard 

(1,4−dibromo−2,5−difluorobenzene) added to each reaction. In case of Me3Si≡C−C−, 33% 

of the desired heterocoupled product Me3Si≡C−C−C≡CArCl2 was determined along with 

36% of homocoupled product 5 (Cl2Ar≡C−C−C≡CArCl2) and 17% of homocoupled product 

Me3Si≡C−C−C≡CSiMe3 (10). For CF3Ar≡C−C−, the yield for desired heterocoupled 

product CF3Ar≡C−C−C≡CArCl2 was determined to be 56% along with 13% of homocoupled 

product Cl2Ar≡C−C−C≡CArCl2 and 23% CF3Ar≡C−C−C≡CArCF3 (11). The formation of the 

homocoupled products Me3Si≡C−C−C≡CSiMe3 and CF3Ar≡C−C−C≡CArCF3 could be 

attributed to the nucleophilic substitution of the corresponding lithium alkynide anion to 

form intermediates [iPr2NN]Cu−C≡CSiMe3 or [iPr2NN]Cu−C≡CArCF3 followed by redox 

disproportionation to yield the appropriate homocoupled products 10 and 11.  
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((2,6−dichlorophenyl)buta−1,3−diyn−1−yl)trimethylsilane 

See representative reaction procedure above. This 

compound was purified by flash chromatography 

(hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 6.65 (d, J = 8.2, 1.3 Hz, 2H), 6.23 (t, J 

= 8.1, 1.4 Hz, 1H), 0.04 (s, 9H). 13C{1H} NMR (100.47 MHz, CDCl3): δ 138.89, 129.85, 

128.30, 128.06, 127.82, 127.59, 122.37, 94.72, 88.31, 75.20, 70.72, -0.67. HRMS (CI) 

calc’d for C13H14Cl2 ([M+2H]2+) 269.2400, found 269.2404. 

1,3−dichloro−2−((4−(trifluoromethyl)phenyl)buta−1,3−diyn−1−yl)benzene 

See representative reaction procedure above. This 

compound was purified by flash chromatography 

(hexanes/EtOAc). 1H NMR (400 MHz, CDCl3): δ 7.72 (d, 

J = 8.3 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 7.40 (m, 2H), 7.39 (m, 1H). 13C{1H} NMR 

(100.47 MHz, CDCl3): δ 138.54, 132.81, 131.24, 130.91, 130.07, 127.69, 125.40, 121.93, 

82.97, 82.75, 77.32, 77.00, 76.68, 76.03, 75.64. HRMS (CI) calc’d for C17H9Cl2F3 

([M+2H]2+) 340.0033, found 340.0042.  

Trityl radical capture at [iPr2NN]Cu−C≡CArCl2 (3) 

 

Scheme 4.23. Ph3C• radical capture by [iPr2NN]Cu−C≡CArCl2 (3). 
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A stock 0.0512 M solution of [iPr2NN]Cu−C≡CArCl2 (0.100 mg of (3) in 3.0 

mLC6D6) was used in this experiment. Three vials were charged with 1.0 mL of the stock 

solution of 3 and to these vials were added 1.0 mL of 0.0512 M solution of Gomber’s dimer 

in C6D6. The reaction mixture in each vial was stirred at RT until the violet color of 3 was 

discharged. At this point an aliquot was taken from each vial and the yield of the 

Ph3C−C≡CArCl2 product was determined via GC/MS. An average yield of 69% ± 5% was 

determined. The same experiment was also monitored via 1H NMR and the formation of 

[iPr2NN]Cu(C6D6) was confirmed in 78% ± 3% yield.  

 

Figure 4.20. 1H NMR spectrum (400 MHz, 298 K, C6D6) of the crude solution obtained 

upon addition of 1.0 equivalent of Gomberg’s dimer to a solution consisting 

equimolar amounts of 3 and ferrocene as internal standard in C6D6. 1H NMR 

resonances at 4.96 ppm (C−H backbone of −diketiminate), 6.29 ppm (triplet; p−ArCl2−H) 

and 6.77 ppm (doublet; m−Ar−H) were used to calculate the yield against the signal at 

4.01ppm (singlet; ferrocene). 
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(3−(2,6−dichlorophenyl)prop−2−yne−1,1,1−triyl)tribenzene (9) 

See representative reaction procedure above. This compound was 

purified by flash chromatography (hexanes/EtOAc). 1H NMR (400 

MHz, CDCl3): δ 7.66 (m, 6H), 7.19 (d, J = 7.4 Hz, 4H), 7.14 (s, 2H), 7.07 (m, 3H), 6.81 

(dd, J = 8.0, 1.1 Hz, 2H), 6.34 (t, J = 8.1 Hz, 1H). 13C{1H} NMR (100.47 MHz, CDCl3): 

δ 145.38, 137.97, 129.91, 128.83, 128.43, 128.06, 127.52, 127.31, 124.03, 107.27, 80.33, 

57.53. HRMS (CI) calc’d for C27H18Cl2 ([M+2H]2+) 415.0835, found 415.0828. 

 

Figure 4.21. 1H NMR spectrum (400 MHz, 298 K, C6D6) of 9.  

 

 



214 

 

 

Figure 4.22. 13C NMR spectrum (400 MHz, 298 K, C6D6) of 9.  

 

4.4.4. General X−Band EPR Details  

Samples were prepared and sealed in N2 atmosphere and sent to 

Friedrich−Alexander−University in liquid N2 dewar, The EPR measurements were 

performed in quartz tubes with J. Young valves. Solution EPR spectra were recorded on a 

JEOL continuous wave spectrometer JES−FA200 equipped with an X−band Gunn 

oscillator bridge, a cylindrical mode cavity, and a helium cryostat. For all samples, a 

modulation frequency of 100 kHz and a time constant of 0.1 s were employed. 

All spectra were obtained on freshly prepared solutions (1−10 mM in toluene) of at 

least 2 independently synthesized batches and were checked carefully for reproducibility. 

Background spectra were obtained on clean solvents at the same measurement conditions. 

Spectral simulation was performed using the program QCMP 136 by Prof. Dr. Frank Neese 

from the Quantum Chemistry Program Exchange as used by Neese et al.176 The fittings 
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were performed by the “chi by eye” approach and always taking all available spectra at 

different temperatures into account. Collinear g and A tensors were used. Deviations from 

the simple 2 Cu, 6 N model (nuclear spin for 53/55Cu: I = 3/2 and for 14N: I = 1) was only 

implemented when clearly justified from comparing with the experimental spectra as well 

as the DFT calculations. Likewise deviations from isotropic parameters in spectra of frozen 

glasses were only used when clearly justified. Deviations given in parentheses are upper 

limits carefully assessed by simulating the spectra with slightly different parameters and 

taking into account the uncertainty of the experimental parameters. When no deviation is 

given the value was not exclusively fitted from the present spectrum. 

The isotropic g values, Aiso(Cu), and A1(Cu) hyperfine parameters are considered 

very well determined however, not absolute proof of the validity of the models and the 

parameters used.  

4.4.5. Crystallographic Data 

Single crystals of each compound 2, 3 and 9 were mounted under mineral oil on 

glass fibers and immediately placed under a cold nitrogen stream at 100(2) K prior to data 

collection.  Data for compound 9 was collected on Bruker DUO equipped with an APEXII 

CCD detector and Mo fine−focus sealed source.  Data for compounds 2 and 3 were 

collected on a Bruker D8 Quest equipped with a Photon100 CMOS detector and a Mo IS 

source. Either full spheres (triclinic) or hemispheres (monoclinic or higher) of data were 

collected (0.3 or 0.5−scans; 2θ max = 56; monochromatic Mo Kα radiation, λ = 0.7107 

Å) depending on the crystal system and integrated with the Bruker SAINT program. 

Structure solutions were performed using the SHELXTL/PC suite179 and XSEED.180 

Intensities were corrected for Lorentz and polarization effects and an empirical absorption 
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correction was applied using Blessing’s method as incorporated into the program 

SADABS.181 Non−hydrogen atoms were refined with aniostropic thermal parameters and 

hydrogen atoms were included in idealized positions. Structures were rendered with 

POV−Ray in XSEED using 30% or 50% probability ellipsoids. For compounds 2 a 

structural model consisting of the target molecule was developed. tert−Butyl group is 

disordered over two positions. In compound 3, two molecules of the complex are present 

in the asymmetric unit. In one molecule, the 2,6−Cl2−C6H3 group is disordered over two 

positions. Also, in the other molecule within the asymmetric unit, three isopropyl groups 

on the -diketiminate ligand is disordered over two positions. 

4.4.6. DFT Calculations Details (By Christine Greene) 

Gaussian 09182 was used to optimize the structures, calculate single point geometries, and 

also find the vibrational frequencies and reaction free energies. Visualization, structural 

and molecular orbital analyses were done using Chemcraft 1.6. The BP86183 functional in 

conjunction with the 6−31+G(d)184−185 basis set (5d 7f spherical harmonics) was used for 

optimization of all geometries. At the BP86/6−31+G(d) stationary points, single point 

energies were calculated using BP86 with the 6−311++G(d,p)186−194 basis set, in benzene 

using the implicit SMD195 solvent model (Table S4) and adding dispersion corrections with 

the keyword, empirical dispersion = GD3BJ.196 
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