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ABSTRACT 

 The reactivity of β-diketiminato copper oxo, {[Cl2NN]Cu}2(µ-O)2, copper 

hydroxide, {[Cl2NN]Cu}2(µ-OH)2, and copper acetate, [Br3NN]Cu(O2CMe), complexes 

towards oxidative C-H bond amination has been investigated. The complexes were 

reacted with aryl amines in neat C-H substrate. The copper oxo decomposes to the copper 

hydroxide which was found to be the active species in C-H amination. Ancillary ligand 

modifications are required to disfavor the copper hydroxide dimer and thus enhance its 

reactivity. The copper acetate was also found to be active in C-H amination which makes 

it an attractive candidate for a precatalyst in the [Cl2NN]Cu catalyzed C-H amination 

with unactivated amines.  

The reactivity of β-diketiminato copper(I) complexes, [Cl2NN]Cu and 

[Cl2NNCF3]Cu, towards C-H bond amidation has been investigated. [Cl2NN]Cu is 

protonated by organic amides and hence is unsuitable for catalysis. We found that the 

electron deficient [Cl2NNCF3] is a C-H amidation catalyst. Catalytic C-H amidation is 

achieved employing simple organic amides along with environmentally friendly di-tert-

butylperoxide oxidant in the presence of 10 mol % [Cl2NNCF3] in neat C-H substrate. 

Further studies are required to find a suitable solvent for the reaction.     
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Chapter 1 

Structure and Reactivity of β-Diketiminato Copper(III) Bis(µµµµ-oxo) and 

Copper(II) Bis(µµµµ-hydroxo) Complexes 

1.1. Introduction 

1.1.1. Copper/ O2 in biology 

Copper is a vital element in living systems. Most copper(I) proteins and enzymes 

activate dioxygen and most copper enzymes oxidize organic substrates under mild 

conditions.  Hemocyanin, a copper(I) protein, is responsible for oxygen transport in 

mollusks and anthropods.1  Tyrosinase, a copper(I) enzyme, catalyzes the 

hydroxylation of tyrosine to DOPAquinone which then polymerizes to form melanin, 

the pigment responsible for skin, hair, and eye color.1 Particulate methane 

monoxygenase (pMMO), a copper-iron enzyme, oxidizes methane to methanol in 

methanotrophic bacteria.2 

The diversity and function of copper/oxygen enzymes inspired the design of 

synthetic Cu(I) systems for oxidation catalysis.  Now synthetic Cu(I) systems 

outnumber  characterized Cu(I) enzymes and proteins.1 The reactivity of a Cu/O2 

system depends on the oxygen binding mode which is essentially determined by the 

supporting ligand system. Accordingly, ligands can be designed to achieve the 
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optimum binding mode for desired function. Figure 1.1 shows important Cu/O2 

binding modes.3 

 

Copper proteins and enzymes activate dioxygen and the oxygenated enzymes 

subsequently oxidize substrates. The copper active site shuttles between Cu(I) and 

Cu(II). Some believe that the Cu(III) oxidation state is inaccessible in living systems: 

ligation of amino acid side chains, “such as imidazoles and phenolate ions”, lead to 

highly positive Cu(III)/Cu(II) redox potentials.4 O2 activating enzymes can be 

classified into dioxygenases, monooxygenases, and oxidases: categories may overlap 

for some enzymes. Dioxygenases insert O2 into organic substrates. Monoxygenases 

add an “O” atom from O2 into substrates and reduce another “O” atom in the 

substrate to H2O. Oxidases catalyze the reduction of O2 to H2O or H2O2.
1  

The active site of some oxidized copper enzymes is believed to be a bridging side-

on peroxo (µ-η2:η2-peroxo) as crystallographically characterized in oxyhemocyanin 
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(Oxy-Hc) and spectroscopically predicted in oxytyrosinase.1 Hemocyanin is among 

the O2 enzymes crystallographically characterized in both reduced and oxidized 

forms.5,6 Oxy-Hc, a bulky protein, is stable to organic substrates which is essential 

for its oxygen transport function (Scheme 1.1). 

 

Particulate methane monooxygenase (pMMO) enzyme oxidizes methane to 

methanol in methanotrophic bacteria.  Reactivity studies of pMMO show that it 

hydroxylates chiral alkanes with 100 % retention of stereochemistry (Scheme 1.2).7   
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The X-ray structure of pMMO was recently reported by Leiberman and Rosenzweig.8 

The crystal structure depicts mononuclear and dinuclear copper sites with a 21 Å 

separation. Prior EPR and magnetic susceptibility studies by Chen and coworkers 

predicted a trinuclear copper active site: the reduced form is predicted to consist of two 

Cu(I)  and one Cu(II) centers while the oxidized form is predicted to consist of three 

Cu(II) centers.9 The reactivity of the dinuclear copper site with dioxygen is believed to 

involve a mixed copper(III), copper(II) bis(µ-oxo) intermediate.10
 

1.1.2. Copper/ O2 in synthetic systems 

Synthetic copper/O2 complexes are generally synthesized through low 

temperature (-80 ºC) oxygenation of copper(I) precursors.11 Alternatively they can be 

obtained through the reaction of hydrogen peroxide with copper(II) bis(µ-hydroxo) 

precursors.12 Ideally copper/O2 complexes are characterized by X-ray crystallography 

where possible; the thermal sensitivity3 of these complexes can make it difficult to get 

good crystals.  Extended X-ray absorption fine structure spectroscopy (EXAFS) is often 

used to determine the geometry of copper/O2 cores.13-15  EXAFS solution data correlate 

very well with X-ray data where comparisons have been made.16,17  UV-vis spectroscopy 

is useful for predicting Cu/O2 binding modes in complexes; UV-vis absorptions  result 

from an oxygen to copper charge transfer transition (LMCT). Resonance Raman 

spectroscopy is another very useful tool for determining copper/O2 binding modes as 
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each binding mode exhibits a unique range of copper/O2 core vibrations. Table 1.1 

illustrates key parameters of copper/O2 binding modes.3 

Table 1.1.     Key structural and spectroscopic features of Cu/O2 complexes. 

Binding mode  Cu–Cu 

     Å   

  Cu–O  

      Å 

  O–O  

     Å 

   
Wavelength 

    nm 

mM-1     
cm-1

 

  O–O str. 
freq. cm-1  

 

___ 1.84 1.22 510 660 1112 

 

___ 1.85 1.44    

 

3.56 1.91 1.41 338-380 366-680 721-765 

 

2.85 1.82 2.26 395-444 10000-
20000 

580-653 

 

The four electron reduction of dioxygen requires two copper(I) centers, and is believed to 

proceed via a stepwise mechanism as shown in Scheme 1.3. 
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Stopped flow low temperature UV-vis kinetic studies of Cu(I) oxygenation show that the  

mononuclear Cu/O2 intermediates are too fleeting to be observed22,23 where the dinuclear 

structures are more thermodynamically favored. Using sterically encumbered ligands, 

however, both η2-superoxo and η2-peroxo were isolated;  Figure 1.2 shows copper η2-

peroxo copper complexes.20,21 

 

 Kitajima and coworkers18 synthesized and characterized the first side-on 

dicopper(II) peroxo complex using a tris(pyrazoyl)borate ligand system in 1989, shown 

in Figure 1.3. The copper(II) µ-η2:η2-peroxo binding mode is stabilized by sterically 

bulky ligands such as monoanionic tris(pyrazoyl)borates. 
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Sometimes copper µ-η2:η2-peroxo and bis(µ-oxo) isomerise easily in solution. 

Both isomers were observed in low temperature kinetic studies of [Cu](I) oxygenation, 

they exist in equilibrium due to their low isomerization energy barrier.22,23 The more 

compact bis µ-oxo core is favored by smaller ligands. Nucleoplilic ligands and polar 

solvents also favor the bis(µ-oxo) isomer by stabilizing the Cu(III) oxidation state.  

Tolman and coworkers19,20 reported the first copper bis(µ-oxo) complex in 1996 

using a  macrocyclic fac- triamine ligand system, shown in Figure 1.4. This binding mode 

is not common in biological systems due to the inaccessibility of the copper(III) 

oxidation state. Cu(III) is d8 and hence copper(III) bis(µ-oxo) complexes exhibit a square 

planar geometry and a Cu–Cu  distance of 2.80 Å. They are stabilized by electron-rich, 

compact ligands.  

 

Copper bis(µ-oxo) species are known to engage in hydrogen atom abstraction 

(HAA) owing to the electrophilicity of their oxygen atoms. In fact this property makes 

them attractive for C-H activation studies.  The following reaction24 (Scheme 1.4) 

illustrates the hydrogen atom abstraction from 9,10 dihydroanthracene by a copper bis(µ-
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oxo) complex to produce anthracene. The reaction was done in acetone solvent at -95 ºC 

under an inert atmosphere.  

Me N

N

N

Cu MeN

N

N

Cu
O

O

2+ (BArF-)2

[Cu] [Cu]
O

O
[Cu] [Cu]

H
O

O
H

2+

H

H 2+
Acetone

-95 °C
inert atm.

[Cu]2( -O)2 =

Scheme 1.4. HAA by Cu(III) bis( -oxo).

III III II II

 

The first β-diketiminato copper bis(µ-oxo) complex was first observed by Dai and 

Warren in 200128 but it was extremely reactive towards hydrogen atom abstraction as 

illustrated in Scheme 1.5.  Later in 2002 Tolman at the University of Minnesota, 

confirmed the Cu bis-µ-oxo  β-diketimine through low temperature resonance Raman 

(rR) studies.29 
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We have found that the use of the “C-H protected” 2,6-dichloro β-diketimine system 

(Figure 1.5) relatively stabilizes the copper bis(µ-oxo) intermediate towards hydrogen 

atom abstraction.31  

 

Our motivation to study the{[Cl2NN]Cu}2(µ-O)2 system is the possibility of generating 

copper nitrenes from amines and dioxygen (Scheme 1.6) and thus developing a more 

green route to C-H bond  amination.                                                                       
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 1.2. Results and Discussion 

1.2.1. Oxygenation of [Cl2**]Cu
I
 

  UV-vis studies of the oxygenation of {[Cl2NN]Cu}2(µ-benzene) show the 

growing in of the  {[Cl2NN]Cu}2(µ-O)2 peak at 400 nm as illustrated in Figure 1.6. The 

molar absorptivity (ε) of {[Cl2NN]Cu}2(µ-O)2 is estimated to be 19000 M-1cm-1 in 

benzene. Based on the molar absorptivity of {[Cl2NN]Cu}2(µ-O)2 and its maximum 

absorbance at 400 nm, only 0.103 % of  {[Cl2NN]Cu}2(µ-benzene) is converted to the 

copper bis(µ-oxo).    

0

1

2

275 375 475 575 675

Abs

Wavelength (nm)

0 
min
2 
min
4 
min
6 
min
8 
min
10 
min
12 
min
14 
min
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Our new β-diketiminato copper bis(µ-oxo) system, {[Cl2NN]Cu}2(µ-O)2, is 

relatively stable; room temperature UV-vis studies show a half life of 35 minutes 

(Figures 1.8 & 1.9) in benzene solution. Other copper bis(µ-oxo) systems in the literature 

are only stable at very low temperatures except for the system reported by Stack (Figure 

1.7) with a half life of 30 minutes at room temperature.30  
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Figure 1.8. Decomposition of {[Cl2NN]Cu}2( -O)2 in benzene at room temperature.
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3
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Abs

Wavelength  (nm)
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Figure 1.9. Decay of {[Cl2NN]Cu}2( -O)2 in benzene monitored at = 400 nm.

0

0.5

1

1.5

2

0 50 100 150 200

Abs

Time (min)

t1/2 = 35 min at R.T.t1/2 = 35 min at RT.

 

Room temperature UV-vis kinetic studies strongly suggest that the copper bis(µ-oxo) is 

reacting with toluene and ethylbenzene; however it is too complicated to quantitatively 

interpret. GCMS analysis of the UV-vis solutions shows no organic products. However 

preliminary GCMS evidence shows the formation of benzaldehyde from the reaction of 

toluene with copper bis(µ-oxo) at 95 ºC. 

  In collaboration with Prof. Bill Tolman and Dr. Lyndal Hill at the University of 

Minnesota, our Cu-oxo was authenticated as a copper bis-µ-oxo core with a breathing 
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vibrational mode at 606 nm, observed by resonance Raman (rR) in toluene at -80 ºC, 

exciting at 406 nm as illustrated in Figure 1.10. 
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Cu Cu
O

O

Figure 1.10. rR spectrum showing breathing vibrational mode of {[Cl2NN]Cu}2( -O)2.
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 The first X-ray crystal structure of a β-diketiminato copper bis(µ-oxo) system was 

obtained in our research laboratory. Dark green crystals of 2,6 dichloro-β-diketiminato 

copper bis(µ-oxo), {[Cl2NN]Cu}2(µ-O)2, were isolated at -10 °C by colleague Dr. Yosra 

Badiei. The crystals were formed by accidental oxidation of the corresponding copper(II) 

adamantyl amide during UV-vis studies. 

1.2.2. Decomposition of {[Cl2**]Cu}2(µµµµ-O)2  

The copper bis(µ-oxo) decomposes to the copper bis(µ-hydroxo); the source of 

hydrogen atoms is unclear (Scheme 1.7). Crystallization attempts of the   

{[Cl2NN]Cu}2(µ -O)2 from benzene and chlorobenzene resulted in the isolation of brown 

crystals of {[Cl2NN]Cu}2(µ -OH)2 (Figure 1.11).    
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N2

N3

N4

N1

Figure 1.11.     X-ray structure of {[Cl2NN]Cu}2(µ-OH)2. Selected bond distances (Å) 

                         and angles (°): Cu-O 1.9335(14), Cu-O' 1.9337(14), Cu-N1 1.9482(14),  

                         Cu-N2 1.9442(14), Cu-Cu 3.068(1), O-Cu-O' 74.99(7), O-Cu-N1  

                         95.44(6), O-Cu-N2 169.45(6), O-Cu'-N3 95.62(6), N1-Cu-N2 94.11(6), 

                         Cu-O-Cu' 105.01(7). 
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 Table 1.2.     Crystallographic data for {[Cl2NN]Cu}2(µ-OH)2. 

Project number 07047 

Formula C34H28Cl8Cu2N4O2 

Mol. Wt. 935.30 

Temp. (K) 173(2) 

Crystal description block 

Crystal color reddish brown 

Crystal size (mm3) 0.44×0.38×0.24  

System Monoclinic 

Space group C 2/c 

a (Å) 23.4435(15) 

b (Å) 10.1292(7) 

c (Å) 15.4673(5) 

α (deg) 90.00 

β (deg) 93.966(5) 

γ (deg) 90.00 
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1.2.3. Oxygenation of [Br2-p-tBu **]Cu
I
 

UV-vis studies of the oxygenation of {[Br2-p-tBu NN]Cu}2(µ-benzene) (Figure 

1.12), prepared by Dr. Badiei32, show the growing in of the  {[ Br2-p-tBu NN]Cu}2(µ-O)2 

peak at 415 nm as illustrated in Figure 1.13. The half life of {[ Br2-p-tBu NN]Cu}2(µ-O)2 

is estimated to be 10 minutes in benzene as shown in Figures 1.14 and 1.15. Large scale, 

as compared to UV-vis scale, oxygenation of {[Br2-p-tBu NN]Cu}2(µ-benzene) in 

ethylbenzene leads to the formation of a dark brown solution of presumably                    

{[ Br2-p-tBuNN]Cu}2(µ-OH)2. 

N

N

Cu

Br

Br
Br

Br

Figure 1.12. [Br2-p -tBuNN]Cu.
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Figure 1.14. Decomposition of {[Br2-p -tBuNN]Cu}2( -O)2 in benzene at RT.
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Figure 1.15. Decay of {[Br2-p -tBuNN]Cu}2( -O)2 in benzene monitored at = 415 nm.

 

  1.2.4. [O] group transfer from “copper bis(µµµµ-oxo)” complex to nucleophiles 

Impure samples of the copper bis(µ-oxo) complex, {[Cl2NN]Cu}2(µ-O)2, can be 

synthesized on a large scale (a few grams) by fast bubbling of dioxygen through 

{[Cl2NN]Cu}2(µ-benzene) solution in benzene upon which a green precipitate forms 

which is then isolated by simple filteration in the nitrogen glove box. However, the green 

solid is most likely a mixture of {[Cl2NN]Cu}2(µ-O)2 and {[Cl2NN]Cu}2(µ-OH)2. More 

pure copper bis(µ-oxo) can be obtained through low temperature synthesis. We did 

preliminary scouting reactions with our impure copper bis(µ-oxo) to see if it can transfer 

an oxygen atom to substrates. 
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Reaction of the green solid with trimethylphosphine produced phosphine oxide as we 

determined by 31P NMR (Scheme 1.8). 

 

 Reaction of {[Cl2NN]Cu}2(µ-O)2, generated in situ from {[Cl2NN]Cu}2(µ-

benzene), with 4-bromothioanisole leads to catalytic oxygen transfer forming                  

4-bromophenyl methyl sulphoxide as illustrated in Scheme 1.9.   

 

1.2.5. Exploring oxidative amination    

Since the copper bis(µ-oxo) is isoelectronic with copper nitrenes we explored the 

possibility of generating copper nitrenes from copper bis(µ-oxo) and simple amines; our 

hypothetical reaction is illustrated in Scheme 1.10. Copper nitrenes have been extensively 

studied in our laboratory and are known to insert into C-H bonds forming new C-N 

bonds.31 Hence the prospect of generating copper nitrenes from a β-diketiminato 
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copper(I) precursor and dioxygen is attractive since dioxygen is the most environmentally 

benign oxidant. 

   

We did preliminary reactivity studies with various amines to find out which 

amines can generate a copper nitrene from {[Cl2NN]Cu}2(µ-O)2. The green solid was 

heated with two equivalents of amine (assuming pure {[Cl2NN]Cu}2(µ-O)2) in neat 

hydrocarbon solvent at 80 °C in the presence of crushed molecular sieves. Reactions were 

performed under nitrogen using air tight pressure tubes; products were analyzed by 

GCMS. Aryl amines react with the green solid yielding 5 – 10 % diazene and hydrazine 

along with minor amination product. The results are summarized in Table 1.3. 
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Table 1.3.     C-H amination from amines and {[Cl2NN]Cu}2(µ-O)2. 

Amine Hydrocarbon/ Solvent GCMS Product(s) 

NH2

 

 

None 

  

/ Chlorobenzene 

None 

  

/ Chlorobenzene 

None 

 
 

None 

  

/ Benzene 

None 
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Table 1.3.     continued. 

 

 

N
N

 

NH2

 

 

ArN=NAr  + 

ArHN–NHAr  

 

 

ArN=NAr 

 

 

HN

 

ArN=NAr  + 

ArHN–NHAr 
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Table 1.3.     continued. 

 

 

HN

 

ArN=NAr  + 

ArHN–NHAr 

 

 HN

 

ArN=NAr  + 

ArHN–NHAr 

 

In the reactions of aryl amines with the copper bis(µ-oxo), the solutions change from 

green to dark blue after heating for 30 minutes, indicative of copper-diazene complex 

formation. The C-H amination product is formed only in the case of 2,6-substituted 

anilines. Only diazenes and hydrazines are formed in the reactions with less sterically 

encumbered anilines. 
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 Since our copper bis(µ-oxo) decomposes to copper bis(µ-hydroxo), we 

independently synthesized the copper hydroxide and studied its reactivity with anilines. 

{[Cl2NN]Cu}2(µ-OH)2 was independently synthesized by refluxing an equivalent of the 

free β-diketimine ligand H[Cl2NN] with an equivalent of copper(II) acetate monohydrate  

in methanol for two days in the  presence of the base triethylamine (Scheme 1.11). 

{[Cl2NN]Cu}2(µ-OH)2, a brown solid,  is isolated by simple filtration in 97 % yield. This 

procedure was similarly used by Itoh et al. to prepare [Cu]2(µ-OH)2 compounds.33 

 

{[Cl2NN]Cu}2(µ-OH)2 was characterized by IR spectroscopy where it exhibits a 

characteristic OH stretch at 3696 cm-1. It was further characterized by UV-Vis 

spectroscopy, where it exhibits an absorbance feature at 575 nm, and a corresponding 

molar absorptivity of 255 M-1cm-1. This synthetic method, however, does not always lead 

to [Cu]2(µ-OH)2. The use of more sterically hindered H[Br3NN] ligand leads to formation 

of dark green crystals of copper acetate as illustrated in Scheme 1.12. The X-ray structure 

of [Br3NN]Cu-(O2CMe) is shown in Figure 1.16. 



28 

 

 



29 

 

O2

O1
N1

N2

Cu

Br

Br

Br

Br Br

Br
 

Figure 1.16.     X-ray structure of [Br3NN]Cu(O2CMe). Selected bond distances (Å) and 

                         angles (°):Cu-O1 2.010(5), Cu-O2 2.019(5), Cu-N1 1.902(6), Cu-N2  

                         1.918(6), N1-Cu-N2 96.3(3), N1-Cu-O1 98.0(2), N2-Cu-O2 100.5(2),  

                              N1-Cu-O2 162.8(2), N2-Cu-O1 165.3(2), O1-Cu-O2 65.4(2). 
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Table 1.4.     Crystallographic data for [Br3NN]Cu-(O2CMe). 

Project number 08170 

Formula C19H14Br6CuN2O2 

Mol. Wt. 847.29 

Temp. (K) 100(0) 

Crystal description Plate 

Crystal color Green 

Crystal size (mm3) 0.52×0.20×0.10  

System Monoclinic 

Space group P2 (1)/n 

a (Å) 12.0310(16) 

b (Å) 14.073(2) 

c (Å) 14.475(2) 

α (deg) 90.00 

β (deg) 101.047(2) 

γ (deg) 90.00 
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The reactivity of {[Cl2NN]Cu}2(µ-OH)2 was then studied. The copper hydroxide 

was heated with two equivalents of an aniline in neat ethylbenzene in the presence of 

crushed molecular sieves; reactions were done under nitrogen using air tight pressure 

tubes; products were analyzed by GCMS. Anilines react with {[Cl2NN]Cu}2(µ-OH)2 

yielding 5 – 15 % amination product along with trace amounts of diazene and hydrazine. 

The results are summarized in Table 1.5. 
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Table 1.5. C-H amination from anilines and {[Cl2NN]Cu}2(µ-OH)2. 

Aniline Reaction temperature GCMS Product(s) 

 

 

80 °C 

 

None 

 

 

130 °C 
HN

 

 

 

80 °C 

 

None 

 

 

130 °C HN

 

 

 

130 °C 
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    The C-H amination achieved with copper hydroxide is a surprising result since we 

always thought of the copper hydroxide as a dead end. However the C-H amination 

reaction requires relatively high temperatures (~ 135 °C) and long reaction times. We 

find that heating the 2,6-dichloro β-diketiminato bis(µ-hydroxo) complex with 2,4,6-

trimethylaniline in ethylbenzene at ~ 135 °C for 7 days produces the desired C-H 

amination product in ~ 15 % yield along with decomposed β-diketimine ligand. 

The copper hydroxide complex, being isoelectronic with copper tert-butoxide, 

probably converts to the corresponding copper amide with the elimination of water as 

illustrated in Scheme 1.13. Interestingly, DFT studies performed in our group have 

suggested that the copper hydroxide to copper amide transformation is more favored than 

the copper tert-butoxide to copper amide transformation by approximately 7 kcal/mol. 
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Once formed the copper amide can aminate C-H bonds. The C-H amination 

reaction with amides has been studied by my colleague Stefan Wiese where he 

investigated the reaction of adamantyl amide with indane (Scheme 1.14). 
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 The formation of copper amides from the copper hydroxide is exciting since it 

suggests the possibility for developing a new β-diketiminato copper (I) catalyzed C-H 

amination process employing amines and inexpensive, environmentally friendly 

hydrogen peroxide oxidant where water is the only byproduct. Our proposed mechanism 

is illustrated in Scheme 1.15. 

 

In the C-H amination reaction illustrated in Scheme 1.15; copper(I) is oxidized to 

copper(II) hydroxide which exists primarily as a dimer (resting state); amine water 

metathesis at the terminal copper hydroxide produces the copper(II) amide intermediate 

which abstracts a hydrogen from indane to form indenyl radical and copper(I) amine. 

Copper(II) amide and indenyl radical combination gives the amination product and the 

copper(I) catalyst is regenerated.  
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Alternatively the copper bis(µ-hydroxo) complex might eliminate water to form 

copper bis oxo which then reacts with the amine to form copper nitrene. Once formed the 

2,6-dichloro β-diketiminato copper nitrene can insert into C-H bonds to give the desired 

amination product. Scheme 1.16 shows our proposed mechanism for [Cu]2(µ-O) 

mediated C-H amination.    

 

 In the C-H amination reaction illustrated in Scheme 1.16; [Cu]2(µ-OH)2 

eliminates water forming a dicopper oxo species in equilibrium with a terminal copper 

oxo species. Reaction of the amine with the terminal oxo species then produces the 

terminal copper nitrene which inserts in ethylbenzene. 
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1.2.6. [O] group transfer from {[Cl2**]Cu}2(µµµµ-OH)2 complex to PPh3 

 Preliminary reactivity studies of {[Cl2NN]Cu}2(µ-OH)2 with triphenylphosphine 

at 80 °C in C6D6 show the formation of triphenylphosphine oxide as determinted by 31P 

NMR. This suggests that a copper oxo species is formed from the copper hydroxide 

(Scheme 1.17). 

 

1.2.7. C-H amination with [Br3**]Cu(O2CMe) 

The reactivity of [Br3NN]Cu(O2CMe) was then studied. Two equivalents of the 

complex were heated with one equivalent of an aniline in neat ethylbenzene; reactions 

were done under nitrogen using air tight pressure tubes; products were analyzed by 

GCMS. 2,4,6-trimethylaniline reacts with [Br3NN]Cu(O2CMe) to form the corresponding 

diazene along with trace amounts of amination product. 3,5-bis(trifluoromethyl)aniline 

reacts with [Br3NN]Cu(O2CMe) to form the amination product; no diazene is observed. 

We believe that the reaction goes through a copper amide intermediate as illustrated in 

Scheme 1.18. The electron withdrawing character of the trifluoromethyl groups on the 
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3,5-bis(trifluoromethyl)aniline makes the copper amide intermediate more electrophilic 

and hence more reactive towards hydrogen atom abstraction.  

Scheme 1.18. C-H amination with [Br3NN]Cu(O2CMe).
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Furthermore we have found that [Br3NN]Cu(O2CMe) acts as a precatalyst in the 

C-H amination of ethylbenzene employing 3,5-bis(trifluoromethyl)aniline and di-tert-

butylperoxide oxidant as illustrated in Scheme 1.19. This is an exciting finding since the 

[Br3NN]Cu(O2CMe) precatayst is air-stable while the corresponding copper(I) catalyst, 
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[Br3NN]Cu, is air sensitive. Hence the precatalyst would be easier to store and handle. 

The catalytic C-H amination reaction employing di-tert-butylperoxide oxidant and β-

diketiminato copper(I) catalyst, [Cl2NN]Cu, has been extensively studied by my 

colleague Ray Gephart.34   

 

1.3. Conclusion and Future Work 

We started our investigation targeting a β-diketiminato copper bis(µ-oxo) 

complex thinking that it might react with amines to form copper nitrenes, thus effecting 

oxidative C-H amination. It turns out that our copper bis(µ-oxo) complex, 

{[Cl2NN]Cu}2(µ-O)2, decomposes to the copper hydroxide, {[Cl2NN]Cu}2(µ-OH)2, 

through HAA. The source of hydrogen atoms is unknown. Interestingly we found that the 

copper hydroxide is active in C-H amination. However high temperatures and long 

reaction times are required due to the dimeric nature of the copper hrdroxide. 

Future studies will target the direct synthesis of β-diketiminato copper hydroxides 

and the exploration of their reactivity towards C-H amination. A different synthetic 
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protocol is needed for the synthesis of the copper hydroxide since the procedure we used 

may lead to formation of copper acetate along with the copper hydroxide. A possible 

route to make the copper hydroxide is through reacting the corresponding copper chloride 

with a metal hydroxide as illustrated in Scheme 1.20.  

 

Design of new β-diketimine ligands with sterically demanding N-aryl substituents 

is necessary to disfavor the rapid dimerization of the terminal copper hydroxide to 

unreactive copper bis(µ-hydroxo) species and possibly to enable C-H amination with 

ammonia to produce primary amines. Electron withdrawing substituents on the ligand are 

also necessary to stabilize the copper(I) species towards protonation by water or 

hydrogen peroxide. Figure 1.21 depicts new ligand targets.  
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Figure 1.21. Possible ligand targets to stabilize monomeric copper hydroxide.
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 We have also found that [Br3NN]Cu(O2CMe) is a precatalyst for the C-H 

amination reaction employing di-tert-butylperoxide oxidant thus providing a means for 

easier catalyst storage and handling. Future studies will investigate whether 
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[Cl2NN]Cu(O2CMe) is a suitable precatalyst for C-H amination with di-tert-

butylperoxide oxidant. Other oxidants such as tert-butoxide acetate, tBuOOAc, may be 

tested as well. 

In summary we have found that β-diketiminato copper hydroxides are active in 

oxidative C-H amination rather than β-diketiminato copper bis(µ-oxo) species. However 

the dimeric nature of the our copper hydroxide complex, {[Cl2NN]Cu}2(µ-OH)2, makes it 

sluggish. Therefore ligand modification is required to disfavor the dimerization of the 

copper hydroxide and make it more reactive. We have also found that the β-diketiminato 

copper acetate, [Br3NN]Cu(O2CMe), acts as a precatalyst for the C-H amination reaction 

using di-tert-butylperoxide oxidant.  

1.4. Experimental 

General experimental details. 

All experiments were carried out in a dry nitrogen atmosphere using an MBraun 

glovebox and/or standard Schlenk techniques when required. 4Å molecular sieves were 

activated at 180 °C for  24 h and all glassware was oven dried at 120 °C prior to use. 

Anhydrous toluene, benzene, chlorobenzene, and acetonitrile were purchased from 

Aldrich and stored over 4Å molecular sieves prior to use. Diethyl ether, tetrahydrofuran 

(THF) and pentane were distilled before use from sodium/benzophenone. All deuterated 

solvents were sparged with nitrogen, dried with 4Å molecular sieves and stored under 
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nitrogen. 1H spectra were recorded on a Mercury Varian 300 and 400 NMR 

spectrometers at 300 and 400 MHz. All NMR spectra were taken at 25 °C and were 

indirectly referenced to TMS using residual solvent signals as internal standards, while 

31P NMR spectra were referenced against external 85 % H3PO4.  Infrared spectra were 

recorded on a Perkin-Elmer Spectrum One FTIR spectrometer using an attenuated 

internal reflectance sample holder. UV-vis studies were performed using Varian Cary 100 

and Varian Cary 50 spectrometers. GCMS spectra were recorded on a Varian instrument. 

Anhydrous CuI was obtained from Strem while organics such as hydrocarbons, anilines 

and amines were obtained from Aldrich or Acros. These reagents were used as received. 

{[Cl2NN]Cu}2(µ-benzene)30 was prepared according to a literature procedure.           

{[Br2-p-tBuNN]Cu}2(µ-benzene) was given to me by Dr. Badiei.32  

Oxygenation of {[Cl2**]Cu}2(µµµµ-benzene). 

Excess dioxygen is bubbled through a 0.1 mM {[Cl2NN]Cu}2(µ-benzene) solution and 

the reaction is followed by UV-vis spectroscopy at RT. A peak grows in immediately at 

400 nm, characteristic of {[Cl2NN]Cu}2(µ-O)2. The 400 nm {[Cl2NN]Cu}2(µ-O)2 feature 

then decays exhibiting a 35 min half life. {[Cl2NN]Cu}2(µ-O)2 is characterized by UV-

vis spectroscopy (ε = 19000 M-1cm-1 at λ = 400 nm in benzene) and resonance Raman 

spectroscopy [Cu2(µ-16O)2 str = 606 cm-1, Cu2(µ-18O)2 str = 575 cm-1, exciting 
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wavelength = 406 nm]  in collaboration with Prof. Bill Tolman and Dr. Lyndal Hill at the 

Univ. of Minnesota. 

Oxygenation of {[Br2-p-tBu**]Cu}2(µµµµ-benzene). 

Excess dioxygen is bubbled through a 0.1 mM {[Br2-p-tBuNN]Cu}2(µ-benzene) solution 

and the reaction is followed by UV-vis spectroscopy at RT. A peak grows in immediately 

at 415 nm, characteristic of {[Br2-p-tBuNN]Cu}2(µ-O)2. The 415 nm {[Br2-p-

tBuNN]Cu}2(µ-O)2 feature then decays fast exhibiting a 10 min half life. 

Synthesis of {[Cl2**]Cu}2(µµµµ-O)2.  

Ten equivalents of dioxygen (305 ml, 12.50 mmol) are bubbled through a yellow solution 

of {[Cl2NN]Cu}2(µ-toluene) (1.14 g, 1.250 mmol) in 30 ml chlorobenzene where a green 

precipitate forms immediately. The solution is sparged with nitrogen and worked up 

inside the glove box. The solution is filtered to afford 0.745 g (70%) of dark green 

powder. 

Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with trimethyl phosphine. 

Two equivalents of trimethylphosphine (0.233 ml of 1 M solution in THF, 0.280 mmol) 

are added to one equivalent {[Cl2NN]Cu}2(µ-O)2 (50 mg, 0.070 mmol). 31P NMR shows 

the formation of [Cl2NN]Cu(PMe3) (δ = -46.117 ppm) and [Cl2NN]Cu(OPMe3) (δ = 

30.969 ppm ) in a 1:1 ratio. 
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Catalytic 4-bromothioanisole oxygenation attempt using {[Cl2**]Cu}2(µµµµ-benzene). 

One equivalent of 4-bromothioanisole (20 mg, 0.098 mmol) and one equivalent of 1,2,4,5 

tetrachlorobenzene (22 mg, 0.098 mmol) internal standard are added to 10 mol % 

{[Cl2NN]Cu}2(C6H6) (9.6 mg, 0.0098 mmol) in 10 ml benzene. Dioxygen is bubbled 

through the solution for 10 min.  EI GCMS analysis shows the formation of the              

4-bromophenyl methyl sulphoxide oxygenated product (m/z = 220). 

Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with toluamide. 

Two equivalents of toluamide (34 mg, 0.229 mmol) and two equivalents naphthalene (29 

mg, 0.229 mmol) internal standard are added to one equivalent {[Cl2NN]Cu}2(µ-O2) (103 

mg, 0.115 mmol) in 15 ml chlorobenzene solvent. The solution is then heated at 80 °C in 

a sealed pressure vessel under nitrogen for 8 hours in the presence of crushed molecular 

sieves: solution changes from green to brown. GCMS analysis shows no C-H amidation 

product. 

Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with butyl carbamate. 

Two equivalents of butyl carbamate and two equivalents naphthalene (2.23 ml of 0.211 

M solution in chlorobenzene, 0.471 mmol) internal standard are added to one equivalent 

{[Cl2NN]Cu}2(µ-O2) (211 mg, 0.236 mmol) in 15 ml chlorobenzene solvent. The 

solution is then heated at 80 °C in a sealed pressure vessel under nitrogen for 8 hours in 
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the presence of crushed molecular sieves: solution changes from green to brown. GCMS 

analysis shows no C-H amidation product. 

Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with p-toluenesulphonamide in ethylbenzene. 

Two equivalents of p-toluenesulphonamide (42 mg, 0.223 mmol) and two equivalents 

naphthalene (29 mg, 0.223 mmol) internal standard are added to one equivalent 

{[Cl2NN]Cu}2(µ-O2) (100 mg, 0.112 mmol) in 15 ml ethylbenzene solvent. The solution 

is then heated at 80 °C in a sealed pressure vessel under nitrogen for 8 hours in the 

presence of crushed molecular sieves: solution changes from green to brown. GCMS 

analysis shows no C-H amidation product. 

Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with 2-propylaniline. 

Two equivalents of 2-propylaniline and two equivalents naphthalene (1.07 ml of 0.280 M 

solution in benzene, 0.214 mmol) internal standard are added to one equivalent 

{[Cl2NN]Cu}2(µ-O2) (100 mg, 0.107 mmol) in 15 ml benzene solvent. The solution is 

then heated at 80 °C in a sealed pressure vessel under nitrogen for 8 hours in the presence 

of crushed molecular sieves: solution changes from green to blue after heating for 30 min 

then it turns brown on exposure to air. GCMS analysis shows no C-H amination product. 
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Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with 2-isopropylaniline in ethylbenzene. 

Two equivalents of 2-isopropylaniline and two equivalents naphthalene (0.764 ml of 

0.280 M solution in ethylbenzene, 0.214 mmol) internal standard are added to one 

equivalent {[Cl2NN]Cu}2(µ-O2) (100 mg, 0.107 mmol) in 15 ml ethylbenzene solvent. 

The solution is then heated at 80 °C in a sealed pressure vessel under nitrogen for 8 hours 

in the presence of crushed molecular sieves: solution changes from green to dark blue 

after heating for 30 min then it turns brown on exposure to air. CI GCMS analysis shows 

no C-H amination product however formation of diazene ((m+1)/z = 267) is observed. 

Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with 3,5-dimethylaniline in ethylbenzene. 

Two equivalents of 3,5-dimethylaniline and two equivalents naphthalene (1.07 ml of 

0.213 M solution in ethylbenzene, 0.214 mmol) internal standard are added to one 

equivalent {[Cl2NN]Cu}2(µ-O2) (100 mg, 0.107 mmol) in 15 ml ethylbenzene solvent. 

The solution is then heated at 80 °C in a sealed pressure vessel under nitrogen for 8 hours 

in the presence of crushed molecular sieves: solution changes from green to dark blue 

after heating for 30 min then it turns brown on exposure to air. EI GCMS analysis shows 

no C-H amination product however some formation of diazene (m/z = 238) and 

hydrazine (m/z = 240) is observed. 
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Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with 2-isopropyl,6-methylaniline in ethylbenzene. 

Two equivalents of 2-isopropyl,6-methylaniline and two equivalents naphthalene (1.07 

ml of 0.213 M solution in ethylbenzene, 0.214 mmol) internal standard are added to one 

equivalent {[Cl2NN]Cu}2(µ-O2) (100 mg, 0.107 mmol) in 15 ml ethylbenzene solvent. 

The solution is then heated at 80 °C in a sealed pressure vessel under nitrogen for 8 hours 

in the presence of crushed molecular sieves: solution changes from green to dark blue 

after heating for 30 min then it turns olive green on exposure to air. CI GCMS analysis 

shows no C-H amination product however some formation of diazene ((m+1)/z = 297) is 

observed. 

Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with 2,6-diisopropylaniline in ethylbenzene. 

Two equivalents of 2,6-diisopropylaniline and two equivalents naphthalene (1.07 ml of 

0.213 M solution in ethylbenzene, 0.214 mmol) internal standard are added to one 

equivalent {[Cl2NN]Cu}2(µ-O2) (100 mg, 0.107 mmol) in 15 ml ethylbenzene solvent. 

The solution is then heated at 80 °C in a sealed pressure vessel under nitrogen for 8 hours 

in the presence of crushed molecular sieves: solution changes from green to dark blue 

after heating for 30 min then it turns brown on exposure to air. CI GCMS analysis shows 

the formation of the C-H amination product ((m+1)/z = 282) along with formation of the 

diazene ((m+1)/z = 351) and hydrazine ((m+1)/z = 353) products. 
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Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with 2,6-diisopropylaniline in indane. 

Two equivalents of 2,6-diisopropylaniline and two equivalents naphthalene (1.07 ml of 

0.213 M solution in indan, 0.214 mmol) internal standard are added to one equivalent 

{[Cl2NN]Cu}2(µ-O2) (100 mg, 0.107 mmol) in 15 ml indane solvent. The solution is then 

heated at 80 °C in a sealed pressure vessel under nitrogen for 8 hours in the presence of 

crushed molecular sieves: solution changes from green to dark blue after heating for 30 

min then it turns brown on exposure to air. CI GCMS analysis shows the formation of the 

C-H amination product (m/z = 293) along with formation of the diazene ((m+1)/z = 351) 

and hydrazine ((m+1)/z = 353) products. 

Reaction of {[Cl2**]Cu}2(µµµµ-O)2 with 2,4,6-trimethylaniline in ethylbenzene. 

Two equivalents of 2,4,6-trimethylaniline and two equivalents naphthalene (1.07 ml of 

0.213 M solution in ethylbenzene, 0.214 mmol) internal standard are added to one 

equivalent {[Cl2NN]Cu}2(µ-O2) (100 mg, 0.107 mmol) in 15 ml ethylbenzene solvent. 

The solution is then heated at 80 °C in a sealed pressure vessel under nitrogen for 8 hours 

in the presence of crushed molecular sieves: solution changes from green to dark blue 

after heating for 30 min then it turns brown on exposure to air. CI GCMS analysis shows 

the formation of the C-H amination product ((m+1)/z = 240) in 1.05 % yield, along with 

formation of the diazene ((m+1)/z = 267) and hydrazine ((m+1)/z = 269) products. The 

amination product is independently synthesized by my colleague Raymond Gephart; the 
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yield is obtained by comparing the response factors of the product relative to the standard 

in both the reaction mixture and a pure sample of the product. 

Synthesis of {[Cl2**]Cu}2(µµµµ-OH)2. 

Following a literature procedure33, 2,6-dichloro-β-diketimine H[Cl2NN] (1.000 g, 2.567 

mmol)  is added to copper(II) acetate monohydrate (0.523 g, 2.620 mmol) in 110 ml 

methanol. 1 equivalent triethyl amine (0.275 g, 2.718 mmol) is added and the reaction is 

refluxed for 48 hours. The product is isolated by simple filteration as a brown solid in 97 

% yield. {[Cl2NN]Cu}2(µ-OH)2 is characterized by UV-vis spectroscopy (ε = 255.2 M-

1cm-1 at λ = 575 nm in toluene) and infrared spectroscopy (OH str = 3696 cm-1).  

Synthesis of [Br3**]Cu(O2CMe). 

 2,4,6-tribromo-β-diketimine H[Br3NN] (2.000 g, 2.782 mmol)  is added to copper(II) 

acetate monohydrate (0.565 g, 2.831 mmol) in 180 ml methanol. 1 equivalent triethyl 

amine (0.300 g, 2.936 mmol) is added and the reaction is refluxed for 48 hours. The 

product is isolated by simple filteration as a a dark green solid in 95 % yield. 

Recrystallization from ether gives dark green crystals of [Br3NN]Cu(O2CMe). 

Reaction of {[Cl2**]Cu}2(µµµµ-OH)2 with 2,4,6-trimethylaniline in ethylbenzene. 

Two equivalents of 2,4,6-trimethylaniline and two equivalents naphthalene (1.07 ml of 

0.213 M solution in ethylbenzene, 0.214 mmol) internal standard are added to one 
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equivalent {[Cl2NN]Cu}2(µ-OH2) (100 mg, 0.107 mmol) in 15 ml ethylbenzene solvent. 

The solution is then heated at 130 °C in a sealed pressure vessel under nitrogen overnight 

in the presence of crushed molecular sieves: solution turns dark green after heating for 30 

min then it turns brown after heating overnight. CI GCMS analysis shows the formation 

of the C-H amination product ((m+1)/z = 240) in 2.5 % yield. The amination product is 

independently synthesized by my colleague Raymond Gephart; the yield is obtained by 

comparing the response factors of the product relative to the standard in both the reaction 

mixture and a pure sample of the product. Redoing the reaction with heating at 135 °C for 

one week we get the amination product in 15 % yield. 

Reaction of {[Cl2**]Cu}2(µµµµ-OH)2 with 2,6-diisopropylaniline in ethylbenzene. 

Two equivalents of 2,6-diisopropylaniline and two equivalents naphthalene (1.07 ml of 

0.213 M solution in ethylbenzene, 0.214 mmol) internal standard are added to one 

equivalent {[Cl2NN]Cu}2(µ-O2) (100 mg, 0.107 mmol) in 15 ml ethylbenzene solvent. 

The solution is then heated at 130 °C in a sealed pressure vessel under nitrogen overnight 

in the presence of crushed molecular sieves. The solution turns dark green after heating 

for 30 min then it turns brown after heating overnight. CI GCMS analysis shows the 

formation of the C-H amination product ((m+1)/z = 240). Ligand decomposition is 

observed. 
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Reaction of {[Cl2**]Cu}2(µµµµ-OH)2 with 3,5-bis(trifluoromethyl)aniline in 

ethylbenzene. 

Two equivalents of 3,5-bis(trifluoromethyl)aniline and two equivalents naphthalene (1.07 

ml of 0.213 M solution in ethylbenzene, 0.214 mmol) internal standard are added to one 

equivalent {[Cl2NN]Cu}2(µ-OH2) (100 mg, 0.107 mmol) in 15 ml ethylbenzene solvent. 

The solution is then heated at 130 °C in a sealed pressure vessel under nitrogen overnight 

in the presence of crushed molecular sieves. The solution turns dark green after heating 

for 30 min then it turns brown after heating overnight. CI GCMS analysis shows the 

formation of the amination product ((m+1)/z = 334); conversion of 3,5-

bis(trifluoromethyl)aniline is 20 %. 

Reaction of {[Br2-p-tBu**]Cu}2(µµµµ-OH)2 with 2,4,6-trimethylaniline in ethylbenzene. 

{[Br2-p-tBuNN]Cu}2(µ-benzene) (37 mg, 0.024 mmol) is dissolved in 5 ml ethylbenzene, 

the solution immediately turns brown on exposure to air forming  {[tbut-Br2NN]Cu}2(µ-

OH)2. The solution is then sparged with nitrogen. In the glove box, two equivalents of 

2,4,6-trimethyl aniline (120 µl, 0.024 mmol) are added to the copper solution along with 

crushed molecular sieves. The reaction mixture is heated for 7 days at 130 °C. CI GCMS 

analysis shows formation of the diazene product ((m+1)/z = 267), conversion of 2,4,6-

trimethylaniline is 27.8 % as determined from GCMS. 
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Reaction of {[Cl2**]Cu}2(µµµµ-OH)2 with triphenyl phosphine. 

Two equivalents of triphenylphosphine (28 mg, 0.107 mmol) are added to one equivalent 

{[Cl2NN]Cu}2(µ-OH)2 (50 mg, 0.053 mmol) in C6D6. The reaction is heated overnight at 

80 °C in a sealed pressure vessel under nitrogen. 31P NMR shows the formation of 

[Cl2NN]Cu(Pph3) (δ = 6.125 ppm) and [Cl2NN]Cu(OPph3) (δ = 25.583 ppm ) in a 3:1 

ratio.  

Reaction of [Br3**]Cu(O2CMe) with 2,4,6-trimethylaniline in ethylbenzene. 

One equivalent 2,4,6-trimethylaniline (375 µl, 0.075 mmol) is added to two equivalents 

[Br3NN]Cu-(acetate) (120 mg, 0.141 mmol) in 5 ml ethylbenzene. The reaction is heated 

for 2 days at 130°C in a sealed pressure vessel under nitrogen. EI GCMS analysis shows 

the formation of the diazene (m/z = 268) along with minor C-H amination product (m/z = 

240). 

Reaction of [Br3**]Cu(O2CMe) with 3,5-bis(trifluoromethyl)aniline in 

ethylbenzene. 

One equivalent 3,5-bis(trifluoromethyl)aniline (685 µl, 0.137 mmol) is added to two 

equivalents [Br3NN]Cu(O2CMe) (220 mg, 0.260 mmol) in 5 ml ethylbenzene. The 

reaction is heated for 2 days at 130°C in a sealed pressure vessel under nitrogen. CI 

GCMS analysis shows the formation of the C-H amination product ((m+1)/z = 334). 
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Catalytic C-H amination of ethylbenzene using [Br3**]Cu(O2CMe) precatalyst. 

One equivalent 3,5-bis(trifluoromethyl)aniline (129 µl, 0.825 mmol), one equivalent di-

tert-butylperoxide (152 µl, 0.825 mmol), one equivalent 1,2,4,5 tetrachlorobenzene (178 

mg, 0.825 mmol) internal standard and 5 mol%  [Cl2NN]Cu(O2CMe) (35 mg, 0.0413 

mmol) are mixed in 20 ml ethylbenzene solution. The reaction mixture is heated at 80 °C 

overnight in a pressure vessel under nitrogen. CI GCMS analysis shows formation of the 

C-H amination product ((m+1)/z = 334). 
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Chapter 2 

Catalytic C-H Amidation using a Fluorinated ββββ-Diketiminato Copper(I) 

Complex 

 2.1. Introduction 

Organic amides are present in many natural and pharmaceutical targets such as 

ergotamine used to treat migraine disorder and procainamide used to treat and prevent 

cardiac arrest1 (Figure 2.1). Accordingly there is a need for developing cost effective and 

environmentally benign approaches to synthesize them. 
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The ACS Green Chemistry Institute Pharmaceutical Roundtable indicated that, 

“Essentially all medicines and current drug candidates contain at least one basic nitrogen 

atom” in their 2007 report outlining key green chemical research areas that would benefit 

the industry.2 Thus the development of new methods for C-N bond construction can have 

a large impact on the environment.  

Common synthetic methods focus on forming the amide bond through 

condensation reactions such as the condensation of HCl from an acid chloride and an 

amine, the condensation of carboxylic acid from an anhydride and an amine, and the 

condensation of water from a carboxylic acid and an amine to form the amide bond 

similar to proteins where peptide bonds are made by the condensation of water from 

amino acids. These reactions, however, generate a lot of waste (Scheme 2.1). 
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An atom economic way to make amide bonds is through the acid catalyzed Ritter reaction 

which involves the addition of a nitrile to a carbenium ion, followed by hydrolysis to 

form the amide bond (Scheme 2.2).3 

 

Alternatively more complex amides can be made from simpler ones through 

conversion of C-H bonds to C-N bonds. The vast majority of methods employed for the 

introduction of C-N bonds involve functional group interconversions for the synthesis of 

organic amides.4-10 In contrast the direct conversion of C-H bonds to C-N bonds is an 

attractive and efficient alternative. Current C-H amidation processes typically employ 

electron deficient amides along with environmentally unfriendly oxidants.11 Costly 

Rh,9,12-15 Ru,16-18 or Au19 catalysts are often employed, however some successful systems 

employ cheaper metals such as Ag,20-22 Mn,17 Co,23,24 and Cu.25-28 Several copper 

catalyzed C-H amidation processes have been developed in the past few years. For 

example in Powell’s system C-H amidation is catalyzed by air-stable copper(II) 

phenanthroline in the presence of tert-butoxide acetate oxidant to give the product in 

moderate yield at moderate temperature as illustrated in Scheme 2.3.29 
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In Fu’s system C-H amidation is catalyzed by the air-stable copper(I) bromide salt in the 

presence of  N-bromosuccinamide oxidant to give the product in moderate yield at 

moderate temperature as illustrated in Scheme 2.4.30 

 

Recently Li and coworkers developed a C-H amidation system for aryl C-H bonds. C-H 

amidation is catalyzed by the air-stable copper(I) bromide salt in the presence of di-tert-

butylperoxide oxidant to give the product in good yield at 120 °C as illustrated in Scheme 

2.5.31 
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Another C-H amidation reaction has been developed by Fu and coworkers using an iron 

salt as catalyst. In their system C-H amidation is catalyzed by the air-stable iron(II) 

chloride salt in the presence of  N-bromosuccinamide oxidant to give the product in 

moderate yield at 50 °C as illustrated in Scheme 2.6.32 

 

Complementary to other C-H amidation systems in the literature, we have found a 

promising, direct route to convert C-H bonds to C-N bonds using unactivated amides 

H2(CO)NR1 or H(CO)NR1R2 along with an inexpensive oxidant and copper-based 

catalyst system. Our C-H amidation method is unique in that we have access to studying 

the reaction intermediates which gives us an opportunity to better understand copper-

based C-H amidation processes. Our goal is to develop a catalytic system to expand the 

scope of the copper based C-H amidation reaction.  
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Motivated by the success of the C–H amination reaction catalyzed by [Cl2NN]Cu 

using di-tert-butylperoxide as an inexpensive environment friendly oxidant33, we sought 

to investigate the possibility of achieving the same reactivity with organic amides instead 

of amines. 

 

In the C-H amination reaction illustrated in Schemes 2.7 and 2.8; the copper(I) precursor 

is oxidized to copper(II) tert-butoxide, then amine t-butanol metathesis produces the 

copper(II) amide intermediate which abstracts a hydrogen from indane to form indenyl 

radical and copper(I) amine. Copper(II) amide and indenyl radical combination gives the 

amination product and the copper(I) catalyst is regenerated. In support of this mechanism, 

its reactive intermediates (Figure 2.2), copper(II) t-butoxide and copper(II) adamantyl 

amide, were isolated by my colleagues Dr. Matthew Varonka and Dr. Yosra Badiei. 



 

 

64 

 

 

 

Given the success of the C-H amination system, we investigated the reactivity of copper 

β-diketimines towards C-H amidation.  

2.2. Results and Discussion 

2.2.1. C-H amidation with [Cl2$$]Cu 

Using 50 mol% β-diketiminato copper(I) catalyst loading [Cl2NN]Cu, we observe 

catalytic C-H amidation with benzamide and pyrrolidinone in neat ethylbenzene and 

cyclohexane at room temperature (Scheme 2.9). The amidation products are characterized 
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by GCMS and 1H NMR, yields are determined from 1H NMR. The results are 

summarized in Table 2.1. 

 

Table 2.1. C-H amidation at RT using 50 mol% [Cl2NN]Cu.  

Amide C-H substrate 

(Solvent) 

Product Yield 

(NMR) 

  

 

 

60 % 

NH

O

 
 

 

 

87 % 

 
 HN

O

 

 

48 % 

NH

O

 
 

N O

 

 

65 % 
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The amidation of ethylbenzene with toluamide and pivalamide resulted in trace amounts 

of amidation products. This might be evidence for the copper(II) amide intermediate 

where it abstracts a hydrogen from its methyl group before it can find an ethylbenzene 

solvent molecule as illustrated  in Scheme 2.10. This shows that the copper(II) amide 

intermediate is very reactive towards hydrogen atom abstraction. 

OBut + 2[Cu] N
H

O

2

- 2 HOBut

2
H
N

O

H2
C

[Cu]

H

HN

O O

N
H+

H

H

H

H
N

O

H2C

+ [Cu]
H

Scheme 2.10. Deactivation of [Cl2NN]Cu(II)-toluamide.
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2.2.2. Reactivity of ββββ-diketiminato copper(I) complxes with organic amides 

No C-H amidation occurs with lower [Cl2NN]Cu catalyst loadings. We found that 

benzamide undergoes an acid base reaction with the anionic β-diketimine ancillary ligand 

thereby decomposing [Cl2NN]Cu into the free ligand, as observed by 1H NMR (Figure 

2.3), and an insoluble copper(I) amide salt. Other less acidic organic amides such as 

pyrrolidinone and pivalamide also protonate the ligand as illustrated in Scheme 2.11. 
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Figure 2.3. 1H NMR spectrum (400 MHz, C6D6 , RT) of reaction of PhC(O)NH2

with {[Cl2NN]Cu}2( -benzene).

*

* *

* H[Cl2NN]

* [Cl2NN]Cu

 

To shut down the decomposition of the copper(I) catalyst by organic amides we 

need a less basic ancillary ligand. So we investigated the reactivity of the fluorinated 

[Cl2NNCF3]Cu complex, synthesized by my colleague Stefan Wiese, with organic amides 

to test whether the ligand will be protonated (Scheme 2.12).  
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N

N

Cu

Cl

ClF3C

F3C

Cl

Cl
C6D6

Ph

O

NH2

No Rxn

O

NH

But

O

NH2

Scheme 2.12. Fluorinated -diketimine is
not displaced by organic amides.  

The electron deficient [Cl2NNCF3]Cu, being less basic than [Cl2NN]Cu, is not 

protonated by organic amides, as illustrated by 1H NMR (Figure 2.4). 
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2.2.3. C-H amidation with [Cl2$$CF3]Cu 

Using 10 mol% [Cl2NNCF3]Cu catalyst loading, we achieved catalytic C-H 

amidation of neat ethylbenzene with benzamide and pyrrolidinone in very good yields at 

80° C. We also achieved catalytic C-H amidation of neat cyclohexane with benzamide in 

good yield at room temperature. The results are summarized in Table 2.2. 
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Table 2.2. Catalytic C-H amidation using 10 mol% [Cl2NNCF3]Cu. 

Amide C-H substrate 

(Solvent) 

Product Reaction 

Temp./ 

Time 

Yield 

NMR 

  

 

 

80 °C/ 

16 hrs 

 

93 % 

GCMS 

NH

O

 
 

 

 

80 °C/ 

16 hrs 

 

97 % 

 
 HN

O

 

 

RT/ 

7 hrs 

 

58 % 

  

In order the avoid the use of neat C-H substrate we need to find a suitable solvent 

for the C-H amidation reaction. C-H amidation attempts in dichloromethane at 40 °C 

resulted in no reaction. Using heptane solvent at 98 °C we got C-H amidation products of 
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heptane. C-H amidation of indane with pyrrolidinone in anisole solvent at 110 °C 

resulted in the desired amidation of indane as the major product along with amidation of 

the anisole solvent (Scheme 2.14). Better results might be obtained at lower reaction 

temperatures. 

10 mol% [Cu]

tBuOOButNH

O

+
CH2Cl2

40 °C, 16 hrs

No Rxn3

10 mol% [Cu]

tBuOOBut

-2 tBuOH
NH

O

+

n-heptane
98 °C, 16 hrs

3 H3C

H2
C

C
H2

H2
C

C
H2

H2
C

CH3

amidation sites

10 mol% [Cu]

tBuOOBut

-2 tBuOH
NH

O

+

110 °C, 16 hrs

3 O
Ph

N

N
+

O OH

Ph
O

C
H2

H

H

H

(anisole)

Scheme 2.14. Solvents tried for C-H amidation reaction with [Cl2NNCF3]Cu catalyst.

minor major

 

Solvent free reactions with 1 mol% [Cl2NNCF3]Cu result in trace amounts of amidation 

products. Better results might be achieved with higher catalyst loadings (Scheme 2.15).  
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O
5 mol% [Cu]

tBuOOBut

-2 tBuOH
NH

O

+

80 °C, 16 hrs

O

O

N O
+

trace amount

1 mol% [Cu]

tBuOOBut

-2 tBuOH
NH

O

+

80 °C, 16 hrs

3
N

trace amount

1 mol% [Cu]

tBuOOBut

-2 tBuOH
NH

O

+

80 °C, 16 hrs

3

trace amount

N

O

O

H

H

H

H

Scheme 2.15. Solvent free C-H amidation with [Cl2NNCF3]Cu catalyst.
 

2.3. Conclusion and Future Work 

We have discovered that the copper(I) β-diketimine [Cl2NNCF3]Cu is a catalyst  

for the C-H amidation reaction using inexpensive di-tert-butylperoxide oxidant. The 

fluorinated β-diketimine ancillary ligand is stable to protonation by organic amides.  

Given the success of the C-H amidation reaction with 10 mol% [Cl2NNCF3]Cu 

catalyst loading in neat C-H substrates, the next step is to find a suitable solvent for the 

reaction and to optimize the reaction conditions. We need the solvent to be inert to C-H 
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amidation at the operating reaction conditions. Typically a good solvent should have 

strong C-H bonds such as chlorobenzene or anisole. 

We need to investigate the mechanism of the C-H amidation to better understand 

and optimize the reaction. We propose that the mechanism is analogous to the C-H 

amination mechanism. 

2 [Cu]

2 [Cu]-OBut

tBuO-OBut

2

2 HOBut

1

23

4

N

N

O

[Cu]2

HN

O

N

O

[Cu] +
H
N

O

[Cu] +

HN

O

Scheme 2.16. Proposed mechanism for the C-H amidation reaction.  

In the above proposed catalytic cycle (Scheme 2.16) the copper(I) complex  

[Cl2NNCF3]Cu  is oxidized to copper(II) tert-butoxide, then pyrrolidinone  t-butanol 

metathesis produces the copper(II) amide intermediate which abstracts a hydrogen from 

indane to form indenyl radical and copper(I) amide. Copper(II) amide and indenyl radical 

combination gives the amidation product and the copper(I) catalyst is regenerated. 
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Steps 1 and 2 of the mechanism can be studied by low temperature UV-vis spectroscopy. 

Preliminary room temperature UV-vis studies show that [Cl2NN]Cu-OtBu decays 

instantaneously on adding organic amides. Steps 3 and 4 would be hard to study due to 

the extreme reactivity of the copper(II) amide intermediate which eludes isolation.   

DFT calculations of the methyl version of Cu(II) acetamide show the k1-N 

binding mode to have the lowest energy as illustrated in Figure 2.5. If the copper(II) 

amide were to be isolated I believe that would require the design of a more sterically 

bulky β-diketimine ligand.  

 

The study of our C-H amidation copper β-diketimine system might help to better 

understand how other copper C-H amidation systems work since we have the opportunity 

to study the reaction intermediates. Thus we have found a new reaction that has the 

potential to expand the scope of copper based C-H amidation.   

N   
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2.4. Experimental 

2.4.1. General experimental details 

All experiments were carried out in a dry nitrogen atmosphere using an MBraun 

glovebox and/or standard Schlenk techniques when required. 4Å molecular sieves were 

activated at 180 °C for  24 h and all glassware was oven dried at 120 °C prior to use. 

Anhydrous toluene, ethylbenzene, benzene, indane and cyclohexane were purchased from 

Aldrich and stored over 4Å molecular sieves prior to use. Diethyl ether, tetrahydrofuran 

(THF) and pentane were distilled before use from sodium/benzophenone. All deuterated 

solvents were sparged with nitrogen, dried with 4Å molecular sieves and stored under 

nitrogen. 1H spectra were recorded on a Mercury Varian 300 and 400 NMR 

spectrometers at 300 and 400 MHz. All NMR spectra were taken at 25 °C and were 

indirectly referenced to TMS using residual solvent signals as internal standards. UV-vis 

studies were performed using Varian Cary 100 and Varian Cary 50 spectrometers. GCMS 

spectra were recorded on a Varian instrument. 

Anhydrous CuI was obtained from Strem while organics such as hydrocarbons, amides 

and di-tert-butylperoxide were obtained from Aldrich or Acros. These reagents were used 

as received. {[Cl2NN]Cu}2(µ-benzene) was synthesized according to a literature 

procedure.34 {[Cl2NNCF3]Cu}2(µ-benzene) was given to me by my colleague Stefan 

Wiese. 
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2.4.2. C-H amidation reactions with [Cl2$$]Cu 

C-H amidation of ethylbenzene with benzamide using 50 mol% [Cl2$$]Cu. 

Four equivalents of di-tert-butylperoxide (54 µl, 0.294 mmol) are added to one 

equivalent of the dicopper complex {[Cl2NN]Cu}2(µ-benzene) (72 mg, 0.074 mmol) in 5 

ml ethylbenzene; the solution turns from yellow to red. The red solution turns green on 

adding two equivalents of benzamide (18 mg, 0.147 mmol). Two equivalents of 1,2,4,5 

tetrachlorobenzene (511 µl of 0.2876 M solution in ethylbenzene) internal standard are 

added to the solution. The reaction is stirred for 16 hours at RT then the solution is 

filtered on a Celite and alumina filter stick. CI GCMS analysis shows the formation of the 

C-H amidation product ((m+1)/z = 226); 1H NMR analysis in CDCl3 against the internal 

standard δ 6.83 (s, 2, Ar-H) shows that the product is formed in 60 % yield. 

(Characteristic 1H NMR resonances of product: δ 7.65 (d, 1, N-H), 7.12 (m, 10, Ar-H), 

5.45 (q, 1, C-H), 1.35 (d, 3, CH3)). 

C-H Amidation of ethylbenzene with pyrrolidinone using 50 mol% [Cl2$$]Cu. 

Four equivalents of di-tert-butylperoxide (63 µl, 0.343 mmol) are added to one 

equivalent of the dicopper complex {[Cl2NN]Cu}2(µ-benzene) (84 mg, 0.086 mmol) in 5 

ml ethylbenzene; the solution turns from yellow to red. The red solution turns green on 

adding two equivalents of pyrrolidinone (13.2 µl, 0.172 mmol). Two equivalents of 
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1,2,4,5 tetrachlorobenzene (598 µl of 0.2876 M solution in ethylbenzene) internal 

standard are added to the solution. The reaction is stirred for 16 hours at RT then the 

solution is filtered on a Celite and alumina filter stick. CI GCMS analysis shows the 

formation of the C-H amidation product ((m+1)/z = 190); 1H NMR analysis in CDCl3 

against the internal standard δ 6.83 (s, 2, Ar-H) shows that the product is formed in 87 % 

yield. (Characteristic 1H NMR resonances of product: δ 5.65 (q, 1, C-H), 1.35 (d, 3, 

CH3)). 

C-H amidation of cyclohexane with benzamide using 50 mol% [Cl2$$]Cu. 

Four equivalents of di-tert-butylperoxide (52.6 µl, 0.288 mmol) are added to one 

equivalent of the dicopper complex {[Cl2NN]Cu}2(µ-benzene) (71 mg, 0.072 mmol) in 5 

ml cyclohexane and 2 ml benzene; the solution turns from yellow to red. The benzene is 

added to dissolve the dicopper complex. The red solution turns green on adding two 

equivalents of benzamide (17.6 mg, 0.145 mmol). Two equivalents of 1,2,4,5 

tetrachlorobenzene (2843 µl of 0.0510 M solution in cyclohexane) internal standard are 

added to the solution. The reaction is stirred for 16 hours at RT then the solution is 

filtered on a Celite and alumina filter stick. CI GCMS analysis shows the formation of the 

C-H amidation product ((m+1)/z = 204); 1H NMR analysis in CDCl3 against the internal 

standard δ 6.83 (s, 2, Ar-H) shows that the product is formed in 48 % yield. 
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(Characteristic 1H NMR resonances of product: δ 7.65 (d, 1, N-H), 7.10 (m, 5, Ar-H), 

4.10 (m, 1, C-H)). 

C-H amidation of cyclohexane with pyrrolidinone using 50 mol% [Cl2$$]Cu. 

Four equivalents of di-tert-butylperoxide (52.3 µl, 0.286 mmol) are added to one 

equivalent of the dicopper complex {[Cl2NN]Cu}2(µ-benzene) (70 mg, 0.071 mmol) in 5 

ml cyclohexane and 2 ml benzene; the solution turns from yellow to red. The benzene is 

added to dissolve the dicopper complex. The red solution turns green on adding two 

equivalents of pyrrolidinone (11 µl, 0.143 mmol). Two equivalents of 1,2,4,5 

tetrachlorobenzene (2804 µl of 0.0510 M solution in cyclohexane) internal standard are 

added to the solution. The reaction is stirred for 16 hours at RT then the solution is 

filtered on a Celite and alumina filter stick. CI GCMS analysis shows the formation of the 

C-H amidation product ((m+1)/z = 168); 1H NMR analysis in CDCl3 against the internal 

standard δ 6.83 (s, 2, Ar-H) shows that the product is formed in 65 % yield. 

(Characteristic 1H NMR resonance of product: δ 3.25 (q, 1, C-H)). 

C-H amidation of ethylbenzene with toluamide using 50 mol% [Cl2$$]Cu. 

Four equivalents of di-tert-butylperoxide (60 µl, 0.306 mmol) are added to one 

equivalent of the dicopper complex {[Cl2NN]Cu}2(µ-benzene) (75 mg, 0.077 mmol) in 5 

ml ethylbenzene; the solution turns from yellow to red. The red solution turns dark green 
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on adding two equivalents of toluamide (20.7 mg, 0.153 mmol). Two equivalents of 

1,2,4,5 tetrachlorobenzene (530 µl of 0.2876 M solution in ethylbenzene) internal 

standard are added to the solution. The reaction is stirred for 16 hours at RT then the 

solution is filtered on a Celite and alumina filter stick. CI GCMS analysis shows 

formation of a trace amount of the C-H amidation product ((m+1)/z = 240). 

C-H amidation of ethylbenzene with pivalamide using 50 mol% [Cl2$$]Cu. 

Four equivalents of di-tert-butylperoxide (43.3 µl, 0.237 mmol) are added to one 

equivalent of the dicopper complex {[Cl2NN]Cu}2(µ-benzene) (58 mg, 0.059 mmol) in 5 

ml ethylbenzene; the solution turns from yellow to red. The red solution turns dark green 

on adding two equivalents of pivalamide (12 mg, 0.118 mmol). Two equivalents of 

1,2,4,5 tetrachlorobenzene (411.7 µl of 0.2876 M solution in ethylbenzene) internal 

standard are added to the solution. The reaction is stirred for 16 hours at RT then the 

solution is filtered on a Celite and alumina filter stick. CI GCMS analysis shows 

formation of a trace amount of the C-H amidation product ((m+1)/z = 206). 

2.4.3. Reactions of [Cl2$$]Cu with organic amides 

Reaction of benzamide with [Cl2$$]Cu. 

Two equivalents of benzamide (12.4 mg, 0.1021 mmol) and two equivalents of 1,2,4,5 

tetrachlorobenzene standard (22 mg, 0.1021 mmol) are added to one equivalent of the 



 

 

81 

 

dicopper complex {[Cl2NN]Cu}2(µ-benzene) (50 mg, 0.0511 mmol) in C6D6 solvent. 

Formation of the free β-diketimine ligand H[Cl2NN] is observed by 1H NMR (benzene-

d6): δ 12.25 (s, 1, N-H), 6.929 (d, 4, Ar-H), 6.386 (t, 2, Ar-H), 4.90 (s, 1, backbone-CH), 

1.649 (s, 6, backbone-CH3). The ratio of [Cl2NN]Cu to H[Cl2NN] is 2.3:1.0 after 10 

minutes and 1.0:1.6 after 4 days. 

Reaction of toluamide with [Cl2$$]Cu. 

Two equivalents of toluamide (12 mg, 0.089 mmol) and two equivalents of 1,2,4,5 

tetrachlorobenzene standard (19.2 mg, 0.089 mmol) are  added to one equivalent of the 

dicopper complex {[Cl2NN]Cu}2(µ-benzene) (43 mg, 0.0439 mmol) in C6D6 solvent. 

Formation of the free β-diketimine ligand H[Cl2NNMe] is observed by 
1H NMR (benzene-

d6): δ 12.25 (s, 1, N-H), 6.929 (d, 4, Ar-H), 6.386 (t, 2, Ar-H), 4.90 (s, 1, backbone-CH), 

1.649 (s, 6, backbone-CH3). The ratio of [Cl2NN]Cu to H[Cl2NN] is 4.4:1.0 after 10 

minutes. 

Reaction of pyrrolidinone with [Cl2$$]Cu. 

Two equivalents of pyrrolidinone (9.08 µl, 0.118 mmol) and two equivalents of 1,2,4,5 

tetrachlorobenzene standard (25.6 mg, 0.118 mmol) are added to one equivalent of the 

dicopper complex {[Cl2NN]Cu}2(µ-benzene) (58 mg, 0.059 mmol) in C6D6 solvent. 

Formation of the free β-diketimine ligand H[Cl2NNMe] is observed by 
1H NMR (benzene-
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d6): δ 12.25 (s, 1, N-H), 6.929 (d, 4, Ar-H), 6.386 (t, 2, Ar-H), 4.90 (s, 1, backbone-CH), 

1.649 (s, 6, backbone-CH3). The ratio of [Cl2NN]Cu to H[Cl2NN] is 1.0:1.5 after 10 

minutes. 

Reaction of pivalamide with [Cl2$$]Cu. 

Two equivalents of pivalamide (10.5 mg, 0.1041 mmol) and two equivalents of 1,2,4,5 

tetrachlorobenzene standard (23 mg, 0.1041 mmol) are  added to one equivalent of the 

dicopper complex {[Cl2NN]Cu}2(µ-benzene) (51 mg, 0.0521 mmol) in C6D6 solvent. 

Formation of the free β-diketimine ligand [Cl2NNMe]H is observed by 1H NMR (benzene-

d6): δ 12.25 (s, 1, N-H), 6.929 (d, 4, Ar-H), 6.386 (t, 2, Ar-H), 4.90 (s, 1, backbone-CH), 

1.649 (s, 6, backbone-CH3). The ratio of [Cl2NN]Cu to H[Cl2NN] is 19:1.0 after 10 

minutes. 

2.4.4. C-H amidation reactions with [Cl2$$CF3]Cu 

Catalytic C-H amidation of ethylbenzene with benzamide using 10 mol% 

[Cl2$$CF3]Cu. 

One equivalent of di-tert-butylperoxide (36.3 µl, 0.198 mmol) is added to 5 mol% of the 

dicopper complex {[Cl2NNCF3]Cu}2(µ-benzene) (0.010 mmol) in 5 ml ethylbenzene; the 

solution turns from yellow to purple. The purple solution turns green on adding one 

equivalent of benzamide (24 mg, 0.198 mmol). One equivalent of 1,2,4,5 
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tetrachlorobenzene (42.8 mg, 0.198 mmol) internal standard is added to the solution. The 

reaction is stirred for 16 hours at 80 °C then the solution is filtered on a Celite and 

alumina filter stick. CI GCMS analysis shows the formation of the C-H amidation 

product ((m+1)/z = 226) in 93 % yield. The amidation product is independently 

synthesized; the yield is obtained by comparing the response factors of the product 

relative to the standard in both the reaction mixture and a pure sample of the product.  

Independent synthesis of $-(1-phenyl-ethyl)-benzamide. 

Following a literature procedure35 with minor modification, one equivalent of benzoyl 

chloride (3.500 g, 24.88 mmol) is added dropwise to a mixture of α-methyl benzyl amine 

(3.015 g, 24.88 mmol) and triethylamine (3.023 g, 29.88 mmol) in 50 ml THF; a white 

precipitate immediately forms. The reaction mixture is stirred for 16 hrs at room 

temperature and filtered on Celite and the resulting solution is rotovaped to dryness. The 

residue is crystallized from ethyl acetate/hexane to give 4.774 g of product in 85 % yield. 

(Characteristic 1H NMR resonances of product: δ 7.65 (d, 1, N-H), 7.12 (m, 10, Ar-H), 

5.45 (q, 1, C-H), 1.35 (d, 3, CH3)).      

Catalytic C-H amidation of ethylbenzene with pyrrolidinone using 10 mol% 

[Cl2$$CF3]Cu. 

One equivalent of di-tert-butylperoxide (36.3 µl, 0.198 mmol) is added to 5 mol% of the 

dicopper complex {[Cl2NNCF3]Cu}2(µ-benzene) (0.010 mmol) in 5 ml ethylbenzene; the 
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solution turns from yellow to purple. The purple solution turns green on adding one 

equivalent of pyrrolidinone (15.2 µl, 0.198 mmol). One equivalent of 1,2,4,5 

tetrachlorobenzene (42.8 mg, 0.198 mmol) internal standard is added to the solution. The 

reaction is stirred for 16 hours at 80 °C then the solution is filtered on a Celite and 

alumina filter stick. CI GCMS analysis shows the formation of the C-H amidation 

product ((m+1)/z = 190); 1H NMR analysis in CDCl3 against the internal standard δ 6.83 

(s, 2, Ar-H) shows that the product is formed in 97 % yield. (Characteristic 1H NMR 

resonances of product: δ 5.65 (q, 1, C-H), 1.35 (d, 3, CH3)). 

Catalytic C-H amidation of cyclohexane with benzamide using 10 mol% 

[Cl2$$CF3]Cu. 

One equivalent of di-tert-butyl peroxide (36.3 µl, 0.198 mmol) is added to 5 mol% of the 

dicopper complex {[Cl2NNCF3]Cu}2(µ-benzene) (0.010 mmol) in 5 ml ethylbenzene; the 

solution turns from yellow to purple. The purple solution turns green on adding one 

equivalent of benzamide (24 mg, 0.198 mmol). One equivalent of 1,2,4,5 

tetrachlorobenzene (42.8 mg, 0.198 mmol) internal standard is added to the solution. The 

reaction is stirred for 7 hours at RT then the solution is filtered on a Celite and alumina 

filter stick. CI GCMS analysis shows the formation of the C-H amidation product 

((m+1)/z = 204); 1H NMR analysis in CDCl3 against the internal standard δ 6.83 (s, 2, 
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Ar-H) shows that the product is formed in 58 % yield. (Characteristic 1H NMR 

resonances of product: δ 7.65 (d, 1, N-H), 7.10 (m, 5, Ar-H), 4.10 (m, 1, C-H)). 

C-H amidation reactions in CH2Cl2. 

Three equivalents of C-H substrate are added to one equivalent di-tert-butylperoxide, one 

equivalent benzamide, one equivalent 1,2,4,5 tetrachlorobenzene standard and 5 mol% of 

the dicopper complex {[Cl2NNCF3]Cu}2(µ-benzene) in 3 ml dichloromethane. The 

solutions are heated at 40 °C overnight; GCMS analyses show no reaction. 

C-H amidation reactions in heptane. 

Three equivalents of C-H substrate (1-octene) are added to one equivalent di-tert-

butylperoxide, one equivalent benzamide, one equivalent 1,2,4,5 tetrachlorobenzene 

standard and 5 mol% of the dicopper complex {[Cl2NNCF3]Cu}2(µ-benzene) in 3 ml 

heptane. The solutions are heated at 98 °C overnight; CI GCMS analysis shows two 

distinct heptane C-H amidation products ((m+1)/z = 220). 

Three equivalents of C-H substrate (cyclohexane) are added to one equivalent di-tert-

butylperoxide, one equivalent benzamide, one equivalent 1,2,4,5 tetrachlorobenzene 

standard and 5 mol% of the dicopper complex {[Cl2NNCF3]Cu}2(µ-benzene) in 3 ml 

heptane. The solutions are heated at 98 °C overnight; CI GCMS analysis shows three 

distinct heptane C-H amidation products ((m+1)/z = 220). 
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Three equivalents of C-H substrate (ethylbenzene, indan or allylbenzene) are added to 

one equivalent di-tert-butylperoxide, one equivalent benzamide, one equivalent 1,2,4,5 

tetrachlorobenzene standard and 5 mol% of the dicopper complex {[Cl2NNCF3]Cu}2(µ-

benzene) in 3 ml heptane. The solutions are heated at 98 °C overnight; CI GCMS 

analyses show that no reaction has occurred. 

Catalytic C-H amidation of indane with pyrrolidinone in anisole solvent. 

Five equivalents of indane (734.8 µl, 6.0 mmol) are added to one equivalent di-tert-

butylperoxide (219.3 µl, 1.2 mmol), one equivalent pyrrolidinone (92 ml, 1.2 mmol), one 

equivalent 1,2,4,5 tetrachlorobenzene standard (259 mg, 1.2 mmol) and 5 mol% of the 

dicopper complex {[Cl2NNCF3]Cu}2(µ-benzene) (70 mg, 0.06 mmol) in 3 ml anisole. The 

solution is heated at 110 °C for 16 hrs then the solution is filtered on a Celite and alumina 

filter stick. EI GCMS analysis shows the indane C-H amidation product (m/z = 201). 

Amidation of the anisole solvent (m/z = 98 fragment) is also observed but to a lesser 

extent than the desired amidation of the indane substrate. 

Solvent free C-H amidation. 

Three equivalents of C-H substrate are added to one equivalent di-tert-butylperoxide, one 

equivalent pyrrolidinone, one equivalent 1,2,4,5 tetrachlorobenzene standard and 1 mol% 

of the dicopper complex {[Cl2NNCF3]Cu}2(µ-benzene) . The solutions are heated at 80 °C 

overnight; GCMS analyses show trace amounts of C-H amidation products. 
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