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Abstract 

 

 Copper dioxygen complexes are the subject of immense study due to their role in a 

wide array of enzymatic processes, from dioxygen transport to O-atom insertion into both 

aromatic and aliphatic C-H bonds. However, due to the highly reactive nature of many 

copper dioxygen systems, study outside of proteins significantly departs from the aqueous 

solvent and ambient temperatures in which enzymes operate, often requiring low 

temperatures and organic solvents to avoid complex decay. This report describes a method 

using the oxidatively robust ligand, 1,4,7-tri-tert-butyl-1,4,7-triazacyclononane (tBu3tacn), 

to support a copper complex capable of forming a copper dioxygen adduct under ambient 

conditions. The complex is well-characterized as a dinuclear copper -2:2-peroxo 

complex, with support for this structure deriving from x-ray crystallography, electronic 

absorption spectroscopy, and resonance Raman spectroscopy. The dioxygen complex 

displays a room temperature half-life of 9.6 days in water with dibasic sodium phosphate, 

representing the highest solution stability outside of a protein. The dioxygen complex is 

capable of catalytic aerobic reactivity with 3,5-di-tert-butylcatechol, 2,4-di-tert-

butylphenol, and benzoin, but is incapable of phenol oxidation in aqueous conditions. 

Therefore, to expand the study of reactive copper complexes, the synthesis of derivatives 

of 1,4,7-triazacyclononane is detailed, including modification of the synthesis of tBu3tacn.  
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I. Introduction 

 A.  Modeling Copper Dioxygen Chemistry in Metalloenzymes 

 Nature utilizes a wide variety of earth-abundant metals to accomplish a plethora of 

chemical reactions through metalloenzymes, yet copper metalloenzymes stand out for their 

chemical versatility.  Copper centers in metalloenzymes have been shown to mediate 

electron transfer reactions, such as with blue copper proteins;1 copper enzymes are 

involved in denitrification, such as with nitrite reductase and nitrous oxide reductase;2-3 

and copper in metalloenzymes are frequently used to bind, and often activate, dioxygen, 

such as with hemocyanin, tyrosinase, and particulate methane monooxygenase.4  Copper’s 

potential for reactivity along with its abundance in the earth’s crust, with 548-950 million 

metric tons of estimated reserves,5 makes it an attractive target for chemical investigations.  

Studying the characteristics and reactivity profile of copper, both inside and outside of 

protein coordination, not only yields insight into protein mechanisms, but directs the design 

and implementation of well-defined copper complexes for use in cost-effective methods of 

performing organic transformations.6  This dual purpose provides an overarching 

motivation for the research described herein. 

 Of particular interest among copper-containing metalloenzymes are those that react 

with dioxygen.  This should come as no surprise:  from the perspective of green, or 

environmentally friendly, chemistry, “molecular oxygen or air is the ideal oxidant.”7  

Furthermore, oxygen-reactive copper enzymes are competent to catalyze a range of 

processes (Figure 1).  Mononuclear copper enzymes can use oxygen to turn over after 

substrate oxidation, such as with galactose oxidase,8 or they can perform functionalization 

with weak C—H bonds, such as with peptidylglycine -hydroxylating monooxygenase.9-
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10 Dinuclear copper enzymes can generate bridging peroxo complexes capable of 

electrophilic aromatic substitution with phenolic residues, such as with tyrosinase.11  One 

dinuclear copper enzyme, particulate methane monooxygenase, is known to selectively 

oxidize the unactivated C—H bond of methane to form methanol in a poorly-understood 

mechanism that involves dioxygen uptake.12-14  Additionally, dinuclear copper enzymes 

can reversibly bind dioxygen to act as a carrier of the gas, as occurs with hemocyanin.15  In 

all cases, the activity of the copper metalloenzymes shows potential for industrial 

application. 

 

Figure 1 Examples of copper metalloenzyme reactivity: (A) galactose oxidase; (B) peptidylglycine -

hydroxylating monooxygenase; (C) tyrosinase; (D) particulate methane monooxygenase; (E) hemocyanin. 

 Indeed, much work has been performed on the generation of model complexes 

displaying biomimetic reactivity.16 In enzymes, copper-peroxo complexes are commonly 

formed through copper bound to histidine ligands;4 therefore, model complexes of copper 

metalloenzymes generally employ nitrogen donors.  Many ligands have been utilized for 

this process, most commonly derivatives of ethylenediamine (en), -diketiminate (nacnac), 
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1,4,7-triazacyclononane (tacn), tris(pyrazolyl)borate (Tp), and tris(2-pyridylmethyl)amine 

(tmpa) (Figure 2A).17  During the course of studies on copper dioxygen complexes, 

bridging dinuclear copper complexes have usually been observed as three isomers:  -1,2-

peroxo, -2:2-peroxo, and bis(-oxo) (Figure 2B).  Furthermore, the isomers are known 

to equilibrate between one another,11, 18-31 with effects from solvent,20, 22, 27-28 steric bulk,25, 

31 temperature,20, 22 concentration,32 electronics,23-24, 28 and counterion20, 22, 29 shown to shift 

the equilibrium between isomers. 

 

Figure 2 (A) Common ligands used for generating copper dioxygen model complexes (from left to right): 

ethylenediamine (en), -diketiminate (nacnac), 1,4,7-triazacyclononane (tacn), tris(pyrazolyl)borate (Tp), 

tris(2-methylpyridyl)amine (tmpa). (B) The three common [Cu2O2]2+ isomers along with the average Cu—

Cu distance for each. 

 Of note in the dinuclear-copper-catalyzed aerobic processes, such as oxygen 

transport, electrophilic aromatic substitution, and selective functionalization of unactivated 

sp3 C—H bonds, is the involvement of a single common dioxygen adduct:  the -2:2-

peroxo, also known as the side-on peroxo.  Indeed, at the current state of understanding of 

aerobic copper metalloenzymes, only the mononuclear end-on superoxide and dinuclear 

side-on peroxide species have been observed and implicated in direct substrate reactivity 

(multicopper oxidases simply reduce dioxygen from electrons obtained separately).4  
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Hemocyanin reactivity has since been shown in model complexes with nitrogen donors, 

with reversible dioxygen complexation observed through modulating pressure and 

temperature.33-37 Tyrosinase reactivity has also been shown outside of proteins, with 

nitrogen-donor model complexes displaying electrophilic aromatic substitution with a 

variety of substituted phenols.11, 38-42 Oxygenation of sp3 C-H bonds has been achieved in 

the presence of amine-supported side-on peroxo complexes in solution; however this 

reactivity is often attributed to a bis(-oxo) form, as it occurs when an equilibrium between 

the two forms is clearly present.32, 43 

 However, though amine-based ligands have not led to a dicopper side-on peroxo 

capable of strong sp3 C—H oxygenation, zeolites impregnated with copper, such as Cu-

ZSM-5 and Cu-MOR, have been shown to form dinuclear side-on peroxo complexes 

which, at elevated temperatures, perform conversion of methane to methanol.  Initial 

studies on the reactivity of N2O and NO with Cu-ZSM-5 have led to the observation of a 

Cu2O2 species, initially assumed to be a bis(-oxo) isomer.44-46  This has led to the 

discovery that the oxidized copper in Cu-ZSM-5 and in copper mordenites could oxidize 

methane to methanol selectively at elevated temperatures.47-48  Careful spectroscopic work 

with this system has led to the reassignment of the initial oxidized intermediate to a side-

on peroxo,49 much like the initial oxidized intermediate observed with biological methane 

oxidation in particulate methane monooxygenase (pMMO).50  Finally, vibrational 

spectroscopy, particularly resonance Raman, has suggested that the side-on peroxo species 

at elevated temperatures is converted to a [Cu2O]2+ active species for methane oxidation.51-

54 This example highlights the importance of the side-on dicopper peroxo species as an 

intermediate toward an active species for selective conversion of methane to methanol. 
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 Unfortunately, despite advancements in zeolites, there are many drawbacks to these 

systems.48, 52 The initial copper peroxo requires pretreatment by heating to elevated 

temperatures, ideally 450 °C, to generate the active species for methane oxidation.  Then, 

the atmosphere is flushed with helium and then with 5% methane in nitrogen gas, requiring 

less than 10 ppm water content.  Then the system is heated again to 100-200 °C to react 

with methane.  The methanol produced is absorbed onto the zeolite, requiring extraction 

for each phase.  The maximum methanol yield of the system is 10 mol/g.  In order for the 

system to be catalytic, the oxygenation and activation process must be repeated. 

The zeolite systems contrast starkly with biological methane oxidation catalyzed 

by pMMO, both in structure (Figure 3A) and reactivity (Figure 3B). Unlike the O-bound 

copper in zeolites, copper in pMMO has an N-bound coordination environment.55  The 

copper zeolite systems require elevated temperatures to react with methane, whereas the 

copper in pMMO reacts catalytically with methane at 45 °C.55-56  Unlike the water-sensitive 

copper zeolite system, pMMO is necessarily exposed to aqueous biological media; the 

presence of O—H bonds near the core may even be important for site reactivity, as the 

active site is even positioned near a tyrosine residue.57  The dicopper center is also near 

another monocopper site, which may be capable of reducing the dicopper center to generate 

an active species, as has been supported by calculations.58  The superior reactivity and 

drastically different characteristics of copper oxidation of methane in pMMO compared to 

oxidation in zeolites suggest that the active forms for methane oxidation may be different. 
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Figure 3 Comparisons between the dicopper sites of Cu-ZSM-5 and pMMO. (A) Structure of anaerobic 

dicopper site. (B) Conditions for generating methane-reactive form. 

 Though the work over the past few decades on copper dioxygen complexes has 

been enlightening, there is still much to be done.  Although dicopper side-on peroxo 

complexes have been generated that can persist in solution at room temperature on the hour 

time-scale,34, 36, 59 none have been investigated under the aqueous conditions relevant to 

biological systems.  Furthermore, only one experiment on electrochemistry has been 

performed,33 in an organic solvent at −80 °C, showing an irreversible one-electron 

reduction of the system.  As electrochemistry in ambient aqueous media may be directly 

relevant to biological methane oxidation, aqueous stability of a copper dioxygen complex 

would be essential for a model complex. 

 To address the remaining questions for dicopper side-on peroxo complexes, a stable 

ligand must be designed to support this isomer of the complex.  Besides one noteworthy 

example involving the self-asssembly of copper with imidazole ligands,41 copper dioxygen 

complexes have been supported by multidentate ligands.17  As copper(II) complexes prefer 

a coordination number of five, a dicopper(II) side-on peroxo would be best supported by a 

three-coordinate ligand.  Unfortunately, a three-coordinate ligand also supports a bis(-
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oxo) isomer.  However, the average Cu—Cu distance for a side-on peroxo complex is 

3.51Å, while that value contracts to an average of 2.80Å for a bis(-oxo) complex (Figure 

2B).  This 0.71Å difference in Cu—Cu distance means that increasing the steric bulk of a 

ligand near the copper center biases the complex to a side-on peroxo isomer.17  For 

example, the first dicopper side-on peroxo complex to be characterized by x-ray diffraction 

has copper bound to the tridentate ligand tris(pyrazolyl)borate bearing isopropyl 

substituents,60 satisfying both the coordination number and steric preferences of the side-

on peroxo isomer. 

 Among the polydentate N-donor ligands, three-coordinate 1,4,7-triazacyclononane 

(tacn) has been shown to support copper dioxygen complexes.  Tacn ligands can bear a 

variety of substituents on the three amine positions, allowing for careful selection of a steric 

environment for copper.  Furthermore, unlike tris(pyrazolyl)borate ligands, which bear a 

negative charge and lead to neutral dicopper side-on peroxo complexes, the tacn ligand is 

neutral and leads to dicationic dicopper peroxo complexes.  This quality allows for further 

control of complex solubility through careful selection of a counteranion.  Therefore, tacn 

derivatives are ideal candidates to form and study dicopper side-on peroxo complexes in a 

variety of solvents, potentially including water. 

 Unfortunately, copper-dioxygen complexes supported by tacn derivatives 

decompose intramolecularly under ambient conditions, precluding more relevant 

biological comparisons between the characteristics and reactivity of the complexes 

generated.  The decay occurs through oxygen-atom insertion into weak -amino C—H 

bonds found on alkyl substituents of tacn, likely through the dominant or equilibrium 

presence of a bis(-oxo) core.  For example, allowing the dicopper dioxygen complexes of 
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1,4,7-tribenzyl-1,4,7-triazacyclononane (Bn3tacn) and 1,4,7-triisopropyl-1,4,7-

triazacyclononane (iPr3tacn) to warm to room temperature leads to N-dealkylation in each 

case along with the detection of benzaldehyde and acetone, respectively (Scheme 1).43  A 

Hammett analysis following the decomposition of aryl-substituted Bn3tacn derivatives 

leads to a  value of −0.80; the low magnitude, implicating a lack of significant charge 

buildup, suggests a radical or concerted mechanism, reminiscent of H-atom 

abstraction/radical rebound processes found with heme-iron oxo complexes.43 The kinetic 

isotope effects (KIEs) observed for the deuterated versions of the aforementioned ligands 

at −40 °C are high (40 for Bn3tacn; 26 for iPr3tacn), which, taken along with the large 

negative entropy of activation for the complexes (−79 J K-1 mol-1 for Bn3tacn; −36 J K-1 

mol-1 for iPr3tacn)32 and support from theoretical work,61 suggest that the rate-limiting C-

H activation step involves a tunneling contribution (a KIE of 12 is the semiclassical limit). 

However, the use of a tacn ligand with amine donors bearing tertiary alkyl substituents may 

avoid ligand decomposition problems, as these substituents would lack homolytically weak 

-amino C—H bonds accessibly close to the active core of a supported dicopper dioxygen 

complex. 

Scheme 1. Decomposition of a [Cu2O2]2+ Complex Supported by iPr3tacn 

 

 The lack of a rapid solution to ambient stability of tacn-supported copper dioxygen 

complexes owes to the synthetic inaccessibility of tacn ligands bearing tertiary alkyl 

substituents.  The standard synthesis of substituted tacn derivatives requires either 
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condensation-reduction procedures or SN2 reactions on unsubstituted tacn, which itself 

requires a week of synthesis (Scheme 2A and 2B).62-65  In either case, a secondary alkyl 

group is the largest substituent that can be incorporated. Furthermore, the classic synthesis 

of tacn derivatives lacking C3 symmetry requires selective protection and deprotection of 

the amines with toluenesulfonyl groups (Scheme 2C).65 There have been a few examples 

of modern updates in the synthesis of tacn derivatives, utilizing intermediates such as 

triazatricyclo[5.4.1.0]decane,66-67 and a bicyclic aminal68-70 toward fully asymmetric tacn 

N-substitution and tacn C- or N-substitution, respectively (Scheme 3A and 3B).  However, 

the aforementioned cases still utilize unsubstituted tacn or an intermediate in its synthesis 

and do not address the incorporation of tertiary alkyl substituents. 

Scheme 2.  Syntheses of (A) Tacn, (B) iPr3tacn, Me3tacn, and (C) Me2Pytacn 

 Most syntheses of tacn derivatives were built around the strategy of 

triazacyclononane ring synthesis followed by substitution, making N-substitution of 

tertiary alkyl groups unfeasible.  However, one general synthesis of azamacrocycles 

developed by Bradshaw and Izatt involved building the macrocycle around pre-alkylated 

amines (Scheme 4A).71  This process was subsequently utilized for the formation of tacn 
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ligands,72-73 though no derivatives were formed that were otherwise inaccessible through 

previous syntheses (Scheme 4B).  In theory, this method of building the triazacyclononane 

ring around pre-alkylated amines had potential for the synthesis of tacn derivatives with 

tertiary alkyl substituents. 

Scheme 3.  Syntheses of (A) Asymmetric and (B) C2-Symmetric Tacn Derivatives 

 Indeed, recently, the Scarborough group successfully applied Bradshaw and Izatt’s 

process toward the first syntheses of 1,4,7-tri-tert-butyl-1,4,7-triazacyclononane (tBu3tacn) 

and 1,4,7-triadamantyl-1,4,7-triazacyclononane (Ad3tacn) (Scheme 4C).74  Preliminary 

coordination chemistry discussed in the study showed that the steric influence of the 

tertiary alkyl substituents had a pronounced effect on the coordination environment of first-

row transition metals.  With the exception of chromium, the transition metals studied 

showed a maximum coordination number of four when bound to tBu3tacn or Ad3tacn, likely 

due to the steric bulk provided by the amine substituents of the ligand. The steric 

environment around the metal was measured using percent buried-volume (%VB) 

calculations, which measured the percent of space occupied by ligand atoms a certain 
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distance away from a bound metal center; a higher %VB indicated that there was less space 

available at a given distance from the metal (Figure 4).75 Comparing four-coordinate 

copper complexes bound to 1,4,7-trimethyl-1,4,7-triazacyclononane (Me3tacn), iPr3tacn, 

tBu3tacn, and Ad3tacn, the percent buried volumes within the range 2-3Å were significantly 

greater for tBu3tacn and Ad3tacn than the others, corresponding to an increased steric 

environment within the second coordination sphere of the bound metal. 

Scheme 4.  Applications of Cyclization-Reduction Strategy Applied to (A) Macrocycles, 

(B) Me2Bntacn, and (C) tBu3tacn 

 B. Investigation of the Synthesis of 1,4,7-Triazacyclononane Derivatives 

 During the investigations of this new tacn synthesis, the second step, a cyclization 

reaction, was found to be potentially modular.  Following the modularity found in the 

literature with the cyclization of the bis(chloroacetamide) of N,N’-

dimethylethylenediamine around norbornenylmethylamine72 and benzylamine,73 the 

cyclization reactions of the bis(chloroacetamide) of N,N’-di-tert-butylethylenediamine 

were attempted around benzylamine, ethylenediamine, and propylenediamine.  In all cases, 

the cyclization reaction occurred (Scheme 5A and 5B).A  Furthermore, for the cyclizations 
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involving ethylenediamine and propylenediamine, it was found that cyclization would 

occur around a single amine, leading to the formation of bis(tacn) ligands bridged by two- 

and three-carbon units, respectively.  The bis(tacn) ligands bearing tertiary alkyl 

substituents were shown to promote binucleation, generating dioxygen-reactive 

bis(copper) complexes. 

Figure 4 Percent buried volume (%VB) plot for substituted tacn derivatives (taken from reference 74) next 

to crystal structures of [tBu3tacnCuMeCN]+ (top right) and [Ad3tacnCuMeCN]+ (bottom right) (H atoms and 

counteranions removed for clarity). 

 The modularity of the synthesis has use beyond copper chemistry, as 

triazacylononane derivatives have been used with a variety of metals both to address 

fundamental coordination chemistry and to solve industrially relevant problems.  A variety 

of oxo complexes have been generated from tacn scaffolds, such as an iron oxo complex 

of 1,4-dimethyl-7-(bis(2-pyridyl)methyl)-1,4,7-triazacyclononane (MePy2CHtacn) shown 

to perform water oxidation,76 an iron(V) oxo complex of 1,4-dimethyl-7-(2-picolyl)-1,4,7-

triazacyclononane (Me2Pytacn) capable of C-H oxidation and alkene 

epoxidation/dihydroxylation,77 and a manganese(IV) oxo complex of Me2Pytacn capable 

of benzylic C-H oxidation.78  Nickel complexes of Me2Pytacn have been shown to perform 
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alkane C—H chlorination with hypochlorite, albeit in low turnover numbers.79 In a more 

industrially relevant example, iron(II) complexes of tacn derivatives, such as Me3tacn and 

1,4,7-tricyclopentyl-1,4,7-triazacyclononane ((cyclopentyl)3tacn), have been shown to 

perform atom transfer radical polymerization (ATRP) reactions with a variety of alkenes.80-

83  Furthermore, bridging manganese bis(-oxo) complexes of Me3tacn and 1,2-bis(N,N’-

dimethyl-1,4,7-triaza-1-cyclononyl)ethane (Me4dtne) have been studied as effective 

bleaching catalysts for detergents.84  A modular synthesis of tacn may provide a platform 

towards improvements in each of these areas. 

Scheme 5. Synthetic Modularity Exploited for (A) tBu2Bntacn-dione and (B) tBu4dtne 

Toward the Formation of Dinuclear Copper Complexes 

 

 Vide infra, I describe my efforts, both with synthetic modification and optimization 

of processes toward triazacyclononane derivatives and the utility of certain 

triazacyclononanes toward the support of copper for dioxygen reactivity. 
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II. Results and Discussion 

 A. Synthesis and Characterization of a Copper Dioxygen Complex 

  Often, dioxygen reactivity with a tacn-supported copper(I) complex had been 

found with the acetonitrile complex, [tacnCuMeCN]+, through exposure of a solution to 

dioxygen.  Following this precedent, the acetonitrile complex of tBu3tacn, 

[tBu3tacnCuMeCN]PF6 (1), was prepared first by a colleague, Dr. Arumugam Thangavel.  

However, when Dr. Thangavel exposed a solution of 1 to air at room temperature, no 

immediate reaction was observed.  The solution only slowly changed from the colorless 1 

to a light green over the course of a few hours at room temperature. 

 The exact reason for this poor reactivity is unknown, however a hypothesis can be 

derived from buried volume calculations (Figure 4) and the results described in the first 

study of tBu3tacn.  In order to react with dioxygen in air, copper(I) must be able perform 

electron transfer with dioxygen.  This electron transfer can occur either through an outer-

sphere mechanism, depending mainly on the distance between and strength of the redox 

couple,85 or an inner-sphere mechanism, in which dioxygen binds to the metal to initiate 

electron transfer.  The sterically bulky tBu3tacn ligand leads to a high buried volume near 

a copper metal center, and the axial position is already held and blocked by an acetonitrile 

ligand (Figure 5).  Indeed, all the complexes of tBu3tacn in the initial coordination 

chemistry study have a maximum coordination number of four except for the Jahn-Teller 

active chromium(II) complex.  The copper center of 1 is essentially blocked from further 

coordination, making an inner-sphere mechanism of dioxygen activation difficult.  

Furthermore, acetonitrile acts as a good  acceptor for reducing metals such as copper(I), 

attenuating the reducing capabilities of the metal.86 By lowering the strength of the 
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copper(I)-dioxygen redox couple and blocking approach of dioxygen to copper, 

acetonitrile may make outer-sphere electron transfer sluggish. Also, the copper-acetonitrile 

interaction strengthens due to backbonding; heating 1 under vacuum does not lead to 

acetonitrile dissociation. 

 

Figure 5. Space-filling model of the crystal structure of [tBu3tacnCuMeCN]PF6 (1), displayed next to the 

corresponding skeletal structure for clarity, showing poor accessibility of copper (space filling model: dark 

orange = copper; light orange = phosphorus; lime green = fluorine; blue = nitrogen; dark grey = carbon; light 

grey = hydrogen). 

 Therefore, a different copper(I) complex of tBu3tacn had to be selected to generate 

the desired dioxygen complex.  An axial ligand had to be chosen that would not attenuate 

electron density at the copper(I) center, as acetonitrile had.  Furthermore, an active complex 

likely required a weakly coordinating axial ligand, preferably dissociating in solution to 

expose the axial site of copper.  This would allow the oxygen to approach the copper center 

to bind and react, events necessary for the formation of the desired copper dioxygen 

complex. 

 Given the conditions hypothesized to be useful for the generation of a reactive 

copper complex, the copper(I) trifluoromethanesulfonate dimer on benzene was chosen as 

the source of copper.  This copper salt had been shown in the literature to form copper(I) 

trifluoromethanesulfonate complexes of other ligands through displacement of the bound 
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benzene.87-88  The trifluoromethanesulfonate donor was hypothesized to be weak enough 

to dissociate in solution, allowing dioxygen reactivity. 

 Unfortunately, the commercially-obtained material was technical grade 

(approximately 90% pure), and the material was obtained as a brown powder instead of the 

characteristic white solid.89  In the first preparation of the copper(I) 

trifluoromethanesulfonate benzene complex, it was noted that the product had crystallized 

out of the reaction solvent, benzene, upon cooling from reflux.  Therefore, the 

commercially-obtained impure copper salt was purified further by heating the salt in 

benzene to 80 °C, filtering the hot solution over celite, and removing solvent from the 

filtrate in vacuo.  This generated a white solid, in agreement with the description of the salt 

in the literature. 

 The purified copper(I) salt was found to react with tBu3tacn in benzene under air-

free conditions to produce tBu3tacnCuOTf (2) (Scheme 6).90 Crystals of 2 were obtained 

from benzene, and x-ray diffraction revealed a four-coordinate structure (Figure 6A). The 

data showed disorder in the ethyl bridges of the ligand macrocycle between two different 

twisted conformations.  The 1H NMR spectrum of the diamagnetic complex showed 

desymmetrization of the same bridge protons of the ligand upon coordination to copper(I), 

consistent with a similar twisted conformation in solution.  We then sought to determine 

whether 2 in solution would generate a dioxygen complex when exposed to air. 

 Indeed, upon exposure of a colorless solution of 2 in dichloromethane to air, the 

solution flushed dark brown.  Slow evaporation of the solution overnight under ambient 

conditions led to the formation of brown-black crystals, which could then be collected by 

filtration and washed with chloroform to obtain the dioxygen complex, [(tBu3tacnCu)2(-
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2:2-O2)](OTf)2 (3(OTf)2) (Scheme 6).  X-ray diffraction of crystals of 3(OTf)2 showed 

dominant formation of the side-on peroxo isomer in the solid state (Figure 6B). The crystal 

thus represented the first dicopper side-on peroxo crystal grown under ambient conditions; 

all other crystals were grown at or below −30 °C.34, 36-37, 60, 91-92 The complex was found to 

be diamagnetic, as exemplified by its 1H NMR spectrum in d4-methanol.  A similar 1H 

NMR splitting pattern of the protons of the ligand ethyl bridge were found in 3 as in 2, 

suggesting this may be indicative of copper complexes of tBu3tacn. Furthermore, 19F NMR 

showed trifluoromethanesulfonate resonances in 2 and 3(OTf)2 were equivalent, 

suggesting that the triflate anion in 2 was not bound to copper in solution (Figure S18). It 

was noted that the color of solid 2 was never observed to change when exposed to air, 

consistent with the requirement of an open axial coordination site for dioxygen reactivity. 

Scheme 6.  Synthesis of 2 and 3(OTf)2 

Figure 6. Crystal and skeletal structures of (A) 2 (disorder included) and (B) 3(OTf)2. 
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 Analysis of 3(OTf)2 in methanol by electronic absorption spectroscopy (UV-Vis) 

was indicative of the presence of the same isomer in solution as was found with its crystal 

structure, with no observable bis(-oxo) or -1,2-peroxo detected (Figure 7A).  Side-on 

peroxo complexes had been shown to exhibit two characteristic absorptions in the UV-Vis 

region after 300 nm, corresponding to peroxo-to-copper charge-transfer transitions: the 

*→dxy and the v*→dxy (Figure 7B).17  For previous examples of side-on peroxo 

complexes, the *→dxy band exhibited a max in the 332-380 nm (30,100 – 26,300 cm-1) 

range, while the UV-Vis spectrum of 3(OTf)2 in methanol gave a *→dxy transition at 

400 nm (25,000 cm-1).  Previous studies had suggested that a decrease in energy was 

attributed to some combination of a decrease in electron density at copper (from diminished 

ligand donor strength or increased bond length) and Cu—O bonding.17, 37 Indeed, 

comparison of the Cu—N bond lengths from the crystal structures of 

[iPr3tacnCuMeCN]BPh4 (2.112-2.150 Å) and 1 (2.134-2.165 Å) showed a slight bond 

elongation for 1.74, 91 

Figure 7 (A) UV-Vis spectrum of 3 in water, with each visible absorption labeled to the corresponding charge 

transfer transition. (B) Qualitative frontier molecular orbital diagram mixing copper (left) and peroxide 

(right) (adapted from Reference 15), labeled with the transitions corresponding to the visible absorptions in 

(A). 
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 Confirmation of the side-on peroxo isomer in solution came from resonance Raman 

(rR) spectroscopy measured at 514.5 nm (Figure 8A).  The resonance observed, assigned 

to the O—O stretching frequency, was 773.1 cm-1 in methanol.  To confirm the assignment 

of this frequency to an O—O stretching band, complex 2 in dichloromethane (DCM) was 

carefully exposed to 18O2 in the absence of 16O2, giving a stretching frequency of 728.83 

cm-1, a shift consistent with involvement of both oxygen atoms.   The rR spectra clearly 

corroborated the assignment of the complex in solution to the side-on peroxo (Figure 8B), 

as the isotope-sensitive frequency was far outside the range for bis(-oxo) (580 – 653 cm-

1) (Figure 8C) and -1,2-peroxo (812 – 847 cm-1) (Figure 8D) isomers.17 However, a 

resonance of 773.1 cm-1 was higher than that of any other side-on peroxo dicopper complex 

observed (713 – 765 cm-1); this result suggested that the O—O bond was the strongest of 

any side-on peroxo complex measured. This was hypothesized to be in part due to a 

decreased backbonding from the copper dxy orbitals into the O—O *, likely a result of a 

lack of physical overlap between the orbitals: presumably, the tertiary alkyl substituents on 

the supporting ligand of 3 did not allow the copper species to approach the peroxide anion 

as closely as other ancillary ligands. Taken with the relatively low energy of the *→dxy 

in the UV-Vis spectrum, it became clear that the bulk of the tacn substituents had a strong 

effect on the O—O bond strength observed for 3.  In fact, [(iPr3tacnCu)2(-2:2-O2)]
2+ 

exhibited a rR frequency of 713 cm-1, the weakest O—O bond observed for a side-on 

peroxo; the small substituent variation from isopropyl to tert-butyl led to the dioxygen 

complex, 3, with the strongest O—O bond reported for this isomer, at the opposite end of 

the spectrum. 
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 As the copper complex 3 was a dication, solubility of 3 was explored with various 

anions.  From these studies, 3(OTf)2 was found to be soluble in methanol, acetonitrile, 

acetone, N,N’-dimethylformamide (DMF), and dimethylsulfoxide (DMSO) and somewhat 

soluble in dichloromethane (DCM).  To test solubility with other counteranions, 3(OTf)2 

was stirred in a solvent with a salt bearing the counteranion to initiate anion metathesis.  

Solubility in ethereal solvents, such as 1,2-dimethoxyethane (DME), tetrahydrofuran 

(THF), and 1,4-dioxane, was increased marginally using the hexafluorophosphate anion, 

PF6
−, and extensively using the hexafluoroantimonate anion, SbF6

−.  Furthermore, 

solubility in water could be obtained through metathesis with fluoride, chloride, bromide, 

iodide, and phosphate anion sources such as NaH2PO4 and Na2HPO4.  It should be noted 

that 3 also appeared to become soluble in water in the presence of the borohydride anion, 

BH4
-, but began decomposing within seconds after dissolution. 

Figure 8. (A) Methanolic resonance Raman spectra of 3(OTf)2 made from 16O2 and 18O2 (514.5 nm excitation 

wavelength). (B) Ligands supporting dicopper -2:2-peroxo complexes with the lowest (left) and highest 

(middle) energy O—O stretching frequencies previously reported, with reference to 3 (right). (C) Ligands 

supporting dicopper -1,2-peroxo complexes with the lowest (left) and highest (right) energy O—O 

stretching frequencies. (D) Ligands supporting dicopper bis(-oxo) complexes with the lowest (left) and 

highest (right) energy Cu2O2 core breathing mode frequencies. 
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 As ambient solution stability was a major goal of using tacn bearing tertiary alkyl 

substituents to support copper dioxygen complexes, solution half-life measurements of 3 

were obtained via UV-Vis. In degassed acetonitrile, 3(OTf)2 exhibited a half-life of 2.524 

hours; the complex broke down into the trifluoromethanesulfonate salt of 1 as confirmed 

by 1H NMR and UV-Vis spectroscopy, suggesting a mechanism of dioxygen displacement.  

In degassed methanol, 3(OTf)2 displayed a significantly longer half-life of 14.25 hours; 

crystallization of the decomposed solution led to the isolation of 2, suggesting that 3 may 

be competent for aerobic oxidation catalysis in methanol.  With this in mind, the half-life 

of 3(OTf)2 in methanol sparged with dioxygen was evaluated; a half-life of 13.05 hours 

was obtained, suggesting that 3(OTf)2 persisted long enough in methanol to sustain 

catalysis with dioxygen as the stoichiometric oxidant.  Then, the aqueous stability of 3 was 

tested using phosphates as the counteranion.  To simultaneously address the role of acidity 

on stability, the half-life of 3 was measured with sodium phosphate in dibasic (Na2HPO4) 

and monobasic (NaH2PO4) forms.  The resulting half-life data suggested that 3 was more 

stable under basic conditions: the half-life times in Na2HPO4 and NaH2PO4 were 9.6 days 

and 6.7 days, respectively.  It is noteworthy that the largest solution half-life for a dicopper 

side-on peroxo outside of a protein was 25.5 hours, making this complex the most stable 

side-on peroxo ever reported.34 These results were particularly significant, as the conditions 

were analogous to the aqueous phosphate buffer solutions used in biological systems. It 

should be noted that, though 3(OTf)2 decomposed slowly in a variety of solvents, the ligand 

was found to be intact upon demetallation with ammonium hydroxide (Figure S14 for 

example in methanol). 
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 Decomposition of 3(OTf)2 in methanol was also followed by resonance Raman 

spectroscopy. With 514.5 nm excitation, the O—O band of 3(OTf)3 was shown to 

disappear during decomposition, while a feature at 524 cm-1 and its overtone appeared 

(Figure 9).  The same feature appeared upon irradiation of the complex at 632.8 nm 

excitation (Figure 10). Though the species was never structurally characterized, the 524 

cm-1 feature was consistent with a Cu—N or Cu—O stretching frequency. 

 

Figure 9.  Raman spectrum of solution of 3 in MeOH after incubation in the dark for 4 days. Acquired 

using 514.5 nm excitation. Shown with spectrum of 3 and MeOH for comparison. Black line represents 

background methanol solution; green line represents initial solution of complex 3; gold line represents the 

same solution after 4 days of decomposition. 

 B. Reactivity of a Copper Dioxygen Complex 

 Given the impressive aqueous stability of 3 and the direct relevance of aqueous 

reactivity to biological systems, the ability of 3 to perform oxidation catalysis in water was 

assessed.  Electrophilic aromatic substitution reactivity was targeted with phenols in water, 

as side-on peroxo complexes had been shown to perform these reactions even at low 

temperatures outside of proteins in organic media.38-42, 93-94  Unfortunately, no reaction was 
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observed with phenol in water, showing complete retention of starting material when 

followed by 1H NMR in D2O.  In the hopes that deprotonation of the phenol to the phenolate 

may activate the substrate to electrophilic attack, the reaction was tested using sodium 

phenolate and then with a mixture of phenol and triethylamine.  Under all ambient 

conditions, no reaction was observed with 3, leading only to observation of unreacted 

starting material by 1H NMR.  Even at 50 °C, no conversion of phenol was observed, with 

or without a triethylamine additive. 

  

Figure 10. Breakdown of 3 probed by 632.8 nm excitation. New species formation evident from peak at 

524 cm-1. 

 As 3(OTf)2 at least partially regenerated 2 in methanol and maintained a relatively 

long half-life in methanol even under pure dioxygen atmosphere, the catalytic competency 

of 3(OTf)2  in methanol was evaluated.  However, as with the aqueous reactions, no 

ambient reactivity was observed with phenol, with or without triethylamine.  The same 

systems were tested at 50 °C, yielding the same unreacted starting materials with both 

systems.  Furthermore, 3(OTf)2 was found to be unreactive toward catechol, a more 

electron-rich substrate which normally oxidizes slowly in air. 
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 The lack of reactivity seemed initially surprising, as there are many examples of 

side-on peroxo complexes performing tyrosinase reactivity outside of proteins at low 

temperatures38-42, 93-94 and even a few at room temperature in organic media.42, 95  However, 

this may be in line with the prevailing mechanism of tyrosinase reactivity with side-on 

peroxo complexes (Figure 11A).15 The mechanism requires phenolate to bind to one of the 

copper sites in order to begin substrate oxidation. Additionally, a recent study suggests that 

the binding of phenolate may induce formation of a bis(-oxo) to react with the phenolate.11 

The same bulky substituents protecting the ligand from degradation and enforcing a side-

on peroxo isomer for the dicopper core may prevent substrate binding. This possibility 

becomes especially convincing when a space-filling model of the complex is observed; the 

copper core is barely visible through the tert-butyl substituents (Figure 11B).  Furthermore, 

as splitting the O—O bond of dioxygen seems necessary for tyrosinase reactivity, the 

reaction would be unlikely; a bis(-oxo) would require the Cu—Cu distance to contract 

significantly, so the steric clash of the bulky tert-butyl substituents would likely make the 

barrier to the intermediate unreasonable. 

Figure 11 (A) Proposed tyrosinase mechanism (reproduced from Reference 15). (B) Spacefilling model of 3 

(top) with representative skeletal structure (bottom) shown for clarity (H atoms from crystal structure 

assumed). 
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 In an attempt to probe whether oxidation was possible with a more electron-rich 

catechol, 3,5-di-tert-butylcatechol was chosen as a substrate. With 21 mol% loading in d4-

methanol, 3(OTf)2 was found by 1H NMR to react catalytically with 3,5-di-tert-

butylcatechol to form 3,5-di-tert-butyl-o-quinone in 91% yield at room temperature in 24 

hours (Table 1).  In an attempt to increase the reaction rate, the reactions were attempted 

at 50 °C and 65 °C, generating 3,5-di-tert-butyl-o-quinone in 73% (four hours, 23 mol% 

3(OTf)2) and 71% (two hours, 19 mol% 3(OTf)2) respectively.  Although the reactions at 

elevated temperatures resulted in lower product yields, no starting 3,5-di-tert-butylcatechol 

was observed by NMR. 

Table 1. Catalytic Aerobic Oxidation of 3,5-Di-tert-butylcatechol 

Catalyst Loading 

(mol%) 
Temperature (°C) Yield (%) Time (h) 

21 r.t. 91 24 

23 50 73 4 

19 65 70 2 

 

 Insight into the reactivity was gleaned from a few previous studies of aerobic 

copper catechol oxidations. When working with Bn3tacn, Tolman and coworkers noticed 

the formation of a copper-semiquinonate species from 3,5-di-tert-butylcatechol at low 

temperature; in this case, coordination was planar to form a square pyramidal complex 

(Figure 12A).96 Stack and coworkers found that a side-on peroxo dicopper species 

supported by N,N’-di-tert-butylethylenediamine (DBED) at low temperatures generated an 

intermediate in the oxidation of 3,5-di-tert-butylcatechol, which was confirmed to be a 

copper(II) semiquinonate (Figure 12C).97 The tert-butyl substituents caused a significant 
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distortion compared to a similar copper(II) semiquinonate supported by the less-bulky 

N,N,N’,N’-tetramethylcyclohexane-1,2-diamine (TMCD) (Figure 12B), which generated 

a square pyramidal complex with tetrahydrofuran.  Lumb and coworkers noticed the 

formation of a similar semiquinone intermediate with copper-DBED systems upon reaction 

with 4-tert-butylphenol; the distortion from planarity still occurred, albeit with a less 

pronounced deviation, even without a tert-butyl group ortho to a coordinating oxygen.95  

 In the aforementioned oxidations of phenol or catechol derivatives, a copper 

semiquinonate species was formed.  To address the possibility of a semiquinonate 

intermediate, an air-free reaction was performed in a J. Young NMR tube in d4-methanol 

between 3(OTf)2 and 3,5-di-tert-butylcatechol.  The solution slowly changed from dark 

brown to dark green.  However, 1H NMR analysis showed no product formation, even after 

a day.  It should be noted that small, broad peaks in the 25-35 ppm range were detected, 

consistent with the presence of a paramagnetic species (Figure S19). Though copper 

paramagnetic species had often gone undetected due to the relatively slow paramagnetic 

relaxation delay of copper(II) complexes, broadened resonances beyond 4.5 Å from the 

copper center had been reported.98-99  To help assess whether the species generated was an 

intermediate in the catalytic cycle to catechol oxidation or an off-cycle species generated 

in the absence of oxygen, the NMR tube was subsequently exposed to air. Four hours after 

the NMR tube was unsealed, the solution began to darken. Analysis of the reaction by 1H 

NMR revealed complete consumption of starting material with the formation of product, 

suggesting that the species detected in the absence of oxygen was an intermediate in the 

reaction. Although a copper semiquinonate species supported by tBu3tacn was never 

structurally characterized, the results point to the possibility of the generation of a 
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paramagnetic species, likely square pyramidal as seen with the paramagnetic Bn3tacn 

(Figure 12D). A square pyramidal, paramagnetic copper semiquinonate was unexpected 

given the work by Stack and Lumb with DBED,95, 97 but the geometry observed by Tolman 

and coworkers96 could be enforced by the macrocyclic nature of the tacn scaffold and the 

large tert-butyl group on the axial nitrogen. Indeed, a sterically unfavorable square planar 

adduct could have promoted product dissociation and helped catalyst turnover. However, 

though the observations were consistent with the formation of a copper-semiquinonate 

intermediate, more structural and kinetic evidence would be required to establish a clearer 

mechanistic picture. 

 

Figure 12 Comparison of copper semiquinonate crystal structures with corresponding skeletal structures 

supported by (A) Bn3tacn,96 (B) TMCD,97 and (C) DBED.97 (D) Skeletal structure of potential copper 

semiquinonate intermediate supported by tBu3tacn highlighting steric clash. 

 It should be noted here that the characteristics of 3(OTf)2 with respect to reactivity 

with 3,5-di-tert-butylcatechol against phenol is strikingly similar to the characteristics of 

hemocyanin proteins toward phenol and catechol.  Although hemocyanin proteins contain 

the same side-on peroxo isomer found in tyrosinase enzymes, hemocyanin proteins often 
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lack reactivity with phenolic substrates.4  Structural variants with inefficient but present 

activity toward phenols have been shown, suggesting that the protein sterically prevents 

access of phenols to the [Cu2O2]
2+ active site in hemocyanin proteins lacking tyrosinase 

reactivity. Similarly, the tert-butyl substituents of the ligand in 3(OTf)2 may prevent access 

to the active site until an oxidation event occurs. Furthermore, a case of catechol reactivity 

with a hemocyanin protein has been reported, with spectroscopic data and reactivity 

suggestive of the generation of a semiquinone species.100  Much like hemocyanin, 3(OTf)2 

does not oxidize phenols, possibly due to steric inaccessibility, but may be able to open for 

a sufficiently electron-rich catechol. 

 As 3 did not exhibit tyrosinase reactivity with unsubstituted phenols or catechols 

but did display reactivity with 3,5-di-tert-butylcatechol, it was tested toward reactivity with 

2,4-di-tert-butylphenol, a more commonly used phenol derivative. Again, no tyrosinase 

reactivity occurred, as there was no detectable 3,5-di-tert-butylcatechol or 3,5-di-tert-

butyl-o-quinone.  There was, however, formation of two other products detected by 1H 

NMR on reactions performed in d4-methanol.  Based upon alternative side-on peroxo 

reactivity observed in a few previous studies, the products were assigned to 3,3’,5,5’-tetra-

tert-butyl-2,2’-dihydroxybiphenyl (4) and 2,4,7,9-tetra-tert-butyloxepino[2,3-

b]benzofuran (5).59, 101 The identity of 4 and 5 were confirmed through independent 

synthesis101 and comparison of 1H NMR spectra from authentic samples in d4-methanol. 

Product 4 was hypothesized to derive from oxidative C—C coupling of an intermediate 

phenoxy radical, while 5 had been established to be the product of further oxidation of 

4.101-105 Quantification of the products with an internal standard showed that, with 19 mol% 

loading of 3(OTf)2, 4 and 5 were formed in 36% yield and 2% yield, respectively, over the 
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course of 66 hours (Table 2); therefore, 3(OTf)2 was shown to be catalytic with respect to 

a 2-electron oxidation process. As only small amounts of 5 were formed under ambient 

conditions, the reaction was followed at elevated temperatures.  At 50 °C with 20 mol% 

3(OTf)2, 4 and 5 were formed in 52% yield and 15% yield, respectively, over the course of 

3 hours; at 65 °C with 21 mol% 3(OTf)2, 4 and 5 were formed in 29% yield and 15% yield, 

respectively, over the course of 3 hours.  It should be noted that, at elevated temperatures, 

unidentified side-products were formed, which was likely the cause for the decreased yield 

of 4 at 65 °C compared to 50 °C.  Furthermore, no formation of 4 or 5 was noted without 

the presence of 3(OTf)2.  By comparison, [(iPr3tacnCu)2(O2)](SbF6)2, in a solution 

primarily consisting of the side-on peroxo isomer, had been shown to react with excess 

2,4-di-tert-butylphenol only at −80 °C stoichiometrically under a dioxygen atmosphere to 

form 4.106 

Table 2. Catalytic Aerobic Oxidation of 2,4-Di-tert-butylphenol 

Catalyst Loading 

(mol%) 

Temperature (°C) Yield 4 (%) Yield 5 (%) Time 

(h) 

19 r.t. 36 2 66 

20 50 52 15 3 

21 65 29 15 3 

 

 As 3(OTf)2 generated products consistent with H-atom abstraction, the complex 

was tested generally as an oxidant, focusing on alcohols geminal to homolytically weak 

C—H bonds. One alcohol particularly susceptible to oxidation was benzoin; the alcohol 

was both benzylic and adjacent to a ketone, and it had been shown to react with a previous 
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copper dioxygen complex at low temperature.107 Upon reaction with 20 mol% 3(OTf)2 in 

d4-methanol at room temperature, benzoin was catalytically converted to benzil in 92% 

yield after four hours (Table 3).  By raising the temperature to 50 °C, 20 mol% 3(OTf)2 

converted benzoin to benzil in 100% yield in one hour.  As the reaction occurred rather 

quickly with 20 mol% 3(OTf)2 at elevated temperatures, the reaction was run with 5 mol% 

3(OTf)2 at 50 °C, leading to formation of 93% benzil in 29 hours. As with 2,4-di-tert-

butylphenol, no benzoin reaction occurred when 3(OTf)2 was not present.  Additionally, 

use of urea-hydrogen peroxide as the oxidant for benzoin did not efficiently generate 

benzil, instead forming another unidentified product; this suggested that the complex was 

not simply generating free hydrogen peroxide from air to act as the surrogate oxidant for 

benzoin oxidation. 

Table 3. Catalytic Aerobic Oxidation of Benzoin 

Catalyst Loading 

(mol%) 

Temperature (°C) Yield (%) Time (h) 

20 r.t. 92 4 

20 50 100 1 

5 50 93* 29 
*The reaction was run open to air. 

 Throughout the course of the reactions monitored by 1H NMR in d4-methanol, 

3(OTf)2 would naturally decompose over time; this came to no surprise, given its half-life 

value of 13.05 hours under an atmosphere of dioxygen. However, the main decomposition 

products were observed to be diamagnetic. The first product, a red-green species, was 

formed more rapidly at elevated temperatures, as determined by 1H NMR and UV-Vis. 

Unfortunately, attempts to crystallize the diamagnetic products, particularly the initial 

diamagnetic product, led to further reaction and decomposition to 2. This intermediate 
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species appeared to be similarly competent for benzoin catalysis, as oxidation still occurred 

at elevated temperatures, when the intermediate was the dominant observed species by 1H 

NMR. However, it should be noted that during the benzoin reaction at room temperature, 

3(OTf)2 was the only species observed throughout and at the end of the reaction. 

 Given that 3(OTf)2 exhibited a half-life of 13.05 hours under a dioxygen 

atmosphere, it was peculiar that it was the only species observed after four hours of reaction 

with benzoin. This suggested the possibility that the presence of a good substrate for 

3(OTf)2 may promote the integrity of the complex, potentially by reacting with an unstable 

intermediate.  Indeed, the half-life of 3(OTf)2 in methanol increased from 13.05 hours to 

13.48 hours when measured in the presence of benzoin (Table 4; Figures S4-S10).  When 

measured in the presence of 2,4-di-tert-butylphenol, the half-life increased even more to 

17.1 hours.  Thus, under aerobic conditions in solution, complex 3 was shown to maintain 

its concentration in solution for longer when in the presence of a suitable substrate. 

Table 4. Solution Half-Life of 3 

Solvent Conditions Half-Life () 

Water NaH2PO4, N2 6.71 ± 0.016 days (398 nm) 

Water Na2HPO4, N2 9.6 days ± 0.12 (398 nm) 

MeCN N2 2.524 ± 0.0043 hours (553 nm) 

MeOH N2 14.25 ± 0.025 hours (400 nm) 

MeOH O2 13.05 ± 0.065 hours (400 nm) 

MeOH Benzoin, O2 13.48 hours ± 0.073 (400 nm) 

MeOH 2,4-di-tert-butylphenol, O2 17.1 ± 0.18 hours (554 nm) 
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 As 3(OTf)2 showed that it could perform as an alcohol oxidation catalyst with 

benzoin, the less active alcohol, benzyl alcohol, was chosen as a substrate. Benzyl alcohol 

was reacted with 3(OTf)2 in methanol at room temperature, 50 °C, and 65 °C, and the 

reactions were monitored by gas chromatography (GC) with 1,3,5-tri-tert-butylbenzene as 

an internal standard (Table 5).  At room temperature, 3(OTf)2 did not convert benzyl 

alcohol to benzaldehyde above the detection limits of the GC. However, the reaction did 

occur at elevated temperatures: after 76 hours, 9% yield and 34% yield of benzaldehyde 

were formed upon reaction with one equivalent of 3(OTf)2 at 50 °C and 65 °C, respectively. 

At all temperatures, no benzaldehyde product was detectable by GC without the addition 

of 3(OTf)2, suggesting that 3(OTf)2 was involved in the observed substrate oxidation 

process.  Given the necessity of stoichiometric loading of 3(OTf)2 and requirement of 

elevated temperatures for observable reactivity, it appeared that benzyl alcohol represented 

the limit of alcohol reactivity with 3(OTf)2.  Nevertheless, the reaction produced no 

detectable overoxidation to benzoic acid, consistent with the results of some recent aerobic 

copper oxidation reactions deriving from ill-defined active species.108-111 

Table 5. Aerobic Oxidation of Benzyl Alcohol 

Temperature (°C) Yield (%) Time (h) 

r.t. 0 N/A 

50 9 76 

65 34 76 

 

 C. Modification of the Synthesis of 1,4,7-Tri-tert-butyl-1,4,7-triazacyclononane 

 Studies analyzing the use of tBu3tacn to support copper complexes required routine 

synthesis of the ligand using the methods of Bradshaw and Izatt71 and expanded upon by 

Scarborough and coworkers74 (Scheme 7). However, the synthesis of the ligand based upon 
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the previous literature report74 required over a week. Furthermore, there were major 

reproducibility problems with the first step of the reaction, a chloroacetylation. Therefore, 

the synthesis of tBu3tacn was targeted for procedural optimization. 

Scheme 7. A General Synthesis of Substituted Tacn Derivatives 

 The chloroacetylation step presented a few serious problems.  The reaction 

generated a large amount of side product, identified as 1,4-di-tert-butylpiperazin-2-one (9); 

at times, more 9 was formed than major product, tBu6 (Scheme 8).  Secondly, the yield of 

tBu6 varied greatly, and a yield as high as 69% was never obtained after the initial report. 

Scheme 8. Unoptimized Chloroacetylation Reaction 

The generation of the side product 9 can be rationalized by examining the 

mechanism.  DBED has two equivalent nucleophilic amines.  However, the electrophile, 

chloroacetyl chloride, has two positions susceptible to nucleophilic attack:  the carbonyl 

position and the -position of the carbonyl.  The desired product requires each amine to 

perform acyl substitution at the more reactive carbonyl carbon of two different chloroacetyl 

chloride molecules.  However, after acyl substitution of the first amine, the second amine 

can presumably perform -substitution to displace the other chlorine, which leads to 9.  

Though SN2 displacement of alkyl chlorides is less favorable than acyl substitution of acid 
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chlorides, the barrier for the displacement of chloride in the -position of a carbonyl is 

lowered. Furthermore, as the less favorable substitution to 9 is intramolecular in nature, the 

reaction is likely to occur faster than an intermolecular substitution and is effectively 

irreversible under the reaction conditions, forming a six-membered ring in the process. 

 In order to promote the formation of the desired product tBu6, intermolecular 

reaction of the monoacylated intermediate must occur before intramolecular cyclization.  

In the original procedure for the diacylation, chloroacetyl chloride is added slowly to a 

solution of DBED. This process may favor the formation of 9, the undesired product; the 

concentration of chloroacetyl chloride is then always low, lowering the likelihood of the 

intermediate encountering another chloroacetyl chloride with which to react.  However, if 

the process is reversed, and DBED is exposed to a higher concentration of chloroacetyl 

chloride, this may bias the reaction toward the desired product tBu6 over the observed 

undesired product 9. 

 Another noteworthy observation regarding reaction optimization occurs in the 

quench.  In theory, potassium carbonate is added to the reaction to act as a base.  However, 

upon the addition of water to quench the reaction, the solution vigorously bubbles, 

requiring a careful addition of water to avoid eruption.  This suggests a large buildup of 

acid that is not quenched until water is added to dissolve the potassium carbonate.  

Therefore, the potassium carbonate may not be necessary during the course of the reaction; 

it may be safely added as an aqueous solution during the quenching procedure. 

 These ideas were tested as modifications to the diacylation reaction.A, B  By adding 

DBED dropwise to a solution of chloroacetyl chloride in dichloromethane, a similar turbid 

mixture was generated; however, with this procedure, the turbid mixture was white instead 
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of yellow.  The reaction was quenched by pouring the contents into a mixture of aqueous 

potassium carbonate and ice and stirring for 30 minutes.  Extraction from this mixture 

consistently led to isolation of a crude lacking impurity 9.  Further optimization, such as 

shortening the reaction time to two to four hours as well as cooling the solution in an ice 

bath during diamine addition consistently resulted in high yields (>90%) of product as a 

white solid without the need for crystallization.  The crude product not only exhibited a 

clean 1H NMR, but was found to be pure by internal standard. 

 The next reaction in the synthesis involved the cyclization of tBu6 around tert-

butylamine.  This reaction reportedly required three days of heating to complete.  

Furthermore, as a large amount of high-boiling (153 °C) DMF (the reaction required 

dilution to a 0.125M solution of tBu6) was used, separation of DMF from the product tBu7tBu 

was a laborious process, requiring distillation prior to extraction. 

 In an effort to minimize reaction time, the reaction was monitored by 1H NMR 

spectroscopy. From this, it was found that product formation did not proceed past four 

hours of heating, with most product formation complete after two hours of heating. 

Stopping the reaction at this time led to extraction of a crude solid, which could be similarly 

crystallized to afford the product tBu7tBu. 

 Although the reaction time was decreased almost 20-fold, the use of a large volume 

of DMF was an obstacle, requiring a particularly lengthy distillation for large-scale 

reactions. The dilute reaction conditions were initially utilized to avoid a potential 

polymerization problem:  if the intermediate, formed after initial SN2 displacement of the 

chloride, encountered another molecule of tBu6, it may add to that instead of performing a 

cyclization.  To test the effect of dilution on product formation, the reaction was attempted 
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at increased concentrations.  It was found that the reaction generated the product at 

concentrations as high as 1.0M in DMF, a concentration found to be essentially at the limit 

of solubility of the starting material.  At this concentration, distillation was no longer 

required; the reaction could be extracted with ethyl acetate and washed several times with 

aqueous sodium chloride to separate DMF from the crude product.  Though the crude 

isolated from extraction was often found to be impure by 1H NMR internal standard, the 

desired cyclization product was consistently the main material generated, and the isolated 

yield was generally about 10% lower than previously reported.  Given the vast decrease in 

reaction time and solvent waste, the new procedure represented a significant improvement. 

 Though the final step of the reaction, the lithium aluminum hydride reduction, 

worked quite well, safer reagents were considered; indeed, the dangers of quenching 

pyrophoric lithium aluminum hydride were made evident by a quenching incident requiring 

medical treatment for a former coworker for burn injuries. Previous work on a related 

synthesis of macrocyclic ligands showed that borane-tetrahydrofuran (BH3∙THF), a 

significantly safer reagent, was a sufficient reductant for the amides in those processes.71 

Upon application of the same procedure to the formation of tBu3tacn, the reaction was 

found to proceed in only slightly diminished yield to the desired product.  Furthermore, 

due to the significantly attenuated reactivity of BH3∙THF, the time required to safely 

quench the reaction was greatly reduced. 

 Taking all the steps together, the process to generate tBu3tacn was significantly 

optimized and streamlined (Scheme 9).  When performed efficiently, the entire ligand 

synthesis was executed in a 24 hour period with either reduction procedure. Compared to 

the previously reported synthesis, which required at least a week to perform, the optimized 



37 
 

 
 

synthesis represented an 86% reduction in process time.  Furthermore, due to the use of a 

less pyrophoric reagent during the reduction step, the process was made significantly safer.  

Due to the decreased reaction time and increased safety, the synthesis was even 

successfully performed in an undergraduate inorganic chemistry laboratory class. Thus, the 

modifications to the synthesis facilitated coordination chemistry with this ligand, as was 

already shown in an academic undergraduate laboratory. 

Scheme 9. Optimized Synthesis of tBu3tacn (tBu8tBu) 

 D. Exploring Modularity in the Synthesis of Derivatives of 1,4,7-

 Triazacyclononane 

 As previous work had shown that the second, cyclization step in the synthesis of 

tBu3tacn could be applied to cyclization around each amine of benzylamine, 

ethylenediamine, and propylenediamine,A the scope of this reaction was investigated 

further,B initially with monoamines. From a series of reaction screens, the cyclization was 

found to occur with 1-adamantylamine, ethanolamine, 2-amino-2-methyl-1-propanol, 2-

picolylamine, and 2-(methylthio)ethylamine (Table 6).  From these initial screens, it was 

determined that the cyclization worked with alkylamines of various substitution patterns 

and tolerated alcohols, thioethers, and pyridyl groups. 
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Table 6. Scope of Amine Cyclization Toward tBu7R. 

 

 

 Unfortunately, a variety of nitrogen nucleophilies were unable to affect cyclization.  

Aryl substituents could not be incorporated into the tacn synthesis via this route, as anilines 

would not provide the cyclized product.  Hydroxylamine would not cleanly form a desired 

N-hydroxy functionalization of the ring, instead forming a mixture of unidentified 

products.  In an attempt to incorporate biologically relevant side chains as well as chirality, 

cyclization was attempted with amino acids L-methionine, L-tyrosine, and L-tryptophan; 

unfortunately, these reactions also led to mixtures of unknown products by 1H NMR.  

Fortunately, amino acid side chains could be incorporated without the carboxyl groups, as 

was shown by the successful cyclization around 2-(methylthio)ethylamine as a methionine 

surrogate. 
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 Given the prior successes of cyclizations around ethylenediamine and 

propylenediamine,A other polyamines were attempted.  Diethylenetriamine (dien) and 

tris(2-aminoethyl)amine (tren) were thus utilized as reagents.  In either case, results were 

promising but not unambiguous.  The 1H NMR spectra of the reactions showed 

consumption of starting material and contraction of the proton resonances at the -amino 

positions, consistent with the patterns seen from previous successful nine-membered ring 

cyclizations.  Unfortunately, the -amino peaks broadened considerably, and the reactions 

were not completely pure. Attempts to crystallize the products generated oil in each case, 

and species in the crude were immobile on silica. However, mass spectrometry on the crude 

products were highly promising, showing the desired mass (Figure 13).  The results were 

consistent either with the formation of the desired product or the formation of large 

macrocycles with the same molecular formulae, inclusively.  Reduction of these species 

led to similar results; the 1H NMR results were highly suggestive of the products, 

(tBu2tacn)2dien and (tBu2tacn)3tren, but crystal structures were never obtained. 

 Given the ring-size ambiguity associated with polyamine cyclization, it became 

important to assess whether cyclization around multiple alkylamines was possible for tBu6. 

To address the question, the reactivity of tBu6 was probed with excess benzylamine 

(Scheme 10, Figure S31).  With ten equivalents of benzylamine, there was primarily the 

formation of the desired cyclized nine-membered ring 10, with the formation of a 

noticeable amount of undesired acyclic product 11 (ratio 1.98:1 10:11).  This result was 

particularly striking given the concentration of benzylamine:  there were approximately 

equal volumes of benzylamine and DMF. Finally, heating tBu6 in neat benzylamine (ten 

equivalents) led to the formation of 10 along with the formation of the 11 in a 0.82:1 ratio.  
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These results suggested that, although incorporation of two primary amines for each tBu6 

was possible under extreme conditions, the pathway was less favorable than cyclization 

around a single primary amine. 

 

 

Figure 13. Mass spectrometry results of cyclization reactions with dien (top) and tren (bottom). 



41 
 

 
 

Scheme 10. Single vs. Double Amination:  Competition Experiment 

 

 That cyclization to form a strained nine-membered ring would occur over formation 

of acyclic diamines and polymers even under conditions favoring the latter was naturally a 

curious occurrence.  Considering the possibility that it may have something to do with the 

steric influence of tertiary alkyl N-substituents on the amides led to the investigation as to 

whether steric factors had a part to play in the reaction pathway.  Indeed, previous 

experiments with Me6 under the same cyclization conditions did not lead to noticeable 

formation of the desired product, with the production of highly insoluble solids consistent 

with polymerization (Figure 14A).A Furthermore, the tertiary alkyl N-substituted Ad6 not 

only cyclized around 1-adamantylamine,74 but it was also found to cyclize around tert-

butylamine (Figure 14B). 

 The reactivity of tBu6 and Ad6 toward cyclization implicates substituent steric bulk 

as a potential reason for the success of the reactions. One quality that the sterics of N-

substituted amides are known to affect is the equilibrium of amide rotamers. An amide C—

N bond is capable of rotation, allowing the amide to equilibrate between cis and trans 

conformations.  The resulting rotational isomers, or rotamers, can be affected by several 

factors;112-113 however, in the case of fully substituted acyclic amides, steric effects are the 

major forces behind rotamer selection.  Amides with a bulky alkyl group tend to favor the 
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rotamer with this group syn to the amide oxygen (Figure 14C, left), as this is the smallest 

group on the amide, often leading to the cis isomer as the major rotamer in solution. 

 This rotamer selection is likely important for the cyclization step in the synthesis 

of tacn derivatives bearing tertiary alkyl substituents. If the alkyl N-substituents on the 

bis(chloroacetamide)ethylenediamine (6) are large, such as with tert-butyl or adamantyl, 

then the cis rotamer allows for cyclization (Figure 14C, left).  Furthermore, even when the 

ethyl bridge connecting the two amides twists into a disfavored conformation, the large 

alkyl substituents may help prevent intermolecular nucleophilic attack (Figure 14D). If this 

hypothesis is correct, then small N-substituents may favor polymerization under conditions 

in which large N-substituents favor cyclization. 

 

Figure 14. Cyclization does not occur with (A) Me6, likely favoring polymerization, but does occur with (B) 
Ad6 and tBuNH2 to form Ad7tBu. (C) Only one amide rotamer combination (left) leaves the intermediate in the 

second step of a tacn synthesis likely to cyclize. (D) Large N-substituted amides may also help prevent 

intermolecular attack by a second amine. 

 To test this idea, derivatives of 6 were made with methyl (Me6), benzyl (Bn6), and 

isopropyl (iPr6) amide substituents. The derivatives were each crystallized, and the 1H NMR 

spectra were analyzed (Figures S21, S23, and S25).  The first derivative analyzed, iPr6, 

displayed significantly more resonances in its 1H NMR than could be justified by one 

isomer.  Furthermore, repeated synthesis of iPr6 led to similar ratios of the NMR resonance 
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integrations.  Similar isomeric features were found with Me6 and Bn6.  These features were 

consistent with the presence of the predicted amide rotamers (Figure 13C).  Indeed, heating 

iPr6 led to coalescence of the resonances into what appeared to be one isomer (Figure S26); 

heating of Me6 (Figure S22) and Bn6 (Figure S24) began to, but did not completely, converge 

to one isomer. Several 1D NOE experiments on Me6, Bn6, and iPr6 provided some evidence 

toward correlation between sets of 1H NMR resonances to rotamer through the integration 

of enhanced peaks (Figures S27-S30). However, the assignments were ambiguous:  not 

only did irradiated resonances equilibrate during enhancement, but irradiation of 

resonances from one amide could enhance resonances of another, as seen with tBu6 (Figure 

S30). However tenuous, the peak assignments to rotamers allowed for the establishment of 

rotamer ratios by NMR (Table 7). 

Table 7. Estimated Percent Rotamer Population in Solution 

R 

Group 

 

Me  32% 68% 

Bn 50% 46% 4% 

iPr 76% 24%  

tBu 100%   

 

 Given the evidence for the existence of multiple equilibrating structures in solution 

and rotamer assignments, the reactivity of each toward amine donors was tested.  In 

attempted cyclizations of Me6 and Bn6 with amines, polymerization was the only evident 

process, generating spongy, insoluble solids; a similar event was noted with iPr6 and 

ethylenediamine.  However, when iPr6 and isopropylamine were treated to the cyclization 
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conditions, an impure white solid formed.  A 1H NMR of the solid contained resonances 

suggestive of cyclization to iPr7iPr, and mass spectrometry results were consistent with this 

assignment.  Reduction of iPr7iPr led to the formation of iPr3tacn (iPr8iPr) as a clear, colorless, 

hygroscopic, air-sensitive oil in low yield (24% over two steps) (Scheme 11). 

Scheme 11.  Synthesis of iPr3tacn (iPr8iPr). 

 

 Based upon the results of the reactivity studies, it appears that cyclization around a 

single amine is dependent upon the steric bulk of the amide N-substituent.  The correlation 

between amide rotamers and reactivity to form the desired 9-membered ring provides 

evidence for the hypothesis that the correct amide rotamer is necessary, and potentially 

sufficient, for affecting cyclization. The results show that secondary alkyl substituents 

represent a boundary toward formation of tacn derivatives utilizing the present conditions, 

with tertiary alkyl substituents (tBu6 and Ad6) representing the way toward clean 

cyclizations. Additionally, given the ease of removal of tert-butyl groups from amines,B 

the present synthesis provides a rapid route to a variety of tacn derivatives. 
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III. Conclusions 

 The aforementioned work shows that tBu3tacn is an oxidatively robust ligand 

capable of the generation of the most persistent copper-dioxygen complex known. 

Extensive characterization of the copper dioxygen complex unambiguously demonstrates 

the formation of 3(OTf)2 upon exposure of 2 to air. The ability of the supporting ligand to 

effectively bury the active copper dioxygen core may be responsible for the stability of the 

complex. Furthermore, unlike other copper dioxygen complexes supported by tacn 

derivatives, the ligand prevents formation of more active bis(-oxo) complexes, as the 

contraction of the copper-copper distance to form this highly active form is precluded by 

the steric bulk of the ligands. Consequently, 3(OTf)2 is relatively unreactive compared to 

other known side-on peroxo complexes. 

 The ligand synthesis work shows new utility of 1,4,7-triazacyclononane ligands as 

targets for the rapid synthesis of bulky scaffolds. Due to the modularity introduced in the 

second step of the tacn synthesis, groups representing a variety of steric and electronic 

features can be incorporated through the use of simple amines. The tendency of R6, where 

R is a tertiary alkyl substituent, to cyclize around a single amine finds use in the potential 

synthesis of tethered polyamines. Unfortunately, R6 derivatives with smaller R groups 

perform less satisfactorily:  when R is the secondary alkyl group isopropyl, cyclization 

around a single amine occurs in low yield at best, while smaller R groups form material 

consistent with polymerization. Evidence from NMR experiments point to the necessity of 

tertiary alkyl substituents on R6 to ensure that amine rotamer equilibrium favors 

intramolecular cyclization. 
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IV. Future Directions 

 A. Synthesis and Utility of Tethered Tacn Derivatives 

 The generation of polytacn ligands, such as (tBu2tacn)2dien and (tBu2tacn)3tren, 

may be useful for bringing metals together, particularly for cluster generation. Significant 

advancements in template chemistry have been performed by the research laboratories of 

Agapie114 and Holm,115-116 toward the assembly of cluster models of the oxygen evolving 

complex and an iron-sulfur cluster (Figure 15A). However, FeMo-co, the cluster 

responsible for nitrogen fixation in proteins, has yet to be fully formed; work by Holm has 

led to similar clusters (Figure 15B),117 yet assembly with the proper atom identities, 

particularly with the central carbon,118 has yet to be attained. Only recently has an iron 

complex been synthesized that is bound to both sulfur and carbon and shows some potential 

for dinitrogen activation (Figure 15C).119 Hence, the potential synthesis of (tBu2tacn)2dien 

and (tBu2tacn)3tren may lead to advancement in the study of active metal clusters. 

Figure 15. (A) Crystal and skeletal structures of a templated iron-sulfur cluster (thermal ellipsoid data not 

available; ball-and-stick model used instead; counterions and solvent omitted for clarity).115 (B) Crystal and 

skeletal structures of a cluster similar to the cluster found in nitrogenase enzymes (counterions and solvent 

omitted for clarity).117 (C) Crystal and skeletal structures of an iron-dinitrogen complex supported by sulfur 

and carbon donor atoms, similar to a portion of the metal cluster in nitrogenase (counterions, solvent, and 

aryl groups omitted for clarity; Ar = 2,4-diisopropylphenyl).119 
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 The bulk and modularity of tethered polytacn ligands may allow for greater control 

of cluster size. As the tether length between bound tacn derivatives is easily modified, 

variation in metal distance can be manipulated.  Furthermore, the steric bulk required in 

the aforementioned syntheses of tethered tacn derivatives may constrain cluster size. The 

ease of such chain incorporation through tether modification may be useful for studying 

how enzymes cooperatively facilitate cluster formation. The potential for rapid formation 

of a variety of tethered tacn derivatives bearing tertiary alkyl substituents may not only 

facilitate the formation of metal clusters similar to those in biology, but it may additionally 

pave the way toward the synthesis and study of novel metal complexes. 

 B. Ambient Electrochemical and Chemical Reduction of Peroxo Complexes Toward 

 the Active Site of Particulate Methane Monooxygenase 

 One of the original motivations behind the formation of a stable [Cu2(-2:2-O-

2)]
2+ complex was to study the core generated upon single-electron reduction, [Cu2O2]

+, for 

its suggested role in methane oxidation in pMMO.58 Preliminary work with 3(OTf)2 

electrochemistry in organic solvents led to complicated cyclic voltammograms. As the only 

cyclic voltammetry experiment on a dicopper dioxygen complex was performed at 

−80°C,33 the temperature dependence of the cyclic voltammograms of 3(OTf)2 were tested.  

In DMF at room temperature, 3(OTf)2 showed a species partially decaying upon reduction 

with what appeared to be electrochemically irreversible but somewhat chemically 

reversible reoxidation at fast (500 mV/s) scan rates located around -1.3 V vs. Ag/Ag+ 

(Figure 16A).  At -42 °C, however, a solution of 3(OTf)2 displayed different behavior 

(Figure 16B).  The reduction event split into two discrete reduction events, and the 

reoxidation events occurred at higher potentials. Though low temperature work could have 
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suggested that the reduction event at room temperature could be multielectron, it also 

highlighted the necessity for ambient electrochemical studies for comparison with 

biological examples of copper dioxygen complexes such as pMMO. 

 

Figure 16. Cyclic voltammetry experiments of 3 in DMF at (A) room temperature and (B) −42 °C. 

 Electrochemistry was then performed in water, in which 3 was determined to be 

most stable.  As 3 was found to be somewhat water soluble with phosphate anions, 

solutions were generated by mixing 3(OTf)2 with phosphates of various acidity using 

Na2HPO4, NaH2PO4, and H3PO4. It was expected that with greater solution acidity, the 

reduction potential would become more positive. However, cyclic voltammetry 

experiments in water, referenced to Ag/AgCl, suggested the opposite trend (Figure 17). 

The reduction potential of 3 in water became more negative with increasing acidity: −0.48 

at pH 9; −0.56 at pH 7; −0.61 at pH 4; −0.66 at pH 2. Unfortunately, no hypothesis for this 

behavior was developed. 

 In the hopes of studying the species generated by reduction of 3(OTf)2, bulk 

electrolysis was performed, in collaboration with Dongmei Xiang of the Dyer laboratory 

at Emory University. Bulk electrolysis of 3(OTf)2 in DMSO at room temperature led to the 
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formation of a light green species.  To determine whether the ligand was still intact after 

reduction, ammonium hydroxide was added to this species to demetallate the complex soon 

after formation; this led to vigorous bubbling and eruption of the flask contents, suggesting 

gas release from the solution. Investigation into the identity of the gas was not performed. 

Figure 17. Cyclic voltammetry of 3 in water in solutions of various pH values (shown in key; pH values 

approximated from pH test strips). The voltammograms were scaled by the peak current of the reduction 

wave for ease of comparison. Peak reduction potentials are as follows: −0.48 at pH 9; −0.56 at pH 7; −0.61 

at pH 4; −0.66 at pH 2. *Reduction wave present in background solution and thus not attributed to reduction 

of 3. 

 Attempts to assemble the product of single electron reduction were led by some 

preliminary results using superoxide.  In the hopes of generating a mononuclear copper(II)-

superoxide complex to compare with intermediates in the reaction of 3(OTf)2 with 

substrates, tBu3tacnCuOTf2 was exposed to potassium superoxide (KO2) and 18-crown-6 

(used to dissolve KO2) in 1,2-dimethoxyethane (DME). Unexpectedly, crystallization and 

x-ray diffraction of the resulting green species revealed formation of complex 12, a 

trinuclear copper cluster with C-H insertion into the unactivated primary C-H bonds of a 

tert-butyl group in each of two bound ligands (Figure 18A). As this may have derived 

initially from a dinuclear copper(II)-superoxo, which is the one-electron oxidized form of 
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3, this method was utilized toward the one-electron reduced form of 3.  Addition of KO2 

and 18-crown-6 to 2 in DME generated a black solid, which, upon filtration and dissolution 

in methanol, generated a red-green species (Figure 18B).  However, allowing a reaction to 

persist led to isolation of 3.  Attempts to get a pure form of a complex resulting from the 

reduction of 3 instead often led to 3, a further demonstration of the stability of the complex. 

 

Figure 18. (A) Synthesis of complex 12 (left) along with crystal structure (right; hydrogen atoms omitted for 

clarity). (B) Attempted assembly of complex resulting from one electron reduction of 3. 

 To avoid buildup of potassium superoxide, a solution of potassium superoxide in 

DMSO was added dropwise to a stirring solution of 2 in DMSO under inert atmosphere. 

With each drop, the solution transiently darkened and quickly flashed to yellow. By the 

end of the addition, the solution was green. In an attempt to extract the ligand, ammonium 

hydroxide was added to the solution; the solution immediately bubbled so vigorously that 

the contents erupted from the vial. The similar behavior of this solution to the solution 

generated via bulk electrolysis could suggest a similar nature of the species. 

 Future work on the electrochemistry of 3 may explain the behavior in water, as it 

is most biologically relevant to methane oxidation chemistry. Determination of the gas 
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released upon water addition to a DMSO solution of the complex formed from reduction 

of 3 may be slowly monitored by gas uptake of a bulk electrolysis of the reduction of 3 

performed in water.  This process may be studied further by measurement of resonance 

Raman spectra during bulk electrolysis to track the stretching frequency of the O—O bond 

during the reduction process. 

 Additionally, isolation of a complex generated from single-electron reduction of 3 

or another side-on peroxo dicopper complex may be a goal of future work.  Unfortunately, 

due to reduction wave coalescence, it may be difficult to affect a single-electron reduction.  

At low temperature, however, the reduction events appears to be more resolvable.  

Furthermore, the single-electron reduced species appears to decay at room temperature. 

Thus, low temperature formation and isolation of a [Cu2O2]
+ complex may be possible. 

 If stability of a [Cu2O2]
+ complex derived from 3 is a problem, then transient 

absorption spectroscopy may help identify a species.  If a tacn complex is tethered to a 

photoreductant with a relatively long-lived excited state, such as a 

bis(phenanthroline)copper(I) system,120 then excitation of the photoreductant may induce 

intramolecular single-electron transfer to the side-on peroxo (Scheme 12).  Although the 

species may be short-lived, transient absorption spectroscopy may be able to resolve the 

formation of an intermediate species.  Transient absorption spectroscopy involving 

dicopper side-on peroxo systems is not unprecedented,121 but using the technique to 

observe a photoreduced species has never been reported.  Although not specifically an 

isolation of the desired [Cu2O2]
+ species, spectroscopic observation may set the foundation 

for future identification of the complex, particularly in proteins such as pMMO. 
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 Furthermore, as recent calculations suggest that the active site of pMMO may be 

formed not just through reduction but through H-atom transfer from a nearby tyrosine 

residue,57 H-atom transfer to 3 to form a [Cu2O2H]2+ complex may be a useful process to 

investigate. The H-atom transfer agent ideally forms a stable radical species during the 

process. Therefore, 1-hydroxy-2,2,6,6-tetramethylpiperidine (TEMPOH) may be a good 

reagent for the transfer of a single H-atom to 3, as the product, 2,2,6,6-

tetramethylpiperidine N-oxide (TEMPO) is a stable radical species (Scheme 13A).  

Additionally, a phenolic group could be incorporated into the tacn ligand scaffold to 

generate a source of a single H-atom in a complex (Scheme 13B). Although the latter case 

may more directly probe the species generated in proteins, the phenolic oxygen may also 

coordinate. Regardless, spectroscopic observation and characterization of a [Cu2O2H]2+ 

complex may also be useful for identification of the species responsible for methane 

oxidation in pMMO. 

Scheme 12. Hypothetical Photophysical Generation of [Cu2O2]+ Core 
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Scheme 13. Hypothetical Formation of [Cu2O2H]2+ Through the Use of (A) Inter- and 

(B) Intramolecular H-Atom Donors 

 

 On this note, it is worth addressing the possibility that the species responsible for 

methane oxidation in pMMO is a mono(-oxo), the same as in copper zeolites capable of 

similar methane oxidation. Therefore, isolation of this species through the use of 

oxidatively robust tacn derivatives, such as tBu3tacn, as the supporting ligands may be a 

target for future work. This may be accomplished through the exposure of 2 to O-atom 

transfer agents, such as iodosoarenes and N-oxides.  Preliminary work shows that upon 

exposure of 2 to trimethylamine N-oxide, an orange species is formed (Scheme 14). 

Analysis of the orange species by 1H NMR spectroscopy in d6-DMSO shows the formation 

of a diamagnetic complex, consistent either with a copper(I) species or an oxidized 

dinuclear copper species exhibiting antiferromagnetic coupling (Figure S20). Though 

adducts of copper(I) with trimethylamine N-oxide are known, the 1H NMR of the orange 

species does not display resonances corresponding with protons on trimethylamine N-

oxide, suggesting the possible expulsion of trimethylamine. This result is consistent with 

O-atom transfer to a copper center, which, given the diamagnetic nature of the complex, 
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may suggest formation of the desired mono(-oxo). However, further spectroscopic work 

is necessary to determine the structure of the complex formed, particularly X-ray 

diffraction data and resonance Raman spectroscopy. 

Scheme 14. Reaction of Complex 2 with Trimethylamine N-oxide 

 

 C. Investigation of Steric Modularity of Tacn on Copper Dioxygen Cluster 

 Formation, Stability, and Reactivity 

 The synthesis of oxidatively robust tacn ligands allows for the study of copper 

dioxygen complexes normally unstable under ambient conditions, as is shown by the work 

with 3. The modularity of the synthesis also expedites the generation of a variety of tertiary-

alkyl substituted tacn derivatives, facilitating the study of steric effects on the formation of 

copper dioxygen complexes supported by a three-coordinate ligand.  Though the scientific 

literature contains reports linking steric effects to the formation of copper dioxygen 

complexes of this type,17 the ability to carefully modify substitution patterns generating 

non-C3-symmetric tacn derivatives allows for a more in-depth study of controlling the 

coordination in copper dioxygen complexes. 
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Figure 19. Through sequential replacement of tert-butyl substituents with adamantyl substituents, the strain 

induced by formation of a dinuclear copper dioxygen complex may begin to favor the formation of 

mononuclear complexes. 

 Preliminary work focused on tBu8Ad, 
Ad8tBu, and Ad8Ad (Figure 19).  Upon synthesis 

of the ligands, complexation with copper(I) trifluoromethanesulfonate benzene complex 

and exposure to air led to the formation of a series of complexes.  The dioxygen complex 

13, generated from exposure of air to a copper complex of tBu8Ad, displayed UV-Vis 

features consistent with a side-on peroxo complex (Figure 20A).  The visible transitions in 

the UV-Vis spectrum (407 nm, 580 nm) were red-shifted compared to 3 (400 nm, 550 nm), 

consistent with poorer orbital overlap between copper dxy orbitals and peroxo * and * 

orbitals (Figure 7B). Resonance Raman spectroscopy showed a resonance at 775.4 cm-1, a 

very small shift from the O-O stretching frequency of 3 (773.1 cm-1), but still consistent 

with decreased backbonding of copper into the peroxo * orbital (Figure 20A, inset).  

Furthermore, two additional resonances at 595 and 918 cm-1 appeared, consistent with the 

presence of a possible mononuclear copper-dioxygen complex.17 An equilibrium of the 

dinuclear and mononuclear copper dioxygen complexes supported by tBu8Ad would be 

consistent with the steric effects between supporting ligands imparted by incorporation of 

an adamantyl group (Figure 20B). 
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Figure 20. (A) UV-Vis of dioxygen uptake to a solution primarily consisting of 13; inset resonance Raman 

spectrum (514.5 nm excitation) in trifluoroethanol showing formation of species indicative of a mononuclear 

dioxygen complex. (B) Process depicting possible dinuclear-mononuclear peroxo complex equilibrium. 

 The dioxygen complex generated from exposure of air to a copper complex of Ad8tBu 

displayed slightly different UV-Vis features to 3 and 13 (Figure 21A). The visible 

transitions in the UV-Vis were similar to a side-on peroxo complex, but the location of the 

peaks (400 nm and 528 nm) was shifted in the opposite direction expected for a side-on 

peroxo complex; addition of another adamantyl group should push the copper centers of a 

dinuclear side-on peroxo farther apart, leading to a general decrease in the energy of 

transitions with increasing copper distances. The shift back to higher energy was indicative 

of a mononuclear side-on peroxo complex 14, which had been shown to possess similar, 

yet weaker, visible transitions to a dinuclear complex. 

 If the hypothesis is correct that a copper dioxygen complex supported by Ad8tBu 

generates 14, Ad8tBu represents the ligand beyond the steric limit of dinuclear copper 

complexes, with tBu8Ad supporting copper complexes at the border of dinuclear and 
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mononuclear. The effect of the second adamantyl group toward formation of the 

mononuclear complex may be rationalized by the coordination geometry seen in complex 

3.  Each copper in 3 possesses a square planar geometry, displaying axial elongation of one 

Cu—N bond. The steric strain between ligands in a dinuclear complex 13 can be partially 

relieved through the placement of the largest substituent, adamantyl, in the axial position. 

However, upon the incorporation of a second adamantyl group in the supporting ligand 

Ad8tBu, a dinuclear complex is forced to position at least one adamantyl group in an 

equatorial position.  A dinuclear complex supported by Ad8tBu would nearly eclipse a tert-

butyl substituent of one ligand with an adamantyl substituent of another ligand (Figure 

21B).  The requirement of at least one equatorial adamantyl group may represent the limit 

for dinuclear copper complexes. 

 The spectroscopic results for 3, 13, and 14 begin to paint a picture of the limit of 

dinuclear complex formation. Preliminary work with 14 suggests that it may be a 

mononuclear copper(II)-superoxo or copper(III)-peroxo complex.  Further resonance 

Raman and X-ray crystallographic data may provide stronger evidence for this assignment. 

Resonance Raman and UV-Vis data show that 13 is the primary species in solution, but 

may equilibrate to a small but detectable amount mononuclear complex in solution. 

Resonance Raman on a solution of the copper complex of tBu8Ad exposed to 18O2 may 

provide stronger evidence for the assignment of 595 and 918 cm-1 frequencies to a 

mononuclear complex.  The only detectable copper dioxygen complex supported by 

tBu3tacn in solution is 3. However, the reactivity of complex 3 may be associated with 

equilibrium to a small amount of another complex, such as a mononuclear complex; similar 
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equilibria between dinuclear complexes have been implicated in previous reactivity studies 

involving dinuclear side-on peroxo complexes. 

 

Figure 21. (A) UV-Vis of dioxygen uptake to a solution of what may be complex 14. (B) Depiction of 

equatorial steric strain, hypothesized to be the primary reason for prevention of the formation of a dinuclear 

complex. 

 Indeed, identification of a system incapable of forming a dinuclear complex (14) 

and a complex generating a small but noticeable amount of mononuclear complex in 

solution (13) may provide an ideal system for addressing the reactivity observed with 3.  

Complex 14 can be screened for reactivity against the same substrates used for 3. If 14 is 

capable of the same reactivity, then the reactivity of 3 may be associated with an 

equilibrium to this species. The reactivity of 13 can be compared to that of 14 and 3.  If 

slower kinetics compared to 14 is shown at equivalent starting copper concentrations, this 

may add evidence to a hypothesis that some amount of 3 is equilibrating to a mononuclear 

dioxygen adduct in solution. Furthermore, it may be possible to favor the mononuclear 

complex derived from 13 by heating a solution of the complex.  If the reactivity is more in 
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line with that of 14 at the same elevated temperature, then reactivity can likely be attributed 

to a mononuclear complex. This may help unravel the reaction mechanism of 3 toward a 

variety of substrates. 

 Intriguingly, the trend established with copper dioxygen complexes supported by 

tBu3tacn (tBu8tBu), 
tBu8Ad, and Ad8tBu, became complicated when moving to Ad8Ad. Exposure 

of a copper complex of Ad8Ad rapidly generated a green species, completely lacking the 

buildup of a complex with a mid-visible charge-transfer feature (Figure 22).  Attempts to 

crystallize the green species led to the formation of two different complexes.  One species, 

a light brown, crystalline solid, was revealed by x-ray diffraction to be a copper(I)-

copper(II) mixed valence carbonate complex 15 (Figure 23A); a carbonate complex had 

previously been shown to form from Cu(II) hydroxide complexes.91 Another species, a 

blue-green crystal, was also generated, with data from x-ray diffraction revealing a 

trinuclear copper cluster 16 as a product of O-atom insertion into adamantyl C—H bonds 

(Figure 23B). Additionally, attempts to dissolve the green species in chloroform 

immediately led to formation of a yellow decomposition complex, and dissolution in THF 

led to a purple solution. The complex initially generated clearly lacked the stability 

afforded to previous tacn derivatives bearing tertiary alkyl substituents, and likely required 

low temperature work to identify the initial copper peroxo adduct formed upon reaction 

with dioxygen. 
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Figure 22. UV-Vis spectrum of dioxygen uptake of a copper(I) complex supported by Ad8Ad. Potential 

structures associated with the UV-Vis features are featured. 

 It is worth noting that a colleague’s work on cyclization of tBu6 around ammoniaB 

allows the similar procedure for the synthesis of Ad8H. Complexation using copper(I) 

trifluoromethanesulfonate benzene complex leads to the formation of a green species. X-

ray crystallography data of green crystals from this solution indicate the formation of a 

mononuclear copper complex 17, with O-atom insertion into an adamantyl C—H bond 

(Figure 24).  Though 17 presumably derives from a copper dioxygen adduct, the fate of the 

remaining oxygen has yet to be identified. This mononuclear complex suggests that the 

two adamantyl groups are sufficient for formation of a mononuclear complex, as a 

colleague’s work with a copper complex supported by tBu8H shows a similar complex as a 

dicopper dimer.C This result is also consistent with the hypothesis that an equatorial 

adamantyl group on copper cannot be tolerated in a dinuclear copper complex. 
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Figure 23. Crystal and skeletal structures of (A) 15 and (B) 16, products of dioxygen uptake of a copper 

complex supported by Ad8Ad. 

 

 

Figure 24. Crystal and skeletal structure of complex 17. 

 D. Stabilization of Mononuclear Copper Nitrene 

 As tBu3tacn is an oxidatively robust, bulky ancillary ligand, it may be a good ligand 

to support another, highly active copper complex: a copper nitrene. A copper nitrene is a 

predicted mononuclear copper species generated from the reaction of copper(I) with a 

nitrene source, such as an alkyl azide, chloramine, or iminoiodinane.122 The predicted 

structure can be described with resonance structures between a copper(II) bound to a 

nitrogen radical and a copper(III) bound to a nitrogen anion (Figure 25A). The mixture of 
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copper(I) complexes with nitrene sources is often not only capable of alkene aziridination, 

but the system is commonly used to perform C—H functionalization of alkanes as robust 

as cyclohexane.122 Although dinuclear copper complexes supporting electron-deficient 

alkyl amines are known, the unambiguous identification of the active mononuclear 

complex by x-ray crystallography remains elusive. Only one report describes the potential 

spectroscopic observation of a mononuclear “copper nitrene” complex (Figure 25B) at −90 

°C in DCM by UV-Vis, x-ray absorption spectroscopy (XAS), and resonance Raman 

spectroscopy.122 Furthermore, an unassigned 1H NMR of the complex at low temperature 

shows a variety of resonances consistent with a diamagnetic species. Though the evidence 

supporting the formation of this copper nitrene species is far from providing an absolute 

structural assignment, the data are suggestive of the formation of a diamagnetic copper 

nitrene species. The supporting ligand in this study is a triamine, similar to tBu3tacn, but 

with nitrogen atoms bearing methyl groups instead of more robust tert-butyl groups. Use 

of tBu3tacn to form a nitrene complex R18 (Figure 25C) may help avoid decomposition of 

a copper nitrene by preventing easy access of the reactive electrophilic nitrogen to 

vulnerable solvent molecules (Figure 25D). 

 

Figure 25. (A) A copper nitrene adduct described through resonance structures. (B) Proposed structure of 

previously reported copper nitrene adduct. (C) Synthetic copper nitrene target (R = CH3 (Me) or H). (D) 

Spacefilling model depicting steric protection of potential copper nitrene adduct from intermolecular 

reactivity (formed from the crystal structure of Me19). 
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 Therefore, in an attempt to generate the desired complex R18, 2 was exposed to 

nitrene sources. Although no reaction was observed with tert-butyl azide, reactions with 

chloramine T-hydrate (Scheme 15A), [N-(p-toluenesulfonyl)imino]phenyliodinane 

(PhINTs) (Scheme 15A), and [N-(benzenesulfonyl)imino](2-tert-

butylsulfonyl)phenyliodinane (20) (Scheme 15B) led to the formation of a red solution in 

DCM.  At room temperature, the red color was formed and persisted for hours.  UV-Vis of 

the species generated (487 nm and 811 nm from the use of chloramine-T hydrate; 488 nm 

and 800 nm from the use of PhINTs; 467 nm and 790 nm from the use of 20) appeared to 

be similar to the species previously hypothesized as a copper nitrene adduct at low 

temperatures, with absorption maxima at 530 nm (3500 M−1 cm−1) and 750 nm (580 M−1 

cm−1). Indeed, the immediate decomposition product of a copper nitrene via H-atom 

abstraction, a copper(II) amido, was found in a previous report to be a green species lacking 

a charge-transfer transition in the visible region of its UV-Vis spectrum.122 As a fit for the 

decomposition could not be established, a quantitative half-life for the complex in solution 

was not found; however, the nitrene species formed from 20 qualitatively seemed to persist 

longest (Figure 26). 

 Crystallization of a solution from the reaction of 2 with PhINTs in DCM at room 

temperature (Figure 27A) provided x-ray crystal data showing a copper complex of 

tBu3tacn bound to a tosylated nitrogen, Me19, as a hydrogen bond dimer (Figure 27B). 

Preliminary EPR spectroscopy on the red species in DCM displayed a paramagnetic 

copper(II) spectrum (Figure 27A, inset), consistent with Me19. However, the amount of 

paramagnetic species was not quantified and decomposition was not followed against an 
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EPR internal standard, making it unclear whether the signal derived from decomposition 

to or from Me19. 

Scheme 15. Synthesis and Decomposition of Copper Nitrene Adducts 

 

 

Figure 26. UV-Vis spectra of a species formed from 2 and 20, potentially showing a decomposition from 
H18 to H19. UV-Vis spectra were taken hourly; the red arrows indicate the decay of peak intensity over time. 

 As tBu8H was synthesized by a colleague,B a copper species supported by this ligand, 

21, was reacted with 20. As expected, the solution decayed much more rapidly, flashing a 
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pale orange before rapidly changing to a bright yellow. It is thus hypothesized that the 

charge transfer responsible for a red-orange color corresponds to a “copper nitrene” species 

when supported by tacn. As the previous spectroscopic observation of a copper nitrene 

species was performed in the presence of scandium(III) trifluoromethanesulfonate 

(Sc(OTf)3), complexes 2 and 21 were each reacted with 20 in the presence of Sc(OTf)3. 

Unfortunately, the red species formed from 2 decomposed more rapidly to orange and then 

yellow, while 21 decomposed directly to a yellow solution. 

Figure 27. (A) UV-Vis spectrum of decomposition of red species in DCM formed from reaction of 2 with 

PhINTs (spectra taken every 30 minutes for 12 hours), with an EPR inset of a similarly prepared solution 

indicating the presence of a paramagnetic species in solution. (B) Crystal and skeletal structures of Me19 as a 

hydrogen-bond dimer. 

 

 Given the stability of the species in solution, the reactivity of dihydroanthracene 

was tested with potential copper nitrene species (Figures S32-S37). In each case, the 

substrate reactivity was tested in solution with 20 with or without Sc(OTf)3, in the presence 

of 2, 21, or no copper complex. The results of the reactivity are shown in Table 8. In all 

cases, conversion to anthracene was substoichiometric. The presence of Sc(OTf)3 with 2 

and 21 led to a decreased yield of anthracene. There was also a small amount (3%) of 
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background conversion to anthracene when Sc(OTf)3 was present. The less reactive nature 

of 2 was consistent with poor accessibility of substrate to the active copper complex, as the 

tert-butyl substituents could hinder substrate. In contrast, the opening provided by one 

unsubstituted amine in 21 likely provided access to the active copper complex. However, 

the results of mixing 21 and 20 in the absence of substrate suggested the possibility that 

the product of nitrene decomposition, a copper(II) amido, could instead be the active 

oxidant toward the formation of anthracene.  

Table 8. Dihydroanthracene Reactivity with Copper and Nitrene Source 

 

Copper Source Additive Yield (%)* 

2 - 30% 

2 Sc(OTf)3 3% 

21 - 40% 

21 Sc(OTf)3 29% 

- - 0% 

- Sc(OTf)3 3% 

*Yield by 1H NMR based on 1,3,5-tri-tert-butylbenzene internal standard. 

 Clearly there is much work left to establish whether 2 forms R18 at room 

temperature. Independent synthesis of R19 from a copper(II) complex of tBu3tacn and 

comparison of the UV-Vis data would be helpful to compare UV-Vis signatures. 
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Furthermore, comparison of the reactivity of authentic H19 to mixtures of 2 with 20 may 

help identify which species is truly performing the oxidation of dihydroanthracene; the 

oxidation of substrates by a copper(II) amido is not unprecedented.123 If the results of future 

work rule out R19 as the identity of the species responsible for the visible charge transfer, 

then collaboration to perform XAS on a solution of 2 and 20 may identify H18 if it is truly 

present in solution through the location of the rising edge of a copper(III) species.
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V. Supporting Information 

 A.  General Considerations 

All reactions were performed under a nitrogen atmosphere using Schlenk technique unless 

otherwise specified.  All glove box manipulations were performed using a UNI-LAB 

MBRAUN glove box. The solvents CH2Cl2 and Et2O used in reactions were obtained from 

a solvent purification system (MB-SPS MBRAUN).  All other solvents were obtained from 

commercial sources and used as received.  Tetrakis(acetonitrile)copper(I) was purchased 

from Strem Chemicals and used as received. Copper(I) trifluoromethanesulfonate benzene 

complex (technical grade, 90%, Sigma Aldrich) required purification as follows:  In a glove 

box, the crude solid was heated in benzene for 30 minutes at 75-80°C.  The resulting 

solution was then filtered hot over celite, and the solvent removed in vacuo to obtain a 

white air/solvent sensitive powder.  Purification was performed immediately prior to usage 

for best results. N,N´-di-tert-butylethylenediamine (TCI America) was stored in a Strauss 

flask under N2 to avoid decomposition. N,N’-diisopropylethylenediamine (Alfa Aesar) was 

kept in a glove box to avoid decomposition. All other chemicals and solvents were obtained 

from commercial sources and used as received. 
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 B.  Experimental Procedures 

Complex Syntheses. [(tBu3tacn)CuI(MeCN)][PF6] (1). The following procedure is 

modified from the original report. In a round-bottom flask equipped with a stir bar, 

tetrakis(acetonitrile)copper(I) hexafluorophosphate (1.24 g, 3.33 mmol, 1 equiv) and 

tBu3tacn (1.02 g, 3.43 mmol, 1.03 equiv) were dissolved/suspended in acetonitrile. The 

reaction mixture was stirred for 30 min, at which time the solution appeared to be clear and 

colorless. The reaction mixture was filtered over Celite through a glass-sintered frit. The 

solvent was removed to yield 1.74 g (3.17 mmol, 95% yield) of pure copper complex as a 

white solid. The characteristics of the 1H NMR and IR spectra matched spectroscopic 

values reported previously for this compound.74 

(tBu3tacn)CuI(OTf) (2). In a glovebox, copper(I) trifluoromethanesulfonate benzene 

complex (0.1218 g, 0.242 mmol, 1 equiv) and tBu3tacn (0.144 g, 0.484, 2 equiv) were 

added to a 20 mL glass vial with a stir bar. Benzene (10 mL) was added to the vial, which 

was then capped, and the solution was stirred for 1 h. The solvent was removed in vacuo 

to yield the product as an off-white powder (0.2288 g, 0.449 mmol, 92%). Note that 1 is 

very reactive to trace acetonitrile in the glovebox atmosphere, forming 

[(tBu3tacn)CuI(MeCN)][OTf] (1), and was accordingly handled in only an acetonitrile-free 

glovebox: 1H NMR (400 MHz, C6D6) δ 2.43−2.26 (6H, m), 1.59−1.41 (6H, m), 1.10 (27H, 

s); IR (KBr) 3019, 2976, 2911, 2844, 1638, 1497, 1480, 1449, 1402, 1368, 1265 (br, sh), 

1226, 1195, 1165, 1150, 1097, 1033, 935, 892, 845, 804, 759, 726, 690, 638, 571, 518, 474 

cm−1. 

[(tBu3tacnCuI)2(μ-η2:η2-O2)][OTf]2 (3). A vial containing 2 (0.2288 g, 0.449 mmol) was 

removed from the glovebox. DCM (10 mL) was added to the vial exposed to air, causing 



70 
 

 

 

the resulting solution to immediately flush dark brown. The vial was left open to the air 

overnight for slow evaporation. The resulting crystals were washed with chloroform to 

yield the product as dark brown crystals (0.1996 g, 0.423 mmol, 84%): 1H NMR (400 MHz, 

CD3OD) δ 3.31−3.20 (12H, m), 2.68−2.54 (12H, m), 1.85−1.10 (54H, br s); positive-mode 

NSI-MS m/z (relative intensity, formula, ppm) 360.24400 {39.40%, [(tBu3tacn)Cu]+ 

(C18H39
63CuN3

+), Δ = 1.5 ppm}, 362.24231 {18.09%, [(tBu3tacn)Cu]+ (C18H39
65CuN3

+), Δ 

= 1.8 ppm}, 752.47890 {97.51%, [(tBu3tacn)2Cu2O2]
+ (C36H78

63Cu2N6O2
+), Δ = 1.5 ppm}, 

754.47673 {100.00%, [(tBu3tacn)2Cu2O2]
+ (C36H78

63Cu65CuN6O2
+), Δ = 1.7 ppm}, 

756.47494 {21.35%, [(tBu3tacn)2Cu2O2]
+ (C36H78

65Cu2N6O2
+), Δ = 1.0 ppm}, 869.44213 

{37.84%, [(tBu3tacn)2Cu2(OTf)]+ (C37H78
63Cu2F3N6O3S

+), Δ = 3.1 ppm}, 871.43957 

{37.02%, [(tBu3tacn)2Cu2(OTf)]+ (C37H78
63Cu65CuF3N6O3S

+), Δ = 2.2 ppm}, 873.43693 

{7.95%, [(tBu3tacn)2Cu2(OTf)]+ (C37H78
65Cu2F3N6O3S

+), Δ = 1.2}; negative-mode NSI-

MS m/z (relative intensity, formula, ppm) 658.15131 {100.00%, [(tBu3tacn)Cu(OTf)2]
− 

(C20H39
63CuF6N3O6S2

−), Δ = 4.1 ppm}, 660.14991 {47.21%, [(tBu3tacn)Cu(OTf)2]
− 

(C20H78
65CuF6N3O2S2

−), Δ = 4.7 ppm}. Elemental Anal. Calcd for C38H78Cu2F6N6O8S2: C, 

43.37; H, 7.47; N, 7.99; F, 10.83. Found: C, 43.39; H, 7.33; N, 7.89; F, 11.02. 

Note: Copper metallations involving tBu8Ad, 
Ad8tBu, and Ad8Ad were performed following 

methods utilized for tBu3tacn complexes. As the results were preliminary, characterization 

of pure copper(I) complexes have not yet been gathered. 

Aerobic Oxidations with Complex 3. Oxidation of Benzoin. With 20 mol % catalyst 

loading, the procedure is as follows. In a 20 mL glass vial with a stir bar, benzoin (0.02116 

g, 99.7 μmol, 1 equiv) and complex 3 (0.02089 g, 19.9 μmol, 19.9 mol %) were dissolved 

in d4-methanol (3 mL). Mesitylene (0.01406 g, 117 μmol, 1.2 equiv) was then added as an 
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internal standard. The vial was sealed with an inverted septum and fitted with an O2 

balloon. The reaction mixture was stirred at room temperature and monitored by 1H NMR 

spectroscopy until the reaction was complete. 

With 20 mol % catalyst loading at 50 °C, the procedure is as follows. In a 20 mL glass vial 

with a stir bar, benzoin (0.02012 g, 94.7 μmol, 1 equiv) and complex 3 (0.02036 g, 19.3 

μmol, 20.4 mol %) were dissolved in d4-methanol (3 mL). Then, 1,3,5-trimethoxybenzene 

(0.00831 g, 49.4 μmol, 0.52 equiv) was added as an internal standard. The vial was sealed 

with an inverted septum and fitted with an O2 balloon. The reaction mixture was stirred at 

room temperature and monitored by 1H NMR spectroscopy until the reaction was complete. 

With 5 mol % catalyst loading, the procedure is as follows. In a 20 mL glass vial with a 

stir bar, benzoin (0.02145 g, 101 μmol, 1 equiv) and complex 3 (0.00512 g, 4.87 μmol, 4.8 

mol %) were dissolved in d4-methanol. Then, 1,3,5-trimethoxybenzene (0.00587 g, 34.9 

μmol, 0.35 equiv) was added as an internal standard. The vial was sealed with an inverted 

septum. The reaction mixture was stirred at 50 °C open to air and monitored by 1H NMR 

until the reaction was complete. 

Oxidation of 2,4-Di-tert-butylphenol. In a 20 mL glass vial, 2,4-di-tert-butylphenol 

(0.04134 g, 200 μmol, 1 equiv) and 1,3,5-trimethoxybenzene (0.00557 g, 33.1 μmol, 0.17 

equiv) were dissolved in d4-methanol (8 mL) to make a stock solution. Then complex 3 

[0.00497 g (room temperature), 4.72 μmol, 18.9 mol %; 0.00531 g (50 °C), 5.07 μmol, 

20.1 mol %; 0.00567 g (65 °C), 5.39 μmol, 21.5 mol %] was added to an NMR tube. To 

each tube with complex 3 was added 1.0 mL of the stock solution. The tubes were capped, 

fitted with an O2 balloon, and heated to their respective temperatures. The reactions were 

monitored by 1H NMR spectroscopy until they were complete. 
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Oxidation of 3,5-Di-tert-butylcatechol. In a 20 mL glass vial, 3,5-di-tert-butylcatechol 

(0.04100 g, 184 μmol, 1 equiv) and 1,3,5-tri-tertbutylbenzene (0.01262 g, 51.2 μmol, 0.28 

equiv) were dissolved in d4-methanol (8 mL) to make a stock solution. Then complex 3 

[0.00512 g (room temperature), 4.87 μmol, 21.1 mol %; 0.00560 g (50 °C), 5.32 μmol, 23 

mol %; 0.00450 g (65 °C), 4.28 μmol, 18.6 mol %] was added to an NMR tube. To each 

tube with complex 3 was added 1.0 mL of the stock solution. The tubes were capped, fitted 

with an O2 balloon, and heated to their respective temperatures. The reactions were 

monitored by 1H NMR spectroscopy until they were complete. 

Oxidation of Benzyl Alcohol. In a 100 mL volumetric flask, benzyl alcohol (0.01146 g, 106 

μmol, 1 equiv) and 1,3,5-tri-tert-butylbenzene (0.00726 g, 29.5 μmol, 0.28 equiv) were 

dissolved in methanol to a volume of 100 mL as a stock solution. To 25 mL three-necked 

flasks equipped with stir bars and reflux condensers was added complex 3 [0.01028 g 

(room temperature), 9.77 μmol, 0.92 equiv; 0.01098 g (50 °C), 10.4 μmol, 0.98 equiv; 

0.01036 g (65 °C), 9.84 μmol, 0.93 equiv]. To each flask with complex 3 was added 10 mL 

of the stock solution. Each reaction mixture was fitted with an O2 balloon atop the 

condenser, and the reaction mixtures were stirred and heated to their respective 

temperatures. The reactions were monitored by gas chromatography. 

Synthesis of Triazacyclononanes 

N,N'-(ethane-1,2-diyl)bis(2-chloro-N-methylacetamide) (Me6).  To an 

oven-dried, N2-purged round bottom flask equipped with a stir bar, DCM (75 mL) was 

added.  Then, chloroacetyl chloride (9.3 mL, 116 mmol, 3.0 equiv) was added, and the 
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flask was cooled in an ice bath with stirring for 15 minutes.  By syringe pump over 20 

minutes, N,N’-dimethylethylenediamine (5.0 mL, 47 mmol, 1.0 equiv) was added.  The 

flask was then allowed to warm to room temperature and stirred overnight.  To a beaker 

filled with ice and saturated aqueous potassium carbonate, the reaction was added, washing 

the flask with DCM into the beaker.  The biphasic mixture was stirred about 30 minutes.  

The contents of the beaker were poured into a separatory funnel.  The DCM phase was 

collected, and the aqueous phase was washed once more with DCM.  The combined DCM 

extracts were washed once with saturated aqueous potassium carbonate and once with 

brine.  The organic phase was collected, dried with anhydrous MgSO4, and filtered.  The 

filtrate was concentrated in vacuo to obtain the crude as a white powder.  The crude 

material is crystallized in DCM/pentane to obtain the product as a colorless crystalline solid 

(6.88g, 72% yield).  Main Form:  1H NMR (CDCl3)  3.99 (s, 4 H), 3.54 (s, 4 H), 3.05 (s, 

6 H); 13C NMR (CDCl3)  167.17, 45.26, 41.54, 36.07; Asymmetric Form:  1H NMR 

(CDCl3)  4.08 (s, 2 H), 4.04 (s, 2 H), 3.49 (s, 4 H), 3.08 (s, 3 H), 2.95 (s, 3 H); Asymmetric 

Form: 13C NMR (CDCl3)  47.70, 47.25, 41.24, 40.82, 37.37, 34.29 (Note: carbonyl peak 

not detected, likely due to concentration of minor asymmetric form).  Positive Mode NSI-

MS m/z (relative intensity, formula, ppm) 241.05064 (0.59%, C8H15Cl2N2O2
+ ([M+H]+), 

 = 0.54). 
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 N,N'-(ethane-1,2-diyl)bis(N-benzyl-2-chloroacetamide) (Bn6).  To an 

oven-dried, N2-purged round bottom flask equipped with a stir bar, DCM (135 mL) was 

added. Then, chloroacetyl chloride (20.3 mL, 255 mmol, 3.0 equiv) was added, and the 

flask was cooled in an ice bath with stirring for 15 minutes.  By syringe pump over 20 

minutes, N,N’-dibenzylethylenediamine (20 mL, 85 mmol, 1.0 equiv) was added.  The 

flask was then allowed to warm to room temperature and stirred overnight.  To a beaker 

filled with ice and saturated aqueous potassium carbonate, the reaction was added, washing 

the flask with DCM into the beaker.  The biphasic mixture was stirred about 30 minutes.  

The contents of the beaker were poured into a separatory funnel.  The DCM phase was 

collected, and the aqueous phase was washed once more with DCM.  The combined DCM 

extracts were washed once with saturated aqueous potassium carbonate and once with 

brine.  The organic phase was collected, dried with anhydrous MgSO4, and filtered.  The 

filtrate was concentrated in vacuo to obtain the crude as a white powder.  The crude 

material is crystallized in DCM/pentane to obtain the product as a colorless crystalline solid 

(21.96g, 66% yield). Main Form:  1H NMR (CDCl3)  4.66 (s, 4 H), 4.06 (s, 4 H), 3.61 (s, 

4 H).  Asymmetric Form:  1H NMR (CDCl3)  4.49 (s, 4 H), 4.13 (s, 2 H), 4.11 (s, 2 H), 

3.39-3.33 (m, 2 H), 3.33-3.26 (m, 2 H).  Minor Symmetric Form:  1H NMR (CDCl3)  4.56 

(s, 4 H), 3.96 (s, 4 H), 3.41 (s, 4 H).  Note:  Aryl C-H bonds not mentioned in the assigned 

peaks.  Although we could not deconvolute them, they appear as a complex multiplet 

between 7.42-7.10 ppm and presumably account for 10 H for each species.  Combined 13C 



75 
 

 
 

NMR (CDCl3)  167.56, 167.41, 167.14, 136.67, 135.90, 135.22, 129.30, 129.14, 128.73, 

128.56, 128.23, 128.00, 127.74, 127.07, 126.46, 53.11, 51.50, 49.20, 45.88, 44.27, 43.09, 

41.56, 41.17, 41.03; Positive Mode NSI-MS m/z (formula, ppm) 393.11293 

(C20H23Cl2N2O2
+ ([M+H]+),  = 0.46). 

N,N'-(ethane-1,2-diyl)bis(2-chloro-N-isopropylacetamide) (iPr6).  To a 

flame-dried, N2-purged round bottom flask equipped with a stir bar, DCM (180 mL) was 

added. Then, chloroacetyl chloride (26.4 mL, 332 mmol, 3.0 equiv) was added, and the 

flask was cooled in an ice bath with stirring for 15 minutes.  By syringe pump over 20 

minutes, N,N’-diisopropylethylenediamine (20 mL, 111 mmol, 1.0 equiv) was added.  The 

flask was then allowed to warm to room temperature and stirred overnight.  To a beaker 

filled with ice and saturated aqueous potassium carbonate, the reaction was added, washing 

the flask with DCM into the beaker.  The biphasic mixture was stirred about 30 minutes.  

The contents of the beaker were poured into a separatory funnel.  The DCM phase was 

collected, and the aqueous phase was washed once more with DCM.  The combined DCM 

extracts were washed once with saturated aqueous potassium carbonate and once with 

brine.  The organic phase was collected, dried with anhydrous MgSO4, and filtered.  The 

filtrate was concentrated in vacuo to obtain the crude as an off-white powder.  The crude 

was purified through dissolution in minimal DCM and crashing out the product with excess 

pentane to yield a white powder (25.7212g, 78% yield).  Main Form 1H NMR (CDCl3)  

4.11 (s, 4 H), 3.98 (sept, J = 6.6 Hz, 2 H), 3.34 (2, 4 H), 1.29 (d, J = 6.6 Hz, 12 H); 13C 

NMR (CDCl3)  166.55, 49.76, 42.01, 39.53, 21.05.  Asymmetric Form 1H NMR (CDCl3) 
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 4.64 (sept, J = 6.8 Hz, 2 H), 4.36 (s, 2 H), 4.10 (s, 2 H), 3.33-3.30 (m, 2 H), 3.30-3.28 

(m, 2 H), 1.26 (d, J = 6.6 Hz, 6 H), 1.18 (d, J = 6.8 Hz, 6 H). Total 13C NMR (CDCl3)  

166.49, 49.69, 49.29, 46.52, 42.17, 41.98, 41.75, 41.54, 41.23, 39.49, 21.51, 21.01, 20.52.  

Positive Mode NSI-MS m/z (relative intensity, formula, ppm) 295.09740 (C12H21O2N2Cl2
+ 

([M-H-]+,  = 0.34ppm). 

 

 N,N'-(ethane-1,2-diyl)bis(N-(tert-butyl)-2-chloroacetamide) (tBu6). To 

a flame-dried, N2-purged round bottom flask equipped with a stir bar, DCM (150 mL) was 

added. Then, chloroacetyl chloride (22.0 mL, 276 mmol, 3.0 equiv) was added, and the 

flask was cooled in an ice bath with stirring for 15 minutes.  By syringe pump over 20 

minutes, N,N’-dimethylethylenediamine (20 mL, 93 mmol, 1.0 equiv) was added.  The 

flask was then allowed to warm to room temperature and stirred overnight.  To a beaker 

filled with ice and saturated aqueous potassium carbonate, the reaction was added, washing 

the flask with DCM into the beaker.  The biphasic mixture was stirred about 30 minutes.  

The contents of the beaker were poured into a separatory funnel.  The DCM phase was 

collected, and the aqueous phase was washed once more with DCM.  The combined DCM 

extracts were washed once with saturated aqueous potassium carbonate and once with 

brine.  The organic phase was collected, dried with anhydrous MgSO4, and filtered.  The 

filtrate was concentrated in vacuo to obtain the crude as a white powder (28.90g, 94% 

yield). The crude material can also be crystallized in DCM/pentane to obtain the product 

as a colorless crystalline solid if desired.  Spectroscopic data matches literature.74  1H NMR 
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(CDCl3)  4.30 (s, 4 H), 3.47 (s, 4 H), 1.47 (s, 18 H). 

 

General Procedure for Cyclization:  In a flask equipped with a stir bar, N,N'-(ethane-1,2-

diyl)bis(N-(tert-butyl)-2-chloroacetamide) (1 equiv) was dissolved in N,N-

dimethylformamide (1 M).  The contents of the flask were stirred, and sodium carbonate 

(2.5 equiv) was added.  Then, amine (1.1 equiv) was added, and the contents were stirred 

30-60 minutes at room temperature.  Then, the reaction was heated to 120 °C and stirred 

3-12 hours.  The flask was then allowed to cool to room temperature.  The contents were 

poured into a separatory funnel, washing with ethyl acetate and water.  The ethyl acetate 

phase was separated, and the aqueous phase was washed once more with ethyl acetate.  The 

combined ethyl acetate phases were washed with 5 portions of brine.  The organic phase 

was then dried with anhydrous MgSO4 and filtered.  The filtrate was concentrated in vacuo 

to yield a crude cyclic diamide, often of sufficient purity for subsequent reduction. 

 

General Procedure for Reduction:  In a glove box, lithium aluminum hydride pellets (5 

equiv) were stirred in Et2O (25 mL/g LAH) overnight.  The grey suspension was then 

filtered over celite into a round bottom flask with a stir bar.  With stirring, cyclic diamide 

(1 equiv) was added in small portions.  The reaction was stirred 3-12 hours at room 

temperature.  The reaction was then removed from the glove box and cooled in an ice bath 

in a fume hood.  With stirring, the reaction was quenched via the Feiser method.  The 

quenched reaction was filtered, washing with Et2O, and the filtrate was concentrated in 

vacuo to afford the product. 
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1,4,7-tri-tert-butyl-1,4,7-triazacyclononane-2,6-dione (tBu7tBu).  

Following the general procedure, N,N'-(ethane-1,2-diyl)bis(N-(tert-butyl)-2-

chloroacetamide) (1.0014g, 3.1 mmol), N,N-dimethylformamide (3.0 mL), sodium 

carbonate (0.8285g, 7.8 mmol), and tert-butylamine (0.34 mL, 3.2 mmol) (heated for 3 

hours) produced a crude, orange white solid (0.80g, 65% pure by NMR internal standard, 

52% yield).  The crude can be purified by crystallization from ethyl acetate/hexanes.  

Spectroscopic data matches literature.74 

 

1,4,7-tri-tert-butyl-1,4,7-triazacyclononane (tBu8tBu).  Following the 

general procedure, lithium aluminum hydride pellets (17.5g, 461 mmol, 6.6 equiv), diethyl 

ether (440mL), and 1,4,7-tri-tert-butyl-1,4,7-triazacyclononane-2,6-dione (22.6g, 69 

mmol) (stirred overnight) produced a yellow-white solid, which was crystallized from 

ethanol to yield the product as colorless needles (15.85g, 77% yield).  Spectroscopic data 

matches literature.74 
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 4-benzyl-1,7-di-tert-butyl-1,4,7-triazacyclononane-2,6-dione (tBu7Bn).  

Following the general cyclization procedure, N,N'-(ethane-1,2-diyl)bis(N-(tert-butyl)-2-

chloroacetamide) (10.12g, 31 mmol), N,N-dimethylformamide (31 mL), sodium carbonate 

(8.10g, 76.4 mmol), and benzylamine (3.5 mL, 32 mmol) (heated 8 hours)  produced a 

crude pale yellow solid.  The crude solid was dissolved in minimal ethyl acetate and 

precipitated with hexanes to afford the product as a white powder (5.53g, 49% yield).  1H 

NMR (CDCl3)  7.37-7.22 (m, 5 H), 3.80 (s, 2 H), 3.77 (s, 4 H), 3.46 (s, 4 H), 1.44 (s, 18 

H); 13C NMR (CDCl3)  171.56, 137.90, 129.31, 128.58, 127.40, 59.47, 59.35, 57.76, 

48.23, 29.10.  Positive Mode NSI-MS m/z (formula, ppm) 360.26510 (C21H34N3O2
+ 

([M+H]+),  = 1.53). 

 

1-benzyl-4,7-di-tert-butyl-1,4,7-triazacyclononane (tBu8Bn).  Following 

the general reduction procedure, lithium aluminum hydride pellets (1.9g, 50 mmol), diethyl 

ether (50mL), and 1-benzyl-4,7-di-tert-butyl-1,4,7-triazonane-2,6-dione (3.2654, 9.1 

mmol) (stirred overnight) produced a pale yellow oil (59% of 3.4513g by internal standard, 

68% yield; low internal standard yield appears to be due to difficulty removing CDCl3 

contaminant from previous NMR under high vacuum, see characterization data below).  1H 
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NMR (CDCl3)  7.41 (d, J = 6.9 Hz, 2 H), 7.31 (t, J = 7.5 Hz, 2 H), 7.22 (t, J = 7.2 Hz, 1 

H), 3.68 (s, 2 H), 2.97-2.90 (m, 4 H), 2.70-2.63 (m, 8 H), 1.06 (s, 18 H); 13C NMR (CDCl3) 

 141.32, 128.96, 128.14, 126.60, 62.15, 55.62, 55.01, 53.05. 50.63, 27.21. Positive Mode 

NSI-MS m/z (formula, ppm) 332.30584 (C21H38N3
+ ([M+H]+),  = 0.54). 

1,7-di-tert-butyl-4-(1-hydroxy-2-methylpropan-2-yl)-1,4,7-

triazacyclononane-2,6-dione (tBu7Me2EtOH).  Following the general cyclization procedure, 

N,N'-(ethane-1,2-diyl)bis(N-(tert-butyl)-2-chloroacetamide) (5.0202g, 15 mmol), N,N-

dimethylformamide (16 mL), sodium carbonate (4.2033g, 39.7 mmol), and 2-amino-2-

methyl-1-propanol (1.6 mL,16.8 mmol) (heated overnight) produced an off-white crude 

solid, which was purified by silica gel column chromatography (100 ethyl acetate, Rf = 

0.38) to yield the product as a white solid (2.96g, 56% yield).  1H NMR (CDCl3)  3.78 (s, 

4 H), 3.63 (s, 4 H), 3.46 (s, 2 H), 1.43 (s, 18 H), 1.12 (s, 6 H); 13C NMR (CDCl3)  173.29, 

69.69, 59.75, 58.68, 57.85, 47.14, 23.94, 21.24.  Positive Mode NSI-MS m/z (formula, 

ppm) 342.27539 (C18N36N3O3 ([M+H]+),  = 0.85). 

 

 2-(4,7-di-tert-butyl-1,4,7-triazonan-1-yl)-2-methylpropan-1-ol 

(tBu8Me2EtOH).  Following the general reduction procedure with a slight modification, lithium 
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aluminum hydride solution (4.0M in Et2O, 10.5 mL), diethyl ether (25 mL), and 1,7-di-

tert-butyl-4-(1-hydroxy-2-methylpropan-2-yl)-1,4,7-triazacyclononane-2,6-dione (2.88g, 

8.4 mmol) (stirred overnight) was quenched and washed with chloroform, and the filtrate, 

concentrated in vacuo, produced a solid, which was purified by trituration with methanol 

and water to produce a white solid (1.4485g, 55% yield).  1H NMR (CDCl3)  6.50 (br t, J 

= 6.6 Hz, 1 H), 3.50 – 2.00 (v br m, 14 H) 0.95 (s, 24 H); 13C NMR (CDCl3)  70.12, 57.95, 

55.73, 54.21, 53.76, 51.65, 26.69, 18.53.  Positive Mode NSI-MS m/z (formula, ppm) 

314.31676 (C18H40N3O ([M+H]+),  = 0.54). 

 

 

 1,7-di-tert-butyl-4-(pyridin-2-ylmethyl)-1,4,7-triazonane-2,6-dione 

(tBu7Py).  Following the general cyclization procedure, N,N'-(ethane-1,2-diyl)bis(N-(tert-

butyl)-2-chloroacetamide) (3.0084, 9.2 mmol), N,N-dimethylformamide (9 mL), sodium 

carbonate (2.4550, 23.2 mmol), and 2-picolylamine (1.00 mL, 9.7 mmol) produced a crude 

red solid.  The crude can be purified by silica gel column chromatography (ethyl acetate, 

Rf = 0.21) to yield a white solid (0.4234g, 13% yield) which may darken upon prolonged 

exposure to air.  1H NMR (CDCl3)  8.53 (dtd, J = 5.1, 2.1, 1.0 Hz, 1 H), 7.68 (tt, J = 7.6, 

2.0 Hz, 1 H), 7.52 (d, J = 7.6 Hz, 1 H), 7.16 (dddd, J = 7.2, 4.9, 2.3, 1.2 Hz, 1 H), 3.99 (s, 

2 H), 3.75 (s, 4 H), 3.57 (s, 4 H), 1.44 (s, 18 H); 13C NMR (CDCl3)  171.09, 158.39, 

149.20, 136.61, 123.02, 122.11, 60.71, 59.07, 57.74, 48.25, 28.97.  Positive Mode NSI-MS 
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m/z (formula, ppm) 361.25946 (C20H33N4O2
+ ([M+H]+),  = 0.94). 

 1,4-di-tert-butyl-7-(pyridin-2-ylmethyl)-1,4,7-triazacyclononane 

(tBu8Py).  Following a modification of the general reduction procedure, in a glove box, in a 

round bottom flask with a stir bar, 1,7-di-tert-butyl-4-(pyridin-2-ylmethyl)-1,4,7-

triazonane-2,6-dione (0.4234g, 1.17 mmol, 1 equiv) was dissolved in diethyl ether (15 mL).  

To this stirring solution, lithium aluminum hydride (0.4496g, 11.85 mmol, 10 equiv) was 

added portionwise.  The reaction was stirred for 4.5 hours.  Then, the reaction was 

quenched in the glove box through slow addition of ethyl acetate to the reaction.  The 

quenched reaction was filtered over celite, and the solvent was removed in vacuo.  The 

resulting viscous yellow oil with white solid was dissolved in chloroform and filtered over 

celite to yield the product as a viscous yellow oil (0.3221g, 37% pure by NMR internal 

standard, 31% yield).  The product darkens rapidly (yellow to red-brown within 30 

minutes) upon exposure to air.  1H NMR (CDCl3)  8.43 (ddd, J = 4.9, 1.9, 1.0 Hz, 1 H), 

7.63 (d, J = 8.0 Hz, 1 H), 7.56 (td, J = 7.6, 1.8 Hz, 1 H), 7.04 (ddd, J = 7.4, 4.9, 1.4 Hz, 1 

H), 3.78 (s, 2 H), 2.96-2.91 (m, 4 H), 2.63-2.59 (m, 4 H), 2.59 (s, 4 H), 0.97 (s, 18 H); 13C 

NMR (CDCl3)  161.95, 148.91, 136.35, 123.14, 121.66, 63.90, 55.82, 55.11, 53.39, 50.60, 

27.23; Positive Mode NSI-MS m/z (formula, ppm) 333.30152 (C20H37N4
+ ([M+H]+) ,  = 

0.75). 
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4,4'-(ethane-1,2-diyl)bis(1,7-di-tert-butyl-1,4,7-triazonane-

2,6-dione) (tBu7CH2)2.  Following the general cyclization procedure, N,N'-(ethane-1,2-

diyl)bis(N-(tert-butyl)-2-chloroacetamide) (10.09g, 31 mmol, 1 equiv), N,N-

dimethylformamide (31 mL), sodium carbonate (7.98g, 75 mmol, 2.4 equiv), and 

ethylenediamine (1.03 mL, 15 mmol, 0.50 equiv) (heated overnight) produced a crude 

orange solid (7.28g, 71% pure by internal standard) of sufficient purity for reduction (see 

reduction below).  If necessary, the product can be purified by silica gel column 

chromatography.  1H NMR (CDCl3)  3.70 (s, 8 H), 3.50 (s, 8 H), 2.87 (s, 4 H), 1.41 (s, 36 

H); 13C NMR (CDCl3)  171.60, 60.39, 57.82, 52.31, 48.30, 29.10; Positive mode NSI-MS 

m/z (formula, ppm) (C30H57N6O4
+ 565.44390 ([M+H]+),  = 0.57). 8.7603 

 

 1,2-bis(4,7-di-tert-butyl-1,4,7-triazacyclononan-1-

yl)ethane (tBu8CH2)2. Following a modification of the general reduction procedure, crude 

4,4'-(ethane-1,2-diyl)bis(1,7-di-tert-butyl-1,4,7-triazonane-2,6-dione) (7.28g), lithium 

aluminum hydride solution (4.0M in Et2O, 34.6 mL), and diethyl ether (50mL) (overnight), 

produced a crude off-white solid.  This solid was purified by trituration with 

methanol/water to purify the product as a white solid (1.3659g, 17% yield over 2 steps). 
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1H NMR (CDCl3)  3.00-2.94 (m, 8 H), 2.68-2.64 (m 8 H), 2.62 (s, 4 H), 2.58 (s, 8 H), 

1.03 (s, 36 H); 13C NMR (CDCl3)  56.45, 55.97, 55.03, 53.01, 50.69, 27.21; Positive Mode 

NSI-MS m/z (formula, ppm) 509.52721 (C30H65N6O
+ ([M+H]+),  = 1.35), 525.52202 

(C30H69N6O2
+ ([M+OH]+),  = 1.10). 

 

1,4,7-triisopropyl-1,4,7-triazacyclononane (iPr8iPr).  In a 100 mL round 

bottom flask with stir bar, N,N'-(ethane-1,2-diyl)bis(N-(isopropyl)-2-chloroacetamide) 

(9.07g, 30.5 mmol, 1 equiv) was dissolved in N,N-dimethylformamide (30 mL).  The 

contents were stirred, and sodium carbonate (8.1g, 76.3 mmol, 2.5 equiv) was added.  The 

flask was cooled in an ice/water bath.  Then, isopropylamine (2.9 mL, 33.6 mmol, 1.1 

equiv) was added, and the flask was capped and stirred 20 minutes.  The flask was then 

allowed to warm to room temperature over 35 minutes.  The flask is then uncapped and 

heated to 120 °C for 80 minutes.  The reaction was allowed to cool to room temperature. 

The contents were poured into a separatory funnel, washing with ethyl acetate and water.  

The ethyl acetate phase was separated, and the aqueous phase was washed once more with 

ethyl acetate.  The combined ethyl acetate phases were washed with 5 portions of brine.  

The organic phase was then dried with anhydrous MgSO4 and filtered.  The filtrate was 

concentrated in vacuo to yield a white solid (4.5371g).  The white solid was added to a 

solution of lithium aluminum hydride in diethyl ether (from the filtrate of 3.2g lithium 

aluminum hydride in 75 mL diethyl ether; see general reduction procedure above) in a 

glove box, and the reaction was stirred 5 hours.  The reaction was then removed from the 
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glove box and cooled in an ice bath in a fume hood.  With stirring, the reaction was 

quenched via the Feiser method.  The quenched reaction was filtered, washing with Et2O, 

and the filtrate was concentrated in vacuo to afford the product as a crude yellow 

hygroscopic and air-sensitive oil (2.29g, 82% pure by internal standard, 24% yield).  1H 

NMR (CDCl3)  2.83 (sept, J = 6.5 Hz, 3 H), 2.39 (s, 12 H), 0.93 (d, J = 6.6 Hz, 18 H).  

Positive Mode NSI-MS m/z (formula, ppm) 256.27451 (C15H34N3
+ ([M+H]+),  = 0.74). 

 

 1,7-di-tert-butyl-4-(2-(methylthio)ethyl)-1,4,7-triazacyclononane-2,6-

dione (tBu7EtSMe). Following the general cyclization procedure, tBu6 (0.5025 g, 1.5 mmol, 1 

equiv), DMF (1.5 mL), sodium carbonate (0.4119 g, 3.9 mmol, 2.5 equiv), and 2-

(methylthio)ethylamine (0.15 mL, 1.6 mmol, 1.05 equiv) generated a crude orange solid 

(0.4798g impure, 47% yield based on product mass by 1H NMR using 1,3,5-

trimethoxybenzene as internal standard). 1H NMR (CDCl3) 3.76 (s, 4 H), 3.50 (s, 4 H), 

2.89 (dd, J = 8.5 Hz, 6.1 Hz, 2 H), 2.68 (dd, J = 8 Hz, 5.6 Hz, 2 H) 2.11 (s, 3 H), 1.43 (s, 

18 H). 13C NMR (CDCl3) 171.51, 60.37, 57.85, 54.56, 48.16, 31.57, 29.03, 15.91. 

 

 1,7-di-tert-butyl-4-(2-hydroxyethyl)-1,4,7-triazacyclononane-2,6-
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dione (tBu7EtOH). Following the general cyclization procedure, tBu6 (0.5011 g, 1.5 mmol, 1 

equiv), DMF (1.5 mL), sodium carbonate (0.4167 g, 3.9 mmol, 2.5 equiv), and 

ethanolamine (0.10 mL, 1.6 mmol, 1.05 equiv) generated a crude solid (0.0747g impure, 

4% yield based on product mass by 1H NMR using 1,3,5-trimethoxybenzene as internal 

standard). 1H NMR (CDCl3) 3.76-3.72 (m, 2 H), 3.70 (s, 4 H), 3.53 (s, 4 H), 2.95-2.91 

(m, 4 H), 1.45 (s, 18 H). Positive Mode NSI-MS m/z (formula, ppm) 314.24382 

(C16H32N3O3
+ ([M+H]+),  = 4.36). 

 

 1-(1-adamantyl)-4,7-di-tert-butyl-1,4,7-triazacyclononane (tBu8Ad). 

Following the general cyclization procedure, tBu6 (0.9665 g, 3.0 mmol, 1 equiv) DMF (3 

mL), sodium carbonate (0.79, 7.5 mmol, 2.5 equiv), and 1-adamantylamine (0.4726 g, 3.1 

mmol, 1.05 equiv) (heated 3 hours) produced a crude solid, which was purified by silica 

gel column chromatography (1:1 ethyl acetate:hexanes, Rf = 0.2) to yield a white solid 

(0.7718g, 64% yield). 1H NMR (CDCl3)  3.82 (s, 4 H), 3.63 (s, 4 H), 2.10-2.05 (br s, 3 

H), 1.73-1.68 (br s, 6 H), 1.65-1.60 (br s, 6 H), 1.41 (s, 18 H). 
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 1-(1-adamantyl)-4,7-di-tert-butyl-1,4,7-triazacyclononane (tBu8Ad). 

Following a modification of the general reduction procedure, tBu7Ad (0.7203g, 1.8 mmol, 1 

equiv) lithium aluminum hydride (0.60g, 16.0 mmol, 9 equiv) in diethyl ether (40 mL) 

were used to yield a waxy white solid (0.4945g, 74% yield,). 1H NMR (CDCl3)  2.73-2.69 

(m, 4 H), 2.64 (s, 4 H), 2.63-2.59 (m, 4 H), 2.06-2.00 (br m, 3 H), 1.65-1.62 (m, 6 H), 1.62-

1.57 (m, 6 H), 1.00 (s, 1 H). 13C NMR (CDCl3)  55.03, 54.85, 53.35, 52.97, 51.14, 39.85, 

37.30, 29.94, 27.25. 

 

1,4-bis(1-adamantyl)-7-tert-butyl-1,4,7-triazacyclononane 

(Ad8tBu). Following a slight modification to the general cyclization procedure, Ad6 (4.4581g, 

9.3 mmol 1 equiv) DMF (10 mL), sodium carbonate (2.4535g, 23.1 mmol, 2.5 equiv), and 

tert-butylamine (2.92 mL, 27.8 mmol, 3 equiv) (heated 3 hours) produced an off-white 

crude solid, which was purified by silica gel column chromatography (1:1 ethyl 

acetate:hexanes, Rf = 0.4) to yield a slightly impure white solid (1.12g). From this material, 

0.95g was used following a modification to the general reduction procedure with lithium 

aluminum hydride (0.38g, 9.9 mmol, 5 equiv) in diethyl ether (20 mL) to yield a crude off-

white solid, which was triturated with hot methanol to yield 0.72g (17% yield, two steps) 
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in an unoptimized process. 1H NMR (CDCl3)  2.67-2.58 (m, 8 H), 2.57-2.51 (m, 4 H), 

2.05-1.91 (m, 6 H), 1.66-1.45 (m, 24 H), 0.93 (s, 9 H). 13C NMR (CDCl3)  54.76, 54.61, 

53.02, 44.79, 39.61, 38.36, 37.07, 36.93, 29.70, 27.05. 
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 C. Resonance Raman Spectroscopy90 

 Raman spectra were collected using excitation from the 514.5 nm line of an Ar+ ion 

laser (Spectra Physics). Samples were dissolved in anhydrous methanol (EMD DriSolv) 

held in NMR tubes. Scattered light was collected by a 20X microscope objective (Olympus 

Plan Achromat,N.A.=.4) orthogonal to excitation beam. Rayleigh scattered excitation light 

was rejected by a super-notch holographic filter (Kaiser Optical) and the transmitted light 

was focused on the entrance slit (50 µm) of a Holo-spec f/1.8 imaging spectrograph (Kaiser 

Optical) and dispersed on a Pixis 400 CCD camera (Princeton Instruments). Data 

acquisition was controlled by LabView software. The spectrometer was calibrated using a 

1:1 toluene:acetonitrile standard and Raman shift data available from McCreery2. 

Integration times were set to 15-20 seconds and reported spectra are the result of 100 

averages. Samples were stable at room temperature and under illumination conditions, as 

evidenced by lack of change in the Raman spectra on the timescale of the experiment.  

 Spectra were fit using a homebuilt nonlinear least squares fitting algorithm in the 

R language. Spectra were fit to pseudo-Voigt functions constructed as linear combinations 

of normalized lorentzian and gaussian functions and a linear baseline as in equation (1). 

The peaks were constrained to have the same full width at half maximum () and the same 

proportion of lorentzian and gaussian character (). The frequencies (x0), amplitudes, peak 

width and degree of gaussian or lorentzian character were allowed to vary for the individual 

peaks.  
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Figure S1. rR spectra and fits of and 16O2 (a) and 18O2 (b) labeled 3 complexes showing the O–O stretching 

vibration. Excitation at 514.5 nm. 
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FWHM of peaks : 8.2 cm–1
 

O2 isotope Observed energy 

(cm–1) 

Predicted energya 

(cm–1) 
16O–16O 773.1  NA 
18O–18O 728.83 728.8 
18O–17O 741.05 739.53 
18O–16O 753.06 751.3 

aIsotope shifts based on harmonic oscillator approximation shift from the 16O–16O peak. 
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 D.  UV-Vis Spectra 

 

Figure S2. UV-Vis spectra of complex 3 in acetonitrile, methanol, water, and acetone.  The data was plotted 

using the same x-axis.  For the spectra in acetonitrile, methanol, and acetone, complex 3 was dissolved in the 

corresponding solvent.  For the water spectrum, complex 3 and an excess of KBr were stirred in water to 

allow for dissolution to occur. 
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Decomposition Studies90 

Extended Decomposition by UV-Vis and Resonance Raman Spectroscopies 

 Solutions of 2 in methanol were allowed to sit under ambient atmosphere in the 

dark for several days. Decomposition of 3 was evident by decay of the absorption bands 

at 400nm and 550nm. Further decomposition of 3 in methanol revealed formation of at 

least one other species with absorption bands centered at ~460 and ~730 nm once the 

strongly absorbing 3 had sufficiently decayed (Figure S3). Raman spectra of this new 

gold colored species(mixture of species) were acquired and shown in Figures 9-10. 

Formation of this species was evident for spectra acquired using both 514.5 and 632.8 

nm.  

 

Figure S3.  Representative absorption spectrum of 3 after 4 days in the dark in MeOH solution under 

ambient atmosphere. The region from 550nm to 900 nm has been scaled to show more detail.  
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Half-life measurements 

 

 

Figure S4.  Decomposition of complex 3 in water with NaH2PO4 as monitored by UV-Vis (Top – full spectra; 

bottom – pseudo first-order decay plot). Shown are representative wavelengths from full spectra taken every 

10 minutes.  The sample was made in the following manner: Complex 3 (0.00344g, 3.27 mol) and 

NaH2PO4∙H2O (0.57420g, 4.16 mmol) were dissolved in deionized water (100mL). Then 4 mL of this 

solution was filtered over celite/cotton into a cuvette.  The cuvette was sealed with a septum-topped cap and 

purged by bubbling N2 gas through the solution with an outlet. The septum was covered with parafilm to 

ensure the seal for analysis of the sample by UV-Vis. 
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Figure S5.  Decomposition of complex 3 in H2O with Na2HPO4 as monitored by UV-Vis (Top – full spectra; 

bottom – pseudo first-order decay plot).  Shown are representative wavelengths from full spectra taken every 

30 minutes.  The sample was made in the following manner: Complex 3 (0.00383g, 3.64 mol) and 

Na2HPO4∙7H2O (0.87937g, 3.28 mmol) were dissolved in H2O (100mL).  The resulting solution was filtered 

over celite.  Then 4 mL of this solution was filtered over celite/cotton into a cuvette.  The cuvette was sealed 

with a septum-topped cap and purged by bubbling N2 gas through the solution with an outlet. The septum 

was covered with parafilm to ensure the seal for analysis of the sample by UV-Vis. 
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Solvent: Acetonitrile 

 

 

Figure S6.  Decomposition of complex 3 in acetonitrile as monitored by UV-Vis (Top – full spectra; bottom 

– pseudo first-order decay plot).  Shown are data from 553 nm from full spectra taken every 5 minutes.  The 

sample was made in the following manner: Complex 3 (0.00180g, 1.71 mol) was dissolved in acetonitrile 

(10mL).  Then 4 mL of this solution was filtered over celite/cotton into a cuvette.  The cuvette was sealed 

with a septum-topped cap and purged by bubbling N2 gas through the solution with an outlet. The septum 

was covered with parafilm to ensure the seal for analysis of the sample by UV-Vis. 
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Solvent:  Methanol 

 

 

Figure S7.  Decomposition of 3 in methanol as monitored by UV-Vis (Top – full spectra; bottom – pseudo 

first-order decay plot).  Shown are representative wavelengths from full spectra taken every 10 minutes.  The 

sample was made in the following manner: In a glove box, complex 3 (0.00756g, 7.18 mol) was dissolved 

in anhydrous methanol (10mL).  Upon complete dissolution, 0.5 mL of this solution was removed and diluted 

further with methanol to 10mL.  Then 4 mL of this solution was transferred to a cuvette and sealed for 

analysis by UV-Vis. 
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Figure S8.  Decomposition of complex 3 in methanol as monitored by UV-Vis (Top – full spectra; bottom – 

pseudo first-order decay plot).  Shown are representative wavelengths from full spectra taken every 30 

minutes.  The sample was made in the following manner: Complex 3 (0.00538g, 5.11 mol) was dissolved 

in methanol (100mL).  The resulting solution was filtered over celite.  Then 4 mL of this solution was filtered 

over celite/cotton into a cuvette.  The cuvette was sealed with a septum-topped cap and purged by bubbling 

a balloon of O2 gas through the solution with an outlet. Another O2 balloon was fitted onto the septum for 

analysis of the sample by UV-Vis. 
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Figure S9.  Decomposition of complex 3 in methanol with benzoin as monitored by UV-Vis (Top – full 

spectra; bottom – pseudo first-order decay plot).  Shown are representative wavelengths from full spectra 

taken every 30 minutes.  The sample was made in the following manner: Complex 3 (0.01550g, 14.7 mol, 

1 equiv) and benzoin (0.03184g, 150 mol, 10.2 equiv) were dissolved in methanol (100mL).  Then 4 mL of 

this solution was filtered over celite/cotton into a cuvette.  The cuvette was sealed with a septum-topped cap 

and purged by bubbling a balloon of O2 gas through the solution with an outlet. Another O2 balloon was fitted 

onto the septum for analysis of the sample by UV-Vis. 
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Figure S10.  Decomposition of complex 3 in methanol with 2,4-di-tert-butylphenol as monitored by UV-Vis 

(Top – full spectra; bottom – pseudo first-order decay plot).  .  Shown are representative wavelengths from 

full spectra taken every 30 minutes.  The sample was made in the following manner: Complex 3 (0.00522g, 

4.96 mol, 1 equiv) and 2,4-di-tert-butylphenol (0.00881g, 42.7 mol, 8.6 equiv) were dissolved in methanol 

(10mL).  Then 4 mL of this solution was filtered over celite/cotton into a cuvette.  The cuvette was sealed 

with a septum-topped cap and purged by bubbling a balloon of O2 gas through the solution with an outlet. 

Another O2 balloon was fitted onto the septum for analysis of the sample by UV-Vis.  
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  E.  NMR Spectra 

 

 

Figure S11. Representative example of conversion of benzoin to benzil at 50 °C followed by 1H NMR. 

Solvent Decomposition of Complex 3 in Acetonitrile 

 

 Complex 3 was dissolved in acetonitrile until decomposition was complete 

(solution becomes clear and colorless).  Solvent was removed in vacuo, and solid remaining 
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was dissolved in CDCl3, leading to the 1H NMR spectrum shown below.  Note:  Asterisks 

(*) mark the position of solvent peaks (chloroform, acetone, free acetonitrile, water, and 

tetramethylsilane). 

 

Figure S12. NMR of complex 1 generated from decomposition of 3 in acetonitrile. 

 

 Solvent Decomposition of Complex 3 in Methanol.  Complex 3 was dissolved in 

methanol until decomposition was complete (solution becomes clear and colorless).  

Solvent was removed in vacuo, and solid remaining was dissolved in CDCl3, leading to 
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the 1H NMR spectrum shown below.  Note:  Asterisks (*) mark the position of solvent 

peaks (chloroform, free methanol, water, and tetramethylsilane). 

 

Figure S13. Decomposition of 3 in methanol leading to an unknown complex. 

 

Solvent Decomposition of Complex 3 in Methanol – Ligand Extraction 
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 Following the formation of the breakdown product of complex 3 in methanol (vide 

supra), the solid is stirred in aqueous ammonium hydroxide for 15-30 minutes, during 

which the solution changed from colorless to blue.  The organic components were extracted 

with chloroform.  The solvent was removed from the organic layer in vacuo, and the solid 

dissolved in CDCl3, leading to the 1H NMR spectrum shown below.  Note:  Asterisks (*) 

mark the position of solvent peaks (chloroform, water, and tetramethylsilane). 

 

Figure S14. 1H NMR of the extract of NH4OH demetallation of the complex derived from decomposition of 

3 in methanol. 
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Figure S15.  Representative 1H NMR spectra of the copper complex region at the end of the 

reaction with the substrate listed on the left. All spectra were obtained in d4-methanol.  

Integrations for peaks associated with a diamagnetic copper complex of tBu3tacn are listed in bold 

by the peak with an asterisk.  Other labels: I for internal standard; S for solvent; P for products.  

Quintet a Substrates, from top to bottom: 2,4-di-tert-butylphenol, 65°C, 50°C, r.t.; 3,5-di-tert-

butylcatechol, 65°C, 50°C, r.t.; benzoin 50°C, r.t.; N,N’,N”-tri-tert-butyl-1,4,7-triazacyclononane 

hydrochloride (tBu3tacn∙HCl).  
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Figure S16. 1H NMR spectrum of 2 in CDCl3 showing the characteristic splitting pattern of ethyl bridge 

peaks of tBu3tacn bound to copper. 
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Figure S17. 1H NMR of the diamagnetic complex 3(OTf)2 in d4-methanol. 



108 
 

 

 

 

Figure S18. 19F NMR spectra of complex 3 (top) and complex 2 (bottom) referenced to CF3toluene (set to -

63.72 ppm). 

 

Figure S19. Shifted peaks in the paramagnetic spectrum of a reaction converting 3,5-di-tert-butylcatechol to 

3,5-di-tert-butyl-o-quinone with 3(OTf)2. 
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Figure S20. 1H NMR spectrum in CDCl3 of the product of the reaction between 2 and trimethylamine N-

oxide. 
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Equilibration of Amide Rotamers 

* Indicates Solvent Peak; # Indicates Internal Standard 

 

 

Figure S21. 1H (top) and 13C (bottom) spectra of Me6 in chloroform at room temperature. 
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Figure S22. 1H NMR of Me6 in d6-DMSO at room temperature (top) and at 85 °C (bottom). 
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Figure S23. 1H (top) and 13C (bottom) spectra of Bn6 in chloroform at room temperature. 
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Figure S24. 1H NMR of Bn6 in d6-DMSO at room temperature (top) and at 85 °C (bottom). 
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Figure S25. 1H (top) and 13C (bottom) spectra of iPr6 in chloroform at room temperature. 
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Figure S26. 1H NMR of iPr6 in d6-DMF at room temperature (top) and at 85 °C (bottom). 
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Figure S27. NOE spectrum of Me6 (irradiation indicated by arrow, corresponding to protons labeled A). 

Though many peaks are enhanced, the peaks corresponding to B (integration 2.60; 0.43 integration/H) has a 

higher enhanced-integration-per-proton than peaks corresponding to C (integration 1.00; 0.25 integration/H). 

This may suggest A is closer to B than to C. 

 

Figure S28. NOE spectrum of Bn6 (irradiation indicated by arrow, corresponding to protons labeled A). 

Though many peaks are enhanced, the peaks corresponding to B (integration 1.00; 0.25 integration/H) has a 



117 
 

 
 

higher enhanced-integration-per-proton than peaks corresponding to C (integration 0.10; 0.025 

integration/H). This may suggest A is closer to B than to C. 

 

Figure S29. NOE spectrum of iPr6 (irradiation indicated by arrow, corresponding to protons labeled A). 

Though many peaks are enhanced, the peaks corresponding to B (integration 1.00; 0.25 integration/H) has a 

higher enhanced-integration-per-proton than peaks corresponding to C (integration 1.99; 0.17 integration/H). 

This may suggest A is closer to B than to C. 
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Figure S30. NOE spectrum of tBu6 (irradiation indicated by arrow, corresponding to protons labeled A). 

Though many peaks are enhanced, the peaks corresponding to B (integration 2.31; 0.58 integration/H) has a 

higher enhanced-integration-per-proton than peaks corresponding to C (integration 1.00; 0.25 integration/H). 

This may suggest A is closer to B than to C. 

 

Figure S31. Stack plot of 1H NMR spectra of 10 (top) compared to the crude solids from reactions of tBu6 

with 10 equivalents of benzylamine in DMF (middle) and without DMF (bottom).  
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Nitrene Reactivity 

 

Figure S32. Stackplot of 1H NMR spectra of the reaction between 2, 20, and dihydroanthracene in DCM to 

various compounds potentially present in the reaction. 

 

Figure S33. Stackplot of 1H NMR spectra of the reaction between 2, 20, and dihydroanthracene with 

Sc(OTf)3 in DCM to various compounds potentially present in the reaction. 
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Figure S34. Stackplot of 1H NMR spectra of the reaction between 21, 20, and dihydroanthracene in DCM to 

various compounds potentially present in the reaction. 

 

Figure S35. Stackplot of 1H NMR spectra of the reaction between 21, 20, and dihydroanthracene with 

Sc(OTf)3 in DCM to various compounds potentially present in the reaction. 
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Figure S36. Stackplot of 1H NMR spectra of the reaction between 20 and dihydroanthracene (no copper) in 

DCM to various compounds potentially present in the reaction. 

 

Figure S37. Stackplot of 1H NMR spectra of the reaction between 20 and dihydroanthracene with Sc(OTf)3 

(no copper) in DCM to various compounds potentially present in the reaction. 
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