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ABSTRACT: Instability of end-on superoxocopper(II) complexes, with respect to conversion to the corresponding peroxo-
bridged complexes, has largely constrained their study to very low temperatures (< -80 C). This limits their kinetic capacity 
to oxidize substrates. In response, we have developed a series of ligand systems bearing bulky aryl substituents that are 
primarily directed away from the metal centre, Ar3-TMPA (Ar = tpb, dpb, dtbpb), and used them to support [CuI(Ar3-
TMPA)(NCMe)]+ copper(I) complexes. Solutions of all three react with O2 to yield [CuII( 1-O2 )(Ar3-TMPA)]+ complexes that 
are stable against dimerization at all temperatures. Full binding of O2 is observed at sub-ambient temperatures and can be 
reversed by warming. The onset of oxygenation is ligand dependent, but can be observed at 25 C in the case of Ar = tpb and 
dpb. Furthermore, all three [CuII( 1-O2 )(Ar3-TMPA)]+ complexes are stable against self-decay at temperatures  -20 C. This 
provides a wide temperature window over which these complexes can be studied, which was exploited by performing 
extensive reaction kinetics measurements for [CuII( 1-O2 )(tpb3-TMPA)]+ with a broad range of O-H, N-H, and C-H bond 
substrates. This includes correlation of second order rate constants (k2 values) versus oxidation potentials (Eox) for a range 
of phenols (i.e., a Marcus plot), construction of Eyring plots, and temperature-dependent kinetic isotope effect (KIE) 
measurements. The data obtained indicates that reaction with all substrates proceeds via H-atom transfer (HAT) to [CuII( 1-
O2 )(tpb3-TMPA)]+. In addition, evidence suggests that HAT reaction with the phenols studied proceeds with significant 
charge transfer, and that it involves full tunelling of both H and D atoms in the case of 1,2-diphenylhydrazine (DPH) and 4-
methoxy-2,6-di-tert-butylphenol (MeO-ArOH). Consistent with expectations for HAT, large entropic barriers ( S ) were 
measured for the substrates MeO-ArOH, DPH, triphenylhydrazine (TPH), and 1-benzyl-1,4-dihydronicotinamide (BNAH). 
Despite having the lowest X-H bond dissociation energy (BDE) amongst these substrates, the C-H substrate BNAH exhibits 
both the largest S  and the second largest enthalpic barrier ( H ) to reaction. This is congruent with the expectation that 
oxidation of C-H bonds is kinetically challenging and the experimental observation that [CuII( 1-O2 )(tpb3-TMPA)]+ is only 
able to oxidize very weak C-H bonds, whereas it can oxidize moderately strong N-H bonds.  

INTRODUCTION

End-on superoxocopper(II) species, CuII( 1-O2 -), have 
been forwarded as intermediates in a wide range of O2 acti-
vating copper-containing enzymes.1-2 This includes the 
monometallic enzyme galactose oxidase (GO), wherein a 
CuII( 1-O2 -) species is accepted to be responsible for hydro-
gen atom abstraction (HAA) from a tyrosine residue to yield 
a catalytically crucial copper-coordinated phenoxyl radi-
cal.3-5 There are also a number of oxygenases in which 
CuII( 1-O2 -) intermediates are evidenced to be responsible 
for initial HAA from substrate C-H bonds of moderate 
strength. More specifically, the non-coupled binuclear cop-
per enzymes peptidylglycine -hydroxylating monooxygen-
ase (PHM), dopamine -monooxygenase (D M), and tyra-
mine -monooxygenase (T M), which are responsible for 
hydroxylation of activated methylene units;1, 6-7 and the 
monocopper formylglycine-generating enzyme (FGE), 
which catalytically converts cysteine to formylglycine at an 
active site possessing an unusual dicysteinate-coordinated 

copper(I) resting state.8-9 Of these systems, PHM and D M 
are the most comprehensively studied, with some of the 
highlights being kinetic isotope effect (KIE) studies confirm-
ing that C-H oxidation occurs prior to O-O bond cleavage,10-

12 measurement of substrate KIEs of 10  12,11, 13-

14 evidence that hydrogen atom transfer (HAT) proceeds via 
quantum tunneling,15 and an X-ray structure of PHM show-
ing end-on coordination of O2 to the substrate binding site 
CuM.16 Strong support for the proposed mode of operation 
of the non-coupled binuclear copper enzymes, including the 
intermediacy of CuII( 1-O2 -) active oxidants, has been pro-
vided by DFT calculations.17-18  
 

 
 Copper-O2 reactivity relevant to this study. 

The importance of CuII( 1-O2 ) intermediates in enzy-
matic systems and their potential synthetic utility has 



spurred significant efforts to synthesize and study the reac-
tivity of 1:1 adducts of Cu and O2. Although significant num-
bers of CuII( 1-O2 ) model complexes have now been re-
ported (see refs 19-20 for comprehensive reviews of the 
field), exploration of their reactivity properties is not with-
out difficulties. This is, in large part, due to their tendency 
to collapse to thermodynamically favored species of higher 
nuclearity, such as peroxo-bridged dicopper(II) complexes, 
CuII( 2-O22 )CuII (Scheme 1). To retard the aforementioned 

such as ligand oxidation, study of CuII( 1-O2 ) complexes is 
overwhelmingly conducted at very low temperatures (< -
80 C). For example, in seminal work by Karlin and Zuber-
bühler it was shown that reaction of [CuI(TMPA)(NCMe)]+ 
(Chart 1) with O2 at temperatures between -75 and -90 C 
rapidly forms the corresponding CuII( 2-O22 )CuII com-
plex.21-22 The [CuII( 1-O2 )(TMPA)]+ species was observed 
as a transient intermediate, using stopped-flow kinetics, but 
low temperatures of -135 C were required to accumulate 
significant amounts of it.23 Even then, it was obtained as a 
mixture with, and slowly converts to, the corresponding 
CuII( 2-O22 )CuII complex. 

 

 Selected ligands that have been used to support 
CuII( 1-O2 ) complexes. 

The simplest method of prohibiting formation of 2:1 
adducts of Cu and O2 (and higher nuclearity species) is to 
employ  sterically encumbered ligands. This has proven 
particularly successful for monoanionic bidentate and tri-
dentate ligand architectures, which tend to favor formation 
of side-on bound ( 2) 1:1 adducts of Cu and O2. These Cu( 2-
O2) species are (in general) much more stable than their 
CuII( 1-O2 ) analogues and, concordantly, several CuII( 2-
O2 ) or CuIII( 2-O22 ) complexes have been isolated and 
crystallographically characterized.24-30 Unfortunately, this 
comparatively high stability equates to low intermolecular 
reactivity. Indeed, the only -sup-
ported CuII( 2-O2 ) complex, is believed to react with sub-
strates via a thermally driven isomerization to the corre-
sponding CuII( 1-O2 ) species.27 

Sterically encumbered ligands are also effective at 
stabilizing CuII( 1-O2 ) moieties, with the most graphic 

[CuII( 1-O2 )(TMG3tren)]+ (Chart 1).31 Not only was this 
complex fully stable against formation of higher nuclearity 

species, but it was formed via a fully reversible oxygenation 
reaction, and the superoxocopper(II) complex was 
sufficiently stable for crystallographic characterization.32-33

Unfortunately, like most other sterically stabilized 
systems,34-35 it was found to display limited HAA reactivity 
with substrates.36 This may not be due to steric factors 
alone, with the high basicity of the guanidine donors likely 
to impact reactivity significantly. Consistent with this 
notion II( 1-O2 )(L)] , supported by 
a dianionic 2,6-dicarboxamidopyridine ligand (Chart 1),35 
performs HAA only from weak O-H bonds. In other 
circumstances, it tends to favor nucleophilic reaction 
(primarily protonation).37-39  

To date, the most diverse array of reactivity displayed by 
[CuII( 1-

O2 )(L8)]+ (Chart 1).40 It oxidizes a range of electron 
transfer agents, which allowed estimation of its reduction 
potential, it performs oxo-atom transfer to phosphines, and 
it reacts with phenols via protonolysis and TEMPO-H to 
yield the corresponding hydroperoxocopper(II) complex.41 
In addition, [CuII( 1-O2 )(L8)]+ undergoes self-decay via 
intramolecular hydroxylation of the benzylic position of its 
pendant ethylbenzene substitutent, for which a KIE and 
Eyring parameters were measured.42-43 The unique 
reactivity of this system has been attributed to the close 
resemblance of its pseudo-tetrahedral coordination 
geometry to that of the O2 activating CuM site of the non-
coupled binuclear copper monooxygenases.40  

However, the most extensive substrate reactivity studies 
reported for CuII( 1-O2 ) model complexes are those of 
Karlin and co-workers, which revolve around derivatives of 
the TMPA ligand system (Chart 1). They demonstrated that 
introduction of electron donating44-46 and hydrogen bond 
donor23, 47 functionality into this ligand framework can 
stabilize  the CuII( 1-O2 ) moiety, by slowing or 

eliminating conversion to CuII( 2-O22 )CuII complexes. This 
provided a means to study reaction of the corresponding 
CuII( 1-O2 ) complexes with a wide array of substrates. For 
instance, extensive mechanistic studies for reaction of 
[CuII( 1-O2 )(DMM-TMPA)]+ with phenolic substrates were 
 

 

 The CuII( 1-O2 ) complexes studied herein. 



 

 Top and side views (above and below, respectively) of X-ray crystal structures of (a) [CuII(tpb3-
TMPA)(NCMe)](ClO4)2, (b) [CuII(dpb3-TMPA)(NCMe)](ClO4)2 and (c) [CuII(dtbpb3-TMPA)(NCMe)](OTf)2, depicted using 50 % 
thermal ellipsoids. Hydrogen atoms, counteranions and solvent molecules have been omitted for clarity. Gray, blue and orange 
spheroids correspond to carbon, nitrogen, and copper atoms, respectively. 

conducted.46 This included measurement of rate constants 
over a 15 C temperature range, from -85 to -100 C, which 
allowed construction of an Eyring plot. More recently, 
introduction of H-bond donor substituents at the 6-position 
of the pyridine donors was shown to significantly enhance 
reactivity. A single pivaloyl functional group, giving  
(PV)TMPA (Chart 1), allows HAA from the weak C-H bonds of 
1-benzyl-1,4-dihydronicotinamide (BNAH) and 1,3-dime-
thyl-2,3-dihydrobenzimidazole (BzImH), and the 
comparatively strong O-H bond of 4-methoxyphenol.23, 47 
Furthermore, the inclusion of two pivaloyl groups, giving 
(PV)2TMPA (Chart 1), allows reaction with the stronger C-H 
bonds of dihydroanthracene and fluorene at -135 C.48   

With the aforementioned factors in mind, we sought to 
stabilize a TMPA-supported CuII( 1-O2 ) complex via 
introduction of bulky substituents, but in such a way that 
steric inhibition of reaction with substrates is minimized. 
To this end, we installed a series of bulky aryl substituents 
onto the 5-position of the pyridine rings to give the Ar3-
TMPA ligands (Figure 1). The formation and stability of the 
resulting [CuII( 1-O2 )(tpb3-TMPA)]+ complexes, where Ar = 
2,4,6-triphenylbenzene (tpb), 2,6-diphenylbenzene (dpb), 
and 2,6-di(4-tert-butylphenyl)benzene (dtbpb), plus their 
reactivity with a broad range of O-H, N-H, and C-H bond 
substrates, are detailed herein.  

 

In addition to the [CuI(Ar3-TMPA)(NCMe)][B(C6F5)4] (Ar 
= tpb, dpb, and dtbpb) copper(I) complexes employed in the 
oxygenation studies described below, copper(II) complexes 
of formulation [CuII(Ar3-TMPA)(NCMe)](Y)2 (Y  = ClO4  or 
TfO ) were prepared. Attempts to grow crystals suitable for 
X-ray crystallography were only successful for the latter 
series. As expected, the dicationic components of [CuII(tpb3-
TMPA)(NCMe)](ClO4)2, [CuII(dpb3-TMPA)(NCMe)](ClO4)2, 
and [CuII(dtbpb3-TMPA)(NCMe)](OTf)2 all display trigonal 

bipyramidal geometries ( 549 = 0.97, 0.80, and 1.00, 
respectively), with the TMPA ligands coordinating in a 
tripodal tetradentate fashion and the remaining axial 
coordination site filled by an acetonitrile ligand (Figures 2 
and S16  S18). Crystallographic data and selected 
structural parameters are listed in the Supporting 
Information, in Tables S1  S4. 

It is clear from the X-ray structures that the bulky Ar 
substituents groups primarily point away from the metal 
centre, and only in the case of dtbpb3-TMPA do they crowd 
the MeCN-occupied axial coordination site to a readily 
appreciable extent. Instead of projecting vertically, parallel 
to the Cu NCMe axis, the steric bulk is predominantly 
oriented laterally, perpendicular to the Cu NCMe axis. It 
was anticipated that this would provide inter-donor 
repulsion, whilst minimizing the decrease in donor strength 
that usually accompanies introduction of steric bulk.  

Although the respective average Cu Npyridine bond lengths 
in [CuII(tpb3-TMPA)(NCMe)]2+, [CuII(dpb3-TMPA)(NCMe)]2+ 
and [CuII(dtbpb3-TMPA)(NCMe)]2+ of 2.067(3), 2.071(5), 
and 2.060(4) Å may be marginally longer than the 
corresponding distance of 2.042(4) Å in the parent 
compound [CuII(TMPA)(NCMe)]2+,50 the values are 
sufficiently similar to argue that the impact of the aryl 
substituents is minimal. In contrast, introduction of phenyl 
rings onto the 6-position of the pyridine donors in the 
parent TMPA ligand causes elongation of the average Cu
Npyridine distance in the corresponding copper(II) complex, 
[CuII(6-Ph3-TMPA)(NCMe)]2+, to 2.108(7) Å.51 This 
represents an obvious weakening of pyridine-to-Cu 
donation.  

Cyclic voltammetry measurements (Figure S19, Table 1) 
are consistent with the assertion that the aryl substituents 
in the [CuII(Ar3-TMPA)(NCMe)]2+ complexes do not 
significantly weaken with the donor ability of the pyridine 
rings. More specifically, the half-wave potentials (E1/2) 



  

(a) UV-Vis spectra of [CuII( 1-O2 )(Ar3-TMPA)]+ (Ar = tpb, dpb, and dtbpb), recorded in THF solution at -80 C. (b)
UV-vis spectra of O2 saturated THF solutions of [CuI(tpb3-TMPA)(NCMe)]+ (ca. 0.5 mM) and (c) absorbances at the 760  771 
nm max of all three [CuII( 1-O2 )(Ar3-TMPA)]+ (Ar = tpb, dpb, and dtbpb) complexes, measured at 20 C and regular intervals 
over the temperature range of 0 to -90 C. Expansions of the (d) (O-O) and (e) (Cu-O) containing regions of the resonance 
Raman spectra ( ex = 405 nm) of frozen d8-THF solutions of [CuII( 1-16O2 )(tpb3-TMPA)]+ (black lines) and [CuII( 1-
18O2 )(tpb3-TMPA)]+ (blue lines). Solid and dashed red lines correspond to spectral simulations and Gaussians that comprise 
the simulations, respectively.  

 Half-wave potentials (E1/2) of the CuII/CuI redox 
couples of [CuII(Ar3-TMPA)(NCMe)]2+ (Ar = tpb, dpb and 
dtbpb) and selected complexes.a 

[CuII(L)(NCMe)]2+, 

L = 

E1/2  

(V, vs Fc+/Fc0) 
Ref. 

tpb3-TMPA -0.39 This work 

dpb3-TMPA -0.41 This work 

dtbpb3-TMPA -0.32 This work 

TMPA -0.40 44, 51 

6-Ph3-TMPA -0.10 51 
aAll data recorded at 298 K, in MeCN solution using 0.1 M 
NBu4PF6 as an electrolyte. E1/2 = (Epc + Epa)/2. 

 
of the CuII/CuI redox couples of the Ar = tpb and dpb 
complexes (-0.39 and -0.41 V vs  Fc+/Fc0) are essentially 
identical to the value of -0.40 V reported for 
[CuII(TMPA)(NCMe)]2+.44, 51 The E1/2 of -0.32 V measured for 
the Ar = dtbpb is more positive than the aforementioned 
values and indicates destabilization of the CuII oxidation 
state, but this cathodic shift is small compared to systems 
possessing substituents on the 6-position of the pyridine 

donors. For example, the corresponding E1/2 value for 
[CuII(6-Ph3-TMPA)(NCMe)]2+ is -0.10 V.51  

S  It was found 
that pale yellow solutions of all three [CuI(Ar3-
TMPA)(NCMe)][B(C6F5)4] copper(I) complexes react 
rapidly with O2 at -80 C in a broad range of organic solvents, 
including THF, MeTHF, acetone, toluene and diethyl ether, 
to yield green species. Full oxygenation took less than 10 
seconds in THF. The UV-Vis spectra of the three green 
species closely resemble one another, with three prominent 
bands centred at approximately ( max) 430, 580 and 760 nm 
(Figure 3a and Table 2). These features are diagnostic of 
end-on superoxocopper(II) complex formation, and are 
very similar to those of the parent complex [CuII( 1-
O2 )(TMPA)]+ ( max = 410 and 747 nm, with respective max 
= 4000 and 1000 M-1 cm-1).21   

Confirmation of assignment of these green species as 
[CuII( 1-O2 )(Ar3-TMPA)]+ complexes was provided by 
resonance Raman measurements (Figures 3d and 3e, and 
Figures S23  S28). With laser excitation at a wavelength 
( ex) of 405 nm, vibrational bands were observed at 1127  
1119 cm-1 and found to shift to 1069  1059 cm-1 upon use 
of 18O2 (Table 2). This is very similar to the O-O stretching 
frequencies, (O-O), reported for other CuII( 1-O2 )  



 

 (a) Reaction of [CuII( 1-O2 )(tpb3-TMPA)]+ with 4-methoxy-2,6-di-tert-butylphenol (MeO-ArOH), in THF solution 
at -70 C. Main: UV-Vis spectra of the starting complex, product, and those recorded during the course of reaction are depicted 
using green, black, and grey lines, respectively. Inset: Absorbance at 760 nm as a function of time. (b) Plot of observed rate 
constants (kobs, s-1) versus substrate concentration (M) for reaction of [CuII( 1-O2 )(Ar3-TMPA)]+ (Ar = tpb, dpb, and dtbpb) 
with MeO-ArOH, in THF solution at -70 C. (c) Plot of kobs (s-1) versus substrate concentration (M) for reaction of [CuII( 1-
O2 )(tpb3-TMPA)]+ with MeO-ArOH and MeO-ArOD (black and red circles, respectively), in THF solution at -40 C. (d) Plot of 
(kBT/e)ln(k2), obtained from reaction of [CuII( 1-O2 )(tpb3-TMPA)]+ with 4-substituted 2,6-di-tert-butylphenols (X-ArOH) at 
-40 C, versus oxidation potentials (Eox, V vs Fc+/Fc0) of the phenol substrates. 

2 A summary of the UV-Vis and resonance Raman 
spectral features of [CuII( 1-O2 )(Ar3-TMPA)]+ (Ar = tpb, 
dpb, and dtbpb), plus second order rate constants (k2, M-1 s-

1) for reaction of these complexes with 4-methoxy-2,6-di-
tert-butylphenol (MeO-ArOH), at -70 C. 

Ar max, nm 

( max, M-1 cm-1)a 

(O-O)b  

(cm-1) 

(Cu-O)b  

(cm-1) 

k2  

(M-1 s-1) 

tpb 429 (3740)  

583 (1200)  

760 (1700) 

1127 

{-58} 

482 

{-23} 

0.90(5) 

dpb 430(3950)  

584 (1150)  

760 (1690) 

1126 

{-63} 

467 

{-18} 

0.93(5) 

dtbpb 434 (3660)  

573 (1260)  

768 (2080) 

1119 

{-60} 

? 0.042(2) 

aRecorded in THF solution, at -80 C. bValues in parentheses 
are the shifts in peak position observed upon 18O-labelling. 

complexes and the observed isotope shifts (  = 58  63 cm-

1) are consistent with  assignment as such.19-20 It should be 
noted that whereas the [CuII( 1-16O2 )(Ar3-TMPA)]+ 
complexes produced with natural abundance O2 exhibit a 

single (O-O) band, the 18O2-labelled isotopologues of the Ar 
= dpb and dtbpb variants possess two readily resolved 
peaks of unequal intensity. The same may be true of the Ar 
= tpb complex, but the 18O-labelled data is not of sufficient 
resolution to definitively determine whether this is the case 
or not. Regardless, observations of this type have 
precedence and are attributed to Fermi resonance with a 
non-enhanced vibrational mode.23, 48 

The Cu-O stretching modes, (Cu-O), are also readily 
discerned in the resonance Raman spectra of the complexes. 
In the cases of [CuII( 1-O2 )(tpb3-TMPA)]+ and [CuII( 1-
O2 )(dpb3-TMPA)]+ they present as Fermi doublets. Upon 
18O2 labelling, they shift to lower energy and appear as 
single bands. The situation is more complex for [CuII( 1-
O2 )(dtbpb3-TMPA)]+ because several bands are observed 
in the both the natural abundance O2 and 18O2-labelled 
compounds (Figure S28). This is presumed to be, at least in 
part, due to Fermi resonance. However, the close-spacing of 
these features, combined with experimental error and 
limitations of the data, renders accurate assignment very 
difficult.          

Quite remarkably, UV-Vis spectral features suggestive of 
trace formation of the complexes [CuII( 1-O2 )(tpb3-
TMPA)]+ and [CuII( 1-O2 )(dpb3-TMPA)]+ are observed 
even at ambient temperatures (Figures 3b and 3c, plus Fig-
ures S20 and S21). Consistent with the entropically 



disfavored nature of O2 binding, these features increase in 
intensity at lower temperatures and by -40 C formation of
the CuII( 1-O2 ) species are essentially complete. Reversal 
of these spectral changes can be achieved by increasing the 
temperature, which indicates that O2 binding is reversible. 
The general oxygenation behavior of [CuI(dtbpb3-
TMPA)(NCMe)]+ is similar to that of the tpb- and dpb-
substituted systems. However, the onset of formation of 
[CuII( 1-O2 )(dtbpb3-TMPA)]+ occurs at a lower 
temperature, and it only becomes complete at  -70 C 
(Figures 3c and S22). The reduced affinity of [CuI(dtbpb3-
TMPA)(NCMe)]+ for O2 binding is a consequence of the 
comparative instability of the +2 oxidation state of copper 
in this system. This is evident from the E1/2 value of the 
[Cu(Ar3-TMPA)(NCMe)]2+/+ redox couple for Ar = dtbpb, 
which is 70  90 mV more positive than it is for Ar = dpb and 
tpb (see above).  

Crucially, no spectral features associated with formation 
of higher nuclearity O2 adducts, including CuII( 2-O22 )CuII 
complexes, are observed for any of the [CuII( 1-O2 )(Ar3-
TMPA)]+ complexes, at any temperature. Furthermore, 
within a time frame of several hours, no evidence for self-
decay of any of these three complexes was observed at tem-
peratures -20 C. Above these temperatures, very slow de-
cay does occur, possibly due to reaction with the solvent (or 
impurities therein), but the final products are presently un-
clear. 

 THF was used as 
the solvent of choice in all of our reactivity studies and, in 
order to eliminate kinetic complications arising from pre-
equilibrium binding of O2, they were conducted at tempera-
tures at which oxygenation of the [CuI(Ar3-TMPA)(NCMe)]+ 
complexes was essentially complete. As mentioned above, 
for Ar = dtbpb this is  -70 C, whereas higher temperatures 
of  -40 C are required for Ar = tpb and dpb. The impact of 
the differing steric profiles of our three [CuII( 1-O2 )(Ar3-
TMPA)]+ complexes upon reaction with external substrates 
was, therefore, probed at -70 C. These studies were per-
formed using 2,6-di-tert-butyl-4-methoxyphenol (MeO-
ArOH) as a substrate because it has a comparatively weak 
O-H bond (bond dissociation energy (BDE) = 79.6 kcal mol-

1)52 and it is widely used in such studies, thereby allowing 
comparison with other published systems.  

In all cases, addition of excess MeO-ArOH to the [CuII( 1-
O2 )(Ar3-TMPA)]+ complexes led to first order loss of their 
chromophores (Figures 4a, S29, and S30). The observed 
rate constants (kobs) were found to be linearly dependent 
upon substrate concentration (Figure 4b), thereby yielding 
the second order rate constants (k2) listed in Table 2. Near 
identical k2 values of 0.90(5) and 0.93(5) M-1 s-1 were meas-
ured for [CuII( 1-O2 )(tpb3-TMPA)]+ and [CuII( 1-
O2 )(dpb3-TMPA)]+, but a more than 20-fold smaller value 
of 0.042(2) M-1 s-1 was obtained for [CuII( 1-O2 )(dtbpb3-
TMPA)]+. Thus, it can be concluded that addition of a phenyl 
ring to the 4-position of the dpb substituent, to give tpb, has 
little impact upon reaction with the bulky MeO-ArOH sub-
strate. Given that these Ph rings point away from the metal 
centre, even if they do increase the steric bulk projecting 
above the mean plane of the pyridine donor rings, this is not 
very surprising. In contrast, the tert-butyl groups in the 

dtbpb substituents might not be expected to impact sub-
strate reactivity significantly because they project 

-ray structure of 
[CuII(dtbpb3-TMPA)(NCMe)]2+ that they crowd the incipient 
superoxo axial coordination site and we believe this is the 
origin of the suppressed reactivity of this system. Neverthe-
less, the low reactivity of [CuII( 1-O2 )(dtbpb3-TMPA)]+ 
limits the scope of reactivity studies that can be performed 
for it. Thus, it was decided that subsequent kinetic studies 
should focus upon [CuII( 1-O2 )(tpb3-TMPA)]+, which has 
near identical reactivity to [CuII( 1-O2 )(dpb3-TMPA)]+ but 
is easier to synthesize.  

Reaction of the three [CuII( 1-O2 )(Ar3-TMPA)]+ com-
plexes with MeO-ArOH, at -70 C, led to formation of similar 
charge transfer bands centered somewhere around 400  
410 nm (Figures 4a, S29 and S30). Concomitantly, for-
mation of a sharp feature at ca. 406 nm and a bump at ca. 
390 nm is observed. These relatively sharp features corre-
spond to the MeO-ArO  phenoxyl radical.53 The observation 
of phenoxyl radicals is indicative of formal transfer of a hy-
drogen atom to the superoxocopper(II) moiety. From this, it 
can be inferred that the 400  410 nm charge transfer bands 
formed during reaction with all three [CuII( 1-O2 )(Ar3-
TMPA)]+ correspond to hydroperoxocopper(II) complexes, 
[CuII(OOH)(Ar3-TMPA)]+. Good agreement with the UV-Vis 
spectral features of previously reported hydroperoxocop-
per(II) complexes supports this supposition.23, 48, 54-58 Fur-
thermore, similar species could be obtained by addition of 
the H-atom donor TEMPO-H to [CuII( 1-O2 )(tpb3-TMPA)]+ 
(Figure S31) and by treatment of [CuII(tpb3-
TMPA)(NCMe)]2+ with a combination of H2O2 and NEt3 (Fig-
ure S32), both of which are standard methods for prepara-
tion of hydroperoxocopper(II) complexes.  

The observed phenoxyl radical and [CuII(OOH)(Ar3-
TMPA)]+ products can be obtained either through a hydro-
gen atom transfer (HAT) reaction or (in either order) a step-
wise transfer of a proton and an electron (i.e., PT-ET or ET-
PT). To probe these mechanistic possibilities, we sought to 
expand the range of phenolic substrates studied. However, 
the k2 value measured for reaction of [CuII( 1-O2 )(tpb3-
TMPA)]+ with MeO-ArOH, at -70 C, is (after taking temper-
ature into account) 1  2 orders of magnitude lower than 
those reported for the analogous reaction with other TMPA-
supported CuII( 1-O2 ) complexes (Table S10). Such slug-
gish reaction renders measurement of reaction kinetics 
with more oxidatively resistant phenols challenging at this 
temperature. Fortunately, the high stability of [CuII( 1-
O2 )(tpb3-TMPA)]+ allows mitigation of this problem via 
study at higher temperatures.   

The kinetic isotope effect (KIE) upon reaction of [CuII( 1-
O2 )(tpb3-TMPA)]+ with MeO-ArOH was measured at -40 C. 
At this temperature, k2 values of 7.8(4) and 0.69(3) M-1 s-1 
were obtained for MeO-ArOH and its isotopomer MeO-ArOD 
(Figure 4c, Table 3), respectively, which equates to a KIE of 
11.3(8). This confirms that the rate-determining step in-
volves HAT or a proton transfer (PT). Similar KIEs were re-
ported for reaction of [CuII( 1-O2 )(DMM-TMPA)]+ with the 
same substrate (11),46 and for reaction of the active 
oxidants of the enzymes PHM, D M, and T M (10  12),  

 



  

3. A summary of the second order rate constants (k2, M-1 s-1) measured for reaction of [CuII( 1-O2 )(tpb3-TMPA)]+ with 
various O-H, N-H and C-H bond substrates, in THF solution at -40 C. Where available, the reported pKa values, oxidation 
potentials (Eox, V vs Fc+/Fc0) and bond dissociation energies (BDEs, kcal mol-1) of the substrates are listed. 

 
Substrate 

k2  

(M-1 s-1) 

BDE (X-H) 

(kcal mol-1) 

Eox 

(V vs Fc+/0) 
pKa 

O-   a 

MeO-ArOH 7.8(4) 79.6 0.526 18.2 

MeO-ArOD 0.69(3)  0.585  

MPPO-ArOH b 1.8(1)  0.614  

CF3CH2O-ArOH 0.16(1)  0.805  

Me-ArOH 0.086(4) 80.1 0.81 17.7 

Et-ArOH 0.053(3) 80.0 0.875 17.7 
tBu-ArOH 0.044(2) 82.3 0.927 17.8 

N-  c 

DPH 25(1) 71.7  26.2 

DPH-d2 1.3(1)    

TPH 1.3(1) 83.5  24.5 

TPH-d 0.14(1)    

Ph2NH 0.00080(4) 89.9 0.455 25.0 

C-  d 
BNAH 0.20(1) 70.7  0.219  

BzImH 0.0099(5) 73.4 -0.179  

a BDE and pKa values (in dmso) are taken from ref. 52, and the Eox values (in MeCN) are taken from ref. 46. b MPPO = 2-methyl-
1-phenylpropan-2-yloxy. c With the exception of the k2 values, data (measured in dmso) is taken from ref. 59. d Eox values and 
BDEs (in MeCN) are taken from ref 60. 

 

 Substrates used in the reaction kinetics studies de-
tailed herein. 

which are evidenced to be CuII( 1-O2 ) intermediates.11, 13-

14 These published values were all presented as supporting 
evidence for HAT mechanisms.  

In addition, we measured kinetics at -40 C for reaction of 
[CuII( 1-O2 )(tpb3-TMPA)]+ with several 2,6-di-tert-bu-
tylphenols possessing differing substituents (X) at the 4-po-
sition (X-ArOH, Scheme S4). Reaction was found, in all cases, 
to proceed with a first order dependence upon both com-
plex and substrate, thereby yielding second order rate con-
stants (Figures S33). The k2 values obtained are summa-
rized alongside reported BDE, Eox and pKa values, where 
available, in Table 3. The organic products of the reactions 
of [CuII( 1-O2 )(tpb3-TMPA)]+ with the X-ArOH substrates 
at -40 C were characterized upon warming to room temper-
ature and, in all cases, approximately 0.5 equiv 2,6-di-tert-
butyl-1,4-benzoquinone was obtained. This outcome has 
precedence and a mechanism explaining it, via initial gener-
ation of phenoxyl radicals, has been provided elsewhere.46  

A Marcus-type plot of (kBT/e)ln(k2) versus oxidation po-
tential (Eox) of the phenols was constructed from the data 

obtained (Figure 4d).30 It displays a good linear correlation 
and a best-fit line with a slope of -0.24 was obtained. The 
observation of a negative slope rules out a mechanism in-
volving an initial discrete PT step. This is because the rate 
of a PT reaction would be expected to increase with de-
creasing pKa and, given that the pKa of phenols is inversely 
related with their Eox values, a positive slope should result. 
The magnitude of the slope observed for [CuII( 1-O2 )(tpb3-
TMPA)]+ is much larger than that reported for the 
cumylperoxyl radical (-0.05),46, 61 which is accepted to react 
with phenols and (N,N- .61-

62 However, it is smaller than expected for a reaction involv-
ing an initial electron transfer and subsequent separate pro-
ton transfer step (-0.5 to -1.0).61, 63-64 Instead, the observed 
correlation and slope is suggestive of a HAT reaction in 
which there is significant charge (electron) transfer.65-66 A 
similar observation was reported for [CuII( 1-O2 )(DMA-
TMPA)]+, but a linear fit with a slightly larger gradient of -
0.29 was obtained.46 From this, it can be cautiously inferred 
that reaction of [CuII( 1-O2 )(DMA-TMPA)]+ with phenols 
proceeds with greater charge transfer than [CuII( 1-
O2 )(tpb3-TMPA)]+. One might expect this to manifest in dif-
ferences in enthalpic barriers to reaction of these two com-
plexes. 

To further probe the oxidative potency of [CuII( 1-
O2 )(tpb3-TMPA)]+, it was combined with the electron 
transfer agents ferrocene and decamethylferrocene (0.00 
and -0.48 V, respectively, in MeCN solution)67. No reaction 
was observed in either case. This contrasts with [CuII( 1-
O2 )(L8)]+, which is able to react with both.41 It is also  



 

 Plots of observed rate constants (kobs, s-1) versus substrate concentration (M) for reaction of [CuII( 1-O2 )(tpb3-
TMPA)]+, in THF solution at -40 C, with: (a) DPH and its N-deuterated analogue, DPH-d2 (black and red circles, respectively); 
and (b) TPH and its N-deuterated analogue, TPH-d (black and red circles, respectively). Reaction of [CuII( 1-O2 )(tpb3-
TMPA)]+, in THF solution at -40 C, with the substrates (c) Ph2NH and (d) BNAH. In the latter case, the substrate was added 
prior to oxygenation. Main: the starting copper(I) complex (not shown in (c)), superoxocopper(II) intermediate, product of 
reaction, and the spectra recorded during the course of reaction with the substrate are depicted using red, green, black, and 
grey lines, respectively. Inset: absorbance at 760 nm as a function of time. (e) Plot of observed rate constants (kobs, s-1) versus 
substrate concentration (M) for reaction of [CuII( 1-O2 )(tpb3-TMPA)]+, in THF solution at -40 C, with the C-H bond substrates 
BNAH and BzImH (black and red circles, respectively).  

worth mentioning that although reaction was observed was 
upon addition of 2,6-di-tert-butylphenol (H-ArOH), it so 
slow that no efforts were made to measure reaction kinet-
ics. This reflects the higher Eox of this phenol (1.074 V) rela-
tive to the other X-ArOH substrates.46 Given that H-ArOH 
also has a lower pKa (17.3)52 than the other X-ArOH sub-
strates, it reinforces the inference that [CuII( 1-O2 )(tpb3-
TMPA)]+ is also a comparatively weak base. These negative 
results reaffirm the conclusion that HAT is the mechanism 
by which this complex reacts with phenols.  

- -  In order to ob-
tain a broader understanding of the reactivity of the 
[CuII( 1-O2 )(Ar3-TMPA)]+ complexes, we expanded our 
studies (at -40 C) to include N-H and C-H substrates. As 
with the phenolic substrates, reaction was found in all cases 
to be first order in both substrate and CuII( 1-O2 ) complex. 
Consistent with their respective relatively low BDEs of 71.7 
and 83.5 kcal mol-1,59 the substrates 1,2-diphenylhydrazine 
(DPH) and 1,1,2-triphenylhydrazine (TPH) are rapidly oxi-
dized by [CuII( 1-O2 )(tpb3-TMPA)]+ (Figures 5a, 5b, S34, 
and S35). More specifically, k2 values of 25(1) and 1.3(1) M-

1 s-1 were measured for reaction with DPH and TPH, respec-
tively. Subsequent room temperature work-up and analysis 
of the reaction mixtures confirmed that both substrates 
were oxidized by 2e  to give 1 equiv of product(s). In the 
case of DPH, this afforded azobenzene in 101(5) % yield 

(Eqn. S4, Table S7). However, oxidation of TPH proceeded 
via N-N bond cleavage and yielded nitrosobenzene and di-
phenylamine in yields of 108(9) and 113(9) % (Eqn. S5, Ta-
bles S8 and S9), respectively. 

Reaction with the corresponding N-deuterated hydra-
zines DPH-d2 and TPH-d proceeded with significantly re-
duced k2 values (Figures 5a and 5b) of 1.3(1) and 0.14(1) M-

1 s-1, respectively. This equates to substantial KIEs of 
19.8(14) for DPH and 9.4(7) for TPH. These values are com-
parable to (or larger than) that obtained for reaction with 
MeO-ArOH. Given that hydrazines are less acidic than phe-
nols, these large KIEs can be attributed to HAT reactivity. In 
fact, the KIE for reaction with DPH is sufficiently large to im-
ply H-atom tunnelling contributions.  

In addition to hydrazines, we attempted reaction with the 
more challenging substrate diphenylamine (Ph2NH), which 
possesses a relatively high N-H BDE of 89.9 kcal mol-1.59 It 
was successful, albeit very slow, and proceeded with a k2 
value of 8.0(4)  10-4 M-1 s-1 (Figures 5c and S36). Given that 
the Eox of diphenylamine (0.455 V) is much higher than that 
of decamethylferrocene and its pKa (25.0) is significantly 
higher than the 4-substituted-2,6-di-tert-butylphenols used 
in this study, reaction via an initial H+ or e  transfer can be 
ruled out. Instead, oxidation by HAT is most likely.  

Oxidation of C-H bond substrates proved to be a more 
challenging proposition. One difficulty arose from the 



coordinating nature of the olefinic functional groups found 
in many substrates containing activated C-H bonds. This al-
lows them to compete with O2 in binding to the copper(I) 
starting complex [CuI(tpb3-TMPA)(NCMe)]+. Consequently, 
addition of such substrates to [CuII( 1-O2 )(tpb3-TMPA)]+ 
causes an initial drop in the concentration of this complex 
due to partial reversal of O2 binding and formation of 
[CuI(tpb3-TMPA)(olefin)]+ complexes. This is graphically 
demonstrated by sequential addition of multiple portions of 
1,4-cyclohexadiene (CHD) to [CuII( 1-O2 )(tpb3-TMPA)]+ 
(Figure S37). Oxidation of this substrate is extremely 
sluggish and the CHD portions only cause stepwise 
incremental decreases in CuII( 1-O2 ) concentration. 
Although this ligand metathesis process is much more rapid 
than substrate oxidation for the C-H bond substrates 
studied, it does complicate simulation of reaction kinetics. 
Thankfully, this problem can be circumvented by adding 
substrate to the copper(I) starting complex prior to 
oxygenation, which results in a clean first order reaction 
with [CuII( 1-O2 )(tpb3-TMPA)]+ (Figures 5d and S38).        

Reaction with 1-benzyl-1,4-dihydronicotinamide (BNAH) 
and 1,3-dimethyl-2,3-dihydrobenzimidazole (BzImH), 
which have very low C-H BDEs of 70.7 and 73.4 kcal mol-1,60 
afforded 1 equiv of their 2e  oxidized products 1-ben-
zylnicotinamidium (BNA+) and 1,3-dimethylbenzimidazo-
lium (BzIm+) after work-up (Eqns. S1 and S3, Tables S5 and 
S6). In addition to being H-atom donors, these reagents are 
also potential hydride donors. However, their relative 
tendencies to function as hydride donors (64.2 kcal mol-1 for 
BNAH and 49.5 kcal mol-1 for BzImH)60 is the opposite of 
their H-atom donor abilities. More specifically, BNAH is 
more reactive than BzImH as a H-atom donor, but weaker 
as a H  donor. Given that [CuII( 1-O2 )(tpb3-TMPA)]+ reacts 
with BNAH 20 times more quickly than with BzImH (Figure 
5e, k2 values of 0.20(1) and 0.0099(5) M-1 s-1, respectively), 
it can be concluded that reaction proceeds via HAT. This 
outcome mirrors that previously reported for [CuII( 1-
O2 )((Piv)TMPA)]+, which reacts 2.4 times more quickly with 
BNAH than it does with BzImH.47    

The rates measured for reaction of [CuII( 1-O2 )(tpb3-
TMPA)]+ with BNAH and BzImH are significantly lower than 
those measured for reaction with MeO-ArOH and TPH, de-
spite the latter substrates possessing O-H and N-H bonds 
that are significantly stronger than the C-H bonds of the for-
mer (Table 3). Indeed, attempts to measure reaction kinet-
ics for the substrates xanthene and 9,10-dihydroanthra-
cene, which have slightly higher C-H BDEs (77.9 and 80.6 
kcal mol-1, respectively)59 were unsuccessful, with no kinet-
ically measurable reaction being observed at -40 C. This im-
plies factors beyond simple thermodynamic considerations 
are important in controlling reactivity. 

It has long been known that HAA from C-H bonds is very 
slow relative to reaction with O-H and N-H bonds.68-69 This 
has been rationalized using the Marcus cross relation:70-72 

 

where Keq is the equilibrium constant for the HAT in ques-
tion, which equates to the thermodynamic driving force for 
the reaction, kAH/A and kBH/B are H-atom self-exchange rate 
constants, and is the frequency factor, which is usually 

assumed to be close to 1.73 In our case, kAH/A is associated 
with self-exchange between [CuII( 1-O2 )(tpb3-TMPA)]+

and the corresponding CuII( 1-OOH) complex, and kBH/B is 
for the reacting substrate bond (X-H) and the immediate 
product of HAA (X ). For reactions of  [CuII( 1-O2 )(tpb3-
TMPA)]+ with C-H and N/O-H bonds possessing identical 
DBFEs (i.e., identical Keq values), the rate is dependent upon 
the respective kBH/B values of the substrates. Rates of self-
exchange for C-H bond substrates tend to be several orders 
of magnitude smaller than those for O-H and N-H bonds.72, 

74 Thus, reaction with C-H bonds is expected and experi-
mentally observed to be inherently slower.     

The high stability of [CuII( 1-
O2 )(tpb3-TMPA)]+ against formation of higher nuclearity 
species allows for measurement of kinetic data over a broad 
temperature range, which provides an opportunity to ac-
cess more detailed mechanistic information. To exploit this, 
we have measured k2 values for reaction with selected sub-
strates at regular increments over temperature ranges of -
40 to -90 C (Figures S39  S44, Tables S11  S14). Given 
how sluggish reaction is at lower temperatures, these stud-
ies are limited to the easily oxidized substrates MeO-ArOH, 
DPH, TPH and BNAH. Linear fits of the Eyring plots con-
structed using this data (Figure 6a) yields the enthalpic 
( H ) and entropic ( S ) barriers to reaction listed in Table 
4.  

The most prominent feature of the activation parameters 
measured for reaction of [CuII( 1-O2 )(tpb3-TMPA)]+ with 
the substrates MeO-ArOH, DPH, TPH and BNAH are the 
large entropic barriers to reaction. This is characteristic of 
(bimolecular) HAT reactions and reflects a high degree of 
preorganization of their transition states. The S  measured 
for reaction with BNAH, at -33  0.7 cal mol-1 K-1, is the larg-
est amongst the substrates studied. However, the difference 
with the entropic barriers for reaction with the other sub-
strates is not enormous, and the sluggish reaction with 
BNAH is also contributed to by the comparatively large H  
of 6.7  0.2 kcal mol-1 associated with this substrate.  

Thus far, few measurements have been made of Eyring 
parameters for HAT reactions between CuII( 1-O2 ) com-
plexes and substrates. One of the few reports is for reaction 
of [CuII( 1-O2 )(DMA-TMPA)]+ with MeO-ArOH, where H  
and S  values of 3.6  0.6 kcal mol-1 and -32  3 cal mol-1 K-

1 were obtained.46 Another example is reaction of  
pyrazolate-bridged CuII( 1-O2 )CuII complex with TEMPO-
H, which was accompanied by H  and S  values of 9.0  
0.4 kcal mol-1 and -26.8  1.7 cal mol-1 K-1, respectively.75 The 
S  values for the two aforementioned systems are quite 

similar to that measured for reaction of [CuII( 1-O2 )(tpb3-
TMPA)]+ with MeO-ArOH (-28  0.6 cal mol-1 K-1). Instead, 
the major difference between the activation parameters for 
these three reactions with O-H bonds is the magnitude of 
their respective H  values. The most reactive system, 
[CuII( 1-O2 )(DMA-TMPA)]+, has the lowest enthalpic bar-
rier to reaction and the least reactive, the CuII( 1-O2 )CuII 
complex, has the largest. The H  of 6.1  0.1 kcal mol-1 
measured for [CuII( 1-O2 )(tpb3-TMPA)]+ is intermediate in 
size. Although other factors may contribute, it is likely that 
the differences in reactivity of these superoxocopper(II) 
complexes is correlated with their relative thermodynamic  



 

 

 (a) Eyring plots for reaction of [CuII( 1-O2 )(tpb3-TMPA)]+ with the substrates MeO-ArOH, DPH, TPH, and BNAH 
(black, red, blue and magenta cirlces, respectively). (b) Kinetic isotope effects (KIEs) upon reaction of [CuII( 1-O2 )(tpb3-
TMPA)]+ with MeO-ArOH and DPH (red and black circles, respectively) versus temperature (T, K). The KIE values used to 
construct the plot are listed in Tables S11 and S12. Arrhenius plots for reaction of [CuII( 1-O2 )(tpb3-TMPA)]+ with: (c) MeO-
ArOH and MeO-ArOD (black and red ricles, respectively); and (d) DPH and DPH-d2 (black and red circles, respectively). Plots 
of kobs versus substrate concentration, as a function of temperature, used to construct d) appear in the Supporting 
Information (Figures S39  S44). The second order constants derived therefrom are listed in Tables S11  S14, and the values 
from fitting the Arrhenius plots are listed in Table S15.  

driving forces for reaction (i.e., the strength of the CuIIOO-H 
bonds formed). This may be related to our above suggestion 
of greater charge transfer in the HAT reactivity of [CuII( 1-
O2 )(DMM-TMPA)]+ with X-ArOH substrates relative to 
[CuII( 1-O2 )(tpb3-TMPA)]+. 

Eyring parameters have been reported for reaction of the 
superoxocobalt(III) complex [CoIII( 1-O2 )(py)(TBP8Cz)]  
with DPH. These H  and S  values, of 6.7  0.1 kcal mol-1 
and -23  0.4 cal mol-1 K-1,76 are respectively larger and 
smaller than those measured for [CuII( 1-O2 )(tpb3-
TMPA)]+ (5.1  0.2 kcal mol-1 and -30  0.9 cal mol-1 K-1, re-
spectively). Within the temperature window of study, these 
two factors counterbalance each other, and the two com-
plexes display similar rates of reaction. TPH has a stronger 
N-H bond than DPH and, as a consequence, the enthalpic 
barrier to reaction of the former substrate with [CuII( 1-
O2 )(tpb3-TMPA)]+ is significantly larger (7.6  0.5 kcal mol-

1) and reaction is slower.  

Concordant with the kinetically inert nature of C-H bonds, 
there are very few reports of activation parameters for re-
action of C-H bond substrates with CuII( 1-O2 ) complexes. 
Indeed, the values reported for intramolecular self-hydrox-
ylation in [CuII( 1-O2 )(L8)]+ represents the best point of 
comparison for those obtained from reaction of [CuII( 1-

O2 )(tpb3-TMPA)]+ with BNAH. The entropic barrier to self-
hydroxylation in the former is very large (-53  0.1 cal mol-

1 K-1), much larger than the latter, intermolecular reaction (-
33  0.7 cal mol-1 K-1). This implies that the transition state 
for self-decay of [CuII( 1-O2 )(L8)]+ has particularly severe 
geometric restrictions. Without knowing the thermody-
namic driving forces for these reactions, further insight is 
difficult. Correspondingly, it is difficult to make direct com-
parisons with other complexes when different substrates 
have been employed, such as 
complexes, whose activation parameters vary quite signifi-
cantly upon modification of the supporting ligand. To allow 
more meaningful conclusions to be drawn, a much larger 
survey of Eyring parameters for reaction of CuII( 1-O2 ) 
complexes with substrates is required.          

 Kinetic isotope ef-
fect (KIE) measurements can be highly informative and al-
low inferences to be drawn about reaction mechanism. For 
instance, HAT reactions are frequently marked by large KIE 
values, with H-atom tunnelling being suggested for values 
that far exceed semi-classical limits. However, assessment 
on this basis alone can sometimes lead to incorrect elimina-
tion of tunnelling as a mechanism, and it has been shown 
that more robust information can be obtained from  



4. Activation enthalpies and entropies ( H  and S , respectively) obtained from Eyring plots for reaction of [CuII( 1-
O2 )(tpb3-TMPA)]+ with substrates, plus differences between the activation energies for reaction with protio substrates and 
their deuterated congeners ( EA = Ea(H) - Ea(D)) and ratios of the associated collision frequencies (AH/AD) calculated from 
Arrhenius plots. For comparison, values for selected published complexes are included. 

Complex Substrate 
H  

(kcal mol-1) 

S  

(cal mol-1 K-1) 

EA 

(kcal mol-1)
AH/AD

[CuII( 1-O2 )(tpb3-TMPA)]+ MeO-ArOH 6.1  0.1 -28  0.6 0.034 11 

 DPH 5.1  0.2 -30  0.9 0.45 7.1 

 TPH 7.6  0.5 -25  2.4   

 BNAH 6.7  0.2 -33  0.7   

[CuII( 1-O2 )(DMM-TMPA)]+ 46 MeO-ArOH 3.6  0.6 -32  3   

[CuII( 1-O2 )(L8)]+ 43 benzylic CH2 4.5  0.02 -53  0.1   

CuII(1,2- -O2 )CuII 75 TEMPO-H 9.0  0.4 -27  1.7   

[CuIII(OH)(L)]  77-78  DHA 5.1(1) -31(3) 0.3 13 

[CuIII(OH)(NO2L)]  77 DHA 4.9(1) -27(1) 3.0 0.05 

[CuIII(OH)(pipMeL)]  77 DHA 3.8(2) -38(3) 3.6 0.01 

[CoIII( 1-O2 )(py)(TBP8Cz)]  76 DPH 6.7  0.1 -23  0.4   

[CrIII( 1-O2 )(Cl)(TMC)]+ 79 AcrH2   10.8 4.1 10-8 

PHM15 Hippuric acid   0.37 5.9 

WT-SLO80 Linoleic acid   0.9 18 

temperature-dependent KIE measurements, and the Arrhe-
nius parameters derived therefrom.81-83 More specifically, 
from the ratio of the collision factors for reaction with the 
protio and deuterio substrates (AH/AD) and differences in 
the associated activation energies ( Ea = Ea(H) - Ea(D)). 
Such variable temperature KIE studies have proven to be 
very revealing in enzymatic studies. However, they are sel-
dom performed for model complexes and, other than incon-
clusive measurements for [CuII( 1-O2 )(DMA-TMPA)]+ 
(due to the very limited temperature range studied),46 we 
are unaware of any examples for superoxocopper(II) model 
complexes.  

For a semi-classical HAT reaction, AH/AD should equal 1 
( Ea > 0), with KIE values arising from differences in zero-
point energies. Models with corrections for H-atom tunnel-
ling through the reaction barrier are characterized by AH/AD

< 1 and Ea >> 0. This can give rise to highly temperature 
sensitive KIEs, with very large values often being seen at 
low temperatures. Reaction of the complexes 
[CuIII(OH)(NO2L)]  and [CuIII(OH)(pipMeL)]  with DHA, re-
ported by Tolman and co-workers,77 and reaction of 
[CrIII( 1-O2 )(Cl)(TMC)]+ with AcrH2, reported by Nam and 
co-workers,79, 84 both adhere to this paradigm. In particular, 
the latter proceeds with a KIE of 74  5 at -20 C that in-
creases to a remarkably large value of 470  30 at -40 C.79 
Correspondingly, the Ea of 10.8 kcal mol-1 and AH/AD of 
only 4.1 10-8, respectively, measured for this system devi-
ate greatly from semi-classical values.   

A third scenario involving extensive tunnelling of both H- 
and D-atoms yields temperature independent KIE values, 
which equate to AH/AD > 1 and near-zero Ea values. This 
type of behaviour has been observed at physiological tem-
peratures in wild-type enzymes, where HAT donor-

acceptor distances can be optimized by the secondary struc-
ture of the enzyme active site. For instance, in Peptidylgly-
cine -Amidating Monoxygenase and Soybean Lipoxygen-
ase (AH/AD = 5.9 and 18, respectively)15, 80, wherein their re-
spective end-on superoxocopper(II) and hydroxoiron(III) 
active oxidants are responsible for substrate C-H bond oxi-
dation. However, model complexes tend to show this type 
of behaviour only at low temperatures. For example, reac-
tion of hydroxocopper(III) complex 
[CuIII(OH)(L)]  with DHA (from -20 to -80 C) is 
accompanied by a large AH/AD of 13 and a Ea of only 0.3 
kcal mol-1.77-78 This diverges significantly from the tempera-
ture dependence of the KIEs measured for its derivatives 
[CuIII(OH)(NO2L)]  and [CuIII(OH)(pipMeL)] .  

For [CuII( 1-O2 )(tpb3-TMPA)]+, KIE measurements over 
a reasonably large temperature range are only feasible for 
the most reactive substrates, MeO-ArOH and DPH. In both 
cases, the KIE values are essentially temperature independ-
ent between -40 and -90 C (Figure 6b), with those of MeO-
ArOH and DPH falling within the ranges 10.1(7)  12.6(9) 
and 19.4(14)  20.9(15), respectively. This is readily appar-
ent from the quasi-parallel nature of the best fit lines in the 
Arrhenius plots constructed for the substrates MeO-ArOH 
and MeO-ArOD, and DPH and DPH-d2 (Figures 6c and 6d). 
The Ea andAH/AD values derived from these plots are listed 
in Table 4. Consistent with the preceding assertions, respec-
tive Ea and AH/AD values of 0.034 kcal mol-1 and 11 were 
obtained for MeO-ArOH and MeO-ArOD. Corresponding val-
ues of 0.45 kcal mol-1 and 7.1 were obtained for DPH and 
DPH-d2. On this basis, we can conclude that the HAT reac-
tions between [CuII( 1-O2 )(tpb3-TMPA)]+ and these sub-
strates, which possess weak O-H and N-H bonds, proceeds 
via tunnelling of both H- and D-atoms.  



CONCLUSION

In this study, we have shown that installation of bulky 
aryl substituents at the 5-position of the pyridyl rings of the 
TMPA ligand provides copper(I) complexes, [CuI(Ar3-
TMPA)(NCMe)]+ (Ar = tpb, dph, dtbpb), that undergo re-
versible oxygenation to yield the corresponding [CuII( 1-
O2 )(Ar3-TMPA)]+ complexes. Crucially, no conversion to 
higher nuclearity species, such as CuII( 2-O22 )CuII com-
plexes, was observed under any of the experimental condi-
tions studied. As can be seen from X-ray crystal structures 
of [CuII(Ar3-TMPA)(NCMe)]2+, the aryl substituents point 
away from the metal centre and the majority of their bulk 
projects perpendicular to the plane of the pyridine rings. 
This increases the effective cone angle of the donors and 
prohibits the interdigitation of donors, which is a pre-req-
uisite of dinuclear complex formation. 

Consistent with its entropically disfavored nature, the ex-
tent of O2 binding increases with decreasing temperature, 
and it can be reversed by warming to ambient tempera-
tures. Oxygenation for Ar = tpb and dpb is essentially com-
plete by -40 C and traces of their [CuII( 1-O2 )(Ar3-TMPA)]+ 
complexes can even be observed at room temperature. 
However, lower temperatures of 0 C are required for com-
mencement of O2 binding by Ar = dtbpb and it becomes 
complete at ca. -70 C. This reduced affinity for O2 is because 
the  steric bulk of the Ar = dtbpb substituents is so 
large that it impinges upon the metal centre. This weakens 
the donor strength of the ligand, which increases the E1/2 of 
the [Cu(dtbpb3-TMPA)(NCMe)]2+/+ redox couple relative to 
the Ar = tpb and dpb complexes, thereby decreasing the 
driving force for binding O2. Regardless, the non-traditional 
employment of steric bulk used in this study provides 
CuII( 1-O2 ) complexes that are fully stable against collapse 
to the corresponding CuII( 2-O22 )CuII species. Oxygenation 
behavior and high CuII( 1-O2 ) stability of this type has 
been previously reported only 
[CuII( 1-O2 )(TMG3-tren)]+.32-33, 85 However, unlike [CuII( 1-
O2 )(TMG3-tren)]+, our [CuII( 1-O2 )(Ar3-TMPA)]+ systems 
display significant reactivity with external substrates.  

Although the steric bulk of the aryl substituents in 
[CuII( 1-O2 )(Ar3-TMPA)]+ is mostly directed away from the 
metal centre, it does have an impact upon reaction with sub-
strates. This is readily apparent from the sluggish reactivity 
of the Ar = dtbpb complex relative to its Ar = tpb and dpb 
analogues, and it is likely the origin of the low reactivity of 
the [CuII( 1-O2 )(Ar3-TMPA)]+ complexes compared with 
previously published TMPA derivatives. Eyring measure-
ments and Marcus plots of Eox 2 suggest that this may 
have an enthalpic origin but, at present, it is not clear how 
this arises from the steric bulk of the Ar substituents. None-
theless, the high stability of our [CuII( 1-O2 )(Ar3-TMPA)]+ 
complexes allows us to compensate for this deficiency by 
performing reactivity studies at higher temperatures.  

We have exploited the aforementioned appealing proper-
ties by examining the reaction of [CuII( 1-O2 )(tpb3-
TMPA)]+ with a wide range of O-H, N-H and C-H bond sub-
strates. In all cases reaction was found to proceed via HAT. 
Evidence for this includes large KIEs for reaction with MeO-
ArOH, DPH and TPH (11.3(8), 19.8(14) and 9.4(7), respec-
tively, at -40 C); an inability to react with simple electron 

Marcus derived 
from reaction with a series of 4-substituted 2,6-di-tert-bu-
tylphenols (X-ArOH) possessing a negative slope of -0.24, 
which implies a HAT reaction that proceeds with significant 
charge transfer. The ease of oxidation of MeO-ArOH and 
DPH allowed measurement of KIEs over a 50 C temperature 
window (from -40 to -90 C). They were found to be effec-
tively constant, with the resulting Arrhenius parameters 
(AH/AD >> 1 and EA  0) indicating that HAT reaction (for 
these substrates) proceeds via tunneling of both H and D at-
oms. 

As anticipated, based upon previous precedent and the 
Marcus cross relation, oxidation of C-H bonds proved to be 
very challenging relative to O-H and N-H bonds. More spe-
cifically, [CuII( 1-O2 )(tpb3-TMPA)]+ is kinetically compe-
tent for reaction with diphenylamine (BDE = 89.9 kcal mol-

1), which possesses a moderately strong N-H bond, but is 
only able to oxidize substrates containing very weak C-H 
bonds. Thus, although the rates at which [CuII( 1-O2 )(tpb3-
TMPA)]+ reacts with substrates is inversely correlated with 
the X-H BDEs of the substrates, it is clear that this is not the 
sole determining factor. Efforts to correlate these observed 
general trends in reactivity to kinetic barriers (derived from 
Eyring plots) for reaction with the substrates MeO-ArOH, 
DPH, TPH, and BNAH did not yield a simple answer. Alt-
hough the entropy of activation for reaction with BNAH is 
larger than for the other substrates, the difference is not suf-
ficient to fully explain the observed reactivity differences, 
and a relatively large enthalpic barrier is also a contributing 
factor. Attempts to draw broader and more insightful con-
clusions are handicapped by the dearth of reports of Eyring 
parameters for HAT reactions to superoxocopper(II) com-
plexes (or related late transition superoxometal com-
plexes), and it is clear that a more extensive survey of such 
data would be greatly beneficial.      

In summary, we have developed a handful of remarkably 
stable CuII( 1-O2 ) complexes that retain significant reac-
tivity with substrates. This has allowed us to conduct exten-
sive reactivity studies, including rare examples of variable 
temperature studies. The results obtained provide insight 
into the inherent reactivity properties of the CuII( 1-O2 ) 
species. Unfortunately, oxidation of moderate-to-high 
strength C-H bonds remains a serious challenge and emula-
tion of the hydroxylation chemistry displayed by the non-
coupled dinuclear copper enzymes continues to be elusive. 
The prearrangement and activation of substrates by the sec-
ondary structure of the enzymes likely plays a major role in 
facilitating such chemistry. Nevertheless, we believe that 
there is scope for (and we are working on) enhancing the 
reactivity of our [CuII( 1-O2 )(Ar3-TMPA)]+ systems via 
modulation of the ligand steric bulk, which clearly hinders 
reaction, and moving to higher temperatures, where O2 
binding is less favored but substrate oxidation is more fac-
ile.       
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