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ABSTRACT: Oxygenation of hydrocarbons offers versatile 
catalytic routes to more valuable compounds, such as alcohols, 
aldehydes and ketones. Despite the importance of 
monometallic copper-oxygen species as hydroxylating agents 
in biology, few synthetic model compounds are known to react 
with unactivated hydrocarbons owing to high C–H bond 
dissociation energies. To overcome this challenge, the 
photoredox chemistry of monometallic copper 
(pyrazolyl)borate complexes coordinated by chlorate has been 
explored in the presence of C1–C6 alkanes with BDEs ≥ 93 
kcal/mol. Ethane is photooxidized at room temperature under 
N2 with yields of 15–30%, which increases to 77% for the most 
oxidizing tris(3,5-trifluoromethyl-pyrazolyl)borate complex 
(Cu-3). This complex also promotes the photooxidation of 
methane to methanol at significant yield (38%) when the 
photoredox reaction is run under aerobic conditions. Ligand 
modification alters reaction selectivity by tuning the redox 
potential. The ability to activate 1° C–H bonds of C1–C6 light 
alkanes using visible light is consistent with the 
photogeneration of a powerfully oxidizing copper-oxyl, which 
is supported by photocrystallographic studies of the 
(pyrazolyl)borate chlorate complex. Mechanistic studies are 
consistent with hydrogen atom abstraction of the C–H bond by 
the copper-oxyl intermediate.  We demonstrate for Cu-3 with 
hexane as an exemplar, that the photoredox chemistry may be 
achieved under solar conditions of 1-sun illumination. 

Oxidation of light alkanes into value-added liquid 
products is an important target for instituting sustainable 
chemical processes.1 Current methods for achieving such 
transformations require harsh energy inputs due to the 
inertness of the C–H bonds. Conversely, in nature, 
hydroxylation of alkanes is accomplished under mild 
conditions at the mono- and multi-metallic copper centers 
of oxygenases.2– 6 The oxidation chemistry is induced when 
the Cu(II)-(hydr)oxo formal oxidation state is raised one 
level to Cu(III)-oxo, which may often be better formulated 
as a Cu(II)–oxyl radical (i.e., CuII–O•) based on electronic 
considerations embodied by the “oxo wall”.7 For example, in 
the most investigated multi-copper site—the particulate 
methane monooxygenase (pMMO)8,9—a putative CuII–O• in 
terminal or bridging coordination geometry is thought to be 
the oxidizing agent of methane. 10,11 

The prevalence of CuII–O• as a hydroxylating agent of C–
H bonds in biology has prompted efforts devoted to 
reproducing this intermediate in homogeneous 
complexes12– 16 and heterogeneous17– 23 materials. In 
contrast to the limited activity of mononuclear CuIIO–O• and 
CuIIO–OH adducts towards substrates,24– 31 CuII–O• 
intermediates have been proposed to activate strong C–H 
bonds.32– 34 Traditional approaches to generating 
mononuclear reactive copper species generally involve the 
reaction of Cu with reactive oxidants such as H2O2 and 
PhIO.34– 36 The resulting copper intermediates of these 
oxidations are extremely reactive, thus requiring low 
temperatures for their observation.37– 45  

As an alternative strategy to thermal generation, 
reactive copper-based oxo intermediates may be accessed 
by photochemical and electrochemical methods.46 
Irradiation of a tetradentate Cu complex bound by bromate 
with >335 nm light over the course of 4 days leads to the 

 
Figure 1. Photooxidation chemistry of (A) Cu tris(2-
pyridylmethyl)-amine (ref 47) and (B) Cu (pyrazolyl)borate 
complexes (this study).  



 

generation of a Cu intermediate that is competent towards 
C–H oxidation (Figure 1A).47 Kinetic isotope measurements 
revealed that C–H cleavage is the rate determining step of 
the reaction, likely a result of the relative stability of the Cu-
oxo moiety as evidenced by the inability to oxidize light 
alkanes such as pentane (BDE = 98 kcal/mol). For the case 
of the late transition metals, more reactive metal-oxos may 
be manifest in a pseudo-tetrahedral ligand field.48,49 
Accordingly, we were intrigued with the ligand field offered 
by tris-pyrazolylborate (TpR),50 which has been employed 
to mimic the coordination environment of blue51 and 
green52 copper proteins. We now report that the TpR 
complexes bearing a chlorate ligand, Cu-1 to Cu-4 (Figure 
1B), are active C–H photooxidation catalysts. All complexes 
are capable of photooxidizing light alkanes at room 
temperature with yields varying between 16–77%, 
including the photooxidization of methane to methanol by 
the best-performing Cu-3 complex, (6% anaerobic, 38% 
aerobic). The TpR ligand field can be modified to tune the 
redox potential of Cu to be varied by >400 mV. The higher 
yields and greater oxidation of 1° C–H bonds are result of 
the increased oxidizing power of the copper center, 
consistent with the photogeneration of a powerfully 
oxidizing copper-oxyl. We demonstrate for Cu-3 with 
hexane as an exemplar, that the photoredox chemistry may 
be achieved under solar conditions of 1-sun illumination. 

In the absence of a stable Cu(ClO3)2•xH2O salt,53 Cu-1 to 
Cu-4 were obtained from a metathesis reaction between 
CuBr2 and AgClO3. Single crystals of complexes suitable for 
X-ray diffraction analysis afforded the structures shown in 
Figure S1 (and Table S1). The CuII site adopts a pseudo-
square pyramidal geometry with chlorate adopting an κ2 
ligation. NMR spectra (Figure S2) are consistent with a 
paramagnetic ground state, as confirmed by EPR spectra, 
which display an axially symmetric CuII with g⊥ ranging 
between 2.06–2.07 and g|| between 2.29–2.34 (Figure S3). 
An ill-resolved 4-line signal arising from coupling to 63,65Cu 
(I = 3/2) is observed with no distinguishable hyperfine 
coupling to the N atoms of the TpR ligands. A g⊥ < g|| is 
suggestive of an unpaired electron in the dx2–y2 orbital of the 
ground state.54 The CuII/CuI oxidation-reduction potential is 
significantly modified by the TpR ligand, which was 
assessed using the CuI-CH3CN adducts (Cu-5 to Cu-8, Chart 

S1) so as to avoid the electrochemical irreversibility of the 
chlorate ligand (Figure S4). A potential ranging from –0.05 
vs Fc+/Fc for the most reducing ligand (TpMe) to 0.5 V for 
the most oxidizing ligand (TpCF3).  

Complexes Cu-1 to Cu-4 exhibit a weak absorption in 
the red spectral region (Figure S5), consistent with d–d 
transitions, and a rising absorption in the UV spectral 
region. Irradiation into the UV absorption band of solutions 
of the complexes (10 mM Cu) and alkane substrates under 
N2 with a 390 nm Kessil LED lamp leads to a prompt and 
facile photoreactivity. Complex Cu-3 was used to 
investigate the reaction profile for the oxidation of ethane 
(Figure 2A), which contains strong primary C–H bonds 
(BDE = 101 kcal/mol). Owing to the low solubility of ethane 
in organic solvents,55 the photoredox reaction was 

 
Figure 2. (A) Rate of ethane photooxidation by Cu-3 over time. 
(B) Yield of oxidized products (Table S3) at 18 h for Cu-1 to Cu-
4. 

 
Figure 3. Photooxidation products of (A) propane (Table S4) and (B) isobutane (Table S5) by Cu-1 to Cu-4. Horizontal bar graphs 
show the selectivity for oxidized products generated from 1° vs 2° or 3° C–H bond sites. Scatter plots show the relationship between 
redox potential vs product yield generated from oxidation of 1° C–H sites. 



 

conducted in a high-pressure reactor. The rate of product 
formation increases over 5 h to a yield of 75%, after which 
the yield increases incrementally to 77% (Figure 2A). All 
complexes show conversion of ethane to ethanol and 
acetaldehyde, as determined by a GC-FID assay; no acetic 
acid was detected. Control experiments with solutions of 
the TpPh ligand, Cu(ClO3)2 or solutions of TpRCuClO3 in the 
absence of light or ethane show no reaction. Complex Cu-1, 
which has a similar steric environment compared to Cu-3, 
showed reduced ethane oxidation (16%, Figure 2B), 
indicating that differences in the electronic properties of 
CH3 vs CF3 substituents lead to differences in reactivity. We 
postulate that a complex bearing electron withdrawing 
groups on the TpR backbone (R = CF3 and Br, Cu-3 and Cu-
4, respectively) engenders a weaker Cu–O bond and higher 
oxidizing power at the Cu center, thus increasing overall 
conversion yields. Complex Cu-2 exhibited similar 
photoredox activity (18%) as Cu-1, indicating that the steric 
bulk of ancillary phenyl rings on the ligand does not shield 
the copper center from ethane. Cu-4 furnished intermediate 
yields. 

The ability to activate the strong C–H bond of ethane 
prompted us to examine other light alkanes with the 2° and 
3° C–H bonds of propane and isobutane as targets. Because 
of the greater solubility of these gases in organic solvents, a 
pressure of 30 psi was used for these substrates and 
reaction times were decreased to 3 h. Figure 3A shows the 
selectivity for oxidation of 1° vs 2° sites of propane for each 
complex. The more strongly oxidizing Cu-3 complex results 
in greater oxidation of 1° C–H sites relative to 2° C–H sites. 
The yield of oxidation at the 1° site of substrate increases 
monotonically with an increase in the Cu(II) redox 
potential. A similar trend is observed for the oxidation of the 
1° vs 3° C–H bonds of isobutane (Figure 3B). The 
regioselectivity for activation of the 1° C–H bond exhibits a 
marginal preference enhanced normalized for the number 
of C–H bonds, establishing that C–H activation is under 
thermodynamic vs kinetic control.  

We performed further experiments using liquid alkanes 
(i) for comparison to results when the CuII–O• intermediate 
is generated chemically, and (ii) to facilitate the accurate 

measurement of quantum yields and kinetic isotope effects. 
The photooxidation of hexane with 390-nm excitation 
results in the primary production of alkene and ketone, 
which results from the over-oxidation of the alcohol (Table 
S6). A similar result is obtained for pentane (Table S7). 
Optimized conditions are obtained when the alkane is in 
excess; a considerable decrease in yield is observed for 
stoichiometric amounts of substrate owing to 
photodegradation of the Cu complexes by reaction with 
solvent. We note that the product distributions for alkene 
and ketone are similar to that when the CuII–O• 
intermediate is generated from the TpCuI acetonitrile 
adduct (Cu-8) using H2O2 as an oxidant.32 The similar 
product distributions between the photoredox and 
chemical systems are noteworthy, as the latter cannot 
derive reactivity from chlorine-based radicals, suggesting 
that the chemistry is not driven by •ClO2. Consistent with 
this contention, the disparate photoactivity amongst the Cu 
complexes alludes to CuII–O• as the reactive intermediate as 
opposed to •ClO2, which would have no redox dependence 
on C–H activation.56 To further probe this issue, •Cl,56 
•ClO257 and •ClO358 were photogenerated by established 
methods in the presence of hexane. The reaction yields and 
product distributions did not coincide with those of Cu-1 to 
Cu-4 (Table S6). When the photoredox reaction was 
performed for Cu-3 in the presence of 1,4-cyclohexadiene 
and styrene, benzene was observed for the former substrate 
(Figure S12A) and no styrene oxide was detected for the 
latter substrate (Figure S12B). These results are consistent 

 
Figure 4. Proposed photoredox mechanism of alkane 
oxidation by copper complexes, Cu-1 to Cu-4. The mechanism 
is consistent with the chemical generation of the oxyl 
intermediate and is supported by DFT calculations from ref 32. 

 
Figure 5. Photocrystallographic characterization of a single 
crystal of Cu-4 upon ClO2 photoelimination, as determined 
from X-ray diffraction data collected at 100 K. The H atom was 
not located in the electron density difference map. In addition 
to the Cu and O atom labels, burnt orange, yellow, blue, gray, 
and white spheres represent Br, B, N, C and H atoms, 
respectively. Photoeliminated ClO2 was not located in the 
Fourier photodifference map, indicating its diffusion from the 
crystal during irradiation. 



 

with a mechanism that is radical-based as opposed to O-
atom transfer. To rule out the involvement of a bimetallic 
intermediate as the active species, photochemical 
experiments of several TpMe2Cu2O1–2 complexes (Chart S1) 
in the presence of hexane were performed. No hexane 
oxidation products were detected, consistent with a 
monometallic CuII–O• as the reactive intermediate.  

The photooxidation quantum yields for the four Cu 
complexes range from 0.6–2.5% (Table S8), with the most 
oxidizing Cu-3 complex exhibiting the highest quantum 
yield. The appreciable quantum yield prompted us to 
investigate whether the photoredox chemistry could be 
driven with solar light. Indeed, Cu-3 exhibited 
photooxidation yields of 34% for hexane oxidation when 
irradiated under 1-sun illumination vs 42% for irradiation with 
a 390 nm Kessil lamp (Table S6).  

A mechanism consistent with photooxidation of alkane 
is shown in Figure 4. This mechanism is coincident with that 
proposed for the generation of the CuII–O• by H2O2 
oxidation of the TpCuI center.32,59 The photogenerated CuII–
O• undergoes hydrogen atom abstraction (HAA) from 
alkane (RH) to form CuII–OH and R•. A kinetic isotope effect 
of 3.6 to 4.3, when the Cu complexes  were irradiated in the 
presence of toluene and toluene-d8, establishes significant 
C–H cleavage in the transition state (Table S8). A rebound 
mechanism transfers the OH group back to the alkyl radical 
to yield ROH and TpRCu. Alternatively, as has been proposed 
based on DFT calculations,32 the TpCuII(OH) center has 
sufficient radical character on oxygen to promote an 
ensuing HAA to furnish alkene.  

The generation of CuII–O• upon ClO2 photoelimination is 
supported by photocrystallography measurements of single 
crystals of Cu-4 irradiated with 405 nm light at 100 K. 
Comparison of the dark and photoinduced structures 
reveals that photolysis of the complex leads to elimination 
of ClO2 and formation of the Cu–O motif (Figure 5). The 
resulting photolyzed structure (13.7% conversion) shows a 
terminal oxygen at d(Cu1–O2) = 2.32(6) Å that is bent and 
elongated, likely a result of crystal packing.  Selected 
photocrystallography bond and angle metrics are listed in 
Table S2.  Production of the mono-oxo Cu photoproduct is 
also supported by matrix-assisted laser ionization (MALDI) 
measurements (Figure S6). 

Of the light alkanes, methane is an important target 
substrate owing to a keen interest in its oxidation as well as 
presenting the most reticent 1° C–H bond to activate (BDE 
= 105 kcal/mol).60 Photo-oxidation experiments of methane 
with the best-performing complex, Cu-3, were conducted 
under similar conditions as those used for the other light 
alkanes (Scheme 1). Irradiation of 10 mM Cu-3 under N2 in 
MeCN-d3 over 18 h in the presence of 200 psi CH4 at 25 °C 
showed the formation of methanol in 6% yield as confirmed 
by 1H NMR spectroscopy (Figure S7) and GC-MS (Figure S8). 
To investigate whether the low yield was a result of over-

oxidation (Figure S9), Cu-3 was irradiated with 390 nm 
light in the presence of methanol. After 18 h, 60% methanol 
was consumed (Figure S10) with the detection of CO and 
CO2 by gas chromatographic analysis of the reaction 
headspace (Figure S11) and no other C1 products (1% 
formic, 0% formaldehyde). Repeating this experiment with 
the less oxidizing Cu-2 complex showed only 1% methanol 
consumption, indicating less over-oxidation owing to the 
reduced oxidizing power of Cu-2 vs Cu-3. 

The formation of a Cu-oxyl suggests that the methane 
oxidation yields could be increased by generating the CuII–
O• intermediate under aerobic conditions to initiate a 
radical chain pathway.2,57 Indeed, the photooxidation 
conversion yield of methane to methanol increased 
significantly under aerobic conditions in perfluorohexane 
(PFH). Irradiation of 2mM Cu-2 in O2-saturated PFH over 24 
h in the presence of 200 psi CH4 showed the formation of 
44% methanol. Increasing the photon flux by approximately 
×2 resulted in 78% MeOH yield for Cu-2 vs 38% for Cu-3, 
confirming the increased selectivity of the former arising 
from reduced over-oxidation of MeOH. A control reaction 
with Cu-2 in the absence of CH4 showed no methanol 
production. The increased yield of MeOH is consistent with 
a radical chain mechanism initiated by H• abstraction of 
methane.57 With excess oxygen present, the Me• can react 
with O2 to generate MeOO•, which disproportionates to O2 
and MeO•, which then reacts with another equivalent of CH4 
to yield MeOH and Me•. The ability to generate MeOH from 
CH4 at room temperature using visible light highlights the 
benefits of photoredox methods to generate reactive 
intermediates that can activate recalcitrant C–H substrates. 

The results reported herein establish the utility of 
photochemistry in achieving the oxidation of alkanes under 
mild conditions. A pseudo-tetrahedral ligand field around 
Cu allows alkanes to be photooxidized at room temperature 
using chlorate as the primary oxidant. A powerfully 
oxidizing Cu-oxyl intermediate may be generated upon 
ligand-to-metal charge transfer excitation with visible light, 
including 1-sun illumination. For the case of liquid alkanes, 
the results obtained by photoredox parallel those when the 
Cu-oxyl intermediate is generated chemically from H2O2. By 
tuning the oxidizing power of the copper-oxyl with the 
ancillary ligand field, the level of substrate oxidation may be 
controlled.  
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Scheme 1. Catalytic methane oxidation by Cu-2 and Cu-3. 
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