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General procedures and instrumentation 

1H NMR spectra were recorded on a Bruker AVA-400 spectrometer operating at 399.90 MHz, on 

Bruker AVA-500 and Bruker PRO-500 spectrometers operating at 500.12 MHz, or on a Bruker AVA-600 

spectrometer operating at 600.13 MHz. 2H NMR spectra were recorded on a Bruker AVA-400 

spectrometer operating at 61.42 MHz; the spectrometer was first locked onto the signal of a C6D6 

internal standard, and the spectra were then measured on the lock channel with the lock off. 13C{1H} 

NMR spectra were recorded on Bruker AVA-500 or PRO-500 spectrometers operating at 125.76 MHz, 

or on a Bruker AVA-600 spectrometer operating at 150.90 MHz. 1H and 13C{1H} NMR chemical shifts 

are referenced to residual solvent resonances (CD3CN: δH = 1.94 ppm, δC = 118.26 ppm, 1.32 ppm; 

C6D6: δH = 7.16 ppm, δC = 128.06 ppm; CDCl3: δH = 7.26 ppm, δC = 77.16 ppm) calibrated against an 

external standard (SiMe4, δH,C = 0 ppm).  

 GC-MS data were recorded using a Shimadzu QP2010 SE instrument with an AOC 20i auto-

injector. The instrument was fitted with a 30 m Rtx-5 column, with a thickness of 0.25 μm and a 

diameter of 0.25 mm. The injection temperature was 200 oC and the column flow rate was 1.23 cm3 

min–1. During the GC measurement, a single temperature ramp was used, starting at 40 oC (held for 4 

min), ramping to 220 oC at a rate of 5 oC min–1, holding the final temperature for 2 min (42 min total). 

All solutions were filtered prior to injection. 

 Microwave reactions were carried out using a CEM Discover SP microwave reactor in a 10 cm3 

vessel. The microwave power was typically 30 W and the pressure at 180 oC, using chlorobenzene as 

the solvent, was typically 3.5 bar. 

Electrochemical measurements were made using 1 − 10 mM of the analyte in 12 cm3 of 

degassed acetonitrile, using 0.1 M [nBu4N][PF6] as the supporting electrolyte, under a flow of dry N2 

gas. An Autolab ECO Chemie PGSTAT potentiostat was used, with a glassy-carbon disk (d = 3 mm) 

working electrode, Pt-gauze counter electrode, Ag-wire quasi-reference electrode, and 

ferrocenium/ferrocene standard (Fc+/Fc = 0 V). Data were processed using GPES Manager 4.9. Cyclic 

voltammograms were recorded for quiescent solution at variable scan rates between 100 – 500 mV 

s–1. Square-wave voltammograms were recorded using a frequency of 25 Hz, a step potential of 5 mV 

and an amplitude of 20 mV, giving a scan rate of 124 mV s–1.  

UV-vis absorption measurements were made using a Jasco V-670 spectrophotometer in a 10 

mm quartz cuvette, using MeCN as the solvent. A single path method was used with the background 

measurement (blank MeCN) taken prior to that of the analyte, using the same cuvette. Solutions were 

prepared in volumetric flasks and diluted such that the absorption was less than 1.  
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Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectra were recorded using a 

Bruker 12 T SolariX instrument, using an electrospray ionisation ion source. Dilute, filtered solutions 

of the analyte were measured, using MeCN as the solvent. Measurements were carried out by Dr 

Logan MacKay at the University of Edinburgh. 

X-band EPR spectra were measured using a Bruker ELEXSYS E500 spectrometer and 

simulations performed using Bruker’s Xsophe software package.[1]  

EXAFS data were collected on B18, the Core XAS beamline at Diamond Light Source Ltd. For 

this experiment, the double-crystal monochromator was equipped with Si(111) crystals, and Pt-coated 

mirrors were used to focus the beam and remove high energy harmonics contributions. Data were 

collected in continuous scan mode (QEXAFS), with collection intervals of 1 eV over the acquired scan 

energy range, using a Canberra 36-elements Ge detector for fluorescence detection with XSPRESS-2 

electronics. Samples were prepared as ca. 5 mM solutions in acetonitrile loaded into glass capillaries. 

Scans at the Cu K-edge were recorded at 95 K with data accumulated up to k = 16 Å–1. Spectra were 

averaged and normalized in SIXPack, and EXAFS fits performed with ARTEMIS.[2] 

Synthetic procedures 

Reported procedures were used to synthesise the bimetallic Cu(II) complexes A,[3] B and C,[4] as well 

as d2-xanthene,[5] 2-methoxy-xanthene, 2-methyl-xanthene and 2-chloro-xanthene.[6] The substituted 

xanthene substrates were purified by flash column chromatography, using 95:5 hexanes : ethyl 

acetate as the eluent and silica as the stationary phase. For 2-chloro-xanthene, further purification 

was carried out, by recrystallizing from an ethanol solution layered with hexanes, at –30 oC. 

Catalysis procedures 

Kinetics measurements 

Kinetics measurements were made by monitoring the catalysed xanthene oxidation reaction by in situ 

1H NMR spectroscopy, using a pseudo-2D experiment; the first dimension is the 1H NMR spectrum, 

and the second dimension is time, with a delay parameter set in the pulse sequence so as to record 

spectra at consistent time intervals. In an example reaction, xanthene (17 mg) was dissolved in 600 μL 

of d3-MeCN, which was dispensed using a 10 – 100 μL Gilson pipette. To the solution was added 50 μL 

of a stock solution of Cu2(L), and 50 μL of a second stock solution of FeCl3, giving a catalyst loading of 

0.1 mol% Cu2(L) and 0.1 mol% FeCl3. Mesitylene was added as an internal standard (13 μL). The 

mixture was shaken well, transferred to an NMR tube, and placed inside the NMR spectrometer. The 

lock, tune, shim and receiver gain were all pre-optimised for the sample, which was then ejected from 

the spectrometer. The TBHP oxidant (30 μL, 70 wt% aqueous solution) was added to the NMR tube 
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using a 100 μL graduated glass syringe, with simultaneous shaking of the NMR tube to avoid building 

up high local concentration at the top of the solution. A stop-clock was started as soon as the oxidant 

was mixed with the solution, and the sample was then placed back into the NMR spectrometer. The 

shim and receiver gain were optimised again, and the pseudo-2D NMR measurement was started, 

noting the time of the first data measurement (typically 3 to 6 minutes). For all kinetics experiments, 

a constant, homogeneous temperature was maintained by keeping the sample inside the 

spectrometer for the duration of the measurement, which is maintained at 300 K. 

 In order to determine the concentrations of the substrate and the products from the reaction, 

all 1H NMR spectra in a pseudo-2D experiment were first phase- and baseline-corrected using the 

same correction parameters. For xanthene, the overlapping resonances between 7.07 and 7.01 ppm, 

corresponding to four aromatic protons, were integrated. For xanthydrol, the doublet resonance at 

5.76 ppm, corresponding to the benzylic proton, was integrated. For the (tert-butyl)xanthyl peroxy-

ether, the singlet resonance at 5.98 ppm, corresponding to the benzylic proton, was integrated. For 

xanthone, the doublet resonance at 8.25 ppm, corresponding to two aromatic protons, was 

integrated. Finally, for mesitylene, the singlet resonance at 6.79 ppm, corresponding to the three 

aromatic protons, was integrated. For consistency in the integration, each resonance was integrated 

between the same two points for the entire data set. To improve accuracy, MestreNova’s linear 

integration-correction was applied to all integrals, which takes into account the local baseline values; 

this was particularly important for species at low concentration, and also ensures that all integrals are 

positive (after phasing, the baseline value sometimes becomes slightly negative). The integrals were 

normalised by dividing by the number of corresponding protons (e.g. xanthone integrals divided by 2, 

xanthene integrals divided by 4), and then divided by the integral for the mesitylene internal standard, 

to account for variation in the absolute integrals between individual spectra in the set. The relative, 

normalised integrals for xanthene, xanthydrol, (tert-butyl)xanthyl peroxy-ether and xanthone were 

then converted into a mole fraction, 𝛘,  for each component. For example: 

 

Finally, the mole fractions were all multiplied by the initial concentration of xanthene, which was 0.15 

M in the example reaction above, yielding individual concentrations for each component of the 

reaction at each time point. 

   Using this method, the measured concentration over time data for a certain set of reaction 

conditions was found to give smooth concentration curves and was highly reproducible. 
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Substrate screening 

Determination of the substrate scope was undertaken in three stages. In the first stage, small-scale 

reactions were carried out in NMR tubes, in order to establish whether heating was required to 

achieve high conversion of the substrate. Due to the complexity of the resulting NMR spectra, in 

particular those for substrates containing cyclo-aliphatic groups, that contained many overlapping 

resonances, these NMR-scale reactions were used to deduce the %conversion of the substrate only. 

The catalyst loading in this stage was 0.2 mol% for both A and FeCl3, the substrate concentration was 

set at 0.15 M, and four equivalents of TBHP were used per reactive benzylic site. The reaction mixtures 

were prepared as for the kinetics experiments, using Gilson 10 – 100 μL pipettes to dispense 

mesitylene, d3-MeCN and the Cu2(L) and FeCl3 stock solutions. Where heating of the reaction mixture 

was required, an oil bath was used at 60 oC. 

 In the second stage, the reactions were repeated on a 100 to 200 mg scale in 7 cm3 vials, using 

the same concentrations as in the previous stage, and were stirred using a magnetic stirrer. The 

reactions were run for 16 hours, and if heating was required it was done so at 60 oC in an oil bath. At 

the end of the reaction, six drops of the reaction mixture were added by glass Pasteur pipette to 1 cm3 

of acetonitrile and filtered into a GC-vial for analysis by GC-MS. The retention factors for each 

compound were not determined, nor were they considered. Instead, the %conversion of the substrate 

and %yield of the products were determined from the relative integrals of the GC peaks observed. The 

%conversion values determined from this method tarried well with the NMR-yields from the previous 

stage, and from the GC-MS data the identity of the products from the reactions were determined, 

along with their approximate yields. These results provided insight into how further scale-up reactions 

could be tailored to obtain individual products with high selectivity. 

 In the final stage of the substrate screen, the reactions were repeated on a 1 mmol scale, and 

were again stirred. In this stage, two procedures were used: 

A) A 70 wt% aqueous solution of TBHP (4 mmol, 554 µL per reactive benzylic position) was added to a 

solution of the substrate (1 mmol), complex A (5 µmol) and FeCl3 (5 µmol) in acetonitrile (4.1 mL or 

3.5 mL depending on the volume of TBHP used) and the resulting mixture was stirred at room 

temperature for 16 h. The crude mixture was passed through a silica pad and eluted with ethyl acetate. 

Solvent was removed under reduced pressure to yield a crude product which was purified by column 

chromatography.  

B) As above, but carried out at 60 oC in an oil bath.  
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The isolated yields of the products were recorded after drying, as were their NMR spectra for 

identification. The procedures and characterising data for the products isolated during this stage of 

the substrate screen are given below. 

Substrate screening data 

Isolated compounds 

1,4-Naphthoquinone   

 

Synthesized following procedure B, from the reaction of α-tetralone. During purification by column 
chromatography (Hexane:EtOAc 95:5), the reaction product 2,4-dihydronaphthoquinone oxidised to 
naphthoquinone, which was collected as a dark yellow solid (81 mg, 51 %). 1H NMR (601 MHz, CDCl3): 
δH / ppm: 8.04 (dd, 3JHH = 5.7, 3.3 Hz, 2H), 7.72 (dd, 3JHH = 5.8, 3.3 Hz, 2H), 6.94 (s, 2H). 13C{1H} NMR 
(151 MHz, CDCl3): δC / ppm: 185.1, 138.7, 134.0, 132.0, 126.4. 

 

(tert-Butyl)trityl peroxy-ether 

 

Synthesized following procedure A, from the reaction of triphenyl methane. Purification by column 
chromatography (Hexane:EtOAc 95:5) provided the product as a colourless oil (263 mg, 79 %). 1H NMR 
(400 MHz, CDCl3): δH / ppm: 7.50-7.46 (m, 6H), 7.37-7.30 (m, 9H), 1.10 (s, 9H). 13C{1H} NMR (101 MHz, 
CDCl3): δC / ppm: 143.8, 129.4, 127.4, 127.2, 90.8, 79.8, 26.5. 
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Methyl benzoate  

 

Synthesized following procedure B, from the reaction of benzyl methyl ether. Purification by column 
chromatography (Hexane:EtOAc 95:5) provided the product as a colourless oil (106 mg, 78 %). 1H NMR 
(601 MHz, CDCl3): δH / ppm: 8.04 (dd, 3JHH = 8.4, 1.3 Hz, 2H), 7.55 (m, 1H), 7.44 (t, 3JHH = 7.8 Hz, 2H), 
3.92 (s, 3H). 13C{1H} NMR (151 MHz, CDCl3): δC / ppm: 167.2, 133.0, 130.3, 129.7, 128.5, 52.2. 

 

1-Indanone  

 

Synthesized following procedure B, from the reaction of indane. Purification by column 
chromatography (Hexane:EtOAc 95:5) provided the product as a white solid (95 mg, 71 %). 1H NMR 
(500 MHz, CDCl3): δH / ppm: 7.75 (d, 3JHH = 7.7 Hz, 1H), 7.58 (td, 3JHH = 7.5, 1.2 Hz, 1H), 7.47 (dt, 3JHH = 
7.7, 0.8 Hz, 1H), 7.39-7.33 (m, 1H), 3.17-3.11 (m, 2H), 2.71-2.64 (m, 2H). 13C{1H} NMR (126 MHz, CDCl3): 
δC / ppm: 207.1, 155.3, 137.2, 134.7, 127.4, 126.8, 123.8, 36.3, 25.9. 

 

Xanthone 

 

Synthesized generally following procedure A but using 0.1 mol% of complex A and FeCl3, from the 
reaction of xanthene. Purification by column chromatography (Hexane:EtOAc 95:5) provided the 
product as a pale yellow solid (177 mg, 90 %). 1H NMR (601 MHz, CDCl3): δH / ppm: 8.34 (dd, 3JHH = 7.9, 
1.6 Hz, 2H), 7.72 (ddd, 3JHH = 8.6, 7.2, 1.7 Hz, 2H), 7.48 (d, 3JHH = 8.4 Hz, 2H), 7.40-7.35 (m, 2H). 13C{1H} 
NMR (151 MHz, CDCl3): δC / ppm: 177.3, 156.3, 134.9, 126.8, 124.0, 122.0, 118.1. 
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Fluorenone 

 

Synthesized following procedure A, from the reaction of fluorene. Purification by column 
chromatography (Hexane:EtOAc 95:5) provided the product as a yellow solid (161 mg, 89 %). 1H NMR 
(601 MHz, CDCl3): δH / ppm: 7.66-7.62 (m, 2H), 7.51-7.45 (m, 4H), 7.28 (td, 3JHH = 7.3, 1.2 Hz, 2H). 
13C{1H} NMR (151 MHz, CDCl3): δC / ppm: 194.0, 144.5, 134.8, 134.2, 129.2, 124.4, 120.4. 

 

Anthraquinone  

 

Synthesized following procedure A, from the reaction of 9,10-dihydroanthracene. The crude mixture 
was concentrated under reduced pressure, the precipitate was collected by filtration and washed with 
cold acetonitrile to provide the product as a pale yellow solid (181 mg, 87 %). 1H NMR (601 MHz, 
CDCl3): δH / ppm: 8.32 (dt, 3JHH = 6.9, 3.4 Hz, 4H), 7.80 (dq, 3JHH = 6.7, 3.5 Hz, 4H). 13C{1H} NMR (151 
MHz, CDCl3): δC / ppm: 183.3, 134.3, 133.7, 127.4. 

 

Indole  

 

Synthesized following procedure A, from the reaction of indoline (product 1 of 2). Purification by 
column chromatography (Hexane:EtOAc 90:10) provided the product as an off-white solid (83 mg, 71 
%). 1H NMR (500 MHz, CDCl3): δH / ppm: 8.04 (s, 1H), 7.74 - 7.65 (m, 1H), 7.40 (d, 3JHH = 8.1 Hz, 1H), 
7.28 - 7.22 (m, 1H), 7.21 - 7.13 (m, 2H), 6.60 (td, 3JHH = 2.5, 2.0, 0.9 Hz, 1H). 13C{1H} NMR (151 MHz, 
CDCl3): δC / ppm: 135.9, 128.0, 124.3, 122.1, 120.8, 119.9, 111.2, 102.7. 
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N-Indolyl-indole  

 

Synthesized following procedure A, from the reaction of indoline (product 2 of 2). Purification by 
column chromatography (Hexane:EtOAc 90:10) provided the second product as a yellow solid (22 mg, 
19 %). 1H NMR (601 MHz, CDCl3): δH / ppm: 8.26 (s, 1H), 7.76 - 7.70 (m, 2H), 7.56 - 7.52 (m, 1H), 7.49 
(d, 3JHH = 8.5 Hz, 1H), 7.40 (d, 3JHH = 3.2 Hz, 1H), 7.35 - 7.29 (m, 2H), 7.20 (dtd, 3JHH = 23.5, 7.1, 1.0 Hz, 
2H), 6.69 (d, 3JHH = 3.1 Hz, 1H), 6.63 (dd, 3JHH = 3.5, 1.5 Hz, 1H). 13C{1H} NMR (151 MHz, CDCl3): δC / 
ppm: 136.9, 134.6, 132.7, 129.1, 129.0, 128.5, 125.8, 122.1, 121.0, 120.0, 120.0, 117.2, 111.8, 110.8, 
103.2, 102.6. HRMS (ESI): C16H12N2, calculated average m/z 232.1001; observed m/z 231.0917 [M-H]+. 

 

9,10-Phenanthraquinone  

 

Synthesized following procedure B, from the reaction of 9,10-dihydrophenanthrene. Purification by 
column chromatography (Hexane:EtOAc 80:20) provided the product as a yellow solid (334 mg, 80 %). 
1H NMR (400 MHz, CDCl3): δH / ppm: 8.18-8.13 (m, 2H), 8.02-7.96 (m, 2H), 7.70 (ddd, 3JHH = 8.0, 7.4, 
1.5 Hz, 2H), 7.45 (td, 3JHH = 7.7, 1.0 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3): δC / ppm: 180.4, 136.2, 
136.0, 131.2, 130.6, 129.7, 124.1. 
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Substrate conversion and selectivity  

Table S 1. First stage of substrate screening, using 1H NMR spectroscopy to determine the %conversion 
for each substrate. Substituted benzylic substrates in black, bicyclic benzylic substrates in blue, tricyclic 
benzylic substrates in red, and furan-derivatives of benzylic substrates in green. *Procedure A, 0.2 / 
0.2 mol% A / FeCl3, room temperature, 4 eq TBHP per reactive benzylic position; procedure B, 0.2 / 
0.2 mol% A / FeCl3, 60 oC, 4 eq TBHP per reactive benzylic position. 

Substrate Procedure* Conversion / 
% 

Toluene B 0 

p-Nitro-toluene B 0 

Benzylamine B 100 

Benzylalochol B 57 

Benzyl-methyl-ether B 81 

Ethylbenzene B 26 

Cumene B 22 

Bibenzyl B 26 

Benzyl-phenyl-ether B 33 

Benzyl-sulfoxide B 0 

Diphenylmethane B 20 

2-Benzylpyridine B 0 

4-Benzylpyridine B 0 

Triphenylmethane B 50 

Indane B 82 

Indoline A 97 

Tetraline B 89 

Isochroman B 100 

Hydroquinoline B 100 

α-Tetralone B 20 

Fluorene A 87 

Dihydroanthracene A 100 

Dihydrophenanthrene B 98 

Xanthene A  100 

Menthofuran A 97 

Phthalan A 100 

Dihydrobenzofuran B 68 
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Table S 2. Second stage of substrate screening, using GC-MS to determine the identity of the products 
and selectivity of the reaction. Substituted benzylic substrates in black, bicyclic benzylic substrates in 
blue, tricyclic benzylic substrates in red, and furan-derivatives of benzylic substrates in green. 
*Procedure A, 0.2 / 0.2 mol% A / FeCl3, room temperature, 4 eq TBHP per reactive benzylic position; 
procedure B, 0.2 / 0.2 mol% A / FeCl3, 60 oC, 4 eq TBHP per reactive benzylic position. 

Substrate Procedure* Conversion 
/ % 

Major product,  

selectivity / %  

Minor products 

Toluene B 0 -- -- 

p-Nitro-toluene B 0 -- -- 

Benzylamine B 100 Benzaldehyde, 
55.3 

Benzonitrile, 16.3; 

Benzylamide, 28.4 

Benzylalochol B 51.0 Benzaldehyde, 
100 

-- 

Benzyl-methyl-ether B 91.4 Methylbenzoate,  
94 

Benzaldehyde, 6.2 

Ethylbenzene B 25.8 Acetophenone, 
90.3 

1-Phenylethanol, 8.5 

Cumene B 20.4 Acetophenone, 
58.8 

2-Phenyl-2-propanol, 
40.9 

Bibenzyl B 10.7 Benzaldehyde, 
71.0 

2-Phenylacetophenone, 
29.0 

Benzyl-phenyl-ether B 23.5 Phenylbenzoate, 
69.4 

Benzaldehyde, 30.6 

Benzyl-sulfoxide B 0 -- -- 

Diphenylmethane B 35.3 Benzophenone, 
100 

-- 

2-Benzylpyridine B 20.7 2-
Benzoylpyridine, 
100 

-- 

4-Benzylpyridine B 42.3 4-
Benzoylpyridine, 
100 

-- 

Triphenylmethane B 100 (Triphenyl-
methyl)tert-butyl 
peroxy-ether, 100 

-- 

Indane B 93.7 Indanone, 89 -- 

Indoline A 100 Indole, 100 -- 

Tetraline B 100  α-Tetralone, 50.6 1,4-Naphthoquinone, 
9.5;  

2,3-Dihydro-1,4-
naphthoquinone, 39.9 



S13 

 

Isochroman B 100  4-Chromanone, 
100 

-- 

Hydroquinoline B 100 Quinoline, 100 -- 

α-Tetralone B 39.5 Unknown, 88.6 2,3-Dihydro-1,4-
naphthoquinone, 11.4 

Fluorene A 60.8 Fluorenone, 100 -- 

Dihydroanthracene A 100 Anthraquinone, 
90 

Anthracene, 10 

Dihydrophenanthrene B 34.3 Phenanthrene, 
100 

-- 

Xanthene A 100 Xanthone, 100 -- 

Menthofuran A 74.6 Unidentified, 34.1 4-oxo-Menthofuran, 3.1 

Phthalan A 100 Phthalide, 45 Ketone/peroxy-ether?, 
30.4; 

Phthaldialdehyde, 20.5; 

Phthalic acid, 4.1 

Dihydrobenzofuran B 43.5 Benzofuran, 39.1 Benzofuran-3-one, 33.1; 

Benzofuran-3-ol?, 27.8; 

Benzofuran 17.0 (39.1) 

 

Table S 3. Final stage of substrate screening, using column chromatography to determine the isolated 
yields for the major products. Substituted benzylic substrates in black, bicyclic benzylic substrates in 
blue, tricyclic benzylic substrates in red, and furan-derivatives of benzylic substrates in green. 
*Procedure A, 0.2 / 0.2 mol% A / FeCl3, room temperature, 4 eq TBHP per reactive benzylic position; 
procedure B, 0.2 / 0.2 mol% A / FeCl3, 60 oC, 4 eq TBHP per reactive benzylic position. 

Substrate Procedure*   Conversion / 
% 

Major product, selectivity / 
% 

Benzyl-methyl-ether B  89 Methyl benzoate (100%) 

Triphenylmethane A 100 tert-butyl trityl peroxide 
(100) 

Indane B 100 1-indanone (83) 

Indoline A 100 Indole (75) 

α-Tetralone B 57 2,4-
dihydronaphthoquinone 
(100) 

Fluorene A 100 Fluorenone (100) 

Dihydroanthracene A 100 Anthraquinone (100) 

Dihydrophenanthrene A 100 Phenanthraquinone (100) 

Xanthene A 100 Xanthone (100) 
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Gas chromatographs from catalytic reactions 

 

Figure S 1. GC analysis of the reaction between xanthene and MPPH, taken after 3 hours. Reaction 
conditions: solvent = MeCN; T = 300 K; [xanthene]0 = 150 mM; [MPPH]0 = 300 mM; [A]0 = 150 μM; 
[FeCl3]0 = 150 μM. 

 

 

Figure S 2. GC analysis of the reaction between 2,3-dihydrobenzofuran and TBHP, taken after 16 
hours. Reaction conditions: solvent = MeCN; T = 333 K; [2,3-dihydrobenzofuran]0 = 150 mM; [TBHP]0 
= 600 mM; [A]0 = 300 μM; [FeCl3]0 = 300 μM. 
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Figure S 3. GC analysis of the reaction between cumene and TBHP, taken after 16 hours. Reaction 
conditions: solvent = MeCN; T = 333 K; [cumene]0 = 150 mM; [TBHP]0 = 600 mM; [A]0 = 300 μM; [FeCl3]0 
= 300 μM. 

 

 

 

 

Figure S 4. GC analysis of the reaction between benzyl phenyl ether and TBHP, taken after 16 hours. 
Reaction conditions: solvent = MeCN; T = 333 K; [benzyl phenyl ether]0 = 150 mM; [TBHP]0 = 600 mM; 
[A]0 = 300 μM; [FeCl3]0 = 300 μM. 
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Figure S 5. GC analysis of the reaction between α-tetralone and TBHP, taken after 16 hours. Reaction 
conditions: solvent = MeCN; T = 333 K; [α-tetralone]0 = 150 mM; [TBHP]0 = 600 mM; [A]0 = 300 μM; 
[FeCl3]0 = 300 μM. 

 

 

 

 

Figure S 6. GC analysis of the reaction between ethyl benzene and TBHP, taken after 16 hours. 
Reaction conditions: solvent = MeCN; T = 333 K; [ethyl benzene]0 = 150 mM; [TBHP]0 = 600 mM; [A]0 
= 300 μM; [FeCl3]0 = 300 μM. 
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Figure S 7. GC analysis of the reaction between diphenyl methane and TBHP, taken after 16 hours. 
Reaction conditions: solvent = MeCN; T = 333 K; [diphenyl methane]0 = 150 mM; [TBHP]0 = 600 mM; 
[A]0 = 300 μM; [FeCl3]0 = 300 μM. 

 

 

 

 

 

Figure S 8. GC analysis of the reaction between triphenyl methane and TBHP, taken after 16 hours. 
Reaction conditions: solvent = MeCN; T = 300 K; [triphenyl methane]0 = 150 mM; [TBHP]0 = 600 mM; 
[A]0 = 300 μM; [FeCl3]0 = 300 μM. 

 

 

Figure S 9. GC analysis of the reaction between bibenzyl and TBHP, taken after 16 hours. Reaction 
conditions: solvent = MeCN; T = 333 K; [bibenzyl]0 = 150 mM; [TBHP]0 = 1200 mM; [A]0 = 300 μM; 
[FeCl3]0 = 300 μM. 
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Figure S 10. GC analysis of the reaction between 2-benzyl pyridine and TBHP, taken after 16 hours. 
Reaction conditions: solvent = MeCN; T = 333 K; [2-benzyl pyridine]0 = 150 mM; [TBHP]0 = 600 mM; 
[A]0 = 300 μM; [FeCl3]0 = 300 μM. 

 

 

 

 

 

 

Figure S 11. GC analysis of the reaction between benzyl methyl ether and TBHP, taken after 16 hours. 
Reaction conditions: solvent = MeCN; T = 333 K; [benzyl methyl ether]0 = 150 mM; [TBHP]0 = 600 mM; 
[A]0 = 300 μM; [FeCl3]0 = 300 μM. 
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Figure S 12. GC analysis of the reaction between tetraline (1,2,3,4-tetrahydronaphthaline) and TBHP, 
taken after 16 hours. Reaction conditions: solvent = MeCN; T = 333 K; [tetraline]0 = 150 mM; [TBHP]0 
= 1200 mM; [A]0 = 300 μM; [FeCl3]0 = 300 μM. 

 

 

 

 

 

 

Figure S 13. GC analysis of the reaction between indane and TBHP, taken after 16 hours. Reaction 
conditions: solvent = MeCN; T = 333 K; [indane]0 = 150 mM; [TBHP]0 = 1200 mM; [A]0 = 300 μM; [FeCl3]0 
= 300 μM. 
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Figure S 14. GC analysis of the reaction between iso-chroman and TBHP, taken after 16 hours. Reaction 
conditions: solvent = MeCN; T = 333 K; [iso-chroman]0 = 150 mM; [TBHP]0 = 600 mM; [A]0 = 300 μM; 
[FeCl3]0 = 300 μM. 

 

Figure S 15. GC analysis of the reaction between 1,2,3,4-tetrahydroquinoline and TBHP, taken after 
16 hours. Reaction conditions: solvent = MeCN; T = 333 K; [1,2,3,4-tetrahydroquinoline]0 = 150 mM; 
[TBHP]0 = 600 mM; [A]0 = 300 μM; [FeCl3]0 = 300 μM. 

 

 

 

Figure S 16. GC analysis of the reaction between xanthene and TBHP, taken after 16 hours. Reaction 
conditions: solvent = MeCN; T = 300 K; [xanthene]0 = 150 mM; [TBHP]0 = 600 mM; [A]0 = 300 μM; 
[FeCl3]0 = 300 μM. The GC is of the solution of the reaction mixture; 118 mg (40 %) of precipitated 
solids were also recovered from the reaction mixture and found to contain xanthone only, by 1H NMR 
spectroscopy.  
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Figure S 17. GC analysis of the reaction between fluorene and TBHP, taken after 16 hours. Reaction 
conditions: solvent = MeCN; T = 300 K; [fluorene]0 = 150 mM; [TBHP]0 = 600 mM; [A]0 = 300 μM; 
[FeCl3]0 = 300 μM. 

 

 

 

 

Figure S 18. GC analysis of the reaction between 9,10-dihydroanthracene and TBHP, taken after 16 
hours. Reaction conditions: solvent = MeCN; T = 300 K; [9,10-dihydroanthracene]0 = 150 mM; [TBHP]0 
= 1200 mM; [A]0 = 300 μM; [FeCl3]0 = 300 μM. The GC is of the solution of the reaction mixture only; 
177 mg (57 %) of precipitated solids were also recovered from the mixture and were found to contain 
anthraquinone only, by 1H NMR spectroscopy. 
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Figure S 19. GC analysis of the reaction between phthalan and TBHP, taken after 16 hours. Reaction 
conditions: solvent = MeCN; T = 300 K; [phthalan]0 = 150 mM; [TBHP]0 = 1200 mM; [A]0 = 300 μM; 
[FeCl3]0 = 300 μM. 

 

 

 

 

Figure S 20. GC analysis of the reaction between indoline and TBHP, taken after 16 hours. Reaction 
conditions: solvent = MeCN; T = 300 K; [indoline]0 = 150 mM; [TBHP]0 = 600 mM; [A]0 = 300 μM; [FeCl3]0 
= 300 μM. 

 

 

Figure S 21. GC analysis of the reaction between menthofuran and TBHP, taken after 16 hours. 
Reaction conditions: solvent = MeCN; T = 300 K; [menthofuran]0 = 150 mM; [TBHP]0 = 600 mM; [A]0 = 
300 μM; [FeCl3]0 = 300 μM. 
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Figure S 22. GC analysis of the reaction between benzylamine and TBHP, taken after 16 hours. 
Reaction conditions: solvent = MeCN; T = 333 K; [benzylamine]0 = 150 mM; [TBHP]0 = 600 mM; [A]0 = 
300 μM; [FeCl3]0 = 300 μM. 

 

 

 

Figure S 23. GC analysis of the reaction between benzyl alcohol and TBHP, taken after 16 hours. 
Reaction conditions: solvent = MeCN; T = 300 K; [benzyl alcohol]0 = 150 mM; [TBHP]0 = 600 mM; [A]0 
= 300 μM; [FeCl3]0 = 300 μM. 

 

 

 



S24 

 

 

Figure S 24. GC analysis of the reaction between 9,10-dihydrophenanthrene and TBHP, taken after 16 
hours. Reaction conditions: solvent = MeCN; T = 333 K; [9,10-dihydrophenanthrene]0 = 150 mM; 
[TBHP]0 = 1200 mM; [A]0 = 300 μM; [FeCl3]0 = 300 μM. 

 

 

 

Figure S 25. GC analysis of the reaction between 4-benzyl pyridine and TBHP, taken after 16 hours. 
Reaction conditions: solvent = MeCN; T = 333 K; [4-benzyl pyridine]0 = 150 mM; [TBHP]0 = 600 mM; 
[A]0 = 300 μM; [FeCl3]0 = 300 μM. 
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NMR spectra for isolated compounds  

 

Figure S 26. 1H NMR spectrum of naphthaquinone, measured in CDCl3. 

 

Figure S 27. 13C{1H} NMR spectrum of naphthaquinone, measured in CDCl3. 
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Figure S 28. 1H NMR spectrum of (tert-butyl)trityl peroxy ether, measured in CDCl3. 

 

Figure S 29. 13C{1H} NMR spectrum of (tert-butyl)trityl peroxy ether, measured in CDCl3. 
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Figure S 30. 1H NMR spectrum of methyl benzoate, measured in CDCl3. 

 

Figure S 31. 13C{1H} NMR spectrum of methyl benzoate, measured in CDCl3. 
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Figure S 32. 1H NMR spectrum of indanone, measured in CDCl3. 

 

Figure S 33. 13C{1H} NMR spectrum of indanone, measured in CDCl3. 
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Figure S 34. 1H NMR spectrum of xanthone, measured in CDCl3. 

 

Figure S 35. 13C{1H} NMR spectrum of xanthone, measured in CDCl3. 
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Figure S 36. 1H NMR spectrum of fluorenone, measured in CDCl3. 

 

Figure S 37. 13C{1H} NMR spectrum of fluorenone, measured in CDCl3. 
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Figure S 38. 1H NMR spectrum of anthraquinone, measured in CDCl3. 

 

Figure S 39. 13C{1H} NMR spectrum of anthraquinone, measured in CDCl3. 
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Figure S 40. 1H NMR spectrum of indole, measured in CDCl3. 

 

Figure S 41. 13C{1H} NMR spectrum of indole, measured in CDCl3. 
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Figure S 42. 1H NMR spectrum of N-indolyl-indole, measured in CDCl3. 

 

Figure S 43. 13C{1H} NMR spectrum of N-indolyl-indole, measured in CDCl3. 
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Figure S 44. 1H NMR spectrum of phenanthraquinone, measured in CDCl3. 

 

Figure S 45. 13C{1H} NMR spectrum of phenanthraquinone, measured in CDCl3. 
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Mass spectrometry data 

 

Figure S 46. Fourier-transform ESI mass spectrum for (tert-butyl)xanthyl peroxy-ether, measured from 
a MeCN solution after isolation from the xanthene oxidation reaction by column chromatography. The 
simulated spectrum for the molecular ion peak is also shown. 

 
 

 

Figure S 47. Fourier-transform ESI mass spectrum for A, measured from a MeCN solution. The 
simulated spectrum for the molecular ion peak is also shown. 
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Figure S 48. Fourier-transform ESI mass spectrum for the TBHP-A adduct, measured from a MeCN 
solution where TBHP is in excess of A. The simulated spectra for the molecular ion peak, as well as its 
“oxygen-adduct”, are also shown. 

 

 

 

Figure S 49. Fourier-transform ESI mass spectrum for a 1:1 mixture of A and FeCl3, measured from a 
MeCN solution.  
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Figure S 50. Zoomed view of the Fourier-transform ESI mass spectrum for a 1:1 mixture of A and FeCl3, 
measured from a MeCN solution, focussing on higher mass ion peaks (>700 m/z). 

 

 

Figure S 51. Fourier-transform ESI mass spectrum for a 1:1 mixture of A and FeCl3, measured from a 
MeCN solution, showing simulation of the peak at 980 m/z. 
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Figure S 52. Fourier-transform ESI mass spectrum for a 1:1 mixture of A and FeCl3, measured from a 
MeCN solution, showing simulation of the peak at 853 m/z. 

 

 

Figure S 53. Fourier-transform ESI mass spectrum for a 1:1 mixture of A and FeCl3, measured from a 
MeCN solution, showing simulation of the peak at 697 m/z. 
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UV/vis data 

 

Figure S 54. Overlaid electronic absorption spectra for: CuCl2; FeCl3; complex A; and a 1:1 mixture of 
complex A and FeCl3. All spectra were measured at room temperature in equimolar concentrations in 
MeCN.  
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Voltammetry data 

 

Figure S 55. Single cyclic voltammogram (CV) of complex A, measured at 100 mV s-1.  

 

Figure S 56. Overlaid CVs of complex A (dashed orange trace), and a 1:1 mixture of complex A and 
FeCl3 (solid black trace), both measured at 100 mV s-1. Asterisk marks new reduction wave observed 
after addition of FeCl3. 
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Figure S 57. Overlaid CVs of complex A (dashed orange trace), and CVs obtained by adding sequential 
portions of FeCl3 (solid red traces), all measured at 100 mV s-1. Vertical red arrow highlights growth of 
the new reduction wave on addition of FeCl3. 

 

Figure S 58. Overlaid CVs of: CuCl2 (dashed blue trace); FeCl3 (dashed red trace); complex A (dashed 
orange trace); and a 1:1 mixture of complex A and FeCl3 (solid black trace).  
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EPR data 

 

Figure S 59. X-band EPR spectrum (solid line) of an equimolar mixture of complex A and FeCl3 recorded 
in MeCN/THF solution at 140 K (experimental conditions: frequency, 9.4247 GHz; power, 6.3 mW; 
modulation 0.3 mT), overlaid with spectra of complex A (blue dashed line) and FeCl3 (red dashed line) 
recorded under identical conditions. 
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EXAFS data 

 

Figure S 60. EXAFS and fits for A in acetonitrile solution at 95 K. Experimental data are black; fits are 
depicted by the red trace. Inclusion of paths to model Cu-macrocycle scatter improved the quality of 
the fit. Similarly the extracted distances suggest minor differences between solid and solution state 
structures. 

 

 

Figure S 61. EXAFS and fits for A + FeCl3 in acetonitrile solution at 95 K. Experimental data are black; 
fits are depicted by the red trace. 
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Table S 4. EXAFS Fitting Parameters for A 

Path CNa R (Å) ΔR (Å) σ (Å2)b Δσ (Å2)b E0 (eV) F (%)c 

Cu–N 2 1.926 0.025 4 15 8.86 21.6 

Cu–N 1 2.016 0.026 7 29   

Cu–N 1 2.066 0.027 7 29   

Cu–C 4 2.803 0.036 58 34   

Cu–C 3 3.051 0.039 55 60   

Cu–C 1 3.223 0.041 301 70   

Cu–C 1 3.563 0.046 301 70   

Cu–N 1 3.178 0.148 3 45   

Cu–Cu 1 3.951 0.335 127 193   

Cu–C 2 4.057 0.052 8 30   

Cu–N–C 4 3.059 0.039 54 48   

Cu–N–C 2 3.069 0.039 65 63   

Cu–N–C 2 3.104 0.040 65 63   

Cu–N–C 4 3.170 0.041 51 75   

Cu–N–N 2 3.920 0.050 8 30   

Cu–N–N 2 3.931 0.050 8 30   

Cu–N–N 2 3.986 0.051 8 30   

Cu–N–N 2 4.002 0.051 8 30   

Cu–N–C 4 4.128 0.053 12 45   

Cu–C–C 4 4.137 0.053 51 63   

 

a Coordination numbers (CN) were held constant during fits. Errors in CN are estimated to be on the 
order of 25%. 

b Debye-Waller factors () are multiplied by 104.  

c Goodness of fit, F = [Σk6(EXAFSexpt – EXAFScalc)2/Σk6(EXAFSexpt)2]1/2. 
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Table S 5. EXAFS Fitting Parameters for A + FeCl3 

Path CNa R (Å) ΔR (Å) σ (Å2)b Δσ (Å2)b E0 (eV) F (%)c 

Cu–N 2 1.994 0.18 61 49 6.23 29.0 

Cu–N 2 2.106 0.19 133 92   

Cu–C 2 2.902 0.26 101 113   

Cu–C 2 2.952 0.27 224 141   

Cu–C 3 3.201 0.29 5 38   

Cu–Cl 1 3.524 0.32 55 74   

Cu–Cu 1 4.393 0.57 76 140   

Cu–Cl 2 4.054 0.32 3237 74   

Cu–N–C 4 3.173 0.29 163 161   

Cu–N–C 4 3.339 0.31 285 190   

Cu–N–C 4 3.485 0.32 235 253   

Cu–N–C–N  4 3.473 0.32 325 323   

 
a Coordination numbers (CN) were held constant during fits. Errors in CN are estimated to be on the 
order of 25%.  

b Debye-Waller factors () are multiplied by 104.  

c Goodness of fit, F = [Σk6(EXAFSexpt – EXAFScalc)2/Σk6(EXAFSexpt)2]1/2. 
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Kinetics data 

Concentration-over-time plots 

 

Figure S 62. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 

 

Figure S 63. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 187 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 
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Figure S 64. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 112 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 

 

Figure S 65. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 75 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 
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Figure S 66. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 150 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 

 

Figure S 67. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 442 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 
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Figure S 68. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 575 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 

 

Figure S 69. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 75 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 
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Figure S 70. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 225 μM; [FeCl3]0 = 150 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 

 

Figure S 71. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 300 μM; [FeCl3]0 = 150 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 
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Figure S 72. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 75 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 

 

Figure S 73. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 225 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 
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Figure S 74. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 300 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 

 

Figure S 75. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 37 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 
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Figure S 76. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 82 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 

 

Figure S 77. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 19 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 
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Figure S 78. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 9 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 

 

Figure S 79. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 47 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 
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Figure S 80. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 15 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 

 

Figure S 81. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 45 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 
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Figure S 82. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 4 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 

 

Figure S 83. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 13 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 
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Figure S 84. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 116 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 

 

Figure S 85. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 206 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between the data-
points is provided solely as an aid to the eye. 



S58 

 

 

Figure S 86. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 0 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 

 

Figure S 87. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 24 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 



S59 

 

 

Figure S 88. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 48 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 

 

Figure S 89. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 96 μM; [FeCl3]0 = 150 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 
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Figure S 90. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 0 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 

 

Figure S 91. Monitoring the progress of the xanthene oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
= 150 mM; [TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 96 μM. Interpolation between the data-points 
is provided solely as an aid to the eye. 
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Figure S 92. Monitoring the progress of the xanthydrol oxidation reaction with TBHP, catalysed by A 
and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; 
[xanthydrol]0 = 135 mM; [TBHP]0 = 305 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between 
the data-points is provided solely as an aid to the eye. 

 
Figure S 93. Monitoring the progress of the (tert-butyl)xanthyl peroxy-ether oxidation reaction with 
TBHP, catalysed by A and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; 
T = 300 K; [ROOtBu]0 = 100 mM; [TBHP]0 = 305 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation 
between the data-points is provided solely as an aid to the eye. 
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Kinetic isotope effect plots 

 

Figure S 94. Monitoring the progress of the 9,9-d2-xanthene oxidation reaction with TBHP, catalysed 
by A and FeCl3, using 1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [9,9-
d2-xanthene]0 = 150 mM; [TBHP]0 = 575 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Interpolation between 
the data-points is provided solely as an aid to the eye. 

 

Figure S 95. Comparison of the consumption of xanthene and 9,9-d2-xanthene. The initial rates were 
measured in triplicate (shown inset). Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 
/ [9,9-d2-xanthene]0 = 150 mM; [TBHP]0 = 575 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. 
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Figure S 96. Pseudo-2D 2H NMR spectra, measured every 10 minutes for 24 hours, to monitor the 
progress of the 9,9-d2-xanthene oxidation reaction with TBHP, catalysed by A and FeCl3. Reaction 
conditions: solvent = protio-MeCN; T = 300 K; [9,9-d2-xanthene]0 = 150 mM; [TBHP]0 = 575 mM; [A]0 = 
150 μM; [FeCl3]0 = 150 μM. 

 
 

Hammett analysis 

 
Figure S 97. Hammett plot for a series of xanthene substrates substituted at the 2-position. Reaction 
conditions: [xanthene]0 = 0.15 M; [TBHP]0 = 0.3 M; 0.1 mol% A; 0.1 mol% FeCl3; 300 K; quiescent  
d3-MeCN. 
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Initial rate vs initial concentration plots 

As it is unclear what the overall reaction order is, or whether the reaction order changes with 

[xanthene]0, [TBHP]0 or the [xanthene]0:[TBHP]0 ratio, the initial rates, rather than kobs, were plotted 

against initial concentrations. For xanthene, a linear dependency of the initial rate on [xanthene]0 is 

observed, but the y-axis intercept is non-zero. At low [xanthene]0 values, the error in the NMR 

integration is intrinsically large, and the rate of reaction was fast due to the relatively high 

concentrations of TBHP and catalyst, making the error greater still as it was difficult to measure 

enough NMR spectra at the beginning of the reaction. Therefore, it was not possible to accurately 

determine if the initial rate suddenly tends toward zero below some critical [xanthene]0 value. 

 For TBHP, there is a linear dependency of the initial rate on [TBHP]0, with an intercept at the 

origin. Saturation kinetics was observed, with the initial rate reaching a limiting value of approximately 

1.9 × 10–5 mol dm–3 s–1 when [TBHP]0 ≥ 200 mM. 

 The initial rates behaviour of the catalysts A and FeCl3 are discussed in the main text. 

 

Figure S 98. Kinetic dependency of [xanthene]0 on the initial rate of the xanthene oxidation reaction, 
catalysed by A and FeCl3. Initial rates determined by the rate of xanthene consumption, measured by 
1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [TBHP]0 = 300 mM; [A]0 = 
150 μM; [FeCl3]0 = 150 μM. The plot follows a linear trend, but has a non-zero intercept with the y-
axis. 
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Figure S 99. Kinetic dependency of [TBHP]0 on the initial rate of the xanthene oxidation reaction, 
catalysed by A and FeCl3. Initial rates determined by the rate of xanthene consumption, measured by 
1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 150 mM; [A]0 
= 150 μM; [FeCl3]0 = 150 μM. The plot shows linearity at dilute [TBHP]0, becoming independent of 
TBHP concentration when [TBHP]0 is greater than ≈200 mM. 

 

Figure S 100. Kinetic dependency of [A]0 on the initial rate of the xanthene oxidation reaction, 
catalysed by A and FeCl3. Initial rates determined by the rate of xanthene consumption, measured by 
1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 150 mM; 
[TBHP]0 = 300 mM; [FeCl3]0 = 150 μM. The point where [A]0 = [FeCl3]0 is indicated by the dashed line. 
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Figure S 101. Kinetic dependency of [FeCl3]0 on the initial rate of the xanthene oxidation reaction, 
catalysed by A and FeCl3. Initial rates determined by the rate of xanthene consumption, measured by 
1H NMR spectroscopy. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 150 mM; 
[TBHP]0 = 300 mM; [A]0 = 150 μM. The point where [FeCl3]0 = [A]0  is indicated by the dashed line. 

  

Selected correlations of reactant and products from Figs S62-65 and S67-68.  

 

Figure S 102. Correlation of [xanthydrol] with [xanthene], and of [(tert-butyl)xanthyl peroxy-ether] 
with [xanthydrol]. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 150 mM; [TBHP]0 
= 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Red horizontal line indicates [xanthydrol]max. Corresponds 
to Figure S62, shown inset for reference. Interpolation between the data-points is provided solely as 
an aid to the eye. 
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Figure S 103. Correlation of [xanthydrol] with [xanthene], and of [(tert-butyl)xanthyl peroxy-ether] 
with [xanthydrol]. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 187 mM; [TBHP]0 
= 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Red horizontal line indicates [xanthydrol]max. Corresponds 
to Figure S63, shown inset for reference. Interpolation between the data-points is provided solely as 
an aid to the eye. 

 

 

Figure S 104. Correlation of [xanthydrol] with [xanthene], and of [(tert-butyl)xanthyl peroxy-ether] 
with [xanthydrol]. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 112 mM; [TBHP]0 
= 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Red horizontal line indicates [xanthydrol]max. Corresponds 
to Figure S64, shown inset for reference. Interpolation between the data-points is provided solely as 
an aid to the eye. 



S68 

 

 

Figure S 105. Correlation of [xanthydrol] with [xanthene], and of [(tert-butyl)xanthyl peroxy-ether] 
with [xanthydrol]. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 75 mM; [TBHP]0 = 
300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Red horizontal line indicates [xanthydrol]max. Corresponds 
to Figure S65, shown inset for reference. Interpolation between the data-points is provided solely as 
an aid to the eye. 

 

 

Figure S 106. Correlation of [xanthydrol] with [xanthene], and of [(tert-butyl)xanthyl peroxy-ether] 
with [xanthydrol]. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 150 mM; [TBHP]0 
= 442 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Red horizontal line indicates [xanthydrol]max. Corresponds 
to Figure S67, shown inset for reference. Interpolation between the data-points is provided solely as 
an aid to the eye. 
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Figure S 107. Correlation of [xanthydrol] with [xanthene], and of [(tert-butyl)xanthyl peroxy-ether] 
with [xanthydrol]. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 150 mM; [TBHP]0 
= 575 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM. Red horizontal line indicates [xanthydrol]max. Corresponds 
to Figure S68, shown inset for reference. Interpolation between the data-points is provided solely as 
an aid to the eye. 

 

 

 

Table S 6. Summary of information from the correlated concentration plots above, showing that for a 
certain [xanthene] range, the value of [xanthydrol]max is dependent on the ratio of [xanthene] : [(tert-
butyl)xanthyl peroxy-ether]. 

[TBHP]0 : 
[Xanthene]0 

[Xanthene]0 / 
mM 

Ratio of [(tert-butyl)xanthyl peroxy-ether] 
to [xanthene] at [xanthydrol]max 

Correlation 
plot 

2.0 150 1.6 Figure S102 

1.6 187 1.7 Figure S103 

2.7 112 2.2 Figure S104 

4.0 75 1.8 Figure S105 

2.9 150 1.9 Figure S106 

3.8 150 1.7 Figure S107 
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Kinetic simulations of reaction networks 

General Comments In the discussion below, we present only our final model (Scheme S1) that evolved 

from the exploration of a very extensive series of mechanistically-diverse models. In this, and all 

models explored, numerous simplifications were made: many of the rate constants represent 

telescoped steps, and many have notional irreversibility. The model is intended solely to provide an 

example of a reaction network that can qualitatively reproduce the phenomenological aspects of the 

oxidative cascade. The individual steps and associated rate and equilibrium constants should not be 

interpreted in isolation or indeed in any quantitative manner. 

 

Process For subsets of the experimental data shown in Figures S62-S94, temporal concentration data 

was explored using the model shown in Scheme S1. Preliminary fits were obtained by visual inspection 

of the output of computer-based simulations with repeated manual modulation of rate constants. 

With a preliminary fit in hand, and locking rate constants kalc, keth, and kinh, to give some stability 

between fits, the remaining rate constants were optimized as untethered variables, each through up 

to 1000 cycles of automated iteration. It soon became evident that the feedback loops in the 

interlinked cycles make the model extremely sensitive to small changes in some of the rate constants 

and catalyst concentrations, and a unique good fit for the entire collection of dataset would not be 

found. This is not surprising given the simplifications made in the model and the complexity of the 

oxidative cascade. Nonetheless, the model can account, in a general sense, for the complex curvature 

in the temporal evolution of the ketone, alcohol, and peroxy-ether. For example, conversion of the 

peroxy-ether to ketone only takes place at an appreciable rate after the xanthene has been depleted. 

Furthermore, the changes in partitioning between formation of alcohol and peroxy-ether is captured 

via these species being generated by different sets of reaction pathways in the model. We reiterate 

that the model is intended solely to provide a qualitative analysis in support of a global mechanistic 

picture for a complex catalytic process. 
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Scheme S 1. Top: Reaction network employed to explore temporal concentrations during xanthene 
oxidation catalysed by a mixture of the dinuclear copper(II) complex A and FeCl3. Bottom: best-(global) 
fit rate and equilibrium constants for the experimental data shown in Figures S62-S94. The model 
(Scheme S1) includes a stoichiometric reaction between A and FeCl3 (kind) to generate an active 
catalyst 'CAT'., a slow catalyst decomposition step (kdec) and inhibition by the ketone (Keq); rate 
attenuation was detected experimentally after addition of ketone to the initial reaction mixture.  
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Example comparisons of model in Scheme S1 with the experimental data 

 

Figure S 108. Simulation of the xanthene oxidation reaction catalysed by A/FeCl3, using the kinetic 
model in Scheme S1. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 150 mM; 
[TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM (corresponds to Figure S 62). 

 

Figure S 109. Simulation of the xanthene oxidation reaction catalysed by A/FeCl3, using the kinetic 
model in Scheme S1. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 187 mM; 
[TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM (corresponds to Figure S 63). 
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Figure S 110. Simulation of the xanthene oxidation reaction catalysed by A/FeCl3, using the kinetic 
model in Scheme S1. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 112 mM; 
[TBHP]0 = 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM (corresponds to Figure S 64). 

 

Figure S 111. Simulation of the xanthene oxidation reaction catalysed by A/FeCl3, using the kinetic 
model in Scheme S1. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 75 mM; [TBHP]0 
= 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM (corresponds to Figure S 65). 
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Figure S 112. Simulation of the xanthene oxidation reaction catalysed by A/FeCl3, using the kinetic 
model in Scheme S1. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 150 mM; 
[TBHP]0 = 575 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM (corresponds to Figure S 68). 

 

Figure S 113. Simulation of the xanthene oxidation reaction catalysed by A/FeCl3, using the kinetic 
model in Scheme S1. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 37 mM; [TBHP]0 
= 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM (corresponds to Figure S 75). 
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Figure S 114. Simulation of the xanthene oxidation reaction catalysed by A/FeCl3, using the kinetic 
model in Scheme S1. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 150 mM; 
[TBHP]0 = 81 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM (corresponds to Figure S 76). 

 

Figure S 115. Simulation of the xanthene oxidation reaction catalysed by A/FeCl3, using the kinetic 
model in Scheme S1. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 4 mM; [TBHP]0 
= 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM (corresponds to Figure S 82). 
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Figure S 116. Simulation of the xanthene oxidation reaction catalysed by A/FeCl3, using the kinetic 
model in Scheme S1. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 13 mM; [TBHP]0 
= 300 mM; [A]0 = 150 μM; [FeCl3]0 = 150 μM (corresponds to Figure S 83). 

 

Figure S 117. Simulation of the xanthene oxidation reaction catalysed by A/FeCl3, using the kinetic 
model in Scheme S1. Reaction conditions: solvent = d3-MeCN; T = 300 K; [xanthene]0 = 150 mM; 
[TBHP]0 = 300 mM; [A]0 = 24 μM; [FeCl3]0 = 150 μM (corresponds to Figure S 87). 
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Error analysis 

The error in the slope of a linear portion of a plot of 𝑥𝑖 against  𝑦𝑖  was calculated by least squares, 
using the mean values (�̅� and �̅�) in a dataset of size n: 

 

 

The error in the initial xanthene concentration was calculated from the propagation of errors in the 
measured mass of xanthene (m) and the total volume of the reaction solution (Vtotal): 

 

 

The error in the initial TBHP concentration was calculated from the propagation of errors in the 
measured volume of TBHP (VTBHP), the density of TBHP (⍴), the concentration of TBHP in water (wt%) 
and the total volume of the reaction solution (Vtotal): 

 

 

The error in the concentration of the stock solutions of either catalyst was calculated from the 
propagation of errors in the measured mass of the catalyst (m) and the total volume of the stock 
solution (Vtotal): 

 

 

The error in the initial concentration of either catalyst used was calculated from the propagation of 
errors in the volume of the stock solution used (Vstock), the total volume of the reaction solution (Vtotal) 
and the concentration of the stock solution ([Cat]stock): 

 

 

The error in kobs, X / kobs, H (kobs of a substituted xanthene substrate normalised by kobs of un-substituted 
xanthene) was calculated from the propagation of errors in kobs of the substituted substrate (kobs, X) 
and in kobs of the unsubstituted substrate (kobs, H): 

 

 

The error in log (kobs, X / kobs, H) was calculated according to the following equation:  
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