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Abstract 

Currently, selective oxidation of C–H bonds is a primary challenge in the organic 

synthesis of essential chemicals, including alternative fuels and pharmaceuticals. Nature 

carries out selective oxidations of C–H bonds via the use of copper-based monooxygenase 

(MO) enzymes such as lytic polysaccharide monooxygenase (LPMO). Research efforts in 

the Tolman group aim to model the copper-oxygen reactive intermediates of MO enzymes 

via synthesis of synthetic small molecule mimics. In Chapter 1, I will outline the proposed 

copper-oxygen intermediates for MO enzymes and discuss, in detail, the spectroscopic 

features and reactivity observed for synthetic mimics of these cores.  

Chapter 2 describes my efforts to synthesize a monoanionic ligand, 

bis(quinolinylcarbonyl)amide (–L1), that closely models the LPMO active site. The organic 

synthesis of HL1 as well as isolation of structurally diverse mono- and dinuclear copper 

complexes supported by –L1 via X-ray crystallography will be discussed. In addition, the 

fate of this ligand as a synthetic model of enzymatic active sites is assessed. 

In Chapter 3, I present the investigation of a novel copper(III)-benzoate complex 

supported by a dianionic bis(arylcarboxamido)pyridine ligand, LCuIII(O2CC6H4(Cl)), 

which is shown to undergo proton-coupled electron transfer (PCET) with O–H and C–H 

substrates. Comparison of the PCET reactivity of LCuIII(O2CC6H4(Cl)) with previously 

reported LCuIII(OH) and LCuIII(OOR) reveals the effect of the fourth ligand on [LCuIII]+ 

reactivity. In addition, mechanistic conclusions for each copper(III) complex are discussed 

with significant insight provided from time dependent-density functional theory (TD-DFT) 

and intrinsic bond order (IBO) analysis completed by Mukunda Mandal, a graduate student 

in the group of Professor Christopher Cramer. 
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Chapter 4 investigates the spectroscopic features and PCET reactivity of a series of 

formally copper(III)-carboxylates supported by L2–, LCuIII(O2C–R), with the aim of 

understanding how electronic modification of the carboxylate ligand effects the observed 

properties and reactivity of the complexes. The reactivity trends of LCuIII(O2C–R) 

complexes with O–H and C–H bonds will be detailed as well as the implications of such 

trends on the mechanism of the reaction of LCuIII(O2C–R) complexes with substrates. 

Lastly, in Chapter 5, I present the study of a water soluble CuIII(OH) complex, 

[SO3LCu(OH)]2–, to investigate its ability to act as a water oxidation catalyst. The results of 

pH-dependent spectroscopic and electrochemical studies are detailed and the aqueous 

reactivity of [SO3LCu(OH)]2– with C–H substrates is discussed. 
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Figure 2.8. Comparison of the overall structures and CuI–CuI distances of complexes (a) 
[Cu2(µ–NS2)2] (‘S–N–S’), (b) (L1Cu)2 (‘N–N–N’) and (c) [Cu2(µ–NP2)2] (‘P–N–P’) 
(adapted from refs. 144 and 145).               44 
 
Figure 2.9. Representations of the X-ray crystal structures of (left) L1

2CuII and (right) 
[L1CuII(OH2)2]OTf, showing all nonhydrogen atoms as 50% thermal ellipsoids and 
heteroatoms labeled. Selected bond distances (Å) and angles (deg) for L1

2CuII:  Cu1 – N1, 
1.943(17); Cu1 – N2, 2.284(15); Cu1 – N3, 1.935(17); Cu1 – N4, 2.284(15); N1 – Cu1 – 
N3, 180.0; N4 – Cu1 – N4’, 155.4(13), N2 – Cu1 – N2’, 159.4(11). Selected bond distances 
(Å) and angles (deg) for [L1CuII(OH2)2]OTf: Cu1 – N1, 2.0118(19); Cu1 – N2, 1.9264(19); 
Cu1  – N3, 2.017(2); Cu1 – O20,  2.017(18); Cu1 – O21, 2.1408(18); H1 – O3, 1.94(5); 
N1 – Cu1 – N3, 164.59(8); N2 – Cu1 – O20, 128.49(8). CCDC (L1

2CuII) 1864920, CCDC 
([L1CuII(OH2)2]OTf) 1864923. Reprinted with permission from ref. 142. Copyright 2019, 
Elsevier.                                46 
 
Figure 2.10. UV-vis spectrum 0.1 mM (L1CuI)2 before (black) and after reaction with O2 
(red) at –40 ºC in MeCN/CH2Cl2.               47 
 
Figure 2.11. Representation of the X-ray crystal structure of the cationic portion of 
[(L1)2CuII

2(µ-OH)(H2O)(DMF)](OTf), showing all nonhydrogen atoms as 50% thermal 
ellipsoids and heteroatoms labeled. Selected bond distances (Å) and angles (°):  Cu1 – Cu2, 
3.407(6); Cu1 – O1, 2.232(6); Cu1 – O2, 1.945(6); Cu2 – O2, 1.923(6); Cu2 – O3, 
2.269(9); O1 – C1, 1.222(11); O2 – H3A, 0.72(13); O3 – H1A, 0.51(12); O3 – H2A, 
0.85(8); O1 – Cu1 – O2, 102.7(3); O2 – Cu2 – O3, 112.5(4); Cu1 – O2 – Cu2, 123.5(3). 
                   48 
 
Scheme 3.1. Structures of previously investigated high-valent formally copper(III) 
complexes, LCuIII(OH) and LCuIII(OOCm).                    58 
 
Scheme 3.2. Synthesis of [NBu4][LCuII(O2CC6H4(Cl))].            60 
 
Figure 3.1. Representation of the X-Ray crystal structure of the anionic portion of 
[NEt4][LCuII(O2CC6H4(Cl))], showing all nonhydrogen atoms as 50% thermal ellipsoids, 
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heteroatoms labeled and H-atoms omitted for clarity. Selected bond distances (Å) and 
angles (°): Cu – O1: 1.929(3), Cu – O2: 2.516(3), Cu – N1: 2.005(3), Cu – N2: 1.912(3), 
Cu – N3: 2.018(3); N1 – Cu – N3: 160.44(13), N1 – Cu – N2: 80.48(12), N2 – Cu – O1: 
176.17(12). CCDC 1921669.                60 
 
Figure 3.2. Overlay of the UV-Vis spectra of [NBu4][LCuII(OH)] (black), 
[NBu4][LCuII(O2CC6H4(Cl))] (red) and [NBu4][LCuII(OOCm)] (blue)  at 25 °C in THF. 
                   62 
 
Figure 3.3. Overlay of continuous wave X-band (9.64 GHz) EPR spectra of 
[NBu4][LCuII(OH)] (black), [NBu4][LCuII(O2CC6H4(Cl))] (red) and 
[NBu4][LCuII(OOCm)] (blue)  at 30 K in THF.                   63 
 
Figure 3.4. Continuous wave X-band (9.64 GHz) experimental (black) and simulated (red) 
EPR spectra of [NBu4][LCuII(O2CC6H4(Cl))].             63 
 
Figure 3.5. Cyclic voltammogram of [NBu4][LCuII(O2CC6H4(Cl))] (2 mM) collected at a 
(left) scan rate of 100 mV/s and (right) multiple scan rates using a Glassy Carbon electrode 
in THF at 25 °C under Ar with added NBu4PF6 (TBAP) (0.3 M) electrolyte.               65 
 
Figure 3.6. (left) Overlay of UV-vis spectra upon addition of varying equivalents of 
[AcFc][BArF

4] to [NBu4][LCuII(O2CC6H4(Cl))] at –80 °C in THF; (right) plot of 
corresponding molar absorptivity values at l = 830 nm versus equivalents of 
[AcFc][BArF

4].                 66 
 
Figure 3.7. UV-vis titration of [AcFc][BArF

4] (oxidant) and Fc* (reductant) with 
[NBu4][LCuII(O2CC6H4(Cl))] in THF at –80 °C (*denotes decamethyl ferrocenium signal).
                   66 
 
Figure 3.8. Continuous wave X-band (9.64 GHz) EPR spectra of 
[NBu4][LCuII(O2CC6H4(Cl))] (black, 1 mM) and LCuIII(O2CC6H4(Cl)) (red, 1 mM) in THF 
at 30 K.                  67 
 
Figure 3.9. Overlay of UV-vis spectra of LCuIII(OH) (black), LCuIII(O2CC6H4(Cl)) (red), 
and LCuIII(OOCm) (blue) in THF at –80 °C.              68 

Figure 3.10. Zero order self-decay of [LCuIII(O2CC6H4(Cl))] (M) at l = 830 nm versus 
time (s) in THF at –80 °C.                69 
 
Figure 3.11. Overlaid UV-vis spectra of the decay product of LCuIII(O2CC6H4(Cl)) with 
25 eq. TEMPOH (black) and LCuII(THF) (red) at –80 °C in THF.             70 
 
Figure 3.12. Continuous wave X-band (9.64 GHz) EPR spectra of the products from the 
reaction of LCuIII(O2CC6H4(Cl)) with 25 eq. TEMPOH in THF at 30 K.          70 
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Figure 3.13. Continuous wave X-band (9.64 GHz) EPR spectra of the products from the 
reaction of LCuIII(O2CC6H4(Cl)) with 50 eq. TTBP in THF at 30 K.          71 
 
Scheme 3.3. Balanced equation from reaction of LCuIII(O2CC6H4Cl) with TEMPOH or 
TTBP; LCuII(THF), TEMPO˙ and TTBP radical were observed experimentally via UV-vis 
or EPR spectroscopy.                         71 
Figure 3.14. Double integration of the continuous wave X-band (9.64 GHz) EPR spectra 
from addition of 0.1 mM TEMPO˙ with 0.1 mM [NBu4][LCuII(O2CC6H4(Cl)] (black) 
overlaid with the double integration of the EPR spectrum of the products from the reaction 
of LCuIII(O2CC6H4(Cl)) (left) with 25 eq. TEMPOH and (right) with 50 eq. TTBP in THF 
at 30 K; the dotted gray lines indicate the values taken from the double integrations to 
calculate yields of TEMPO˙ and TTBP radical.                72 
 
Figure 3.15. Overlay of the final UV-vis spectrum after the reaction of 
LCuIII(O2CC6H4(Cl)) with 50 eq. TTBP (black) and the UV-vis spectrum of LCuII(THF) 
(red) in THF at –80 °C.                 73 
 
Figure 3.16. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(Cl)) with 
25 eq. TEMPOH in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 
0 (purple) to t = 1.7 s (red); (right) experimental decay traces at 650 nm (black squares) 
overlaid with a calculated decay trace at 650 nm (red line).                   74 
 
Figure 3.17. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(Cl)) with 
25 eq. TEMPOD (87% incorporation) in THF at –80 °C; (left) overlay of experimental 
UV-vis spectra from t = 0 (black) to t = 1.65 s (red); (right) experimental decay traces at 
650 and 800 nm (red and blue squares, respectively) overlaid with calculated decay traces 
at 650 and 800 nm (red and blue lines, respectively) and calculated residuals from kinetic 
fits at 650 and 800 nm (dark red and blue lines, respectively).             75 
	
Figure 3.18. Representative UV-vis spectra and decay traces of LCuIII(OOCm) with 100 
eq. TEMPOH in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 0 
(black) to t = 400 s (red); (right) experimental decay traces at 507, 578 and 690 nm (green, 
red and blue squares, respectively) overlaid with calculated decay traces at 507, 578 and 
690 (green, red and blue lines, respectively)	and calculated residuals from kinetic fits at 
507, 578 and 690 nm (dark green, dark red, and dark blue lines, respectively).         75 
 
Figure 3.19. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(Cl)) with 
50 eq. TTBP in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 0 
(black) to t = 1900 s (red); (right) experimental decay traces at 400, 650 and 830 nm (green, 
red and blue squares, respectively) overlaid with calculated decay traces at 400, 650 and 
830 nm (green, red and blue lines, respectively) and calculated residuals from kinetic fits 
at 400, 650 and 830 nm (dark green, dark red, and dark blue lines, respectively).         76 
 
Figure 3.20. Representative UV-vis spectra and decay traces of LCuIII(OH) with 50 eq. 
TTBP in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 0 (black) 
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to t = 100 s (red); (right) experimental decay traces at 400 and 545 nm (green and red 
squares, respectively) overlaid with calculated decay traces at 400 and 545 nm (green and 
red lines, respectively) and calculated residuals from kinetic fits at 400 and 545 nm (dark 
green and dark red lines, respectively).              77 
 
Figure 3.21. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(Cl)) with 
200 eq. DHA in 1,2-DFB at –25°C; (left) overlay of experimental UV-vis spectra from t = 
0 (black) to t = 1000 s (red); (right) experimental decay traces at 378, 675 and 850 nm 
(green, red and blue squares, respectively) overlaid with calculated decay traces at 378, 
675 and 850 nm (green, red and blue lines, respectively) and calculated residuals from 
kinetic fits at 378, 675 and 850 nm (dark green, dark red, and dark blue lines, respectively). 

        78 
 
Figure 3.22. Representative UV-vis spectra and decay traces of LCuIII(OH) with 200 eq. 
DHA in 1,2-DFB at –25°C; (left) overlay of experimental UV-vis spectra from t = 0 (black) 
to t = 12.5 s (red); (right) experimental decay traces at 378 and 565 nm (green and red 
squares, respectively) overlaid with calculated decay traces at 378 and 565 nm (green and 
red lines, respectively) and calculated residuals from kinetic fits at 378 and 565 nm (dark 
green and dark red lines, respectively).              78 
 
Figure 3.23. (left) Overlay of UV-vis spectra from the titration of [2,6-LutH][OTf] to 
[NBu4][LCuII(O2CC6H4(Cl))] in THF at 25 °C; (right) plot of molar absorptivity values 
taken at 575 nm (corresponding to LCuII(THF)), 610 nm (corresponding to 
[NBu4][LCuII(O2CC6H4(Cl)]) and 686 nm (corresponding to [LCuII(O2CC6H4(Cl)]– + H+) 
versus equivalents of [2,6-LutH][OTf] added.             80 
 
Figure 3.24. Overlay of the UV-vis spectra from addition of 0–15.0 eq. NEt3 to 
LCuII(THF) with 3 eq. HO2CC6H4(Cl) in THF at 25 °C.            80 
 
Figure 3.25. Overlay of the UV-vis spectra of LCuII(THF) (black), LCuII(THF) with 3 eq. 
HO2CC6H4(Cl) (red) and the isolated solid from the reaction of LCuII(THF) with 3 eq. 
HO2CC6H4(Cl) (blue) in THF at 25 °C.              81 
 
Scheme 3.4. Labeling of possible reactive O-atoms within (left) LCuIII(O2CC6H4(Cl)) and 
(right) LCuIII(OOCm).                 82 
 
Figure 3.26. Evolution of the total dipole moment vector (Hirshfeld) projected along the 
HAA reaction axis where the reactivity of (a) LCuIII(OH) (blue) with DTBP and DHA is 
shown, (b) LCuIII(OOCm) (black) with DTBP and DHA is shown and (c) 
LCuIII(O2CC6H4(Cl)) (green) with DTBP and DHA is shown; solid and dashed lines 
represent PCET reactivity with DTBP or DHA, respectively.             84 
 
Figure 3.27. PCET from DHA by LCuIII(OH); (a) plot of the intrinsic reaction coordinate 
(IRC) with electronic energies shown in black; (b) and (c): evolution of a- and b-IBOs, 
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respectively, of the C–H bond along the HAA reaction coordinate shown in purple (a-IBO) 
and green (b-IBO).                        85 
 
Figure 3.28. PCET from DTBP by LCuIII(OH); (a) plot of the IRC with electronic energies 
shown in black; (b) evolution of the a- and b-IBOs of the O–H bond along the HAA 
reaction coordinate shown in orange/pink; (c) evolution of the a- and b-IBOs of the p 
electron density shown in blue/purple, which eventually ends up on the Cu center.         87 
 
Figure 3.29. PCET from DHA by LCuIII(O2CC6H4(Cl)); (a) plot of the IRC with electronic 
energies shown in black; (b) evolution of b-IBO of the C–H bond along the HAA reaction 
coordinate shown in blue; (c) changes to the b-IBOs of the p electron density of the DHA 
during the PCET process where the p density of DHA is shown in pink/purple while the p 
density of the ligand is shown in blue/green. IBO transformations indicate that the e– 
density on DHA is transferred to the Cu center through a ligand-assisted pathway.               87 
 
Figure 4.1. Structures of the previously studied NO2LCuIII(OH) (red), LCuIII(OH) (black) 
and PipMeLCuIII(OH) (blue) complexes. Adapted from ref. 124.           96 
 
Scheme 4.1. Structure of selected organic acids with increasing pKa and decreasing sp, O 
–H BDE from left to right; colors indicate electron-withdrawing substituents (red), steric 
differences (green), electron-donating substituents (blue) or effectively neutral substituents 
(orange) in comparison to HO2CCC6H4(Cl) (middle, black). The arrows drawn represent 
general trends where some parameters are not known for a given acid.          97 
 
Scheme 4.2. Synthesis of [NBu4][LCuII(O2C–R)] complexes where (a) R = –C6F5, –
C6H2(iPr3), –C6H4(NO2), –C6H4(Cl), –C6H5, –C6H4(OMe) and (b) R = –CH3.                          99 
 
Figure 4.2. Representation of the X-Ray crystal structures of the anionic portions of 
[NEt4][LCuII(O2CC6H2(iPr3))] (left) and [NBu4][LCuII(O2CCH3)] (right), showing all 
nonhydrogen atoms as 50% thermal ellipsoids, heteroatoms labeled and H-atoms omitted 
for clarity. CCDC ([NEt4][LCuII(O2CC6H2(iPr3))]) 1921671, CCDC 
([NBu4][LCuII(O2CCH3)]) 1921670.             101 
 
Figure 4.3. UV-vis spectra overlay of [NBu4][LCuII(O2C–R)] where R = –C6F5 (black),    
–C6H2(iPr3) (red), –C6H4(NO2) (blue), –C6H4(Cl) (green), –C6H5 (orange), –C6H4(OMe) 
(violet) and –CH3 (light green) in THF at 25 °C.                       103 
 
Figure 4.4. Plot of nmax of [NBu4][LCuII(O2C–R)] at 25 °C in THF versus (left) HO2C–R 
pKa in H2O and (right) sp for X in HO2CC6H5–X. Linear fit (pKa): nmax = –190pKa + 17147, 
R2 = 0.77. Linear fit (sp): nmax = 430sp + 16328, R2 = 0.99.                104 
 
Figure 4.5. Overlay of continuous X-band (9.64 GHz) EPR spectra of [NBu4][LCuII(O2C–
R)] where R = –C6F5 (black), –C6H2(iPr3) (red), –C6H4(NO2) (blue), –C6H4(Cl) (green),      
–C6H5 (orange), –C6H4(OMe) (violet) and –CH3 (light green) in THF at 30 K.       106 
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Figure 4.6. Overlay of continuous X-band (9.64 GHz) EPR spectra with zoomed view of 
copper hyperfine structure of [NBu4][LCuII(O2C–R)] where R = –C6F5 (black), –C6H2(iPr3) 
(red), –C6H4(NO2) (blue), –C6H4(Cl) (green), –C6H5 (orange), –C6H4(OMe) (violet) and    
–CH3 (light green)  in THF at 30 K.                    107 
 
Figure 4.7. Overlay of experimental (black) and simulated (red) continuous wave X-band 
(9.64 GHz) EPR spectra of [NBu4][LCuII(O2C–R)] where R = –C6F5 (top left), –C6H2(iPr3) 
(top right), –C6H4(NO2) (middle left), –C6H5 (middle right), –C6H4(OMe) (bottom left) and 
–CH3 (bottom right) in THF at 30 K.                   108 
 
Figure 4.8. Overlay of the second derivative of the continuous wave X-band (9.64 GHz) 
EPR spectra of (red) [NBu4][LCuII(O2CC6H2(iPr3))] and (orange) 
[NBu4][LCuII(O2CC6H5)].                110 
 
Figure 4.9. Overlay of the experimental (black) and simulated (red) second derivative of 
the continuous wave X-band (9.64 GHz) EPR spectrum of [NBu4][LCuII(O2CC6H2(iPr3))].
                 110 
 
Figure 4.10. Overlay of cyclic voltammograms collected of [NBu4][LCuII(O2C–R)] where 
R = –C6F5 (black), –C6H2(iPr3) (red), –C6H4(NO2) (blue), –C6H4(Cl) (green), –C6H5 
(orange), –C6H4(OMe) (violet) and –CH3 (light green); 2 mM LCuII/0.3 M Bu4NPF6 in 
THF, 25 °C, glassy carbon working electrode.                 112 
 
Figure 4.11. Individual cyclic voltammograms collected of [NBu4][LCuII(O2C–R)] where 
R = –C6F5 (top left), –C6H2(iPr3) (top right), –C6H4(NO2) (middle left), –C6H5 (middle 
right), –C6H4(OMe) (bottom left) and –CH3 (bottom right); 2 mM LCuII/0.3 M TBAP in 
THF, 25 °C, glassy carbon working electrode, 100 mV/s scan rate.               113 
 
Figure 4.12. Plot of E1/2 of LCu(O2C–R) versus HO2C–R pKa; Linear fit: E1/2 = –0.05pKa 
+ 0.39, R2 = 0.97.                      114 
 
Figure 4.13. UV-vis spectra overlay of LCuIII(O2C–R) where R = –C6F5 (black),                     
–C6H4(Cl) (blue), –C6H4(NO2) (green), –C6H5 (orange), –C6H4(OMe) (violet) and –CH3 
(light green) in THF at –80 °C.              116 
 
Figure 4.14. (left) Overlay of UV-vis spectra upon addition of varying equivalents of 
[AcFc][BArF

4] to [NBu4][LCuII(O2CC6F5)] at –80 °C in THF; (right) plot of corresponding 
molar absorptivity values at l = 865 nm vs. equivalents of [AcFc][BArF

4].        117 
 
Figure 4.15. Plot of nmax of LCuIII(O2C–R) near 800 nm at –80 °C in THF versus (left) H–
O2C–R pKa in H2O and (right) sp for X in HO2CC6H5–X. Linear fit (pKa): nmax = 240pKa 
+ 11120, R2 = 0.94. Linear fit (sp): nmax = –150sp + 12091, R2 = 0.99.        118 
 
Figure 4.16. UV-vis oxidation/reduction titration where 1–3 equivalents of [AcFc][BArF

4] 
and decamethyl ferrocene (Fc*) were added to (left) [NBu4][LCuII(O2CC6H4(NO2))] and 
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(right) [NBu4][LCuII(O2CC6H4(OMe))] in THF at –80 °C (*denotes decamethyl 
ferrocenium signal).                      119 
 
Figure 4.17. Decay traces of LCuIII(O2CC6H5) with (left) 50 eq. TTBP in THF at –80 °C 
and (right) 200 eq. DHA in 1,2-DFB at –25 °C; experimental decay traces at 400/378, 
650/675 and 830/840 nm (green, red and blue squares, respectively) overlaid with 
calculated decay traces at 400/378, 650/675 and 830/840 nm (green, red, and blue lines, 
respectively) and calculated residuals from kinetic fits at 400/378, 650/675 and 830/840 
nm (dark green, dark red, and dark blue lines, respectively).          120 
 
Figure 4.18. Representative UV-vis spectra and decay traces of LCuIII(O2CC6F5) with 50 
eq. TTBP in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 0 
(black) to t = 650 s (red); (right) experimental decay traces at 400, 665 and 850 nm (green, 
red and blue squares, respectively) overlaid with calculated decay traces at 400, 665 and 
850 nm (green, red, and blue lines, respectively) and calculated residuals from kinetic fits 
at 400, 665 and 850 nm (dark green, dark red, and dark blue lines, respectively).       121       
 
Figure 4.19. Representative UV-vis spectra and decay traces of LCuIII(O2CCH3) with 50 
eq. TTBP in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 0 
(black) to t = 6000 s (red); (right) experimental decay traces at 400, 630 and 815 nm (green, 
red and blue squares, respectively) overlaid with calculated decay traces at 400, 630 and 
815 nm (green, red, and blue lines, respectively) and calculated residuals from kinetic fits 
at 400, 630 and 815 nm (dark green, dark red, and dark blue lines, respectively).        122       
 
Figure 4.20. (a) Plot of log(k2) of LCuIII(O2C–R) with TTBP versus H–O2C–R pKa in H2O. 
(b) Plot of log(k2) of LCuIII(O2C–R) with TTBP versus E1/2 of LCu(O2C–R). (c) Plot of 
log(k2) of LCuIII(O2C–R) with TTBP versus H–O2C–R BDE. (d) Hammett plot of 
log(kR/kH) versus HO2C–R sp. Linear fit (pKa): log(k2) = –0.57pKa + 1.2, R2 = 0.93. Linear 
fit (E1/2): log(k2) = 10.5E1/2 – 2.99, R2 = 0.88. Linear fit (BDE): log(k2) = –0.14BDE + 14, 
R2 = 0.73. Linear fit (sp): log(kR/kH) = 0.63sp + 0.06, R2 = 0.39.                 123 
 
Figure 4.21. (a) Plot of log(k2) of LCuIII(OH) with DHA versus XArO–H pKa. (b) Plot of 
log(k2) of LCuIII(OH) with DHA versus E1/2 of XArO–H. Adapted from ref. 132.        125 
 
Figure 4.22. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(Cl)) with 
200 eq. DHA in 1,2-DFB at –25 °C; (left) overlay of experimental UV-vis spectra from      
t = 0 (black) to t = 1000 s (red); (right) experimental decay traces at 378, 675 and 850 nm 
(green, red and blue squares, respectively) overlaid with calculated decay traces at 378, 
675 and 850 nm (green, red, and blue lines, respectively) and calculated residuals from 
kinetic fits at 378, 675 and 850 nm (dark green, dark red, and dark blue lines, respectively). 
                 126 
 
Figure 4.23. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(NO2)) 
with 200 eq. DHA in 1,2-DFB at –25 °C; (left) overlay of experimental UV-vis spectra 
from t = 0 (black) to t = 2750 s (red); (right) experimental decay traces at 378, 670 and 850 
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nm (green, red and blue squares, respectively) overlaid with calculated decay traces at 378, 
670 and 850 nm (green, red, and blue lines, respectively) and calculated residuals from 
kinetic fits at 378, 670 and 850 nm (dark green, dark red, and dark blue lines, respectively). 
                 127 
 
Figure 4.24. (a) Plot of log(k2) of LCuIII(O2C–R) with DHA versus H–O2C–R pKa in H2O. 
(b) Plot of log(k2) of LCuIII(O2C–R) with DHA versus E1/2 of LCu(O2C–R). (c) Plot of 
log(k2) of LCuIII(O2C–R) with DHA versus H–O2C–R BDE. (d) Hammett plot of log(kR/kH) 
versus HO2C–R sp. Linear fit (pKa): log(k2) = –1.09pKa + 3.17, R2 = 0.87. Linear fit (E1/2): 
log(k2) = 11.1E1/2 – 3.46, R2 = 0.73. Linear fit (O–H BDE): log(k2) = –0.16BDE + 16, R2 = 
0.52. Linear fit (sp): log(kR/kH) = 1.84sp – 0.002, R2 = 0.89. All linear fits exclude outliers 
that deviate from the linear correlations shown.                 128 
 
Figure 5.1. Square schemes corresponding to the reactions of [NMe3LCuIII(OH)]2+ (left, red) 
and [SO3LCuIII(OH)]2– (right, blue) with DHA; pKa, E1/2 and O–H BDE values are included. 
All thermodynamic parameters were obtained in 1,2-DFB except for the italicized and 
asterisked values, which were determined in H2O.  E1/2 values are reported vs. Fc/Fc+ in 
1,2-DFB and vs. NHE in H2O. Adapted from ref. 125.          140 
 
Figure 5.2. Cyclic voltammogram of [K(18-C-6)]3[SO3LCuII(OH)] (2 mM) at pH 10 in H2O 
with 0.1 M NaClO4 supporting electrolyte; collected using a Glassy Carbon working 
electrode at 100 mV/s scan rate. Reprinted with permission from ref. 125. Copyright 2018, 
American Chemical Society.               141 
 
Figure 5.3. Structure of water oxidation catalyst Na[MeLCu(HCO3)]. Adapted from ref. 
184.                 142 
 
Figure 5.4. Overlay of UV-vis spectra during the pH titration (red ~ pH 6, black ~ pH 12) 
of [K(18-C-6)]3[SO3LCuII(OH)] in 0.1 M NaClO4 electrolyte (left) completed by Dr. 
Debanjan Dhar and (right) completed by me; (right, inset) plot of molar absorptivity of 
[K(18-C-6)]3[SO3LCuII(OH)] at 600 nm versus pH for the basic to acidic titration (black) 
and the acidic to basic titration (red). The UV-vis overlay completed by Dr. Debanjan Dhar 
(left) was reprinted with permission from ref. 125. Copyright 2018, American Chemical 
Society.                144 
 
Figure 5.5. Image of aqueous solutions throughout the pH titration of [K(18-C-
6)]3[SO3LCuII(OH)] (5 mM CuII with 0.1 M NaClO4) at pH values ranging from 4.1 to 12.5.  
                 144 
 
Figure 5.6. Overlaid continuous wave X-band EPR spectra of [K(18-C-6)]3[SO3LCuII(OH)] 

at pH 8 (black), pH 9.5 (red), pH 10 (blue) and pH 11 (green); 5 mM [K(18-C-
6)][SO3LCuII(OH)], 0.1 M NaClO4 in water, 35 dB, 30 K.          146 
 



 xxiii 

Figure 5.7. Zoomed overlay of continuous wave X-Band EPR spectra of [K(18-C-
6)]3[SO3LCuII(OH)] at pH 8 (black), pH 9.5 (red), pH 10 (blue) and pH 11 (green); 5 mM 
[K(18-C-6)][SO3LCuII(OH)], 0.1 M NaClO4 in water, 35 dB, 30 K.          147 
 
Figure 5.8. Double integrations of the continuous wave X-Band EPR spectra of [K(18-C-
6)]3[SO3LCuII(OH)] at pH 8 (black), pH 9.5 (red), pH 10 (blue) and pH 11 (green); 5 mM 
[K(18-C-6)][SO3LCuII(OH)], 0.1 M NaClO4 in water, 35 dB, 30 K.          147 
 
Figure 5.9. Cyclic voltammogram of [K(18-C-6)]3[SO3LCuII(OH)] (2 mM) at pH 10 in 
water with 0.1 M NaClO4 supporting electrolyte; collected using a Glassy Carbon working 
electrode at 100 mV/s scan rate.               149 
 
Figure 5.10. Stack plot of cyclic voltammograms collected of [K(18-C-6)]3[SO3LCuII(OH)] 
(2 mM) in water at pH 6 (black), pH 7 (red), pH 8 (blue), pH 9 (orange), pH 10 (green), 
pH 11 (purple) and pH 12 (teal) with 0.1 M NaClO4 supporting electrolyte; collected using 
a Glassy Carbon working electrode at 100 mV/s scan rate.           151 
 
Figure 5.11. Overlay of cyclic voltammograms collected of [K(18-C-6)]3[SO3LCuII(OH)] 
(2 mM) in water at pH 8 with 0.1 M NaClO4 supporting electrolyte as a function of scan 
rate; collected using a Glassy Carbon working electrode.           151 
 
Scheme 5.1. Proposed products from the reaction of electrochemically generated 
[SO3LCuIII(OH)]2– with an organic substrate (where R = C) in water.         154 
 
Figure 5.12. Overlay of cyclic voltammograms of [K(18-C-6)]3[SO3LCuII(OH)] (left) 
without acetone (black) and with ~130 eq. of acetone (red) and (right) without sodium p-
toluenesulfonate (black) and with sodium p-toluenesulfonate (red). Both voltammograms 
were collected with 2 mM [K(18-C-6)]3[SO3LCuII(OH)] in water at pH 12 with 0.1 M 
NaClO4 supporting electrolyte; collected at 100 mV/s scan rate using a Glassy Carbon 
working electrode.               155 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xxiv 

List of Abbreviations 

1,2-DFB  1,2-Difluorobenzene 

18-C-6   18-Crown-6 
1H,13C HSQC  Proton-Carbon Heteronuclear Single-Quantum Correlation 
1H,1H COSY  Proton-Proton Correlated Spectroscopy 

2-PPA   2-Phenylpropionaldehyde 

[2,6-lutH]+  2,6-Lutidinium 

[AcFc]+  Acetylferrocenium 

[BArF
4]–  Tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 

BDE   Bond Dissociation Enthalpy 

BDFE   Bond Dissociation Free Energy 

CH2Cl2  Dichloromethane 

CHD   1,4-Cyclohexadiene 

Cm   Cumyl 

CV   Cyclic Voltammetry 

DbM   Dopamide b-monooxygenase 

DHA   9,10-Dihydroanthracene 

DMF   N,N-Dimethylformamide 

DTBP   2,6-Di-tert-butylphenol 

EA   Elemental Analysis 

EPR   Electron Paramagnetic Resonance  

ESI-MS  Electrospray Ionization-Mass Spectrometry 

ET   Electron Transfer 

ET/PT   Stepwise Electron Transfer followed by Proton Transfer 

EtOH   Ethanol 

EXAFS  Extended X-ray Absorption Fine Structure 

Fc   Ferrocene 

Fc*   Decamethyl Ferrocene 

HAA   Hydrogen Atom Abstraction 

HAT   Hydrogen Atom Transfer 



 xxv 

HOMO  Highest Occupied Molecular Orbital 

IBO   Intrinsic Bond Order 

k2   Second order rate constant 

KIE   Kinetic Isotope Effect 

Krypt   Kryptofix ® 222 

lmax   Wavelength corresponding to a maximum absorption via UV-vis 

LMCT  Ligand-to-Metal Charge Transfer 

LPMO   Lytic Polysaccharide Monooxygenase 

LUMO  Lowest Unoccupied Molecular Orbital 

MeCN   Acetonitrile 

MO   Monooxygenase 

NMR   Nuclear Magnetic Resonance 

PCET   Proton-Coupled Electron Transfer 

PHM   Peptidylglycine a-hydroxylating monooxygenase 

Piv   Pivalamide 

pMMO  Particulate Methane Monooxygenase 

[PPN]+   Bis(triphenylphosphine)iminium 

PT   Proton Transfer 

PT/ET   Stepwise Proton Transfer followed by Electron Transfer 

RDS   Rate Determining Step 

SOMO  Singly Occupied Molecular Orbital 

t4   Four-Coordinate Geometry Factor 

t5   Five-Coordinate Geometry Factor 

TbM   Tyramine b-monooxygenase 

TD-DFT  Time Dependent-Density Functional Theory 

TEMPOH  1-hydroxy-2,2,6,6-tetramethylpiperidine 

THF   Tetrahydrofuran 

TMAO  Trimethylamine-N-oxide 

TMPA   Tris(2-methylpyridyl)amine 

Tren   Tris(2-aminoethyl)amine 



 xxvi 

Triflate (OTf–) Trifluoromethanesulfonate 

TTBP   2,4,6-tri-tert-butylphenol 

UV-vis   Ultraviolet-visible  

WOC   Water Oxidation Catalyst 
XArOH  p-substituted (X) phenols 

XAS   X-ray Absorption Spectroscopy 

XRD   X-ray Diffraction 

 

 



 1 

Chapter 1  

Introductiona 

aThe topics discussed in this chapter were previously published in: 

Elwell, C. E.; Gagnon, N. L.; Neisen, B. D.; Dhar, D.; Spaeth, A. D.; Yee, G. M.; Tolman, 

W. B. Copper–Oxygen Complexes Revisited: Structures, Spectroscopy, and Reactivity, 

Chem. Rev. 2017, 117, 2059-2107. 

 

1.1. Introduction 

Selective oxidation of relatively inert C–H bonds is highly coveted due to the 

surplus of methane reserves. In addition, C–H functionalization remains a primary 

challenge in the organic synthesis of essential chemicals, including pharmaceuticals.1,2  

Understanding how oxidations of organic molecules occur in nature and developing 

selective, green, and efficient methods to perform these transformations are important goals 

in chemical research.3-6 Such reactions are important in a variety of processes, including 

metabolism, synthesis of useful organic compounds, and energy-related conversions. Metal 

ions play a crucial role as oxygenation and oxidation reagents and catalysts, largely through 

their ability to activate O2 and to generate unique metal-oxygen species that possess the 

ability to attack even the strongest C–H bonds. Copper ions are particularly prevalent in 

enzymes,7,8 heterogeneous catalysts,9,10 and soluble reagents11-13 that oxidize organic 

molecules, and they are also involved in four-electron processes that interconvert O2 and 

H2O.14-16 Many mechanisms have been postulated for these systems, which may contain 

one or more copper ions that generate structurally diverse intermediates. Longstanding 



 2 

goals have been to comprehend these mechanisms, determine the structures of key 

intermediates, and understand structure/function relationships for the catalytic centers, 

ultimately to enable the design of new and more selective and/or reactive oxidation 

catalysts. 

 A viable strategy for reaching these goals involves the synthesis, characterization, 

and detailed evaluation of the reactivity and mechanisms of reactions of discrete molecules 

that contain copper-oxygen moieties. Two comprehensive reviews on copper-oxygen 

moieties in biological and abiological catalysis have been published previously.17,18 In this 

introduction, I discuss selected model complexes that have provided unique and 

fundamental insights into possible structures, properties, and reactivity of mononuclear 

copper-oxygen intermediates involved in oxygenation and oxidation reactions in both 

biological and abiological systems. Many of the studies discussed in this introduction are 

covered in more detail in the latest copper-oxygen model complex review.19 The 

subsequent discussion is organized by the monocopper core of the synthetic compounds 

(Sections 1.2–1.4).  

 
1.1.1. Proposed mononuclear copper-oxygen intermediates in biology 

Much of the research on synthetic copper-oxygen compounds is inspired by 

postulates for active site intermediates and mechanisms in enzymes. Herein a summary is 

presented of some of the proposed mononuclear copper-oxygen motifs and key issues that 

have guided synthetic modeling work.7 
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Figure 1.1. Proposed mononuclear copper-oxygen intermediates involved in the reactions 
of (a) dopamine b-monooxygenase (DbM) and peptidylglycine a-hydroxylating 
monooxygenase (PHM) and (b) lytic polysaccharide monooxygenase (LPMO). Adapted 
from ref. 19.  

	
Monocopper species have been proposed as intermediates in hydroxylations 

catalyzed by dopamine and tyramine b-monooxygenases (DbM and TbM),20-23 

peptidylglycine a-hydroxylating monooxygenase (PHM),24,25 and lytic polysaccharide 

monooxygenase (LPMO) (Figure 1.1).26-31 In DbM, TbM, and PHM, the copper 

coordination sphere includes two histidine imidazolyls and a methionine thioether, whereas 

in LPMO a histidine imidazolyl and a “histidine brace” comprising a histidine imidazolyl 

and the amine terminus of the peptide chain are bound to the active site metal ion. The 

“histidine brace” has also been identified in particulate methane monooxygenase (pMMO), 

the active site of which was originally categorized as a dicopper center, but is currently still 

under debate.32-34 The most recent research on pMMO concludes that the active site is 

monocopper, a claim supported by advanced EPR spectroscopy and XRD of the enzyme.35 

For all of the monocopper systems, reaction of Cu(I) with O2 is proposed to yield a 

copper(II)-superoxide adduct (X = OO･−; also written as [CuOO]+).36 Such an adduct has 
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been characterized by X-ray crystallography in an oxygenated pre-catalytic PHM enzyme 

complex37 and has been proposed to attack the C–H bond of substrate, primarily on the 

basis of kinetic data obtained for DbM and PHM.20 X-Ray crystal structures have been 

obtained for the oxygenated LPMO active site suggesting a Cu(II)-peroxo intermediate,38,39 

but low resolution and disorder within the structures have hindered unambiguous 

identification of the oxygenated species.40 The presumed product of the reaction of the 

[CuOO]+ core and substrate is a copper(II)-hydroperoxide (X = OOH; also written as 

[CuOOH]+).41,42 This latter species could also be formed from the superoxo complex by 

addition of a proton from the medium and an electron from a redox site. Alternatively, a 

copper(II)-hydroperoxide might also be capable of attacking substrate, either directly or 

after O–O bond scission to yield a copper(II)-oxyl (X = O･; also written as [CuO]+). 

Computational studies aimed at evaluating the feasibility of these intermediates and their 

ability to attack a substrate C–H bond have indicated that the [CuO]+ unit, best described 

as having a triplet ground state with a Cu(II) ion weakly bonded to an O-centered 

radical,43,44 is the least stable species and is the most potent oxidant (Figure 1.2).45-50 In the 

case of LPMO, there has been some debate regarding the protonation state of the amine 

terminus within the “histidine brace”.51 Specifically, neutron diffraction studies of LPMOs 

revealed a lack of electron density surrounding Namine and a Cu–NH2–Ca angle ~ 117°, 

invoking the possibility of a deprotonated active site which may support a Cu(III) oxidation 

state (Figure 1.2).38,52 These various ideas concerning the mechanism of substrate attack 

by the monocopper enzyme sites and the structures of the putative intermediates have 

inspired numerous attempts to synthesize complexes with Cu–X cores where X = OO･−, 
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OOR (Figure 1.2, Box A) or X = O･/OH– (Figure 1.2, Box B) to understand their properties 

and reactivity (Sections 1.2 – 1.4).  

 

		

Figure 1.2. Postulated intermediates for O2 activation at a monocopper site. Vertical 
arrows emphasize proton transfer (PT), horizontal arrows emphasize electron transfer (ET) 
and diagonal arrows emphasize proton-coupled electron transfer (PCET). All arrows are 
drawn unidirectional, however, each arrow represents equilibria characterized by pKa (PT, 
vertical), E1/2 (ET, horizontal) or BDE (PCET, diagonal in gray). The black box labeled A 
indicates the square scheme prior to O–O cleavage while the black box labeled B indicates 
the square scheme for selected possible intermediates following O–O cleavage. Each 
intermediate is written in two forms: possible formal oxidation states (black) or overall 
core with charge (red). Adapted from ref. 49. 

	
 In the case of all Cu–X species (where X = OO･−, OOR, O･ or OH–), it is postulated 

that upon reaction with a given C–H substrate, an H-atom (H+, e–) is transferred to the core 

(denoted by the gray diagonal arrows in Figure 1.2). To overcome the thermodynamic 

barriers associated with oxidation, enzymes split the reaction into multiple steps where the 
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transferred protons and electrons are coupled, formally called proton-coupled electron 

transfer (PCET).53 Under the umbrella of PCET, three different concerted reactions are 

categorized by the transfer site(s) of both the proton and electron: (1) Hydrogen Atom 

Transfer (HAT), (2) Separated Concerted-Proton Electron Transfer (CPET) and (3) 

Multiple Site CPET.53 HAT is defined by the transfer of a proton and electron together to 

the same site in a given compound (Figure 1.3a), separated CPET is defined by the transfer 

of a proton and electron to two separate sites in a given compound (Figure 1.3b) and, lastly, 

multiple site CPET is defined as the transfer of a proton and electron to two separate sites 

in two different compounds (Figure 1.3c).53 The best-known PCET reaction is HAT partly 

because it has been postulated as the rate-determining step (RDS) in monooxygenases 

(MOs) and has become the step of interest given that it dictates the rate and substrate scope 

of the reaction.53 However, in many cases, distinction of the three PCET reactions is 

difficult without the aid of theoretical calculations. Thus, expansion of the library of 

synthetic copper-oxygen intermediates is important to better understand the nature of 

PCET reactions in abiological and biological catalysis.  

	

Figure 1.3. Representations of proton-coupled electron transfer (PCET) reactions: (a) 
hydrogen atom transfer (HAT), (b) separated concerted-proton electron transfer (CPET) 

X H A
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and (c) multiple site CPET. ET (blue) indicates electron transfer while PT (red) indicates 
proton transfer. Adapted from ref. 53. 

	
1.1.2. Proposed mononuclear copper-oxygen intermediates in abiological catalysis 

	
Copper-oxygen intermediates comparable to those postulated for enzymes may also 

be involved in oxidations of organic substrates by synthetic catalysts.11,12 In most cases, 

however, evidence for such intermediates in oxidations is sparse or nonexistent, or 

pathways involving aerial oxidation of Cu(I) to Cu(II) species are invoked that do not 

specify the nature of any copper-oxygen species involved.54,55 A few key examples are 

discussed where experimental support for copper-oxygen intermediates during an 

oxidation reaction has been provided and/or particularly provocative hypotheses for 

copper-oxygen intermediates are proposed on the basis of theory. 

The copper(II)-hydroperoxide, [CuOOH]+, core has been implicated in several 

abiological catalytic reactions. For example, this intermediate was proposed to be the active 

oxidant of thioanisole and dimethyl sulfide by H2O2 catalyzed by a bis(2-

pyridylmethyl)tert-butylamine-based copper(II) complex in the presence of NEt3.56 In 

addition, encapsulation of a terpyridine-based copper(II) complex into a Na-Y zeolite, 

[Cu(terpy)]2+@Y, revealed high selectivity for the oxidation of thioanisole, benzene and 2-

phenylethylamine in the presence of H2O2 to form quantitative yields of 

methylphenylsulfoxide, phenol and 2-amino-1-phenylethanol, respectively (Figure 1.4).57 

Kinetic studies with [Cu(terpy)]2+@Y revealed the RDS to be the reaction of [Cu(terpy)]2+ 

with H2O2 and spectroscopic evidence was provided to implicate a thermally stable but 

active [CuOOH]+ core.57 
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Figure 1.4. (a) Structure of encapsulated [Cu(terpy)]2+@Y, (b) proposed structure of 
monocopper complex, [Cu(terpy)(OOH)]+ and (c) reactions catalyzed by [Cu(terpy)]2+@Y 
in the presence of H2O2. Adapted with permission from ref. 57. Copyright 2018, American 
Chemical Society. 

	
To date, there have been no experimental reports of an unambiguously 

characterized [CuO]+ core, except in the gas phase. In the gas phase, the [CuO]+ moiety 

has been found capable of hydroxylating methane.58 Recently, spectroscopic 

characterization of [CuO]+ in the gas phase revealed biradical-oxygen copper(I) character 

when observed alone but increasingly monoradical copper(II)-oxyl character when 

supported by ligands including acetonitrile, 9,10-phenanthrenequinone and 1,10-

phenanthroline, respectively.59 This spectroscopic work with [CuO]+ was also supported 

by theoretical work.59 An example of a copper-catalyzed oxidation reaction for which a 

copper(II)-oxyl intermediate is proposed is in the hydroxylation of benzoate derivatives 

(Figure 1.5).60,61 DFT calculations employed to analyze this process suggested that 

homolytic scission of the N–O bond in a copper(II) complex of trimethylamine-N-oxide 

(TMAO) yielded a copper(II)-oxyl intermediate.61 Copper(II)-oxyl species have also been 

proposed in other catalytic reactions. For example, based on density functional theory 
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(DFT) calculations such a unit has been suggested to be the active oxidant in the oxidation 

of alkanes by H2O2 catalyzed by tris(pyrazolyl)hydroborate-based copper complexes.62  

	

Figure 1.5. Overall catalytic reaction and proposed mechanism for the hydroxylation of 
benzoate derivatives (TMAO = trimethylamine-N-oxide). Adapted from ref. 61. Reprinted 
with permission from ref. 19. Copyright 2017, American Chemical Society. 

	
These and other examples of copper-catalyzed oxidations for which copper-oxygen 

species are postulated serve as inspiration for studies aimed at understanding the properties 

of copper-oxygen complexes. The following sections will focus on the structure and 

reactivity of selected synthetic mononuclear [CuOO]+, [CuOOR]+/2+ and [CuOH]2+ cores.  

	
1.2. Previous studies of the [CuOO]+ core 
	

Complexes comprising a copper ion bound to an O2
n– unit (n = 1 or 2) model the 

initial adduct formed upon reaction of Cu(I) biosites with O2 (Figure 1.2). Such complexes 

have been prepared by exposure of solutions of Cu(I) complexes to dioxygen or by reaction 

of a superoxide salt with a Cu(II) precursor, with both types of procedures typically 

performed at low temperatures in organic solvent. The complexes vary with respect to the 

way in which the O2
n– unit binds (end-on, h1, vs. side-on, h2) and the degree of electron 

O NH

R
R

CO2H

O NH

R
R

CO2H

OHCu/O2/TMAO

R = H, Me, Ph

O

N
O

O

CuII

TMAOO
N

O

N
O

O

CuII

TMAOO
-Me3N H

O

N
O

O

CuII

TMAOO

H

‡

Catalytic Reaction

Proposed mechanism

H

O

N
O

O

CuI

TMAO

OH



 10 

transfer from the copper ion to the O2 moiety, with (superoxo)copper(II) and 

(peroxo)copper(III) representing the two extreme formulations (Figure 1.6). In many cases, 

the 1:1 Cu:O2 complexes are observed only as transient intermediates that convert to or 

interconvert rapidly with dicopper species. Key research goals have been to elucidate how 

supporting ligands influence the structural attributes of the 1:1 Cu:O2 adducts and to 

understand structure/reactivity correlations.63,64 

	

Figure 1.6. Structures of 1:1 Cu:O2 cores, [CuOO]+. Reprinted with permission from ref. 
19. Copyright 2017, American Chemical Society. 

	
1.2.1. Structures and properties 

	
Prior to 2004, only three examples of isolable 1:1 Cu:O2 complexes had been 

described, with two having been characterized by X-ray crystallography (1a and 3b, Figure 

1.7). Compounds 1, 3, and 4 exhibit side-on (h2) binding of the O2
n– fragment. 

Subsequently, the first X-ray crystal structure of an end-on (h1) (superoxo)copper(II) 

complex was reported (2),65,66 and a number of other 1:1 Cu:O2 complexes have been 

described.37,48,63,66-89 A summary of the properties of selected 1:1 Cu:O2 adducts are 

summarized in Table 1.1 and Table 1.2. 
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Figure 1.7. 1:1 Cu:O2 adducts defined by X-ray crystallography supported by: a 
hydrotris(3-isopropyl-5-tert-butyl-1-pyrazolyl)borate (TpiPr,tBu) or hydrotris(3-isopropyl-
5-adamantyl-1-pyrazolyl)borate ligand (TpiPr,Ad) (1a, b), tris(tetramethylguanidino)(tris(2-
aminoethyl)amine) ligand (TMG3tren) (2), N,N’-bis(2,6-diisopropylphenyl)-2,2,6,6-
tetramethyl-3,5-pentanediiminate (btBu2) or N,N’-bis(2,6-diisopropylphenyl)-3,5-
pentanediiminate ligand (bMe2) (3a, b) or N-[2,6-bis(1-methylethyl)phenyl]-2-[1-[[2,6-
bis(1-methylethyl)phenyl]imino]ethyl]benzeneamine ligand (anilido imido) (4). Reprinted 
from ref. 63. Copyright 2007, American Chemical Society. 
 
Table 1.1. Selected spectroscopic properties of 1:1 Cu:O2 complexes. Modified from ref. 
19. 
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h2 1a 352 (2330) 1112 (26) – 1124 (31) 72, 85 
h1 2 444 (3500) 1117 (28) 435 (20) 1218 (32) 66, 72, 73  
h2 3b – 961 (49)  – 1013 (28) 72, 88 
h2 4 390 (7600) 974 (66) – 1041 63,80 
h1 5* 627 (1700) 1104 (60) – 1182 (66) 68 
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Table 1.2. Selected interatomic distances in 1:1 Cu:O2 complexes. Modified from ref. 19. 

 

 

 

 

 

The adducts outlined in Table 1.1 and Table 1.2 share an intense UV-vis feature at 

~ 400 nm (e ~ 103 M–1cm–1), the irradiation into which results in enhancement of n(O–O) 

and n(Cu–O) in Raman spectra. Thus, it is assigned as an O2
n– → Cu ligand-to-metal charge 

transfer (LMCT) transition. The n(O–O) and n(Cu–O) fall in the range 950–1200 cm–1 and 

430–560 cm–1, respectively. Complex 2, assigned as having end-on (h1) coordination, 

exhibits n(O–O) ~ 1100 cm–1 commonly associated with superoxide, which also holds for 

the side-on (h2) complex 1a. However, the calculated n(O–O) values for both 1a and 2 

were predicted to differ by ~ 100 cm–1 where n(O–O) for 2 is ~ 1200 cm–1. A value of n(O–

O) < 1100 cm–1 is typical for h2 1:1 Cu:O2 complexes, despite that observed for 1a. The 

low values ~ 1000 cm–1 for the other h2 complexes, 3b and 4, implicate a significantly 

reduced O–O bond order, but these values are higher than typically observed for metal-

peroxides (~ 800–850 cm–1).63 The available measured (via X-ray crystallography) and 

calculated O–O bond distances (Table 1.2) are consistent with the n(O–O) differences 

(higher n(O–O) = shorter O–O distance). The Cu–O and O–O distances determined for the 

end-on (h1) superoxide active site structure within the PHM enzyme are comparable to the 
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(exp, Å) 

Distances 
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Ref. 

Cu–O O–O Cu–O O–O  
h1 PHM enzyme 2.11 1.23 – – 37 
h2 1a 1.84(1) 1.22(3) – 1.33 72, 85 
h1 2 1.927(2) 1.280(3) – 1.29 66, 72 
h2 3b 1.821(5) 1.392(12) 1.86 1.38 72, 78, 89 
h2 4 1.826(2) 1.392(3) – – 80 
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distances observed for model complexes 1–4, but the most similar distances correspond to 

the end-on complex 2.37  

 In previous work by the Tolman group, a h1 copper(II) superoxide supported by a 

dianionic bis(arylcarboxamido)pyridine ligand (L2–) with an overall –1 charge was 

characterized, [5][K(18-C-6)] (Figure 1.8, Table 1.1).68 The h1 superoxide supported by L 

featured a less intense, red-shifted UV-vis transition (~ 600 nm, e ~ 1700 M–1 cm–1) 

compared to the other superoxide complexes included in Table 1.1, yet it revealed a n(O–

O) value within the range expected for a h1 copper(II) superoxide (1104 cm–1).68 It is 

possible that the anionic nature of [LCuOO]– contributed to its low energy LMCT band 

and, subsequently, its reactivity in the presence of organic substrates (discussed in Section 

1.2.2). 

	

Figure 1.8. Proposed structure of [5][K(18-C-6)]. Adapted from ref. 68.  
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In view of the proposals that a Cu(II)-O2

–・species is responsible for attacking a 
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from 3a to yield a Cu(I)-PPh3 complex). Computational studies show that the poor 

oxidizing ability of these complexes may be traced to the strong electron donating character 

of their supporting ligands that render reduction and protonation difficult.63,90 However, 

several h1 Cu(II)-O2
–・ complexes exhibited promising reactions with C–H 

bonds.70,71,77,91,92 In addition, h1-Cu(II)-O2
–・ complexes supported by electron donating 

tris(2-methylpyridyl)amine (TMPA) derivatives, TMPANMe2 and TMPAOMe, and 

tris(tetramethylguanidino) tris(2-aminoethyl)amine (TMG3tren) react rapidly with phenols 

(Figure 1.9).67,76,93 The Cu(II)-O2
–・ complexes supported by TMPANMe2 and TMG3tren 

convert para-OMe-2,6-di-tert-butylphenol to a mixture of the corresponding quinone, 

hydroperoxide, and radical; only quinones are formed from 2,6-di-tert-butylphenol 

(DTBP) and 2,4,6-tri-tert-butylphenol (TTBP). 76,93 For the case of TMG3tren, an alkoxide 

complex arising from intramolecular hydroxylation of a ligand methyl group is observed, 

which was proposed to result from reaction of the [CuOOH]+ species derived from initial 

HAT from the weak phenol (or 1-hydroxy-2,2,6,6-tetramethylpiperidine, TEMPOH) O–H 

bond.93  

 

	

Figure 1.9. Structures of  h1-Cu(II)-O2
–・ complexes supported by TMPANMe2, TMPAOMe 

and TMG3tren that react rapidly with phenols. Adapted from refs. 67, 76 and 93.  
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In contrast to the above examples, reaction of the h1-Cu(II)-O2
–・ complex 

supported by tris(hexaisopropylterphenyl) tris(2-aminoethyl)amine (HIPT3tren) does not 

readily abstract H-atoms from phenols.69,68 The observed low reactivity of the HIPT3tren 

complex with hydroxylamine and phenols (in acetone at –90 °C) was ascribed to poor 

access of substrate due to the hydrophobic steric encumbrance of the HIPT moiety in the 

supporting ligand.69 Complex [5][K(18-C-6)] was initially found to be unreactive in the 

presence of alkyl-substituted phenols with the exception of an acid/base reaction in the 

presence of p-nitrophenol.68 This result was concluded to be consistent with the 

nucleophilic/basic character of the anionic complex.68 In addition, investigation of the 

reaction of complex [5][K(18-C-6)] with acyl chlorides and aldehydes, notably 2-

phenylpropionaldehyde (2-PPA), further indicated its nucleophilic nature.94 Specifically, 

complex [5][K(18-C-6)] was proposed to perform Baeyer-Villiger oxidation of aldehydes, 

which had not been observed previously for other metal-superoxides (Figure 1.10).94  

 

	

Figure 1.10. Intermediates in the mechanism of oxidation of 2-PPA by [5][K(18-C-6)] as 
previously proposed in 2014. Reprinted with permission from ref. 94. Copyright 2014, 
Wiley-VCH.  
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transfer agent Krpytofix® 222 (krypt) in place of 18-crown-6 (18-C-6).95 This modification 

resulted in greater solubility of the KO2 salt in THF and eliminated the need for DMF, a 

problematic solvent that enhanced the decay of [5][K(18-C-6)] even at low temperatures.95 

Using this new method, the reaction of [5][K(krypt)] with 2-PPA was reinvestigated, 

revealing a different mechanism from that previously reported.94,95 When anhydrous 2-PPA 

was added to [5][K(krypt)] at –60 °C, no reaction was observed.95 However, 2-PPA that 

had not been subjected to drying procedures reacted with [5][K(krypt)] at –60 °C to reveal 

a Cu(II)-hydroxide intermediate ([LCuOH]–, k1 = 6(2) M–1 s–1) followed by a stable Cu(II)-

enolate product ([LCu(OC=C(Me)Ph]–, k2 = 0.83(5) M–1 s–1) via UV-vis and EPR 

spectroscopies (Figure 1.11).95 GC/MS analysis of the organic products from this reaction 

revealed formation of acetophenone.95 This reinvestigation led to the conclusion that 

[5][K(krypt)] acts as a base rather than a nucleophile, and that the intermediate [LCuOH]– 

is responsible for the reaction with 2-PPA to yield [LCu(OC=C(Me)Ph]– and, 

subsequently, acetophenone.95 

	

Figure 1.11. Proposed mechanism for reaction of [5][K(krpyt)] with both anhydrous (top 
middle) and wet (top left) 2-PPA, highlighting the [LCuOH]– intermediate and the 
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[LCu(OC=C(Me)Ph)]– product. Reprinted with permission from ref. 95. Copyright 2019, 
American Chemical Society. 

 The optimization of the synthesis of [5][K(krypt)] also enabled more detailed 

thermodynamic and mechanistic studies of its reactions.96 The reaction of [5][K(krypt)] 

with TEMPOH at –80 °C occurs rapidly via a second-order mechanism (k2 = 35.4 ± 0.3 M–

1 s–1) to form TEMPO・ and [LCuOOH]–, both of which were confirmed by EPR 

spectroscopy.96 The rate of reaction of [5][K(krypt)] with p-substituted phenols, XArOH 

where X = NO2, CF3, Cl, H, Me, tBu, OMe or NMe2, was found to follow two different 

mechanisms that depended on the electronic nature of X.96 Reactions of [5][K(krypt)] with 

XArOH where X was an electron-withdrawing group (e.g. X= NO2, CF3 or Cl) were found 

to follow stepwise proton transfer followed by electron transfer (PT/ET) while reactions of 

[5][K(krypt)] with XArOH where X was an electron-donating group (e.g. X = OMe or 

NMe2) were found to follow concerted-proton electron transfer (CPET) (Figure 1.12).96 In 

cases where X was electronically moderate (e.g. X = H, Me or tBu), the reaction of 

[5][K(krypt)] with XArOH was postulated to proceed via either or both PT/ET or CPET as 

both pathways possessed similar thermodynamic driving forces (DGPT ~ DGPCET).96  

 

	

Figure 1.12. (a) Two proposed mechanistic pathways (red = PT/ET, blue = CPET) and (b) 
Hammett plot of log(kX/kH) vs. sp for the reaction of [5][K(krypt)] + XArOH where X = 
NO2, CF3, Cl, H, Me, tBu, OMe or NMe2; “S” stands for solvent. Reprinted with permission 
from ref. 96. Copyright 2019, American Chemical Society. 
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The mechanistic crossover observed for the reaction of [5][K(krypt)] with XArOH 

enabled the determination of important thermodynamic parameters associated with the 

square scheme in Figure 1.13 (modified from box A originally included in Figure 1.2, 

Section 1.1.1).96 Since the free energies associated with PT and CPET in the reaction of 

[5][K(krypt)] with XArOH when X = Me were nearly identical, a pKa of ~ 19 was estimated 

for the corresponding LCuIII(OOH) complex. Equations 1.1–1.5 were used to express DGPT 

and DGPCET
97,98 for the reaction of [5][K(krypt)] with MeArOH, which were ultimately set 

equal to solve for pKa. The redox potential corresponding to the [CuOOH]2+/+ couple (E1/2 

= –0.215 V vs. Fc/Fc+) was determined experimentally via in situ generation of 

[LCuIIOOH]– from 1 eq. [LCuIIOH]– with 1 eq. H2O2 at 25 °C in THF.96 The BDE of the 

O–H bond formed in the [LCuIIOOH]– product was found to be ~ 87 kcal mol–1 via the 

LCuIIIOOH pKa and [CuOOH]2+/+ E1/2 values (eq. 1.2, Figure 1.13). Overall conclusions 

from this work emphasized the unique reactivity associated with a synthetic [CuOO]+ core 

such that the anionic nature of [5][K(krypt)] enabled a predominant PT/ET pathway 

resulting from the basic nature of the superoxide in the complex.96  

 	

Figure 1.13. Square scheme (modified from Box A, Figure 1.2, Section 1.1.1) 
corresponding to the reaction of [5][K(krypt)] with p-substituted phenols (XArOH) with 
determined pKa, E1/2 and O–H BDE values included (in DMSO). Adapted from ref. 96. 
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DGCPET = BDEMeArO–H – BDECuOO–H   (eq. 1.1) 

BDECuOO–H = 1.37pKa + 23.06E° + CH    (eq. 1.2) 

DGCPET = 25.18 – 1.37pKa CuOO–H     (eq. 1.3) 

DGPT = 2.303RT(pKa MeArO–H – pKa CuOO–H)   (eq. 1.4) 

DGPT = 18.43 – 0.975pKa CuOO–H     (eq. 1.5) 

	
Studies on the reactivity of [CuOO]+ cores in the presence of organic substrates 

often involve the formation of [CuOOH/R]+ intermediates following HAT (briefly 

discussed throughout this section) that have been proposed in biological and abiological 

catalysis. The following section will discuss the synthesis, structure and reactivity of 

[CuOOR]+ cores as well as one high-valent [CuOOR]2+ core.  

 
1.3. Previous studies of [CuOOR]+/2+ cores 
	

The [CuOOR]+ unit has been suggested as a key intermediate in catalytic oxidations 

by O2 or ROOH (R = H or alkyl). The (hydroperoxo)copper(II) unit proposed to be an 

active oxidant in enzymes may be accessed by the routes outlined in Figure 1.14. One path 

involves a 1:1 Cu:O2 adduct reacting with a proton and an electron, either via separate steps 

or through HAT from substrate.93 This route directly models the way the [CuOOH]+ moiety 

is thought to be generated in biology. Alternative syntheses of [CuOOR]+ complexes (R = 

H or alkyl) involve treatment of copper(I) or copper(II) precursors with H2O2 or ROOH 

either in the presence or absence of base.99-114 The following subsections discuss the 

structures, properties and reactivity of selected synthetic [CuOOR]+ species. In addition, 

the synthesis and reactivity of a unique [CuOOR]2+ core is detailed. 
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Figure 1.14. Routes by which [CuOOR]+ (R = H or alkyl) complexes may be generated. 
X–H = substrate C–H or O–H bond. Supporting ligands are omitted. Reprinted with 
permission from ref. 19. Copyright 2017, American Chemical Society. 

	
1.3.1. Structures and properties 

	
Only four complexes with the [CuOOR]+ unit have been characterized by X-ray 

crystallography; their structures are drawn in Figure 1.15.115-117 The X-ray structures reveal 

similar h1 coordination of the hydro and alkylperoxo ligands, respectively, and similar O–

O distances of ~1.46 Å (Table 1.3), consistent with a peroxide formulation.116,118 A key 

difference is the presence of two hydrogen bonding interactions in complex 7 from the 

amide substituent N–H groups in the supporting TMPApiv2 ligand to the proximal oxygen 

of the peroxide. These interactions influence the properties and reactivity of the [CuOOH]+ 

unit (see Section 1.3.2). It is also noted that complexes 6–8 differ in overall charge where 

6 and 7 are cationic while 8 is anionic.  
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Figure 1.15. [CuOOR]+ adducts defined by X-ray crystallography supported by: TpiPr2 
where R = Cm (6), bis(6-pivalamide-2-pyridylmethyl)(2-pyridylmethyl)amine (TMPApiv2) 
where R = H (7) and L where R = Cm (8a) or R = tBu (8b). (6) Adapted from ref. 115. (7) 
Adapted from ref. 116. (8) Adapted from ref. 117.   
 
Table 1.3. Interatomic distances from [CuOOR]+ complexes. Modified from ref. 19. 
 
 
 
 

 

 

	
	
Table 1.4. Selected spectroscopic properties of [CuOOR]+ complexes. Modified from ref. 
19. 
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Other selected [CuOOR]+ complexes have been identified and characterized via a 

multitude of spectroscopic techniques (Table 1.4).110,117,119,120 Notably, [CuOOH]+ 

complexes show a diagnostic UV-vis feature at ~ 350 nm while [CuOOR]+ complexes 

feature a higher energy lmax near ~ 550 nm. In both cases, the lmax values are assigned as 

a peroxide → Cu(II) LMCT transition. Excitation into the LMCT band with resonance 

Raman spectroscopy allows for observation of O-isotope sensitive Cu–O and O–O 

vibrations. Typically, values of n(Cu–O) ~ 550 cm–1 and n(O–O) ~ 850 cm–1 are observed. 

In addition, these complexes typically exhibit EPR signals characteristic for Cu(II). 

 
1.3.2. Reactivity 

	
Variability in the reactivity of [CuOOR]+ complexes has been observed, with some 

being stable only at low temperature and prone to decomposition upon warming and/or 

reactions with exogenous substrates, and others being quite robust and unreactive. In 

addition, the reaction pathways are sensitive to the nature of the supporting ligand and the 

solvent.  

Examples of stable, relatively unreactive [CuOOR]+ complexes include those 

supported by the ligands tris(hexamethyl)tren (Me6tren) (R = H or Cm),110 N4Py (R = H)103 

and TMPApiv2 (7) (R = H).115 DFT calculations aimed at evaluating the reactivity of 

[(N4Py)CuOOH]+ for epoxidation of ethylene revealed a high reaction barrier for O–O 

bond homolysis consistent with experimental observations.103 The stability of the 

TMPApiv2 complex 7 (Figure 1.15) was attributed to a combination of hydrogen bonds from 

the amide NH groups to the proximal O-atom of the bound hydroperoxo ligand and steric 

shielding by the tert-butyl substituents.115,121  
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Some of the primary chemical transformations observed for reactive [CuOOR]+ 

complexes have included intramolecular aryl ligand hydroxylation,100,101,104 oxidation of 

pendant N-alkyl amines,93,102,106-107,109 as well as O–O bond homolysis105 and hetrolysis.112 

Warming of the [CuOOH]+ complex supported by TMPAtBuPh in acetone from –80 °C to 

room temperature followed by aqueous workup yielded hydroxylated TMPAtBuPh ligand, 

which was labeled with 18O when H2
18O2 was used.101 In a detailed investigation of a 

[CuOOH]+ complex capable of N-dealkylation, a mechanism involving Cu–O bond 

homolysis to yield Cu(I) and the hydroperoxyl radical was proposed.109 Subsequent 

Fenton-like chemistry involving reaction of the Cu(I) complex supported by a modified 

TMPA ligand, TMPABz2, with H2O2 was suggested to yield a Cu(II)-hydroxide and 

hydroxyl radical (Figure 1.16).109 Evidence in favor of O–O bond homolysis in a 

[CuOOR]+ (R = Cm) complex supported by a bis(6-phenyl-2-pyridylmethyl)benzylamine 

(NPyPh
2) ligand was observed.105 A step-wise mechanism involving rapid pre-equilibrium 

formation of a copper(II)-oxyl followed by HAT or radical trapping steps was proposed 

(Figure 1.17a). 105 In addition, heterolytic O–O bond scission was implicated in the reaction 

of a Cu(I) complex supported by N-(2-pyridylethyl)-1,5-thiazocane (NSPy) with cumyl 

hydroperoxide (Figure 1.17b).112 The reaction proceeded to give cumyl alcohol (CmOH) 

as the predominant product (90-98%), with only minor amounts of acetophenone observed. 

These results are consistent with 2-electron reduction of the peroxide moiety. 
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Figure 1.16. Hypothesized mechanism for N-dealkylation of [(TMPABz2)CuOOH]+. All 
copper species have an overall charge of +1. Reprinted with permission from ref. 19. 
Copyright 2017, American Chemical Society.  

	

	
Figure 1.17. (a) Reactivity of [(NPyPh

2)CuOOCm]+ with proposed mechanism involving 
O–O bond homolysis and (b) proposed pathway for reaction of cumyl hydroperoxide 
(CmOOH) with [(NSPy)CuOOCm]+ to yield CmOH via heterolytic O–O cleavage; Solv = 
solvent. Adapted from refs. 105 and 112.  
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as a poor oxidant.117 Investigation of the reactivity of 9a with excess TEMPOH at –80 °C 

in THF revealed a sluggish second order reaction (k2 = 2.4(4) M–1 s–1) that yielded ~ 70% 

TEMPO・ by EPR spectroscopy.117  However, no reaction was observed between 9a and 

several other substrates with relatively weak C–H and O–H bonds, including 9,10-

dihydroanthracene (DHA), 1,4-cyclohexadiene (CHD), TTBP, DTBP or tBuArOH. 117 Yet, 

complex 9a did react rapidly with p-(dimethylamino)phenol (NMe2ArOH) at –80 °C in THF 

to yield a copper(II)-phenoxyl species with an intense UV-vis feature ~ 740 nm (Figure 

1.18).117 It was concluded that the relatively low pKa and O–H bond dissociation free 

energy (BDFE) of NMe2ArOH among the phenol series led to the reaction observed with 9a 

and that the mechanism likely proceeds via CPET or ET/PT.117 In addition, the low 

oxidation potential of [LCuOOCm]0/– couple combined with the expected high acidity of 

the [LCuIIIHOOCm]+ complex was used to explain the lack of thermodynamic driving 

force for a PCET reaction to occur between 9a and organic substrates.117 The complexes 

[5][K(krypt)] (Section 1.2.2) and 9a, both supported by L, exhibit large reactivity 

differences, indicating that the ancillary oxygen-containing ligand plays an important role 

in overall reactivity. 
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Figure 1.18. Reactivity of 9a with a variety of substrates including TEMPOH and 
NMe2ArOH with the corresponding characterized products at –80 °C in THF. Other X–H 
refers to DHA, CHD, TTBP, DTBP or tBuArOH substrates while VT stands for various 
temperatures. Adapted from ref. 117. 
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These complexes were prepared by one-electron oxidation of [CuOH]+ precursors, and 

were formulated as Cu(III) compounds based on X-ray absorption spectroscopy (XAS), 

EPR spectroscopy, and DFT analysis of UV-vis spectra. Key spectroscopic features for the 

[CuOH]2+ core include (a) an X-ray absorption edge energy ~ 1.7 eV higher than that of 

the precursor Cu(II) complex (10) and average Cu–O(N) distances shorter by ~ 0.1 Å than 

the Cu(II) precursor by Extended X-ray Absorption Fine Structure (EXAFS) (10), (b) EPR 

silence consistent with a S = 0 Cu(III) formulation, and (c) identification of the intense 

absorption feature ~ 500–570 nm assigned by DFT calculations as a LMCT transition from 

the π system of the flanking aryl rings to the [CuOH]2+ core for 10–13. 

 

 	

Figure 1.19. Complexes with [CuOH]2+ core supported by electronically modified 
bis(arylcarboxamido)pyridine (XLn–) ligands; 10 is supported by L2–, 11 is supported by 
MeL2–, 12 is supported by NO2L2–, 13 is supported by PipMeL2–, 14 is supported NMe3L0 and 
15 is supported by SO3L4–. Adapted from refs. 122–125.  
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clearly reflecting C–H bond scission in the RDS and suggestive of a significant tunneling 

contribution. Since this first report, more detailed studies of the properties and reactivity 

of 10, 12, and 13 were performed.123,124 The differing degrees of electron donation by the 

ligands across the series were reflected in spectroscopic properties and oxidation potential 

differences. For example, a 400 mV range in E1/2 values for the CuIII/CuII redox couple was 

observed (13 (–0.260 V) < 10 (–0.070 V) < 12 (0.124 V), all versus Fc/Fc+ in 1,2-

difluorobenzene (1,2-DFB)).124 The redox behavior is inversely correlated to the basicity 

of the hydroxide in the Cu(II) precursors, which spans a range of ~ 4 pKa units (16–20), 

and together these effects result in the formation of strong O–H bonds in the aquo 

complexes that are products of HAT reactions (bond dissociation enthalpies (BDEs) = 88–

91 kcal mol–1; 13 < 10 < 12) (Figure 1.20).123,124 Complexes 10, 12, and 13 attack substrates 

with C–H bond enthalpies ranging from 76 (DHA) to 99 kcal mol–1 (cyclohexane). A plot 

of the log of the second order rate constants (k) versus the difference in BDEs between the 

substrate C–H bonds and the product aquo complex O–H bonds was linear, indicating a 

common HAT mechanism across the series of substrates and complexes. The results are 

also consistent with a rate dependence on the thermodynamic driving forces, in line with 

results observed for PCET reactions of other metal oxo/hydroxo compounds.130,131  
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Figure 1.20. Square schemes (modified from B, Figure 1.2, Section 1.1.1) corresponding 
to the reaction of complexes 10 (black), 12 (red) and 13 (blue) with C–H substrates; pKa, 
E1/2 (vs. Fc/Fc+) and O–H BDE values included (in THF). Adapted from ref. 124. 

	
Stopped-flow kinetic studies of the fast reactions of 10 and 12 with a range of p-

substituted phenols (XArOH where X = NMe2, OMe, Me, H, Cl, NO2, CF3) were 

performed.132 The data were interpreted to indicate that concerted PCET occurred across 

the series, except for the most acidic case (X = NO2), for which a pathway involving proton 

transfer prior to electron transfer (PT/ET) was implicated. A similar mechanistic switch 

dependent on the nature of X was also observed for the reaction of [5][K(krypt)]      

(LCuIIO2
–˙) with XArOH (previously discussed in Section 1.2.2), but the predominant 

mechanism was contrastingly found to be PT/ET, with only two substituents proceeding 

via a predominantly CPET mechanism (X = OMe, NMe2).96 This difference in reactivity 

was attributed to the differences in pKa, E1/2 and O–H BDE values associated with 

[5][K(krypt)] and 10 that were expressed in the free energies for PT (DGPT, calculated via 
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when X = OMe or NMe2 (DGPT > DGCPET) since the pKa values of OMeArOH (19.1) and 

NMe2ArOH (19.8) are higher than the pKa CuOO–H (~19) of the final product, [LCuOOH]–.130 

In the case of 10, CPET is most favorable for all substituents (DGCPET £ DGPT) except when 

X = NO2 (DGCPET > DGPT) since the BDFE of NO2ArOH (93.1 kcal mol–1) is higher than 

the O–H BDECuOO–H (~ 90 kcal mol–1) of the final product, LCuOH2.130   

 

										 	

Figure 1.21. Plots for the corresponding DGPT (red) or DGCPET (black) values for the 
reactions of (a) 10 and (b) [5][K(krypt)] with XArOH. The dashed boxes indicate 
DGPT ~ DGCPET. Reprinted with permission from ref. 96. Copyright 2019, American 
Chemical Society. 

	
To understand the effect of overall charge on the properties and HAT reactivity of 

the [CuOH]2+ core, complexes 14 and 15 were investigated.125 Both complexes were 

prepared from isolated [CuOH]+ precursors, as reported for complexes 10, 12 and 13. 

Complex 14 has an overall 2+ charge from two cationic trimethylammonium (NMe3
+) 

groups while complex 15 features an overall 2– charge from two anionic sulfonate (SO3
–) 

groups.125 A large difference of approximately 300 mV was observed between the E1/2 

values of the CuIII/CuII couples for 14 (E1/2 = 0.140 V vs. Fc/Fc+) and 15 (E1/2 = –0.135 V 



 31 

vs. Fc/Fc+).125 In addition, the pKa values of the corresponding [CuOH2]2+ cores related to 

14 (pKa ~ 8) and 15 (pKa ~ 10) were determined in H2O and found to differ by ~ 2 pKa 

units.125 Yet, determination of the O–H BDE of the corresponding [CuOH2]2+ core for 14 

(BDE ~ 91.5 kcal mol–1) and 15 (BDE ~ 91 kcal mol–1) revealed only ~ 0.5 kcal mol–1 

difference (Figure 1.22).125 Despite the small difference in BDE, the rate of reaction of 14 

with DHA in 1,2-DFB at –25 °C (k2 = 2.8(7) M–1 s–1) was ~ 150 times slower than for the 

15 under the same conditions (k2 = 400(22) M–1 s–1).125 The large rate difference was 

attributed to steric hindrance from the bulky [BArF
4]– counteranions present in 14 that are 

not present in 15.125 The overall conclusion from this work was that secondary 

counteranion interactions impact the thermodynamic and kinetic barriers through electron 

donation/withdrawal as well as steric crowding.   

 

	

Figure 1.22. Square schemes (modified from B, Figure 1.2, Section 1.1.1) corresponding 
to the reaction of complexes 14 (left, red) and 15 (right, blue) with DHA; pKa, E1/2 and O–
H BDE values are included. All thermodynamic parameters were obtained in 1,2-DFB 
except for the italicized and asterisked values, which were determined in H2O.  E1/2 values 
are reported vs. Fc/Fc+ in 1,2-DFB and vs. NHE in H2O. Adapted from ref. 125. 
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 Installment of charged moieties in the NMe3L and SO3L4– ligands also increases the 

solubility of corresponding copper complexes in water. Given the promising HAT 

reactivity observed for the [CuOH]2+ core at low temperatures in organic solvents, 

investigation of the [CuOH]2+ core as a water oxidation catalyst (WOC) could further 

indicate the relevance of such a core in Nature. Interestingly, preliminary evidence for 

water oxidation was observed in aqueous CVs of 15 but not 14.125  Specifically, upon in 

situ electrochemical generation of 15 from the CuII(OH) precursor under basic conditions 

in H2O at 25 °C, a large increase in current was observed, known in the literature as the 

onset of water oxidation.125 In addition, the CV of 14 appeared to be reversible, while the 

CV of 15 was not, another possible indication of water oxidation.125 Despite the 

preliminary electrochemical evidence for water oxidation by 15, no further studies were 

conducted to uncover the possible role of 15 as a WOC. Yet, it remains that the high 

reactivity observed for 10–15 with C–H and O–H bonds provides key precedence for the 

notion that the [CuOH]2+ unit could be involved in copper-catalyzed oxidations, and might 

be a more viable intermediate than the more elusive [CuO]+ core.133  

 
1.5. Research objectives 
	

As described above, [CuOO]+, [CuOOR]2+/+ and [CuOH]2+/+ cores have been 

postulated as possible reactive intermediates in the mechanisms of several copper-based 

MO enzymes including DbM, PHM and LPMO.19 Despite the extensive work that has been 

completed to model these cores synthetically, many important questions remain: (i) how 

does changing the nature of the anionic ancillary ligand (OO–˙, –OH, –OOR or other) 

influence reaction thermodynamics and kinetics, (ii) can a monoanionic, 
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bis(quinolinylcarbonyl)amide ligand better model the reactivity of possible [CuOO]+, 

[CuOOR]2+/+ and [CuOH]2+/+ cores, (iii) what is the chemical basis for the drastic reactivity 

differences observed for [CuOOR]2+ and [CuOH]2+ cores both supported by a dianionic 

bis(arylcarboxamido)pyridine ligand (L2–) and (iv) can a [CuOH]2+ core supported by an 

electronically modified bis(arylcarboxamido)pyridine ligand (SO3L4–) act as a competent 

water oxidation catalyst? My work in the Tolman lab has been primarily focused on 

developing and optimizing copper-oxygen complexes to answer these questions. 

In Chapter 2, I present the synthesis and characterization of copper(I) and copper(II) 

complexes supported by a monoanionic bis(quinolinylcarbonyl)amide ligand (–L1) to better 

model the active site of LPMOs. X-ray characterization of these complexes revealed 

several interesting structural motifs. Attempts to generate copper-oxygen species supported 

by the bis(quinolinylcarbonyl)amide ligand are discussed and, ultimately, the fate of this 

ligand as a synthetic model of enzymatic active sites is assessed. 

 

	

Figure 1.23. Structure of the primary ligand, bis(quinolinylcarbonyl)amide (HL1), that is 
discussed in Chapter 2.   

	
In Chapter 3, I present the investigation of a novel copper(III)-benzoate complex 

supported by L2–, LCuIII(O2CC6H4(Cl)) (Figure 1.24), which reveals how changing the 

fourth ligand of the [LCuIII]+ moiety can provide insight on the reactivity differences 
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previously observed between LCuIIIOOCm (9a) and LCuIIIOH (10). The synthesis as well 

as spectroscopic and electrochemical characterization of LCuIII(O2CC6H4(Cl)) will be 

discussed. A comparison of the rates of the reactions of LCuIII(O2CC6H4(Cl)), LCuIIIOH 

and LCuIIIOOCm with O–H and C–H bonds will be detailed and subsequent products 

characterized. In addition, mechanistic conclusions for each copper(III) complex are 

discussed with significant insight provided from time dependent-density functional theory 

(TD-DFT) and intrinsic bond order (IBO) analysis completed by Mukunda Mandal, a 

graduate student in the group of Professor Christopher Cramer.  

 

	

Figure 1.24. Oxidation chemistry of the copper(II)-benzoate complex, 
[LCuII(O2C6H4(Cl))]-, targeted in Chapter 3.  

	
In Chapter 4, I present the investigation of a series copper(III)-carboxylates, 
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C6H4(OMe) and –CH3. The aim of this study is to understand how electronic modification 
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complexes with O–H and C–H bonds will be detailed as well as the implications of such 

trends on the mechanism of the reaction of LCuIII(O2C–R) complexes with substrates. 

	

Figure 1.25. Series of LCuIII(O2C–R) complexes targeted in Chapter 4. 

	
In Chapter 5, I present a study of the [CuOH]2+ core supported by SO3L4– (15) 

(Figure 1.22, Section 1.4.1) in water to investigate its ability to act as a WOC. 

Redetermination of the aqueous pKa, E1/2 and corresponding [CuOH2]2+ O–H BDE values 

corresponding to 15 are detailed and the results of pH-dependent EPR spectroscopy and 

CV studies of the [SO3LCuOH]2–/3– couple are discussed. In addition, the aqueous reactivity 

of 15 with C–H bond substrates is investigated.  

Taken together, the results reported in this thesis provide significant new 

understanding of how ligands, either supporting or ancillary, play a role in reactivity. 

Possible implications of this work include the development of a new class of monoanionic 

ligands to better model LPMO (Chapter 2), increased understanding of the mechanism of 

PCET reactions of formally Cu(III) complexes with O–H and C–H substrates (Chapters 3 

and 4) and, lastly, conclusions regarding the water oxidation capabilities of the [CuOH]2+ 

core (Chapter 5).  
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Chapter 2  

 Copper Complexes Supported by a Biomimetic, Monoanionic Carboxamide Liganda	

 
aThe results presented in this chapter were previously published in: 

Elwell, C. E.; Neisen, B. D.; Tolman, W. B.*, Copper Complexes of Multidentate 

Carboxamide Ligands, Inorg. Chim. Acta 2019, 485, 131 – 139.  

 

2.1. Introduction 
	

As part of multidisciplinary efforts to understand the mechanisms of action of 

oxidases and oxygenases comprising copper active sites,7 oxidized copper complexes 

relevant to proposed reaction intermediates have been chosen for study.17-19,134-135 

Carboxamide ligands were found to be useful in such studies because of their strong 

electron donating properties that stabilize metals in high oxidation states.136 Notable in this 

context was the isolation of a variety of formally Cu(III) complexes using tetradentate 

dicarboxamide ligands.126,129  

Previous work from the Tolman laboratory focused primarily on bis(aryl 

carboxamido)pyridine ligands (XLn– where X = iPr (n = 2), Me (n = 2), NO2 (n = 2), PipMe 

(n = 2), NMe3 (n = 0), SO3 (n = 4))137 (Figure 2.1) to prepare models of putative copper-

oxygen enzyme intermediates, including ones with [CuOH]2+ cores comprising formally 

Cu(III) sites.122-125,132,133,138,139 In an extension of this research, proligand HL1 was targeted 

since it was hypothesized to have advantageous features relative to A and B.140 Within the 

LPMO literature, there remains speculation on whether the “histidine brace” is protonated 

when copper is bound.38,51,52,141 Specifically, a 2.1 Å neutron structure of deuterated LPMO 
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from the bacterium Jonesia denitrificans (JdLPMO10A) revealed mixing of both ND2 and 

ND– at the N-terminus of the active site.38 This observation led to the conclusion that the 

pKa of the amine terminus may be influenced by bound copper. In an effort to more closely 

model the putative monoanionic histidine brace, the ligand HL1 was hypothesized to be a 

good target for multiple reasons: (i) upon deprotonation, HL1 would provide a monoanionic 

mer-coordinating N-donor set that would model the putative deprotonated form of the 

His/His-brace in LPMO (Figure 2.2)38, (ii) previous work with HL1 revealed the possibility 

of obtaining mononuclear copper complexes, which is essential for modeling the 

mononuclear LPMO active site and (iii) copper-oxygen intermediates supported by –L1 

would result in a one unit charge increase compared to copper-oxygen intermediates 

supported by A or B, ideally leading to a more potent oxidant.140  

 

 

Figure 2.1. Carboxamide ligand precursors. R = iPr or Me, X = H, NO2, NMe3
+, or SO3

–. 
Adapted from ref. 142.  
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Figure 2.2. Side-by-side comparison of the “histidine brace” within LPMO (left) with 
proligand HL1 (right).  

 
Herein, the syntheses of HL1 and precursors are discussed and the results are 

presented on preliminary explorations of the copper coordination chemistry of –L1, 

including the discovery of several unexpected structural motifs.142 

 
2.2. Synthesis and characterization of HL1 

	
A synthesis of the proligand HL1 was reported previously to involve the treatment 

of 2-aminomethyl substituted quinoline with Cu(OAc)2 to yield a Cu(II) complex 

[L1Cu(OAc)(H2O)], followed by removal of Cu(II) with Na2EDTA (Scheme 2.1).140 This 

synthesis was found to be irreproducible, specifically with respect to the step involving 

reduction of 2-quinolinecarboxaldoxime to 2-(aminomethyl)quinoline. As a result, a 

different, more classical synthetic organic route deemed potentially more amenable to 

larger scale preparations (Scheme 2.2) was developed. This route involved precedented143 

reaction of quinaldic acid with 1-(methanesulfonyl)benzotriazole to yield 2-

quinolyl(acylbenzotriazole) (1, 55%, ~4 g scale), which upon treatment with NH4OH and 

deprotonation with KH yielded the potassium salt of the 2-quinolinecarboximido anion, 2, 

that was isolated as a solid (57%). Subsequent reaction with 2-quinaldoyl chloride yielded 

HL1 (51%). Proligand HL1 was characterized via 1H NMR spectroscopy, ESI-MS and EA. 
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Proton assignments were made using 2D 1H,1H COSY and 2D 1H,13C HSQC NMR 

spectroscopy (Figure 2.3–Figure 2.5). 

  

 

Scheme 2.1. Previously reported synthesis of HL1 from ref. 140. Reprinted with permission 
from ref 142. Copyright 2019, Elsevier.  

 
 
 
 

 

 

Scheme 2.2. Adapted synthesis of HL1. Reprinted with permission from ref. 142. 
Copyright 2019, Elsevier.   
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Figure 2.3. 1H NMR spectrum of HL1 with proton assignments in CDCl3.  
 

 
 

 
Figure 2.4. 1H,1H COSY NMR spectrum of HL1 with proton assignments in CDCl3.  
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Figure 2.5. 1H,13C HSQC NMR spectrum of HL1 with proton assignments in CDCl3. 

 
2.3. Synthesis and characterization of copper complexes  
	

2.3.1. Synthesis of copper(I) species 
	

With the aim of preparing a mononuclear Cu(I) complex that would model the 

LPMO active site, HL1 was reacted with CuI(C6H2(CH3)3) (Scheme 2.3). A dark brown 

product was isolated and characterized by 1H NMR spectroscopy, EA analysis, and X-ray 

crystallography. The 1H NMR spectrum of the product features six appropriately split 

aromatic resonances shifted upfield relative to those of HL1, indicating coordination to a 

metal ion and identical chemical environments for the quinolyl rings (Figure 2.6). The X-

ray crystal structure revealed that instead of adopting the anticipated mononuclear 

topology, the complex is a symmetric dimer (L1Cu)2, with each bis(quinolyl)amide ligand 

binding via two N-donors to one Cu(I) ion and the third binding the other Cu(I) center, 

comprising a [Cu2(µ–NR2)2] diamond core (Figure 2.7). 
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Scheme 2.3. Synthesis of complexes derived from HL1. Adapted from ref. 142.  

 
 
 
 
 
 
 

 

Figure 2.6. 1H NMR spectra overlay of HL1 (gray, top) and (L1Cu)2 (black, bottom) in 
DMSO-d6. Reprinted with permission from ref. 142. Copyright 2019, Elsevier. 
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ppm
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Figure 2.7. Representation of the X-ray crystal structure of (L1Cu)2, showing one of two 
molecules in the asymmetric unit, all nonhydrogen atoms as 50% thermal ellipsoids, and 
heteroatoms labeled. Selected bond distances (Å) and angles (°): Cu1 – Cu1’, 2.6132(5); 
Cu1 – N1, 1.9528(12); Cu1 – N2, 2.2350(14); Cu1 – N3, 1.9501(12); N2 – Cu1 – N2’, 
108.26(4); N1 – Cu1 –N3, 163.69(6); N1 – Cu1 – N2, 80.62(5). CCDC 1864919. Reprinted 
with permission from ref. 142. Copyright 2019, Elsevier. 

 
The [Cu2(µ–NR2)2] core geometric features observed for (L1Cu)2 are analogous to 

those reported previously for copper(I) dimers similarly bridged by ‘pincer’ ligands 

comprising di(aryl)amide bridges.144,145 Comparison of the overall structure and bond 

lengths of [Cu2(µ–NS2)2] (‘S–N–S’) and [Cu2(µ–NP2)2] (‘P–N–P’) dimers with the overall 

structure and bond lengths of (L1Cu)2 revealed similar features (Figure 2.8). Of the three 

complexes, the shortest Cu–Cu distance was observed for ‘S–N–S’ (2.5989(3) Å), followed 

by the Cu–Cu distance within (L1Cu)2 (2.6132(5) Å) and the longest Cu–Cu distance was 

observed for ‘P–N–P’ (2.7283(3) Å). The amide N–Cu distances within both the ‘S–N–S’ 

(avg. 2.12 Å) and ‘P–N–P’ (avg. 2.15 Å) complexes are ca. 0.1 Å shorter than the same 

distances in (L1Cu)2 (avg. 2.24 Å). In addition, all complexes revealed t4 values146 > 0.60, 

indicating distorted tetrahedral geometries; ‘S–N–S’ and ‘P–N–P’ complexes have t4 ~ 

0.70 when averaged between both copper centers while (L1Cu)2 has t4 ~ 0.62.144,145 
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Despite the similar bond lengths and geometries amongst the ‘S–N–S’, (L1Cu)2 and 

‘P–N–P’ complexes, (L1Cu)2 did not exhibit reversible redox activity like that observed for 

‘S–N–S’ and ‘P–N–P’ complexes.144,145 Specifically, each ‘S–N–S’ and ‘P–N–P’ complex 

exhibited a reversible wave assigned to a Cu1Cu1/ Cu1.5Cu1.5 couple. We speculate that the 

difference in the electrochemical behavior between the ‘S–N–S’ and ‘P–N–P’ complexes 

and (L1Cu)2 is due to the electron-withdrawing nature of the HL1 framework. The lack of 

steric bulk in the HL1 framework may enable the dimer to break apart upon oxidation to 

copper(II), leading to electrochemical irreversibility. In addition, the electron-withdrawing 

nature of HL1 in comparison to the electron-donating di(aryl)amide ligands may lead to 

less stabilization of higher oxidation states, leading to an irreversible redox couple upon 

oxidation of (L1Cu)2.    

 

 

Figure 2.8. Comparison of the overall structures and CuI–CuI distances of complexes (a) 
[Cu2(µ–NS2)2] (‘S–N–S’), (b) (L1Cu)2 (‘N–N–N’) and (c) [Cu2(µ–NP2)2] (‘P–N–P’) 
(adapted from refs. 144 and 145). 
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2.3.2. Synthesis of copper(II) species 
	

Two Cu(II) complexes were prepared, one by exposure of (L1CuI)2 to air at room 

temperature and the other by treatment of HL1 with CuII(OTf)2 in 90% EtOH (Scheme 2.3). 

The complexes were identified by analytical data and X-ray crystallography as L1
2CuII and 

[L1Cu(OH2)2]OTf, respectively (Figure 2.9). The structure of the former (L1
2CuII) 

exhibited whole molecule disorder, which was modeled such that the structure was inverted 

on a mirror plane dissecting the copper center and the Namide atoms (there was no evidence 

of twinning or solvent disorder). The bond lengths reported for the major structure (~ 92%) 

were deemed reliable, so only these parameters are reported. The structure of L1
2CuII shows 

a Jahn-Teller ‘compressed’ octahedral geometry, with the two similar Cu–Namide distances 

(Cu1–N1 or –N3 1.943(17) and 1.935(17) Å) significantly shorter than the four (two by 

symmetry) Cu–Nquinolyl distances (2.284(15) and 2.299(15) Å). Attempts to monitor the 

formation of L1
2CuII upon reaction of (L1CuI)2 with O2 at temperatures ranging from –40 

°C to 25 °C in a variety of solvents (e.g. CH2Cl2, dimethyl sulfoxide) while monitoring via 

UV-vis spectroscopy showed immediate decay of the features at 465 nm and 510 nm, but 

no new features that could be ascribed to a copper-oxygen species (Figure 2.10). 

The structure of the cationic portion of [L1CuII(OH2)2](OTf) is analogous to that of 

the previously reported complex L1CuII(OH2)(OAc),140 as it features the N-donor ligand 

coordinated to a single Cu(II) ion in mer fashion with two other monodentate O donors. 

The five-coordinate tau values147 of [L1CuII(OH2)2]OTf (t5 = 0.60) and L1CuII(OH2)(OAc) 

(t5 = 0.05) differ significantly, such that [L1CuII(OH2)2]OTf exhibits a distorted trigonal 

bipyramidal geometry and L1CuII(OH2)(OAc) is a nearly ideal square pyramid. An 
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additional difference is the presence of hydrogen-bonding in [L1CuII(OH2)2]OTf involving 

one of the bound water molecules and the O-atom in the triflate counteranion.  

 

 

Figure 2.9. Representations of the X-ray crystal structures of (left) L1
2CuII and (right) 

[L1CuII(OH2)2]OTf, showing all nonhydrogen atoms as 50% thermal ellipsoids and 
heteroatoms labeled. Selected bond distances (Å) and angles (deg) for L1

2CuII:  Cu1 – N1, 
1.943(17); Cu1 – N2, 2.284(15); Cu1 – N3, 1.935(17); Cu1 – N4, 2.284(15); N1 – Cu1 – 
N3, 180.0; N4 – Cu1 – N4’, 155.4(13), N2 – Cu1 – N2’, 159.4(11). Selected bond distances 
(Å) and angles (deg) for [L1CuII(OH2)2]OTf: Cu1 – N1, 2.0118(19); Cu1 – N2, 1.9264(19); 
Cu1  – N3, 2.017(2); Cu1 – O20,  2.017(18); Cu1 – O21, 2.1408(18); H1 – O3, 1.94(5); 
N1 – Cu1 – N3, 164.59(8); N2 – Cu1 – O20, 128.49(8). CCDC (L1

2CuII) 1864920, CCDC 
([L1CuII(OH2)2]OTf) 1864923. Reprinted with permission from ref. 142. Copyright 2019, 
Elsevier. 
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Figure 2.10. UV-vis spectrum 0.1 mM (L1CuI)2 before (black) and after reaction with O2 
(red) at –40 ºC in MeCN/CH2Cl2.  

	
Upon reaction of [L1CuII(OH2)2](OTf) with excess NEt4(OH) in H2O, a green solid 

precipitated from solution. This green solid was determined via X-Ray crystallography to 

be a copper(II) dimer with a bridging hydroxide, [(L1)2CuII
2(µ-OH)(H2O)(DMF)](OTf) 

(Figure 2.11). In contrast to its mononuclear precursor, [L1CuII(OH2)2](OTf), the five-

coordinate geometry at each copper(II) center within [(L1)2CuII
2(µ-

OH)(H2O)(DMF)](OTf) is closer to square pyramidal (t5 = 0.27) than to trigonal 

bipyramidal. In addition, multiple hydrogen bonds are observed featuring DMF solvent 

molecules within the crystal lattice, including between the bridging hydroxide and a DMF 

molecule as well as the aqua ligand and a DMF molecule. This complex is highly insoluble 

in water and organic solvents and thus, its ability to form high-valent reactive intermediates 

was unable to be further investigated. All copper complexes reported in this chapter shared 

similar symmetry in that all were c-centered monoclinic (Table 2.1). 
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Figure 2.11. Representation of the X-ray crystal structure of the cationic portion of 
[(L1)2CuII

2(µ-OH)(H2O)(DMF)](OTf), showing all nonhydrogen atoms as 50% thermal 
ellipsoids and heteroatoms labeled. Selected bond distances (Å) and angles (°):  Cu1 – Cu2, 
3.407(6); Cu1 – O1, 2.232(6); Cu1 – O2, 1.945(6); Cu2 – O2, 1.923(6); Cu2 – O3, 
2.269(9); O1 – C1, 1.222(11); O2 – H3A, 0.72(13); O3 – H1A, 0.51(12); O3 – H2A, 
0.85(8); O1 – Cu1 – O2, 102.7(3); O2 – Cu2 – O3, 112.5(4); Cu1 – O2 – Cu2, 123.5(3). 

Table 2.1. Crystallographic structure details for (L1Cu)2, L1
2Cu, [L1Cu(OH2)2](OTf) and 

[(L1)2Cu2(µ-OH)(H2O)(DMF)](OTf). 

 (L1Cu)2 L1
2Cu [L1Cu(OH2)2](OTf) [(L1)2Cu2(µ-

OH)(H2O)(DMF)](OTf) 
Formula C40H24Cu2N6O4 C40H24CuN6O4 C20H16CuN3O4, 

CF3O3S 
C40H27Cu2N6O6, CF3O3S, 

2 C3H7NO, H2O 
Formula Weight 

(g mol–1) 
779.73 716.19 574.97 1128.05 

Crystal 
dimensions 

(mm) 

0.18 x 0.22 x 
0.20 

0.19 x 0.22 x 
0.19 

0.21 x 0.28 x 0.13 0.18 x 0.25 x 0.15 

Crystal System Monoclinic Monoclinic Monoclinic Monoclinic 
Space Group C2/c (No. 15) C2/c (No. 15) P21/c (No. 14) P21/c (No. 14) 

Unit cell 
parametersa 

    

a (Å) 14.5131(8) 13.8767(11) 14.0530(4) 9.5824(5) 
b (Å) 17.6490(8) 15.7761(12) 18.2106(5) 32.2012(16) 
c (Å) 16.2346(8) 13.8535(11) 8.8417(2) 17.7701(9) 
b (°) 103.288(2) 90.708(3) 107.663(1) 96.133(3) 

V (Å3) 4047.0(4) 3032.6(4) 2156.04(10) 5451.8(5) 
Z 4 4 4 8 

aObtained from least-squares refinement of 4124 reflections with 4.01°< 2q < 74.65° for 
(L1Cu)2, 4630 reflections with 2.44°< 2q< 30.56° for L1

2Cu, 8233 reflections with 2.24°< 
2q < 33.18° for [L1Cu(OH2)2](OTf) and 11025 reflections with 2.85°< 2q < 74.76° for 
[(L1)2Cu2(µ-OH)(H2O)(DMF)](OTf).  
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2.4. Summary and conclusions 
	

The reaction of HL1 with copper(I) mesityl (CuI(C6H2(CH3)3) yielded a dinuclear 

complex in which each bis(quinolyl)amide ligand binds via two N-donors to one Cu(I) ion 

and via the third to the other Cu(I) center. While examples of related dimers generate Cu/O2 

adducts upon oxygenation,148 such chemistry was not seen with (L1CuI)2; instead, only 

formation of an octahedral Cu(II) complex L1
2CuII was observed upon exposure of (L1CuI)2 

to air. In addition, a five-coordinate mononuclear copper(II) bis(aqua) species, 

[L1CuII(OH2)2](OTf), was isolated and characterized and, upon reaction with hydroxide, 

resulted in a copper(II) dimer with a bridging hydroxide, [(L1)2CuII
2(µ-

OH)(H2O)(DMF)](OTf). We speculate that installation of sterically encumbered 

substituents into HL1 may circumvent these pathways and enable isolation of novel Cu/O2 

species. 
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2.6. Experimental section 
	

2.6.1. Materials and methods 
	

Preparation and handling of the air-sensitive compounds were carried out under a 

dinitrogen atmosphere either in a glove-box or using Schlenk techniques. All reagents and 
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solvents were purchased from commercial sources and used as received unless otherwise 

noted. Tetrahydrofuran (THF) was dried over sodium/benzophenone and vacuum distilled. 

Chloroform (CHCl3) and dichloromethane (CH2Cl2) were dried over CaH2 and vacuum 

distilled.  Diethyl ether (Et2O) was passed through a solvent purification column (Glass 

Contour, Laguna, CA). All anhydrous solvents were stored over 3 Å molecular sieves in a 

N2 filled glove-box prior to use. HPLC grade ethyl acetate (EtOAc), 190 proof ethanol 

(EtOH) and water were used without further purification. Anhydrous benzene, 

benzotriazole (99%), quinaldic acid (98%), 50rimethylamine (97%), aqueous ammonium 

hydroxide (30%), potassium hydride (97%), 2-quinaldoyl chloride (97%), and 

triethylammonium hydroxide solution in water (1.40 M) were purchased from Sigma-

Aldrich and used without further purification unless otherwise noted. Anhydrous 

copper(II) trifluoromethanesulfonate (98%) was purchased from Strem Chemicals and 

used without further purification. NMR spectra were recorded using a Bruker AM-400 

spectrometer at room temperature. Chemical shifts (d) for 1H and 13C NMR spectra were 

referenced to residual protium in the deuterated solvent or the characteristic solvent 

resonances of the solvent nuclei (13C). The compounds N-(1-

methanesulfonyl)benzotriazole143 and CuI(C6H2(CH3)3)149 were synthesized via previously 

published procedures.  

For X-ray crystallography experiments, crystals were placed onto the tip of a 0.1 

mm diameter mitogen polymer tip and mounted on a Bruker APEX II Platform CCD 

diffractometer or a Bruker D8 Photon 100 CMOS diffractometer for data collection. The 

data collections were carried out using MoKα or CuKα radiation with a graphite 

monochromator (λ = 0.71073 Å or 1.54184 Å) at 173 K or 123 K respectively. Structure 
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solutions were performed by direct methods using SHELXS-2013 software and refined 

against F2 using full-matrix-least-squares using SHELXL-97 and SHELXL-2013 

software.150 

2.6.2. Experimental procedures 
	
 2-quinolinyl(acylbenzotriazole). The following procedure was scaled up from a 

previously reported synthesis of 2-quinolinyl(acylbenzotriazole).151 Quinaldic acid (4.53 

g, 26.2 mmol) and 1-(methanesulfonyl)benzotriazole (5.16 g, 26.2 mmol) were fully 

dissolved in 130 mL THF, resulting in a colorless solution. Triethylamine (5.12 mL, 36.7 

mmol) was added dropwise to the THF solution, resulting in a cloudy white mixture, and 

refluxed overnight. After several hours, the solution turned deep red/pink. Upon, cooling 

the solvent was then removed in vacuo and the resulting red solid was redissolved in 260 

mL CHCl3. The orange/red solution was then washed once with deionized water and then 

3 M NaCl (3 x 200 mL), the organic layer was dried over anhydrous Na2SO4, and CHCl3 

was evaporated to yield an orange solid. This solid was recrystallized via dissolution into 

a small amount of near boiling CHCl3 (25 mL), addition of 30 mL hexanes, and storage in 

a –20 °C freezer overnight, to yield a pink fluffy solid. The solid was isolated via vacuum 

filtration and dried for 6 h in a vacuum oven (3.96 g, 55% yield). 1H NMR (400 MHz, 

CDCl3) δ (ppm):  8.43 (dd, J = 8.6, 2.0 Hz, 2H), 8.27 (d, J = 8.5 Hz, 1H), 8.20 (dt, J = 8.3, 

0.8 Hz, 1H), 8.10 (d, J = 8.5 Hz, 1H), 7.96 (dd, J = 8.3, 1.5 Hz, 1H), 7.84 (ddd, J = 8.5, 

6.8, 1.5 Hz, 1H), 7.74 (m, 2H), 7.59 (m, 1H). The 1H NMR spectrum matched that 

previously published so the product was used without further purification.  

2-quinolinecarboxamide. The following procedure was adapted from a previously 

reported synthesis for 2-pyridinecarboxamide.143 Other synthetic procedures have been 
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reported for 2-quinolinecarboxamide,152 yet, this new procedure was used to avoid 

hazardous and/or expensive reagents without sacrificing yield. To a 250 mL round bottom 

flask, 2-quinolinyl(acylbenzotriazole) (3.00 g, 11 mmol) was dissolved in 22 mL of 200 

proof EtOH and 22 mL THF to yield a light pink solution. To this solution was added 22 

mL (341 mmol) of ammonium hydroxide (30% aqueous solution) dropwise, resulting in a 

clear light orange-yellow solution. The solution was allowed to stir for 4 h at room 

temperature. The solvents were then removed in vacuo with gradual heating up to 40 °C to 

provide a fluffy white solid. The solid was then suspended in 60 mL of 2 M NaOH and 

allowed to stir for 10 min. To the suspension, 60 mL EtOAc was added and allowed to stir 

vigorously for an additional 10 min. The mixture was transferred to a 1 L separation funnel, 

shaken vigorously and the aqueous layer removed. The organic layer was washed once 

more with 60 mL of 2 M NaOH (NOTE: heat is released, so careful venting needed). The 

organic layer was washed with saturated NaCl (2 x 60 mL) and dried over Na2SO4. The 

EtOAc was removed in vacuo to yield a fluffy white solid that appeared pure by 1H NMR 

spectroscopy (1.21 g, 65% yield). The isolated solid was utilized without further 

purification. 1H NMR (400 MHz, CDCl3) δ (ppm):  8.31 (s, 2H), 8.11 (d, J = 0.7 Hz, 1H), 

8.09 (bs, 1H), 7.87 (ddd, J = 8.2, 1.5, 0.7 Hz, 1H), 7.76 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.62 

(ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 6.11 (bs, 1H). 13C NMR (400 MHz, CDCl3) δ (ppm):  167.2, 

149.5, 146.7, 137.6, 130.2, 130.0, 129.5, 128.2, 127.8, 118.9.  

Potassium 2-quinolinecarboxamido. Safety Note: This reaction produces highly 

flammable H2 gas and should be completed in a reaction vessel that can tolerate pressures 

above 1 atm. It is recommended that a simple calculation be done prior to scaling up this 

reaction to minimize pressure buildup. In a 50 mL Schlenk flask in a N2-filled glove-box, 
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2-quinolinecarboxamide (0.377 g, 2.19 mmol) was dissolved in 8 mL dry THF, resulting 

in a clear, off-white solution. A suspension of KH (0.0879 g, 2.19 mmol) in 8 mL dry THF 

was added dropwise to the 2-quinolinecarboxamide solution. After approximately 2 h, a 

white solid began to precipitate out of the THF. The reaction was stirred overnight (~12 h) 

and the white precipitate was isolated via vacuum filtration using a fine, 2 mL frit in the 

N2-filled glovebox. The solid was washed with ~ 20 mL pentane and used without further 

purification (0.436 g, 95% yield). 1H NMR (400 MHz, DMSO-d6) δ (ppm):  8.20 (m, 2H, 

CH), 8.02 (d, J = 0.8 Hz, 1H, CH), 7.91 (d, J = 0.7 Hz, 1H, CH), 7.70 (ddd, J = 8.4, 6.8, 

1.5 Hz, 1H, CH), 7.53 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H, CH). 13C NMR (400 MHz, DMSO-

d6) δ (ppm): 170.8, 146.5, 132.3, 129.2, 128.8, 127.5, 127.3, 125.8, 120.3. HR-MS (ESI, 

DMA/MeOH) m/z: [K2(2-quinolinecarboxamido)]+ Calcd. for [C10H7N2OK2]+ 248.9866; 

found 248.9838. Anal. Calc. for C10H7KN2O: C, 57.12; H, 3.36; N, 13.32. Found: C, 56.53; 

H, 3.59; N, 13.12. 

 HL1. To a dry 100 mL Schlenk flask in a N2-filled glove-box, potassium 2-

quinolinecarboxamido (300 mg, 1.45 mmol) and 2-quinaldoyl chloride (277 mg, 1.46 

mmol) were added as solids. The Schlenk flask was then taken out of the glove-box to be 

used on the Schlenk line and 50 mL of anhydrous benzene were added via cannula transfer. 

The resultant purple mixture was refluxed at 80 °C under Ar overnight, resulting in a 

magenta colored solution. After cooling to room temperature, a dark purple solid 

precipitated. The solid was isolated via vacuum filtration and found to be > 90 % pure via 

1H NMR spectroscopy. Further purification was achieved via recrystallization in a minimal 

amount of near-boiling benzene followed by immediate cooling in a 10 °C ice/water bath 

to yield the product as an off-white solid (240 mg, 51% yield). 1H NMR (400 MHz, CDCl3) 
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δ (ppm):  13.68 (s, 1H, NH), 8.42 (m, 6H, CH), 7.97 (d, J = 8.2 Hz, 2H, CH), 7.91 (m, 2H, 

CH), 7.73 (dd, J = 8.3, 6.7 Hz, 2H, CH). 13C NMR (400 MHz, CDCl3) δ (ppm): 162.9, 

149.0, 146.6, 138.1, 130.7, 130.5, 130.1, 129.0, 128.0, 119.3. HR-MS (ESI, MeOH) m/z: 

[HL1 + Na]+ Calcd. for [C20H13N3O2Na]+ 350.0905; found 350.0267. Anal. Calc. for 

C20H13N3O2: C, 73.38; H, 4.00; N, 12.80. Found: C, 72.59; H, 3.76; N, 12.64. The 

spectroscopic and elemental analysis data were consistent with what was previously 

published for HL1 and thus the product was used without further purification.140 

[L1Cu(H2O)2](OTf). In a 20 mL vial with heating, anhydrous copper(II) 

trifluoromethanesulfonate (221 mg, 0.61 mmol) was dissolved in 15 mL of 90% EtOH. 

After cooling to room temperature, HL1 (200 mg, 0.61 mmol) was added to the pale blue 

solution, which became blue-green. The mixture was heated to boiling to ensure all 

reactants were dissolved, and then cooled to room temperature, at which point the solution 

was green-blue and contained a teal precipitate. The precipitate was isolated via gravity 

filtration as a bright teal powder (256 mg, 71%). HR-MS (ESI, MeOH) m/z: [L1Cu]+ Calcd. 

for [CuC20H12N3O2]+ 389.0226; found 388.9763; m/z [L1CuII(EtOH)]+ Calcd. for 

[CuC32H18N3O3]+ 435.0644; found 435.0132.  Anal. Calc. for CuC21H14N3O6SF3: C, 45.29; 

H, 2.53; N, 7.54. Found: C, 45.06; H, 2.74; N, 8.09. X-ray quality crystals in the form of 

teal blocks (CCDC 1864923) were grown upon slow diffusion of anhydrous THF into a 

concentrated solution of the compound in EtOH at room temperature.  

(L1Cu)2. In a 20 mL vial in a N2-filled glove-box, HL1 (50 mg, 0.15 mmol) was 

suspended in 2 mL of dry THF, resulting in a pale pink mixture. In a separate 20 mL vial, 

copper(I) mesityl (29 mg, 0.16 mmol) was dissolved in 1 mL of dry THF, resulting in a 

bright yellow-orange solution. The copper(I) mesityl was added dropwise to the suspension 
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of HL1 in THF, which transitioned from pale pink to hot pink to dark brown. After stirring 

for 1 h, a dark red-brown precipitate formed and was isolated via vacuum filtration (32 mg, 

53% yield). 1H NMR (400 MHz, DMSO-d6) δ (ppm):  8.23 (d, J = 8.4 Hz, 2H, CH), 8.17 

(d, J = 8.5 Hz, 2H, CH), 7.97 (dd, J = 8.2, 1.5 Hz, 2H, CH), 7.81 (ddd, J=8.5, 6.8, 1.6 Hz, 

2H, CH), 7.75 (m, 2H, CH), 7.31 (d, J = 8.5 Hz, 2H, CH). 13C NMR (400 MHz, DMSO-

d6) δ (ppm): 170.7, 152.7, 143.2, 137.8, 131.2, 129.2, 129.0, 128.6, 127.9, 119.5. UV-vis 

(CH2Cl2, –80 °C) lmax, nm (e, M–1 cm–1): 465 (2800), 510 (3000). Anal. Calc. for 

Cu2C44H32N6O5: C, 62.04; H, 3.79; N, 9.87. Found: C, 62.13; H, 4.15; N, 9.49.  X-Ray 

quality crystals in the form of dark red-brown needles (CCDC 1864919) were grown upon 

slow diffusion of anhydrous THF into a concentrated solution of the complex in CH2Cl2 at 

room temperature.  

L1
2Cu. In a 20 mL vial within a N2-filled glovebox, (L1Cu)2 (41.1 mg, 0.053 mmol) 

was dissolved in 13 mL of anhydrous CH2Cl2 to afford a red-brown solution. The vial was 

capped, brought out of the glovebox and opened to air. After 24 h, the solution had turned 

green. The solvent was removed in vacuo, resulting in a green fine powder (25.1 mg, 66% 

yield). HR-MS (ESI, DMF/MeOH) m/z: [L1CuCl2]– Calcd. for [CuC20H12N3O2Cl2]– 

458.9585; found 458.9152. X-Ray quality crystals in the form of light green (highly 

symmetric) square bipyramids (CCDC 1864920) were obtained upon slow evaporation of 

a concentrated solution of (L1Cu)2 in CH2Cl2 in air at room temperature. Despite repeated 

attempts, accurate and reproducible CHN analysis was unattainable.  

[(L1)2Cu2(µ-OH)(H2O)(DMF)](OTf). In a 100 mL round bottom Schlenk flask, 

20 mL of deionized water was degassed via Ar purge. To the flask, [L1Cu(H2O)2](OTf) (50 

mg, 0.12 mmol) was added under positive pressure of Ar and allowed to stir for 10 min, 



 56 

resulting in a suspension of a teal solid in water. To the suspension, a 1.40 M solution of 

NEt4OH in water (1 mL, 1.4 mmol) was added via syringe, which resulted in an immediate 

color change to light green. The reaction remained a suspension containing clear liquid and 

a light green solid. The suspension was gravity filtered to afford a light green precipitate 

(19.3 mg, 53% yield). X-Ray quality crystals in the form of small green blocks  were grown 

via slow diffusion of Et2O into a concentrated solution of [(L1)2Cu2(µ-

OH)(H2O)(DMF)](OTf) in DMF at room temperature. 
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Chapter 3  

Synthesis and Reactivity of a Copper(III)–Benzoate Complex  

 
3.1. Introduction 
	

As outlined in Chapter 1, previous work in the Tolman lab has investigated the 

reactivity of two high-valent formally copper(III) cores, [CuOH]2+ and [CuOOCm]2+ 

supported by the dianionic bis(arylcarboxamido)pyridine ligand (L2–) (Scheme 3.1).117,122-

125 These cores have shown drastically different reactivity in the presence of O–H and C–

H bonds such that the [CuOH]2+ core exhibited rapid HAT (under the PCET definitions 

used by J. M. Mayer and co-workers)53 with a variety of substrates, including strong C–H 

bonds (BDFE as high as 98 kcal mol–1).153 In the case of [CuOOR]2+, reactions were only 

observed upon addition of a substrate with a much weaker O–H bond, TEMPOH (BDFE 

~ 67.5 kcal mol–1).130 The poor reactivity observed for LCuIII(OOCm) with O–H and C–H 

bonds suggests that a weaker O–H bond is formed as a result of HAT, which may be traced 

to weaker basicity for the alkykperoxo moiety.117 Cyclic voltammetry revealed the E1/2 

values of both [LCu(OH)]0/– and [LCu(OOCm)]0/– couples to be –0.074 V vs. Fc/Fc+ and 

–0.154 V vs. Fc/Fc+, respectively. These E1/2 values reveal that both [CuOH]2+ and 

[CuOOCm]2+ cores are not particularly strong oxidants, and that a lower redox potential 

for the latter may also contribute to its lower HAT reactivity. Given the large difference in 

reactivity observed for these two cores, a third core was investigated to better understand 

the role of basicity and redox potential in PCET reactions.  
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Scheme 3.1. Structures of previously investigated high-valent formally copper(III) 
complexes, LCuIII(OH) and LCuIII(OOCm). 

	
   To probe the thermodynamic and kinetic effects of changing the oxygen ligand, 

a complex of m-chlorobenzoate (–O2CC6H4(Cl)) was chosen. We hypothesized that a 

carboxylate ligand bound to the copper would significantly increase the E1/2 while 

decreasing the pKa relative to LCuIII(OH), raising the question of how these differences 

would impact reactivity. The decision to investigate the reactivity of a copper carboxylate 

complex was also influenced by the promising C–H bond reactivity previously reported for 

transition metal (e.g. Pd, Ir, Ru) carboxylates.154 

This chapter will discuss the synthesis and characterization of a copper(II) benzoate 

precursor, [NBu4][LCuII(O2CC6H4(Cl))], and its oxidized partner LCuIII(O2CC6H4(Cl)). 

The reactivity of the oxidized complex with O–H and C–H substrates will be compared to 

that of LCuIII(OH) and LCuIII(OOCm) with the same substrates under equivalent 

conditions. In addition, TD-DFT and IBO calculations aimed at understanding the 

differences in the observed reactivity of the three [LCuIII]+ species will be presented.  
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3.2. Synthesis and characterization of [NBu4][LCuII(O2CC6H4(Cl))] 
	

Reaction of a solution of [NBu4][LCuII(OH)] in THF with 1 eq. of  m-chlorobenzoic 

acid in the presence of 3 Å molecular sieves yielded a teal solution of 

[NBu4][LCuII(O2CC6H4(Cl))]. Subsequent filtration and removal of solvent led to the 

isolation of the compound as a teal powder in good yield (56%) (Scheme 3.2).  The identity 

of the complex was confirmed by UV-vis and EPR spectroscopy, ESI MS, elemental 

analysis, and X-ray crystallography performed on an analogous NEt4
+ salt. The 

[NEt4][LCuII(O2CC6H4(Cl)] complex was synthesized via the same method as described in 

Scheme 3.2, except [NEt4][LCuII(OH)] was used instead of [NBu4][LCuII(OH)].117  

The X-ray structure of [NEt4][LCuII(O2CC6H4(Cl))] revealed a four-coordinate 

copper center with slightly distorted square-planar geometry (t4 = 0.19).146 The structure 

exhibited disorder in the benzoate moiety that appeared to be caused from rotation about 

the Cphenyl–Ccarboxylate bond. The disorder was modeled over two parts where the plane of 

the benzoate ring was rotated 180°. The bond lengths reported for the major structure 

(~68%) were deemed reliable, so only these parameters are reported here. The 

−O2CC6H4(Cl) ligand is bound via one oxygen atom in the equatorial position at a short 

distance (1.929(3) Å) with the second oxygen in the axial position at a longer distance 

(2.516(3) Å) (Figure 3.1). Disregarding the latter weak interaction, the overall geometry 

and Cu–N/O distances for [NEt4][LCuII(O2CC6H4(Cl))] are similar to those of 

[PPN][LCuII(OH)] and [NEt4][LCuII(OOCm)] (Table 3.1).117,124 However, the Cu–O 

distance is ~0.1 Å longer in [NEt4][LCuII(O2CC6H4(Cl))] than in [PPN][LCuII(OH)] and 

[NEt4][LCuII(OOCm)], perhaps due to charge delocalization in the carboxylate 

moiety.117,124 Additionally, the Cu–O2 is ~ 0.3 Å shorter in [NEt4][LCuII(O2CC6H4(Cl))] 
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(2.516(3) Å) than observed in [NEt4][LCuII(OOCm)] (2.784(15) Å), which is likely due to 

the steric hindrance imparted by the Cm moiety.117  

   

	

Scheme 3.2. Synthesis of [NBu4][LCuII(O2CC6H4(Cl))].  

	

	

Figure 3.1. Representation of the X-Ray crystal structure of the anionic portion of 
[NEt4][LCuII(O2CC6H4(Cl))], showing all nonhydrogen atoms as 50% thermal ellipsoids, 
heteroatoms labeled and H-atoms omitted for clarity. Selected bond distances (Å) and 
angles (°): Cu – O1: 1.929(3), Cu – O2: 2.516(3), Cu – N1: 2.005(3), Cu – N2: 1.912(3), 
Cu – N3: 2.018(3); N1 – Cu – N3: 160.44(13), N1 – Cu – N2: 80.48(12), N2 – Cu – O1: 
176.17(12). CCDC 1921669.  
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Table 3.1. Comparison of bond lengths and t4 values from the X-Ray crystal structures 
of [PPN][LCuII(OH)], [NEt4][LCuII(O2CC6H4(Cl))] and [NEt4][LCuII(OOCm)]. 

 

3.3. Spectroscopic and electrochemical studies of [NBu4][LCuII(O2CC6H4(Cl))] 
	

3.3.1. UV-vis and EPR spectroscopy of [NBu4][LCuII(O2CC6H4(Cl))] 
	

UV-vis spectroscopy of [NBu4][LCuII(O2CC6H4(Cl))] revealed a low intensity 

transition at 610 nm (e = 400 M–1 cm–1) in THF at 25 °C. This transition is similar to those 

previously observed for copper(II) complexes bound by L2– and likely corresponds to a d–

d transition (Figure 3.2).117,122 A 1 mM solution of [NBu4][LCuII(O2CC6H4(Cl))] in THF 

at 30 K revealed a rhombic X-band EPR spectrum (Figure 3.3), consistent with those 

previously reported for copper(II) bound by the same ligand (L2–).117,122-125 Further 

comparison of the UV-vis and EPR spectra of [NBu4][LCuII(OH)], 

[NBu4][LCuII(OOCm)], and [NBu4][LCuII(O2CC6H4(Cl))] reveals how the nature of the 

anionic oxygen ligand influences the electronic structure of the different cores. The low 

intensity UV-vis transition observed at 610 nm (e = 400 M–1 cm–1) in THF at 25 °C for 

[NBu4][LCuII(O2CC6H4(Cl))] is slightly red-shifted compared to the similar transition for 

[NBu4][LCuII(OH)] (590 nm, e = 330 M–1 cm–1) under the same conditions. In addition, 

the UV-vis spectrum of [NBu4][LCuII(O2CC6H4(Cl))] differs from the spectrum observed 

for [NBu4][LCuII(OOCm)] (500 nm, shoulder; 550 nm, e = 375 M–1 cm–1; 710 nm, e = 130 

 [PPN] 
[LCuII(OH)]123  

[NEt4] 
[LCuII(O2CC6H4(Cl))] 

[NEt4] 
[LCuII(OOCm)]117  

Cu – O1, Å 1.863(2) 1.929(3) 1.841(14) 
Cu – O2, Å – 2.516(3) 2.784(15) 
Cu – N1, Å 1.992(2) 2.005(3) 2.026(15) 
Cu – N2, Å 1.926(2) 1.912(3) 1.934(14) 
Cu – N3, Å 1.993(2) 2.018(3) 2.019(15) 

t4 0.11 0.19 0.18 
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M–1 cm–1) given that the copper(II)-alkylperoxide exhibits three low-intensity transitions 

over a larger range of wavelengths (Figure 3.2). Comparison of the EPR spectra of 

[NBu4][LCuII(OH)], [NBu4][LCuII(OOCm)], and [NBu4][LCuII(O2CC6H4(Cl))] revealed 

that the superhyperfine splitting in the EPR spectrum of [NBu4][LCuII(O2CC6H4(Cl))] is 

the most resolved. In addition, the simulated gz and ACu
z values for 

[NBu4][LCuII(O2CC6H4(Cl))] (gz = 2.200, ACu
z = 575 MHz) (Figure 3.3–Figure 3.4, Table 

3.2) are more similar to [NBu4][LCuII(OH)] (gz = 2.194, ACu
z = 567 MHz) than 

[NBu4][LCuII(OOCm)] (gz = 2.183, ACu
z = 535 MHz). Thus, on the basis of UV-vis and 

EPR spectroscopy, it is concluded that the electronic environment of the copper(II) center 

in [NBu4][LCuII(O2CC6H4(Cl))] is more similar to [NBu4][LCuII(OH)] than 

[NBu4][LCuII(OOCm)]. 

 

	

Figure 3.2. Overlay of the UV-Vis spectra of [NBu4][LCuII(OH)] (black), 
[NBu4][LCuII(O2CC6H4(Cl))] (red) and [NBu4][LCuII(OOCm)] (blue)  at 25 °C in THF. 
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Figure 3.3. Overlay of continuous wave X-band (9.64 GHz) EPR spectra of 
[NBu4][LCuII(OH)] (black), [NBu4][LCuII(O2CC6H4(Cl))] (red) and 
[NBu4][LCuII(OOCm)] (blue)  at 30 K in THF. 
 
 

	

Figure 3.4. Continuous wave X-band (9.64 GHz) experimental (black) and simulated (red) 
EPR spectra of [NBu4][LCuII(O2CC6H4(Cl))]. 
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Table 3.2. Simulated g-values, hyperfine and superhyperfine parameters (MHz) for Cu, 
Namide and Npyridine nuclei for [NBu4][LCuII(OH)], [NBu4][LCuII(OOCm)], and 
[NBu4][LCuII(O2CC6H4(Cl))] complexes in THF at 30 K. 

Compound [PPN] 
[LCuII(OH)]122  

[NBu4] 
[LCuII(O2CC6H4(Cl))] 

[NBu4] 
[LCuII(OOCm)]117  

gx 2.026 2.035 2.044 
gy 2.047 2.048 2.041 
gz 2.194 2.200 2.183 

ACu
x 57 55 45 

ACu
y 57 50 45 

ACu
z 567 575 535 

APy
x 30 30 40 

APy
y 50 45 40 

APy
z 30 47 50 

Aam
x 32 40 45 

Aam
y 50 50 50 

Aam
z 30 55 45 

	
3.3.2. Cyclic voltammetry of [NBu4][LCuII(O2CC6H4(Cl))] 

	
Cyclic voltammetry measurements were performed with isolated 

[NBu4][LCuII(O2CC6H4(Cl))] in THF at 25 °C in the presence of 0.3 M electrolyte 

(NBu4PF6) (Figure 3.5). A reversible process (ipa/ipc = 1.0, scan rate = 100 mV/s, DEp = 

0.157 V vs. Fc/Fc+) was observed with E1/2 = 0.228 V vs. Fc/Fc+. This redox couple is ~300 

mV higher than previously reported LCuIII/LCuII redox couples (LCu(OH)123 = –0.074 V 

vs. Fc/Fc+; LCu(OOCm)117 = –0.154 V vs. Fc/Fc+). These results suggest that a stronger 

oxidant is required to generate LCuIII(O2CC6H4(Cl)) chemically, and we chose 

[AcFc][BArF
4], which has E1/2 = 270 mV vs. Fc/Fc+ in CH2Cl2.155  
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Figure 3.5. Cyclic voltammogram of [NBu4][LCuII(O2CC6H4(Cl))] (2 mM) collected at a 
(left) scan rate of 100 mV/s and (right) multiple scan rates using a Glassy Carbon electrode 
in THF at 25 °C under Ar with added NBu4PF6 (TBAP) (0.3 M) electrolyte.  

 
3.4. Characterization of LCuIII(O2CC6H4(Cl)) 
	

3.4.1. UV-vis and EPR spectroscopy of LCuIII(O2CC6H4(Cl)) 
	

UV-vis spectroscopy was used to monitor the one-electron oxidation of 

[NBu4][LCuII(O2CC6H4(Cl))] by [AcFc][BArF
4] via titration with 0.0–2.0 equivalents of 

oxidant in THF at –80 °C (Figure 3.6). Upon addition of [AcFc][BArF
4], two major 

transitions appear. The growth of these transitions maximized after one equivalent of 

[AcFc][BArF
4] had been added (Figure 3.6). The final spectrum was found to contain a 

shoulder at 491 nm (e = 5,000 M–1 cm–1), a feature at 650 nm (e = 12,000 M–1 cm–1) and a 

feature at 830 nm (e = 9,950 M–1 cm–1). The oxidized solution is an intense blue color. UV-

vis spectroscopy was also used to determine the reversibility of the oxidation/reduction of 

[NBu4][LCuII(O2CC6H4(Cl))] with [AcFc][BArF
4] (oxidant) and decamethyl ferrocene 

(Fc*; reductant), respectively, in THF at –80 °C. The oxidation/reduction of 

[NBu4][LCuII(O2CC6H4(Cl))] was reversible after three successive oxidations followed by 
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reduction reactions (Figure 3.7). Continuous wave X-band EPR spectroscopy provided 

further corroboration that [NBu4][LCuII(O2CC6H4(Cl))] had been successfully oxidized in 

situ to LCuIII(O2CC6H4(Cl)), as it revealed a silent spectrum (with < 5% residual CuII) in 

perpendicular mode at 30 K in THF (Figure 3.8). 

 

	

Figure 3.6. (left) Overlay of UV-vis spectra upon addition of varying equivalents of 
[AcFc][BArF

4] to [NBu4][LCuII(O2CC6H4(Cl))] at –80 °C in THF; (right) plot of 
corresponding molar absorptivity values at l = 830 nm versus equivalents of 
[AcFc][BArF

4].  
	
	
	

	
Figure 3.7. UV-vis titration of [AcFc][BArF

4] (oxidant) and Fc* (reductant) with 
[NBu4][LCuII(O2CC6H4(Cl))] in THF at –80 °C (*denotes decamethyl ferrocenium signal).  
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Figure 3.8. Continuous wave X-band (9.64 GHz) EPR spectra of 
[NBu4][LCuII(O2CC6H4(Cl))] (black, 1 mM) and LCuIII(O2CC6H4(Cl)) (red, 1 mM) in THF 
at 30 K. 

	
3.4.2. Comparison of low temperature UV-vis and EPR spectra of 

LCuIII(O2CC6H4(Cl)) to LCuIII(OH) and LCuIII(OOCm) 
	

The transitions observed in the UV-vis spectrum of LCuIII(O2CC6H4(Cl)) (480 nm, 

sh; 650 nm, e = 13,000 M–1 cm–1; 830 nm, e = 11,000 M–1 cm–1) were significantly red-

shifted compared to the transitions observed for LCuIII(OH) (540 nm, e = 11,500 M–1 cm–

1) and LCuIII(OOCm) (507 nm, e = 13,000 M–1 cm–1; 578 nm, e = 12,000 M–1 cm–1; 690 

nm, e = 9,000 M–1 cm–1) (Figure 3.9). Previously, TD-DFT calculations assigned the major 

transition observed for LCuIII(OH) at 540 nm to be a LMCT from the diisopropylphenyl 

aromatic p-system (HOMO) to the Cu dx2–y2 orbital (LUMO).124 TD-DFT analysis of UV-

vis spectra of LCuIII(OH) complexes with electronically modified 

bis(arylcarboxamido)pyridine ligands revealed intense LMCTs that were assigned to the 

same aromatic p-system ® Cu d transition ranging from 513 nm (e = 15,000 M–1 cm–1) to 



 68 

544 nm (e = 11,000 M–1 cm–1).124 TD-DFT calculations completed by Mukunda Mandal, a 

current graduate student in the group of Professor Christopher Cramer, assigned the intense 

UV-vis transitions of LCuIII(O2CC6H4(Cl)) at lmax = 650 and 830 nm to varying 

compositions of two different transitions: (1) N-aryl p ® Cu d and (2) N-amide p ® Cu d. 

The red-shift is rationalized by the observation of a stabilized LUMO in the case of 

LCuIII(O2CC6H4(Cl)), which results in a smaller HOMO–LUMO energy gap for 

LCuIII(O2CC6H4(Cl)) (2.43 eV) versus LCuIII(OOCm) (2.63 eV) or LCuIII(OH) (2.90 eV). 

This trend follows by UV-vis spectroscopy such that the LCuIII(OH) exhibits the highest 

energy lmax (540 nm), followed by LCuIII(OOCm) (507, 578, 690 nm) and then, lastly, 

LCuIII(O2CC6H4(Cl)) (650, 830 nm) (Figure 3.9).  

 

	

Figure 3.9. Overlay of UV-vis spectra of LCuIII(OH) (black), LCuIII(O2CC6H4(Cl)) (red), 
and LCuIII(OOCm) (blue) in THF at –80 °C. 
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3.5. Product analysis of LCuIII(O2CC6H4(Cl)) self-decay and TEMPOH/TTBP 
reactions 

	
The self-decay of LCuIII(O2CC6H4(Cl)) was investigated prior to kinetic studies 

with organic substrates. In addition, the products from the reaction of LCuIII(O2CC6H4(Cl)) 

with TEMPOH and TTBP were characterized via UV-vis and EPR spectroscopy. Once 

oxidized at –80 °C in THF, zero order self-decay is observed for LCuIII(O2CC6H4(Cl)) that 

was fit to k0 = 4x10–8 M s–1 (Figure 3.10). The t1/2 of LCuIII(O2CC6H4(Cl)) is ca. 42 minutes 

(2500 seconds) at –80 °C in THF. When generated with 1 eq. [AcFc][BArF
4] at 25 °C the 

spectrum lasts for less than 1 s. After the reaction of LCuIII(O2CC6H4(Cl)) with TEMPOH, 

a peak at 575 nm is observed via UV-vis spectroscopy which is consistent with the 

previously reported LCuII(THF) adduct (Figure 3.11).123 EPR analysis of the decay 

products from the reaction of LCuIII(O2CC6H4(Cl)) and TEMPOH as well as 

LCuIII(O2CC6H4(Cl)) and TTBP revealed a sharp S = ½ signal in both cases, assigned to 

TEMPO˙ (Figure 3.12) and TTBP radical (Figure 3.13), respectively.156,157 With the 

knowledge that LCuII(THF) and TEMPO˙ or TTBP radical are formed after reaction of 

LCuIII(O2CC6H4Cl) with either TEMPOH or TTBP, respectively, the third and final 

product is speculated to be free m-chlorobenzoic acid (Scheme 3.3). It is possible that the 

protonated acid remains bound to copper(II) in solution but the large excess of THF results 

in a larger concentration of LCuII(THF) than LCuII(HO2CC6H4Cl). 
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Figure 3.10. Zero order self-decay of [LCuIII(O2CC6H4(Cl))] (M) at l = 830 nm versus 
time (s) in THF at –80 °C. 

	
	
	
	
	
	

	

Figure 3.11. Overlaid UV-vis spectra of the decay product of LCuIII(O2CC6H4(Cl)) with 
25 eq. TEMPOH (black) and LCuII(THF) (red) at –80 °C in THF.   
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Figure 3.12. Continuous wave X-band (9.64 GHz) EPR spectra of the products from the 
reaction of LCuIII(O2CC6H4(Cl)) with 25 eq. TEMPOH in THF at 30 K. 

 

	

Figure 3.13. Continuous wave X-band (9.64 GHz) EPR spectra of the products from the 
reaction of LCuIII(O2CC6H4(Cl)) with 50 eq. TTBP in THF at 30 K. 
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Scheme 3.3. Balanced equation from reaction of LCuIII(O2CC6H4Cl) with TEMPOH or 
TTBP; LCuII(THF), TEMPO˙ and TTBP radical were observed experimentally via UV-vis 
or EPR spectroscopy. 

	
Comparison of the double integration of the EPR spectrum of the product solution 

of 0.1 mM LCuIII(O2CC6H4(Cl)) with 2.5 mM TEMPOH versus the double integration of 

a standard EPR spectrum of 0.1 mM [NBu4][LCuII(O2CC6H4(Cl))] with 0.1 mM TEMPO˙ 

revealed a nearly 1:1 mixture of LCuII:TEMPO˙ with an estimated 85% yield of TEMPO˙ 

(Figure 3.14). Comparison of the double integration of the EPR spectrum of the product 

solution of 0.1 mM LCuIII(O2CC6H4(Cl)) with 5.0 mM TTBP versus the double integration 

of a standard EPR spectrum of 0.1 mM [NBu4][LCuII(O2CC6H4(Cl))] with 0.1 mM 

TEMPO˙ revealed an estimated 20% yield of TTBP radical (Figure 3.14). We speculate 

that the low yield reported for TTBP radical may be due to some amount of TTBP radical 

binding to LCuII product. The final UV-vis spectrum after the reaction of 

LCuIII(O2CC6H4(Cl)) with TTBP reveals what appears to be two overlapping transitions 

near 580 nm (e ~ 850 M–1 cm–1), assigned as LCuII(THF), and 620 nm (e ~ 800 M–1 cm–1) 

(Figure 3.15). The transition near 620 nm likely corresponds to TTBP radical (lmax = 626 

nm, e = 400 M–1 cm–1)158 but exhibits double the molar absorptivity value as reported in 

the literature. The TTBP radical may be interacting with LCuII to give rise to this more 
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intense transition, and thus, less EPR active signal, but further detailed investigation would 

be required to fully identify and quantify the product species in this reaction. 

  

	

Figure 3.14. Double integration of the continuous wave X-band (9.64 GHz) EPR spectra 
from addition of 0.1 mM TEMPO˙ with 0.1 mM [NBu4][LCuII(O2CC6H4(Cl)] (black) 
overlaid with the double integration of the EPR spectrum of the products from the reaction 
of LCuIII(O2CC6H4(Cl)) (left) with 25 eq. TEMPOH and (right) with 50 eq. TTBP in THF 
at 30 K; the dotted gray lines indicate the values taken from the double integrations to 
calculate yields of TEMPO˙ and TTBP radical.    

	

	
Figure 3.15. Overlay of the final UV-vis spectrum after the reaction of 
LCuIII(O2CC6H4(Cl)) with 50 eq. TTBP (black) and the UV-vis spectrum of LCuII(THF) 
(red) in THF at –80 °C. 
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3.6. Reactivity comparison of LCuIII(O2CC6H4(Cl)), LCuIII(OH) and 
LCuIII(OOCm) with organic substrates 

	
3.6.1. Reactivity comparison of LCuIII(O2CC6H4(Cl)), LCuIII(OH) and 

LCuIII(OOCm) with TEMPOH 
 
Investigation of the reactions of LCuIII(O2CC6H4(Cl)) with O–H bonds revealed 

rapid reactions with TEMPOH (BDFE ~ 67.5 kcal mol–1)130 as determined by stopped-flow 

kinetic studies performed at −80 °C in THF completed by Dr. Timothy Zerk, a previous 

post-doctoral associate in the Tolman lab. The kinetics for the reaction were followed by 

UV-vis spectroscopy and the resulting data were fit globally using a second order reaction 

model via ReactLab KINETICS.159 The second order rate constant (k2) for the reaction of 

LCuIII(O2CC6H4(Cl)) with TEMPOH is 5.8(2) x 103 M–1 s–1 at –80 °C in THF (Table 3.3, 

Figure 3.16). Reaction of LCuIII(O2CC6H4(Cl)) with 87% isotope-incorporated TEMPOD 

(as determined by 1H NMR) was completed by Caitlin Bouchey, a current graduate student 

in the Tolman lab, which revealed k2 = 1.93(16) x 103 M–1 s–1(Figure 3.17). From this, a 

KIE of 3 was calculated for the reaction of LCuIII(O2CC6H4(Cl)) with TEMPOH/D, 

indicating that the O–H bond in TEMPOH is broken in the RDS. Kinetic studies were 

performed under the same conditions by Caitlin Bouchey with LCuIII(OH) in the presence 

of TEMPOH, however, reaction of TEMPOH with LCuIII(OH) was too fast to monitor via 

low-temperature stopped-flow experiments, thus, it was concluded that k2 > 5.8(2) x 103 

M–1 s–1. Additionally, the reported reactivity data of LCuIII(OOCm) with TEMPOH under 

the same conditions was compared (k2 = 2.4(4) M–1 s–1) (Table 3.3, Figure 3.18).117 

Comparison of the TEMPOH rate constants for the complexes shown in Table 3.3 show 

that the rates of reaction of LCuIII(O2CC6H4(Cl)) and LCuIII(OH) are ~ 3 orders of 

magnitude faster than that of LCuIII(OOCm).  
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Table 3.3. Experimental k2 (M–1 s–1) values for reaction of LCuIII(OH), 
LCuIII(O2CC6H4(Cl)) and LCuIII(OOCm) with a variety of O–H and C–H substrates. 

 
 
 
 
 

aCollected at –80 °C in THF, bCollected at –25 °C in 1,2-DFB 
 

	

	
Figure 3.16. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(Cl)) with 
25 eq. TEMPOH in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 
0 (purple) to t = 1.7 s (red); (right) experimental decay traces at 650 nm (black squares) 
overlaid with a calculated decay trace at 650 nm (red line). 

  

	

Figure 3.17. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(Cl)) with 
25 eq. TEMPOD (87% incorporation) in THF at –80 °C; (left) overlay of experimental 
UV-vis spectra from t = 0 (black) to t = 1.65 s (red); (right) experimental decay traces at 

Substrate LCuIII(OH) LCuIII(O2CC6H4(Cl)) LCuIII(OOCm) 
TEMPOHa > 5.8(2) x 103 5.8(2) x 103 2.4(4) 

TTBPa 2(1) x 101 3(1) x 10–1 NO RXN 
DHAb 4.2(9) x 101 1.1(4) x 10–1 NO RXN 
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650 and 800 nm (red and blue squares, respectively) overlaid with calculated decay traces 
at 650 and 800 nm (red and blue lines, respectively) and calculated residuals from kinetic 
fits at 650 and 800 nm (dark red and blue lines, respectively). 

	

	
Figure 3.18. Representative UV-vis spectra and decay traces of LCuIII(OOCm) with 100 
eq. TEMPOH in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 0 
(black) to t = 400 s (red); (right) experimental decay traces at 507, 578 and 690 nm (green, 
red and blue squares, respectively) overlaid with calculated decay traces at 507, 578 and 
690 (green, red and blue lines, respectively)	and calculated residuals from kinetic fits at 
507, 578 and 690 nm (dark green, dark red, and dark blue lines, respectively).  

	
3.6.2. Reactivity comparison of LCuIII(O2CC6H4(Cl)) and LCuIII(OH) with TTBP 

	
A substrate possessing a stronger O–H bond, TTBP (BDFE = 77.1 kcal mol–1)130, 

was also investigated with LCuIII(O2CC6H4(Cl)) and LCuIII(OH); it was previously 

observed that LCuIII(OOCm) did not react with TTBP.117 The reaction of 

LCuIII(O2CC6H4(Cl)) with TTBP was four orders of magnitude slower than with TEMPOH 

under the same conditions (–80 °C, THF), k2 = 3(1) x 10–1 M–1 s–1 (Figure 3.19). In contrast, 

the reaction of LCuIII(OH) with TTBP under the same conditions revealed k2 = 2(1) x 101 

M–1 s–1 (Figure 3.20). Thus, the reaction of LCuIII(OH) with TTBP is two orders of 

magnitude faster than that of LCuIII(O2CC6H4(Cl)) (Table 3.3).  
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Figure 3.19. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(Cl)) with 
50 eq. TTBP in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 0 
(black) to t = 1900 s (red); (right) experimental decay traces at 400, 650 and 830 nm (green, 
red and blue squares, respectively) overlaid with calculated decay traces at 400, 650 and 
830 nm (green, red and blue lines, respectively) and calculated residuals from kinetic fits 
at 400, 650 and 830 nm (dark green, dark red, and dark blue lines, respectively). 
	

	
Figure 3.20. Representative UV-vis spectra and decay traces of LCuIII(OH) with 50 eq. 
TTBP in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 0 (black) 
to t = 100 s (red); (right) experimental decay traces at 400 and 545 nm (green and red 
squares, respectively) overlaid with calculated decay traces at 400 and 545 nm (green and 
red lines, respectively) and calculated residuals from kinetic fits at 400 and 545 nm (dark 
green and dark red lines, respectively). 
	

3.6.3. Reactivity comparison of LCuIII(O2CC6H4(Cl)) and LCuIII(OH) with DHA 
	
 In addition to investigating the reactivity of LCuIII(O2CC6H4(Cl)) with O–H bonds, 

the reactivity of LCuIII(O2CC6H4(Cl)) with C–H bonds was also explored by examining the 
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kinetics of reactions with DHA (BDE = 76 kcal mol–1).130 Upon reaction of 

LCuIII(O2CC6H4(Cl)) with DHA at –80 °C in THF, no reaction occurred. By increasing the 

temperature to –25 °C and switching the solvent to 1,2-difluorobenzene (1,2-DFB), a 

sluggish reaction between LCuIII(O2CC6H4(Cl)) and DHA was observed (k2 = 1.1(4) x 10–

1 M–1 s–1) (Table 3.3, Figure 3.21). In addition, bands corresponding to the formation of 

anthracene near 358 and 378 nm were observed as the reaction progressed.160 The reaction 

of LCuIII(OH) with DHA under the same conditions revealed k2 = 4.2(9) x 101 M–1 s–1 

(Figure 3.22). Thus, the rate of reaction of LCuIII(O2CC6H4(Cl)) with DHA is ~2 orders of 

magnitude slower than LCuIII(OH) with DHA (Table 3.3).  

 

	

Figure 3.21. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(Cl)) with 
200 eq. DHA in 1,2-DFB at –25°C; (left) overlay of experimental UV-vis spectra from t = 
0 (black) to t = 1000 s (red); (right) experimental decay traces at 378, 675 and 850 nm 
(green, red and blue squares, respectively) overlaid with calculated decay traces at 378, 
675 and 850 nm (green, red and blue lines, respectively) and calculated residuals from 
kinetic fits at 378, 675 and 850 nm (dark green, dark red, and dark blue lines, respectively). 
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Figure 3.22. Representative UV-vis spectra and decay traces of LCuIII(OH) with 200 eq. 
DHA in 1,2-DFB at –25°C; (left) overlay of experimental UV-vis spectra from t = 0 (black) 
to t = 12.5 s (red); (right) experimental decay traces at 378 and 565 nm (green and red 
squares, respectively) overlaid with calculated decay traces at 378 and 565 nm (green and 
red lines, respectively) and calculated residuals from kinetic fits at 378 and 565 nm (dark 
green and dark red lines, respectively). 

	
 In summary, distinct differences in the rates of reactions of LCuIII(O2CC6H4(Cl)), 

LCuIII(OH) and LCuIII(OOCm) with TEMPOH, TTBP and DHA were observed (Table 

3.3). Overall, LCuIII(OH) reacts the fastest in the presence of any O–H or C–H bonds, 

followed by LCuIII(O2CC6H4(Cl)), which is followed by significantly slower 

LCuIII(OOCm) (only reactive with the weakest O–H bond substrate, TEMPOH). To gain a 

better thermodynamic understanding of the reactivity observed for LCuIII(O2CC6H4(Cl)) in 

the presence of O–H and C–H substrates, experiments to determine the pKa of the 

speculated product, LCuII(HO2CC6H4(Cl)), were carried out.  

 
3.7. Attempted characterization of the pKa of LCuII(HO2CC6H4(Cl)) 
	

In attempts to characterize the pKa of the speculated LCuII(HO2CC6H4(Cl)) product 

upon reaction of LCuIII(O2CC6H4(Cl)) with TEMPOH and/or TTBP, a titration was 

completed where substoichiometric amounts of 2,6-lutidinium trifluoromethanesulfonate 
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([2,6-lutH][OTf], pKa = 9.5 in THF)161 were added to [NBu4][LCuII(O2CC6H4(Cl))] by UV-

vis spectroscopy (Figure 3.23). The low-intensity band at 610 nm (corresponding to lmax 

of [NBu4][LCuII(O2CC6H4(Cl))]) converted to a band at 575 nm (known lmax of 

LCuII(THF))123 after 1.0 eq. of [2,6-lutH][OTf] was added. The band at 575 nm converted 

to a less intense band at 686 nm after an additional 2.0 eq. of [2,6-LutH][OTf] were added. 

Given our inability to unambiguously determine the location of the added H+, we describe 

the species giving rise to the transition at 686 nm as [LCuII(O2CC6H4(Cl))]– + H+. 

Throughout the titration, an isosbestic point was observed at 655 nm. Unfortunately, a Keq 

value could not be calculated due to the irreversibility of the conversion even after addition 

of > 10 equivalents of base (NEt3, pKa = 14.9 in THF) (Figure 3.24).161 The 

[LCuII(O2CC6H4(Cl))]– + H+ species was individually synthesized via reaction of 

LCuII(THF) with excess (3 eq.) HO2CC6H4(Cl) in THF at room temperature, resulting in 

the isolation of a bright teal powder (54% yield). UV-vis spectroscopy of the isolated solid 

from the reaction of LCuII(THF) with 3 eq. HO2CC6H4(Cl) matched the resultant spectrum 

after titration of LCuII(THF) with 3 eq. HO2CC6H4(Cl) (lmax = 686 nm, e = 150 M–1 cm–1) 

(Figure 3.25). Attempts to collect a crystal structure of the isolated [LCuII(O2CC6H4(Cl))]– 

+ H+ solid were unsuccessful. Due to the irreversibility of the HO2CC6H4(Cl) titration with 

LCuII(THF) via UV-vis spectroscopy, we were unable to determine a pKa value.  
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Figure 3.23. (left) Overlay of UV-vis spectra from the titration of [2,6-LutH][OTf] to 
[NBu4][LCuII(O2CC6H4(Cl))] in THF at 25 °C; (right) plot of molar absorptivity values 
taken at 575 nm (corresponding to LCuII(THF)), 610 nm (corresponding to 
[NBu4][LCuII(O2CC6H4(Cl)]) and 686 nm (corresponding to [LCuII(O2CC6H4(Cl)]– + H+) 
versus equivalents of [2,6-LutH][OTf] added.  

	
	
	
	

	

Figure 3.24. Overlay of the UV-vis spectra from addition of 0–15.0 eq. NEt3 to 
LCuII(THF) with 3 eq. HO2CC6H4(Cl) in THF at 25 °C.  
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Figure 3.25. Overlay of the UV-vis spectra of LCuII(THF) (black), LCuII(THF) with 3 eq. 
HO2CC6H4(Cl) (red) and the isolated solid from the reaction of LCuII(THF) with 3 eq. 
HO2CC6H4(Cl) (blue) in THF at 25 °C.  

 
3.8. TD-DFT/IBO calculations for comparison of the reactivity of 

LCuIII(O2CC6H4(Cl)), LCuIII(OH) and LCuIII(OOCm)  
 
Mukunda Mandal carried out TD-DFT and IBO calculations to better understand 

the basis for the observed differences in O–H and C–H bond reactivity for 

LCuIII(O2CC6H4(Cl)) versus LCuIII(OH) and LCuIII(OOCm). The computational studies 

aimed to answer two major questions: (1) Which of the two O-atoms (O1 versus O2) is the 

site of PCET for LCuIII(O2CC6H4(Cl)) with substrate, and how does this selectivity 

compare to that exhibited by LCuIII(OOCm)? and (2) What is the mechanism(s) followed 

in the reactions of LCuIII(OH), LCuIII(O2CC6H4(Cl)) and LCuIII(OOCm) with TTBP and 

DHA?  

 
3.8.1. TD-DFT analysis 

 
To answer the first question regarding which O-atom accepts the H-atom from the 

substrate in the case of LCuIII(O2CC6H4(Cl)) versus LCuIII(OOCm), free energies of 
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activation (DG‡) were calculated at SMD(THF)/B3LYP-D3(BJ)/basis-II//B3LYP-

D3(BJ)/basis-I level of theory. Basis I is 6-31G(d) basis set for non-metal atoms and 

Stuttgart/Dresden effective core potential and its associated basis set (SDD) for Cu atom.162 

Basis II is Ahlrichs-type triple-zeta def2-TZVP basis set for non-metal atoms and SDD 

pseudo potential and its associated basis set for Cu atom.163	Energies were calculated for 

attack on substrate by both O-atoms within LCuIII(O2CC6H4(Cl)) (O1a and O2a) and 

LCuIII(OOCm) (O1b and O2b) (see O-atom labeling in Scheme 3.4) upon reaction with 2,6-

di-tert-butylphenol (DTBP, as a model of TTBP) and DHA (Table 3.4). Upon comparison 

of DG‡ values, it is concluded that O2a is the preferential O-atom for PCET in the case of 

LCuIII(O2CC6H4(Cl)) while O1b is the preferential O-atom for PCET in the case of 

LCuIII(OOCm). The prediction that the bound O-atom (O1b) in LCuIII(OOCm) is the 

preferential site for PCET provides a possible explanation for why the reaction of 

LCuIII(OOCm) with TTBP or DHA is not observed experimentally. We hypothesize that 

O1b is more buried and less accessible in the case of LCuIII(OOCm). In contrast, the more 

exposed O2a in LCuIII(O2CC6H4(Cl)) is more accessible, leading to significantly faster 

reactions.  

	

Scheme 3.4. Labeling of possible reactive O-atoms within (left) LCuIII(O2CC6H4(Cl)) and 
(right) LCuIII(OOCm). 
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Table 3.4. Free energies of activation (DG‡) by different reactive sites O1a, O2a, O1b or O2b 
towards different substrates. Energies are in kcal mol–1 computed at SMD(THF)/B3LYP-
D3(BJ)/basis-II// B3LYP-D3(BJ)/basis-I level of theory.  

 DTBP* DHA** 
LCuIII(R) 

R = DG‡ DG‡ 

O2CC6H4(Cl) – O1a 11.6 19.0 
O2CC6H4(Cl) – O2a 2.9 14.5 

OOCm – O1b 8.0 16.8 
OOCm – O2b 21.2 23.3 

*Calculated at 193.15 K (–80 °C), **Calculated at 248.15 K (–25 °C) 
	
	 To answer the second question, regarding the mechanism that takes place for each 

LCuIII species with TTBP and DHA, a different computational analysis was used that 

involved tracking the change in total dipole moment along the HAA reaction coordinate. 

Previous dipole moment calculations were able to distinguish between a HAT mechanism, 

which is defined by a proton and electron traveling together as a true hydrogen atom, and 

a separated CPET mechanism,53 which is defined by the proton and electron being 

transferred between two different donor and acceptor sites within the same molecule.164,165 

In separated CPET reactions, the electron travels to a different site than the proton, which 

results in a significant change in the electronic charge distribution of the system that is 

reflected in its total dipole moment. Thus, by following the changes in the total dipole 

moment vector projected along the HAA reaction axis for all three complexes (LCuIII(OH), 

LCuIII(O2CC6H4(Cl)) and LCuIII(OOCm)) with O–H (DTBP) and C–H substrates (DHA), 

the mechanism of proton and electron transfer (HAT versus separated CPET) can be 

deduced.  

In the case of LCuIII(OH) and LCuIII(OOCm) (Figure 3.26a and Figure 3.26b, 

respectively), a significantly larger dipole moment change along the HAA reaction axis 
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was observed upon reaction with DTBP (solid line in Figure 3.26) than with DHA (dotted 

line in Figure 3.26). Thus, it appears that a separated CPET mechanism occurs upon 

reaction of both LCuIII(OH) and LCuIII(OOCm) with DTBP while a traditional HAT 

mechanism occurs upon reaction with DHA. These results are in contrast with what was 

found for LCuIII(O2CC6H4(Cl)) (Figure 3.26c), where a significantly large dipole moment 

change along the HAA reaction axis is observed upon reaction with both DTBP and DHA. 

These results are interpreted to suggest a change in mechanism during PCET from DHA 

for LCuIII(X) species such that when X = –OH or –OOCm, a HAT mechanism is predicted, 

but when X = –O2CC6H4(Cl), a separated CPET mechanism is predicted.  

 

	

Figure 3.26. Evolution of the total dipole moment vector (Hirshfeld) projected along the 
HAA reaction axis where the reactivity of (a) LCuIII(OH) (blue) with DTBP and DHA is 
shown, (b) LCuIII(OOCm) (black) with DTBP and DHA is shown and (c) 
LCuIII(O2CC6H4(Cl)) (green) with DTBP and DHA is shown; solid and dashed lines 
represent PCET reactivity with DTBP or DHA, respectively.   

	
3.8.2. IBO analysis 

 
 An additional form of theoretical analysis called intrinsic bond orbital (IBO) 

transformation was used to differentiate between HAT and separated CPET for the reaction 

of LCuIII(OH), LCuIII(OOCm) and LCuIII(O2CC6H4(Cl)) with both DTBP and DHA. IBO 

analysis was introduced previously to analyze the subtle mechanistic nuances of PCET 
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reactions by monitoring the electron flow along the HAA reaction coordinate.166 IBO 

analysis is a more direct approach than tracking the change in total dipole moment along 

the HAA reaction coordinate. Based on literature precedence, it is possible to follow the 

IBOs corresponding to the a- and b-electrons of a given X–H bond (X = O or C) within a 

substrate along the HAA reaction coordinate to determine a HAT or separated CPET 

mechanism.166 IBO analysis of the reaction of LCuIII(OH) with DHA revealed that the a-

IBO (Figure 3.27b) of the C–H bond is transferred to the –OH moiety of the acceptor 

[CuOH]2+ core, while the b-IBO (Figure 3.27c) remains on the substrate DHA, generating 

an organic radical, which is a classic example of HAT. When the same IBO analysis is 

carried out for the reaction of LCuIII(OOCm) with DHA, the same phenomenon is observed 

such that the a-IBO of the C–H bond is transferred to the –OOCm moiety while the b-IBO 

remains on the DHA.  

 

	

Figure 3.27. PCET from DHA by LCuIII(OH); (a) plot of the intrinsic reaction coordinate 
(IRC) with electronic energies shown in black; (b) and (c): evolution of a- and b-IBOs, 
respectively, of the C–H bond along the HAA reaction coordinate shown in purple (a-IBO) 
and green (b-IBO). 

	
 Contrasting results are observed for the reaction of LCuIII(OH) with DTBP such 

that both the a- and b-IBO (Figure 3.28b) of the O–H bond remain on the substrate DTBP, 
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inferring a different mechanism. Investigation of the Cu d orbital by IBO analysis revealed 

that the b-IBO of the p electron cloud of the substrate transfers the electron to the copper 

center of the [CuOH]2+ core (Figure 3.28c). This process is representative of a separated 

CPET pathway due to the involvement of the copper center in electron transfer and the 

hydroxide O-atom, a different site, in proton transfer. Interestingly, IBO analysis of the 

reaction of LCuIII(O2CC6H4(Cl)) with DHA (Figure 3.29) revealed a similar phenomenon 

where the b-IBO associated with the p electron cloud of the DHA (Figure 3.29c) was 

involved in electron transfer to the copper center of the [Cu(O2CC6H4(Cl))]2+ core. The b-

IBO of DHA is predicted to transfer the electron to Cu via a ligand-assisted pathway. The 

IBO analysis of the reaction of LCuIII(O2CC6H4(Cl)) with DHA also revealed the separated 

CPET to be asynchronous where the electron is transferred prior to the proton, which is 

observed in Figure 3.29c where the electron is transferred to the Cu d orbital from step (1) 

to (2) but the proton is not transferred to Ocarbonyl until after step (3). Asynchronicity in 

PCET reactions has been observed previously to lower the activation barrier of the reaction 

and provide a lower energy pathway.167 It is speculated that the asynchronous separated 

CPET mechanism predicted for the reaction of LCuIII(O2CC6H4(Cl)) with DHA fosters a 

significantly lower activation barrier compared to that for the reaction of LCuIII(OOCm) 

with DHA, which is supported by the fact that no reaction was observed between 

LCuIII(OOCm) with DHA experimentally but was in the case of LCuIII(O2CC6H4(Cl)) with 

DHA.  
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Figure 3.28. PCET from DTBP by LCuIII(OH); (a) plot of the IRC with electronic energies 
shown in black; (b) evolution of the a- and b-IBOs of the O–H bond along the HAA 
reaction coordinate shown in orange/pink; (c) evolution of the a- and b-IBOs of the p 
electron density shown in blue/purple, which eventually ends up on the Cu center. 
	
	

	

Figure 3.29. PCET from DHA by LCuIII(O2CC6H4(Cl)); (a) plot of the IRC with electronic 
energies shown in black; (b) evolution of b-IBO of the C–H bond along the HAA reaction 
coordinate shown in blue; (c) changes to the b-IBOs of the p electron density of the DHA 
during the PCET process where the p density of DHA is shown in pink/purple while the p 
density of the ligand is shown in blue/green. IBO transformations indicate that the e– 
density on DHA is transferred to the Cu center through a ligand-assisted pathway. 
	

The major conclusions from the IBO analysis of the reactions of LCuIII(OH), 

LCuIII(OOCm) and LCuIII(O2CC6H4(Cl)) with DTBP and DHA revealed two different 

mechanisms. In the case of both LCuIII(OH) and LCuIII(OOCm), a reaction with DHA is 

predicted to occur via HAT while a reaction with DTBP is predicted to occur via separated 

CPET. For LCuIII(O2CC6H4(Cl)), reaction with either DTBP or DHA is predicted to occur 
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via a separated CPET mechanism, which may contribute to the enhanced rates observed 

for LCuIII(O2CC6H4(Cl)) in comparison to LCuIII(OOCm) for a given substrate. 	

	
3.9. Summary and conclusions 
	

The UV-vis spectroscopy and reactivity of a copper(III)-benzoate complex, 

LCuIII(O2CC6H4(Cl)), is reported in the presence of TEMPOH, TTBP and DHA. Low-

temperature one electron oxidation of [NBu4][LCuII(O2CC6H4(Cl))] yields a novel 

LCuIII(O2CC6H4(Cl)) species that reacts rapidly with TEMPOH (k2 = 5.8(2) x 103 M–1 s–1, 

KIE = 3) and moderately fast with TTBP (k2 = 3(1) x 10–1 M–1 s–1) at –80 °C and DHA (k2 

= 1.1(4) x 10–1 M–1 s–1) at –25 °C. When compared to the rates of reaction for LCuIII(OH) 

(k2 > 5.8(2) x 103 M–1 s–1) and LCuIII(OOCm) (k2 = 2.4(4) M–1 s–1), the order of reactivity 

for the [LCuIII]+ complexes with TEMPOH follows the trend LCuIII(OH) > 

LCuIII(O2CC6H4(Cl)) >> LCuIII(OOCm). The rate of reaction of LCuIII(O2CC6H4(Cl)) with 

TTBP and/or DHA is two orders of magnitude slower compared to LCuIII(OH) (TTBP k2 

= 2(1) x 101 M–1 s–1 and DHA k2 = 4.2(9) x 101 M–1 s–1). TD–DFT and IBO calculations 

determined the O-atom involved in PCET for the reaction of LCuIII(O2CC6H4(Cl)) with a 

given substrate to be the unbound carbonyl oxygen, while the O-atom involved in PCET 

for LCuIII(OOCm) to be the bound anionic oxygen. Theory also predicted that the reaction 

of LCuIII(O2CC6H4(Cl)) with DHA proceeds via an asynchronous separated CPET 

mechanism while the reaction of LCuIII(OH) or LCuIII(OOCm) with DHA likely proceeds 

via a traditional HAT mechanism. 

 Overall, it is likely that the electron-withdrawing nature of the carboxylate ligand 

(–O2CC6H4(Cl)) resulted in less electron donation to the copper center relative to the other 
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previously investigated cores, [CuOH]2+ and [CuOOCm]2+. This effect was manifested by 

a ~300 mV increase in the observed E1/2 corresponding to the [Cu(O2CC6H4(Cl))]2+/+ 

couple relative to the [CuOH]2+/+ and [CuOOCm]2+/+ redox couples, which would initially 

implicate LCuIII(O2CC6H4(Cl)) as a more reactive oxidant. However, the decreased 

basicity of the LCuIII(O2CC6H4(Cl)) complex likely yields a weaker O–H bond of the 

corresponding PCET product, [Cu(HO2CC6H4(Cl))]+, than for the other PCET products, 

[LCu(HOOCm)]+ or [LCu(OH2)]+, making it a worse oxidant from a thermodynamic 

standpoint. Yet, the reason that LCuIII(O2CC6H4(Cl)) is more reactive than LCuIIIOOCm is 

related to which O-atom is involved in PCET. In the case of LCuIIIOOCm, the less-

exposed, bound O-atom is predicted to abstract the H-atom, while the more exposed, 

unbound carbonyl in LCuIII(O2CC6H4(Cl)) is predicted to abstract a proton from the 

substrate after the electron is transferred to the copper center. This difference in mechanism 

and associated steric accessibility likely explains why fast rates were observed in the 

reaction of LCuIII(O2CC6H4(Cl)) with TTBP or DHA but no reactions were observed for 

the reactions of LCuIIIOOCm with the same substrates. Furthermore, the theory results 

suggest that the reaction of LCuIII(O2CC6H4(Cl)) with both O–H and C–H substrates is a 

new example of separated CPET.  
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3.11. Experimental section 
	

3.11.1. Materials and methods 
	

Preparation and handling of the air-sensitive compounds were carried out under a 

dinitrogen atmosphere either in a glove-box or using Schlenk techniques. All reagents and 

solvents were purchased from commercial sources and used as received unless otherwise 

noted. Tetrahydrofuran (THF) was dried over sodium/benzophenone and vacuum distilled. 

Diethyl ether and pentane were passed through solvent purification columns (Glass 

Contour, Laguna, California). 1,2-difluorobenzene (1,2-DFB) was dried over calcium 

hydride powder and basic alumina, separately, and vacuum distilled. All solvents were 

stored over 3 Å molecular sieves in a N2 filled glove-box prior to use. The compounds L 

(L = N,N’-Bis(2,6-diisopropylphenyl)-2,6-pyridinecarboxamide),168 

[NBu4][LCuII(OH)],122 LCuII(THF),123 acetylferrocenium tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate ([AcFc][BArF
4]),124 1-hydroxy-2,2,6,6-

tetramethylpiperidine (TEMPOH)169 and 1-hydroxy-d-2,2,6,6-tetramethylpiperidine 

(TEMPOD)170 were synthesized by published procedures. The compound 

[NEt4][LCuII(OH)] was prepared using the same procedure as reported for the synthesis of 

[Nbu4][LCuII(OH)],122 except tetraethylammonium hydroxide was used instead of 
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tetrabutylammonium hydroxide. 2,6-Diisopropylaniline (90%, technical grade), 2,6-

pyridinedicarbonyl dichloride (97%), decamethyl ferrocene (Fc*, 97%) and m-

chlorobenzoic acid (HO2CC6H4(Cl), 97%) were procured from Sigma Aldrich Chemical 

Co. and used without further purification.  

UV-vis spectra were collected on a HP8453 (190-1100 nm) diode array 

spectrophotometer. Low-temperature UV-vis experiments were performed using a 

Unisoku low-temperature UV-vis cell holder. EPR data was collected on a Bruker Elexsys 

E500 spectrophotometer using X-band radiation at 35 dB or 55 dB and 30 K. EPR spectral 

simulations were performed using EasySpin software (version 4.5.5).171 Cyclic 

voltammograms were recorded using an EC Epsilon potentiostat from BASi, a glassy 

carbon working electrode and a Ag pseudoreference electrode. All cyclic voltammograms 

were internally referenced to the ferrocene/ferrocenium (Fc/Fc+) couple. 

 
3.11.2. Experimental procedures 

	
[NBu4][LCuII(O2CC6H4(Cl))]. The synthesis of [NBu4][LCuII(O2CC6H4(Cl))] 

was adapted from the previously reported synthesis of [NBu4][LCuII(OOCm)] (Cm = 

cumyl).117 A 25 mL Schlenk flask in a nitrogen filled glovebox at room temperature was 

charged with 200 mg (0.25 mmol) of solid [NBu4][LCuII(OH)] and approximately 5 g of 

activated 3 Å molecular sieves. To this flask, 10 mL of anhydrous THF was added, 

resulting in a blue solution. After stirring for 15 min, a solution containing 38.8 mg (0.25 

mmol) of m-chlorobenzoic acid (HO2CC6H4(Cl)) in 0.5 mL of anhydrous THF was added 

dropwise. The resulting solution underwent a color change from blue to teal-green. The 

solution was stirred for 30 min and then filtered using a 25 mm diameter, 0.2 µm 
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hydrophobic polytetrafluoroethylene (PTFE) syringe filter into a separate dry 25 mL 

Schlenk flask to remove all molecular sieve particulate. The solvent was removed in vacuo 

and the resulting teal-green oil was triturated with pentane (3 x 5 mL) until a powdery teal 

solid was obtained. The product was further stirred in 10 mL anhydrous pentane overnight 

(12 h) and the solid was collected by filtration, washed with ~5 mL anhydrous pentane, 

dried on a vacuum line for ~ 8 h (127 mg, 56% yield). UV-vis (THF, –80˚C) lmax, nm (e, 

M–1 cm–1): 375 (s), 610 (400). HR-MS (ESI, MeOH, negative ion) m/z: 

[LCuII(O2CC6H4(Cl))]– Calcd. For [C38H41ClCuN3O4]– 701.2082; found 701.2117. Anal. 

Calc. for C46H61ClCuN4O4: C, 66.33; H, 7.38; N, 6.73. Found: C, 66.11; H, 7.07; N, 6.64. 

For the purpose of obtaining crystals suitable for analysis by X-ray diffraction, 

[NEt4][LCuII(O2CC6H4(Cl))] was prepared via an analogous procedure using 

[NEt4][LCuII(OH)] as the precursor. X-ray quality crystals (dark blue blocks, CCDC 

1921669) were formed upon slow diffusion of anhydrous diethyl ether into a concentrated 

THF solution of [NEt4][LCuII(O2CC6H4(Cl))] (~50 mM) at room temperature. 

 
3.11.3. Oxidation procedures 

	
General oxidation reactions. A necked 1 cm UV-vis cuvette in the Unisoku low 

temperature UV-vis cell holder containing 1.9 mL of dry THF and a stir bar was cooled to 

–80 °C. To this cell, 0.05 mL of a 4 mM THF solution of [NBu4][LCuII(O2CC6H4(Cl))] 

was added. After mixing and allowing for temperature stabilization (1 min), a UV-vis 

spectrum was recorded. To the stirring mixture, 0.05 mL of a 4 mM solution of 

[AcFc][BArF
4] was injected and stirred and a spectrum immediately recorded. EPR 

samples were prepared by cooling a 25 mL Schlenk flask equipped with a stir bar and 1.4 
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mL dry THF to –80 °C using an acetone + liquid N2 bath under Ar. To the Schlenk, 0.2 

mL of 10 mM [NBu4][LCuII(O2CC6H4(Cl))] was added, resulting in a pale teal solution, 

and allowed to stir. Meanwhile, a cannula was inserted into the septum of the Schlenk flask, 

wrapped with pipe cleaners, and directed to the opening of an evacuated and N2 purged 

quartz 4 mm EPR tube. The EPR tube was loosely covered with a rubber septum while 

submerged in a –80 °C acetone and liquid N2 bath. The cannula was drenched with liquid 

N2 to ensure a cold transfer from the Schlenk to the EPR tube. Upon addition of 0.2 mL of 

10 mM [AcFc][BArF
4] in THF to the Schlenk flask (while stirring), the solution turned a 

dark blue, and was immediately cold cannula transferred into the EPR tube. The tube was 

immediately wiped with a KimWipe and submerged in liquid N2, resulting in a 1 mM flash-

frozen sample.  

Oxidation Titration. To a cuvette with 1.89 mL of THF and a stir bar in the Unisoku 

low temperature cell holder at –80 °C was added 0.11 mL of a stock solution of 

[NBu4][LCuII(O2CC6H4(Cl))] (3.5 mM). After temperature equilibration (5 min), 0.1 mL 

of [AcFc][BArF
4] (0.8 mM) in THF was added and the UV-vis spectrum was recorded. 

This was repeated a total of 11 times (corresponding to 0.0 – 2.0 equivalents), where one 

titration data point corresponds to a single reaction with specific equivalent amount of 

[AcFc][BArF
4].  

Reversible Oxidation/Reduction. To a cuvette with 1.65 mL THF and a stir bar in 

the Unisoku low temperature cell holder at –80 °C was added 0.05 mL of a stock solution 

of [NBu4][LCuII(O2CC6H4(Cl))] (8 mM). After temperature equilibration (5 min), 0.05 mL 

of a 8 mM THF solution of [AcFc][BArF
4] was injected and stirred and the spectrum 

immediately recorded. To this oxidized solution, 0.05 mL of 8 mM decamethylferrocene 
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(Fc*) in THF was added and the resulting spectrum recorded. The addition of 0.05 mL of 

[AcFc][BArF
4] (oxidant) and 0.05 mL Fc* (reductant) was repeated with spectra taken after 

each addition a total of three times.  

Kinetics. A necked 1 cm UV-vis cuvette in the Unisoku low temperature UV-vis 

cell holder containing 1.8 mL THF was cooled to –80 °C. To this cell 0.05 mL of a 4 mM 

THF solution of the complex studied ([NBu4][LCuII(OH)] or 

LCu([NBu4][LCuII(O2CC6H4(Cl))]) was added. Continuous collection of the UV-vis 

absorption spectrum was initiated as soon as 0.05 mL of a 4 mM solution of [AcFc][BArF
4] 

was injected into the cuvette. Upon observation of the full growth of the oxidized feature 

of LCuIII(OH) or LCuIII(O2CC6H4(Cl)), 0.1 mL of a solution of the desired substrate 

(TEMPOH, TTBP or DHA) was added to the cell and the spectrum monitored until changes 

ceased. The resulting kinetics data were fit to a second order reaction model using global 

fitting software, ReactLab KINETICS.159 
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Chapter 4  

 Reactivity of a Series of LCuIII(O2C–R) Complexes 

	
4.1. Introduction 
	
	 	 As discussed in Chapter 3, the low temperature kinetics of the reactions of 

LCuIII(O2CC6H4(Cl)) with TEMPOH, TTBP and DHA were investigated and compared to 

the rates of the same reactions with the previously reported complexes LCuIII(OH) and 

LCuIII(OOCm).117,122,123 This work revealed a reactivity trend in the order LCuIII(OH) > 

LCuIII(O2CC6H4(Cl)) >> LCuIII(OOCm), where LCuIII(OOCm) was found to be unreactive 

toward the stronger O–H and C–H bonds of the substrate series, TTBP and DHA. In 

addition, TD-DFT and IBO calculations revealed that the reaction of LCuIII(O2CC6H4(Cl)) 

with DHA proceeded via a separated CPET mechanism, while the reaction of LCuIII(OH) 

and LCuIII(OOCm) with the same substrate proceeded via traditional HAT (under the 

PCET definitions used by J. M. Mayer and co-workers).53 To further probe the 

spectroscopic features and reactivity of the [Cu(O2C–R)]2+ core, we were interested in 

studying a series of copper(III)-carboxylate complexes, LCuIII(O2C–R), where R can be 

modified with electron-withdrawing/donating substituents as well as sterically hindered or 

unhindered moieties.  

  Previously, perturbations to the [CuOH]2+ core were accomplished through 

electronic modifications of dianionic L2–, including NO2L2– and PipMeL2– (Figure 4.1, 

previously discussed in Section 1.4).124 In this work it was shown that two competing 

factors, pKa of the [CuOH2]2+ core and E1/2 of the [CuOH]2+/+ couple, are influenced by the 

electronic changes to the supporting ligand. The more electron-donating nature of the 
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ligand (PipMeL2–) resulted in a lower redox potential but higher basicity, yielding a lower 

[CuOH2]2+ O–H BDE of 88 kcal mol–1. This lower bond strength correlated with rates of 

reactions that were overall slower than observed for LCuIII(OH).124 The more electron-

withdrawing ligand (NO2L2–) resulted in a higher redox potential but lower basicity of the 

[CuOH]2+ core, resulting in a higher O–H BDE of 91 kcal mol–1 and rates of reaction that 

were faster than observed for LCuIII(OH).124 As in these studies of the [CuOH]2+ system, 

we aimed to investigate how changes in the electronics of R within LCuIII(O2C–R) systems 

impact the thermodynamics and kinetics of PCET reactions with O–H and C–H substrates.  

 

 

Figure 4.1. Structures of the previously studied NO2LCuIII(OH) (red), LCuIII(OH) (black) 
and PipMeLCuIII(OH) (blue) complexes. Adapted from ref. 124.  
 
  We chose to focus on carboxylates with variably substituted aryl groups, in view of 

the extensive literature on the properties of substituted benzoic acids.153,172-175 A series of 

seven carboxylic acids (including the previously studied R = –O2CC6H4(Cl)) were chosen 

to represent a broad scope of electron-donating/withdrawing R groups (Table 4.1, Scheme 

4.1). A range of 3 pKa units, greater than 1.0 Hammett parameter units (sp) and ~ 5 kcal 

mol–1 in O–H BDE values are spanned by the series of carboxylic acids. While R =                   

–O2CC6H4(m-Cl) differs from the others due to meta substitution, values for sp and sm 

(both included in Table 4.1) are similar (sp = 0.23 vs. sm = 0.37).173 In the case of m-

HO2CC6H4(Cl), comparison of sp and sm values can be justified by the relatively low 
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resonance effect imparted by the chloro moiety (R = –0.19) since a linear correlation has 

been observed between sp and sm values in the case of both p- and m-substituted 

chlorobenzoic acid.173 The inclusion of R = –C6H4(p-NO2), –C6H4(m-Cl), –C6H5, –C6H4(p-

OMe) provides a sub-series of single electronic modifications to the aryl ring from 

significantly electron-withdrawing (sp = 0.78 for R = –C6H4(p-NO2))173 to moderately 

electron-donating (sp = –0.27 for R = –C6H4(p-OMe)),173 while R = –C6F5 represents an 

extreme electron-withdrawing case (e.g. pKa = 1.75).172 In addition, the inclusion of R = –

C6H2(iPr3) and –CH3 enables representation of both extremes of steric modification while 

mildly perturbing the electronics via electron-donation. For brevity, labels indicating p- 

and m-substituted carboxylates will be omitted for the remainder of this chapter. 

 
Table 4.1. Physical organic parameters for selected organic carboxylic acids including pKa, 
sp and O–H BDE values. 

HO2C–R pKa 
(H2O) sp

173 O–H BDE 
(kcal mol–1) 

–C6F5 
–C6H2(iPr3) 

1.75172 

3.23175  
– – 
– – 

–C6H4(NO2) 3.43172 0.78 107.1174 
–C6H4(Cl) 3.84172 0.23 (0.37)* 107.3174 

–C6H5 4.20172 0.00 111.0153 
–C6H4(OMe) 4.50172 –0.27 106.8174 

–CH3 4.76172 – 112.0153 
*sm value  

 

 
Scheme 4.1. Structure of selected organic acids with increasing pKa and decreasing sp, O 
–H BDE from left to right; colors indicate electron-withdrawing substituents (red), steric 
differences (green), electron-donating substituents (blue) or effectively neutral substituents 
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(orange) in comparison to HO2CCC6H4(Cl) (middle, black). The arrows drawn represent 
general trends where some parameters are not known for a given acid. 
	
  This chapter discusses the synthesis and characterization of six [LCuII(O2C–R)]− 

complexes (R = –C6F5, –C6H2(iPr3), –C6H4(NO2), –C6H5, –C6H4(OMe) and –CH3), the 

spectral features of which will be compared with those of the previously reported complex 

[LCuII(O2CC6H4(Cl))] − (Chapter 3). In addition, the reactivity of each [Cu(O2C–R)]2+ core 

with TTBP (–80 °C, THF) and DHA (–25 °C, 1,2-DFB) is evaluated. The effect of 

electronic and steric modifications to the aforementioned –O2C–R ligands on the 

spectroscopic features, reaction rates and mechanisms of LCuIII(O2C–R) complexes in the 

presence of O–H and C–H bonds is discussed.  

 
4.2. Synthesis and characterization of [NBu4][LCuII(O2C–R)] complexes 
 

4.2.1. Synthesis of [NBu4][LCuII(O2C–R)] complexes 
 
 The syntheses of [NBu4][LCuII(O2C–R)] (R = –C6F5, –C6H2(iPr3), –C6H4(NO2), –

C6H5, –C6H4(OMe)) were performed using the same method as previously reported for 

[NBu4][LCuII(O2CC6H4(Cl))] in Chapter 3. This method involved an acid-base reaction 

between 1 eq. of the corresponding carboxylic acid and 1 eq. of [NBu4][LCuIIOH] over 3 

Å molecular sieves to yield [NBu4][LCuII(O2C–R)] (53–66% yield) and water (Scheme 

4.2a). The complexes were all isolated as teal/green solids. For the synthesis of 

[NBu4][LCuII(O2CCH3)], a different method was used that was adapted from the synthesis 

of [NBu4][LCuOH],122 where 0.95 eq. of NBu4(O2CCH3) and 1 eq. of LCuII(MeCN) were 

combined to yield [NBu4][LCuII(O2CCH3)] as a teal gray powder (79% yield, Scheme 

4.2b). All the complexes [NBu4][LCuII(O2C–R)] (R = –C6F5, –C6H2(iPr3), –C6H4(NO2), –
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C6H5, –C6H4(OMe) and –CH3) were characterized by high resolution ESI-MS and EA 

(Section 4.8).  

 

Scheme 4.2. Synthesis of [NBu4][LCuII(O2C–R)] complexes where (a) R = –C6F5,                  
–C6H2(iPr3), –C6H4(NO2), –C6H4(Cl), –C6H5, –C6H4(OMe) and (b) R = –CH3. 

 
4.2.2. X-ray crystallography of [LCuII(O2C–R)]– complexes 

 
For the purpose of obtaining the X-Ray crystal structure of 

[LCuII(O2CC6H2(iPr3))]−, the NEt4
+ salt was prepared using a procedure previously 

reported for [NEt4][LCuII(OH)] and [NEt4][LCuII(OOCm)].117 X-Ray crystal structures 

were obtained for both [NEt4][LCuII(O2CC6H2(iPr3)] and [NBu4][LCuII(O2CCH3)] via 

slow diffusion of diethyl ether into concentrated solutions (~35 mM) in THF, yielding 

dichroic crystal blocks (Figure 4.2). Both structures reveal nearly identical distorted square 

planar geometries, with t4 = 0.19 for [NEt4][LCuII(O2CC6H2(iPr3)] and t4 = 0.20 for 

[NBu4][LCuII(O2CCH3)].146 These values are similar to that reported for the X-Ray crystal 

structure of [NEt4][LCuII(O2CC6H4(Cl))] (t4 = 0.19). However, the structure of 
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[NEt4][LCuII(O2CC6H2(iPr3)] revealed a different coordination environment than 

previously reported for a copper(II) complex supported by L2–.96,117,122 Rather than binding 

in N,N’,N” fashion, one of the carboxamide arms has isomerized so that the ligand binds 

the copper(II) in N,N’,O fashion. Such isomerization of the carboxamide arms of the L2– 

ligand have been reported in complexes of Ru, Ni and Fe, but this is the first report with 

Cu.168,176 The bond distances reported for [NEt4][LCuII(O2CC6H2(iPr3))] (Table 4.2) reveal 

that the N3–C17 bond distance is ~0.06 Å shorter than the N1–C23 bond distance reported 

for the adjacent ligand arm (1.290(2) Å vs. 1.347(2) Å) while the O4–C17 bond distance 

is ~ 0.06 Å longer than the O3–C23 bond distance reported for the adjacent arm 

(1.3049(18) Å vs. 1.2479(19) Å). Given these bond distances, in combination with the 

overall –1 charge, we conclude that the O-bound arm of the ligand adopts an enolate form 

(N=C–O−). This motif may be compared to that seen in L2Cu(MeCN), supported by an 

asymmetric (arylcarboxamide)(arylimine)pyridine ligand with N,N’,O coordination, which 

is not deprotonated; it has an overall 2+ charge and the N1–C1 (1.318(3) Å) and C1–O1 

(1.255(3) Å) bond distances are consistent with a protonated carboxamide.177 The bond 

distance for N1–C1 is significantly longer than the N3–C17 distance in 

[NEt4][LCuII(O2CC6H2(iPr3))] (1.318(3) Å versus 1.290(2) Å, respectively) while the C1–

O1 distance is significantly shorter than the O4–C17 distance in 

[NEt4][LCuII(O2CC6H2(iPr3))] (1.255(3) Å versus 1.3049(18) Å), which confirms the 

assignment of the N3–C17 bond as N=C and the O4–C17 bond as C–O–. We speculate that 
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the preference for N,N’,O-coordination in [NEt4][LCuII(O2CC6H2(iPr3))] results from steric 

interactions involving the iPr groups that apparently disfavor N,N’,N”-binding. 

 

Figure 4.2. Representation of the X-Ray crystal structures of the anionic portions of 
[NEt4][LCuII(O2CC6H2(iPr3))] (left) and [NBu4][LCuII(O2CCH3)] (right), showing all 
nonhydrogen atoms as 50% thermal ellipsoids, heteroatoms labeled and H-atoms omitted 
for clarity. CCDC ([NEt4][LCuII(O2CC6H2(iPr3))]) 1921671, CCDC 
([NBu4][LCuII(O2CCH3)]) 1921670. 

Table 4.2. Selected bond distances (Å) and angles (°) from the X-Ray crystal structures of 
[NEt4][LCu(O2CC6H2(iPr3))], [NEt4][LCu(O2CC6H4(Cl))] and [NBu4][LCu(O2CCH3)]. 

 [NEt4] 
[LCuII(O2CC6H2(iPr3))] 

[NEt4] 
[LCuII(O2CC6H4(Cl))] 

[NBu4] 
[LCuII(O2CCH3)] 

Cu – O1, Å 1.9055(12) 1.929(3) 1.9452(17) 
Cu – O2, Å 2.9190(14) 2.516(3) 2.5450(19) 
Cu – N1, Å 1.9906(13) 2.005(3) 2.0158(18) 
Cu – N2, Å 1.9148(14) 1.912(3) 1.9400(18) 
Cu – N3, Å – 2.018(3) 2.0163(19) 
Cu – O4, Å 2.0020(12) – – 

N3 – C17, Å  1.290(2) – – 
O4 – C17, Å 1.3049(18) – – 
N1 – C23, Å 1.347(2) – – 
O3 – C23, Å 1.2470(19) – – 

N1 – Cu – N3, ° –  160.44(13) 159.59(7) 
N1 – Cu – O4, ° 162.12(5) – – 
N1 – Cu – N2, ° 81.06(6) 80.48(12) 80.44(8) 
N2 – Cu – O1, ° 170.92(6) 176.17(12) 172.50(8) 

t4 0.19 0.19 0.20 
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The structure of [NBu4][LCuII(O2CCH3)] revealed N,N’,N” coordination to the 

copper, similar to what was observed for [NEt4][LCuII(O2CC6H4(Cl))] in Chapter 3. When 

compared to the structures of [NEt4][LCuII(O2CC6H4(Cl))] and 

[NEt4][LCuII(O2CC6H2(iPr3))], [NBu4][LCuII(O2CCH3)] has the longest Cu–O1 distance 

(1.9452(17) Å vs. 1.929(3) Å and 1.9055(12) Å, respectively) and the second shortest Cu–

O2 distance (2.5450(19) Å vs. 2.516(3) Å and 2.9190(14) Å, respectively). We note a 

general trend such that the greater the steric bulk on the carboxylate ligand, the shorter the 

Cu–O1 distance and the longer the Cu–O2 distance. In view of the previous results 

indicating that the carbonyl oxygen (O2) of the benzoate ligand in 

[NEt4][LCuII(O2CC6H4(Cl))] is involved in PCET reactions, we suspect that variation in 

the Cu–O2 distance may play a role in PCET reactivity.  

 
4.3. Spectroscopic and electrochemical characterization of [NBu4][LCuII(O2C–R)] 

complexes 
 

4.3.1. Characterization of [NBu4][LCuII(O2C–R)] complexes by UV-vis 
spectroscopy 

 
UV-vis spectra of the [LCuII(O2C–R)]− complexes at 25 °C in THF revealed 

transitions near 375 nm and 600 nm (Figure 4.3, Table 4.3). The intensity of the band near 

375 nm (e ~ 3x103 M–1 cm–1) suggests a charge transfer transition while the intensity of the 

band near 600 nm (e ~ 4x102 M–1 cm–1) suggests a d–d transition. The band near 600 nm 

undergoes a bathochromic (or red) shift correlated with the electron-donating nature of the 

−O2C–R ligand (e.g. most electron-withdrawing –C6F5: 598 nm; most electron-donating     

–CH3: 619 nm).  
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Figure 4.3. UV-vis spectra overlay of [NBu4][LCuII(O2C–R)] where R = –C6F5 (black), –
C6H2(iPr3) (red), –C6H4(NO2) (blue), –C6H4(Cl) (green), –C6H5 (orange), –C6H4(OMe) 
(violet) and –CH3 (light green) in THF at 25 °C. 

 
Table 4.3. Compilation of lmax, nmax and molar absorptivity values of [NBu4][LCuII(O2C–
R)] complexes via UV-vis spectroscopy collected at 25 °C in THF. 

Complex  
([NBu4][LCuII(O2C–R)]) 

lmax 
(nm) 

nmax 
(cm–1) 

e 
(M–1 cm–1) 

–C6F5 
375 26667 3000 (sh) 
598 16722 630 

–C6H2(iPr3) 
– – – 

673 14859 300 

–C6H4(NO2) 
365 27397 2000 (sh) 
600 16667 300 

–C6H4(Cl) 370 27027 2500 (sh) 
609 16420 400 

–C6H5 
370 27027 3300 (sh) 
612 16340 420 

–C6H4(OMe) 370 27027 2500 (sh) 
617 16207 400 

–CH3 
370 27027 2500 (sh) 
619 16155 350 

 
 
The trend in λmax values is best explained by plots correlating nmax to (i) pKa of the 

corresponding free acid, HO2C–R and (ii) p-substituted Hammett parameters (sp). A plot 
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of the nmax (lmax converted to cm–1) observed for [NBu4][LCuII(O2C–R)] versus pKa of the 

corresponding free acid, HO2C–R, revealed a linear correlation where nmax decreased as 

pKa increased (Figure 4.4). Previous work with a series of copper(II) p-substituted 

phenoxide complexes, [LCu(OArX)]–, in the Tolman group revealed the same trend 

between the nmax corresponding to a low intensity d-d transition and pKa.96 This correlation 

is rationalized by the destabilization of the Cu d orbitals as pKa increases (or the acid 

becomes increasingly electron-donating), resulting in smaller d-d energy gaps and, thus, 

an overall red shift. The point that corresponds to R = –O2CC6H2(iPr3) is an outlier, which 

may be due to the presence of two coordination isomers (N,N’,N” and N,N’,O) in solution 

at room temperature. Thus, it was not considered in the linear fit.  

 

 

Figure 4.4. Plot of nmax of [NBu4][LCuII(O2C–R)] at 25 °C in THF versus (left) H–O2C–
R pKa in H2O and (right) sp for X in HO2CC6H5–X. Linear fit (pKa): nmax = –190pKa + 
17147, R2 = 0.77. Linear fit (sp): nmax = 430sp + 16328, R2 = 0.99. 

 

Correlation of nmax with sp has been used in the literature for understanding 

substituent effects on a variety of conjugated organic dyes via postulation of a Hammett-

derived equation (eq. 4.1) where r is a proportionality constant reflecting the sensitivity of 



 106 

absorption frequencies to sp and n0 is the absorption frequency without electronic effects 

(e.g. when sp = 0).178-180 From this correlation, r values in the range of –2000 cm–1 to 2070 

cm–1 have been observed experimentally for organic dyes.179,180 A linear (R2 = 0.99) 

correlation is observed when nmax of [NBu4][LCuII(O2C–R)] (where R = –C6H4(NO2), –

C6H4(Cl), –C6H5 and –C6H4(OMe)) versus sp for is plotted that shows nmax increases as sp  

increases (NOTE: sp was used for R = –C6H4(Cl) despite the presence of the meta-chloro 

group since sp (0.23) ~ sm (0.37)) (Figure 4.4). This correlation implies that as the p-

substituents of [NBu4][LCuII(O2C–R)] complexes become increasingly electron-

withdrawing, or as sp increases, the d-d energy gaps increase, or observed nmax increases. 

The p-substituted [NBu4][LCuII(O2C–R)] series is less sensitive (r ~ 4x102 cm–1) to 

substituent electronics than previously observed for organic dyes (r ~ 2x103 cm–1) by 

approximately one order of magnitude.179,180 Essentially, both nmax versus pKa and nmax 

versus sp reveal the same trend: [NBu4][LCuII(O2C–R)] complex d-d transitions decrease 

in energy as R becomes increasingly electron-donating.  

 
nmax = r(sp) + n0    (eq. 4.1) 

 

4.3.2. Characterization of [NBu4][LCuII(O2C–R)] complexes by EPR spectroscopy 
 

To further probe the electronic structure of the copper(II) centers within the series 

of  complexes [NBu4][LCuII(O2C–R)] (R = –C6F5, –C6H2(iPr3), –C6H4(NO2), –C6H4(Cl),   

–C6H5, –C6H4(OMe) or –CH3), they were investigated by continuous wave X-band EPR 

spectroscopy (Figure 4.5 and Figure 4.6). Spectra were measured of frozen solutions in 

THF at 30 K. They exhibited pseudo-axial signals typical of 4-coordinate Cu(II) 
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compounds, with evident copper hyperfine coupling in the g|| region as well as distinct 

superhyperfine coupling in the g^ signal due to Npyridine and Namide donor ligands. The 

spectra were simulated using the program EasySpin in order to determine g values, 

hyperfine and superhyperfine parameters (Table 4.4, Figure 4.7). Overall, the g-values and 

hyperfine/superhyperfine parameters for coupling of the electron spin to Cu, Namide and 

Npyridine are nearly equivalent across the entire series of complexes, with the exception of 

[NBu4][LCuII(O2CC6H2(iPr3))]. The parameters for the latter complex include a larger gz 

value (2.228 vs. 2.201 avg.) and a lower ACu
z value (545 vs. 576 avg.) in comparison to the 

other [NBu4][LCuII(O2C–R)] complexes.  

 

 

Figure 4.5. Overlay of continuous X-band (9.64 GHz) EPR spectra of [NBu4][LCuII(O2C–
R)] where R = –C6F5 (black), –C6H2(iPr3) (red), –C6H4(NO2) (blue), –C6H4(Cl) (green), –
C6H5 (orange), –C6H4(OMe) (violet) and –CH3 (light green) in THF at 30 K.  
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Figure 4.6. Overlay of continuous X-band (9.64 GHz) EPR spectra with zoomed view of 
copper hyperfine structure of [NBu4][LCuII(O2C–R)] where R = –C6F5 (black), –C6H2(iPr3) 
(red), –C6H4(NO2) (blue), –C6H4(Cl) (green), –C6H5 (orange), –C6H4(OMe) (violet) and –
CH3 (light green)  in THF at 30 K. 

 
Table 4.4. Simulated g-values and hyperfine/superhyperfine parameters (MHz) for Cu, 
Namide and Npyridine nuclei for [NBu4][LCuII(O2C–R)] complexes in THF at 30 K.  

R = –C6H2(iPr3) –C6F5 –C6H4(NO2) –C6H4(Cl) –C6H5 –C6H4(OMe) –CH3 
gx 2.060 2.028 2.030 2.035 2.0350 2.035 2.030 
gy 2.040 2.055 2.045 2.048 2.0480 2.055 2.050 
gz 2.228 2.197 2.202 2.200 2.2000 2.205 2.204 

ACu
x 30 60 60 55 60 40 60 

ACu
y 50 60 60 60 60 55 60 

ACu
z 545 580 575 575 575 575 573 

Apy
x 30 30 30 30 30 30 30 

Apy
y 40 45 45 45 45 50 45 

Apy
z 50 55 35 47 47 35 30 

Aam
x 30 30 45 40 45 45 45 

Aam
y 40 45 50 50 50 50 50 

Aam
z 50 55 35 55 55 35 30 
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Figure 4.7. Overlay of experimental (black) and simulated (red) continuous wave X-band 
(9.64 GHz) EPR spectra of [NBu4][LCuII(O2C–R)] where R = –C6F5 (top left), –C6H2(iPr3) 
(top right), –C6H4(NO2) (middle left), –C6H5 (middle right), –C6H4(OMe) (bottom left) and 
–CH3 (bottom right) in THF at 30 K. 
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Comparison of the EPR spectra of [NBu4][LCuII(O2C–R)] complexes, excluding   

R = –O2CC6H2(iPr3), to previously reported EPR spectra of N,N’,N”-coordinated 

[NBu4][LCuII(X)] complexes where X = –OH, –OOCm or –OAr reveal similar gz values 

(2.192 avg.), and only slightly different ACu
z values (552 avg.). 96,117,122 The spectrum of 

[NBu4][LCuII(O2CC6H2(iPr3))] contains fewer superhyperfine lines in the g^ region, which 

is made clearer by considering the second derivatives of the EPR spectra (Figure 4.8). Thus, 

the signal for [NBu4][LCuII(O2CC6H2(iPr3))] shows ~12 lines while R = –C6H5, for 

example, shows ~17 lines. We simulated the former reasonably well by incorporating 

coupling to one fewer N atom. Thus, the data clearly support retention in the frozen solution 

of the N,N’,O-coordination seen for the complex by X-ray crystallography (Figure 4.9). 

We also note that L2Cu(MeCN), where L2 is an asymmetric 

(arylcarboxamide)(arylimine)pyridine ligand with N,N’,O coordination, exhibited a 

similarly perturbed EPR spectrum with an increased gz value and decreased ACu
z term 

relative to N,N’,N”-bound compounds.177 Taken together, the UV-vis and EPR data 

support similar coordination geometries for the series [NBu4][LCuII(O2C–R)] complexes, 

with the exception of [NBu4][LCuII(O2CC6H2(iPr3))], which adopts N,N’,O coordination 

in the solid state and solution at low temperatures. 
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Figure 4.8. Overlay of the second derivative of the continuous wave X-band (9.64 GHz) 
EPR spectra of (red) [NBu4][LCuII(O2CC6H2(iPr3))] and (orange) 
[NBu4][LCuII(O2CC6H5)].  

 

 

Figure 4.9. Overlay of the experimental (black) and simulated (red) second derivative of 
the continuous wave X-band (9.64 GHz) EPR spectrum of [NBu4][LCuII(O2CC6H2(iPr3))]. 
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4.3.3. Characterization of [NBu4][LCuII(O2C–R)] complexes by cyclic voltammetry 
 

In order to further characterize the electronic effects of varying the carboxylate, 

cyclic voltammetry studies were completed with each [NBu4][LCuII(O2C–R)] complex in 

THF (0.3 M Bu4NPF6) at room temperature using the ferrocene/ferrocenium (Fc/Fc+) or 

the decamethyl ferrocene/decamethyl ferrocenium (Fc*/Fc*+) couples as internal standards 

(Figure 4.10, Table 4.5, Figure 4.11). With the exception of [NBu4][LCu(O2CC6H2(iPr3))], 

all of the [NBu4][LCuII(O2C–R)] systems revealed pseudo-reversible redox couples (ipa/ipc 

ratios ranging from 1.00 to 1.34) which deviated from ideality to varying extents as 

reflected by peak separations (DEp) at 100 mV/s ranging from 0.112 to 0.173 V. Estimated 

E1/2 values within the series revealed a range of 150 mV (from 0.150 to 0.298 V vs. Fc/Fc+). 

A plot of these values versus the pKa of the free acid of the carboxylate ligand revealed a 

clear trend (Figure 4.12, linear fit shown), such that more acidic carboxylates resulted in 

higher oxidation potentials. These data clearly show that oxidized forms of the complexes 

are potentially accessible and that the nature of the carboxylate directly influences the 

electronic structure of the Cu center. 
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Figure 4.10. Overlay of cyclic voltammograms collected of [NBu4][LCuII(O2C–R)] where 
R = –C6F5 (black), –C6H2(iPr3) (red), –C6H4(NO2) (blue), –C6H4(Cl) (green), –C6H5 
(orange), –C6H4(OMe) (violet) and –CH3 (light green); 2 mM LCuII/0.3 M Bu4NPF6 in 
THF, 25 °C, glassy carbon working electrode. 

 
 
 
Table 4.5. Compilation of E1/2, ipa/ipc and DEp values of [NBu4][LCuII(O2C–R)] complexes 
at 100 mV/s in THF at 25 °C.  

LCu(O2C–R) 
R= 

E1/2 
(V vs. Fc/Fc+) 

ipa/ipc DEp 
(V vs. Fc/Fc+) 

–C6F5 0.298(2) 1.00 0.150 
–C6H2(iPr3) 0.290, 0.410 – – 
–C6H4(NO2) 0.239(5) 1.22 0.173 
–C6H4(Cl) 0.228(8) 1.00 0.157 

–C6H5 0.169(5) 1.12 0.112 
–C6H4(OMe) 0.151(6) 1.34 0.139 

–CH3 0.150(3) 1.28 0.120 
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Figure 4.11. Individual cyclic voltammograms collected of [NBu4][LCuII(O2C–R)] where 
R = –C6F5 (top left), –C6H2(iPr3) (top right), –C6H4(NO2) (middle left), –C6H5 (middle 
right), –C6H4(OMe) (bottom left) and –CH3 (bottom right); 2 mM LCuII/0.3 M TBAP in 
THF, 25 °C, glassy carbon working electrode, 100 mV/s scan rate. 
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Figure 4.12. Plot of E1/2 of LCu(O2C–R) versus H–O2C–R pKa in H2O; Linear fit: E1/2 =  
–0.05pKa + 0.39, R2 = 0.97.  

  
The CV of [NBu4][LCu(O2CC6H2(iPr3))] is distinct from the others, in that it 

features two irreversible redox waves at ~0.290 V and ~0.410 V vs. Fc/Fc+ (Figure 4.10 

and Figure 4.11). The irreversibility observed in the CV of [NBu4][LCu(O2CC6H2(iPr3))] 

may be attributed to multiple factors: (i) in solution at room temperature, it is possible that 

two resonance forms of one carboxamide/enol carboxamide arm is in rotation such that the 

irreversible redox couple at ~0.290 V vs. Fc/Fc+ corresponds to the CuII/CuIII redox couple 

with N,N’,N” coordination while the irreversible redox couple at ~0.410 V vs. Fc/Fc+ 

corresponds to the CuII/CuIII redox couple with N,N’,O coordination, with both couples 

being irreversible due to chemical reactions occurring subsequent to electron transfer, or 

(ii) the redox potential at ~0.290 V vs. Fc/Fc+ corresponds to the CuII/CuIII couple of the 

N,N’,O coordinated complex and it reacts chemically after electron transfer to yield a new 

species that then undergoes another irreversible redox event at ~0.410 V vs. Fc/Fc+. Due 

to the lack of reversibility in this system, we chose to not investigate this system further.  
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4.4. Characterization of LCuIII(O2C–R) complexes 
 

We characterized the putative LCuIII(O2C–R) complexes (R = –C6F5, –C6H4(NO2), 

–C6H5, –C6H4(OMe), –CH3) by generating them via chemical oxidation of the precursor 

Cu(II) compounds and evaluating their UV-vis spectra at low temperature. Due to 

complications observed in the structure, spectroscopy and electrochemistry of 

[NBu4][LCuII(O2CC6H2(iPr3))], its chemical oxidation was not examined. The complexes 

[NBu4][LCuII(O2C–R)] (R = –C6F5, –C6H4(NO2), –C6H5, –C6H4(OMe), –CH3) were 

oxidized via addition of 1 eq. [AcFc][BArF
4] in THF at –80 °C. In all cases, three charge 

transfer transitions (e ~ 5x103 – 1x104 M–1 cm–1) were observed near 480, 650 and 830 nm. 

These features are similar to those previously reported for LCuIII(O2CC6H4Cl) (blue 

spectrum in Figure 4.13, Table 4.6). Despite the E1/2 of [AcFc][BArF
4] (0.270 V vs. Fc/Fc+ 

in CH2Cl2)155 being ~ 30 mV lower than the E1/2 observed for [NBu4][LCuII(O2CC6F5)] 

(0.298 V vs. Fc/Fc+ in THF), a titration of [NBu4][LCuII(O2CC6F5)] using 

substoichiometric equivalents of [AcFc][BArF
4] revealed full oxidation to LCuIII(O2CC6F5) 

after addition of 1.0 equivalent of oxidant (Figure 4.14). Attempts to oxidize 

[NBu4][LCuII(O2CC6F5)] by using a stronger oxidant, [p-(tolyl)3N][PF6] (E1/2 = 0.370 V 

vs. Fc/Fc+ in MeCN),155 were successful, but required 2.0 equivalents to fully oxidize the 

[NBu4][LCuII(O2CC6F5)] complex. We speculate that this resulted from decay of [p-

(tolyl)3N][PF6] in solution, a documented process that forms the reduced amine 

(p(tolyl)3N) over time.181 
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Figure 4.13. UV-vis spectra overlay of LCuIII(O2C–R) where R = –C6F5 (black), –C6H4(Cl) 
(blue), –C6H4(NO2) (green), –C6H5 (orange), –C6H4(OMe) (violet) and –CH3 (light green) 
in THF at –80 °C. 

 
Table 4.6. Compilation of lmax, nmax and molar absorptivity values of LCuIII(O2C–R) 
complexes via UV-vis spectroscopy in THF at –80 °C. 

Complex  
(LCuIII(O2C–R)) 

lmax 
(nm) 

nmax 
(cm–1) 

e 
(M–1 cm–1) 

–C6F5 
506 19763 5000 
670 14925 10800 
866 11547 9600 

–C6H4(Cl) 
491 20367 5000 
650 15385 12000 
830 12048 9950 

–C6H4(NO2) 
495 20202 5500 
653 15314 13200 
835 11976 10600 

–C6H5 
493 20284 4700 
646 15480 11300 
827 12092 9200 

–C6H4(OMe) 
485 20619 4700 
636 15723 11200 
824 12136 8800 

–CH3 
467 21413 5800 
624 16026 13700 
809 12361 9700 
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Figure 4.14. (left) Overlay of UV-vis spectra upon addition of varying equivalents of 
[AcFc][BArF

4] to [NBu4][LCuII(O2CC6F5)] at –80 °C in THF; (right) plot of corresponding 
molar absorptivity values at l = 865 nm vs. equivalents of [AcFc][BArF

4]. 

 
As discussed in Chapter 3, TD-DFT calculations completed by Mukunda Mandal, 

a graduate student in the group of Professor Christopher Cramer, assigned the intense UV-

vis transitions of  LCuIII(O2CC6H4(Cl)) at lmax = 650 and 830 nm to varying compositions 

of two different LMCT transitions involving the supporting ligand (L2–) and the copper 

center: (1) N-aryl p ® Cu d and (2) N-amide p ® Cu d. Hypsochromic (blue) shifts were 

observed for the LCuIII(O2C–R) UV-vis spectral features that correlated with increasing 

electron-donating nature of the bound carboxylate ligand (e.g. most electron-withdrawing 

–C6F5: 506, 670, 866 nm; most electron-donating –CH3: 485, 636, 809 nm). Previous work 

with a series of p-substituted Fe(III)-phenoxides, FeIII(OArX), revealed a similar blue shift 

in the observed LMCT transition near ~ 400 nm (25000 cm–1) corresponding to increasing 

electron-donating nature of the bound phenoxide.182 Plots of the nmax (near 800 nm) of 

LCuIII(O2C–R) versus (i) pKa of the corresponding free acid, HO2C–R, and (ii) sp for R = 

–C6H4(NO2), –C6H4(Cl), –C6H5 and –C6H4(OMe) revealed linear correlations (R2 > 0.90) 

(Figure 4.15). In both cases, the correlation implies that the CuIII center becomes easier to 
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reduce and the observed nmax decreases as the bound carboxylate becomes increasingly 

electron-withdrawing (as pKa decreases, sp increases). In addition, the slope of the plot of 

nmax of LCuIII(O2C–R) versus sp yields r = –150 cm–1, which indicates that the LCuIII(O2C–

R) series is less sensitive, by a factor of ~ 3, to electronic perturbation than the 

[NBu4][LCuII(O2C–R)] series (r = 430 cm–1).179,180 In addition, the LCuIII(O2C–R) series 

is also less sensitive to electronic perturbation than the FeIII(OArX) series by a factor of        

~ 6 (r ~ –950 cm–1).182 

 

 

Figure 4.15. Plot of nmax of LCuIII(O2C–R) near 800 nm at –80 °C in THF versus (left) H–
O2C–R pKa in H2O and (right) sp for X in HO2CC6H5–X. Linear fit (pKa): nmax = 240pKa 
+ 11120, R2 = 0.94. Linear fit (sp): nmax = –150sp + 12091, R2 = 0.99.  

 
To investigate the chemical reversibility of the LCuII/III(O2C–R) redox couple, UV-

vis experiments were completed with [NBu4][LCuII(O2C–R)] (R = –C6H4(NO2),                      

–C6H4(OMe)) involving sequential addition of multiple equivalents of oxidant 

([AcFc][BArF
4]) and reductant (Fc*) (Figure 4.16). Both LCu(O2CC6H4(NO2)) and 

LCu(O2CC6H4(OMe)) underwent 3 cycles of repeated oxidation and reduction. These 

findings are consistent with assignment of the observed UV-vis spectra to reversible 
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oxidation and reduction events that we infer are likely to be attained for all carboxylate 

systems (except R = –C6H2(iPr3)).  

 

Figure 4.16. UV-vis oxidation/reduction titration where 1–3 equivalents of [AcFc][BArF
4] 

and decamethyl ferrocene (Fc*) were added to (left) [NBu4][LCuII(O2CC6H4(NO2))] and 
(right) [NBu4][LCuII(O2CC6H4(OMe))] in THF at –80 °C (*denotes decamethyl 
ferrocenium signal). 

 
4.5. Reactivity of LCuIII(O2C–R) complexes with organic substrates 
 

4.5.1. Reactions of LCuIII(O2C–R) with TTBP 
 
A major aim in synthesizing a series of [NBu4][LCuII(O2C–R)] complexes was to 

understand how the electronic and steric modifications to R affected the reaction rates of 

the corresponding LCuIII(O2C–R) complexes with C–H or O–H bonds. We chose to 

examine the reactions with TTBP and DHA to draw comparisons with the experiments 

previously completed between LCuIII(O2CC6H4(Cl)) with the same substrates (Chapter 3).  

Specifically, the rates of the reactions of LCuIII(O2C–R) with TTBP/DHA were studied 

with the aim of revealing electronic-based correlations that could inform our understanding 

of the mechanism of the intriguing reactivity previously observed between 

LCuIII(O2CC6H4(Cl)) with O–H and C–H bonds.  
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Generation of all LCuIII(O2C–R) complexes (where R = –C6F5, –C6H4(NO2), –

C6H5, –C6H4(OMe) and –CH3) were accomplished in situ via addition of 1.0 eq of a one-

electron oxidant, [AcFc][BArF
4]. Reactions with LCuIII(O2C–R) complexes and 50 eq. 

excess TTBP were carried out in THF at –80 °C, while reactions with the same series of 

LCuIII(O2C–R) complexes with 200 eq. excess DHA were carried out in 1,2-DFB at –25 

°C. All reactions were run a minimum of three times. The data from all kinetic experiments 

were fit to a second order reaction model using ReactLab Kinetics, a global fitting software, 

to determine k2 values.159 The ReactLab fits supported a second order model and revealed 

low residuals for most wavelengths (see representative decay traces for the reaction of 

LCuIII(O2CC6H5) with TTBP/DHA at given wavelengths in Figure 4.17). 

 

 

Figure 4.17. Decay traces of LCuIII(O2CC6H5) with (left) 50 eq. TTBP in THF at –80 °C 
and (right) 200 eq. DHA in 1,2-DFB at –25 °C; experimental decay traces at 400/378, 
650/675 and 830/840 nm (green, red and blue squares, respectively) overlaid with 
calculated decay traces at 400/378, 650/675 and 830/840 nm (green, red, and blue lines, 
respectively) and calculated residuals from kinetic fits at 400/378, 650/675 and 830/840 
nm (dark green, dark red, and dark blue lines, respectively). 
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Upon reaction of LCuIII(O2C–R) (R = –C6F5, –C6H4(NO2), –C6H4(Cl), –C6H5, –

C6H4(OMe) and –CH3) with 50 eq. TTBP at –80 °C in THF, second order rate constants 

were calculated and the following rate order was observed: –C6F5 > –C6H4(Cl) >                       

–C6H4(NO2) > –C6H4(OMe) > –C6H5 > –CH3 (Table 4.7). Representative kinetic fits are 

shown for LCuIII(O2CC6F5) (fastest) in Figure 4.18 and for LCuIII(O2CCH3) (slowest) in 

Figure 4.19. Across the series of reactions of LCuIII(O2C–R) complexes with TTBP, a two-

order-of-magnitude difference is observed between the fastest reaction (1.8(4) M–1 s–1, R 

= –C6F5) and the slowest (0.025(3) M–1 s–1, R = –CH3).  

 
Table 4.7. Second-order rate constants for the reaction of LCuIII(O2C–R) complexes with 
TTBP in THF at –80 °C. 

Complex 
(LCuIII(O2C–R)) 

k2 
(M–1 s–1) 

–C6F5 1.8(4) 
–C6H4(Cl) 0.3(1) 

–C6H4(NO2) 0.23(3) 
–C6H4(OMe) 0.09(1) 

–C6H5 0.052(8) 
–CH3 0.025(3) 

 

 

Figure 4.18. Representative UV-vis spectra and decay traces of LCuIII(O2CC6F5) with 50 
eq. TTBP in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 0 
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(black) to t = 650 s (red); (right) experimental decay traces at 400, 665 and 850 nm (green, 
red and blue squares, respectively) overlaid with calculated decay traces at 400, 665 and 
850 nm (green, red, and blue lines, respectively) and calculated residuals from kinetic fits 
at 400, 665 and 850 nm (dark green, dark red, and dark blue lines, respectively).  

 

 
Figure 4.19. Representative UV-vis spectra and decay traces of LCuIII(O2CCH3) with 50 
eq. TTBP in THF at –80 °C; (left) overlay of experimental UV-vis spectra from t = 0 
(black) to t = 6000 s (red); (right) experimental decay traces at 400, 630 and 815 nm (green, 
red and blue squares, respectively) overlaid with calculated decay traces at 400, 630 and 
815 nm (green, red, and blue lines, respectively) and calculated residuals from kinetic fits 
at 400, 630 and 815 nm (dark green, dark red, and dark blue lines, respectively). 
 

Several different log(k2) correlations were used to determine the degree to which 

pKa, E1/2, O–H BDE or sp affects the nature of the PCET reaction between LCuIII(O2C–R) 

and TTBP. Thus, plots of log(k2) versus pKa’s (for the corresponding free acid), E1/2 values 

(for the LCuII/III(O2C–R) couples), O–H BDE’s (for the corresponding free acid) and sp 

values (for R = –C6H4(Cl), –C6H4(NO2), –C6H4(OMe), and –C6H5) are shown in Figure 

4.20. The plots of log(k2) with pKa (R2 = 0.93), E1/2 (R2 = 0.88), and O–H BDE (R2 = 0.73) 

reveal good linear correlations (Figure 4.20). We do not see a significant linear trend in the 

plot of log(k2) versus sp (R2 = 0.39) (Figure 4.20d), which is likely the result of the small 

range of kR/kH (0.0–0.7).  
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Figure 4.20. (a) Plot of log(k2) of LCuIII(O2C–R) with TTBP versus H–O2C–R pKa in H2O. 
(b) Plot of log(k2) of LCuIII(O2C–R) with TTBP versus E1/2 of LCu(O2C–R). (c) Plot of 
log(k2) of LCuIII(O2C–R) with TTBP versus H–O2C–R BDE. (d) Hammett plot of 
log(kR/kH) versus HO2C–R sp. Linear fit (pKa): log(k2) = –0.57pKa + 1.2, R2 = 0.93. Linear 
fit (E1/2): log(k2) = 10.5E1/2 – 2.99, R2 = 0.88. Linear fit (BDE): log(k2) = –0.14BDE + 14, 
R2 = 0.73. Linear fit (sp): log(kR/kH) = 0.63sp + 0.06, R2 = 0.39.  

 
The plot of log(k2) versus pKa (Figure 4.20a) reveals that the more electrophilic 

reagent, influenced by the acidity of the bound carboxylate, reacts fastest. The same 

observation is observed in the plot of log(k2) versus E1/2 of the complex (Figure 4.20b) 

where the better oxidant, or higher E1/2, reacts fastest. The fact that the faster rate is 

observed for the most readily reduced LCuIII(O2C–R) complex (R = –C6F5) implies that 

the reaction of LCuIII(O2C–R) with TTBP is driven more by electron transfer than proton 

transfer, potentially implicating an asynchronous pathway. The fact that the reaction rate 

(a) (b) 

(c) (d) 
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of LCuIII(O2C–R) with TTBP decreases with increasing O–H BDE of the corresponding 

free acid (Figure 4.20c) is counterintuitive from a thermodynamic perspective and also 

suggests the possibility of asynchronicity. It has been shown in the literature that 

asynchronous transfer of an electron and/or proton in PCET reactions, defined by the 

transfer of a H+ (or e–) prior to the transfer of an e– (or H+), resulting in a reaction pathway 

with lower activation barriers relative to synchronous H+ and e– transfer, thus, deviation 

from typical thermodynamic arguments.167 For an electron and proton that are transferred 

at the same time, one would expect the thermodynamic driving force for the reaction of 

LCuIII(O2C–R) with TTBP to be the strength of the O–H bond formed (of the free acid), 

but this is not observed (e.g. R = –CH3 has the strongest O–H BDE172 = 112 kcal mol–1, yet 

it reacts slowest). Previous computational analysis of the reaction of LCuIII(O2CC6H4(Cl)) 

with TTBP (Chapter 3) predicted that the reaction of LCuIII(O2CC6H4(Cl)) with TTBP 

proceeds via an asynchronous ET/PT, which involves the transfer of the e– prior to transfer 

of the H+ from TTBP to LCuIII(O2CC6H4(Cl)). Asynchronicity in PCET reactions between 

high-valent metal-oxygen complexes and a given substrate has been previously reported, 

notably between a cobalt(III)-oxo complex with a variety of C–H substrates.183 Taken 

together, the linear correlations shown in Figure 4.20 for the reaction of LCuIII(O2C–R) 

with TTBP reveal that as R becomes increasingly electron-withdrawing, faster reactions 

are observed, which may implicate asynchronous ET/PT on the basis of both theory 

calculations and the counterintuitive negative correlation of the log(k2) versus O–H BDE 

plot. 

It is informative to compare the reactivity trend observed for LCuIII(O2C–R) with 

TTBP with the reactivity trend for LCuIII(OH) with p-substituted phenols (XArOH).132 In 
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contrast to the study of LCuIII(O2C–R) with a single O–H substrate, TTBP, a single 

LCuIII(OH) complex was studied with a variety of O–H substrates. Second order reaction 

rates of LCuIII(OH) with XArOH (where X = NMe2, OMe, Me, H, Cl, CF3, NO2) revealed 

good linear correlations for log(k2) versus pKa (excluding X = –NO2) and E1/2 of the XArOH 

substrate (Figure 4.21).132 Both plots of log(k2) versus pKa (Figure 4.21a) and E1/2 (Figure 

4.21b) for LCuIII(OH) with XArOH reveal the same trend as observed in similar plots for 

the reaction of LCuIII(O2C–R) with TTBP. This common trend is explained such that a 

single oxidant reacts faster with more electron rich substrates (LCuIII(OH) with phenols), 

while a single substrate reacts faster with more electron poor oxidants (LCuIII(O2C–R) with 

TTBP).  

 

      
Figure 4.21. (a) Plot of log(k2) of LCuIII(OH) with DHA versus XArO–H pKa. (b) Plot of 
log(k2) of LCuIII(OH) with DHA versus E1/2 of XArO–H. Adapted from ref. 132. 

 
4.5.2. Reactions of LCuIII(O2C–R) with DHA 

 
 With the effort of understanding the PCET mechanism of the reaction of 

LCuIII(O2C–R) with C–H bonds, reactions of LCuIII(O2C–R) complexes with DHA were 

carried out. Reaction of LCuIII(O2C–R) complexes (where R = –C6F5, –C6H4(NO2),               

(a) (b) 
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–C6H4(Cl), –C6H5, –C6H4(OMe) and –CH3) with DHA at –25 °C in 1,2-DFB revealed 

second order rate constants with the following rate order: –C6H4(Cl) > –C6H5 > –

C6H4(OMe) > –CH3 > –C6F5 > –C6H4(NO2) (Table 4.8). Representative kinetic fits are 

shown for LCuIII(O2CC6H4(Cl)) (fastest) in Figure 4.22 and for LCuIII(O2CC6H4(NO2)) 

(slowest) in Figure 4.23. Across the series of reactions of LCuIII(O2C–R) complexes with 

DHA, nearly a two-order-of-magnitude difference is observed between the fastest reaction 

(0.11(4) M–1 s–1, R = –C6H4(Cl)) and the slowest (0.0079(4) M–1 s–1, R = –C6H4(NO2)). 

Plots of log(k2) versus pKa’s (for the corresponding free acid), E1/2 values (for the 

LCuII/III(O2C–R) couples), O–H BDE’s (for the corresponding free acid) and sp values (for 

R = –C6H4(Cl), –C6H4(NO2), –C6H4(OMe), and –C6H5) are shown in Figure 4.24. 

 
Table 4.8. Second order rate constants for the reaction of LCuIII(O2C–R) complexes with 
DHA in 1,2-DFB at –25 °C. 

Complex 
(LCuIII(O2C–R)) 

k2 
(M–1 s–1) 

–C6H4(Cl) 0.11(4) 
–C6H5 0.05(2) 

–C6H4(OMe) 0.015(7) 
–CH3 0.015(9) 
–C6F5 0.014(3) 

–C6H4(NO2) 0.0079(4) 
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Figure 4.22. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(Cl)) with 
200 eq. DHA in 1,2-DFB at –25 °C; (left) overlay of experimental UV-vis spectra from t 
= 0 (black) to t = 1000 s (red); (right) experimental decay traces at 378, 675 and 850 nm 
(green, red and blue squares, respectively) overlaid with calculated decay traces at 378, 
675 and 850 nm (green, red, and blue lines, respectively) and calculated residuals from 
kinetic fits at 378, 675 and 850 nm (dark green, dark red, and dark blue lines, respectively). 

 
 

 

Figure 4.23. Representative UV-vis spectra and decay traces of LCuIII(O2CC6H4(NO2)) 
with 200 eq. DHA in 1,2-DFB at –25 °C; (left) overlay of experimental UV-vis spectra 
from t = 0 (black) to t = 2750 s (red); (right) experimental decay traces at 378, 670 and 850 
nm (green, red and blue squares, respectively) overlaid with calculated decay traces at 378, 
670 and 850 nm (green, red, and blue lines, respectively) and calculated residuals from 
kinetic fits at 378, 670 and 850 nm (dark green, dark red, and dark blue lines, respectively). 
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Figure 4.24. (a) Plot of log(k2) of LCuIII(O2C–R) with DHA versus H–O2C–R pKa in H2O. 
(b) Plot of log(k2) of LCuIII(O2C–R) with DHA versus E1/2 of LCu(O2C–R). (c) Plot of 
log(k2) of LCuIII(O2C–R) with DHA versus H–O2C–R BDE. (d) Hammett plot of log(kR/kH) 
versus HO2C–R sp. Linear fit (pKa): log(k2) = –1.09pKa + 3.17, R2 = 0.87. Linear fit (E1/2): 
log(k2) = 11.1E1/2 – 3.46, R2 = 0.73. Linear fit (O–H BDE): log(k2) = –0.16BDE + 16, R2 = 
0.52. Linear fit (sp): log(kR/kH) = 1.84sp – 0.002, R2 = 0.89. All linear fits exclude outliers 
that deviate from the linear correlations shown.  

 
The plots of log(k2) for the reaction of LCuIII(O2C–R) with DHA versus pKa, E1/2, 

O–H BDE and sp are complicated and do not reveal obvious trends. All plots revealed the 

reaction rate of LCuIII(O2CC6H4(NO2)) with DHA to be an outlier (Figure 4.24). In the case 

of log(k2) versus pKa (Figure 4.24a) and E1/2 (Figure 4.24b), another outlier appears to be 

LCuIII(O2CC6F5). Linear fits were obtained by excluding the outliers for plots of log(k2) 

versus pKa (R2 = 0.87), E1/2 (R2 = 0.73), O–H BDE (R2 = 0.52) and sp (R2 = 0.89). The plot 

(a) (b) 

(c) (d) 
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of log(k2) versus pKa (Figure 4.24a) reveals that the more electrophilic the complex, as 

influenced by the pKa, the faster the reaction, but this trend fails in cases where R contains 

electron-withdrawing groups (e.g. LCuIII(O2CC6H4(NO2)) and LCuIII(O2CC6F5)). 

Similarly, the plot of log(k2) versus E1/2 (Figure 4.24b) reveals that the more oxidizing the 

LCuIII(O2C–R) complex, the faster the reaction, yet, once again the trend doesn’t hold in 

cases where R is electron-withdrawing (e.g. LCuIII(O2CC6H4(NO2)) and LCuIII(O2CC6F5)). 

In the plot of log(k2) versus O–H BDE (Figure 4.24c), the weak correlation (R2 = 0.52) 

may imply an asynchronous ET/PT mechanism, being that the rates are not driven by the 

strength of the resultant O–H bond, which was also concluded for the reaction of 

LCuIII(O2C–R) with TTBP. The plot of log(k2) versus O–H BDE also reveals 

LCuIII(O2CC6H4(OMe)) to be an outlier, even though it does not appear to be an outlier in 

any other plots. The Hammett plot for the reaction of LCuIII(O2C–R) with DHA shows a 

good linear correlation (R2 = 0.89) (Figure 4.24d), yet, R = –C6H4(NO2) is very clearly an 

outlier. The general trend of this Hammett correlation implies, yet again, that faster rates 

correspond to more electrophilic LCuIII(O2C–R) complexes, except the trend does not hold 

in cases where R is electron-withdrawing (e.g. R = –C6H4(NO2)). Thus, taken together, the 

correlations shown in Figure 4.24 reveal that the rate of reaction of LCuIII(O2C–R) with 

DHA is more complicated than observed for the reaction of LCuIII(O2C–R) with TTBP. 

Based on the lack of obvious trends within the log (k2) plots, it is possible that two different 

mechanisms are observed that are dependent on the electronics of R in LCuIII(O2C–R).  

We consider two explanations for the outliers observed in the plots shown in Figure 

4.24. The first possibility is that two mechanisms may be involved, where one mechanism 

is observed for carboxylates that are more electron-donating (or electron-neutral in the case 
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of R = –C6H5) while a different mechanism may be occurring in cases where R is electron-

poor. For instance, the reaction of LCuIII(O2CC6H4(NO2)) with DHA, which was found to 

be an outlier in all linear correlations in Figure 4.24, was inadequately fit to a second order 

reaction model (Figure 4.23), potentially indicating that an alternative mechanism may be 

occurring. The second possibility may be related to sterics amongst the benzoate series. 

Specifically, the reaction of LCuIII(O2CC6H4(Cl)) with DHA was observed to be the fastest 

and this is the only meta-substituted carboxylate amongst the series. Meanwhile, the 

reaction of p-substituted LCuIII(O2CC6H4(NO2)) with DHA was observed to be the slowest. 

The decision to include the rate corresponding to the reaction of LCuIII(O2CC6H4(Cl)) with 

DHA within the series despite it being m-substituted was justified by the similar sp and sm 

values (0.23 vs. 0.37),173 yet, the steric differences may not be well-represented by these 

values. 

 
4.6. Summary and conclusions 
 

To study the effect of electronic and steric derivatives on the structure, spectroscopy 

and reactivity of LCu(III)-carboxylate compounds, a series of [LCuII(O2C–R)]– precursor 

complexes were synthesized and isolated in good yield with R =  –C6F5, –C6H4(NO2), –

C6H2(iPr3), –C6H4(Cl), –C6H5, –C6H4(OMe), –CH3. Three of the derivatives, 

[NEt4][LCuII(O2CC6H2(iPr3))], [NEt4][LCuII(O2CC6H4Cl)] and [NBu4][LCuII(O2CCH3)], 

were characterized by X-Ray crystallography and were found to exhibit similar distorted 

square planar geometries; however, the structure of [NEt4][LCuII(O2CC6H2(iPr3))] 

revealed a different coordination environment (N,N’,O) than previously reported for 

LCu(II) complexes. This difference in coordination environment of the 
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[NEt4][LCuII(O2CC6H2(iPr3))] complex likely caused complications upon generation of the 

LCuIII(O2CC6H2(iPr3)) species by UV-vis spectroscopy and the reactivity of 

LCuIII(O2CC6H2(iPr3)) was not investigated. All remaining [NBu4][LCuII(O2C–R)] 

complexes revealed similar UV-vis and EPR spectroscopic features. Cyclic voltammetry 

of all [NBu4][LCuII(O2C–R)] complexes showed both pseudo-reversible and reversible 

redox couples ranging from 0.150 to 0.298 V vs. Fc/Fc+ that revealed a linear correlation 

with pKa of the corresponding free acid where E1/2 increased as pKa decreased. Reactivity 

studies of LCuIII(O2C–R) complexes with TTBP revealed linear correlations for log(k2) 

versus pKa, E1/2, and O–H BDE of the corresponding free acid, which were interpreted to 

implicate an asynchronous ET/PT mechanism, in agreement with previous theoretical 

calculations for the reaction of LCuIII(O2CC6H4(Cl)) with TTBP discussed in Chapter 3. 

Interestingly, reactivity studies of LCuIII(O2C–R) complexes with DHA revealed outliers 

within plots of log(k2) versus pKa, E1/2, O–H BDE and sp when R = –C6F5 or –C6H4(NO2), 

indicating the possibility that (i) two different mechanisms occur within the series of 

LCu(III) carboxylate derivatives or (ii) the sterics of the meta-substituted 

LCuIII(O2CC6H4(Cl)) (fastest) versus the para-substituted LCuIII(O2CC6H4(NO2)) 

(slowest) plays a large role in the observed rate.  
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X-ray crystallography in the collection of [NEt4][LCuII(CO2C6H2(iPr3))] and  

[NBu4][LCuII(CO2CH3)].  

 
4.8. Experimental section 
 

4.8.1. Materials and methods  
 

Preparation and handling of the air-sensitive compounds were carried out under a 

dinitrogen atmosphere either in a glove-box or using Schlenk techniques. All reagents and 

solvents were purchased from commercial sources and used as received unless otherwise 

noted. Diethyl ether, pentane and tetrahydrofuran were passed through solvent purification 

columns (Glass Contour, Laguna, California). 1,2-difluorobenzene (DFB) was dried over 

calcium hydride powder and basic alumina, separately, and vacuum distilled. All solvents 

were stored over activated 3 Å molecular sieves in a N2 filled glove-box prior to use. The 

compounds H2L where L = N,N’-Bis(2,6-diisopropylphenyl)-2,6-pyridinecarboxamide168, 

[NBu4][LCuII-OH]122, acetylferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 

([AcFc][BArF
4])124, and tri-p-tolylaminium hexafluorophosphate ([(p-tolyl)3N][PF6])181 

were synthesized by published procedures. The compound [NEt4][LCuII-OH] was prepared 

using the same procedure as reported for the synthesis of [NBu4][LCuII-OH]122, except 

tetraethylammonium hydroxide was used instead of tetrabutylammonium hydroxide. 2,6-

Diisopropylaniline (90%, technical grade), 2,6-pyridinedicarbonyl dichloride (97%), 

decamethylferrocene (Fc*, 97%), pentafluorobenzoic acid (HO2CC6F5, 99%), 2,4,6-

triisopropylbenzoic acid (HO2CC6H2(iPr3), 97%), p-nitrobenzoic acid (HO2CC6H4(NO2), 

98%), benzoic acid (HO2CC6H5, 97%), p-methoxybenzoic acid (HO2CC6H4(OMe), 98%) 
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and tetrabutylammonium acetate (NBu4(O2CCH3), 97%) were procured from Sigma 

Aldrich Chemical Co. and used without further purification.  

UV-vis spectra were collected on a HP8453 (190-1100 nm) diode array 

spectrophotometer. Low-temperature UV-vis experiments were performed using a 

Unisoku low-temperature UV-vis cell holder. EPR data were collected on a Bruker Elexsys 

E500 spectrophotometer using X-band radiation at 35 dB and 30 K. EPR spectral 

simulations were performed using EasySpin software (version 5.2.25).171 Cyclic 

voltammograms were recorded using an EC Epsilon potentiostat from BASi, a glassy 

carbon working electrode and an Ag pseudoreference electrode. All cyclic voltammograms 

were internally referenced to the either the ferrocene/ferrocenium (Fc/Fc+) or 

decemethylferrocene/decamethylferrocenium (Fc*/Fc*+) couple. 

For X-ray crystallography experiments, crystals were placed onto the tip of a 0.1 

mm diameter mitogen polymer tip and mounted on a Bruker APEX II Platform CCD 

diffractometer for data collection. The data collections were carried out using MoKα 

radiation with a graphite monochromator (λ = 0.71073 Å) at 173 K. Structure solutions 

were performed by direct methods using SHELXS-2013 software and refined against F2 

using full-matrix-least-squares using SHELXL-97 and SHELXL-2013 software.150 

 
4.8.2. Preparation of compounds.  

 
[NBu4][LCuII(O2CC6F5)]. The synthesis of [NBu4][LCuII(O2CC6F5)] was adapted 

from the previously outlined synthesis of [NBu4][LCuII(O2CC6H4(Cl))] in Chapter 3. A 25 

mL Schlenk flask in a nitrogen filled glovebox at room temperature was charged with 120 

mg (0.15 mmol) of solid [NBu4][LCuII(OH)] and approximately 5 g of activated 3 Å 
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molecular sieves. To this flask, ~8 mL of anhydrous THF was added, resulting in a blue 

solution. After stirring for 15 min, a solution containing 31.5 mg (0.15 mmol) of 

pentafluorobenzoic acid (C6F5COOH) in 0.5 mL of anhydrous THF was added dropwise. 

The resulting solution underwent a color change from blue to teal. The solution was stirred 

for 30 min and then filtered using a 25 mm diameter, 0.2 µm hydrophobic 

polytetrafluoroethylene (PTFE) syringe filter into a separate dry 25 mL Schlenk flask to 

remove all molecular sieve particulate. The solvent was removed in vacuo and the resulting 

teal oil was triturated with pentane (3 x 5 mL) until a powdery teal solid was obtained. The 

product was further stirred in 10 mL anhydrous pentane overnight (12 h) and the solid was 

collected by filtration, washed with ~5 mL anhydrous pentane, dried on a vacuum line for 

~ 6 h (98.6 mg, 66% yield). UV-vis (THF, 25˚C) lmax, nm (e, M–1 cm–1): 375 (~3000), 598 

(440). HR-MS (ESI, THF, negative ion) m/z: [LCuII(O2CC6F5)]– Calcd. for 

[C38H37F5CuN3O4]– 757.2918; found 757.2027. Anal. Calc. for C38H37F5CuN3O4: C, 64.81; 

H, 7.35; N, 5.60. Found: C, 65.36; H, 7.54; N, 5.43. 

[NBu4][LCuII(O2CC6H2(iPr3))]. The same synthesis was followed for 

[NBu4][LCuII(O2CC6H2(iPr3))] as reported above for the synthesis of 

[NBu4][LCuII(O2CC6F5)] with the following exceptions: a solution of 2,4,6-

triisopropylbenzoic acid (36.9 mg, 0.15 mmol) in 0.5 mL dry THF was added in place of 

pentafluorobenzoic acid. Upon addition of the 2,4,6-triisopropylbenzoic acid, the solution 

immediately turned green. The same method was followed as for [NBu4][LCuII(O2CC6F5)] 

to isolate and dry [NBu4][LCuII(O2CC6H2(iPr3))], resulting in a fine green powder (81.4 

mg, 53% yield). UV-vis (THF, 25 °C) lmax, nm (e, M–1 cm–1): 673 (300). HR-MS (ESI, 

THF, negative ion) m/z: [LCuII(O2CC6H2(iPr3))]– Calcd. for [C47H60CuN3O4]– 793.3866; 
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found 793.3978. Anal. Calc. for C47H60CuN3O4: C, 71.43; H, 8.72; N, 6.06. Found: C, 

70.73; H, 8.87; N, 5.63. For the purpose of obtaining crystals suitable for analysis by X-

ray diffraction, [NEt4][LCuII(O2CC6H2(iPr3))] was prepared via an analogous procedure 

using [NEt4][LCuII(OH)] as the precursor. X-ray quality crystals (dichroic teal/violet 

blocks, CCDC 1921671) were formed upon slow diffusion of anhydrous diethyl ether into 

a concentrated THF solution of [NEt4][LCuII(O2CC6H2(iPr3))] (~35 mM) at room 

temperature. 

[NBu4][LCuII(O2CC6H4(NO2))].  The same synthesis was followed as with the 

synthesis of [NBu4][LCuII(O2CC6F5)] with the following exceptions: 150 mg (0.19 mmol) 

of [NBu4][LCuOH] was added to THF over 3 Å sieves. Then, a solution of p-nitrobenzoic 

acid (31.1 mg, 0.19 mmol) in 0.5 mL THF was added in place of pentafluorobenzoic acid. 

The resulting teal green powder was isolated following the same method reported for 

[NBu4][LCuII(O2CC6F5)]  in similar yield (103 mg, 58%). UV-vis (THF, 25˚C) lmax, nm 

(e, M–1 cm–1): 365 (~2000), 600 (300). HR-MS (ESI, THF, negative ion) m/z: 

[LCuII(O2CC6H4(NO2))]– Calcd. for [C38H41CuN4O6]– 712.2317; found 712.2884. Anal. 

Calc. for C54H77CuN5O6: C, 67.86; H, 8.12; N, 7.32. Found: C, 67.46; H, 8.05; N, 7.24. 

 [NBu4][LCuII(O2CC6H5)]. The same synthesis was followed as with the 

synthesis of [NBu4][LCuII(O2CC6F5)] with the following exceptions: a solution of benzoic 

acid (18.2 mg, 0.15 mmol) in 0.5 mL THF was added in place of pentafluorobenzoic acid. 

The resulting teal blue powder was isolated following the same method reported for 

[NBu4][LCuII(O2CC6F5)] in similar yield (82.2 mg, 61% yield). UV-vis (THF, 25 ˚C) lmax, 

nm (e, M–1 cm–1): 370 (~3300), 615 (420). HR-MS (ESI, THF, negative ion) m/z: 
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[LCuII(O2CC6H5)]– Calcd. for [C38H42CuN3O4]– 667.2461; found 667.3313. Anal. Calc. for 

C38H42CuN3O4: C, 71.21; H, 8.63; N, 6.15. Found: C, 71.08; H, 8.65; N, 6.08. 

[NBu4][LCuII(O2CC6H4(OMe))]. The same synthesis was followed as for the 

synthesis of [NBu4][LCuII(O2CC6F5)] with the following exceptions: 150 mg (0.19 mmol) 

of [NBu4][LCuOH] was added to THF over 3 Å sieves. Then, a solution of p-

methoxybenzoic acid (28.3 mg, 0.19 mmol) in 0.5 mL dry THF was added in place of 

pentafluorobenzoic acid. The resulting teal blue powder was isolated following the same 

method reported for [NBu4][LCuII(O2CC6F5)] in similar yield (108.2 mg, 59% yield).  UV-

vis (THF, 25 °C) lmax, nm (e, M–1 cm–1): 370 (~2500), 618 (400). HR-MS (ESI, THF, 

negative ion) m/z: [LCuII(O2CC6H4(OMe))]– Calcd. for [C39H44CuN3O5]– 697.2571; found 

697.3812. Anal. Calc. for C39H44CuN3O5: C, 70.22; H, 8.57; N, 5.96. Found: C, 69.37; H, 

8.44; N, 5.85. 

[NBu4][LCuII(O2CCH3)].  The synthesis of [NBu4][LCuII(O2CCH3)] was adapted 

from the previously published synthesis of [NBu4][LCuIIOH].122 A 25 mL Schlenk flask in 

a nitrogen filled glovebox at room temperature was charged with 100 mg (0.17 mmol) of 

solid LCuII(MeCN). To this flask, ~10 mL of anhydrous diethyl ether was added, resulting 

in a red-brown slurry. After stirring for 15 min, a solution containing 48.7 mg (0.16 mmol) 

of tetrabutylammonium acetate, (NBu4)(O2CCH3), in 0.5 mL of anhydrous THF was added 

dropwise. Upon addition of the THF solution, a teal blue solid precipitated out 

immediately. The mixture was stirred for 30 min, solvent was removed in vacuo and the 

resulting teal oil was triturated with pentane (3 x 5 mL) until a powdery teal solid was 

obtained. The product was further stirred in 10 mL anhydrous pentane overnight (12 h) and 

the solid was collected by filtration, washed with ~5 mL anhydrous pentane and dried on 
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a vacuum line for ~ 6 h (107.9 mg, 79% yield). UV-vis (THF, 25˚C) lmax, nm (e, M–1 cm–

1): 370 (~2500), 619 (350). HR-MS (ESI, THF, negative ion) m/z: [LCuII(O2CCH3)]– 

Calcd. for [C33H40CuN3O4]– 605.2329; found 605.2491. Anal. Calc. for C33H40CuN3O4: C, 

69.34; H, 9.03; N, 6.60. Found: C, 69.20; H, 9.12; N, 6.16. X-ray quality crystals (dichroic 

blue/violet blocks, CCDC 1921670) were formed upon slow diffusion of anhydrous diethyl 

ether into a concentrated THF solution of [NBu4][LCuII(O2CCH3)] (~35 mM) at room 

temperature. 

4.8.3. Oxidation procedures 
 

General oxidation reactions. A necked 1 cm UV-vis cuvette in the Unisoku low 

temperature UV-vis cell holder containing 1.9 mL of dry THF and a stir bar was cooled to 

–80 °C. To a given cell, 0.05 mL of 8 mM THF solution of complex was added. After 

mixing and allowing for temperature stabilization (1 min), a UV-vis spectrum was 

recorded. To the stirring mixture, 0.05 mL of 8 mM [AcFc][BArF
4] was injected, stirred 

and a spectrum immediately recorded. For oxidation of [NBu4][LCuII(O2CC6F5)] and 

[NBu4][LCuII(O2CC6H2(iPr3))], the same procedure was followed, however, 0.05 mL of 8 

mM (p-(tolyl)3N)(PF6) was injected in place of [AcFc][BArF
4].  

Reversible Oxidation/Reduction. To two cuvettes each with 1.65 mL THF and a stir 

bar in a Unisoku low temperature cell holder at –80 °C was added 0.05 mL of a stock 

solution of [NBu4][LCuII(O2CC6H4(NO2))] and [NBu4][LCuII(O2CC6H4(OMe))], 

respectively (8 mM). After temperature equilibration (5 min), 0.05 mL of the 8 mM THF 

solution of [AcFc][BArF
4] was injected into each cuvette, stirred and the spectrum 

immediately recorded. To this oxidized solution, 0.05 mL of 8 mM decamethylferrocene 

(Fc*) in THF was added and the resulting spectrum recorded. The addition of 0.05 mL of 
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[AcFc][BArF
4] (oxidant) and 0.05 mL Fc* (reductant) was repeated with spectra taken after 

each addition a total of three times.  

Kinetics. A necked 1 cm UV-vis cuvette in the Unisoku low temperature UV-vis 

cell holder containing 1.85 mL THF was cooled to –80 °C. To this cell 0.05 mL of 8 mM 

THF solution of the complex studied was added. Continuous collection of the UV-vis 

absorption spectrum was initiated as soon as 0.05 mL of 8 mM [AcFc][BArF
4] or (p-

tolyl)3N)(PF6) was injected into the cuvette. Upon observation of the full growth of the 

oxidized feature of LCuIII(O2CC6F5), LCuIII(O2CC6H4(NO2)), LCuIII(O2CC6H4(OMe)), 

LCuIII(O2CC6H5) or LCuIII(O2CCH3), 0.05 mL of a solution of the desired substrate (50 eq. 

tri-tert-butylphenol or 200 eq. 9,10-dihydroanthracene) was added to the cell and the 

spectrum monitored until changes ceased. The resulting kinetics data were fit to a second 

order reaction model using global fitting software, ReactLab KINETICS.159 	

	

	

 

 

 

 

 

 

 

 

 

 



 140 

Chapter 5  

Aqueous Characterization of a Copper–Hydroxide Complexa 

 
aThe synthesis and studies of the reactivity of [K(18-C-6)]3[SO3LCuII(OH)] in organic 

solvent (1,2-DFB) was previously published in: 

Dhar, D.; Yee, G. M.; Tolman, W. B.* Effects of Charged Ligand Substituents on the 

Properties of the Formally Copper(III)-Hydroxide ([CuOH]2+) Unit. Inorg. Chem. 2018, 

57, 9794 – 9806. 

 
5.1. Introduction 
	

The [CuOH]2+ core has been well-characterized since its initial report in 

2011.122,123,139 Of the series of [CuOH]2+ cores that have been synthesized in the Tolman 

group, two of the most recent reports have been supported by charged ligands, NMe3L and 

SO3L4–.125 The thermodynamic parameters, including pKa, E1/2 and [CuOH2]2+ O–H BDE, 

underlying the reactivity of [NMe3LCuIII(OH)]2+ and [SO3LCuIII(OH)]2– with DHA were 

determined (Figure 5.1).125 The [NMe3LCuIII(OH)]2+ complex possessed a higher redox 

potential (E1/2 = 0.140 V vs. Fc/Fc+) and lower pKa (~ 8) which amounted to a stronger 

overall O–H BDE of ~ 91.5 kcal mol–1 in comparison to the parent LCuIII(OH) complex.125 

In contrast, the [SO3LCuIII(OH)]2– complex revealed a lower redox potential (E1/2 = –0.135 

V vs. Fc/Fc+) and higher pKa (~ 10), but the overall O–H BDE of ~ 91 kcal mol–1 was 

nearly equivalent to the [NMe3LCuIII(OH)]2+ complex.125 Despite the similar overall O–H 

BDE values, the [NMe3LCuIII(OH)]2+ complex was ~ 150 times slower in its reaction with 

DHA in 1,2-DFB at –25 °C than [SO3LCuIII(OH)]2– under the same conditions. The 

conclusion from this work was that charged ligands appear to influence the electronics and 
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basicity of the [CuOH]2+ core significantly, but the presence of bulky [BArF
4]– ions to 

enhance solubility of [NMe3LCuIII(OH)]2+ in organic solvent played a significant role in the 

sluggish kinetics.125  

 

	

Figure 5.1. Square schemes corresponding to the reactions of [NMe3LCuIII(OH)]2+ (left, red) 
and [SO3LCuIII(OH)]2– (right, blue) with DHA; pKa, E1/2 and O–H BDE values are included. 
All thermodynamic parameters were obtained in 1,2-DFB except for the italicized and 
asterisked values, which were determined in H2O.  E1/2 values are reported vs. Fc/Fc+ in 
1,2-DFB and vs. NHE in H2O. Adapted from ref. 125. 

	
A major advantage in the use of overall charged ligands is the enhanced solubility 

of their complexes in water. Aqueous pKa, E1/2 and corresponding O–H BDE values were 

determined for both [NMe3LCuIII(OH)]2+ and [SO3LCuIII(OH)]2– (Figure 5.1).125 Under 

aqueous conditions, a ~ 4 kcal mol–1 difference in the corresponding [NMe3LCuII(OH2)]2+ 

(~ 91.5 kcal mol–1) and [SO3LCuII(OH2)]2– (~ 87 kcal mol–1) O–H BDEs was observed, the 

largest for a series of [CuOH]2+ cores studied under the same conditions.125 Given the high 

reactivity observed for the variety of electronically modified [CuOH]2+ cores in organic 

solvent, it was hypothesized that promising reactivity may be observed for the [CuOH]2+ 

core under aqueous conditions. Notably, the CV of [K(18-C-6)]3[SO3LCuII(OH)], the 
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precursor to the [K(18-C-6)]2[SO3LCuIII(OH)] complex, revealed preliminary evidence of 

water oxidation onset by the in situ generation of the [CuOH]2+ core with an irreversible 

E1/2 ~ 0.75 V vs. NHE (Figure 5.2).125  

 

	

Figure 5.2.	Cyclic voltammogram of [K(18-C-6)]3[SO3LCuII(OH)] (2 mM) at pH 10 in H2O 
with 0.1 M NaClO4 supporting electrolyte; collected using a Glassy Carbon working 
electrode at 100 mV/s scan rate. Reprinted with permission from ref. 125. Copyright 2018, 
American Chemical Society. 

	
Evidence for water oxidation by a system similar to [SO3LCuIII(OH)]2– was reported 

in the literature for Na[MeLCu(HCO3)], where the copper(II) center is bound by bicarbonate 

in place of a hydroxide ligand (Figure 5.3).184 This complex was proposed to carry out 

water oxidation via a CuIII-O˙ intermediate at pH = 10 with Ep,a = 1.59 V vs. NHE.184 

Several copper-based complexes have been characterized as potent water oxidation 

catalysts (WOC) in the literature, yet few of these catalysts have had their thermodynamic 

parameters for their oxidation reactions determined.185-188 In addition, a common issue with 

these catalysts is the high potential required to reach catalytic water oxidation conditions, 

with some overpotentials as high as 0.760 V vs. NHE.188 Given these various reports, the 
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investigation of [SO3LCuIII(OH)]2– as a WOC would appear promising, especially in view 

of its corresponding pKa, E1/2 and O–H BDE values coupled with its low E1/2 (~ 0.75 V).125  

	

Figure 5.3. Structure of water oxidation catalyst Na[MeLCu(HCO3)]. Adapted from ref. 
184. 

	
This chapter will outline my efforts to investigate the water oxidation reactivity of 

[K(18-C-6)]2[SO3LCuIII(OH)], following in the footsteps of Dr. Debanjan Dhar, the 

previous Tolman group member who first synthesized and characterized the aqueous 

thermodynamic parameters (pKa, E1/2 and [SO3LCuII(OH2)]2– O–H BDE) of 

[SO3LCuIII(OH)]2–.125 Specifically, I will discuss the aqueous electrochemical and 

spectroscopic studies of [SO3LCuII(OH)]2–/3– via pH dependent CV as well as pH dependent 

UV-vis and EPR spectroscopy. Lastly, a brief investigation of the reactivity of [K(18-C-

6)]2[SO3LCuIII(OH)] in the presence of water soluble C–H bonds will be detailed. 

	
5.2. Spectroscopic aqueous pH titration studies of [K(18-C-6)]3[SO3LCuII(OH)]  
 

5.2.1. Spectroscopic pH titration studies of [K(18-C-6)]3[SO3LCuII(OH)] via         
UV-vis 

	
In an attempt to replicate the experiments completed by Dr. Debanjan Dhar to 

determine the aqueous pKa corresponding to [SO3LCuII(OH2)]2– (previously determined to 

be 10.1(2)), a pH titration was completed via UV-vis spectroscopy. A solution of [K(18-

N
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C-6)]3[SO3LCuII(OH)] in water was prepared with 50 eq. of a non-coordinating electrolyte, 

NaClO4, to (i) mimic the contents in solution during aqueous CV experiments and (ii) 

maintain ionic strength for accurate pH measurements. The initial pH of an aqueous 

solution of [K(18-C-6)]3[SO3LCuII(OH)] prior to addition of acid or base was determined to 

be 10.99. Once the pH was adjusted to 11.90 using KOH, individual UV-vis spectra were 

collected at a variety of pH values, approximately 0.5 pH units apart, via addition of HClO4 

until reaching a pH ~ 6.0. The pH of the same solution (pH ~ 6.0) was then adjusted with 

KOH, up to pH ~ 12, to investigate the reversibility of the titration.  

The UV-vis spectra previously observed for the aqueous pH titration of [K(18-C-

6)]3[SO3LCuII(OH)] featured a transition at 386 nm (e ~ 1800 M–1 cm–1) under acidic 

conditions (pH = 4.75) that shifted to 374 nm (e ~ 1250 M–1 cm–1) at pH 11.35 (2 mM 

[K(18-C-6)]3[SO3LCuII(OH)], 0.1 M NaClO4) (Figure 5.4).125 In the experiments I 

performed, the same spectral changes were observed, however, over a slightly different pH 

range than previously studied (previous: pH 4.75 to 11.35, replication: pH 5.72 to 12.02). 

In addition, in both the original pH titration of [K(18-C-6)]3[SO3LCuII(OH)] and upon 

replication, a 585 nm (e ~ 250 M–1 cm–1) transition present at pH 6 shifted to 620 nm (e ~ 

200 M–1 cm–1) at pH 12. A plot of the molar absorptivity at 600 nm versus pH revealed two 

similarly shaped pH titration curves corresponding to titrations in both directions (from pH 

11.90 to 5.72 and from pH 6.39 to 12.02) (Figure 5.4, inset). The difference between the 

species in solution under acidic or basic conditions could be observed such that between 

pH 6 and 8, a light blue-green solution was observed. Between pH 8 and 10, the solution 

was a more intense blue-green color and above pH 10, the solution was an intense bright 

blue (Figure 5.5). 
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Figure 5.4. Overlay of UV-vis spectra during the pH titration (red ~ pH 6, black ~ pH 12) 
of [K(18-C-6)]3[SO3LCuII(OH)] in 0.1 M NaClO4 electrolyte (left) completed by Dr. 
Debanjan Dhar and (right) completed by me; (right, inset) plot of molar absorptivity of 
[K(18-C-6)]3[SO3LCuII(OH)] at 600 nm versus pH for the basic to acidic titration (black) 
and the acidic to basic titration (red). The UV-vis overlay completed by Dr. Debanjan Dhar 
(left) was reprinted with permission from ref. 125. Copyright 2018, American Chemical 
Society.  

	

	
Figure 5.5. Image of aqueous solutions throughout the pH titration of [K(18-C-
6)]3[SO3LCuII(OH)] (5 mM CuII with 0.1 M NaClO4) at pH values ranging from 4.1 to 12.5. 

 
Previous determination of the pKa of [K(18-C-6)]2[SO3LCuII(OH2)] was determined 

to be 10.1(2) via multicomponent deconvolution in OriginLab.125 The same 

multicomponent deconvolution in OriginLab was used to fit the pKa corresponding to 

[K(18-C-6)]2[SO3LCuII(OH2)] for the pH titration replication experiments. From this, a pKa 

value corresponding to K(18-C-6)]2[SO3LCuII(OH2)] was determined to be 9.6(6), 

respectively. The ~ 0.5 pKa unit difference between the original and replicated experiments 
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for [K(18-C-6)]2[SO3LCuII(OH2)] is potentially the result of the different range of pH values 

investigated (previous: pH 4.75 to 11.35, replication: pH 5.72 to 12.02). Given that the 

OriginLab deconvolution fitting relies on the calibration of the concentration of 

[SO3LCuII(OH2)]2– at the lowest pH and calibration of the concentration of [SO3LCuII(OH)]3– 

at the highest pH, it is possible that slight changes in the spectra observed previously were 

calibrated differently based on the different pH range. However, consideration of the pKa 

error calculated for both the previous (10.1(2)) and replicate experiments (9.6(6)) leads to 

a range of pKa values that are nearly the same within error (previous pKa range: 9.9 to 10.3, 

replication pKa range: 9.0 to 10.2). Based on the pKa calculated from the replicate pH 

titration, it was concluded that the species present in solution is dependent on the pH such 

that at pH < 9.6, [SO3LCu(OH2)]2– is the primary species and at pH > 9.6, [SO3LCu(OH)]3– 

is the primary species. In comparison to the pKa values of other CuII(OH2) complexes in 

water, which range between 7–13, the pKa value corresponding to [K(18-C-

6)]2[SO3LCuII(OH2)] is right in the middle.189,190  

 

5.2.2. Spectroscopic pH titration studies of [K(18-C-6)]3[SO3LCuII(OH)]via            
X-band EPR 

	
Previous investigation of a copper water oxidation catalyst, CuII(bpy), used pH 

dependent EPR spectroscopy to determine the nuclearity of the catalyst throughout the pH 

range of interest.185 A similar approach was used to determine whether both 

[SO3LCuII(OH)]3– and [SO3LCuII(OH2)]2– remained mononuclear within a pH range from 8 

to 11 via collection of solid-state (frozen) aqueous continuous wave X-band EPR spectra 

measured at 30 K and 5 mM with respect to CuII (Figure 5.6, Figure 5.7). All spectra 

revealed similar rhombically distorted EPR signals typical for CuII complexes supported 
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by the dianionic bis(arylcarboxamido)pyridine (L2–) framework.122,123,125,139 A slight shift 

is observed in the g^ values from ~ 3280 G at pH 8 to ~ 3290 G at pH 11 while the g|| values 

appear to shift from ~2820 G and ~ 3020 G at pH 8 to ~2860 G and ~ 3050 G at pH 11. 

The observed EPR shifts across the pH titration are likely attributed to the OH2 

deprotonation at pH 8 to form OH– at pH 11. Double integrations of each pH spectrum 

reveal roughly 5 mM CuII except for the spectrum corresponding to pH 9.5, which appears 

to be ~ 50% less concentrated, or ~2.5 mM CuII (Figure 5.8). Given that the pKa of 

[SO3LCu(OH2)]2– was determined to be 9.6(6), it is likely that both [SO3LCu(OH2)]2– and 

[SO3LCu(OH)]3– are present in solution. The presence of two species, [SO3LCu(OH2)]2– and 

[SO3LCu(OH)]3–, could lead to antiferromagnetic coupling if the species dimerize in 

solution. Thus, it is concluded that when pH ~ pKa, nearly 50% of both [SO3LCuOH2]2– and 

[SO3LCuOH]3– species are dimerizing in solution, yet, when pH ≠ pKa, the copper complex 

remains primarily mononuclear. 

	

Figure 5.6. Overlaid continuous wave X-band EPR spectra of [K(18-C-6)]3[SO3LCuII(OH)] 

at pH 8 (black), pH 9.5 (red), pH 10 (blue) and pH 11 (green); 5 mM [K(18-C-
6)][SO3LCuII(OH)], 0.1 M NaClO4 in water, 35 dB, 30 K. 
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Figure 5.7. Zoomed overlay of continuous wave X-Band EPR spectra of [K(18-C-
6)]3[SO3LCuII(OH)] at pH 8 (black), pH 9.5 (red), pH 10 (blue) and pH 11 (green); 5 mM 
[K(18-C-6)][SO3LCuII(OH)], 0.1 M NaClO4 in water, 35 dB, 30 K. 

	
	
	

	
Figure 5.8. Double integrations of the continuous wave X-Band EPR spectra of [K(18-C-
6)]3[SO3LCuII(OH)] at pH 8 (black), pH 9.5 (red), pH 10 (blue) and pH 11 (green); 5 mM 
[K(18-C-6)][SO3LCuII(OH)], 0.1 M NaClO4 in water, 35 dB, 30 K. 
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5.3. Aqueous pH titration studies of [K(18-C-6)]3[SO3LCuII(OH)] via cyclic 
voltammetry 

 
 Given the different species observed upon pH titration of [K(18-C-

6)][SO3LCuII(OH)] via UV-vis and EPR spectroscopy (assigned as [SO3LCuII(OH)]3– and 

[SO3LCuII(OH2)]2–), experiments were carried out to determine the corresponding E1/2 

values of these species via cyclic voltammetry. Previous CV analysis carried out by Dr. 

Debanjan Dhar only determined the E1/2 of [K(18-C-6)][SO3LCuII(OH)] at pH 10 (~0.75 V 

vs. NHE).125 One advantage in the electrochemical investigation of [SO3LCuII(OH)]3– was 

the ability to study both the [CuOH]2+/+ and the [CuOH2]3+/2+ couples by adjusting between 

pH 6 to 12. This would allow, for the first time with a derivative LCuII(OH) complex, the 

direct comparison of the redox potential of both cores in the same solution.  

 Prior to the pH titration, a cyclic voltammogram of [K(18-C-6)]3[SO3LCuII(OH)] 

was collected under the same conditions as reported previously by Dr. Debanjan Dhar with 

2 mM [K(18-C-6)]3[SO3LCuII(OH)] and 0.1 M NaClO4 at pH 10 and 100 mV/s scan rate 

(Figure 5.9). Upon comparison to the original voltammogram, it is apparent that the E1/2 of 

[K(18-C-6)]3[SO3LCuII(OH)] is significantly different. The voltammogram upon 

replication now appears to be (i) reversible (ipa/ipc = 1.0, scan rate = 100 mV/s) and (ii) 

~250 mV vs. NHE higher than previously reported (E1/2 = 1.039(1) V vs. ~0.75 V vs. 

NHE).125 In addition, there is no longer evidence of catalytic water oxidation coupled to 

the oxidation of [K(18-C-6)]3[SO3LCuII(OH)]. To address the discrepancy in redox 

potential, two individual control experiments were completed using both quinhydrone191 

and ferrocenecarboxylic acid for calibration of the Ag/AgCl reference electrode. Both 
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control experiments confirmed the Ag/AgCl reference electrode potential is +223 mV vs. 

NHE and this value was applied to convert observed Ag/AgCl potentials to those vs. NHE. 

The only difference that could be attributed to the change in E1/2 and subsequent 

lack of water oxidation of [K(18-C-6)]3[SO3LCuII(OH)] was careful cleaning of the working 

electrode after each run. It was observed that without proper polishing of the Glassy Carbon 

working electrode after the collection of each voltammogram, the observed redox wave 

became less reversible and the redox peak separation increased. It is possible that in the 

process of measuring multiple voltammograms some analyte became adsorbed to the 

electrode surface, resulting in false evidence for the irreversibility of [K(18-C-

6)]3[SO3LCuII(OH)] and the onset of catalytic water oxidation.192  

 

	

Figure 5.9. Cyclic voltammogram of [K(18-C-6)]3[SO3LCuII(OH)] (2 mM) at pH 10 in 
water with 0.1 M NaClO4 supporting electrolyte; collected using a Glassy Carbon working 
electrode at 100 mV/s scan rate.   

 
 Further studies of the electrochemical behavior of [K(18-C-6)]3[SO3LCuII(OH)] at 

a variety of pH values revealed the presence of reversible species at pH > 8 and multiple 
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species at pH £ 8 (Figure 5.10). Given that the pKa of [K(18-C-6)]3[SO3LCuII(OH)] was 

determined to be 9.6(6), it is concluded that the species present at pH > 8 corresponds to 

the [SO3LCu(OH)]2–/3– couple while at pH £ 8, both [SO3LCu(OH)]2–/3– and [SO3LCu(OH2)] 

–/2– redox couples are observed. The pH independent E1/2 values of [SO3LCu(OH)]2–/3– and 

[SO3LCu(OH2)]–/2– at pH 8 were determined to be 1.039(1) V vs. NHE and 1.290(4) V vs. 

NHE, respectively. The [SO3LCu(OH2)]–/2– couple is significantly less reversible (ipa/ipc = 

0.73, scan rate = 100 mV/s) in comparison to the [SO3LCu(OH)]2–/3– couple, but becomes 

more reversible at faster scan rates (Figure 5.11). Even under acidic conditions well below 

the pKa of [SO3LCu(OH2)]2– (e.g. pH = 6), an irreversible reduction wave with Ep,c ~ 1.03 

V vs. NHE is observed that is characteristic of [SO3LCuII(OH)]3–. It is possible that upon 

oxidation of [SO3LCuII(OH2)]2– to [SO3LCuIII(OH2)]–, the increase in Lewis acidity of the 

metal significantly increases the acidity of the O–H bond within the aqua ligand, generating 

a mixture of [SO3LCuII(OH2)]2– and [SO3LCuII(OH)]3– during the reverse, cathodic sweep. 

As discussed in Chapter 2, it has been observed in the literature that peptide ligands bound 

by Cu(III) feature –NH2 pKa values near 8.8, which are significantly lowered compared to 

the –NH2 pKa values of free amino acids.193,194 Therefore, it is likely that the major species 

present in solution at pH < 8 is [SO3LCuII(OH2)]2– but upon oxidation of the aqua species, 

some [SO3LCuII(OH)]3– is generated. 
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Figure 5.10.	Stack plot of cyclic voltammograms collected of [K(18-C-6)]3[SO3LCuII(OH)] 
(2 mM) in water at pH 6 (black), pH 7 (red), pH 8 (blue), pH 9 (orange), pH 10 (green), 
pH 11 (purple) and pH 12 (teal) with 0.1 M NaClO4 supporting electrolyte; collected using 
a Glassy Carbon working electrode at 100 mV/s scan rate. 
 

	
Figure 5.11. Overlay of cyclic voltammograms collected of [K(18-C-6)]3[SO3LCuII(OH)] 
(2 mM) in water at pH 8 with 0.1 M NaClO4 supporting electrolyte as a function of scan 
rate; collected using a Glassy Carbon working electrode. 
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 The 250 mV change in the aqueous redox potentials for [SO3LCu(OH2)]–/2– vs. 

[SO3LCu(OH)]2–/3– is attributed to the significantly less electron-donating nature of the 

neutral water ligand compared to the anionic hydroxide ligand. This trend in the redox 

potential has been observed for the parent ligand system, L2–, where the E1/2 = 0.345 V vs. 

Fc/Fc+ for [LCu(OH2)]+/0 versus E1/2 = –0.074 V vs. Fc/Fc+ for [LCu(OH)]0/– in 1,2-DFB 

at 25 °C.123 When compared to other aqueous Ep,a values of copper complexes that range 

from 0.8 to 1.6 V vs. NHE, the E1/2 values determined for both [SO3LCu(OH2)]–/2– and 

[SO3LCu(OH)]2–/3– fall within this range (Table 5.1). The copper complexes listed in Table 

5.1 are all reported to act as catalysts for water oxidation, with the exception of this 

work.184-188,195-199 

 
 
Table 5.1. Comparison of aqueous redox potentials of copper complexes. 

Complex Ep,a 
(V vs. NHE) pH Ref. 

MeLCu(HCO3) 1.59 10 184 
Cu(bpy) ~1.3 12.5 185 

Cu(bpy-(OH)2) ~0.8 14 195 
Cu(bpy-(OH)2)2 ~0.9 12.6 196 
Cu(TGG)(H2O) 1.32 11 186 

CuSO4 ~1.6 10.8 197 
Cu(opba) ~1.0 10.8 198 
Cu(Py3P) ~1.40 8 190 

Cu(Me2TMPA) ~1.2 12.5 187 
(LgluCu)4 ~1.2 12 188 

Cu(porphyrin) 1.13 7 199 
SO3LCu(OH) 1.039(1)* 8 This work 

SO3LCu(OH2) 1.290(4)* 8 This work 
* = E1/2 values 
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5.4. Aqueous reactivity studies of [K(18-C-6)]3[SO3LCuII(OH)] via cyclic 
voltammetry 

 
 Previous work by Dr. Debanjan Dhar determined the aqueous BDE of the O–H 

bond within [SO3LCu(OH2)]2– to be ~ 87 kcal mol–1.125 With the reinvestigation of [K(18-

C-6)]3[SO3LCuII(OH)] and determination of the pKa = 9.6(6) and E1/2 = 1.039(1) V vs. NHE, 

we recalculated the BDE of the O–H bond (eq. 5.1). When these values were used in eq. 

5.1 (where CG,sol for water = 57.6, associated with the potential of the standard reduction 

of hydrogen in water) a BDE ~ 94 kcal mol–1 was calculated.123,125 This BDE for 

[SO3LCuII(OH2)]2– in H2O is greater than the BDE determined previously in 1,2-DFB (91 

kcal mol–1).125 The ~ 7 kcal mol–1 increase in aqueous O–H BDE that I calculated sparked 

interest in studying the aqueous reactivity of [K(18-C-6)]2[SO3LCuIII(OH)] in the presence 

of water-soluble C–H bond substrates.  

BDE = 1.37pKa + 23.06E° + CG,sol   (eq. 5.1) 

Following the previous reactions of the parent LCuIII(OH) complex with a variety 

of C–H substrates, it was hypothesized that a similar reaction between in situ oxidized 

[K(18-C-6)]3[SO3LCuII(OH)] and C–H substrates would occur in water, resulting in the 

formation of [SO3LCuII(OH2)]2– (Scheme 5.1). Given the ability to differentiate between the 

[SO3LCu(OH)]2–/3– redox couple and the [SO3LCu(OH2)]2–/– redox couple via CV, it was 

hypothesized that CV would be a sufficient method to monitor catalysis of substrate 

oxidation by [SO3LCuIII(OH)]2–. Two water-soluble substrates were reacted with [K(18-C-

6)]3[SO3LCuII(OH)] under basic conditions (pH = 12) including acetone (C–H BDE = 96 

kcal mol–1)153 and sodium p-toluenesulfonate (C–H BDE ~ 89 kcal mol–1).200 
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Scheme 5.1. Proposed products from the reaction of electrochemically generated 
[SO3LCuIII(OH)]2– with an organic substrate (where R = C) in water. 

	
When a cyclic voltammogram was collected of [K(18-C-6)]3[SO3LCuII(OH)] in the 

presence of excess acetone (~ 130 eq), there was no apparent change in either the shape or 

position of the [SO3LCu(OH)]2–/3– redox couple (Figure 5.12). From this, we conclude that 

no reaction occurred between [K(18-C-6)]3[SO3LCuII(OH)] and excess acetone, even with 

electrochemical in situ generation of [SO3LCuIII(OH)]2– in solution. We note that the C–H 

bond of acetone (96 kcal mol–1)153 is ~ 2 kcal mol–1 higher than the calculated BDE for 

[SO3LCuII(OH2)]2– (~ 94 kcal mol–1), which could imply that a larger excess of acetone was 

necessary to observe a reaction with [SO3LCuIII(OH)]2– in solution via CV analysis. 

Previous studies of the reaction of LCuIII(OH) (BDE = 90 kcal mol–1) with cyclohexane 

(BDE = 99 kcal mol–1)153 in organic solution required 80,000 eq. excess of substrate to 

overcome the ~ 9 kcal mol–1 greater C–H bond strength of cyclohexane.123 In addition, it 

is possible that the use of water as a solvent plays a role in altering the reactivity of 

[SO3LCuIII(OH)]2– as it is well-known that water is capable of inducing hydrogen bond 

networks amongst reactants in solution, potentially leading to stabilization of 

intermediates.201  
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Figure 5.12. Overlay of cyclic voltammograms of [K(18-C-6)]3[SO3LCuII(OH)] (left) 
without acetone (black) and with ~130 eq. of acetone (red) and (right) without sodium p-
toluenesulfonate (black) and with sodium p-toluenesulfonate (red). Both voltammograms 
were collected with 2 mM [K(18-C-6)]3[SO3LCuII(OH)] in water at pH 12 with 0.1 M 
NaClO4 supporting electrolyte; collected at 100 mV/s scan rate using a Glassy Carbon 
working electrode. 
 

When a similar CV experiment was performed with [K(18-C-6)]3[SO3LCuII(OH)] 

in the presence of ~ 10 eq. excess sodium p-toluenesulfonate (BDE ~ 86 kcal mol–1)200 at 

pH = 12 and 100 mV/s scan rate, once again no change in shape or position of the 

[SO3LCu(OH)]2–/3– redox couple was observed (Figure 5.12). Given the ~ 8 kcal mol–1 

difference in [SO3LCuII(OH2)]2– BDE with the C–H BDE of sodium p-toluenesulfonate, it 

was hypothesized that the reaction of in situ generated [SO3LCuIII(OH)]2– with sodium p-

toluenesulfonate would be thermodynamically favored. Yet, it is important to note that for 

reactivity experiments performed via CV, a reaction that is slow may appear to be 

reversible. The two factors that influence the ability to observe reactivity via this method 

depend on: (i) the rate of the reaction and (ii) the relative concentration of substrate present 

relative to copper complex. It is possible that the in situ generated [SO3LCuIII(OH)]2– species 

is electrochemically reduced back to [SO3LCuII(OH2)]3– before it can react with a given C–
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H bond, which may explain why no change in the [SO3LCu(OH)]2–/3– couple is observed. It 

is possible that an excess of ~ 10 eq. sodium p-toluenesulfonate is not sufficient to observe 

reactivity, especially if the reaction is slow to occur. The possibility that water may solvate 

the sodium p-toluenesulfonate or [K(18-C-6)]3[SO3LCuII(OH)] could explain a slow 

reaction.201 In an attempt to observe a reaction between [SO3LCuIII(OH)]2– and a 

significantly weaker bond, TEMPOH (BDFE = 67.5 kcal mol–1)153 was added to the 

aqueous solution of [K(18-C-6)]3[SO3LCuII(OH)], however, complications with the 

stability of TEMPOH under basic conditions gave inconclusive results. To better probe the 

aqueous reactivity of [SO3LCuIII(OH)]2–, an O–H bond weaker than sodium p-

toluenesulfonate with a pKa > 12 is hypothesized to be ideal. Thus, further experiments 

with > 10 eq. excess of sodium p-toluenesulfonate were not carried out. 

 Recalculation of the O–H BDE of [SO3LCuII(OH2)]2– was determined to be ~ 94 

kcal mol–1 with the observation of a greater redox potential (E1/2 = 1.039(1) V vs. NHE). 

Based on the CV reactivity studies of [K(18-C-6)]3[SO3LCuII(OH)] with acetone and 

sodium p-toluenesulfonate, it appears that [SO3LCuIII(OH)]2– is either unreactive or slow to 

react at room temperature under basic conditions and moderate scan rates (100 mV/s). 

Future investigation of the aqueous CV reactivity of in situ generated [SO3LCuIII(OH)]2– 

would benefit from both an increase in concentration of C–H and/or O–H substrates and 

slower scan rates to ultimately conclude whether [SO3LCuIII(OH)]2– can react with aqueous 

substrates. 

 
 
 
 



 158 

5.5. Summary and conclusions 
	
 Previous investigation of [K(18-C-6)]3[SO3LCuII(OH)] revealed an irreversible 

redox wave with an E1/2 ~ 0.75 V vs. NHE, pKa = 10.1(2) and a corresponding O–H BDE 

of [SO3LCuII(OH2)]2– ~ 87 kcal mol–1 in water.125 In addition, preliminary aqueous CV data 

implicated [K(18-C-6)]3[SO3LCuII(OH)] as a potential water oxidation catalyst. 

Reinvestigation of [K(18-C-6)]3[SO3LCuII(OH)] under the same conditions revealed a 

different E1/2 and pKa (E1/2 = 1.039(1) V vs. NHE, pKa = 9.6(6)), resulting in a recalculated 

BDE ~ 94 kcal mol–1 in H2O. In addition, reinvestigation of [K(18-C-6)]3[SO3LCuII(OH)] 

via CV showed no evidence of water oxidation. The discrepancy in redox behavior of 

[K(18-C-6)]3[SO3LCuII(OH)] is attributed to gradual analyte deposition on the reference 

electrode. Careful cleaning of the electrode upon reinvestigation likely eliminated this issue 

and resulted in more accurate electrochemical behavior. Investigation of the pH 

dependence of [K(18-C-6)]3[SO3LCuII(OH)] via CV also revealed the [SO3LCu(OH2)]–/2– 

redox couple at pH £ 8 to be 1.290(4) V vs. NHE. CV reactivity studies were carried out 

to monitor the reaction of in situ generated [SO3LCuIII(OH)]2– with C–H (acetone and 

sodium p-toluenesulfonate) substrates at room temperature under basic conditions, but no 

evidence of oxidation was observed. Further investigation of the CV reactivity of 

[SO3LCuIII(OH)]2– in water with C–H and/or O–H substrates may require slower scan rates 

and/or increased concentrations of substrate. 
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5.7. Experimental section 
	

5.7.1. Materials and methods 
	

All reagents and solvents were purchased from commercial sources and used as 

received unless otherwise noted. HPLC grade water was used without further purification. 

Acetone, sodium perchlorate monohydrate (ACS grade) and sodium p-toluenesulfonate 

(95%) were purchased from Sigma-Aldrich and used without further purification. A 

Mettler Toledo SevenCompact pH meter S210-Bio-Kit was used to monitor pH in aqueous 

solutions. UV-vis spectra were obtained using an HP8453 (190-1100 nm) diode array 

spectrophotometer. Cyclic voltammograms were recorded using an EC Epsilon 

potentiostat from BASi, a glassy-carbon working electrode, and an AgCl(s)/Ag aqueous 

reference electrode purchased from BASi (stored in 3.0 M NaCl). EPR spectra were 

recorded on a CW X-band Elexsys E500 EPR spectrometer equipped with an Oxford ESR 

910 liquid helium cryostat. All spectra were recorded at a temperature of 30 K at a 

microwave frequency of 9.64 GHz under the following conditions: microwave power of 

0.063 mW, modulation amplitude of 9.8 G, modulation frequency of 100 kHz. The 

preparation of [K(18-C-6)]3[SO3LCuII(OH)] was carried out via previously published 

procedures.125  

 
5.7.2. Experimental procedures 

	
  General procedure for UV-vis pH titration. A pH titration ranging from pH 6 to 

pH 12 was completed for [K(18-C-6)]3[SO3LCuII(OH)]. A 0.62 mM solution was prepared 
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in 50 mL DI water (50 mg, 0.031 mmol). Sodium perchlorate monohydrate, NaClO4×H2O 

(0.44 g, 3.1 mmol), was also added to the 50 mL solution, for a final concentration of 0.062 

M electrolyte. The pH of the solution of [K(18-C-6)]3[SO3LCuII(OH)] was adjusted 

dropwise (1 drop ~ 0.02 mL ~ 0.02 g) using two different concentrations of HClO4 (0.7 M, 

0.1 M) and KOH (1 M, 0.1 M). The pH of [K(18-C-6)]3[SO3LCuII(OH)] was adjusted to 

11.90 upon addition of KOH. From this pH, a titration was completed where small amounts 

(~0.05 mL) of HClO4 were added to reach a final pH of 5.72. Single spectrum UV-vis 

measurements were collected approximately every 0.5 pH units. Upon collection of the 

spectrum at pH 5.72, the pH was adjusted with KOH once again to observe the reverse 

titration, where the final spectrum was collected at pH 12.02. The data from the UV-vis pH 

titration of [K(18-C-6)]3[SO3LCuII(OH)] were imported into OriginLab and fit using 

multicomponent deconvolution to obtain a pKa value. 

  General procedure for CV pH titration. A pH titration ranging from pH 6 to pH 

12 was completed for [K(18-C-6)]3[SO3LCuII(OH)] with NaClO4 as an electrolyte. A 

control solution of NaClO4 (28 mg, 2.0 mmol) in 20 mL DI water was prepared without 

[K(18-C-6)]3[SO3LCuII(OH)] and collected at pH 6, 7, 8, 9, 10, 11 and 12 while varying the 

scan rate each for each pH (50, 100, 200, 300, 500 mV/s). NOTE: The glassy carbon 

electrode was polished after every run; it was observed that when the electrode was not 

polished after every run, the CuIII/CuII couple appeared less reversible.  

  General procedure for EPR pH titration. A pH titration ranging from pH 8 to 

pH 11 was completed for [K(18-C-6)]3[SO3LCuII(OH)] with NaClO4 following the 

previously reported procedure for preparing an aqueous EPR sample of [K(18-C-

6)]3[SO3LCuII(OH)].125 EPR solutions were prepared from a 5 mM stock solution of [K(18-
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C-6)]3[SO3LCuII(OH)] with 0.1 M NaClO4 in 10 mL of H2O and the pH was adjusted using 

small amounts (~0.02 mL) of 100 mM HClO4 and/or 100 mM KOH while the pH was 

monitored via pH probe. Upon reaching a desired pH, the solution was packed into a single 

open-ended capillary tube (with a microneedle to eliminate air bubbles) and frozen in an 

ice/NaCl bath (ca. –10 °C). Quartz EPR tubes (4 mm) each filled with ~0.5 mL toluene 

were cooled in the same ice/NaCl bath. Once the solutions in the capillaries were 

sufficiently frozen, they were added to the cooled EPR tubes filled with toluene and flash 

frozen in LN2. A control solution was prepared using only 0.1 M NaClO4 in a capillary 

tube in toluene to correct for absorption resultant from the glass capillary.   

  General procedure for qualitative CV reactivity studies. A solution of [K(18-

C-6)]3[SO3LCuII(OH)] (65 mg, 0.4 mmol) and NaClO4 (27 mg, 2.0 mmol) was prepared in 

20 mL DI water. The initial pH was 9.90 and a control run of [K(18-C-6)]3[SO3LCuII(OH)] 

was collected in the range of 0.7 V to 1.5 V vs. NHE while varying the scan rate (50–500 

mV/s), as in the pH titration (above). To the 20 mL [K(18-C-6)]3[SO3LCuII(OH)] solution, 

1 equivalent of sodium p-toluenesulfonate (0.78 mg, 0.4 mmol) was added and a 

voltammogram was collected in the range of 0.7 V to 1.5 V vs. NHE at 100 mV/s. Excess 

sodium p-toluenesulfonate (~78 mg total, ~ 10 eq.) was then added and a voltammogram 

was collected in the same range and same scan rate. Next, excess acetone (~0.4 mL, ~ 130 

eq.) was added to the same 20 mL solution of [K(18-C-6)]3[SO3LCuII(OH)] and a 

voltammogram was collected in the same range and same scan rate.  
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