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Recently we reported experimental and theoretical results that 
implicated a [CuO]+ species as the reactive intermediate for C–H bond 
activation [25]. Reactive intermediates were generated from mono
nuclear CuII complexes supported by tetradentate polypyridyl ligands 
with H2O2 in an analogous manner to the biological peroxide shunt 
pathway, bypassing the need for external electrons [26]. In these ex
periments, substrate oxidation was observed when each copper complex 
was treated with H2O2 and base in the presence of either cyclohexadiene 
(CHD) or dihydroanthracene (DHA). On the basis of isotope labeling 
studies, spectroscopic analysis of degradation products, and density 
functional theory (DFT) calculations, a mechanism for C–H bond 
oxidation by a [CuO]+ species largely analogous to the radical rebound 
mechanism of other high-valent metal-oxo species was proposed [27]. 

Herein we report the reactivity of three mononuclear copper com
plexes supported by bispicen ligand variants (Fig. 1) toward C–H bond 
activation. This study further refines our understanding of the electronic 
structure of the [CuO]+ species generated from 1 to 3 with H2O2. In 
addition to C–H bond activation, we use an ab initio quantum me
chanical investigation into the electronic structure of the proposed 
[CuO]+ intermediates and the knowledge of the electronic structure of 
well-understood epoxidation catalysts to predict complexes 1–3 as being 
able to perform O-atom transfer to alkenes to form epoxides. As a proof 
of concept, we further support this claim with reactivity studies of 1–3 
toward exogenous alkene substrates. 

2. Experimental 

2.1. Materials and methods 

All reagents and solvents were purchased from MilliporeSigma and 
Fisher Scientific and directly used for synthesis without further purifi
cation unless mentioned otherwise. Copper complexes and ligands were 
synthesized following reported procedures [28,29]. 9,10-dihydroan
thracene (DHA) was purchased from MilliporeSigma and recrystallized 
from ethanol prior to use. All electronic absorption spectra were 
measured using an Agilent Cary 8454 UV–Vis Spectrophotometer. 
Samples for optical spectroscopy were prepared in quartz cells with an 
optical path length of 1 cm. Graphical representation and data analysis 
were performed in Origin. Quantification of the oxidized products was 
carried out using an Agilent 6890 Gas Chromatograph (GC) equipped 
with an Agilent 5973 Network Mass Selective Detector and Flame 
Ionization Detector (FID) using naphthalene as an internal standard. 

2.2. General procedure for substrate oxidation 

Forty equivalents of substrate with respect to the complex were 
added to solutions of complexes 1–3, followed by the addition of H2O2 
and NEt3 solutions in acetonitrile (10 eq. with respect to the complex) 
under aerobic conditions at 298 K. Reaction progress was monitored via 
electronic absorption spectroscopy and products were identified after 
removal of the copper complex using a microscale alumina column. 
Product yields were calculated with respect to the copper complexes. 

2.3. Computational methods 

All computations were carried out using the computational chemis
try software package ORCA 4.2 [30]. Geometry optimizations were 

carried out with the density functional BP86 [31,32] using the crystal 
structures of 1 and 2 as a starting point. Calculations employed the def2- 
TZVP basis set [33,34] for copper and directly coordinated atoms; 
remaining atoms were calculated using the def2-SV(P) basis set [35]. 
Dispersion effects were included using the atom-pairwise correction 
with Becke-Johnson damping scheme (D3BJ) as it has been adopted in 
the ORCA program [36,37]. The density fitting and “chain of spheres” 
(RIJCOSX) [38] approximations were employed in conjunction with the 
auxiliary basis set def2/J [39]. Stationary points were verified by ana
lytic computation of vibrational frequencies. Damping parameters were 
adjusted as needed in order to reach convergence using the keyword 
SlowConv. Electron paramagnetic resonance (EPR) parameters were 
obtained from single-point calculations on the previously optimized 
geometries using the hybrid density functional B3LYP [40,41]. Scalar 
relativistic effects were included with the zeroth order regular approx
imation (ZORA) [42–44] employing the core property basis set CP(PPP) 
on copper, the ZORA-def2-TZVP(-f) basis set [33,34] on nitrogen and 
oxygen atoms, and the ZORA-def2-SVP basis set [35] on all remaining 
atoms. Auxiliary basis sets were generated automatically (AutoAux) 
[45]. Picture change effects were included. Electronic absorption 
spectra were calculated for 1–3 within the time-dependent density 
functional theory (TDDFT) formalism employing the Tamm-Dancoff 
approximation (TDA) [46] with the same functional and combination 
of basis sets. Consistent with experiment, solvation effects associated 
with acetonitrile were accounted for by using the conductor-like 
polarizable continuum model (CPCM) as implemented in ORCA [30]. 

The geometries of [1-O]+, [2-O]+, and [3-O]+ were optimized on the 
broken symmetry (BS) potential energy surface. Single-point calcula
tions were carried out to obtain singlet–triplet gaps and quasi-restricted 
orbitals (QROs) using the same combination of basis sets described 
above at the B3LYP, M06 [47], and ωB97X [48] levels of theory. To 
correct for biradical character in the singlet structures, wavefunctions 
were calculated employing the complete active space self-consistent 
field (CASSCF) [49] method. In the CASSCF calculations, an active 
space consisting of twelve electrons in seven orbitals was chosen (CAS 
(12,7)). QROs from the single-point calculations of [1-O]+, [2-O]+, and 
[3-O]+ were used as starting orbitals for the CASSCF calculations. 
Dynamical correlation effects were explicitly introduced as described by 
second-order N-electron valence perturbation theory (NEVPT2) to 
obtain singlet–triplet splittings [50,51]. To better account for dynamical 
correlation effects, the Cu-4d orbitals were also included, giving rise to a 
final active space of 12 electrons in 12 orbitals (CAS(12,12)) for the 
CASSCF/NEVPT2 calculations. 

Alternative active spaces and multireference configuration interac
tion procedures were explored. An active space consisting of fourteen 
electrons in the five Cu-3d based molecular orbitals (MOs) and three O- 
2p orbitals was chosen (CAS(14,8)). Orbitals with an occupation less 
than 1.98 and greater than 0.02 from the CAS(14,8) calculations were 
used to construct reference spaces of 10 electrons in 6 orbitals (10,6) for 
subsequent spectroscopy oriented configuration interaction calculations 
(SORCI) [52]. While (8,5) reference spaces may have been sufficient for 
[1-O]+ and [3-O]+, a (10,6) reference space was required to describe the 
electronic structure of [2-O]+ based on orbital occupation, so (10,6) 
reference spaces were constructed for all three compounds for consis
tency. All CASSCF and SORCI calculations were carried out with the 
ZORA-def2-TZVP(-f) basis set on copper, nitrogen, and oxygen atoms 
and the ZORA-def2-SVP basis set on all other atoms. 

2.4. X-ray crystallography 

Single-crystal X-ray diffraction was performed on a Rigaku-Oxford 
Diffraction Synergy-S diffractometer equipped with a HyPix detector 
and a Mo-Kα radiation source (λ = 0.71073 Å). In a typical experiment, a 
single crystal was suspended in Parabar® oil (Hampton Research) and 
mounted on a cryoloop that was cooled to the desired temperature in an 
N2 cold stream. The data sets were recorded as ω-scans at 0.5◦ step width Fig. 1. Copper complexes studied in the present work.  
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[34] A. Schäfer, C. Huber, R. Ahlrichs, Fully optimized contracted gaussian basis sets of 
triple zeta valence quality for atoms Li to Kr, J. Chem. Phys. 100 (8) (1994) 
5829–5835, https://doi.org/10.1063/1.467146. 

[35] A. Schäfer, H. Horn, R. Ahlrichs, Fully optimized contracted gaussian basis sets for 
atoms Li to Kr, J. Chem. Phys. 97 (4) (1992) 2571–2577, https://doi.org/10.1063/ 
1.463096. 

[36] S. Grimme, S. Ehrlich, L. Goerigk, Effect of the damping function in dispersion 
corrected density functional theory, J. Comput. Chem. 32 (7) (2011) 1456–1465, 
https://doi.org/10.1002/jcc.21759. 

[37] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio 
parametrization of density functional dispersion correction (DFT-D) for the 94 
elements H-Pu, J. Chem. Phys. 132 (15) (2010), 154104, https://doi.org/10.1063/ 
1.3382344. 

[38] F. Neese, F. Wennmohs, A. Hansen, Becker U. Efficient, Approximate and parallel 
hartree-fock and hybrid DFT calculations. A ‘chain-of-spheres’ algorithm for the 
hartree-fock exchange, Chem. Phys. 356 (1) (2009) 98–109, https://doi.org/ 
10.1016/j.chemphys.2008.10.036. 

[39] F. Weigend, Accurate coulomb-fitting basis sets for H to Rn, Phys. Chem. Chem. 
Phys. 8 (9) (2006) 1057–1065, https://doi.org/10.1039/b515623h. 

[40] A.D. Becke, Density-functional thermochemistry. III. The role of exact exchange, 
J. Chem. Phys. 98 (7) (1993) 5648–5652, https://doi.org/10.1063/1.464913. 

[41] C. Lee, W. Yang, R.G. Parr, Development of the Colle-Salvetti correlation-energy 
formula into a functional of the electron density, Phys. Rev. B 37 (2) (1988) 
785–789, https://doi.org/10.1103/PhysRevB.37.785. 

[42] E. Lenthe, E.J. van Baerends, J.G. Snijders, Relativistic regular two-component 
hamiltonians, J. Chem. Phys. 99 (6) (1993) 4597–4610, https://doi.org/10.1063/ 
1.466059. 

[43] E. van Lenthe, E.J. Baerends, J.G. Snijders, Relativistic total energy using regular 
approximations, J. Chem. Phys. 101 (11) (1994) 9783–9792, https://doi.org/ 
10.1063/1.467943. 

[44] C. van Wüllen, Molecular density functional calculations in the regular relativistic 
approximation: method, application to coinage metal diatomics, hydrides, 
fluorides and chlorides, and comparison with first-order relativistic calculations, 
J. Chem. Phys. 109 (2) (1998) 392–399, https://doi.org/10.1063/1.476576. 

[45] G.L. Stoychev, A.A. Auer, F. Neese, Automatic generation of auxiliary basis sets, 
J. Chem. Theory Comput. 13 (2) (2017) 554–562, https://doi.org/10.1021/acs. 
jctc.6b01041. 

[46] S. Grimme, A simplified Tamm-Dancoff density functional approach for the 
electronic excitation spectra of very large molecules, J. Chem. Phys. 138 (24) 
(2013), 244104, https://doi.org/10.1063/1.4811331. 

[47] Y. Zhao, D.G. Truhlar, The M06 suite of density functionals for main group 
thermochemistry, thermochemical kinetics, noncovalent interactions, excited 
states, and transition elements: two new functionals and systematic testing of four 
M06-class functionals and 12 other functionals, Theor. Chem. Account 120 (1) 
(2008) 215–241, https://doi.org/10.1007/s00214-007-0310-x. 

[48] J.-D. Chai, M. Head-Gordon, Systematic optimization of long-range corrected 
hybrid density functionals, J. Chem. Phys. 128 (8) (2008), 084106, https://doi. 
org/10.1063/1.2834918. 

[49] B.O. Roos, P.R. Taylor, P.E.M. Sigbahn, A complete active space SCF method 
(CASSCF) using a density matrix formulated super-CI approach, Chem. Phys. 48 (2) 
(1980) 157–173, https://doi.org/10.1016/0301-0104(80)80045-0. 

[50] C. Angeli, R. Cimiraglia, S. Evangelisti, T. Leininger, J.-P. Malrieu, Introduction of 
N-electron valence states for multireference perturbation theory, J. Chem. Phys. 
114 (23) (2001) 10252–10264, https://doi.org/10.1063/1.1361246. 

[51] C. Angeli, R. Cimiraglia, J.-P. Malrieu, N-electron valence state perturbation 
theory: a spinless formulation and an efficient implementation of the strongly 
contracted and of the partially contracted variants, J. Chem. Phys. 117 (20) (2002) 
9138–9153, https://doi.org/10.1063/1.1515317. 

[52] F. Neese, A spectroscopy oriented configuration interaction procedure, J. Chem. 
Phys. 119 (18) (2003) 9428–9443, https://doi.org/10.1063/1.1615956. 

[53] CrysAlis, Oxford Diffraction Ltd., Abingdon, England, 2006. 
[54] SCALE3 ABSPACK – An Oxford Diffraction Program (1.0.4,Gui:1.0.3), Oxford 

Diffraction Ltd., Abingdon, England, 2005. 
[55] G.M. Sheldrick, Crystal structure refinement with SHELXL, Acta Crystallogr. C 

Struct. Chem. 71 (1) (2015) 3–8, https://doi.org/10.1107/S2053229614024218. 
[56] O.V. Dolomanov, L.J. Bourhis, R.J. Gildea, J.A.K. Howard, H. Puschmann, OLEX2: 

a complete structure solution, refinement and analysis program, J. Appl. 
Crystallogr. 42 (2) (2009) 339–341, https://doi.org/10.1107/ 
S0021889808042726. 

[57] M.S. Chen, M.C. White, A predictably selective aliphatic C-H oxidation reaction for 
complex molecule synthesis, Science 318 (5851) (2007) 783–787, https://doi.org/ 
10.1126/science.1148597. 

[58] S.L. Esarey, J.C. Holland, B.M. Bartlett, Determining the fate of a non-heme iron 
oxidation catalyst under illumination, oxygen, and acid, Inorg. Chem. 55 (21) 
(2016) 11040–11049, https://doi.org/10.1021/acs.inorgchem.6b01538. 

[59] S.J. Brudenell, L. Spiccia, E.R.T. Tiekink, Binuclear copper(II) complexes of bis 
(pentadentate) ligands derived from alkyl-bridged Bis(1,4,7-Triazacyclonane) 
macrocycles, Inorg. Chem. 35 (7) (1996) 1974–1979, https://doi.org/10.1021/ 
ic951146f. 

[60] S.S. Massoud, F.R. Louka, R.N. David, M.J. Dartez, Q.L. Nguyn, N.J. Labry, R. 
C. Fischer, F.A. Mautner, Five-coordinate metal(II) complexes based pyrazolyl 
ligands, Polyhedron 90 (2015) 258–265, https://doi.org/10.1016/j. 
poly.2015.02.014. 

[61] S.S. Massoud, F.R. Louka, L.T. Nguyen, M. Mikuriya, J.H. Albering, F.A. Mautner, 
Structural and magnetic characterization of 1-D complexes constructed from 
pyrazole-3,5-dicarboxylate bridging multi copper(II) centers, Inorg. Chim. Acta 
366 (1) (2011) 394–398, https://doi.org/10.1016/j.ica.2010.11.014. 

[62] G.A. McLachlan, G.D. Fallon, R.L. Martin, L. Spiccia, Synthesis, structure and 
properties of five-coordinate copper(II) complexes of pentadentate ligands with 
pyridyl pendant arms, Inorg. Chem. 34 (1) (1995) 254–261, https://doi.org/ 
10.1021/ic00105a041. 

[63] N. Singh, J. Niklas, O. Poluektov, K.M. Van Heuvelen, A. Mukherjee, Mononuclear 
nickel (II) and copper (II) coordination complexes supported by bispicen ligand 
derivatives: experimental and computational studies, Inorg. Chim. Acta 455 (2017) 
221–230, https://doi.org/10.1016/j.ica.2016.09.001. 

[64] J.N. Harvey, On the accuracy of density functional theory in transition metal 
chemistry, Annu. Rep. Prog. Chem., Sect. C: Phys. Chem. 102 (2006) 203, https:// 
doi.org/10.1039/b419105f. 

[65] R.R. Jacobson, Zoltan Tyeklar, K.D. Karlin, Jon Zubieta, Fluoride as a terminal and 
bridging ligand for copper: isolation and x-ray crystallographic characterization of 
copper monomeric and dimeric complexes [CuII(TMPA)F]Nn+ (n = 1 or 2; TMPA 
= Tris[(2-Pyridyl)Methyl]Amine), Inorg. Chem. 30 (9) (1991) 2035–2040, https:// 
doi.org/10.1021/ic00009a017. 

[66] B.J. Hathaway, The correlation of the electronic properties and stereochemistry of 
mononuclear CuN 4–6 chromophores, J. Chem. Soc., Dalton Trans. 12 (1972) 
1196–1199, https://doi.org/10.1039/DT9720001196. 
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