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ABSTRACT

This work presents a detailed study of the reactivity of three mononuclear cu" complexes supported by de-
rivatives of the tetradentate ligand N,N’-bis(2-pyridylmethyl)-1,2-ethylenediamine (bispicen). The cu com-
plexes are capable of performing C—H bond activation in the presence of NEt; and H,0, through what has been
proposed computationally to be a [CuO] " intermediate. A wavefunction-based quantum chemical investigation
into the electronic structure of the proposed [CuO]" intermediate reveals a triplet ground state predominantly
consistent with an S = % Cu'! center ferromagnetically coupled to an oxyl radical, though contributions from the
corresponding biradicaloid Cu'-oxene resonance structure may be nontrivial. Furthermore, correlation of the
electronic structure of the proposed intermediate with analogous high-valent metal-oxo species capable of olefin
epoxidation suggests that the cu! complexes might be also capable of olefin epoxidation in the presence of NEts
and H,0,. To test this hypothesis experimentally, the Cu" complexes are treated with NEts and Hy0, in the

presence of alkene substrates, resulting in the formation of epoxides.

1. Introduction

In biology, copper plays a variety of essential roles primarily related
to electron transfer [1]. In particular, a number of enzymes that utilize
copper as a cofactor are dedicated to Oy binding, activation, and
reduction, typically coupling this process with the oxidation of exoge-
nous substrates [2-4]. This oxidation chemistry is accomplished by the
generation of reactive copper-oxygen intermediates in mononuclear,
binuclear, and even trinuclear and tetranuclear active sites [1,5].
Binuclear sites, in particular, have been implicated in the binding and
activation of O for substrate oxidation, though the discovery of mon-
ooxygenase metalloenzymes containing mononuclear copper active sites
such as lytic polysaccharide monooxygenase (LPMO) has resulted in
increased interest in monocopper-O, species [1,5,6]. The enzyme par-
ticulate methane monooxygenase (pMMO), responsible for the oxida-
tion of methane to methanol (bond dissociation energy 104 kcal/mol)
[71, has been shown to only contain mononuclear copper sites [8,9]. As
the active site was generally believed to be multinuclear until 2019, the
mechanism of methane oxidation at a mononuclear copper site remains
an open question.
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Decades of enzymatic and modelling studies have established that
mononuclear copper-oxygen complexes may belong to one of three
categories: 1:1 Cu:05 complexes, Cu'-alkyl/hydroperoxide complexes,
or high valent [CuO] "/ [CuOH]?" species [3]. While detailed structural,
spectroscopic, and mechanistic understanding has been obtained from
the study of systems featuring [CuO5]" or [CUOOH] "/ [CuOOR] ™ cores,
higher valent [CuO]" intermediates have remained particularly elusive
as they have only been observed experimentally in the gas phase [1,3].
High valent [CuO]" species have been proposed as reactive in-
termediates in enzymes such as dopamine p-monooxygenase, [10,11]
peptidylglycine a-hydroxylating monooxygenase [12,13], LPMO [14],
as well as in pMMO [15,16]. However, the formulation of high valent
[CuO]™ species as Cu™-oxo intermediates, in analogy to other high
valent metal-oxo species of biological relevance such as Fe'V-oxo
[17-20] or Mn"V-oxo [21-23] intermediates, is challenging. Initial
theoretical investigations have suggested that [CuO]" systems should be
similar or even more powerful oxidants than the analogous and exten-
sively studied Fe!V-oxo complexes [24], and the study of their electronic
structure and reactivity seeks to address fundamental questions in both
metalloenzymology and inorganic chemistry.
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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 Cu' complexes supported by tetradentate polypyridyl ligands
with HyO5 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 HoO5 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 Hy0,. 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 HyO4
and NEt;3 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
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Fig. 1. Copper complexes studied in the present work.
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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 [1-0]™, [2-017, 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 ®B97X [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 [1-017, [2-0]T, and
[3-0]" 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
[1-0]" and [3-0]", 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-Ka radiation source (4 = 0.71073 A). 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
N3 cold stream. The data sets were recorded as w-scans at 0.5° step width
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and integrated with the CrysAlis [53] software package. Empirical ab-
sorption correction was applied as implemented in the SCALE3
ABSPACK algorithm [54]. The crystal structure solution and refinement
were carried out with SHELX [55] using the interface provided by Olex2
[56]. The final refinement was performed with anisotropic atomic
displacement parameters for all atoms. Full details of the crystal struc-
ture refinement and the final structural parameters have been deposited
with the Cambridge Crystallographic Data Centre (CCDC). The CCDC
registry numbers and a brief summary of data collection and refinement
parameters are given in Table S1.

3. Results and discussion
3.1. Synthesis and characterization

The syntheses of L'® were performed according to previously pub-
lished procedures [28,29,57,58]. Copper complexes were similarly
synthesized according to published procedures [28,29]. Complexes 1-3
exhibit broad optical absorption bands with maxima in the 588-620 nm
range. These bands are assigned to d-d transitions, typical of mono-
nuclear Cu(II) compounds in square pyramidal geometry [28,59-63].
We previously reported the crystal structure of 1 and herein report the
structures of 2 obtained under two different conditions [28].

X-ray quality single crystals of 2a were obtained by vapor diffusion
of diethyl ether into an acetone solution of the complex at room tem-
perature. The copper center is coordinated in a distorted square-
pyramidal geometry (t = 0.16) with four coordination sites occupied
by the nitrogen atoms of the ligand and the fifth axial site occupied by
one oxygen atom from the perchlorate counterion (Fig. 2). The Cu-N
bond lengths are consistent with known Cu(II) complexes supported by
N4 ligands in a distorted square pyramidal geometry. X-ray quality
single crystals of 2b were obtained by vapor diffusion of diethyl ether
into an acetonitrile solution of the complex at room temperature. When
crystals were obtained from an acetonitrile solution, the coordinating
perchlorate ion in 2a is replaced by a molecule of coordinating solvent
(MeCN). The copper center is similarly coordinated in a distorted square
pyramidal geometry (t = 0.26) in which ligand nitrogen atoms occupy
the equatorial coordination sites and the axial site is occupied by coor-
dinating acetonitrile. The distortion from square pyramidal geometry is
greater than in 2a but the observed geometry is still consistent with
other square pyramidal copper(Il) complexes in the literature [28,63].

Axial coordination of solvent when crystals were obtained from
acetonitrile attests to the lability of the axial coordination site. This was
also observed in the previously reported crystal structure of complex 1 in
which water is axially coordinated [28]. For this reason, computational
models were constructed with axially coordinated MeCN as consistent
with experiment. The calculated bond distances in the DFT-optimized
geometries of 2a and 2b are in reasonable agreement with the crystal
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structure (Table 1). While the equatorial Cu-N distances are generally
slightly overestimated and the axial Cu-N/O bond slightly under-
estimated in the DFT-optimized structure, the elongation of the axial
Cu-N/O relative to the equatorial Cu-N bonds of the ligand is correctly
predicted by the computational model. These small discrepancies be-
tween experimental and calculated bond lengths may be attributed to
crystal packing forces [64]. The computed optical parameters of 1 and 2
(Table S2) were in broad agreement with the experimentally obtained
results, slightly overestimating the absorption maximum of 2. The
calculated EPR spin Hamiltonian parameters (Tables S3-4) for 1-2 were
in similar agreement. The rhombicity of the g-tensor was apparent for 2
at X-band, slightly deviating from axial symmetry as predicted by the
computational studies (Table S3). Higher frequencies are required to
observe similar deviations for 1 and 3, and all are compared under
approximate axial symmetry for consistency. This agreement between
the observed and calculated spectroscopic parameters for 1-2 suggests
that the computationally derived structure of 3 can be correlated to the
experimentally obtained optical and EPR spectra within the same
computational methodology. As crystals of 3 suitable for crystallog-
raphy could not be obtained, this provides some insight into the geo-
metric structure of 3 and allows for comparison with complexes 1-2.
The electronic absorption spectrum of 3 is well reproduced by the
computed electronic transitions (Table 2), exhibiting one optical band
centered at approximately 600 nm assigned to a d-d transition at the
metal center [28]. This is consistent with mononuclear Cu'" complexes in
square pyramidal geometry, as it is known that mononuclear Cu'
complexes in a trigonal-bipyramidal geometry typically exhibit ab-
sorption maxima at longer wavelengths [65-67]. The calculated elec-
tronic g-tensor for 3 is approximately axial (g; > g2 > g3 > ge), consistent
with a square pyramidal or elongated octahedral geometry with the
unpaired electron residing mainly in the 3d,>_,» orbital [63,68,69]. The
calculated g-values are slightly underestimated compared to the exper-
imentally obtained values. Taking the 3Cu hyperfine coupling tensor as
axial, an increased A| value and reduced A value is obtained relative to
experiment. The spectral parameters are generally in agreement, how-
ever, and consistent with the proposed structure.

3.2. Reactivity toward H502

Addition of H,O5 (10 eq.) to a solution of 1 in MeCN in the presence
of NEt3 (10 eq.) resulted in an initial redshift of the d-d transition band
centered at 588 nm and subsequent decay to a well-defined optical band
centered at 641 nm with a shoulder above 400 nm (Fig. 3). In the case of
2, treatment with HpO; in the presence of NEt3 resulted in rapid decay of
the broad d-d transition band centered at 620 nm (Fig. S1). This
absorbance band decayed to a new feature centered at 634 nm and lower
in intensity than that of the starting material. A more narrow, intense
feature was observed for 2 at 492 nm after the decay of the original

Fig. 2. Left: ORTEP view of complex 2a crystallized from acetone/diethyl ether; right: ORTEP view of complex 2b crystallized from acetonitrile/diethyl ether.
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Table 1
Selected bond distances and bond angles for complexes 2a and 2b.
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Bond Distances (A)

Bond Angles (degrees)

2a 2b 2a 2b
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.
Cul-N1 2.007 2.018 2.012 2.012 N1-Cul-N2 82.60 82.0 81.77 80.9
Cul-N2 2.018 2.073 2.037 2.094 N2-Cul-N4 165.80 164.9 149.03 139.5
Cul-N3 2.009 2.131 2.034 2.087 N2-Cul-N3 85.20 85.9 85.23 85.4
Cul-N4 2.002 1.994 2.027 2.030 N1-Cul-N3 156.10 137.8 164.66 163.3
Cul-0O1 2.308 2.127 - - N1-Cul-O1 103.10 127.3 -
Cul-N5 - - 2.176 2.118 N1-Cul-N5 - - 92.17 94.8
Table 2 1.0 T T 1.0 T T
Optical and magnetic parameters for complex 3. The g-tensor axes were assumed = Initial spectrum i =~ Initial spectrum
to be collinear with the Cu hyperfine coupling tensor principal axes. Experi- [ i} [ Addition NEt,/H,0, EI D Addition NEt;/H,0,
. Intermediate spectra B Intermediate spectra
mental values obtained from ref. 30. |—— Final spectrum : —— Final spectrum
Absorption Maxima (nm) g values Cu hyperfine — — :
coupling constants 2 2 i
~ ~ ]
(MHz) Py Py i
= = '
8l 81 AL A g 05+ 05
)
Experimental 606 2216 2051 540 60 § ‘g \
Theoretical 572 2.148 2.047 587 37 Qo Qo !
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Fig. 3. Reaction of 1 with 10 eq. Hy05 and 10 eq. NEt; in MeCN monitored for
6 h via electronic absorption spectroscopy. Optical path length 1 cm.

optical band at 620 nm and formation of the feature around 634 nm.
Treatment of 3 with 10 eq. NEt3/H50- elicited similar spectral changes
to those observed for 1 (Fig. S2). As observed with other known copper
complexes mimicking peroxide shunt chemistry, the spectral changes
observed for 1-3 were dependent on the presence of both NEt3 and H,O5
[25,70]. From this we infer the formation of at least one new species in
solution upon addition of HyO, and NEts.

3.3. C-H bond activation

Having previously observed similar reactivity towards NEt3/HoO2
with related complexes [25], we were curious whether these complexes
would also be capable of oxidizing exogenous hydrocarbon substrates.
The reactivity of 1-3 toward 1,4-cyclohexadiene (CHD) and 9,10-dihy-
droanthracene (DHA) in the presence of NEt3/H;O, was similarly
explored spectroscopically. Treatment of 1 with 10 eq. NEt3/HO5 in the
presence of 40 eq. of CHD or DHA resulted in final absorption spectra
(Fig. 4) that lacked a well-defined optical band due to increased

T T T T T T
400 600 800 1000 400 600 800 1000

Wavelength (nm) Wavelength (nm)

Fig. 4. Left: Reaction of 1 with 10 eq. HyO5, 10 eq. NEts, and 40 eq. CHD in
MeCN monitored for 6 h via electronic absorption spectroscopy. Right: reaction
of 1 with 10 eq. H,05, 10 eq. NEt3, and 40 eq. DHA in MeCN monitored for 6 h
via electronic absorption spectroscopy. Optical path length 1 cm.

absorbance in the 400-500 nm region compared to treatment with only
NEt3 and H,05 (Fig. 3), prompting us to analyze the reaction mixtures
for oxidized substrate. Similar increases in absorbance in the 400-500
nm region of the final spectra were observed for 2 and 3, as well (Fig. S3-
6). Analysis of the product solutions by gas chromatography-mass
spectrometry (GC-MS) established the oxidation of both substrates by
1-3. In the case of DHA, anthraquinone, anthracene, and anthrone were
identified as products, while benzene was obtained as the major product
of CHD oxidation. Similar yields were obtained for all three complexes
(Table 4), despite the variations in the ligand architecture. The reactivity
of 1-3 toward NEt3/H»0,, CHD, and DHA was consistent with the pre-
viously reported reactivity of copper complexes supported by other
bispicen-type ligands in which computational studies suggested the
feasibility of a [CuO]™ intermediate as the reactive intermediate
responsible for CHD and DHA oxidation [25]. This similarity in reac-
tivity led us to further investigate the electronic structure of the [CuO]™
species generated from 1 to 3 to better understand their reactivity.

3.4. Electronic structure of [LCuO]*

Computation of the electronic structure of [CuO]" species proves
somewhat challenging due to its multiconfigurational nature. As a single
determinant theory, Kohn-Sham (KS) DFT is not sufficient for the study
of systems not well described by a single Slater determinant [71,72].
Multiconfigurational approaches such as the complete active space self-
consistent field (CASSCF) method and multireference second-order
perturbation theory (CASPT2) have been applied to the problem at
hand in a related system to overcome these limitations inherent to KS
DFT [24]. Here, we consider an analogous approach in which second-
order N-electron valence perturbation theory (NEVPT2) is applied to
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the CASSCF wavefunction to obtain corrections to the energy.
Dioxygen may be considered as a test case for the CASSCF/NEVPT2
method for which the CASSCF/CASPT2 method has already been
applied and experimental data is available [24], allowing for parallels to
be drawn between the well-understood electronic structure of diatomic
molecules and the [CuO] core of the more complex polyatomic mole-
cules reported here. Diatomic Oy possesses five low-lying states that
have been rigorously examined spectroscopically: the ground state 32; s

and the four excited states ' Ay, ! =5 3%;, and ®%; [73]. We first examine

the transition between the BZg’ and A, states, separated by 0.98 eV
(22.6 kcal mol’l) [24,74]. A singlet-triplet gap of 1.00 eV (23.13 kcal
mol 1) was predicted by the CASSCF/NEVPT2 method employing a full-
valence active space, reaching the desired chemical accuracy of + 1 kcal
mol~! [75]. The 1 Ag state is well described by a single configuration.
Considering additional excited states, the CASSCF/NEVPT2 method
correctly predicts a multiconfigurational state located 1.65 eV (38.00
kcal/mol) above the ground state, consistent with the experimentally
observed singlet biradical 12; state located 1.63 eV (37.51 kcal/mol)
above the 32; state [76,77]. This is an important test case for the study
of the electronic structure of [CuO] ™" species because the formally Cu'-
oxo formulation is a closed-shell singlet, as is the ! A, excited state of Oo.
However, previous theoretical investigations have identified a low-lying
singlet biradical excited state in analogy to the lzg excited state of Oy
for [CuO]™ species similar to the ones described here [24], and as such
the ability to distinguish between these three cases is necessary to
correctly identify the ground state of the [CuO] " species generated from
1to 3.

Active spaces of 12 electrons in 12 orbitals were first constructed
from MOs derived from the Cu 3d orbitals, the O 2p orbitals, and the Cu
4d orbitals (Figs. S7-9). Applying the CASSCF/NEVPT2 method to [1-
0]", an S = 1 ground state is predicted with a low-lying S = 0 excited
state separated by 0.215 eV (4.97 kcal mol ™) (Table S5). The triplet
ground state is well-described by a single configuration, however, the

ClI Coefficient

105
19.3% Cu 3d
77.8% O 2p

104
45.7% Cu 3d
49.8% O 2p

Decreasing occupation

103
61.2% Cu 3d
33.7% O 2p

102
71.5% Cu 3d

AA
26.5% O 2p )
/\(\j/\/{
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electronic structure does not rigidly conform to a simple Cu'-oxyl pic-
ture as expected. Rather, the MOs occupied by the two radicals are more
covalent in nature, complicating the analysis. Similar electronic struc-
tures were predicted for [2-0]1" and [3-O]" with an active space of 12
electrons in 12 orbitals (Figs. S8-9, Tables S6-7). The CAS(12,12) results
are best described as existing on a continuum between the extremes of a
Cu-oxyl formulation and a Cu'-bound biradicaloid oxene, somewhat to
our surprise. This is not, however, an unprecedented result for first-row
transition metals and intermediates with similar electronic structures
have been proposed as in the case of a biradicaloid Co™-oxene species
[78], and even isolated and studied spectroscopically in the case of a
similar S = 1 Cul-nitrene intermediate [79].

Without any spectroscopic data on [CuO]" compounds available in
the literature to calibrate our understanding of the CAS(12,12)/NEVPT2
results, we further extended our computational investigation to probe
the sensitivity of the results to active space composition and computa-
tional procedure. Alternative active spaces consisting of 14 electrons in
8 orbitals were constructed from MOs derived from the five Cu 3d or-
bitals and the three O 2p orbitals. The occupation of the resulting or-
bitals from this step were inspected and those with an occupation less
than 1.98 and greater than 0.02 were used as reference spaces for sub-
sequent Spectroscopy ORiented Configuration Interaction (SORCI) cal-
culations (Figs. S10-12). The sufficiency of the reference space was
evaluated by ensuring that the weight of the reference configuration in
each CI state was greater than 0.90 (Tables S8-10). In each case, a triplet
ground state was predicted below a low-lying open shell singlet state. In
the case of [1-O]™, a multiconfigurational ground state derived from a
what is possibly best described as a Cul-oxene (CI coefficient 0.39)
configuration and two Cu-oxyl configurations (CI coefficients 0.37 and
0.15, respectively) (Fig. 5, Table S8). The ground state of [2-O]" was
well-described by a single configuration (CI coefficient 0.75) (Table S9)
and consistent with the Cu-oxyl formulation. A multiconfigurational
ground state was predicted for [3-O]", however its primary configura-
tion is well-described as a Cun—oxyl (CI coefficient 0.63) with some

Cu-(.0)) Cu'-(20*-) Cu'-(20"-)

0.39 0.37 0.15
4 ¢ $ |
! ! v
4 tl 4
! .
t 4 4
v |
t 1 4
2 B R

Fig. 5. Subspace of the 10-electron, 6-orbital reference space used to depict leading configurations of the S = 1 ground state of [1-O]" generated from a SORCI
calculation. Surface plots of the average atomic natural orbitals are displayed at an isovalue of 0.03 [a.u].
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Fig. 6. Left: Reaction of 1 with 10 eq. HyO,, 10 eq. NEt3, and 40 eq. styrene in
MeCN monitored for 6 h via electronic absorption spectroscopy. Right: Reaction
of 1 with 10 eq. H,0,, 10 eq. NEt3, and 40 eq. cyclooctene in MeCN monitored
for 6 h via electronic absorption spectroscopy. Optical path length 1 cm.

admixture of the Cu'-oxene configuration (CI coefficient 0.16)
(Table S10). The results, though unexpected, were fairly robust to
changes in active space and even computational method. Interestingly,
we did not identify any state in which the oxidation state could be
unambiguously assigned as Cu'™.

As both methods predicted either a multiconfigurational or open
shell singlet excited state, we calculated the singlet-triplet energy gap
(AE) for each intermediate within the framework of broken-symmetry
(BS) DFT at the B3LYP, M06, and ®B97X levels of theory. All methods
conclude that the ground states of [1-0]", [2-O]%, and [3-O]" possess
spin angular momentum S = 1 and the calculated AE values are
generally of the same order of magnitude (Table 3) except for in the case
of [3-O]" when AE was calculated with the ®B97X functional. However,
the amount by which the singlet state was predicted to be lower in en-
ergy for [3-0]1" with the ®B97X functional seems to be within the un-
certainty of the functional’s general performance [48]. All of the
computational methods considered here generally converge to same
conclusion: two radicals are localized to the [CuO] core of the ground
state of [1-0] ", [2-O]", and [3-O] " with spin angular momentum S = 1.

The analogous high-valent Fe- and Mn-oxo species are powerful
oxidants capable of C—H bond activation and functionalization, but in
some cases have also been reported to perform O-atom transfer to olefins
to generate epoxides. Cytochrome P450, for example, catalyzes the
epoxidation of alkene substrates with an Fe'V-oxo porphyrin cation-
radical species [80-83]. Indeed, synthetic iron and manganese por-
phyrins have been extensively studied for their use as epoxidation cat-
alysts [22,83-87]. However, in some of these reports, the ability to
perform epoxidations has been attributed to the oxyl or oxene character
— described in different terms over the last few decades - of the active
oxidant [80,88,89]. Whether referred to as triplet character, oxenoid
character, triplet oxenoid character, or oxyl character, nonzero spin
density at the metal-bound oxygen has been cited as necessary for the
observed reactivity. If we take this as an assumption, aspects of the
calculated electronic structure of the proposed [CuO]" intermediates —

Table 3
Singlet-triplet energy gaps (AE = Egipier — Esingler) [€V] for [1-0]7, [2-0]7, and
[3-0]7.

CAS(12,12)/NEVPT2  SORCI (10,6) B3LYP MO06 ®B97X
[1-0]" —0.215 —0.134 —0.158 —0.245 —0.163
[2-0]" —0.230 —0.270 —0.158 —0.214 —0.153
[3-01" —0.219 —0.224 —0.152 —0.239 0.033
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triplet ground state, O-radical character — suggest that [1-017, [2-017,
and [3-0O]" should be capable of performing substrate epoxidation. This
is curious as reports of epoxidation catalyzed by mononuclear copper
complexes in the literature are extremely rare.

3.5. Olefin epoxidation

To verify that 1-3 could perform O-atom transfer to alkene sub-
strates, we explored their reactivity toward styrene and cyclooctene as
we did for CHD and DHA. Treatment of 1 with 10 eq. NEt3/H50; in the
presence of 40 eq. of styrene or cyclooctene resulted in final absorption
spectra (Fig. 6) with increased absorbance in the 400-500 nm region
compared to treatment with only NEt3 and HyO» (Fig. 3). Treatment of 2
with 10 eq. NEt3/H20; in the presence of 40 eq. of styrene did not result
in noticeable changes to the final absorption spectrum when compared
to treatment with only NEt3/H50,, though this was not the case in the
presence of 40 eq. of cyclooctene (Figs. S13-14). Complex 3 behaved
similarly to complex 1 (Figs. S15-16). Analysis of the product solutions
by GC-MS confirmed the presence of cyclooctene oxide (Table 4).
Benzaldehyde, rather than styrene oxide, was observed - but it is
important to note that styrene oxide has been reported to be further
oxidized to benzaldehyde under similar reaction conditions and thus its
initial formation cannot be rejected [90]. Treatment of cyclooctene with
NEt3/H20; in the presence of copper(II) perchlorate did result in some
formation of cyclooctene oxide, but in a lower yield than observed with
1-3, suggesting that the ligand supporting the copper center does play a
role in modulating its reactivity.

4. Summary

A detailed investigation of the reactivity of three mononuclear Cu'l
complexes supported by [N4] polypyridyl ligands using a combined
experimental and theoretical approach is presented herein. Consistent
with previously reported Cu"-bispicen complexes, 1-3 were capable of
C—H bond activation in the presence of NEt3 and HyO4 (Fig. 7). A
computational investigation into the electronic structure of the pro-
posed [CuO]" reactive intermediates revealed a complex triplet ground
state. Mapping the spatial distribution of the radicals localized to the
[CuO] core of the proposed [CuO]" intermediates onto a single electron
configuration proved challenging. The predicted electronic structures
were generally consistent with a Cu-oxyl species, noting the corre-
sponding Cu'-oxene species as a possibly significant resonance structure.
Correlating the electronic structure of the proposed [CuO]™ in-
termediates to those of analogous high-valent metal-oxo species capable
of performing substrate epoxidation, we predicted that 1-3, too, should
be capable of substrate epoxidation when treated with NEts/H02 and
alkenes. Cyclooctene oxide was obtained as the product upon treatment
of 1-3 with NEt3/H205 in the presence of cyclooctene (Fig. 7). These
results represent one of the first reports of epoxidation performed by
mononuclear copper complexes, to our knowledge, warranting further
investigation into the complex electronic structure and diverse reac-
tivity of high-valent [CuO]™ species.
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Table 4
Reaction mixture product analysis.
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Complex Benzene Anthraquinone Anthracene Anthrone Benzaldehyde Styrene Oxide Cyclooctene Oxide
1 47 + 4% 20 + 0% 19 £ 1% 3+ 0% 8+1% 0% 16 + 2%

2 52+ 7% 21 + 0% 19 + 0% 3+ 0% 10 £ 1% 1+ 0% 15+ 1%

3 52 + 4% 21 +1% 20 + 0% 4+ 0% 9+1% 0% 18 +1%
Cu(ClOy4), 0% 0% 0% 0% 0% 0% 8+1%

No Cu 3+ 0% 2+ 0% 2+ 0% 0% 0% 0% 1+ 0%

e O g

[LCuOr*
\ O C-H bond activation
Qo O-atom transfer

Fig. 7. Summary of the proposed reactivity of 1-3.
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