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Role of heteroatom substitution on the stability
and reactivity of mononuclear Cu(II)–alkylperoxo
complexes
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Chivukula V. Sastri *a

Motivated by copper’s essential role in biology and its wide range of applications in catalytic and synthetic

chemistry, this work aims to understand the effect of heteroatom substitution on the overall stability and

reactivity of biomimetic Cu(II)–alkylperoxo complexes. In particular, we designed a series of tetracoordi-

nated ligand frameworks based on iso-BPMEN = (N,N-bis(2-pyridylmethyl)-N’,N’-dimethylethane-1,2-

diamine) with varying the primary coordination sphere using different donor atoms (N, O, or S) bound to

Cu(II). The copper(II) complexes bearing iso-BPMEN and their modified heteroatom-substituted ligands

were synthesized and structurally characterized. These novel complexes are manifested as biomimetic

models of enzymatic copper(II) complexes that typically bind the metal through some neutral and anionic

amino acid side chains. The in situ generated Cu(II)–alkylperoxo intermediates were spectroscopically

characterized and evaluated for their stability and reactivity. The stability and reactivity of copper(II)–alkyl-

peroxo intermediates exhibited diverse behaviors depending on the ligand. Interestingly, the reactivity for

the S- and O-coordinated Cu(II)–alkylperoxo intermediates exhibited significantly higher (200–300 fold)

electrophilic heteroatom oxidation efficiency compared to the N-bound Cu(II)–alkylperoxo species.

Computational studies further support a mechanism involving O–O bond homolysis, followed by efficient

oxygen atom transfer. These findings suggest that heteroatom substitution plays a crucial role in fine-

tuning the oxidation chemistry of copper(II) complexes, enhancing their potential as biomimetic models

for copper-based oxidation reactions.

Introduction

Copper ions, abundant in the Earth’s crust, are fundamental to
various biological processes such as oxygen transport, catalysis,
and electron transfer. As a consequence, copper-containing
proteins function as a defence mechanism against oxidative
damage but also assist with growth and biosynthesis reac-
tions.1 Several mononuclear copper enzymes, such as peptidyl-
glycine α-hydroxylating monooxygenase (PHM), dopamine
β-monooxygenase (DβM), lytic polysaccharide monooxygenases
(LPMOs), and galactose oxidase (GO), utilize O2-derived reactive
species to carry out oxidative transformations on diverse bio-
logical substrates (Scheme 1).2 These enzymes share a primary
coordination sphere around the Cu center composed of a mix

of neutral and anionic donors, including nitrogen (from histi-
dine), sulfur (from methionine), and oxygen (from tyrosine or
carbonyl groups).2 In PHM and DβM, two non-coupled binuc-
lear copper enzymes are proposed to form a reactive Cu-super-
oxo species utilizing dioxygen and enabling the hydroxylation
reaction.2c,e In LPMOs, which feature a mononuclear copper
centre coordinated by a histidine brace, the resting Cu(I) reacts
with O2 (or H2O2) to form a Cu-oxyl or Cu-superoxo species,
enabling hydrogen atom abstraction from polysaccharide C–H
bonds, followed by hydroxylation and glycosidic bond
cleavage.2d,e By contrast, galactose oxidase operates via a Cu(II)-
tyrosyl radical cofactor, which abstracts a hydrogen atom from
the substrate alcohol to form an aldehyde and reduced cofac-
tor, which is then reoxidized by O2.

2e These natural systems
underscore the versatility of copper–oxygen chemistry and high-
light how the ligand environment, whether composed of histi-
dine, methionine, or tyrosine, can significantly influence the
redox properties and reactivity of Cu–O2 intermediates.2

Importantly, this biological insight motivates the design of bio-
mimetic copper catalysts that replicate the function of these
enzymes. Synthetic copper-coupled oxidations have gained
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significant attention across scientific disciplines, partly due to
their biological relevance and ability to carry out diverse func-
tional group transformations.3 The wide range of biological
and synthetic Cu-coupled oxidations showcases how the reac-
tivity of copper centres can be finely tuned by coordinated
ligands through steric and electronic effects.4 Even subtle
alterations in the ligand environment can lead to changes in
reaction pathways and mechanisms.5 Therefore, the ligand
framework and the first coordination sphere around copper
centres are critically important for activity and catalysis.

Among the diverse Cu–O2 species accessible in both biological
and synthetic contexts, copper–alkylperoxo species have emerged
as particularly important intermediates. Their biological rele-
vance is highlighted by the fact that copper ions are frequently
employed to initiate lipid peroxidation in model systems, such as
in studies of low-density lipoprotein oxidation.6 Significant
advancements in the trapping and characterization of copper(II)–
alkylperoxo species have been made (Scheme 1) and particularly
following Kitajima’s pioneering work, which involved the struc-
tural characterization of a mononuclear copper(II)–alkylperoxo
intermediate with a hydrotris(pyrazolyl)borate ligand.7 Detailed
spectroscopic studies and investigations into the reactivity of Cu
(II)–alkylperoxo intermediates have since been conducted by
Solomon and co-workers.8 Tolman and co-workers made
advances by characterizing both copper(II)- and copper(III)–alkyl-
peroxo complexes and exploring their reactivity toward substrates
with relatively weak C–H or O–H bonds, revealing both electrophi-
lic and nucleophilic behavior.9 Itoh et al. examined the electro-
philic reactivity of copper(II)–alkylperoxo complexes that were trig-
gered by O–O bond homolysis forming the reactive Cu(II)–O•

species.10 Additionally, studies have demonstrated that copper(II)–
alkylperoxo complexes can conduct nucleophilic reactions.11 In
particular, the studies focused on the effects of hydrogen

bonding interactions of the substrate with Cu(II)–alkylperoxo
intermediates, and how this influences the reactivity in oxygen
atom transfer, C–H activation, and aldehyde deformylation.12

Researchers have also investigated the effects of ligand rigidity
and denticity on the mechanism of O–O bond cleavage using Cu
(II)–alkylperoxo intermediates with (N2/Py2) tetradentate ligands.

13

Previously, our group synthesized a Cu(II)–alkylperoxo intermedi-
ate with bispidine ligand framework and studied the electrophilic
aldehyde deformylation, and electrophilic oxygen atom transfer
reactivity with a selection of substrates.14 Most of the Cu(II)–alkyl-
peroxo intermediates are typically recognized for their electrophi-
lic reactivity toward organic substrates, which is facilitated by the
homolytic or heterolytic cleavage of the O–O bonds.10,12,15 In
recent years, biomimetic models have been developed that
include axial and equatorial heteroatom substitutions to influ-
ence reactivity and the mechanisms of reactions.16

Such heteroatom substitutions significantly impact
nonheme iron complexes by altering their electronic structure,
ligand field, redox properties, and capabilities for secondary
interactions. By taking inspiration from the natural copper
enzymes and the heteroatom substituted model systems, we
systematically replaced axial nitrogen atom with sulphur and
oxygen in the parent copper(II) iso-BPMEN (N,N-bis(2-pyridyl-
methyl)-N′,N′-dimethylethane-1,2-diamine) complex and exam-
ined the three corresponding Cu(II)–alkylperoxo intermediates
to further understand how the axial heteroatom substitution
influences their overall stability and reactivity.

Results and discussion

Our study started with the synthesis of the tetradentate ligand
frameworks, namely LNMe2 (N,N-dimethyl-N′,N′-bis(pyridin-2-

Scheme 1 Proposed Cu(II)–hydroperoxo intermediates in selected copper monooxygenase enzymes and some examples of reported bioinspired
Cu(II)–alkylperoxo systems that are discussed in the literature.
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ylmethyl)ethane-1,2-diamine), LSMe (2-(methylthio)-N,N-bis
(pyridin-2-ylmethyl)ethan-1-amine), and LOMe (2-methoxy-N,N-
bis(pyridin-2-ylmethyl)ethan-1-amine). The ligand LNMe2 was
synthesized using a previously reported procedure,17 while the
other two ligands (LSMe and LOMe) were synthesized according
to slightly modified protocols (see SI for detailed experimental
protocols and synthesis schemes, Schemes S1 and S2).

The corresponding copper(II) complexes were prepared by
the dropwise addition of CuII(ClO4)2·2CH3CN to the ligand
solution in acetonitrile at room temperature and stirred over-
night. Upon ether layering of the reaction mixtures blue
powders for each of the three complexes were obtained. The
copper(II) complexes, [CuII(LNMe2)]2+ (1a), [CuII(LSMe)]2+ (2a),
and [CuII(LOMe)]2+ (3a), were thoroughly characterized by UV-
visible spectroscopy (UV-vis), electrospray ionization mass
spectrometry (ESI-MS), cyclic voltammetry (CV), electron para-
magnetic resonance spectroscopy (EPR) and single-crystal
X-ray crystallography (see Fig. S1–S18 in the SI). The UV-Vis
spectra of the three copper(II) complexes at 298 K revealed
weak d–d transitions ranging 600–950 nm with distinct molar
absorption coefficients (ε), see Table 1 and Fig. S10. Complex
1a exhibited three weak d–d transition bands at 649 nm (ε = 89
M−1 cm−1), 778 nm (ε = 124 M−1 cm−1), and 937 nm (ε = 101
M−1 cm−1). Similar bands were obtained for complex 2a,
namely at 635 nm (ε = 120 M−1 cm−1), and 790 nm (ε = 100
M−1 cm−1), Complex 3a, by contrast, displayed a single d–d
band at 623 nm (ε = 98 M−1 cm−1), see Table 1. Clearly, the
changes in the absorption spectra suggest the structural modi-
fications, in particular, the higher centrosymmetricity in 3a
compared to 1a and 2a. The additional shoulders in the visible
to NIR region are also indicative of the existence of the latter
two in a typical Cu(II) square pyramidal orientation. The slight
shift in the d–d transition at around 623 nm clearly indicate
the influence of the axial heteroatom substitution that induces
major changes to the electronic environment around the Cu(II)
centre. The complexes were further characterized using ESI-MS
at 298 K. The positive mode ESI-MS for the three complexes
gave major signals at m/z 433.18, 436.01, and 420.18 for 1a, 2a,
and 3a respectively (Fig. S11–S13), corresponding to the
[CuII(LNMe2)(ClO4)]

+, [CuII(LSMe)(ClO4)]
+ and [CuII(LOMe)(ClO4)]

+,
ionization respectively.

The X-band EPR spectra of the frozen CH3CN solutions of
each complex displayed axial signals with a gx = gy value of
2.12 or 2.11, and gz = 2.55 indicative of a mononuclear Cu(II)
centre with a d9 configuration and S = 1

2 spin state (Fig. S1). As
such, the ligand change has not affected the spin state order-

ing of the complexes. To further understand the influence of
heteroatom coordination to the copper(II) centre, we conducted
cyclic voltammetry (CV), and differential pulse voltammetry
(DPV) studies of the three Cu(II) complexes. Notably, complex
1a exhibited an irreversible redox couple with E1/2 at −0.140 V
(vs. Ag/Ag+). In contrast, substituting LNMe2 with a ligand con-
taining one –S or –O atom produced reversible/quasi-reversible
CuI/II redox couples. Furthermore, replacing NMe with –S or
–O resulted in the overall increase of the CuI/II redox potentials
by approximately 0.178 V and 0.136 V for complexes 2a and 3a,
respectively. Among these, the sulphur-substituted complex 2a
displayed the highest redox potential, with a difference of
0.042 V between 2a and 3a, highlighting the distinct electro-
chemical behaviour influenced by the heteroatom substitution
in the first coordination sphere of the metal ion (Table 1 and
Fig. S15).

The new complexes 1a, 2a, and 3a were structurally charac-
terized by single-crystal X-ray diffraction (XRD), see Fig. 1,
which confirmed the tetra-coordination of ligands LNMe2, LSMe,
and LOMe, where the NMe2, SMe and OMe groups are orthog-
onal with respect to the plane through the other four nitrogen
atoms, i.e. they are located in the axial ligand position (Fig. 1
and Fig. S16–S18). All three complexes have an acetonitrile
molecule coordinated in the equatorial plane, while the sixth
coordination site is vacant in 1a and 2a and occupied with a
water molecule in 3a. Thus, there are structural differences
among the three complexes, whereby 1a and 2a exist in a C4v

point group (distorted square pyramidal) while the complex 3a
remains as Oh (distorted octahedron). Distinct axial bond
lengths for Cu1–N1, Cu1–S1, and Cu1–O1 in 1a, 2a and 3a
were obtained as 2.258 Å, 2.620 Å, and 2.363 Å, respectively,
typical of a Cu(II) d9 configuration that are susceptible to the
Jahn–Teller tetragonal elongation. The Cu1–S1 bond length is
in fact, specifically longer also due to the added atomic radius
of the sulfur atom. The bond angles ∠N2–Cu1–NCCH3 are
176°, 177°, and 171° for complexes 1a, 2a, and 3a, respectively.
Additional bond angles and bond lengths indicate that com-
plexes 1a and 2a adopt a distorted square pyramidal geometry
with a τ value of 0.37 for 1a and 0.30 for 2a, whereas 3a exhi-
bits a distorted octahedral geometry.18 Further bond angles
and bond lengths are detailed in SI (Tables S1–S5).

With well-characterized Cu(II) precursor complexes on
hand, we generated the Cu(II)–alkylperoxo intermediates in
acetonitrile at room temperature using cumene hydroperoxide
as the external oxidant. The corresponding Cu(II)–alkylperoxo
intermediates were generated upon addition of 5 equiv. of
cumene hydroperoxide to the solution containing Cu(II) pre-
cursor complexes of 2a and 3a in the presence of 1.5 equiv. of
triethylamine as a base in acetonitrile at room temperature. By
contrast, for 1a, the corresponding alkylperoxo species was
only formed when we used 10 equiv. of triethylamine as base
and 20 equiv. of cumyl hydroperoxide. In all cases, the
addition of cumene hydroperoxide led to an instant change in
colour of the solution from blue to light green. The resulting
green species were stable with a half-life (t1/2) of 24 hours in
the case of [CuII(LNMe2)(OOCm)]2+ (1b), while the t1/2 of the

Table 1 Spectroscopic and electrochemical characterization of Cu(II)
complexes

Complexes λmax in nm (ε in M−1 cm−1) g value E1/2
a (V)

(1a) 649 (89),778 (124),937 (101) 2.12, 2.55 −0.140
(2a) 635(120),790 (100) 2.12, 2.55 0.038
(3a) 623 (98) 2.11, 2.55 −0.004

aMeasured versus the Ag/Ag+ couple.
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other two alkylperoxo species [CuII(LSMe)(OOCm)]2+ (2b) and
[CuII(LOMe)(OOCm)]2+ (3b) were found to be 22 min and
3 hours at 298 K, respectively. The in situ generated alkylperoxo
species were further characterized by various spectroscopic
tools including UV-visible spectroscopy (UV-vis), electron para-
magnetic resonance spectroscopy (EPR), electrospray ioniza-
tion mass spectrometry (ESI-MS), and resonance Raman (rR)
(see Table 2, Fig. 2 and Fig. S19–S27).

The UV-vis spectra of the copper(II)–alkylperoxo intermedi-
ates exhibited distinct ligand-to-metal charge transfer (LMCT)
bands. Intermediate 1b showed an LMCT band at 419 nm (ε =
780 M−1 cm−1) along with weaker d–d bands at 642 nm (ε =
169 M−1 cm−1) and broad shoulder features extending into the
NIR region (700–1000 nm). For 2b, the LMCT band was
observed at 430 nm (ε = 1022 M−1 cm−1) with additional weak
bands at 632 nm (ε = 231 M−1 cm−1) along with similar NIR
shoulder bands. In the case of 3b, an LMCT band appeared at
403 nm (ε = 1175 M−1 cm−1) accompanied by a weak band at
573 nm (ε = 157 M−1 cm−1), see Fig. 2a, Table 2 and Fig. S19–
S21. Substituting nitrogen with sulphur in the ligand frame-
work caused a red shift around 10 nm in the LMCT band,
while substitution with oxygen led to a blue shift around
16 nm, indicating the significant electronic influence of the
heteroatom on the Cu(II) centre. The observed variations in
LMCT band positions and intensities likely arise from differ-
ences in ligand field strength and donor ability among the N,
S, and O donors. These UV-vis spectral features align with pre-
viously reported Cu(II)–alkylperoxo intermediates.10a,14,19

The X-band EPR spectra of frozen acetonitrile solutions con-
taining 1b, 2b and 3b were measured at 77 K and show an axial
signal with gx = gy = 2.05 and gz = 2.29 (Az = 200 G), gx = gy = 2.04

and gz = 2.29 (Az = 200 G) and gx = gy = 2.03 and gz = 2.29 (Az =
200 G), respectively (see Fig. 3b and Fig. S22). These EPR spectra
indicate a structural shift from the precursor Cu(II) complexes,
consistent with previously reported findings suggesting a square
bipyramidal geometry around the Cu(II) centre in these Cu(II)–
alkylperoxo intermediates.10a,19 ESI-MS analysis of the Cu(II)–
alkylperoxo intermediates 1b, 2b, and 3b revealed major peaks at
m/z 484.15, 487.17, and 471.15, corresponding to the species [Cu
(LNMe2)(OOCm)]+, [Cu(LSMe)(OOCm)]+, and [Cu(LOMe)(OOCm)]+,
respectively clearly indicating that there is no “S” atom oxidation
taking place in LSMe ligand. (Table 2 and Fig. S23–S25).
Additionally, we performed Resonance Raman (rR) spectroscopy
of 1b, 2b and 3b as it is known to have better resolution and
favourable selection rules to characterize the vibrational signa-
tures of O–O and Cu–O bonds.10b,c,11,12,20 The rR spectra of com-
plexes 1b, 2b, and 3b were recorded in acetonitrile at 298 K using
473 nm excitation, confirming the formation of Cu(II)–cumylper-
oxo intermediates. The spectra of all three Cu(II)–alkylperoxo
complexes exhibited similar vibrational features (Fig. S26–S28).
For 3b, prominent bands were observed at 877, 833, 659, 594,
and 528 cm−1 (Fig. 2c and Table 2). Notably, these bands were
absent in the blank mixture containing only triethylamine and
cumyl hydroperoxide, further validating the assignment to the
Cu(II)–OOR intermediates (see Fig. S26–S28). The bands at 877
and 833 cm−1 are attributed to mixed O–O, C–O, and C–C
vibrations, while the band at 659 cm−1 corresponds to the Cu–O
stretching mode. Additional bands at 594 and 528 cm−1 are
assigned to C–C–C and C–C–O deformation modes, consistent
with previously reported data for analogous complexes.10a,11,12,19a

In the absence of the crystal data structure for Cu(II)–alkyl-
peroxo intermediates, density functional theory (DFT) calcu-

Fig. 1 ORTEP diagrams (with 30% ellipsoid probability) of [CuII(LNMe2)]2+ (1a), [CuII(LSMe)]2+ (2a) and [CuII(LOMe)]2+ (3a). Colour coding: carbon (grey),
copper (orange), nitrogen (blue) oxygen (red), and sulphur (yellow). Hydrogen atoms and counterions have been omitted for clarity.

Table 2 Spectroscopic properties, the complex lifetime and its second-order rate constant with PPh3 as measured for the Cu(II)–alkylperoxo inter-
mediates 1b, 2b, and 3b

Complexes λmax
a (nm) g value m/z VCu–O (cm−1) VO–O (cm−1) k2(PPh3) (M

−1 s−1) t1/2

(1b) 419 (780), 642 (169) 2.29, 2.06 484.15 656 880, 833 0.104 24 h
(2b) 430 (1022), 632 (231) 2.29, 2.04 487.17 660 880, 833 22 22 min
(3b) 403 (1175), 573 (157) 2.29, 2.03 471.14 659 877, 833 31 3 h

a Values in parenthesis are molar absorbance coefficients in M−1 cm−1.
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lations were performed at the UB3LYP-GD3BJ/BS1 level of
theory to obtain insight into the structural parameters of the
1b, 2b, and 3b complexes (see Fig. S29). The bond lengths for
DFT optimized 1b, 2b, and 3b intermediates for Cu–N1, Cu–
S1, and Cu–O1 were 2.32 Å, 2.689 Å, and 2.39 Å respectively.
These bond length trends align with those found in the crystal
structure data of the Cu(II) complexes 1a, 2a, and 3a, reported
above and in Table S4. The calculated angle along the z-axis
shows a trend consistent with those observed for the 1a, 2a,
and 3a complexes. Thus, examining the bond lengths and
angles of the corresponding Cu(II)–alkylperoxo intermediates
indicates minimal changes in the geometrical parameters
compared to the initial Cu(II) precursor structure. The O–O
bond lengths of 1b, 2b, and 3b were found to be 1.44 Å in each
case, which is in line with previously reported Cu(II)–alkylper-
oxo complexes.7,11

After the successful characterization of the three intermedi-
ates, we then tried to test their oxidative reactivity by taking tri-
phenylphosphine (PPh3) as the model substrate. Upon the
addition of 60 equiv. of triphenylphosphine (PPh3) in CH3CN
to solutions of 1b, spectroscopic changes were observed in the
UV-vis spectrum and the absorption band at 419 nm decayed
as a function of time (Fig. 3a). The pseudo-first-order rate con-

stants (kobs) were determined by pseudo-first-order fitting of
the kinetic data for the disappearance at 419 nm for 1b. The
second-order rate constants, k2, were then determined by
varying the concentration of PPh3 proportionally and for 1b a
value of k2,1b = 0.104 M−1 s−1 was obtained. However, upon
addition of even 5 equiv. of PPh3 to either 2b or 3b resulted in
the immediate decay (in less than 10 s) of the LMCT band,
indicating the highly reactive nature of these intermediates. To
obtain the second-order rate constants for 2b and 3b, we then
employed a rapid stopped-flow mixture coupled to a Cary-60
spectrophotometer. The pseudo-first-order rate constants
(kobs), were determined by monitoring the disappearance of
the LMCT bands at 430 nm for 2b, and 403 nm for 3b, respect-
ively. When the PPh3 concentration was changed, we observed
a significantly enhanced reaction rate for heteroatom-substi-
tuted Cu(II)–alkylperoxo intermediates as compared to their
nitrogen analogue. The second-order rate constants (k2) were
determined to be 24 M−1 s−1 for 2b, and 31 M−1 s−1 for 3b
(Fig. 3b, Fig. S29 and S30). Product analysis of the reaction
mixtures revealed triphenylphosphine oxide as the major
product (Fig. S31).

To further investigate the influence of electronic effects on
the reactivity of 1b, 2b and 3b, a series of p-substituted-tri-

Fig. 2 (a) Overlay of the UV-vis spectra of 1b, 2b and 3b in CH3CN at 298 K (each of 1 mM). (b) X-band EPR spectra of frozen acetonitrile solution of
3b at 77 K. (c) Resonance Raman (rR) spectra of 3b (4 mM), which were obtained upon excitation at 473 nm in CH3CN at 298 K (*denotes residual
solvent peak).

Fig. 3 (a) UV-Vis spectrum for decay of 1b (1 mM) at 298 K upon addition of PPh3 (80 mM) in CH3CN at a scanning interval of 10 s [inset shows the
time trace for the peak at 419 nm]. Blue is the starting curve and black are the traces at subsequent time intervals. (b) Second-order rate constants
were determined for the reaction of PPh3 with 1b (blue line), 2b (olive line), and 3b (red line). (c) Plot of log(kX/kH) against the σp

+ value of para-X sub-
stituted PPh3 for the reaction of 1b.
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phenylphosphine derivatives P(para-X-Ph)3 (X = OCH3, CH3,
H and Cl) were employed. The kobs values for the para-substi-
tuted triarylphosphines increased linearly with increasing con-
centration of the substrates, and second-order rate constants
were obtained from the plots (Tables S7–S9). When log(kX/kH)
versus σp

+ was plotted, a negative ρ value of −1.15, −1.37 and
−0.92 was obtained for 1b, 2b and 3b, respectively in the
Hammett plot (Fig. 3c and Fig. S33 and S34), indicating the
electrophilic oxygen atom transfer character of the oxidation
reaction of triarylphosphines.12 The variation in ρ values indi-
cates that the electronic properties of the heteroatom substi-
tution significantly affect the electrophilic oxygen atom trans-
fer (OAT) reactivity of the Cu(II)–alkylperoxo complexes. These
results clearly demonstrate that heteroatom substitution in
Cu(II)–alkylperoxo intermediates with PPh3 shows a 200–300
times faster reactivity than that of their nitrogen analogues,
i.e. 1b. Among the heteroatom-substituted Cu(II)–alkylperoxo
intermediates, complex 3b exhibited a reactivity rate approxi-
mately 1.3 times faster than that of 2b. As we move from nitro-
gen to sulphur and oxygen in our ligand systems, an increase
in reactivity is observed, consistent with findings from our pre-
vious studies and literature suggesting that reactivity escalates
with the addition of heteroatoms.16a,e,21 In our recent work, we
demonstrated that systematically substituting nitrogen with
sulphur and oxygen in iron(II) bispidine complexes resulted in
a nearly 15-fold increase in reactivity for chlorite oxidation
compared to their nitrogen analogues, while the overall reac-
tion mechanism remained unchanged.19 Furthermore, we
recorded a ninefold acceleration in the rate of sulfoxidation
reactions involving sulphur-containing systems relative to
nitrogen systems. In our earlier studies on understanding the
role of heteroatom substitution, there was a notable shift in
the reaction mechanism in two-electron oxidation reactions.16g

However, no such difference in the reaction mechanism was
observed in the case of Cu(II)–alkylperoxo intermediates.

To gain further insight into the nature of the copper(II)–
alkylperoxo complexes we calculated two possible dissociation
channels, namely heterolytic cleavage of the Cu–O bond to
form the complexes 1a/2a/3a and ROO− and the homolytic
cleavage of the O–O bond to form the corresponding copper-
oxo complexes and RO• with R = C(CH3)2Ph, see Fig. 4. We also
tested homolytic cleavage of the Cu–O bond and the heteroly-
tic cleavage of the O–O bond and find both mechanisms
endergonic by ΔG > 70 kcal mol−1. Consequently, both of
these reaction channels were discarded. Nevertheless, for all
systems the heterolytic cleavage of the Cu–O bond is still ener-
getically demanding and will require more than ΔG > 50 kcal
mol−1. No transition states for these dissociative reactions
could be located due to the facile nature of the bond cleavage
steps. As such, the copper(II)–alkylperoxo species will be stable
and will not self-decay to 1a, 2a or 3a by spontaneous Cu–O
bond cleavage and the release of ROO− anions. These results
are consistent with experimental observation that detected no
ROO− or ROO• products in the reaction mixture.

We then explored the O–O cleavage pathways from 1b, 2b
and 3b in the doublet spin state and located transition state

structures 2TS1OO for all three systems. Relatively high free
energies of activation are found of ΔG‡ = 34.4, 33.0 and
37.8 kcal mol−1, respectively. These results imply that the O–O
cleavage will be slow at room temperature and in an endother-
mic process leads to a copper-oxo species and RO• radical. As
the O–O cleavage is endergonic, the substrate will need to be
located inside the solvent cage of the reactant complex to be
able to react with the short-lived copper-oxo species. The
overall O–O cleavage barrier is the lowest for 2b, which is in
agreement with the fastest reaction measured with PPh3.

Conclusions

In this study, three copper(II)–alkylperoxo intermediates, 1b,
2b, and 3b were generated and spectroscopically characterized.
Substitution of nitrogen with sulphur and oxygen led to UV-vis
spectral shifts, namely a red shift with sulphur and a blue shift
with oxygen yet showed no changes in the resonance Raman
data, indicating comparable O–O and Cu–O bond energies
among all three Cu(II)–alkylperoxo intermediates. The stability
and electrophilic oxidation reaction studies showed a varying
trend. It was observed that systematic substitution of nitrogen
with heteroatom sulphur and oxygen in the axial plane of the
copper(II)–alkylperoxo resulted in an overall decrease in the
stability of the alkylperoxo intermediates (1b > 3b > 2b) while
to an increase in the atom transfer reactivity (1b < 2b < 3b). The
decrease in the stability and over 200–300 times increase in the
reactivity could be attributed to the electronic effects of the
heteroatom on the Cu(II) centre. From the computational study,
it has been found that the electrophilic oxidation reactions of
1b, 2b, and 3b proceed via O–O bond homolysis, followed by
efficient oxygen atom transfer to the phosphine substrates.

Experimental
Materials and methods

All reagents were of the highest commercial grade and utilized
without additional purification. Solvents were dried according

Fig. 4 UB3LYP-GD3BJ/BS1 calculated free energies (in kcal mol−1 at
298 K) for Cu–O and O–O cleavage pathways in 1b, 2b and 3b. All struc-
tures are the result of a full geometry optimization with a solvent model
included.
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to the previously published procedure and distilled under
argon before use.27 The ligands LNMe2 were synthesized by
slight modification of previously reported procedure;17 LSMe,
and LOMe were newly synthesized. The corresponding copper(II)
complexes were prepared using acetonitrile as the solvent.
Alkylperoxo copper complexes [CuII(LNMe2)(OOCm)]+ (1b),
[CuII(LSMe)(OOCm)]+ (2b) and [CuII(LOMe)(OOCm)]+ (3b) were
generated from their Cu(II) precursors, using 5 equiv. of
cumene hydroperoxide (CmOOH) and 1.5 equiv. of triethyl-
amine (TEA) in CH3CN at 298 K. The detailed experimental
procedure is available in the SI.

Instrumentation

UV-visible spectra and kinetic studies were conducted using a
Hewlett-Packard 8453 spectrophotometer, which was paired
with either a constant temperature circulating water bath or a
liquid nitrogen cryostat (Unisoku) controlled by a temperature
regulator. Kinetic experiments involving 2b and 3b with PPh3

were carried out using an SFA 20 rapid kinetics accessory (Hi-
Tech Scientific pneumatic drive unit) in conjunction with a
Cary 60 spectrophotometer. NMR spectra (1H and 13C{1H})
were obtained from Bruker Avance III HD 400 MHz and
600 MHz NMR spectrometers, with tetramethylsilane (TMS) as
the internal standard. X-band electron paramagnetic reso-
nance (EPR) measurements were performed at 77 K in an
acetate buffer solution using a JES-FA200 ESR spectrometer,
maintaining experimental parameters as follows: frequency at
9138.66 MHz, power at 0.995 mW, field centre at 490.00 mT,
width ±500.00 mT, sweep time of 30.0 s, modulation frequency
of 100.00 kHz, width at 2 mT, amplitude for CH1 = 25.0, CH2 =
2.0, and a time constant of 0.03 s, consistent across all
samples. High-resolution electrospray ionization mass spec-
trometry (ESI-MS) spectra were recorded on an Agilent G6546
series UHPLC-LC/Q-TOF-HRMS mass spectrometer at 298 K,
utilizing a 140 V nozzle voltage and a gas temperature of
325 °C. Electrochemical measurements, including cyclic vol-
tammetry and differential pulse voltammetry, were performed
in dry, degassed acetonitrile using a CH Instruments electro-
chemical workstation (CHI 1120B). This setup featured a
glassy carbon working electrode, a platinum wire auxiliary elec-
trode, and an Ag/AgCl reference electrode, with 0.1 M tetra-
butylammonium perchlorate in acetonitrile as the electrolyte.
All values were reported against Ag/Ag+ and calibrated using
the Fc+/Fc couple. Resonance Raman spectra for 1b, 2b, and
3b were recorded at an excitation wavelength of 473 nm
(80 mW, Cobolt lasers, HÜBNER Photonics) with a Kymera
328i motorized Czerny-Turner Spectrograph (Andor
Technology), equipped with a DU 420A-BEX2-DD camera (iDus
420 CCD, Andor Technology) that was cooled to 193 K. The
spectral slit width was set to 120 μm. Single crystal data for
[CuII(LNMe2)]2+ (1a), [CuII(LSMe)]2+ (2a), and [CuII(LOMe)]2+ (3a)
were collected at room temperature using a Super Nova CCD
System from Agilent Technologies, which featured a fine focus
1.75 kW sealed tube with Mo-Kα radiation. The data reduction
was performed using CrysAlis RED, while structure solution
and refinement were conducted with the SHELXL97 and Olex2

1.5 software. The crystal structures have been submitted to the
CCDC repository. Elemental analysis of ligands and corres-
ponding copper(II) complexes were obtained using
VarioMICRO superuser having serial no.: 15181026.

Reactivity studies

All the kinetics were conducted in a 1.0 cm path length UV
cuvette, monitoring the UV-Vis spectral changes of a 1.0 mM
acetonitrile solution of the complex upon the addition of an
excess amount of substrate. The second-order rate constants
were calculated by plotting the observed pseudo-first-order rate
constants against varying substrate concentrations. The con-
stants were averaged from three determinations, with the stan-
dard deviation being less than 10% of the reported values.

Computational methodology

The DFT calculations were performed using Gaussian 09 soft-
ware.22 The optimizations were performed using the dis-
persion corrected unrestricted UB3LYP-GD3BJ density func-
tional method with the LANL2TZ+ basis set with core potential
on copper and 6-311+G* basis set on the rest of the atoms
abbreviated as BS1.23,24 Following the optimization analytic
frequency calculations were also performed to check the struc-
tures to be local minima. All the calculations were performed
in the solvent phase with a dielectric constant mimicking
acetonitrile using a conductor-type polarized continuum
model.25 The methods were previously tested and validated,
demonstrating their ability to reproduce experimentally deter-
mined free energies of activation within a few kcal mol−1 and
to accurately predict the structure.5f,16g,26
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