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ABSTRACT: Copper ion is a versatile and ubiquitous facilitator of redox chemical and biochemical processes. These in-
clude the binding of molecular oxygen to copper(I) complexes where it undergoes stepwise reduction-protonation. A
detailed understanding of thermodynamic relationships between such reduced/protonated states is key to elucidate the
fundamentals of the chemical/biochemical processes involved. The dicopper(I) complex [Cu',(BPMPO")]* {BPMPO-H =
2,6-bis{[(bis(2-pyridylmethyl)amino]methyl}-4-methylphenol)} undergoes cryogenic dioxygen addition; further manipu-
lations in 2-methyltetrahydrofuran generate dicopper(Il) peroxo [Cu'",(BPMPO")(0,*)]", hydroperoxo [Cu",(BPMPO")("
OOH)]** and superoxo [Cu',(BPMPO)(O,")]*" species, characterized by UV-vis, resonance Raman and EPR spectrosco-
pies and CSI-MS. An unexpected EPR spectrum for [Cu",(BPMPO")(O,")]*" is explained by analysis of its exchange-
coupled three-spin frustrated system and DFT calculations. A redox equilibrium, [Cu",(BPMPO)(O,))]"* 2

[Cu",(BPMPO')(0O,7)]**, is established utilizing  MegFc*/Cr(n°-C¢Hg),,  allowing  for  [Cu',(BPMPO"
)(0,7)]**/[Cu",(BPMPO)(0,*)]"" reduction potential calculation, E” = —0.44 V = o0.01 vs Fc”°, also confirmed by
cryoelectrochemical measurements (E = -0.40 V # o0.01). 2,6-Lutidinium triflate addition to [Cu",(BPMPO)(0,)]"
produces [Cu",(BPMPO)("OOH)]*; using a phosphazene base an acid-base equilibrium was achieved, pK, = 22.3 * 0.7
for [Cu',(BPMPO)("OOH)]**. The BDFEpo_y = 80.3 * 1.2 kcal/mol, as calculated for [Cu',(BPMPO)("OOH)]*; this is
further substantiated by H-atom abstraction from O-H substrates by [Cu™,(BPMPO)(O,)]** forming [Cu™,(BPMPO)(
OOH)J**. In comparison to known analogues, the thermodynamic and spectroscopic properties of Cu",(BPMPO") O,-
derived adducts can be accounted for based on chelate ring size variations built into the BPMPO™ framework and result-
ing enhanced Cu'-ion Lewis Acidity.

INTRODUCTION
The reactivity of copper complexes with dioxygen (O,) is
of considerable contemporary interest with respect to
obtaining a full understanding of the inherent oxidative
properties and capabilities of copper ions and copper-
ligand complexes. Applications include utilization for
battery and fuel cell technologies (i.e., the O, reduction
reaction (ORR) to give H,O, or water," or use in the prac-
tical oxidation of organic substrates).” > * > In addition,
copper(I)-dioxygen adducts are important in the reaction
mechanism of many copper-based metalloenzymes that
process molecular oxygen.® These enzymes are involved in
numerous biological functions including dioxygen
transport, monooxygenation of substrates; one atom of O,
is inserted into a C-H bond with the other reduced to
water, or oxidase activity where the full four-electron
four-proton reduction of O, to water is coupled to four

(4) one-electron substrate oxidations. Another type of
oxidase activity involves copper-dioxygen derived species
for in substrate dehydrogenation, in the oxidation of al-
cohols to aldehydes (e.g., galactose oxidase), or primary
amine oxidative deamination yielding an aldehyde plus
ammonium ion (in amine oxidases); in both of these cases
the final O,-derived product is H,0,.”

In particular and as the topic of investigation provided
in this report, the role of binuclear copper (i.e., dicopper)
centers is pertinent in biology. Hemocyanins (Hc),
molluskan or arthropodal hemolymph O,-transporters;
reversible O,-addition at a dicopper(I) active site produc-
es a peroxo (0,”) dicopper(Il) center.*® The dioxygen
binding occurs in a p-n*-n* side-on fashion (Scheme 1).
Tyrosinases (Ty)® are widely distributed (i.e., bacteria,
fungi, plants, insects and

Scheme 1. O,-Binding in Hc, Ty
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mammals) and through O,-binding analogous to that in
Hc’s, o-hydroxylation of phenols occurs, followed by de-
hydrogenation of the resulting o-catechols, the key steps
in melanin pigment biosynthesis and the well-known
browning reaction observed in damaged fruits and vege-
tables.® Catechol oxidases effect just the dehydrogenation
of o-catechols giving o-quinones.® A related enzyme,
NspF, performs the four-electron oxidation of natural
products possessing arylamine functionalities, giving aryl-
nitroso products.”

The 1980’s brought on a considerable research effort
toward elucidation of the reaction of reduced mono- or
binuclear copper centers with O,." Such coordination
chemistry studies aimed to elucidate fundamentals, de-
termine the nature of products formed, the kinetics of
their formation, analysis of their spectroscopic properties
and bonding as well as an elaboration of the scope and
mechanism of reactions with organic substrates or pro-
tons and/or electron sources. For single copper centers,
the reaction of a ligand-copper(I) complex with O, forms
n*-superoxo (side-on),” n*-peroxo® or n'-superoxo (end-
on) species (not shown)."
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Figure 1. Dicopper(I)-dioxygen binding motifs studied using
pyrazolato (Meyer group) and phenolato (Karlin group)
bridging ligands (left) and after one-electron process and
protonation (right).

Karlin group

Figure 1 illustrates what is generally known about such
synthetic ligand-copper(I) complexes reacted with O, to
give binuclear products, those from the Meyer research
group employing a bridging pyrazolato ligand with pen-
dant N, triazacyclononane chelates,”'® 7 or as reported by
Karlin et al. a central phenolato bridging ligand with pen-
dant  Dbis(2-(2-pyridyl)ethylamine tridentate ligands
(XYLO™ ligand).”® * ** The O,-derived products are either
one-electron reduced (O, superoxo species, with mix-
tures of p-1,2- and p-1,1-superoxo ligands in phenolato
bridged systems)**™ or peroxo (O,) complexes. F. Meyer

and coworkers” recently described X-ray structures of a
p-1,2-peroxo/superoxo dicopper(Il) complex pair with a
pyrazolate bridging group. The pair reversibly intercon-
vert via one-electron redox processes occurring with a low
reorganization energy (i), also observed with a
phenolato-bridged dicopper complex system.”™ With
either the pyrazolato'®” or phenolato®*** bridging
assemblies (Figure 1), protonation or other synthetic pro-
cedures allow for formation of the g-1,1-hydroperoxo
complexes.

Together with the reports discussed above, meticulous
research efforts by Karlin et al. and Meyer et al. involving
binuclear complexes with bridging reduced dioxygen
species (0,7, O,”, "OOH; Figure 1) has led to significant
advances in understanding the geometric and electronic
structures of this class of complexes, establishing funda-
mental thermodynamic relationships between these spe-
cies."”* Parameters elucidated include
hydroperoxo/peroxo complexes’ pKa, the
superoxo/peroxo reduction potential (E®) and from
“thermodynamic square scheme” (Scheme 2) analyses,
hydroperoxo complex "OO-H Bond Dissociation Free
Energy (BDFE).” Such analyses and derived data are
scarce. From Mayer and coworkers,” such data for
“square schemes” are important in investigating mecha-
nistic pathways for H-transfers (H*/e") which are relevant
to many chemical and biochemical processes including
those with energy implications. Elucidation of the micro-
scopic steps details (electron transfer (E*' ), proton trans-
fer (pK,), He transfer, i.e., BDFE) is key for understanding
the “square scheme”. These parameters thus reflect on the
ability of the superoxo-dicopper(Il) complexes to effect
substrate hydrogen atom abstraction (HAA) reactions
leading to corresponding hydroperoxo dicopper(Il) com-
plexes (the diagonal approach; Scheme 2) formation. As
discussed below, the particular nature of the binucleating
ligand influences the thermodynamics involved.

Scheme 2. Thermodynamic Square Scheme Relevant
to the Interconversion of Copper-Dioxygen Adducts.
Horizontal Processes Refer to Electron Transfer (ET)
whereas Vertical Routes Provide Proton Transfers
(PT); the BDFE Derives from the Diagonal Process; X
Represents a Bridging Ligand/Group
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This report focuses on the reactivity and thermodynam-
ic interrelationships of a new dicopper(I)-dioxygen com-
plex employing a “classic” binucleating ligand which pos-
sesses a central phenolato bridge called H-BPMP and
BPMPO™ (deprotonated; phenolate); we name this phenol



as BPMPOH (Chart 1, A). It comes from the era of
binucleating ligands reported in 1970, first by R. Robson™
and then S. Kida/H. Okawa.” In particular, H-BPMP (i.e.,
BPMPOH), first reported in 1981 by Suzuki and cowork-
ers, was utilized to generate a dicobalt(I)/O, adduct,”
then structurally characterized as a peroxo-dicobalt(III)
complex.”” H-BPMP has elicited wide application to bi-
nuclear complexes of copper,” iron,” cobalt,”*”3° man-
ganese,” zinc® and heterobimetallic complexes.”
[Cu™,(BPMPO")(OH)J** and [Cu",(BPMPO)(OAc),]",>*3*
with phenolate and hydroxide or acetate bridges, exhibit
catecholase activity with O, present (catechols
—quinones). [Cu",(BPMPO")(H,0),*" is also known.”
Réglier and Belle have reported phenylthiourea (PTU)
and phenylmethylene thiosemicarbazone (PTSC) coordi-
nated dicopper complexes of the H-BPMP ligand, as
models of inhibited forms of tyrosinase.”

Chart 1. Binucleating Ligands, H-BPMP (= BPMPOH;
this work) and XYLOH

(A) CH; (B)
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Previously studied

[Cu",(BPMPO")(0,"")]**
[Cu",(BPMPO~)(0,27)]"*
[Cu",(BPMPO")("OOH)J?*

With the similarity in overall architecture of BPMPOH
with the other phenol binucleating ligands, especially the
previously reported XYLOH (Chart 1; B), we explored its
dioxygen chemistry utilizing a dicopper BPMPO™ frame-
work in comparison to the previously reported XYLO~
chemistry. The binucleating ligand wings of both
BPMPO™ and XYLO™ dicopper(II) complexes possess a
tridentate with two pyridyl and one alkylamino donor
(Chart 1). However, the number of methylene groups in
between the pyridyl functionality and the alkylamino
atom differs; in XYLO™ complexes, the copper ion binding
to this tridentate site is supported by two six-membered
chelate rings, -N-[CH,-CH,-(2-pyridyl)],, whereas in
BPMPOQO", five-membered chelate rings within -N-[CH,-
(2-pyridyl)], groups, would be present. It is known that
such differences can lead to variable structur-
al/coordination and physical property effects. These in-
clude altered ligand-Cu"/ligand-Cu' reduction potential
with the five-membered rings shifting corresponding E*'
(or E%) to measurably more negative values.®® As dis-
cussed below, this latter behavior allows one to conclude
that Lewis acidity of metal ion differs in a significant
manner in complexes of BPMPO™ vs XYLO".

RESULTS AND DISCUSSION

Phenolato-dicopper(I) [CuIZ(BPMPO’)](B(C6F5)4),
Peroxo-dicopper(II), [Cu”z(BPMPO')(O;’)](B(C6F5)4) and
Hydroperoxo-dicopper(Il), [Cu"(BPMPO")(
OOH)](B(C¢F;),), Complexes The binucleating ligand
BPMPOH was synthesized as previously described,** and
isolation of the phenolato-dicopper(I) complex was
achieved by ligand deprotonation using P,-‘Bu-
tris(tetramethylene) (‘BuP,(pyrr)), followed by the addi-
tion of 2 equiv. [Cul(CH3CN)4] [BArF] (BArF = B(C4F,),) in
MeTHF at room temperature (Scheme 3). The phenolato-
bridged dicopper(I) complex [CuIZ(BPMPO’)](B(CGFS)“)
was isolated as a bright yellow solid and its formulation
confirmed by Electrospray lonization Mass Spectrometry
(ESI-MS) and elemental analysis.”” When a yellow MeTHF
solution of [Cu',(BPMPO")]* is exposed to dry O, at —go
°C, an intense purple color develops due to the formation
of the peroxo dicopper(Il) complex [Cu',(BPMPO"
)(O,)]", (Scheme 3). Its visible absorption spectrum
(Figure 2A, purple line) at —go °C exhibits its strongest
transition at 536 nm (g = 8,500 M~ cm™). In addition, a
band at 420 nm is observed along with an absorption in
the d-d region near 620 nm. This peroxide dicopper(Il)
complex is EPR-silent (perpendicular mode), presumed to
be due to antiferromagnetic coupling between the two
copper(Il) ions, a common property of dicopper(Il) com-
plexes bridged by a phenolato group. The UV-vis and
EPR properties are closely aligned with those observed for
[Cu",(XYLO)(O,™)]". Cold spray ionization mass spec-
trometry (CSI-MS) analysis of the purple reaction mixture
at —go °C supports our formulation of this complex as
[Cu",(BPMPO")(0,>)]* with a signal at a mass-to-charge
ratio (m/z) of 687.1 for [Cu",(BPMPO)(0,)]" (calculated
m/z 687.1) (Figure 2B). A simulated (theoretical) MS
spectrum (Figure S7) agrees, notably exhibiting the iso-
tope pattern expected for a dicopper-containing com-
pound dominated by ®Cu and *Cu.

Scheme 3. Synthetic Routes for the Dioxygen De-
rived Binuclear Copper Complexes.
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Figure 2. (A) UV-vis spectra illustrating the conversion
of [Cu",(BPMPO)(O,)]* (purple) to form
[Cu",(BPMPO)(COOH)]** (blue) by addition of
[(LutH")](OTf) in MeTHF at —go °C. Dicopper(I) complex
concentrations used for the UV-vis spectra were o0.125
mM. (B) CSI-MS data for [Cu",(BPMPO)(0,>)]". (C) CSI-
MS data for [Cu",(BPMPO")("OOH)]*". Simulated spectra
are given in the Supporting Information.

The addition of 1 equiv. 2, 6-lutidinium triflate
[(LutH")](OT) to the solution of [Cu",(BPMPO")(O,*)]"*
at —go °C in MeTHF leads to peroxide protonation and
formation of a corresponding hydroperoxide species,
[Cu",(BPMPO")(COOH)]** (Scheme 3 and Figure 2, blue
line). UV-vis spectroscopy at -g9o °C of complex
[Cu",(BPMPO")("OOH)]** revealed a principal band at 391
nm (g = 5800 M cm™), along with less intense 630, and
800 nm bands (Figure 2). As for peroxo-dicopper(Il) com-
plex [Cu',(BPMPO)("OOH)]|** this is also EPR-silent
(perpendicular mode), certainly due to antiferromagnetic
coupling between the two copper(ll) ions. Mass spec-
trometry of the green reaction mixture at —9o °C supports
formation of [Cu",(BPMPO")("OOH)]**, with a signal at a
mass-to-charge ratio (m/z) of 344.1 (z = 2) (Figure 2B) for
[Cu",(BPMPO")(COOH)]*, [calculated (m/z) of 344.0 (z =
2)]. Two additional protocols were utilized to generate
the hydroperoxo complex: (1) When previously known
hydroxide bridged complex with BPMPO", [Cu",(BPMPO~
)(’OH)](CIO4)2,zge was treated with 6 equiv. H,0,,q in
CH,CN solvent at -43 °C, [Cu",(BPMPO")("OOH)]** is
generated in situ and its formation is confirmed by ESI-
MS (m/z = 786.8) (Figure S4)* and rR spectroscopy,



(V(0-0) = 894 em™ (heye = 457 NM)(A*0, = —48 cm™)).”
(2) [Cu",(BPMPO")("OOH)]** can also be generated from
the direct oxygenation of [Cu',(BPMPOH)]** (-80 °C;
MeTHF), a dicopper(I) complex possessing an internal
phenol, that isolated from the reaction of ligand
BPMPOH with 2 equiv. [CuI(CH3CN)4][BArF] in MeTHF
at room temperature (Scheme 3). This method, while
proven to work well for hydroperoxo-dicopper(II) com-
plexes derived from XYL-OH (Chart 1)** or other phenol-
containing  binucleating ligands®® here led to
absorptivities indicating ~ 80% of the conversion as those
formed from [(LutH")](OTf) treatment of [Cu",(BPMPO"
)(O,>)]" (vide supra), and so this method was not used
for further studies.

Generation and Characterization of Superox-
ide-dicopper(II) Complex, [Cu",(BPMPO)(0,")]*". In
accordance with previous reports, the superox-
ide—dicopper(II) complex is formed via the addition of
chemical oxidants, such as ferrocenium derivatives, to the
peroxo—dicopper(II) complex.”® Addition of 1 equiv. of
ferrocenium salt  ((n>-CsH,),FeBArF = FcBArF) to
[Cu",(BPMPO")(0,”)]" at —go °C resulted in the conver-
sion of [Cu",(BPMPO")(0,)]" to [Cu",(BPMPO)(0,)]**
(Scheme 3 and Figure 3). The reaction was monitored by
UV-vis spectroscopy, wherein the A, = 536 nm (Figure
2) corresponding to the peroxo-dicopper(Il) complex
disappears and a new band at 405 nm (&=15,100 M~ cm™)
(Figure 3; green line), corresponding to the
superoxo—dicopper(Il) complex [Cu",(BPMPO)(O,")]*,
appears. This superoxo-dicopper(Il) complex is stable at
cryogenic temperatures up to —8o °C; however, it thermal-
ly decays to the hydroxo-bridged complex [Cu",(BPMPO"
)(COH)]** (Figure S1).*’
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Figure 3. UV-vis spectra demonstrating the oxidation
of [Cu",(BPMPO)(O,)]* (purple) to form
[Cu",(BPMPO")(0,")]** (green) in MeTHF at —go °C using
FcBATrF.

Resonance Raman Spectroscopy. Further evidence
confirming the formation of binuclear copper-dioxygen
derived adducts comes from resonance Raman (rR) spec-
troscopy (Figure 4). The UV-vis spectra for all of these

species closely mirror those known for previously well-
characterized dicopper(Il) complex analogs, i.e., those
with the XYLO™ binucleating ligand along with and other
phenolato-bridged complexes (UNO™ and PD’O"; Figure
),”>**" allowing us to readily home in on desirable excita-
tion wavelengths for use in rR spectroscopy on frozen
MeTHEF solutions of these samples.
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Figure 4. (A) 1R spectra in frozen MeTHF solvent (A,
= 531 nm) of peroxo complex [Cu',(BPMPO)(O,”)|*
using *°O, (green), 0, (red); the difference spectrum
(°0,-®0,, blue). (B) 1R spectra (A = 380 nm) of
[Cu",(BPMPO")(COOH)]** (made by lutidinium triflate
protonation of the peroxo precursor, vide supra) using
%0, (green), ®0O, (red), and the difference spectrum
(*0,-®0,, blue) in frozen acetonitrile solvent. (C) rR
spectra (e = 407 nm) of superoxo complex
[Cu",(BPMPO")(0,")]** using 0, (green), *0, (red); the
difference spectrum (*°0,-"0,, blue) in frozen MeTHF
solvent.”



Confirmation that the peroxo-dicopper(Il) complex
[Cu",(BPMPO')(0,*)]* is generated comes from reso-
nance Raman (rR) spectroscopy (Figure 4A).
[Cu",(BPMPO)(0,)]"* rR spectra consist of features
around 532 cm™ and 815 cm™. The band assigned at 815
cm™ is split into two bands, which may be attributed to a
Fermi resonance. Using ®0O,, the 815 cm™ absorption
shifts to 752 cm™ (A(®0,) = =63 cm™). The absolute band
position and 18-O shift readily lead these features to be
assigned to the peroxide O-O stretch (Figure 4A). The
Cu-O stretch region also exhibits an isotope-sensitive
feature at 532 cm™, which shifted by -34 cm™ in the *O
spectrum (Figure 4A). For the hydroperoxo complex
[Cu",(BPMPO")("OOH)]*, excitation at 380 nm gave a rR
spectrum with an O-O stretch at 896 cm™ (Figure 4B).”’
Since this complex is readily generated using O,, carrying
out an experiment with '*O, was straightforward (A0, =
-49 cm™'). Laser excitation at 407 nm of a frozen solution
of the putative superoxo-dicopper(II) complex gave an
intense oxygen isotope-sensitive O-O stretching vibra-
tion at 1086 cm™ (A0, = =66 cm™) and a minor compo-
nent with vo_o = 147 cm™ (A®0, = =61 cm™) (Figure 4;
bottom) confirming the superoxide designation in
[Cu",(BPMPO)(0,7)]**. We conclude that two isomers
are present, the dominant one having a y-1,2-O,” coordi-
nation (consistent with this being the energetically stable
isomer in DFT calculations, vide infra), and the other
consistent with a p-1,1-structure (Figure 1), as previously
observed for superoxo-dicopper(Il) complexes with
phenolato binucleating ligands XYLO™ and UNO™ (Figure
5).20’Zlb Further, our DFT calculations (see below and in
the SI) suggest that the p-1,2-superoxo isomer has a lower
vo-o. Additionally, two oxygen isotope-sensitive Cu-O
stretches are also observed at lower energy (432 cm’,
A®0, = -14 cm™; and 529 cm™, A®0, = 13 cm™).¥ This
observation of two Cu-O stretches in 1R is consistent with
the lower symmetry and different Cu-O bond lengths in
the DFT calculated structure of [Cu',(BPMPO™
(O, )] (vide infra).
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Figure 5. 1R spectroscopically derived v(O-O) fre-
quencies (in parentheses; cm™) for literature peroxide-,
hydroperoxide- and superoxide-dicopper(Il) complexes,
compared to those determined in the present work, for
the corresponding complexes with BPMPO™ (A). S stands
for a solvent molecule and Ln stands for either tridentate
or tetradentate N; or N, chelates. See text for further
discussion and references.

Comparisons for the O-O Stretching Frequencies
of this Work with Other Related Binuclear Copper
Bound Reduced O, Intermediates. Figure 5 provides
the O-O stretching frequencies obtained from rR spec-
troscopy for the present BPMPO™ containing complexes
along with other related dicopper(Il) complexes pos-
sessing superoxo (p-1,1 and p-1,2), p-1,2-peroxo or p-1,1-
hydroperoxo complexes with different bridging ligands
(i.e., a pyrazolato moiety by Meyer et al., a phenolato
bridge from our own research and a hydroxide bridge by
Suzuki et al.(Figure 5)).



The O-O stretch for [Cu",(BPMPO)(0,”)]" peroxo
complex is observed at 815 cm™ in rR while that for the
structurally related [Cu",(XYLO™)(O,”)]* complex is at
803 cm™ (Figure 5B)."* Two peroxo dicopper(Il) complex-
es with pyrazolato bridging reported by Meyer et al. pos-
sess O-0 stretching vibrations at 803 (n=2), and 793 cm™
(n=1) (Figure 5F). One may compare these values with
those having an end-on coordination with terminal single
Cu-Operoxo bonds, but not possessing an internal ligand
which bridges two copper ions. These complexes also
have O-O stretching frequencies in a similar energy
range. The first such example was the trans-y-1,2-peroxo
dicopper complex [{(TMPA)Cu"},(u-1,2-O,”)]*" (TMPA =
tris(2-pyridylmethyl)amine) with voo = 832 cm™® A
number of similar complexes are reported, which employ
tripodal N, or N;Siieemer tetradentate chelates for copper
ion and their vo_g values are in the range of 81-848 cm”
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The other major type of peroxo-dicopper(II) complexes
group are the p-n*:n*-peroxo dicopper(Il) complexes,"**
with a side-on bridge binding like those in oxy-Hc or oxy-
Ty (Scheme 1), and the first synthetic analog with this
structure was reported from Fujisawa and Kitajima (vo.o =
741 ¢cm™).* Several other synthetic analogs with such
structures (which possess two (2) CuH—Operoxo bonds for
each copper ion) have been subsequently reported. The
exceedingly reduced vo.o(peroxo) values (713-773 cm™)*
arise due to the n-backbonding of copper d-orbital into
the empty peroxo ¢* orbital.*

The rR spectrum of the p-1,1-hydroperoxo complex
[Cu",(BPMPO")("OOH)]** with O-O stretching vibration
at 896 cm™ (Figure 4 top) matches well with that ob-
served for our previously published structurally related
phenoxide- and hydroperoxide-bridged complexes:
[Cu",(UNO)(COOH)]** (vo.0) 892 cm™ (Figure 5C)*** and
is also relatively close to that found for [Cu",(PD'O)("
OOH)J** (vo.0) 870 cm™ (Figure 5E).2" As previously ob-
served and as expected, these stretching vibrations occur
at a higher energy than those for the corresponding
peroxo complexes.” One factor contributing to such a
higher vo_o in hydroperoxo complexes is the protonation
which withdraws electron density from the peroxo half
occupied 7* orbital. These data also compare closely with
rR data from two p-hydroxo-p-hydroperoxo dicopper(Il)
species from Suzuki and co-workers* (vo.o = 868 cm™; X-
ray structure available) or 833 cm™ (Figure 5D) and the
hydroperoxo dicopper(Il) complex with additional
pyrazolato bridge by Meyer group, vo.o = 860 cm™) (Fig-
ures 1, 5F).° The O-O stretching vibration for mono-
copper(II) hydroperoxo complexes also falls in the region
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of 820 to goo cm™.

As discussed, we observed both at 1086 cm™ and 1147
cm™ (Figure 4 bottom) rR bands for [Cu',(BPMPO"
)(O,7)]"*, as observed with our previously repored
phenolato and superoxo bridged dicopper(Il) complexes.
For [Cu',(XYLO™)(O,")]** 143 and 1103 cm™ bands were
confirmed as superoxo O-O stretching vibrations® while
those for [Cu",(UNO")(O,”)]** occur at 1144 and 1120 cm™

(Figure 5C).*" These stretching frequencies are also typi-

cal for cupric-superoxo complexes, including Cul/Oz(g) =
11 complexes derived from neutral tetradentate ligands
(e.g., TMPA)."* However, overall, Cul/Oz(g) = 1.1 com-
plexes lead to species having O-O stretching vibrations
over a wider range of energies (961-130 cm™);"“* n-back
donation of electron density from a copper(Il) orbital to
the bound superoxo fragment ©* orbital varies considera-
bly with the nature of ligand and the resulting coordina-
tion, i.e., n'- or n’. The complexes from Tolman and
coworkers"** possess strongly donating anionic bidentate
ligands, giving LCu'/O,, derived products with relatively
lower vo.o (961-977 cm™) and are thus considered to be
peroxo-copper(III) complexes.** A more recent example is
from Itoh and coworkers;>** [CuI(TIPT3tren)(MeCN)]+
which reacts cryogenically with O, to give a Cu"(n*
peroxo) complex (vo.o) = 910 cm™.

It is interesting to note that the rR data for the
[Cu",(XYLO)(O,")]** complex has a characteristic -1,
superoxide O-0O stretching vibration at 143 cm™ as com-
pared to that observed at 1086 cm™ in the newly reported
[Cu",(BPMPO")(O,")]** complex. This decrease in the
v(0-0) in [Cu",(BPMPO)(O,")]** complex correlates
with a longer O-O bond length and thus a weaker O-O
bond, as observed in DFT optimized structures of these
complexes (Figure 6 and Table S4). Further, the O-O
bond length obtained from DFT optimized structures of
these Cu',(0,”) complexes including Meyer et al’s
pyrazolate ligand-based complex (Figure 5, n=1) correlate
linearly with their experimental O-O stretching frequen-
cies as in a Badger’s rule analysis (Figure Su1).”” The geo-
metric structures of the three complexes reveals that the
ZCu-0-0-Cu dihedral angle increases from nearly pla-
nar in [Cu",(XYLO)(O,)]** (~5°) (Figure 6B) to
[Cu",(BPMPO")(O,")]** (~25°) (Figure 6A) to nearly or-
thogonal in Meyer et al’s pyrazolate ligand-based com-
plex (~84°). A twist of the ZCu-O-0O-Cu dihedral angle
from planarity leads to a decrease in the overlap of the
filled 7* superoxide orbital with the Cu" LUMOs. This is
observed in the analysis of the two Cu" LUMOs. This is
observed in the analysis of the two Cu' LUMOs which
shows that [Cu",(XYLO)(O,")]*" has the highest filled 7*
superoxide orbital donor character (11.7%) followed by
[Cu",(BPMPO")(O,")]** (9.3%) and finally the pyrazolate
ligand-based complex (7.0 %) (The two Cu" LUMOs are
shown in the SI Figure S20). This increased m-donation
out of the in-plane filled antibonding superoxide orbital
results in a stronger O-O bond, thus a higher v(O-0)
(Table S4).

DFT: BPMPO™ Dicopper(II)-Superoxide Complex,
[Cu",(BPMPO)(0,")]**. Meyer's pyrazolato-bridged
superoxo-dicopper(II) complex possess only one struc-
tural form wherein the O, ligand is bridging in a g-1,2-
fashion (Figure 1). As already noted, two isomers are pre-
sent for superoxo-dicopper(II) complexes with BPMPO",
XYLO™ and UNO', the g-1,2-structure form and the g1,
structure. Our



(A)

Z(Cu-0-0-Cu) = 25.4° |

(B)

Z(Cu-0-0-Cu) = 4.6°

Figure 6. DFT-optimized geometry for the (A):
[Cu",(BPMPO")(11,2-0,7)], (B) [Cu,(XYLO)(O,)],
emphasizing calculated superoxo O-O bond distances
and ZCu-0-0-Cu dihedral angle. See the SI for further
details.

DFT calculations reveals that the structure with z-1,2-
binding mode (Figure 6A) is preferred over x-1,1-binding
mode by 6.5 kcal/mol energy, and the {O-0) stretching
frequency is relatively higher for the g-1,1-isomer (Table
S5).*” This finding thus supports the intense peak at 1086
cm™ and weak peak at 1147 cm™ as being associated with
the O-O stretch of g-1,2- and u-1,1-isomers, respectively.
However, the DFT calculation doesn’t reproduce the en-
ergy difference between the isomers as only the g-1,2-
superoxo isomer should be observed being more stable by
6.5 kcal/mol, while the g-1,1-superoxo isomer has ~10%
intensity in rR with respect to u-1,2-superoxo isomer. The
relative intensity of the vibrations suggests that the z-1,2-
superoxo isomer, [Cu",(BPMPO")(0,")]*, is the primary
species present in solution.

EPR Spectroscopy. The EPR spectrum of
[Cu",(BPMPO")(0,")]** at 15 K shows an axial Cu" signal
with g, = 2.05, g, = 2.01, g, =216 and A, = 6 x10* cm”, A,
=2x10*em’, A, =53 x10* cm’, as determined from
simulation (Figure 7 and 8D). This observation is interest-
ing because for both the phenolato bridged
dicopper—superoxide complexes ([Cu",(UNO)(O,")]**
and [Cu",(XYLO")(O,")]*), which are structurally similar
to the [Cu',(BPMPO)(O,”)]*" complex, a single line
spectrum at g = ~2.0 typical of organic radicals (although
broadened) is observed (Figure 8A and 8B).2>*® These
EPR data for the XYLO™ and UNO™ containing superoxo
dicopper(II) complexes were explained as originating
from the unpaired electron localized on the O, superoxo
moiety with antiferromagnetic coupling between the two
copper(Il) ions of the complexes.*”*" The differing obser-
vation here for the BPMP binucleating system is that the
Cu"-(0,7)-Cu" moiety exhibits a copper(II)-like mono-
mer EPR spectrum. Meyer et al. observed and analyzed

such copper(II)-like EPR data for dicopper(Il)-superoxide
complexes as coming from the unpaired electron at the
superoxide moiety being antiferromagnetically coupled to
one of the Cu" ions, leaving the remaining spin on the
second Cu'" (S = %) center, which is detected by observa-
tion of an axial copper(Il)-like EPR spectra.

—— Experimental Data
= Simulation

Hyperfine region (2" derivative):
""" Experimental Second Derivative
----- Simulation Second Derivative
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Figure 7. EPR spectrum of [Cu",(BPMPO)(O,”)]*" in
frozen butyronitrile solution (15 K, X-band) (black line)
and the simulated spectrum (red line). The Inset provides
comparison of second derivative spectra (dotted lines),
focusing on the hyperfine region between 2800 and 3300
Gauss.
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Figure 8. Experimentally derived EPR pattern for pre-
viously described superoxo-dicopper(II) complexes (A to
C) and for the present case of (D) [Cu',(BPMPO")(O,")]*.

Analysis of the Ground State Wavefunction
(Probed by EPR) in the Three-Spin Complexes;
[Cu",(XYLO ) (1-1,2-0,7)]**, vs [Cu",(BPMPO")(u-1,2-



0,")]”* vs [Cu",(pyrazolato)(u-1,2-O,")]**. The EPR
spectrum of the previously reported [Cu'.-

(XYLO)(O,7)]** complex shows a single-line superox-
ide-radical signal (g = 2.006; Figure 8B) while the newly
reported [Cu",(BPMPO")(0,")]** complex shows a Cu'-
like spectrum (g, = 2.01, g, = 2.04, g, = 2.15; Figure 7) but
with a low axial hyperfine coupling A, = 78 x 10™* cm™ and
a rather low g, value (2.15) compared to typical mono-
Cu(Il) complexes corresponding to a delocalized spin
with ~50% contribution on Cu". Such markedly different
EPR spectra of these close analogues necessitates an in-
vestigation of their electronic structure differences.
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Figure 9. (A) Coupling scheme for Cu",(0,”) complex-
es with three S = 1/2 centers, (B) Schematic representation
of magnetic orbitals for the XYLO ligand-based Cu",(O,")
core with Cu,0, in the plane of the paper; d,,.,, orbital of
both Cu’s are in the plane of the paper and the 7* O,
singly occupied orbital is perpendicular to the plane of
the paper and (C) % composition of Cu1 (brown), Cuz
(blue) and O,” (red) in the doublet ground state
wavefunction for a three-spin S = 1/2 system in the linear
limit with J < o, J, # 0 and J, = o as per the definitions in
Figure gA.

To obtain insights into the ground state wavefunction
of these Cu',(0,”) complexes that gives rise to either a
superoxide radical or a Cu'-like EPR signal we employed
the three S = 1/2 spins exchanged-coupled formalism that
was previously applied by our group to study the ex-
change-coupled Cu" trimer in the oxygen reduction active
site in the multicopper oxidases.”” For an all exchange-
coupled three-spin Cu",(0,”) complex as shown in Figure
9A, the spin Hamiltonian is given by:

H= —2JS,.S, — 2],5,.5; —2J,5,.5; (1)

where ] denotes the exchange coupling between the
two Cu" centers (Cu1 and Cuz) and J, and J, the exchange
coupling between the Cu1 (S,) and the Cuz (S,) with the
superoxide (S;), respectively. The two Cu"swith S, = S, =
1/2 couple to form intermediate spins of S',,; =1 and o. The

St = 0 couples with the superoxide S; = 1/2 to give the
|1/2, o> state while the S’ = 1 couples to the superoxide
S, =1/2 to give the |3/2, 1> and the [1/2, 1> states. The |1/2,
o> ground state wavefunction coefficients are given be-
low.

— 2¢in2 2 ¢
c(Cul) = 3Sm 1) +ﬁSan Cosw (2)
— 2¢i2,, 2 i
c(Cu2) = 3Sm 1) ﬁSmw Cosw 3)
c(0;7) = Cos*w —§Sin2(u (4)

where w is given by,

1 _1,V3U2-J1)
-tan T—==x
2 (2]—]1—]2) ( )

w =

We systematically analyzed all possible combinations
of the exchange couplings (J, J,, J,) between the three spin
centers (Cui, Cu2 and O,”) to result in either Cu" or O,
character in the ground state wavefunction as probed by
EPR (Figure S10).” This analysis shows that the necessary
condition to have preliminarily Cu"-based wavefunction
as observed in [Cu',(BPMPO")(0O,")]*" is to have the O,~
antiferromagnetically coupled with Cu1 with at least the
same magnitude as the antiferromagnetic coupling be-
tween the Cu’s if not higher (|J,| = |J|). The third spin
(Cu2) can either be coupled with the O,
ferromagnetically with a wide range of magnitudes, or
antiferromagnetically but with a magnitude similar to the
J between the Cu’s (|J,|] = |J|). Alternatively, for the
[Cu",(XYLO")(O,")]* complex, the wavefunction primari-
ly localizes on the O,” when Cu is ferromagnetically
coupled to O, irrespective of the magnitude of J, with
respect to J and the nature of the coupling of the Cuz with
the O,”. From DFT calculations, the optimized structure
of [Cu',(XYLO)(O,")]*" has the superoxide O-O vector
in the plane of the two Cu’s (£Cu-0O-0-Cu ~ 5°) (Figure
6B) while [Cu",(BPMPO™)(0,)]** has the superoxide O-
O vector rotated out of the equatorial plane of two Cu’s
(£Cu-0O-0-Cu ~ 25°) (Figure 6A). Therefore, in
[Cu",(XYLO)(O,7)]** the O, out-of-plane 7* magnetic
orbital is perpendicular to the Cu,O, plane and thus is
orthogonal to and thus interacts ferromagnetically with
both Cu" magnetic orbitals (dy’?) that are in the plane of
the Cu,0, core (as in Figure oB). However, in
[Cu",(BPMPO)(O,")]*, due to its rotation of the O-O
vector out of the plane the O, 7* magnetic orbital would
overlap with the magnetic orbital of at least one of the
Cu'"s leading to an antiferromagnetic interaction that,
based on its EPR data would be of similar or greater mag-
nitude than J.

A simple physical picture for the origin of this exchange
coupling difference between [Cu",(XYLO')(O,”)]** and
[Cu",(BPMPO")(O,")]** is obtained by considering the
limit of a three-spin linear system, i.e., J, = o. In this limit
when the two Cu'"s are antiferromagnetically coupled (J <
0), the total spin doublet ground state wavefunction for
the three-spin exchanged coupled system is predominant-



ly on the O,” when J, is ferromagnetic (J,/J < o in Figure
9C). The Cu" (Cuz) character starts to build up when J, is
antiferromagnetic and as it approaches J in magnitude
(J./] > o in Figure 9C). Thus, when the antiferromagnetic
interaction between the Cui and Cuz dominates, the
wavefunction primarily localizes on the O, and when the
antiferromagnetic interaction between the O, and the Cui
dominates, the wavefunction primarily localizes on Cuz.

Note that Meyer and co-workers have reported a
pyrazolate ligand-based Cu",(0,”) complex which also
shows a Cu" EPR signal with similar parameters (g, = 2.03,
gy = 208, g, = 215 and A, = 68 x 10* cm™) as
[Cu',(BPMPO)(O,”)]**.”® We estimated the exchange
coupling between the Cu’s (J) for the three Cu",(O,”)
complexes using DFT by adding an H-atom to the super-
oxide center to eliminate the superoxide-radical spin
(thus making it a hydroperoxo bridge) without geometry
optimization. The J value obtained for the Meyer’s com-
plex (J = =32 ecm™) is an order of magnitude lower than
that calculated for [Cu",(XYLO)(O,)]*" (J = =687 cm™)
and [Cu",(BPMPO)(O,")]*" (J = -267 cm™) complexes,
reflecting the weaker superexchange pathway between
the Cu’s via the pyrazolate bridge compared to the
phenolate bridge in the [Cu',(XYLO)(O,")]** and
[Cu",(BPMPO)(0O,")]** complexes. Thus, in Meyer’s
complex the antiferromagnetic coupling of the O,” with
at least one Cu" could dominate the antiferromagnetic
coupling between the Cu’s and lead to spin localization
on one Cu.

Determination of the Reduction Potential of the
[Cu",(BPMPO)(0,")]**/ [Cu",(BPMPO)(0,")]" Re-
dox Couple. In order to determine the reduction poten-
tial for the conversion of superoxide [Cu",(BPMPO
)(0O,7)]** to peroxide—dicopper(II) [Cu",(BPMPO)(0,)]"
accurately, the reduction of [Cu",(BPMPO)(O, )]** to
[Cu",(BPMPO)(O,>)]" must be a reversible reaction. In
fact, we find this to be the case: [Cu",(BPMPO)(O,)]*
and [Cu",(BPMPO’)(0,)]" are interconvertible using
redox reagents. Addition of 1.05 equiv. Cr(n®-C¢Hg), (E,, =
115 V vs Fc™ in CH,Cl,) to the solution of
[Cu",(BPMPO")(O,")]** resulted in complete reductive
conversion of the latter [Cu",(BPMPO)(0,)]" (Figure
10).
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Figure 10. UV-vis spectra illustrating the reduction of
[Cu",(BPMPO")(0O,")]** (green) to form [Cu",(BPMPO"
)(0,)]"* (purple) in MeTHF at —go °C using Cr(n°-C¢Hg),.
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Figure 11. UV-vis spectroscopy monitoring of the incremen-
tal addition of 0.2 equiv of MegFc’, from o to 2.2 equiv, to
[Cu",(BPMPO)(0,>)]" in MeTHF at —go °C resulting in the
generation of equilibrium mixtures shown in gray of
[Cu",(BPMPO)(0,7)]**, MegFc, MegFc*, and [Cu",(BPMPO™
)(O,”)]"* (Table S1),” which allowed the determination of the
reduction potential of the [Cu' (BPMPO"
)(0,)]1"/[Cu",(BPMPO)(O,7)]** couple. The low-energy
feature at 754 nm is ascribed to MegFc". (Inset) Monitoring of
the absorbances at 536 (purple) and 405 (green) nm, demon-
strating the decrease and increase of absorbance at the A
values for [Cu"(BPMPO)(0,*)]"* and [Cu",(BPMPO"
)(0,7)]*, respectively.

Interestingly, addition of the octamethyferrocenium
(MegFc, E,/, = —0.43 V vs Fc™’° in MeTHF),”**° to the solu-
tion of [Cu",(BPMPO)(0,>)]" leads to the formation of



an equilibrium mixture of dicopper superoxide, and
dicopper peroxide, allowing the determination of the
reduction potential for the superoxide [Cu",(BPMPO
)(0,7)]** /peroxide [Cu",(BPMPO)(0,>)]" couple (Figure
11) by applying the Nernst equation. Titration of varying
amounts of MegFc® into a MeTHF solution of
[Cu",(BPMPO)(0,)]"* at —go °C resulted in differing
concentrations of both [Cu",(BPMPO)(O,”)]** and
[Cu",(BPMPO")(0,>)]* in the solution (Figure 1), allow-
ing for the calculation of the equilibrium constant in each
concentration (Figure 11 and as described in detail in Ta-
ble S1). From these equilibrium constants and corre-
sponding calculated E*' values for each (given the known
E® of MegFc" in MeTHF), the reduction potential of
[Cu",(BPMPO)(O,")]*" was calculated to be E = -0.44 +
0.01 V vs Fc*°, Using similar equilibrium measurements
generated by various redox reagents, the reduction poten-
tial of superoxide-dicopper(Il) complex bearing the
XYLO™ ligand, [Cu",(XYLO)(O,")]*" (Figures 5B, 8B, 10)
was previously determined in MeTHF (at -125 °C) to be

+/0 20

E*" =-0.53 +0.01 Vvs Fc"".

Cryo-electrochemical Study. In order to compare the
dicopper(Il) superoxo / peroxo reduction potential value
obtained by optical titrations (vide supra), electrochemi-
cal studies on the in-situ generated [Cu'",(BPMPO"
)(0,>)]" complex were performed. As shown in Figure 12,
its redox behavior was investigated by cyclic voltammetry
(CV) at low temperature (T = 200 K) in acetone/NBu,PFj
(0.1 M) with a Pt working electrode. A single reversible
system was observed upon oxidation at E,;, = -0.40 V *
0.01 vs. Fc'/Fc (internal calibration) at scan rate (v) = 0.1
V.s™ in acetone at -73 °C (Figure 12), in rather good
agreement with the -0.44 V value obtained by the equilib-
rium methods described above (MeTHF, -go °C). The
variation of the scan rate from 0.01 V s to 0.5 V s
showed no significant loss of reversibility (Figure So),
hence demonstrating the good stability of the oxidized
complex under these conditions.

44 v=01Vis
T=200K
31 Acetone / NBugPFg 0.1 M

40 08 06 04 02 0.0

EV vs FetiFe
Figure 12. CV (v = 01 V.s') at a Pt working electrode of
[Cu",(BPMPO)(0,*)]" (1 mM) in acetone/NBu,PF, (0.1 M);
the arrow indicates the scanning direction.

Comparison Redox Potentials. These measured re-
duction potentials for the superoxide [Cu",(BPMPO"
)(O, )] /peroxide [Cu",(BPMPO)(0,>)]" couple, -0.44
or -0.40 V (vs Fc'/Fc) are measurably more positive com-
pared to that previously determined for the overall struc-

turally similar phenolato bridged superoxide [Cu",(XYLO"
)(O, )] /peroxide [Cu",(XYLO™)(O,*)]" couple, E” = -
0.53 V in MeTHF at -125 °C (vs Fc*/Fc). For first thoughts
this was somewhat surprising to us, given (as we com-
mented in the Introduction) that we expected redox be-
havior imparted to the copper ions by the ligand with 5-
membered chelate rings (in BPMPO") might have given a
clearly more negative potential than for the complex with
6-membered chelate rings (for XYLO"). However, the
redox is not occurring at the copper ions, but rather just
mostly localized on with the dioxygen derived fragment
coordinated to the dicopper(Il) complexes, the O, or
0O, bridging ligands. This conclusion was also demon-
strated by our analysis and determination of reorganiza-
tion energy (A) for the superoxo [Cu",(UNO’)(O,")]*
/peroxo [Cu",(UNO)(O,”)]" couple.®® As will be ex-
plained in the Summary/Conclusion section, we postulate
that the more positive superoxo-peroxo redox potential in
the BPMPO™ compared to XYLO™ can be explained by an
enhanced Lewis acidity of the Cu(II) ions for the former,
the origin of this being due to difference in binding affini-
ty of copper ion for a chelate with five-membered vs six-
membered rings.

Another comparison that needs to be made with re-
spect to the reduction potential of the superox-
ide/peroxide dicopper(Il) complexes is to that of the
Meyer et al’s pyrazolato-bridged superoxo/peroxo com-
plexes (Figures sF and 8C; n = 2) with an E% = -0.59 V.
Our XYLO™ (E” = -0.53 V) and BPMPO" superoxo/peroxo
dicopper(I) complex reduction potentials are more posi-
tive, especially that for the BPMPO™ (E° = -0.44 (or —0.40)
V (vs Fc'/Fc). These differences are significant, even
though the redox measurements occur via different tech-
niques (CV vs equilibrium titrations), different organic
solvents and varying temperatures. As was previously
discussed for the XYLO™ case™ the pyrazolato superoxo-
dicopper(Il) complex’s more negative superoxo-peroxo
reduction potential is a major contributor to its ~10
kecal/mol weaker hydroperoxo dicopper(Il) OO-H BDFE
(vide infra).

Determination of the pK, Value of [Cu",(BPMPO"
)COOH)]*". The pK, value of the hydroperoxo complex
[Cu",(BPMPO")("OOH)]** has also been evaluated using
equilibrium titration method, in MeTHF solution at -go
°C using the derivatized phosphazene base ‘BuP,(pyrr)
(pK, = 22.8 in THF for the conjugate acid at room temper-
ature) to convert varying amounts of [Cu",(BPMPO")("
OOH)]** to the peroxo complex [Cu",(BPMPO)(0,>)]".
Using UV-vis spectroscopy, ‘BuP,(pyrr) was added incre-
mentally to [Cu",(BPMPO)("OOH)]** (Figure 13); the
absorption band at 391 nm due to [Cu",(BPMPO’)("
OOH)J** decreased with



CH3 _] 2+ CH; —l 1+

o el

( \cél ‘cﬂﬂ? +[On-es N—é ——A N \cﬁ"
MeTHF PY NGz PY
-90°C
+ BuP,(pyrrH*
[Cu",(BPMPO)(0,27)]"*

[Cu";(BPMPO")(OOH)*  'BuP (pyrr)

536 nm —cull;BPMPO)(0OH)Z*
T —cull;BPMPOT) (022 1*

0.8

101 o 391 nm

« 536nm
08 .

e
o

e
@
.

N
E-N
Absorbance
b4
'S

Absorbance

0.0 .

-0..2 00 02 04 06 08 10 12 14 16
Equiv. of 'BuP1{pyrr) added

e
(¥

0.0

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 13. Top: Reaction equation for the hydroperoxo
to peroxo deprotonation using the base ‘BuP,(pyrr). Mid-
dle: UV-vis spectroscopic monitoring of the incremental
addition of ‘BuP,(pyrr) to a solution of 100%
[Cu",(BPMPO")(COOH)]** (blue spectrum), resulting in
the formation of equilibrium mixtures of [Cu',(BPMPO"
)(COOH)]**, ‘BuP,(pyrr), [Cu",(BPMPO)(0,)]" (purple),
and protonated base ‘BuP,(pyrr)H*, which allowed the
determination of the pK, value (223 = o0.7) of
[Cu",(BPMPO")("OOH)]*". (Inset) monitoring of the ab-
sorbance at 391 nm (blue) and 536 nm (purple) during the
titration.

increasing concentration of added ‘BuP,(pyrr), while a
new absorption corresponding to the peroxide complex
developed at 536 nm; an isosbestic point was observed at
429 nm, consistent with the direct interconversion of
hydroperoxo and peroxo dicopper complexes with for-
mation of the conjugate acid of ‘BuP,(pyrr) (Figure 13).
Thus, the intermediate spectral curves in Figure 13 (Mid-
dle) represent varying equilibrium mixtures. With the
known pK, for ‘BuP,(pyrr) in THF (assumed here to be
very close to our cryogenically formed solutions in
MeTHF), the pK, value for the deprotonation of
[Cu",(BPMPO")("OOH)]** was determined to be 22.3 + 0.7
(MeTHF, -go °C) (see Table S2). This value will be com-
pared to those previously determined for the
hydroperoxo-dicopper(II) complex with the XYLO™ ligand
(Chart 1, Figures 1, 5), see the discussion below.

Determination of the OO-H BDFE of
[Cu",(BPMPO)("OOH)]**. The diagonal relationship of
the thermodynamic square scheme (Scheme 2) provides
the BDFE representing the reaction where one hydrogen-

atom (He¢) is added to the superoxo complex
[Cu",(BPMPO)(0O,)]*) (Scheme 2). This can be deter-
mined utilizing the presently measured fundamental
physical properties, (i) the reduction of the
superoxo—dicopper(I), [Cu",(BPMPO)(O,”)]** to the
peroxo—dicopper(Il), [Cu',(BPMPO)(0,>)]* and (ii) the
deprotonation of hydroperoxo-dicopper(Il),
[Cu",(BPMPO")("OOH)]** to give the peroxo—dicopper(II)
compound. The BDFE for the OO-H bond in the complex
[Cu",(BPMPO")("OOH)]*" is determined via application of
the Bordwell relationship (eq 6). When we apply the
parameters determined here (vide supra), the reduction
potential for the superoxo/peroxo redox couple E* =
—0.44 V vs Fc"’°, and the pK, = 22.3 for the [Cu",(BPMPO"
)(COOH)]*" and with the solvent-dependent term Cg (59.9
kcal/mol for THF, a recently updated value, ™ which is
assumed to be essentially the same for the MeTHF solvent
used here), the BDFE of the OO-H bond in
[Cu",(BPMPO)(COOH)|*" is 80.3 + 1.2 kcal/mol (eq 7).
We note that if we input the redox potential obtained
from cyclic voltammetry (vide supra), -0.40 V (vs Fc'/Fc)
the change in our finally determined OO-H BDFE would
be only ~ 1.0 kcal/mole greater (81.3 kcal/mol). The DFT
calculated BDFE of [Cu",(BPMPO)("OOH)]*" is 79.4
kcal/mol in agreement with the experimental value.

BDFEqo.y = 1.37 (pKa) + 23.06(E°’(superoxo/peroxo)) + Cg
(6)

Comparisons for p-1,1-hydroperoxo OO-H BDFFE’s.
In 2017, the Meyer group” determined the OO-H BDFE
of a binuclear copper-hydroperoxide complex possessing
a binucleating pyrazolate-bridged ligand framework (Fig-
ure 5F & Scheme 4), also by using the thermodynamic
square scheme. Their reported hydroperoxo-dicopper(II)
OO-H BDFE is 69.4 kcal/mol for acetonitrile solution (a
revised value lowered by 2.3 kcal/mol, due to an updated
C. value used here), ™ ~ 11 kcal/mol lower in energy than
that was calculated for our XYLO™ containing
dicopper-hydroperoxide complex, [Cu",(XYLO") ("
OOH)]** (Scheme 4) BDFE = 80.7 kcal/mol for MeTHF
solution (also revised due to an updated C; value for
THF). In the present study, we observe the OO-H BDFE
for [Cu",(BPMPO")("OOH)]** of 80.3 kcal/mol, essentially
the same as observed for our [Cu',(XYLO")(OOH)J]*
system. Thus, while the reduction potential of the new
BPMPO" ligand-based complex is higher than that of the
XYLO™ ligand-based complex, a lower pK, of the former
complex compared to the latter complex results in very
similar BDFE’s for both (Scheme 4). These findings sug-
gest that the superoxo-dicopper(Il) complexes with
phenolato-bridging ligands and pyridylalkylamine triden-
tate chelates are considerably stronger oxidants (for hy-
drogen-atom abstraction reactions) than the superoxo-
dicopper(1I)



Scheme 4. Comparison of the Thermodynamic Pa-
rameters Determined for Pyrazolate-Bridged
Dicopper(II) Complexes Reported by Meyer group
and the Phenolate-Bridged (XYLO") by Karlin Group
and the Present Work. Note the Different Solvents
used, MeCN vs MeTHF. The Phenolato-Bridged
Superoxo-dicopper(II) Complexes are Significantly
Strong Oxidants for HAA Reactions (See the Text).
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complex that possesses copper ions which are pyrazolato-
bridged and triazacyclononane chelated,” since the OO-
H bond being formed is much more thermodynamically
stable (Scheme 4). Indeed this is the case based on, previ-
ously described actual substrate oxidative reactivity com-
parisons we carried out with [Cu",(XYLO)(O,")]*",** and
[Cu",(BPMPO)(0,7)]*, see below.

We now consider for discussion factors influencing the
findings that there are experimentally higher E° (less neg-
ative) and pKa values for BPMPO™ based {Cu,0O,} conge-
ners in comparison to XYLO systems (vide supra). The
net result is that the hydroperoxo dicopper(II) complexes’
BDFE are essentially the same.

As for consideration of reduction potential differences,
there are surely many factors contributing, such as rela-
tive metal ion Lewis acidity (and see below) and coordina-
tion geometry differences (which are significant (vide
supra). A DFT calculated molecular orbital analysis takes
into account all factors (see the SI, Figure S20), revealing
a lower energy level of the B-LUMO by 4.3 kcal/mol for
the BPMPO™ Cu,-O,” complex (-4.123 eV) compared to
the corresponding XYLO™ complex (-3.936 eV). This sug-
gests the former is more susceptible to reduction. This
computational finding correlates with the experimentally
observed higher reduction potential for the BPMPO™-
derived [Cu",(BPMPO)(0,7)]*/ [Cu",(BPMPO)(O,)]*
couple (-0.44 V) than for the XYLO™ superoxide/peroxide
couple (-0.53 V).

Further, related this finding is that it is well established
that a stronger Lewis acid binding to a redox active ele-
ment or group, leads to a more positive redox potential.*’
This further supports that the cupric ions in the BPMPO"~
complexes are more Lewis acidic than in XYLO™ complex-
es. And this is substantiated based on Cu-O bond lengths

derived from our DFT derived structures. For
[Cu",(BPMPO")(0,")]**/ Cu-Ogyperox = 1.961/2.060 A, while
for [Cu"(XYLO)(O,)]*/ Cu-Ogperox = 2.037/2.078 A.
Also, see the SI, Figure S21. Also, in the complex
[Cu"(TMPA)CI]* (TMPA, with all 5-membered chelate
rings as in BPMPO") vs [Cu"(TEPA)CI]* (TEPA, the
tripodal N, tetradentate analog of TMPA with all six-
membered chelate rings as in XYLO"), the Cu"-Cl bond
distance is shorter in the TMPA complex (2.233 A vs.
2.289 A.#®

This leads to the consideration that the Cu(Il) ions in
BPMPO -ligated dicopper(II) complexes are more Lewis
acidic than in XYLO -bridged Cu,(II) complexes. Thus,
formation of a BPMPO -derived peroxo-dicopper(II) spe-
cies [Cu",(BPMPO")(0,”)]* by deprotonation of its hy-
droperoxide conjugate acid [Cu",(BPMPO")("OOH)]*" is
expected to be relatively more favorable process than for
the case with XYLO". Accordingly, [Cu",(BPMPO)(
OOH)]** would be anticipated to be a stronger acid than
[Cu",(XYLO)("OOH)]*, leading to a lower pKa value for
the former, as found experimentally, vide supra.

We should comment that OO-H BDFE values for a few
other hydroperoxo-metal-complexes (mostly mononucle-
ar; e.g., Co, Fe, Cr, Rh) fall into the range 66-81 kcal/mol,
however, the majority of cases have a BDFE in the 70+
kcal/mol range.** A highly interesting and important
case for a copper complexes includes that from Tolman
and coworkers;” they found that a ligand-Cu"-aqua com-
plexes (where the corresponding Cu"-hydroxide complex
effects a HAA reaction) possesses an ~9o kcal/mol BDE
(Cu™" E% = -0.074 V vs Fc'/Fc), pK, {Cu"-OH,} =18.8).
Kieber-Emmons and workers™ reported that a mono-
hydroxo bridged dicopper(Il) complex with TMPA che-
late, [(tmpa)Cu"-(OH)-Cu'/(tmpa)]**, has a BDFE of 103
kcal/mole and pK, equal to 24.3 in MeCN solvent; by
contrast, the mononuclear analog, [(tmpa)Cu"(OH,)]**
possesses a BDFE of only ~60 kcal/mol (with pK, = 7.26 in
MeCN).

H-atom Abstraction Reactivity Towards TEMPO-H
and Substituted Phenols. To further substantiate the
HAA reactivity strength of the present superoxo
dicopper(Il) complex [Cu',(BPMPO)(O,")]*" relative to
the BDFE value determined here (BDFE = 80.3 kcal/mol),
and relative to the analog [Cu'",(XYLO)(O,)]**, we car-
ried out reactions with the substrate TEMPO-H as well as
with some representative substituted phenols which are
known to undergo HAA reactions producing TEMPO'" or
ArO’ radicals. The reaction of [Cu",(BPMPO)(O,)]*
with TEMPO-H was carried out at -100 °C in MeTHF and
monitored by UV-vis spectroscopy (Figure 14). This in-
deed clearly shows that the hydroperoxo
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Figure 14. UV-vis spectra demonstrating the reaction of
[Cu",(BPMPO)(O,)]*" at 405 nm (green spectrum) with 20
equiv. of TEMPO-H in MeTHF at -100 °C to yield
[Cu"(BPMPO )("OOH)J** at 391 nm (blue final spectrum).
See Supporting Information for the plot of kg (s-1) vs vary-
ing concentrations of TEMPO-H (M) to obtain the second-
order rate constant, k, = 4.3 + 0.3 M s . Yield calculated
based on the absorption of [Cu",(BPMPO")("OOH)]** at 301
nm is 94%. (see Figures S5 & S6 and Table S3 in the Support-
ing Information for a detailed kinetic study).

complex [Cu",(BPMPO)('OOH)]** is formed by the
completion of the reaction (blue spectrum, Figure 14).
Also, TEMPO- was proven to be the other product, based
on EPR spectroscopic monitoring (81% yield).”” Reaction
kinetic studies under pseudo first-order conditions (20-50
equiv) were carried out® and a plot of ks vs TEMPO-H
concentration gives linear behavior; with the second-
order rate constant k, = 4.3+ 0.3 M s~ (Figure S6 and eq.
7). To compare, this k, value is 33 times greater than that
of reported for [Cu",(pyrazolate)(O,”)]**,” however the
latter was carried out in CH,CN solution at —20 °C (eq. 8)
compared to the -100 °C conditions for reaction of
[Cu",(BPMPO)(O,")]* . The BPMPO  superoxo
dicopper(Il) complex is immensely more reactive toward
TEMPO-H HAA. This observation falls in line with the
more than 10 kcal/mol difference in hydroperoxo OO-H
BDFE between [Cu',(BPMPO)("OOH)]** and the
pyrazolato-bridged analog. For a direct comparison,
TEMPO-H reactions with our previously studied
[Cu",(XYLO")(O,")]** superoxo complex were carried out.
We observed the k, for [Cu",(XYLO)(O,7)]** HAA is 5.6
M7s™ at -100 °C in MeTHF (eq. 9) which is 1.30 times
greater than that for our analog superoxo complex
[Cu",(BPMPO")(O,")]**. This is a quite small difference in
rate of reaction with the substrate TEMPO-H, and so in
rough agreement with the fact that we find the BDFE for
the hydroperoxo dicopper(Il) complexes to be almost
identical, [Cu",(BPMPO)(OOH)]** vs [Cu",(XYLO")(
OOH)]™, 80.3 (or 81.3, vide supra) vs. 80.7 kcal/mol re-
spectively.

MeTHF
=100 °C
k=43 M1

[Cu";(BPMPO7)(0;7)1** + TEMPO-H [Cu"y(BPMPO-)(-OOH)* (7}

+ TEMPO'

i —yj2+ _y —CHsCN Cu'! late)(~OOH)]2*
[Cu';(pyrazolate)(0;)]** + TEMPO-H — > [Cu";(pyrazolate)( N (8)

-20°C .
k2= 013 M &1 + TEMPO
MeTHF
[Cu",(XYLO)(0,™)]** + TEMPO-H —_ [Cu",(XYLO")(-OOH)J** (9)
-100°C + TEMPO'
k=56 M1s"
Reaction of either phenolato-bridged superoxo-

dicopper(Il) complexes with TEMPO-H in fact should be
“easy”, since the BDFE’s for the former are 80-81 kcal/mol
where the O-H bond in TEMPO-H has a BDFE = 66.5
kcal/mol (for THF as solvent). To better support the
BDFE of the OO-H in our dicopper complex we carried
out reactions with substrates that are more difficult to
oxidize (by HAA). We find that [Cu",(BPMPO")(0,")]*" is
not able to oxidize p-methoxyphenol (O-H BDFE = 83.1
kcal/ mol, in THF),” in MeTHF solution of
[Cu",(BPMPO)(0,7)]*" at -100 °C; this is even true for a -
80 °C solution. However, at -80 °C, [Cu',(BPMPO"
WO, )]  reacts (slowly) with p-OMe-2,6-di-tert-
butylphenol, having an O-H BDFE = 75.8 kcal/mol, pro-
ducing the corresponding phenoxyl radical (EPR, g =
2.002, not shown) (see Supporting Information for the
UV-vis spectrum).” This of course does not really sub-
stantiate our finding of a hydroperoxo-dicopper(II) BDFE
of over 8o kcal/mol for the BPMPO™ or XYLO™ complexes.
However we note that we previously showed that
[Cu",(XYLO)(O,")]** does react with p-OMe-2,6-di-tert-
butylphenol at -8o °C (over hours) and it even exhibits
slow reactivity with p-OMe-phenol (O-H BDFE = 831
kcal/mol in THF). Thus, since we showed here that
[Cu",(BPMPO)(COOH)]** and [Cu",(XYLO")( OOH)J**
have essentially the same OO-H BDFE, we can state with
some confidence that our findings for the absolute value
of these hydroperoxo complex OO-H BDFE’s are very
reasonable.

SUMMARY/CONCLUSIONS

The synthesis and detailed characterization of dioxygen
derived complexes, ligand(s)-Cu,-(X) (X = O,7, O,”, ~
OOH) has been of considerable ongoing interest in the
last 30 years, and continues to challenge synthetic bio-
inorganic communities."*"**>* Copper bound peroxo,
hydroperoxo and superoxo species occur widely in bio-
chemistry, as mentioned in the introduction for Hc and
Ty but also in other copper monooxygenases, amine and
galactose oxidases and Cu/Zn superoxide dismutase.®®
Hydroperoxo-copper chemistries (as a ligand-copper
complex or copper(II) salt with H,0,) are also frequently
utilized in organic compound oxidations.*** A detailed
understanding of the properties, reactivities and thermo-
dynamic interrelationships of these transient intermedi-
ates is necessary to advance our knowledge concerning
copper (and other metal ions) processing of O, in chemis-
try and biology.

In this report, a new family including cryogenically
generated dicopper(Il)-peroxide, hydroperoxide and



superoxide complexes with a bridging phenolato BPMPO~
ligand were synthesized and characterized. The predomi-
nant superoxide complex, is the u-1,2-O,” isomer possess-
es a Cu(Il)-like EPR spectrum, differing from the
superoxo centered radical analogues previously studied
(with UNO™ and XYLO", Figures 5, 8). The analysis of this
three-spin system in [Cu",(BPMPO")(u-1,2-O,7)]*" (i.e.,
the two Cu(Il) ions and the superoxide radical anion)
indicates that the O,” moiety is antiferromagnetically
coupled to one of the two Cu(Il) ions with a magnitude
similar to the antiferromagnetic coupling between the
two Cu(Il) ions giving rise to a Cu(Il)-like EPR spectrum
with somewhat decreased g, and A, parameters due to
coupling over the three spins.

The reduction potential (E') for [Cu",(BPMPO")(u-1,2-
0,7)]** was determined to be -0.44 V (vs Fc'/° in MeTHF,
-90 °C) while the pK, of 22.3 (MeTHF, -go °C) was deter-
mined for [Cu',(BPMPO’)("OOH)]*. Employing the
Bordwell equation, the OO-H BDFE of [Cu",(BPMPO")("
OOH)]*™" was calculated as 80.3 kcal/mol (eq 7). This
BDFE is consistent with the observed HAA chemistry
with O-H substrates carried out.

As mentioned in Introduction, the structure and bond-
ing properties in reduced O,-bound metal complexes are
altered with modification of metal ion chelating groups. A
number of consequences have been clearly observed here
relating to differences or variations in the properties of
[Cu",(XYLO)(X)]"*** and [Cu",(BPMPO)(X)]""*" (X = O,*
, OOH, O,"):

(1) DFT structural analyses reveal that the individual
Cu(Il) coordination geometries differ. The ZCu-O-0-Cu
~ 25° in [Cu",(BPMPO")(u-1,2-0,7)]*" is significantly dis-
torted from the near planarity observed for
[Cu",(XYLO")(-1,2-O,7)]** (£LCu-0-O-Cu ~ 5°) and this
causes significant changes in the electronic structural
properties of the two complexes as evident by EPR and rR
spectroscopies (vide supra). The more out-of-plane
Z/Cu-0-0-Cu [Cu",(BPMPO")(uu-1,2-
O,7)]* results in:

(a) A weaker J between the Cu(Il)’s due to a decreased
overlap and thus a less efficient superexchange pathway
between the Cu(Il)’s via the m,* O-O orbital resulting in a
higher spin density on the Cu(Il) in the ground state
wavefunction.

(b) A weaker (lower energy) v(O-0) due to a decreased
nt donation from the O, m,* into the Cu(II) LUMOs.

(2) Prior ligand/metal binding and electrochemistry
systematic studies on copper complexes reveal that 5-
membered (vs 6-) chelate rings give rise to more stable
complexes (greater K., for ligand-chelate binding to the
Cu(1I) ion);® the Cu(Il) ions in [Cu",(BPMPO)(X)]"*"*" are
characteristically more Lewis acidic:

(@) A stronger Lewis acid binding to a redox
active element or group, leads to a more positive redox
potential.¥” As we determined (vide supra), E° (E%) for
the [Cu",(BPMPO)(0,")]**/[Cu",(BPMPO)(0,™)]" redox
couple becomes more positive by ~ 0. 1 V (vide supra; -
0.44 V vs. —0.53 V (for the XYLO™ system)).

vector in

(b) Stronger/shorter Cu"(O,”) Cu-O bonds will
ensue in the BMPMO™ system and lead to a longer and
weaker superoxo O-O bond, consistent with the notably
large difference in v(O-0O) values in [Cu',(BPMPO"
YO, W(0-0) =1086 cm™) vs [Cu"(XYLO)(O,)]*
(v(0-0) = 1143 cm™).

(c) Cu ion Lewis acidity in BPMPO™ complexes
contributes to the lower OO-H pK, 223 for
[Cu",(BPMPO")("OOH)]** (Figure 13, Scheme 4), however
24 for [Cu",(XYLO")("OOH)]* (Scheme 4);* the negative
charge that forms when the OO-H group deprotonates is
better stabilized.

All of these observations have rationalized our research
efforts in utilizing the BPMPO™ containing shorter armed
chelates in the dicopper complexes in order to further
understand fundamental properties including inter-
relationships between dioxygen-bound (di)copper inter-
mediates. These results provide important insights into (i)
designing a new dicopper/dioxygen system for organic
oxidations/oxygenation and ORR in fuel cells and batter-
ies for energy applications, and (ii) the reaction mecha-
nism of O,-processing copper metalloenzymes in biology.
The observations made here encourage the design of new
sets of ligands which would lead to superoxide-metal
complexes possessing stronger HAA abilities, i.e., having
protonated peroxide forms with large(r) OO-H BDFE
values.
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