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Abstract. The properties of metal-dioxygen species, which are key intermediates in oxidation catalysis, can be modulated by interaction
with redox-inactive Lewis acids, but structural information about these adducts is scarce. Here we demonstrate that even mildly Lewis
acidic alkali metal ions, which are typically viewed as innocent ‘spectators’, bind strongly to a reactive cis-peroxo dicopper(ll) intermediate.
Unprecedented structural insight has now been obtained from X-ray crystallographic characterization of the ‘bare’ Cu';(u-n*:n*-0;) motif
and its Li*, Na*, and K* complexes. UV-vis, Raman and electrochemical studies show that the binding persists in MeCN solution, growing
stronger in proportion to the cation’s Lewis acidity. The affinity for Li* is surprisingly high (~7 x 104 M%), leading to Li* extraction from its
crown ether complex. Computational analysis indicates that the alkali ions influence the entire Cu-OO-Cu core, modulating the degree of
charge transfer from copper to dioxygen. This induces significant changes in the electronic, magnetic, and electrochemical signatures of
the Cu,0, species. These findings have far-reaching implications for analyses of transient metal/dioxygen intermediates, which are often
studied in situ, and they may be relevant to many (bio)chemical oxidation processes when considering the widespread presence of alkali
cations in synthetic and natural environments.

group (I, Figure 1) based on DFT optimized structures and EXAFS

Introduction analysis.11 Electron transfer properties as well as electrophilic and

Reactive intermediates formed upon metal-mediated activation
of dioxygen, including superoxo, peroxo, or high-valent metal-oxo
species, play key roles in many chemical and biochemical oxidative
transformations.! It is now increasingly realized that the reactivity
of these important intermediates can be modulated by interaction
with additional redox-inactive metal ions that serve as Lewis ac-
ids.23 Often cited as a prominent example from biology is the Caz*
ion that is an integral component of nature's oxygen-evolving
complex (OEC) in photosystem II, which contains a Mn4CaOs core
structure.* In molecular systems, strongly Lewis acidic metal ions
such as Zn2* or Sc3* have been used to, inter alia, stabilize unusual
oxocobalt(IV) complexes,s induce valence tautomerismin high-va-
lent oxomanganese porphyrinoids for enhancing their reactivity,®
or tune the redox reactivity of oxometal intermediates by enabling
metal ion-coupled electron transfer (MCET).7 Just recently, it was
shown that reaction between a peroxocobalt(l1l) complex and ni-
triles leads to completely different products in the absence or
presence of M™ (M = Zn2*, La3+, Lu3+, or Y3+).8 As was also men-
tioned, however, the impact of the redox-active metal ion on the
metal-peroxo intermediate remains underexplored, and the
mechanism of action is poorly understood.8 In particular, crucial
structural information about these adducts between reactive
metal-oxygen species and Lewis acids is scarce.

A crystallographically determined structure with a Fe-O-Sc motif,
obtained from scandium triflate and the oxoiron(lV) species
[(TMC)FeV(0)]%* (TMC is tetramethylcyclam),® was later shown to
contain  Fe.1© The iron(lll) side-on peroxo complex
[(TMC)Fe(0,)]* was reported to bind various di- and tricationic
redox-inactive metal ions to give adducts with a pn?:77-0,%

nucleophilic reactivities of adducts I correlate with the Lewis acid-
ity of the metal ion M,12 and in the presence of electron donors
the Lewis acid may promote O-O bond cleavage to trigger the for-
mation of an oxoiron(IV) complex.13 Similarly, Que et al. recently
reported that a (p-1,2-peroxo)diiron(lll) intermediate undergoes
0-0 bond rupture upon treatment with the Lewis acid Sc3*, trans-
forming into a bis(p-oxo)diiron(IV) complex.14
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Figure 1. Lewis acid adducts of peroxo complex
[(TMC)Fe"(0,)1* (left)!! and reversible O-0 cleavage intercon-
verting SP and O cores in Cu,0, intermediates mediated by the
Lewis acid Sc3* (right).%®

In copper/dioxygen chemistry, O-O bond cleavage in some p-
n%:m2?-peroxodicopper(ll) (side-on peroxo, SP) complexes to give
the corresponding bis(p-oxo)dicopper(lll) (O) species can also be
triggered by Sc3*; in this case, the redox-inert metal ion was shown
to interact with N-donor groups of the ligands (Figure 1).15 In



terms of reactivity of Cu/O, intermediates, Sc3+ was shown to in-
duce a change from a four- to a two-electron mechanism in a Cu-
catalyzed dioxygen reduction reaction.6

In most of the reported studies, including all of the abovemen-
tioned examples, moderately or strongly Lewis acidic di- and triva-
lent redox-inactive metal ions are used, most commonly Sc3*. Ad-
duct formation between reactive metal-oxygen intermediates and
monocationic alkali metal ions has been much less evidenced, de-
spite Na* and K* being abundant in biological systems and often
being present in reaction mixtures in the laboratory. A notable ex-
ample is the series of Cr'" superoxide complexes [L,Cr]M,0,(THF),
(M* = Li*, Na*, K*; L2~ is a disilanolate ligand) discovered by Limberg
et al.,’” in which isolation of the Cr'-superoxide (obtained from
the corresponding Cr'' complex and O,) is assisted by end-on inter-
action of the superoxide with the alkali metal ion. The choice of
M+ was found to significantly influence the stability and reactivity
of these complexes.

A few years ago we reported the first structurally authenticated
cis-p-mt:mi-peroxo (P) type dicopper(ll) complex [LCu'>(0,)]* (1;
Figure 2) using a dinucleating pyrazolate/TACN hybrid ligand L~
(TACN = 1,4,7-triazacyclononane) that provides two {N4} binding
sites and a bimetallic pocket in which the reduced O, substrate is
hosted with a Cu-O-0-Cu torsion angle of 65°.18 The P motif dif-
fers from the more common trans- g+ n:171-peroxodicopper(ll) (P)
core (Figure 2), of which several crystallographically characterized
examples are known,!® and it is relevant for understanding the
mechanism of O, reduction at type Ill dicopper metalloprotein ac-
tive sites since it represents a snapshot of the proposed O, binding
trajectory that ultimately leads to the SP core.2021 The triflate salt
of 1 was isolated after deprotonating the proligand HL with
NaOtBu, adding two equivalents of [Cu'(MeCN),]OTf and subse-
guent oxygenation at -30°C. Interestingly, X-ray crystallography
revealed a close side-on association of the Na* ion with the ex-
posed cis-u-n': 1i-peroxo unit,and titration experiments indicated
that substantial affinity also persists in acetone solution (associa-
tion constant K, = 17 x 102 (+ 10%) M-1).18
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Figure 2. trans ("P) and cis (°P) u-n':n*-peroxodicopper(ll) mo-
tifs (top left), structurally characterized °P type complex 1-Na*
that has a Na* associated with the u-n':n'-peroxo unit (top

right),'® and proposed interconversion between P and P
forms of {[Cu"(TMPA)],(p-1,2-0,)}** (bottom).?
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Very recently, it was reported that Ca2* mediates the transfor-
mation of the prototypical TP species {[Cu"(TMPA)](p-1,2-0,)}*
(TMPA = tris(2-pyridylmethyl)amine) to the corresponding P form
(Figure 2, bottom), based on UV-vis titration data and changes in

the O-0 stretching vibration.22 The association of Ca?* (K, = 12.2 x
102 £ 70 M1) can be reversed and the TP species recovered by ad-
dition of 18-crown-6 (18-C-6). Computational models suggested
side-on interaction of Ca?* with the cis-z~1,2-peroxido ligand as
was observed in 1-Na*, but structural evidence for the Caz* adduct
is so far lacking.

The identification of adduct 1-Na* raises intriguing questions
about the nature of the peroxide---Na* interaction and how the
Lewis acid affects the electronic structure as well as the spectro-
scopic and magnetic properties of the Cu,0, core. Furthermore,
trends in affinity for different alkali metal ions and the effect of
these alkali metal ions on redox potentials, specifically on the oxi-
dation of the peroxo to the superoxo species, are of interest.
These questions are addressed in the present combined experi-
mental and computational contribution.

Results and Discussion

Interaction of u-n:n? cis-peroxo complex 1 with alkali metal ions
in solution. Deep purple peroxo complex 1 forms upon adding dry
0, to a colorless solution of the dicopper(l) complex [LCu';](BPhj)
in MeCN at -40 °C, as reported recently.Z3 1 has a characteristic
UV-vis absorption spectrum showing maxima at 527 nm
(e =5000 M1cm) and 648 nm (g = 3900 M-1cm) and a shoulder
at 456 nm (e = 2600 M1 cm?). The spectrum looks similar to those
of related TP systems, whose electronic structure has been thor-
oughly investigated.242526 However, absorption maxima in the
case of 1, which have been assigned to (0,2)—Cu' charge transfer
(CT) transitions, are around two times less intense than for usual
TP complexes, reflecting a distinct bonding situation in this ¢P spe-
cies. This is analyzed in more detail by DFT computations, as de-
scribed below.

Titrations of MeCN solutions of the alkali metal triflate salts MOTf
(M* = Li*, Na*, K*) into MeCN solutions of 1(BPh,) were monitored
by UV-vis spectroscopy, revealing dramatic changes that are dis-
tinct for the different alkali metal ions but follow a clear trend (Fig-
ure 3). Upon addition of the MOT( salts, both characteristic CT
bands of 1 undergo a blue shift (see Table 1) and their intensities
decrease; the decrease in intensity is particularly pronounced for
the lower energy absorption (assigned to m*,—Cu'; see below).
These spectroscopic changes are reminiscent of the ones ob-
served upon addition of Ca(OTf); to a solution of {[Cu"(TMPA)](p-
1,2-0,)}?* in acetone (cf. Figure 2, bottom; Amax = 455 nm and ¢ =
4080 M1 cm'? for the Ca2* adduct of the ¢P form).22 The effect of
the alkali metal ion on the optical spectrum is most dramatic for
Li* and follows the order Li* > Na* > K*. The amount of alkali metal
salt required to achieve almost complete conversion to the adduct
1-M* also varies significantly, ranging from only 2 equiv. for LIOTf
through ca. 10 equiv. for NaOTf to more than 50 equiv. for KOTf
under the same applied conditions. Fitting the titration data using
the Thordarson program?’ and a 1:1 binding model (see Sl for fur-
ther details) gave association constants K, for the formation of the
adducts 1-M* in MeCN that range from 62 (+ 8.5%) M for 1.K*
through 65 x 10! (+ 5.3%) M for 1-Na* to an impressively high
69.5 x 104 (£ 23%) M- for 1-Li* (Table 1). Addition of ["BusN]OTf to
a solution of 1 or to dilute solutions of 1-M* did not lead to any
significant changes of the respective UV-vis spectra, confirming
that triflate is not directly involved in the binding equilibria. Since
the Lewis acidic alkali metal ions interact with the Lewis basic
peroxo unit, a decreasing strength of this interaction from Li*
through Na* to K* can be expected in terms of the the hard and
soft acids and bases (HSAB) concept?8 and in accordance with
the alkali metal ion's Lewis acidity (estimated based on, e.g.,
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metal-aqua pKa values or the Gutmann-Beckett method as de-
scriptors for Lewis acidity2?). The results are also in line with DFT
computed interaction energies which are smallest for K* and by far
largest for Li* (see SI, Tables S10). However, the especially strong
interaction with Li* is surprising. Strikingly, the dicopper(ll) peroxo
complex 1 was found to readily abstract Li* from its 15-crown-5
complex, which has a quite high association constant in MeCN
(10%-10°> M1 for [Li(15-crown-5)]*).3031
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Figure 3. Top: Schematic presentation of the formation of al-
kali metal ion adducts 1-M* upon addition of different triflate
salts. Middle: UV-vis monitoring of the titration of a solution of
1 with LiOTf in steps of 0.05 equiv., with overall 2.0 equiv.
added; isoshestic point at 487 nm (MeCN, T = -40 °C). Bottom:
UV-vis absorption spectra (at -40 °C) of 1 and of the formed ad-
ducts 1-M* after addition of the corresponding alkali metal tri-
flate salts (1:K*: 57 equiv. KOTf; 1-Na*: 15 equiv. NaOTf; 1-Li*:
6 equiv. LiOTf); all complexes were prepared from the same
stock solution of precursor 1 to ensure comparable conditions
(for a detailed description see Sl);

Table 1. Summary of association constants obtained from ti-
tration experiments of complex 2 with different alkali metal
ions.

Amax [nm] Ka [M-1]
1 527, 648 -
1.K* 515, 624 62 (+ 8.5%)

1-Na* 497, 612
1-Lit 456, 595

65 x 10! (+ 5.3%)
69.5 x 104 (+ 23%)

Solid state structures of adducts 1:-M*. Following the previous re-
port on the structural characterization of the triflate salt of 1-Na*,
[1-Na(OTf)(acetone)],(OTf),,8 single crystalline material suitable
for X-ray diffraction could now also be obtained for the triflate
salts of adducts 1-Li* and 1-K*. Together with parent 1(BPhs) con-
taining a ‘naked’ P peroxo unit,23 this provides a unique series of
four structurally characterized dicopper(ll) peroxo intermediates,
and allowed us to experimentally evaluate the effect of the Lewis
acid interaction on metric parameters of the P core.

Although a large excess of KOTf is required to fully convert 1 into
1-K* in MeCN solution (vide supra), only 1.5 equiv. of KOTf are
needed to quantitatively crystallize [1-K(OTf)(acetone)],(OTf),
from acetone/Et,0O (see Sl for details). The molecular structure of
the cation is depicted in Figure 4 and shows the K* adduct of 1 to
be dimeric in the solid state, isostructural with the already re-
ported [1-Na(OTf)(acetone)]»(OTf),.18 The K* interacts in side-on
fashion with the peroxo unit of 1 (d(K*--0%0) = 2.52 A; OO is the
center of the peroxo 0-0O bond), and two 1-K* entities are bridged
by two triflate ions. An additional O-bound acetone molecule com-
pletes the coordination sphere of each K*. The O-O bond length in
1-K*is 1.483(4) A, which is slightly shorter than in 1-Na* (1.498(7)
A).

Figure 4. Solid state structures of the dimeric cations of
[1-Li(OTf)]BPh, (top) and [1-K(OTf)](OTf) (bottom), with ther-
mal displacement ellipsoids given at 30% probability; isopropyl
groups, hydrogen atoms, and counterions are omitted for clar-
ity.

Table 2. Selected parameters of 1 and 1-M* obtained from the
solid state structures.?



d(0-0)  d(O-- P(CU-0-0-Cu)  d(CueCu)
(A) (A () (A)
1 1.441(2) - 55.3(2) 3.7413(5)
1.K*  1.483(4) 2.626(3) 66.8(2) 3.7979(7)
1-Na*  1.498(7) 2.302(7) 65.2(5) 3.7966(12)
1-Li*  1.497(3) 1.881(5) 71.1(2) 3.8562(9)

a Data for 1 and 1-Na* from ref. 23 and 18, respectively
b The average of both M-O distances is shown here.

¢ The asymmetric unit contains two crystallographically inde-
pendent monomeric cations, one of which shows a disorder in
the O-0O part. Values given here are from the disorder-free cat-
ion.

The adduct obtained from 1(BPh,) and LiOTf crystallizes from ace-
tone/Et,0 as [1-Li(OTf)]2(BPhs), (see Sl). Similarly to 1-Na* and
1-K*, the structure of the cation in the solid state is dimeric with
two 1-Li* entities spanned by two O,0’-bridging triflates. The Li* is
located very close to the peroxo unit (d(Li+--0c0) = 1.73 A (see re-
mark, Table 2, footnote c)) but, because of its smaller size, itis only
four-coordinate and lacks the additional acetone molecule that
was found for 1-Na* and 1-K*. A structural comparison of parent 1
and the three adducts 1-K*, 1-Na* and 1-Li* (Table 2) reveals a sig-
nificant elongation of the peroxo O-O bond upon binding the alkali
cation, which is most pronounced for 1-Na* and 1-Li*. Also notable
is an increase in the Cu---Cu distance from around 3.74 to 3.80 A
and an increase in the Cu-O-O-Cu torsion angle from 55.3 to 71.1°
in the order 1 < 1-Na* < 1.K* < 1-Li*; the latter angle is assumed to
play an important role in determining the magnetic exchange cou-
pling between the two Cu''ions (vide infra).32 The s values33 of the
Cu'lions in all adducts 1-M* are in the range 0.56 — 0.58, indicating
a coordination geometry in between trigonal bipyramidal and
square pyramidal. In contrast, ts = 0.63/0.60 for 1 reflects a dis-
torted trigonal bipyramidal coordination sphere in the parent
peroxo complex.

Computational analysis of the interaction between peroxo com-
plex 1 and alkali metal ions. To study the interaction between the
metal cation and the peroxo-dicopper(ll) moiety, we performed
an analysis of the charge displacement (CD) function3435 for the
three alkali adducts (i.e. 1-M*, where M* = Li*, Na*, K*). In Figure
5b the 3D plots of the electron density difference Ap(x,y,z) be-
tween the densities of the three adducts and those of their corre-
sponding, non-interacting fragments are shown (see SI, section
7.1). The fragments defined here are the alkali metal cation (M*)
and the [LCu,0,]* complex (1). Figure 5b clearly shows that upon
interaction the peroxo unit is strongly polarized toward the cation
to different extents in going from 1-K* to 1-Li*. In particular, the
large K* cation is able to polarize O,, but it is also mutually polar-
ized, whereas for the adduct of the smallest and hardest alkali cat-
ion, 1-Li*, a significant charge transfer from the peroxo unit to Li*
occurs. Figure 5a shows how much charge density is flowing left-
wards, i.e. from the ligand towards Cu;0,, and then onwards to-
wards the alkali metals. In order to quantitatively evaluate the net
charge that has moved from the {0,27} to Li*, we integrated Ap
across a convenient axis (see section 7.1 of the Sl). At the position
of the peroxo-O atoms (z = 0) the charge transfer values indicate
that the lithium cation is the most acidic, with a total of 0.43e-
flowing in the {Cu,0,} — Li* direction with respect to less acidic
Na* (CTna = 0.39e") and K* (CT = 0.36e"). These values at z = 0 are
consistent with the integral of the area below the curves for z<0
that gives values of 0.45e-, 0.42e- and 0.40e- for Li*, Na*, and K*

respectively. This is in agreement with the Lewis acidity trend of
the alkali metals, which follows the order Li*>Na*>K*. Interest-
ingly, in the region between the peroxo ligand and the Cu nuclei,
a significantly more pronounced charge transfer from Cu to O; is
observed in the Li* adduct compared to the Na* and K* adducts.
This most likely occurs to counterbalance the electron density
withdrawn from the peroxo unit by the strong Lewis acid Li+.
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Figure 5. (a) CD curves for the complexes 1-M* (M* = Li*, Na*,
K*). Black dots indicate the z position of the nuclei (K*, Na*, Li*;
0,; Cu). The vertical line at z = 0 identifies the middle of the
peroxide bond (O-0) for all three complexes. (b) Isodensity
surface plots (+ 0.005 e au®) of Ap. The black arrows represent
the z-axis of integration for the CD function. Yellow surfaces
indicate charge depletion regions, whereas cyan surfaces iden-
tify charge accumulation regions. Isopropyl groups and hydro-
gen atoms are omitted for clarity.

The interaction of the alkali metal ions with the peroxo unit is ev-
idenced by rather short M*..-O€0 distances in 1-M*, and thus the
cations should abstract a substantial amount of electron density
from the peroxide, affecting the O-O bond. Indeed, the O-O bond
length changes from 1to 1-M*, but does not vary much among the
three adducts. Since the solution state UV/vis absorption spec-
trum of 1.Li* significantly deviates from those of the other com-
plexes, the minimal structural changes upon coordination of Li*
are surprising. One plausible explanation would be a different ge-
ometry of the copper oxygen core in solution compared to the
solid state for 1-Li*, leading to different electronic structures. To
investigate this possibility solid state UV/vis reflectance spectra of
crystalline 1(BPhs), [1-K(OTf)(acetone)],(OTf),, [1-Na(OTf)(ace-
tone)]>(OTf), and [1-Li(OTf)]2(BPhs), were recorded (see Sl for de-
tails). However, the reflectance spectra in all cases were found to
closely match the corresponding spectra of the complexes dis-
solved in MeCN, indicating comparable electronic structures in
both the solid state and solution.

Electronic structure calculations. TD-DFT calculations allowed us
to identify the molecular orbitals that account for the observed
electronic transitions (Figure 6). The major transition appears red



shifted, arising from HOMO-4, the peroxide m* orbital that inter-
acts with the Cu-centered orbitals via o-interaction (n*,), to the
LUMO. The secondary transition arises from a second peroxide n*
orbital (rt*,) that is vertical to the copper oxygen plane and non-
bonding. Consequently, this electronic transition occurs with
lower intensity compared to the former and at lower energy.24 The
broad shoulder is due to a transition from HOMO-5, which is
mainly a Cu(d,2) orbital.

Cu" SOMOs

HOMO-4
HOMO-5 0,045

0/ mHOMOs

Figure 6. MO diagram derived from (ZORA)COSMO-S12g/TZ2P
TD-DFT calculations. For clarity, isopropyl groups and hydrogen
atoms are omitted, the O,(it") HOMO levels are shifted +3.3 eV,
and only a-spin MOs are reported. Isovalue 0.04 a.u.

Upon addition of the MOTf salts and formation of adducts 1-M*,
both characteristic CT bands of 1 undergo a blue shift (see Table
1) and their intensities decrease; the decrease in intensity is par-
ticularly pronounced for the lower energy absorption (assigned to
*,—Cu'; see below). This trend is also found for the main transi-
tion in the TD-DFT calculated spectra (Figure S22 and Table S8),
with a decrease in intensity for the computed secondary transition
in agreement with the experimental data.

To understand better the effect of the alkali cation binding on the
electronic structure of the [LCu"5(0,)]* complex, we plotted the
molecular orbitals (Figure $23-526) as used in the TD-DFT calcula-
tion for 1 and 1-M*. The rt*,(0>) orbital which accounts for the sec-
ondary CT transition is the HOMO-1 in 1, HOMO-2 in 1-K* and
1-Na*, and HOMO-3 in 1-Li*. Conversely, the m*,(0;) is always
found at HOMO-4. Interestingly, as the Lewis acidity of the cation
increases, the 1(0,) character of the MO decreases while the d(Cu)
character is enhanced; in 1-Li* the HOMO-4 symmetrized frag-
ment orbital (SFO) population (Table S9) indicates a 53% d(Cu)-
24% 1(0>) character instead of 44% d(Cu)-36% mt(O;) for 1. Hence,
in 1-Li* the HOMO-4, responsible for the main CT transition, is sim-
ilar to the Cu(dz2) HOMO-5 in 1, which produces the broad shoul-
der. In other words, through the interaction with the Cu,0, moi-
ety, the alkali cation shifts the principal CT transition by modulat-
ing the m(0,)/d(Cu) character of the molecular orbitals involved.

Effect of alkali metal ion interaction on spectroscopic and mag-
netic properties of u-n':n? cis-peroxo complex 1. To assess the ef-
fect of alkali metal ion binding on the O-O bond, we measured res-
onance Raman (rR) spectra of 1 and all adducts in solution and for
solid material with a laser excitation of 633 nm (see Figure 7, 8,
and S3-S6). This was complemented by DFT calculations for mode
assignment. As reported previously, rR spectroscopy of solid
1(BPhy) with Aexc = 633 nm shows a pronounced band (split by
Fermi resonance) for the O-O stretch at 793 cm'! that shifts to 752
cm'® when using 180, (A(10,-180,) = 41 cm™1, T(160-160)/ V(180-

180) = 1.055, calculated 1.060 for an isolated harmonic O-O oscil-
lator).23 Similar spectra with ¥(160-160) ~ 790 cm™! (A(160,-180,) ~
40 cm™) are observed for solid [1-K(OTf)(acetone)]>(OTf),,
[1-Na(OTf)(acetone)],(OTf),! and [1-Li(OTf)].(BPha),, though the
splitting by Fermi resonance is less pronounced in the adducts; the
spectrum for the Li* adduct is shown in Figure 7 as an example
(spectrum of the K* adduct is shown in Figure S3). All 0-O stretch-
ing frequencies are compiled in Table S3.
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Figure 7. Resonance Raman spectra of crystalline material of
[1-Li(OTf)](BPha),.

Surprisingly, despite the significant structural changes induced by
the adduct formation with alkali metal ion triflates, effects on the
0-0 stretching frequencies of 1 are marginal. A slight trend is ob-
vious from the solution state experiments, which will be discussed
in more detail (Figure 8). Starting from a 1 x 102 M solution of
1(BPhg) in EtCN at -30 °C, three oxygen isotope sensitive features
at ca. 444,797, and 1585 cm are observed. The peak at 797 cm!
(predicted at 768 cm by DFT, see Table S7) can be assigned to the
0-0 stretching vibration that appears as a doublet due to Fermi
resonance (797 cm is the average shift of the doublet), and col-
lapses into a single band upon labeling with 180, (A(10,-180,) =
39 cm! (exp), 35 cm? (DFT)); this phenomenon has also been re-
ported for many other TP systems. 323637 |n the presence of the
Lewis acids, the O-0 stretch shifts slightly to lower energies (796
cm-! for 1-K*, 791 cm'? for 1-Li*; see Table S3), in accordance with
the elongation of the O-O bond found in the molecular structures
(see Table 2). The second oxygen-isotope-sensitive feature at
1585 cm-! can be assigned to the overtone of the O-O stretching
vibration and hence also shifts to lower wavenumbers in the pres-
ence of an alkali metal ion (1576 cm® for 1-K*, 1571 cm for
1-Na*). However, this shift is more pronounced compared to the
normal mode, suggesting increased anharmonicity in the adducts.
These bands above 1550 cm-! are not observed in the DFT calcu-
lated spectra, corroborating their overtone character (not observ-
able within the harmonic approximation used in DFT38). A further
oxygen-sensitive feature at ca. 444 cm (DFT: 427 cm?, A180, = 19
cm? (exp), 29 cm (DFT)) can be assigned to a Cu-O stretch that is
only poorly resolved in the experiments, while rather appreciable
from DFT calculations. In all cases, a shift to higher energies is ob-
served when the alkali metals are present. Besides these oxygen
sensitive stretches, other resonance-enhanced Raman features at
ca. 270, ca. 330 and at ca. 350 cm? can be observed. These signals
presumably correspond to Cu-N stretches of the central pyrazo-
lato unit and of the TACN sides arms.3”
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Figure 8. Resonance Raman spectra of 1 and adducts 1-M* in
EtCN at -30 °C (¢ = 1 x 10-2 M, Aexc = 633 nm). #O-sensitive sig-
nals are labeled (*). Spectra have been scaled relative to the
solvent signals.

While the energies of the O-0 stretch are not significantly affected
upon interaction with the alkali metal ions, the O-O vibration is
clearly losing intensity when going from 1 to 1-Li* (see Figure 8).
Consequently, the overtone as well as the Cu-O stretch, which are
already poorly resolved in 1, vanish in the spectrum of 1-Li* (note
that rR spectra shown in Figure 8 have been recorded under the
same conditions and spectra have been scaled relative to the sol-
vent signals). The drastic loss of intensity upon adduct formation
may be explained by considering the UV-vis absorption spectra of
the different peroxo complexes, along with the schematic MO di-
agram of 1 (see Figure 6 and Figures S23-S26). Upon adduct for-
mation a shift of the absorption maxima of all adducts to higher
energies is observed concomitant with a decrease of their intensi-
ties, when the rR excitation wavelength is retained at 633 nm.
With respect to a distortion of the O-O bond that is resonance en-
hanced during this experiment, a t*,(0,2") to copper CT transition
is believed to have a greater effect on the O-O bond than a transi-
tion from the it*4(0,2) orbital, which has less electron density with
antibonding character within the peroxo region.2* Consequently,
the changes in intensity of the oxygen-sensitive features in the res-
onance-enhanced Raman spectra arise from a drastic loss of inten-
sity of the t*,(02%)-to-copper CT transition upon alkali metal bind-
ing, which is simultaneously shifting out of the excitation wave-
length of 633 nm.

The shift of the O-O stretching frequency towards lower wave-
numbers, though only minor, is in line with the observed increase
in 0-O bond lengths upon M* binding (see Table 2). However,
when considering solely the interaction of the peroxide group with
the Lewis acidic alkali metal ions, the trend is counterintuitive be-
cause this M-0, interaction should lead to removal of electron
density from the antibonding peroxo m* orbitals, thus stabilizing
the O-O bond. Nevertheless, this removal of electron density is
compensated by the transfer of charge density from Cu and its N-
donor ligands towards the peroxo (see Figure 5a), in particular for
1-Li*. Both charge-flows directly influence the frontier MOs, with
both the HOMO and LUMO showing larger contributions from
copper d-orbitals upon binding of the alkali metals (see Table S9).

In contrast, the peroxo contributes more to lower-lying orbitals
(such as HOMO-3 and HOMO-5). Overall, the contribution of the
oxygen p-orbitals to the MOs increases gradually, from 449% (out
of a maximum of 600% if the three p-orbitals of both oxygens were
fully occupied) for 1, to 456% for 1-K*, 457% for 1-Na* and 458%
for 1:-Li*. This is qualitatively consistent with the trend in O-O bond
lengths, which become longer, i.e., reflecting a larger contribution
of the antibonding peroxo m* orbitals. The gradual increase of the
Cu-O distances from 1.894 A in 1, to 1.900 A in 1-Na*, 1.908 A in
1-Na*and 1.909 A in 1-Li* indicate a weakening of the Cu-O bonds.
Both the weakened 0-0 and Cu-O bonds and the shifts in the con-
tributions of the frontier MOs can explain the loss of intensity of
the CT transitions upon alkali metal binding. In particular, the sec-
ond CT transition (648 nm for 1) is affected by the changes in MO
compositions; this transition corresponds to the n*,(0,2)—>Cu"
charge transfer in all cases, originating (mainly) from HOMO-1 for
1, HOMO-2 for 1:K* and 1:Na*, and HOMO-3 for 1-Li*. The in-
creased energetic separation between these occupied MOs and
the receiving LUMO, as well as the smaller overlap between the
two, makes the transition less efficient, leading to larger excitation
energies (lower wavelengths) and reduced oscillator strengths (in-
tensities). Thus, in going from 1 to the adducts 1-M*, more elec-
tron density with antibonding character is observed within the
peroxo region, which progressively destabilizes the O-O bond, and
reduces the CT transitions at the same time.

Magnetic properties of the u-n':n! cis-peroxo complexes. As was
previously demonstrated, the Cu-O-O-Cu dihedral angle ¢ in p-
ntnl-peroxodicopper(ll) complexes has a dramatic effect on the
magnetic coupling and the spin ground state.32 Though experi-
mental data are scarce, known TP complexes with ¢ ~ 180° usually
have a strongly stabilized S = 0 ground state due to antiferromag-
netic coupling between the two Cu" (S =) ions with -2/ > 600 cm"
1A = —2]§1 §2).39 The same situation is expected for an ideal P
system with ¢ ~ 0° but in case of the first °P type complex
[1-Na(OTf)(acetone)],(OTf), with a Cu-O-O-Cu dihedral angle of
65.2° the antiferromagnetic coupling was found to be much atten-
uated, viz. =2J = 154 cm™.18 A related pyrazolate-based p-ntn?-
peroxodicopper(ll) complex with a Cu-O-O-Cu torsion close to 90°
(¢ = 104.2°), which is best described as a 1P system right in be-
tween TP and °P (Figure 2), showed rather strong ferromagnetic
coupling (-2J = -144 cm?) attributed to orthogonality of the mag-
netic orbitals (e.g., Cu(d,z_,2) for an ideal square pyramidal ge-
ometry), and a vanishing overlap integral of these orbitals through
the bridging peroxide ligand.32

The magnetic properties of solid samples of parent 1(BPh,) as well
as of the new adducts [1-K(OTf)(acetone)],(OTf), and
[1-Li(OTf)]2(BPhs)2 have now been studied by SQUID magnetome-
try. The temperature dependence of the molar magnetic suscep-
tibility xm for 1 and for all three adducts is shown in Figure 9. The
difference in the magnetic behavior is evident from the position of
the maxima in the yw vs T plots (Tmax), since Tmax is linearly corre-
lated with the exchange coupling constant J, i.e. the stronger the
coupling the higher the temperature where the maximum is ob-
served (in this notation, Boltzmann constant kg = 0.695 cm-1K-1),40
Values for —2J obtained from best fits of the magnetic data (for
details see Sl) are given in Table 3, together with key metric pa-
rameters. In [1-K(OTf)(acetone)]»(OTf), the Cu-O-O-Cu torsion an-
gle is very similar to the one in [1-Na(OTf)(acetone)],(OTf), (66.8°
vs. 65.2°), and the singlet-triplet splitting is found to be the same
(-2 =154 cm1). In contrast, the Cu-O-O-Cu torsion increases to
71° in [1-Li(OTf)]2(BPhy), while antiferromagnetic coupling of the



Cu'ions centers is significantly diminished (-2J = 80 cm-1), in ac-
cordance with the qualitative considerations outlined above. Par-
ent u-nt:n! peroxo complex 1(BPhs), however, shows a rather
small singlet-triplet splitting of -2/ = 111 cm! despite having the
smallest Cu-O-O-Cu torsion angle within the series, ¢ = 55°. One
possible explanation may be the different coordination environ-
ments of the Cu"ions in 1 compared to the adducts 1-M*. Whereas
the average 75 values (Ts) of both Cu'" ions in the three adducts
1-M* are similar (Table 3), Ts in 1 indicates a major distortion to-
wards a trigonal bipyramidal geometry. This results in a different
character of the Cu-centered magnetic orbitals and a potentially
decreased overlap of ligand and metal orbitals, consequently di-
minishing the amount of magnetic exchange.*142 It should also be
noted that the two Cu' ions will couple magnetically via both the
peroxide and the pyrazolate bridges. Here, contributions from the
peroxide mediated exchange pathways are assumed to be pre-
dominant since dinuclear Cu" complexes with a single pyrazolate
as the only bridging unit typically show weak magnetic coupling (-
2J = 30-70 cm1).4344 However, contributions of the pyrazolate
bridge to the overall magneticinteractioninionsin 1 and 1-M* will
not be negligible. These findings illustrate that the interplay of
multiple factors such as the Cu-0O-O-Cu torsion angle and the Cu-
N-N-Cu fragment, as well as the coordination environment of the
Cu''ions, will affect the magnitude of magnetic exchange coupling
in these pyrazolate-based u-nt:n! peroxodicopper(ll) complexes.
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Figure 9. Temperature dependence of yy of 1 and the three
adduct complexes 1-M*; the solid curves show the best fits ob-
tained.

Table 3. Cu-O-O-Cu torsion angles, average Ts values and
magnetic coupling constants of 1 and 1-M*.

@ Cu-0-0-Cu [7] (T) -2J [em1]
1 55.3(2) 0.62 111
1K 66.8(2) 0.56 154
1-Na* 65.2(5) 0.58 154
1.Liva 71.1(2) 0.56 80

a The asymmetric unit contains two crystallographically inde-
pendent monomeric cations, one of which shows a disorder in
the O-0 part. The value given here is from the disorder-free
cation.

Spin state splitting DFT calculations, carried out on the crystal co-
ordinates of 1 and 1-M* (Table S11) show reasonably good agree-
ment with small singlet-triplet splittings (considering the expected
accuracy for these calculations which is of the order of 1-2
kcal-molt, i.e. 350-700 cm1). The OPBE functional correctly pre-
dicts the singlet ground state of all three adducts 1-M*, although
for parent 1 the triplet is incorrectly lower in energy. However, it
is worth noting that the spin state splitting of 1 using OPBE is the
closest to the experimental value among all the DFT functionals
tested in this work (see SI).

Effect of alkali ion interaction on electrochemical properties of
HU-n*:n* cis-peroxo complex 1. As reported recently, parent cis-pi-
ntn-peroxo complex 1 can be reversibly oxidized to the corre-
sponding p-nt:nml-superoxo complex [LCu'y(0,)]2* (2) at low poten-
tial (—0.58 V vs. Fc¢/Fc*; Figure 10), followed by an irreversible fur-
ther oxidation at ca. 0.6 V, likely associated with the liberation of
O, (see Figure $19).23
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Figure 10. Cyclic voltammograms showing first oxidation of
complex 1 (black) and its alkali metal ion adducts 1-M* rec-
orded at 100 mV/s scan rate and 0 °C (MeCN/0.1 M "BusNPFs);
final concentrations for 1: 3.02 mM; 1-K*: 2.67 mM; 1-Na*:
2.26 mM; 1-Li*: 2.69 mM.

For a preliminary assessment of the effect of the Lewis acidic alkali
metal ions on the electrochemical properties of 1, adducts 1-M*
were prepared in situ by adding concentrated solutions of the cor-
responding alkali metal triflate salt M(OTf) to preformed 1 in
MeCN/0.1 M "BusNPFg until no further change of the cyclic volt-
ammograms (CVs) was observed; under these conditions com-
plete formation of adducts 1-M* is assumed (required excess of
MOTT for 1-Li*: 19 equiv.; 1-Na*: 39 equiv.; 1-K*: 119 equiv.). The
resulting CV traces for the first oxidation are shown in Figure 10.
In the presence of alkali cations, the anodic peak potential £,
shifts strongly towards higher potential, the CV waves become
broad, and the redox process loses electrochemical reversibility.
The total shift of EZ,, increases from 1-K* to 1-Li*, which reflects
the interaction strength of the Lewis acid with the peroxo unit and
the corresponding charge flow from the {O,2-} to M* (cf. Figure 5).
Interestingly, the shift of E1,, appears to correlate linearly with the
Lewis acidity of the metal ions M* (Figure S20). Titration experi-
ments with MOTf show that the dicationic superoxo complex does
not interact with the alkali metal ions. Therefore oxidation of 1-M*
induces dissociation of M* from the resulting Cu"-O,°*--Cu' core. As
such the peak potential of the second anodic process associated
with oxidation of the superoxo unit, E,,, as well as the cathodic
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peak potential Epc in the reverse scan are both much less affected
by the presence of M* and are barely shifted compared to parent
1 (Figures 10 and S19)

Conclusions

Increasing evidence suggests that the properties and reactivities
of metal-dioxygen intermediates are strongly influenced by inter-
action with redox-inactive Lewis acidic metal ions, but structural
insight for such adducts has so far been extremely scarce. In this
work we have now isolated and fully analyzed an entire alkali
metal series of a cis-y~nt:ni-peroxo dicopper(ll) complex (1),
which also provides several crystallographically characterized ex-
amples for this rare P type Cu,0; binding motif. Li*, Na* and K* are
found side-on bound to the peroxo unit, leading to a significant O-
O bond elongation compared to parent 1, yet effects on the 0-O
stretching frequencies are minor. The strength of interaction in
MeCN solution has been quantified and is found to vary consider-
ably for the different alkali metal cations, with a remarkably high
affinity for Li* which is even extracted from its crown ether com-
plex. Interaction of Li*, Na* and K* is evidenced by drastic changes
observed in the UV-vis spectra of the different adducts, which are
consistent in both solution and in the solid state. Computational
analysis across the series shows pronounced differences in the de-
gree of charge transfer from copper to the O, fragment, indicating
that the entire Cu-OO-Cu unit is affected. This also explains the
significant differences in optical properties, because the alkali cat-
ion shifts the principal CT transition by modulating the ii(0,)/d(Cu)
character of the molecular orbitals involved. In addition, associa-
tion with the various alkali metal cations leads to variations in the
Cu-0-0-Cu torsion angle, which has a sizeable effect on the
strength of antiferromagnetic coupling between the two Cu" ions,
allowing us to establish a qualitative magneto-structural correla-
tion for the P motif. The modulation of the dicopper-peroxo unit
further extends to the electrochemical properties of the com-
plexes, where a substantial shift of the anodic peak potential and
a loss of electrochemical reversibility for the peroxo/superoxo in-
terconversion are observed in the presence of alkali metal ions.

While previous studies on the effects of redox-inactive Lewis acids
on metal/dioxygen intermediates have mostly employed strongly
Lewis acidic di- and trivalent metal ions such as Ca%* or Sc3*, the
present study shows that even monocationic and relatively weakly
Lewis acidic alkali metal ions can lead to significant changes in
electronic structures and spectroscopic signatures. These findings
also suggest that much care must be taken when reporting char-
acteristics of reactive intermediates prepared in situ, as alkali
metal ions, which are often present in the reaction mixtures (e.g.,
from the use of alkali metal ion containing bases or other rea-
gents) but are usually thought to be innocent ‘spectators’, can in-
deed play a direct role and have a profound influence on elec-
tronic, magnetic and electrochemical properties. These interac-
tions, which have been structurally authenticated and quantita-
tively assessed for the present P type Cu,0; intermediates, are
also reminiscent of those exerted by polarizing residues and ions
present in enzyme active sites, and they warrant further attention
given the ubiquity of alkali metal ions in both nature and the la-
boratory.

Experimental Section

See supporting information for experimental details and instru-
mentation.
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Synthesis of shown complexes and their crystallographic
details, UV /vis titration experiments, solid state UV/vis
spectra, rR spectra in solution and in the solid state, SQUID
data of all complexes and DFT calculations. This material is
available free of charge via the Internet at
http://pubs.acs.org
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