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A unique type of Cu,/O, adduct with orthogonal :‘?:?l\lssUlD FD-FT THz-EPR _

(close to 90°) Cu—O—O—Cu arrangement has been proposed for
initial stages of O, binding at biological type III dicopper sites, and ..
targeted ligand design has now allowed us to emulate such an ¢
adduct in a pyrazolate-based u-n':n'-peroxodicopper(Il) complex
(2) with Cu—O—0—Cu torsion ¢ of 87°, coined *P intermediate. e
Full characterization of 2, including X-ray diffraction (dg_o = 1.452 o o
A) and Raman spectroscopy (Zo_o = 807 cm™"), completes a series /@TM*
of closely related Cu,/O, intermediates featuring u-n':n'-
peroxodicopper(II) cores with ¢ ranging from SS5° (A, cis-peroxo
CP; Brinkmeier, A. et al, J. Am. Chem. Soc. 2021, 143, 10361) via  *
87° (2, *P type) up to 104° (B, approaching trans-peroxo "P; %
Kindermann, N. et al, Angew. Chem. Int. Ed. 2015, 54, 1738).
SQUID magnetometry revealed ferromagnetic interaction of the Cu" ions and a triplet (S, = 1) ground state in 2. Frequency-domain
THz-EPR has been employed to quantitatively investigate the spin systems of 2 and B. Magnetic transitions within the triplet ground
states confirmed their substantial zero-field splittings (ZFS) suggested by magnetometry. Formally forbidden triplet-to-singlet
transitions at 56 (2) and 157 cm™" (B), which are in agreement with the exchange coupling strengths J;;, inferred from SQUID data,
are reported for the first time for coupled dicopper(II) complexes. Rigorous analysis by spin-Hamiltonian-based simulations
attributed the corresponding nonzero transition probabilities and the ZFS to substantial antisymmetric (Dzyaloshinskii—Moriya)
exchange d and provided robust values and orientations for the d, J, and g tensors. These interactions can be correlated with the Cu—
O—0O—Cu geometries, revealing a linear increase of Ji,, with the Cu—O—O—Cu torsion and a strong linear decrease with the Cu—
O-0 angle. Relevance of the *P intermediate for O, activation at type III dicopper sites and a potential role of antisymmetric
exchange in the concomitant intersystem crossing are proposed.
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Examples of isolated Cu,/O, adducts with a cis-u-1*:7" peroxo
motif (“P) are relatively scarce, and structural characterization
has been achieved only recently.'””'> While the SP core
represents the key intermediate identified in oxygenated type
III copper proteins, species with a y-17":7'-peroxo unit have
been proposed along the trajectory of O, binding/release at
these biological dicopper sites, based on computational work
by Solomon and co-workers.">™"> In this scenario, binding of

Binding and activation of dioxygen at type III copper
metalloproteins, such as hemocyanine, catechol oxidase, and
tyrosinase, is a textbook case in bioinorganic chemistry and has
been intensively investigated.' ™ Significant progress on the
understanding of biological dicopper/dioxygen chemistry has
been achieved through the combined use of computational and
advanced spectroscopic methods as well as the development of
synthetic analogues.4_6 Several types of Cu,/O, intermediates

have been identified upon exposure of copper(I) model February 28, 2022
complexes to dioxygen (Scheme 1, top). trans-u-n":n'- ("P) April 8, 2022
and p-n*:pP-peroxodicopper(I1) (°P) complexes have been April 11, 2022
quite well studied,””” and they are generally found to have a May 6, 2022

strongly stabilized total spin S, = 0 ground state due to
antiferromagnetic coupling between the two Cu' ions.
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Scheme 1. Structurally Characterized Cu,/O, Motifs (Top)
and the Mechanism for O, Binding at Type III Dicopper
Sites Involving a *P Arrangement on the Way to the P
Intermediate (Bottom)
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triplet dioxygen initially proceeds via simultaneous electron
transfer from the two Cu' ions to the two orthogonal dioxygen
7* orbitals, whereby *0, is reduced to '0,>". Delocalization of
the unpaired spins to the copper(Il) ions results in sizeable
ferromagnetic coupling (Scheme 1). The triplet (S, = 1)
ground state prevails in a p-n':n'-peroxodicopper(II) arrange-
ment with Cu—O—O—Cu torsion angle close to 90° (which
we now coin 1P, distinct from "P and P species with limiting
Cu—O—-0-Cu torsion angles of around 180 or 0°
respectively). This initial binding mode then progresses to
the planar Cu,0, core (*P) while establishing a superexchange
pathway and enabling the triplet-to-singlet intersystem crossing
(ISC) and hence the formation of the experimentally observed
S, = 0 ground state for type IIT copper proteins.">~">

By employing a compartmental pyrazolate/tacn (tacn
1,4,7-triazacyclononane) hybrid ligand [L"']~, we could isolate
and structurally characterize y-1,2-peroxodicopper(II) complex
A (Figure 1) in which the dinucleating ligand scaffold enforces
a cis-u-n":n'-peroxo (“P type) binding mode, showing a Cu—
O—0—Cu dihedral angle ¢ of around 55°.'>"" Modification of
the ligand scaffold by elongating the linker units between the
tacn side arms and the central pyrazolate bridge ([L**]7)
induces a shorter Cu---Cu distance and consequently a tiltin§
of the peroxo unit within the bimetallic pocket (B; Figure 1)."
This results in a Cu—O—0—Cu dihedral angle even beyond
90° in B, viz. ¢ = 104°, and dramatically different magnetic
properties: while A features an S, = 0 ground state (though
antiferromagnetic coupling is relatively weak, i, = —56 cm™
H = -2J, S, S,), B shows significant ferromagnetic coupling
(S =1, Jio = +72 cm™"). Complex B is the first, and so far the
only, peroxodicopper(1l) complex with an S, = 1 ground state
that can be viewed as a model of the *P situation shown in
Scheme 1. Interestingly, multifield magnetization measure-
ments for B suggested an unexpected large zero-field splitting
(ZFS) IDJ ~ 3 cm™" of the total spin S, =1 ground state. This
is quite unusual for a spin pair with local spin doublets, S; =
1/2.'° The magnetic data were well simulated by including
antisymmetric exchange in the spin-Hamiltonian, but the
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Figure 1. Previously reported peroxodicopper(II) complexes A and B
based on the pyrazolate/tacn ligands [L"']™ and [L**]7, respectively,
and the nonsymmetric ligand [L"?]™ presented in this work.

magnitude of the ZFS so far prevented its direct determination
via spectroscopic detection of transitions within the triplet
ground-state multiplet. Antisymmetric or Dzyaloshinskii—
Moriya (DM) exchange results from the concerted action of
single-ion spin—orbit coupling (SOC) and exchange coupling
between ground and excited states of different paramagnetic
ions in a noninversion-symmetric environment.'” ¥

Complexes A and B demonstrate the impact of targeted
ligand modifications on the resulting structural and electronic
properties of the Cu,/O, adducts. The aim of the present
study was threefold: (i) adjusting the Cu—O—O—Cu torsion
to closely match the orthogonal arrangement with ¢ = 90° in
an exact *P model; (i) examining the effect of variable torsion
angles ¢ on spin-spin coupling in the y-1":17'-peroxodicopper-
(1I) core; and (iii) spectroscopically measuring the ZFS of the
S, = 1 ground state in B and the new “P model. To this end,
we have now employed the hybrid ligand scaffold [L'?]" that
combines structural components of ligands [L"']™ and [L**]~
present in A and B, viz. one short (CH,) and one longer
(CH,CH,) linker between the tacn side arms and the central
pyrazolate bridge (Figure 1). Furthermore, we have used a
combination of SQUID magnetometry and frequencz-domain
Fourier-transform (FD-FT) THz-EPR spectroscopy 21 as a
novel method for directly detecting the respective spin-state
transitions and to yield refined insights into the electronic
structure of these unique ferromagnetically coupled Cu,/O,
adducts.

The nonsymmetrical ligand scaffold [L"*]~ was synthesized
according to previously reported multistep protocols””** with
slight modifications, which are described in detail in Section 2
of the Supporting Information (SI). For the synthesis of
dicopper(I) complex 1, HL'? was deprotonated with
potassium tert-butoxide, and the resulting ligand [L"*]™ was
reacted with two equivalents of [Cu(MeCN),]ClO,. Sub-
sequent counter ion exchange with NaBPh, led to the isolation
of the dicopper(I) complex [L"*Cu,]BPh, (1). The structure
of 1 was determined by X-ray diffraction of single crystals
grown from acetone/diethyl ether solutions, containing two
independent molecules of 1 per asymmetric unit; the
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molecular structure of its cation is depicted in Figure 2. Both
Cu' ions are found in distorted tetrahedral coordination

Figure 2. Molecular structure of the cation of dicopper(I) complex 1.
Thermal displacement ellipsoids are given at 50% probability.
Hydrogen atoms, solvent molecules, and counter ions are omitted
for clarity.

environment (7, = 0.64 (Cul), 0.60 (Cu2)>*) within the {N,}
binding pockets of the pyrazolate/tacn framework. The Cu--
Cu distance is 4.081 A and 4.060 A for the two crystallo-
graphically independent molecules, which is in between the
values previously reported for dicopper(I) complexes
[L"'Cu,]BPh, (4.153 A) and [L**Cu,|BPh, (3.968 A),
demonstrating the tunability of the metal---metal separation
by targeted ligand design.'"'® Diamagnetic complex 1 was also
characterized by NMR spectroscopy (SI, Section 3.1).
Colorless solutions of complex 1 in MeCN or EtCN react
readily with molecular dioxygen, accompanied by an intense
purple colorization (Figure S9), indicating the formation of the
corresponding peroxo complex [L"*Cu,(0,)]* (cation of 2).
Following the reaction by UV/vis absorption spectroscopy
(Figure S8) shows the emergence of a dominant peak at 520
nm (& &~ 5500 M~! cm™!) with shoulders at 617 nm (& ~ 3300
M~ cm™) and 790 nm (& =~ 1500 M~ cm™), as well as a less
pronounced shoulder at higher energy around 430 nm (& ~
2000 M~! cm™). These distinct features are characteristic of y-
n":n'-peroxodicopper(II) complexes, mostly due to O,>~ —
Cu'! charge transfer transitions.” In particular, the spectrum of
2 is very similar to that of complex B (Figure 3), whereas
complex A reveals a distinct maximum at 648 nm that was
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Figure 3. Electronic absorption spectra of peroxodicopper(II)
complexes A, 2, and B in MeCN at —40 °C.
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recently attributed by TD-DFT calculations to excitations
within the z-manifold on the Cu—0,—Cu core.'"'* Compar-
ison of the three spectra indicates subtle electronic differences
within this series of peroxodicopper(Il) complexes based on
the dinucleating pyrazolate/tacn ligands.

The resonance Raman spectrum of peroxo complex 2 (4., =
633 nm; Figure 4) shows an intense feature at 807 cm™' that

—— difference spectrum
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Figure 4. Resonance Raman spectra of crystalline complex 2 at room
temperature (1., = 633 nm); the inset shows the difference spectrum.

shifts to 757 cm™ upon '*0, labeling (A(**0,-'%0,) = 50
em”}; 2(*0-1%0)/0(130-"%0) = 1.066, calculated 1.060 for
an isolated harmonic O—O oscillator) and is therefore assigned
to the O—O stretch. The value is very similar to the O—O
stretching frequency of B (803 cm™, A(*°0,-'0,) = 54
ecm™!), and also quite similar to the one of A (793 cm™,
A(*%0,-"%0,) = 41 cm™). In MeCN solution, samples of 2
prepared from natural abundance O, show further peaks at
764, 783, and 800 cm™"' (Figure S10). This phenomenon was
already observed for [L"'Cu,0,]* and to a lesser extent for
[L>?Cu,0,]%,'"'® and it was tentatively attributed to Fermi
resonance. Another possible explanation for 2 is the formation
of isomers in solution due to the decreased symmetry of the
nonsymmetric ligand scaffold [L"*]” combined with the
shallow potential energy surface associated with changes of
the Cu—O—O—Cu torsion.'" A further isotope-sensitive band
for solid 2 at 515 em™ (A(*%0,—"%0,) = 23 cm™) is assigned
to the Cu—O stretch, and again this is very similar to the value
observed for B (512 cm™, A(**0,—'%0,) = 22 cm™). Overall,
the electronic absorption and Raman spectra indicate close
similarity of the peroxodicopper(1l) cores of 2 and B.

By slow vapor diffusion of diethyl ether into an acetone
solution of [L"*Cu,0,]BPh, (2) at —26 °C, single crystals
suitable for X-ray analysis were obtained. These crystals are
stable for months at room temperature under exclusion of
water. As for the previously reported pyrazolate/tacn
peroxodicopper(II) complexes A and B, the molecular
structure of 2 shows a u-17':n'-peroxo unit within the bimetallic
pocket (Figure S). The O—O bond length (1.452 A) and the
Cu--Cu distance (3.696 A) in 2 are right in between those of
A (1.441, 3741 A) and B (1.460, 3.677 A); Table 1 lists
selected metric parameters for the three complexes. The
coordination geometries of both copper ions in 2 differ slightly
because of the nonsymmetric nature of the ligand scaffold:
Cul, hosted in the compartment with the shorter, methylene

https://doi.org/10.1021/jacsau.2c00139
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Figure 5. Molecular structure of the cation of 2. Thermal
displacement ellipsoids are given at 50% probability. Hydrogen
atoms, solvent molecules, and counter ions are omitted for clarity.

spaced side arm, features a strongly distorted trigonal
bipyramidal geometry (7 0.55), while Cu2 in the
compartment with the longer, ethylene spaced side arm
exhibits a slightly distorted square pyramidal geometry (75 =
0.20). These geometries appear to be imposed by the specific
binding pockets as they are essentially the same as in the
respective symmetric congeners A (75 = 0.60) and B (75 =
0.20) with two short or long side arms, respectively.'"'®

Most interestingly, the Cu—O—0O—Cu torsion angle ¢ in
solid 2 is 87° very close to the sought-after orthogonal
arrangement for an ideal 1P intermediate. Therefore, targeted
ligand design has now allowed for spanning the range of
dihedral Cu—O—0O—Cu angles from 55° (in A with ligand
[L"']7) via 87° (in 2 with ligand [L"*]7) to 104 ° (in B with
ligand [L**]7), with the Cu" ions being nested in very similar
{N,} binding sites for the entire series. Figure 6 illustrates the
different Cu---Cu separations enforced by the ligand scaffold,
the different twisting of the peroxo unit within the bimetallic
cleft, and the resulting changes in the Cu—O—0—Cu dihedral
angle @.

The clean isolation of 2 further allowed us to examine its
magnetic properties via SQUID magnetometry; it should be
noted that experimental variable temperature magnetic data for
peroxodicopger(ll) intermediates are still scarce in the
literature."”'>'“*> Magnetic susceptibilities shown in Figure
7b were recorded in the temperature range of 2—295 K at 0.5
T and revealed ferromagnetic spin coupling and an S, = 1
ground state, reflected by a distinct maximum of y,, T between
20 and 30 K. Further, y,,T rapidly decreases below 20 K, and
multifield magnetization measurements at 1, 3, and S T (Figure
7c) revealed significant nesting of the M(ugB/kT) curves,
suggesting sizable zero-field splitting (ZFS).

This rather unusual phenomenon for a system with two local
spin doublets (S, = 1/2), which cannot contribute single-ion
ZFS, was also observed for B.'® In the spin-Hamiltonian
formalism for two spin-coupled Cu(Il) ions, ZFS of the total
spin triplet state can only be caused by symmetric or

iPr

N—s=s7—)N
LA =2\
Ci=0 Cu—N~
Nyl

o1

o =104°

. . N4

6= 102°/104
Figure 6. Series of peroxodicopper(IT) complexes A,"" 2, and B'S with
Cu—0-0 angles 6 (left) and their core structures. The Cu—O—0—

Cu torsion angle ¢ is visualized by looking along the O1—02 bond of
the core structures determined by X-ray diffraction (right).

antisymmetric anisotropic contributions to the exchange
interaction. Since symmetric anisotropic coupling in peroxo
complexes with long Cu---Cu distances and moderately strong
isotropic exchange is not expected to play a crucial role,
antisymmetric spin coupling was invoked to explain the
unusual ZES for B.'®

The interaction of two Si = 1/2 spins is described by the
following contributions to the spin-Hamiltonian: the isotropic
Heisenberg—Dirac—van—Vleck exchange (Hyp,y), the sym-
metric anisotropic exchange (H,,) and the antisymmetric
Dzyaloshinskii—Moriya (Hpy) term. The dipolar interaction
was not considered explicitly as, based on the point-dipole
model, its contribution to the magnetic anisotropy, or ZFS, is
negligible. In the presence of an external magnetic field, a
Zeeman term (Hy,.,.,) is added to the Hamiltonian

H = HHDVV + Hani + HDM + HZeeman
=-2J 8,8, — 288, + d(8, x §,) + puBy(g,S,

+g,5,) (1)

Analysis of magnetometry data is very powerful for a
macroscopic assignment of the spin coupling scenario in
multinuclear complexes. However, a robust and unambiguous

Table 1. Selected Structural Parameters of Pyrazolate/tacn-Based Peroxodicopper(II) Complexes A,"" 2, and B'¢

d(0-0) [A] ¢@(Cul—0,—Cu2) [deg] 0(Cul,2—0,) [deg] 75(Cul,2)
A 1.441 S5 121, 122 0.60, 0.63
2 1.452 87 109, 113 0.55, 0.20
B 1.460 104 102, 104 020, 0.20
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Figure 7. (a) Simulated field-dependent spin energy levels for 2 with B, aligned along the x, y, and z components of the d vector. Solid and dashed
arrows indicate AMj, and AS, transitions, respectively. (b, ¢) SQUID data points and simulated curves for crystalline samples of 2: (b) yT vs T
recorded at By = 0.5 T and (c) iso-field magnetization M, recorded at 1, 3, and S T vs upBy/kT. (d, e) FD-FT THz-EPR magnetic-field division
spectra for pellets of polycrystalline 2 recorded at T = S K acquired using (d) low-a mode synchrotron radiation and (e) an Hg arc lamp. Spectra
were calculated by division of a transmission spectrum recorded at (d) By + 3 T or (e) By + 0.5 T by a corresponding one measured at B, (see SI,
Section 1.3). Thus, maxima correspond to stronger absorption at B, and minima to increased absorption at the higher field. Branches of AMj, =
—1, AM;, = +1, and AS, = —1 transitions are indicated, as well as AM, = +2, —1, and +1 peak positions in the 0.5/0 T simulations in panel (e).
Simulations in all panels are based on the optimized spin-Hamiltonian parameters in Table 2.

microscopic determination of spin coupling parameters, in
particular in the presence of anisotropic exchange contribu-
tions, requires complementary spectroscopic information.***’
To fully assign the spin-Hamiltonian parameters in eq 1,
accurately quantify the ZFS, and further elucidate its origin,
SQUID magnetometry was complemented by FD-FT THz-
EPR spectroscopy on complexes 2 and B.

Figure 7a depicts the calculated field-dependent spin energy
level diagram for two coupled S; = 1/2 centers with
pronounced DM exchange (based on the parameters for 2,
Table 2). FD-FT THz-EPR determines the energies of allowed
spin transitions between the Mg, = 0, 1 levels within the S, =
1 ground state, shown by solid arrows in Figure 7a. In addition,
as will be demonstrated here for the first time, it can detect
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formally forbidden AS, transitions between the ground state
and the S, = 0 excited state (dashed arrow) for coupled spins
exhibiting antisymmetric exchange. Thereby, FD-FT THz-EPR
at varying external magnetic fields allows for the independent
extraction of g values and exchange coupling parameters
according to eq 1, required for robust magnetostructural
correlations. Figures 7d (S13d) and 7e (S13e) depict FD-FT
THz-EPR spectra of complex 2 (B) in different experimentally
accessible energy ranges, comprising the AS, and AMg,
transitions, respectively.

Zero-field FD-FT THz-EPR spectra, in principle, directly
yield the triplet ZFS. However, in the present case, the ZFS is
slightly lower than the low-energy boundary of the detection
window, and signals are only observed at magnetic fields above
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Table 2. Optimized Spin-Hamiltonian Parameters for
Complexes 2 and B from Global Simulations of the FD-FT
THz-EPR and Magnetometry Data Using Equation 1¢

2 B
oL 2.18 206"
& 2.09 2.16"
oL 2.09 2.06"
Iy 225 2.16"
Jiso/cm ™! 254 76.9
Jonix/ e -09 -0.1
Janiyy/cm ™ L5 12
Jani/cm™" -0.6 —-1.1
d,/cm™! 30.9 34.7

“For the Euler angles describing the orientations of the g tensors
relative to the d frame, see Figure S16. bg tensors g; and g, of Cul and
Cu2, respectively, were constrained to be identical.

1 T. Extrapolation of the peak positions toward lower fields
confirms the large ZFS energy (i.e. D) for the total spin S, = 1
ground state of 5—6 cm™ for 2 and 3—4 cm™! for B (for the
corresponding effective spin-Hamiltonian, see Section 3.6 of
the SI). Both complexes exhibit two main branches AM;, =
and AMg, = +1 of field-dependent lines with differing eﬂectlve
Zeeman shifts (in the 7.5/7 T spectra found at ~7—10 and
~14—16 cm™', respectively), which can be attributed to the
transitions from Mg, = 0 to the —1 and +1 sublevels,
respectively (see below). In contrast to AMg, = +1, an
additional splitting is visible for the AM;, = —1 transitions.

Most notably, in spectra at higher excitation energies, we
could detect magnetic transitions with zero-field peaks of 56
cm™ for complex 2 (Figure 7d) and 157 cm™" for complex B
(Figure S13d). They originate from the formally forbidden AS,
—1 transitions, indicating particular mixing of the uncoupled
IMj,,M,) states that can only be engendered by the DM
interaction.

For an exact quantification of the spin coupling parameters,
we performed global multispin-Hamiltonian simulations of the
FD-FT THz-EPR and magnetometry data. In the absence of
local ZFS, only anisotropy of the exchange interaction,
symmetric and/or antisymmetric, can account for the magnetic
anisotropy. Simulations neglectmg either Ham or HDM confirm
that only the DM interaction induces a kind of mixing of the
uncoupled [M;,M;,) states (for details see Section 3.6 in the
SI) that results in a finite transition probability for the S, = 1 —
0 resonance to be observed around 56 cm™ (2) and 157 cm™!
(B). The DM interaction is identified also as the main
contribution to the ZFS by the spectral simulations in the
following.

Since symmetric anisotropic exchange contributions are
comparatively weak relative to isotropic and antisymmetric
ones (see above),”’”*? H ; was not considered in initial least-
square fits. The orlentations of the g tensors, assumed to be
axial to reduce the number of parameters, were defined by
spatially fitting a square pyramid or, in the case of Cul in 2, a
trigonal bipyramid to the atomic coordinates of the first
coordination spheres of the Cu centers. The unique, axial
components g, = g were hence aligned approximately along
Cul—Ol1 and Cu2—N8 in 2 and Cul—NS and Cu2—N8 in B
(Figure S16). They represent the smallest component in a
trigonal pyramidal environment (d,> ground state)” and the
largest 1n a square pyramidal environment (d¢_,* ground
state),”””° as also found for the isolated Cu™ ion in the u-1,2-
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superoxo complex upon le~ oxidation of B.*® The orientation
of the DM pseudovector d was defined such that the molecular
pseudo-C, (2) or C, (B) axis coincides with its d, component
(Figure S16). In C,-symmetric complex B, according to
Moriya’s symmetry rules,'”'®"” the d vector has to be
perpendicular to the C, axis, ie, d, = 0. Considering the
relative orientation of the Cul and Cu2 square pyramids, their
equatorial ligand planes are near-parallel, but they are rotated
around their g, axes by ~66° relative to each other. Such a
rotation results in orbital mixing, as shown theoretically," "
here of dgs_y and d,, engendering DM exchange in the
direction of the rotation axis. Thus, the unique, nonzero DM
vector component d, was aligned along the average orientation
of the Cul and Cu2 g, axes. Despite the symmetry breaking by
the different ligand side arms in complex 2, a similar relative
rotation of the ligand spheres by ~92° can be conceived. The
relevant axes from which the d, orientation is deduced are,
however, g, of Cul and g, of Cu2.

Simulations based on these models (Figures S12 and S14
and Table S1) provide a fitted isotropic exchange coupling J;,
=253 cm™' and a DM component dz = 34.5 cm™ for 2, and
Jio = 76.1 cm™" and d, = 45.7 cm™! for B, thus refining the
values obtained previously from magnetometry (Ji,, = 72 cm™’,
d, = 42 cm _1) ' The respective spin-state energy schemes
(Flgures S12a and S14a) show that the Mg, = 0 triplet sublevel
is lowest in energy, corresponding to a positive ZFS D, > 0.
Thus, the branches of intratriplet transitions with the smaller
and larger Zeeman shifts can be assigned to the transitions
from Mg, = 0 to —1 (AMg, = —1) and +1 (AM, = +1),
respectively. It is however seen that the simulations are not
able to reproduce the splitting observed within the AM;, = —1
transitions for both 2 and B. In addition, for complex 2, the
comparatively small Zeeman shift of the AS, = —1 transition is
overestimated. While accounting for these issues by g tensor
rthombicity yields unphysical values for g, and g,, an improved
agreement is achieved by including the H,, term (Figures 7
and S13 and Table 2), in particular reproducing the
orientationally dependent AM, = —1 splitting (Figure S1S;
see also p. S15 of the SI for a discussion of the remaining
discrepancies and limitations). At low fields, the simulations
show peaks from the AMj, = +1, AMg, = —1, and AM;, = +2
(Mj, = —1 to +1) transitions at 6, 4, and 2.1 cm ™, respectively,
in 2 (3.8, 2.8, and 1 cm™" for B). The symmetric anisotropic
exchan§e is of reasonable size for this second-order SOC
effect,’”** the unique component Janiy = 1.5 cm™ (2) and 1.2
cm™" (B) of the traceless tensor being between one and two
orders of magnitude smaller than Ji,, and d,, yet significantly
larger than the calculated dipolar interaction (~0.05 cm™). Its
considerable contribution to the triplet-state ZFS engenders a
reduction of d, by 10%_ (2) and 24% (B) compared to the
simulations neglecting H,,. In conclusion, the AMg, = —1
splitting, i.e. differing transition energies in the x and y
directions, results from rhombicity (E,) in the triplet total spin
ground state introduced by the symmetric anisotropic
exchange. (It is noted that, while in the presence of H,,,
Mg, = —1 and +1 are no good quantum numbers, they are still
being used analogous to the model without H, ; see SI,
Section 3.6.)

The isolation and magnetic investigation of 2 allows for
direct comparison of its magnetic properties with those of
congeners A and B, revealing a linear correlation between the
dihedral angle ¢ and the spin-spin coupling constant Ji, for
these three systems (Figure 8a). Interestingly, even though
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Figure 8. Correlation of the coupling constants J,, (black) and d,
(red) with (a) Cu—O—O—Cu torsion angle ¢ and (b) Cu—O-0
angle 0 (average for both Cu ions) of complexes 2 (squares, Table 2),
B (circles, Table 2), and A'® (triangles).

complex 2 features a Cu—O—O—Cu torsion angle of nearly
90°, the extent of ferromagnetic coupling is significantly
smaller than for the previously reported peroxodicopper(1l)
complex B, which exhibits a dihedral angle of 104°.'° In
theory,”*™* the ferromagnetic coupling term should dominate
when the magnetic orbitals approach orthogonality (¢ = 90°),
in which case the overlap integral of the magnetic orbitals is
close to zero. However, this correlation has been derived for
monoatomic bridges. It is not necessarily valid for extended
bridges constituted by more than one atom over which the
overlap density is spread, as already pointed out by Kahn.*®
DFT calculations show the delocalization of the magnetic
orbitals (Section 4 in the SI) and yield an overlap integral of
Soverlap = 0.09 for 2, clearly larger than for complex B (Soyerp =
0.0035. This is in accordance with the diminished ferromag-
netic coupling in 2 despite a Cu—O—0O—Cu torsion angle
closer to 90°. If instead, the Cu—O—O angle 0 is considered, in
analogy to the pivotal angle for a monoatomic bridge, a much
stronger angular dependence of J,, is found (Figure 8b). From
orbital considerations, it is highly plausible that a larger
deviation of @ from orthogonality increases the overlap
integral, providing an antiferromagnetic superexchange path-
way. Thus, the concomitant increase of ¢ and decrease of
shift the maximum ferromagnetic coupling to ¢ > 90° for u-
1":n'-peroxodicopper(II) complexes. It can be presumed that
in complexes with angles 6 smaller than in B, Ji;, will be even
more ferromagnetic.

Correlating the magnitude of d (d,) with ¢ and 0 indicates
different dependencies than for J,, with Ji,, appearing to be
more sensitive to the angular variations (Figure 8), as reported
before.”' In particular, the fact that significant DM exchange is
still expected at the suggested zero-crossing points of Ji,
renders the relation Idl ~ (Ag/g)l],,.l, derived by Moriya, "
not entirely valid in this case. J,,, and d, appear to be not
directly proportional upon varying the binding motif, in
accordance with distinctly different physical mechanisms
rAepresentinig dominant contributions to these and also the
H,,; term.”"*" As we have shown here, we can now separate
and quantify these terms in a much more direct, accurate way
using our approach. It will thus serve to gain deeper insight
into how structural factors govern the various exchange
contributions by applying it to further dicopper(Il) complexes.
It is noted that detection of AS, = +1 (singlet-to-triplet)
transitions should also allow us to characterize DM exchange
in case of antiferromagnetic coupling. Furthermore, to
determine the direction of the DM vectors d (and J,,;) and
their deviation from the z-axis, particularly for the asymmetri-
cally distorted complex 2, single-crystal experiments will be the
method of choice.
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Sophisticated ligand design has allowed to synthesize, in a
targeted approach, a p-':n'-peroxodicopper(II) complex (2)
of the *P type with a Cu—O—O—Cu torsion angle ¢ very close
to 90°, emulating the arrangement and electronic situation that
has been computationally proposed for the initial stages of O,
binding at biological type III dicopper sites.'*~"> The isolation
of 2 now provides a unique series of closely related and
structurally characterized Cu,/O, intermediates featuring u-
n":n'-peroxodicopper(II) cores with ¢ values ranging from 55°
(A, °P type)"' via 87° (2, 1P type) up to 104° (B, in between
1P and TP type),'® which allows us to experimentally establish
a magnetostructural correlation for these biorelevant species.
Because of the near-orthogonal Cu—O—0O—Cu arrangement,
magnetic coupling of the Cul! jons in 2 is ferromagnetic,
though slightly weaker than in B.

Correlations between spin state and reactivity have been
extensively studied for biorelevant mononuclear iron-oxo, iron-
superoxo, and iron-peroxo intermediates,*”*’ including the
spin-state effect on the O—O bond rupture in the latter,***
and spin topology contributions have also been discussed for
the O—O bond cleavage in heme-peroxo-copper models of the
cytochrome c oxidase active site. "% Spin crossover processes
accompanying such oxygen activation reactions, often proceed-
ing via two-state reactivity, are known to be mediated by the
SOC of the reactive transition metal ion. For single
paramagnetic sites, the probability of a spin flip to occur
depends on the mixing of the two spin states, for which the
principal mechanism is the SOC interaction between the
orbitals that become (de-)populated.*® For triplet-to-singlet
intersystem crossing during oxygen activation at type III
copper sites (which does not involve an on-site electron
transition), mixing of the spin states in the intermediate in
which the spin crossover occurs will facilitate this process in an
analogous manner. As the initial Cu,/O, complex immediately
after binding of triplet dioxygen to the dicopper(I) site is
constrained to the triplet ground state, an efficient mixing
mechanism appears to be essential. Antisymmetric exchange,
originating from SOC and analyzed here in detail for two Cu,/
O, intermediate models, could be of utmost relevance in this
respect. Thus, the present work now sets the scene for probing
the spin state as a potential factor for the reactivity of
bioinspired peroxodicopper(II) systems.

It is noted that the presented set of experimental data is the
most comprehensive for coupled dicopper(II) complexes to
date, including direct detection of the entirety of the spin-state
transitions in the system. In particular, the observation of the
formally forbidden AS, = —1 transition is a novelty for coupled
S = 1/2 spins without single-ion ZFS, providing unprecedented
experimental insights into the DM exchange mechanism.
Developments in the theoretical treatment of the DM
interaction until now have been lacking experimentally
determined values to benchmark the theories against.'”*!
Thus, this study paves the way for systematic investigations of
compounds with varying binding geometries, which allow to
scrutinize and refine theoretical models and will advance our
understanding of DM exchange. Moreover, our methodology
of FD-FT THz-EPR in combination with magnetometry can
be extended to study DM interactions in Cu'' trimeric systems
relevant for biological O, activation,*”*° as well as molecular
magnetism,SI and further classes of materials (e.g. multi-
ferroics”*”) where DM exchange is ascribed a decisive role for
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desired properties, such as spin-chiral magnetism’>® and
. 55,56

magnetoelectric coupling.
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