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The singlet, open-shell singlet and triplet potential energy surfaces (PES)
for the peroxo state of a catalytic functional tyrosinase model have been
investigated by density functional theory calculations. The broken-
symmetry solution exhibits considerable stabilisation over the whole
PES but the importance of the triplet state is unravelled as well.

Tyrosinase is a ubiquitous copper enzyme that catalyses the hydrox-
ylation of phenols to catechols and the subsequent oxidation of
catechols to quinones by activating dioxygen in the form of a side-
on-bonded peroxide dicopper(u) species (P core)." With regard to the
unique and impressive catalytic oxidation chemistry of tyrosinases,
decades of effort have been directed to reproduce their reversible
dioxygen binding and oxidative reactivity in small synthetic com-
plexes.>? Besides the biologically occurring side-on-bonded peroxide,
the isomeric bis(u-oxo) dicopper(u) core (O core) has often been
found in model complexes.®* The most accepted mechanism, based
on both theory and experimental data, proposes that a P core species
performs the hydroxylation reaction through an electrophilic aro-
matic substitution reaction and that the cleavage of the O-O bond
oceurs either concerted with or after the C-O bond formation.”
However, radical mechanisms have been proposed® and several
examples of highly active pure O core complexes kept the discussion
about the truly hydroxylating species in tyrosinase alive.” To com-
plicate matters, the isomeric equilibrium (Fig. 1) between O and P
cores can be shifted by the choice of the ligands, temperature and
counteranions.® Moreover this equilibrium is theoretically regarded
as a torture track for computational chemistry,>® since the amount
of exact exchange heavily influences the predicted energies for the
O/P equilibrium.” Several studies with multi-reference (MR) calcula-
tions based on a wave functional theory (WFT) method such as
CASPT2,'° MRCI + Q,"' DMRG," and RASPT2" have been carried
out with ammonia ligands as a substitution for histidine residues.
However, the small model does not reproduce experimental Cu-Cu
and O-O distances of “real” peroxo complexes. Further DFT studies
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Fig. 1 Equilibrium between O and P core species, catalytic model®

[Cu,O,(HC(3-tBUPZ),(Py)),1%*.

focused on real-life systems,”™* but still “cutting” of the ligands or
substrates yielded deviating results. In a very recent study utilising
DFT and the full complex system, Liu and Blomberg gave an
explanation for the early cleavage of the O-O bond with subsequent
phenolate coordination.” These results fit excellently with the
experimental data provided by Stack et al.’® and emphasize the
importance of the O core for substrate activation. Moreover,
they point out the importance to simulate “full” systems
without simplifications.

In spite of decades of effort, only four complexes achieved
significant catalytic phenol hydroxylation using dioxygen: a dinucleat-
ing, polydentate imine complex reported by Réglier,"” another dinu-
cleating benzimidazole system with 1.2 turnovers reported by Casella'®
and with the first mononucleating analogues, Tuczek et al found
systems capable of 30 turnovers at maximum in the presence of
triethylamine.'® They propose the P core species as active species.
Recently, we presented a new catalytic tyrosinase model based on
bis(pyrazolyl)pyridylmethane ligands.>® The model complex [Cu,O,-
(HC(3-tBuPz),(Py)),]"* could be unambiguously identified as the P core
by spectroscopic methods such as UV/Vis, Raman, X-ray absorption
spectroscopy (XAS) and mass spectrometry. For the theoretical descrip-
tion, geometrical data from XAS and optical data from UV/Vis
spectroscopy have been used for benchmarking purposes. The hybrid
functional TPSSh>' has been found to treat this 108-atom system
reasonably in combination with the 6-31g(d) basis set (see ESIt). To
shed light on the PES, a 64-point grid was used by equidistant
variation of the Cu-Cu and O-O distances, setting the chosen value
as constant and full relaxation of the rest of the molecule.
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Fig. 2 Potential energy surfaces of the catalytic model system; with grid:
singlet PES; transparent: open-shell singlet PES (singlet P set as zero).

The distances have been varied between 2.89 and 3.79 A for the
Cu---Cu vector and 1.36 and 2.15 A for the O---O vector. Since
the P core is not adequately described by a pure closed-shell
singlet,>>'** we have calculated the full broken-symmetry (BS)
PES. Fig. 2 depicts the closed-shell and open-shell singlet PES.
The effect of spin contamination was found to be negligible
(0.5 keal mol ™). Both PES represent a remarkably narrow valley
with steep sides. The O core lies in a shallow high valley whereas
the P core lies in a deep immersion. The pass between both
species seems not to be unsurmountable with 8.0 kcal mol "
from the P side. Applying the broken-symmetry approach
changes this picture: the P core gains 3.3 kcal mol " stabilisation
yielding a difference in electronic energies of 9.3 kcal mol " and
a barrier height of 11.2 kcal mol '. With regard to the two-
determinant description of the P species, the triplet state has
been studied by single-point calculations up to now and
was found to be close in energy in some cases.®**> We provide
with a fully relaxed triplet PES (Fig. 3) and find that this PES is
not so steep as the singlet PES (as was expected for an excited
state) and lies approximately 10-20 kcal mol " above the BS PES.

It is highly noteworthy that the triplet P minimum is only
3.7 keal mol™" higher than the singlet P species and 7.0 kcal mol ™"
higher than the BS P species. The triplet P minimum is shifted
towards a slightly shorter Cu- - -Cu distance (3.51 A in comparison
to 3.56 A for the closed-shell singlet).

After inspection of the three PES, we focused on the minimum
path between O and P cores by varying the O---O distance and
keeping it at fixed values between 1.36 and 2.15 A. In order to prove
the influence of the functional and basis set, we relaxed the complex
molecules with fixed O---O distances (Fig. 4A). Remarkably, the
minimum profile does not change significantly when using hybrid
or pure functionals or applying a PCM solvent model. When using
Ahlrichs’ triplezeta basis set, the O state cannot be found as a local
minimum at all. For the singlet minimum path, we were able to
obtain the O — P transition state TS with a transition normal mode
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Fig. 3 Potential energy surfaces of the catalytic model system; with
light grid: singlet PES; transparent: open-shell singlet PES; with dark grid:
triplet PES (singlet P set as zero).

of 185 cm ™! in the form of a Cu,0, P — O core deformation

vibration. Inspection of the minimum path towards the energies
of the closed-shell singlet, open-shell singlet (broken-symmetry)
and triplet (Fig. 4B) states gives a similar surprising picture as the
PES: the BS P species is stabilised by 3.3 keal mol ™, the triplet P just
lying 3.7 keal mol ™" over the singlet P.

Hence, the great relevance of triplet states for the activity of
tyrosinase and its models has to be underscored since such an
excited state can be easily attained by optical excitation in the
n,* — d,, transition. On the O side, the triplet is 11.0 kcal mol ™!
higher in energy. This can be explained by the d® configuration
of the Cu atoms which try to avoid the triplet state.

In order to understand the electronic situation of the P core,
we performed NBO analysis*® (Fig. 4C and Table S7, ESIt) and
charge decomposition analysis (CDA, Fig. 5).>* The HOMO of
the P core is the bonding interaction between peroxide c* and
Cu d,, orbitals whereas the LUMO is the antibonding combination
of n* and Cu d,,>** When the P core is transformed to the O core,
these electrons are shifted more into the o* orbital of the peroxide
moiety yielding the oxido bridges but the resulting HOMO is still a
bonding combination of oxygen ¢* and Cu d,, orbitals with more
oxygen contribution.”® The NBO charges in Fig. 4C illustrate that the
charge on the copper atoms changes only by 0.12 e-units whereas
the oxygen charge changes by 0.24 e-units during this transition. The
overall charge is then compensated by the pyrazolyl and pyridine
donors. The CDA allows a detailed insight into (back)bonding of the
P, TS and O species. The backbonding of the Cu to the unoccupied
o* orbital is thus very small in the P species with 1.7% and grows to
a contribution of 40.4% in the O core, since here, this orbital is
now formally filled and represents the HOMO (mainly consisting of
the filled o*). The increasing charge on the oxygen atoms is also
reflected in the increase in back-donation of peroxide m* to Cu in the
P — O pathway. The marginal * population in the P species is a
hallmark for an enhanced electrophilic hydroxylation activity which
is found experimentally.*
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(A) Singlet minimum path for functional/basis set combinations (P with TPSSh/6-31g(d) set as zero); (B) minimum path (TPSSh/6-31g(d)) for the

Cu...Cu distance (A)

three states (singlet P set as zero); (C) NBO charges for the O/P transition (TPSSh/6-31g(d)).
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Fig.5 P — O correlation diagram25 and CDA results.

In summary, we herein present the first full PES analysis of a

P/O core equilibrium for the three important states. Moreover,
this complete analysis has been accomplished for a real-life
catalytic tyrosinase model. We could show that the P core lies
in a deep global minimum with additional broken-symmetry
stabilisation. With regard to the simple optical excitation by
visible light, the low-lying triplet P state appears as a viable
alternative for induction of biological hydroxylation activity.
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