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Abstract

Tyrosinase catalyses the ortho-hydroxylation of monophenol and the subsequent
oxidation of the diphenolic product to the resulting quinone. In efforts to create
biomimetic copper complexes that can oxidize C-H bonds, Stack and coworkers
recently reported a synthetic u-n?mn?2-peroxodicopper(11)(DBED), complex (DBED =
N,N’-di-tert-butylethylendiamine), which rapidly hydroxylates phenolates. A reactive
intermediate consistent with a bis-u-oxo-dicopper(111)-phenolate complex, with the O-O
bond fully cleaved, is observed experimentally. Overall, the evidence for sequential
O-0 bond cleavage and C-O bond formation in this synthetic complex suggests an
alternative mechanism to the concerted or late stage O-O bond scission generally
accepted for the phenol hydroxylation reaction performed by tyrosinase. In this work,
the reaction mechanism of this peroxodicopper(ll) complex has been studied with
hybrid density functional methods by replacing DBED in the pn%n?-
peroxodicopper(ll)(DBED), complex by DMED ligands (DMED = N,N’-
dimethylethylendiamine) to reduce the computational costs. The reaction mechanism
obtained is compared with the existing proposals for the catalytic ortho-hydroxylation
of monophenol and the subsequent oxidation of the diphenolic product to the resulting
quinone with the aim of gaining some understanding about the copper-promoted

oxidation processes mediated by 2:1 Cu(l)O2-derived species.
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Introduccion

Proteins containing copper ions at their active site are usually involved as redox
catalysts in a wide range of biological processes. Type-3 active site copper-containing
proteins have a dicopper core, in which both copper ions are surrounded by three
nitrogen donor atoms from histidine residues.[1, 2] They are able to reversibly bind
dioxygen at ambient conditions. The copper(ll) ions in the oxy state of these proteins
are strongly antiferromagnetically coupled, leading to an EPR silent behavior. This class
of enzymes is represented by three proteins, namely hemocyanin, catechol oxidase, and

tyrosinase.

Tyrosinase is found in vegetables, fruits, and mushrooms, where it is a key
enzyme in the browning that occurs upon bruising or long term storage. In mammals,
the enzyme is responsible for skin pigmentation abnormalities, such as flecks and
defects.[3] Recently, the enzyme was reported to be linked to Parkinson disease and
other neurodegenerative diseases.[4, 5] Thus, tyrosinase is quite significant in the fields

of medicine, agriculture, and industry.[6, 7]

Tyrosinase catalyses the ortho-hydroxylation of monophenol and the subsequent
oxidation of the diphenolic product to the resulting quinone (Scheme 1). Little is known
about the mechanistic details of the monooxygenase (phenolase) activity of tyrosinase.
The enzymatic reaction is very complicated involving many fundamental catalytic
processes and it is blinded by significant side reactions such as nonenzymatic
transformations of o-quinone products to melanin pigments.[8] At least three different

mechanisms for the oxidation of phenols to o-quinones have been suggested.
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Scheme 1: Mechanism of the oxygenation and oxidation catalyzed by tyrosinase.

First, in the mechanism proposed by Solomon and coworkers in 1985,[9] the

monophenol binds to the axial position of one of the coppers of the oxy site (see



Scheme 2). Then it undergoes a trigonal bipyramidal rearrangement towards the
equatorial plane, which orients its ortho-position for hydroxylation by the peroxide.
This generates a coordinated o-diphenolate, which is oxidized to the quinone, resulting

in a deoxy site ready for further dioxygen binding.
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Scheme 2: Catalytic cycle for the monooxygenation of monophenols to o-quinones by tyrosinase

suggested by Solomon and coworkers.[9]

Second, another mechanism for the oxidation of phenols to o-quinones catalyzed
by tyrosinase was suggested from calculations using the hybrid density functional
theory (DFT) B3LYP method.[10] In the proposed mechanism (see Scheme 3), the
bridging hydroxide abstracts a proton from the tyrosine substrate. Then dioxygen
replaces the bridging water. Subsequently, the dioxygen attacks the phenolate ring
which is followed by the O-O bond cleavage. In the end, the bridging oxygen abstracts a

proton from the substrate, the quinone is formed and the catalytic cycle can start again.
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Scheme 3: Catalytic cycle of tyrosinase suggested based on hybrid DFT calculations.[10]

Finally, based on the crystal structure of tyrosinase,[11] another mechanism was
suggested (Scheme 4). In this mechanism, a peroxide ion, which forms a bridge with
two Cu(ll) ions in the oxy form of tyrosinase, acts as a catalytic base. As a result, a
proton is abstracted by the peroxide from the phenolic hydroxyl. Subsequently, the
deprotonated oxygen atom of monophenol binds to Cug at the sixth coordination site. At
this stage, Cug is hexacoordinated in a tetragonal bipyramidal cage. One of the two
peroxide oxygens is then added to the ortho-carbon of monophenol. This
monooxygenase reaction should be accelerated by the formation of a stable
intermediate, in which the newly generated oxygen atom of diphenol binds to Cua. To
form this state, His54, which is an axial ligand to Cua, must be released from the
current position. This assumption is derived from the flexible feature of the residue
His54 in the copper-free and Cu(ll)-bound oxy forms. Simultaneously, His54 can act as
a catalytic base for the deprotonation from the substrate. The resulting intermediate
should easily be able to transfer two electrons to copper, resulting in the formation of
the deoxy form of tyrosinase and quinone.
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Scheme 4: Structure-based catalytic mechanism of tyrosinase suggested by Matoba et al.[11]

The order in which the O-O bond cleavage and the attack on the ring take place
is not specified in the first and the third proposals described for the mechanism of
tyrosinase. It is well-known that the side-on p-nZnZ-peroxo species that appears in
these mechanisms has an unusual electronic structure which activates it for the
hydroxylation reaction.[1] The peroxide moiety is more electrophilic than in end-on
peroxycopper(ll) complex because of its strong ¢ donation to the copper ions.[12-14]
Moreover, the peroxide c* orbital participates in the back-donation from the copper
ions and consequently it weakens the O-O bond.[12-14] Besides, coordination of the
monophenolic substrate would donate additional electron density into this electrophilic
center and foster the hydroxylation reaction. In oxytyrosinase, the O-O bond in the
oxygen intermediate involved in the best characterised metalloenzyme hydroxylation
reactions, is still present.[15] Nevertheless, the direct coordination of the substrate to the
copper in tyrosinase can perturb the peroxodicopper core bonding by donating electron
density, which should facilitate O-O bond breaking, and also by transferring its acidic
proton to the peroxide. In general, it remains an open question whether the O-O bond is
cleaved prior to, concerted with, or after the attack on the ring that leads to the

formation of a new C-O bond (Scheme 5).
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Scheme 5: Three possible mechanistic scenarios for the monooxygenation of phenol by oxytyrosinase.
(a) The O-O bond cleaves prior to the attack on the ring, yielding a species which is the formally
binuclear Cu(ll) bis-u-oxo complex; (b) O-O bond cleavage is concerted with the attack on the ring; (c)

the O-O bond is still present after attack on the ring, yielding an aryl peroxide intermediate.[1]

The high efficiency of tyrosinase in the usually difficult C-H oxidation has elicited
extensive synthetic efforts to create copper complexes that can oxidize C-H bonds.[16-
25] Karlin and coworkers studied copper binuclear complexes[26-29] that showed C-H
aromatic bond activation chemistry, similar to monooxygenase action. Using phenolates
as substrates, a number of other research groups have described a variety of interesting
and important monophenolase activity model studies.[16, 30, 31] These studies have
either involved p-n?n?2-peroxodicopper(ll) or bis-p-oxodicopper(lll) complex
reactions, leading to catechol or quinone products. Since it has been shown that the
interconversion is rapid,[16, 32, 33] it is difficult to know which isomeric form is the

active species in o-phenol hydroxylation.

Recently, Stack and coworkers reported a synthetic pu-n?m?-peroxodicopper(ll)
complex, with an absorption spectrum similar to that of the enzymatic active oxidant,
which rapidly hydroxylates phenolates at —80°C.[31] Upon phenolate addition at
extremely low temperature in solution (-120°C), a reactive intermediate A consistent
with a bis-u-oxodicopper(l11)-phenolate complex, with the O-O bond fully cleaved, was
observed experimentally (see Scheme 6). The subsequent hydroxylation step had the
hallmarks of an electrophilic aromatic substitution mechanism, similar to tyrosinase.
Overall, the evidence for sequential O-O bond cleavage and C-O bond formation in this
synthetic complex suggests an alternative mechanism to the concerted or late stage O-O
bond scission generally accepted for the phenol hydroxylation reaction performed by

tyrosinase.
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Scheme 6: Experimental results obtained by Stack and coworkers.[31]

In this work, hybrid DFT calculations have been carried out to investigate the
reaction mechanism for a model of the peroxodicopper(ll) complex synthesized by
Stack and coworkers[31], in which the tert-butyl groups have been replaced by methyl
groups to reduce the computational cost. This model was chosen to be as energetically
representative as possible of the system studied (vide infra). The mechanism proposed
in this work is compared with the existing proposals for the catalytic mechanism of the
enzyme with the aim of gaining a deeper understanding about the chemical and

biological copper-promoted oxidation processes with 2:1 Cu(l)O.-derived species.

Methodology

All the calculations were done using the B3LYP[34, 35] hybrid density
functional. Open shell systems were treated using broken-symmetry unrestricted DFT.
For the open-shell structures, both the open-shell singlet and the triplet states were
considered. Geometry optimizations were performed using a standard valence LACVP
basis set as implemented in the Jaguar 5.5 program.[36] For the first- and second-row
elements, LACVP implies a 6-31G double-§ basis set. For the copper atoms, LACVP
uses a nonrelativistic effective core potential (ECP)[37] and the valence part is
described by a double-§ basis set. Local minima were optimized using the Jaguar 5.5
program.[36] Transition states and analytical Hessians for all the stationary points
(second derivatives of the energy with respect to the nuclear coordinates) were obtained
using the Gaussian 03 program[38] with the same functional and basis set. The Hessians
were used to determine the nature of each stationary point and to calculate zero-point
energies, thermal corrections, and entropy effects. These two latter terms were
computed at —120°C. Accurate single-point energies were obtained using the cc-
pVTZ(-f) basis set.[39, 40] For the copper atoms the lacv3p+ effective core potential

was used. The self-consistent reaction field method implemented in Jaguar was used to



evaluate electrostatic solvation effects and compute solvent free energies.[41, 42] For
the solvent methyltetrahydrofuran, MeTHF, a dielectric constant of 7.0 was used and
the probe radius was set to 2.71 A and the lacvp™* basis set was used. Final free energies
given in this work include energies computed at the B3LYP/cc-
pVTZ(-f)&lacv3p+//B3LYP/lacvp level of theory together, with solvent effects
obtained with the B3LYP/lacvp* method and with zero-point energies and thermal and

entropy corrections calculated with the B3LYP/lacvp method at —120°C.

In the literature there are several benchmark tests on the accuracy of the B3LYP
functional.[43] On the basis of these results, an average error of 3-5 kcal/mol is
expected for the computed relative energies for transition-metal-containing systems.[44]
There are indications that the reparametrized B3LYP* functional, which uses 15% of
exact Hartree-Fock (HF) exchange as compared to the 20% used in the original
functional, gives a better description of the relative energies in transition-metal-
containing systems.[45, 46] Therefore, the B3LYP* functional has been used to check

all of the relative energies discussed below.

To study in detail the mechanism of the hydroxylation of an aromatic ring
mediated by the peroxodicopper complex reported by Stack and coworkers,[31] we
created a simplified model of the system. In particular, the tert-butyl substituents of the
experimental complex have been replaced by methyl groups. Consequently, the model
has DMED ligands (DMED = N,N’-dimethylethylendiamine) instead of DBED (DBED
= N,N’-di-tert-butylethylendiamine). Furthermore, the phenolate, instead of the 2,4-di-
tert-butylphenolate used experimentally, has been used as the substrate of the reaction.
Introducing these modifications, we are changing the system and we are aware that they
could have some effect into the mechanism. The experimental complex (left) and the
system used in the present calculations (right) are shown in Fig. 1. In the new model,
the geometry of the core and the spin density values are almost identical to the ones of
the complete system (Table 1). Moreover, experimentally it has been found that the
peroxo form of the N,N’-di-tert-butyl-ethylendiamine has a Cu-Cu distance of 3.45
A [31] which agrees with the results obtained here. In both cases Mulliken atomic spins
of +0.43 and -0.43 on the copper atoms in the most stable open-shell singlet species are

consistent with a antiferromagnetically coupling of the the two Cu(ll) ions.



Fig. 1: Synthetic p-n?m?-peroxodicopper(ll) complex studied by Stack and coworkers (left) and the
model of the system used in this study (right).

o Distances (A) Spin density
Structures  Multiplicity?
Cup-Oa Cua-Og Cup-Op Cup-Og Cua-Cug 0a-Op Cua Cug Oa Og
0 so 1.99 1.99 1.99 1.99 3.66 157 0.43 -0.43 0.00 0.00
t 2.03 2.03 2.03 2.03 3.53 154 0.43 0.43 0.35 0.35
1 o) 1.97 1.97 1.97 1.97 3.61 1.58 0.43 -0.43 0.00 0.00
t 2.02 2.02 2.02 2.02 3.52 155 0.43 0.43 0.36 0.36

2 50 refers to the open-shell singlet state and t refers to triplet state.

Table 1: Comparison of geometrical parameters and spin density populations for the peroxide synthetic
u-n?m?2-peroxodicopper(ll) complex studied by Stack and coworkers (left) and the model of this system

used in the present study.

When systems with a Cu,02?" core are studied, it is important to determine
correctly the most stable coordination mode of O; to the two copper atoms.[47-53] This
is usually a difficult task for DFT methods.[54] Experimentally, it was reported that the
Cu202(DBED),?* complex consists of 95% side-on and 5% bis-u-oxo before the
interaction with the phenolate.[31, 55, 56] When using the B3LYP method with the
present model, the energy difference between the peroxo and the bis-p-oxo form is only
2.5 kcal/mol, the bis-p-o0xo being slightly more stable. Although the B3LYP theoretical
study of our model complex does not give the u-n?mn?-peroxodicopper(ll) form as the
most stable complex, the small energy difference found between the two species

indicates that the two species are almost isoenergetic in line with experimental results.



To explore the effect of increasing the degree of HF exchange in hybrid
methods, we have calculated the optimized geometries of the peroxo and bis-u-oxo
structures for the studied system by varying monotonically the proportion of exact
exchange introduced in B3LYP-like functionals.

The nonlocal hybrid Becke’s three parameter exchange functional (B3)[34] used

in B3LYP was originally formulated as:

E,c = EL™ +a,(EZ™ — EL™)+a, AEE™ + 2 AEPY™ (1)

The Ex®@ Ex-SPA T AEXB®, and AECPW®! terms are the HF exchange energy based on
Kohn-Sham orbitals, the uniform electron gas exchange-correlation energy, Becke’s
1988 gradient correction for exchange,[57] and the 1991 Perdew and Wang gradient
correction to correlation,[58, 59] respectively. The coefficients ao, ax, and ac were
determined by Becke[34] by a linear least-squares fit to 56 experimental atomization
energies, 42 ionization potentials, and 8 proton affinities. The values thus obtained were
a = 0.20, ax = 0.72, and ac = 0.81. In the Gaussian 03[38] implementation, the
expression of the B3LYP functional is similar to eq. (2) with some minor
differences:[60]

Eyc = ES 4, (ES™ —ELPA )+ a, AER® + EY'™ +a (AELF—EY™) (2

In this equation, the Perdew and Wang correlation functional originally used by Becke
is replaced by the Lee-Yang-Parr (LYP)[35] one. Since the LYP functional already
contains a local part and a gradient correction, one has to remove the local part to obtain
a coherent implementation. This can be done in an approximate way by subtracting
EcY"N from AEC-'P. Note that in the Gaussian 03 implementation the VWN functional
is the one derived by Vosko et al. from a fit to the random phase approximation [61, 62]

results.
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Results and Discussion

Some authors claim that comparisons of bis-p-0xo to side-on peroxo energies
should be made with pure functionals containing no HF exchange.[48, 63] In order to
study the dependence of the energy difference between the (u-n?n?)peroxodiccoper(ll)
and the bis-p-oxo forms on the degree of HF exchange of the functional, we have used
the Gaussian 03 program feature that allows one to vary the B3LYP standard Becke
parameter set (PS) through internal options. We have changed the a, parameter by 0.100
increments in the interval 0.000 < ao < 0.5, with fixedax=1-acand ac= ax. Theax=1
— ao relationship has already been used in some hybrid functionals.[64, 65] In Table 2,
we show the different PSs {ao,axac} employed and the difference in free energy

between the peroxo and the bis-p—oxo isomers.

Parameter set ao ax ac AG
Set 0? 0.000 1.000 1.000 17.6
Set 1 0.100 0.900 0.900 9.1
Set 2 0.200 0.800 0.800 -0.2
Set 3 0.300 0.700 0.700 -12.0
Set 4 0.400 0.600 0.600 -23.6
Set 5 0.500 0.500 0.500 -26.8

2 This parameter set corresponds to the BLYP functional.

Table 2. Parameter Sets Employed for B3LYP Calculations and the corresponding relative free energies

(in kcal/mol) of the peroxo form as compared to the bis-p-oxo isomer in the Cu,02(DMED),%* complex.

From the free energies of optimized isomers with the different PSs shown in
Table 2, we can see that, in our Cu,02(DMED)2?* complex, when pure functional BLYP
is used (PS 0, in Table 2), the bis-p-oxo isomer is 17.6 kcal/mol more stable than the
peroxo isomer. The more the degree of HF exchange, the more stable the peroxo form
of the studied complex is. This is in line with the previous results by Cramer and
coworkers.[54] It should be remarked that PS 2, whose parameters are the most similar
to those used in B3LYP, is the one that best reproduces the experimental results for the
Cu202(DBED),*? species showing that the energy difference between the two isomers is
small. In a previous study,[55] it was shown that geometry optimizations of the peroxo
species computed with the HF method and pure DFT methods either gave unreasonable

geometrical parameters or converged to the bis-p-oxo isomer. On the other hand, hybrid
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DFT methods reproduced nicely the measured geometrical parameters. Consequently,
we consider that B3LYP is a suitable method to carry out the study of the mechanism

with our model.

The present study of the reaction mechanism of our model for the
Cu,02(DBED),?* complex starts from the open-shell singlet peroxo form, which is the
predominant one experimentally found.[31] From this point on, two different pathways
are possible. In the first one (1> 2 - 3), the O-O bond cleavage is prior to the binding
of the substrate with the complex. In the second one (1> 2’ - 3), the O-O bond
cleavage takes place after the interaction of the substrate with the complex (Scheme 7).
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Scheme 7: Two possible ways in which the O-O can be cleaved in the studied system, before and after

the binding with the substrate.

Our results for the 1> 2 - 3 pathway showed that the barrier for the O-O bond
cleavage before the phenolate is bound (TS12) is 9.6 kcal/mol. The low energy barrier
of 9.6 kcal/mol found for the interconversion between the peroxo and bis-p-oxo forms
in our model systems indicate that, at this temperature, the two isomers are in
equilibrium, and, therefore, the transformation of the peroxo to the bis-u-oxo form is
possible (a half-lifetime of 11.2 s is obtained for the 1-> 2 conversion in our
Cu202(DMED),?* peroxo model form using the expressions derived from transition

state theory[66]). At this point, it should be mentioned that the theoretical barrier for the
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interconversion between the peroxo and bis-p-oxo forms in the whole complex, i.e.
Cu202(DBED),?*, was found to be around 10 kcal/mol, which agrees with the value
obtained for our model.[55] It is worth here to note that the calculations by Mirica and
coworkers have some limitations since they were carried out only for the lowest spin
state energy, without including the solvent effects, and with a partial optimization of the
transition state (instead the authors took the point of maximum energy along a linear
transit that transforms 1 into 2). The next stage of the reaction is the binding of the
phenolate with the complex that would lead from Structure 2 to Structure 3. This step
was found to be exothermic by around 16 kcal/mol (see Table 2). It should be
emphasized that, for the Cu,02(DBED),?* complex, the experimental energy difference
between the peroxo and bis-p-oxo isomers with sterically demanding neutral ligands is
small[16, 32, 67-69], slightly favoring the peroxo form. In fact, in their work at —120°C
Stack and coworkers [31] detected that the dicopper(1l) complex was 95% in the peroxo

isomer (species 0 in Fig. 1) and 5% in the bis-p-0x0.[55, 56]

On the second possible pathway (1> 2’ = 3), the free energy of binding of the
substrate to the peroxo form (Structure 1) of the complex is exothermic by 31.4
kcal/mol. The next step would be the O-O bond cleavage with the substrate bound to
the biomimetic complex (TS2’3) which has a barrier of more than 20 kcal/mol. This
barrier is quite high since two bonds are simultaneously weakened. The O-O bond
cleaves assisted basically by a single copper atom and, at the same time, the distance
between the copper with the substrate bound and one of the N atoms of the ligand (Cua-

Ng) increases considerably (Table 3).
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Spin density

Structures Multiplicity? AG
Cua Cug On Os substrate

1+ PhO o) 0.43 -0.43 0.00 0.00 - 0.0

t 0.43 0.43 0.36 0.36 - 1.9

TS12 + PhO™? o) 0.28 -0.28 0.00 0.00 - 9.6
2+ PhO™® S - - - - - -2.5
2 o) 0.50 -0.39 -0.07 -0.27 0.04 -31.4

t 0.38 0.49 0.36 0.31 0.04 -31.2

TS2'3° o) 0.40 -0.37 -0.08 -0.05 -0.11 -9.2

3° S - - - - - -18.8

2 50 refers to the open-shell singlet state, s refers to the closed-shell singlet state and t refers to triplet
state.
b Only the singlet is reported, since the triplet for these structures lies much higher in energy.

Table 2: Spin density at different spin states for the structures that intervene in the core isomerisation of
the Cu,O; for model of the complex before (1, TS12, 2) and after (2°, TS2’3, 3) the addition of the

substrate. Calculated Free Energies(G), relative to Structure 1 plus phenolate, in kcal/mol are also

reported.
Distances (A)
Structures
CUA'OA CUA'OB CUB-OA CUB-OB CUA'CUB OA'OB CUA-NA CUA'NB CUB-NC CB'ND
TS12 1.87 1.87 1.87 1.87 3.16 2.01 2.00 2.00 2.00 2.00
TS2'3 191 1.98 1.89 1.90 3.34 1.88 2.06 2.30 2.06 2.06

Table 3: Comparison of geometrical parameters for the transition states of the O-O bond cleavage, TS12
and TS2’3.

Fig. 2 Fully optimized transition states for the O-O bond cleavage TS12 and TS2’3. Distances are in
angstroms.

As said before, the low energy barrier for the interconversion between the p-

n%:m?-peroxodicopper(l) and the bis-u-oxodicopper(Il) isomers suggests that these two
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forms are in equilibrium at —120 °C. Although our theoretical calculated energies favour
slightly the bis-p-oxo form, the experimental results for species 0 in Fig. 1 indicate that
this equilibrium is displaced towards the peroxo isomer. [31, 55, 56] The added
phenolate can react with any of the two forms since reaction of phenolate with the
peroxo and bis-pu-0xo isomers are exothermic processes with reaction free energies of
—30.8 and —16.3 kcal/mol, respectively. In absence of any other kinetic constraint, the
added phenolate will react with the peroxo form according to the experimental
observation of this species in solution[31] or with the bis-p-oxo isomer as indicated by
our calculations. It is worth mentioning that, for the addition of fragments of different
charge (such as addition of phenolate to species 1 or 2), solvent effects are extremely
important and difficult to handle correctly. For this reason, we consider that to definitely
differentiate between routes 1> 2 - 3 and 1> 2’ - 3 further calculations including
explicitly solvent molecules in the model are necessary. In addition, a study of the
reaction dynamics might be necessary to reach a final answer about this initial part of
the reaction mechanism. At the present stage, solvent effects have been introduced using
an approximate polarizable continuum model. The approximate nature of such

calculations prevents us to definitely reject any of the two pathways proposed.

Experimentally, an intermediate where the distance between the two copper ions
is 2.79 A and with an average distance of 1.89 A between each Cu and the four N/O
ligands was detected (species A in Scheme 6).[31] The observed structure should
correspond to Structure 3 that has a distance of 2.86 A between the copper ions and an
average distance of 1.92 A of each Cu with the four N/O ligands (Table 4). Previously,
Stack and coworkers already optimized a structure that corresponds to our Structure 3
and the intermediate detected experimentally.[31] It should be mentioned that their
model includes the whole complex and the 2,4-di-tert-butylphenolate as substrate,
which is the substrate used experimentally. They used the unrestricted B3LYP hybrid
functional with the 6-311G* basis set for the copper atoms and the 6-31G* basis set for
each remaining atoms. Despite using different models and basis sets, the geometrical
parameters they obtained are quite similar to the ones that we have found in the present
study (see Table 4).
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Distances (A)
Structures  multiplicity?

Cua-Oa Cua-Og Cug-Oa Cup-Og Cua-Cug Oa-Op Cua-Oc¢ 0a-Ca Cua-Na Cua-Ng  Cug-N¢  Cug-Np

3P s 1.88 1.92 1.82 1.82 2.86 2.37 1.92 3.16 2.04 2.43 2.02 2.02
s¢ 1.80 1.86 1.76 1.78 2.76 231 1.84 1.34 2.00 2.83 2.02 1.97

TS34 s 1.93 1.88 1.88 1.84 2.92 2.38 1.93 2.10 2.10 2.28 2.03 2.03
t 1.96 1.95 1.88 1.85 2.90 2.48 2.08 2.26 2.08 2.30 2.07 2.07

4 S0 2.07 1.90 2.01 1.89 2.88 2.66 212 1.43 2.18 2.22 2.07 212

t 2.06 1.90 2.00 2.00 2.89 2.67 212 1.43 2.18 2.22 217 214

2 50 refers to the open-shell singlet state, s refers to the closed-shell singlet state and t refers to triplet
state.

® Only the singlet is reported, since the triplet for this structure lies much higher in energy.

¢ Geometrical parameters corresponding to the structure equivalent to Structure 3 found previously by
Stack and coworkers.[31]

Table 4: Comparison of geometrical parameters transition state for the structures that intervene in the C-

O bond formation.

In Structure 3, the attack on the ring by one of the oxygen atoms takes place
(Scheme 8). The formation of a new C-O bond breaks the aromaticity of the phenolate
and spin density appears on both copper ions (Table 5). The transition state TS34 was
located for both the closed-shell singlet and triplet cases. The singlet structure for TS34
(Fig. 3), with a barrier of 7.2 kcal/mol, is more stable than the triplet by 1 kcal/mol but
the structures are almost identical. In this step the distance between Cua-Ng decreases
from 2.43 to 2.22 A while the distance between Cua-Oc increases from 1.92 to 2.12 A.
According to preliminary calculations at the B3LYP level by Stack and coworkers,[31]
the activation energy for the C-O bond formation step is 10.9 kcal/mol (a value 12
kcal/mol is given in the supporting information [31]). This value corresponds to the
point of maximum energy along a linear transit that transforms 3 into 4 by approaching
in successive steps the ortho-carbon of the phenolate and the closest oxygen atom of the
Cu202 core. No full optimization of the transition state was carried out in that work and,
therefore, the barrier of 10.9 kcal/mol should be taken as an upper bound to the actual
energy barrier.[31] Indeed, this value is higher by 4.8 kcal/mol than that obtained in the
present work by fully optimizing the transition state structure. It is also worth noting
that in a previous and recent B3LYP study[70] using a similar basis set on a different
Cu202(L2)*? model, the authors were unable to locate a TS similar to our TS34. Instead,
they found an (u-ntn1H)Cuz(1,11)O; intermediate that reacts to give the analogous of our
structure 4 through a TS with an energy barrier of about 16 kcal/mol. Despite several
attempts to find it, such a (u-n*m*)Cuz(l,11)O2 intermediate has not been found in our

potential energy surface.
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The thermal decay rates at —105°C for species A (see Scheme 6) formed with 6-
d-2,4-di-tert-butylphenolate and 6-h-2,4-di-tert-butylphenolate were measured by Stack
and coworkers and they obtained a KIE of 0.83+£0.09.[31] Using our model and the

following expression derived from the transition state theory:[66]

~ AGH7
RT

KT (goyung |

KIE:E—Hz h
kBT 04\ An
—(C e
H (c”)

| (AGHﬁAGD*)
_ :e[ Jir) 3)
)

we obtained a KIE of 0.88 at —105°C, which is in excellent agreement with the reported
experimental value. Such small secondary inverse kinetic isotope effect is generally
anticipated for electrophilic aromatic substitution (EAS) reactions, in which a carbon
centre undergoes a hybridization change from sp? to sp? in the transition state. As it can
be seen in Fig. 3, this is exactly what happens in TS34. The calculated free energy
barrier of 7.2 kcal/mol and the KIE of 0.88 for the transformation of 3 into 4 perfectly
matches the experimental 10.3 kcal/mol and 0.83 values, thus reinforcing the idea that
this step is the rate determining step for the transformation of A (Scheme 6) into the

final products (but not for the full transformation from 0 to products!).

;Q £

/O /L ‘ /O p L

L/,Cu{ >Cu[ - L/Cu“\ >Cul

Y o L / o L
3 4

Scheme 8: C-O bond formation in the studied system.
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Spin density

Structures  multiplicity® AG
Cua Cug Oa Og substrate
3P sP - - - - - -18.8
TS34 s - - - - - -11.6
t 0.57 0.42 0.11 -0.10 0.80 -10.6
4 so 0.55 -0.47 0.00 -0.11 0.02 -44.9
t 0.53 0.44 0.11 0.67 0.04 -46.2

2 50 refers to the open-shell singlet state, s refers to the closed-shell singlet state and t refers to triplet
state.
b Only the singlet is reported, since the triplet for this structures lies much higher in energy.

Table 5: Spin density at different spin states for the structures that intervene in the C-O bond formation.

Calculated Free Energies(G), relative to Structure 1 plus the phenolate, in kcal/mol are also reported.

Fig. 3: Fully optimized transition state for the open-shell singlet state for the C-O formation (TS34).
Distances are in angstroms.

In Structure 4 the distance between the hydrogen atom of the ring that has to be
transferred and Og is too long for the transfer to take place. For this reason there is a
rearrangement of the position of the substrate that transforms 4 into 5 (Fig. 4 shows the
transition state of this transformation). This reduces the Og-Ha distance from 4.13 to
3.72 A and increases the Cua-Oc distance from 2.12 to 2.40 A. This step has a barrier of
0.3 kcal/mol with the small basis set. However, after carrying out the single-point
energy calculation with the bigger basis set and adding the effect of the solvent, the
thermal corrections and entropy effects, it turns out to be barrierless. It should be
mentioned that for the experimentally reported Cu2O2(DBED)2?* complex,[31] due to
presence of the bulky tert-butyl substituents of the ligand, this step may possibly have a
significant barrier since the whole system will have a larger steric hindrance for

rotation.
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Fig. 4: Fully optimized transition state for the triplet state for rearrangement of the position of the
substrate (TS45). Distances are in angstroms.

After the rearrangement of the position of the substrate, the transfer of the
hydrogen can finally occur (Scheme 9). The Og-Hadistance goes from 3.72 in Structure
5 to 0.97 A in Structure 6. Along this process, the ring of the substrate recovers the
aromaticity (Table 6 and Fig. 5). For this step, the open-shell singlet and triplet states
both have a barrier of 4.7 kcal/mol (Table 6). As can be seen in Table 6, the geometrical
parameters are almost identical for the two different spin states. Similar energies and
geometries in the open-shell singlet and triplet states of 5 and also of TS56 are an
indication that the two spins are weakly coupled for these species. Some spin density
also appears on the ring after the hydrogen atom transfer (Table 7, species 6). The lack
of spin density and the positive charge (0.47 €) on the H transferred in TS56 leads us to
conclude that the process is a proton transfer in the transition state which is
subsequently followed by an electron transfer. So, at the end, what has been transferred
is a hydrogen atom, although in the TS56 the particle transferred has to be considered a

proton.

% /O\ L ‘ /O\ P
L/CU 1l CU“ L—Cu 1l CU“
~
/ \o/ \L L/ \9/ L
H
5 6

Scheme 9: Hydrogen atom transfer in the studied system.
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Distances (A)
Structures  Multiplicity?

Cua-Oa  Cua-Og Cu-Op Cug-Og Cua-Cug Oa-Op Oa-Ca Cua-Na  Cua-Ng Ca-Ha Og-Ha

5 S0 2.09 1.89 2.03 1.87 2.89 2.66 1.43 2.09 2.14 1.12 3.72

t 2.09 1.90 2.03 1.88 2.89 2.66 1.43 2.09 2.14 1.12 3.72

TS56 S0 2.09 1.98 2.03 1.92 2.76 2.52 1.47 2.06 211 1.26 1.53
t 2.09 1.98 2.04 1.93 2.76 251 1.47 2.06 211 1.26 1.52

6 S0 2.03 2.02 2.04 1.94 3.00 261 1.38 2.06 2.23 4.77 0.97

t 2.06 1.97 2.08 1.94 2.99 261 1.94 2.10 2.27 478 0.97

2 50 refers to the open-shell singlet state and t refers to triplet state.

Table 6: Comparison of geometrical parameters transition state for the structures that intervene in

hydrogen atom transfer.

Fig. 5: Fully optimized transition state for the triplet state for the hydrogen atom transfer (TS56).
Distances are in angstroms.

Spin denstity

Structures  Multiplicity® AG
Cua Cug Oa Og substrate

5 S0 0.53 -0.47 -0.03 -0.03 0.01 -48.8

t 0.50 0.44 0.15 0.65 0.01 -50.2

TS56 S0 0.42 -0.53 0.04 0.08 0.01 -44.1

t 0.50 0.40 0.30 0.52 0.00 -45.5

6 S0 0.61 -0.41 -0.09 -0.02 -0.10 -93.7

t 0.61 0.37 0.26 0.11 0.38 -94.3

2 50 refers to the open-shell singlet state and t refers to triplet state.

Table 7: Spin density at different spin states for the structures that intervene in hydrogen atom transfer.

Calculated Free Energies (G), relative to Structure 1 plus the phenolate, in kcal/mol are also reported.

After the hydrogen atom transfer, the last step of the reaction should consist of

the transfer of two electrons from the complex, one from each one of the copper ions, to
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the substrate to complete its reduction. This step is endothermic by 9.2 kcal/mol. This
means that the barrier would probably be higher in energy than all the barriers found for
the previous steps of the reaction that starts from structure 3. However, it should be
mentioned that experimentally an acid is added in order to obtain the products (the
quinone and the catechol), so the added protons are probably necessary for the last stage

of the reaction.

The free energies for the reaction mechanism studied in this work using the
Cu02(DMED)2?* complex are shown in Fig. 6. The reaction starts with the Cuz-(11-11)-
peroxo form of the complex in equilibrium with the Cua-(111-111)-bis-u-0xo isomer and
this is the situation when phenolate is added. At this stage, two scenarios are possible.
Either the O-O bond cleavage takes place before the binding of the substrate, or the O-O
bond cleaves after the binding of the substrate. Subsequently the attack on the ring of
one of the oxygen atoms occurs. In order to make possible the hydrogen atom transfer
from the ring to the second oxygen of the complex, a rearrangement of the position of
the substrate takes place. Finally, the hydrogen atom is transferred from the substrate to
the complex and the addition of protons would make possible the formation of the
products, the quinone and the catechol, that are observed experimentally.

In both possible scenarios the most critical step is the peroxide O-O bond
cleavage and this step is prior to the attack on the ring that leads to a new C-O bond
formation. For the step corresponding to the hydroxylation of the ring, the calculated
free energy barrier (7.2 kcal/mol) and KIE (0.88) are in good agreement with the
experimental values (10.3 kcal/mol and 0.83, respectively), thus providing confidence

about the validity of the obtained results.
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Fig. 6: Free energy profile obtained for the mechanism studied at the B3LYP level of theory. Calculated
Free Energies(G), relative to structure 1 plus phenolate, are given in kcal/mol.

Finally, all the structures were also reoptimized using the B3LYP* functional,
with only 15% HF exchange. As can be seen in Table 8, rather small effects were

obtained from a decrease in the amount of exact exchange. The main changes occur for

the relative energies of structures 2 and 3 with bis-u-oxo character that, as discussed

before (Table 2), are stabilized with the reduction of the HF exchange contribution to

the hybrid density functional. For none of the intermediates or transition states, B3LYP

and B3LYP* give different ground states. These results give further support to the
reliability of the method used in the present work.
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Structures B3LYP B3LYP*

AG(S=0) AG(S=1) AG(S=0) AG(S=1)
1+ PhO' 0.0 1.9 0.0 4.0
TS12+ PhO 9.6 - 7.9
2+ PhOr 25 - 7.2
2 -31.4 -31.2 -30.8 -30.4
TS23 9.2 - -10.6
3 -18.8 - -24.1
TS34 -11.6 -10.6 -17.4 -11.3
4 -44.9 -46.2 -43.3 -48.9
TS45 -46.4 -48.4 -44.7 -46.6
5 -48.8 -50.2 -47.2 -52.0
TS56 -44.1 -45.5 -44.0 -45.7
6 -93.7 -94.3 -92.8 -97.4
7 -85.1 - -82.4

Table 8: Calculated free energies(G) in kcal/mol for different spin states for the structures that appear in

the hydroxylation of phenolate for the model of the complex.

Before comparing the results obtained for the studied synthetic complex with the
existing proposals for the catalytic cycle for tyrosinase, several facts have to be taken
into account. For most of the biomimetic systems of tyrosinase, including the system
studied in this article, the substrate is an anion, a phenolate, while for the enzyme the
substrate is neutral, a phenol. Tyrosinase is thought to be capable of abstracting the
proton of the phenol that it releases later to give the products. On the other hand, for the
studied complex, protons have to be added in the last step of the reaction in order to
obtain the quinone and/or the catechol. Moreover, since tyrosinase biomimetic
complexes cannot restart the reaction by themselves, the reaction assisted by these

compounds can be more exothermic than the reaction catalyzed by the enzyme.

In the proposal made by Solomon and coworkers for the tyrosinase mechanism
(Scheme 2),[9, 71, 72] in the first step the phenol loses one proton before binding to one
of the copper atoms of the active site. At his point, it should be highlighted that from the
spectral features of oxy-tyrosinase Solomon and coworkers proved that it has a very
similar active site to oxy-hemocyanin.[71] For the tyrosinase mechanism, the O-O bond
cleavage and the attack on the ring results in the formation of a coordinated o-
diphenolate intermediate that has a simultaneous coordination of the substrate to both

copper centers in a bidentate bridging fashion was suggested.[9, 72] In our proposed
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mechanism  for  the  hydroxylation of  phenolates by  Cu2O2(N,N’-
dimethylethylendiamine),** such species does not intervene. The closest structure in our
mechanism to the intermediate suggested by Solomon and coworkers for the enzyme
catalytic cycle is species 6 which has one of the oxygen atoms of the substrate bound to
one of the copper ions and the other bound to both copper ions. For our model, we tried
to locate a structure with the substrate coordinated to both copper centers in a bidentate
bridging fashion as suggested by Solomon et al.[9] Nevertheless, all attempts to find
such species lead to structure 6 with only one of the oxygen atoms coordinated to both
copper atoms. So, at least with the present model and level of calculation, the possibility
of a reaction mechanism going through the intermediate suggested by Solomon and
coworkers[9] has to be rejected in our model. Obviously, from our calculations the
presence of such an intermediate cannot be ruled out in the reaction mechanism of

tyrosinase.

In the mechanism suggested by Matoba et al. (Scheme 4) for tyrosinase,[11] the
proton of the phenol does not leave the active site of the enzyme until the last step of the
catalytic cycle. First, it is bound to one of the oxygen atoms of the peroxide moiety and
then to Histidine 54. Later it forms the water molecule that is released in the last stage.
Since for the present studied complex, the reaction starts with the phenolate and the
protons are introduced to obtain to products, comparisons cannot be made for this point.
In Matoba’s proposal,[11] the binding mode of the substrate after the O-O bond
cleavage and the attack on the ring is the same suggested by Solomon. As said before,
such intermediate was not found in the potential energy surface of our model.

It is also worth noting that in both Solomon and Matoba’s proposals the order in
which the O-O bond cleavage and the attack on the ring occur in the catalytic cycle for
the phenolase activity of tyrosinase is not clearly specified and, therefore, it can not be
discussed in relation to our proposal. However, in both mechanisms, the O-O bond
remains after the binding of the phenolate and the coordination environment of the two
copper ions with the oxygen atoms, Cu(ll)2-u-n%n?-O, is not modified and this is at
variance with the reaction mechanism reported in this work. In our theoretical study for
the Cu.02(N,N’-dimethylethylendiamine)2>* complex, when the substrate is bound to
one of the copper ions there are two possible coordination environments. A structure

with an asymmetric Cu(ll)2-p-n'm?O, core is proposed if the substrate binds to one of
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the copper ions previous to the O-O bond cleavage. On the other hand, a Cu(lll)2-(u-02)
structure is suggested after the O-O cleavage takes places, which corresponds to the
intermediate observed experimentally by Stack and coworkers (species A in Scheme
6).[31]

Finally, our study for the Cu.O2(N,N’-dimethylethylendiamine),®* complex
cannot be directly compared with the proposal made in the earlier hybrid DFT study by
one of us for tyrosinase (Scheme 3) [10] for several reasons. In the first place, the total
charge in the previous study was +1 while in the current model is +2. Secondly, in that
study the Cup-(I1-11)-peroxo form of the complex that we use as the starting point for
our mechanism does not appear. Finally, the previous mechanism went through an
intermediate with a superoxo moiety that we have been unable to locate in our potential
energy surface and not via the structure 3 (intermediate A) that has been detected

experimentally.

Conclusions

In this work, we have studied the full reaction mechanism of the hydroxylation
of phenols mediated by the Cu.02(N,N’-dimethylethylendiamine).** complex. The
proposed reaction mechanism follows an electrophilic aromatic substitution pattern that
involves an intermediate with the O-O bond cleaved and the phenolate coordinated to a
copper center. This species would correspond to the intermediate observed
experimentally by Stack and coworkers.[31] The rate determining step for the
hydroxylation of this intermediate to the final products is the attack of one oxygen atom
of the Cu20> unit to the aromatic ring leading to a new C-O bond. The barrier and the
KIE for this ring hydroxylation step obtained with the B3LYP functional are in good
agreement with the experimental results.[31] After this step, in our model complex, the
reaction proceeds with smooth energy barriers until the final quinone products are
reached. Unfortunately, our calculations cannot definitely assign whether the O-O
cleavage takes place before or after the binding of the substrate. In our opinion, to get a
definitive answer on these first steps of the studied reaction mechanism, it is necessary
to include explicitly several solvent molecules in the model and to perform a study of
the dynamics of the reaction. This is out of the scope of the present work but it will be

the subject of future research in our laboratory.
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Finally, although the obtained results refer only to the system studied, we
consider that our study may offer some hints on the reaction mechanism of tyrosinase.
For this reason, the existing proposals for the tyrosinase catalytic cycle mechanism and
our theoretical mechanism for Cu.0(N,N’-dimethylethylendiamine)-** complex have

been compared and discussed as to the similarities and differences found.
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