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Abstract

Investigations of complexes comprising the title cores are summarized with a view toward
understanding their interconversion and possible implications in metallobiochemistry. De-
tailed studies on the solvent and concentration dependence of the equilibrium between
(p-n*:n*-peroxo)dicopper(ll) (A) and bis(u-oxo)dicopper(Ill) (B) cores using mono- and
binucleating ligands have elucidated the effects of ligand geometry, solubility, solvent donor
ability and temperature on O-O bond cleavage and formation. These effects suggest that
similar environmental influences may be significant in metalloenzymes and in particular, raise
the possibility of either core being responsible for arene hydroxylation by tyrosinase. Recent
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studies on a synthetic system composed of a [Cuy(u-O),F * unit ligated to a mixed
imine/amine ligand with an appended arene substituent substantiate the notion that core A
or B may be competent in performing arene hydroxylation chemistry. © 1999 Elsevier
Science S.A. All rights reserved.

Keywords: Copper; Dioxygen; Tyrosinase; Synthetic models

1. Introduction

The important biological functions and fundamentally interesting chemistry of
metalloproteins that bind or activate dioxygen for substrate functionalization have
inspired much research into the nature of the metal-dioxygen adducts and derived
reactive intermediates [1].

One of the most thoroughly characterized metal-dioxygen species within the
growing class of proteins with nonheme active sites is the planar (u-n*n-per-
oxo)dicopper(Il) unit A that was identified in the reversible dioxygen-binding
protein hemocyanin [2,3], the arene-oxidizing protein tyrosinase [3,4], and, more
recently, the o-quinone-generating catechol oxidase [5]. Our understanding of the
structure, bonding, and aspects of the reactivity of A has been informed by studies
both of the proteins [2—5] and of synthetic model complexes [1£,6,7]. Recently, an
isomer of A, the bis(u-oxo)dicopper(Ill) core B, was characterized in several
synthetic systems [8,9], and the facile interconversion of A and B was observed in
a specific instance [10]. Several important questions were raised by these findings
that relate to the possible viability of B as a reactive intermediate in biology. What
controls the relative stability of isomers A and B? Is intermediate B, which
heretofore has remained unobserved in studies of tyrosinase, capable of performing
tyrosinase reactions (e.g. hydroxylating an arene)? In this brief review, work aimed
at characterizing A and B in synthetic systems will be summarized and recent efforts
in our laboratory to address the above questions will be presented.

(] 0]

PN PN

Cu2+\(|) /Cu2+ Cu& /Cu3+
(0]

A B
2. (p-n*n*-Peroxo)dicopper(Il) complexes

Since the initial discovery of core A in Cu/O, chemistry by Kitajima, Moro-oka,
and coworkers using sterically hindered tris(pyrazolyl)hydroborate supporting lig-
ands [If,6], several other groups have observed this core in low temperature
reactions of Cu(l) precursors with dioxygen [7,11]. In general, tridentate, facially
coordinating N-donor ligands have enabled access to isolable (p-n%nZ-per-
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oxo)dicopper(Il) cores, as long as bulky substituents are incorporated in order to
encapsulate the reactive unit in a hydrocarbon sheath and inhibit decomposition
reactions enough to allow its characterization. Structural features of A available from
the X-ray crystal structure of [(Tp"">Cu),(p-n%n?-0,)] (Fig. 1; Tp™™ = tris(3,5-diiso-
propylpyrazolyl)hydroborate) and various EXAFS studies are summarized in Table
1, alongside data from the oxy forms of hemocyanin, tyrosinase, and catechol oxidase.
Notable aspects include the Cu—Cu distance of ca. 3.6 A and the planar and
symmetrical p-n*n? binding mode of the O3~ ligand that has an O-O distance of
ca. 1.4 A typical for peroxide. Spectroscopic signatures of A include a diagnostic
pattern of peroxo — Cu(II) charge-transfer features in the optical absorption spectrum
(Amax €a. 350 nm (& ca. 20000 M~ 'cm ~') and ca. 550 nm (¢ ca. 1000)), EPR silence
due to antiferromagnetic coupling between the Cu(II) ions, and a low O-O stretching
frequency observed by resonance Raman spectroscopy (vo o ca. 750 cm '), A
bonding description was developed through a detailed correlation of spectral features,
structural parameters and theoretical calculations [3,6]. Several key aspects of this
description are reproduced in pictorial fashion in Fig. 2; significantly, back-donation
of electron density from the Cu(ll) d . . orbitals into the peroxide o* orbital in
the HOMO rationalizes the weak O—O bond, among other properties.

The characteristics of the product of oxygenation of solutions of
[LP3Cu(CH,CN))* (L'P™ = 1,4,7-triisopropyl-1,4,7-triazacyclononane) in CH,CI,
are typical of the (p-n*mn’-peroxo)dicopper(Il) core [7d]. Thus the oxygenation
product is EPR silent, exhibits the appropriate CT features in the UV-vis spectrum
and has a 2:1 Cu/O, stoichiometry as measured by manometry. Interestingly,
however, the O-O stretching vibration in the resonance Raman spectrum of this
compound is 713 cm ~ ' [7d,12], to our knowledge the lowest value for a metal-per-
oxide complex. Although caution must be exercised in correlating this low v, o with

Fig. 1. cHEM3D representation of the X-ray crystal structure of [(Tp™>Cu),(u-n*n%0,)] [6], with
non-carbon atoms labeled and H atoms omitted for clarity.
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Fig. 2. Partial molecular orbital diagram showing the frontier orbitals of the (u-n*:n>-per-
oxo)dicopper(Il) core, adapted from [3,6].

the O-O bond strength [3,6b,13], the existence of a particularly weak O—O bond in
this complex is consistent with the strong c-donor characteristics of the LiP™ ligand
which would be expected to increase the amount of electron density in the peroxide
o* orbital (HOMO in Fig. 2). Most importantly, the attribution of a weak O—O bond
to the core helps to rationalize the observed propensity of its (u-n*:n>-per-
oxo)dicopper(II) core to undergo O-O bond scission, as described below.

3. Bis(p-oxo)dicopper(III) complexes

Oxygenation of the Cu(I) complex of a 1,4,7-triazacyclononane ligand with benzyl
rather than isopropyl substituents (LB = 1,4,7-tribenzyl-1,4,7-triazacyclononane)
resulted in the formation of a new species with spectroscopic properties clearly
different from the (u-n’:n*-peroxo)dicopper(Il) species capped by L™ [8,10,14].
Detailed spectroscopic and structural studies revealed that the new species contained
a bis(p-oxo)dicopper(IIl) core (B), and there are now several crystallographically
characterized examples of similar compounds that are capped by various bi- and
tridentate tertiary amine ligands (Fig. 3) [8,9,14,15]. The geometries of the [Cu,(p-
0).]** cores of these molecules are similar to each other, and diverge significantly
from those characteristic of the isomeric [Cu,(p-n%n%-0,)2* unit (Table 1). Overall,
the bis(p-oxo)dicopper(I1l) core is more compact; the Cu—Cu mdistance (2.8 A) and
Cu-O bond length (1.8 A) are shorter than in the (n-n*n*-peroxo)dicopper(1I)
compounds. Diagnostic spectral properties include a pair of intense, apparently CT
features in the absorption spectrum (ca. 320 and ca. 420 nm, ¢ ca. 14000 M !
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m ! for each), EPR silence and NMR spectral features in the 0—10 ppm region
indicative of diamagnetism and an '®0O-sensitive feature in the resonance Raman
spectrum at ca. 600 cm~' (A'*O=14-27 cm ') that is due to a symmetric
vibration of the tetra-atomic [Cu,(u-O),)** core [12]. These features are notably
different from those of the [Cu,(1-n%:n-0,)F * unit, thus allowing the two cores to
be readily differentiated. Finally, XAS studies [9b] and theoretical calculations
[14,16] support a dicopper(IIl) ground state electronic structure description for the
[Cu,(u-0),]** species, but with a high degree of covalency in the core Cu-O
bonding indicated by the extensive overlap between the Cu d,, ., and the
antibonding combination of O p orbitals in the HOMO (Fig. 4). Comparlson of the
HOMO:s of the [Cu,(p-0),]** and [Cu,(p-n%n2-0,)]* * cores (Figs. 2 and 4) reveals
a relationship between them; both involve interactions between Cud , . orbitals
and antibonding combinations of O p (or hybrid) orbitals, but with dlfferent orbital
coefficients that are consistent with their respective Cu!'"' and Cu" formal oxidation
state assignments. Indeed, this relationship implies that the cores may smoothly
interconvert in a symmetry-allowed process [16], experimental support for which
will be discussed below.

4. What controls the relative stability of the (u-n*n>-peroxo) and
bis(u-oxo)dicopper cores?

A comparison of the various ligands that were used in Cu'/O, reactivity studies
reveals that ligand structural effects are dominant in controlling which of the
isomeric cores are generated [8,9,17]. The key ligand structural elements are ligand
substituent size and disposition and, in binucleating ligands containing linked
macrocyclic donors, the geometry enforced by the particular linker. Thus, bidentate
amine ligands and triazacyclononanes with at least one alkyl substituent that is not

Fig. 4. The calculated HOMO of [(NH;),Cu(u-0).)* *, adapted from [16a].
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Fig. 5. Binucleating ligands used to explore Cu'/O, chemistry [15,17].

branched at the position « to a N atom comprise a class that are relatively sterically
unhindered, and thus upon reaction of their Cu(I) complexes with O, are capable
of collapsing to the compact bis(p-oxo)dicopper(I1I) core. The tris(pyrazolyl) and
—(imidazolyl) ligands used to date support only the (u-n*n>-peroxo)dicopper(II) core
[6,7], apparently because the large size and orientation of their ligand substituents
inhibits approach of the Cu atoms to a distance less than 3 A. The donor groups
in these ligands also are weaker ¢ donors (i.e. are ‘softer’) than the amines that are
capable of supporting the Cu'"' ions in the oxo-bridged core, suggesting that this
electronic effect (and possibly others, as noted in [16b]) may also be important.
However, recently uncovered evidence for the production of [Cu,(u-O),]* * complexes
using ligands with relatively soft pyridyl donors indicates that the electronic effect
is not as important in determining the choice of isomers (vide infra) [18,19].

In binucleating ligands, a short tether such as the ethyl linker in iPr,dtne (Fig. 5)
inhibits (p-n7:n>-peroxo)dicopper(Il) core formation by preventing the Cu atoms
from achieving the required ca. 3.6 A separation; only a bis(u-oxo)dicopper(IIl)
complex was generated with this constrained ligand system [15]. On the other hand,
the p-xylyl bridge in p-XYL (Fig. 5) keeps the Cu sites far apart, yet bis(u-
oxo)dicopper(III) core formation was observed [17]. With the m-XYL system, both
isomeric cores formed, but in ratios that were dependent on the Cu' complex
concentration (low concentration favoring peroxo). These results, in conjunction with
those from detailed stopped-flow kinetics studies of the oxygenation process,
suggested that intramolecular and intermolecular pathways are followed to yield
[Cu,(p-n?n>-0,)P * or [Cuy(u-O),]** units, respectively. Only the latter was seen
with p-XYL because the Cu sites are kept distant, thus ‘dimer-of-dimers’ or higher
order oligomers were seen. Both types of cores were observed with m-XYL, which
in an intramolecular reaction can accommodate a (p-nn’-peroxo)dicopper(II) core,
but can only support a bis(p-oxo)dicopper(IIl) unit by reacting in an intermolecular
sense. Consistent with these findings are recent results that showed that
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a different m-xylyl-bridged ligand with bis(pyridyl)amine caps was unable to allow
access to a constrained [Cu,(u-0),]>* core, and supported a (u-peroxo)dicopper core
with a ‘bent’ geometry instead [20].

In a simple, yet interesting system capped by L'™*?, the two cores A and B have similar
thermodynamic stability, with evidence for the existence of a rapid equilibrium
between them under certain conditions. Previously reported observations [10] that
supported the ability of the isomers to interconvert included the conversion of 1.2 mM
solutions of [(L?*Cu),(u-1%1?-0,)(Cl0,), in CH,Cl, to [(L*"Cu),(p-0),)(CIO,), by
dilution with > 50-fold excess (v/v) of THF, as well as the opposite reaction via
dilution of a 1.2 mM THF solution of the bis(n-0x0) compound with CH,Cl,. In
acetone, both isomers were present as shown by UV-vis and Raman spectroscopy.
Moreover, stopped-flow kinetics studies showed that the oxygenation reaction in
acetone involved rate-controlling 1:1 Cu/O, adduct formation and that the [Cu,(p-
n3n2-0,)) ~ and [Cu,(u-O),)* * complexes formed at identical rates. Rapid equilibra-
tion of the two isomers is required to explain these kinetic results. While equilibration
of the isomers was apparent in acetone solution, the situation in CH,Cl, and/or THF
was less clear, as only discontinuous interconversion was observed in solvent mixing
experiments using ratios of these solvents intermediate between those used in the
originally reported protocols. This finding contradicts what would be expected if the
two species were in equilibrium.

This complication in conjunction with others, such as the observation of large
differences in 4, for the bis(u-oxo)dicopper complex in acetone and THF and
observations of turbidity in solutions with the latter, led to a recently completed series
of experiments in which the oxygenation of [L"*Cu(CH,CN)]X (X = PF, , ClO;, or
SbF, ) in THF and various THF/CH,Cl, mixtures was re-examined [21]. In an
important discovery, the oxygenation of concentrated THF solutions ( > 2mM in Cu'
precursor) was found to first give a solution with UV-vis and Raman features
indicative of a mixture of the isomeric cores similar to that seen in acetone (Fig. 6a).
Within minutes, however, the spectral features due to the (u-n*n-peroxo)dicopper
species disappeared, the 4,,,, for the bis(p-oxo)dicopper core shifted (from 418 to 448
nm), and the baseline absorbance in the UV-vis spectrum increased (Fig. 6b). The
results of conductivity measurements, the finding of a dependence of the time of onset
of the aforementioned spectral changes on the nature of the counterion and the
concentration (faster at higher concentration with X = Cl0,"), and the observation of
precipitate in some instances were all indicative of aggregation/precipitation phenom-
ena that accompanied the spectral changes. To explain all of these results, it was
postulated that selective aggregation/precipitation of the bis(u-oxo)dicopper isomer
occurs, and this drives an initially homogeneous equilibrium between the two cores
toward the [Cuy(pu-0),}* - form (Fig. 7).

By avoiding this aggregation/precipitation phenomenon through use of low
concentrations of Cu' precursor and appropriate choice of counterion, further
evidence in support of the A/B equilibrium was obtained. The ratio of the two cores
in THF was found to smoothly and reversibly vary with temperature, and a peak-fitting
protocol gave thermodynamic parameters for the peroxo/bis(oxo) equilibrium:
AH = 0.9(2) kcal mol ~ ' and AS = 6(1) cal mol ~' K ~ '. These values are in agreement
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Fig. 7. Equilibrium between (u-1*:n-peroxo)dicopper(II) and bis(p-oxo)dicopper(I1l) complexes that is
shifted to the right by selective precipitation/aggregation of the latter under certain conditions (e.g.
X =ClO,; , THF solvent).

with the small energetic differences between analogous isomers calculated theoretically
[16]. In addition, when aggregation/precipitation was avoided, the ratio of the two
cores was found to vary smoothly with the proportion of the solvents in CH,Cl,/THF
mixtures (more B as THF:CH,CIl, ratio increased). It is difficult to explain the
preference for the bis(pu-oxo)dicopper isomer as the relative amount of THF increases,
but the large difference in the electron pair donor ability of these two solvents that
have similar polarities [22] suggests that coordination of THF and/or the counterions
to the bis(p-oxo)dicopper complex is involved.

In any case, the change in the proportions of the two isomeric cores as a function
of solvent and temperature are clear indications that, in this particular system capped
by L*, environmental factors subtly influence their relative energies. An important
implication of this finding is that in biological or catalytic systems, minor changes
in ligand environment, solvent, temperature, or other factors may induce the intercon-
version of the two isomeric cores. In particular, while the only observable intermediate
in tyrosinase is the (u-n%:m*-peroxo)dicopper unit in oxy-tyrosinase, one may readily
envisage that a transient bis(u-oxo)dicopper isomer may be generated as a result of
some minor active site structural perturbation or substrate binding, and that the latter
species may attack the substrate arene ring. Before this notion will be accepted,
however, the capability of the bis(u-oxo)dicopper core to hydroxylate an arene ring
must be demonstrated.

5. Is the bis(p-oxo)dicopper core capable of hydroxylating an arene?

The important arene hydroxylation step performed biologically by tyrosinase has
been modeled successfully with coordination compounds. For example, many
dicopper(I) complexes of binucleating ligands containing a bridging m-xylyl group
react with dioxygen to hydroxylate the arene ring [23]. Although the intermediates
in most of these reactions are unknown, Karlin and coworkers were able to observe
a dioxygen adduct in one case that they postulated is a ‘bent’ (p-n*mn-per-
oxo)dicopper(II) species on the basis of extensive spectroscopic studies (Fig. 8) [24].
This butterfly core geometry is distinguished from the planar variant A discussed above
by the presence of an additional charge transfer band at 435 nm [20,24]. The similarity
of this electronic transition to the characteristic band in bis(u-oxo)dicopper
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Fig. 8. Hydroxylation of an arene by a bent (p-n?*n?>-peroxo)dicopper complex [24].

complexes initially suggested that the O-O cleaved isomer could be present, but
subsequent resonance Raman studies verified that the amount of bis(u-oxo)dicopper
complex (if any) was less than 0.1% [20]. Mechanistic studies of the hydroxylation
reaction showed that it was slowed by electron-withdrawing substituents X on the
phenyl ring and that there was an insignificant deuterium kinetic isotope effect. These
data are consistent with rate-controlling electrophilic attack on the arene n-electrons,
and it was proposed that the oxygen of an (u-n%n?*-peroxo)dicopper(II) core directly
attacks the arene ring in a process concurrent with O—O cleavage. The plausibility of
this pathway was supported further by calculations [20].

When it became clear that the O—O bond in some (p-n*mn?-peroxo)dicopper
complexes could break spontaneously to form a bis(u-oxo)dicopper core, the
possibility was raised that the above aromatic hydroxylations could proceed via a
small equilibrium concentration of highly reactive bis(u-oxo)dicopper complex.
However, attempts to demonstrate aromatic hydroxylation activity like that of
tyrosinase with complexes containing core B were frustrated by the tendency of the
tertiary amine ligands to undergo N-dealkylation, even in the presence of aryl
substituents. For example, kinetic studies showed that the decomposition of
[(LE"3Cu),(p-O),1** (Fig. 3a) proceeded by aliphatic hydrogen atom abstraction from
the benzylic C—H bond (leading to N-dealkylation) despite the presence of a nearby
phenyl group [25]. In an even more striking example, ligand recovery studies on the
decomposition of the mixture of planar (p-n*:n>-peroxo)dicopper and bis(u-
oxo)dicopper complexes with the m-XYL ligand (vide supra) showed that the
(p-n*:m?)-peroxodicopper complexes derived from intramolecular O, binding (low-
concentration conditions) gave aromatic hydroxylation as in Karlin's complexes,
while the bis(p-oxo)dicopper complexes derived from intermolecular O, binding
(high-concentration conditions) gave only N-dealkylation [17]. Thus, it appeared that
bis(u-oxo)dicopper complexes decayed in a different way than (u-n’:n’-per-
oxo)dicopper complexes, preferring aliphatic to aromatic hydroxylation.

It must be noted, however, that geometric constraints are important controlling
factors in these oxygenation and subsequent hydroxylation reactions. The X-ray
crystal structures of [(L®"*Cu),(u-O),]* * and [(dtne)Cu,(u-O),]* * (Fig. 3a and b) each
displayed weak C~H-+O bonds from ligand o« C—H units to the oxo bridges, showing
that interaction of the o hydrogen atom with the bis(p-oxo)dicopper core requires
little reorganization and suggesting that the observed attack at this position is due to
the orientation of the hydrocarbyl group. In the m-XYL system, the results were also
ambiguous with respect to the ability of the bis(u-oxo)dicopper core to react
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with an appropriately poised aryl ring, because in the polynuclear bis(u-oxo)dicopper
complexes the bis(p-oxo) cores linked different ligands and the necessary geometry for
aryl group attack was no longer present.

In an attempt to provide a phenyl group in an appropriate orientation to interact
with a bis(pu-oxo)dicopper core, the ligand PhPyNEt, (Fig. 9) was utilized [18]. This
ligand features an arene that can make an extremely close approach to the core and
bidentate ligation that should favor bis(p-oxo)dicopper(Ill) complex formation.
Indeed, oxygenation of the copper(I) complex [(PhPyNEt,)Cu(NCCH,)](SbF,) at
— 70°C led to formation of the anticipated species with core structure B, as shown by
the optical absorption (4,,,, ca. 404 nm), EPR (silent), and resonance Raman (Cu,0,
vibration at 607 cm ~ ') characteristics of the yellow solutions (Table 1). Decomposi-
tion of this intermediate and recovery of the ligand showed roughly 30% hydroxyla-
tion at the position ortho to the pyridine (Fig. 9), the oxygen atom in the product being
derived from molecular oxygen as shown from isotope labeling experiments. Kinetic
studies of the disappearance of the bis(p-oxo)dicopper intermediate showed effects
similar to that of the system in Ref. [24]: an electron-withdrawing substituent slowed
the decomposition substantially, and there was little effect from substituting hydrogen
for deuterium in the phenyl ring. Thus, it is evident that when a phenyl group is
presented to the bis(p-oxo)dicopper core in an appropriate orientation, electrophilic
attack on the arene m-system can be observed (but see Section 6).

6. Summary and conclusions

Studies of the reactivity of Cu' complexes with dioxygen have led to the thorough
characterization of cores A and B in synthetic complexes. Through the variation of
capping N-donor ligands and examination of effects of solvent, temperature, and
counterions, the factors that control the relative stabilization of these cores have
begun to be elucidated. These factors are quite subtle in some instances, particularly
for the compounds capped by LiF™® where equilibration between cores A and B wa
scharacterized experimentally. Importantly, the identification of the A/B equilibrium

=~ ~12+(SbF,
T+ SbFg 1 (SbFs )z
7 N\ Et2
=N Net, Oz 70°C
N2 acetone ’
Cu\
NCCHg Etz
1 warm
2 NH,4OH

E:‘/(j\r\la2 NEt,

Fig. 9. Hydroxylation of an arene by a bis(p-oxo)dicopper complex [18].
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in synthetic complexes raises the question: Which species is responsible for the C-O
formation step in the hydroxylation reaction catalyzed by tyrosinase? At the present
time, aromatic hydroxylation reactions have been observed from one bent
(n-n*n>-peroxo)dicopper complex (Fig. 8), one planar (u-n%mn?3-peroxo)dicopper
complex (with the m-XYL ligand), and one bis(p-oxo)dicopper complex (with the
PhPyNEt, ligand, Fig. 9). Each of the three cores might react directly with aryl groups
in different ways; however, because these cores can interconvert with small energetic
cost, it is also possible that they all isomerize to one form (which may not have been
observed yet!) that is most reactive toward arene m-electrons.

If one isomer is most reactive toward aromatic hydroxylation, which one is it most
likely to be? Solomon and coworkers pursued a molecular-orbital analysis of this
problem [20], and concluded that the appropriate acceptor orbitals of
(n-n*n?-peroxo)dicopper and bis(p-oxo)dicopper cores are at similar energies (within
0.4 V), but that the lesser electron density on oxygen in a (u-n?n-peroxo)dicopper
complex makes it more likely to display electrophilic reactivity. On the other hand,
for the sake of simplicity it is preferable that O—O cleavage should only occur once,
and that the bis(p-oxo)dicopper complexes in Fig. 9 would not reform the O—O bond
in order to break it again by reacting with an arene ring. Thus, generalizations are
difficult to draw at this point, and only further detailed kinetic, spectroscopic, and
reactivity studies will resolve the issue and provide a clear underpinning for
mechanistic understanding of arene hydroxylations by Cu/O, systems.
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