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Catalytic alcohol oxidation by an unsymmetrical 5-coordinate copper
complex: electronic structure and mechanismf

Ekaterina Zueva,” Paul H. Walton® and John E. McGrady*”

Received 30th August 2005, Accepted 25th October 2005

First published as an Advance Article on the web 15th November 2005

DOI: 10.1039/b512298h

Density functional theory reveals the detailed mechanism of alcohol oxidation by a model copper
complex, Cu'L, L = cis-1-(3',5-dimethoxy-benzylideneamino)-3,5-[2-hydroxy-(3',5 -di-zerz-
butyl)benzylideneimino]cyclohexane. Despite the obvious structural and functional parallels between
the title compound and the enzyme galactose oxidase, the details of the catalytic pathway are

fundamentally different. In the enzyme, coordination of the substrate produces an active form

containing a Cu" centre and a tyrosyl radical, the latter being responsible for the abstraction of

hydrogen from the substrate. In the model system, in marked contrast, the active form contains a Cu"
centre, but the ligand radical character is localised on the substrate (alcoholate) oxygen, rather than the
phenolate ligand. The result is a significantly higher barrier to hydrogen-atom abstraction compared to
the enzyme itself. The origin of these significant differences is traced to the rigid nature of the

pentadentate ligand, which resists changes in coordination number during the catalytic cycle.

Introduction

In the previous article in this issue,' one of us reported the
synthesis and structure of a Cu" complex of a pentadentate
ligand, cis-1-(3',5-dimethoxy-benzylideneamino)-3,5-[2-hydroxy-
(3',5-di-tert-butyl)benzylideneimino]cyclohexane (Fig. 1). The
square pyramidal coordination about the Cu centre in this
complex, along with the presence of two phenolate moieties, is rem-
iniscent of the key structural features of galactose oxidase, a fungal
enzyme that catalyses the stereospecific two-electron oxidation of
D-galactose to the corresponding aldehyde with the concomitant
reduction of molecular oxygen to hydrogen peroxide.”

The active site of galactose oxidase features a mononuclear
copper centre in a distorted square-pyramidal geometry, with
a tyrosinate residue in an axial position and two histidine
imidazole units, one modified tyrosinate ligand, and exogenous
water or acetate occupying the equatorial sites. The enzyme has
been isolated in three distinct redox states: the fully oxidised Cu"—
tyrosyl radical form in which a cupric ion and an equatorial ty-
rosyl radical are antiferromagnetically coupled, the semi-reduced
Cu(1)-tyrosine form, and the fully reduced Cu(1)-tyrosine form.
The fully oxidised form that combines both inorganic and organic
one-electron cofactors is the catalytically active species, bringing
about the two-electron oxidation of alcohols.

The mechanism of galactose oxidation has been extensively
debated by both experimentalists and theoreticians.® In the first
step of the consensus mechanism (Fig. 2), the substrate binds to
the equatorial coordination site of the active Cu"-tyrosyl radical
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Fig. 1 Molecular structure of Cu'L, L = cis-1-(3,5-dimethoxy-
benzylideneamino)-3,5-[2-hydroxy-(3',5'-di-zerz-butyl)benzylideneimino]-
cyclohexane.

form, replacing the exogenous water. Substrate binding is followed
by transfer of the hydroxyl proton to the axial tyrosinate ligand.
The rate-limiting step is then the abstraction of a hydrogen atom
from the o-carbon atom of the alcoholate by the equatorial tyrosyl
radical, yielding a transient ketyl intermediate which decays by
electron transfer to a Cu' species and the aldehyde product. There
has been some debate over the existence of the ketyl intermediate,
and the hydrogen atom abstraction and electron transfer steps may
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Fig.2 Consensus mechanism for alcohol oxidation by galactose oxidase.

in fact occur simultaneously. Following release of the aldehyde,
molecular oxygen binds to the Cu' site and regenerates the active
Cu"-tyrosyl radical form, along with hydrogen peroxide.

The key to the two-electron oxidative chemistry exhibited by
galactose oxidase is clearly the presence of both inorganic (Cu')
and organic (tyrosyl radical) cofactors in the active form of the
enzyme. The role of the protein environment in stabilising the
organic radical has been extensively debated,*’” particularly the
thioether substituent on the modified tyrosinate residue that has
been shown to be essential for enzyme activity.® Tt was originally
proposed that the sulfur substituent stabilised the radical by
delocalising the unpaired electron,” but recent studies suggest
that the electronic structure and reactivity are not significantly
perturbed by the sulfide substituent,*** which may instead have a
structural role.

Galactose oxidase and the closely related enzyme glyoxal
oxidase' are just two examples of the increasing diverse range of
enzymes that are known to employ coordinated tyrosyl radicals as
oxidising cofactors. As a result, there has been significant interest
in the synthesis and characterization of structural and functional
mimics. Structural and spectroscopic models for the semi-reduced
(Cu™),”™ and fully reduced (Cu")*® forms of galactose oxidase
have been reported, along with a number of stable O-bound
phenoxyl radicals.’*?® In the majority of cases, the phenolate moi-
eties are incorporated as part of multidentate ligands, preventing
decoordination of the phenoxyl radicals during redox processes.
Complexes with simple exogenous phenolate-containing ligands
are, in contrast, very rare.”

Despite the large number of known Cu'-phenoxyl radical
species, only a very few are capable of stoichiometric or catalytic
alcohol oxidation, in some cases under quite mild conditions,
and with the concomitant conversion of molecular oxygen to
hydrogen peroxide. Stack and coworkers® have designed a series
of four-coordinate complexes with a non-square planar N,O,
coordination sphere and shown that these model complexes
catalyse the aerobic oxidation of alcohols with high turnover via a
galactose oxidase-like mechanism. They have also confirmed that
the thioether substituent on the phenyl ring is not necessary for cat-
alytic reactivity, although its incorporation improves the number

of turnovers. A computational analysis of the catalytic pathway
has highlighted the key similarities and differences between the
model system and the enzyme, and proposed modifications to the
system that may lead to improved catalytic efficiency.> In a series of
papers,? Wieghardt and coworkers have also reported systems that
give efficient catalysis of aerobic alcohol oxidation. Significantly,
other organic cofactors such as TEMPO, a stable nitroxyl radical,
are also capable of participating in catalytic aerobic oxidation,”
apparently via mechanisms similar to galactose oxidase.

In the preceding paper in this issue, we showed that the copper
complex shown in Fig. 1 is redox active (two reversible oxidations
at0.89 Vand 1.13 V vs. Ag/AgCl) and, critically, is also capable of
catalysing the aerobic oxidation of benzyl alcohol to benzaldehyde,
albeit with dramatically reduced turnover rates compared to the
native enzyme (0.0005 s~ vs. 800 s~'). The complex is therefore a
functional, as well as a structural, mimic of the enzyme. Given the
intense interest in understanding the mechanism of redox catalysis
by enzymes and their mimics, we now present a computational
analysis of the catalytic pathway based on density functional
theory.

Computational methods

All calculations described in this paper were performed using the
Gaussian03* package. In the majority of cases, the ligand, L,
was simplified by replacing the pendant 1,3-(MeO),C¢H, arm,
along with the ‘Bu groups, with hydrogens. In order to test key
conclusions, we have also done some test calculations where
the bulky groups were included using the hybrid QM/MM
methodology.®! In these cases, the quantum partition was as
defined for the simplified model, and the remainder of the
molecule was incorporated into the MM partition (UFF).3 Most
calculations were performed using the B3LYP**¢ functional, in
conjunction with the 6-31G** basis set for Cu, O, N and C and also
the hydrogen atoms initially attached to the substrate (CH;OH).
A 3-21G basis set was used for the remaining hydrogen atoms.
Full geometry optimisations were performed without symmetry
constraints, and stationary points were characterized as minima
or transition states by vibrational analysis. In order to simplify
the calculations, we have used methanol as substrate in place of
benzyl alcohol. The overall reaction, CH;OH + O, - CH,=0 +
H,0,, is marginally exothermic (AE = — 6.6 kJ mol™") at the level
of theory described above.

Results and discussion
Electronic structure of Cul’, *1

The optimized structure of the doublet ground state of the model
system, 1, is summarized in Fig. 3, along with its frontier
orbital array. The copper centre shows the same approximate
square pyramidal coordination noted in the X-ray structure with
the amine nitrogen occupying the axial position. The frontier
molecular orbitals of *1 are characteristic of a square pyramidal
Cu" complex, with the single vacancy in the valence shell (104a
B), localized on the Cu d,»_,» orbital, giving a net spin density
of 0.71 on Cu. The optimized bond lengths are in generally
good agreement with the crystallographic data (Table 1), with the
exception of the axial Cu-N bond, which is some 0.25 A shorter

160 | Dalton Trans., 2006, 159-167

This journal is © The Royal Society of Chemistry 2006



-0.05

-0.10

-0.15

Energy / au

-0.20

Fig. 3 Optimised structure and frontier molecular orbital array for 1. Spin-a orbitals are shown on the left, spin-f on the right.

Table 1 Optimised bond lengths and net spin densities for *1, *1* and “1%*

Cu"L (expt) ’1 1+ 412
Cu-O(1) 1.936 1.93 1.94 1.95
Cu-0(2) 1.994 1.93 1.94 1.98
Cu-N(1) 1.991 1.99 1.99 1.98
Cu-N(2) 1.991 2.02 1.99 2.02
Cu-N(3) 2.512 2.28 2.22 2.08
o(1)-C 1.304 1.29 1.29 1.28
0(2)-C 1.318 1.30 1.29 1.27
Net spin densities Cu 0.70 0.71 0.73
Phenolate rings 0.15 1.54 2.55

than the experimental value. If the bulky ‘Bu and 3',5-dimethoxy-
benzylidene groups are included in the computational model using
the QM/MM methodology, the Cu-N bond length increases
to 2.42 A, indicating that steric interactions have a significant
impact on the relatively weak axial coordination site. The stronger
Cu-N and Cu-O bond lengths in the equatorial plane are, in
contrast, much closer to experiment, and are essentially unaffected
by the introduction of the bulky substituents. In the subsequent
discussion of the intermediates in the catalytic cycle, the axial Cu—
N bond is, in all cases, stronger. We therefore anticipate that steric
effects will not exert such a large influence on the bond length.

One and two-electron oxidation of *1: structural and electronic
consequences

As noted in the Introduction, the compound CuL undergoes two
reversible oxidation processes in MeCN, at 0.89 V and 1.13 V
(vs. Ag/AgCl) which, based on comparison with similar ligand
systems, were assigned as ligand-based processes. Consistent with
this hypothesis, one-electron oxidation of 1 gives a cationic species
with a triplet (S = 1) ground state, *1*, with two vacancies in the
spin-B manifold, one localized on Cu d,2_ (104a B) and the other
delocalized over the two phenol rings (103a B) (Fig. 4). The net spin
density on the Cu centre therefore remains essentially unchanged
(0.71), with the additional unpaired electron on the two ligands.
The structure of *1* is almost indistinguishable from the neutral
complex, *1, with marginal lengthening and contraction of the
Cu-O and C-O bonds, respectively. Benisvy ez al?® have noted

similar redox-induced changes in their crystallographic study of a
copper-bound phenoxyl radical.

In the triplet ground state, the metal- and ligand-based electrons
are ferromagnetically coupled. The corresponding antiferromag-
netically coupled (broken symmetry) state (Mg = 0) lies only
0.8 kJ mol~' higher, but gradient corrected functionals such as
BP86%%¢ or BLYP*** reverse this order, suggesting that the
magnetic coupling is intrinsically weak. The magnetic behaviour of
coordinated radicals has been rationalised in terms of the Cu—-O-C
bond angle, a, and the dihedral angle, 8, between the Cu equatorial
plane and phenyl ring.?*® These structural parameters determine
the relative orientation of the two magnetic orbitals (metal-based
d,2_» and ligand 7*) and, hence, the extent of overlap between the
two. The values of a (127°) and f (32°) in the triplet state lie in
the range where ferro- and antiferromagnetic contributions to the
exchange interaction are very similar (e« = 127-130°, f = 23-30°),
leading to almost isoenergetic high- and low-spin states.?*

Removal of a second electron leads to a dicationic species with
a quartet ground state, *1?*. The optimized structure (Table 1) and
molecular orbital array (Fig. 4) of “1>* confirm that the second
oxidation process is also ligand-based: of the three vacancies in
the spin-f manifold, one (104a ) is metal-based while the other
two (103a B and 102a B) are delocalized over the two phenol
rings. We have also located two distinct broken-symmetry doublets
(Mg = 1/2), where the metal- and ligand-based electrons are
antiferromagnetically coupled (either aaf or afo on O-Cu-O).
These broken-symmetry states again lie less than 5 kJ mol™
above the quartet ground state, further illustrating the very
weak coupling between the metal- and ligand-based electrons. In
summary, our calculations confirm that both oxidation processes
are ligand-based, and that the magnetic coupling between the
unpaired electrons on the coordinated phenoxyl radicals and
copper ion is very weak. In the remainder of this paper, we will
examine the potential role of 1 in the catalytic oxidation of alcohol.

Catalytic oxidation of CH;OH

Binding of the methoxide ion by 31*. In the experimental
protocol described in the previous paper, 3% of the substrate was
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Fig.4 Comparison of frontier orbitals for 1, *1* and “1?* (in each case the symmetric combination of spin-o phenol n* orbitals is taken as the energetic

reference point).

added in the form of the alcoholate anion, PhCH,O-, in order to
initiate the reaction. By analogy to galactose oxidase, we assume
that the active form contains a Cu" centre and a ligand radical (i.e.
1%), and so the logical starting point for the catalytic cycle is the
adduct between *1* and CH;0", *2. The equatorial Cu-O and Cu—
N bond lengths are largely unaffected by the coordination of the
anion, but the axial Cu-N bond is significantly contracted, despite
the presence of the methoxide ligand in the trans position. The
electronic structure of *2, summarised in Fig. 5, reveals the origin
of the contraction of the axial Cu-N bond: the binding of the
methoxide anion strongly destabilises the Cu d.» orbital, forcing
it above the phenoxyl n* manifold and driving an intramolecular
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electron transfer, reducing the phenoxyl radical back to phenolate.
32 is therefore formally a Cu™-OMe species, but the large spin
density on the methoxide oxygen (0.45 compared to 0.90 on Cu)
reflects the strong covalence of the Cu—-OMe & bond. In terms of
resonance structures, the ground state of the methoxide adduct,
32, is therefore best described as lying between the Cu™-OMe and
Cu"-OMe* limits.

The absence of significant unpaired spin density on either of
the phenolate ligands following substrate binding offers a stark
contrast to the situation in the active form of galactose oxidase,
and will clearly have a significant impact on the subsequent
hydrogen-atom abstraction step. Given the importance of this
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Fig. 5 Optimised structure and frontier molecular orbital array for 2.
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Fig. 6 Potential energy surface for methoxide oxidation by *1*.

conclusion, and the continuing debate over the performance
of density functional theory in modelling the balance between
metal- and ligand-based redox processes,* we have reassessed
the electronic structure of *2 using a range of functionals (BP86,
BLYP). In all cases, the outcome was unchanged: the methoxide
adduct is best formulated as a mixture of Cu™-OMe and Cu"-
OMe' resonance forms, with negligible spin density on the
phenolate rings.

Finally, we note that all attempts to dock a molecule of methanol
(as opposed to methoxide ion) with *1* were unsuccessful. The
initial proton transfer step that is rapid and approximately
thermoneutral in galactose oxidase* must therefore be significantly
endothermic in this case, consistent with the need for the conjugate
base to initiate the reaction. The endothermicity of the proton
transfer step has its origins in the very rigid ligand geometry, and
in particular the C=N double bonds which reduce the basicity of
the phenolate groups and also prevent their rotation away from the
metal centre following protonation. In the enzyme active site, in
contrast, the protein backbone allows the axial tyrosine residue
to decoordinate and also stabilises the phenol group through
hydrogen bonding.

Hydrogen atom transfer. In the consensus mechanism for
alcohol oxidation by galactose oxidase (Fig. 2), the formation

of an alcoholate adduct is followed by rate-limiting hydrogen-
atom abstraction from the substrate. We have located a hydrogen-
transfer transition state, *TS, on the triplet potential energy surface
(Fig. 6), with C—H and O-H bond lengths of 1.31 and 1.30 A,
respectively. The Cu—O(H) bond is also lengthened substantially
(2.71 A), as is the Cu-N bond frans to it. The optimised structure
therefore suggests that *TS is a Cu"-OMe" system, with the Jahn—
Teller axis lying along the O(H)-Cu-N axis, and the remaining
unpaired electron delocalised over the substrate [spin densities =
0.49 (O) and 0.30 (C)]. The description of *TS is therefore
superficially similar to that of *2, but the two structures differ
significantly in the orientation of the spin density on the substrate
(Fig. 7). In*2, the singly occupied orbital is localised on the oxygen,

%2 s

Fig.7 Singly-occupied, substrate-localised orbitals in *2 and *TS. In each
case, the orbital shown is the (vacant) spin-f component (112a ).
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and is directed along the Cu-O axis, while at *TS it is more localised
on the carbon, and has also rotated such that it points towards the
phenol oxygen. Thus, the motion in the early part of the reaction
coordinate involves a reorientation of the radical character on the
substrate as well as the partial transfer of a hydrogen atom. As a
result of this reorientation of the spin density on the substrate, the
magnetic orbitals on the metal (d,2_,2) and ligand are no longer
orthogonal, and the corresponding open-shell singlet transition
state 'TS (with very similar structure) lies 2.8 kJ mol~! below *TS.
This suggests that a crossover from triplet to singlet potential
energy surfaces is likely to occur at an early stage in the reaction
pathway, in the region of TS.

A number of authors have proposed the participation of a ketyl
intermediate in the catalytic pathway of galactose oxidase, al-
though recent computational results suggest that such a structure
would be only transiently stable. Decomposition of the triplet
transition state, *TS, does indeed lead to a ketyl structure, 3,
only 7.6 kJ mol~! lower in energy, but there is no evidence for a
similar species on the singlet potential energy surface. Instead, ' TS
decays directly to a closed-shell singlet Cu' species with a weakly
coordinated aldehyde ligand ('4). The bond to the protonated
phenol ligand in '4 is also almost completely broken (2.63 A),
leaving the approximate tetrahedral coordination typical of Cu'
species. Stack has previously highlighted the ability of tripodal
ligands to support tetrahedral geometries, and hence allow the
Cu™" couple to participate in the oxidative process.>**

In summary, the oxidative part of the potential energy surface
involves initial coordination of the alcoholate anion to 1*, leading
to intramolecular electron transfer and formation of an adduct
best described as a Cu"-OMe* diradical. From this point, reorien-
tation of the radical character leads to hydrogen-atom and electron
transfer, and decay to a weakly bound Cu'-aldehyde complex. The

20

4+ CH;0H + 0,

-20

Energy / kJ mol!

-40

-80

barrier to hydrogen-atom transfer is generally accepted as being
the rate-limiting step in galactose oxidase, where computational
estimates of the barrier (also using CH;OH as a model substrate)
range from 46-67 kJ mol~'. The value of 100.0 kJ mol™" in
Fig. 6 therefore indicates a significantly reduced activity relative
to galactose oxidase, consistent with the very low turnover
rate.

2-Electron oxidation of '4 by O,

The oxidative component of the catalytic cycle is completed with
the formation of a tetrahedral Cu' species, '4, described above. The
weakly coordinated formaldehyde molecule is readily displaced by
0,, leading to a stable triplet dioxygen complex, *5, in a reaction
that is exothermic by 19.4 kJ mol~" (Fig. 8). The O-O bond length
of 1.30 A and spin densities of 0.56 and 1.33 on Cu and O,,
respectively, clearly indicate that this species is best formulated
as a Cu"—superoxide species. However, *5 occupies a very shallow
minimum on the potential energy surface, and a rotation about the
Cu—0O(O) bond results in the exothermic abstraction of a hydrogen
atom from the decoordinated phenol ring. Homolytic cleavage of
the Cu-O(O) bond then occurs without further barrier, leading
to a Cu" complex, weakly coordinated to a hydroperoxyl radical,
HOO" (°6).

From ?6, the catalytic cycle is closed by release of the hy-
droperoxyl radical, hydrogen-atom abstraction from a second
molecule of CH;OH and coordination of the resultant methoxide
radical to restore *2. We have not attempted to explore the
sequence in which these events occur, largely because of the
uncertain role of solvent, but the overall reaction is endothermic by
83.3 kJ mol™".

32 + CH,0 + H,0,

Fig. 8 Potential energy surface for oxidation of '4 by O,.
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32 4+ CH,0 + H,0,

35 + CH,0H + CH,0

‘w6 + CH30H + CH,0

Fig. 9 Summary of the catalytic pathway for aerobic oxidation of CH;OH.

Summary and comparison with galactose oxidase

The overall catalytic pathway is summarised in Fig. 9, where the
oxidative and reductive components are brought together. The
overall features of the potential energy surface are rather similar
to those described by Himo and coworkers in their discussion of
the galactose oxidase system itself,* with a rate-limiting hydrogen-
atom abstraction followed by exothermic release of aldehyde and
reoxidation of the metal core. The most striking difference between
our model system and galactose oxidase is the very high barrier
to hydrogen-atom abstraction (100.0 vs. 46.4 kJ mol~"). However,
in view of the fact that, following substrate binding, there is no
spin density on the phenolate ring, it is perhaps surprising that
hydrogen-atom abstraction occurs at all. The electron-transfer
pathway proposed for galactose oxidase summarised in Scheme la

a) Galactose oxidase @—9——0@ [ e Q? (I;u|
! W
g o
(L-CHR I
CHR
b) Model system QO—Cu“ [ — Q? ...... cu'
s :
[ CHR
CHR

Scheme 1 Hydrogen-atom abstraction and electron-transfer pathways in
(a) galactose oxidase and (b) *2.

illustrates the role of the tyrosyl radical in the process. In the
model complex (Scheme 1b) where the radical character resides
instead on the substrate oxygen, a significantly different cyclic
redistribution of electrons occurs along the reaction pathway. The
much higher barrier in the model system reflects this fundamental
difference in mechanism.

The contrast between galactose oxidase and the model complex
can be traced to the very different properties of the ligand sets
involved. In galactose oxidase, the substrate displaces the fifth
(exogenous) ligand, rather than filling a vacant coordination
site. Moreover, proton transfer from the substrate leads to
decoordination of the axial tyrosinase, giving a square planar
complex with substrate in an equatorial site. In this geometry,
the doubly-occupied d.> orbital of Cu" lies well below the tyrosine
pi levels. In the model complex, in contrast, there is no readily
displacable exogenous ligand, and, as noted previously, proton
transfer leading to decoordination of a phenolate ring is prevented
by the rigidity of the ligand framework. As a result, substrate
binding generates an octahedral, rather than square planar, copper
centre, and the presence of two axial ligands forces the Cu d2—OR
o* orbital above the phenolate ©* manifold. As a result, the active
complex is better formulated as mixture of Cu™-OR and Cu"-
OR’ resonance forms.

This detailed comparison of galactose oxidase and Cu"'L clearly
illustrates that, although the model complex is both a structural
and functional mimic of galactose oxidase, the parallels between
the two do not extend to the intimate details of mechanism.
Thus, whilst nature has chosen to adopt the tyrosyl radical as
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a co-factor for catalytic alcohol oxidation, this is clearly not the
only strategy available to the coordination chemist. The deeper
understanding of the electronic factors involved in the process
outlined in this paper will provide clear directions for the rational
design of improved second-generation catalysts.
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