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A mononuclear copper complex bearing ‘Histidine Brace’ is
synthesised and characterised as an active-site model of
mononuclear copper monooxygenases such as lytic polysaccharide
monooxygenases (LPMOs) and particulate methane
monooxygenase (pPMMO). The complex has similar structural and
functional features to those of the active sites of the enzymes.

Understanding the mechanisms of monooxygenase reactions in
biological systems is highly important as a guide to develop a
cost-effective process for the production of liquid fuels from
primary energy sources such as biomass and natural gas.'? Lytic
polysaccharide monooxygenases (LPMOs) catalyses the
oxidative degradation of polysaccharides such as cellulose and
chitin,*® being expected as biomass sources. Various types of
LPMOs have already been identified, and their geometrical
properties and physical properties are under intense
investigations.” 8 A characteristic structural unit found in the
active sites of LPMOs consists of an amino group and a side
chain of the N-terminal histidine with a side chain of a second
histidine to create a T-shaped N3 geometry at the copper
reaction centre, so-called Histidine Brace (Figs. 1a and 1b).> A
notable feature of the Histidine Brace is the twist angle between
the two histidine imidazole rings situated at the trans-position
is around 70°. Such a large twist angle is significantly different
from the twist angles in many analogous copper(ll) complexes
bearing two heterocycle donor groups at the trans-position,
that is usually less than 30°.7

Meanwhile, particulate methane monooxygenase (pMMO)
is known as one of the rare enzymes that catalyse the selective
production of methanol from methane, which is the main
component of natural gas.®! Although, the structure of the
active site of pMMO has been highly controversial,® 1214 the
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Fig. 1. (a) Crystal structure of the active site of LPMO (PDB: 5FJQ). Schematic structures
of (b) Histidine Brace and (c) Cu"(LHs)(tfa),.

recent studies have suggested the existence of a mononuclear
copper active site with a Histidine Brace like coordination
environment.1>-17

It is remarkable that Histidine Brace is found as a common
structural motif of the active sites of LPMOs and pMMO, which
catalyses oxidation of the inert C—H bond of polysaccharides
and methane (bond dissociation energy is around or higher than
100 kcal/mol). Therefore, this characteristic structural motif
should be worth considering in the design of ligands to emulate
the enzyme active sites. To mimic the structural motif of
Histidine Brace, we designed a new ligand with the concepts as
follows. The ligand should be a tridentate ligand bearing two
imidazole groups at the trans-positions together with an
alkylamine group to create a T-shaped N3 geometry for the
bound copper ion. A large twist angle between the two
imidazole groups should be maintained as in the enzyme active
sites of LPMOs. Furthermore, the ligand should involve
imidazole group(s) having an acidic N-H proton(s) as the natural
enzymes do.
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Recently, synthetic bioinorganic chemists have been trying
to develop active-site model complexes for the mononuclear
copper monooxygenases.'®2! In those cases, however, pyridine,
N-methylimidazole or N-methylbenzimidazole was used instead
of imidazole having a dissociative N-H proton. In the cases of
the N-methylimidazole and N-methylbenzimidazole containing
ligands, the five-membered heterocyclic donor group are
connected to the alkyl tether group at the 2-position (the
position between the two nitrogen atoms), which is different
from the substituent position of histidine (at 4-position) in
Moreover, the twist angles of the two heterocyclic
donor groups situated at the trans-positions in those mode
complexes are much smaller (less than 30°) than that of the
Histidine Brace in the biological system.

Based on these backgrounds, we herein designed and
synthesised a new supporting ligand LH; (N-(2-(1H-imidazol-4-
yl)-benzyl)histamine) and its copper(ll) complex Cu'(LH3)(tfa),
(tfa = trifluoroacetate) (Fig. 1c) to provide more precise model
complex of the active sites of copper monooxygenases. A
phenyl group was introduced as a connecter between the amine
nitrogen atom of histamine and the imidazolyl group at its 4-
position. This novel tridentate ligand LH; meets the structural
requirements of the Histidine Brace, including the large twist
angle of the two imidazolyl groups at the trans-position.

Cu'(LH3)(tfa), was prepared according to Scheme 1. The
ligand precursor, 2-(1H-imidazol-4-yl)-benzaldehyde, was
synthesised by Suzuki-Miyaura coupling between 4-iodo-1H-
imidazole and 2-formylphenyl boronic acid in the presence of
Pd(PPhz); in N,N-dimethylformamide (DMF) under inert
conditions with a little modification of the previously reported
procedure.?? Then, the reductive amination of the
benzaldehyde derivative with histamine provided the ligand
LH3.23 Since LH3 was not stable enough for purification by silica
gel chromatography or crystallisation, it was used for
complexation with Cu(ClO,4), without isolation. Addition of
Cu(ClQy4), to the solution of LH; caused a colour change from
brown to blue, from which blue powder gradually precipitated.
The resulting blue powder was insoluble in ordinary solvents.
Treatment of the complex with trifluoroacetic acid was found to
solubilise the complex, and the complex was recrystallised from
methanol and diethyl ether to give blue crystals of
Cu''(LH3)(tfa),. In a neutral or basic conditions, the imidazolyl N-
H group was probably deprotonated and coordinated to the
copper(ll) ion of the neighbouring copper(ll) complex to make
an insoluble polymeric structure. The results of ESI-TOF-MS and
elemental analysis were matched well expected ones as the
copper(ll) complex (See the Supplementary Information).

The crystal structure of Cu"(LHs)(tfa), is shown in Fig. 2, and
the crystallographic data is summarised in Table S1. The copper
centre exhibits a square pyramidal geometry with 724 = 0.06,
where the basal plane is occupied by the three nitrogen atoms
of LH3; (N1, N2 and N3) and one oxygen atom of the
monodentate tfa counter anion (01), and the axial position is
coordinated by an oxygen atom of another tfa counter anion
(02).

The structure of Cu'(LH;3)(tfa), was compared with those of
the copper active sites of LPMOs (Fig. 3). The bond distances
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Scheme 1. Synthesis of ligand LH; and Cu'(LHs)(tfa),.

and angles around the copper centre matched well within +0.1
A and +3°, respectively.” 8 More importantly, the twist angle of
the two imidazole rings in Cu'(LH3)(tfa), was 75°, which is very
close to the average value of the reported copper(ll) sites in
LPMGOs, that is 72°. Therefore, the Histidine Brace structural

Fig. 2. An ORTEP drawing of the crystal structure of Cu"(LHs)(tfa), with 50% ellipsoid
probability. Hydrogen atoms are omitted for clarity. Rotational disorder was observed
in trifluoromethyl group at the equatorial position.
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Fig. 3. (a) Comparison of the bond lengths [A] and (b) the angles [deg] of Cu"(LHs)(tfa),
to those of the copper(ll) sites in LPMOs (average values).

motif is well replicated by our simple model system. This is the
first example of the structural model of the copper active sites
bearing the Histidine Brace motif.

This journal is © The Royal Society of Chemistry 20xx
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Physicochemical properties of our model complex were also
compared to those of the enzymes. The UV-vis absorption (Fig.
S3) band at 662 nm (&= 83 M~ cm™) was ascribed to a typical
d—d band for the copper(ll) complexes with a square pyramidal
geometry. The Ana and its & values are similar to those of
LPMOs.? The electron paramagnetic resonance (EPR) spectrum
of the complex was a typical one for a copper(ll) complex with
a tetragonal geometry having g|| value as 2.266, and g | value
as 2.062 (Fig. S4), which are also very close to those of LPMOs.8
A cyclic voltammetric measurement gave a quasi-reversible
redox couple at 323 mV vs. SHE due to the Cu(ll)/Cu(l) redox
couple (Fig. S5), which is within the range of redox potentials of
LPMOs so far been reported (155-370 mV).8 It should be noted
that the redox potentials of other model copper(ll) complexes
bearing imidazolyl groups at the trans-position but with small
twist angles exhibited much lower redox potential less than 100
mV (Fig. S6, Table $2).18 20,2530 Qyerall, our model complex can
also reproduce the physicochemical features of the active sites
of LPMOs.

Catalytic activity of our model complex for oxidative
cleavage of a glycosidic bond of 4-nitrophenyl -
glucopyranoside (PNPG), a model substrate of polysaccharide,
was investigated using H,0; as an oxidant (Scheme 2). H,0, was
also used in the shunt pass of the enzymatic reaction.3! The
reaction was monitored by following the formation of 4-
nitrophenolate product (Anax = 400 nm, £=1.9 x 10* M~cm™).
The spectral change during the first 1 h of the reaction is shown
in Figs. S7(a) and (b), where the absorption band around 400 nm
due to the product increased linearly, and after 24 h, total
turnover number (TON) of the catalyst reached 58, where the
yield of 4-nitrophenolate was 2.9% based on the substrate and
oxidant (Fig. S7(c)).* The product analyses were also performed
using HPLC and GC-MS to confirm the formation of 4-
nitrophenolate and Dp-allose, respectively (See, the
Supplementary Information). Dp-allose is derived from the
hydroxylated product of PNPG (A) as reported by
Mayilmurugan, et al. in ref 19 (Scheme 2). These product
analysis results confirmed that the oxidation reaction of PNPG
proceeds. The kinetic analysis was carried out by following the
absorption change at 400 nm due to the formation of 4-
nitrophenolate (Figs. S9(a) and (b)). The observed reaction rate
(V [uM min™]) exhibited linear dependence both on the
concentrations of the substrate (PNPG) and oxidant (H,0,) as
shown in Fig. 4.f These results indicate that the turn over
limiting step of the catalytic reaction is the substrate oxidation
step by a reactive species generated by the reaction of the
copper(ll) complex and H,0,; as depicted in Fig. S10(a).

As a model reaction of pMMO, the catalytic activity of the
complex in the cyclohexane hydroxylation was also investigated
using H,0, as an oxidant (Scheme 3).5 After 18 h, TON of the
catalyst was 26, and cyclohexanol was obtained in a 5.2 percent
yield based on the oxidant, and the product selectivity of
cyclohexanol against cyclohexanone was 96%. The catalytic
activity of this complex was comparable to those of other model
complexes, but not so significantly high, probably due to the low
miscibility of the complex and alkane substrate.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 3. Model reaction for pMMO.

In summary, a mononuclear copper(ll) complex bearing a
Histidine Brace motif was designed and successfully
synthesised. The geometrical and physicochemical properties
were similar to those of the active sites of LPMOs. Particularly,
the electrochemical property of the complex is very similar to
those of LPMOs, which may be attributed to a larger twist angle
between the two imidazolyl rings at the trans-position. In
addition, catalytic activity of the copper(ll) complex was
evaluated in the oxidative cleavage of the glycosidic bond of a
polysaccharide model compound and the selective oxidation of
inert alkane such as cyclohexane. Thus, the present complex
can be regarded as the first example of a precise model complex
showing both the structural characteristics and reactivity of the
active sites of LPMOs and pMMO. The role of Histidine Brace
has yet to be clarified. However, it is obvious that our complex
bearing Histidine Brace structural motif shows the similar
characteristics to those of the enzymatic systems, especially the
relatively high redox potential of Cu(ll)/Cu(l). The interactions
between the d orbitals of the copper ion and the p orbitals of
the imidazole groups might be important to dictate such
interesting physicochemical properties. Further studies are
being undertaken to evaluate the roles of Histidine Brace not
only on the physicochemical properties but also the reactivity
of the model complex.
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* A small amount of 4-nitrophenolate was detected in the absence
of either H,0, or the complex, due to the hydrolysis of PNPG in a
basic condition (Fig. S7(c)). The intercept on the y-axis of Fig. 4(b)
corresponds to the reaction rate of self-hydrolysis of PNPG.

8 The reaction mixture was treated with triphenylphosphine
(PPh3) after the reaction. Hydroxylation of alkanes with H,0,
often gives substantial amounts of corresponding alkyl
hydroperoxide derivatives, and PPh; quantitatively converts the
hydroperoxide compounds to corresponding alcohols.32
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