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Tailorable synthesis of heterogeneous enzyme–
copper nanobiohybrids and their application in
the selective oxidation of benzene to phenol†

Noelia Losada-García, Alba Rodríguez-Otero and Jose M. Palomo *

A protein-direct synthetic route to make nanobiohybrids containing copper nanoparticles (CuNPs) using an

enzyme in combination with copper sulfate in aqueous media at room temperature is described. Enzyme–

CuĲII) intermediates, rapidly generated in aqueous media, are transformed, induced by the enzyme

structure, to facilitate the formation of a particular Cu species, tailoring the size of the nanoparticles formed

depending on the experimental conditions, e.g. the pH, reducing step, amount of enzyme or incubation

time. This controlled synthesis allows the preparation of tailor-made nanobiohybrids of Cu(0)NPs, CuĲ0)/

Cu2ONPs, Cu2ONPs or Cu3ĲPO4)2NPs on the multimilligram scale. The catalytic performance of the novel

CuNPs nanobiohybrids was evaluated in relation to the selective C–H functionalization of benzene via

direct monohydroxylation using hydrogen peroxide as a green oxidant under mild conditions, in aqueous

media and at moderate temperature. Optimization of the amount of hydrogen peroxide, the co-solvent,

and the temperature was performed, resulting in the production of 17 mM phenol with 83% selectivity

using the Cu-CALB-PHOS-NR nanobiohybrid as a catalyst.

Introduction

Copper is a low cost and earth-abundant metal, which has
been described as being very useful for different
applications,1–5 especially catalysis.6–9 In terms of the different
Cu compounds available, copper nanoparticles (CuNPs) have
generated great interest in recent years.10 The high surface-to-
volume ratio of nanomaterials compared to bulk materials
generally makes them attractive candidates for application as
catalysts.11 A multitude of different practical and
straightforward ways of preparing Cu nanomaterials have
been described.12–14 However, the use of CuNPs is restricted
by the inherent instability of copper under atmospheric
conditions, which makes it prone to oxidation. Many efforts to
develop methods and support materials that increase the
stability of CuNPs, by altering their sensitivity to oxygen, water
and other chemical entities, have encouraged the exploration
of Cu-based NPs with more complex structures, such as core/
shell CuNPs or systems based on copper oxides.15–20

The synthesis of copper and copper oxide NPs is
essentially focused on four types of chemical reactions:
reduction, oxidation, hydrolysis or condensation. Depending

on the choice of final materials, one or a combination of the
above-mentioned chemistries may be applied. The synthesis
of CuNPs often entails the reduction of CuĲI) or CuĲII) sources.
The synthesis of copper oxide NPs, on the other hand,
basically requires hydrolysis of the precursors, followed by a
dehydration process that leads to the final materials. In
addition, an oxidation process (sometimes unavoidable for
Cu-based NPs) can be deployed for the preparation of Cu-
based NPs with higher oxidation numbers from their
respective lower oxidation state precursors. In synthetic
processes, the techniques that are applied provide an
adequate environment and enough energy to facilitate the
process of choice, while additional restrictions are imposed
to modulate the stability, properties and morphology of the
final NPs.21–23

Therefore, the development of methodologies to
synthesize highly active, selective, stable and robust copper
nanoparticles is mandatory.24 Sustainable and inexpensive
systems that allow the production of a large amount of
CuNPs are also desirable from an application point-of-view.
Copper species—in terms of catalysis—are one of the
important aspects that affect the final properties of
nanocatalysts for any given reaction.

Selective catalytic oxidation of inactive aromatic C–H
bonds is one of the most active research topics, but it remains
a long-term challenge.25

In particular, direct catalytic oxidation in one step from
benzene to phenol remains a central topic in fundamental
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and applied research. Phenol is one of the most important
industrial chemicals,26 however, its current industrial
production is still limited to the three-step cumene process
(Scheme 1). These reactions are carried out at elevated
temperatures and high pressure resulting in a low overall
phenol yield (<5%).27

Recently, a few examples have been described in the
literature of the application of Cu complexes in the
monohydroxylation of benzene, although in most cases, low
or moderate yields were obtained and total selectivity was not
achieved.26–32

In this work, different Cu nanobiohybrids have been
synthesized for the first time via an in situ controllable Cu
species and nanoparticle size in a protein host network and
their properties have been demonstrated using X-ray diffraction
(XRD) and transmission electron microscopy (TEM).

Furthermore, some of these new Cu nanobiohybrids show
catalytic activity in the direct sustainable selective conversion
of benzene to phenol (Scheme 1).

Results and discussion
Synthesis and structural characterization

Hybrid copper nanoparticles (Cu nanobiohybrids) were
synthesized via an aqueous soft-templating method, where
an enzyme (commercial lipase B from Candida antarctica,
CAL-B, 33 kDa, monomeric enzyme, supplied by Novozymes),
copper sulfate, 100 mM of sodium bicarbonate at pH 10 and
NaBH4 were used as the template and binder, Cu precursor,
reaction medium and reducing agent, respectively.

The first three components were combined and then the
resulting solid formed was treated with the reducing agent,
collected by centrifugation and washed with distilled H2O.
Finally, the solid was dissolved in water, frozen and
lyophilized. The Cu nanobiohybrid (Cu-CALB-BIC)
morphology was initially observed via electron microscopy.
Scanning electron microscopy (SEM) analysis revealed that
the precipitate was made up of an aggregate with a
mesoporous amorphous superstructure composed of copper
atoms dispersed in an organic matrix (CAL-B) (Fig. 1).

TEM analysis showed the formation of nanoparticles with
spherical morphology densely deposited throughout the

hybrid composite (Fig. 1a–c). The average diameter of the
nanoparticles was 9 nm (Fig. 1a). Wide-angle XRD further
displayed four characteristic peaks, three of them assigned to
the (111), (200) and (220) planes, respectively, of the fcc Cu
lattice (matched well with JCPDS card no. 04-0836), whereas
the peak at 37 degrees was assigned to the (111) plane
characteristic of Cu2O (matched well with JCPDS card no. 05-
0667) (Fig. 1d). Inductively coupled plasma-optical emission
spectrometry (ICP-OES) analysis showed that the copper
content in the nanobiohybrid was 84%.

Thus, the formation of hybrid copper nanoparticles first
undergoes rapid coordination between the amino acid residues
of the enzyme with the copper ions, generating enzyme–CuĲII)
intermediates (Scheme 2). It is well described that copper ions
have very good coordination capacity, especially with carboxylic
groups (Asp, Glu) and also with amino groups, mainly those
containing histidine or lysine residues. Interaction with
cysteine residues may also be possible.

In this particular case, CALB does not have free cysteines
(cysteine residues are involved in the formation of disulfide
bridges) in its structure (Fig. S1†). However, at the pH where
hybrids form, Asp, Glu and Lys could be the main binding
sites of the Cu2+ ions in the protein. Take into account that,
the tridimensional structure seems to have a particular area
where CuĲII) ions can initially bind (Scheme 2a and Fig. S2†).
Here, we can observe a rich area of carboxylic group residues
and even the imidazole from the histidine. Two types of
amino acid residue (Asp, His) are involved in the formation
of the catalytic triad of the enzyme.

This coordination could be responsible for the loss of
enzymatic catalytic activity observed (data not shown). Free
lysine residues that do not form salt bridges with the
corresponding Asp or Glu residues may also be involved.

Then, in situ reduction by NaBH4 with optimal reduction
kinetics results in the formation of a CuNPs-enzyme
nanobiohybrid.

Tailor-made synthesis of CuNPs in nanobiohybrids

This approach has demonstrated the specific formation of
particular copper nanoparticles embedded in the protein
matrix, where the role of the enzyme is crucial. In this

Scheme 1 Synthesis of phenol via the selective oxidation of benzene.
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respect, considering the effect that experimental conditions
can have on the protein structure, we have evaluated our
method in terms of experimental conditions to control the
copper species, morphology and size of Cu nanoparticles in
the nanobiohybrids. A summary of the different approaches
developed is described in Fig. 2.

Initially, drying conditions were modified in the Cu-CALB-
BIC nanobiohybrid, replacing lyophilization via treatment at
100 °C. Under these conditions, the XRD pattern of the
hybrid Cu-CALB-BIC(100°C) showed the increase of Cu2O as a
copper species, and a decrease in the intensity of the
characteristic peaks of Cu(0) (Fig. S3†).

The pH is an important parameter for proteins, so the
synthesis of the Cu nanobiohybrid was attempted at pH 7
instead of 10. For that, an aqueous sodium phosphate buffer
solution was used. The synthetic protocol was repeated as
described above to produce the Cu-CALB-PHOS
nanobiohybrid (Fig. 2).

Wide-angle XRD measurements showed that the main Cu
species was CuĲI) in the form of Cu2O, which displayed three
main characteristic peaks, assigned to the (111), (200) and
(220) planes (Fig. 3a). A small amount of Cu(0) was also
determined. TEM experiments revealed the formation of 15
nm dispersed nanoparticles (Fig. 3b and c), slightly larger
than those previously observed for Cu-CALB-BIC (Fig. 1). This

nanobiohybrid presented 81% Cu content, as calculated from
ICP-OES analysis. This method was also modified by using
acetone in the washing step instead of water, or by heating at
80 °C instead of lyophilization to obtain the solid. Under all
these conditions, the nanobiohybrids presented a mixture of
different Cu species and the catalytic properties and
mechanical stability of the solids were worse (data not
shown). A test was also performed by applying the synthetic
protocol directly in distilled water (pH of around 5.5) without
using any buffer in the solution. Under these conditions, the
XRD pattern showed that a mixture of CuĲI) in the form of
Cu2O and Cu(0) was obtained (Fig. S4†), and ICP-OES
determined a quantity of 68% copper in the sample.

The next strategy was to decrease the amount of reducing
agent, NaBH4, using only 10% (w/v) of the previous amount.
This simple modification resulted in significant changes in
the final Cu NPs of the nanobiohybrid synthesized (Fig. 3d–
f). Wide-angle XRD further displayed characteristic peaks of
CuĲPO4)3, which matched well with the JCPDS card no. 01-
080-0991 (Fig. 3d). TEM analysis showed the formation of
spherical nanoparticles (of around 10 nm in diameter)
densely deposited throughout the hybrid composite (Fig. 3e).
High-resolution TEM showed the high crystallinity of the
nanoparticle framework (Fig. 3f). ICP-OES determined 48%
copper in the hybrid solid powder.

Fig. 1 Characterization of the Cu-CALB-BIC nanobiohybrid: (a) low-magnification TEM, (b and c) high-magnification TEM, and (d) SEM images,
and (e) the wide-angle XRD pattern of the copper nanoparticles.
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In addition, the Cu nanobiohybrid was also
synthesized without the use of a reducing step, to
obtain the so-called Cu-CALB-PHOS-NR nanobiohybrid
(Fig. 2). The XRD pattern showed the same peak

distribution previously observed for Cu-CALB-PHOS-10%R,
corresponding to the CuĲPO4)3 species (Fig. 3g). However,
in this case, TEM analysis revealed the formation of
smaller crystalline spherical nanoparticles (of around 3

Scheme 2 a) A schematic diagram illustrating the synthesis route of CALB-CuNPs nanobiohybrids via CuĲII)–enzyme intermediates. b) The 3D-
structure of CALB: Asp, Glu (red), Lys (blue), His (green), potential metal-binding area (yellow). The 3D structure was obtained from the Protein
Data Bank (PDB) using Pymol v. 0.99. The PDB code for CAL-B is TCA.

Fig. 2 Different approaches for synthesizing tailor-made CALB-CuNPs nanobiohybrids.
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nm) (Fig. 3h and i). The amount of copper contained
in the solid was 32%.

Other variations were made to the protocol, such as
substituting the reducing step with an oxidative process via
the addition of NaOH or H2O2, resulting in the synthesis of
Cu-CALB-PHOS-NR-NaOH and Cu-CALB-PHOS-NR-H2O2,
respectively. In this case, as in the previous one, a light blue
solid was obtained instead of the typical black colour for the
other nanobiohybrids. The copper species was conserved and
spherical nanoparticles were also obtained of around 5–6 nm
in size (Fig. S4–S6†). The amounts of copper contained in the
solid were 35% and 22%, respectively.

Taking into account the clear differences between the use
of bicarbonate or phosphate in the synthesis, in each case a

new synthetic protocol was applied where the amount of
enzyme was doubled. Thus, the Cu-CALB-BIC-2 and Cu-CALB-
PHOS-2 nanobiohybrids were obtained (Fig. 2).

For the first, the XRD pattern showed the same
characteristic peaks of the Cu fcc as those observed in Cu-
CALB-BIC (Fig. 4a). However, TEM analysis revealed the
formation of very crystalline nanoparticles with a size of 6 nm
in diameter (Fig. 4b and c) (instead of the 9 nm nanoparticles
contained in Cu-CALB-BIC, Fig. 1). A slight increase in the
content of the amount of Cu in the solid was observed.

For Cu-CALB-PHOS-2, the XRD pattern showed
characteristic peaks of the fcc Cu2O (Fig. 4d) and the amount
of copper contained in the solid was 61% (20% less than in
Cu-CALB-PHOS). No traces of further oxidation states (CuO

Fig. 3 Characterization of the Cu-CALB nanobiohybrids synthesized in phosphate buffer: (a–c) Cu-CALB-PHOS, (d–f) Cu-CALB-PHOS-10%R and
(g–i) Cu-CALB-PHOS-NR. (d) High-magnification TEM and (e) SEM images of the copper nanoparticles and their (a, d and g) wide-angle XRD
patterns and (b, c, e, f, h and i) TEM images.
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or CuĲOH)2) were observed even upon increasing the time of
the reducing step (data not shown). The TEM images revealed
the formation of crystalline nanoparticles with a diameter of
10 nm (Fig. 4e and f) (instead of the 15 nm nanoparticles
containing Cu-CALB-PHOS, Fig. 3b and c).

Therefore, when using this last methodology, a novel Cu
nanobiohybrid with controlled morphology, size and metal
species was synthesized. This could be explained by the
concept that a greater amount of protein influences the
control of the reduction of copper oxide species and also
influences the control of the nanoparticle growth.

A final test was performed using ten times more protein
in the phosphate solution synthesis. The incubation time was
also increased to 72 h. The protocol was performed with and
without the reducing step, synthesizing the nanobiohybrids
Cu-CALB-PHOS-10 and Cu-CALB-PHOS-NR-10, respectively. In
both cases, SEM analysis revealed the formation of well-
formed nanoflowers (Fig. S7 and S8†). The XRD patterns
showed the presence of Cu3ĲPO4)2 as the main copper
species, and the mass analysis revealed a 50% copper content
in the solid in each case.

In all cases, the enzyme–Cu nanoparticle hybrids were
synthesized in a very effective, simple and sustainable way on
a multimilligram scale, easily scalable to grams.

In order to test the stability of the hybrids, they were
incubated at 100 °C in water and 100 °C in the presence of
mercaptoethanol and sodium dodecyl sulfate (SDS,

disruption buffer) (conditions for protein denaturisation). In
both cases the hybrids conserved their heterogeneous nature
and copper species, confirmed by XRD (Fig. S9†).

Catalytic performance of Cu nanobiohybrids in the selective
oxidation of benzene to phenol in aqueous media

The different synthesized CuNPs nanobiohybrids were
evaluated as catalysts in a C–H activation process, the direct
selective oxidation of benzene to phenol under mild
conditions (Table 1). The reaction was first performed in
aqueous media (99% water, 1% acetonitrile (ACN)) using a
green oxidant (hydrogen peroxide) at 30 °C. After solubility
studies, we determined that using 100 mM of benzene, 62
mM was soluble under these conditions (Table S2†), which
was the concentration used for phenol yield calculation. The
best results in phenol production were obtained using the Cu
nanobiohybrids containing CuĲPO4)3 (entries 10–13, Table 1),
with around 12 mM phenol (19% yield) with a selectivity of
77% achieved using Cu-CALB-PHOS-NR (entry 10, Table 1).

A plausible mechanism for the reaction could be similar
to that recently reported,28 which first involves the
degradation of hydrogen peroxide via a Fenton-like reaction
to produce a hydroxyl radical and CuĲIII), which in the
presence of hydrogen peroxide produces a HO2˙ radical with
the regeneration of CuĲII). The following hydrogen abstraction
from H2O2 by the HO2˙ adduct produces phenol and H2O.

Fig. 4 Characterization of Cu-CALB nanobiohybrids synthesized using double the amount of enzyme: (a–c) Cu-CALB-BIC-2 and (d–f) Cu-CALB-
PHOS-2. (d) High-magnification TEM and (e) SEM images of the copper nanoparticles. (a and d) XRD patterns, and (b and e) TEM and (c and f)
high-resolution TEM images.
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Other Cu nanobiohybrids exhibited very low catalytic
activity, with yields lower than 10%, although in the case of
the Cu-CALB-PHOS-2 nanobiohybrid, 4 mM of phenol was
produced with excellent selectivity of >99% (entry 7, Table 1).

The enzyme without metal and the hybrid formed without
the enzyme (Cu-PHOS, Cu-BIC and Cu-PHOSNR) did not
show any catalytic activity (Table 1).

Therefore, considering these results, the Cu-CALB-PHOS-
NR nanobiohybrid was selected for further experimental
studies.

Firstly, the effect of benzene concentration on the phenol
yield was evaluated (Table 2). As described above, the
solubility of benzene at 50 and 200 mM in water containing
1% ACN was also studied (Table S2†). Considering the
corresponding soluble amount of benzene, we observed that
at lower benzene concentration, Cu-CALB-PHOS-NR produced
a higher amount of phenol (31% yield), although with lower
selectivity (67%). The Cu catalyst in the presence of double
the amount of benzene (although a slightly higher soluble
amount of 70 mM) showed similar activity and slightly less
selectivity (Table 2). Therefore, we selected this as the initial
amount of benzene for further experiments.

The next parameter to study was the amount of
acetonitrile as a co-solvent in the aqueous media (Table 3).
The catalytic efficiency and selectivity of Cu-CALB-PHOS-NR
was found to be affected in the presence of different amounts
of ACN. Also, the solubility of benzene in water increased

with increasing amounts of acetonitrile, so a benzene
solubility study was performed (Table S3†).

The addition of 10% acetonitrile as a co-solvent in
aqueous media barely increased the solubility of the benzene,
however Cu-CALB-PHOS-NR showed higher activity and
selectivity under these conditions, also producing 15 mM
phenol at 80% selectivity. Even an increased amount of up to
20% acetonitrile improved the catalytic efficiency of the Cu
nanocatalyst, with a 24% yield of phenol (17.2 mM) and 83%
selectivity (Table 3).

Surprisingly, Cu-CALB-PHOS-NR showed very low activity
and selectivity in the presence of 50% acetonitrile or it no
activity when the reaction was performed directly in
acetonitrile.

Thus, 20% acetonitrile in water was selected as a
reaction medium. In order to improve upon the best results
achieved, different reaction parameters were modified, such
as the amount of oxidant, temperature or reaction time
(Table 4).

Considering the possibility of the need for more oxidant
in order to improve the conversion, we tested the addition of
more equivalents of hydrogen peroxide. This study showed
that the increase in the amount of H2O2 to 5–10 eq. in the
reaction using aqueous media containing 20% can has a very
negative effect on the conversion, resulting in a very low yield
of phenol (Table 4, entries 2–3). At this point, we also
evaluated the effect on the amount of oxidant in the reaction

Table 1 The selective oxidation of benzene catalyzed by different CuNPs-CALB nanobiohybridsa

Entry Cu nanobiohybrid Time (h) [Phenol]b (mM) Yieldc (%) Selectivityd (%)

1 — 24 0 — —
2 CAL-B 24 0 — —
3 Cu-PHOS 24 0 — —
4 Cu-BIC 24 0 — —
5 Cu-CALB-PHOS 24 <1 <2 —
6 Cu-CALB-BIC 24 <1 <2 —
7 Cu-CALB-PHOS-2 24 4 6 >99
8 Cu-CALB-BIC-2 24 1.5 2 >99
9 Cu-PHOSNR 24 0 — —
10 Cu-CALB-PHOS-NR 24 11.5 18 77
11 Cu-CALB-PHOS-NR-NaOH 24 12.5 19 71.4
12 Cu-CALB-PHOS-NR-H2O2 24 8 13.1 55.4
13 Cu-CALB-PHOS10%R 24 10 15.6 77.1

a Benzene (1 mmol), 33% H2O2 (1.25 mmol), catalyst (5 mg), 10 mL of solution (99% water, 1% ACN), 30 °C, 24 h. b Phenol concentration
produced, calculated from a quantification calibration curve (Fig. S10†). c Phenol yield was calculated using high performance liquid
chromatography (HPLC). d Selectivity of phenol with respect to the formation of other byproducts (benzoquinone, hydroquinone or catechol)
was determined using HPLC.

Table 2 Effect of benzene concentration on phenol yield in the presence of Cu-CALB-PHOS-NRa

[C6H6]initial
b (mM) Time (h) [Phenol]c (mM) Yieldd (%) Selectivitye (%)

50 24 6.3 31.3 67.1
100 24 11.3 18 76.5
200 24 13.5 19.1 73.6

a 33% H2O2 (1.25 mmol), catalyst (5 mg), 10 mL of solution (99% water, 1% ACN), 30 °C, 24 h. b Amount of benzene. c Phenol concentration
produced, calculated from a quantification calibration curve (Fig. S10†). d The phenol yield was calculated using HPLC. e Selectivity of phenol
with respect to the formation of other byproducts was determined using HPLC.
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using water/ACN 1 : 1 as a solvent (Table 4, entries 4–6). In
this case, the activity and selectivity of Cu-CALB-PHOS-NR
improved by more than the double when 5 eq. of H2O2 were
used in the reaction. Surprisingly, the selectively greatly
improved by more than 4 times from 26 to >84% (Table 4,
entries 4–5). However, the addition of extra hydrogen
peroxide (10 eq.) cause a decreased in the activity and
selectivity of the catalyst compared with the results using 5
eq. of oxidant (Table 4, entry 6).

Considering the results, until now the reaction had been
stopped only after 24 h, so we evaluated the results after
shorter times. So, the reaction was performed using 1.25 eq.
H2O2 and 20% ACN in water at 30 °C in the presence of Cu-
CALB-PHOS-NR as a catalyst, and the results were evaluated
after 3 h. The yield of phenol and selectivity achieved by the
catalyst were the same as those achieved in 24 h (Table 4,
entry 8), with a TOF value of 2.12 h−1.

Finally, to demonstrate the heterogeneity of the catalyst, a
hot filtration experiment was performed as described in the
experimental section for Cu-CALB-PHOS-NR under these
reactions conditions, with all of the solid material being
recovered.

In order to evaluate the effect of the temperature on the
efficiency of the Cu catalyst, the reaction was performed at 4
and 40 °C (Table 4, entries 7 and 9). No reaction was
observed at 3 h at 4 °C, whereas an increase in the

temperature caused a slight decrease in the activity and
selectivity of the catalyst (Table 4, entry 9).

Finally, and seeing the results obtained with the effect of the
addition of more hydrogen peroxide, we tested the effect of
more oxidant, but in low amounts (2 or 4 eq.), in the conversion
and selectivity after 3 h of incubation. No improvements were
observed in any case (Table 4, entries 10–11).

To complete the study, optimization of the phenol
reaction with nanobiohydrid Cu-CALB-PHOS-2 was performed
(Table 5), because although the catalyst showed a low yield, it
exhibited excellent selectivity of >99% (Table 1).

First, the reaction was attempted using 20% co-solvent in
aqueous media. However, the activity, and especially the
selectivity, of the catalyst were drastically effected by the
increase in the solvent in the reaction solution (Table 5, entry
2), with a phenol yield of 3% and 10% conversion. The low
selectivity, 21.5%, reflects the ability of the catalyst to carry
out further oxidation, and it is characterized by the formation
of a black liquid corresponding to the oxidation of the
previous catechol formed. Under these conditions, the
increase in temperature of 10 °C improved the activity of Cu-
CALB-PHOS-2, producing a 19% yield of phenol and
increasing the selectivity from 21 to 58.5% (Table 5, entry 3).
The addition of almost double the amount of hydrogen
peroxide did not improve the efficiency of the catalyst, either
at 30 or 40 °C (Table 5, entries 4–5).

Table 3 Effect of the amount of solvent in the monohydroxylation of benzene catalyzed by Cu-CALB-PHOS-NRa

Co-solventb (%) Time (h) [Phenol]c (mM) Yieldd (%) Selectivitye (%)

1 24 11.5 18 76.5
10 24 14.5 23.4 80
20 24 17.2 24 83
50 24 3.5 4 26
100 24 — — —

a Benzene (1 mmol), 33% H2O2 (1.25 mmol), catalyst (5 mg), 10 mL of solution (water/ACN), 30 °C, 24 h. b Amount of acetonitrile as a co-
solvent in water (v/v). c Phenol concentration produced, calculated from a quantification calibration curve (Fig. S10†). d The phenol yield was
calculated using HPLC. e Selectivity of phenol with respect to the formation of other byproducts (benzoquinone and hydroquinone) was
determined using HPLC.

Table 4 Optimization of the reaction in the presence of the nanobiohybrid Cu-CALB-NRa

Entry H2O2
b (eq.) Co-solventc (%) T (°C) Time (h) [Phenol]d (mM) Yielde (%) Selectivity f (%)

1 1.25 20 30 24 17.2 24 83
2 5 20 30 24 3 3 60
3 10 20 30 24 1.3 1.8 >99
4 1.25 50 30 24 3.5 4 26
5 5 50 30 24 9 10.5 84.4
6 10 50 30 24 3.3 4 60
7 1.25 20 4 3 — — —
8 1.25 20 30 3 17 23.7 83
9 1.25 20 40 3 15.3 21.5 81
10 2 20 30 3 17.8 21 75
11 4 20 30 3 9.5 11.2 65.8

a Benzene (1 mmol), catalyst (5 mg), 10 mL of water/acetonitrile. b Amount of H2O2 (eq.).
c Amount of acetonitrile as a co-solvent in water (v/v).

d Phenol concentration produced, calculated from a quantification calibration curve (Fig. S10†). e The phenol yield was calculated using HPLC.
f Selectivity of phenol with respect to the formation of other byproducts (benzoquinone and hydroquinone) was determined using HPLC.
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Conclusions

A novel protein-direct synthetic route has been developed to
make highly active, selective, stable and robust
nanobiohybrids containing copper nanoparticles (CuNPs)
using an enzyme in combination with copper sulfate in
aqueous media at room temperature. Enzyme–CuĲII)
intermediates, rapidly generated in aqueous media, are
transformed, induced by the enzyme structure, to facilitate
the formation of a particular Cu species, tailoring the size of
the nanoparticles formed depending on the experimental
conditions, e.g., the pH, reducing step, amount of enzyme or
incubation time.

Using this cost-effective and sustainable technology, it has
been possible to prepare tailor-made Cu nanobiohybrids,
containing Cu(0), CuĲI) or Cu3ĲPO4)2 nanoparticles on the
multimilligram scale. Furthermore, the enzyme plays an
important role in the final nanoparticle formation, also
allowing the good dispersion of the nanoparticles, and
determining their size, which is demonstrated in the
decreasing of the nanoparticle size upon the use of a greater
amount of protein.

These novel CuNP-CALB hybrids were tested as catalysts
for the C–H functionalization of benzene, via selective
monohydroxylation in the presence of hydrogen peroxide in
aqueous media and at moderate temperature. Of the
different Cu nanobiohybrids, Cu-CALB-PHOS-NR (Cu3ĲPO4)2
NPs) showed the best catalytic performance, producing 17.2
mM phenol at 24% conversion of benzene with a selectivity
of 83% in 20% acetonitrile : 80% water as a solvent using 1.25
eq. of hydrogen peroxide at 30 °C. This result for a very
difficult reaction opens up the possibility of the further
application of these Cu nanohybrids in other types of
chemical reactions, such as reductions, C–C bond formation,
etc., to expand their applicability to Cu catalysis.

Experimental section
General

Lipase B from Candida antarctica (CAL-B) solution was
purchased from Novozymes (Copenhagen, Denmark).
CopperĲII) sulfate pentahydrate [Cu2SO4·5H2O] and hydrogen
peroxide (33%) were obtained from Panreac (Barcelona,
Spain). P-Nitrophenol, p-nitrophenyl propionate, sodium

bicarbonate, sodium phosphate, sodium borohydride,
phenol, benzoquinone, hydroquinone and catechol were
purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC
grade acetonitrile was obtained from Scharlab (Barcelona,
Spain). ICP-OES was performed on a OPTIMA 2100 DV
instrument (PerkinElmer, Waltham, MA, USA). X-ray
diffraction (XRD) patterns were obtained using a Texture
Analysis D8 Advance Diffractometer (Bruker, Billerica, MA,
USA) with CuKα radiation. Transmission electron microscopy
(TEM) and high-resolution TEM microscopy (HRTEM) images
were obtained on a 2100F microscope (JEOL, Tokyo, Japan)
equipped with an EDX detector INCA x-sight (Oxford
Instruments, Abingdon, UK). Interplanar spacing in the
nanostructures was calculated via inversed Fourier transform
using the GATAN digital micrograph program (Corporate
Headquarters, Pleasanton, CA, USA). Scanning electron
microscopy (SEM) was performed on a TM-1000 microscope
(Hitachi, Tokyo, Japan). To recover the nanobiohybrids, a
Biocen 22 R (Orto-Alresa, Ajalvir, Spain) refrigerated
centrifuge was used. Spectrophotometric analyses were run
on a V-730 spectrophotometer (JASCO, Tokyo, Japan). A HPLC
pump PU-4180 (JASCO, Tokyo, Japan) was used. Analyses
were run at 25 °C using an RI-4030 refractive index detector
(JASCO, Tokyo, Japan).

General synthesis of the CALB-CuNPs bionanohybrids. 1.8
mL of commercial (18 mg of protein) Candida antarctica
lipase solution was added to 60 mL of a 0.1 M (sodium
bicarbonate pH = 10 or sodium phosphate pH 7) buffer in a
250 mL glass bottle containing a small magnetic bar stirrer.
Then, 600 mg of Cu2SO4·5H2O (10 mg ml−1) was added to the
protein solution and the stirring was maintained for 16 h.
After the first 30 min of incubation, the solution turned
cloudy (turquoise) and the pH solution was measured,
indicating a decrease to a pH of 8 or 6 depending on the
buffer used. After 16 h, 6 mL of an aqueous solution of (1.2
M) NaBH4 (300 mg) was added to the cloudy solution (in two
aliquots of 3 mL) to obtain a final concentration of 0.12 M of
sodium borohydride in the mixture. The solution turned
rapidly black and the mixture was reduced over 30 min. After
the incubation, in all cases, the mixture was centrifuged at
8000 rpm for 5 min, (10 mL per falcon type tube). The
generated pellet was re-suspended in 15 mL of water. The pH
of the supernatant solution was measured to be
approximately 7 or 9. It was centrifuged again at 8000 rpm

Table 5 Optimization of the reaction in the presence of Cu-CALB-PHOS-2a

Entry H2O2
b (eq.) T (°C) Co-solventc (%) Time (h) Cd (%) [Phenol]e (mM) Yield f (%) Selectivityg (%)

1 1.25 30 1 24 4 4 6 >99
2 1.25 30 20 24 10 2 3 21.5
3 1.25 40 20 24 23 13.5 19 58.5
4 2 30 20 24 28 16 22.2 57.7
5 2 40 20 24 25 13.8 19.2 55

a Benzene (1 mmol), catalyst (5 mg), 10 mL of aqueous media, 24 h. b Amount of H2O2 (eq.). c Amount of acetonitrile as a co-solvent in water
(v/v). d C: conversion of benzene. e Phenol concentration produced, calculated from a quantification calibration curve (Fig. S10†). f The phenol
yield was calculated using HPLC. g The selectivity of phenol with respect to the formation of other byproducts was determined using HPLC.
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for 5 min and the supernatant removed. The pH of the
supernatant solution was measured again, giving a pH value
of 7. The process was repeated twice more. Finally, the
supernatant was removed and the pellet of each falcon was
re-suspended in 2 mL of water, all solutions were collected in
a round-bottom flask, frozen with liquid nitrogen and
lyophilized for 16 h. After that, 150 mg of so-called Cu-CALB-
BIC and Cu-CALB-PHOS were obtained, respectively.

Another variation of the phosphate protocol was used, in
which the reduction step was not performed, to obtain Cu-
CALB-PHOS-NR. In addition to the last variation, an oxidation
step was also performed instead of a reduction step via the
addition of either 6 mL of a 500 mM solution of sodium
hydroxide (NaOH) for 30 min or 6 mL of a 0.1 M solution of
hydrogen peroxide (H2O2) for 30 min (60 μL of the H2O2 stock
solution in 6 mL of distilled water), to obtain Cu-CALB-PHOS-
NRNaOH and Cu-CALB-PHOS-NRH2O2, respectively. Another
one of the variations was the reduction of sodium
borohydride at 10%, and the addition of 6 mL of water
containing NaBH4 (30 mg), to obtain Cu-CAL-B-PHOS10%R.

Different modifications of the protocol were made by
changing the amount of enzyme. Initially, different
nanobiohybrids were prepared using the same protocol as
those of the bicarbonate or phosphate methods using double
the amount of enzyme (3.6 mL CALB solution instead of 1.8
mL), to obtain Cu-CALB-PHOS-2 and Cu-CALB-BIC-2. Also
using the phosphate method (with or without the reducing
step), an alternative protocol was performed using 18 mL of
enzyme (10 times more than in the original protocol
described above) and 72 h as a reaction time to give Cu-
CALB-PHOS-10 and Cu-CALB-PHOS-NR-10.

Characterization of the different Cu nanobiohybrids was
performed via XRD, ICP-OES (Table S1†), TEM, HTEM and
SEM analysis.

Catalytic oxidation of benzene to phenol. Benzene (44, 88
or 166 μL, 1–3 mmol) was added to a 10 mL water solution
containing 1% (v/v) acetonitrile. The reaction was vigorously
stirred for 10 min. After that, 1.25 eq. of hydrogen peroxide
(142 μL of 33% v/v H2O2 in water) was added to the solution.
Finally, 5 mg of nanobiohybrid was added to the mixture to
initiate the reaction. Then, the mixture was incubated with
magnetic stirring at 30 °C for 24 h. Reactions were also
performed with different amounts of acetonitrile (v/v) as a co-
solvent, at different temperatures for different lengths of
time, with different amounts of hydrogen peroxide.

The reaction procedure was monitored by HPLC analysis
of reaction samples withdrawn at different times. The
analytical conditions involved the use of a Kromasil-C8 (150 ×
4.6 mm and 5 μm Ø), at a flow of 1.0 mL min−1; and a mobile
phase: 50% (v/v) ACN in MilliQ water, using a refractive index
detector (JASCO). Before injection, 30 μl of sample was
diluted 1 : 1 in acetonitrile. Under these conditions the
retention time of benzene was 7.10 min, phenol was 3.20
min, benzoquinone 2.70 min, hydroquinone was 2.3 min,
catechol was 1.9 min, and H2O2 was 1.4 min. Pure
commercial samples of the different substrates were used as

standards. The yields were obtained by extrapolating the
values through a calibration curve of phenol as a reaction
product (R2 = 0.9901) and also considering the difference of a
non-reactive amount of benzene as a substrate.

Hot filtration catalyst experiment

To demonstrate the heterogeneity of the catalyst, a hot
filtration experiment was performed. After 1 h reaction in the
following conditions: 20% ACN/80% water, 1.25 eq. hydrogen
peroxide, 30 °C, Cu-CALB-PHOS-NR catalyst was centrifuged
and separate of the reaction. A small amount of water was
added to the solid and this was incubated at 50 °C for 30
min. Then, the catalyst was centrifuged and all the solid was
recovered. The supernatant of the reaction was analyzed by
ICP-OES and no traces of copper was found.
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