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Chemo-Enzymatic One-Pot Oxidation of Cyclohexane via

in-situ H,0, Production over Supported AuPdPt Catalysts

Alex Stenner*,® Richard J. Lewis*,** Joseph Brehm,” Tian Qin,” Angeles Lépez-Martin,”
David J. Morgan,” 9 Thomas E. Davies,”” Liwei Chen,® Xi Liu,*" and Graham J. Hutchings*®

The introduction of dopant concentrations of Pt into supported
AuPd nanoparticles, when used in conjunction with an evolved
unspecific peroxygenase (UPO) from Agrocybe aegerita (PaDa-I)
is demonstrated to offer high efficacy towards the one-pot
selective oxidation of cyclohexane to KA oil (cyclohexanol and
cyclohexanone), via the in-situ synthesis of H,O,. The optimised

Introduction

Selective C—H bond activation is widely considered a major
challenge of chemical feedstock valorisation, with many hetero-
geneous catalysts suffering from a combination of poor
regioselectivity and activity to over-oxidation. For example, the
industrial oxidation of cyclohexane to cyclohexanol and cyclo-
hexanone (collectively KA oil), which are key precursors to
Nylon-6 and Nylon-6,6 respectively, is typically operated at low
conversion rates (approximately 5-10%) to inhibit overoxida-
tion of the desired products.”™ Although, even at such
moderate rates a substantial concentration of ring-opened by-
products, such as 6-hydroxyhexanoic and glucaric acids can be
produced.”
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AuPdPt/TiO,/PaDa-l system achieves significant improvements
over analogous AuPd or Pd-only formulations or the use of
commercially available H,O0, with this attributed to the
increased rate of H,0, production by the chemo-catalyst, which
results from the electronic modification of Pd species via Pt
incorporation, upon the formation of trimetallic nanoalloys.

A number of enzymatic approaches have been developed
that do not suffer from the shortcomings associated with
chemo-catalytic routes to the selective oxidation of C—H bonds.
These include the use of unspecific peroxygenases (UPOs),
heme-thiolate enzymes of fungal origins, which are able to
utilise H,0, to functionalise C—H bonds with high stereo- and
chemo-selectivity.”! However, a major concern associated with
UPOs is their sensitivity to H,0, concentration, rapidly deactivat-
ing in the presence of even moderate concentrations of the
oxidant.” While the utilisation of preformed H,0, may seem
attractive, continually supplying the oxidant from an external
reservoir would necessitate the continual monitoring of the
reaction solution to ensure enzyme stability is retained and
would clearly lead to the continual dilution of synthesised
products, while the presence of halide and acidic stabilisers,
typically found in performed H,0,"" may represent a potential
source of enzyme deactivation, with additional costs associated
with their removal from product streams prior to shipping.

As such numerous systems have been developed to supply
in-situ synthesised H,0, to UPOs, these include the use of
enzymatic cascades, with the use of glucose oxidase (GOy),
formate oxidase (FOx) or choline oxidase (ChOx) co-enzymes
previously reported.®" However, such approaches so far have
been hampered by poor atom efficiency and the formation of
undesirable by-products.'?

Recently, we have demonstrated that it is possible to couple
in-situ H,O, generation, over supported bimetallic Pd-based
nanoparticles with the laboratory-evolved UPO from Agrocybe
aegerita, referred to as PaDa-l, to achieve selective C—H bond
activation."*" However, for a chemo-enzymatic approach to be
competitive with current industrial technologies there is a need
to improve process efficiency with the supply of H,O, from the
chemo-catalyst to the UPO a clear rate determining step which
limits overall process efficiency.

The alloying of Pd with a range of secondary metals,
particularly Au,"*? has been extensively studied and demon-
strated to improve catalytic reactivity and selectivity towards
H,O, synthesis when studied under optimised reaction con-
ditions. These enhancements are often attributed to the

[15-18]
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modification of Pd oxidation states and the disruption of
contiguous Pd domains.”? In recent years growing interest has
been placed on the introduction of metal dopants into mono-
and bi-metallic systems both for the direct synthesis of H,0,"
and a range of selective transformations,**® with the incorpo-
ration of low levels of Pt into supported Pd?* and AuPd®®3”
species in particular shown to enhance catalytic performance
far beyond that observed over parent materials.

With these earlier studies in mind and with an aim to further
improve overall process efficiency, we now investigate the
efficacy of Pt introduction, at dopant concentrations, into

HZO

Hydrogenation

=-211.5 kJmol!
Synthesis H,0,

AH =-135.8 kJmol!
Decomposition
AuPdPt
Hy + o2 AH = -105.8 kJmol™’!

Combustion HZO +0.50;

AH = -241.6 kJmol™”

Figure 1. Proposed reaction pathways associated with the chemo-catalytic/
enzymatic valorisation of cyclohexane. Key: Chemo-catalytic pathways
(purple), enzymatic pathways (green).
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Figure 2. Catalytic activity of 1%AuPdPt/TiO, catalysts towards the direct
synthesis and degradation of H,0, under high-pressure batch conditions, as
a function of Pt content. H,0, direct synthesis reaction conditions: Catalyst
(0.01 @), H,0 (2.9 g), MeOH (5.6 g), 5% H,/CO, (420 psi), 25% 0,/CO,

(160 psi), 0.5 h, 2°C, 1200 rpm. H,0, degradation reaction conditions:
Catalyst (0.01 g), H,0, (50 wt.% 0.68 g) H,0 (2.22 g), MeOH (5.6 g), 5% H,/
CO, (420 psi), 0.5 h, 2°C, 1200 rpm.
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supported AuPd nanoparticles when used in conjunction with
PaDa-| for the selective oxidation of cyclohexane to KA oil. A
proposed reaction scheme for the combined chemo-catalytic/
enzymatic approach to cyclohexane valorisation is reported in
Figure 1.

Results and Discussion

Our initial studies established the efficacy of a range of
supported Pd-based catalysts, prepared by a conventional wet
co-impregnation procedure, towards the direct synthesis and
subsequent degradation of H,0, (Figure2, with catalytic
selectivity towards H,0, and H, conversion rates reported in
Table S1, and the performance of mono- and bi-metallic
analogues reported in Table S2). These experiments were
carried out under high-pressure batch reaction conditions,
which have previously been optimized to enhance H,0,
stability, namely through the presence of an alcohol co-solvent
(in this case methanol) and a CO, gaseous diluent (which forms
carbonic acid in-situ, lowering pH of the reaction solution), both
of which have been shown to inhibit H,0, degradation to
H,0.B" While these conditions are clearly not suitable for an
enzymatic approach to cyclohexane oxidation they are consid-
ered to allow for variation in catalytic performance towards the
direct synthesis of H,0, to be more easily discerned.

In keeping with numerous previous studies,??> the alloying
of Au with Pd, was found to considerably enhance catalytic
performance with the 0.5%Au-0.5%Pd/TiO, formulation offer-
ing both a greater rate of H,0, synthesis (71 moly,0, kg 'h™")
and improved selectivity towards H,O, as supported by
determination of H,0, degradation rates
(128 molyy0, kg 'h™'), compared to that achieved by the
monometallic Pd analogue (56 and 139 moly,0, kg 'h™" for
H,O, synthesis and degradation pathways respectively). Such
improvements have been previously attributed to the ability of
Au to both electronically modify Pd speciation and disrupt the
formation of contiguous Pd ensembles.***® Notably in the case
of AuPd-based catalysts exposed to an oxidative heat treat-
ment, such as in this study, the formation of nanoparticles
consisting of Au-core, Pd-shell morphologies has been widely
reported to be a key feature responsible for the observed
improved selectivity, particularly when immobilising metal
nanoparticles onto oxide supports.>”

The introduction of Pt into the AuPd formulation, at dopant
concentrations (0.01-0.02 wt.%), was found to considerably
improve catalytic performance, with rates of H,O, synthesis
achieved by the 0.49%Au-0.49 %Pd-0.02 %Pt/TiO, catalyst par-
ticularly noteworthy (104 mol,,0, kgee ' h™"), with such observa-
tions aligning well with our previous studies into similar
systems.*®*®  However, such an improvement cannot be
ascribed to an increase in catalytic selectivity, with the 0.49%
Au-0.49%Pd-0.02 %Pt/TiO, catalyst offering degradation rates
(190 Molyy0,kges 'h™") considerably greater than the AuPd
analogue (128 moly,0, kg 'h™"). These observations were
found to align well with our determination of H, selectivity
during the H,0, synthesis reaction (Table S1), although it should

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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be noted that such comparisons were not made at iso-
conversion, with the rate of H, conversion over the 0.49%Au-
0.49%Pd-0.02 %P1t/TiO, catalyst (38 %) more than double that of
the bimetallic formulation (16 %). In keeping with earlier studies
the further introduction of Pt (i.e. 0.02-0.1 wt.%) was found to
lead to a loss in catalytic performance,*® although all trimetallic
formulations outperformed both the Pd-only and AuPd ana-
logues, regardless of Pt content.

Building on these initial studies we next evaluated catalytic
performance towards the direct synthesis and subsequent
degradation of H,0,, under conditions considered suitable for
C—H bond activation when utilising the chemo-enzymatic
cascade system, namely at ambient temperature, low pressure
(29 psi) and using a phosphate-buffered reaction medium
(pH 6),°% with catalytic performance after a reaction time of 5
and 120 min reported in Table 1. Notably in the case of the
H,O, degradation experiments concentrations of H,0,
(2000 ppm) far greater than those generated in the analogous
H,O, synthesis experiments were required in order to clearly
distinguish trends in catalytic performance. While a comparison
of net H,0, concentrations achieved over a standard 2h
reaction suggests there is a limited difference in catalytic
performance across the 1%AuPdPt/TiO, series it is important to
note that for application in the chemo-enzymatic cyclohexane
oxidation reaction, any H,0O, generated over the chemo-catalyst
will be readily utilised by the enzyme for selective C—H bond
activation. As such a comparison of initial reaction rates of H,0,
synthesis, where the contribution from competitive H,O,
degradation pathways is considered minimal, may be consid-
ered a more accurate indication of catalytic performance when
the chemo-catalyst is utilised in tandem with PaDa-l, for
cyclohexane oxidation. Interestingly determination of initial
rates of H,O, synthesis, under conditions favourable to enzyme
stability, align well with trends identified using high-pressure
reaction conditions and would identify the 0.5%Au-0.5%Pd/
TiO, and 0.49%Au-0.49 %Pd-0.02 %Pt/TiO, catalysts as choice
candidates for application in the chemo-enzymatic cascade.

Subsequently, we investigated the efficacy of the chemo-
catalyst formulations, when used in tandem with PaDa-l,
towards the selective oxidation of cyclohexane to the corre-
sponding alcohol and ketone (KA oil) via in-situ H,O, production
(Figure 3, with a comparison of reaction rates reported in
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Figure 3. Catalytic activity of 1%AuPdPt/TiO, catalysts towards the selective
oxidation of cyclohexane in conjunction with PaDa-l, as a function of Pt
content. Key: cyclohexanol (red), cyclohexanone (blue). Cyclohexane oxida-
tion reaction conditions: Catalyst (0.001 g), cyclohexane (10 mM), PaDa-I
(15 UmLgy "), phosphate buffer (10 mL, pH 6.0), using a gas mixture of 80%
H,/air H, (23 psi) and air (6 psi), 2 h, 20°C, 250 rpm.

Table S3). Perhaps expectedly given the observed synergy often
reported through the alloying of Pd with Au the 0.5%Au-0.5%
Pd/TiO, catalyst was found to offer higher activity towards
cyclohexane oxidation, when used in conjunction with PaDa-I
(17.4% cyclohexane conversion) than the monometallic Pd
analogue (14.5% cyclohexane conversion). Notably, such a
trend may have been predicted based on our determination of
initial rates of H,0, synthesis under comparable reaction
conditions (Table 1).

Upon the introduction of dopant concentrations of Pt into
the AuPd catalyst, a significant improvement in cyclohexanone
conversion was observed, with an optimal catalyst formulation
identified (0.49 %Au-0.49 %Pd-0.02 %Pt/TiO,), which offered
cyclohexane conversion rates approximately 1.5 times greater
(25.7% cyclohexane conversion) than that achieved by the
bimetallic analogue, again such trends may have been
predicted based on H,0, synthesis rates. With the further
introduction of Pt, cyclohexane conversion rates decreased

Table 1. Comparison of catalytic activity towards the direct synthesis and subsequent degradation of H,O,, under low-pressure conditions.

Reaction rate [mmoly,0, ' MMOl e h™']

5 min 120 min
Catalyst H,0, synthesis H,0, synthesis H,0, degradation
1%Pd/TiO, 3.00%10? 4.0%10' 6.50x 10
0.5%Au-0.5%Pd/TiO, 5.36x10? 5.54x 10 1.19% 10?
0.495 %Au-0.495 %Pd-0.01 %Pt/TiO, 5.62x10? 1.42x10' 7.87%10'
0.49%Au-0.49 %Pd-0.02 %Pt/TiO, 6.13x10° 3.02x 10 5.27x10'
0.48 %Au-0.48 %Pd-0.04 %Pt/TiO, 5.08x10? 7.24x10' 5.88x10'
0.47 %Au-0.47 %Pd-0.06 %Pt/TiO, 4.55% 102 2.97x10' 5.59x10'
0.46 %Au-0.46 %Pd-0.08 %Pt/TiO, 4.74x10% 1.72x10' 5.07x10'
0.45%Au-0.45 %Pd-0.1 %Pt/TiO, 3.92x10° 0.79% 10" 5.10x 10’

H,0, direct synthesis reaction conditions: catalyst (0.001 g), phosphate buffer (100 mM, 10 mL, pH 6.0), using a gas mixture of 80% H./air (23 psi H,, 6 psi
air), 20°C, 250 rpm. H,0, degradation reaction conditions: Catalyst (0.001 g), H,O, (2000 ppm), phosphate buffer (100 mM, 10 mL, pH 6.0), using a gas

mixture of 80% H,/air H, (23 psi) and N, (6 psi), 20°C, 250 rpm.
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considerably, however for all formulations studied near total
selectivity towards cyclohexanol was observed (>98% cyclo-
hexanol selectivity).

The catalytic activity of immobilised Pd-based catalysts
towards H,0, production is known to be highly dependent on
Pd speciation, with Pd*" species typically more selective
towards H,0, than Pd° analogous. Although, a growing number
of studies have highlighted the improved efficacy of mixed
domains of Pd’Pd**, compared to Pd’- or Pd**-rich counter-
parts. Regardless, given the rapid utilisation of H,O, in the
enzyme-mediated selective oxidation of cyclohexane, it may be
reasoned that chemo-catalytic H,0, degradation pathways are
of limited concern, with respect to overall process efficiency. On
this basis, one could recommend future chemo-catalyst design
should focus on the development of materials which are highly
active towards H,0O, production, even if such improvements
were at the expense of catalytic selectivity, with the caveat that
the reaction remains limited by the supply of H,0, by the
chemo-catalyst, rather than its subsequent utilisation in
selective oxidation. Analysis of the 1%AuPdPt/TiO, catalyst
series via X-ray photoelectron spectroscopy (XPS) (Figure 4)
indicated that Pd is present predominantly as Pd*"in the case
of the 1%Pd/TiO, catalyst, which is perhaps understandable
given the exposure to an oxidative heat treatment (flowing air,
400°C, 3 h) and the preferential formation of PdO. Notably,
upon the alloying of Pd with Au and the subsequent
introduction of dopant levels of Pt a further shift towards Pd**
was observed, although such a shift may be considered
relatively minor, it does highlight the electronic modification
which may be achieved through the formation of nanoalloys.
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Figure 4. Surface atomic compositions of as-prepared catalysts, prepared via
a conventional wet co-impregnation excess chloride impregnation method-
ology, as a function of secondary metal modifier, as determined by XPS
using Pd (3d) regions. (A) 0.5%Pd/TiO,, (B) 1%Pd/TiO,, (C) 0.5%Au-0.5%Pd/
TiO,, (D) 0.45%Au-0.45%Pd-0.01%Pt/TiO,, (E) 0.495 %Au-0.495 %Pd-0.02 %
Pt/TiO,, (F) 0.48 %Au-0.48 %Pd-0.04 %Pt/TiO,, (G) 0.47 %Au-0.47 %Pd-0.06 %
Pt/TiO,, (H) 0.46 %Au-0.46 %Pd-0.08 %Pt/TiO,, (I) 0.45 %Au-0.45%Pd-0.1 %Pt/
TiO, Key: Au® (green), Pd° (blue), Pd** i.e. PdO (purple).
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However, it should be noted that the Pd speciation of the fresh
materials are likely to not be representative of the as-prepared
materials, in particular given the large concentrations of H,
utilised within the chemo-enzymatic cascade system.

With our analysis by XPS indicating both the effect of AuPd
alloy formation and the subsequent introduction of dopant
levels of Pt on Pd speciation (Figure 4) we subsequently probed
the series of catalysts via CO-DRIFTS (Figure S1). The DRIFTS
spectra of all formulations was found to be dominated by Pd-
CO bands, associated with the bridged and multi-fold adsorp-
tion of CO on extended Pd surfaces (1750-2000cm').%
Indeed, there is no clear indication of CO bonded to low-
coordination Pd sites (i.e. edge and corner sites), which would
be expected at high wavenumbers (>2000cm™"),*? such
observations may indicate the limited presence of highly
dispersed Pd species (i.e. atoms or clusters), which is typical of
the wet impregnation route to catalyst synthesis.”” Upon the
alloying of Pd with Au a clear blueshift in the bands associated
with bridging/multi-fold CO species was observed, which aligns
well with previous reports by Wilson et al. and can be attributed
to the occupation of lower coordination sites.*” Additionally, a
near-total loss in the intensity of the band centred at
approximately 1795 cm™' was detected, which is characteristic
of a substantial modification of Pd surface structures, resulting
from the formation of AuPd alloyed species.*” Notably, the
subsequent introduction of Pt at low concentrations was not
found to result in any detectable variation in structural motifs,
which may be expected given the loadings of the individual
metals. However, for those formulations with relatively high
concentrations of Pt (>0.06 wt.%), bands associated with CO
coordinated to Pt domains may be observed.**

We subsequently established the significant improvement
in selective cyclohexane oxidation activity that can be achieved
via the in-situ production of H,0, in comparison to that
observed when either gaseous reagent (H, and O, (as air)) is
used separately (Table S4). Interestingly significantly higher
rates of cyclohexane conversion were achieved via the in-situ
production of H,0, (17.4%) compared to that obtained when
using the preformed oxidant (0.8-4.6 % cyclohexane conversion
at H,0, concentrations ranging from 50-200 ppm) at compara-
ble concentrations to that generated by the chemo-catalyst and
under analogous reaction conditions to those used for the
selective oxidation of cyclohexane. This can be understood to
be related at least in part, to the complete addition of the
oxidant at the start of the reaction and the susceptibility of the
PaDa-l enzyme to high concentrations of H,0, with the
mechanism of deactivation considered to occur through the
loss of the heme-centre, precipitated by the generation of
highly reactive oxygen-based radicals (in particular *OH and
*OO0H) via the reaction of H,0, with UPO compound 1144

Using an ABTS assay we next determined the contribution
of key reaction parameters towards enzyme deactivation
(Table S5). A considerable loss in enzyme activity was observed
after exposure to in-situ reaction conditions (approximately
18 %), with the presence of the organic substrate and major
product (at a concentration comparable to that generated
during the chemo-catalytic/enzymatic cascade) found to con-

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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tribute significantly toward enzyme deactivation (23 and 25%
reduction in activity observed in the presence of cyclohexane
and cyclohexanol respectively). The introduction of preformed
H,O, at concentrations comparable to that generated over the
chemo-catalyst (50 ppm) led to a major loss in enzyme activity
(approximately 68% reduction), with a direct correlation
between H,0, concentration and the extent of enzyme
deactivation observed. These studies align well with our earlier
investigations (Table S4), where limited cyclohexane oxidation
activity was observed in the presence of the preformed oxidant,
and the known sensitivity of the UPOs to H,O, concentration, as
discussed above.

With a particular focus on the 1%Pd/TiO,, 0.5%Au-0.5%Pd/
TiO, and 0.49 %Au-0.49 %Pd-0.02 %Pt/TiO, catalysts time-on-line
studies were next conducted (Figure 5). As with our standard
reaction time (2 h) the higher activity of the optimal AuPdPt
formulation is once again clear, with rates of cyclohexane
conversion (58%) far greater than that of either the 0.5%Au-
0.5%Pd/TiO, (43%) or 1%Pd/TiO, (39%) catalysts, over ex-
tended reaction times (8 h). Notably, selectivity towards cyclo-
hexanol remained high in all cases. We subsequently set out to
determine the contribution of a purely chemo-catalytic pathway
to cyclohexanol over-oxidation to the corresponding ketone
(Figure S2) and while it was identified that such a route is
possible, it is clear that the enzymatic contribution to over-
oxidation is far greater.

With the potential for the long-term deactivation of the
enzyme as a result of interaction with leached metal species,
we next conducted model studies in order to determine the
extent of precious metal leaching over 8h of reaction
(Table S6). Such studies were conducted in the absence of both
the PaDa-l enzyme and the cyclohexane substrate and at
catalyst loadings (0.01 g) ten times greater than that utilised for
our standard low-pressure H,0, direct synthesis studies, in order
to allow for more accurate determination of metal concen-
trations. Notably, for the three catalyst formulations studied no
metal leaching was observed. Building on these initial studies
we conducted further model cyclohexane oxidation experi-
ments, in order to determine the role of immobilised metal
species on enzyme stability. These experiments were conducted
in the presence of the PaDa-I enzyme and using concentrations
of metal species (as chloride salts) equivalent to that which
would be present if 0.1% of metal species were leached from
monometallic 1%Au/TiO,, 1%Pd/TiO, and 1%Pt/TiO, catalysts,
again using a catalyst mass ten times that utilised for our
standard cascade reactions (i.e. 0.01 g). ABTS assay experiments
revealed the potential for significant deactivation of the PaDa-I
enzyme after exposure to metal salts, in particular when the
enzyme was exposed to Pt (as H,PtClg), which resulted in a near
total loss of enzymatic activity (Table S7), with additional
control experiments indicating the negligible effect of the
chloride counter ion. While such observations clearly highlight
the detrimental effect of leached metal species on enzyme
stability and should inform future studies, it should again be
highlighted that we observe no metal leaching of active metals
under model reaction conditions.
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Figure 5. Comparison of catalytic activity of (A) 1%Pd/TiO,, (B) 0.5%Au-0.5%
Pd/TiO, and (C) 0.49 %Au-0.49 %Pd-0.02 %Pt/TiO, when used in conjunction
with PaDa-l towards the selective oxidation of cyclohexane, as a function of
reaction time. Key: cyclohexanol (red), cyclohexanone (blue). Cyclohexane
oxidation reaction conditions: Catalyst (0.001 g), cyclohexane (10 mM),
PaDa-l (15 UmLgy, "), phosphate buffer (10 mL, pH 6.0), using a gas mixture
of 80% H,/air H, (23 psi) and air (6 psi), 20°C, 250 rpm.
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Further investigation of the 1%Pd/TiO,, 0.5%Au-0.5%Pd/
TiO, and 0.499%Au-0.49%Pd-0.02%Pt/TiO, catalysts via STEM-
HAADF imaging indicated a considerable variation in nano-
particle size with catalyst formulation (Figures 6-7). As previ-

100 nm

Figure 6. HAADF-STEM and X-EDS imaging of the as-prepared 1%Pd/TiO,
and 0.5 %Pd-0.5 %Au/TiO, catalysts. (A) Lower magnification of 1%Pd/TiO,
showing the absence of larger particles, (B) high-magnification images of
1%Pd/TiO, from areas indicated showing small (<3 nm) Pd clusters on TiO,
surface, (C) analysis of the 0.5%Pd-0.5%Au/TiO, catalyst showing both small
and larger (5-20 nm) nanoparticles, and (D) Pd and Au X-EDS maps of the
area in (C) showing the presence of Au—Pd nanoalloys. Additional analysis of
the 0.5%Pd-0.5%Au/TiO, catalyst is reported in Figure S3.

10 nm 10nm

20 nm 10 nm
—

Figure 7. HAADF-STEM and X-EDS imaging of the as-prepared 0.49 %Pd-
0.49 %Au-0.02 %Pt/TiO, catalyst. (A) Lower magnification image showing the
presence of both small (<3 nm) and larger particles (> 10 nm) nanoparticles,
(B) high-magnification images again indicating the presence of larger
nanoparticles on the TiO, surface, (C) Pt, Pd and Au X-EDS maps of area in
(B) showing the presence of Au—Pd-Pt nanoalloys. Additional analysis of the
0.49 %Pd-0.49 %Au-0.02 %Pt/TiO, catalyst is reported in Figure S4.
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ously reported for analogous materials,”*” the Pd-only catalyst
was found to consist of small (<2 nm) nanoparticles, we should
again highlight our analysis by CO-DRIFTS, which indicated the
lack of any sub-nano Pd species (FigureS1). Upon the
introduction of Au a population of larger (>5 nm) nanoparticles
were observed in addition to the smaller species identified in
the Pd-only analogue. XEDS mapping of individual nano-
particles revealed that the smaller species consisted of Pd only,
whereas the larger particles were Au-rich alloys. In a similar
manner to the bimetallic AuPd catalyst, the 0.49 %Au-0.49 %Pd-
0.02%Pt/TiO, analogue also displayed a wide particle size
range, with the smaller Pd-only particles observed in addition
to AuPdPt nanoalloys. Additional HAADF-STEM and XEDS
analysis of the 0.5%Au-0.5%Pd/TiO, and 0.49 %Au-0.49 %Pd-
0.02%P1t/TiO, catalysts are reported in Figures S3 and S4 and in
particular, we wish to highlight the XEDS analysis of the
individual nanoparticles within the trimetallic catalyst which
further demonstrates the formation AuPdPt nanoalloys.

Finally, with the requirement for catalyst stability of the
utmost importance we next evaluated catalytic performance
towards the tandem chemo-catalytic/enzymatic oxidation of
cyclohexane over multiple uses (Table S8), notably fresh
enzyme was utilised for each reaction. Interestingly, for all
catalysts studied performance was found to improve consid-
erably over three successive reactions, with further studies
indicating a similar general improvement in catalytic activity
towards the direct synthesis, under comparable reaction
conditions and at a reaction time where H,0O, degradation
pathways can be considered to be negligible (Table S8). While
these two metrics (chemo-catalyst driven H,0, synthesis and
subsequent utilisation by PaDa-l in the oxidation of
cyclohexane) are clearly related we were motivated to gain
further understanding of the underlying cause of such an
improvement. Analysis of the three key catalysts after succes-
sive use in the oxidation of cyclohexane via XPS revealed a
significant reduction in Pd®>" content upon use in the chemo-
enzymatic selective oxidation of cyclohexane (Figure S5), with
the limited presence of Pd*" attributed to the oxidation of the
catalyst surface upon drying and handling during ambient
conditions prior to analysis. As such it is possible to attribute
the in-situ reduction of Pd*" species as the cause for the
improved performance in the chemo-catalytic/enzymatic oxida-
tion of cyclohexane. As discussed previously, we consider that
such observations will aid in the design of more active chemo-
catalysts and in the development of more efficient cascade
systems.

Conclusion and Future Perspective

The combination of H,0, synthesising chemo-catalyst and
unspecific peroxygenase enzyme, PaDa-l, offers an attractive
route to the selective oxidation of cyclohexane to the
corresponding alcohol and ketone (collectively KA oil). How-
ever, significant improvements in process efficiency are re-
quired if the chemo/enzymatic cascade is to rival current
industrial technologies. In particular, there is a clear need to

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202300162

maximise H,O, synthesis rates, while ensuring that the rate of
production does not exceed that which the enzymatic
component is able to selectively utilise in C—H bond activation.
Indeed, an overproduction of H,O,, is clearly detrimental to
enzyme stability, with additional costs associated with non-
selective H, utilisation.

Through the introduction of dopant concentrations of Pt
into supported AuPd nanoparticles and the subsequent elec-
tronic modification of Pd species, we demonstrate that it is
possible to achieve significantly enhanced product vyields,
compared to those observed over the parent bimetallic
formulation, with no loss over key chemo-catalytic formulations
upon successive use. Such improvements both upon Pt
incorporation and catalyst re-use can be directly related to the
improved activity of the chemo-catalyst towards H,0, produc-
tion.

We have also identified the potential for enzymatic
deactivation under cascade reaction conditions and as a result
of interaction with metals responsible for H,0O, synthesis,
although no such metal leaching was observed when using key
formulations. We consider such observations will aid in further
process design and optimisation.

However, while the benefits of the chemo-catalytic/enzy-
matic approach are clear one must also consider the industrial
feasibility of such systems, in particular given the limited
stability of the free enzyme, both under operational conditions
and during separation stages." It is well known that the use of
immobilised enzymes can offer operational advantages, improv-
ing stability under non-optimal reaction parameters (temper-
ature, pH or the use of organic solvents), while also reducing
purification and separation steps associated with the free
enzyme.*’*¥ Indeed, the use of so-called natural heterogeneous
catalysts,*” alongside traditional chemo-catalysts would allow
for the adoption of continuous/semi-continuous reactor
systems.”® It is recommended that future studies focus on the
use of such immobilised systems as a matter of priority.

Experimental

Mono-, bi- and tri-metallic 1%AuPdPt/TiO, catalysts have been
prepared (on a weight basis) via a conventional wet co-impregna-
tion procedure, based on a methodology previously reported in the
literature.”” The procedure to produce the 0.49%Au-0.49%Pd-
0.02%Pt/TiO, catalyst (2g) is outlined below, with a similar
methodology utilized for all formulations. Exact quantities of
catalyst precursors are reported in Table S9.

Aqueous solutions of PdCl, (0.70 mL, [Pd]=7.0 mgmL™", Merck),
HAuCl,-3H,0 solution (0.445mL, [Aul=12.25mgmL"', Strem
Chemicals) and H,PtCl¢-6H,0 (0.20 mL, [Pt]=1.0 mgmL~', Merck)
were mixed in a 50 mL round-bottom flask and heated to 65°C
with stirring (1000 rpm) in a thermostatically controlled oil bath,
with total volume fixed to 16 mL using H,0O (HPLC grade, Fischer
Scientific). Upon reaching 65°C, TiO, (1.98 g, Degussa, P25) was
added over the course of 5 min with constant stirring. The resulting
slurry was stirred at 65°C for a further 15 min, following this the
temperature was raised to 95°C for 16 h to allow for complete
evaporation of water. The resulting solid was ground prior to an
oxidative heat treatment (flowing air, 400°C, 3 h, 10°Cmin~").
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Surface area measurements of key catalytic materials, as deter-
mined by five-point N, adsorption are reported in Table S10.
Corresponding analysis by X-ray diffraction is reported in Figure S6,
with no reflections associated with immobilised metals observed,
which may be indicative of the high dispersion of metal species.

Catalyst Testing

Note 1: In all cases, reactions were run multiple times, over multiple
batches of catalyst, with the data being presented as an average of
these experiments.

Note 2: Reaction conditions used within this study operate outside
the flammability limits of gaseous mixtures of H, and O,.

Note 3: The conditions used within this work for H,0, synthesis and
degradation using high-pressure batch conditions have previously
been investigated, with the presence of CO, as a diluent for
reactant gases and a methanol co-solvent in the case of the high-
pressure experiments identified as key to maintaining high catalytic
efficacy towards H,0, production.®"

Direct synthesis of H,0, from H, and O,, under high-pressure
batch conditions

Hydrogen peroxide synthesis was evaluated using a Parr Instru-
ments stainless steel autoclave with a nominal volume of 100 mL,
equipped with a PTFE liner and a maximum working pressure of
2000 psi. To test each catalyst for H,0, synthesis, the autoclave liner
was charged with catalyst (0.01 g) and HPLC grade solvents (5.6 g
methanol and 2.9g H,O, both Fischer Scientific). The charged
autoclave was then purged three times with 5%H,/CO, (100 psi)
before filling with 5%H,/CO, to a pressure of 420 psi, followed by
the addition of 25%0,/CO, (160 psi). Pressures of 5%H,/CO, and
25%0,/CO, are given as gauge pressures and reactant gasses were
not continually supplied. The reaction was conducted at a temper-
ature of 2°C, for 0.5 h with stirring (1200 rpm), with the reactor
temperature controlled using a HAAKE K50 bath/circulator using an
appropriate coolant.

H,0, productivity and H,0, concentrations (wt.%) were determined
by titrating aliquots of the final solution after reaction with acidified
Ce(SO,), (0.0085 M) in the presence of ferroin indicator. Catalyst
productivities are reported as moly,0, kgee ' h .

Total autoclave capacity was determined via water displacement to
allow for accurate determination of H, conversion and H,0,
selectivity. When equipped with a PTFE liner, the total volume of an
unfilled autoclave was determined to be 93 mL, which includes all
available gaseous space within the autoclave.

Catalytic conversion of H, and selectivity towards H,O, were
determined using a Varian 3800 GC fitted with TCD and equipped
with a Porapak Q column.

H, conversion [Equation (1)] and H,0, selectivity [Equation (2)] are
defined as follows:

MMOly; (y(0)) — MMOy; (¢(1))

H,Conversion (%) = mmoly wo)
t

x 100 (1)

H,0,detected (mmol)

H,0; Selectivity (%) = H, consumed (mmol)

x 100 2)
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Degradation of H,0,, under high-pressure batch conditions

Catalytic activity towards H,O, degradation (via hydrogenation and
decomposition pathways) was determined in a similar manner to
that used to measure the direct synthesis activity of a catalyst. The
autoclave liner was charged with methanol (5.6 g, HPLC standard,
Fischer Scientific), H,O, (50 wt.%, 0.69 g, Merck), H,0 (2.21 g, HPLC
standard, Fischer Scientific) and catalyst (0.01 g), with the solvent
composition equivalent to a 4wt% H,0, solution. From the
solution, prior to the addition of the catalyst, two 0.05 g aliquots
were removed and titrated with acidified Ce(SO,), solution using
ferroin as an indicator to determine an accurate concentration of
H,0, at the start of the reaction. The autoclave was purged three
times with 5%H,/CO, (100 psi) before filling with 5%H,/CO, to a
gauge pressure of 420 psi. The reaction was conducted at a
temperature of 2°C, for 0.5 h with stirring (1200 rpm). After the
reaction was complete the catalyst was removed from the reaction
mixture by filtration and two 0.05 g aliquots were titrated against
the acidified Ce(SO,), solution using ferroin as an indicator. The
degradation activity is reported as moly,0, kg 'h™".

Direct synthesis of H,0, from H, and O,, under low-pressure
batch conditions

Reactions were carried out in 50 mL gas tight round bottomed
flasks rated to 60 psi and stirred using a Radleys 6 Plus Carousel
equipped with a gas distribution system. The catalyst (0.001 g) was
weighed directly into the glass flasks. To this was added potassium
phosphate buffer (10 mL of 100 mM, pH 6.0) prepared with KH,PO,
and K,HPO, (both obtained from Merck). Subsequently, the flask
was sealed and pressurized to 29 psi with H, (23 psi) and air (6 psi)
to give a reaction atmosphere containing 80% H, and 20% air. The
reaction mixtures were stirred (250 rpm) at ambient temperature
(20°C) for 0.5 h, unless otherwise stated. After the desired reaction
time the vessel was depressurized and the H,0, concentration
determined by UV/Vis spectroscopy. To determine H,O, concen-
tration an aliquot (1.5 mL) of the post reaction solution was
combined with potassium titanium oxalate dihydrate solution
acidified with 30% H,SO, (0.02 M, 1.5 mL) resulting in the formation
of an orange pertitanic acid complex. This resulting solution was
analysed spectrophotometrically using an Agilent Cary 60 UV/Vis
Spectrophotometer at 400 nm by comparison to a calibration curve
by taking aliquots of H,0, in the buffer solution (1.5 mL) and
adding acidified potassium titanium oxalate dihydrate solution
(1.5 mL).

Degradation of H,0,, under low-pressure batch conditions

Catalytic activity towards H,O, degradation (via hydrogenation and
decomposition pathways) was determined in a similar manner to
that used to measure the direct synthesis activity of a catalyst,
under low pressure conditions. The potassium phosphate buffer
(10 mL of 100 mM, pH 6.0) prepared with KH,PO, and K,HPO, (both
obtained from Merck) and H,0, (2000 ppm, Merck) were added into
the 50 mL gas-tight round bottomed flasks. From the solution, prior
to the addition of the catalyst, two 0.05 g aliquots were removed to
allow for the quantification of the initial H,0, concentration via UV/
Vis spectroscopy. Subsequently, the catalyst (0.001 g) was added to
the flask, which was then sealed, purged and pressurized to 29 psi
with H, (23 psi) and N, (6 psi) to give a reaction atmosphere
containing 80% H, and 20% N,. The reaction mixtures were stirred
(250 rpm) at ambient temperature (20°C) for 2 h. After the desired
reaction time the vessel was depressurized, the catalyst was
removed via filtration and the remaining H,0, quantified by UV/Vis
spectroscopy.
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Metal leaching studies

To provide an indication of the extent of metal leaching during the
in-situ cyclohexane oxidation reaction, indicative model studies
were conducted in the absence of the enzyme and substrate (i.e.
under low-pressure H,0, direct synthesis conditions) utilising 0.01 g
of the heterogeneous catalyst (i.e. ten times that utilised for the
cyclohexane oxidation reaction), with all other conditions as out-
lined as above. Post-reaction, the chemo-catalyst was removed via
filtration and the reaction solution analysed by ICP-MS.

Unspecific peroxygenase preparation

Evolved AaeUPO (PaDa-l variant) designed in Saccharomyces
cerevisiae was overproduced in Pichia pastoris in a bioreactor and
purified to homogeneity (Reinheitszahl value [Rz] [A4s/Asg] ~2.4).
Enzyme activities were determined using ABTS as substrate.
Reactions were done in triplicate. 20 pL PaDa-| was added to 180 pL
ABTS reaction mixture (100mM sodium citrate-phosphate pH 4.4
with 0.3 mM ABTS and 2 mM H,0,) and substrate conversion was
followed by measuring the absorption at 418nm (¢418=
36000 M 'cm™"). The PaDa-l concentration was appropriately
diluted to give rise to linear enzyme kinetics. One unit is defined as
the amount of enzyme that converts 1 umol of substrate in 1min.

Unspecific peroxygenase deactivation under reaction
conditions

The effect of reaction conditions on the activity of the evolved
AaeUPO (PaDa-| variant) were carried out in 50 mL gas tight round
bottomed flasks rated to 60 psi and stirred using a Radleys 6 Plus
Carousel equipped with a gas distribution system. Enzyme activities
were determined using ABTS as substrate in a manner similar to
that outlined above.

Note 4: The effect of cyclohexane oxidation reaction conditions on
the activity of PaDa-I is reported in Table S5.

Catalytic testing of the tandem chemo-enzymatic system for
cyclohexane oxidation

Reactions were carried out in 50 mL gas tight round bottomed
flasks rated to 60 psi and stirred using a Radleys 6 Plus Carousel
equipped with a gas distribution system. The reaction mixtures
contained 15 UmLgy, ' PaDa-l (23 pL), 0.1 mgmlg, ' of the metal
catalyst (0.001 g) in potassium phosphate buffer (10 mL, 100 mM,
pH 6, Merck) and cyclohexane (10 mM, Fischer Scientific). The
catalysts were weighed directly into the glass vessels followed by
the buffer solution. Immediately before starting the reactions, the
enzyme and substrate were added. The sealed reaction vessels
were pressurized to 29 psi with H, (23 psi) and air (6 psi) to give a
reaction atmosphere containing 80% H, and 20% air. The reactions
were stirred with a magnetic stirrer bar at 250 rpm at ambient
temperature (20°C) for 2 h, unless otherwise stated. After the
desired reaction time product formation was monitored by
extracting with 2x5mL ethyl acetate containing 1-decanol (2 mM,
Fischer Scientific) as the internal standard and subjecting aliquots
of the organic layer to GC analysis (Agilent model 7658 equipped
with a CP Wax 52 CB column). Additionally, the residual concen-
tration of H,0, was determined by UV/Vis spectroscopic analysis of
the aqueous layer, as outlined above.

Cyclohexane conversion [Equation (3)] and product (cyclohexanol
or cyclohexanone) selectivity [Equation (4)] were determined as
follows:
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Cyxlohexane Conversion (%) =

MMOleyio (t0)) — MMOleyio (11 x 100 ©
mmOICycIo (t(0))

Product Selectivity (%) =
mmolproduct (t(1)) x 100 @

mmo'CycIo (t(0)) — mmOICycIo (t(1))

Further in-situ oxidation studies were carried out to determine the
efficacy of using, pre-formed H,0, at levels identical to those over a
2 h direct synthesis study (50 ppm), under identical conditions to
those used above for in-situ cyclohexane oxidation. Notably, for
these experiments, we have investigated both commercially
supplied H,0, (Merck) (i.e. in the presence of stabilisers) and that
generated in our autoclave system (i.e. in the absence of stabilisers
and utilising the aqueous buffered solution used for the enzymatic
reactions).

Additional studies were conducted under individual gaseous
reagents (H, and O, as air). In the case of those experiments
conducted using commercial H,0, a concentration of oxidant
comparable to that formed if all the H, utilised in the in-situ
approach was utilised, with total pressure fixed to 29 psi using N,.
For experiments using either H, or air alone total pressure was also
maintained at 29 psi using N, in addition to the reagent gas.

To determine the role of leached metal species on process
efficiency additional cyclohexane oxidation studies were conducted
in the presence of the PaDa-l enzyme, and homogeneous metals at
a concentration of active metals (as metal chlorides), far in excess
of that present within the chemo-catalysed/enzymatic cascade
reactions. In the case of these studies concentrations of precious
metal salts comparable to that which would be present if 0.1% of
metal species were leached from monometallic 1%Au/TiO,, 1%Pd/
TiO, and 1%Pt/TiO, catalysts, again using a catalyst mass ten times
that utilised for our standard cascade reactions (i.e. 0.01 g). Such
studies were conducted under an inert atmosphere (N,, 29 psi) in
the presence of preformed H,0, (50 ppm, Merck) for 2 h, with all
other conditions as outlined above.

In all cases the residual concentration of H,0, was determined by
UV/Vis spectroscopic analysis of the aqueous layer, as outlined
above.

Catalyst reusability in the tandem chemo-enzymatic
oxidation of cyclohexane, under low-pressure batch
conditions

The performance of the metal catalysts was evaluated over multiple
uses towards both the direct synthesis of H,0, and cyclohexane
oxidation in the tandem system. To obtain sufficient catalyst
samples for testing over multiple uses, model reactions containing
0.05 g of chemo-catalyst and PaDa-l 15 (UmLgy, '), were conducted
with reaction mixtures resemblant of the system at 30%
cyclohexane conversion i.e. cyclohexane (7 mM) and cyclohexanol
(3 mM), with all other conditions as outlined above. The spent
catalyst was collected by vacuum filtration and washed with
potassium phosphate buffer (2x5 mL, pH 6, 100 mM), before drying
under vacuum (30°C, 16 h). Aliquots of the dried sample (0.001 g)
were then separately evaluated for activity towards H,O, direct
synthesis and in-situ cyclohexane oxidation. The procedure
described above was repeated to allow for the evaluation of the
chemo-catalyst upon third use. In a similar manner chemo-catalysts
were subsequently utilised in the low-pressure direct synthesis of
H,0,, after initial use on the tandem chemo-enzymatic oxidation
reaction.
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Evaluating efficacy towards the oxidation of cyclohexanol

The separate efficacy of the PaDa-I enzyme or the heterogeneous
catalysts towards the oxidation of cyclohexanol was established in
a similar manner to that used to determine activity of the chemo-
enzymatic system towards cyclohexane oxidation, as outlined
above.

The reaction mixtures contained 15 UmLg, ' PaDa-l (23 uL) or
0.1 mgmly, ' of the metal catalyst (0.001g) in potassium
phosphate buffer (10 mL, 100 mM, pH 6, Merck) and cyclohexanol
(10 mM, Fischer Scientific). When using the heterogeneous catalyst,
the materials were weighed out directly into the glass vessels
followed by the buffer solution and substrate. The sealed reaction
vessels were pressurized to 29 psi with H, (23 psi) and air (6 psi) to
give a reaction atmosphere containing 80% H, and 20% air. The
reactions were stirred (250 rpm) at ambient temperature (20 °C) for
2 h. After the desired reaction time product formation was
monitored by extracting with 2x5 mL ethyl acetate containing 1-
decanol (2 mM, Fischer Scientific) as the internal standard and
subjecting aliquots of the organic layer to GC analysis (Agilent
model 7658 equipped with a CP Wax 52 CB column).

A similar procedure to that outlined above was utilised when
investigating the efficacy of the enzyme alone. However, in addition
to the phosphate buffer and substrate, pre-formed H,0, (50 wt.%,
Merck) was also added, at a concentration comparable to that
generated by the heterogeneous catalysts over a 2h in-situ
reaction (50 ppm). The sealed reaction vessels were pressurized to
29 psi with N, prior to stirring with a magnetic stirrer bar at
250 rpm at ambient temperature (20°C) for 2 h. After the desired
reaction time product formation was monitored by extracting with
2x5 mL ethyl acetate containing 1-decanol (2mM, Fischer Scien-
tific) as the internal standard and subjecting aliquots of the organic
layer to GC analysis (Agilent model 7658 equipped with a CP Wax
52 CB column). The residual concentration of H,0O, was determined
by UV/Vis spectroscopic analysis of the aqueous layer, as outlined
above.

Catalyst Characterisation

Brunauer Emmett Teller (BET) surface area measurements were
conducted using a Quadrasorb surface area analyser. A 5-point
isotherm of each material was measured using N, as the adsorbate
gas. Samples were degassed at 250°C for 2 h prior to the surface
area being determined by 5-point N, adsorption at —196°C, and
data analysed using the BET method.

The bulk structure of the catalysts was determined by powder X-ray
diffraction using a (0-8) PANalytical X'pert Pro powder diffractom-
eter using a Cu K, radiation source, operating at 40 KeV and 40 mA.
Standard analysis was carried out using a 40 min run with a back
filled sample, between 20 values of 10-80°. Phase identification
was carried out using the International Centre for Diffraction Data
(ICDD).

A Thermo Scientific K-Alpha® photoelectron spectrometer was
used to collect XP spectra utilising a micro-focused monochromatic
Al K, X-ray source operating at 72 W. Data was collected over an
elliptical area of approximately 400 um? at pass energies of 40 and
150 eV for high-resolution and survey spectra, respectively. Sample
charging effects were minimised through a combination of low
energy electrons and Ar™ ions, consequently this resulted in a
C(1 s) line at 284.8 eV for all samples. All data was processed using
CasaXPS v2.3.24 using a Shirley background, Scofield sensitivity
factors and an electron energy dependence of —0.6 as recom-
mended by the manufacturer.
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DRIFTS measurements were taken on a Bruker Tensor 27 spectrom-
eter fitted with a mercury cadmium telluride (MCT) detector. A
sample was loaded into the Praying Mantis high temperature (HVC-
DRP-4) in-situ cell before exposure to N, and then 1% CO/N, at a
flow rate of 50 cm®*min<™". A background spectrum was obtained
using KBr, and measurements were recorded every 1 min at room
temperature. Once the CO adsorption bands in the DRIFT spectra
ceased to increase in size, the gas feed was changed back to N, and
measurements were repeated until no change in subsequent
spectra was observed.

Aberration corrected scanning transmission electron microscopy
(AC-STEM) was performed using a probe-corrected Hitachi HF5000
S/TEM, operating at 200 kV. The instrument was equipped with
bright field (BF) and annular dark field (ADF) detectors for high
spatial resolution STEM imaging experiments. This microscope was
also equipped with a secondary electron detector and dual Oxford
Instruments XEDS detectors (2x 100 mm?) having a total collection
angle of 2.02 sr.

Metal leaching was quantified using an Agilent 7900 ICP-MS
equipped with an I-AS auto-sampler using a 5-point calibration
using certified reference materials from Perkin Elmer and certified
internal standard from Agilent. All calibrants were matrix matched.
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