
Selective Oxidations Using a Cytochrome P450 Enzyme
Variant Driven with Surrogate Oxygen Donors and Light
Joel H. Z. Lee,[a] Matthew N. Podgorski,[a] Michael Moir,[b] Alecia R. Gee,[a] and
Stephen G. Bell*[a]

Abstract: Cytochrome P450 monooxygenase enzymes are
versatile catalysts, which have been adapted for multiple
applications in chemical synthesis. Mutation of a highly
conserved active site threonine to a glutamate can convert
these enzymes into peroxygenases that utilise hydrogen
peroxide (H2O2). Here, we use the T252E-CYP199A4 variant to
study peroxide-driven oxidation activity by using H2O2 and
urea-hydrogen peroxide (UHP). We demonstrate that the
T252E variant has a higher stability to H2O2 in the presence of
substrate that can undergo carbon-hydrogen abstraction. This

peroxygenase variant could efficiently catalyse O-demeth-
ylation and an enantioselective epoxidation reaction (94%
ee). Neither the monooxygenase nor peroxygenase pathways
of the P450 demonstrated a significant kinetic isotope effect
(KIE) for the oxidation of deuterated substrates. These new
peroxygenase variants offer the possibility of simpler cyto-
chrome P450 systems for selective oxidations. To demonstrate
this, a light driven H2O2 generating system was used to
support efficient product formation with this peroxygenase
enzyme.

Introduction

Cytochromes P450 (P450s) are a family of heme monooxyge-
nase enzymes that carry out oxidative transformations including
the hydroxylation of carbon-hydrogen bonds and the epoxida-
tion of alkenes.[1] These enzyme-catalysed transformations offer
advantages over synthetic methods in that highly selective
carbon-hydrogen bonds can be functionalised under mild
conditions and in a single step.[2] The high-valent iron-oxo
radical cation intermediate, Compound 1 (Cpd 1) is the reactive
intermediate which abstracts a hydrogen from the substrate
before undergoing an oxygen rebound step to form the
carbon-oxygen bond.[3–4] The multi-step catalytic cycle of these
monooxygenases involve substrate binding, electron transfer,
binding of dioxygen, and electron and proton delivery to
enable Cpd I formation (Scheme 1).

The electrons used to drive oxygen activation are derived
from a nicotinamide cofactor (NAD(P)H) and are delivered via
electron transfer partners.[5] In most CYP enzymes, proton

delivery and oxygen activation is controlled by specific residues
within the I-helix.[6–10] The requirement for electron transfer
proteins and expensive cofactors hampers the use of many of
these P450 enzymes as biocatalysts.[11] If the need for both
could be removed it could result in the simpler application, and
more widespread use of these enzymes.[12–18] An alternative

[a] J. H. Z. Lee, M. N. Podgorski, A. R. Gee, Dr. S. G. Bell
Department of Chemistry
University of Adelaide
Adelaide, SA 5005 (Australia)
E-mail: stephen.bell@adelaide.edu.au

[b] Dr. M. Moir
National Deuteration Facility
Australian Nuclear Science and Technology Organisation (ANSTO)
Lucas Heights, Sydney, NSW 2232 (Australia)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202201366

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial License, which permits use, dis-
tribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

Scheme 1. Catalytic cycle of P450 monooxygenases. The peroxide shunt
pathway which enables the enzyme to bypass the electron transfer steps is
highlighted.
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method is to use hydrogen peroxide (H2O2) via the peroxide
shunt mechanism (Scheme 1).[12]

A select number of P450 family members have evolved to
naturally function as peroxygenases. The CYP152 family of
enzymes, whose members include CYP152A1 (P450BSβ) can
oxidise fatty acids using H2O2 by making use of the carboxylate
group of the substrate to generate Cpd I with hydrogen
peroxide.[19–22] Cytochrome P450 heme monooxygenase en-
zymes have been converted to peroxygenases by introducing a
single mutation, changing the active site threonine of the I-helix
(part of the acid-alcohol pair involved in dioxygen activation) to
a glutamate.[6–10,23–25] Alternatively molecules, which place an
acid/base functional group close to the heme, can also
introduce peroxygenase activity, though this requires significant
synthetic effort and design of these bespoke molecules for each
enzyme/substrate combination.[26]

Here we use the threonine-252 to glutamate variant (T252E)
of the P450 enzyme CYP199A4, from Rhodopseudomonas
palustris HaA2,[24] to explore how such engineered peroxyge-
nases can be used for catalytic oxidations using hydrogen
peroxide and urea-hydrogen peroxide (UHP) with para-substi-
tuted benzoic acids. The mechanism of enzyme action is
investigated using fluorinated and deuterated substrates. The
oxidation of para-substituted benzoic acids is demonstrated
using a light-activated system that generates hydrogen
peroxide using flavin.

Results and Discussion

The activity and stability of the T252E mutant of CYP199A4,
which converts this enzyme into a H2O2 utilising peroxygenase,
was tested using the oxidation of 4-methoxybenzoic acid as
substrate by H2O2. First, we tested the stability of both the
T252E and wild type (WT) CYP199A4 enzymes to hydrogen
peroxide in the presence and absence of 4-methoxybenzoic
acid. In the presence of �10 mM H2O2, the heme of the
substrate-free T252E mutant was rapidly bleached. Higher H2O2

concentrations resulted in faster heme bleaching (Figure 1,
Figure S1). This occurred more rapidly with the mutant than
with the WT CYP199A4 (Figure S2).

The addition of 4-methoxybenzoic acid significantly reduced
the rate of heme destruction in the T252E peroxygenase mutant
(Figure 1). The fluorinated substrate 4-trifluoromethoxybenzoic
acid, which is not oxidised by T252E-CYP199A4 (or WT
CYP199A4) due to the strong C� F bonds,[27] was demonstrated
to hinder bleaching of the enzyme by H2O2 compared to the
absence of a substrate (Figure 1). However, the rate of
bleaching was slower in the presence of 4-methoxybenzoic
acid. 4-Trifluoromethoxybenzoic acid did not induce a spin state
change on addition to the T252E mutant (Figure S3). However,
we were able to determine a crystal structure of T252E-
CYP199A4 with this substrate bound (Figures 2 and S4,
Tables S1 and S2). This demonstrated that 4-trifluorometh-
oxybenzoic acid was bound to the peroxygenase variant in a
similar fashion to 4-methoxybenzoic acid in the T252E variant.
Importantly the glutamate residue maintains a strong inter-

action with the heme aqua ligand which is not displaced on
substrate binding explaining the lack of a change in the UV-vis
spectrum on substrate addition.

We propose that quenching of reactive intermediates
through substrate oxidation is partly responsible for preventing
rapid heme destruction. We demonstrated that after bleaching

Figure 1. Rate of heme bleaching of the T252E-CYP199A4 enzyme (3 μM)
exposed to 60 mM H2O2 with (a) 1 mM 4-methoxybenzoic acid, (b) in the
absence of substrate and (c) 1 mM 4-trifluoromethoxybenzoic acid. After
1 minute spectra were recorded at 2 minute intervals.
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through exposure to H2O2 the enzyme was inactivated, and no
product formation was observed (Figure S5). Recently P450
peroxygenases have been demonstrated to display catalase
activity.[28–29] This catalase activity has also been linked to
protection against heme degradation and it was shown that in
the presence of suitable substrates it acts as a scavenger
pathway preventing heme degradation. Despite the similar
binding modes of the fluorinated substrate and 4-meth-
oxybenzoic acid we yet cannot rule out that the interaction of
peroxide with the heme is weaker in the presence of this
ligand.[30]

Next, we optimised the peroxygenase activity of T252E-
CYP199A4 by varying the concentrations of enzyme, H2O2 or
urea-hydrogen peroxide (UHP), and the temperature. UHP is a
crystalline solid that slowly yields free hydrogen peroxide when
added to an aqueous solution.[31–32] 4-Methoxybenzoic acid was
oxidised with 1, 3 or 5 μM T252E-CYP199A4 and 1 to 64 mM
H2O2 or 16 to 64 mM UHP (Scheme 2). The differences in the
levels of product formation when using UHP and H2O2 were
moderate (Figure 3). Increasing the concentration of both to
32 mM and 64 mM yielded the highest levels of oxidised
metabolite (Figure 3). The highest total turnover numbers were
achieved with 3 μM enzyme, 1 mM substrate and at 30 °C rather
than 16 °C (Figure S6).

Previous experimental evidence and theory suggests the
P450 CYP152 family peroxygenases use the Cpd I intermediate
to catalyse hydroxylations and O-demethylations.[33–34] To inves-
tigate if this was the case in the engineered T252E variant, we
synthesised the deuterated substrate, 4-(methoxy-d3)benzoic-d4
acid (see Experimental Section for details). This deuterated
substrate could be used to measure if there was a kinetic
isotope effect during the peroxygenase reactions of T252E-
CYP199A4.

The deuterated substrate bound to WT CYP199A4 and
induced a complete change in the spin-state of the heme from
low-spin to high-spin as measured using UV-vis spectroscopy
(Figure S7). In contrast a minimal change in the spectrum was
observed on addition of 4-(methoxy-d3) benzoic-d4 acid to the
T252E variant (Figure 4). This is consistent with what has been
observed for 4-methoxybenzoic acid and is related to the
occupancy of the heme aqua ligand which is retained in the
T252E variant as it interacts with the introduced glutamate
residue.[24]

This was compared to the monooxygenase reactions of WT-
CYP199A4 in which electron transfer is the rate determining
step in bacterial P450s.[35] Comparative oxidation reactions were
performed with deuterated and non-deuterated 4-meth-
oxybenzoic acid individually and as a mixture (Figure S7–S10).
For both monooxygenase and peroxygenase systems there was
not a significant difference in the levels of product arising from
the deuterated or non-deuterated substrates or in the turnover
rate of the catalytic cycle (Figure 4, Table S3 and Figures S7–
S10). There was also no change in the proportion of the
deuterated versus non-deuterated substrate over the time of
the reactions (Figure S11, Table S4). The comparable results
across both the monooxygenase and peroxygenase systems

Figure 2. Crystal structure of 4-trifluoromethoxybenzoic acid bound to
T252E-CYP199A5 solved at 1.95 Å. A composite omit map of the 4-
trifluoromethoxybenzoic acid substrate is shown as a grey mesh contoured
at 1.0 (1.5 Å carve). b) The superimposed crystal structures of T252E-
CYP199A4 bound to 4-trifluoromethoxybenzoic acid (yellow) and 4-meth-
oxybenzoic acid (green). When bound to the fluorinated substrate, the F298
residue moves away from the heme centre compared to 4-methoxybenzoic
acid to accommodate the trifluoro moiety.

Scheme 2. Oxidation of para-substituted benzoic acids carried out by T252E-
CYP199A4.
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were indicative that C� H bond abstraction is not involved in
the rate determining step of either the peroxygenase or
monooxygenase reaction mechanisms. This would be consistent
with both C� H bond activation steps in these O-demethylation
reactions proceeding via the radical rebound mechanism using
Cpd I which is known to be fast.[36–37]

We next investigated if the peroxygenase activity of the
T252E variant could catalyse the epoxidation of 4-vinylbenzoic
acid. WT CYP199A4 has been demonstrated to catalyse this
reaction with high enantioselectivity for the (S)-enantiomer
(99% ee).[38] The T252E peroxygenase enzyme was able to
epoxidise 4-vinylbenzoic acid using H2O2 more efficiently than
the WT enzyme (Figure 5). The high enantioselectivity for the
(S)-enantiomer was also maintained in these peroxygenase
reactions (94% ee, by HPLC Scheme 2).

The T252E peroxygenase variant of CYP199A4 opens the
possibility of using new methods to drive C� H bond activation
by cytochrome P450 enzymes. We wanted to assess if the

catalytic activity of the system could be supported by
generating H2O2 over time using light, flavin mononucleotide
(FMN), and the electron donor ethylenediaminetetraacetate
(EDTA).[39]

To assess the efficiency of this method, control reactions
were performed, using the natural CYP152 family peroxygenase
enzyme P450Bsβ. This enzyme is reported to catalyse the α-
and β-hydroxylation of fatty acids.[40] GC-MS analysis of the
reaction of this enzyme with tetradecanoic acid demonstrated
the formation of a complex mix of metabolites (Figures 6 and
S12a–d). This included metabolites arising from α- and β-
hydroxylation but also from α-oxidative decarboxylation to
yield shorter-alkyl-chain fatty acids including tridecanoic, do-
decanoic, undecanoic and decanoic acid (Scheme 3).[41] Exten-
sive further oxidation of these shorter chain fatty acids also
occurred (Figure 6). This control reaction highlighted that the
light driven system could generate enough H2O2 to support
these peroxygenase enzymes.

We then applied this system to T252E-CYP199A4 to assess if
it could drive C� H bond activation. We were able to demon-

Figure 3. (a) HPLC analysis of 4-methoxybenzoic acid O-demethylation by
T252E-CYP199A4 (1 μM) using different concentrations of H2O2. Products are
labelled as is the internal standard (IS). (b) A comparison of the total
turnover numbers (TTN) obtained with T252E-CYP199A4 (5 μM or 3 μM) in
the presence of 1 mM 4-methoxybenzoic acid and different concentrations
of UHP and H2O2 (32 mM or 64 mM). Reactions were conducted at 30 °C and
left for 24 h.

Figure 4. (a) Spin state shift analysis of 4-(methoxy-d3) benzoic-d4 acid with
T252E-CYP199A4. (b) HPLC analysis of 4-methoxybenzoic acid (black) and 4-
(methoxy-d3) benzoic-d4 acid (red) with T252E-CP199A4 in the presence of
1 mM H2O2 after 24 h of incubation at 16 °C and 70 RPM. Substrate
concentration used was 100 μM.
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strate the oxidative demethylation of 4-methoxybenzoic acid
using light (Figure 7).

Optimisation of the system by varying the enzyme and
substrate concentration resulted in complete conversion of
200 μM substrate with 2.5% molar equivalents of enzyme as
the biocatalyst (40 TTN). While these turnover numbers need
to be improved for practical applications, we have been able
to show complete conversion of substrate to product using a
system that can generate H2O2 in situ. This should enable
greater control of the conditions that enable productive
enzyme activity versus catalyst degradation. We were also
able to demonstrate that T252E-CYP199A4 with FMN and
light was able to epoxidise 4-vinylbenzoic acid (Figure S14).

Conclusion

The T252E-CYP199A4 peroxygenase variant could catalyse the
oxidative demethylation of 4-methoxybenzoic acid and the

stereoselective epoxidation of 4-vinylbenzoic acid by using
H2O2 supplied directly, in the form of urea-hydrogen peroxide
or generated by using a light-driven flavin/EDTA-based system.
The selectivity of the WT enzyme for these reactions was
maintained when using the T252E peroxygenase variant. The
lack of a kinetic isotope effect in our experiments demonstrates
that C� H bond abstraction is not involved in a rate determining
step of the mechanism for the peroxygenase pathway. This
would agree with both peroxygenase and monooxygenase
pathways by using Cpd I as the reactive intermediate. Further
studies with bespoke substrate/enzyme combinations could
enable the measurement of an intrinsic kinetic isotope effect
that would facilitate a more complete analysis. This peroxyge-
nase system is a step towards generating simpler biocatalysts
for selective hydroxylation reactions and eliminating the
requirement for nicotinamide cofactors and electron transfer
partners. The equivalent mutation in other P450s would enable
peroxygenase activity to be conferred for selective oxidations
across a range of substrates by using these enzymes. Further
optimisation of the systems, by rational protein engineering or
directed evolution, could also be undertaken to improve the
catalytic activity and the stability. Flow chemistry methods to

Figure 5. (a) Time course of 4-vinylbenzoic acid conversion into the
corresponding epoxide by peroxygenase activity of WT and T252E CYP199A4
isoforms (b) Enantioselective HPLC analysis of the epoxide generated by the
T252E mutant in a H2O2-driven reaction (60 mM H2O2) over a 60-minute
period (black). In purple is a control reaction omitting the P450.

Figure 6. GC-MS Analysis of light driven oxidation of tetradecanoic acid
(C14) by CYP152A1 (black, P450BSβ). In red is a control reaction with 10 mM
H2O2 and no P450 added. Conditions used are 5 μM P450, 200 μM FMN,
1 mM EDTA and 100 μM substrate for the light-driven reaction. Other
metabolites were indicated by the length of the fatty acid chain (i. e., C10 for
decanoic acid) and by α or β hydroxylation (i. e., α-C14-OH for α-hydroxy
tetradecanoic acid).

Scheme 3. Reaction scheme for the hydroxylation of fatty acids by P450Bsβ
and subsequent α-keto decarboxylation.
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deliver the H2O2 cofactor over an immobilised enzyme could
also be used to improve the catalyst lifetime and therefore the
yield.[42]

Experimental Section
Enzymology - General: General reagents and organics were
purchased from Sigma-Aldrich. Isopropyl-β-D-thiogalactopyrano-
side (IPTG) and buffer components were obtained from Astral
Scientific (Australia). UV/Vis spectroscopy was performed on an
Agilent Cary 60 spectrophotometer.

Analytical high performance liquid chromatography (HPLC) was
performed on a Shimadzu LC-20AD equipped with a Phenomenex
Kinetex 5u XB� C18 100 A column (250 mm x 4.6 mm, 5 μM), SIL-
20 A autosampler, CTO-20 A, SPD-20 A UV detector and CBM-
20Alite communications module. A gradient of 20–95% acetonitrile
in water (both containing trifluoroacetic acid, TFA, 0.1%) was run at
a flow rate of 1 mL min� 1 over 30 minutes and detector wavelength
was set at 254 nm.

Chiral HPLC analysis was carried using the same system as above
using a Lux Cellulose-1 chiral column (1000 Å pore size, 100×
4.6 mm, 3 μm; Phenomenex) using isocratic elution with 20%
Acetonitrile in H2O (0.1% TFA) at a flow rate of 0.4 mL min� 1.

GC-MS analysis was performed using a Shimadzu GC-2010 gas
chromatograph equipped with an autoinjector and a GCMS-
QP2010S detector; the column used was again a DB-5MS UI
column. The interface and injection port temperatures were held at
280 and 250 °C. The column was held at 120 °C for 3 min, and the
temperature was then increased to 240 °C at a rate of 7.5 °C min� 1

and held at 240 °C for 6 min.

Production and purification of enzymes: HaPux, HaPuR, CYP199A4
and its variants were all produced, and purified as described
previously.[24] A pET28 plasmid containing the gene for CYP152 A1
(P450BSβ) with 6 x Histag residues at the N-terminus and a silica
binding amino acid sequence (MPGRARAQRQSSRGR)[43] at the C-
terminus was purchased commercially from Twist Biosciences. This
plasmid was transformed into E. coli BL21 (DE3) competent cells
(New England Biolabs) and the bacteria were incubated overnight
at 37 °C on an LB agar plate containing kanamycin (30 mgL� 1).
Colonies of the bacteria were used to inoculate 1 mL of LB with
kanamycin (30 mgL� 1) and left for 5 h at 37 °C and 200 RPM to
generate a starter culture. The starter culture (50 μL) was used to

inoculate 2 x 750 mL volumes of LB broth containing kanamycin
(30 mg L� 1) and the larger cultures were incubated for 8 h at 37 °C
and 120 RPM. This was followed by incubation at 18 °C and 90 RPM,
while 2% w/v EtOH, 0.02% w/v of benzyl alcohol and 2 mL of trace
elements solution were added to the culture. The resulting culture
was incubated for 30 mins at 18 °C and 90 RPM and ~30 μM IPTG
(isopropyl β-D-1-thiogalactopyranoside) was added to induce
protein expression. After incubating the culture for ~24 h at 18 °C
and 90 rpm, it was centrifuged (5000 g, 10 min, 4 °C) to collect the
cell pellet, which was stored frozen at � 20 °C.

The frozen cell pellet was thawed and resuspended in 100 mL of
lysis buffer (100 mM KPi, pH 7.5, 300 mM KCl, 20 mM imidazole).
The cells were lysed by sonication using an Autotune CV334
Ultrasonic Processor equipped with a standard probe (136 mm x
13 mm; Sonics and Materials, US) using 30×10 s pulses with 50 s
intervals. Cell debris were removed by centrifugation (18000 g,
20 mins, 4 °C). The supernatant was then loaded on to a 5 mL His-
trap column (GE Healthcare) equilibrated with lysis buffer. The
column was then washed with lysis buffer (25 mL). The bound
protein was then eluted with elution buffer (100 mM KPi, pH 7.5,
300 mM KCl, 300 mM imidazole). Samples and buffers were applied
to the column with flowrate of 3 mlmin� 1. Eluted protein was
concentrated by ultrafiltration using a Vivacell 100 centrifugal
concentrator with a 10 kDa molecular weight cut-off membrane
(Sartorius). The concentrated protein was eluted down a PD-10
desalting column (GE Healthcare) to remove excess imidazole and
concentrated again to a final volume of 2 mL and glycerol was
added to a final concentration of 50% v/v. The purified protein was
stored at � 20 °C. Crystals of the T252E variant with 4-trifluorometh-
oxybenzoic acid were prepared and the structure determined using
the same methods described previously for the 4-methoxybenzoic
acid-bound form of this enzyme.[24]

Activity assays

In vitro NADH oxidation assays: Glycerol was removed from
proteins using a 5 mL gel filtration column (PD-10, GE Healthcare)
and the concentration of each protein was quantified using UV-Vis
spectrophotometry. In a final volume of 1.5 mL, oxygenated Tris
buffer (50 mM, pH 7.4), CYP199A4 (0.5 or 0.05 μM), ferredoxin
(HaPux, 5 μM), ferredoxin-reductase (HaPuR, 0.5 μM), bovine liver
catalase (100 ngμL� 1) were combined and equilibrated at 30 °C for
2 min. NADH was added to A340�2.0 (�320 μM). Substrate was
then added to the desired final concentration (1 mM or 0.5 mM)
and the absorbance at 340 nm was monitored. The rate of
oxidation of NADH was determined from the gradient of the plot of

Figure 7. (a) Light driven turnovers of T252E-CYP199A4 (1 μM) and substrate (200 μM) with a control reaction in the dark. (b) Time course experiments of light
activated T252E-CYP199A4 reaction with 4-methoxybenzoic acid. Conditions used are CYP199A4-T252E (3 μM), FMN (200 μM), EDTA (1 mM) and 4-methoxyBA
(200 μM). (c) Optimisation of light-activated systems were then carried out with different enzyme concentrations (1 μM, 3 μM and 5 μM) with 200 μM FMN
Reaction time was 20 hr at room temperature).
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A340 versus time, using the extinction coefficient of NADH, ɛ340=

6.22 mM� 1 cm� 1.

Peroxygenase assays: The peroxygenase oxidation assays were
run at 16 °C or 30 °C in a total volume of 600 μL consisting of Tris
buffer (pH 7.4, 50 mM), 1–5 μM enzyme and 200–1000 μM
substrate. The reaction was started by addition of H2O2 (1–
64 mM) or UHP (16/32/64 mM) and incubated for 20 h at 70 rpm.
UHP was added as a solid powder while H2O2 was added from a
500 mM stock solution.

Light-driven peroxygenase activity of the T252E-CYP199A4 enzyme
was assayed in a reaction mixture containing enzyme (1–5 μM),
substrate (200 μM), EDTA (1 mM), FMN (200 μM) in oxygen
saturated Tris buffer, 50 mM, pH 7.4 with a total reaction volume of
1 mL. Samples were shaken at 70 rpm at room temperature and
assays were initiated by illumination from an Arlec 5700 kW light
source. Total assay time was 20 hr, after which the light was
switched off. The reactions were terminated by the addition of
10 μL catalase (10 mg/mL stock) before being prepared for HPLC
analysis. Dark reactions were carried out in the same conditions but
within a N-Biotek NB-205 L tinted shaking incubator with a dark
cloth covering the incubator.

Heme bleaching assay: A 600 μL aliquot of WT CYP199A4 or the
T252E mutant (3 μM) in Tris buffer (50 mM, pH 7.4) was used to
baseline the UV-vis spectrophotometer. Substrate (1 mM) and H2O2

(1–60 mM) were added, and the UV-Vis spectrum was recorded.
Heme prosthetic group destruction was monitored by recording
UV-Vis spectra at 2 min intervals.

Product analysis: For HPLC analysis, after reactions were com-
pleted, 132 μL of the reaction mixture was mixed with 2 μL of an
internal standard solution (10 mM 9-hydroxyfluorene solution in
EtOH) and 66 μL of CH3CN. Samples were acidified with 0.2 μL of
trifluoroacetic acid. Products were identified by co-elution with
authentic product standards.[38,44] Products were calibrated against
the internal standard. All reactions were performed in triplicate or
duplicate.

For GC-MS analysis, the reaction mixture (1000 μL or 600 μL) was
mixed with 10 μL of an internal standard (10 mM 9-hydroxyfluor-
ene solution in EtOH) and extracted with EtOAc (2×400 μL). The
extracts were dried with MgSO4 and solvent was removed under
N2. The remaining residue was resuspended in anhydrous
acetonitrile (150 μL) and derivatisation agent (15 μL, BSTFA+

TMCS, 99 : 1). The mixtures were left for 2 h at 37 °C prior to
analysis by GC-MS.

Synthesis experiments: All reactions were performed under an
atmosphere of nitrogen unless otherwise specified. Chemicals and
reagents of the highest grade were purchased from Sigma-Aldrich
(Sydney, Australia) and were used without further purification.
Solvents were purchased from Sigma-Aldrich and Merck. NMR
solvents were purchased from Cambridge Isotope Laboratories Inc.
(MA, USA) and Sigma-Aldrich and were used without further
purification. D2O (99.8%) was supplied by AECL, Canada. Analytical
thin-layer chromatography (TLC) was performed using Merck
aluminium backed silica gel 60 F254 (0.2 mm) plates, which were
visualised with shortwave (254 nm) ultraviolet light or with
potassium permanganate, vanillin, Hanessian’s or bromocresol
green stains. Flash column chromatography was performed using
Merck Kieselgel 60 (230-400 mesh) silica gel, with the eluent
mixture reported as the volume:volume ratio. Hydrothermal
reactions were performed in D2O at high temperatures by mixing
the appropriate benzoic acid derivative with NaOH and Pd/C (10%
w/w) in a Mini Benchtop 4560 Parr reactor (450 mL vessel capacity,
3000 psi maximum pressure, 350 °C maximum temperature) (Mo-
line, USA). Nuclear magnetic resonance spectra were recorded at

300 K using either a Bruker AVANCE DRX400 (400 MHz) spectrom-
eter. 1H chemical shifts are expressed as parts per million (ppm)
with residual methanol (δ 3.31) and dimethyl sulfoxide (δ 2.50) as
reference and are reported as chemical shift (δ); relative integral;
multiplicity; coupling constants (J) reported in Hz. 13C chemical
shifts are expressed as parts per million (ppm) with residual
methanol (δ 49.0) and dimethyl sulfoxide (δ 39.52) as reference and
reported as chemical shift (δ); multiplicity. 2H chemical shifts are
reported as parts per million (ppm) and are reported as chemical
shift (δ); multiplicity. Low-resolution mass spectrometry (LRMS) was
recorded using electrospray ionisation (ESI) recorded on a 4000
QTrap AB Sciex spectrometer. The overall percentage deuteration
of the molecules were calculated by MS using the isotope
distribution analysis of the different isotopologues. This was
calculated taking into consideration the 13C natural abundance,
whose contribution was subtracted from the peak area of each M+

1 isotopologue to allow for accurate estimation of the percentage
deuteration of each isotopologue.

Synthetic Procedures

4-Hydroxybenzoic-d4 acid: (Scheme 4; step a) A mixture of 4-
hydroxybenzoic acid (7 g, 50.7 mmol), sodium hydroxide (4.5 g,
111.5 mmol) and palladium on carbon (10% w/w, 1.58 g,
1.52 mmol) in D2O (120 mL) was heated at 210 °C for 2 h in a
450 mL Parr reactor. After cooling to room temperature the mixture
was passed through a pad of Celite and the filtrate concentrated
under reduced pressure to a volume of about 100 mL. The aqueous
solution was acidified (pH=2) with aqueous hydrochloric acid (6 M)
and extracted with ethyl acetate (5×75 mL). The combined organic
extracts were dried over magnesium sulfate and concentrated
under reduced pressure to obtain a crude mixture of the desired
benzoic acid derivative and phenol. The desired product was
isolated by flash column chromatography using ethyl acetate,
hexane (3 :7 to 1:0) as an eluent to obtain 4-hydroxybenzoic-d4 acid
(0.26 g, 3.6%) as a white solid, Rf=0.1 (2 : 3 EtOAc, hexane); 1H NMR
(400 MHz, MeOD) δ 7.88 (residual), 6.82 (residual) ppm; 2H NMR
(6e1.4 MHz, MeOD) δ 7.91 (2D, bs), 6.86 (2D, bs) ppm; 13C[44] NMR
(101 MHz, MeOD) δ 170.1, 163.3, 122.5 ppm; 13C{1H, 2H} NMR
(101 MHz, MeOD) δ 170.1, 163.3, 132.6, 122.5, 115.7 ppm; MS (ESI� )
[M� H]� : 141.2 (major isotopologue), 89.6%D.

4-(Methoxy-d3)benzoic-d4 acid: (Scheme 4; step b) To a suspension
of 4-hydroxybenzoic-d4 acid (0.26 g, 1.83 mmol) and potassium
carbonate (0.76 g, 5.49 mmol) in acetone (5 mL) was added methyl
iodide-d3 (0.34 mL, 5.49 mmol), dropwise. The mixture was warmed
to reflux and stirred for 6 h. Mass spectrometry analysis of an
aliquot of the reaction mixture revealed a mixture of methylated
products. Additional methyl iodide-d3 (0.34 mL, 5.49 mmol) was
added and heating was continued for a further 4 h. Volatiles were
removed under reduced pressure and the residue taken up in a
mixture of CD3OD (5 mL) and tetrahydrofuran (2 mL). To this was
added aqueous lithium hydroxide (2 M, in D2O, 2.7 mL) and the
mixture stirred for 16 h at room temperature. The volatiles were

Scheme 4. Synthesis of 4-(methoxy-d3)benzoic-d4 acid. Reagents and con-
ditions: (a) Pd/C, NaOH, D2O, 210 °C, 2 h, 4%, 89.6%D; (b) i) CD3I, K2CO3,
reflux, 10 h, ii) LiOH (aq.), MeOD, THF, rt, 16 h, 62%, 93.3%D.
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removed under reduced pressure and the residual aqueous solution
washed with dichloromethane (5 mL), acidified (pH=3) with
aqueous hydrochloric acid (6 M) and extracted with ethyl acetate
(4×50 mL). The combined organic extracts were dried over
anhydrous magnesium sulfate and concentrated under reduced
pressure. The resulting crude solid was purified by flash column
chromatography using ethyl acetate, hexane (0 :1 to 7 :13) as an
eluent to obtain 4-(methoxy-d3)benzoic-d4 acid (0.18 g, 62%) as a
white solid, Rf=0.4 (1 : 1 EtOAc, hexane); 1H NMR (400 MHz, DMSO-
d6) δ 7.89 (residual), 7.01 (residual) ppm; 2H NMR (61.4 MHz, DMSO-
d6) δ 7.92 (2D, bs), 7.04 (2D, bs), 3.77 (3D, s) ppm; 13C{1H}NMR
(101 MHz, DMSO-d6) δ 167.0, 162.8, 122.8 ppm; 13C{1H, 2H} NMR
(101 MHz, DMSO-d6) δ 167.0, 162.8, 131.0, 122.8, 113.5, 54.6 ppm;
MS (ESI� ) [M� H]� : 158.1 (major isotopologue), 70.9% d7, 17.4% d6,
2.4% d5, 1.2% d4, 1.5% d3, 93.3%D.
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