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Laccases are oxidases that only require O2 as a terminal oxidant.
Thus, they provide an attractive green alternative to established
alcohol oxidation protocols. However, laccases typically require
catalytic amounts of mediator molecules to serve as electron
shuttles between the enzyme and desired substrate. Conse-
quently, laccase-mediator systems are defined by a multitude of
parameters such as, e.g., the choice of laccase and mediator,
the respective concentrations, pH, and the oxygen source. This
complexity and a perceived lack of comparable data through-

out literature represent an entry burden into this field. To
provide a solid starting point, particularly for organic chemists,
we herein provide a time-resolved, quantitative laccase and
mediator screening based on the oxidation of anis alcohol as
model reaction. We measured the redox potentials of mediators
under the reaction conditions to relate them to their perform-
ance. Lastly, for particularly efficient laccase-mediator pairs, we
screened important reaction parameters, resulting in an opti-
mized setup for mediator-assisted laccase catalyzed oxidations.

Introduction

Laccases belong to the superfamily of blue-copper oxidases (EC
1.10.3.2, p-diphenol: dioxygen oxidoreductases).[1] They were
first discovered in 1883 by Yoshida et al. in the resin of the
lacquer tree Rhus vernicifera.[2] Today, laccases are commonly
found in fungi, higher plants, bacteria, and insects. Laccases are
redox enzymes that can oxidize substrates with O2, serving as a
stoichiometric oxidant that is reduced to water.[3] This oxidation
proceeds via a cluster of copper(II)-atoms situated in the active
site.[4] The oxidized substrate, usually a radical species derived
from a 1,2-disubstituted aromatic compound or from cinnamyl
alcohol, then undergoes various reactions: e.g., forming dimers
or polymers or triggering intra-molecular rearrangements.[4b] So
far, a diverse range of reactions directly catalyzed by laccases
have been identified, which opened up new synthetic pathways
towards, e.g., heterocyclic cores, polyphenols including several
bioactive compounds.[5] These potential reactions should be
considered as a possible side reactions when mediator-assisted
oxidation is intended.

Initially, the use of laccases was restricted to this limited
range of (natural), easy-to-oxidize substrates, which is due to
’laccases’ relatively low redox potentials (350–800 mV vs. normal
hydrogen electrode (NHE)). As an example, phenols have a low

redox potential and are small enough to fit in the enzyme‘s
active site, thus can be very readily oxidized, a requirement that
is only fulfilled by a rather narrow group of substrates.[6] The
solution for widening the substrate range was the introduction
of mediator molecules.[7] These small organic molecules can be
readily oxidized and reduced and act as electron shuttle from
the laccase to other substrates (Scheme 1). This way, unprece-
dented transformations via laccases could be developed, the
oxidation of primary aliphatic alcohols to aldehydes being a
particularly important application. Today, the excitingly broad
palette of laccase-mediator applications reaches from the
degradation of waste,[8] plastics,[9] polyaromatic hydrocarbons,[10]

dye and colorant bleaching[11] to the production of new
composites by functional biotransformations.[12] Laccase-media-
tor systems even find application in the regeneration of
cofactors in coupled, multi-enzymatic redox transformations.[13]

In the light of an ever-growing demand for more sustain-
able products and processes, laccases are an enzyme class of
particular interest for both industry and the scientific commun-
ity. Advantages of the use of laccases are the low toxicity of
reagents, the application of water as a solvent, and the atom
efficiency because of the catalytical nature of enzymes and the
mediator. This allows the replacement of potentially toxic,
mostly unrenewable chemical oxidants and organic solvents.
Within biocatalysis, laccases stand out, requiring only oxygen as
terminal oxidant, rendering their application cheaper and
operationally simpler to perform than of, e.g., peroxidases
requiring cofactors for their regeneration.[14] Therefore, the
application of laccases opens new possibilities to reduce the
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Scheme 1. A schematic representation of the catalytic cycle of the laccase-
mediated oxidation reaction.
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environmental impact while at the same time evading costly
cofactors both on a laboratory scale as well as in industrial
processes.

To date, different types of mediator molecules from differ-
ent structural families bearing various functional groups are
known (Figure 3). Different mediator families exhibit various
mechanisms in the laccase-mediated alcohol oxidation, widen-
ing the scope of laccase catalyzed oxidation to mechanisms not
available to the laccase alone.[6] Generally, three different
oxidation mechanisms for mediators are known. While 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, 11), one
of the first mediators identified, is suggested to oxidize the
alcohols over an electron-transfer mechanism (ET),[6] for the N-
hydroxy compounds 1-hydroxy benzotriazole (HBT, 12), N-
hydroxyphthalimide (NHP,10)[15] and violuric acid (VLA, 13) a
hydrogen abstraction pathway (HAT) was suggested.[6]

The most prominent mediator class are stable N-oxyl
radicals, such as 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO,
4) and 2-azaadamantane N-oxyl, which despite their radical

nature follow an ionic mechanism,[16] as depicted for TEMPO in
Scheme 2.[17] The radical species is oxidized by laccase to the
oxoammonium ion (i) as an active oxidizing agent, reacting
with the alcohol and resulting in the formation of hydroxyl-
amine (ii) and aldehyde. This step was identified as the rate
determining step by Tromp et al. in 2010. The catalyst recycling
is mainly achieved via synproportionation of hydroxyl amine (ii)
and oxoammonium (i) to N-oxyl radical (ii), which is then re-
oxidized to the ionic oxoammonium relevant for the substrate
oxidation.[16a] Radical species are generally considered highly
reactive and unselective in their reactivity, despite notable
exceptions to this.[18] In contrast, N-oxyl radicals are very
stable,[19] exhibiting only very few defined radical-reactivities, as
in the controlled nitroxide-mediated radical polymerization of
alkenes, with substrates particularly prone to form radical
species or other radicals when used as a radical scavenger in
methodological studies.[20]

The obvious strengths of mediated laccase-oxidations have
been presented on specific combination of reagents in a variety
of original reports and selected reviews covering oxidation of a
great variety of primary alcohols, including from unprotected
carbohydrates, secondary benzylic alcohols and for particularly
reactive mediators like AZADOL also selected secondary
alcohols.[1,4a,6,16b,21]

Independent of the substrate, type, and concentration of
studied substrate, as well as mediator, type, and activity of
provided laccase at different optimal pH are just the main
parameters that differ throughout literature, hampering direct
comparison of reported results. Further, within many reports
only single-time (end)points of conversion are reported, which
we deem insufficient to accurately sort mediators according to
their performance (Figure 1).

Therefore, even despite the extensive efforts directed
towards developing powerful laccase-mediator systems,[1,22] we
discovered a lack of a systematic, time-resolved comparison of
commercial mediators and experimental conditions, also in the
light of the limiting and possibly non-limiting factors. Con-
sequently, the large number of parameters that have to beScheme 2. Ionic mechanism of the catalytic cycle of the mediator 2,2,6,6-

tetramethyl piperidine-1-yl)oxyl (TEMPO, 4)[16a] with indicated reduction/
oxidations steps referring to the mediator.

Figure 1. The vision of this work.
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analyzed/understood represent a high entry burden for an
organic chemist against venturing into this field.

Therefore, we set out to provide a comprehensive compar-
ison of the efficiency of commercial mediator molecules as well
as laccases under standardized conditions in a time-resolved
manner (Figure 1). Based upon these results, we have optimized
the conditions for the best mediators and laccase pairs in
respect to concentration and evaluated the effect of the oxygen
source.

Consequently, we are convinced that this paper will give
valuable and streamlined guidelines for applying laccase-
mediated oxidation and en route deciphered some of the
complexity of the overall setup and generate robust compara-
bility in this field.

Results and Discussion

The first step was to establish the setup for a fast and reliable
screening system based on a suitable model substrate. A good
model substrate must allow fast, reliable, and reproducible
analysis. It should be reactive but not prone to recovery losses,
neither due to its physical properties of starting material or
products nor due to follow-up reactions like the overoxidation
to the corresponding acid.

In this light, anis alcohol proved an ideal model substrate
for our purpose: This substrate had already been used as a
substrate for laccase-mediated oxidations,[21b] it allowed
straightforward quantitative reaction monitoring based on GC-
FID analysis without significant recovery losses of alcohol or
aldehyde and showed no overoxidation to the corresponding

acid. On the contrary, benzyl alcohol, another precedented
model compound, was not a suitable substrate for us due to
reproducibly low recoveries of benzaldehyde (also in control
experiments) which is in consistence with previous reports.[16a]

We decided to start with conditions analogous to the study
of Fabbrini et al.: The reaction was performed at 20 mM
substrate concentration, with 0.30 equiv. of mediator, 3.0 U/mL
laccase activity and 1 atm. O2.

[21b] The principle set-up of our
model system using anis alcohol (1) as the model substrate is
depicted in Scheme 3 and all reported results were obtained in
triplicates.

Laccase screening

First, we set out to determine the influence of the choice of
laccase on the conversion of anis alcohol (1) to anisaldehyde (2)
by screening nine different laccases with TEMPO as the most
prominent mediator (Table 1). Their enzyme activities were
determined photometrically at 25 °C using ABTS as substrate at
their respective pH optimum (range of pH: 3.5–7.0) in the
required specific buffer. The redox potential is the relative
number for the oxidative potency of a laccase which, if reported
by the supplier, are listed together with the optimal conditions
in Table 1. In Figure 2, the results of the laccase screening using
TEMPO (4) as mediator are compiled. The four best performing
laccases are Laccase F, Laccase U from ASA-Spezialenzyme and
Trametes versicolor (Tv) from Sigma Aldrich and Trametes hirsuta
(ThL), which we received from the Gübitz group of the
university of Natural Resources and Life Sciences, Vienna. All
four achieved complete conversion of alcohol (1) after 24 h,
exhibiting slight differences in recovery of aldehyde (2).
However, differences in conversion could be established at the
additional 5 h time point. Interestingly, there seems to be a
sharp cut-off in reactivity between laccases with high redox-
potentials and those with low ones �460 mV. Although for the
Laccases from ASA-Spezialenzyme we do not know origin and
redox potential, also those seem to match the clusters in
respect to the optimal pH values reported. Due to the available
full characterization and its availability from routine vendors,
laccase from Trametes versicolor was selected from the four
high-performing laccases for our further work.Scheme 3. Model system set-up: Reaction conditions for the laccase-

mediated oxidation of anis alcohol 1 to anisaldehyde 2.

Table 1. Laccases used for screening, buffers used in respect of their pH optima, and the redox potentials in mV, sorted by their performance in the laccase
screening.

Entry Laccase Buffer
(pH- optimum)

Redox
potential [mV]

1 Laccase F[a] NaOAc buffer, 0.1 M (pH 4.5) [b]

2 Laccase U[a] NaOAc-buffer, 0.1 M (pH 5) [b]

3 Trametes versicolor (Tv) NaOAc buffer, 0.1 M (pH 4.5) 785[7b]

4 Trametes hirsuta (ThL) Na-succinate buffer, 0.1 M (pH 3.5) 780[23]

5 Laccase PP[a] K2HPO4 buffer 0.1 M (pH 7) [b]

6 Bacillus spore coat laccase (CotA) K2HPO4 buffer, 0.1 M (pH 7) 455[24]

7 Streptomyces ipomoea (SilA.) K2HPO4 buffer, 0.1 M (pH 7) 337[25]

8 Myceliphtora thermophilia (Mth) K2HPO4 buffer, 0.1 M (pH 7) 460[26]

9 Laccase A[a] NaOAc-buffer, 0.1 M (pH 6) [b]

[a] Unknown organism, gifted from ASA Spezialenzyme. [b] Source not disclosed by producer.
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Mediator screening

Next, with the laccase from T. versicolor, a time-resolved
screening of mediators from different structural families (Fig-
ure 3) was conducted under otherwise standard conditions. We
chose commercially available mediators that have already been

used in various publications[6,16b,21a,b] to allow cross-comparability
to those protocols and to provide data for commercially
accessible mediators. We focused on the class of stable N-oxyl
radicals, which are known to be the most powerful mediators
for the investigated transformation.

In Figure 4, the results of the mediator screening are shown:
Conversions were measured after 5 and 24 h reaction times for
all mediators and at additional time points for the best-
performing ones. Here, AZADOL (3) exhibits the highest
mediator efficiency. Noteworthy, we did not directly utilize the
N-oxyl radical AZADO (iii) but generated the radical species (iii)
in situ by applying the hydroxylamine AZADOL (3), due to the
significant price difference between the two species (iii) and (3).
However, based on our own experimental study (see the
Supporting Information) and an overall understanding of the
mechanism elucidated by Arends et al. goes, this has no
significant impact on the outcome of the laccase-mediated
oxidation of alcohols.[16a]

Besides AZADOL, the TEMPO-derivatives bearing a meth-
oxy-, hydroxy- and acetamido-group (8,5,7) at the 4-position
are the most efficient mediators, outperforming TEMPO (4)
itself. This is an interesting finding, as the previous literature
from the Fabbrini and the Arends group suggested, that TEMPO
(4) was at least equal or superior in the earlier studies.[21a,b]

Prominently, methoxy-TEMPO (8), our second-best mediator
achieving 85�5% conversion to anisaldehyde (2) after only 5 h
reaction time, was reported to only yield 26% benzaldehyde
after 24 h in the Arends publication of 2006 even though also a
laccase from T. versicolor was used there.[21a] Noteworthy, we
analyzed the reaction progress of methoxy-TEMPO (8) within
our screening using quantitative NMR (all other mediators via
GC-FID), due to similar retention times of (8) and the substrate
anis alcohol (2) in GC, even after several efforts of GC-method
optimization.

N-hydroxy benzotriazole (12, HBT) ranked the best mediator
outside the TEMPO family, showing the same relative reactivity
trends here as in a previous publication.[6,21b] Violuric acid (13,
VLA), ABTS (11), N-hydroxy phthalimide (10, NHP), and
Phenothiazine (14, PT) do not achieve high conversions, even
after a 24 h reaction time, also consistent with the literature.[21a,b]

Last, 4-amino-2,2,6,6-tetramethyl-piperidine-1-oxyl (6, amino-
TEMPO) and 2,2,6,6-tetramethyl-4-piperidone (9, Oxo-TEMPO)
exhibit low conversions, despite being part of the TEMPO
family. In the case of Oxo-TEMPO (9), this is likely because the
radical species is known to decompose at lower pH.[27] This
instability was later also underlined in our own CV-measure-
ments. The amino-TEMPO, however is stable, and the reduced
conversion seems to represent reduced mediator performance.
Functionalization at the 4-position can thus tune the reactivity
of a TEMPO-based mediator in both directions. To achieve a
better comparability of the performance of the five highest-
performing mediators, we provide additional time points after
1 h and 3 h reaction time (Figure 5).

As before, AZADOL performs slightly better at all time
points than the TEMPO derivatives 4, 8, 5, and 7. Considering all
time points, methoxy-TEMPO (8), hydroxy-TEMPO (5) and
acetamido-TEMPO (7) perform somewhat similar but consider-

Figure 2. Screening of laccases; reaction conditions: [Anis alcohol]=20 mM,
[TEMPO]=6 mM (0.3 equiv.), [Laccase]=3 U/mL, 1 atm O2, rt, reaction time:
24 h, reaction monitoring via GC-FID (internal standard method: methyl
benzoate) after 5 and 24 h reaction time, All reactions were made in
triplicates with standard deviation being indicated. Resulting mean values
slightly exceeding 100% were labeled as >99. Laccases: Trametes versicolor
(Tv), Trametes hirsuta (Th), Bacillus Spore coat Laccase (CotA), Streptomyces
ipomoeae (SilA), Myceliphtora thermophilia (Mth), Laccase U*, Laccase A*,
Laccase F*, Laccase PP*, * from ASA Spezialenzyme.

Figure 3. Mediators used in the time-resolved mediator screening sorted
according to the mechanisms they follow.

ChemBioChem
Research Article
doi.org/10.1002/cbic.202200411

ChemBioChem 2022, 23, e202200411 (4 of 10) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 16.11.2022

2223 / 270725 [S. 52/58] 1

 14397633, 2022, 23, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202200411 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [20/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ably better than the parent TEMPO (4). (Figure 5) As methoxy-
TEMPO (8), hydroxy-TEMPO (5), and acetamido-TEMPO (7) only
perform slightly inferior to AZADOL (3); these are a competitive
alternative when considering as AZADOL (3), as well as AZADO
(iii), have only a relatively low solubility in aqueous solution and
are significantly more expensive than the other mediators
investigated in this screening.

Cyclic voltammetry

For the mediator efficacy in laccase-mediated oxidation, likely
two factors are of importance: the redox potential (reflecting
the ease with which it gets oxidized, but also its oxidative
strength) and the redox stability over multiple cycles. Both of
those factors can be determined via cyclic voltammetry (CV). In
literature, the redox potentials are either given as anodic
potentials Ea or as midpoint potentials E1/2. and are usually

determined in buffered water with a pH of 4.7 or in
acetonitrile.[27a] We decided to determine the mediators’ mid-
point potentials (E1/2) and redox-stabilities exactly in the utilized
buffer system that is required by T. versicolor (0.1 M NaOAc-
buffer, pH 4.5). The experimental redox potentials and redox
stabilities of mediators 2–14 at pH 4.5 can be found in Table 2,
sorted according to their midpoint potentials. Conversions after
5 h from the screenings as a surrogate for performance were
included there. For a meaningful comparison, the investigated
mediators are clustered according to the different mechanisms
of alcohol oxidation. Thus, the redox potentials of the stable N-
Oxyl mediators 3–9 and 14 (Entries 1–7) are discussed sepa-
rately from the N-hydroxy compounds 10, 12, 13 (Entries 9–11).

For the first group of TEMPO (4) and its derivatives (5, 7, 8,
14, 9), two groups are apparent: The first group comprises of
compounds 4, 5, 8 and 7. These mediators showed similar,
good reactivities in the screening (Figure 5) and also exhibit
very similar redox potentials (within 11 mV span).

Figure 4. Time resolved mediator screening of commercially available mediators, reaction conditions: [Anis alcohol]=20 mM, [Mediator]=6 mM (0.3. equiv.),
[Tv]=3 U/mL, 1 atm O2, rt, reaction time: 24 h, reaction monitoring via GC-FID (internal standard method: methyl benzoate) after 5 and 24 h reaction time
*measured via quant. NMR (internal standard method: 3,4,5-trimethoxybenzaldehyde) after 5 and 24 h reaction time. All reactions were made in triplicates
with standard deviation being indicated. Resulting mean values slightly exceeding 100% were labeled as >99.

Figure 5. Time-resolved mediator screening of 5 most efficient mediators providing two more timepoints, reaction conditions: [Anis alcohol]=20 mM,
[Mediator]=6 mM (0.3. equiv.), [Tv]=3 U/mL, 1 atm O2, rt, reaction time: 24 h, reaction monitoring via GC-FID (internal standard method: methyl benzoate)
after 1, 3, 5 and 24 h reaction time *measured via quant. NMR (internal standard method: 3,4,5-trimethoxybenzaldehyde) after 1, 3, 5 and 24 h reaction time
with standard deviation being indicated. Resulting mean values slightly exceeding 100% were labeled as >99.
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Furthermore, these compounds are all redox stable, except
for acetamido-TEMPO 7, which showed slight decomposition in
our CV experiments, although the residual activity makes it an
overall well-performing mediator (Figure 6, left for an example).
The second group of TEMPO derivatives is amino-TEMPO (14)
and Oxo-TEMPO (9), for which we both obtained an E1/2 value of
806 mV vs. the normal hydrogen electrode (NHE). This is around
100 mV higher than for the previous group (Entry 1–4).
Interestingly, both 9 and 14 show significantly lower reactivity
towards anis alcohol (1), compared to the first group, likely due
to different reasons as judged by the CVs.

Firstly, Oxo-TEMPO is not redox-stable (Figure 6, right). It is
literature known to undergo an abstraction of its α-hydrogens
in its oxidized state, the oxoammonium ion, ultimately leading
to bond-breaking next to the reactive N-oxyl radical function-
ality and, thereby, inactivation of the mediator.[28] On the other
hand, although amino-TEMPO (14) is redox-stable, it is not an
efficient mediator in both our system as well as in literature,
potentially due to its higher redox potential.[21a] A greater
collection of measured cyclic voltammograms are enclosed in
the Supporting Information data.

However, the redox potential of AZADOL (3, Entry 5) is also
significantly higher (�70 mV) than the ones of Group 1

(Entries 1–4). Still, AZADOL (3) exhibits superior catalytic
efficiency than the TEMPO derivatives. We hypothesize that the
reason for this discrepancy are the kinetic benefits AZADOL has
because of its reduced steric hindrance compared to the TEMPO
family.[16b] Concluding, despite the fact that redox stability is a
crucial parameter for the performance of a mediator, the redox
potential is only one factor contributing to a mediator‘s
performance. Other factors, such as steric hindrance and its
effect on kinetic parameters, such as e.g. the electron self-
exchange reaction constant, also seem to be important.[16b,29]

Investigation of the key concentrations of the laccase-
mediated oxidation of anis alcohol

With our optimized laccase/mediator pairs at hand, we aimed at
optimizing relative concentrations towards an (economically)
efficient overall oxidation. This is particularly relevant at larger
scales and for industrial applications. The applied conditions for
the mediator and laccase screenings were carried out with a
relatively high mediator loading of 0.3 equiv. compared to the
substrate and 3.0 U/mL laccase. However, in the light of
optimizing those conditions for potent laccase/mediator pairs,

Table 2. Redox potentials, redox stability and conversion after 5 h in anis alcohol oxidation of mediators (10 mM), measured in 0.1 M NaOAc-buffer, pH 4.5,
at a scan rate of 100 mVs� 1. Entries 1–7: Stable N-Oxyl radicals (ionic mechanism); Entry 8: ABTS (ET-mechanism); Entry 9–11: N-hydroxy type mediators (HAT-
mechanism).

Entry Mediator E1/2 [mV] vs. NHE Conversion to 2 after 5 h [%] Redox stability

1 Hydroxy-TEMPO (5) 693 84�4 +

2 TEMPO (4) 696 61�5 +

3 Methoxy-TEMPO (8) 702 85�5 +

4 Acetamido-TEMPO (7) 704 78�4 ~
5 AZADOL (3) 774 94�3 +

6 Amino-TEMPO (14) 806 11�0 +

7 Oxo-TEMPO (9) 806 7�1 �

8 ABTS (11) 742 & 802 31�8 +

9 VLA (13) 987 45�3 +

10 NHP (10) 1168 27�3 +

11 HBT (12) Not determinable[a] 51�3 [a]

[a] No distinct redox transition observed within the solvent window.

Figure 6. Exemplary cyclic voltammetry of Hydroxy-TEMPO (5) and Oxo-TEMPO (9). Hydroxy-TEMPO remains stable under the investigated conditions, the
peak of Oxo-TEMPO drops off with increasing number of performed cycles (10 mM mediator, measured in 0.1 M NaOAc-buffer, pH 4.5, at a scan rate of
100 mVs� 1).
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the following three parameters were evaluated. 1) Mediator
concentration, 2) Activity of laccase and 3) O2 vs. air as terminal
oxidant. (Scheme 4).

Concerning the mediator concentration, we addressed the
question: Which mediator loading leads to the best cost-benefit
ratio? Because on the one hand, if too much mediator is added,
without achieving faster conversions, mediator, hence money,
is wasted. On the other hand, if too little mediator is applied,
the reaction time is increased, wasting reactor time and, thus
again, money.

To evaluate the optimal mediator loading for a given
substrate concentration and enzyme activity, we varied the
concentration of Hydroxy-TEMPO (5), an efficient mediator in
the previous screening, from 0.50 to 0.025 equiv. The following
diagram (Figure 7) shows the conversion to anisaldehyde for
the different loadings of Hydroxy-TEMPO (5) (0.5, 0.3, 0.2, 0.1,
0.05, 0.025 mol%) after a) 5 h and b) 24 h.

A strong correlation between the mediator concentration
and the conversion to anisaldehyde was found (Figure 7), both
after 5 h and after 24 h. As depicted by the orange horizontal
line in Figure 7, after 5 h with 0.2 equiv. and after 24 h, even
with 0.1 equiv. mediator, complete conversion, was achieved,

below 0.1 equiv. yields dropped quickly. Therefore, mediator
loadings from 0.3 to 0.1 equiv. are the most economical,
depending on the goal: very short reaction times or fast
completion of reaction. Noteworthy, the observed data resem-
bles a reaction with Michaelis-Menten (MM) kinetics, however,
the respective parameters cannot be derived from it. The initial
enzymatic oxidation of TEMPO does follow Michaelis-Menten
kinetics and was directly determined in the literature for TEMPO
and laccase from Trametes versicolor. However, the same paper
showed that the second step (chemical oxidation) is rate
determining, thus preventing the deduction of MM from the
anis aldehyde conversion.[16a,30]

The second important factor of the laccase-mediated
oxidation we investigated is the applied form of the stoichio-
metric oxidant: oxygen, which re-oxidizes the reduced laccase
upon formation of water (Scheme 1). This step in our enzymatic
reaction is reported to be the fastest, e.g., for T. versicolor kcat
>103 have been measured.[30] Thus, replacing pure O2 with
more benign air should be feasible.

The comparison of the conversions to aldehyde [%] after 5 h
for various mediators was measured, applying 1 atm. O2 and
1 atm air, representing a fivefold reduction of partial pressure of
O2. The results can be found in Figure 8 and Table 3.

As the data from Figure 8 suggests, there is no significant
difference in anis alcohol conversion between using O2 or air as
an oxidant. This not only parallels with the reported exper-
imentally measured, very high kcat value of these conversions
but means that the cheapest, most abundant oxidant source,
air, can be used in a laccase mediated oxidation without
reactivity losses. On a large, industrial scale, this means that the

Scheme 4. Overview of our optimization experiments evaluating 1) mediator
concentration 2) laccase activity and 3) application of oxygen vs. air.

Figure 7. Conversion to anis aldehyde after a) 5 h reaction time b) 24 h
reaction time; conditions: [Anis alcohol]=20 mM, [Hydroxy-
TEMPO 5]=10 mM (0.5 equiv.), 6 mM (0.3 equiv.=30 mol%), 4 (0.2 equi-
v.=20 mol%), 2 mM (0.1 equiv.=10 mol%), 1 mM (0.05 equiv.=5 mol%)
0.2 mM (0.025. equiv.=2.5 mol%), activity (T. versicolor)=3 U/mL, 1 atm O2,
rt, reaction time: 24 h, reaction monitoring via GC-FID (internal standard
method: methyl benzoate) after 5 h and 24 h reaction time.

Figure 8. Comparison between two different sources of stoichiometric
oxidant O2: pure oxygen and air. Conditions: [Anis alcohol]=20 mM,
[TEMPO 4]=6 mM (0.3 equiv.) [Tv]=3 U/mL, 1 atm O2/air, rt, reaction time:
5 h, reaction monitoring via GC-FID (internal standard method: methyl
benzoate) after 5 h reaction time with standard deviation being indicated.

Table 3. Overview of mediators employed for air/oxygen comparison.

Entry Number Mediator

1 3 Methoxy-TEMPO
2 5 Hydroxy-TEMPO
3 7 Acetamido-TEMPO
4 4 TEMPO
5 12 1-Hydroxy benzotriazole
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potential safety hazard of pure oxygen can be replaced by
benign, cheap, and abundant air, at least as long as the phase
transfer from the gas phase to the solution is not limiting. We
enclosed further information about the closely measured oxy-
gen levels throughout the laccase-mediated oxidation of anis
alcohol in the Supporting Information file.

The last factor we addressed was the laccase activity. A
laccase optimization study was carried out, running the
oxidation under 3, 2, 1, 0.5, 0.25, 0.1 U/mL and – using TEMPO
(4) (0.3 equiv.) as standard benchmarking mediator. Figure 9
shows the conversions to anisaldehyde after 5 and 24 h. It
becomes evident that at least for the substrate anis alcohol, a
commonly used activity of 3.0 U/mL[21a,b] is more than enough
to achieve fast conversions: Interestingly, with laccase from
T. versicolor, with concentrations down to 0.25 U/mL – a 12 fold
reduction – similar conversions are achieved; below this, there
seems to be is a significant cut-off of the system‘s efficiency
(Figure 9, orange bar) best seen at the 24 h timepoint.

We hypothesize, that this cut-off occurs at the point in
which the rate determining step of the system changes: If there
is enough laccase present, the slowest reaction step is the
oxidation reaction between oxoammonium and alcohol.[16a]

However, laccase concentrations <0.25 U/mL are not enough
to quickly oxidize the N-oxyl to yield the actual oxidant, the
oxoammonium species. Under the assumption that the oxida-
tion of the material of interest does not become rate
determining, these ratios should even be transferrable to other
reactions. In any case, quite generally, determining such cut-off
concentration allows substantial saving on laccase without
sacrificing much oxidation efficiency.

Conclusion

An operationally facile, quantitative anis alcohol model system
was established to explore the multivariate, highly complex
system of the laccase mediated oxidation of alcohols in a time-
resolved manner.

With this assay, first, the efficiency of nine laccases was
compared, presenting laccases with high redox potentials, such
as from T. versicolor, as clearly superior.

Furthermore, a mediator screening was carried out using
the commercially available, high redox-potential laccase from T.
versicolor. Among the thirteen tested, the mediators achieving
the highest yields of anis aldehyde (2) were AZADOL (3) and
methoxy-TEMPO (8), hydroxy-TEMPO (5), and acetamido TEMPO
(7), all outperforming TEMPO (4). It was shown that methoxy-
TEMPO (8) is significantly higher performing than compared to
prior publications.

The redox potentials (midpoint potentials E1/2) were meas-
ured for most mediators of our screening to relate to the
observed relative reactivities. Efficient TEMPO derivatives 5, 7, 8
and TEMPO (4), had very similar redox potentials in the range of
694–704 mV vs. the NHE. AZADOL (3) exhibits a significantly
higher midpoint potential of 774 mV, although still showing the
most catalytic efficiency in the oxidation of anis alcohol (1),
likely due to less steric hindrance, which aligns with what Zhu
et al. suggested in 2014.

Last, we investigated the effect of the mediator and laccase
concentration: We found a strong correlation between mediator
concentration and the anis aldehyde (2) consumption. The
most economical mediator loading in our model system was
between 0.1–0.2 equivalents compared to the substrate. Addi-
tionally, we showed that O2 can be replaced by air with similar
conversions to 2, for all tested mediators at the scale
investigated.

Considering laccase concentration, we can propose a drastic
decrease of laccase activity (as main driver of cost) to 8% of the
original 3 U/mL, while preserving most of the system‘s
efficiency.

We are convinced that our comparative study will be a great
resource for both people entering the field of mediator-assisted
laccase-catalyzed alcohol oxidations. Further, we hope it will
serve as a common base for us and other to further improve
ideal mediator structure and the general interplay of all
components of this attractive but complex setting for biocata-
lytic alcohol oxidations.

Experimental Section
Materials: All chemicals were used directly from commercial
sources and used without further purification. Laccase from T. versi-
color (0.510 U/mg) was purchased from Sigma Aldrich as a
lyophilized powder, light brown. Laccase A (0.173 U/mL), F (1.39 U/
mg, from T. versicolor), U (13.2 U/mg), and PP (0.478 U/mg), were
gifted from ASA-Spezialenzyme as lyophilized powders. Laccase
from T. hirsuta (232 U/mL), Bacillus Spore coat Laccase (157 U/mL),
and from Streptomyces ipomoeae (6.4 U/mL) were provided by the
Gübitz group (University of Natural Resources and Life Sciences
Vienna). The mediators were purchased from TCI and Sigma Aldrich
and were used directly without further purification.

Instruments: GC analysis was carried out on a Thermo Finnigan
Focus GC/DSQ II equipped with a standard capillary column (BGB5,
30 m×0.25 mm ID, 0.50 μm film) with an FID detector. Carrier gas:
helium, injector: 230 °C; column flow: 2.0 mL/min; method for
quantification: 80 °C (0 °C/min, 1 min)!80–280 °C (40 °C/min,

Figure 9. Laccase activity screening: conditions: [Anis alcohol]=20 mM,
[TEMPO 4]=6 mM (0.3 equiv.) [Tv]=3.0, 2.0, 1.0, 0.50, 0.25, 0.125 U/mL,
1 atm O2, rt, reaction time: 5 h, reaction monitoring via GC-FID (internal
standard method: methyl benzoate) after 5 h reaction time with standard
deviation being indicated. Resulting mean values slightly exceeding 100%
were labeled as >99.
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7 min). NMR spectra were recorded at 297 K in the solvent indicated
with an Avance UltraShield 400 and an Avance III HD 600
spectrometer. All spectra were calibrated to the solvent residual
peak. Chemical shifts (δ) and coupling constants (J) were expressed
in ppm and Hz, respectively.

Cyclic voltammetry: Cyclic voltammetry (CV) experiments were
carried out with an Metrohm Autolab potentiostat (PGSTAT204), in
a 0.1 M sodium acetate buffer at pH 4.5, with a platinum working
electrode (planar disk, Ø 2 mm), a platinum counter electrode (wire,
Ø 0.5 mm) and an Ag/AgCl reference electrode at a scan rate of
100 mVs� 1. The concentration of the substrate was 10 mM.

Enzyme activity measurement: The enzyme activity was deter-
mined photometrically at 25 °C using ABTS as substrate. ABTS 11
(50 μL of a 0.01 M solution) was added to a well plate. Then, 170 μL
of an enzyme solution (0.005–0.05 mg/mL) was added. The
absorbance change was recorded at 405 nm with 5-s pre-read
shake ɛ(ABTS)=36.8 l*mmol� 1*cm� 1 at 420 nm. All measurements
were carried out in triplicates.

Synthetic procedures

The standard procedure of laccase-mediated oxidation of anis
alcohol: Mediator (12.0 μmol, 0.3 equiv.) was placed in an 8 mL
glass vial filled with 0.1 M sodium acetate buffer (pH 4.5), and the
vial was purged with oxygen/air for 5 min. After adding 40 μL of a
1 M anis alcohol (1) stock solution (5.5 mg, 40 μmol, 1.0 equiv.,
ACN), laccase (T. versicolor, 3.0 U/mL, dissolved in buffer) was added
to the vial, resulting in 2 mL of reaction mixture. The vial was
connected to a balloon filled with oxygen/air. The mixture was
stirred at room temperature.

For GC-FID analysis, samples (200 μL) were taken at given times, at
least t0 (initial time, 0 h), t1 (5 h), and t2 (24 h).

Workup of GC samples: The reaction mixture (200 μL) was extracted
twice with ethyl acetate (EtOAc) supplemented with 1 mM methyl
benzoate (IS, 200 μL) and dried over Na2SO4. Then 100 μL were
diluted with 200 μL 1 mM methyl benzoate in EtOAc and filled in a
GC vial with 0.1 mL inlet.

Workup for quant. NMR: The reaction mixture (900 μL) was extracted
with 2×0.5 mL of CDCl3 supplemented with 20 mM 3,4,5-trimeth-
oxy benzaldehyde (IS). As emulsions were occurring during
extraction, the biphasic mixture was centrifuged. The extract was
dried over Na2SO4 and submitted to NMR. If necessary, CDCl3 was
added when there was less than 0.6 mL in the NMR tube. The
quantification was calculated via a literature-known technique.[31]

Acknowledgements

We thank Lisa Riedlsperger for technical support. Financial
support by the federal state of Lower Austria (BioSet project) is
gratefully acknowledged. The authors acknowledge TU Wien
Bibliothek for financial support through its Open Access Funding
Programme.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: AZADO · laccase-oxidation · mediators · TEMPO ·
T. versicolor

[1] I. Bassanini, E. E. Ferrandi, S. Riva, D. Monti, Catalysts 2021, 11, 26.
[2] H. Yoshida, J. Chem. Soc. 1883, 43, 472–486.
[3] F. Xu, T. Damhus, S. Danielsen, L. H. Østergaard, in Modern Biooxidation,

2007, pp. 43–75.
[4] a) S. Riva, Trends Biotechnol. 2006, 24, 219–226; b) G. Janusz, A. Pawlik,

U. Świderska-Burek, J. Polak, J. Sulej, A. Jarosz-Wilkołazka, A. Paszczyński,
Int. J. Mol. Sci. 2020, 21, 966.

[5] a) A. C. Sousa, L. O. Martins, M. P. Robalo, Molecules 2021, 26; b) J. Su, J.
Fu, Q. Wang, C. Silva, A. Cavaco-Paulo, Crit. Rev. Biotechnol. 2018, 38,
294–307; c) T. Kudanga, B. Nemadziva, M. Le Roes-Hill, Appl. Microbiol.
Biotechnol. 2017, 101, 13–33.

[6] A. M. Barreca, B. Sjögren, M. Fabbrini, C. Galli, P. Gentili, Biocatal.
Biotransform. 2004, 22, 105–112.

[7] a) C. Galli, P. Gentili, J. Phys. Org. Chem. 2004, 17, 973–977; b) O. V.
Morozova, G. P. Shumakovich, S. V. Shleev, Y. I. Yaropolov, Appl.
Biochem. Microbiol. 2007, 43, 523–535; c) A. Wells, M. Teria, T. Eve,
Biochem. Soc. Trans. 2006, 34, 304–308; d) P. Baiocco, A. M. Barreca, M.
Fabbrini, C. Galli, P. Gentili, Org. Biomol. Chem. 2003, 1, 191–197.

[8] N. Enayatizamir, J. Liu, L. Wang, X. Lin, P. Fu, J. Water Proc. Eng. 2020, 37,
101357.

[9] H. Inderthal, S. L. Tai, S. T. L. Harrison, Trends Biotechnol. 2021, 39, 12–23.
[10] P. Xu, H. Du, X. Peng, Y. Tang, Y. Zhou, X. Chen, J. Fei, Y. Meng, L. Yuan,

Sci. Total Environ. 2020, 708, 134970.
[11] a) T. Tzanov, C. Basto, G. M. Gübitz, A. Cavaco-Paulo, Macromol. Mater.

Eng. 2003, 288, 807–810; b) P. Zucca, G. Cocco, F. Sollai, E. Sanjust,
Biocatalysis 2016, 1, 82–108.

[12] a) Y. Du, H. Ma, L. Huang, Y. Pan, J. Huang, Y. Liu, Chemosphere 2020,
239, 124779; b) L. Munk, A. K. Sitarz, D. C. Kalyani, J. D. Mikkelsen, A. S.
Meyer, Biotechnol. Adv. 2015, 33, 13–24.

[13] a) R. Ludwig, M. Ozga, M. Zámocky, C. Peterbauer, K. D. Kulbe, D.
Haltrich, Biocatal. Biotransform. 2004, 22, 97–104; b) F. Tonin, E. Martì,
I. W. C. E. Arends, U. Hanefeld, Catalysts 2020, 10, 677.

[14] R. A. Sheldon, Catal. Today 2015, 247, 4–13.
[15] J. J. Warren, T. A. Tronic, J. M. Mayer, Chem. Rev. 2010, 110, 6961–7001.
[16] a) S. A. Tromp, I. Matijošytė, R. A. Sheldon, I. W. C. E. Arends, G. Mul,

M. T. Kreutzer, J. A. Moulijn, S. de Vries, ChemCatChem 2010, 2, 827–833;
b) C. Zhu, Z. Zhang, W. Ding, J. Xie, Y. Chen, J. Wu, X. Chen, H. Ying,
Green Chem. 2014, 16, 1131–1138.

[17] W. F. Bailey, J. M. Bobbitt, K. B. Wiberg, J. Org. Chem. 2007, 72, 4504–
4509.

[18] M. Yan, J. C. Lo, J. T. Edwards, P. S. Baran, J. Am. Chem. Soc. 2016, 138,
12692–12714.

[19] a) L. Ji, J. Shi, J. Wei, T. Yu, W. Huang, Adv. Mater. 2020, 32, 1908015;
b) D. Leifert, A. Studer, Angew. Chem. Int. Ed. 2020, 59, 74–108; Angew.
Chem. 2020, 132, 74–110.

[20] a) Z. Zhou, L. Liu, Curr. Org. Chem. 2014, 18, 459–474; b) H. R.
Lamontagne, B. H. Lessard, ACS Appl. Polym. Mater. 2020, 2, 5327–5344;
c) P. J. Wright, A. M. English, J. Am. Chem. Soc. 2003, 125, 8655–8665;
d) E. Passaglia, S. Coiai, F. Cicogna, F. Ciardelli, Polym. Int. 2014, 63, 12–
21.

[21] a) I. W. C. E. Arends, Y.-X. Li, R. Ausan, R. A. Sheldon, Tetrahedron 2006,
62, 6659–6665; b) M. Fabbrini, C. Galli, P. Gentili, J. Mol. Catal. B 2002,
16, 231–240; c) S. Rodríguez Couto, J. L. Toca Herrera, Biotechnol. Adv.
2006, 24, 500–513.

[22] a) J. Gross, K. Tauber, M. Fuchs, N. G. Schmidt, A. Rajagopalan, K. Faber,
W. M. F. Fabian, J. Pfeffer, T. Haas, W. Kroutil, Green Chem. 2014, 16,
2117–2121; b) M. Shibuya, M. Tomizawa, I. Suzuki, Y. Iwabuchi, J. Am.
Chem. Soc. 2006, 128, 8412–8413; c) A.-D. Cheng, M.-H. Zong, G.-H. Lu,
N. Li, Adv. Sustainable Syst. 2021, 5, 2000297; d) L. Martínez-Montero, A.
Díaz-Rodríguez, V. Gotor, V. Gotor-Fernández, I. Lavandera, Green Chem.
2015, 17, 2794–2798.

[23] S. Shleev, A. Christenson, V. Serezhenkov, D. Burbaev, A. Yaropolov, L.
Gorton, T. Ruzgas, Biochem. J. 2005, 385, 745–754.

ChemBioChem
Research Article
doi.org/10.1002/cbic.202200411

ChemBioChem 2022, 23, e202200411 (9 of 10) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 16.11.2022

2223 / 270725 [S. 57/58] 1

 14397633, 2022, 23, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202200411 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [20/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1039/CT8834300472
https://doi.org/10.1016/j.tibtech.2006.03.006
https://doi.org/10.3390/ijms21030966
https://doi.org/10.1080/07388551.2017.1354353
https://doi.org/10.1080/07388551.2017.1354353
https://doi.org/10.1007/s00253-016-7987-5
https://doi.org/10.1007/s00253-016-7987-5
https://doi.org/10.1080/10242420410001692750
https://doi.org/10.1080/10242420410001692750
https://doi.org/10.1002/poc.812
https://doi.org/10.1134/S0003683807050055
https://doi.org/10.1134/S0003683807050055
https://doi.org/10.1042/BST0340304
https://doi.org/10.1039/B208951C
https://doi.org/10.1016/j.jwpe.2020.101357
https://doi.org/10.1016/j.jwpe.2020.101357
https://doi.org/10.1016/j.tibtech.2020.05.004
https://doi.org/10.1016/j.scitotenv.2019.134970
https://doi.org/10.1002/mame.200300100
https://doi.org/10.1002/mame.200300100
https://doi.org/10.1016/j.chemosphere.2019.124779
https://doi.org/10.1016/j.chemosphere.2019.124779
https://doi.org/10.1016/j.biotechadv.2014.12.008
https://doi.org/10.1080/10242420410001692787
https://doi.org/10.3390/catal10060677
https://doi.org/10.1016/j.cattod.2014.08.024
https://doi.org/10.1021/cr100085k
https://doi.org/10.1002/cctc.201000068
https://doi.org/10.1039/C3GC42124D
https://doi.org/10.1021/jo0704614
https://doi.org/10.1021/jo0704614
https://doi.org/10.1021/jacs.6b08856
https://doi.org/10.1021/jacs.6b08856
https://doi.org/10.1002/adma.201908015
https://doi.org/10.1002/anie.201903726
https://doi.org/10.1002/ange.201903726
https://doi.org/10.1002/ange.201903726
https://doi.org/10.1021/acsapm.0c00888
https://doi.org/10.1021/ja0291888
https://doi.org/10.1002/pi.4598
https://doi.org/10.1002/pi.4598
https://doi.org/10.1016/j.tet.2005.12.076
https://doi.org/10.1016/j.tet.2005.12.076
https://doi.org/10.1016/S1381-1177(01)00067-4
https://doi.org/10.1016/S1381-1177(01)00067-4
https://doi.org/10.1016/j.biotechadv.2006.04.003
https://doi.org/10.1016/j.biotechadv.2006.04.003
https://doi.org/10.1039/C3GC41855C
https://doi.org/10.1039/C3GC41855C
https://doi.org/10.1021/ja0620336
https://doi.org/10.1021/ja0620336
https://doi.org/10.1002/adsu.202000297
https://doi.org/10.1039/C5GC00525F
https://doi.org/10.1039/C5GC00525F
https://doi.org/10.1042/BJ20041015


[24] E. P. Melo, A. T. Fernandes, P. Durão, L. O. Martins, Biochem. Soc. Trans.
2007, 35, 1579–1582.

[25] A. Blánquez, J. Rodríguez, V. Brissos, S. Mendes, L. O. Martins, A. S. Ball,
M. E. Arias, M. Hernández, Saudi J. Biol. Sci. 2019, 26, 913–920.

[26] M. A. Tadesse, A. D’Annibale, C. Galli, P. Gentili, F. Sergi, Org. Biomol.
Chem. 2008, 6, 868–878.

[27] a) J. E. Nutting, M. Rafiee, S. S. Stahl, Chem. Rev. 2018, 118, 4834–4885;
b) G. Thomas, J. G. Mohanty, Indian J. Chem. 1982, 21 A, 451–455.

[28] A. E. De Nooy, A. C. Besemer, H. van Bekkum, Synthesis 1996, 1996,
1153–1176.

[29] F. Kato, A. Kikuchi, T. Okuyama, K. Oyaizu, H. Nishide, Angew. Chem. Int.
Ed. 2012, 51, 10177–10180; Angew. Chem. 2012, 124, 10324–10327.

[30] I. Matijošytė, I. W. C. E. Arends, R. A. Sheldon, S. de Vries, Inorg. Chim.
Acta 2008, 361, 1202–1206.

[31] T. Rundlöf, M. Mathiasson, S. Bekiroglu, B. Hakkarainen, T. Bowden, T.
Arvidsson, J. Pharm. Biomed. Anal. 2010, 52, 645–651.

Manuscript received: July 20, 2022
Revised manuscript received: September 20, 2022
Accepted manuscript online: September 23, 2022
Version of record online: October 18, 2022

ChemBioChem
Research Article
doi.org/10.1002/cbic.202200411

ChemBioChem 2022, 23, e202200411 (10 of 10) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 16.11.2022

2223 / 270725 [S. 58/58] 1

 14397633, 2022, 23, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202200411 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [20/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1042/BST0351579
https://doi.org/10.1042/BST0351579
https://doi.org/10.1016/j.sjbs.2018.05.020
https://doi.org/10.1039/b716002j
https://doi.org/10.1039/b716002j
https://doi.org/10.1021/acs.chemrev.7b00763
https://doi.org/10.1002/anie.201205036
https://doi.org/10.1002/anie.201205036
https://doi.org/10.1002/ange.201205036
https://doi.org/10.1016/j.jpba.2010.02.007

