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Abstract. Copper salts /2,2,6,6-tetramethylpiperidinoxyl
radical (TEMPOQO) catalytic systems enable efficient aerobic
oxidations of primary alcohols but they generally show a
reduced reactivity in aqueous medium. Herein, we report an
oxidative catalytic system composed of Trametes
versicolor laccase and TEMPO, which is able to work in
buffer solutions at room temperature using ambient air.
Although this catalytic system displays great efficiency in
aqueous systems, the addition of methyl tert-butyl ether
allows the reduction of TEMPO loading, also enhancing
the solubility of hydrophobic compounds. This practical
methodology promotes the chemoselective aerobic
oxidation of hydroxy or amino groups, leading to
interesting organic derivatives such as aldehydes, lactones,
hemiaminals or lactams.
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Introduction

The controlled oxidation of alcohols to obtain
aldehydes, ketones or carboxylic acid derivatives is
one of the most challenging transformations in
organic chemistry. A great number of stoichiometric
reagents have been employed for performing
oxidation reactions such as peroxides, hypervalent
organoiodane, chromium oxides or sulfur-based
reagents.™ However, current environmental concerns
are pressuring industries to replace toxic reagents and
develop novel approaches able to operate in more
benign conditions.

In this context, catalytic oxidations using transition
metal agents under aerobic conditions are becoming
more relevant as oxygen produces water as the only
by-product.”? Among them, Cu-containing complexes
have emerged as the most potent ones in the past few
years. On the other hand, biocatalytic oxidations are
presently considered as well-established approaches,
to obtain valuable compounds under mild reaction
conditions, which are difficult to prepare by

conventional chemical strategies.”’! Actually, Cu**-
dependent oxidases have received great attention in
recent years.

In particular, laccases that belong to the so-called
blue-copper oxidases have been identified as
promising candidates to achieve eco-friendly
oxidations. These enzymes, which are found in many
fungi, plants and bacteria, catalyze the oxidation of
electron rich aromatic substrates, typically phenols or
aromatic amines,™ via four single electron oxidation
steps resulting in the reduction of O, to H,0O, and
formation of the corresponding radicals that can
undergo different pathways to form more complex
molecules. Unfortunately, laccases are not effective
towards non-phenolic substrates and an electron
transfer mediator (Med, Scheme 1a) is required.
Mediators act as ‘electron shuttles” which, after being
oxidized by the laccase (Laccase.), diffuse away
from the active site to oxidize a non-natural substrate
(Substrate,eq). Traditionally, 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid, ABTS), 1-
hydroxybenzotriazole (HBT), N-hydroxyphthalimide
(HPI1), or 2,2,6,6-tetramethylpiperidinoxyl radical
(TEMPO) have been used as electron transfer
mediators together with laccases for selective
oxidation reactions,” TEMPO and its derivatives
being extensively studied for redox processes.®**"l
Hence, this laccase/TEMPO chemoenzymatic system
has been efficiently emPIO}/ed to achieve the
oxidation  of  primary™” and  secondary
alcohols.®""@8 |n recent years, this field is quickly
progressing, and a novel series of mediators has been
described for aerobic oxidations.”! Additionally,
TEMPO in combination with other chemical oxidants
have delivered mild routes towards fine chemicals
with excellent selectivities. For instance, metal
catallysts can be used to generate the oxoammonium
ion,™ but also hypochlorite, that oxidizes alcohols
under slightly basic conditions at 0-4 °C (known as
Anelli-Montanari process).™!
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Scheme 1. a) The role of the mediator in oxidation reactions conducted by laccases; and b) an overview of the reactions
scrutinized in this study using the Trametes versicolor laccase/TEMPO system.

Based on this background and as part of our
continued interest in adapting biocatalytic methods to
organic synthesis, we have considered worthwhile to
explore the selective oxidation of different alcohols,
diols and amino alcohols using Trametes versicolor
laccase (a Cu-dependent oxidase) together with
TEMPO to efficiently obtain interesting aldehydes,
lactones or lactams (Substrate,,, Scheme 1b). In this
context, it is vital to develop greener synthetic
strategies for their synthesis, since most of the
methodologies that have been developed hitherto are
conducted in organic solvents and/or at high
temperatures. These derivatives are of interest for
industry. For example, aldehydes are of commercial
interest as fragrances and flavors, while lactones and
lactams are relevant classes of compounds with wide
number of applications due to their pharmaceutical
and biological activities.'?

Results and Discussion

The catalytic potential of laccases in organic
synthesis has been intensely studied,® however,
their main applications have been restricted for a long
time to delignification processes. In a search for
greener protocols, we have recently developed a T.
versicolor laccase/TEMPO catalytic system able to
oxidize aliphatic 1,w-diols in aqueous medium for the
preparation of achiral and racemic lactones.!M
Oxidation reactions were conducted at room
temperature in NaOAc buffer (50 mM, pH 4.8), open

to ambient air and with the commercial laccase from
Trametes versicolor and 20% mol of TEMPO
(Scheme 2). Under these conditions, we observed that
the monooxidation of a hydroxyl group was favored,
obtaining the hydroxy aldehyde. Then, the
corresponding aldehyde underwent spontaneous
cyclization leading to the unstable hemiacetal, which
was reoxidized obtaining the corresponding lactone.
This practical methodology allowed the formation of
the targeted lactones in a selective manner with
guantitative yields (>97%) and high purity after a
simple extraction protocol.

At this point, we decided to check the
compatibility and applicability of our system under
other reaction conditions. Firstly, we observed that
parameters such as aeration and stirring were crucial
for a successful transformation towards the desired
lactones. Therefore, we have performed these
oxidation reactions in an open tube with vigorous
stirring (Scheme 2). By using these conditions,
bubbling of oxygen or air was not necessary to
achieve total conversions. We also evaluated the
effect of the temperature on the lactonization process.
Therefore, the aerobic oxidation of 3-phenyl-1,5-
pentanediol (1, 30 mM) was performed at 20 °C, 30
°C and 45 °C obtaining the corresponding lactones
with excellent conversions after 12 h (>97%, Figure
S1). Moreover, the undesired hydrolysis of the
lactone to the carboxylic acid was not detected in any
case under these reaction conditions.



T. versicolor laccase

. j OH T. versicolor laccase o
R TEMPO TEMPO
/\)\/\ > O > ?
HO OH buffer buffer
r.t., air r.t., air R

3, R=Ph 4, R=Ph

Scheme 2. Aerobic oxidation of diols 1 and 2 using the Trametes versicolor laccase/ TEMPO system.

We next examined the influence of the pH on the

aerobic oxidation of diol 1. On the basis of the
experimental results, we can indicate that the
Trametes  versicolor  laccase/TEMPO  system
catalyzed the lactonization reaction in an efficient
manner in aqueous media when pH ranged from 4.8
to 6.5, although the rate of the cyclization was
optimum around pH 5.5 (Figure S2). At higher pH
values (pH= 7), a drastic decrease in the activity was
observed due to the laccase inactivation. It is
important to remark that this catalytic system was
compatible with acetate, citrate and phosphate buffer
ranging from pH 4.8-6.5.
Other oxidases. Based on the excellent results
achieved  with  this  Trametes  versicolor
laccase/TEMPO system, we decided to investigate
whether different oxidases could take part in the same
lactonization reaction. For that purpose, a set of
available enzymes were screened in the lactonization
of diols 1 and 2 (Figure 1). Trametes sp., Cerrena
unicolor, Myceliophthora thermophila, and Pleurotus
ostreatus were employed. Trametes versicolor
laccase was the most active followed by Trametes sp.
laccase, while other enzymes such as Bacillus subtilis
laccase as well as an alcohol oxidase from Pichia
pastoris did not show any activity in the oxidation of
diols 1 and 2. Furthermore, other mediators were
tested for this reaction without any |mprovement as
previously reported (see Figure S3).5"
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Figure 1. Oxidation of diols 1 and 2 (30 mM) using
different oxidases (t= 12 h).

Cosolvent addition. During the course of this
investigation it was clear that the laccase from
Trametes versicolor/TEMPO dyad was the most
efficient for the oxidation of interesting aliphatic
diols in a regio- and/or monoselective fashion.
However, although great yields were observed, 15-
20% mol of mediator was necessary to complete the
reaction (Figure 2).
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Figure 2. Effect of the concentration of TEMPO (% mol)
on the aerobic oxidation of 1 and 2 (30 mM) with T.
versicolor laccase (t= 12 h).

To overcome this limitation and make this
chemoenzymatic approach more competitive, we
decided to optimize additional reaction parameters.
Therefore, we studied the cosolvent effect for the
aerobic oxidation of 1 as a model substrate. In one
hand the solubility of the substrate can be alleviated,
and on the other hand the stability of the mediator in
the organic solvent can be increased.™™ In a first
attempt, acetonitrile was added to the reaction.
Oxidation of aliphatic diols was recently reported to
take place eff|C|entIy in acetonitrile using Cu-
complexes [(bpy)Cu'] together with TEMPO and N-
methylimidazole (NMI) as catalytic system.®
Additionally, laccases have shown great activity in
such media.'”! Although the laccase/TEMPO system
remained active when using a significant amount of
acetonitrile  (20-30% v/v, Figure 3), little
improvements were achieved in terms of the reaction
rate and TEMPO concentration. This decrease in the
activity can be caused by enzyme denaturalization or
inhibition issues.™™®
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Figure 3. Effect of the percentage of acetonitrile on the
aerobic oxidation of 1.

In light of these results, we evaluated the use of other
cosolvents which were previously employed in
similar oxidation studies such as acetone, dioxane,
DMSO, EtOAc, toluene or methyl tert-butyl ether
(MTBE, Tables S1 and S2)."®%T |nterestingly, the
best results in terms of conversion and reaction rates
were obtained with MTBE. At this point, it is
important to highlight that this catalytic system was
compatible with the addition of cosolvents and that
this aerobic oxidation could be conducted in mono-
and biphasic systems. Moreover, we should remark
that an important percentage of MTBE was accepted
(up to 85% v/v, Table S2) without decrease of the
activity (conversion >97% in 9 h), allowing the
oxidation of this hydrophobic diol.

Based on these findings in the presence of this
non-miscible organic solvent, we next studied if
under these biphasic conditions the mediator
concentration could be reduced leading to similar
conversion values. Gratifyingly, when MTBE (50%
v/v) was used, 5-10% mol of TEMPO was able to
oxidize diols 1 and 2 efficiently towards the
corresponding lactones after 16 h (yields >90%). We
should point out that when 5% mol of mediator was
employed, longer reaction times (24 h) were required.
To demonstrate whether these conditions could
further improve our previous method, we decided to
operate semi-continuously. This issue is critical for
the development of a more efficient, economic and
profitable process. In this particular case, 1 was
continuously dosed into the reactor system and in situ
extracted to the organic phase. In this way, 0.12
mmol of 1 in citrate buffer/MTBE (50% v/v) were
treated with 10% mol of TEMPO and 8 U/mL of
laccase for 16 h. Subsequently, the retreatment of this
system with additional 0.12 mmol and 5% mol of
TEMPO led to the final lactone 4 from diol 1 in 90%
conversion after additional 16 h.

Other chemical methods. To test the viability and
competitiveness of our protocol, we screened some of
the most notable TEMPO-mediated alcohol oxidation
methods employed nowadays using diol 1 as model
compound. In this way, NaOCl or NaOCI/NaOCl,
were firstly employed as co-oxidants. These reactions
were therefore performed in mixtures of organic
solvent/water or in buffer using 20% mol of TEMPO.
However in these cases, other by-products were
detected in the reaction crudes, also finding that an
excess of NaOCl was necessary to achieve high
conversions after 12 h (conv= 71%).

Moreover, other metal salts and complexes were
tested as co-catalysts in the lactonization reaction of
diol 1 (Table 1). Regarding the copper-catalyzed
methods, several mild oxidation procedures have
been described, although most of them make use of
organic solvents (Table 1, entries 1-9).”" As a
general observation, Cu(ll) salts led to better results
than the corresponding Cu(l) salts (Table 1, entries 1-
8), since the last ones gave access to the hemiacetal 3
as the major product (Table 1, entries 3 and 4).
Moreover, the presence of both ligands and bases was
crucial for the success of the oxidation. This is due to
the fact that bipyridine (Bpy) or phenantroline (Phen)
ligands are required to increase the solubility of
copper in the reaction mixture and enhance the
electronic properties of the metal.” For example,
when CuBr, was used in combination with Phen or
Bpy and '‘BUuOK as base (Table 1, entries 7 and 8),
lactone 4 could be detected in a 42-50% conversion,
however, significant amounts of hemiacetal 3 were
also observed. We must mention that when CuOTf
was used as copper source tog[ether with Bpy in
acetonitrile and NMI as base,™® lactone 4 was
obtained with an excellent yield (Table 1, entry 9).

We also tested other metal-based catalytic systems
reported in the literature for the preparation of similar
compounds (Table 1, entries 10-13).%2 Under these
conditions, lactone 4 was detected but with
incomplete conversions or as a mixture of products,
except for the case of Shvo’s catalytic system where
conversion was 93% (Table 1, entry 12).

These results highlight the exceptional efficiency
and potential of using laccase and TEMPO without
employing any exogenous base or additional ligands
in aqueous or biphasic media, to decrease the
TEMPO loading or improve the solubility of the
reactants (Table 1, entries 14 and 15). Additionally,
oxidations with our catalytic system were conducted
at room temperature whereas some of the tested
methods required more drastic reaction conditions.



Table 1. Oxidation of diol 1 using different catalytic systems.®!

OH
Ph oxidant
HO OH solvent
Ph Ph
1 3 4
Entry Catalyst Ligand  Mediator Base Solvent T[°C] t[h]  Conv[%]™ Ratio 3:4™
1 CuCl none TEMPO - H,O/CH;CN r.t. 16 - -
2 CuCl none TEMPO NMI H,O/CH;CN r.t. 16 - -
3 CuCl Phen TEMPO NMI H,O/CH;CN r.t. 16 55 1:0
4 CuCl Bpy TEMPO NMI H,O/CH;CN r.t. 16 90 1:0.1
5 CuBr, none TEMPO - H,O/CH;CN r.t. 16 - -
6 CuBr, none TEMPO 'BUOK  H,0/CH5CN r.t. 16 - -
7 CuBr, Phen TEMPO 'BUOK  H,0O/CH5CN r.t. 16 >97 1:0.75
8 CuBr, Bpy TEMPO 'BuOK  H,0O/CH;CN r.t. 16 >97 1:1
9 CuOTf Bpy TEMPO NMI CHsCN r.t 24 >97 0:1
10 Fe(NO3)3 - TEMPO - 1,2-Dichloroethane r.t. 24 84 0:1
11 RuCl,(PPhg); - TEMPO - Toluene 100 7 82 1:0.2
12 Shvo - Co/quinone - Toluene 80 24 93 0:1
13 Pd(OAc), - - Py Toluene 80 7 87 0.3:1
14 Laccase - TEMPO - Buffer r.t. 12 >97 0:1
15 Laccase - TEMPO - Buffer/MTBE r.t. 9 >97 0:1

[a] See ESI for further details. [b] Conversions and ratios were determined by NMR.

Oxidation of other diols and alcohols. Once
established suitable conditions for our system, we
decided to explore the scope of this chemoenzymatic
approach towards the oxidation of 1,®-diols 5-10
(Figure 4). Experiments were carried out using
MTBE as cosolvent (50% v/v) at room temperature,
open to air and reducing the amount of TEMPO to
10% mol. In all cases, conversions were higher than
85% after 12 h, showing the excellent performance of
this catalytic system as well as its selectivity and
compatibility with these types of substrates.
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Figure 4. Other tested alcohols using T. versicolor
laccase/TEMPO.

Then, we decided to explore the potential of our
catalytic system over other primary alcohols of
interest (11-14, Figure 4). Among them, a profen-like
derivative (11) was envisioned as a good target
compound. These derivatives are highly valuable for
industry and have also attracted the attention of
academia.”®! In all cases, from good to very good
yields were obtained towards the formation of the

corresponding aldehydes in 2.5-7 h (Table 2). Some
limitations were identified for these oxidation
reactions: i) long reaction times led to overoxidation,
and therefore the use of 20% mol TEMPO was
optimized to accelerate the reaction and minimize the
formation of the carboxylic acid; ii) the use of MTBE
did not improve either reaction rates or conversions;
and iii) evaporation of the products can occur over
the course of the reaction since all the reactions were
carried out in open tubes. To minimize this loss, a
perforated aluminum foil was used in order to
increase the isolated yield.

Table 2. Oxidation of substrates 11-14 using laccase and
TEMPO.H

5 X< 3.0Me o ket Entry Substrate t [h] conv [%]™
6, X= 3-F 10, R=Ph 1 11 25 95 (15)
o 2 12 3 90 (7)
’ 3 13 5 85 (<3)
4 14 7 85 (3)

[a] Reactions were performed using 35 mM of substrate,
20% mol TEMPO at 30 °C and shaken at 250 rpm in an
open Erlenmeyer with a perforated aluminum foil. [b]
Conversions determined by NMR. In parenthesis,
percentage detected of carboxylic acid. [c] Vigorous
stirring was used instead of shaking since conversions
dropped considerably under general conditions.
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of the lactam (L) and route B leads to the enamine (E). Pathway Il corresponds to the oxidation of the amino group which

finally affords the lactone through hemiacetal oxidation.

Oxidation of amlno alcohols. Encouraged by recent
Backvall’s results™ and other oxidation examples on
benzylic amines,”™ we became interested in
extending our methodology to several amino alcohols
(15-22, Scheme 3) to obtain the corresponding
lactams. In this way, we reasoned that the oxidation
of the hydroxyl group would be favored and,
similarly to the diol strategy, a spontaneous
cyclization process followed by reoxidation would
lead to the desired lactams (Route IA, Scheme 3).
However, when commercially available 4-
aminobutan-1-ol (15) and 5-aminopentan-1-ol (16)
were used as substrates, the formation of the lactone
surrogates (butyro- and valerolactone, respectively)
were detected as the sole products (>97%, Route I,
Scheme 3). This result can be explained if the
oxidation would take place in the C-N bond forming
an imine which consequently is hydrolyzed giving
access to the hydroxy aldehyde. Then, an
intramolecular cyclization and reoxidation of the
hemiacetal can take place. At this point, it is
interesting to highlight that primary amines can be
chemoselectively oxidized by this system in the
presence of hydroxyl groups, transformation which is
rarely observed by other chemical means.®!

Based on these results, we decided to turn our
attention to N-substituted amino alcohols 17-22 in
order to push the reaction towards the oxidation of
the hydroxy group since the formatlon of an imine
could not be favored in such cases.*"! We employed
biphasic media since most of the protected amino
alcohols showed reduced solubility in buffered
solutions and therefore lower conversions were
achieved.™ In this way, when N-tosylated derivative

17 was used as substrate in a MTBE/buffer solution
(1:1), the oxidation reaction was directed towards the
C-O bond. Thus, the unstable aldehyde cyclized in
situ affording the hemiaminal (H, Route I) with 91%
conversion (Table 3, entry 1). However, no
overoxidation to form the lactam was feasible under
the tested conditions. In fact, when the oxidation of
17 was tried under more drastic conditions (40 °C),
and longer reaction times (Table 3, entry 2), the
formation of the corresponding enamine was
exclusively detected (E, Route IB). It is worth
mentioning that hemiaminals are important building
blocks for the preparation of m-unsaturated aICOhOIS
or amines and their synthesis are not trivial.?
Remarkably, the use of other oxidative conventlonal
methods such NaOCI/TEMPO, PCC or Dess-Martin
reagent led to a mixture of products or no conversions
(see Figure S5 in Supporting Information). These
results were reproduced when 18, the N-protected
derivative with the 4-methoxybenzenesulfonyl group
(Mbs), was used as substrate (Table 3, entries 3 and
4). Therefore, the influence of other protecting groups
was investigated on the oxidation reaction. Thus, we
could observe that groups such as acetyl or benzoyl
seemed to be more appropriate to access the desired
path 1A probably due to electronic issues.
Unfortunately, acetylated compound 19 gave access
to volatile intermediates and it was difficult to obtain
reproducible results. The hydroxy amide 20 was
found so far to be the most convenient substrate to
obtain the corresponding 6-membered ring lactam
(Table 3, entry 5). Besides, a mixture of hemiaminal
and lactam was still detected.



Table 3. Aerobic oxidation of protected amino alcohols.

Ratio
Entry R n t[h] conv [HEL]
1 Ts (17) 2 18 91 1:0:0
21 Ts(17) 2 28 95 0:1:0
3 Mbs (18) 2 18 90 1:0:0
4 Mbs(18) 2 28 95 1:15.7:0
5 Bz (20) 2 18 92 1:0:2
6 Bz (21) 1 18 63 L
7 Boc (22) 2 18 25 1:0:0
gl Ts(17) 2 18  >97  0:0:1
ol Ts(17) 2 18 >97  0:1:2.7
107 Ts(17) 2 18 >97  1:0:0

[a] Reactions were conducted using 35-50 mM substrate,
30% mol TEMPO and MTBE (25 or 50% v/v) at 30 °C. [b]
Reaction performed at 40 °C. [c] A mixture of different
products was detected. [d] Reaction was performed at 110
°C using Shvo’s catalyst as previously reported.[m] [e]
Reaction performed at 110 °C in biphasic media using the
Shvo’s catalyst. [f] Reaction carried out at 40 °C using the
Shvo’s catalyst in organic medium.

At this point, we thought that the five-membered
counterpart could facilitate the cyclization step,
therefore maximizing the formation of the lactam.
However, when we prepared the corresponding N-
benzoyl-4-aminopentan-1-ol (21) and we treated it
under the same conditions described above, a
distribution of different products was obtained (Table
3, entry 6). Another protecting group (22, R= Boc)
was examined observing lower conversions and the
corresponding hemiaminal as the only final product
(Table 3, entry 7).

In order to evaluate whether the formation of the
lactam was impeded under aqueous conditions, we
decided to study our catalytic system in detail and
compare it with Backvall’s system under both organic
and aqueous conditions (Table 3, entries 8-10).
Although the catalytic systems differ, we observed
that the dehydrogenative amide formation was
disfavored in agueous or biphasic media, especially at
low reaction temperatures where the hydrogen loss
from the Shvo’s catalyst does not occur in acceptor-
driven systems, observing in the latter case a
significant percentage of enamine (Table 3, entry 9).
Additionally, when Bé&ckvall’s reaction was
performed at lower temperatures, the hemiaminal was
observed as the only product showing that the lactam
formation was disfavored under mild conditions
(Table 3, compare entries 8 and 10).

Furthermore, the scalability of these reactions is
another indispensable issue for the development of an
economic process. With this idea in mind, we decided
to scale up the oxidation of 17 on a 0.3 g scale
obtaining the corresponding hemiaminal in
conversion >80% after 20 h.

Conclusions

In conclusion, we have demonstrated that laccase
from Trametes versicolor/TEMPO is an efficient and
robust catalytic system with broad substrate scope for
regio- and chemoselective oxidative processes of
primary alcohols, diols and amino alcohols. This
system is able to work in buffer solution in the
absence of exogenous bases or additional ligands, but
also accepts biphasic media, which is desirable in
cases where substrates are hydrophobic. Interestingly,
the use of an organic cosolvent allows lowering the
amount of TEMPO, improving the atom efficiency of
the system. Gratifyingly, oxidations are conducted in
aqueous solutions under mild conditions using
ambient air, in contrast to other tested chemical
methods, leading to valuable compounds in very
good to excellent conversions. Additionally, this
methodology has shown to be chemoselective in the
oxidation of unprotected primary amines in the
presence of hydroxyl groups, a transformation which
is rarely achieved by other chemical methods. On the
contrary, by forming the corresponding protected
amino alcohols, the reaction is driven towards the
oxidation of the hydroxyl group leading to interesting
hemiaminals in the case of N-sulfonyl derivatives.
The preparation of the lactam was found challenging
although by tuning the protecting group, we could
detect its formation.

Experimental Section

General procedure for the oxidation of diols 5-10

To a solution of substrate 5-10 (0.22 mmol) in 50 mM
citrate buffer pH 5.5 and MTBE (50% v/v, 7 mL), was
added TEMPO (3.4 mg, 0.022 mmol). The reaction
mixture was stirred for a few minutes to dissolve all
reagents. Then, the laccase was added (13 U/mL). The
reaction mixture was stirred at 30 °C for 12 h. After that
time, the reaction was extracted with CH,Cl, (2 x 5 mL).
The combined organic layers were washed with brine and
dried over Na,SO,. Crudes were analyzed by NMR.

General procedure for the oxidation of alcohols 11-14
To a solution of substrate 11-14 (0.22 mmol) in 50 mM
citrate buffer pH 5.5 (7 mL), was added TEMPO (0.044
mmol). The reaction mixture was stirred for a few minutes
to dissolve all material. Then, the laccase was added (13
U/mL). The flask was covered by perforated aluminium
foil and the reaction was stirred at 30 °C in a shaker (250
rpm) for the time indicated in Table 2 of the manuscript
(2.5-7 h). For substrate 14, the reaction was stirred
vigorously to obtain good conversions. The reaction was
extracted with CH,Cl, (2 x 5 mL). The combined organic
layers were washed with brine and dried over Na,SO,.
Crudes were analyzed by NMR.

General protocol for the aerobic oxidation of N-
protected amino alcohols 17-22 using laccase from
Tramentes versicolor/ TEMPO as the catalytic system



To a solution of the N-protected amino alcohols 17-22
(0.085 mmol) in 1.7-2.5 mL of citrate buffer/MTBE [3:1 or
1:1 (v/iv)], TEMPO (4.0 mg, 0.026 mmol) was added. The
reaction mixture was stirred until total dissolution of the
reagents. Then, laccase from Trametes versicolor (26
U/mL) was added and the reaction stirred vigorously. The
reaction was stirred at 30 °C or 40 °C as indicated in Table
3. The reaction crude was extracted with CH,Cl, (2 x 5
mL) and the organic layer was dried over Na,SO, and
concentrated under vacuum, measuring the conversions by
NMR.
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