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ynthesis of peptidomimetics via
chemoenzymatic tandem oxidation–Ugi reaction†
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and Ryszard Ostaszewski *

A simply and green synthetic protocol based on the selective laccase-oxidation of alcohol to

a corresponding aldehyde and a following Ugi reaction in a micellar system made of SDS was developed

and is reported herein. Special emphasis was placed on the metal-free chemoenzymatic tandem

reaction based on alcohol oxidation strategies using molecular oxygen from air, followed by an Ugi

reaction. The reaction was carried out without the use of a transition metal or organic solvents as

a reaction medium. The presented protocol offers an efficient and environmentally friendly procedure.
Introduction

The sustainable synthesis of peptidomimetics is still a chal-
lenge for green chemistry.1 One of the methods used for the
synthesis of these compounds relies on an Ugi reaction, which
is recognized as an advanced tool for sustainable organic
synthesis.2 The Ugi reaction is atom efficient since only one
molecule of water is lost from the starting materials during the
reaction.3 It has signicant potential in molecule formation,
which has seen it continuously used in the eld of medicinal
chemistry.4,5 The rst example of the application of a-aminoacyl
amides in pharmaceuticals was the local anesthetic xylocaine
obtained in a one-pot Ugi reaction.6 Moreover, this type of
reaction was used by process chemists at Merck for the
production of the blockbuster anti-HIV drug Crixivan.7

As carbonyl reagents for the Ugi reaction, aldehydes or
ketones are used. Owing to the increasing need for more
economic and environmentally friendly synthetic protocols, the
development of tandem oxidative processes combining an
alcohol oxidation with a multicomponent reaction is actually of
great interest.8–10

The generation of an aldehyde in situ in the reaction mixture
allows overcoming some of the disadvantages, e.g., instability
during storage leading to the formation of the corresponding
alcohols, carboxylic acids, and other impurities.11 A great
number of systems for the oxidation of alcohols to aldehydes,
including TPAP (tetrapropylammonium perruthenate)12,13 and
copper14–16 catalyses, are known.

It has been proved that the oxidation system is compatible
with multicomponent reaction conditions and therefore can be
my of Sciences, Kasprzaka 44/52, 01-224

i@icho.edu.pl

tion (ESI) available. See DOI:

hemistry 2018
combined in a one-pot procedure (Scheme 1).17–19 Che et al.
described the oxidation of secondary amines to imines by
singlet oxygen (generated from oxygen and the porphyrin pho-
tosensizer), followed by the Ugi reaction.20 Recently, Zhu et al.
reported the tandem oxidation of alcohols using o-iodox-
ybenzoic acid (IBX) or Oxone® in the presence of a catalytic
amount of sodium 2-iodobenzenesulfonate as an oxidant, fol-
lowed by the Ugi (U-4CR) reaction (Scheme 1).21,22 One of the
main drawbacks of IBX is its shock sensitivity, and limited
solubility in many common organic solvents.23 For this purpose,
to keep the reaction mixture homogeneous, a high dilution is
required for the oxidation conditions, which is inconvenient for
multicomponent reactions.24

The application of metal complexes for the oxidation of an
alcohol generates many impurities, which is intolerable for
pharmaceutical or the cosmetic industry. This was justied by
the fact that pharmacopeia limits of heavy metal contamina-
tions are below 5 ppm. Therefore, most classical chemical
methods applying metal catalysts are unacceptable.25

In order to overcome the existing limitations in the currently
used experimental procedures to synthesize pollutants-free
peptidomimetics, a new strategy is proposed herein. For the
oxidation of alcohols, enzymatic oxidation can be used, which
Scheme 1 Methods used for the synthesis of peptidomimetics based
on a tandem oxidation–Ugi reaction.
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Scheme 2 Schematic representation of LTv/TEMPO oxidation.
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may be further combined with an Ugi reaction to provide the
target compounds. In this system, water can be used as a solvent
since both reactions proceed efficiently in this solvent.26

Water is cheap, safe and leads to the progress in environ-
mentally safe chemical synthesis.27,28 However, water is not
a perfect solvent due to the insolubility or low solubility of most
organic compounds. In order to enhance the solubility of
substrates, surfactants (surface active agents) as amphiphilic
molecules can be used.29–31

For the oxidation of alcohols, the group of multi-copper
oxidases, such as laccases (EC 1.10.3.2), show miscellaneous
biochemical properties. Some are known for the oxidation of
a wide range of electron-rich compounds, e.g., phenols,32 allylic
alcohols,33,34 and aromatic alcohols,35–37 or amines38 using air
oxygen as an electron acceptor (Scheme 2).

Enzymatic and micellar catalysis have been intensively
investigated in our group and our ongoing studies are part of
the research devoted to Ugi multicomponent reactions per-
formed in aqueous media.39 In the present paper, we focus our
attention on the chemoenzymatic tandem oxidation–Ugi reac-
tion in a micellar system. Herein, we report a straightforward
metal-free protocol for the synthesis of a-acylamino amides via
the oxidation of primary alcohols by laccase from a Trametes
versicolor (LTv)/TEMPO system, followed by an Ugi reaction. In
the rst step, the primary alcohol is selectively oxidized to an
aldehyde by oxygen from air (without the usage of O2, which is
potentially explosive), applying LTv as a catalyst and TEMPO as
a mediator. Aerward, the formed aldehyde was applied in an
Ugi reaction with carboxylic acid, amine, and isocyanide. Both
reactions could be performed in an aqueous surfactant system,
with increase productivity, without the need for the addition of
an organic solvent or transition metal, which is benecial from
an environmental point of view.

Results and discussion

As components for the model chemoenzymatic tandem oxida-
tion–Ugi reaction, benzyl alcohol (1a), p-methoxybenzylamine
(3a), phenylacetic acid (4a), and p-methoxybenzyl isocyanide
(5a) were selected. According to the literature data, benzyl
alcohol (1a) is compatible with laccase-catalyzed oxidation,
providing the corresponding aldehyde 2a exclusively.40,41

Recently, we proved that the Ugi reaction can be conducted in
DDAB (didodecyldimethylammonium bromide) micelles.39

In present studies, we turned our attention to an aerobic
oxidation of benzyl alcohol (1a) to benzaldehyde (2a) catalyzed
by laccase from Trametes versicolor (LTv). We investigated the
inuence of didodecyldimethylammonium bromide (DDAB) on
the reaction in the presence of LTv and TEMPO. For this
28406 | RSC Adv., 2018, 8, 28405–28413
purpose, we performed two parallel reactions: the oxidation of
benzyl alcohol 1a in the presence and absence of DDAB. Both
reactions were stirred overnight at room temperature. TLC
analyses in both cases showed a full conversion to benzalde-
hyde (2a) exclusively. The experiments showed that an aerobic
oxidation of benzyl alcohol could be performed efficiently in the
presence of a surfactant. This observation encouraged us to
combine this system with an Ugi-four component reaction (U-
4CR). Recently, we presented the chemoenzymatic tandem
oxidation–Passerini reaction based on the laccase-catalyzed
oxidation of benzyl alcohol.17 Herein, we examined an analo-
gous approach with the more demanding, four component Ugi
reaction. For gaining more insights into the effect of the
surfactant on the Ugi reaction, the condensation of benzalde-
hyde (2a) p-methoxybenzylamine (3a), phenylacetic acid (4a),
and p-methoxybenzyl isocyanide (5a) in the presence of DDAB in
phosphate buffer (PBS) pH 5.2 was investigated. The model
product 6a was obtained with a 35% yield. Next, we performed
the tandem oxidation–Ugi reaction in the presence of DDAB.
The reaction was stirred overall for 72 h at room temperature,
leading to 6a with a 30% yield.

For the rst 24 h, enzymatic oxidation took place and next
the rest of the substrates for the Ugi reaction were added. Due to
the fact that oxidation, which is the rst step of the chemo-
enzymatic tandem reaction, in the presence of surfactants is
quantitative, the obtained yield of the target 6a was not satis-
fying. Therefore, we wondered if DDAB was likewise optimal for
chemoenzymatic tandem reaction or only for the separated
steps.

Furthermore, we investigated the inuence of different types
of surfactants (20 mol%) on the model Ugi reaction, with 1a, 3a,
4a, 5a as the substrates in the presence of LTv, TEMPO, in PBS
pH 5.2. In all cases, the surfactants were used in the amount
above their cmc (critical micellar concentration).42 The collected
results indicated that SDS is optimal for the tandem Ugi reac-
tion and was thus used in the further studies (Table 1).

The literature data show that the type of mediator and
reaction time have a great inuence on the alcohol oxidation by
the laccase. For this reason, HOBt was also tested as a mediator
instead of TEMPO.43 However, when HOBt was applied, the
formation of any product was observed (Table 2, entry 8). In the
next step, we investigated the inuence of time on the reaction
course. The optimal time for the chemoenzymatic tandem
reaction was 72 h, affording product 6a with a 45% yield (Table
2, entries 4–7). Further prolongation of the reaction time did not
affect the reaction yield. We also tested the impact of other
parameters, such as the mediator and enzyme, on the studied
chemoenzymatic tandem reaction (Table 2, entries 1 and 2).
When one of the mentioned components of the studied reac-
tion was absent, the formation of the desired product 6awas not
observed. The addition of SDS enhanced signicantly the yield
of 6a from 19% to 45% (Table 2, entries 3, 6). The obtained
results indicated that the LTv/TEMPO system was the most
efficient for the presented tandem reaction.

According to the literature data, the stability and activity
of laccase from Trametes versicolor strictly depend on the
reaction conditions (e.g., pH, concentration of surfactant,
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Effect of pH on the isolated reaction yield of 6a of the model
laccese/TEMPO oxidation-U4CR system. Reaction conditions: benzyl
alcohol (1a, 0.5 mmol), TEMPO (0.1 mmol), laccase from Trametes
versicolor (15 mg), SDS (0.1 mmol) in 5 mL PBS (5.2 pH, 100 mM) were
mixed for 24 h at room temperature. Then, p-metoxybenzylamine (3a,
0.5 mmol), phenylacetic acid (4a, 0.5 mmol) and p-methoxybenzyl
isocyanide (5a, 0.5 mmol) were added and stirred for an additional
48 h.

Table 1 Effect of different surfactants on the model Ugi reactiona

Additive Yieldb (%)

1. — 19
2. Tween 80 21
3. Triton X-100 19
4. Span 60 10
5. DDAB 30
6. CTAB 21
7. DODAB 15
8. TPGS-750-M 20
9. SDS 45
10. AOT 35
11. SDS/Triton X-100 (1 : 1) 10
12. SDS/DDAB (1 : 1) <5

a Reaction conditions: benzyl alcohol (1a, 0.5 mmol), TEMPO (0.1
mmol), laccase from Trametes versicolor (15 mg), and the additive (0.1
mmol) were mixed for 24 h at room temperature. Then, p-
metoxybenzylamine (3a, 0.5 mmol), phenylacetic acid (4a, 0.5 mmol),
and p-methoxybenzyl isocyanide (5a, 0.5 mmol) were added and the
reaction was stirred for an additional 48 h in 5 mL PBS (5.2 pH, 100
mM) at room temperature. b Yields of isolated product 6a.
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temperature).44–47 It is well known that laccase, which was
used in our studies, is active in the pH range 3.0 to 6.0.44,48

With this data in mind, we tested the optimal pH for the
model reaction. We carried out reactions between the model
substrates (1a, 3a, 4a, 5a) in the presence of SDS, TEMPO, and
LTv in phosphate buffer in the pH range between 3.0 and 7.0.
The obtained results are given in Fig. 1. Initially, pH 5.2 was
Table 2 Aerobic oxidation of benzyl alcohol (1a) by the LTv/TEMPO
system combined with an Ugi reactiona

Mediator Time (h) Yielde (%)

1. — 72 <1b

2. TEMPO 72 NDb,c

3. TEMPO 72 19d

4. TEMPO 24 <1b

5. TEMPO 48 11
6. TEMPO 72 45
7. TEMPO 96 45
8. HOBt 72 <1b

a Reaction conditions: benzyl alcohol (1a, 0.5 mmol), mediator (0.1
mmol), laccase from Trametes versicolor (15 mg), SDS (0.1 mmol) in
5 mL PBS (5.2 pH, 100 mM) for 24 h at room temperature. Then, p-
metoxybenzylamine (3a, 0.5 mmol), phenylacetic acid (4a, 0.5 mmol)
and p-methoxybenzyl isocyanide (5a, 0.5 mmol) were added.
b Estimated by TLC. c Reaction carried out without enzyme. d Reaction
carried out without SDS. e Yields of isolated product 6a.

This journal is © The Royal Society of Chemistry 2018
optimal for the model tandem LTv/TEMPO oxidation-U4CR
one-pot system. Between pH 3.0 and 5.2, the yield of the
product 6a increased to 45%. In the range of pH 5.2 to 6.0, the
yield varied slightly. Above pH 6.0, the yield of 6a decreased
signicantly, which can be explained by the lower activity of
laccase.48

Due to the fact that the concentration of the surfactant can
inuence the reaction course, we performed additional studies.
We investigated the surfactant content (from 0 to 100 mol%) on
the chemoenzymatic tandem reaction. The results are pre-
sented in Fig. 2. In all cases, the reaction yield in the presence of
SDS was higher than in pure PBS. While upon changing the
amount of SDS from 0 to 20 mol%, the yield of product 6a
increased up to 45%. Further elevation of the SDS concentration
caused a reduction in the reaction yield to 28% (40 mol% of
Fig. 2 Effect of SDS on the isolated yield of 6a from the model lac-
case/TEMPO oxidation-U4CR system. Reaction conditions: benzyl
alcohol (1a, 0.5 mmol), TEMPO (0.1 mmol), laccase from Trametes
versicolor (15 mg), SDS (0.1 mmol) in 5 mL PBS (5.2 pH, 100 mM) were
mixed for 24 h at room temperature. Then, p-metoxybenzylamine (3a,
0.5 mmol), phenylacetic acid (4a, 0.5 mmol) and p-methoxybenzyl
isocyanide (5a, 0.5 mmol) were added and stirred for an additional
48 h.

RSC Adv., 2018, 8, 28405–28413 | 28407
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Table 3 Effect of laccase from Trametes versicolor or TEMPO on the
Ugi reaction in the presence of SDS micellesa

Reaction conditions Yield of 6nd (%)

1. SDS micelles 67
2. LTv, SDS micelles 48b

3. TEMPO, SDS micelles 20c

4. LTv, TEMPO, SDS micelles Traceb,c

a Reaction conditions of benzaldehyde (2a, 0.5 mmol), p-
metoxybenzylamine (3a, 0.5 mmol), hydrocynamic acid (4n, 0.5
mmol), p-methoxybenzyl isocyanide (5a, 0.5 mmol), SDS (0.1 mmol) in
5 mL PBS (5.2 pH, 100 mM) for 48 h at room temperature. b Laccase
from Trametes versicolor (15 mg). c TEMPO (0.1 mmol). d Yields of
isolated product 6a.
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SDS). Increasing SDS from 40 to 100 mol% did not have any
inuence on the reaction yield. Due to the collected data of SDS,
20 mol% of SDS was selected for the further studies.

Very important from an environmental point of view is the
reusability of a catalytic system. Therefore, we investigated if the
catalytic system containing the micelles of SDS, LTv, and
TEMPO could be used more than once. The ltrate containing
the surfactant was used as a medium for the next reaction. The
precipitate of 6awas puried by recrystallization from n-hexane/
ethyl acetate. The SDS micelles were used for three consecutive
reaction cycles. It was found that there was a gradual decrease
in reaction yield from 45% to 10%, probably caused by the loss
of surfactant, laccase, or TEMPO during ltration.

Aer the optimization of the U-4CR, a series of experiments
with various alcohols 1, carboxylic acids 4, and isocyanides 5
was performed, providing a-aminoacyl amides 6a–6r (Table 4).
The isolated yields of 6 were determined aer 72 h at room
temperature and were compared with the yields from the Ugi
reaction carried out from the corresponding aldehyde (Table 4).
For the rst part of the experiments, the inuence of different
alcohols on the chemoenzymatic tandem reaction was investi-
gated. For the reactions carried out with different derivatives of
benzyl alcohol 1, the products 6a–6f from the Ugi reaction were
isolated with yields up to 45%. It was worth noticing that the
oxidation of alcohols was quantitative for all the used benzyl
alcohol derivatives (1a–1f). The obtained results show that the
use of alcohols with electron-withdrawing or electron-donating
groups at the aromatic ring did not have a signicant impact on
enzymatic oxidation and revealed that the yield of the tandem
process was limited by the Ugi reaction. The products of allyl
alcohol 6h and ethanol 6g were not observed. Reactions carried
out with aliphatic alcohol, like dodecanol, resulted in the
product 6i with a yield of 11%. According to the literature data,
the enzymatic oxidation of aliphatic alcohols catalyzed by LTv
28408 | RSC Adv., 2018, 8, 28405–28413
does not proceed qualitatively, which results in a low yield of the
tandem process.49 Next, the inuence of different isocyanides 5
and carboxylic acids 4 was investigated on the chemoenzymatic
tandem reaction. The application of benzyl isocyanide resulted
in the product 6j with a 48% yield, while the reaction with
cyclohexyl isocyanide resulted in product 6k with a 30% yield.
The use of n-butyl and t-butyl isocyanides resulted in yields of
35% of 6m and 33% of 6l, respectively. As can be seen, the
developed conditions using SDS promoted the Ugi reaction with
aromatic isocyanides as the substrates. Replacing phenylacetic
acid with hydrocynamic acid resulted in the product 6n with
a higher yield of 55% vs. 45%.

However, the application of 4-phenylbutyric acid and 5-
phenylvaleric acid in the presence of SDS led to products 6p and
6r with lower yields of 53% and 45%, respectively, the products
6a–6r were obtained with the SDS micellar system using the
corresponding aldehydes in slightly higher yields in most cases
than in the chemoenzymatic tandem reaction (Table 4).

To clarify the higher yields of the classical Ugi reaction
compared to the chemoenzymatic tandem reaction, additional
experiments were performed. The inuence of LTv and TEMPO
on the classical Ugi reaction in the presence of SDS micelles was
examined (Table 3). Benzaldehyde (2a), p-methoxybenzyl amine
(3a), hydrocynamic acid (4n) and p-methoxybenzyl isocyanide
(5a) were stirred in PBS at pH 5.2 in the presence of SDS to give
the product 6n with a 67% yield (Table 3, entry 1). The addition
of LTv or TEMPO to the reaction reduced the yield of 6n to 48%
and 20%, respectively (Table 3, entries 2, 3). In the case when
the reaction was performed in the presence of TEMPO and LTv,
the product of 6n was not observed (Table 3, entry 4). Next, we
also tested other substrates for the Ugi reaction alone with LTv
and TEMPO in the presence of SDS micelles. It is well known
that benzyl amine can be oxidized to aldehyde via laccase.50

With these data in mind, we veried the substrate 3a in the
presence of LTv, TEMPO, and SDS micelles. The p-methox-
ybenzyl amine was oxidized to p-anisaldehyde with a 33% yield.
This indicated that the lower yield in oxidative tandem oxida-
tion–Ugi reaction was the result of the descending concentra-
tion of amine during the reaction course performed with
laccase. Next, the excess of p-methoxybenzyl amine was inves-
tigated on the Ugi reaction in micellar media in the presence of
LTv and TEMPO. We observed that in the reaction with 2 eq. of
p-methoxybenzyl amine 3a, benzaldehyde (2a, 1 eq.), hydro-
cynamic acid (4a, 1 eq.), and p-methoxybenzyl isocyanide (5a, 1
eq.) in the presence of SDS micelles enhanced the reaction yield
of 6n to 65%. Also the application of 2 eq. of 3a in the reaction
with 1a, 4n, and 5a in the presence of LTv and TEMPO in
micellar media resulted in the product 6n in a higher yield
(60%).

Furthermore, we wondered whether the laccase transformed
the products from the Ugi reaction. In this purpose, the stability
of product 6n was examined. Aer 6 days, the compound 6n was
recovered with 85% yield. According to the literature data, the
carboxylic acids can form dimers or polymers in the presence of
laccase.51 Therefore, we veried whether the hydrocynamic acid
could react with itself in the presence of TEMPO, LTv, and SDS.
However, no new product was observed. It is well known that
This journal is © The Royal Society of Chemistry 2018
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Table 4 Scope and limitation of the LTv/TEMPO oxidation U4CR system

a Reaction conditions: aldehyde 2 (0.5 mmol), amine 3 (1 eq.), carboxylic acid 4 (1 eq.), and isocyanide 5 (1 eq) SDS (0.1 mmol) in 5 mL of phosphate
buffer (pH 5.2, 100 mM) were stirred for 48 h at room temperature. b Reaction conditions: alcohol 1 (0.5 mmol), TEMPO (0.1 mmol), LTv (15 mg),
and SDS (0.1 mmol) in 5 mL of phosphate buffer (pH 5.2, 100 mM) were stirred for 24 h at room temperature. Next, amine 3 (1 eq.), carboxylic acid 4
(1 eq.), and isocyanide 5 (1 eq.) were added and the reaction was stirred for an additional 48 h at room temperature.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 28405–28413 | 28409
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the isocyanides 5 have low stability and spontaneous hydrolysis
in aqueous solution.52 Due to the fact that the synthesis of
isocyanides requires a toxic reagent, such as phosphoryl chlo-
ride (POCl3) their sustainable application is contentious and
questionable. To overcome this inconvenience, phase-transfer
catalysis (PTC)53 was applied, leading to the isocyanide 5a
with a 66% yield. The reaction was performed from p-methox-
ybenzyl amine 3a using 50% NaOH solution, CHCl3, and TBAB
(see ESI†).

Conclusions

We developed a green and environmentally sustainable method
for the synthesis of peptidomimetics As substrates, several
alcohols were used, which were oxidized by laccase, followed by
Ugi reaction providing the target compounds. No transition
metal, toxic organic solvents, or harsh oxidants were required.
To achieve high substrate solubility, water surfactants were
used. The inuence of different surfactants on the course of
chemoenzymatic tandem Ugi reaction was investigated. We
found that the presence of the anionic SDS surfactant had
a benecial effect on the reaction yield compared to pure PBS.
During our studies, the optimal concentration and the reus-
ability of SDS were determined. Aer a detailed optimization of
the reaction conditions, the scope of the substrates was evi-
denced. 17 peptidomimetics of a structure of a-aminoacyl
amides were obtained and fully characterized. A comparison of
the two protocols: chemoenzymatic tandem oxidation–Ugi
reaction with classical Ugi reaction in the presence of SDS
micelles was made. In most cases, the chemoenzymatic tandem
oxidation–Ugi reaction resulted in slightly lower yields, but the
products were obtained free from any impurities, which is of
great importance for medicinal chemistry applications.

Experimental
1H NMR and 13C NMR spectra were recorded in CDCl3 with
Bruker 400 MHz spectrometers. Tetramethylsilane (TMS) was
used as an internal standard. TLC was performed on Kieselgel
60 F254 aluminum sheets. Melting points were determined with
a model SMP-20 device from Buchi (Flawil, Switzerland). Fluo-
rescence spectra were recorded in quartz cuvettes with an F-
7000 spectrouorometer (Shimadzu, Kyoto, Japan). Laccase
from Trametes versicolor, as a powder, light brown, $0.5 U
mg�1, was purchased from Sigma Aldrich, product number
38429.

Almost all the chemicals were commercially available. Only
p-methoxybenzyl isocyanide, hexylisocyanide, and 2,4-dime-
thoxybenzylisocyanide were synthesized from the correspond-
ing amine. Dilauryldimethylammonium bromide (]
didodecyldimethylammonium bromide (DDAB), purity >
98.0%), was purchased from TCI, product number D1974.
Dioctadecyldimethylammonium bromide (DODAB), purity $

98.0% (AT), was purchased from Sigma Aldrich, product
number 40165. Dioctylsulfosuccinate sodium salt (AOT ¼
sodium bis(2-ethylhexyl) sulfosuccinate, purity 98%), was
purchased from Sigma Aldrich, product number 323586.
28410 | RSC Adv., 2018, 8, 28405–28413
Sorbitan monostearate (Span 60) was purchased from TCI,
product number GL01-YQ. Tween 80 was purchased from
Schuchardt Mȕnchen (now Merck). Sodium dodecyl sulfate
(SDS), purity$ 99.0% (GC), was purchased from Sigma Aldrich,
product number L6026. Triton X-100 was purchased from
Sigma Aldrich, product number T9284. TPGS-750-M (DL-a-
tocopherol methoxypolyethylene glycol succinate) was
purchased from Sigma Aldrich, product number 763896. Hex-
adecyltrimethylammonium bromide (CTAB), purity $ 99.0%,
was purchased from Sigma Aldrich, product number H9151.
The remaining starting materials were purchased from Sigma
Aldrich or TCI.
General procedure for the synthesis of products 5a–r (with
SDS as additive)

An alcohol (0.5 mmol), laccase from Trametes versicolor (20 mg),
TEMPO (0.1 mmol), and SDS (0.1 mmol) were stirred in phos-
phate buffer (5 ml, pH 5.2, c¼ 0.1 M) at room temperature. Aer
24 h, an amine (0.5 mmol), carboxylic acid (0.5 mmol), and
isocyanide (0.5 mmol) were added and the mixture was stirred
for an additional 48 h. The reaction was carried out in an open
vessel. Aer extraction with ethyl acetate or dichloromethane (3
� 20mL), the resulting combined organic layers were dried with
MgSO4 and then, the solvent was removed by distillation under
reduced pressure. The product was puried by column chro-
matography (silica gel, hexane/AcOEt; 6 : 4/v/v). The NMR
spectra are given in the ESI.†
6a N-[(4-Methoxyphenyl)methyl]-2-[(4-methoxyphenyl)methyl-
(2-phenylacetylo)amino]-2-phenylacetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.14–7.25 (10H, m,
Ph), 7.04–7.10 (2H, m, Ph), 6.84 (2H, m, Ph), 6.73 (2H, m, Ph),
6.64 (2H, m, Ph), 6.03 (1H, s br, NH), 5.78 (1H, s, CH), 4.60 (1H,
m, CHa), 4.40 (1H, m, CHb), 4.27 (2H, m, CH2), 3.68 (6H, m, 2 �
CH3), 3.61 (2H, m, CH2).

13C NMR (100 MHz; CDCl3) d ppm ¼
40.9, 42.8, 54.8, 54.9, 63.1, 113.5, 113.6, 126.4, 127.1, 127.1,
128.2, 128.2, 128.2, 128.3, 128.4, 128.4, 128.5, 128.5, 128.6,
128.7, 129.3, 134.3, 158.3, 169.0, 172.4; HRMS calcd for
C32H32N2O4Na [M + Na]+: 521.2255 found: 531.2260.
6b N-[(4-Methoxyphenyl)methyl]-2-[(4-methoxyphenyl)
methyl(2-phenylacetylo)amino]-2-[4-methylphenyl]acetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.05–7.22 (9H, m,
Ph), 6.96–6.98 (2H, m, Ph), 6.86–6.88 (2H, m, Ph), 6.72–6.75 (2H,
m, Ph), 6.65–6.67 (2H, m, Ph), 5.90 (1H, s br, NH), 5.67 (1H, s,
CH), 4.56–4.60 (1H, m, CHa), 4.38–4.29 (3H, m, CH2 + CHb),
3.59–3.70 (6H, m, 2 � CH3 + CH2), 2.20 (3H, s, CH3).

13C NMR
(100 MHz; CDCl3) d ppm ¼ 20.9, 41.1, 43.0, 55.1, 55.1, 63.1,
113.7, 113.8, 128.4, 128.8, 128.8, 128.9, 129.3, 129.5, 134.7,
138.2, 158.6, 169.5, 172.6; HRMS calcd for C33H34N2O4Na [M +
Na]+: 545.2416 found: 545.2418.
This journal is © The Royal Society of Chemistry 2018
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6c N-[(4-Methoxyphenyl)methyl]-2-[(4-methoxyphenyl)methyl-
(2-phenylacetylo)amino]-2-[4-methoxyphenyl]acetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.12–7.31 (11H, m,
Ph), 6.89–6.91 (2H, m, Ph), 6.81–6.83 (2H, m, Ph), 6.73–6.75 (2H,
m, Ph), 6.10 (1H, s br, NH), 5.73 (1H, s, CH), 4.64–4.68 (1H, m,
CHa), 4.34–4.47 (3H, m, CH2 + CHb), 3.71–3.79 (6H, m, 2 � CH3

+ CH2).
13C NMR (100 MHz; CDCl3) d ppm ¼ 43.1, 50.0, 55.2,

62.5, 114.0, 126.9, 127.4, 127.4, 128.6, 128.7, 128.7, 128.8, 128.8,
129.0, 130.9, 130.9, 134.4, 134.5, 158.8, 172.8, 178.0; HRMS
calcd for C32H31N2O4Na [M + Na]+: 565.1872 found: 565.1873.

6d N-[(4-Methoxyphenyl)methyl]-2-[(4-methoxyphenyl)methyl-
(2-phenylacetylo)amino]-2-[4-chlorophenyl]acetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.12–7.31 (11H, m,
Ph), 6.89–6.91 (2H, m, Ph), 6.81–6.83 (2H, m, Ph), 6.73–6.75 (2H,
m, Ph), 6.10 (1H, s br, NH), 5.73 (1H, s, CH), 4.64–4.68 (1H, m,
CHa), 4.34–4.47 (3H, m, CH2 + CHb), 3.71–3.79 (6H, m, 2 � CH3

+ CH2).
13C NMR (100 MHz; CDCl3) d ppm ¼ 43.1, 50.0, 55.2,

62.5, 114.0, 126.9, 127.4, 127.4, 128.6, 128.7, 128.7, 128.8, 128.8,
129.0, 130.9, 130.9, 134.4, 134.5, 158.8, 172.8, 178.0; HRMS
calcd for C32H31ClN2O4Na [M + Na]+: 493.2464 found: 493.2467.

6e N-[(4-Methoxyphenyl)methyl]-2-[(4-methoxyphenyl)methyl-
(2-phenylacetylo)amino]-2-[4-bromophenyl]acetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.12–7.36 (12H, m,
Ph), 6.89–6.91 (2H, m, Ph), 6.84–6.81 (2H, m, Ph), 6.75–6.73 (2H,
m, Ph), 6.13 (1H, s br, NH), 5.71 (1H, s, CH), 4.64–4.68 (1H, m,
CHa), 4.34–4.47 (3H, m, CH2 + CHb), 3.71–3.79 (8H, m, 2 � CH3

+ CH2).
13C NMR (100 MHz; CDCl3) d ppm ¼ 41.2, 43.1, 50.0,

55.2, 62.4, 113.9, 122.5, 126.9, 127.4, 127.4, 128.6, 128.8, 128.8,
129.0, 131.2, 131.6, 134.4, 151.2, 158.8, 168.8, 172.7; HRMS
calcd for C32H31BrN2O4Na [M + Na]+: 467.2311 found: 467.2309.

6g N-[(4-Methoxyphenyl)methyl]-2-[(4-methoxyphenyl)methyl-
(2-phenylacetylo)amino]-2-propionamide

White powder; mp. 94–95 �C; 1H NMR (400 MHz; CDCl3) d ppm
¼ 7.13–7.17 (4H, m, Ph), 6.96–7.05 (5H, m, Ph), 6.65–7.77 (5H,
m, Ph + CH), 4.94–4.99 (1H, m, NH), 4.37–4.49 (2H, q, J ¼
17.7 Hz, CH2), 4.15–4.17 (2H, d, J¼ 5.5 Hz, CH2), 3.69 (6H s, 2�
CH3), 3.52–3.54 (2H, m, CH2), 1.18–1.26 (3H, m, CH3);

13C NMR
(100 MHz; CDCl3) d ppm¼ 14.0, 41.0, 42.7, 42.7, 47.8, 53.2, 55.1,
113.8, 114.1, 126.8, 126.9, 128.5, 128.7, 128.8, 129.0, 129.1,
130.2, 134.4, 158.8, 170.9, 172.9; HRMS calcd for C27H30N2O4Na
[M + Na]+: 469.2103 found: 469.2099.

6i N-[(4-Methoxyphenyl)methyl]-2-[(4-methoxyphenyl)methyl-
(2-phenylacetylo)amino]-2-dodecanamide

Yellow powder; mp. 92–93 �C; 1H NMR (400 MHz; CDCl3) d ppm
¼ 7.17–7.19 (4H, m, Ph), 6.97–7.02 (5H, m, Ph), 6.77–7.74 (5H,
m, Ph + CH), 4.76–4.79 (1H, m, NH), 4.46 (2H, s, CH2), 4.16–4.22
(2H, q, J¼ 17.2 Hz CH2), 3.72 (6H s, 2 � CH3), 3.55–3.56 (2H, m,
CH2), 1.11–1.21 (20H, m, CH2), 0.79–0.83 (3H, m, CH3);

13C
NMR (100 MHz; CDCl3) d ppm ¼ 14.0, 22.6, 26.4, 28.3, 29.3,
29.4, 29.4, 29.5, 31.9, 41.3, 42.8, 42.8, 48.3, 55.2, 58.5, 114.0,
114.2, 126.9, 127.3, 128.6, 128.7, 128.9, 129.0, 129.2, 130.3,
This journal is © The Royal Society of Chemistry 2018
134.5, 158.9, 170.4, 173.3; HRMS calcd for C36H48N2O4Na [M +
Na]+: 483.2260 found: 483.2256.

6j N-Benzyl-2-[(4-methoxyphenyl)methyl-(2-phenylacetylo)
amino]-2-phenylacetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.09–7.27 (15H, m,
Ph), 6.83–6.85 (2H, m, Ph), 6.62–6.64 (2H, m, Ph), 6.05 (1H, s br,
NH), 5.73 (1H, s, CH), 4.54–4.57 (1H, m, CHa), 4.36–4.37 (3H, m,
CH2 + CHb), 3.61–3.71 (5H, m, CH3 + CH2);

13C NMR (100 MHz;
CDCl3) d ppm ¼ 43.1, 43.5, 55.1, 55.1, 66.8, 113.7, 127.2, 127.5,
128.4, 128.5, 128.6, 128.7, 128.8, 129.7, 134.6, 158.6, 172.6,
174.1, HRMS calcd for C31H30N2O3Na [M + Na]+: 501.2154
found: 501.2154.

6kN-Cyclohexyl-2-[(4-methoxyphenyl)methyl-(2-phenylacetylo)
amino]-2-phenylacetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.19–7.42 (10H, m,
Ph), 6.84–6.86 (2H, m, Ph), 6.68–6.65 (2H, m, Ph), 5.76 (1H, s br,
NH), 5.54 (1H, s, CH), 4.57–4.62 (1H, d, J ¼ 17.9 Hz, CHa), 4.36–
4.41 (1H, d, J ¼ 17.6 Hz, CHb), 3.60–3.69 (5H, m, CH3 + CH2),
1.81 (2H, m, CH2), 1.51 (2H, m, CH2), 1.26–1.19 (2H, m, CH2),
0.99 (2H, m, CH2), 0.81–0.76 (1H, m, CH); 13C NMR (100 MHz;
CDCl3) d ppm ¼ 24.7, 24.1, 25.4, 32.7, 41.3, 48.4, 55.2, 113.9,
113.9, 126.8, 127.4, 128.3, 128.4, 128.4, 128.6, 128.6, 128.6,
128.9, 128.9, 129.6, 134.8, 134.8, 158.7, 168.4, 172.7; HRMS
calcd for C30H34N2O4Na [M + Na]+: 493.2467 found: 493.2464.

6l N-t-Butyl-2-[(4-methoxyphenyl)methyl-(2-phenylacetylo)
amino]-2-phenylacetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.10–7.26 (10H, m,
Ph), 6.79–6.80 (2H, m, Ph), 6.61–6.65 (2H, m, Ph), 5.82 (1H, s br,
NH), 5.66 (1H, s, CH), 4.58–4.62 (1H, m, CHa), 4.41–4.45 (1H, m,
CHb), 3.56–3.67 (3H, m, CH3 + CH2), 1.06–1.35 (10H, m,
CH(CH3)3).

13C NMR (100MHz; CDCl3) d ppm¼ 28.5, 51.5, 55.2,
113.7, 113.8, 127.3, 128.3, 128.5, 128.7, 128.9, 129.3, 129.4,
134.7, 158.6, 168.8, 172.9; HRMS calcd for C28H32N2O3Na [M +
Na]+: 467.2311 found: 467.2309.

6m N-n-Butyl-2-[(4-methoxyphenyl)methyl-(2-phenylacetylo)
amino]-2-phenylacetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.14–7.33 (10H, m,
Ph), 6.91–6.93 (2H, m, Ph), 6.72–6.74 (2H, m, Ph), 6.10 (1H, s br,
NH), 5.93 (1H, s, CH), 4.67–4.71 (1H, d, J ¼ 17.5 Hz, CHa), 4.54–
4.49 (1H, d, J ¼ 17.3 Hz, CHb), 3.65–3.74 (5H, m, CH3 + CH2),
3.65–3.74 (2H, m, CH2), 3.19 (2H, s, CH2), 1.22–1.38 (4H, m,
C2H4), 0.85–0.88 (3H, m, CH3).

13C NMR (100 MHz; CDCl3)
d ppm¼ 13.2, 19.5, 30.9, 38.9, 40.8, 49.4, 54.7, 62.6, 113.4, 126.3,
127.0, 128.0, 128.0, 128.1, 128.2, 128.5, 128.9, 129.2, 134.3,
158.2, 169.0, 172.4; HRMS calcd for C28H32N2O3Na [M + Na]+:
467.2311 found: 467.2306.

6n N-[(4-Methoxyphenyl)methyl]-2-[(4-methoxyphenyl)methyl-
3-(phenylpropionyl)amino]-2-phenylacetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.08–7.29 (12H, m,
Ph), 6.81–6.86 (4H, m, Ph), 6.61–6.67 (2H, m, Ph), 6.14 (1H, s br,
RSC Adv., 2018, 8, 28405–28413 | 28411
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NH), 5.90 (1H, s, CH), 4.59–4.63 (1H, m, CHa), 4.54–4.70 (3H, m,
CH2 + CHb), 3.73–3.77 (6H, m, 2� CH3), 2.93–2.95 (2H, m, CH2),
2.54–2.70 (2H, m, CH2).

13C NMR (100 MHz; CDCl3) d ppm ¼
31.3, 35.7, 43.1, 49.6, 55.1, 55.2, 63.2, 113.8, 113.9, 126.0, 127.3,
128.3, 128.4, 128.6, 128.9, 129.2, 129.6, 141.0, 158.5, 158.9,
169.5, 174.0; HRMS calcd for C33H34N2O4Na [M + Na]+: 545.2416
found: 545.2413.
6o N-Benzyl-2-[(4-methoxyphenyl)methyl-4-(phenylprobutyryl)
amino]-2-phenylacetamide
1H NMR (400 MHz, CDCl3) d 7.16–7.32 (12H, m, Ph), 7.06–7.08
(2H, m, Ph), 6.85–6.87 (2H, m, Ph), 6.64–6.70 (3H, m, Ph + NH),
6.07 (1H, s, CH), 4.62–4.67 (1H, m, CHa), 4.44–4.51 (3H, m, CHb

+ CH2), 3.73 (3H, s, CH3), 2.88–2.93 (2H, m, CH2), 2.56–2.68 (2H,
m, CH2).

13C NMR (100 MHz; CDCl3) d ppm ¼ 31.3, 35.7, 43.6,
49.6, 55.2, 63.0, 113.8, 126.0, 127.3, 127.3, 127.6, 128.4, 128.5,
128.6, 128.7, 129.5, 129.7, 135.1, 138.2, 141.0, 158.6, 169.8,
174.2; HRMS calcd for C32H32N2O3Na [M + Na]+: 515.2311
found: 515.2310.
6p N-[(4-Methoxyphenyl)methyl]-2-[(4-methoxyphenyl)methyl-
4-(phenylbutyryl)amino]-2-phenylacetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 6.19–6.58 (12H, m,
Ph), 5.78–6.10 (4H, m, Ph), 6.85–6.87 (2H, m, Ph), 5.30 (1H, s,
NH), 5.04 (1H, s, CH), 3.68–3.73 (1H, m, CHa), 3.45–3.73 (3H, m,
CHb + CH2), 2.87 (3H, s, CH3), 1.66–1.78 (2H, m, CH2), 1.28–1.49
(2H, m, CH2), 1.04–1.12 (2H, m, CH2).

13C NMR (100 MHz;
CDCl3) d ppm ¼ 26.7, 33.3, 35.1, 43.1, 49.7, 55.2, 55.2, 63.2,
113.8, 114.0, 15.8, 127.4, 128.2, 128.3, 128.4, 128.5, 128.7, 129.0,
129.1, 129.7, 141.7, 158.6, 158.9, 169.6, 174.7; HRMS calcd for
C32H32N2O3Na [M + Na]+: 506.2569 found: 506.2566.
6r N-[(4-Methoxyphenyl)methyl]-2-[(4-methoxyphenyl)methyl-
4-(phenylpentyl)amino]-2-phenylacetamide

Pale yellow oil; 1H NMR (400 MHz, CDCl3) d 7.24 (2H, m, Ph),
7.14–7.18 (5H, m, Ph), 7.02–7.11 (5H, m, Ph), 6.81–6.83 (2H, m,
Ph), 6.71–6.75 (2H, m, Ph), 6.61–6.63 (2H, m, Ph), 6.06 (1H, s,
NH), 5.82 (1H, s, CH), 4.54–4.58 (1H, d, J ¼ 17.2 Hz, CHa), 4.26–
4.41 (3H, m, CHb + CH2), 3.60–3.68 (6H, m, CH3 � 2), 2.44–2.48
(2H, m, CH2), 2.10–2.33 (2H, m, CH2), 1.47–1.66 (4H, m, C2H4).
13C NMR (100 MHz; CDCl3) d ppm ¼ 24.7, 30.9, 33.8, 35.6, 43.1,
49.7, 55.1, 55.2, 63.2, 113.8, 113.9, 125.6, 127.3, 128.2, 128.3,
128.3, 128.4, 128.6, 128.9, 129.1, 129.6, 142.2, 158.8; HRMS
calcd for C34H36N2O3Na [M + Na]+: 520.2726 found: 520.2722.
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