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ABSTRACT

An asymmetric R-oxyamination could be successfully performed by a peptide catalyst and laccase. The combination of peptide catalysis and
enzymatic air oxidation promoted the reaction smoothly in water without employing a metal reagent. The oxyaminated compounds could be
obtained as both aldehyde and carboxylic acid products depending on the reaction conditions.

Recent advancements in the field of organocatalysis
have offered a variety of useful synthetic methods.1 In
addition to being used alone, organocatalysts have been
combined with metal reagents.2 There are examples

for organocatalyzed C�C and C�heteroatom bond for-
mations using metals as oxidizing agents.3 Among them,
Sibi’s asymmetric R-oxyamination of aldehydes using
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and a cat-
alytic amount of an iron salt is noteworthy in terms of
enabling oxidation with molecular oxygen as a terminal
oxidant.4,5 Such air oxidation is an atom-efficient and
clean reaction, only generating water as waste.6

On the other hand, because metal reagents are some-
times environmentally harmful, it is highly desirable to
replace themwith greener alternatives. Concerning this, an
oxidative enzyme, laccase (EC 1.10.3.2), has been recognized
as a promising candidate, which is inexpensive, stable, and
widely applicable for various reactions.7 For example,
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Rutjes et al. demonstrated that laccase can be used as a
catalyst for the oxidative removal of the p-methoxyphenyl
protective group on amines under aerobic conditions, in
place of the conventional stoichiometric reactionwith ceric
ammonium nitrate.8 If an air oxidation mediated by lac-
case can be combined with an organocatalytic reaction,
this will provide a new green chemical transformation.

To realize such a reaction in a single flask, the organo-
catalyst should be active inwater, since water is generally a
suitable solvent for enzymatic reactions.9 Meanwhile, our
group has developed resin-supported peptide catalyst 1
(Figure 1)10 for asymmetric organocatalytic reactions in
aqueous media.11 For example, this catalyst is quite effec-
tive for the chiral-amine-catalyzed asymmetric R-oxyami-
nation of aldehydes in the presence of eitherFe(II) orCu(I)
cocatalyst.12,13 Because of the high efficiency of the peptide
catalyst in water and the versatile applicability of the
laccase oxidation, we envisaged that the peptide-catalyzed
R-oxyamination could proceed through the laccase-
mediated air oxidation without using a metal reagent.
Herein, we report the novel system for the asymmetric
R-oxyaminationof aldehydes catalyzedby resin-supported
peptide 1 and laccase in water.
Initially, oxidation of 3-phenylpropanal with TEMPO/

laccase under various conditions was examined (Table 1).

In the absence of an amine catalyst, the aldehyde was
simply converted to carboxylic acid 3 in acetate buffer
(entry 1). This type of TEMPO-mediated air oxidation of
aldehydes by laccase has been reported,14,15 and such a
reaction is supposed to be brought about by the oxoam-
monium ion which is generated by means of laccase-
catalyzed one-electron oxidation of TEMPO.16 When the
catalytic amount of pyrrolidine was added to the reaction,
R-oxyaminated carboxylic acid 5 was formed along with
carboxylic acid 3 (entry 2). The product 5 was considered
to be generated by the further oxidation ofR-oxyaminated
aldehyde 4. While acidic conditions are optimal in many
laccase-catalyzed reactions,7 in the present case, the
R-oxyamination occurred smoothly in neutral water as
well as in acetate buffer (entry 3). The reaction ratewas low
in the presence of THF or DMF (entries 4 and 5). The

Figure 1. Resin-supported peptide catalyst.

Table 1. R-Oxyamination of 3-Phenylpropanal with Amine
Catalyst and Laccase

aDetermined after being reduced to the corresponding alcohol by a
borane�THF complex (BH3•THF). b n.d.=Not determined. c Isolated
yield of 5 was 46%.
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reaction in water/1,4-dioxane afforded the oxyaminated
products as a mixture of aldehyde 4 and carboxylic acid 5

(entry 6). When resin-supported peptide catalyst 1, which
has been previously reported by us for the enantioselective
R-oxyamination of aldehydes, was employed instead of
pyrrolidine, oxyaminated carboxylic acid 5 was obtained
in a highly enantioselective manner (entry 7). Simple pro-
line was not effective for the R-oxyamination reaction
(entry 8). Imidazolidinone catalyst 6 was able to promote
the oxyamination; however, the enantioselectivity was
only moderate (entry 9). In all the cases, the oxyamination
reaction competed with the oxidation of the starting
aldehyde to carboxylic acid 3. Use of 1.5 mol equiv of
aldehyde 2 afforded the desired product 5 in an acceptable
yield based on the amount of TEMPO (Scheme 1).

Further optimization of the reaction conditions was
carried out using 4-arylbutanals, and somewhat different
results were obtained (Table 2). When 4-phenylbutanal
was used as a substrate, pyrrolidine did not promote the
oxyamination (entry 1). The reactionwith imidazolidinone
6 afforded oxyaminated carboxylic acid 10; however,
the yield and enantioselectivity were low (entry 2). On
the contrary, use of peptide catalyst 1 exclusively gave
oxyaminated aldehyde 9with good yield and enantioselec-
tivity (entry 3). It should be mentioned that further oxida-
tion to the corresponding carboxylic acid did not occur. In
the case of 4-(4-methoxyphenyl)butanal, the oxyaminated
aldehydewas also obtained as amain productwith peptide
catalyst 1 (entry 5), while imidazolidinone 6 showed low
catalytic efficiency (entry 4). Although the isolated yield
of 9 was moderate in water (entry 5), it could be improved
in acetate buffer (entry 6). We speculate the reason for
the different product distributions for 3-phenylpropanal
and 4-arylbutanals is the differences in hydrophobicity
of the oxyaminated aldehydes. For the oxidation of
4-(4-methoxyphenyl)butanal, addition of a nonionic sur-
factant, Tween 80, resulted in changing the main product
from aldehyde 9 to carboxylic acid 10 (entry 7).
The asymmetric R-oxyamination of aldehydes with

peptide 1 and laccase was performed in both the absence
and presence of Tween 80 (Tables 3 and 4). In acetate
buffer without a surfactant, the oxyamination proceeded
smoothly and completed within 1 h to afford aldehyde
product 9 with good to moderate yields (Table 3). Com-
pared to the cases with a longer reaction time (Table 2,
entries 3 and 5), enantioselectivities were slightly higher.
This indicates that aldehyde 9 racemizes under the reaction

conditions. When the reaction was conducted with Tween
80, oxyaminated carboxylic acid 10 was obtained with
good enantioselectivity in 5 to 8 h (Table 4, entries 1�4 and
6). The presence of Tween 80 accelerated the oxidation of
R-oxyaminated aldehydes to carboxylic acids as expected
from the results in Table 2. It is worth noting that the yield
of oxyaminated carboxylic acid 10 was not significantly
decreased by the potential competitive reaction of 7 to 8

Scheme 1. Reaction of 3-Phenylpropanal to Chiral R-Oxyami-
nated Carboxylic Acid

Table 2. R-Oxyamination of 4-Arylbutanals

aDetermined after being reduced to the corresponding alcohol by
NaBH4 for aldehyde 9or byBH3•THF for carboxylic acid 10. bReaction
was performed in acetate buffer (pH 4.4). cAmount of TEMPOwas 1.5
equiv. Tween 80 was added, after 2 h had passed.

Table 3. R-Oxyamination of Aldehydes with Peptide and
Laccase

aDetermined after being reduced to the corresponding alcohol by
NaBH4.



Org. Lett., Vol. 13, No. 13, 2011 3501

even in the presence of Tween 80 from the beginning of the
reaction. This type of tandem conversion has not been
reported and is useful to obtain the chiral R-oxyaminated
carboxylic acids directly fromaldehydeswhile avoiding the
possible racemization of R-substituted aldehyde 9. The
catalytic systemusing peptide 1 and laccasewas so efficient
that the amount of catalysts could be reduced to 5 mol %
with only a slight decrease in the yield and enantioselec-
tivity (entry 5). The active site of laccase contains four
copper atoms, and the weight of copper accounts for
less than 1% of the whole enzyme. Therefore, the
amount of the metal species employed in the reaction is
quite low.17

The R-oxyamination of the aldehydes is most likely to
proceed through the reaction of the oxoammonium ion
generated by the laccase oxidation of TEMPO and the
enamine formed between the peptide catalyst and the
aldehyde.5a In fact, when the preformed oxoammonium
ion was used as an oxidizing agent, the enantioselectively
R-oxyaminated product was obtained (Scheme 2).
Another plausible pathway for the oxyamination is the
oxidation of the enamine by laccase and subsequent
coupling with TEMPO. Because there is a report showing
that an enamine is easier to be oxidized than TEMPO,5b

such a mechanism cannot be excluded.
In conclusion, an efficient asymmetric R-oxyamination

of aldehydes was realized by combining the oxidative
enzyme, laccase, and the peptide catalyst in water. It is
synthetically advantageous that both the oxyaminated
aldehydes and carboxylic acids could be obtained depend-
ing on the reaction conditions. The present study demon-
strates the usefulness of enzymes instead of metal reagents
as a cocatalyst for organocatalytic oxidation, and this
might contribute to the field of green chemistry. Further
expansion of the system employing enzymes and organo-
catalysts is currently underway in our laboratory.
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Scheme 2. R-Oxyamination with Oxoammonium IonTable 4. Direct Conversion of Aldehydes to R-Oxyaminated
Carboxylic Acids

aUnless otherwise noted, determined after being reduced to the
corresponding alcohol by BH3•THF. bReaction was performed with
5 mol%of peptide 1 and 1.0 equiv of TEMPO. cDetermined after being
reduced to the corresponding alcohol by LiAlH4.
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used for 0.05mmol of the aldehyde. In other cases, 0.5 mg of laccase was
used for the same amount of aldehydes. For experimental details, see
Supporting Information.


