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Abstract: Conjugate addition reactions of aldehydes to nitroolefins provide synthetically useful γ-nitroaldehydes.
Here we summarize our research on peptide-catalyzed conjugate addition reactions of aldehydes to differently
substituted nitroolefins. We show that peptides of the general type Pro-Pro-Xaa (Xaa = acidic amino acid) are not
only highly active, robust and stereoselective catalysts but have also remarkable chemoselectivities.
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1. Introduction

Asymmetric conjugate addition reac-
tions of carbon-based nucleophiles to elec-
tron-deficient olefins are among the most
useful C–C bond forming reactions.[1]
Among them the addition of aldehydes to
nitroolefins is an attractive reaction, af-
fording γ-nitroaldehydes as versatile in-
termediates for further transformations
into, for example, chiral pyrrolidines,
γ-butyrolactams or γ-amino acids (Scheme
1).[2] Over recent years several chiral
amine-based catalysts have been devel-
oped for asymmetric conjugate addition
reactions of aldehydes to β-substituted ni-
troolefins.[2,3] With several of the catalysts
high stereoselectivities are achieved, how-
ever, the poor catalytic activity typically
requires the use of 10 mol% or more of the
catalyst.[2] In addition, a high excess of the
aldehyde is often necessary since products
from homo-aldol reactions are commonly
observed.

Our group became interested in wheth-
er short-chain peptides may be useful alter-
natives to other synthetic organocatalysts
as peptides allow access to a large struc-
tural and functional diversity that might be
useful for tuning the catalytic properties to
the needs of the reaction. Since peptides

are typically conformationally flexible the
rational design of a peptidic catalyst is dif-
ficult.We therefore started our work by the
development and use of the combinatorial
screening method of ‘catalyst-substrate
co-immobilization’.[4] This allowed the
identification of tripeptides of the general
type Pro-Pro-Xaa (Xaa = acidic amino
acid) as versatile catalysts for enamine ca-
talysis.[5,6] For example, tripeptide H-Pro-
Pro-Asp-NH

2
(1) proved to be a very

good catalyst for direct aldol reactions[6,7]
whereas the closely related peptides H-d-
Pro-Pro-Glu-NH

2
(2) and H-Pro-Pro-d-

Gln-OH (3) are excellent catalysts for
conjugate addition reactions of aldehydes
to nitroethylene[8] and β-monosubstituted
nitroolefins[9–14] and even less reactive
α,β-disubstituted nitroolefins, respectively
(Fig. 1).[15] These peptides were found to
have remarkable catalytic properties such
as high catalytic activity and stereoselec-
tivity, high chemoselectivity and a broad
substrate scope. In addition, their modular
nature, their lowmolecular weight and fac-
ile synthesis make these peptides attractive
as synthetic catalysts. The results achieved
by our group in peptide-catalyzed con-

jugate addition reactions of aldehydes to
nitroolefins are summarized in this article.

2. H-d-Pro-Pro-Glu-NH2 as a
Catalyst for Conjugate Addition
Reactions of Aldehydes to
Nitroolefins

Insights frommolecularmodeling stud-
ies with the peptidic catalyst for aldol reac-
tions, H-Pro-Pro-Asp-NH

2
(1), combined

with mechanistic considerations led to the
development of the related peptide H-d-
Pro-Pro-Glu-NH

2
(2) as a catalyst for con-

jugate addition reactions of aldehydes to
nitroolefins.[9–14] In the presence of only ≤1
mol% of peptide 2 a broad range of differ-
ent aldehydes react readily with aliphatic
and aromatic β-substituted nitroolefins to
form the corresponding γ-nitroaldehydes
in excellent yields and stereoselectivities
at room temperature (Scheme 2).[10,11] The
best results were obtained with nitroole-
fins bearing electron-poor aromatic sub-
stituents, however even with the poorest
substrate combination (aliphatic nitroole-
fin and propanal) good stereoselectivities
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a concern for chiral amine-based organo-
catalysts.[18] To explore the versatility of
peptidic catalyst 2 we immobilized the
peptide on different solid supports such
as cross-linked hydrophobic polystyrene
(PS), hydrophilic TentaGel (TG), and
polyethylene glycol-polyacrylamide and
let the immobilized peptides catalyze the
conjugate addition reaction of aldehydes to
β-substituted nitroolefins. The best results
were obtained with immobilized H-d-Pro-
Pro-Glu-NH

2
-TentaGel (2-TG) which not

only provides the desired γ-nitroaldehydes

were achieved (dr = 6:1, 98% ee). The
obtained γ-nitroaldehydes with diverse
functionalities can be easily converted into
further valuable compounds such as chiral
γ-amino acids or γ-butyrolactams.

Even nitroethylene, the simplest of all
nitroolefins that is known to polymerize
easily, reacted readily with aldehydes in
the presence of peptide 2 to provide ac-
cess to monosubstituted γ-nitroaldehydes
in high yields and enantioselectivities
(Scheme 3). These allow facile conversion
into monosubstituted γ2-amino acids that
had thus far only been accessible using
chiral auxiliaries.[8]

Kinetic studies using in situ IR spec-
troscopy provided insight into the rate-
determining step of the peptide-catalyzed
conjugate addition reaction between alde-
hydes and nitroolefins.[11,16] These stud-
ies allowed further improvement of the
reaction conditions by using anhydrous
solvents and reagents and an excess of
nitroolefin with respect to the aldehyde.
Under these optimized conditions the reac-
tion proceeds significantly faster and, most
remarkably, enabled a reduction of the cat-
alyst loading by the factor of 10 to as little
as 0.1 mol%. The desired γ-nitroaldehydes
were still obtained in excellent yields and
stereoselectivities. This catalyst loading
is to the best of our knowledge the lowest
thus far achieved in enamine catalysis with
synthetic organocatalysts.

In contrast to many other chiral sec-
ondary amine-based catalysts, peptide 2
has a high selectivity for conjugate addi-
tion reactions over competing homo-aldol
reactions.[9–12] This high chemoselectivity
is particularly remarkable since the closely
related peptide H-Pro-Pro-Asp-NH

2
(1) is

a good catalyst for aldol reactions.[6,7] In
addition no additives are necessary for the
catalysis.[10,16] Since the peptides are eas-
ily prepared by using the 9-fluorenylme-
thoxycarbonyl/tert-butyl (Fmoc/tBu) pro-
tocol for solid-phase peptide synthesis and
therefore obtained conveniently as the tri-
fluoroacetic acid (TFA) salts, the addition
of N-methylmorpholine (NMM) is neces-
sary to liberate the N-terminal secondary
amine and enable for catalysis. However,
in the absence of trifluoroacetic acid
and N-methylmorpholine using the ‘de-
salted’ peptide the addition products are
obtained in the same yields and stereo-
selectivities.[10,16]

3. Immobilized H-d-Pro-Pro-
Glu-NH2 and its Application in a
Continuous-Flow System

The excellent features of H-d-Pro-Pro-
Glu-NH

2
(2) such as high catalytic efficien-

cy, high chemoselectivity and no need for
additives for the catalysis suggests that the

versatility of this peptidic catalyst can be
further improved, for example, by immo-
bilization on a solid support. The idea of
immobilizing a catalyst on insoluble solid
support is highly attractive as it allows in
principle the easy recovery and reuse of the
catalyst and is therefore important from a
practical, economic and environmental
viewpoint.[17] However, the successful de-
velopment of immobilized organocatalysts
has proven challenging since catalyst de-
activation has often complicated efficient
catalyst reuse. This has in particular been
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H-Pro-Pro-d-Gln-OH (3) and H-Pro-Pro-
Asn-OH (4) as effective stereoselective
catalysts for the conjugate addition of alde-
hydes to α,β-disubstituted nitroolefins af-
fording γ-nitroaldehydes bearing three con-
secutive stereogenic centers.[15] In the pres-
ence of 5 mol% of the peptidic catalysts 3
and 4 different combinations of aldehydes
and α,β-disubstituted nitroolefins provid-
ed the desired products in good to excel-
lent yields and stereoselectivities (Scheme
6). The fully substituted γ-nitroaldehydes
can be easily converted into, for example,
γ-butyrolactams or γ-amino acids with
three consecutive stereogenic centers that
are useful for medicinal chemistry or fol-
damer research (Scheme 7).[19,20] For ex-
ample, γ-nitroaldehyde 5 was oxidized
to γ-nitrocarboxylic acid 6 which then

in excellent yields and stereoselectivities
but can also be readily reused for at least
30 reaction and recovery cycles without
loss in catalytic activity or stereoselectivity
(Scheme 4).[13] The immobilized catalyst
can be directly reused after a simple fil-
tration from the reaction products without
any reactivation. Most remarkably, reac-
tions catalyzed by 2-TG proceed so cleanly
that the conjugate addition products were
isolated easily after simple removal of all
volatiles in perfect analytical purities as
confirmed by NMR spectroscopic analysis
and elemental analysis.

The ease of handling allowed not on-
ly a facile scale-up of reactions but also
suggested the use of the solid-supported
catalyst for the development of a continu-
ous flow system. Indeed, when the parent
peptide H-d-Pro-Pro-Glu-NH

2
was im-

mobilized on cross-linked PS (2-PS) via
an aminohexanoic acid spacer, it proved
to be a very efficient catalyst for conju-
gate addition reactions of aldehydes to
β-substituted nitroolefins in a continuous
flow system.[14] Compared to TG as solid
support, which showed very good results
for the batch reactions, cross-linked PS is
more suitable for a flow system since high-
er catalyst concentrations within a reactor
are achievable due to the higher loading ca-
pacity and reduced swelling. In addition,
using 6-aminohexanoic acid as a linker
between the peptide and cross-linked PS
improved the stereoselectivities compared
to catalyst 2-TG and enabled the reactions
to be run at room temperature. The de-
sired γ-nitroaldehydes were continuously
produced in excellent stereoselectivities
on a >450 mmol (>100 gram) scale. The
experiments were stopped after a TON of
600 was achieved. At this point the same
high activities and stereoselectivities as in
the previous runs were observed. For the
continuous flow system we chose a simple
setup consisting of a bottle containing the
substrates connected in series via a piston
pump with a column filled with the im-
mobilized catalyst and a bottle to collect
the reaction product (Scheme 5).[14] These
results highlight the versatility of peptide
H-d-Pro-Pro-Glu-NH

2
. Its immobilization

on solid support provides an extraordinari-
ly robust, chemoselective and highly ef-
ficient catalyst which enables application
in a continuous flow system and therefore
opens the way for more practical applica-
tions of organocatalytic reactions.

4. 1,4-Addition Reactions between
Aldehydes and α,β-disubstituted
Nitroolefins

The high chemoselectivity of peptide
H-d-Pro-Pro-Glu-NH

2
(2) for conjugate

addition reactions over competing homo-

aldol reactions demonstrates that slight
modifications in the structure of peptides
with the Pro-Pro-Xaa motif easily allow a
fine tuning of their chemoselectivity. This
suggested to us that this class of peptidic
catalysts might contain members suited
to catalyze conjugate addition reactions
between aldehydes and α,β-disubstituted
nitroolefins. Such nitroolefins are signifi-
cantly less prone to form conjugate addi-
tion products with aldehydes compared to
β-monosubstituted nitroolefins.As a result,
a high chemoselectivity for conjugate ad-
dition reactions over homo-aldol reactions
becomes even more important with such
less reactive disubstituted nitroolefins.
Reassuringly, a screening of a collection
of 15 tripeptides of the type Pro-Pro-Xaa
enabled the identification of the peptides

H-Pro-Pro-Asn-OH (4) TFA
H

O

R1

NO2H

O

R1
R2 NO2+

R2

CHCl3:iPrOH 1:9
RT, 24-72h

H

O

Et

NO2

Ph

H

O

iPr

NO2

Ph

H

O

Bn

NO2

Ph

H

O
NO2

Ph

H

O

Et

NO2

C6H4-4-NO2

81% yield
dr = 84:10:5:1,

99% ee
73% yield

dr = 83:10:6:1,
99% ee

74% yield
dr = 87:7:3:3,

99% ee

98% yield
dr = 74:18:6:2,

98% ee

77% yield
dr = 75:13:9:3,

99% ee

H

O

Et

NO2

C6H4-2,4-Cl2
H

O

Et

NO2

C6H4-4-NO2

H

O

Et
81% yield

dr = 86:7:6:1,
99% ee

66% yield
dr = 61:29:7:3,

98% ee

74% yield
dr = 79:9:8:4,

99% ee

2 equiv. 1 equiv.

examples:

R3 R35 mol% NMM

5 mol%

or

Me Me Me

Me

Me

Me Bn NO2

MeO2C 3

H-Pro-Pro-D-Gln-OH (3) TFA

Scheme 6. 1,4-Addition reactions of aldehydes to α,β-substituted nitroolefins catalyzed by pep-
tides 3 or 4.

Scheme 5. Synthesis
of γ-nitroaldehydes by
continuous flow.



282 CHIMIA 2013, 67, Nr. 4 Laureates: awards and Honors, sCs FaLL Meeting 2012

served as the common precursor en route
to both the γ-butyrolactam 7 as well as the
Fmoc-protected γ-amino acid 8, ready for
standard solid-phase peptide synthesis.
Lactam 7 was easily prepared in two steps
from 6 by esterification with Me

3
SiCHN

2
followed by reduction of the nitro group
using zinc in acetic acid. Fmoc-protected
γ-amino acid 8 was obtained in four steps
through protection of 6 with a bulky tert-
butyl ester to prevent upon reduction of
the nitro group spontaneous cyclization to
lactam 7 followed by Fmoc protection and
deprotection of the tert-butyl ester.[15]

6. Conclusions

Short-chain peptides of the type Pro-
Pro-Xaa (Xaa = acidic amino acid) are
robust, highly active, chemoselective and
stereoselective catalysts for enamine catal-
ysis. For example, peptides H-d-Pro-Pro-
Glu-NH

2
(2), H-Pro-Pro-d-Gln-OH (3)

and H-Pro-Pro-Asn-OH (4) are efficient
catalysts for conjugate addition reaction
of aldehydes to nitroolefins providing syn-
thetically useful chiral γ-nitroaldehydes
bearing up to three consecutive stereogenic
centers in excellent yields and stereoselec-
tivities. An immobilized variant of peptide
2 can be readily reused at least 30 times

and was successfully applied for conjugate
addition reactions in a continuous flow
system.

The research also highlights the ver-
satility of peptidic catalysts of the general
type Pro-Pro-Xaa to accommodate differ-
ent steric and stereoelectronic properties of
a given substrate by subtle modifications
of the catalyst structure. These features
combined with the modular nature and
facile synthesis render short peptides in-
teresting alternatives to other organocata-
lysts.We are currently investigating further
electrophiles such as β,β-disubstituted ni-
troolefins in the peptide-catalyzed conju-
gate addition reaction providing access to
compounds bearing a quaternary stereo-
genic center.
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