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Peptides as Asymmetric Catalysts

for Aldol Reactions

Helma Wennemers*

Abstract: The article summarizes our research devoted to the development of peptidic catalysts for aldol reac-
tions. Using the combinatorial method of ‘catalyst-substrate coimmobilization’ the peptides H-Pro-Pro-Asp-NH,
and H-Pro-D-Ala-D-Asp-NH, were identified as highly active and selective catalysts for direct aldol reactions. The
results demonstrate that the higher complexity of peptides in comparison to rigid small organocatalysts can be a
good trade-off for higher activity.
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1. Introduction

Aldol reactions are among the most impor-
tant C—C bond forming reactions. As a re-
sult, a lot of research has been devoted to
the development of catalysts for aldol reac-
tions and produced a multitude of differ-
ent catalysts.[!l Most of them belong to the
classes of enzymes or man-made catalysts
that are either based on a metal center or
are purely organic. Regardless of the large
difference in molecular weight, both classes
furnished examples of remarkably efficient
catalysts that are commonly used in organic
synthesis.[!l In recent years, organocatalysts
such as proline and other secondary amines
have become increasingly popular.2! For
many substrates high enantioselectivities
are achieved, however, often poor activities
make the use of large amounts of catalysts
necessary. We were intrigued by the ques-
tion whether short-chain peptides may be
useful alternatives to enzymes and catalysts
of low molecular weight.3! Since peptides
offer many sites for structural and functional
diversification we felt that optimal catalysts
can be generated. However, due to the many
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degrees of freedom of short-chain peptides,
the purely rational design of efficient peptidic
catalysts for aldol reactions has proven dif-
ficult.34 Combinatorial screening methods
on the other hand allow for catalyst discov-
ery even if the factors that govern catalysis
are only poorly understood.l5] We therefore
started the project by developing the combi-
natorial screening method of ‘catalyst—sub-
strate coimmobilization’ that allows for the
identification of catalysts among the mem-
bers of one-bead-one-compound libraries.[6]
This method then led to the discovery of the
peptides H-Pro-Pro-Asp-NH, (1) and H-
Pro-D-Ala-D-Asp-NH, (2) as highly active
and selective catalysts for aldol reactions.!”]
These contributions from our group to the
field of peptidic catalysts for aldol reactions
are summarized in this article.

2. Catalyst-Substrate
Coimmobilization

We chose split-and-mix synthesis as a
tool to generate compound libraries since it
allows for the generation of a large degree

of molecular diversity by simple means.®!
Within the resulting one-bead-one-com-
pound libraries each library member is local-
ized on different beads. Thus, for visualizing
reactions mediated by a catalyst on a single
bead, the development of screening meth-
ods is a considerable challenge.l>] We tack-
led this challenge by developing the method
of ‘catalyst—substrate coimmobilization’.l®]
This method is not limited to the identifica-
tion of peptidic catalysts, but allows for cat-
alyst discovery among the members of any
compound library and is applicable for most
bimolecular reactions. ‘Catalyst—substrate
coimmobilization’ relies on the immobiliza-
tion of one reaction partner (A) together with
each library member, the potential catalyst,
on the same bead (Fig. 1). A second reac-
tion partner (B) is labeled with a marker,
for example a dye, fluorophor or radiolabel.
Incubation of the catalyst—substrate coim-
mobilized library with the marked reaction
partner B results in covalent attachment of
the marker on beads carrying compounds
that are able to mediate the reaction between
A and B. These beads are readily identified
with a low-power microscope.
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Fig. 1. ‘Catalyst-substrate coimmobilization’
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The method was initially evaluated with
a simple acylation reaction.!o] These proof-
of-concept experiments demonstrated that
cross-catalysis between different beads
does not occur and that the identified hits
are catalytically active when resynthesized
and tested in solution phase. These initial
trials also revealed that the length of the
spacers between the bifunctional linker, re-
action partner A and the potential catalysts
plays a minor role. The only requirement is
a sufficiently flexible linker to keep the risk
of forced intramolecular reactions between
reaction partner A and the potential catalyst
on each bead at a minimum.

3. Discovery of Peptidic Catalysts
for Aldol Reactions Using Catalyst-
Substrate Coimmobilization

For the identification of catalytically ac-
tive peptides for aldol reactions, we prepared a
one-bead-one-compound tripeptide library at
one end of a lysine-based bifunctional linker
and attached a ketone derived from levulinic
acid asreaction partner A at the other end (Fig.
2).79 Fifteen different D- and L-amino acids
were used in each position of the tripeptide
library resulting in a molecular diversity of
maximally 153 = 3375 different tripeptides.
The library was then allowed to react with
the dye-marked benzaldehyde derivative 3 at
room temperature for 1-2 h. After extensive
washings that removed any non-covalently
bonded dyed compounds, only a few beads
(= one out of 100) were colored bright red,
indicating that the peptides on these beads
had been able to mediate the aldol reaction
between the resin bound ketone and the dye-
marked benzaldehyde derivative.

Isolation and analysis of the peptides on
several of the red beads revealed two main
consensus sequences: H-Pro-Pro-Asp-NH,
(1) and H-Pro-D-Ala-D-Asp-NH, (2).I"!
The same sequences emerged from screen-
ings in which a benzaldehyde derivative
was coimmobilized with the peptide library
and a dye-marked levulinic acid was used,
demonstrating that the roles of the two reac-
tion partners can be reversed.[®]

Both selected peptides contain a sec-
ondary amine and a carboxylic acid, the
same two functional groups present in pro-
line. However, interestingly not all peptides
with a secondary amine and a carboxylic
acid were selected, suggesting that the Pro-
Pro and the Pro-D-Ala motives are impor-
tant for catalysis.

4. H-Pro-Pro-Asp-NH, (1) and
H-Pro-D-Ala-D-Asp-NH, (2) as
Catalysts for Aldol Reactions

To evaluate the catalytic properties of
H-Pro-Pro-Asp-NH, (1) and H-Pro-D-Ala-
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Fig. 2. Catalyst-substrate coimmobilization screening for peptidic aldol catalysts

Table. Aldol reactions catalyzed by peptides 1 and 2

(0] x mol% catalyst OH O
R)J\H x mol% NMM R%
acetone, 4-72 h, RT

AUV L?;rr]c?joPA:'o-Asp-NHz |1-|-rlnvcr)ct/lojjAla-D-Asp-NH2 AWl Fiek

yield® eeP yield®  eeP el G
1 4-NO,Ph 73 70(R) 99 80 (S) 68 76 (R)
20 4-NO,Ph 53  81(R) 98 90 (S) 30 71 (R)
2 Ph 58  66(R) 69 78 (S) 62 60 (R)
3 c-hex 56  83(R) 66 82 (S) 63 84 (R)
4 i-Pr 75 91 (R) 79 79 (S) 97 9% (R)
5 neo-Pent 24 70 (S) 28 73 (R) 22 36 (S)

ayields are listed in %, in entries 2, 3 and 5 30-70 % of the aldehydes could be reisolated. Pthe
ee was determined by chiral stationary phase HPLC or GC analysis and is listed in %, (R) and (S)
indicate the absolute configuration of the aldol product. °Data taken from B. List, R. A. Lerner, C. F.
Barbas Ill, J. Am. Chem. Soc. 2000, 122, 2395. 9Reactions were performed at 20 °C

D-Asp-NH, (2), they were resynthesized
and tested as catalysts in solution-phase al-
dol reactions between acetone and a range
of different aldehydes.[”l These studies re-
vealed that both peptides are highly active
and selective catalysts. 10 mol% of 2 and
only 1 mol% of 1 are necessary to catalyze
aldol reactions in good to excellent yields
and high enantioselectivities (Table). In
comparison, 30 mol% of proline is required
to obtain comparable yields and selectivi-
ties with typically longer reaction times.
These results demonstrate that the higher
complexity of the peptidic catalysts is a
good trade-off for higher activity.

Furthermore, these experiments re-
vealed that peptides 1 and 2 generate aldol
products with opposite chirality despite the
fact that both peptides have L-Pro at their
N-termini. This finding demonstrated that
the selectivity of peptidic catalysts can be
easily modified by simple modifications in
their primary and thereby secondary struc-
ture.

To analyze the factors crucial for cataly-
sis, we prepared a series of peptides related
to 1 and 2 and tested their catalytic prop-

erties. These experiments showed that the
presence of the secondary amine and the
carboxylic acid are crucial. For example,
acetylation of the N-terminal proline or
replacement of the carboxylic acid with a
sulfonic acid or an amide resulted in entire
loss or strongly reduced reactivity.[7-19 Fur-
thermore, the relative orientation of these
two functional groups towards each other
proved important. Peptides containing a sec-
ondary amine and a carboxylic acid at other
positions proved typically significantly less
reactive and selective (e.g. H-Pro-Pro-OH,
H-Pro-Pro-Glu-NHz, H-Pro-D-Pro-Asp-
NH,), demonstrating the importance of the
peptide conformation.[10]

Both the Pro-Pro and the Pro-D-Ala mo-
tives are known to induce turn conforma-
tions. This hypothesis is supported by mo-
lecular modeling studies using MacroModel
8.0 (OPLS force field). In the lowest energy
structures, peptides 1 and 2 adopt prefer-
entially turn conformation which bring the
secondary amine and the carboxylic acid in
close vicinity to each other (Fig. 3).

This conformational analysis also shed
light on the reason for the opposing en-
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Fig. 3. Lowest energy conformations of H-Pro-Pro-Asp-NH, 1 (left), H-Pro-D-Ala-D-Asp-NH, 2 (right)
and an overlay (middle) as calculated by MarcoModel 8.0
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Fig. 4. Solid supported peptide 4 and peptide-PEG conjugate 5

antioselectivity of 1 and 2: An overlay of
their lowest energy structures revealed that
peptides 1 and 2 adopt turn conformations
with opposite handedness. Thus, the right-
handed turn of 1 and the left-handed turn of
2 are most likely responsible for their op-
posing enantioselectivity.

The versatility of particularly peptide 1
was further increased by immobilization on
a solid support and functionalization with a
triethylene glycol chain at the C-terminus
(Fig. 4).011.12]

The immobilized peptide 4 possesses
equally good reactivity and selectivity
compared to 1 and allows for reusage for
at least four times with the same good per-
formance. Since the peptide was selected in
the combinatorial screening when bound to
a solid support the good performance of 4
is possibly not too surprising and suggests
that the method of catalyst—substrate coim-
mobilization is a good tool for the devel-
opment of solid—supported catalysts. The
pegylated peptide 5 has a solubility that is
significantly higher compared to that of 1.
As a result, the catalyst loading can be fur-
ther reduced to 0.5 mol% when 5 is used to
catalyse aldol reactions.[11]

5. Conclusions

H-Pro-Pro-Asp-NH, and H-Pro-D-Ala-
D-Asp-NH, have been developed as ef-
ficient catalysts for aldol reactions. Their

activity is significantly higher compared to
that of proline and other secondary amines,
demonstrating that the higher complexity of
peptidic catalysts can be a good trade-off for
higher activity. Furthermore, peptidic cata-
lysts proved attractive since the selectivity
can be easily modified by simple changes in
their structure through the use of different
amino acids. The work demonstrated the
value of the combinatorial screening meth-
od of ‘catalyst—substrate coimmobilization’
for catalyst discovery, a method we are cur-
rently using to investigate the optimal size
of peptidic catalysts for aldol reactions and
for the discovery of peptides for other reac-
tions.
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