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Within this review article we describe recent developments in
asymmetric catalysis with peptides. Numerous peptides have
been established in the past two decades that catalyze a wide
variety of transformations with high stereoselectivities and
yields, as well as broad substrate scope. We highlight here
catalytically active peptides, which have addressed challenges
that had thus far remained elusive in asymmetric catalysis:
enantioselective synthesis of atropoisomers and quaternary
stereogenic centers, regioselective transformations of
polyfunctional substrates, chemoselective transformations,
catalysis in-flow and reactions in aqueous environments.
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Introduction

Peptides fulfil a multitude of different functions in nature
and everyday life as, hormones, neurotransmitters, toxins,
therapeutics against numerous diseases, and artificial
sweeteners [1]. Despite this functional versatility, the
value of peptides for asymmetric catalysis has only been
recognized in the past two decades [2,3]. Apart from early
reports on cyclic dipeptides and polyleucines for catalytic
asymmetric hydrocyanations [4] and epoxidations [5],
respectively, the field remained dormant until the late
1990s. The establishment of numerous effective peptidic
catalysts since then, is closely connected to the devel-
opment of smart combinatorial screening methods that
allowed the discovery of lead structures by overcoming
the challenge of rationally designing potent catalyst struc-
tures [6]. Nowadays, the palette of reactions for which
peptidic catalysts are available is broad and includes, for
example, stereoselective acylations, phosphorylations,
brominations, epoxidations, aldol, and numerous other
C-C bond forming reactions [2,3]. Recent advances in the
field also revealed that the structural and functional
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diversity of peptides offers unique opportunities for tack-
ling challenges that are difficult to address by other less
modular catalyst structures. These include the develop-
ment of catalysts for highly challenging enantioselective
reactions, regioselective and chemoselective transform-
ations, as well as metal-free catalysis at low catalyst load-
ings and in continuous flow. Within this report we will
showcase these features with a focus on latest highlights
that have not been covered in previous reviews [2,3].

Challenging enantioselective reactions
Whereas numerous metalorganic and metal-free catalysts
have been developed for enantioselective formations of
stereogenic centers, the stereoselective installation of
axial chirality has proven to be significantly more difficult.
Miller provided a solution to this challenge with a tetra-
peptidic catalyst that brominates substituted, tertiary
benzamides to yield atropoisomeric tribromo products
with excellent enantioselectivities [7]. Using the same
tetrapeptide 1 the group also achieved dynamic kinetic
resolution of atropoisomers of unsymmetrical tertiary
benzamides with two axes of chirality; one defined
through the benzamide structure, the other associated
with the different substituents on the amide nitrogen
(Figure 1a) [8°]. The interplay of kinetic and thermo-
dynamic parameters of the enantioselective bromination
and isomerisation of the amide bond led to a product
distribution with equal stereochemical enrichment of
both the ¢is and #rans amide isomers. This impressive
control over the dynamics of the system not only allowed
to obtain the target compound with high stereoselectivity
but is also potentially of great value for the design of
molecular switches or motors as well as ligands for metal-
based asymmetric catalysts [9].

Acyclic compounds containing all-carbon, quaternary
stereocenters represent another class of challenging mol-
ecules for asymmetric synthesis [10]. Kudo tackled this
challenge with the 11-mer helical peptide 2 that catalyzes
Michael reactions between nitromethane and {3,3-disub-
stituted aldehydes (Figure 1b) [11°]. Wennemers
accessed the same type of vy-nitroaldehydes with two
consecutive stereogenic centers by conjugate addition
reactions between aliphatic aldehydes and 3,3-disubsti-
tuted nitroolefins, promoted by the H-d-Pro-Pro based
catalyst 3 (Figure 1¢) [12°°]. Of note, side reactions such
as homo-aldol reactions, which had impeded the devel-
opment of effective catalysts for this conjugate addition
reaction, occur in the presence of tripeptide 3 only to a
minor extent. This shows the high level of chemoselec-
tivity of 3. The target +y-nitroaldehydes were obtained
in very high yields as well as enantioselectivities and

Current Opinion in Chemical Biology 2014, 22:40-46

www.sciencedirect.com


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbpa.2014.09.011&domain=pdf
mailto:Helma.Wennemers@org.chem.ethz.ch
http://www.sciencedirect.com/science/journal/13675931/22
http://dx.doi.org/10.1016/j.cbpa.2014.09.037
http://dx.doi.org/10.1016/j.cbpa.2014.09.011
http://www.sciencedirect.com/science/journal/13675931

Asymmetric catalysis with short-chain peptides Lewandowski and Wennemers 41

Figure 1
(a) O H
Br O NBoc
HO N7 10 mol% 1 o /Q [NBI"']/N .....
DMBDH (1.5 equiv) N |
| ~ O So
CHClg, 24 h B B N O HN
N r r | N
! . Boc” H o Ph
Boc 94% vyield oM
57:43 trans:cis 76:24 trans:cis 1 e
racemic 79:21 e.r. (for both the trans and cis isomer)
(b) H-Pro-D-Pro-Aib-Trp-Trp-[Leu]s
R2 2, 20 mol% NO.
g g
X z
R' MeOH/H,O (1:2) i & -CHO
+ MeNO, r, 24 h
10 examples 64-82% yield, 95-99% ee
(¢
O R3 10 mol% O R® R? %H O
3-TFA, NMM 3. _NO N
2
% H + sz\/NOZ H™ ™ \\\ 0
R? BuOH, 72 h R! O o O
12 examples 82-90% yield NH 3
3:1-10:1 dr, 90-97% ee
Current Opinion in Chemical Biology

Enantioselective peptide-catalyzed reactions providing access to structurally challenging molecules: (a) dynamic kinetic resolution of atropoisomers of
a tertiary benzamide with tetrapeptide catalyst 1; (b,c) conjugate addition reactions providing acyclic y-nitroaldehydes with all-carbon stereogenic

centers.

diastereoselectivities. Their synthetic versatility was

additionally demonstrated by conversion to a range of
useful, chiral building blocks [12°°].

Peptide-catalyzed regioselective reactions

Enzymes typically discriminate near-perfectly not only
between different substrates but also different reactive
sites within a given substrate. In contrast, traditional
synthetic catalysts discriminate poorly between identical
functional groups within the same molecule that differ
only by their chemical environment [13]. Miller and
coworkers showed that peptidic catalysts, while being of
significantly lower molecular weight than enzymes, have
the right degree of complexity to distinguish between the
same type of functional group and favor reactions also at
intrinsically less reactive sites. Initial studies showed
impressive levels of discrimination by peptidic acylation
and phosphorylation catalysts between hydroxyl groups
within complex natural products such as erythromycin
and teicoplanin [14,15]. Recently, pentapeptide 4 and
tripeptide 5 were developed for site-selective thiocarbo-
nylations of vancomycin (Figure 2a) [16°]. Both bear a
reactive methyl-imidazole (Me-Imi) group that activates

and transfers the thiocarbonyl moiety to the preferred
hydroxyl group, which can then be selectively removed.
T'he resulting derivatives are highly valuable for decipher-
ing the mode of action of vancomycin. Whereas peptide 4
thiocarbonylates preferentially the more reactive benzylic
alcohol and enhances the intrinsic reactivity to a 9:1
product ratio, peptide 5 reacts preferentially with the less
reactive primary hydroxyl group of the sugar moiety and
provides the products in a 27:1 ratio. Whereas peptide 4
was the result of screening a small collection of 25 Me-Imi
containing peptides, 5 was rationally designed based on
the dipeptide motif D-Ala-D-Ala, which is present in
bacterial cell walls and binds to vancomycin selectively.
The replacement of one D-Ala moiety by D-(Me)His
allowed for catalytic turnover, yet, high catalyst loadings
of 20 mol% were necessary [16°]. In a related study the
group used a D-Ala-D-Ala containing tripeptide for site-
selective brominations of vancomycin that yielded pre-
viously unknown monobromo-vancomycin, dibromo-van-
comycin and a tribromo-vancomycin derivative [17].
However due to the high affinity of D-Ala-D-Ala for both
the vancomycin substrate and the product stoichiometric
amounts of the peptide were required.
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