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Abstract: Over the past several decades, chemists have
designed a myriad of supramolecular scaffolds for the
purpose of mimicking enzyme behavior and creating
more advanced catalysts. Foldamers, one class of supra-
molecular structures that feature rapid, modular synthe-
sis and dynamic structural properties and have been
widely investigated for their molecular recognition
properties. Specifically, our group has designed a reac-
tive m-phenyleneethynylene foldamer, which mimics
the selective properties (“reactive sieving”) of the iso-
leucine tRNA synthetase enzyme. In this concept we
discuss examples that have inspired our research as well
as potential directions for future advancement of this
field.

Keywords: cavitands - foldamers - peptide catalysis -
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Introduction

“What I cannot create, I do not understand”
-Richard Feynman

The design of catalysts for use in synthetic chemistry is a
major cornerstone of chemical research. The advancement
of synthetic methodology has largely centered on the design
and development of small-molecule catalysts (both organo-
metallic and organocatalytic) to elicit new types of conver-
sions, or to make existing reactions exquisitely selective. In
fact, two of the most recent Nobel Prizes in chemistry have
been awarded for small-molecule catalyst development
(alkene metathesis 2005, asymmetric catalysis, 2001). When
small-molecule catalysts are developed, they are designed to
be tolerant of a wide variety of functional group types that
are not targeted for conversion (i.e., chemoselectivity pro-
vides compatibility). This allows for the catalyst to be ap-
plied generally to a wide range of substrates. Although the
successes of small molecule catalysts have made their pres-
ence ubiquitous in synthetic chemistry, one problem that re-
mains challenging is the ability to transform a single func-
tional group on a molecule in the presence of equally acces-
sible and equally reactive functionality without the use of
protecting groups. Biomolecules are the gold standard in se-
lective catalysis because of their ability to produce large
rate enhancements relative to the uncatalyzed reaction
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while maintaining high levels of regio- and enantioselectivi-
ty."l The ability to re-create all of these desirable character-
istics in a synthetic supramolecular system has yet to be ach-
ieved. This lack of success in the supramolecular field (in
comparison to the widespread success of small-molecule cat-
alysts) might indicate a deficient understanding of the ori-
gins of biological catalysis, which is itself actively debated in
the literature.”) To advance our understanding in a systemat-
ic way, chemists must have access to diverse molecular scaf-
folds that can be rapidly synthesized, and are capable of pre-
cisely positioning functional moieties in three dimensional
space.

Modular construction is a powerful way to achieve diver-
sity and complexity in structure from a simple set of posi-
tion-interchangeable building blocks. Chain molecules built
from a regular repeating unit provide a molecular-level ex-
ample of this concept. There is no finer demonstration that
illustrates the power of modularity than the functional diver-
sity that comes from combinations of the 20 natural amino
acids to produce polypeptide heterosequences. Foldamers, a
heavily investigated class of synthetic molecules with a di-
verse membership, meet many of the required criteria and
offer the potential for studying the aforementioned recogni-
tion and reactivity problems by creating highly controlled
molecular compartments. In this concept article, we will dis-
cuss the limitations that exist in conventional catalysis and
supramolecular chemistry and how advances in foldamer sci-
ence may provide solutions to these problems.

“Limitations” of Conventional Small-Molecule
Catalysis

The design of small-molecule catalysts for organic synthesis
has enjoyed great success. To date, a variety of highly effi-
cient, small-molecule catalysts with broad substrate generali-
ty have been synthesized and used extensively by chem-
ists.*] Shown in Scheme 1 are two examples of imine-based
organocatalysts that have been heavily studied of late.[
These catalysts react with ketones or aldehydes to form
chiral imines which can then undergo other reactions (e.g.,
aldol, Michael addition, Diels—Alder) to give asymmetric
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Scheme 1. Examples of imine-based organocatalysts for asymmetric syn-
thesis.
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products. It can be seen in Scheme 1 that the peripheral
groups attached to the reactants (i.e., R groups) are general-
ly uninvolved with the outcome of the conversion. This
“limitation” gives small-molecule catalysts their generality,
but may limit their ability to select a single functional group
out of many nearly identical reactive sites on a polyfunc-
tional molecule (e.g., biomolecules, complex organic mole-
cules). The demand for methodology to perform conversions
with this type of selectivity has only increased in recent
years with the desire to modify proteins and other biomole-
cules for the purpose of developing nanoscale devices, thera-
peutics and more advanced materials using approaches that
are free of protecting groups."

Cavitand-Based Supramolecular Catalysis

Over the past several decades studies that combine receptor
binding and reactivity have attempted to create a “synthetic
enzyme”. The most common motifs include cyclodextrins,
calixarenes, and resorcinarene-based cavitand molecules, all
having been modified in various ways in an attempt to ach-
ieve this goal.'""" One elegant example of traditional supra-
molecular catalysis involves Rebek’s resorcinarene-based
cavitand (Scheme 2).1'! This structure is capable of catalyti-
cally hydrolyzing p-nitrophenylcholine carbonate (PNPCC)
using a zinc ion attached to the rim of the cavity, which acti-
vates the carbonate for hydrolysis by a solvent water mole-
cule and subsequent decarbonylation. The cavitand is able
to recognize PNPCC through a cation—m interaction be-
tween the ammonium cation and the aromatic faces of the
cavity.'”l There are many other examples of host-guest
based catalysis in the literature that perform a variety of re-
actions including hydrolysis, oxidation, and Diels—Alder cy-
cloadditions.!13!

reactive
recognition

substrate
recognition

R=-NHCOEt

Scheme 2. Example of a resorcinarene-based cavitand that combines host-guest molecular recognition with

catalytic reactivity.!"®!
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However, most of the systems studied to date have largely
been unsuccessful at replicating the rate enhancements or
substrate selectivity of enzymes. In addition, since these sys-
tems lack the generality of small-molecule catalysts, they
have yet to be implemented as a practical technique in syn-
thetic chemistry. The lack of widespread acceptance of these
systems as synthetic reagents is probably a consequence of
two major factors: the structures are generally rigid and ach-
ieve their rate enhancements simply through increases in ef-
fective molarity, and the syntheses of these systems can be
lengthy, making the construction of a single supramolecular
catalyst a project in itself. If synthetic catalysts that utilize
sophisticated molecular recognition to enhance the selectivi-
ty of chemical reactions are to be created, these problems
must be addressed.

Catalytic Peptide Sequences

While cavitand-based systems have contributed to our un-
derstanding of supramolecular catalysis, other approaches
have made significant advances towards application of these
concepts as a practical synthetic technique. Miller and co-
workers have developed a number of short, synthetic pep-
tides to perform a variety of reactions including kinetic reso-
lutions of alcohols, aldol reactions, phosphorylation, Michael
addition, and Morita—Baylis—Hillman reactions. Some exam-
ples of these are illustrated in Scheme 3, and many show sig-
nificant promise.'*!”) These peptides, although less inten-
sively studied than the previous areas, warrant discussion
here. Of special note are Miller’s peptides, which incorpo-
rate the advantages of the modular chemistry of oligomers.
Although some of these catalytic peptides are short sequen-
ces (often as few as two amino acids), the most impressive
examples are longer chains (between four and eight amino
acids), possibly owing to a de-
fined secondary structure. The
monophosphorylation reaction
shown in Scheme 3 is extremely
interesting since the peptide is
able to phosphorylate one spe-
cific hydroxyl group (98% ee)
among three, equally reactive
By Bu hydroxyls. The transformations
that catalytic peptides perform
are synthetically  relevant
making this a methodology of
great interest.

Bu tRNA Synthetase and
Reactive Sieving

In synthesizing complex mole-
cules without the use of pro-
tecting groups, enzymes recog-
nize subtle differences in sub-
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Scheme 3. Kinetic resolution (top) and phosphorylation (bottom) reactions catalyzed by short, synthetic peptides.

strate structure with high efficiency. One notable example of substrate (Figure 1).??) This remarkable example of molecu-
this behavior is observed in tRNA synthetase enzymes.”*!! lar recognition provides an interesting design concept for
tRNA synthetases are responsible for the aminoacylation of supramolecular chemists.

a specific tRNA at the 3’ hydroxyl of the terminal nucleo-

tide with the amino acid for which it is coded. Although

amino acids can vary widely in their physical characteristics Reactive Sieving with Foldamers

(shape, size, hydrophilicity), recognition of amino acids with

small structural differences is a significant challenge. Resi- Gellman and co-workers first coined the term “foldamer” in
dues such as valine and isoleucine differ by only a single 1996 to describe any polymer or oligomer that tends to
methylene group, thus potentially opening the door for adopt a specific, compact conformation.”” Since then there
errors in protein biosynthesis during the tRNA aminoacyla- have been several comprehensive reviews on the variety of

tion process. In spite of this
challenge, these enzymes oper-

ate with an extremely low rate 2

of error (as low as 1 error for Val o Val )
every 40000 base pairs).”!! This 2:3 bt g‘; 4 hydrolysis
extraordinary selectivity is ach- T"y‘“;_ llp s

ieved using a “double sieve” lle-acyladenylate 4

mechanism (Figure 1), where steric  Phe is preserved \

the enzyme uses multiple bind- Fnclion

ing pockets (sieves) to select coarse sieve fine sieve

the correct amino acid. The
first sieve is referred to as the
“coarse” sieve, which catalyzes
the formation of the amino acid
acyladenylate, but only for
those substrates that are equal
to or smaller in size than the
target amino acid. A second
“fine” sieve hydrolyzes all the

amino acid acyladenylates that Figure 1. a) Illustration of “double sieve mechanism” proposed by Fersht. b) Binding orientations of valine
are smaller than the intended (left) and isoleucine (right) in the active site of tRNA synthetase. This image is modified from ref. [22].
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foldamer structures developed.”? Although there are
many types of foldamers, two classes stand out as the most
widely investigated: peptide-based foldamers, and aromatic
foldamers (e.g. m-phenylene ethynylene (mPE) oligomers)
(Scheme 4).2%:27:281
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Scheme 4. Two of the most studied foldamer classes: B-peptide foldamer
(left) and m-phenyleneethynylene foldamer (right).

Among the many kinds of supramolecular hosts that have
been reported in the literature over the past three decades,
there are several key features that set the foldamer scaffold
apart. As mentioned previously, many supramolecular host
molecules require lengthy syntheses, and/or are limited in
their ability to be unsymmetrically functionalized. For exam-
ple pB-cyclodextrin, although commercially available, re-
quires the use of difficult methodology to site-specifically
modify its structure.?” The iterative sequence-specific syn-
thesis of peptides (both a- and (-) on solid phase has al-
lowed for their construction containing any amino acid (in-
cluding unnatural variants) at any position in the chain.F*3!
This chemistry is sufficiently facile that it is often carried
out using an automated synthesizer. Convenient methodolo-
gy for the iterative solid phase synthesis of mPE oligomer
homo- and heterosequences has also recently been devel-
oped.’” The mPE oligomers are constructed through itera-
tive Sonogashira couplings, using two differentially reactive
monomers.

One particularly desirable aspect of mPE foldamers is
their capability to direct functional groups to the interior of
their helical binding cavity. In the more traditional supra-
molecular structures, the binding cavity cannot easily be
functionalized. For example, the interior cavity of a cyclo-
dextrin cannot be modified, since there are no functional
handles (hydroxyl groups line the edges). Similarly, the
binding pockets of cavitands such as calixarenes are com-
prised of the faces of aromatic rings, making it impossible to
add functional elements to the interior of the structure (al-
though edge functionalization is possible, analogous to the
cyclodextrin systems). mPE foldamers do not have this limi-
tation since the binding cavity is comprised of the edges of
the aromatic rings that make up its backbone, rather than
the ring faces (Figure 2).

mPE Foldamers and Reactive Sieving

mPE foldamers are particularly attractive as scaffolds for
supramolecular catalysis because of their unique structural

2654 —— www.chemeurj.org
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features. mPE foldamers are solvophobically driven to form
helical structures, giving rise to a dynamic, flexible structure
which, despite being suggested as a potentially beneficial
characteristic in designing supramolecular catalysts nearly a
decade ago, has not been a significant area of study.” Syn-
thetic oligomers based on the mPE scaffold can have vary-

traditional cavitand foldamer cavitand

Yol

~

*
,\‘—"“\‘—'—

laterally-paneled helically-segmented

Figure 2. Cartoon illustration contrasting a helical foldamer cavitand
(mPE foldamer, right) to a calixarene based cavitand (left). Space-filling
models of actual structures are shown below each illustration (structures
are not to scale).

ing stability in the folded state depending on solvent compo-
sition, temperature, oligomer length, and functional group
substitution of the interior cavity.”**1 Consequently, the
problem of product inhibition may be less likely for a cavity
formed by such a dynamic host. These characteristics make
foldamers an ideal target to investigate the effects of struc-
tural flexibility on molecular recognition and reactivity.

Numerous studies of the molecular recognition properties
of mPE foldamers have been reported in the literature over
the last ten years,®**? however studies of foldamer reactivi-
ty are fewer in number.**! One particular study carried
out by our group involved the methylation of a dimethyl-
aminopyridine (DMAP) unit placed in backbone using
methyl iodide (Scheme 5).* The rate of methylation was in-
creased about 400-fold compared with a control oligomer
that cannot bind guests. We were able to conclude from fur-
ther studies that the rate increase resulted from association
of the alkylating agent with the foldamer’s interior helical
cavity.®

Although this is a stoichiometric modification of the
foldamer (i.e., not a catalytic reaction) we surmised that the
well-defined nature of this cavity may be able to act as a
“reactive sieve” similar to the coarse sieve of the tRNA syn-
thetase enzyme. Initially it was thought that the cavity
would bind to an ideally sized substrate causing it to react at
a higher rate than other similarly reactive guests. Substrates

Chem. Eur. J. 2008, 14, 26502657


www.chemeurj.org

Foldamers

R,Si

CONCEPTS

X = leaving group

nz4

Scheme 5. Methylation of DM AP-modified foldamers using a methylating agent.

too small in size would insufficiently bind with the foldamer,
and react slowly; guests too large would not fit and would
react slowly or not at all (Figure 3).

To test this hypothesis, the guest substrate scope was ex-
panded from the initial experiments involving the methyl-
ation of DMAP-modified mPE oligomers. A series of meth-
ylating agents varying in size and shape were synthesized
and used to explore the sieving ability.**! Alkyl methanesul-
fonate esters were chosen due to the ability to vary the reac-
tant’s size or shape without affecting the reactivity of the
active methyl group. It was believed that cavity size, as well
as substrate size would be important to the sieving ability;
consequently three oligomers of differing lengths were syn-
thesized for the study. These substrates, and foldamers are
shown in Scheme 6. Upon subjecting the DMAP modified
foldamers to the methylating agents, surprising results were

rate

substrate size =——

Figure 3. a) Cartoon illustration of expected reactive sieving behavior for
a reactive mPE foldamer. b) DMAP-modified foldamer with reactive
DMAP unit highlighted in space-filling representation.
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observed. The first was the fact that the reaction rates did
not correspond with the expected optimally sized guests.
Based on calculation of the cavity volume, we predicted that
a sulfonate ester containing a butyl chain would be the ideal
substrate.”) This is not the case, as guest shape appears to
influence reaction rate more than size (Figure 4). Secondly,
this system is able to differentiate between substrates with
only subtle differences in structure, which is demonstrated
by the wide range of rate enhancements observed (from 45—
1600-fold). Despite our best efforts, we were unable to in-
hibit the methylation reaction completely by increasing the
substrate size or decreasing available cavity volume, possibly
indicating that the foldamer backbone is flexible enough to
accommodate a variety of guests. Although the exact nature
of the origin of selectivity is not yet known, future experi-
ments involving structural restriction (crosslinking) and inte-
rior modification will be carried out to explore the similari-
ties to a sieving mechanism. Such perturbations of the folda-
mer structure are extremely feasible using the solid-phase
methodology developed for this system.

Conclusion

In this concept article, we have highlighted some of the at-
tempts by supramolecular chemists to create a “synthetic
enzyme”. Clearly at this time, nature remains entirely un-
matched. This is a similar conclusion to another review of
supramolecular catalysis, published in this very journal
nearly a decade ago.® It is because of this lack of progress
that we assert that supramolecular chemistry may not yet be
ready to realize the dream of synthetic enzymes. With an
ever-increasing demand for more complex molecules and
nanoscale devices, the need for precise synthetic techniques
will continue to grow. Small-molecule catalysis, by design
lacks full-molecule recognition capability. However, combin-
ing the diverse synthetic toolbox provided by small-molecule
catalysis with precise molecular recognition that may be re-
alized with scaffolds such as foldamers could provide access
to precise substrate selectivity, opening the door to new syn-
thetic techniques and increasingly complex synthetic mole-
cules and devices. As more supramolecular scaffolds rapidly
become practical, artificial systems may also help to provide
insight into more complex aspects of enzymes such as the
effect of flexibility and dynamics on catalytic properties. We
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Scheme 6. Alkyl methanesulfonate esters used to explore mPE foldamer based reactive sieving.
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Figure 4. Reaction rates of mPE foldamers with methylating agents dif-
fering in size and shape.*’!

believe that foldamer-based scaffolds provide an opportuni-
ty to achieve these goals. Their convenient synthesis and

www.chemeurj.org
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modular design invite further development, and their
unique properties may enable them to be scaffolds for a
new generation of advanced synthetic catalysts custom de-
signed for precise applications.
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