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What makes dipeptides with two hydrophobic residues self-assemble
not into usual crystal structures with small hydrophobic columns or distinct layers,
but into two different classes of unique microporous organic materials?
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Microporous Organic Materials from Hydrophobic Dipeptides
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Abstract: In the last few years dipeptides with two hy-
drophobic residues (hydrophobic dipeptides) have
emerged as an unexpected source of stable microporous
organic materials. Supramolecular self-assembly of the
rather small building blocks is dictated by stringent de-
mands on the hydrogen-bond formation by the peptide
main chains and the aggregation of hydrophobic entities
in the side chains. A systematic survey of structures de-
rived from single-crystal X-ray diffraction studies has
revealed the existence of two large classes of structures,
differing in the dimensionality of the hydrogen-bonding
patterns in the crystals and the nature of the channels.
The present review summarizes the structural properties
of the microporous dipeptides and discusses their poten-
tial applications.

Keywords: dipeptides - hydrogen bonds - microporous
Kmaterials - self-assembly - supramolecular chemistry j

Introduction

The synthesis, properties, and applications of various types
of nanotubes, in particular carbon nanotubes, ! but also vari-
ous other types of inorganic® as well as organic nanotubes,”!
have been the subject of considerable research efforts in the
last years. Nanotubes constructed by self-assembly of pep-
tides or peptide derivatives have been investigated and de-
veloped for applications in bionanotechnology.” These sys-
tems are usually based on stacking of cyclic molecules
through formation of intermolecular hydrogen bonds be-
tween functional groups in the peptide backbones. Pioneer-
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ing work on this type of structures was carried out by Gha-
diri and co-workers for cyclic p,L-peptides with 8-12 resi-
dues and van der Waals pore diameters up to 13 AP Intri-
guingly, these nanotubes have been shown to exert antimi-
crobial activity by self-assembly in bacterial membranes,
thus increasing membrane permeability.”’! Various modifica-
tions of the alternating D,L-a-amino acid sequences have in-
volved f3-, y-, -, and e-amino acids,” as well as various non-
peptidic building blocks.®! Very different and much larger
nanotubes can be formed by amphiphilic surfactant-type
peptides (300500 A)' and bolamphiphilic peptides (200—
10000 A).1101

Dipeptides with two hydrophobic residues (hydrophobic
dipeptides) have recently emerged as a somewhat more un-
expected source of microporous materials with pore diame-
ters in the range 3-10 A. The present review describes the
foundations for formation of such materials, their construc-
tion, and the potential properties and applications in bio-
technology and elsewhere.

Why Are Hydrophobic Dipeptides Useful Building
Blocks for Microporous Materials?

The crystal structures of peptides with sizeable hydrophobic
moieties in the side chains are often divided into distinct hy-
drophilic and hydrophobic layers."Y! The two-dimensional
hydrophilic layers then typically incorporate a hydrogen-
bonding motif with two —NH;*--~OOC head-to-tail chains,
as illustrated in Figure 1 (left). The third amino H atom
points straight into the adjacent hydrophobic layer, and thus
cannot find a peptide main-chain acceptor. Instead, it is ac-
cepted by a functional group in one of the side chains
(Figure 1, middle) or by a co-crystallized organic solvent
molecule (Figure 1, right).">"¥ What might happen if either
option is removed, as for dipeptides with two hydrophobic
residues crystallized from solvents devoid of strong hydro-
gen-bond-accepting functional groups? Realization of this
fundamental “packing problem” made us suspect that hy-
drophobic dipeptides might have unusual crystal-packing ar-
rangements and led us to embark on a systematic investiga-
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Figure 1. Left: Typical hydrophobic layer in a structure of a dipeptide with two head-to-tail —NH;* -~
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OOC- chains. Peptide side chains are not shown.

Middle: Acceptance of the third amino H atom by a side-chain carboxyl group in the structure of Val-Glu.'” The peptide main-chain layers are seen
edge-on. Right: Acceptance of the third amino H atom by a cocrystallized solvent molecule in the structure of Ala~Phe-2-propanol (1:2)."% In this and
the following illustrations the hydrophobic parts of residue 1 side chains are shown in yellow, while orange is used for residue 2. In the right-hand image

the solvent molecule is shown in green.

tion of the crystal structures of dipeptides constructed from
the five amino acids L-alanine (Ala), L-valine (Val), L-isoleu-
cine (Ile), r-leucine (Leu) and r-phenylalanine (Phe). For
completeness, some additional structures including L-me-
thionine (Met) and (S)-2-aminobutyric acid (Abu) were also
included in the study.

Solutions to the Packing Problem

Prior to our investigation only two crystal structures of hy-
drophobic dipeptides were known. Ala—Ala has two very

. hydrophilic columns, 1-D hydrogen bond pattern

O hydrophobic columns, 3-D hydrogen bond pattern

= layered structure, 2-D hydrogen bond pattern

n layered structure, 3-D hydrogen bond pattern with
water molecules connecting hydrophilic layers

small side chains (methyl groups), and manages to form
three —NH;*---"OOC head-to-tail chains in a tetragonal
space group.!'¥ Met-Met forms crystals divided into layers
with the third amino H atom participating only in a weak in-
teraction with a side-chain S atom as the acceptor.l”
Figure 2 and Table 1 summarize the crystal packing arrange-
ments of these two dipeptides and others that have been in-
vestigated as part of this project.

It can be seen that in the 5x5 matrix porous structures
result when both residues are either Ala, Val, or Ile (except
Ala—Ala), giving the Val-Ala class of structures,'*'®l or
when both side chains are Leu or Phe (with the addition of
Tle-Leu), the Phe-Phe
class.[120]

For the remaining struc-
tures® " the packing problem
has been solved in various
other manners, as illustrated in
Figure 3, by incorporation of
one or more solvent water mol-
ecules, by formation of close-
packed hexagonal structures or
by hydrogen-bond acceptance
by the aromatic group of phe-
nylalanine side chains.

|:| Phe-Phe class

The Val-Ala Class
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Val-Alal'® (Figure 4, top) is the

Ala-Abu  Abu-Ala  Ala-Met  Met-Ala  Val-Ser Leu-Ser

Figure 2. General description of the structures of hydrophobic dipeptides showing pattern for separation be-
tween hydrophobic and hydrophilic moieties and the presence of pores. The structures may contain co-crystal-
lized water molecules, but not organic solvent molecules. For structures such as Leu—Val there are two differ-
ent types of hydrophobic columns. References are given in Table 1. No structures are available for Val-Leu

and Ala—Phe.
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first example of a microporous
dipeptide structure and was
also the first member of an iso-
structural family that is without
parallel in the Cambridge
Structural Database (CSD).B!

Gly-Trp  Trp-Phe
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Table 1. Crystal data for hydrophobic dipeptides.”! The entries have been sorted so that related structures are close to each other.

Dipeptide Space group Pore size [A]® 717 Nl 0[] Reference
Ala-Ala 14 811 3 _132 (14]
Abu-Ala ! 8/ 3 _124 (36]
Ala-Abu-0.33H,0 P2, 6/3 3 —117, —98, —89 [36]
Ala-Abu P2, 6/3 3 ~179, —126, —106 [37]
Val-Ser-0.23 CF;CH,OH P2, 4.6 6/3 3 —158, 155,172 [34]
Val-Ala-0.33 CH;CN-0.29H,O P2, 4.2 6/3 3 —163, —142, —89 [34]
Val-Ala-0.12 CH,CN P6, 47 6/1 3 171 34]
Ala-Tle H,O Pé, 47 6/1 3 ~160 (18]
Tle-Ala P6, 3.7 6/1 3 —-179 [18]
Val-Val-H,0 P6, 44 6/1 3 ~150 (18]
Val-Tle:0.22 H,O P6, 3.7 6/1 3 153 (18]
Ile-Val-0.21 H,O Po6, 3.9 6/1 3 —148 [18]
Ala-Val-0.35 CH;CN Po6, 5.0 6/1 3 —164 [17]
Ala-Val Pé, 5.0 6/1 3 _164 [17]
Ala-Val-0.25 C;H,0H-0.22H,0 Po6, 5.0,5.2¢ 24/4 3 —168, —165, —162, —162 [17]
Met-Ala Po6, 4277 3 —182 to —1091 [41]
Leu-Val-0.75H,0 Pos 24/4 3 —172, —166, —166, 146 [26]
Leu-Ile-0.75H,0 P6s 24/4 3 —175, 152, 168, 172 [27]
Ala-Met-0.50H,0 22,2, 82 3 —121,178 [40]
Tle-Tle-2 H,O 222, 41 3 175 23]
Phe-Ala-2 H,O 22,2, 41 3 162 28]
Leu-Ala-4H,0 22,2, 41 3 ~105 25]
Met-Met 222, 41 2 161 [15]
Ala-Leu-0.50H,0 2 4/1 2 -92 [21]
Phe-Val P22.2, 41 2 ~165 [29]
Val-Phe-3H,0 P2, 16/8 2 —94, 23 el [22]
Val-Phe-2 H,0 22,2, 41 2 20 [22]
Ile-Phe-2H,O P2, 2/1 2 16 [24]
Phe-Ile-0.88 H,O P2, 4/2 2 -96, 0 [30]
Ile-Leu-0.91 H,O 2 32 8/2 1 11,15 [20]
Leu-Leu-0.87H,0 P22.2, 32 81 1 1,2 [19]
Leu-Phe-0.86 H,O P2, 3.2 4/2 1 0,3 [19]
Phe-Leu-1.26 H,0 P22.2, 42 81 1 34,35 [19]
Phe-Phe-2.47H,0 Pos 9.2 6/1 1 40 [19]
Phe-Trp-0.75H,0 P22,2, 28 16/4 1 ~13, 10, -9, 30 [46]
Trp-Gly-H,O P4, 4.7 41 3 i [45]
Leu-Ser 6 49 6/1 3 169 (50]

[a] Including four structures with Trp and Ser residues. Cell parameters are provided as Supporting Information. [b] Approximate van der Waals diame-
ter, numbers in italic (Val-Ala class + Leu-Ser) identify hydrophobic pores, numbers in bold (Phe-Phe class) hydrophilic pores. [c] Dimensionality of
the hydrogen-bond network. [d] 6 is defined in Scheme 2. [e] Two types of pores. [f] Seven structures in the given range. [g] Average values for two
groups: four structures in the range —109 to —73°, four structures in the range 22-26°. [h] Not including weak N—H---xt interactions. [i] Not defined due
to missing Gly side chain.

Figure 3. Left: Hydrophilic dipeptide layers connected by water molecules to give a three-dimensional hydrogen-bond pattern in the structure of Leu—
Ala tetrahydrate.”” Middle: Hydrophilic and hydrophobic layers in the structure of Ala~Leu hemihydrate.”"! The Ala side chains form independent
small hydrophobic columns embedded in the hydrophilic layers. Right: The side-chain aromatic ring of Phe—Val as hydrogen-bond donor and hydrogen-
bond acceptor.’)
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Figure 4. Crystal packing arrangement of Val-Ala (dry crystals; top),
Ala-Val 2-propanol solvate hydrate (middle)!” and Val-Ala acetonitrile
solvate hydrate (bottom).* Small dots inside the channels of Ala—Val 2-
propanol solvate hydrate show refined positions for atoms in disordered
solvent molecules. In the bottom image the solvent water molecules
serve as acceptors in weak C—H--O interactions with acetonitrile solvent
molecules.

A model for the construction of the Val-Ala class structures
is given in Scheme 1.
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variable pore

left-handed
dipeptide
double helix

side chains of tunable bulk

Scheme 1.

The common honeycomb-shaped hydrogen-bonding net-
work contains left-handed double helices of dipeptides.?
The interface between these helices incorporate hydrogen
bonds from peptide >N-H and C*-H donors to carboxylate
syn lone pairs; a rare type of interaction (Figure5). The
amino H atoms, on the other hand, are accepted by carbox-

Figure 5. Interaction between peptide molecules at the interface between
double helices in structures belonging to the Val-Ala class.

ylate anti-lone pairs.

The peptide side chains cluster around the hexagonal
axes, but always leave evident central channels that are dis-
tinctly hydrophobic in nature. The van der Waals dimensions
of these pores can be adjusted within a considerable range
without major modifications to the main-chain scaffold and
the cell dimensions by altering the bulk of the side chains."
Soldatov et al. calculated diameter ranges for individual
structures from 3.66-3.75 A for Val-lle to 4.98-5.05 for
Ala—Val, while their experimental values, based on absorp-
tion of He, were 3.0(2) and 5.36(8) A, respectively.”” The
shape of the channels of the Val-Ala class also varies con-
siderably, as illustrated in Figure 6.

An extraordinary property of the Val-Ala class is that sol-
vent guest molecules, included in a non-stoichiometric ratio
inside the pores, can be removed by drying, while the pep-
tide host remains intact. New guest molecules can subse-
quently be introduced, for example, by soaking the crystal
in another solvent. This was illustrated in a striking manner
for Ala—Val by substitution of the acetonitrile from crystalli-
zation with methanol and then, for the same crystal speci-

Chem. Eur. J. 2007, 13,1022-1031
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any sign of deterioration upon
solvent loss (transparent to
Figure 6. Illustration of pore
space in dipeptides with hydro-
phobic channels (names are first non-hexagonal structure in
given with one-letter abbrevia-  the class (Figure 4, bOttom).[34]
tions).’¥ The van der Waals
outlines for He and Xe are
given on the same scale for
comparison. Reprinted with
permission from reference [33]
Copyright  (2006) American
Chemical Society.
3 was subsequently found for Val-Ser!! as part of extended
search for microporous structures among dipeptides, in
ric acid (ethyl side chain as opposed to an isopropyl chain
for Val) might tentatively form larger pores than Ala—Val
small pores would result if Ile-Ile could be crystallized in a
hexagonal modification, but from aqueous solution a non-

Microporous Materials
men, further substitution of
methanol with 2-propanol.l'”)
The latter process led to an ir-
reversible phase transition in-
volving a doubling of the a and

AV VA Al

v opaque) are the crystals of Val-
Ala itself"™ Recently, it was
The familiar hexagonal struc-
ture! is, however, obtained
which one hydrophilic residue had been replaced by a hy-
drophilic Ser or Thr residue (Val-Ser produces a trihydrate
and Val-Ala. Both compounds have been investigated,"
and Abu-Ala proved to form tetragonal crystals isostructur-
porous dihydrate is easily formed.”! Among solvent alterna-
tives to water, liquid NH; was tested first. This is an excel-

b axes and transformation of

the channel shapes in order to
accommodate the larger alcohol
molecules (Figure 4, middle).

The only crystal that shows

w 1A
discovered that when the alco-
Q hol was replaced by acetonitrile
He more stable crystals were
O formed, and structure refine-
Vi LS Xe ment yielded a monoclinic
modification of the acetonitrile
solvate hydrate with Z'=3, the
after solvent removal by drying,
a process that is accompanied
by a remarkable 6.5% increase
in unit cell volume.®"

A related structure with Z'=
when crystallized from aqueous solutions,™ the porous
modification was obtained using trifluoroethanol as the sol-
vent). These crystals lose solvent very slowly and remain
monoclinic even after prolonged periods of time."

Ala-Abu and Abu-Ala, in which Abu is (§)-2-aminobuty-
al to Ala-Ala," while Ala-Abu formed a 0.33 hydrate
(Z'=3) without pores. Substitution of water with trifluoroe-
thanol as the solvent for Ala—Abu led only to a mildly modi-
fied anhydrate.”)

As indicated by model studies® a material with very
lent solvent for peptides, but its use led to proton transfer
and the unprecedented formation of an ammonium salt of
the peptide.™ Trifluroethanol (TFE) was tested next, and
thin needles were formed through equilibration against ace-
tonitrile.®’ These needles were indeed porous, but did not

Chem. Eur. J. 2007, 13, 1022-1031
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belong to the Val-Ala class. The crystal structure of Ile—
Ile-TFE is described below.

The potential incorporation of a non-branched side chain
from a Met residue was finally tested by crystallization of
Ala—Met and Met-Ala. The former yielded a nonporous
hemihydrate,*’ while Met-Ala gave crystals related to the
Val-Ala class, in the same space group (P6,), but with larger
cell dimensions and seven peptide molecules in the asym-
metric unit (the second entry in the CSD with Z'=7).!
There are two types of hydrophobic columns in this struc-
ture, and both are filled by Met side chains in more or less
extended conformations so as to leave no detectable pores.

From these experiments it can be concluded that among
eight different microporous compounds of the Val-Ala class
Ala—Val have the largest pores, while the smallest pores
occur for Val-Ile. Potential additional members of this struc-
tural family may be sought among dipeptides with Abu and
Nva (Nva=norvaline) residues.

The Phe-Phe Class

Among dipeptides composed of Leu and Phe residues, Leu—
Leu had prior to the present investigation been crystallized
as a 2-methyl-1-propanol solvate;*! as isomorphous ethanol,
1-propanol, and 2-propanol solvates™; and as a DMSO sol-
vate,*! while Leu-Phe had been crystallized as a 2-propanol
solvate.’] All these structures are divided into hydrophobic
and hydrophilic layers (without nanotube formation) with
the alcohol/DMSO as an essential part of the hydrogen-
bonding network. In the absence of organic solvent mole-
cules these dipeptides form a set of completely different
porous structures named after its most spectacular member
Phe-Phe (Figure 7). The class also includes the structure of
L-tryptophylglycine (Trp-Gly) published earlier™®! as well as
the more recent structure of Phe—Trp.[*!

From a structural point of view the Phe—Phe class is some-
what more heterogenous than the Val-Ala class, with a se-
lection of monoclinic (Leu—Phe,*” Ile-Leu), orthorhom-
bic (Leu-Leu,™ Phe-Leu,' Phe-Trp!*), tetragonal (Trp-
Gly™), and hexagonal (Phe-Phel")) crystal systems
(Figure 7 and Table 1). Regardless of crystal symmetry, the
hydrogen-bonding arrangement is essentially the same and
unique among peptides in being one-dimensional (Trp—
Gly™ is an exception by virtue of additional hydrogen-
bonding involving the side-chain N*-H donor). This arrange-
ment is derived from wrapping a two-dimensional sheet as
shown in Figure 1 (left) into a tube in the same manner that
graphite can be converted into carbon nanotubes, and gives
channels or pores with hydrophilic inner surfaces (rather
than hydrophobic as observed for the Val-Ala class!'*'®).
The packing problem is then solved by giving the third
amino H atom access to water molecule acceptors inside
the channels (Figure 8). When the channels are small,
these water molecules are well ordered, but as the diameter
increases water molecules become disordered and mov-
able.
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Figure 7. Structural variability within the Phe-Phe class of structures: Phe-Trp"* (top left), Trp-Gly™*! (top
right), Phe-Leu!™ (bottom left), and Phe-Phel" (bottom right). In the top images ordered molecules in one
column have been depicted in space-fill representation. Small spheres in the bottom images represent disor-

dered solvent positions.

Peptides in the Phe-Phe class normally have two residues
that are branched at CY, in contrast to the CP-branching of
Ile and Val resides of the Val-Ala class. This illustrates the
importance of side chain shape (Figure 9) and demonstrates
that Ile is structurally much more closely related to Val,
with a smaller side chain, than to Leu, with a side chain of
similar bulk, but different shape. An inspection of Figure 2
accordingly reveals that Val and Ile residues can often be in-
terchanged without major modifications to the crystal pack-

Figure 8. Water positions (with van der Waals surface) inside a channel
of the Phe-Phe structure.”” Peptide side chains have been omitted for
clarity.
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Phe class) and the nature of the
pores (hydrophobic vs. hydro-
philic), a comparison between
Figures 4 and 7 reveals another
oddity of the Phe-Phe class,
namely the unusual molecular
conformations. As detailed in
Figure 10 for Ile-Leu®’ and
Ile-Tle,”! the normal dipeptide
geometry puts peptide side
chains on opposite sides of the
peptide bond plane. If one de-
fines the torsion angle §=C,f—
C,%C,"~C,* (Scheme 2), this
translates to 6 values close to
180°. To build a Phe-Phe class
structure, both side chains must
be positioned on the same side
of the peptide bond plane,
giving 6-values close to 0°
Table 1. Such values are rare
among dipeptides and probably

K

Ile Leu

Figure 9. Schematic drawing of Ile and Leu side chains and how they can
be made to fit around a hexagonal symmetry axis.

represent higher energy conformations that are nevertheless
used by Phe-Phe class structures to solve the packing prob-
lem.

Chem. Eur. J. 2007, 13,1022-1031
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Figure 10. Different conformations of Ile-Ile® (§=175°; left) and Ile-
Leu! (§=11°; right). The three main-chain torsion angles involved (N;-
C,*C/-N,, C;*-C/-N,- G,* and C,"-N,-C,*-C,) measure 145°, 169°, —143°
and 137°, 175°, 50°, respectively.

*HaN

Scheme 2.

Crystallization of Hydrophobic Dipeptides

Obtaining diffraction-quality crystals of the compounds
studies has been one of the major obstacles in carrying out
the present investigation. A few compounds, like Val-Alal'®!
and Ala—Val,'"” crystallize rather easily, while most other di-
peptides tend to give extremely thin, hairlike fibers unsuita-
ble for single-crystal work. The first solution found to this
problem, applied for Val-Val and Ala-Ile,"® involved ad-
justment of the concentration of the peptide in vapor diffu-
sion experiments to be just above the limiting value needed
to observe precipitation. Later it was discovered that useful
crystals of several peptides could be obtained by quick evap-
oration of aqueous solutions at elevated temperatures, up to
80°C for Phe—Phe.['”! Many of the peptides are poorly solu-
ble in water at room temperature, and the higher tempera-
tures are probably needed to bring peptide concentrations
to a reasonable level for crystal growth when nucleation
starts. The need to carry out these experiments rather fast,
15 minutes has typically been used, may reflect a compro-
mise between high enough concentration and peptide stabil-
ity. We have not looked into detail on this matter, but have
on two occasions, for Val-Leu™*” and Ile-Ile,*¥ obtained
crystals of a cyclic dipeptide (diketopiperazine) from a solu-
tion of the corresponding linear peptide.

When it is desirable to keep water away from the peptide,
trifluoroethanol is a solvent with reasonable solubility for
many peptides. Another good (but expensive) alternative,
introduced by Reches and Gazit for Phe-Phe,*! is
1,1,1,3,3,3-hexafluoro-2-propanol, which we have used to
obtain crystals of Phe—Trp.[ !

Chem. Eur. J. 2007, 13, 1022-1031
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Recent Developments: The Structures of Leu—Ser
and Ile-Ile-Trifluoroethanol

One of the compounds studied as part of the extended in-
vestigation of dipeptides with one hydrophobic residue and
one that is either Ser or Thr, was Leu-Ser. In view of the
shape of the Leu side chain, which apparently makes it less
suited for formation of porous structures with hydrophobic
channels (see above), it was surprising to find that this par-
ticular compound forms a new type of crystal structure with
hydrophobic channels that have a van der Waals diameter
of 49 A (Figure 11 top).”” Co-crystallized acetonitrile sol-

T R TR R QIS
-{.._w:-:t J_:’"T - —',—J-i?:_‘( "'"c:t-_j’?.;’«‘_—%"m"' 3

i s N

Figure 11. Top: Crystal structure of Leu-Ser.*”! Bottom: Dry crystal of
Leu-Ser (above) and crystal soaked in I,-solution (below).

vent molecules were easily removed by drying, and the
porous nature of the crystals was subsequently demonstrated
in a compelling manner by soaking them in a solution of tol-
uene saturated with I,, whereupon the colorless crystals ab-
sorbed I, and turned dark brown (Figure 11, bottom). The
crystal packing of Leu-Ser is sterically incompatible with
side-chain branching at CP, and hence Val-Ser™*! (see
above) and Ile-Ser™ form other types of structures. The ar-
omatic side chain of Phe-Ser is too large to be accommodat-
ed inside the channels,”! while Ala-Ser forms a compact
structure.’? The structure of Met-Ser is divided into layers
such as Ile-Ser.”

www.chemeurj.org — 1029
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A final rather spectacular example of formation of a pep-
tide-based microporous material was recently discovered
when Ile-Ile was crystallized from a solution of the peptide
in trifluoroethanol (TFE), with acetonitrile as the precipitat-
ing agent. The structure formed has pores that rival Phe—
Phe as the largest found for a supramolecular host of this
type, 10 A, but moreover has the unique property of pos-
sessing a co-crystallized solvent molecule on the inner sur-
face of the channels, (Figure 12).*”) In an unprecedented ex-

Figure 12. Top: Pores with diameter 10 A in the structure of Ile-Ile TFE
solvate hydrate.’”) Bottom: Detail showing the location of TFE mole-
cules inside a pore.

periment, this solvent molecule was replaced by soaking the
crystals in sec-butanol, probably the first example of post-
crystallization stoichiometric replacement of solvent mole-
cule in a crystal. Moreover, sec-butanol is a racemate, and
the observed preference for one enantiomer (the S form)
provides a tantalizing demonstration of chiral separation by
a microporous organic crystal.’
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Applications

High affinity for absorption of Xe gas has been demonstrat-
ed for Val-Ala and Ala—Val, with sorption occurring most
efficiently in Val-Ala channels, although these are slightly
smaller then the channels of Ala—Val (diameters 4.90 and
5.13 A, respectively).’>% Peptides in the Val-Ala generally
display high selectivity for CO,(g) at ambient tempera-
ture.®

As for the Phe-Phe class, significant results for Phe—Phe
itself show that very stiff crystalline fibers can act as casts
for production of silver nanowires.,*”> Incorporation of
platinum has also been demonstrated.” Furthermore, Phe-
Phe can act as a model for the aggregation of aromatic
groups observed in patients suffering from Alzheimer’s dis-
ease.¥! In addition the characteristics of the nanotubes
formed by Phe—Phe class of peptides resemble those formed
by the cyclic p,L-peptides,>® and incorporation into mem-
branes might be achievable. A molecular dynamics study of
Trp—Gly has already revealed details on the mobility of
water inside the tubes.”®

Among known microporous materials, the peptide-based
structures are unique in being constructed from chiral build-
ing blocks (in distinction to metallo-organic frameworks
(MOFs) and zeolites). The interior of the channels is ac-
cordingly also chiral. This opens the potential of construct-
ing microporous materials that selectively absorb one enan-
tiomer from a racemic mixture (chiral absorption). It should
be pointed out that the materials have very low toxicity and
constitute environmentally benign alternatives to inorganic
materials or MOFs. Positioning of functional groups and
even metal ions on the interior channel surfaces could make
these materials interesting for applications in catalysis.

Conclusion

Hydrophobic dipeptides are readily available, versatile
building blocks for construction of microporous materials by
supramolecular self-assembly. Compared to other organic
materials, the dipeptide structures are remarkably stable
porous frameworks; co-crystallized solvent inside channels
can often be completely removed with full retention of the
peptide host lattice. Different families of hydrophobic di-
peptides have different channel properties, which might find
useful applications in gas storage, selective absorption, and
as model compounds for membrane channels.
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