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Foldamers are artificial molecules capable of organization
into well defined secondary structures such as helixes, β
sheets and turns. The essential requirement for an oligomer
to qualify for inclusion in the foldamer family is to possess
a well defined, repetitive secondary structure, imparted by
conformational restrictions imposed by the monomeric unit.
These compounds may be composed of subunits of any kind,
but most of them contain unusual amino acids and/or aro-
matic units. We describe the synthesis, the conformation
analysis and the physical properties (in the solid state) of
pseudopeptide foldamers containing imido-type functions,
obtained by coupling the nitrogen of a 4-carboxy oxazolidin-
2-one unit with the carboxylic acid moiety of the next unit,

Introduction

The word “foldamers” was coined to describe discrete
artificial oligomers that adopt specific and stable conforma-
tions akin to those seen among biopolymers such as pro-
teins and nucleic acids.[1] This neologism means “folding
molecules” and refers mainly to medium-sized molecules
(about 500–5000 amu) that fold into definite secondary
structures (i.e., helices, turns and sheets), thus being able to
mimic biomacromolecules despite their smaller sizes. The
essential requirement of a foldamer is to possess a well de-
fined, repetitive secondary structure, imparted as a result of
conformational restrictions of the monomeric unit.

Investigation into these new structural scaffolds has blos-
somed in many laboratories because they hold promise for
addressing chemical, physico-chemical and biological prob-
lems and represent a new frontier in research.[2] Many
groups have explored oligomers with wide backbone variety
as potential foldamers. A large family of foldamers explored
to date is that made up of oligomers derived from amino
acid building blocks (including α-, β-, γ- and δ-amino ac-
ids);[3] this family (i.e., oligoamides) offers myriad possibil-
ities for the construction of sophisticated folded architec-
tures with possible applications ranging from biomedicine
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which may be another 4-carboxy oxazolidin-2-one or an
amino acid. Such an imido-type function is characterized by
a nitrogen atom connected both to an endocyclic and to an
exocyclic carbonyl group, and tends always to adopt the
trans conformation. As a consequence of this remarkable
property, which causes local constraint, these imido-type
oligomers are forced to fold in ordered conformations. In
combination with interactions of other kinds (H bond, apolar
interactions, etc.), these lead to the formation of supramolec-
ular materials. The synthetic approach is highly tuneable
with endless variations, so materials with required properties
may be prepared “on demand”, simply by changing the de-
sign and the synthesis.

to materials science.[4] Recently, several examples of folda-
mers containing mixtures of α- and β-, α- and γ-, or β- and
γ-amino acids in alternating order have been reported. As
well as helical structures with hydrogen bonds pointing only
in one direction, either backward or forward along the se-
quence, mixed helixes (β helixes) with hydrogen bonds alter-
nately changing in forward and backward directions have
also been found in these regular hybrid peptides.[5]

In the last few years the design and synthesis of oligo-
mers based on proline units, both in the presence and ab-
sence of stabilizing hydrogen bonds, have been extensively
pursued. As examples, non-hydrogen-bonded secondary
structures such as poly(Pro)n helices occur occasionally in
proteins and in short peptides, individual strands within the
collagen triple helix are folded in a poly(Pro)n II (PPII) con-
formation, and short PPII helices play important roles in
protein–protein recognition.

Interesting new structures may be prepared by replacing
the proline moieties with pseudoproline (ΨPro) units.[6]

This term was introduced recently to indicate synthetic pro-
line analogues usually obtained by cyclocondensation of the
amino acids cysteine, threonine or serine with aldehydes or
ketones. The conformation preceding ΨPro in a peptide is
a matter of interest because the propensity of the amino
acid proline to form a Xaai–1–Proi cis peptide bond can be
strongly enhanced by the introduction of a pseudoproline
residue. Very recently oxazolidines containing trifluorome-
thyl groups (Fox) have been synthesized by condensation of
serine esters with trifluoroacetaldehyde hemiacetal or tri-
fluoroacetone.[7]
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Five-membered cycles that contain a nitrogen and a
carboxy unit adjacent to one another in the ring may be
assigned to the family of pseudoprolines: all these com-
pounds share the same properties because a nitrogen atom
adjacent to a carbonyl group behaves as a rigid spacer, ow-
ing to the presence of the endocyclic carbonyl group, which
strictly imposes a trans conformation on the adjacent pep-
tide bond. This effect is due to the tendency of the two
carbonyl groups to orient themselves apart from one an-
other (Figure 1).

Figure 1. Preferential conformation of the imidic bond.

This microreview summarizes recent work on foldamers
containing some pseudoproline units, such as pyroglutamic
acid, 4-carboxyoxazolidin-2-ones or 4-carboxyimidazolidin-
2-ones. The introduction of these heterocycles in oligomers
causes local constraints that force the oligomers to fold in
ordered conformations.

In the first and second parts of the review, the synthetic
methods required to prepare and to derivatize these hetero-
cycles are described. In the third part, the conformation
analysis of these foldamers in solution is reported, whereas
in the fourth part the behaviour of these foldamers as sup-
ramolecular materials is described.

The extensive study that has been performed on this
group of foldamers allows the preparation of supramolec-
ular materials with remarkable properties with different po-
tential applications.
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The synthetic approach is highly tuneable with endless
variations, so foldamers with the required properties may
be prepared “on demand” simply by changing the design
and the synthesis.

1. Preparation of Oxazolidin-2-ones and Related
Molecules

Several compounds possessing these properties have been
prepared on middle to large scales. To allow the use of inex-
pensive natural compounds that are capable of forming
imidic bonds, the possibility of utilizing pyroglutamic acid
(pGlu) as a pseudoproline moiety was investigated.[8] Al-
though pGlu is available in both configurations at low price,
it is usually present in polypeptide chains only as an N-
terminal amino acid, owing to the low reactivity of the ni-
trogen, and very few examples of nitrogen acylation have
been described.[9] Unfortunately, the derivatization of pyro-
glutamic acid proved to be quite difficult (see Section 1.4)
because it is an amide, so 2-carboxyoxazolidin-2-ones and
2-carboxyimidazolidin-2-ones were synthesized. These
compounds are more reactive towards acylation, due to the
reduction of nitrogen back-donation by the presence of an-
other heteroatom adjacent to the carbonyl group.

1.1.Preparation of 5-Substituted trans-(4S,5R)-4-
Carboxybenzyloxazolidin-2-ones (Oxd)

These compounds are common heterocycles[10] easily ob-
tainable by treatment of vicinal amino alcohols with a syn-
thetic equivalent of carbon dioxide,[11] provided that the
amino alcohols are commercially available or can be easily
synthesized.[12]
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As well as a straightforward method that allows 5-

methyl-4-carboxyoxazolidin-2-one to be obtained by start-
ing from l-threonine,[13] a general synthetic method that af-
fords any 5-substituted trans-(4S,5R)-4-carboxybenzylox-
azolidin-2-one from an enantiomerically pure β-amino acid
has been reported.[14]

N-Boc β-amino methyl acids can be easily obtained in
enantiomerically pure form by enzymatic hydrolysis of the
corresponding racemic N-phenylacetyl amide with penicil-
lin G acylase (PGA),[15] which preferentially hydrolyses the
l (i.e., S) enantiomer.

On treatment with LiHMDS and iodine at low tempera-
ture, the fully protected β-amino acids undergo cyclization
with the formation of the corresponding 3-alkyl/aryl-substi-
tuted 2-carboxymethylaziridines with high diastereoselectiv-
ity (Scheme 1).[16] The reactions between the lithium di-
anions of N-protected β-amino esters and electrophiles af-
ford the 2,3-anti adducts both in high yields and with high
stereoselectivities, as previously reported.[17] When the elec-
trophile is a good leaving group (as in the case of halogens),
the direct formation of the corresponding aziridine is ob-
served, because the halogen is substituted by the neighbour-
ing nitrogen. High yields and satisfactory diastereoselectivi-
ties are always achieved.

Scheme 1. General method for the synthesis of 3-alkyl/aryl-substi-
tuted N-Boc-2-carboxymethylaziridines.

Catalysis with Brønsted acids has been reported in the
past,[18] but affords complex mixtures of products. Treat-
ment of N-Boc-2-carboxymethylaziridines with BF3·Et2O
or BF3·2H2O affords the corresponding 4-carboxymeth-
yloxazolidin-2-ones in poor yields. In contrast, very good
results are obtained when the reactions are performed in
the presence of catalytic amounts of chelating Lewis ac-
ids,[19] such as Cu(OTf)2, Sn(OTf)2 and Zn(OTf)2.

The rearrangements proceed with complete regio- and
stereoselectivity, with the oxygen always migrating away
from the carboxymethyl group. Moreover, the rearrange-
ments are totally stereoselective, with cis- and trans-disub-
stituted N-Boc-aziridines affording exclusively cis- and
trans-oxazolidin-2-ones, respectively. This behaviour can be
explained by analysing the probable reaction mechanism,
shown in Scheme 2. The Lewis acid catalyses the formation
of an incipient carbocation on C3, which is the driving force
for the rearrangement that proceeds with the elimination of
a molecule of isobutene.
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Scheme 2. General method for rearrangements of N-Boc-2-carb-
oxymethylaziridines.

1.1.1. Preparation of Other Carboxyoxazolidin-2-ones

Benzyl (4R,5S)-4-{[tert-butyl(dimethyl)silyl]oxymethyl}-
2-oxooxazolidine-5-carboxylate (A) and benzyl (4S,5S)-5-
{[tert-butyl(dimethyl)silyl]oxymethyl}-2-oxooxazolidine-4-
carboxylate (B) can be obtained in a similar way from l-
aspartic acid (Figure 2).[20]

Figure 2. Synthetic scheme for the preparation of the the re-
gioisomeric oxazolidin-2-ones A and B from l-aspartic acid.

The common reagent for the highly stereoselective syn-
thesis of the two compounds was a fully protected β-amino-
γ-hydroxybutanoic acid, obtained in five steps from com-
mercially available Z-Asp-OH (Z = carbobenzoxy) or Boc-
l-Asp-OH (Boc = tert-butoxycarbonyl). Alloc-l-Asp-OH
(Alloc = allyloxycarbonyl) was prepared from l-Asp-OH
and AllocCl in dimethyl formamide (DMF) in the presence
of diisopropyl ethyl amine (DIEA).[21]

The introduction of the stereogenic centre at C2 was
achieved by formation of the corresponding lithium salt
and quenching with iodine with the formation of the corre-
sponding aziridines (Scheme 3). The oxazolidin-2-one was
prepared by ring-expansion of the carboxyaziridine, cata-
lysed by Sn(OTf)2; the reaction is totally regio- and dia-
stereoselective. The presence of an azaphilic Lewis acid,
such as Sn(OTf)2, promotes the rearrangement, which is en-
hanced and directed by the presence of the adjacent car-
boxy group, whereas the tert-butyldimethylsilyloxy group
does not affect the regioselectivity.

Moreover, the corresponding reaction in dry toluene re-
sulted in the exclusive formation of the corresponding anti
α-iodo derivative,[22] which can be isolated as a single
stereoisomer and transformed into the trans-oxazolidin-2-
one in quantitative yield simply by treatment with micro-
waves in DMF (Scheme 4). This alternative method there-
fore allows us to prepare the regioisomer of the previously
prepared compound.
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Scheme 3. Synthesis of benzyl (4S,5S)-5-{[tert-butyl(dimethyl)silyl]-
oxymethyl}-2-oxo-oxazolidine-4-carboxylate (A).

Scheme 4. Synthesis of (4S,5S)-5-{[tert-butyl(dimethyl)silyl]oxy-
methyl}-2-oxooxazolidine-4-carboxylate (B).

1.2. Preparation of 2-[(4S)-2-oxooxazolidin-4-yl]acetate
(D-Oxac)

A couple of syntheses of 2-[(4S)-2-oxooxazolidin-4-yl]-
acetate (d-Oxac) derivatives have been described;[23] they
are based on hydrolysis or alcoholysis of (3S)-[(carboben-
zyloxy)amino]-γ-butyrolactone, prepared in turn from Z-l-
Asp-OH by a known procedure.[24] The benzyl ester d-
Oxac-OBn can be efficiently synthesized from Z-l-Asp-OH
in a four-step preparation (Scheme 5).[25] On treatment with
neat Ac2O under microwave irradiation conditions, Z-l-
Asp-OH was transformed into the corresponding anhy-
dride, which was reduced with NaBH4 to a mixture of lac-
tone and hydroxyacid. This mixture was treated with
Cs2CO3 to provide (quantitative yield) the caesium carb-
oxylate, which was transformed into the benzyl ester and
purified.

Scheme 5. Synthesis of 2-[(4S)-2-oxooxazolidin-4-yl]acetate (d-
Oxac).

1.3.Preparation of Imidazolidin-2-one-4-carboxylates (Imz)

The Hofmann rearrangement is a well-known reaction
that easily allows the transformation of primary amides
into amines[26] by treatment with bromine under aqueous
basic conditions. Several methods employing different rea-
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gents that are generally able to deliver a positive halogen
have been described.[27] However, the classical method for
converting a primary carboxamide into an amine with the
aid of an alkaline solution of bromine can be unsatisfactory
and unreliable.[28]

This method allows imidazolidin-2-one-4-carboxylate
(Imz) and 2-(tetrahydro)pyrimidin-2-one-5-carboxylate to
be obtained on multigram scales[29] through the rearrange-
ments of protected asparagine (Asn) and glutamine (Gln)
derivatives, respectively, in the presence of PhI(OAc)2

[30]

(Scheme 6).

Scheme 6. General method for rearrangements of protected aspara-
gine or glutamine derivatives.

THF is the solvent of choice for these reactions under
any conditions. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU)
is needed for the formation of five-membered rings, whereas
for the formation of the six-membered rings better results
were obtained with DIEA.

The most likely reaction mechanism follows a path sim-
ilar to that of the classical Hofmann rearrangement.[31] The
first step is the formation of an intermediate (Figure 3) that
easily evolves into the corresponding isocyanate. This in
turn is trapped by the nitrogen of the carbamate (or amide)
unit, thus forming a five- or six-membered ring in a thermo-
dynamically driven process.

Figure 3. Reaction pathway for the formation of 2-oxaimidazolid-
inones (n = 1) or of 2-(tetrahydro)pyrimidinones (n = 2).

1.4. Acylation of Oxazolidin-2-ones and Related Molecules

γ-Lactams, oxazolidin-2-ones and imidazoldin-2-ones
each contain a nitrogen that is a poor nucleophile, relative
to the proline amino group. The acylation procedures there-
fore require some attention and are discussed here.

1.4.1. Acylation of the Pyroglutamic Acid Moiety (pGlu)

The acylation of pGlu-OBn was performed with N-pro-
tected amino acids in which the acidic moieties had been
transformed into the corresponding pentafluorophenyl es-
ters.[32] The coupling with pGlu-OBn was performed in the
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presence of several bases under inert atmosphere
(Scheme 7), but very poor yields were obtained in many
cases. In contrast, good to excellent results were obtained
with LiHMDS, which turned out to be the reagent of
choice.[33]

Scheme 7. General procedure for the acylation of pGlu-OBn.

1.4.2. Acylation of the Oxazolidinone Moiety (Oxd) for the
Synthesis of Homo-oligomers

The acylation of oxazolidin-2-one moieties proved easier
and the presence of a lithium base was not required. In-
deed, two molecules of l-Oxd were coupled by activation
of the carboxy group.[34] Previously the acylation had been
performed by treatment of the carboxyl group with oxalyl
chloride and DMF,[35] but this approach damages the het-
erocycle component. The desired Boc-l-Oxd-l-Oxd-OBn
was thus obtained in quantitative yield in the presence of
DIEA and a catalytic amount of dimethylaminopyridine
(DMAP) in DMF. The yield is around 70%, but it is very
sensitive to reaction conditions and can drop to about 30%
if the reaction is not carried out carefully (Scheme 8).

Scheme 8. Synthesis of Boc-l-Oxd-l-Oxd-OBn.

1.4.3. Acylation of the Oxazolidinone Moiety (Oxd) with
Acyclic Amino Acids

Also in this case the acylation proved easier. Boc-l-Ala-
l-Oxd-OBn, for instance, was obtained by coupling Boc-l-
Ala-OH with H-l-Oxd-OBn in the presence of N-[(1H-
benzotriazolyl)(dimethylamino)methylene]-N-methylmeth-
aneiminium hexafluorophosphate N-oxide (HBTU)[36] and
DBU in dry acetonitrile (Scheme 9). It is crucial to perform
the reaction under nitrogen, because the yield falls drasti-
cally in the presence of air. Depending on the reaction con-
ditions, HATU [2-(7-aza-1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate] or HCTU [2-(6-
chloro-1H-benzotriazol-1-yl)-1,1,3,3-tetramethylaminium
hexafluorophosphate] can be employed as coupling agents
and DIEA or TEA (triethylamine) can be utilized as bases.
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Scheme 9. General procedure for the acylation of d-Oxd.

1.4.4. Acylation of the Imidazolidin-2-one Moiety (Imz)

Direct acylation of the heterocycle nitrogen in good yield
failed, so the dipeptide Boc-l-Phe-d-Imz-OBn was pre-
pared by starting from the readily available Boc-l-Phe-d-
Asn-OBn and use of the modified methodology for the
Hofmann rearrangement described above (Scheme 10). Af-
ter preparation and purification by conventional methods,
Boc-l-Phe-d-Asn-OBn was treated with PhI(OAc)2 and
DBU in tetrahydrofuran (THF).

Scheme 10. Synthesis of Boc-l-Phe-d-Imz-OBn.

1.5. Synthesis of Cyclic Systems Containing Oxazolidin-2-
one Units

Cyclic peptides have been extensively studied because
they provide ideal scaffolds for exploring structure–activity
relationships in ligand–receptor interactions.[37] Cyclization
favours the mimicking of turns and the formation of intra-
molecular hydrogen bonds and increases membrane perme-
ability, by eliminating charged termini.[38] Furthermore, sev-
eral azole-based cyclic peptides have been isolated from ma-
rine organisms, fungi and algae: they display interesting
antitumour and antidrug resistance properties and are po-
tential metal ion chelators.[39] Cyclic pseudopeptides con-
taining heterocycles are thus good candidates to mimic the
shapes and the pharmacological activities of these interest-
ing natural products.

Six cyclopeptide analogues of different shapes, each con-
taining the d-Oxd unit alternating with a generic l-amino
acid, have been prepared.[40] The general formula is cyclo-
(l-AA-d-Oxd)n (where AA is a generic α-amino acid and
n = 3, 4). The preparations and cyclizations of the linear
pseudopeptides were performed in the liquid phase and
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were compatible with different macrocycle sizes (n = 3, 4)
and with several side chains, such as the fluorescent dansyl
(dansyl = DANS = 5-dimethylamino-1-naphthalenesulfon-
yl) unit,[41] which can be used to determine the location of
a molecule in a biological environment (Figure 4).[42] The
best reaction conditions for cyclization were found to be
with HATU and TEA as reagents in solution (5 mm) in dry
acetonitrile at room temperature.

Figure 4. Chemical structures of the Oxd-containing cyclic pseudo-
peptides with n = 3.

2. Conformational Analysis of Foldamers
Containing Oxazolidin-2-ones and Related
Molecules in Solution

2.1. Conformational Analysis of Homo-oligomers in
Solution

2.1.1. Homo-oligomers of L-Pyroglutamic Acid (L-pGlu)

A detailed conformation analysis of the homo-oligomers
of l-pGlu (from monomer to tetramer, Figure 5) in solu-
tion, performed by FTIR absorption, 1H NMR and CD
techniques, is reported, together with the results of the crys-
tal-state analysis by X-ray diffraction and of a high-level
DFT computational modelling of Boc-(l-pGlu)2-OH,
which demonstrate that a stabilizing αC–H···O=C intramo-
lecular H-bond is present.[43]

Figure 5. Chemical structure of the longest investigated l-pGlu
homo-oligomer.

The oligomers were prepared by the coupling method de-
scribed in Section 1.4.1.

From literature data on imides[44] and from comparison
of the FTIR absorption spectra of the oligomers, it may be
concluded that there is no evidence of any abrupt change
in conformation in CDCl3 solution as the pseudopeptide
main chain elongates. In this pseudopeptide series the only
potentially informative protons for NMR-based conforma-
tion analysis are the αCH protons. The chemical shifts of
all of the αCH protons, except for those assigned to the C-
terminal residues, cluster in a region significantly downfield
from that common to peptide αCH protons (about 4.5–
5.0 ppm):[45] this unusual shift is due to the presence of the
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γ-lactam carbonyl group in the vicinities of the N-terminal
and internal αCH protons and is clearly absent in the case
of the C-terminal αCH proton, which therefore resonates in
the expected spectral region. An additional interesting piece
of information extracted from this analysis is that, if the
αCH proton of a given residue is close to the γ-lactam car-
bonyl group of the following l-pGlu residue, then the –CO–
N� bond external to the ring system is forced to adopt the
trans conformation. This result is not surprising on ener-
getic grounds because this imide conformation[46] is the one
that allows the two nonbonded carbonyl oxygen atoms of
this semicyclic system to be located furthest apart. The con-
formational conclusions extracted from this NMR study fit
nicely with those obtained from our FTIR absorption
analysis and discussed above.

The electronic absorption spectra of the semicyclic
imides Boc-(l-pGlu)n–OH (n = 1–4) in MeOH solution
(Figure 6) are each characterized by two moderately intense
(ε = 4000–2000) transitions in the 200–250 nm region
centred at about 210 and 220 nm.[47] Whereas the monomer
exhibits a single, positive band (at 215 nm) above 200 nm,
the CD spectra of the higher oligomers show dichroic dou-
blets (positive at longer wavelengths) of regularly increasing
intensity with increasing backbone length. In these three
spectra the positive lobe is lower in intensity than the nega-
tive lobe and the cross-over point is at 223–225 nm. The
shape similarity and the regularly increasing intensity of the
CD spectra with main-chain elongation from dimer to tet-
ramer therefore indicate the persistence of the same back-
bone conformation for these pseudopeptide oligomers in
MeOH solution.

Figure 6. CD spectra of the Boc-(l-pGlu)n-OH (n = 1–4) series in
MeOH solution (conc. 1 mm).

The molecular structure of Boc-(l-pGlu)2-OH in the
crystal structure, as obtained by X-ray diffraction analysis,
is shown in Figure 7. The φ and ψ backbone torsion angles
for the two residues 1 and 2 [φ1 = –58.1(6)°, ψ1 = 146.1(4)°;
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φ2 = –83.2(5)°, ψ2 = 166.8(4)°] indicate a partially extended
conformation, similar to the type-II poly(-l-Pro)n struc-
ture.[48]

Figure 7. X-ray diffraction structure of Boc-(l-pGlu)2-OH. Repro-
duced from ref.[43]

Through high-level DFT computational results for Boc-
(l-pGlu)2-OH, the occurrence of an unconventional, weak
C–H···O=C H-bond interaction was investigated, this hav-
ing already been recognized as a significant structural fea-
ture both in natural and in synthetic molecules.[49] The cal-
culation results yield a ca. 1.4 kcal mol–1 stabilization en-
ergy due to the C1A–H1A···O2D–C2D H-bond, which is
within the range reported in the literature for unconven-
tional C–H···O=C interactions of this kind (less than
2.0 kcalmol–1). The results of these calculations indicate
that this weak H1A···O2D interaction also has an effect on
the 1H NMR spectra, in excellent agreement with the exper-
imentally observed values.

The (l-pGlu)n homo-oligomers thus represent a new type
of helical structure, similar to that adopted by poly-(l-
Pro)n with trans tertiary peptide bonds (type II). Both re-
peating systems generate left-handed, ternary (31 symmetry)
helices, but the (l-pGlu)n system is rigid and the (l-Pro)n

system significantly more flexible, due to the cis/trans isom-
erism about the tertiary amide bonds. Because this phenom-
enon, particularly significant in short homo-oligomers,[50] is
responsible for the onset of multiple, coexisting conformers,
it is clear that the (l-Pro)n oligopeptides cannot be safely
exploited as spacers or templates with reliably predeter-
mined separations.

2.1.2. Homo-oligomers of trans-(4S,5R)-4-Carboxybenzyl-
5-methyloxazolidin-2-one (L-Oxd)

Solution conformation analysis of l-Oxd homo-oligo-
mers by FTIR absorption, 1H NMR and CD techniques is
discussed here. These compounds were obtained after syn-
thesis of l-Oxd (Section 1.1) and coupling of the mono-
meric units (Section 1.4.2.) up to the pentamer level.[51]

From the FTIR absorption spectra of the oligomer
series, it is evident that the major contribution to all four
bands in the 1830–1700 cm–1 region is by the carbonyl
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stretching absorptions of the acylurethane moiety. In par-
ticular, the intensities of the two bands near 1790 and
1720 cm–1 regularly increase with oligomer backbone
lengthening. From this FTIR absorption analysis it may be
concluded that in CDCl3 solution there is no evidence of
any abrupt change in conformation as the pseudopeptide
main chain elongates, as already observed for the l-pGlu
series (Section 2.1.1.).

In this Boc/OBn-protected l-Oxd series the only poten-
tially informative protons for a 1H NMR conformation
analysis are the αCH protons. As discussed for the l-pGlu
series in Section 2.1.1., the chemical shifts of all αCH pro-
tons in CDCl3 solution, except for that assigned to the C-
terminal residue, cluster in a region significantly downfield
from that common to peptide αCH protons (about 4.5–
5.0 ppm) and especially to the αCH protons of poly (l-
Pro)n II (δ =4.80 ppm).[52] This unusual shift is due to the
presence of an oxazolidin-2-one carbonyl in the vicinity of
the N-terminal and internal αCH protons. This αC–
H···O=C interaction is clearly absent in the case of the C-
terminal αCH proton, which therefore resonates in the ex-
pected spectral region.

The CD spectra series suggests conclusions similar to
those observed for the l-pGlu series. Whereas the monomer
exhibits a single, weak and positive band (at about 215 nm)
above 200 nm, the CD spectra of the higher oligomers show
dichroic doublets of regularly increasing intensity with in-
creasing backbone length. In these spectra the positive
lobes are lower in intensity than the negative lobes and the
cross-over points are at 212–216 nm. Also, these curves give
rise to a nearly isodichroic point in the vicinity of 217 nm.

To determine the conformational minima for the l-
(Oxd)n oligomers and to provide a more accurate explana-
tion of their magnetic properties, fully unconstrained DFT
optimizations for Boc-(l-Oxd)n-OBn (n = 2–5) were carried
out.

For Boc-(l-Oxd)2-OBn, the fully relaxed structure does
seem to involve an αC–H···O=C interaction as shown for
the related (l-pGlu)2 oligomer. To validate the optimized
structure further, the 1H NMR chemical shift (δ) values for
its CHα protons were simulated and compared with those
observed in CDCl3 solution. Although consistently shifted
to higher field by about 0.4 ppm (this effect is due to the
approximation of the simulation method used here),[53] the
simulated values for the H1A and H2A chemical shifts (δ
= 4.22 ppm and δ = 5.12 ppm, respectively) do in fact exhi-
bit the same trend as the experimental data. In conclusion,
the anomalous downfield chemical shift both computed
and observed for the proton H1A can be ascribed to the
noncovalent H1A···O2D interaction. The strength of such
a weak αCH···O=C interaction was judged to be about
1.5 kcal mol–1, as previously reported.

The lowest energy minimum for trimer, tetramer and
pentamer was optimized in a similar fashion, thus showing
that for each homo-oligomer there are n – 1 (where n is the
number of monomers in each molecule) downfield-shifted
protons and, as a consequence, that there are also n – 1
αC–H···O=C hydrogen bonds. These interactions, although
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weak, do stabilize the overall secondary structure, allowing
the molecule to adopt a robust poly (l-Pro)n II-type helix
(31 helix) (Figure 8).

Figure 8. (a) Front view and (b) side view of the calculated Boc-(l-
Oxd)5-OBn helix. The terminal protecting groups have been re-
moved. Reproduced from ref.[51]

2.1.3. Homo-oligomers of (4R)-(2-Oxo-1,3-oxazolidin-4-yl)-
acetic Acid (D-Oxac)

The homo-oligomers of d-Oxac (a cyclic β-amino acid
derivative) would be expected to adopt more flexible struc-
tures than those characteristic of their α-amino acid coun-
terparts, although they still contain imide moieties (Fig-
ure 9).[54]

Figure 9. Chemical structure of the longest d-Oxac homo-oligomer
investigated.

The synthesis of the homo-oligomers was achieved under
liquid-phase conditions by the previously described pro-
cedure (Section 1.4.2). With formation of the longer oligo-
mers the compounds become progressively more water-sol-
uble.

An experimental investigation of the preferred conforma-
tion assumed by Ac-(d-Oxac)n-OBn (n = 1–4) oligomers in
CDCl3 solution was performed by 1H NMR spectroscopy.
The chemical shifts of the α-protons of the four oligomers
are more deshielded by about 0.5 ppm relative to those of
the C-terminal ring, which resonate in the expected spectral
region. This has previously been observed in all of the pseu-
dopeptides containing oxazolidin-2-ones or γ-lactam rings
(Section 2.1.1. and 2.1.2.) and is due to the presence of an
endocyclic carbonyl in close proximity to the αCH protons,
so it is a general effect. A similar effect has also been ob-
served for the β-protons, but in this case it is much weaker,
with a variation of only about 0.1 ppm found. Because both
the α- and the β-protons of each d-Oxac oligomer are affec-
ted by the presence of the endocyclic carbonyl, a reasonable
preferred conformation should invoke an anti disposition
for the two carbonyls.

With the aim of confirming these experimental results
and in particular of obtaining a better insight into the con-
formational preference of the Ac/OBn d-Oxac tetramer
both in a solvent that would support a 3D structure (chlo-
roform) and also in a competitive solvent (water), an exten-
sive unconstrained conformation analysis was performed by
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varying all of the degrees of freedom with use of the Monte
Carlo[55] conformational search (MC/EM), the OPLS*
force field[56] for energy calculation and the GB/SA both in
water and chloroform to include the solvent effect.[57]

Different results were obtained upon switching the analy-
sis from structure-supporting solvents (e.g., chloroform) to
competitive solvents (e.g., water). Nevertheless, all of the
conformations, both in water and in chloroform, show an
anti orientation for the two carbonyl groups of each imide
moiety. Furthermore the conformation analysis clearly
showed this molecule folding in an ordered helix in compet-
itive solvents such as water. This outcome was validated by
DFT 1H and 13C NMR simulations that furnished chemical
shifts that matched the experimentally measured values. Be-
cause the water environment is of major importance in bio-
logical systems, the molecules described in this paper are
good candidates for biological application.

2.2. Conformational Analysis of Alternated Hybrid
Oligomers in Solution

2.2.1. Oligomers of the Boc-(Gly-L-Oxd)n-OBn Series

The simplest oligomers that can be prepared have the
general formula Boc-(Gly-l-Oxd)n-OBn (Gly = glycine).[58]

The synthetic approach used to prepare the Boc-(Gly-l-
Oxd)n-OBn units (n = 1–4; cf. Figure 10) has already been
described in Section 1.4.3.

Figure 10. Chemical structure of the longest investigated Boc-(Gly-
l-Oxd)n-OBn oligomer.

In order to establish whether these molecules were folda-
mers, their behaviour was analysed by IR, CD and 1H
NMR spectroscopy.

From the IR absorption spectra of all the synthesized
molecules (3 mm solutions in dichloromethane) there is a
continuous shift of the NH stretching bands from n = 1 (no
tendency to form a C=O···H–N hydrogen bond) to n = 4
(band at 3395 cm–1), thus suggesting the existence of a co-
operative effect.

To validate these results further, the oligomers were ana-
lysed by 1H NMR spectroscopy: the CH2α signals are all
more deshielded, by about 0.5–0.6 ppm, than the Boc-Gly-
l-Pro-NHMe α-protons. Even in the longer oligomers, with
complex 1H NMR spectra, all the CH2α signals are between
4.20 and 4.80 ppm, thus confirming that all the imide
groups assume a preferential conformation with the two
carbonyls in a trans relationship, as expected, even with the
small glycine unit.

The regular increase in C=O···H–N hydrogen bonds
from n = 1 to n = 4 suggested by the IR analysis was also
detected on investigation of the [D6]DMSO dependence of
the NH proton chemical shift.[59] Whereas the variation of
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chemical shift with increasing [D6]DMSO percentage is
very large for Boc-(Gly-l-Oxd)2-OBn, the titration of Boc-
(Gly-l-Oxd)4-OBn results only in a small variation of the
chemical shift of the NH units, in good agreement with the
IR of the NH region, thus suggesting that a secondary
structure is formed in the longer chain.

Finally, the per-residue CD signals change on going from
n = 1 to n = 4 with a dramatic increase in absorbance, thus
showing that an extra effect besides the chromophore ab-
sorption is present. This can be attributed to the formation
of hydrogen bonds and, as a result, of a secondary struc-
ture. This outcome is perfectly in agreement with the analy-
sis of the IR and 1H NMR spectra, which furnished evi-
dence for the formation of hydrogen bonds.

2.2.2. Oligomers of the Boc-(L-Ala-L-Oxd)n-OBn and
Boc-(L-Ala-D-Oxd)n-OBn Series

To investigate the preferred conformations of oligomers
of the Boc-(AA-Oxd)n-OBn series further, Gly was replaced
with Ala, thus introducing a methyl group as a side chain
(Figure 11).[60] Very probably, the methyl group should be
introduced only on one face of the Gly methylene moiety,
because only one side would be expected to afford a stable
secondary structure, whereas the other might obstruct helix
formation. Oligomers of both the Boc-(l-Ala-l-Oxd)n-OBn
(Ala = alanine) and the Boc-(l-Ala-d-Oxd)n-OBn series
were therefore synthesized, in order to check whether the
Gly pro-S hydrogen or the pro-R hydrogen should be re-
placed. Furthermore, both hydrogen atoms were substituted
in more constrained oligomers in which Gly was replaced
with Aib (Aib = 2-aminoisobutyric acid).[61]

Figure 11. Chemical structure of the segment R-Gly-l-Oxd-R�. The
pro-R and the pro-S α-hydrogen atoms in the Gly residue are high-
lighted.

The pseudopeptide chains were prepared in the liquid
phase, starting from H-l-Oxd-OBn, H-d-Oxd-OBn, Boc-l-
Ala-OH and Boc-Aib-OH, by the previously reported
methods (Section 1.4.3.).

The l-Ala-l-Oxd oligomers were prepared up to the tet-
ramer level (Figure 12), because of the low solubilities of
the products. This effect usually indicates that the com-
pound has a high tendency to self-aggregate.

Figure 12. Chemical structure of the longest Boc-(l-Ala-l-Oxd)n-
OBn species investigated.
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The oligomers of the Boc-(l-Ala-d-Oxd)n-OBn series
were then prepared by the same synthetic strategy. Luckily,
the compounds of this series proved to be more soluble in
organic solvents, so we could easily make Boc-(l-Ala-d-
Oxd)6-OBn (Figure 13).

Figure 13. Chemical structure of the longest Boc-(l-Ala-d-Oxd)n-
OBn species investigated.

In the Aib-Oxd series, only Boc-(Aib-l-Oxd)2-OBn and
Boc-Aib-l-Oxd-Aib-d-Oxd-OBn were prepared, because of
the low reactivity of the hindered Aib α-amino group.

Information on the preferred conformations of the de-
scribed oligomers in solution was obtained in structure-sup-
porting solvents (dichloromethane, deuteriochloroform and
methanol) by FTIR absorption, 1H NMR and CD tech-
niques. Three sets of oligomers were analysed: (i) A: Boc-
(l-Ala-l-Oxd)n-OR with n = 1–4 (R = Bn, H), (ii) B: Boc-
(l-Ala-d-Oxd)n-OR with n = 1–6 (R = Bn, H), (iii) C: Boc-
(Aib-l-Oxd)n-OR with n = 1–2 and Boc-Aib-l-Oxd-Aib-d-
Oxd-OR (R = Bn, H). The FTIR absorption spectra of the
three sets (3 mm solutions in dichloromethane) were ob-
tained: the results show that the three series behave in very
different ways. Indeed, the compounds of the A and the C
sets show no propensity to form intramolecular C=O···H–
N hydrogen bonds, whereas those of the B set form strong
hydrogen bonds in oligomers longer than the trimer.

To validate these results further, the three sets of oligo-
mers were analysed by 1H NMR spectroscopy, because the
formation of a Ci+1=O···H–Ci intramolecular H-bond can
be spotted simply by checking the chemical shift of the α-
proton, because the carbonyl proximity involves a marked
deshielding of the proton. In these series we observed this
effect only in the l-Ala-containing sets A and B, because
the Aib residues of set C have no α-hydrogen atoms.

Interestingly, the oligomers of both the A and the B sets
follow this trend, regardless of the absolute configurations
of carbons 4 and 5 of the Oxd moiety, which in contrast
are crucial for the formation of intramolecular O=C···H–
N hydrogen bonds, as deduced by IR absorption spectra
analysis.

Although the oligomers of the C set do not contain α-
protons capable of forming C=O···H–Cα H-bonds, the two
nonbonded carbonyl oxygen atoms of each semi-cyclic sys-
tem are still located as far apart as possible. This outcome
was fully demonstrated by an X-ray diffraction analysis car-
ried out on a single crystal of Boc-Aib-l-Oxd-OBn.

The occurrence of intramolecular C=O···H–N H-bonds
in oligomers of the A and B sets was further determined by
investigation of the [D6]DMSO dependence of the NH pro-
ton chemical shifts. The outcome of these titrations is in
perfect agreement with the results obtained from FTIR ab-
sorption: the NH protons of Boc-(l-Ala-l-Oxd)3-OBn are
very sensitive to DMSO, and so it is unable to form an H-
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bond-driven secondary structure [Boc-(l-Ala-l-Oxd)4-OBn
was not analysed, owing to its poor solubility], whereas all
of the NH protons of Boc-(l-Ala-d-Oxd)4-OBn and Boc-
(l-Ala-d-Oxd)5-OBn are almost insensitive to DMSO.

Another interesting piece of information was obtained in
ROESY experiments with a solution (10 mm) of Boc-(l-
Ala-d-Oxd)5-OBn in CDCl3. From an inspection of the
area between δ = 7 and 9 ppm, many NiH�Ni+1H cross
peaks, which usually represent the formation of an helix,
are visible.[62]

Further confirmation of helix formation in the longer
oligomers of the B set was obtained by recording the CD
spectra of all the free acids of sets A–C in MeOH solu-
tion.[63] The per-residue CD spectra of the A and C sets
(not shown) do not exhibit any significant change from the
monomers to the higher oligomers, thus showing that no
configuration-based effects take place.

The per-residue CD spectra of the B set are shown in
Figure 14. Ellipticity increases, associated with reversal of
the Cotton effect, were observed for Boc-(l-Ala-d-Oxd)5-
OH and, more dramatically, for Boc-(l-Ala-d-Oxd)6-OH,
thus suggesting the formation of ordered secondary struc-
tures. To define their natures, the CD spectrum of Boc-(l-
Ala-d-Oxd)6-OH, recorded at different concentrations (not
shown), does not show any change as the concentration de-
creases: this finding excludes formation of self-associated
secondary structures.

Figure 14. Normalized per-residue CD spectra of Boc-(l-Ala-d-
Oxd)n-OH (n = 1–6, 1 mm in MeOH).

Figure 15. Conformation of Boc-(l-Ala-d-Oxd)6-OBn, with the three stabilizing effects shown: (a) the rigid –CO–N(CH�)–CO– moiety,
(b) the C=O···H–C H-bonds and (c) the C=O···H–N H-bonds.

Eur. J. Org. Chem. 2011, 3648–3669 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 3657

Of the ordered peptide secondary structures that could
be formed, the CD spectra of the α and 310 helixes and
the β pleated sheet conformations were considered. From a
general inspection of the spectra shown in Figure 14, Boc-
(l-Ala-d-Oxd)5-OH and Boc-(l-Ala-d-Oxd)6-OH clearly
fold in the 310 helix configuration. Indeed, Toniolo and co-
workers[64] demonstrated that a 310 helix can be assigned by
its CD spectrum, in agreement with theoretical calcula-
tions.[65] Both theoretical and experimental studies point to
the following main characteristics of the 310 helix: a) a nega-
tive CD band centred near 207 nm, b) a negative shoulder
in the vicinity of 222 nm, c) a R = [θ]222/[θ]207 ratio much
weaker than the value reported for the α-helical peptides,
which usually exhibit R values of about 1, and d) a positive
maximum at 198 nm. Our experimentally measured CD
data meet all of the requirements for the 310 helix. More
precisely, a β bend ribbon spiral structure can be attributed
to Boc-(l-Ala-d-Oxd)5-OH and Boc-(l-Ala-d-Oxd)6-
OH.[66] It may be considered a subtype of the polypeptide
310 helix, being stabilized by alternate 1�4 intramolecular
C=O···H–N H-bonds and having approximately the same
folding of the peptide chain.

This outcome may be ascribed to the cooperative effect
of many factors: i) the rigid –CO–N(CH�)–CO– moiety,
which always tends to assume a trans conformation, ii) the
formation of C=O···H-αC H-bonds, and iii) the alternate
formation of C=O···H–N H-bonds. The combination of
these three effects can thus hold the oligomers in a well
defined, rigid conformation (Figure 15).

With these requirements in mind, it is clear that only
oligomers of the B set form a β bend ribbon spiral, and that
the oligomers of the A and C sets do not.

2.2.3. Oligomers of the Boc-(L-Phe-D-Oxd)n-OBn Series

The structures of Boc-(l-Phe-d-Oxd)n-OBn (n = 2–5)
were investigated both in solution and in the solid state.[67]

This section discusses the preferential conformation in solu-
tion, whereas the behaviour in the solid state is discussed in
Section 4.3. The longest oligomer that has been prepared is
shown in Figure 16.

Information on the preferred conformations of the oligo-
mers in solution was obtained by analysis of FTIR, 1H
NMR and CD absorption spectra. The FTIR spectra were
recorded as 3 mm solutions in dichloromethane. For the
compound Boc-(l-Phe-d-Oxd)2-OBn only one band centred
at 3430 cm–1 is observed, so it does not form intramolecular
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Figure 16. Chemical structure of the longest Boc-(l-Phe-d-Oxd)n-
OBn species investigated.

N–H···O=C hydrogen bonds. For the compounds Boc-(l-
Phe-d-Oxd)4-OBn and Boc-(l-Phe-d-Oxd)5-OBn a band
centred at about 3280 cm–1 replaces it, whereas the com-
pound Boc-(l-Phe-d-Oxd)3-OBn shows both bands, so
equilibria between unfolded and folded conformations re-
sult for these structures. In particular, Boc-(l-Phe-d-Oxd)5-
OBn shows a high tendency to form intramolecular hydro-
gen bonds, as indicated by the strong stretching band at
3270 cm–1. A similar trend can be observed for the CO
stretching bands, with the appearance of a band centred at
about 1670 cm–1 only in the cases of Boc-(l-Phe-d-Oxd)4-
OBn and Boc-(l-Phe-d-Oxd)5-OBn. These preliminary re-
sults suggest that at least four l-Phe-d-Oxd units are re-
quired to obtain a folded structure, as was also observed
for the oligomers of the l-Ala-d-Oxd series (Section 2.2.2.).

Confirmation of the occurrence of intramolecular
C=O···H–N bonds was obtained by recording 1H NMR
spectra of the oligomers in [D6]DMSO (3 mm) at different
temperatures. It is well known that in [D6]DMSO the values
for hydrogen-bonded amide protons are at most
4 ppbK–1.[68] The variation of the chemical shifts for Boc-
(l-Phe-d-Oxd)2-OBn and Boc-(l-Phe-d-Oxd)3-OBn are al-
ways larger than 4 ppbK–1, whereas the four recorded
amide and Boc protons of Boc-(l-Phe-d-Oxd)5-OBn have
all temperature coefficients smaller than 4 ppb K–1, which
is consistent with hydrogen-bonded NH protons. NOESY
experiments recorded on Boc-(l-Phe-d-Oxd)5-OBn confirm
the conclusions drawn from the preceding experiments.

Additional information on the folding propensities of
these compounds was obtained by means of 1H NMR ex-
periments in solution. Analysis of the CHα protons of the
Phe units shows that the CHα chemical shifts are always
around 5.5–6.0 ppm in these compounds, thus suggesting
the formation of unconventional, weak CH···O=C intramo-
lecular H-bonds.

CD spectroscopy did not provide conclusive results, due
to the strong absorptions of the phenyl groups around
200 nm.[69]

In conclusion, in the higher oligomers, the tendency to
form ordered secondary structures increases and seems to
be fully manifested at the pentamer level.

2.2.4. Oligomers of the Boc-[(S)-β3-hPhg-D-Oxd]n-OBn
Series

Novel foldamers of general formula Boc-[(S)-β3-hPhg-d-
Oxd]n-OBn (n = 1–6) [(S)-β3-hPhg = (S)-β3-homophenyl-
glycine] were synthesized in the liquid phase by the pre-
viously described methods (Figure 17).[70]
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Figure 17. Chemical structure of the longest Boc-[(S)-β3-hPhg-d-
Oxd]n-OBn species investigated.

Information on the preferred conformations in solution
was obtained by FTIR, 1H NMR and CD techniques. The
FTIR absorption spectra of all the benzyl esters (n = 1–6)
suggest that the longer oligomers of this series form strong
C=O···H–N hydrogen bonds, because the absorption band
shifts slowly towards 3289 cm–1 in Boc-[(S)-β3-hPhg-d-
Oxd]6-OBn.

For further validation of these results, the oligomers were
analysed by 1H NMR spectroscopy to check the formation
of unconventional, weak CH···O=C intramolecular H-
bonds, leading to significant deshielding of the proton
chemical shifts. Indeed, the CHα hydrogen atoms of the
hPhg units are always more deshielded, by about 0.3–
0.4 ppm, than the CHα hydrogen atoms in Boc-β3-hPhg-
OH.[71]

Furthermore, the occurrence of intramolecular
C=O···H–N hydrogen bonds in Boc-[(S)-β3-hPhg-d-Oxd]6-
OBn was detected by investigation of the temperature-de-
pendence of the NH proton chemical shifts in [D6]DMSO.
Whereas the five recorded amide protons have small tem-
perature coefficients consistent with those for hydrogen-
bonded NH protons (ppb K–1 = 3.46–3.54), the Boc-NH
has a larger temperature coefficient (ppk K–1 = 7.51), sug-
gesting that this proton is not involved in a hydrogen bond.
This might be the result of its position at the beginning of
the chain. Finally, NOESY experiments were recorded on
the same compound and show the presence of cross-peaks
between the NH amide hydrogen atoms (8.50–9.00 ppm)
that clearly indicate helix formation.[62]

Some support for the formation of ordered secondary
structures in the longer oligomers is provided by the CD
spectra (Figure 18) of all the oligomers as free acids (n =
1–6) in MeOH solution. For n = 1, the CD spectrum exhib-
its a minimum at 193 nm and a maximum at 202 nm. The
minimum slowly moves towards 196 nm in the longer oligo-
mers with increasing intensity. The maximum at 202 nm
gradually disappears and is replaced by a shoulder at 202–
206 nm. When n = 6, the CD spectrum is even more dif-
ferent, with a minimum at 197 nm of much lower intensity
and a new maximum at 220 nm. This variation suggests the
formation of an ordered structure, although the CD spectra
do not permit the determination of the actual nature of this
structure. CD spectra of α,β-hybrid peptides have recently
been reported, but no clear correlation between structured
helices and CD spectra, as is known for native helices, could
be established.[72]

To obtain more insight into the nature of the hydrogen-
bonded secondary structure indicated by the experimental
investigations, quantum chemical calculations were per-



Foldamers Based on Oxazolidin-2-ones

Figure 18. Normalized per-residue CD spectra (1 mm in MeOH) of
Boc-[(S)-β3-hPhg-d-Oxd]n-OH (n = 1–6).

formed on the oligomers Boc-[(S)-β3-hPhg-d-Oxd]3-OBn
and Boc-[(S)-β3-hPhg-d-Oxd]6-OBn with the aid of ab ini-
tio MO theory at the HF/6–31G* level. It was thus possible
to predict all helix types that can be expected in oligomers
of regular α,β-hybrid peptides. Theoretical calculations
based on ab initio MO theory suggest a helix with 11-mem-
bered hydrogen-bonded rings as the preferred secondary
structure type. A left-handed mixed H(11)/9 helix was also
obtained as a conformer, but it is less stable than the H11

hexamer and the hydrogen bond lengths are too long, be-
cause of steric effects caused by the oxazolidin-2-one rings.

3. Secondary Structures and Applications of
Oxazolidin-2-ones Containing Reverse-Turn
Mimics

Reverse-turns are common motifs in protein structures
and account for up to one-third of the residues in globular
proteins.[73] A turn can be defined as the site where the pep-
tide changes its overall direction. Section 2 describes the
conformation analysis of oxazolidin-2-one-type foldamers,
demonstrating that those new polyimides behave as rigid
spacers as a result of the presence of the endocyclic car-
bonyl group, which imparts a strictly trans conformation to
the adjacent peptide bond.

The introduction of conformationally constrained ana-
logues can be very useful in the de novo design of a reverse-
turn conformation, so studies on imidic bond conforma-
tional behaviour have been extended to some short oligo-
peptides containing l-pGlu, l-Oxd, d-Oxd or d-Oxac moie-
ties as residue i+1 and Gly or Aib as residue i+2 (Fig-
ure 19).[74]

In naturally occurring reverse-turns this position is often
occupied by l-Pro (Pro = proline), so the introduction of
an oxazolidin-2-one moiety could favour the formation of
a β-hairpin secondary structure. To study and to compare
their conformational preferences, conformation analysis
and DFT calculations have been performed on the most
interesting molecules.
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Figure 19. General structure of the fully protected tetramers.

All the compounds [Boc-l-Ala-l-pGlu-Gly-l-Ala-OBn,
Boc-l-Val-l-pGlu-Gly-l-Ala-OBn, Boc-l-Val-l-pGlu-Aib-
l-Ala-OBn, Boc-l-Val-l-Oxd-Gly-l-Ala-OBn, Boc-l-Val-
d-Oxd-Gly-l-Ala-OBn, Boc-l-Val-d-Oxd-Aib-l-Ala-OBn,
Boc-l-Val-d-Oxac-Gly-l-Ala-OBn and Boc-l-Val-d-Oxac-
Aib-l-Ala-OBn (Val = valine)] were prepared by liquid-
phase synthesis. Some reference compounds containing the
l-Pro or d-Pro moiety were also prepared. These com-
pounds were all analysed by IR, 1H NMR and ESI-MS.
The molecules containing d-Oxd show good propensities
towards the formation of β hairpin conformations. Among
them, the best results were obtained with Boc-l-Val-d-Oxd-
Gly-l-Ala-OBn, which assumes a preferential β turn con-
formation in chloroform and a preferential γ turn confor-
mation in DMSO, whereas its epimer Boc-l-Val-l-Oxd-
Gly-l-Ala-OBn shows only a minor propensity to assume
ordered forms. These findings were confirmed by DFT cal-
culations, which provide an interpretation for the available
experimental data and agree with the reported observations.
Furthermore, the oligomers Boc-l-Val-d-Oxac-Gly-l-Ala-
OBn and Boc-l-Val-d-Oxac-Aib-l-Ala-OBn also give inter-
esting results, both showing good propensity to form a β
hairpin conformation.

The LC/ESI-MS analysis demonstrate that only the tet-
ramers containing l-pGlu, l-Oxd or d-Oxd show a strong
tendency to chelate a molecule of water in the gas phase,
whereas molecules containing l-Pro do not. This outcome
suggests that this behaviour is maintained in the liquid
phase and that oligopeptides containing these heterocycles
show a significant tendency to chelate water molecules.

3.1. Reverse-Turn Mimic for Calcium Complexation

In view of these encouraging results, some small pseudo-
peptides each containing an Oxd moiety and having the ge-
neral formula Ac-Oxx-l-Xaa-OBn were prepared to check
their tendency to chelate calcium ions. Oxx is l-Oxd, d-Oxd
or d-Oxac and Xaa is l-Ala, Aib, l-isovaline (l-Iva), l-α-
methyl-valine [l-(αMe)Val] or l-α-methyl-norvaline [l-
(αMe)Nva].[75]

All of these molecules were analysed in the absence of
calcium ions by 1H NMR, 13C NMR and IR spectroscopy
and by ESI-MS spectrometry. They assume different prefer-
ential conformations, although the tested molecules are
very similar. Indeed, the l-Ala- and l-Val-containing dipep-
tides show no tendency to form NH···OC hydrogen bonds,
whereas the dipeptides containing α,α-disubstituted amino
acids tend to form NH···OC hydrogen bonds more easily.
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The preferred conformations of Ac-l-Oxd-l-Ala-OBn

(mostly nonchelated NH) and of Ac-l-Oxd-l-Iva-OBn
(mostly chelated NH) were thus further determined by
evaluation of inaccessible NH groups by 1H NMR, by ad-
dition of increasing amounts of [D6]DMSO to solutions
(1 mm) in CDCl3 (Figure 20). The results for Ac-l-Oxd-l-
Ala-OBn and Ac-l-Oxd-l-Iva-OBn show that the NH of
Ac-l-Oxd-l-Ala-OBn is very sensitive to DMSO (Δδ =
1.80 ppm), whereas the NH of Ac-l-Oxd-l-Iva-OBn dis-
plays a smaller variation of chemical shift (Δδ = 1.06 ppm),
thus suggesting that this proton is at least partly hydrogen-
bonded: this result is in agreement with the IR outcome
and with NOESY1D experiments on solutions in CDCl3
(10 mm).

Figure 20. Preferential conformations of Ac-l-Oxd-l-Ala-OBn
(left) and Ac-l-Oxd-l-Iva-OBn (right) suggested by IR and 1H
NMR spectroscopic data.

With regard to calcium complexation, we expect that
chelation in solution would be better obtained with mole-
cules such as Ac-l-Oxd-l-Ala-OBn, in which the Xaa car-
bonyl groups are already disposed in the right position. In-
deed the chelation “skills” of all the dipeptides were evalu-
ated by analysis of solutions containing protected dipep-
tides and calcium tetrafluoroborate (5 equiv.) with a mass
spectrometer fitted with an electrospray detector (ESI-MS).

The spectra of the dipeptide + calcium ions show the
characteristic presence of a [M + 20] peak, which can be
attributed to an ion of formula [2M + Ca]2+, suggesting
that two molecules of dipeptide can chelate only one cal-
cium ion, although the calcium is in large excess in the solu-
tion. Ions with formula [M + Ca], producing signals of m/z
[M + 40]/2, are totally absent.

The most intense peak at [2M + Ca]/2 was observed in
the ESI-MS spectrum of Ac-l-Oxd-l-Ala-OBn + Ca2+.
This outcome is in agreement with what we had foreseen
from the study of the IR and 1H NMR spectra. Figure 21
shows a possible chelation model (a hexacoordinate com-
plex) consistent with the experimental data. Indeed this is
perhaps the most common coordination number, and the
six ligands almost invariably lie at the vertices of an octahe-
dron or a distorted octahedron.[76]

Moreover, this hypothesis is also consistent with the re-
ported cyclo-(Pro-Gly)3, which forms a 2:1 complex with
Ca2+ in which the cation is sandwiched between the two
peptide molecules.[77] The Gly carbonyls from each of the
peptides are octahedrally coordinated to the cation with an
average calcium oxygen coordination distance of 2.26 Å.

A similar outcome, although less intense, was obtained
with Ac-d-Oxd-l-Ala-OBn: this outcome shows that l-Ala
moiety is very important for the receptor design, possibly
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Figure 21. Hypothetical structure of the complex Ac-l-Oxd-l-Ala-
OBn + Ca2+, consistent with the IR, 1H NMR and ESI-MS out-
come. Reproduced by permission of The Royal Society of Chemis-
try from ref.[75]

because more hindered side chains disfavour the useful con-
formation for the formation of the Ca2+ complex.

Interestingly, the complexation process between Ac-l-
Oxd-l-Ala-OBn and Ca2+ can also be monitored by photo-
luminescence spectroscopy. Figure 22 shows that a new
large and unstructured bond between 400 and 600 nm ap-
pears in the emission spectrum of Ac-l-Oxd-l-Ala-OBn
when Ca2+ (0.5 equiv.) is introduced into a solution (10–3 m)
of Ac-l-Oxd-l-Ala-OBn in acetonitrile. On the other hand,
further addition of Ca2+ does not induce noticeable changes
in the emission spectrum. This result corroborates the hy-
pothesis of the formation of a complex with two molecules
of Ac-l-Oxd-l-Ala-OBn in which the calcium ion is hexaco-
ordinate.

Figure 22. Fluorescence emission of Ac-l-Oxd-l-Ala-OBn in aceto-
nitrile (1 mm). The excitation was at 285 nm.

4. Foldamers Containing Oxazolidin-2-one Units
as new Supramolecular Materials

Formation of fibres through self-assembly is of particular
interest, because protein fibres are involved in intra- and
extracellular functions.

To understand aggregation phenomena, oligopeptides
may be designed and prepared with the aims either of inter-
fering with[78] or of mimicking these processes.[79] Indeed,
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the potential applications of such supramolecular assembl-
ies surpass those of synthetic polymers, because the build-
ing blocks might introduce biological function in addition
to mechanical properties.[80]

4.1. Supramolecular Materials from Dipeptides

4.1.1. Boc-L-Phe-D-Oxd-OBn

This material was obtained as a fibre-like white solid af-
ter slow solvent evaporation of a solution of Boc-l-Phe-d-
Oxd-OBn (20–25 mm) in a mixture (1:1) of cyclohexane/
ethyl acetate[81] (Figure 23). The molecule also shows good
solubility in polar solvents such as acetonitrile, methanol,
diethyl ether and ethyl acetate, but is not soluble in water.
It assembles to form a fibre-like material under a wide vari-
ety of solution conditions. This material shows strong bire-
fringence and has defined edges. It is made of bundles of
crystalline-shaped filaments clustered and aligned along the
main bundle direction.

Figure 23. (a) Boc-l-Phe-d-Oxd-OBn after slow evaporation of a
mixture cyclohexane/ethyl acetate (1:1). (b) SEM image of filament
bundles of Boc-l-Phe-d-Oxd-OBn. Scale bar: 20 μm. Reproduced
from ref.[81]

The IR spectra of Boc-l-Phe-d-Oxd-OBn in dichloro-
methane and of a 1% mixture of solid with KBr gave very
different findings. Hydrogen bonding is clearly present in
the solid, but distinctly diminished in solution, indicating
its intermolecular character. Analysis of the C=O region
(1600–1850 cm–1) confirms this conclusion. A small frag-
ment of Boc-l-Phe-d-Oxd-OBn was examined under a
scanning electron microscope (SEM, Figure 23b). Interest-
ingly, the thicknesses and the widths of the mature fila-
ments are almost constant, regardless of the solvent condi-
tions for assembly, whereas their lengths vary widely even
under a single set of experimental conditions. The material
is stable. Its overall shape was conserved in the precipitation
media for several months and even after it had been air-
dried. Only strong thermal treatment, such as by an elec-
tron beam, provoked the disintegration of the material.

The highly birefringent fibre-like material was analysed
by X-ray diffraction (XRD) with use of beams of two dif-
ferent sizes. When a beam size of 200 μm was used, it
showed a strong fibre-like XRD pattern that indicates a
preferential orientation of crystalline units along the long
axis. The use of a narrow X-ray beam (50 μm) or the selec-
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tion of a small bundle fragment showed diffraction patterns
typical of single crystals.

Crystals suitable for a X-ray diffraction study were grown
by slow evaporation of a solution of Boc-l-Phe-d-Oxd-OBn
in diethyl ether at room temperature. Interestingly, linear
chains are formed in the crystal packing of Boc-l-Phe-d-
Oxd-OBn through the action of only one intermolecular
hydrogen bond between units (Figure 24).

Figure 24. Crystal packing of Boc-l-Phe-d-Oxd-OBn showing one
chain running along the b axis generated by a single NH···O=C
interaction between the molecules. Reproduced from ref.[81]

Finally, fibres of Boc-l-Phe-d-Oxd-OBn were also ana-
lysed by solid-state NMR spectroscopy. Narrow NMR lines
indicate a highly homogeneous preparation. Qualitative
structure information can be obtained from these spectra[82]

and confirms that these fibres show a tendency towards a
β sheet structure.[83] These results were also confirmed by a
systematic conformation analysis at the B3LYP/6–
311+G(2d,p) and HF/6–31G* levels of ab initio MO theory.

In conclusion, the solid-state structure of Boc-l-Phe-d-
Oxd-OBn can be considered a borderline case of a parallel
β sheet structure;[84] indeed, all the examples reported in the
literature show fibre-forming peptides that are stabilized in
the solid state by at least two N–H···O=C hydrogen bonds.
In contrast, this fibre-like material is stabilized only by sin-
gle hydrogen bonds between dipeptide units.

4.1.2. Boc-L-Phe-D-Imz-OBn

This compound is similar to Boc-l-Phe-d-Oxd-OBn, but
contains an additional NH group in the heterocyclic ring,
oriented nearly orthogonal to the pre-existing one (Fig-
ure 25).[85]

The presence of two NH hydrogen bonds that are not
oriented along the same axis should favour the formation
of a two-dimensional arrangement. This effect should lead
to the formation of layers rather than the fibres obtained
with Boc-l-Phe-d-Oxd-OBn, which can form only one hy-
drogen bond. The synthesis is described in Section 1.4.4.
The conformation of Boc-l-Phe-d-Imz-OBn was analysed
both in solution and in the solid state. A first analysis was
performed by comparing the IR spectrum of a solution
(3 mm) in dichloromethane with that of a mixture in KBr
(1 %). Whereas hydrogen bonding is clearly present in the
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Figure 25. Structural comparison of Boc-l-Phe-d-Oxd-OBn and Boc-l-Phe-d-Imz-OBn.

solid state, as shown by two peaks (3391 and 3371 cm–1)
belonging to a broad band, no hydrogen bonding is present
in the dilute solution (3444 cm–1), and so intramolecular
NH hydrogen bonds are absent. The pronounced variation
of the spectrum in the CO region confirms this result.

Several attempts were made to obtain structures that
were macroscopically ordered in the solid state by slow
evaporation of solutions of Boc-l-Phe-d-Imz-OBn in dif-
ferent solvents.

In contrast with the behaviour of Boc-l-Phe-d-Oxd-
OBn, only slow evaporation from protonated solvents such
as methanol, ethanol and propan-2-ol provided crystals
useful for single-crystal X-ray diffraction studies. Interest-
ingly, the nature of the alcohol has an influence on the pref-
erential elongation and macroscopic side-aggregation of the
crystals (Figure 26), but they all show a common tendency
to aggregate laterally along their main axes.

The formation of these plate-like crystals only on slow
evaporation of protonated solvents suggests that the sol-
vents might play active roles in crystal formation.[86] The
obtained single crystals were analysed by X-ray diffraction
(XRD). Crystals of Boc-l-Phe-d-Imz-OBn grown from
methanol and ethanol show the formation of methanol and
ethanol solvates, respectively. In addition to the solvent, two
independent molecules of Boc-l-Phe-d-Imz-OBn are pres-
ent in the unit cell (Figure 27).

As a result of these inter-chain interactions also involving
the methanol molecule, the solid-state arrangement of Boc-
l-Phe-d-Imz-OBn grown from methanol can be described
as a 2D network made of layers, which are parallel to the
ab plane. The single-crystal X-ray diffraction study carried
out on crystals of Boc-l-Phe-d-Imz-OBn grown from eth-
anol shows the formation of an ethanol solvate iso-
structural with the methanol solvate, so the two crystal
packings are almost identical. In each case the peptide crys-
tallizes in infinite chains with the peptide monomers in a
parallel arrangement connected by single hydrogen bonds.
The chains are in antiparallel orientation and cross-linked
by hydrogen bonds based on the heterocyclic NH group of
the d-Imz ring. A 2D network made of layers parallel to
the ab plane consequently results, producing a “plywood”
structure.
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Figure 26. Optical micrographs of crystals of Boc-l-Phe-d-Imz-
OBn precipitated by slow evaporation from solutions: (a) from
methanol, (c) from ethanol and (e) from propan-2-ol. Scanning
electron microscopy images of crystals of Boc-l-Phe-d-Imz-OBn
precipitated (b) from methanol, (d) from ethanol and (f) from pro-
pan-2-ol. Reprinted with permission from ref.[85] Copyright 2011
American Chemical Society.

A crystal suitable for single-crystal X-ray diffraction
studies could also be obtained from propan-2-ol. In this
case, no solvent molecules are involved in the crystal struc-
ture, probably as a result of the larger size of the propan-2-
ol molecule, which can no longer be accommodated in the
cavity between two molecules of Boc-l-Phe-d-Imz-OBn.
Two different types of intermolecular hydrogen bonds are
present in the crystal packing (Figure 28): one hydrogen
bond connects the amidic NH hydrogen of the l-Phe unit
with the carbonyl oxygen of the CO group of the d-Imz
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Figure 27. Views of the contents of the unit cells of Boc-l-Phe-d-Imz-OBn crystallized (a) from methanol and (b) from ethanol. Reprinted
with permission from ref.[85] Copyright 2011 American Chemical Society.

moiety belonging to another peptide molecule, whereas the
other involves the NH proton of the d-Imz ring and the
carbonyl oxygen of a tert-Boc group of another peptide mo-
lecule. These weak interactions also generate a 2D network
parallel to the ab plane, different from that observed in the
packing of Boc-l-Phe-d-Imz-OBn both from methanol and
from ethanol. The degree of order in crystal assembly de-
creases continuously from methanol to ethanol and propan-
2-ol.

Figure 28. View (down the c axis) of the crystal packing of Boc-l-
Phe-d-Imz-OBn grown from propan-2-ol. Reprinted with per-
mission from ref.[85] Copyright 2011 American Chemical Society.

4.2. Supramolecular Materials from Tripeptides

This section describes the self-assembly of two epimers
Boc-l-Phe-d-Oxd-(S)-β3-hPhg-OBn and Boc-l-Phe-d-Oxd-
(R)-β3-hPhg-OBn (Figure 29).[87] These molecules both
contain the l-Phe-d-Oxd scaffold, but differ in containing
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the two enantiomers of β3-homophenylglycine. The reversal
of the stereogenic centre in these moieties has important
effects on the preferred molecular conformations and, as a
result, on the crystals’ morphologies. The two epimers can
be prepared by the methods reported in Section 1.

Figure 29. Chemical structures of (a) Boc-l-Phe-d-Oxd-(S)-β3-
hPhg-OBn and (b) Boc-l-Phe-d-Oxd-(R)-β3-hPhg-OBn.

The preferred conformations assumed by the two com-
pounds in dilute solutions (3 mm) were analysed by FTIR
spectroscopy. Interestingly, Boc-l-Phe-d-Oxd-(R)-β3-hPhg-
OBn shows the presence of a NH···O=C hydrogen bond
(peaks centred at 3434 and 1670 cm–1), thus suggesting the
formation of a γ turn structure, whereas Boc-l-Phe-d-Oxd-
(S)-β3-hPhg-OBn does not. This outcome was confirmed
by solution NMR spectroscopy, in which the [D6]DMSO
dependence of the NH proton chemical shifts was investi-
gated.

In the solid state, in contrast, Boc-l-Phe-d-Oxd-(S)-β3-
hPhg-OBn and Boc-l-Phe-d-Oxd-(R)-β3-hPhg-OBn show
very similar IR spectra, with all the NH hydrogen atoms
forming NH···O=C hydrogen bonds and all the stretching
signals being below 3400 cm–1.

Different modes of aggregation in the solid state would
be expected for the epimers, because one tends to form a γ
turn structure in solution, whereas the other does not. For
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this reason, analysis of the two compounds by microscopy
and X-ray diffraction was carried out.

A wide morphological variety of samples based on the
compounds Boc-l-Phe-d-Oxd-(S)-β3-hPhg-OBn and Boc-l-
Phe-d-Oxd-(R)-β3-hPhg-OBn and obtained by evaporation
from different solvents were analysed by optical and elec-
tronic microscopy. These materials always showed birefrin-
gence, suggesting high crystallinity (Figure 30). Crystals of
Boc-l-Phe-d-Oxd-(S)-β3-hPhg-OBn that had been precipi-
tated from methanol appeared elongated in one direction
with a hexagonal cross-section. Their lengths varied from
one crystal to another over a range of several hundred
micrometres, whereas their thicknesses were almost con-
stant around 20 μm. Crystals of Boc-l-Phe-d-Oxd-(R)-β3-
hPhg-OBn that had been precipitated from ethanol showed
an irregular morphology in which plate-like shapes were
visible on observation by scanning electron microscopy.

Figure 30. Crystals of Boc-l-Phe-d-Oxd-(S)-β3-hPhg-OBn that had
been precipitated from ethanol, observed with (a) an optical and
(c) an electron microscope. Crystals of Boc-l-Phe-d-Oxd-(R)-β3-
hPhg-OBn that had been precipitated from ethanol observed with
(b) an optical and (d) an electron microscope. Reprinted with per-
mission from ref.[87] Copyright 2011 American Chemical Society.

Crystals suitable for X-ray diffraction study were grown
by slow evaporation of solutions of Boc-l-Phe-d-Oxd-(S)-
β3-hPhg-OBn in methanol and of Boc-l-Phe-d-Oxd-(R)-β3-
hPhg-OBn in ethanol, both at room temperature. The two
molecules are epimers and, as a consequence of this dif-
ferent stereogenic centre, Boc-l-Phe-d-Oxd-(R)-β3-hPhg-
OBn has a higher degree of folding than Boc-l-Phe-d-Oxd-
(S)-β3-hPhg-OBn, but no classical intramolecular hydrogen
bond is observed in either epimer.

In Boc-l-Phe-d-Oxd-(S)-β3-hPhg-OBn crystals, each mo-
lecule is engaged in two intermolecular hydrogen bonds
with its two neighbours but the two interactions are not
equivalent because one is between an amide hydrogen of
one side chain and a carbonyl oxygen of the other amide
moiety and the second is between the second amide hydro-
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gen and the carbonyl oxygen of the Oxd ring. The crystal
packing therefore consists of parallel chains with a helical
arrangement (Figure 31) running along the c axis. The for-
mation of a ternary helix in the solid state is consistent with
the SEM analysis, because the crystals of Boc-l-Phe-d-Oxd-
(S)-β3-hPhg-OBn from methanol appear elongated in one
direction with a hexagonal cross-section.

Figure 31. Space-filling model showing the helical arrangement of
a chain of Boc-l-Phe-d-Oxd-(S)-β3-hPhg-OBn: (a) top view and
(b) view along the c axis. The molecules are represented in different
colours for clarity. The hydrogen atoms involved in H bonding are
represented as white cups. Reprinted with permission from ref.[87]

Copyright 2011 American Chemical Society.

A completely different packing was observed for the epi-
mer Boc-l-Phe-d-Oxd-(R)-β3-hPhg-OBn (Figure 32). This
maintains one intermolecular NH···CO hydrogen bond be-
tween equivalent amide groups, as observed in Boc-l-Phe-
d-Oxd-OBn, but in addition, a second weak hydrogen bond
is established between the amide hydrogen of the second
amide group and the uncoordinated carboxylic oxygen
bearing the Bn group. Although these interactions are weak
in comparison with those found in Boc-l-Phe-d-Oxd-OBn,
the hydrogen bonding pattern in the crystal lattice shows
the formation of infinite parallel β sheets running along the
a axis.

Figure 32. View (down the c axis) of the crystal packing of Boc-l-
Phe-d-Oxd-(R)-β3-hPhg-OBn. Reprinted with permission from
ref.[87] Copyright 2011 American Chemical Society.

In conclusion, the reversal of the absolute configuration
of the stereogenic centre of the hPhg moiety results in a
dramatic variation of the preferred conformations of the
two compounds, which in turn induces different crystal
packings and consequently different crystal morphologies.
Boc-l-Phe-d-Oxd-(S)-β3-hPhg-OBn forms a ternary helix
that crystallizes in hexagonal elongated crystals, whereas
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Boc-l-Phe-d-Oxd-(R)-β3-hPhg-OBn forms a β sheet struc-
ture that crystallizes in different polymorphs, depending on
the evaporation solvent.

4.3. Supramolecular Materials from Longer Oligomers

Conformation analysis of Boc-(l-Phe-d-Oxd)n-OBn (n =
2–5) in solution is described in Section 2.2.3. The properties
of the solid materials are described here.[67]

The compounds Boc-(l-Phe-d-Oxd)n-OBn (n = 2–5) were
analysed by microscopy techniques. All samples were pre-
pared by overnight evaporation of solutions of each com-
pound (50 mg) in a cyclohexane/ethyl acetate mixture (1:1,
1 mL). Only in the case of Boc-(l-Phe-d-Oxd)2-OBn was
the formation of a white solid composed of microscopic
fibre-like crystals observed by optical microscopy. These
crystals clearly showed a preferred direction of growth and
formed a highly crystalline material, as shown by their high
birefringence. These crystals can reach millimetre lengths
and are a few micrometres wide. The optical observation of
longer oligomers shows no crystalline habit, and birefrin-
gence under crossed polarizers is always absent.

The solid-state oligomers were also analysed by scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM). The most important results are shown in
Figure 33. The filamentous crystals of Boc-(l-Phe-d-Oxd)2-
OBn cluster in parallel in closely packed bundles, whereas
Boc-(l-Phe-d-Oxd)3-OBn does not form a precipitate of
crystalline habit, although filamentous structures are visible
on its surface. Indeed, the TEM analysis highlighted the
presence of fibrous material dispersed in an amorphous pre-
cipitate. These fibres have a ribbon-like structure with a
width of 10–15 nm and appear very thin. They are
branched and tend to form aggregates.

Figure 33. (a) and (b) SEM pictures of Boc-(l-Phe-d-Oxd)2-OBn.
(c) SEM and (d) TEM pictures of Boc-(l-Phe-d-Oxd)3-OBn. Re-
produced from ref.[67]
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The oligomers Boc-(l-Phe-d-Oxd)4-OBn and Boc-(l-
Phe-d-Oxd)5-OBn formed materials in which no features
typical of crystals or fibres could be observed on inspection
either by SEM or by TEM.

Deeper inspection of the behaviour in the solid state was
achieved by X-ray powder diffraction analysis. The experi-
mental data clearly indicate that the Boc-(l-Phe-d-Oxd)n-
OBn oligomers progressively reduce their degree of order in
the solid state with increasing chain length. Obviously, the
intermolecular interactions become weaker and are less spe-
cific, favouring disordered aggregation of the molecules in
the precipitates.

The X-ray molecular structure of Boc-(l-Phe-d-Oxd)2-
OBn shows some similarity with the already reported struc-
ture of the monomer unit Boc-l-Phe-d-Oxd-OBn. There is
only a single intermolecular NH···CO hydrogen bond be-
tween the dimeric units in the crystal packing (Figure 34)
and it generates an infinite antiparallel β sheet structure
running along the crystallographic a axis.

Figure 34. View (down the crystallographic b axis) of the crystal
packing of Boc-(l-Phe-d-Oxd)2-OBn showing the intermolecular
NH···CO hydrogen bonds running along the a axis. Reproduced
from ref.[67]

Further structural information on the compounds Boc-
(l-Phe-d-Oxd)2-OBn (containing 10% U-13C-enriched Phe)
was provided by solid-state 13C CPMAS NMR spec-
troscopy. Distinct chemical shifts and linewidth changes of
the amino acid signals can be observed for the individual
foldamers. Most prominent are the Cα and Cβ signals of the
13C-labelled Phe at about 55 and 40 ppm, respectively. Most
intriguing are the changes in linewidth. Whereas Boc-(l-
Phe-d-Oxd)2-OBn features narrow lines (of the order of
1 ppm), significantly larger linewidths are observed for the
higher oligomers. In contrast, the isotropic chemical shift
changes are moderate. Interestingly, Boc-(l-Phe-d-Oxd)2-
OBn shows two signals of equal height for the Cα atoms of
l-Phe. Increased linewidths of NMR signals are indicative
of structural heterogeneity or molecular dynamics. There-
fore, the motion-averaged 13C–1H dipolar couplings of the
Cα and Cβ signals can be measured in the foldamers by use
of the DIPSHIFT pulse sequence and the results indicate
that the increasing of linewidths of the higher-order folda-
mers are due to structural heterogeneity.
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To provide further information on the preferred second-

ary structures in the oligomer series, quantum chemical cal-
culations employing ab initio MO theory at various
approximation levels were performed. The experimental re-
sults provide no convincing indications of ordered struc-
tures in Boc-(l-Phe-d-Oxd)3-OBn and Boc-(l-Phe-d-Oxd)4-
OBn.

In contrast, both IR and NMR indicate that all the pep-
tidic hydrogen atoms in Boc-(l-Phe-d-Oxd)5-OBn are in-
volved in intramolecular hydrogen bonds, indicating the
formation of a secondary structure. As a result of the re-
striction of the φ torsion angle of the d-Oxd constituent to
about 60°, two conformational alternatives fulfil the
requirements for a regular intramolecular hydrogen bond-
ing pattern (Figure 35).

Figure 35. HF/6–31G* structures of Boc-(l-Phe-d-Oxd)5-OBn:
(a) poly-βII-turn arrangement and (b) poly-βI�-turn arrangement.
Reproduced from ref.[67]

The stabilities of both conformers are not very different
from those of the two most stable ones observed in the di-
mer structure. The first conformer (a) corresponds to a βII
turn, the second (b) to a distorted βI�(βIII�) turn. The regu-
lar poly-βII-turn structure is supported by the NMR spec-
troscopic data. In contrast, the corresponding values for the
most stable poly-βI� turn structure (b) are distinctly dif-
ferent, with 21.0 ppm at the HF/6–31G* and 21.8 ppm at
the B3LYP/6–311+G(2d,p) level. This structure can there-
fore be excluded not only due to its lower stability, but also
by the deviating NMR spectroscopic data.

In conclusion, Boc-(l-Phe-d-Oxd)2-OBn represents a
borderline case for an antiparallel β sheet structure, with
only one hydrogen bond connecting the peptide molecules.
This result is complementary to the crystal structure of
Boc-l-Phe-d-Oxd-OBn (Section 4.1.1). In the higher oligo-
mers there is a stronger tendency to form intramolecular
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rather than intermolecular hydrogen bonds, with the pro-
duction of amorphous materials. The formation of ordered
secondary structures increases and seems to be fully mani-
fested at the pentamer level.

5. Conclusions

This review deals with the synthesis and conformation
analysis, as well as some studies as supramolecular materi-
als, of foldamers containing the 4-carboxyoxazolidin-2-one
unit or related molecules, in which an imido-type function
is obtained by coupling the nitrogen of the heterocycle with
the carboxylic acid moiety of the next unit. The imide
group is characterized by a nitrogen atom connected to an
endocyclic and an exocyclic carbonyl, which tend always to
adopt the trans conformation. As a consequence of this lo-
cally constrained disposition effect, these imide-type oligo-
mers are forced to fold in ordered conformations such as
PPII helixes, β band ribbon spirals, β sheets and β or γ
turns. Furthermore, a wide variety of unusual secondary
structures may be obtained with hybrid foldamers. The be-
haviour of some of these compounds in the solid state has
been analysed in detail, thus showing the formation of dif-
ferent kinds of supramolecular materials that may be used
for several applications.

The synthetic approach is highly tuneable with endless
variations, so, simply by changing the design and the syn-
thesis, a wide variety of foldamers with the required proper-
ties may be prepared “on demand”.
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