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A series of oligomers containing alternate L-Ala and pGlu (pyroglutamic acid) both in the L and D form
have been prepared and conformationally investigated by X-ray, NMR, UV/ECD, IR/VCD and molecular
modelling. X-ray diffraction analysis was possible for the shortest oligomers LL-1 and LD-1. Molecular
dynamics simulations of the oligomers demonstrated that the energy landscapes of the LL-series are
broad. In contrast, the energy landscapes of the LD-series are characterized by well-defined minima
corresponding to specific conformational structures. A single well-defined minimum exists in the energy
landscape of the largest oligomer LD-8, corresponding to a precise conformation, characterized by i +
5 - i N-H-.-O=C hydrogen bonds, typical of a n-helix. ECD and VCD spectra were measured to identify
the chiroptical profiles of the oligomers. The most striking element in the ECD spectra of the LD-series is
their exceptionally strong intensity, which confirms that these polypeptides attain a high degree of helical
order. VCD spectra for the LD-series are well reproduced by frequency calculations when n-helix folds
are employed as input structures, suggesting that a symmetrical VCD couplet around 1720 cm™ can be
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Introduction

Proteins and peptides owe their biological activity to their pro-
pensity to fold in well-defined secondary and tertiary
structures.’ ® The n-helices are extremely rare secondary struc-
tural elements in proteins,””® as they display a repeating
pattern in which the backbone C=O of residue i forms a
hydrogen bond with the HN group of residue i + 5, thus
closing a 16-atom membered pseudo-ring often termed C16
(where C stands for “cycle”).” They have been observed by X-ray
diffraction in protein crystal structures, such as FMN-depen-
dent reductases,'® cytochrome P450,"" fumarase C (1FUO),"
glycogen phosphorylase,”® and lipoxygenases,'* but they
remain rare examples, as both characterization and compre-
hension of n-helices continue to be evanescent.>”>">7?
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taken as the VCD signature of n-helices.

The scientific discussion about the very nature of n-helices
started in the early 50s,° and continued until today.'>"®>'"°
Given the inherent difficulty to isolate a n-helix and its intrin-
sic fluxional nature in protein function, there are only few
studies on the characterization of this structure in solution or
solid phase. Electronic circular dichroism (ECD)*”*® has been
scarcely applied to proteins containing n-helix substructures.
The latest version of the Protein Circular Dichroism Data
Bank® includes only 2 items containing this structural
element, but no further detail about n-helix can be found in
the related citations.®® An early theoretical ECD study by
Manning and Woody® reported a simulated spectrum with a
shallow, broad negative maximum at 225 nm and a positive
band at 195 nm and with a band shape typical of p-sheets.
Morgan et al.*! found that the ECD spectra of a Zn>"-binding
amphiphilic polypeptide remained most consistent with that
of a-helix, so the formation of a distorted n-helix with an i —
i + 5 structure was inferred, causing a reduction in the inten-
sity of the helical signature. In 2008 Arora and co-workers suc-
ceeded to trap a w-helical structure® by synthesizing hydrogen
bond surrogate (HBS)-based helices. Unfortunately, the exist-
ence of an equilibrium between o and =n-helix prevented the
use of ECD spectroscopy to endorse the peptide as a n-helix. In
contrast, Kuczera et al.** suggested that the ECD profile associ-
ated to n-helices resembles that of unordered coils. Thus, the
ECD signature of m-helices remains elusive; moreover, no
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characterization of n-helices through vibrational circular
dichroism (VCD) has been reported so far, to the best of our
knowledge.*?

In addition to the fluxional nature of this structural
element, a second reason for its poor characterization lies in
the unavailability of peptides featuring large enough fraction
of © helices. Synthetic procedures to form stable & helices have
been hardly described. In this contribution, we aim to fill this
gap reporting a tailored synthesis of a series of oligomers
which fold assuming n-helical structures. r-Pyroglutamic acid
(1-pGlu) is the dehydrated form of glutamic acid and contains
a y-lactam moiety. t-pGlu is a naturally occurring residue and
is frequently found at the N-terminus (but not in an internal
position) of bioactive peptides. It lacks the a-amino function-
ality of a-amino acids that is replaced by a much more difficult
to acylate amide function.***> We previously demonstrated
that it may be derivatized and introduced into polypeptides
chains, thus forming several structures.’® Among them, homo-
oligomers of pGlu tend to form stable helical structures,®”
similar to that adopted by poly-(i-Pro), with trans tertiary
peptide bonds (type-11).>**! Both repeating systems generate
left-handed, ternary (3, symmetry) helices, but the (.-pGlu),
system is rigid, whereas the (1-Pro), system is remarkably more
flexible, due to the cis-trans isomerism about the tertiary
amide bonds. This equilibrium is prevented by the (i-pGlu),
homo-oligomeric system, due to the aC-H---O=C (i + 1 — 7)
intramolecular H-bonding and the dipole-dipole repulsion.
The same effect was observed for homo-oligomers of
4-carboxy-5-methyl-oxazolidine-2-ones, that have a similar
structure.””*?

Results and discussion
Synthesis

A series of oligomers containing alternate r-Ala and pGlu (pyr-
oglutamic acid) both in the L and D form have been prepared
to check their preferred conformations. The synthesis started
from the commercially available Boc-i-Ala-OH, t-pGlu and
p-pGlu. The two enantiomers r-pGlu and p-pGlu were trans-
formed into the corresponding benzyl esters H-o-pGlu-OBn
and H-.-pGlu-OBn,***? that were coupled with Boc-i-Ala in the
presence of HBTU (N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-
yl)uronium hexafluorophosphate) and DBU [1,5-diazabiciclo
(5.4.0)undec-7-ene] (Scheme 1).

The reaction proved to be quite difficult due to the low reac-
tivity of the amide nitrogen of the lactam ring. Several reaction
conditions were tested to optimize the reaction yield that
unfortunately never reached completeness. Scheme 1 reports
the best reaction conditions found for the coupling reaction,
with yields ranging between 50% and 53%. Both diastereo-
isomers LD-1 and LL-1 were purified by flash chromatography,
and then oligomers of both series were prepared by coupling
reactions in solution. Scheme 2 reports the synthetic steps that
allowed us to prepare fully protected dimers LD-2 and LL-2, tet-
ramers LD-4 and LL-4 and octamers LD-8 and LL-8.
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Scheme 1 Reagents and conditions: (i) HBTU (1.1 equiv.), DBU (2
equiv.), dry CH3zCN, 1 h, r.t.
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Scheme 2 Reagents and conditions: (i) Hp, Pd/C (10%), MeOH, r.t. 4 h;
(i) TFA (18 equiv.), dry CH,Cl,, r.t. 4 h; (iii) HBTU (1.1 equiv.), DIEA (3
equiv.), dry CH3CN, r.t., 1 h.

All compounds were obtained in good to excellent yields, by
repeating deprotection of the NH (with trifluoroacetic acid
(TFA)) or of the COOH (with H,, Pd/C) groups and coupled
using HBTU and DIEA (N,N-diisopropylethylamine). The short-
est oligomers LD-2 and LL-2 were purified by flash chromato-
graphy, while the longer oligomers LD-4, LD-8, LL-4 and LL-8
were purified by an ultrasound-assisted washing process using
organic solvents as n-hexane (n-Hex). This method proved to
furnish very pure compounds in high yield, as the compound
lost during the purification is a negligible amount, due to
the very low solubility in n-Hex. In contrast, purification of
these compounds with flash chromatography was responsible
of a significative reduction of the final yield due to the pro-
ducts high tendency to bind to the silica gel.

Characterization

We attempted to grow crystals suitable for single crystals X-ray
diffraction with oligomers of both series and of any length.
Unfortunately, only LL-1 furnished crystals suitable for diffrac-
tion from ethyl acetate (Fig. 1 and Fig. S1, ESIt). So we pre-
pared the enantiomers of all the oligomers, as it is known that
the crystallization of enantiomerically pure chiral molecules is
more difficult than the crystallization of the corresponding
racemate.**™*® 1t is still not clear whether more facile crystalli-
zation of racemic protein mixtures is a general phenomenon,
as predicted by Wukovitz and Yeates and co-workers,*”*® but
this phenomenon has been extensively studied both for pro-
teins and for short peptides and has been successfully applied
to the determination of the unknown structure of snow flea

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Molecular structure of LD-1 in the racemate (left) and of LL-1
(right) as deduced from X-ray diffraction analysis.

antifreeze protein (sfAFP).*® Balaram et al have determined
the crystal structures of seven tripeptides in enantiomeric and
racemic forms.>® Using this technique, we could grow crystals
suitable for X-ray diffraction only from LD-1 in ethyl acetate
(Fig. 1 and Fig. S27t). Interestingly, racemic LD-1 crystallizes as
an antiparallel p-sheet structure (Fig. S3,1 relevant distances
and dihedral angles are listed in Tables S2 and S37). The crys-
tallization of longer oligomers always failed both as racemate
and in the enantiomerically pure form from a wide range of
solvents.

Oligomers of both series were analysed to check their ten-
dency to form stable folded conformations. "H NMR analysis
did not furnish any striking information; ROESY analysis of
the longest oligomer LD-8 did not show the presence of NH-
NH cross peaks (see Fig. S41). The FT-IR absorption spectra of
the three sets were obtained as 3 mM solutions in methylene
chloride: at this concentration, self-aggregation is usually
unimportant.”’>® In contrast, the FT-IR absorption analysis
suggested that N-H---O=C bonds are formed in the longer oli-
gomers of both sets. Fig. 2 shows the FT-IR absorption spectra
(N-H and C=0O0 stretching regions) for all the synthesized com-
pounds and helped us to detect non-hydrogen-bonded amide
N-H bands (above 3400 cm™') and hydrogen-bonded amide
protons bands (below 3400 cm™"). The shorter oligomers LD-1,
LD-2, LD-4, LL-1, LL-2 and LL-4 give very similar spectra, with
both peaks below and above 3400 cm™", thus suggesting that
equilibria between folded and unfolded conformations take
place. In contrast, the longest oligomers LD-8 and LL-8 feature
a very different behaviour, as the FT-IR absorption spectrum of
LD-8 shows the presence of strong peaks at 3294 cm™' and
1660 cm™", both typical of the formation of N-H---O=C hydro-
gen bonds, thus revealing a folded conformation. In contrast,
the FT-IR spectrum of LL-8 shows the appearance of a weak
peak at 3364 cm™, together with a broad peak at 1683 cm™".
These two signals both agree with the formation of a partially
folded conformation in a rapid equilibrium with unfolded
structures.

VCD and ECD characterization of oligomers of both series
was pursued with the aim of obtaining more sensitive infor-
mation on the preferred conformations. ECD spectra
were recorded in acetonitrile using quartz cells of various
path-lengths from 0.01 to 1 cm, in order to properly
capture the signals appearing in the region between 190 and

This journal is © The Royal Society of Chemistry 2020

Paper
(A)
10{ ——LD-1 /1660
——1LD-2
_ 0g] —Lp4
x ——LD-8
8
S 06
©
£
2 04
< 3294
0.2
0.0+ T 17/ T T T
3500 3400 3300 3200 1800 1700 1600
Wavenumber (cm™")
(B)
0.8 LL-1 1683
—L2
—LL4
S 0.6 ——LL-8
3
&
£ 04
2
<
0.2 3364
0'0- T T T T T T T
3500 3400 3300 3200 1800 1700 1600

Wavelength (cm™)

Fig. 2 Selected regions of FT-IR absorption spectra of oligomers of the
LD-series (A) and of the LL-series (B). All the spectra have been recorded
as 3 mM solutions in dichloromethane.

300 nm. The spectra for the LD and LL series are shown in
Fig. 3 and 4.

At first sight, the spectra for the two series look like the
mirror image of each other. This is an indication that the sec-
ondary structure handedness is mainly dictated by the chirality
of the pGlu residues, while the Ala residues play a minor role.
In particular, the 240 nm band preserves its whole intensity
and changes sign from negative to positive when passing from
the LD to the LL series. This is better appreciated by means of
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A /nm

Fig. 3 ECD spectra of the LD-series recorded with cells having path
lengths of 0.01 cm, 0.05 cm and 1 cm (from left to right), as acetonitrile
solutions having the following concentrations: LD-1 (7.4 x 10~* M; LD-2
(6.6 x 10~* M); LD-4 (2.5 x 10~* M); LD-8 (1.3 x 10~* M).
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Fig. 4 ECD spectra of the LL-series recorded with cells having path
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solutions having the following concentrations: LL-1 (8.4 x 10~* M); LL-2
(4.8 x 107* M); LL-4 (2.5 x 107* M); LL-8 (1.5 x 107* M).

a direct comparison between the ECD spectra recorded for
the longest oligomers LD-8 and LL-8 (Fig. 5). The LD series
display a second well-defined positive band with maximum
at 210 nm. This band is negative and much weaker for the
LL series (Fig. 3-5), which shows instead a relatively strong
negative tail at shorter wavelengths which has no positive
counterpart for the LD series. Additionally, the LL-series fea-
tures a weak negative band above 270 nm which appears as a
shoulder of the same sign for the LD-series.

A second piece of information offered by ECD spectra is the
nature of secondary structure and the related degree of helical
order reached by the various oligomers. The ECD profile of LD
series is reminiscent of a p-sheet folding of r-amino acid pro-
teins and peptides,”” although both maxima are shifted to
longer wavelengths by 17-25 nm. This red-shift cannot be
attributed solely to solvent effects’” and needs a different
explanation (vide infra). However, the most striking element in
the ECD spectra of the LD series is their exceptionally strong
intensity. The Ae for the 212 nm band of octamer LD-8
reaches a value of 140 M~" em™", that is one order of magni-
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Fig. 5 ECD spectra of LL-8 and LD-8 respectively recorded as 1.5 x
10™* M and 1.3 x 10~* M solutions in acetonitrile with 0.05 cm cells.
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tude larger than the typical values for the 195 nm band of
B-sheet (5-10 M~' cm™") and the 192 nm band of a-helix
(15-20 M~" em™").”® As the ECD intensity can be taken as a
measure of the degree of polypeptide helical order, this obser-
vation suggests that the octamer is folded in a well-ordered
secondary structure. The same is also true for the tetramer
LD-4 and, to a lesser extent, even for the dimer LD-2. Not sur-
prisingly, the degree of order increases with the chain length
(Fig. 3).

The ECD profile of the LL series (Fig. 4) does not resemble
any of the typical ECD signatures for standard secondary struc-
ture motifs of proteins and peptides based on r-amino acids.
The ECD intensity is again quite large (40 M™' ecm™" for the
240 nm band of LL-8) although less impressive than for the LD
series. The reason for the extraordinary appearance of the ECD
spectra of LL and especially LD series must be sought not only
in conformational reasons (the unusual type of secondary
folding), but also in electronic ones, because the presence of
pGlu alters the nature of one chromophore (an imide group)
responsible for the ECD bands. This latter expectation is veri-
fied by ECD calculations discussed later. Although ECD
spectra of several chiral imide derivatives have been reported
in the literature,*®" we are aware of only report concerning
peptides carrying a single imide chromophore in the form of a
r-aminosuccinyl (1-Asu) residue.’® They feature ECD bands
>240 nm ascribable to the imide chromophores, which were
allied with Ae values around —1 M~ em ™.

VCD spectra of all oligomers were recorded in d*-aceto-
nitrile using a BaF, cell with 100 pm pathlength. Although the
region between 1100 and 1500 cm™" displays several intense
bands, we focused our attention on the region between 1600
and 1800 cm™', which corresponds to the amide I/Il band
region most often considered in the VCD analysis of peptides
and proteins.® In this spectral window, all oligomers display
a sequence of three bands with alternating —/+/— sign (Fig. 6
and 7). A closer inspection of the three bands reveals that they
increase in intensity upon chain lengthening, albeit less regu-
larly than the ECD profiles. Another marked difference with
ECD is that the VCD spectra for the LL-series are consistently
stronger than the LD-series for a given oligomer size. This fact
can be easily appreciated looking at direct spectral compari-
sons reported in Fig. S5.1 As it emerges from normal mode
analysis (vide infra), the two bands in the range
1680-1720 cm™" are due to C=O0 stretching vibrations located
on the amide groups. Thus, they correspond to the amide I
band, which is normally observed for peptides and proteins
around 1650 cm™'. The shift to higher frequencies (by
~50 cm™') is mostly due to the solvent effect passing from
water to acetonitrile.®® The third band centred at 1750 cm ™" is
instead due to C=O stretching vibrations located on the imide
groups. The region below 1600 cm™, where amide II bands
are expected in acetonitrile,®® is weak and little significant in
our spectra.

If we restrict our analysis to the amide I band, we recognize
a negative couplet (i.e., a sequence of two bands with —/+,
from shorter to longer wavenumbers) for both series. The

This journal is © The Royal Society of Chemistry 2020
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series recorded with a 100 pm cell, as d*-acetonitrile solutions having
the following concentrations: LD-1 (0.14 M); LD-2 (0.09 M); LD-4 (0.04
M); LD-8 (0.02 M).
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the following concentrations: LL-1 (0.12 M); LL-2 (0.09 M); LL-4 (0.04
M); LL-8 (0.02 M).

couplet is quite symmetrical for the LD-series (Fig. 6), while it
is biased toward the negative component for the LL-series
(Fig. 7). The couplet intensity (peak-to-trough amplitude) is
~1.1 M~ em™ for LL-8 and ~0.4 M~' cm™ for LD-8, while the
g-factors (Ae/e or AA/A) for the most intense band around

This journal is © The Royal Society of Chemistry 2020
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1690 cm ™" attain values of 4 x 10~ for LL-8 and 9 x 10~ for
LD-8, respectively. An intense negative couplet with negative
bias and g-factor >10™* is commonly accepted as the VCD sig-
nature of random coil or extended helix conformation.*® In
our foldamers, the amide I band is also excitonically-coupled
with the imide C=O stretching at higher frequency. A similar
situation was observed for an oxindolyl N-acetyloxazolidinone
derivative of flustramine B.®* In this latter case, a VCD couplet
was detected around 1700 cm™" yielding a negative imide VCD
band at 1730 cm ™" with intensity around —0.2 M~ em™.

The present qualitative VCD analysis thus suggests a pre-
ferred random coil or extended helix conformation for the LL-
series, while it is not sufficient to infer the favoured folding of
the LD-oligomers. As we shall see below, however, VCD spectra
for this series are well reproduced by frequency calculations
when =-helix folds are employed as input structures,
suggesting that a symmetrical negative couplet with g-factor
<10 can be taken as the VCD signature of n-helices.

Molecular dynamics simulations

Molecular dynamics simulations for 100 ns of LD-1, LL-1,
LD-2, LL-2, LD-4, LL-4, LD-8 and LL-8 were carried out in an
explicit acetonitrile box, reproducing the conditions in which
VCD and ECD spectra have been recorded. Principal com-
ponent analysis (PCA) of the MD trajectories generated the
free-energy landscape of the oligomers (see Computational
sectiont). This approach proved to be effective in reproducing
the NMR and crystallographic data of peptides and pseudopep-
tides and in addition provides insight into their free energy
landscape.®>°°

In the energy landscapes of the LL-series (Fig. 8a-d) the
local minima are broad, and there is no significant basin of
attraction indicative of a folded conformation. The most popu-
lated conformations represent non-folded extended confor-
mations of the oligomers that undergo practically free rotation
in the solvent (Fig. S6f). This finding is consistent with the
results of the qualitative analysis of VCD spectra for the LL
series, which suggested a preferred random coil or extended
helix conformation. On the contrary, the energy landscapes of
the LD-series (Fig. 8e-h) are characterized by well-defined
minima corresponding to specific conformations (Fig. S77).
The energy landscapes of the oligomers LD-1, LD-2 and LD-4
suggest that an equilibrium between conformations character-
ized by a different folding takes place. In the energy landscape
of the longest oligomers LD-8, a single, well-defined minimum
exists, corresponding to a precise conformation, confirming
the suggestions provided by the FT-IR absorption spectra, ECD
and VCD spectra.

MD simulations show an almost completely folded struc-
ture of LD-8 (Fig. 9) in acetonitrile at room temperature. Top
view perspective (Fig. 9a) of LD-8 draws attention on the struc-
tural role of pGlu rings and Ala methyl groups that are stacked
vertically and are tightly packed and interlocked. This confor-
mer is also characterized by a well-defined hydrogen-bond
pattern, including two distinct types of hydrogen bonds. The
formation of the i + 5 - { N-H:-:O=C hydrogen bonds is the
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driving force for the folding (Fig. 9b). Amide carbonyl of Ala
are always the hydrogen bond acceptors of the i + 5 — i N-
H---O=C hydrogen bonds, while the endocyclic carbonyl of
pGlu is not involved in the hydrogen bond network. This well-
defined hydrogen-bond pattern is typical of a =m-helix. An
additional stabilization element of this folded structure
derives also from non-standard i + 6 — i C=0---H-C hydrogen
bonds between the carbonyl group of Ala and the Co-H of
pGlu (Fig. 9¢). The important role of this latter class of hydrogen
bonds was recently highlighted on protein and nucleic acid
structure, molecular recognition, and enzyme catalysis.”” A
careful analysis of the values of the torsion angles @ and ¥
(Table S4t) of the LD-8 structure allowed the precise assign-
ment of the identified conformer as a m;p helix. The wp
helices are formed by repeating LD dipeptides, in which the
two residues populate the extended regions of the @-¥ map,
that lie on opposite sides of the Ramachandran plot, although
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Fig. 9 Representative structure of LD-8 corresponding to the absolute
minimum of the free energy landscape in Fig. 8h seen from three view-
points. (a) Top view perspective, (b and c) front view perspectives. In
black (b) the j + 5 — i N—H---O=C hydrogen bonds, (c) the non-standard
i+ 6 - C=0---H-C hydrogen bonds.

the overall structure formed is helical (Fig. S87), in analogy to
Gramicidin or Feglymycin helices.®® The alternating pattern of
- and p-amino acids in LD-8 is crucial for the formation of
these structures.

ECD and VCD calculations

DFT-based (density functional theory) calculations of ECD and
VCD spectra are nowadays routine procedures to study the con-
figuration and conformation of several types of molecules.®’
We run ECD and VCD calculations on all compounds for
which experimental ECD/VCD spectra were measured, namely
LD-1, LL-1, LD-2, LL-2, LD-4, LL-4, LD-8 and LL-8. In all cases,
we used a single input structure selected from the global
energy minima obtained from MD simulations (see white
marks on Fig. 8). Especially for the oligomers characterized by
broad energy landscapes, we did not expect such a procedure
to reproduce the experimental spectra perfectly, for which a
thorough conformational sampling would be needed. Our
main purpose was in fact to interpret ECD and VCD spectra in
terms of the most significant electronic and vibrational tran-
sitions, respectively, and to rationalize the observed trends
along each series, and the observed differences among the two
series. On the other hand, the sharp distinct energy minima
found for some oligomers might be validated by ECD and VCD
calculations. All calculated spectra are shown in Fig. S9A and
S9B,T while the most representative results are summarized in
Fig. 10 and 11.

The input structures for all calculations were obtained by
DFT re-optimization, at B3LYP/6-311G(d,p) level of theory, of
the MD energy minima. Excited states calculations were run
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Fig. 10 Left: Calculated ECD spectra of LL-8 and LD-8 at the CAM-B3LYP/def2-TZVP//B3LYP/6-311G(d,p) level of theory with PCM for acetonitrile.
The horizontal bars define the spectral regions associated to the transitions indicated in the legend (with reference to LD-8). Right: Main orbitals

involved in the amide- and imide-centred transitions.
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(Left) Comparison between experimental and calculated VCD spectra of LL-8 and LD-8. Calculations run at the B3LYP/6-311G(d,p) level of

theory; frequency scaling factor 0.966 and 0.985, respectively; spectra plotted as sums of Lorentzians with 8 cm™ full width at half height. (Right)
Main normal modes responsible for the major calculated VCD bands a—c, plotted for LD-4; the arrows indicate the displacement vectors.

with time-dependent DFT (TDDFT) at CAM-B3LYP/def2-TZVP
level of theory including a continuum solvent model
(IEF-PCM) for acetonitrile. The calculated ECD spectra for both
series (Fig. S9A and S9Bt) compare well with the observed ECD
profiles and the main trends. For all compounds except LD-2,
the sign of the first ECD band is correctly predicted by calcu-
lations (negative for the LD series, positive for the LL). For
most compounds, the overall couplet-like feature is also repro-
duced (negative couplet for LD, positive couplet for LL). More
specifically, for the two largest members of each series (LD-4,
LL-4, LD-8 and LL-8), the agreement between calculated and
experimental spectra is very good, and replicates the differences
observed between the two series (different sign and intensity)
and along each series (increasing intensity). The ECD spectra
calculated for octamers LL-8 and LD-8 are shown in Fig. 10. If
we compare them with Fig. 5, we may appreciate how even
some fine details of the experimental spectra are reproduced,
like the small negative band at 270 nm for LL-8. More impor-
tantly, the calculations confirm the exceptionally strong ECD

This journal is © The Royal Society of Chemistry 2020

spectra associated with our foldamers. The agreement between
experimental and calculated spectra not only substantiates the
outcome of MD simulations, that predict better defined confor-
mational ensembles for the longer oligomers, but also signifies
that the MD-predicted energy minima are well representative of
the conformational population.

The calculated ECD spectra of LD-4 and LD-8 were analysed
in detail to ascertain if a band assignment was possible. In
fact, every observed band originates from the superposition of
several different transitions localized on the various chromo-
phores. Following the coloured horizontal bars in Fig. 10, the
negative ECD band in the spectrum of LD-8 is due to the con-
volution of all possible n—-n* transitions localized on the amide
and imide groups, while the positive ECD band is mainly due
to m—n* transitions of the imide groups. While the main nature
of the two bands is typical of standard peptides, the substi-
tution of an amide bond with an imide one strongly affects the
character of the various transitions, as can be appreciated by
looking at the natural transition orbitals (NTO) in Fig. 10.
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Frequency calculations were run at B3LYP/6-311G(d,p) level
of theory. Limiting again our analysis to the region between
1600 and 1800 cm™', we notice also in this case a qualitative
correspondence between experimental and calculated IR/VCD
spectra (Fig. S10t) for almost all compounds except LD-2 and
LD-4, for which the single conformer picture is evidently too
rough. In Fig. 11, the direct comparison of VCD spectra for the
longest oligomers LL-8 and LD-8 is displayed. In both cases,
the calculations correctly reproduce the pattern of signs —/+/—
and the relative signal intensity of the three major bands in the
significant region. The agreement for LL-8 is almost perfect; for
LD-8, instead, the frequency separation between the three
bands is overestimated by calculations. The discrepancy is
most likely due to a somewhat inadequate treatment of hydro-
gen bonding at the present level of calculations; inclusion of
an empirical dispersion of Grimme’s D3 type had no or little
effect on the result and did not improve the overall outcome
(Fig. S117). However, the agreement is sufficient to interpret
the observed bands in terms of underlying normal modes.
Normal modes analysis reveals that the three major VCD
bands are due to the combination of all the possible carbonyl
stretching modes. The negative couplet (—/+ signs from low
to high frequency) around 1700 ecm™" is due to the stretching
vibrations of amide carbonyl groups and of imide carbonyl
groups on the Ala sides, that is, the carbonyl moieties one will
find in a “standard” peptide devoid of the additional pGlu
C=O0 groups. We can therefore identify these two bands as
those corresponding to amide I vibrations. The higher fre-
quency negative band is instead associated with the stretching
vibration of imide carbonyl groups on the pGlu sides, that is,
the “additional” carbonyl moieties with respect to a “standard”
peptide.

The normal modes most contributing to the major calcu-
lated VCD bands for LD-4 are displayed in Fig. 11; the assign-
ment is consistent for LD-8 and for the LL-series. Our analysis
let us conclude that the couplet of bands around 1700 cm™
can be taken as the VCD signature of r-helix structure (in
CD,CN).

Experimental section
General remarks

Solvents were dried by distillation before use. All reactions
were carried out in dried glassware. The melting points of the
compounds were determined in open capillaries and are
uncorrected. High quality infrared spectra (64 scans) were
obtained at 2 cm™" resolution with an ATR-FT-IR Bruker Alpha
System spectrometer. All spectra were obtained in 3 mM solu-
tions in CH,Cl,. All compounds were dried in vacuo and all the
sample preparations were performed in a nitrogen atmo-
sphere. NMR spectra were recorded with a Varian Inova 400
spectrometer at 400 MHz ("H NMR) and at 100 MHz (**C
NMR). Chemical shifts are reported in § values relative to the
solvent peak. HPLC-MS was used to check the purity of com-
pounds. ECD spectra were measured with a Jasco J-715 spectro-
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polarimeter with the following conditions: scan speed 100 nm
min~'; response 0.5 s; data pitch 0.2 nm; bandwidth 1.0 nm; 4
accumulations. VCD and IR spectra were recorded using a
Jasco FVS-6000 VCD spectrometer with the following con-
ditions: resolution 4 cm™'; range 2000-900 cm™'; 4000
accumulations.

Boc-1-Ala-p-pGlu-OBn, LD-1. To a stirred solution of Boc-
1-Ala-OH (0.86 g, 4.56 mmol) and HBTU (1.90 g, 5.02 mmol) in
dry acetonitrile (12 mL), under inert atmosphere, p-pGlu-OBn
(1.00 g, 4.56 mmol) in dry acetonitrile (12 mL) was added at
room temperature, followed by a solution of DBU (1.36 mL,
9.13 mmol). The solution was stirred for 1 hour under inert
atmosphere, then acetonitrile was removed under reduced
pressure and replaced with dichloromethane (100 mL). The
mixture was washed with brine (70 mL), 1 N aqueous HCI
(70 mL) and with 5% aqueous NaHCO; (70 mL), dried over
sodium sulphate and concentrated in vacuo. The product was
obtained pure after silica gel chromatography (7:3 — 1:1 —
1:9 cyclohexane/AcOEt) in 50% of yield (0.89 g, 2.28 mmol).
M.p. = 68-70 °C; IR (3 mM, CH,CL,) = 3434, 2933, 1753, 1709,
1501 em™'; '"H NMR (400 MHz, CDCl;) § 1.37 (d, 3H, J =
6.7 Hz, CH; Ala), 1.44 (s, 9H, 3 x CH; Boc), 2.09 (ddt, 1H, J =
13.6 Hz, J = 9.4 Hz, J = 2.3 Hz, CHH p pGlu), 2.34 (ddt, 1H, J =
13.6 Hz, J = 11.3 Hz, J = 9.4 Hz, CHH p pGlu), 2.55 (ddd, 1H, J =
17.7 Hz,J = 9.4 Hz, J = 2.3 Hz, CHH v pGlu), 2.66-2.79 (m, 1H,
CHH v pGlu), 4.74 (dd, 1H, J = 9.4 Hz, J = 2.3 Hz, CH o pGlu),
5.20 (d, 2H, J = 3.0 Hz, O-CH,-Ph), 5.31-5.38 (m, 1H, NH),
5.39-5.47 (m, 1H, CH « Ala), 7.31-7.41 (m, 5H, Ar H); "*C NMR
(100 MHz, CDCl;) § 19.3, 21.6, 28.4, 31.8, 50.2, 58.3, 67.5, 79.6,
128.3, 128.4, 128.6, 128.7, 128.8, 135.2, 154.8, 170.5, 173.8,
174.5. Anal. caled for C,oH,eN,04: C, 61.53; H, 6.71; N, 7.18.
Found: C, 61.58; H, 6.69; N, 7.13.

Boc-(1-Ala-p-pGlu),-OBn, LD-2. TFA (2.72 mL, 16.10 mmol)
was added under nitrogen atmosphere to a solution of Boc-
L-Ala-p-pGlu-OBn LD-1 (0.35 g, 0.90 mmol) in dry dichloro-
methane (10 mL). The mixture was stirred at room temperature
for 4 hours and concentrated in vacuo after a control via TLC.
H-1-Ala-p-pGlu-OBn-CF;CO,H was obtained in quantitative
yield.

Pd/C (10% w/w, 35 mg) was added under inert atmosphere
to a stirred solution of Boc-i-Ala-p-pGlu-OBn LD-1 (0.35 g,
0.90 mmol) in methanol (6 mL). Vacuum was created inside
the flask using the vacuum line. The flask was then filled with
hydrogen using a balloon (1 atm). The solution was stirred for
4 hours under a hydrogen atmosphere. Boc-L-Ala-p-pGlu-OH
was obtained pure after filtration through Celite filter and con-
centrated in vacuo in quantitative yield. A solution of Boc-1-Ala-
p-pGlu-OH and HBTU (0.37 g, 0.99 mmol) in dry acetonitrile
(6 mL) was stirred under nitrogen atmosphere for 10 min at
room temperature, then a solution of the H-r-Ala-p-pGlu-
OBn-CF;CO,H and DIEA (0.27 mL, 2.69 mmol) in dry aceto-
nitrile (6 mL) was added dropwise. The solution was stirred for
1 h under nitrogen atmosphere, then acetonitrile was removed
under reduced pressure and replaced with dichloromethane
(50 mL). The mixture was washed with brine (30 mL), 1 N
aqueous HCI (30 mL) and with saturated aqueous NaHCO;
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(30 mL), dried over sodium sulphate and concentrated
in vacuo. The product was obtained pure after silica gel chrom-
atography (cyclohexane/ethyl acetate 3:7 — ethyl acetate) in
85% of yield (0.44 g, 0.76 mmol). M.p. = 89-92 °C; IR (3 mM,
CH,Cl,) = 3427, 2934, 1752, 1698, 1500 cm ; 'H NMR
(400 MHz, CDCl;) 6 1.33 (d, 3H, J = 6.1 Hz, CH; Ala), 1.38 (s,
9H, 3 x CH; Boc), 1.41 (d, 3H, J = 6.8 Hz, CH; Ala), 2.01-2.12
(m, 1H, CHH B pGlu), 2.13-2.40 (m, 3H, 3 x CHH f pGlu),
2.42-2.59 (m, 2H, 2 x CHH y pGlu), 2.63-2.76 (m, 1H, CHH
Y pGlu), 2.79-2.89 (m, 1H, CHH y pGlu), 4.63-4.73 (m, 2H, 2 x
CH « pGlu), 5.17 (d, 2H, J = 8.2 Hz, O-CH,-Ph), 5.28-5.35 (m,
1H, CH « Ala), 5.39-5.57 (m, 2H, CH « Ala + NH), 7.05-7.13
(m, 1H, NH), 7.28-7.39 (m, 5H, Ar H); >’C NMR (100 MHz,
CDCl;) 6 17.6, 18.2, 21.8, 23.1, 28.4, 31.8, 32.2, 49.9, 50.3, 58.5,
59.4, 67.5, 80.0, 128.3, 128.6, 128.7, 135.2, 155.4, 169.9, 170.5,
173.6, 174.1, 174.8, 174.9. Anal. caled for C,gH3¢N,Oqy: C,
58.73; H, 6.34; N, 9.78. Found: C, 58.67; H, 6.32; N, 9.81.
Boc-(1-Ala-p-pGlu),-OBn, LD-4. TFA (0.44 mL, 5.66 mmol)
was added under nitrogen atmosphere to a solution of Boc-(L-
Ala-p-pGlu),-OBn LD-2 (0.18 g, 0.31 mmol) in dry dichloro-
methane (4 mL). The mixture was stirred at room temperature
for 4 hours and concentrated in vacuo after a control via TLC.
H-(1-Ala-p-pGlu),-OBn-CF;CO,H was obtained in quantitative
yield. Pd/C (10% w/w, 18 mg) was added under inert atmo-
sphere to a stirred solution of Boc-(r-Ala-p-pGlu),-OBn LD-2
(0.18 g, 0.31 mmol) in methanol (5 mL). Vacuum was created
inside the flask using the vacuum line. The flask was then
filled with hydrogen using a balloon (1 atm). The solution was
stirred for 4 hours under a hydrogen atmosphere. Boc-(r-Ala-p-
pGlu),-OH was obtained pure after filtration through Celite
filter and concentrated in vacuo in quantitative yield. A solu-
tion of Boc-(L-Ala-p-pGlu),-OH and HBTU (0.13 g, 0.35 mmol)
in dry acetonitrile (6 mL) was stirred under nitrogen atmo-
sphere for 10 min at room temperature, then a solution of
the H-(1-Ala-p-pGlu),-OBn-CF;CO,H and DIEA (0.16 mlL,
0.94 mmol) in dry acetonitrile (6 mL) was added dropwise. The
solution was stirred for 1 h under nitrogen atmosphere, then
acetonitrile was removed under reduced pressure and replaced
with dichloromethane (40 mL). The mixture was washed with
brine (30 mL), 1 N aqueous HCI (30 mL) and with saturated
aqueous NaHCO; (30 mL), dried over sodium sulphate and
concentrated in vacuo. The purification occurred with an ultra-
sound-assisted washing process using organic solvents as
n-Hex achieving product in 95% of yield (279.8 mg,
0.30 mmol). M.p. = 135-137 °C; IR (3 mM, CH,Cl,) = 3416,
3367, 2934, 1752, 1697, 1605, 1525 cm™; "H NMR (400 MHz,
CDCl;) 6 1.35 (d, 3H, J = 6.9 Hz, CH; Ala), 1.41 (s, 12H, 3 x CH,
Boc + CHj; Ala), 1.42-1.44 (m, 3H, CH; Ala), 1.45-1.47 (m, 3H,
CH; Ala), 2.14-2.40 (m, 8H, 4 x CH, f pGlu), 2.41-2.61 (m, 4H,
4 x CHH y pGlu), 2.65-2.77 (m, 2H, 2 x CHH y pGlu), 2.82-2.98
(m, 2H, 2 x CHH y pGlu), 4.65-4.82 (m, 4H, 4 x CH a pGlu),
5.11-5.29 (m, 4H, O-CH,-Ph + CH « Ala + NH), 5.34-5.41 (m,
1H, CH o Ala), 5.42-5.48 (m, 1H, CH « Ala), 5.55-5.65 (m, 1H,
CH a Ala), 7.14-7.18 (m, 1H, NH) 7.30-7.38 (m, 6H, Ar H +
NH), 7.40-7.45 (m, 1H, NH); *C NMR (100 MHz, CDCl,)
5 16.4, 17.5, 21.7, 23.0, 28.4, 31.8, 32.2, 49.8, 49.9, 50.4, 58.5,
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59.2, 59.4, 67.6, 80.4, 128.3, 128.5, 128.6, 128.8, 135.3, 155.8,
170.1, 170.8, 173.7, 173.9, 174.2, 175.0, 175.2. Anal. caled for
Ca4Hs56NgO;55: C, 56.40; H, 6.02; N, 11.96. Found: C, 56.35; H,
6.08; N, 12.02.

Boc-(1-Ala-p-pGlu)g-OBn, LD-8. TFA (0.15 mL, 1.92 mmol)
was added under nitrogen atmosphere to a solution of Boc-
(t-Ala-p-pGlu),-OBn LD-4 (0.10 g, 0.11 mmol) in dry dichloro-
methane (2 mL). The mixture was stirred at room temperature
for 4 hours and concentrated in vacuo after a control via TLC.
H-(r-Ala-p-pGlu),-OBn-CF;CO,H was obtained in quantitative
yield. Pd/C (10% w/w, 10 mg) was added under inert atmo-
sphere to a stirred solution of Boc-(i-Ala-p-pGlu),-OBn LD-4
(0.10 g, 0.11 mmol) in methanol (3 mL). Vacuum was created
inside the flask using the vacuum line. The flask was then
filled with hydrogen using a balloon (1 atm). The solution was
stirred for 4 hours under a hydrogen atmosphere. Boc-(r-Ala-
p-pGlu),-OH was obtained pure after filtration through Celite
filter and concentrated in vacuo in quantitative yield. A solu-
tion of Boc-(t-Ala-p-pGlu),-OH and HBTU (0.45 g, 0.12 mmol)
in dry acetonitrile (3 mL) was stirred under nitrogen
atmosphere for 10 min at room temperature, then a solution
of the H-(r-Ala-p-pGlu),-OBn-CF;CO,H and DIEA (0.55 mlL,
0.32 mmol) in dry acetonitrile (3 mL) was added dropwise. The
solution was stirred for 1 h under nitrogen atmosphere, then
acetonitrile was removed under reduced pressure and replaced
with dichloromethane (30 mL). The mixture was washed with
brine (20 mL), 1 N aqueous HCI (20 mL) and with saturated
aqueous NaHCO; (20 mL), dried over sodium sulphate and
concentrated in vacuo. The purification occurred with an ultra-
sound-assisted washing process using organic solvents as
n-Hex achieving product in 92% of yield (0.16 g, 0.098 mmol).
M.p. = 220-222 °C; IR (3 mM, CH,Cl,) = 3358, 3294, 2937,
2882, 1751, 1702, 1660, 1534 cm™"; *H NMR (400 MHz, DMSO,
de) 6 1.07-1.28 (m, 33H, 8 x CH; Ala + 3 x CH; Boc), 1.68-2.70
(m, 32H, 8 x CH, p pGlu + 8 x CH, y pGlu), 4.55-4.88 (m, 8H,
8 x CH « pGlu), 5.02-5.26 (m, 3H, O-CH,-Ph + CH « Ala),
5.33-5.62 (m, 7H, 7 x CH « Ala), 6.92 (d, J = 6 Hz, 1H, NH),
7.24-7.39 (m, 5H, Ar), 8.30-8.77 (m, 8H, NH); *C NMR
(100 MHz, CDCl;) 5 17.9, 20.8, 21.1, 28.2, 28.4, 28.5, 29.7, 30.9,
49.0, 53.4, 61.9, 74.8, 128.3, 128.7, 128.8, 151.6, 168.6, 171.2,
171.9. Anal. caled for C;6HoeN;60,5: C, 54.80; H, 5.81; N,
13.45. Found: C, 54.87; H, 5.85; N, 13.50.

Boc-1-Ala-L-pGlu-OBn, LL-1. To a stirred solution of Boc-
1-Ala-OH (0.86 g, 4.56 mmol) and HBTU (1.90 g, 5.02 mmol) in
dry acetonitrile (12 mL), under inert atmosphere, 1-pGlu-OBn
(1.00 g, 4.56 mmol) in dry acetonitrile (12 mL) was added at
room temperature, followed by a solution of DBU (1.36 mL,
9.13 mmol). The solution was stirred for 1 hour under inert
atmosphere, then acetonitrile was removed under reduced
pressure and replaced with dichloromethane (100 mL). The
mixture was washed with brine (70 mL), 1 N aqueous HCI
(70 mL) and with 5% aqueous NaHCO; (70 mL), dried over
sodium sulphate and concentrated in vacuo. The product was
obtained pure after silica gel chromatography (7:3 - 1:1 —
1:9 ciclohexane/AcOEt) in 53% of yield (0.94 g, 2.42 mmol).
M.p. = 104-105 °C; IR (3 mM, CH,Cl,) = 3437, 2934, 1750,
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1706, 1500 cm™"; "H NMR (400 MHz, CDCl;) § 1.29 (d, 3H, J =
7.0 Hz, CHj; Ala), 1.41 (s, 9H, 3 x CH; Boc), 2.00-2.16 (m, 1H,
CHH p pGlu), 2.51-2.71 (m, 1H, CHH B pGlu + CHH y pGlu),
4.84 (dd, 1H, J = 9.5 Hz, ] = 3.1 Hz, CH a pGlu), 5.06 (d, 1H J =
8.0 Hz, NH), 5.18 (AB, 2H, J = 12.0 Hz, O-CH,-Ph), 5.34 (dq,
1H, J = 6.0, 6.8 Hz, CH « Ala), 7.28-7.39 (m, 5H, Ar H Conf A +
B); *C NMR (100 MHz, CDCl;) § 17.8, 21.4, 28.3, 31.8, 49.7,
57.8, 67.5, 79.8, 128.3, 128.6, 128.7, 134.9, 155.2, 170.6, 173.8,
174.7. Anal. caled for C,oH,6N,Oq: C, 61.53; H, 6.71; N, 7.18.
Found: C, 61.50; H, 6.72; N, 7.11.

Boc-(r-Ala-L-pGlu),-OBn, LL-2. TFA (1.59 mL, 20.7 mmol) was
added under nitrogen atmosphere to a solution of Boc-i-Ala-
L-pGlu-OBn LL-2 (0.45 g, 1.148 mmol) in dry dichloromethane
(11 mL). The mixture was stirred at room temperature
for 4 hours and concentrated in vacuo after a control via TLC.
H-1-Ala-1-pGlu-OBn-CF;CO,H was obtained in quantitative
yield. Pd/C (10% w/w, 48 mg) was added under inert atmo-
sphere to a stirred solution of Boc-r-Ala-L-pGlu-OBn LL-2
(0.45 g, 1.15 mmol) in methanol (10 mL). Vacuum was created
inside the flask using the vacuum line. The flask was then
filled with hydrogen using a balloon (1 atm). The solution was
stirred for 4 hours under a hydrogen atmosphere. Boc-L-Ala-1-
PGlu-OH was obtained pure after filtration through Celite filter
and concentrated in vacuo in quantitative yield. A solution of
Boc-1-Ala-L-pGlu-OH and HBTU (0.48 g, 1.26 mmol) in dry
acetonitrile (6 mL) was stirred under nitrogen atmosphere for
10 min at room temperature, then a solution of the H-r-Ala-
L-pGlu-OBn-CF;CO,H and DIEA (0.59 mL, 3.44 mmol) in dry
acetonitrile (6 mL) was added dropwise. The solution was
stirred for 1 h under nitrogen atmosphere, then acetonitrile
was removed under reduced pressure and replaced with di-
chloromethane (60 mL). The mixture was washed with brine
(40 mL), 1 N aqueous HCI (40 mL) and with saturated aqueous
NaHCO; (40 mL), dried over sodium sulphate and concen-
trated in vacuo. The product was obtained pure after silica gel
chromatography (cyclohexane/ethyl acetate 3:7 — ethyl
acetate) in 95% of yield (0.62 g, 1.090 mmol). M.p. = 88-90 °C;
IR (3 mM, CH,CL,) = 3427, 2934, 1750, 1698, 1501 cm™'; 'H
NMR (400 MHz, CDCl3) § 1.35 (d, 3H, J = 5.5 Hz, CH; Ala), 1.40
(d, 3H, J = 2.7 Hz, CH; Ala), 1.42 (s, 9H, 3 x CH; Boc),
2.04-2.14 (m, 1H, CHH p pGlu), 2.15-2.31 (m, 2H, 2 x CHH p
pGlu), 2.32-2.44 (m, 1H, CHH p pGlu), 2.45-2.54 (m, 2H, 2 X
CHH vy pGlu), 2.65-2.87 (m, 2H, 2 x CHH y pGlu), 4.59-4.78
(m, 3H, 2 x CH a pGlu Conf A + CH «a pGlu Conf B), 4.79-4.88
(m, 1H, CH a pGlu Conf B), 5.05-5.15 (m, 2H, NH Conf A + NH
Conf B) 5.21 (s, 2H, O-CH,-Ph), 5.27-5.40 (m, 2H, CH o Ala
Conf A + CH «a Ala Conf B), 5.46-5.57 (m, 1H, CH a Ala Conf
A), 5.58-5.68 (m, 1H, CH « Ala Conf B), 6.42 (d, 1H, J = 6.3 Hz,
NH Conf A), 6.66 (d, 1H, J = 7.8 Hz, NH Conf B), 7.30-7.40 (m,
5H, Ar H); *C NMR (100 MHz, CDCl;) § 18.0, 18.8, 21.6, 21.9,
28.5, 31.9, 32.2, 49.9, 50.4, 58.0, 58.8, 67.6, 80.0, 128.3, 128.4,
128.8, 135.0, 155.4, 169.4, 170.0, 170.5, 173.6, 174.0, 174.8.
Anal. caled for C,gH36N,Oq: C, 58.73; H, 6.34; N, 9.78. Found:
C, 58.72; H, 6.38; N, 9.83.

Boc-(t-Ala-L-pGlu),-OBn, LL-4. TFA (0.69 mL, 8.80 mmol) was
added under nitrogen atmosphere to a solution of Boc-(r-Ala-1-
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pGlu),-OBn LL-2 (0.28 g, 0.49 mmol) in dry dichloromethane
(5 mL). The mixture was stirred at room temperature for
4 hours and concentrated in vacuo after a control via TLC. H-
(t-Ala-L-pGlu),-OBn-CF;CO,H was obtained in quantitative yield.
Pd/C (10% w/w, 18 mg) was added under inert atmosphere to a
stirred solution of Boc-(t-Ala-L-pGlu),-OBn LL-2 (0.28 g,
0.49 mmol) in methanol (5 mL). Vacuum was created inside
the flask using the vacuum line. The flask was then filled with
hydrogen using a balloon (1 atm). The solution was stirred for
4 hours under a hydrogen atmosphere. Boc-(1-Ala-L-pGlu),-OH
was obtained pure after filtration through Celite filter and con-
centrated in vacuo in quantitative yield. A solution of Boc-
(r-Ala-L-pGlu),-OH and HBTU (0.20 g, 0.54 mmol) in dry aceto-
nitrile (6 mL) was stirred under nitrogen atmosphere for
10 min at room temperature, then a solution of the H-(r-Ala-
L-pGlu),-OBn-CF;CO,H and DIEA (0.25 mL, 1.47 mmol) in dry
acetonitrile (6 mL) was added dropwise. The solution was
stirred for 1 h under nitrogen atmosphere, then acetonitrile
was removed under reduced pressure and replaced with di-
chloromethane (50 mL). The mixture was washed with brine
(30 mL), 1 N aqueous HCI (30 mL) and with saturated aqueous
NaHCO; (30 mL), dried over sodium sulphate and concen-
trated in vacuo. The purification occurred with an ultrasound-
assisted washing process using organic solvents as n-Hex
achieving product in 93% of yield (0.43 g, 0.45 mmol). M.p. =
144-145 °C; IR (3 mM, CH,Cl,) = 3416, 2935, 1753, 1690,
1516 cm™"; "H NMR (400 MHz, CDCl;) § 1.30-1.54 (m, 21H, 4
x CH; Ala + 3 x CH; Boc), 2.19-2.46 (m, 8H, 4 x CH, p pGlu),
2.47-2.66 (m, 5H, 5 x CHH y pGlu), 2.68-2.89 (m, 3H, 3 x CHH
Y pGlu), 4.59-4.89 (m, 4H, 4 x CH a pGlu), 5.20 (s, 2H, O-CH,-
Ph), 5.28-5.39 (m, 2H, CH « Ala + NH), 5.40-5.66 (m, 3H, 3 x
CH « Ala), 6.39-6.55 (m, 1H, NH), 6.57-6.72 (m, 1H, NH),
6.86-7.02 (m, 1H, NH), 7.29-7.46 (m, 5H, Ar H); >C NMR
(100 MHz, CDCl;) 6 14.1, 17.1, 17.4, 17.8, 21.0, 21.3, 21.9, 28.2,
29.6, 31.7, 31.9, 31.9, 32.0, 36.5, 38.6, 49.0, 49.7, 57.8, 58.6,
60.3, 67.5, 79.6, 128.2, 128.6, 155.2, 169.9, 135.0, 170.4, 173.5,
173.8, 174.7, 175.1. Anal. caled for C,4H56NgO;5: C, 56.40; H,
6.02; N, 11.96. Found: C, 56.44; H, 5.98; N, 12.00.
Boc-(1-Ala-L-pGlu)g-OBn, LL-8. TFA (0.15 mL, 1.92 mmol) was
added under nitrogen atmosphere to a solution of Boc-(r-Ala-1-
pGlu),-OBn LL-4 (0.10 g, 0.11 mmol) in dry dichloromethane
(2 mL). The mixture was stirred at room temperature for
4 hours and concentrated in vacuo after a control via TLC. H-
(t-Ala-p-pGlu),-OBn-CF;CO,H was obtained in quantitative yield.
Pd/C (10% w/w, 10 mg) was added under inert atmosphere to a
stirred solution of Boc-(t-Ala-L-pGlu),-OBn LL-4 (0.10 g,
0.11 mmol) in methanol (3 mL). Vacuum was created inside
the flask using the vacuum line. The flask was then filled with
hydrogen using a balloon (1 atm). The solution was stirred for
4 hours under a hydrogen atmosphere. Boc-(1-Ala-L-pGlu),-OH
was obtained pure after filtration through Celite filter and con-
centrated in vacuo in quantitative yield. A solution of Boc-
(r-Ala-L-pGlu),-OH and HBTU (0.45 g, 0.12 mmol) in dry aceto-
nitrile (3 mL) was stirred under nitrogen atmosphere for
10 min at room temperature, then a solution of the H-(r-Ala-
L-pGlu),-OBn-CF;CO,H and DIEA (0.55 mL, 0.32 mmol) in dry
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acetonitrile (3 mL) was added dropwise. The solution was
stirred for 1 h under nitrogen atmosphere, then acetonitrile
was removed under reduced pressure and replaced with di-
chloromethane (30 mL). The mixture was washed with brine
(20 mL), 1 N aqueous HCI (20 mL) and with saturated aqueous
NaHCO; (20 mL), dried over sodium sulphate and concen-
trated in vacuo. The purification occurred with an ultrasound-
assisted washing process using organic solvents as n-Hex
achieving product in 75% of yield (0.13 g, 0.08 mmol). M.p. =
166-168 °C; IR (3 mM, CH,Cl,) = 3418, 3368, 2935, 1751, 1683,
1515 ecm™'; 'H NMR (400 MHz, CDCl;) § 1.02-1.50 (m, 41H,
8 x CH3 Ala + 3 x CH3 Boc + 8 x CHH B pGlu), 1.55-1.85 (m,
8H, 8 x CHH f pGlu), 1.92-2.27 (m, 8H, 8 x CHH y pGlu),
2.33-2.77 (m, 8H, 8 x CHH y pGlu), 4.45-4.78 (m, 8H, 8 x CH
a pGlu), 5.03 (bs, 3H, O-CH,-Ph + NH-Boc), 5.17-5.57 (m, 8H,
8 x CH « Ala), 6.28-6.64 (m, 4H, 4 x NH), 7.06-7.32 (m, 8H, Ar
H + 3 x NH); "*C NMR (100 MHz, CDCl;) § 17.5, 21.4, 22.0,
22.7, 28.3, 29.7, 31.7, 31.9, 49.1, 49.7, 57.7, 57.9, 58.7, 65.8,
79.8, 128.3, 128.7, 134.9, 153.1, 155.0, 169.9, 173.6, 174.0,
174.7. Anal. caled for: C,¢HogNy6: C, 54.80; H, 5.81; N, 13.45.
Found: C, 54.84; H, 5.77; N, 13.49.

Single-crystal X-ray crystallography

The X-ray intensity data for LD-1 and LL-1 were measured on a
Bruker ApexII CCD diffractometer. The Bruker Apex2
package’® was used for collecting frames of data, indexing
reflections, and determining lattice parameters. The collected
frames were then processed for integration by the SAINT
program,”® and an empirical absorption correction was
applied using SADABS.”" The structure was solved by direct
methods (SIR 2014)”> and subsequent Fourier syntheses and
refined by full-matrix least squares on F* (SHELXL),” using an-
isotropic thermal parameters for all non-hydrogen atoms. All
hydrogen atoms except the amidic ones were added in calcu-
lated positions included in the final stage of refinement with
isotropic thermal parameters, U(H) = 1.2[U(C)] (UH) = 1.5
[Ueq(C-Me)]), and allowed to ride on their carrier carbons.
Crystal data and details of the data collection for LD-1 and
LL-1 are reported in Table S1.f Molecular drawings were gener-
ated using Mercury.”*

CCDC 1897071 and 1897072t contains the supplementary
crystallographic data for this paper.

Computational section

See ESL.t

Conclusions

The oligomers Boc-(r-Ala-p-pGlu),-OBn and Boc-(t-Ala-L-pGlu),,-
OBn (n =1, 2, 4 and 8) have been prepared by liquid-phase syn-
thesis and their preferred conformation was analysed by X-ray,
NMR, IR absorption and molecular dynamics. With these com-
pounds in our hands, we measured ECD and VCD spectra to
identify the respective spectral profiles, and substantiated
our investigation by ECD and VCD calculations. As the ECD
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spectra for the two series look like the mirror image of each
other, the secondary structure handedness is mainly dictated
by the chirality of the pGlu residues, while the Ala residues
play a minor role. The most striking element in the ECD
spectra of the LD series is their exceptionally strong intensity,
that can be taken as a measure of the polypeptides helical
order degree and suggests that the oligomers are folded in
well-ordered secondary structures. The intensity of the ECD
spectra of the LL series is again quite large although less
impressive than the LD series.

In VCD spectra, the region between 1600 and 1800 cm™,
corresponding to the amide I/II band region, is especially sig-
nificant in the analysis of peptides and proteins. In this spec-
tral window, all oligomers display a sequence of three bands
with alternating —/+/— sign, increasing in intensity upon chain
lengthening. Molecular dynamics simulations for 100 ns of oli-
gomers of both series were carried out in an explicit aceto-
nitrile box, reproducing the conditions in which VCD and ECD
spectra have been recorded. In the energy landscapes of the
LL-series the local minima are broad, and there is no signifi-
cant basin of attraction indicative of a folded conformation. In
contrast, the energy landscapes of the LD-series are character-
ized by well-defined minima corresponding to specific confor-
mational structures. In particular, in the energy landscape of
the longer oligomer LD-8, a single, well-defined minimum
exists, corresponding to a precise conformation, characterized
by well-defined i + 5 — i N-H:--O=C hydrogen bonds, typical
of a m-helix.

Starting from MD local minima, we run ECD and VCD cal-
culations on all compounds for which experimental ECD/VCD
spectra were measured. The calculations reproduced satisfac-
torily the observed trends for the two series of ECD and VCD
spectra. Some discrepancy was found for the VCD spectra of
the LD-8 series, most likely due to a somewhat inadequate
treatment of hydrogen bonding at the present level of calcu-
lations. However, the agreement is good enough to interpret
the observed bands in terms of underlying normal modes.

Using this technique, we could identify two bands as those
corresponding to amide I vibrations. The higher frequency
negative band is instead associated with the stretching
vibration of imide carbonyl groups on the pGlu sides, that is,
the “additional” carbonyl moieties with respect to a “standard”
peptide. Our analysis let us conclude that the couplet of bands
around 1700 cm ™" can be taken as the VCD signature of n-helix
structure (in CD3;CN). Because of the elusive nature of the
n-helix structural motif, no VCD fingerprint had been so far
identified in the literature.

Further work is in progress to prepare crystals of the longer
oligomer LD-8. Their X-ray diffraction analysis will help to
obtain a definitive crystallographic evidence, with precise back-
bone torsion angles, for the n-helix in peptides.
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