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Enantiomorphic right- and left-handed polyproline type | helices in
four cyclic dodecapeptoids with methoxyethyl and propargyl side
chains are observed for the first time by single crystal X-ray
diffraction. The peculiar absence of NH---OC hydrogen bonds in
peptoids unveils the role of intramolecular backbone-to-backbone
CO- - -CO interactions and CH: - -OC hydrogen bonds in the stabili-
zation of the macrocycle conformation. Moreover, intramolecular
backbone-side chain C5 CH.--OC hydrogen bonds emerge as a
stabilizing factor.

Cyclic peptoids (cyclic oligomers of N-substituted glycine resi-
dues) constitute a flexible platform to develop functional
molecules with adjustable structures, easy synthesis, and excel-
lent stability to enzymatic degradation." Although more than
200 members are known, the landscape of larger oligomers
(with more than ten residues) is almost completely uncharted.
Yet, macrocyclic dodecadepsipeptides, as valinomycin,” are
known for their ability to evoke biological activities.® Antibiotic,
antifungal, antimicrobial, antiproliferative, immunosuppres-
sant and nematicidal activities were observed for naturally
occurring dodecameric cyclic peptides.*

While larger peptides show a certain degree of conforma-
tional stability, in peptoids the isoenergetic cis/trans amide
bond conformations and the absence of the Ca stereogenic
centre may lead to unwanted backbone flexibility. However,
cyclization and judicious incorporation of side chains represent
a successful strategy to generate secondary structural motifs.>®

In our ongoing studies devoted to the solid state assembly of
cyclic peptoids,” we designed cyclooligomers as building blocks
for the accretion of solid state supramolecular architectures.
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Right- and left-handed PPI helices in cyclic
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Combining the appropriate side chains and ring size it was
possible to induce different solid state assemblies such as
columns,® tubes,” and layers.””'® Recently, we reported the
synthesis of the N-propargylated cyclic dodecapeptoid cyclo-
(Npa);, (compound 1 in Fig. 1), which proved to be a useful
scaffold for the preparation of the iminosugar-cyclopeptoid
conjugate displaying the largest binding enhancement for
a-mannosidase inhibition reported so far.'"'?

To extend our structural analysis of cyclic peptoids to
cyclododecamers, we succeeded in crystallizing cyclo-(Npa);,
1. We also synthesized and crystallized three further cyclic
dodecamers: cyclo-[(Npa),(Nme),], 2, cyclo-[(Npa)(Nme),], 3
and cyclo-[(Npa)(Nme);(Npa)(Nme)], 4 (Fig. 1).

The linear precursors of macrocyclic compounds were pre-
pared on a 2-chlorotrityl resin following the sub-monomer
approach.’ Repeating iteratively a two-step sequence (acylation
nucleophilic substitution with propargyl or methoxyethyl
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Fig. 1 Cyclic dodecapeptoids: cyclo-(Npa);»> 1, cyclo-[(Npa)2(Nme)4l, 2,
cyclo-[(Npa)(Nme),ls 3 and cyclo-[(Npa)(Nme)s(Npa)(Nme)l, 4; Npa =
N-(propargyl)glycine, Nme = N-(methoxyethyl)glycine.
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amine), we obtained the linear dodecamers in quantitative
yields. Cleavage from the resin and subsequent cyclization in
high dilution conditions in the presence of HATU as the
coupling reagent afforded the crude compounds 2-4, which
were recovered after chromatography purification in 25%, 24%
and 36% overall yields, respectively (see the ESIi for details).

For all compounds, single crystals suitable for X-ray diffrac-
tion analysis were obtained by slow evaporation, from 2:1
methanol/toluene solution for compound 1, from a 1:1 ethyl
acetate/toluene solution for 2, from an i-PrOH solution for 3,
and from a 1:2 chloroform/diethyl ether solution for 4. Crystal
data and refinement details are reported in the ESL#

Interestingly, in all compounds the observed sequence of
the amide group conformations is ccccctcceect, which is the
largest stretch of consecutive cis peptoid junctions in cyclic
peptoids, exceeding by one residue that observed in a cyclic
peptoid nonamer with (S)-N-(1-phenylethyl) side chains.'*

The backbone torsion angles w, ¢ and y are reported in
Table S2 (ESIi). Since all the macrocycles possess a crystallo-
graphic inversion centre, five cis residues exhibit a typical right-
handed PPI helical conformation (with ¢ and  values close to
—75° and 160°, respectively), while the opposite ones exhibit a
left-handed PPI helical arrangement with opposite ¢ and
values. In this way, two helices with opposite screw sense are
bridged by two trans amide bonds (Fig. 2 and Fig. S2, ESI%).

PPI helices were previously observed in linear peptoid
oligomers with o-chiral side chains (including aromatic'® or
alkyl*®™® groups). In our cyclododecamers both methoxyethyl
and propargyl side chains can induce a cis sequence of amide
bonds. On the other side, methoxyethyl side chains are asso-
ciated with trans peptoid bonds in compounds 2-4.

Interestingly, the observed molecular conformation appears as
an intrinsic feature of cyclic dodecapeptoids as all four crystal
structures were obtained in different crystallization conditions.

Indeed, intramolecular CO- - -CO interactions and CH---OC
hydrogen bonds, involving backbone atoms, contribute to
stabilizing the observed conformation.

Both one-sided and reciprocal CO---CO interactions are
observed in the macrocycle, as shown by short contacts below
3.22 A between adjacent carbonyl groups (see Table S3, ESI,#
Fig. 2a and Fig. S2, ESI{).

Intramolecular backbone-to-backbone CH---OC contacts
(indicated as C > 7 CH- - -OC bonds) arise between the carbonyl
groups and the opposite methylene hydrogen atoms three and
two residues before (2.34 A and 2.37 Ain 1, 2.38 A and 2.40 A in
2,2.36 Aand 2.43 A in 3, 2.40 A and 2.46 A in 4; see also Fig. 2b,
Fig. S3 and Table S4, ESIi). Noteworthily, analogous interac-
tions were observed between the carbonyl groups of the i™
residue and the backbone methylene hydrogen atoms up to
four residues before in linear oligopeptoids.'”

By further investigating the intramolecular interactions, the
presence of a conspicuous number of intramolecular
backbone-to-side chain C5 CH-:--OC hydrogen bonds caught
our attention. C5 intraresidue NH- - -OC hydrogen bonds were
proposed by Benedetti and Toniolo' and recently discussed
further by Newberry and Raines in the view of their biological
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Fig. 2 Backbone conformation in cyclo-(Npa);, 1: five residues’ PPI
helices with opposite handedness are bridged by two trans amide bonds.
(a) One-sided and reciprocal CO---CO interactions in the macrocycle, as
shown by CO---CO distances below 3.22 A (sum of van der Waals radii);
(b) backbone CH- - -OC hydrogen bonds between trans residues’ carbonyl
groups and opposite methylene hydrogen atoms.

importance as possible promoters of amyloid fibrils.>° They
find out that C5 intraresidue NH---OC hydrogen bonds are
energetically relevant if donor-acceptor distances are less than
2.5 A.

As shown in Fig. 3 (see also Fig. S4 and Table S5, ESI$), in all
four molecular structures the cis carbonyl oxygen atoms are

Fig. 3 C5 CH---OC hydrogen bonds in cyclo-(Npa);> 1: cis carbonyl
oxygen atoms are always at a distance less than 2.5 A from one methylene
hydrogen atom of the following N-linked side chains.

This journal is © The Royal Society of Chemistry 2022
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always at a distance less than 2.5 A from one methylene
hydrogen atom of the following N-linked side chains, and thus
a ring of 5 atoms (namely the carbonyl O and C atoms, the N
atom, the side chain methylene C and one of its H atoms) is
formed and a C5 CH: - -OC hydrogen bond may be defined.

Indeed, intramolecular C5 CH:--OC hydrogen bonds are
almost ubiquitous in the X-ray molecular structures of all
peptoids and could have a role in the stabilization of the cis
conformation.

As for the molecular assembly in the solid state (Fig. S8,
ESIf), we observe that three out of four compounds crystallize
in solvate forms, as this seems to be a peculiar feature of larger
cyclic peptoids.” For the solvate crystal structures of com-
pounds 1, 2 and 3, we applied a solvent mask procedure for
disordered guest molecules (see the ESI: for further details).”!

In compounds 2, 3 and 4 cyclic peptoid molecules form
columns by aligning on top of each other along the shortest
axis. Two opposite propargyl side chains are involved in the
columnar assembly forming intermolecular C=CH.:--OC
hydrogen bonds (Fig. S9, ESI%). In compound 1 methanol
molecules bridge cyclic peptoid molecules along the shortest
axis (a axis, Fig. S10, ESI}). The crystal packing of compounds 1
and 2 features small cavities occupied by the guest molecules,
while in 3 guest molecules occupy channel voids along the
b axis (Fig. S11, ESI), and one water molecule bridges the cyclic
peptoid molecules along the b axis.

The nature of non-covalent (NC) intramolecular interactions
in cyclo-(Npa);, 1 was investigated by QTAIM,>* searching for
bond critical points (BCPs), using the SYSMOIC package,>
taking as inputs the wavefunction files obtained using
Gaussian16>! at the B3LYP/6-311G(d,p) level, either on the
experimental geometry or on a fully optimized geometry at
the same level, to overcome the packing influence.

A third fully optimized B3LYP/6-311+G(d,p) computation
was performed. The fully optimized B3LYP/6-311G(d,p) compu-
tation gave the richest collection of NC-BCPs (not associated to
standard covalent bonds): 32 NC-BCPs as opposed to 26 for the
other two computations.

A rough quantification of the corresponding interaction
energies, through the Espinosa-Molins-Lecomte (EML)
equation,” ™’ gave 18 values exceeding 1 kcal mol " (see the
ESIf for details). These interactions, listed in order of decreas-
ing interaction energy, correspond to 4 C5 CH---OC bonds
(~5 kecal mol™"), 4 C6 CH- - -HC bonds (~2.8 kcal mol™"), 4 C6
CH---OC bonds (~2 kcal mol™), 4 C > 7 CH---OC bonds
(~2 keal mol™*), and 2 C7 CH- - -OC bonds (~1.1 keal mol™%).
Representative bond paths (BPs) for these interactions are
shown in Fig. 4, together with the BCP and the closest ring
critical point (RCP).

The C6 CH:--HC interactions are a sort of the much
debated®®** H-H bonding;*® in this case the bond path (BP)
does not connect two hydrogen atoms, but a carbon and a
hydrogen atom, as previously reported.*?

In the other two BCP computations, besides other differ-
ences, the lack of the strongest C5 CH:--OC is most striking
(Fig. S12 and Table S8, ESI¥). In fact, it is known that changes in

This journal is © The Royal Society of Chemistry 2022
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C6 CH* * *HC (~3 kcal mol™?)

|C6 CH- - -OC (~2 kcal mol™) C>7 CH- - +OC (~2 kcal mol*)

C7 CH* *+OC (~1 kcal mol?)

Fig. 4 Representative bond paths (BPs), the closest ring critical point
(RCP) and estimated interaction energies in cyclo-(Npa);, 1 for C5
CH--.OC interactions, C6 CH.--HC, C6 CH---OC, C > 7 CH---OC, and
C7 CH---OC.

local geometry, induced by side groups (as in homologous
compounds)®® or even by vibrations,?” can lead to the disap-
pearance of BCPs. To check the genuine nature of the HB
interactions revealed only by the fully optimized B3LYP/
6-311G(d,p) calculation, we resorted to the NCI approach,®*#
which is rooted in the reduced density gradient

vl
[2(2m2) " P

and the sign of the second eigenvalue 1, of the Hessian of the
density. Briefly, the gradient vanishes at both BCPs and RCPs,
and so does s, but 4, is either negative or positive in the two
cases. A plot of s as a function of p sign(4,) reveals a downward
peak on the negative/positive semi-axis for each attractive/
repulsive (BCP/RCP-like) interaction. The presence of an inter-
action can then be assessed even if the downward peak is not
deep enough to reach the zero line for s, i.e. for a missing
BCP.34’36

Fig. S13 and S14 (ESIf) indicate that the C5 CH---OC
interaction is indeed associated with an attractive and a repul-
sive interaction (leftmost and rightmost peaks, respectively,
traces of the BCP and RCP), in all three computations, although
only in one of them the peak reaches the zero line for s. Thus, in
this case, the lower level B3LYP/6-311G(d,p) calculation allowed
visualization and characterization of the C5 CH:--OC inter-
action using standard QTAIM.

In conclusion, in the present contribution we report for the
first time the X-ray crystal structures of four cyclic dodecapep-
toids, decorated with propargyl and methoxyethyl side chains.
An unprecedented sequence of the amide group conformations
cceecteeeect has been unveiled for all these compounds, regard-
less of crystallization conditions. Two PPI helices, right- and
left-handed, are connected by trans amide bonds. Once again,
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our results clearly indicate that peptoids provide an extraordin-
ary platform for evidencing the influence of weak interactions
(as CO---CO and CH- - -OC interactions) on the stabilization of
molecular conformations, otherwise hidden by the presence of
stronger interactions as the NH---OC hydrogen bonds in pep-
tides. In particular, intraresidue C5 CH- - -OC hydrogen bonds,
similar to the intramolecular NH- - -OC observed in peptides,
are a general feature of all X-ray molecular structures of cyclic
peptoids and are well defined in terms of both geometry and
electrons, unveiling their role in the stabilization of the macro-
cycle conformation.
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