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ABSTRACT: Central to conformational chirality induction was
utilized for the synthesis of diastereopure cyclic peptoids con-
taining an N-benzyl alanine residue. Molecular modelling, NMR
spectroscopy, single crystal X-ray diffraction studies and HPLC

with chiral stationary phase demonstrated the easy formation of

free and sodium/benzylammonium complexed cyclic oligomers
through strategic incorporation of a single stereogenic center in
the oligomeric backbone. The synthesis of cyclic peptoids with
defined conformational chirality and appropriate side chain to-
pology is now possible.

The adaptable morphology of macrocyclic peptoids (cyclic
oligomers composed of N-substituted glycine monomer units)’'
suggests their function as mimics of biomolecules,” supramo-
lecular building blocks,® and catalytic agents.* The precise
control of their conformation® is of crucial importance to capi-
talize on their geometric attributes. However, formation of ra-
cemic mixtures of conformationally unstable chiral macrocy-
cles®’ plagues the design of architecturally defined oligomeric
peptoids affecting their possible use as topological templates®
and functional molecules.>*

While the selection of appropriate side chains, the formation
of metal complexes,**! or macrocyclization'' are conventional
methods to stabilize peptoids’ conformation, the insertion of
stereogenic centers in the backbone'>'® has rarely been uti-
lized to rigidify structures.'®

In the present communication we illustrate, with the help of
NMR spectroscopy, molecular modelling and single-crystal X-
ray diffraction analysis, the remarkable chiral induction trig-
gered by a single stereogenic center on the backbone of cyclic
trimeric, tetrameric and hexameric peptoids 1-5 (Figure 1).
The unique conformational features, the specific display of
chelating ligands and the defined asymmetric orientation of
the side chains in cyclic peptoids makes these preorganized
platforms ideal candidates for use in molecular recognition
studies and as potential topological templates.

The striking effects of an intra-annular stereogenic center in-
sertion in a cyclopeptoid scaffold can be immediately appreci-
ated comparing the conformational properties of the trimeric
cyclopeptoid 1, containing the N-benzyl alanine'* residue, with
those of the corresponding purely peptoidic 7 (Scheme 1).
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Figure 1. Schematic structures of molecular targets 1-5. Highlighted in red is the N-
benzyl alanine residue.

Cyclization of the achiral H-(Nme-Npm-Sar)-OH (6)° fur-
nished a racemic mixture of the expected “crown”'? confor-
mational enantiomers cyclo-[(cis,R,)Nme-(cis,R,) Nmp-
(cis,Ry)Sar] and cyclo-[(cis,S,)Nme-(cis,S,)Nmp-(cis,S,)Sar],S
7a and 7b, respectively. The racemic mixture was evidenced
by gradual addition of Pirkle’s alcohol ((R)-1-(9-anthryl)-
2,2 2-trifluoroethanol as chiral solvating agent,® 'H NMR
analysis, Fig. S12 of SI section). The relatively low conforma-
tional energy barrier (7. = 383 K, CsD4Cl,, 300 MHz, AG* =
17.9 kcal mol™, see SI) between the two enantiomorphous
forms hampered resolution on HPLC with chiral stationary
phase.'® The substitution of the N-benzyl glycine with an N-
benzyl alanine residue' completely changed the conforma-
tional stability of the trimeric scaffold.

From the cyclization of linear chiral racemic H-(Nme-rac-
(Bn)Ala-Sar)-OH (rac-8, Scheme 2) a pair of “crown”!” enan-
tiomers la/lb ((cyclo-[(cis,R,)Nme-(cis,Rp)D(Bn)Ala-
(cis,Rp)Sar)]/ (cyclo-[(cis,Sp)Nme-(cis,Sy)L(Bn)Ala-
(cis,Sp)Sar)], respectively, with the alanine methyl group in a
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pseudo-equatorial position) and their diastereoisomers 1c¢/1d
((cyclo-[(cis,S,)Nme-(cis,Sp)D(Bn)Ala-(cis,Sp)Sar) ]/(cyclo-
[(cis,R,)Nme-(cis,R,)L(Bn)Ala-(cis,Rp)Sar)], respectively, with
the alanine methyl group in a pseudo-axial position)'® were
expected.
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Scheme 1. Synthesis of conformational enantiomers 7a/7b from achiral precursor 6.
Reaction conditions: a) HATU (4 eq.), DIPEA (6.2 eq.), 23%. Residues abbrevia-
tions: Nme = N-(methoxyethyl)glycine; Npm = N-(benzyl)glycine; Sar: sarcosine.
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Scheme 2. Synthesis of 1a-1d from chiral racemic precursor 8. Reaction condmons:
a) HATU (4 eq.), DIPEA (6.2 eq.), 56-69%, see SI.

To our surprise, the cyclization reaction only yielded the 1a/1b
enantiomer pair. Their structure was inferred by key ROE cor-
relations involving the three intra-annular pseudo-axial pro-
tons (see SI) and by DFT (Density Functional Theory) calcula-
tions. 1a/1b enantiomers (E = 0 kcal mol”! in DMSO) show a
much higher stability than their conformational diastereoiso-
mers 1¢/1d (AE = 6.9 kcal mol! in DMSO, as reported in Fig-
ure 2, see SI for computational details and atomic coordi-
nates). This conspicuous energy difference would lead to more
than 99.9% of 1a/1b in solution respect to 1¢/1d.
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Figure 2. Minimum energy structures of conformational diastereoisomers 1b and 1d
and their respective internal energies calculated in DMSO and expressed in kcal mol
!, Hydrogen atoms have been omitted for clarity except for the alanine residue (in
yellow). Atom type: C light grey (yellow for alanine residue), N blue, O red.

The racemate 1a/1b was resolved by HPLC using a chiral sta-
tionary phase (Figure 3). The retention times of the enantio-
mers were coincident with those of the enantiopure macrocy-
cles (showing opposite CD spectra) individually synthesized
from the linear chiral non-racemic 8a and 8b (Scheme 2, see
SI).

We were able to obtain single crystals suitable for X-ray dif-
fraction studies for the enantiopure 1a and 1b, and the racemic
mixture 1a/1b. Noteworthy, the enantiopure compounds crys-
tallize as enantiomorph crystals in the space group P2,2,2; and
the corresponding absolute configuration of the stereogenic
centers could be determined from the X-ray diffraction data.
On the other hand the racemic mixture 1a/1b provided crystals
in space group P-1 with two crystallographically independent
molecules in the asymmetric unit. In all cases molecules as-

semble with a T-shape arrangement as a consequence of
CH,---OC hydrogen bonds (previously reported for other cy-
clic trimeric peptoid oligomers).>

For the non-palindromic nature of amide-based oligomers, cy-
clization of linear reverse sequences leads to constitutional
cycloisomers. The cyclization of H-(Sar-L(Bn)Ala-Nme)-OH
(9), a retro-inverso isomer!? of 8a, gave the cyclic tripeptoid 2
(cyclo-((cis,Rp)Sar-(cis,R,)L(Bn)Ala-(cis,R,)Nme), Scheme 3).
Although containing an (S) stereogenic center, 2 is topologi-
cally similar to 1a (containing an (R)-D(Bn)Ala residue). 2 and
la are cycloretro-enantiomers.!® In conformationally stable
peptoid scaffolds the absolute three-dimensional orientation of
the side chains can be modified playing on both the backbone
stereogenic center or their primary sequence.
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Figure 3. Resolution of the racemic mixture 1a/1b (synthesized from rac-8) in com-
parison with chiral non-racemic 1a and 1b (synthesized from the enantiopure linear
precursors 8a and 8b). HPLC chromatograms using CHIRALPAK AD-H column.
Conditions: 85:15 hexane:isopropanol; flow: 1 mL min~ ', 220 nm (see SI) and their

respective CD spectra (in chloroform, [0] in deg:cm?dmol).
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Figure 4. X-ray molecular structures of the enantiomorph cyclic peptoids 1a and 1b
Atom type: C grey, N blue, O red, H white. Thermal ellipsoids are drawn at 30%
probability level.
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Scheme 3. Cyclization of 9 to give 2. Reaction conditions: a) HATU (4 eq.), DIPEA
(6.2 eq.), 46%.

Cyclic trimeric peptoids constitute ideal platforms for molecu-
lar recognition. The rigid cone shape and the properly oriented
carbonyls in 1b favored the formation of a complex with the
benzylammonium ion (as tetrakis[3,5-bis (trifluorome-
thyl)phenyl]borate —TFPB- salt, see Fig. S1 of SI for qualita-
tive studies) in fast equilibrium with the free host on the NMR
time scale. To the best of our knowledge this preliminary re-
sult represents the first case of molecular recognition in cyclic
trimeric peptoid.

Interesting findings also emerged by cyclization of N-
benzyl, N-propargyl tetrameric peptoids. High dilution cycliza-
tion of the linear achiral H-(Npa-Npm;3)-OH (10, Scheme 4)
yielded an unseparable mixture of the two cis,trans,cis, trans
conformationally stable diastereoisomers 11 and 12?° (plus
their respective enantiomers,?! not reported). The ¢/t amide
bond geometries were assigned on the basis of the 'H NMR AS
observed for the side chains’ methylene diastereotopic protons
(larger Ad indicated cis peptoid junctions, small AS implied
trans amide bonds).” The preferential formation of the cyclic
tetramer 11 (with the propargyl group located on the cis amide
bond) was corroborated by comparison of calculated internal
energies (11, E = 0 kcal mol'; 12, AE = 2.5 kcal mol’!, see SI).
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Scheme 4. Cyclization of 10 to give 11 and 12 (their respective enantiomers are not
reported). Reaction conditions: a) HATU (4 eq.), DIPEA (6.2 eq.), 69%. The report-
ed internal energies differences (in Kcal mol™!) were calculated in chloroform. Resi-
dues abbreviation: Npa = N-(propargyl)glycine.

Cyclization of the chiral linear 13 (H-(Npa-Npm-L(Bn)Ala-
Npm)-OH), differing from 10 for the presence of a Co-methyl
group, was expected to yield four inequivalent stereoisomeric
cyclopeptoids (3a-d, Scheme 5).
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Scheme 5. Cyclization of (S)-13 to give possible conformational isomers 3a-d. The
reported internal energies differences (in Kcal mol™!) were calculated in chloroform.
Reaction conditions: a) HATU (4 eq.), DIPEA (6.2 eq.), 30%.

In this case, the remarkable stereodirecting effects of the ala-
nine residue induced the formation of a single detected isomer:
the cyclo-((trans,R,)L(Bn)Ala-(cis,Sp)Sar-(trans,S,) Npa-
(cis,R,)Npa) 3d,° ("H NMR analysis). Its structural assign-
ment was based on NMR data (A values suggested the pres-
ence of an axial N-propargyl side chains, which excluded
compound 3a and 3c¢) and on the grounds of theoretical studies
(showed by the E values reported in Scheme 5). Qualitative
NMR studies indicated the formation of a supramolecular
complex between 3d and the benzylammonium ion (‘H NMR
analysis, Fig. S2). The only reported case of molecular recog-
nition by cyclic tetrapeptoids is related to benzene.?

The stabilizing influence of the alanine residue on the confor-
mation of cyclic nine- and twelve-membered oligoamides, was
not observed in the chiral N-benzyl and alternated N-benzyl,N-
isopropyl (Npe,Nip) hexameric cyclic peptoid probes 4 and
5.2 Their respective 'H NMR spectra showed, in fact, multiple
conformations in slow equilibrium on the NMR time scale
(Figure 5a and d). However, addition of one equivalent of so-
dium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate  (NaT-
FPB)!% induced the formation of 1:1 complexes’ with Na*
(Figure 5b and e). In the two complexes (in slow equilibrium
with the free host in the NMR time scale) the cyclic peptoids
displayed an all-trans®™'% [4Na]"/[5Na]® amide bond con-
formation, a relatively high apparent’ association constants (K,
=52x10*M"', AG’=-6.4 Kcal mol”', and K,=2.7 x 10* M,
AG®= 6.0 Kcal mol, for [4Na]" and [5Na]", respectively),?*
and stable conformational chirality (see CD spectra in Fig, S20
and 22, SI).
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Figure 5. Comparison of the 'H NMR of 4 and 5 as free hosts (a) and (d), their rela-
tive Na* [(b) and (e)] and BnNH;" (c) complexes. Water and lipid impurities are
marked with a black asterisk.

According to the AE values calculated in chloroform, the
complexes with pseudo-axial methyl groups are thermody-
namically unfavored (AE = +2.4 kcal mol™! and +2.1 kcal mol™!
for [4a:Na]* and [Sa‘Na]", respectively, Figure 6), therefore, on
the basis of modelling studies, the planar amide configurations
of the chiral complex [4Na]" and [5Na]® were assigned as:
cyclo-((trans,R,)L(Bn)Ala-(trans,S,) Npm-(trans,R,) Npm-
(trans,S,)Npm-(trans,R,)Npm-(trans,S;)Npm)  and  cyclo-
((trans,Ry)L(Bn)Ala-(¢rans,Sp) Nip-(trans,Rp) Npm-
(trans,S,)Nip-(trans,R,)Npm-(trans,Sp)Nip), respectively.
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Figure 6. Minimum energy structures of chiral metal complexes [4-Na]"/[4a-Na]" and
[5Na]*/[Sa'Na]* and their respective energies (in kcal mol'). Hydrogen atoms have
been omitted for clarity except for the alanine residue (in yellow). Atom type: C light
grey (yellow for alanine residue), N blue, O red, Na* magenta.

Peptoid 4 recognizes alkylammonium ions, as demonstrated
by quantitative titration with BanNH;" TFPB- (Figure 5c; Fig.
S3 of SI reports the quantitative titration in CDCl3). A 1:2
host:guest complex, with K = 7.0 x -10° M2, AG®= -9.3 Kcal
mol!, was formed.

In summary, the strategic incorporation of a chiral N-
substituted amino acid in a peptoid backbone and the advanta-
geous possible synthesis of retro-inverso analogs, represents a
new conceptual approach for the construction of unique chiral
preorganized molecular platforms that can play a major role in

supramolecular chemistry and as bioactive molecules. The full
assessment of their potentials will be our next challenge.

Supporting Information

Experimental procedures, characterization/structural data, and
atomic coordinates (PDF). CCDC 1588736-1588738 contain
the supplementary crystallographic data for this paper.

Corresponding Author

Email: dericca@unisa.it

Author Contributions

The manuscript was written through contributions of all authors.
All authors have given approval to the final version of the manu-
script.

ACKNOWLEDGMENT

Financial support from the University of Salerno (FARB), the
MIUR: PRIN 20109Z2XRJ 006), Regione Campania under POR
Campania “FESR 2007-2013-0.0. 2.1 (FarmaBioNet)" and from
“FESR 2007/2013 0.0.2.1.-CUP B46D14002660009. We thank
Miss Felicia Vietri for experimental work.

REFERENCES AND NOTES

(1) (a) Simon, R. J.; Kania, R. S.; Zuckermann, R. N.; Huebner, V.
D.; Jewell, D. A.; Banville, S. C.; Ng, S.; Wang, L.; Rosenberg,
S.; Marlowe, C. K.; Spellmeyer, D. C.; Tan, R.; Frankel, A. D.;
Santi, D. V.; Cohen F. E.; Bartlett, P. A. Proc. Natl. Acad. Sci.
US4 1992, 89, 9367-9371. See also: (b) Sun, J.; Zuckermann,
R. N. ACS Nano 2013, 7, 4715-4732. (c) 1zzo, 1.; De Cola, C.;
De Riccardis, F. Heterocycles, 2011, 82, 981-1006.

(2) (a) Zuckermann, R. N.; Kodadek, T. Curr. Opin. Mol. Ther.
2009, /1, 299-307. (b) Fowler, S. A.; Blackwell, H. E. Org. Bi-
omol. Chem. 2009, 7, 1508—1524.

(3) (a) Maayan, G. Eur. J. Org. Chem. 2009, 5699-5710. (b)
Zhang, D.; Lahasky, S. H.; Guo, L.; Lee, C. U.; Lavan M.
Macromolecules 2012, 45, 5833-5841. (c) Tedesco, C.; Er-
ra, L.; 1zzo, I.; De Riccardis, F. Cryst. Eng. Comm. 2014, 16,
3667-3687. (d) Meli, A.; Macedi, E.; De Riccardis, F.;
Smith, V. J.; Barbour, L. J.; Izzo 1.; Tedesco, C. Angew.
Chem. Int. Ed., 2016, 55, 4679—4682.

(4) (a) Schettini, R.; De Riccardis, F.; Della Sala, G.; Izzo, 1. J.
Org. Chem., 2016, 81, 2494-2505. (b) Schettini, R.; Nardone,
B.; De Riccardis, F.; Della Sala, G.; 1zzo, 1. Eur. J. Org. Chem.,
2014, 7793-7797. (c) Della Sala, G.; Nardone, B.; De Riccar-
dis, F.; 1zzo, 1. Org. Biomol. Chem. 2013, 11, 726-731.

(5) Szekely, T.; Caumes, C.; Roy, O.; Faure, S.; Taillefumier, C. C.
R. Chimie 2013, 16, 318-330.

(6) D’Amato, A.; Schettini, R.; Della Sala, G.; Costabile, C.; Tede-
sco, Izzo, I.; De Riccardis, F. Org. Biomol. Chem. 2017, 15,
9932-9942. This paper describes the rules for the specification
of conformational isomerism in cyclic peptoids. In peptide
chemistry cis- or trans-conformation are referred to the position
of the o carbons. Cis: on the same side of the peptide bond,
trans: on the opposite sides of the peptide bond.

(7) D’Amato, A.; Volpe, R.; Vaccaro, M. C.; Terracciano, S.; Bru-
no, I.; Tosolini, M.; Tedesco, C.; Pierri, G.; Tecilla, P.; Costabi-
le, C.; Della Sala, G.; Izzo, 1.; De Riccardis, F. J. Org. Chem.
2017, 82, 8848-8863.

(8) (a) Tuchscherer G., Mutter M. in Synthesis of Peptides and
Peptidomimetics; Vol. E22d, Chapter 13.1, pp. 7-67, Thieme,
Stuttgard, 2004; (b) Sing, Y.; Dolphin, G. T.; Razkin, J.; Dumy,
P. ChemBioChem 2006, 7, 1298—1314.



(9) (a) Gorske, B. C.; Bastian, B. L.; Geske, G. D.; Blackwell, H. (24) The template effect of Na* ion on the purely peptoidic deriva-
E. J. Am. Chem. Soc. 2007, 129, 8928-8929. (b) Shah, N. H.; tives of 4 and 5 (with identical N-side chain substitution) has
Butterfoss, G. L.; Nguyen, K. Yoo, B.; Bonneau, R,; been discussed on Ref. 6 and 7, respectively.
Rabenstein, D. L.; Kirshenbaum, K. J. Am. Chem. Soc. 2008,
130, 16622-16632. (c) Roy, O.; Dumonteil, G.; Faure, S.; Jouf-
fret, L.; Kriznik, A.; Taillefumier, C. J. Am. Chem. Soc. 2017,
139, 13533-13540

(10) (a) De Santis, E.; Edwards, A. A.; Alexander, B. D.; Holder, S.
J.; Biesse-Martin, A. S.; Nielsen, B. V.; Mistry, D.; Waters, L.;
Siligardi, G.; Hussain, R.; Faure, S.; Taillefumier, C. Org. Bio-
mol. Chem. 2016, 14, 11371-11380. (b) Izzo, 1.; lanniello, G.;
De Cola, C.; Nardone, B.; Erra, L.; Vaughan, G.; Tedesco, C.;
De Riccardis, F. Org. Lett. 2013, 15, 598-601. (c) Maulucci,
N.; Izzo, L; Bifulco, G.; Aliberti, A.; De Cola, C.; Comegna,
D.; Gaeta, C.; Napolitano, A.; Pizza, C.; Tedesco, C.; Flot, D.;
De Riccardis, F. Chem. Commun. 2008, 3927-3929.

(11) Yoo, B.; Shin, S. B. Y.; Huang, M. L.; Kirshenbaum, K. Chem.
Eur. J. 2010, 16, 5528-5537.

(12) (a) Kessler, H.; Kondor, P.; Krack, G.; Kramer, P. J. Am. Chem.
Soc., 1978, 100, 2548-2550. (b) Shimizu, T.; Tanaka, Y.; Tsu-
da, K. Biopolymers 1983, 15, 617-632. (c¢) Shimizu, T.; Fu-
jishige, S. Biopolymers 1980, 19, 2247-2265. (d) Lee, K. J,;
Lee, W. S.; Yun, H.; Hyun, Y.-J.; Seo, C. D.; Lee, C. W.; Lim,
H.-S. Org. Lett. 2016, 18, 3678-3681.

(13) An interesting example of central to conformational chirality
induction can be found in: Mocquet, C.; Salaiin, A.; Claudon,
P.; Le Grel, B.; Potel, M.; Guichard, G.; Jamart-Grégoire, B.;
Le Grel, P. J. Am. Chem. Soc. 2009, 131, 14521-14525.

(14) Hui, P. H. Koskinen A. M. P. Org. Lett. 2013, 15,5178-5181.

(15) All the linear oligomers were synthesized on solid phase ac-
cording to the procedures reported in the SI.

(16) Typically, free energy barriers (AG*!) lower than 22 kcal mol™!
hamper separation of species in equilibrium. See: (a) Oki, K.,
Top. Stereochem. 1983, 14, 1-81. (b) Christian W. in Dynamic
Stereochemistry of Chiral Compounds: Principles and Applica-
tions; Royal Society of Chemistry, Cambridge, UK, 2008. (c)
Clayden, J.; Moran, W. J.; Edwards, P. J.; LaPlante, S. R. An-
gew. Chem. Int. Ed. 2009, 48, 6398—6401.

(17) Small amounts of “boat” conformers were evidenced in non-
polar solvents, as reported by Kessler in Ref. 12a.

(18) 1a/lc and 1b/1d pairs are diastereoisomeric conformational
isomers: they have the same configuration of the stereogenic
center and opposite planar configurations at the amide stereo-
genic sites. No sign of coalescence was observed for the intra-
annular methylene groups up to 120° C (‘"H NMR, CsD4Cl2, 300
MHz, see SI).

(19) A retro-inverso isomer is an isomer in which the direction of
the sequence is reversed and the chirality of the residue(s) is in-
verted. A cycloretro isomer is a cycloisomer in which the se-
quence is reversed and the chirality of the residue(s) is inverted.
Goodman, M.; Chorev, M. Acc. Chem. Res. 1979, 12, 1-7.

(20) No sign of coalescence were revealed for 11, 12, 3d,
[4Na]*/[5Na]" in CsD4Cl2 solutions up to 120° C (‘H NMR,
300 MHz, see SI).

(21) The unequal substitution of the cyclic tetrameric peptoid breaks
the symmetry of the ctct rings inducing the formation of enanti-
omeric pairs for both the conformational isomers 11 and 12. To
the best of our knowledge this is the first reported case of con-
formational asymmetric cyclic tetrapeptoids devoid of stereo-
genic centers.

(22) Sugihara, T.; Imanishi, Y.; Higashimura, T. Biopolymers, 1975,
14,733-747.

(23) Most of the hexameric cyclic peptoids show multiple confor-
mations in slow equilibrium in the NMR time scale: (a) Dale, J;
Titlestad, K. Chem. Commun. 1969, 656—659. (b) Titlestad, K.
A Acta Chem. Scand. B 1975, 29, 153-167, plus refs. 6 and 10c.



