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ABSTRACT: Peptoids are a family of sequence-specific oligomers
capable of mimicking the structure and function of polypeptides. The
innate folding and self-assembly capabilities of peptoid oligomers can
be enhanced by the presence of coordinated metal ions. In this work,
we explore the co-assembly of water-soluble hexameric and tetrameric
peptoid macrocycles with Na+ and K+ ions. Solid-state structures
were solved for six cyclopeptoid−metal coassemblies by X-ray
diffraction using single crystals grown from fully aqueous solutions.
Subtle variations in the peptoid oligomer composition give rise to
dramatic alterations in the supramolecular assemblies. Some
structures feature extensively hydrated porous architectures that include unusual metal ion clusters. The ability to study the
metallopeptoid structure at an atomic resolution in crystals obtained from an aqueous solution is an important advancement, as most
previous peptoid crystal structures were obtained from nonaqueous or cosolvent solutions. These results will facilitate the design of
peptoids and other foldamers for the assembly of supramolecular frameworks.

■ INTRODUCTION
Oligomers of N-substituted glycine units are known as
peptoids and constitute an important family of synthetic
peptidomimetic oligomers.1−6 Over the past two decades,
peptoids have garnered attention as a platform for the
discovery of functional molecules due to their capacity to
mimic bioactive peptides.7−20 Peptoids notably differ from
their α-peptide counterparts because of the presence of
tertiary amide linkages between the monomer units. This
feature endows peptoids with an exceptional resistance to
proteolytic degradation. The absence of hydrogen bonding
and the facile conformational interconversions between cis-
and trans-amide conformations can preclude long-range
structural ordering for peptoid oligomers. However, the
strategic incorporation of particular side chain types, the
ingenious formation of long-range interactions between
functional groups, and macrocyclization allow researchers to
obtain stable structural motifs. Peptoid secondary structures
now include polyproline type-I and type-II helices,21−28 a
“threaded-loop” conformation,29 peptoid ribbons,30,31 a
square-shaped η-helix,32 ω-strands,33 Σ-strands,34 and turn
or loop structures.35−37

One particularly attractive strategy to enforce peptoid
folding has been the addition of extrinsic chemical species,
such as metal ions, that are capable of a specific association
with the peptoid backbone or side chain functional groups.
Similar to metallopeptides and metalloproteins,38−43 the
resultant assemblies can populate unusual conformations
that otherwise may not be energetically favored. Pioneering
work from the Zuckermann group suggested that zinc-

mediated side chain interactions may direct the folding of
helical peptoids into a two-helix bundle.44 The Maayan group
has extensively explored the capability of linear peptoids
bearing specific side chain functional groups to coordinate
with transition metal ions.45−50 Using this strategy, both
intramolecular and intermolecular side chain to metal
interactions were established, leading to the ordering of
linear peptoid oligomers and their supramolecular organ-
ization within the crystal lattice.48,51,52 Interactions between
backbone amide groups of macrocyclic peptoids and metal
cations have also been a focus of the De Riccardis and Izzo
group. In addition to controlling the backbone conformation
of peptoid macrocycles, the De Riccardis and Izzo group
highlighted the potential applications of metal-binding
cyclopeptoids, such as ion sequestration and phase-transfer
catalysis.24,35,53−55 Indeed, peptoids can be regarded as an
optimal molecular platform for the design of multidentate
metal ligands due to the modular nature of peptoid synthesis
and the ability to incorporate chemically diverse side chain
groups, including sites for metal coordination, at specified
positions along the oligomer sequence.56−61 Important
advances have also been made in directing peptoid self-
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assembly to create supramolecular assemblies, such as two-
dimensional nanosheets, that can be readily modified to
address an array of materials applications.62−64

Herein, we consider whether the well-known structural
attributes of peptoid macrocycles35,65−68 and the concurrent
presence of chelating side chain carboxyl and backbone amide
carbonyl groups can give rise to novel metalated supra-
molecular architectures. We compare the backbone con-
formations, the crystal packing forces, and the metal
coordination modes of hexamer and tetramer peptoid
macrocycles that incorporate different carboxylate side chains
in the presence of Na+ or K+ cations. We report here the X-
ray crystal structures of several such peptoid−metal co-
assemblies as obtained from crystals grown in fully aqueous
conditions. We observed extraordinary and unanticipated
framework architectures in the crystal lattices, providing a
notable advancement in the development of supramolecular
peptoid assemblies.

■ RESULTS
Peptoid Design and Synthesis. A series of macrocyclic

peptoid oligomers, including two hexamers and four
tetramers, were designed, synthesized, and characterized in
this work. The cyclopeptoids included a carboxylic acid
functional group in each of the side chains. The linear
precursors were synthesized using the “submonomer” solid-
phase synthesis protocols introduced by Zuckermann.56

Three protected amine submonomers (tert-butyl amino-
acetate, tert-butyl 3-aminopropanoate, and tert-butyl 4-amino-
butyrate) were used as synthons to alter the lengths of the
alkyl groups within the monomer side chains (Scheme 1A−
C).
Typically, synthesis at a 0.28 mmol scale was conducted

using 2-chlorotrityl chloride resin as the solid support to
generate C-terminal carboxylic acid groups for the linear

precursors. Following protocols we previously reported, the
head-to-tail macrocyclization of the linear precursors was
accomplished through intramolecular amide bond formation,
which was assisted by PyBOP as a coupling reagent.36 The
solution-phase macrocyclization reactions were carried out in
dry dichloromethane at a peptoid concentration of ∼0.5 mM.
To the solution were added 6 equiv of diisopropylethylamine
and 3 equiv of PyBOP to conduct the amide bond formation
between the C- and N-termini. The cyclization reactions
typically proceeded to completion after 14 h while stirring at
25 °C. The tert-butyl protecting groups were removed after
the cyclized peptoid oligomers had been purified from the
cyclization reaction mixtures. The chemical identities and
purities of the final products were determined by electrospray
ionization mass spectrometry (ESI-MS) and analytical high-
performance liquid chromatography (HPLC), respectively
(see the Supporting Information for details). The six
macrocyclic peptoid products were obtained in the form of
polyprotic acids (Scheme 2). The introduction of cationic

metal counterions and the full deprotonation of the
carboxylic acid groups were achieved by directly dissolving
the lyophilized cyclopeptoid powders in an aqueous NaOH
or KOH solution to obtain a pH ∼7.5. Diffraction-quality
single crystals were obtained from the corresponding aqueous
solutions by slow solvent evaporation.

X-ray Crystallographic Studies. Peptoid Cyclohex-
amers. We initiated our study by investigating the metal
complexation of two cyclohexapeptoids (Scheme 2, top).
Although hexameric peptoid macrocycles often show multiple
isoenergetic backbone conformations in solution on the
NMR time scale (10−2 s), the addition of metal ions can
promote the formation of a well-defined backbone con-

Scheme 1. Chemical Structures and Atom Descriptors of
Peptoid Monomers Used in This Worka

a(A) Ncm, N-(carboxymethyl)glycine; (B) Nce, N-(carboxyethyl)-
glycine; and (C) Ncp, N-(carboxyproyl)glycine. (D) Definitions of
backbone and side chain dihedral angles for Nce residues. Residues
are color-coded, and the subscripts in the atom descriptors indicate
the residue number.

Scheme 2. Chemical Structures and Descriptors of the Six
Peptoid Macrocycles Studied in This Worka

aThe macrocycles incorporate a carboxylic acid group within each of
the oligomer side chains.
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Figure 1. (A and B) Orthoscopic views of the X-ray crystal lattice structures formed by Cyclo-(Nce6)Na6(H2O)27. The unit cell is highlighted
by dashed lines. In panel B, the hydrogen atoms, water molecules, and carbonyl-sodium ions are omitted for clarity. (C) Perspective view along
the c-axis of the Na+-filled channels formed by Cyclo-(Nce6) peptoid macrocycles. (D) Perspective view of water channels that formed along
the c-axis to accommodate the carboxylate-sodium ions. (E) Overview of the local Na−O coordination environment. (F) Coordination between
carbonyl-sodium ions and backbone carbonyl oxygen atoms. (G) Coordination between carboxylate-sodium ions and oxygen atoms from water
molecules. (H) Hydrogen bonds formed between water molecules and side chain carboxylate oxygen atoms, which are indicated by black
dashed lines. (I) Tetrahedral sodium ion cluster. The tetrahedral geometry is indicated by gray dashed lines. Peptoid macrocycles are
represented as sticks, and water molecules and sodium ions are represented by spheres. Color codes are as follows: light gray, hydrogen; green,
carbon; blue, nitrogen; red, oxygen; orange, carboxylate-sodium ions; and olive, carbonyl-sodium ions.
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formation where all amide peptoid linkages are in the trans-
geometry.35,54,55,61,65,69 We hypothesized that with all trans
backbone amide bonds, the presence of six side chain

carboxylate groups would induce an overall planar molecular
geometry due to electrostatic repulsion between the
negatively charged side chains. Furthermore, we considered

Figure 2. (A) Overview of the Cyclo-(Ncm6) peptoid macrocycle structure, which populates three different conformational states: type-I
(100% occupancy), type-IIA (80% occupancy), and type-IIB (20% occupancy). (B) Orthoscopic views along the a-axis of the crystal lattice
formed by Cyclo-(Ncm6)K6(H2O)13. The b−c-plane of the unit cells is indicated by the dashed lines. Hydrogen atoms, potassium ions, and
water molecules are omitted for clarity. (C) Backbone superimposition between type-I and type-IIB Cyclo-(Ncm6) before and after a 90°
rotation; only the side chains of residues 1 and 4 are shown, after rotation. (D) Structural comparison between type-IIA and type-IIB Cyclo-
(Ncm6). Hydrogen atoms are omitted for clarity, and side chains are omitted after a 45° rotation. (E) Ramachandran plot of ϕ−ψ dihedral
angles (as defined in panel D, right). Color codes for type-I, type-IIA, and type-IIB Cyclo-(Ncm6) are as follows: blue, nitrogen; red, oxygen;
green, magenta; and cyan, carbon.
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how a combination of side chain−metal and backbone−metal
interactions might propagate along orthogonal directions in
the solid state, potentially resulting in the formation of metal-
coordination-based supramolecular assemblies.
We were pleased to observe that, in the presence of Na+

and K+ ions, Cyclo-(Nce6) and Cyclo-(Ncm6) gave
diffraction-quality crystals from the corresponding aqueous
solutions. These two peptoid cyclohexamers crystallized with
general formulas of Cyclo-(Nce6)Na6(H2O)27 (P3 space
group, Figure 1) and Cyclo-(Ncm6)K6(H2O)13 (P1 space
group, Figure 2), respectively.
Structure of Cyclo-(Nce6)Na6(H2O)27. Cyclo-(Nce6)

55

coassembled with sodium ions to form an unanticipated
framework that included the presence of large hydrated
channels. Based on the molecular formula determined by X-
ray crystallographic studies, 46% of the atoms in this crystal
lattice were from water molecules. Cyclo-(Nce6) peptoid
macrocycles stacked on one another, forming columnar
tubular assemblies along the c-axis of the crystal lattice
(Figure 1A and B). The interiors of these tubes were filled
with Na+ ions. In addition, the peptoid columns were
separated by groups of hydrated Na+ ions. An analysis of the
oligomer dihedral angles showed that each amide bond of
Cyclo-(Nce6) was in the trans-conformation, and each
residue adopted trans-αD conformations with [ϕ ∼ 73°, ψ
∼ 176°] or [ϕ ∼ 287°, ψ ∼ 184°] (Figure S15 and Table
S10).70 This motif is consistent with the CPM1′/CPM loops
previously described for metalated hexameric cyclic pep-
toids.35 In addition, every other residue shares the same
combination of backbone and side chain dihedral angles. As a
result, Cyclo-(Nce6) peptoid macrocycles exhibited a C3
symmetry and a flat overall geometry.
The sodium ions that coassembled with Cyclo-(Nce6)

could be classified into two types based on their different
coordination environments. The first type, designated as
carbonyl-sodium ions (represented by olive spheres in Figure
1), are those located inside the peptoid tubular assemblies
that exclusively coordinate with backbone carbonyl oxygen
atoms (Figure 1A, C, E, and F). Each carbonyl-sodium ion
was located between two Cyclo-(Nce6) peptoid macrocycles
and coordinated by six backbone carbonyl oxygen atoms,
with Na−O distances of ∼2.37 Å established by charge−
dipole interactions. Three of the six backbone carbonyl
oxygen atoms came from the peptoid macrocycle located
above the carbonyl-sodium ion along c-axis and another three
were from the macrocycle positioned below. Water-mediated
hydrogen bonds between side chain carboxylate oxygen
atoms were also found to facilitate the formation of peptoid
tubular assemblies (Figure 1H), with donor−acceptor
distances of 2.8 ± 0.1 Å and hydrogen bond angles of
172.1 ± 5.6°.
The second type of sodium ions was designated as

carboxylate-sodium ions (represented by orange spheres in
Figure 1), featuring unusual tetrahedral (edge length of 5.9 ±
0.2 Å) clusters of five sodium ions (Figure 1I). These sodium
clusters are highly hydrated, and each carboxylate-sodium ion
was coordinated by five or six water oxygen atoms with Na−
O distances ∼2.4 Å (Figure 1G, bottom and top,
respectively). These water molecules formed channels along
the c-axis of the crystal lattice to accommodate the
carboxylate-sodium ions (Figure 1D). The minimum distance
between any of these carboxylate-sodium ions and adjacent
side chain carboxylate oxygen atoms was longer than 3.5 Å,

indicating that these hydrated and tetrahedral-shaped sodium
clusters as a whole interacted with multiple adjacent side
chain carboxylate groups from different Cyclo-(Nce6) peptoid
macrocycles.

Structure of Cyclo-(Ncm6)K6(H2O)13. Although the side
chain flexibility decreased as we moved from Cyclo-(Nce6) to
Cyclo-(Ncm6), the conformational heterogeneity of the
Cyclo-(Ncm6) peptoid macrocycle increased, as Cyclo-
(Ncm6) coassembled with potassium ions and water
molecules in three different conformational states (Figure
2A and B). The unit cell of Cyclo-(Ncm6)K6(H2O)13
included type-I Cyclo-(Ncm6), which exhibited exclusively
trans-amide (tttttt) geometries. The type-IIA conformation
featured a unique and unprecedented cis−trans−trans−cis−
trans−trans (cttctt) amide bond sequence.35,36,65,69 The type-
IIB conformation exhibited all trans-amide geometries but
included a different side chain orientation than that observed
in the type-I conformational isomer (Figure 2C). An angle of
∼80° was found between the macrocyclic ring planes of the
type-I and type-II conformers (Figure S7). The type-I
conformer had a 100% occupancy in the unit cell, while the
type-IIA and type-IIB conformers displayed 80% and 20%
occupancies, respectively (Figure 2A and B). The backbone
dihedral angles of all trans-amide residues were located in the
predicted energy minima of the trans αD conformation, with
[ϕ ∼ 77°, ψ ∼ 194°] or [ϕ ∼ 283°, ψ ∼ 166°] (Figure S15
and Table S9). The two cis-amide residues show backbone
dihedral angles [ϕ ∼ 81°, ψ ∼ 193°] or [ϕ ∼ 279°, ψ ∼
167°] and were located in the energy minima of the cis-αD
conformation. These backbone conformational preferences
also agree well with our previous QM calculations and are
consistent with the CP3′/CP3 cct β-turns described for
hexameric cyclic peptoid models.35,70

The most notable structural difference between the two all-
trans-amide conformational isomers type-I and type-IIB
Cyclo-(Ncm6) was the χ1 dihedral angles in residues 1 and
4 (side chains were rotated by ∼145°). Negligible differences
were found when comparing the backbone conformations
(RMSD value of 0.29 Å, Figure 2C). In contrast, the type-
IIA and type-IIB conformations display almost coincident
side chain positions but different backbone conformations. As
shown in Figure 2D, the amide bond of residue 2 in the type
IIA conformer was in the cis-geometry, while that in type IIB
conformer was in the trans-geometry. Such a variation leads
to a mirror-image relationship between the backbone dihedral
ϕ−ψ pair of residue 1 in the type IIA conformer and that in
the type IIB conformer (Figure 2E). The same backbone
conformational differences were also observed around residue
4 on the opposite side of the Cyclo-(Ncm6) macrocycle.
Ionic carboxylate−K+ interactions dominate the solid-state

assemblies of the Cyclo-(Ncm6) peptoid macrocycles. All
potassium ions in this crystal lattice have a 100% occupancy
and participated simultaneously in charge−charge and
charge−dipole interactions. They were coordinated by either
oxygen atoms from three different donors (water molecules,
peptoid backbone amide groups, and side chain carboxylate
groups) or oxygens from only water molecules and side chain
carboxylate groups (Figures 3, S8, and S9, and Movie S1−
S6). The K−O distances in these local interactions were
∼2.75 Å, and the coordination numbers varied from five to
seven. The conformational differences between the type-I and
type II Cyclo-(Ncm6) peptoid macrocycles lead to variations
in their potassium ion interactions. The most distinct
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difference is that the backbone carbonyl and side chain
carboxylate oxygen atoms from the same type-I Cyclo-
(Ncm6) peptoid macrocycle were not able to coordinate with
the same potassium ion (Figures 3 and S11), which was not
the case for type-II Cyclo-(Ncm6). Due to the different χ1
side chain dihedral angles adopted by residue 1 and residue 4
in both type-IIA and type-IIB Cyclo-(Ncm6) peptoid
macrocycles, the side chain carboxylate oxygen atoms and
backbone carbonyl atoms from the same peptoid macrocycle
could interact with the same potassium ion. It is likely that
this particular coordination mode with the potassium ions
enables type-IIA Cyclo-(Ncm6) peptoid macrocycles to
adopt the unusual cttctt backbone amide sequence, which
has not been previously observed.
Peptoid Cyclotetramers. We continued our study by

varying the size of the peptoid macrocycle and investigating

the metal coassemblies formed by cyclic tetramers (Scheme
2, middle and bottom, respectively). Previous solution NMR
studies showed that cyclotetrapeptoids possess a stable cis−
trans−cis−trans (ctct) backbone amide pattern, with a
coalescence temperature >150 °C and ΔG‡ ∼ 23 kcal/
mol.65,71 We hypothesized that the backbone of the
cyclotetrapeptoids would retain this well-defined arrangement
within the cyclotetrapeptoid−metal supramolecular assem-
blies and that variations of different peptoid side chains could
play a critical role in determining the structural features of
the resultant coassemblies.
The two cyclic homotetrameric peptoid oligomers, Cyclo-

(Nce4) and Cyclo-(Ncm4), were both observed to
coassemble with K+ cations (Figure 4). Cyclo-(Nce4)
crystallized with K+ and water molecules in the Pnma space
group with a formula of Cyclo-(Nce4)K4(H2O)7 (Figure 4A).
The Cyclo-(Ncm4) macrocycles had shorter side chain
lengths and crystallized as Cyclo-(Ncm4)K4(H2O)6 within
the P1 space group (Figure 4E).
We found that the two cyclic heterotetrameric peptoid

oligomers were also able to coassemble with metal cations in
hydrated environments. Cyclo-([NceNcp]2) and Cyclo-
([NcmNce]2) were observed to crystallize in the P1 space
group with the presence of K+ and Na+, respectively (Figure
5). Cyclo-([NceNcp]2) crystallized with a formula of Cyclo-
([NceNcp]2)K4(H2O)9 (Figure 5A), and Cyclo-
([NcmNce]2) crystallized in a more hydrated state with a
formula of Cyclo-([NcmNce]2)Na4(H2O)14 (Figure 5E).
Only one molecular conformation was observed for all four

of these cyclotetrapeptoids in the corresponding crystal lattice
(Figure 6A−D), except for the slightly disordered side chain
carboxylate groups of Cyclo-([NceNcp]2). As anticipated,
these four cyclotetrapeptoids all adopted cis−trans−cis−trans
(ctct) amide bond sequences. The backbone superimposition
of these four cyclotetrapeptoids resulted in RMSD values
below 0.10 Å (Figure 6E), indicating that they share the
same backbone conformation despite the different side chain
compositions. The peptoid monomers with trans-amide
bonds show backbone dihedral angles [ϕ ∼ 130°, ψ ∼
300°] or [ϕ ∼ 230°, ψ ∼ 60°], while the monomers with cis-
amide bonds show backbone dihedral angles [ϕ ∼ 98°, ψ ∼
197°] or [ϕ ∼ 262°, ψ ∼ 163°] (Tables S5−S8). In the
Ramachandran-type plot, these backbone dihedral ϕ−ψ angle
pairs are located in the energy minima of the trans-C7β and
cis-αD conformations (Figure S15), respectively, as we
previously predicted for a disarcosine model using quantum
mechanical (QM) calculations.70 These values are also in
accord with the CP2 and CP2′ tct β-turns described for
tetrameric cyclic peptoid models.35

Structures of Cyclo-(Nce4)K4(H2O)7 and Cyclo-(Ncm4)-
K4(H2O)6. Each of these two cyclotetrapeptoids formed
parallel tubular assemblies by stacking along the a-axis of
their crystal lattices (Figure 4A and E). The interior of the
cylinders formed by Cyclo-(Ncm4) were empty and spatially
isolated from the neighboring stacks (Figure 4E and F). In
contrast, potassium ions were positioned inside the tubular
assemblies formed by Cyclo-(Nce4) (Figure 4C). The K+-
filled Cyclo-(Nce4) cylinders interpenetrated with their
mirror-imaged counterparts along the c-axis to form layered
structures (Figure 4A), which we refer to as a “peptoid−
metal layer”. Along the b-axis, these peptoid−metal layers
were segregated by K+/H2O planes composed of potassium

Figure 3. Examples of local K−O interactions observed in the
crystal lattice formed by Cyclo-(Ncm6)K6(H2O)13. The K−O
coordination is highlighted by dashed gray lines. For clarity,
hydrogen atoms are omitted for peptoid macrocycles, and only
side chains that participate in K−O interactions are shown. Color
codes are as follows: blue, nitrogen; red, oxygen; purple, potassium;
green, carbon in type-I Cyclo-(Ncm6); and magenta, carbon in
type-IIA Cyclo-(Ncm6). See Figures S8 and S9 and Movies S1−S6
for other local K−O interactions.
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ions and water molecules. The peptoid−metal layers show a
specular arrangement across the K+/H2O planes.
Potassium ions in the crystal lattice of Cyclo-(Nce4)-

K4(H2O)7 formed a complex and elaborate coordination
environment with neighboring oxygen atoms. These potas-
sium ions could be unambiguously classified into two types
based on their coordinating interactions. The first type,
described as carbonyl-potassium ions (represented by purple
spheres in Figure 4A-4D), were located within the tubular
structures and participated in only charge−dipole interactions
(Figure 4D). Each of these carbonyl-potassium ions was
coordinated by four backbone carbonyl oxygen atoms and
two water oxygen atoms, with K−O distances ∼2.75 Å. Two
interacting backbone carbonyl oxygen atoms were located on
peptoid macrocycles positioned above and below the
carbonyl-potassium ion along the a-axis, and another two
oxygen atoms were located on peptoid macrocycles in the
neighboring tubular structures along the c-axis (Figure 4B).
The second type, designated as carboxylate-potassium ions
(represented by magenta spheres in Figure 4A), were located
within the K+/H2O planes. They interacted with oxygen
atoms from both the carboxylate groups of the macrocycle
side chain and water molecules through a combination of
charge−charge and charge−dipole interactions, with K−O
distances ∼2.75 Å and a coordination number of six (Figure
S11).
For Cyclo-(Ncm4)K4(H2O)6, all potassium ions interacted

concurrently with oxygen atoms from the three different
oxygen donors, forming networks of charge−dipole and

charge−charge interactions (Figure S10). The K−O distances
were ∼2.75 Å, and the potassium ions were all coordinated
by six oxygen atoms.

Structures of Cyclo-([NceNcp]2)K4(H2O)9 and Cyclo-
([NcmNce]4)Na4(H2O)14. Similar to the two homocyclote-
trapeptoids, parallel tubular assemblies were also formed by
Cyclo-([NceNcp]2) and Cyclo-([NcmNce]2) stacking along
the a-axis of their crystal lattices (Figure 5C and F,
respectively).
Despite the different symmetry characteristics, the overall

structure of the Cyclo-([NceNcp]2)K4(H2O)9 crystal lattice
was highly similar to that of Cyclo-(Nce4)K4(H2O)7 (Figures
4A−D and 5A−D). The interior of the cylinders formed by
Cyclo-([NceNcp]2) was also occupied by potassium ions.
These K+-filled Cyclo-[NceNcp]2) cylinders also inter-
penetrated with their mirror-imaged counterparts to form
“peptoid−metal layers”, and these layers were also segregated
by K+/H2O planes. A complex and elaborate coordination
environment was also found for the potassium ions in this
crystal lattice. The potassium ions in the crystal lattice of
Cyclo-([NceNcp]2)K4(H2O)9 could also be unambiguously
classified as either carbonyl-potassium ions (represented by
purple spheres in Figure 5A−D) or carboxylate-potassium
ions (represented by magenta spheres in Figure 5A). Each
carbonyl-potassium ion in this crystal lattice was coordinated
by four backbone amide oxygen atoms and two water oxygen
atoms, with K−O distances of ∼2.75 Å (Figure 5D) identical
to that of the carbonyl-potassium ion found in the crystal
lattice of Cyclo-(Nce4)K4(H2O)7. The carboxylate-potassium

Figure 4. X-ray crystal structures of two homocyclotetrapeptoid−metal complexes. (A and B) Orthoscopic views of the crystal lattice structure
formed by Cyclo-(Nce4)K4(H2O)7. For clarity, the side chains, carboxylate-potassium ions, and water molecules are omitted in panel B. (C)
Perspective view along the a-axis of the K+-filled cylindrical stacks formed by Cyclo-(Nce4) peptoid macrocycles. (D) Detailed view of the
charge−dipole interactions between carbonyl-potassium ions and coordinating oxygen atoms as highlighted in panel B. (E) Orthoscopic views
along the a-axis of the crystal lattice structures formed by Cyclo-(Ncm4)K4(H2O)6. (F) Perspective views along the a-axis of the tubular
structures formed by Cyclo-(Ncm4). Color codes are as follows: gray, hydrogen; green, carbon; blue, nitrogen; red, oxygen; purple and
magenta, potassium. See Figures S10 and S11 for detailed views of other local K−O interactions.
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ions concurrently participated in charge−dipole and charge−
charge interactions, with K−O distances of ∼2.79 Å and a
coordination number of seven (Figure S13).
In contrast, the interior of the cylinders formed by Cyclo-

([NcmNce]2) was empty, as observed for Cyclo-(Ncm4)

(Figures 4E and F and 5E and F). Sodium ions in the crystal
lattice of Cyclo-([NcmNce]2)Na4(H2O)14 were coordinated
by the neighboring oxygen atoms in two different ways.
Similar to the carboxylate-sodium ions observed for Cyclo-
(Nce6)Na6(H2O)27, the sodium ions represented by cyan

Figure 5. X-ray crystal structures of two heterocyclotetrapeptoid−metal complexes. (A and B) Orthoscopic views of the crystal lattice structure
formed by Cyclo-([NceNcp]2)K4(H2O)9. In panel B, the side chains, carboxylate-potassium ions, and water molecules are omitted for clarity.
(C) Perspective view along the a-axis of the K+-filled cylindrical stacks formed by Cyclo-([NceNcp]2) peptoid macrocycles. (D) Detailed view
of the charge−dipole interactions between carbonyl-potassium ions and coordinating oxygen atoms, as highlighted in panel B. (E) Orthoscopic
views along the a-axis of the crystal lattice structures formed by Cyclo-([NcmNce]2)Na4(H2O)14. (F) Perspective views along the a-axis of the
tubular structures formed by Cyclo-([NcmNce]2). Color codes are as follows: gray, hydrogen; blue, nitrogen; red, oxygen; green, carbon;
purple, carbonyl-potassium ion; magenta, carboxylate-potassium ion; and orange and cyan, sodium. See Figures S12 and S13 for other local
metal−oxygen interactions.

Figure 6. Comparison of X-ray crystal structures of the four cyclotetrapeptoids: (A) Cyclo-(Ncm4), (B) Cyclo-(Nce4), (C) Cyclo-
([NcmNce]2), and (D) Cyclo-([NceNcp]2). (E) Superimpositions of the backbone atoms from the four cyclotetrapeptoids (backbone RMSD
<0.10 Å). Color codes are as follows: light gray, hydrogen; blue, nitrogen; red, oxygen; green, Cyclo-(Ncm4) carbons; magenta, Cyclo-(Nce4)
carbons; cyan, Cyclo-([NcmNce]2) carbons; and pink, Cyclo-([NceNcp]2) carbons.
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spheres in Figure 5E were also named carboxylate-sodium
ions. Pairs of these carboxylate-sodium ions formed diatomic
clusters in a hydrated environment, with Na−Na distances of
3.5 Å (Figure 7A). Each carboxylate-sodium ion was solely

coordinated by oxygen atoms from water molecules, with
Na−O distances of ∼2.45 Å and a coordination number of
six (Figure 7B). The distances between carboxylate-sodium
ions and any adjacent carboxylate oxygen atoms were larger
than 4.0 Å, suggesting that the diatomic sodium clusters
interacted as a group with multiple neighboring side chain
carboxylates. The sodium ions represented by orange spheres
in Figure 5E simultaneously participated in charge−charge
and charge−dipole interactions. They were found to
concurrently coordinate with oxygen atoms from water
molecules as well as backbone amide and side chain
carboxylate groups (Figure S12). Each of these sodium ions
was coordinated by five oxygen atoms, with Na−O distances
of ∼2.45 Å.
An analysis of the molecular conformations adopted by

these two heterocyclotetrapeptoids revealed the length-
dependent cis- or trans-amide bond preference of peptoid
monomers that contain carboxylate side chains. The amide
bonds of residues with shorter carboxylate side chains
preferred to adopt the cis-conformation, while the amide
bonds of monomers with longer side chains preferred the
trans-conformation (Figure 5C and F, respectively).

■ DISCUSSION

The complex frameworks formed by the co-assembly of the
cyclopeptoid hexamer Cyclo-(Nce6), sodium ions, and water
molecules are unprecedented. The Na+-filled channels formed
by both water molecules and Cyclo-(Nce6) peptoid macro-
cycles create intriguing superstructures. The Na+-filled Cyclo-
(Nce6) tubular assemblies found in this crystal lattice
somewhat resemble ion channels observed in transmembrane
proteins.72 This tubular geometry is also similar to those of
nanotubes self-assembled from cyclic peptides.73,74 The
interaction between the unusual hydrated Na+ ion clusters
and peptoid side chain carboxylate groups is an additional
unusual feature that merits further investigation. The
elaborate organization of Cyclo-(Nce6) peptoid macrocycles,
sodium ions, and water molecules expands our peptoid design
paradigms to include the possibility of additional unusual
supramolecular frameworks.
To the best of our knowledge, the presence of the same

small molecule in three different conformational forms in a
crystallographic unit cell, as we found in the crystal lattice of
Cyclo-(Ncm6)K6(H2O)13, is a rare observation in diffracto-
metric studies of single crystals and unique in the peptoid
field, as also established by the recent contribution from
Tedesco et al.68,75−78 This occurrence illustrates the
conformational variety of cyclohexamer peptoids and their
ability to afford unique solid-state assemblies.
The cis−trans−cis−trans (ctct) amide bond arrangement

present in the carboxylic cyclotetrapeptoids reported in this
work has also been consistently observed for other cyclo-
tetrapeptoids, including cyclotetrasarcosine (oligo N-methyl
glycines) and cyclotetrapeptoids bearing aromatic side chains,
in both the solid state35,65−68 and solution.35,65,79 In addition
to sharing the same amide bond sequence, all of these
cyclotetrapeptoids share the same backbone conformation
(backbone RMSD value below 0.2 Å, Figure S14). Taken
together, the cis-αD−trans-C7β−cis-αD−trans-C7β backbone
conformation is characteristic for this class of compounds.
Cyclo-(Ncm4), Cyclo-(Nce4), and Cyclo-([NceNcp]2)

peptoid macrocycles all coassembled with potassium ions in
hydrated environments. The structural differences of their
crystal lattices strongly emphasize the important role played
by the composition of peptoid side chains in determining the
organization of resultant supramolecular assemblies.
The optimal arrangements of charge−charge and charge−

dipole interactions are the key features of the six crystal
lattice structures presented in this work. They are also the
reason why diffraction-quality single crystals could be readily
obtained from aqueous solutions. The metal-coordination
parameters, the M−O distances (∼2.4 Å for Na−O and ∼2.8
Å for K−O), and coordination numbers (5−6 for Na+ and
5−7 for K+) found in this work are in good agreement with
those determined for aqueous hydration structures and
metalloprotein crystal structures that include Na+ and
K+.80−83

Previous studies have primarily focused on using metal
coordination to control the conformation of individual
peptoid macrocycles.24,35,53,55,61 Our work significantly
extends the influence of metal coordination to alter
intermolecular interactions and thus enforce the unprece-
dented assembly of peptoid macrocycles within metal-
coordinated supramolecular networks.

Figure 7. (A) Overview of the interactions between the hydrated
diatomic cluster of sodium ions and neighboring side chain
carboxylate groups from Cyclo-([NcmNce]2) peptoid macrocycles.
(B) Detailed view of the coordination between water molecules and
a diatomic cluster of sodium ions (Na−Na distance of 3.5 Å).
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■ CONCLUSION
In this work, we have demonstrated that peptoid macrocycles,
both cyclotetrapeptoids and cyclohexapeptoids, are capable of
co-assembling with cationic metal species to from structurally
well-defined architectures. The formation of these coassem-
blies was driven by the combination of charge−dipole and
charge−charge interactions. Oxygen atoms from water
molecules, peptoid backbone amides, and side chain
carboxylate groups all contributed to interactions with metal
cations. The length of the side chains and the size of the
macrocyclic rings were critical determinants of the organ-
ization between peptoid macrocycles and metal species in the
solid state. In addition, the X-ray crystallographic data
presented here (1) reinforce previous findings that cyclo-
tetrapeptoids adopt a consistent rigid backbone conformation
and thus may be considered “brick”-like building blocks for
creating functional supramolecular assemblies and (2)
establishes that the lack of hydrogen-bonding capabilities of
the peptoid backbone does not limit the ability of peptoids to
form ordered supramolecular assemblies.
The co-assembly strategy demonstrated in this work could

be extended by varying both the cationic and anionic species
to create a variety of ordered structures for a diverse range of
applications, including electrolytes for high-performance solid-
state batteries or bioactive metal−peptoid coassemblies. The
conformations of both the peptoid backbone and the
oligomer side chains can be tuned and are facilitated by
the modular synthesis of these compounds, thus enabling the
customized design and creation of co-assemblies with unique
architectures and on-demand properties.
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