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Peptidomimicry with C2-Symmetric Oligourea Derivatives of
1,2-Diaminocyclohexane and
1,2-Diphenyl-1,2-diaminoethane: Chirality and Chain
Length-Dependent Conformation
Pengyun Yue+,[a] Siqing Peng+,[a] Sean Parkin,[b] Tonglei Li,[c] Faquan Yu,*[a] and Sihui Long*[a]

To study whether C2 symmetric oligoureas form secondary
structures such as sheets and helices/turns to serve as
peptidomimetics, conformations of oligoureas composed of
1,2-diaminocyclohexane and 1,2-diphenyl-1,2-diaminoethane
were investigated using X-ray diffraction, UV, CD and NMR

spectroscopic methods. Alternating heterochiral diamines in
these chains strongly favored helical conformations. The
conformations of C2-symmetric chains of homochiral diamines
were more conditional, giving indications of conditional
extended and helical structure.

Introduction

The mimicking of natural peptides, both structurally and
functionally, with artificial oligomers is referred to as
peptidomimicry.[1–6] The end products are called
peptidomimetics.[7–9] Various strategies, such as cyclization of
linear peptides,[10–12] replacing the natural amino acids with
unnatural ones,[13–16] substitution of the amide functionality
with other functional groups etc.,[17] have been applied to
construct peptide mimetics. One particularly important cate-
gory of peptidomimetics are foldamers[18,19] since they adopt/
fold into secondary structures such as extended sheets or
helices, analogous to natural peptides. Great success has been
achieved in emulating both the higher structures and function
of peptides with both unnatural peptides[20–30] and
oligoureas.[31–40]

Although the approaches to address peptidomimicry
abound, most of these artificial oligomers possess no symmetry
and in general they have to reach a certain length to simulate
natural peptides. Molecular C2-symmetry could potentially

simplify peptidomimetic chains and broadly conserve the
conformational diversity observed in natural peptide chains.
Clayden and coworkers have performed some studies based on
cis-1,2-diaminocyclohexanes[41–43] and both cis- and trans-1,2-
diaminocyclohexanes are incorporated into helix forming
oligoureas to study its effects on the overall secondary
structures of the parent molecules.[44] Yet in general, these
oligoureas don’t have a global C2-symmetry. In this study, we
investigated the suitability of C2-symmetric oligoureas (both
homochiral and heterochiral) to function as peptide conforma-
tional analogues. This account probes the dependence of
global conformation on the chain length and the chirality of
the constituent 1,2-diaminocyclohexane (1), and 1,2-diphenyl-
1,2-diaminoethane (2), residues.

Relevant to this study, D-residue substitution in natural
peptides induces turn conformation,[45–53] and local asymmetry
in a chiral residue propagates global chiral conformation in bio-
mimetic chains.[54–56] Likewise, the heterochiral sequences, 1S

(1R1S)n, and analogous chains including 2 (Fig. 1), favored
helical/turn conformation. Whereas the homochiral chains
incorporating monomers 1 and 2 had conditional conformation
and gave CD signatures indicative of equilibria between
extended and helical conformations that were sensitive to
temperature and solvent. This work complements studies of
conformations of α-chiral oligoureas (Figure 1).[31–44]

Results and Discussion

Oligourea Synthesis. Optically pure (purity ^99%) enantiom-
ers of 1 and 2 were purchased commercially. A mono-protected
/ mono-activated derivative of 1 was prepared as the vehicle
for chain elongation. Optically pure 1R (or 1S) was mono-
protected with tert-butoxycarbonyl (t-Boc); the other amino
group was activated as the p-nitrophenylcarbamate (PNP).
Coupling of t-Boc-1R-PNP and t-Boc-1R gave bis-t-Boc-(1R)2 and
subsequently dimer 1R

2 after deprotection. Starting with
optically pure 1, 2, or 1R

2, addition of two equivalents of t-Boc-
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1R-PNP extended the chain by two units as shown in Figure 2.
Subsequent deprotections and double elongations afforded

the odd and even numbered chain lengths. Running these
double elongations to completion simplified purification
because separating chain length n from n+2 is much easier
than separating chain length n from n+1. The alternate
heterochiral oligoureas of 1 and 2 were synthesized with a
similar strategy. Synthetic details are given in the experimental
section. For convenience, (1R)7 refers to the all-R homochiral
heptamer, whereas 1R(1S1R)3 refers to the linear alternate-
chirality chain: 1R1S1R1S1R1S1R. When not indicated this short-
hand refers to the free amine, when required, terminal func-
tional groups are indicated in the abbreviation nomenclature.

Alternating heterochiral oligomers of 1 and 2 were more
soluble than the homochiral oligomers as determined by UV-
monitored dilution studies. Diamine (1R)7* had aqueous
solubility < 0.01 mg/mL, whereas the solubility of diamine
heptamer, 1R(1S1R)3 was 1.7 mg/mL. One oligomer of similar
constitution possessing more than 200x the solubility of the
other was quite surprising. The tendency toward extended

conformation in peptides often renders them intractable due
to the intermolecular hydrogen bonding in β-sheet motifs.[57–60]

X-ray studies showed that the oligoureas that preferred
extended conformation had analogous hydrogen bonds be-
tween extended chains.

X-ray Diffraction. Chains longer than four residues of 1 or 2
did not produce diffraction-quality crystals, but the crystal
structures of shorter n-mers were informative. Diammonium
1R2S1R (Figure 3, top left, CCDC 720589) and 1R1S1R (CCDC

1826468) crystallized in turn-like conformations. The two N-
atom termini complete approximately one period about a
putative helical axis. However bis-t-Boc1S

3*H2O (CCDC
1826472), diammonium 1R

3 (CCDC 1826469), and 2R(1Rt-Boc)2
(Figure 3 top right and middle, respectively, CCDC 1826467)
crystallized in extended conformations, stacked analogously to
peptide β-sheets. The sequential urea carbonyls pointed in
opposite directions in all the crystal structures.

The longest chains crystallized were the trifluoroacetate salt
(TFA) of the pentameric 2R(1R1R)2 in the homochiral series

Figure 1. Chiral monomeric units incorporated in C2 symmetric oligoureas.
Related α-chiral oligoureas (bottom).

Figure 2. Double elongation solution-phase synthesis of homochiral oligour-
eas based on 1.

Figure 3. Top. Ball and stick conformation of trimeric diammonium trifluor-
oacetate salts (single crystal X-ray structures), 1R2S1R

*2TFA (top left, for
clarity, TFA was omitted) is helical and (1R)3 (top right) is extended. Middle:
Stereo diagram of the X-ray crystal structure of 2R(1Rt-Boc)2 showing
hydrogen bonding between extended conformations. Bottom: Line structure
of 2R(1Rt-Boc)2.
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(Figure 4, top) and bis-cyclohexylamide-2S(1R)2 in the hetero-
chiral series (Figure 4, bottom). Again the homochiral chain

crystallized in an extended motif and the heterochiral chain
crystallized in a helical motif with a period of exactly 3 residues.
As a likely consequence of the ionic bonds in the crystal lattice,
2R(1R1R)2*2TFA (CCDC 1826470) did not neatly knit the
extended chains together with hydrogen bonds between the
urea functionalities as did the other extended conformations.

Definition of Extended and Helical Conformations: Fig-
ure 5 shows the limited conformational space occupied by the
crystalline-state oligomers of 1 and 2 in a Ramachandran-like
plot.[61] This graph is in terms of the dihedral angles ψ’ and ϕ’
defined below. As with the dihedral angles of amidic bonds in
the Ramachandran plots of peptides, ω’, were ∼180° and were
not plotted.

Extended conformations of 1R
n occupy only the lower right

region of the conformational space in Figure 5. The sign of ψ’
dihedral angles (∼60°) in these chains depends on the chirality
of the residues. The magnitude of ϕ’ is large in the extended
chains, which disposes the atomic components 1 and 4 of
these dihedral angles in a transoid relationship, shown in
Figure 6, Top.

Figure 4. Stereo diagrams from X-ray diffraction. Top: extended conforma-
tion of 2R(1R1R)2*2TFA (for clarity, TFA was omitted). Bottom: bis-cyclo-
hexylamide of 2S(1R)2*H2O (CCDC 1826478). The corresponding line structures
are below.

Figure 5. Top: Conformationally characteristic dihedral angles in C2-symmet-
ric oligoureas. Bottom: The dihedral angles are graphed from crystal states,
homochiral-R, extended conformation=x and heterochiral helical=o. The
lower left circle is residue 2 in bis-cyclohexylamide of 2S(1R)2*H2O.

Figure 6. Top: ϕ angle mostly determines conformation. For extended chains
of R chirality ϕ values are large (100-180°) and positive. For helical chains ϕ
values alternate between negative and positive smaller values (100-110°).
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Alternating heterochiral chains occupy the lower right and
the upper left regions of the diagram because the ψ’ dihedral
angles switch between �60°, depending on the chirality of the
diamine subunits and because smaller (∼110°) ϕ’ angle values
install gauche interactions in the chain, shown in Figure 6
(bottom). The ϕ’ angles are influenced less than the ψ’ angles
by diamine residue chirality; changes in ϕ’ grossly determine
whether the chain adopts a helical or extended conformation.
A comparison between the torsion angles of the helical
structures obtained in this study and reported helical structures
[44] is shown in Table 1, indicating similarity between these
structures.

In heterochiral bis-cyclohexylamide of 2S(1R)2*H2O (CCDC
1826478), the diphenyldiamine moiety disposes the phenyl
groups anti instead of gauche, which reverses the sign of ψ’
but not the sign of ϕ’, giving rise to the point in the lower left
region of the graph. Homochiral chains 1R

n confine ψ’ to ∼
@60°; extended conformations confine the sign of ϕ’ to large
positive values (lower right). Putative helical conformations in
1R

n would have alternated the sign of ϕ’.
Solution State Conformation-CD. While circular dichroism

spectroscopic studies cannot definitively indicate which global
conformation is preferred, they showed that these oligomers
adopt reversible secondary structures in solution, similar to
native peptides. To unveil the synergy between residues
necessary for secondary-like structures, we studied chain length
dependence in CD spectra of (1R)n, and 1R@@ (1S1R)x. The
observed λmax 195–205 nm was reminiscent of similar oligomers
to which helical conformation was assigned.[62] Chromophoric
aromatic residues complicate interpretation of the CD
curves.[63,64] Thus, residue 2 was omitted to simplify the CD
signature.

The curve in Figure 7 (bottom) is the absolute value of the
molar ellipticity (top) for -(1R)1S(1R)- as a function of the number
of residues in the chain. Only optically pure, odd numbers of
residues are presented; the even chains are achiral. As units of
alternate chirality are added to both termini, the sense of the
global chirality alternates and the optical purity of the chain
decreases: chain %ee=1/n x 100%. This is consistent with the
signal being dependent on the one extra disymmetric residue
of alternating chirality, which mandates the handedness of the
global conformation.

The CD spectra of this heterochiral family of oligoureas had
the same signature (Figure 7 top). Thus there was little
evidence for a global conformational switch as the chain
elongated. However, if there had been no chain length-

dependent conformation, molar ellipticity (ME) on the Y-axis of
Figure 7 (bottom) should have decreased linearly with increas-
ing chain length. However, the data indicated a cooperative,[57]

residue-based, conformational effect that loses to decreasing
chain optical purity after seven units.

The above CD evidence suggests that conformations in the
heterochiral chains initiate in short sequences. The broad
conclusions from this and the crystal structures point to
dynamic conformations likely dominated by diastereomeric
right- and left-handed helices with equilibrium constants
approaching unity as the chains lengthen with concomitant
losses in chain optical purity.

The CD spectra of the homochiral oligoureas in Figure 8
were more sensitive to changes in solvent and temperature
than those of the homochiral series. These spectra change
reversibly with temperature. A variable temperature CD study
of 1R

8 is included in the supporting information. Unlike the
heterochiral sequences, which lose chain %ee with increasing
chain length, the homochiral chains maintain chain %ee, so to
understand the effect of the nth residue it is necessary to
average the effect of each residue. In Figure 8 the mean residue
molar ellipticities (MRME) of a series of homochiral chains in
MeOH are plotted.

Contrasting notably with the CD signatures of the hetero-
chiral chains, the shapes of the CD curves change in the
homochiral series as the chain lengthens from n=3 to 5. This

Table 1. Main backbone torsion angles (deg) of the central unit in helical
oligoureas in this study and a literature compound (from crystal structures)

oligourea ϕ’ ψ’ ϕ’

1R1S1R
*2TFA -132.21 +55.97 -124.33

1R2S1R
*2TFA -134.88 +66.32 -143.54

bis-cylcohexylamide-1R2 S1R.H2O -114.13 -53.27 -114.13
reference -101.4 +54.4 +77.6

Figure 7. Top: CD molar ellipticities (ME) of 1R@@ (1S1R)x at ca. 400 μM, 25° C in
water. The corresponding chain lengths are labelled on the curve. Bottom:
The absolute value of ME (above) at 195 nm vs. chain optical purity. Number
labels on the points denote chain length.
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shift in signature indicates a change in the global conforma-
tion, not just a shift in the equilibria between similar
conformations. At approximately 3–4 residues, the spectral
signature indicates a shift in conformational distribution—from
X-ray structures, likely from linear to helical. Further length-
ening of the chain causes increased changes in MRME,
indicating more global structure per residue. Residue number 4
is the first one that overlaps on the helical axis in the crystal
structure in Figure 3 (bottom), so it is not surprising that this
chain length initiates a shift in global conformation.

A caveat with these experiments is the previously noted
tendency of the homochiral chains to aggregate. However, due
to the increased solubility, at 600–200 μM in MeOH instead of
water, aggregation does not appear to be problematic. Dilution
to the detection threshold did not change the CD signature.

Solution State Conformation-1HNMR. CD spectra indicated
that seven diamine units likely maximize the equilibrium
constant between putative left- and right-handed helices in
heterochiral 1R(1S1R)x. The X-ray structures favored helical
conformations of the heterochiral chains. It follows that in
solution-state these molecules switch between diastereomeric
L- and R-handed helices as they do in cyclic oligomers of α-
amino acids.[50]

Between these two helices, analogous 1HNMR signals are
diastereotopic, but the magnetic dispersion of the cycloalkane
chemical shifts of 1S(1R1S1R-t-Boc)2 was insufficient to use
individual 2DNMR signals to determine conformation. How-
ever, diphenyl residue, 2, at the axis of rotational symmetry in
2R(1S1R1St-Boc)2 provided unique signals and increased signal
dispersion with magnetic anisotropy (600 MHz, DMSO-[d6] with
ROESY-450 ms mix and TOCSY-45 ms mix). ROESY and TOCSY
(supporting information) cross peaks allowed the spectral
assignment shown in Figure 9. The primary structural, non-

symmetry related NH chemical shifts are numbered starting at
the chain terminus. The α-CH, and the aromatic ortho and meta
H atoms of the diphenyl residues are designated H8-10
respectively.

NH1 and NH7 were almost isochronous under optimal
conditions, so they contributed little to the analysis. The NH
groups of specific 1,2-diamine residues had strong TOCSY cross
peaks, but had weak ROESY cross peaks. On the other hand,
the NH groups of specific urea functionalities had strong ROESY
cross peaks but weak TOCSY cross peaks. This 2D spectral
signature indicated a preference for cis-urea conformations
that anti-align adjacent carbonyl groups. This interpretation is
corroborated by atomic positions in all the crystal structures
discussed above.

Evidence for helical structure in 2R(1S1R1St-Boc)2 comes from
the presence of ROESY cross peaks between signals of NH2-
NH5 and signals of CH8. These are corroborated weakly by
analogous correlations with CH9. In helical structures (Fig-
ure 10) these H atoms are proximal, but in extended structures
these H atoms are distal, beyond the ∼5 Å nOe cutoff.[65]

Figure 10 depicts L- and R-handed helices; these structures
are calculated energetic minima of conformational searching
with nOe distance constraints in the force field AMBER*[66]

which slightly favored the L-handed helix. The L- and the R-
helices complete ∼3 cycles over seven residues, which is the
periodicity observed in the X-ray structure in Figure 3
(bottom). Calculations and the X-ray structure of 1R2S1R

*2TFA
disposed the 1,2-diphenyl groups in 2 in a gauche conforma-
tion whereas the bis-cyclohexylamide of 2S(1R)2*H2O disposed
the 1,2-diphenyl groups in an anti conformation. Solution-state
structures that dispose phenyl substituents anti would correlate
phenyl H9 to H4 within 3.3 Å, and phenyl H10 to H4 within
2.7 Å. These cross peaks are quite strong (viz. X-ray structure

Figure 8. CD study of homochiral (1R)x. Mean residue molar ellipticities
(MRME) were recorded as a function of chain length in MeOH.

Figure 9. Long-range ROESY correlations between CH8 and numbered NH of
2R(1S1R1St-Boc)2 are evidence for helical structure.
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and supplemental ROESY). Even though residue 2 obviously
serves as a break point in the global conformation of 2R(1S1R1St-
Boc)2, mixed R and L helices on either side of residue 2 are
likely minorities in the conformational distribution due to
conformational cooperativity across residue 2. Taken together,
a reasonable interpretation of the NMR data includes the
conformations depicted in Figure 11 with L’ and R’ being
minority conformations.

The dashed lines in Figure 10 indicate the short CH8-NH
distances at the tops of structures a and b. The dashed lines at

the bottoms of both structures indicate the longer CH8-NH
distances. Dynamic equilibrium between L- and R-helices
explains the medium-intensity cross peaks between CH8 and
the four NH signals. The L-helix has short CH8-NH2 and CH8-
NH3 distances; in the R-helix these distances are long.
Conversely, the R-helix has short CH8-NH4 and CH8-NH5
distances; in the L-helix these distances are long. These cross

peak signals indicative of helicity would be more intense if a
one-handed helix were present instead of splitting diastereo-
topic magnetization between two conformations. The highest-
intensity cross peak (int=1.2) in this set of four is the
correlation between CH8 and NH3—a strong indicator of a 14-
membered hydrogen-bonded ring in the L-helix. The second
most intense cross peak (int=0.9) in this set is the correlation
between CH8 and NH4—indicating another 14-membered
hydrogen-bonded ring in the R-helix. The corresponding four
distances in the calculated low-energy extended coil are
between 6.5 and 11 Å, which are well beyond the typical 5 Å
nOe cutoff.[65]

In these studies, the conformations of Boc-terminated and
free-amine chains in the crystalline state depended on whether
the chain was homo or heterochiral. The crystalline state
conformers did not depend on the chemistries of chain
termination (capping). Thus, the conformational equilibria in
the CD studies of the free amines and the NMR study of 2R

(1S1R1St-Boc)2 should differ in magnitude but not in kind. The
effect of capping was not studied further.

Conclusion

This study shows that C2-symmetric oligoureas encompass
some of the conditional conformational behavior of natural
peptides in terms of helical and extended conformation and in
terms of a general conformational response to heterochiral
substitution. Since helical structures and loops generally
exclude reflection symmetry, C2-symmetric oligomers like those
reported herein are beguilingly simple peptide mimics. This
raises questions about whether C2–symmetric constructs could
fold into protein-like, native states[67] and questions about how
much molecular diversity such hypothetical constructs might
afford.

Supporting Information Summary

Crystal structures of seven oligoureas in the form of crystallo-
graphic information file (CIF) were deposited in the Cambridge
Crystallographic Data Centre (CCDC) with accession codes
1826467–1826472, 1826478 and 720589. This material is
available free of charge via the Internet at https://www.ccdc.ca-
m.ac.uk/.
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Figure 10. (a) Stereographic, calculated AMBER* left-handed, helical back-
bone of 2R(1S1R1St-Boc)2, showing the ROESY-detected proximities CH8-NH2
and CH8-NH3 (top). Distances CH8-NH4 and CH8-NH5 are out of nOe range
(bottom). Some H atoms and the cyclohexane moieties were excluded for
clarity; hatch=αC, and H; grey=N; and black=O. (b) Shows the correspond-
ing right-handed helix in which key distal H/H correlations in (a) become
proximal and vice versa.

Figure 11. Schematic conformational distribution of the solution state of 2R

(1S1R1St-Boc)2.
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