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Spontaneous Resolution of Helical Building Blocks through the
Formation of Homochiral Helices in Two Dimensions

Xiang Lin, Bohan Kou, Jinlian Cao, Peimin Weng, Xiaosheng Yan,* Zhao Li,* and

Yun-Bao Jiang*

Abstract: Spontaneous resolution leading to conglomer-
ate crystals remains a significant challenge. Here we
propose the formation of orthogonal homochiral
supramolecular helices in at least two dimensions to
allow spontaneous resolution. We suggest the design
rationale that the chiral species is made into helical
building blocks to allow the helix formation. As a proof-
of-concept, acetylalanine was made into a helical short
azapeptide, its N-amidothiourea derivative containing a
B-turn structure, to which a halogen atom was further
introduced at the phenylthiourea aromatic ring. The
resultant folded species undergoes both intermolecular
hydrogen and halogen bonding across the turn structure
to form orthogonal intermolecular hydrogen-bonded
and halogen-bonded supramolecular helices in two
dimensions, and undergoes chiral resolution upon crys-
tallization. Meanwhile, counterparts containing either an
F-substituent with weak halogen bonding or no halogen
atom crystallize as racemic compounds. )

Introduction

The rational design of molecules undergoing spontaneous
resolution in conglomerate crystals remains a challenge.
Only approximately 5-10 % of the racemates crystallize in
the form of a conglomerate, a mechanical mixture of crystals
of the two pure enantiomers, whereas over 90 % of them
crystallize as racemic compounds in which two enantiomers
co-exist in a single crystalline phase in a molar ratio of 1:1.11
It remains hard to predict whether crystals will be
conglomerate:** too many thermodynamic and kinetic
factors are involved in the processes of crystal nucleation
and growth.[*
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Note that the formation of conglomerates means that
enantiomers of the same chirality crystallize together, a kind
of homochirality occurring during the crystallization. This is
reminiscent of the observation made for a supramolecular
helix consisting mainly of homochiral building blocks, a
consequence of the homochiral elongation along the axis of
the one-dimensional (1D) helix."” Indeed, supramolecular
helices were observed in many conglomerate crystals,''"!
yet the formation of a 1D helix does not necessarily ensure
the formation of a conglomerate crystal from
enantiomers,”!! because the formation of a conglomerate
crystal requires homochiral elongation along three different
crystallographic axes. This means making the enantiomers
form supramolecular helices along two or more crystallo-
graphic axes (in two or more dimensions), which would
allow the formation of a homochiral three-dimensional (3D)
crystal, could be a means to spontaneous resolution. We
recently showed that a short peptide that was converted into
its amidothiourea derivative folds because of the [-turn
structure maintained by a ten-membered ring intramolecular
hydrogen bond.””*! When an additional interaction such as
halogen bonding is introduced, the folded helical building
block may assemble, via halogen bonding and hydrogen
bonding, into supramolecular helices, allowing likely sponta-
neous resolution. As a proof-of-concept, we report here how
we modified acetylalanine as its N-amidothiourea derivative,
which was further equipped with a halogen atom of
sufficiently strong halogen-bonding ability, such as I, Br, or
Cl (Scheme la) and underwent self-assembly to form
supramolecular helices. Here, spontaneous resolution does
occur as a result of the formation of orthogonal
supramolecular helices in two dimensions (Scheme 1b).
Derivatives in which X=F or H are unable to undergo
intermolecular halogen bonding, despite hydrogen bonding,
and they crystallize as racemic compounds.

Results and Discussion

We recently showed that bilateral N-amidothioureas con-
taining I substituents at two terminal phenyl rings formed
1D supramolecular helices with homochiral preference, in
which the propagation of the helicity of the helical p-turn
structure along the helix was assumed responsible.?**! We
thus envisaged that if we cut the bilateral compound in half,
the original propagation pathway would be blocked, and
that if the interaction elements remain, other propagation
pathways would be established during the assembly via

© 2022 Wiley-VCH GmbH
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Scheme 1. a) Chemical structures of acetylalanine, N-amidothiourea
AcAH, and its halogenated counterparts AcAl, AcABr, AcACl, and AcAF.
The green and blue balls indicate potential donors in intermolecular
hydrogen and halogen bonding, respectively, while purple balls high-
light potential acceptors in intermolecular hydrogen and halogen
bonding. b) Schematic representation of racemic conglomerates for
rac-AcAl, rac-AcABr, and rac-AcACl crystals, and racemic compounds
for rac-AcAF and rac-AcAH crystals. All crystals contain a B-turn
structure. Green dashed lines highlight intramolecular hydrogen bonds
for the fB-turn structure.

interactions across the turn structure. We thus came to our
model compound to test our hypothesis for spontaneous
resolution, the acetylalanine-based N-amido-N'-phenyl-
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thiourea containing a halogen atom at the para position of
the N'-phenyl ring (Scheme 1). In these compounds there
are two kinds of intermolecular interactions across the turn
structure, i.e. amide—-amide type hydrogen bonding and
C—X--S halogen bonding, which may lead to two kinds of
supramolecular helices and eventually lead to spontaneous
resolution.

Absorption and circular dichroism (CD) spectra of L-
AcAX (X=I, Br, Cl, F, H®!) measured in CH,CN (Fig-
ure S1) confirm the existence of the pB-turn structure.
Crystals of enantiomers and racemates of AcAX (X =1, Br,
Cl, F, H) were successfully grown, by slow evaporation of
their 1:1 (v/v) CH;CN/CH;0H solutions and subjected to
X-ray crystallography for structural characterization (for
detailed crystallographic data, see Tables S1-S5). First we
examined the crystal structures of enantiopure and racemic
AcAl in which the I substituent could provide the strongest
halogen bonding. rac-AcAl crystallizes as a conglomerate,
with a chiral space group of P2,2,2,. Of seven crystals in one
pot, four are enantiopure L-AcAl crystals and three are
enantiopure D-AcAI crystals, following individual single-
crystal structural analysis (Table S6). CD spectra and chiral
high-performance liquid chromatography (HPLC) traces of
selected single rac-AcAl crystals show that they are either
pure L-AcAl or pure D-AcAI crystals (Figure la and b),
confirming the nature of the conglomerates of the crystal-
lized rac-AcAl. Accordingly, the X-ray powder diffraction
(XRPD) pattern of the rac-AcAl crystal was found to be
identical to that of the enantiopure L-AcAl crystal (Fig-
ure 1c).

To clarify the mechanisms for the formation of conglom-
erate from rac-AcAl, the X-ray crystal structure of enantio-
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Figure 1. a) CD spectra of selected single rac-AcAl crystals. b) HPLC traces of selected single rac-AcAl crystals. c) Calculated and experimental
XRPD patterns of L-AcAl crystals and experimental XRPD pattern of rac-AcAl crystals. The results shown in (a, b, c) indicate that rac-AcAl forms
racemic conglomerates. d) CD spectrum of a selected single rac-AcAH crystal. e) HPLC trace of a selected single rac-AcAH crystal. f) Calculated
and experimental XRPD patterns of L-AcAH and rac-AcAH crystals. The results presented in (d, e, f) indicate that rac-AcAH forms racemic

compounds.
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pure L-AcAl was next examined. Along the crystallographic
b-axis, L-AcAl molecules containing a BII turn (for param-
eters of B-turns, see Table S7) interact via the amide—amide
like N—H*-O=C and N—-H"--S=C hydrogen bonds across the
turn structures, resulting in a supramolecular left-handed
(M) helix with a pitch of 7.90 A (Figure 2a, b, d, Table 1).
Further N-H"-°O=C hydrogen bonds bridge these M-
helices parallel along the g-axis to form a homochiral two-
dimensional (2D) nanostructure (Figure 2c, e). Along the c-
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Figure 2. 2D superstructure of L-AcAl in its X-ray crystal structure.

a) Crystal structure of L-AcAl showing a Il turn. b) N—H"-O=C and
N—H?®--S=C hydrogen bonds (dashed black lines) within the helix along
the b-axis. c) N—H"-*O=C hydrogen bond (dashed gray line) along the
a-axis, between neighboring helices. d) Single-strand M-helix from L-
AcAl molecules along the b-axis linked by N—H-fO=C and N—H®-.S=C
hydrogen bonds (dashed black lines). e) Supramolecular 2D structure
from parallel M-helices of L-AcAl formed via N—H-*O=C hydrogen
bonds (dashed gray lines) along the a-axis, between neighboring
helices. For clarity, —CH hydrogens are omitted.
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axis, these homochiral 2D layers stack via the C-—I--S
halogen bonds, also across the turns, into a 3D-super-
structure (Figure 3a). The C—I-S halogen bonding actually
leads to a supramolecular M-helix of L-AcAl along the a-
axis, with a pitch of 7.86 A (Table 1). Therefore, the hydro-
gen bonding and halogen bonding in the crystals of L-AcAl
lead to supramolecular M-helices along b- and a-axes,
respectively (Figures 2d and 3a), generating helices in two
dimensions that eventually ensure a global homochiral 3D
nanostructure (Figure 3b). In all these helices, a homochiral
preference exists, allowing therefore good propagation of
the helicity of the p-turn structure. Crystals of D-AcAl show
superstructures symmetric to those of L-AcAl, containing
simultaneously the hydrogen-bonded and halogen-bonded
right-handed (P) helices in two dimensions (Figure S2).

Other derivatives of AcAI containing a Br or Cl
substituent of strong halogen-bonding ability, AcABr or
AcACI (Scheme 1), were also found to undergo spontaneous
resolution, according to the X-ray crystal structural analysis,
XRPD patterns, solid CD spectra, and chiral HPLC traces
(Figures S3-S10). Again, L-AcABr and L-AcACI form, like
L-AcAl both the hydrogen- and halogen-bonded (C—Br--S
or C—Cl-S, Table 1) supramolecular M-helices, affording
homochiral 3D nanostructures and thereby conglomerate
crystals (Figures S3 and S7). The fact that the hydrogen-
bonding modes and the structural parameters remain more
or less unchanged when the halogen atom is changed from I
to Br to Cl (AcAX, X=I, Br, CI; Table 1) indicates that the
hydrogen bonding and halogen bonding that lead to helices
in two dimensions are orthogonal.

However, derivatives AcAF and AcAH (Scheme 1)
containing an F-substituent of weak halogen-bonding ability
or no halogen atom, respectively, were found to crystallize
as racemic compounds. Crystals of D-AcAH show a chiral
P2,2,2, space group like that of L-AcAH,”! whereas crystals
of the racemic mixture rac-AcAH feature an achiral Pna2,
space group (Table 1). The lack of a CD feature for a single
rac-AcAH crystal in its solid-state CD spectrum (Figure 1d),

Table 1: Crystal system, space group and parameters of the hydrogen-/halogen-bonded supramolecular helices from acetyl(L-alanine) based
azapeptides in their enantiopure and racemic crystals.

Building block Crystal system Space group Sense
L-AcAl orthorhombic P2,2,2, M
M
L-AcABr orthorhombic P2,2,2, M
M
L-AcACl orthorhombic P2,2,2, M
M
L-AcAF monoclinic 12 M
rac@ L-AcAF orthorhombic Pna2, M
L-AcAH orthorhombic P2,2,2, M
rac@L-AcAH orthorhombic Pna2, M

Helical pitch [A] Hydrogen/halogen bonding

7.90 N—H¢-fO=C (d,;0=2.106 A; /NHO =147.3°)
N—H?S=C (dyy~s=2.720 A; /NHS=143.0°)

7.86 C—S (dy~s=3.488 A; /CIS=172.5°)

7.83 N—H-fO=C (d\;+0=2.111 A; /NHO =144.5°)
N—H?S=C (dy~s=2.716 A; /NHS=143.6°)

7.86 C—Br-S (dg-s=3.483 A; /CBrS=170.0°)

7.78 N—HfO=C (dyo=2.109 A; /NHO =143.9°)
N—H-S=C (dy;~s=2.711 A; /NHS =144.1°)

7.87 C—Cl-S (dgs=3.542 A; /CCIS=168.3)

7.84 N—HfO=C (dyo=2.125 A; /NHO =147.6°)
N—H*-S=C (dy;s=2.691 A; /NHS =145.3°)

7.87 N—HfO=C (dyo=2.130 A; /NHO =147.3°)
N—H?-S=C (dy~s=2.721 A; /NHS =144.3°)

7.66 N—H¢-fO=C (d\y0=2.137 A; /NHO =141.9°)
N—H*-S=C (dy;s=2.729 A; /NHS =145.4°)

7.74 N—H¢-fO=C (d\;~0=2.104 A; /NHO =143.4°)

N—H?2-.

S=C (dyys=2.695 A; /NHS =144.6°)
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Figure 3. 3D superstructure of L-AcAl in its X-ray crystal structure. a) Homochiral 2D layers from hydrogen-bonded M-helices of L-AcAl are linked
by C—I--S halogen bonds along the c-axis, leading to a halogen-bonded L-AcAl M-helix. For clarity, all hydrogens in the 3D structure are omitted.
b) Schematic representation of supramolecular helices in two dimensions that afford a global homochiral 3D nanostructure.

equivalent amounts of L-AcAH and D-AcAH in the HPLC
profile of the rac-AcAH crystal sample (Figure 1le), and the
different XRPD patterns of rac-AcAH and L-AcAH crystals
(Figure 1f) all support the racemic character of the crystals
of rac-AcAH.

In the rac-AcAH crystals, L-AcAH and D-AcAH with
mirror-image structures were identified, containing the BII
and BII' turns, respectively (Figures 4a and S11a). However,
when we examined L-AcAH in the rac-AcAH crystal
(labeled as rac@L-AcAH), we noted that along the
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Figure 4. a) Crystal structure of rac@L-AcAH, showing a fIl turn.

b) N—H¢-f0=C and N—H?*--S=C hydrogen bonds (dashed black lines)
along the c-axis leading to M-helix. ¢) N—H®-*O=C hydrogen bond
(dashed gray line) along the a-axis, between neighboring helices.

d) Single-strand M-helix from rac@L-AcAH molecules along the c-axis
through N—H%-fO=C and N—H?--S=C hydrogen bonds (dashed black
lines). e) Supramolecular 2D structure from parallel M-helices of
rac@L-AcAH through N—HP-*O=C hydrogen bonds between neighbor-
ing helices (dashed gray lines) along the a-axis. For clarity, —-CH
hydrogens are omitted.
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crystallographic c-axis, N—H-/O=C and N—H*-S=C hydro-
gen bonds bridge homochiral rac@L-AcAH molecules to
form a 1D supramolecular helix of M-helicity of a pitch of
7.74 A (Figure 4b, d, Table 1), which has the same hydrogen
bonding modes and helix helicity as the supramolecular
helices of L-AcAl (Figure 2), again suggesting the orthogon-
ality of the hydrogen and halogen bonding. It is worth
noting that in these helices a local homochirality is
established, since even in the presence of the other
enantiomer, D-AcAH, the formed helix consists of only the
L-AcAH molecules. Along a-axis, these parallel M-helices
from rac@L-AcAH are linked by N-H"-*O=C hydrogen
bonds between neighboring helices, leading to a
supramolecular 2D structure of homochirality too (Figure 4c
and e), like that observed from L-AcAl (Figure2 and
Table 1). Meanwhile, rac@D-AcAH molecules in the crys-
tals of rac-AcAH form a homochiral 2D nanostructure
consisting of parallel P-helices from all of the D-AcAH
molecules (Figure S11), symmetric to that of rac@L-AcAH.

Along the b-axis, the homochiral 2D layers, defined by
axes a and c¢ from the parallel M-helices of rac@L-AcAH
and P-helices of rac@D-AcAH, respectively, stack alter-
nately via van der Waals interactions, resulting in racemic
3D crystals (Figure 5a). This explains the observation that
rac-AcAH crystallizes as a racemic compound, despite the
presence of a local homochiral 2D nanostructure in the
formed supramolecular helices in the layers defined by a-
and c-axes.

Crystal structures of enantiomers L-AcAH and D-
AcAH were found to be mirror images (Figures S12 and
S13). Homochiral 2D layers consisting of parallel M-helices
are formed in L-AcAH in the same was as those in rac@L-
AcAH (Figures S12 and 4, Table 1), which further stack into
a 3D superstructure via van der Waals interactions (Fig-
ure 5b). It is significant to observe that the same 1D-helix
and homochiral 2D layer are formed from rac@L-AcAH as
those in pure L-AcAH, even in the presence of the other
enantiomer in the case of racemic AcAH. This means that
the hydrogen bonding leading to the 1D-helix is orthogonal
to other interactions occurring during the crystallization,

© 2022 Wiley-VCH GmbH
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Figure 5. 3D superstructures of rac-AcAH (a) and L-AcAH (b) in their X-
ray crystal structures. Homochiral 2D layers of rac@L-AcAH made up
of M-helices and those of rac@D-AcAH made up of P-helices are
alternately stacked via van der Waals interactions along the b-axis,
leading to racemic 3D crystals, while homochiral 2D layers of M-helices
consisting of L-AcAH stack in antiparallel manner, also via van der
Waals interactions along the c-axis, leading to 3D crystals. For clarity,
all hydrogens in the 3D structure are omitted. Crystallographic data for
L-AcAH have previously been reported (CCDC 1820148).%!

and allows good propagation of the helicity of the B-turn
structure along the 1D-helix.

The 3D superstructure in the rac-AcAF crystal is similar
to that of rac-AcAH (Figure S14 and Figure 5a, Table 1),
while XRPD patterns, solid CD spectra, and chiral HPLC
traces (Figures S15-S18) indicate that rac-AcAF crystallizes
as a racemic compound.

A significant difference between the superstructures of
AcAF/AcAH and AcAI/AcABr/AcAClI is the interactions
between 2D layers consisting of parallel helices. In the
superstructures of AcAF/AcAH, it is the non-directional
van der Waals interactions that lead to the heterochiral 3D
nanostructures; whereas in superstructures of AcAI/AcABr/
AcACl, the directional C—X-S (X=I, Br, Cl) halogen
bonding leads to a supramolecular helix preferring homo-
chirality, allowing homochiral 3D nanostructures and there-
by the spontaneous resolution of rac-AcAl/AcABr/AcACI.
The occurrence of the halogen bonding in the crystals of
AcAl/AcABr/AcACl was further supported by infrared
(IR) spectroscopy. Compared to the analogous IR band of
L-AcAF and L-AcAH, the stretching vibration of the C=S
double bond in the thiourea moiety of L-AcAl, L-AcABr,
and L-AcACl is red-shifted to around 1525cm™' (Fig-
ure S19), in line with the C—X--S (X=I, Br, Cl) halogen
bonding in L-AcAl, L-AcABr, and L-AcAClI crystals.***" Tt
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Research Articles

Angewandte

intemationaldition’y) Chemie

also deserves pointing out that those crystals can be grown
in several other solvents such as CH;CN, CH;0H, C,H;OH,
DMSO, and DMF, and similar observations were made for
crystals grown in 1:1 (v/v) CH;CN/CH;OH, without inclu-
sion of solvent molecules in the crystals.

Conclusion

In conclusion, we propose and demonstrate that the
formation of supramolecular helices in two dimensions leads
to spontaneous resolution of the folded short peptides. As
an example, acetylalanine was converted into N-amido-
thiourea derivatives with a halogen substituent (I, Br, CI) at
the terminal phenylthiourea ring, to enable intermolecular
hydrogen bonding and halogen bonding across the B-turn
structure. Supramolecular helices in two dimensions driven
by hydrogen bonding and halogen bonding that are
orthogonal to each other are formed such that the homo-
chiral 3D nanostructure is ensured. This work thus repre-
sents a rational design of molecules undergoing spontaneous
resolution in the chiral center in the original chiral
compound is included within a helical structure that is
constructed to allow intermolecular interactions to form
orthogonal helices in at least two dimensions.
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