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Chirality sensing of terpenes, steroids, amino acids,
peptides and drugs with acyclic cucurbit[n]urils and
molecular tweezers

Different classes of tweezer-shaped molecular hosts bind
chiral organic molecules in water, resulting in characteristic
Circular Dichroism (CD) spectra. These spectroscopic
fingerprints allow for chirality determination, analyte
identification, and reaction monitoring of a wide range

of biorelevant analytes.
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Achiral chromophoric hosts, i.e. acyclic cucurbit[n]urils and molecular
tweezers, were found to respond with characteristic Circular
Dichroism (CD) spectra to the presence of micromolar concentrations
of chiral hydrocarbons, terpenes, steroids, amino acids and their
derivates, and drugs in water. In favourable cases, this allows for
analyte identification or for reaction monitoring.

Chirality is an inherent property of many compounds of bio-
logical origin such as amino acids, peptides and proteins, but
also widely present in synthetic molecules such as drugs. Chiral
substances can be characterized by chiroptical spectroscopic
methods, e.g. Electronic Circular Dichroism (ECD), which are
usually more “information-rich” than their non-chiral spectro-
scopic counterparts.'” However, most bioactive small molecules
such as amino acids are non-chromophoric or absorb below
280 nm of the electromagnetic spectrum. Besides, small molecules,
are typically conformationally flexible, causing an averaged ECD
signal.' Thus, ECD spectroscopy is of limited use for detecting or
identification of metabolites, hormones and peptides. In recent
years, molecular recognition-based approaches were introduced
for chirality sensing of chromophoric small molecules by ECD
spectroscopy.”

The spatial proximity and controlled orientation between a
chiral analyte and an achiral chromophoric host in their host-
guest complex can result in an electronic coupling, giving rise to
induced Circular Dichroism (ICD), see Fig. 1a.%'*"” In favour-
able cases, analyte-specific “ICD fingerprints” occur, which can
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be utilised for analyte identification and differentiation.>*”™*°

Hydrogen bonding,>?° > metal coordination,>***® or dynamic
covalent bonds®*”7* were frequently used as directional bonding
motifs, leading to well-defined binding conformations.>" For the
detection of compounds in aqueous media, only a few chirality-
based chemosensors are available™'”*33> because directional,
polar non-covalent interactions are screened by the solvent.
Furthermore, the hydrophobic effect as the most important
driving force for binding lacks directionality.>***®* Concave hosts
can provide both strong hydrophobic binding forces and restrict
the number of host-guest conformations. For instance, endo-
functionalized molecular tubes can selectively recognize chiral
epoxides in water, giving rise to strong ICD signals."” Similarly,
the noncovalent chemosensing ensembles composed of the
macrocycle cucurbit[8]uril (CB8) and dicationic dyes are suitable
for chirality sensing of aromatic compounds.’

We wondered if the concept of “chirality transfer” to a chromo-
phoric achiral and concave host can be extended to acyclic
cucurbit[n]urils®*™*' and molecular tweezers,"*™*” which both
display sizeable binding constants for small bioactive molecules
and engulf their guests inside their concave cavity. Acyclic
cucurbit[n]urils were shown to bind a broad range of bioactive
molecules, e.g. drugs, hormones and nucleotides.***' Molecular
tweezers are more selective binders, for instance, for lysine,
arginine and their derivatives.**"*> They also selectively recognize
peptides and proteins with sterically accessible Lys and Arg
residues. In this contribution, we systematically investigate
Circular Dichroism detected chirality sensing with acyclic cucurbit-
[n]urils or molecular tweezers as hosts for chiral guests in water.
The chemical structures of the hosts and analytes tested are shown
in Fig. 1(c-g).

The two acyclic CBn (C1 and C2) (Fig. 1c) were prepared via a
stepwise oligomerization procedure®**® and differ in their charge,
ie. Cl is a dianion and C2 a tetraanion. In order to assess the
utility of the acyclic CBn for chirality sensing, the chiral aromatic
amino acids r-Phe and 1-Trp were added to aqueous solutions of
the host C1 and the Circular Dichroism spectra were recorded,
Fig. 2a and Fig. S2a (ESIt). A strong positive CD band at 292 nm

This journal is © The Royal Society of Chemistry 2020
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(@ and b) Schematic representation of the two major mechanisms for complexation of chiral guests by achiral hosts, leading to ECD signal

generation, (a) via induced circular dichroism (ICD) through electronic-coupling between chromophoric hosts and guests, or (b) through adoption of a
chiral host conformation. (c) Chemical structures of the acyclic CBn and (d) their chiral guests. (e) Chemical structures of the CB8-MDPP chemosensing
ensemble that was used for comparison. (f) Chemical structures of the molecular tweezer and (g) its chiral guests. All compounds are shown in their

native charge state in water.

and a weaker one at 326 nm was observed for the supramolecular
complexes of C1 with either 1-Phe or L-Trp.

Their enantiomers p-Phe and p-Trp gave the expected mirrored
CD spectra; supramolecular host-guest complexation with acyclic
CBn can thus be utilized for monitoring of optical purity. As an
example, base-catalysed racemization of 1-Phe and the peptide
1-Phe-Gly in organic solvents (DMF, ethylene glycol) and water was
monitored by CD spectroscopy via adding aliquots of the reaction
mixture to the aqueous host solution. In accordance with the
literature,” it was found that water suppressed racemization that
is occurring in DMF at increased temperature (Fig. S8, ESIT). The
chemosensor-based monitoring approach is faster than the
established chromatography-based method,*® and thus allows
for screening of reaction conditions.

This journal is © The Royal Society of Chemistry 2020

The complexation of phenylalanine and tryptophan derivatives
by host C1 led to a completely different type of ECD spectra than
observed for Phe/Trp-species bound by the CB8-MDPP chemo-
sensing ensemble: for acyclic CBn-guest complexes, the ECD
band position and shapes (e.g. a stronger band at 292 nm and a
weaker one at 326 nm) coincide with the absorbance band
maxima of the free host (Fig. S3a and S4a, ESIt). Furthermore,
ECD spectra of C1 or C2 complexes with different chiral guests
do not display unique CD-spectral bands but rather differ only
in the signal magnitude. Conversely, the ECD spectra of the
CB8-MDPP chemosensing ensemble (Fig. 1e) displayed indicative
spectral fingerprints for different phenylalanine and tryptophan
derivatives (Fig. S3c and S4c, ESIt). Moreover, the band shape in
the ECD spectrum clearly differed from that in the absorbance
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spectrum of the CB8-MDPP chemosensing ensemble. Two different
mechanisms may therefore be at work: (i) for acyclic CBn-guest
complexes, the host deforms into a chiral conformation upon
binding the chiral analyte (Fig. 1b). Different chiral analytes may
cause a different degree of host deformation, and thus are char-
acterized by different signal magnitudes in the ECD spectra. (ii) For
complexes of aromatic chiral guests with CB8-MDPP,"” there is a
major contribution of a transition dipole coupling between the
dicationic MDPP chromophore and the aryl moiety of the guest,
leading to guest-indicative induced circular dichroism (ICD) bands.
Similarly, changing the chromophore to MDAP" leads to comple-
tely new ICD bands and trends for the same series of chiral guests
(Fig. S5, ESIT) as expected for an ICD effect. Because both CB8 and
MDPP (or MDAP) are rather rigid, there is likely no significant
contribution of chiral deformation of the host.

As a consequence of the different CD signal generation mechan-
isms for C1/C2 and CB8-MDPP, they can be used complementarily.
For example, it is possible to distinguish the dipeptides r-Phe-Gly,
1-Phe-1-Ala, 1-Phe-1-Val and r-Ala-i-Phe from each other through
binding with C1 (Fig. 2b) while with the CB8-MDPP chemosensing
ensemble only i-Ala-1-Phe can be differentiated from the other
peptides by CD spectroscopy (Fig. 2b, inset). In favourable cases,
also simple mixtures of peptides, e.g. L-Phe-Gly and 1-Phe-1-Val can
be deconvoluted, e.g. by using C1 as the host (Fig. S6, ESIT) while
the CB8-MDPP chemosensing ensemble is particularly useful for
analysing mixtures of Phe- and Trp-species (Fig. S7, ESIT).
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Fig. 2 (a) ECD spectra in water for host C1 (100 uM) in the presence of
L-Phe (100 pM), p-Phe (100 uM) and for a racemic mixture composed of
100 puM L-Phe and 100 uM p-Phe. The inset shows the ECD spectra of the
guests alone. (b) ECD spectra in water for host C1 (100 pM) in the presence
of Phe-containing dipeptides (each at 100 uM). The inset shows the ECD
spectra of the same guests (each at 50 pM) in the presence of the CB8-
MDPP (20 puM) chemosensing ensemble. The guest alone showed no
significant CD signals, see the ESI.¥ (c) ECD spectra in water for host C2
(100 pM) in the presence of (R)- or (S)-trinorbornane (99 uM) as well as
excess of the analyte (197 uM) (with <1.2 vol% ACN). (d) ECD spectra in
water for the steroids nandrolone, vecuronium and prednisolone (each at
100 pM) in the presence and absence of the host C2 (100 puM).
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Because acyclic CBn bind a wide range of hydrophobic molecules,
and because no ICD signal generation is required for acyclic CBn,
these hosts can be used for chirality sensing of analyte classes that
are beyond the scope of previously reported chemosensing
ensembles. For instance, complexation of the chiral bridged-
alkane trinorbornane®®>" by host C2 gave rise to clear CD signals
despite the completely non-chromophoric nature of the hydro-
carbon guest (Fig. 2c). Likewise, terpenes, limonene and fenchol
as well as the steroidal drug vecuronium do not show ECD
signals above 250 nm. However, in the presence of host C1, both
(R)-limonene and (1R)-endo-(+)-fenchol (Fig. S10a, ESIt) as well as
vecuronium (Fig. S12a, ESIT) clearly display bands in the ECD
spectrum up to 340 nm, which can be attributed to the chiral
induction upon supramolecular complex formation (Fig. 1b). C1
and C2 also bind efficiently other steroids such as nandrolone
and prednisolone in water; those chromophoric steroids possess
CD signals on their own but binding to C1 or C2 causes
characteristic shifts and increases the signal intensities in the
CD spectra (Fig. 2d). Besides, the different host variants C1 and
C2 gave rise to different induced CD spectra with these steroids
which may be useful for pattern-recognition® based steroid
identification (Fig. S12, ESIt). In principle, it is also possible to
deconvolute steroid mixtures using the host-guest binding-
induced circular dichroism signals (Fig. S17, ESI}). Likewise,
strong CD signals were observed when the water-insoluble
chiral drugs testosterone, camptothecin and clopidogrel were
solubilized in water through binding with acyclic CBn,*® i.e. by
both C1 and C2 (Fig. S16a and b, ESI{) (Control experiments
where the drugs are solubilized in ethanol are shown in Fig. S15c,
ESIt and gave comparable results). Again, binding of the chiral
chromophoric guests by the achiral chromophoric host causes
characteristic changes in the ECD spectrum.

Unlike acyclic CBn, molecular tweezer CLRO1 (Fig. 1f) is a
rigid host and thus it is unlikely that upon inclusion of chiral
guests a substantial chiral twist of the host structure occurs.*’

Nevertheless, we found that ECD spectra for the complexes
of molecular tweezer CLRO1 with several Lys and Arg derivatives
in water show distinguishable chiral ECD spectral fingerprints
(Fig. 3a and Fig. S19-S22, ESI{). We tentatively explain the ICD
through coupling of the transition dipole of the host with that of the
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Fig. 3 (a) ECD spectra in water for L.-Arg (200 uM) and p-Arg (200 pM) in

the presence and absence of CLRO1 (20 puM). A guest excess was used to
enhance the degree of complexation. (b) ECD spectra in water for L-Arg
(70 uM), L-Lys (70 puM) and a 1:1 mixture of both amino acids (each at
70 uM) in the presence of CLRO1 (140 pM). The inset shows the magnified
spectrum between 250-285 nm.

This journal is © The Royal Society of Chemistry 2020
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chromophores of the Lys/Arg derivatives (e.g: the amide groups). In
analogy to the aforementioned examples, an ECD-based sensing
protocol can in principle be established with host CLR0O1 to
deconvolute mixtures of Lys- and Arg-derivatives (Fig. 3b).

Surprisingly, the ICD for arginine is much larger than that
for Lysine, although CLRO1 binds Lys tighter.*” This may be used
to distinguish between basic residues on structurally complex
peptides and proteins, which often contain multiple lysines and
arginines. To date, structural information about the preferred
tweezer binding sites on peptides and proteins must be derived
from 2D/3D NMR spectra and crystal structures.*’

In summary, we have shown that the formation of chiral supra-
molecular host-guest complexes self-assembled from achiral,
chromophoric hosts and chiral (non-)chromophoric small mole-
cule guests can give information-rich Circular Dichroism spectra
in aqueous media with potential utility for chirality sensing,
analyte identification and reaction monitoring applications.
Our finding suggests two tentative host design principles for
chirality sensing: (1) if a host should provide analyte-indicative
ICD fingerprints, then the use of rigid host structures is recom-
mended. (2) General binders for chiral guests should possess a
flexible and adaptable host structure that adopts a chiral, twisted
conformation upon binding of the chiral guests. Such hosts are
then also applicable for chirality sensing of non-chromophoric
guests.
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