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The development of water-soluble hosts for the selective recognition of aromatic amino acids is highly
desirable and may serve as a tool to facilitate drug discovery and enable fabrication of sensors for point-of-care
monitoring in the context of phenylketonuria disease. This paper presents the synthesis and characterization of a
water-soluble molecular cleft which is demonstrated to selectively bind aromatic amino acid guests over other
amino acids in aqueous medium, favoring �-Trp over �-Phe and �-Tyr by a factor of approximately five. Host/
guest-interaction forces were studied by 1H-NMR titrations complemented by fluorescence titrations and
isothermal titration calorimetry. The here presented results provide a starting point for future optimizations in
our efforts to selectively identify and quantify individual aromatic amino acids in aqueous medium.
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Introduction

The molecular recognition and distinction of structur-
ally similar individual amino acids in aqueous solution
remains a challenging task to this day. A multitude of
architectures have been proposed over the years, and
the receptors are usually designed to strongly bind
amino acid guests with cationic, anionic or nonpolar
side chains. For charged sidechains, pillararenes,[1,2]

convergent π-systems[3] and calixarenes[4,5] have been
employed, the latter also binding nonpolar amino
acids,[5,6] in certain cases specifically aromatic amino
acids (aaar).

[7,8] For the recognition of aaar, steric
constraints such as defined hydrophobic cavity vol-
umes as in the cyclodextrins and cucurbiturils[9–15]

and/or additional specific interactions with π-systems
in a variety of other architectures[16–19] are used as
further selectivity criteria. Selective recognition of
aaar ideally relies on three-point binding of the polar
ammonium/carboxylate functions in addition to the
aromatic side chain, best addressed by utilizing
aromatic interactions that may serve as a powerful
tool for guest recognition in aqueous medium.[20,21]

The most compact and elegant approach to discrim-
inate between the individual aaar should represent
the recognition by rationally designed host mole-
cules: simple enough to provide efficient synthetic
access and easy derivatization but equipped with the
combination of functionality and shape required for
selective guest recognition. The challenging task to
engineer a host with suitable recognition motifs in
the ideal spatial arrangement is further complicated
by the constraints and requirements that the aqueous
sensing environment imposes on the design. It is
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advantageous to maximize the interactions with the
aromatic side chains by using a hydrophobic cavity of
guest-complementary volume and surface, which
minimizes the desolvation penalty of the host surface
directly participating in guest encapsulation, and can
make use of the hydrophobic effect. At the same
time, the host must be sufficiently water-soluble to
avoid self-aggregation, thus the periphery must be
substituted with polar groups. Additionally, to gain
enough binding enthalpy to overcome the high
(partial) desolvation energy of the (zwitter)ionic
amino acid backbone from water, the exploitation of
solvophobic effects is ideally complemented by
dipolar/dipolar, H-bonding or ionic interactions in
which the host can engage with polar recognition
sites. Recent literature suggests that in aqueous
medium, it is beneficial for polar substituents on
aromatic guests to be solvent-exposed upon binding
to the host and thus retain hydrogen-bonding
interactions with the surrounding water.[21] This at
first glance counterintuitive notion can be explained
by the reduced desolvation penalty that the guest
must overcome upon binding. To date, there exist
only a small number of synthetic architectures that
are capable of selectively binding the natural aaar
(�-Phe, �-Tyr, �-Trp) over the other canonical amino
acids in aqueous medium, and the architectures that
can additionally favour one of those amino acids,
usually Trp, with high specificity over the other ones,
can be counted on the fingers on one hand.[10,11,15–17]

In 1985, Rebek et al. have reported the synthesis of
cleft-shaped molecules incorporating π-systems of
various sizes, decorated by two equivalents of an
imide with the sterically locked Kemp’s triacid.[22,23] It
was found that the acridine cleft ACorg is able to
selectively extract �-Trp, �-Phe and �-Tyrosine O-
methyl ether in biphasic H2O/CHCl3 mixtures from
the aqueous to the organic layer, an effect that was
not observed with any other amino acid. Unfortu-
nately, the binding could not be studied due to the
complete insolubility of their host in water. On the
other hand, similar hydroxymethyl-extended struc-
tures have been used to engineer water-soluble
receptors for cyclic adenosine nucleotides with mod-
erate affinity.[24] In this work, we present the synthesis
of acridine cleft ACaq, a hydroxymethyl-extended and
water-soluble analogue of ACorg and the studies on
amino acid binding and selectivity we performed
with it in aqueous medium.

Results and Discussion

Design of the Receptor

In order to quantify the interaction strength between
aaar and the acridine/Kemp’s triacid imide binding
site in aqueous medium, we designed and synthe-
sized a water-soluble derivative of ACorg. This was
achieved by incorporating a Kemp’s triacid derivative
with hydroxymethyl groups at the α-position to the
carbonyls on the solvent-exposed face of the cleft,
resulting in a water-soluble acridine cleft ACaq (Fig-
ure 1 B).

The solubilizing groups were integrated into the
molecule such that the aromatic amino acid binding
domain, which is hypothesized to consist of the
acridine π-system, the acridine nitrogen atom and the
carboxylic acids,[23] was not altered.

Synthesis of Acridine Cleft ACaq

Cleft ACaq was assembled in 6 steps starting with the
synthesis of a threefold benzyloxymethylated deriva-
tive of Kemp’s triacid as shown in Scheme 1, from
commercially available cyclohexane-1,3,5-tricarbox-
ylic acid 1 by modified literature procedures.[24]

Trimethyl ester 2 was readily obtained by Fischer
esterification in methanol. Threefold enolization with
LDA and nucleophilic substitution with an excess of
benzyl chloromethyl ether, followed by repeated
recrystallization from methanol afforded the pure
cis,cis-triester 3. Saponification with NaOH in MeOH
afforded the aforementioned derivative of Kemp’s
triacid 4. To gain access to the protected diimide cleft
6, 4 was first quantitatively converted to the corre-
sponding internal anhydride by dehydration in m-
xylene. The bottleneck of the synthesis proved to be
the twofold condensation of anhydride 5 with
acridine yellow dye. The highest yields were obtained
by refluxing both components for 19 h in m-xylene
(16–23%) or for 3 h in mesitylene (21%), to afford
the six-fold benzyl protected cleft 6 after filtration

Figure 1. A) Rebek’s acridine cleft ACorg with hydrophobic
exterior face (yellow), reported to extract aaar (L-Phe, L-Tyr, L-
Trp) from H2O to CHCl3. B) The herein presented redesigned
water-soluble cleft ACaq with hydrophilic exterior face (blue).
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through SiO2, evaporation of solvents and subse-
quent trituration with EtOAc and acetone. In order to
deprotect the benzyl ethers to the free alcohols,
treatment of 6 with HBr (g) in neat formic acid gave a
mixture of compounds with the scaffold of the
desired product ACaq carrying a varying amount of
formyl groups on the six hydroxymethyl groups that
were to be liberated. Acid catalyzed hydrolysis of this
formyl ester mixture in dilute aqueous HCl solution
followed by direct lyophilization of the reaction
mixture then afforded the final hexahydroxymethyl
acridine cleft ACaq in quantitative yield and spectro-
scopically pure. Nevertheless, for 1H-NMR and
fluorescence titrations, ACaq was further purified by
HPLC.

Atropisomerism, Solubility, and Stability of Clefts ACaq
and ACda

As the rotation of the imide moieties is blocked by
the acridine methyl groups,[25] cleft ACaq has two
possible atropisomeric states for each imide site,
resulting in three possible isomers, which do not
interconvert at room temperature. By establishing the
NOE contacts between protons as shown in Figure 2,
we concluded that only the desired isomer is present,
with both carboxylic acids pointing towards the
interior of the cleft (see SI, Figure S24). Next, we
investigated the aqueous solubility and stability of
cleft ACaq in basic and acidic medium. No decom-
position of ACaq was observed in 1 M aq. HCl over
the period of multiple days, in stark contrast to what

was previously reported for cleft ACorg.
[26] We found

that albeit ACaq exhibited good solubility (>5 mM) in
dilute aq. NaOH, clean hydrolysis to the diamide ACda
occurred upon standing overnight. Changing the
medium of the highly basic sample of ACda to 1 M
HCl, partial hydrolysis of the amides occurred over
the timespan of hours.

1H-NMR Titrations

Cleft ACaq shows a highly pH-dependent 1H-NMR
spectrum in D2O, with the aromatic signals at the
position 4 and 5 of the acridine ring especially
affected. The spectra for 1 mM solutions of ACaq in
D2O or H2O buffered with 100 mM sodium cacodylate
(pH=5.25), and in 1 M DCl, as well as in D2O/CD3CN
(1 : 1), buffered with 40 mM AcOD/AcONa (pD=4.75)
and 40 mM deuterated phosphate (pD=6.6) are
compiled in the Supporting Information, Figure S25–
S27. To obtain reliable affinity data from 1H-NMR
titrations, it is crucial to keep the pD constant, as well
as the total ion strength when titrating with charged
guests, which is usually achieved using acid/base
buffer solutions as titration medium. The low solubil-
ity of zwitterionic aromatic amino acids (in the range
of pH=2–9) in deuterium oxide prompted us to use
1 M DCl in D2O as titration medium, thereby also
approximating constant pD and ion strength
throughout the titrations. Cleft ACaq was titrated with
a selection of amino acids (�-Trp, �-Phe, �-Tyr, �-Tyr-
O-methyl ether, �-His and �-Leu) at constant host
concentration of 1 mM, and the results are compiled
in Table 1.

In all titrations where binding was observed, the
acridine Caryl-H signals showed the expected upfield
shifts associated with shielding by complexation, the
titration with �-Trp and ACaq is shown as an
illustrative example in Figure 3. The complete set of
titration spectra and details to data fitting[27] for Ka

Scheme 1. Reaction Scheme, reagents and conditions for the
synthesis of acridine clefts ACaq and ACda. a) H2SO4, MeOH,
reflux, 24 h, 93%, b) 1) LDA, Et2O, 0 °C, 2 h, 2) benzyl
chloromethyl ether, 0 °C -> r.t., 14 h, 31%, c) MeOH, aq. NaOH,
reflux, 3 h, 97%, d) m-xylene, reflux, 3 h, quant., e) acridine
yellow, m-xylene, reflux, 3 h, 16%, f) 1) HBr (g), HCO2H, r.t., 2 h,
2) dilute aq. HCl, r.t., 12 h, quant., g) aq. NaOH, r.t., 12 h, quant.

Figure 2. The two possible atropisomeric configurations of the
imide arms of acridine cleft ACaq, carboxylic acid binding site
pointing towards A) the interior or B) exterior of the cleft.
Configuration A) was confirmed using NOESY NMR, by estab-
lishing the NOE contacts between methyl (red) and three sets of
� CH2 (blue) protons.
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determination can be found in the Experimental
Section and Supporting Information, Figures S36–S56
and Tables S1–S7. Cleft ACaq was found to weakly
associate with the aromatic amino acids, favoring
�-Trp over �-Phe, �-Tyr and �-Tyr-O-methyl ether by a
factor of 5–6, and bound the latter three with very
similar affinities. No binding was observed to �-His,
which can be attributed to electrostatic repulsion
between the positively charged �-His side chain and
the monocationic acridine cleft under the titration
conditions. �-Leu also did not show any affinity to
ACaq, corroborating the importance of aromatic
interactions to the binding energy. The binding

domain thus retains its selectivity for aromatic amino
acids also in aqueous environment. To gain insight in
the contribution of the amino acid carboxylate
function to binding and on the grounds of the
published excellent binding to ACorg in CHCl3,

[28] β-
phenylethylamine (PEA) was investigated as guest.
Initial promising results in unbuffered CD3CN/D2O
(1 : 1) mixture reproduced the upfield shift of acridine
protons 4 and 5 between 0 and 0.5 eq. of guest,
followed by downfield shift exceeding 0.5 eq., as
observed for ACorg in CHCl3 (see SI, Figure S48).
However, it became clear that these shifts merely
represent different protonation states of the receptor
caused by the basic guest when performing the
titration in CD3CN/D2O (1 : 1) buffered at pD=4.75
(AcONa/AcOD, 30 mM and 100 mM) and at pD=6.6
(deuterated phosphate buffer). At sufficient buffer
capacity (100 mM), no shift is observed up to 4.6 eq.
guest, indicating a Ka<1 (see SI, Figures S49–S51). A
titration with PEA and ACaq in 1 M DCl/D2O was
carried out, resulting in improvement of binding (Ka=

2.5 M� 1, see Table 1 and SI, Figures S46–S47 and
Table S5) as observed with �-Phe, but the absence of
the carboxylate function results in approximately
threefold lower affinity when comparing to �-Phe
under identical conditions, indicating involvement of
the carboxylate group of aaar in binding. The
serendipitously obtained diamide-tetraacid ACda was
also probed for affinity with �-Phe in D2O/sodium
cacodylate buffer (100 mM, pD=5.25), resulting in a
Ka of 10.1 M

� 1 (see SI, Figures S52–S53 and Table S6),
which is comparable to the result obtained for the
binding of �-Phe to ACaq (in 1 M DCl/D2O), but
tenfold higher than when titrating the imide ACaq
under identical conditions with �-Phe (Ka=1.3 M� 1,
see SI, Figures S54–S55 and Table S7). Unfortunately,
the instability of cleft ACda in 1 M aq. HCl prevented
the titration under these conditions. Nevertheless,
these results indicate that the reduced range of
motion of the carboxylate binding sites (constrained
by the hindered rotation about the imide-C� N-axis in
ACaq) does not necessarily contribute to stronger
affinity to aromatic amino acids in aqueous medium,
as it was observed for ACorg in CHCl3/H2O biphasic
extraction experiments.[23] A notable peculiarity asso-
ciated with the titration of �-Trp was a color change
from yellow to orange over the addition of the first
few equivalents of guest, a trait that was not
observed with any other amino acid.

Table 1. Binding affinities of ACaq to various amino acid guests
and PEA with [H]tot=1 mM, determined by 1H-NMR titrations, in
1 M DCl in D2O.

Guest Ka [M
� 1]

�-Tryptophan 37.1�0.7
�-Phenylalanine 6.7�0.1
�-Tyrosine 7.4�0.1
�-Tyrosine-O-methyl ether 6.6�0.1
�-Histidine – no binding observed –
� -Leucine – no binding observed –
β-phenylethylamine 2.5�0.1

Figure 3. Characteristic upfield evolution of the aromatic pro-
ton signals of the acridine moiety of ACaq in the 1H-NMR
titration with 0–60 eq. L-Trp upon guest complexation, in 1 M
DCl in D2O at pH=0.
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Fluorescence Quenching Titrations

Like the parent compound acridine yellow, the
derivative ACaq is fluorescent and emits blue light
with λem=502 nm (see SI, Figure S35) with a large
Stokes shift of 137 nm, limiting inner filter effects to a
minimum. All guests that showed affinity to ACaq in
1H-NMR titrations also gradually quenched the host
fluorescence with increasing guest concentration in
1 M aq. HCl at pH=0 and in aqueous sodium formate
buffer at pH=3.9, with �-Trp being most efficient in
this regard, as illustrated in Figure 4. Fluorescence
quenching titrations of ACaq with excitation at λex=

347 nm in aqueous sodium formate buffer (100 mM
at pH=3.9) with �-Trp and �-Phe indeed gave
asymptotic quenching series (see SI, Figures S56–S61
and Tables S8–S10). Unfortunately, we found that the
fluorescence lifetime of ACaq was reduced in the
presence of �-Trp (see SI, Figures S62–S65, Table S11),
indicating that the reduction of emission observed in
the fluorescence quenching assays stems at least

partially from a dynamic quenching mechanism that
does not originate from static host/guest complex
formation, but simply from statistical encounter and
proximity of the two components in solution. Since
the exact quenching mechanisms remain unexplored,
exact Ka values could not be determined. Fitting the
fluorescence titration data to a one-to-one binding
model resulted in Ka values in Table 2, which over-
estimate binding because quenching is partially
mediated by a dynamic mechanism. Nevertheless,
this result is qualitatively in line with the results
obtained from 1H-NMR titrations. Fluorescence
quenching titration was also performed with the
guest �-Tyr-O-methyl ether, but upon irradiation with
λex=347 nm, unexpected degradation of ACaq to
several breakdown products was observed (by ESI-
ToF) and no binding data could be obtained for this
guest. Titration with �-Phe gave a value of 41.6 M� 1,
uncorrected for dynamic quenching. We did not
determine the experimental lifetime reduction for
�-Phe as quencher/guest but assuming a similar
quenching situation as for �-Trp, the obtained value
is qualitatively in line with 1H-NMR experiments.

Isothermal Titration Calorimetry

To complement the results obtained by 1H-NMR and
fluorescence quenching titrations, the binding of
�-Trp to cleft ACaq was further studied by isothermal
titration calorimetry (ITC) in 0.1 M aq. HCl solution
(pH=1) and Certipur® buffer (citric acid, NaOH, HCl,
pH=2), (see SI, Figures S66–S79). Although the low
solubility of �-Trp in acidic aqueous solution limited
the experimentally feasible maximum of Wiseman’s c-
value[29] with our experimental setup to the value
that was also employed in 1H-NMR titrations (c=

0.037–0.074), we were able to obtain Ka values that
closely match the results obtained in the NMR experi-
ments by fixing the stoichiometry of binding to a 1 : 1
host/guest system (N=1).[30] The thermodynamic
signature of binding (favorable enthalpy change,
accompanied by an unfavorable entropic term)
indicates that host-guest association could be driven
by the nonclassical hydrophobic effect as originally
proposed by Diederich et al.,[31] although conclusions
drawn from the shallow binding isotherms regarding
~H and ~S must be enjoyed with caution. The small
ratio between the enthalpic response of the binding
event (e. g. SI, Figures S68–S71) and the dilution heat
of injection at a given guest concentration (e.g. SI,
Figures S66 and S67), combined with the low c-value
and the low solubility limit of the guest made

Figure 4. Evolution of the fluorescence emission intensity signal
of ACaq at λem=502 nm in the fluorescence quenching titration
with 0–150.0 equiv. L-Trp, in aq. sodium formate buffer
(100 mM) at pH=3.9.

Table 2. Binding affinities of ACaq to �-Trp and �-Phe with
[H]tot=0.15 mM, either measured in 1 M aq. HCl (pH=0) or in
100 mM sodium formate buffer (pH=3.9), determined by
fluorescence quenching titrations.

Guest pH Ka [M
� 1][a]

�-Tryptophan 0 90.4�2.8
�-Tryptophan 3.9 110.7�3.9
�-Phenylalanine 3.9 41.6�1.4
[a] experimental fit, uncorrected for dynamic quenching

Helv. Chim. Acta 2024, 107, e202300221

www.helv.wiley.com (5 of 11) e202300221 © 2024 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

Wiley VCH Mittwoch, 14.02.2024

2402 / 338130 [S. 113/119] 1

 15222675, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hlca.202300221 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [15/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.helv.wiley.com


titration to a sufficiently high [guest]/Kd value i. e. to
sufficient flattening of the hyperbolic curve
impossible.[32] This makes the host/guest combination
suboptimal for the extraction of ~H and ~S from ITC
analysis. However, all titration curves showed the
expected non-sigmoidal shape for c!1[29,32] and
produced small but consistent enthalpic responses at
specific molar ratios Xi of guest/host. All ITC titrations
gave good agreement with 1H-NMR experiments (Ka
difference of factor 1.00–1.21), as shown in Table 3,
entries with pH=1, 298 K. Attempts to titrate ACaq
with �-Trp at lower c-values generally led to a too
high signal-to-noise ratio, which made adequate
curve fitting and extraction of Ka values impossible.

Conclusions

An efficient and scalable synthesis of water-soluble
acridine cleft ACaq composed of hydroxymethylated
Kemp’s triacid and acridine yellow is presented. Cleft
ACaq was fully characterized (1H-NMR, 13C NMR, and
HR-MS-ESI) and titrated (1H-NMR, fluorescence
quenching and ITC) for affinity with several amino
acids and the truncated structural analog PEA. In 1H-
NMR titration experiments, weak complex formation,
dependent on the size of the side chain aromatic
surface and pH (ca. 1–70 M� 1), was observed exclu-
sively for aromatic amino acids and to a lesser extent,
for PEA. The electron density of the aromatic side
chain (�-Phe vs. �-Tyr vs. �-Tyr-O-methyl ether) did

not seem to modulate Ka significantly. No affinity was
observed for non-aromatic amino acids, indicating
that the binding site retains its selectivity for aromatic
amino acids in water. A decrease in affinity could be
observed at pH=5.25 for �-Phe compared to pD=0.
Absence of the amino acid carboxylate function in
PEA also resulted in diminished binding, and the pH/
pD dependence could additionally be corroborated
for PEA at pD=0, pD=4.75 and pD=6.6. In contrast,
the tetraacid-diamide ACda was found to bind �-Phe
in the zwitterionic state at pH=5.25 with eight-fold
higher affinity than ACaq, however, the instability of
ACda under acidic conditions prevented further
comparative study. �-Trp and �-Phe were found to
quench the fluorescence of ACaq in fluorescence
titrations. A lifetime reduction of the host
fluorescence was observed upon guest addition,
suggesting a partially dynamic contribution to
quenching, limiting the validity of the extracted Ka
values from these assays. Nevertheless, the results
were qualitatively in line with the 1H-NMR titration
data. ITC titrations of �-Trp at pH=1 and pH=2 into
ACaq further provided good agreement with the
value obtained from 1H-NMR experiments. The ability
of the herein presented receptor ACaq to selectively
bind aromatic amino acids in aqueous medium has
been reported before but is a rare quality. Although
the affinities cannot match those of some already
published systems,[10,11,13,15–17] the achievable selec-
tivity of ACaq or easily accessible future derivatives
thereof for aaar over related biogenic amines and/or
carboxylates, as well as electron-rich, unfunctional-
ized aromatics is expected to be high, due to multi-
point-binding of aaar in aqueous environment.

Experimental Section

The synthesis of literature known compounds 2–5,[24]
1H-NMR, 13C NMR, HRMS UV/Vis and fluorescence
spectra, titration data (1H-NMR, fluorescence, ITC), as
well as lifetime measurements can be found in the
Supporting Information.

General Remarks

Synthesis and Characterization of Compounds

Deuterated solvents were obtained from Cambridge
Isotope Laboratories, Inc. (Andover, MA, USA). All
commercially available compounds were purchased
from SigmaAldrich (Switzerland), Acros, Apollo Scien-

Table 3. Binding affinities, enthalpy and entropy of binding of
ACaq ([H]tot=1 mM) to �-Trp, measured in either 0.1 M aq. HCl
(pH=1) or in Certipur® citrate buffer (pH=2), determined by
ITC.

pH
[ ]

T
[K]

Xi
[c]

[ ]
Ka
[M� 1]

ΔH
[kJmol� 1]

� TΔS
[kJmol� 1]

1 298[a] 9.5 37.2�2.7 -27.3�1.6 18.3
19 43.7�2.7 -23.4�1.0 14.1

293[b] 9.5 43.3�1.3 -27.4�0.7 18.2
19 48.8�2.8 -25.6�1.0 16.1

2 293[b] 5.7 35.1�1.0 -37.1�0.9 28.5
11.3 49.3�0.6 -32.3�0.3 22.8

288[b] 5.7 53.8�2.0 -30.1�0.9 20.5
12.3 68.5�0.9 -24.5�0.2 14.4

[a] measured with a spacing of 150 s between injections
[b] measured with a spacing of 300 s between injections [c] Xi
(guest/host) refers to the molar ratio of guest to host at the
endpoint of titration. The statistical errors refer to the reliability
of the non-linear regression calculations of single titrations.
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tific, Alfa Aesar and Fluorochem (United Kingdom).
Column chromatography was performed on silica gel
P60 (40–63 μm) from SilicycleTM, the solvents were
technical grade. TLC was performed with silica gel 60
F254 aluminium plates purchased from Merck. Ana-
lytics and instruments: NMR experiments were per-
formed on Bruker Avance III NMR spectrometers
operating at 400, 500 or 600 (cryoprobe) MHz proton
frequencies. The instruments were equipped with a
direct-observe 5 mm BBFO smart probe (400 MHz), or
an indirect-detection 5 mm BBI probe (500 MHz), or a
five-channel cryogenic 5 mm QCI probe (600 MHz).
All probes were equipped with actively shielded z-
gradients (10 A). The chemical shifts are reported in
ppm relative to tetramethylsilane or referenced to
residual solvent peak and the J values are given in Hz
(�0.1 Hz). Standard Bruker pulse sequences were
used, and the data was processed on Topspin 3.2
(Bruker) using twofold zero-filling in the indirect
dimension. UV-Vis absorption spectra were recorded
at 20 °C on a Jasco V-770 Spectrophotometer. Life-
time decay measurements were performed on a
LifeSpec II setup (Edinburgh Instruments), using time-
correlated single photon counting technique (TCSPC),
a picosecond pulsed diode laser (320 nm, ca. 75.5 ps
pulse width) was used for excitation. High-pressure
liquid chromatography (HPLC) was performed on a
Shimadzu Prominence System. For high resolution
mass spectrometry (HRMS) a HR-ESI-ToF-MS measure-
ment on a maXisTM 4G instrument from Bruker was
performed. When indicated and to obtain anhydrous
solvents, N,N-diisopropylamine and Et2O were dis-
tilled from sodium and benzophenone, and m-xylene
was refluxed and distilled from sodium hydride.
Anhydrous hydrogen bromide gas for debenzylation
was synthesized in situ by dropwise addition of conc.
H2SO4 to stirred solid KBr, and conducting the
resulting gas directly into the reaction mixture
through a Tygon® tube of sufficient length, to avoid
contamination of the reaction mixture with elemental
bromine. 1H-NMR titrations, binding isotherm ex-
traction & fitting, calculation of Ka values: In order
to keep the pD and ion strength constant, 1H-NMR
titration experiments were performed in 1 M DCl in
D2O (pD=0), in sodium cacodylate buffer (100 or
300 mM,+500 mM NaCl, pH=5.25) measured with
water suppression, in D2O buffered with AcOD/
AcONa (pD=4.75) or in D2O buffered with deuterated
phosphate buffer (pD=6.6). The spectra were refer-
enced to HDO (4.79 ppm) in titrations in D2O, and in
titrations with cacodylate buffer in 95% H2O, refer-
enced to the methyl signal of cacodylate (1.89 ppm).

The host (ACaq or ACda) concentration was always
1 mM, and was kept constant during the titration,
whereas the concentration of the amino acid guest
was varied and titrated until its solubility limit was
reached or until only negligible chemical shift change
occurred upon further addition of guest. The experi-
ments were performed at room temperature. Dis-
played in the 1H-NMR titration graphs (Supporting
Information) are the relevant portions of the aromatic
region of host (ACaq), from which the relative
chemical shift changes Δδ for the three distinct
acridine aromatic C� H signals over the course of the
titrations were extracted. Ka values were obtained by
multiparametric fitting of the evolution of Δδ for the
three acridine C� H signals by using the publicly
available Matlab script written by P. Thordarson[20] for
1H-NMR 1 :1 binding. Fluorescence quenching titra-
tions: Fluorescence quenching titrations were per-
formed at 20 °C on a Jasco FP-8600 Spectrofluorom-
eter. All fluorescence quenching titrations were
carried out at a [H]tot=0.15 mM, with OD=0.48 at
365 nm, which was kept constant throughout the
measurement series. Titrations at pH=3.9 were
carried out in aqueous sodium formate buffer
(100 mM), and titrations at pH=0 in 1 M aq. HCl. The
excitation wavelength was λex=347 nm, and the
fluorescence intensity at the emission maximum
λem=502 nm was recorded. Samples were mixed and
equilibrated for 15 min after guest solution addition,
before a datapoint was recorded. Isothermal Titra-
tion Calorimetry: All isothermal titration calorimetry
(ITC) experiments were carried out on a MicroCal
PEAQ-ITC instrument from Malvern Panalytical. All
titrations were carried out in 0.1 M HCl at pH=1, or
in Certipur® buffer (citric acid, NaOH, HCl) at pH=2
with a host ACaq concentration of 1 mM in the
measurement cell (representing a c-value identical to
1H-NMR titrations) and a guest �-Trp concentration of
50 mM or 100 mM (pH=1) or 30 mM, 60 mM or
65 mM (pH=2) in the injection syringe. In each
titration, an initial injection of 0.4 μL was followed by
18 injections of 2 μL to the measurement cell. The
cell temperature was kept at either 288 K, 293 K or
298 K. Reference measurements of injection heat and
titrations were performed against a reference power
of 50 μW (pH=1, 293 K and 298 K), 42 μW (pH=2,
288 K) or 30 μW (pH=2, 293 K). The spacing between
individual injections was either 150 s or 300 s. Heat
changes were recorded after each addition. Dilution
(injection) heats were subtracted from the titration
data prior to curve fitting. Every titration was done at
least two times. The first smaller injection (0.4 μL) was

Helv. Chim. Acta 2024, 107, e202300221

www.helv.wiley.com (7 of 11) e202300221 © 2024 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

Wiley VCH Mittwoch, 14.02.2024

2402 / 338130 [S. 115/119] 1

 15222675, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hlca.202300221 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [15/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.helv.wiley.com


discarded from each data set to remove the effect of
guest diffusion across the syringe tip during the
equilibration process. Titration curves were fitted
using PEAQ-ITC Analysis software supplied by Micro-
Cal with the one-set-of-sites binding model and fixing
the binding stoichiometric parameter N to 1 for our
low affinity system (c!1).

(1S,5R,7r)-1,5,7-Tris[(benzyloxy)methyl]-N-(2,7-di-
methyl-6-{(1’R,5’S,7’s)-',5’,7’-tris[(benzyloxy)meth-
yl]-7’-carboxy-2’,4’-dioxo-3’-azabicyclo[3.3.1]-
nonan-3’-yl}acridin-3-yl)-2,4-dioxo-3-azabicyclo-
[3.3.1]nonane-7-carboxylic acid (6)

To obtain acridine yellow free-base, commercial
acridine yellow ·HCl (1.02 g) was suspended in MeOH
(500 mL), and aq. 3 M NaOH (250 mL) was added. The
mixture was stirred for 10 min at room temperature,
and filtered by suction. The methanol was carefully
removed to a residual volume of 150 mL under
reduced pressure, resulting in precipitation of the
free-base from the residual aqueous layer. The free
base was filtered by suction, and dried in high
vacuum at 70 °C for 1 h to give a yellow-brownish
powder (570 mg). 250 mg of the brownish material
was suspended in m-xylene (70 mL) and heated to
reflux for 10 min. The suspension was cooled in an
ice bath for several minutes, until all solids had
precipitated. The suspension was filtered, and the
solids dried in high vacuum, to give acridine yellow
free-base as a pale yellow solid (220 mg). 5 (660 mg,
1.14 mmol, 2.00 eq.) was dissolved in m-xylene
(100 mL) in a 250 mL three-necked round-bottom
flask equipped with a Dean-Stark-apparatus and
reflux condenser. Acridine yellow free-base (135 mg,
0.569 mmol, 1.00 eq.) was added in one portion, and
the reaction mixture was stirred for 20 h at 115 °C,
subsequently refluxed for 18 h, and was allowed to
cool to room temperature. The solvent was evapo-
rated in vacuo at 55 °C, to give the crude material as a
dark brown semisolid. The crude material was filtered
through SiO2, eluting with EtOAc/MeOH (90 : 10), and
the solvent was evaporated. The residue was sus-
pended in EtOAc/acetone (3 : 1, 80 mL), and heated to
reflux for several minutes. Upon cooling to room
temperature, a colorless precipitate formed, which
was filtered, and the solids washed with acetone
(2×4 mL), to give 6 (Figure 5) as an off-white solid
(120 mg, 0.091 mmol, 16%).

1H-NMR (600 MHz, DMSO-d6) δ=13.12 (s, 2H,
-COOH), 8.93 (s, 1H, H� C(8)), 8.11 (s, 2H, H� C(4)), 8.00

(s, 2H, H� C(7)), 7.38–7.26 (m, 30H, H-Caryl), 4.51 (s, 8H,
H� C(15)), 4.49 (s, 4H, H� C(16)), 3.91 (d, J=8.9 Hz, 4H,
H� C(13)), 3.45 (s, 4H, H� C(14)), 3.42 (d, J=9.1 Hz, 4H,
H� C(13)), 2.84 (d, J=13.2 Hz, 2H, H� C(9)), 2.44 (d, J=

13.7 Hz, 4H, H� C(11)), 2.07 (s, 6H, H� C(1)), 1.72 (d, J=

13.4 Hz, 2H, H� C(9)), 1.65 (d, J=13.9 Hz, 4H, H� C(11))
ppm.13C NMR (101 MHz, DMSO-d6) δ=175.35 (C17),
173.96 (C18), 147.34 (C5), 138.30 (Car), 138.26 (C3),
138.10 (Car), 133.78 (C8), 133.73 (C2), 128.52 (C4),
128.27 (Car), 128.19 (Car), 127.95 (C7), 127.48 (Car),
127.41 (Car), 127.29 (Car), 127.20 (Car), 126.10 (C6),
78.38 (C14), 74.70 (C13), 72.66 (C15), 72.37 (C16),
45.69 (C12), 44.42 (C10), 33.81 (C11), 33.14 (C9), 17.37
(C1) ppm. HR-MS: (ESI-ToF, +): m/z= [M+H]+ Calcd.
For C81H80N3O14: 1318.5635; Found 1318.5623.

N-{6-[7’-Carboxy-(1’R,5’S,7’s)-tris(hydroxymethyl)-
2’,4’-dioxo-3’-azabicyclo[3.3.1]nonan-3’-yl]-2,7-
dimethylacridin-3-yl}-(1S,5R,7r)-tris(hydroxymeth-
yl)-2,4-dioxo-3-azabicyclo[3.3.1]nonane-7-carbox-
ylic acid (ACaq)

Compound 6 (402 mg, 0.305 mmol, 1.00 eq.) was
dissolved in formic acid (100 mL), and HBr (g) was
bubbled through the solution for 15 min at room
temperature, and stirring was continued. The reaction
was monitored with LC–MS-ESI and as soon as the
substrate was fully debenzylated and converted to
the six-fold formic acid ester (946.3 m/z, M+1) after
2.5 h of stirring time, a stream of argon (g) was
passed through the solution for 10 min and the
solvent was evaporated in vacuo. To the brown oily
residue, iPrOH (80 mL) was added, followed by
cyclohexane (220 mL). The yellow precipitate was
allowed to settle and the supernatant was decanted,
to a residual suspension volume of approx. 15 mL.
This was centrifuged, the supernatant discarded, and
the pellet washed with cyclohexane (1×3 mL). The
yellow solid was dried in vacuo, redissolved in 0.05 M

Figure 5. Chemical structure of precursor 6 comprising carbon
numbering for NMR assignment.
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aq. HCl (53 mL), and stirred at room temperature for
18 h. The colorless polymeric precipitate was filtered
off by gravity through a cotton filter, and the filtrate
was lyophilized, to provide ACaq (Figure 6) as a yellow
fluffy solid (237 mg, 0.304 mmol, quant.) For 1H-NMR
titrations, UV-Vis measurements and fluorescence
emission quenching titrations, the compound was
further purified by HPLC using the following con-
ditions: Isocratic flow with acetonitrile/water
(15 : 85)+1% formic acid. The retention time is 5 min
on a Reprosil C18 analytical column (5 μm mesh,
250 mm length and 4.6 mm internal diameter, flow:
1.5 mL/min), and on a Reprosil C18 preparative
column (10 μm mesh, 250 mm length, 30 mm internal
diameter) with a flow of 31.9 mL/min, the retention
time is 7 min.

1H-NMR (400 MHz, D2O/CD3CN (1 : 1), referenced
to HDO at 4.79 ppm) δ=10.21 (s, 1H), 8.90 (s, 2H),
8.73 (s, 2H), 4.56 (d, J=11.4 Hz, 4H), 4.13 (s, 4H), 4.05
(d, J=11.4 Hz, 4H), 3.29 (d, J=13.4 Hz, 2H), 3.01 (d,
J=14.0 Hz, 4H), 2.82 (s, 6H), 2.14 (d, J=13.5 Hz, 2H),
2.07 (d, J=14.2 Hz, 4H) ppm. 13C NMR (101 MHz,
D2O/CD3CN (1 : 1), referenced to HDO at 4.79 ppm)
δ=178.71, 177.08, 147.35, 144.91, 140.41, 138.01,
131.35, 127.56, 121.20, 71.50, 67.21, 48.23, 46.82,
34.55, 33.28, 18.14 ppm. HR-MS: (ESI-ToF, +): m/z=

[M+H]+ Calcd. For C39H44N3O14: 778.2818; Found
778.2807.

(1R,1’S,3S,3’R,5r,5’r)-5,5’-[N,N-(2,7-Dimeth-
ylacridine-3,6-diyl)dicarbamoyl]bis[1,3,5-
tris(hydroxymethyl)cyclohexane-1,3-dicarboxylic
acid] (ACda)

To a solution of ACaq (1 mg) in D2O (0.6 mL) in a
high-throughput glass NMR tube was added 1 drop
of 1 M aq. NaOH solution and the solution was left to
stand for 14 h, to provide the tetraacid-diamide ACda.
(Figure 7).

1H-NMR (400 MHz, D2O) δ=8.85 (s, 1H), 8.35 (s,
2H), 8.17 (s, 2H), 7.89 (s, 2H), 3.61 (s, 4H), 3.51 (s, 8H),
2.64 (d, J=15.0 Hz, 4H), 2.42 (s, 6H), 1.81 (s, 4H), 1.47
(d, J=14.9 Hz, 2H), 1.33 (d, J=15.2 Hz, 4H) ppm. 13C
NMR (151 MHz, D2O) δ=183.61, 178.34, 170.99,
160.25, 141.16 (extracted from HMBC), 138.55 (ex-
tracted from HMQC), 133.30, 128.80, 124.51, 71.26,
70.16, 48.20, 47.48, 32.63, 31.14, 17.65 ppm. HR-MS:
(ESI-ToF, +): m/z= [M+H]+ Calcd. For C39H48N3O16:
814.3029; Found 814.3016.
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