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Phenazinium- and Malachite Green-Based Pd(ll) Cages:
Chiroptical Discrimination of Nucleoside Triphosphates

Armin Durmisevic,” Irene Regeni,” Mark Ely Namoro,” Ananya Baksi,"” and

Guido H. Clever*®

Organic chromophores have been successfully implemented
into supramolecular systems to bestow them with distinct
photophysical properties for various applications, ranging from
solar energy conversion, photochemical reactions or as recep-
tors for guest molecules with optical readout. We had
previously introduced first members of the large family of coal-
tar dyes (methylene blue, crystal violet and rhodamine) as
integral components of coordination cages. Here, we add two
new chromophores, malachite green (MGP) and a purple
phenazinium dye (PHP), serving as backbones of bis-mono-

Introduction

Supramolecular architectures have been extensively used as
scaffolds for bringing together functionalities in a defined
arrangement. In particular, various organic chromophores were
integrated, e.g. porphyrins as light harvesting units to mimic
solar energy conversion," and chiral compounds with strong
absorptive or emissive properties for various applications such
as light sources, displays or catalysis.*” Additionally, the use of
such chromophore assemblies has been explored in a biological
context for the imagining of tissue and cells or in photodynamic
therapy.® ™

In coordination cages, spontaneously assembling from a
defined number of organic ligands through coordination of a
transition metal cation such as Pd?", several different chromo-
phores have been integrated to date.™ Giving (chir)optical
properties to such systems allows to employ them for sensing!®
and energy transfer’®' applications. It can also serve to
optically monitor chemical transformations."®” Many of the so
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dentate banana-shaped ligands with pyridine donors. We show
the formation of corresponding green and purple coloured
Pd,L, coordination cages and investigate their interaction with
chiral guest molecules via UV-Vis and CD spectroscopy. The
PHP cage can be used to recognize nucleoside triphosphates,
based on chirality transfer from the guests to the structurally
flexible helicate. In combination with the already known
methylene blue cage MBP we could further differentiate
between all four canonical NTPs through characteristic changes
in the observed CD signatures.

far incorporated chromophores, however, show their major
absorption characteristics in the UV to short-wavelength region
with only faint absorption in the visible range. This can hamper
perception by the naked eye and lead to strong spectral overlap
between the chromophore and other structural moieties,
causing unwanted interference such as intra-assembly dissipa-
tion of electronic excitation. Implementing well-known organic
dyes that show strong absorption in the visible region into
ligand backbones can separate absorption features of the dye-
based ligands from other components such as guest
molecules.”'?* Recently, we and others™®?® started to introduce
various established chromophores as integral structural compo-
nents into Pd-based coordination cages, among them blue/
green coloured azulenes,? different derivatives of the “Ferrari
Red"-nicknamed diketopyrrolopyrroles®” and - with Liitzen
etal. — a BODIPY.B" In all cases, absorption properties of the
parental dyes could be transferred to the supramolecular
assembly. In addition, we showed how some of the coal-tar
dyes,®*3*" amongst the first commercial products from large
scale chemical industry in the 19th century, can be imple-
mented into the backbones of pyridine- and isoquinoline-based
bridging ligands without compromising their colour-giving
auxochromic features.®® While the corresponding, strongly
coloured coordination cages showed first promising results
concerning the chiroptical readout of their interaction with a
variety of chiral guests, their potential application in selective
sensing or analyte differentiation has not yet been investigated.
In this work we introduce two new coal tar dye-based cages
based on malachite green (MGP) and a purple phenazinium dye
(PHP), thereby complementing the “rainbow” of coloured
assemblies developed in our lab. We further show how the
combination of two dye-based cages can be utilized to differ-
entiate all four canonical ribonucleoside triphosphates in a
single system based on CD measurements.?'"~*
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Results and Discussion

First, we introduced a purple N-ethyl phenazinium chromo-
phore and the malachite green dye into the molecular structure
of two new cationic, bis-monodentate ligands (PHP and MGP).
Instead of often employed alkynyl or phenylene linkers, we
connected the pyridyl donor moieties via piperazine linkers to
allow keeping the dialkyl amino auxochromic substituents on
the chromophore n-systems.® We then investigated the
formation of homoleptic Pd,L, cages and their host-guest
complexes, with a focus on the interaction of Pd,(PHP), as well
as previously reported methylene blue-based cage Pd,(MBP),
with ribonucleoside triphosphates (NTP). Sequential titration
experiments, first using the two individual cages and then a
narcissistically self-sorted mixture of both, with the NTPs were
followed by circular dichroism (CD) spectroscopy.

The synthetic route towards ligand PHP starts from
phenazine, on which a single N-alkylation was selectively
performed through the use of triethyl oxonium tetrafluorobo-
rate. Subsequent introduction of two 1-(pyridin-3-yl)piperazine
moieties was achieved in a regioselective manner (meta to the
alkylated nitrogen) via oxidative coupling using molecular
oxygen to yield the target compound as a dark violet solid.
Ligand MGP was achieved through a Grignard reaction of
phenylmagnesium bromide with previously synthesized Mich-
ler's ketone ligand MKP followed by acidic workup with HBF, to
obtain the product as a green precipitate. The strategic
selection of piperazines as aliphatic linkers between the back-
bone and donor moieties was imperative to maintain the
structural integrity of the parental dyes and their electronic
properties (Figure 1).°¢ Formation of both cages Pd,(PHP), as
well as Pd,(MGP), was achieved in DMSO-d;, and DMF-d,,
respectively, by heating a 2:1 mixture of ligand and palladium
source [Pd(CH;CN),I(BF,), at 70°C for 15 min. In accordance
with previously reported Pd(ll) cages, a downfield shifting of
the pyridine proton signals in the 'H-NMR spectra could be
observed.* The formation of both coordination cages was
further confirmed through 'H-DOSY NMR measurements,
indicating an approximate doubling of the hydrodynamic radii
from the free ligands to the respective cages (Figures 2a and SI).
Interestingly, although ligand MGP was fully soluble in DMSO-
d,, decolourization of the solution proceeded quickly resulting
in a faintly yellow colour and no clean cage formation could be
achieved from this solution. This is likely due to the formation
of the leuco-malachite green form, either through a nucleo-
philic attack of water, solvent DMSO or an anion to the central
carbocation (even facilitated in the cationic Pd cage by an
increase in electrophilic character of the dye) or through its
reduction to a triaryl methane. The same cage formed in DMF
showed a higher stability over time. When adding small
amounts of water to the DMSO or DMF solution of ligand MGP
or cage Pd,(MGP),, however, it deteriorated quickly as judged
by NMR analysis and lost its colour, forming an insoluble
precipitate.

High-resolution ESI mass spectrometry (HR-ESI-MS) meas-
urements confirmed the 2:1 stoichiometry of ligand to Pd(ll)
with prominent signals corresponding to differently charged
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Figure 1. a) Rainbow of dye-based ligands from left to right: Michler’s ketone
(MKP),%% malachite green (MGP, this work), diketopyrrolopyrrole (‘Ferrari
Red’, FRP),”” phenazinium (PHP, this work), rhodamine ester (REP),®® crystal
violet (CVP)®® and methylene blue (MBP).®® b) Synthetic routes towards
malachite green and phenazinium ligands MGP and PHP: i) PhMgBr in dry
THF, 5 min reflux, then to r.t. followed by slow addition of HBF,; ii) OEt;BF, in
dichloromethane, 24 h, r.t.; iii) 3-(piperazin-3-yl)pyridine or 8-(piperazin-1-
yl)isoquinoline in ethanol, 78°C, O,, 96 h. ¢) UV-Vis spectra of dye-based
ligands and cages in DMSO and DMF at equal chromophore concentration
(0.7 mM).

species for BF,” adducts of cage Pd,(PHP), (Figure 2b). Due to
the instability of cage Pd,(MGP), no mass spectra could be
recorded to fully confirm the stoichiometry of this assembly. We
then wanted to compare the host capabilities of these newly
established dye-based cages concerning their interaction with
chiral nucleoside triphosphates ATP, GTP, CTP and UTP, added
as their tri-sodium salts. All guests were dissolved in D,O and
added to the individual cage solutions in DMSO and DMF.
Again, we noticed a rapid decolourization of the MGP-based
cage after adding even small amounts of aqueous guest
solution, concomitant with an onset of precipitation. This
rendered the whole MGP system unviable for further inves-
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Figure 2. a) 'H and 'H-DOSY NMR spectra of ligand PHP and cage Pd,(PHP),
in DMSO-d; at 298 K. b) HR-ESI-MS spectrum of Pd,(PHP),.

tigations. We therefore continued with the more stable
Pd,(PHP), cage and investigated the host-guest interactions by
means of CD and UV-Vis spectroscopy. The recorded CD spectra
indicated that the highly positively charged (8+) Pd,(PHP),
cage showed preferential interaction with negatively charged
(3—) ribonucleoside triphosphates (SI). We observed that the
guanosine triphosphate (GTP) lead to induction of a significant
CD signal coinciding with the absorption region of the PHP
cage. We then expanded the selection to ATP, CTP and UTP and
indeed confirmed that all showed host-guest interactions
resulting in an induced circular dichroism signal (ICD, Fig-
ure S24). Upon further titration with these guests, an interesting
difference in the concentration dependence of the ICD signal
was discovered. If less than one equivalent of GTP compared to
cage was present, a positive Cotton effect on the longest
wavelength absorption of the host-guest complex could be
detected. Higher amounts of GTP lead to a band inversion and
to a negative Cotton effect in that region. All other nucleotides
showed a positive Cotton effect, indifferent to the ratio
between cage and guest. We assume that the addition of one
equivalent of GTP saturates the host’s inner void, leading the
host—guest complex to adopt a defined helical conformation as
a function of the guest’s chirality. Addition of more GTP then
leads to an outside association mode that pushes the conforma-
tional equilibrium of the helically chiral host in the opposite
direction. While the other NTPs all bind (in)to the cage, they do
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not seem to show the second effect upon increasing their
concentration. With this peculiar behavior, GTP became clearly
distinguishable from the other nucleotides by employing cage
Pd,(PHP), as a sensor. In order to be able to differentiate all
four canonical ribonucleotides from each other, a second
discrimination step was needed (Figure 3). Using the structurally
similar cage Pd,(MBP),, we investigated its titration-induced
chirality changes in presence of all four nucleotides, separately.
Contrary to the results obtained with Pd,(PHP),, now only ATP
and CTP showed concentration-dependent Cotton effect
switching, thus showcasing a different selectivity of the MBP-
based cage. The other NTPs did not exhibit a Cotton effect
inversion with Pd,(MBP), making them thus easily distinguish-
able from ATP and CTP. Interestingly, when comparing the CD
spectra of the two cages after addition of UTP, opposite Cotton
effects could be observed (Figure S25). Also cages based on
chromophores CVP and REP were tested in these experiments.
While they show emergence of an ICD signal in all cases, no
sign switching was observed. In summary, the sequential
interaction of individual NTPs with the two individual dye-based
cages Pd,(PHP), and Pd,(MBP), followed by CD, made it
possible to either directly identify GTP or UTP from an unknown
nucleotide solution or assess if either ATP or CTP are present
(Figure 3). A full differentiation of all four nucleotides, however,
was not possible with this first approach.

By comparing the absorption differences of the two dye-
based cages Pd,(PHP), and Pd,(MBP), in the visible region, we
envisioned that the combination of both in a single titration
experiment could lead to a distinguishable CD behaviour for
the guests ATP and CTP. The combination of both cages in a
1:1 ratio was first followed by 'H-NMR spectroscopy. Upon
immediate mixing of their DMSO solutions, both cages remain
intact and do not exchange ligands spontaneously (towards
formation of a statistical mixture), as the chemical shifts of the
individual cages do not shift and no new signals, indicative of
new species, are observed. This holds true even for periods of
up to 24 h at room temperature. Although both ligands are of
almost identical shape, size and charge, clean narcissistic self-
sorting could be observed under these conditions. This feature
made it thus possible to exploit the individual interactions of
the cages with the nucleotide guests for chiroptical sensing in a
single experiment per guest. Only when heating the solution
over a prolonged period of time of 24 h at 70°C a change in the
'H-NMR spectrum can be observed, indicating the formation of
a mixture of species as well as the partial release of the PHP
ligand. Upon titration of CTP and ATP into a mixture of the two
cleanly sorted cages, different CD characteristics could be
observed. The CD bands after addition of CTP showed no
change in sign with increasing guest concentration. Addition of
increasing amounts of ATP, however, led to a distinct change in
shape of the CD signature with varying host:guest ratio. Most
notable is the change of the CD band at 680 nm which changes
sign from negative to positive. To note is also the difference in
intensity of the CD response in the visible region between the
two nucleotides (Figure 4). Thus, by applying a three-step
process, which consists of a titration of the unknown guest into
a cage solution of Pd,(PHP),, then separately into a solution of
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Figure 3. a) Titration of Pd,(PHP), with GTP yields an induced circular dichroism (ICD) signal. The Cotton effect on the cage absorptions switches sign after
addition of approx. one equivalent of guest. The UV-Vis spectra following the titration of cage Pd,(PHP), with GTP showed no drastic changes apart from a
slight decrease in signal intensity. b) Titration of Pd,(MBP), with nucleoside triphosphates ATP and CTP also showed an inversion of the Cotton effect from
positive to negative with increasing nucleotide concentration. Contrary to phenazinium cage Pd,(PHP),, however, no switching was observed in presence of

GTP. ¢) Table showing if a change of the ICD signal with varying host:guest ratio occurs or not for all four tested dye-based cages. Although CVP and REP
show an ICD signal (see SI), no change of sign could be observed in any case. Total cage concentration was 25 uM in DMSO. The nucleoside triphosphates

were dissolved in deionized water.

Pd,(MBP), and ultimately into a solution of a 1:1 mixture
between the two cages, it is possible to differentiate between
all four (A, G, C and U) ribonucleoside triphosphates in solution.
Furthermore, it was possible to leverage the mixture of the two
cages for the direct differentiation of the single nucleotides by
their unique changes in the CD signature dependent on their
ratio to the cage.

Additionally, the possibility of differentiating multiple
nucleotides simultaneously was investigated. Again, using the
1:1 mixture of Pd,(PHP), and Pd,(MBP), we can uniquely
identify four out of six pairs of ribonucleotides based on their
distinctive circular dichroism signature, where only G+C and A
+ G showed very similar CD signatures throughout the titrations
(Figures S30-5S32). Notably, when three guest molecules were
concurrently introduced, differences emerged solely between
combinations inclusive or exclusive of GTP. This observation
suggests a discernible preference for GTP interaction exhibited
by either cage (Figures S33 and S34). Consequently, the cages
may adopt concentration-dependent distinct chiral conforma-
tions to optimise interactions with the increase in guest
molecule amount interacting with it. However, full verification
of this claim was not possible as cryo-HR-ESI-MS measurements
only revealed a 1:1 stoichiometry between hosts Pd,(PHP), and
Pd,(MBP), and guests GTP and ATP, respectively. Through
trapped ion-mobility measurements coupled to ESI-TOF mass

Chem. Eur. J. 2025, 31, €202403679 (4 of 6)

spectrometry (timsTOF), the experimental collisional cross
sections (CCS) could be obtained of both empty host and host-
guest complex for either cage. The relatively large difference of
approx. 25 A? (with the host-guest complex being larger than
the free host) indicated that in fact already the first binding
nucleotide is not fully engulfed by the cage cavity but at least
protrudes partially outside (Figure S29).

Conclusions

We synthesized two novel coal-tar dye-based Pd,L, coordina-
tion cages, one based on a purple phenazinium chromophore
PHP and one based on the malachite green dye MGP, both
showing strong absorption properties at different wavelengths
of the visible spectrum. Due to its chemical fragility, MGP could
not be used for the subsequent studies with aqueous solutions
of chiral nucleoside triphosphates. We were, however, success-
ful in applying the PHP-based cage as a supramolecular sensor
for the four canonical ribonucleoside triphosphates. The
formation of chiral host-guest complexes and the inherent
chirality transfer from the NTPs to the flexible host made it
possible to use CD spectroscopy as a simple optical readout for
the differentiation of the four investigated nucleotides GTP,
ATP, CTP and UTP, when combined with a second dye-based
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Figure 4. a) "H-NMR spectra of 1:1 mixtures of cages Pd,(PHP), and
Pd,(MBP), in DMSO-d; at 298 K. No mixing of ligands occurred within a
timeframe of 24 h, indicating a narcissistic self-sorting of the two cages. b)
Titration of CTP and ATP guests into a 1:1 mixture of cages Pd,(PHP), and
Pd,(MBP),. Only ATP showed a concentration-dependent change of the CD
signature of the host-guest complex.

cage comprising methylene blue-based ligand MBP. Owing to
the narcissistic self-sorting of the phenazinium and methylene
blue cages, their different absorption properties and chiroptical
responses to the NTPs could be employed even in mixture. This
new receptor family may find application in the monitoring of
complex biological or biomimetic systems, where production or
consumption of NTPs at low concentrations can then be easily
followed.
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