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Supramolecular properties of amphiphilic adamantylated azo dyes

Filip Zatloukal, Eva Achbergerovd, David Gergela, Michal Rouchal, Lenka Dastychovd,

Zdenka Pruckovd and Robert Vicha*

Department of Chemistry, Faculty of Technology, Tomas Bata University in Zlin,
Vavreckova 275, 760 01 Zlin, Czech Republic

Email: rvicha@utb.cz; Tel.: +420 576031103

Abstract

Despite environmental and health risks, azo dyes are still very popular colourising agents;
therefore, methods for removing the dyes and/or related pollutants from wastewater have been
developed. We have incorporated a lipophilic adamantane cage into two polar
disulphonatonaphthalene-1-azobenzene dyes to prove the concept that modified dyes can be
treated via host—guest supramolecular interactions using suitable cyclodextrin (CD) and
cucurbit[z]uril (CBn) hosts. We conducted *H NMR experiments to demonstrate that both dyes
form specific inclusion complexes with an adamantane cage buried inside the CB7 or 3-CD
cavity. Using isothermal titration calorimetry, we determined association constants with 3-CD
and CB7 in the range of (0.7-1.3) x 10° and (1.4-3.4) x 108, respectively. As the dye@CB7
complexes were sparingly soluble in water, the dye can be efficiently removed from water by

precipitation, even in the presence of 3-CD.

Keywords: azo dye; adamantane; host—guest complex; supramolecular properties

Highlights

» Synthesis of amphiphilic azo dyes bearing adamantane moiety.
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* Formation of highly stable host—guest complexes with B-cyclodextrin (log K=6).
* Formation of 100 X stronger host—guest complexes with cucurbit[7]uril (log K=8).

* Up to 99 % of dye can be precipitated by two equivalents of cucurbit[7]uril.

Graphical abstract

1. Introduction

Azo compounds are widely used in the chemical industry as dyes, pigments [1], additives,
indicators [2], therapeutic agents [3] and initiators of radical reactions [4]. Their usage in
electronics is promising [5], and they have been conjugated with biomacromolecules to
construct drug delivery systems [6]. Recently, research has focused on potential applications of
azo compounds in the fields of non-linear optics, optical storage media, chemosensors, liquid
crystals [7], photochemical molecular switches [8], molecular transporters [9], nanotubes [10]
and the production of protective eyewear and filters [11].

Azo compounds represent one of the most important groups of dyes in the 160-year history
of synthetic dyes [12]. Compared to natural dyes, synthetic dyes are of low cost, characterised
by a wide range of colours, easy to dye and highly stable as a product. However, they can also
cause serious environmental and health risks, such as groundwater pollution from industrial

dyes and their by-products, which has become a serious environmental problem [13].
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Recently, supramolecular chemistry has provided opportunities for dye stabilisation,
immobilisation and removal from wastewater, and there are two highly recognised and popular
host families: cyclodextrins (CDs) and cucurbit[n]urils (CBns).

Cyclodextrins are natural compounds obtained by the enzymatic degradation of starch.
Cyclic oligosaccharides a-CD, 3-CD and y-CD consist of six, seven and eight glucose units,
respectively. Macrocycles adopt the shape of a hollow cone with a hydrophobic central cavity
and hydrophilic rims decorated with hydroxyl groups [14,15]. The hydrophobic cavity can catch
or encapsulate other molecules of a non-polar nature [15,16,17]. The second family of host
molecules, cucurbit[#]urils, are macrocyclic compounds consisting of n glycoluril units that are
connected by 2n of methylene bridges [18,19]. Molecules of cucurbit[n]urils are highly
symmetrical and barrel-shaped with a hydrophobic cavity and polar portals lined with carbonyl
groups [20]. The utilisation of these compounds is somewhat limited by low water solubility
[19], but the ability to form extremely stable inclusion complexes is their indisputable
advantage [20b].

The combination of azo dye as a guest and cyclodextrins or cucurbit[n]urils as hosts has led
to the publication of several interesting supramolecular systems in recent years. Thus, Harada
designed a photoswitchable sol—gel system based on curdlan that was functionalised with a-CD
and an azo-modified poly(acrylic acid) as a guest polymer [21]. Other authors described the
preparation of a B-CD dimer consisting of azobenzene moiety as a linker [22]. A
photoisomerisation study with an ethylenediaminetetraacetic acid (EDTA) derivative guest
bearing two adamantane moieties indicated that this dimer can form two different inclusion
complexes with the guest. Cis-isomer encapsulated two adamantyl units into both cavities
forming a 1:1 cyclic complex, while the trans-isomer formed a supramolecular polymer with
an n:n stoichiometry. Additionally, many other dyes were modified with an adamantane cage

to employ the host—guest approach. For instance, the adamantane cage was linked to perylene
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dye to form supramolecular aggregates [23]. The lipophilic adamantane cage affected the
biodistribution of the dye to allow for the selective staining of cell organelles [24].
Adamantane—cyclodextrin complexation was used as a tool to modulate the fluorescence of
squaraine dyes [25]. Fluorescent polymeric nanoparticles based on a cyclodextrin-modified
polymer and adamantylated dye were developed for biological imaging [26]. Finally, the
cucurbit[n]urils [27] and cyclodextrins [28] displayed an ability to precipitate some commercial
dyes, such as methylene blue, methyl orange and oil orange SS, respectively. In the light of
these examples, it is surprising that no adamantane-modified azo dyes have been reported so
far, to the best of our knowledge.

As previously indicated, adamantane is the favoured binding motif for dye modifications to
allow for the construction of supramolecular host—guest systems. Adamantane-modified dyes
benefit from the fact that the adamantane cage perfectly fits into the CB7 and [3-CD cavity to
form highly stable host—guest complexes. Therefore, we prepared two amphiphilic dyes
consisting of adamantylcarbonylphenyl lipophilic scaffold, which is linked via the azo group to
polar naphthalenedisulphonate moiety (Figure 1). We tested the supramolecular properties of

the new dyes on cyclodextrins and cucurbit[#]urils using NMR, titration calorimetry and mass

spectrometry.
1) HCI, H,0 Y
R-NH, [R—Nz@Cl@] o
2) NaNO, J
1a/1b 2a/2b R N"°N
N —~
N N__N
OH  NaOH, 2a/2b OH T
—— 07 i~
NaO,S soNa  H20  Naoss SO,Na CB7

3
23 O
H6
R= @Y@ @\’(@\; HO 7
0] ¢}
4a 4b

Figure 1 Dyes and macrocyclic hosts considered in this study
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2. Materials and methods

General

All of the solvents, reagents and starting compounds were of analytical grade and were
purchased from commercial sources; they were used without further purification, if not stated
otherwise. Adamantylanilines 1a and 1b were prepared following a previously published
procedure [29]. Melting points were measured on a Kofler block. Elemental analyses (C, H, N
and S) were performed using a Thermo Fisher Scientific Flash EA 1112. NMR spectra were
recorded using a Bruker Avance III 500 spectrometer operating at frequencies of 500.11 MHz
('H) and 125.77 MHz (*3C), and a Jeol JNM-ECZ400R/S3 spectrometer operating at
frequencies of 399.78 MHz ('H) and 100.53 MHz ('*C). 'H- and '*C-NMR chemical shifts were
referenced to the signal of the solvent ['H: &(residual DMSO-ds) = 2.50 ppm, d(residual HDO)
=4.70 ppm; *C: 3 DMSO-ds) = 39.52 ppm]. The mixing time for ROESY was adjusted to 200
ms for 4a and 150 ms for 4b. Signal multiplicity is indicated by ‘s’ for singlet, ‘d’ for doublet,
‘m’ for multiplet and ‘um’ for unresolved multiplet. IR spectra were recorded using a Smart
OMNI-Transmission Nicolet iS10 spectrophotometer. The samples were measured in KBr
pellets. UV-Vis spectra were recorded using a Thermo Spectronic UNICAM UV 500.
Electrospray mass spectra (ESI-MS) were recorded using an amaZon X ion-trap mass
spectrometer (Bruker Daltonics, Bremen, Germany) equipped with an electrospray ionisation
source. All of the experiments were conducted in the negative-ion polarity mode. The
instrumental conditions used to measure the single azo dyes and their mixtures with the host
molecules were different; therefore, they are described separately. Single dyes: Individual
samples (with concentrations of 0.5 pg-cm™) were infused into the ESI source in
methanol:water (1:1, v:v) solutions using a syringe pump with a constant flow rate of 3
pl-min~'. The other instrumental conditions were as follows: an electrospray voltage of +4.2

kV, a capillary exit voltage of —140 V, a drying gas temperature of 220°C, a drying gas flow
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rate of 6.0 dm®> min~! and a nebuliser pressure of 55.16 kPa. Host—guest complexes: An
MeOH:water (1:1, v:v) solution of the guest (10 uM) or an aqueous solution, in the case of
CB7/8, and the equimolar amount of the corresponding host was infused into the ESI source at

', The other instrumental conditions were as follows: an

a constant flow rate of 3 pl-min~
electrospray voltage of +4.0 kV, a capillary exit voltage of —140 V, a drying gas temperature
of 300°C, a drying gas flow rate of 6.0 dm> -min~! and a nebuliser pressure of 206.84 kPa.
Nitrogen was used as both the nebulising and drying gas for all of the experiments. Tandem
mass spectra were collected using collision-induced dissociation (CID) with He as the collision
gas after the required ions were isolated. Isothermal titration calorimetry measurements were
carried out in H>O using a VP-ITC MicroCal instrument at 303 K. The concentrations of the
host in the cell and the guest in the microsyringe were approximately 0.04 mM and 0.40 mM,
respectively. The raw experimental data were analysed with MicroCal ORIGIN software. The
heats of dilution were taken into account for each guest compound. The data were fitted to a
theoretical titration curve using the one set of sites model, and a competitive approach®® was

employed if needed. The K values obtained from the competitive titrations were verified using

two different concentrations of the competitor. All titrations were performed in triplicate.

2.1. Synthesis

General protocol for the synthesis of compounds 4a/4b

The reaction mixture was prepared in three portions. The first portion contained a mixture of
NaNO>/H>O (Mixture A), the second portion consisted of 1-adamantyl(aminophenyl)ketone
1a/1b which was dissolved in 6 M HCI (Mixture B), and the third portion contained 3-
hydroxynapthalene-2,7-disulphonic acid disodium salt (3) and NaOH/H>O (Mixture C). All
mixtures were cooled to 0 °C. Mixture A was added to Mixture B using a cold Pasteur pipette

and stirred for 15 min to form diazonium salt 2a/2b in situ. The obtained solution was
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transferred into Mixture C and stirred for 15 min. The final product was filtered, washed with

EtOAc and dried.

4-(2-(4-(1-adamantylcarbonyl)phenyl)diazenyl)-3-hydroxynaphthalene-2,7-disulphonate
disodium salt (4a)

The title compound was prepared according to the general procedure from the following
materials: 1-adamantyl(4-aminophenyl)methanone (1a, 103 mg; 0.40 mmol),
3-hydroxynapthalene-2,7-disulphonic acid disodium salt (3, 140 mg; 0.40 mmol), NaNO> (29
mg; 0.42 mmol), NaOH (343 mg; 8.58 mmol) and 6 M HCI (530 ul). The pure product 4a was
obtained as a red powder in yield 189 mg (76 %). M.p.: >340 °C; (25 °C, H20, A =492 nm) =
(15.75 £ 0.16) x 10°> dm*mol~!-cm™'. Calcd. for C27H24N2Na»0sS,-1.8 H.O C 50.12, H 4.30,
N 4.33,S 9.91. Found C 49.93, H 4.37,N 4.52, S 10.23. "H NMR (400 MHz, D,0): d1.78 (um,
6H), 2.02 (um, 6H), 2.10 (um, 3H), 4.69 (s, 1H), 7.45 (d, 2H, *Jun = 8.6 Hz), 7.59 (d, 2H, *Jun
= 8.7 Hz), 7.88 (d, 1H, *Jun= 1.4 Hz), 8.00 (dd, 1H, *Juu= 8.7 Hz, “Jun= 1.4 Hz), 8.18 (s,
1H), 8.43 (d, 1H, *Jun = 8.6 Hz) ppm. 'H NMR (400 MHz, DMSO|ds]): J1.73 (um, 6H), 1.99
(um, 6H), 2.05 (um, 3H), 7.75 (d, 2H, *Juu = 8.4 Hz), 7.83 (3H), 7.92 (s, 1H), 8.24 (s, 1H),
8.41 (d, 1H) ppm. '*C NMR (101 MHz, DMSOI[ds]): 027.6, 36.0, 38.7, 46.2, 118.2, 120.9,
126.3, 126.8, 128.1, 129.2, 130.2, 136.0, 141.5, 141.6, 207.1 ppm. IR (KBr, disc): 3448 (s,b),
2904 (s), 2849 (s), 1660 (m), 1613 (m), 1599 (m), 1552 (m), 1499 (s), 1478 (m), 1453 (w), 1271
(m), 1197 (s), 1156 (m), 1108 (m), 1054 (m) 1038 (s), 997 (m), 987 (m), 930 (m), 841 (m), 710
(m) 676 (m) 644 (m) 573 (w) cm™'. ESI-MS (neg.) m/z (%): 283.9 [M-2-Na*]*>~ (100), 591.0

[2-(M-Na*) 1> (4).

4-(2-(3-(1-adamantylcarbonyl)phenyl )diazenyl)-3-hydroxynaphthalene-2,7-disulphonate

disodium salt (4b)
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The title compound was prepared according to the general procedure from the following
materials: 1-adamantyl(3-aminophenyl)methanone (1b, 110 mg; 0.43 mmol),
3-hydroxynapthalene-2,7-disulphonic acid disodium salt (3, 150 mg; 0.43 mmol), NaNO,
(30 mg; 0.43 mmol), NaOH (343 mg; 8.58 mmol), and 6M HCI (570 ul). The pure product 4b
was obtained as a red powder in yield 169 mg (71 %). M.p.: >340 °C; (25 °C, H20, A = 488
nm) = (15.14 + 0.02) x 10> dm*mol™"-cm™". Caled. for C27H24N2Nax0sS21.5 H,O C 50.54, H
4.24, N 4.37, S 10.00. Found C 50.39, H 4.28, N 4.42, S 9.88. 'H NMR (400 MHz, D-0): J
1.72 (m, 6H), 1.92 (um, 6H), 2.03 (um, 3H), 4.69 (s, 1H), 7.33 (d, 1H, *Juu=7.6 Hz), 7.46 (dd,
1H), 7.78 (d, 1H, *Juu~9 Hz), 7.80 (s, 1H); 7.93 (dd, 1H, *Jun= 8.6, “Jun= 1.8 Hz), 8.13 (d,
1H, “Jun = 1.7 Hz), 8.41 (d, 1H, *Juu = 8.5 Hz); 8.45 (s, 1H) ppm. 'H NMR (400 MHz,
DMSOlds)): 01.73 (um, 6H), 1.99 (um, 6H), 2.05 (um, 3H), 7.52 (d, 1H, *Junu= 7.5 Hz), 7.62
(dd, 1H, 3Jun= 7.6 Hz); 7.81 (dd, 1H, *Jun= 7.8 Hz, *Jun= 1.4 Hz), 7.91 (um, 1H), 7.97 (s,
1H), 7.98 (m, 1H, *Juu= 8.4 Hz), 8.28 (s, 1H), 8.39 (d, 1H, *Juu= 8.4 Hz) ppm. 3*C NMR (101
MHz, DMSO[ds]): 827.5, 35.9, 38.4, 46.2, 116.8, 119.6, 120.9, 125.4, 126.5, 127.4, 129.7,
129.9, 133.2, 138.5, 140.3, 140.8, 146.3, 171.0, 208.4 ppm. IR (KBr, disc): 3445 (s, b), 3068
(m), 2904 (s), 2850 (s), 1667 (m), 1615 (m), 1552 (m), 1504 (m), 1476 (m), 1453 (m), 1384
(m), 1267 (m), 1217 (s), 1191 (s, b), 1107 (m), 1056 (m), 1037 (s), 993 (m), 711 (m), 678 (m),
642 (m), 583 (m) cm™!. ESI-MS (neg.) m/z (%): 283.9 [M—2-Na*]*~ (100), 591.0 [2-(M—Na*)"

4.

3. Results and discussion

3.1 Synthesis

Starting adamantylated anilines were prepared according to a previously published procedure
[29]. A slightly modified protocol, which was previously published by Anderson et al., was
adopted for preparing the final azo dyes [31]. We decided to use 3-hydroxynaphthalene-2,7-

disulphonate as a nucleophilic partner in the final step. This choice was motivated by two
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aspects. First, it has been demonstrated that this bulky group serves as a stopper for 3-CD in
rotaxane structures [31], so there should be insignificant (if any) binding of the naphthalene
part of the dye inside the B-CD cavity to simplify the interpretation of supramolecular
experiments. Second, highly polar disulphonate groups increase the polarity of the dyes to allow
for in-solution studies. Unlike many other substances described in recent literature [32],
compounds 4a and 4b displayed only one tautomer form in D>O solutions to enable an
unambiguous interpretation of the experimental data that were obtained within the

supramolecular experiments.

3.2 Isothermal Titration Calorimetry (ITC) results
To quantify the binding strength of our dyes with selected macrocyclic hosts, we determined
association constants using titration calorimetry. The results are summarised in Table 1. Since
the typical association constants (K) for adamantane derivatives with 3-CD are of the order 10°
in magnitude, we were surprised that the K values of our dyes reached the order of 10° to attack
the most stable 1:1 complexes of 3-CD [33]. We speculated that the aromatic linker between
the azo moiety and the adamantane cage played an important role in stabilising the complex as
it extends the hydrophobic part of the guest. However, additional stabilisation interactions
between the cyclodextrin rim and polar part of the ligand also contribute because the highest K
value, which was reported previously for similar ligands having an adamantylcarbonylphenyl
binding motif, did not exceed 5.4 x 10° [34]. We also attempted to determine the stability of
the complexes with a-CD using ITC. However, any reasonable data analysis was disabled due
to a lack of heat evolution.

Subsequently, we tested two members of the cucurbit[n]uril family that have a sufficiently
large interior cavity, i.e. CB7 and CBS. It is well known that the adamantane cage perfectly fits
the CB7 interior cavity to gain a binding strength related to the log K value of 8—10 [20]. This

value matches those reported in Table 1 to indicate that the adamantane cage is bound inside
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the CB7 cavity by hydrophobic effect. It is worth noting that the interaction between 4a and
CB7 displayed negative entropy, unlike the 4b dye and other cage hydrocarbon derivatives [35].
We attributed this behaviour to the higher degree of conformational motions that were disabled
upon complexation in dye 4a. This hypothesis is supported by the broad peaks observed in the
13C NMR spectrum of the 4a dye (Figure S3). Lower K values, which were observed for
dye@CB8 complexes, were attributed to the wider cavity of the CB8 macrocycle.

Considering K values, we can infer that our adamantylated dyes are firmly bound in [3-
cyclodextrin; however, they can be taken from these complexes by CB7, which can compete

with B-CD because it has approximately 100 x higher affinity.

Table 1 Thermodynamic parameters obtained by ITC in water at 303 K

Guest  Host n K —AH [kJ-mol™] 7AS [kJ-mol™] —AG [kJ-mol™]
4a B-CD 1.07+0.02 (1.34+0.08)x10° 4744 -11+4 35.6+0.1
CB7 1.00+0.05  (1.38+0.04)x108¢ 742 -27.0£1.8 47.2+1.2
CB8  0.98+0.09 (3.6+0.3)x10°6 3744 -4.2+1.2 38.1+0.2
4b B-CD  0.93x0.02 (6.9+0.4)x10° 5242 —18.2+1.8 33.9+0.1
CB7 0.99+0.03 (3.4+0.5)x108% 4446 5.5%1.5 49.5+7.8
CBS8 1.01+£0.03 (5.2+0.5)x10° 4542 -5.8£1.5 39.0+£0.2

Competitors were used as follows: ® cyclopentanone Kcp7=3.91x10°; ® L-phenylalanine Kcp7=4.91x10°

3.3 'H NMR studies

Continuing our study, we performed '"H NMR titration experiments with 3-CD and CB7 to
support previous ITC experiments with structural data. It is well known that the interior
environment of macrocyclic host molecules influences the chemical shifts of nuclei positioned
inside the cavities. It was previously demonstrated that H-atoms of the adamantane cage, which
are complexed inside the 3-CD cavity, are markedly deshielded, whereas those inside the CB7
cavity are significantly shielded to display downfield or upfield complexation-induced shift
(CIS), respectively [20a]. The result of the 'H NMR titration of dye 4a with 3-CD is shown in
Figure 2. The unambiguous downfield shift of the adamantane H-atom signals, particularly

H(b), indicates that the adamantane cage is buried inside the 3-CD cavity within the complex.

10
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It was already mentioned that the naphthyl group is too bulky to be included inside [3-CD.
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Figure 2 Portions of '"H NMR spectra (400 MHz, D,0, 303 K) recorded within titration of dye 4a with 3-CD.

Therefore, the significantly large CISs of the naphthyl H-atoms are somewhat surprising. We
conjectured that N-atoms of the azo group and/or O-atom at position 3 on the naphthalene ring,
which can act as H-bond acceptors, are positioned near the 3-CD rim within the complex to
induce the redistribution of electron density on the aromatic rings. Additionally, positioning the
adamantane cage inside the 3-CD cavity was supported by a ROESY experiment. As seen in
Figure 3, clear cross-peaks were observed that indicate the spatial proximity of the inner H-

atoms of 3-CD (H3, H5, H6) and H-atoms of the adamantane cage H(a—c).

11
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Figure 3 Portions of the ROESY spectra (400 MHz, D,0, 303 K) of B-CD with guests 4a and 4b from left to

right. The labelling of the guest and 3-CD H-atoms corresponds to that in Figures 1, 2 and 4, respectively.

In the case of titrations with CB7, two sets of signals appeared in the spectra until an
equimolar ratio was reached. This phenomenon is related to the formation of a complex in a
slow exchange manner, according to the NMR timescale (500 MHz). A significant upfield shift
of adamantane H-atom signals, as shown in Figure 4, concerts with the hypothesis that the
adamantane cage is included inside the CB7 cavity. Downfield shift, which was observed for
all of the aromatic H-atoms, indicates that the aromatic part of the dye is positioned outside the
macrocycle close to the cavity portal. As Figure 4 demonstrates, the signal/noise ratio rapidly
decreased during titration to indicate a decrease in complex concentration due to precipitation.
This behaviour induced us to quantify the amount of dye that could be removed from the

solution by precipitation of the complex.

12
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Figure 4 Portions of '"H NMR spectra (500 MHz, D>0, 303 K) recorded within the titration of dye 4b with CB7.

'"H NMR was employed to determine the concentration of the dye remaining in the solution
using maleic acid as an internal standard. Initially, we proved that maleic acid does not form a
stable supramolecular complex with CB7 or 3-CD under experimental conditions (D20, 303 K).
Subsequently, we stepwise added two portions of approximately 1 equivalent of CB7 to the dye
solution while maintaining an invariable concentration of maleic acid. After each addition, we
calculated the total concentration of the dye in the solution. The results, which are summarised
in Table 2, indicate that both dyes can be removed from the solution via the formation of a
sparingly soluble supramolecular complex with CB7. However, the complex 4a@CB7 was
markedly less soluble than complex 4b@CB7. No signals of dye were observed in the '"H NMR
spectrum of the 4a mixture with approximately 2 equivalents of CB7 (Figure S14, line iv) to
indicate that all of the dye was complexed with CB7 to form a insoluble complex. The presence
of competing 3-CD, which forms a soluble complex, did not significantly affect precipitation,
and approximately 95% of the 4a dye was removed. In terms of the more soluble 4b, 90% and
75% of the dye was precipitated in the absence and presence of [B-CD, respectively. The 'H
NMR spectra recorded within the precipitation experiment with the 4a dye are given in Figure

S14, along with snapshots depicting the physical appearance of the samples.
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Table 2 Decrease in dye concentration [%] upon addition of CB7

The decrease in dye concentration [%]

CB7 [equiv]
Dye -CD [equiv]

~1.1 ~2.4
4a 0.0 83 >99
4a 1.1 50 95
4b 0.0 48 90
4b 1.1 44 75

3.4 Mass spectrometry

Finally, we used soft-ionising electrospray mass spectrometry to characterise supramolecular
aggregates of the dyes and macrocyclic hosts. As the molecules of our dyes contain sulphonate
functional groups, we employed negative ionisation mode to observe the desired complexes.
Figure 5a shows a typical result of the measurement of the dye/B-CD mixture. The most
abundant signal m/z 851.2, which can be attributed to the molecular doubly charged anion
complexed with B-CD (hereinafter referred to as [M?>~+f3-CD]%"), was accompanied by signals
m/z 284.1, m/z 1133.3 and m/z 1169.3 assigned to the molecular dianion and deprotonated [3-
CD and [B-CD+CI], respectively. The assignment of [M*+3-CD]*~ was supported by
collision-induced dissociation (CID) treatment. Figure 5b shows the precursor ion m/z 851.2

decomposition to [M—2-Na*+H*]™ at m/z 569.1 and deprotonated B-CD at m/z 1133.3.
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Figure 5 The negative-ion electrospray mass spectra of 4b with CD in molar ratio 1:1. (a) first-order MS of 4b

with B-CD; (b) MS? of an ion at m/z 851; (c) first-order MS of 4b with a-CD; (d) MS? of an ion at m/z 770. The
assignments for observed signals are shown in brackets. The fragmented ion in tandem mass spectra is marked

with a black down-facing triangle.

In contrast to NMR and ITC experiments, we detected signals related to the complexes of
the dyes with a-CD. This cyclodextrin homologue has a smaller interior cavity than 3-CD, and
the formation of an ordinary inclusion complex at the adamantane or naphthalene binding site
of the dyes is very unlikely. Non-specific aggregates that can be formed between dyes and -
CD should be significantly weaker than inclusion complexes with 3-CD. The assumption of
weak complexes concerts with a significantly less abundant peak of [M?>+a-CD]*~ compared
to the 3-CD complex, as shown in Figure 5c. The quantification of the binding strength of such
weak complexes using NMR or ITC was disabled due to very small changes in chemical shifts
within titrations and negligible interaction enthalpy, respectively. Therefore, we analysed the
dependence of the ion yield (IY) on CID amplitude [36] to distinguish between the two types of
supramolecular aggregates. The calculations used for constructing the graph in Figure 6 are
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given in detail in the supplementary material. Briefly, ion yields of [M?>~+CD]*~ were taken into
account and initial values (/Y for CID amplitude = 0) for all experiments with 3-CD were set to
unity. The initial abundance of the [M?+a-CD]*" ion was then taken in respect of the
corresponding B-CD complex. Figure 6 shows the two distinctly shaped curves that were
observed for 3-CD and a-CD complexes, respectively. The ion yield of the a-CD complexes
is inconsiderable for CID amplitudes higher than 0.35 for both of the examined dyes, whereas
significant amounts of analogical ions can be observed up to the CID value of 0.65 for 3-CD
complexes. The CCE, i.e. the value of CID amplitude providing 50% fragmentation efficiency,
is another parameter that is widely used to compare aggregate stability [36]. Figure 6 clearly
shows that CCEp.cp is approximately 0.41 for both dyes, whereas CCEa-cp is 0.26. In other
words, higher energy is needed for the complete dissociation of both 3-CD complexes. This
observation concerts with the assumption that a-CD complexes have significantly lower

stability related to their exclusion nature.
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Figure 6 CID experiments distinguishing a-CD and 3-CD complexes.

Subsequently, we performed mass spectrometry experiments with CB7 and CBS. In the
negative-ion first-order mass spectra of equimolar mixtures of our dyes with CB7/8, we

observed two doubly negative-charged ions at m/z 283.9 (molecular dianion of the
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corresponding guest), m/z 865.1 (for CB7 mixtures) and m/z 948.2 (for CB8 mixtures).
According to tandem mass spectrometry experiments, we assigned signals at m/z 865 and m/z
948 as doubly charged guest anion complexed with CB7 and CB8, respectively. Under the CID
treatment, the neutral loss of the host molecule led to the formation of a doubly charged ion at

m/z 283.9 in all cases (for spectra, see Figures S15-S20).

4. Conclusions

We prepared new azo dyes modified with lipophilic adamantane cage moiety. To the best of
our knowledge, this is the first example of a supramolecular study on azo dyes bearing
adamantane substituent, i.e. a well-known supramolecular guest entity and synthetically
feasible structure that allows the dye to be incorporated into supramolecular systems via
specific host—guest interactions. We then tested the supramolecular properties of these dyes on
cyclodextrins and cucurbit[n]urils using NMR, MS and titration calorimetry. Both dyes formed
1:1 inclusion complexes with 3-CD, CB7 and CBS. In all complexes, adamantane moiety was
buried inside the macrocyclic host cavity, according to NMR. The dyes formed weak complexes
with a-CD, most likely in a non-specific external manner as demonstrated using mass
spectrometry. Association constants K were determined via titration calorimetry. While K
values with CB7 and CBS reflected the well-known behaviour of adamantane derivatives
towards CBuns, the stability of complexes with 3-CD was surprisingly high, rivalling the most
stable complexes described so far [33]. We attributed these high affinities to additional non-
specific interactions between the polar cyclodextrin rim and the polar part of the dye molecule.
Finally, we demonstrated that complexation of the dyes with CB7 can be used to efficiently
remove the dye from the solution due to the low solubility of the complex, even if competing

[3-CD is present.
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