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Introduction

Crown ethers are macrocyclic compounds of poly(ethylene
glycol) (PEG) that can exist in two forms: aliphatic ones, formed
from four to ten ethylene oxide units, and the aromatic ones, in
which we can find one or two benzene rings (benzocrown and
dibenzocrown ethers respectively). Their name comes from the
studies conducted by Charles J. Pedersen who in 1967 observed
the aspect of host-guest complexes formed with metal cations.
This ability is due to the conformational and chemical features
of the system, which allow the creation of an electron rich cavity
whose dimensions are crucial to confer a coordination selec-
tivity of alkali, alkaline earth ions and, as recently demon-
strated, non-metallic species. For these reasons, crown ethers
have many applications: as phase transfer catalysts, for creating
chiral stationary phases and in the construction of mechan-
ically interlocked structures such as rotaxanes, pseudorotax-
anes and catenanes. This has led to their use in the
development of synthetic molecular devices activated by light,
pH and redox. They also have applications in the biological field
as parts of artificial intramembrane canals and to allow the
translocation of ionic species.'”

The ability to control the functions of crown ethers by an on-
off light switch was investigated by Shinkai and coworkers in
1987. They synthesized photoresponsive crown ethers having an
intra-annular azo substituent that could interact with a metal
only following photoisomerization of the intra-annular azo
substituent from trans to cis.* Also Vicens and coworkers
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Cycloaddition (CuAAC) reaction employing a tri(ethylene glycol) diazide derivative to obtain a dimeric
reaction of this dimeric MBHA derivative with n-butylamine afforded
a photoisomerizable macrocyclic crown ether-paracyclophane hybrid architecture that is potentially
useful in a large variety of applications as well as those already well-known for crown ethers.

explained an interesting system where the binding activity of
the calix[4]crown ether is photosensitive: Na’ is favorably
extracted by the trans-isomer of the structure, while the cis form
extracts better the Rb* and Cs'.?

In the field of the synthesis and study of mechanically
interlocked molecules (MIMs), the concept of “click” chemistry
is very relevant. In 2001 Sharpless, Finn, and Kolb, proposed
that chemists could generate substances by linking small
modular units in reactions with high yield, high chemo-
selectivity and stereospecificity, high thermodynamic driving
force that could lead to the formation of irreversible bonds and
ultimately under mild reaction conditions with few or no by-
products. For these reasons, the best-known click reaction,
the Copper(1)-Catalised Azide-Alkyne Cycloaddition (CuAAC)
was quickly embraced by the MIM community as soon as it
appeared. Many syntheses of MIMs are based on click-type
reactions, such as the formation of amide, ureidic, carbamate,
or Snx2-type bonds and cycloaddition reactions to stop the
interlocked structure.

The mild and chemoselective nature of the CuAAC reaction
was the first quality to be highlighted in practice: Stoddart
described the synthesis of rotaxanes and catenanes using the
CuAAC reaction together with their iconic “blue box” viologen
macrocycle.®

The Morita-Baylis-Hillman (MBH) reaction is very impor-
tant in the field of organic chemistry because it afford to create
new C-C bonds. In particular, MBH Adducts (MBHA) arise from
a reaction between a carbon electrophile (for example an alde-
hyde) and an activated alkene, catalysed by a tertiary amine or
phosphine, to provide an allylic alcohol.” This can be processed
into a great leaving group by acetylation. In case an activated
imine reacts instead of the aldehyde, it is called aza-Morita-
Baylis-Hillman reaction. These reactions allow to obtain
versatile and chiral products using chiral substrates or organic
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chiral catalysts; this makes them an excellent example of orga-
nocatalysis for green chemistry.®

Some years ago, we have developed MBHA derivatives
capable of reacting with imidazole to afford cinnamic deriva-
tives showing fluorogenic properties.” Moreover, the structures
of these compounds were subsequently elaborated to obtain
a number of MBHA derivatives potentially useful in a wide range
of different applications in protein functionalization
(Fig. 1).10

In the present work, the structure of our MBHA derivatives
was manipulated in the aim of obtaining a tri(ethylene glycol)-
tethered MBHA dimer 1 (Fig. 2) potentially useful in the func-
tionalization of materials containing reactive basic (i.e. amino
or imidazole) groups with the formation of amphiphilic loops
potentially provided with a wide range of intriguing properties
such as those shown by both crown ethers and paracyclophane
derivatives. We found that the tri(ethylene glycol)-tethered
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Fig. 2 Reaction of MBHA dimer 1 with primary amines leading to
macrocyclic crown ether-paracyclophane hybrid structures 2.

MBHA dimer 1 was capable of reacting with primary amines
(i.e. m-butylamine) leading to the formation of macrocyclic
crown ether-paracyclophane hybrid structures 2 that could be
modulated by light.
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Fig. 1 Applications of MBHA derivatives to protein functionalization.
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Scheme 1 Convergent procedure for the preparation of dimeric MBHA derivative 1. Reagents: (i) trimethylsilylacetylene, Pd(PPhz),Cl,, Cul, TEA,
THEF; (ii) K2CO3, MeOH; (i) DABCO, methyl acrylate, MeOH; (iv) CH3COCIL, TEA, CH,Cl,; (v) CH3SO,CL TEA, CH,Cly; (vi) NaNs, DMF, CH3CN; (vii)

CuBr(1), DIPEA, CH3CN.

Results and discussion
Synthesis and structural characterization

The synthesis of dimeric MBHA derivative 1 was carried out by
the convergent procedure shown in Scheme 1.

The MBHA component 7 of the convergent synthesis was
prepared from 4-bromobenzaldehyde 3, which was used in
a Sonogashira reaction with trimethylsilylacetylene in the
presence of Pd(PPh;),Cl,, Cul, and TEA in THF as the solvent to
obtain trimethylsilyl derivative 4," which was promptly desily-
lated with potassium carbonate in methanol. The resulting
aldehyde 5 (ref. 16) was used in a Morita-Baylis-Hillman reac-
tion with methyl acrylate in the presence of DABCO and

© 2023 The Author(s). Published by the Royal Society of Chemistry

methanol to afford MBHA derivative 6, which was promptly
acetylated with acetyl chloride in the presence of triethylamine
as the base in dry DCM, with a satisfactory yield of 7 (i.e. 82%).
The diazide component 10 of the convergent synthesis was
prepared starting from the commercially available tri(ethylene
glycol) 8, which was activated by reaction with mesyl chloride to
the corresponding mesylate 9 and then made to react with
sodium azide in DMF-acetonitrile. The final coupling step was
performed in the conditions of a click chemistry Copper(i)-
Catalised Azide-Alkyne Cycloaddition (CuAAC) reaction in
acetonitrile in the presence of CuBr(1) as the catalyst and DIPEA
as the base to obtain the tri(ethylene glycol)-tethered MBHA
dimer 1.

RSC Adv, 2023, 13, 35773-35780 | 35775
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Scheme 2 Reaction of MBHA dimer 1 with n-butylamine leading to
macrocyclic crown ether-paracyclophane hybrid structures 2a,b.

Dimeric MBHA derivative 1 was found to react with n-butyl-
amine in refluxing chloroform to afford the mixture of macro-
cyclic diastereomers 2a,b in good yield (Scheme 2).

Fortunately, these isomers showed suitable physicochemical
features to be easily separated by flash chromatography with
ethyl acetate-methanol (95:5) as the eluent. In particular,
compound 2b was obtained as a white crystalline solid (yield
17%) as the least polar fraction of the chromatographic purifi-
cation, whereas compound 2a was obtained as a yellowish-white
crystalline solid (yield 35%) as the most polar fraction of the
chromatographic purification. Moreover, after purification by
flash chromatography, compound 2a was recrystallized from
ethyl acetate by slow evaporation to obtain single crystals

Fig.3 Structure of compound 2a obtained by crystallographic studies.
Ellipsoids enclose 50% probability.
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suitable for X-ray diffraction studies, which allowed the struc-
ture to be confirmed by crystallographic studies (Fig. 3).

The crystallographic structure of (E,E) diastereomer 2a was
considered to constitute a good starting point for the structural
characterization of 2b. Thus, the "H and *C NMR spectra of 2a
were assigned and compared with those of the corresponding
(E,Z) diastereomer 2b (Fig. 4 and 5).

The comparison stressed the symmetric structure of 2a (as
supported by the crystallographic studies) with respect to the
relative lack of symmetry of (E,Z) diastereomer 2b, which
showed two distinct sets of signals in almost all the regions of
its NMR spectra with the exception if the signals of the butyl-
amine moiety. Thus, these results supported the structure of
diastereomer 2b.

The structures of macrocyclic compounds 2a,b were inves-
tigated also by several different mass spectrometry techniques
such as trapped ion mobility mass spectrometry (TIMS), tandem
mass spectrometry (MSn), and energy resolved tandem mass
spectrometry. The results of TIMS characterization suggested
the presence of two different ion populations due to different
protonation sites in the amine and triazole nitrogen atoms or to
two different conformations. However, the MS/MS spectra of the
two ion populations were superimposable, thus supporting the
latter hypothesis rather than the former one. For both
compounds fragmentation pathways show the loss of 28 u, due
to N, from the triazole moiety, and of C;HoN from the butyl-
amine moiety. Moreover, energy resolved tandem mass spec-
trometry showed that diastereomer (E,E) 2a appeared to be
more stable than the corresponding (E,Z) diastereomer 2b in
agreement with the most abundant formation in the reaction of
1 with n-butylamine.

Photophysical and photochemical characterizations

The photophysical features of compounds 2a,b were investi-
gated in terms of absorption spectra in methanol (see ESIt). The
absorption spectra of these two cinnamic derivatives showed
very similar low energy peaks in the UV-B range, with absorption
maximum at ca. 300 nm for the (E,E) diastereomer 2a and
a slight blue shifted peak at ca. 290 nm for the (E,Z) diaste-
reomer 2b. The photochemical features of the macrocyclic
compounds were investigated by "H NMR spectroscopy studies
starting from (E,E) diastereomer 2a owing to its well-established
(i.e. by crystallography) symmetric structure, the simplicity of its
"H NMR spectrum, and its solubility in deuterated solvents such
as methanol and DMSO. Thus, compound 2a was dissolved in
deuterated methanol into a 5 mm NMR tube and the resulting
solutions were exposed to UV-B light into an appropriate pho-
toreactor (Multirays, Helios Quartz). '"H NMR spectra were
registered at regular time intervals, elaborated, and compared
(see ESIt). The comparison of the '"H NMR spectra recorded
with the solution of 2a in deuterated methanol exposed to UV-B
irradiation for increasing times (i.e. from 5 to 30 min) supported
the liability of this (E,E) diastereomer to undergo photo-
isomerization with the formation of an almost insoluble
compound, which precipitated from the reaction mixture. In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of the 'H NMR spectra recorded (500 MHz, DMSO-dj) with crystalline samples of 2a and 2b.

fact, after 15 min exposition to UV-B irradiation, the formation
of a white precipitate was observed, and the amount of this
material appeared to increase in the time with the UV-B expo-
sition. After storing the NMR tube containing the mixture at
room temperature for three weeks, the spectrum suggested that
negligible amounts of materials remained in the solution. Thus,
a spectrum was recorded after dissolving the white precipitate
with deuterated DMSO, and this spectrum supported the
formation of (E,Z) diastereomer 2b by photoisomerization with
UV-B light of (E,E) diastereomer 2a in methanol. Apparently, the
low solubility of the light-induced (E,Z) diastereomer 2b in
methanol could affect this photoisomerization reaction, but
further experiments in different solvents are granted to explore
the potential existence of different reaction pathways.

Computational studies

To further support the experimental data obtained, we calcu-
lated the relative energies of the two isomers using density
functional theory (DFT) methodology (Fig. 6). Calculations were
performed using B3LYP as functional and 6-31G* as basis set of
the GAUSSIAN package (version 16)."” The Polarized Continuum
Model (PCM) simulating the solvent environment and Grimme
dispersion D3 correction for long range (van der Waals)

© 2023 The Author(s). Published by the Royal Society of Chemistry

interactions were used. The two diastereomers were fully opti-
mized in DMSO as implicit solvent (¢ = 46.826), calculating the
energy gap (at 298 K) between the conformations. The results
confirm the higher stability of the (E,E) diasterecomer 2a
compared to the (E,Z) one 2b, with an energy gap of
6.2 kcal mol . Further computational studies are in progress in
order to rationalize the photoisomerization features of these
interesting macrocyclic derivatives.

Conclusions

In conclusion, a tri(ethylene glycol)-tethered MBHA dimer (1)
was synthesized and found to react with n-butylamine leading
to the formation of macrocyclic crown ether-paracyclophane
hybrid structures 2 that could be modulated by light. Thus,
reactive MBHA dimer 1 could find applications in the func-
tionalization of materials containing reactive basic groups with
the formation of amphiphilic loops provided with a wide range
of intriguing properties such as those shown by both crown
ethers and paracyclophane derivatives. Deeper investigations
are in progress to characterize the complex photoisomerization
features of this interesting new family of macrocyclic deriva-
tives, also in light of the little information on similar structures
reported in the literature.*®

RSC Adv, 2023, 13, 35773-35780 | 35777
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Fig. 6 Comparison of the 3D structures of 2a (right) and 2b (left).

Experimental section
Chemistry

All chemicals used were of reagent grade. Yields refer to purified
products and are not optimized. Melting points were deter-
mined in open capillaries on a Gallenkamp apparatus and are

35778 | RSC Adv,, 2023, 13, 35773-35780

uncorrected. Merck silica gel 60 (230-400 mesh) was used for
flash chromatography purifications. Merck TLC plates, silica gel
60 F,5, were used for TLC. NMR spectra were recorded with
a Bruker DRX-400 AVANCE or a Bruker DRX-500 AVANCE
spectrometer in the indicated solvents (TMS as internal stan-
dard): the values of the chemical shifts are expressed in ppm

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and the coupling constants (/) in Hz. Mass spectra were recor-
ded on an Agilent 1100 LC/MSD operating with an electrospray
source.

X-ray crystallography

A single crystal of 2a was submitted to X-ray data collection on
an Oxford-Diffraction Xcalibur Sapphire 3 diffractometer with
a graphite monochromated Mo-Ko, radiation (A = 0.71073 A) at
293 K. The structure was solved by direct methods implemented
in SHELXS-97 program.' The refinement was carried out by
full-matrix anisotropic least-squares on F2 for all reflections for
non-H atoms by means of the SHELXL-97 program.”® The
structure crystallizes in the monoclinic crystal system and space
group P2,/a with cell parameters: a = 10.9638(9) b = 22.3683(18)
¢ = 14.3096(13)A, 8 = 102.531(8)°. Crystallographic data for this
structure have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC
2286050. Copies of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK;
(fax: + 44 (0) 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk).

Mass spectrometry measurements

Each compound was dissolved in methanol (Sigma, HPLC
Grade) to obtain a final concentration of about 1 x 10~> M and
injected in the electrospray source via flow injection at a flow
rate of 5 uL min ™.

Two different mass spectrometers have been used: an LCQ-
Deca ion trap (IT, Thermo Finnigan, Bremen, D) and a tim-
STOF trapped ion mobility QTOF (Bruker, Bremen, D), both of
them operating with an electrospray ionization source (ESI) in
positive ion mode.

Operating conditions for the ESI sources were as follows: IT:
spray voltage 4.5 kV; capillary temperature 200 °C; sheath gas
(nitrogen) flow rate ca. 0.75 L min~"; tims TOF: end plate offset
500 V; spray voltage 4.5 kV; capillary temperature 180 °C; sheath
gas (nitrogen) flow pressure 5.8 psi; dry gas flow rate 4.0
L min~".

The calibration of the timsTOF mass spectrometer was
carried out using Na Formate: 10 mM NaOH in a solution of
isopropanol/H,0 (50/50) with 0.2% of formic acid.

MS" product ion experiments carried out inside the ion trap
were done by isolating the precursor ion and then by applying
a supplementary potential for collision induced dissociations;
collision gas: He; collision energy: 20-40% arbitrary units.

MS? product ion experiments carried out inside the timsTOF
were done by isolating the precursor ion, by the quadrupole
analyzer, and submitting it to collision induced dissociation
reactions inside the collision cell with nitrogen and making
production ion analysis in high resolution mode inside the time
of flight analyzer.

In all MS” experiments the isolation window of the precursor
ion was 1 or 2 u.

For ion mobility MS experiments, the timsTOF instrument
has been used: gas inside the TIMS cell was N,, and the
temperature of the cell was 305 K. The TIMS mode was set on
“custom” with 1/K, starting on 1.23 V-s cm > and 1/K, ending

© 2023 The Author(s). Published by the Royal Society of Chemistry
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on 1.27 V-s cm?; ramp time was set on 600.0 ms with lock duty
cycle at 100%. The calibration was carried out manually for each
calibrant, using ESI-L Low Concentration Tuning Mix (Agilent
Technologies). Before the calibration, the calibrant ion at m/z
622 was set on 132.0 £ 1.0 V through the setting of the gas flow
on the instrument.

Optical properties

UV-vis absorption spectra are obtained with a Specord 210
Analytik Jena spectrometer.
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