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Abstract: We report the efficient and scalable synthesis and
molecular-recognition properties of novel and water-soluble
Ss-coronaf3]arene[3]pyridazines. The synthesis comprises
a one-pot nucleophilic aromatic substitution reaction between
diesters of 2,5-dimercaptoterephthalate and 3,6-dichlorotetra-
zine followed by the inverse electron-demand Diels—Alder
reaction of the tetrazine moieties with an enamine and
exhaustive saponification of esters. The resulting Ss-coro-
naf3]arene[3[pyridazines, which adopt a 1,3,5-alternate con-
formation in the crystalline state, are able to selectively form
stable 1:1 complexes with dicationic guest species in water with
association constants ranging from (1.1040.06) x I m™" to
(1.1840.06) x 10° M. The easy availability, large cavity size,
strong and selective binding power render the water-soluble S,-
coronal3Jarene[3[pyridazines useful macrocyclic hosts in
various disciplines of supramolecular chemistry.

F unctional macrocycles play an important role in organic
and supramolecular chemistry.'! Crown ethers,? cryptands,”!
spherands,'*! cyclodextrins® and calixarenes!® are for instance
indispensable in the study of non-covalent bond interactions,
molecular recognition and self-assembly.-”! They also act as
privileged hosts for the fabrication of sophisticated (supra)-
molecular architectures and advanced materials.”! Moreover,
the tailor-made macrocycles are unique molecular tools
enabling the mechanistic study of organic reactions.’ "]

The past decade has witnessed the emergence of a few
novel macrocycles. Some aesthetic molecules such as heter-
acalixaromatics!'”! and pillararenes™® have been shown to be
versatile synthetic receptors in host—guest chemistry. Owing
to the self-tunability of electronic property and V-shaped
cavity originated from the interplay between the bridging
heteroatoms and adjacent aromatic rings, heteracalixaromat-
ics are able to recognize diverse guest species.'>*¥ Dichloro-
tetraoxacalix[2]arene[2]triazine, for example, provides
a unique electron-neutral host to investigate the nascent
non-covalent anion—m interactions."!! Azacalix[1]arene[3]pyr-
idines, on the other hand, serve as a wonderful model system
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for the elucidation of the mechanism of cupration because
they form structurally well defined PhCu" and PhCu™
organometallic compounds in copper(Il)-catalyzed arene
C—H bond transformations."

To develop macrocyclic and supramolecular chemistry, we
have proposed coronarenes, a novel class of macrocycles
consisting of para-(het)arylenes and heteroatoms in an
alternate fashion.!™ Being different from 1,3-alternate
heteracalixaromatics which form V-shaped clefts, coronar-
enes contain a cylindroid cavity. The combination of heter-
oatoms and (het)arenes would advantageously generate
almost limitedless diverse macrocycles of regulable cavity
sizes and electronic features. We report herein a highly
efficient synthesis of unprecedented water-soluble Ss-coro-
na[3]arene[3]pyridazines by one-pot nucleophilic aromatic
substitution reaction (SyAr) between diesters of 2,5-
dimercaptoterephthalate and 3,6-dichlorotetrazine followed
consecutively by the inverse electron-demand Diels—Alder
reaction of tetrazine moieties with an enamine and complete
hydrolysis of diester functionality. The resulting macrocycles
acted as powerful synthetic receptors to interact selectively
with electron-deficient guests in water, forming 1:1 complexes
with an association constant up to (1.18 =0.06) x 10°m~". The
first S,-corona[n]arenes (n =4, 5), then were known as cyclic
(p-phenylene sulfide)s, were obtained as by-products from
polymerization of p-dichlorobenzene and sodium sulfide.
Selective synthesis of S¢-corona[6]arene, a crystalline com-
pound of a high melting point, was later reported respectively
by Franke and Vogtle!"”! using p-bromothiophenolate and by
Sergeev!!® from the reaction of a dibrominated trimer with
sodium sulfide. Oxidative polymerization of diphenyl disul-
fide also gives Ss-corona[6]arene.’” Except for its ring-
opening polymerization to prepare linear poly(p-phenylene
sulfide)s,"”*! no application of Sg-corona[6]arene has been
reported. S,-corona[n]arenes containing other (het)arenes
are not known.

As delineated in Scheme 1, in the presence of diisopro-
pylethylamine (DIPEA) as an acid scavenger, dimethyl and
diethyl 2,5-dimercaptoterephthalates reacted efficiently with
3,6-dichlorotetrazine at 60 °C in a mixture of acetonitrile and
dichloromethane to produce Sg-corona[3]arene[3]tetrazine
compounds 3a and 3b in 43% and 58%, respectively.
Remarkably, the one-pot synthesis was readily carried out
in a multi-gram scale. For example, reaction of 1b (15 mmol)
with equimolar 2 yielded 3.2 g of 3b in 0.5 h. Treated with an
electron-rich olefin derived from cyclopentanone and mor-
pholine, the inverse electron-demand Diels—Alder reaction of
tetrazine moiety led to the formation of Ss-corona[3]-
arene[3]pyridazines 4a and 4b in high yields. A Ss-corona[3]-
arene[3]pyridazine analog 5 was also synthesized in 80 %
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Scheme 1. Synthesis of water-soluble Sg-corona[3]arene[3]pyridazines.

yield from the inverse electron-demand Diels—Alder reaction
when norbornadiene was employed instead of the enamine.
Exhaustive saponification of methyl esters of 4a using LIOH
as a base yielded the acid-bearing macrocycle 6. Transforma-
tion of acid into ammonium and sodium carboxylates
furnished almost quantitatively water-soluble S¢-corona[3]ar-
ene[3]pyridazines 7 and 8.

X-ray molecular structure reveals that both macrocycles
3b and 6 adopt almost 1,3,5-alternate conformation in the
solid state.”!! In the case of 3b, three tetrazine rings tend to be
procumbent on the same plane while three terephthalate
moieties form a cone conformation (Figure 1a and b). A more
pronounced symmetric 1,3,5-alternate conformation was
observed for 6 (Figure 1c and d), with three 6,7-dihydro-
SH-cyclopenta[d]pyridazine rings in 6 being cis-oriented
(Figure 1d). Both macrocycles form nearly a hexagonal
cavity (Figure 1a and c). Evidenced by the bond lengths
(Figure S3 in the Supporting Information), all sulfur atoms in
linking positions form conjugation with electron-deficient
tetrazine ring in Ss-corona[3]arene[3]tetrazine 3b. However,
both conjugation systems between sulfur linkages with
pyridazine ring and terephthalate moiety were observed in 6
(Figure S4). It is important to note that each of the Sg-
corona[3]arene[3]tetrazine and Ss-corona[3]arene[3]pyrid-
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Figure 1. X-ray molecular structures of a,b) 3b and c,d) 6 with top (a
and c) and side (b and d) views. All hydrogen atoms and solvent
molecules were omitted for clarity.

azine products gives a single set of simple proton and
carbon resonance signals in its 'H and C NMR spectra,
respectively, at room temperature and even at —60°C
(Figures S1 and S2). The outcomes indicated probably the
presence of a highly symmetric structure. Most likely, there
was a mixture of conformers which were able to undergo very
rapid inter-conversions at the temperature of NMR prober
relative to the NMR time-scale.

To explore the molecular recognition properties of water-
soluble S¢-corona[3]arene[3]pyridazine compounds, interac-
tions of 8 with dibromide salts of G1 to G4 (Figure 2) in
aqueous media were studied by means of UV/Vis spectro-
metric titration. In comparison, intermolecular interactions of
4b with the hexafluorophosphate salts of G1-G4 (Figure 2) in
organic phase were also examined. Figures 3a and S5 show
that the interactions of 8 with G1-G4 in water and of 4b with
G1-G4 in a mixture of CH;CN and CH,Cl, (viv=1:1)
resulted in the color change of the guest solutions, suggesting
a charge-transfer effect between hosts and guests. The
formation of charge-transfer complexes was supported by
UV/Vis spectra. For instance, the titration of hosts 8 and 4b
with G1-G4 led to the increase of absorption at 400 nm to
450 nm (Figures 3b and S6-S13). In the case of the inter-
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Figure 2. Structures of dicationic guest species G1-G4.
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Figure 3. a) Color change after mixing host 8 with G1-G4 in water.

b) UV/Vis titration spectra at 20°C of 8 (0.8 mmolL™") with addition of
0-1.95 equiv of G4 (from bottom to top). The insets show a plot of AA
(450 nm) against [G4]/[8] (top) and Job’s plot (bottom).

actions between 8 and G3 (Figure S8) and G4 (Figure 3b),
a salient new and broad charge-transfer absorption band at
450 nm was evidenced. The Job’s plot experiments (Figur-
es 3b and S6-S13) indicated the formation of 1:1 complexes
due to probably the envelopment of a dicationic guest by
a macrocyclic cavity of the host. Based on the outcomes of
spectrometric titrations (Figures 3b and S6-S13), the associ-
ation constants were calculated following a standard method
using the Hyperquad2003 software.”

To shed further light on the molecular recognition of
macrocycles 8 and 4b towards dicationic species G1-G4,
host—guest interactions were scrutinized using 'H NMR
spectroscopy. It was found that addition of 8 and 4b into
the aqueous and organic solutions of G1-G4, respectively, led
to the up-field shifts of all proton signals of the guests. In the
presence of equimolar macrocyclic host, for example, large
—A0 values for aromatic proton signals were
observed (Figures 4, 5, and S15-S22). Significant

shielding effect of a host on a guest, along with the 593 .
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Figure 4. "H NMR spectra of G2 (bottom) and of a mixture of
equimolar G2 and 8 (top) in D,O at 297 K.

G4 afforded a single set of simple proton signals in their
"H NMR spectra (Figures 4, S15, and S19-S22), indicating fast
exchange processes for the complexation of 8 with G1 and
G2, and for that of 4b with G1- G4. These results are in
accordance with the weak host—guest interactions measured
[K, < (4.6040.06) x 10°M '] (Table 1). On the contrary, two
different sets of proton signals were observed in '"H NMR
spectra recorded from the solutions of G3 and G4 containing
equimolar 8 (Figures 5 and S16). It was most probably the
strong binding between 8 and G3 [K, = (9.91 £0.50) x 10*m~']
and between 8 and G4 [K,=(1.1840.06)x10°m"'] that
account for slow exchange rates relative to the NMR time-
scale. Moreover, careful scrutiny of "H NMR spectra of the
complexes of 8 with G3 and G4 revealed that there were one
set of simple proton signals of higher intensity and one set of
complicated proton signals of lower intensity based on 2D
COSY spectroscopy (Figures S17 and S18). While the simple
set of spectrum was assigned to the guest that was symmetri-
cally complexed by the host, the other complicated one was in
agreement with the structure of the guest that was interacted
with the host in an unsymmetric fashion. In other words,
macrocyclic host 8 formed most likely in water two different
types of host—guest complexes in which a guest species adopts
different orientations in the cylindroid cavity.

A single crystal of 8-G2 inclusion complex was obtained
by diffusing tetrahydrofuran into a mixture of 8 and G2 in
water solution. The X-ray crystallography shows unambigu-
ously that 6,7-dihydrodipyrido[1,2-a:2',1’-c]pyrazine-5,8-
diilum is located in the cavity of macrocyclic host
(Figure 6).”"! Notably, in comparison to the structure illus-
trated in Figure 1c and d, the parent macrocycle self-
regulated its cavity to complex the guest.

Table 1: Association constants (K,) for 1:1 complexes between hosts and guests at

evidence of the formation of a 1:1 host-guest
complex (Figures S6-S12 and S24-S29) suggested

G1

G2 G3 G4

envelopment of a dicationic guest by a macrocyclic ~ 8"
host. It was also noteworthy that the interactions

(1.104+0.06) x 10°  (4.60+£0.23)x10° (9.91+£0.50)x10* (1.18£0.06) x 10°
4bPl (3.62+0.18)x10% (2.21+£0.11)x10° (2.51£0.12)x10° (2.5440.13)x10°

between 8 and G1 and G2, and between 4b and G1-
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[a] Measured in water. [b] Measured in a mixture of CH;CN and CH,Cl, (viv=1:1).
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Figure 5. "H NMR spectra of G4 (bottom) and of a mixture of
equimolar G4 and 8 (top) in D,O at 293 K. Two different sets of
proton signals, which are labeled with dots and stars, respectively,
were observed in the spectrum recorded from a solution of G4 and 8.

Figure 6. Structures of G2-8 complex with a) top and b) side views. All
hydrogen atoms, sodium ions, anions and solvent molecules were
omitted for clarity.

In conclusion, we have reported the efficient and scalable
synthesis of water-soluble Sg-corona[3]arene[3]pyridazines.
The synthesis comprises a one-pot macrocyclic condensation
reaction between 2,5-dimercaptoterephthalate and 3,6-
dichlorotetrazine followed by the inverse electron-demand
Diels—Alder reaction of tetrazine with an enamine and
exhaustive saponification of esters. The resulting novel
macrocyclic compounds, which adopt almost 1,3,5-alternate
conformation in the crystalline state, were able to form 1:1
complexes with dicationic guests selectively in water with
association constants ranging from (1.10+0.06) x 10°m~! to
(1.18 4£0.06) x 10°M~". The easy availability, large cavity size,
strong and selective binding power would render the water-
soluble Sg-corona[3]arene[3]pyridazines useful macrocyclic
hosts in various disciplines of supramolecular chemistry.
Investigation of the nature of molecular recognition of novel
Ss-corona[6](het)arenes and their applications are being
actively pursued in this laboratory, and results will be
published in due course.

Keywords: corona-arenes - host—guest systems - macrocycles -
molecular recognition - paraquat
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