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We disclose the features of a category of reversible nucleophilic
aromatic substitutions in view of their significance and general-
ity in dynamic aromatic chemistry. Exchange of sulfur compo-
nents surrounding arenes and heteroarenes may occur at 25 °C,
in a process that one may call a “sulfur dance”. These SNAr
systems present their own features, apart from common
reversible reactions utilized in dynamic covalent chemistry
(DCC). By varying conditions, covalent dynamics may operate to
provide libraries of thiaarenes with some selectivity, or con-
version of a hexa(thio)benzene asterisk into another one. The

reversible nature of SNAr is confirmed by three methods: a
convergence of the products distribution in reversible SNAr
systems, a related product redistribution between two
per(thio)benzenes by using a thiolate promoter, and from
kinetic/thermodynamic data. A four-component dynamic cova-
lent system further illustrates the thermodynamically-driven
formation of a thiacalix[2]arene[2]pyrimidine by sulfur compo-
nent exchanges. This work stimulates the implementation of
reversible SNAr in aromatic chemistry and in DCC.

Introduction

Nucleophilic aromatic substitutions are among the most
frequently used reactions in organic chemistry.[1] Such ex-
changes of chemical components may occur by different
mechanisms (SNAr,

[2] SRN1,
[3] cSNAr,

[4] SNArH
[5]). In the following,

we will use the denomination SNAr for representing these
different mechanistic possibilities of nucleophilic aromatic
substitutions. Even if their reversibility was shown in rare
cases,[6] it was overlooked in spite of a great number of SNAr
reactions reported since 1854.[7] It is conceptually of much
interest in aromatic chemistry and in Dynamic Covalent
Chemistry (DCC),[8–13] beside a number of reversible reactions
studied, with imines,[14,15] esters,[16] disulfides,[17] dithioacetals,[18]

hemiacetals,[19] metathesis,[20] SN2,
[21] and Diels-Alder reactions.[22]

Reversible SNAr reactions present a wide scope, involving
several types of nucleophiles, leaving groups and aromatic or
heteroaromatic substrates, without the need for metal catalysis,
as schematically depicted in Scheme 1.

In order to explore these reversible reactions, we chose as
model substrates, some thiaarenes and thiaheteroarenes[23]

(hereafter named “asterisks”).[24] A number of years ago, we
investigated the REDOX properties of a range of persulfurated
aromatic compounds,[25] and we showed that per(thio)arenes
are electron-acceptors in spite of a rich electronic density.[26–28]

Later on, some of us disclosed their potency as all-organic
phosphorescent triplet emitters with quantum yields reaching
near 100% in the crystalline state.[29–31] Many are the most
phosphorescent solids known to date. They also display “turn-
on” phosphorescence upon supramolecular polymerization by
metal-ion complexation, which makes them “smart” and
sensitive to their environment by rigidification-induced phos-
phorescence (RIP).[32,33] In the course of these studies, we have
observed sulfur exchange reactions by SNAr.

[34] Due to the
importance of reversibility in SNAr reactions, we want to focus
here on the general ability of thiaarenes and thiaheteroarenes
to undergo components exchange. It could lead to a constitu-
tional variation toward adaptative features, as is the case of
processes occurring in the generation of macrocyclic
compounds.[35,36] Such features open new avenues in dynamic
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Scheme 1. Schematic representation of the reversibility of nucleophilic
aromatic substitutions.
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covalent chemistry (DCC). Among a plethora of nucleophiles
and arenes, the exchange of sulfurated groups around thiaar-
ene or thiaheteroarene cores (often at room temperature)
display a “sulfur dance” behavior, by analogy to the “halogen
dance.”[37] Reversible nucleophilic aromatic substitutions
(Scheme 1, Figure 1) on various aromatic or heteroaromatic
core components present a manifold of synthetic, structural
and physicochemical features. The latter combine lumines-
cence, dyes and redox properties, as additional sensing,
monitoring and imaging parameters during dynamic processes.
The implementation of SNAr in DCC opens the door to
applications toward dynamic and adaptative assemblies[38,39]

and new materials with relatively non-toxic[40] and easily
available substrates.

Results and Discussion

Reversible nucleophilic aromatic substitutions have rarely been
reported and implemented in context of aromatic chemistry
and DCC, in spite of their great importance.[1,2] The classical SNAr
mechanism (i. e. addition-elimination) comprises two steps
which were rarely shown to be reversible. It is rather surprising,
as reversible exchanges leading to the formation of a σ-complex
in the first step have been occasionally reported in arene and
hetereoarene chemistry with activated electron-poor substrates
in SNAr.

[41] In general, they comprise NO2, F, Cl, Br, CN, RS, OR
leaving groups, and carbon-, oxygen-, sulfur-, and nitrogen-

centered nucleophiles. However, the elimination step was not
shown to be reversible, and thiolate anions were considered as
poor leaving groups in SNAr. As for unactivated thiaarenes (e.g.
aryl sulfides), intermolecular sulfur substitutions rarely occurs
without strong heating conditions (Scheme 2A). Intramolecular
exchange of a sulfur group can proceed irreversibly at high
temperatures (Scheme 2B).[42] In short, exchange of sulfur
components by nucleophilic aromatic substitution takes place,
but with a proper activation.

We already observed many years ago that sulfur component
exchange reactions of some per(thio)arenes and heteroarenes
occur with arylthiolate anions (Scheme 3).[34] Exchange reactions
were also reported from 1,2-benzenedithiol derivatives with
sulfurated arenes,[35] and from thiophenols with 3,6-di-
(thio)tetrazines.[36] Considering the intense activities in DCC, a
general understanding of reversible nucleophilic aromatic
substitutions is needed in view of the limited data
available.[34–36] They are promising reactions, distinct from func-
tional groups and reversible reactions most extensively inves-
tigated in DCC. Exchanges of chemical components via SNAr,

[2]

SRN1,
[3] cSNAr,

[4] SNArH
[5] or by other substitution mechanisms are

thus of broad significance in aromatic chemistry and for DCC.
Furthermore, poly- or per(thio)arenes and thiaheteroarenes are
particularly attractive because some possess remarkable exalted
properties such as phosphorescence by RIP, with a sensitivity
and responsiveness to their environment after a molecular
rigidification (conformational restriction). Multiple reversible
reactions surrounding an aromatic core (Scheme 3) amounts to
performing DCC on a template (“the sulfur dance“).

Sulfur component exchanges. We delineate the scope of
these reversible SNAr reactions with poly- and per(thio)arenes
and a (thio)heteroarene. In Figure 2, we found that para-
substituted asterisks with H, F, CN, Me, CO2iPr or incorporating
benzothiazolyl-2-thio, 1-naphthylthio, 2-naphthylthio and 1,2-
dicyano groups are suitable systems for sulfur component
exchanges, in the presence of thiophenolates between 25–
90 °C. Most importantly, there is no need for metal catalysis[43,44]

nor high temperatures (for instance SNAr substitutions with
thiolates can occur at 180 °C).[45]

The model substrates in Figure 2 come from hexa- penta- or
tetrasulfuration of the central aromatic core. The more electron-
poor asterisks provide easier component exchanges at 25 °C, as
it is expected in a SNAr mechanism with a σ-complex. Thus,
para-substitution with electron-withdrawing groups on the
arms and activating groups directly attached to the aromatic
core provide effective sulfur exchange dynamics at 25 °C.
Heteroaromatic cores, such as pyridine,[46] pyrimidine or

Figure 1. Representation of the “sulfur dance” process. Reversible nucleo-
philic aromatic substitutions with continuous exchange of sulfur compo-
nents (thiophenolate anion) around a per(thio)benzene core (DCC template).

Scheme 2. a) A general scheme of intermolecular, irreversible, sulfur
component exchange by SNAr with an unactivated aryl sulfide (3); b)
irreversible sulfur exchange by intramolecular SNAr at 160 °C.[42]

Scheme 3. A “DCC template” has been shown to provide a library of mixed
substituted luminophores from reversible nucleophilic aromatic substitutions
by the “sulfur dance.”[34]
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pyrazine (Scheme 7), are also effective substrates. This reactivity
is in line with the reversibility observed for producing
Meisenheimer complexes in SNAr with activated substrates.[41a–e]

To experimentally quantifiy and to ascertain these trends,
several exchanges by SNAr were followed by 1H NMR to check
kinetics and thermodynamics, notably on some pyrimidine
derivatives (see supporting information).

Exchange of sulfur components was tested with the
asterisks in Figure 2 at different temperatures and equivalents
of thiols (p-methoxybenzenethiol or p-thiocresol). The reaction
progress was monitored by 1H NMR, and the crude mixture was
further analyzed by 1H, 13C NMR, HR LC-MS, after a comparison
to authentic reference samples (when available). The release of
thiolates and their subsequent oxidation to disulfides (mixed or
symmetrical ones) further attests to these substitutions. In the
next sections, we will detail these sulfur component exchanges,
and indicate the generality of the “sulfur dance” process in
reversible SNAr reactions.

Hexasulfurated asterisks. As a typical example, we reacted
15 (1.0 mol-eq.) with p-methoxybenzenethiol (6.0 mol-eq.) at
25 °C for two days in the presence of K2CO3 in DMF (Figure 3a).
The reaction mixture provided a library of at least five asterisks,
and traces of unreacted 15. As observed by HR LC-MS, a
product selectivity (~70%) was found for the asterisk with three
p-methoxyphenylthio groups (unoptimized). The regioisomeric
structures remain to be determined.

Asterisks with electron-withdrawing fluoro substituents (12)
or with benzothiazolyl-2-thio groups (16) provide exchange
dynamics at 25 °C, whereas para-substitution with H, Me, OMe,
1-naphthylthio- or 2-naphtylthio- groups requires higher tem-
perature than 25 °C.

Pentasulfurated asterisks. Asterisks (17) and (18) with CN
and CHO activating groups directly attached to the benzene
core were investigated. After reacting 17 (1.0 mol-eq.) with p-
methoxybenzenethiol (6.2 mol-eq.) at 25 °C for 38 hours in the

presence of K2CO3 in DMF, 1H NMR and LC-HRMS indicated a
library of at least five asterisks incorporating one to five p-
methoxyphenylthio groups and some unreacted 17. The exact
regioisomeric structures are unknown at this stage. Under
similar conditions, 18 afforded at least five asterisks incorporat-
ing one to five p-methoxyphenylthio groups after exchanges at
25 °C. The selectivity in the products distribution was favorable
to the incorporation of two and three p-methoxyphenylthio
groups (without optimization). In summary, both 17 and 18 are
templates with effective dynamics to afford a non-statistical
distribution of products with some selectivity.

Tetrasulfurated asterisks. Asterisk (20) is activated by two
Cl substituents toward SNAr. It allows sulfur exchange compo-
nents to make a library of asterisks in the presence of isopropyl-
4-mercaptobenzoate (31) (2.0 mol-eq.) and K2CO3 in DMF at
40 °C for 22 hrs (Scheme 4). The formation of three disulfides
(33), (34) and (35) confirmed these exchanges. This sequence is
representative of the last two sulfuration steps in scheme 5,
starting from 40. Thus, sulfur component exchanges might
occur before or after the last hexasulfuration step. Similar
results were obtained with 22 (X=F) and with 1,2-dicyano-
3,4,5,6-tetra(phenylthio) benzene.[35]

A LC-MS analysis yields a non-statistical distribution of
asterisks with mixed methyl and p-isopropyloxycarbonyl sub-
stituents. Scrambling reactions were observed after only 56%
conversion of 20). Thus, isopropyl-4-mercaptobenzoate can

Figure 2. Asterisks undergoing SNAr with p-substituted thiophenolate anions
at 25 °C (except for 13 and 14 at 70 °C) for providing a library of asterisks.

Figure 3. A) A sulfur component exchange system based on the reaction of
(15) with p-methoxybenzenethiol and K2CO3 at 25 °C in DMF; B) A LC
chromatogram shows selectivity in the products distribution, as determined
by LC-HRMS. The regioisomeric structures remain to be determined.
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displace a p-methylphenylthio group, and a library of asterisks
decorated by several combinations of p-methyl and p-isopropy-
loxycarbonyl substituents is produced. Both asterisks containing
six p-methyl or p-isopropyloxycarbonyl substituents are also
detected. Regioisomeric structures have not been identified at
this stage.

Reacting electron-poor 21 with p-thiocresol under similar
conditions as in Scheme 4 led to the displacement of two F
atoms for making about 40% of mixed hexa(thio)benzene
asterisks decorated with p-methyl and p-isopropyloxycarbonyl
substituents. Scrambling reactions are clearly evidenced by the
hexasulfurated products distribution, where the incorporation
of up to four isopropyl-4-mercapto-benzoate groups is ob-
served. Additionally, some mixed disulfides are produced,
indicating displacements of p-methylphenylthio groups. In
summary, the tetrasulfurated asterisks (20), (21) and (22) also
display exchange reactions, and are prone to the “sulfur dance”
around the benzene core between 25–40 °C.

Pentasulfurated pyridine-cored asterisk. In the thiaheter-
oaromatic series, we chose the pyridine-cored asterisk (19)
(1.0 mol-eq.) to react with p-methoxybenzenethiol (5.8 mol-eq.)
in the presence of K2CO3 in DMF at 25 °C for 48 hours. Analysis
of the mixture by LC-HRMS indicated the presence of at least
five persulfurated asterisks incorporating one to five p-meth-
oxyphenylthio groups, thus confirming the displacements of p-
methylphenylthio groups around a pyridine core. The regioiso-
meric structures are not identified at this stage. Thus, exchanges
of sulfur groups are also appropriate in this heteroaromatic
system.

Mechanistic considerations. The “sulfur dance” raise ques-
tions about mechanism, reversibility and reactivity. Such

exchanges of components may occur by different mechanisms
such as SNAr, cSNAr, SRN1,

[56] SNArH and cine-substitutions
according to the literature data. The denomination SNAr is
broadly used here for these different mechanistic possibilities.
Thus, many parameters need to be circumscribed: a) the
stepwise formation of the asterisks (scope, kinetics and
mechanisms), b) the thiolates exchange processes (scope and
mechanism) on the asterisks. Literature precedents are indica-
tive of a stepwise mechanism in the persulfuration.[23] Six
successive steps give only traces of the odd mono-, tri-, and
pentasubstituted products. A recent 19F NMR study with C6F6
confirmed this trend.[47] Compounds (39) and (41) were never
isolated. Pentakis(methylthio) chlorobenzene was detected in
the methylthio series, but attempts to isolate it failed.[48]

When reacting perhalogenated benzene with arenethiolates
(4 to 5 mol-eq.), di-, tetra-, and hexasulfurated products (38),
(40), and (42) are formed in polar aprotic solvents (Scheme 5).[47]

Using an excess of thiolate (9 mol-eq.), the major product is
hexasulfurated. In polar protic solvents (e.g. ethylene glycol/
pyridine)[49] and less polar aprotic ones (e.g. diglyme),[45]

sulfuration tends to stop after two or four substitutions under
mild conditions.[50] Polar aprotic solvents such as HMPA
(hexamethylphosphoramide),[51] DMI (1,3-dimehtyl-2-
imidazolidinone)[52] and DMF[53] favor hexasulfuration at 25 °C.[54]

The solvent polarity and its aprotic nature have a strong
influence on persulfuration rates. The amount of trisulfurated
(39) and pentasulfurated products (41) remains negligible
during the reaction, as they are rapidly converted into tetra-
and hexasulfurated products, (40) and (42) respectively.[23,47,50b]

This behavior is in agreement with fast scrambling hexasulfura-
tions observed for 20, 21 and 22, even at 2 mol-eq.
Regioselectivity[55] in each step is summarized in Scheme 5. A
divalent sulfur atom is ortho- and para-directing.[23,47] As for the
role of sulfur, it stabilizes a negatively charged σ-complex in
SNAr or presumably in a transition state (cSNAr). Stabilization of
a carbanion by a divalent sulfur atom in σ position is well
known.[57,58] One may see an analogy to the stabilization of a σ-
complex intermediate.

Synthetic applications. Typical conversions between two
asterisks are shown in Scheme 6. Instead of setting mild
conditions at 25 °C for producing a library of asterisks, we tried
to overpass the activation energy required to most exchange
reactions by heating at 90 °C. As an example, we were
successful in converting the hexa(thio)benzene asterisk (16)
into (14) in a 91% isolated yield. Thus, the asterisk (16) is
transformed into 14, as the most phosphorescent solid known
to date.[29] Minor components are asterisks with mixed p-
tolylthio- and benzothiazolyl-2-thio groups. Similarly, the aster-
isk (15) is converted into (14) (90% yield) or (56) (81% yield).
Such nucleophilic aromatic substitutions are unprecedented in
aromatic sulfur chemistry because six substitutions occur, even
if thiophenolates are rarely used as leaving groups in SNAr.
(note: numérotation compound 15 scheme).

Reversibility in SNAr. In addition to sulfur exchange
components, a demonstration of covalent bonds dynamics was
achieved, thus confirming the reversible nature of SNAr in the
“sulfur dance”. We made use of three methods : 1) a

Scheme 4. Exchanges of sulfur components of (20) and (22) with thiol (31)
to make a library of asterisks.

Scheme 5. Stepwise formation of a persulfurated benzene asterisk according
to literature precedents and the regioselectivity observed. In each step,
reversible SNAr reactions with thiolates cannot be excluded.

[22]
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convergence of the products distribution in reversible SNAr
systems starting from two different asterisks in the presence of
thiols (Figure 4); 2) a thiol-promoted exchange of sulfur
components between two asterisks (Figure 5); 3) reversible
exchanges by SNAr are ascertained in some pyrimidine systems
while using various thiolates, by monitoring over time the
evolution of the mixture composition by 1H NMR. Kinetic and
thermodynamic data were obtained. Equilibria with quantified
products ratios were demonstrated over a prolonged period of
time (see supporting information).

As for the first method, it was tested between 70–100 °C.
Asterisk (13) reacted with p-thiocresol (9 mol-eq) to provide a
library of mixed thiaarenes and 14 (Figure 4, reaction from left
to right – blue arrow). When asterisk (14) reacted with
thiophenol (9 mol-eq.), a similar library of mixed asterisks and
13 was produced (Figure 4 reaction from right to left – red
arrow). The convergence of the product distribution in the two
processes points to the reversible nature of the SNAr process.

As for the second method, we chose a promoter (a thiol) to
trigger exchanges of sulfur components between the two
asterisks (15) and (16) in the same mixture. In short, we

investigated the transformation of two different asterisks,
toward a library of mixed-substituted asterisks.

As shown in Figure 5a, an equimolar amount of asterisks
(15) (1,0 mol-eq) and (16) (1,0 mol-eq) in DMF was treated with
p-thiocresol as a promoter (17 mol-eq. % relative to each
asterisk) in the presence of K2CO3 (15 mol-eq.). The mixture was

Scheme 6. Conversion of asterisks (15) and (16) (reacting templates) into
asterisks (14) and (56) (product templates), with different photophysical
properties, through dynamic sulfur exchanges at 80–90 °C.

Figure 4. blue arrow (from left to right): reaction of asterisk (13) with p-
thiocresol to provide a library of mixed thiaarenes and asterisk (14). Red
arrow (from right to left) Reaction of asterisk (14) with thiophenol to provide
a related library of mixed thiaarenes and 13. The library of asterisks was
analyzed by 1H NMR and HR LC-MS.

Figure 5. a) Exchange of sulfur components between asterisks (15) and (16)
through reversible SNAr in the “sulfur dance” promoted by p-thiocresol; b)
Products resulting from reversible exchange of sulfur components from (15)
and (16) as determined by LC-HRMS; c) Products resulting from the
incorporation of p-thiocresol as a promoter into (15) and (16), as determined
by LC-HRMS. Compounds (44) to (55) were identified after work-up.

Figure 6. a) Structure determination of (62) by sc-XRD; b) Enlargements (in
blue background) showing two inner hydrogen atoms of pyrimidine rings
magnetically shielded by the anisotropy of the macrocyclic benzene rings.
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heated at 90 °C for 88 hrs. LC-HRMS analysis clearly established
a dynamic exchange of sulfur components between the two
asterisks in the formation of a library of mixed asterisks
incorporating benzothiazolyl-2-thio and p-cyanophenylthio
arms in a non-statistical distribution (Figure 5b). Most impor-
tantly, the initiation of exchange reactions is confirmed by the
detection of mixed minor asterisks structures (51), (52), (53) and
(54) and disulfides (43) and (55) incorporating p-meth-
ylphenylthio moieties (Figure 5c). They originate from SNAr
reactions between p-thiocresol and the asterisks (15) and (16).
This behavior is coherent with the SNAr exchange reactions in
Figure 5a. The release of p-cyanophenylthiolate and benzothia-
zolyl-2-thiolate anions promoted further scrambling reactions
between the asterisks (15) and (16), as determined by the
detection of a series of mixed asterisks (48), (49), (50) and
disulfides (46) and (47) resulting from the exchanges of sulfur
components (Figure 5b). Thus, this experiment unambiguously
confirmed the dynamic and reversible nature of SNAr.

Dynamic SNAr with macrocycles. A dynamic system involv-
ing reversible SNAr reactions between four components 56–59
was set up, and investigated in three reaction conditions, as
depicted in Scheme 7. It was tested along three different
chemical paths, which converged to generate the macrocycle
thiacalix[2]arene[2]pyrimidine (62) and 7-meth-
ylbenzo[5,6][1,4]dithiino[2,3-b]pyrazine (63). The latter com-
pound was also shown to be ring-opened in the presence of
thiolates. This system is thus thermodynamically driven by the
formation of stable 62 and 63, as monitored by 1H NMR and LC-
HRMS. The cyclic compounds 60,61,62,63 were isolated and
characterized. A structural analysis of (62) by single-crystal X-ray
diffraction (sc-XRD) is shown in Figure 6 with enlargements of
the macrocyclic core (side and top views).

In the solid state, a 1,3-alternate conformation of (62)
highlights an anisotropic magnetic effect of the macrocyclic
benzene rings with the inner hydrogen atoms of the pyrimidine
rings. This is also in agreement with a NMR shielding effect of
these hydrogens in solution, with a characteristic shift of this
signal to 5,60 ppm (see supporting information).[59] Three
experiments were run : 1) molecules (56) and (57) produce the
macrocycle (60). The latter then reacts with (58) and (59) by
exchanging sulfur components to yield the more stable
products (62) and (63); 2) compounds (58) and (59) generate
the macrocycle (61). The latter reacts with (56) and (57) to give
(62) and (63); 3) when the four components (56–59) are mixed
together, the DCC system is also thermodynamically-driven to
(62) and (63). These experiments confirm the reversible nature
of the present SNAr reactions, leading to the most stable
compounds (62) and (63).

Conclusions

Here, we indicate the generality of reversible nucleophilic
aromatic substitutions (SNAr) involving thiaarenes or thiaheter-
oarenes and thiols, which lead to sulfur exchange components,
that one may consider as a sort of “sulfur dance”. In this
process, sulfur exchange reactions occur around an aromatic
core, where thiolates behave both as nucleophiles and leaving
groups in SNAr, without the need for metal catalysis.[43,44] The
exchange of sulfur components between two asterisks, as well
as the convergence of product distributions, starting from two
different asterisks reacting with appropriate thiolates confirmed
the reversible and dynamic nature of the sulfur dance process.
The conversion of an asterisk (reacting template) into a library

Scheme 7. Dynamic exchange of sulfur components through reversible SNAr reactions in the formation of macrocycles (62) and (63), as monitored by LC-
HRMS and NMR data. Initial reaction conditions: (top) (56)+ (57); (middle) (56)+ (57)+ (58)+ (59); (bottom) (58)+ (59).
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of asterisks at 25 °C, may change to a selective formation of
another asterisk (product template) at 90 °C in high yield. A
four-component system illustrates the dynamic formation of
cyclic structures thermodynamically-driven by reversible SNAr
reactions to (62) and (63). Overall, we show that reversible SNAr
reactions are of general significance in dynamic aromatic and
heteroaromatic chemistry. The “sulfur dance” around aromatic
templates opens wider frontiers in view of adaptative and self-
correcting features. In the future, it may also be implemented
for the discovery of multifunctional, adaptive materials with
tunable optical character of potential applications in the fields
of imaging, nanoscience, and life sciences.[60]

Experimental Section
(see supporting information)
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and wide scope in aromatic and het-
eroaromatic chemistry are presented.
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may occur at 25 °C, in a process that
one may call a “sulfur dance”. A
dynamic covalent system involving
four components illustrates the ther-
modynamically-driven formation of a
thiacalix[2]arene[2]pyrimidine. This
work stimulates the implementation
of reversible SNAr reactions in organic,
materials and covalent dynamic
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