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Nature continuously inspires scientists to design novel proto-
types of artificial systems with more and more advanced func-
tions and properties [1,2]. In this regard, one of the greatest
innovations was the discovery that small molecules can cata-
lyze/mediate chemical reactions by a biomimetic approach
[3,4]. Very recently, many efforts have been devoted to study
supramolecular catalysis processes [5-14] in which macro-
cyclic hosts, self-assembled capsules and metallo-cages were
employed as catalysts or nanocontainers.

The primary characteristic of supramolecular catalysis is that
the general modes of activation based on intermolecular interac-
tions can operate on substrates in a selective way, and in
confined environment, like the active site of natural enzymes
[5-14]. As a result, molecular recognition of the substrate(s) and
potentially the transition state is essential in supramolecular ca-
talysis.

Supramolecular catalysis finds inspiration in natural enzymes,
which show catalytic features such as substrates and products

selectivity, efficiency, geometric control, and acceleration of
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chemical reactivity [1]. If reactants are confined in the restricted
space provided by an enzyme binding pocket, the increase in
local concentration, due to the proximity effect, the stabiliza-
tion of intermediates and transition states cause the acceleration
of the reaction. Thus, learning from natural enzymes, novel
supramolecular catalysts were designed that showed substrate
selectivity, turnover, regioselectivity, and stereoselectivity
[5-14].

Supramolecular architectures with an internal cavity are poten-
tial candidates to work as supramolecular catalysts [5-14]. The
first supramolecular catalysts were based on covalent hosts, typ-
ically cyclodextrin macrocycles [1], which had an interior
hydrophobic cavity decorated with catalytically useful func-
tional groups. Recently, increased emphasis has been placed on
catalysis that takes use of noncovalent hosts, including self-
assembled capsules [5,6,8,9]. The capsules feature sizeable
internal hydrophobic cavities that can accommodate large sub-
strates and even allow bimolecular reactions to take place. In
addition, they may ensure catalytic turnover. Transition states

and reaction intermediates may also be stabilized in the cavities
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of the capsules by means of intermolecular interactions. The
most intriguing aspect of catalysis in confined spaces [5-14] is
that the reactions can take place through unusual mechanisms.
This is mainly due to the conformational control of the sub-
strates, steric constrictions, stabilization of species, and solvent
exclusion phenomena occurring in the molecular containers iso-
lated spaces [6]. Consequently, the classical rules of organic re-

activity are often violated [6,11].

Taking into account the above considerations, we organized this
thematic issue focused on showcasing innovative research
regarding supramolecular catalysis using macrocyclic and
acyclic hosts, as well as other molecular architectures such as

self-assembled capsules and metallocages.

In their contribution, Secchi and Cera [15] reported the synthe-
sis of diphosphine gold(I) calix[6]arene complexes whose ge-
ometry, in low-polarity solvents, is controlled by the 1,2,3-alter-
nate conformation of the calix[6]arene skeleton. These cata-
lysts can tune the selectivity of the catalytic cycloisomerization
of 1,6-enynes in response to the relative orientation of the coor-

dinated gold(I) atom with respect to the macrocycle.

One of the major challenges in organic synthetic chemistry is
the control of reaction selectivity (site, chemo, stereo etc.). Site-
reaction selectivity is always essential when multiple potential
reactive sites are present in the substrate. Poor site-selectivity
would result in complex and sometimes even unachievable sep-
aration and purification procedures. Rui Wang and Yang Yu
[16] reported an interesting review in which they summarized
various site-selective reactions mediated by molecular
containers. They focused their attention on reactions that give
different product distributions when performed inside the

containers compared to the bulk solution.

As mentioned above, activation of substrates, stabilization of
intermediates and transition states through intermolecular inter-
actions was established as one of the fundamental factors of
supramolecular catalysis, and among these hydrogen bonding
interactions play a pivotal role in catalysis. More recently,
halogen bonding interactions have been used as a novel tool to
catalyze a wide variety of processes. Other nonclassical interac-
tions, including anion-, chalcogen-, and pnictogen bonding,
have also been exploited for the design of novel supramolecu-

lar catalysts.

In their contribution Wang and co-workers [17] reported an
interesting example of chalcogen bonding catalysis approach
for the synthesis of calix[4]pyrrole macrocycles. The Se:--O=C
chalcogen bonding interactions between a selenide-based cata-

lyst and the carbonyl-substrate catalyzed the macrocyclization

Beilstein J. Org. Chem. 2022, 18, 1463-1465.

with pyrrole. Interestingly, only 5 mol % of catalyst loadings
were necessary in order to promote the condensation processes,
and calix[4]pyrrole derivatives were obtained in moderate to
high yields. Mild reaction conditions were employed, thus high-
lighting the potential of this type of nonclassical interactions in
catalyzing chemical transformations.

Among the examples of self-assembled catalytic capsules, the

hexameric resorcinarene system was particularly investigated.

In their contribution, Alessandro Scarso and co-workers [18]
showed that the hexameric capsule can catalyze the cyclization
of (S)-citronellal forming isopulegol. In this study it was
exploited the ability of the resorcinarene capsule to work as a
Brgnsted acid catalyst, and its aptitude to stabilize cationic

intermediates and transition states inside the cavity.

Velmurugan, Hu and co-workers [19] reported an efficient pho-
tocatalytic supramolecular system based on a self-assembled
nanosystem. The self-assembled system was obtained in an
aqueous medium by inclusion of ammonium benzoyl-L-alani-
nate (G) in a tetraphenylethylene-embedded pillar[5]arene
(m-TPEWPS). The resulting worm-like supramolecular nano-
structures, displayed aggregation-induced emission (AIE) due
to the restricted phenyl-ring rotation of m-TPEWP5 component.
Inspired by natural photosynthesis and following an energy
transfer process, the supramolecular nanorod assembly was em-
ployed as a nanoreactor for a photocatalytic dehalogenation
reaction, i.e., debromination of 2-bromo-1-phenylethanone de-
rivatives, with high yields and short reaction times in an

aqueous solution.

In the last decades, macrocyclic hosts have been widely used as
supramolecular catalysts [7]. In this work, Qi-Qiang Wang [20]
and co-workers reported tetraaminobisthiourea chiral macro-
cycles as catalysts in decarboxylative Mannich reactions. Low
macrocycle loading was used to catalyze the decarboxylative
addition of malonic acid half thioesters to isatin-derived
ketimines with excellent yields and good enantioselectivity. It
was reported that effective activation and stereocontrol of the
reaction depends on the conformational rigidity of the macro-
cyclic framework and a synergy between the thiourea and
tertiary amine sites.

Recently, many efforts were focused on the synthesis and appli-
cations of mechanically interlocked molecules (MIMs), such as
catenanes and rotaxanes. MIMs show interesting structural and
topological features and offer conceptually new possibilities as
catalysts. In their minireview, Krajnc and Niemeyer [21] high-
lighted the use of the axially chiral 1,1'-binaphthyl-2,2'-diol
(BINOL) unit as a stereogenic element in MIMs. The authors
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comment on the synthesis and properties of such BINOL-based
chiral MIMs, together with their use in further diastereoselec-
tive modifications, their application in asymmetric catalysis,

and stereoselective chemosensing.

In their minireview, Prodip Howlader and Michael Schmittel
[22] highlighted the recent results in the field of the supramo-
lecular catalysis on the use of discrete heteroleptic metallo-
supramolecular complexes as catalysts. The idea of breaking/
reducing symmetry has inspired many researchers to study
heteroleptic metallo-complexes made up of various ligands. The
authors emphasized the advantages of heteroleptic over
homoleptic cages and they showed examples of nanomechani-
cal motion influencing catalytic activity. They also discuss the
regulation of the catalytic activity of heteroleptic systems by an

external stimulus.

We are very grateful to all colleagues who contributed to this
issue and to the Editorial Team of the Beilstein-Institut for their
kind support. We are convinced that this thematic issue will

stimulate new insights in the field of supramolecular catalysis.
Carmine Gaeta, Pablo Ballester, Qi-Qiang Wang

Salerno, Tarragona, Beijing, September 2022
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We report the synthesis and characterization, in low polarity solvents, of a novel class of diametric phosphine gold(I) cavitands

characterized by a 1,2,3-alternate geometry. Preliminary catalytic studies were performed on a model cycloisomerization of 1,6-

enynes as a function of the relative orientation of the bonded gold(I) nuclei with respect to the macrocyclic cavity.

Introduction

One of the latest challenges in supramolecular chemistry is the
design and development of novel macrocyclic-based entities
able to influence the catalytic activities of the metal center
[1-3]. In this context, phosphines represent the most exploited
class of ligands in homogeneous catalysis [4]. Noteworthy,
reason of their wide applicability is the possibility of control-
ling the steric and electronic properties by proper functionaliza-
tions, hence tuning the catalytic properties of the bonded metal.
This crucial aspect prompted their application in supramolecu-
lar chemistry as well. Thus, a recent evolution of their
chemistry concerns the development of novel architectures in
which P(III) compounds are incorporated in cavity-shaped
macrocycles [5-8]. In this scenario, calix[4]- [9-13] and
resorcin[4]arene [14-17] are the most exploited cavitands due to
their inherent limited flexibility and already proved their ability
to control the catalytic activity of late-transition metals and par-

ticularly gold(I) catalysts [18-25]. This occurs via strong steric

interactions, often outside the macrocycle (Figure 1a) [11], that
affect the first coordination sphere of the metal or by creating a
spatial confinement around the metal that is thus directed
towards the inner cavity (Figure 1b) [26,27]. Contrarily,
calix[6]arene macrocycles are less exploited in catalysis [28].
The larger macrocycle size, its conformational adaptability, and
the possibility to selectively functionalize the macrocycle
offered several opportunities to design synthetic receptors and
prototypes of nanodevices, instead [29]. In this context, we
recently devised a new family of triphosphine calix[6]arene
gold(I) complexes (Figure 1c) [30]. These cavitands are able to
form (pseudo)rotaxane species, by threading viologen-based
guests, with a conformational control operated by the sulfon-
amido hydrogen-bonding donor domain [31,32]. Furthermore,
their catalytic activity was demonstrated in promoting gold(I)-
catalyzed cycloisomerization of 1,6-enynes, with ample scope

and high regioselectivity. However, preliminary studies sug-
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Figure 1: Selected examples of: a) calix[4]arene-; b) resorcin[4]arene-; c) calix[6]arene-gold(l) macrocyclic catalysts. d) Working hypothesis for novel

calix[6]arene phosphine cavitands.

gested that the catalytic event occurs outside the macrocyclic
cavity. In order to get more insights on the role of the cavity to
dictate the position of the metal centers, we reasoned on the
possibility to design a novel generation of diametric phosphine
gold(I) cavitands exploiting a calix[6]arene scaffold character-
ized by a 1,2,3-alternate conformation. As working hypothesis,
this geometry would segregate two catalytically active gold(I)
nuclei to the opposite sides of the macrocycle, offering them the
possibility to approach the cavity, thus exerting any control over

the catalytic manifold (Figure 1d).

Results and Discussion

Synthesis and characterization

The synthesis of novel macrocyclic calix[6]arene ligands was
first attempted starting from the known dioctyloxydinitro deriv-
ative DN (Scheme 1) [33]. Reduction of the nitro groups with

hydrazine, in the presence of catalytic amounts of Pd/C
(10 mol %) led to the corresponding diamino intermediate. This
latter could be subsequently reacted with the desired phosphino
benzoic acid derivative through a user-friendly amide coupling
in the presence of EDC-HCI and catalytic amounts of DMAP in
CH;Cl,. Under these conditions, the corresponding diphos-
phine intermediates A (para), B (meta), and C (ortho) were iso-
lated in moderate yields. Finally, gold(I) catalysts could be ob-
tained via conventional protocols using (Me;S)AuCl. Notably,
the organometallic macrocycles A,B,C(AuCl); could be isolat-
ed via column chromatography separation.

Gold(I) catalysts were subsequently fully characterized by
NMR analysis and high-resolution mass spectrometry. The con-
formation of the catalysts, in low polarity solvents, is dominat-

ed by the /,2,3-alternate conformation assumed by the DN
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Scheme 1: i) NHoNH2-H»O, Pd/C in EtOH, 80 °C (quant.); ii) diphenylphosphinobenzoic acid, EDC-HCI, DMAP (cat.), CH2Clp, 0 °C to rt [A, 60%;
B, 55%, C, 53%); iii) (Me2S)AuCl in CHxCly, 0 °C to rt (A(AuCl)z, 93%; B(AuCl)2, 74%; C(AuCl)2, 69%).

intermediate, as previously demonstrated in our recent contribu-
tions [33,34]. Hence, the most notable features of 'H NMR for
A(AuCl), are represented by a pattern for the methylene
bridging protons in a 1:1:1 integration ratio (Figure 2). These
include: i) two doublets at 4.2 and 3.6 ppm with a geminal cou-
pling of 2J = 14.2 Hz for the a/a' couple and ii) a singlet at
3.92 ppm for the b/b' couple, typical of an anti-orientation [35].
This situation suggests a single inversion point which confers to
the macrocycle a high symmetrical geometry. Finally, a single
broad peak for the four methoxy groups ($) appears at
2.96 ppm. In analogy with parental diureido and dithioureido
calix[6]arenes, we were able to observe the presence of a
second minor cone conformer, in a ~4:1 ratio, highlighted by
the presence of a second, single resonance for the methoxy
groups ($*) at 3.11 ppm. An analogous situation was observed
for B(AuCl), and C(AuCl), as well. However, here the singlets
for the b/b’ couple overlap with the signals of the octyloxy
chains (£) at 3.91 and 3.87 ppm, respectively.

The presence of these two major conformers, in slow exchange
on the NMR timescale, was finally confirmed by variable tem-
perature NMR analysis performed for A(AuCl); using tetra-
chloroethane-d; as the solvent (Figure 3).

Catalytic studies

To probe the role of the cavity and the influence of the position
of the gold(I) nuclei implanted on the calix[6]arene scaffold, we
carried out the synthesis of three monomeric gold catalyst ana-
logues A’,B’,C’(AuCl). The synthesis of these compounds was
performed using the previously optimized protocol, starting

from a 4-(octyloxy)aniline intermediate (Scheme 2).

Subsequently, due to the general interest in controlling the reac-
tivity of gold(I)-catalyzed transformations by means of supra-
molecular macrocycles, we choose a cycloisomerization of 1,6-
enynes as a model reaction [36]. Substrate 1a was reacted in the

presence of monomeric gold(I) catalyst A’(AuCl) (2 mol %),
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Figure 2: Stacked-plot, mid-field expanded region of the 'H NMR spectrum (400 MHz, 298 K) of A(AuCl),, B(AuCl),, and C(AuCl), in CDCl3. At the
bottom are schematic representations of calix[6]arene macrocycles. The rectangle identifies the phenolic ring substituted with the octyloxy chains,

while the circle identifies those with methoxy groups.

using AgSbFg as the chloride scavenger [37]. After 4 h, NMR
analysis of the crude reaction mixture revealed high conversion
of the starting material with the formation of the 6-endo-dig re-
arranged diene 2a and the parental regioisomer 2b in a 1:1 ratio.
Noteworthy, this latter is formed by an initial 5-exo-dig cycliza-
tion step (entry 1, Table 1) [38,39]. This result was compared

with the one obtained using the macrocyclic analogue A(AuCl),

(1 mol %). Hence, we did not observe a significant variation in
the product distribution (entry 2, Table 1).

Analogously, the reactivity in the presence of meta-substituted
catalysts B’(AuCl) and B(AuCl), was investigated. Also in this
case, the reactivity and selectivity of the parental catalysts were

comparable (entries 3 and 4, Table 1). Taken together, these
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Figure 3: Stacked plot TH NMR (tetrachloroethane-ds) of A(AuCl), at
variable temperature.

outcomes suggest that the role of the macrocycle for catalysts
A/B(AuCl), is not determining in changing the product distribu-
tion and that the catalytically active gold(I) nuclei are too far to

be influenced by the cavity or by the macrocycle itself.

Finally, the catalytic reaction was attempted using C’(AuCl).
We thus observed a selectivity towards product 2a (1.5:1)
which might be caused by the different orientation of the phos-
phine ligand implanted on the aromatic ring (entry 5, Table 1).
Interestingly, this effect was substantially improved with the
use of the calix[6]arene-based complex C(AuCl); (entry 6,
Table 1). Overall, the ortho-substituted macrocycle C(AuCl),
displayed an enhanced selectivity, with respect to the parental
macrocycles A,B(AuCl),, that arise from the proximity of the
two gold(I) nuclei to the calix[6]arene scaffold. Although just

Table 1: Ligand effect in gold(l)-catalyzed cycloisomerization of 1a.
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Scheme 2: Synthesis of the monomeric gold catalyst analogues
A’,B’,C’(AuCl). Conditions: i) diphenylphosphinobenzoic acid,
EDC-HCI, DMAP (cat.), CHoClo, 0 °C to rt (A, 71%; B’, 76%,;
C’, 69%); ii) (Me2S)AuCl in DCM, 0 °C to rt (A’(AuCl), 94%;
B’(AuCl), 92%; C’(AuCl), 96%).

preliminary, these results indicate that the conformational prop-
erties of this class of macrocycles can influence the selectivity

in gold(I)-catalyzed cycloisomerization of 1,6-enynes.

EtO,C
EtO,C A
[AuJ/AgSbFg . / O
| EtO,C NS EtO,C
CH,Cly, 4 AMS EtO,C Et%) Z
1a . 4h 2a ’ 2b
Entry@ [Au] conv. [%] 2a/2b
1 A’(AuCl) (2 mol %) 89 1.0:1.0
2 A(AuCl)2 (1 mol %) 88 1.1:1.0
3 B’(AuCl) (2 mol %) 86 1.2:11.0
4 B(AuCl)» (1 mol %) 91 1.1:1.0
5 C’(AuCl) (2 mol %) 86 1.5:11.0
6 C(AuCl)s (1 mol %) 89 1.8:1.0

@Reaction conditions: 1a (0.2 mmol), AgSbFg (2.0 mol %), CH2Cl» (0.1 M), 4 h.
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Conclusion

We reported the synthesis of a novel family of diametric
diphosphine gold(I) complexes whose geometry in low-polarity
solvents is controlled by the 1,2,3-alternate conformation of the
calix[6]arene precursor. These catalysts are able to tune the
selectivity of catalytic cycloisomerization of 1,6-enynes as a
function of the relative orientation of the bonded gold(I) nuclei
with respect to the macrocycle. Further studies are currently
under progress to outline the role of the macrocycle and to
verify if a possible re-orientation of the gold(I) nuclei towards
the center of the aromatic cavity can play any role in dictating
the selectivity of the catalytic transformation.

Experimental

General procedure for catalysis: In a 10 mL two-necked round-
bottomed flask containing A(AuCl), (1.0 mol %, 4.4 mg) or
A’(AuCl) (2.0 mol %, 3.0 mg), dry CH;,Cl, (2.0 mL) was added
under nitrogen atmosphere. Subsequently, a tip of spatula
(micro spatula, Heyman type 16 cm) of AgSbF¢ (2.0 mol %,
~2 mg) was added along with 20 mg of 4 A molecular sieves.
The flask was covered with an aluminum foil and the mixture
stirred for 5 minutes. Subsequently, 1a (0.2 mmol, 63.0 mg)
was added and the reaction mixture was stirred for 4 hours.
After completion, the mixture was diluted with 20 mL of
CH,Cl,, filtered through a pad of celite, and transferred in a
100 mL flask where it was concentrated under reduced
atmosphere. Conversions and selectivities were determined
by !H NMR analysis (data confirmed by performing the reac-
tion twice). 'H NMR (2a) (400 MHz, CDCls) d 7.48-7.19 (m,
5H), 6.63 (dtd, J = 10.1, 2.1, 1.0 Hz, 1H), 6.37 (s, 1H), 5.90
(dtd, J = 10.1, 4.0, 1.6 Hz, 1H), 4.30-4.21 (m, 4H), 2.98 (d,
J =1.6 Hz, 2H), 2.78 (ddd, J = 4.0, 2.1, 0.9 Hz, 2H), 1.32-1.24
(m, 6H). 'H NMR (2b) (400 MHz, CDCl3) & 7.48-7.20 (m,
5H), 6.93 (d, J = 16.2 Hz, 1H), 6.48 (d, J = 16.2 Hz, 1H), 5.73
(ddd,J =2.7, 1.9, 0.9 Hz, 1H), 4.23-4.14 (m, 4H), 3.28 (dd, J =
1.9, 0.9 Hz, 2H), 3.18 (dd, J = 1.9, 0.9 Hz, 2H), 1.32-1.21 (m,
6H).

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data of
compounds and copies of NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-21-S1.pdf]
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In this review, we summarize various site-selective reactions mediated by molecular containers. The emphasis is on those reactions

that give different product distributions on the potential reactive sites inside the containers than they do outside, free in solution.

Specific cases include site-selective cycloaddition and addition of arenes, reduction of epoxides, a,fB-unsaturated aldehydes, azides,

halides and alkenes, oxidation of remote C—H bonds and alkenes, and substitution reactions involving ring-opening cyclization of

epoxides, nucleophilic substitution of allylic chlorides, and hydrolysis reactions. The product selectivity is interpreted as the conse-

quence of the space shape and environment inside the container. The containers include supramolecular structures self-assembled

through metal/ligand interactions or hydrogen bonding and open-ended covalent structures such as cyclodextrins and cavitands.

Challenges and prospects for the future are also provided.

Introduction

To run reactions with discriminate control over product selec-
tivity represents one of the huge challenges in organic synthetic
chemistry [1], among which, site-selectivity is always crucial to
a reaction when there is more than one potential reactive site in
a certain substrate, because poor site-selectivity would result in
complicated and sometimes even unachievable separation and
purification procedures. Hence, in order to drive reactions eco-
nomically and efficiently, organic chemists have made great
efforts to increase site-selectivity, with the best result of site-
specificity [2-4]. However, it is rather difficult to do so, differ-

entiating one certain reactive site from the similar others,

because the difference between their transition-state free ener-
gies, that would modulate isomeric product ratio, is always
small. The selectivity of a reaction depends on its mechanism,
and the inherent feature of the substrate should be enhanced or
overturned to obtain one certain isomer, with the consideration
of electronic, steric, and stereoelectronic factors [5,6]. As a rep-
resentative strategy, directing groups are introduced to the sub-
strates covalently to achieve site-selective C—H bond activation,
which prospered greatly in the past decades [7-9]. Template
regulation is also introduced to locate reactive centers in a

noncovalent way through hydrogen bonding [10-12]. Even
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though chemists have developed different kinds of methods to
achieve site-selectivity of various reactions, new methodolo-

gies that blend with other research fields are still needed.

After decades of rapid development, supramolecular chemistry
has won two times for Nobel Prizes and already became one of
the most important fields in modern chemistry [13-15]. It is
based on a wide range of noncovalent interactions between mol-
ecules [16-18] and has been applied to a variety of research
areas including molecular recognition, molecular devices,
nanochemistry, catalysis, etc. [13-18]. By mimicking the recog-
nition and catalysis behavior of enzymes with designed and
synthesized molecular containers such as cyclodextrins, cucur-
biturils, calixarenes, and resorcinarenes, chemists try to tackle
problems of traditional synthetic chemistry, including increase
in reactivity, induction of selectivity, and even emergence of
new reaction pathways [19-24]. To simulate the aqueous envi-
ronment of enzyme-catalyzed physiological transformations,
researchers seek to design and synthesize supramolecular hosts
in a water-soluble way. The ionic and polyol forms of them
would provide good water solubility, and, on the other hand,
these kinds of water-soluble moieties could also be introduced
into the structures of other hosts to help them gain some extent
of water solubility. In aqueous solution, the molecular
containers provide hydrophobic pockets capable of binding a
wide range of organic compounds. Within the molecular
container, guest molecules can be encapsulated with a certain
orientation and conformation through various noncovalent inter-
actions. In this mode, the molecular container can act as reac-
tion template and give rise to selective products. For example,
the molecular container can be used as anchoring template,
which fix the substrate with a certain stable conformation,
exposing one specific reactive site to the catalyst and producing
site-selective product [25,26]. Moreover, molecular containers
have more and more been applied to modulate site-selectivity of
different types of reactions and this research field has drawn
much attention in the past years [27-30]. It is believed that there
is still more to explore and develop in this area, so we summa-
rize representative research works about molecular-container-
confined organic reactions with site-selectivity, that is, selec-
tive reactions that take place at one specific potential reactive
site out of the similar others, in this review. In the following
part, the literature reports will be mainly divided according to
the reaction types, namely cycloaddition/addition, reduction,

oxidation, and substitution.

Review

Cycloaddition/addition

Cycloaddition reactions have long been applied to molecular
container-mediated enzyme-mimicking transformations [27,31-

33], and the Fujita group has done pioneering research works in

Beilstein J. Org. Chem. 2022, 18, 309-324.

this direction [27,34]. In 2006, the authors reported unique
Diels—Alder reactions of anthracene and phthalimide guests
with unusual and controllable site-selectivity mediated by
organopalladium-coordinated hosts in water (Figure 1) [34].
The water-solubility of the coordinated host traced from its
ionic form, and the aqueous reaction conformed with the
concept of green chemistry. In previous reports of supramolecu-
lar host-mediated Diels—Alder reactions of anthracenes, 9,10-
adducts bridging the center rings of the anthracene frameworks
were generally yielded [35-37], which resulted from the high lo-
calization of m-electron density at that sites [38]. Besides, these
reactions required near-stoichiometric quantities of hosts
because of the product inhibition effect, which arose from the
entropic disadvantage of the need for binding two reactant mol-
ecules [39-43]. In this particular report, when the octahedral
cage host A was used, the Diels—Alder reaction of 9-hydroxy-
methylanthracene (1) and N-cyclohexylphthalimide (2) went
smoothly at 80 °C for 5 hours with near quantitative yield
(Figure 1b). Only the syn-isomer of the 1,4-adduct 3 was
detected after the reaction, which was determined by X-ray
crystallographic analysis of A*3. It was also shown that the
product was tightly accommodated in the cavity of A through
mi— stacking interactions between the naphthalene ring of 3 and
a triazine ligand of A from the X-ray crystallographic analysis.
In the control experiment, without host A, only 44% yield of the
conventional 9,10-adduct 4 was produced without any 1,4-
adduct product (Figure 1c). This kind of unusual site-selectivity
originated from the fixed orientation of the guest substrates
confined to the cage host A before the reaction. Force-field
calculations showed that the guest substrates 1 and 2 were
parallel to each other with the double bond of 2 in close contact
with the 1,4-position of 1. On the other hand, the double bond
of 2 hardly interacted with the 9,10-position of 1, because of the
steric effect induced by the cage host A. This methodology was
also compatible with several other anthracene substrates with
different substituents at the 9-position. But when the sterically
less demanding N-propylphthalimide was used, only the 9,10-
adduct was formed, which indicated that the steric bulkiness of
the N-substituent in the dienophile also affected the 1,4-site-
selectivity. It is very intriguing that when a different kind of
square-pyramidal bowl host B was employed, the site-selec-
tivity turned back to the 1,9-position, and with catalytic
turnover (Figure 1d). Only 10 mol % of B promoted the
Diels—Alder reaction of 1 and N-phenylphthalimide (5) almost
quantitatively affording the 9,10-adduct 6 at room temperature
for 5 hours. Control experiments proved the promoting effect of
the hydrophobic pocket of B. The origin of the catalytic behav-
ior of the bowl host B can be explained by to two main aspects.
Firstly, the bowl host B possesses an open cavity that facilitates
rapid binding and dissociation of the guests. Secondly and more

importantly, before the reaction, the anthracene moiety stacks
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onto the planar triazine of B through m— stacking and possible
charge-transfer interaction between each other, which stabilizes
the complex. However, after the reaction, the framework of the
product is bent at the 9,10-position, which undermines the
host—guest stacking interaction. The complex of B and the prod-
uct is hence destabilized, resulting in the replacement by incom-
ing reactants. This beautiful pioneering work showed elegant
examples of how the designed and synthetic molecular
containers could mediate and even control the site-selectivity of

organic reactions.

Naphthalene is usually hard to undergo Diels—Alder reactions
[44-46], even though the quantum-mechanical and thermo-
chemical calculations suggest that the reaction is exothermic,
which indicates the entropic cost is significant [47]. In 2010, the
same group reported another interesting site-selective
Diels—Alder and [2 + 2]-photoaddition reactions between 2 and
2,3-substituted naphthalene 7 mediated by cage host A
mentioned above (Figure 2) [48]. Given the reduction of the en-
tropic cost resulting from the effective concentration and preor-
ganization of the guest reactants confined to the molecular
containers, the authors designed to investigate the Diels—Alder
reaction between 2 and naphthalene 7. As expected, the reac-
tants were encapsulated within the cage host A successfully at
room temperature and formed a ternary complex Ae(72), and
after being heated at 100 °C for 8 hours, the site-selective prod-
uct 8 was obtained with moderate yield. No other side reactions

were observed, and the moderate yield resulted from the partial
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sublimation of the reactants. The reaction proceeded site-selec-
tively at the unsubstituted ring of the 2,3-substituted naphtha-
lene, and produced stereoselectively the syn isomer 8, which
was determined and confirmed by multiple characterization
methods including NMR, mass, and X-ray crystallographic
analysis. The reaction did not take place without the cage host
A. Alkyl substituents at the C2 and C3 position of naphthalene
were crucial to this reaction. Control experiments upon the sub-
stituent effect indicated that it was the steric, not the electronic
factor, that ruled the reactivity and selectivity. The electron-
donating alkyl groups should have facilitated reaction at the
substituted ring, in contrast, the reaction occurred at the unsub-
stituted ring. This unusual site-selectivity can be explained by
the preorganization of the reactants within the cage host A. In
the confined space of the cavity, the orientation of the sub-
strates was fixed presumably with the unsubstituted ring of
naphthalene subject to the double bond of 2. This work showed
the remarkable function of molecular containers to override
natural reactivity and produce unusual site-selective products.
Intriguingly, upon irradiation, a site- and stereoselective
[2 + 2]-photoaddition between 2 and 7 took place smoothly,
giving rise to the syn isomer of the 5,6-adduct 9. In a following
work, the authors reported similar site-selective Diels—Alder
reactions between 2 and inert aromatics including aceanthry-
lene and 1H-cyclopenta[/]phenanthrene [49].

Generally, it is difficult to achieve site- and stereoselective

control over radical reactions. The radical species are very reac-

Y

o R R hv N R R 100 °C o. N R o
N A
=
, L 0
A9 A(72) A8

98%; 1,4-adduct

Figure 2: Site-selective Diels—Alder and [2 + 2]-photoaddition reactions between naphthalene and phthalimide mediated by cage host A.
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tive and a complex mixture of different products will form
through various pathways [50-53]. By applying the cage host A,
the authors realized a highly site-selective radical addition reac-
tion of o-quinone 10 and substituted toluene 11, giving rise to
the unusual 1,4-adduct 15 (Figure 3) [54]. Specifically, upon ir-
radiation, biradical species 12 was generated and immediately
abstracted a hydrogen atom from the methyl group of 11. Site-
selective radical coupling at the oxygen atom between 13 and
14 produced the 1,4-adduct 15. The unusual site-selectivity of
this reaction was also traced from the restricted geometry and
fixed orientation of the guests inside the cage A. One of the car-
bonyl groups of 10 was in close proximity to the methyl group
of 11, which was determined by X-ray crystallography. The
possible C-coupled 1,2-adduct and other coupling products
were not detected. However, in the absence of host A, a mix-
ture was formed without the O-coupled 1,4-adduct 15. This in-
dicated that the molecular container A favored the O-coupling
pathway while suppressed others. This work showed the power-
ful site-selective control ability of molecular containers, which

was normally only observed in natural enzymes.

Reduction

Except for controlled cycloadditions, the site-selective reduc-
tion is also difficile to achieve. It mainly depends on the oxida-
tive difference between the potential reactive sites and the

careful picking of reductive reagents. Once the oxidative prop-

o O Q.0
1o y hv 12
Ho O
/7]
—
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erties of these sites are similar to each other, it is rather hard to
just reduce only one site in the presence of the others.
Protecting groups are widely used to prevent reaction of one or
more functional groups and let others to react [55-57]. General-
ly, protecting groups are covalently connected to the targeted
groups, which requires prefunctionalization and deprotection
synthetic procedures. Based on the logical concept of protecting
groups, noncovalent interactions can be considered, because
they can be built up in situ and are weak enough to let the sub-
strate dissociate from the “protecting template” easily, omitting
the complicated prefunctionalization and deprotection pro-
cesses. Moreover, functional groups that are not suitable for
being functionalized with protecting groups can also be incor-
porated into the noncovalent protective systems. Actually, the
molecular container has been applied to work as a noncovalent
protective module. In this mode, the molecular container selec-
tively binds with and shields a certain part of the guest mole-
cule and leaves the remaining part exposed to the reaction medi-
um. This methodology was firstly applied to the site-selective
reduction reaction mediated by a cyclodextrin host. In 1991, the
Takahashi group reported the cyclodextrin-mediated site-selec-
tive ring-opening reductive reaction of epoxide 16 by sodium
borohydride in aqueous solution (Figure 4b) [58]. The sugar-
based hosts show good water solubility and can be used for
driving organic reactions in water. In this case, the cyclodextrin

host and the epoxide guest formed a 2:1 complex, and the

HO &9
13

( O”O 14

A-15

Figure 3: Cage host A-mediated selective 1,4-radical addition of o-quinone 10.
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Figure 4: Cyclodextrin-mediated site-selective reductions.

internal reactive site of the epoxide was protected by the cyclo-
dextrin host. Therefore, only the terminal site was attacked by
the incoming hydride leading to epoxide-ring opening and for-
mation of 1-phenyl-2-propanol (17). Utilizing the similar mo-
lecular container as the noncovalent protective group, the
Pitchumani and Srinivasan group also reported that the reduc-
tion of coumarin (18) by sodium borohydride could be site-
selectively induced in the presence of B-cyclodextrin C
(Figure 4c) [59]. The reduction site-selectively occurred at the
carbonyl not the alkenyl site, producing the final 1,2-reduction
product cis-O-hydroxycinnamyl alcohol 19. As a comparison,
in the absence of the B-cyclodextrin host, both the 1,2- and 1,4-
reduction products were observed. X-ray crystallography deter-
mined the host—guest complex of the coumarin and $-cyclo-
dextrin, which could be regarded as a protective group by
shielding the internal alkenyl site.

In 2016, the Rebek group achieved the site-selective reduction
of an a,w-diazide compound by trimethylphosphine (PMes) in

aqueous solution with a cavitand host as the protecting group
for one of the azide sites (Figure 5) [60]. The host in here was a
water-soluble deep cavitand D with methylated urea groups on
the rim, which had already been used to mediate other organic
reactions [61]. The feet of the host were transformed to pyri-
dinium cationic moieties to make it soluble in water, and in
other examples, similar cavitand hosts were also modified with
imidazolium cationic or carboxylic anionic feet [29]. Before the
reaction, NMR analysis of the host—guest complex indicated
that the bound guest was in yo-yo motions time-averaged be-
tween unsymmetrical J-shaped conformations and symmetrical
U-shaped ones. Treatment of the complex solution with three
equivalents of PMej resulted in the reduction of one of the
azide groups. At this stage, the monoamine guest showed a
fixed unsymmetrical J-shaped conformation with the amine end
exposed and the azide end deeply protected inside the cavitand.
The addition of another 3 equivalents of PMej to the post-reac-
tion mixture after 24 hours still did not induce further reduction

of the residual azide group. However, control experiments gave
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Figure 5: Selective reduction of an o,w-diazide compound mediated by water-soluble cavitand D.

just the diamine products. This work opened the protective
ability of water-soluble cavitands and inspired many other
following examples of various site-selective mono-transformat-
ions.

Another site-selective radical monoreduction of dihalides medi-
ated by water-soluble cavitand hosts E and F was reported later
(Figure 6) [62]. Ph3SnH was used as radical initiator and reduc-
tion reagent, and alkyl dihalide 20 could be site-selectively
monoreduced to the corresponding alkyl halide 21 as major
product, together with minor alkane product that arose from the
reaction outside the cavitand (Figure 6b). Experiments also
indicated that the binding of the guests with the hosts must
show high affinities (K > 1.2 x 10> M~!) to make sure the
reactions occur under confinement in the host. When using a
rigidified host F, the secondary alkyl dibromide 22 was
transformed to the monoreduced product 23 with high
site-selectivity, which benefited from the high K value
(=,1.5x 10° M7 (Figure 6¢). This work represented the first
example of supramolecular containers applied for a radical reac-
tion involving external radical initiators with dynamic hosts.
Later, this group reported another highly site-selective radical
monoreduction of dihalides by trialkylsilanes (R3SiH) using the
similar strategy [63].

A very intriguing site-selective catalytic hydrogenation reac-
tion mediated by a supramolecular catalyst was reported by
Raymond, Bergman and Toste in 2019 (Figure 7) [64]. In this
example, the supramolecular catalyst was prepared in situ by
mixing a rhodium complex with the GasLg!'2™ cage host G,
which had a relatively larger size with pyrene-walled ligands
(Figure 7a). The normally used analogous smaller-sized host
was assembled with naphthalene-walled ligands, which had
been used widely in mediating various reactions, including
dehydration reaction [65], aza-Darzens reaction [66], and reduc-
tive amination [67], etc. [28]. The anionic cage host demon-
strated a relatively high affinity towards cationic guests through
cation—7 interactions, which was crucial for the catalysis of
many of the organic reactions. And similarly, the ionic form of
the host made it water-soluble and reactions could be con-
ducted in water. In this particular example, the polyenol sub-
strate 24, derived from linolenic acid, was monohydrogenated at
the terminal, sterically accessible site inside the supramolecular
supported catalyst to 25 with 74% yield at room temperature for
20 hours (Figure 7b). A control experiment showed that this
kind of site-selectivity could not be achieved with just the
rhodium catalyst, by which in contrast, the fully hydrogenated
product was obtained. Other series of intermolecular compara-

tive experiments also showed the selectivity of the hydrogena-
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Figure 7: Site-selective hydrogenation of polyenols mediated by supramolecular encapsulated rhodium catalyst.
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tion for the sterically accessible alkene over other sites and even
in the presence of inherently more reactive alkynes and allylic
alcohols. Both the microenvironment of the supramolecular
catalyst and the steric profile of the substrate were responsible
for the site-selectivity of hydrogenation. This beautiful work of
a supramolecular-mediated catalytic site-selective reaction
exhibited the powerful role of molecular containers to achieve

precise transformation of complex molecules.

Oxidation

C-H bonds are ubiquitously distributed in nearly all of the
organic compounds, which makes them predominant candi-
dates for the modification of complex molecules. Without pre-
activation, direct functionalization of C—H bonds brings reac-
tion economy and effectiveness. However, owing to the rife-
ness of the reactivity-similar C—H bonds, it is hard to achieve
discriminate control over the product site-selectivity. In nature,
the site-selective oxidation of C—H bonds is facilitated by en-
zymes with the donor molecules orienting precisely fixed
towards the active site of the enzyme through multiple noncova-
lent interactions [68,69]. Inspired by the magical ability of the
enzyme’s receptor site to act on the substrate with fixed orienta-
tion, the Breslow group has done a lot of leading works [25,26]
utilizing cyclodextrin as the anchoring template. For example,
cyclodextrin would fix the steroid substrate with a certain set of
orientation, which exposes one certain C—H bond to the metal-
loporphyrin catalytic moiety and produces site-selective
oxidized product. As shown in Figure 8, in this methodology,
the steroid substrate 26 was first modified at the hydroxy groups
through esterification with a designed acid moiety possessing
a p-tert-butylphenyl group and transformed to the correspond-
ing model substrate 27. The catalyst H used here was a
manganese(IIl)-bounded porphyrin module carrying four
B-cyclodextrin units at the end. Once the two parts were mixed
in the reaction system, the two p-tert-butylphenyl groups of the
substrate 27 were recognized by the B-cyclodextrin and
anchored through the host—guest binding. At this stage, the
steroid core exposed the 6-position C—H bond to the metallo-
porphyrin unit catalytic center and gave rise to the site-selec-
tive 6-hydroxy derivative, which was then hydrolyzed to the
final site-selective product 28. The series of work showed that
the powerful molecular container could be used as the
anchoring group in the template catalysis. Subsequent reports
by other groups illustrated that apart from molecular containers,
other designed moieties could also be used to anchor the sub-

strate through hydrogen-bonding interactions [10-12].

In 2019, the Fujita group reported the site-selective oxidations
of linear diterpenoids with the help of cage host A (Figure 9)
[70]. The linear diterpenoid substrates have four C—C double
bonds with a trisubstituted terminal one. Functionalization of
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these structures would result in mixtures of products derived
from each potential alkene group without site-selectivity. The
cage host A was proved to recognize organic molecules in water
and pre-organize them with certain confined conformations. In
this case, the linear diterpenoid substrate 29 possessed a folded
U-shaped conformation within the cavity, with the terminal
trisubstituted olefin exposed to the solution while the other
three internal ones were protected by the cage host. The struc-
ture of the host—guest complex was determined by NMR and
X-ray crystallographic analysis. Accordingly, the terminal
trisubstituted olefin moiety was site-selectively transformed to
the corresponding nitratobrominated compound 30 (Figure 9a)
or epoxide 31 (Figure 9b) by NBS or m-CPBA, respectively.
The uncommon nitratobrominated product was speculated to
form through the attack of NO3™ ions, whose concentration was
high around the cationic cage host, on the bromonium interme-
diate. Control experiments indicated the crucial noncovalent
protective role of the molecular container to induce site-selec-
tivity.

Contemporaneously, the Rebek group illustrated another inter-
esting site-selective monoepoxidation of a,w-dienes mediated
by the water-soluble cavitand host E (Figure 10) [71]. The o,w-
dienes were determined to adopt a yo-yo motion between two
J-shaped conformations or the rapid tumbling of a coiled con-
formation. For longer guests, it is more like the former type, and
for shorter guests, the latter is more likely. In both cases, the
two terminal olefins rapidly exchanged positions between the
top and the bottom of the cavitand. Treatment of the complex
solution of E*32 with NBS produced the monobromohydrin
intermediate 33, which converted to the final site-selective
monoepoxide product 34 with the addition of base solution.
Control experiments demonstrated the crucial role of the cavi-
tand host to achieve site-selectivity. In this mediation mode,
after the monofunctionalization, the more hydrophilic alcohol
terminal was exposed to the aqueous solution and the more
hydrophobic olefin terminal was buried deep in the cavitand
hence protected from the further functionalization. This meth-
odology could be expanded generally to the systems of
converting symmetrical hydrophobic guests to unsymmetrical,
amphiphilic ones.

Substitution

In 2008, the Rebek group reported a very intriguing site-selec-
tive ring-opening reaction of epoxides mediated by cavitand
host I, which possessed an inwardly directed carboxylic acid
module (Figure 11) [72]. The ring-opening of substituted epox-
ides results in regioisomeric products, for example, the cycliza-
tion ring-opening of epoxide 35 could produce 5- or 6-mem-
bered products 36 and 37 via a 5-exo or 6-endo mode, respec-

tively (Figure 11a). The cavitand host I used here was a deep
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open-ended receptor functionalized with a Kemp’s triacid deriv-
ative, which presented the recognized guest molecule with an
inwardly directed carboxylic acid group. The hydrogen bonds
provided by a cyclic array of secondary amides around the rim
stabilized the vase-like conformation of the complex
(Figure 11b). Adding the epoxyalcohol 39 to the solution of I
formed 5-membered ring product 40 exclusively (Figure 11c).
However, a control experiment using the model acid 38
afforded a mixture of 5- and 6-membered products. The intro-
duced acid module facilitated the ring-opening reaction, and the
CH-—m interactions between the aromatic walls of the host and
the alkyl backbone of the substrate induced the coiling confor-
mation, giving rise to a compressed 5S-membered-ring transition
state. Later, the authors offered a detailed discussion regarding
the mechanism of this reaction [73]. This example of using a

synthetic receptor to achieve site-selective reaction fully
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showed how a molecular container could mimic the catalysis

behavior of the active sites of enzymes.

In 2012, the Fujita group reported a site-selective nucleophilic
substitution reaction of allylic chlorides mediated by cage host
J (Figure 12) [74]. Usually, this reaction occurs both at the a
and y positions of the allylic chloride, and factors like steric and
electronic effects of the nucleophile and substrate and the
polarity of the solvent would influence the product ratio [75].
Here, as illustrated above, the authors introduced the cage host
J as the noncovalent protecting group of the internal reactive
sites, which directed the incoming nucleophile (D,0) to attack
at the terminal site and presented terminal-induced product ratio
(from 1.3:1 to 3.8:1) (Figure 12b). In this supramolecular
system, two guest molecules of 41 were encapsulated per cage

to form the Je(41), complex. Substrate screening showed the
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induction effect of the reaction to terminal site-selectivity com-
pared to the reaction in the absence of cage J. Even though the
induced terminal site-selectivity in this work was not signifi-
cant, it set an early example of how the molecular container
could be beautifully used as a noncovalent protective group for
substitution.

The Rebek group later reported a series of site-selective mono-
hydrolyses of a,w-difunctional compounds using deep water-
soluble cavitands D and E (Figure 13) [76-78]. As shown in
Figure 13a [76], a,w-diester 44 showed rapidly exchanging and
folded J-shape conformations, which exposed each ester group
in turn to the aqueous solution. Addition of base would result in
the hydrolysis of one ester group to the corresponding
carboxylic acid. Product distributions indicated a two- to four-
fold relative decrease in the hydrolysis rate constant of the
second ester caused by the confined space in the cavitand,
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which enhanced the selectivity of the monoester product 45.
Similarly, the monohydrolysis of a,w-diisocyanate 46 was
achieved using the water-soluble cavitand D (Figure 13b) [77].
The residual isocyanate group was buried deep in the cavity of
D and protected from further hydrolysis. The monoamine prod-
uct 47 further underwent intramolecular cyclization facilitated
by the confinement of the cavitand and produced cyclized urea
product 48. In a following work (Figure 13c) [78], the binding
dibromide 49 showed rapid tumbling conformation in the cavity
of the cavitand host E on the NMR timescale. DMSO was intro-
duced as a co-solvent to promote the Sn2-type reaction, and the
dibromide 49 was smoothly hydrolyzed site-selectively to the
monohydroxy product 50, which was fixed in an unsymmetri-
cal manner in the cavitand. The bromide terminal was hence
protected deep within the cavity of the cavitand host E from
further hydrolysis, despite the addition of 10 equivalents DMSO
after 2 days or even after one month. The experiment without

MeO,C COzMe HOOC
@) - NaOH (aq.)
R—— e
D-44
D-45
OCN NCO H,N
Ji§
HN” “NH
_ e e
D-46
D-47 D-48
Br Br oD
o ', " D,0/DMSO-dg (4%) ‘,
E-49

E-50

Figure 13: Site-selective monohydrolysis of a,w-difunctional compounds using deep water-soluble cavitands.
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the cavitand host produced a mixture of different products, and
the dibromide was fully converted to the dihydroxy product
after prolonging the reaction time or increasing DMSO concen-
tration, without the detection of any monohydrolyzed product.
This work further demonstrated the striking ability of the water-
soluble cavitand to mediate site-selective reactions.

Conclusion

To summarize, we have reviewed various site-selective reac-
tions mediated by molecular containers, which have drawn
much attention in the past years and shown broad prospects in
the future. The supramolecular cavity and its constrained
microenvironment resemble the active site of natural enzymes,
where the guest substrate is encapsulated and positioned with a
specific fixed orientation and conformation through various
noncovalent interactions, giving rise to discriminate control
over product selectivity. In some cases, the molecular container
is considered as a noncovalent protective group that prevents
potential reactive sites from reacting with external reagents; in
other cases, the molecular container acts as the anchoring tem-
plate and fixes the substrate with a certain conformation,
exposing one reactive site to the catalyst center and producing
site-selective products. Even though molecular containers have
been proved to be powerful tools in inducing reaction selec-
tivity, there are still some restrictions that should be considered.
For example, the substrate scopes of these methodologies are
generally limited; sometimes, a near quantitative amount of the
supramolecular host is required and the synthesis of macromo-
lecular hosts is sometimes complicated. Future research should
focus on those limitations as well as developing diverse cataly-
sis systems that would induce controllable site-selectivity.
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Described herein is a chalcogen bonding catalysis approach to the synthesis of calix[4]pyrrole derivatives. The Se---O bonding

interactions between selenide catalysts and ketones gave rise to the catalytic activity in the condensation reactions between pyrrole

and ketones, leading to the generation of calix[4]pyrrole derivatives in moderate to high yields. This chalcogen bonding catalysis

approach was efficient since only 5 mol % catalyst loading was used to promote the consecutive condensation processes while the

reactions could be carried out at room temperature, thus highlighting the potential of this type of nonclassical interactions in

catalyzing relative complex transformations.

Introduction

Noncovalent catalysis has been established as one of the funda-
mental concepts in organic synthesis that enables achieving nu-
merous chemical transformations [1]. Among these noncova-
lent forces, hydrogen bonding interactions play a central role in
noncovalent catalysis [2] while halogen bonding interactions
have lately been exploited as a new tool to catalyze a diverse
array of reactions [3-5]. In addition, nonclassical interactions
such as anion—m [6-11] as well as chalcogen [12-17] and pnic-
togen [18-23] bonds were established as emerging driving
forces for the development of organic reactions. Very recently,
catalysis with carbon bonding interactions was realized and this

type of catalysis mode was capable of facilitating a range of

typical reactions [24], thus providing a new platform for organic
synthesis.

The phenomenon of chalcogen bonding was initially observed
in the crystal structures of small organic molecules as well as
proteins [25]. The application of this type of bonding interac-
tions has achieved significant advances in the research fields of
crystal engineering [26], medicinal chemistry [27], anion recog-
nition [28-32] and transport [33-35]. In addition, intramolecular
chalcogen bonding interactions have been suggested to stabi-
lize reactive intermediates in a range of isothiourea-catalyzed

transformations, which play a key factor to modulate the selec-
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tivity of these reactions [36-40]. In addition, few examples
demonstrated that disubstituted chalcogens could be used as
effective catalysts through intermolecular chalcogen bonding
interactions [41-49]. Despite these significant advances, cataly-
sis with chalcogen bonding interactions is still in its infancy and
the development of new types of reactions is highly desirable.

Calix[4]pyrrole derivatives have been widely used as transition
metal ligands and functional materials [50-53]. Thus far, several
synthetic methods to access these compounds have been re-
ported [54,55]. The classical approaches to synthesis of
calix[4]pyrrole derivatives mainly involved a stepwise synthe-
sis and Lewis acid as well as Brgnsted acid catalysis [54,55].
Notably, a noncovalent catalysis approach to accessing
calix[4]pyrrole derivatives remains underdeveloped. To provide
a new strategy to synthesize calix[4]pyrrole derivatives, herein,
we describe a Se---O bonding catalysis approach to accessing
this type of compounds (Scheme 1).

1
R R. R
~Se
O RZ R
A L) —~oL R
R™ R N noncovalentforce R R

low catalyst loading
room temperature

R R
30-91% yield

Scheme 1: Proposal of a Se*--O bonding catalysis approach.
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Results and Discussion
Evaluation of catalysts

We developed a class of phosphonium selenide catalysts which
showed catalytic activity in assembly reactions [41], Michael
addition reactions [41], Rauhut—Currier reactions [42], cyanosi-
lylation reactions [43], and cycloaddition of vinylindoles
through chalcogen—m bonding catalysis [44]. Our previous
works demonstrated that Se---O bonding interactions between
phosphonium selenides and carbonyls can significantly activate
carbonyl groups [41-43], thus providing a new opportunity to
develop carbonyl chemistry. To expand the catalysis capability
of chalcogen bonding interactions, we envisioned that consecu-
tive condensations between ketones and pyrrole might take
place to give calix[4]pyrrole derivatives under catalysis of a
selenide catalyst. In the absence of a catalyst, no reaction took
place. Indeed, even in presence of 5 mol % representative cata-
lyst Ch1l [44], the condensation reaction between acetone and
pyrrole worked efficiently at room temperature. We note that
this reaction did not stop at a bis(pyrrole)methane stage, but
consecutive condensations between four molecules of acetone
and four molecules of pyrrole took place to give calix[4]pyrrole
2a in 91% yield after 4 h (Scheme 2). Further investigations
revealed that the monodentate catalysts were less active and
only a moderate yield was obtained regardless of whether Ch2
or Ch3 was used. In the presence of 10 mol % catalyst Ch3,
75% yield of 2a was obtained.

Reaction scope

Inspired by the good result obtained with catalyst Chl, the
scope of ketones was investigated (Scheme 3). Both linear
and cyclic aliphatic ketones could be used to synthesize

Me_ Me
U i Ch (5 mol %) Me Me
+
N Me Me DCE, NEQSO4, rt,4 h Me Me
H
1a
Me Me
2a
Me_ Me “ 2BArF, —‘ BAF, T BAIF,
O O I'DD a Ph. Ph
o Ph=P—Se Ph-P*—Se
Ph-P-Ph Ph—P*Ph Me Ph
s $
e €,
P “Ph
Ch1,91% Ch2, 54% Ch3, 53%;

Ch3 (10 mol %), 75%

Scheme 2: Se'--O bonding catalysis approach to the synthesis of calix[4]pyrrole 2a.
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R. R
{/ \} i Ch1 (5 mol %) R
+
H R” "R DCE, NaySOy, rt R R
1
R R
2
Me_ Me Et_ Et
Me Me Et Et
Me Me Et Et
Me Me Et Et
2a, 91% 2b, 42% 2¢, 45%

2d, 58% 2e, 42% 2f, 30%
Ph_ Ph iPr_ iPr
Ph Ph iPr. iPr
Ph Ph iPr iPr
Ph" Ph iPr” NiPr
2g, <5% 2h, <5%

Scheme 3: Reaction scope.

calix[4]pyrrole derivatives under catalysis of 5 mol % Chl1 at
room temperature. It was found that this chalcogen bonding ca-
talysis approach was susceptible to the variation of the steric
environment of ketones. Upon changing acetone to pentan-3-
one, the chemical yield decreased significantly and product 2b

was obtained in 42% yield. Using cyclopentanone as a reactant,

product 2¢ was obtained in 45% yield. Moreover, cyclo-
hexanone and cycloheptanone could also be used as effective
reactants, and products 2d and 2e were obtained in 58% and
42% yield, respectively. Further investigation revealed that
cyclobutanone was reactive in this transformation to give prod-
uct 2f, albeit with 30% yield. However, benzophenone and 2.4-
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dimethylpentan-3-one with high steric hindrance failed to give
desirable products 2g and 2h. Further investigation on using an
asymmetric ketone such as pentan-2-one as a reactant showed
that the reaction gave an inseparable mixture of diastereomers.
Meanwhile, upon using benzaldehyde as a reactant, the reac-
tion system was complex and there was no major product.

Proposed activation mode

The chalcogen bonding interactions between catalysts Chl,
Ch2 and acetone were examined by '3C NMR experiments in
CD;Cl,. The interaction between bidentate catalyst Chl or
monodentate catalyst Ch2 and acetone could result in a varia-
tion of the 13C signal of the carbonyl group. Analysis of a 1:1
mixture of Chl and acetone in CD,Cl, indicated a 1.07 ppm
downfield shift of the 13C signal of the carbonyl group, while a
0.28 ppm downfield shift of the '3C signal of the carbonyl
group was observed upon analysis of a 2:1 mixture of Ch2 and
acetone (Scheme 4). Therefore, in line with the catalytic results
as depicted in Scheme 2, both monodentate and bidentate cata-
lysts could activate ketones. Accordingly, either a single activa-
tion or a double activation mode could be an effective driving
force to promote this transformation, albeit with distinct catalyt-
ic activity.

Conclusion

In summary, we developed a Se---O bonding catalysis approach
to the synthesis of calix[4]pyrroles. In the presence of 5 mol %
selenide catalyst, calix[4]pyrrole products were obtained in
moderate to good yields at room temperature. The experimental
results showed that both bidentate and monodentate catalysts
were catalytically active in the condensation reactions between
pyrrole and ketones. In addition, both cyclic and linear aliphat-
ic ketones were effective reactants in this transformation. This

work provides a new strategy to access calix[4]pyrrole deriva-

Beilstein J. Org. Chem. 2022, 18, 325-330.

tives and makes an important complementation to the research

topic of chalcogen bonding catalysis.

Supporting Information

Supporting Information File 1

Full experimental procedures and compound
characterization.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-36-S1.pdf]

Acknowledgements

Technical support from Shandong University structural
constituent and physical property research facilities is acknowl-
edged.

Funding

We gratefully acknowledge the National Natural Science
Foundation of China (22022105, 21971147), the Natural
Science Foundation of Shandong Province (ZR2019JQ0S,
ZR2020ZD35).

ORCID® iDs

Yao Wang - https://orcid.org/0000-0002-8071-3267

References

1. van Leeuwen, P. W. N. M.; Raynal, M., Eds. Supramolecular Catalysis:
New Directions and Developments; Wiley-VCH: Weinheim, Germany,
2022. doi:10.1002/9783527832033

2. Doyle, A. G.; Jacobsen, E. N. Chem. Rev. 2007, 107, 5713-5743.
doi:10.1021/cr068373r

3. Alkorta, |.; Elguero, J.; Frontera, A. Crystals 2020, 10, 180.
doi:10.3390/cryst10030180

207‘,\'77 PPM  Ch1/acetone = 1:1 B
,,,,, L A3(C=0)=1.07 ppm Me  Me 2BArF
[ J AN Me BArF4
L+
Pz
o Ph//P\Ph
Ch2/acetone = 2:1 P Pt Se
A8 (C=0) = 0.28 ppm | 206-98 ppm P\ Ph P P 7 e
N Se e /
i e PR 7y ;
I N (0]
u o A
| R R
206.70 ppm | o )\R
I bidentate catalyst Ch1 monodentate catalyst Ch2
~ o~ B N -~ — 4"”‘.\\, ~ ~—

Scheme 4: Proposed activation mode.

328


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-18-36-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-18-36-S1.pdf
https://orcid.org/0000-0002-8071-3267
https://doi.org/10.1002%2F9783527832033
https://doi.org/10.1021%2Fcr068373r
https://doi.org/10.3390%2Fcryst10030180

4. Bulfield, D.; Huber, S. M. Chem. — Eur. J. 2016, 22, 14434—14450.
doi:10.1002/chem.201601844

5. Sutar, R. L.; Huber, S. M. ACS Catal. 2019, 9, 9622—9639.
doi:10.1021/acscatal.9b02894

6. Zhao, Y.; Domoto, Y.; Orentas, E.; Beuchat, C.; Emery, D.; Mareda, J.;
Sakai, N.; Matile, S. Angew. Chem., Int. Ed. 2013, 52, 9940-9943.
doi:10.1002/anie.201305356

7. Zhao, Y.; Beuchat, C.; Domoto, Y.; Gajewy, J.; Wilson, A.; Mareda, J.;
Sakai, N.; Matile, S. J. Am. Chem. Soc. 2014, 136, 2101-2111.
doi:10.1021/ja412290r

8. Zhao, Y.; Cotelle, Y.; Liu, L.; Lépez-Andarias, J.; Bornhof, A.-B.;
Akamatsu, M.; Sakai, N.; Matile, S. Acc. Chem. Res. 2018, 51,
2255-2263. doi:10.1021/acs.accounts.8b00223

9. Paraja, M.; Matile, S. Angew. Chem., Int. Ed. 2020, 59, 6273-6277.
doi:10.1002/anie.202000579

10.Luo, N.; Ao, Y.-F.; Wang, D.-X.; Wang, Q.-Q. Angew. Chem., Int. Ed.

2021, 60, 20650—20655. doi:10.1002/anie.202106509

.Luo, N.; Ao, Y.-F.; Wang, D.-X.; Wang, Q.-Q. Chem. — Eur. J. 2022, 28,

€202103303. doi:10.1002/chem.202103303

12. Aakeroy, C. B.; Bryce, D. L.; Desiraju, G. R.; Frontera, A.; Legon, A. C;
Nicotra, F.; Rissanen, K.; Scheiner, S.; Terraneo, G.; Metrangolo, P.;
Resnati, G. Pure Appl. Chem. 2019, 91, 1889—-1892.
doi:10.1515/pac-2018-0713

13.Yan, W.; Zheng, M.; Xu, C.; Chen, F.-E. Green Synth. Catal. 2021, 2,
329-336. doi:10.1016/j.gresc.2021.08.002

14.Vogel, L.; Wonner, P.; Huber, S. M. Angew. Chem., Int. Ed. 2019, 58,
1880-1891. doi:10.1002/anie.201809432

15. Breugst, M.; Koenig, J. J. Eur. J. Org. Chem. 2020, 5473-5487.
doi:10.1002/ejoc.202000660

16. Bamberger, J.; Ostler, F.; Manchefio, O. G. ChemCatChem 2019, 11,
5198-5211. doi:10.1002/cctc.201901215

17.Frontera, A.; Bauza, A. Int. J. Mol. Sci. 2021, 22, 12550.
doi:10.3390/ijms222212550

18.Benz, S.; Poblador-Bahamonde, A. I.; Low-Ders, N.; Matile, S.
Angew. Chem., Int. Ed. 2018, 57, 5408-5412.
doi:10.1002/anie.201801452

19.Yang, M.; Tofan, D.; Chen, C.-H.; Jack, K. M.; Gabbai, F. P.
Angew. Chem., Int. Ed. 2018, 57, 13868—13872.
doi:10.1002/anie.201808551

20.Gini, A.; Paraja, M.; Galmés, B.; Besnard, C.;
Poblador-Bahamonde, A. I.; Sakai, N.; Frontera, A.; Matile, S.
Chem. Sci. 2020, 11, 7086—-7091. doi:10.1039/d0sc02551h

21.Yang, M.; Hirai, M.; Gabbai, F. P. Dalton Trans. 2019, 48, 6685-6689.
doi:10.1039/c9dt01357a

22.Paraja, M.; Gini, A.; Sakai, N.; Matile, S. Chem. — Eur. J. 2020, 26,
15471-15476. doi:10.1002/chem.202003426

23.Zhang, J.; Wei, J.; Ding, W.-Y; Li, S.; Xiang, S.-H.; Tan, B.
J. Am. Chem. Soc. 2021, 143, 6382—-6387. doi:10.1021/jacs.1c02808

24.Wang, W.; Li, X.; Zhou, P.-P.; Wang, Y. Angew. Chem., Int. Ed. 2021,
60, 22717-22721. doi:10.1002/anie.202108973

25.Rosenfield, R. E., Jr.; Parthasarathy, R.; Dunitz, J. D.
J. Am. Chem. Soc. 1977, 99, 4860—4862. doi:10.1021/ja00456a072

26. Fourmigué, M.; Dhaka, A. Coord. Chem. Rev. 2020, 403, 213084.
doi:10.1016/j.ccr.2019.213084

27.Beno, B. R.; Yeung, K.-S.; Bartberger, M. D.; Pennington, L. D.;
Meanwell, N. A. J. Med. Chem. 2015, 58, 4383—4438.
doi:10.1021/jm501853m

28.Zhao, H.; Gabbali, F. P. Nat. Chem. 2010, 2, 984—990.
doi:10.1038/nchem.838

1

—_

Beilstein J. Org. Chem. 2022, 18, 325-330.

29. Garrett, G. E.; Gibson, G. L.; Straus, R. N.; Seferos, D. S.;
Taylor, M. S. J. Am. Chem. Soc. 2015, 137, 4126—4133.
doi:10.1021/ja512183e

30. Garrett, G. E.; Carrera, E. |.; Seferos, D. S.; Taylor, M. S.
Chem. Commun. 2016, 52, 9881-9884. doi:10.1039/c6cc04818h

31.Lim, J. Y. C.; Marques, I.; Thompson, A. L.; Christensen, K. E.;
Félix, V.; Beer, P. D. J. Am. Chem. Soc. 2017, 139, 3122—-3133.
doi:10.1021/jacs.6b12745

32.Borissov, A.; Marques, I.; Lim, J. Y. C.; Félix, V.; Smith, M. D;
Beer, P. D. J. Am. Chem. Soc. 2019, 141, 4119-4129.
doi:10.1021/jacs.9b00148

33.Benz, S.; Macchione, M.; Verolet, Q.; Mareda, J.; Sakai, N.; Matile, S.
J. Am. Chem. Soc. 2016, 138, 9093-9096. doi:10.1021/jacs.6b05779

34.Macchione, M.; Tsemperouli, M.; Goujon, A.; Mallia, A. R.; Sakai, N.;
Sugihara, K.; Matile, S. Helv. Chim. Acta 2018, 101, e1800014.
doi:10.1002/hlca.201800014

35.Lee, L. M.; Tsemperouli, M.; Poblador-Bahamonde, A. I.; Benz, S.;
Sakai, N.; Sugihara, K.; Matile, S. J. Am. Chem. Soc. 2019, 141,
810-814. doi:10.1021/jacs.8b12554

36.Birman, V. B.; Li, X.; Han, Z. Org. Lett. 2007, 9, 37-40.
doi:10.1021/010623419

37.Leverett, C. A.; Purohit, V. C.; Romo, D. Angew. Chem., Int. Ed. 2010,
49, 9479-9483. doi:10.1002/anie.201004671

38. Robinson, E. R. T.; Fallan, C.; Simal, C.; Slawin, A. M. Z.; Smith, A. D.
Chem. Sci. 2013, 4, 2193-2200. doi:10.1039/c3sc50199j

39.Robinson, E. R. T.; Walden, D. M.; Fallan, C.; Greenhalgh, M. D.;
Cheong, P. H.-Y.; Smith, A. D. Chem. Sci. 2016, 7, 6919-6927.
doi:10.1039/c6sc00940a

40.Young, C. M.; Elmi, A.; Pascoe, D. J.; Morris, R. K.; McLaughlin, C.;
Woods, A. M.; Frost, A. B.; de la Houpliere, A.; Ling, K. B.; Smith, T. K.;
Slawin, A. M. Z.; Willoughby, P. H.; Cockroft, S. L.; Smith, A. D.
Angew. Chem., Int. Ed. 2020, 59, 3705-3710.
doi:10.1002/anie.201914421

41.Wang, W.; Zhu, H.; Liu, S.; Zhao, Z.; Zhang, L.; Hao, J.; Wang, Y.
J. Am. Chem. Soc. 2019, 141, 9175-9179. doi:10.1021/jacs.9b03806

42.Wang, W.; Zhu, H.; Feng, L.; Yu, Q.; Hao, J.; Zhu, R.; Wang, Y.
J. Am. Chem. Soc. 2020, 142, 3117-3124. doi:10.1021/jacs.9b12610

43.Bao, L.; Kong, X.; Wang, Y. Asian J. Org. Chem. 2020, 9, 757—-760.
doi:10.1002/ajoc.202000127

44.Kong, X.; Zhou, P.-P.; Wang, Y. Angew. Chem., Int. Ed. 2021, 60,
9395-9400. doi:10.1002/anie.202101140

45.Benz, S.; Loépez-Andarias, J.; Mareda, J.; Sakai, N.; Matile, S.
Angew. Chem., Int. Ed. 2017, 56, 812—-815.
doi:10.1002/anie.201611019

46.Benz, S.; Mareda, J.; Besnard, C.; Sakai, N.; Matile, S. Chem. Sci.
2017, 8, 8164-8169. doi:10.1039/c7sc03866f

47.Wonner, P.; Vogel, L.; Diser, M.; Gomes, L.; Kniep, F.; Mallick, B.;
Werz, D. B.; Huber, S. M. Angew. Chem., Int. Ed. 2017, 56,
12009-12012. doi:10.1002/anie.201704816

48.Wonner, P.; Dreger, A.; Vogel, L.; Engelage, E.; Huber, S. M.
Angew. Chem., Int. Ed. 2019, 58, 16923—-16927.
doi:10.1002/anie.201910639

49. Wonner, P.; Steinke, T.; Vogel, L.; Huber, S. M. Chem. — Eur. J. 2020,
26, 1258-1262. doi:10.1002/chem.201905057

50.Kim, D. S.; Sessler, J. L. Chem. Soc. Rev. 2015, 44, 532-546.
doi:10.1039/c4cs00157e

51.Ding, Y.; Tang, Y.; Zhu, W.; Xie, Y. Chem. Soc. Rev. 2015, 44,
1101-1112. doi:10.1039/c4cs00436a

52.Tanaka, T.; Osuka, A. Chem. Soc. Rev. 2015, 44, 943—-969.
doi:10.1039/c3cs60443h

329


https://doi.org/10.1002%2Fchem.201601844
https://doi.org/10.1021%2Facscatal.9b02894
https://doi.org/10.1002%2Fanie.201305356
https://doi.org/10.1021%2Fja412290r
https://doi.org/10.1021%2Facs.accounts.8b00223
https://doi.org/10.1002%2Fanie.202000579
https://doi.org/10.1002%2Fanie.202106509
https://doi.org/10.1002%2Fchem.202103303
https://doi.org/10.1515%2Fpac-2018-0713
https://doi.org/10.1016%2Fj.gresc.2021.08.002
https://doi.org/10.1002%2Fanie.201809432
https://doi.org/10.1002%2Fejoc.202000660
https://doi.org/10.1002%2Fcctc.201901215
https://doi.org/10.3390%2Fijms222212550
https://doi.org/10.1002%2Fanie.201801452
https://doi.org/10.1002%2Fanie.201808551
https://doi.org/10.1039%2Fd0sc02551h
https://doi.org/10.1039%2Fc9dt01357a
https://doi.org/10.1002%2Fchem.202003426
https://doi.org/10.1021%2Fjacs.1c02808
https://doi.org/10.1002%2Fanie.202108973
https://doi.org/10.1021%2Fja00456a072
https://doi.org/10.1016%2Fj.ccr.2019.213084
https://doi.org/10.1021%2Fjm501853m
https://doi.org/10.1038%2Fnchem.838
https://doi.org/10.1021%2Fja512183e
https://doi.org/10.1039%2Fc6cc04818h
https://doi.org/10.1021%2Fjacs.6b12745
https://doi.org/10.1021%2Fjacs.9b00148
https://doi.org/10.1021%2Fjacs.6b05779
https://doi.org/10.1002%2Fhlca.201800014
https://doi.org/10.1021%2Fjacs.8b12554
https://doi.org/10.1021%2Fol0623419
https://doi.org/10.1002%2Fanie.201004671
https://doi.org/10.1039%2Fc3sc50199j
https://doi.org/10.1039%2Fc6sc00940a
https://doi.org/10.1002%2Fanie.201914421
https://doi.org/10.1021%2Fjacs.9b03806
https://doi.org/10.1021%2Fjacs.9b12610
https://doi.org/10.1002%2Fajoc.202000127
https://doi.org/10.1002%2Fanie.202101140
https://doi.org/10.1002%2Fanie.201611019
https://doi.org/10.1039%2Fc7sc03866f
https://doi.org/10.1002%2Fanie.201704816
https://doi.org/10.1002%2Fanie.201910639
https://doi.org/10.1002%2Fchem.201905057
https://doi.org/10.1039%2Fc4cs00157e
https://doi.org/10.1039%2Fc4cs00436a
https://doi.org/10.1039%2Fc3cs60443h

Beilstein J. Org. Chem. 2022, 18, 325-330.

53.Saha, |.; Lee, J. T.; Lee, C.-H. Eur. J. Org. Chem. 2015, 3859-3885.
doi:10.1002/ejoc.201403701

54.Lindsey, J. S. Acc. Chem. Res. 2010, 43, 300-311.
doi:10.1021/ar900212t

55. Rather, I. A.; Ali, R. Green Chem. 2021, 23, 5849-5855.
doi:10.1039/d1gc01515j

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.18.36

330


https://doi.org/10.1002%2Fejoc.201403701
https://doi.org/10.1021%2Far900212t
https://doi.org/10.1039%2Fd1gc01515j
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.18.36

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

A resorcin[4]arene hexameric capsule as a supramolecular
catalyst in elimination and isomerization reactions

Tommaso Lorenzetto, Fabrizio Fabris and Alessandro Scarso’

Letter
Address:
Dipartimento di Scienze Molecolari e Nanosistemi, Universita Ca’

Foscari di Venezia, via Torino 155, 30172, Mestre-Venezia, ltaly

Email:
Alessandro Scarso” - alesca@unve.it

* Corresponding author
Keywords:

cationic intermediates; encapsulation; organocatalysis;
resorcin[4]arene hexamer; supramolecular catalysis

Abstract

Beilstein J. Org. Chem. 2022, 18, 337-349.
https://doi.org/10.3762/bjoc.18.38

Received: 04 February 2022
Accepted: 16 March 2022
Published: 28 March 2022

This article is part of the thematic issue "Supramolecular approaches to
mediate chemical reactivity".

Guest Editor: C. Gaeta

© 2022 Lorenzetto et al.; licensee Beilstein-Institut.
License and terms: see end of document.

The hexameric resorcin[4]arene capsule as a self-assembled organocatalyst promotes a series of reactions like the carbonyl-ene

cyclization of (S)-citronellal preferentially to isopulegol, the water elimination from 1,1-diphenylethanol, the isomerization of

a-pinene and fB-pinene preferentially to limonene and minor amounts of camphene. The role of the supramolecular catalyst consists

in promoting the protonation of the substrates leading to the formation of cationic intermediates that are stabilized within the cavity

with consequent peculiar features in terms of acceleration and product selectivity. In all cases the catalytic activity displayed by the

hexameric capsule is remarkable if compared to many other strong Brgnsted or Lewis acids.

Introduction

In enzymatic catalysis, the substrate is selected matching the
size, shape and specific functional groups present in the active
site of the enzyme. Once bound, substrate activation is carried
out by specific amino acid side chains that adorn the inner sur-
face of the cavity by means of a combination of covalent and/or
weak intermolecular interactions leading to the stabilization of
intermediate species and transition states of the reaction with
impressive accelerations, substrate, and product selectivities.
The development of artificial catalytic systems able to activate

substrates and to stabilize intermediate species through weak

noncovalent interactions is the scope of supramolecular cataly-
sis [1-4]. Several examples of supramolecular catalysts [5-7]
have been introduced in the recent years [3,8] where the catalyt-
ic host is designed to bind substrates, accelerate reactions, and
steer product [9-12] and substrate [13,14] selectivities thanks to
confinement effects [15-17]. Many host structures endowed
with catalytic features are full covalent units (e.g., cyclo-
dextrins, cucurbiturils, pillararenes and other derivatives) whose
synthesis can be sometimes time consuming. Alternatively,

supramolecular catalysts can be obtained through self-assem-
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bling units [18,19], metal-ligand components [20] or hydrogen
bonding units. In the latter case, a key role is played by the
resorcin[4]arene 1 as a one-step multigram synthesis product,
that spontaneously self-assembles in wet apolar solvents like
chloroform or benzene forming a hexameric structure [21]
thanks to the formation of a seam of sixty hydrogen bonds be-
tween six units of 1 and eight water molecules (Scheme 1). A
very recent publication investigated different possible assem-
blies that are present in solution as function of the water content
[22]. The pseudo-spherical host structure is highly dynamic,
with a large cavity of about 1375 A3 that is accessible [23] for
cationic guests [24] thanks to extended cation— interactions
[25] as well as other electron poor molecules [26,27]. After our
seminal work on the use of 14 as a nanoreactor to bind an Au(I)
catalyst and to impart unique product [28] as well as substrate
[29] selectivity, the capsule attracted the attention of several
other research groups bringing this self-assembled nanocon-
tainer to the forefront in the field of supramolecular catalysts.
The specific field of research has been recently reviewed
[19,30-33] to underline the potentialities of this simple and effi-
cient organocatalyst. Recent promoted reactions by the
resorcin[4]arene capsule include the intramolecular ether cycli-
zation [34], the synthesis of bis(heteroaryl)methanes [35], the
imine formation [36], the Michael addition reactions of
N-methylpyrrole on methyl vinyl ketone [37], the synthesis of
sesquiterpene natural product derivatives [38,39] and the car-

bonyl olefin metathesis leading to 2,5-dihydropyrroles [40].

Beilstein J. Org. Chem. 2022, 18, 337-349.

Herein we present our investigation on the ability of the hexam-
eric capsule 14 to act as a supramolecular self-assembled
organocatalyst for a series of unimolecular reactions involving
the formation of cationic intermediate species [41] like water
elimination from an alcohol to provide the corresponding
alkene, the isomerization of f-pinene and a-pinene and the
cyclization of (S)-citronellal to secondary alcohols. The key
point to interpret the action of the capsule in all these reactions
is the combination of its weak Brgnsted acidity [42] that, by
protonation of the substrate, leads to the formation of cationic
species [43] and the stabilization of the latter through cation—m
interactions [44] within the electron-rich aromatic cavity of the
capsule, thus providing acceleration of the reaction and specific

product selectivities.

Results and Discussion

We decided to explore the application of the resorcin[4]arene
capsule 14 to new classes of unimolecular reactions which are
known to occur through the formation of cationic intermediate
species, that can be expected to be efficiently stabilized within
the electron-rich cavity of the capsule. Aiming at ascertaining
the real role played by the self-assembled capsule, the solvent
chloroform-d was previously passed on basic alumina in order
to avoid traces of HCI, that recently demonstrated to combine
catalytic effects with the nano-environment provided by the
capsule [45]. Moreover, all reactions were also tested i) using

4-n-hexylresorcinol (2) as a molecular unit able to provide the

WR e NP0
,)Y N

AL
IYe
ol A

Scheme 1: Resorcin[4]arene 1 forming the corresponding hexameric capsule 1g and the species used for control experiments like 4-n-hexylresor-
cinol (2) to mimic the H-bonding properties of the capsule, tetrabutylammonium bromide (3) to act as a competitive guest for the cavity and acetic acid

(4) to mimic just the Bransted acidity of the capsule.
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same hydrogen bonding properties of the resorcin[4]arene but
lacking the formation of the cavity ii) in the presence of the
capsule with an excess of tetrabutylammonium bromide (3) as a
competitive guest for the capsule, to demonstrate the impor-
tance of the presence of an accessible cavity, and iii) acetic acid
(4) in order to mimic only the Brgnsted acidity of the capsule
without providing the stabilization properties related to the pres-
ence of electron-rich aromatic surfaces.

In a recent publication, Reek [22] further investigated the self-
assembly properties of 1 as function of the content of water in
chloroform-d demonstrating that the symmetrical hexameric
capsule 14-(H,O)g comprising 8 water molecules (capsule A) is
present only with water content lower than 50 mM, while in the
presence of increasing amounts of water a second capsule B is
also present comprising overall 15 water molecules, 6—7 of
which spontaneously incorporated into a single edge of the
cubic suprastructure leading to increased Brgnsted acidity.
Therefore, we performed extra control experiments for each in-
vestigated reaction also only with the more symmetrical and
less acidic capsule A to underline the effect of the water content

on the catalytic activity.

(S)-Citronellal isomerization to cyclic
secondary alcohols

(8)-Citronellal is an enantiopure monoterpenoid, isolated from
oils distilled from citronella plants, which is very effective as a
repellent and antifungal. In the presence of Brgnsted or Lewis
acids (S)-citronellal undergoes an intramolecular carbonyl-ene
cyclization reaction forming two new stereogenic centers,
which turns out into four possible diastereoisomeric secondary
alcohols (Scheme 2).

The reaction of (S)-citronellal in the presence of 10 mol % of 14
at 60 °C was monitored by 'H NMR observing the rapid disap-
pearance of the triplet signal at 9.78 ppm relative to the alde-
hyde hydrogen atom and consequent increase of the signals at
4.9 ppm relative to the vinylic hydrogen atoms of the iso-
pulegol obtained in higher amount with respect to neoiso-

pulegol (Figure 1 and Table 1, entry 1). In order to achieve

(S)-citronellal isopulegol

neoisopulegol

Beilstein J. Org. Chem. 2022, 18, 337-349.

larger substrate conversion, the reaction was repeated for 72 h
at 60 °C observing almost complete substrate conversion and
high isopulegol to neoisopulegol ratio (Table 1, entry 2). The
reaction with 1¢ occupied by 3 as a competitive guest led to a
marked decrease of catalytic activity, and negligible conversion
was observed using 4-n-hexylresorcinol (2) as a molecule with
similar H-boding properties compared to 1 (Figure 1D and E;
Table 1, entries 3 and 4). The reaction promoted by acetic acid
(4) as purely Brgnsted acid led to comparable conversion of the
substrate with respect to the use of 14, albeit with much similar
product distribution between isopulegol and neoisopulegol,
even extending the reaction time up to 72 h at 60 °C (Table 1,
entries 5 and 6). The reaction with the symmetrical capsule A
(14-8H,0) characterized by lower intrinsic acidity [22] led to
lower conversion with respect to the same reaction in the pres-
ence of high water content (Figure 1G; Table 1, entry 7).
Overall for this reaction the capsule acts primarily as a Brgnsted
acid and the presence of the accessible cavity of the capsule
steers product distribution.

It is worth to note that the preferred product isopulegol is an im-
portant intermediate product in the industrial production of
menthol by the Takasago and BASF processes [46,47]. Many
catalytic methods for the cyclization of citronellal have been de-
veloped mostly based on transition metals, both as heterogen-
eous and homogeneous catalysts frequently under much harsher
experimental conditions [48-50]. The same cyclization of
citronellal was reported also by Raymond and collaborators in
water using a tetrahedral polyanionic metal-ligand capsule as
supramolecular catalyst, observing lower catalytic activity and
product distribution favoring isopulegol but also with large
amounts of neoisopulegol and neoisoisopulegol (52%, 32% and
11%, respectively) [51]. More favorable selectivity towards iso-
pulegol was obtained by the same group with a larger tetrahed-
ral capsule using pyrene in place of naphthalene units observing
isopulegol, neoisopulegol and neoisoisopulegol with 71%, 24%
and 4% selectivity [52]. The comparison between the metal-
ligand tetrahedral capsules and the H-bonded 14 shows a
common trend of selectivity towards isopulegol with increasing

the volume of the cavity.

isoisopulegol neoisoisopulegol

Scheme 2: Carbonyl-ene intramolecular cyclization of (S)-citronellal to the corresponding diastereoisomeric cyclic secondary alcohols.
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Figure 1: "H NMR spectra in water-saturated CDCls except for G. A: [1g] (7.5 mM); B: citronellal; C: citronellal (75 mM), [1g] (7.5 mM); D: citronellal
(75 mM), [1¢] (7.5 mM), BugNBr (3, 78 mM); E: citronellal (75 mM), acetic acid (29 mM); F: citronellal (75 mM), n-hexylresorcinol (2, 30 mM);
G: citronellal (75 mM), [16:8H20] (7.5 mM). Spectra recorded after 24 h at 60 °C, while A and B were recorder right after sample preparation.

Table 1: Conversion and selectivity for the carbonyl-ene isomerization of (S)-citronellal at 60 °C for 24 h.

# Catalyst Conv. (%)
1 12 49
2 1620 95
3 16+ 3 0
4 2 6
5 AcOH (4)2 49
6 AcOH (4)ab 60
7 capsule A (15-8H,0)2 33

a39% of other diastereoisomeric secondary alcohols; 60 °C for 72 h.

As a further investigation concerning other possible isomeriza-
tion reactions involving protonation of the substrate, and forma-
tion of possible cationic intermediate species, we tested the
menthone isomerization to isomenthone [53] without observing
any product formation with 10 mol % of capsule after 24 h at
60 °C. Similarly, the carvone isomerization [54] involving pro-
tonation of the exocyclic double bond of the substrate followed

by two hydride shifts and aromatization to carvacrol did not

“OH OH

Isopulegol (%) Neoisopulegol (%)

32 15
73 22
0 0
3 3
21 26
28 32
23 8

proceed at all with 10 mol % of capsule after 24 h at 60 °C.
Carvone isomerization was achieved at 60 °C for 24 h only
combining the use of 10 mol % of capsule and 10 mol % of
HBF,. Nevertheless, the reaction under identical conditions, but
in the presence of 10 equiv of 3 as competitive guest, led only
to a minimal inhibition of the reaction, thus excluding a funda-
mental role of the cavity under such experimental conditions for

carvone isomerization.
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Dehydration of 1,1-diphenylethanol to 1,1-

diphenylethylene

The dehydration reaction of 1,1-diphenylethanol to 1,1-
diphenylethylene occurs with protonation at the oxygen atom of
the reagent with subsequent water elimination leading to a
stable tertiary, bis-benzyl carbocation that evolves forming the
corresponding alkene by proton elimination (Scheme 3). The
reaction was carried out at 60 °C with 10 mol % of 1¢ (Table 2,
entry 1), monitoring the formation of the products by 'H NMR
and GC-MS (see Supporting Information File 1).

Table 2: Dehydration of 1,1-diphenylethanol to 1,1-diphenylethylene
3hand20hat60 °C.

# Catalyst Yield (%, 3 h)  Yield (%, 20 h)
1 1 87 100

2 16+ 3 0 3

3 2 0 2

4 AcCH (4) 0

5 capsule A (15:8H20) 44 100

From the '"H NMR spectra it was possible to follow the
consumption of the substrate characterized by a singlet at
2.00 ppm attributed to the methyl hydrogens and the appear-
ance of the characteristic singlet signal of the vinyl hydrogens at
5.5 ppm for the product (Figure 2), with quantitative yield after
20 h at 60 °C in the presence of 10 mol % of the capsule. The
same reaction carried out with the capsule 1¢ and in the pres-
ence of 3 as competitive guest led to complete inhibition of the
formation of the corresponding alkene (Figure 2D, Table 2,
entry 2). This provides evidence of the importance of an acces-
sible cavity for the activation of the reaction after alcohol pro-
tonation. It is known that 14 behaves as a weakly acidic
assembly with pK, of about 5.5 [42], while the resorcinol
moiety presents a pK, of 9.15. This enhanced acidity is likely to
promote the protonation of the substrate. The reaction was
repeated with 2 as a hydrogen bonding unit and with acetic acid
(4) as a comparable Brgnsted acid observing in both cases that
the formation of 1,1-diphenylethylene was negligible
(Figure 2E and F, Table 2, entries 3 and 4). Further control ex-
periments with the capsule A (15-8H,0) with water content
lower than 50 mM showed after 3 h much lower product forma-

OH H*
—_—
| X
=

HH
A/

o+
(A

-H,0

—_—
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tion with respect to the same reaction with higher water content
(Figure 2G and Table 2, entry 5), in agreement with the lower
acidity of capsule A [22] that leads to lower formation of the
intermediate carbocation species. It has also to be considered
that water elimination during the progress of the reaction
changes the ratio between capsules A and B thus accelerating
product formation. The intrinsic stability of the carbocation
formed by water elimination from the corresponding alcohol is
crucial to observe activation of the reaction by the capsule. In
fact, the reaction with the capsule under identical experimental
conditions using 1-phenylethanol as substrate did not provide
any evidence of formation of the corresponding alkene product
even after 20 h at 60 °C. Secondary aliphatic alcohols can be
efficiently dehydrated by the capsule only in combination with
HCI, leading to an acceleration of two orders of magnitude with
respect to the same reaction in the absence of the supramolecu-
lar catalyst [55]. The group of Tiefenbacher reported about the
reactivity of tertiary alcohols bearing a trisubstituted alkene in
the side chain [56] for which the reaction catalyzed by the same
capsule led to the protonation of the alkene unit with an intra-
molecular nucleophilic attack by the alcohol moiety forming a
final cyclic ether product. In the latter case the tertiary alcohol
could not easily eliminate water and protonation occurred pref-
erentially on the alkene moiety.

It is worth to note that the present dehydration reaction of 1,1-
diphenylethanol with 14 occurs under mild experimental condi-
tions with respect to recent examples in the literature operating
with strong Brgnsted and Lewis acids like sulfuric acid [57],
p-toluenesulfonic acid [58,59] or with scandium tris(trifluoro-
methanesulfonate) [60]. These results clearly speak for the
combined effect provided by the capsule consisting in suffi-
cient Brgnsted acidity and concomitant stabilization of the
cationic intermediate within the electron-rich cavity leading to

the promotion of the elimination reaction.

B-Pinene isomerization

B-Pinene is a bicyclic monoterpene bearing an exocyclic C=C
double bond that can be recovered in large quantities from the
production processes of cellulose from the wood of conifers.
B-Pinene is in equilibrium with the more stable endocyclic
alkene a-pinene by protonation. From the common cationic

HH H

N
i>|\

4

SRS -

Scheme 3: Dehydration reaction of 1,1-diphenylethanol to 1,1-diphenylethylene.
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Figure 2: "H NMR spectra in water-saturated CDCl3 except for G. A: [1g] (7.5 mM); B: 1,1-diphenylethanol; C: 1,1-diphenylethanol (75 mM), [1¢]
(7.5 mM); D: 1,1-diphenylethanol (75 mM), [1¢] (7.5 mM), BusNBr (3, 78 mM); E: 1,1-diphenylethanol (75 mM), acetic acid (29 mM); F: 1,1-
diphenylethanol (75 mM), n-hexylresorcinol (2, 30 mM); G: 1,1-diphenylethanol (75 mM), [16:8H20] (7.5 mM). Spectra recorded after 3 h at 60 °C,
while A and B were recorder right after sample preparation.

intermediate species, many rearrangement products can be ob-  a-Pinene possesses a more stable endocyclic double bond and

tained, some of which derived by the ring opening of the therefore tends to react less rapidly than B-pinene. The reaction

tensioned 4-membered ring (Scheme 4). of a-pinene was monitored following the disappearing of the
A\ @ - H*
(©] — ©)
camphene
@ H*
_Ht ‘) -H*
B-pinene a-pinene

beg5 4

limonene terpinolene y-terpinene

Scheme 4: Possible isomerization products from B-pinene and a-pinene.
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resonance of the vinylic hydrogen atom at 5.23 ppm. Concomi-
tant formation of a new resonance at 5.43 attributed to limonene
and at 4.52 for camphene was observed. In the presence of
10 mol % of 14 substrate conversion after 24 h at 60 °C
corresponded to 75%, leading to double amounts of limonene
with respect to camphene (Figure 3C and Table 3 entries 1
and 2). All the control experiments with the cavity of the
capsule occupied by the competitive guest 3, or with 2 or acetic

acid as catalysts led to no product formation under identical ex-

iy oY
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perimental conditions (Figure 3D, E and F, Table 3, entries
3-5).

The reaction carried out with capsule A (14:8H,0) obtained
with low water content led to diminished catalytic activity with
similar product distribution compared to the reaction contain-
ing both capsules (Figure 3G, Table 3, entries 6 and 7). As sug-
gested in the literature [22], the higher Brgnsted acidity of the
capsule B present under high water content could also in this
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Figure 3: "H NMR spectra in water-saturated CDCl3 except for G. A: [1g] (7.5 mM); B: a-pinene; C: a-pinene (75 mM), [1¢] (7.5 mM); D: o-pinene
(75 mM), [1¢] (7.5 mM), BusNBr (3, 78 mM); E: a-pinene (75 mM), acetic acid (29 mM); F: a-pinene (75 mM), n-hexylresorcinol (2, 30 mM);
G: a-pinene (75 mM), [15:8H20] (7.5 mM). Spectra recorded after 24 h at 60 °C, while A and B were recorder right after sample preparation.

Table 3: Product distribution for the isomerization reaction of a-pinene at 60 °C.

# Catalyst Time
1 1g 3h

2 1g 24 h
3 15+3 24 h
4 2 24 h
5 AcOH (4) 24 h
6 capsule A (1:8H20) 3h

7 capsule A (1:8H20) 24 h

21% of other monocyclic isomerization products.

(c

Conv. (%) Camphene (%) Limonene (%)

5 3 2

752 24 50
0 — —
0 — —
0 — —
3 2 1

15 5 10
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case be responsible for the larger formation of the cationic inter-
mediate further stabilized within the capsule with consequent

enhanced catalytic activity.

B-Pinene is characterized by a more reactive, exocyclic double
bond and this led to higher conversions compared to a-pinene
(Table 4 and Figure 4). By '"H NMR it was observed the de-

Beilstein J. Org. Chem. 2022, 18, 337-349.

crease in intensity of the signal at 4.60 ppm characteristic for
the vinylic H atoms of B-pinene and the appearance of different
signals related to the formation of limonene as major product,
camphene, a-pinene and other monocyclic isomerization prod-
ucts like terpinolene, a- and y-terpinene, in traces (Table 4,
entries 1, 2 and 3). Quantitative conversion was observed with
10 mol % of 1¢ after 24 h at 60 °C, while the reaction with 1¢ in
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Figure 4: "H NMR spectra in water-saturated CDClz except for G. A: [1g] (7.5 mM); B: B-pinene; C: B-pinene (75 mM), [1g] (7.5 mM); D: B-pinene
(75 mM), [1g] (7.5 mM), BugNBr (3, 78 mM); E: B-pinene (75 mM), acetic acid (29 mM); F: B-pinene (75 mM), n-hexylresorcinol (2, 30 mM); G:
B-pinene (75 mM), [16:8H20] (7.5 mM). Spectra recorded after 24 h at 60 °C, while A and B were recorder right after sample preparation.

Table 4: Product distribution for the isomerization reaction of B-pinene at 60 °C.

# Catalyst Time Conv. (%)
1 16 1.5h 14

2 16 3h 30

3 16 24 h 1002

4 16+3 24 h 0

5 2 24 h 0

6 AcOH (4) 24 h 0

7 capsule A (15:8H20) 1.5h 35

8 capsule A (1:8H20) 3h 62

9 capsule A (15:8H20) 24 h 1002

2% of other monocyclic isomerization products.

a-Pinene (%)

- 0 U

(x

Camphene (%)

4
9
26

10
18
30

Limonene (%)

8
17
62

20
36
67
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the presence of 10 equiv of the competitive ammonium guest 3
led to a drastic reduction of the catalytic activity (Table 4,
entries 3 and 4). No conversion was detected in the presence of
4-n-hexylresorcinol (2), and the same was observed for the
reaction in the presence of acetic acid (4, Table 4, entries 5 and
6, respectively). The reaction with capsule A (14:8H,0) [22]
showed a higher conversion to products at 1.5 and 3 h reaction
compared to capsule 1¢4 (see Supporting Information File 1),
with almost identical product yields after 24 h. The faster activi-
ty of capsule A (14-8H,0) with respect to 14 observed with
B-pinene is opposite to what observed for a-pinene, and clearly
cannot be related to the specific acidities of the two capsules A
and B.

do A
S R 1

i
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Due to the complete conversion observed at 60 °C, we also
tested the isomerization of B-pinene at room temperature
(Figure 5 and Table 5) confirming that substrate conversion was
higher when using the symmetrical capsule A (1¢5:8H,0) under
low water content conditions [22], with respect to capsule 14 as
mixture of A and B (Figure SA and E). A possible explanation
could be related to the fact that B-pinene is a higher energy
isomer with respect to a-pinene and because of this it does not
beneficiate much of the higher acidity of capsule B compared to
capsule A. Both capsules provide sufficient protonation to
B-pinene leading to the carbocationic intermediate species
which is likely to be stabilized more effectively by the more
symmetric and tighter capsule A (14:8H,0), which is held on by
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Figure 5: "H NMR spectra in water-saturated CDClg, except for E. A: [1g] (7.5 mM); B: B-pinene; C: B-pinene (75 mM), [1¢] (7.5 mM); D: B-pinene
(75 mM), [1g] (7.5 mM), BugNBr (3, 78 mM); E: B-pinene (75 mM), [16:8H20] (7.5 mM). Spectra recorded after 64 h at room temperature, while A and

B were recorder right after sample preparation.

Table 5: Product distribution for the isomerization reaction of B-pinene at rt for 64 h.

# Catalyst Conv. (%)
1 15 8
2 16+3 0
3 capsule A (1:8H20) 20

(c

a-Pinene (%) Camphene (%) Limonene (%)

1 3 4

11
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the minimum amount of water to form the network of hydrogen
bonds with hydroxy moieties. Indeed, the capsule B, is looser
because of the presence of extra water molecules that can
arguably interact with their hydrogens with the lone pairs of the
hydroxy moieties of the aromatic units thus diminishing the
electron density of the cavity, which results less stabilizing for
the carbocationic intermediate.

All these experiments demonstrated that the reaction was
promoted by 1¢. The Brgnsted acidity of the capsule led to the
formation of the intermediate carbocationic species that was
stabilized within the cavity of the hexamer and converted to
limonene as major product. We also tried to intercept the carbo-
cationic intermediate using good nucleophiles in equimolar
amounts such as N-methylindole or 2-mercaptoethanol but
in all cases the reactions conducted in the presence of such
nucleophiles proceeded forming only the isomerization prod-

ucts.

It is worth to notice that the conversion observed with the
capsule was comparable to that what was frequently observed
with typical heterogeneous Lewis or Brgnsted catalysts under
harsher experimental conditions with T higher than 100 °C in
the gas phase [61]. More importantly, the product distribution
observed is rather unusual if compared to many other
heterogeneous catalytic systems known in the literature for
leading to higher selectivity for camphene [62-66], and less
likely to comparable amounts of camphene and limonene
[67,68]. The preferential formation of limonene, which
compared to camphene is a much more valuable product,
has been less frequently observed, for instance in the case of
heteropolyacids on SBA-15 [69]. The use of the capsule 14
represents a competitive catalytic system especially considering
the milder experimental conditions, the lack of strong Brgnsted
or Lewis acids and the simple supramolecular catalytic ap-
proach.

Conclusion

In conclusion, we described a series of examples of supramolec-
ular catalysis where the hexameric capsule 1¢ acts mimicking
enzymes by combination of the activation of substrates by pro-
tonation, stabilization of cationic intermediate species with
consequent acceleration of its conversion and selective product
formation thanks to weak intermolecular interactions between
the cationic intermediates and the internal surface of the
capsule. Specifically, the capsule efficiently promoted the car-
bonyl-ene cyclization of (S)-citronellal forming isopulegol as
the main product, the elimination of water from 1,1-
diphenylethanol forming 1,1-diphenylethylene, the isomeriza-
tion of a-pinene and B-pinene forming preferentially limonene

with respect to camphene. For these unimolecular reactions the

Beilstein J. Org. Chem. 2022, 18, 337-349.

use of the capsule represents a competitive catalytic system
with respect to several literature methods especially consid-
ering the mild experimental conditions and absence of strong
Brgnsted or Lewis acids. A series of control experiments sup-
ported in all cases the evidence that the reaction is not just
promoted by the acidity of 1¢4 or its H-bonding properties, but
that a combination of weak Brgnsted acidity together with the
presence of an accessible electron-rich cavity that favors the
stabilization of the cationic intermediates is crucial for the
supramolecular catalytic activity observed. In the reactions
studied, the capsule plays a crucial role in steering product
selectivity, thus further stimulating the investigation of new
reactions.

Experimental

Instrumentation and operating conditions

The '"H NMR spectra were acquired at 298 K with a Bruker
AVANCE 300 spectrometer operating at 300.15 MHz and with
a Bruker 400 spectrometer operating at 400.15 MHz. The
chemical shift values (8) in ppm refer to SiMey (TMS)
as standard. For GC-MS analysis a GC Trace GC 2000 appa-
ratus was used equipped with an HP5-MS column (30 m,
ID 0.25 mm, 0.5 pm film), the carrier gas used was He coupled
to a quadrupole MS Thermo Finnigan Trace MS (full scan, EI at
70 eV).

All the chemicals are commercially available and were used as
received by the seller without further purification. The water-
saturated chloroform-d was prepared by adding, at room tem-
perature, a few drops of bi-distilled water to a 100 mL bottle
chloroform-d previously passed on basic alumina in agreement
with recent literature results to avoid interference by HCI [45].
Resorcin[4]arene 1 was synthesized and purified according to

the procedure reported in the literature [49,70,71].

Experiments with substrates and capsule

1 (0.027 mmol, 6 equiv with respect to the hexameric capsule,
45 mM, 10 mol % of capsule with respect to substrate) was dis-
solved in an NMR tube containing 0.6 mL of water-saturated
chloroform-d previously passed on basic alumina. Subse-
quently, the substrate (75 mM) was introduced, and the tube
was maintained at 60 °C. The progress of the reaction was
monitored by 'H NMR and GC-MS by periodic sampling of
the solution. Product assignments in the "H NMR spectra were
carried out in accordance with literature data: for citronellal
isomerization products [72-75], for 1,1-diphenylethene [76], for
pinenes isomerization products [77,78].

Control experiments with 4-n-hexylresorcinol (2)

4-n-Hexylresorcinol (2, 0.108 mmol, 30 mM, 24 equiv with

respect to the capsule) was dissolved in an NMR tube contain-
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ing 0.6 mL of water-saturated chloroform-d previously passed
on basic alumina. Subsequently, the substrate was introduced
(75 mM), and the tube was heated at 60 °C. The progress of the
reaction was monitored by '"H NMR and GC-MS by periodic
sampling of the solution.

Control experiments with capsule and competitive
ammonium guests 3

In an NMR tube containing 0.6 mL of water-saturated chloro-
form-d previously passed on basic alumina, 1 (0.027 mmol,
6 equiv with respect to the capsule, 45 mM) was dissolved.
Tetrabutylammonium bromide (3, 10 equiv with respect to the
capsule, 75 mM) was added and the tube heated until clear.
Subsequently, the substrate was added (75 mM), and the tube
maintained at 60 °C. The progress of the reaction was moni-
tored by 'H NMR and GC-MS by periodic sampling of the
solution.

Control experiments with acetic acid (4)

The substrate (75 mM) was introduced into an NMR tube with
0.6 mL of water-saturated chloroform-d previously passed on
basic alumina. Subsequently, acetic acid (4, 30 mM, 4 equiv
with respect to the capsule) was added. The tube was heated at
60 °C. The progress of the reaction was monitored by "H NMR
and GC-MS by periodic sampling of the solution.

Control experiments with low water content and
hexameric capsule A (15-8H20)

Compound 1 (500 mg) was triturated with cyclohexane (10 mL)
and the latter was removed under vacuum with gentle heating in
order to remove the azeotropic mixture of water/cyclohexane.
The treatment with cyclohexane was repeated two more times.
The solid product was left under high vacuum for 20 h to
remove traces of cyclohexane. A mother solution of 1
(0.27 mmol, 6 equiv with respect to the hexameric capsule,
45 mM) was prepared with 6 mL of chloroform-d previously
passed on basic alumina which provide sufficiently dry solvent.
To favor dissolution the mixture was heated gently and soni-
cated. This provided a solution of the hexameric capsule A
(16-8H,0) with water content <50 mM in agreement with a
recent publication by Reek [22].

Supporting Information

Supporting Information File 1

Details on experimental proceduresand 'H NMR spectra for
the catalytic tests.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-38-S1.pdf]
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Abstract

Herein, we have designed and fabricated a simple and efficient supramolecular self-assembled nanosystem based on host—guest
interactions between water-soluble tetraphenylethylene-embedded pillar[5]arene (m-TPEWPS) and ammonium benzoyl-L-alani-
nate (G) in an aqueous medium. The obtained assembly of m-TPEWPS and G showed aggregation-induced emission (AIE) via the
blocking of intramolecular phenyl-ring rotations and functioned as an ideal donor. After the loading of eosin Y (EsY) as acceptor
on the surface of the assembly of m-TPEWPS5 and G, the worm-like nanostructures changed into nanorods, which facilitates a
Forster resonance energy transfer (FRET) from the m-TPEWPS and G assembled donor to the EsY acceptor present in the nanorod
assembly. The system comprising m-TPEWPS, G and EsY displayed moderate FRET efficiency (31%) at a 2:1 molar ratio of
donor-to-acceptor. Moreover, the obtained supramolecular nanorod assembly could act as a nanoreactor mimicking natural photo-
synthesis and exhibited a high catalytic efficiency for the photocatalytic dehalogenation reaction of various bromoketone deriva-
tives with good yields in short reaction time in water.

Introduction

Photosynthesis is one of the most significant processes in
nature, which balances the energy level in living systems [1-3].
In particular, green plants absorb photons of light and convert
them into another form of energy through photosynthesis simi-
lar to solar power factories, containing many manufacturing

units called chloroplasts. Briefly, the antenna molecules capture

the light energy by using protein—pigment complexes and
transfer it to the specialized reaction centers via the FRET
process, where the excited state energy is transferred into
useable chemical energy [4-6]. Mainly, both antenna molecules
and proteins on the thylakoid membrane are combined to form a

light-harvesting system through noncovalent interactions.
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Inspired by photosynthesis, extensive research has been devoted
to construct energy transfer systems for the better utilization of
solar energy [7]. In general, an effective supramolecular
donor—acceptor system was employed to construct a photocata-
Iytic system using FRET [6,8]. To fabricate a successful FRET
system, the following key points need to be considered, i) the
acceptor absorption spectrum should have good overlapping
with the donor emission spectrum; ii) the distance between the
donor and an acceptor should be within 10 nm; iii) dipoles of
the donor and acceptor molecules must be adopted construc-
tively vicinity to each other [9]. These fundamental criteria
provide a wonderful approach for the construction of supramo-
lecular photocatalytic systems by self-assembly strategies
[10,11].

Recently, FRET-based supramolecular self-assembled systems
[12,13] as nanoreactors for various photocatalytic reactions
have received significant attention from the supramolecular
community because of their robust molecular design and
tunable self-assembly, such as vesicles [14-16], micelles [17-
19], nanocrystals [20], coordination-driven assemblies
[9,21,22], host—guest interactions [15,23-25], etc. In the above
systems, catalysts are encapsulated by supramolecular
assemblies and thus provide a suitable environment to improve
the efficiency of chemical reactions in water [26]. Until
now, various macrocyclic host-assisted supramolecular
donor—acceptor systems have been developed based on the
FRET process and further utilized for different photochemical
reactions [27,28]. For instance, Yi et al. [29] developed a supra-
molecular assembly with a two-step FRET process by the
utilization of a metallacycle-tetraphenylethylene (TPE) donor
and eosin Y (EsY) and sulforhodamine (SR101) as first and
second acceptors, respectively. The resulting supramolecular
energy transfer system was applied to the alkylation of C-H
bonds via a photochemical catalytic reaction in aqueous medi-
um. In addition, our group [30] reported the construction of a
supramolecular photocatalytic system with a two-step FRET
process through the supramolecular assembly of water-soluble
pillar[5]arene and TPE derivatives as donor and EsY and Nile
Red (NiR) as acceptors. The obtained vesicles could be utilized
as a nanoreactor for photocatalyzed dehalogenation reactions in
water. However, the above reported supramolecular nano-
system requires a long time to produce the dehalogenated prod-
uct with high yield. Therefore, the development of a potential
nanoreactor for dehalogenation reaction with high yields within
shorter reaction time is vastly essential and of industrial impor-

tance.

Herein, we have fabricated a supramolecular AIE-emissive pho-
tocatalytic system (m-TPEWP5DOG-EsY) based on the

host—guest interactions between meso-TPE embedded water-
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soluble pillar[5]arene (m-TPEWPS) as host and the guest am-
monium benzoyl-L-alaninate (G) forming the m-TPEWP52G
complex onto which EsY was loaded to achieve moderate
FRET efficiency in water (Scheme 1). When the guest G was
added to the host m-TPEWPS a stable host—guest complex
formed, which strongly inhibited the intramolecular phenyl-ring
rotations thus enhancing the AIE property. The resulting
m-TPEWP5>OG self-assembled worm-like nanosystem acts as
an ideal donor and loading EsY as acceptor on the surface of
the worm-like nanostructure, leads to the generation of a
nanorod assembly via electrostatic interactions. The final AIE-
emissive m-TPEWP5DG-EsY self-assembled FRET system
could be employed to promote the photocatalyzed dehalogena-
tion of various haloketone derivatives with excellent yields in

water.

Results and Discussion

The m-TPEWPS host and ammonium benzoyl-L-alaninate (G)
were synthesized according to our previous work [31,32] and
their detailed synthetic routes and characterization data are pro-
vided in Supporting Information File 1 (Figure S1). Since
m-TPEWPS and G have good solubility in water, therefore, the
m-TPEWPS5S5G and m-TPEWPS5DG-EsY supramolecular
assemblies could be potentially fabricated in an aqueous solu-
tion. Before studying the FRET process, we firstly investigated
the host—guest interactions between m-TPEWPS and G in D,0.
Upon the addition of G (1 equiv) to m-TPEWPS5, the
resonance peaks of G containing H, and Hy, protons shifted
to the upfield region in the NMR scale (Figure 1). Meanwhile,
the m-TPEWPS aromatic H; proton signal shifted to the
downfield region, displaying that the guest molecule has
a good binding affinity with the m-TPEWPS host to
form a stable host—guest complex. In addition, 2D NOESY
NMR (Figure S2 in Supporting Information File 1) was
carried out to further confirm the interaction between
m-TPEWPS and G (1 equiv of each) in D,O. A strong cross-
correlation peak was perceived between the m-TPEWPS aro-
matic protons and the H; proton of G. The above results evi-
denced that the alanine pendant of the guest unit stayed in the
m-TPEWPS cavity.

Besides, in order to confirm the host—guest interactions be-
tween m-TPEWPS5 and G, fluorescence titration studies were
carried out in aqueous solution. As shown in Figure 2a, the free
host m-TPEWPS showed a maximum emission at 465 nm.
Upon gradually increasing the concentration of G (0 to 1 equiv)
into m-TPEWPS, the fluorescence intensities were significant-
ly increased with respect to G concentrations and no consider-
able changes were observed when further increasing the G con-
centration (1.2 equiv). The above results corroborated that the

free rotation of m-TPEWPS5 rings was arrested during the com-
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Scheme 1: Graphical representation of the fabrication of supramolecular m-TPEWP5> G-EsY self-assembled photocatalytic system.

plexation with G, thus further leads to the enhanced AIE effect
[33,34].

To examine the binding stoichiometric ratio of the host—guest
complex, Job’s plot [35] method was employed by using fluo-
rescence titration experiments. As shown in Figure S3 (see Sup-
porting Information File 1), the maximum mole fraction was
observed at 0.5 (Figure 2b), which corresponds to a 1:1 binding
stoichiometric ratio between G and m-TPEWPS in the aqueous

solution. Furthermore, the association constant (K,) [36] was
calculated to be 8.62 x 10* M~! based on the UV—vis titration
experiment (Figure S4, Supporting Information File 1). This
result further confirmed that the binding interaction between
m-TPEWPS and G is strong enough to form a stable complex
in an aqueous solution.

The morphology of the supramolecular m-TPEWP5>G and
m-TPEWP5DO G-EsY systems was monitored by using trans-
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Figure 1: "H NMR (400 MHz, D,0, 298 K) spectra of m-TPEWP5
(1.0 mM), m-TPEWPS5 (1.0 mM) + G (1.0 mM), and G (1.0 mM).

mission electron microscopy (TEM). As shown in Figure 3,
m-TPEWP5DG self-assembled to form a worm-like nano-
structure (diameter = 748 nm). After the loading of EsY into
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m-TPEWP5DOG, the worm-like structure changed into a
nanorod (diameter = 652 nm) assembly via electrostatic interac-
tions. In comparison, the diameter and length of the
m-TPEWP5DOG assembly were slightly higher than that of
m-TPEWP5>OG-EsY, which revealed that host—guest complex
aggregated to form a stable structural assembly, then a dye-
loaded composite system [32].

The energy transfer efficiency of the supramolecular
m-TPEWP5DOG-EsY self-assembled composite system was
examined by using m-TPEWP5OG and EsY as an ideal donor
and acceptor, respectively. Initially, we compared the overlap-
ping efficiencies of both donor and acceptor systems by using
UV-vis and fluorescence spectroscopy. The absorption band of
the EsY acceptor shows good overlapping with the emission
band of m-TPEWP5>OG donor (Figure 4a). We therefore
speculated, that there may be an efficient FRET process
between the donor and acceptor containing nanorod assembly.
As shown in Figure 4b, upon exciting at the donor wave-
length (A¢x = 320 nm), the fluorescence intensity of the
m-TPEWP5DOG donor gradually decreased, whereas the EsY
acceptor emission peak at 540 nm gradually increased thus indi-
cating an efficient energy transfer is taking place. This was
further supported by the observation, that upon loading of EsY
into the m-TPEWP5DG assembly, the color of the donor solu-
tion changed from sky blue to greenish-yellow under UV light.
At a 2:1 donor/acceptor molar ratio, a maximum FRET effi-
ciency of 31% was achieved [30]. This result suggested that
m-TPEWPS5DOG-EsY self-assembled nanosystem could be
used as a nanoreactor for organic photocatalytic reactions in an
aqueous medium. The nature of the interaction between

(a) m-TPEWPS (b)
—— +0.2 equiv G __e
400 4 —— +0.4 equivG /. | \.
——— +0.6equivG | R
. | (')
~—— +0.8 equiv G |
—— +1.0 equiv G ?
B = +1.2equivG 2 |
= 3 [ I
@ =
= o= I
] = °
= 2 '
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I
I
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Figure 2: (a) Fluorescence spectra of m-TPEWP5 (1 x 10-3 M) with different concentrations of G (0 to 1.2 equiv); (b) Job’s plot of m-TPEWP5>G
showing a 1:1 binding stoichiometry between m-TPEWP5 and G by plotting the emission intensity differences at 470 nm against the mole fraction of

G in an aqueous solution (Agx = 320 nm).
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Figure 3: TEM images of (a) m-TPEWP5>G; (b) m-TPEWP5> G-EsY. [m-TPEWP5] = 1 x 104 M, [G] = 1 x 10-4 M, [ESY] = 1 x 10-4 M.
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Figure 4: (a) Normalized absorption and emission spectra of the EsY acceptor and the m-TPEWP5>G donor assembly; (b) Fluorescence spectra of
the m-TPEWP5> G assembly with steadily increasing the equivalents of ESY in an aqueous medium (Agx. = 320 nm). Inset: Photograph of

m-TPEWP5> G before and after the addition of EsY under UV light.

m-TPEWP5>G and EsY was evaluated by 'H NMR titration
studies in D,O (Figure S5 in Supporting Information File 1).
When 1 equiv of EsY was added into the m-TPEWP5>G solu-
tion, the resonance signals of EsY were shifted to upfield
regions, which was caused by steric effects and electrostatic
interactions between the quaternary ammonium groups contain-
ing m-TPEWPS5 and the negatively charged EsY. These results
evidenced that the EsY molecule was adsorbed on the surface
of m-TPEWPS via electrostatic interactions.

To mimic natural photosynthesis, the harvested energy of the
m-TPEWP5OG-EsY nanoreactor system could potentially be
applied to a photocatalytic dehalogenation reaction. Normally,
most chromophoric dye molecules can be utilized in photoredox
reactions under the irradiation of light with suitable wavelength
[6]. However, in the case of the m-TPEWP5DOG-EsY nano-
system, which contains conjugated molecules and displays
harvesting antenna effects from ultraviolet to visible light wave-
lengths, solar light might be successfully employed to catalyze
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these reactions. Here, we used white light (20 W) as a solar
light simulator for the photocatalytic dehalogenation reactions.
Upon light irradiation, the absorbed light energy could be trans-
ferred from the m-TPEWPSDOG donor to the EsY acceptor
through the FRET process, whilst the m-TPEWPS5O G-EsY
nanorod assembly could act as a nanoreactor providing a suit-
able environment for the photochemical catalytic reaction in

aqueous solution under visible light irradiation.

In the presence of 0.5 mol % m-TPEWPS5OG-EY in aqueous
solution, 2-bromo-1-phenylethanone (1a) gave acetophenone
(2a) as product in good yield (97%) under white light irradia-
tion for 2 hours (Table 1 and Supporting Information File 1,
Figure S6). In comparison, we added an internal standard
(1,3,5-trimethoxybenzene) to the final crude reaction mixture
and calculated the NMR yield of the product. From the above
method, the yield of the product 2a (97%) is almost identical
with our previous results (i.e., assumption of complete conver-
sion of the starting material) as shown in Figure S7 (Supporting
Information File 1). Therefore, these results corroborated that
there were almost no other byproducts in the system. For further
confirmation, we have included the 13C NMR spectrum of the
crude product 2a in Supporting Information File 1 (Figure S8).

Table 1: 2-Bromo-1-phenylethanone dehalogenation reaction under
various reaction conditions.?

0 water o
©)J\/Br DIPEA, Hantzsch ester ©)}\
0.5 mol % photocatalyst
white light
1a it 2 h 2a

Entry  Photocatalyst? Light irradiation  Yield® [%]
1 none yes 28
2 EsY yes 38
3 m-TPEWP5OG yes 40
4 m-TPEWP5DOG-EsY yes 97
5¢ m-TPEWP5DOG-ESY no no reaction

@Reaction conditions: Bromoacetophenone (20 mg, 0.1 mmol),
Hantzsch ester (28 mg, 0.11 mmol), N,N-diisopropylethylamine
(DIPEA, 35 pL, 0.2 mmol), m-TPEWP5O G-EsY in water (2.5 mL),
20 W white light, rt, No, 2 h. PProduct yield obtained from 'H NMR
spectra; °Under dark conditions (no light irradiation).

As a control experiment, the reaction was carried out in the
absence of catalyst m-TPEWP5OG with EsY alone (Figure
S14, Supporting Information File 1), respectively, and the ob-
tained product yield was very low under light irradiation.
Notably, under dark conditions (no light irradiation), there was
no product observed in the resulting solution. The above result

evidenced that a light source is indispensable for the catalytic
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dehalogenation reaction in an aqueous environment. Overall,
the m-TPEWP5OG-EsY system showed high catalytic effi-
ciency within a short time of light irradiation in aqueous solu-
tion, which was due to the fact that the loaded EsY dye mole-
cules on the surface of the TPEWPS>G nanorod assembly sig-
nificantly decreased photobleaching during light irradiation. In
addition, the AIE donor molecules allowed an ordered arrange-
ment of the loaded negatively charged dye acceptor on the posi-
tively charged surface, which might avoid aggregation-caused
quenching effects and produced better catalytic efficiency.
These results revealed that the m-TPEWP5>G-EsY nanore-
actor can act as an effective photocatalytic system to harvest
and transform solar energy into chemical energy in aqueous
solution.

Similarly, we carried out the dehalogenation reactions by using
various a-bromoacetophenone derivatives as substrates. As
shown in Scheme 2, different substrates 1 containing electron-
donating (1b,c) and electron-withdrawing substituents (1d,e)
and 2-bromo-2-acetonaphthone (1f) were examined in the reac-
tion. Most substrates afforded the corresponding products in
good yields (the 'H NMR spectra of the reaction mixtures used
for calculation of yields are collected in Supporting Informa-
tion File 1): good yields were observed for 4-methylacetophe-
none (2b, 97%, Figure S9), 3-methoxyacetophenone (2¢, 87%,
Figure S10), 4-chloroacetophenone (2d, 76%, Figure S11), and
4-(trifluoromethyl)acetophenone (2e, 86%, Figure S12) and a
moderate yield was obtained for 2-acetonaphthone (2j,
50%, Figure S13) demonstrating the general applicability of
m-TPEWP5>5G-EsY as an efficient photocatalyst.

To understand the process for this photocatalytic dehalogena-
tion reaction, a possible reaction mechanism is proposed in
Figure 5 [37]. Upon light irradiation, the ground state of
m-TPEWP5>G donor absorbs light energy and changes to the
excited state (TPEWP5D>G*) energy level. Through energy
transfer from TPEWP5DG* to ground state EsY the latter
undergoes excitation to the excited state EsY* and is reduced
by the Hantzsch ester to generate the radical anion EsY™".
Subsequently, electron transfer from EsY"™ to the substrate
a-bromoacetophenone (la) gives the corresponding aceto-
phenone radical, whilst EsY*™ is oxidized to EsY. The aceto-
phenone radical combines with a H-atom abstracted from the
radical cation of the Hantzsch ester to form acetophenone (2a)
as the final product and diethyl 2,6-dimethylpyridine-3,5-dicar-
boxylate after deprotonation in the presence of the base DIPEA.

Conclusion

In conclusion, we have fabricated a simple and efficient supra-
molecular photocatalytic system based on host—guest self-
assembled m-TPEWP5DG donor and EsY as acceptor.
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Scheme 2: Products from 2-bromo-1-phenylethanone dehalogenation reactions in the presence of m-TPEWP5>G-EsY nanoassembly under white
light irradiation. Reaction conditions: Bromoacetophenone (0.1 mmol), Hantzsch ester (28 mg, 0.11 mmol), N,N-diisopropylethylamine (DIPEA, 35 pL,
0.2 mmol), m-TPEWP5 > G-EsY in water (0.5 mol %, 2.5 mL), 20 W white light, rt, No, 2 h. Product yields were obtained from 'H NMR spectra.
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Briefly, the m-TPEWPS host and G guest molecule were
involved in the inclusion complex and further self-assembled to
form worm-like supramolecular nanostructures, which
displayed an AIE effect via restricted phenyl-ring rotation of
m-TPEWPS. After that, the negative EsY acceptor was loaded
on the positively charged surface of the m-TPEWP5>G donor
assembly to form a nanorod structure, which exhibited moder-
ate FRET efficiency at a 2:1 molar ratio of the donor/acceptor.
Inspired by photosynthesis and followed by the energy transfer
process, the m-TPEWP5OG-EsY supramolecular nanorod
assembly could be employed as a nanoreactor for a photocata-
lytic dehalogenation reaction, i.e., debromination of 2-bromo-1-
phenylethanone derivatives with high yields and short reaction
time in an aqueous solution. Based on the above results, the
fabricated AIE-emissive FRET system with chiral guest can be
further utilized for asymmetric catalysis in water, which is cur-
rently underway in our laboratory.

Supporting Information

Supporting Information File 1

Experimental details, NMR spectra, host—guest interaction,
FRET, and other materials.
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A series of tetraamino-bisthiourea chiral macrocycles containing two diarylthiourea and two chiral diamine units were synthesized

by a fragment-coupling approach in high yields. Different chiral diamine units, including cyclohexanediamines and diphenylethane-

diamines were readily incorporated by both homo and hetero [1 + 1] macrocyclic condensation of bisamine and bisisothiocyanate

fragments. With the easy synthesis, gram-scale of macrocycle products can be readily obtained. These chiral macrocycles were

applied in catalyzing bioinspired decarboxylative Mannich reactions. Only 5 mol % of the optimal macrocycle catalyst efficiently

catalyzed the decarboxylative addition of a broad scope of malonic acid half thioesters to isatin-derived ketimines with excellent

yields and good enantioselectivity. The rigid macrocyclic framework and the cooperation between the thiourea and tertiary amine

sites were found to be crucial for achieving efficient activation and stereocontrol. As shown in control experiments, catalysis with

the acyclic analogues having the same structural motifs were non-selective.

Introduction

In the past decades, the development of supramolecular chem-
istry has enabled abundant host scaffolds and assembly tools for
boosting catalytic processes, and stimulated the emergence of
supramolecular catalysis [1-14]. Among which, macrocyclic
compounds have attracted extensive attentions due to their
enzyme-mimicking cavity and preorganized binding sites

[4,6,15,16]. Various macrocyclic compounds including the priv-

ileged scaffolds like cyclodextrins [17-19], calixarenes [20-23],
cucurbiturils [24,25], and cavitands [26,27] have been widely
applied. While these conventional macrocycles can usually
enable a confinement effect or serve as a supporting scaffold,
they do not contain definite catalytic sites in their cyclic skele-
tons. When required, an additional catalytic functional group

was commonly introduced through in-situ, noncovalent inclu-
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sion/encapsulation in the cavity or by covalent, post-functionali-
zation of the macrocyclic scaffold. The encapsulated catalytic
group could occupy the space for substrate entering, or has a
risk to be squeezed out of the cavity under complex catalytic
conditions. On the other hand, the covalently pendant catalytic
group may reside far away from the center of the cavity.

On the other hand, we envisaged by use of tailored building
units already containing definite catalytic sites to directly form a
macrocycle scaffold could provide a different situation. In this
way the catalytic functionalities are permanently installed
within the macrocyclic skeleton by forming a persistent catalyt-
ic cavity. Following this idea, we have recently constructed a
series of bisthiourea macrocycles [28-30]. Thiourea groups
were introduced due to their superior anion binding property
and potent electrophilic activation ability [31-36]. To incorpo-
rate extra functionality, tertiary amine groups can be also em-
bedded as Lewis base sites for realizing electrophilic/nucleo-
philic cooperative catalysis [37-39]. For this purpose, one kind
of tetraamino-bisthiourea chiral macrocycles were synthesized
[30]. When applied in catalyzing the decarboxylative addition
of phenyl f-ketoacids to cyclic imines bearing sulfamate
heading group, an interesting substrate-induced assembly catal-
ysis mode was uncovered [30]. To expand more applications,
herein we report a systematic synthesis of tetraamino-bisthio-
urea chiral macrocycles and their performance in catalyzing the
decarboxylative Mannich addition of malonic acid half
thioesters (MAHTS) to isatin-derived ketimines. The macro-
cycle-enabled hydrogen-bonding activation network and the as-
sociated confined cavity could resemble the circumstance of the
catalytic triad of Polyketide synthases (PKSs) [40-42]
(Figure 1). On the other hand, the organocatalytic asymmetric
decarboxylative addition reactions of MAHTS to imines provide
an efficient means for accessing valuable chiral f-amino esters
[43-52].

Cys
His [
= 61?5
HN__ N~ W )
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ipophilic N
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Results and Discussion
Synthesis of macrocycles

The tetraamino-bisthiourea chiral macrocycles were synthe-
sized by a stepwise strategy (Scheme 1). The easily available
chiral diamines including 1,2-cyclohexanediamines and
1,2-diphenylethylenediamines were chosen as the linking
components to afford Lewis base sites and also for introduction
of chirality. Different alkyl substituents including methyl,
n-propyl, isopropyl, and 3-pentyl were incorporated in order to
tune the size and steric effect of the macrocyclic cavity and thus
to enable diverse cavity environments. Among these macro-
cycles, M1, M5, M7, and M8 were previously synthesized [30]
and the route can be similarly followed for the synthesis of the
other macrocycles. To start the synthesis, enantiopure N.N’-
disubstituted (S,5)-1,2-cyclohexanediamines 1a—d or (S,S)-1,2-
diphenylethanediamines 1e,f were firstly reacted with two equiv
3-nitro-5-(trifluoromethyl)benzyl bromide (2) in the presence of
a base to afford the dinitro compounds 3a—f in moderate to
excellent yields (Scheme 1a). The diminished yield for product
3d was probably caused by the large steric hindrance of the
3-pentyl substituent. Reduction of the nitro groups by SnCl,
under acidic conditions gave the bisamine fragments 4a—f in
83-98% yields. The bisamine fragments were further converted
to the bisisothiocyanates Sa—f by reaction with 1,1'-thiocar-
bonyldiimidazole in 66-89% yields.

Having the bisamine and bisisothiocyanate fragments in hand,
macrocyclic condensations were then pursued. The homo-con-
densations between the homologous bisamine and bisisothio-
cyanate fragments were firstly tried (Scheme 1b). In the pres-
ence of an organic base, reactions between 4a—f and Sa—f went
smoothly and afforded the desired macrocycle products
M1-M6 in 35-72% yields. It is worth noting that common
dilute conditions for macrocyclization reactions was not re-

quired here. Due to the very high efficiency, gram-scale prepa-

multiple interaction sites
nested in a confined cavity

Figure 1: Design of PKS-inspired multifunctional amino-thiourea macrocycle catalysts.
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Scheme 1: Synthesis of tetraamino-bisthiourea chiral macrocycles M1-M12. The synthesis of M1, M5, M7, and M8 was previously reported [30].

ration of the chiral macrocycles was readily achieved (see Sup-
porting Information File 1). To enrich the diversity of the

macrocyclic scaffolds, hetero-condensations between different

bisamine and bisisothiocyanate fragments, including combina-
tion of different chiral configurations, were also investigated

(Scheme 1c). Reactions between cyclohexanediamine-derived
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bisamine fragments 4a or the enantiomers ent-4a—c with
diphenylethylenediamine-derived bisisothiocyanate fragments
5e.f afforded the desired hetero-combination macrocycles
M7-M12 without additional difficulties. It should be noted that
the incorporation of CF3 groups on the aryl moieties was to
increase the acidity of thiourea so as to provide better hydrogen-
bonding complexation and activation ability.

Catalytic reaction optimization

The synthesized macrocycles were then applied as catalysts in
the decarboxylative addition of malonic acid half thioesters
(MAHTS) to isatin-derived ketimines [48]. The reaction be-
tween ketimine 6a and MAHT 7a was initially performed in
THF at room temperature with just 2 mol % loading of the
chiral macrocycle catalysts (Table 1). All macrocycles were
evaluated, and in all cases product 8a was obtained in moderate
yields. Different diamine linking components and different sub-
stituents on the tertiary amine sites showed an important influ-
ence on the reaction stereoselectivity. The cyclohexanediamine-
linking macrocycles M1-M4 afforded the product with overall
higher enantiomeric excess (ee) (Table 1, entries 1-4). Among
which the isopropyl-substituted macrocycle M3 gave the best
selectivity, i.e., 42% ee. This suggested a suitable crowding
cavity environment may be good for stereocontrol. The
diphenylethylenediamine-linking macrocycles M5 and M6,

however, gave very low ees (Table 1, entries 5 and 6). The

Table 1: Evaluation of different macrocycle catalysts2.

N—Boc

e - o
(0]
N HOJ\)]\S

\
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6a 7a
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m
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=
=
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M1
M2
M3
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Mé
M7
M8
M9
10 M10
11 M11
12 M12
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hetero-macrocycles M7-M12 did not afford better selectivity as
well (Table 1, entries 7—12). It is interesting to note that
M9-M12 led to reversed selectivity, which may imply that the
chiral cyclohexanediamine other than diphenylethylenediamine
moiety governed the stereoselection process.

Using M3 as the optimal catalyst, the reaction solvent was then
screened (Table 2). Ethyl ether was found to give a better
conversion, but with decreased selectivity (Table 2, entry 2).
The reaction in 1,4-dioxane afforded the product with a moder-
ate yield and the best selectivity so far, 62% ee (Table 2, entry
3). To our delight, among the other ether solvents screened
(Table 2, entries 4—7), cyclopentyl methyl ether (CPME) gave
an excellent conversion (90% yield) and only a slightly dimin-
ished selectivity (58% ee). Reactions in other more polar sol-
vents including toluene, ethyl acetate, halohydrocarbons, and
acetonitrile gave overall very good conversions, but with very
low selectivity except for the reaction in ethyl acetate which
afforded the product in 43% ee (Table 2, entries 8—12).

Finally, the other reaction parameters, including catalyst
loading, reaction temperature, and concentration were evalu-
ated (Table 3). With CPME as the optimal solvent, increasing
the loading of catalyst M3 from 2 mol % to 5 mol % led to an
obviously more rapid conversion and furnished the product in
92% yield in 36 h (Table 3, entries 1 and 2). To our delight, the

2 mol %
e cat.

T X o)

THF (ﬂo
rt, 96 h Z N
Me
8a

Yield (%)P ee (%)°
32 9
43 11
a1 42
49 29
48
51 0
45 13
39 9
31 -4
42 -12
31 -12
41 -4

aReaction conditions: 6a (0.2 mmol), 7a (0.3 mmol), 1 mL of THF; Pisolated yields after column chromatography; cdetermined by HPLC analysis on a

chiral stationary phase.
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Table 2: Evaluation of solvents?.

N-Boc

> - AT
0]
N HOJ\)I\S

Me
6a 7a
Entry Solvent Time (h)
1 THF 96
2 Et,O 96
3 1,4-dioxane 96
4 TBME 96
5 CPME 96
6 DME 96
7 EVE 96
8 toluene 36
9 EA 84
10 CHyCl» 36
11 CHCl3 36
12 CH3CN 84
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e &
M3 | N
solvent P

Boc
2 mol % Hll\l gSOOMe
o o
(0]
N
A
e

rt
M
8a
Yield (%)° ee (%)°
41 42
73 34
52 62
79 33
90 58
47 49
39 9
96 2
81 43
97 0
93 1
71 12

aReaction conditions: 6a (0.2 mmol), 7a (0.3 mmol), 1 mL of solvent; Pisolated yields after column chromatography; cdetermined by HPLC analysis on
a chiral stationary phase. TBME: tert-butyl methyl ether; CPME: cyclopentyl methyl ether; DME: 1,2-dimethoxyethane; EVE: ethyl vinyl ether; EA:

ethyl acetate.

Table 3: Evaluation of catalyst loading, reaction temperature, and concentration@.

N-Boc

> - LT
0]
N HOJ\)J\S

e M3
—_— AN
CPME E
Z N

H?\IOC éS@OMe
K o)
0

Me \
6a 7a Me 8a
Entry Cat. (mol %) Temp. Conc. [M]P Time (h) Yield (%)° ee (%)d
1 M3 (2) rt 0.2 96 90 58
2 M3 (5) rt 0.2 36 92 71
3 M3 (10) rt 0.2 24 72 72
4e M3 (5) rt 0.2 24 82 72
5f M3 (5) rt 0.2 48 94 60
6 M3 (5) 0°C 0.2 120 65 63
7 M3 (5) 40 °C 0.2 12 75 64
8 M3 (5) rt 0.4 24 92 56
9 M3 (5) rt 0.1 44 88 72
10 M3 (5) rt 0.05 48 54 59

aReaction conditions: 6a (0.2 mmol) and 7a (0.3 mmol, 1.5 equiv) in CPME (cyclopentyl methyl ether) except otherwise noted; Pconcentration of 6a;
Cisolated yields after column chromatography; 9determined by HPLC analysis on a chiral stationary phase; ¢1.0 equiv 7a used; 2.0 equiv 7a used.

selectivity was also increased to 71% ee. However, further in-
creasing the macrocycle loading to 10 mol % led to a dimin-

ished yield and nearly unchanged selectivity (Table 3, entry 3).

The decreased yield for the addition product was due to the

competitive decarboxylation of the sole MAHT substrate in the
presence of a higher loading of the macrocycle containing
tertiary amine basic sites. Decreasing the amount of MAHT
substrate from 1.5 equiv to 1.0 equiv or increasing to 2.0 equiv
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did not give better outcome (Table 3, entries 4 and 5). Per-
forming the reaction at 0 °C led to a very slow conversion,
while at 40 °C the reaction became much faster but gave a
diminished yield due to the competitive decarboxylation side
reaction (Table 3, entries 6 and 7). In both cases, the enantiose-
lectivity did not turn out to be better. A suitable reaction con-
centration (0.1-0.2 M) was found to be important. A very high

or low reaction concentration led to decreased stereoselectivity

Beilstein J. Org. Chem. 2022, 18, 486—496.

probably due to the existence of catalyst aggregation or back-
ground reactions (Table 3, entries 8—10).

Substrate scope

Having established the optimal reaction conditions, the sub-
strate scope was explored. Reactions of various isatin imines
6a—w with MAHT 7a were firstly investigated (Scheme 2). Dif-

ferent N-substituents on isatins caused a significant effect. For

PG
_PG H N SAr
! o © 5 mol % M3 X \<o
R-rF o * R+ o) OMe
Z HO)J\/U\SAr CPME, rt '\/ _
N i Ar=
R R s
6a—w 7a 8a—w
H?\fc SAr H?\IOC SAr H?\fc SAr H?\j"c SAr H?\IOC SAr H?\IOC SAr
L © L © L 0o L o L 0 R
(¢} (¢} (¢} (¢} (e} (0]
N N N N N N
\ H \ \ \ \
Me Et iPr Bn MOM
8a 8h 8c 8d 8e 8f
44 h, 88% yield 92 h, 48% vyield 96 h, 73% yield 72 h, 43% yield 96 h, 46% yield 96 h, 40% yield
72% ee 40% ee 64% ee 53% ee 37% ee 45% ee
H?\IOC SAr H(,.:\lbz SAr H?\IOC SAr H?\IOC SAr
o NN go Me o) MeO__ N ;o
0 | 0 0 | o)
N Z N N N
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Ac Me Me Me
8g 8h 8i 8k
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SAr
| rﬂ m
F
8l 8m 8n 8o 8p 8q
36 h, 88% yield 48 h, 85% yield 36 h, 99% vyield 60 h, trace 36 h, 97% yield 36 h, 94% vyield
70% ee 74% ee 67% ee 72% ee 73% ee
Boc g B HN
SO\ S\ Br< : S : S
\
Me
8r 8s 8t 8u 8v 8w
48 h, 87% yield 60 h, trace 36 h, 99% yield 36 h, 98% yield 48 h, 85% yield 48 h, 74% yield
70% ee 75% ee 71% ee 66% ee 60% ee

Scheme 2: Substrate scope of isatin imines. Reaction conditions: 6 (0.2 mmol), 7a (0.3 mmol), and 5 mol % M3 in 2 mL of CPME (cyclopentyl methyl

ether).
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non-substituted (6b) or other substrates with larger substituents
(6¢—g), the corresponding products 8b—g were obtained in only
moderate yields with decreased selectivity. Replacing the Boc-
protecting group on the imine site by a Cbz group led to a
largely decreased selectivity (8h). For a series of substrates with
various substituents on the 5, 6, or 7-position, including
5-methyl (8i), 5-methoxy (8k), 6- or 7-fluoro (81,m), 5,6-
difluoro (8n), 5-, 6- or 7-chloro (8p-r), 5-, 6-, or 7-bromo
(8t—v), and 7-trifluoromethyl (8w), all reactions completed
within 36-48 h and afforded the products in good to excellent
yields with 60-75% ee. In contrast, the reaction was disrupted
by 4-substitution, and only trace conversion was observed for
the 4-chloro or 4-bromo-substituted substrate (80,s). This was

Beilstein J. Org. Chem. 2022, 18, 486—496.

probably caused by a steric effect as the 4-substituent is close to
the imine reactive site and accordingly blocked it toward activa-
tion and nucleophilic attack. Interestingly, for the 5,7-dimethyl-
substituted substrate, only trace conversion was observed as
well (8j). This may be due to that the substrate was too bulky to
fit within the macrocycle cavity.

For MAHT substrates, various p- or m-substituents on the
S-phenyl moiety caused negligible effects, and all the products
were obtained in moderate to good yields with 69-80% ee
(Scheme 3). For o-substitution, especially for the o-fluoro-
substituent (8ag), however, only a moderate yield and low
selectivity (12% ee) were obtained. For the S-naphthyl sub-

Boc
N-Boc Hll\l R SSR
A o o 5 mol % M3 S %
| 0 + - o}
= N\ HO SR CPME, rt N\
Me Me
6a 7b—o 8ab-ao
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©f¥ @@ (ﬂ L’
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48 h, 51% yield 48 h, 64% yield 48 h, 79% vyield 48 h, 86% vyield 48 h, 76% yield
63% ee 69% ee 74% ee 76% ee 77% ee
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AUl

@f% Of%

Br

O o0
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0K
m
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96 h, 47% yield 48 h, 80% vyield 24 h, 49% vyield 24 h, 84% yield 24 h, 73% yield
12% ee 80% ee 79% ee 77% ee 78% ee
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Scheme 3: Substrate scope of MAHTs. Reaction conditions: 6a (0.2 mmol), 7

ether).

(0.3 mmol), and 5 mol % M3 in 2 mL of CPME (cyclopentyl methyl
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strate, the reaction went smoothly as well and afforded the
product in 65% yield with 68% ee (8al). The reactions for
S-benzyl and S-ethyl substrates became sluggish and afforded
the products in 34-48% yields in 96 h with very low selectivity
(8am and 8an). For the S-tert-butyl substrate, only trace
conversion was observed.

Macrocyclic effect and catalytic mechanism

The above results showed that the tetraamino-bisthiourea chiral
macrocycles can efficiently catalyze the decarboxylative addi-
tion reactions with good yields and enantioselectivity. To check
the role of the macrocyclic framework, two acyclic compounds
(9 and 3c) containing the similar structural motifs as the macro-
cycle catalyst were applied as catalysts in the reaction (Table 4).
In compound 9, all the structural units of the macrocycle M3,
including the two diarylthioureas and the four tertiary amine
sites, were maximally maintained, except for one of the cyclo-
hexanediamine units which was replaced by two dimethyl-
amino groups to cut off the macrocyclic skeleton (for synthesis,

see Supporting Information File 1). The compound 3¢ contains
Table 4: Evaluation of macrocyclic effect?.
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w + O O /©/ ¢ cat
(0]
N HO)J\)J\S CPME

N
“INipr
N/IPr

NN
Y[j
S
CF,

CF3
M3
Entry Cat. Time (h)
1 M3 (5 mol %) 44
2 9 (5 mol %) 44
3 3c (10 mol %) 72
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- \ R N
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! \N\ N
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one cyclohexanediamine unit but no thiourea moieties. As
shown in Table 4, macrocycle M3 catalyzed the reaction of 6a
and 7a to afford 8a in 88% yield with 72% ee. Under the same
conditions, compound 9 also efficiently catalyzed the reaction
and promoted an excellent conversion, however, it furnished the
product in nearly racemic form. This suggested that the macro-
cyclic framework is essential in enabling a defined chiral envi-
ronment for efficient stereocontrol. On the other hand, com-
pound 3c led to a much slower conversion and also nearly
racemic product formation, indicating that the thiourea units
must have engaged in activation and being cooperative with the
tertiary amine sites.

With the reaction outcomes and pronounced macrocyclic effect
observed, a plausible catalytic mechanism is represented in
Figure 2. The MAHT substrate is deprotonated by one of the
tertiary amine sites, and the formed enolate intermediate can be
stabilized by hydrogen bonding-mediated ion-pair interaction
within the macrocyclic cavity. The imine substrate is activated
by one or both of the two thiourea sites through hydrogen bond-

~iPr

L

_iPr Ny _~iPr

H H N N

N\H/N NO,
S

CF3 CF; CF3

9 3c
Yield (%)° ee (%)°
88 72
92 3
47 -2

aReaction conditions: 6a (0.2 mmol), 7a (0.3 mmol), 2 mL of CPME (cyclopentyl methyl ether), room temperature; Pisolated yields after column chro-

matography; ¢determined by HPLC analysis on a chiral stationary phase.

493



Figure 2: Proposed catalytic mechanism.

ing to accept the enolate attack. The chiral environment provi-
ded by the (S,5)-cyclohexanediamine part governed the face-
selective attack and led to the R-configurated product. In the
last step, the decarboxylation leads to the enolate of the
thioester, which is more basic than the MAHT-enolate and can
thus be protonated by the ammonium fragment in the macro-
cycle. This leads to the neutral product, which can easily escape
from the macrocyclic cavity, releasing the macrocycle catalyst
to enter the next catalytic cycle. As suggested by the above
control experiments, the rigid macrocyclic framework is crucial
in organizing the multiple functional sites for cooperative

binding and activation.

Conclusion

In conclusion, a series of multifunctional tetraamino-bisthio-
urea chiral macrocycles were efficiently synthesized. By using a
modular fragment-coupling approach, different chiral diamine
units, including the homo- and hetero-combination, can be
easily incorporated. This provides a very rich structural diver-
sity of the macrocycles and allows for fine tuning of the chiral
cavity environments. With the short and high-yielding synthe-
sis, gram-scale of macrocycle products can be readily obtained.
This kind of macrocycles can efficiently catalyze the decarbox-

ylative addition of malonic acid half thioesters to isatin-derived

Beilstein J. Org. Chem. 2022, 18, 486—496.

ketimines, affording a series of chiral f-amino ester products in
excellent yields and good enantioselectivity. In contrast, reac-
tions catalyzed by acyclic analogues containing very similar
structural units were non-selective, suggesting the essential role
of the rigid macrocyclic framework in realizing efficient stereo-
control. With the easy synthesis, rich structural diversity, coop-
erative binding and activation sites, we believe this type of
biomimetic chiral macrocycles will find more applications as
catalysts in other reactions.
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In this minireview we present the use of the axially chiral 1,1'-binaphthyl-2,2'-diol (BINOL) unit as a stereogenic element in me-

chanically interlocked molecules (MIMs). We describe the synthesis and properties of such BINOL-based chiral MIMs, together

with their use in further diastereoselective modifications, their application in asymmetric catalysis, and their use in stereoselective

chemosensing. Given the growing importance of mechanically interlocked molecules and the key advantages of the privileged

chiral BINOL backbone, we believe that this research area will continue to grow and deliver many useful applications in the future.

Introduction

In the last decades the synthesis and application of mechanical-
ly interlocked molecules (MIMs), such as catenanes and
rotaxanes, has gained more and more attention [1-4]. MIMs
offer conceptually new possibilities through their unique
structure, with applications as molecular switches, muscles,
and motors [5-11], as novel materials [12], as medically
active compounds [13,14], as catalysts [15-19], as chemosen-
sors [20-24], and many more [25]. In view of their template-
based synthesis and the importance of noncovalent interactions

between the subcomponents, MIMs have established them-

selves as an important subdiscipline of supramolecular chem-
istry.

The introduction of chirality into MIMs is of high interest in
order to develop applications in which the chirality can be
exploited, e.g., in enantioselective chemosensing or in asym-
metric catalysis. The selection of suitable stereogenic elements
is of great importance [26-28]. The most straightforward way to
create a chiral rotaxane or catenane is the introduction of clas-

sical chiral elements, such molecular parts with axial chirality,
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point chirality, or planar chirality into at least one of the

subcomponents.
One of the most important chiral molecular frameworks in

general is the 1,1'-binaphthyl-2,2'-diol unit (BINOL, see
Figure 1).

HO | I
0

(S)-BINOL

(R)-BINOL

Figure 1: Molecular structures of (R)-BINOL (left) and (S)-BINOL
(right).

BINOL is an axially chiral molecule with a high configuration-
al stability and a well-established synthetic chemistry towards a
large variety of substituted BINOL derivatives [29]. Another
big advantage is the commercial availability of both (R)- and
(S)-BINOL in enantiomerically pure forms. BINOL and its de-
rivatives have served as a chiral backbone for numerous stereo-
selective applications, most importantly (but not limited to)
metal- and organocatalysis [30] and stereoselective chemo-
sensing [31,32].

By introduction of an axially chiral BINOL unit into a
MIM, it is possible to combine the unique applicability of the
chiral BINOL unit with the special possibilities offered by
interlocked molecules. In this minireview, we will first present
synthetic strategies that can be used to introduce BINOL units
into MIMs, based on earlier examples from this research field
(section 1). Then, an overview of more recent BINOL-contain-
ing MIMs is discussed in detail, including their syntheses and
applications (section 2). This topic is divided into three subcate-
gories, namely (mechano)intramolecular chirality transfer
(section 2.1), stereoselective catalysis (section 2.2), and stereo-
selective sensing (section 2.3). Finally, we give a short conclu-
sion about BINOL as a chiral element in interlocked molecules.

Review
1 Incorporating BINOL into MIMs

The introduction of axially chiral BINOL units into interlocked
compounds can be achieved by different types of supramolecu-
lar template strategies that have been developed for MIM syn-
thesis in the past decades, including passive metal templates
[33,34], active metal templates [35-38], anion templates
[39,40], ammonium crown ether templates [41], and templates

based on 7t interactions [42].

Beilstein J. Org. Chem. 2022, 18, 508-523.

In 2004, Sauvage and co-workers have used a Cu(I)-based
passive metal template approach to synthesize a [2]catenane
containing an optically pure BINOL unit in each macrocycle
[43]. The template complex (5)-3 was assembled by mixing the
macrocycle (S)-1 (containing both a phenanthroline ligand and a
BINOL unit) with [Cu(CH3CNy4)]PFg and the acyclic phenan-
throline precursor 2. Then, the BINOL-based diiodide (S)-4 and
CsyCO3 were added successively over 18 hours. This resulted
in the formation of the desired chiral homocircuit [2]catenane
(S,5)-5 in 21% yield. By treating (S,S)-5 with a large excess of
aqueous KCN, demetalation occurred to give the corresponding
[2]catenane (S,S)-6.

Interestingly, the Cu-containing catenane (S,S)-5 shows a strong
CD signal at wavelengths characteristic for the diphenylphenan-
throline units (281 and 337 nm). This indicates a chiral coordi-
nation geometry around the Cu ion, most probably brought
about by a non-perpendicular orientation of the phenanthrolines.
Thus, the axially chiral BINOL units induce a chiral, helical ge-
ometry for the Cu complex. Accordingly, demetalation leads to
an almost complete disappearance of the CD signals in this area

(see Figure 2).

Saito and coworkers demonstrated that the homochiral
[2]rotaxane (R)-10 can be efficiently synthesized using an
active metal template approach [44,45]. The macrocyclic
phenanthroline (R)-7 was treated with copper iodide to obtain
the phenanthroline—Cu(I) complex (R)-8. A Glaser-type cou-
pling with the terminal alkynes 9, followed by demetalation,
proceeds smoothly in 78% yield. This furnishes the desired
chiral rotaxane (R)-10, consisting of a BINOL-based macro-
cycle and a diyne thread. The CD spectrum of (R)-10 shows
intense signals at 321 and 344 nm, which were assigned to the
diyne thread located inside the chiral environment of the
BINOL-based macrocycle (see Figure 3).

An example of a metal-free template approach for the synthesis
of a BINOL-based [2]rotaxane was reported by Stoddart and
co-workers [46]. They reacted the amine axle 11 with the
axially chiral macrocycle (rac)-12 in a mixture of dichloro-
methane and trifluoroacetic acid in order to generate the
pseudorotaxane (rac)-13. Then, an isocyanate stopper was
added for the formation of the [2]rotaxane (rac)-14 in a yield of
42%. The X-ray analysis revealed the presence of the expected
[N-H-:--O] hydrogen bonds between the secondary ammonium
station and the crown-ether macrocycle, but also additional
[C-H---O] hydrogen bonds involving the benzylammonium
methylene groups (see Figure 4). Interestingly, the presence of
the directional thread also leads to a desymmetrization of the
BINOL-based macrocycle (loss of C, symmetry), as seen by
13C NMR spectroscopy.
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Figure 2: Synthesis of Sauvage’s [2]catenanes (S,S)-5 and (S,S)-6 containing two BINOL units by the passive metal template method.

Cul
CH3CN/CH,Cl,
CArs
I
[e]
1) KoCOg, I, xylene
= ()ohon, 9¢
0
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CH3CN/CH,Cl,
(R)>-10

Figure 3: Synthesis of Saito’s [2]rotaxane (R)-10 from a BINOL-based macrocycle by the active metal template method.

Stoddart and co-workers also used their m—m-recognition ap-
proach for the synthesis of BINOL-containing cationic cate-
nanes [47,48]. They employed BINOL-based macrocycles con-
taining electron-rich hydroquinone or 1,5-dioxynaphthalene

units (macrocycles 15/21/23), together with suitable dicationic

bis-bipyridinium precursors (16/19). Self-assembly of the corre-
sponding pseudorotaxanes by m—m stacking, following by
capping with dibromo-p-xylene 17 gave rise to a series of chiral
catenanes (18/20/22/24). Firstly, the synthetic approach was
validated by using a racemic mixture of the BINOL-based
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Figure 4: Synthesis of Stoddart’s [2]rotaxane (rac)-14 by an ammonium crown ether template.

macrocycle (rac)-15, which was reacted with the achiral dica-
tionic precursor 16 and dibromide 17 to give the racemic mix-
ture of the corresponding rotaxane (rac)-18 (20% yield, see

Figure 5a).

Next, the authors showed that the application of the chiral
BINOL-based bisbipyridinium precursor 19 (in combination
with 15 and 17) leads to the corresponding catenane 20, which
contains two BINOL-based macrocycles (see Figure 5b). When
using (rac)-15 and (R)-19, the (S,R)-diastereomer of the prod-
uct is formed preferentially under kinetic control (er = 67:33,
total yield 23%). Interestingly, employing (R)-15 together with
(rac)-19 gave a significantly lower diastereoselectivity (er =
56:44), albeit at slightly increased yield (33%).

Similarly, the reaction of the chiral isomannide-based macro-
cycle (pp)-21 with (rac)-19 and 17 gave the desired catenane 22
in 25% yield (see Figure 5c¢), but only with low diastereoselec-
tivity (er = 58:42 in favor of the (pp,R)-isomer). Unfortunately,
in this case the combination of (rac)-21 with (R)-19 was not in-

vestigated.

Variable-temperature '"H NMR spectroscopic analysis of the
[2]catenanes (18, 20, and 22) revealed various dynamic pro-
cesses in solution. While circumrotation of the polyether macro-
cycle around the tetracationic cyclophane was either impossible
(for 18 and 20, due to the presence of the sterically demanding

BINOL unit) or slow on the NMR timescale at room tempera-

ture (for 22), the other two dynamic processes, namely circum-
rotation of the tetracationic cyclophane through the cavity of the
polyether and a “rocking motion” of the oxygen—oxygen axis of
the hydroquinone units, were fast on the NMR timescale at

room temperature.

In a follow-up study, Stoddart and co-workers employed the
BINOL-based macrocycle 23 which contains a 1,5-dioxy-
napthalene (DNP) unit (in contrast to the hydroquinone unit in
macrocycles 15/21). Upon reaction with the achiral precursors
16 and 17, this gives rise to the chiral catenane 24, which was
produced in enantiopure and racemic forms ((S5)-24/(R)-
24/(rac)-24, 46-51% yield) (see Figure 5d). However, in these
catenanes, the BINOL unit (with its fixed chirality) is not the
only stereogenic element: Firstly, the tilting of the macrocycle
planes out of a 90° angle leads to a helical, co-conformational
chirality (M and P isomers), similar to (§,5)-5 (see Figure 2).
Secondly, the embedding of the DNP unit in the tetracationic
cyclophane leads to an element of planar chirality (R, and Sy
isomers). Thus, for each configuration of BINOL, four differ-
ent diastereoisomers are possible. However, for these specific
rotaxanes, the helicity is predetermined by the planar chirality
(based on the underlying macrocycle-macrocycle interactions),
so that only two diastereoisomers remain for a given BINOL
configuration (e.g., (R)-(Rp) and (R)-(Sp) in case of (R)-
BINOL). In contrast to the axial chirality of the BINOL unit,
the planar chirality of the DNP unit can be inverted by dynamic

processes (e.g., by a pirouetting motion of the BINOL macro-
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Figure 5: Synthesis of Stoddart’s BINOL-containing [2]catenanes 18/20/22/24 by m—m1 recognition.

cycle). Indeed, both diastereomers are observed by NMR and
interconvert with a barrier of 7.9 kcal/mol. No chiral induction
of the axial chirality on the planar chirality is observed, so that

both diastereoisomers are observed in a 1:1 ratio.

2 Applications
The development of suitable template-based synthetic ap-
proaches has opened the way for the application of the result-

ing chiral MIMs. Here, we will present an overview of the most
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recent applications reported so far, together with the synthesis
of the corresponding BINOL-based MIMs. Some selected ex-
amples of pseudorotaxanes and pseudocatenanes are not
included in this review [49-51].

2.1 (Mechano)intramolecular chirality transfer

Takata and co-workers reported two examples for a chirality
transfer via the mechanical bond, namely from a BINOL-based
macrocycle onto the axle. First, they developed [2]rotaxane 27
[52]. Here, the methacrylate-functionalized ammonium salt 25
and the bis-BINOL macrocycle (R,R)-26 give the pseudoro-
taxane (R,R)-27 through self-assembly. Stoppering of the
pseudorotaxane was achieved by radical addition of a thiol-
based stopper to the a,B-unsaturated carbonyl unit in 12% yield.

&

Et3B-O,, CH,Cl,

1) 3,5-(t-Bu)CgHs-COOH,

Beilstein J. Org. Chem. 2022, 18, 508-523.

In this reaction, addition of the thiyl radical to the B-position
first gives rise to the corresponding rotaxane radical with the
unpaired electron in the a-position, followed by hydrogen
abstraction from the next thiol. This generates a new stereo-
center in the a-position, which takes place under the chiral envi-
ronment of the BINOL-based macrocycle. However, the hydro-
gen abstraction takes place with little stereoselectivity, so that
both diastereoisomers are formed in almost equal amounts
(er = 53:47, see Figure 6a).

Subsequently, Takata and co-workers presented a highly dia-
stereoselective synthesis of [2]rotaxane amine N-oxides via
intercomponent chirality transfer (see Figure 6b) [53]. For the

synthesis of the rotaxanes, complexes of hydroxy-terminated

()™

O O

(0]

(@)
- K‘/\ O
H ~N
N O)YS

o od
RS

(RR.R/S)-27

o o DIC, BusP, CH,Cl, 0 O
PFg~ { > 2) aldehyde, NaBH(OAc)s, (‘ _>
0 o)
N o) fo! EtsN, NMP p 2 o]
N">XoH + [ | N
H, o o o R o° X ©
28a—d & ’)
o o o ©
(R)-12 (R)-29a-f
0 O X= -CHyr  R=Me (@)  79%de
DMDO, > ~(CHa)s- Me (b)  33%de
Na,CO3, CH,Cly/H,0 - ﬁ/\o o] ~(CHa)10- Me (€) 12%de
e\ J\x/\o -(CeHa)- Me (d)  79%de
0 0O R QO +(CgHa)- CH,Cy (e) 55%de
<\ ) (CeHa) Bn ) 95%de
o ©

(R.R/S)-30a-f

Figure 6: Synthesis of Takata’s rotaxanes featuring chiral centers on the axle: a) rotaxane (R,R,R/S)-27 obtained by thiol-ene addition and b) rotax-

anes (R,R/S)-30a—f obtained by amine oxidation.
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ammonium salts 28a—d and BINOL-based macrocycle (R)-12
were coupled with a benzoic acid-based stopper using N,N'-
diisopropylcarbodiimide (DIC) and tributylphosphine (26-75%
yield). The isolated rotaxanes were then used for subsequent re-
ductive N-alkylation to obtain the fert-amine-type rotaxanes
(R)-29a-f in yields of 67-92%. Finally, dimethyldioxirane
(DMDO) was used to obtain the corresponding amine N-oxides
(R,R/S)-30a—f in 80-99% yield. This oxidation takes place
inside the chiral macrocycle, so that the resulting stereogenic
nitrogen is formed in a diastereoselective fashion. Interestingly,
for rotaxanes (R,R/S)-30a—c, which feature C3/C¢/C1o-alkylene-
linkers, the diastereoselectivity decreases with increasing linker
length (79/33/12% de for C3/Cg/Cyo-linkers, respectively). This
is in line with an expected localization of the macrocycle
around the ester functionality due to weak [C—H:--O] interac-
tions from the COOCH, group to the macrocycle, which leads
to a greater distance between the amine and the chiral macro-
cycle with increasing chain length. For rotaxanes (R, R/S)-30d—f,
which commonly feature a p-xylylene-linker, but different
N-substituents, it was found the N-benzyl group gives rise to the
best diastereoselectivity (79/55/95% de for N-Me/N-CH,Cy/N-
Bn).

In 2011, Takata and co-workers reported a functionalized poly-
acetylene which features [2]rotaxane side chains with chiral
BINOL-based macrocycles. The aim of this study was the in-
vestigation of a possible chirality transfer from the chiral
rotaxane onto the helically chiral polyacetylene, with a special
focus on the different possible co-conformations of the rotaxane
(see Figure 7) [54].

Beilstein J. Org. Chem. 2022, 18, 508-523.

The synthesis of the acetylene monomers 31, containing a chiral
rotaxane side-chain, was achieved by tributylphosphane-
catalyzed esterification. Two different macrocycles having
either one BINOL unit (12, used in both enantiomeric forms)
or two BINOL units (26) were used for the construction
of the rotaxane. The subsequent rhodium-catalyzed polymeriza-
tion gave the corresponding polymers 32 in high yields of
89-98%. Here, the BINOL-based macrocycle is localized
at the ammonium functionality of the axle, placing it away
from the polymer backbone. By N-acylation of the ammonium
group, a shuttling of the macrocycle towards the ester moiety is
achieved, placing the chiral information of the macrocycle in
closer proximity to the polymer backbone (polymers 33).
The influence of the chiral BINOL unit on the helicity of
the polyacetylene was investigated by CD spectroscopy. Here,
no chiral induction was observed for the ammonium species 32,
while the N-acylated polymers 33 showed clear Cotton effects
in the absorption range of the polymer main chain (490 nm),
demonstrating an effective chirality transfer from the
macrocycle onto the polymers. Accordingly, use of the enan-
tiomeric macrocycles (§)-12 and (R)-12 gives rise to poly-
acetylenes with an opposite helix sense. Interestingly, employ-
ing the bis-BINOL macrocycle (R)-26 led to an inversed helix
configuration in comparison to the mono-BINOL derivative
(R)-12.

In a subsequent work, Takata and co-workers showed that such
chirality transfer can also be achieved by deprotonation/reproto-
nation of the ammonium station, leading to formation of the dif-
ferent co-conformers in a reversible fashion [55].

[RhCI(nbd)], Ac,0 or BzCl,
Et3N EtsN
P o)
Z
TIPS o) TIPS T'PS
PFg™ PFe™ )Oj\
+ +
NH, NH, N" R
31 32 33
e .0 OO 99
L, °
i 'O 0 CO
Lo o J
_/
(R)-12 )1 (RR)-26

Figure 7: Takata's chiral polyacetylenes 32/33 featuring BINOL-based [2]rotaxane side chains.
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2.2 Stereoselective catalysis

As described in chapter 1, the mechanical bond allows a
chirality transfer from a chiral, BINOL-based macrocycle to an
achiral thread. Thus, it is conceivable that placing a catalytical-
ly active group onto the thread would allow for asymmetric ca-
talysis based on chirality transfer from a BINOL macrocycle.

In 2004, Takata and co-workers synthesized thiazolium-based
chiral [2]rotaxanes as catalysts for the asymmetric benzoin con-
densation [56,57]. For the synthesis of the rotaxane, ammoni-
um salts 34a/b and the BINOL-based macrocycle (R)-12 were
interlocked via tributylphosphine-catalyzed acylative end-
capping. The resulting compounds were treated with
chloroacetic anhydride and then with thiazole. After anion
exchange the chiral thiazolium salts (R)-35a/b, which differ in
the chain length of the axle, were obtained in 9%/42% overall
yield (see Figure 8a).

For comparison, a rotaxane containing a BINOL-based axle and
an achiral macrocycle was also synthesized. This design was
chosen to investigate the difference between a covalently and a
mechanically linked chiral unit with regard to the chiral induc-
tion in asymmetric catalysis. By acylative end-capping, fol-
lowed by introduction of the thiazole unit, rotaxane (R)-38 was
obtained in 35% overall yield (see Figure 8b).

These rotaxanes where then used as catalysts for the asym-

metric benzoin condensation of benzaldehyde (39). The best
yield (90%) could be generated at 0 °C in methanol with

? ¢

O O 1) 3,5-(t-Bu)CgH3-COOH,

DIC, BugP, CH,Cl,
2) (CICH,C0),0, EtsN, DMF
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10 mol % of catalyst (R)-35a, albeit with a low stereoselectivi-
ty (21% ee). Lowering the catalyst loading (to 5 mol % or
1 mol %) led to decreased yields (34%/14%), but slightly in-
creased enantioselectivities (23%/32% ee). Incorporating a
longer axle into the catalyst ((R)-35b) led to similar results
(34% yield, 16% ee at 5 mol % catalyst loading). The catalyst
(R)-38, featuring the BINOL unit on the axle, does not allow
for higher stereoselectivities (19% ee), but interestingly
gives the other product enantiomer as the main product (see

Figure 9).

In 2016, Takata and co-workers reported a pyridine-based
rotaxane catalyst for the O-acylative asymmetric desymmetriza-
tion of meso-1,2-diols [58]. The [2]rotaxane (R)-42 was synthe-
sized by interaction of the ammonium salt 41 with the BINOL-
based macrocycle (R)-12 and end-capping with 3,5-di-tert-
butylbenzoic acid (see Figure 10).

In the asymmetric desymmetrization reaction of meso-
hydrobenzoin, rotaxane (R)-42 gave the (1R,2S)-product 45 in
high yields and enantioselectivities (78/92/98% ee at
+25/-40/-80 °C, respectively). In comparison, a non-inter-
locked mixture of model catalyst 43 and macrocycle (R)-12
only gave 8% ee at 25 °C, demonstrating the role of the me-
chanical bond for the chirality transfer (see Figure 11).

In 2017, our working group showed that bifunctional catenanes
can serve as highly efficient organocatalysts. The chiral homo-
circuit [2]catenane (S,5)-47, which features two axially chiral

0 o

PFe ('

+ o

u/\MZ\OH + [ j
2

t-Bu
(¢] O—>
o} then thiazole, Nal, Amberlite e} 0. o
N/wojki;("su

1) (3,5-Me,CgH3-CO),0,
T| iPrO),, TfOH, CH,Cl,
(CICH,CO),0, Et3N, DMF
(o} then thiazole, Nal, Amberlite

37

Figure 8: Synthesis of Takata’s chiral thiazolium [2]rotaxanes (R)-35a/b and (R)-38.
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Figure 11: The asymmetric desymmetrization reaction of meso-1,2-diols with rotaxane (R)-42.
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1,1'-binaphthyl phosphoric acids, was synthesized in a passive
metal template approach. To this end, two equivalents of the
acyclic precursor (5)-46 were preorganized by a Ca template
and catenation was achieved by two-fold ring closing metathe-
sis. This reaction yielded catenane (S,5)-47 (14% yield, see
Figure 12) together with the non-interlocked macrocycle (S,S)-
48 (22% yield, for the structure see Figure 13) [59].

O/—\ o
0 —
o) 1) Ca(OMe),
(_} (0.5 equiv),
<§/ toluene
//0 2) Grubbs 11,
—7 CH,Cl,
/_/O
(0]
\—o o o/ °

(S)-46

Figure 12: Synthesis of Niemeyer’s axially chiral [2]catenane (S,S)-47.
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The catenane catalyst allows for the asymmetric transfer hydro-
genation of 2-substituted quinolines by Hantzsch esters in a
highly stereoselective fashion [60]. It was found that the
catenated catalyst gives superior stereoselectivities in compari-
son to the macrocyclic and the acyclic reference catalysts
((S)-48/(S)-49, see Figure 13) for a broad range of substrates.
While the bifunctional catenane (S,S)-47 delivers enantioselec-

cat. (2.5 mol %)
Hantzsch ester

“,/\ X (2.4 equiv) [I ]
R N toluene, rt N N
50 51

cat. Ar yield (%) ee (%)?
(S,S)-47 A 90 84
(S)-48 \© 82 —12
(S)-49 % 9
(55147 /- 89 98
(S)-48 %4 59
(S)-49 Ph 87 76
(S.5)-47 3 87 97
(S)-48 91 70
(S)-49 tBu 89 84
(5,547 £ ) 9
(S)-48 \Q 90 23
(S)-49 F 86 42
(SSH47 ;o 82 82
(S48 D 86 41
(S)-49 88 41
(5,541 A 87 97
(5)-48 \©\ 9 47
(S)-49 OMe 89 58
s.spar - 85 95
(S)-48 91 62
(S)-49 COOMe g4 74

a) enantiomeric excess for the (R)-product isomer.

Figure 13: Results for the enantioselective transfer hydrogenation of 2-phenylquinoline with catalysts (S,S)-47, (S)-48, and (S)-49.
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tivities between 84-98% ee, the monophosphoric acids (S)-48
and (S)-49 gave lower enantiomeric excesses (12-70% ee for
(5)-48 and 9-84% ee for (S)-49). Density functional theory
(DFT) studies suggested that the excellent stereoselectivities of
the catenane are a direct result of the cooperative interaction of
both phosphoric acid groups, enabled by the mechanical bond.
Follow-up studies showed that such acid—acid interactions are
also relevant for monophosphoric acid catalysts (e.g., (5)-49),
based on intermolecular interactions that are relevant especially

at higher catalyst loadings [61].

Subsequently, our working group reported the synthesis and ap-
plication of the BINOL-based [2]rotaxanes (S)-56 and (S)-57
[62]. For their synthesis, the phosphoric acid macrocycles
(8)-52/(S)-53 were mixed with the dialkynylated amine 54 to
give the pseudorotaxanes based on ammonium—phosphate inter-
actions. Subsequent stoppering with bulky azides 55a/b gave
rotaxanes (S)-56a/b and (S)-57a/b in yields of 28-58%. These
catalysts differ in the length of the axle (n = 0 or 1, for a or b)
and in the substitution pattern of the macrocycle (R = H or iPr
in the 3,5-positions of the phenylene linkers, for 56 or 57; see
Figure 14).

These heterobifunctional chiral catalysts were studied for the
asymmetric Michael addition of malonic acid diethyl ester (59)
to cinnamaldehydes 58. While the zwitterionic ammonium
phosphate rotaxanes were inactive, deprotonation with LiOH
led to active catalysts for this reaction. In all cases, the inter-
locked catalysts showed faster conversion (87-92% conversion
after 7 days) than the corresponding non-interlocked mixtures
of macrocycle and thread (35-78% conversion) which were
used as reference catalysts. With regard to enantioselectivity, it
was found the less bulky rotaxanes (S)-56a/b performed even
worse than the reference systems (14%/14% ee for (S)-56a/b,
23%/22% ee for the reference catalysts). However, an introduc-

+

AT T

+ N o

n

55a/b (n =0, 1)

[Cu(MeCN)4PFg], CH,Cl,

Ar= = EQCL

Figure 14: Synthesis of Niemeyer’s chiral [2]rotaxanes (S)-56/57.

(S)-52/53 (R = HiPr)
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tion of the bulky iPr substituents on the macrocycle led to sig-
nificantly increased stereoselectivities for the rotaxanes (37%/
53% ee for (S)-57a/b), while the reference catalysts gave almost
racemic material (7%/9% ee). The same trend was found for the
MeO/NO;-substituted versions of cinnamaldehyde (44%/49%
ee for (S)-57a/b, 14%/16% ee for the non-interlocked mixture,
see Figure 15).

DFT calculations showed that the reaction takes place by coop-
erative action of the Li phosphate macrocycle and the amine
thread, enabled by the mechanical bond. The Li phosphate acts
as a Lewis acid to activate the malonic acid diethyl ester, which
is then deprotonated by the amine to generate the enolate
nucleophile. After the Michael addition, the anionic intermedi-
ate is protonated by the ammonium group to liberate the prod-
uct. Although this cooperative catalysis is facilitated by the me-
chanical bond, the racemic background reaction only has a
slightly higher barrier, which is probably the reason for the low
overall stereoselectivities.

2.3 Stereoselective sensing

As last part of this minireview, we will present the application
of BINOL-based interlocked molecules for stereoselective
chemosensing. This research field was pioneered by Beer and
co-workers, with a strong focus on using rotaxanes with
halogen-bond (XB) donors that act as binding sites for anionic
guest molecules [23]. In 2017, Beer and co-workers reported
the synthesis of the BINOL-containing chiral [2]rotaxanes 64
and their application for enantioselective anion recognition [63].
Macrocycle (5)-61, featuring two iodotriazole units, was reacted
with bis-iodoalkyne 62 and azides 63a/b in order to establish
the mechanical bond in an active metal template approach
(using the conformational flexibility of the iodotriazole groups
for copper N-ligation). Subsequent N-methylation of the pyri-
dine axle, followed by ion exchange, gave rise to the cationic

(S)-56a (forn=0; R =H)
(S)-56b (forn=1; R =H)

(S)-57a (forn=0; R =iPr)
(S)-57b (forn=1; R =iPr)
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(S)-56a (forn=0; R=H)
(S)-56b (forn=10; R =iPr)

(S)-57a (forn=1;R=H)
(S)-57b (forn=1; R =iPr)
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Figure 15: Results for the enantioselective Michael addition with different rotaxane catalysts (S)-56a/56b/57a/57b and their non-interlocked counter-

parts.

rotaxanes 64a/b in 23/37% overall yield, both of which feature
four iodotriazoles as XB donors. While rotaxane (S)-64a only
possesses the BINOL unit as a stereogenic element, the system
(S,S,5)-64b features two additional chiral centers on the thread
(see Figure 16).

The stereoselective binding of chiral anions by rotaxanes 64a/b
was studied by 'H NMR titration experiments, using the dica-

1) Ns
S 00
Z =
ZUs
)

tionic macrocycle (S)-61-Me,2* (obtained by methylation of the
triazole units in (§)-61) as a reference system. As guest mole-
cules, the Boc-protected amino acids N-Boc-leucine, N-Boc-
proline, and N-Boc-tryptophane were used. Overall, rotaxane
64a shows lower association constants (K = 138-2589 M™1)
with preference for the (R)-isomers of the guest molecules
(K(sy/K(r) = 0.29-0.66). In contrast, rotaxane 64b preferentially
binds the (S)-isomers (K(5)/K(gy = 1.62-2.93) and shows higher
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Figure 16: Synthesis of Beer’s [2]rotaxanes 64a/b for anion recognition.
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association constants (K = 1465-4990 M™1), probably due to
additional interactions with the functionalized thread. Compari-
son with the macrocycle (S)-61-Me,2™ (K = 423-4961 M1,
K(sy/K gy = 0.66-0.70) shows that the interlocked nature of the
rotaxane hosts gives rise to slightly better stereodiscrimation of
the guest molecules (see Figure 17).

Subsequently, Beer and co-workers reported the first example
of a chiral halogen-bonding [3]rotaxane for the recognition and
sensing of dicarboxylate anions [64]. The [3]rotaxane (S5)-68
was prepared in a two-fold clipping reaction, namely reaction of
bis-amine 66 and bis-acid chloride 67 in the presence of the

R=

C(4-t-BuCgHy)3
}{\/\NQ/

H
a

o /©/C(4—I-BuceH4)3
Il’z\‘)kN
H p

NHBoc

(S)-64alb
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dicationic axle (S)-65. The resulting rotaxane (S)-68 (37% yield,
see Figure 18) features a central chiral BINOL unit with two
adjacent binding sites for anions, each made of two iodotria-
zole-XB donors (on the thread) and two NH donors (on the
macrocycle).

For the anion-recognition experiments, the binding of selected
dicarboxylate anions ((S/R)-glutamate, fumarate, and maleate)
was investigated by fluorescence titrations. This revealed an
impressive chiral discrimination towards (S)-GluZ_ with a selec-
tivity of K(sy/K(gy = 5.7. In comparison, the free chiral axle
alone displayed no significant enantioselectivity (K(s)/K(r) =

host a(s;zt;z;t:\(:n (N-Boc-Leu)~ (N-Boc-Pro)~ (N-Boc-Trp)~
Ks) 138 1719 471
(S-64a®  Kg) 471 2586 760
KisyKer 0.29 0.66 0.62
Kes) 2450 4298 4990
(Sy-64b0 K 1511 1465 2886
Ks/Kir) 1.62 2.93 1.73
Ks) 423 3495 324
macrooycle® kg, 635 4961 488
(S)-61-Mex™" K /K g, 0.67 0.70 0.66

Figure 17: Association constants of different anions (used as the BusN* salts) to the [2]rotaxanes (S)-64a/b and the macrocycle (S)-61-Mey2*+. Only
the first association constant (K1) is given. @In acetone-dg/D>0 98:2. PIn acetone-dg/Do0 99:1.
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Figure 18: Synthesis of Beer’s [3]rotaxane (S)-68.
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0.96). With the rotaxane host, it was also possible to discrimi-
nate between the double-bond isomers fumarate and maleate,
with strong preference for fumarate (Kgym/Kma = 4.4, see
Figure 19).

Conclusion

By the introduction of an axially chiral BINOL unit into a
MIM, it is possible to combine the unique applicability of the
chiral BINOL unit with the special possibilities offered by
interlocked molecules. The synthesis of BINOL-based inter-
locked compounds can be achieved by different types of supra-
molecular template strategies that have been developed in the
past decades, including passive metal templates, active metal
templates, anion templates, ammonium crown ether templates,
and templates based on 71— interactions. This has opened the

way for the application of the resulting chiral MIMs.

The mechanical bond allows a chirality transfer from a chiral,
BINOL-based macrocycle to an achiral thread, leading to appli-
cations in (mechano)intramolecular chirality transfer. Further-
more, placing a catalytically active group into a BINOL-based
MIM generates chiral catalysts for asymmetric catalysis.
Finally, chiral MIMs based on the BINOL framework can also
be applied for stereoselective chemosensing.

While the introduction of BINOL as a chiral element in me-
chanically interlocked molecules has already delivered many
insights and first useful applications, we believe that this
research area will continue to grow in the future. Especially the
combination of the BINOL unit with other stereogenic ele-
ments might further increase the chiral induction in catalysis

and/or chemosensing. This can be achieved by placing a second

Beilstein J. Org. Chem. 2022, 18, 508-523.

stereogenic element (e.g., an axially chiral, a planar chiral unit
or a point chiral unit) on one of the subunits. However,
interlocked molecules also offer the exciting possibility to intro-
duce mechanical or topological chirality, which might be espe-
cially useful when combined with BINOL as an additional
chiral element.
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Supramolecular catalysis is reviewed with an eye on heteroleptic aggregates/complexation. Since most of the current metallosupra-

molecular catalytic systems are homoleptic in nature, the idea of breaking/reducing symmetry has ignited a vivid search for

heteroleptic aggregates that are made up by different components. Their higher degree of functional diversity and structural hetero-

geneity allows, as demonstrated by Nature by the multicomponent ATP synthase motor, a more detailed and refined configuration

of purposeful machinery. Furthermore, (metallo)supramolecular catalysis is shown to extend beyond the single "supramolecular

unit" and to reach far into the field and concepts of systems chemistry and information science.

Introduction

Supramolecular catalysis [1-3] for most chemists is associated
with a catalytically active capsule providing either activating
groups or surface/volume properties for catalytic activation
[4-12]. In the present short review, limited to discrete hetero-
leptic metallo-supramolecular ensembles [13,14], we will show
that, in addition to the above-mentioned way, there are other
diverse possibilities to profit from supramolecular protocols in
catalysis [9].

Metal-ligand-based 2D and 3D self-assembled architectures

have been extensively studied over the past decades [15-21].

While in the early years, the focus has been on the exploration
of structural features, more recent advancements have led to a
multitude of extremely useful functional applications (molecu-
lar recognition, ion sensing, catalysis, etc.) [9,22]. Since most of
these structures are homoleptic in nature, i.e., they are
constructed from a single type of ligand [4-22], the idea of
breaking/reducing symmetry has ignited a vivid search for
heteroleptic aggregates that are made up by different compo-
nents. Their higher degree of functional diversity and structural
heterogeneity should allow, as amply demonstrated by Nature,

for instance, by the multicomponent ATP synthase motor [23],

597


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:schmittel@chemie.uni-siegen.de
https://doi.org/10.3762/bjoc.18.62

a more detailed and refined configuration of purposeful machin-
ery [24].

For the preparation of heteroleptic aggregates, one must differ-
entiate between dynamic (rapidly exchanging) and kinetically
inert heteroleptic metal-ligand interactions. While the inert
heteroleptic metal-ligand motifs often center about iridium, ru-
thenium, rhodium etc. [25], the dynamic ones are constructed
using copper(l), zinc(Il), cadmium(II), iron(Il), palladium(II),
etc. as metal ions due to their more rapid ligand exchange rates
[24-26].

The strategies to prepare inert vs dynamic heteroleptic aggre-
gates are quite different. While in the former often a step-by-
step attachment of the different ligands to the metal centers
under kinetic control is dominating, the formation of dynamic
aggregates relies on effective self-sorting protocols under
thermodynamic control [24].

In its initial definition, self-sorting describes the capability to
distinguish "self" from "non-self" in a mixture of constituents
[27-30], i.e., the formation of well-defined homomeric aggre-
gates [31] instead of a random combination of constituents in
the product. This definition was later extended to heteromeric
complexes by Issacs’ classification [32] of two main categories:
(a) social self-sorting, which involves the assembly of different
species, and (b) narcissistic self-sorting, which only involves
aggregation of the same component. Over the past few years, a
variety of social self-sorting protocols has led to a significant
number of self-sorted cages/assemblies that have demonstrated
their potential to act as functional materials [30].

Various self-sorting protocols leading to quantitative formation
of heteroaggregates under thermodynamic control have recently
proven their capacity. A prominent procedure developed by
Sauvage on the basis of topological control [33] has found
ample use in the preparation of rotaxane-based machines and
devices [34]. A key element is a macrocyclic phenanthroline
with an endotopic binding site as it precludes homoleptic com-
plex formation. A further principle, introduced by Lehn, uses
maximum site occupancy to afford heteroleptic aggregates [35].
While this principle is limited, the charge-separation approach
by Stang is of much wider use [36]. Probably, most contribu-
tions in the literature, though, are based on using steric
constraints in heteroleptic aggregation, since a variety of
heteroleptic aggregation protocols have been developed by
Schmittel [37] (for copper(l), zinc(1l), cadmium(II), mercury(II)
ions) and Yoshizawa/Fujita [38] (for palladium(II) ion) that
involve pyridine-derived ligands. Highly innovative are the ap-
proaches for terpyridine-based complexes by Chan using com-

plementary ligand binding [39], sometimes combined with con-

Beilstein J. Org. Chem. 2022, 18, 597-630.

formational regulation [40], and of Newkome/Li [41] applying
mainly geometric complementarity [42]. Clever utilized shape
complementarity [21] for building heteroleptic palladium(II)
cages whereas Crowley developed a procedure to kinetically
metastable cages using naked P42+ [43,44].

The following selected structures (Figure 1) shall give a flavor
of recent achievements in making fascinating heteroleptic struc-

tures using dynamic binding motifs.

The availability of powerful tools for building heteroleptic
aggregates has led to a multitude of fascinating structures,
accompanied by bright and confident prospects for interesting
future applications. Concentrating on the topic of catalysis,
however, one must confess that despite ample promises, so far,
the number of established cases is rather small. For this brief
account, we have identified four different categories under
which the current examples describing supramolecular cataly-
sis profiting from heteroleptic binding motifs may be summa-
rized:

 Catalysis using heteroleptic discrete
supramolecular architectures

* Catalytic effects due to nanomechanical motion

» Switchable catalysis due to reversible assembly/disas-
sembly

* Toggling between intra- and intermolecular complex-

ation in nanoswitches

Review
Catalysis using heteroleptic discrete

supramolecular architectures

In its early years, supramolecular chemistry mainly focused on
host—guest interactions, primarily on the electrostatic interac-
tion of crown ethers and alkali metals [4]. While, in the begin-
ning, crown ethers were an excellent choice for metal ion com-
plexation, they later received ample recognition as supramolec-

ular catalysts [49].

The majority of host capsules, however, has been constructed
using aromatic walls that offer van-der-Waals and r—m stacking
interactions in order to compensate for the absence of a strong
electrostatic interaction. These non-covalent/ionic interactions
play an important role in encapsulating aromatic organic
molecules, especially in aqueous medium. Along this
rationale, organic host molecules such as cyclodextrin [50],
pillararenes, and cucurbiturils [51] have been developed in the
last decades. Although, these exhibit excellent host—guest en-
capsulation properties with a variety of organic molecules, there

are major drawbacks associated with them: variation of the
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[T;RulsKsFey,
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4

Figure 1: Butterfly 1 (Figure was reprinted with permission from [45]. Copyright 2012 American Chemical Society. This content is not subject to
CC BY 4.0.). Six-pointed star 2 = [Cdo1L33L’s] (Figure was reprinted with permission from [46]. Copyright 2019 American Chemical Society. This
content is not subject to CC BY 4.0.). Hexagonal supramolecular nut 3 (Figure was reprinted with permission from [47]. Copyright 2016 American
Chemical Society. This content is not subject to CC BY 4.0.). Cantellated tetrahedron 4 = PdqoL12L’12 (Fujita 2014 [48]).

shape and size of their cavity requires often tedious de-novo
synthesis.

Eventually, these drawbacks have been tackled by synthesizing
discrete supramolecular hosts based on metal-ligand coordina-
tion-driven self-assembly [15-22,52]. This approach not only
solved the issue with low overall yields, but it also provided
chemists with a superior control over the shape and size of the
host’s cavity. Since the coordination bonds which define the
host structure are labile in nature, they allow the formation of

thermodynamically controlled architectures using a self-
correcting mechanism [15,53]. Generally, the construction is
spontaneous and highly selective with quantitative conversion.

In search of supramolecular cavity-induced catalysis, chemists
have become fascinated toward the design of large and sophisti-
cated molecular vessels. In this context, Stang [54], Nitschke
[55], Fujita [56], and others [57] have reported several tem-
plate-free assemblies giving access to novel structures. The pri-

mary objective of these nanovessels as supramolecular cata-
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lysts is to encapsulate organic reactant/s to lower the activation
barrier, thereby mimicking the functions of enzymes (without
replicating their structures). The structural dissimilarity be-
tween the reactants and the subsequent product often contrib-
utes to the successful release of the product from the reaction
vessel, thus, reducing product inhibition. Hence, it can be envi-
sioned that the introduction of functionality within the building
blocks to decorate the inner cavity of the host would produce
efficient types of catalyst, where the substrates get activated for
a particular reaction upon interaction with the functional group
inside the cavity.

Mukherjee et al. have demonstrated the construction of 3D
nanocages employing imidazole-based multidentate donors
[58]. The conformational asymmetry of the imidazole units
opened the venue to nanocages of different shapes and sizes
with ease. To take the directional self-assembly to the next
level, a three-component self-assembly of the tetra- and tri-
imidazole donors 6 and 7, respectively, was carried out with §
via social self-sorting to form the Pd; molecular cage 8
(Figure 2) as driven by the directionality of the donor nitrogen
of the building ligands. The unique three-component Pd7 mo-
lecular boat has a proper internal nanocavity showing preferen-
tial affinity towards aromatic molecules through m—m stacking
with the hydrophobic aromatic wall of the host. Finally, the boat
was investigated as a catalyst for the Knoevenagel condensa-

tion reaction (Figure 2) of a series of aromatic aldehydes with
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1,3-dimethylbarbituric acid and Meldrum’s acid in aqueous
media.

One of the primary advantages of utilizing self-assembly to
construct discrete nanocages with predetermined geometry and
function is the use of a one-pot reaction employing complemen-
tary organic linkers with inorganic metal ions. Although the
one-pot synthesis of homoleptic metallacages has been thor-
oughly investigated over the years [15-22] a more accurate
understanding of the self-assembly of diverse components and
the development of functionally integrated smart architectures
for catalysis as “artificial enzymes” certainly demands further
attention. Enticed by this idea, Mukherjee and co-worker have
demonstrated the design and synthesis of urea-functionalized
2D/3D architectures and their catalytic activity. The urea
moieties were incorporated within the building blocks and were
meant to serve as binding sites for appropriate substrates, there-
fore, promoting selectivity and reactivity. For this purpose, they
have chosen the ditopic bisurea “strut” 12 (Figure 3), which
generated a 2D discrete molecular triangle 14 in the presence of
an equimolar amount of the cis-(tmen)Pd(NO3), acceptor 5
[59].

In order to prevent the urea moieties on the triangle to get
engaged in intermolecular H-bonding, which would lead to cat-
alytic quenching, a unique design strategy was applied. Instead

of using a cis-blocked palladium(II) unit for self-assembly,

Figure 2: Synthesis of the three-component heteroleptic molecular boat 8 and its use as a catalyst for the Knoevenagel condensation reaction of

9 + 10. Redrawn from [58].
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Figure 3: Synthesis of the two-component triangle 14 and three-component heteroleptic prism 15 [59]. Figure was adapted with permission from [59].
Copyright 2016 American Chemical Society. This content is not subject to CC BY 4.0.

Pd(NOj3), was employed along with the triazole-based 0° clip
13. In a one-pot reaction, 12 and 13 in DMSO were treated with
Pd(NO3), in a 1:1:1 ratio, which entailed the quantitative for-
mation of the edge-directed molecular prism 15 (Figure 3). The
adequate length of the ditopic clip 13 constrained the urea trian-
gle from intersupramolecular H-bonding. Thus, the urea
moieties in this newly assembled 3D architecture were freely
available for interactions with appropriate guest molecules
through H-bonding. Different organic molecules, such as
nitroolefins, capable of forming H-bonding with the urea
moieties inside the cavity were investigated in water for their
ability to encapsulate in the cavity under heterogeneous condi-
tions. Successful binding of the guest molecule was proven by
UV-vis and IR spectroscopy. The multicomponent prism
(Figure 3) was finally utilized as a heterogeneous catalyst for
Michael and Diels—Alder (DA) reactions in water, representing
an uncommon hydrogen-bond donating heterogeneous catalyst
[59]. Intrigued by the successful guest-inclusion, Michael reac-

tions were performed with prism 15 (Figure 4). Generally, most
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16

(@) O
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of the organocatalysts get destroyed during the work-up proce-
dure, so that recovery is often difficult. However, in the present
case the catalyst could be easily recovered, and multiple catalyt-
ic cycles could be performed.

Supramolecular systems based on non-covalent interactions
have drawn considerable attention in assembling efficient light
harvesting systems (LHSs) in the last decade [60,61]. Signifi-
cant attention has been centered to construct artificial LHSs via
FRET (fluorescence resonance energy transfer) that include
organic materials and supramolecular assemblies. Recently,
FRET phenomena have been successfully demonstrated in
supramolecular architectures based on metal organic frame-
works and covalent organic frameworks [62-64]. However,
poor solubility of such polymeric systems in common solvents
restricts their use in potential applications. In this aspect, coor-
dination-driven discrete architectures provide a promising
future due to their facile one-pot synthesis and high solubility in
common solvents.

o
_15(5mol %) _ O
H,0 (1 mL), rt

Figure 4: Catalytic Michael addition reaction using the urea-decorated molecular prism 15 [59].
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Mukherjee and co-workers have developed supramolecular
architectures containing tetraphenylethene (TPE) units which
act as an aggregation-induced emissive (AIE) fluorophore [65].
The newly designed TPE-based tetraimidazole donor 19 has
been treated with 180°/120° trans-Pt(II) acceptors which led to
the coordination-driven self-assembly of 3D discrete molecular
cages in aqueous medium (Figure 5). The 180° acceptor with-
out an organic spacer, trans-[Pt(PEt3),(ONO,),] 20, provided
the cage 23a with the molecular composition (20)4(19),(NO3)g,
whereas 21 (with a spacer unit) led to the formation of the Ptg
cage 24a = (21)4(19)2(NO3)g. In a similar fashion the bent
120° acceptor 22 also assembled into the Ptg cage 25a =
(22)4(19)2(NO3)g [65]. Counter anion exchange from NOj3™ to
PF¢~ made the cages soluble in acetonitrile. All three cages
formed spherical supramolecular nano-aggregates in a water/
acetonitrile (9:1) mixture and showed increased emission in the
aggregated state [66]. Rhodamine B (26) was chosen as a FRET
acceptor as there is a considerable overlap in energy of the
donor emission and acceptor absorption. Then, artificial LHSs
were constructed with aggregates from 24b or 25b at a donor/

acceptor ratio of 5:1 (Figure 6). Finally, the light harvesting ma-

X=NO; : 24a
@0:(19% x = pF;- : 240

(20),(19)
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terials (24b + 26) and (25b + 26), respectively, were successful-
ly employed as visible-light photocatalysts for a cross-coupling
cyclization of N,N-dimethylaniline (27) and N-alkyl/aryl male-
imides 28 (Figure 6). Notably, the systems showed much higher
catalytic activity compared to similar reactions with the dye or
cages alone.

Transition-metal catalysts play an important role for the devel-
opment of intricate pharmaceutical drugs. Although transition-
metal catalysts based on rhodium, cobalt, and palladium have
been intensively studied, gold catalysis has received encour-
aging attention only recently [67,68]. Since selectivity of gold-
catalyzed reactions is still a concern, the catalytic transformat-
ion is often controlled by introducing a ligand as a first coordi-
nation sphere of the active gold species. In a supramolecular ap-
proach, introduction of the ligated gold complex inside a hollow
cage may significantly improve the reactivity and selectivity
because the cage provides a second coordination sphere around
the catalyst thus controlling the catalytic reaction. This idea has
been impressively demonstrated by Reek [69], Ballester [70],
and Raymond [71], where a single gold-based catalytic unit

ONO,

Et;P-Pt-PEt;

I Quo,
Et;P-Pt-PEt;

(j _ ONO,
2 = Il

Et;P-Pt-PEt;
ONO,

21 20

A"
A

X=NO; : 25a
22),(19 3
22)( )2X=PF6_:25b

8+'X8

«

—)

8+'X8

X=NO; :23a
2 X=PFs :23b

Figure 5: Self-assembly of two-component tetragonal prismatic architectures with different cavity size. Figure was adapted from [65]. (Published by
the Royal Society of Chemistry, “Self-assembled metallasupramolecular cages towards light harvesting systems for oxidative cyclization®, © 2021
A. Kumar et al., distributed under the terms of the Creative Commons Attribution 3.0 Unported License, https://creativecommons.org/licenses/by/3.0).
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Figure 6: Construction of artificial LHS using rhodamine B as an acceptor and 24b as donor generating a photocatalyst. Figure was adapted from
[65]. (Published by the Royal Society of Chemistry, “Self-assembled metallasupramolecular cages towards light harvesting systems for oxidative cycli-
zation*, © 2021 A. Kumar et al., distributed under the terms of the Creative Commons Attribution 3.0 Unported License, https://creativecommons.org/

licenses/by/3.0).

is encapsulated inside a molecular host to modulate the reactivi-
ty.

Recently, Reek and co-workers have constructed an M Loy
nanosphere by treating the bispyridyl 120° ligand 30 with a
Pd(II) precursor [72]. Here, the ligand 30 is optimally functio-
nalized with a phosphine gold(I) chloride moiety so that the
metal catalyst will reside inside the sphere (Figure 7). In order
to vary the local gold concentration inside the cavity,
heteroleptic cages were assembled from a multicomponent one-
pot reaction of Pd(II) with 30 and the analogous non-functional-
ized ligand 31. By controlling the ratio of 30 and 31, spheres
with varying concentrations of AuCl could be constructed.
Finally, the various spheres were investigated regarding the cat-
alytic effect of the local gold concentration on the hydroalkoxy-
lation of y-allenol 34 (Figure 8). Since all catalytic tests were
carried out at the same overall gold concentration of 5 mM, it

was very interesting to observe that nanospheres with a very

low local gold concentration could not catalyze the reaction at
all. Actually, product formation was observed only with nano-
spheres having a higher 30/31 ratio (>6:18). Surprisingly, only
the formation of the five-membered ring product 35 was ob-
served, with a maximum yield of 88% at the highest 30/31 ratio
of 24:0. The system was benchmarked with the building unit 30
itself and Ph3PAuCl where they observed a negligible conver-
sion, which points toward the importance of local catalyst con-
centration.

A wide range of cavity-based artificial supramolecular catalysts
has been successfully developed employing dynamic
metal-ligand coordination bonds. While only a small fraction of
these 3D architectures was useful for chiral catalysis, an even
smaller fraction was able to provide a high stereoselectivity
during asymmetric catalysis [5]. For instance, an enantiopure
tetrahedral Pt, cage has been previously studied for catalytic

Michael addition reactions, but no enantioselectivity was
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Figure 7: Synthesis of supramolecular spheres with varying [AuCl] concentration inside the cavity. Figure was adapted from [72], R. Gramage-Doria
et al., “Gold(l) Catalysis at Extreme Concentrations Inside Self-Assembled Nanospheres”, Angewandte Chemie, International Edition, with permission
from John Wiley and Sons. Copyright © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. This content is not subject to CC BY 4.0.
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Figure 8: Hydroalkoxylation reaction of y-allenol 34 in the presence of
[AuCl]-encapsulated molecular spheres [72].

detected because the chiral building blocks were located at
peripheral positions thus not sufficiently breaking symmetry
within the cavity [73]. Therefore, it was envisioned that the
chiral moiety should be incorporated in the ligand unit in order
to provide an enantiopure assembly with an asymmetric cavity.
1,1'-Binaphthol (BINOL) is one such chiral building block,
which has been successfully utilized to carry out numerous

asymmetric catalytic reactions [74]. Keeping this in mind, Stang

oTf
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and co-workers constructed heteroleptic triangles via the
assembly of a BINOL-based ditopic ligand and 180° trans-
Pt(II) acceptors. The 3,3'-dipyridyl-substituted chiral BINOL
donor (5)-37 has a bite angle of 60° and when treated with
linear 180° acceptors 38 and 39, it produced the differently
sized triangles (5)-40 and (S)-41 depending on the length of the
organic spacer in the acceptor unit (Figure 9) [75].

Since the interior cavity of the homochiral macrocycles was
equipped with BINOL units, they were utilized as catalysts for
the asymmetric conjugate addition of chalcone 42 with trans-
styrylboronic acid (43, Figure 10). The catalytic reaction inside
the chiral cavity of (5)-40 provided a yield up to 91% with a
very high enantioselectivity (94% ee). In contrast, the larger
chiral macrocycle (S)-41 afforded a slightly lower catalytic ac-
tivity (87%), however, at a similar enantioselectivity (94% ee).

(S)-41

Figure 9: Two-component heteroleptic triangles of different size containing a BINOL functionality. Figure was adapted with permission from [75].
Copyright 2020 American Chemical Society. This content is not subject to CC BY 4.0.
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Figure 10: Asymmetric conjugate addition of chalcone 42 with trans-styrylboronic acid (43) catalyzed by BINOL-functionalized triangle (S)-40 [75].
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Using similar reaction conditions, the non-assembled BINOL
derivative (S)-3,3'-dibromo-[1,1'-binaphthyl]-2,2'-diol acted as a
superior catalyst (99% yield) but achieved a lower enantioselec-
tivity (84% ee). Therefore, this result indicates that the incorpo-
ration of multiple catalytic sites and an appropriate asymmetric
cavity is the key for the enhancement of catalytic activity and
stereoselectivity [75].

Strictly speaking, the above example does not contain fully
dynamic heteroleptic metal fragments, as the aryl-Pt bond is not
kinetically labile. Nevertheless, the example illustrates the op-
portunities in running enantioselective catalysis in mixed-ligand
frameworks.

Instead of constructing supramolecular catalysts by functionali-
zation of the linker units, a different approach can be adopted
where a catalytically active molecule is encapsulated inside a
confined space, as demonstrated by Reek and co-workers by
using a previously reported heteroleptic bisporphyrin cage [76].
The tetragonal prismatic nanocage 47 consisted of two zinc-por-
phyrin units along the two tetragonal faces (Figure 11), which
allowed encapsulation of the chiral phosphoramidite 48 as a
precursor for the final catalyst. In the next step, a transition-
metal-ion based catalyst was prepared in situ by addition of one
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equiv of [Rh(acac)(CO),], which generated the monoligated
rhodium complex. Finally, catalysis was carried out at 5 bar of
H,/CO (1:1) that converted the [Rh(acac)(CO);,] complex
into the active hydride species 49 that is well known for
hydroformylation reactions [77]. Incorporation of the
monoligated catalyst into the confined cavity of the capsule
showed very good catalytic activity towards the hydroformyla-
tion of styrene (50, Figure 11) with a high stereoselectivity
(65% ee) at 32% conversion compared to the non-encapsulated
catalyst, which only managed to yield 8% ee at 4% of conver-
sion. Thus, the molecular capsule 47 can be viewed as a second
coordination sphere of the catalyst, reminiscent of enzymatic
active sites.

In summary, the above discrete molecular architectures contain-
ing cavity and sometimes smart functionality describe a new
class of supramolecular catalysts that are effective tools to
control the activity and selectivity of organic transformations.
Clearly, building heteroleptic assemblies provides an unprece-
dented flexibility towards controlling the dimension as well as
functionality. For instance, a particular catalytic reaction can be
efficiently carried out by choosing a specific functionality. The
functional entity responsible for catalysis can either be incorpo-
rated with the building blocks, or the catalyst itself may be

ii. Rh(acac)(CO,),
iii. H,/CO, 1:1

51

Figure 11: Encapsulation of monophosphoramidite-Rh(l) catalyst into a heteroleptic tetragonal prismatic cage 47 and its use in a stereoselective
hydroformylation. Figure was adapted with permission from [77]. Copyright 2015 American Chemical Society. This content is not subject to

CC BY 4.0.
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encapsulated into the cavity. Unfortunately, the examples of
heteroleptic cages acting as catalysts are limited so that further

development is urgently needed.

Catalytic effects due to nanomechanical

motion

The above examples have demonstrated the potential of
heteroleptic cages to enable catalysis under various conditions.
In this subchapter, the role of the cage/architecture depends on
its dynamics: the catalytic activity will correlate with the rate of
thermal motion. As illustrated below, there are presently two
phenomena known where continuous nanomechanical motion
influences the catalytic activity: a) Increasing nanomechanical
speed reduces product inhibition, and b) higher nanomechani-

cal speed enlarges catalyst liberation.

While the development of multicomponent rotors has started
almost 20 years ago with seminal works by Shionoya [78-80]
and Kume [81,82], the fascinating prospects of discrete nano-
mechanical motion was impressively demonstrated by Aida
with the development of multicomponent tweezers [83,84].
Using a variety of orthogonal complexation motifs, the
Schmittel group has developed over the past five years a general
approach to multicomponent rotors that relies on the binding
difference found in the HETPYP (HETeroleptic PYridine and
Phenanthroline complexes [85,86]), HETPHEN (HETeroleptic
bisPHENanthroline complexes [87]) and HETTAP
(HETeroleptic Terpyridine And Phenanthroline complexes
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[88]) interactions (Figure 12). Due to the different amount of
donor atoms about the metal ion, the binding strength will de-
crease in the series of HETTAP > HETPHEN > HETPYP [37].
In any dynamic system designed for exchange motion
predictably the weakest interaction will be the most dynamic
one. This protocol is quite generally applicable and is readily
illustrated by the ensuing example. The three-component rotor
52 = [Zn(53)(54)]** was developed on the basis of two com-
plexation events, i.e., the zinc(Il) HETTAP (log f = 14,
log K| 2 6) and N,y — ZnPor (log K = 4.45) binding motifs
(Figure 12) [89]. Due to the design of 52, the pyridine terminal
oscillates between the two degenerate zinc porphyrin (ZnPor)
stations of 53 at kogg = 24 kHz (at 298 K).

A similar exchange process was observed in the four-compo-
nent rotors [90] developed along two orthogonal self-sorting
motifs (HETPYP = N,y — [Cu(phenAry)]* and Npagco —
ZnPor interactions). Again, the synthetic approach is a straight-
forward multicomponent self-sorting assembly. Accordingly,
the distinct zinc porphyrins 55 and 57 were positioned at a
defined distance through two Npagco — ZnPor interactions.
Clearly, without additional measures, homo- and heteromeric
assemblies would form. However, due to the additional
HETPYP interaction(s) in the presence of copper(l) ions,
thermodynamic stabilization quantitatively drives the reaction
to the hetero-assembly 59, simply by mixing the components in

the correct stoichiometric ratio (Figure 13). Various nanorotor

assemblies are possible by this approach.

Figure 12: (a) Representations of the basic HETPYP, HETPHEN, and HETTAP complex motifs. (b) The three-component rotor 52 built on zinc(1l)

HETTAP and Ny, — ZnPor coordination motifs [89].
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61 = [Cu,(56)(58)(60)]**

Figure 13: Two representative four-component rotors, with a (top) two-arm stator and (bottom) a four-arm stator. Figure was adapted with permission
from [90]. Copyright 2013 American Chemical Society. This content is not subject to CC BY 4.0.
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The dynamics of the four-component rotor 59 =
[Cu2(55)(57)(60)]2Jr cannot be resolved due to the high
symmetry in both the rotator and stator [91]. However, when
rotator 58 with two different terminals was used then the rota-
tional speed could be measured using VT 'H NMR [90]. Over
the years, both the stator and the rotators were varied over a
wide range, i.e., see 61, changing the geometrical or constitu-
tional situation at the binding sites [92]. In a detailed recent
study, the finding of a Hammett correlation in such nanorotors
corroborated that a rate-determining dissociation at the
rotator—metal binding interaction dictated the rotational speed
[93].

Reducing Product Inhibition (RPI) through nanomechani-
cal motion. Recently, the suitability of the four-component
rotors to act as catalysts in various click reactions was investi-
gated having a look at nanorotors [Cuy(55)(60)(X)]** (with X =
62, 63 or 64), revealing an unexpected correlation between their
rotational speed and catalytic activity [94] (Figure 14). Because
in any moment of the rotation there should at least one
copper(l) phenanthroline be freed from contact with the
monodentate rotator X, one would expect that the temporarily
exposed copper(I) ions are catalytically active. It is important to

Beilstein J. Org. Chem. 2022, 18, 597-630.

note that this copper ion due to steric impediments at the
phenanthroline site will not engage in complexation with a
second phenanthroline (see HETPYP concept [85,86]).

The concept was probed by using nanorotors
[Cu2(55)(60)(X)]2+ as catalyst (10 mol %) for the click reac-
tion of 9-(azidomethyl)anthracene (65) and (prop-2-yn-1-
yloxy)benzene (66) at 55 °C (4 h) [94]. Notably, the fastest
nanorotor [Cu2(55)(60)(64)]2+ afforded the highest yield of
the click product 67 (62%) followed by nanorotors
[Cuy(55)(60)(63)]%+ (44%) and [Cuy(55)(60)(62)]%F (20%)
(Figure 15). The analogous tendency was recognized in a
second click reaction, using now reactants 68 and 69 furnishing
70. Markedly, the yield of both click reactions was linearly
correlated with the exchange speed of the catalytic nanorotors
(Figure 15, right). With faster rotational exchange of the
nanorotor both the measured rate of catalysis at time = zero, v,
and the catalytic yield increased in a linear fashion. Such a clear
correlation asks for a convincing theory. A straightforward ex-
planation is that higher rotational speed should lead to a reduc-
tion of product inhibition by kicking out the product bound at
the catalytic copper center. As shown experimentally, only the
copper(I) phenanthroline unit which is temporarily not occu-

[Cu,(55)(60)(X)]*
(X = 62, 63 or 64)

Figure 14: Four-component rotors with a monohead rotator. Figure was adapted with permission from [94]. Copyright 2018 American Chemical

Society. This content is not subject to CC BY 4.0.
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Figure 15: (left) Click reaction catalyzed by rotors [Cuy(55)(60)(X)]?*. (right) Yield as a function of the rotational frequency. Figure was adapted with
permission from [94]. Copyright 2018 American Chemical Society. This content is not subject to CC BY 4.0.

pied by the rotator head is catalytically active. Thus, when the
rotator dissociates from the copper(I) phenanthroline and moves
to the product-filled site it should liberate the product into solu-
tion. The increased liberation of product with increasing speed
of the nanorotor was proven by independent experiments, and
additionally it was demonstrated that a “static” reference cata-

lyst showed only a turnover of 1 due to product inhibition.

The capacity of the four-component nanorotors to act as cata-
lyst in click reactions was more recently utilized for setting up a
multicomponent logic AND gate that required the networking
of altogether twelve components (Figure 16) [95]. At the heart
of the logic operation, the ensemble of the copper(I)-loaded
nanoswitch [Cu(71)]" and ligand 72 was actuated by two metal-
ion inputs (Zn>* and Hg?") and generated a stoichiometric Cu*
output according to the AND gate logic only in truth table state
(1,1). The released copper(l) ions self-assembled the four-com-
ponent rotor [Cu2(55)(60)(73)]2Jr which enabled catalysis of a
click reaction. In summary, copper(l) ions as stoichiometric
output of the AND gate finally generated a catalytic output due
to the assembly of a rotating four-component catalyst. More-
over, the AND gate could reversibly be reset into truth table
state (0,0).

Like the nanorotors above, domino nanorotors with two
exchanging rotational axes showed catalytic action that
depended on the rotational speed [96]. Ligands 53 and 76 were
conceived based on geometric complementarity at their coordi-
nation sites using the HETPYP interaction in both aggregates
[Cuy(76),]* and 77 = [Cux(53)(76)]** (Figure 17). The struc-
ture of 76 suggested that the dimeric parallelogram-type double

rotor [Cuy(76),]*" with two antiparallel pyridyl head groups
operating as axles would form. Again, it is important to stress
that the coordinatively frustrated terminal [Cu(phenAr,)]* units
will not engage in complexation with a second phenanthroline
due to steric control in the HETPYP concept [85,86]. Since at a
given time, only one of both HETPYP-bound pyridines in
[Cu4(76)2]4+ can serve as axle, the rotor undergoes a domino
rotation that was measured to occur at kp9g = 142 kHz. For the
heteromeric rotor [Cu2(53)(76)]2+, two orthogonal dynamic
interactions are relevant, i.e., the weak pr — ZnPor binding
(log K = 4.3) and the stronger copper(l) HETTAP linkage
(log B = 9.3). Ligand 53 with its terpyridine (tpy) and two
ZnPor sites was designed in the way that the tpy should connect
with 76 via a HETTAP binding motif while simultaneously
allowing binding of the pyridine terminus of 76 to one of both
ZnPor units of 53. Now there are two motions possible that can
only occur in a domino fashion. When the strong HETTAP
complexation is intact, the exchange of the pyridine head of 76
between both ZnPor sites of 53 occurs at 64 kHz at rt. When the
much stronger HETTAP complex dissociates, the much weaker
Npy = ZnPor interaction remains intact and serves as a rota-
tional axle, but now the exchange is slower by several orders of
magnitude (ky9g = 0.55 Hz).

The two rotors and reference complex [Cu(78)]* (Figure 17)
were compared for their catalytic activity in the click reaction of
79 + 80 (Table 1), after normalizing for their different content
of copper [96]. Reactants 79 and 80 were chosen, because their
click product 81 should be a rather good chelate ligand leading
to product inhibition. The data given in Table 1 indicate that the
rotor [Cu2(53)(76)]2+ has basically the same catalytic activity as
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rotating catalyst
[Cux(55)(60)(73)1*

N
)\
N—N

click product

Truth table (1,1)

Figure 16: A supramolecular AND gate. a) In truth table state (0,0) two nanoswitches serve as the receptor ensemble. Inputs for the AND gate are
Zn2+ and Hg?*. b) In truth table state (1,1), copper(l) ions are released that assemble the rotating catalyst [Cup(55)(60)(73)]2* the latter enabling the
click reaction of 74 + 75. For structure of compound 55, see Figure 13. Figure was adapted with permission from [95]. Copyright 2020 American

Chemical Society. This content is not subject to CC BY 4.0.

a non-dynamic reference catalyst (turnover close to 1), because
the exchange at the copper(I) sites preventing product inhibi-
tion is extremely slow (kpy9g = 0.55 Hz). The much faster rota-
tion leading to an exchange of the Npy, — ZnPor interaction is
irrelevant for the catalysis. In contrast, the faster domino rotor
[Cu4(76)2]4Jr produced far superior yields (Table 1). The differ-
ent yields correlate with the distinct v( of the catalytic reaction.
In conclusion, we see a clear trend in several rotating catalysts
that with higher speed product inhibition is reduced (RPI).

Increased Liberation of Catalyst (ILC) through nanome-
chanical motion. While the previous and related examples [97]

are based on a reduction of product inhibition (RPI) with

increasing speed of the rotating catalyst, there is a second
general concept, i.e., ILC, for linking catalytic activity with the
speed of a nanomechanical device. It is based on the increasing
liberation of a bound organocatalyst with rising speed of the
catalytic machinery. This concept was first realized in the
slider-on-deck systems (82¢X) (X = 83, 84, or 85) (Figure 18)
that were simply generated by mixing the tris-ZnPor deck 82
with one of the bipeds 83-85 (1:1) [98]. The thermal sliding
speed of the biped across the deck 82 depends on the thermo-
dynamic strength of the pyridine (or pyrimidine, methylpyri-
dine) — ZnPor interactions of the biped’s feet with the ZnPor
units. Obviously, weaker binding to ZnPor should lead to faster
sliding [17].
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HETTAP

77 = [Cuy(53)(76)]2*

Figure 17: Two supramolecular double rotors (each has two rotational axes) and reference complex [Cu(78)]* for catalysis. Figure is a derivative work
from [96]. (Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, © 2020 Goswami, A.; Schmittel, M. distributed under the terms of the
Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).

Table 1: Yield of click product 81 using different catalysts [96]. Fast rotation leads to high yield.

0
N3
+
O,N Z
79 80

catalyst speed [Hz]
[Cuq(76)2]* 142 x 103
[Cux(76)(77)]%* 0.55
[Cu(78)]* (static ref.) 0

2Yields determined from 3 independent runs.

With one of the three ZnPor units being available for the attach-
ment (immobilization) of an organocatalyst, we wondered about
the catalytic activity of the dynamic three-component ensem-
bles 89+(82+X) using N-methylpyrrolidine (89) as organocata-

cat.
0°C

-0
/Ej)‘\/ 7
=
O,N 81

yield of 812 vo [mol L1 s
63% 4.2 x 108
28% 1.8 x 108
26% 1.4 x 108

lyst. For assessment, the conjugate addition of 86 and 87 was
studied at different temperatures for 4 h (Figure 19). In compar-
ison with the static reference system 8990 (no yield at 50 °C),
there was a clear trend for higher yields (Table 2) the faster the
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Figure 18: The slider-on-deck system (82:X) (X = 83, 84, or 85). Figure is from [98] and was reprinted from the journal Angewandte Chemie, Interna-
tional Edition, with permission from John Wiley and Sons, (“Catalytic Three-Component Machinery: Control of Catalytic Activity by Machine Speed*” by
Paul, I.; Goswami, A.; Mittal, N.; Schmittel, M.), Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. This content is not subject to

CC BY 4.0.

SH o _
&
(82:X)

CDCl3,
50 °C, 4 h

86 87

ogsg

Figure 19: Catalysis of a conjugated addition reaction in the presence of the slider-on-deck system (82+X) (X = 83, 84, or 85) [98]. No catalysis was

observed with the static reference 89-90.

Table 2: Activation data (sliding motion) of the slider-on-deck systems (82+X) (X = 83, 84, or 85) [98] and their performance in catalyzing the forma-

tion of 88 in presence of catalyst 89 (see Figure 19).

Slider-on-deck (82-83) (82+84) (82:85)
AHE [kJ mol™] 547+0.5 455+0.6 429+06
AS*[J mol~1 K] 248+22 10.1+25 75+25
AGtogg [kJ mol™] 47.3 425 40.7

kogg [s71] 32.2x 108 220 x 103 440 x 103
yield of 88 [%] 18+ 2 32+2 50 + 2
liberated cat. 89 29% 48% 76%
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exchange process in the slider-on-deck is: system 89¢(8283)
furnished (18 * 2)%, 89¢(82+84) afforded (32 * 2)%, and
89¢(82+85) provided (50 + 2%) of 88 at 50 °C after 4 h. Control
experiments uncovered that product formation was kinetically
controlled and that the slider-on-deck systems on their own
were catalytically silent. With various controls one could
demonstrate that the effect on catalysis in the catalytic machin-
ery was due to kinetic and not thermodynamic reasons
(Figure 19).

Beilstein J. Org. Chem. 2022, 18, 597-630.

While the concept of increased liberation of an organocatalyst
(ILC) has been demonstrated in other dynamic nanomechanical
systems as well [99], a particular highlight was recently real-
ized with a catalytic nanorotor that was able to build a new cata-
lytic machinery [100]. Hereunto, the two concepts RPI and ILC
were combined in a synergistic manner, starting with rotor
[Cu2(83)(91)]2+ (kogg = 46.0 kHz) that catalyzed the click reac-
tion between the zinc porphyrin ligand 92 and the azide 93
furnishing triazole 94 (Figure 20). As it was possible to drive

CD,Cl,/CDCly 4:1
50 °C

94

[Cuz(83)(91)(94)1**

Figure 20: A rotating catalyst builds a catalytic machinery. For catalysis of the catalytic machinery, see Figure 21. Figure was adapted from [100]
(“Evolution of catalytic machinery: three-component nanorotor catalyzes formation of four-component catalytic machinery” by Goswami, A. et al.,
© The Royal Society of Chemistry 2021, distributed under the terms of the Creative Commons Attribution-NonCommercial 3.0 Unported License,
https://creativecommons.org/licenses/by-nc/3.0/). This content is not subject to CC BY 4.0.
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this reaction to completion and as the click product 94 proved to
be a good chelate ligand for the two copper(I) phenanthroline
sites of [Cu2(83)(91)]2+, the formation of the dynamic four-
component slider-on-deck [Cu2(83)(91)(94)2]2+ was warranted.
The exchange of the biped 83 across the newly generated deck
[Cu2(83)(91)(94)2]2+ occurred at a rate of kygg = 65.0 kHz.

As known from earlier ILC work (vide supra ref. [98]), a care-
fully chosen organocatalyst can be immobilized at a ZnPor unit
in a way that no catalysis will result (at a specific temperature
and in a defined time). We thus started with the rotor
[Cu2(83)(91)]2+ in the presence of ligand 92 as well as organo-
catalyst N-methylpyrrolidine (89) and the substrates 95 and 96

A)

96

Beilstein J. Org. Chem. 2022, 18, 597-630.

for a Michael addition (Figure 21). No formation of product 97
was observed, because the complex between the catalyst 89 and

the zinc porphyrin 92 is catalytically inactive.

However, upon addition of azide 93, the formation of
[Cu2(83)(91)(94)2]2+ was detected. Since the organocatalyst
originally firmly bound at the ZnPor of ligand 92 is now part of
the dynamic slider-on-deck [Cu2(83)(91)(94)2]2+, the motion of
biped 83 will dynamically release 89 into solution. Indeed, now
the catalysis of addition product 97 was turned ON. While
supramolecular transformations are widely recognized [101-
103], the present example illustrates how a supramolecular cata-
lyst (three-component rotor) transforms itself into a new catalyt-

]

NC.__CN + /@)&/\@\
O,N o~

95

CD,Cl,/CDCl; (4:1)
4'h, 50 °C

46%

B) ZN;\ NC._ _CN
0] I 0
= 89
SAS > WEIL . =
O,N o~ CDZCiIZhICSI:()ﬁIé4:1 ON _— O/

95 96 ’ 97

54%
[89-92]

X > no reaction

CD20|2/CDC|3 4:1

4h,50°C

Figure 21: Catalytic machinery. Figure was adapted from [100] (“Evolution of catalytic machinery: three-component nanorotor catalyzes formation of
four-component catalytic machinery“ by Goswami, A. et al., © The Royal Society of Chemistry 2021, distributed under the terms of the Creative
Commons Attribution-NonCommercial 3.0 Unported License, https://creativecommons.org/licenses/by-nc/3.0/). This content is not subject to

CC BY 4.0.
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ic machinery and turns on the respective catalytic process. All
in all, this protocol is remotely reminiscent of gradual evolu-

tionary processes [100].

In summary, both the RPI and ILC concepts using variable
speed of nanomechanical machinery for catalytic effects are
novel and innovative not only for supramolecular, but certainly
also for common catalysis. In particular, product inhibition in
catalysis is a frequently encountered challenge during catalyst
development. Moreover, the RPI concept may point the way
towards the development of endergonic catalytic transformat-
ions, because in many of those the product needs to be stabi-
lized within the catalytic cavity. Release from the active site
then requires destruction of the stabilizing interactions. For
instance, Nature has chosen in the ATP-synthase to use “fueled”
nanomechanical motion to release ATP from the active site
[23].

Switchable catalysis due to reversible
assembly/disassembly

The common modus operandi to set up switchable catalysis
usually relies on systems that can be toggled between two (or
more) distinct switching states within a molecule [104-107]. In
contrast, supramolecular approaches allow the shuffling and
reshuffling of components to switch ON/OFF catalytic pro-
cesses, a topic that has not yet found adequate attention, but

links supramolecular catalysis to systems chemistry [108,109].

The following information system utilizes a seven-component
mixture that is reversibly reconfigured through fully reversible
assembly and disassembly thereby tuning ON/OFF two diverse
catalytic reactions [99]. Addition and removal of zinc(II) ions
triggered altogether three diverse processes: i) mutual re-shuf-
fling of components leading to two different nanorotors,
ii) catalysis depending on decisively different exchange rates in
the nanorotors, and iii) two different catalytic processes
(Figure 22).

The key challenge in the toggling process was to interconvert
two nanorotors by exchange of two components but with a
single-input trigger from outside. Eventually, the two-compo-
nent reshuffling was solved by providing zinc as trigger (com-
ponent 1) and by using a ligand (component 2) from a ligand
reservoir. In the initial self-sorted State-I, the rotor
[Cu(53)(98)]" was paired with [Cu(100),]%", the latter repre-
senting a reservoir for the rotator arm 100. Addition of zinc(I)
ions induced a second self-sorting that encompassed transfer of
two components along the following equation: 2 X
[Cu(53)(98)]" + [Cuy(100),]%" + 2 x Zn?* - 2 x
[Zn(53)(100)]2* + [Cuy(98),]%* + 2 x Cu*. Accordingly, the

added zinc(Il) ions and ligand 100 from the reservoir

Beilstein J. Org. Chem. 2022, 18, 597-630.

[Cu2(100)2]2Jr enabled the formation of the zinc(II)-based rotor
[Zn(53)(100)]%* (Figure 22a). The liberated ligand 98 reacted
with the copper(l) ions to afford [Cuy(98),]>" representing
again a reservoir for a rotator. Based on the stoichiometry of the
above equation, two equiv of copper(l) ions were liberated.
Since the released free copper(l) ions generated problems with
reversibility of the transformation, 1-aza-18-crown-6 (99)
(2.0 equiv) had to be added as a receptor for Cu*.

As State-I contains the azacrown ether 99, a potential organo-
catalyst, and State-II harbors the copper complex [Cu(99)]* a
likely click catalyst, both networked states were expected to be
catalytically active, possibly even in an ON/OFF manner [99].
To test for dual catalysis (Figure 22b), State-I was reacted at
50 °C with 1.0 equiv of catalyst 99 (with respect to rotor) and
10.0 equiv (with respect to rotor) of substrates 75, 86, 95, and
102 in CD,Cl,/CD3CN 5:1 for 2 h. Analysis demonstrated that
30% of product 101 but no click product 103 had formed. State-
II was furnished by addition of 1.0 equiv of zinc(Il) ions (with
respect to the rotor) and heated under identical conditions.
Finally, 55% of the click product 103 was revealed, but without
further conversion of product 101. A notable reproducibility of
the yields was identified in two consecutive catalytic cycles. As
a result, an astounding switchable catalytic system could be
based on information processing (Figure 22).

The following example of switchable catalysis involves the
interconversion of the closed dimeric parallelogram
[Cuy(104),]%* and the bishomoleptic complex [FeCu,(104),]*
(Figure 23), the latter controlling a double-click catalytic access
to rotaxanes 109, by addition/removal of iron(Il) ions [110]. Al-
though [FeCuz(IO4)2]4Jr is an open and flexible structure, the
availability of two catalytic copper(I) centers positioned at 34 A
in the transition state of the second click reaction, leads to an
astounding synthetic efficiency, although there is a major dis-
tance mismatch between the copper(l) ions in [F«E:Cu2(104)2]4+
and two triazole units of the rotaxane.

For instance, the system [FeCu,(104);]** (dcy_cy = 34 A)
afforded the formation of both 109a (73%) and 109b (82%) in
high yield (Figure 23b) [110], although the relevant distances in
the pseudo-rotaxane 110a,b (prior to the second click reaction)
are 14.3 and 21.1 A. Actually, the yield with [FeCuy(104),]**
was far better than with a dicopper reference catalyst, where the
separation of the copper(I) ions was optimal (dcy_cy = 14.6 A)
for the formation of 109a. The findings were explained based
on a model in which the monotriazoles 110a,b were bound to
both copper centers prior to the second click reaction. Aside of
one copper(l)—triazole interaction, the model suggested a
chelate cooperative effect resulting from an additional

n2-binding of the second copper(I) at the acetylene unit at
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Figure 22: An information system based on (re)shuffling components between supramolecular structures [99]. Figure was adapted with permission
from [99]. Copyright 2019 American Chemical Society. This content is not subject to CC BY 4.0.

which the second click reaction would take place. In case of dis-
tance mismatch, it is the formation of this copper—alkyne
n2-complex that compensates for the build-up of strain as
demonstrated by DFT computations [110]. Once the second
click reaction has occurred, the rotaxane is liberated under
release of strain in the catalyst if there was a distance mismatch.

For cases with a close match of distances, product inhibition

reduced the yield. Due to the high relevance of the CuAAC ap-
proach [111] for the preparation of rotaxanes, the exploitation
of cooperative and strain effects in double-click strategies is a
promising strategy.

A completely different approach to switchable supramolecular

catalysis made use of a supramolecular cage-to-device transfor-
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State-ll
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Figure 23: Switching between dimeric heteroleptic and homoleptic complex for OFF/ON catalytic formation of rotaxanes. Figure is a derivative work
from [110]. (Published by Wiley-VCH Verlag GmbH, © 2021 Ghosh, A. et al. distributed under the terms of the CC By-NC 4.0 International License,
https://creativecommons.org/licenses/by-nc/4.0). This content is not subject to CC BY 4.0.

mation under dissipative conditions (Figure 24) [112]. Notably,
the dissipative conditions were realized by addition of a fuel
acid [113,114] that surprisingly ignited a base-catalyzed

Knoevenagel addition reaction (Figure 25).

As DABCO is a stronger binding ligand (log = 7.20) [115]
towards zinc porphyrin (ZnPor) than pyridine (log K = 4.45)
[90] the reaction of ligand 111, deck 82, DABCO (60), and
[Cu(CH3CN)4](PFg) (4:2:3:2) furnished the supramolecular
cage [(82),(60)3] with 60 = DABCO acting as pillars whereas
biped [Cu(111),]" remained uncoordinated [112]. In an analo-

gous self-assembly with 83 instead of [Cu(111),]", ligand 83
was left uncoordinated. When State-I was treated with TFA,
then the reshuffling of the components afforded the slider-on-
deck [Cu(82)(111)>]" (or [(82)(83)]) and the monoprotonated
DABCO (60-H"). Addition of DBU reversed the process. The
bipeds in the slider-on-deck systems [Cu(82)(111),]" (kogg =
42.2 kHz) and [(82)(83)] (kp9g = 32.2 kHz) move across the
deck 82 and prevent binding of the protonated DABCO at the
ZnPor binding sites. Use of the fuel acid 112 or 113 instead of
applying the TFA/DBU acid/base combination leads initially to
protonation of DABCO but due to the decarboxylation of 114
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dyy =224 A [(82)(83)]

Figure 24: A chemically fueled catalytic system [112]. Figure was adapted from [112]. Copyright 2021 American Chemical Society. This content is not
subject to CC BY 4.0.
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Figure 25: (Top) Operation of a fuel acid. (Bottom) Knoevenagel addition [112].
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the resulting strong base 115 reclaims the proton back
(Figure 25, top). As a result, State-II may be afforded under

dissipative conditions.

A surprising facet of this State-I/State-II interconversion
(Figure 24) [112] was the finding that the protonated DABCO
(60-H™) was a rather efficient base catalyst for a Knoevenagel
addition (Figure 25, bottom). Several control experiments
excluded the possibility that the reaction was triggered by acid
or by alternative pathways. The remaining unprotonated
nitrogen in monoprotonated DABCO (60-H") hence is a suffi-
ciently strong base for the reaction of 116 and 117. Finally, the
State-1/State-1I interconversion in the presence of 116 and 117
was triggered by addition of the fuel acid. The traces in
Figure 26 show the amount of Knoevenagel addition product

118 within two subsequent pulses of the fuel.

50 ah
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© /
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O 30 /
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Figure 26: Development of the yield of Knoevenagel product 118 in a
fueled system [112]. Figure was reprinted with permission from [112].
Copyright 2021 American Chemical Society. This content is not subject
to CC BY 4.0.

2 [PPN]CI
PP s s Pph
N/ NI co
/Rh\ /Rh\
Ph,P s I-s  PPh, 2 NaBArF
_/ -Cco
1192
[119(CO),Cly]
TMSN; + (\/Fo
120 121

Beilstein J. Org. Chem. 2022, 18, 597-630.

In summary, the examples listed in this subchapter shed some
light on the manifold opportunities for switchable ON/OFF ca-
talysis controlled by supramolecular interconversions. Switch-
able catalysis decided by an ensemble of communicating mole-
cules, which act as an information system and control the
switching states, remodels somehow the situation in a living
cell, where a desired event is only ignited when several
signaling parameters agree. Explicitly, the subchapter demon-
strates three distinct examples, in which metal-ligand coordina-
tion was shuffled by addition/removal of either metal ions or
acid. To (re)shuffle metal-ligand coordination by acid/base
generates a number of further options. In particular, the protocol
of acid addition and removal (upon base addition) may be
elegantly replaced by using a suitable fuel acid thus opening the
field of supramolecular catalysis for out-of-equilibrium process-

ing.

Toggling between intra- and intermolecular
complexation in nanoswitches

Heteroleptic complexation does not only open the way to multi-
component assembly but also to switchable catalysis in coordi-
nation-based toggles. An important and widely applicable
protocol is the weak-link approach (WLA) that was developed
and exploited by Mirkin [116]. It is based on the association/
dissociation of hemilabile ligands bound to a metal center.
Through the addition of secondary ligands, the weakly coordi-
nated donor sites are substituted which allows an opening of the
switch from a rigid-closed to a flexible semi-open form [117].
A common protocol used addition/removal of strongly binding
monodentate ligands (CO or CI7) at rhodium centers to dissoci-
ate/reassociate the weakly coordinated donor, for instance in

tweezer-type structures [118].

An early contribution by Mirkin (Figure 27) described the

92+

opening of the closed structure 11 to the open form

s{ts

T -

Ph,P PPhy
enantiopure
OC—Rh—CI CI—Rh—CO  cCr(lll) salen
/ catalyst
Ph,P PPh,
S— S
[119(CO),Cl,]

L
OTMS

122

Figure 27: Weak-link strategy to increased catalytic activity in epoxide opening [119]. Figure was adapted from [24]. Copyright 2019 American Chemi-

cal Society. This content is not subject to CC BY 4.0.
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[119(CO),Cl,] that showed a two-fold activity in the catalytic
opening of epoxide 121 to 122 [119].

In another example by Mirkin, a well-known aluminum(III)
salen catalyst was hidden in switch 1252* [118] between steri-

0
123 124
Ph2P

NaBArF

e s
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cally demanding biphenyl rings preventing e-caprolactone from
accessing the catalytic site (Figure 28). As a result, the polymer-
ization of e-caprolactone (123) was switched OFF. Addition of
chloride anions from n-BuyNCl led to the substitution of the
tertiary amine ligand at both rhodium centers generating the

— j 2+ 2BArF ~

Pth

/\

S  PPh
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o0 N e
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CI\ /
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Figure 28: A ON/OFF polymerization switch based on the weak-link approach [118]. Figure was reprinted with permission from [24]. Copyright 2019

Q
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semi-open form [125(Cl),]. Since the aluminum(IIIl) salen
center became now exposed, the catalytic polymerization of
e-caprolactone (123) was turned ON. The chloride was readily
removed by adding sodium tetrakis[(3,5-trifluoromethyl)phe-
nyl]borate (NaBArF) and as result catalysis was turned OFF
again.

Along this protocol, Mirkin et al. have developed a variety of
allosterically modulated catalysts that allow ON/OFF reaction
control in photoredox catalysis [120], phosphate diester transes-
terification [121], Friedel-Crafts reaction, ring opening of epox-
ides, oligomerization [116], and acyl-transfer reactions
[122,123].

While there are further examples by Mirkin [124-126],
Schmittel [127,128], and others [129,130] that operate at the
borderline of dynamic heteroleptic complexation events, the
supramolecular cases selected in the following are character-
ized by the reshuffling of inter- and intramolecular coordina-
tion events to realize different toggling states for catalysis
[131].

Using addition and removal of chloride, the Mirkin group re-
versibly and quantitatively toggled the platinum(II)-based

07 ™NH
PhP S
N/ +
. @
2N
Phop” s
- @
0
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switch 1262* between a homo- and heteroligated form
(Figure 29) [132]. In the closed platinum(II) complex 1262, the
urea units were available for activation of butenone (127) by
hydrogen bonding. As a result, the Diels—Alder reaction of
cyclopentadiene (128) and 127 was catalyzed. Upon addition of
n-BuyNCl, the open form was afforded that aggregated to
oligomers [(126+Cl),,]"* through intermolecular hydrogen bond-
ing at the urea moieties. Now, activation of 127 stopped and ca-
talysis was turned OFF. Catalysis was turned back ON after
trapping of the chloride ions with NaBArF.

The next example bridges in some way the gap between the
preceding (Figure 23) and the present chapter because it
addresses again catalysis with two catalytically active copper(l)
centers held at a defined distance, now though for proximity ca-
talysis using acyl transfer. The utility of this approach was
demonstrated when a duo of catalysts was used for achieving
substrate selectivity [133].

In detail, nanoswitch [Cu(130)]* was transformed into the slow
rotor [Cu2(130)]2+ (kpog = 1.34 s7h upon the addition of a
second equiv of copper(I) ions (Figure 30). When 0.5 equiv of
iron(II) was added, the rotator arm got involved in iron(II)
bis(terpyridine) complexation affording [Fe(Cu2(130))2]6+. An

7]
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Figure 29: A weak-link switch turning ON/OFF a Diels—Alder reaction [132]. Figure was reprinted with permission from [24]. Copyright 2019 American

Chemical Society. This content is not subject to CC BY 4.0.
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[Fe(Cuz(130))1%*

OH 0}

(e}
Y catalyzed by OH >/ catalyzed by H
N N, [Fe(Cup(95),1"" N, [Fe(Cup(96))ol° N
@ [N/ but not by [ [> [/

N N but not by N

2+ — 2+ =
132 133 [Cua(93] L) 138 133 [Cu980T [ ) 137 135

N

Figure 30: A catalyst duo allowing selective activation of one of two catalytic acylation reactions [133] upon substoichiometric amounts of iron(ll). For
explanations, see text. Redrawn from reference [133].

analogous transformation was seen for [Cu(131)]* —  loaded rotor [Cu2(130)]2+ no reaction was detected. In contrast,
[Cuy(131)]2* — [Fe(Cuy(131)),]°*. the dimeric complex [Fe(Cu,(130)),]1%*, formed after addition

of iron(Il) ions, offers two cavities each with two copper(I) ions
When hydroxymethylpyridine 132 and the acetylation agent to pre-bind both 132 and 133 at an optimal reaction distance. It
133 (Figure 30) were reacted in the presence of the copper(I)-  was no surprise, that due to the increased local concentration,
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the acetylation 132 + 133 — 134 did rapidly take place. Simi-
larly, the bigger dimeric nanoswitch [Fe(CuQ(L’;l))z]&r cata-
lyzed the acetylation of the larger substrate 136 due to size-
matching [133]. In order to test the reversibility, both switches
were toggled by adding and removing the iron(Il) ions over
2.5 cycles demonstrating that ON/OFF catalysis was reversible
and reproducible.

Interestingly, the nanoswitches [Cu,(130)]2" and [Cuy(131)]%F
(1:1) could be selectively addressed in the presence of all sub-
strates and reagents (132, 133, and 136). Upon addition of sub-
stoichiometric amounts of iron(II), predominantly nanoswitch
[Cuy(131)]%* reacted to afford [Fe(Cu,(131)),]6* which selec-
tively turned on the reaction affording 137. As a result, this ex-

ample highlights a sophisticated case of a multicatalyst system

L T™S —2

Focsn

Figure 31: A four-state switchable nanoswitch (redrawn from [134]).

Beilstein J. Org. Chem. 2022, 18, 597-630.

that can select between substrates of essentially identical reac-

tivity but different size.

A spectacular and unique example of toggling catalysis was
demonstrated in nanoswitch 138 (Figure 31) with its four
distinct switching states [134]. In State-I, i.e. [Cu(138)]*, an
intramolecular HETTAP complex between a copper(I) phenan-
throline and a terpyridine site was realized. Upon addition of
0.5 equiv of iron(II) ions the HETTAP interaction opened up
and the “dimeric” bishomoleptic nanoswitch [Fe(Cu(138))2]4+
was furnished in State-II held together by a bis(tpy) iron(II)
complexation. Due to the eradication of the HETTAP binding,
the copper(l) ions were left coordinatively frustrated, which
made them potentially available for catalysis of a click reaction.

In the next switching step, the removal of copper(I) ion led to

L T™S — 2

Focm”
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State-III, i.e. [Fe(138)2]2+. The ensuing removal of iron(Il) ions
broke down the bis(tpy) complex [Fe(138)2]2Jr and afforded
State-IV. The latter state was characterized by a closed struc-
ture of the nanoswitch 138 due to the intramolecular Ny, —
ZnPor binding (pym = pyrimidine). The full switching cycle
using addition/removal of ions was repeated without fatigue.

The above sequence of four switching states has been demon-
strated to activate sequential catalysis (Figure 32), once the
protocol is executed in the presence of piperidine (139) as a
catalyst and the reactants 79, 80, and 95 [134]. Due to the “free”
ZnPor unit in State I, catalyst 139 was strongly bound at the
ZnPor unit of [Cu(138)]*, while the copper(I) ion was firmly
encapsulated in a HETTAP binding site. Thus, State-I should be
catalytically inactive. Upon addition of iron(II), the tpy unit of
the HETTAP unit became involved in the bishomoleptic iron(II)
terpyridine complex [Fe(Cu(138))2]4+, while the copper(l) ions
were exposed for catalysis in State-II. Indeed, in this state 50%
of the click product 81 was formed. Removal of copper(I) and
formation of State-III stopped the click catalysis. The ensuing
removal of iron(Il) ions finally afforded nanoswitch 138

(= State-1V). Due to the intramolecular linkage of the azater-

e) O
g
cat O /@)J\/ N3 @// /@/\)‘\@
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H O,N 79 ~ 80 0 95 NO,
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138 + 139

State-IV
(ON2)

—Fe2*
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pyridine to the ZnPor unit, the piperidine that was firmly bound
in States I — III, was now released from the ZnPor unit.
Remarkably, product 81 formed in State-II now underwent a
catalyzed Michael addition to provide 140 in 28% yield. When
the catalytic cycle was repeated, it fully reproduced the yields of
the first cycle, thus demonstrating that a catalytic eleven-com-
ponent machinery may work without destructive interference
despite the large number of functional groups in the switches,

reagents, and products [134].

The following example (Figure 33) does not reach the complex-
ity of the above nanoswitch system, but it is remarkable as it
involves a remote control of catalysis [135]. Here, the complex
[Cu(141)]* with its heteroleptic HETTAP binding site con-
trolled the switching state of nanoswitch 142 by using fully re-
versible communication via ion signaling. State-I was character-
ized by a clean self-sorting of the copper(l) ions resulting in
[Cu(141)]* + switch 142. In the presence of N-methylpyrroli-
dine (89), a conjugate addition was observed in State-1. Howev-
er, upon addition of iron(Il) (0.5 equiv) ligand 141 became
involved in the bishomoleptic iron(Il) terpyridine complex
[Fe(141),]%* with the effect that now weakly bound copper(I)

%/_/

139
+Fe?t
[Cu\ 138 /T*
State-l
(OFF1)
Cu :11.?.81:139 139
[CusFe\ 138 /2I*
State-ll
(ON1)
\A Q "\l:N
N Y/ Ph
139\  —Cu’
|, O,N
[Fe\ 138 /2P 2 81
State-lll
(OFF2)

Figure 32: Sequential catalysis as regulated by nanoswitch 138 and catalyst 139 in the presence of metal ions (redrawn from [134]).
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State-|

cycle 1: 30%
cycle 2: 24%
cycle 3: 24%
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State-ll

Figure 33: Remote control of ON/OFF catalysis administrated by two nanoswitches through ion signaling (redrawn from [135]).

ions travelled to nanoswitch 142. In the thus formed complex
[Cu(142)]" the azabipyridine dissociated from the ZnPor
binding site to generate a HETPHEN complexation site for
copper(I). With the ZnPor unit being freed from intramolecular
binding, it now served as coordination site for the
N-methylpyrrolidine (89), preventing the latter from catalyzing
the conjugate addition [135]. As a result, catalysis was stopped
in State-II. The cycle could be repeated two more times, howev-
er, generating a lower yield (Figure 33). The reduction of the
yield in cycles two and three was traced to the slow switching
of State-II to State-I.

In summary, this subchapter highlighted switching systems that
were built using dynamic heteroleptic complexation together
with supramolecular dissociation/association events for regu-
lating catalysis. It is noteworthy that switching in all cases went
along with a major nanomechanical reorganization of one (or

all) constituents.

Conclusion

Supramolecular catalysis is an emerging field that has attracted
a lot of attention recently. Its comprehensive coverage encom-
passes several fields [3], however, still with a main focus on ca-
talysis that is promoted by discrete cages, capsules, and in a
variety of confined environments. The present short account
with a focus on dynamic heteroleptic metal complexation seeks
to demonstrate that (metallo)supramolecular catalysis has many
more opportunities to offer. While the examples in the first
subchapter illustrate the much higher diversity of heteroleptic
over homoleptic cages, the following subchapters above all
exemplify that supramolecular chemistry extends beyond the
single "supramolecular structure”, as complex it may be, thus
reaching far into the field and concepts of systems chemistry
[30,136] and information science [137,138]. For instance,
toggling between and dynamic exchange within supramolecu-
lar structures add features to catalysis as ON/OFF or
UP/DOWN regulation of catalytic activity. If these factors will
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be consequently developed, they should eventually open oppor-

tunities to autonomous catalytic systems.

A look at systems biology, where enzymatic catalysis is tightly
regulated by various chemical messengers to enable life, can
serve as a guide. In this regard, we expect that upcoming
endeavors will increasingly focus on the development of artifi-
cial systems that can make autonomous decisions and that ener-

getically operate out-of-equilibrium.
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