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Preface

In the 21st century, the chemistry community is witnessing a paradigm shift – from static and stable
compounds constructed by classical organic synthesis to intrinsically dynamic molecular entities
that make use of weak non-covalent interactions and dynamic covalent bonds (Figure i). The
transition towards dynamism is in part inspired by Nature which is replete with supramolecular
and reversible covalent transformations. Living and life-like matter owes its function mainly to
molecular architectures able to constantly and reversibly self-assemble, fold, and bind.

Figure i: Abstract representation of the paradigm shift from static chemistry (e.g., classical organic
synthesis) to dynamic chemistry (e.g., supramolecular assembly).

The work described in this thesis attempts to uncover the great potential of two unprecedented
dynamic chemical systems. The first system involves largely overlooked and underexplored dy-
namic covalent exchange in amidines. Amidines and their protonated counterparts – amidinium
ions – comprise a ubiquitous class of organic compounds found in nature and are exploited in nu-
merous fields, from biomedicine to energy storage. The discovery of the dynamic covalent nature
of amidines by Petitjean and colleagues in 2011 prompted us to pursue this new chemistry.[1] We
recognized that the unique structure of the amidinium motif (i.e., involving its positive charge,
rigidity, and hydrogen-bond-donating ability) combined with its dynamic covalent properties offered
many intriguing possibilities for the application of amidines in advanced supramolecular systems.
This thesis reveals fascinating features of the dynamic chemistry of amidinium ions and unleashes
the potential of amidinium exchange to construct functional mechanically interlocked molecules.
The second dynamic chemical system described in this work involves multicomponent host-
guest assembly. The von Delius and Ribas groups discovered that supramolecular (host-guest)
complexes between fullerene C60 and aromatic macrocycles or metal-organic cages (respectively)
made possible highly regioselective polyfunctionalization of the fullerene.[2, 3] A few years ago,
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von Delius and Ribas envisioned a multishell host-guest system that combined two molecular hosts
– a carbon nanohoop and a porphyrin-containing molecular cage. The hierarchical host-guest as-
sembly turned out to be a unique supramolecular platform for regioselective bis-functionalization
of C60. The present work describes the (dynamic) covalent and supramolecular synthesis of the
three-shell host-guest complex and showcases the ability of the double-host envelope to guide bis-
functionalization of the fullerene with astonishing spatial precision.

The two dynamic chemical systems explored in this thesis are conceptually intertwined by ex-
ploiting host-guest assembly and dynamic covalent exchange to produce functional supramolecular
architectures (Figure ii). We demonstrated that amidinium ions, which undergo reversible ex-
change with primary amines, can form host-guest complexes with crown ethers and eventually
afford the simplest mechanically interlocked molecules – [2]rotaxanes. We also showed that a large
metal-organic cage constructed by dynamic metal-ligand exchange can host a strongly associated
supramolecular complex between C60 and [10]cycloparaphenylene and modulate the regiochemistry
of fullerene bis-additions.

Figure ii: Conceptual connection between the two dynamic systems discussed in this thesis. The red ring
represents a macrocycle: either [10]CPP (in case of encapsulation inside the cubic cage) or 24-crown-8
(in case of the rotaxane formation). An equilibrium arrow in a circle (lower left part of the figure) is a
conventional sign denoting that all chemical species in the brackets are in equilibrium.

The first section of this thesis, “State of the Art” , gives a brief up-to-date overview of the fields
related to the presented research work, i.e., dynamic covalent chemistry, host-guest chemistry,
and chemistry of mechanically interlocked molecules. Recent practical advances in those fields are
also discussed. The purpose of the given overview is twofold. First, to familiarize a reader with
concepts that provide the basis for the discoveries presented in this thesis. Second, to demonstrate
the power of covalent and non-covalent dynamic chemical systems in solving numerous scientific
challenges. It is worth noting that neither the basic theoretical background nor the selection of
examples in this section was intended to be comprehensive. In the modern age, when the pace of
development of supramolecular and dynamic covalent chemistries keeps accelerating, it is hardly
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possible to get a grasp on all discoveries and inventions that, in turn, are the subject of numerous
lengthy review articles and hefty textbooks.

Section “Aims and Achievements” is intended to provide a concise overview of the projects pre-
sented in this work. The first project (Section 2.1) explores the overlooked yet fascinating dynamic
covalent reaction – amidinium exchange. We studied the reaction scope from different angles and
found the reaction conditions that make the amidinium exchange a valuable addition to the toolbox
of dynamic covalent chemistry. We also discovered a new reaction – amidinium metathesis – and
revealed its astonishing susceptibility to anion catalysis. This project thus significantly expands
the knowledge about dynamic covalent behavior of amidines previously obtained by Petitjean and
coworkers. The second project (Section 2.2) uncovers the great potential of the amidinium
exchange in the field of mechanically interlocked compounds. We investigated the complex reac-
tion pathway leading to unprecedented amidinium [2]rotaxanes and demonstrated their remarkable
dynamic properties – both intramolecular (i.e., E/Z isomerization and co-conformational dynam-
ics) and intermolecular (i.e., (ir)reversible dynamic covalent exchange). Besides showcasing the
suitability of the amidinium exchange for the construction of functional supramolecular architec-
tures, this project provides intriguing hints about the use of the dynamic covalent chemistry of
amidines for the generation of complex chemical systems (i.e., dynamic combinatorial libraries).
Finally, the third project (Section 2.3) deals with a stunning multishell host-guest complex con-
structed by the dynamic covalent exchange and host-guest assembly. The two molecular hosts
serve as a supramolecular mask for the encapsulated fullerene by exposing only specific regions
of the fullerene surface to the reagents. Besides demonstrating the function of this Russian doll
complex (i.e., regioselective fullerene bis-functionalization), we extensively studied supramolecular
interactions between the metal-organic cage, [10]cycloparaphenylene ring, and C60. These studies
provided us with a proper understanding of the forces that drive the formation of this functional
host-guest assembly.

Section “Publications” is the central part of the thesis and comprises published or ready-to-publish
research articles that unfold all key scientific findings that I have made during my PhD studies. This
section is a comprehensive account of the projects briefly described in the “Aims and Achievements”
section.

Finally, in section “Summary and Outlook” , as the name implies, I will summarize the main
research results presented in this thesis and suggest further directions worth pursuing in order to
fully exploit the potential of the dynamic chemical systems described herein.

As a final minor note, I would like to stress that the research presented in this thesis is a refined
extract of all successful projects that I worked on during my PhD. It does not include failed projects
or experiments which are impossible to incorporate into the storyline of the presented works.
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1. State of the Art

1.1 Dynamic covalent chemistry (DCvC)

1.1.1 Concept overview

The last three decades have abounded with emergent research areas in natural sciences. In
chemistry, those areas include green chemistry,[4] machine-learning-assisted experimentation,[5,
6] chemistry of nanocarbons,[7, 8] systems chemistry[9] and many others. One remarkable field
that started to gain popularity in 1990s and still draws attention of many chemists is dynamic
covalent chemistry (DCvC).[10, 11] In DCvC, different molecules that have a special – dynamic
– functional group (DCFG) can interconvert by continuously forming and breaking a covalent
bond within the DCFG (Fig. 1.1). Virtually all types of chemical bonds in organic molecules are
available in the toolbox of DCvC: C–C, C–N, C–O, C–S, S–S, Si–O, and B–O (also, including the
respective double and triple bonds where possible).[12] A chemical bond is called dynamic if it can
reversibly form/break. Symmetry of a DCFG (e.g., compare an unsymmetrical imine group C=N
with a symmetrical alkene group C=C) plays an important role in designing building blocks for
dynamic covalent systems (DCSs). In addition, the DCFG symmetry has implications for levels of
complexity that can be achieved in those systems.[11, 13]

Figure 1.1: Dynamic covalent reactions (DCR): DCFG formation, exchange and metathesis.

There are three different types of dynamic covalent reactions (DCRs): reversible formation of
a DCFG, an exchange reaction, and metathesis (Fig. 1.1). DCFG-forming reactions include
condensations (e.g., ester formation) and addition reactions (e.g., Diels-Alder reaction or thio-
Michael addition). In the exchange DCRs, a DCFG does not change (elementwise) yet the residues
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1. State of the Art

attached to this group do. A typical example – a transesterification reaction (Fig. 1.2, ester
exchange). A special DCR type is a metathesis reaction where two (or more) different molecules
possessing the same DCFG swap the substituents (Fig. 1.1). The reaction mechanism is typically
not bimolecular and is often mediated by an exchange reaction with one of the building blocks
present in the reaction mixture in small amounts or a catalyst (e.g., alkene metathesis; for more
detailed discussion of metathesis-type DCRs, see Section 1.1.2).

Figure 1.2: Selected examples of DCRs sorted by the type of a dynamic chemical bond (marked red). For
more examples, see Ref.[12, 13].

DCvC lies at the intersection of organic synthesis and supramolecular chemistry possessing key
features of both fields (Fig. 1.3).[13] Like in synthetic chemistry, DCvC deals with formation and
breakage of covalent bonds that have energies in the range between 150 and 800 kJ/mol.[11] While
supramolecular interactions between chemical entities are much weaker – typically having energies
up to 200 kJ/mol (and in some cases – up to 350 kJ/mol)[14] – the thermodynamic control that
governs evolution of most supramolecular systems is the feature shared also by DCvC. It is the
reversibility of DCRs that allows the system to reach the most thermodynamically favorable state.

Apart from thermodynamics, there are also kinetic aspects of DCRs. In particular, the lifetime of
the bonds involved in a DCR should be in the range between 1 ms and 1 min.[13] If the lifetime of
a chemical bond is too short, individual products of the DCR might not be isolated. On the other
hand, too long-lived bonds might prevent formation of products of DCRs at practically reasonable
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1. State of the Art

timescale (e.g., up to one week). Metal-ligand coordination bonds having energies in the range
between strong hydrogen bonds (80 kJ/mol) and weak covalent bonds (350 kJ/mol) comprise a
special case due to great variability of their kinetic stabilities.[11] Those metal complexes that have
kinetically highly labile metal-ligand bonds (e.g, with transition metals of the 4th period of the
periodic table) cannot be treated in the context of DCvC due to extremely short lifetimes of their
dynamic chemical bonds. The dynamic ligand exchange processes in these compounds should be
normally considered as a supramolecular phenomenon. In contrast, metal complexes possessing
metal-ligand bonds of low lability can be successfully employed to construct complex DCSs such
as dynamic combinatorial libraries (DCL, see Section 1.1.5).

Figure 1.3: Graphical representation of the relationship between DCvC, organic synthesis, and supramolec-
ular chemistry.

Kinetic phenomena occurring in DCSs might significantly affect the behavior of the chemical
system. For instance, formation of kinetically stable (but not thermodynamically favorable) species
prevents a DCS from reaching the global equilibrium (with respect to all species participating in
DCRs). On the one hand, existence of such kinetic traps is highly undesirable, since the basic
principle of DCvC – full thermodynamic control – is compromised and it becomes extremely hard
to predict the system’s behavior.[12] On the other hand, the ability to control DCSs by means of
both thermodynamics and kinetics is very intriguing, since it allows to create out-of-equilibrium
systems that resemble those operating in nature.[15–17]

DCvC has a few very characteristic features that make this chemistry especially fascinating. One
of the most valued ones is its adaptability.[12] A DCS can respond to numerous stimuli by altering
its thermodynamic landscape and thus changing the composition of an equilibrium mixture. The
stimuli affecting DCSs include molecular or ion templates, changes in the reaction medium (e.g.,
solvent polarity, pH, ionic strength), and various physical stimuli (e.g., light, temperature, mechan-
ical stress, electric current). Very often, adaptation of DCS to a new environment leads to selection
(or, in other words, amplification) of particular species due to their highest thermodynamic stability
under given conditions. When it comes to the synthesis of polymers or complex (supra)molecular
architectures via DCvC, error-correction plays an important role: even when being formed, various
products of kinetic control may follow the reverse reaction path and eventually convert into one
or a few species that are most thermodynamically favorable.[10]

Some of desirable properties of DCRs include mild reaction conditions and the ability to be "frozen"
or, in other words, to be stopped on demand. Mild reaction conditions are essential for keeping
different functional groups intact, although some applications of DCvC require rather harsh re-
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1. State of the Art

action conditions (e.g., synthesis of dynamic covalent frameworks; Section 1.1.6). This explains
why majority of DCRs require catalysts (Brønsted or Lewis acids/bases, coordination complexes,
organocatalysts, enzymes, etc.) that make the equilibration process reasonably fast at ambient
conditions. Furthermore, development of DCRs compatible with aqueous media draws particu-
lar attention of (bio)chemists due to a multitude of possibilities of applying DCvC in biomedical
fiedls (Section 1.1.6).[18, 19] Another desirable property of DCRs mentioned above – possibility
of "freezing" the dynamic exchange – is also important, e.g., for characterization of DCSs and
isolation of "selected" species of interest. Most common ways to stop dynamic covalent exchange
are deactivation of catalysts, changing temperature or concentration (e.g., by dilution) or removal
of species participating in a DCR (e.g., by kinetic trapping using other reactions or physical pro-
cesses).

Figure 1.4: A) One of the first examples of using DCvC (Busch, 1962): templated synthesis of a macro-
cycle from a mixture of different condensation products under equilibrium.[20] B) Number of scientific
publications on DCvC (or anything related to DCvC) over the last 100 years. Source: scifinder-n.cas.org
(result for search query "dynamic covalent chemistry" on 15.04.2022).

Although DCvC is a relatively young field, one of DCvC fundamental concepts – chemical selection
based on thermodynamic stability (vide supra) – was already employed by chemists in the 19th

century. In the second half of the 20th century, a series of pioneering works laid ground for what
we now know as DCvC. Perhaps, the first clear example of using principles of DCvC was the
work by Daryle Busch published in 1962 on Ni2+-templated synthesis of chelate complexes by
imine exchange (Fig. 1.4,A).[20] Research of DNA and RNA also contributed to establishment of
basic aspects of DCvC, such as the template effect. In 1990s, further works by Andrew Hamilton,
Margaret Harding, Jean-Marie Lehn and others on DCvC of coordination compounds deepened
our understanding of behavior of complex mixtures under equilibrium conditions.[11] For instance,
it was demonstrated which factors were responsible for amplification of specific members of DCL.
Jeremy Sanders and his co-workers – Richard Bonar-Law, Paul Brady, and Sijbren Otto – were
among the pioneers of metal-free DCvC, i.e., transesterification, hydrazon and disulfide exchange

4
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1. State of the Art

reactions.[11] Interestingly, these and many other DCRs had been known for decades before their
dynamic covalent nature was recognized. The concept of DCvC was clearly formulated in mid-
1990s and the research on DCvC has been steadily growing ever since (Fig. 1.4,B). Still, many
students and even mature scientists outside of the supramolecular or physical organic chemistry
community have not heard of DCvC, which emphasizes the fact that the field of DCvC is still in
its infancy.

Considering the modern scientific knowledge about molecular machinery of living organisms, one
can realize that DCvC is not a human invention: Nature actively employs DCvC to perform a
multitude of tasks in living matter. This comes as no surprise since life, first and foremost, is
adaptable and evolvable chemistry. There are numerous examples of biochemical processes where
DCRs play an important role; these include transamination of amino acids assisted by pyridoxal
coenzymes (via imine formation),[21] formation and breakage of disulfide bridges in proteins (via
disulfide exchange/metathesis),[22] and transport of carbon dioxide by hemoglobin (via reversible
carbamate formation).[23]

One of the most spectacular examples of DCvC in nature is thioester exchange (Fig. 1.2) during
fatty acid biosynthesis. A huge multidomain protein – a fatty acid synthase (FAS, Mr ca. 270000)
– comprises seven catalytic sites that assist chemical transformations needed to accomplish the
synthesis of a fatty acid (Fig. 1.5,A).[24] The key DCvC players within FAS are two domains –
β-ketoacyl-ACP-synthase (KS) and acyl carrier protein (ACP) attached to the ketoreductase unit
(KR). Both contain free thiol (SH) groups that participate in the formation and intramolecular
shuttling of thioester intermediates of the fatty acid biosynthesis (Fig. 1.5,B).[25] First, ACP and
KS thiol moieties form malonyl and acetyl thioesters, respectively. This is followed by Claisen-type
condensation between the two thioesters with simultaneous decarboxylation of the malonyl moiety.
This reaction results in the formation of β-ketobutyryl thioester anchored to ACP, while SH group of
the KS unit gets released. Further chemical transformations – reduction of the ketogroup of the β-
ketobutyryl thioester, dehydration and C-C double bond reduction – are followed by intramolecular
thioester exchange that leads to transfer of the butyryl group to KS domain. The free SH group
of the ACP unit is then charged with a new malonyl moiety and the synthetic cycle repeats itself
until the desired length of a fatty acid is achieved (normally, 16 carbon atoms). The acid is then
released from FAS through catalytic hydrolysis of the thioester. The overall result of one synthetic
cycle is the addition of two carbons (coming from the malonyl moiety) to the growing fatty acid
chain. During the biosynthesis, this chain is continually shuttled from one FAS domain to another:
one time – before ACP is charged with a malonyl moiety, and another time – during the C-C
bond forming condensation reaction. This shuttling is possible exclusively due to dynamic covalent
nature of the thioester C-S bond.

1.1.2 Metathesis reactions

Among different types of DCRs (Fig. 1.1), metathesis reactions stand out by the complexity
of their mechanism and the topology of the chemical transformation (compared to exchange and
DCFG forming reactions). A widely known example is alkene metathesis that occurs in the presence
of a metal-containing catalyst (Fig. 1.2). In 2005, Yves Chauvin, Robert Grubbs, and Richard
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1. State of the Art

Figure 1.5: A) Structure of a mammalian fatty acid synthase (mFAS) and its linear sequence organization.
B) Schematic representation of a fatty acid synthesis in mammalian cells. mFAS structure was adapted
from Ref.[24] with permission from The American Association for the Advancement of Science, copyright
(2008).

Schrock were awarded the Nobel Prize in Chemistry for the development of methodology of this
reaction. Alkene metathesis is well-studied and there is enormous amount of research and review
articles on its mechanism and applications.[26] Besides alkene metathesis, common well-established
examples of metathesis DCRs include alkyne,[27] imine,[28] and disulfide metathesis.[29] Other
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1. State of the Art

prominent metathesis reactions involve (trithio)(ortho)esters,[30–33] amides,[34] alkoxysilanes,[35]
and acetals.[36]

Looking at the topology of the metathesis reactions, one might envision a two-step process. First,
two molecules that contain a DCFG react with each other forming a cyclic intermediate (Fig.
1.6,A). Second, the old covalent bonds break resulting in the formation of two new products.
Besides rare exceptions,[37] this mechanism normally does not take place. A typical mechanism is
more complex and includes as a first key step the release of a reactive building block that is initially
involved in the formation of a DCFG (Fig. 1.6,B). In case of imine metathesis, this building block
is an amine molecule. Very often, the first step occurs due to hydrolysis of the starting materials,
reaction with nucleophilic species, reducing agents or via homolytic cleavage of a covalent bond
within a DCFG. The last two cases are typical for disulfide metathesis; the homolytic bond cleavage
can occur via photo-,[38] thermal-,[39, 40] high-pressure-,[41] and sonoactivation.[42] Once the
reactive building block is released, the exchange DCR takes place and gradually leads to the
formation of the metathesis product (Fig. 1.6,B). It is worth noting that alkene and alkyne
metatheses do not involve the release of a reactive building block as shown in Figure 1.6,B, and
the cleavage/formation of the C-C bonds is mediated by the metal-containing catalyst.[26, 43]

Figure 1.6: A) Cartoon representation of the unlikely two-step mechanism of metathesis DCRs. B) A
general mechanism of a metathesis DCR. The first step (initiation stage) usually starts with cleavage of a
DCFG of one (or both) of the starting materials, e.g. via hydrolysis (the red half-circle might be a water
molecule or a nucleophilic catalyst). The initiation stage produces trace amounts of a reactive building
block that further undergoes an exchange reaction with the starting material. The exchange cycle leads
to equilibration of the system and accumulation of metathesis products. All steps depicted on the scheme
are reversible. C) Cartoon representation of metathesis in polymeric materials containing DCFGs.

Metathesis reactions might be of particular interest for development of "smart" materials that
contain dynamic covalent bonds. In such materials (usually, polymers), metathesis reactions can
lead to dramatic changes of physical properties, e.g. by increasing degree of cross-linking between
polymeric chains (Fig. 1.6,C). Also, in some "smart" polymers, the presence of "free" reactive
DCFGs that can undergo exchange reactions (e.g. amino group or alcohols) is not desirable,
and, therefore, metathesis DCRs are the reactions of choice. Polymeric materials which properties
depended on metathesis DCRs typically make use of imine, disulfide, and alkene metatheses.[44]
However, the toolbox of DCvC is continuously expanded by new DCRs (Section 1.1.3), including
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metathesis reactions, that immediately find applications in materials science.

One interesting recent example of a metathesis DCR applied in a polymeric material was re-
ported by Guan and coworkers in 2019.[35] The authors used a newly developed DCR – silyl ether
metathesis – to produce vitrimers – a novel class of reprocessable thermosets with advanced phys-
ical properties (Fig. 1.7). The obtained vitrimers that incorporated silyl ether groups showed
exceptional thermal and oxidative stability. Silyl ether metathesis allowed reprocessability of the
polymer at elevated temperatures: after being diced into small pieces, the material sample was
molded back by compression without significant loss of its mechanical properties. The reprocessing
cycle could be repeated a few times. Interestingly, Guan and coworkers speculated that the silyl
ether metathesis proceeded through the uncommon bimolecular mechanism (Fig. 1.6,A), yet the
alternative mechanisms were also deemed plausible. The authors showed that crosslinks in the
polymer provided by sylil ether moieties could be removed by acid-catalyzed silyl ether exchange
in the presence of a primary alcohol.

Figure 1.7: General scheme of silyl ether metathesis and a cartoon showing the sylil ether metathesis in a
polymeric material. Reprinted with permission from Ref.[35]. Copyright 2019 American Chemical Society.

Another interesting example of a polymeric material that made use of a metathesis DCR was
demonstrated by Singha and coworkers in 2021.[45] The authors prepared a self-healable polyurethane
elastomer that employed two different DCRs: Diels-Alder (DA) cycloaddition and disulfide metathe-
sis. The former reaction occurred between furfuryl moieties of the polymeric chains and maleimide
moieties of a crosslinking agent. Disulfide metathesis took place between neighboring polymeric
chains (as in Fig. 1.6C) and, as the DA reaction, was thermally reversible. The presence of both
DCFGs provided the dual healing mechanism that significantly improved healing efficiency and
mechanical properties of the obtained polyurethane, compared to similar polymers that contained
only one type of DCFG.

Metathesis reactions have also been widely used in synthesis of advanced molecular architectures,
such as shape-persistent macrocycles, molecular cages, and porous organic polymers.[46] Alkyne
metathesis has drawn particular attention of chemists who strive to develop molecular architectures
that lack (or at least have a minimal number of) heteroatoms.[27] Another great advantage of
alkyne metathesis is the ultimate directionality of an alkyne moiety and absence of geometrical
isomers compared to alkenes or imines. These features significantly simplify molecular design and
provide ultimate structural precision during the synthesis.

In 2020, Moore and coworkers successfully employed alkyne metathesis for the synthesis of a struc-
turally challenging Möbius macrocycle (Fig. 1.8).[47] Interestingly, the strained helicene macrocy-
cle was not a thermodynamic product. This fact highlights the importance of kinetic aspects in
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the outcome of alkyne metathesis while contrasting with the majority of DCRs that are governed
solely by thermodynamic stability of the products.

Figure 1.8: Synthesis of the Moebius macrocycle via alkyne metathesis. Reprinted with permission from
Ref.[47]. Copyright 2020 American Chemical Society.

Finally, metathesis reactions play an important role in creation of complex chemical systems such as
dynamic combinatorial libraries (DCLs) (Section 1.1.5). Dynamic systems with emergent proper-
ties are especially fascinating since they provide us with better understanding of molecular behavior
in living matter and might even shed light on the origins of life. In such systems, selection is one
of the key factors determining the evolution path and can occur due to selective degradation of
the products, different assembly kinetics, compartmentalization, or poor solubility of the compo-
nents.[48]

Selection in complex chemical systems have been extensively explored in the research groups of
Otto, Sutherland, Philp, Fletcher, von Kiedrowski, Boekhoven, Hermans, and others. Fletcher
and coworkers actively used alkene metathesis as a platform for evolution of self-assembling lipid
replicators.[49] Recently, in the same group, a new molecular selection mechanism afforded by
disulfide metathesis was discovered (Fig. 1.9).[48] In the studied system, selection of metastable
self-reproducing surfactants was achieved either through disulfide exchange or disulfide metathesis.
The latter served as a way for "dynamic covalent activation" that provided access to species which
formed to a very little extent otherwise. Therefore, the metathesis reaction as an emergent selection
mechanism gave rise to enhanced compositional complexity and opened up alternative pathways
for the evolution of the chemical system.

Figure 1.9: Selection in a complex system by (i) structural factors or (ii) an emergent mechanism
based on a metathesis DCR. The figure was adapted from Ref.[48] according to CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).
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1.1.3 Recently (re)discovered dynamic covalent reactions (DCR)

Every DCR offers a unique set of features that can perfectly suit one or another application. These
features include characteristic kinetic profiles of the exchange reactions, orthogonality, solvent
scope and other reaction conditions (e.g., temperature, concentration, catalysis), geometry and
chemical reactivity of DCFGs, etc. Over the past few years, a number of new DCRs have been
reported.

The scope of DCRs involving dynamic C-C bonds (e.g., (nitro)aldol reaction, alkene and alkyne
metathesis, Diels-Alder and other reversible cycloaddition reactions; Fig. 1.2) was expanded by
Lehn and coworkers with a new reversible reaction that, in fact, had been known for decades – the
Knoevenagel reaction (Fig. 1.10).[50] All DCR types, i.e. condensation, exchange, and metathesis,
were reported for this reaction. Typical building blocks included barbituric acid and malononitrile.
The dynamic covalent exchange could take place in the presence of the organocatalyst – L-proline
– or even under catalyst-free conditions. The authors also reported C–C/C–N metathesis between
Knoevenagel derivatives of barbituric acid and imines. This unusual DCR took place at room
temperature without any catalyst. A few years since the discovery of this reaction, Lehn and
coworkers demonstrated that C–C/C–N metathesis proceeds via formation of a four-membered
(azetidine) ring – a rare mechanism for a metathesis reaction (Fig. 1.6,A).[37]

In 2015, Delius and coworkers contributed to DCvC of oxygen-containing DCFGs by introducing
orthoester exchange (Fig. 1.10).[32] The reaction is catalyzed by strong protic acids, such as
trifluoroacetic acid (TFA), and affords equilibrium products within hours at room temperature. It
proceeds through the dissociative mechanism leading to formation of reactive oxonium interme-
diates. Orthoester exchange suffers from high sensitivity to moisture that results in irreversible
hydrolysis of orthoesters. In contrast to other DCFGs, the orthoester moiety has a unique tripodal
geometry opening up intriguing potential applications for synthesis of three-dimensional molecular
architectures. Furthermore, the ability to exchange three alcohol residues significantly increases
the complexity of DCSs involving orthoesters and, thus, might be of particular interest in the
field of systems chemistry. Orthoester exchange was used to create adaptable cryptates[51] and
degradable polymers.[52]

In the past few years, another oxygen containing DCFG, silyl ether, started to draw increased
attention. [35, 53, 54] The Si–O bond is one of the most abundant chemical bonds in the
Earth’s crust[54] and is widely employed in organic synthesis. In the group of Guan, dynamic
covalent exchange and metathesis in silyl ethers was used to prepare reprocessable polymers with
advanced physical properties.[35, 53] Greb and coworkers extensively studied structural adaptation
of catecholatosilanes (via silyl ether metathesis) upon phase transitions.

A few novel DCRs involving dynamic C–S bonds were also recently reported. In 2015, Wojtecki
and coworkers introduced thioaminal exchange.[55] Thioaminals could be prepared from readily
available hexahydrotriazines and thiols under mild conditions. At elevated temperatures, thioaminal
exchange led to formation of structurally diverse polymers. It is worth noting that the exchange
reaction did not require addition of a catalyst. In 2016, Furlan and coworkers recognized another
DCR – dithioacetal exchange (Fig. 1.10).[56] This reaction occurred under acidic conditions (i.e.,
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Figure 1.10: Selected examples of recently discovered DCRs. Red circles denote electron-withdrawing
groups. Other circles represent any possible substituents.

in the presence of TFA) and equilibrium was reached within a few hours at room temperature.
A tripodal version of dithioacetal exchange – trithioorthoester exchange – was reported a couple
of years later by the groups of Furlan and Delius.[33] This DCR combined advantages of both
orthoester exchange (tripodal geometry, higher complexity of generated products) and dithioacetal
exchange (hydrolytic stability).

Quite unexpected was a discovery that some nucleophilic aromatic substitution reactions (SNAr)
can belong to DCRs. In 2018, Swager and Ong reported on dynamic covalent synthesis of thi-
anthrenes using SNAr reaction between ortho-substituted arylfluorides and arylthiols (Fig. 1.10).[57]
The authors performed a number of model experiments confirming the dynamic covalent nature of
the reaction. The dynamic covalent exchange in thianthrenes took place either at room tempera-
ture or at 50-80 °C without observable differences in the final product distribution. Self-correcting
nature of the reported DCR was shown to be crucial for the synthesis of redox-active thianthrene-
containing ladder macrocycles and polymeric porous 2D networks.

Another SNAr-based DCR was added to the toolbox of DCvC by Carrillo and coworkers in 2021.[58]
The authors reported on dynamic nature of SNAr reactions in para-substituted 1,2,4,5-tetrazines
denoting the DCR as SNTz (Fig. 1.10). As in case of arylfluorides (vide supra), the electron-
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deficient aromatic ring was crucial for efficient and reversible substitution reaction. Using phenols
or aliphatic thiols, the authors could perform the exchange reaction at room temperature in the
presence of a weak base (e.g., triethylamine). Carrillo and coworkers extensively studied the
scope of SNTz and showed that this DCR could operate in aqueous media, was compatible with
imine chemistry and suitable for constructing functional macrocycles and molecular cages. Another
interesting feature of SNTz was the possibility for post-functionalization of DCR products via inverse
electron demand DA reaction; this led to full suppression of the dynamic covalent exchange.

Finally, a couple of new DCRs involving dynamic C-N bonds were reported in the past few years. In
2015, Lehn and coworkers reported on reversible nucleophilic substitution reactions (SN2 and SN2’)
in quaternary ammonium cations formed from anilines or pyridines (Fig. 1.10).[59] The ammonium
salts that could undergo dynamic covalent exchange must have had a benzylic or allylic substituent
at quaternary nitrogen. This requirement has purely mechanistic reasons, since benzylic and allylic
CH2 groups are highly electrophilic and readily undergo nucleophilic attack by a wide range of
nucleophiles, including bromides and tertiary (aromatic) amines. Such nucleophilic substitution is
thus a means of transfer of alkyl moieties – benzylic or allylic – between different aniline or pyridine
substrates. A few years later, the dynamic covalent exchange in quaternary ammonium ions was
used in 2021 by Kitching and coworkers for the synthesis of enantioenriched ammonium salts.[60]

In 2020, Larsen and Melchor Bañales reported on catalyst-free amine exchange in guanidines (Fig.
1.10).[61] Before this report, exchange in guanidines had been performed only in the presence
of transition metals, had been largely limited in scope and the dynamic covalent nature of this
reaction remained elusive. One of the greatest obstacles to introducing guanidine chemistry to the
toolbox of DCvC was exceptionally high stability of the guanidine moiety due to γ-aromaticity.[62]
In the Larsen’s group, however, it was shown that thermal activation (170 °C) was sufficient
for equilibration between distinct aryl-N-substituted guanidines in the presence of primary amines.
The experimental evidence partially supported the dissociative mechanism of the exchange reaction
involving the formation of carbodiimides – compounds that were used by the authors as starting
materials for guanidine synthesis. This contrasts with most DCRs of carboxylic and carbonic
acid derivatives that normally proceed via the associative mechanism and formation of tetrahedral
intermediates. Larsen and Melchor Bañales demonstrated a great application of the guanidine
exchange by preparing a new class of highly crosslinked adaptable polymers.

1.1.4 DCvC of amidines

The second decade of the 21st century witnessed the birth of another DCR involving dynamic
C-N bond, i.e. amine exchange in amidines and amidinium cations (further on, referred to as
amidine exchange). Amidines represent a large class of organic compounds and were extensively
used in materials science,[63–66] coordination chemistry,[67] catalysis,[68–70], medicine,[71–73]
and supramolecular chemistry.[74–76] Reversible reactions between amidines and amines has been
known since 19th century.[77] However, amidine exchange as a route towards substituted amidines
started to receive attention of organic chemists only in the second half of the 20th century.[78]
The most common starting materials for amidine exchange were N-alkyl an N-acyl derivatives. In
2001, Alder and coworkers used amidine exchange to prepare N,N’-tetraalkylformamidinium salts
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as precursors to stable aminocarbenes.[79] Amidine exchange as an efficient synthetic method was
extensively studied by Finn and coworkers. They used different amidine derivatives as starting ma-
terials and found that acid catalysis significantly improved efficiency of the amidine exchange.[80]
Finn and coworkers also demonstrated the application of amidine exchange as a synthetic route
towards diverse libraries of organogelators.[81]

Despite numerous studies employing the reaction between amidines and amines, the dynamic
nature of the amidine exchange was first recognized only in 2011 by Petitjean and coworkers.[1]
The authors of the seminal work used N,N’-diarylsubstituted formamidines as starting materials
(exchange substrates) and tested three different types of N-nucleophiles: aliphatic and aromatic
primary amines, and alcoxyamines. The exchange reactions were performed in the presence of
equimolar amount of an aromatic carboxylic acid that formed a stable hydrogen-bonded complex
– a salt bridge – with the amidines. The use of a carboxylate was justified by its ability to serve
as an anionic template for assembly of complex (supra)molecular architectures (e.g., macrocyclic
receptors or mechanically interlocked molecules) via amidine exchange (Fig. 1.11). Another reason
for the use of carboxylic acids was the fact that protonated amidines – amidinium cations – are
more electrophilic than their neutral counterparts and thus more readily undergo the exchange
reaction with amines.

Figure 1.11: General schemes of the carboxylate-assisted amidine exchange and templated macrocycle-
formation envisioned by Petitjean and coworkers. Reprinted from Ref.[1] with permission from John Wiley
and Sons, copyright (2011).

Throughout the whole study, Petitjean and coworkers carried out the amidine exchange mostly
at room temperature in a weakly polar solvent – chloroform. The authors showed that primary
aliphatic amines upon reaction with N,N’-di(p-methoxyphenyl)formamidine afforded products of
monoexchange within two hours. The second exchange step took much longer: seven days were
required to observe nearly full conversion of all amidine species into N,N’-dialkylformamidine.
The authors could also identify another drawback of the reaction: highly basic primary aliphatic
amines disrupted the amidinium-carboxylate salt bridge thus preventing the desirable possibility of
templating the amidine exchange with a carboxylate (Fig. 1.12, Regime 1). The authors could
overcome the latter problem by using another kind of N-nucleophiles – alcoxyamines. However, the
exchange reaction with N,N’-di(p-methoxyphenyl)formamidine did not proceed beyond formation
of the monosubstituted product (Fig. 1.12, Regime 2). Using anilines as nucleophiles afforded a
superior DCS yielding all possible exchange products within a reasonable timescale and keeping
the carboxylate template strongly bound to the amidinium moiety (Fig. 1.12, Regime 3).

13



1. State of the Art

Petitjean and coworkers conducted a detailed study of the reaction kinetics and electronic effects
of the aryl substituents on the exchange outcome. The authors also performed computational
study of the reaction mechanism. The amidine exchange proceeded through the formation of
a tetrahedral intermediate very typical to nucleophilic substitution reactions in carboxylic acid
derivatives. Moreover, the authors emphasized the role of a carboxylate ion: it served as a proton
shuttle facilitating the overall exchange reaction. Finally, in a prof-of-concept experiment, Petitjean
and coworkers demonstrated that carboxylate-templated amidine exchange could be used for the
synthesis of macrocyclic compounds.

Overall, the authors identified three different modes of the amidine exchange based on the nature
of an N-nucleophile (Fig. 1.12) and provided comprehensive experimental and theoretical studies
thereof.

Figure 1.12: Different modes of amidine exchange (based on the nature of N-nucleophiles) studied by
Petitjean and coworkers. Reprinted from Ref.[1] with permission from John Wiley and Sons, copyright
(2011).

Since the seminal work on the amidine exchange by Petitjean and coworkers, surprisingly, there
were almost no further reports on usage or studies of this novel DCR.[82] Its interesting properties,
demonstrated by Petitjean and coworkers, as well as the ubiquity of amidines in various fields (vide
supra) gives extra motivation to further explore the rediscovered DCvC of amidines. The present
thesis attempts to uncover some of its intriguing features.

1.1.5 Dynamic combinatorial libraries (DCL)

Dynamic combinatorial libraries (DCLs) have always been central in the field of DCvC and often
serve as a workhorse for development and exploration of new dynamic covalent chemistries. DCL
is a multicomponent chemical system where constituents continuously interconvert and exist at
equilibrium. DCLs are not necessarily based on exchange reactions involving covalent bonds: non-
covalent interactions such as hydrogen bonding or kinetically labile coordination bonds can also
produce diverse DCLs.[11] In this section, however, only DCLs based on DCRs will be discussed.
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Typically, in DCLs, all chemical species are in equilibrium. This makes DCLs a great tool for iden-
tification of thermodynamic minima in complex systems and thus the most stable chemical species
under given conditions. This feature of DCLs is very useful for discovery of numerous compounds
with specific properties such as molecular receptors, drug candidates, functional compounds (e.g.,
photoswitches), etc. (vide infra). However, it is important to keep in mind that a DCL is a complex
molecular network and the thermodynamic minimum is always reached in the whole system. This
means that knowing the thermodynamic stability of individual molecules is not enough to predict
the composition of a given DCL: one should always consider all chemical equilibria taking place in
the system.[11]

Figure 1.13: Selection of specific DCL members based on different non-covalent interactions: A) in-
tramolecular; B) intermolecular; C) supramolecular interactions with a template (guest); D) supramolecu-
lar interactions with a molecular host. Adapted with permission from Ref.[11]. Copyright 2006 American
Chemical Society.

Library members can be stabilized either by externally introduced stimuli (e.g., ionic or molec-
ular templates) or by inter- and/or intramolecular non-covalent interactions (Fig. 1.13).[11] All
four "modes" of selection shown in Figure 1.13 define possible application directions of DCLs
and facilitate the discovery of different types of compounds and emergent systems phenomena.
Intramolecular interactions normally lead to amplification of structures like foldamers and mechan-
ically interlocked molecules. Thermodynamic stabilization by intermolecular interactions can lead
to such phenomena as aggregation, supramolecular polymerization or phase separation. Introduced
templates – either hosts or guests (see Section 1.2) – might shift the global equilibrium of a DCS
toward superior molecular receptors or ligands. This DCL feature is especially useful in the area of
drug discovery.[11]

An excellent example of structure stabilization of a DCL member by intra- and intermolecular
interactions was demonstrated by Otto, Pappas and coworkers.[83] The studied DCS employed
disulfide exchange between benzene-1,3-dithiols decorated with different dipeptides. The authors
could demonstrate that slight differences in the structure of building blocks or reaction medium
(e.g., ionic strength) favored the formation of either foldamers comprising 23 units (where in-
tramolecular non-covalent interactions between peptide chains played the key role) or hexameric
self-replicating macrocycles that could self-assemble due to strong intermolecular interactions.

One of the first reports on the amplification of host molecules in DCLs was published by Sanders
and coworkers in 2002.[84] By using a DCL based on disulfide exchange, certain macrocyclic hosts
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could be amplified upon addition of derivatives of isoquinoline or morphine. This work clearly
demonstrated that molecular recognition can serve as an efficient way to affect distribution of
DCL members. More recent examples of host amplification in DCLs include the works by research
groups of von Delius and Nitschke reporting on adaptable orthoester cryptates[51] and metal-
organic cages[85] respectively. Host amplification combined with a covalent capture of a guest
molecule was demonstrated by Alfonso and coworkers in 2018.[86] The reported DCL was used for
sensing of biologically relevant amino acids – cysteine and cystine.

Guest or ligand amplification in DCLs is commonly used in biomedical fields for discovery of effective
binders to target biomolecules, e.g. proteins.[87–90] The ability of DCLs to amplify specific
members upon addition of molecular targets becomes particularly interesting when the target
species do not have a well-defined rigid structure and/or specific binding sites. One remarkable
example was reported by Alfonso and coworkers who used imine-based DCL to discover a strong
binder to heparine – an important biologically active polyanionic polysacharide.[91, 92]

Given the dynamic nature of DCSs, DCLs exhibit a number of characteristic properties such as
adaptation, self-organization, self-sorting and self-recognition.[15] When DCSs is operating pre-
dominantly under thermodynamic control, it is possible to create a DCL with predictable behavior.
Careful design of building blocks for construction of DCLs is necessary when one aims to achieve
particular structures (e.g. cyclic compounds rather than linear oligomers) within the library. Very
often, rigidity of the molecules involved in the DCRs plays important role.[11]

Dynamic covalent exchange in DCLs might involve a few different DCRs within the same system
making these DCSs significantly more complex than classical DCLs based on one DCR type.[11, 93]
Lately, however, chemists have started to embrace increased complexity of chemical systems and
make use of it in a wide range of contexts.[94] Multilevel DCSs might serve as simplistic models of
chemistries taking place in living cells as well as provide a basis for programmable and responsive
chemical systems [93, 95] Usually, in multilevel DCSs, DCRs are orthogonal meaning that reactions
of different DCFGs do not interfere with each other. Orthogonal DCRs have been widely used to
induce molecular motion on nanoscale and for development of "living" organic materials as well
as chemo- and biosensors.[18, 95, 96]

Besides multilevel DCSs, chemical systems operating out-of-equilibrium start to draw special atten-
tion since they are conceptually similar to the systems in living organisms. Development of complex
molecular systems with emergent behavior might also prove useful for creation of advanced "smart"
materials with life-like properties. Introducing kinetic traps and forcing the chemical system or its
parts to operate in a nonequilibrium regime can reveal astonishing properties of the system oth-
erwise inaccessible under thermodynamic control.[16, 97] Common ways to drive a DCS out of
equilibrium include exposure to light or electric field, phase separation, aggregation (e.g., micelle
formation or supramolecular polymerization), and coupling to an oscillating chemical network.[15]
Recent remarkable examples of far-from-equilibrium DCLs include works from the groups of Beeren
(enzymatic template-directed synthesis of cyclodextrines),[98] Walther (programmable ATP-fueled
DNA networks),[99] and Boekhoven (chemically-fuelled dynamic covalent exchange in carboxylic
acid anhydrides).[17]
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DCLs have been used for a wide variety of applications such as discovery and synthesis of new
molecular receptors and ligands,[89, 100] development of dynamic materials,[15, 101] sensing,[102]
and studies of chemical systems behaviors.[16, 103]

One of the most extraordinary recent applications of a DCL was demonstrated by Waters and
coworkers in 2020.[104] The authors exploited the complexity of a DCL as a powerful analytical
tool for sensing of target species without the need to isolate or even identify specific molecular
receptors generated within the DCL. The authors used a disulfide-based DCL and the concept
of differential sensing[105] to distinguish various methyl derivatives of amino acids arginine and
lysine (Fig. 1.14). Depending on the structure of the methylated amino acid present in the DCL,
the macrocyclic disulfides were amplified to a different extent. Basically, different HPLC profile
patterns obtained for different target amino acids served as fingerprints of the analytes. The authors
used principal component analysis (PCA) to translate HPLC data into visual representation and
identify the analytes of interest. Even with only three building blocks, the studied DCL afforded
enough complexity to differentiate between eleven combinations of various methylated states of
arginine and lysine. An improved sensing method based on a DCL was later reported by the same
group.[106] The authors incorporated fluorescence analysis into the sensing workflow thus enabling
high-throughput mode of the analyte identification.

Figure 1.14: Differential sensing of post-translational modifications (PTM; i.e., N-methyl-derivatives of
arginine and lysine) using a DCL. Different PTMs led to different HPLC profiles. This data was analysed
by principal component analysis (PCA) and afforded qualitative information about the composition of the
mixture. Adapted from Ref.[104] with permission from Royal Society of Chemistry, copyright (2020).

Besides discovery of new molecular receptors and drug candidates, DCLs can be exploited in the
search of other functional compounds with target properties. One remarkable example is a recent
work by Hecht and coworkers.[107] The authors used Knoevenagel exchange to access a large DCL
of cyanodiarylethene photoswitches (Fig. 1.15). Another dimension of complexity was added to
the library due to E/Z isomerism of diarylethenes. By screening the DCL upon irradiation with
light of specific wavelengths, the authors could identify dyes with unique photochromic properties.
This study highlights the power of DCLs in the efficient exploration of chemical space and discovery
of new functional molecules.
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Figure 1.15: DCL of photoswitches obtained by Hecht and coworkers, and the workflow (top) for iden-
tification of dyes with unique photochromic properties (bottom right). Adapted with permission from
Ref.[107]. Copyright 2021 American Chemical Society.

1.1.6 Applications in biomedical and materials sciences

In addition to a multitude of applications of DCLs, DCvC as a whole finds usage in even broader
contexts, i.e. drug delivery,[108, 109] catalysis,[94] synthesis of molecular cages,[46, 110, 111]
mechanically interlocked molecules (Section 1.3.2),[110, 112] artificial molecular motors[110, 113]
and walkers.[114]

A large area of DCvC application is biomedicine. Chemistry of dynamic covalent bonds was used not
only in drug discovery and drug delivery but also for mimicking biomolecules and biological media,
development of biosensing devices and modulation of biological activity.[18] One recent example
by Weil and coworkers demonstrated the power of DCvC in producing "smart" bioconjugates.[115]
The developed stimuli-responsive peptide tags used a synergy between redox-active disulfide and
pH sensitive boronate DCvCs and allowed controlled release of a cargo (e.g., a drug molecule)
in living cells (Fig. 1.16). The employed dual DCvC also provided exceptionally high stability of
the peptide bioconjugates in the tumor extracellular environment and proved to be useful in the
synthesis of the peptide tags facilitating optimal assembly kinetics and selectivity.

Arguably, the biggest field where DCvC has been extensively applied is materials science. Over the
past two decades, an enormous number of reports was made on polymeric materials incorporating
dynamic covalent bonds.[44, 117–119] DCvC became an invaluable tool for making self-healable,
reprocessable, and responsive polymers. A fascinating application of DCvC to synthesis and func-
tion of recyclable plastics was demonstrated by Helms and coworkers in 2019.[116] The authors used
triketones and aromatic or aliphatic amines to form dynamic diketoenamines as a key functional
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Figure 1.16: Peptide bioconjugates benefiting from dual DCvC (boronate esters and a disulfide bridge)
reported by Weil and coworkers. TAT – a cell-penetrating peptide. In case II, TAT is not covalently bound
to the conjugate and thus does not transfer the conjugate into the cell. Adapted from Ref.[115] according
to the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

Figure 1.17: Synthesis and closed-loop recycling of diketoenamine-based polymers reported by Helms
and coworkers. Adapted with permission from Ref.[116] with permission from Springer Nature, copyright
(2019).

unit in the obtained polymers (Fig. 1.17). The studied material readily underwent depolymeriza-
tion under acidic conditions. Highly pure water-soluble triketone monomers could be then easily
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recovered and used again for preparation of the same polymer or other polymeric formulations.
The authors demonstrated a highly efficient closed-loop recycling process and emphasized the im-
portance of DCvC for development of next-generation sustainable plastics.

Figure 1.18: A) Nucleation of a 2D polymeric network via dynamic covalent exchange of the diboronic
acid. B) STM image of the repeating unit of the 2D network (the corresponding chemical structure is on
the right). Adapted from Ref.[120] with permission from Springer Nature, copyright (2022).

Another vast set of DCvC applications in materials science is well-established for the synthesis
of covalent organic frameworks (COFs). It is the dynamic error-correcting nature of DCRs that
facilitates efficient assembly of highly regular advanced molecular structures under thermodynamic
control. Many DCRs have proved to be useful for synthesis and properties of a great variety of
COFs.[121] In a recent work by De Feyter, Cai and coworkers,[120] DCvC of a diboronic acid was
used to unravel the mechanism of polymerization on surfaces leading to a 2D covalent network
(Fig. 1.18). The authors could also observe unique crystallization pathways of the 2D polymer.

As can be seen from the examples above, DCvC plays increasingly important role in modern
research. Therefore, new fundamental insights into DCvC and discovery of its practical applications
are now desirable as never before.

Very often, DCSs apart from forming and breaking covalent bonds rely on different kinds of non-
covalent interactions – either intramolecular, which stabilize certain species, or intermolecular,
which lead to emergence of self-replicators or amplification of the most suitable compounds upon
template binding. In the latter case, principles of host-guest chemistry might play a crucial role
in directing the selection in the system mediated by various supramolecular interactions. The
next section will discuss the basics of host-guest chemistry and will showcase recent exciting
achievements in this area.

1.2 Supramolecular host-guest (HG) systems

1.2.1 Concept overview

One of the greatest advantages of supramolecular chemistry is that during construction of complex
molecular architectures it is not necessary to carry out tedious organic synthesis in order to join
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separate components. Careful and clever design of building blocks via incorporation of special
functional moieties makes the construction of the target molecular architecture fairly easy: the
building blocks can be just mixed together at room temperature. This approach can be further
extended to the non-covalent synthesis – the step-wise build-up of the desired structures using
exclusively supramolecular interactions.[122] One of the key concepts of supramolecular chemistry
that allows design, synthesis, and programmable function of desired molecular entities is host-guest
(HG) chemistry.

HG complexes such as inclusion compounds (e.g., clathrates and cyclodextrine-based complexes)
were known for many decades, however, the turning point that gave birth to the field of supramolec-
ular chemistry was the discovery of the templated synthesis of macrocyclic polyethers (crown ethers)
by Pedersen in 1967.[123] This discovery corroborated by works of Lehn and Cram resulted in the
development of the concept of HG chemistry.[123, 124] Cram was particularly fascinated by the
ability of synthetic molecules to mimic the function of enzymes that necessarily involves selective
binding and release of the molecular substrates.[124]

In HG chemistry, hosts are typically larger molecular entities that can entrap or encircle a smaller
guest species. In majority of cases, host molecules have a cavity (of different kinds) or simply
a space where a smaller guest would fit (Fig. 1.19). Enzymes or antibodies with a binding
pocket at the outer surface can also be regarded as typical hosts. Arguably, it is the ability to
bind chemical species – guests – that distinguishes hosts from other chemical entities which form
inclusion complexes such as clathrates.[14] Molecular hosts normally possess binding sites which
can non-covalently interact with complementary binding sites of guests (or a guest as a whole).
In some cases, however, it is hard to make a clear-cut differentiation between a HG complex
and other supramolecular complexes. Then, for convenience, the components would be arbitrarily
named either as a host or a guest. And again, the relative size would be still a determining factor:
a host is bigger and a guest is smaller.

Figure 1.19: Examples of typical topologies of host-guest (HG) complexes. Color code: hosts – yellow,
guests – grey. A) Receptor-substrate complex with an arbitrarily selected host (the host does not have a
well-defined cavity and has a size similar to the size of the guest). B) Arc-shaped host binding a guest
from the concave side. C) Cyclic host with a guest in the center. D) Cage-like host with an encapsulated
guest.

HG chemistry is inextricably intertwined with another big supramolecular concept – molecular
recognition. In molecular recognition, a molecular receptor can selectively bind to a specific sub-
strate through non-covalent interactions.[14] Complementarity (vide infra) between a receptor and
a substrate is crucial for effective binding. While being an integral part of HG chemistry, molecular
recognition involves more kinds of supramolecular assemblies.
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Non-covalent interactions that are central in supramolecular chemistry and, accordingly, in HG
chemistry include ion pair, ion-dipole, dipole-dipole, ion-quadrupole, and quadrupole-quadrupole in-
teractions, hydrogen and halogen bonding, π-interactions (cation-π, anion-π, polar-π, π-π, πdonor-
acceptor), van der Waals or London dispersion interactions.[125] A special type of interactions is
hydrophobic (or more generally – solvophobic) interactions that come to place when solvation
of the molecules is energetically highly unfavorable. In many cases, a host and a guest are held
together by a combination of different types of non-covalent interactions. It is also important to
keep in mind that although non-covalent interactions are regarded as weak (low Gibbs free energy
of formation), multiple non-covalent interactions can result in extremely strong binding. On the
other hand, weak intermolecular interactions (compared to covalent bonds) in HG assemblies might
come as a great advantage when one wants to control the function of the molecular entities, e.g.
by turning off the function on demand.

In molecular recognition and HG chemistry, two key concepts – complementarity and preorganiza-
tion – determine the fate of interactions between a pair of different molecules.[126] Complemen-
tarity between a host and a guest ensures that all binding sites in a host can simultaneously and
attractively interact with corresponding binding sites in a guest without energetically unfavorable
distortions in the interacting molecules. Complementarity also refers to a perfect fit between a
host and a guest in terms of their relative shape and size (also known as "lock-and-key principle").
Preorganization ensures that a host or a guest already have a necessary shape and are "ready" to be
desolvated before forming a strong HG complex. This makes the binding event energetically more
favorable compared to the case when a host/guest is not preorganized. The most common type of
preorganization is provided by the macrocyclic structure of a host: entropic cost for adopting the
ordered cyclic structure in the corresponding HG complex is already paid during the synthesis of
the macrocycle from acyclic precursors. Degree of host/guest solvation also plays important role;
ideally, binding sites of a host and a guest should be poorly solvated to afford strong association.

Already in early 1980s, quite a few types of molecular host were known.[123] Since then, research in
supramolecular chemistry kept accelerating and has given a birth to an incredibly large number of
hosts. Nowadays, the most prominent types of (supra)molecular hosts include crown ethers,[127]
tetralactams,[128] cyclodextrines,[129] cyclophanes (e.g., calixarenes, resorcinarenes),[130–132]
cucurbit[n]urils,[133] molecular tweezers and clefts,[134, 135] and (metal-)organic cages (e.g.,
cryptands, hemicarcerands, and supramolecular polyhedra with metallic or anionic vertexes)[136–
138] (Fig. 1.20). New hosts are still constantly being invented expanding the scope of potential
applications of HG chemistry.[139, 140] For instance, recently developed subclasses of cyclophane
family include pillar[n]arenes, [n]cycloparaphenylenes, and porphyrin nanorings.[141, 142]

The strength of association between a host and a guest is characterized by a binding (or association)
constant (K a). In a simplified form and for 1:1 stoichiometry between a host and a guest, a
binding constant is an equilibrium molar concentration of a HG complex divided by the product
of equilibrium molar concentrations of a free host and a free guest. Association constants of
HG complexes can span many orders of magnitudes: from 1-100 M-1 for very weakly associated
host and guest to over 108 M-1 for strongly bound HG assemblies. Importantly, values of binding
constants are very dependent on the solvent where HG association takes place. HG equilibria can
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Figure 1.20: Structures of typical molecular hosts. Parts of the figure are adapted from Ref.[137] with
permission from Springer Nature, copyright (2020).

involve multiple hosts or guests participating in the formation of a supramolecular complex. This
fact has implications for calculation of the constants using chemical and mathematical models.[143]
To quantify HG interactions, chemists use a number of instrumental methods, such as NMR, UV-
vis and fluorescence spectroscopy, isothermal calorimetry, and mass spectrometry.

Host-guest interactions can be efficiently exploited in advanced materials,[144] amphiphiles[145],
mechanically interlocked architectures (Section 1.3), catalysis,[146, 147] and drug delivery.[148,
149] Moreover, cavities of molecular hosts providing a unique environment for organic compounds
can modulate reactivity, photochromic and electrochemical properties of their guests.[137, 147]
HG chemistry is also a key tool in non-covalent click chemistry, which relies on strong, fast and
reversible non-covalent association between two molecules.[150]

1.2.2 Hydrogen-bonded HG complexes

Arguably, the most well-studied type of non-covalent interactions is hydrogen bonding.[126] Ac-
cording to the recent IUPAC definition, the hydrogen bond is "an attractive interaction between a
hydrogen atom from a molecule or a molecular fragment X–H in which X is more electronegative
than H, and an atom or a group of atoms in the same or a different molecule, in which there
is evidence of bond formation."[151] Hydrogen bonds are directional and their strength can vary
significantly (between 1 and 170 kJ/mol), yet, in general, they are regarded as one of the strongest
types of non-covalent interactions.[14] These features make hydrogen bonding a tool of choice in
designing novel molecular hosts.
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Popular molecular scaffolds of host molecules able to form hydrogen-bonded complexes with their
guests include crown-ethers, tetralactams, spherands, cryptands, and a multitude of other hemi-
cyclic, cyclic and cage-like receptors containing hydrogen bond donors or acceptors (e.g., urea,
guanidine, squaramide moieties, etc.).[152] Hydrogen bonding can also be used to construct
supramolecular hosts (e.g., resorcinarene-based capsules).[153, 154]

Below, I will provide a few recent examples of hydrogen-bonded HG assemblies demonstrating the
power and fascinating properties of hydrogen bonding.

Figure 1.21: Synthesis of the tetrahedral Fe4L6 metal-organic cage reported by Nitschke, Schalley and
coworkers. Crown ethers can bind different triamines thereby modulating the flexibility of the cage and,
consequently, the anion exchange between the cage cavity and solution bulk. Anionic guest is colored blue.
Adapted from Ref.[155] with permission from John Wiley and Sons, copyright (2018).

In 2018, Nitschke, Schalley and coworkers reported a supramolecular system where, within the
same molecular structure, HG interaction at one site could influence HG exchange at another
site. In biochemistry, this concept is widely employed by enzymes and is known as allosteric
regulation. The mentioned supramolecular system was a Fe4L6 tetrahedral cage decorated on its
vertexes with small-size crown ethers (i.e., benzo-18-crown-6) (Fig. 1.21).[155]. The authors used
the oldest yet very elegant kind of hydrogen-bonded HG assembly – a complex between a crown
ether and ammonium ion. HG interactions between the crown ethers and externally introduced
protonated triamines (e.g.,tris(2-aminoethylamine)) were used to allosterically modulate anion
exchange (PF6

– <–> ReO4
– ) taking place between the cage cavity and solution bulk. Upon

binding to the amines, the flexibility of the cage was significantly restricted thus kinetically locking
PF6

– ion inside the metal-organic cage.
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It is worth mentioning that hydrogen bonding between (secondary) ammonium ions and crown
ethers has been widely used to construct mechanically interlocked architectures, such as rotaxanes
(Section 1.3.2).

Turning to the three-dimensional crown-ether analogs, von Delius and coworkers prepared a hydrogen-
bonded HG complex featuring an orthoester-based cryptand and ammonium cation.[156] The host
was assembled by dynamic covalent orthoester exchange. Ammonium cation had a two-fold role:
it served as a template guiding the assembly of the proper host and it was acidic enough to catalyze
dynamic covalent exchange (Fig. 1.22). The latter feature rendered the ammonium-containing
orthoester cryptates inherently adaptable (i.e., no addition of other catalyst or building blocks
was required to initiate structural transformations) and made this hydrogen-bonded HG complex
a striking example of a fluxional HG system.[157]

Figure 1.22: Adaptive behavior of the orthoester-based ammonium cryptates reported by von Delius and
coworkers. Ammonium ion due to its acidity can catalyze the disproportionation (self-metathesis) of the
[2.1.1] cage (top). The adaptability of the ammonium cryptates could also be observed in the presence
of diols (TEG – triethylene glycol, DEG – diethylene glycol). Adapted with permission from Ref.[156].
Copyright 2019 American Chemical Society.

Inspired by natural carbohydrate-binding molecules (e.g., lectins), Davis and coworkers reported
a biomimetic receptor with a record affinity towards glucose molecules.[158] Carbohydrates are
known to be extremely challenging substrates for molecular recognition in water due to their highly
hydrated nature. The reported host based on a popular unit of organic cages – triethylmesitylene
– contained six urea moieties that were able to form multiple hydrogen bonds with a carbohydrate
guest (Fig. 1.23). Preorganization of the host and complementarity between the binding sites in
the receptor and a guest were crucial for exceptionally strong and selective binding of glucose. The
association constant of the glucose-receptor assembly was about 18000 M-1 that was comparable
to the majority of carbohydrate-binding biomolecules. This work is a great example of how rational
design and strategic use of hydrogen bonding can lead to creation of superior hosts for challenging
analytes.
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Figure 1.23: A) Structure of the glucose receptor reported by Davis and coworkers. Green dendrimeric
units were used to achieve good solubility of the molecular cage (colored blue and red) in water. B)
Calculated structure of the HG complex between the cage and glucose. Hydrogen bonds between urea
moieties and glucose hydroxyl groups are shown in yellow. Adapted from Ref.[158] by permission from
Springer Nature, copyright (2019).

Speaking of challenging analytes, chloride ions that are highly solvated in water constitute another
type of species that are difficult to bind with molecular receptors. In 2019, Flood and coworkers
reported the synthesis and chloride-binding ability of an organic cage that exploited an uncon-
ventional type of hydrogen bonding that involved C-H bonds as hydrogen bond donors.[159] The
cryptand-type cage contained six 1,2,3-triazoles with polyrized C-H bonds pointing inside the cav-
ity of the host. Due to perfect size-complementarity between the host interior and the spherical
anionic guest, chloride was tightly bound by the cage with the unprecedented affinity of 1017 M-1

in dichloromethane (Fig. 1.24).

Figure 1.24: Crystal structure of the triazole-based cage (with chloride guest tightly bound inside) re-
ported by Flood and coworkers. Hydrogen atoms except those forming hydrogen bonds with the chloride
are omitted for clarity. Adapted from Ref.[159] with permission from The American Association for the
Advancement of Science, copyright (2019).

1.2.3 HG complexes based on π-π interactions

After hydrogen bonding, π-interactions represent another most widespread type of supramolecular
interactions in synthetic HG systems. π-Interactions have predominantly electrostatic nature, al-
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though, van der Waals forces also make significant contribution to the bonding.[125, 160, 161] Any
conjugated system – aromatic or non-aromatic – having a π-system – can exploit π-interactions.
Non-covalent interactions involving π-systems include cation-π, anion-π, polar-π, π-π, and π donor-
acceptor interactions. In supramolecular chemistry, π-interactions can be used intramolecularly
(e.g., to produce foldamers)[162] or intermolecularly (e.g., to assemble HG complexes, vide infra).
Very often, π-interactions work in combination with other non-covalent interactions providing
molecular receptors with advanced selectivity and binding affinity towards molecular substrates.
In this section, I will consider only those HG complexes where π-interactions play an especially
important role in driving the association.

Popular molecular scaffolds of supramolecular hosts that use π-interactions include: molecular
clips and tweezers,[135, 163, 164] cyclophanes (e.g., calixarenes,[165], pyllararenes,[166] and poly-
cationic macrocycles such as cyclobis(paraquat-4,4’-biphenylene) CBPQT4+[167–169]) and other
carbon nanohoops[141], and various (metal-)organic cages featuring aromatic π-systems.[170, 171]
Due to rapid growth of the fields concerning nanoelectronics and carbon-based nanomaterials, de-
velopment of new ways to assemble carbon nanostructures receives nowadays increased attention.
Many novel molecular hosts for π-system-containing compounds are constantly being developed;
some recent examples include janusarene[172], new polycationic cyclophanes,[169, 173], porphyrine
nanorings.[174, 175]

π-π Interactions are considered as a special type of van der Waals forces and play a key role in the
formation of HG complexes of carbon nanostructures.[161] Arguably, the most popular guests in
π-π HG complexes are polycyclic aromatic hydrocarbons, fullerenes, and carbon nanotubes.[161,
170] When it comes to binding of non-planar carbon nanostructures such as fullerenes or nan-
otubes, shape complementarity (e.g. convex-concave pair) is an important factor that determines
the association strength between a host and a guest. This principle is clearly illustrated by HG
complexes of fullerenes with buckybowls or carbon nanohoops.[141, 176, 177]

Among the simplest molecular systems showcasing π-π interactions between aromatic components
are planar nanocarbons (polycyclic aromatic hydrocarbons with large π-surface) stacked on top
of each other. Recently, Würthner and coworkers reported the synthesis of such a system with
a host being a new C64 nanographene (Fig. 1.25).[178] On the periphery of the aromatic planar
core, the host contained four orthogonal meta-terphenyl moieties that together formed cavities
on both sides of the core. The cavities provided perfect binding pockets for guest molecules –
smaller PAHs, such as naphtalene, coronene or hexabenzocoronene. In solution, C64 nanographene
and the guests could form 1:1 and 1:2 HG complexes, while in solid state multistack assemblies
prevailed. In chloroform, association constants for 1:2 HG complex were moderately high – about
105 M-1 (K 1) and 104 M-1 (K 2). Dispersion forces between the π-surfaces were found to be the
main contributor to the stability of the reported HG assemblies that show a great promise for the
use in materials science.

When it comes to π-interactions, non-aromatic and aromatic conjugated systems are not the only
structural units able to participate in this sort of supramolecular interactions. In 2019, Nitschke
and coworkers discovered that Fe4L6 metal-organic tetrahedral cage with antiaromatic porphyrinoid
fragments at the edges can serve as a great host for a number of aromatic guests.[179] Porphyrinoid
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Figure 1.25: Synthesis of C64 nanographene host, structures of the guests (top right) and different modes
of multilayer HG assembly. Reprinted from Ref.[178] with permission from Springer Nature, copyright
(2022).

units shielded the cage interior and thus created a nanospace surrounded by antiaromatic walls.
The cage could encapsulate different aromatic guests, such as coronene, corannulene, truxene,
dibenzochrizene, and even a carbon nanobelt or a fullerene derivative (Fig. 1.26). Stoichiometry
of the formed HG complexes was typically either 1:1 or 1:2. In case of some guests, such as
tetraoxa[8]circulene, 1:3 HG complexes were observed. The authors assumed that a combination of
different non-covalent interactions – i.e., dispersion forces, CH-π, π-π, and solvophobic interactions
(the HG assembly was performed in CD3CN) – was responsible for complex formation. The authors
also made a fascinating observation of the effect of antiaromatic deshielding on proton chemical
shifts of the encapsulated guests: proton signals were shifted downfield by 2 – 15(!) ppm compared
to signals of the free guests.

Figure 1.26: Crystal structure of the tetrahedral cage (with encapsulated coronene) reported by Nitschke
and coworkers. All other suitable guest molecules are shown on the right. Reprinted from Ref.[179] with
permission from Springer Nature, copyright (2019).
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A few final examples deal with HG chemistry of fullerenes. One of the recent exciting developments
in this area was the application of fullerene hosts as so called supramolecular masks in order to
modulate regioselectivity of fullerene reactions. It is extremely challenging to perform selective
polyfunctionalization of fullerenes due to their perfect symmetry and the absence of any directing
functional groups. Although a few synthetic approaches to perform regioselective functionaliza-
tion of fullerenes do exist, supramolecular chemistry offers an elegant and more powerful way to
introduce new modifications onto the fullerene surface with ultimate spatial precision.

In 2018, during the synthesis of an unprecedented rotaxane based on the fullerene-containing axle
and [10]cycloparaphenylene ([10]CPP) as a ring, von Delius and coworkers discovered that [10]CPP
significantly improved regioselectivity of bis-functionalization of the fullerene strongly bound inside
the cavity of the nanoring (Fig. 1.27).[2] This bis-functionalization reaction used by the authors as
the final rotaxane-forming step normally yields at least six regioisomers. However, in the presence
of [10]CPP, only two isomers were formed. The nanoring served as a supramolecular mask exposing
only a part of the fullerene surface to the reagents.

Figure 1.27: Regioselective synthesis of the fullerene bis-adduct using [10]CPP as a supramolecular mask
demonstrated by von Delius and coworkers. Comparison of the regioisomers formed after the fullerene
bis-functionalization in the presence and in the absence of [10]CPP (bottom left). Structures of the
two regiosomers afforded by the supramolecular mask and corresponding binding constants with [10]CPP.
Reprinted with permission from Ref.[2]. Copyright 2018 American Chemical Society.

A particularly appealing type of fullerene hosts that recently started to draw increased attention is
(metal-)organic cages.[170] Very recently, these cages were recognized as effective supramolecular
masks, expanding the repertoire of the host-induced fullerene regiochemistry initially observed by
von Delius and coworkers.

In 2019, Clever and coworkers reported the synthesis of the bowl-shaped Pd-containing metal-
organic host that was able to strongly bind C60 or C70 (Fig. 1.28,A).[180] In the HG complex,
only 25% of the fullerene surface was exposed to the solution phase. This made possible selective
monofunctionalization of C60 by Diels-Alder reaction that otherwise led to a mixture of mono-,
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bis- and tris-adducts (Fig. 1.28,B). Although the reported host does not solve the regioselectivity
problem, this system clearly demonstrates another powerful feature of the supramolecular mask
approach, i.e. the ability to control the number of covalent modifications introduced to the
encapsulated fullerene.

Figure 1.28: A) Cartoon showing the synthesis and HG properties of the bowl-shaped metal-organic
host reported by Clever and coworkers. B) Selective mono-functionalization of C60 afforded by the host.
Adapted from Ref.[180] according to CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

In 2020, Ribas and coworkers used a previously developed metal-organic fullerene host[181] as a
supramolecular mask that enabled the synthesis of equatorial tetrakis adducts (Fig. 1.29).[3] The
reported cage had a cubic shape with two porphyrin rings on the opposing planes. The edges
were formed by rigid biphenyl-containing ligands. The fullerene-cage HG complex thus had four
"windows" corresponding to the four adjacent planes of the cubic cage. The position of these
"windows" that exposed only certain parts of the fullerene surface dictated the regiochemistry.
Using Bingel-Hirsch cyclopropanation, the authors could selectively obtain mono-, bis-, tris-, and
tetrakis-adducts of C60.

A neat combination of purely organic DCvC and HG chemistry was employed by Beuerle and
coworkers in 2020.[182] Using boronate ester exchange, the authors synthesized a molecular cage
featuring two tripodal tribenzotriquinacene units (Fig. 1.30). This host could effectively encapsu-
late fullerenes C60 or C70 and served as a unique supramolecular mask. Subjecting the HG complex
to Prato reaction afforded selective formation of four out of 46 possible tris-adducts. Interestingly,
one of the obtained fullerene tris-adducts formed only in trace amounts when no supramolecular
mask was present.
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Figure 1.29: Supramolecular mask approach developed by Ribas and coworkers. Adapted from Ref.[3]
with permission from Elsevier, copyright (2020).

1.2.4 Multishell HG complexes

A new level of supramolecular complexity is manifested in hierarchical or multishell HG complexes
where a bigger host encapsulates one (or more) smaller host bound to a guest. Very often, these
complexes are called Russian Dolls or Matryoshka Dolls since the assembly principle and relative
spatial arrangement of the components is very similar to those in the iconic wooden toy. Stepwise
assembly of such structures might be the simplest example of non-covalent synthesis that strate-
gically uses different types of supramolecular interactions to produce advanced molecular architec-
tures.[122] It is important to differentiate between multishell HG complexes and multicomponent
HG assemblies, e.g., 1) HG complexes comprising one host and a few non-cyclic/non-spherical
guests or 2) a few hosts and one guests where host molecules do not encapsulate each other.
Synthesis of multishell HG complexes poses a big challenge: the outer host must be large enough
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Figure 1.30: Boronate-ester-based organic cage reported by Beuerle and coworkers. Encapsula-
tion of fullerene guests by the cage (top) and the supramolecular mask strategy affording equato-
rial tris-functionalization (bottom). Reprinted from Ref.[182] according to CC BY-NC 3.0 license
(https://creativecommons.org/licenses/by-nc/3.0/).

to accommodate other HG species, yet, very often, synthesis/self-assembly of such large molec-
ular entities is not an easy task. Typical outer hosts are metal-organic cages, cucurbiturils, and
cyclophanes (vide infra).

Construction of host-in-host complexes is an important intermediate step towards multishell HG
assemblies. In 2006, Shinmyozu and coworkers reported the synthesis and solid-state character-
ization of an inclusion complex between [2.2.2]paracyclophane and a larger pyromellitic-diimide-
based cyclophane.[183] Between 2002 and 2020, Stoddart and coworkers also reported a number
of ring-in-ring complexes based on the following HG pairs (first – host name, second – guest
name): a crown ether (bisparaphenylene[34]crown-10) and a dicationic dibenzylammonium-based
cyclophane;[184] macrocyclic bipyridinium-based Pd coordination complex and naphthalene-based
crown ether;[185] cyclobis(paraquat-4,4’-biphenylene) (CBPQT4+ or "blue box") and π-electron-
rich crown ethers;[186] cucurbit[8]uril and a tetracationic cyclophane.[187] Self-assembly of metal-
organic ring-in-ring, sphere-in-sphere, and cubic cage-in-cage structures by metal-ligand exchange
has also been reported.[188–190] Recently, Liu and coworkers reported a fascinating supramolecu-
lar architecture where four rationally designed porphyrin-based building blocks self-assembled into
double-walled tetrahedra.[191]

In the past two decades, there was a number of reports on hierarchical HG complexes, how-
ever, this area is still in its infancy. One of the simplest strategies to produce a multishell HG
complex is encapsulation of complexes between crown ethers and metal or organic cations inside
a larger host. Perhaps, the first multishell HG complexes were reported by Kim and coworkers
in 2001.[192] The authors used cucurbit[8]uril (CB[8]) to encapsulate azacrown ethers – cyclen
(1,4,7,10-tetraazacyclododecane) and cyclam (1,4,8,11-tetraazacyclotetradecane) – and their com-
plexes with copper or zinc ions.
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Calixarene hosts were also employed to form hierarchical HG assemblies.[193] In 2006, Raston and
coworkers reported on Russian-doll-like supramolecular assembly based on calix[4]arene and crown
ether hosts. The authors used DOSY NMR to show that two p-sulfonatocalixarene molecules
could encapsulate not only various charged azacrown ethers but also 18-crown-6 complexed with
sodium cations.[194] Interestingly, no binding took place between the calixarene host and neutral
18-crown-6 pinpointing the key role of positive charge (provided by sodium ions) for effective HG
binding.

In 2010, Moorthy and Natarajan used a rigid tripodal triphenol that in solid state formed hydrogen-
bonded supramolecular crystals with entrapped 18-crown-6 bound to neutral (MeOH/water,
MeOH/MeNO2) or ionic (bromide, iodide, acetate, and acetylacetonate) guests.[195]

Figure 1.31: A) Crystal structure of the hierarchical HG complex between the anionic tetrahedral cage, 18-
crown-6, and two tetramethylammonium ions reported by Wu and coworkers. B) Reversible transformation
of the hierarchical HG complex into a helicate upon irradiation with UV light. Adapted from Ref.[196] by
permission from John Wiley and Sons, copyright (2022).

Very recently, Wu and coworkers prepared a complex between tetrahedral diarylurea-based an-
ion cage and 18-crown-6 bound to a potassium ion or two tetramethylammonium ions (Fig.
1.31,A).[196] Interestingly, the latter had higher affinity to the host-host complex than a potassium
cation. Ligands forming the edges of the tetrahedral cage contained azobenzene units that upon
irradiation with UV light (380 nm) underwent cis-trans isomerization and drove the (reversible)
transformation of the cage into a helicate (Fig. 1.31,B). This led to release of the crown ether
and the bound cations. The work by Wu and coworkers is the first example of a photoresponsive
Russian doll complex.

By generalizing the examples of cationic complexes of crown ethers residing inside a cavity of a
larger host, one can envision the molecular design where any sort of an organic ligand bound to
a (metal) ion is encapsulated by a large macrocyclic or (hemi)spherical host. A great example
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of such multishell HG architectures was reported by Badjić and coworkers in 2016. The authors
prepared "nesting" assemblies between molecular baskets and zinc complexes with functionalized
tris(2-pyridylmethyl)amine.[197] In 2018, Xu, Li and coworkers, prepared a HG assembly between
a cyclodextrin and Tb-EDTA complex in a molecularly imprinted polymer sensor.[198]

Another ingenious strategy to prepare Russian doll structures is to use metallofullerenes (fullerenes
with entrapped metal atoms or ions) as guests.[199] However, one might argue if it is a true HG
complex, since metallofullerenes hold their "guests" not via supramolecular interaction but the
closed-shell structure of a fullerene (rendering the complex as a kinetic rather than thermodynamic
construct).

A few hierarchical HG assemblies with two macrocyclic hosts of the same type have been reported.
In 2002, Dance and coworkers reported an elegant gyroscope-like supramolecular assembly which
they called a "gyroscane".[200] The assembly featured two cucurbituril macrocycles – CB[5] and
CB[10] – and a chloride ion residing inside the cavity of the smaller host. A few years later, Oda,
Kawase and coworkers, prepared another fascinating HG complex where two carbon nanorings
encircled C60.[201]

Figure 1.32: A) Structure of the Russian doll assembly comprising concentric porphyrin nanor-
ings reported by Anderson and coworkers. B) Russian doll templating of the large macrocy-
cle (red) by the smaler HG complex. Adapted from Ref.[202] according to CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).

In 2015, Anderson and coworkers reported a stunning Russian doll complex comprising concentric
porphyrin nanorings.[202] The two porphyrin nanorings were separately prepared using a hexapyridyl
template. The ring-in-ring assembly was achieved with linkers containing a carboxylate and imi-
dazole groups, which could strongly bind to metals inside porphyrin units and thus hold together
two macrocycles (Fig. 1.32,A). The ring-in-ring complex with the hexapyridyl template resid-
ing inside the smaller nanoring represented the target Russian doll HG complex. The authors
extensively studied the binding phenomena in this fascinating hierarchical structure and proved
that HG assembly and disassembly was highly cooperative. The authors also investigated pho-
tophysics of the multishell complex and demonstrated the efficient energy transfer between the
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two porphyrin nanorings. Finally, Anderson and coworkers introduced a striking concept of "Rus-
sian doll templating" – a templation strategy when a HG assembly serves as a template for a
larger host thus accomplishing a two-fold task: 1) facilitating the synthesis of exceptionally large
molecular structures (e.g., macrocycles and cages/polyhedra) and 2) producing a Russian-doll-like
supramolecular architecture (Fig. 1.32,B). In this particular work, the template was, in fact, an
eight-component supramolecular assembly between the smaller nanoring, the hexapyridyl template,
and six imidazole-containing linkers attached to the porphyrin units.

Figure 1.33: A) Assembly of the Russian doll complexes reported by Stoddart and coworkers. B) Guest
molecules and crystal structures of the corresponding hierarchical HG assemblies (different views). Adapted
from Ref.[203] according to CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

In 2018, in a paper titled "Molecular Russian dolls", Stoddart and coworkers reported on another
great example of a multishell HG complex.[203] The authors used their past experience in the
preparation of ring-in-ring HG structures to assemble the supramolecular Russian doll. In this
work, two tetracationic cyclophanes – the iconic "blue box" (CBPQT4+) and its extended analog
containing a diphenylacetylene motif – were first partially reduced to the corresponding dication-
diradicals. These species could strongly associate both in solution (K a ca. 104 M-1 in MeCN)
and in solid state due to radical-pairing interactions (Fig. 1.33,A). In solid state and, possibly, in
solution, the two macrocycles were orthogonally arranged (rather than coaxially) and were able to
accommodate an aromatic guest inside the cavity of the smaller CBPQT2(+•) ring. Guests such
as 1,4-dichlorobenzene, 1,4-dibromobenzene, 1,4-bis(allyloxy)benzene, dimethyl terephthalate, and
dipropargyl terephthalate were used to prepare the Russian doll assemblies (Fig. 1.33,B). All the
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HG complexes were characterized in solid state. Also, using 1,4-dichlorobenzene, the authors
demonstrated that, in solution, the guest could stabilize the ring-in-ring assembly of the two
dication-diradical cyclophanes. Potential applications of the reported molecular Russian dolls might
include construction of redox-active nanodevices and mechanically interlocked molecules.

Finally, in 2020, Jin and coworkers, reported an assembly of two rectangular macrocyclic coordina-
tion complexes with a bipyridyl ligand.[204] A remarkable feature of this system was its adaptability,
i.e. it could easily transform into other supramolecular architectures, such as molecular Borromean
rings or simpler macrocyclic structures.

A few multishell HG complexes featuring hosts of different types have also been reported. In 2016,
Liu, Isaacs and coworkers, reported the synthesis of a supramolecular complex between CB[10],
"blue box" and an aromatic electron-rich guest (1,5-bis[2-(2-hydroxyethoxy)ethoxy]naphthale-
ne).[205] In 2017, Marrot, Cadot and coworkers reported the assembly of an unusual four-component
hierarchical HG complex consisting of a large Mo-blue ring-shaped anion (Mo154O462H14(H2O)70

14-),
Dawson polyoxometalate (POM, P2W18O62

6- anion) and two γ-CD. The latter macrocycles capped
the Dawson POM from two sides and this assembly could perfectly fit inside a large Mo-based
POM.[206] The first report of the enantioselective assembly of a multishell HG complex was pub-
lished by Nitschke and coworkers in 2019. The authors prepared a triazatruxene-based Fe4L4 cage
that could accommodate a HG complex between cryptophane-111 and Cs+ or Xe.[207] The authors
also discovered stereochemical induction by the enantiomerically pure cryptophane: it could drive
transformation of the racemic mixture of the metal-organic cage into one preferred enantiomer
that selectively encapsulated the cryptophane.

One of the most fascinating synthetic applications of HG chemistry is the construction of mechan-
ically interlocked architectures (MIA). All basic principles behind the formation of HG complexes
guide the design and synthesis of various threaded molecular structures. The next section will
discuss main synthetic strategies towards MIA and demonstrate fascinating applications of the
simplest mechanically interlocked molecule – a rotaxane.

1.3 Mechanically interlocked molecules (MIMs)

1.3.1 Concept overview

Chemists started to think about molecules with unusual topologies already at the beginning of 20th

century.[208] This resulted in the development of a concept of a mechanical bond. According to
Stoddart, the mechanical bond is "an entanglement in space between two or more component parts
such that they cannot be separated without breaking or distorting the chemical bonds between
atoms".[209] In contrast to weak non-covalent attractive forces, the mechanical bond is a physical
phenomenon governed by the repulsion between molecular fragments comprising the entangled
chemical structure.[209, 210] Molecules which have one or more mechanical bonds are called
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mechanically interlocked molecules (MIMs). Two simplest MIMs which also serve as topological
units to more complex mechanically interlocked architectures (MIAs) (vide infra) are rotaxanes
and catenanes (Fig. 1.34).

Figure 1.34: Topologies of the two archetypal MIMs: a rotaxane and a catenane.

A rotaxane is a dumbbell-shaped molecule with an axle (thread) encircled by a macrocycle. The
ring cannot slip from the axle due to steric repulsion imposed by the bulky end groups (stoppers).
When the stoppers are too small or absent, the corresponding structure where a ring resides on the
axle (held by attractive non-covalent interactions) is called pseudorotaxane. Some chemists argue
that pseudorotaxanes are not true MIMs and the key difference from rotaxanes lies in the potential
ability to disconnect the ring and the axle.[211] In order to disassemble a rotaxane, at least one
covalent bond must be broken; if it does not happen (regardless of how harsh the conditions are)
but the disassembly takes place, the structure should be referred to as a pseudorotaxane. This
thinking, however, contradicts the Stoddart’s definition of the mechanical bond which considers
"distortions" of chemical bonds (besides breaking) as a means of disassembling a MIM.[209]

Catenanes comprise another big class of MIMs. The simplest catenane consists of two topologically
connected macrocycles. Catenanes can also be regarded as a pseudorotaxane in which two ends
of the axle are joined together. This transformation, incidentally, is used as one of the synthetic
approached toward catenanes.[212]

Besides rotaxanes and catenanes, there is a third special class of MIMs, namely molecular knots.
These MIMs contain only one continuous strand that can be entangled in many different ways –
exactly like macroscopic knots. Removing all the crossings in molecular knots (in contrast to the
macroscopic counterparts, this can be done only by breaking covalent bonds) eventually leads to a
simple cyclic structure. Rotaxanes, catenanes, and molecular knots can be classified by the number
of molecular components and the number of crossings (Fig. 1.35).[213] Increasing the number of
components and crossings in MIMs leads to high-order MIAs.[214] For instance, simply increasing
the number of axles or rings gives rise to polyrotaxanes and polycatenanes with incredible number
of possible topologies.[211, 215]

Over the past two decades, a great number of new complex MIAs have been reported.[214] One
recently recognized new class of MIMs is called molecular handcuffs (Fig. 1.36).[216] Despite of the
wide variety of their structures, there is one common feature uniting all members of this striking
class: a cyclic or dumbbell-shaped molecule is threaded through two or more rings connected
together. Molecular knots, molecular handcuffs and other high-order MIAs represent the beauty
and incredible diversity of molecular topology and offer unlimited space for their potential dynamic
functions and applications.

37



1. State of the Art

Figure 1.35: Rotaxanes, catenanes, and molecular knots: examples of topologies showcasing classification
of MIMs by the number of molecular components and the number of crossings. Adapted from Ref.[213]
according to CC BY-NC 3.0 license (https://creativecommons.org/licenses/by-nc/3.0/).

Figure 1.36: Representative examples of molecular handcuffs. Adapted from Ref.[216] according to CC
BY 3.0 license (https://creativecommons.org/licenses/by/3.0/).

Isomerism is another fascinating aspect of MIMs. Unlike other conventional organic molecules,
MIMs exploit their topology as a means of creating isomeric structures. Characteristic types of
isomerism in MIMs are topological, co-conformational (concerning relative spatial arrangement of
the mechanically interlocked components), sequential, and orientational isomerism (Fig. 1.37).
In addition to common optical isomerism (e.g., enantiomers), MIMs’ topology gives rise to an
interesting stereochemical phenomenon known as (co-conformational) mechanically planar chiral-
ity.[217–220]

The birth of the area of mechanically interlocked molecules (MIMs) was an inevitable stage in
the development of supramolecular chemistry. However, even before the chemistry of non-covalent
interactions started to gain momentum, reports on the synthesis of first MIMs had already appeared
in scientific literature.[221] The first synthetic attempts utilized so-called statistical approach when
the target compounds were obtained in a complex mixture of all other (more likely to form)
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Figure 1.37: Different types of isomerism in MIMs exemplified by catenane isomerism. Adapted from
Ref.[213] according to CC BY-NC 3.0 license (https://creativecommons.org/licenses/by-nc/3.0/.

products. The yields usually did not reach even 1%. Another, more rational strategy employed
purely covalent synthesis (Section 1.3.2) but was extremely time and resource demanding: the first
reported covalent synthesis comprised 18(!) steps.[209, 222] The turning point in the development
of the field of MIMs was the invention of metal-templated catenane synthesis by Jean-Pierre
Sauvage in 1983.[223] This approach could be extended to the synthesis of other kinds of MIMs
and manifested the marriage between supramolecular chemistry and the field of MIAs (Fig. 1.38).

Figure 1.38: Relation of chemistry of MIAs to supramolecular chemistry, chemical topology, and
mechanochemistry. Reprinted from Ref.[210] with permission from John Wiley and Sons, copyright (2016).

A majority of modern synthetic methods toward MIMs use all possible kinds of non-covalent
interactions (Section 1.2.1). Weak intermolecular forces help to preorganize building blocks in a
way that makes possible further conversion to a mechanically interlocked structure. Moreover,
supramolecular interactions between molecular components of MIMs are the key factors which
determine intramolecular dynamics in MIMs. Typical types of motion in rotaxanes and catenanes
are shuttling and pirouetting.[224] Different positions of the ring relative to another mechanically
interlocked component are known as co-conformations. Shuttling and pirouetting motions lead to
different co-conformations of MIMs and are widely used in molecular shuttles, switches and, more
generally, artificial molecular machines.[225] New types of intramolecular dynamics in MIMs are
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also being discovered.[226] The relative motion of mechanically interlocked parts can be controlled
by numerous chemical and physical stimuli. Some waste-free stimuli such as light or electric current
are especially appealing for future real-world applications of MIMs.[227]

It is worth noting that the relationship between supramolecular interactions and mechanical bonds
is not unidirectional. While supramolecular interactions can facilitate formation of the mechanical
bond, the mechanical bond can also affect non-covalent interactions, i.e. by strengthening them
compared to non-interlocked counterparts. This topological effect is known as the catenand ef-
fect.[228] A synergism of the two kinds of bonds – mechanical and supramolecular – can be seen
in the stabilizing effect of a ring on reactive functional groups of another mechanically interlocked
component.[229–233]

Structure and function of MIMs can be characterized by an arsenal of analytical techniques: NMR
spectroscopy, XRD, mass spectrometry, AFM, UV-vis and fluorescence spectroscopy, etc.[234]
Besides experimental approaches, computational studies of MIMs are also widely used.

MIMs have found numerous applications in materials science (e.g., stretchable electronics, nanopar-
ticles, carbon nanotubes,[211] MOFs[211], Li-ion batteries, energy storage), nanomedicine (ion
channels, "smart" drugs, drug delivery, theranostics[235]), and catalysis.[208, 236] Especially fas-
cinating application of MIMs is construction of artificial molecular machines, including molecular
motors, pumps, and synthesizers.[225] In 2016, the Nobel prize in Chemistry was awarded to Ben
Feringa, Jean-Pierre Sauvage and Fraser Stoddart "for the design and synthesis of molecular ma-
chines".

Over the past two decades, the field of MIMs was replete with proof-of-concept studies. Nowadays,
however, we start witnessing transition of the fundamental research of MIA to the applied science
(Section 1.3.3). Nevertheless, some challenges still prevent bringing MIMs to industrial scale. One
of them is insufficient simplicity of the synthesis and operation of MIMs.[227] Another big challenge
is incorporation of MIMs into solid state (and particularly onto a surface) which is an absolute
requirement for construction of real-world objects. Therefore, the highest priorities for chemists
working in the field of MIAs are invention of novel simple synthetic approaches toward MIMs and
development of new analytical techniques targeting solid-state chemistry and physics of MIMs.

1.3.2 Synthetic methods affording [2]rotaxanes

[2]Rotaxanes are the simplest MIMs. The number in square brackets denotes the number of
individual molecular components being mechanically interlocked. [2]Rotaxanes possess only one
macrocycle and, in contrast to catenanes and molecular knots, are topologically trivial.[210] The
latter means that there is no topological isomerism between a rotaxane and a pair of an individual
ring and an individual dumbbell since the ring and the dumbbell in the rotaxane can still be sepa-
rated via slippage – at least imaginarily (e.g. by infinitely stretching covalent bonds). This is not
the case for catenanes and molecular knots: breaking a chemical bond is the only way to trans-
form these structures into one or more individual macrocycles. The fact that rotaxanes have only
one ring also significantly reduces the synthetic effort while constructing these MIMs. Macrocycle
formation is the most challenging synthetic step and, therefore, increasing the number of rings
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in a MIM drastically complicates the synthesis and thereby makes the MIM less affordable.[227]
[2]Rotaxanes can be simplistic models for larger MIAs yet also serve as independent functional
molecules finding various applications (Section 1.3.3). Therefore, it is highly important to develop
new synthetic routes towards [2]rotaxanes affording a diverse array of possible chemical structures
and making the assembly process decreasingly tedious and resource-demanding.

Figure 1.39: General synthetic strategies for construction of [2]rotaxanes.

Since the invention of the first rational and efficient synthetic approach toward MIMs by Jean-
Pierre Sauvage,[223] a great number of other methodologies have been devised.[237] This concerns
not only simple MIMs but also more sophisticated MIA.[215, 216] One of the key tricks in modern
synthesis of MIMs is en route exploitation of non-covalent interactions between the building blocks
to be mechanically interlocked. This supramolecular approach is used in a number of synthetic
strategies towards [2]rotaxanes such as capping (stoppering), clipping, and slipping (Fig. 1.39).
A strategy similar to stoppering is snapping : it proceeds through the formation of a semirotaxane
(a threaded HG complex containing only one stopper) followed by attachment of the second
stopper. The common types of non-covalent interactions between the axle and the ring (or their
precursors) are hydrogen-bonding, π-, and solvophobic interactions. The choice of the chemical
structure dictates the kind of supramolecular forces governing the assembly and, in the end, the
function of a [2]rotaxane. On the other hand, when one needs specific binding strength between
the mechanically interlocked components and thus particular kind of non-covalent interactions,
the structure of the building blocks must be designed accordingly. For instance, water-soluble
rotaxanes featuring a cyclodextrin ring require an axle of low polarity (e.g., an alkane chain). If
strong binding to a specific site at the axle is required, hydrogen bonding might be the interaction
of choice giving a number of options for the type of the macrocycle to be used, e.g. a crown ether
or a tetralactam.
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While stoppering, clipping, and slipping heavily rely on supramolecular interactions between an axle
and a ring – thus proceeding under thermodynamic control, the active metal template strategy
(Fig. 1.39) is subject to the interplay between kinetic and thermodynamic control. In the active
metal template synthesis, a metal ion serves both as a template bringing together two halves of
the axle and the ring and as a catalyst speeding up the formation of the mechanically interlocked
structure. The success of this strategy thus lies in the reaction kinetics: axle-forming reaction
takes place inside the cavity of the ring faster than without the ring.

Being one of the first synthetic strategies affording MIMs, the covalent template approach has not
become obsolete and continues to be used in some cases.[238, 239] This approach is especially
useful for construction of architectures that lack fragments, able to form strong non-covalent in-
teractions (for supramolecular approaches both the ring and the axle must have complementary
moieties forming a supramolecular complex that sometimes comes as a big limitation of the con-
ventional synthetic routes).

In recent years, a few novel approaches toward synthesis of [2]rotaxanes have been devised or
discovered.[234, 240] These include the use of anion templates[241] and halogen bonding[242] the
latter being an increasingly popular new type of non-covalent interactions.[243]

In 2017 and 2018, Leigh and coworkers reported on another fascinating synthetic approach to-
wards [2]rotaxanes, where non-covalent interactions between an axle and a thread are remarkably
weak.[244–246] In the metal-free active template synthesis, an electron-rich macrocycle (typically,
a crown ether) stabilizes the transition state of the axle-forming reaction (Fig. 1.40). The reac-
tants are normally neutral molecules which undergo a substitution reaction (SN2 or nucleophilic
substitution at a carbonyl group) featuring a transition state with a developing positive charge.
Strong binding of the ring to the axle precursors is not required and the whole reaction is governed
mostly by kinetics – as in the metal-involving analog: the axle-forming reaction is faster when
a ring binds to the reacting ends of the half-axles. Leigh and coworkers demonstrated that the
metal-free active template approach can afford rotaxanes with axles containing only one functional
group (which is not typical for a majority of [2]rotaxanes).[246] These groups, including secondary
amines, amides, (thio)ureas, carbamates, supfonamides, phosphoramidates, and phosphinamides,
did not strongly associate with the crown ether ring making the reported rotaxanes an outstand-
ing example of MIMs that lack significant attractive forces between the mechanically interlocked
counterparts.

Figure 1.40: Metal-free active template approach. The ring stabilizes the transition state of the axle-
forming reaction.[245]
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DCvC (Section 1.1) has also proven useful for assembly of MIMs, and in particular – [2]rotax-
anes and [2]catenanes.[100, 112] The most popular types of DCFGs involved in the formation of
[2]rotaxanes are thioethers, disulfides, and imines. Less frequently used DCFGs include acetals
and hydrazones.[112, 247] In principle, any DCR can be used to construct a [2]rotaxane and typi-
cally would be involved in the stoppering or clipping strategies. Stoddart and coworkers reported
a number of works using imine formation and exchange to synthesize rotaxanes via clipping ap-
proach.[110, 112] Takata and coworkers made another large contribution to DCvC of MIMs by
extensively using dynamic covalent S-S and C-S bonds to produce various rotaxanes including
rotaxane-based polymeric networks.[248–250]

Recently, Link and coworkers used enzymatic cleavage of peptide bonds to construct a new class of
[2]rotaxanes (or, arguably, pseudorotaxanes) comprising exclusively peptide chains (Fig. 1.41).[251]
The authors selectively modified naturally occurring lasso peptides by cystein residues and used
these biomolecules as precursors for [2]rotaxanes featuring free thiol groups. Disulfide DCvC was
further used to convert the rotaxanes into more complex MIMs, such as daisy chains, catenanes,
and double-lasso macrocycles. This work clearly demonstrates how topologically simple MIMs –
[2]rotaxanes – can give rise to fascinating molecular structures. Furthermore, the authors show-
cased the power of DCvC in construction of high-order MIAs.

Figure 1.41: A) Unmodified structure of the naturally occurring lasso peptide MccJ25. B) Workflow of
the conversion of a lasso peptide into a disulfide-based DCL of mechanically interlocked peptides. The
intermediate afforded by protease cleavage of the thiol-decorated lasso peptide is a (pseudo)[2]rotaxane.
Adapted from Ref.[251] with permission from Springer Nature, copyright (2021).

In 2019, Šindelář and coworkers reported a new way to assemble [2]rotaxanes.[231] The au-
thors used dynamic covalent exchange in bis(acyloxy)iodate(I) ions to form MIMs featuring bam-
busuril[252] macrocycles. The iodate(I) ions could undergo reversible dissociation at I-O bond
producing a mixture of a carboxylate and neutral hypoiodite derivative. The bambusuril macrocy-
cle being a well-known receptor for various anions could strongly bind the carboxylate and facilitated
further association reaction yielding the original bis(acyloxy)iodate axle but now threaded through
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the ring (Fig. 1.42). Interestingly, the macrocycle served as a supramolecular protecting group for
the iodate ion significantly suppressing its reduction.

Figure 1.42: Schematic diagram of the threading mechanism via reversible dissociation of I-O bond in
bis(acyloxy)iodate(I) reported by Šindelář and coworkers. Reprinted from Ref.[231] with permission from
John Wiley and Sons, copyright (2019).

Recently, besides construction of rotaxane scaffolds, chemists have become interested in synthetic
methodologies affording enantiopure mechanically planar chiral rotaxanes.[218–220] Although this
area is very young, it is already facing a great future due to a number of potential applications of
topological chirality of MIMs in stereoselective catalysis[208] and information storage.[253]

1.3.3 Applications of crown-ether-based rotaxanes

One of the most difficult stages in rotaxane synthesis is obtaining a macrocycle.[227] One possible
solution is to use macrocycles obtained by well-established and efficient synthetic procedures.
Crown ethers are the oldest synthetic macrocyclic hosts and their templated synthesis has been
optimized over the last fifty years. Furthermore, the structure of crown ethers is elegant and simple
– a necessary requirement for real-world applications of MIA.[227] One drawback of crown ethers
as a ring component in MIMs is a relative difficulty of decorating the cycle with other desirable
functional groups. This challenge, however, did not prevent chemists from incorporating crown
ethers in truly amazing functional molecular architectures. In this section, I will discuss a few
fascinating examples of crown-ether-based rotaxanes that demonstrate the power of such a simple
and seemingly unexciting molecular construct.

First and foremost, crown-ether-containing rotaxanes have been actively employed in construction
of artificial molecular machines.[113, 225, 254] Although these works are proof-of-concept, they
inspire many chemists to pursue research in the field of MIAs and, one day, will definitely find
unprecedented real-world applications. One of recent examples of rotaxane-based molecular ma-
chines featuring crown ether rings was reported by Leigh and coworkers.[255] The authors prepared
a new artificial molecular pump that applied metal-free active template synthesis as a key opera-
tional principle (Fig. 1.43). One of the axle forming reactants, O-Fmoc-protected p-nitrophenol,
acted as a chemical fuel driving a crown ether macrocycle (24-crown-8) onto the axle. In the
formed rotaxane, the ring could adopt two co-conformations by residing either at the carbamate
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or beyond trifluoromethyl group – at one of the 1,2,3-triazoles. The latter was thermodynamically
more favorable position for the electron-rich ring and thus the crown ether slowly arrived to this
position. The slow rate of shuttling was due to the trifluoromethyl group that served as a "speed
bump" preventing the ring from subsequent dethreading. Once the ring left the carbamate station,
it could be easily deprotonated by a base and gradually fragment releasing the original benzylamine
end of the axle. The described sequence of events comprised one pump cycle and could be further
repeated up to two times. The overall operation of the molecular pump can be viewed as moving
crown ether molecules in solution against concentrational gradient.

Figure 1.43: Chemical structure and operational principle of the artificial molecular pump reported by
Leigh and coworkers. Reprinted from Ref.[255] with permission from Springer Nature, copyright (2021).

Very recently, Leigh and coworkers used another crown-ether-exploiting molecular pump that oper-
ated through DCvC of hydrazones and disulfides.[254] By previously established molecular ratchet
mechanism, the crown ether macrocycles could be pumped between two phases – solution and
solid. Using the energy from a chemical fuel (i.e., trichloroacetic acid), polymeric beads decorated
with the molecular pump could progressively concentrate crown ethers on their surface thereby
bringing the system out of equilibrium.

Another great application of crown-ether-based rotaxanes involves catalysis.[236] An excellent
example was shown in 2019 by Beer, Williams and coworkers who reported on the synthesis
of [2]rotaxane catalysts featuring an axle with a secondary ammonium and a thiourea or 1,2,3-
triazole unit.[256] The rotaxanes were able to catalyze ring opening polymerization (ROP) of
the cyclic lactone – lactide. The authors demonstrated that co-conformational dynamics in the
rotaxane catalysts was responsible for modulation of tacticity of the obtained polymer (polylactide,
PLA) (Fig. 1.44). The activation of the catalysts was performed by deprotonating the secondary
ammonium thus releasing the crown ether ring from this binding site. Nevertheless, despite of
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the less defined average position on the axle, the macrocycle still preferentially resided either at
the secondary amine (in case of the triazole-containing axle) or the thiourea. Basic secondary
amine performed the catalytic function activating an OH-group of the alcohol initiator or the
growing chain. Position of the crown ether modulated the basicity of the amine – a well-known
phenomenon in the acid-base chemistry of MIMs (crown ethers significantly increase basicity of
secondary amines, especially when there are no alternative binding sites on an axle). Thiourea
moieties could coordinate the monomer and thereby bring it in the close proximity to the growing
chain. The authors could also control the position of the ring – and thus the basicity of the amine
– by changing the bulkiness of the stopper adjacent to the thiourea. Deactivation of the catalyst
upon protonation of the secondary amine rendered the catalyst switchable. The authors performed
a number of control experiments to prove that the mechanically interlocked structure was the sole
reason for the observed stereoselectivity and control of the polymerization kinetics.

Figure 1.44: Summary of the co-conformational dynamic properties of the [2]rotaxane catalysts reported
by Beer and coworkers. Suggested mechanism of the catalysis of the ROP. Reprinted from Ref.[256]
according to CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

Considering the fact that crown ethers provide better solubility of MIMs in water, it is apparent that
MIMs (and [2]rotaxanes in particular) featuring crown ethers might find fascinating applications
in biomedical fields. In 2018, Bao, Qu, Zhu and coworkers reported a rotaxane-based molecular
shuttle performing passive ion transport through lipid bilayers.[257] Dibenzo-24-crown-8 residing
on an amphiphilic axle was decorated with another crown ether – benzo-18-crown-6 – that was
able to bind potassium ions (Fig. 1.45). The motion of the smaller macrocycle was thereby
linked to the translational motion of the larger macrocycle. The latter could shuttle between two
secondary ammonium stations passing the central N-methyltriazolium site that was introduced to
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the axle to accelerate the shuttling rate. The authors demonstrated that the reported rotaxane
was an excellent ion transporter having a high selectivity to potassium ions. Furthermore, the ion
transport was pH-dependent since the protonation state of the secondary amine sites dictated the
shuttling behavior of the rotaxane.

Figure 1.45: Synthesis and basic operational principle of the rotaxane-based artificial ion transporter
reported by Bao, Qu, Zhu and coworkers. Reprinted with permission from Ref.[257]. Copyright 2018
American Chemical Society.

Finally, as many other MIMs, [2]rotaxane motifs are intriguing structural units for advanced mate-
rials. Taking into account structural simplicity of crown ethers, rotaxanes featuring these macro-
cycles can be considered as great candidates for real-world materials. One of the widespread
proof-of-principle applications of rotaxanes is development of new polymers with special and of-
ten unusual properties.[215, 250, 258] One of the most striking features of such materials is the
ability to change their mechanical properties without changing their molecular covalent structure
and elemental composition. In 2021, Takata and coworkers reported on preparation of two block
copolymers that were able to undergo topological transformations on the nanoscale.[259] The au-
thors used rotaxane linkages based on crown-ether/secondary-ammonium pair to connect different
polymeric blocks (Fig. 1.46). Position of the macrocycle switched the topology of the ABC ter-
polymer between star-shaped and linear. The topology, in turn, dictated the microphase-separated
structure of the material that was demonstrated by the authors with scanning transmission electron
microscopy (STEM) and small-angle X-ray scattering (SAXS). Another block copolymer (A2B2–
ABA), which had different connectivity between the blocks, could also switch between star-shaped
and linear topology. However, the topological transformation in this polymer led to the change in
macroscopic (i.e. mechanical) properties.

Rotaxanes have also been employed as structural units in emergent materials such as MOFs and
COFs.[261, 262] In 2020, Loh and coworkers reported on a novel class of COFs where repeating
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Figure 1.46: Topological transformation and corresponding microscopic and macroscopic changes in the
rotaxane-based block copolymers reported by Takata and coworkers. Adapted from Ref.[259] according to
CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

Figure 1.47: Self-exfoliation of crown-ether-containing COFs with basal planes comprising two (A) or
one (B) layer. The process is induced by pseudorotaxane formation between the macrocycles and methyl
viologen (MVPF6). Reprinted from Ref.[260] with permission from Springer Nature, copyright (2020).

units of the polymeric layers contained crown ether macrocycles.[260] By using different building
blocks, the authors were able to prepare two types of COFs differing by the structure of their
basal planes (Fig. 1.47). The first COF contained basal planes made of individual monolayers
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functionalized with the macrocycles. Basal planes of the second COF comprised bilayers where the
nanosheets were covalently connected by a macrocycle. Subjecting the COFs to paraquat (methyl
viologen) led to incorporation of the bipyridinium ions into the cavities of the crown-ethers and thus
pseudorotaxane formation. This, in turn, resulted in the disruption of stacking between nanosheets
of the COFs and allowed obtaining crystalline monolayer or bilayer 2D materials. Although the
authors did not exploit true rotaxanes as an integral part of the reported materials, their use of
rotaxane topology (represented by pseudorotaxanes) and the crown ether motif as a ring component
clearly demonstrates applicability of crown-ether-based rotaxane-like architectures to challenging
tasks in materials science.

MIAs and, in particular, [2]rotaxanes are on the brink of fascinating real-world applications. It is
not just their impressive topology but functionality that makes these molecules exciting synthetic
targets. In light of the recent paradigm shift from static to dynamic and adaptable systems,[94,
263] synthesis and operation of MIMs by means of DCvC might drastically expand the scope of
potential applications of MIAs.
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2.1 Anion-assisted amidinium exchange and metathesis

Reprinted from Ref.[264] according to CC BY 3.0 license
(https://creativecommons.org/licenses/by/3.0/).

Inspired by the seminal work on
the dynamic amine exchange in
formamidines by Petitjean and
coworkers[1], we set to further
explore the fascinating dynamic
covalent chemistry of amidines.
Initially, we directed our at-
tention to a N,N’-disubstituted
(form)amidinium cation as a po-
tent hydrogen bond donor that
could bind different anions. Although this feature of amidinium ions had already been known
(e.g., amidinium-carboxylate salt bridges were widely employed in different contexts; see Refs.[63,
64, 66, 75]), it had never been used in combination with the dynamic covalent exchange of
amidines. We were intrigued by the duality of the amidinium motif in terms of its supramolecular
and dynamic covalent properties. At first, however, we needed to prepare the ground for further
supramolecular studies and applications of the amidinium exchange. The aims of this project were
thus the following:

• Setting up the reaction conditions. We wanted to check what amidinium salts (in
addition to those studied by Petitjean and coworkers) and what solvents were suitable for
efficient dynamic covalent exchange. We were also interested in the possibility to perform
the amidinium exchange in water – a highly desirable property of dynamic covalent reactions.

• Discovery of the amidinium metathesis. To the best of our knowledge, this reaction had
never been reported. Metathesis-type reactions are characteristic for many DCRs and offer
great opportunities for potential applications (see Section 1.1.2). Therefore, we decided to
explore the ability of amidines to undergo metathesis.

• Investigation of the anion effects on the dynamic covalent exchange. We wondered
if the well-known supramolecular property of amidinium cations – anion binding – could
influence the course of the amidinium exchange.
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First, we identified the most reactive amidinium salt (i.e., the simplest unsubstituted formamidinium
ion – (FA)) and suitable solvents for carrying out the exchange reaction. For instance, acetonitrile
and ethyl acetate afforded the fastest reaction kinetics and the highest conversion to the product
of the double-exchange (Fig. 2.1).

Figure 2.1: A typical example of amidinium exchange and summary of the reaction conditions. The kinetic
plot and the reaction conditions refer to the dynamic covalent exchange of the most reactive amidinium
ion – unsubstituted formamidinium ((FA)).

We were delighted to discover that the reaction could also take place in water and aqueous solvents
(Fig. 2.2). Interestingly, the major product was a mono-N-substituted formamidinium salt and it
gradually hydrolyzed to the corresponding amide. Although hydrolysis might be considered as an
undesirable side-reaction, it hints on the metastability of the mono-N-substituted formamidinium
ions in aqueous media – the property which can be exploited to create out-of-equilibrium molecular
systems.

Figure 2.2: A) General scheme of the two-step amidinium exchange starting from (FA). The product
of the single exchange is susceptible to hydrolysis in aqueous media. B) Kinetic plot of the amidinium
exchange between FA and benzylamine in pure water: c(FA) = 50 mM, c(amine) = 100 mM.

Our further exploration of the amidinium exchange concerned the metathesis reaction. The reaction
took place only in the presence of catalytic amounts of a primary amine. In contrast to the
amidinium exchange with FA, equilibration time of the amidinium metathesis was at least one day.
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We discovered that the rate of the amidinium metathesis was dramatically enhanced upon addition
of an acetate salt (Fig. 2.3A). Furthermore, other anions such as dihydrogen phosphate and chloride
also speeded up the reaction (Fig. 2.3B) underpinning the ability of the amidinium metathesis
(and exchange) kinetics to be modulated by anionic stimuli.

Figure 2.3: Anion effects in amidinium metathesis. The graphs show monitoring of the metathesis
product. A) Kinetic plots of the amidinium metathesis between two N,N’-dibenzylformamidinium ions in
the presence of 4 mol% BnNH2 and different amounts of NBu4OAc. B) Kinetic plots of the amidinium
metathesis between two N,N’-dibenzylformamidinium ions in the presence of 5 mol% BnNH2 and dif-
ferent anions (as tetrabutylammonium salts, each – 1.0 equiv.). All relative quantities are with respect
to the total amount of the amidinium species. Adapted from Ref.[264] according to CC BY 3.0 license
(https://creativecommons.org/licenses/by/3.0/).

2.2 Self-assembly of stimuli-responsive [2]rotaxanes by amidi-
nium exchange

At the initial stage of the ex-
ploration of the amidine DCvC,
we wondered if positively charged
amidinium ions could undergo
the exchange reaction inside the
cavity of electron-rich macrocy-
cles such as crown ethers. Later
on, in spring 2018, we got extra
motivation to pursue this idea after Leigh and coworkers reported on the metal-free active template
synthesis of crown-ether-based [2]rotaxanes.[245] Among the key reactants were primary amines
and crown ethers – something that we would also use for the assembly of rotaxanes via amidinium
exchange. After numerous unsuccessful attempts, we finally found the evidence of the rotaxane
formation (by using tandem mass spectrometry). This discovery led to the following aims of the
project:

• Optimization of the reaction conditions. Our first experiments afforded the amidinium
rotaxanes only in < 5% yield. To achieve the higher yields, we needed to perform thorough
screening of various conditions (solvents, temperature, reactants stoichiometry, etc.).
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• Understanding E/Z isomerization in (mechanically interlocked) N,N’-disubstituted
formamidinium ions. Amidines and amidinium ions undergo configurational and confor-
mational isomerism around C–N bonds. On the one hand, it is a drawback of this molecular
system, since it significantly complicates the analysis of amidines (and in particular – their
mixtures) by 1H NMR. On the other hand, it is an interesting dynamic property that can
potentially lead to useful molecular functions. Therefore, we decided to study the influence
of the mechanical bond and/or supramolecular interactions with a crown ether ring on the
E/Z isomerization in the amidinium rotaxanes.

• Investigation of dynamic covalent properties of the amidinium rotaxanes. Knowing
that the ring might strongly interact with the amidinium moiety in the rotaxanes, we set
to explore the potential ability of the amidinium rotaxanes to undergo dynamic covalent
exchange.

After optimization of the reaction conditions, we managed to achieve the yields of the amidinium
rotaxanes up to 36% (isolated yield) with typical yields ranging between 15 and 30% (Fig. 2.4A).
We also performed an in-depth analysis of the reasons behind such low yields. Besides the main
HG and dynamic covalent equilibria responsible for the formation of a rotaxane and a free axle
(Fig. 2.4B), the complex reaction system involved more than 10 other different equilibria (dynamic
covalent, HG, acid-base, and E,Z/E,E ). A remarkable feature of such a system was the fact that
all nitrogen-containing species (e.g., primary amines and amidinium ions) competed for association
with the key rotaxane-affording compound – 24-crown-8. Therefore, it is fascinating that the global
equilibrium afforded the amidinium [2]rotaxanes (which are not the strongest binders to the crown
ether) in tangible quantities.

Figure 2.4: A) Reaction scheme of the amidinium [2]rotaxane synthesis starting from FA-BPh4 and a
primary amine. B) Qualitative energy diagram showing the key steps leading to formation of an amidinium
rotaxane and a free axle. The rotaxane is thermodynamic product, however, its formation is impeded by a
high energy barrier (the fact confirmed experimentally by observing much faster formation of the free axle).
Adapted from Ref.[265] according to CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

Thorough 1H NMR studies helped to reveal an interesting property of the amidinium rotaxanes:
E,Z/E,E isomerization in the amidinium moiety was severely restricted by the crown ether. On
the other hand, free N,N’-disubstituted formamidinium ions exhibited fast isomerization kinetics
even at room temperature. We also showed a striking similarity of the amidinium rotaxanes
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to the well-established rotaxanes based on secondary-ammonium/crown-ether pair: the amidinium
counterparts demonstrated similar acid-base chemistry which is often employed for the operation of
functional rotaxanes.[217, 256] Interestingly, deprotonated rotaxanes exhibited fast intramolecular
dynamics (i.e., co-conformational motion and E,Z/E,E isomerization, Fig. 2.5). A reasonable
explanation for such a difference between the two acid-base forms of the amidinium rotaxanes
is much stronger binding of the crown ether to an amidinium ion (two charge-assisted hydrogen
bonds and ion-dipole interactions) than to a neutral amidine moiety (this fact was confirmed by
the corresponding HG binding experiments).

Figure 2.5: Two forms of the amidinium [2]rotaxanes – deprotonated and protonated – exhibit-
ing different intramolecular dynamics. Adapted from Ref.[265] according to CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).

Finally, we discovered a remarkable kinetic stability of the amidinium rotaxanes (Fig. 2.6). Nu-
cleophiles (such as primary amines and hydroxylamine) reacted with amidinium-containing free
axles much faster than with their mechanically interlocked counterparts. This feature proved to
be useful for preparative isolation of the amidinium rotaxanes, since it was very challenging to
separate the axle and the rotaxane by normal phase chromatography. Decomposition of the free
axle by hydroxylamine significantly simplified purification of the amidinium rotaxanes and thus was
incorporated into the standard work-up procedure of the rotaxane synthesis.

Figure 2.6: A) Cartoon scheme showcasing kinetic stability of the amidinium rotaxanes. B) HPLC
traces of a reaction mixture after completion of the rotaxane synthesis (top) and after the subse-
quent work-up with hydroxylamine (bottom). Adapted from Ref.[265] according to CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).

We further employed the kinetic stability of the amidinium rotaxanes to study the behavior of a
DCL based on mechanically interlocked and free amidinium ions (Fig. 2.7A,B). All the amidinium
rotaxanes constituted kinetically trapped members of the DCL, while the free amidinium threads
could easily undergo further dynamic covalent exchange with N-nucleophiles (amines or hydroxy-
lamine, Fig. 2.7C). We were also excited to discover unusual kinetic behavior of the amidinium
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rotaxanes in response to bulky N-nucleophiles (Fig. 2.7D). The mechanical bond could differen-
tiate the stabilities of the individual DCL members and lead to non-statistical distribution of the
rotaxanes.

Figure 2.7: DCL featuring mechanically interlocked (and thus kinetically trapped) members. A) Synthesis
of the DCL starting from three different amines. B) HPLC chromatogram of the DCL. C) Response of
the DCL to excess of one of the amine building blocks. The part of the DCL containing free amidinium
ions amplifies members containing the introduced amine. The DCL part consisting of the mechanically
interlocked amidinium ions remains unchanged. D) Prolonged exposure of the rotaxane DCL to a bulky
nucleophile (e.g., isopropylamine) leads to non-statistical distribution of the library members revealing that
some mechanically interlocked species are more (kinetically) stable than the others. Adapted from Ref.[265]
according to CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

2.3 Chemo- and regioselective bis-functionalization of C60 in a
three-shell supramolecular complex

Reprinted from Ref.[266] with permission from Springer Nature, copy-
right (2021).

The last project involved a
more sophisticated HG system
compared to the "amidinium –
crown ether" assembly. The
HG complex devised by Max
von Delius and Xavi Ribas com-
bined two well-established hosts
that had been previously used
as supramolecular masks to se-
lectively functionalize fullerene
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C60.[2, 3] The structure of the envisioned complex was very unusual and promised unexpected
results with regard to fullerene chemistry. The goals of this project were thus the following:

• Revealing the synergy between the two supramolecular masks. The main question
was whether a combination of [10]CPP and Ribas’ metal-organic cage could direct the
regioselectivity of C60 polyfunctionalization.

• Analysis of the potential regioselectivity provided by the double-shell supramolecu-
lar mask. In case of successful operation of the double-shell host, it was necessary to gain
insights into the structural factors responsible for the observed outcome of C60 functional-
ization.

• Pinpointing the driving force for the supramolecular assembly of the three-shell
complex. It was highly important to understand the reasons for HG complexation in the
hierarchical supramolecular assembly between C60, [10]CPP, and the metal-organic cage.

The overall aim of the project was thus twofold and involved both applied and fundamental aspects.
On the one hand, we needed to demonstrate the utility of the hierarchical supramolecular mask
in solving practical challenges, i.e., selective synthesis of functional carbon nanomaterials. On the
other hand, we needed to acquire fundamental understanding of the supramolecular behavior of
the studied molecular system in order to apply this knowledge in the future design of superior
functional supramolecular platforms.

First, we discovered that the combination of the two hosts – [10]CPP and the metal-organic cage –
afforded unprecedented chemo- and regiocontrol of Bingel-Hirsch fullerene cyclopropanation. The
reaction gave solely the product of bis-addition having two addends arranged at 120o with respect
to each other (i.e., trans-3 isomer). This outcome drastically contrasted with selectivity of other
available methodologies for C60 polyfunctionalization (Fig. 2.8A). We rationalized the observed
counterintuitive regioselectivity in the studied HG assembly by examining its solid state structure
(Fig. 2.8B).

Using 1H NMR, UV-vis, and fluorescence spectroscopies, we fully characterized the structure
of the complex in solution. Furthermore, we performed comprehensive HG binding studies and
revealed non-covalent interactions that facilitated the assembly of this fascinating supramolecular
architecture. We found that the strongest association was between C60 and [10]CPP while further
– much weaker – binding to the metal-organic cage did not exhibit any significant cooperativity
(Fig. 2.9). We also recognized the role of solvophobic interactions in driving the three-component
complex formation. The solubilities of C60 and [10]CPP were extremely low in the reaction solvent
(acetonitrile) whereas the three-shell HG complex was perfectly soluble and efficiently performed
its function.

Based on the HG binding studies, we could also explain the success of the work-up procedure that
involved treatment of the Russian doll complex after bis-cyclopropanation with C60 in order to
release the formed fullerene trans-3 bis-adduct. The latter interacted with [10]CPP much weaker
than C60 and therefore could not effectively compete with pristine fullerene for the place inside the
cavity of the host-host assembly.
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Figure 2.8: A) Previously reported methods for chemo- and regioselective functionalization of fullerene
C60. B) Structure of the three-shell hierarchical HG complex affording unprecedented regioselectivity of
bis-addition to C60 due to unique spatial arrangement of the two outer host shells – [10]CPP and the cubic
metal-organic cage. The shown structure corresponds to the one obtained by XRD analysis. Reprinted
from Ref.[266] with permission from Springer Nature, copyright (2021).

Figure 2.9: HG equilibria taking place in solution. All indicated association constants were determined
by UV-vis or fluorescence HG titration in toluene/MeCN (9:1 v/v) at room temperature. The titration
affording the three-shell complex (top left) was performed between C60 and [10]CPP in the presence of a
fixed amount of the metal-organic cage. The corresponding association constant was slightly higher than
for complexation between C60 and [10]CPP without the cage (top right). This indicates the absence of
any significant cooperativity of the association between the three components.
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3.1 Anion-assisted amidinium exchange and metathesis

O. Borodin, Y. Shchukin, J. Schmid, M. von Delius, "Anion-Assisted Amidinium Exchange and
Metathesis", Chem. Commun. 2022, 58, 10178-10181. DOI: http://dx.doi.org/10.1039/D2CC03425E.

This article is reprinted according to CC BY 3.0 license (https://creativecommons.org/licenses/by/3.0/).

Abstract

Dynamic covalent chemistry has become an invaluable tool for the design and preparation of adapt-
able yet robust molecular systems. Herein we explore the scope of a largely overlooked dynamic
covalent reaction – amidinium exchange, and report on the discovery of amidinium metathesis.
Furthermore, we provide a rare evidence of modulating the exchange kinetics by anions.

Own contribution

My contributions to this work are the following:

– involvement in conceiving the project;
– design of all the experiments;
– performing the majority of the experiments (i.e., synthesis and characterization (NMR,

HPLC, MS) of the studied compounds; optimization of the amidinium exchange and metathe-
sis; investigation of the anion effects);

– writing up the manuscript and the supporting information.
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Anion-assisted amidinium exchange and
metathesis†

Oleg Borodin, Yevhenii Shchukin, Jonas Schmid and Max von Delius *

Dynamic covalent chemistry has become an invaluable tool for the

design and preparation of adaptable yet robust molecular systems.

Herein we explore the scope of a largely overlooked dynamic

covalent reaction – amidinium exchange – and report on condi-

tions that allow formal amidinium metathesis reactions.

Development of new dynamic covalent chemistries (DCvC) benefits
a wide range of research areas such as materials science,1–4

bioconjugation,5,6 stereoselective synthesis,7 (bio)molecular
sensing,8,9 and the construction of mechanically interlocked archi-
tectures (MIAs).10 Dynamic covalent reactions (DCRs) involving
primary amines are especially important due to the ubiquity of this
class of organic compounds. The reversible formation and exchange
reactions of imines, aminals, and amides are classical examples of
amine-based DCRs.11 While these reactions are being constantly
studied and advanced,12,13 there is a number of new (rediscovered)
DCRs, which utilize primary amines; these new chemistries involve
imides,14 carbamates,15 ureas,16 guanidines,17 and sulfonamides.18

A remarkable example of an amine-based DCR was reported in 2011
by Petitjean and coworkers who recognized the dynamic covalent
nature of amidines.19 In this first report, the authors focused on the
exchange of aryl amines with N,N0-diarylformamidines and demon-
strated that this DCR could be used for the carboxylate-templated
assembly of macrocycles.19 It occurred to us that amidines and their
amidinium salts are widely used in coordination chemistry,20

biomedical science,21,22 advanced materials,23,24 and supramolecu-
lar chemistry,25,26 and therefore deserve a wider exploration from
the perspective of DCvC.

Recently, we showed that amidinium exchange can be exploited
for the synthesis of MIAs (i.e., [2]rotaxanes) and unique dynamic
combinatorial libraries with kinetically trapped constituents.27 We
realized, however, that the basic principles that govern amidinium
exchange remain largely obscure thus precluding the realization of

the full potential of this DCR. In particular, we felt that the
substrate scope, solvent effects and most importantly, the ability
of different anions to affect the rate of exchange could be better
understood.

Herein we report on two notable features of amidinium
exchange that render this DCR a promising tool in biomedical
research and studies of chemical networks. First, we found that
besides a wide range of organic solvents amidinium exchange
can take place in aqueous media, at least under certain condi-
tions. Second, we discovered the extraordinary ability of anions
to modulate the kinetics of amidinium exchange and formal
metathesis‡ (Fig. 1B). In recent years, kinetic effects in dynamic
covalent systemshave been receiving increased attention due to
a shift of interest towards out-of-equilibrium networks.30–35 The
anion-specific modulation of the kinetics of (amidinium-based)
dynamic covalent reactions may therefore become a tool for
controlling the behavior of complex networks.

To obtain further insights into amidinium exchange,19 we
set out to study a model reaction between the simplest unsub-
stituted formamidinium ion (FA) and benzylamine (BnNH2).
The tetraphenylborate salt of FA already played the central role
in our previous preparation of MIAs.27 BnNH2 is a cheap, water-
soluble moderately basic aliphatic amine that is convenient to
monitor by HPLC. The reaction between FA and BnNH2 yielded
an equilibrium mixture of two compounds – the product of
single exchange (1a) and the product of double exchange (1aa)
(Fig. 1C). First, we performed this reaction in a range of
solvents of different polarity and hydrogen bond donating/
accepting ability (Section 3.2, ESI†). Typical equilibration times
at room temperature were between 40 and 70 minutes and did
not depend on the solvent polarity. The fastest equilibration
(40 min) was observed in acetonitrile (MeCN) or ethyl acetate as a
solvent. Interestingly, protic solvents (e.g., methanol or aqueous
THF with 20% v/v H2O) significantly decreased the exchange rate,
possibly due to hydrogen bonding between solvent and BnNH2,
which decreased the nucleophilicity of the amine.

Next, we wanted to compare the performance of different
starting materials and essentially replace FA-BPh4 with amidinium
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ions featuring amines of different basicities and reactivities, i.e.,
benzylic (1bb), aliphatic (1dd), and aromatic (1cc) amines (Fig. 2A).
At this stage of the study, we used formamidinium salts with
weakly coordinating anions, in order to exclude the influence of
anion-binding on the kinetics and thermodynamics of the
exchange reactions. In MeCN, the simplest amidinium ion (FA)

exhibited the fastest exchange kinetics and afforded the most
complete conversion (ca. 60%) towards the product of double
exchange 1aa (Fig. 2B). Amidinium substrates 1bb and 1dd
showed slower exchange rates compared to FA and afforded only
10–20% conversion to 1aa. The outlier kinetics observed for the
formation of 1aa from 1cc are likely a consequence of the outlier
acidity of 1cc and 1ac.19 The increasing equilibrium concentration
of 1aa in the row 1dd–1bb–1cc is reciprocally proportional to the
basicities of the corresponding amine leaving groups (the less
basic amine being the better leaving group). The exceptionally
large amount of 1aa formed from FA represents a clear outlier that
is due to the ability of NH3 to escape the reaction mixture27 and
therefore is more of a kinetic rather than a thermodynamic effect.

Having identified the simplest unsubstituted formamidi-
nium ion as the most reactive starting material and knowing
that some of its commercially available salts are well-soluble in
water, we wondered if amidinium exchange could be carried
out in aqueous media, despite the risk of competing and
irreversible hydrolysis. Indeed, a reaction between formamidi-
nium acetate (FA-OAc) and BnNH2 in pure water at room
temperature afforded a mixture of 1a and 1aa, where the former
was the major product (Fig. S9, ESI†). Similar outcomes were
observed in aqueous buffers in the pH range from 5.5 to 9.5
(Fig. S10, ESI†). With respect to competing hydrolysis to for-
mamides, this dynamic covalent system exhibited unusual
behavior: while 1aa reached equilibrium and its amount
remained constant (yet low), 1a was metastable and slowly
hydrolysed over time. The hydrolysis was especially pro-
nounced at pH 11.5 (Fig. S10, ESI†). The water solubility and
transient nature of 1a and similar mono-N-substituted forma-
midinium ions make these molecules interesting candidates
for the use in drug delivery and out-of-equilibrium systems.

To test whether the counterion had any influence on ami-
dinium exchange, we performed the exchange reaction with
FA-OAc in those solvents that were previously used for the
amidinium salt FA-BPh4 (wherever the solubility of FA-OAc
allowed) (Table S2 and Fig. S11, S12; ESI†). Besides slight
variations in the composition of the equilibrium mixture, we
observed a moderately increased exchange rate. This finding
indicates that acetate as a weakly basic anion affects the
kinetics of amidinium exchange. Our observation is corrobo-
rated by computational studies by Petitjean and coworkers who
showed that a carboxylate ion served as a proton shuttle in the
mechanism proposed for the exchange of N,N0-diarylsubstituted
formamidinium ions.19

One of the key features of compounds with dynamic covalent
bonds is their ability to undergo metathesis reactions.34,36–39

This type of DCR has been widely used in numerous fields
including the synthesis of polymers as well as advanced
molecular architectures and the exploration of complex
chemical systems.1,40–44 Therefore, we decided to test if N,N0-
disubstituted formamidinium ions were able to undergo formal
metathesis.‡ To our delight, the reaction between 1aa and 1bb
did take place and afforded the metathesis product 1ab (Fig. 3).
The hydrolysis of the amidinium salts at room temperature did
not produce sufficient amounts of BnNH2 to initiate the

Fig. 1 (A) General scheme of the amidinium exchange. (B) General
scheme of the amidinium metathesis. (C) Key amidinium species studied
in this work.

Fig. 2 Effect of the amidinium substrate on the exchange rate and the
product distribution. (A) Reaction scheme. (B) Monitoring the formation of
the two-fold exchange product (1aa) from four different amidinium salts.
The lines are shown to guide the eye. Reaction conditions: 50 mM
amidinium salt (FA/1bb/1cc/1dd), 100 mM BnNH2, solvent: MeCN; room
temperature. Details of the experimental procedures can be found in ESI,†
Section 3.1.
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reaction§ (although this scenario is common for some other
metathesis reactions, e.g., (trithio)orthoester37,39 or imine29,34

metathesis) (Fig. 3A). Therefore, we used externally added
BnNH2 and found that the reaction was substantially acceler-
ated upon increasing the catalytic amount of BnNH2 (Fig. 3B, C
and Fig. S13, ESI†).

Having in mind that anions affect the amidinium exchange
rate, we were curious about anion effects in the metathesis
reaction. By adding one equivalent of NBu4OAc to a mixture of
1aa and 1bb, we observed a dramatic increase in the metathesis
rate (Fig. 3D, E and Fig. S14, Table S3, ESI†). To our surprise,
even in the absence of BnNH2 the reaction took place at a
reasonable rate. We attributed the latter observation to the
ability of the carboxylate to accelerate the hydrolysis of 1aa/1bb
thus leading to generation of BnNH2 (for supporting experi-
mental evidence, see Fig. S15, ESI†). Intrigued by this finding,
we decided to test if carboxylate ions can be used to ramp up
the metathesis rate on demand. We launched the reaction
between 1aa and 1bb in the presence of 4 mol% BnNH2 and
observed its very slow progression over one day. Next, we added
different substoichiometric amounts of acetate and continued
the reaction monitoring. As expected, the reaction significantly
accelerated and, more importantly, its equilibration rate
depended on the acetate amount (Fig. 4A and Fig. S16, ESI†).
This finding showcases the potential of anionic stimuli for fine-
tuning the kinetic parameters of complex dynamic chemical
systems approaching equilibrium.

Finally, we tested other simple anions as potential modula-
tors of the metathesis kinetics. The chloride ion and especially
the dihydrogen phosphate ion did increase the reaction rate,
even in a solvent (MeCN) containing 10–20% (v/v) MeOH and
despite poor solubility of the amidinium-phosphate complexes
(Fig. 4B and Fig. S17, Table S3, ESI†). Other anions such as I�,

NO3
�, and PF6

� did not significantly alter the metathesis
kinetics, possibly due to their lower basicity preventing them
to act as efficient proton shuttle during amidinium exchange.
Interestingly, hydrogen sulfate fully suppressed the metathesis
reaction, which we attribute to the relatively strong acidity of
HSO4

� (pKa = 1.99).45 This anion can thus fully protonate
benzylic amines – key metathesis intermediates – and thereby
renders them unreactive. Although dihydrogen phosphate
(pKa = 7.20)45 also protonates the amines, the equilibrium
concentration of the unprotonated amine was still sufficient
to drive the amidinium metathesis.

In conclusion, we identified the simplest unsubstituted
formamidinium ion as the most reactive substrate for amidi-
nium exchange and explored the solvent scope of the reaction.
Amidinium exchange can be carried out with substrate FA-OAc
in aqueous medium (either in pure water or a buffer in the pH
range of 5.5–9.5), indicating potential uses of this underex-
plored DCR in biomedical studies. Furthermore, we showed a
rare case of control over the kinetics of a dynamic covalent
reaction by addition of certain anions (as NBu4

+ salts). Our
results establish amidinium exchange as a platform for anion
sensing and kinetically gated chemical networks.
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Austauschdienst (DAAD, PhD scholarship to O. B.), the
Deutsche Forschungsgemeinschaft (DFG, Emmy-Noether Grant
DE1830/2-1), and the European Research Council (ERC Starting
Grant 802428 – SUPRANET).
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Fig. 3 (A) Reaction cycle of the formal amidinium metathesis‡ studied in the present work. In the absence of acetate, hydrolysis of the amidinium salts
under standard reaction conditions did not afford sufficient amounts of the amines to initiate the exchange cycle. (B and D) Kinetic plots: formation of
metathesis product 1ab in the absence (B) or presence (D) of AcO� (1aa and 1bb were used in the form of BPh4-salts). Relative amounts of BnNH2 are
indicated with respect to the total amount of the amidinium species. Relative amount of 1ab (mol%) was calculated with respect to the initial amount of
either 1aa or 1bb (which were used as an equimolar mixture). The lines are shown to guide the eye. (C and E) HPLC traces at 0 h and 74 h of the
amidinium metathesis (with 2.5 mol% BnNH2). The purple peak denotes metathesis product 1ab. Reaction conditions: 25 mM 1aa, 25 mM 1bb, 50 mM
NBu4OAc, 0–5 mM BnNH2, solvent: MeCN; room temperature. Details of the experimental procedures can be found in ESI,† Section 4.1.
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‡ Consistent with precedence in the field of DCvC,28,29 we use the term
‘‘metathesis’’ in a strictly formal way to indicate a reaction of type ‘‘AA +
BB $ AB’’ without making any claim about the reaction mechanism.
§ Hydrolysis of the starting materials – 1aa and 1bb – results in formation
of either BnNH2 or 4-methylbenzylamine, respectively. However, the ami-
dinium metathesis did not take place until at least 2.5 mol% BnNH2 was
added to the reaction mixture. This clearly indicates that the hydrolysis of
the starting amidinium salts did not generate enough benzylamines to
make the metathesis happen at observable rates.
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Fig. 4 Kinetic plots of the formal amidinium metathesis‡ in an equimolar
mixture of 1aa and 1ab controlled by anions (solvent – MeCN, room
temperature, total concentration of the amidinium species – 50 mM). All
experiments were carried out in the presence of catalytic amounts of
BnNH2 (4–5 mol%). Relative amount of metathesis product 1ab (mol%)
was calculated with respect to the initial amount of either 1aa or 1bb
(which were used as an equimolar mixture). (A) Kinetic plots showing
dramatic increase of the metathesis rate upon addition of different
amounts of the acetate. (B) Kinetic plots comparing formation of the
metathesis product in the presence of 5 mol% BnNH2 and different anions
(as NBu4

+ salts, 100 mol%). All relative amounts (besides the amount of
1ab) are with respect to the total amount of the amidinium species. The
lines are shown to guide the eye. Details of the experimental procedures
and full kinetic plots can be found in ESI,† Sections 4.1 and 4.3.
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1 General methods and abbreviations

All commercially available reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar, ACROS
Organics, TCI, Fluorochem or VWR and were used without further purification. NMR spectra were recorded
on Bruker Avance 400 (1H: 400 MHz; 13C: 101 MHz) spectrometers at room temperature and referenced
to the residual solvent peak (1H: CDCl3, 7.26 ppm; CD3CN, 1.94 ppm, DMSO-d6, 2.50 ppm; CD2Cl2, 5.32
ppm; 13C: CDCl3, 77.16 ppm; CD3CN, 1.32 ppm, DMSO-d6, 39.52 ppm, CD2Cl2, 53.84 ppm). Chemical
shifts (δ) are denoted in ppm. High-resolution mass spectra were recorded on an Agilent QTOF 6546
mass spectrometer (ESI, positive polarity; solvent: acetonitrile).

LCMS reaction monitoring

All samples for LCMS analysis were prepared by diluting 1-3 µL of the analyzed solution (e.g., a reaction
mixture) in 1 mL of LCMS-grade acetonitrile. This extent of dilution was sufficient to stop (or signifi-
cantly slow down) dynamic covalent exchange in order to reliably quantify the analytes by HPLC. LCMS
analysis of amidinium exchange and metathesis was performed on Shimadzu LCMS-2020 using Ascen-
tis® C8 HPLC column (10 cm × 4.6 mm, particle size – 3 µm) or Kinetex® C18 HPLC column (10 cm × 4.6
mm, particle size – 2.6 m). Ascentis® C8 HPLC column was used for all samples containing N,N’-di(4-
methylbenzyl)formamidinium (1bb).

HPLC method. Isocratic elution was applied using: a) 94% mobile phase B and 6% mobile phase A at
50 °C and flow rate 1.0 mL/min (for Kinetex® C18 HPLC column) and b) 96% mobile phase B and 4% mo-
bile phase A at 50 °C and flow rate 1.0 mL/min (for Ascentis® C8 HPLC column). Mobile phase A: 0.023 M
HCO2NH4 and 0.0019 M HCO2H in H2O. Mobile phase B: acetonitrile. HPLC monitoring was performed
with a photodiode array detector at λ= 220 nm.

List of abbreviations

BArF tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate

BnNH2 benzylamine

BPh4
– tetraphenylborate

DMSO dimethyl sulfoxide

eq. equivalents

EtOAc ethyl acetate

HPLC high-performance liquid chromatography

LCMS liquid chromatography – mass spectrometry

MeCN acetonitrile

OAc acetate

PhMe toluene

r.t. room temperature

THF tetrahydrofuran
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2 Synthesis of amidinium salts

Amidinium salts 1aa·BPh4, 1cc·BArF, 1dd·BPh4, and FA·BPh4 were synthesized according to previously
published procedures.[1]

Figure S1: Amidinium salts used in the present work

N,N’-di(4-methylbenzyl)formamidinium tetraphenylborate (1bb·BPh4)

Formamidinium tetraphenylborate (FA·BPh4) (0.3 mmol, 1.0 eq.) was dissolved in MeCN (4 mL), and 4-
methylbenzylamine (0.8 mmol, 2.8 eq.) was added to the solution. The reaction mixture was stirred
under reflux for 30 min and all volatiles were then removed under reduced pressure. The residue was
re-dissolved in MeCN (0.75 mL) and PhMe (7.5 mL) was added to the mixture. The solution was kept at
+4 °C overnight and the resulting crystals were filtered off to afford the desired products 1bb·BPh4 as
colorless crystals (0.10 g, 0.17 mmol, 65%). For preparation of the analytically pure sample (without traces
of 4-methylbenzylamine), the product was recrystallized twice by dissolving it in the minimal volume of
MeCN/CH2Cl2 mixture (1:1) and adding 5-10 fold volume of PhMe.

1H NMR (400 MHz, CD3CN, 295 K)* δ 7.69 (s, 1H, CH amidinium), 7.33 – 7.11 (m, 16H, CH Ar: BPh4 +
amidinium Ph), 7.00 (t, J = 7.44 Hz, 8H, CH Ar BPh4), 6.85 (t, J = 7.20 Hz, 4H, CH Ar BPh4), 4.48 (s, 2H, CH2

benzylic E,Z), 4.43 (bs, 4H, CH2 benzylic E,E), 4.35 (s, 2H, CH2 benzylic E,Z), 2.34 (s, 6H, CH3).
*The NMR spectrum contains both isomers of the product – E,Z and E,E. The integrals of each isomer
specified in parentheses are treated independently.

13C NMR (101 MHz, CD3CN, 298 K) δ 164.80 (q, 1JB-C = 49.28 Hz, C Ar BPh4), 155.71, 139.44, 139.36, 136.72
(q, J = 1.40 Hz, C Ar BPh4), 133.43, 131.57, 130.52, 130.43, 128.86, 128.61, 126.62 (q, J = 2.69 Hz, C Ar BPh4),
122.79 (C Ar BPh4), 51.45, 46.46, 21.15.

HRMS: m/z 253.16993 [M+H]+ (calculated for C17H21N2
+ 253.17080).
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3 Amidinium exchange: substrate and solvent scope

3.1 General procedure

A 1.5 mL HPLC vial was charged with a formamidinium salt (40 µmol)* and 1,2,4,5-tetramethylbenzene
(as an internal HPLC standard). The mixture was dissolved in LCMS-grade MeCN (800 µL) and benzy-
lamine (2.0 eq., 80 µmol) was rapidly added to the stirred solution via a HamiltonTM syringe. The reaction
progress was monitored by LCMS. Amounts of BnNH2, 1a and 1aa (in mol% with respect to the initial
amount of the starting formamidinium salts) were determined using the internal standard (calibration
curves from Figure S2 were used).
*In case of formamidinium acetate, 48 µmol was used and all other reagent and solvent quantities were scaled pro-
portionally.

Figure S2: HPLC calibration curves for (A) benzylamine, (B)N-benzylformamidinium, (C)N,N’-dibenzylformamidinium
(1aa). Internal standard – 1,2,4,5-tetramethylbenzene. nst/nx – molar ratio between the standard and the calibrated
compound; Ast/Ax – ratio of chromatographic peak areas of the standard and the calibrated compound. For ben-
zylamine, calibration curves varied depending on the HPLC method (possibly, due to different content of an acidic
buffer used, which affected the degree of protonation of BnNH2 and thus its molar absorptivity); therefore, the curve
was updated whenever a new HPLC method was applied.
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3.2 Amidinium exchange with FA-BPh4: solvent scope

Table S1: Solvent scope of the amidinium exchange between FA-BPh4 and BnNH2. Reaction conditions: 50 mM
FA-BPh4, 100 mM BnNH2, room temperature.

Entry Solvent Equilibration timea, min Equilibrium compositionb

amine:1a:1aa, mol%

1 DMSO 70 49:19:57
2 MeCN 40 40:21:62
3 MeOH >250 60:36:47c

4 EtOH >250 54:28:49c

5 iPrOH >250 65:38:47c

6 pyridine 50 55:28:47
7 THF 70 50:27:56
8 EtOAc 40 40:14:65
9 THF/H2O (20% v/v H2O) 150 74:33:33

a The time when all kinetic curves reach the plateau region (meaning that the concentrations of the monitored
species do not significantly change anymore).
b Composition of the mixture once the equilibrium is reached (at any time > equilibration time).
c Composition of the mixture at t = 250 min (not fully equilibrated mixture).

Figure S3: Kinetic plots of the amidinium exchange between FA-BPh4 and benzylamine in (A) DMSO and (B) MeCN.
Reaction conditions: 1.0 eq. FA-BPh4 (40 µmol), 2.0 eq. BnNH2 (80 µmol), solvent – 800 µL, r.t. Relative amounts of
BnNH2, 1a, and 1aa (mol%) were calculated with respect to the initial amount of FA-BPh4. The lines are shown to
guide the eye.
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Figure S4: Kinetic plots of the amidinium exchange between FA-BPh4 and benzylamine in (A) MeOH and (B) EtOH.
Reaction conditions: 1.0 eq. FA-BPh4 (40 µmol), 2.0 eq. BnNH2 (80 µmol), solvent – 800 µL, r.t. Relative amounts of
BnNH2, 1a, and 1aa (mol%) were calculated with respect to the initial amount of FA-BPh4. The lines are shown to
guide the eye.

Figure S5: Kinetic plots of the amidinium exchange between FA-BPh4 and benzylamine in (A) iPrOH and (B) pyridine.
Reaction conditions: 1.0 eq. FA-BPh4 (40 µmol), 2.0 eq. BnNH2 (80 µmol), solvent – 800 µL, r.t. Relative amounts of
BnNH2, 1a, and 1aa (mol%) were calculated with respect to the initial amount of FA-BPh4. The lines are shown to
guide the eye.
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Figure S6: Kinetic plots of the amidinium exchange between FA-BPh4 and benzylamine in (A) THF and (B) EtOAc.
Reaction conditions: 1.0 eq. FA-BPh4 (40 µmol), 2.0 eq. BnNH2 (80 µmol), solvent – 800 µL, r.t. Relative amounts of
BnNH2, 1a, and 1aa (mol%) were calculated with respect to the initial amount of FA-BPh4. The lines are shown to
guide the eye.

Figure S7: Kinetic plots of the amidinium exchange between FA-BPh4 and benzylamine in THF/H2O (20% v/v H2O).
Reaction conditions: 1.0 eq. FA-BPh4 (40 µmol), 2.0 eq. BnNH2 (80 µmol), solvent (total volume) – 800 µL, r.t. Relative
amounts of BnNH2, 1a, and 1aa (mol%) were calculated with respect to the initial amount of FA-BPh4. The lines are
shown to guide the eye.
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3.3 Substrate scope

Figure S8: Kinetic plot of the amidinium exchange between benzylamine and 1cc·BPh4. Reaction conditions: 1.0 eq.
1cc·BPh4 (40 µmol), 2.0 eq. BnNH2 (80 µmol), solvent – MeCN (800 µL), r.t. The reaction was monitored by LCMS.
Legend: violet – BnNH2, dark blue – 1aa. The lines are shown to guide the eye.

3.4 Amidinium exchange with FA-OAc: solvent scope

Figure S9: Kinetic plots of the amidinium exchange between FA-OAc and benzylamine in pure H2O. Reaction condi-
tions: 1.0 eq. FA-OAc (48 µmol), 2.0 eq. BnNH2 (96 µmol), solvent – 960 µL, r.t. The reaction was monitored by LCMS.
The lines are shown to guide the eye.
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Figure S10: Kinetic plots of the amidinium exchange between FA-OAc and benzylamine in H2O at different pH: A)
5.5 (acetate buffer, 0.2 M); B) 7.5 (phosphate buffer, 0.2 M); C) 9.5 (borate buffer, 0.2 M); D) 11.5 (phosphate buffer,
0.2 M). Reaction conditions: 1.0 eq. FA-OAc (50 µmol), 2.0 eq. BnNH2 (100 µmol), solvent – 2000 µL, r.t. The lines are
shown to guide the eye.

Table S2: Solvent scope of the amidinium exchange between FA-OAc and BnNH2 in organic solvents. Reaction
conditions: 50 mM FA-OAc, 100 mM BnNH2, room temperature.

Entry Solvent Equilibration timea, min Equilibrium compositionb

amine:1a:1aa, mol%

1 DMSO 80 42:28:55

2 MeOH >220 43:38:51c

3 iPrOH 200 46:34:54

4 THF/H2O (20% v/v H2O) 140 62:31:43

a The time when all kinetic curves reach the plateau region (meaning that the concentrations of the monitored
species do not significantly change anymore).
b Composition of the mixture once the equilibrium is reached (at any time > equilibration time).
c Composition of the mixture at t = 223 min (not fully equilibrated mixture).
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Figure S11: Kinetic plots of the amidinium exchange between FA-OAc and benzylamine in (A) THF/H2O (20% v/v H2O)
and (B) DMSO. Reaction conditions: 1.0 eq. FA-OAc (48 µmol), 2.0 eq. BnNH2 (96 µmol), solvent – 960 µL, r.t. The
reactions were monitored by LCMS. The lines are shown to guide the eye.

Figure S12: Kinetic plots of the amidinium exchange between FA-OAc and benzylamine in (A) MeOH and (B) i-PrOH.
Reaction conditions: 1.0 eq. FA-OAc (48 µmol), 2.0 eq. BnNH2 (96 µmol), solvent – 960 µL, r.t. The reactions were
monitored by LCMS. The lines are shown to guide the eye.
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4 Amidiniummetathesis

4.1 General procedure

A 1.5 mL HPLC vial was charged with 1,2,4,5-tetramethylbenzene (as an internal HPLC standard) and
equimolar amounts (10 µmol each) of amidinium BPh4

– salts 1aa and 1bb (as stock solutions in MeCN).
A stock solution of BnNH2 in MeCN (56 mM; 0 – 0.10 eq. with respect to the total amount of the amidinium
species) was then added. When it was necessary, a stock solution of a tetrabutylammonium salt in MeCN
(515 mM; 0 – 1.0 eq. with respect to the total amount of the amidinium species) was subsequently added.
The total volume of the reaction mixture (400 µL) was adjusted with MeCN (in fact, this amount of solvent
was added to the HPLC vial prior to addition of the reactants). The reaction progress was monitored
by LCMS. The amount of 1aa was determined using the internal standard (the calibration curve from
Fig. S2,C was applied). The amount of 1bb was determined from the HPLC peak area multiplied by a
factor which equalized the area of the peaks of 1aa and 1bb at t = 0 h (the first HPLC measurement where
product 1ab was not yet formed; equality of the amounts of 1aa and 1bb was assured by quantitative
NMR of the used stock solutions). Amount of 1ab was determined from the HPLC peak area assuming
that molar absorptivity of 1ab was a mean of the molar absorptivities of 1aa and 1bb. Relative amounts
of 1aa, 1bb, and 1ab (mol%) were calculated with respect to the initial amount of either 1aa or 1bb (which
were used as an equimolar mixture).

S11



4.2 Effect of the primary amine amount on the metathesis rate

Figure S13: Kinetic plots of the amidinium metathesis between 1aa and 1bb in the presence of different amounts of
BnNH2: A) 0 mol%; B) 2.5 mol%; C) 5 mol%; D) 10 mol% (with respect to the total amount of the amidinium species.
Reaction conditions: 1.0 eq. 1aa (10 µmol), 1.0 eq. 1bb (10 µmol), 0 – 0.2 eq. BnNH2 (0–2 µmol), solvent – MeCN
(total volume – 400 µL), r.t.
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4.3 Effect of anions on the metathesis rate

Figure S14: Kinetic plots of the amidinium metathesis between 1aa and 1bb in the presence of 100 mol% NBu4OAc
and varying amounts of BnNH2: A) 0 mol%; B) 2.5 mol%; C) 5 mol%; D) 10 mol% (all relative quantities are with respect
to the total amount of the amidinium species). Reaction conditions: 1.0 eq. 1aa (10 µmol), 1.0 eq. 1bb (10 µmol),
0–0.2 eq. BnNH2 (0–2 µmol), 2.0 eq. NBu4OAc (20 µmol), solvent – MeCN (total volume – 400 µL), r.t. Comment: the
metathesis reaction containing 0.05% H2O (50 mol% with respect to the total amount of the amidinium species) did
not take place in the absence of bothBnNH2 and NBu4OAc. This disproves the hypothesis that the residual water from
NBu4OAc was the sole reason for the observed metathesis in case of (A). It is, however, possible that AcO – catalyzes
both the hydrolysis reaction and the amidinium exchange (see Fig. 3 in the main text). Therefore, we wondered if
varying the water content in the reaction mixture while keeping the concentration of AcO – fixed would affect the
metathesis rate (Figure S15).
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Figure S15: Kinetic plots of the amidinium metathesis between 1aa and 1bb in the presence of 100 mol% NBu4OAc
(with respect to the total amount of the amidinium species) and varying amounts of water. The lines are shown to
guide the eye. Reaction conditions: 1.0 eq. 1aa (10 µmol), 1.0 eq. 1bb (10 µmol), 2.0 eq. NBu4OAc (20 µmol), solvent
– MeCN/H2O (total volume – 400 µL), r.t. Comment: Even 1% (v/v) of water significantly increased the rate of the
metathesis. This result indicates that AcO – might facilitate hydrolysis of the starting materials which, in turn, leads
to release of free benzylamines that drive the metathesis. Therefore, even without addition of extra BnNH2, the
metathesis could take place in non-anhydrous MeCN in the presence of AcO – (Fig. S14,A). Large amounts of water
(>7% v/v) reduced the observed rate enhancement, possibly, for the same reasons as for the amidinium exchange
in aqueous or alcoholic solvents (see Table S1 and discussion in the main text).

Figure S16: Kinetic plots of the amidinium metathesis between 1aa and 1bb in the presence of 4 mol% BnNH2 and
varying amounts of NBu4OAc: A) 0 mol%; B) 20 mol%; C) 50 mol%; D) 90 mol% (all relative quantities are with respect
to the total amount of the amidinium species). The acetate was added after 22 h from the reaction start. Reaction
conditions: 1.0 eq. 1aa (10 µmol), 1.0 eq. 1bb (10 µmol), 0.075 eq. BnNH2 (0.75 µmol), 0–1.8 eq. NBu4OAc (0–18
µmol), solvent – MeCN (total volume – 400 µL), r.t.
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Figure S17: Kinetic plots of the amidinium metathesis between 1aa and 1bb in the presence of 5 mol% BnNH2 and
different anions (as NBu4

+ salts, 100 mol%): A) H2PO4
– ; B) Cl – ; C) I – ; D) PF6

– ; E) NO3
– ; F) HSO4

– (all relative quantities
are with respect to the total amount of the amidinium species). Reaction conditions: 1.0 eq. 1aa (10 µmol), 1.0 eq.
1bb (10 µmol), 0.1 eq. BnNH2 (1 µmol), 2.0 eq. NBu4

+ salt (20 µmol), solvent – MeCN (total volume – 400 µL), r.t.
In case of metatheses in the presence of H2PO4

– (A) and Cl – (B), the solvent contained 20% and 10% (v/v) MeOH
respectively (to increase solubility of the amidinium salts).
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Table S3: Half-lives of the metathesis between 1aa and 1bb in the presence of different anions and substoichiometric
amounts of BnNH2 (combined data from Figures S13, S14 and S17).

Entry Anion BnNH2, mol% t1/2, mina

1 BPh4
– 0 ∞

2 AcO – 0 70

3 BPh4
– 2.5 >330b

4 AcO – 2.5 27

5 BPh4
– 5 102

6 AcO – 5 16

7 BPh4
– 10 32

8 AcO – 10 9

9 H2PO4
– 5 28

10 Cl – 5 54

11 I – 5 92

12 PF6
– 5 100

13 NO3
– 5 114

14 HSO4
– 5 ∞

a The time when the amount of metathesis product 1ab reaches 50% from its equilibrium amount.
b The value was obtained by linear extrapolation of the obtained experimental data (linear extrapolation underesti-
mates the actual reaction half-life).

S16



5 NMR spectra

Figure S18: 1H NMR spectrum (400 MHz, CD3CN, 295 K) of 1bb·BPh4.

Figure S19: 13C NMR spectrum (101 MHz, CD3CN, 298 K) of 1bb·BPh4.
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ABSTRACT: Advances in supramolecular chemistry are often
underpinned by the development of fundamental building blocks
and methods enabling their interconversion. In this work, we
report the use of an underexplored dynamic covalent reaction for
the synthesis of stimuli-responsive [2]rotaxanes. The formamidi-
nium moiety lies at the heart of these mechanically interlocked
architectures, because it enables both dynamic covalent exchange
and the binding of simple crown ethers. We demonstrated that the
rotaxane self-assembly follows a unique reaction pathway and that
the complex interplay between crown ether and thread can be
controlled in a transient fashion by addition of base and fuel acid.
Dynamic combinatorial libraries, when exposed to diverse
nucleophiles, revealed a profound stabilizing effect of the
mechanical bond as well as intriguing reactivity differences between seemingly similar [2]rotaxanes.

■ INTRODUCTION
Over the past two decades, [2]rotaxanes have found diverse
uses, ranging from (stereo)selective synthesis and catalysis1 to
molecular machines,2 the stabilization of reactive groups,1c,2b,3

sequence-specific peptide synthesis,4 supramolecular medicinal
chemistry,5 materials chemistry,6 and optoelectronics.3i,7 Future
progress on these frontiers will likely depend on the develop-
ment of methods for the synthesis of new types of mechanically
interlocked compounds.8 Recent examples to this end include a
concave−convex π−π-template approach,9 the strategic use of
covalent templates based on C−Si10 or C−O bonds,11

organometallic macrocycles,3h a metal-free active template
approach,12 and hydrogen bond and halogen bond assisted
anion templation.3j,13

Dynamic covalent chemistry (DCvC)14 has been employed
extensively for the preparation of [2]rotaxanes, [2]catenanes,
and more complex mechanically interlocked architectures
(MIAs).3j,14e,15 Arguably the most popular reversible organic
reaction for the preparation of MIAs has been the condensation
of aldehydes with primary amines that gives rise to
imines.15f,h,k,16 This dynamic covalent reaction has however
often been followed by a reduction step, giving rise to a classic
pairing of rotaxane chemistry, namely the combination of a
secondary ammonium ion thread with a crown ether-type ring.17

Herein we report the application of the dynamic covalent
reaction amidinium exchange18 (Figure 1A) for the self-
assembly of [2]rotaxanes, which exhibit many features of the
established ammonium/crown ether systems. In contrast to
previous dynamic covalent syntheses of rotaxanes,15d−f,j,k,16b,19

the formamidinium moiety serves both as a binding site for the

Received: May 20, 2021
Published: September 24, 2021

Figure 1. (A) General scheme for twofold amidinium exchange starting
from formamidinium salts. (B) Qualitative free energy diagram for the
self-assembly [2]rotaxanes by amidinium exchange. 24C8: 24-crown-8.
tet-I: tetrahedral intermediates. For the full reaction mechanism see
Supporting Information, Scheme S16.
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ring (e.g., 24-crown-8) and as a platform for dynamic covalent
exchange (Figure 1B), which makes this synthesis approach
comparatively minimalistic and endows the reaction products
with unusual properties. For instance, the mechanical bond
between the crown ether and the N,N’-disubstituted formami-
dinium ion renders the latter much less susceptible to
nucleophilic attack and dramatically slows down the inter-
conversion between the two geometrical isomers (E,E and E,Z).
We explored these features in depth by coupling the amidinium/
amidine acid−base equilibrium to the fuel acid trichloroacetic
acid (TCA) and by coupling dynamic combinatorial libraries
(DCL) comprising six rotaxanes with the irreversible action of
N-nucleophiles that cause the disassembly of the rotaxanes.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Formamidinium
[2]Rotaxanes. Inspired by the seminal work of Petitjean and
co-workers,18d we wondered if a crown ether could be
coordinated during amidinium exchange, potentially affording
a new type of [2]rotaxane. We also noticed recent work by Leigh
and co-workers on a metal-free active template synthesis that is
based on the reaction of primary amines with electrophiles
inside the cavity of a crown ether.12b,c We therefore investigated
the reaction between formamidinium tetraphenylborate (FA·
BPh4) and primary amines such as 3,5-di-tert-butylbenzylamine
(4a) in the presence of 24-crown-8 (24C8; see Figure 2A for a
general scheme). Having observed the corresponding rotaxanes
1 by tandem mass spectrometry in exploratory experiments
(Supporting Information, Section 5), we proceeded with an
optimization of the synthesis of 1a and decided to vary solvent,
stoichiometry, reaction temperature, base, and nucleophilic
catalysts (Supporting Information, Section 3). The reaction

progress was monitored by LCMS (Figure 2B). The highest
molar percentage of 1a vs 2a (61%) was achieved when
formamidinium salt, amine 4a, and 24C8 were combined in a
molar ratio of 1:2:2 in toluene at 75 °C for 3 days (Table S6). At
room temperature, the reaction in THF orMeCN afforded 1a in
similar amounts (molar percentage of 1a vs 2a > 40%), even
though the reaction took 20−40 days in this case (Tables S1−
S3).
Because amidinium exchange is a reversible reaction and

rotaxane 1a and thread 2a are not the only components of the
reaction mixture (vide inf ra), rotaxane yields (isolated or
HPLC) were generally lower than the above-mentioned molar
percentage of 61% and fell into the range 10%−42% for the eight
investigated amine stoppers (4a−h, Figure 2A). Isolation of the
reaction products was achieved either by semipreparative HPLC
or by preparative TLC, and for rotaxane 1a we demonstrated
that starting material 4a could be recovered (yield based on
recovered starting material: 50%). When the larger crown ether
27C9 was used, lower yields were observed, presumably due to
weaker binding of 27C9 to the amidinium template (Supporting
Information, Section 4). All isolated rotaxanes (1a−f) were fully
characterized by 1H and 13C NMR spectroscopy (Supporting
Information, Section 4; Figures S99−S110), and their
mechanically interlocked nature was confirmed by tandem
mass spectrometry (Supporting Information, Section 5). The
1H NMR spectrum of 1a (Figure 2C), as a representative
example of the amidinium rotaxanes, features benzylic CH2
signals and amidinium CH signals that are shifted downfield,
compared to the corresponding signals of thread 2a, which is
indicative of interactions of those protons with the crown ether.
Moreover, the amidinium CH signal in 1a (E,Z isomer, vide
inf ra) appears as a doublet-of-doublets, indicating that the

Figure 2. (A) Rotaxane self-assembly by amidinium exchange and scope of the reaction. Yields: 1a, 36%a (brsm: 50%); 1b, 21%a; 1c, 16%a (as BArF
salt); 1d,15%a; 1e, 15%a; 1f, 20%a; 1g 42%b; 1h, 26%b; 1i (2f⊂27C9), 10%b; 1j (2h⊂27C9), 12%b (a, isolated yield; b, HPLC yield). (B) Representative
HPLC chromatogram of a crude reaction mixture at equilibrium. (C) 1H NMR stack plot (400 MHz, CD3CN, 295 K) of starting materials
(formamidinium tetraphenylborate and 24-crown-8), isolated thread 2a (anion: BPh4

−) and isolated rotaxane 1a (anion: BArF−). Both 1a and 2a exist
in solution as a mixture of E,E- and E,Z-isomers (characteristic peaks are indicated). For chemical structure of these isomers, see Figure 3A.
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exchange of amidinium NH protons is slow on the NMR time
scale due to hydrogen bonding with the macrocycle.
Formamidinium E,E and E,Z Isomers: Effect of the

Mechanical Bond in Solution and the Solid State. In
solution, both 1a and 2a exist as a mixture of E,Z- and E,E-
isomers, as can be clearly seen from the 1HNMR spectra (Figure
2C; see Supporting Information, Section 8 for NMR studies of
the isomerization equilibria). In solution and for the case of
weakly coordinating counterions (e.g., PF6

− or BArF−),
amidinium ions adopt mainly the E,Z-configuration (Supporting
Information, Sections 8.1 and 8.2) and this rule applies to both
rotaxanes 1 and threads 2. However, there is a striking difference
between isomerization rates between the threads and their
mechanically interlocked analogues: while noninterlocked
amidinium ions undergo relatively fast E,E/E,Z isomerization,
with a rate constant about 1.3 s−1 (Figures S51−S53; Table S23)
at room temperature, isomerization in the amidinium rotaxanes
is extremely slow: 0.006 s−1 at room temperature (Figures S51,
S54, S56; Table S23).
The binding of shape-complementary anions is known to

affect the E,E/E,Z equilibrium. For instance, it has been
established that amidines strongly bind carboxylic acids (Ka ≈
108 M−1 in CDCl3)

18d,20 and, in the case of N,N’-disubstituted
amidines, form rigid salt bridges with well-defined E,E
geometry.18d This property of amidines has been widely used
in the field of supramolecular chemistry and materials science to
construct sophisticated molecular architectures.21 In agreement
with this precedence, we found that N,N′-disubstituted
amidinium ions (e.g., threads 2) with weakly coordinating
anions exhibit mainly E,Z geometry in solution and that addition
of carboxylates led to immediate and full switching to the E,E
geometry and formation of the salt bridge (Scheme S20, Figure
S58). In stark contrast, addition of a carboxylate to a solution of
rotaxane 1a did not induce any significant shift from the E,Z to
the E,E isomer, even though 1H NMR spectroscopy indicated
unspecific binding between carboxylate and 1a (Scheme S21,
Figure S59). This unusual behavior of mechanically interlocked
amidinium ions indicates that adopting the E,E geometry is
highly unfavorable in the presence of a surrounding crown ether.
In the solid state, literature reports suggest that N,N′-

disubstituted formamidinium ions adopt an E,E-configuration
(Figure 3A).22 Therefore, we were curious whether the
mechanically interlocked crown ether also alters this funda-
mental structural property of the formamidinium ion. To our
delight, we were able to obtain single crystals of both thread 2a
(Figure 3B; BPh4

− salt) and the corresponding rotaxane 1a
(Figure 3C, BArF− salt), and investigate their structures by X-ray
diffraction. As expected, thread 2a crystallized predominantly as
the E,E isomer (Supporting Information, Section 11). However,
rotaxane 1a crystallized exclusively in the E,Z-configuration,
which confirmed our previous conclusion about the high
instability of the E,E-isomer inside the cavity of the crown ether
ring. In 1a, the amidiniummoiety forms twoN−H···Ohydrogen
bonds with the crown ether (H···O bond lengths are 2.04 and
2.20 Å). It is worth mentioning that the amidinium C−H group
also forms a weak bifurcated C−H···O hydrogen bond with the
crown ether (H···O bond lengths are 2.47 Å and 2.76 Å). This
bifurcated hydrogen bond is, however, much longer (on
average) than the corresponding bifurcated C−H···O hydrogen
bonds in a complex between our formamidinium (FA) starting
material and 24C8 (H···O bond lengths are 2.34 Å and 2.46 Å),
where FA can perfectly fit inside the cavity of 24C8 and form in

total five hydrogen bonds (including the three-centered one)
with the crown ether (Figure 3D).

Controlling Rotaxane Thermodynamics and Kinetics
by Addition of a Chemical Fuel. We reasoned that
deprotonation of the amidinium moiety in our rotaxanes
would essentially shut down binding of the crown ether ring
to the thread, which would be analogous to rotaxanes based on
secondary ammonium ions. Indeed, upon addition of strong
base NBu4OH to rotaxane 1a, we observed by 1H NMR
spectroscopy that benzylic, tert-butyl, and crown ether signals
turned into broad singlets, indicative of relatively fast exchange
between possible configurational and (co)conformational
isomers on the NMR time scale (Schemes S17 and S22, Figure
S60). Given the difficulty of deprotonation of ammonium-based
rotaxanes,23 the interconversion between the isomers might be
further facilitated by the tautomeric equilibria induced by
residual amounts of the base (HO−).24 As expected, addition of
acetic acid (1 equiv) restored the sharp signals belonging to the
original E,Z- and E,E-isomers, which due to themechanical bond
undergo slow exchange (vide supra).
The rotaxanes reported herein therefore exist in two states:

(i) The protonated amidinium state, where the ring is
associated with the thread (Ka ca. 30 M

−1 in CD3CN was
determined for a comparable pseudorotaxane; Supporting
Information, Section 6.3) and E,Z/E,E isomerization is
slow.

(ii) The deprotonated state of the thread, where binding
between amidine and crown ether is negligible (Ka < 1
M−1 in CD3CN was estimated by host−guest titration
with a pseudorotaxane; Supporting Information, Section
6.4) and configurational (E/Z) and/or (co)-
conformational dynamics are much faster compared to
the protonated state.

Figure 3. (A) Structure of the formamidinium E,Z and E,E isomers. (B)
Crystal structure of thread 2a (anion: BPh4

−). (C) Crystal structure of
rotaxane 1a (anion: BArF−); two different views. In the left structure,
two oxygen atoms that form weak hydrogen bonds C−H···O (2.47 and
2.76 Å) with the amidinium moiety are marked with asterisks. (D)
Crystal structure of a hydrogen-bonded complex between formamidi-
nium and 24C8 (anion: BPh4

−); two different views. Counterions and
nonamidinium hydrogen atoms are omitted for clarity. Dotted lines
represent hydrogen bonds.
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While acid−base control of binding is a common feature of
[2]rotaxanes, not least those based on secondary ammonium
ions, acid−base control of thread isomerization is underex-
plored, because most of the studies of rotaxanes focus on either
ring shuttling or pirouetting motions.1c,25 The new rotaxane
motif described herein therefore exhibits a feature that has made
the crown ether/ammonium couple very popular especially for
the design of molecular machines,26 while also offering
something different.
Inspired by recent reports from the groups of Takata, Di

Stefano, Leigh, and Schmittel,27 we decided to investigate
whether a chemical fueltrichloroacetic acid (TCA)could
be used to generate the strongly binding protonated state in a
transient fashion. According to this reasoning, the amidine
rotaxane, where the interconversion between configurational
and (co)conformational isomers is fast, would be protonated by
TCA, thus bringing the rotaxane into the state where
interconversion between E,Z- and E,E-isomers is slowed by
the ring. The trichloroacetate anion would then gradually
decompose into CO2 and CHCl3, while the rotaxane is
deprotonated into the original state (Figure 4A). In a proof-
of-concept experiment, we added TCA to deprotonated
rotaxane 1b and observed in the 1H NMR spectrum the
expected splitting of broad singlets corresponding to benzylic,
aromatic, and tert-butyl protons (Figure 4B; Scheme S23,
Figures S61, S62). After 1 h at 40 °C, the original broad singlets
were restored, indicating that the rotaxane was again in the
deprotonated form. This cycle could be repeated at least three
times, indicating that the underlying chemistry is sufficiently
robust to find uses in molecular machines.
Complexity of the Reaction Pathway toward the

Amidinium [2]Rotaxanes. While optimizing the reaction
conditions of the rotaxane synthesis by the amidinium exchange,
we were initially puzzled by the observation that rotaxane yields
did not exceed 30−40% despite our best optimization efforts.
Careful analysis of the reaction pathway, including host−guest
titrations of key intermediate species, helped to shed light on our
difficulties to obtain yields greater than 40%.
During the rotaxane self-assembly, 24C8 strongly binds to the

unsubstituted formamidinium ion (Ka = 9.5 × 103 M−1 in
CD3CN at 295 K; Supporting Information, Section 6.1; crystal
structure, Figure 3D) and less strongly to the key reaction
intermediate−half-thread 3 (Ka ≈ 102 M−1 in CD3CN at 295 K;
Supporting Information, Section 6.2; for general structure, see
Figure 2A). This leads to the decreased reactivity of the
amidinium moiety toward amines, since 24C8 sterically hinders
the electrophilic reaction center on the amidinium moiety and
presumably also reduces its electrophilicity due to hydrogen
bonding. As a consequence, the free thread forms much faster
than the rotaxane. However, the reversibility of amidinium
exchange eventually leads to rotaxane formation, since N,N’-
disubstituted amidinium ions exhibit (weak) binding to 24C8
(Ka ca. 30 M−1 in CD3CN at 295 K; Supporting Information,
Section 6.3), thus making the rotaxane a thermodynamic
product.
Even though the reasoning from the last paragraph might

explain the slow rate of rotaxane formation, it does not explain
why the amidinium rotaxanes cannot be formed in higher yields.
To understand this issue, we thought that perhaps all chemical
transformations that occur during self-assembly need to be
considered (Figure 5). Conjugate acids of both primary amine
starting materials (4) andNH3 as a byproduct of the reaction are
more effective at binding 24C8 than amidinium species

(Supporting Information, Section 6.5; Figure S33).28 Moreover,
acid−base equilibria between different nitrogen-containing
species might affect not only the outcome of the host−guest
equilibria but also the kinetics of amidinium exchange
(considering that amidinium exchange is fast only when
amidines are protonated). Overall, the reaction network
comprises more than 15 different equilibria (dynamic covalent,
host−guest, acid−base, and E,Z/E,E), which is unusually

Figure 4. (A) Transient switching between two states of the amidinium
rotaxane: (1) deprotonated rotaxane with fast geometry switching and
(2) protonated rotaxane with slow E/Z isomerization due to hydrogen
bonding to the crown ether ring. (B) Changes in 1H NMR spectrum
(400 MHz, CD2Cl2, 295 K) of rotaxane 1b (6 mM) upon
deprotonation and subsequent addition of chemical fuel −Cl3CCO2H
(0.22 M solution in CD2Cl2, 1.0 equiv). Waiting time after addition of
the fuel: 1 h at 40 °C. Top spectrum corresponds to the initial
protonated form of 1b (anion: BArF−).
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complex for a rotaxane synthesis and puts the moderate
observed yields into a different perspective.
To better understand the reaction pathway toward amidinium

rotaxanes, we performed a series of experiments starting with an
investigation of amidinium substrates other than FA·BPh4
(formamidinium acetate (FA·OAc), N ,N ’-diphenyl-
formamidinium tetrafluoroborate, and tetrakis[3,5-bis(trifluoro-
methyl)phenyl]borate (DPFA·BF4 and DPFA·BArF), N,N’-
dimethylformamidinium tetraphenylborate (DMFA·BPh4), and
N,N′-dibenzylformamidinium tetraphenylborate (S1)). Under
standard conditions, rotaxane 1a formed either in trace amounts
(in the case of FA·OAc andDPFA·BF4) or in very low yield (in
the case of DMFA·BPh4, DPFA·BArF, and S1) (Supporting
Information, Sections 7.3.1−7.3.4). The amidinium exchange
reaction affording noninterlocked products still proceeded
smoothly from all four starting materials. In the case of
DMFA·BPh4 and FA·OAc, we also tested the possibility to
approach the same equilibria starting either from rotaxane 1a
and MeNH2 or from the evolving reaction mixture and an
acetate salt, respectively (Table S18 and Figure S49). In both

cases, we obtained near-identical equilibrium mixtures, indicat-
ing that these systems are under thermodynamic control.
We also found that release of NH3 has positive, yet not an

essential effect on the yield of rotaxane formation (Table S14):
reactions where NH3 was released by regularly opening the
reaction vessel afforded higher rotaxane yields (by ∼50%) than
reactions where the vessel was kept tightly closed during the
course of the reaction.
The evidence described above suggests the following

conclusions: (i) the rotaxane synthesis by amidinium exchange
is mostly governed by thermodynamics; (ii) a successful
rotaxane synthesis requires a weakly coordinating counterion,
otherwise one of the thermodynamic driving forces (i.e., binding
of 24C8 to the thread) becomes too small; (iii) loss of NH3
represents an irreversible driving force for the forward rotaxane
synthesis, but at the same time complete loss of NH3 is an
obstacle for conversion of the thread to the rotaxane at the end
of the reaction. There is a close analogy here to the disulfide
chemistry pioneered by Sanders and Otto.29 These DCLs start
from dithiols and are dynamic for a very long time until all thiols
are oxidized by air to disulfides, when dynamic exchange comes
to a halt.
To investigate whether the third conclusion could be

leveraged to increase rotaxane yields, we decided to add
ammonia to the crude self-assembly products, to test if the
thread would further convert into the rotaxane. Addition of NH3
(0.5M solution in THF) to the crude reactionmixture, however,
led only to insignificant changes of the rotaxane amount
(Figures S40, S42) suggesting that the global equilibrium in the
reaction system was shifted not only toward 1a but also toward
other species (half-thread 3a and amine 4a). The rotaxane yield
could however be significantly improved (up to 47%), when we
used an ammonia surrogate(Me3Si)2NH, which is known to
slowly hydrolyze to NH3 in situ (Figure S43). The prospect to
improve rotaxane yields by addition of (Me3Si)2NH will be
investigated systematically in future studies.

Figure 5. Proposed reaction pathway toward the amidinium rotaxanes,
and overview on relevant host−guest equilibria. Acid−base equilibria
are omitted for clarity. Complexation between 24C8 and nitrogen
containing species (NH3, primary amines, amidines) must mainly occur
while nitrogen atoms are protonated. Association constants (Ka) for
complexes NH4

+⊂24C8, FA⊂24C8, and 3a⊂24C8were determined in
CD3CN by host−guest titrations (Supporting Information, section 6).
Association constant for a complex between protonated primary amine
and 24C8was estimated as an average betweenKa for NH4

+⊂24C8 and
for the reported complex between a secondary ammonium ion and
24C8.30

Figure 6. (A) Schematic representation of the conversion of the thread
into the rotaxane and further selective degradation of the remaining
thread. (B) HPLC monitoring of the conversion of thread 2a into
rotaxane 1a. Reaction conditions: 1.0 equiv of 2a (0.2 M), 2.6 equiv of
24C8, 2.0 equiv of NH3; solvent = PhMe/THF (4:6 v/v);∼65 °C. The
lines are used to guide the eye. (C) HPLC chromatograms of the
synthesis of 1a before and after addition of NH2OH (50% in H2O, 1.25
eq. with respect to FA·BPh4, room temperature).
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We wondered if the rotaxane formation was possible starting
from thread, crown ether, and NH3. If so, this would provide
solid evidence for the reversibility of all steps in the reaction
pathway. We carried out the reaction between thread 2a, 24C8
(2.6 equiv) and NH3 (2.0 equiv) and monitored the reaction
progress by HPLC (Figure 6A and 6B, Figure S41). We found
that rotaxane 1a did gradually form and the equilibrium was
reached after 6 days. Interestingly, the amount of amine 4a
reached a steady state after a few hours, while the amounts of
thread 2a and half-thread 3a gradually decreased. Overall, the
evolution of the reaction was very similar to that of a rotaxane
synthesis starting from FA·BPh4, amine 4a, and 24C8 (Figure
S40). Unexpectedly, the conversion of the thread to the rotaxane
was also possible in the presence of 24C8 and amine 4a, hence
without addition of NH3 (Table S20, entries 1 and 3; Scheme
S13). This result indicates that the proposed reaction pathway
(Figure 1B and Figure 5) is not the only possible one (Scheme
S16), and covalent capture of the ring may occur as a result of
precoordination of the ring to the amine12b or the thread.
Taking all the aforementioned evidence together, we

conclude that the self-assembly of formamidinium rotaxanes
can not be attributed to a passive template or to a metal-free
active template approach,12b,c even though it possesses features

of both. Most notably, during our amidinium rotaxane self-
assembly, the crown ether ring inhibits the thread forming
reaction, while the rotaxane can form only due to dynamic
covalent exchange (Figure S50). The phenomenon that a
rotaxane synthesis succeeds despite the ring component
inhibiting covalent capture is rather rare and has been reported
by the groups of Vögtle and Schalley.31

Dynamic Combinatorial Libraries of Amidinium [2]-
Rotaxanes. In the rotaxanes reported herein, the amidinium
moiety serves both as a binding site for the ring and as a platform
for dynamic covalent exchange. This unusual architecture allows
the macrocycle to affect not only supramolecular properties
(e.g., amidinium anion binding) but also the kinetics of
amidinium exchange (Supporting Information, Section 9.1).
A remarkable example of such a kinetic effect was observed

when a crude reaction mixture after rotaxane synthesis was
allowed to react with N-nucleophiles. Addition of strong
nucleophile hydroxylamine (NH2OH), to such a mixture of
thread 2a and rotaxane 1a, led to complete degradation of the
thread, while leaving the rotaxane intact (Figure 6A and 6C).
Significant degradation of the rotaxane was only observed after
prolonged reaction times (Figure S40), confirming that the
crown ether ring hinders the reactive electrophilic carbon of the

Figure 7. Synthesis and selective degradation of a dynamic combinatorial library (DCL) of amidinium rotaxanes. (A) Cartoon representation of the
performed chemical transformations and corresponding HPLC chromatograms of the crude reaction mixtures. Reaction conditions: 1st step =
37 μmol of FA·BPh4, 25 μmol of each amine, 500 μL of THF, 60 °C, 2 h; 2nd step = 74 μmol of 24C8, 56 μmol of NH3 (0.5 M in THF), 70 μL of
PhMe, 70 °C, 100 h; 3rd step = 37 μmol NH2OH (50% in H2O), rt, 10 min. (B−D) Bar graphs showing changes in the distribution of the DCL
members after subjecting each DCL state to an external chemical stimulus, i.e., N-nucleophiles (for details, see Supporting Information, Section 9.2).
For these experiments, amidinium DCLs were first isolated by semipreparative HPLC and used as formate salts. In panel C, a roughly equimolar
mixture of two subDCLs was used; molar percentages of the library members were calculated separately for each subDCL.
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amidinium moiety and further supporting the mechanistic
regime described above. It is worth mentioning that selective
degradation of the amidinium thread in the presence of the
corresponding rotaxane also facilitated chromatographic
purification of the latter, since both amidinium species are
highly polar and have similar retention on a stationary phase
(especially on normal phase, i.e. silica gel).
To the best of our knowledge, DCLs of MIMs, where the

dynamic covalent moiety responsible for forming the thread,
while also acting as binding site for the ring, have not been
reported to date. We therefore proceeded with an exploration of
dynamic combinatorial libraries (DCL) featuring formamidi-
nium-based MIMs (Supporting Information, Section 9.2). In a
proof-of-concept study, we used three different primary
amines4a, 4b, 4cto prepare a DCL comprising six
amidinium threads (Figure 7A, State 1). This DCL was
converted into a larger DCL consisting of two sublibraries
one subDCL of threads and one subDCL of rotaxanes (Figure
7A, State 2; Figures S67, S68)and it turned out that the two
subDCLs have completely different kinetic properties. The
“thread subDCL” can further “evolve” by interacting with newly
introduced chemical species, while the “rotaxane subDCL” is
essentially a silent observer. For instance, addition of amine 4b
led to upregulation of thread 2b and downregulation of the other
threads (Figure 7C, Figure S71). At the same time, the
composition of the rotaxane subDCL remained unchanged. In
another experiment, addition of NH2OH led to fast degradation
of the thread subDCL, while all the members of the rotaxane
subDCL remained intact (Figure 7A, State 3).32

The obtained rotaxane DCL was subsequently subjected to
reactions with bulky nucleophiles (e.g., isopropylamine or tert-
butylamine) over prolonged time. Even though each rotaxane
degraded by at least 50%, to our surprise, some DCL members
demonstrated much higher kinetic stability (e.g., blue-green
rotaxane) than others (e.g., blue-yellow rotaxane) (Figure 7D,
Figures S69, S70).When considering the differences in reactivity
between rotaxanes, interestingly, we did not find a correlation
with the space that is available for the crown ether along the axle.
Interestingly, a similar DCL of the threads (State 1) did not
reveal any selectivity toward reaction with an external, bulky
nucleophile (Figure 7B, Figure S69), confirming that that the
mechanical bond impacts not only the thermodynamic stability
of the DCL members but also their (kinetic) reactivity.

■ CONCLUSIONS
In conclusion, we describe a new approach for the dynamic self-
assembly of [2]rotaxanes, which is based on an underexplored
dynamic covalent reaction: amidinium exchange. The reaction
appears to be relatively general and affords a wide range of
symmetrical [2]rotaxanes in acceptable yields (up to 50% brsm
yield) that may be further improved based on preliminary work
using NH3 surrogate (Me3Si)2NH. Paradoxically, the dynamic
covalent nature of the reaction facilitates and prevents the
rotaxane formation at the same time. On the one hand, the
crown ether ring kinetically impedes the nucleophilic attack of
the amidinium electrophilic carbon by a primary amine, thus
turning the product forming step into the slowest step of the
entire reaction network. On the other hand, it is the reversibility
of amidinium exchange, which allows the whole reaction system
to converge toward MIMs as the dominant products, even when
the reaction is started from the isolated thread.
Amidinium rotaxanes represent an extreme case of the

mechanical bond affecting fundamental kinetics and thermody-

namics of a functional group.1c,2b,3a−g,33 The rotaxanes
described herein not only are surprisingly stable toward
hydrolysis and the reaction with other nucleophiles but they
also exhibit unusual E,E/E,Z isomer ratios and the interconver-
sion between these isomers is significantly slowed down due to
the presence of the interlocked crown ether. Binding of the ring
can be controlled by addition of acid/base, and by using a fuel
acid this process was successfully carried out in a transient
manner. Overall, formamidinium/24C8 rotaxanes represent a
dynamic covalent equivalent to the well-established secondary-
amine/24C8 rotaxanes, which is why we expect uses in
molecular machinery, “smart” materials, and systems chemistry.
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1. General methods and abbreviations 

All commercially available reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar, ACROS 

Organics, TCI, Fluorochem or VWR and were used without further purification.  

NMR spectra were recorded on Bruker Avance 400 or Bruker Avance 500 (1H: 400 or 500 MHz; 13C: 101 MHz) 

spectrometers at 295 K (if not otherwise specified) and referenced to the residual solvent peak (1H: CDCl3, 

7.26 ppm; CD3CN, 1.94 ppm, DMSO-d6, 2.50 ppm; CD2Cl2, 5.32 ppm; 13C: CDCl3, 77.16 ppm; CD3CN, 1.32 ppm, 

DMSO-d6, 39.52 ppm, CD2Cl2, 53.84 ppm). Chemical shifts (δ) are denoted in ppm. High-resolution mass 

spectra (including tandem mass spectra) were recorded either on Bruker SolariX FT-ICR or Agilent QTOF 6546 

mass spectrometer (ESI, positive polarity; solvent: acetonitrile).  

All samples for HRMS or LCMS analysis were typically prepared by diluting 1-3 μL of the analyzed solution 

(e.g., a reaction mixture) in 1 mL of LCMS-grade acetonitrile. This extent of dilution was sufficient to stop (or 

slow down) the dynamic covalent exchange in order to reliably quantify the analytes by HPLC. LCMS analysis 

of the rotaxane self-assemblies and purification of the rotaxanes 1c – 1e were performed on Shimadzu LCMS-

2020 using Ascentis® C8 HPLC columns (analytical column – 10 cm × 4.6 mm, particle size – 3 μm; semi-

preparative column – 25 cm × 10 mm, particle size – 5 μm) or Kinetex® C18 HPLC column (analytical column 

– 10 cm × 4.6 mm, particle size – 2.6 μm). Isocratic elution was applied using 90% mobile phase B and 10% 

mobile phase A at 50 or 60 °C and flow rate 1.0 or 1.2 mL/min (analytical HPLC) and 3.0 mL/min (semi-

preparative HPLC). Mobile phase A: 0.023 M HCO2NH4 and 0.0019 M HCO2H in H2O. Mobile phase B: 

acetonitrile. HPLC monitoring was performed with a photodiode array detector at λ = 220 nm.  

 

List of abbreviations

24C8  24-crown-8 
27C9 27-crown-9 
BArF tetrakis[3,5-bis(trifluoromethyl)-

phenyl]borate 
Boc tert-butoxycarbonyl 
DB24C8 dibenzo-24-crown-8 
DBU 1,8-diazabicyclo[5.4.0]undec-7-

ene 
DCL dynamic combinatorial library 
DIPEA diisopropylethylamine 
DMAP 4-N,N-dimethylaminopyridine 
DMF N,N-dimethylformamide 
DMFA N,N'-dimethylformamidinium 
DMSO dimethyl sulfoxide 
DPFA N,N'-diphenylformamidinium 
EtOAc ethyl acetate 
EXSY exchange spectroscopy 
FA formamidinium 
HPLC high-performance liquid 

chromatography 
HRMS high-resolution mass 

spectrometry 
LCMS liquid chromatography – mass 

spectrometry 
MeCN acetonitrile 

NMR nuclear magnetic resonance 
PhMe toluene 
r.t. room temperature 
TBAI tetrabutylammonium iodide 
TBDMS tert-butyldimethylsilyl 
TBTU 2-(1H-benzotriazole-1-yl)-

1,1,3,3-tetramethylaminium 
tetrafluoroborate 

TCA trichloroacetic acid 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TLC thin layer chromatography 

 

 

 

 

 

 

 

  



S4 
 

2. Synthesis of building blocks for the amidinium [2]rotaxanes 

2.1 Synthesis of substrates for amidinium exchange 

Formamidinium tetraphenylborate (FA·BPh4) 

 

A solution of NaBPh4 (2.00 g, 5.84 mmol, 1.0 eq.) in H2O (30 mL) was filtered through a 0.45 μm syringe filter 

and then mixed with a solution of AgNO3 (1.99 g, 11.7 mmol, 2.0 eq.) in H2O (12 mL). The white precipitate 

was filtered off, washed with water and resuspended in MeCN (100 mL). Formamidinium chloride (468 mg, 

5.88 mmol, 1.0 eq.) was added to the suspension and the reaction mixture was stirred at r.t. overnight in the 

absence of light. The precipitate was removed by filtration; the filtrate was collected and concentrated under 

reduced pressure to dryness. The white residue was re-dissolved in MeCN (~25 mL), the solution was filtered 

through a 0.45 μm syringe filter and mixed with PhMe (~70 mL). The resulting solution was kept in a fridge 

(+4 °C) overnight. Colorless needles of FA·BPh4 (1.29 g, 3.54 mmol, 61% over 2 steps) were filtered off and 

dried under high vacuum.   

Note. Alternatively, the product can be obtained by mixing aqueous solutions of NaBPh4 and formamidinium 

chloride, followed by filtration and thorough drying of the resulting white precipitate.   

1H NMR (400 MHz, DMSO-d6) δ 8.78 (bs, 4H, NH2 amidinium), 7.85 (s, 1H, CH amidinium), 7.17 (m, 8H, CH 

BPh4), 6.92 (t, J = 7.4 Hz, 8H, CH BPh4), 6.78 (t, J = 7.2 Hz, 4H, CH BPh4). 
13C NMR (101 MHz, DMSO-d6) δ 163.37 (q, 1JB‒C = 49.4 Hz, CAr BPh4), 157.20, 135.54 (m, CAr BPh4), 125.31 (q, 

J = 2.5 Hz, CAr BPh4), 121.53 (CAr BPh4). 

HRMS (ESI) (for BPh4
‒): m/z 319.16727 [M]‒ (calculated for C24H20B‒ 319.16635). 

N,N'-diphenylformamidinium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (DPFA·BArF) 

 

To a stirred solution of N,N'-diphenylformamidine (90 mg, 0.46 mmol, 1.0 eq.) in CHCl3 (2 mL), HBF4·Et2O 

(68 μL, 0.46 mmol, 1.0 eq.) was added at r.t. The resulting heterogeneous mixture was diluted with CHCl3 (1 

mL), white crystalline solid of N,N'-diphenylformamidinium tetrafluoroborate (DPFA·BF4) was filtered off and 

dried under high vacuum (104 mg, 0.37 mmol, 80%). 

DPFA·BF4 (17.5 mg, 61.6 μmol) was dissolved in MeCN (3 mL) and stirred with Lewatit® MonoPlus M500 

(BArF form, see preparation in Section 4, General procedure) for 15 min at r.t. The solution was transferred 

to a new portion of the resin and stirred again for 15 min. The solution was filtered and the solvent was 

removed from the filtrate under reduced pressure to afford DPFA·BArF as yellowish glassy solid (60.0 mg, 

56.6 μmol, 92%). 

1H NMR (400 MHz, CD3CN)* δ 9.72 (s, 2H, NH amidinium), 8.57 (s, 1H, CH amidinium E,E or E,Z), 8.40 (s, 1H, 

CH amidinium E,Z or E,E), 7.78 – 7.20 (m, 22H, CH BArF + CH Ph). 

*In solution, the product exists as a mixture of E,E and E,Z isomers. It was not possible to assign the amidinium CH signals to a specific 

isomer. 
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13C NMR (101 MHz, CD3CN) δ 162.70 (q, 1JB‒C = 49.8 Hz, CAr BArF), 154.16, 152.97, 137.12, 136.85, 135.73 (CAr 

BArF), 131.77, 131.12, 131.00, 130.95, 130.02 (q, 2JC‒F = 31.3 Hz, CAr BArF), 129.59, 128.94, 126.77, 125.55 (q, 
1JC‒F = 272 Hz, CF3 BArF), 121.59, 121.21, 118.74 (m, CAr BArF). 

HRMS (ESI): m/z 197.10734 [M+H]+ (calculated for C13H13N2
+ 197.10732). 

N,N'-dimethylformamidinium tetraphenylborate (DMFA·BPh4) 

 

Methylamine (2.0 M solution in THF, 115 μL, 0.23 mmol, 2.2 eq.) was added to a solution of FA·BPh4 (38 mg, 

0.105 mmol, 1.0 eq.) in MeCN (900 μL). The reaction mixture was stirred in a tightly closed flask at r.t. for 

30 min, followed by reflux (open air) for 30 min. After cooling down the reaction mixture to r.t., an additional 

amount of methylamine (2.0 M solution in THF, 50 μL, 0.10 mmol, 0.95 eq.) was added and the mixture was 

stirred at r.t. for 30 min. All volatiles were removed under reduced pressure to afford the product as white 

crystalline solid (37 mg, 0.094 mmol, 90%).   

1H NMR (400 MHz, CD3CN)* 7.41 (s, 1H, CH amidinium), 7.32 – 7.25 (m, 8H, CH BPh4), 7.01 (t, J = 7.4 Hz, 8H, 

CH BPh4), 6.86 (t, J = 7.2 Hz, 4H, CH BPh4), 3.00 (s, 3H, CH3), 2.77 (s, 3H, CH3). 

*In solution, the product exists mainly as E,Z isomer. 
13C NMR (100 MHz, CDCl3) δ 164.80 (q, 1JB‒C = 49.5 Hz, CAr BPh4), 157.06, 136.70 (m, CAr BPh4), 126.62 (q, 

J = 2.7 Hz, CAr BPh4), 122.79, 33.72, 28.98. 

HRMS (ESI): m/z 73.07587 [M+H]+ (calculated for C3H9N2
+ 73.07602). 

2.2 Synthesis of crown ethers 

24-crown-8 (24C8) 

 

24C8 was synthesized according to ref. 11 and purified according to ref. 2.2  

A solution of tetraethylene glycol (5.32 g, 27.4 mmol, 1.0 eq.) in anhydrous MeCN (40 mL) was added to a 

solution of tetraethylene glycol di(p-toluenesulfonate) (13.76 g, 27.4 mmol, 1.0 eq.) in anhydrous MeCN 

(120 mL) at 0 °C. Potassium fluoride on Al2O3 support3 (type B, 19.9 g containing 7.96 g/137 mmol/5.0 eq. KF) 

was added and the resulting suspension was stirred under Ar atmosphere at r.t. for 4 days. The solid was 

filtered off, washed with MeCN and the solvent was removed from the filtrate under reduced pressure. The 

crude product was extracted from the obtained residue with hot n-hexane (7×70 mL). The solvent was 

removed under reduced pressure from the combined extracts and the resulting colorless oil was dissolved in 

MeCN (5 mL). The solution was filtered through a 0.45 μm syringe filter and kept then at ‒20 °C overnight. 

MeCN was removed from the colorless crystals of 24C8·MeCN complex with a Pasteur pipette. The crystals 

were rapidly washed with cold (ca. ‒20 °C) MeCN (2×1 mL). Drying the crystals (which melted above 0 °C) on 

a rotary evaporator (Tbath = 55 °C, p ≈ 3 mbar) and then under high vacuum at 50 °C afforded 24-crown-8 as 

colorless oil (1.58 g, 4.48 mmol, 16%).  

1H NMR (400 MHz, CDCl3) δ 3.68 (s, 32H). 
13C NMR (101 MHz, CDCl3) δ 70.99.  
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HRMS (ESI): m/z 375.19875 [M+Na]+ (calculated for C16H32NaO8
+ 375.19894). 

27-crown-9 (27C9) 

 

27C9 was synthesized according to a reported procedure.4  

A 500 mL three-necked round-bottom flask was charged with NaH (0.800 g 60% dispersion in mineral oil, 

20.0 mmol, 4.0 eq.), which was subsequently washed with n-hexane under nitrogen atmosphere. Anhydrous 

THF (75 mL) was added to the flask and the resulting suspension was cooled down to 0 °C. A solution of 

pentaethylene glycol (1.19 g, 5.00 mmol, 1.0 eq.) in THF (50 mL) was added dropwise to the stirred 

suspension. The cooling bath was removed and a solution of tetraethylene glycol di(p-toluenesulfonate) 

(2.51 g, 5.00 mmol, 1.0 eq.) in THF (90 mL) was added dropwise over 3 h. The reaction mixture was then 

stirred at r.t. under nitrogen atmosphere for 2 days. The ice-cooled reaction mixture was then carefully 

quenched with H2O (2 mL). The reaction mixture was concentrated under reduced pressure. The aqueous 

residue was diluted with H2O (25 mL) and the product was extracted with CHCl3 (3×100 mL). The combined 

organic phase was dried with anhydrous MgSO4 and the solvent was removed under reduced pressure. The 

crude product was purified by flash column chromatography on silica gel (CH2Cl2 → CH2Cl2/MeOH = 95:5) to 

afford the product as colorless oil (0.852 g, 2.15 mmol, 43%). 

1H NMR (400 MHz, CDCl3) δ 3.67 (s, 36H). 
13C NMR (101 MHz, CDCl3) δ 70.91.  

HRMS (ESI): m/z 419.22495 [M+Na]+ (calculated for C18H36NaO9
+ 419.22515). 

2.3 Synthesis of primary amines 

2.3.1 Synthesis of 3,5-di-tert-butylbenzylamine (4a) 

 

N-(3,5-Di-tert-butylbenzyl)phthalimide 

 

N-(3,5-di-tert-butylbenzyl)phthalimide was synthesized according to a reported procedure.5  

A mixture of 3,5-di-tert-butylbenzyl bromide (2.50 g, 8.83 mmol, 1.0 eq.) and potassium phthalimide (1.96 g, 

10.6 mmol, 1.2 eq.) was dissolved in anhydrous DMF (30 mL) and stirred at 75 °C under argon atmosphere 

for 6 h (TLC monitoring). DMF was removed under reduced pressure. Water was added to the residue and 
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the product was extracted with EtOAc (3×60 mL). The combined organic phase was washed with brine and 

dried over anhydrous Na2SO4. After removal of the solvent under reduced pressure, the crude product was 

recrystallized from MeOH to afford N-(3,5-di-tert-butylbenzyl)phthalimide as white crystalline solid (2.82 g, 

8.07 mmol, 91%). 

1H NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 5.4, 3.0 Hz, 2H, CH Ar), 7.69 (dd, J = 5.5, 3.0 Hz, 2H, CH Ar), 7.34 (m, 

3H, CH Ar), 4.82 (s, 2H, CH2 benzylic), 1.31 (s, 18H, CH3 t-Bu). 
13C NMR (101 MHz, CDCl3) δ 168.24, 151.29, 135.69, 133.99, 132.38, 123.53, 123.41, 122.04, 42.34, 34.95, 

31.57. 

3,5-Di-tert-butylbenzylamine (4a) 

 

3,5-Di-tert-butylbenzylamine was synthesized according to the reported procedure.5  

Hydrazine monohydrate (1.4 mL, 28.6 mmol, 4.0 eq.) was added to a suspension of N-(3,5-di-tert-

butylbenzyl)phthalimide (2.50 g, 7.15 mmol, 1.0 eq.) in ethanol (45 mL). The reaction mixture was stirred 

under reflux for 20 min and cooled down to room temperature. After addition of 37% aq. HCl (3.6 mL), the 

mixture was refluxed for 15 min. Water (50 mL) was added and a white precipitate was filtered off. The 

precipitate was washed with water (30 mL) and combined filtrate was concentrated under reduced pressure, 

so that most of EtOH was removed. The resulting precipitate was collected and partially dissolved in CH2Cl2 

(500 mL). The filtered solution was washed with sat. aq. Na2CO3 (2×50 mL), dried over MgSO4 and the solvent 

was removed under reduced pressure to afford 3,5-di-tert-butylbenzylamine as yellowish oil that slowly 

crystallized (1.19 g, 5.42 mmol, 76%).   

1H NMR (400 MHz, CDCl3) δ 7.33 (t, J = 1.9 Hz, 1H), 7.16 (d, J = 1.8 Hz, 2H), 3.87 (s, 2H), 1.34 (s, 18H). 
13C NMR (101 MHz, CDCl3) δ 151.12, 142.69, 121.43, 121.04, 47.33, 35.00, 31.64. 

HRMS (ESI): m/z 220.20618 [M+H]+ (calculated for C15H26N+ 220.20598). 

2.3.2 Synthesis of 2-(3,5-di-tert-butylbenzyloxy)ethylamine (4b) 

 

N-Boc-2-aminoethanol 
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To a stirred solution of Boc2O (6.26 g, 28.7 mmol, 1.1 eq.) in THF (100 mL), 2-aminoethanol (1.58 mL, 

26.1 mmol, 1.0 eq.) was added followed by a solution of NaOH (2.09 g, 52.2 mmol, 2.0 eq.) in H2O (50 mL). 

The reaction mixture was stirred at r.t. for 3 h. THF was removed under reduced pressure. Saturated aq. 

NH4Cl (100 mL) was added to the residue and the product was extracted with CH2Cl2 (4×30 mL). The combined 

organic phase was dried over Na2SO4 and the solvent was removed under reduced pressure. The crude 

product was purified by flash column chromatography on silica gel (cyclohexane/EtOAc = 9:1 → 3:7) to afford 

the product as colorless liquid (3.30 g, 20.5 mmol, 79%).  

1H NMR (400 MHz, CDCl3) δ 4.91 (s, 1H, NH), 3.71 (q, J = 5.0 Hz, 2H, CH2), 3.29 (q, J = 5.4 Hz, 2H, CH2), 2.28 (s, 

1H, OH), 1.45 (s, 9H, CH3 t-Bu).* 

*1H NMR data obtained is in accordance with the reported NMR data for N-Boc-2-aminoethanol.6  

 

N-Boc-2-(3,5-di-tert-butylbenzyloxy)ethylamine 

 

A solution of N-Boc-2-aminoethanol (455 mg, 2.82 mmol, 2.0 eq.) in anhydrous THF (7 mL) was cooled down 

to 0 °C. Sodium hydride (68 mg 60% suspension in mineral oil, 2.82 mmol, 2.0 eq.) was carefully added and 

the mixture was stirred under Ar atmosphere for 30 min. A solution of 3,5-di-tert-butylbenzyl bromide 

(400 mg, 1.41 mmol, 1.0 eq.) in anhydrous THF (3 mL) was then added followed by TBAI (521 mg, 1.41 mmol, 

1.0 eq.). The reaction mixture was stirred under Ar atmosphere at room temperature overnight. After cooling 

down the reaction mixture to 0 °C, it was quenched with H2O (0.5 mL). The solvent was removed under 

reduced pressure. The obtained residue was dissolved in a mixture of CH2Cl2 (20 mL) and H2O (30 mL); the 

layers were then separated. The aqueous phase was extracted with CH2Cl2 (2×20 mL). The combined organic 

phases were dried over Na2SO4 and the solvent was removed under reduced pressure. The crude product 

was purified by flash column chromatography on silica gel (cyclohexane → cyclohexane/EtOAc = 8:2) to 

afford the product as colorless oil that slowly crystallized (404 mg, 1.11 mmol, 79%). 

1H NMR (400 MHz, CDCl3) δ 7.37 (t, J = 1.9 Hz, 1H, CH Ar), 7.17 (d, J = 1.8 Hz, 2H, CH Ar), 4.92 (s, 1H, NH), 4.51 

(s, 2H, CH2 benzylic), 3.56 (t, J = 5.1 Hz, 2H, CH2), 3.35 (q, J = 5.4 Hz, 2H, CH2), 1.44 (s, 9H, CH3 Boc), 1.33 (s, 

18H, CH3 t-Bu Ar). 
13C NMR (101 MHz, CDCl3) δ 156.11, 151.07, 137.19, 122.20, 122.06, 79.32, 73.94, 69.42, 40.60, 34.96, 31.62, 

28.55. 

HRMS (ESI): m/z 386.26677 [M+Na]+ (calculated for C22H37NNaO3
+ 386.26657). 

2-(3,5-di-tert-butylbenzyloxy)ethylamine (4b) 

 

N-Boc-2-(3,5-di-tert-butylbenzyloxy)ethylamine (398 mg, 1.09 mmol) was dissolved in CH2Cl2 (2 mL). TFA 

(1 mL) was added and the reaction mixture was stirred at r.t. for 45 min. All volatiles were removed under 

reduced pressure. The residue was dissolved in CH2Cl2 (15 mL) and the resulting solution was washed with 

1 M aq. NaOH (2×5 mL). The organic phase was dried over Na2SO4 and the solvent was removed under 

reduced pressure to afford the product as yellowish oil (277 mg, 1.05 mmol, 96%). The obtained amine was 

used without further purification. 
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1H NMR (400 MHz, CDCl3) δ 7.36 (t, J = 1.9 Hz, 1H, CH Ar), 7.18 (d, J = 1.8 Hz, 2H, CH Ar), 4.52 (s, 2H, CH2 

benzylic), 3.54 (t, J = 5.2 Hz, 2H, CH2O), 2.91 (t, J = 5.2 Hz, 2H, CH2N), 1.38 (s, 2H, NH2), 1.33 (s, 18H, CH3 t-Bu 

Ar). 
13C NMR (101 MHz, CDCl3) δ 150.97, 137.44, 122.24, 121.94, 74.01, 72.76, 42.15, 34.95, 31.61. 

HRMS (ESI): m/z 264.23233 [M+H]+ (calculated for C17H30NO+ 264.23219). 

2.3.3 Synthesis of 3-amino-N-(3,5-di-tert-butylphenyl)propanamide (4c) 

 

tert-Butyl (3-((3,5-di-tert-butylphenyl)amino)-3-oxopropyl)carbamate 

 

N-Boc-β-alanine (702 mg, 3.71 mmol, 1.0 eq.) was dissolved in CH2Cl2 (10 mL). After sequential addition of 

NEt3 (1.00 mL, 7.20 mmol, 1.9 eq.) and TBTU (1.39 g, 4.32 mmol, 1.2 eq.), the mixture was stirred under Ar 

atmosphere at r.t for 30 min. After addition of 3,5-di-tert-butylaniline (887 mg, 4.32 mmol, 1.2 eq.), the 

reaction mixture was stirred overnight. The solvent was removed under reduced pressure and the residue 

was dissolved in EtOAc (40 mL). The organic phase was washed with an ice-cold 10% aq. solution of citric acid 

(1×5 mL), saturated aq. solution of NaHCO3 (1×10 mL), water (5×5 mL) and dried over Na2SO4. After solvent 

removal, the crude product was purified by flash column chromatography on silica gel (cyclohexane/EtOAc = 

95:5 → 6:4) to afford the product as white solid (1.36 g, 3.59 mmol, 97%). 

1H NMR (400 MHz, CDCl3) δ 7.40 (bs, 1H, NH), 7.38 (d, J = 1.6 Hz, 2H, CH Ar), 7.18 (t, J = 1.6 Hz, 1H, CH Ar), 

5.17 (bs, 1H, NH), 3.50 (q, J = 6.1 Hz, 2H, CH2N), 2.60 (t, J = 5.8 Hz, 2H, CH2CO), 1.44 (s, 9H, CH3 Boc), 1.32 (s, 

18H, CH3 t-Bu Ar). 
13C NMR (101 MHz, CDCl3) δ 169.70, 156.42, 151.80, 137.31, 118.69, 114.52, 79.64, 37.67, 36.61, 35.07, 

31.53, 28.55. 

HRMS (ESI): m/z 399.26166 [M+Na]+ (calculated for C22H36N2NaO3
+ 399.26181). 

3-Amino-N-(3,5-di-tert-butylphenyl)propanamide (4c) 

 

TFA (2.0 mL) was added to a solution of Boc-protected 3-amino-N-(3,5-di-tert-butylphenyl)propanamide 

(1.36 g, 3.59 mmol) in CH2Cl2 (25 mL). The reaction mixture was stirred at r.t. for 3 h. All volatiles were 

removed under reduced pressure. The residue was dissolved in CH2Cl2 (65 mL) and the resulting solution was 

washed with 1 M aq. NaOH (2×35 mL). The organic phase was dried over Na2SO4 and the solvent was 

removed under reduced pressure to afford the product as grayish solid (1.00 g, 3.60 mmol, quantitative 

yield). The obtained amine was used without further purification. 
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1H NMR (400 MHz, CDCl3) δ 9.54 (bs, 1H, NHCO), 7.40 (d, J = 1.7 Hz, 2H, CH Ar), 7.15 (t, J = 1.8 Hz, 1H, CH Ar), 

3.12 (t, J = 5.8 Hz, 2H, CH2N), 2.47 (t, J = 5.8, 2H, CH2CO), 1.49 (bs, 2H, NH2), 1.32 (s, 18H, CH3 t-Bu). 
13C NMR (101 MHz, CDCl3) δ 170.94, 151.59, 137.86, 118.20, 114.59, 39.13, 38.12, 35.01, 31.52. 

HRMS (ESI): m/z 277.22791 [M+H]+ (calculated for C17H29N2O+ 277.22744). 

2.3.4 Synthesis of N-(2-aminoethyl)-3,5-di-tert-butylbenzamide (4d) 

 

N-Boc-ethylenediamine 

 

N-Boc-ethylenediamine was synthesized according to the reported procedure.7  

Trimethylsilyl chloride (3.83 mL, 30.1 mmol, 1.0 eq.) was added dropwise to a solution of ethylenediamine 

(2.01 mL, 30.1 mmol, 1.0 eq.) in MeOH (12 mL) at 0 °C. The mixture was allowed to warm up to r.t. and water 

(2 mL) was then added followed by a solution of (Boc)2O (6.58 g, 30.2 mmol, 1.0 eq.) in MeOH (6 mL). After 

1 h of stirring, the mixture was diluted with water (100 mL) and washed with diethyl ether (2×75 mL). Then, 

pH of the aqueous phase was set to ~12 with a 2 M aq. solution of NaOH. The solution was extracted with 

CH2Cl2 (3×50 mL) and the combined phase was dried over Na2SO4. Evaporation of the solvent under reduced 

pressure afforded N-Boc-ethylenediamine as colorless oil (1.49 g, 9.32 mmol, 31 %). 

1H NMR (400 MHz, CDCl3)* δ 4.95 (bs, 1H, NHCO), 3.14 (q, J = 5.9 Hz, 2H, CH2NHCO), 2.77 (t, J = 6.0 Hz, 2H, 

CH2NH2), 1.42 (s, 9H, CH3 Boc), 1.18 (s, 2H, NH2). 

*1H NMR data obtained is in accordance with the reported NMR data for N-Boc-ethylenediamine.8  

tert-Butyl-(2-(3,5-di-tert-butylbenzamido)ethyl)carbamate 

 

3,5-Di-tert-butylbenzoic acid (803 mg, 3.43 mmol, 1.0 eq.) was dissolved in anhydrous CH2Cl2 (10 mL). After 

sequential addition of NEt3 (0.96 mL, 6.86 mmol, 2.0 eq.) and TBTU (1.32 g, 4.11 mmol, 1.2 eq.), the mixture 

was stirred under Ar at r.t. for 30 min. After addition of N-Boc-ethylenediamine (746 mg, 4.11 mmol, 1.2 eq.), 

the reaction mixture was stirred overnight. The white precipitate (F1) was then filtered off. The filtrate was 

concentrated under reduced pressure and the residue (F2) was purified by flash column chromatography on 

silica gel (cyclohexane/EtOAc = 9:1 → 7:3). The precipitate F1 was dissolved in EtOAc (20 mL). The organic 

phase was washed with sodium bicarbonate solution (2×5 mL), water (3×7 mL), brine (1×7 mL), dried over 

Na2SO4 and the solvent was removed under reduced pressure. After combination of both fractions (F1 and 

F2), tert-butyl-(2-(3,5-di-tert-butylbenzamido)ethyl)carbamate was obtained as white solid (1.17 g, 

3.11 mmol, 90%). 
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1H NMR (400 MHz, CDCl3) δ  7.67 (bs, 2H, CH Ar), 7.55 (t, J = 1.8 Hz, 1H, CH Ar), 7.23 (bs, 1H, NH), 4.99 (bs, 

1H, NH), 3.57 (m, 2H, CH2), 3.40 (m, 2H, CH2), 1.42 (s, 9H, CH3 Boc), 1.35 (s, 18H, CH3 t-Bu Ar). 
13C NMR (101 MHz, CDCl3) δ 168.80, 157.62, 151.23, 133.77, 125.66, 121.34, 80.00, 42.19, 40.51, 35.12, 

31.53, 28.47. 

HRMS (ESI): m/z 377.27992 [M+H]+ (calculated for C22H37N2O3
+ 377.27987). 

N-(2-aminoethyl)-3,5-di-tert-butylbenzamide (4d) 

 

TFA (4.0 mL) was added to a solution of Boc-protected N-(2-aminoethyl)-3,5-di-tert-butylbenzamide (1.17 g, 

3.11 mmol) in CH2Cl2 (30 mL). The reaction mixture was stirred at r.t. for 3 h. All volatiles were removed under 

reduced pressure. The residue was dissolved in CH2Cl2 (40 mL) and the resulting solution was washed with 

1 M aq. NaOH (2×30 mL). The organic phase was dried over Na2SO4 and the solvent was removed under 

reduced pressure to afford the product as white solid (746 mg, 2.70 mmol, 87%). The obtained amine was 

used without further purification. 

1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 1.9 Hz, 2H, CH Ar), 7.55 (t, J = 1.8 Hz, 1H, CH Ar), 6.65 (bs, 1H, NH), 

3.51 (q, J = 5.8 Hz, 2H, CH2NHCO), 2.94 (t, J = 6.0 Hz, 2H, CH2NH2), 1.34 (s, 18H, CH3 t-Bu Ar). 
13C NMR (101 MHz, CDCl3) δ 168.98, 151.32, 134.42, 125.69, 121.20, 42.73, 41.57, 35.10, 31.52. 

HRMS (ESI): m/z 277.22731 [M+H]+ (calculated for C17H29N2O+ 277.22744). 

2.3.5 Synthesis of 6-amino-N-(3,5-di-tert-butylbenzyl)hexanamide (4e) 

 

tert-Butyl (6-((3,5-di-tert-butylbenzyl)amino)-6-oxohexyl)carbamate 

 

6-(Boc-amino)-caproic acid (412 mg, 1.78 mmol, 1.0 eq.) was dissolved in anhydrous CH2Cl2 (6 mL). After 

sequential addition of Et3N (496 μL, 3.56 mmol, 2.0 eq.) and TBTU (687 mg, 2.14 mmol, 1.2 eq.), the mixture 

was stirred under Ar atmosphere at r.t. for 30 min. After addition of 3,5-di-tert-butylbenzylamine (470 mg, 

2.14 mmol, 1.2 eq.), the reaction mixture was stirred overnight. The solvent was removed under reduced 

pressure and the residue was dissolved in EtOAc (55 mL). The organic phase was washed with an ice-cold 

10% aq. solution of citric acid (1×5 mL), saturated solution of NaHCO3 (1×10 mL), water (5×5 mL) and dried 

over Na2SO4. After solvent removal, the residue was purified by flash column chromatography on silica gel 
(cyclohexane/EtOAc = 9:1 → 6:4) to afford the product as colorless oil which crystallized upon cooling 

(675 mg, 1.56 mmol, 88%). 
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1H NMR (400 MHz, CDCl3) δ 7.35 (t, J = 1.8 Hz, 1H, CH Ar), 7.11 (d, J = 1.8 Hz, 2H, CH Ar), 5.74 (bs, 1H, NH), 

4.56 (bs, 1H, NH), 4.42 (d, J = 5.5 Hz, 2H, CH2 benzylic), 3.10 (q, J = 6.8 Hz, 2H, CH2N), 2.21 (t, J = 7.5 Hz, 2H, 

CH2CO), 1.69 (m, 2H, CH2), 1.54 – 1.45 (m, 2H, CH2), 1.43 (s, 9H, CH3 Boc), 1.40 ‒ 1.32 (m, 2H, CH2), 1.31 (s, 

18H, CH3 t-Bu Ar). 
13C NMR (101 MHz, CDCl3) δ 172.67, 156.13, 151.43, 137.46, 122.38, 121.80, 79.20, 44.39, 40.47, 36.76, 

34.98, 31.57, 29.94, 28.55, 26.56. 

HRMS (ESI): m/z 433.34226 [M+H]+ (calculated for C26H45N2O3
+ 433.34247). 

6-Amino-N-(3,5-di-tert-butylbenzyl)hexanamide (4e) 

 

TFA (3.0 mL) was added to a solution of Boc-protected 6-amino-N-(3,5-di-tert-butylbenzyl)hexanamide 

(675 mg, 1.56 mmol) in CH2Cl2 (10 mL). The reaction mixture was stirred at r.t. overnight. All volatiles were 

then removed under reduced pressure. The residue was dissolved in CH2Cl2 (20 mL) and the resulting solution 

was washed with 1 M aq. NaOH (2×10 mL). The organic phase was dried over Na2SO4 and the solvent was 

removed under reduced pressure to afford the product as colorless oil (366 mg, 1.10 mmol, 71%). The 

obtained amine was used without further purification. 

1H NMR (400 MHz, CDCl3) δ 7.35 (t, J = 1.9 Hz, 1H, CH Ar), 7.11 (d, J = 1.8 Hz, 2H, CH Ar), 5.77 (bs, 1H, NH), 

4.42 (d, J = 5.5 Hz, 2H, CH2 benzylic), 2.69 (t, J = 6.9 Hz, 2H, CH2N), 2.22 (t, J = 7.5 Hz, 2H, CH2CO), 1.74 – 1.63 

(m, 2H, CH2), 1.67 (bs, 2H, NH2), 1.47 (m, 2H, CH2), 1.38 (m, 2H, CH2), 1.31 (s, 18H, CH3 t-Bu Ar). 
13C NMR (101 MHz, CDCl3) δ 172.75, 151.44, 137.51, 122.38, 121.79, 44.38, 42.00, 36.86, 34.98, 33.30, 31.58, 

26.65, 25.71. 

HRMS (ESI): m/z 333.28963 [M+H]+ (calculated for C21H37N2O+ 333.29004). 

2.3.6 Synthesis of 2-(4-tritylphenoxy)ethylamine (4f) and 4-(4-tritylphenoxy)butylamine (4g) 

 

N-Boc-2-bromoethylamine 

 

To a stirred solution of Boc2O (1.50 g, 6.87 mmol, 1.1 eq.) in 1,4-dioxane/H2O mixture (26 mL / 14 mL 

respectively), 2-bromoethylamine hydrobromide (1.28 g, 6.25 mmol, 1.0 eq.) was added followed by a 

solution of NaOH (0.55 g, 13.7 mmol, 2.2 eq.) in H2O (15 mL). The reaction mixture was stirred at r.t. for 6 h. 

The solvent was removed under reduced pressure. Saturated aq. NH4Cl (70 mL) was added to the residue 
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and the product was extracted with CH2Cl2 (3×30 mL). The combined organic phases were dried over Na2SO4 

and the solvent was removed under reduced pressure. The crude product was purified by flash column 

chromatography on silica gel (cyclohexane → cyclohexane/EtOAc = 9:1) to afford the product as colorless oil 

(745 mg, 3.32 mmol, 53%). 

1H NMR (400 MHz, CDCl3) δ 4.94 (bs, 1H, NH), 3.54 (m, 2H, CH2Br), 3.46 (m, 2H, CH2N), 1.45 (s, 9H, CH3 t-Bu). 
13C NMR (100 MHz, CDCl3) δ 155.72, 85.30, 79.96, 42.48, 32.94, 28.47. 

N-Boc-2-(4-tritylphenoxy)ethylamine 

 

To a solution of N-Boc-2-bromoethylamine (734 mg, 3.28 mmol, 1.0 eq.) in anhydrous DMF (5 mL), 4-

tritylphenol (1.21 g, 3.60 mmol, 1.1 eq.) was added followed by Cs2CO3 (3.20 g, 9.83 mmol, 3.0 eq.). The 

reaction mixture was stirred under Ar atmosphere at r.t. for 3 days. The solvent was removed under reduced 

pressure. The residue was solubilized in EtOAc/H2O mixture (170 mL / 40 mL). The organic layer was 

separated and the aqueous phase was extracted with EtOAc (2×20 mL). The combined organic phase was 

washed with H2O (2×15 mL), brine and dried over Na2SO4. The solvent was removed under reduced pressure 

and the crude product was purified by flash column chromatography on silica gel (cyclohexane → 

cyclohexane/EtOAc = 8:2) to afford the pure product as white solid (1.04 g, 2.17 mmol, 66%). 

1H NMR (400 MHz, CDCl3) δ 7.31 – 7.15 (m, 15H, CH Tr), 7.11 (d, J = 8.9 Hz, 2H, CH Ar), 6.77 (d, J = 8.9 Hz, 2H, 

CH Ar), 5.01 (bs, 1H, NH), 3.98 (t, J = 5.1 Hz, 2H, CH2O), 3.51 (q, J = 5.4 Hz, 2H, CH2N), 1.45 (s, 9H, CH3 t-Bu). 
13C NMR (100 MHz, CDCl3) δ 156.60, 155.98, 147.08, 139.54, 132.38, 131.20, 127.56, 125.99, 113.33, 79.59, 

67.14, 64.42, 40.22, 28.52. 

HRMS (ESI): m/z 502.23500 [M+Na]+ (calculated for C32H33NNaO3
+ 502.23527). 

2-(4-Tritylphenoxy)ethylamine (4f) 

 

N-Boc-2-(4-tritylphenoxy)ethylamine (1.00 g, 2.08 mmol) was dissolved in CH2Cl2 (10 mL). TFA (3.0 mL) was 

added and the reaction mixture was stirred at r.t. for 2 h. All volatiles were removed under reduced pressure. 

The residue was dissolved in CH2Cl2 (150 mL) and the resulting solution was washed with 10% aq. NaOH 

(3×20 mL). The organic phase was washed with H2O (30 mL) and dried over Na2SO4. The solvent was removed 

under reduced pressure to afford the product as white solid (694 mg, 1.83 mmol, 88%). The obtained amine 

was used without further purification.  

1H NMR (400 MHz, CD2Cl2) δ 7.32 – 7.16 (m, 15H, CH Tr), 7.13 (d, J = 8.9 Hz, 2H, CH Ar), 6.80 (d, J = 8.9 Hz, 2H, 

CH Ar), 3.94 (t, J = 5.2 Hz, 2H, CH2O), 3.01 (t, J = 5.2 Hz, 2H, CH2N), 1.35 (bs, 2H, NH2).  
13C NMR (100 MHz, CD2Cl2) δ 157.45, 147.57, 139.46, 132.45, 131.36, 127.86, 126.19, 113.71, 70.83, 64.73, 

42.00. 

HRMS (ESI): m/z 380.20084 [M+H]+ (calculated for C27H26NO+ 380.20089). 
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N-Boc-4-bromobutylamine 

 

N-Boc-4-bromobutylamine was synthesized according to a reported procedure.9  

To a stirred solution of Boc2O (1.13 g, 5.18 mmol, 1.0 eq.) in CH2Cl2 (6 mL), 4-bromobutylamine hydrobromide 

(1.21 g, 5.18 mmol, 1.0 eq.) was added and the resulting mixture was cooled to 0 °C. Triethylamine (1.45 mL, 

10.4 mmol, 2.0 eq.) was added dropwise and the reaction mixture was stirred at r.t. for 10 h. The reaction 

mixture was diluted with CH2Cl2 (30 mL). The organic phase was washed with H2O (2×10 mL), dried over 

Na2SO4 and the solvent was removed under reduced pressure. The crude product was purified by flash 

column chromatography on silica gel (petrol ether → petrol ether/EtOAc = 93:7) to afford the product as 

colorless oil (528 mg, 2.09 mmol, 40%).  

1H NMR (400 MHz, CDCl3)* 4.53 (bs, 1H, NH), 3.43 (t, J = 6.7 Hz, 2H, CH2Br), 3.16 (q, J = 6.6 Hz, 2H, CH2N), 1.89 

(m, 2H, CH2), 1.64 (m, 2H, CH2), 1.44 (s, 9H, CH3 t-Bu). 

*1H NMR data obtained is in accordance with the reported NMR data for N-Boc-4-bromobutylamine.10  

N-Boc-4-(4-tritylphenoxy)butylamine 

 

To a solution of N-Boc-4-bromobutylamine (527 mg, 2.09 mmol, 1.0 eq.) in anhydrous DMF (3 mL), 4-

tritylphenol (736 mg, 2.19 mmol, 1.05 eq.) was added followed by Cs2CO3 (1.95 g, 5.97 mmol, 3.0 eq.). The 

reaction mixture was stirred under Ar atmosphere at r.t. for 3 days. The reaction mixture was then poured 

into H2O (100 mL). The white precipitate was filtered off, washed with H2O followed by MeOH and dried 

under high vacuum to afford the product as white solid (0.98 g, 1.93 mmol, 92%).  

1H NMR (400 MHz, CDCl3) δ  7.29 – 7.15 (m, 15H, CH Ar Tr), 7.10 (d, J = 8.9 Hz, 2H, CH Ar), 6.76 (d, J = 8.9 Hz, 

2H, CH Ar), 4.61 (bs, 1H, NH), 3.95 (t, J = 6.1 Hz, 2H, CH2O), 3.19 (q, J = 6.7 Hz, 2H, CH2N), 1.80 (m, 2H, CH2), 

1.72 – 1.62 (m, 2H, CH2), 1.45 (s, 9H, CH3 t-Bu). 
13C NMR (101 MHz, CDCl3) δ 156.98, 156.13, 147.18, 139.08, 132.33, 131.25, 127.55, 125.97, 113.33, 79.27, 

67.44, 64.43, 40.44, 28.57, 27.02, 26.76. 

HRMS (ESI): m/z 530.26670 [M+Na]+ (calculated for C34H37NNaO3
+ 530.26657). 

4-(4-tritylphenoxy)butylamine (4g) 

 

N-Boc-2-(4-tritylphenoxy)butylamine (903 mg, 1.78 mmol) was dissolved in CH2Cl2 (15 mL). TFA (3.0 mL) was 

added and the reaction mixture was stirred at r.t. for 3 h. All volatiles were removed under reduced pressure. 

The residue was dissolved in CH2Cl2 (150 mL) and the resulting solution was washed with 10% aq. NaOH 

(3×30 mL). The organic phase was washed with H2O (40 mL) and dried over Na2SO4. The solvent was removed 

under reduced pressure and the crude product was purified by flash column chromatography on silica gel 



S15 
 

(CH2Cl2 → CH2Cl2/MeOH = 95:5, the eluent contained 2% NEt3) to afford 4-(4-tritylphenoxy)butylamine as 

white solid (704 mg, 1.73 mmol, 97%).  

1H NMR (400 MHz, CDCl3) δ 7.30 – 7.16 (m, 15H, CH Tr), 7.11 (d, J = 8.9 Hz, 2H, CH Ar), 6.78 (d, J = 8.9 Hz, 2H, 

CH Ar), 3.97 (t, J = 6.4 Hz, 2H, CH2O), 2.78 (t, J = 7.1 Hz, 2H, CH2N), 1.82 (m, 2H, CH2), 1.63 (m, 2H, CH2), 1.24 

(bs, 2H, NH2). 
13C NMR (100 MHz, CDCl3) δ 157.06, 147.16, 138.95, 132.29, 131.22, 127.51, 125.94, 113.31, 67.69, 64.40, 

42.09, 30.52, 26.84. 

HRMS (ESI): m/z 408.23204 [M+H]+ (calculated for C29H30NO+ 408.23219). 

2.3.7 Synthesis of O-TBDMS-6-amino-1-hexanol (4h) 

 

The procedure was adopted from ref. 11.11  

6-Amino-1-hexanol (352 mg, 3.00 mmol, 1.0 eq.) and crystalline I2 (2.28 g, 9.00 mmol, 3.0 eq.) were dissolved 

in anhydrous CH2Cl2 (9 mL). To a stirred solution, 1-ethylimidazole (0.87 mL, 9.00 mmol, 3.0 eq.) and tert-

butyldiphenylsilyl chloride (0.96 mL, 3.30 mmol, 1.1 eq.) were added sequentially. The reaction mixture was 

stirred at room temperature under argon atmosphere for 1 h (TLC monitoring). The solvent was then 

removed under reduced pressure. Dark oily residue was dissolved in EtOAc (40 mL) and the solution was 

washed with 10% aq. Na2S2O3 (4×15 mL, till I2 is fully consumed) and sat. aq. Na2CO3 (2×10 mL). The organic 

phase was dried over anhydrous Na2SO4 and the solvent was removed under reduced pressure. The crude 

product was purified by flash column chromatography (CH2Cl2 → CH2Cl2/MeOH = 85:15) to afford O-TBDPS-

6-amino-1-hexanol as yellowish oil (632 mg, 1.78 mmol, 59%). 

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.64 (m, 4H, CH Ar), 7.45 – 7.34 (m, 6H, CH Ar), 3.66 (t, J = 6.5 Hz, 2H, 

CH2O), 2.66 (t, J = 7.0 Hz, 2H, CH2N), 1.57 (m, J = 6.6 Hz, 2H, CH2), 1.47 – 1.23 (m, 6H, CH2), 1.05 (s, 11H, CH3 

t-Bu + NH2).  
13C NMR (101 MHz, CDCl3) δ 135.71, 134.29, 129.63, 127.71, 64.03, 42.39, 34.05, 32.68, 27.01, 26.77, 25.81, 

19.36. 

HRMS (ESI): m/z 356.24031 [M+H]+ (calculated for C22H34NOSi+ 356.24042). 

2.4 Synthesis of threads for amidinium (pseudo/semi)rotaxanes 

N,N'-dibenzylformamidinium tetraphenylborate (S1) 

 

Benzylamine (56 μL, 0.51 mmol, 2.8 eq.) was added to a solution of FA·BPh4 (67 mg, 0.18 mmol, 1.0 eq.) in 

MeCN (2.5 mL). The reaction mixture was stirred under reflux for 30 min and MeCN was removed under 

reduced pressure. The residue was re-dissolved in MeCN (0.6 mL) and PhMe (6 mL) was added to the solution. 

The resulting mixture was kept overnight at +4 °C. Colorless needles were filtered off to afford the pure 

product (57 mg, 0.10 mmol, 57%). 
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1H NMR (400 MHz, CD3CN)* δ 8.02 (bs, 2H, NH amidinium), 7.85 (s, 1H, CH amidinium), 7.45 – 7.21 (m, 18H, 

CH Ar: BPh4 + amidinium Ph), 6.99 (t, J = 7.6 Hz, 8H, CH Ar BPh4), 6.84 (t, J = 7.2 Hz, 4H, CH Ar BPh4), 4.57 (s, 

2H, CH2 benzylic E,Z), 4.53 (bs, 4H, CH2 benzylic E,E), 4.46 (s, 2H, CH2 benzylic E,Z). 

*The NMR spectrum contains signals of both isomers of the product – E,Z and E,E. The integrals for each isomer specified in 

parentheses are treated independently.  
13C NMR (101 MHz, CD3CN) δ 164.78 (q, 1JB‒C = 49.3 Hz, CAr BPh4), 155.95, 136.49 (CAr BPh4), 134.63, 129.93, 

129.83, 129.42, 129.35, 128.78, 128.56, 126.63 (q, J = 2.5 Hz, CAr BPh4), 122.79 (CAr BPh4), 51.63, 46.61. 

HRMS (ESI): m/z 225.13921 [M+H]+ (calculated for C15H17N2
+ 225.13862). 

N,N'-bis(3,5-di-tert-butylbenzyl)formamidinium tetraphenylborate (2a) 

 

Solid FA·BPh4 (65 mg, 0.18 mmol, 1.0 eq.) was added to a solution of 3,5-di-tert-butylbenzylamine (118 mg, 

0.54 mmol, 3.0 eq.) in MeCN (3.0 mL). The reaction mixture was stirred under reflux for 45 min and MeCN 

was then removed under reduced pressure. The residue was re-dissolved in MeCN (0.3 mL) and PhMe (3 mL) 

was added to the solution. The resulting mixture was kept overnight at ‒20 °C. Colorless needles were filtered 

off and subjected to the second crystallization (addition of PhMe to a CHCl3 solution of the product) to afford 

an analytically pure N,N'-bis(3,5-di-tert-butylbenzyl)formamidinium tetraphenylborate (55 mg, 0.072 mmol, 

40%). 

1H NMR (400 MHz, CD3CN)* δ 7.90 (bs, 2H, NH amidinium), 7.74 (s, 1H, CH amidinium E,E), 7.64 (s, 1H, CH 

amidinium E,Z), 7.45 (m, 2H, CH Ar E,E + E,Z), 7.33 ‒ 7.25 (m, 8H, CH Ar BPh4), 7.18 (m, 4H, CH Ar E,E), 7.16 

(d, J = 1.7 Hz, 2H, CH Ar E,Z), 7.14 (d, J = 1.7 Hz, 2H, CH Ar E,Z), 7.00 (t, J = 7.4 Hz, 8H, CH Ar BPh4), 6.85 (t, J = 

7.2 Hz, 4H, CH Ar BPh4), 4.47 (s, 2H, CH2 benzylic E,Z), 4.44 (s, 4H, CH2 benzylic E,E), 4.34 (s, 2H, CH2 benzylic 

E,Z), 1.32 (s, 36H, CH3 t-Bu E,E), 1.31 (s, 18H, CH3 t-Bu E,Z), 1.29 (s, 18H, CH3 t-Bu E,Z). 

*The NMR spectrum contains signals of both isomers of the product – E,Z and E,E. The integrals for each isomer specified in 

parentheses are treated independently.  
13C NMR (101 MHz, CD3CN) δ 164.79 (q, 1JB‒C = 49.3 Hz, CAr BPh4), 155.50, 152.58, 136.70 (CAr BPh4), 135.98, 

135.70, 134.09, 126.63 (q, J = 2.7 Hz, CAr BPh4), 123.53, 123.43, 123.40, 123.34, 123.07, 122.98, 122.79 (CAr 

BPh4), 52.32, 52.01, 47.05, 35.58, 31.64, 31.61. 

HRMS (ESI): m/z 449.38953 [M+H]+ (calculated for C31H49N2
+ 449.38903). 

N-(3,5-di-tert-butylbenzyl)formamidinium tetraphenylborate (3a) 

 

Solid FA·BPh4 (91 mg, 0.25 mmol, 1.0 eq.) and 3,5-di-tert-butylbenzylamine (121 mg, 0.55 mmol, 2.2 eq.) 

were dissolved in MeCN (2.0 mL). The mixture was stirred under reflux for 30 min and MeCN was then 

removed under reduced pressure. The residue was re-dissolved in MeCN (0.3 mL) and PhMe (4 mL) was 

added to the solution. The resulting mixture was kept overnight at ‒20 °C. Colorless needles were filtered off 

to afford the product of double exchange 2a (98 mg). The mother liquor was concentrated under reduced 

pressure (to 1/3 of the initial volume), followed by addition of cyclohexane (2 mL) and the resulting solution 
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was kept overnight at ‒20 °C. A white solid was filtered off to afford N-(3,5-di-tert-

butylbenzyl)formamidinium tetraphenylborate (61 mg, 0.11 mmol, 43%). 

Note. Crystallization of pure 3a can be tedious and poorly reproducible. Therefore, in an alternative 

procedure, 3a can be obtained by reacting amine 4a with excess of formamidinium chloride (3-5 eq.) in EtOH, 

followed by isolation using reversed-phase chromatography (e.g., semi-preparative HPLC).  

1H NMR (400 MHz, DMSO-d6)* δ 9.91 (bs, 1H, NH amidinium), 9.14 (bs, 2H, NH amidinium), 8.12 (s, 1H, CH 

amidinium E,E), 7.98 (s, 1H, CH amidinium E,Z), 7.37 (s, 1H, CH Ar E,E + E,Z), 7.22 ‒ 7.11 (m, 10H, CH Ar BPh4 

& CH Ar E,E + E,Z), 6.92 (t, J = 7.2 Hz, 8H, CH Ar BPh4), 6.78 (t, J = 7.0 Hz, 4H, CH Ar BPh4), 4.49 (s, 2H, CH2 

benzylic E,E), 4.44 (s, 2H, CH2 benzylic E,Z), 1.28 (s, 18H, CH3 t-Bu E,E + E,Z). 

*The NMR spectrum contains signals of both isomers of the product – E,Z and E,E. The integrals for each isomer specified in 

parentheses are treated independently.  
13C NMR (100 MHz, CD3CN) δ 158.19*, 155.49*, 152.68, 136.72, 126.63, 123.51, 123.45, 123.10, 122.78, 

52.03*, 46.67, 31.58, 27.61. 
* Low intensity signals revealed from HSQC spectrum. 

HRMS (ESI): m/z 247.21703 [M+H]+ (calculated for C16H27N2
+ 247.21688). 
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3. Optimization of the self-assembly of amidinium [2]rotaxanes  

General synthesis procedure 

If not otherwise specified, the rotaxane self-assemblies (Scheme S1) were performed in a closed screw-cap 

1.5 mL HPLC vial at r.t. under continuous stirring. The vial was charged with a formamidinium salt (in this case 

FA·BPh4) and 24C8. The solvent (1/2 of the total volume) was added and the resulting suspension was stirred 

for 2-3 min. A solution of a primary amine (in this case 4a) in the solvent (1/2 of the total volume) was then 

added and the reaction was stirred for several days. Typical solvent volumes were in the range 100‒300 μL. 

Reaction monitoring 

The reaction progress was monitored by HPLC-MS (Figure S1). For HPLC-MS analysis, an aliquot of the 

reaction mixture (1 μL) was diluted with MeCN (1 mL) and the diluted solution (3-5 μL) was injected for HPLC 

analysis. The reaction efficiency was evaluated by calculating a molar percentage (χ) of the rotaxane (rot) in 

its mixture with the free thread (thr) after a certain period of time. The molar percentage χ was calculated 

based on the areas under chromatographic peaks corresponding to the rotaxane and the free thread: 𝝌 =
𝑐(𝑟𝑜𝑡)

𝑐(𝑟𝑜𝑡)+𝑐(𝑡ℎ𝑟)
× 100% =

𝐴(𝑟𝑜𝑡)

𝐴(𝑟𝑜𝑡)+𝐴(𝑡ℎ𝑟)
× 100% , where c – molar concentration of the corresponding species, 

A – area under a chromatographic peak. For these largely qualitative optimization studies, it was assumed 

that molar absorptivities of the rotaxane and the free thread are roughly equal. This was later confirmed for 

the pair 1a and 2a (see Figure S38); the slopes of the corresponding calibration curves differ by factor 1.2 

that reflects relative difference in molar absorptivities of 1a and 2a. However, among all synthesized 

rotaxanes (1a – 1j), we expect the pair 1a/2a to have the largest difference in molar absorptivities due to 

very close proximity of the crown ether and the chromophores (stoppers). For selected self-assemblies 

quantitative HPLC (“HPLC yields”) was performed, please also refer to Sections 4 and 7. 

 

Scheme S1. Self-assembly of rotaxane 1a used for optimization of the reaction conditions. 

 

Figure S1. Representative HPLC chromatogram of a reaction mixture of the rotaxane self-assembly by amidinium 
exchange. This particular HPLC trace corresponds to the rotaxane self-assembly in PhMe at 80 °C after 46 h (67μmol 
FA·BPh4, 140 μmol 3,5-di-tert-butylbenzylamine and 230 μmol 24C8 in 290 μL PhMe). Red peak: the rotaxane. Blue 
peak: the free thread. Greenish peak: BPh4

‒. 
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Table S1. Influence of the solvent on the amidinium rotaxane molar percentage χ. Reaction conditions: 1.0 eq. FA·BPh4 
(0.2 M), 2.2 eq. amine, 2.0 eq. 24C8, r.t. Molar percentage χ of rotaxane 1a was determined on the 6th day of the 
reaction. Dielectric constant ε, Z, ET(30) and π* values are different measures of solvent polarity.  The Donor numbers 
(DN) characterize ability of a solvent to act as a Lewis base. Parameters α and β are a measure of solvent’s ability to act 
as a hydrogen bond donor or acceptor to a solute respectively. Values of π*, α and β were taken from Ref. 12;12 ε – ref. 
13;13 DN – ref. 14;14 ET(30) – ref. 15.15  

Entry Solvent ε ET(30) π* Donor number (DN) α β χ, % 

1 PhMe 2.4 34 0.54 0.1 0.00 0.11 10 

2 CHCl3 4.8 39 0.58 4.0 0.44 0.00 10 

3 THF 7.5 37 0.58 20 0.00 0.55 27 

4 Pyridine 12 40 0.87 33 0.00 0.64 13† 

5 MeCN 37 46 0.75 14 0.19 0.31 27‡ 
†3.0 eq. amine was used. 
‡After 40 days, χ reached 46% and HPLC yield was 29% (determined using 1,2,4,5-tetramethylbenzene as an internal 

standard). 

Table S2. Influence of the 24C8 amount on the amidinium rotaxane molar percentage χ. Reaction conditions: 1.0 eq. 

FA·BPh4 (0.2 M), 2.2 eq. amine, solvent – THF, r.t. Molar percentage χ of rotaxane 1a was determined on the 6th day of 

the reaction.  

Entry Amount of 24C8, eq. χ, % 

1 0.5 6 

2 1.0 20 

3 1.5 26 

4 2.0 27 

5 4.0* 26** 

6 7.0* 22 

*Due to large amount of 24C8, concentration of FA·BPh4 was ~0.15 M (solvent volume in all cases was kept 

constant). 

**After 51 days, χ reached 54% and HPLC yield was 24% (determined using 1,2,4,5-tetramethylbenzene as an 

internal standard). 

 

Table S3. Influence of the amine amount on the amidinium rotaxane molar percentage χ. Reaction conditions: 1.0 eq. 

FA·BPh4 (0.2 M), 2.0 eq. 24C8, solvent – THF, r.t. Molar percentage of the rotaxane χ was determined on the 6th day of 

the reaction.  

Entry Amount of the amine, eq. χ, % 

1 1.5 18 

2 2.2 27 

3 3.0 30* 

4 7.0 14 

* After 28 days, χ reached 49% and HPLC yield was 36% (determined using 1,2,4,5-tetramethylbenzene as an 

internal standard). 

Table S4. Influence of the concentration on the amidinium rotaxane molar percentage χ. Reaction conditions: 1.0 eq. 

FA·BPh4, 2.0 eq. amine, 3.0 eq. 24C8, solvent – THF, r.t. Molar percentage of the rotaxane χ was determined on the 6th 

day of the reaction.  

Entry Concentration of FA·BPh4, M χ, % 

1 0.03 < 5 
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Table S5. Influence of bases/nucleophilic catalysts on the amidinium rotaxane molar percentage χ. Reaction conditions: 

1.0 eq. FA·BPh4 (0.2 M), 3.0 eq. amine, 2.0 eq. 24C8. Molar fraction of the percentage χ was determined on the 6th day 

of the reaction. 

Entry Additive Solvent  χ, % 

1 DMAP (0.1 eq.) PhMe 11 

2 DMAP (0.1 eq.) MeCN 24 

3 DMAP (0.5 eq.) THF 26 

4 DMAP (1.0 eq.) THF 25 

5 DIPEA (0.5 eq.) THF 21 

6 DIPEA (1.0 eq.) THF 22 

7 DBU (1.0 eq.) THF 2 

 

Table S6. Influence of temperature on the amidinium rotaxane molar percentage χ. Reaction conditions: 1.0 eq. FA·BPh4 

(0.2 M), 3.0 eq. amine. All reactions were performed open-air. 

Entry Solvent Reaction temperature, °C Amount of 24C8, eq. Time, hours χ, % 

1 THF 55 2.0 24 22 

2 MeCN 80 2.0 6 4 

3 PhMe 90 2.0 3 17 

4 PhMe 75 2.0 45 53* 

5 PhMe 80 1.5 48 26 

6 PhMe 80 1.0 48 14 

7 PhMe 80 0.5 48 7 

8 n-heptane 90 2.0 6 18 

*2.0 eq. amine was used. After 3 days, χ reached 61%. Similar result could be achieved in THF/PhMe mixture (6:4 v/v) 

at 65 °C (see kinetic studies in Section 7.2.1). 
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4. Synthesis of the amidinium [2]rotaxanes  

General procedure 

Method A. A 1.5 mL screw-cap HPLC vial was charged with 24C8 (2.0 eq.) and FA·BPh4 (1.0 eq.). A solvent 

(1/2 of the total volume*) was added and the resulting suspension was stirred for 2 min. A solution of a 

primary amine (2.0 – 3.0 eq.) in the solvent (1/2 of the total volume) was added (alternatively – solid amine 

was first added followed by the solvent) and the reaction mixture was stirred at 45‒75 °C for 1‒5 days (a 

needle was inserted into HPLC vial’s cap in order to release NH3 that was formed during the reaction). The 

reaction mixture was diluted with THF (the same volume as the original volume of the reaction solvent) and 

NH2OH (50% aqueous solution, 1.0 eq.) was added. The mixture was stirred for 10 min at r.t. All volatiles 

were removed under reduced pressure and the rotaxane was isolated by preparative TLC or semi-preparative 

HPLC (see the conditions in General methods, Section 1). In case of HPLC purification, collected fractions 

containing the target rotaxane were concentrated under reduced pressure. The obtained residue was 

partitioned in CH2Cl2/H2O mixture (3 mL / 1 mL). The layers were separated and the organic layer was washed 

with H2O (1×0.5 mL) and passed through a Pasteur pipette filled with anhydrous Na2SO4. The solvent was 

removed under reduced pressure to afford a formate salt of the rotaxane.  

Method B. In a 1.5 mL screw-cap HPLC vial, a solution (0.2 M) of a primary amine (2.0 – 2.5 eq.) in THF was 

prepared. FA·BPh4 (1.0 eq.) was added, followed by 3 Å molecular sieves, and the resulting mixture was 

stirred in a closed vial at r.t. for 2 h. All volatiles were removed under reduced pressure and the residue was 

dissolved in PhMe (2/5 of the total volume*). 24C8 was added, followed by NH3 (0.5 M solution in THF, 1.5 

eq.). The reaction mixture was stirred in a tightly closed HPLC or screw-cap vial at 70 °C for 5 days. Further 

isolation of the product was the same as in Method A (including addition of NH2OH). 

*Final total concentration of formamidinium species was 0.2 M. 

Anion exchange with BArF‒  

Preparation of the anion exchange resin in BArF form. Lewatit® MonoPlus M500 anion exchange resin (Cl‒ 

form, 5 g) was washed sequentially with H2O, aqueous solution of NH4PF6 (10 g in 100 mL H2O), H2O, 

H2O/MeCN mixture (1:1 by volume), solution of NaBArF (1.0 g) in H2O/MeCN (50 mL), H2O/MeCN mixture 

(1:1 by volume). Afterwards, the resin was washed with MeCN and blow-dried with air. 

Anion exchange. The rotaxane (anion: HCO2
– or BPh4

–) solution (5 ‒ 10 mM) in MeCN was stirred for 10 min 

at r.t. with Lewatit® resin (BArF form). The solution was transferred to a new portion of the resin and was 

stirred again for 10 min. The solution was filtered and the solvent was removed under reduced pressure to 

afford the amidinium rotaxane as BArF salt.  
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Rotaxane 1a 

 

Rotaxane 1a (anion: BPh4
‒; 49 mg, 44 μmol, 36%) was obtained according to Method A. Reaction conditions: 

2.0 eq. amine 4a, solvent – PhMe, 75 °C, 3 days. Isolation: preparative TLC (silica gel, CH2Cl2/MeOH = 99:1). 

For NMR analysis and further experiments, 1a was converted to BArF form.  

1H NMR (500 MHz, CDCl3)* δ 8.41 (t, J = 13.5 Hz, 1H, CH amidinium E,E), 8.34 (m, 1H, NH), 8.05 (bs, 1H, NH), 

7.71 – 7.69 (m, 8H, CH BArF), 7.67 (m, 1H, CH amidinium E,Z), 7.52 (s, 4H, CH BArF), 7.46 (t, J = 1.8 Hz, 1H, CH 

Ar E,Z), 7.41 (t, J = 1.8 Hz, 1H, CH Ar E,E), 7.40 (t, J = 1.8 Hz, 1H, CH Ar E,Z), 7.17 (d, J = 1.8 Hz, 2H, CH Ar E,Z), 

7.14 (d, J = 1.8 Hz, 2H, CH Ar E,Z), 7.11 (d, J = 1.8 Hz, 1H, CH Ar E,E), 4.54 (d, 2H, CH2 benzylic E,E) 4.53 (d, J = 

5.4 Hz, 2H, CH2 benzylic E,Z), 4.44 (d, J = 5.5 Hz, 2H, CH2 benzylic E,Z), 3.48 (s, 32H, CH2 24C8 E,E), 3.42 (s, 32H, 

CH2 24C8 E,Z), 1.33 (s, 18H, CH3 t-Bu E,Z), 1.31 (s, 36H, CH3 t-Bu E,E), 1.31 (s, 18H, CH3 t-Bu E,Z). 

*The NMR spectrum contains signals from both isomers of the rotaxane – E,Z and E,E. The integrals for each isomer specified in 

parentheses are treated independently.  
13C NMR (126 MHz, CDCl3) δ 161.85 (q, 1JB‒C = 49.9 Hz, CAr BArF), 159.18, 153.30, 151.99, 151.92, 151.66, 

134.95 (CAr BArF), 134.14, 133.92, 129.04 (q, 2JC‒F = 31.5 Hz, CAr BArF), 124.71 (q, 1JC‒F = 273 Hz, CF3 BArF), 

123.65, 123.38, 122.98, 122.61, 122.42, 122.06, 117.59 (m, CAr BArF), 70.72, 70.63, 53.02, 51.72, 46.61, 35.05, 

35.04, 31.52, 31.50. 

HRMS (ESI): m/z 801.60274 [M+H]+ (calculated for C47H81N2O8
+ 801.59874). 

 

Figure S2. HRMS peaks of rotaxane 1a: simulated (top) and experimental (bottom) isotopic patterns.  
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Rotaxane 1b 

 

Rotaxane 1b (anion: BPh4
‒; 38 mg, 31 μmol, 21%) was obtained according to Method A. Reaction conditions: 

3.0 eq. amine 4b, solvent – PhMe, 75 °C, 5 days. Isolation: preparative TLC (silica gel, CH2Cl2/MeOH = 97:3). 

For NMR analysis and further experiments, 1b was converted to BArF form.  

1H NMR (500 MHz, CD2Cl2)* δ 8.09 (t, J = 13.4 Hz, 1H, CH amidinium E,E), 8.00 – 7.86 (m, 2H, NH), 7.75 – 7.70 

(m, 8H, CH BArF), 7.70 – 7.59 (m, 1H, CH amidinium E,Z + NH?), 7.56 (m, 4H, CH BArF), 7.39 (t, J = 1.5 Hz, 2H, 

CH Ar E,Z + E,E), 7.19 – 7.12 (m, 4H, CH Ar E,Z + E,E), 4.511 (s, 2H, CH2 benzylic E,Z) 4.506 (s, 2H, CH2 benzylic 

E,Z), 4.501 (s, 2H, CH2 benzylic E,E), 3.70 – 3.55 (m, 8H, CH2), 3.54 – 3.46 (m, 32H, CH2 24C8 E,Z + E,E), 1.314 

(s, 18H, CH3 t-Bu E,Z), 1.313 (s, 18H, CH3 t-Bu E,Z), 1.307 (s, 18H, CH3 t-Bu E,E). 

*The NMR spectrum contains signals from both isomers of the rotaxane – E,Z and E,E. The integrals for each isomer specified in 

parentheses are treated independently. 
13C NMR (126 MHz, CD2Cl2) δ 162.17 (q, 1JB‒C = 49.9 Hz, CAr BArF), 159.78, 155.58, 151.51, 151.48, 151.46, 

137.22, 137.11, 135.22 (CAr BArF), 129.30 (q, 2JC‒F = 31.5 Hz, CAr BArF), 125.01 (q, 1JC‒F = 272 Hz, CF3 BArF), 

122.66, 122.54, 122.46, 117.88 (m, CAr BArF), 74.66, 74.57, 74.51, 71.16, 71.07, 69.05, 68.89, 67.45, 47.86, 

47.26, 41.91, 35.12, 31.62. 

HRMS (ESI): m/z 889.64873 [M+H]+ (calculated for C51H89N2O10
+ 889.65117). 

 

Figure S3. HRMS peaks of rotaxane 1b: simulated (top) and experimental (bottom) isotopic patterns. 
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Rotaxane 1c 

 

Rotaxane 1c (anion: BArF‒; 20 mg, 11 μmol, 16%) was obtained according to modified Method B. In a 1.5 mL 

screw-cap HPLC vial, a solution of amine 4c (0.14 mmol, 2.0 eq.) in THF (300 μL) was prepared. FA·BPh4  

(0.070 mmol, 1.0 eq.) was added and the resulting mixture was stirred in a closed vial at r.t. for 30 min. 24C8 

(0.14 mmol, 2.0 eq.) was then added and the reaction mixture was stirred at 45 °C for 2 days (a needle was 

inserted into HPLC vial’s cap). THF (300 μL) was added and the reaction mixture was further stirred in a closed 

vial at 45 °C for 5 days. Further isolation of the product was the same as in Method A (including addition of 

NH2OH). 

1H NMR (400 MHz, CDCl3)* δ 8.25 (m, 1H, NH amide), 8.09 – 7.76 (m, 2H, NH), 7.71 (m, 8H, CH BArF), 7.67 

(m, 1H, CH amidinium E,Z + E,E), 7.53 (bs, 5H, CH BArF + NH), 7.36 (m, 4H, CH Ar E,Z), 7.34 (d, J = 1.7 Hz, 4H, 

CH Ar E,E), 7.20 (m, 4H, CH Ar E,Z + E,E), 3.70 (m, 4H, CH2N E,Z + E,E)  3.55 (s, 32H, CH2 24C8 E,E), 3.53 (s, 32H, 

CH2 24C8 E,Z) 2.69 (m, 4H, CH2 CH2CO E,Z + E,E), 1.30 (m, 36H, CH3 t-Bu E,Z + E,E).  

*The NMR spectrum contains signals from both isomers of the rotaxane – E,Z and E,E. The integrals for each isomer specified in 

parentheses are treated independently.  
13C NMR (126 MHz, CDCl3) δ 168.62, 167.76, 161.83 (q, 1JB‒C = 49.9 Hz, CAr BArF), 158.71, 155.19, 152.09, 

152.00, 151.92, 137.40, 137.10, 137.02, 134.95 (CAr BArF), 129.06 (q, 2JC‒F = 31.7 Hz, CAr BArF), 124.71 (q, 1JC‒

F = 273 Hz, CF3 BArF), 119.00, 118.93, 118.76, 117.59 (m, CAr BArF), 114.30, 114.26, 114.19, 70.93, 70.90, 

43.15, 43.05, 38.23, 36.70, 36.41, 35.26, 35.09, 31.49. 

HRMS (ESI): m/z 915.64020 [M+H]+ (calculated for C51H87N4O10
+ 915.64167). 

 

Figure S4. HRMS peaks of rotaxane 1c: simulated (top) and experimental (bottom) isotopic patterns. 
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Rotaxane 1d 

 

Rotaxane 1d (anion: BArF‒; 24 mg, 13 μmol, 15%) was obtained according to Method B. Reaction conditions: 

2.5 eq. amine 4d, 70 °C, 5 days. Isolation: semi-preparative HPLC.  

1H NMR (400 MHz, CDCl3)* δ 8.39 (m, 1H, NH amide E,Z or E,E), 8.07 (m, 1H, NH amide? E,E or E,Z), 7.84 (m, 

1H, NH?), 7.70 (m, 9H, CH BArF + NH?), 7.61 ‒ 7.49 (m, 11H, CH Ar + CH BArF + CH amidinium + NH amidinium), 

7.17 (t, J = 5.7 Hz, 1H, CH Ar E,Z), 7.10 (t, J = 5.6 Hz, 2H, CH Ar E,E), 7.06 (t, J = 5.8 Hz, 1H), 3.75 ‒ 3.53 (m, 8H, 

CH2 E,Z + E,E)  3.48 (s, 32H, CH2 24C8 E,E), 3.44 (bs, 32H, CH2 24C8 E,Z), 1.31 (m, 36H, CH3 t-Bu E,Z + E,E). 

*The NMR spectrum contains signals from both isomers of the rotaxane – E,Z and E,E. The integrals for each isomer specified in 

parentheses are treated independently.  
13C NMR (126 MHz, CDCl3) δ 170.46, 170.18, 161.83 (q, 1JB‒C = 49.9 Hz, CAr BArF), 159.56, 155.07, 151.72, 

151.64, 151.60, 134.93 (CAr BArF), 134.12, 133.45, 133.33, 129.03 (q, 2JC‒F = 31.5 Hz, CAr BArF), 126.53, 126.44, 

126.32, 124.70 (q, 1JC‒F = 273 Hz, CF3 BArF), 121.59, 121.38, 121.31, 117.61 (m, CAr BArF), 70.71, 70.64, 47.73, 

47.63, 42.73, 40.23, 40.21, 38.13, 35.10, 31.44, 31.42. 

HRMS (ESI): m/z 915.63920 [M+H]+ (calculated for C51H87N4O10
+ 915.64167). 

 

Figure S5. HRMS peaks of rotaxane 1d: simulated (top) and experimental (bottom) isotopic patterns. 
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Rotaxane 1e 

 

Rotaxane 1e (anion: BArF‒; 27 mg, 14 μmol, 15%) was obtained according to Method A. Reaction conditions: 

3.0 eq. amine 4e, solvent – PhMe, 70 °C, 5 days. Isolation: semi-preparative HPLC. 

1H NMR (400 MHz, CDCl3)* δ 8.05 (t, J = 13.5 Hz, 1H, CH amidinium E,E), 7.70 (m, 10H, CH BArF + CH amidinium 

+ NH amidinium), 7.52 (bs, 4H, CH BArF), 7.41 ‒ 7.31 (m, 3H, CH Ar + NH?), 7.13 – 7.03 (m, 4H, CH Ar), 5.89 

(bs, 2H, NH amide E,E), 5.68 (m, 2H, NH amide E,Z), 4.45 – 4.34 (m, 4H, CH2 benzylic), 3.69 – 3.42 (m, 32H, 

CH2 24C8), 3.27 (m, 4H, CH2N), 2.22 (m, 4H, CH2CO), 1.70 (m, 4H, CH2), 1.62 (m, 4H, CH2), 1.42 (m, 4H, CH2), 

1.31 (m, 36H, CH3 t-Bu E,Z + E,E). 

*The NMR spectrum contains signals from both isomers of the rotaxane – E,Z and E,E. The integrals for each isomer specified in 

parentheses are treated independently. 
13C NMR (126 MHz, CDCl3) δ 172.23, 161.83 (q, 1JB‒C = 49.9 Hz, CAr BArF), 153.85, 151.61, 137.21, 134.93 (CAr 

BArF), 129.05 (q, 2JC‒F = 31.5 Hz, CAr BArF), 124.69 (q, 1JC‒F = 273 Hz, CF3 BArF), 122.34, 122.25, 122.02, 117.60 

(m, CAr BArF), 70.95, 70.81, 70.04, 47.88, 46.84, 44.54, 41.44, 36.32, 35.00, 31.55, 31.44, 30.00, 29.94, 27.64, 

26.72, 26.25, 25.24, 25.20. 

HRMS (ESI): m/z 1027.76378 [M+H]+ (calculated for C59H103N4O10
+ 1027.76687). 

 

Figure S6. HRMS peaks of rotaxane 1e: simulated (top) and experimental (bottom) isotopic patterns. 
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Rotaxane 1f 

 

Rotaxane 1f (anion: BPh4
‒; 20 mg, 14 μmol, 20%) was obtained according to Method A. Reaction conditions: 

2.0 eq. amine 4f, solvent – THF, 45 °C, 4 days. Isolation: preparative TLC (silica gel, CH2Cl2/MeOH = 97:3). 

For NMR analysis and further experiments, 1f was converted to BArF form. 

1H NMR (400 MHz, CDCl3)* δ 8.26 – 8.15 (m, 2H, CH amidinium E,E + NH amidinium), 8.01 (m, 1H, NH), 7.89 

(m, 1H, NH), 7.74 – 7.63 (m, 9H, CH BArF + CH amidinium E,Z), 7.52 (bs, 4H, CH BArF), 7.32 ‒ 7.11 (m, 34H, CH 

Ar), 6.75 (t, J = 8.6 Hz, 4H, CH Ar), 4.16 (t, J = 5.2 Hz, 2H, CH2O E,Z), 4.07 (m: 2H, CH2O E,Z + 4H, CH2O E,E), 

3.74 (m: 2H, CH2N E,Z + 4H, CH2N E,E), 3.66 (q, J = 5.3 Hz, 2H, CH2N E,Z), 3.47 (s, 32H, CH2 24C8 E,E), 3.45 (s, 

32H, CH2 24C8 E,Z). 

*The NMR spectrum contains signals from both isomers of the rotaxane – E,Z and E,E. The integrals for each isomer specified in 

parentheses are treated independently. 
13C NMR (126 MHz, CDCl3) δ 161.83 (q, 1JB‒C = 49.9 Hz, CAr BArF), 159.97, 156.16, 156.04, 155.82, 155.66, 

146.98, 146.94, 140.55, 140.50, 140.36, 134.94 (CAr BArF), 132.60, 132.54, 131.13, 129.05 (q, 2JC‒F = 31.5 Hz, 

CAr BArF), 128.08, 127.66, 127.43, 126.15, 124.70 (q, 1JC‒F = 273 Hz, CF3 BArF), 117.61 (m, CAr BArF), 113.45, 

113.30, 113.23, 70.79, 70.67, 66.42, 65.87, 64.78, 64.51, 46.87, 46.58, 41.30. 

HRMS (ESI): m/z 1121.58650 [M+H]+ (calculated for C71H81N2O10
+ 1121.58857). 

 

Figure S7. HRMS peaks of rotaxane 1f: simulated (top) and experimental (bottom) isotopic patterns. 
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Rotaxane 1g 

 

Rotaxane 1g (HPLC yield: 42%) was synthesized according to Method A. Reaction conditions: 3.0 eq. amine 

4g, solvent – THF, 50 °C, 3 days. HPLC yield was calculated using 1,2,4,5-tetramethylbenzene as an internal 

standard and a corresponding calibration curve for thread 2g (it was assumed that molar absorptivities of the 

rotaxane and the free thread are equal; see Section 3, “Reaction monitoring”). 

HRMS (ESI): m/z 1177.65000 [M+H]+ (calculated for C75H89N2O10
+ 1177.65117). 

 

Figure S8. HRMS peaks of rotaxane 1g: simulated (top) and experimental (bottom) isotopic patterns. 

 

 

Figure S9. HPLC chromatogram of the reaction mixture of 1g synthesis (3rd day). Shaded peak (grey) corresponds to 
rotaxane 1g. 
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Rotaxane 1h 

 

Rotaxane 1h (HPLC yield: 26%) was synthesized according to Method A. Reaction conditions: 3.0 eq. amine 

4h, solvent – PhMe, 75 °C, 3 days. HPLC yield was calculated using 1,2,4,5-tetramethylbenzene as an internal 

standard and a corresponding calibration curve for thread 2h (it was assumed that molar absorptivities of 

the rotaxane and the free thread are equal; see Section 3, “Reaction monitoring”). 

HRMS (ESI): m/z 1073.65736 [M+H]+ (calculated for C61H97N2O10Si2
+ 1073.66763). 

 

Figure S10. HRMS peaks of rotaxane 1h: simulated (top) and experimental (bottom) isotopic patterns. 

 

 

Figure S11. HPLC chromatogram of the reaction mixture of 1h synthesis (3rd day). Shaded peak (grey) corresponds to 
rotaxane 1h. 
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Rotaxane 1i 

 

Rotaxane 1i (HPLC yield: 10%) was synthesized according to Method A. Reaction conditions: 3.0 eq. amine 

4f, solvent – THF, 50 °C, 3 days. HPLC yield was calculated using 1,2,4,5-tetramethylbenzene as an internal 

standard and a corresponding calibration curve for thread 2f (it was assumed that molar absorptivities of the 

rotaxane and the free thread are equal; see Section 3, “Reaction monitoring”). 

HRMS (ESI): m/z 1165.61468 [M+H]+ (calculated for C73H85N2O11
+ 1165.61479). 

 

Figure S12. HRMS peaks of rotaxane 1i: simulated (top) and experimental (bottom) isotopic patterns. 

 

 

Figure S13. HPLC chromatogram of the reaction mixture of 1i synthesis (3rd day). Shaded peak (grey) corresponds to 
rotaxane 1i. 
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Rotaxane 1j 

 

Rotaxane 1j (HPLC yield: 12%) was synthesized according to Method A. Reaction conditions: 3.0 eq. amine 

4h, solvent – PhMe, 75 °C, 3 days. HPLC yield was calculated using 1,2,4,5-tetramethylbenzene as an internal 

standard and a corresponding calibration curve for thread 2h (it was assumed that molar absorptivities of 

the rotaxane and the free thread are equal; see Section 3, “Reaction monitoring”). 

HRMS (ESI): m/z 1117.68652 [M+H]+ (calculated for C63H101N2O11Si2+ 1117.69384). 

 

Figure S14. HRMS peaks of rotaxane 1j: simulated (top) and experimental (bottom) isotopic patterns. 

 

 

Figure S15. HPLC chromatogram of the reaction mixture of 1j synthesis (3rd day). Shaded peak (grey) corresponds to 
rotaxane 1j. 
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5. Tandem mass spectra of the amidinium [2]rotaxanes 

MS-MS spectra of rotaxanes 1a-c, 1e, 1h, 1j were measured on Bruker SolariX FT-ICR mass spectrometer 

(collision gas - Ar). MS-MS spectra of rotaxanes 1d, 1f, 1g and 1i were measured on Agilent QTOF 6546 mass 

spectrometer (collision gas – N2). 

The samples were prepared by 20 000-fold dilution of 1 μL of a reaction mixture of the corresponding 

rotaxane self-assembly in MeCN. A control sample (Figure S17) was prepared in the following way: a free 

thread was synthesized by stirring a mixture of FA·BPh4 (14.6 mg, 40 μmol, 1.0 eq.) and 3,5-di-tert-

butylbenzylamine (17.5 mg, 80 μmol, 2.0 eq.) in MeCN (200 μL) at r.t. for 3 days;  1 μL of the reaction mixture 

was diluted 20 000-fold in MeCN, and 24C8 (3.0 eq.) was added to the obtained sample prior to injection into 

the mass spectrometer. 

 

 

Figure S16. Left: Mass spectrum of 1a (isolated ion) before fragmentation. Right: MS-MS spectrum of 1a (collision energy 
– 40 V). CID – collision induced dissociation. 

 

Figure S17. Left: Mass spectrum of the non-interlocked complex between 2a and 24C8 (isolated ion) before 
fragmentation. Right: MS-MS spectrum of the non-interlocked complex (collision energy – 30 V). CID – collision induced 
dissociation. 
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Figure S18. Left: Mass spectrum of 1b (isolated ion) before fragmentation. Right: MS-MS spectrum of 1b (collision 
energy – 50 V). CID – collision induced dissociation. 

 

Figure S19. Left: Mass spectrum of 1c (isolated ion) before fragmentation. Right: MS-MS spectrum of 1c (collision energy 
– 50 V). CID – collision induced dissociation. 

 

Figure S20. Left: Mass spectrum of 1d (isolated ion) before fragmentation. Right: MS-MS spectrum of 1d (collision 
energy – 50 V). CID – collision induced dissociation. 
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Figure S21. Left: Mass spectrum of 1e (isolated ion) before fragmentation. Right: MS-MS spectrum of 1e (collision energy 
– 50 V). CID – collision induced dissociation. 

 

Figure S22. Left: Mass spectrum of 1f (isolated ion) before fragmentation. Right: MS-MS spectrum of 1f (collision energy 
– 50 V). CID – collision induced dissociation. 

 

Figure S23. Left: Mass spectrum of 1g (isolated ion) before fragmentation. Right: MS-MS spectrum of 1g (collision energy 
– 50 V). CID – collision induced dissociation. 
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Figure S24. Left: Mass spectrum of 1h (isolated ion) before fragmentation. Right: MS-MS spectrum of 1h (collision 
energy – 50 V). CID – collision induced dissociation. 

 

Figure S25. Left: Mass spectrum of 1i (isolated ion) before fragmentation. Right: MS-MS spectrum of 1i (collision energy 
– 50 V). CID – collision induced dissociation. 

 

Figure S26. Left: Mass spectrum of 1j (isolated ion) before fragmentation. Right: MS-MS spectrum of 1j (collision energy 
– 50 V). CID – collision induced dissociation.  
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6. Binding studies: NMR titrations 

Unless otherwise specified, NMR titrations were performed in CD3CN at 295 K on 400 MHz NMR 

spectrometer. The concentration of guest species (i.e., formamidinium (FA), N-3,5-di-tert-

butylbenzylformamidinium 3a and N,N'-dibenzylformamidine) was kept constant over the course of 

titrations while the concentration of the host – 24-crown-8 (24C8) – was gradually increased. In case of NH4
+ 

and 24C8, the opposite procedure was applied: the concentration of 24C8 was kept constant, while 

concentration of NH4
+ was gradually increased. Concentration of the guest species in stock solutions was 

determined by quantitative 1H NMR (qNMR) using dimethyl terephthalate as a standard (TraceCERT® NMR 

standard purchased from Sigma-Aldrich). Prior to NMR titrations, stock solutions of the titrated species were 

diluted with CD3CN in a 5 mm NMR tube to a desired concentration. Except for titration with NH4
+⊂24C8 

host-guest system, exact concentration of 24C8 at each stage of titration was calculated based on 

tetraphenylborate signal at δ 6.84 ppm in 1H NMR spectrum as an internal standard. 

Titration data was fitted with the online calculator Bindfit (http://supramolecular.org). All raw data, 

calculated fits and related data can be accessed online (see the web links below). 

Association constant for the pseudorotaxane formed from N,N'-dibenzylformamidinium S1 and 24C8 was 

determined by the single-point method: equilibrium concentrations of all species participating in the 

equilibrium could be determined by integration of the corresponding 1H NMR signals.16 Dimethyl 

terephthalate was used as an internal standard. 

6.1 Binding of 24-crown-8 to formamidinium ion 

 

 

Figure S27. Representative 1H NMR stack plot for titration of FA·BPh4 (2.0 mM) with 24C8 (0 – 2.50 eq.) in CD3CN.  
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Figure S28. Representative titration data for FA⊂24C8 host-guest system. Solvent: CD3CN. [FA]0 = 2.0 mM. (A) Fit of the 

titration data to 1:1 binding model. Fitting the data to 1:2 or 2:1 model resulted in high fit error and did not give 

reproducible results while analyzing repeated titrations. (B) Dependence of molar fractions of FA and FA⊂24C8 on 

relative amount of 24C8. (C) Residuals plot. 

Table S7. Association constants for formamidinium and 24C8 obtained by fitting the titration data to 1:1 binding model. 

Fit method: Nelder-Mead. Solvent: CD3CN. Temperature: 295 K. 𝑠/√𝑛 ‒ standard deviation of the mean, where s ‒ 

standard deviation, n ‒ number of measurements; t (0.05, 3) × 𝑠/√𝑛 ‒ 95% confidence interval, where t(0.05, n-1) ‒ Student’s 

t at 95% confidence level.17  

[FA·BPh4]tot, mM Ka , M-1 Fit error, % �̅�a, M-1 𝒔/√𝒏, M-1 t (0.05, 3) × 𝒔/√𝒏, M-1 

2.0 8970 ± 8.6 

9490 444 ± 1410 
2.0 8510 ± 9.4 

2.5 10400 ± 9.3 

3.0 10100 ± 9.6 

 

Table S8. Links to the raw titration data, calculated fits and statistical information for the fits. 

[FA·BPh4]tot , mM Web link 

2.0 http://app.supramolecular.org/bindfit/view/8c812370-2650-41c2-a69b-a082a8b9e8c7 

2.0 http://app.supramolecular.org/bindfit/view/cb0fd736-a705-4392-94fc-0f1fc423c299 

2.5 http://app.supramolecular.org/bindfit/view/c98715a0-eaa5-4e07-a3d8-65cad01b8214 

3.0 http://app.supramolecular.org/bindfit/view/a5306f26-0170-4e4b-9138-dd591ed7ac79 
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6.2 Binding of 24-crown-8 to N-3,5-di-tert-butylbenzylformamidinium ion (3a) 

 

Scheme S2. Host-guest and isomerization equilibria present during titration of 3a with 24C8. 

 

 

Figure S29. Representative 1H NMR stack plot for titration of 3a (3.0 mM) with 24C8 (0 – 5.0 eq. with respect to 3a) in 

CD3CN. Signal assignment to E or Z isomers is an educated guess based on comparison with 1H NMR spectrum of 2a in 

CD3CN. 
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Figure S30. Representative titration data for 3a⊂24C8 host-guest system. Solvent: CD3CN. [3a]0 = 3.0 mM. (A,D) Fit of 

the titration data for (A) Z isomer and (D) E isomer of 3a to 1:1 binding model. (B,E) Dependence of molar fractions of 

(B) 3a_Z and 3a_Z⊂24C8 or (E) 3a_E and 3a_E⊂24C8 on relative amount of 24C8. (C,F) Residuals plots. 

Important note. In order to fit the titration data to 1:1 binding model, the two host-guest equilibria (Scheme 

S2) were treated independently. Total concentrations of 3a_Z and 3a_E were calculated based on known 

total concentration of 3a and molar ratio of 3a_Z and 3a_E (obtained from integration of the corresponding 

signals in 1H NMR spectrum) at each step of the titration. On the other hand, the same total concentration 

of 24C8 was used to fit the data for both isomers of 3a, yet it is clear that the true “total” concentration of 

24C8 that has to be used for data fitting for each isomer must be smaller (since 1:1 binding model does not 

account for additional equilibria with host or guest; in our case – binding of 24C8 to the second isomer is not 

considered during data fitting). However, since only a small fraction of 24C8 is bound to 3a at each step of 

the titration, a decrease in the concentration of 24C8 due to the competing binding can be considered (in the 

first approximation) as insignificant. Nevertheless, the obtained association constants (vide infra) should be 

considered as a rough estimation rather than a precise value.  
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Table S9. Approximate association constants for N-3,5-di-tert-butylbenzylformamidinium (3a) and 24C8 obtained by 

fitting the titration data according to 1:1 binding model. Fit method: Nelder-Mead. Solvent: CD3CN. Temperature: 295 

K. 𝑠/√𝑛 ‒ standard deviation of the mean, where s ‒ standard deviation, n ‒ number of measurements; t (0.05, 3) × 𝑠/√𝑛 

‒ 95% confidence interval, where t(0.05, n-1) ‒ Student’s t at 95% confidence level.17  

[3a]tot, 
mM 

K Z , M-1 K E , M-1 �̅� Z, M-1 
𝒔/√𝒏, 

M-1 

t (0.05, 3) × 

× 𝒔/√𝒏, M-1 
�̅�E , M-1 

𝒔/√𝒏, 
M-1 

t (0.05, 3) × 

× 𝒔/√𝒏, M-1 

3.0 83 281 

86 4 19 285 7 32 3.0 81 274 

1.1 95 299 

 

Table S10. Links to the raw titration data, calculated fits and statistical information for the fits. 

[3a]tot , mM Web link 

3.0 (Z) http://app.supramolecular.org/bindfit/view/7fc33aba-c611-4cfe-85a0-931f9c4ab71f  

3.0 (E) http://app.supramolecular.org/bindfit/view/76e7f9bf-65c0-4110-befa-8d16184dc6ed  

3.0 (Z) http://app.supramolecular.org/bindfit/view/68f2a4b3-ad5d-48ba-91ee-d300f0775f58  

3.0 (E) http://app.supramolecular.org/bindfit/view/186db8bc-9c03-47b2-866e-e6c9446e0454  

1.1 (Z) http://app.supramolecular.org/bindfit/view/82f50ff7-08e5-4bce-a2b1-fe2a5e475889  

1.1 (E) http://app.supramolecular.org/bindfit/view/815f8460-f4d7-44d1-844a-60d1fa40d297  
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6.3 Binding of 24-crown-8 to N,N'-dibenzylformamidinium ion (S1) 

 

Scheme S3. Host-guest and isomerization equilibria present in the mixture of S1 and 24C8. 

 

 

Figure S31. Representative partial 1H NMR spectra of S1 (10 mM in CD3CN) at 295 K before (bottom) and after (top) 

addition of 24C8 (1.0 eq.). For convenience of representation, the right and the left part of the NMR spectra are not to 

scale (left part – 20x zoom with respect to the right part). 
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𝐾𝑖 =
[𝑺𝟏_𝐸, 𝑍]

[𝑺𝟏_𝐸, 𝐸]
 𝐾𝐸,𝑍 =

[𝑺𝟏_𝐸, 𝑍 ⊂ 𝟐𝟒𝐂𝟖]

[𝑺𝟏_𝐸, 𝑍][𝟐𝟒𝐂𝟖]
 𝐾𝐸,𝐸 =

[𝑺𝟏_𝐸, 𝐸 ⊂ 𝟐𝟒𝐂𝟖]

[𝑺𝟏_𝐸, 𝐸][𝟐𝟒𝐂𝟖]
 

 

Due to slow exchange on the NMR timescale (association/dissociation and isomerization equilibria), 

equilibrium concentrations of both isomers of the pseudorotaxane – S1_E,E⊂24C8 and S1_E,Z⊂24C8 – as 

well as equilibrium concentration of the free 24C8 and total concentration ctot of all isomers of complexed 

and free S1 (thread) could be determined by integration of the corresponding signals in 1H NMR spectrum. 

Equilibrium concentrations of both isomers of the free thread were calculated according to equations S1 and 

S2: 

[𝑺𝟏_𝐸, 𝐸]𝑡𝑜𝑡 = [𝑺𝟏_𝐸, 𝐸] + [𝑺𝟏_𝐸, 𝐸 ⊂ 𝟐𝟒𝐂𝟖] 

[𝑺𝟏_𝐸, 𝑍]𝑡𝑜𝑡 = [𝑺𝟏_𝐸, 𝑍] + [𝑺𝟏_𝐸, 𝑍 ⊂ 𝟐𝟒𝐂𝟖] 

𝑐𝑡𝑜𝑡 = [𝑺𝟏_𝐸, 𝐸]𝑡𝑜𝑡 + [𝑺𝟏_𝐸, 𝑍]𝑡𝑜𝑡 

𝑐𝑡𝑜𝑡 = [𝑺𝟏_𝐸, 𝐸] + 𝐾𝑖[𝑺𝟏_𝐸, 𝐸] + [𝑺𝟏_𝐸, 𝐸 ⊂ 𝟐𝟒𝐂𝟖] + [𝑺𝟏_𝐸, 𝑍 ⊂ 𝟐𝟒𝐂𝟖] 

[𝑺𝟏_𝐸, 𝐸] =
𝑐𝑡𝑜𝑡 − ([𝑺𝟏_𝐸, 𝐸 ⊂ 𝟐𝟒𝐂𝟖] + [𝑺𝟏_𝐸, 𝑍 ⊂ 𝟐𝟒𝐂𝟖])

1 + 𝐾𝑖
 (S1) 

[𝑺𝟏_𝐸, 𝑍] = 𝐾𝑖[𝑺𝟏_𝐸, 𝐸] (S2) 

Isomerization constant Ki could be calculated from the 1H NMR spectrum of the free thread in CD3CN via 

integration of benzylic signals of E,E- and E,Z-isomer. Binding constants KE,Z and KE,E were calculated as the 

mean of the constants obtained from separate measurements at different total concentrations of the thread 

(ctot) and 24C8. 

Table S11. Association constants for N,N'-dibenzylformamidinium and 24C8 determined by the single-point method.16 

Solvent: CD3CN. Temperature: 295 K. 𝑠/√𝑛 ‒ standard deviation of the mean, where s ‒ standard deviation, n ‒ number 

of measurements; t (0.05, 3) × 𝑠/√𝑛 ‒ 95% confidence interval, where t(0.05, n-1) ‒ Student’s t at 95% confidence level.17  

ctot , 
mM 

[24C8]tot, 
mM 

KE,Z , M-1 KE,E , M-1 �̅�E,Z, M-1 
𝒔/√𝒏 , 

M-1 

t (0.05, 5) × 

× 𝒔/√𝒏 , M-1 
�̅�E,E, M-1 

𝒔/√𝒏 
, M-1 

t (0.05, 5) × 

× 𝒔/√𝒏 , M-1 

3.0 3.0 28 32 

24 1 ± 3 32 1 ± 2 

3.0 4.6 28 31 

6.6 5.9 21 31 

10 5.0 21 29 

10 10 24 32 

10 15 24 35 
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Figure S32. 1H NMR stack plot of the spectra of S1 (3 mM) in CDCl3/CD3CN (95:5 by volume) at 295 K before (top) and 

after (bottom) addition of 24C8 (1.0 eq., 3 mM). In the lower spectrum, the right and the left part are not to scale (left 

part – 10x zoom with respect to the right part). Green signals correspond to E,Z-isomers and orange signals – to E,E-

isomers. Underneath the NMR stack plot – a DOSY spectrum of the mixture of S1 and 24C8, which confirms the 

formation of the pseudorotaxane. We expect the free thread and the corresponding pseudorotaxane to have very close 

hydrodynamic radii and, consequently, diffusion coefficients. It is worth mentioning that, as expected, in CDCl3/CD3CN 

(95:5 v/v), the binding constant for S1 and 24C8 is higher compared to pure CD3CN (more 24C8 is converted to 

pseudorotaxane). 
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6.3.1 Binding of 24-crown-8 to thread S1 and amine 4a: competition experiment 

It is known that aliphatic amines and their ammonium salts can bind to crown ethers including 24C8.18 Such 

interactions may interfere with binding of 24C8 to the amidinium moiety and, eventually, with the overall 

rotaxane self-assembly by the amidinium exchange. In order to check if a primary amine interferes with 

association of 24C8 and N,N'-dialkylamidinium thread, 3,5-di-tert-butylbenzylamine 4a (1.0 eq. with respect 

to S1, i.e. 6.9 μL of 0.35 M stock solution of the amine in CD3CN) was added to a solution of S1 (3 mM in 

CD3CN, 800 μL) containing 24C8 (1.5 eq. with respect to S1, i.e. 3.6 mmol). Indeed, the amount of the 

pseudorotaxane decreased ~ 1.5-fold and the amine benzylic signal in 1H NMR spectrum shifted downfield 

indicating that the amino group was partially protonated (Figure S33). 

 

 

 

Figure S33. 1H NMR (400 MHz, CD3CN, 295 K) stack plot of the spectra of 4a (top), a mixture of S1 (1.0 eq., 3 mM) and 
24C8 (1.5 eq., 4.5 mM) (middle), and the same mixture after addition of 4a (1.0 eq., 3 mM). Orange signals: CH2 signals 
of 24C8 in E,E- and E,Z-isomers of the pseudorotaxane. Purple signals: benzylic CH2 signals of 4a. A singlet at 3.9 ppm – 
CH3 signal of the internal standard (dimethyl terephthalate). 
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6.4 Binding of 24-crown-8 to N,N'-dibenzylformamidine 

 

 

Figure S34. 1H NMR (500 MHz, 300 K) stack plot for titration of N,N'-dibenzylformamidine (5.0 mM) with 24C8 (0 – 

77 eq.) in CD3CN. N,N'-Dibenzylformamidine was obtained by deprotonation of S1 (BPh4
‒ salt, 1.0 eq.) with NBu4OH 

(1.0 M solution in MeOH, 1.0 eq.) in THF. After removal of all volatiles under reduced pressure and thorough drying 

under high vacuum, the residue containing N,N'-dibenzylformamidine and NBu4BPh4 was used as it is for the titration 

with 24C8. 1H NMR signals marked purple and orange correspond to CH protons from BPh4
‒ and CH3 protons from NBu4

+ 

respectively. Peaks at 7.66 – 7.70 ppm are minor impurities from 24C8.  
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Figure S35. Changes of the chemical shift of (A) amidine benzylic CH2 signals, (B) amidine CH signals, (C) BPh4
‒ CH signals 

and (D) NBu4
+ CH3 signals upon addition of 24C8 (0 – 77 eq.) to N,N'-dibenzylformamidine (5.0 mM) in CD3CN. The 

titration data could not be properly fitted to any binding model due to linear dependence of the chemical shift on the 

relative amount of the host species (24C8). Moreover, the signals from BPh4
‒ and NBu4

+ also showed linear dependence 

on the relative amount of 24C8 added. This evidence indicates that there is no specific binding between N,N'-

dibenzylformamidine and 24C8 in CD3CN and the observed change in chemical shift was mainly due to the change in 

medium polarity upon addition of 24C8 (at the end of the titration, the final content of 24C8 in the solution was 11 vol%). 
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6.5 Binding of 24-crown-8 to ammonium ion 

 

 

Figure S36. Representative 1H NMR (500 MHz, 300 K) stack plot for titration of 24C8 (0.25 mM) with NH4BPh4 (0 – 6.69 

equiv.) in CD3CN. Peak asymmetry is due to poor shimming. 
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Figure S37. Representative titration data for NH4
+⊂24C8 host-guest system. Solvent: CD3CN. [24C8]0 = 0.25 mM. (A) Fit 

of the titration data to 1:1 binding model. (B) Dependence of molar fractions of 24C8 and NH4
+⊂24C8 on relative amount 

of NH4BPh4. (C) Residuals plot. 

Table S12. Association constants for ammonium and 24C8 obtained by fitting the titration data to 1:1 binding model. 

Fit method: Nelder-Mead. Solvent: CD3CN. Temperature: 300 K. 𝑠/√𝑛 ‒ standard deviation of the mean, where s ‒ 

standard deviation, n ‒ number of measurements; t (0.05, 3) × 𝑠/√𝑛 ‒ 95% confidence interval, where t(0.05, n-1) ‒ Student’s 

t at 95% confidence level.17  

[24C8]tot , mM Ka, M-1 Fit error, % �̅�a, M-1 𝒔/√𝒏 , M-1 t (0.05, 2) × 𝒔/√𝒏 , M-1 

0.5 21000 ± 5.5 

21500 1460 ± 6270 0.5 19300 ± 5.6 

0.25 24300 ± 1.2 

 

Table S13. Links to the raw titration data, calculated fits and statistical information for the fits. 

[24C8]tot , mM Web link 

0.5 http://app.supramolecular.org/bindfit/view/f82bbf7d-15d0-4338-91dd-a70c18ae2292  

0.5 http://app.supramolecular.org/bindfit/view/a47125b1-6bbc-4a37-8fbf-4c03e6dc3f3e  

0.25 http://app.supramolecular.org/bindfit/view/2a67b50f-fa9b-43e6-85c2-5ee7e713b8c9  
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7. Studies of the reaction pathway of the amidinium [2]rotaxanes self-assembly 

All reactions described in this section were performed according to the general procedure (see Section 3, 

“General synthesis procedure”) and were monitored by LCMS. HPLC yields and compositions of the reaction 

mixtures were calculated using calibration curves (Figure S38); internal standard – 1,2,4,5-

tetramethylbenzene. 

In case of kinetic studies at elevated temperature, the reactions were performed in 0.4 mL HPLC vial inserts 

placed inside screw-cap 1.5 mL HPLC vials; PhMe (400 μL) was present in the space between the insert and 

HPLC vial walls to provide better heat transfer between an oil/sand bath and the vial insert. Samples for LCMS 

analysis were prepared by unscrewing a cap of the HPLC vial, taking an aliquot (1 μL) from the reaction 

mixture with an Eppendorf pipette and tightly closing the vial. The aliquote was then diluted with 1 mL MeCN 

and subjected to LCMS analysis. 

 

Figure S38. HPLC calibration curves for (A) thread 2a, (B) half-thread 3a, (C) N,N'-dibenzylformamidinium S1, (D) 

rotaxane 1a, (E) amine 4a, (F) benzylamine. Internal standard – 1,2,4,5-tetramethylbenzene. nst/nx – molar ratio 

between the standard and the calibrated compound; Ast/Ax – ratio of chromatographic peak areas of the standard and 

the calibrated compound.  
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7.1. Kinetic studies of the self-assembly of [2]rotaxanes via amidinium exchange 

7.1.1 Rotaxane self-assembly starting from FA∙BPh4 

 

 

Scheme S4. Simplified reaction pathway towards rotaxane 1a starting from FA·BPh4 and amine 4a. 

 

 

Figure S39. LCMS monitoring of the formation of rotaxane 1a from FA·BPh4 and amine 4a at room temperature over 

long time. Reaction conditions: 1.0 eq. FA·BPh4 (12.8 mg, 35 μmol, 0.2 M), 2.0 eq. 24C8 (24.7 mg, 70 μmol), 3.0 eq. 

amine 4a (23.0 mg, 105 μmol); solvent –THF (150 μL); r.t. (A) Change of rotaxane molar percentage χ (for definition, see 

Section 3) over time. (B) Change of the relative content of 1a and 2a in the reaction mixture over time. The lines are 

shown to guide the eye. After 2111 h, NMR yield of 1a based on 24C8 was 32% (16 mol% of 24C8 converted to 1a based 

on integration of the crown ether CH2 signals). (C) Change of relative content of 4a in the reaction mixture over time. 

Relative content of all species (panels B and C) was calculated as a ratio between chromatographic peak areas of the 

species of interest and BPh4
‒ as an internal standard. The data shown in the graphs suggests that even though rotaxane 

molar percentage χ keeps increasing, after ~500 h (20 days) decrease of the thread amount is not linked anymore to 

increase of the rotaxane amount. We attribute this to slow degradation (hydrolysis?) of the thread over extended 

periods of time, which clearly showcases much higher stability of 1a compared to 2a. 
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Figure S40. LCMS monitoring of the rotaxane 1a self-assembly from FA·BPh4 and amine 4a at elevated temperature. 

Reaction conditions: 1.0 eq. FA·BPh4 (13.5 mg, 37 μmol, 0.2 M), 2.0 eq. 24C8 (26.2 mg, 74 μmol), 2.0 eq. amine 4a (16.3 

mg, 74 μmol); solvent – PhMe/THF (4:6 v/v, total volume – 160 μL); oil bath temperature – 70 °C. After 101 h, 24C8 (0.3 

eq. – amount that had been consumed to form 1a) and NH3 (0.8 eq., as 0.5 M solution in THF) were added. After next 

65 h, NH2OH (0.5 eq., 50% solution in H2O) was added. Amounts of 1a, 2a, 3a and 4a (in mol% with respect to the initial 

amount of FA·BPh4) were determined using 1,2,4,5-tetramethylbenzene as an internal standard. The lines are shown to 

guide the eye. 

 

7.2.2. Conversion of the amidinium free thread to the rotaxane 

 

 

Scheme S5. Synthesis of rotaxane 1a starting from 2a, NH3 and 24C8 used for kinetic studies (Figure S41). 

 

 

Scheme S6. Simplified reaction pathway towards rotaxane 1a starting from thread 2a and NH3. 
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Figure S41. LCMS monitoring of the rotaxane 1a self-assembly from 2a and NH3 at elevated temperature. Reaction 

conditions: 1.0 eq. 2a (9.5 mg, 12 μmol, 0.2 M), 2.6 eq. 24C8 (11.1 mg, 31 μmol), 2.0 eq. NH3 (0.5 M solution in THF, 

47 μL); solvent – PhMe/THF (4:6 v/v); oil bath temperature – 70 °C. After 150 h, 24C8 (0.2 eq.) and NH3 (0.2 eq., as 0.5 

M solution in THF) were added. After next 14 h, NH3 (0.7 eq., as 0.5 M solution in THF) was added again. Every time the 

reaction mixture was taken for LCMS analysis, the screw-cap HPLC vial was kept open (for 10‒15 seconds) and small 

amount of NH3 could escape the reaction vessel. Amounts of 1a, 2a, 3a and 4a (in mol% with respect to the initial 

amount of 2a) were determined using 1,2,4,5-tetramethylbenzene as an internal standard. The lines are shown to guide 

the eye. 

 

7.2. Influence of NH3 release/addition during the reaction on the rotaxane yield 

7.2.1. NH3 release during the rotaxane synthesis 

We hypothesized that one of the key driving forces of the rotaxane formation was release of NH3 from the 

reaction system. Therefore, we decided to check if releasing NH3 during the reaction (by regularly opening 

the reaction vessel) would facilitate rotaxane formation. Indeed, whenever we regularly opened screw-cap 

HPLC vials, where the rotaxane synthesis was carried out, we could achieve higher rotaxane yields compared 

to syntheses, where the HPLC vials were kept tightly closed all the time (Table S14).  

Table S14. Content of rotaxane 1a and thread 2a in the reaction mixture of the rotaxane synthesis starting from FA·BPh4 

and amine 4a. For both entries, the reagent and solvent amounts as well as the temperature were the same as in the 

experiment from Figure S40. The only difference in the reaction conditions is indicated in the table. Amounts of 1a and 

2a were determined using 1,2,4,5-tetramethylbenzene as an internal standard. The reactions were performed in 

duplicates (hence entries a and b). 

Entry Difference in reaction conditions Thread, mol% Rotaxane, mol% 

1a The reaction vessel was tightly closed 
during the reaction and opened for LCMS 
analysis only after 100 h. 

38 20 

1b 38 20 

2a The reaction vessel was regularly opened 
to release NH3 and take an aliquot of the 
reaction mixture for HPLC analysis. 

32 33 

2b 32 30 
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7.2.2. NH3 addition during the rotaxane synthesis 

Knowing that NH3 is important for conversion of the amidinium threads to the amidinium rotaxanes and 

taking into account that release of NH3 from the reaction system also facilitates rotaxane formation, we 

decided to check if pulsed addition of substoichiometric  amounts of NH3 would result in increased yield of 

the rotaxane. When we started from a reaction mixture of the synthesis of 1a, where equilibrium 

concentrations of 1a and 2a are mostly reached and substantial amount of NH3 is removed from the reaction 

due to regular opening of the reaction vessel (Figure S40, ≈ 100 h), and regularly added NH3 (0.5 M solution 

in THF), the amount of 1a indeed slightly increased, but then remained unchanged (Figure S42). However, 

amount of 2a constantly decreased, which was due to 1) conversion of 2a into 3a and 2) slow degradation of 

2a or 3a (e.g., hydrolysis). 

 

 

Figure S42. LCMS monitoring of the rotaxane 1a self-assembly using pulsed additions of substoichiometric amounts of 

NH3. Reaction conditions: 1.0 eq. FA·BPh4 (13.5 mg, 37 μmol, 0.2 M), 2.0 eq. 24C8 (26.2 mg, 74 μmol), 2.0 eq. amine 4a 

(16.3 mg, 74 μmol); solvent – PhMe/THF (4:6 v/v, total volume – 160 μL); bath temperature – 70 °C. Time 0 h on the 

graph corresponds to 100 h after the standard synthesis (as in Figure S40). NH3 was added as 0.5 M solution in THF. The 

reaction mixture was stirred at 70 °C (Tbath). A needle was inserted into the screw-cap HPLC vial cap in order to allow 

slow release of NH3. Fresh portions of THF were occasionally added to maintain constant volume of the reaction mixture. 

Amounts of 1a and 2a (in mol% with respect to the initial amount of FA·BPh4) were determined using 1,2,4,5-

tetramethylbenzene as an internal standard. 
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Figure S43. LCMS monitoring of the rotaxane 1a self-assembly using (Me3Si)2NH as a source of NH3. Reaction conditions: 

1.0 eq. FA·BPh4 (13.5 mg, 37 μmol, 0.2 M), 2.0 eq. 24C8 (26.2 mg, 74 μmol), 2.0 eq. amine 4a (16.3 mg, 74 μmol); solvent 

– PhMe/THF (4:6 v/v, total volume – 160 μL); bath temperature – 70 °C. Time 0 h on the left side of the graph 

corresponds to 100 h after the rotaxane synthesis in a tightly closed screw-cap vial and 1 day of stirring at 70 °C open 

air (the reaction mixture from Entry 1a in Table S14 was used). At first, 0.2 eq. (Me3Si)2NH (1.6 μL) were added and the 

reaction mixture was stirred  at 70 °C  (Tbath) in a closed vial. After 72 h, the reaction mixture was cooled down to r.t. 

and kept for 6 days w/o stirring (break in the graph corresponds to this period). At the second time 0 h, 5 eq. (Me3Si)2NH 

(40 μL) were added and the reaction mixture was stirred  at 70 °C  (Tbath) in a closed vial for 96 h. Amounts of 1a and 2a 

(in mol% with respect to the initial amount of FA·BPh4) were determined using 1,2,4,5-tetramethylbenzene as an 

internal standard. The lines are shown to guide the eye. 

Conclusion. Addition of (Me3Si)2NH did improve the rotaxane yield, however, prolonged stirring of the reaction mixture 

with excess of (Me3Si)2NH led to decrease of the rotaxane amount. Even though it is not fully clear what caused the 

observed effect – released NH3, change in the medium polarity (due to (Me3Si)2NH) or something else – this experiment 

demonstrates that further improvement of the yields of the amidinium rotaxanes is potentially possible. 

 

7.3. Rotaxane yield dependence on formamidinium salt, crown ether and amine 

7.3.1. DPFA as an exchange substrate 

Initial attempts to synthesize amidinium [2]rotaxanes using N,N'-diphenylformamidinium (DPFA) (Scheme 

S7) were performed at room temperature (anion: BF4
‒). The reaction proceeds through the formation of the 

mono-exchange product (half-thread and semirotaxane, Scheme S8) and subsequent formation of two-fold 

exchange product (thread and/or rotaxane, Scheme S8). We observed fast formation of the mono-exchange 

product and slower formation of the thread, however, there was only trace amount of the rotaxane (Figure 

S44). This can be attributed to very low reactivity of the semirotaxane, where the amidinium electrophilic 

carbon is sterically hindered by the crown ether and, additionally, by the phenyl ring. Therefore, we carried 

out the rotaxane synthesis at elevated temperatures. This time we were able to observe the rotaxane 

formation, but in extremely low yields (Table S15, entries 2 and 3). We hypothesized that the anion – BF4
‒ ‒ 

might also be a reason for the low yields of rotaxane 1a: BF4
‒ can potentially compete with 24C8 for the 

binding to the amidinium moiety,19 thus impeding formation of the semirotaxane. Indeed, with DPFA∙BArF 

the reaction afforded a tangible amount of 1a; however, the yield was still much lower than in case of 

FA∙BPh4. Interestingly, the rotaxane molar percentage χ (see Section 3 for the definition) was 63% after 9 

days (Table S15, Figure S45). This reflects higher thermodynamic stability of the rotaxane in comparison to 

the free thread. However, the total HPLC yield of both thread 2a and rotaxane 1a was only 22% (on the 9th 

day). This might indicate that both DPFA and the half-thread are kinetically and thermodynamically stabilized 

due to strong binding to 24C8. In addition, the reaction by-product – aniline – is always present in the system 



S55 
 

and cannot strongly bind to 24C8. This means that aniline can also participate in the amidinium exchange, 

thus shifting the overall equilibrium towards starting materials. 

 

Scheme S7. Amidinium rotaxane synthesis starting from DPFA. 

 

Scheme S8. Reaction pathway of the amidinium rotaxane synthesis using DPFA as an exchange substrate. 

 

Figure S44. HPLC chromatograms of the attempted rotaxane self-assembly using N,N'-diphenylformamidinium 

tetrafluoroborate (DPFA·BF4) as an exchange substrate. Reaction conditions: 1.0 eq. DPFA·BF4 (0.2 M), 3.0 eq. amine 

4a, 2.0 eq. 24C8; solvent – THF; r.t. For comparison, an HPLC chromatogram of the successful rotaxane self-assembly is 

shown (bottom). For color code, see Scheme S8.  
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Table S15. Summary of attempted amidinium rotaxane syntheses using DPFA as an exchange substrate. HPLC yield was 

determined on the 3rd day using 1,2,4,5-tetramethylbenzene as an internal standard. 

Entry Temperature, °C Solvent Anion 
Amine amount, 

equiv. 
24C8 amount, 

equiv. 
HPLC yield, % 

1 23 THF BF4
‒ 3.0 2.0 trace amount 

2 80 PhMe BF4
‒ 3.0 2.0 <5 

3 65 PhMe/THF* BF4
‒ 2.0 2.0 <5 

4 70 PhMe/THF* BArF‒ 2.0 2.0 9** 

*4:6 by volume. 

**After 9 days, the rotaxane yield was 14% and rotaxane molar percentage χ (see Section 3 for the definition) was 

63%. 

 

Figure S45. HPLC chromatogram of the rotaxane self-assembly (9th day) using N,N'-diphenylformamidinium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (DPFA·BArF) as an exchange substrate. Reaction conditions: 1.0 eq. DPFA·BArF 

(0.2 M), 2.0 eq. amine 4a, 2.0 eq. 24C8; solvent – PhMe/THF (4:6 by volume); 70 °C. For color code, see Scheme S8. 

DPFA·BArF was prepared from DPFA·BF4 according to the general procedure for ion exchange (Section 4). 

7.3.2. DMFA as an exchange substrate 

Amidinium rotaxane synthesis starting from DMFA∙BPh4 (Scheme S9) either at room or elevated temperature 

was not successful (Table S16). For entry 2 (Table S16), composition of the key reaction species on the 3rd day 

of the reaction was the following: 1 mol% rotaxane 1a, 8 mol% thread 2a, 35 mol% half-thread (product of 

monoexchange) and 111 mol% of amine 4a (all molar percentages with respect to the initial amount of 

DMFA∙BPh4). Release of MeNH2 from the reaction mixture did not significantly improve the rotaxane yield 

(Table S17). We suggest two possible reasons for these observations. First, N,N'-dialkylformamidinium ions 

are less reactive toward benzylamines than unsubstituted formamidinium ions (Figure S47). This leads to low 

expected yields even of the non-interlocked product of the double exchange (2a) (hence, high amount of the 

unreacted amine). Second, in thermodynamical sense, DMFA and 2a are very similar in terms of binding to 

24C8 (the binding motif in both amidinium ions is virtually the same; the only difference between crown 

ether complexes of DMFA and 2a is that in the latter case 24C8 is kinetically trapped). Since the rotaxane 

self-assembly by the amidinium exchange is under thermodynamic control, formation of substantial amounts 

of 1a from DMFA is rather unlikely. We confirmed the fact that the reaction system operates under 

thermodynamic control by obtaining equilibrium mixtures of similar composition starting either from DMFA, 

24C8 and 4a or from 1a and MeNH2 (Scheme S9 and S10, Table S17 and S18). 

 

Scheme S9. Amidinium rotaxane synthesis starting from DMFA. 
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Table S16. Summary of amidinium rotaxane syntheses using N,N'-dimethylformamidinium tetraphenylborate 

(DMFA·BPh4) as an exchange substrate. HPLC yield was determined on the 3rd day using 1,2,4,5-tetramethylbenzene as 

an internal standard. 

Entry Temperature, °C Solvent 
Amine amount, 

equiv. 
24C8 amount, 

equiv. 
HPLC yield, % 

1 23 THF 3.0 2.0 <5 

2 70 PhMe/THF* 2.0 2.0 <5** 

*4:6 by volume. 

**Rotaxane molar percentage χ (see Section 3 for the definition) was 10%. 

 

Figure S46. LCMS monitoring of the rotaxane 1a self-assembly from DMFA·BPh4 and amine 4a at elevated temperature. 

Reaction conditions: 1.0 eq. DMFA·BPh4 (14.5 mg, 37 μmol, 0.2 M), 2.0 eq. 24C8 (26.2 mg, 74 μmol), 2.0 eq. amine 4a 

(16.3 mg, 74 μmol); solvent – PhMe/THF (4:6 v/v, total volume – 160 μL); bath temperature – 70 °C. Every time the 

reaction mixture was taken for LCMS analysis, the screw-cap HPLC vial was kept open (for 10‒15 seconds) and small 

amount of MeNH2 could escape the reaction vessel. Amounts of 1a, 2a, and 4a (in mol% with respect to the initial 

amount of DMFA·BPh4) were determined using 1,2,4,5-tetramethylbenzene as an internal standard. The lines are shown 

to guide the eye. 

Table S17. Content of rotaxane 1a, thread 2a, half-thread and amine 4a in the reaction mixture of the rotaxane synthesis 

starting from DMFA·BPh4 after 97 h. For both entries, the reagent and solvent amounts as well as the temperature were 

the same as in the experiment from Figure S40. The only difference in the reaction conditions is indicated in the table. 

Amounts of 1a, 2a, and 4a (in mol% with respect to the initial amount of DMFA·BPh4) were determined using 1,2,4,5-

tetramethylbenzene as an internal standard. 

Entry Difference in reaction conditions Amine, mol% 
Half-thread, 

mol%* 
Thread, mol% Rotaxane, mol% 

1 
The reaction vessel was tightly closed 
during the reaction and opened for LCMS 
analysis only after 97 h. 

116 36 8 1 

2 
The reaction vessel was regularly opened 
to release MeNH2 and take an aliquot of 
the reaction mixture for HPLC analysis. 

126 47 11 3 

*The product of monoexchange, i.e. the amidinium ion containing both amine 4a and MeNH2 (Scheme S9). Approximate 

amounts of this product were calculated using the calibration curve for 3a.  
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Scheme S10. Reaction of rotaxane 1a with MeNH2. 

Table S18. Content of rotaxane 1a, thread 2a, half-thread and amine 4a in the reaction mixture obtained from rotaxane 

1a and MeNH2 (see Scheme S10 above). Reaction conditions: 1.0 eq. 1a·BArF (10 mg, 6 μmol, 0.2 M), 1.0 eq. 24C8 (2.1 

mg, 6 μmol), 2.1 eq. MeNH2 (2.0 M solution in THF, 6.3 μL); solvent – PhMe/THF (4:6 v/v, total volume – 26 μL); bath 

temperature: 70 °C. 

Time, h Amine, mol% Half-thread, mol%* Thread, mol% Rotaxane, mol% 

97 123 47 7 9 

118 115 40 5 9 

*The product of monoexchange, i.e. the amidinium ion containing both amine 4a and MeNH2 (Scheme S9). Approximate 

amounts of this product were calculated using the calibration curve for 3a. 

 

 

Figure S47. Comparison of the reaction rate and equilibrium composition of two amidinium exchange reactions: (A,B) 

FA∙BPh4 + BnNH2 and (C,D) DMFA∙BPh4 + BnNH2. Reaction conditions: (A,B) 1.0 eq. FA·BPh4 (11.0 mg, 30.2 μmol, 

50 mM), 2.0 eq. BnNH2 (6.5 mg, 60.4 μmol), solvent – THF/PhMe (480 μL / 120 μL), r.t.; (B,C) 1.0 eq. DMFA·BPh4 (9.9  mg, 

25.2 μmol, 50 mM), 2.0 eq. BnNH2 (5.4 mg, 50.3 μmol), solvent – THF/PhMe (400 μL / 100 μL). The reactions were 

monitored by LCMS. Amounts of BnNH2 and S1 (in mol% with respect to the initial amount of FA·BPh4 or  DMFA·BPh4) 

were determined using 1,2,4,5-tetramethylbenzene as an internal standard. The lines are shown to guide the eye. 
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7.3.3. N,N'-dibenzylformamidinium (S1) as an exchange substrate 

We also tested the exchange substrate where the amine leaving groups have nature very similar to amine 

stopper 4a (Scheme S11). In this case, amount of rotaxane 1a was extremely low even after 4 days at 70 °C.  

As in case of DMFA, the major product was the product of the monoexchange. 

 

 

Scheme S11. Amidinium rotaxane synthesis starting from S1. 

 

 

Figure S48. LCMS monitoring of the rotaxane 1a self-assembly from S1 (BPh4
‒ salt) and amine 4a at elevated 

temperature. Reaction conditions: 1.0 eq. S1 (20.1 mg, 37 μmol, 0.2 M), 2.0 eq. 24C8 (26.2 mg, 74 μmol), 2.0 eq. amine 

4a (16.3 mg, 74 μmol); solvent – PhMe/THF (4:6 v/v, total volume – 160 μL); bath temperature – 70 °C. Amounts of 1a, 

2a, and 4a (in mol% with respect to the initial amount of DMFA·BPh4) were determined using 1,2,4,5-

tetramethylbenzene as an internal standard. 

 

7.3.4. FA∙OAc as an exchange substrate 

To prove that coordination of the crown ether ring to the amidinium moiety is essential for success of the 

rotaxane formation, we conducted the reaction of the amidinium rotaxane self-assembly using 

formamidinium acetate (FA∙OAc) as the exchange substrate (Scheme S12). Strongly coordinating anions can 

compete with 24C8 for binding to the amidinium ion and potentially prevent the rotaxane formation. We 

found that either at room or elevated temperature the rotaxane yield was extremely low (Table S19). We 

could obtain similar results when performing the rotaxane synthesis with FA·BPh4 in the presence of 1.0 eq. 

tetra-n-butylammonium acetate (NBu4OAc). This suggests that binding of 24C8 to the amidinium moiety plays 

a key role in the formation of the amidinium rotaxanes. 
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To confirm the thermodynamic nature of this phenomenon, we added NBu4OAc to the reaction mixture 

where substantial amount of rotaxane 1a was already present (Figure S49). As expected, the thread was 

amplified while the amount of 1a significantly decreased. 

 

 

Scheme S12. Amidinium rotaxane synthesis starting from FA∙OAc. 

 

Table S19. Summary of amidinium rotaxane syntheses using formamidinium acetate (FA·OAc) as an exchange substrate. 

HPLC yield was determined on the 3rd day using 1,2,4,5-tetramethylbenzene as an internal standard. 

Entry Temperature, °C Solvent 
Amine amount, 

equiv. 
24C8 amount, 

equiv. 
HPLC yield, % 

1 23 MeCN 3.0 2.0 trace amount 

2 70 PhMe 2.0 2.0 <5 

3 70 PhMe/THF* 2.0 2.0 trace amount** 

*4:6 by volume. 

**HPLC yield of thread 2a after 1 day was 38%, while rotaxane was not formed at all. During the course of the 

reaction, amount of the thread decreased to 30%, possibly due to degradation. 

 

 

Figure S49. LCMS monitoring of the rotaxane 1a self-assembly from FA·BPh4 and amine 4a before and after addition of 

tetra-n-butylammonium acetate (NBu4OAc). Reaction conditions: 1.0 eq. FA·BPh4 (13.5 mg, 37 μmol, 0.2 M), 2.0 eq. 

24C8 (26.2 mg, 74 μmol), 2.0 eq. amine 4a (16.3 mg, 74 μmol); solvent – PhMe/THF (4:6 v/v, total volume – 160 μL); 

bath temperature – 70 °C. After 51 h, solid NBu4OAc (1.0 eq., 11.2 mg, 37 μmol; the salt was thoroughly dried before 

use) was added to the reaction mixture. Amounts of 1a, 2a, 3a and 4a (in mol% with respect to the initial amount of 

FA·BPh4) were determined using 1,2,4,5-tetramethylbenzene as an internal standard. The lines are shown to guide the 

eye. 
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7.3.5. Thread 2a as an exchange substrate 

Synthesis of the amidinium rotaxane starting from the free thread (Scheme S13) would prove that the key 

steps of the reaction pathway (i.e., reaction of the amidinium half-thread or the semirotaxane with a primary 

amine leading to the free thread or the rotaxane respectively; see Figure 5 in the main text) are fully 

reversible, thus supporting the proposed reaction pathway. As expected, when only thread 2a and 24C8 are 

mixed together and stirred at elevated temperatures, virtually no rotaxane formation was observed (Table 

S20, Entry 4). However, addition of either amine 4a or NH3 led to formation of substantial amount of rotaxane 

1a. Interestingly, the most efficient method for the rotaxane synthesis starting from the free thread involved 

addition of NH3. This supports our assumption about the importance of coordination of the crown ether to 

the half-thread (e.g., 3a). 

 

 

Scheme S13. Amidinium rotaxane synthesis starting from thread 2a. In case of amine 4a as the nucleophile, refer to 

Scheme S16, B.  

 

Table S20. Summary of amidinium rotaxane syntheses using N,N'-bis(3,5-di-tert-butylbenzyl)formamidinium 

tetraphenylborate (2a) as an exchange substrate. Thread 2a was an isolated compound and was prepared according to 

the procedure described in Section 2.4. The reactions were carried out in the presence of NH3 or amine 4a or neither. 

HPLC yields were determined using 1,2,4,5-tetramethylbenzene as an internal standard. 

Entry Temperature, °C Solvent 
Time, 
days 

24C8 amount, 
equiv. 

Amine amount, 
equiv. 

NH3 amount, 
equiv. 

HPLC yield, % 

1 80 PhMe 1 1.0 2.0 0 ~8* 

2† 70 PhMe/THF‡ 3 2.6 0 2.0 28 

3 70 PhMe/THF‡ 3 2.0 1.5 0 19 

4 70 PhMe/THF‡ 3 2.2 0 0 <5%** 

*Rotaxane molar percentage χ was 33%. 

**Substantial degradation of BPh4
‒ was observed. 

† See Figure S41 for kinetic studies of this particular reaction. 
‡4:6 by volume. 

7.3.6. Electron deficient crown ether and amine 

We tried to employ another commonly used crown ether, i.e. dibenzo-24-crown-8 (DB24C8), in the synthesis 

of the amidinium rotaxanes (Scheme S14). We found that on the 3rd day of the reaction at room temperature 

there was only trace amount of the target rotaxane. We attributed this to weaker binding of DB24C8 to the 

amidinium species (since this crown ether is more electron deficient then 24C8). 

We also attempted to use 3,5-bis(trifluoromethyl)benzylamine as a stopper in the amidinium rotaxane 

synthesis (Scheme S15). This amine was widely used by Leigh, Fielden and co-workers in their recently 

developed metal-free active template approach.20 Unfortunately, we did not observe any rotaxane formation 

at room temperature (even after many days of continuous stirring), which is probably due to poor 
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nucleophilicity of the amine that in turn has direct impact on its ability to undergo the amidinium exchange 

with FA∙BPh4. 

 

Scheme S14. Amidinium rotaxane synthesis using DB24C8 as a ring component. Reaction conditions: 1.0 eq. FA·BPh4 

(0.2 M), 2.0 eq. DB24C8, 3.0 eq. amine 4a; solvent – THF; r.t. 

 

 

Scheme S15. Amidinium rotaxane synthesis using 3,5-bis(trifluoromethyl)benzylamine as a stopper. Reaction 

conditions: 1.0 eq. FA·BPh4 (0.2 M), 2.0 eq. 24C8, 3.0 eq. amine; solvent – THF; r.t. 
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7.4. Comparison between reaction pathways of passive template, active template and 

“inhibitive” template approaches toward rotaxane self-assembly 

 

 

Figure S50. Simplified qualitative free energy diagrams for rotaxane self-assembly by (A) passive template, (B) active 

template and (C) “inhibitive” template approaches. Typical thermodynamic and kinetic features of each approach are 

listed below the diagrams. 
1Assuming that the stoppering reaction has quantitative yield. 
2This refers more to the metal-free active template.18b In the classical active template, the ring can (strongly) bind to all 

other building blocks simultaneously.21 
3Strictly speaking, binding strength between the ring and the thread components also affects the ratio between the 

rotaxane and the thread.21 However, kinetic factor plays here an important role in the reaction outcome, in contrast to 

the passive template approach. 
4Both kinetic and thermodynamic stability. In the latter case, the measure of the rotaxane stability can be an association 

constant for the corresponding pseudorotaxane. 
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7.5. Mechanism of the rotaxane self-assembly by amidinium exchange 

 

 

 
 
 

Scheme S16. (A) Mechanism of the rotaxane self-assembly by amidinium exchange. Crown ether can bind to any 

intermediate of the mechanism; however, only the key complexes featuring 24C8, which are important for the rotaxane 

formation, are shown. Compound 3 undergoes similar transformations as 3⊂24C8 yielding the thread. Comprehensive 

investigation of the mechanism of the carboxylate-assisted amidinium exchange can be found in Ref 22.22 (B) An 

alternative mechanism of the rotaxane self-assembly starting from the free thread, 24C8 and the amine stopper. This 

mechanism is the kind of metal-free active template synthesis discovered by Leigh and co-workers.18b, 20 
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8. E,E/E,Z isomerization in (mechanically interlocked) amidinium ions 

 

 

Scheme S17. Configurational and conformational isomerism in (A) amidines and (B) amidinium ions. Only the most 

stable conformers/isomers are shown. For amidines, interconversion between individual isomers can include 

tautomerization equilibria.23 While thermodynamics and kinetics of isomerization in N,N'-disubstituted amidines has 

been extensively studied,23-24 isomerization in formamidinium ions is relatively underexplored.25 

 

8.1. Isomerization thermodynamics in S1 and S124C8 

 

 

Scheme S18. E,Z ⇌ E,E equilibrium in (A) S1 and (B) S124C8. 

 

Table S21. Molar percentage (χE,E) of E,E isomers of S1 (BPh4
‒ salt) and S124C8 (BPh4

‒ salt) in different solvents. CD3CN: 

c(S1) ≈ 4 mM, c(S124C8) = 10 mM (1.0 eq. 24C8). CD3CN/CDCl3 (5:95 v/v): c(S1) ≈ 6 mM, c(S124C8) = 8 mM (1.0 eq. 

24C8). Values of χE,E were determined by integration of benzylic signals (S1) or crown ether signals (S124C8) in the 

corresponding 1H NMR spectra (400 MHz, 295 K). 

Solvent 
χE,E , % 

S1 S124C8 

CD3CN 15 17 

CD3CN/CDCl3 (5:95 v/v)* 22 18 

*Pure CHCl3 could not be used due to poor solubility of S1 (BPh4
‒ salt). 
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8.2 Isomerization kinetics and thermodynamics in 1a and 2a 

 

 

Scheme S19. E,Z ⇌ E,E equilibrium in (A) 2a and (B) 1a. 

 

Table S22. Molar percentage (χE,E) of E,E isomers of  2a (BPh4
‒ salt) and 1a (BArF‒ salt) in different solvents. CD3CN: c(2a) 

≈ 10 mM, c(1a) = 3 mM. CDCl3: c(1a) ≈ 5 mM. CD2Cl2: c(1a) = 5 mM. C2D2Cl4: c(1a) = 5 mM. Values of χE,E were determined 

by integration of benzylic signals (2a) or crown ether signals (1a) in the corresponding 1H NMR spectra (400 MHz, 295 K; 

for C2D2Cl4 – 500 MHz, 300 K). 

Solvent 
χE,E , % 

2a 1a 

CD3CN 16 13 

CDCl3 N/A 13 

CD2Cl2 N/A 13 

C2D2Cl4 N/A 14 
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Figure S51. 1H 1D EXSY measurements of 2a (BPh4
‒ salt) and 1a (BArF‒ salt) in CD3CN at room temperature (400 MHz, 

295 K). (A) Interconversion between E,Z and E,E isomers of 2a. (B) 1D EXSY spectra of 2a (c = 3 mM; benzylic region is 

shown) recorded with different mixing times (τmix). Benzylic protons of E,Z isomer (marked orange) giving a singlet at 

4.43 ppm were excited. (C) 1H NMR spectrum (400 MHz, CD3CN, 295 K; benzylic region) of 2a (BPh4
‒ salt) for comparison. 

(D) Interconversion between E,Z and E,E isomers of 1a. (E) 1D EXSY spectra of 1a (c = 5 mM; crown ether region is shown) 

recorded with different mixing times (τmix). Crown ether protons of E,Z isomer (marked red) giving a singlet at 3.61 ppm 

were excited. Benzylic signals were not resolved enough to monitor them in the EXSY experiment. (F) 1H NMR spectrum 

(400 MHz, CD3CN, 295 K; benzylic region) of 1a (BArF‒ salt) for comparison.  
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The observable E,Z/E,E isomerization rate constants were obtained by fitting the experimental data from 1D 

EXSY experiments to the following equation:26 

𝐼𝑥

𝐼𝑑
=

1 − 𝑒(−𝑟×𝑥)

1 + 𝑒(−𝑟×𝑥)
  , (S3) 

where r = kforward + kbackward, Id – integral of the excited peak, Ix – integral of the EXSY peak. 

Assuming that the rate constants for forward and backward chemical processes (in our case – isomerization) 

are equal, one can calculate the rate constant as k = r/2. 

 

 

Figure S52. Fit of 1H 1D EXSY experimental data for thread 2a (BPh4
‒ salt) at room temperature to Equation S3 (the 

corresponding NMR spectra are shown in Figure S51, B). Only integrals of benzylic signals of E,Z isomer were considered, 

therefore, the calculated isomerization rate constant for thread 2a (see below Table S23) characterizes interconversion 

between two identical E,Z geometries (top and bottom structures in Figure S51, A) and not between E,Z and E,E 

geometries.  

 

 

Figure S53. VT NMR stack plot for thread 2a (BPh4
‒ salt; c = 3 mM) in CD3CN (400 MHz). Benzylic region is shown. 

Coalescence temperature: Tc = 343 K. 



S69 
 

 

 

Figure S54. (A) 1H 1D EXSY measurements of rotaxane 1a (BArF‒ salt; c = 5 mM; crown ether region is shown) in CD3CN 

at 70 °C (400 MHz, 343 K). (B) Fit of the EXSY experimental data for 1a at 70 °C to Equation S3. Since the ratio between 

exchanging crown ether signals is not 1:1, the integral of each EXSY peak was divided by the integral of EXSY peak at 

2000 ms (when the chemical exchange proceeds to completion). The calculated isomerization rate constant for rotaxane 

1a (see below) characterizes interconversion between E,Z and E,E geometries (Figure S51, D). 

 

 

Figure S55. (A) Interconversion between major conformational and configurational isomers of deprotonated rotaxane 

1a. This scheme is rather sketchy, since the true interconversion between different geometrical isomers of amidines 

might involve multiple tautomeric equilibria and is not simple rotation around amidine C-N bonds.23 (B) VT NMR stack 

plot for 1a (BArF‒ salt; c = 5 mM) in CD2Cl2 (400 MHz). Benzylic region is shown. Coalescence temperature: Tc ≈ 278 K. 
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Gibbs energies of activation (ΔG‡) for interconversion between individual geometrical isomers of thread 2a 

and rotaxane 1a were calculated using the Eyring equation: 

𝑘 =
𝜅𝑘𝐵𝑇

ℎ
 𝑒−

Δ𝐺‡

𝑅𝑇  , (S4) 

∆𝐺‡ = −𝑅𝑇 × 𝑙𝑛
𝑘ℎ

𝜅𝑘𝐵𝑇
  , (S5) 

where k – rate constant of a chemical process, kB – Boltzmann’s constant, h – Planck’s constant, R – gas 

constant, T – temperature, κ – the transmission coefficient (assumed to be equal to one). 

Rate constants at specific temperatures were evaluated either by 1H 1D EXSY or using coalescence 

temperature (Tc) obtained from VT NMR measurements. In the latter case, the rate constant of the 

interconversion of the isomeric amidinium species at Tc was calculated according to the following equation: 

𝑘 =
𝜋

√2
× ∆𝜈  , (S6) 

where Δν is the difference between two signals of interest, when the exchange rate is very slow on the NMR 

timescale (we used the NMR spectra at the lowest measured temperature; see Figure S53 and S55) 

 

Table S23. Rate constants and Gibbs energies of activation (ΔG‡) for interconversion between geometrical isomers of 

1a and 2a. 

Amidinium species Method Temperature, K ΔG‡, kJ/mol k, s‒1 

Thread 2aa 

1D EXSY 295 72 1.3 

VT NMR 343 
71 

127b 

 295 1.6c 

Rotaxane 1ad 
(protonated) 

1D EXSY 343 
85 

0.9 

 295 0.006c 

Rotaxane 1ae 
(deprotonated) 

VT NMR 278 
58 

70f 

 295 300c 

aObtained isomerization rate constants characterize interconversion between two identical E,Z geometries (top and 

bottom structures in Figure S51, A) and not between E,Z and E,E geometries. 
bCalculated according to Equation S6. At 293 K, Δν = 57.2 Hz. This rate constant was used to calculate ΔG‡. 
cCalculated using the Eyring equation. 
dObtained isomerization rate constants characterize interconversion between E,Z and E,E geometries (Figure S51, D). 
eObtained isomerization rate constants characterize interconversion between undefined geometrical (co-

conformational) isomers and tautomers of deprotonated 1a. 
fCalculated according to Equation S6. At 223 K, Δν = 31 Hz (for the middle and right signals). This rate constant was used 

to calculate ΔG‡. 
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Figure S56. Partial VT NMR stack plot for 1a (BArF‒ salt, c = 5 mM) in C2D2Cl4 (500 MHz). 

 

 

Figure S57. Temperature dependence of molar fraction χ of 1a E,E isomer (BArF‒ salt; c = 7 mM) in C2D2Cl4. The data is 

obtained from the experiment shown in Figure S56 through integration of the crown ether CH2 signals of E,E- and E,Z-

isomers of 1a.  
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Scheme S20. Carboxylate induced geometry switching in 2a. 

 

 

Figure S58. NMR stack plot of carboxylate induced geometry switching in 2a using tetrabutylammonium 4-

methylbenzoate (500 MHz, CDCl3/CD3CN 9:1 v/v, 300 K). c(2a) = 4 mM, c(benzoate) = 4 mM. Tetrabutylammonium 4-

methylbenzoate was prepared from the corresponding acid and tetrabutylammonium hydroxide (1.0 M solution in 

MeOH) and thoroughly dried at elevated temperature under high vacuum before use. 

 

 

Scheme S21. Formation of a hydrogen-bonded complex between 1a and aromatic carboxylate. 
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Figure S59. Stack plot of 1H NMR spectra (400 MHz, CDCl3, 296 K) of 1a (bottom) and 1a (BArF‒ salt; c = 4 mM) mixed 

with tetrabutylammonium 4-methylbenzoate (c = 4 mM) (top). Tetrabutylammonium 4-methylbenzoate was prepared 

from the corresponding acid and tetrabutylammonium hydroxide (1.0 M solution in MeOH) and thoroughly dried at 

elevated temperature under high vacuum before use. 

 

 

Scheme S22. Deprotonation of 1a by NBu4OH followed by formation of a hydrogen-bonded complex between 1a and 

acetate. 
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Figure S60. Stack plot of 1H NMR spectra (400 MHz, CDCl3, 295 K) of 1a (BArF‒ salt), deprotonated form of 1a (c = 4 mM) 

and a hydrogen-bonded complex between 1a and acetate. Rotaxane 1a was deprotonated by addition of NBu4OH (1.0 M 

solution in MeOH, 3.2 μL, 3.2 μmol, 1.0 eq.) to a solution of 1a (BArF‒ salt; 5.4 mg, 3.2 μmol) in anhydrous THF (0.5 mL). 

The resulting mixture was stirred under argon for 10 min and all volatiles were removed under reduced pressure. The 

residue was then dried under high vacuum and redissolved in CDCl3 (0.7 mL) for NMR measurements. In order to 

reprotonate the amidine rotaxane, a solution of acetic acid in CDCl3 (0.175 M, 18.5 μL, 1.0 eq.) was added. 

 

8.3 Chemically fueled control over isomerization rate in 1b 

 

Scheme S23 Deprotonation of 1b by NBu4OH followed by formation of a hydrogen-bonded complex between 1b and 

trichloroacetate. 
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Figure S61. Stack plot of partial 1H NMR spectra (400 MHz, CD2Cl2, 295 K) of 1b (BArF‒ salt), deprotonated form of 1b (c 

= 6 mM) and a hydrogen-bonded complex between 1b and trichloroacetate. Rotaxane 1b was deprotonated by addition 

of NBu4OH (1.0 M solution in MeOH, 4.4 μL, 4.4 μmol, 1.0 eq.) to a solution of 1b (BArF‒ salt; 7.8 mg, 4.4 μmol) in 

anhydrous THF (0.5 mL). The resulting mixture was stirred under argon for 10 min and all volatiles were removed under 

reduced pressure. The residue was then dried under high vacuum and re-dissolved in CD2Cl2 (0.7 mL) for NMR 

measurements. In order to re-protonate the amidine rotaxane, a solution of trichloroacetic acid (TCA) in CD2Cl2 

(0.218 M, 20.2 μL, 1.0 eq.) was added. The resulting solution in an NMR tube was then stirred at 40 °C for 1 h (the top 

of the NMR tube was covered with aluminium foil to prevent significant evaporation of CD2Cl2, but to allow escape of 

CO2, which was generated upon gradual decarboxylation of TCA). Addition of another portion of TCA (0.218 M in CD2Cl2, 

20.2 μL, 1.0 eq.) and subsequent stirring at 40 °C were repeated once more. Another region of the NMR stack plot (with 

crown ether and tert-butyl signals) is shown in Figure S62. 
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Figure S62. Stack plot of partial 1H NMR spectra (400 MHz, CD2Cl2, 295 K) of 1b (BArF‒ salt), deprotonated form of 1b (c 

= 6 mM) and a hydrogen-bonded complex between 1b and trichloroacetate. Please, refer to Figure S61 for additional 

comments. 
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9. Dynamic covalent properties of the amidinium [2]rotaxanes 

9.1. Impact of the mechanical bond on the amidinium exchange 

General procedure for the amidinium exchange between N,N'-disubstituted (mechanically interlocked) 

formamidinium ions and aliphatic primary amines 

To a solution of N,N'-disubstituted formamidinium salt (1.0 eq.) in THF a stock solution of a primary aliphatic 

amine (3.0 eq.) in THF was added. The reaction mixture was then stirred in a closed screw-cap HPLC vial at 

r.t. for several days and monitored by LCMS. For details, see captions of the figures below. 

  

 

Scheme S24 Amidinium exchange between thread 2a and amine 4b. 

 

 

Figure S63. (A) HPLC chromatogram of thread 2a (BPh4
‒ salt). (B) HPLC chromatogram of the reaction between thread 

2a (35 μmol, vide infra) and amine 4b (28 mg, 105 μmol, 3.0 eq.) in THF (total volume – 370 μL) after 1 day at r.t. Thread 

2a was obtained from FA∙BPh4 (13 mg, 35 μmol, 1.0 eq.) and amine 4a (23 mg, 105 μmol, 3.0 eq.) stirred in MeCN under 

reflux for 30 min. All volatiles were then removed under reduced pressure and the crude product was redissolved in 

THF (170 μL). Color code of the chromatographic peaks: purple – 4a; yellow – 4b; blue – 2a; orange – 2b; orange-blue – 

unsymmetrical thread formed from 4a and 4b (see Scheme S24). 
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Scheme S25 Amidinium exchange between rotaxane 1a and amine 4b. 

 

 

Figure S64. (A) HPLC chromatogram of rotaxane 1a (BArF‒ salt). The sample contains 2a (blue peak) as an impurity. (B) 

HPLC chromatogram of the reaction between rotaxane 1a (3.0 mg, 2.7 μmol, 1.0 eq.) and amine 4b (2.1 mg, 8.0 μmol, 

3.0 eq.) in THF (total volume – 50 μL) after 5 days at r.t. Orange peak (retention time 4.9 min) is 2b. Peak at 10.8 min 

corresponds to the unsymmetrical rotaxane formed from 4a and 4b (see Scheme S25). 

 

 

Scheme S26 Amidinium exchange between rotaxane 1a and amine 4b. 
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Figure S65. LCMS monitoring of the reaction between rotaxane 1c and amine 4e in the presence and absence of acetate. 

(A) Change of the relative content of 1c, 2e, 4c and 4e in the reaction mixture not containing acetate over time. The 

lines are shown to guide the eye. Formation of small amount of the unsymmetrical rotaxane 1c/e (composed of amine 

stoppers 4c and 4e) was also observed (not plotted). (B) Change of the relative content of 1c, 2e, 4c and 4e in the 

reaction mixture containing acetate over time. The lines are shown to guide the eye. Formation of small amount of the 

unsymmetrical rotaxane 1c/e (composed of amine stoppers 4c and 4e) was also observed (not plotted). (C) Change of 

the relative content of 1c in the reaction mixture (with and without acetate) over time. This plot contains data from two 

previous plots (panels A and B). The lines are shown to guide the eye. Experimental procedure: Rotaxane 1c (BArF‒ salt; 

5.4 mg, 3.0 μmol, 1.0 eq.) was dissolved in THF (26 μL) in an HPLC vial insert. A stock solution of amine 4e (88.1 mg/mL 

in THF, 34.4 μL, 9.12 μmol, 3.0 eq.) was added and the reaction mixture was stirred in a closed screw-cap vial at r.t. for 

14 days. The same experiment was repeated under identical conditions, but in the presence of tetrabutylammonium 

acetate (52.4 mg/mL in THF, 1.0 eq.). Relative content of 1c, 2e, 4c and 4e was calculated as a ratio between 

chromatographic peak areas of the species of interest and BArF‒ as an internal standard. Comment: Acetate clearly 

increases the rate of the amidinium exchange in rotaxane 1c (see panel C). We attribute this to partial displacement of 

the crown ether ring from the amidinium moiety by the carboxylate upon acetate binding to the amidinium NH groups. 

This would result in lesser sterical hindrance of the amidinium moiety caused by 24C8 and would give primary amines 

better access to the amidinium electrophilic carbon. 
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9.2. Dynamic combinatorial libraries (DCL) of the amidinium [2]rotaxanes 

 

Scheme S27 Cartoon representation of the reaction affording the DCL of the amidinium [2]rotaxanes. 

Typical procedure for generation of the DCL of the amidinium threads and [2]rotaxanes 

A 1.5 mL screw-cap HPLC vial was charged with amines 4a (5.4 mg, 25 μmol, 0.67 eq.), 4b (6.5 mg, 25 μmol, 

0.67 eq.), 4c (6.8 mg, 25 μmol, 0.67 eq.) and FA·BPh4 (13.5 mg, 37 μmol, 1.0 eq.). The mixture was dissolved 

in THF (0.5 mL) and stirred at 60 °C for 2 h (a needle was inserted into the vial cap to keep the reaction mixture 

open-air and allow NH3 to escape the reaction vessel). The solvent and all volatiles were then removed under 

reduced pressure, affording crude DCL of the amidinium threads. An internal HPLC standard – 1,2,4,5-

tetramethylbenzene – was added to the residue, followed by PhMe (70 μL), 24C8 (26.0 mg, 22.8 μL, 74 μmol, 

2.0 eq.) and NH3 (0.5 M solution in THF, 110 μL, 55 μmol, 1.5 eq.). The reaction mixture was stirred in a tightly 

closed HPLC vial at 65 °C for 100 h. The reaction was monitored by LCMS (Val = 1 μL; each aliquot was diluted 

in 1 mL LCMS grade acetonitrile). 

Isolation of the rotaxane DCL. The reaction mixture was diluted with THF (100 μL) and 50% aq. NH2OH 

(2.27 μL, 37 μmol, 1.0 eq.) was added. After stirring the mixture at r.t. for 10 min, all volatiles were removed 

under reduced pressure and the crude product was purified by semi-preparative HPLC (see Section 1 for 

details) affording the rotaxane DCL (HCO2
‒ form, 6.0 mg, 6.6 μmol, 18%). Note: after isolation by semi-

preparative HPLC, a CH2Cl2 solution (3 mL) of the obtained product was washed with H2O to remove excess 

of ammonium formate (which came from the HPLC mobile phase). 

Isolation of the thread DCL. The crude DCL of the amidinium threads (prepared from 27.0 mg FA·BPh4, 

10.8 mg 4a, 13.0 mg 4b, 13.6 mg 4c) was purified by semi-preparative HPLC (Mobile phase A: 0.023 M 

HCO2NH4 and 0.0019 M HCO2H in H2O. Mobile phase B: MeCN. Isocratic elution was applied at Mobile phase 

A : Mobile phase B = 75:25. Flow rate: 2.0 mL/min), affording pure thread DCL (HCO2
‒ form, 31 mg, 55 μmol, 

75%). Note: after isolation by semi-preparative HPLC, a CH2Cl2 solution (3 mL) of the obtained product was 

washed with H2O to remove excess of ammonium formate. 

Quantitative analysis of the DCL of the amidinium [2]rotaxanes 

Amounts of all symmetrical DCL members (2a, 2b, 2c, 1a, 1b, 1c) were calculated from HPLC chromatograms 

using 1,2,4,5-tetramethylbenzene as an internal standard and the corresponding calibration curves (Figure 

S38 and S66). The amount of each unsymmetrical DCL member (2a/b, 2a/c, 2b/c, 1a/b, 1a/c, 1b/c) was 

calculated as the mean of amounts of the two related symmetrical threads using a chromatographic peak 

area of an unsymmetrical DCL member and calibration curves for the related symmetrical threads (e.g., for 

thread 2a/b, we used its HPLC peak area to calculate amount of thread 2a and amount of thread 2b; then we 

calculated the mean of the obtained two values). Mole percentages of all DCL members were calculated as 

the amount of the DCL member divided by either the amount of FA·BPh4 used to generate DCL of threads or 

the sum of initial amounts of all thread/rotaxane DCL members. 
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Figure S66. HPLC calibration curves for (A) thread 2b, (B) thread 2c, (C) rotaxane 1b, (D) rotaxane 1c. Internal standard 

– 1,2,4,5-tetramethylbenzene. nst/nx – molar ratio between the standard and the calibrated compound; Ast/Ax – ratio of 

chromatographic peak areas of the standard and the calibrated compound. For calibration curves for thread 2a and 

rotaxane 1a, see Figure S38. 

 

Figure S67. LCMS monitoring of the evolution of the dynamic covalent sublibraries of (A) threads (2a, 2b, 2c, 2a/b, 2a/c, 

2b/c) and (B) corresponding rotaxanes (1a, 1b, 1c, 1a/b, 1a/c, 1b/c) upon heating DCL of threads with NH3 and 24C8 in 

THF (see the typical synthesis procedure above). Mole percentages of all DCL members were calculated as the amount 

of a DCL member divided by the amount of FA·BPh4 used to generate DCL of threads. The lines are shown to guide the 

eye. 
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Figure S68. Bar graphs showing the composition of the amidinium DCL (A) before addition of NH3 and 24C8 and (B) after 

heating the DCL with NH3 and 24C8 for 100 h. The data shown in the bar graphs corresponds to the experiment described 

in Figure S67. 

General procedure for degradation/reconfiguration of the amidinium DCLs with primary amines 

A 1.5 mL screw-cap HPLC vial (or HPLC vial insert) was charged with the amidinium DCL (HCO2
‒ form, 1.0 eq.) 

and 1,2,4,5-tetramethylbenzene (0.7 ‒ 0.8 M solution in THF) as an internal standard. A primary amine (for 

DCL degradation: 5.0 eq., 1 M solution in THF; for DCL reconfiguration: 1.0 eq., 0.5 M solution in THF) was 

then added and the reaction mixture was stirred at room temperature (or 45 °C) for a few hours/days and 

monitored by LCMS. 

 

 

Figure S69. LCMS monitoring of the degradation of (A) the thread DCL (2a, 2b, 2c, 2a/b, 2a/c, 2b/c; total amount 

~ 18 μmol) and (B) the rotaxane DCL (1a, 1b, 1c, 1a/b, 1a/c, 1b/c, total amount ~ 6 μmol) upon reaction with 

isopropylamine (see the general procedure above). Reaction conditions: total concentration of the amidinium species – 

0.06 M; solvent – THF; room temperature. Mole percentages of all DCL members were calculated as the amount of a 

DCL member divided by the total amount of the amidinium species. 
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Figure S70. LCMS monitoring of the degradation of the rotaxane DCL (1a, 1b, 1c, 1a/b, 1a/c, 1b/c, total amount 

~ 6 μmol) upon reaction with tert-butylamine (see the general procedure above). Reaction conditions: total 

concentration of the amidinium species – 0.06 M; solvent – THF; 45 °C. Mole percentages of all DCL members were 

calculated as the amount of a DCL member divided by the total amount of the amidinium species. 

 

 

Figure S71. LCMS monitoring of the reconfiguration of (A) the thread subDCL (2a, 2b, 2c, 2a/b, 2a/c, 2b/c; total amount 

~ 6 μmol) and (B) the rotaxane subDCL (1a, 1b, 1c, 1a/b, 1a/c, 1b/c, total amount ~ 6 μmol) upon reaction with amine 

4b (see the general procedure above). Reaction conditions: total concentration of the amidinium species (both subDCLs 

combined) – 0.11 M; solvent – THF; room temperature. Mole percentages of all DCL members were calculated as the 

amount of a DCL member divided by the total amount of the amidinium species in each subDCL. The amidinium DCL 

was prepared by mixing equimolar amounts (6 μmol each) of the purified thread DCL (HCO2
‒ form) and rotaxane DCL 

(HCO2
‒ form). 
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10. NMR spectra  

 

Figure S72. 1H NMR spectrum of FA·BPh4 (400 MHz, DMSO-d6, 295 K). Singlet at 3.33 ppm belongs to H2O. 

 

Figure S73. 13C NMR spectrum of FA·BPh4 (101 MHz, DMSO-d6, 295 K). 
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Figure S74. 1H NMR spectrum of DPFA·BArF (400 MHz, CD3CN, 302 K). Singlet at 2.13 ppm belongs to H2O. 

 

 

 

Figure S75. 13C NMR spectrum of DPFA·BArF (101 MHz, CD3CN, 295 K).  



S86 
 

 

Figure S76. 1H NMR spectrum of DMFA·BPh4 (400 MHz, CD3CN, 295 K). 

 

 

 

Figure S77. 13C NMR spectrum of DMFA·BPh4 (101 MHz, CD3CN, 295 K). 
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Figure S78. 1H NMR spectrum of 4b (400 MHz, CDCl3, 295 K). 
 

 

 

Figure S79. 13C NMR spectrum of 4b (101 MHz, CDCl3, 295 K). 
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Figure S80. 1H NMR spectrum of 4c (400 MHz, CDCl3, 295 K). 

 

 

 
 

Figure S81. 13C NMR spectrum of 4c (101 MHz, CDCl3, 295 K). 
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Figure S82. 1H NMR spectrum of 4d (400 MHz, CDCl3, 295 K). 

 

 

 

Figure S83. 13C NMR spectrum of 4d (101 MHz, CDCl3, 295 K). 
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Figure S84. 1H NMR spectrum of 4e (400 MHz, CDCl3, 295 K). 

 

 

 

Figure S85. 13C NMR spectrum of 4e (101 MHz, CDCl3, 295 K). 
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Figure S86. 1H NMR spectrum of 4f (400 MHz, CD2Cl2, 295 K). 
 

 

 

Figure S87. 13C NMR spectrum of 4f (101 MHz, CD2Cl2, 295 K). 
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Figure S88. 1H NMR spectrum of 4g (400 MHz, CDCl3, 295 K). 

 

 

Figure S89. 13C NMR spectrum of 4g (101 MHz, CDCl3, 295 K). 
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Figure S90. 1H NMR spectrum of 4h (400 MHz, CDCl3, 295 K). 

 

 

 

Figure S91. 13C NMR spectrum of 4h (101 MHz, CDCl3, 295 K).  
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Figure S92. 1H NMR spectrum of S1 (400 MHz, CD3CN, 295 K). 

 

 

 

Figure S93. 13C NMR spectrum of S1 (101 MHz, CD3CN, 295 K).  
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Figure S94. 1H NMR spectrum of 2a (400 MHz, CD3CN, 295 K). 
 

 

 

Figure S95. 13C NMR spectrum of 2a (101 MHz, CD3CN, 295 K). 
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Figure S96. 1H NMR spectrum of 3a (400 MHz, DMSO-d6, 295 K). 

 

 

 

Figure S97. 13C NMR spectrum of 3a (101 MHz, CD3CN, 296 K). 



S97 
 

 

Figure S98. HSQC spectrum of 3a (400 & 101 MHz, CD3CN, 296 K). 
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Figure S99. 1H NMR spectrum of 1a (500 MHz, CDCl3, 300 K). 

 

 

 

Figure S100. 13C NMR spectrum of 1a (126 MHz, CDCl3, 300 K).  
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Figure S101. 1H NMR spectrum of 1b (500 MHz, CD2Cl2, 300 K). 

 

 

Figure S102. 13C NMR spectrum of 1b (126 MHz, CDCl3, 300 K). 
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Figure S103. 1H NMR spectrum of 1c (400 MHz, CDCl3, 295 K). 

 

 

 

Figure S104. 13C NMR spectrum of 1c (126 MHz, CDCl3, 300 K). 
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Figure S105. 1H NMR spectrum of 1d (500 MHz, CDCl3, 300 K). 

 

 

Figure S106. 13C NMR spectrum of 1d (126 MHz, CDCl3, 300 K). 
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Figure S107. 1H NMR spectrum of 1e (400 MHz, CDCl3, 295 K). 

 

 

 

Figure S108. 13C NMR spectrum of 1e (126 MHz, CDCl3, 300 K). 
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Figure S109. 1H NMR spectrum of 1f (400 MHz, CDCl3, 295 K). 

 

 

 

Figure S110. 13C NMR spectrum of 1f (126 MHz, CDCl3, 300 K).  
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11. X-ray crystallographic data 
 

Crystallographic data for thread 2a, rotaxane 1a and complex FA⊂24C8 was collected at 150‒158 K using 

Agilent SuperNova four-circle diffractometer equipped with Atlas CCD detector. The structures were solved 

using SHELXT27 2018/2 and refined by the full matrix least-squares based of F2 using SHELXL28 2018/3 

accessed via the Olex2 program29 (v1.3.0). Non-hydrogen atoms were refined anisotropically. Hydrogen 

atoms were placed in calculated positions with idealized geometries and then refined by employing a riding 

model and isotropic displacement parameters. 

Thread 2a (anion: BPh4
‒) 

 

Figure S111. Solid-state structure of thread 2a. Thermal ellipsoids are shown at the 50% probability level. Disordered 

parts and most of the hydrogen atoms are omitted for clarity. The single crystal of 2a was obtained from PhMe/MeCN 

(9:1 v/v) upon cooling. The cif-file was deposited in the Cambridge structural database under identifier CCDC 2076127. 

Comments on disorder  

Amidinium moiety. Initial refinement afforded the structure with E,E configuration of the amidinium moiety. 

However, both amidinium molecules in the asymmetric unit still had residual electron density of relatively 

high intensity (1.5 – 2.0). Therefore, we made an assumption that another amidinium isomer (E,Z 

configuration) was also present in the crystal structure. E,Z isomer (i.e. the amidinium moiety and adjacent 

benzylic carbon atoms) was then successfully modelled and refined with partial electron densities. 

Occupancies of all disordered atoms in each amidinium molecule were linked and chemically equivalent 

bonds were refined using SADI restraints. In the final structure, occupancies of the disordered atoms in the 

amidinium moieties were equal to 0.75 (E,E isomer) and 0.25 (E,Z isomer). 

tert-Butyl groups. tert-Butyl groups have elongated ellipsoids of carbon atoms that indicates minor (and 

rather typical) disorder. For one tert-butyl group, the disorder was modelled over two positions with using 

SADI restraints.  

BPh4
‒ anion. One of the phenyl rings was disordered and has been modelled over two positions.  

Solvent. Molecules of toluene that crystallized together with 2a were identified during the refinement, 

however could not be satisfactorily modeled due to high disorder. To account for the electron density, the 
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Olex2 implementation of BYPASS30 was used to apply a solvent mask. It was determined that within the unit 

cell there are 4 solvent voids, each of 497.6 Å3 and 101.5 electrons (totaling 406 electrons per unit cell). This 

is consistent with each void being occupied by 2 molecules of toluene (100 electrons) giving a total of 8 

molecules of toluene within the unit cell (400 electrons). 

 

Table S24. Crystal data and structure refinement for thread 2a.  
 

Empirical formula C55H69BN2 

Formula weight 768.93 

Temperature/K 150.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 19.15240(10) 

b/Å 29.5595(2) 

c/Å 19.66730(10) 

α/° 90 

β/° 108.3300(10) 

γ/° 90 

Volume/Å3 10569.41(12) 

Z 8 

ρcalcg/cm3 0.966 

μ/mm-1 0.407 

F(000) 3344.0 

Crystal size/mm3 0.351 × 0.226 × 0.204 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 5.598 to 148.388 

Index ranges -23 ≤ h ≤ 21, -35 ≤ k ≤ 36, -19 ≤ l ≤ 24 

Reflections collected 77184 

Independent reflections 21156 [Rint = 0.0292, Rsigma = 0.0239] 

Data/restraints/parameters 21156/1108/1228 

Goodness-of-fit on F2 1.055 

Final R indexes [I>=2σ (I)] R1 = 0.0558, wR2 = 0.1554 

Final R indexes [all data] R1 = 0.0666, wR2 = 0.1662 

Largest diff. peak/hole / e Å-3 0.57/-0.35 
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Rotaxane 1a (anion: BArF‒) 

 

Figure S112. Solid-state structure of rotaxane 1a. Thermal ellipsoids are shown at the 50% probability level. Disordered 

parts and most of the hydrogen atoms are omitted for clarity. The single crystal of 1a was obtained by slow evaporation 

of a saturated rotaxane solution in n-hexane/CHCl3. The cif-file was deposited in the Cambridge structural database 

under identifier CCDC 2076129. 

Comments on disorder  

Thread. One of the phenyl rings and tert-butyl groups on another ring were disordered and were modelled 

over two positions using SADI restraints. 

BArF anion. CF3 groups were highly disordered and were thus refined with independent occupancies to 

account for each individual CF3 group having different positional preferences. SADI and DFIX restraints were 

used. 

Crown ether. Some of the ellipsoids (corresponding to both oxygen and carbon atoms) are larger than others, 

which indicates their larger average position. However, modeling disorder for these atoms did not improve 

the model. 

Solvent. Molecules of n-hexane that crystallized together with 1a were identified during the refinement, 

however could not be modeled due to their high disorder. To account for the electron density, the Olex2 

implementation of BYPASS30 was used to apply a solvent mask. It was determined that within the unit cell 

there are 2 solvent voids, each of 199.1 Å3 and 48.9 electrons (totaling 97.8 electrons per unit cell). This is in 

good agreement with each void being occupied by 1 molecule of n-hexane (50 electrons) giving a total of 2 

molecules of n-hexane within the unit cell (100 electrons). 

 Comments on the hydrogen bonds 

N–H∙∙∙O hydrogen bonds in 1a (H∙∙∙O bond lengths 2.04 Å & 2.20 Å) are on average shorter than N–H∙∙∙O 

hydrogen bonds in similar urea- and carbamate-based rotaxanes (H∙∙∙O bond lengths 2.12 Å & 2.65 Å and 

2.65 Å respectively),20 yet very close in length to N–H∙∙∙O hydrogen bonds in similar amide-based rotaxanes 

(2.12 Å or 2.20 Å).20 Interestingly, in an analogue of 1a where the amidinium moiety is replaced by a 

secondary ammonium (NH2
+ group), N–H∙∙∙O hydrogen bonds are shorter (1.88 Å & 2.00 Å).18b These 

observations probably reflect the diffuse nature of the positive charge in the amidinium moiety. 
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Table S25. Crystal data and structure refinement for rotaxane 1a.  
 

Empirical formula  C79H93BF24N2O8  

Formula weight  1665.36  

Temperature/K  158(13)  

Crystal system  monoclinic  

Space group  P21/c  

a/Å  23.1320(6)  

b/Å  17.7563(4)  

c/Å  22.3249(5)  

α/°  90  

β/°  110.257(3)  

γ/°  90  

Volume/Å3  8602.5(4)  

Z  4  

ρcalc g/cm3  1.286  

μ/mm-1  1.020  

F(000)  3464.0  

Crystal size/mm3  0.57 × 0.153 × 0.096  

Radiation  Cu Kα (λ = 1.54184)  

2Θ range for data collection/°  6.876 to 146.412  

Index ranges  -28 ≤ h ≤ 28, -15 ≤ k ≤ 21, -27 ≤ l ≤ 27  

Reflections collected  57058  

Independent reflections  16885 [Rint = 0.0801, Rsigma = 0.0605]  

Data/restraints/parameters  16885/1391/1429  

Goodness-of-fit on F2  1.071  

Final R indexes [I>=2σ (I)]  R1 = 0.1035, wR2 = 0.2844  

Final R indexes [all data]  R1 = 0.1520, wR2 = 0.3324  

Largest diff. peak/hole / e Å-3  0.60/-0.49  
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FA⊂24C8 (anion: BPh4
‒) 

 

Figure S113. Solid-state structure of hydrogen bonded complex FA⊂24C8. Thermal ellipsoids are shown at the 50% 

probability level. Disordered parts and most of the hydrogen atoms are omitted for clarity. The single crystal of FA⊂24C8 

was obtained from THF upon slow evaporation. The cif-file was deposited in the Cambridge structural database under 

identifier CCDC 2076128. 

Comments on disorder  

Crown ether and formamidinium. In the asymmetric unit, the central crown ether ring and formamidinium 

ion were highly disordered. Therefore, the whole amidinium ion as well as some carbon and oxygen atoms 

of the crown ether were modelled over two positions with linked partial occupancies for all disordered atoms. 

For modelling disorder of the central crown ether ring, SADI restraints and EADP constraints were used.  
 

Table S26. Crystal data and structure refinement for FA⊂24C8.  
 

Empirical formula C41H57BN2O8 

Formula weight 716.69 

Temperature/K 150 

Crystal system monoclinic 

Space group P21/n 

a/Å 28.6210(3) 

b/Å 15.91340(10) 

c/Å 28.8528(3) 

α/° 90 

β/° 117.4030(10) 

γ/° 90 

Volume/Å3 11666.7(2) 

Z 12 

ρcalcg/cm3 1.224 

μ/mm-1 0.673 
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F(000) 4632.0 

Crystal size/mm3 0.329 × 0.139 × 0.098 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 6.902 to 145.958 

Index ranges -35 ≤ h ≤ 34, -19 ≤ k ≤ 17, -34 ≤ l ≤ 35 

Reflections collected 48389 

Independent reflections 22624 [Rint = 0.0302, Rsigma = 0.0331] 

Data/restraints/parameters 22624/1166/1502 

Goodness-of-fit on F2 1.029 

Final R indexes [I>=2σ (I)] R1 = 0.0607, wR2 = 0.1611 

Final R indexes [all data] R1 = 0.0715, wR2 = 0.1733 

Largest diff. peak/hole / e Å-3 0.78/-0.34 
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Abstract

Molecular Russian dolls (Matryoshkas) have proven useful for testing the limits of preparative
supramolecular chemistry, but applications of these architectures to problems in other fields are
elusive. Here we report a three-shell, Matryoshka-like complex in which C60 sits inside a cyclopara-
phenylene nanohoop which in turn is encapsulated inside a self-assembled nanocapsule that can
be used to address a longstanding challenge in fullerene chemistry, namely the selective formation
of a particular fullerene bis-adduct. Spectroscopic evidence indicates that the ternary complex
is sufficiently stable in solution for the two outer shells to affect the addition chemistry of the
fullerene guest. When the complex is subjected to Bingel cyclopropanation conditions, the exclu-
sive formation of a single trans-3 fullerene bis-adduct was observed in a reaction that typically
yields more than a dozen products. The selectivity facilitated by this Matryoshka-like approach
appears to be a general phenomenon and could be useful for applications where regioisomerically
pure C60 bis-adducts have been shown to have superior properties compared with isomer mixtures.
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manuscript proofreading (in particular, the part concerning the HG chemistry).

204

https://doi.org/10.1038/s41557-021-00658-6


Articles
https://doi.org/10.1038/s41557-021-00658-6

1Institut de Química Computacional i Catàlisi and Departament de Química, Universitat de Girona, Girona, Spain. 2Institute of Organic Chemistry, Ulm 
University, Ulm, Germany. 3Serveis Tècnics de Recerca, Universitat de Girona, Girona, Spain. 4ALBA Synchrotron, Cerdanyola del Vallès, Spain. 5Materials 
Science Institute of Madrid, Spanish National Research Council, Madrid, Spain. 6Catalan Institute of Nanoscience and Nanotechnology, CSIC and The 
Barcelona Institute of Science and Technology, Barcelona, Spain. 7ICREA, Barcelona, Spain. ✉e-mail: max.vondelius@uni-ulm.de; xavi.ribas@udg.edu

The regioselective multiple functionalization of C60 is a 
long-standing problem in fullerene chemistry, with impli-
cations for applied research fields such as organic photo-

voltaics1–5, perovskite solar cells6 or biomedicine7,8. The selective 
synthesis of C60 mono- and hexakis-adducts can be considered a 
solved problem, because an excess of C60 or the reagent for func-
tionalization can be used to guarantee predominant mono- or 
hexakis-functionalization and minor side products can be removed 
via chromatographic separation9. However, obtaining isomerically 
pure bis-, tris-, tetra- or penta-adducts of C60 by chromatographic 
separation is very challenging because the lack of efficient stoichio-
metric control leads to a mixture of oligo-adducts (bis-, tris-adducts 
and so on), while each oligo-adduct may exist in the form of more 
than a dozen distinct regioisomers. Generating isomerically pure 
multiple adducts of C60 would therefore not only solve a technical 
problem (increased yield), but in many cases would represent the 
only feasible way to obtain these compounds in pure form10.

When considering the synthesis of fullerene bis-adducts, the 
addition of a second identical and symmetric addend to a fuller-
ene mono-adduct leads to eight potential different regioisomers 
(in order of increasing distance between the substituents: cis-1, 
cis-2, cis-3, e, trans-4, trans-3, trans-2, trans-1)11,12. If addends are 
non-symmetric, as is the case in bis-PC60BM (ref. 13), 18 bis-adduct 
regioisomers are obtained in the crude reaction mixture, and their 
HPLC separation is extremely challenging14. Furthermore, recent 
studies by Li and co-workers15 and Grätzel and co-workers16 have 
demonstrated that isomerically pure bis-adducts of C60 can out-
perform the commonly employed isomer mixtures in bulk het-
erojunction and perovskite solar cells, indicating that there is 

a need to develop a methodology for accessing pure fullerene 
regioisomers17.

Several strategies have been reported to effectively control the 
regioselective bis-adduct functionalization of C60, the most com-
mon being the ‘tether-directed remote functionalization’ approach 
pioneered by Diederich and co-workers in the mid-1990s for the 
Bingel cyclopropanation reaction18–20. In this approach one single 
bis-adduct isomer is formed predominantly, because the length of 
the tether bridge in a ditopic malonate reagent dictates the maxi-
mum distance between the two addends (Fig. 1a)21–23. The obvious 
drawback is that the tether bridge is not removable and remains in 
the bis-adduct product, which compromises the applicability of the 
functionalized products. Beyond the tether approach, elegant strat-
egies have been developed for the synthesis of trans-1 Diels–Alder24, 
e,e,e,e-tetrakis25,26 and pentakis27 Bingel cyclopropanated adducts.

The modulation of the regioselectivity of multiple addition 
reactions by confinement of C60 in supramolecular receptors has 
recently emerged as an alternative approach28. For instance, a cubic29 
coordination cage and a metal–organic framework30 have been 
demonstrated to selectively bind to Diels–Alder bis-adducts of C60 
and preliminary studies on using these hosts to direct the fullerene 
functionalization towards C60-anthracene bis-adducts have been 
carried out (the regioisomer issue was not investigated). Further 
recent advances include a supramolecular bowl to furnish a selec-
tive Diels–Alder monofunctionalization of C60 despite a 10-fold 
excess of the reagent anthracene31, a boronate ester cage giving rise 
to a symmetry-matched Prato tris-adduct as major reaction prod-
uct32 and a supramolecular tether approach that afforded the isola-
tion of a rare cis-1 C60 bis-adduct in 14% yield33. Von Delius and 
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co-workers reported on the ability of the nanohoop [10]cyclopara-
phenylene ([10]CPP), which forms the supramolecular complex 
C60⊂[10]CPP (Ka ≈ 106 M−1 in toluene)34–38, to infer a substan-
tial degree of regiocontrol on the formation of Bingel bis-adducts 
(Fig. 1b)39. Specifically, the trans-2 and trans-3 regioisomers were 
obtained as major products in almost equimolar amounts, along 
with a small amount of trans-1, whereas the e, cis-1, cis-2, cis-3 and 
trans-4 regioisomers were avoided.

On the other hand, Ribas and co-workers have successfully 
developed a supramolecular mask strategy using tetragonal pris-
matic nanocapsules to gain full control on the regioselectivity for 
Bingel e-isomer bis-adducts (Fig. 1c)40. Thus, in the present work 
we have combined the latter two strategies by encapsulating the 
C60⊂[10]CPP adduct in a newly designed tetragonal prismatic 
nanocapsule 6·(BArF)8, featuring an enlarged cavity with macro-
cylic Me2pTp-based clips, capable of the strong encapsulation of 
the Saturn-like C60⊂[10]CPP guest (Fig. 1d). Upon exposure of the 
tightly associated three-shell supramolecular complex41–44 to Bingel 
cyclopropanation reaction conditions, the functionalization of the 
inner C60 was directed to form exclusively the trans-3 bis-isomer. 
The combination of the [10]CPP and supramolecular mask encap-
sulation into the matryoshka-like three-shell system not only 
leads to perfect regioselectivity, which has no precedents, but also  

prevents any overfunctionalization due to the confined environ-
ment. Crystallographic analysis of pre- and postfunctionalized 
C60⊂[10]CPP⊂7·(BArF)8 matryoshka-like complexes affords a com-
pelling explanation for the counterintuitive, symmetry-mismatched 
trans-3 regioselectivity.

Results and discussion
Synthesis and characterization of the extended nanocapsule 
6·(BArF)8. To prepare a nanocapsule large enough to accommo-
date the host–guest complex C60⊂[10]CPP, we modified the previ-
ously reported strategy for the self-assembly of tetragonal prismatic 
nanocapsules 3, 4 and 5·(BArF)8 (refs. 40,45,46) by designing a larger 
linker for the macrocyclic molecular clip (Extended Data Fig. 1). 
To this end, we initially synthesized a phenyl-acetylene-phenyl 
para-dialdehyde47 that underwent a 2 + 2 cyclization to form the 
imine-containing S2pTp macrocycle, which was hydrogenated, 
methylated and finally complexated with Pd(ii) or Cu(ii) salts to 
obtain the corresponding molecular clip synthons, respectively 
([Pd2(Me2pTp)(AcO)2](OTf)2 and [Cu2(Me2pTp)(OTf)2](OTf)2, 
see crystal structure in Supplementary Fig. 42). The molecular 
clips were self-assembled with Zn(ii)-based 5,10,15,20-(tetra-4-ca
rboxyphenyl)porphyrin in a 2:1 ratio in refluxing DMF and NEt3 as 
base to finally obtain the tetragonal prismatic nanocapsules 6·(OTf)8 
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Fig. 1 | Strategies reported for the regioselective synthesis of C60 adducts. a, Tether approach, where a length-modifiable tether is installed in a bidentate 
adduct to obtain preferential Bingel bis-adduct isomers (conditions: C60, I2, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), toluene, r.t.). b, Nanohoop 
template, that is, C60⊂[10]CPP, where the nanohoop restricts the accessibility of the reagents and imposes selectivity on the formation of Bingel 
bis-adducts (conditions: diethyl malonate, CBr4, DBU, toluene, r.t.). c, Supramolecular mask strategy for regioselective equatorial Bingel functionalization 
(symmetry match) through the four cross-shaped gates of the tetragonal prismatic (biphenyl-based) nanocapsule (conditions: diethyl bromomalonate, 
NaH, CH3CN, r.t.). Orange arrows and orange numerals represent angles between cyclopropane addends or angles of attack. Grey and orange spheroids 
represent malonate substituents. d, Matryoshka-like strategy for regioselective trans-3 bis-functionalization (symmetry mismatch, this work) using an 
enlarged tetragonal prismatic nanocapsule (conditions: diethyl bromomalonate, NaH, CH3CN, r.t.).
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(Pd(ii) analogue, 81% yield) and 7·(OTf)8 (Cu(ii) analogue, 83% 
yield). Anion metathesis with NaBArF in CH2Cl2 afforded the tar-
get nanocapsules 6·(BArF)8 (75% yield) and 7·(BArF)8 (77% yield)  
(Fig. 2). The diamagnetic Pd(ii)-based nanocapsule 6·(BArF)8 was 
characterized by 1H NMR spectroscopy and high-resolution mass 
spectrometry (HRMS) (Fig. 2c and Supplementary Fig. 50), whereas 
the paramagnetic Cu(ii)-based 7·(BArF)8 was characterized by HRMS 
(Supplementary Fig. 53) and X-ray diffraction (XRD) (see below).

Encapsulation of C60⊂[10]CPP in nanocapsule 6·(BArF)8. Having 
obtained the nanocapsule 6·(BArF)8, we focused our attention on 
its host–guest properties. Given its larger cavity (Zn–porph···Zn–
porph distance, 16.8 Å) compared with that of the previously 
reported nanocapsule 4·(BArF)8 (Zn–porph···Zn–porph distance, 
14.1 Å)40,45, we speculated whether encapsulation of C60 could be 
achieved. HRMS experiments indicated that the affinity was very 
weak and an ultraviolet–visible titration allowed us to determine 
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Fig. 2 | Synthesis of the tetragonal prismatic nanocapsules used and encapsulation of C60⊂[10]CPP. a, Synthesis of Pd- and Cu-based nanocapsules 
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a Ka of 5.4 ± 0.9 × 103 M−1 (Supplementary Fig. 91, Supplementary 
Tables 7–9 and http://supramolecular.org/)48,49 in toluene/acetoni-
trile 9:1 solvent, which was used throughout this study for spec-
troscopic titrations. C60 therefore binds approximately four orders 
of magnitude less strongly to the extended nanocapsule 6·(BArF)8 
than to the original nanocapsule 4·(BArF)8, for which a Ka of 
2.8 ± 0.6 × 107 M−1 was reported previously in the same solvent mix-
ture45. When only [10]CPP was added to nanocapsule 6·(BArF)8, 
we were able to determine a Ka of 1.1 ± 0.1 × 105 M−1 by fluorescence 

titration (Supplementary Fig. 90 and Supplementary Tables 4–6). To 
complete the picture on binary host–guest equilibria, we determined 
a Ka of 5.7 ± 0.4 × 106 M−1 for the known complex C60⊂[10]CPP in 
toluene/acetonitrile 9:1 (Supplementary Fig. 89 and Supplementary 
Tables 1–3). The equilibrium between nanohoop and fullerene is 
therefore the strongest of the three relevant host–guest association 
events, while the binding of C60 to the nanocapsule is the weakest.

In accordance with these data on the three binary equilibria, 
we were able to assemble the matryoshka-like complex C60⊂[10]
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CPP⊂6·(BArF)8 (Fig. 2b) by adding 1 equiv. of [10]CPP to the pre-
viously prepared mixture of 6·(BArF)8 and C60 in a suitable solvent 
mixture. The fact that a solvent switch to pure acetonitrile (HRMS 
in Fig. 2c and 1H NMR in Fig. 2d) was possible despite the lack of 
solubility of C60 and [10]CPP in this pure solvent is a qualitative 
indication of the stability of the three-shell complex under these 
conditions. To study the matryoshka-like complex by spectro-
scopic titration in toluene/acetonitrile 9:1, we adopted an approxi-
mation previously used by Thordarson and Stoddart for related 
three-component systems43,50. Having previously confirmed that 
C60⊂[10]CPP represents the strongest binary association event, we 
sought to answer the question whether the presence of the nano-
capsule (in excess and at constant concentration) would substan-
tially affect the stability of the C60⊂[10]CPP complex. The resulting 
binding isotherm could be fitted relatively well with a 1:1 model, 
giving an apparent Ka of 9.3 ± 0.4 × 106 M−1 (Supplementary Fig. 92 
and Supplementary Tables 10–12). We deduce from the feasibility of 
this approximation and from the small difference to the Ka observed 
for pristine C60⊂[10]CPP (5.7 ± 0.4 × 106 M−1) that all binding 
events in the three-shell complex are relatively independent from 
one another and that any cooperativity51, if present, would be mod-
erate and positive. Finally, we corroborated the high preference for 
the encapsulation of the C60⊂[10]CPP complex within 6·(BArF)8 in 
an experiment aimed at encapsulating C60⊂[10]CPP in the smaller 
nanocapsule 4·(BArF)8 (refs. 45,52). Upon mixing, the only observed 
supramolecular adduct in the HRMS spectrum was C60⊂4·(BArF)8, 
which indicated that the C60⊂[10]CPP was fully dissociated in this 
competition experiment (Supplementary Fig. 64).

Crystal structure of C60⊂[10]CPP⊂7·(BArF)8. The high thermo-
dynamic stability of the Pd(ii)-based three-shell complex C60⊂[10]
CPP⊂6·(BArF)8 prompted us to try to obtain high-quality single 
crystals, without success. However, by using the Cu(ii)-based 
analogous nanocapsule 7·(BArF)8, suitable crystals for XRD under 
synchrotron light were obtained, featuring the Saturn-like complex 
C60⊂[10]CPP inside the cavity in slightly tilted orientation with 
respect to the porphyrin planes (~15°) (Fig. 3a). The guest com-
plex is found in two positions (50% occupation), thus prioritizing 
the interaction between the zinc porphyrin and the fullerene53 over 
other possible geometric arrangements. This preference for two 
fullerene positions, which in solution are connected by rapid equi-
libria (one singlet observed by 1H NMR spectroscopy for both [10]
CPP protons and pyrrol protons from Zn–porphyrin units, respec-
tively, see Fig. 2d; one singlet observed by 13C NMR spectroscopy 
for C60 guest, see Supplementary Fig. 56)54, has the important con-
sequence that the [10]CPP nanohoops are preferentially in slightly 
tilted orientation (~15°) to the two Zn–porphyrins (vertical align-
ment precluded due to large diameter of [10]CPP, that is, ~14 Å for a 
nanocapsule featuring a Zn–porph···Zn–porph distance of 16.8 Å). 
The latter finding severely limits possible angles of ‘attack’ for bro-
momalonate reagents that need to enter through the four windows 
of the nanocapsule and subsequently avoid any steric clash with 
[10]CPP before adding to a fullerene [6,6] double bond.

Single-isomer trans-3 bis-adduct synthesis. Given the success-
ful use of tetragonal prismatic nanocapsules, that is, 4·(BArF)8, as 
supramolecular masks for the regioselective equatorial Bingel cyclo-
propanation of C60 (ref. 40), we hypothesized that the matryoshka-like 
assembly C60⊂[10]CPP⊂6·(BArF)8 might induce a different regi-
oselectivity for the cyclopropanation of C60. Upon exposure of the 
matryoshka-like compound to an excess of diethyl bromomalonate 
(5 equiv.) and NaH (5 equiv.) in CH3CN at room temperature for 
2.5 h, a complex containing a bis-adduct C60 was obtained chemose-
lectively (Fig. 3b), with no signs of multiple additions or nanocapsule 
decomposition, as clearly shown by HRMS (Fig. 3c). The removal 
of the bis-adduct C60 from the inner shell of the matryoshka-like  

assembly was achieved by a two-step work-up routine, includ-
ing an initial CHCl3 washing step and displacement from [10]
CPP by addition of excess C60 (detailed work-up flowchart in 
Supplementary Fig. 65). In this manner, a solution of the bis-adduct 
in CHCl3 was obtained, allowing us to directly quantify the product 
by HPLC analysis, and then further fully characterize the sample by 
ultraviolet–visible and NMR spectroscopy. These analyses unequiv-
ocally showed that a single bis-adduct regioisomer, trans-3-(1-C60), 
had been formed in a total yield of 90% (Fig. 3b). Having obtained 
this isolated sample, we were able to determine the association 
constant for the formation of the trans-3-(1-C60)⊂[10]CPP inclu-
sion complex by fluorescence titration (Supplementary Fig. 93 and 
Supplementary Tables 13–15), affording a Ka of 3.6 ± 0.5 × 105 M−1, 
which is about 20-fold lower than the Ka observed for the starting 
material C60⊂[10]CPP in the same solvent mixture (toluene/aceto-
nitrile 9:1). This difference in binding constants explains why the 
release protocol shown in Fig. 3b is effective39.

The identity and purity of the trans-3-(1-C60) bis-adduct was 
verified by an independent, unselective synthesis starting from C60, 
followed by time-consuming chromatographic purification of the 
trans-3 regioisomer. As expected, the diffusion coefficents (D) and 
solvodynamic radii (rS) of nanocapsule 6·(BArF)8, matryoshka-like 
C60⊂[10]CPP⊂6·(BArF)8 and trans-3-(1-C60)⊂[10]CPP⊂6·(BArF)8 
are fundamentally the same, irrespective of which guest is encap-
sulated, thus confirming that the size of the capsule is the major 
factor defining D values (Supplementary Table 17). Remarkably, the 
product distribution observed by HPLC analysis showed exclusive 
trans-3 bis-adduct formation using the three-shell strategy (Fig. 3d), 
whereas a mixture of multiple-addition products with uncontrolled 
regioselectivity (with no trace of bis-adducts) was obtained for the 
non-templated functionalization of C60 (Fig. 3d).

Fortunately, single crystals of trans-3-(1-C60)⊂[10]CPP⊂7·(BArF)8 
could be grown and were subjected to XRD at the synchrotron facil-
ity. However, due to the complexity of the structure and the fragility 
of the crystals, only preliminary crystal data up to 1.30 Å resolu-
tion can be reported here. Several attempts were made to achieve 
higher resolutions. However, no observable reflections were detected 
beyond this resolution, even after increasing the X-ray exposure time. 
This limitation must be imposed by the large number of disordered 
groups in the crystals. Nevertheless, these data show on a qualitative 
level a similar arrangement of the matryoshka-like assembly with C60 
(Fig. 4a), but with a substantial change in the tilted angle of the [10]
CPP arrangement with respect to the porphyrin planes (~26° com-
pared with the previous 15°). This substantial change in the tilted 
angle of the [10]CPP suggests that the presence of a bis-adduct C60 
increased the steric crowding within the matryoshka-like assem-
bly. Due to the limited resolution and the statistical positional dis-
order of the C60 inside the nanocapsule, the position of the trans-3 
bis-cyclopropanated adducts could not be located by XRD refine-
ment. Nonetheless, the position of one of the malonate groups could 
be identified from analysis of the difference Fourier maps, and added 
as a rigid-body group for subsequent refinements. The location of 
this group, along with the tilted angle of the [10]CPP, imposes steric 
constraints that explain the trans-3 selectivity.

At first hand, this selectivity is highly counterintuitive, because 
the trans-3-(1-C60) bis-adduct features a 120° angle between the 
two addends, whereas the nanocapsule exhibits four-fold sym-
metry and thus a 90° angle between the windows (which in the 
case of capsule 4·(BArF)8 leads to the formation of e-bis-adducts). 
However, in the present case there is only one possibility to locate 
all components within the matryoshka-like assembly, which is 
by accessing through contiguous windows of the nanocapsule as 
depicted in Fig. 4b. The position of the second trans-3 malonate 
group could not be included in the final crystallographic refine-
ment because the atomic positions were superimposed with those 
of the alternative, symmetrically generated C60 derivative inside 
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the nanocapsule. Nevertheless, based on the crystallographic data, 
a model was created confirming the feasibility of this geometric 
arrangement of the trans-3 bis-adduct for trans-3-(1-C60) within 
the capsule. Further evidence for the constrained nature of the 
trans-3-(1-C60)⊂[10]CPP⊂7·(BArF)8 complex can be derived from 
the 1H NMR spectrum in CD3CN, which shows a lowering of cap-
sule symmetry, that is, splitting of the pyrrole singlet into a multi-
plet (Supplementary Fig. 87).

At this point we decided to test the generality of the observed 
ideal chemoselectivity (bis-adduct) and the symmetry-mismatched 
trans-3 regioselectivity. We therefore synthesized di-isopropyl, 
di-tert-butyl and dibenzyl bromomalonates and tested these 

substrates under identical reaction conditions. For both the 
di-isopropyl and dibenzyl bromomalonates, the trans-3 bis-adducts 
were obtained exclusively (Supplementary Figs. 68 and 69), 
although differing in the total yield (HPLC quantification): 82% for 
trans-3-(2-C60) and 4% for trans-3-(3-C60) (Fig. 4b,c). Furthermore, 
following the workflow detailed in Fig. 3b, the first washing of the 
three-shell product complex with CHCl3 removed some of the 
encapsulated trans-3-C60⊂[10]CPP product complex from the 
nanocapsule. Moreover, the amount of this first release was very 
much dependent on the steric bulk of the malonate substituents 
(Et, iPr, Bn). Thus, for each product we have essentially obtained 
two types of yields for trans-3-C60 products (one after CHCl3 
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release of trans-3-C60⊂[10]CPP plus C60 exchange, and one after 
C60 exchange directly on the trans-3-(1-C60)⊂[10]CPP⊂6·(BArF)8 
complex. The amount of product release correlates well with the 
void space analysis (although increasing solubility of the product in 
CHCl3 might also be a factor): the volume occupancy is 53% (that 
is, below 55% Rebek’s rule)55 for trans-3-(1-C60)⊂[10]CPP, which 
leads to a low amount of guest release by CHCl3 washing (14%). 
The volume occupancy is 56% for trans-3-(2-C60)⊂[10]CPP (that is, 
slightly above 55% Rebek’s rule), which leads to 58% of guest release 
by solvent washing (∼2-fold with respect to the guest remaining 
encapsulated). For trans-3-(3-C60)⊂[10]CPP the volume occupancy 
is 61%, far beyond Rebek’s rule of 55%, which, on the one hand, 
explains the low yield observed for this reaction, and, on the other 
hand, explains why we observed a higher fraction (∼3-fold) of guest 
released by solvent washing than guest remaining encapsulated (see 
yields and void analysis in Fig. 4c).

The exclusive trans-3 regioselectivity of our matryoshka-like 
approach therefore seems to be a general finding, but the scope of 
substrates is somewhat limited due to the necessity for the reagents 
to reach the encapsulated fullerene. For substrates with low to mod-
erate steric bulk (for example, diethyl and di-isopropyl) selectivity 
is perfect and the reaction rate and yields are optimal, while for 
substrates with moderate to high steric bulk (for example, diben-
zyl, Fig. 4b) selectivity remains perfect but the rate and yields 
decrease abruptly. Substrates with higher steric bulk (for example, 
di-tert-butyl bromomalonate) represent the steric limitation of the 
three-shell system, since no reaction was observed.

All accessible trans-3 bis-adducts (using the diethyl, di-isopropyl 
and dibenzyl bromomalonates) were independently synthe-
sized using uncontrolled syntheses and purified by preparative 
chromatography to confirm their identity. All spectroscopic and 
spectrometric analyses matched the trans-3 isomers obtained 
using the matryoshka-like assembly C60⊂[10]CPP⊂6·(BArF)8 
(Supplementary Figs. 70–78).

Conclusions
We have developed an unprecedented example of a three-shell 
heteroleptic matryoshka-like assembly, C60⊂[10]CPP⊂6·(BArF)8, 
by using an extended tetragonal prismatic nanocapsule 6·(BArF)8 
to host the previously reported nanohoop–fullerene complex. 
Spectroscopic titrations and crystallographic evidence for the 
matryoshka-like assembly allowed an understanding of the high 
thermodynamic stability of the overall assembly. Upon submis-
sion of C60⊂[10]CPP⊂6·(BArF)8 to Bingel cyclopropanation reac-
tion conditions, only the trans-3 fullerene bis-adduct was obtained 
for the bromomalonates tested (excluding the di-tert-butyl 
derivative for steric reasons). Crystallographic evidence for the 
bis-functionalized three-shell matryoshka-like assembly demon-
strated the unique ability of this architecture to restrict the com-
plex functionalization chemistry of C60 exclusively to 120° angles 
in contiguous windows of the nanocapsule. These results contrast 
with the mixture of trans-1, trans-2 and trans-3 obtained by func-
tionalizing C60⊂[10]CPP, and also with the e-bis-isomer obtained 
applying only the nanocapsule supramolecular mask strategy. Thus 
by combining the two previous approaches, we enabled a regioi-
someric outcome which could not have been predicted and which 
represents a unique case of symmetry mismatch between supramo-
lecular nanocontainer and reaction product.

The use of three-shell, heteroleptic matryoshka-like assemblies 
can become a strategy of choice to synthesize highly challenging, 
regioisomerically pure fullerene bis-adducts, which in turn may 
lead to further advances in organic electronics and solar cells. This 
regiocontrolled bis-functionalization could also open the door to 
the templated oligomerization of fullerenes, such that novel con-
ductive channels or mechanically interwoven materials could  
be designed.
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Methods
Synthesis of trans-3-(1-C60)⊂[10]CPP⊂6·(BArF)8. First, 15 mg of C60⊂[10]
CPP⊂(6·BArF)8 was dissolved in CH3CN. Then, 5 equiv. of the corresponding 
bromomalonate (diethyl (1), di-isopropyl (2), dibenzyl (3)) and 5 equiv. of NaH 
as a base were added sequentially and the reaction was stirred for 16 h under 
nitrogen. Once the bis-adduct was formed, the reaction was stopped by filtration 
and removal of the solvent under reduced pressure.

1H NMR (400 MHz, CD3CN) δ ppm: 8.78 (m, 16H, pyrrole ring), 8.73 (d, 
J = 8.2 Hz, 8H, aromatic (arom)–porphyrin (porph)), 8.50 (d, J = 8.2 Hz, 8H, arom–
porph), 8.35 (d, 8H, arom–porph), 8.29 (d, 8H, arom–porph), 8.06 (d, J = 8.2 Hz, 
32H, arom–clip), 7.70 (d, 32H, arom–clip), 7.69–7.66 (m, 96H, BArF−), 7.16 (s, 
40H, [10]CPP), 4.05 (d, J = 13 Hz, 16H, –CH2–), 3.64 (m, 16H, –CH2–), 3.58 (s, 
48H, N–CH3), 3.23 (m, 16H, –CH2–), 3.13 (d, J = 13 Hz, 16H, –CH2–), 2.44 (dd, 
J = 13.5 Hz, 16H, –CH2–), 2.33 (dd, J = 13.5 Hz, 16H, –CH2–), 1.41 (s, 24H, N–
CH3). 13C NMR (100 MHz, CD3CN, signals and assignment based on heteronuclear 
single quantum coherence and heteronuclear multiple quantum coherence spectra) 
δ ppm: 165.4 (arom–porph), 161.9 (BArF), 155.4 (pyrrole ring), 137.0 ([10]CPP), 
134.9 (BArF), 133.4 (arom–porph), 132.8 (arom–clip), 132.5 (arom–clip), 131.4 
(pyrrole ring), 127.0 ([10]CPP), 122.7 (arom–clip), 117.7 (BArF), 64.4 (–CH2–), 
59.9 (–CH2–), 57.9 (–CH2–), 51.3 (–CH3), 42.9 (–CH3).

HRMS (m/z): calculated 891.0920 and found, 891.0883 (trans-3-(1-C60)⊂[10]
CPP⊂[6·(BArF)0]+8); calculated, 1141.6861 and found, 1141.6835 (trans-3-
(1-C60)⊂[10]CPP⊂[6·(BArF)1]+7); calculated, 1475.9784 and found, 1475.9765 
(trans-3-(1-C60)⊂[10]CPP⊂[6·(BArF)2]+6); calculated, 1943.7875 and found, 
1943.7841 (trans-3-(1-C60)⊂[10]CPP⊂[6·(BArF)3]+5).

Isolation of trans-3-(1-C60). The crude trans-3-(1-C60)⊂[10]CPP⊂6·(BArF)8 
reaction mixture was washed with CHCl3 affording a precipitate. Then the 
precipitate was dissolved in CH3CN and C60 (4 equiv.) was added as a suspension 
in CHCl3 (CH3CN/CHCl3 1:1) and stirred at room temperature for 3 h. Then, the 
solution was dried with a nitrogen gas flow and the trans-3-(1-C60) was obtained 
after toluene (or CHCl3) addition and filtration of the solid C60⊂[10]CPP complex. 
Alternatively, C60 (4 equiv.) was added to the CHCl3 supernatant from the washing 
step and stirred at room temperature for 3 h. After this time, the solution was 
dried with a nitrogen gas flow and the trans-3-(1-C60) was obtained after toluene 
addition and filtration of the solid C60⊂[10]CPP complex. Both fractions were 
characterized by HPLC and ultraviolet–visible spectroscopy to confirm the trans-3 
isomer identity, which was also cross-matched with an independently synthesized 
sample of trans-3 bis-adduct. The 90% total yield of the reaction was calculated 
involving the two fractions of trans-3-(1-C60). See Supplementary Fig. 65 for a 
detailed work-up flow.

1H NMR (600 MHz, CDCl3) δ ppm: 1.51 (doublet of quartets, J = 7.1, 3.9 Hz, 
4H, –CH2–), 1.48 (doublet of quartets, J = 7.1, 2.1 Hz, 4H, –CH2–), 1.51 (t, 
J = 7.1 Hz, 6H, –CH3), 1.42 (t, J = 7.1 Hz, 6H, –CH3). 13C NMR (150 MHz, CDCl3) δ 
ppm: 163.89 (C=O), 163.87 (C=O), 147.60 (C60, sp2), 147.32 (C60, sp2), 146.92 (C60, 
sp2), 146.88 (C60, sp2), 146.85 (C60, sp2), 146.81 (C60, sp2), 146.77 (C60, sp2), 146.47 
(C60, sp2), 146.39 (C60, sp2), 146.02 (C60, sp2), 145.85 (C60, sp2), 145.67 (C60, sp2), 
145.00 (C60, sp2), 144.76 (C60, sp2), 144.51 (C60, sp2), 144.22 (C60, sp2), 143.94 (C60, 
sp2), 143.88 (C60, sp2), 143.73 (C60, sp2), 143.41 (C60, sp2), 142.88 (C60, sp2), 142.59 
(C60, sp2), 142.52 (C60, sp2), 142.25 (C60, sp2), 142.01 (C60, sp2), 140.72 (C60, sp2), 
139.53 (C60, sp2), 138.90 (C60, sp2), 72.11 (C60 sp3), 71.62 (C60 sp3), 51.80 (OCCCO), 
63.74 (–CH2–), 63.64 (–CH2–), 14.53 (–CH3), 14.51 (–CH3).

The full experimental details and characterization of the new compounds can 
be found in the Supplementary Information.
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Extended Data Fig. 1 | Self-assembled tetragonal prismatic nanocapsules. Self-assembly of the Zn-TCPP and the bimetallic macrocyclic clips 
[M2(Me2p)]4+, [M2(Me2pp)]4+ and [M2(Me2pTp)]4+, to afford the corresponding tetragonal prismatic nanocapsules with increasing cavity-size, that is, 
3·(BArF)8, 4·(BArF)8, 5·(BArF)8, 6·(BArF)8, 7·(BArF)8.
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1. Supplementary methods 
 

1.1. Materials and instrumentation 
 

Reagents and solvents used were commercially available reagent quality unless 

indicated otherwise. [10]CPP and the C60Ì[10]CPP complex were prepared following a 

published procedure.1,2 NMR data concerning product characterization were collected 

on Bruker 400 MHz AVANCE spectrometers in CDCl3 or CD3CN, and calibrated relative 

to the residual protons of the solvent. ESI-MS experiments were collected and analysed 

on Bruker MicroTOF-Q-II using CDCl3 or CH3CN as a mobile phase. HPLC data 

concerning fullerene adducts identity were collected on Agilent series 1200 

chromatograph equipped with Cosmosil Buckyprep-M column, or LC-9130 NEXT 

apparatus (Japan Analytical Industry Co.Ltd.) monitored using a UV detector at 320 nm 

and using toluene as solvent (0.5 ml/min flow). UV-Vis spectroscopy was performed on 

an Agilent 8452 UV-vis spectrophotometer with 1 cm quartz cell, using CH3CN as 

solvent. X-ray diffraction data were collected on both Bruker D8 QUEST ECO and ALBA 

synchrotron.  

 

1.2. Synthesis and characterization of 4,4'-(Ethyne-1,2-
diyl)dibenzaldehyde (pTp) 

O

H H

O

 

4,4'-(Ethyne-1,2-diyl)dibenzaldehyde (pTp) was synthetized following reported 

procedures.3 4-bromobenzaldehyde (1100 mg, 6 mmol), propiolic acid (186 μl, 6 mmol), 

1,4-bis(diphenylphosphino)butane (128 mg, 0.30 mmol),  Pd(PPh3)2Cl2 (110 mg, 0.15 

mmol) and DBU (900 μl, 6 mmol) were combined in a 50 ml round-bottom flask. DMSO 

(16 ml) was added and the flask sealed with a septum was placed in an oil bath at 80 ºC 

for 4 hours. Then, the reaction crude was filtered and purified by flash chromatography 

on silica gel. The product was eluted with hexane:ethyl acetate (1:1). (Yield 70 %) 

1H-NMR (400 MHz, CDCl3) δ p.p.m.: 10.04 (s, 2H, -CHO), 7.90 (d, J=8.4 Hz, 4H, arom), 

7.71 (d, J=8.2 Hz, 4H, arom).  

13C-NMR (100 MHz, CDCl3) δ p.p.m.: 191.7 (C=O), 136.3 (C arom), 132.7 (CH arom), 

130.0 (CH arom), 129.0 (C arom), 92.5 (C sp). 
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1.3. Synthesis and characterization of S2pTp 

N

N

N

N

HNNH

 

0.46 g (1 mmol) of dialdehyde were dissolved in 150 ml of DCM and were charged in a 

100 ml addition funnel. Then, 210 μl (1 mmol) of diethylenetriamine were added in a 500 

ml round-bottom flask with 200 ml of MeOH. The dialdehyde solution was added 

dropwise into the amine solution for 6 h and stirred for 16 h. After this time, a white solid 

was obtained.  

1H-NMR (400 MHz, CDCl3) δ p.p.m.: 8.27 (s, 4H, CH imine), 7.45 (d, J=8.3 Hz, 8H, arom), 

7.39 (d, J=8.3 Hz, 8H, arom), 3.81-3.79 (m, 8H, CH2), 3.01-2.98 (m, 8H, CH2).  

13C-NMR (100 MHz, CDCl3) δ p.p.m.: 162.0 (C sp2 imine), 135.9 (C arom), 132.2 (CH 

arom), 128.2 (CH arom), 125.6 (C arom), 91.2 (C sp), 60.3 (-CH2-), 48.7 (-CH2-). 

HRMS (m/z): calculated 302.1649 and found 302.1652 ({S2pTp + 2H+}+2); calculated 

603.3231 and found 603.3237 ({S2pTp + H+}+1); calculated 625.3050 and found 625.3062 

({S2pTp + Na+}+1). 

 

1.4. Synthesis and characterization of H2pTp 

HN

HN

NH

NH

HNNH

 

To a solution of S2pTp, 0.22 g of NaBH4 (6 mmols) were added and the mixture was 

stirred for 16 h. After this time, 7 ml of an acid solution (HCl:H2O 1:10) were added and 

the reaction crude stirred for 45 minutes. Then, the solution was evaporated under 

reduced pressure until a constant volume and 125 ml of H2O were added. The product 

was extracted with CHCl3 (3 x 50 ml). Organic phases were combined, dried with 

anhydrous MgSO4 and filtered. The remaining solution was dried under vacuum, and a 

white solid of H2pTp was obtained. (Yield: 82%).  
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1H-NMR (400 MHz, CDCl3) δ p.p.m.: 7.43 (d, J=8.2 Hz, 8H, arom), 7.24 (d, J=8.2 Hz, 

8H, arom), 3.77 (s, 8H, CH2), 2.84-2.77 (m, 16H, CH2).  

13C-NMR (100 MHz, CDCl3) δ p.p.m.: 141.0 (C arom), 132.0 (CH arom), 128.3 (CH 

arom), 122.2 (C arom), 89.5 (C sp), 54.0 (-CH2-), 49.2 (-CH2-), 48.8 (-CH2-). 

HRMS (m/z): calculated 306.1965 and found 306.1969 ({H2pTp + 2H+}+2); calculated 

611.3857 and found 611.3874 ({H2pTp + H+}+1). 

 

1.5. Synthesis and characterization of Me2pTp 

N

N

N

N

NN

 

0.45 g of H2pTp (1 mmol) were added to a 50 ml round-bottom flask and mixed with: 7 

ml of formaldehyde, 6 ml of formic acid and 10 ml of water. The resulting mixture was 

heated to reflux during 16 h. After this time, the reaction mixture was cooled to room 

temperature and the solvent was removed under reduced pressure. Then, 50 ml of 

NaOH 1M were added. The product was extracted with CHCl3 (3 x 25 ml). Organic 

phases were combined, dried with anhydrous MgSO4 and filtered. The remaining 

solution was dried under vacuum, and the obtained product purified by recrystallization 

with acetone. (Yield: 92%). 

1H-NMR (400 MHz, CDCl3) δ p.p.m.: 7.40 (d, J=8.2 Hz, 8H, arom), 7.25 (d, J=8.2 Hz, 

8H, arom), 3.44 (s, 8H, CH2), 2.50-2.41 (m, 16H, CH2), 2.25 (s, 6H, CH3), 2.21 (s, 12H, 

CH3).  

13C-NMR (100 MHz, CDCl3) δ p.p.m.: 139.5 (C arom), 131.6 (CH arom), 129.2 (CH 

arom), 122.1 (C arom), 89.4 (C sp), 62.6 (-CH2-), 54.9 (-CH2-), 54.4 (-CH2-), 43.8 (-CH3), 

43.1 (-CH3). 

HRMS (m/z): calculated 348.2434 and found 348.2435 ({Me2pTp + 2H+}+2); calculated 

695.4796 and found 695.4809 ({Me2pTp + H+}+1). 
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1.6. Synthesis and characterization of dinuclear PdII molecular clip, 
[Pd2(Me2pTp)(AcO)2](OTf)2 

N

N

N

N

NN PdPd

(CF3SO3)2

OAc

AcO

 

In a 50 ml round-bottom flask, 0.065 g of Me2pTp (1 mmol), 0.044 g of Pd(AcO)2 (2.1 

mmols) and 30 ml of anhydrous CH3CN were mixed. The mixture was heated to reflux 

temperature, under nitrogen atmosphere for 16h. After this time, the reaction mixture 

was cooled to room temperature. Subsequently, an excess of NaCF3SO3 salt was added 

(4.2 mmols) and the mixture was stirred vigorously for 8h. The mixture was concentrated 

to a volume of 2-3 ml under reduced pressure, filtered through Celite and recrystallized 

under slow diethyl ether diffusion. Yellow crystalline solid was obtained. (Yield: 90%). 

1H-NMR (400 MHz, CD3CN) δ p.p.m.: 8.27 (d, J=8.2 Hz, 8H, arom), 8.15 (d, J=8.2 Hz, 

8H, arom), 7.90 (d, J=8.2 Hz, 8H, arom), 7.79 (d, J=8.2 Hz, 8H, arom), 4.01 (dd, 8H, 

CH2), 3.63-3.54 (m, 8H, CH2), 3.29 (s, 12H, CH3), 3.27 (s, 12H, CH3), 3.24-3.15 (m, 8H, 

CH2), 3.07 (dd, 8H, CH2), 2.40-2.33 (m, 8H, CH2), 2.31-2.25 (m, 8H, CH2), 2.06 (s, 6H, 

AcO), 2.04 (s, 6H, AcO), 1.354 (s, 6H, CH3), 1.350 (s, 6H, CH3) (equimolar amounts of 

two conformational forms of the same complex are present). 

13C-NMR (100 MHz, CDCl3) δ p.p.m.: 177.95 (C=O, AcO), 177.87 (C=O, AcO), 135.07 

(arom), 134.89 (arom), 134.04 (arom), 133.90 (arom), 133.10 (arom), 133.08 (arom), 

124.71 (CF3SO3), 124.57 (CF3SO3), 90.87 (-CH-), 90.61 (-CH-), 65.83 (-CH2-), 65.73 (-

CH2-), 61.26 (-CH2-), 61.22 (-CH2-), 59.54 (-CH2-), 59.28 (-CH2-), 51.50 (-CH3), 51.20 (-

CH3), 44.11(-CH3), 44.01 (-CH3), 24.65(-CH3, AcO), 24.55 (-CH3, AcO).  

HRMS (m/z): calculated 513.1536 and found 513.1509 ({Pd2(Me2pTp)(AcO)2}+2). 
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1.7. Synthesis and characterization of dinuclear CuII molecular clip, 
[Cu2(Me2pTp)(OTf)2](OTf)2 

N

N

N

N

NN CuCu
CF3SO3

SO3CF3

(CF3SO3)2

 

In a 20 ml glass vial, 0.018 g of Me2pTp (1 mmol) and 0.019 g of Cu(CF3SO3)2 (2 mmols) 

were dissolved in 2.5 ml of CH3CN. The mixture was stirred at room temperature for 16 

h. After this time, the reaction crude was filtered through Celite and recrystallized by slow 

diethyl ether diffusion. A blue crystalline solid was obtained. (Yield: 95%). XRD of this 

complex was registered (see Supplementary Figure 42). 

HRMS (m/z): calculated 560.1164 and found 560.1173 ({Cu2(Me2pTp)(CF3SO3)2}+2); 

calculated 1269.1854 and found 1269.1832 ({Cu2(Me2pTp)(CF3SO3)3}+1). 

 

1.8. Synthesis and characterization of PdII-based tetragonal 
prismatic nanocapsule 6·(BArF)8 

 

9.1 mg of 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin-ZnII (2 mmols) were weighted 

in a 10 ml round-bottom flask and solved in 1 ml of DMF. Then, 7.4 μl of triethylamine 

mixed in 0.5 ml of DMF were added to the porphyrin solution. Finally, 24.5 mg of 

[Pd2(Me2pTp)(AcO)2](CF3SO3)2 (4 mmols) molecular clip dissolved in 2.5 ml of DMF were 

added to the mixture. The solution was heated to 105 °C under reflux for 16 h. After the 

reaction time, the reaction crude was cooled to room temperature, filtered through Celite 

and recrystallized by diethyl ether diffusion. The 6·(CF3SO3)8 crystalline solid obtained 

was suspended in 12 ml of DCM, an excess of NaBArF salt was added (6 to 10 mmols) 

and the mixture was stirred vigorously for 16 h. The mixture was filtered through Celite 
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and the product was obtained by precipitation with slow diffusion of diethyl ether. (Yield: 

75%).  

1H-NMR (400 MHz, CD3CN) δ p.p.m.: 8.67 (s, 16H, pyrrole ring), 8.54 (d, J=8.2 Hz, 8H, 

arom-porph), 8.39 (d, J=8.2 Hz, 8H, arom-porph), 8.15 (d, J=8.2 Hz, 32H, arom-clip), 

8.13 (m, 16H, arom-porph), 7.89 (d, J=8.2 Hz, 32H, arom-clip), 7.69-7.66 (m, 96H, BArF-

), 4.02 (d, J=13 Hz, 16H, -CH2-), 3.66 (m, 16H, -CH2-), 3.57 (s, 48H, N-CH3), 3.28 (m, 

16H, -CH2-), 3.13 (d, J=13 Hz, 16H, -CH2-), 2.46 (dd, J=13.5 Hz, 16H, -CH2-), 2.37 (dd, 

J=13.5 Hz, 16H, -CH2-), 1.50 (s, 24H, N-CH3).  

13C-NMR (100 MHz, CDCl3) δ p.p.m.: 162.0 (BArF), 149.8 (pyrrole ring), 134.7 (BArF), 

133.5 (arom-porph), 133.0 (arom-clip), 132.5 (arom-clip), 131.5 (pyrrole ring), 127.5 

(arom-porph), 124.0 (arom-porph), 123.3 (arom-clip), 117.9 (BArF), 64.4 (-CH2-), 60.0 (-

CH2-), 58.6 (-CH2-), 51.4 (-CH3), 43.6 (-CH3).   

HRMS (m/z): calculated 666.4128 and found 666.4145 ([6·(BArF)0]+8); calculated 

884.9099 and found 884.9110 ([6·(BArF)1]+7); calculated 1176.2394 and found 

1176.2429 ([6·(BArF)2]+6); calculated 1584.1008 and found 1584.1041 ([6·(BArF)3]+5); 

calculated 2195.8928 and found 2195.9031 ([6·(BArF)4]+4). 

 

1.9. Synthesis and characterization of CuII-based tetragonal 
prismatic nanocapsule 7·(BArF)8 

 

15.9 mg of 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin-ZnII (2 mmols) were weighted 

in a 20 ml glass vial and solved in 1.5 ml of DMF. Then, 13 μl of triethylamine mixed in 

0.5 ml of DMF were added to the porphyrin solution. Finally, 43.4 mg of 

[Cu2(Me2pTp)(OTf)2](OTf)2 (4 mmols) molecular clip dissolved in 3.5 ml of DMF were 

added to the mixture. The solution was stirred at room temperature for 16 h. After the 

reaction time, the reaction crude was filtered through Celite and recrystallized by diethyl 

ether diffusion. The 7·(CF3SO3)8 crystalline solid obtained was suspended in 12 ml of 
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DCM, an excess of NaBArF salt was added (6 to 10 mmols) and the mixture was stirred 

vigorously for 16 h. The mixture was filtered through Celite and the product was obtained 

by precipitation with slow diffusion of diethyl ether. (Yield: 77%). 

HRMS (m/z): calculated 623.5626 and found 623.5618 ([7·(BArF)0]+8); calculated 

835.9383 and found 835.9370 ([7·(BArF)1]+7); calculated 1119.1059 and found 

1119.1035 ([7·(BArF)2]+6); calculated 1515.5405 and found 1515.5375 ([7·(BArF)3]+5); 

calculated 2110.1925 and found 2110.1851 ([7·(BArF)4]+4). 

 

1.10. Preparation of C60⊂[10]CPP, C60⊂[10]CPP⊂6·(BArF)8 and 
C60⊂[10]CPP⊂7·(BArF)8 

	

Preparation of C60⊂[10]CPP.4 A 20 ml glass vial was charged with C60 (1.2 mmols), 

[10]CPP (1 mmol) and 20 ml of CHCl3. The reaction mixture was stirred at room 

temperature for 1 hour. After this time, solvent was removed under reduced pressure 

and toluene was added and the excess of C60 was removed by centrifugation. This 

procedure was repeated several times until the toluene was not coloured anymore.  

1H-NMR (400 MHz, CDCl3) δ p.p.m.: 7.62 (s, 40H, arom).  

13C-NMR (100 MHz, CDCl3) δ p.p.m.: 138.0 ([10]CPP), 127.6 ([10]CPP), 141.7 (C60). 

 

Preparation of C60⊂[10]CPP⊂6·(BArF)8. 15 mg of 6·(BArF)8 nanocapsule (1 mmol) was 

dissolved with the minimum amount of CH3CN. Then 1.2 mmols of C60⊂[10]CPP 

dissolved in DCM were added to the nanocapsule solution and stirred at room 

temperature for 16 h.  
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1H-NMR (400 MHz, CD3CN) δ p.p.m.: 8.76 (s, 16H, pyrrole ring), 8.74 (d, 8H, arom-

porph), 8.50 (d, J=8.2 Hz, 8H, arom-porph), 8.33 (d, J=8.2 Hz, 8H, arom-porph), 8.17 (d, 

8H, arom-porph), 8.09 (d, J=8.2 Hz, 32H, arom-clip), 7.69 (d, 32H, arom-clip), 7.69-7.66 

(m, 96H, BArF-), 4.07 (d, J=13 Hz, 16H, -CH2-), 3.64 (m, 16H, -CH2-), 3.59 (s, 48H, N-

CH3), 3.24 (m, 16H, -CH2-), 3.14 (d, J=13 Hz, 16H, -CH2-), 2.45 (dd, J=13.5 Hz, 16H, -

CH2-), 2.34 (dd, J=13.5 Hz, 16H, -CH2-), 1.43 (s, 24H, N-CH3).  

13C-NMR (151 MHz, CD3CN) δ 172.46 (C carboxylic), 162.60 (q, 1JB‒C = 49.8 Hz, CAr 

BArF), 150.61 (Cα, pyrrole), 147.41 (C, phenylene@porphyrin, para to CO2
‒), 140.38 

(C60), 138.14 (C, [10]CPP), 135.66 (CAr BArF + C, phenylene@porphyrin, ipso to CO2
‒), 

134.97 (CH, phenylene@porphyrin, meta to CO2
‒), 134.64 (C, phenylene@clip, para to 

alkyne), 134.04 (CH, phenylene@porphyrin, meta to CO2
‒), 133.52 (CH, 

phenylene@clip, meta to alkyne), 133.32 (CH, phenylene@clip, ortho to alkyne), 132.24 

(Cβ pyrrole), 129.92 (qd, 2JC‒F = 31.6 Hz, 3JB‒C = 2.9 Hz CAr BArF), 128.48 (CH, 

phenylene@porphyrin, ortho to CO2
‒), 128.34 (CH, phenylene@porphyrin, ortho to CO2

‒

), 127.68 (CH, [10]CPP), 125.46 (q, 1JC‒F = 272 Hz, CF3 BArF), 124.59 (C, 

phenylene@clip, ipso to alkyne), 121.12 (C porphyrin), 118.69 (m, CAr BArF), 90.78 (C 

alkyne), 65.43 (CH2 benzylic, clip), 60.86 (CH2 clip), 59.41 (CH2 clip), 52.49 (CH3 clip), 

44.07 (CH3 clip). 

HRMS (m/z): calculated 851.5774 and found 851.5753 (C60⊂[10]CPP⊂[6·(BArF)0]+8); 

calculated 1096.5266 and found 1096.5264 (C60⊂[10]CPP⊂[6·(BArF)1]+7); calculated 

1423.1256 and found 1423.1248 (C60⊂[10]CPP⊂[6·(BArF)2]+6); calculated 1880.5643 

and found 1880.5646 (C60⊂[10]CPP⊂[6·(BArF)3]+5); calculated 2566.4721 and found 

2566.4703 (C60⊂[10]CPP⊂[6·(BArF)4]+4). 

Preparation of C60⊂[10]CPP⊂7·(BArF)8. Analogous synthesis has been carried out to 

obtain the CuII-based C60⊂[10]CPP⊂[7·(BArF)8].  

HRMS (m/z): calculated 808.7273 and found 808.7202 (C60⊂[10]CPP⊂[7·(BArF)0]+8); 

calculated 1047.5550 and found 1047.5482 (C60⊂[10]CPP⊂[7·(BArF)1]+7); calculated 

1365.9921 and found 1365.9842 (C60⊂[10]CPP⊂[7·(BArF)2]+6); calculated 1811.8040 

and found 1811.7939 (C60⊂[10]CPP⊂[7·(BArF)3]+5); calculated 2480.7718 and found 

2480.7637 (C60⊂[10]CPP⊂[7·(BArFF)4]+4). 
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1.11. General procedure for the synthesis of bromomalonates 

 

Bromomalonates were prepared according to a published procedure.5 Under Argon 

atmosphere, a 100 mL oven-dried Schlenk flask was charged with malonate (5.0 mmol), 

anhydrous THF (50 mL) and DBU (5.0 mmol) at 0 °C. The mixture was stirred at room 

temperature for 1 h and then cooled to -78 °C. CBr4 (8.5 mmol) was added, the mixture 

was stirred at -78 °C for 2 h and quenched with saturated aqueous NH4Cl. The aqueous 

layer was extracted with DCM and the solvent was removed under reduced pressure. 

The residue was purified by column chromatography to afford the bromomalonates as 

colourless oil. Characterization data was consistent with the previous report. 

	

	

1.12. General procedure for Bingel reaction (Matryoshka system) 

 
15 mg of C60⊂CPP⊂(6·BArF)8 were totally dissolved in 0.5 ml of CH3CN. Then, 5 equiv. 

of the corresponding bromomalonate (diethyl (1); diisopropyl (2); dibenzyl (3)) and 5 

equiv. of NaH as a base were added sequentially and the reaction was stirred 16 h under 

N2 at room temperature. Once the bis-adduct was formed, the reaction was stopped by 

filtering and removing the solvent under reduced pressure.  

 

 

Characterization of trans-3-(1-C60)Ì[10]CPPÌ6·(BArF)8 
1H-NMR (400 MHz, CD3CN) δ p.p.m.: 8.78 (m, 16H, pyrrole ring), 8.73 (d, J=8.2 Hz, 8H, 

arom-porph), 8.50 (d, J=8.2 Hz, 8H, arom-porph), 8.35 (d, 8H, arom-porph), 8.29 (d, 8H, 

arom-porph), 8.06 (d, J=8.2 Hz, 32H, arom-clip), 7.70 (d, 32H, arom-clip), 7.69-7.66 (m, 

96H, BArF-), 7.16 (s, 40H, [10]CPP), 4.05 (d, J=13 Hz, 16H, -CH2-), 3.64 (m, 16H, -CH2-
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), 3.58 (s, 48H, N-CH3), 3.23 (m, 16H, -CH2-), 3.13 (d, J=13 Hz, 16H, -CH2-), 2.44 (dd, 

J=13.5 Hz, 16H, -CH2-), 2.33 (dd, J=13.5 Hz, 16H, -CH2-), 1.41 (s, 24H, N-CH3). 

13C-NMR (100 MHz, CD3CN, assignment based on HSQC/HMBC) δ p.p.m.: 165.4 (arom-

porph), 161.9 (BArF), 155.4 (pyrrole ring), 137.0 ([10]CPP), 134.9 (BArF), 133.4 (arom-

porph), 132.8 (arom-clip), 132.5 (arom-clip), 131.4 (pyrrole ring), 127.0 ([10]CPP), 122.7 

(arom-clip), 117.7 (BArF), 64.4 (-CH2-), 59.9 (-CH2-), 57.9 (-CH2-), 51.3 (-CH3), 42.9 (-

CH3).   

HRMS (m/z): calculated 891.0920 and found 891.0883 (trans-3-(1-

C60)Ì[10]CPP⊂[6·(BArF)0]+8); calculated 1141.6861 and found 1141.6835 (trans-3-(1-

C60)Ì[10]CPP⊂[6·(BArF)1]+7); calculated 1475.9784 and found 1475.9765 (trans-3-(1-

C60)Ì[10]CPP⊂[6·(BArF)2]+6); calculated 1943.7875 and found 1943.7841 (trans-3-(1-

C60)Ì[10]CPP⊂[6·(BArF)3]+5). 

Characterization of trans-3-(2-C60)Ì[10]CPPÌ6·(BArF)8 

HRMS (m/z): calculated 898.0998 and found 898.1032 (trans-3-(2-

C60)Ì[10]CPP⊂[6·(BArF)0]+8); calculated 1149.8380 and found 1141.8409 (trans-3-(2-

C60)Ì[10]CPP⊂[6·(BArF)1]+7); calculated 1485.3222 and found 1475.3287 (trans-3-(2-

C60)Ì[10]CPP⊂[6·(BArF)2]+6); calculated 1955.0001 and found 1954.0051 (trans-3-(2-

C60)Ì[10]CPP⊂[6·(BArF)3]+5). 

Characterization of trans-3-(3-C60)Ì[10]CPPÌ6·(BArF)8 

HRMS (m/z): calculated 922.2249 and found 922.2215 (trans-3-(3-

C60)Ì[10]CPP⊂[6·(BArF)0]+8); calculated 1177.2666 and found 1177.2609 (trans-3-(3-

C60)Ì[10]CPP⊂[6·(BArF)1]+7); calculated 1517.3223 and found 1517.3148 (trans-3-(3-

C60)Ì[10]CPP⊂[6·(BArF)2]+6); calculated 1993.4002 and found 1993.3938 (trans-3-(3-

C60)Ì[10]CPP⊂[6·(BArF)3]+5). 

 

Isolation of trans-3-(X-C60) (where X = 1, 2, 3).  

The crude trans-3-(X-C60)Ì[10]CPPÌ6·(BArF)8 reaction mixture was washed with CHCl3 

affording a precipitate. In one hand, the precipitate was dissolved in CH3CN and C60 (4.0 

equiv.) was added as a suspension in CHCl3 (CH3CN:CHCl3 1:1) and stirred at room 

temperature during 3h. Then, the solution was dried with N2 gas flow and the trans-3-(1-

C60) was obtained after toluene (or CHCl3)  addition and filtration of the solid 

C60Ì[10]CPP complex. On the other hand, C60 (4.0 equiv.) was added to the CHCl3 

supernatant from the washing step and stirred at room temperature during 3h. After this 
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time, the solution was dried with N2 gas flow and the trans-3-(X-C60) was obtained after 

toluene addition and filtration of the solid C60Ì[10]CPP complex. Both fractions were 

characterized by HPLC and UV-Vis to confirm the trans-3 isomer identity, which was also 

cross-matched with an independently synthesized sample of trans-3 bis-adduct. The 

yield of the reaction was calculated involving the two fractions of trans-3-(1-C60). See 

Supplementary Figure 65 for a detailed work-up flow. 

 

 

1.13. General procedure for statistical Bingel reaction (bare C60) 

Preparation of trans-3-(X-C60) (X = 1 (diethyl), 2 (diisopropyl), 3 (dibenzyl)): 6.8 mg of C60 

(1.0 mmol) was solved in 500 μl of o-DCB, then 1.5 μl of bromomalonate (0.75 mmols) 

were added. At the same time, 4.8 mg of Na2CO3 (4.0 mmols) were dissolved in 250 μl 

of DMSO and added to the first solution. The DMSO:o-DCB ratio 1:2 was used. The 

reaction took place in a few minutes leading to a mixture of multiple adducts of C60 which 

were isolated by preparative TLC (SiO2, Toluene:Et2O, 20:1) after filtering. In some 

cases, semi-preparative HPLC was required to obtain a pure single species. trans-3-(1-
C60) trans-3-(2-C60) trans-3-(3-C60) were characterized by means of HPLC, UV-Vis, 1H-

NMR and 13C-NMR.  

For the reaction depicted in Figure 3d.2 (main text), and for a proper comparison with 

the reaction obtained using the Matryoshka-like assembly, the reaction was performed 

using 5 eq. NaH in MeCN:1,2-DCB 1:4 to achieve solubility of pristine C60, during 3h at 

R.T.. 

 

trans-3-(1-C60) bis-adduct (with diethyl bromomalonate)6  

 

1H-NMR (600 MHz, CDCl3) δ p.p.m.: 4.58 (dq, J = 7.1, 3.9 Hz, 4H, -CH2-), 4.48 (dq, J = 

7.1, 2.1 Hz, 4H, -CH2-), 1.51 (t, J = 7.1 Hz, 6H, -CH3), 1.42 (t, J = 7.1 Hz, 6H, -CH3).  
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13C-NMR (600 MHz, CDCl3) δ p.p.m.: 163.89 (C=O), 163.87 (C=O), 147.60 (C60, sp2), 

147.32 (C60, sp2), 146.92 (C60, sp2), 146.88 (C60, sp2), 146.85 (C60, sp2), 146.81 (C60, 

sp2), 146.77 (C60, sp2), 146.47 (C60, sp2), 146.39 (C60, sp2), 146.02 (C60, sp2), 145.85 

(C60, sp2), 145.67 (C60, sp2), 145.00 (C60, sp2), 144.76 (C60, sp2), 144.51 (C60, sp2), 144.22 

(C60, sp2), 143.94 (C60, sp2), 143.88 (C60, sp2), 143.73 (C60, sp2), 143.41 (C60, sp2), 142.88 

(C60, sp2), 142.59 (C60, sp2), 142.52 (C60, sp2), 142.25 (C60, sp2), 142.01 (C60, sp2), 140.72 

(C60, sp2), 139.53 (C60, sp2), 138.90 (C60, sp2), 72.11 (C60 sp3), 71.62 (C60 sp3), 51.80 

(OCCCO), 63.74 (-CH2-), 63.64 (-CH2-), 14.53 (-CH3), 14.51 (-CH3).  

 

trans-3-(2-C60) bis-adduct (with diisopropyl bromomalonate)7 

 

1H-NMR (600 MHz, CDCl3) δ p.p.m.: 5.43 (sept., J= 5.9 Hz, 2H, -CH-), 5.31 (sept., J= 

5.8 Hz, 2H, -CH-), 1.51 (d, J = 6.3 Hz, 3H, -CH3), 1.48 (d, J = 6.3 Hz, 3H, -CH3), 1.42 (d, 

J = 6.2 Hz, 3H, -CH3), 1.39 (d, J = 6.2 Hz, 3H, -CH3).  

13C-NMR (600 MHz, CDCl3) δ p.p.m.: 163.39 (C=O), 163.36 (C=O), 147.64 (C60, sp2), 

147.26 (C60, sp2), 146.92 (C60, sp2), 146.89 (C60, sp2), 146.87 (C60, sp2), 146.86 (C60, 

sp2), 146.78 (C60, sp2), 146.58 (C60, sp2), 146.48 (C60, sp2), 146.04 (C60, sp2), 145.96 

(C60, sp2), 145.62 (C60, sp2), 144.95 (C60, sp2), 144.75 (C60, sp2), 144.50 (C60, sp2), 144.20 

(C60, sp2), 143.96 (C60, sp2), 143.86 (C60, sp2), 143.66 (C60, sp2), 143.40 (C60, sp2), 142.82 

(C60, sp2), 142.54 (C60, sp2), 142.51 (C60, sp2), 142.23 (C60, sp2), 141.99 (C60, sp2), 140.68 

(C60, sp2), 139.45 (C60, sp2), 138.87 (C60, sp2), 72.27 (C60, sp3), 71.83 (C60, sp3), 71.80 

(CH), 71.70 (CH), 52.31 (OCCCO), 22.21 (-CH3), 22.19 (-CH3), 22.12 (-CH3), 22.08 (-

CH3). 
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trans-3-(3-C60) bis-adduct (with dibenzyl bromomalonate)7,8  

 
1H-NMR (600 MHz, CDCl3) δ p.p.m.: 7.45-7.44 (m, 8H, arom), 7.39-7.38 (m, 8H, arom), 

7.33-7.32 (m, 4H, arom), 5.36 (s, 8H, -CH2-).  

13C-NMR (600 MHz, CDCl3) δ p.p.m.: 163.45 (C=O), 163.44 (C=O), 147.30 (C60, sp2), 

147.07 (C60, sp2), 146.67 (C60, sp2), 146.58 (C60, sp2), 146.56 (C60, sp2), 146.47 (C60, 

sp2), 146.25 (C60, sp2), 145.94 (C60, sp2), 145.82 (C60, sp2), 145.72 (C60, sp2), 145.45 

(C60, sp2), 145.30 (C60, sp2), 144.78 (C60, sp2), 144.53 (C60, sp2), 144.26 (C60, sp2), 143.95 

(C60, sp2), 143.64 (C60, sp2), 143.61 (C60, sp2), 143.50 (C60, sp2), 143.14 (C60, sp2), 142.63 

(C60, sp2), 142.45 (C60, sp2), 142.36 (C60, sp2), 142.02 (C60, sp2), 141.72 (C60, sp2), 140.43 

(C60, sp2), 139.33 (C60, sp2), 138.71 (C60, sp2), 134.74 (C arom.), 134.63 (C arom.), 

129.07 ( CH arom.), 128.98 ( CH arom.), 128.88 (CH arom.), 128.80 (CH arom.), 71.68 

(C60, sp3), 71.23 (C60, sp3), 69.09 (CH2), 68.99 (CH2), 51.38 (OCCCO). 
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2. Supplementary Figures 
 

2.1. Synthesis and characterization of 4,4'-(Ethyne-1,2-
diyl)dibenzaldehyde (pTp) 

 

Supplementary Figure 1. Synthesis of 4,4'-(Ethyne-1,2-diyl)dibenzaldehyde (pTp).  

 

Supplementary Figure 2. 1H-NMR of 4,4'-(Ethyne-1,2-diyl)dibenzaldehyde (pTp). 

Experiment performed in CDCl3 at 298 K (400 MHz). (ф) CHCl3, (*) ethyl acetate, (#) 

H2O, (γ) TMS. 
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Supplementary Figure 3. 13C-NMR of 4,4'-(Ethyne-1,2-diyl)dibenzaldehyde (pTp). 

Experiment performed in CDCl3 at 298 K (400 MHz). (ф) CHCl3, (*) ethyl acetate, (γ) 

TMS. 
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2.2. Synthesis and characterization of S2pTp 
 

Supplementary Figure 4. Synthesis of the S2pTp macrocycle.  

 

 

Supplementary Figure 5. 1H-NMR of S2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). (ф) CHCl3, (*) acetone, (γ) TMS. 
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Supplementary Figure 6. 13C-NMR of S2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (100 MHz). (ф) CHCl3, (γ) TMS. 

 

Supplementary Figure 7. HMBC of S2pTp macrocycle. Experiment performed in CDCl3 

at 298 K (400 MHz).  
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Supplementary Figure 8. HSQC of S2pTp macrocycle. Experiment performed in CDCl3 

at 298 K (400 MHz). 

 

Supplementary Figure 9. COSY of S2pTp macrocycle. Experiment performed in CDCl3 

at 298 K (400 MHz). 
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Supplementary Figure 10. TOCSY of S2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 

 

Supplementary Figure 11. NOESY of S2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 
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Supplementary Figure 12. HRMS spectrum of S2pTp macrocycle. Experimental (top) 

and theoretical (bottom) isotopic pattern for selected peak is shown. Sample solved in 

chloroform and registered with a Bruker Micro TOF-Q-II exact mass spectrometer.  
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2.3. Synthesis and characterization of H2pTp 
 

Supplementary Figure 13. Synthesis of the H2pTp macrocycle.  

 

 

Supplementary Figure 14. 1H-NMR of H2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). (ф) CHCl3, (*) acetone, (γ) TMS. 
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Supplementary Figure 15. 13C-NMR of H2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (100 MHz). (ф) CHCl3, (γ) TMS. 

 

Supplementary Figure 16. HMBC of H2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 
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Supplementary Figure 17. HSQC of H2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 

 

Supplementary Figure 18. COSY of H2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 
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Supplementary Figure 19. TOCSY of H2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 

 

Supplementary Figure 20. NOESY of H2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 
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Supplementary Figure 21. HRMS spectrum of H2pTp macrocycle. Sample solved in 

chloroform and registered with a Bruker MicrOTOF-Q-II mass spectrometer.  
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2.4. Synthesis and characterization of the macrocyclic ligand, 
Me2pTp 

 

Supplementary Figure 22. Synthesis of the macrocyclic ligand, Me2pTp.  

 

 

Supplementary Figure 23. 1H-NMR of Me2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). (*) acetone, (γ) TMS. 
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Supplementary Figure 24. 13C-NMR of Me2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). (ф) CHCl3.  

 

Supplementary Figure 25. HMBC of Me2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 
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Supplementary Figure 26. HSQC of Me2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz).  

 

Supplementary Figure 27. COSY of Me2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 
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Supplementary Figure 28. TOCSY of Me2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 

 

Supplementary Figure 29. NOESY of Me2pTp macrocycle. Experiment performed in 

CDCl3 at 298 K (400 MHz). 
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Supplementary Figure 30. HRMS spectrum of Me2pTp macrocycle. Sample solved in 

chloroform and registered with a Bruker MicrOTOF-Q-II mass spectrometer.  
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2.5. Synthesis and characterization of dinuclear PdII molecular clip, 
[Pd2(Me2pTp)(AcO)2](OTf)2 

 

Supplementary Figure 31. Synthesis of [Pd2(Me2pTp)(AcO)2](OTf)2. Schematic 

representation for the synthesis of Pd-6 clip.  

 

 

Supplementary Figure 32. 1H-NMR of [Pd2(Me2pTp)(AcO)2](OTf)2. Experiment 

performed in CD3CN at 298 K (400 MHz). (ф) CH3CN, (*) diethyl ether, (#) H2O. 
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Supplementary Figure 33. 13C-NMR of [Pd2(Me2pTp)(AcO)2](OTf)2. Experiment 

performed in CD3CN at 298 K (100 MHz). (ф) CH3CN. 

 

Supplementary Figure 34. HMBC of [Pd2(Me2pTp)(AcO)2](OTf)2. Experiment 

performed in CD3CN at 298 K (400 MHz). 
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Supplementary Figure 35. HSQC of [Pd2(Me2pTp)(AcO)2](OTf)2. Experiment 

performed in CD3CN at 298 K (400 MHz). 

 

Supplementary Figure 36. COSY of [Pd2(Me2pTp)(AcO)2](OTf)2. Experiment performed 

in CD3CN at 298 K (400 MHz). 
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Supplementary Figure 37. TOCSY of [Pd2(Me2pTp)(AcO)2](OTf)2. Experiment 

performed in CD3CN at 298 K (400 MHz). 

 

Supplementary Figure 38. NOESY of [Pd2(Me2pTp)(AcO)2](OTf)2. Experiment 

performed in CD3CN at 298 K (400 MHz). 
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Supplementary Figure 39. HRMS spectrum of [Pd2(Me2pTp)(AcO)2](OTf)2. Sample 

solved in acetonitrile and registered with a Bruker MicrOTOF-Q-II mass spectrometer. 
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2.6. Synthesis and characterization of dinuclear CuII molecular clip 
[Cu2(Me2pTp)(OTf)2](OTf)2 

 

Supplementary Figure 40. Synthesis of [Cu2(Me2pTp)(OTf)2](OTf)2. Schematic 

representation for the synthesis of Cu-7 clip.  

 

 

 

Supplementary Figure 41. HRMS spectrum of [Cu2(Me2pTp)(OTf)2](OTf)2. Sample 

solved in acetonitrile and registered with a Bruker MicrOTOF-Q-II mass spectrometer.  
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Supplementary Figure 42. Crystal structure of macrocyclic compound 

[Cu2(Me2pTp)(OTf)2](OTf)2. (CCDC 1984937) H atoms were omitted for clarity. Cu(II) 

presents a d8 electronic configuration which enhance copper ions to adopt a 

tetracoordinated square-planar geometry formed by three N atoms of the macrocyclic 

ligand (Me2pTp). Two CH3CN molecules from the solvent were coordinated in a 

monodentate mode.  
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2.7. Synthesis and characterization of tetragonal prismatic 
nanocapsule 6·(BArF)8 

 
Supplementary Figure 43. Synthesis of 6·(BArF)8 nanocapsule and labelling of protons 

for NMR assignment (nanocapsule scheme from XRD data CCDC 1984575). 
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Supplementary Figure 44. 1H-NMR of 6·(BArF)8 nanocapsule. Experiment performed 

in CD3CN at 298 K (400 MHz). (γ) dcm, (*) diethyl ether, (μ) dmf, (#) H2O, (ф) CH3CN. 

 

Supplementary Figure 45. HMBC of 6·(BArF)8 nanocapsule. Experiment performed in 

CD3CN at 298 K (400 MHz). 

 



42	
	

Supplementary Figure 46. HSQC of 6·(BArF)8 nanocapsule. Experiment performed in 

CD3CN at 298 K (400 MHz).  

 

Supplementary Figure 47. COSY of 6·(BArF)8 nanocapsule. Experiment performed in 

CD3CN at 298 K (400 MHz). 
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Supplementary Figure 48. TOCSY of 6·(BArF)8 nanocapsule. Experiment performed in 

CD3CN at 298 K (400 MHz). 

 

Supplementary Figure 49. NOESY of 6·(BArF)8 nanocapsule. Experiment performed in 

CD3CN at 298 K (400 MHz). 
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Supplementary Figure 50. HRMS spectrum of 6·(BArF)8 nanocapsule. Sample solved 

in acetonitrile and registered with a Bruker MicrOTOF-Q-II mass spectrometer.  

 

 

 

Supplementary Figure 51. DOSY NMR spectrum of 6·(BArF)8 nanocapsule (in CD3CN).  
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2.8. Synthesis and characterization of tetragonal prismatic 
nanocapsule 7·(BArF)8 

 

Supplementary Figure 52. Synthesis of 7·(BArF)8 nanocapsule.  

 

 

 

Supplementary Figure 53. HRMS spectrum of 7·(BArF)8 nanocapsule. Sample solved 

in acetonitrile and registered with a Bruker MicroTOF-Q-II mass spectrometer.  
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2.9. Characterization of C60Ì[10]CPPÌ6·(BArF)8 
Supplementary Figure 54. HRMS spectrum of C60⊂[10]CPP⊂6·(BArF)8 nanocapsule. 

Sample solved in acetonitrile and registered with a Bruker MicroTOF-Q-II mass 

spectrometer.  

 

 

Supplementary Figure 55. 1H-NMR of C60⊂[10]CPP⊂6·(BArF)8 nanocapsule. 

Experiment performed in CD3CN at 298 K (400 MHz). (γ) dcm, (#) H2O, (ф) CH3CN. 
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Supplementary Figure 56. 13C-NMR spectrum of C60⊂[10]CPP⊂6·(BArF)8. Experiment 

was performed in CD3CN at 298 K (151 MHz). Peaks between 10 and 40 ppm 

correspond to grease. 

	

Supplementary Figure 57. COSY spectrum of C60⊂[10]CPP⊂6·(BArF)8. Experiment 

was performed in CD3CN at 298 K (601 MHz).  
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Supplementary Figure 58. HSQC spectrum of C60⊂[10]CPP⊂6·(BArF)8. Experiment 

was performed in CD3CN at 298 K (601 MHz). 

	

Supplementary Figure 59. HMBC spectrum of C60⊂[10]CPP⊂6·(BArF)8. Experiment 

was performed in CD3CN at 298 K (601 MHz). 
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Supplementary Figure 60. Magnification of the aromatic region of the HMBC spectrum 

of C60⊂[10]CPP⊂6·(BArF)8 from Supplementary Figure 59. 

	

 

Supplementary Figure 61. NOESY of C60⊂[10]CPP⊂6·(BArF)8 nanocapsule. 

Experiment performed in CD3CN at 298 K (400 MHz). 
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Supplementary Figure 62. DOSY NMR spectrum of C60⊂[10]CPP⊂6·(BArF)8 

nanocapsule (in CD3CN).  

 

  

[10]CPP
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2.10. Characterization of C60Ì[10]CPPÌ7·(BArF)8 
 

Supplementary Figure 63. HRMS spectrum of C60⊂[10]CPP⊂7·(BArF)8 nanocapsule. 

Sample solved in acetonitrile and registered with a Bruker MicroTOF-Q-II mass 

spectrometer.  
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2.11. Exchange reaction of 4·(BArF)8 with C60Ì[10]CPP 
 

Supplementary Figure 64. HRMS monitoring for the encapsulation reaction of 2.5 

equiv. of C60Ì[10]CPP with the smaller nanocapsule 4·(BArF)8,9 showing the sole 

encapsulation of C60 and leaving [10]CPP in solution. 
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2.12. Characterization of the fullerene bis-adducts from Bingel 
reaction with Matryoshka system 

 

Supplementary Figure 65. Detailed work-up flow for the quantification of fullerene bis-

adducts from Bingel reaction with Matryoshka system (depicted for trans-3-(1-C60)). 
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Supplementary Figure 66. a) Exposure of C60Ì[10]CPPÌ6·(BArF)8 to Bingel 

cyclopropanation conditions with diethyl bromomalonate leads to the chemo- and 

regioselective formation of the trans-3 bis-adduct; exchange with pristine C60 liberates 

the product. b) HRMS monitoring of the bis-adduct formation upon addition of 5 equiv. of 

bromomalonate (two sequential additions of 2.5 equiv.). c) HPLC analysis of the 

extracted product (l = 320 nm; * C60; $ non-fullerene impurities). d) UV-vis of the product, 

diagnostic of a trans-3-(1-C60) Bingel bis-adduct. 

 

Supplementary Figure 67. HRMS spectrum of trans-3-(1-C60)Ì[10]CPPÌ6·(BArF)8. 

Sample solved in acetonitrile and registered with a Bruker MicroTOF-Q-II mass 

spectrometer.  
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Supplementary Figure 68. a) Exposure of C60Ì[10]CPPÌ6·(BArF)8 to Bingel 

cyclopropanation conditions with diisopropyl bromomalonate leads to the chemo- and 

regioselective formation of the trans-3 bis-adduct; exchange with pristine C60 liberates 

the product. b) HRMS monitoring of the bis-adduct formation upon addition of 5 equiv. of 

bromomalonate (two sequential additions of 2.5 equiv.). c) HPLC analysis of the 

extracted product (l = 320 nm; * C60; $ non-fullerene impurities). d) UV-vis of the product, 

diagnostic of a trans-3-(2-C60) Bingel bis-adduct.	
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Supplementary Figure 69. a) Exposure of C60Ì[10]CPPÌ6·(BArF)8 to Bingel 

cyclopropanation conditions with dibenzyl bromomalonate leads to the chemo- and 

regioselective formation of the trans-3 bis-adduct; exchange with pristine C60 liberates 

the product. b) HRMS monitoring of the bis-adduct formation upon addition of 5 equiv. of 

bromomalonate (two sequential additions of 2.5 equiv.). c) HPLC analysis of the 

extracted product (l = 320 nm; * C60; $ non-fullerene impurities). d) UV-vis of the product, 

diagnostic of a trans-3-(3-C60) Bingel bis-adduct. 
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2.13. Characterization of the fullerene bis-adducts from Bingel 
reaction with bare C60 

 

Diethyl bromomalonate trans-3-(1-C60) bis-adduct  
 

Supplementary Figure 70. HPLC chromatogram showing a single peak (left) and UV-

Vis absorption spectrum (right) corresponding to trans-3 bis-adduct.10 (bottom) 

Calibration curve for HPLC quantification. 
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Supplementary Figure 71. 1H-NMR spectrum of trans-3-(1-C60) (600 MHz, 298 K, 

CDCl3). (ф) CHCl3, (#) H2O, (γ) TMS. 
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Supplementary Figure 72. 13C-NMR spectrum of trans-3-(1-C60) (150 MHz, 298 K, 

CDCl3). 
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Diisopropyl bromomalonate trans-3-(2-C60) bis-adduct  
 

Supplementary Figure 73. HPLC chromatogram showing a single peak (left) and UV-

Vis absorption spectrum (right) corresponding to trans-3 bis-adduct.10 (bottom) 

Calibration curve for HPLC quantification. 
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Supplementary Figure 74. 1H-NMR spectrum of trans-3-(2-C60) (600 MHz, 298 K, 

CDCl3). (ф) CHCl3, (#) H2O, (γ) TMS. 
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Supplementary Figure 75. 13C-NMR spectrum of trans-3-(2-C60) (150 MHz, 298 K, 

CDCl3). 
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Dibenzyl bromomalonate trans-3-(3-C60) bis-adduct  
 

Supplementary Figure 76. (top) HPLC chromatogram showing a single peak (left) and 

UV-Vis absorption spectrum (right) corresponding to trans-3 bis-adduct.10 (bottom) 

Calibration curve for HPLC quantification. 
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Supplementary Figure 77. 1H-NMR spectrum of trans-3-(3-C60) (600 MHz, 298 K, 

CDCl3). (ф) CHCl3, (#) H2O, (*) H grease, (γ) TMS. 
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Supplementary Figure 78. 13C-NMR spectrum of trans-3-(3-C60) (150 MHz, 298 K, 

CDCl3). 
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2.14. Characterization of trans-3-(1-C60)Ì[10]CPPÌ6·(BArF)8 
 

Supplementary Figure 79. 1H-NMR of trans-3-(1-C60)Ì[10]CPPÌ(6·BArF)8 

nanocapsule. Experiment performed in CD3CN at 298 K (400 MHz). 

 

Supplementary Figure 80. HMBC of trans-3-(1-C60)Ì[10]CPPÌ(6·BArF)8 nanocapsule. 
Experiment performed in CD3CN at 298 K (400 MHz). 

 



67	
	

Supplementary Figure 81. HSQC of trans-3-(1-C60)Ì[10]CPPÌ(6·BArF)8 nanocapsule. 

Experiment performed in CD3CN at 298 K (400 MHz). 

 

Supplementary Figure 82. COSY of trans-3-(1-C60)Ì[10]CPPÌ(6·BArF)8 nanocapsule. 

Experiment performed in CD3CN at 298 K (400 MHz). 
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Supplementary Figure 83. TOCSY of trans-3-(1-C60)Ì[10]CPPÌ(6·BArF)8 

nanocapsule. Experiment performed in CD3CN at 298 K (400 MHz). 

 

Supplementary Figure 84. NOESY of trans-3-(1-C60)Ì[10]CPPÌ(6·BArF)8 

nanocapsule. Experiment performed in CD3CN at 298 K (400 MHz). 
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Supplementary Figure 85. DOSY NMR spectrum of trans-3-(1-

C60)⊂[10]CPP⊂6·(BArF)8 nanocapsule (in CD3CN).  
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2.15. Characterization of trans-3-(1-C60)Ì[10]CPP 
 

Supplementary Figure 86. 1H-NMR of trans-3-(1-C60)Ì[10]CPP (CDCl3, 400 MHz, 298 
K). (ф) CHCl3, (+) toluene, (*) ethyl acetate, (μ) acetone, (#) water, (γ) TMS.  
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2.16. Comparative 1H-NMR spectra 
Supplementary Figure 87. Comparative 1H-NMR spectrum (CD3CN, 400 MHz, 298 K) 
of (a) 6·(BArF)8, (b) C60Ì[10]CPPÌ6·(BArF)8 and (c) trans-3-(1-
C60)Ì[10]CPPÌ6·(BArF)8.  

	

	

Supplementary Figure 88. Comparative 1H-NMR spectrum (CDCl3, 400 MHz, 298 K) 
of (a) [10]CPP, (b) C60Ì[10]CPP and (c) trans-3-(1-C60)Ì[10]CPP. 
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2.17. Host-guest binding studies 
Experimental procedure and general remarks 

All titrations were performed in PhMe/MeCN (9:1 by volume) at room temperature on a 

fluorescence spectrophotometer Perkin Elmer FL 6500 and a UV-Vis spectrophotometer 

Perkin Elmer Lambda 365. Depending on the kind of titration (fluorescence or UV-vis), a 

fluorescence quartz cuvette (10×10 mm or 10×4 mm) or a UV-vis cuvette (10×10 mm) 

with a PTFE stopper was used. The solvent was degassed by the freeze-pump-thaw 

method (argon) prior to use to avoid the potential formation of singlet oxygen.11 

Concentration of either host or guest species was kept constant over the course of 

titration. Concentrations of stock solutions were determined by quantitative 1H NMR 

(qNMR) using dimethyl terephthalate as an internal standard (TraceCERT® NMR 

standard purchased from Sigma-Aldrich).  

Titration data was fitted by using the online calculator Bindfit 

(http://supramolecular.org).12 For data fitting according to 1:2 and 2:1 binding models, 

the “full model” was used, i.e. both association constants – K1 and K2 – were fitted 

independently.12,13 All raw data, calculated fits and related data can be accessed via 

http://supramolecular.org (see the web links below). 
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Fluorescence titrations: [10]CPP + C60 

 

 
 
 

Supplementary Figure 89. Representative titration data for [10]CPP/C60 host-guest 

system. Solvent: PhMe/MeCN (9:1). (A) Changes in emission spectra of [10]CPP 

(2.0×10-7 M, λexc = 340 nm) upon addition of C60 (0 – 2.4×10-6 M). (B) Fit of the titration 

data according to 1:1 binding model. (C) Dependence of molar fractions of [10]CPP and 

C60Ì[10]CPP on relative amount of C60 added. (D) Residual plots. 

 

 

Supplementary Table 1. Comparison of different binding models used to fit the 

representative titration data shown in Supplementary Figure 89. Solvent: PhMe/MeCN 

(9:1). Fit method: Nelder-Mead. [10CPP]0 = 2.0×10-7 M; [C60]0: 0 – 2.4×10-6 M. 

 1:1 model 1:2 model 2:1 model 
 K, M‒1 K1, M‒1 K2, M-1 K1, M‒1 K2, M-1 
 5.5×106  5.7×106  7.7×104  3.6×106  -3.5×105  

Error ± 0.68% ± 0.91% ± 21% ± 5.6% ± -12% 
RMS 76.0 74.6 64.7 
Covariance 7.7×10‒5 7.4×10‒5 5.7×10‒5 
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Comment. Fitting the titration data according to 1:2 or 2:1 binding model does not 
improve the quality of fit, i.e. RMS and covariance are not significantly reduced in 
comparison to those for 1:1 model. Moreover, 2:1 binding model does not give an 
adequate value for K2. Therefore, binding of C60 to [10]CPP in PhMe/MeCN (9:1) at room 
temperature can be best described by 1:1 binding model. 

Supplementary Table 2. Association constants for C60Ì[10]CPP obtained for four 

independent titrations by fitting the data according to 1:1 binding model. Solvent: 

PhMe/MeCN (9:1). Fit method: Nelder-Mead. 𝑠/ 𝑛 ‒ standard deviation of the mean, 

where s ‒ standard deviation, n ‒ number of measurements; t (0.05, 3)	×𝑠/ 𝑛 ‒ 95% 

confidence interval, where t(0.05, n-1) ‒ Student’s t at 95% confidence level.12  

 

Supplementary Table 3. Links to the raw titration data, calculated fits and statistical 

information for the titrations. 

[10CPP]0, M Web link 

2.0×10‒7 http://app.supramolecular.org/bindfit/view/c25872d5-af76-43e9-a42e-8e690dcc990c 

2.0×10‒7 http://app.supramolecular.org/bindfit/view/42c3452b-7e53-414a-92e3-434bcb8582cf 

1.0×10‒7 http://app.supramolecular.org/bindfit/view/10ed8541-2dc7-4557-860d-6bc917d0c005 

9.9×10‒8 http://app.supramolecular.org/bindfit/view/681131f7-e31b-4b00-bb69-e4bb8ac805a6  
 

  

[10CPP]0, M [C60]0, final, M K, M-1 Error, % Average 
K, M-1 

𝒔/ 𝒏 , 
M-1 

t (0.05, 3)	×𝒔/ 𝒏 
, M-1 

2.0×10‒7 1.5×10‒6 6.0×106 ± 0.81 

5.7×106 0.1×106 ± 0.4×106 
2.0×10‒7 2.4×10‒6 5.5×106 ± 0.68 
1.0×10‒7 1.7×10‒6 5.9×106 ± 0.83 
9.9×10‒8 1.8×10‒6 5.5×106 ± 2.6 
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Fluorescence titrations: [10]CPP + nanocapsule 6·(BArF)8 

 

 
 
 

Supplementary Figure 90. Representative titration data for 6/[10]CPP host-guest 

system. Solvent: PhMe/MeCN (9:1).  (A) Changes in emission spectra of [10]CPP 

(2.0×10-7 M, λexc = 340 nm) upon addition of  nanocapsule 6·(BArF)8 (0 – 1.6×10-5 M). 

(B) Fit of the titration data according to 1:1 binding model. (C) Dependence of molar 

fractions of [10]CPP and  [10]CPPÌ6·(BArF)8 on relative amount of 6·(BArF)8 . (D) 

Residual plots. 
 

 

Supplementary Table 4. Comparison of different binding models used to fit the 

representative titration data shown in Supplementary Figure 90. Solvent: PhMe/MeCN 

(9:1). Fit method: Nelder-Mead. [10CPP]0 = 2.0×10-7 M; [6·(BArF)8 ]0: 0 – 1.6×10-5 M. 

 1:1 model 1:2 model 2:1 model 
 K, M‒1 K1, M‒1 K2, M-1 K1, M‒1 K2, M-1 
 1.1×105  1.1×106  2.7×104  28  2.4×1011  

Error ± 3.6% ± 13% ± 2.8% ± 29% ± 1.3% 
RMS 2327 1244 1267 
Covariance 8.1×10‒3 2.4×10‒3 2.5×10‒3 
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Comments:  
1) Titration type. This titration was performed in the unusual “Guest+Host” fashion, i.e. 
the host was titrated to a solution of the guest. The reason for this approach is the large 
difference in quantum yields between nanocapsule  6·(BArF)8  and [10]CPP: 
fluorescence of [10]CPP is much stronger than fluorescence of 6·(BArF)8 , leading to 
spectral overlap if the emission of 6·(BArF)8  was to be observed.  

2) Binding model: in comparison to the 1:1 model, the 1:2 and 2:1 binding models give 
slightly reduced RMS and covariance as well as somewhat improved residual plots. 
However, these models do not allow to obtain reproducible (with an adequate standard 
deviation) binding constants for different titration experiments and the association 
constants for both alternative models are not plausible based on complementary XRD 
evidence. Therefore, binding of [10]CPP to nanocapsule 6·(BArF)8  in PhMe/MeCN (9:1) 
at room temperature most likely follows the 1:1 binding model. 

Supplementary Table 5. Association constants for [10]CPPÌ6·(BArF)8  obtained for 

three independent titrations by fitting the data according to 1:1 binding model. Solvent: 

PhMe/MeCN (9:1). Fit method: Nelder-Mead. 𝑠/ 𝑛 ‒ standard deviation of the mean, 

where s ‒ standard deviation, n ‒ number of measurements; t (0.05, 3)	×𝑠/ 𝑛 ‒ 95% 

confidence interval, where t(0.05, n-1) ‒ Student’s t at 95% confidence level.12  

 
Supplementary Table 6. Links to the raw titration data, calculated fits and statistical 

information for the titrations with 6/[10]CPP host-guest system. 

Entry Web link 

1 http://app.supramolecular.org/bindfit/view/261ed1a6-bf1e-4db3-aa66-827a086e4585  

2 http://app.supramolecular.org/bindfit/view/40053dcf-ffe8-4191-a3b3-eb40f729f5c2  

3 http://app.supramolecular.org/bindfit/view/8854eafa-36e1-47e2-b7bd-8aab3bb38ab2  
 

 
  

Entry [10CPP]0, M [6]0, final, M K, M-1 Error, % Average 
K, M-1 

𝒔/ 𝒏 , 
M-1 

t (0.05, 2)	×𝒔/
𝒏 , M-1 

1 2.0×10‒7 2.2×10‒5 1.10×105 ± 2.8 
1.1×105 0.03×105 ± 0.1×105 2 2.0×10‒7 1.6×10‒5 1.05×105 ± 3.6 

3 2.0×10‒7 1.6×10‒6 1.14×105 ± 3.7 
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UV-Vis titrations: nanocapsule 6·(BArF)8 + C60 

 

 

Supplementary Figure 91. Representative titration data for 6·(BArF)8/C60 host-guest 

system. Solvent: PhMe/MeCN (9:1). (A) Changes in absorption spectra of nanocapsule 

6·(BArF)8 (4.1×10-7 M) upon addition of C60 (0 – 1.0×10-4 M). (B) Fit of the titration data 

according to 1:1 binding model. (C) Dependence of molar fractions of 6·(BArF)8 and 

C60Ì6·(BArF)8 on relative amount of C60. (D) Residual plot. 

 

 

Supplementary Table 7. Comparison of different binding models used to fit the 

representative titration data shown in Supplementary Figure 91. Solvent: PhMe/MeCN 

(9:1). Fit method: Nelder-Mead. [6·(BArF)8 ]0 = 4.1×10-7 M; [C60]0: 0 – 1.0×10-4 M. 

 1:1 model 1:2 model 2:1 model 
 K, M‒1 K1, M‒1 K2, M-1 K1, M‒1 K2, M-1 
 5.7×103  8.8×104  2.3×103  8  3.1×109  

Error ± 1.7% ± 2.9% ± 1.0% ± 9.1% ± 17% 
RMS 1.4×10‒3 3.9×10‒4 7.8×10‒4 
Covariance 1.2×10‒3 1.1×10‒4 4.2×10‒4 
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Comments:  

1) Spectroscopic technique. For this equilibrium, the fluorescence titration experiment 
had two key limitations in comparison to UV-vis experiment. First, at low concentrations 
of nanocapsule 6·(BArF)8  (<1×10‒7 M), which would give a linear dependence of the 
fluorescence response on the light absorbed, fluorescence of 6·(BArF)8 was very weak. 
This led to a high error of the measurement. Second, prolonged irradiation of the solution 
of 6·(BArF)8 with a laser beam  (λexc = 425 nm) during fluorescence titration caused partial 
photobleaching of 6·(BArF)8 , presumably as a result of generation of singlet oxygen by 
the nanocapsule.11 Therefore, the host-guest interaction between nanocapsule 6·(BArF)8  
and C60 was studied by means of UV-vis titration.  
2) Binding model. In comparison to the 1:1 model, the 1:2 and 2:1 binding models give 
reduced RMS and covariance as well as improved residual plots. However, the 2:1 model 
produces highly implausible binding constants and both models do not allow to obtain 
reproducible (with an acceptable standard deviation) binding constants for the three 
different titration experiments. Therefore, binding of C60 to nanocapsule 6·(BArF)8  in 
PhMe/MeCN (9:1) at room temperature most likely follows the 1:1 binding model. It is 
worth noting that a 1:2 (or 1:3) model would be physically plausible (one endo binding 
event, followed by 1-2 exo binding events), but that the important first binding constant 
K1 has a magnitude that would NOT affect any conclusions drawn in this study.  
3) Guest absorption. Fullerene C60 is a “non-silent” guest, i.e. C60 absorbs light at the 
wavelength of interest (λmax = 425 nm). In order to take into account the absorption of a 
guest, the equation for fitting titration data to 1:1 model must have an extra term εG[G]0, 
where εG is molar absorptivity of a guest and [G]0 is a total guest concentration.14 We 
experimentally determined εG of C60 at λ = 425 nm (397 M‒1cm‒1) in the standard solvent 
mixture and subtracted εG[G]0 from the observed absorption at 425 nm for each data 
point. This approximation allowed us to analyze (and share) the titration data with online 
calculator BindFit, since currently it can fit titration data for “silent” guests only. We did 
however fit the data with the 1:1 model for “non-silent” guests by nonlinear curve fitting 
in OriginPro® 2019b (iteration algorithm: Levenberg Marquardt) and the binding 
constants obtained in this way are identical to those obtained with BindFit. 
 
Supplementary Table 8. Association constants for C60Ì6·(BArF)8  obtained for three 

independent titrations by fitting the titration according to 1:1 binding model. Solvent: 

PhMe/MeCN (9:1). Fit method: Nelder-Mead. 𝑠/ 𝑛 ‒ standard deviation of the mean, 

where s ‒ standard deviation, n ‒ number of measurements; t (0.05, 2)	×𝑠/ 𝑛 ‒ 95% 

confidence interval, where t(0.05, n-1) ‒ Student’s t at 95% confidence level.12  

 

 

 

Entry [6]0, M [C60]0, final, M K, M-1 Error, % Average 
K, M-1 

𝒔/ 𝒏 , 
M-1 

t (0.05, 2)	×𝒔/
𝒏 , M-1 

1 4.1×10‒7 8.4×10‒5 5.0×103 ± 2.9 
5.4×103 0.2×103 ± 0.9×103 2 4.1×10‒7 1.0×10‒4 5.7×103 ± 1.7 

3 4.1×10‒7 9.8×10‒5 5.4×103 ± 1.8 
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Supplementary Table 9. Links to the raw titration data, calculated fits and statistical 

information for the titrations with 6·(BArF)8/C60 host-guest system. 

Entry Web link 

1 http://app.supramolecular.org/bindfit/view/1a791f90-e0d7-4e32-9105-4966a6ca784b  

2 http://app.supramolecular.org/bindfit/view/5bb3979d-caf2-46d4-bfc6-381a9c0de82a  

3 http://app.supramolecular.org/bindfit/view/d6646126-dc4c-4db8-98b7-47a7afee7983  
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Fluorescence titrations: [10]CPP + C60 in the presence of nanocapsule 6·(BArF)8 

 

 

Supplementary Figure 92. Representative titration data for 6·(BArF)8	 /[10]CPP/C60 

host-guest system. Solvent: PhMe/MeCN (9:1). (A) Changes in emission spectra of 

[10]CPP (2.0×10-7 M, λexc = 340 nm) upon addition of C60 (0 – 1.9×10-6 M) in the presence 

of nanocapsule 6·(BArF)8	(6.1×10-6 M, 30 equiv. with respect to [10]CPP). (B) Fit of the 

titration data according to 1:1 binding model. (C) Dependence of molar fractions of 

[10]CPP and C60Ì[10]CPP on relative amount of C60. (D) Residual plots. 

 
 

Supplementary Table 10. Comparison of different binding models used to fit the 

representative titration data shown in Supplementary Figure 92. Solvent: PhMe/MeCN 

(9:1). Fit method: Nelder-Mead. [10CPP]0 = 2.0×10-7 M; [C60]0: 0 – 1.9×10-6 M; [6·(BArF)8	

]0 = 6.1×10-6 M. 

 1:1 model 1:2 model 2:1 model 
 K, M‒1 K1, M‒1 K2, M-1 K1, M‒1 K2, M-1 
 9.5×106  1.9×107  4.0×105  1.3×107  7.8×106  

Error ± 4.3% ± 5.9% ± 12% ± 8.6% ± 18% 
RMS 307 234 122 
Covariance 2.3×10‒3 1.3×10‒3 3.8×10‒4 
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Comments: 
1) Rationale. Having confirmed that the C60Ì[10]CPP is the strongest binary association 
event, this titration serves to answer the question whether the presence of the 
nanocapsule (constant concentration) significantly affects the stability of the 
C60Ì[10]CPP complex).15,16  
2) Binding model. Because we fit a ternary complex based on a binary model, this 
experiment is by nature an approximation only. It is therefore not surprising that the 1:2 
model and especially the 2:1 binding model give a better quality of fit. The main purpose 
of the experiment is however to draw a comparison to the binary 1:1 complex 
C60Ì[10]CPP, and it is remarkable that the 1:1 model allows a reasonably good fit and 
also a good statistical error (see below) for these ternary titrations. 

Supplementary Table 11. Association constants for C60Ì[10]CPPÌ6·(BArF)8	 obtained 

for three independent titrations by fitting the data according to 1:1 binding model. Solvent: 

PhMe/MeCN (9:1). Fit method: Nelder-Mead. 𝑠/ 𝑛 ‒ standard deviation of the mean, 

where s ‒ standard deviation, n ‒ number of measurements; t (0.05, n-1)	×𝑠/ 𝑛 ‒ 95% 

confidence interval, where t(0.05, n-1) ‒ Student’s t at 95% confidence level.12  

 

Supplementary Table 12. Links to the raw titration data, calculated fits and statistical 

information for the titrations with 6·(BArF)8	/[10]CPP/C60 host-guest system. 

Entry Web link 

1 http://app.supramolecular.org/bindfit/view/69b03125-f1f2-4a14-aa85-6914ab3a85fb  

2 http://app.supramolecular.org/bindfit/view/b587fe4f-f276-4595-8a82-06c0b2f7370c  

3 http://app.supramolecular.org/bindfit/view/32be7daf-e76f-41f9-8485-a87942db36e2  
  

Entry [10CPP]0, M [C60]0, final, 
M K, M-1 Error, % Average 

K, M-1 
𝒔/ 𝒏 , 

M-1 
t (0.05, 2)	×
𝒔/ 𝒏 , M-1 

1 2.0×10‒7 1.7×10‒6 9.3×106 ± 6.5 
9.3×106 0.09×106 ± 0.4×106 2 2.0×10‒7 1.9×10‒6 9.5×106 ± 4.3 

3 2.0×10‒7 1.9×10‒6 9.2×106 ± 5.7 
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Fluorescence titration: [10]CPP + trans-3-(1-C60) bis-adduct 

 

Supplementary Figure 93. Representative titration data for [10]CPP/trans-3-(1-C60) 

host-guest system. Solvent: PhMe/MeCN (9:1). (A) Changes in emission spectra of 

[10]CPP (2.0×10-7 M, λexc = 340 nm) upon addition of trans-3-(1-C60) (0 – 9.9×10-6 M). 

(B) Fit of the titration data according to 1:1 binding model. (C) Dependence of molar 

fractions of [10]CPP and trans-3-(1-C60)Ì[10]CPP on relative amount of trans-3-(1-C60). 

(D) Residual plots. 
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Supplementary Table 13. Comparison of different binding models used to fit the 

representative titration data shown in Supplementary Figure 93. Solvent: PhMe/MeCN 

(9:1). Fit method: Nelder-Mead. [10CPP]0 = 2.0×10-7 M; [trans-3-(1-C60)]0: 0 – 9.9×10-6 M. 

 1:1 model 1:2 model 2:1 model 
 K, M‒1 K1, M‒1 K2, M-1 K1, M‒1 K2, M-1 
 3.7×105  3.6×106  3.2×105  5.0×105  1.7×105  

Error ± 0.61% ± 4.1% ± 0.95% ± 5.1% ± 18% 
RMS 86.3 68.9 69.3 
Covariance 1.4×10‒4 8.9×10‒5 9.0×10‒5 

Comment. Fitting the titration data according to 1:2 or 2:1 binding model does not 
improve the quality of fit, i.e. RMS and covariance are not significantly reduced in 
comparison to those for 1:1 model. Therefore, binding of trans-3-(1-C60) to [10]CPP in 
PhMe/MeCN (9:1) at room temperature can be best described by the 1:1 binding model. 

Supplementary Table 14. Association constants for trans-3-(1-C60)Ì[10]CPP obtained 

for three independent titrations by fitting the data according to 1:1 binding model. Solvent: 

PhMe/MeCN (9:1). Fit method: Nelder-Mead. 𝑠/ 𝑛 ‒ standard deviation of the mean, 

where s ‒ standard deviation, n ‒ number of measurements; t (0.05, 3)	×𝑠/ 𝑛 ‒ 95% 

confidence interval, where t(0.05, n-1) ‒ Student’s t at 95% confidence level.12  

 

Supplementary Table 15. Links to the raw titration data, calculated fits and statistical 

information for the titrations. 

[10CPP]0, M Web link 

2.0×10‒7 http://app.supramolecular.org/bindfit/view/d2ca3801-e472-460e-82a5-080eff9a5d45  

2.0×10‒7 http://app.supramolecular.org/bindfit/view/fbf30532-1b8b-4bba-aa8f-4e371ecee3a0  

2.0×10‒7 http://app.supramolecular.org/bindfit/view/bccc0cda-1b70-4606-9be9-0247e793576d  
 

  

[10CPP]0, M [trans-3-(1-C60)]0, final, 
M K, M-1 Error, % Average 

K, M-1 
𝒔/ 𝒏 , 

M-1 
t (0.05, 2)	×𝒔/

𝒏 , M-1 
2.0×10‒7 6.2×10‒6 3.4×105 ± 0.75 

3.6×105 0.1×105 ± 0.5×105 2.0×10‒7 8.0×10‒6 3.8×105 ± 1.0 
2.0×10‒7 9.9×10‒6 3.7×106 ± 0.61 
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2.18 X-Ray diffraction studies 

 
Single Crystal XRD at Alba Synchrotron (Barcelona) 

The crystallographic data of C60⸦[10]CPP⸦7·(BArF)8 (CCDC 1984575) and trans-3-(1-

C60)⊂[10]CPP⊂7·(BArF)8 (CCDC 1984576) were collected at the XALOC beamline of 

the ALBA synchrotron at 100 K using a MD2M single-axis diffractometer (Maatel, France) 

and a Pilatus 6 M detector (Dectris, Switzerland).17 The data sets were collected on 

omega single-axis scans with 1s per frame exposures at λ = 0.82653 Å. The data were 

collected in single-axis rotation leading to a low theta fraction value. All crystals were 

found to diffract only to limited resolution (1.20 - 1.30 Å), and in addition they showed 

degradation due to radiation damage. This poor diffracting quality and fast degradation 

is attributed to the solvent loss and severe motion from the solvent and BArF molecules. 

In addition, the positional disorder of three-shell supramolecular arrangement influences 

the limited diffracting quality of the crystals, resulting in relatively large final residual 

values. Nevertheless, the structures were solved using SHELXT18 and refined by full 

matrix least-squares based on F2 using SHELXL9719 and OLEX2.20 The position of the 

atoms belonging to nanocages were clearly located from the electron density maps. 

Large electron density was also found inside the cages, allowing the assignment of 

several atomic positions as belonging to the C60 and [10]CCP molecules. Based on these 

coordinates, the entire molecules were introduced and refined with the use of rigid-body 

restrains, leading to stable refinements. Both C60 and [10]CCP molecules are statistically 

disordered over two positions inside the nanocages, with half occupancy in each case. 

Attempts to locate and refine solvent molecules and BArF anions were unsuccessful, 

and therefore a solvent mask was applied to complete the refinements.21 

 

 

Single Crystal XRD - BRUKER SMART APEX CCD 

Dark blue crystals of [Cu2(Me2pTp)(OTf)2](OTf)2 (CCDC 1984937) were grown from slow 

diffusion of diethyl ether in a CH3CN solution of the compound, and used for low 

temperature (100(2) K) X-ray structure determination. The measurement was carried out 

on a BRUKER SMART APEX CCD diffractometer using graphite-monochromated 

Mo Ka radiation (l = 0.71073 Å) from an X-ray tube. The measurements were made 

in the range 2.8247 to 27.4162° for θ. Hemi-sphere data collection was carried out with 

ω and φ scans. A total of 50450 reflections were collected of which 4151 [R(int) = 0.063] 

were unique. Programs used: data collection, Smart;22 data reduction, Saint+;23 

absorption correction, SADABS.24 Structure solution and refinement was done using 
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SHELXTL.25 The structure was solved by direct methods and refined by full-matrix least-

squares methods on F2. The non-hydrogen atoms were refined anisotropically. The H-

atoms were placed in geometrically optimized positions and forced to ride on the atom 

to which they are attached. 

 

 

CheckCIF Alerts and ORTEP crystallographic data 
 

CheckCIF A and B Alerts and their corresponding response:  

[Cu2(Me2pTp)(OTf)2](OTf)2: No A or B level alerts 

C60Ì[10]CPPÌ7·(BArF)8 
Level A alerts: 
THETM01_ALERT_3_A  The value of sine(theta_max)/wavelength is less than 0.550 
            Calculated sin(theta_max)/wavelength =    0.4198 
Author Response: No reflections were observed at resolution higher than 1.2A 
Level B alerts: 
PLAT082_ALERT_2_B High R1 Value ..................................       0.17 Report 
PLAT084_ALERT_3_B High wR2 Value (i.e. > 0.25) ...................       0.44 Report 
Author Response: Severe disorder and limited diffracting quality resulted in high R 
values 
PLAT220_ALERT_2_B NonSolvent Resd 1  C   Ueq(max) / Ueq(min) Range        9.6 
Ratio; 
PLAT241_ALERT_2_B High   MainMol Ueq as Compared to Neighbors of N3FA, C6, 
C7FA, C32, C8CA, C9EA, C2HA, C7WA, C4GA, C86, and 
PLAT242_ALERT_2_B Low    MainMol Ueq as Compared to Neighbors of Cu4, Cu5, 
O6,   
Author Response: Observed differences in Ueq values are due to disorder and low 
resolution 
PLAT341_ALERT_3_B Low Bond Precision on  C-C Bonds ...............    0.02422 Ang.   
Author Response: Result of the limited diffraction quality and resolution reached 
PLAT731_ALERT_1_B Bond    Calc     1.49(3), Rep      1.5(4) ......         10 su-Rat 
              C5QA     -C7GA            1.555   7.666 ........     #  190 Check  
Author Response: due to limited resolution, DFIX was used for some atoms 
 
 

trans-3-(1-C60)Ì[10]CPPÌ7·(BArF)8 
Level A alerts: 
THETM01_ALERT_3_A  The value of sine(theta_max)/wavelength is less than 0.550 
            Calculated sin(theta_max)/wavelength =    0.3846 
Author Response: No reflections were observed at resoluton higher than 1.3A 
PLAT084_ALERT_3_A High wR2 Value (i.e. > 0.25) ...................       0.48 Report 
              O2AA    O2      O6BA    O3      O1AA    O4                  etc.   
Author Response: Severe disorder and limited diffracting quality resulted in high R 
values 
 
Level B alerts: 
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PLAT082_ALERT_2_B High R1 Value ..................................       0.19 Report 
Author Response: Severe disorder and limited diffracting quality resulted in high R 
value 
PLAT241_ALERT_2_B High   MainMol Ueq as Compared to Neighbors of N2, C8, 
C7FA, C3QA, C0JA, Check    
PLAT242_ALERT_2_B Low    MainMol Ueq as Compared to Neighbors of C6, C6FA,  
C1GA, C6BA, Check    
Author Response: Observed differences in Ueq values are due to disorder and low 
resolution 
PLAT341_ALERT_3_B Low Bond Precision on  C-C Bonds ...............    0.03264 Ang.   
Author Response: Result of the limited diffraction quality and resolution reached 
PLAT731_ALERT_1_B Bond    Calc     1.65(4), Rep      1.6(7) ......         10 su-Rat 
              C5QA     -C7GA            1.555   7.666 ........     #  187 Check  
Author Response: due to limited resolution, DFIX was used for some atoms 
 
 

 

Supplementary Figure 94. ORTEP representation of the asymmetric unit of 

[Cu2(Me2pTp)(OTf)2](OTf)2 (CCDC code 1984937). Thermal parameters are represented 

with 50% of probability. 
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Supplementary Figure 95. ORTEP representation of the asymmetric unit of 

C60Ì[10]CPPÌ7·(BArF)8 (CCDC code 1984575). Thermal parameters are represented 

with 50% of probability. 

 

Supplementary Figure 96. ORTEP representation of the asymmetric unit of trans-3-(1-

C60)Ì[10]CPPÌ7·(BArF)8 (CCDC code 1984576). Thermal parameters are represented 

with 50% of probability. 
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3. Supplementary Tables 
 

Supplementary Table 16. XRD data for  [Cu2(Me2pTp)(OTf)2](OTf)2, 

C60Ì[10]CPPÌ7·(BArF)8, trans-3-(1-C60)Ì[10]CPPÌ7·(BArF)8. 

 [Cu2(Me2pTp)(OTf)2](OTf)2 C60Ì[10]CPPÌ7·(BArF)8 trans-3-(1-

C60)Ì[10]CPPÌ7·(BArF)8 

CCDC code 1984937 1984575 1984576 

formula C27H32CuF6N4O6S2 C365Cu8F0.25N32O18Zn2 C405Cu8N32O22Zn2 

fw 750.22 6143.35 a) 6303.43 a) 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group C 1 2/c 1 C2/c C2/c 

a (Å) 27.3228(11) 45.890(9) 45.910(9) 

b (Å) 16.6485(7) 45.990(9) 46.090(9) 

c (Å) 16.8350(7) 39.660(8) 39.670(8) 

α (deg) 90 90 90 

β (deg) 125.0820(10) 90.87(3) 90.63(3) 

γ (deg) 90 90 90 

V (Å3) 6266.7(5) 83692(29) 83936(29) 

Z 8 4 4 

Dc (Mg m-3) 1.590 0.488 a) 0.422 a) 

T (K) 100 100 100 

λ  (Å) 0.71073 0.8265 0.8265 

μ (mm-1) 0.914 0.422 0.422 

2θ	max	(deg) 27.4162 40.60 37.07 

reflns collected 50450 25293 127489 

indep. reflns  4151 25293 19905 

params 419 654 874 

GOF on F2 1.066 1.358 1.905 

Rindices (I>2s(I)) 0.0642 0.1694 0.1920 

Rindices (all data) 0.0916 0.1935 0.2109 
a) Excluding solvent and BArF molecules 
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Supplementary Table 17. Diffusion coefficients (D) and solvodynamic radii (rS) 

extracted from DOSY NMR in CD3CN (DCD3CN= 10-8.5 m2 s-1). 

 

 D (m2 · s-1) rS (Å) 

4·(BArF)8 3.1 x 10-10 19.0 

6·(BArF)8 2.8 x 10-10 22.1 

C60Ì[10]CPPÌ6·(BArF)8 2.8 x 10-10 22.1 

trans-3-(1-C60) Ì 

[10]CPPÌ6·(BArF)8 
2.9 x 10-10 21.1 
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4. Summary and Outlook

In summary, we have developed two novel dynamic chemical systems based on amidinium ex-
change and multicomponent HG assembly. We also demonstrated their utility to produce
functional supramolecular constructs – [2]rotaxanes and multishell HG complexes, respectively
(Fig. 4.1).

Figure 4.1: Summary of the projects presented in this thesis.
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We gained valuable insights into the new dynamic covalent reaction – amidinium exchange – by
exploring the reaction scope and kinetics in various solvents. We discovered that amidinium ions
could undergo metathesis and revealed a striking ability of anions to modulate the reaction kinetics.
Unique features of the amidinium exchange thus offer a wide range of fascinating applications.

Amidinium exchange employs amines – the ubiquitous class of organic compounds applied in
numerous research fields. This hints at the possibility of exploiting the amidine DCvC in materials
science and catalysis. Since amines are also involved in other dynamic covalent reactions such as
imine exchange and carbamate formation, amidinium exchange might provide another dimension in
the potential multilevel dynamic chemical systems that at some point might reach the complexity
of metabolic networks in living organisms (Fig. 4.2A). Taking into account biological activity of
amidines, amidinium exchange in water might find interesting applications in biomedical fields.
For instance, considering the fast rate and practical simplicity of the amidinium exchange, this
DCR might be used to "click" together two amine-containing biologically relevant molecules (e.g.,
oligopeptides). This approach can be also used for in situ generation of (bio)materials such as
hydro- or organogelators (Fig. 4.2B). Susceptibility of the mono-N-substituted formamidinium salts
to hydrolysis provides another potential application of the amidinium exchange, namely, preparation
of metastable supramolecular systems such as transient micelles or vesicles (Fig. 4.2C).

Figure 4.2: A) Amidinium exchange as a part of a multilevel dynamic covalent network based on three
different primary amines and two aldehydes. Each node represents an individual molecular species. Ami-
dinium DCL can be obtained by reaction of the amines (excess) with the unsubstituted formamidinium ion.
Three amines yield a combination of six different N,N’-disubstituted amidinium ions. Imine DCL can be
obtained by reaction between the amines and the aldehydes. Each amine can yield two different imines. If
two individual species share the same amine, the nodes corresponding to these species are connected by a
black solid line. B) Schematic representation of in situ synthesis of a peptide-based organogelator via ami-
dinium exchange. Each circle represents one amino acid residue. C) Synthesis of amphiphiles in aqueous
media via amidinium exchange. Different amphiphiles might lead to different supramolecular assemblies
(e.g., micelles or vesicles).

We used amidinium exchange to produce an unprecedented class of mechanically interlocked com-
pounds – amidinium [2]rotaxanes (Fig. 4.1). These compounds exhibited interesting intramolec-
ular dynamics (i.e., isomerization around C–N bonds and co-conformational dynamics) in combi-
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nation with typical acid-base chemistry of classical secondary-ammonium-based rotaxanes. This
makes the amidinium [2]rotaxanes perfect candidates for construction of artificial molecular ma-
chines. The simplest example would be a rotaxane-based molecular shuttle featuring the amidinium
moiety and another binding site for a ring (e.g., a secondary ammonium; Fig. 4.3A).

Figure 4.3: A) Cartoon representation of a molecular shuttle based on an amidinium rotaxane. B)
Synthesis of a polyrotaxane via amidinium exchange.

Amidinium rotaxanes are a rare example of MIMs that can undergo mechanical bond dependent
dynamic covalent exchange. The ability of the mechanical bond to kinetically stabilize specific
members of dynamic combinatorial libraries provides an intriguing way to control the behavior of
complex chemical system.

Amidinium exchange might be also a useful tool for preparation of a different kind of rotaxanes
where a ring component is not bound to the amidinium moiety but other functional groups. In this
case, the exchange reaction would serve as a means to link two or more threaded pseudorotaxanes
leading to the formation of main chain poly[n]rotaxanes with n–1 threaded rings (Fig. 4.3B). For
instance, the amidinium exchange could be used to prepare a polyrotaxanes from a HG complex
between a cucurbituril and linear diaminoalkane.

The three-shell HG complex afforded unprecedented chemo- and regioselectivity of Bingel-Hirsch
cyclopropanation of C60. We performed in-depth analysis of the structure of the unusual HG
complex both in solid state and in solution. Furthermore, we pinpointed the reasons for the
stability of the supramolecular assembly in solution.

In our lab, further exploration of the reported Russian-doll-like complex is underway. In particular,
we are interested in using the supramolecular mask as a catalyst for C60 functionalization (so far,
one equivalent of the ring/cage host has been used to perform the bis-cyclopropanation).

Furthermore, the unique structure of our Russian-doll-like complex featuring C60 encircled by
[10]CPP ring can be used to create fullerene-based MIAs. Coworkers from the groups of Ribas
and von Delius have recently discovered that linking two malonate ester molecules by a tether
and performing Bingel-Hirsch bis-addition to C60 inside the two-shell supramolecular mask affords
a mechanically interlocked structure (Fig. 4.4). Acid-catalyzed degradation of the metal-organic
cage led to release of the [2]catenane comprising C60 and [10]CPP. This approach can be further
extended for preparation of catenane-based molecular shuttles featuring two fullerene stations for
[10]CPP ring (one C60 – coming from the three-shell HG complex and another C60 – from the
tether).
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The insights that we gained about the studied three-shell HG complex can be further used to
create other functional hierarchical supramolecular architectures. In particular, rational design of
multishell supramolecular masks can provide an unlimited scope of practically affordable fullerene
regioisomers and functional MIAs.

Figure 4.4: Cartoon representation of the catenane synthesis using the three-shell HG complex. The
metal-organic cage and [10]CPP ring facilitate the formation of the catenane with precise geometry. The
cage can be disassembled under acidic conditions releasing the catenane where [10]CPP is one of the
mechanically interlocked components.
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