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The rotaxane configuration, among the various interlocked molecular structures, is
recognized as a flexible foundation for constructing functional synthetic
nanomachines. Rotaxane denotes a chemical structure consisting of a linear part
and a cyclic part, tightly linked via noncovalent bonds within a complex structure.
The difficult synthesis process of rotaxanes hinders their potential applications.
One method for producing rotaxanes is through active template synthesis. Crown
ethers are a perfect selection for inclusion in an active template strategy because of
their extensively studied attributes and easy procurement in the market. Rotaxanes
can be synthesized rapidly and easily through the use of Crown Ether Active
Template Synthesis (CEATS). Simplifying the synthesis of rotaxanes will enable
broader research and practical uses of these compounds. In this article through
CEATS method rotaxane (5a) and (5b) is synthesized. Chemical structure of the
obtained compounds was established by 'HNMR, *CNMR and FT-IR
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1. Introduction

Over time, the historical development of isomeric varieties
in organic molecules has progressed through significant
stages: a) the molecules vary from one another in terms of
their atom numbers and types; b) isomers with the usual
arrangement and nature of bonding between these atoms;
c) stereoisomers that are differentiated by their particular
spatial sequence around or at the center of an atom; and d)
topological isomers with different topological geometries.
The last form of isomerism gives rise to mechanically
interlocked molecules (MIMs), namely catenanes,
rotaxanes, and knots, which take cues from various natural
objects and architectures [1, 2]. For over half a century,
chemists have dedicated their attention to creating MIMs.
Their aesthetic beauty aside, their potential applications as
molecular devices for information storage and processing
make them truly remarkable. The rotaxane architecture, as
one type of interlocked molecules, is deemed to be a
versatile framework for building practical artificial
nanomachines [3].

The synthesis of organic compounds containing nitrogen,
sulfur, and oxygen, especially heterocycles, has long been
a central focus in organic and supramolecular chemistry
due to the unique chemical properties these elements
impart [4-8]. Such compounds often display enhanced
electronic characteristics, selective binding abilities, and
catalytic activity, making them valuable building blocks in
the design of functional materials, including interlocked
molecular systems like rotaxanes. In particular,
incorporating sulfur and nitrogen atoms into macrocyclic
frameworks such as crown ethers can significantly
influence host—guest interactions, stability, and synthetic
efficiency in active-template approaches. Therefore, the
use of N-, S-, and O-containing heterocycles opens
promising avenues for constructing novel nanomachines
with improved performance and structural versatility.

Molecular machines were the focus of the 2016 Nobel
Prize in Chemistry for their design and synthesis. The
emergence of interlocked molecular assemblies bonded by
mechanical means has played a significant role in
advancing molecular machinery, as acknowledged by the
Nobel Committee. Currently, research in this field is
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heavily focused on rotaxanes-molecules that are
interlocked with a stoppered thread encircling a
macrocycle [9].

The term rotaxane originates from the Latin terms for
wheel and axle, referring to a compound composed of a
linear part (also known as the rod-like component or guest)
and a cyclic part (also known as the beadlike element or
host), intricately connected through noncovalent forces in
a threaded arrangement. Stoppers are bulky groups that can
prevent dethreading of the cyclic component. In the
absence of bulky stoppers at the end of the axle, the term
pseudo- rotaxane implies that it is a false rotaxane, which
does not qualify as a compound but rather as a
supramolecular complex. Semi- rotaxane is a pseudo-
rotaxane with only one stopper [10, 11].

The building blocks of rotaxane cannot be isolated without
disrupting a covalent bond [12]; a variety of stimuli can
adjust their relative positions effectively. Utilizing this
unique property of rotaxanes has led to their significance
as pumps, switchable catalysts [13], and electronic
components [14].

Among the various types of macrocycles found in
rotaxanes, crown ethers are highly abundant. This is mainly
because they can establish strong complexes, like pseudo-
rotaxanes, through the use of hydrogen bonding and =«
stacking with templates that have a range of functional
groups, including secondary ammonium, urea, pyridinium,
and amidinium [9].

As outlined in this article, a novel process for producing
rotaxanes has been uncovered through crown ether active
template synthesis (CEATS). CEATS maximizes the
efficiency of reactions occurring within crown ethers. The
synthesis process is made simpler by bypassing the
necessity of establishing thermodynamically favored
complexes between precursor components. A simple
mixture of primary amine, crown ether, and electrophile in
a non-polar solvent is all it takes for the spontaneous
creation of rotaxane [15]. Proximity between the
macrocycle and thread precursor components of rotaxane
leads to accelerated reactions in active template synthesis.
The key factor in achieving an effective active template

(o]

OCH,

o) OCH,

o
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/ _MeOH, 12h__
+
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reaction lies in stabilizing the transition state inside a
macrocycle cavity, ultimately leading to the creation of a
rotaxane as its Kinetic product. Thus, passive template
methods may be seen as operating based on
thermodynamic control, while active template processes
are governed by kinetic control [16]. The capability of
employing this approach to speed up rotaxane construction
was initially proven by Hirose and et al. [17], who
illustrated the aminolysis of pre-rotaxane 4, which had a
crown ether bonded to a stopper by means of a phenolic
ester linkage, leading to the creation of rotaxane 5 with
superior selectivity compared to non-interlocked thread.

Crown ethers are excellent options for utilization in an
active template strategy due to their extensively studied
properties and wide availability in the market. It has long
been recognized that glymes and crown ethers play a key
role in catalyzing various uncomplicated chemical
reactions with amines, particularly ester aminolysis [18-
20], nucleophilic aromatic substitution [21], and, more

recently,  ring-opening  polymerization  of  N-
carboxyanhydrides [22].

2. MTERIALS AND METHODS

2. 1. Synthesis of diamidic crown compound

Synthesis of sulfoxide (1) and methyl diester (2)

synthesized in the previous article [23- 25].

Synthesis of 1,7-dioxa-10, 14-diaza-4-sulfoxo-9, 15-dioxo-
2, 3,5, 6-di("2,74-dimethyl) benzo 16- crown-5 (3c):

For the synthesis of this reaction product under reflux in 20
ml of dry methanol solvent from the composition of methyl
diester (2) (2 g, 0.0046 mol), 1,3-propanediamine (0.38 ml)
to It was done for 12 hours. The completion of the reaction
was monitored by TLC. The solvent inside the flask was
removed by a rotary evaporator. and the remaining white
slimy substance which then crystallized in methanol
solvent and resulted in the formation of white cotton
crystals. The reaction efficiency is 76% the melting point
is 220-222 and R¢ = 0.1-0.2 in the ethyl acetate/methanol
(1:5) solvent system

S=0

Scheme 1. Synthesis of diamidic crown compound (3c).

442



Chem Rev Lett 8 (2025) 441-447

2.2. Synthesis of bis [N(((4-tert-butyl phenoxy) ethoxy)
ethyl)] 4,4”-bipyridinium axel (4)

Axle synthesis involves two processes. During the initial
stage,( 20 mL ) of acetonitrile were used to reflux (1 g, 0.2
mol) diethylene glycol ditosylate (0.886 g, 0.2 mol) 4-tert-
butylphenol, and (0.384 g) of potassium carbonate reflaxed
in 25 mL CHsCN for 8 hours. Then rotary evaporator was

used to extract the solvent. In 20 ML of CHCI; were used
to remove the contents of the flask. The result was a white
solid that crystallized in an ethanol. Subsequently,( 0.2 g (1
mol) of 4,4"-bipyridinium and 0.615 g.) of the previous
mixture were refluxed in 25 ml of DMF for 8 hours. After
that, the solvent was rotary-evaporated. The substance was
recrystallized in methanol and cotton white crystals was
obtained.

1) CH,CN/K,CO;,

2 <> + TSO\/\O/\/OTS + N@@N* 2) DMF

A O S

Scheme 2. preparation of axle.

2.3. Synthesis of rotaxane nanomachines

Synthesis of rataxane (5¢) between axle and 1,7-
dioxa-10, 14-diaza-4-sulfoxo-9, 15-dioxo-2, 3, 5, 6-
('2,'4-dimethyl) di benzo 16- crown-5 (5¢):

Axle and wheel (3c) with a molar ratio of 1:1 was
refluxed in methanol for 10 hours in the presence of

A

O—\_O

templating metal VVCl; Then the solvent was removed by
rotary and the material obtained was washed with
hydrogenated water and distilled water. The obtained
product crystallized in ethanol and resulted cotton-white
crystals.

/ O
(o] HN
n \ VCls, MeOH

S=0 /
Q0 HN

Scheme 3. Rotaxane (5c).
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3. RESULTS AND DISCUSSION

IR spectra of Compound (3c) is shown in the Fig. 1S. The
stretching vibrations related to the N-H bond in the region
of 3397 cm™ and the bending N-H bond in the region of
1510 cm'* are seen with strong absorption. The absorption
band of C=0 at 1680 cm™ is observed the ether C-O bond
connected to the aromatic ring is in the region of 1120 cm-
L and the presence of the absorption band at 1671-1487 cm’
Lis for the aromatic C=C bond. The aliphatic C-H bond
which is in the region of 2900 cm™ is shown as a slight
absorption and the S=O bond is shown in the region of
1063 cm* which is a stretching vibration. Aromatic C-H
bond in the 3100 cm* region and out-of-plane C-H bond in
the 895 cm™ region are observed as moderate absorption.IR
spectra of Compound (4) is shown in the Fig. 2S. The
aliphatic C-H bond that is slightly absorbed in the region of
2955 cm™. The aromatic stretching C-H bond is observed
in the 3046 cm-1 region and the out-of-plane C-H bond is
observed in the 814 cm region as moderate absorption.
The absorption bands observed at 1013, 1124 and 1213 cm-
1 indicate ether bonds in C-O (aromatic), Ar-O-C and C-
O-C.

IR spectrum of rotaxane (5c¢) is shown in Fig. 3.S [A], The
presence of an absorption band at 1063 cm™ indicates the
S=0 bond. The absorption band observed at 3397-3380 cm"
s related to the stretching N-H bond and the bending N-
H bond in the region of 1506-1510 cm™ with strong
absorption. C=0 absorption band at 1680 cm™. Aliphatic
C-H bond in the region of 2955-2900 cm? as a slight
absorption. Aromatic C-H bond in the region of 3100-3046
cmt and out-of-plane C-H bond in the region of 895-814
cm® can be seen as moderate absorption. Absorption band
at 1671-1487 cm-1 for aromatic C=C bond. The absorption
bands observed at 1013, 1120, 1224 and 1213 cm* indicate
ether bonds in C-O (aromatic) Ar-O-C and C-O-C. The
peak observed in the region of 1360 cm™ is for C-N.Fig.
4S. show 'H NMR (A) and 3C NMR (B) spectrums of
compound (3c). The aromatic proton signals attributed to
H. and Hs reveal singlet peaks in the region of 6.98 and 7.21
ppm. The amide proton signal indicated a singlet peak at
7.59 ppm in related to Hq. The signals in the region of 1.12,
1.14, 2.21, and 2.23 ppm correspond to aliphatic methyl
protons Ha,, H., Ha, and Hq. At 4.67 ppm, Hc protons
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displayed a singlet peak. Hy indicates a singlet peak at 3.35
ppm. Signals of various carbon atoms demonstrate Cg
(C=0) signal at 167.90 ppm, Cy at 152.08 ppm, C,at 133.35
ppm, Ch at 131.93 ppm, Cq4 at 130.17 ppm, C; at 121.76
ppm, C; at 111.56 ppm, C. at 66.94 ppm, C. at 37.87 ppm,
Cy at 34.68 ppm, Cs at 20.27 ppm, C¢ at 20.57 ppm, C, at
15.12 ppm and C, at 15.55 ppm. A mass spectrum is
obtained by electron impact (EI) at 70eV. Peaks are
detected at m/z (%): 480(M)*, 481(M+1)*, 482(M+2)*,
356, 345, 331, 318, 302, 290, 276, 212, 198, 121, 106, 74,
73,58. Fig. 6S. show *H NMR (A) and *C NMR (B)
spectrums of compound (4). Coupling He result in the
doublet peaks at 6.78-6.80 ppm for the signals of aromatic
protons detect by Hr. Doublet peaks in the region of 7.15—
7.17 ppm indicates signals from He that were coupling with
Hr. At 8.89-8.91 ppm, doublet peaks are observed for Hy
signals due to their coupling with Hy. Doublet peaks at
9.31-9.33 ppm indicate signals from Hg that are coupling
with Hn. A mass spectrum is obtained by electron
impact (El) at 70 eV. Fig. 8S. show 'H NMR (A) and BC
NMR (B) spectrums of compound (5c). The aromatic
proton signals indicate a singlet peak at 6.98 and 7.21 ppm
in related to He and Hy. Doublet peaks at 6.78-6.80, 7.15-
7.17,8.89-8.91 and 9.31-9.33 ppm indicate signals from H;
that are coupling with H; H; that are coupling with H; H,
that are coupling with H, and H, that are coupling with H,
respectively. The amide proton signal indicates a singlet
peak at 7.59 ppm. The aliphatic proton signals attribute to
Ha. and H.- reveal singlet peaks in the region of 1.12 and
1.14 ppm, respectively. At 1.35 ppm, singlet peaks are
observed for Hy signals. At 2.21, 2.23, 3.25 and 4.67 ppm,
singlet peaks are observed for Hg, Hq-, Hp and Hc signals,
respectively [26-28]. A mass spectrum is obtained
by electron impact (El) at 70 eV.

3.1. Surface morphology

The morphology of compound (5¢) was investigated
through scanning electron microscopy (SEM) experiments.
According to Figure 1 the images show the formation of
randomly scattered rectangular structures with diameters of
26 to 98 nm. The main advantage of this synthesis method
is its ability to produce particles in nano dimensions
without depending on the traditional methods that are
usually used for the synthesis of nanostructures[29].
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4. Conclusions

Over the last several years, crown ether active template
synthesis (CEATS) has emerged as a simple and effective
way to synthesis rotaxanes. This strategy takes advantage
of crown ethers capacity to expedite basic organic
reactions. Systems Chemists have the exciting opportunity
to develop responsive nanotechnology and transient
materials by integrating chemical reaction networks with
rotaxane (dis)assembly, including transient Fmoc
protection and transamidation. We predict that CEATS will
serve as a crucial method for enhancing the creation of
intricate molecular machinery and discovering dynamic
molecular structures not yet explored.
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