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Facile synthesis of diverse rotaxanes was successfully realized through a simple and efficient supra-
molecular transformation strategy. Starting from an organometallic [3]rotaxane with a platinum-acetylide
moiety as the bridge moiety and transformation site, employing a simple phosphine ligand exchange

and sequential reductive elimination reactions resulted in the successful preparation of various rotaxanes
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Rotaxanes, as a fundamental class of mechanically interlocked
molecules (MIMs), have proven to be crucial candidates for the
construction of artificial molecular machinery and electronic
devices due to their shuttling and switching properties." For
instance, the pioneering work on rotaxane-based molecular
shuttles by 2016 Nobel laureate, J. Fraser Stoddart, initiated a
new era of the design and synthesis of molecular machines.”
Relying on concepts such as molecular recognition and non-
covalent synthesis, template-directed protocols have led to a
great evolution in rotaxane synthesis.> A number of templates,
such as transition metal ions, anions, hydrogen bonding, and
donor-acceptor interactions, have been employed in the highly
efficient synthesis of rotaxanes and the related higher-order
interlocked molecules. However, most of the current reports
mainly focus on either one rotaxane with a specific structure or
a family of rotaxanes with similar structural characteristics. The
construction of diverse rotaxanes composed of a family of rotax-
anes with varied structures and properties has rarely been
explored, which might be due to the lack of efficient approaches
towards the high throughput synthesis of diverse rotaxanes.* Very
few examples of the end-cap exchange of rotaxanes using suitable
reactions such as the transesterification grafting reaction,”
condensation reaction,” Wittig reaction,® and Tsuji-Trost

“Shanghai Key Laboratory of Green Chemistry and Chemical Processes, School of
Chemistry and Molecular Engineering, Chang-Kung Chuang Institute, East China
Normal University, 3663 N. Zhongshan Road, Shanghai 200062, P. R. China.
E-mail: hbyang@chem.ecnhu.edu.cn, weiwang@stu.ecnu.edu.cn

b College of Chemistry, Beijing Normal University, Beijing, 100875, P. R. China

¢ Shanghai Key Laboratory of Magnetic Resonance, East China Normal University,
Shanghai 200062, P. R. China

 Department of Chemistry, University of South Florida, East Fowler Ave.,

Florida 4202, USA

+ Electronic supplementary information (ESI) available: CCDC 1938209. For ESI

and crystallographic data in CIF or other electronic format see DOI: 10.1039/

c9qm00430k

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

with diverse structures and properties.

allylation reaction” allowed for the successful structural derivations
of rotaxanes. However, in these reports, the modifications were only
limited to the stopper replacements, while the modification of the
structure or properties of the main skeleton has not been realized.
Since diverse rotaxane structures branched up from one principal
structure would lead to attractive properties and potential applica-
tions in wide areas, the development of new synthetic protocols for
the synthesis of rotaxanes with adequate diversity in both structures
and properties remains an attractive proposition.

Inspired by biological transformation processes of funda-
mental biomacromolecules such as proteins, DNA, RNA etc.,
in which stimuli-induced structural changes lead to specific
functions as the outputs,® we envisaged that such a supra-
molecular transformation strategy could be employed for the
synthesis of rotaxanes with adequate diversity in structures,
properties, and applications. In order to realize such a strategy,
a given rotaxane with a specific transformation site should be
firstly prepared. Sequential supramolecular transformations
derived from this reactive site under specific conditions could
afford the formation of diverse rotaxanes with varied structures
and properties. Based on our ongoing interest in organoplatinum
chemistry,” a trans-platinum-acetylide moiety with PPh; ligands
was chosen as the key transformation site. Under mild conditions,
the trans-platinum-acetylide moiety could transform into its
cis-analogue and further into a butadiyne moiety without the
platinum atom, thus resulting in structural and property modifi-
cation (Scheme 1).'° In addition, in this study, a pillar[5]arene/
alkyl chain host-guest complex was selected as the key rotaxane
moiety.”* The low polarity and good solubility of such a neutral
rotaxane system would allow for convenient transformation and
purification processes.

According to above-mentioned design strategy, pillar[5]-
arene-based organometallic [3]rotaxane 1 containing a trans-
platinum-acetylide moiety with PPh; ligands was prepared as
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Scheme 1 Schematic representation of the successive transformations of
the platinum-acetylide moiety with PPhs ligands.
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Fig. 1 Synthesis of the key [3]rotaxane precursor 1 (a) and its single-
crystal X-ray structure (b).

the key rotaxane precursor through an efficient one-pot multi-
component reaction (“from five to one”), as shown in Fig. 1a.
The *'P NMR spectrum of [3]rotaxane 1 revealed a single peak
at 18.7 ppm, indicating the formation of only one dominant
platinum containing species (Fig. S3, ESIT). In addition, in the
'H spectrum (Fig. 2a and e), the methylene peaks in the alkyl
chain displayed an obvious upfield shift to even below 0 ppm
due to the shielding effects. These changes were in accordance
with previous reports on mechanically interlocked structures
derived from pillar{5]arene with neutral alkyl chains,"” thus
strongly supporting the existence of rotaxane structures.

Furthermore, the formation of rotaxane was further
confirmed by a two-dimensional (2-D) NOESY NMR study
(Fig. S4, ESIY), in which correlation signals between protons
on the pillar[5]arene unit and methylene protons on the alkyl
chain were observed. Finally, the structure of organometallic
[3Jrotaxane 1 was unambiguously confirmed by means of
single-crystal X-ray diffraction (Fig. 1b). Slow diffusion of ethyl
acetate (EtOAc) into a CH,Cl, solution of 1 afforded pale yellow
single crystals suitable for crystallographic analysis. The single crystal
structure of [3]rotaxane 1 disclosed that two pillar[5]arene rings
encircled two alkyl chain moieties on the dumbbell component.
The platinum-acetylide moiety located in the center of the rotaxane
and the acetylenic n-ligand displayed a coplanar geometry.

With the “reactive” rotaxane precursor 1 in hand, the
investigation on the synthesis of diverse rotaxanes through
supramolecular transformations of the platinum-acetylide
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Fig. 2 Partical *H NMR spectra (400 MHz, CDCls, 298 K) of the organo-
metallic [3]rotaxane 1 (a and e), 2 (d), 3 (b) and organic [3]rotaxane 4 (c).

moiety was then carried out. Four chelating diphosphines,
including cis-bis(diphenylphosphino)ethylene (DPPEE), 1,3-bis-
(diphenylphosphino)propane (DPPP), (25,35)-bis(diphenylphos-
phino)butane (S,S-CHIRAPHOS), and (2R,3R)-bis(diphenylphos-
phino)butane (R,R-CHIRAPHOS), were chosen to replace the PPh;
ligands, thus leading to the transformation processes (Scheme 2).
All the transformations proceeded under mild conditions (see
general procedures in ESIt) and the details are shown below.

For the achiral chelating ligands DPPEE and DPPP, the
transformation from the trans-platinum acetylide moiety in
[3Jrotaxane 1 to its cis-analogue proceeded efficiently under
mild conditions, thus allowing for the formation of corres-
ponding V-shaped [3]rotaxanes 2 and 3 in 95% and 90% yield,
respectively. As shown in Fig. 2, after the transformation
process, the "H NMR spectra exhibited an obvious change of
the peaks (H. and Hq) attributed to phenyl rings near the
platinum-acetylide moiety, while the peaks below 0 ppm that
belonged to the rotaxane moiety remained intact. These results
clearly indicated the maintenance of the threaded structures
upon the ligand exchange processes. In addition, the shifts in
the *'P NMR spectra from 18.7 ppm (1) to 52.2 ppm (2) and
—5.5 ppm (3), respectively, with the decrease of the coupling
constant (2671 Hz for 1, 2283 Hz for 2, and 2202 Hz for 3)
further supported the formation of the corresponding V-shaped
[3]rotaxanes. For both V-shaped rotaxanes, isotopically resolved
peaks attributed to the targeted structures were observed in
their MALDTI-TOF MS spectra (i.e. m/z = 3471.47 for [2 + H]"
and m/z = 3487.40 for [3 + H]', respectively), thus supporting the
successful synthesis of the desired rotaxanes through supra-
molecular transformation.

In order to gain an in-depth understanding of such efficient
supramolecular transformations between rotaxanes of different
shapes, NMR titration was carried out. As shown in Fig. 3, with
the increase of the amount of DPPEE from 0.33 to 1.00 equiv.,
the peaks corresponding to the original organometallic [3]rotaxane
1 gradually disappeared accompanied by an increase of the new
peaks attributed to V-shaped [3]rotaxane 2. In *'P{'H} NMR spectra
(Fig. S22, ESIt), with the addition of DPPEE, the phosphine peak at

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 3 Partial 'H NMR spectra (400 MHz, CD,Cl,, 298 K) of the supra-
molecular transformation from linear [3]rotaxane 1 to V-shaped [3]rotaxane
2 with the addition of different amounts of DPPEE: (a) [3]rotaxane 1;
(b) 0.33 equiv.; (c) 0.66 equiv.; (d) 1.00 equiv.

18.5 ppm, attributed to the PPh; ligands on the platinum-acetylide
moiety in the original [3]rotaxane 1, dramatically decreased along
with the appearance of two new peaks at 51.6 and —5.5 ppm, which
were ascribed to the DPPEE ligand in the newly-formed cis-
platinum-acetylide moiety and the released free PPh; ligand,
respectively. Through the NMR titration study, supramolecular
transformation from linear [3]rotaxane 1 to V-shaped [3]rotaxane
2 through the simple and highly efficient ligand exchange was
undoubtedly confirmed.

Interestingly, the resultant V-shaped [3]rotaxanes 2 and 3
could undergo further transformations to afford the corres-
ponding organic [3]rotaxane 4 with a linear butadiyne link. In
order to realize the de-platinum process, [3]rotaxanes 2 and 3

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

were treated with I, (4.0 eq.) at room temperature in CHCl;.
TLC analysis revealed that such a reductive elimination reac-
tion proceeded efficiently with complete conversion within
12 hours. Purification by flash column chromatography afforded
the de-platinum [3]rotaxane 4 in 64% (from 2) and 59% (from 3)
yield as well as the corresponding Pt complexes Pt(DPPEE)I,
(from 2) or Pt(DPPP)I, (from 3), respectively, thus suggesting
an oxidatively induced reductive elimination mechanism. As
revealed by the "H NMR spectrum, in the resultant organic
[3]rotaxane, no peaks attributed to phosphine ligands were
observed, while the peaks ascribed to the threaded structure
were retained (Fig. 2c). As expected, no peaks were observed
in the *'P NMR spectrum. Furthermore, the MALDI-TOF-MS
spectrum of 4 clearly displayed a single peak at m/z = 2880.36,
which was attributed to the species [4 + H]" (Fig. S27, ESIt).
All these data strongly indicated the generation of de-platinum
[3]rotaxane 4. It is worth noting that by the successive
supramolecular transformations shown above, we successfully
realized a “‘three-station” shape transformation of [3]rotaxanes,
i.e. from “linear” for 1 to ““V-shaped” for 2 or 3 and further back
to “linear” for 4. More importantly, along with such multiple
structural interconversions, obvious changes in the length of
rotaxane skeletons were achieved. For instance, according to
the simulated structures (Fig. S28, ESIt), such successive struc-
tural transformation led to a contraction ratio of 0.17 from 1 to
2 and an extension ratio of 0.12 from 2 to 4 (Table S1, ESIf),
respectively, thus making them excellent candidates for the
construction of rotaxane-based dynamic materials.®

Inspired by an emerging asymmetric catalytic investigation
with chiral rotaxanes,'* we envisioned that the employment of
chiral chelating ligands would afford the corresponding
chiral V-shaped [3]rotaxane upon similar supramolecular
transformation processes. More importantly, if it works, from
the same rotaxane precursor, both enantiomers of the rotaxane
could be prepared by using enantiomeric chelating ligands,

Mater. Chem. Front., 2019, 3, 2397-2402 | 2399
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Fig.4 CD spectra of the chiral [3]rotaxane 5 derived from §,S-
CHIRAPHOS (red line) and its enantiomer, i.e., the chiral [3]rotaxane 6
derived from R,R-CHIRAPHOS (black line).

thus highlighting the feasibility of this supramolecular
transformation strategy for the generation of diverse chiral
rotaxanes.

To test our hypothesis, two types of classical chiral chelating
diphosphine ligands, ie. S,S-CHIRAPHOS and R,R-CHIRAPHOS,
were employed in the ligand exchange reactions with 1. Treatment
of 1 with §,S-CHIRAPHOS and R,R-CHIRAPHOS in CH,Cl, at
room temperature for 18 h resulted in the successful synthesis of
the corresponding chiral V-shaped [3]rotaxanes 5 and 6 in 55%
and 65% yield, respectively. As shown in Fig. S14 and S18 (ESIT),
respectively, enantiomers 5 and 6 displayed the same "H NMR
spectra, in which the peaks attributed to the chiral ligands and
interlocked structures were observed. Furthermore, a single peak
at 44.7 ppm with a coupling constant of “Jp_p, = 2234 Hz was also
observed in the *'P NMR spectra of both enantiomers (Fig. S16
and S20, ESIt). The investigation of the chirality of chiral [3]rotaxanes
5 and 6 was performed by using circular dichroism (CD) spectra as
shown in Fig. 4. The CD spectra of both 5 and 6 exhibited two
major bands at approximately 240 nm and 260 nm, respectively.
In addition, as expected, these two spectra mirrored each other in
both form and intensity, which is consistent with an enantiomeric
relationship.

In summary, a simple yet efficient supramolecular trans-
formation approach for the facile construction of diverse rotaxanes
was successfully developed. By inserting a platinum-acetylide moiety
as the transformation site in the rotaxane precursor, a simple ligand
exchange and sequential reductive elimination reactions afforded
the synthesis of rotaxanes with diversity in both structures and
properties. Notably, successive ‘‘three-station” supramolecular
transformations from linear organometallic [3]rotaxane 1 to
V-shaped [3]rotaxanes 2 or 3 and back to linear organic
[3]rotaxane 4 led to obvious changes in the length of rotaxane
skeletons, thus making them excellent candidates for the
construction of rotaxane-based dynamic materials. In addition,
starting from the same [3]rotaxane 1, both enantiomeric rotaxanes
5 and 6 were prepared in a divergent way. Due to the diversity in
both structures and properties, these resultant rotaxanes feature
potential applications in many fields ranging from molecular
devices to dynamic materials.
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