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A novel route for the synthesis of polymeric catenanes was
demonstrated by grafting alkyne functionalized polymer to
supramolecularly templated azide terminated ligand followed
by ring closing via Atom Transfer Radical Coupling (ATRC).
The polymeric catenane was characterized by GPC and AFM
imaging.

Over the past few decades, the synthesis of novel polymers has
become an interesting topic due to their extraordinary properties
for wider applications.' The aspects of polymer architecture such
as inter-/intra-molecular interactions and chain conformations,
play an important role on the fundamental properties of polymers
as well as the chemical compositions.™ Inspired by synthetic
molecular catenanes which exhibit great potential as molecular
switches, supramolecular machines, and controlled drug release
systems, mechanically interlocking the cyclic polymer chains was
also introduced to the polymer systems, known as polymeric
catenanes.'™ ? Despite the broad exploration of the synthesis of
molecular catenanes over the years, polymeric catenanes with
relatively high molecular weight are still one of the most
challenging targets in synthetic polymer chemistry.*

The commonly used synthetic method for polymeric
catenanes include threading and subsequent cyclization step
wherein a linear polymer threads into a cyclic polymer ring; after
which, cyclization of the resulting pseudorotaxane affords
polymeric catenanes.* the thermodynamically
unfavorable statistical threading and difficulties associated with
the purification result in low yielding polymeric catenanes.
Recently, our group has demonstrated the synthesis of homo- and
block- polymeric catenanes via controlled radical polymerization
from supramolecularly templated atom-transfer radical-
polymerization (ATRP) initiators followed by ring closing
reaction.®* The approach not only improves the yield of
polymeric catenanes, but also opens the door for the synthesis of
wide varieties of structurally different polymeric catenanes.

In our effort to demonstrate other possible efficient
method for the synthesis of polymeric catenanes, the utilization of
the copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC)
reaction also known as “click” reaction was performed. Click
chemistry has found extensive use in the design and synthesis of
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new polymeric materials.’ In particular, CuAAC reaction has
been proven to be a promising tool for the synthesis of
mechanically interlocked molecules because it can be performed
at room temperature in a variety of solvents, allowing the
optimization of non-covalent bonding interactions of the
precursors.® In this work, we have demonstrated another versatile
approach for the synthesis of polymeric catenanes by 1) grafting
alkyne functionalized linear polymer to supramolecularly
templated azide functionalized ligand via CuAAC reaction, and
2) ring closing via intramolecular coupling of polymer arms by
ATRC as shown in Scheme 1. Compared to our previous report
on “grafting” from the catenated ATRP initiator, the pre-
synthesized alkyne terminated linear polymer allows better
control over the molecular weight, polydispersity, and polymer
component. To the best of our knowledge, this is one of the first
reports of a synthesized polymeric catenanes via “click”
reaction. '™ 67

Scheme 1. Schematic route for the preparation of polymeric

catenanes
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The classic strategy of forming tetrahedral complex

® Copper (1)

using two phenanthroline ligands and one Cu(I) metal ion has
been successfully utilized in the synthesis of many types of
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mechanically interlocked molecules.”*?*® Moreover, with Cu(I)-
phenanthroline complex, the CuAAC “click” reaction has been
proven as a very effective method to construct functionalized
molecular catenanes with high yield.** 7 Based on this concept,
the azide functionalized phenanthroline ligand 1 was synthetized
by reaction of 2,9-bis(4-(hydroxy)phenyl))-1,10-phenanthroline
and 2-azidoethyl 4-methylbenzenesulfonate in basic condition
(see Supporting Information). The supramolecular assembly of
ligand-Nj3 1 in the presence of Cu(I)(CH;CN),PF; yields a dark
red solid tetrahedral Cu(I)-complex of ligand-N3 2. The UV-Vis
analysis of ligand-N; Cu(I)-complex 2 (Figure S1) shows intense
ligand-centered transition at 283 nm and 321 nm and weaker
absorption peak at 437 nm corresponding to metal-to-ligand
charge transfer (MLCT), which is consistent with reported
literature.” The comparative '"H NMR spectrum of ligand-N,
(compound 1) and Cu(I)-complex 2 was shown in Figure 1. The
significant chemical shift and complete disappearance of signals
corresponding to the ligand-N; confirmed the quantitative
formation of the complex. The alkyne terminated linear
polystyrene (PS) 3 was prepared as a precursor for grafting to a
ligand-N3 Cu(I)-complex 2 via CuAAC “click” reaction. The
bulk polymerization of styrene using prop-2-ynyl 2-bromo-2-
methylpropanoate as initiator and Cu(I)Br/PMDETA as catalyst
yield polymers with a low polydispersity and good control over
molecular weight (M,;: 3,373 g mol’!, PDI: 1.05).

Compound 1
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Figure 1. Comparative 'H NMR spectrum of (a) Ligand-N; (1)
and Ligand-N3 Cu(I) complex (2)
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The CuAAC “click” reaction between alkyne-PS 3 and
the ligand-N; complex 2 in DMF using CuBr/PMDETA as
catalyst produced PS Cu(I) complex 4. The alkyne-PS 3 was used
in excess to ensure complete conversion of ligand-N; complex 2
to PS Cu(I) complex 4. The “click” reaction was monitored by
GPC analysis at different time intervals, and the reaction was
completed after 48 hours. As shown in Figure 2a and 2b, it show
a clear shifting of peak corresponding to PS Cu(I) complex 4
toward high molecular weight compared to linear precursor PS-
alkyne 3. On the basis of the calibration curve with linear PS as
standard, the apparent molecular weight of PS Cu(I) complex 4
was 4,878 g/mol, which was found to be smaller than the
theoretical value. This deviation was perhaps due to the compact
structure of PS Cu(I) complex 4 (four arm star-like polymers).
UV-vis spectrum analysis confirmed the stability of the complex
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after “click” reaction (Figure S2). The appearance of new peaks
and slight chemical shift of the original signals were observed for
the 'H NMR spectrum of PS Cu(I)-complex (4) compared to that
of alkyne-PS (3) (see Figure S3).'° Further evidence of efficient
“click” reaction was also obtained from Fourier Transform
Infrared (FT-IR) analysis (Figure S4) of PS Cu(I) complex 4,
which shows the absence of the azide peak at 2090 cm’
compared to that of ligand-Nj 1.'®

(a)

(b)

(c)
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Figure 2. GPC traces of a) PS-alkyne 3, b) PS-Cu(I) complex 4,
and c) PS-catenane 5.

The intramolecular ATRC of dibrominated PS (Br-PS-Br) at
relatively high temperature have been reported to synthesize
macrocyclic polystyrene.!' Similarly, the formation of PS-
catenane 5 can be achieved by intramolecular ATRC of
dibrominated PS arms of Cu(I) complex 4 under pseudo-high
dilution conditions. Thus, a THF solution of the PS Cu(I)
complex 4 was added dropwise at a fairly low rate (0.75 mL h™"),
into a refluxing THF solution of catalyst CuBr/MesTREN and
Cu(0). The GPC trace of resulting PS-catenane 5 (Figure 2c)
show slight shifting toward higher retention volume as a result of
reduced hydrodynamic radius upon ring closing by ATRC.
However, the coexistence of the intermolecularly coupled product
was evidenced by a small shoulder at smaller retention volume.
The weight percentage of desired polymeric catenane 5 was
estimated to be 62.5% as calculated from the area under the curve
of the RI signal (Figure S5). Hence, there are around 37.5% of
intermolecularly cross-linked products, which are most likely
polymeric [n] catenane (n>3).

The interlocked structure of polymeric catenanes can also be
useful to determine the efficiency of ATRC by monitoring the
change in hydrodynamic volume of the products after removing
the metal from the template. A metal-free PS catenane 6 was
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obtained by reacting PS catenane 5 with a saturated solution of
KCN in THF: methanol (3:1) at room temperature. The GPC
traces of the resulting PS catenane 6 (Figure S6) show that the
retention volume peak has not shifted to low molecular weight
region after removing the copper, indicating an interlocked
structure of PS catenane 6. GPC analysis of PS catenane (6)
showed some small polymer peaks with higher hydrodynamic
volumes. Aside from intermolecular cross-linking, another
possible side reaction of ATRC is the formation of a “figure of
eight” shaped PS polymers.'? After the demetallation step, “figure
of eight” shaped PS generated cyclic PS with higher
hydrodynamic volume compared to its catenated form. In
addition, GPC traces also show the low molecular weight peak at
a retention volume of 28.9 mL which can be attributed to the
acyclic and/or cyclic polymers generated upon demetallation of
uncyclized or partially cyclized polymer complex 4 during
ATRC. The efficiency of cylization by ATRC was found to be
approximately 50.3% by calculating the area under the curve for
the polymeric [2]catenanes/cyclic-isomer/[n]catenanes (n>3)
versus uncyclized/partially cyclized polymers. The final
polymeric catenanes 6 was purified by dialysis in THF (three
times, Sigma/MWCO 2000) to remove the low molecular weight
side products from demetallation step and the unreacted alkyne-
PS 3. The GPC traces of purified PS catenane 6 (Figure S7)
revealed that most of the low molecular weight fraction was
removed.

00020406 0002 04 06

wluml

Figure 3. (a) AFM image of the PS catenanes 6 on a 8 x 8 um
scale on mica, (b) magnified images of the representative PS
catenanes from (a), and (c) line profile of the PS catenanes.

To test the integrity of Cu(I) complex during click reaction and
efficiency of metal removal from the template, a control
experiment was performed by demetallation of PS Cu(I) complex
4 using the same reaction conditions. GPC traces (Figure S8) of
resulting polymer clearly suggest that the peak of PS Cu(l)
complex 4 shifted toward higher retention volume as polymer
chains decoupled from metal center, resulting to an overall
decrease in the molecular weight of polymers.

To provide direct proof of the formation of polymeric
catenanes, AFM imaging was also performed as shown in Figure
3 and Figure S9. The samples of PS-catenanes 6 for AFM
analysis were prepared by spin-coating a very dilute solution of
the polymer in CHCl; onto freshly cleaved mica. Interlocked
cyclic structures of PS catenanes 6 were statistically observed,
exhibiting different orientations on the surface (Figure 3). In
addition, the line profile analysis of individual structure revealed
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the presence of the cavities inside the catenanes and the height
doubled at overlapping point of polymer chain. Similarly, a large
single cyclic polymer as a topological isomer of catenanes was
also observed with the presence of a single cavity as measured by
the line profile (Figure S9c). Moreover, the presence of
intermolecular coupling product as observed in GPC trace was
also supported by AFM image, where it shows interlocked multi-
cyclic polymer rings in the form of polymeric [n]catenanes (n>3)
(Figure S9d). More work on separating and analyzing these
different polymeric catenanes and cyclic polymers are still
underway.

In conclusion, the ‘grafting to’ approach as a novel route to
synthesize polymeric catenanes was demonstrated. The CuAAC
“click” reaction has been proven to be an efficient way to couple
alkyne functionalized polymers to azide functionalized ligand-
Cu(I) complex. The ring closing via intramolecular ATRC
enables the formation of polymeric catenanes which was further
characterized by GPC and AFM to confirm its interlocked
structure. The GPC and AFM results suggested the possible
presence of polymeric [n]catenanes (n>3) aside from polymeric
[2]catenane due to intermolecular cross-linking. However, more
investigation is needed for polymeric [n]catenanes (n>3). As the
alkyne functionality can be easily introduced in a variety of
polymers, this approach can be further explored to obtain
structurally different homo- and block-polymeric catenanes.
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