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The main-chain polylnlcatenane consists of a series of interlocked rings that resemble a macroscopic
chain-link structure. Recently, the synthesis of such intriguing polymers was reported via
a metallosupramolecular polymer (MSP) template that consists of alternating units of macrocyclic and
linear thread-like monomers. Ring closure of the thread components has been shown to yield a mixture
of cyclic, linear, and branched poly[n]catenanes. Reported herein are studies aimed at accessing new
poly[n]catenanes via this approach and exploring the effect the thread-like monomer structure has on
the polyln]lcatenane synthesis. Specifically, the effect of the size of the aromatic linker and alkenyl chains
of the thread-like monomer is investigated. Three new poly[n]catenanes (with different ring sizes) were
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rsc.li/chemical-science monomer can allow the selective synthesis of branched poly[n]catenanes.

interlocked components can directly impact their material
properties. However, to study and fully utilize these materials,
synthetic protocols to access specific MIP architectures need to
developed. For some MIP architectures, such as
1618 the synthetic obstacles are particularly

Introduction

The field of mechanically interlocked molecules (MIMs)? is
characterized by a distinctive mechanical bond, in which be
components are spatially associated (permanently entangled) polycatenanes,

rather than chemically bound. One of the most easily identifi-
able members of the MIM family is the catenane: a molecule
composed of two or more interlocked rings (or macrocycles)
that are distinct from each other but cannot be separated
without breaking a covalent bond. The simplest example of this
structure is a [2]catenane, with the “2” referring to the number
of rings (Fig. 1). As a result of the mechanical bond, the cate-
nanes' macrocycles are capable of a range of large amplitude
motions, such as rotation, elongation, and twisting of the
rings,*® that are difficult or cannot be achieved in non-
interlocked molecules.

Since the inception of synthetic interlocked molecules like
the catenane,”™® scientists within the field have looked to
exploit their unique mobility to access new materials."*'> An
ideal way to do this is through the synthesis of mechanically
interlocked polymers (MIPs),*"* where the motion of the

“Department of Chemistry, University of Chicago, Chicago, IL, USA. E-mail:
stuartrowan@uchicago.edu

’Pritzker School of Molecular Engineering, University of Chicago, Chicago, IL, USA
‘Chemical and Engineering Sciences, Argonne National Laboratory, Lemont, IL, USA
1 Electronic supplementary information (ESI) available: Experimental procedures,
'H NMR spectra, DOSY NMR analysis, NMR analysis calculations, SEC MALS
deconvolution and MALS analysis, chain end analysis calculations. See DOI:
https://doi.org/10.1039/d2sc05542b

2596 | Chem. Sci., 2023, 14, 2596-2605

pronounced: the yields of ring closing reactions (required in the
synthesis of a catenane) toward a specific macrocycle are
generally not high yielding.'* Furthermore, ring formation is
favoured at low monomer concentrations, while higher reaction
concentrations are generally required to access high molar
mass polymers. None-the-less, a number of synthetic
approaches have been explored, that have resulted in the
synthesis of higher order catenanes®*** and polycatenane

@G@ﬂa@

[2]Catenane  [-[n]catenane c-[n]catenane

o B

b-[n]catenane Network [n]catenane

Fig.1 Schematic representation of a molecular [2]catenane and poly
[nlcatenane architectures: linear (l-), cyclic (c-), branched (b-), and
network.
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architectures, including side-chain*® and main-chain poly[2]
catenanes,”* poly[2]catenane cross-linked networks,>**° poly-
meric [2]catenanes,*"*> and radial polycatenanes.*-*

The synthesis of polycatenanes in which the polymer back-
bone consists only of interlocked rings, such as main-chain poly
[n]catenanes (the molecular equivalent of a macroscopic chain)
or Olympic gels (interlocked ring networks), have proven to be
more challenging.?® Entirely catenated polymers can be found
in several different architectural varieties (Fig. 1): the cyclic (c-),
the linear (1-), the branched (b-), or the network poly[n]catenane.
There have been several examples of oligomeric [n]
catenanes,””™ most notably the I-[5]catenane (or Olympia-
dane)’” and a branched b-[7] catenane® synthesized by Stoddart
and co-workers. More recently a linear [6]catenane was prepared
by Barnes and coworkers.* While they are all major synthetic
achievements, these compounds were synthesized in a step-
wise manner, which is less conducive to accessing high molar
mass MIPs. In a different approach, Meijer and Di Stefano used
ring-opening metathesis of a [2]catenane to yield oligomeric [#]
catenated molecules.* Poly[n]catenane networks (Olympic gels)
have been proposed as by-products in 1,2-dithiane polymeri-
zations**® and more recently polydimethylsiloxane-based
catenated networks have been accessed during the polymeri-
zation of telechelic polydimethylsiloxane (PDMS) macro-
monomers.*” Catenated materials have also been found to occur
naturally in kinetoplast DNA* and DNA polymeric catenated
structures not found in nature can also be accessed.*** None-
the-less examples of fully catenated, synthetic polymeric mate-
rials are rare.

Recently, a route to main-chain poly|[n]catenanes, which
utilized a self-assembled metallosupramolecular polymer (MSP)
template, has been reported.*"** The resulting poly[n]catenane,
which is composed of macrocycle 1 (Fig. 2a) and a macrocycle
formed from the linear thread-like monomer 2(xan-6) (Fig. 2b),
was synthesized via a ring-closing metathesis reaction of the
pre-assembled MSP template. Both monomers (1 and 2(xan-6))
contain two 2,6-bisbenzimidazolylpyridine (Bip) ligands®***
which allows them to self-assemble into the MSP template upon
addition of metal ions, such as Zn(u). The thread component
consists of three distinct regions: the Bip ligand (dark blue,
Fig. 2b), a rigid aromatic linker (3,6-disubstituted 9,9-dime-
thylxanthene) (xan) and a reactive alkenyl tail (R = 4-hexenyl).
As this monomer is the reactive component in the critical ring
closing metathesis reaction, it was designed to encourage the
formation of the ring closed macrocycle (3(xan-6)),> by
approximately matching the size of the rigid aromatic linker
and the alkoxy chain formed upon reaction of the two alkenyl
tails.

The poly[n]catenane synthesis started with the self-assembly
of macrocycle 1, thread 2(xan-6) and two equivalents Zn(u) ions
to yield both the linear (I-1-2(xan-6)-Zn(u),) and cyclic MSP (c-
1-2(xan-6)-Zn(u),) (Fig. 3).* A ring-closing metathesis reaction
using the Hoveyda-Grubbs generation II catalyst was then
carried out allowing access to the metalated poly[n]catenates.
After demetallation, the compounds were characterized by
a combination of nuclear magnetic resonance spectroscopy
(NMR) and size exclusion chromatography-multiangle light
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Fig. 2 Chemical structures of the components used in the poly[n]
catenane synthesis. (a) Macrocycle (1) with Bip ligand emphasized in
dark red. (b) Structures of the open thread molecules (2) and their ring-
closed counterparts (3) with the ligand (Bip) emphasized in dark blue,
the linker indicated as such, and the alkenyl tail given as R. The diag-
nostic Hmpy proton is identified in the structures.

scattering (SEC-MALS) to characterize the size and architecture
of the products. Those studies showed that the synthesis
resulted in a mixture of linear, cyclic, and branched main-chain
poly[n]catenanes (I-4(xan-6), c-4(xan-6), b-4(xan-6), respectively)
as well as a series of non-interlocked side-products (1, 2(xan-6),
3(xan-6), and 5(xan-6)) (Fig. 3). The presence of branched poly[r]
catenanes as well as the non-interlocked structures suggest that
the alkenes in the thread-like component of the MSP do more
than undergo the intra-thread reactions that yield the 1- and c-
4(xan-6); for example, they can also react with alkenes in other
thread components (inter-thread reactions).

To date, only the combination of 1 and 2(xan-6) has been
used to access poly[n]catenanes using the MSP-template
approach. As such it is important to explore the capabilities of
this synthetic methodology to access poly[n]catenanes beyond
the original system. For example, as computational modeling
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Fig.3 The polylnlcatenane synthesis starts with the self-assembly of a 1 : 1 ratio of macrocycle 1 and thread 2(xan-6) with 2 equivalents of zinc di
[bis(trifluoromethylsulfonyllimide] (Zn(NTf,),) to yield both the linear and cyclic metallosupramolecular polymer (l-1-2(xan-6)-Zn(i), and c-
1-2(xan-6)-Zn(i),, respectively) (depending on concentration). Reaction of MSP with Hoveyda—Grubbs G2 catalyst results in a series of metalated
polycatenates. Once demetallated, the reaction mixture contains linear, branched, and cyclic poly[n]catenanes (4(xan-6)) as well as several non-

interlocked byproducts (1, 2(xan-6), 3(xan-6), 5(xan-6)).

has shown that ring size impacts the properties of the poly[n]
catenane in both the solution® and melt state,””*® it is impor-
tant to explore if this route allows access to poly[n]catenanes
with different ring sizes? Such studies require the use of new
monomers raising the question of how the monomer structure
impacts the yield or architecture of the formed poly[n]
catenanes.

To start to address such questions the focus of this work was
to access new poly[n]catenanes with different ring sizes and
investigate how changing the length of the aromatic linker (a
xanthene vs. a naphthalene moiety) and the alkenyl tails (R = 4-
hexenyl vs. 3-pentenyl) of the linear-thread impacts the forma-
tion of both the MSPs and poly[r]catenanes.

Results and discussion

In order to explore the synthesis of new poly[n]catenanes with
different ring sizes, three new threads were targeted (Fig. 2b),
2(xan-5), 2(nap-5) and 2(nap-6). 2(xan-5) was chosen to explore
how the shorter 3-pentenyl tails (relative to the 4-hexenyl tails in
2(xan-6)) impacts the poly[n]catenane synthesis. As prior work
has shown that the nature of the aromatic linker group is
important to access [3]catenanes in high yield,* it was decided
to explore the smaller, but geometrically similar, 2,7-disubsti-
tuted naphthalene (nap) aromatic moiety in place of the 3,6-
disubstituted 9,9-dimethylxanthene (xan) linker. Therefore, two
new threads were prepared using this shorter naphthalene
linker, one with the 3-pentenyl alkyl units (2(nap-5)) and one
with the 4-hexenyl alkyl tails (2(nap-6)).

Threads 2(xan-5), 2(nap-5) and 2(nap-6) were synthesized in
a similar fashion to thread 2(xan-6)** (for experimental details
and characterization see ESI page S4-S8 and Fig. S1-S37). The
three new MSPs were then prepared in a similar manner to that

2598 | Chem. Sci., 2023, 14, 2596-2605

reported previously.*>** Specifically, a 1:1 ratio of macrocycle
(1) and the appropriate thread (2(xan-5), 2(nap-5), or 2(nap-6))
was titrated with zinc di[bis(trifluoromethylsulfonyl)imide]
(Zn(NTf,),) (monitored by the integration of the Hy,p,y, protons)
until no unbound H,p,, peaks were observed, corresponding to
an MSP with a ratio of 1:1:2 (1:2:Zn(u),). Based on the
principle of maximal site occupancy,” the resulting assemblies
should be the MSPs 1-2(xan-5)-Zn(u),, 1-2(nap-5)-Zn(u),, and
1-2(nap-6)-Zn(u),, respectively, in which monomers 1 and 2 are
alternating along the assembled backbone.

Characterization of the original MSP 1-2(xan-6)-Zn(u), using
both 'H NMR spectroscopy and DOSY (diffusion ordered spec-
troscopy) NMR,** allowed identification of two distinct MSP
populations (linear, I-MSP, and cyclic, c-MSP). Following this
approach, the three new MSPs were characterized at a series of
concentrations (0.25, 2.5, 10.0 mM w.r.t. to 1, Fig. S41). Fig. 4a
shows that, at 2.5 mM (w.r.t. 1), each of the new MSPs have peak
populations within the regions that have previously been
attributed to 1- and ¢-MSP in 1-2(xan-6)-Zn(u),.** As such, the
Hypy peaks shifted upfield (6g; = 8.62-8.72 ppm) are assigned as
corresponding to the c-MSP. If such peaks do correspond to c-
MSPs, then the intensities of these peaks should increase at
lower concentrations, where the formation of c-MSP would be
favoured on account of ring-chain equilibria.’>**! Indeed "H
NMR of all four MSPs at lower concentrations (e.g., 0.25 mM,
Fig. 4b) show a significant increase in the intensity of the
upfield peaks. Each MSP was further characterized by DOSY
NMR at a concentration of 2.5 mM to determine diffusion
coefficients of the two distinct regions (Fig. 4, S5-S7, Table S17).
For all four MSPs, the protons in the region 8.72-8.80 ppm have
diffusion coefficients between 1.9-2.3 x 10 '° m*> s~ '. The
upfield peaks (8.62-8.72 ppm) exhibit higher diffusion coeffi-

cients, with values between 3.8-5.8 x 10~ ' m* s, suggesting

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Region of the *H NMR spectra (500 MHz, 1:5 CDsCN : CDCls,
298 K) corresponding to the Hyg, protons for each MSP at (a) 2.5 mM
and (b) 0.25 mM. (c) Analysis of DOSY NMR (500 MHz, CD,Cl,, 298 K)
data of the MSP 1-2(nap-5)-Zn(i), at a concentration of 2.5 mM. Two
distinctive regions of linear (black, diffusion coefficient of 2.3 x 1071°

m? s71) and cyclic (red, 5.8 x 1071° m? s7%) MSP can be seen.

lower molar mass assemblies and is consistent with these peaks
corresponding to c-MSPs.

At 2.5 mM (w.r.t. 1) the MSPs based on the xanthene con-
taining threads (1-2(xan-6)-Zn(u), and 1-2(xan-5)-Zn(u),) show
similar peak shapes (Fig. 4a) and both contain ca. 20% of their

© 2023 The Author(s). Published by the Royal Society of Chemistry
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total MSP in the upfield (“c-MSP”) region. In contrast, the MSPs
formed from the threads with the naphthalene linker (1-2(nap-
5)-Zn(u), and 1-2(nap-6)-Zn(u),) show a significant increase in
¢-MSP population, with ca. 34% of their MSP peak population in
the upfield region. At lower concentrations, such as 0.25 mM,
where cyclic MSP is more favoured, the naphthalene containing
MSPs show over 80% of their peak population in the 8.62-
8.72 ppm region while the xanthene containing threads are ca.
60% (Fig. 4b). Thus, the nature of the aromatic linker (xan vs.
nap) impacts the MSP structure, with the shorter naphthalene
linker resulting in an increase in the amount of lower molar
mass c-MSP. The alkenyl tail, on the other hand, appears to have
little-to-no effect on the MSP.

With this information in hand, each MSP 1-2-Zn(u), was
subjected to a ring-closing metathesis reaction, following the
previously published procedure,* at a concentration of 2.5 mM
w.r.t. 1. After deactivating the catalyst and removing the Zn(u)
from the resulting product (the mass recovered for these reac-
tions is generally equivalent to the mass of the reactants added),
each of the crude reaction mixtures were characterized by 'H
NMR (Fig. S81). Fig. 5a shows the region of the "H NMR that has
been assigned to the Hy,,, protons in 4(xan-6),”* in which the
peaks above 8.27 correspond to the H,,, protons of the non-
interlocked products (i.e., macrocycle 1, thread 2 and/or the
Acyclic Diene Metathesis, ADMET, product 5) and peaks
between 8.10-8.27 ppm correspond to the Hy,p, protons in the
catenated material.>* All three of the crude reaction mixtures
using the new thread-like monomers show peaks in both these
regions. Samples of pure ADMET (5(xan-5), 5(nap-5), 5(nap-6))
and ring closed thread (3(xan-5), 3(nap-5), 3(nap-6)) were
synthesized for each new thread to confirm the "H NMR shifts
of these compounds (Fig. S9-S14t). Using this data, it was
possible to confirm the assignment of the peaks ca. 8.35 ppm to
monomer 2 and/or its corresponding ADMET polymer (5) and
the peaks around 8.30 ppm to macrocycle 1 (Fig. 5a). To explore
the nature of the products whose Hy,p,, protons appear between
8.10-8.27 ppm, it was necessary to purify the crude reaction
mixtures. Preparatory size exclusion chromatography (prepara-
tive SEC, 1:3 DMF:THF) was used to remove the residual
macrocycle (1). Additional purification could be achieved by
either partial metalation followed by precipitation of the
metalated catenated material (4(xan-5) and 4(nap-6)),** or
separating out the catenated material using a preparatory-silica
plate (4(nap-5)) (ESI page S167). These purified poly[n]catenanes
were used only in the following NMR studies to help confirm
their interlocked nature. Correlated Spectroscopy (COSY)
experiments were carried out to fully assign the "H NMR peaks
(Fig. S15-S171). It is important to note that the COSY data
confirms that the peaks above 8.10 ppm do correspond to the
Hippy protons in the three new polymers. The interlocked nature
of the new poly[n]catenanes was confirmed via low temperature
Nuclear Overhauser Effect Spectroscopy (NOESY) (Fig. S18-
S23t). Fig. 5b shows the partial NOESY spectrum of 4(nap-5),
highlighting the main intercomponent cross-peaks. These
cross-peaks were not observed in the mixture of 1 and 3(nap-5)
at the same concentration (Fig. S211), affirming the interlocked
nature of 4(nap-5). Similar results are seen in both 4(xan-5) and

Chem. Sci., 2023, 14, 2596-2605 | 2599
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Fig. 5 (a) Region of the 'H NMR spectra (500 MHz, CDCls, 298 K)
corresponding to the Hp,,, protons for the demetallated crude reac-
tion mixtures for poly[n]catenane 4(xan-6)?"28 (top) and the new poly
[n]catenanes, 4(xan-5), 4(nap-5) and 4(nap-6). (b) NOE spectroscopy
for 4(nap-5) highlighting the crosspeaks between the interlocked
components. ?Error for data set taken at 95% confidence interval (n =
5). PError for data set taken at 95% confidence interval (n = 3).

4(nap-6) (Fig. S19 and S23,t respectively). As such, the NOESY
data strongly supports the synthesis of three new poly[n]
catenanes.

The "H NMR can also be used to provide information on the
polymer chain ends, which when combined with molar mass
data obtained from SEC-MALS can be used to determine the
poly[n]catenane architecture® (see ESIT for more details). As
was previously shown for 4(xan-6),>* the higher mobility of the

2600 | Chem. Sci,, 2023, 14, 2596-2605
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singly-threaded chain-ends should result in a larger T; value for
the chain end peaks than for peaks that correspond to the
doubly-threaded interior rings. NMR relaxation experiments on
all three new polymers (4(xan-5), 4(nap-5) and 4(nap-6)) show
that the peaks in the region 8.24-8.27 ppm show higher T;
values than the more upfield shifted protons (Fig. S24, Table
S21), consistent with those peaks corresponding to the chain
ends of these poly[n]catenanes.

With the Hp,,, chemical shifts of the non-interlocked and
catenated materials assigned using these purified materials, it
was possible to obtain the reaction yield of the three poly[n]
catenanes by comparing the integration of the non-interlocked
peaks (8.28-8.37 ppm) and interlocked peaks (8.09-8.27 ppm)
in the "H NMRs of the crude reaction mixtures (Fig. 5a). The
poly[n]catenane yield is similar for all four linkers (Table 1),
with perhaps only the 4(nap-6) showing a drop in yield (ca.
61%). There does appear to be some benefit of size matching
the aromatic linker and alkoxy units, as the use of the smaller 3-
pentenyl tails with the naphthalene linker in the thread results
in a slight improvement in the yield of poly[n]catenane 4(nap-5)
(ca. 75%) relative to 4(nap-6). However, in all cases the key
unproductive side reaction in the poly[n]catenane synthesis is
the formation of the ADMET side product 5. Interestingly,
simply shortening the alkenyl tails does not appear to signifi-
cantly alter the amount of 5 obtained in reaction (Table 1). What
appears to have more of an effect on the amount of 5 formed is
the use of a mismatched longer tail with the shorter aromatic
linker.

Given that the structure of the thread has a relatively small
impact on interlocked polymer yield, it is of interest to deter-
mine if the different thread-like monomers play a role in the
distribution of the poly[n]catenane architecture, ie., cyclic,
linear or branched.”* To this end, size exclusion
chromatography-multi-angle light scattering (SEC-MALS)
experiments of the crude reaction mixtures were undertaken
and analyzed in conjunction with the '"H NMR data.

The SEC-MALS traces of the three poly[n]catenane crude
reaction mixtures (Fig. 6) clearly demonstrate that polymeric
materials are formed in all three reactions. The dn/dc¢ values
(Instruments and methods, S31) of the crude mixtures were
obtained to allow determination of the average molar mass for
each sample (Fig. 6). It is important to note that while the dn/dc¢
values are specific to a given polymer and independent of molar
mass at higher values, the measured dn/dc value from the crude
reaction mixture can only be used to obtain approximate molar
masses of these compounds, especially for the lower molar
mass compounds® (ie., [2]-[4]catenane or small cyclic cate-
nanes) or non-interlocked side products. As such, the molar
masses obtained from the MALS of these species are used as an
approximation in the following analysis and are combined with
appropriate '"H NMR data and starting material reference
standards.

As would be expected for a step growth polymerization, the
data shows that the poly[n]catenane obtained in the lowest yield
(4(nap-6)) has the lowest observable maximum molar mass. The
SEC traces of all the crude reaction mixtures clearly show that
multiple different products with a range of molar masses

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Quantitative data of poly[n]catenane obtained via *H NMR and SEC-MALS

Average% product distribution in Poly[n]catenane architecture (% based on catenated

crude reaction mixture” products)®
Sample 4 1 245 M, DP,° N [<5]cat” Cyclic Linear Branched
4(xan-6) 73 + 57 12 + 3% 15 + 2° 17700 11 2.9 8 12 51 29
4(xan-5) 68 + 5° 15 + 3° 17 + 3¢ 14 500 9 4.4 29 <g! o 63
4(nap-5) 75+ 6° 11 + 4° 14 £ 2° 18300 12 5.4 22 0 o 78
4(nap-6) 61 + 5° 17 £ 3° 22 +2° 13 800 9 3.0 5 23 45 27

“ Conversion of MSP to catenane calculated by integrating H,,, peaks corresponding to non-interlocked products 1 and 5 (8.36-8.28 ppm) against
Hppy peaks corresponding to 4 (8.28-8.10 ppm). b Error for data set taken at 95% confidence interval (n = 5). ¢ Error for data set taken at 95%
confidence interval (n = 3). Exact yields given in ESI. ¢ Number average molecular weight in g mol~" of the crude catenane sample (n = 2)
determined by MALS coupled with an RI detector using dn/dc values that were determined from the crude reaction mixture (see text and ESI for
more details). © Number average degree of polymerization, which also corresponds to the average number of rings, calculated via eqn (S1).

f Average number of chain ends calculated via eqn (S2). ¢ Architecture breakdown reported as % of total interlocked products as determined via

deconvolution of SEC RI trace data. " Value includes the total amount of [2] and [3]catenanes identified. ’ Value based on the total area of Peak
C in the deconvolution of the 4(xan-5) SEC trace although data suggests that this peak corresponds to both cyclic and oligomeric linear
catenane.’ While data suggests that no l-poly[n]catenane (DP > 5) is formed when the pentenyl-based thread-like monomer is used, low molar

mass linear I-[n]catenanes (DP < 5) are formed and are included [<5]Cat total.
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Fig. 6 SEC (mobile phase — 25% DMF in THF) refractive index traces
for 4(xan-6), 4(xan-5), 4(nap-5), and 4(nap-6) (bottom) and absolute
molar mass data as determined by MALS (top).

obtained (Fig. 6); however, differences in the general peak
shapes suggest that the different thread-like components do
result in different product distributions.

To understand the product distribution trends in more
detail, the SEC traces of the crude reaction mixtures were
analyzed via Gaussian deconvolution using a procedure similar
to the prior work.?® Fig. 7a-d shows the Gaussian deconvolution
of the crude reaction mixture for 4(xan-6), 4(xan-5), 4(nap-5),
and 4(nap-6), respectively. Fig. 7a shows the assigned peaks of
the 4(xan-6) product distribution based on the prior work.****
Using a similar protocol the three new poly[n]catenane mixtures
were analyzed. To do this the refractive index trace (RI) is
deconvoluted into the minimum number of peaks required to
resolve the trace. It is important to point out that there are more
than one set of peaks that can resolve such a complex chro-
matogram. The peaks were chosen based on standards (1, the
threads (2) and their ring closed macrocycles (3), Fig. S257), the
SECs of fractionated samples (see below) and to be consistent
with the NMR data. For example, the SEC curve of the crude
reaction mixture of 4(xan-5) could be deconvoluted into 7
different peaks A-G (the sum of these peaks matched the SEC

© 2023 The Author(s). Published by the Royal Society of Chemistry

trace almost perfectly, Fig. 7b). Peaks A and B can be assigned as
1 and 2(xan-5), based on standards (Fig. S257). To determine the
rest of the deconvoluted peaks, preparatory SEC (1:3 DMF:
THF) was employed to isolate fractions of the crude 4(xan-5)
mixture. Seven individual fractions were collected (based on
elution time) and analyzed via "H NMR (Fig. 8a) and SEC-MALS
(Fig. 8b): the highest M,, fraction is the first to elute (fraction 1)
and the lowest M,, fraction being the last to elute (fraction 7).
The molar masses obtained from SEC-MALS of these materials
(Fig. 8b) shows relatively good correlation between the higher
M, fractions, consistent with the measured dn/dc obtained from
the crude reaction mixture (0.2042) corresponding to the higher
molar mass poly[n]catenanes of 4(xan-5). Differences in the
calculated molar masses (from MALS) are observed in the later
fractions, especially for those that contain the lower M,
compounds. It is worthwhile pointing out that the molar mass
of 1is 1530 g mol ' (shown as the dotted line in Fig. 8b) and the
M,, obtained for 1 using the dn/dc value measured on the crude
sample is ca. 2000 g mol . As such, while the measured mass
does not exactly match these lower molar mass species, it is
possible to get an approximation of their M, using this
approach. Given that it was not possible to isolate all the low
molar mass products to determine their individual dn/dc
values, the number average degree of polymerization (DP,)
assigned to these low molar mass species is <5 (Fig. 8b) and
other techniques, such as NMR, were used to further support
the (in some cases tentative) assignment of what these peaks
correspond to.

"H NMR of fractions 6 and 7 confirmed the assignments of
Peaks A and B as starting materials. To help with the assign-
ment of the subsequent deconvoluted peaks the average
number of chain ends (N.) in each fraction was determined
(using a combination "H NMR and DP,, from MALS and Eqn (S1)
and (S2)).> A key difference between cyclic (c-), linear (I-) or
branched (b-) poly[r]catenanes is their number of chain ends,
N, (0, 2 and >3, respectively) and thus average N, gives some
insight into the polymer architectures in a given fraction. It is
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Fig. 7 SEC (mobile phase — 25% DMF in THF) refractive index traces
for (a) 4(xan-6), (b) 4(xan-5) (c) 4(nap-5), and (d) 4(nap-6). Deconvo-
lution performed using a Gaussian fit, peak assignments made based
on SEC analysis shown in Fig. 8, S26 and S28.1 Sum of the deconvo-
luted peaks fits for (a)—(d) designated by the grey dashed line.

worthy of note that only fraction 5 has an average N, < 2, sug-
gesting that very little c-4(xan-5) is formed overall in this reac-
tion. The MALS data of fraction 5, which primarily corresponds
to a mixture of peak B (2(xan-5)) and C, suggests that this
fraction has relatively low molar mass species (DP, < 5). Its
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Fig. 8 (a) *H NMR traces for all fractionated 4(xan-5) samples along
with relative weight percent, the calculated number average degree of
polymerization (DP,) and number of chain ends (N.) of each fraction
using MALS analysis (DP, from eqn (S1)) (N from egn (S2)). (b) The SEC
Rl traces (bottom) for each fractionated sample and the absolute molar
mass (from MALS) using the dn/dc value (0.2042) obtained for 4(xan-
5). The black dotted line shows the molar mass of 1 which can be
compared to the measured molar mass (using the above dn/dc) of
fraction 7 (brown) that contains predominantly 1.

calculated average N. of 1.3 suggests the presence of cyclic poly
[n]catenane. Thus, it is possible that Peak C corresponds to c-
4(xan-5). However, in prior work it was shown that the chain
ends for the majority of poly[n]catenanes are derived from
macrocycle 1 (only one doublet observed between 8.21-8.27
ppm).** This makes sense, as any incomplete reaction of the
linear blue thread component would result in a red macrocycle
chain end after demetallation. As the NMR of fraction 5 shows
at least two different doublets in the region 8.21-8.27, consis-
tent with the presence of low M, catenanes with chain ends
derived from both 1 and 3(xan-5), the data suggests that Peak C
corresponds to both c-4(xan-5) and other low molar mass linear
species (e.g. [2]catenane). Based on this analysis it appears that
the amount of c-4(xan-5) formed is <8% (Table 1) but it is hard

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to get more specific with the current data set. However, even if it
is assumed that peak C only corresponds to c-4(xan-5), the yield
of c-poly[n]catenane is at least half of that observed in the 4(xan-
6) synthesis, suggesting shortening the alkenyl chain inhibits
its formation.

Both fractions 3 and 4 have a DP, < 5 and N, < 3. As these
fractions primarily correspond to Peak D, it suggests that this
peak most likely corresponds to low M, linear catenanes (N, =
2), probably 1-[3-5]catenane. Peak E is assigned to the ADMET
polymer 5(xan-5) based on a combination of its presence in the
'H NMR of fractions 1-4, the amount 5(xan-5) determined in
the "H NMR of the crude reaction mixture (Fig. 5a, Table 1), and
the comparative assignment of the peaks in the 4(xan-6) reac-
tion (Fig. 7a). Finally, fractions 1 and 2, which correspond
predominantly to Peaks F and G, contain the highest M,
materials and both fractions have average N.'s > 4, suggesting
that these materials are b-4(xan-5). It is worthy of note that,
unlike with 4(xan-6), no peaks could be assigned to corre-
sponding to a polymeric 1-4(xan-5) (only linear species observed
correspond to low molar mass species such [2-5]catenane).
Thus, while it is not possible to exclude the formation of higher
molecular weight 1-4(xan-5), it appears that shortening the
alkenyl chain reduces the efficiency of the intramolecular
cyclization of 2(xan-5) in the MSP that is required to yield both
the linear and cyclic poly[n]catenanes. The consequence of
which is the shorter alkenyl chain on the thread results in the
formation of more branched poly[n]catenane, b-4(xan-5) and an
increase in the amount of low molar mass [n]catenanes (Table
1).

If the shorter alkenyl chain is the reason for the enhanced
formation the b-poly[n]catenane, then it would be expected that
the 1-2(nap-5)-Zn(u), MSP would yield predominantly b-4(nap-
5). Thus, a similar peak deconvolution analysis was performed
on the crude 4(nap-5) reaction mixture (see Fig. S267 for more
details). The data summarized in Fig. 7c confirms that the
product distribution closely follows what is observed in 4(xan-
5), with the branched b-4(nap-5) being the dominant poly[n]
catenane architecture and little-to-no c-4(nap-5) or 1-4(nap-5)
being produced. Of course, with the current data it is not
possible to entirely rule out their formation altogether, however,
it is clear that the amount of c- or l-poly[n]catenanes formed in
these reactions is significantly lower than for the original poly[n]
catenane that used the longer alkenyl chain. It is worth noting
that it is possible to use the NMR and SEC of the crude reaction
mixture to obtain an average N. of the poly[n]catenanes
synthesized (Table 1). Doing this shows that, irrespective the
aromatic linker in the thread, the shorter 3-pentenyl tail results
in a much higher average N, (4.4 or 5.4) than using the threads
with the longer 4-hexenyl tail (N, = 2.9 or 3). This further
supports the idea that the shorter alkenyl tails favours the
formation of b-poly[n]catenanes, presumably by disfavouring
the intra-thread ring closing reaction that is required to make
both the c- and I-poly[n]catenanes.

The fact that no evidence was found for the formation of
a significant amount of c-4(nap-5) might be surprising as the
NMR of the MSP precursor 1-2(nap-5)-Zn(u), showed a higher
percentage of c-MSP (Fig. 4a) than in the xan-derivatives.
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However, it is consistent with the idea that the shorter alkenyl
tail inhibits the ring closing of the thread in the MSP (irre-
spective of the MSP being linear or cyclic). If this occurs, then
the major products should be b-4(nap-5) and/or low molecular
weight oligomers, consistent with the distribution analysis
data. To explore this more prior work® had shown that it was
possible to access c-poly/oligo[n]catenanes with 1 and 2(xan-6)
using lower reaction concentrations and Fe(u) as the templating
metal ion. Thus, the synthesis of c-4(nap-5) was attempted
following the same procedures (Fig. S277). In this experiment,
no c-4(nap-5) could be isolated, supporting the idea that the
shorter alkenyl chains do indeed disfavour the desired intra-
molecular ring closing reaction. It is worthwhile mentioning
that the difficulty to ring-close these threads is also supported
by the yields obtained for the synthesis of their corresponding
macrocycles (3). The crude yield (from "H NMR) of 3(xan-5) and
3(nap-5) obtained from the ring closing of 2(xan-5) and 2(nap-5)
were 35% and 27%, respectively. In contrast the conversion of
2(nap-6) to 3(nap-6) under similar reaction conditions occurred
in ca. 47% crude yield.

If the shorter alkenyl chain hinders c- and 1- poly[n]catenane
formation, then it made sense to explore the formation of
4(nap-6), which has the longer hexenyl chain and the shorter
aromatic (nap) linker. After using the same deconvolution
method as before (Fig. S287 for more details) the data suggests
that, even though there is a drop in yield of the poly[n]catenane
(ca. 61%), the distribution of poly[r]catenanes obtained (Fig. 7c)
appear similar to those observed in 4(xan-6),°"** with a few
notable differences. The mismatch of the shorter linker and the
longer tail does yield a larger amount of the non-interlocked
ADMET product (5(nap-6)) than is observed in the 4(xan-6)
synthesis, 22% vs. 15% respectively based on NMR (Table 1). As
might be expected, a higher percentage of non-interlocked
product corresponds to a drop in the overall degree of poly-
merization of 4(nap-6) (Table 1). However, as was the case for
4(xan-6), the data obtained from the fractioned samples of
4(nap-6) shows that the use of the longer alkenyl tails allow
access to the formation of 1-4(nap-6), 4nap-64(nap-6) and b-
4(nap-6) polymers. In fact, the overall product distribution of
three 4(nap-6) architectures is similar to that of 4(xan-6), with
perhaps a slight tendency to form more c-4(nap-6), which is
consistent with the higher percentage of c-MSP that is formed in
1-2(nap-6)-Zn(u), relative to 1-2(xan-6)-Zn(u), (Fig. 4a).

Conclusions

This study has shown for the first time that the MSP-templated
approach to poly[n]catenanes is possible with some structural
variance in the thread-like monomer, allowing access to three
new poly[n]catenanes with different ring sizes. It also shows that
careful design of the thread component can be employed to
preferentially access different poly[n]catenane architectures by
this approach. The clearest example of this is the impact the
length of the reactive alkenyl tails have on the product distri-
bution. The use of the shorter 3-pentenyl tails hinders the ring
closing reaction of the thread in the MSP and therefore inhibits
the formation of the 1- and c-poly[n]catenanes. Consequently,
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the use of such threads results in the predominant formation of
the b-poly[n]catenanes, suggesting that 2(nap-5) or 2(xan-5)
would be threads of choice for targeting branched poly-
catenanes while 2(xan-6) is currently the better option for the
accessing linear poly[n]catenanes. While the size of the
aromatic linker plays a role in the nature of the MSP, with the
shorter naphthalene-based linker favouring the formation of
the c-MSP, its role in determining the distribution of the poly[#]
catenane architectures is not as significant as the size of the
alkenyl tails in these systems.

Overall, this study shows that is important to develop an
understanding of the monomer structure/product distribution
relationships for the synthesis of this class of complex inter-
locked polymers. This type of information can be important
when specifically targeting new classes of catenated materials,
e.g., network polycatenanes, where an increased formation of b-
poly[n]catenanes will allow for easier network formation and
open the door to the investigation of more complex catenane-
containing materials.
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