Cell Reeorts ]
Physical Science @ CelPress

OPEN ACCESS

Synthesis of linear [7]- and [8]catenanes

Gray H. Harlan, Sheila L. Tran,
Nathan D. Colley, Mark A.
Nosiglia, Yipei Zhang, Jonathan

C. Barnes
[3]C_R jcbarnes@wustl.edu
Highlights
Concerted “zip-tie” synthesis of
4 discrete linear [7]- and [8]

catenanes

Ring-closing metathesis reactions
yield multiple mechanical bonds

in one reaction

[8]C weighs over 10 kDa and is
close to molar masses of low-
molecular-weight polymers

Both catenanes contain open
metal-binding sites, allowing for
further growth

[8]C

A long-standing goal in polymer science is a flexible and soluble polymer
containing all-interlocked molecular rings, but this goal has been difficult to
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the synthesis of an [8]catenane comprising eight interlocked rings, approaching
that of low-molecular-weight polymers.
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Synthesis of linear [7]- and [8]catenanes

Gray H. Harlan,” Sheila L. Tran,’ Nathan D. Colley,” Mark A. Nosiglia,' Yipei Zhang,’

and Jonathan C. Barnes'-2*

SUMMARY

Catenanes are a family of mechanically interlocked molecules
that consist of molecular rings that can be interlocked to give linear,
radial, or cyclic structures. Although chemists have pursued
extended linear poly[n]catenane architectures for many decades,
there still exists a fundamental gap between the synthesis of well-
defined, linear oligomers and that of disperse polymers that are
often produced as a mixture of architectures. Here, we report two
convergent one-pot syntheses that “zip-tie” together two pre-
made [3]catenanes by first using orthogonal metal templation with
phenanthroline (Cu(l)) and terpyridine (Fe(ll)) ligands. These pre-
catenate complexes were subjected to a ring-closing metathesis
step to afford discrete, linear [7]- and [8]catenanes. The successful
synthesis and isolation of the discrete [7]- and [8]catenanes were
confirmed using multiple methods of characterization. Because
these record-setting linear [n]catenanes possess open phenanthro-
line metal-binding sites at each end, further expansion to all-inter-
locked linear poly[n]catenanes is a realistic proposition.

INTRODUCTION

Mechanically interlocked molecules (MIMs)' are defined as having two or more
molecular structures interlocked in space that cannot be separated without
cleaving a covalent bond.? The two most frequently investigated MIM architec-
tures are [n]rotaxanes® and [n]catenanes,” where n refers to the number of molec-
ular components that make up each MIM. The former comprises a linear rod- or
dumbbell-shaped molecule ensconced by one or more molecular rings or macro-
cycles that can undergo translational motion along the linear molecular track. Cat-
enanes, however, go one step further and can be formed by linking together the
ends of an unstoppered pseudorotaxane (i.e., a ring-closing step), thus creating an
interlocked pair of molecular rings. The ease of synthesis and scalability of [n]rotax-
anes has allowed them to be studied extensively in functional materials—such as in
daisy-chain->¢ and slide-ring-based’-® materials, which can undergo significant
changes in properties upon activation. However, [n]catenanes’ are typically more
challenging to synthesize due to potential byproduct formation that often occurs
during the ring-closing step.’®"" Moreover, multiple [n]catenane architectures
are possible—namely, linear, radial, and cyclic—which presents additional syn-
thetic challenges. Nevertheless, linear [n]catenanes, particularly higher-order
ones, have extended architectures that hold great potential when integrated
into functional materials because the linear arrangement of the interlocked molec-
ular rings maximizes their degrees of freedom (e.g., rotation, translation, and rock-
ing), which could enhance molecular motion within the material and therefore
contribute to its overall flexibility and energy dissipation pathways, to name a
few potential material benefits.
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Most reported syntheses of [n]catenanes have used some form of templation, which
brings two molecular components together in an enthalpically favorable process.
Various forms of template-directed syntheses have been investigated over the years,
including donor-acceptor,'”™'* hydrogen-bonding,'*"¢ anion-dipole interactions, "’
etc., but the use of metals has been shown to be the most efficient method of
templation'® to generate smaller [n]catenanes as well as larger oligo-'"*° and
poly[n]catenanes.?’?* For example, Sauvage and co-workers developed® an
orthogonal metal templation strategy to selectively form asymmetric [n]catenanes.
In their approach, ternary tetracoordinate complexes were formed from phenan-
throline (phen) ligands and a mono-valent metal (Cu(l)), whereas ternary hexacoordi-
nate complexes were possible using terpyridine (terpy) ligands and a bivalent metal
(Ru(ll)). Recently, this orthogonal metal templation strategy was used by us to syn-

thesize and isolate a family of discrete [n]catenanes,’%?*

ranging from 2 to 6 inter-
locked molecular rings, with the latter [6]catenane representing the largest isolated
linear [n]catenane reported to date. Others have used metal templation strategies to
prepare discrete higher-order non-linear [n]catenanes. For example, Au-Yeung and
co-workers demonstrated?” the synthesis of a branched [8]catenane via a one-potre-
action involving the formation of a bis-phen Cu(l) ternary complex that also served as
a template for the addition of four cucurbit[6]uril and two cyclodextrin macrocycles
through favorable ion-dipole interactions and hydrophobic binding, respectively.
Once assembled, ring-closing metathesis (RCM) chemistry was used to close the
phen-based macrocycles, locking the eight molecular rings in place. It is important
to note that in nearly all these examples of well-defined [n]catenanes, the terminal
molecular rings were essentially dead ends, meaning that further growth to
higher-order products or use as a (cross)linker?® is not possible.

Alternatively, polydisperse [n]catenanes have also been produced using an elegant
one-pot metal templation strategy through the formation of metallosupramolecular
polymers followed by many simultaneous RCM reactions. Notably, this approach
was implemented previously by Rowan and co-workers,”’*? who produced disperse
poly[n]catenanes with up to 27 subunits. Di Stefano and co-workers”’ also used a
one-pot approach to make disperse poly[n]catenanes by instead starting from an un-
saturated phen-based [2]catenane that was ring opened in the presence of Grubbs
catalyst to yield a mixture of catenane architectures. Although each of these
methods to make poly[n]catenanes required fewer steps to generate high-molecu-
lar-weight products, it remains a challenge to control the type of [n]catenane
architecture—i.e., linear, branched, or cyclic—that is produced during the critical
ring-closing steps to make poly[n]catenanes.

From these examples, it is clear that a trade-off exists between making disperse yet
high-molecular-weight poly[n]catenanes of variable architectures and those of
lower-molecular-weight yet well-defined oligo[n]catenanes with dead ends. Here,
we describe concerted syntheses involving pre-made [3]catenane building blocks
that are assembled with open macrocycle precursors using orthogonal metal tem-
plation of mono-valent (Cu(l)) and bivalent (Fe(ll)) metals, followed by RCM reactions
to make well-defined [7]- and [8]catenanes. Both the [7]- and [8]catenanes represent
records for discrete linear [n]catenanes. Also, unlike our previous efforts (Figure 1A),
the terminal molecular rings of the [7]- and [8]catenanes are not dead ends (Fig-
ure 1B) and therefore may be used for additional growth as needed. Each product
was purified using recycling preparative gel permeation chromatography (prep-
GPC) after demetallation and then characterized by 1D and 2D proton nuclear
magnetic resonance ("H NMR) spectroscopy as well as matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and analytical
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Figure 1. Overview of the concerted zip-tie method used to synthesize higher order linear
[n]catenanes

(A) Previous work by us demonstrated the use of a zip-tie method to synthesize well-defined linear
[5]- and [6]catenanes ([5]C and [6]C) through orthogonal metal templation and ring-closing
metathesis (RCM) reactions. In both cases, each product was terminated by smaller molecular rings,
which were incapable of additional RCM steps to make higher-order [n]catenanes.

(B) The current work implemented larger, dual-ligand macrocycles to synthesize and isolate well-defined
linear [7]- and [8]catenanes ([7]C and [8]C), both of which represent records for the largest-ever isolated
discrete linear [n]catenanes. Moreover, each of these products maintains open phenanthroline
coordination sites at each terminus and thus is capable of further expansion in the future.

GPC. We envision that this concerted growth strategy to synthesize [n]catenanes can
serve as a blueprint for the synthesis of well-defined, linear poly[n]catenanes.

RESULTS AND DISCUSSION

Synthesis of a [3]catenane building block

Previously, our group demonstrated the use of a “zip-tie” method as an efficient pro-
cedure (Figure 1A) to synthesize pure linear oligo[n]catenanes,””** where n ranged
from 2 to 6 molecular rings. This method involved the ring closure of pseudo[n]rotax-
anes that were first assembled using orthogonal metal templation of a pre-made
[2]catenate and open macrocyclic linkers. Here, instead of using a [2]catenate with
one dead end, the zip-tie approach was implemented to make a [3]catenane ([3]
C). The synthesis of [3]C began (Figure 2A; Scheme S27) with the selective metala-
tion of the terpy ligands of open and closed macrocycles 1 and 2, respectively, using
Fe(BF4)2-6H20. It is important to note that a 1:8 stoichiometric ratio of 1:2 was
selected to avoid the potential formation of a metallosupramolecular polymer
comprising mostly 1. Instead, by using a large excess of 2 during the metal templa-
tion step (Figure 2A), the phen ligands of 2 were positioned at each terminus and
thus favored the formation of a pre-[3]catenate complex consisting of one equiv 1
and two equiv 2. Moreover, we previously demonstrated”” how terpy ligands in a
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Figure 2. Synthetic scheme and purification of [3]C building block used to synthesize higher-order
[n]lcatenanes

(A) Synthesis of [3]C from precursors 1 (1 equiv) and 2 (8 equiv): (i) Fe(BF,),-6H,O/THF/H,0/3
h/55°C, (ii) Grubbs second-generation catalyst/CH,Cl,/24 h/reflux, and (iii) K;CO3/DMF/55°C/12 h.
(B) Recycling prep-GPC data showing the purification of [3]C, which was performed at 25°C in DMF
at8 mLmin~" flow rate. The product [3]C was isolated in the third cycle at 80 min as indicated by the
yellow fraction. Macrocycle 2 was isolated and recovered as indicated by the purple fraction

(21 min).

See also Figure 527.

macrocycle have a tendency to flip out of plane and form metal-coordinated dimers
of 2 (i.e., Fe-(2),; Scheme S28) in the presence of a bivalent metal (e.g., Fe(ll)). This
dimerization process would disfavor the formation of the desired pre-[3]catenate
complex and is likely to occur to some extent in the current syntheses. Thus, a statis-
tical method was required to establish the metal-templated precursor to [3]C, while
nearly all the excess 2 that was added to the reaction was recovered using prep-
GPC. After the formation of the pre-[3]catenate complex, 1 was ring closed using
Grubbs second-generation catalyst. We propose that the yield for the RCM reaction
may be slightly lower than expected due to the possibility that the ring may re-open
to some extent in the presence of the catalyst, which is well known in [n]catenane
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Figure 3. Synthesis of [7]C and [8]C starting from [3]C-R and open macrocycle linkers 4 and Fe-(3),, respectively

(i) Fe(BF4)2-6H,O/THF/H,0/2 h/55°C. (ii) Cu(MeCN)4PFs/4/MeCN:CH,Cl, (4:11)/24 h/room temperature (RT). (iii) Grubbs second-generation catalyst/
CH,Cl,/18 h/reflux. (iv) K,CO3/DMF/24 h/55°C. (v) KCN/MeCN/H,O/1 h/RT. (vi) Cu(MeCN),PF4/Fe-(3),/MeCN:CH,Cl, (4:1)/24 h/RT. (vii) Hoveyda-
Grubb's catalyst/CH,Cl,/18 h/reflux. See also Figures S30 and S31.

syntheses employing RCM chemistry.?® After ring closure, the Fe(ll) was removed us-
ing K,CO3 and DMF, and the product [3]C was purified using prep-GPC (Figure 2B).
Additionally, the overall yield to make [3]C depended greatly on the ratio of 1 to 2
during formation of the pre-[3]catenate complex. For example, when a 1:5 ratio of
1:2 was used, the overall yield to make [3]C after ring closing and demetallation
was 10%, whereas the 1:8 ratio resulted in a 20% overall yield for [3]C. Lastly, the pu-
rity of [3]C was confirmed by analytical GPC (Figure 4C) and high-resolution MS (HR-
MS; Figure S31) as well as tandem MS (i.e., MS/MS) (Figure S36).

Next, the synthesis of higher-order [n]catenanes was conducted using the pre-made
[3]catenane; however, before doing so, the unsaturated olefin of [3]C needed to be
reduced (Scheme S29) to prevent deleterious ring-opening reactions that could
compete against productive ring-closing ones. Although the most oft-used hydro-
genation reaction is Hy(g) in the presence of Pd/C, these conditions reduced
some of the phen ligand’s aromatic double bonds. Thus, a diimide hydrogenation
was employed in situ using p-toluenesulfonyl hydrazide and tripropyl amine while
keeping the temperature under 130°C. These conditions allowed for selective satu-
ration of the olefin while not dearomatizing any of the phen ligands. The conversion
for this reaction was nearly quantitative, as confirmed by 'H NMR spectroscopy. The
isolated yield for the reduced [3]catenane, i.e., [3]C-R, was ~80%.

Synthesis of linear [7]- and [8]catenanes using a concerted zip-tie approach

In contrast to our previous syntheses to prepare [5]- and [6]catenanes bearing
smaller, dead-end macrocycles at each terminus, [3]C-R consisted of three larger
molecular rings, each bearing two ligands per macrocycle. This molecular architec-
ture opened the door to synthesize higher-order oligo[n]catenanes (Figure 3;
Schemes S30 and S31) by allowing for metalation at the empty peripheral phen
metal-binding sites after first adding Fe(ll) to the internal terpy ligands. Mono-metal-
ation of the phen ligands of (Fe),-[3]C-R was achieved using ~1.5 equiv of a Cu(l)
source (Cu(MeCN)4PF¢) with respect to [3]C-R. It is important to note that the
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Figure 4. Preparative and analytical GPC data for [7]C and [8]C

(A and B) Recycling prep-GPC data for the crude reactions of [7]C (A) and [8]C (B) in a DMF mobile
phase at 8 mL min~". Pure [7]C was isolated in the yellow fraction at 48 min. Pure [8]C was isolated in
the yellow and blue fractions at 47 and 71 min, respectively.

(C) Overlay of analytical GPC traces (normalized and baseline corrected differential refractive index
(dRI)) of isolated [3]C, [7]C, and [8]C in DMF with 0.025 M LiBr at 60°C and a 1 mL min~" flow rate.
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bis-Cu(l)-metalated species, (Fe),-(Cu),-[3]C-R (data not shown), may also be gener-
ated during the Cu(l)-metalation step, and this could potentially lead to formation of
a metallosupramolecular polymer and, ultimately, unwanted byproducts. However,
the reason why 1.5 equiv Cu(l) was added to (Fe),-[3]C-R instead of 1.05 equiv, for
example, is because (Fe),-(Cu)4 2-[3]C-R are not stable until a bis-phen complex is
formed in the next step. Moreover, an excess of (Fe)z-(Cu)q, 2-[3]C-R was used (3-4
equiv) to decrease the likelihood of forming the undesired metallosupramolecular
polymer, regardless of whether (Fe),-[3]C-R was mono- or bis-Cu(l) metalated. After
the Cu(l) addition step, either linker 4 or Fe-(3), was added to produce the pre-cate-
nate form of [7]C or [8]C, respectively. Next, Grubbs catalyst was added to close the
central ring(s) of each complex (i.e., 4 and Fe-(3),) to produce each linearly inter-
locked product. Demetalation using a combination of K;CO3; and KCN treatments
was performed to remove both Fe(ll) and Cu(l) atoms from each terpy-terpy and
phen-phen binding site, respectively, prior to purification of each crude product
by prep-GPC.

Purification by prep-GPC in DMF was carried out to isolate [7]C and [8]C. The GPC
trace for the crude [7]C reaction (Figure 4A) appeared to show less byproducts and
a cleaner peak for the desired product. The GPC trace for the crude [8]C reaction (Fig-
ure 4B), however, showed formation of more byproducts, such as a [S]catenane, which
was identified by MALDI MS (Figure S41) and resulted from successful ring closing of
the Fe-(3), complex but with only one of the premade [3]C-R building blocks instead of
two. It should be noted that our previous syntheses to prepare linear [5]- and [6]cate-
nanes (Figure 1A) gave higher yields than that for [7]C and [8]C (15% and 25% vs. 15%
and 10%, respectively). We hypothesize that this difference is because the pre-made
[2]catenane ([2]C) building blocks to make the [5]- and [6]catenanes used a smaller,
single-ligand macrocycle, 5, that was interlocked with 2, which, when threaded onto
4 or Fe-(3); followed by ring closing, gave a higher product yield. The higher yield
is presumably due to greater stability of the pre-catenate complex during the ring-
closing step, which we attest is related to the difference in molecular weight between
[2]C and [3]C, as well as the fact that [2]C could be mono-metalated without any
concern for bis-metalated [3]C intermediates. Concerning the difference in isolated
yields between [7]C and [8]C (15% vs. 10%, respectively), each crude GPC trace
(Figures 4A and 4B) shows a lower-molecular-weight peak that elutes after the excess
[3]C peak that is likely a mixture of starting material (4 or Fe-(3),) and potentially ring-
closed products of 4 and Fe-(3),. To verify the purity of each isolated [n]catenane prod-
uct ([3]C, [7]1C, and [8]C), analytical GPC (Figure 4C) of each sample was performed. As
expected, lower retention times for elution were observed for the higher-molecular-
weight [n]catenanes, and each peak was unimodal.

For complete details related to the synthesis of each catenane and corresponding
precursor compounds, please see Schemes S1-S31.

Characterization of linear [7]- and [8]catenanes

Next, the identity of each linear [n]catenane product was verified using MALDI-TOF-
MS. The MS data for [7]C (Figure 5) showed peaks for [4]-, [5]-, and [6]catenanes
(labeled as fragments i-iii), as well as the parent peak for the [7]C product at
m/z = 8,869.94 [M+H]" (expected: 8,858.79 [M+H]"). The fragments resulted from
ring-opening events of the terminal rings that occurred during the MS experiment,
which is consistent with previous MS characterization of linear oligo[n]ca’cenanes.19
The MS data for [8]C (Figure 6) also confirmed the successful synthesis and isolation
of the linear [8]catenane product, as evidenced by the parent ion peak (vii) at
m/z = 10,147.98 [M+H]" (expected: 10,139.40 [M+H]"). However, in contrast to
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Figure 5. MALDI-TOF-MS spectrum of [7]C was obtained using an a-cyano-4-hydroxycinnamic acid matrix

The parent peak (iv) as well as various fragments (i—iii) were detected plus a proton (H*) with minor instrumental error ranging from 0.1170% to 0.1260%.

Each value provided for “found” and “expected” is the parent or fragment mass plus a proton, e.g., [M+H]".

the MS spectrum for [7]C, the MS data for [8]C (Figure 6) gave a different fragmen-
tation pattern (i-vi) that originated from ring opening primarily of the inner-most in-
terlocked macrocycles ((3),) during the MS experiment instead of predominantly the
outer macrocycles (i.e., ring-closed 1 and 2). Moreover, the fragmentation data for
[8]C produced peaks that included closed macrocycle 3, which is evidence that
"figure-of-eight” [n]catenate architectures, which have been observed previously
for some double ring-closing catenation reactions, did not form during the RCM
step.”” 7 It should also be noted that all the fragments of [8]C displayed a peak
for a Cu(l) ion adduct, presumably due to the propensity of this compound to bind
and retain exogenous metals during the MS experiment.

To corroborate the MS data, 'H NMR spectroscopic analysis was performed
(Figures S8-S11). Although the 1D "H NMR spectra for [7]C and [8]C were complex
due to the large number of proton resonances that originate from each molecular
ring, the spectra clearly represented a combination of proton resonances from each
building block ([3]C-R, 4, and 3), and clear upfield and downfield shifting of proton res-
onances was observed when comparing the spectrum for [3]C-R to that for [7]C and [8]
C. Identification of most peaks was made easier by stacking the respective "H NMR
spectra (Figures S12-514) for [3]C-R, 4, and 3, as well as precursors 1 and 2. Moreover,
2D "H-"H NMR analysis (correlated spectroscopy [COSY] or total correlation spectros-
copy [TOCSY]; Figures S15-518) further helped assign the proton resonances in the
complex spectra of [7]C and [8]C. Since macrocycle 4 has a pair of ester groups on
the central terephthalate ring of its linker, the aromatic proton resonances were
easy to distinguish from the aromatic resonances associated with the phenyl rings of
1 and 2. The difference in chemical shift for these protons therefore made it possible
to determine the relative ratio of each molecular ring in [7]C, providing further confir-
mation of the interlocked product structure. For [8]C, the integration of the phen and
terpy ligands matched the values that were expected for the combination of each

8 Cell Reports Physical Science 5, 101767, January 17, 2024
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Figure 6. MALDI-TOF-MS spectrum of [8]C was obtained using an a-cyano-4-hydroxycinnamic acid matrix

The parent peak (vii) as well as various fragments (i-vi) plus a proton (H") were detected with minor instrumental error ranging from 0.0574% to 0.1011%.
Each value provided for “found” and “expected” is the parent or fragment mass plus a proton, Na*, or Cu*: [M+H]", [M+Na]*, or [M+Cu]", respectively.

macrocycle’s proton resonances. Additionally, variable-temperature "H NMR analysis
was conducted (Figure S15) on [8]C in the range of 25°C~70°C to determine if ring cir-
cumrotation and simpler spectra could be observed at higher temperatures. However,
only shifting and some coalescence of proton resonances associated with the hydro-
quinone linkers were observed, meaning the ligands were not passing through the
cavities of adjacent rings, even at 70°C. Taken together, the NMR spectroscopic anal-
ysis, in conjunction with the MS data, supported the assignment of each interlocked
product, namely [7]C and [8]C, as well as the corresponding [3]C building block and
linkers 4 and 3.

Next, ultraviolet-visible (UV-vis) spectroscopy was used to verify the ability of each
[n]catenane to undergo rapid re-metalation. All three [n]catenanes ([3]C, [7]C, and
[8]C) showed clear increases in absorbance (Figure S24) after the introduction of
an excess of Cu(l) (i.e., one equiv Cu(MeCN),PF4 per ligand). Both [7]C and [8]C,
as well as their metalated forms, [7]C-M and [8]C-M, respectively, exhibited a higher
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absorbance across the entire visible region of the spectrum relative to that for [3]C
and [3]C-M. These results are likely because of the larger number of chelated metals
and related metal-ligand charge-transfer interactions present in the higher-order
[n]catenanes, giving the compounds a more intense color overall. The most substan-
tial absorption before and after metalation was observed for [7]C, an outcome that is
most likely due to it possessing electron-withdrawing aromatic ester groups in the
terephthalate rings of linker 4, which extended the overall conjugation length.
This hypothesis was verified by assessing the absorption of 4 by itself, which showed
a similar absorbance profile.

For complete details related to the characterization of each catenane and corre-
sponding precursor compounds, please see Figures S1-542.

Conclusions

The [7]- and [8]catenanes described herein represent, to the best of our knowl-
edge, the highest number of linearly interlocked molecular rings synthesized to
date for a discrete [n]catenane. The longest, [8]C, weighs over 10 kDa, which
is approaching molar masses commonly associated with low-molecular-weight
polymers. Moreover, unlike our previous work, where we successfully demon-
strated the syntheses of [5]- and [6]catenanes bearing so-called dead-end macro-
cycles, the [n]catenanes reported here possess dual-ligand molecular rings at
each terminus, leaving open the possibility in future efforts to expand beyond
7-8 linearly interlocked molecular rings. Each of these [n]catenane products,
[3IC, [7]1C, and [8]C, were synthesized using a zip-tie method. The preparation
of the higher-order [n]catenanes followed a convergent synthesis approach
involving the coupling together of two pre-made [3]C-R molecules using orthog-
onal metal templation and either a bis-phen-containing open linker, 4, or a
pre-assembled linker, Fe-(3);, consisting of two terpy-phen-containing open
macrocycles as an Fe(ll) complex, respectively. Each pre-catenate complex was
interlocked after the addition of Grubbs catalyst and subsequent RCM reactions.
Purification by recycling prep-GPC proved to be critical in isolating pure
[nlcatenane, the identities of which were confirmed by MS and 1D/2D 'H
NMR spectroscopy. From a mechanistic perspective, many previous [n]catenane
syntheses reported in the literature have encountered issues during the ring-clos-
ing step that produced branched, cyclic, or random linear oligomerization by-
products. However, our previous efforts, and this work, have demonstrated the
ability to mitigate the formation of any observable cyclic and branched byprod-
ucts. We hypothesize that the lack of formation of these byproducts is made
possible because the ring closure takes place in the middle of the metalated
pre-catenate complex, where the pre-made [3]catenanes created a steric barrier
that deterred the formation of unwanted cyclic and branched byproducts. How-
ever, as the yields from the one-pot reactions to make [7]C and 8[C] would
suggest, this approach is not without limitations. If longer, well-defined,
higher-molecular-weight poly[n]catenanes, with all interlocked molecular rings,
are the ultimate goal, then the yields (currently 10%-15% for [7]C and [8]C)
will need to be improved. We hypothesize that much of the hit toward the yields
may result from the inherent instability of the olefin bond of the larger [n]cate-
nanes when Grubbs catalyst is present. To overcome this potential issue, we pro-
pose that more dilute conditions, which could potentially slow down the ring
closure, may be needed to mitigate the competing ring-opening pathway. If suc-
cessful, this strategy should improve the overall yields and scalability and is
therefore a focus of our future research endeavors.
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