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Knotting and weaving, at both macroscopic and molecular scales, play an
essential role in determining the physical properties of materials. While

classical crossing points in molecular knots have been extensively studied,

synthetic bifurcated knots, containing characteristic junctions where astrand
dividesinto two branches, represent an underexplored class of topologically

complex molecular knots. Although reports of such structures are rare due to
synthetic challenges, natural bifurcated knots have beenidentified in proteins

and linked to potentially enhancing protein robustness. Here we report the
synthesis of a 524-atom bifurcated knot featuring 3 classical crossings and

20 bifurcated junctions via 2 sequential, selective, imine condensations. First,
Zn"ions are used to template the subcomponent self-assembly of a Zn"sL
architecture, with three unreacted aldehyde groups protruding from each of
itseight vertices. Second, ageometry-matching tris-aniline condenses with
these terminal aldehydes, yielding a covalently linked bifurcated knot with
enhanced robustness, as quantified using collision-induced dissociation
mass spectrometry. We anticipate that this approach will facilitate the design
of new mechanically interlocked molecules and highly entangled molecular
materials with increased robustness.

Inspired by naturally occurring knotted biomolecules, such as DNA and
proteins'?, as well as macroscopic woven materials, synthetic molecular
knots have been pursued for their topological complexity and potential
functionality® . Their targeted synthesis has been enabled by arange of
strategies, typically involving the assembly of a preorganized scaffold
followed by the closure of functionalized molecular strand termini.
Notable methods’ include metal-templated self-assembly® " and hydro-
gen bonding®, which are often used to assemble grid architectures®
and cyclic helicate scaffolds". Subsequent strand tying is commonly
achieved throughring-closing olefin metathesis'>**, Glaser couplings™'
orother covalent linkages’, granting access to an expanding family of
molecular knots, including trefoils®, pentafoils"”, 7, knots”, 8,; knots™”
and even 12 crossing knots'®.

Beyond their intellectual appeal on the grounds of synthetic
challenge, molecular knots have demonstrated functional use in

catalysis™”, guest binding?® and therapeutics®. Analogous to the impact
of entanglements in woven macroscopic materials and polymers,
their presence in molecular materials has also been shown to influ-
ence elasticity and tensile strength?*. On the contrary, bifurcations,
defined as points where a strand divides into two branches, constitute
anunderexplored feature in knotted molecular materials and reports
of architectures that contain both classical crossing points and bifur-
cated junctions are scarce?. Nonetheless, bifurcated junctions,
or branching points, are known to play a key role in determining the
physical properties, such as elasticity, of molecular materials including
polymers® and DNA nanostar hydrogels®. More recently, bifurcated
knots have been found to occur naturally in proteins when disulfide
andionic bonds forminternal bridges between non-consecutive amino
acids, introducing bifurcations and generating so called 6-curves™.
Non-trivial (knotted) 6-curves formed through ionic bonds may play
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arolein protein active sites, whereas those formed through disulfide
bonds could beimportant for protein stabilization®’. Thus, the develop-
ment of new synthetictools to access knotted architectures containing
bifurcations will unlock new routes towards designing topologically
complex molecules with increased robustness.

In this work, we report the subcomponent self-assembly of bifur-
cated knot 3. Three different organic subcomponents assembled
together around Zn" ions to form 3, with each subcomponent bring-
ing specific properties that allow for the synthesis of the desired knot
in a two-step process. In the first step, the mismatch in lengths along
the two sides in rectangular subcomponent A precludes the forma-
tion of apseudo-cubicarchitecture and instead directs the assembly of
Zn"sL, framework 2. Architecture2 canbe considered asaZn",L; helicate
threaded throughaZn" L, triangular prism, where the 8 Zn"ions reside at
thevertices of adistorted elongated triangular bipyramid (the 14th John-
sonsolid®, /,,). The difunctional subcomponent Bused in the assembly
of2was designed to favour initialimine condensation at the 2-position,
leaving the aldehyde at the 5-position extending away from the vertex.
Thisselective functionalization creates termini that may be subsequently
linked together in a second step. Tris-aniline C was introduced in the
presence of the strongacid bis(trifluoromethane)sulfonimide (HNTf,) to
protonate the tertiary amine at the core of the subcomponent. We infer
this protonationtoresultinits hydrogen-bonding-driven preorganiza-
tioninto abowl-like conformation, optimal for capping cage vertices™.
Theacid mayalso play two further roles: catalysing imine bond formation
atthe vertex, and mitigating the risk of Zn"extraction fromarchitecture
2through protonation of the tertiary aminein C. This second step trans-
forms the structure into a closed organic strand woven around eight
templating metal centres, providing an 89% yield of molecular knot 3,
which integrates eight additional bifurcations.

Zn";L,framework1

The framework for the knot described herein, without the uncondensed
aldehyde groups extending from each vertex, emerged duringinvestiga-
tionsinto the self-assembly behaviour of rectangular tetrakis-anilines.
The subcomponent A assembled with 2-formylpyridine and zinc(ll)
bis(trifluoromethanesulfonyl)imide (triflimide, "NTf,) in acetonitrile
toyield metal-organic architecture 1 (Fig. 1).

Single crystals of 1 suitable for X-ray diffraction (XRD) analy-
sis were grown by vapour diffusion of benzene into a nitromethane
solution of 1-(NTf,),, containing excess "Bu,-ClO, ("Bu = n-butyl). The
solid-state structure was solved by single-crystal XRD at the Diamond
Light Source Synchrotron, revealing a [Zn"L,]'*** metal-organic archi-
tecture (Supplementary Fig. 66), where the 8 Zn" centres occupy the
vertices of adistorted elongated triangular bipyramid, the 14th Johnson
solid® (J,,) (Fig.1c).

Six of the eight fac Zn" centres have the same handedness, describ-
ing a distorted triangular prism. In Fig. 1, these Zn" centres have A
handedness and are coloured orange. Three L units, which form
by the condensation of tetrakis-aniline A with four equivalents of
2-formylpyridine, define the three quadrilateral faces of the Zn" L,
distorted triangular prism and are shown in blue. The remaining two
Zn" vertices exhibit the opposite handedness to the six Zn" centres
describing the prism and are coloured purple. These two Zn" centres
are bridged by the long axes of three additional L* ligands (coloured
grey), forming an inner Zn",L, helicate. The remaining pyridyl-imine
bindingsites onthe three helicate-formingligands chelate Zn" centres
within the outer Zn"(L, distorted triangular prism. All eight Zn" centres
within 1 are thus chelated by three pyridyl-imine ligands and have
pseudo-octahedral coordination geometries.

The signals in the high-resolution mass spectrometry (HRMS) of
1 (Fig. 1b and Supplementary Figs. 30 and 31) correspond well to the
expected ones for aZn"gL-(NTf,)c architecture. The’H NMR spectrum
(Fig. 1b and Supplementary Figs. 20 and 21) of 1 contains up to four
times the number of signals expected for the free ligand, assuming

free rotation about C-C bonds, indicating the presence of four mag-
netically distinct ligand arm environments within1. The HRMS and 'H
NMR spectroscopy datafor1are thus consistent with the X-ray crystal
structure, where each of the two distinct ligand environments, coloured
differently in Fig. 1, contains two distinct types of ligand arm.

Inpreviously reported Zn"sL, pseudo-cubic architectures, the short
andlongaxes of rectangular tetrakis-aniline subcomponents must con-
verge at the same edges of the polyhedron, generating mismatches®.
X-ray crystallographic analysis of 1 revealed that no such mismatched
edges were present. The mean N---N distance between imine nitrogens
along the long axis of Ais 20.6 + 0.3 A, whereas along the short axis it is
12.1+ 0.1 A. Although there are two distinct ligand environments—the
outer faces of adistorted triangular prismand theinner strands of atriple
helicate—the small standard deviations for the values of N---N distances
indicate that the ligands arrange themselves within 1so as to minimize
N-.-Ndistance differentials. We infer that the magnitude of the difference
in N-.-N distances between the long and short axes of subcomponent
A within 1 precludes the incorporation of mismatches between these
different axes at polyhedron edges, thereby preventing pseudo-cube
assembly. Such pseudo-cubes would incorporate too much strain.

The preference for structure 1to exhibit the geometry observed
may stem from the absolute difference in N---N separations along dis-
tinct axes of A. Asmaller A(N---N) would make the centre of the Zn" L,
triangular prism subunit too narrow to accommodate the Zn",L, heli-
cate core. By contrast, alarger A(N---N) could render the Zn"L, prism
toowide for the short axis of tetrakis-aniline A to bridge betweena Zn"
centrein the helicate and aZn" centre in the prism.

Rotatable C-C bonds in the tetraphenyl backbone of tetrakis-
aniline Aimbue the resulting L* ligands with conformational flexibility
relating to the twist along their long axis. The ligands panelling the
three quadrilateral faces of the Zn"L, triangular prismatic subunit
exhibited ameantwist of 25 + 6° (Fig.1d, left), calculated as the dihedral
angleshownin Fig.1d. The ligands that form the Zn", L helicate subunit
have a much greater twist of 73 + 5° (Fig. 1d, right). We thus infer the
ability of the ligand to adopt conformations with differing degrees
of twist to play acrucial rolein directing the assembly of structure 1.

To further investigate the structural preference observedin1,
computational models of isostructural architectures were gener-
ated for a series of rectangular tetrakis-anilines using an automated,
high-throughput structure generation workflow>® (Supplemen-
tary Section 4). These structures were constructed with stk** and
geometry-optimized through a workflow involving UFFAMOF> ¥ in
GULP?***? and finally GFN2-xTB***. Using this approach, for a given
tetratopicbuildingblock, the relative strains were evaluated between
differentisomers of pseudo-cubes versus the structure type observed
for architecture 1 (Supplementary Fig. 72 and Table 4). Notably, for
subcomponentA, architecture 1emerged as the lowest-energy struc-
ture. The structure of 1 generated computationally showed excel-
lent agreement with the crystal structure (Supplementary Fig. 69).
For the other tetratopic subcomponents examined computation-
ally, pseudo-cubic architectures were more energetically favour-
able than the corresponding structure 1 analogues, as has been
observed experimentally™®.

Preparation of abifurcated knot
The Zn";L, scaffold in architecture 1is a bifurcated metalla-knot,
where the metalions form part of the knotted strand. Several elegant
metalla-knots have been reported*”*, but their design does not provide
apathway for their conversioninto wholly organic strands. The strategy
developed here and outlined in detail below allows for the topology
of the parent metalla-knot to be conserved as awholly organic strand.
This method could enable the conversion of a variety of entangled
metallo-supramolecular structures into fully organic analogues.
Examination of the crystal structure revealed that tying together
the three ligand arms coordinating the same metal centre at each of
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Fig.1|Synthesis and characterization of structure 1, including its single-
crystal structure and variable ligand twist angle measurements.

a, Subcomponent self-assembly of metal-organic architecture 1. The schematic
depiction of 1is based on its X-ray crystal structure. b, Partial 'HNMR (700 MHz,
CD,CN, 298 K) and HRMS spectra of 1. ¢, Two views of the X-ray crystal structure
of metal-organic architecture 1. Solvent, counterions, disorder and hydrogen
atoms are omitted for clarity. d, Ligands integrated into the Zn",L, triangular
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prism subunit (left) and the Zn",L, helicate subunit (right), respectively,
extracted from the X-ray crystal structure of 1. The twists in the ligands are
described by the mean dihedral angles indicated. Errors correspond to the
standard deviations between crystallographically distinct ligands. Zn", orange
(fac-A stereochemistry) and purple (fac-A stereochemistry); N, blue; C, light blue
or grey, coloured depending on the ligand environment.

the eight vertices in structure 1 would yield a topologically intricate
bifurcated knot. This structure incorporates an unprecedented 20
bifurcatedjunctions alongside three classical crossing pointsinanew
topology. However, past methods that have enabled tying functional-
ized molecular strand termini together, which have been successfully
used in the synthesis of other knotted molecules'®", were unsuitable
here. For example, olefin metathesis can tie two strands together',
whereas the formation of this structure required the simultaneous
tying of three molecular strands.

Dynamicimine chemistry hasbeen used for the one-pot synthesis
of molecular knots**™* and for the conversion of preformed scaffolds
intointerlocked organic molecules viaimine exchange, which generally
involves the replacement of amonotopic amine withamultitopic (often
ditopic) amine®*. Using analogous one-pot and imine exchange strate-
gies to yield structure 1as a wholly organic strand would require the
use of atritopic 2-formylpyridine-based subcomponent. The challenge
of designing and synthesizing a tris-2-formylpyridine subcomponent
with asuitable geometry and flexibility to cap the vertices of structure
1would present a challenge for both approaches. Furthermore, in the
case of aone-pot strategy involving the combination of tetrakis-aniline
A and a tris-2-formylpyridine subcomponent, selectively forming a
discrete structure over polymeric species may pose a further challenge.
For imine exchange, the replacement of individual 2-formylpyridine
units with the multitopic 2-formylpyridine derived subcomponent
would be required in the present case. However, imine exchange
involving the replacement of one 2-formylpyridine for another has

proved more challenging to control for subcomponent self-assembled
metal-organicarchitectures®® than the exchange of one amineresidue
for another, asitinvolves greater structural disruption.

We thus devised atwo-step synthetic strategy to access the desired
bifurcated knot (Fig. 2), distinct from extensions of the one-pot and
imine exchange methods discussed above. In the first step, dialde-
hyde subcomponent Bwasincorporatedin place of 2-formylpyridine,
enabling the assembly of an aldehyde-functionalized analogue of
architecture 1. We proposed that the asymmetry of subcomponent B
would drive selective imine bond formation at the carbonyl adjacent to
the pyridine nitrogen as aresult of metal templation and the enhanced
electrophilicity bestowed by proximity to the pyridine nitrogen. The
aldehyde at the 5-position would thus remain unreacted, facilitating
vertex-capping in the second step by a triamine. This vertex-capping
would result in the desired tying together of the three ligands con-
verging at the same Zn" cation, yielding a wholly organic structure
containing the targeted 20 bifurcated junctions and three classical
crossing points. Eight of the bifurcated junctions in the organic strand
areinstalled during the vertex-capping step, while the other 12 bifur-
catedjunctionsin the organicstrand and 3 crossing points were already
present within the metalla-knot.

The subcomponent self-assembly of tetrakis-aniline
A, pyridine-2,5-dicarbaldehyde (B) and Zn(NTf,), yielded metal-organic
architecture2.NMR spectra (Fig.2b and Supplementary Figs. 32,33 and
37) and HRMS data (Supplementary Figs. 42 and 43) indicated that 2
was isostructural to 1, with three additional uncondensed aldehydes
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Fig. 2| Synthesis and characterization of architectures 2 and 3. a, Synthetic
route to structures 2 and 3; the atom colouring is the same as in Fig. 1, with the
addition of C: orange for the caps. The MM3 models of structures 2 and 3 were
constructed from the crystal structure of architecture 1. b, "H NMR and diffusion-
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ordered spectra (400 MHz, CD;NO,, 298 K) of architecture 2. ¢,'"H NMR and
diffusion-ordered spectra (400 MHz, CD;NO,, 298 K) of bifurcated knot 3. RT,

roomtemperature.
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Fig. 3| Cartoon representation of bifurcated knot 3 and tracing of the
3,-trefoil knot motif within. a, Top: MM3 model of 3 based on the crystal

and G, (right) axes. b, Top: the dashed red pathillustrates the 3,-trefoil knot
present within 3, with additional branches shown as faded strands. Bottom:

cartoon model of a 3,-trefoil knot.

structure of 1. Bottom: cartoon representations of its bifurcated knot topology,
with the shortest continuous path length of 524 atoms, as seen down the G, (left)
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Fig. 4 |Breakdown curves for structures 2 and 3 and their respective gMS?>
spectra. a, gMS? experiments were conducted to afford breakdown curves for
structures 2 and 3 (Supplementary Section 5). Survival yield (SY; %) is plotted as a
function of the centre-of-mass collision energy (E...; €V). For each fragmentation
curve, three runs were conducted, with the mean values plotted (n =3

X Structure 2
X Structure 3

14

In[(1 - SY)/SY]

24 X

-3

-4 T T T T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6

cm

90V

80V

70V

AAAAAA | 60V
[ 50V
[ 40V
7 l 30V
[ 20V
[ 0V

ov

T T T
500 1,000 1,500 2,000

m/z
independent experiments). Error bars correspond to the standard deviations
betweenruns. b, Linearizing the breakdown curves in a affords plots where the x

intercept corresponds to the energy required for 50% dissociation (CEs,) of the
parention. ¢, gMS?spectra for structure 2. d, gMS?spectra for structure 3.

protruding from each of the eight Zn" vertices. The subsequent addi-
tion of triamine Cto 2, in the presence of 1.5 equivalents of HNTf, per
triamine, yielded bifurcated knot 3. Notably, attempts to perform this
transformation in the absence or with substoichiometric amounts of
acid failed toyield 3 (Supplementary Fig. 59).

'H NMR spectroscopy (Fig. 2c and Supplementary Figs. 44 and
45) revealed the disappearance of the four signals characteristic of
the aldehyde environmentsin 2, alongside the emergence of four new
signals for the imines of 3 (Supplementary Fig. 49), indicating thereten-
tion of symmetry. HRMS signals (Supplementary Figs. 55 and 57) also
werein excellentagreement with the expectedisotopic patterns for 3.

Ourapproachproceededwithhighyield (roughly 90%) and directly
incorporated bifurcations into the final structure, thus complementing
and building on previous methods for tying molecular strands'**>'¢,

From a topological perspective, the shortest continuous path
around bifurcated knot 3 (Fig. 3a) consists of aclosed loop of 524 atoms
woven around 8 templating Zn"ions, featuring 3 crossing points and 20
bifurcated junctions. Structurally, 3 can be viewed as a 3,-trefoil knot
with additional branches, asillustrated in Fig. 3.

Gas-phase quantification of stability

Our capping strategy covalently ties three ligand arms together at
each vertex. To quantify the degree to which this structural modifi-
cation stabilizes the resulting architecture, gradient tandem mass

spectrometry (gMS?) experiments (Fig. 4c¢,d) were run to determine the
collision energiesrequired to dissociate bifurcated metalla-knot 2 and
covalently linked bifurcated knot 3*. The 7+ peaks for each complex
were selected and isolated within the quadrupole. These ions were
then exposed to increasingly higher voltages in the trap cell, result-
ing in decomposition through collision-induced dissociation with
residual argon gas. A 50% reduction in signal intensity for 2was found
tooccurat23.9 + 0.095V, corresponding to a centre-of-mass collision
energy of 0.660 + 0.003 eV (Fig. 4a,b). By contrast, structure 3 did not
reach a 50% reduction in intensity until a trap voltage was applied of
67.500+0.276 V, corresponding to a centre-of-mass collision energy
0f1.440 £ 0.006 eV.

For 3, the combination of both dynamic-covalentimine bonds and
Zn"coordination holds the structure together, as opposed to only Zn"
coordination in 2. This difference results in more than twice as much
energy being required to dissociate 3 than 2. These collision-induced
dissociation measurements thusindicate that covalent capping trans-
lated the topological complexity of 3 into greater robustness.

Extending Alexander-Briggs notation

We anticipate that more highly entangled bifurcated structures willbe
reported in the coming years, as the methods introduced herein and
other recent synthetic developments®“ find greater use. This class
of materials thus needs astandardized nomenclature to classify these
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structures and identify their topological characteristics. Here we pro-
pose anextension of the Alexander-Briggs notation®” thatallows fora
description of topological complexity extending beyond the number of
crossing points by including aterm that summarizes the total number
of junctions (/) in the structure, and their degree of branching (m):

(Co-Jmx) ()]

Inthis notation, Cis the number of classical crossings, nthe num-
berintheseries,/the number of junctions, m the degree of branching
(for example, bifurcation is 2, and trifurcation is 3) and x the order in
theseries. C,denotes the highest-order knot that canbe traced within
the overall topology without repeating paths or junctions. Figure 3b
shows that a 3,-trefoil knot can be traced through bifurcated knot 3;
thus C,is 3, for structure 3.

For structure 3, the notation reads (3,, 20,,). This notation is
intended to facilitate direct structural comparisons between differ-
ent classes of highly entangled materials, such as perplexanes®, trefoil
tetrahedra® and other knotted molecules containingjunctions®**. For
amore detailed discussion of this notation and examples of itsimple-
mentationto structuresintheliterature, see Supplementary Section 6.

Conclusion

Alarge enough edge-length mismatchin tetrakis-aniline subcomponent
Athus precludes the assembly of a pseudo-cubic architecture, instead
directingassembly of Zn"gL, structure 2 with a distinct geometry, com-
prising a triple helicate threaded through the centre of a triangular
prism. The terminal aldehydes extending from the vertices of archi-
tecture 2 facilitate vertex-capping with a geometrically compatible
tris-aniline, ultimately yielding a bifurcated knot (3). This two-step
strategy establishes a synthetic approach for simultaneously tying
three molecular strand termini, thus granting access to a previously
inaccessible topology. Many distinct types of metal-organic architecture
have beenreported using the combination of multitopic amine-based
and monotopic 2-formylpyridine-based subcomponents, with many
more possible. The ability to convert such metal-organic architectures
intowholly organic analogues allows for the synthesis of molecules with
substantially enhanced robustness. Furthermore, the ability to intro-
duce organicbifurcated junctions within aknotted framework will allow
for the synthesis of more complex entangled molecules and materials.

Methods

Self-assembly of 1

To a mixture of tetrakis-aniline A (5.1 mg, 7.6 pmol, 1.0 equiv.) and
Zn(NTf,), (6.9 mg, 11 umol, 1.4 equiv.) in deuterated acetonitrile
(0.6 ml), 2-formylpyridine (3.0 pl, 32 umol, 4.1 equiv.) was added. The
reaction mixture was heated at 70 °Cfor 23 h. The reaction mixture was
allowedto cooltoroomtemperature, filtered through a glass fibre filter
paper plugand concentrated to asmall volume. Diethyl ether (8 ml) was
addedtoinduce precipitation. The solid was washed with diethyl ether
(3 x 8 ml) and the product 1-(NTf,),, was obtained as a yellow-orange
solid (12.6 mg, 1.10 pumol, 85%).

Self-assembly of 2

Toasolution of subcomponent B (13.7 mg, 101 pmol, 4.50 equiv.) and
Zn(NTf,), (20.6 mg, 32.9 pmol, 1.50 equiv.) in CH,CN (3.80 ml), a sus-
pension of subcomponent A (15.1 mg, 22.5 umol, 1.00 equiv.) in CH,CN
(3.80 ml) was added dropwise at room temperature with vigorous
stirring. The reaction mixture was heated at 80 °C for 24 h. The solu-
tion was allowed to cool to room temperature, filtered through glass
fibrefilter paper and concentrated (to roughly 3-4 ml) using astream
of N,(g). Et,0 (roughly 10 ml) was added, and the orange precipitate
was collected by centrifugation. The precipitate was washed with
Et,0 (3 x 10 ml) and 2:(NTf,),, was obtained as an orange solid (31.7 mg,
2.68 umol, 71%).

Self-assembly of 3

Toasolution of structure 2 (21.5 mg, 1.82 pmol, 1.00 equiv.) in CH;NO,
(2 ml), a premixed solution of C (7.35 mg, 17.4 pmol, 9.60 equiv.) and
HNTTf, (7.34 mg, 26.1 umol, 14.4 equiv.) in CH;NO, (1 ml) was added
dropwise with vigorous stirring at room temperature. The mixture
was stirred for 16 h under ambient conditions, filtered through glass
fibre filter paper and Et,O (roughly 5 ml) was added. The precipitate
was separated by centrifugation and washed with Et,0 (10 ml), 10%
CH;NO,:Et,0 (10 ml) and Et,0 (10 ml). 3-(NTf,),,-(HNTf,)s was obtained
asanorangesolid (27.5 mg, 1.61 pmol, 89%).

Data availability

Data for this paper, including structure files and properties, are
available via Zenodo at https://doi.org/10.5281/zenodo.17589446
(ref. 55). Crystallographic data for the structures reported in this paper
have been deposited at the Cambridge Crystallographic Data Centre
(CCDC), under the deposition numbers 2497146 (architecture 1) and
2536280 (architecture 5). Copies of these data can be obtained free
of charge via www.ccdc.cam.ac.uk/data_request/cif. Source data are
provided with this paper.

Code availability

The code used to generate the structures is available via GitHub at
https://github.com/andrewtarzia/sca_cage_assembler/tree/spindles-
productionandviaZenodo at https://doi.org/10.5281/zenodo.17999611
(ref. 56).
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