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Two homologues of supramolecular Borromean rings were

obtained based on the halogen-bonding-driven self-assembly of

iodide ions with telechelic diiodoperfluoroalkanes.

The Borromean system represents one of the most intriguing

patterns of entanglement because of its complexity, structural

integrity and aesthetic beauty.1 The three rings taken together are

inseparable, but remove any one ring and the other two fall apart.

Because of this property, Borromean rings have been used as a

symbol of ‘‘strength in unity’’ in many fields. In chemistry, the

Borromean linking of three rings is one of the most challenging

synthetic targets generated from molecular graphs of complex

topology. Since the 1960s, chemists have made considerable efforts

towards realizing Borromean links in molecular form. Seeman

et al.’s manipulation of DNA sequences resulted in the first

example of molecular Borromean rings in 1997,2 while the smallest

molecular Borromean link recently resulted from an all-in-one

classical synthetic strategy.3

To the best of our knowledge, only a handful of supramolecular

architectures comprising of three-fold entangled (6,3) layers and

exhibiting Borromean links have been reported.4,5 These archi-

tectures have been assembled by means of a variety of building

blocks and non-covalent interactions, including, among others,

metal coordination,5a–d halogen bonding (XB),5e and argentophilic

interactions.5f However, none of these structures were pro-

grammed in terms of their Borromean-type connectivity. We

report now the first case of applying tools of metric engineering to

the prediction, design and synthesis of this fascinating class of

interwoven supramolecular architectures.

The concept of metric engineering has been adopted in the

literature for describing the prediction of the overall structural

pattern of crystalline aggregates, independently of the size and

nature of their single starting modules.6 The weak nature of the

intermolecular interactions, which drive self-assembly processes,

makes the prediction of the resulting architectures in general, and

their topology more specifically, quite hard. Nevertheless, several

examples of successful prediction and control of the metrics of

supramolecular crystal lattices have been reported by employing

metal coordination-,7 hydrogen bonding-,6,8 and XB-driven9 self-

assembly processes.

The term XB defines any non-covalent interaction that involves

halogens as acceptors of electron density.10 Thanks to its high

strength and directionality, which are ideal features for the rational

design of crystal structures, XB has recently proved to be an

effective tool for dictating self-assembly processes and given rise to

sophisticated supramolecular architectures. Moreover, XB is

particularly tailored to haloperfluoroalkane (haloPFA) self-

assembly. The carbon frameworks of these molecules typically

adopt distorted, all-trans, rigid, rod-like conformations that

account for their stiffness and propensity to align as parallel bars.

This allows the engineering of XB-based crystal structures whose

metrics can be carefully tuned, simply by choosing perfluoroalkyl

chains of different lengths.9 We report here a successful application

of this strategy to the design and synthesis of supramolecular

architectures as complex as Borromean rings. XB drives the self-

assembly of naked iodide ions with a,v-diiodoPFAs to give infinite

honeycomb-like (6,3) sheets whose metric sizes are tuned by

varying the lengths of the diiodoPFAs used. In two of the four

homologue structures reported, three different (6,3) sheets are

entangled through n-Borromean links.

We reported5e how K.2.2.2. (1) and potassium iodide (KI, 2)

self-assemble with 1,1,2,2,3,3,4,4-octafluoro-1,4-diiodobutane (4)

and 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-hexadecafluoro-1,8-diiodooctane

(6) and give rise to the three-component supramolecular complexes

8 and 10 (Scheme 1) thanks to the synergic metal endo-

coordination by K.2.2.2. (1) and anion exo-coordination by the

diiodoPFAs 4 and 6. In both structures 8 and 10, iodide ions

behave as pyramidal tridentate XB acceptors, bridging three

different iodine atoms belonging to three distinct perfluoroalkyl

chains, which, in turn, act as bidentate and telechelic XB donors.

This connectivity around the iodine atoms translates in both

structures into infinite and highly undulating 2D honeycomb-like

sheets, topologically equivalent to (6,3) networks. Each hexagon is

defined by six I2 ions (vertexes) and six diiodoPFAs (sides). The

six I2 ions are non-coplanar as the hexagon adopts approximately

a chair conformation.
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Scheme 1 Formation of the three component supramolecular complexes

7–10 through synergic K+ cryptation by K.2.2.2. and I2…I–C XB.
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It is more useful to describe the six I2 ions as forming the

vertexes of two triangles:5f one triangle is defined by the I2 anions

at positions 1, 3 and 5, while the second triangle is defined by the I2

ions at positions 2, 4 and 6 (Fig. 1). These two triangles are parallel

to one another and, as a function of the PFA chain length, their

relative distance is 11.618 and 15.529 s in 8 and 10, respectively.

In the packing of 8, some voids are present (see ESI, Fig. S2{)

and neither interpenetration nor Borromean link formation is

observed. Complex 10, which is comprised of the longer PFA 6

and consequently has a larger separation between the two triangles

defined by the alternating I2, also shows some voids and presents

fluorinated layers wherein three separate honeycomb-like sheets

entangle to give n-Borromean links (Fig. 2b). It is, in fact, well-

known that when coordination polymeric complexes form large

3D holes, the structures usually interpenetrate to satisfy close

packing. We reasoned that, thanks to the stiffness of haloPFAs

and the robustness of XB, the architecture formed upon self-

assembly of a diiodoPFA shorter than 4 should show the same

(6,3) network as 8. More interestingly, the architecture formed

upon self-assembly of a diiodoPFA shorter than 6 should preserve

both the (6,3) network topology and the Borromean entanglement

of 10. The modulation of the voids would contribute to the

anticipated maintenance of topologies.

To test these hypotheses, the supramolecular complexes 7 and 9

were investigated. They were obtained by reacting K.2.2.2. (1) and

potassium iodide (KI, 2) with 1,1,2,2-tetrafluoro-1,2-diiodoethane

(3) and 1,1,2,2,3,3,4,4,5,5,6,6-dodecafluoro-1,6-diiodohexane (5),

respectively, in ethanol (see ESI{) in a 1 : 1 : 1.5 molar ratio. The

structures of 7 and 9 were established through single-crystal X-ray

analyses of samples deposited over periods ranging from three to

five days.{ As in the larger analogues 8 and 10, in both 7 and 9, I2

ions behave as pyramidal tridentate electron donors and bridge

three different iodine atoms belonging to three distinct perfluoro-

alkyl chains (which act as bidentate and telechelic acceptors). The

values of the I2…I–PFA XB distances are 3.456 s (7) and 3.513 s

(9) (which correspond to reductions of about 17% (7) and 15% (9)

with respect to the sum of the van der Waals and ionic radii for I

(4.14 s)). The I2…I–C and –I…I2…I– angles are 166.12, 176.66

and 72.43u for 7, and 167.30 and 72.24u for 9. Concerning the PFA

modules 3 and 5, they behave as stiff connectors between two I2

ions, both adopting all-trans conformations. This coordination

mode around the I2 ions translates into infinite 2D honeycomb-

like (6,3) networks also found in 7 and 9. Once again, each chair-

shaped hexagon is defined by six non-coplanar I2 ions and six

diiodoPFAs, the separation between the triangles defined by the

co-planar I2 ions being 9.638 and 12.384 s in 7 and 9, respectively.

Thus, the (6,3) supramolecular networks of 7–10 are homologues,

differing in the chain length of the diiodoPFA used, which is

translated into the thickness of the hexagonal rings and the sheets

they form.

While in covalent chemistry homology is a well-established

concept and practice, in supramolecular chemistry, as a conse-

quence of the subtle interplay of weak interactions determining the

arrangement of modules, even the slightest change in the

assembling modules affects their overall supramolecular organiza-

tion. It is therefore particularly noticeable that in the fluorinated

layers of 9, three separate honeycomb-like networks are present

and entangle to form n-Borromean links, as in the case of 10

(Fig. 2a and Fig. 3). The chain of 1,6-diiodoperfluorohexane 5,

being shorter than the chain of the 1,8-diiodo analogue 6, means

that the weave of the Borromean rings in 9 is less thick (Fig. 4)

than in 10.

Fig. 1 A view down the crystallographic c-axis of a hexagonal ring of 10,

consisting of six I2 ions and six diiodoPFA 6; C: grey, F: green, I: purple,

XBs: dotted lines. Semi-transparent sky blue triangles indicate that

alternate I2 ions are non-coplanar.

Fig. 2 Space-filling representation (down the crystallographic c-axis) of one of the Borromean links of the honeycomb-like sheets defined by the …I2…I–

(CF2CF2)n–I… connectivity in the crystal structures of (a) 9 starting from 1,6-diiodoperfluorohexane 5 and (b) 10 starting from 1,8-diiiodoperfluorooctane

6. Three different colours have been used for highlighting the Borromean ring topology.
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A remarkable segregation of modules characterizes the overall

crystal packing of the ternary complexes 7 and 9, as in their

homologues 8 and 10. The low affinity existing between PFAs and

hydrocarbons results in the formation of alternating supercation

(K.2.2.2. , K+) and superanion (I2…I–PFA–I…I2) nanometric

layers (Fig. 3), which in all the cases extend in the (001)

crystallographic plane. The cation layers’ thickness in 7–10 is in

the range 4.136–4.935 s. The thickness of the fluorinated layers,

measured as the separation between the two triangles defined by

the alternating I2 (Fig. 1), depends on the chain’s length and

increases from 9.638 (7) to 11.618 (8), 12.384 (9) and 15.579 s (10).

Obviously, Borromean entanglement forms only when the length

of the diiodoperfluoroalkanes used reaches an optimum value

(corresponding to 5), allowing the required undulation of the (6,3)

network obtained. In all of the structures 7–10, the 1 , K+

supercations are located in order to fill lattice interstices and

accommodate trigonal prisms (distorted in the case of 8), wherein

the vertexes are the iodide anions. The basal edges of the trigonal

prism in 7–10 are nearly constant (varying in the range 11.740–

11.861 s) and depend only on the dimensions of the supercation.

The heights of the trigonal prisms correspond to the thicknesses of

the cations’ layers, as discussed above.

In conclusion, XB drives the self-assembly of naked iodide ions

with a,v-diiodoPFAs into n-Borromean rings whose metric size

can be tuned carefully by varying the length of the diiodoPFAs

used. We have presented the first case of the metric engineering

concept being applied to achieving control over the structures of

molecular graphs with topologies as complex as that of Borromean

rings. For the first time, two homologues of supramolecular

Borromean rings have been reported. The high strength and

directionality of XB, along with the stiffness of haloPFAs, may

represent a general, reliable and valuable strategy for the

prediction, design and realization of supramolecular networks of

complex topology.
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Fig. 3 A ball-and-stick view down the crystallographic a-axis of one of

the Borromean weaves in complex 9. Colours are as applied in Fig. 1.

Fig. 4 A ball-and-stick view down the crystallographic c-axis of an

infinite Borromean weave in the supramolecular complex 9.
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