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The appeal that interlocked molecular assemblies and
intertwined superarchitectures holds for chemists is reflected
in the extensive literature[1] devoted to the construction and
characterization of such systems. A natural development is
the fabrication of interwoven[2] supermolecules and supra-
molecular arrays by the noncovalent oligomerization/poly-
merization[3] of self-complementary (plerotopic[4]) monomer-
ic species. An approach that offers much potential involves[5] a
plerotopic macrocyclic monomer that can oligomerize or
polymerize through noncovalent bonds. However, this mono-
mer must be designed in such a way that its two comple-
mentary sites are compelled to recognize each other in an
intermolecular,[6] rather than an intramolecular,[7] sense; that
is, the plerotopic monomer must be prevented from ªbiting its
own tailº and encouraged to form a ªdaisy chainº[8] instead
(Figure 1).

Experimental Section

1: tBuSSiMe3 (0.53 mL, 2.7 mmol) was added to a suspension of
[Fe(CO)4(HgCl)2] (0.43 g, 0.67 mmol) in toluene (20 mL) at room temper-
ature. A yellow powder precipitated immediately, and the solution turned
yellow within two days. After three days orange needles of 1 were formed
in the solution (yield 45%).

2 : tBuSSiMe3 (0.18 mL, 0.9 mmol) was added to a suspension of
[Fe(CO)4(HgBr)2] (0.34 g, 0.47 mmol) in toluene (20 mL) at room temper-
ature. The brown solution was layered with n-heptane and after two weeks
small orange crystals of 2 were formed together with a black-brown
precipitate (yield 15 %).

3 tBuSSiMe3 (0.27 mL, 1.4 mmol) was added to a suspension of
[Fe(CO)4(HgBr)2] (0.50 g, 0.7 mmol) in toluene (20 mL) at room temper-
ature. Within a few weeks, a light brown precipitate and orange crystals of
3 were formed from the yellow-brown solution (yield 30%). Satisfactory
elemental analyses (Hg, Fe, C, and H) were obtained for 1 ± 3.
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When this hurdle has been surmounted, another issue has to
be addressed: Will the self-complementary monomer oligo-
merize noncovalently to form a discrete daisy-chain-like
supramolecular macrocycle, or will it polymerize noncovalent-
ly[2b] to generate a macromolecular daisy chain?

An inspection of molecular models convinced us that 1-H�,
a dibenzo[24]crown-8 (DB24C8) derivative bearing a secon-
dary dialkylammonium[9] sidearm, would be a suitable plero-
topic monomer for an initial investigation. The question then
posed was: would 1-H� self-assemble[10] to generate macro-
cyclic supramolecular oligomers or acyclic supramolecular
polymers (Scheme 1); that is, would the self-complementary
cation 1-H� congregate into supermolecules or supramolec-

Scheme 1. Cartoon representations of the viable types of self-assembled
superarchitectures that can be created from the plerotopic 1-H� cation.
A) The supramolecular association of a finite number of 1-H� monomer
units in a cyclic fashion generates oligomeric daisy-chain-like macrocycles.
B) The noncovalent polymerization of an infinite number of 1-H�

monomer units furnishes a supramolecular array that is commensurate
with a macromolecular daisy chain.

ular arrays?[11] Here we describe the synthesis of cation 1-H�

and its characterization as a dimeric supramolecular macro-
cycleÐthe smallest daisy chain imaginableÐin both the gas
phase and the solid state by mass spectrometry and X-ray
crystallography, respectively.

Scheme 2 outlines the synthesis of 1-H� as its hexafluoro-
phosphate salt. The requisite aldehydic precursor of 1-H ´ PF6,
(2-formyl)dibenzo[24]crown-8 (2), was prepared in 17 %
overall yield from 3,4-dihydroxybenzaldehyde, catechol, and
triethylene glycol monotosylate.[12] Reductive amination of 2
with benzylamine furnished 1, which was transformed into 1-
H ´ PF6 by protonation with hydrochloric acid followed by
counterion exchange from chloride to hexafluorophosphate.

The liquid secondary ion (LSI) mass spectrum[13] of
1-H ´ PF6 revealed intense peaks at m/z� 1281 and 1135,
corresponding to the creation of dimeric supermolecules in
the gas phase. These peaks can be identified as the supra-
molecular ions [(1-H)2(PF6)]� and [(1-H)(1)]� , respectively,
and indicate the aggregation of two monomer units. Interest-
ingly, the peak at m/z� 1135 is the base; it is approximately
twice as intense as the peak at m/z� 568, which corresponds
to [1-H]� . However, the isotope peaks were separated by 0.5
mass units around this lower mass peak, thus providing
evidence for the existence of the doubly charged dimer [(1-
H)2]2� in the gas phase. Moreover, the fact that no higher
order oligomers could be detected in the mass spectrum
confirmed the integrity of the dimer in the gas phase.[14]

In accord with the LSI-MS studies, the X-ray crystallo-
graphic analysis[15] of 1-H ´ O2CCF3 (Figure 2) reveals the
formation of a two-component daisy-chain-like supermacro-
cycle, possessing C2 symmetry,[16] in which the NH�

2 -contain-
ing sidearms of each component are threaded simultaneously
through the complementary DB24C8 recognition sites of their
counterparts. This supermolecule is stabilized by a combina-
tion of p ± p stacking between the NH�

2 -bearing catechol rings
(interplanar separation 3.36, centroid ± centroid separation
3.55 �) and hydrogen bonds involving one of the hydrogen
atoms on each NH�

2 group and a polyether oxygen atom from
each DB24C8 component (N� ´ ´ ´ O 2.91, H ´´´ O 2.02 �; N�-
H ´´ ´ O 1708).

An investigation of the packing of the supermolecules
(Figure 3) reveals the formation of a mosaiclike[17] sheet
composed of enantiomeric dimer pairs [(1-H)2]2�. This supra-
molecular sheet self-assembles in one direction by face-to-
face p stacking of the terminal phenyl groups of each
monomer (interplanar separation 3.62, centroid ± centroid
separation 3.73 �), supplemented by edge-to-face interac-
tions between these pairs of interacting terminal rings and the

Scheme 2. Synthesis of the plerotopic salt 1-H ´ PF6. Ts� p-toluenesolufonyl, DMAP� 4-dimethylaminopyridine.

Figure 1. Cartoon representation of a supramolecular daisy chain.
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Figure 2. The crystal structure of the supermolecule [(1-H)2]2�, which may
be classed as a [c2]daisy chain (c designates[8] that the daisy chain is cyclic,
while the 2 symbolizes the number of components of which it is composed).
Top: Ball-and-stick representation. Bottom: Space-filling representation.
Blue: Secondary dialkylammonium sidearms; magenta: sidearm-bearing
catechol rings; red: polyether loops and unsubstituted catechol rings.

Figure 3. Space-filling representation of the mosaiclike sheet comprised of
enantiomeric [(1-H)2]2� supermolecules.

immediately adjacent unsubstituted catechol rings of contig-
uous dimer pairs (centroid ± centroid separation 5.06 �, rings
being inclined by 838 to each other). Neighboring rows of
supermolecules are then aligned such that pairs of the OCH2

hydrogen atoms within the polyether linkages in one p-
stacked row are directed from above and below into the p

faces of the already p ± p stacked substituted catechol rings
within each dimer (H ´´´ p 2.69 �, C-H ´´´ p 1618). Channels
which are populated by CF3COÿ

2 counterions and CF3CO2H
molecules are created between each sheet.

The self-assembly of the finite [c2]daisy chain [(1-H)2]2�

demonstrates[18] that it is extremely difficult to overcome the
enthalpic and entropic costs of generating infinite supra-
molecular arrays in noncovalent syntheses which operate

under thermodynamic control. Nevertheless, the research
presented here is an initial step along the road to a novel
range of molecular and supramolecular polymers. By way of
illustration, one can envisage functionalized [c2]daisy chain
superarchitectures undergoing condensation polymerization
reactions with difunctional spacer units to generate novel
mechanically interlocked molecular polymers.[19] Moreover, it
can be imagined that replacement of the 1-H� cation�s
substituted catechol unitÐwhich is involved in stabilizing
p ± p stacking interactions in the supermolecule [(1-H)2]2�

(see above)Ðwith a bulky, sterically cumbersome unit, that
cannot enter into p ± p stacking interactions, could lead to the
supramolecular syntheses of acyclic [a1 ]daisy chain supra-
molecular polymers that are composed of an infinite number
of monomer units. Indeed, it may be that the ªstopperingº[20]

of such species could lead, ultimately, to unique mechanically
interlocked polymers,[19] namely, macromolecular daisy
chains.

Experimental Section

2 : Reaction of 3,4-bis[2-(2-(2-(2-p-toluenesulfonyloxy)ethoxy)ethoxy)-
ethoxy]benzaldehyde[21] (8.43 g, 11.9 mmol) with catechol (1.31 g,
11.9 mmol) in the presence of Cs2CO3 (19.30 g, 59.3 mmol) in DMF
(700 mL) at 100 8C furnished, after standard extractive workup with PhMe
and 1n HCl, a crude product, which was subjected to column chromato-
graphy (SiO2; gradient elution with EtOAc/MeOH, 100/0!95/5). The
ensuing material was recrystallized from EtOAc/nC6H14 to provide 2
(2.31 g, 41%) as a white solid. M.p. 105 ± 107 8C; 1H NMR (300.1 MHz,
CDCl3, 20 8C): d� 3.82 ± 3.85 (m, 8H), 3.89 ± 3.97 (m, 8 H), 4.12 ± 4.24 (m,
8H), 6.83 ± 6.90 (m, 4 H), 6.93 (d, J� 8.1 Hz, 1H), 7.37 (d, J� 1.8 Hz, 1H),
7.42 (dd, J� 8.1, 1.8 Hz, 1 H), 9.81 (s, 1 H); 13C NMR (75.5 MHz, CDCl3,
20 8C): d� 69.4, 69.5, 69.7, 70.0, 71.3, 71.4, 71.5, 111.1, 111.9, 114.0, 121.4,
126.8, 130.2, 148.9, 149.2, 154.3, 190.9; MS (LSI): m/z� 477 [M�H]� ; calcd
for C25H32O9 (476.5): C 63.01, H 6.77; found: C 63.12, H 6.54.

1-H ´ PF6: Reductive amination of 2 (1.50 g, 3.2 mmol) with PhCH2NH2

(0.34 g, 3.2 mmol) by standard procedures[2b, 9] afforded the amine 1 (1.42 g,
79%) as a pale yellow oil [1H NMR (300.1 MHz, CDCl3, 20 8C): d� 3.71 (s,
2H), 3.77 (s, 2H), 3.82 (s, 8 H), 3.88 ± 3.93 (m, 8H), 4.11 ± 4.17 (m, 8H),
6.78 ± 6.91 (m, 5H), 7.20 ± 7.34 (m, 7H)]. According to a typical protocol,[9] a
portion of 1 (0.47 g, 0.8 mmol) was then allowed to react with 5n HCl
(50 mL) to furnish, after counterion exchange with NH4PF6, 1-H ´ PF6

(0.55 g, 93 %) as a white powder. M.p.> 210 8C (decomp); 1H NMR
(300.1 MHz, (CD3)2SO, 20 8C): d� 3.68 (s, 8H), 3.74 ± 3.83 (m, 8 H), 4.04 ±
4.16 (m, 12 H), 6.86 ± 6.99 (m, 4H), 7.02 (s, 2H), 7.13 (s, 1H), 7.47 (br s, 5H),
9.09 (br s, 2H); 13C NMR (75.5 MHz, (CD3)2SO, 20 8C): d� 49.9, 50.0, 68.7,
69.0, 69.1, 70.4, 113.5, 114.0, 115.4, 121.1, 123.0, 124.2, 128.7, 129.0, 129.9,
132.0, 148.2, 148.4, 148.9; MS (LSI): m/z� 1135 [2MÿHPF6ÿPF6]� ; calcd
for C32H42NO8PF6 (713.6): C 53.86, H 5.93, N 1.96; found: C 53.60, H 5.84, N
2.05.
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