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Over the past two decades a vast array of interlocked and
intertwined molecular compounds–specifically, catenanes,
rotaxanes, and knots[1]–have been assembled using supra-
molecular assistance (templation[2]) as the key element in
their synthesis[3] under either kinetic[4] or thermodynamic[5]

control. Although these synthetic protocols have been
implemented more recently for the construction of more
intricate variants, such as oligocatenanes,[6] molecular neckla-
ces,[7] and cyclic daisy chains[8] to name but a few, the

topological challenge of the de novo synthesis of Borromean
ring compounds[9] still presents a considerable hurdle to be
overcome. Our way of addressing this challenge is to employ
recognition motifs to create initially stable ring-in-ring super-
structures[10] which could serve as templates for subsequent
catenation. Here, we report 1) the design and noncovalent
synthesis of a prototype, mutually orthogonal, partially
preorganized, ring-in-ring complex, together with 2) the
solid-state characterization of the 1:1 complex in the context
of the X-ray crystal structures of its two separate ring
components, and 3) the solution-state behavior of the 1:1
complex.

Previously, we have shown[11] that bisparaphenylene[34]-
crown-10 (BPP34C10) can encircle two dibenzylammonium
(DBA�) ions simultaneously by locating the two NH2

� centers
6.9 ä apart in the polyether loops of BPP34C10 and relying
upon N��H ¥¥¥O hydrogen bonds to form a stable 1:2
(DBA��BPP34C10�DBA�) complex. Thus, it seemed not
unreasonable to us that BPP34C10 might also be able to
complex (Figure 1) with a suitably proportioned dicationic

Figure 1. Employing precedent in the design and synthesis of a proposed
1:1 complex formed between BPP34C10 and 1-2H2�, together with an
overlaid set of 70 co-conformations of BPP34C10 ¥ 1-2H2� sampled from
the last 70 ps of a 100-ps MD experiment.

macrocycle containing two NH2
� centers. After inspection of

the solid-state superstructure[11] of the 1:2 complex formed
between BPP34C10 and DBA�, and construction of CPK
space-filling molecular models, we concluded that the macro-
cycle 1-2H2� was a suitable candidate for further investiga-
tion. Our intuition was given a considerable boost by the
results of the molecular dynamics (MD) calculations.[12] They
predicted the existence of a stable co-conformation[13] in
which the BPP34C10 ring encircles the dicationic macrocycle,
such that the polyether loops surround the NH2

� centers,
namely, the 1:1 (BPP34C10� 1-2H2�) complex (illustrated in
Figure 1) might constitute a discrete supermolecule.

The synthesis (Scheme 1) of the dicationic macrocycle 1-
2H ¥ 2PF6 was achieved by employing a bis-Wittig reaction in
the key cyclization step. The bisphosphonium salt[14] 2-H ¥
3PF6 was protected (Boc2O/Et3N/MeOH) to give 3 ¥ 2PF6
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Scheme 1. The covalent synthesis of 1-2H ¥ 2PF6 followed by the non-
covalent synthesis of BPP34C10� 1-2H ¥ 2PF6. Boc� tert-butoxycarbonyl,
PCC�pyridinium chlorochromate, TFA� trifluoroacetic acid.

while the Boc-protected diol[15] 4 was converted (PCC/
CH2Cl2) into the appropriate dialdehyde[16] 5. Heating of 3 ¥
2PF6 with 5 in CH2Cl2 under reflux in the presence of an
excess of NaH for four days afforded the unsaturated [1�1]
macrocycle as the major product following chromatography
on silica gel. The macrocycle was hydrogenated immediately
using a catalytic amount of Adam×s catalyst in THF under an
atmosphere of hydrogen to produce the di-Boc-protected
macrocycle 6. Deprotection (TFA/CH2Cl2), followed by
counterion exchange (NH4PF6/H2O), gave 1-2H ¥ 2PF6 as a
white solid from which good quality single crystals were
grown by liquid diffusion of iPr2O into a solution of the salt in
MeCN. X-Ray crystallography[17, 18] revealed (Figure 2) that
this dicationic macrocycle has a semi-open conformation
possessing crystallographic C2h symmetry with the two NH2

�

centers directed in toward the center of the macroring.
Although the two bismethylene linkages have pseudo-gauche
(46�) conformations, the paraxylyl ring systems are oriented
so as to form the parallel-sided diamond-shaped box illus-
trated in Figure 2a. The separations between the two N atoms
and between the centers of the two bismethylene linkages are
5.6 and 12.4 ä, respectively. The two PF6

� counterions are
located (Figure 2b) symmetrically above and below the
macroring center and are held in position by a pair of
N��H ¥¥¥ F hydrogen bonds. There are no intermolecular � ±�
stacking interactions.

The fast-atom bombardment (FAB) mass spectrum record-
ed on an equimolar mixture of 1-2H ¥ 2PF6 and BPP34C10
reveals a peak atm/z 983 corresponding to a 1:1 complex with
loss of one HPF6 and one PF6

� ion. When equimolar amounts
of the same two components (10 m� each) are dissolved in

Figure 2. The solid-state structure of 1-2H2� viewed normal to the C2 axis
and edge on to the horizontal mirror plane (a) and the solid-state
superstructure of 1-2H ¥ 2PF6 showing the positioning above and below the
ring center of the pair of N��H ¥¥¥ F hydrogen-bonded PF6

� ions (b). The
N� ¥ ¥ ¥ F and H ¥¥¥ F distances are 3.32 and 2.44 ä, respectively, and the
N��H ¥¥¥ F angle is 169�.

CD3NO2 at room temperature, dramatic changes in the
1H NMR spectrum are observed (Figure 3) relative to the
spectra for the free host and free guest. Particularly worthy of
note are the observations[19] that 1) the singlet for the
hydroquinone ring protons (He) of the BPP34C10 unit is
shifted upfield by 0.2 ppm, 2) the signals for the �-, �-, �-, and
�-OCH2 protons are shifted by �0.1, �0.05, �0.10, and
�0.13 ppm, respectively, 3) one of the two ™doublets∫ be-
longing to the AA�BB� pattern of the macrocycle×s aromatic
protons (Hb, Hc) is transformed from a sharp signal centered
on �� 7.13 into a broad one resonating at �� 6.88, and 4) the
singlet corresponding to the methylene protons (Ha) adjacent
to the NH2

� center at �� 4.17 is shifted upfield by about
0.34 ppm and broadened. The considerable changes (��) in
the chemical shifts of the signals for the CH2N� protons (Ha)
and their proximal aromatic protons (Hb)–in contrast with
the negligible �� values for the bismethylene protons (Hd)
and their proximal aromatic protons (Hc)–in the macrocyclic
dication upon complexation suggests that the crown ether
encircles and hydrogen bonds to the NH2

� centers such that
the mean plane of the BPP34C10 ring is approximately
orthogonal to that of 1-2H2�. Moreover, TROSEY experi-
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Figure 3. Partial 1H NMR spectra (500 MHz, CD3NO2, 298 K) of
BPP34C10 (a), an equimolar mixture (10 m�) of BPP34C10 and 1-2H ¥
2PF6 (b), and 1-2H ¥ 2PF6 (c). See Scheme 1 for the labeling of the protons.

ments,[20] using the equimolar (10 m�) mixture of 1-2H2� and
BPP34C10 in CD3NO2 at 298 K, show (Figure 4) cross-peaks
between the signals for the hydroquinone ring protons (He) in
the crown ether and both the CH2N� protons (Ha) and the
aromatic protons (Hb, Hc) in the macrocyclic dication. These
experimental observations were supported by the results of a
further MD study in which the relative intercomponent

Figure 4. Partial T-ROSEY NMR spectrum (500 MHz, CD3NO2, 298 K)
of an equimolar mixture (10 m�) of BPP34C10 and 1-2H ¥ 2PF6.

H ¥¥ ¥H distances were scrutinized over the course of a 1-ns
MD experiment.[12] In all cases, each of the eight He atoms on
the two hydroquinone rings of the BPP34C10 component had
their distances measured to their closest corresponding Ha,
Hb, and Hc atoms in the 1-2H2� component. The mean
interatomic distances for each pair of H atoms were then
averaged in co-conformational space to give[21] 4.9, 3.3, and
3.4 ä for He ¥¥¥ Ha, He ¥¥ ¥Hb, and He ¥¥¥ Hc, respectively.

By using the method[22] of continuous variations (Job plot)
with both the Hb atom in 1-2H ¥ 2PF6 and the He atom in
BPP34C10 as 1H NMR probes in a mixed solvent of CD3CN
and CD2Cl2 (1:1),[23] convincing evidence for 1:1 stoichiometry
in the complexation of 1-2H2� by BPP34C10 was observed.
Ka Values in CD3NO2 for the 1:1 complex were found to be
4000� 900 and 3100� 500��1, using these two protons (Hb

and He, respectively) in 1H NMR dilution experiments.[22]

Single crystals of the 1:1 complex, suitable for X-ray
analysis,[18, 24] were grown by vapor diffusion of iPr2O into an
equimolar solution of 1-2H ¥ 2PF6 and BPP34C10 in a solution
mixture of MeCN, MeNO2, and CH2Cl2. The solid-state
superstructure of BPP34C10� 1-2H ¥ 2PF6 shows (Figure 5)
the dicationic guest to be threaded, as anticipated, through the
center of the crown ether host. The complex has crystallo-
graphic Ci symmetry and the BPP34C10 component has a
conformation remarkably similar to that already reported[11]

for the DBA ¥ PF6�BPP34C10�DBA ¥PF6 complex (Fig-
ure 1), though with an increased separation between its two
hydroquinone rings of 7.68 ä (centroid ± centroid) compared
with 6.99 ä in the 2:1 complex. The guest dication is seen to
have undergone a significant change in conformation (relative
to that for the free dication depicted in Figure 2), with its two
NH2

� centers now directed outwards and away from the
macroring center so that they can form strong N��H ¥¥¥O
hydrogen bonds to the central oxygen atoms in the two
polyether loops of the BPP34C10 host. The two bismethylene
linkages still retain a pseudo-gauche geometry but the para-
xylyl ring systems are each tilted in toward their macroring
center. The separations between the two N atoms and the
centers of the bismethylene bridges are now 7.9 and 11.1 ä,
respectively. The [1�1] supermolecules form continuous
stacks through � ±� stacking of the exterior benzenoid rings
in the macrocyclic dication.

Herein we have shown that the recognition motif involving
NH2

� centers and polyether loops[11] can be employed in the
noncovalent assembly of a ring-in-ring superstructure that
exists, not only in the solid state, but also in solution. The
control over the superstructure achieved with this particular
recognition motif[25] bodes well for the covalent syntheses of
Borromean ring compounds by supramolecular assistance
under kinetic control.

Experimental Section

3 ¥ 2PF6: Et3N (2.2 mL, 1.6 mmol) was added slowly by syringe over 30 min
to a solution of the bisphosphonium salt[14] 2-H ¥ 3PF6 (1.0 g, 0.8 mmol) and
Boc2O (3.48 g, 1.6 mmol) in MeOH (50 mL), and the reaction mixture was
stirred at room temperature for 12 h. After removal of the solvent, the
residue was dissolved in MeCN (10 mL) and a solution of NH4PF6 (2 g) in
H2O (20 mL) was added. Most of the MeCN was evaporated off under
reduced pressure before the aqueous solution was extracted with CH2Cl2
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(2� 50 mL). The combined CH2Cl2 extracts were dried (MgSO4), concen-
trated, and the residue was purified by column chromatography (SiO2;
MeCN:CH2Cl2 (3:17)) to yield 3 ¥ 2PF6 as a white solid (0.8 g, 88%);
1H NMR (360 MHz, CD2Cl2): �� 1.42 (s, 9H), 4.20 ± 4.40 (br s, 4H), 4.46 (d,
JPH� 14 Hz, 4H), 6.75 ± 6.78 (m, 4H), 6.94 (br s, 4H), 7.45 ± 7.51 (m, 12H),
7.63 ± 7.69 (m, 12H), 7.83 ± 7.87 (m, 6H); 13C NMR (90 MHz, CD2Cl2): ��
28.7, 31.0 (d, JPC� 48.6 Hz), 50.1, 80.8, 117.5 (d, JPC� 85.6 Hz), 125.6, 129.1,
131.0 (d, JPC� 12.5 Hz), 131.5 (d, JPC� 5.4 Hz), 134.5 (d, JPC� 9.6 Hz),
136.1, 139.9, 156.2; MS (FAB): m/z : 992 [M�PF6]� , 846 [M�H� 2PF6]� .

1-2H ¥ 2PF6: CH2Cl2 (500 mL) was added to a round-bottom flask charged
with 3 ¥ 2PF6 (1.35 g, 1.19 mmol) and NaH (150 mg, 6.3 mmol). The
dialdehyde[15] 5 (42 mg, 1.19 mmol), dissolved in CH2Cl2 (100 mL), was
added slowly by syringe over 12 h to the reaction flask and the mixture was
heated under reflux for 4 days before the reaction was quenched by the
slow addition of MeOH (10 mL) and the mixture concentrated to afford a
residue. Chromatographic purification (SiO2; MeCN:CH2Cl2 (3:97)) re-
moved the Ph3PO and afforded the crude bis-Wittig product which was
dissolved in THF (10 mL). PtO2 (50 mg) was added and H2 gas was bubbled
through the solution for 10 min. The mixture was then stirred under H2

(balloon) for 3 h, before being concentrated to give a residue that was

subjected to column chromatography (SiO2; hexane:CH2Cl2:EtOAc
(16:3:1)) to yield 6 as a white solid (380 mg, 25%); 1H NMR (500 MHz,
CDCl3): �� 1.53 (s, 18H), 2.83 (s, 8H), 4.20 ± 4.40 (br s, 8H), 6.65 (d, J�
7 Hz, 8H), 6.70 ± 6.90 (br s, 8H); 13C NMR (125 MHz, CDCl3): �� 28.5,
38.1, 48.3, 80.0, 127.6, 127.9, 129.5, 134.6, 139.5, 156.2; MS (FAB): m/z :
1293.6 [M�H]� . This Boc-protected diamine (100 mg, 0.08 mmol) was
dissolved in a mixture of TFA (0.75 mL) and CH2Cl2 (0.75 mL) and stirred
at room temperature for 12 h. A solution of NH4PF6 (300 mg) in H2O
(3 mL) was added to the reaction mixture. On removal of the volatile
solvents, a white precipitate was formed which was filtered off and
dissolved in MeCN (2 mL). Following an identical repeat treatment with
aqueous NH4PF6 solution, a white precipitate was isolated and washed with
Et2O (5 mL) to yield 1-2H ¥ 2PF6 as a white solid (57 mg, 40%); 1H NMR
(500 MHz, CD3NO2): �� 3.05 (s, 8H), 4.17 (s, 8H), 7.00 (d, J� 8 Hz, 8H),
7.13 (d, J� 8 Hz, 8H); 13C NMR (125 MHz, CD3NO2): �� 37.5, 51.8, 128.5,
130.9, 131.6, 144.7; electrospray MS:m/z : 593.4 [M�PF6]� , 447.3 [M�H�
2PF6]� .
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