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We describe a [2]rotaxane molecule that exhibits distinct signals

in its 1H NMR spectra upon the complexation of physiologi-

cally important Li+, Na+, Mg2+ and Ca2+ ions; thus, the

identification of these metal ions in solution is possible from the

analysis of a single 1H NMR spectrum of a single molecular

sensor.

One area of research that is attracting a great deal of attention

from synthetic chemists is the preparation of molecular sensors

that bind specifically to a particular physiologically important

metal ion, such as Li+, Na+, K+, Mg2+ or Ca2+,1 with subsequent

changes in some measurable physical properties (e.g., fluores-

cence).2 Analyzing biological samples that contain these metal ions

in such a manner would, however, require the use of mixture of

molecular sensors. One possible method for which a single

molecular sensor could be used for the simultaneous determination

of physiologically important metal ions in solution is 1H NMR

spectroscopy—but only if the spectra of the metal ions bound to

the receptor feature distinct signals for each type of complex.3

Toward this goal, we became interested in using crown ether-like

macrocycles to recognize 2,29-bipyridine (BP) derivatives4 because

the resulting rotaxanes would have a 2,29-bipyridine motif—a

good binder for transition metal ions—in their threadlike

component and oligo(ethylene glycol) chains—good binders for

alkali metal ions—in their macrocyclic component; together, these

units may collaborate orthogonally to introduce specific metal ion

recognition properties. Herein, we describe a new molecular

recognition system incorporating 2,29-bipyridinium (BP-H2) ions

and crown ether-like macrocycles. The 1H NMR spectra of the

corresponding ‘‘neutral’’ [2]rotaxane recorded in the presence of a

mixture of the physiologically important Li+, Na+, Mg2+ and Ca2+

ions feature distinct signals for each of the complexes, with the

chemical shifts of pertinent probe protons identifying the chemical

nature of each metal ion. That is to say, the identification of these

metal ions in solution is possible from the analysis of a single 1H

NMR spectrum of a single molecular sensor.

Previously, we reported5 that bis-p-xylyl[26]crown-6 (BPX26C6,

Fig. 1) is capable of forming relatively strong complexes in solution

with both dibenzylammonium (DBA+) and 4,49-bipyridinium ions

through noncovalent interactions with the ethylene glycol chains

and the p-electron-rich aromatic rings.6 Thus, it seemed reasonable

to us that BPX26C6 would also complex with dicationic

2,29-bipyridinium ions (BP-H2
2+), stabilized potentially through

p-stacking and hydrogen bonding interactions (Scheme 1).

The 1H NMR spectrum of an equimolar mixture (40 mM) of

BPX26C6 and 2,29-bipyridinium bis(hexafluorophosphate) (BP-

H2?2PF6)
7 in CD3CN displays significant changes in the chemical

shifts of the protons of the complex relative to those of its free

components (Fig. 2). The observation of time-averaged signals in

this spectrum suggests that the exchange rates for the complexation

of BPX26C6 and BP-H2?2PF6 are fast under these conditions.8 In

the spectrum of the complex, the separation of the originally

overlapping signals (at d 3.62) for the protons of the ethylene

glycol units of macroring BPX26C6 into two separate multiplets—

shifted downfield to d 3.64 and 3.73, respectively—in the presence

of BP-H2?2PF6 suggests that hydrogen bonding probably occurs

between the host and guest. The upfield shifts in the signals of the

aromatic protons of both components imply the existence of

interactions between the electronically complementary aromatic

rings of BPX26C6 and the BP-H2
2+ ion. A Job plot based on the

1H NMR spectroscopic data obtained in CD3CN provided

conclusive evidence for 1 : 1 complexation (see the ESI{).

Through 1H NMR spectroscopic dilution experiments, we

determined the association constants (Ka) for the complexation
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Fig. 1

Scheme 1 Formation of the pseudorotaxane complex.
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of BPX26C6 with BP-H2?2PF6 to be 67 and 260 M21 in CD3CN

and CD3CN/CDCl3 (1 : 1), respectively,8 suggesting that hydrogen

bonding may play a more important role than does p-stacking in

this new molecular recognition system.

Adding 2 equiv. of triethylamine (Et3N) to an equimolar (40

mM) mixture of BPX26C6 and BP-H2?2PF6 in CD3CN led to the

appearance in the 1H NMR spectrum (Fig. 3(b)) of the

characteristic absorptions of the free macrocycle, indicating that

dissociation accompanies deprotonation of the complex

(BPX26C6[BP-H2)?2PF6. Subsequent addition of an excess of

trifluoroacetic acid (TFA) to the solution resulted in a 1H NMR

spectrum (Fig. 3(c)) similar to that of the original solution of

macrocycle BPX26C6 and BP-H2?2PF6 (Fig. 3(a)); i.e., the original

[(BPX26C6[BP-H2)]
2+ complex had regenerated. Thus, this

supramolecular system behaves as an acid/base-controllable

molecular switch in solution as a result of its threading

(association) and dethreading (dissociation) processes being

reversibly controllable through the sequential addition of excess

amounts of Et3N and TFA.9

To prove unambiguously the existence of the pseudorotaxane

(BPX26C6[BP-H2)
2+ in solution, we synthesized a corresponding

[2]rotaxane from this molecular recognition system. Thus, the

addition of triphenylphosphine (300 mM) to a solution of the

dibromide 110 (100 mM), BPX26C6 (150 mM) and TFA (400 mM)

in CH3NO2 led to the isolation of the corresponding [2]rotaxane

2-H2?4PF6 in 45% yield after ion exchange (NH4PF6/H2O) and

column chromatography (Scheme 2).11

Addition of Et3N to a CH3CN solution of the [2]rotaxane

2-H2?4PF6 deprotonated the bipyridinium center; subsequent

crystallization provided the ‘‘neutral’’ rotaxane 2?2PF6

(Scheme 3). The signal of the aromatic protons of the interlocked

BPX26C6 moiety in the deprotonated [2]rotaxane 2?2PF6 appears

in the 1H NMR spectrum as a singlet at d 6.45 (HAr; Scheme 3 and

Fig. 4(a)); after complexation with Li+, Na+, Mg2+ or Ca2+ ions,

however, this signal shifts upfield and appears as an AB quartet

(HAr9 and HAr0; Scheme 3 and Fig. 4(b)–(e)), implying that

circumrotation of the BPX26C6 unit about the dumbbell-shaped

moiety had slowed, or stopped, through coordination of the metal

ion to the bidentate BP unit and to the oxygen atoms of one of the

diethylene glycol loops of the BPX26C6 moiety. The solid-state

structure of the (2[Na)3+ complex12 (Fig. 5) confirms this

proposed complexation geometry, with an acetonitrile molecule

positioned as the sixth ligating group. In contrast, the complexa-

tion of K+ ions by 2?2PF6 under similar conditions resulted in

time-average signals in the corresponding 1H NMR spectrum

(Fig. 4(f)); i.e., this system exhibits relatively rapid complexation

and decomplexation kinetics, possibly because of a steric mismatch

between the relatively large K+ ion and the pocket formed by the

BP and diethylene glycol units of the interlocked molecule.13

Because of the slow exchange kinetics of the complexation

process manifested in the 1H NMR spectra and the unique

chemical shifts of the aromatic protons of the interlocked

BPX26C6 macrocycle when the [2]rotaxane 2?2PF6 formed

complexes with the various metal ions, we were curious to

determine whether this rotaxane could be used to identify the

Fig. 2 Partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of (a)

BPX26C6, (b) an equimolar mixture (40 mM) of BPX26C6 and BP-

H2?2PF6 and (c) BP-H2?2PF6.

Fig. 3 Partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of (a) an

equimolar mixture (40 mM) of BPX26C6 and BP-H2?2PF6, (b) the

mixture obtained after adding Et3N (2 equiv.) to the solution in (a), and (c)

the mixture obtained after adding TFA (4 equiv.) to the solution in (b).

Scheme 2 Synthesis of the [2]rotaxane.

Scheme 3 Binding metal ions to the ‘‘neutral’’ [2]rotaxane.
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components of a mixture of Li+, Na+, Mg2+ and Ca2+ ions in

solution. Gratifyingly, the 1H NMR spectrum obtained after

mixing a CD3CN solution of these four metal ions with a CD3CN

solution of 2?2PF6 clearly displayed the signals for each of the four

different metalated [2]rotaxane complexes in addition to excess free

2?2PF6 (Fig. 4(g)).14 Under the same conditions, we observed no

signal for free 2?2PF6 in the 1H NMR spectrum when K+

accompanied the other four metal ions in the solution (Fig. 4(h)).

Thus, the [2]rotaxane 2?2PF6 might serve as a single-spectrum 1H

NMR-based sensor for biological samples that contain predomi-

nantly Li+, Na+, K+, Mg2+ and Ca2+ ions.

We have demonstrated that the macrocycle BPX26C6 can form

a [2]pseudorotaxane-like complex with the protonated 2,29-bipyr-

idinium ion in solution. The [2]rotaxane synthesized from this

supramolecular recognition system possesses the ability to form

complexes with physiologically important Li+, Na+, K+, Mg2+ and

Ca2+ ions, which can be identified uniquely from a single 1H NMR

spectrum of their mixture. In addition to use as an analytical

sensor, we believe that suitably designed [2]rotaxanes containing

such molecular recognition sites will have the potential to behave

as interlocked organometallic catalysts or as interlocked building

blocks for the construction of acid/base-controllable molecular

architectures or aggregates; such applications are currently under

investigation in our laboratory.
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Fig. 4 Partial 1H NMR spectra (400 MHz, CD3CN, 298 K): (a) 22+; (b)–

(f) equimolar mixtures of 22+ with Li+, Na+, Mg2+, Ca2+ and K+,

respectively (4 mM); (g) 22+ (20 mM) mixed with ca. 0.2 equiv. of Li+,

Na+, Mg2+ and Ca2+; (h) ca. 0.2 equiv. of K+ added to the solution in (g).

For solubility reason, K+ ions were added as the hexafluorophosphate salt;

other metal ions were added in the form of perchlorate salts.

Fig. 5 Ball-and-stick representation of the solid state structure of the

sodiated [2]rotaxane [(2[Na)?MeCN]3+.
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