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ABSTRACT

A system based on a molecular cage, in which bisdiazonium, bispyridinium, and anthraquinone guests can be complexed to the host sequentially
through the application of suitable stimuli, is reported.

One way to develop a molecular switch is to activate a
competing guest in a designed host-guest system through
the addition or removal of electrons,1 photons,2 or ions3 to
create detectable spectroscopic changes between the two
different guest-complexed states. Molecular machines4 ex-
hibiting stepwise molecular motions and a molecular logic
gate5 that perform complicated functions may be developed
from host molecules that can interact with a number of

exchangeable guests. Most artificial guest-exchanging sys-
tems developed to date, however, feature a single host
molecule that switches between only two different types of
guests; we are unaware of any previous host-guest systems
that allow the host to sequentially complex three or more
different types of guests through in situ operation. This lack
of precedent is not surprising because it is difficult to balance
the stabilization energies of the three guests in their com-
plexation to the host to create clean and clear switching and
because of possible interference of the stimuli (e.g., buildup
of counterions) when exchanging one complexed guest for
another. Previously, we demonstrated that a mixture of
bispyridinium ion- and quinone-based threading components
and the molecular cage 1 undergoes a new type of molecular
motion in solution, powered through the addition and removal
of K+ ions and [2,2,2]cryptand units, in which the rodlike
components penetrate the molecular cage alternately through
its different faces.6 We suspected that the addition of a
stronger-binding third guest component to this system,
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together with judicious choice of the stimulation method,
might allow the development of a unique three-guest
complexation system. Herein, we report a system based on
the molecular cage 1 in which bisdiazonium, bispyridinium,
and anthraquinone guests can be complexed to the host
sequentially through the application of suitable stimuli.

Because diazonium ions form complexes with small crown
ethers {e.g., [18]crown-6 (18C6) and [21]crown-7 (21C7)}
with high affinity,7 we suspected that the bisdiazonium salt
2·2PF6 might bind the molecular cage 1 tightly in low-polarity
solvents (Scheme 1). The slow rates of exchange for the
complexation/decomplexation processes and the 1:1 binding
stoichiometry for the complex formed between the molecular
cage 1 and 2·2PF6 were manifested by two sets of
signalsscorresponding to the free and complexed 22+ ions,
which integrated in a 1:1 ratiosin the 1H NMR spectrum of
a nonstoichiometric mixture of the molecular cage 1 (4 mM)
and 2·2PF6 (8 mM) in CDCl3/CD3CN (1:1).8 The extremely
large upfield shift for the signal for the methylene protons
of the bisdiazonium ion 22+ (from δ 4.5 to 1.2) and the lesser
(albeit, still large) upfield shifts of the aromatic protons of
each component suggested that the aromatic rings of this
host and guest may have been involved in significant
π-stacking in their complex under these conditions. We grew
single crystals suitable for X-ray crystallography through
liquid diffusion of isopropyl ether into an equimolar CH3CN
solution of the molecular cage 1 and 2·2PF6.

9 Two sets of
aromatic stacking interactions between the catechol rings of
the DB24C8 motif of the molecular cage 1 and the phenylene
ringsof the threadcomponent2·2PF6,with thecentroid···centroid
distances and mean interplanar separations of 4.09, 3.28 and
4.11, 3.34 Å, respectively, are identified in the solid state
structure of the complex (1⊃2)2+ (Figure 1).

Previously, we demonstrated the slow rates of exchange
of the components in the complex formed between the
bispyridinium salt 3·2PF6 and the molecular cage 1. After
observing strong binding between the bisdiazonium ion 22+

and the molecular cage 1, we used 1H NMR spectroscopy
to monitor the competition of an equimolar (4 mM) mixture
of 1, 22+, and 32+ in CDCl3/CD3CN (1:1). As expected, the
tighter binding of the bisdiazonium ion 22+ to the molecular
cage 1 resulted in the complex (1⊃2)2+ predominating in
solution, with the 32+ ion being uncomplexed under these
conditions. Our attempts to dissociate the complex (1⊃2)2+

in solution by adding 21C7, which has a high affinity for
diazonium ions, failed to provide clean switching, even at a
large excess of 21C7. Thus, the binding of the bispyridinium
ion 32+ to the molecular cage 1 was not sufficiently strong
to replace the guest 22+ in the complex (1⊃2)2+ under these
conditions. Because stronger [C-H···O] hydrogen bon-
ding between the R-protons of the bispyridinium ion 32+ and
the oxygen atoms of the triethylene glycol chains of the
molecular cage 1 would enhance their complexation, we
synthesized the threadlike bispyridinium salt 4·2PF6 as a more
suitable guest for the molecular cage 1; i.e., the electron-
withdrawing alkyne units would enhance the [C-H···O]
hydrogen bonding interactions.10

As anticipated, the addition of an excess of 21C7 (15
equiv) to the equimolar (4 mM) mixture of 1, 2·2PF6, and
4·2PF6 in CDCl3/CD3CN (1:1) dissociated the formerly
tightly binding complex (1⊃2)2+ completely, allowing the
pseudorotaxane (1⊃4)2+ to form (Scheme 2), based on
analyses of 1H NMR spectra. The addition of Na+ or K+

ions to the solution failed to restore the system to its original
binding status, possibly because these metal ions possess
insufficient binding selectivity toward 21C7 over the crown
ether motifs in the molecular cage 1.11 Therefore, we turned
our attention to using a dipropargylammonium cation to
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Scheme 1

Figure 1. Ball-and-stick representation of the solid state structure
(1⊃2)2+. Color code: C, gray; O, red; N, blue.
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disrupt the complex formed between 21C7 and 22+ based
on the knowledge that dipropargylammonium tetrafluorobo-
rate forms a strong pseudorotaxane complex with 21C7.12

To increase the binding affinity of the dipropargylammonium
cation toward 21C7, so that the system could be disrupted
more efficiently, we synthesized the threadlike salt 5·PF6,
which possesses electron-withdrawing cyano groups ap-
pended to the NH2

+ adjacent methylene units. As expected,
addition of the bis(cyanomethyl)ammonium salt 5·PF6 into
the mixture of the molecular cage 1, the bisdiazonium salt
2·2PF6, the bis(N-propargylpyridinium) salt 4·2PF6, and 21C7

disrupted the complex formed between the 22+ dication and
21C7. The released 22+ dication displaced the 42+ dication
from its complex with 1 and resulted in the restoration of
the original signals of the complex (1⊃2)2+ and the uncom-
plexed threadlike salt 4·2PF6 in the 1H NMR spectra (see
the Supporting Information).13 Thus, exchange of the bis-
diazonium and bispyridinium guests in their complexation
with the molecular cage 1 can be achieved in solution through
the addition and removal of 21C7.

After confirming that exchange of the bisdiazonium
dication 22+ by anthraquinone was possible in solution
through the addition and removal of K+ ions (see the
Supporting Information), consistent with the situation that
we reported previously for the bispyridinium salt 3·2PF6 and
anthraquinone,6 we examined the possibility of controlling
the guest selectivity in a mixture of three different types of
guests and the molecular cage 1 (Scheme 3). The 1H NMR
spectra in Figure 2 reveal that an equimolar (4 mM) mixture
of the molecular cage 1, the bisdiazonium salt 2·2PF6, the
bis(N-propargylpyridinium) salt 4·2PF6, and anthraquinone
featured the highly selective formation of the complex
(1⊃2)2+, which was then dissociated completely to give the
[2]pseudorotaxane (1⊃4)2+ as the predominant cage-com-
plexed species after the addition of an excess of 21C7.
Subsequent addition of the bis(cyanomethyl)ammonium salt
5·PF6 into this solution gave a spectrum similar to that
obtained from the original mixture, suggesting that exchange
between the bisdiazonium salt 2·2PF6 and the bis(N-prop-
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Figure 2. Partial 1H NMR spectra [400 MHz, CDCl3/CD3CN (1:
1), 298 K] of (a) an equimolar mixture of the molecular cage 1,
the bisdiazonium salt 2·2PF6, the bis(N-propargylpyridinium) salt
4·2PF6, and anthraquinone (4 mM), (b) the mixture obtained after
adding 21C7 (15 equiv) to the solution in (a), (c) the mixture
obtained after adding the bis(cyanomethyl)ammonium salt 5·PF6

(16 equiv) to the solution in (b), (d) the mixture obtained after
adding KPF6 (8 equiv) to the solution in (c), and (e) the mixture
obtained after adding 18C6 (12 equiv) to the solution in (d).

Scheme 2 Scheme 3
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argylpyridinium) salt 4·2PF6 could be performed successfully
without interference from the anthraquinone guest. The 1H
NMR spectrum in Figure 2d reveals that the (1⊃2)2+

complex in this solution dissociated when we added KPF6.
The upfield shifts of the signals of the aromatic protons of
anthraquinone, the appearance of signals corresponding to
the free bisdiazonium dication 22+, and the unaffected signals
for the free bis(N-propargylpyridinium) salt 4·2PF6 all
suggested that anthraquinone was the guest complexed by
the molecular cage 1 under these conditions. Using 18C6 to
remove the K+ ions from the complex (1·K2⊃6)2+ allowed
the original (1⊃2)2+ complex to be restored in the solution,
as evidenced by the 1H NMR spectrum in Figure 2e
appearing similar to that of the original host-guest mixture
in the absence of any additives. Therefore, switching between
the bisdiazonium ion 22+ and anthraquinone as guests in the
complexation of the molecular cage 1 can be achieved, even
in the presence of the bis(N-propargylpyridinium) salt 4·2PF6.

Having demonstrated the ability to selectively control the
complexation of the molecular cage 1 to one of three guests
in solution, we examined the possibility of reversing the order
of complexation for the bis(N-propargylpyridinium) dication
and anthraquinone. Addition of KPF6 to an equimolar (4
mM) mixture of the molecular cage 1 and the three guests
resulted in dissociation of the complex (1⊃2)2+ and forma-
tion of the pseudorotaxane-like complex (1·K2⊃6)2+, which
we then switched back to its original state through the
subsequent addition of 18C6. Predominant formation of the
[2]pseudorotaxane-like complex (1⊃4)2+ was then achieved
by adding 21C7 to this solution; addition of the bis(cya-
nomethyl)ammonium salt 5·PF6 resulted in 22+ being restored
as the guest complexed within the cavity of the molecular
cage 1. Therefore, in this system, starting from the complex
(1⊃2)2+, we may select at will the guest that we wish to
complex with the molecular cage 1, depending on our choice
of operating reagent (Scheme 3, route 1).

To prove that exchange between the bis(N-propargylpy-
ridinium) dication and anthraquinone as guests within the
molecular cage 1 did not have to proceed through the
formation of the complex (1⊃2)2+, we added K+ ions to the
solution of the [2]pseudorotaxane-like complex (1⊃4)2+

prepared from 21C7 (15 equiv) and an equimolar mixture
(4 mM) of the molecular cage 1, the bisdiazonium salt 2·2PF6,
the bis(N-propargylpyridinium) salt 4·2PF6, and anthraquino-
ne. The resulting 1H NMR spectrum revealed (Figure 3) that
anthraquinone replaced the bis(N-propargylpyridinium) di-
cation 42+ within the cavity of the molecular cage 1. In this
case, direct exchange of the guest complexed by the
molecular cage 1 proceeded in the following order: bisdia-
zonium dication f bis(N-propargylpyridinium) dication f
anthraquinone. The reverse exchange process could be
performed through the sequential addition of 18C6 and the
bis(cyanomethyl)ammonium salt 5·PF6 (Scheme 3, route 2).

We found that the direct exchange of these three guests
could also be achieved by adding K+ ions prior to 21C7,
allowing the guests to be exchanged in the order: bisdiazo-
nium dication f anthraquinone f bis(N-propargylpyri-
dinium) dication (Scheme 3, route 3). In this case, however,
a large excess of 21C7 was required in the final step, i.e., to
eliminate interference from the bisdiazonium dication 22+

and K+ ions. Note that our ability to select the guest that

complexes with the molecular cage 1 is dependent merely
upon the order of addition of 21C7 and K+ ions. This
situation arises because these two species themselves form
a strong complex. If these operating reagents did not interact
with each other, then we would have been able to perform
direct switching along only one pathway because the
coexistence of the two independent operating reagents in
solution would have resulted in the same complex. Subse-
quent addition of the bis(cyanomethyl)ammonium salt 5·PF6

and 18C6 into this solution restored the system back to its
original (1⊃2)2+ complex.

We have demonstrated a unique host/guest complexation
system, in which the molecular cage 1 can be coaxed to
selectively complex one of three different guests through the
addition of appropriate operating agents (i.e., in situ control).
The multiple stages of these switching processes are remark-
ably clean and clearly identifiable (1H NMR spectroscopy),
suggesting that the thermodynamic parameters dictating these
host/guest complexes were agreeably balanced.
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Figure 3. Partial 1H NMR spectra [400 MHz, CDCl3/CD3CN (1:
1), 298 K] of (a) an equimolar (4 mM) mixture of the molecular
cage 1, the bisdiazonium salt 2·2PF6, the bis(N-propargylpyridinium)
salt 4·2PF6, and anthraquinone, (b) the mixture obtained after adding
21C7 (15 equiv) to the solution in (a), (c) the mixture obtained
after adding KPF6 (15 equiv) to the solution in (b), (d) the mixture
obtained after adding 18C6 (18 equiv) to the solution in (c), and
(e) the mixture obtained after adding the bis(cyanomethyl)ammo-
nium salt 5·PF6 (16 equiv) to the solution in (d).
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