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Bimolecular recognition is termed for host-guest interaction
where a host recognizes two different guests in a single binding
pocket. The two guests may or may not interact with each other,
but their spatial orientation and the binding ratio are restricted by
the host. Such a recognition process1 is essential to heterotopic
allosteric binding and potentially applicable to, for example,
simultaneous sensing of two substrates2,3 and chemical reactions4-6

between two different substrates. Previous examples of bimolecular
recognition are in most cases limited to the binding of small
molecules because the recognition sites of artificial hosts are, in
general, too small to bind two or more common organic guests at
will. 1-8

Bimolecular recognition can be further classified into two cases
depending on whether the host can bindeither or neitherof the
guests individually. We term these two cases AND and OR
bimolecular recognition by analogy with AND/OR logic gates.9,10

In the AND bimolecular recognition, hostH cannot bind each of
two guests,G1 andG2; nevertheless, it forms a stableH⊃(G1‚G2)
complex. Thus, the complexation takes place only ifG1 and G2

exist (Table 1a). This rare event has been observed only for the
coencapsulation of gaseous hydrocarbon.1b In the OR bimolecular
recognition, the host can bind either of two guests, and hence,
complexation takes place ifG1 or G2 exist (Table 1b). Here we
demonstrate that a self-assembled M6L4-type coordination cage (1),
which assembles from six (en)Pd2+ and four exo-tridentate ligands,
with a large hydrophobic cavity, experiences both AND and OR
bimolecular recognition. The unique and efficient binding of large
neutral guests by cage1 has been well-discussed previously.6,11

A typical example of AND bimolecular recognition is given for
a case:G1 ) cis-decalin (2) andG2 ) perylene (3). Each of them
was not recognized by cage1 at all, even at elevated temperature

(80 °C). However, when a suspension of2 and3 (∼10-fold excess
each) in a D2O solution of cage1 (5 mM) was stirred for 30 min
at room temperature, the color of the solution turned red (as
discussed later).1H NMR spectrum of the solution showed highly
upfield-shifted signals for2 (at -0.6 to-2.0 ppm) and3 (at 5.5-
6.4 ppm). The complex can be formulated as1⊃(2‚3) because the
ratio 1:2:3 in the inclusion complex was estimated to be 1:1:1 by
NMR. The yield of1⊃(2‚3) complex was 67% based on1, which
was enhanced to be 92% when the complexation was carried out
at 80°C (Figure 1a). The co-enclathration of2 and3 was strongly
supported by NOE correlation observed between them.

The formation of1⊃(2‚3) complex was clearly indicated by the
color change from colorless to red (Figure 2) and by the appearance
of a new absorption band atλmax ) 437 nm (ε ) 5500 M-1 cm-1)
and the shoulder in the UV-vis spectrum, which are attributed to
charge transfer between1 and3. Of course, no coloration and UV-
vis change was observed when cage1 was treated with2 or 3
individually (Figure 2b).

The AND bimolecular recognition is commonly observed when
one guest is a large aromatic compound and another is an
appropriate aliphatic compound. For example, combination of2
with pyrene (4), triphenylene (5), and coronene (6) afforded1⊃-
(2‚4), 1⊃(2‚5), and 1⊃(2‚6) complexes in∼100, 85, and 32%
yields, respectively (Figure 3a,b). A linear alkane, hexane (7), was
also included with4 in an AND fashion in 68% yield (Figure 3c).

Table 1. “Truth Tables” for AND and OR Bimolecular
Recognitions

(a) AND (b) OR

G1
a G2

a recognitionb G1
a G2

a recognitionb

Y Y Y Y Y Y
Y N N Y N Y
N Y N N Y Y
N N N N N N

a Y/N denotes the presence/absence of the guest.b Y/N denotes that
recognition occurs/does not occur.

Figure 1. Schematic representation of AND bimolecular recognition of
cis-decalin (2) and perylene (3) in cage1, and 1H NMR spectrum (500
MHz) of 1⊃(2‚3) complex in D2O at rt (/: free cage1).
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Despite conformational freedom of7, the signals of the two guests
in 1⊃(4‚7) were correlated by NOESY, indicating a tight com-
plexation in1.12

OR bimolecular recognition is also observed when two guests
are relatively small aromatic molecules. For instance, azulene (8)
and 1,4-naphthoqinone (9) are individually recognized by1 to afford
1⊃(8)2 and1⊃(9)2 complexes, respectively (Figure 4a,b). When1
was treated with a mixture of8 and 9, neither1⊃(8)2 or 1⊃(9)2

was observed, but a new inclusion complex was formed which
included8 and 9 in a 1:1 ratio (Figure 4c).6 This newly formed
complex is assigned as1⊃(8‚9) because of the observation of clear
NOE by NOESY.13

Indeed, AND/OR bimolecular recognition provides a prototypical
molecular logic gate. Since previous logic gates work upon the
action of two different ions (e.g., cation/proton or cation/anion),
the output is derived from the physical property changes of hosts,
which may be disturbed by other ionic stimuli.9,10 In contrast, the
output in our system comes from the intrinsic nature of input
molecules and, hence, is much less disturbed. More importantly,
by combining with physical or chemical interactions between two
input molecules, physical properties of reaction products can be
generated as outputs of the bimolecular recognition. Development
of such new properties and chemical reactions through bimolecular
recognition is being actively studied in due course.
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Figure 2. UV-vis spectra and coloration of AND bimolecular recognition
(H2O, rt): (a) 1⊃(cis-decalin (2)‚perylene (3)), (b) 1 after treated with3
(suspension), and (c) untreated1.

Figure 3. 1H NMR spectra of AND bimolecular recognition (500 MHz,
D2O, rt): (a) 1⊃(2‚4), (b) 1⊃(2‚5), and (c)1⊃(4‚7) complexes (/: free
cage1).

Figure 4. 1H NMR spectra of OR bimolecular recognition (500 MHz, D2O,
rt): (a) 1⊃(azulene (8))2, (b) 1⊃(1,4-naphthoquinone (9))2, and (c)1⊃(8‚
9) complexes.
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