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Molecular Recognition – Allosterism Generated by Weak Host–Guest
Interactions in Molecular Rectangles
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Two metal-based molecular rectangles that bear two iden-
tical binding sites form 1:2 host–guest adducts with a pair of
analogous planar Pt2+ complexes. The larger of the two
guests shows no binding allosterism with either of the two
rectangles, but substantial positive allosterism is observed
when the smaller guest binds to the rectangles. It is proposed
that the smaller guest is better accommodated in the binding

1. Introduction

Allosterism is commonly deployed by biological systems
for controlling and regulating function. In these systems,
the binding of a substrate usually engenders conformational
or other changes in the receptor so that the subsequent
binding of the same substrate at other identical sites is
either of enhanced or of decreased stability. The mecha-
nisms that generate positive or negative allosterism are sub-
tle, and they are poorly understood in complicated systems.
There have been numerous model systems developed,[1]

starting with the classical experiments of Rebek.[2] Rebek
devised several allosteric systems, including 1.

The bipyridyl-bound complex [(1)W(CO)4] is a (kin-
etically) stable molecule. Using a U-tube where water is sep-
arated by CH2Cl2, it was found that the free ligand 1 trans-
ported K+ in preference to Na+, but that the tungsten com-
plex caused these preferences to be reversed. It was assumed
that the transport preference is related to the stability of the
alkali ion in the crown-ether site. The bipyridyl that binds
to the tungsten generates a different preferred conformation
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sites of the receptor and that this leads to allosterism. Various
experiments, including 1H NOESY spectroscopy, support the
supposition that the smaller guest is better incarcerated in
the receptors.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

for the crown ether from that adopted by the free ligand 1.
Thus, the tungsten bound to the bipyridyl is mechanically
coupled to the crown ether site, leading to different binding
affinities of the alkali metals. Following from this work,
there have been numerous examples of allosterism involving
dinuclear ligands, where the insertion of a metal into one
site leads to increased or diminished binding of a second
metal in the other site.[1] Some of these systems have been
especially sophisticated, some involve allosteric control of
catalysis.[1] In some respects, generating allosterism by
homo- or heterotopic coordination of metals has a well-
understood logic, which relies on the positioning of coordi-
nating ligands for binding to metals with commensurate ste-
reochemical demands. These aspects are cogently presented
in Kramer’s review.[1]

The next level of complexity in synthetic modeling was
in deploying weak (directional) hydrogen bonding for me-
chanical coupling. The first example of allosterism gener-
ated by hydrogen bonding was reported by Hunter[3] who
synthesized a host with two identical hydrogen bonding
sites for the guest, quinone. In CHCl3 solution, positive
allosterism was observed for the two homotopic sites of the
host. The allosterism was modest; the successive constants
were K1 = 14 –1 and K2 = 28 –1. Later, a similar hydro-
gen-bonding homoditopic receptor was found to give posi-
tive allosterism for a single guest.[4] More recently, a care-
fully designed homoditopic system was found capable of
giving high positive allosterism for a variety of guests.[5]

Differences of 33:1 between the two constants were re-
ported.

As far as we are aware, no examples of allosterism involv-
ing weak, poorly directional forces, such as π–π interac-
tions, have been reported.[1e] This paper reports cases where
weak molecular recognition forces lead to positive allo-
sterism.
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2. Receptors and Guests
Molecular rectangles bearing two identical sites were

used for investigating allosterism. The molecular cleft 2 is
joined by the linkers 3 or 4 to give the molecular rectangles
as shown schematically in Equation (1). The three potential
metal-containing guests, 5, 6, and 7, were investigated in
order to study allosterism. With receptor 2, both of the
guests 5 and 6 form stable 1:1 host–guest complexes in solu-
tion.[6,7]

(1)

Crystal structures and NOE experiments[6,7] show that
the guests 5 and 6 lie within the molecular cleft of 2. In the
solid state, and probably also in solution, the guests 5 and
6 engage in weak Pt–Pt interaction with the receptor 2. The
maximum separation between the face-to-face terpy-Pt-X
units of receptor 2 is about 7.2 Å. The crystal structure
shows that this interplanar separation is contracted to
6.557 Å in order to accommodate guest 5 in 2.[6] This con-
traction is achieved by the concerted rotation of the terpy-
Pt-X units about the spacer unit as shown in Scheme 1.

Scheme 1.

Addition of the guests 5 or 6 to solutions of the molecu-
lar rectangles will lead to stepwise incarceration of the
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guests into the molecular clefts. Upon the addition of the
first guest, the terpy-Pt-linker unit separation is likely to
contract to accommodate the guest. When this happens, the
other terpy-Pt-linker unit separation is also likely to con-
tract, because the sites are mechanically coupled by the lin-
kers 3 and 4. Linker 4 is less rigid than linker 3 and this
may lead to less rigid mechanical coupling of the sites. Thus
it is conceivable that after the insertion of one guest into a
site, the other site may become better organized to accept
the second guest because of conformational changes in-
duced by the first adduct formation. If this is the case, then
positive allosterism might be observed in host–guest ad-
ducts of the rectangles. The reason for including 7[8] as a
guest will become apparent later.

The preparation of the receptor ligand in 2 has been de-
scribed elsewhere[9] as was the preparation of 5,[6] 6,[7] and
7.[8] Because the reactions of Pt2+ complexes are usually
kinetically slow, the procedure outlined in Scheme 2 was
used for incorporating Pt2+ into the two terpy sites of the
ligand. The rate of Pt2+ incorporation is enhanced by the
trans-effect of the olefins and by the fact that presumably
labile acetone ligands are being substituted. The reactions
are carried out under anhydrous conditions to avoid the
formation of nonlabile hydroxo complexes. Solutions of the
dipyridine compound 9 and of the two rectangles are kin-
etically stable at room temperature and below. This behav-
ior contrasts with that of the analogous Pd2+ com-
pounds,[10] which are kinetically labile in solution at room
temperature. The two rectangles in dimethyl formamide
(DMF) solutions give ESI-MS spectra[11] that are devoid of
fragmentation and show ion peaks that are consistent with
the proposed structures, which, in turn, are confirmed by
the peak isotopic distribution of the 2+ ions (Supporting
Information). Furthermore, the 1H NMR spectra of the
two rectangles are in full accord with the proposed struc-
tures (Supporting Information). There seems little doubt
that the molecular rectangles have been correctly identified.

3. Host–Guest Formation

All of the host–guest adduct investigations were carried
out in [D7]DMF solutions at 60 °C. DMF was used because
it is a poorly coordinating solvent, and, at 60 °C in this
solvent, all of the 1H NMR spectral peaks are sharp for
both the host and the guest. By following the change in
chemical shift for certain protons as a function of the mol
ratio of host to guest, the stoichiometry of the binding and
the binding constants were determined.[12]

As expected, either guest, 5 or 6, formed 1:1 host–guest
adducts with receptor 9 (see Figure 6). The stability con-
stants are listed in Table 1. The smaller value of the stability
constant for the 9–6 adduct may be related to the smaller
π-surface of guest 6. For both host–guest complexes, com-
plexation-induced chemical shifts are observed for the (in-
ternal) He but not for the (outer) Hd protons (see
Scheme 2), indicating that the guest resides within the mol-
ecular cleft. Upon host–guest formation, the color changes
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Scheme 2.

to deep red from the light yellow of the components (see
Figure 5). The ESI-MS of the host–guest adducts gives
peaks for the free receptor, in addition, strong peaks are
observed for the 1:1 host–guest adducts formed by 9 with
5 (see Figure 7) and with 6.

The stabilities of the host–guest adducts 9–5 and 9–6
should be related in some respects to the first association
constants for the two molecular rectangles 10 and 11
(Scheme 2). At 60 °C in [D7]DMF solution, a 1:2 host–
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guest complex was found to form between the molecular
rectangle 10 and the guest 5 (see Figure 9). As expected,
host–guest formation is signaled by the appearance of a
deep red color (see Figure 8). ESI-MS of the host–guest
adduct, 10–(5)2, provides peaks for the free rectangle, for
the receptor with one guest associated, and for the 1:2 host–
guest adduct (see Figure 10). Similar ESI-MS data are ob-
served for all rectangle adducts listed in Table 1, and in all
cases, host–guest formation is signaled by the appearance
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of red-colored solutions. The two statistically adjusted mi-
croscopic stability constants[13] for the adduct are listed in
Table 1 together with the ratio of the stability constants,
K2/K1. No allosterism is observed for this system: the two
constants are the same within experimental error. The ab-
sence of allosterism for rectangle 10 could be connected
with the rigidity of the linker, which may hinder appropriate
mechanical coupling between the two sites. Rectangle 11
has a more flexible linker, and this circumstance might al-
low favorable conformational adjustment at the binding
sites. The two microscopic stability constants for the host–
guest adduct 11–(5)2 are listed in Table 1. Again, no allo-
sterism is observed within experimental error. Interestingly,
the association constants for the adducts 10–(5)2 and 11–
(5)2 are the same within experimental error. The absence of
allosterism in either of these cases might suggest that the
structure of the guest may influence whether or not allo-
sterism is observed. It was supposed that a smaller guest
such as 6 might fit better into the molecular clefts of the
rectangles, and, as a consequence, better mechanical coup-
ling between the two binding sites may ensue.

The pairs of stability constants for the 1:2 host–guest ad-
ducts 10–(6)2 and 11–(6)2 are given in Table 1. Positive allo-
sterism is observed for both adducts, the 11–(6)2 system
having the larger cooperative enhancement.

Table 1. Microscopic stability constants (–1) for host–guest forma-
tion in [D7]DMF at 60 °C.

Adduct Host–Guest K1 [–1] K2 [–1] Ratio K2/
Stoichiometry K1

9–5 1:1 3760±600 – –
9–6 1:1 1160±200 – –
10–(5)2 1:2 4100±200 4200±100 1.02
11–(5)2 1:2 3800±300 4400±100 1.15
10–(6)2 1:2 1450±200 5200±400 3.58
11–(6)2 1:2 1250±200 5600±400 4.58

The free energy associated with the first stability con-
stant (K1) of the adducts 10–(6)2 and 11–(6)2 incorporates
the free energy of the conformational rearrangement that
leads to allosterism. Thus one might expect that the sta-
bility constant for the analogous uncoupled adduct, 9–6,
would be larger than the first constants for 10–(6)2 and 11–
(6)2. The formation constants for the 9–6 adduct and the
first association constants (K1) for the 10–(6)2 and 11–(6)2

adducts are essentially the same (Table 1). Similarly, even
though the adducts 10–(5)2 and 11–(5)2 show no allo-
sterism, their first constant (K1) is essentially the same as
the constant (K) found for the 1:1 adduct, 9–5. We discuss
these observations later but we can provide no plausible
explanation for the results.

The fact that the 1:2 adducts 10–(5)2 and 11–(5)2 show
no allosterism whereas the 1:2 adducts 10–(6)2 and 11–(6)2

do may, as we have suggested, be connected with the ability
of the receptors to accommodate the smaller guest 6. 1H
NOE experiments suggest that this may be the case.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 3907–39173910

4. 1H NOE Experiments on the Host–Guest
Adducts, 10–(5)2 and 10–(6)2

The 1H NOESY experiments[14] were carried out in [D7]
DMF solutions at 60 °C. The results for the 10–(5)2 and
10–(6)2 host–guest adducts are illustrated in Figure 1 and
Figure 2, respectively. Since the rectangles have symmetry
operations that interchange the protons He and Hd with the
corresponding protons of the spacer, the symmetry-related
protons are not shown. It will be seen that the two systems
(Figures 1 and 2) show different 1H NOESY cross-peaks,
but both spectra clearly demonstrate that the guests reside
only within the molecular clefts. The two guests 5 within
rectangle 10 show cross-peaks between the protons, He and
Hk, of the rectangle and the “back” (Hs, Hr, Hq, Hp and
Ho) and “front” (Hv, NH3) protons of the guest. The guests
are shown in one pair of orientations, but the cross-peaks
clearly indicate that several orientations of the guest within
the clefts exist for the 10–(5)2 adduct. For the 1:2 host–
guest adduct, 10–(6)2, the 1H NOESY data clearly show
that the guests exist in one preferred orientation as illus-
trated in Figure 2, where the ammine ligands of the guests
point at the 4,4�-dipyridyl linkers.

It will be noted that for both adducts (Figures 1 and 2)
some protons of the guest show no cross-peaks with the
host. Given that NOE cross-peaks are generally observed
at distances of less than about 3.5 Å,[14] the orientation of
the guests in the rectangle 10 is roughly as shown in Fig-
ure 1, where the ortho-amino phenolate residue probably re-
sides, to some extent, outside of the cleft. The several mut-
ual orientations of the two guests within the rectangular
receptor are probably interchanged by intermolecular ex-
change because scale molecular models suggest that the re-
ceptor site does not appear to be large enough to allow for
intramolecular rotation of the guest.

Because of the interaction of the ortho-protons of the
pyridine ligands of the linker with those of the flanking
pyridyl ligands of the terpy-Pt unit, the pyridine ligand pla-
nes of the linker are expected to lie roughly perpendicular
to the terpy-Pt units. The barrier to rotation of the linker
pyridine ligands cannot be high, because, even at –90 °C in
acetone solution, rapid rotation of the pyridine ligands oc-
curs on a 1H NMR time scale (500 MHz).[10] At 60 °C in
[D7]DMF, the 1:2 host–guest adducts also show rapid rota-
tion of the linker pyridine ligands, but the preferred orienta-
tion of the pyridine planes is likely to be perpendicular to
the terpy-Pt2+ plane. Scale molecular models indicate that
when the planes of the linker pyridine ligands lie roughly
perpendicular to the terpy-Pt plane, the guests, especially 5,
cannot be fully accommodated within the molecular clefts
of the rectangles. It is probable that guest incarceration does
not provide sufficient energy to cause the planes of the
linker pyridine groups to approach planarity with the terpy-
Pt units to open the cleft cavity. Thus, we suggest that the
pyridine ligands of the linkers are the main steric impedi-
ment to complete incarceration of guest 5. As shown in Fig-
ure 2, guest 6 has only one predominant orientation within
the host. Presumably the smaller size of 6 relative to 5 al-
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Figure 1. Cross-peaks observed for the 1:2 host–guest adduct 10–(5)2 in [D7]DMF at 60 °C.

Figure 2. Cross-peaks observed for the 1:2 host–guest adduct 10–(6)2 in [D7]DMF at 60 °C. Possible cross-peaks with the guest methyl
group were not investigated.

lows the former to fit better within the cleft. As for the case
of the adduct between 2 and 5,[6] where the guest also has
a single orientation and the crystal structure reveals Pt–Pt
interaction, it is suggested that Pt–Pt interaction exists for
the 1:2 adduct 10–(6)2. These observations suggest that the
observed allosterism may depend on how well the guests
are accommodated within the hosts, and Pt–Pt interaction
may possibly fix the orientation of the guest, which may
also contribute to favorable mechanical coupling. The argu-
ments given above depend on the assumption that the dis-
position of the linker pyridine groups prevents the full ac-
commodation of guests having the dimensions of 5 or
larger. Since the barrier to pyridine ligand rotation is un-
known, it is possible to argue that the guests could cause
the linker pyridine groups to rotate so as to accommodate
the guest. This postulate implies that the free energy of
host–guest formation is sufficient to overcome the major
part of the linker pyridine rotational barrier. In order to
explore this matter further, we have studied the host–guest
behavior of the much larger guest 7[8,15] with 10.

Figure 3. Cross-peaks observed for the 1:4 host–guest adduct 10–(7)4 in [D7]DMF at 60 °C. Only two guests are shown, one for each of
the two orientations.
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5. Host–Guest Formation of 10 with 7

The receptor 2 forms a bright red 1:2 host–guest complex
with the guest 7, where one guest lies within the molecular
cleft and the other guest lies on the outer faces of the terpy-
Pt-Cl units.[15] The Pd2+ rectangle analogous to 10 forms a
red 1:4 host–guest complex with 9-methylanthracene
(12).[16] In this case, two of the guests lie in the two molecu-
lar clefts, and the other two guests are associated with the
outer faces of the terpy-Pd-linker units. In [D7]DMF at
60 °C, addition of 7 to the rectangular receptor 10 causes a
slightly visible change in color, and ESI-MS data show only
ions corresponding to the receptor (Supporting Infor-
mation). 1H NMR spectral shift titration indicates that a
1:4 host–guest complex is formed (Supporting Infor-
mation). Inspection of the host protons whose chemical
shifts change upon host–guest formation suggests that guest
7 does not occupy the molecular clefts of receptor 10. This
was confirmed by 1H NOESY spectra at 60 °C in [D7]DMF,
where only the receptor protons Hd and Hk (but not He)
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have cross-peaks to the protons of the guest (Figure 3). The
1H NMR spectrum indicates that the 4,4�-dipyridyl linkers
are rapidly rotating so that both of the protons adjacent to
the pyridine nitrogen atoms have cross-peaks with the guest.
The observed cross-peaks (Figure 3) indicate that the guest
adopts two orientations, as evidenced by the interaction of
both Hd and Hk with Hr and Hq. Since a 1:4 host–guest
complex is formed, it is not possible to obtain the four sta-
bility constants, but it is clear that guest 7 does not occupy
the molecular clefts of 10 to any significant degree. These
data support our supposition that the pyridine ligands of
the linkers restrict access to the molecular cleft and that it
is possible that a guest of the size of 5 may have difficulty
in being fully incarcerated in the clefts. As a consequence,
it may be that in such circumstances there is only weak
mechanical coupling between the sites.

6. X-ray Diffraction Studies
We have attempted to obtain suitable crystals for X-ray

diffraction from the host–guest complexes formed by the
molecular rectangles 10 and 11 and the two guests 5 and 6
as well as the guest-free rectangles 10 and 11. Except for
crystals formed by the host–guest adduct 10–(5)2, none of

Figure 4. ORTEP diagrams of the “core” of the molecular rectangle. Above, a “side” view, below a “top” view. The disordered guest
molecules 5, the tert-butyl-containing phenyl rings of the spacer, the SbF6

– ions, and the solvents of crystallization have been omitted for
clarity. The thermal ellipsoids are shown at 50% probability.
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the other solids diffracted in a manner suitable for structure
determination. The crystals of 10–(5)2 were formed from
methyl ethyl ketone by methanol diffusion. The crystals dif-
fracted but they were disordered, and only an outline of
the molecular rectangle structure could be obtained. The
crystallographic data are listed in Table 2, and the derived
structure is shown in Figure 4. The solvent molecules, the
SbF6

– counter ions, the guest molecules, and the di-tert-
butyl phenyl substituents on the spacers are very disordered
and are not shown in Figure 4.

The positions of the guest molecules were indicated by
the electron density of the Pt2+ ions, which appear in the
two molecular clefts and on the outside faces of the four
terpy-Pt-linker units of the rectangle. The disorder may
arise from this multiple occupancy of these sites. Attempts
to crystallize the 10–(5)2 with two extra equivalents of 5 in
the hope of occupying all of the guest sites with molecules
of 5 failed.

The molecular rectangle is in a meso conformation with
one spacer in the R,R and the other in the S,S configura-
tion. The bonding of the linkers to the Pt2+ atoms is not
ideal, and the 4,4�-dipyridyl linkers are buckled in order
to link to the Pt2+ atoms (see lower structure in Figure 4).
Presumably this linker strain would be relieved for the rect-
angle 11 that carries the more flexible 4,4�-dipyridylethane
(4) linker. The planes of the pyridine groups of the linkers
are essentially perpendicular to the plane of the terpy-Pt2+

units, a geometry that was inferred from the modeling of
the rectangles. Adjacent planes of the terpy-Pt2+ units of
each cleft are nearly parallel to each other, and the in-
terplanar separation is about 6.9 Å. The “width” of a pyri-
dine (from hydrogen to corresponding hydrogen) is about
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Table 2. Crystallographic data for the host–guest adduct formed
from 10 and 5.

Compound 10–(5)2

Formula C67N9Pt4 + 3Sb +10F (as refined)
Formula weight 2266.37 (as refined)
space group P1̄
a [Å] 13.886(10)
b [Å] 16.026(11)
c [Å] 35.67(3)
α [deg] 77.126(12)
β, [deg] 85.113(16)
γ, [deg] 67.426(12)
V [Å]3 7146(9)
Z 2
cryst. size, color, habit 0.20×0.15×0.15 mm, red, brick
D(calc) [gcm–3] 1.053
µ [mm–1] 4.493
temp [K] 100(5)
Wavelength [Å] 0.71073 (Mo-Kα)
R(F),%[a] 14.84
R(wF2),%[a] 40.25

[a] Quantity minimized = R(wF2) = Σ[w(Fo
2 – Fc

2)2]/Σ[(wFo
2)2]½; R

= Σ∆/Σ(Fo), ∆ = (Fo – Fc); w = 1/[σ2(Fo
2) + (aP)2 + bP], P = [2Fc

2

+ Max(Fo, 0)]/3.

5 Å. Thus, the corresponding pyridine groups of neighbor-
ing linkers have nearest approach distances of about 1.9 Å
if the pyridine groups of different linkers are aligned as is
nearly the case (Figure 4). A separation of this magnitude
will not allow a guest to reside between pyridine groups and
would not allow a large guest such as 7 to fit into the mol-
ecular cleft. The interplanar separation of the terpy-Pt2+

units is uncharacteristically large. Usually, this separation is
6.8 Å or less,[17] and the separation in the present system is
at the outer limits of π–π stacking distances. There does not
seem to be any steric impediment to the contraction of the
parallel terpy-Pt2+ units to a separation of 6.7 Å. A smaller
guest such as 6 may cause this interplanar separation con-
tract more.

7. Discussion

Understanding the origins of allosterism in multimetallic
ligand systems and even in hosts bearing hydrogen bonds is
relatively simple in outline. This is so for the former because
the coordination geometries of metals and the requirements
of the ligands are understood. For the latter systems, the
geometry of hydrogen bonding with given substrates is usu-
ally understood, and, consequently, there are plausible ra-
tionalizations that can be advanced on the basis of the di-
rections of the hydrogen bonds. With systems that rely on
weak, poorly directional π–π or similar interactions,
attempts to rationalize the allosterism are more difficult.
This is the case even for the present rectangles that appear
to provide a simple mechanism for mechanical coupling be-
tween sites. Whereas substantial positive allosterism was
observed for the 1:2 host–guest complexes 10–(6)2 (K2/K1

= 3.58) and 11–(6)2 (K2/K1 = 4.58), the energy differences
between the two constants are small. For the former, the
free energy difference is 0.65 kcalmol–1, and for the latter
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the difference is 1.01 kcalmol–1. It is therefore difficult to
ascribe these small energy differences to specific interac-
tions of conformational changes for complicated hosts such
as the present rectangles. Despite these difficulties, work on
allosterism generated by weak interactions is important be-
cause biological systems rely on the concerted orchestration
of these weak forces.

Experimental Section
Procedures: All reagents were obtained from commercial suppliers
and were used without further purification. All reactions were per-
formed under argon, unless otherwise specified. Electronic absorp-
tion spectra were obtained with a Perkin–Elmer Lambda 6 UV/Vis
spectrophotometer. Elemental analyses were performed by Desert
Analytics, Inc., Tucson, Arizona. 1H and 13C NMR spectra were
recorded with a Bruker DRX500 Fourier transform spectrometer
at 300 K, unless specified otherwise. Proton and carbon chemical
shifts, δ, are reported in ppm, referenced to TMS. Coupling con-
stants, J, are reported in Hertz. APCI-MS and ESI-MS were ob-
tained with an Agilent 1100 MSD LC-MS. Acetonitrile was dried
with CaH2, tetrahydrofuran (THF) was dried with potassium/
benzophenone ketyl, diethyl ether (Et2O) was dried with sodium/
benzophenone ketyl, dichloromethane (CH2Cl2) was dried with
CaH2, and triethylamine (TEA) was dried with CaH2. Thin-layer
chromatography was carried out using precoated silica gel (What-
man PE SIL G/UV) or precoated aluminum oxide (J. T. Baker,
aluminum oxide IB-F). Silica gel 60 Å (Merck, 230–400 mesh) and
aluminum oxide 58 Å (either activated, basic, Brockman I or acti-
vated, neutral, Brockman I) were used for chromatography as indi-
cated. Celite is J.T. Baker Celite 503. The receptor ligand L[9] and
the guests 5,[6] 6,[7] and 7[8] were prepared by methods previously
described. The linkers 4, 4�-dipyridyl (3) and 4, 4�-dipyridylethane
(4), and [(COD)PtI2] were obtained from the Sigma–Aldrich Chem-
ical Co. and were used without further purification.

[LPt2(Py)2](SbF6)4, Receptor 9: The following procedure must be
performed with rigorous exclusion of water. A dried 25-mL flask
was charged with AgSbF6 (0.185 g, 0.538 mmol) dissolved in anhy-
drous acetone (10 mL). To a suspension of [(COD)PtI2] (0.150 g,
0.269 mmol) in dry acetone (5 mL) was added the colorless solution
of the silver salt. Upon addition, the COD complex rapidly dis-
solved and AgI precipitated. The reaction was stirred for 1 h at
room temperature, with brief sonication midway through this
period. The AgI was removed by Schlenk filtration through a fine-
porosity frit under argon. The receptor ligand L (0.126 g,
0.135 mmol) was added to the clear solution. The ligand dissolved
rapidly, and the color of the solution changed to orange-yellow.
The reaction was stirred at room temperature for 24 h, during
which time the color became less orange. Pyridine (0.026 g,
0.028 mL, 0.330 mmol) was added to the solution, and the reaction
mixture was heated at reflux (70 °C). The mixture was stirred at this
temperature for 24 h. The solvent was then removed under reduced
pressure to yield a yellow solid, which was slurried in cold meth-
anol and recovered by filtration. It was washed with cold methanol
(1×5 mL), ether (1×5 mL), and pentane (2×5 mL), then dissolved
in acetone (5 mL) and filtered through Celite. The product was
crystallized by vapor diffusion of diethyl ether into the acetone
solution. The receptor 9 was recovered by filtration and was
washed with diethyl ether (1×5 mL) followed by pentane
(2×3 mL). Yield = 0.280 g (86%). 1H NMR ([D6]acetone, 27 °C,
500 MHz): δ = 1.41 (s, 18 H), 2.86 (t, J = 6.55 Hz, 4 H), 3.16 (t, J
= 6.75 Hz, 4 H), 7.23 (d, J = 1.68 Hz, 2 H), 7.65–7.69 (m, 3 H),
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7.93 (t, J = 6.79 Hz, 4 H), 8.05–8.08 (m, 4 H), 8.15 (d, J = 7.55 Hz,
4 H), 8.48 (t, J = 7.88 Hz, 2 H), 8.57 (t, J = 7.65 Hz, 4 H), 8.89
(d, J = 7.75 Hz, 8 H), 9.17–9.19 (m, 4 H), 9.32 (d, J = 5.09 Hz, 4
H) ppm. C75H65F24N9Pt2Sb4 (2425.54): calcd. C 37.14, H 2.70, N
5.20; found C 37.33, H 2.94, N 4.96. ESI-MS: a series of peaks
were observed that were consistent with [M – n(SbF6)]n+ (n = 1–4):
for example, 370.2 [9 – 4(SbF6)]4+, 572.3 [9 – 3(SbF6)]3+, 976.0 [9 –
2(SbF6)]2+, 2188.9 [9 – 1(SbF6)]+.

Pt Molecular Rectangle Formed with 4,4�-Dipyridyl (10): The fol-
lowing procedure must be performed with rigorous exclusion of
water. A dried 25-mL flask was charged with AgSbF6 (0.185 g,
0.538 mmol) dissolved in anhydrous acetone (10 mL). To a suspen-
sion of [(COD)PtI2] (0.150 g, 0.269 mmol) in dry acetone (5 mL)
was added the colorless solution of the silver salt. Upon addition,
the COD complex rapidly dissolved and AgI precipitated. The reac-
tion was stirred for 1 h at room temperature, with brief sonication
midway through this period. The AgI was removed by Schlenk fil-
tration under argon. The receptor ligand L (0.126 g, 0.135 mmol)
was added to the clear solution. The ligand dissolved rapidly, and
the color of the solution changed to orange-yellow. The reaction
was stirred at room temperature for 24 h, during which time the
color became less orange. The linker 4,4�-dipyridyl (0.021,
0.135 mmol) was added to the solution, and the reaction mixture
was heated at reflux (70 °C). The mixture was stirred at this tem-
perature for 2 d. At the end of this period, the solvent was removed
under reduced pressure to yield a yellow solid, which was slurried
in cold methanol and recovered by filtration. It was washed with
methanol (1 ×5 mL), ether (1×5 mL), and pentane (2 ×5 mL), then
dissolved in acetone (5 mL) and filtered through Celite. The pro-
duct was crystallized by vapor diffusion of diethyl ether into the
acetone solution. The molecular rectangle was recovered by fil-
tration and was washed with diethyl ether (1×5 mL) and pentane
(2×3 mL). Yield = 0.296 g (91%). 1H NMR ([D6]acetone, 27 °C,
500 MHz): δ = 1.42 (s, 36 H), 2.84 (t, J = 6.55 Hz, 8 H), 3.10 (t, J
= 6.61 Hz, 8 H), 7.23 (d, J = 1.68 Hz, 4 H), 7.65 (t, J = 1.63 Hz,
2 H), 7.68 (d, J = 7.86 Hz, 4 H), 7.86 (t, J = 6.63 Hz, 8 H), 8.02
(d, J = 5.05 Hz, 8 H), 8.14 (dd, J1 = 1.80 Hz, J2 = 7.75 Hz, 4 H),
8.65–8.68 (m, 16 H), 8.96 (d, J = 7.95 Hz, 8 H), 9.29 (s, 8 H), 9.36
(d, J = 1.67 Hz, 4 H), 9.65 (d, J = 6.46 Hz, 8 H) ppm.
C130H126F48N18Pt4Sb8 (4847.04): calcd. C 37.17, H 2.62, N 5.20;
found C 37.46, H 2.69, N 5.06. ESI-MS: a series of peaks were
observed that were consistent with [M – n(SbF6)]n+ (n = 2–6): for
example, 571.5 [10 – 6(SbF6)]6+, 733.2 [10 – 5(SbF6)]5+, 975.0 [10 –
4(SbF6)]4+, 1379.1 [10 – 3(SbF6)]3+, 2187.8 [10 – 2(SbF6)]2+.

Pt Molecular Rectangle Formed with 4,4�-Dipyridylethane (11): A
procedure analogous to that above was used. One equivalent of
4,4�-dipyridylethane (0.025 g, 0.135 mmol) was added to the dry
acetone solution formed after the reaction of AgSbF6 with
[Pt(COD)I2], and the reaction mixture was heated at reflux (70 °C).
The mixture was stirred at this temperature for 2 d. The solvent
was removed under reduced pressure to yield a yellow solid, which
was slurried in cold methanol and recovered by filtration. It was
washed with methanol (1×5 mL), ether (1×5 mL), and pentane
(2×5 mL), then dissolved in acetone (5 mL) and filtered through
Celite. The product was crystallized by vapor diffusion of diethyl
ether into the acetone solution. The molecular rectangle was reco-
vered by filtration and was washed with diethyl ether (1×5 mL)
and pentane (2×3 mL). Yield = 0.290 g (76%). 1H NMR ([D6]
acetone, 27 °C, 500 MHz): δ = 1.42 (s, 36 H), 2.86 (t, J = 6.83 Hz,
8 H), 3.10 (t, J = 6.44 Hz, 8 H), 3.51 (s, 8 H), 7.23 (d, J = 1.65 Hz,
4 H), 7.66 (t, J = 1.69 Hz 2 H), 7.70 (d, J = 7.80 Hz, 4 H), 7.97–
8.00 (m, 8 H), 8.07–8.10 (m, 20 H), 8.25 (dd, J1 = 1.80 Hz, J2 =
7.75 Hz, 4 H), 8.60–8.65 (m, 8 H), 8.98 (d, J = 8.06 Hz, 8 H), 9.27

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 3907–39173914

(d, J = 6.43 Hz, 4 H), 9.34 (s, 8 H), 9.42 (d, J = 1.89 Hz, 4 H).
C154H134F48N18Pt4Sb8 (4903.15): calcd. C 37.72, H 2.75, N 5.14;
found C 37.42, H 2.49, N 5.05. ESI-MS: a series of peaks were
observed that were consistent with [M – n(SbF6)]n+ (n = 2–6): for
example, 581.8 [11 – 6(SbF6)]6+, 745.5 [11 – 5(SbF6)]5+, 990.3 [11 –
4(SbF6)]4+, 1399.1 [11 – 3(SbF6)]3+, 2216.3 [11 – 2(SbF6)]2+.

Host–Guest Interaction of Receptor 9 with 5: The procedure for
stoichiometry determination employed for the host–guest adduct
formed between 9 and 5 is representative. A series of solutions of
9 (1.75 m⁾ in dry [D7]DMF containing varying amounts of 5
(0.23 m to 11.4 m⁾ were prepared and were examined by 1H
NMR spectroscopy (60 °C). The host in [D7]DMF solution is
orange, as is the guest. The host–guest mixtures vary in color from
orange-red to deep red (Figure 5). The mol ratio method[12] was
applied, and the stoichiometry of the association was found to be
one guest molecule per one host molecule (Figure 6). The data were
analyzed using a curve-fitting procedure,[6] and K1 was found to be
3670±560 –1. ESI-MS ([D7]DMF): a series of peaks were ob-
served that were consistent with [M – n(SbF6)]n+ and [M·G –
n(SbF6)]n+ (n = 1–4): for example, 370.2 [9 – 4(SbF6)]4+, 476.6 [9·5 –
4(SbF6)]4+, 572.3 [9 – 3(SbF6)]3+, 713.1 [9·5 – 3(SbF6)]3+, 976.0 [9 –
2(SbF6)]2+, 1188.4 [9·5 – 2(SbF6)]2+ (Figure 7).

Figure 5. Absorption spectra for 9 (A, 1.75 m), 5 (B, 2.05 m),
and a 1:1 solution (C) of 9 (1.75 m) and 5 (1.89 m). The experi-
ments were performed at 25 °C in dry DMF.

Host–Guest Interaction of Receptor 9 with 6: The procedure was
analogous to that used above. The stoichiometry of the association
was found to be one guest molecule per one host molecule (Sup-
porting Information). K1 was found to be 1160±210 –1. ESI-MS
([D7]DMF): a series of peaks were observed that were consistent
with [M – n(SbF6)]n+ and [M·G – n(SbF6)]n+ (n = 1–4): for example,
370.2 [2 – 4(SbF6)]4+, 467.1 [9·6 – 4(SbF6)]4+, 572.3 [9 – 3(SbF6)]
3+, 701.5 [9·6 – 3(SbF6)]3+, 976.0 [9 – 2(SbF6)]2+, 1170.3 [9·6 –
2(SbF6)]2+.

Host–Guest Interaction of Molecular Rectangle 10 with 5: The pro-
cedure for stoichiometry determination employed for the host–
guest adduct formed between 10 and 5 is representative. A series
of solutions of 10 (1.65 m⁾ in dry [D7]DMF containing varying
amounts of 5 (0.25 m to 23.4 m⁾ were prepared and were exam-
ined by 1H NMR spectroscopy (60 °C). The host in [D7]DMF solu-
tion is orange, as is the guest. The host–guest mixtures vary in
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Figure 6. 1H NMR stoichiometry titration for the host–guest com-
plex formed between 9 and 5. The experiments were performed at
60 °C in [D7]DMF. The concentration of 9 was held constant at
1.75 m, and the concentration of 5 was varied between 0.23 m
and 11.4 m. The plot refers to the proton Hh (see Scheme 2).

Figure 7. ESI-MS (DMF, 1.75 m) of the host–guest complex
formed between 9 and 5, m/z = 370.6 [9 – 4SbF6]4+, 476.6 [9·5 –
4SbF6]4+, 572.3 [9 – 3SbF6]3+, 713.1 [9·5 – 3SbF6]3+, 976.5 [9 –
2SbF6]2+, 1188.4 [9·5 – 2SbF6]2+.

color from orange-red to deep red (Figure 8). The stoichiometry of
the association was found to be two guest molecules per one host
molecule (Figure 9). Equilibrium constants were determined using
a previously described algorithm.[9] The microscopic value of K1

was found to be 4100±400 –1, and K2 was 4200±200 –1. K2/K1

= 1.02. ESI-MS ([D7]DMF): a series of peaks were observed that
were consistent with [M – n(SbF6)]n+, [M·G – n(SbF6)]n+ and
[M·2G – n(SbF6)]n+ (n = 2–5): for example, 733.1 [10 – 5(SbF6)]5+,
975.7 [10 – 4(SbF6)]4+, 1081.3 [10·5 – 4(SbF6)]4+, 1187.4 [10–(5)2 –
4(SbF6)]4+, 1379.4 [10 – 3(SbF6)]3+, 1520.7 [10·5 – 3(SbF6)]3+,
1662.3 [10–(5)2 – 3(SbF6)]3+, 2187.5 [10 – 2(SbF6)]2+ (Figure 10).

Host–Guest Interaction of Molecular Rectangle 11 with 5: The pro-
cedure was analogous to that used above. The stoichiometry of the
association was found to be two guest molecules per one host mole-
cule (Supporting Information). K1 was found to be 3800±300 –1,
and K2 was 4400±200 –1. K2/K1 = 1.15. ESI-MS ([D7]DMF): a
series of peaks were observed that were consistent with [M –
n(SbF6)]n+, [M·G – n(SbF6)]n+ and [M·2G – n(SbF6)]n+ (n = 2–5):
for example, 744.5 [11 – 5(SbF6)]5+, 990.4 [11 – 4(SbF6)]4+, 1095.4
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Figure 8. Absorption spectra for 10 (A, 1.65 m), 5 (B, 3.45 m),
and a 1:2 solution (C) of 10 (1.65 m) and 5 (3.55 m). The experi-
ments were performed at 25 °C in dry DMF.

Figure 9. 1H NMR stoichiometry titration for the host–guest com-
plex formed between 10 and 5. The experiments were performed at
60 °C in [D7]DMF. The concentration of 10 was held constant at
1.65 m, and the concentration of 5 was varied between 0.25 m
and 23.4 m. The plot refers to the proton Hh (see Scheme 2).

[11·5 – 4(SbF6)]4+, 1201.4 [11–(5)2 – 4(SbF6)]4+, 1398.2 [11 –
3(SbF6)]3+, 1539.2 [11·5 – 3(SbF6)]3+, 1680.7 [11–(5)2 – 3(SbF6)]3+,
2215.6 [11 – 2(SbF6)]2+, 2428.1 [11–(5)2 – 2(SbF6)]2+ (Supporting
Information).

Host–Guest Interaction of Molecular Rectangle 10 with 6: The pro-
cedure was analogous to those described above. The stoichiometry
of the association was found to be two guest molecules per one
host molecule (Supporting Information). K1 was found to be
1450±200 –1, and K2 was 5200±400 –1. K2/K1 = 3.58. ESI-MS
([D7]DMF): a series of peaks were observed that were consistent
with [M – n(SbF6)]n+ and [M·2G – n(SbF6)]n+ (n = 3–5): for exam-
ple, 888.1 [10–(6)2 – 5(SbF6)]5+, 975.4 [10 – 4(SbF6)]4+, 1169.2 [10–
(6)2 – 4(SbF6)]4+, 1379.3 [10 – 3(SbF6)]3+, 1638.0 [10–(6)2 –
3(SbF6)]3+, 2186.9 [10 – 2(SbF6)]2+ (Supporting Information).

Host–Guest Interaction of Molecular Rectangle 11 with 6: The pro-
cedure was analogous to those described above. The stoichiometry
of the association was found to be two guest molecules per one
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Figure 10. ESI-MS (DMF, 1.65 m) of the host–guest complex
formed between 10 and 5, 733.1 [10 – 5(SbF6)]5+, 975.7 [10 –
4(SbF6)]4+, 1081.3 [10·5 – 4(SbF6)]4+, 1187.4 [10–(5)2 – 4(SbF6)]4+,
1379.4 [10 – 3(SbF6)]3+, 1520.7 [10·5 – 3(SbF6)]3+, 1662.3
[10–(5)2 – 3(SbF6)]3+, 2187.5[10 – 2(SbF6)]2+.

host molecule (Supporting Information). K1 was found to be
1250±200 –1, and K2 was 5600±400 –1. K2/K1 = 4.58. ESI-MS
([D7]DMF): a series of peaks were observed that were consistent
with [M – n(SbF6)]n+, [M·G – n(SbF6)]n+ and [M·2G – n(SbF6)]n+

(n = 3–5): for example, 710.2 [11–(6)2 – 6(SbF6)]6+, 744.5 [11 –
5(SbF6)]5+, 929.1 [11–(6)2 + 2DMF – 5(SbF6)]5+, 990.1 [11 –
4(SbF6)]4+, 1026.9 [11 + 2DMF – 4(SbF6)]4+, 1086.4 [11·6 –
4(SbF6)]4+, 1183.3 [11–(6)2 – 4(SbF6)]4+, 1398.2 [11 – 3(SbF6)]3+,
2215.6 [11 – 2(SbF6)]2+ (Supporting Information).

Host–Guest Interaction of Molecular Rectangle 10 with 7: The pro-
cedure was analogous to that used above. The mol ratio method[12]

was applied, and the stoichiometry of the association was found to
be four guest molecules per one host molecule (Supporting Infor-
mation). Because of the high host–guest stoichiometry, the binding
constants could not be determined. ESI-MS ([D7]DMF): a series
of peaks were observed that were consistent with [M – n(SbF6)]n+(n
= 2–6): for example, 571.5 [10 – 6(SbF6)]6+, 733.2 [10 – 5(SbF6)]5+,
975.0 [10 – 4(SbF6)]4+, 1379.1 [10 – 3(SbF6)]3+, 2187.8 [10 –
2(SbF6)]2+. No peaks due to the host–guest adducts were observed
(Supporting Information).

Crystallographic Structural Determination for the Host–Guest Ad-
duct Formed from 10 and 5: Crystals of the complex were grown by
dissolving a 1:2 mixture of host 10 and guest 5 in methyl ethyl
ketone and vapor diffusing with methanol for seven days at –4 °C.

Data Collection: A red, brick-shaped fragment
(0.20×0.15×0.15 mm) was selected under a stereomicroscope
while immersed in Fluorolube oil to avoid possible reaction with
air. The crystal was removed from the oil using a tapered glass fiber
that also served to hold the crystal for data collection. The crystal
was mounted and centered on a Bruker SMART APEX system at
100 K. Rotation and still images showed the diffractions to be
sharp. Frames separated in reciprocal space were obtained and pro-
vided an orientation matrix and initial cell parameters. Final cell
parameters were obtained from the full data set.

A “full sphere” data set was obtained which samples approximately
all of the reciprocal space to a resolution of 0.84 Å using steps of
0.3° in ω and 30-s integration times for each frame. Data were
collected at 100 K. Integration of intensities and refinement of cell
parameters were performed with SAINT.[18] Absorption correc-
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tions were applied using SADABS[18] based on redundant diffrac-
tions.

Structure Solution and Refinement: The space group was deter-
mined as P1̄ on the basis of systematic absences and intensity sta-
tistics. Patterson methods were used to locate some Pt atoms and
repeated-difference Fourier maps allowed recognition of many car-
bon atoms. It soon became clear that the expected SbF6 and other
Pt atoms were either not located or located as split atoms. While
the C units became obvious, considerable difficulties were encoun-
tered in locating some C atoms, particularly those associated with
the split Pt atoms or in expected solvent. The F atoms of the SbF6

groups were either not found or found with poor geometry. It was
concluded that there is severe disorder for the anions, solvent, and
guest Pt units. Sb and Pt guest positions were usually located and
their occupancy refined. Some F atoms were assigned but in gene-
ral SbF6 units were not complete. Although anisotropic refinement
for the C framework was possible, some terminal C atoms showed
poor geometry. No H location was attempted. Final refinement
was anisotropic for all C, N, and Pt atoms of the framework. Some
thermal parameters were unusual, but overall the framework was
consistent with that expected. All ORTEP diagrams have been
drawn with 50% probability ellipsoids. The final R value of approx-
imately 14% directly results from the inability to locate the anions
and guest molecules.

The CIF file CCDC 267851 [for 10–(5)2] contains the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information: The Supporting Information contains the
1H NMR stoichiometry plots, ESI-MS, UV/Vis spectra, COSY,
and NOESY spectra for the host–guest adducts.
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