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ABSTRACT: The binding of phosphine ligands to molybdenum sites on
the faces of a supramolecular cube served to inhibit allosterically the
encapsulation of a neutral or anionic guest. The edges of the cube also
provided a distinct second allosteric site, where the binding of
tetraphenylborate also allosterically inhibited anion binding in the cube’s
cavity. The two allosteric sites were shown to regulate the binding of an
anionic guest either independently or in concert. The use of a tertiary
amine as an allosteric effector also enabled a phosphine guest to be ejected
from the cube’s cavity into solution, to generate phosphine complexes with other metal ions.

■ INTRODUCTION

Communication between the constituents of a biological
network is necessary to generate complex behavior. Moderating
this communication is equivalent to carrying out logic
operations, and such modulation thus enables a living system
to process information.1

The replication of such signal transduction between
molecular elements in abiological chemical networks is a
difficult task to achieve, requiring methods to control signals
that are passed between network elements.2 Allosteric
regulation has provided an effective means to achieve this
goal. Allosteric effects function in a conceptually similar way to
a logic gate, whereby the effects of a signal in one part of a
system are modulated by another signal elsewhere. The
promise of this type of control has stimulated efforts to
develop artificial receptor systems that can be controlled by
allosteric effects.3 Cationic4 and anionic5 allosteric effectors are
frequently used in contexts both homotropic,6 where one ion
influences the binding of an identical ion in a different site, and
heterotropic,7 where different ions are involved, because
Coulombic interactions between ions facilitate these inter-
actions. Fewer systems have been developed using neutral
molecules as effectors in homotropic8 or heterotropic9 systems,
suggesting the presence of additional design challenges.
The development of supramolecular metal−organic cages10

with cavities to encapsulate guest molecules11 has provided a
platform for the investigation of allosteric regulation in
synthetic systems.12 More complex systems with more than
one effector have been developed,13 but synthetic supra-
molecular structures that possess multiple, independent
allosteric binding sites that can be affected by a range of
effectors and can influence the binding affinity of more than
one type of substrate remain elusive. These characteristics are
valuable, because they can allow complexity to be built up: the
more information each logic element can process in a single
operation, the fewer logic elements are required to accomplish

a computation of a given complexity, and the more elaborate a
response can emerge.
Herein we demonstrate multiple allosteric regulation of

different substrates’ binding within metallo-supramolecular host
114 (Figure 1; Supporting Information Section 1.1). The
ligation of neutral coordinating species to the exterior
molybdenum sites at the centers of the faces of 1 exhibited a
trans influence through the Mo−Mo quadruple bond,15 which
inhibited the binding of anionic or neutral encapsulated guests
to the interior site. The clefts in the architecture of 1 also
created a second allosteric binding site, which inhibited the
binding of an anionic guest via a specific anionic effector,
tetraphenylborate. The active sites are chemically distinct, yet
display additive allosteric effects upon the binding of an anionic
guest. The ejection of an encapsulated guest from the host by
an allosteric effector was also used to control the guest’s
subsequent coordination to different metal centers in solution.

■ RESULTS AND DISCUSSION

Receptor 1 was prepared as previously described,14 via
subcomponent self-assembly16 of tetrakis(para-aminobenzoa-
to)-dimolybdenum(II) (6 equiv) and 2-formylpyridine (24
equiv) around iron(II) template ions (8 equiv). Cube 1 (Figure
1) consists of six metalloligands, which define the cube’s faces,
and eight FeII centers, which define the cube’s vertices. The
four-fold symmetry axes of the ligands and cube derive from the
dimolybdenum(II) tetracarboxylate “paddle wheel” motif17 at
the ligands’ cores and the cube’s three-fold axes are provided by
the fac-FeII(tris(pyridylimine)) centers. Each Mo2 unit thus
provides one free molybdenum axial binding site directed
outward to the bulk solvent and one site oriented inward to the
cavity of 1.The arrangement of the ligands on the faces of the
structure produced clefts at the edges of the cube. The distance
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between interior-facing molybdenum centers on parallel faces
averaged 11.3 Å.
Regulation of Guest Binding via Two Allosteric Sites.

An anionic guest, the tetra-n-butylammonium salt of
dimolybdate (TBA+

2Mo2O7
2−; Supporting Information Section

1.2.1), and a neutral guest, tri-tert-butylphosphine (tBu3P), were
each found to axially coordinate to an interior molybdenum
binding site of 1 (Supporting Information Sections 2 and 3,
respectively); these species served as substrates to investigate
allosteric regulation via external coordination.
When Mo2O7

2− was titrated into a solution of 1 in CD3CN,
NMR spectra underwent changes consistent with interior
Mo2O7

2− binding (Figures S2 and S3). Additional signals were
not observed in the 1H NMR spectrum of the host−guest
complex, reflecting rapid guest exchange between equivalent
binding sites on the NMR time scale. The inward-facing host
proton signals shifted downfield by only 0.04 ppm due to
averaging across six sites during the exchange process. The
perturbation of the chemical shift of H2 is also expected to be
minimized due to the substantial distance (estimated to be >4
Å based on triflate coordination to 1 observed in the X-ray

crystal structure)14 between H2 and the closest coordinating
dimolybdate oxygen. Job’s Plot analysis confirmed a 1:1 binding
stoichiometry (Figure S4), and a binding constant of 2.7 ± 0.1
× 105 M−1 was obtained through UV−vis titration in
acetonitrile (Figure S5).
Neutral tBu3P was also observed to bind within 1, as

confirmed by 31P, 1H, 19F, and DOSY NMR spectra (Figures
S6−S10). When Mo2O7

2− (1.0 equiv) was added to [tBu3P⊂1],
dimolybdate was observed to completely displace the
phosphine guest (Figure S11); we infer the stronger binding
of Mo2O7

2− within 1 to be a consequence of Coulombic
attraction. Although tBu3P appeared to be weakly coordinated
to the exterior of 1 after it was competitively displaced from the
cavity by Mo2O7

2− (Figure S11), these guests’ tandem behavior
was not probed further due to the complexity of analyzing a
system where tBu3P can bind to both interior and exterior sites,
potentially competing with the interior binding of Mo2O7

2− and
allosterically inhibiting its binding through two distinct
mechanisms.
We next investigated the binding of tricyclohexylphosphine

(PCy3; Supporting Information Section 4) and tri-n-octylphos-
phine (TOP; Supporting Information Section 5) to 1. In
contrast with the cases of Mo2O7

2− and tBu3P, however,
31P,

19F, 1H and DOSY NMR spectra gave results more consistent
with the binding of these phosphines to the exterior
molybdenum sites of 1 (Figures S12−S21); models suggested
that these larger phosphines would not fit within the cavity of 1.
When Mo2O7

2− was titrated into a solution of the PCy3 or
TOP adduct of 1 (Figures S22 and S24, respectively), UV−vis
spectroscopy revealed the affinity of Mo2O7

2− for 1 to have
decreased to 3.0 ± 0.7 × 104 M−1 for 1·PCy3 (Figure S23) and
1.4 ± 0.4 × 104 M−1 for 1·TOP (Figure S25); observations in
the 1H NMR titrations (Figures S22 and S24) were consistent
with these results. These bulky phosphines thus serve to
allosterically inhibit the binding of dimolybdate (Figure 2). We
infer this inhibition to be a consequence of the trans effect
across the Mo2 unit.15 Although spectroscopic evidence
suggested that two bulky phosphines bound to the exterior of
each equivalent of 1 (Figures S15 and S20), no further

Figure 1. (a) The reaction of tetrakis(para-aminobenzoato)-
dimolybdenum(II), 2-formylpyridine, and iron(II) triflate in acetoni-
trile produced host 1 (Fe8L6(OTf)16); only one L environment is
shown for clarity. (b) Schematic view of the X-ray structure14 of 1,
showing the external allosteric regulation sites (X and Y) of the
internally bound guest (Z).

Figure 2. (i) The dimolybdate anion, Mo2O7
2−, was found to bind

internally to 1 with high affinity, but when PCy3 or TOP coordinated
to an exterior molybdenum face (allosteric site A; ii) or BPh4

−

associated with the edge (allosteric site B; iv), the binding affinity of
Mo2O7

2− was found to decrease substantially (iii and v, respectively).
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allosteric inhibition of Mo2O7
2− binding by 1 was observed

when more than one equivalent of phosphine was present.
Tetraphenylborate (BPh4

−, introduced as the TBA salt;
Supporting Information Section 1.2.2) was also observed to
bind to 1, but at a different site than any of the other
coordinating species studied. Its binding also gave rise to
allosteric inhibition of dimolybdate binding, independently of
the phosphines’ allosteric effects.
Evidence of BPh4

− binding to 1 was provided by 1H, 11B and
19F NMR (Figures S26−S31). All spectra were consistent with
fast exchange on the NMR time scale, even at −40 °C (Figure
S27). A NOESY spectrum allowed us to infer BPh4

− to bind in
a cleft along the cube edge of 1 (Figure 3a). Although 1
possesses 12 edges to serve as prospective BPh4

− binding sites,
a 1:1 binding stoichiometry was identified using a UV−vis Job’s
Plot (Figure S32). UV−vis titration provided a binding
constant of 9.8 ± 0.7 × 104 M−1 (Supporting Information
Section 7.1).

The interaction between 1 and BPh4
− appears, thus, to

involve edge-to-face interactions between the electron-rich π-
clouds of BPh4

− and the host’s electron deficient C−H
groups,18 which experienced 1H NMR shielding as a result
(Figures 3 and S27). Tetraphenylborate presented a particularly
good size and charge match for 1’s edge clefts, as little evidence
of interaction was observed between 1 and either larger and less
π-basic B(C6F5)4¯ (Supporting Information Section 1.2.3;
Figure S34) or neutral tetraphenylmethane (Figure S35).
In the presence of BPh4

− (1.3 equiv), the association
constant of Mo2O7

2− was observed to decrease to 3.0 ± 0.7 ×
104 M−1 (Supporting Information Section 7.4) via allosteric
inhibition. Further increasing the concentration of BPh4

−

resulted in only marginally reduced binding affinities for
Mo2O7

2−, consistent with the observed 1:1 binding stoichiom-
etry of both guests with 1; similar results were recorded in the
1H NMR titrations (Figure S36).
We infer the allosteric inhibition by BPh4

− of Mo2O7
2−

encapsulation within 1 to have occurred through electrostatic
repulsion between the substrate and inhibitor through the
framework of 1. This idea was reinforced by the observation
that BPh4

− binding had no apparent effect upon tBu3P binding
by 1 (Figure S39), whereas spectroscopic evidence indicated
tBu3P encapsulation to be inhibited by the presence of either
PCy3 (Supporting Information Section 8.2), TOP (Supporting
Information Section 8.3), or even excess tBu3P (Supporting
Information Section 4). The two allosteric effector sites
identified within 1 thus modulated guest encapsulation through
two chemically distinct mechanisms.
The two individual allosteric sites within 1 are able to

independently act to inhibit the binding of Mo2O7
2− within 1,

without interfering with each other (Supporting Information
Section 9). As shown in Table 1, the presence of either TOP or
PCy3 together with BPh4

− resulted in a combined inhibitory
effect upon Mo2O7

2−.

As halide anions have been shown previously to bind to the
interior molybdenum sites of 1,14 we investigated the allosteric
regulation of the most strongly coordinating halide, iodide
(Supporting Information Section 10). The association constant
of iodide, as determined by UV−vis spectroscopy, decreased
from 4.1 ± 0.5 × 104 M−1 (in the absence of any allosteric
effector) to 3.7 ± 0.3 × 104 M−1 in the presence of PCy3 (1.1
equiv), 3.6 ± 0.3 × 104 M−1 in the presence of BPh4

− (1.2
equiv), and 3.4 ± 0.3 × 104 M−1 in the presence of TOP (1.0
equiv) (Figures S47 and S49); 1H NMR titrations were
consistent with these results (Figures S46 and S48). The
concerted action of the PCy3 and BPh4

− (1.1 equiv of PCy3 and
1.0 equiv of BPh4

−) weakened iodide binding strength to 3.0 ±
0.2 × 104 M−1, and TOP and BPh4

− (1.0 equiv of each)

Figure 3. (a) Interaction between BPh4
− and 1 was observed by

NOESY NMR. Correlations between the ortho protons of BPh4
− (HA)

with 1 (H5 and H6) are highlighted in yellow, and the correlations
between the meta and para protons (HB and HC, respectively) with 1
(H1) are highlighted in green. (b) Energy-minimized molecular model
of BPh4

− docked with the crystal structure of 1.14 Color scheme: dark
gray, C; white, H; blue, N; purple, Fe; orange, Mo; red, O; pink, B.

Table 1. Association Constants for Mo2O7
2− in 1 in the

Presence of Different Allosteric Effectors

allosteric effector

PCy3 TOP BPh4
− Ka ( × 105 M−1)

equiv

0.0 0.0 0.0 2.7 ± 0.1
1.1 0.0 0.0 0.30 ± 0.07
0.0 1.0 0.0 0.14 ± 0.04
0.0 0.0 1.3 0.30 ± 0.07
1.1 0.0 1.0 0.11 ± 0.04
0.0 1.0 1.0 0.08 ± 0.04
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together reduced iodide affinity to 2.6 ± 0.4 × 104 M−1. We
infer that Mo2O7

2− was more responsive to allosteric inhibition
than iodide because it is dianionic (incurring stronger
Coulombic repulsion by BPh4

−) and more strongly bound
within the cavity of 1 (thus rendering changes in its binding
strength more straightforward to quantify).
Allosteric Release of tBu3P and Its Subsequent Metal

Coordination. Tri-n-octylamine (TOA) was also observed to
allosterically inhibit the binding of tBu3P through exterior
binding (Supporting Information Section 11), in similar fashion
to TOP. Whereas tBu3P remained bound as [tBu3P⊂1] in the
presence of excess TOP (Figure S41), the addition of TOA
resulted in quantitative expulsion of tBu3P, as confirmed by 1H
and 31P NMR spectroscopy (Figures S54 and S55); two
equivalents of TOA were required to eject the tBu3P.
As tBu3P can serve as a ligand to a variety of transition

metals, we investigated how the TOA-mediated release of tBu3P
from 1 might be used as in the context of signal transduction,
whereby the addition of TOA would prompt the formation of a
metal complex containing tBu3P (Figure 4).

It has been shown that a solution of tBu3P in CD3CN reacts
quantitatively with an equimolar solution of [Cu(CH3CN)4]-
BF4 to form [Cu(tBu3P)(CH3CN)3]BF4

19 (Figures S56 and
S57). In a control experiment, when tBu3P (1.0 equiv) was
encapsulated within 1 and [Cu(CH3CN)4]BF4 (1.0 equiv) was
added, only 13% conversion to [Cu(tBu3P)(CH3CN)3]BF4 was
observed by 1H NMR spectroscopy (Figure S58; Figure 4).
Upon addition of TOA (2.0 equiv) to an equimolar solution of
[tBu3P⊂1] and [Cu(CH3CN)4]BF4, quantitative formation of
[Cu(tBu3P)(CH3CN)3]BF4 was observed, as confirmed by 1H
and 31P NMR spectroscopy (Figures S59 and S60).

Host 1 was also observed to prevent reaction between
encapsulated tBu3P and Pd(C6H5CN)2Cl2 in solution (Figure
S61). In the absence of 1, the reaction of 1.0 equiv of tBu3P
with 0.5 equiv of PdII (in a coordinating solvent) proceeds
rapidly to generate several different square-planar PdII

complexes,20 confirmed via 1H and 31P NMR spectroscopy
(Figures S62−S65). Upon addition of TOA (3.0 equiv) to a
solution of [tBu3P⊂1] (1.0 equiv) and Pd(C6H5CN)2Cl2 (0.5
equiv), release of the encapsulated phosphine with concomitant
formation of several PdII(tBu3P)n species was confirmed by 1H
and 31P NMR (Figures S66 and S67).

■ CONCLUSIONS

In conclusion, we have shown that an externally binding guest,
such as PCy3, TOP, or BPh4

−, can allosterically reduce the
binding affinity of an internally bound anionic guest. The
trialkylphosphines that coordinate to the exterior of 1 at
molybdenum allosterically inhibit the binding of interior guests,
whether they be neutral or negative. As a result of electrostatic
repulsion, anionic guest encapsulation can also be allosterically
inhibited by BPh4

−. As the two allosteric active sites act
independently of each other, they provide parallel modes of
modulating the binding of Mo2O7

2− or iodide. The effector
TOA also brought about allosteric release of tBu3P from 1; the
released tBu3P could then go on to react with metal ions in
solution, highlighting the use of functional container molecules
such as 1 in the context of signal transduction.21 Future work
will investigate the use of such signaling to up- and down-
regulate the rates of metal-catalyzed reactions.

■ EXPERIMENTAL METHODS
General. All reagents were purchased from commercial sources and

used as received. The solvents were purchased from Sigma-Aldrich;
prior to use, diethyl ether and tetrahydrofuran were distilled over
sodium, acetonitrile was distilled over calcium hydride, and diglyme
and DMF were purchased as anhydrous solvents and used as received.
NMR spectra were recorded on Bruker Avance DRX-400, Bruker
Avance 500 BB ATM, or Bruker Avance 500 Cryo spectrometers.
Chemical shifts for 1H, 11B, 13C, 19F and 31P{1H} are reported in ppm
on the δ scale; 1H and 13C were referenced to the residual solvent
peak, 11B was referenced to BF3·Et2O at 0 ppm in CDCl3,

31P{1H} was
referenced to 85% H3PO4 at 0 ppm in D2O, and

19F was referenced to
C6F6 in CD3CN at −164.9 ppm. Coupling constants (J) are reported
in hertz (Hz). The following abbreviations are used to describe signal
multiplicity for 1H, 13C, and 31P{1H} NMR spectra: s: singlet, d:
doublet, t: triplet, m: multiplet, br: broad. DOSY experiments were
performed on a Bruker Avance 500 BB ATM spectrometer. Maximum
gradient strength was 6.57 G/cmA. The standard Bruker pulse
program, ledbpgp2s, employing a stimulated echo and longitudinal
eddy-current delay (LED) using bipolar gradient pulses for diffusion
using 2 spoil gradients was utilized. Rectangular gradients were used
with a total duration of 1.5 ms. Gradient recovery delays were 500−
950 μs. Diffusion times were 100 ms. Individual rows of the quasi-2D
diffusion databases were phased and baseline corrected. Elemental
analyses were obtained on an Exeter Analytical CE-440 Elemental
Analyzer. Electronic absorbance spectra were measured in dry
acetonitrile with a PerkinElmer Lambda 750 UV−vis NIR
spectrometer. Infrared absorbance spectra were measured on a
PerkinElmer Frontier IR spectrometer (HeNe 633 nm, <0.4 mW)
with Nujol mull on NaCl plates; the following abbreviations were used
to describe the wavenumber peaks: s: strong, m: medium, w: weak, sh:
sharp, and br: broad. Unless otherwise stated, all reactions were
performed under nitrogen.

Synthesis of 1. Host 1 was prepared according to the previously
reported method.14

Figure 4. (a) When 1.0 equiv of [CuI(CH3CN)4] was added to a
solution of [tBu3P⊂1] (i), NMR spectra identified minimal reaction of
tBu3P with CuI. When 2.0 equiv of TOA was added to this solution,
ejection of tBu3P and production of [CuI(tBu3P)(CH3CN)3] was
observed (ii). (b) These results are shown graphically: formation of
[Cu(tBu3P)(CH3CN)3]BF4 in the absence of 1, in the presence of 1
(with no TOA added) and the experiment in which the addition of
TOA was delayed. The delayed addition of TOA at t = 7 min triggered
the release of tBu3P and thus its reaction with [Cu(CH3CN)4]BF4.
The dashed lines indicate the inferred reaction progression.
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Procedure for 1H, 19F, 31P{1H}, 11B and DOSY NMR Titrations.
General Host−Guest Complexes. A 0.5 or 0.6 mL solution of 1 (5.2−
5.4 × 10−4 M) in CD3CN was added to a sealed, nitrogen-filled NMR
tube, which was titrated with a nitrogen filled, concentrated solution of
guest in CD3CN (3.0−3.2 × 10−2 M). The total change in
concentration of the host was 8.5−9.1% over the course of the
titration, and the error involved was assumed to be negligible. Upon
each addition, the solution was manually stirred for 5 min before
acquiring the spectrum, which was sufficient time for equilibrium to be
reached between the host and guest.

Allosteric Experiments.

(a) A 0.5 or 0.6 mL solution of 1 (5.2−5.4 × 10−4 M) in CD3CN
was added to a sealed, nitrogen-filled NMR tube, to which was
added 1.0 equiv of tri-tert-butylphosphine (tBu3P) or tetra-n-
butylammonium dimolybdate (TBA+

2Mo2O7
2−) or iodide and

the host−guest complex was allowed 5 min to equilibrate. This
solution was then titrated with a nitrogen-filled, solution of
tetra-n-butylammonium tetraphenylborate (TBA+BPh4

−), tricy-
clohexylphosphine (PCy3), tri-n-octylphosphine (TOP) or tri-
n-octylamine (TOA) in CD3CN (3.0−3.2 × 10−2 M). The total
change in concentration of the host was 4.0−8.5% over the
course of the titration, and the error involved was assumed to
be negligible. Upon each addition, the solution was manually
stirred for 5 min before acquiring the spectrum, which was
sufficient for equilibrium to be reached between the host and
guest.

(b) A 0.5 or 0.6 mL solution of 1 (5.2−5.4 × 10−4 M) in CD3CN
was added to a sealed, nitrogen-filled NMR tube, to which was
added a stoichiometric amount of BPh4

−, PCy3, or TOP, and
the complex was allowed 5 min to equilibrate. This solution was
then titrated with a nitrogen-filled, concentrated solution of
Mo2O7

2− or iodide in CD3CN (3.0−3.2 × 10−2 M). The total
change in concentration of the host was 8.5−9.1% over the
course of the titration, and the error involved was assumed to
be negligible. Upon each addition, the solution was manually
stirred for 5 min before acquiring the spectrum, which was
sufficient for equilibrium to be reached between the host and
guest.

Cumulative Allosteric Experiments. A 0.5 or 0.6 mL solution of 1
(5.2−5.4 × 10−4 M) in CD3CN was added to a sealed, nitrogen-filled
NMR tube, to which was added 1.0 equiv of TOP or 1.0 equiv of PCy3
and 1.0 equiv of BPh4

−, and the complex was allowed 5 min to
equilibrate. This solution was then titrated with a nitrogen-filled,
concentrated solution of Mo2O7

2− or iodide in CD3CN (3.0−3.2 ×
10−2 M). The total change in concentration of the host was 8.5−9.1%
over the course of the titration, and the error involved was assumed to
be negligible. Upon each addition, the solution was manually stirred
for 5 min before acquiring the spectrum, which was sufficient for
equilibrium to be reached between the host and guest.
Procedure for UV−vis Titrations. A solution of 1 (either empty

or with stoichiometric proportions of appropriate allosteric effectors;
2.3−2.7 × 10−6 M) in a nitrogen-filled UV−vis cuvette was titrated
with a nitrogen-filled solution of the same concentration of 1 and
excess substrate such that the concentration of the host (or host-
coordination complex) remained constant with each addition of
substrate. Upon each addition, the solution was manually stirred for 2
min before acquiring the UV−vis spectrum.
Procedure for Job’s Plots:22 A series of solutions containing 1

and guest were prepared such that the sum of the total guest and 1
concentration remained constant (2.3−2.7 × 10−6 M). The mole
fraction of the guest was varied from 0.1 to 1.0. The corrected
absorbance (mole fraction * absorbance at 435 nm) at 435 nm was
plotted against the molar fraction of the guest solution.
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