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ABSTRACT: A new series of molecular torsion balances
were designed to measure the strength of individual Ag−π
interactions in solution for an Ag(I) coordinated to a
pyridine nitrogen. The formation of a well-defined
intramolecular Ag−π interaction in these model systems
was verified by X-ray crystallography and 1H NMR. The
strength of the intramolecular Ag−π interaction in solution
was found to be stabilizing in nature and quantified to be
−1.34 to −2.63 kcal/mol using a double mutant cycle
analysis. The Ag−π interaction was also found to be very
sensitive to changes in geometry or solvent environment.

Metal−π interactions1 are attractive interactions between
metal atoms and aromatic surfaces that play an important

role in biological processes, polymer/materials design, host−
guest complexes, and catalysis.2 One of the most widely utilized
metal−π interactions is the Ag−π interaction.3 These
interactions have found applications in catalysis,4 electrospray
mass-spectrometry,5 molecular recognition,6 and polymer/
materials design.7 Despite the utility of Ag−π interactions, a
better understanding of the individual interaction strengths and
stability trends is still needed to guide the rational design of new
materials and applications that utilize this interaction. Individual
Ag−π interactions are weak, making them difficult to
experimentally study and measure. Accordingly, studies in
solution have focused on systems that form multiple Ag−π
interactions making it difficult to estimate the individual
interaction energies.8 Solid-state X-ray crystallographic analyses
have provided information on the length and geometry of the
interaction but this method only provides indirect estimates of
the interaction energies.9 Finally, computational methods have
been employed to study Ag−π interactions. However, these
methods tend to overestimate the strengths of cation−π
interactions due to the lack of discrete solvent effects.10

Therefore, the goal of this study was to experimentally measure
the strength of individual Ag−π interactions in solution utilizing
a small molecule model system, which could flip between two
conformational states (Scheme 1).
Molecular torsion balances11 1−2 were designed to measure

the stabilizing energy of a single intramolecular Ag(I)−π
interaction from its influence on the folded−unfolded conforma-
tional equilibrium. The mode of action of 1 and 2 is similar to the
dynamic systems developed by Rathore and Habata that used
Ag−π interactions to control conformational equilibrium and
shape of the molecules.8a,d We have previously demonstrated the
sensitivity and versatility of the dynamic N-arylimide bicyclic

framework in 1 and 2 to study other weak noncovalent
interactions of aromatic surfaces such as CH−π,12 CD−π,13
cation−π,14 and π−π interactions.15 In this study, the pyridine
nitrogen of the N-aryl rotor was designed to coordinate an Ag(I)
ion and position it over the benzene shelf in the folded conformer,
forming an intramolecular Ag−π interaction. Thus, the relative
strengths of the intramolecular Ag−π interactions could be
measured by monitoring the shifts in the folded−unfolded
equilibrium in the absence and presence of Ag(I). The absolute
Ag−π interaction energies could also be isolated by comparison
of the folding energies of 1 or 2 with control balance 3, which
lacks a benzene π-shelf and thus cannot form an intramolecular
Ag−π interaction.
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Scheme 1a

a(a) Representations of the folded−unfolded conformational equilibria
of the molecular torsion balances that provide a quantitative measure
of the intramolecular Ag−π interaction (red broken line) from the
comparison of the change of the equilibria in the absence (top) and
presence of Ag(I) (bottom). (b) Structures of molecular balances 1
and 2 and control balance 3 (shown in their folded conformers).
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Balances 1 and 2 and control balance 3 were readily
synthesized in 1 or 2 steps, using previously described synthetic
routes.16 The crystal structures of 1 and 2 (Figure 1a−c) showed

the expected nonplanar geometry of the N-pyridyl and
succinimide rings leading to the two distinct conformers.4a

Both 1 and 2 crystallized exclusively in the unfolded conformer
with the pyridine nitrogen pointing away from the benzene shelf.
The driving force appears to be the formation of an attractive
intramolecular CH−π interaction17 between the ortho-methyl
group and the benzene shelf.12b,18 The crystal structure of
control balance 3 was nearly structurally identical to 1 and 2,
confirming its viability as a control molecule. The pyridine-rotor
of 3 adopted a similar nonplanar geometry and the endo-bicyclic
framework of 3was superimposable onto the bicyclic frameworks
of 1 and 2.19

Next, the ability of the balances to coordinate and form
intramolecular Ag−π interactions was assessed in the solid-state
and in solution. Crystal structures of the Ag(I) complexes of 1
and 2 were obtained by cocrystallization with AgBF4 from
MeOH/CH2Cl2 (Figure 1d,e). In the solid-state, 1·Ag and 2·Ag
were in the folded conformation and, more importantly, formed
well-defined intramolecular Ag−π interactions. The silver atoms
were coordinated to the pyridine nitrogens and formed Ag−π
interactions with the outermost edge of the benzene shelves. The
η2 and η1 coordination geometries in 1·Ag and 2·Ag were

consistent with the coordination geometries of previous Ag·
benzene complexes,20 with relatively short Ag−C contacts of
2.304 to 2.520 Å.21 In 1·Ag, the Ag atom formed an η2 interaction
with the Ag atom almost directly over the center of a CC bond
with similar Ag−C distances of 2.36 and 2.52 Å. In 2·Ag, the Ag
atom was disordered with two similar Ag−π coordination
geometries. The major structure (82%) was an η1 complex where
the Ag atom formed one short Ag−C interaction (2.30 Å). The
minor structure (18%) was an η2 complex (not shown) that had a
similar Ag−π coordination geometry as the 1·Ag complex with
Ag−C distances of 2.38 and 2.49 Å.
Once the ability of the balances to form Ag−π interactions in

the solid-state was established, the Ag−π interactions were
characterized in solution by 1H NMR. Specifically, the strengths
of the intramolecular interactions were quantitatively measured
by their influence on the folded−unfolded equilibrium. The
methyl group on the pyridine rotor not only served as a
“counterweight” for the Ag−π interaction but also slowed the
rotation of the N-pyridyl rotor to allow measurement by
integration of the 1H NMR spectra at room temperature. The
folded−unfolded ratios and folding energies (ΔG) were measured
by integration of the peaks corresponding to the respective
conformers with an accuracy of±0.03 kcal/mol.22 The formation
of the intramolecular Ag−π interactions in balances 1 and 2 was
evident from the shift in the folding ratios in favor of the folded-
conformers upon addition of AgBF4 (Figure 2). The folded−

unfolded ratios changed from <1.0 (0.25 and 0.064) in the
absence of Ag(I) to >1.0 (1.72 and 3.83) in the presence of 1.0
equiv of AgBF4. By comparison, the addition of AgBF4 to control
balance 3, which cannot form an intramolecular Ag−π
interaction, showed only a small change in the folded−unfolded
ratio in the opposite direction (0.34 to 0.23). The 1:1 (balance to
Ag) stoichiometries were confirmed by NMR titrations (Figure
2). A clear break was observed in all three titration curves at 1.0
equiv of added AgBF4. In addition, the expected downfield shifts
(+0.05−0.09 ppm) were observed for the pyridyl protons during
the titrations due to the coordination of Ag(I) ion to the pyridine
nitrogens.
The above analysis provided a measure of the Ag−π

interaction energies relative to the CH−π interactions in the

Figure 1. X-ray structures of balances (a) 1, (b) 2, and (c) 3 and silver
complexes (d) 1·Ag and (e) 2·Ag. The bridgehead phenyl groups in 1
and 1·Ag are hidden for clarity, as well as BF4 anions and solvent
molecules for 1·Ag and 2·Ag. For 2·Ag, only the major η1 complex
(82%) is shown, the structurally similar minor η2 complex (18%) is not
shown.

Figure 2.Negative folding energies (−ΔG) of 1, (■) 2 (●), and 3 (▲)
in CD2Cl2 (±0.03 kcal/mol) as measured by integration of the

1HNMR
spectra (21 °C) versus equivalents of added AgBF4. A solution of AgBF4
(0.45 M) in methanol-d4 was added incrementally to a solution of
molecular balance (0.030 M) in dichloromethane-d2.
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unfolded conformers. The Ag−π interactions in 1·Ag and 2·Ag
were stronger than the CH−π interactions as their folded−
unfolded ratios were greater than 1.0. Based on our previous
estimates of CH−π interaction energies in this balance system of
approximately −1.0 kcal/mol,12,13 the Ag−π interactions in 1·Ag
and 2·Ag are slightly stronger than −1.0 kcal/mol.
A more accurate estimate of the Ag−π interaction energy was

calculated using a double mutant cycle (DMC) analysis that
incorporated the folding energies of control balance 3 and 3·Ag
(Figure 3).23 The DMC analyses subtracted out the influence of

the CH−π interactions, other secondary interactions, and dipole
effects to yield Ag−π interaction energies of −1.34 and −2.63
kcal/mol in 1·Ag and 2·Ag, respectively. The magnitude of these
interactions is comparable to other noncovalent interactions of
charged species such as charge-assisted hydrogen bonds or salt-
bridge.24 The weak nature of this interaction helps explain why
systems that utilized Ag−π interactions8 in solution required
multiple Ag−π interactions or additional coordination inter-
actions. It is also consistent with previous measurements of single
Ag−π interactions in bimolecular systems, which found either
very small (−0.20 kcal/mol) or unfavorable interaction (+0.54
kcal/mol) energies.8e The reason is that the weak Ag−π
interaction is of comparable magnitude as the translational
entropy penalty of metal ligation in these bimolecular systems.25

The strengths of the Ag−π interactions in 1·Ag and 2·Ag were
also measured in different solvent environments and interaction
geometries. Not surprisingly, the weak Ag−π interactions were
found to be very sensitive to changes in either variable. For
example, the difference in the Ag−π interaction energies in 1·Ag
and 2·Ag was attributed to variations in their Ag−π geometries.
The higher Ag−π interaction energy in 2·Agwas attributed to the
larger bite angle that allowed the N−Ag−π bond angle to be
closer to the preferred linear geometry.3e The N−Ag−π bond
angles in the 1·Ag and 2·Ag (Figure 4) were 144.8° and 160.7°.26

These variations in the bite angle are due to the different

geometric constraints imposed by the −O− and −1,2-arene
bridges on the backside of the bicyclic framework.27 The larger
bite angle of 2 is also evident from a comparison of the
intramolecular CH−π interaction energies in 1 and 2. The
smaller bite angle in 1 positions the ortho-methyl group too close
to the benzene shelf leading to repulsive steric interactions and a
lower folding energy in 1 (−0.81 vs −1.62 kcal/mol) than in 2.
Finally, the solvent dependence of the Ag−π interaction in 2·

Ag was assessed. The interaction energy was observed to
systematically decrease with increasing solvent polarity:
methylene chloride (−2.63 kcal/mol), chloroform (−2.47
kcal/mol), acetone (−1.20 kcal/mol), and acetonitrile (0.00
kcal/mol). Thus, in the most polar solvent, acetonitrile, no
interaction between the Ag ions and the balances was observed.
The acetonitrile outcompetes both the coordinating pyridine and
π-ligands of the balances.
In conclusion, a new series of molecular torsion balances were

designed to experimentally measure the strength of a single
intramolecular Ag−π interaction in solution. The interactions
were found to be very weak (−1.34 to −2.63 kcal/mol), which
were comparable to noncovalent interactions of charged species.
These low interaction energies are consistent with the previously
reported difficulties in forming and measuring stability constants
for bimolecular complexes held together by single Ag−π
interactions. It also corroborates the necessity to incorporate
multiple interactions into the design of supramolecular systems
that utilize Ag−π interactions. This study also sheds light on how
the Ag−π interaction can be easily disrupted by small changes in
geometry and solvent environment. One limitation of this study
is that the Ag(I) was coordinated to a pyridine nitrogen, which
reduced the electrostatic charge on the Ag(I). Thus, the
measured Ag−π interaction energy is probably smaller than
that of an uncoordinated Ag(I), such as those observed in the
gas-phase or in crystal structures. Further studies of other weak
metal−π interactions and stability trends are currently underway
in our laboratory employing the molecular torsion balance
approach.
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Figure 3. Double mutant cycle analysis for isolating the Ag−π
interaction energy in 1·Ag by subtracting out secondary interactions,
CH−π interactions, and dipole effects. A similar DMC analysis was
performed for the Ag−π interaction in 2·Ag (not shown) to yield an
Ag−π energy of −2.63 kcal/mol.

Figure 4. Representations of the different bite-angle geometries in 1·Ag
and 2·Ag.
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