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CONSPECTUS: Noncovalent interactions of aromatic surfaces play a key
role in many biological processes and in determining the properties and
utility of synthetic materials, sensors, and catalysts. However, the study of
aromatic interactions has been challenging because these interactions are
usually very weak and their trends are modulated by many factors such as
structural, electronic, steric, and solvent effects. Recently, N-arylimide
molecular balances have emerged as highly versatile and effective platforms
for studying aromatic interactions in solution. These molecular balances
can accurately measure weak noncovalent interactions in solution via their
influence on the folded—unfolded conformational equilibrium. The
structure (ie., size, shape, 7-conjugation, and substitution) and nature
(i.e., element, charge, and polarity) of the z-surfaces and interacting groups
can be readily varied, enabling the study of a wide range of aromatic
interactions. These include aromatic stacking, heterocyclic aromatic stacking, and alkyl—z, chalcogen—z, silver—z, halogen—z,
substituent—z, and solvent—7 interactions. The ability to measure a diverse array of aromatic interactions within a single model
system provides a unique perspective and insights as the interaction energies, stability trends, and solvent effects for different types of
interactions can be directly compared. Some broad conclusions that have emerged from this comprehensive analysis include: (1)
The strongest aromatic interactions involve groups with positive charges such as pyridinium and metal ions which interact with the
electrostatically negative 7-face of the aromatic surface via cation—z or metal—7 interactions. Attractive electrostatic interactions can
also form between aromatic surfaces and groups with partial positive charges. (2) Electrostatic interactions involving aromatic
surfaces can be switched from repulsive to attractive using electron-withdrawing substituents or heterocycles. These electrostatic
trends appear to span many types of aromatic interactions involving a polar group interacting with a 7-surface such as halogen—z,
chalcogen—7, and carbonyl—z. (3) Nonpolar groups form weak but measurable stabilizing interactions with aromatic surfaces in
organic solvents due to favorable dispersion and/or solvophobic effects. A good predictor of the interaction strength is provided by
the change in solvent-accessible surface area. (4) Solvent effects modulate the aromatic interactions in the forms of solvophobic
effects and competitive solvation, which can be modeled using solvent cohesion density and specific solvent—solute interactions.
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B INTRODUCTION

Noncovalent interactions of aromatic surfaces play key roles in
biological and synthetic structures, catalysts, and processes.” "
However, the measurement and study of aromatic interactions
have been very challenging. One successful strategy has been to
design molecular instruments to measure aromatic interactions
via their influence on a conformational equilibrium (Figure
1A).7"% Oki'' and Wilcox'” pioneered the approach of
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Figure 1. (A) Schematic representation of a molecular balance that
measures the noncovalent interactions between two covalently
attached surfaces (red and blue) through their influence on a
conformational equilibrium. (B) Folded—unfolded equilibrium of N-
arylimide molecular balances designed to measure the intramolecular
arm—shelf interactions in the folded conformer.

designing molecular-scale instruments to measure weak
noncovalent interactions via their influence on a conforma-
tional equilibrium. Since then, there have been a number of
successful molecular balance systems reported in the
literature.”"® This article describes the insights and lessons
learned in our studies of noncovalent aromatic interactions
using the versatile N-arylimide molecular balance platform
(Figure 1B).

B N-ARYLIMIDE MOLECULAR BALANCES

In the search for a rigid yet conformationally dynamic
framework to study aromatic interactions, we came across
the N-arylimide rotamers reported by Verma,'* Kishikawa,"
and Grossman.'® The N-arylimide molecular balances contain
a C,y—Njpg single bond with restricted rotation that
connects the interacting arm and aromatic shelf units, leading
to the formation of distinct folded and unfolded conformers
(Figure 1B). In the folded conformer, the arm unit is held in
close proximity to the face of the aromatic shelf by the rigid C-
shaped framework. Conversely, in the unfolded conformer, the
arm and aromatic shelf are held apart and cannot interact.
Thus, the folded—unfolded equilibria can serve as a very
sensitive gauge of the strengths of the intramolecular
interactions in the folded conformers of these molecular
balances.

A key advantage of the N-arylimide balances was the ease of
monitoring their conformational equilibria via 'H or "’F NMR

at room temperature. Due to the slow rotation of the Caryl—
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Niniqe bond on the NMR time scale, each conformer has a
distinct set of resonances that can be integrated to provide an
accurate measure of the equilibrium ratio (Figure 2, K,,). K
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Figure 2. 'H NMR spectra highlighting the region with the
succinimide protons (purple) used to measure the folded/unfolded
ratio of N-arylimide molecular balance 1 that was designed to measure
the stacking interaction in solution (CDCI;, 25 °C). Data are from ref
1.

was surprisingly sensitive to small changes in interaction
strength due to the logarithmic relationship between the
folding energy and K,;: AG = —RT In([folded]/[unfolded]).
For example, a small change in the folding energy (AAG) of
0.1 kcal/mol translates to an 18.5% change in the folding ratio
(Koq/K'sy), which can be very easily and accurately measured
by integration of the '"H NMR spectra. The folding energies
can be measured to an accuracy of +0.02 kcal/mol based on an
error of 3% in peak ratios. This sensitivity is actually a
limitation when studying stronger interactions that tip the
equilibrium too far in one direction. Thus, the N-arylimide
balances can measure only weaker interactions with an upper
limit of +2.3 to +4.6 kcal/mol, depending on the folding ratios
of the control balances (vide infra).

Our initial studies demonstrated the need to “tare” the
balances using separate control balances (Figure 3)."'” For
example, the equilibrium ratio for balance 1 was less than unity
(Koq = +0.43), suggesting that the intramolecular stacking
interaction was repulsive and destabilizing. However, when the
folding energy for balance 1 was tared using control balance 3
(tare value = +1.39 kcal/mol), the attractive and stabilizing
nature of the stacking interaction was evident (—0.90 kcal/
mol) and consistent in magnitude with previous studies."'” A
similar analysis of balance 2 measured a slightly stronger
stacking interaction energy of —1.07 kcal/mol for the larger
pyrene aromatic shelf. Thus, even in this minimal model
system, there were significant additional interactions and
biases. The folding energies of 1 and 2 were influenced not
only by the stacking interaction (Figure 3, broken blue lines)
but also by the repulsive interaction between the oxygen linker
and 7-surface (broken red lines), which was stronger than the
attractive interactions of interest. Control balance 4 confirmed
that the O—x interaction was the predominant bias in this
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Figure 3. Folding energies of balances 1 and 2 measure the attractive
stacking interactions (blue broken lines) and control balances 3 and 4
to isolate the repulsive O—7 interactions (red broken lines) in CDCl,
at 25 °C. Data are from ref 1.

system as the folding ratio was very close to unity upon
removing this repulsive interaction.

Another appealing characteristic of the N-arylimide balances
was the ability to confirm the formation and characterize the
distances and geometry of the intermolecular interactions via
X-ray crystal structures. Most balances readily yielded X-ray-
quality crystals of the folded conformation through slow
evaporation from organic solvents, especially if the folded
conformation was the thermodynamically more stable con-
former in solution.”® For example, the arm and shelf units in
balances 5—7 formed well-defined offset stacking, carbonyl—z,
and CH—7 interactions, respectively, in the solid state (Figure
4).%*?> The X-ray crystal structures not only confirmed the
design and function of the molecular balances but also helped

side-view top-view

side-view

top-view

X-ray crystal structure

Figure 4. Side- and top-views of the X-ray crystal structures of
balances S, 6 and 7 highlighting the formation of intramolecular
heterocyclic—7, carbonyl—x, and CH—7 interactions between the arm
(red) and aromatic shelf (blue) units. The bridgehead phenyl groups
in § and 7 were omitted for visual clarity in the X-ray structures. Data
are from refs 4, 20, and 21.
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elucidate the observed aromatic interaction trends. For
example, the enhanced stability of the heterocycle—n stacking
interaction in balance § was attributed to the electrostatic
complementarity of the polar heterocyclic ring with the
aromatic shelf (vide infra).”’ The strong CH—7 interaction
in balance 7, on the other hand, was attributed to the
formation of multiple close contacts between the branched iso-
propyl arm and phenanthrene shelf, enhancing dispersion and
solvophobic effects.”

B IMPACT AND UTILITY

At the outset of our studies, we did not fully appreciate the
importance and challenges associated with measuring aromatic
interactions. We assumed that aromatic interactions were well
understood as their ubiquity and importance in biological and
synthetic systems had been widely recognized.” Therefore, we
were surprised by the very positive feedback from our first set
of publications and the encouragement from theoretical
chemists to carry out more studies as there was a deficit of
good experimental data to assist in improving computational
models.

Studies of aromatic interactions face a number of unique
challenges. First, aromatic interactions, unlike hydrogen
bonding or ion pairing, are not solely dominated by
electrostatics.”” Aromatic interactions have significant con-
tributions from electrostatics, steric repulsion, dispersion,24
and solvent effects,'”* which all have to be taken into
consideration when predicting their interaction energies or
stability trends.'”*® Furthermore, the relative contributions of
these components can change in the course of a study as the
geometry, structure, or environment is systematically altered.””
Second, many aromatic interactions have relatively flat
potential energy surfaces due to the absence of a dominant
electrostatic component.”® The interacting surfaces can adopt
an array of geometries with similar interaction energies. For
example, the arene—arene interaction can adopt a number of
distinct geometries with similar interaction energies such as
edge-to-face (monodentate and bidentate), tilted, and offset
stacking.29 Thus, the most stable geometry can vary from
system to system. Finally, accurately predicting the dispersion
and solvent effects of aromatic interactions is still very
challenging. The simulation of dispersion interactions has
only recently become widely accessible using either high-level
electron—electron correlation methods® or calibrated dis-
persion corrections.>! Similarly, the modeling of solvent effects
is still a field of active research as accurate simulations of
explicit solvent molecules remain computationally expensive
and hybrid/combined quantum-mechanical models are still in
development.**~

B SYNTHETIC ACCESSIBILITY AND VERSATILITY

Synthetic efficiency and versatility were also critical elements in
the success of the N-arylimide balances. The modular and
convergent synthesis was important as each interacting surface
had to be covalently attached to the balance framework, and
multiple balances were required to measure each interaction.
The balances were assembled via two high-yielding reactions
(Figure S). (1) A condensation reaction between a cyclic
anhydride and an ortho-substituted aniline forms the key
rotating  C,;;j—Njpg. bond. (2) A Diels—Alder reaction
between a diene and maleic anhydride (or maleimide)
dienophile constructs the rigid C-shaped framework. Neither
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Figure S. Representation of the convergent synthesis of the N-
arylimide molecular balances.

key step requires additional reagents or catalysts; simply
heating the components in solution or neat yielded the desired
products. The order of the key steps can be varied depending
on the availability of the starting materials and the efhiciency of
the final step.

The synthetic versatility also enabled the rapid production of
balances with varying arm and shelf units to study a wide range
of interactions (Figure 6). Libraries of dienes containing
different aromatic shelves were combined with libraries of
anilines containing different arm units. Thus, N-arylimide
molecular balances were prepared to study an array of aromatic
interactions, includin§ aromatic stackingl’35 and hetero-
cycle—it,21 cation—7,”" substituent—z,> CH/D—r[,17’22’36’37

solvent OH-n

Figure 6. Examples of N-arylimide balances highlighting the many
types of noncovalent aromatic interactions that can be formed and
studied.
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8 . 0
halogen—ﬂ,4’3 sulfur—z,>° 0)()7gen—7't',4’3'9 and silver—z,*

CO-z," and solvent OH—7z"" interactions.

B TESTING HYPOTHESES AND ANSWERING
QUESTIONS

The most exciting aspect of our balance studies was being able
to address fundamental questions and to test hypotheses about
the nature and origins of aromatic interactions. The answers
were often surprising and contrary to our expectations, or I
(K.D.S.) should clarify that the results were contrary to my
expectations. At some point, my research group took it as a
challenge to disprove my predictions as each time they were
successful it would inevitably lead to a publication in a top
journal. We investigated many new aromatic interactions that I
was initially very skeptical of, such as sulfur—z, fluorine—z, and
carbonyl—7 interactions. In most cases, we were able to
observe and measure the new interactions and demonstrate
that they were stabilizing for specific structures or environ-
ments.

An example of our ability to test hypotheses was our
contributions to examining the origins of the aromatic stacking
substituent effects (SEs). The ability of substituents to
influence the strength of stacking interactions has long been
recognized,””"’ with electron-withdrawing groups generally
strengthening the interaction. An intriguing hypothesis was
advanced by Wheeler and Houk in 2009 that the SEs were due
to the direct interactions of the substituents with the aromatic
surface and not through the polarization of the attached
aromatic ring."* A consequence of this through-space
hypothesis is that each substituent would act independently,
and thus their effects would be additive, which was something
that we could test using our molecular balances. A series of 20
stacking balance systems containing 1, 2, or 3 electron-
donating (OCH; and CH;) or -withdrawing (CN, Cl, and
NO,) substituents were synthesized, and their folding ratios
were measured in solution.” The SEs for balances with multiple
substituents were almost perfectly additive as predicted by the
Wheeler—Houk model. For example, the measured SE for a
single meta-CH; group was —0.19 kcal/mol. Therefore, m,m’-
diCH; groups had a predicted additive substituent effect of
—0.38 kcal/mol (—0.19 + —0.19 kcal/mol) which was very
close to the measured value of —0.35 kcal/mol (Figure 7).

-G <..:_‘:_::,CH’ st

N JCH, = . A %H

obs. obs. caldd. obs.
SE -0.19 -0.19 -0.38 -0.35
(kcal/mol)

obs. obs. cald. obs.
SE -0.63 -0.36 -0.99 -0.94
(kcal/mol)

Figure 7. Observed and calculated additivity of substituent effects
(SEs) in multisubstituted aromatic stacking balance 9 in CDCl;. Data
are from ref 2.

Similar additive trends were observed for electron-withdrawing
(Figure 7, meta-CN + para-NO,) and electron-donating
groups and combinations of the two. The additivity of the
substituent effects supports the Wheeler—Houk through-space
model providing a simple predictive model for developing and
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Figure 8. Comparison of the interaction strengths of aromatic interactions between various functional groups and benzenoid surfaces measured
using our N-arylimide molecular balances in CDCl,. (See the SI for details.) The interacting units for each interaction type are highlighted.

optimizing pharmaceuticals, supramolecular structures, and
catalysts that utilize stacking interactions.

Examples of the questions addressed using the N-arylimide
balances are listed below:

Q: Are CD-r interactions stronger than CH—7 inter-
actions?

A: In our balances, the strengths of the CD—z and CH—7
interactions were identical within experimental error, which
was consistent with high-level calculations. We hypothesized
that the isotope effects observed in previous systems may be
due to their greater rigidity, which distinguished the C—D and
C—H bond lengths.*

Q: Are S—r interactions more stabilizing than O-=x
interactions?

A: The relative stability of S—z versus O—z was dependent
on the structural, geometric, and solvent parameters. At shorter
distances, the O—x interaction was lower in energy due to the
greater sterics of the larger sulfur atoms. At longer distances,
the S—r interaction was lower in energy, presumably due to
the greater contact surface area of the larger sulfur atoms.™

Q: Can we observe the increase in the dispersion
component of aromatic stacking interactions in organic
solution by increasing the size of the aromatic surface?

A: When the surface contact area of the stacking interaction
was kept constant but the overall size of the surface was
increased, we were unable to observe any changes. This could
be due to the small changes in polarizability between aromatic
surfaces and/or the dispersion contributions to the stacking
interactions in organic solvents being smaller than the
sensitivity of our balances.”

Q: Do polarized alkyl groups connected to electronegative
groups form any additional interactions with polar aromatic
surfaces?

A: Alkyl groups attached to electronegative oxygen such as
in ethers and esters can form additional aromatic interactions
via the bond dipole of the polarized C—O bond. These
polarized alkyl groups, for instance, can interact with the
dipoles of heterocyclic surfaces, forming more stabilizing and
attractive interactions when the dipoles are favorably
oriented.”’

Q: Do the conformer ratios in solution match the
conformational preferences in the crystal structures of
atropisomeric systems when the differences due to packing
effects are minimized?

2709

A: There was a correlation between the solution and solid-
state folding ratios. However, the correlation was not linear but
a step function. If a balance significantly preferred a conformer
in solution, then the crystal structure was usually 100% of the
favored conformer. However, if the folding ratio in solution
was close to unity (Keq = 1.0 + 0.24), then the crystal structure
would often be a mixture of folded and unfolded conformers
and the ratios could be anywhere from fully folded to fully
unfolded.””

B ELECTROSTATIC TRENDS

The versatility of the N-arylimide balances provided the unique
opportunity to directly compare the interaction strengths of a
wide array of aromatic interactions within the same system and
to identify general trends. Thus, we could answer the following
practical question: if you are designing a system that relies on
these interactions, what structural changes would lead to the
largest increase or decrease in stability? Figure 8 compares the
interaction strengths of some of the more common aromatic
interactions studied using our balances. The most attractive
interactions were pyridinium cation—z and silver—7z inter-
actions. Neutral groups also formed stabilizing but weaker
interactions with aromatic surfaces in solution. These included
aromatic groups that formed stacking interactions and alkyl
groups that formed CH—x interactions. Arm units containing
electronegative atoms such as halogens and chalcogens
generally formed destabilizing interactions with aromatic
surfaces. However, the interaction energies varied widely
depending on the charge and substituents on the aromatic
surface and in some cases could become attractive.

Several general trends stood out. First, the strongest
attractive and repulsive interactions were aromatic interactions
that had larger than normal electrostatic terms. Aromatic
surfaces are generally considered to be nonpolar. However,
even unsubstituted aromatic surfaces contain distinct electro-
static positive and negative regions. The aromatic quadrupole
has a negative 7-face and a positive edge as exemplified by the
quadrupole of benzene (Figure 9, left). Thus, the strongest
interactions involve groups with positive charges such as
pyridinium and silver(I) ions that can form attractive
electrostatic interactions with the partially electronically
negative n-face of the aromatic surface. The metal—7
interaction of the silver(I) ion had interaction strengths of
—1.3 to —2.6 kcal/mol depending on the geometry of the
interaction and the ligands on the silver.”” The pyridinium
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Figure 9. Schematic illustration of the electrostatic charge
distributions (top structures) of benzene and hexafluorobenzene
(bottom structures) arising from their quadrupoles.

cations also formed strong attractive stacking interactions with
aromatic surfaces of up to —3.1 kcal/mol. 2! The enhanced
strength of the cation—aromatic interactions helps to explain
and validate Stoddart’s design choice of pyridinium units in his
rotaxane and pseudorotaxane systems that required strong
stacking interactions for their synthesis and function.*>*°
The geometric variations in the pyridinium—aromatic
stacking interaction strengths provided further support for
the ability of complementary electrostatic interactions to
strengthen aromatic interactions (Figure 10).”" Balance 19 that

O”Ph 5 07 Me Ph 18 0" Me 19
0.0+
35
§ -0.51 o
S N
= =
o -1.01 -§
3 s
g -1.23 g
57151 140 S
g < & 16
820 & < —,
§ 251
e -2.61
(=
= -3.0- =
=
&t & I8 &
SN Ke S >
= <= f—=>4 <

Figure 10. Relative interaction energies for the stacking interactions
of six-membered benzene, pyridine, and pyridinium rings measured
using our molecular balances in DMSO-dj at 25 °C. Data are from ref
21.

positioned the pyridinium nitrogen over the aromatic surface
formed the strongest interaction as it aligned the positive
charge with the complementary partial negative face of the
aromatic surface. Conversely, when the positive nitrogen was
over the edge of the aromatic surface (balance 18), the
interaction was much weaker due to its proximity to the
electrostatically similar positive hydrogens on the edge of the
aromatic shelf.

The opposite trends were observed for the stacking
interactions of neutral heterocycles (balances 5 and 17).
However, the trends were still consistent with the electrostatic
picture of the stacking interaction. The more stable geometry
had the neutral nitrogen over the edge (balance §) as opposed
to over the face of the aromatic ring (balance 17). The neutral
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nitrogen is more electronegative than carbon and thus carries a
partial negative charge which is complementary to the partial
positive charge of the hydrogens on the edge of the aromatic
surface. The geometric preferences of the neutral heterocycles
were much smaller than those for the cationic pyridinium
surfaces, as the partial charge on the neutral nitrogen formed
weaker electrostatic interactions than a full positive charge.

B DISPERSION AND SOLVOPHOBIC EFFECTS

The second general trend was the correlation between the
surface area contact of the arm and shelf units and the strength
of the aromatic interaction. This trend is well established in
aqueous environments and in vacuo. However, the observation
of the analogous trends in organic solvents was surprising,
where solvophobic effects and dispersion interactions are
considerably weaker. Thus, we were initially surprised to
observe and measure the attractive interactions of nonpolar
units with aromatic surfaces in organic solvents.” For example,
the nonpolar substituents of increasing size (i.e., iso-propyl and
tert-butyl) at the para position of balance 9 formed increasingly
stronger attractive interactions with the edge of the
phenanthrene shelf in chloroform (Figure 11A, blue
diamonds). The observation was contrary to the expected
steric trends and echoed the stabilizing role of dispersion
interaction bulky akanes."”*® We were not alone in observing
and studying the interactions of nonpolar surfaces in organic
solvents. Chen and co-workers recently confirmed that
dispersion interactions still have a measurable impact on
organic solvents such as methylene chlorlde despite the
competition from solvent molecules.”” Cockroft and co-
workers demonstrated that these attractive interactions also
have a significant solvophobic effect even in organic solvents,
as demonstrated by their correlation with solvent cohesion
(ced).”® The precise nature of the attractive interactions of
nonpolar surfaces in organic solvents is still being debated as
both dispersion and solvophobic effects should show similar
trends of increasing strength with increasing surface area
contact.”**

Interestingly, the opposite trend was observed when the
same alkyl substituents were at the closer meta position
(Figure 11A, red squares). At these shorter distances, the
originally expected steric trends were observed, where the
smallest methyl group was the most stable and the largest tert-
butyl group was the least stable. While the trends in the meta
and para positions would seem to be at odds with each other,
an analysis of the change in the solvent-accessible surface area
(ASASA) for the para- and meta-substituted balances and
additional multisubstituted balances demonstrated that they
were governed by the same underlying trends (Figure 11B).
An excellent correlation was observed between ASASA and the
interaction energy which spanned interaction energies from
attractive to repulsive.

B ATTRACTION OF ELECTRON-RICH GROUPS

One of the most surprising trends that we observed was the
ability of electronegative atoms such as ether oxygens, carbonyl
oxygens, and even fluorines to form stabilizing aromatic
interactions under specific conditions.”*® As expected, arm
units containing these atoms usually formed destabilizing
interactions due to the electrostatic repulsion of the partial
negative charge of these electronegative atoms with the partial
negative charge of the 7-face of the aromatic surface. However,

https://dx.doi.org/10.1021/acs.accounts.0c00519
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Figure 11. (A) Correlation of the substituent effects (AAG) of meta-
and para-alkyl substituents of varying size in balance 9 with the molar
refractivity, a molecular descriptor closely correlated with the vdw
volumes of alkyl groups. (Left to right) Methyl, ethyl, iso-propyl, and
tert-butyl. (B) Measured interaction energy (AAG) of nonpolar alkyl
substituents in balance 9 correlated with the calculated change in the
solvent-exposed surface area (ASASA) of the arm and shelf surfaces
upon interaction in CDCI;. Reproduced with permission from ref 3.
Copyright 2016 Wiley.

the electrostatically negative 7-face of an aromatic surface can
be attenuated and even inverted to an electrostatically positive
surface by the incorporation of multiple strong electron-
withdrawing substituents (Figure 9, right) or the use of a
heterocyclic or positively charged aromatic surface.”® Thus,
balances 7, 22, and 24 with electron-poor tetrafluoro aromatic
shelves (Figure 12) can form stabilizing carbonyl—z, F—7, and
O-—7 interactions in comparison to their nonfluorinated
control balances (20, 21, and 23).* These attractive electro-
static interactions of the carbonyl, ether, and fluorine groups
contrast with the behavior of methyl balances 25 and 26 that
form nonpolar CH—7 interactions, which showed only a small
difference in folding energy between the fluorinated and
nonfluorinated shelves. While close contacts between electro-
statically negative groups and z-surfaces are commonly
observed in biological and solid-state structures,”>>* the N-
arylimide balances provided some of the first experimental
confirmations of their attractive nature and the magnitudes of
their interaction energies.
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Figure 12. Folding energies for CO—n, O—n, F—x, and CH-x
balances in solution (CD;CN) highlighting the change from repulsion
for the unsubstituted aromatic shelf to attraction for the tetrafluoro
aromatic shelf. Data are from ref 4.

B SOLVENT EFFECTS

Another advantage of molecular balances is the intramolecular
nature of the interactions, which enabled their consistent
formation and study in a range of different solvent
systems."?73%*155 Although the solvent data were complex
and difficult to model, a few trends did emerge. We and others
observed the solvophobic effects in different organic solvents
via the correlation of the interaction energies with the solvent
cohesive energy density (ced).*"*° However, there was still
considerable scatter in the correlation plots, suggesting that
there are other significant contributing factors. By keeping the
structures of the interacting surfaces constant, we were able to
observe specific solvent—solute interactions such as the ability
of protic solvents to form hydrogen-bonding interactions with
the 7-face’’ and anion effects in organic solvents.>

We designed balance 16 (Figure 13) to study the solvent
effects on the folding equilibrium. The balance had a nonpolar
methyl arm that formed an intramolecular CH—7 interaction
in the folded conformer and was soluble in a range of solvent
systems from benzene and diethyl ether to DMSO and water.
Consistent with the reports from the Cockroft group,’™’” a
solvophobic effect was observed as the folding energy (—AG)
was strongly correlated with the solvent cohesion parameter,
ced. Interestingly, separate trendlines were observed for the
protic (red circles) and aprotic (blue circles) solvents.
Contrary to our expectations, the protic solvents, which form
strong solvent—solvent hydrogen-bonding interactions, had
systematically smaller solvophobic effects than the aprotic
solvents as seen by the smaller slope of the protic solvent
trendline (Figure 13). We attributed these differences to the
ability of protic solvents to form OH—x interactions with the
face of the aromatic shelf in the unfolded conformer, which
attenuates the stronger solvent cohesion of protic solvents that
would normally drive stronger solvophobic effects. The solvent
OH-r interactions have been previously observed in bio-
logical systems and to explain the solubility of aromatic
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Figure 13. Correlation of solvophobic effects with solvent cohesion
density (ced) across 19 solvent systems measured using a CH—7
molecular balance highlighting the different trends for protic and
aprotic solvents. A solubilizing group (SG) of mono- or tetra-
carboxylic acids was used to enhance the solubility in polar solvents.
Data are from ref 41.

surfaces in protic solvents, especially water. However, the
solvation of ortho-aromatic CH group might also have played a
role in the higher folding energy (—AG) in aprotic solvents
with greater hydrogen bond acceptor ability, especially in the
presence of an electron-withdrawing carboxylic acid group at
the meta position.”®

B SUMMARY AND OUTLOOK

What seemed at first like a simple solved problem proved to be
a complex, engaging, and fulfilling journey. Like other good
research tools, the N-arylimide balances provided answers, led
inquiries in unanticipated directions, and raised even more
questions about aromatic interactions. These molecular-scale
instruments enabled the study of weak noncovalent inter-
actions and provided insight into their nature and origins. The
results have led to improvements in modeling and predictions

of their strengths, geometries, and stability trends. 30

Key
design attributes of the N-arylimide balances include synthesis
versatility, ease of use, and accuracy. These attractive
characteristics have been recognized by other researchers in
studies of solvent effects®*"*> and halogen—7z"" and alkyl—
fullerene interactions.”* Future challenges involve improving
our understanding and modeling of solvent effects, the entropy
of solvation, the relative contributions of solvophobic and
dispersion interactions in organic solvents, and the accuracy of
the balances by assessing the steric and entropic effects

imposed by their geometric constraints
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