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ABSTRACT: A comprehensive experimental survey consisting of 36 molecular balances
was conducted to compare 18 pairs of S-z versus O-7 interactions over a wide range of
structural, geometric, and solvent parameters. A strong linear correlation was observed
between the folding energies of the sulfur and oxygen balances across the entire library of
balance pairs. The more stable interaction systematically switched from the O-z to S-m
interaction. Computational studies of bimolecular PhSCHj-arene and PhOCHj-arene
complexes were able to replicate the experimental trends in the molecular balances. The
change in preference for the O-z to S-7 interaction was due to the interplay of stabilizing
(dispersion and solvophobic) and destabilizing (exchange-repulsion) terms arising from the
differences in size and polarizability of the oxygen and sulfur atoms.

B INTRODUCTION

Noncovalent interactions between sulfur atoms and aromatic
. o . 1-6
surfaces are found in many biological and synthetic systems.
The attractive nature of the S-7 interaction has been attributed
to the enhanced dispersion’”"" and solvophobic interac-
tions™'* of the larger and more polarizable sulfur atoms. The
initial evidence for the stabilizing nature of S-7 interactions was
the high population of sulfur-aromatic contacts in protein
structure databases.">”'" Sulfur atoms of cysteine and
methionine residues are commonly found in close contact
(<4.0 A) with the aromatic faces of phenylalanine, tryptophan,
or tyrosine residues."*”'® In addition, computational studies
have shown that sulfur atoms can form attractive interactions

. . . 7,8,10,20—22
with a wide range of aromatic surfaces.

However, the relative strength and importance of S-z
interactions in comparison to the competing noncovalent
interactions is still unclear. For example, surveys of small
molecule crystallographic databases found that thioethers
preferred to form close contact with the edge as opposed to

. . 13,23 . .
the n-face of aromatic rings. Computational studies
predicted that thiols would prefer to form SH-7 hydrogen
bonds as opposed to S-z interactions with aromatic

8,10,23-25 ) . .
surfaces. Experimental studies comparing S-7 versus
O-z interactions have, likewise, yielded conflicting conclu-
L 12,2627 : :
sions. In some cases, the S-7 interactions were more
stabilizing,zg_30 and in others, the O-7 interactions were more
stabilizing.”' ~**

Therefore, the goal of this study was to answer the question:
Are S-m interactions generally more stabilizing than O-z
interactions in solution? Our strategy was to experimentally
measure the relative strengths of S-7 versus O-7 interactions
across a broad series of molecular balances that vary in the
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interaction distance and geometry, aromatic surface size and
polarity, and solvent environments. Therefore, a library of 36
small molecule model systems were prepared which provided
18 unique pairs of molecular balances that formed similar
intramolecular S-7 and O-z interactions (Figure 1). The
diversity and size of the library provided a more compre-
hensive set of comparisons than previous experimental studies
that primarily compared one or two pairs of structures.

B RESULT AND DISCUSSION

Our N-phenylimide molecular balance®*** (Figure 1a) is a
versatile model system that can accurately measure weak
noncovalent interactions via their influence on the folded—un-
folded equilibrium.>® These molecular balances have been
successfully applied to study many aromatic interactions
including aromatic stacl<ir1g,36_39 heterocycle-ﬂ,40 CH-
7,2 metal-n,* halogen—ﬂ:,so’51 and solvent effects.*®*%>>
In this study, chalcogen atoms (X = S or O) incorporated in
the arm units were designed to form intramolecular chalcogen-
7 interactions with the 7-face of the aromatic shelf in the folded
conformers. However, in the unfolded conformers, the
chalcogen arm and arene shelf are kept apart by the rigid
bicyclic framework. Thus, variations in the strength of the
intramolecular chalcogen-z interactions can be quantitatively
assessed via monitoring shifts in the folded—unfolded equilibria.

A library of 36 chalcogen-7z balances comprised of 18 pairs
of sulfur and oxygen balances was designed to ensure that each
pair formed the matching chalcogen-7 interactions with the
same bicyclic framework, aromatic shelf, and arm R-group
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Figure 1. (a) Folded—unfolded equilibrium of the N-phenylimide
molecular balance model that can form intramolecular S-7 or O-7
interaction in the folded conformation. (b) Chart of 36 molecular
balances (18 pairs) for the comprehensive comparison of the
intramolecular S-7 and O-7 interactions.

(Figure 1b). The balances were named using a number (1—7)
corresponding to the type of bicyclic framework and aromatic
shelf (Figure 1b) followed by a description of the arm unit (X-
R) in parentheses. For example, balance 1(SCH;) has
framework 1 with an oxygen ether bridge (Z = Ph and Y =
O) and an aromatic phenylene shelf and a methyl
thioether arm.

The 18 balance pairs compare S-7 and O-7 interactions
across a wide range of structural, geometric, and solvent
parameters. These include (a) the size and polarizability of the
aromatic shelf, (b) the type of secondary noncovalent
interactions (CH-7, aromatic stacking, and solvophobic
effects) between the R-group of the arm and the aromatic
shelf, (c) the geometry of chalcogen-7 interaction (as
modulated by the bridging Y-groups in Figure 1a),*”*® and
(d) the substituents and heteroatoms on the arm and shelf
units.*”**>" The sulfur balances are all new compounds with
the exception of 3(SMe), which has been previously described
by Cozzi and co-workers.”> Most of the oxygen balances have
been previously employed in studies of aromatic stacking®®™*’
and CH-7 interactions.”' The synthesis and characterization of
all new compounds are detailed in the SIL

Characterization of S-r and O-z Interactions. The
formation of intramolecular chalcogen-7 interactions in the
folded conformers was confirmed by X-ray crystallography.
Crystal structures were obtained for four balance pairs (Figure
2): 3(SMe) and 3(OMe), 4(SPh), and 4(OPh),,** 7(SMe)
and 7(OMe),,"" and 7(SPh), and 7(OPh),. Some balances
did not crystallize in the folded conformation, and thus the
corresponding two-armed analogs were prepared.*®**1#
The two-armed balances have the identical X-R groups

3(OMe)

4(OPh),

Figure 2. Side-views of eight chalcogen-z balance crystal structures:
3(SMe), 3(OMe), 4(SPh),, 4(OPh),, 7(SMe), 7(OMe),, 7(SPh),,
and 7(OPh),. The closest contact between the chalcogen atoms with
the plane of the aromatic shelf is highlighted with a broken line. The
bridgehead phenyl groups in frameworks 4 and 7 are omitted for
viewing clarity.

attached at both ortho positions of the N-phenyl rotor,
ensuring that one arm would always be in the folded geometry.
The two-armed balances are denoted by a subscript 2 after the
arm unit, such as 4(SPh), and 7(OPh),.

The expected intramolecular S-7 or O-7 interactions were
observed in all eight balance crystal structures. The chalcogen-
to-aromatic plane distances were in agreement with S- (3.2—
3.5 A) and O-z (3.0-3.4 A) distances from previous crystal
structure surveys.”” Intriguingly, the S-to-plane distances
(3.17-3.27 A) in the balance crystal structures were
consistently shorter than the O-to-plane distances (3.35—
3.51 A) in all four balance pairs. This was largely due to the
longer C—S (1.75—1.77 A) versus C—O (1.34—1.38 A) bonds
that connect the arm chalcogens to the rigid bicyclic
framework. The longer C—S bond positions the thioether
arm closer to the aromatic shelf.

Measurement of Folded—Unfolded Equilibria. The
folding energies of the 18 pairs of sulfur and oxygen balances
(AGg and AG,) were measured in two representative organic
solvents: chloroform (CDCl;) and dimethyl sulfoxide
(DMSO-d,), providing 36 points of comparison. The folded
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and unfolded conformers were in slow exchange at rt due to
restricted rotation of the N-phenyl rotors, yielding separate sets
of peaks for the folded and unfolded conformers.’® The
equilibrium folded/unfolded ratios were measured by integra-
tion of the "H NMR spectra. The succinimide protons (H, in
Figure 3a) gave the most accurate integration values as they
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Figure 3. (a) Primary succinimide and (b) secondary aromatic peak
regions of the 'H NMR spectra (CDCly, 400 MHz) of 4(SMe) and
4(SPh), respectively. Protons associated with the peaks are labeled in
red. Inset in b show the overlapped succinimide spectral region for
4(SPh).

were usually distinct singlets for the two conformers.
Integrations were performed using peak-fitting analysis to
minimize error in the folded/unfolded ratios. The folding
energies for the sulfur and oxygen balances (AGg and AG)
were calculated from the folded/unfolded ratios (AG = —RT
In([folded]/[unfolded]) and are shown in Table 1. The peaks
corresponding to the unfolded conformer were assigned based
on correlating the peak areas for the easily identifiable doublet
of doublets for the unfolded ortho proton H, on the N-phenyl
rotor, which were shifted upfield to 4.0—5.0 ppm due to their
position over aromatic shelf in the unfolded conformer. In the
cases where the succinimide singlets were not well separated
(Figure 3b, inset), the folded and unfolded peaks for the shelf
aromatic protons (H. and Hy in Figure 3b) were used as
illustrated in the case of balance 4(SPh) in Figure 3b.
Identification of pairs of folded and unfolded peaks in the 'H
NMR spectra was facilitated by 2D chemical exchange NMR
experiments.

Analysis of the Folding Energies for Sulfur and
Oxygen Balances. To identify systematic differences in the
S-r and O-7 interactions in the molecular balances, the
experimentally measured folding energies of the sulfur (AGyg)
and oxygen (AG,) balances of each pair were plotted against
each other in a correlation plot (Figure 4). In each balance

Table 1. Folding Energies (AG, kcal/mol)” for 18 Pairs of
Sulfur and Oxygen Balances in Two Solvents (CDCl; and

DMSO-dg)
AG in CDCly AG in DMSO-d,
balance X=S X=0 X=S X=0
1(XMe) 2.04 1.39 1.52 0.94
1(XPh) 1.99 1.40 1.49 118
2(XMe) 111 0.78 0.75 0.54
2(XPh) 125 0.95 0.67 0.64
3(XMe) 0.02 0.12 -035 —0.09
4(XMe) 0.51 0.46 0.07 0.11
4(XPh) 0.50 048 0.07 0.34
4(XPhMe) 0.57 0.44 0.12 031
4(XPhOMe) 0.46 034 0.09 025
4(XPhCI) 0.15 0.15 —020 0.01
4(XPhCF,) 0.09 0.12 —027 —0.03
4(XPhNO,) 0.07 022 043 —0.01
5(XMe) 027 022 —0.46 -031
5(XPh) 0.63 031 0.13 —0.05
6(XMe) 025 0.49 -023 —0.05
6(XPh) —0.11 0.12 ~0.50 —0.38
7(XMe) 0.14 022 -035 —0.12
7(XPh) 026 0.32 ~031 ~0.08

“AG values were measured at 25 °C with an error of less than +0.03
kecal/mol. (See the SI for details of error analysis)
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Figure 4. Correlation plot of the experimentally measured folding
energies (AGg and AG,) for the 18 pairs of sulfur and oxygen
balances in CDCl; (solid circle) and DMSO-dy (open circle). The
broken line corresponds to the hypothetical AGg = AGg line. The
inset is the AGg vs AG, correlation plot for a subset of balance pairs
lacking heteroatoms or substituents measured in CDCly: 1(XMe),
1(XPh), 2(XMe), 2(XPh), 3(XMe), 4(XMe), 4(XPh), 7(XMe), and
7(XPh).

pair, the framework, aromatic shelf, and arm R-group are
identical. The only difference is the chalcogen atom. Thus, the
correlation plot assists in isolating the differences in the S-z
and O-7 interactions. A strong linear correlation (R* = 0.945)
was observed between the AGg and AG, values across the 18

13303 DOI: 10.1021/jacs.8b07617
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balance pairs and 2 solvent systems (Figure 4). A nearly perfect
linear correlation was observed (R? = 0.996) for a more
homogeneous subset of folding energies (Figure 4, inset) that
were measured in CDCl; and were comprised of balance pairs
lacking heteroatoms in the shelf or electron withdrawing or
donating substituents in the arm unit. The strong AGg versus
AGq correlation confirms the similarities in structures,
interactions, and conformational biases between the sulfur
and oxygen balances, lending support for the ability of the
balance pairs to isolate and accurately compare the chalcogen-
7 interaction energies.

The trendline for the correlation plot also had a greater-
than-unity slope (1.49), which crosses the hypothetical AGg =
AGy line. Thus, data points above the AGg = AGq line are
balance pairs where the oxygen balances have the higher
folded/unfolded ratios. Data points below the AGs = AGg, are
balance pairs where the sulfur balances have the higher folded/
unfolded ratios. For example, the data point furthest above the
AGg = AG line corresponds to the balance pair 1(SCH;) and
1(OCH;) measured in CDCl;, where the folding energy of
1(OCH;) was 0.65 kcal/mol lower than 1(SCH;). The point
furthest below the AGg = AGg line is for the balance pair
7(SPh) and 7(OPh) measured in DMSO-d, where the folding
energy of 7(SPh) was 0.21 kcal/mol lower than 7(OPh). This
systematical switch in the folding preferences provides an
explanation for the conflicting results from the previous
experimental S-7 versus O-z studies. The more stable
chalcogen-7r interaction is structure, geometry, and solvent
dependent. Thus, the results from a single pairwise comparison
can vary depending on where the O vs S pair falls on the
energy surface.

The balance pairs favoring the O-7 interaction have the
lowest folding ratios and occupy the upper right quadrant of
the correlation plot (Figure 4). The bias toward O-x
interactions can be explained using steric repulsion arguments.
Molecular modeling and X-ray crystal structure analyses
concur that the rigid bicyclic framework is slightly too
short.*”*"** Thus, the arm units (X-R) are positioned at
closer-than-optimal distances from the aromatic surfaces in the
folded conformers, and the chalcogen atoms form unfavorable
steric interactions that destabilize the folded conformer.
Balances with the smaller oxygen atoms experience weaker
repulsive interactions in the folded conformation than those
with the larger sulfur atoms.” ~*

Despite the above-mentioned steric bias favoring the oxygen
balances, approximately one-third (11 out of 36) of the balance
pairs have higher folding ratios for the sulfur balances. The
stabilizing S-z interactions in these balances appear to
outweigh the destabilizing steric repulsion of the larger sulfur
atoms. The continuity of the AGg versus AGq trendline
suggests that these stabilizing S-7 interactions are present in all
pairwise comparisons. However, in many cases, the destabiliz-
ing steric repulsive interactions of the sulfur atoms outweigh
the stabilizing S-7 interactions.

Theoretical Comparison of S-r versus O-z Interac-
tion. To examine the origins of the observed S-7 versus O-7
stability trends, computational studies were carried out. The
experimental balance system is complex with many variables.
The 36 pairwise comparisons of the molecular balances span
multiple structural, electronic, and solvent parameters creating
a complex multidimensional energy surface. In addition, the
lack of crystal structures for the majority of the balances
restricted the scope of structure—property analyses. Therefore,

computational studies were carried out on a simple
bimolecular complex comprised of an ether/thioether (Ph-X-
Me, X = O or S) and a benzene ring (Figure Sa, inset). The
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Figure S. Calculated interaction energies (SAPT2+/aug-cc-pVDZ)
for the Ph-X-CHj;-benzene (X = O or S) complexes at varying
chalcogen-to-arene distances. The ether and thioethers were
positioned in a similar position and geometry as the observed in
the molecular balance crystal structures.

geometry of the chalcogen-7 interaction in the complexes was
modeled on the geometries observed in the crystal structures
of the molecular balances. The ether/thioether was positioned
over the z-face of the benzene ring (Figure 2) with the
chalcogen atom fixed above the edge of the benzene z-face and
atop one of the annular carbons. The X-CH; bond of the
ether/thioether was held parallel to the plane of the benzene.

Each molecule of the complex was optimized separately at
B3LYP/cc-pV(T+d)Z level of theory using a development
version of Pgi4.”> The molecules were frozen in their optimized
geometry and positioned in the bimolecular configuration
described above. Interaction energies of the ether---arene (E)
and thioether---arene (Eg) complexes were calculated using
the second-order symmetry-adapted perturbation theory
method (SAPT2+/aug-cc-pVDZ).” Details of the computa-
tional methods are provided in the SIL

The computational study provided precise control over the
variables influencing the chalcogen-7 interactions. The
interaction energy of the complexes was modulated by varying
a single parameter D, which is the distance between the
chalcogen atom and the plane of the aromatic surface (Table
S14). A set of two-dimensional energy curves (Figure S) were
generated for the Ph-S-Me---benzene and Ph-O-Me---benzene
complexes by varying D between 3.00 and 7.00 A. The Ph-X-
Me---benzene potential energy curves were consistent with the
previous computational studies of S-# and O-7 interac-
tions.>??1%>7 For example, the thioether formed a stronger
stabilizing interaction with a deeper potential energy well. The
optimal distance (D,y;,) of the S-7 interaction (3.6 A) was also
slightly longer in comparison to the O-7 interaction (3.5 A).

Computational analyses of the bimolecular complexes were
able to reproduce the experimentally observed stability trends
for the chalcogen balances. A correlation analysis (Figure 6)
was carried out comparing the energy potentials of ether and
thioether complexes (E, versus Eg) at the same distances (D).
The computational correlation plot was found to be linearly
correlated just as the experimental correlation analysis of the
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Figure 6. Correlation between the interaction energies (Eq and Eg)
for the Ph-S-CHj:--benzene and Ph-O—CHj---benzene complexes
from the calculated potential curves (Figure S). Distances shorter (D
< 3.5 A) and longer (D > 3.5 A) than the S-7 minimum are shown as
black circles and green squares, respectively.

molecular balances. Interestingly, two distinct linear trendlines
(green and black points) were observed in the computational
study for distances on either side of the potential energy
minimum (D,,;,). The segment (black points) corresponding
to the distances shorter than D, on the potential energy
curves is more relevant to the experimental trends because of
the geometry imposed by the rigid balance framework
positioning the chalcogen arm in VDW contact with the
aromatic shelf,***">*

The origins of the linear correlation plots were investigated
by examining the components of the interaction energies:
electrostatics (Egq), exchange repulsion (E.g), induction/
polarization (E,,4), and London dispersion interactions (Edisp).
These energy component terms were obtained from the
SAPT2+ calculations of PhOMe---benzene and PhSMe--
benzene complexes (Table S19). The difference in energy
(AE = Eg — E,) for each term was calculated (Table 2) and
plotted against the chalcogen-to-arene distance (D; Figure 7).
At short distances, the difference in the total interaction

Table 2. SAPT2+ Calculated Interaction Energy Differences
(AE = Eg — E,, kcal/mol) between the PhSMe--Benzene
and PhOMe-*-Benzene Complexes at Varying Chalcogen-to-
Arene Distances (D) from 3 to 5 A for the Total (AEg,pr)
and Component Electrostatic (AE,), Exchange (AE,4),
Induction (AE,, ), and Dispersion (AEg,) Terms

D AEgpr AEgy ABeh ABjyg AEgg
3.0 0.57 —3.60 7.05 —0.85 —2.04
3.1 0.16 -2.73 5.32 —0.64 -1.79
32 —0.13 —2.06 4.00 —0.49 —1.58
33 —0.32 -1.56 3.00 —0.37 -1.39
3.4 —0.44 -1.18 224 —0.29 —-1.22
3.6 —0.54 —0.66 1.24 —0.17 —0.95
3.8 —0.52 —0.37 0.68 —0.11 —0.73
3.9 —0.49 —0.28 0.51 —0.09 —0.64
4.0 —0.46 —0.21 0.38 —0.07 —0.56
42 —0.38 —0.11 0.20 —0.05 —0.43
4.4 —0.31 —0.06 0.11 —0.03 —0.33
4.6 —0.25 —0.03 0.06 —0.02 —0.25
5.0 —0.15 0.00 0.02 —0.01 —0.15
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Figure 7. Energy differences (AE = Eg — E, kcal/mol) between the
PhSMe---benzene and PhOMe---benzene complexes for the SAPT2+
calculated energy terms (E gy Eexcy Egiypy and E,,q) with respect to the
chalcogen-to-arene distances (D) from 3 to S A.

energies (AEgypr) was primarily due to the destabilizing
exchange-repulsion term (AE,,) which favored the smaller
oxygen atom of the ether---benzene complex. The stabilizing
dispersion (AEj,), electrostatic (AEg), and induction
(AE,, ) terms were favorable for the PhSMe--benzene at
shorter distances but were clearly overweighed by the
destabilizing exchange term (AE.y,).

The switch in the more stable complex from the ether
complex at shorter distances to the thioether complex at longer
distances was due to the destabilizing interactions decaying
more rapidly than the stabilizing interactions. The magnitude
of all the contributing terms decreased with increasing
distance. However, the destabilizing exchange term decayed
rapidly, leaving the stabilizing electrostatic, dispersion, and
induction terms dominant at longer distances. These stabilizing
terms all favored the larger sulfur of the thioether---benzene
complex as seen by the negative AEg,, AE.y, AE;4 and
AEy, values. The favorable induction and dispersion terms are
due to the larger more polarizable sulfur atoms. Interestingly,
the PhSMe---benzene complex also showed a greater
stabilization from the electrostatic interaction term (AEg)
than the PhOMe---benzene complex, which is due to the
enhanced orbital overlap (“charge penetration”) effects for the
larger sulfur atom.”*~°

The ability of the computational study to reproduce the
experimental results provides strong corroboration that the
experimentally observed stability trends are due to the intrinsic
differences in the S-7 versus O-7 interactions. The computa-
tional and experimental model systems differ significantly in
nature of the interaction (intermolecular versus intramolecu-
lar), environment (vacuum versus solution), and methods of
modulating the interaction energy (multiple parameters versus
distance). The linear correlation and the switch in the
preference in stability were also computationally observed for
other geometries (Figure S1) and for larger aromatic surfaces
such as naphthalene (Figure S2). This provides further support
for the generality of the computationally and experimentally
observed S-7 and O-x trends.

The computational study yielded insights into the origins of
the S-7 versus O-r trends. First, the switch in the S-7 versus O-
7 stability trends is due to the balance of the attractive and
repulsive interactions of the larger sulfur atom. The interaction
energy of the thioether---arene complex is stronger than the

DOI: 10.1021/jacs.8b07617
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ether---arene complex at distances close to the minimum
(Dpin) and longer due to the deeper potential of the S-x
interaction. This is primarily due to the stronger dispersion
interactions of the larger and more polarizable sulfur atoms.
The attractive electrostatic and induction interactions also
favor the S-7 interactions but to a lesser extent. A reversal of
selectivity is observed at shorter distances due to the
dominance of the repulsive exchange interactions, which
favor the smaller oxygen atoms. This results in the ether
arene complex becoming the more stable complex at shorter
distances.

The SAPT analysis also provided an explanation for the
linear correlation between the S-z versus O-z interaction
energies. The ratio of the contributing energy terms for the
thioether and ether complexes (Eg/E) is constant over a wide
range of distances (Table S19). For example, the ratios of the
two most dominant energy components, E, and Egg, fell
within a narrow range between 1.6 and 1.7 and 1.2—1.3,
respectively, for all distances between 3 and S A. The exchange
term is dominant at shorter distances, and the dispersion term
is dominant at longer distances. Thus, the correlation plot for
the SAPT interaction energies of the thioether and ether
complexes have distinct linear regions for the distances less
than (<D,,,) or greater than (>D,,,) the optimal interaction
distance (Figure 6). The ratios of the energy components are
considered to arise from the intrinsic difference between sulfur
and oxygen atoms and appear to be constant not only along
the distance variable but also across other variables such as
geometry, solvent, and structure, which is evidenced by the
strong linear correlation observed in the multivariable
experimental molecular balance study.

Bl CONCLUSION

In conclusion, we synthesized and measured a large library of
chalcogen-7 molecular balances to comprehensively compare
the S-7 and O-7 interactions. The 18 balance pairs varying in
their geometry, structure, and supporting interactions were
measured in two different solvents (DMSO and chloroform)
providing 36 unique points of comparison. A linear correlation
was observed between the folding energies of the matching
sulfur and oxygen balances, suggesting that the balance
frameworks in each pair are sufficiently similar to allow for
accurate isolation and comparison of the S-7 and O-z
interactions. Interestingly, the linear correlation with a larger-
than-unity slope systematically switched the stability prefer-
ence from the O-7 interaction in the less folded balances to the
S-m interaction in the more folded balances. Computational
studies comparing bimolecular ether---arene and thioether:-
arene complexes were able to reproduce both the linear
correlation between S-7 and O-rx interaction energies and the
systematic switch in the more stable interaction from O-7 to S-
7. The energy surfaces in the bimolecular complexes were
explored by systematically varying the chalcogen-to-arene
distance, which was very different from the multiple
parameters varied in the experimental study and, yet, still
yielded similar stability trends. The linear correlation between
the chalcogen-7 interaction energies appears to be due to the
similar shape of the chalcogen-7 potential curves. The switch
in more stable chalcogen-7 interaction appears to be due to the
deeper energy minimum of the S-7 interaction at optimal
distances, where the S-7 interaction is the more stable. But the
S-z interaction displays stronger exchange-repulsion at shorter
distances, which leads to the O-7 interaction becoming more

stable. SAPT analysis confirmed the interplay between the
greater destabilizing exchange-repulsion and stabilizing dis-
persion interactions of the larger and more polarizable sulfur
atom varies with the distance of the chalcogen from the arene
surface.
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