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Zusammenfassung

London’sche Dispersionswechselwirkungen sind als attraktiver Bestandteil der van-
der-Waals-Wechselwirkungen in der Chemie allgegenwartig. Sie stellen eine
wesentliche Triebkraft fur die Aggregation von Molekllen dar und konnen darUber
hinaus die Struktur, Stabilitat und Selektivitat chemischer Systeme maligeblich

beeinflussen.

Ziel dieser Arbeit ist es zu zeigen, wie sich London’sche Dispersionswechselwirkungen
durch die gezielte Kombination geeigneter Molekulfragmente verstarken lassen,
welchen Einfluss das Losungsmittel auf diese Wechselwirkungen ausubt und inwieweit
bereits etablierte chemische Reaktionen diese Krafte unbewusst nutzen oder bislang
unzureichend Dberucksichtigen. Daruber hinaus wird untersucht, wie die
Berucksichtigung von Dispersionswechselwirkungen unser Verstandnis von

Reaktionsmechanismen erweitern und in einzelnen Fallen sogar neu definieren kann.

In der ersten Forschungsarbeit stand die gezielte Verstarkung und Quantifizierung von
London’schen Dispersionswechselwirkungen im Mittelpunkt. Hierzu wurden
Diphenylthioharnstoffe mit Dispersionsenergie-Donoren in meta-Position untersucht,
wodurch das bis dahin wenig beachtete syn-syn-Konformer stabilisiert werden konnte.
Mithilfe von Tieftemperatur-NMR-Spektroskopie und quantenchemischen Methoden
wurden die Beitrage verschiedener Substituenten zur Konformationsstabilisierung und

die Starke der zugrunde liegenden Dispersionswechselwirkungen quantifiziert.

Die zweite Publikation untersucht den Einfluss von Lésungsmitteln auf schwache
nichtkovalente Wechselwirkungen. Mithilfe einer Cyclooctatetraen-(COT)-basierten
molekularen Waage wurde zunachst das einfachste aromatische System, das
Benzoldimer, betrachtet. Anschlie3end wurde in der dritten Publikation beobachtet, wie

sich der Losungsmitteleinfluss durch die Einflhrung polarer Gruppen verandert.

Abschliefend wurde in der vierten Publikation gezeigt, wie die gewonnenen
Erkenntnisse genutzt werden kdnnen, um etablierte Reaktionsmechanismen kritisch
zu hinterfragen. Am Beispiel der Johnson—-Corey—Chaykovsky-Epoxidierung konnte
nachgewiesen werden, dass die beobachtete Selektivitat nicht primar durch sterische
Abstollung bestimmt wird, wie lange angenommen, sondern malfligeblich durch
attraktive London’sche Dispersionswechselwirkungen zwischen sterisch

anspruchsvollen Substituenten beeinflusst wird.
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Abstract

London dispersion interactions are a ubiquitous attractive component of van der Waals
interactions in chemistry. They represent a key driving force for molecular aggregation
and can significantly influence the structure, stability, and selectivity of chemical

systems.

The aim of this work is to demonstrate how London dispersion interactions can be
enhanced through the targeted combination of molecular fragments, what influence
the solvent exerts on these interactions, and to what extent established chemical
reactions already exploit or insufficiently account for these forces. Furthermore, it is
investigated how considering dispersion interactions can extend our understanding of

reaction mechanisms and, in some cases, even redefine them.

In the first research article, the targeted enhancement and quantification of London
dispersion interactions was the central focus. Diphenylthioureas with dispersion energy
donors in the meta-position were investigated, which enabled stabilization of the
previously little-studied syn—syn conformer. Using low-temperature NMR spectroscopy
and quantum chemical methods, the contributions of different substituents to
conformational stabilization and the strength of the underlying dispersion interactions

were quantified.

The second publication investigates the influence of solvents on weak noncovalent
interactions between aromatic moieties. Using a cyclooctatetraene (COT)-based
molecular balance, the simplest aromatic system, the benzene dimer, was first
considered. In the third publication, it was subsequently observed how the solvent
effect changes upon introduction of polar groups.

Finally, the fourth publication shows how the obtained insights can be used to critically
re-evaluate established reaction mechanisms. In the case of the Johnson—Corey—
Chaykovsky epoxidation, it was demonstrated that the observed selectivity is not
primarily governed by steric repulsion, as long assumed, but is instead significantly
influenced by attractive London dispersion interactions between sterically demanding

substituents.
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1. Introduction

b e

London Dispersion

AG

Steric Hindrance

Steric Attraction

Abstract

This Perspective describes the role of London dispersion (LD) interactions as a key
factor controlling chemical selectivity. LD arises from the correlated motion of electrons,
leading to subtle yet significant stabilization (“steric attraction”), and counterbalances,
together with other noncovalent interactions, Pauli exchange repulsion (“steric
hindrance”). While chemists have largely relied on the latter to rationalize selectivities
in catalyzed reactions, we emphasize here the role LD plays as a key design element

in chemical reactions, in particular, for catalyst development.

Reference:

Marvin H. J. Domanski, Michael Fuhrmann and Peter R. Schreiner, J. Am. Chem. Soc.
2025, 147, 29611-29623.

DOI: 10.1021/jacs.5c09212

Reproduced (or adapted) with permission from © 2026 American Chemical Society.




1.1 London Dispersion
London dispersion (LD) is a fundamental quantum mechanical phenomenon arising
from electron correlation in atoms and molecules.[1 A common “visualization” is to think
of electron movements causing very small imbalances in electron density, resulting in
short-lived dipoles (Fig. 1). In turn, these transient dipoles induce dipoles in
neighboring atoms, resulting in attractive interactions that are universally present

across all matter.?
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Figure 1. Schematic illustration of London Dispersion.

The theoretical foundation for LD was first established by London and Eisenschitz
in 1930.1'3  The term “dispersion” derives from optical dispersion, reflecting the
connection between London's theoretical description of these interactions and the
frequency-dependent response of matter to electromagnetic radiation. Their work
provided a mathematical description of these interactions, demonstrating that the
dispersion energy follows an r° dependence, which is now commonly represented by
equation 1.9

C
ELDz_FG (1)

Cs, the dipole-dipole dispersion coefficient, is determined by the polarizability a and
ionization energy | of the interacting partners. The negative sign highlights the
attractive nature of LD, with its strength rapidly decreasing as distance r increases.
Larger system sizes exhibit greater polarizability a (Fig. 2) and therefore interact
stronger via LD.'"% This has led to the notion of dispersion energy donors (DED) and

mutual acceptors which follow this trend.l'"-13I
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Figure 2. Relationship between van der Waals volume and polarizability a for selected molecules.

In the past decade, LD has been increasingly recognized but not yet used as a
routine design element to control chemical reactivity, in particular, for catalyst design.
One reason may be that, in contrast to approximately formulated Pauli repulsion
(eq. 2), LD has no analogue that would reflect human experience, and it is much easier
to conceptualize steric repulsion rather than steric attraction. Pauli repulsion is always
positive (thus repulsive) and generally much stronger at short distances due to its r~'2

dependence.['4-17]

Epaui = Tz (2)

These factors likely explain why chemists have traditionally relied on steric
arguments, such as those in the Cram model where the stereochemical outcome of
nucleophilic addition to carbonyls is exclusively explained via steric repulsion
(predominantly of alkyl groups).['! However, Pauli repulsion only dominates at very
short distances, typically below ~2.5 A for hydrocarbons. Beyond that, its influence
declines rapidly, and LD becomes the prevailing interaction. This shift in relative
importance is visualized in the characteristic shape of the simplified van der Waals-
potential shown in Figure 3!'®! and is the very reason why we discuss equilibrium

structures.

While London’s insights were groundbreaking, the significance of LD interactions
remained largely overlooked for many decades. These interactions were often
dismissed as “too weak” to influence molecular behavior meaningfully. Many practicing
chemists argued that such weak interactions would not be relevant in solution because

solute-solvent interactions should override such seemingly faint forces.
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Figure 3. Schematic illustration between LD (green) and Pauli repulsion (red) depending on distance r.
Resulting binding potential curve in gray.

This dismissal is especially surprising, given that LD helps explain fundamental
chemical properties, such as the increasing boiling points, the difference in
isomerization energies of linear and branched alkanes,['® as well as -1 stacking
structures in graphite and graphene and the attraction between o and
m systems.[?>-221 In computational chemistry the early implementations of density
functional theory (DFT) also dismissed the dispersion component?®! and it was to a
good part the correction of this deficiency?*-28 that paved the way to analyze the role
LD actually plays. Hence, the implementation of LD drastically improved the accuracy
of affordable DFT and other approaches to be able to study increasingly larger
molecules?®30 (for which LD becomes increasingly relevant, vide supra), and put the
proper physics back into the theoretical modeling.[3'-33 Dispersion-corrected quantum
chemical methods fall into three broad categories: (i) empirical corrections (DFT-Dn),
where atom-pairwise dispersion terms are added to conventional DFT energies;?4 (ii)
nonlocal functionals (vdW-DF), which incorporate dispersion directly into the
exchange-correlation functional via nonlocal correlation terms;®% (iii) density-based
methods (many-body dispersion),i®! which derive dispersion interactions from the
electron density and atomic properties.”] These approaches differ in cost, accuracy,
and applicability,[*6-38] but all share the goal of restoring missing long-range correlation
to otherwise dispersion-uncorrected functionals.?® Additionally, computational tools
became available to visualize LD and other noncovalent interactions (NCls).[40-42]




1.2 London Dispersion Persists in Solution
Molecular balances can be designed to probe LD interactions*d through two
thermodynamically accessible and spectroscopically discernible states: a “folded”
state, where the interacting groups are in close proximity and an “unfolded” state,

where they are spatially separated, thereby preventing their direct interaction (Fig. 4).

NG| S S
Unfolded I
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Figure 4. Concept of a two-state molecular torsion balance to determine LD interactions in solution.

The equilibrium between these states often provides a good measure of the
interaction strength, with stronger NCls shifting the balance toward the folded state.[*4-
461 Among the various designs, torsional balances have been particularly useful in
isolating and quantifying LD interactions.[345-4"] One of the first, and most prominent
examples was published in 1994 by Wilcox and coworkers, who utilized an aryl-ester
balance to study alkyl-arene interactions in solution (Fig. 5).

R? R2

O AGtoldiunfold R1-O Me

O “ri T oooh O
A A

Tunfold Tfold

Figure 5. Wilcox-Balance for investigation of alkyl-arene interactions.

The rotation around the aryl-aryl bond is slow enough to distinguish between both
conformations by 'H NMR spectroscopy. While a methyl ester does not show any
preference towards conformer 1unfold Or 1foid, as the distance towards the aryl group
was too great, a larger tert-butyl residue was observed to shift the equilibrium to the

more crowded conformer 1514, due to attractive CH-1r contacts.['® As only specific




interactions could be captured and the choice of solvent was only limited to chloroform,

the results had to be taken with caution.

One prominent observation was that all interactions are weaker, compared to their
gas phase counterpart. In solution there are additional interacting partners (solvent
molecules, or dimers), which in turn, can compete with LD interactions. Chen and
coworkers investigated this further by studying substituted pyridines 2, 3, and their
proton-bound dimers 4 in both the gas phase and dichloromethane (CH2Cl2) solution
(Fig. 6). They found that LD interactions in CH2Cl2 solution were approximately 70%
weaker than in the gas phase.[8] Follow-up studies expanded this view and included

additional polar and nonpolar aprotic solvents.*°
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Figure 6. Interaction of pyridine-based proton dimers to investigate LD in the gas phase and in solution.

Cockroft and coworkers investigated how solvent interactions influence LD in
polyaromatic stacking.®® While gas-phase computations at wB97X-D/def2-TZVP
predicted significant stabilization (up to —6.4 kcal mol™) of the folded conformer 5fold
by LD, solution-phase experiments consistently favored the unfolded structure Sunfold
(Fig. 7). The smallest stabilization of 5fe1d in solution was observed for substituents
such as R = 1-naphthyl (5-1-Np), with a measured Gibbs free energy of
AGfoldiunfold = +1.1 kcal mol™. The population of 5f1d in solution increases with the size
of R, whose volume and ability for LD increases concomitantly. Pyrene (5-Pyr)
increases the ratio of the closed conformer 5so1d through LD by 1.0 kcal mol~" to a total

Gibbs free energy of AGroldunfold = +0.1 kcal mol™.

R
/ \
/\Gfold/unfold Q O
‘—
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Solvents
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5 ) P, P, 5
R unfold Ant. Pyr fold

Figure 7. Molecular torsion balance to quantify stacking interactions between polyaromatic residues in

solution.




In addition, the authors found a correlation between the degree of folding and the
bulk solvent polarizability (P). Solvents with high bulk solvent polarizability, maximized
with a solvent like CS2, showed a reduced preference for 5fold, While solvents with low
polarizability, like CH2Cl2, enhanced the population of the folded conformer 5foid.[5"!
One limitation of these balances is that they are substituted with heteroatoms, leading
to local bond dipoles that will have, inter alia, coulombic interactions with the solvent;

separating these from LD can be quite challenging.

1.3 Cyclooctatetraene as Molecular Balance

To minimize additional interactions introduced by heteroatoms in molecular balance
systems, fully hydrocarbon-based scaffolds can be employed instead. One prominent
example is cyclooctatetraene (COT). 5152 COT was first synthesized by Willstatter and
Waser in 1911 during efforts to access benzene-like molecules (Fig. 8).5% However, in
contrast to benzene, COT did not exhibit aromatic characteristics, but showed

reactivity typical of localized double bonds instead.[]

1. Mel
1. Na/EtOH o 2. Ag00 1 Br LMel
2.AcOH N 3. Mel 2 HNMe, 2 AG0 Agzo

H,SO, 4. Ag0
7

Figure 8. First synthesis of cyclooctatetraene by Willstatter in 1911.

While the original synthesis provided the first access to COT and enabled the initial
investigation of its properties, the overall route was highly inefficient. A major
breakthrough was subsequently achieved by Walter Reppe and co-workers, who
developed a considerably more efficient synthesis through the cyclization of acetylene

10 using nickel cyanide under high pressure on large scale (Fig. 9).[%4

Ni(CN),

CaC, -
THF,60-70°C

15-20atm, 30-60 h

C

10
Figure 9. Large scale synthesis of cyclooctatetraene by Reppe in 1948.

Several decades later, Paquette and Streitwieser revisited the COT system and

focused on substituted COT derivatives, which were among the first systems to be

employed for the investigation of noncovalent interactions in solution.[5%-58 |n contrast

to conventional torsion balances, the interconversion between the 1,4-and 1,6-isomers




of COT does not proceed through rotation around a single bond. Instead,
conformational exchange occurs via a double bond shift (DBS) with first spectroscopic
evidence already in 1962.5% Computational studies conducted in the 1990s and early
2000s verified this mechanism.[58.60-62]

The interconversion of both the 1,4- and 1,6-COT isomers into their respective
mirror images proceeds through a planar ring-inversion transition state (TSri, TSrr’), in
which the double bonds remain localized (Fig. 10). In the case of 1,6-COT, the mirror
images possess Cs symmetry and are therefore identical and spectroscopically
indistinguishable. In contrast, the mirror images of 1,4-COT exhibit C2 symmetry and

are chiral.

By o o7
[/ § ] TSoms [ @\]
@ =

1,4-COT 1,6-COT
Figure 10. Double bond valance shift (DBS) and ring inversion (RI) of cyclooctatetraene.

Interconversion between the two ring-inversion transition states occurs through an
additional transition state involving double-bond delocalization. This process is
generally associated with a substantially higher activation barrier, typically ranging from
AG = 13 to 23 kcal mol', depending on the substitution pattern of the COT scaffold.
Consequently, careful control of the equilibration temperature is essential to ensure

complete conformational equilibration in experimental studies.

In 2020, Schumann and co-workers under the supervision of prof. Schreiner
employed the 1,4-/1,6-COT equilibrium as a molecular balance to quantify London
dispersion interactions between saturated hydrocarbon substituents. Initial studies
focused on tert-butyl groups,®3 which were later expanded to include larger DEDs
such as adamantyl and diamantyl substituents (Fig. 11).[4 In these systems, the folded
1,6-COT is stabilized by LD between the hydrocarbon substituents, thereby enabling

the direct quantification of their energetic contributions in solution.
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Figure 11. Equilibrium between 1,4- and 1,6-COT as a molecular balance to quantify LD in solution.

In contrast to the seminal molecular balance studies by Wilcox and Cockroft, which
employed heteroatom-containing scaffolds,°% the solvent dependence observed for
the COT-based systems was considerably less pronounced.l®3 For instance, in
chlorinated solvents the conformational equilibrium broadly followed the polarizability
of the solvent, with less polarizable solvents favoring the folded 1,6-COT conformer to
a greater extent. Nevertheless, the overall solvent-induced changes in equilibrium
remained comparatively small, indicating that dispersion-driven stabilization in these

hydrocarbon-only systems is less susceptible to solvent changes.[6364

Since then, the COT-based molecular balance has been applied extensively in a
variety of studies investigating weak noncovalent interactions. For example, the
system has been employed to quantify attractive interactions between silyl ether
substituents as well as to probe the hydrogen-bonding interactions present

geometrically confined water dimers.[66-68]

One goal is to determine whether the comparatively weak solvent dependence
observed for saturated hydrocarbon substituents also applies to aromatic moieties
such as phenyl groups. Furthermore, we were interested in understanding how these
interactions are affected by the introduction of a heteroatom directly into the aromatic
substituent, rather than into the molecular balance backbone itself.




1.4 Additivity of London Dispersion Interactions
In the previously discussed systems, the energetic contributions arising from LD
typically range from approximately —0.1 to —1.0 kcal mol~', depending on the nature of
the interacting substituents. However, in most of these studies the primary objective
was not the maximization of dispersion interactions themselves, but rather their

quantification and isolation within well-defined molecular environments.

Importantly, London dispersion interactions are, to a first approximation, pairwise
additive.[33 Consequently, a given substituent is not restricted to interacting with only
a single interaction partner, but instead experiences attractive interactions with its
entire surrounding molecular environment over a range of intermolecular distances.
The cumulative effect of these individually weak interactions can therefore lead to

substantial overall stabilization energies in appropriately designed systems.

One of the most striking demonstrations of the additive nature of LD is found in the
prime example of all-meta-tert-butyl-hexaphenylethane. In 1900, Gomberg attempted
to synthesize parent hexaphenylethane via the dimerization of two trityl radicals (the
first reported organic radical at the time), but the highly symmetric Ss-structure proved
unattainable.l®®-73l The argument for this instability was the apparent phenyl-phenyl
repulsion. Notwithstanding this reasoning, Kahr and coworkers demonstrated the
unexpected stability of all-meta-tert-butyl-hexaphenylethane for which they could even
provide an X-ray structure analysis.[’¥ The question why the parent molecule does not
exist —because it is sterically too hindered — while a closely related derivative that is
obviously much more sterically crowded does exist, had apparently not been in focus
at the time. Decades later a theoretical study suggested that the all-meta-tert-butyl
groups actually are responsible for the stability of this highly crowded Gomberg system

through mutually attractive intramolecular LD interactions (Fig. 12).[73]

NMR spectroscopic experiments confirmed this finding by observing all-meta-tert-
butyl-hexaphenylethane also in solution.[’>-771 Counterintuitively, the bulky substituents
are responsible for the stability of this molecules despite high steric encumbrance. This
conclusion is supported by the incorporation of even larger groups in the meta-
positions such as adamantyl, which amplify LD interactions, leading to even higher
stabilization.[’®! Furthermore, the substitution pattern shows that the meta-substituents
do not only interact with each other, but also with the opposing phenyl rings, as

indicated by the green isosurfaces in Fig. 12[40.78.79] resulting in additional interactions.

10



Figure 12. NCI plots of unsubstituted hexaphenylethane (left) and the fert-butyl substituted derivative
(right) viewed along the central carbon-carbon bond. Blue isosurfaces show strong attraction, red
isosurfaces show repulsion, while the substituted derivative benefits from stabilizing LD contacts (green
isosurfaces).

Based on this, one of our goals is to systematically investigate, quantify, and
ultimately maximize the interaction between meta-substituted benzene moieties using

a molecular balance that allows easy synthesis of multiple structures.

1.5 London Dispersion as Stereochemical Determinant

The use of LD as a stereochemical determinant is under active investigation. In non-
catalytic processes, such as the [4+2] cycloaddition of benzynes to furansl® and the
[2+2] cyclodimerization of substituted benzynes 11 and 12 (Fig. 13),18" LD significantly
impacts regioselectivity. In both cases, the proximal product 13feid, Where two
substituents are on same side, benefits from LD stabilization relative to the distal
product 13unfold. With weak DEDs such as methyl groups, the [2+2] cyclodimerization
provides a 1.1:1 ratio, only slightly favoring the proximal product 13fola. As the DED
strength increases (via size and polarizability),? the product ratio changes in favor of
the proximal (more hindered) product 13fod. Tert-Butyl groups increase the proximal

product 13fola ratio to 16:1 and adamantyl groups even to >20:1.181
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Figure 13. [2+2] Cyclodimerization of substituted benzynes. The proximal product is stabilized by LD
interaction between the R groups. The selectivity of the reaction increases with the ability of R
functioning as stronger dispersion energy donors (DEDs) with increasing size and polarizability.

All stereoselective catalyzed reactions must be executed under kinetic conditions
because a non-equilibrium product mixture is desired. The difference in energy of the
corresponding transition states is responsible for the product distribution and hence
stereoselection. Lowering one transition structure, for example, through LD, will
significantly change the product distribution even in nonequilibrium processes.384
For example, the direct impact of LD on a transition structure was demonstrated with
the mechanism and selectivities of photochemical dearomative cycloadditions of
quinolines 14 with alkenes (Fig. 14).1851 After reversible radical addition, the reaction
proceeds through a selectivity-determining radical recombination, favoring the endo
product 15. While methyl substituents 16a lower the transition state energy by
0.7 kcal mol~', tert-butyl groups 16b increase this value to 1.8 kcal mol~!, which the
authors attributed to LD.18°

> R2 London
R P R2 Dispersion R2
. R1 1
m 1 mol% [Ir-F] : R
. = 7 _— .
Z \ \ y/
N BF, OEt, ON-Z N
blue LED F,BO F3BO
14 15 16
Reversible Radical Selectivity Determining
Addition Radical Recombination
¥ kS
Me 'Bu
\; AEendo-exo = _ |AEendo-exo =
v+ M| -0.7 keal mol™ T ) |-1.8 keal mol™"
ON Z ON—F
F3BO F;E0
16a 16b

Figure 14. Schematic dearomative cycloaddition of quinolines and alkenes (top). Suggested transition

structure of the radical recombination for the endo product (bottom).
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1.6 Steric Attraction not Steric Hindrance Makes a Better

Catalyst
Unfortunately, LD is still often neglected in the structure-activity relationships
between catalysts and substrates.['? However, it is essential to consider all NCls,
repulsive and attractive, to achieve a meaningful and physically sound understanding

of a catalytic mechanism to design better catalysts.[86-91]

With the motivation to demonstrate the importance of LD in catalysis we elaborated
on the versatile Corey—Bakshi—Shibata (CBS) reduction of prochiral ketones 17 with
oxazaborolidine-based catalysts achieving high selectivity and high yields (Fig. 15).19-
91 The mechanism proposed by Corey in 1992 assumes that stereocontrol arises
exclusively through steric repulsion between the substituent R on the catalyst 19 and

a small Rs as well as a large RL on the ketone substrate.

Corey 1987:

Q 14 (0.1 eq.) OH
©)J\ BH5 THF (1.0 eq.) ©/\
_—

THF, 2 °C, 2 min
17 18

99%, 97% ee

Mechanistic Proposal:

Sterically favored Sterically disfavored

Ph # Ph
-0, -0,
@N,‘B:R @N;B:R/
Ph R Ph "\

\

N, O3S \ o@
HaBe. " HaBe.,
> ® il

“H .

I

TSg TSs

Failed Predictions:

OH OH OH
Y 0
MeO NO,
20 21 22

91% ee 81% ee 96% ee

Figure 15. Corey—Bakshi—Shibata (CBS) reduction of acetophenone (top), proposed mechanism for the
CBS reduction (middle), and selectivities of CBS reductions Corey’s model failed to predict (bottom).
In this Cram-based model, the enantiodiscrimination is suggested to originate from
a boat-like transition state in which the smaller substituent Rs faces R on boron to
minimize steric repulsion, while the sterically demanding Rc. points in the opposite

direction TSr. However, several mechanistic findings indicate that Corey’s model is
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incomplete and cannot deliver a satisfying explanation for the observed selectivities in
several reductions; it is also not suitable to rationally improve the catalyst structure.
For example, trichloroacetophenone reacts to the corresponding R-alcohol 22 with
high enantioselectivity, which indicates that the large phenyl group faces the boron
substituent R TSs. Furthermore, the reduction of cyclopropyl isopropyl ketone, bearing
two substituents of very similar steric size, provided an ee of 91% in favor of the R-
enantiomer 20.°61 The same holds true for the reduction of p-methoxy-p’-
nitrobenzophenone, where again two substituents of similar size provide an ee of
81%.1%1 Hence, steric repulsion alone cannot be taken as a rationale for the observed

enantioselectivities.

Early computational work by Liotta et al. utilizing the MNDO semiempirical approach
indicated that the hydride transfer in the CBS reduction proceeds in a chair-like TS
rather than the initially proposed boat conformation.[®®l Therefore, the phenyl
substituents on the carbinol backbone align parallel with RL to minimize steric
repulsion. Liotta’s results are further supported by Meyer investigating the role of steric
repulsion in the transition structure of the borane reduction step via kinetic isotope
effects.® He observed only a slight contribution of steric repulsion when bulky
ketones were employed, which manifests itself in inverse 2H kinetic isotope effects.
However, this requires the reduction of acetophenone to proceed via the chair-like TS
in which the boron substituent R only exerts little influence on the transition
structure.['90.1011 A more recent theoretical study by Lachtar et al. demonstrated a more
diversified view of NCls influencing the TS of the oxazaborolidine catalyzed reduction
of ketimines.['%? However, the employed B3LYP/6-31G(d,p) computations do not
include LD corrections and thus neglect major parts of these key NCls when replacing

phenyl groups of the catalyst by hydrogen.

These findings (Fig. 16) demonstrate the importance of LD in understanding the
mechanism of the CBS reduction by employing LD and solvent corrections at the
B3LYP-D3(BJ)/6-311G(d,p)SMD(THF) level of theory. First, the computationally
obtained LD-corrected free energies of 13.7 kcal mol™! for TS1r and 15.7 kcal mol™
for TS1s match the experimental finding that the reaction proceeds at room
temperature, in contrast to the energies of 29.8 kcal mol™" and 31.7 kcal mol™’,
respectively, without the LD correction. The DLPNO-CCSD(T)/cc-pVTZ single-point
energies using DFT-optimized TS1r and TS1s geometries are provided in brackets for

comparison and underline the importance of LD. Furthermore, the computed free
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energy of the hydride transfer (-2.0 kcal mol ') is consistent with previously
determined experimental AAG* (-2.2 kcal mol™").[®l Note that the TS1r and TS1s
geometries adopt chair-like conformations that are 3.8 kcal mol~' lower in energy than
the boat-like transition states initially proposed by Corey et al. Here, the lone pair of
the ketone binds to the catalyst that faces the smaller substituent Rs in an anti-fashion
to the electron-rich substituent as described by Corey. However, steric hydrogen-
hydrogen repulsion is not discernible in the NCI plot analysis. On the other hand,
stabilizing o-1r LD interactions favor TS1R. Decomposing the interaction energies of
both transition structures into physically meaningful components with the help of

symmetry-adapted perturbation theory (SAPT)['03.104 gnalysis further underlines these

findings.
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Figure 16. Potential energy surface of the CBS reduction of acetophenone at 2 °C. Free energies
(AG2rsk) computed at B3LYP-D3(BJ)/6-311+G(d,p)-SMD(THF)//B3LYP-D3(BJ)/6-311Gd,p). Pathways
with (teal) and without (black) dispersion correction. Energies in brackets are based on DLPNO-
CCSD(T)/cc-pVTZ single-point energies (corrected for DFT-ZPVE).[105]

The experimental results strongly support the computations. For example, electron-
deficient and poorly polarizable substituents (3,5-CF3-CsHs and CesFs) on the carbinol
backbone gave very low ee or even racemic product mixtures in the reduction of
acetophenone resulting from reduced LD interactions between substrate and catalyst.
On the contrary, bulky and highly polarizable phenyl substituents on the catalyst
maximize the ees in the acetophenone reduction. More importantly, for the most
challenging substrate butanone, the ees increase with increasing DED-polarizability
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(Fig. 17). Note that all catalysts depicted in Figure 17 perform better than those initially
proposed by Corey et al. Competitive reduction experiments employing 3,3-
dimethylbutan-2-one (pinacolone) and 2-pentanone counterintuitively show faster
conversion of the sterically more hindered neopentyl substrate. This clearly
demonstrates that increased steric bulk does not hamper the reaction rates, in fact, the
opposite is the case: the reaction proceeds faster when DEDs are implemented in

catalyst and substrate.
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23 24
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Figure 17. CBS reduction of butanone and 2-pentanone employing various DED-bearing catalysts.
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Even the well-established Houk-List model!l'%! for understanding the stereochemical
outcome of proline catalyzed inter- and intra-molecular aldol, Mannich, and Michael
reactions, among others, had to be refined after taking into account LD interactions.['%7]
The D3 correction at B3LYP/6-31G(d), initially used by Houk et al.['%! changes the
relative energies of the stereochemistry-determining transition structures by up to
3.0 kcal mol™' when benzaldehyde 26 or isobutanal are employed in the proline-
catalyzed aldol reaction with cyclohexanone (Fig. 18).['1  Four different
stereochemical possibilities arise from the corresponding diastereomeric TSs 29-32,
with the anti-configuration being the energetically most preferred leading to the
experimentally observed (S,R) aldol product 33. For the reaction with benzaldehyde,
the D3 correction between the energetically lowest (S,R) and (S,S) TSs accounts for
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2.3 kcal mol™' and a AAG*zgg k between both competing TSs of 3.0 kcal mol~' resulting
in a population of the (S,R) isomer of 99.3% (B3LYP-D3/TZVP/SCRF=DMSO)
reproducing the experimentally observed ee values. This strikingly large energy
difference may come as a surprise but impressively demonstrates how large the impact
of LD interactions even for small molecules or groups can be. That is, the Houk-List
model can lead to large quantitative deviations and, in some cases, fails qualitatively
as is the case in the proline-catalyzed reaction of acetone and pyrrole-2-
carboxaldehyde. Strikingly, the inclusion of LD turns the initially computed 96% ee into

an almost racemic product mixture prediction.!'%7]

1
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33-anti 34-syn 35-ent-syn 36-ent-anti
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London Dispersion

Figure 18. The Houk-List model for the proline catalyzed aldol reaction of cyclohexanone with
aldehydes.[106.107]

Similarly, a preliminary analysis was put forth by the MacMillan group when they first
introduced phenylalanine-derived imidazolidinone in the first highly enantioselective
organocatalytic Diels-Alder reaction of iminium ions with dienes in 2000 (Fig. 19).1108]
Rationalizing their remarkable results, the group argued that the selective formation of
the (E)-iminium isomer 39 arises from avoiding steric clashes between the olefin

substrate and the geminal methyl substituents on the imidazolidinone and the benzyl
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group of the catalyst framework sterically shielding the re face of the iminium
dienophile. Therefore, only the si face was suggested to remain exposed for the
cycloaddition. In 2004, the Houk group supported this proposal computationally
through investigating alkylation reactions of pyrroles developed by the MacMillan
groupl'®! with B3LYP/6-31G(d) computations, which, however, do not account for LD
interactions and lack polarization of the hydrogen atoms. This widely accepted
MacMillan-Houk model was challenged by Grimme comparing fourteen X-ray crystal
structures!'%1"1 with LD-corrected DFT (e.g., B3LYP-D/def-QZVP-gf) geometries.['1?]
The computed relative energies with and without LD correction revealed a difference
in stabilization energies of 2.6 kcal mol™ in favor of the (+)-sc conformation in which
the benzyl moiety faces the geminal methyl groups on the catalyst backbone, in line
with X-ray crystal structurel''®'"l data of the corresponding iminium salts of the
catalysts. The computed conformational energies between (+)-sc and (-)-sc vary in a
small range of +2.0 kcal mol™" for various typical substituents in the C(2) position of the
heterocycle, which lies in the energetic span of the LD interactions. The benzyl group
provides the steric shielding of the iminium m-system via a “windshield-wiper” effect
freely rotating at ambient temperatures due to the low rotational barriers between the
conformers. Therefore, it is necessary to account for LD in the computational

model.[3%112]
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Figure 19. MacMillan’s imidazolidinone catalyst in the initially proposed (-)-sc (top) and the LD corrected

(+)-sc (bottom) conformation.
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1.7 Dispersion Energy Donors Enhance Reactivity and

Selectivity

Incorporation of bulky aliphatic or aromatic moieties in catalytic motifs has been
good practice for decades under the assumption that these groups are sterically active
in the sense that they “shield” parts of the interaction space from reacting. The notion
of these groups being sterically attractive in their functions as DEDs, however, has only
scarcely been recognized. Since the pioneering work of Akiyamal''3l and Teradal''4 in
2004 on chiral phosphoric acid catalysts (CPAs), chemists regularly implemented
highly substituted aromatic substituents in 3,3’-position of the BINOL backbone to
achieve high enantioselectivities. Well-known examples include MacMillan’'s —
Si(Ph)s'"® and List's TRIPI'®1171  substituted CPAs providing exceptional
enantioselectivities in reductive transfer hydrogenations of imines, enals, and enones.
But how can these catalysts be so general even though they are used in quite different
transformations? An obvious rationale would be steric shielding of either the re- or the
si- face of the chiral catalyst-substrate adduct as the MacMillan group proposed.[''®
However, the mechanism of the CPA-catalyzed transfer hydrogenation was extensively
studied by Gschwind!''8-1221 and Goodmanl'23.1241 experimentally and computationally
(Fig. 20). The CPA catalyst and the E- or Z-imine form a binary hydrogen bond-assisted
ion pair 44 followed by the binding of the Hantzsch ester 45. In this ternary adduct 46,
enantioselectivity arises from the bottom or top side directed hydride transfer of the
Hantzsch ester to the E- or Z-imine providing four different transition structures.l'8-122
Computations indicate that the lowest energy TSs includes the Z-imine 43 and hydride
transfer directed to the bottom side leading to the experimentally obtained
enantioselectivities. Furthermore, the imine isomerization is slow compared to the
hydride transfer, facilitating enantiocontrol of the reaction via increased population of
the Z-imine. The Gschwind group found that the strategic positioning of fert-butyl
groups as DEDs on the imine starting material led to a stabilization of the Z-isomer by
around 1.0 kcal mol~" and demonstrated that its preference is preserved in the binary
and ternary CPA adducts.['?5! Counterintuitively, additional decoration of the CPA with
intrinsically bulky DEDs did not lead to increased steric repulsion between catalyst and
imine, rather, it added favorable LD interactions in the binding event of the catalyst and
substrate leading to almost exclusive population of the desired Z-imine and excellent

enantioselectivities.[12%]
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Figure 20. Mechanism of the CPA-catalyzed transfer hydrogenation of imines with Hantzsch esters.['2%]

1.8 The Johnson-Corey-Chaykovsky Epoxidation

As demonstrated in several examples discussed above, London dispersion
interactions can significantly influence the outcome and selectivity of chemical
reactions. Nevertheless, many reactions, particularly older examples, are still primarily
rationalized on the basis of steric repulsion alone. One prominent example is the
Johnson—Corey—Chaykovsky epoxidation, which was first described by Johnson in
1961.0'?61  During investigations of the reaction between benzaldehyde and
dimethylsulfonium fluorenylide, Johnson observed the formation of the corresponding

epoxide rather than the expected Wittig-type olefination product.['2¢l

Subsequently, Corey and Chaykovsky further developed the reaction by improving
the reaction conditions and identifying more suitable sulfonium and sulfoxonium ylides
for epoxidation reactions,['27=129 yltimately giving rise to the now commonly used name

Johnson—Corey—Chaykovsky reaction.
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The current consensus is that after a pre-equilibrium deprotonation with base to
generate the ylide from sulfonium salt 50-R?, the ylide adds nucleophilically to the
aldehyde 51-R? in the rate-determining step.l'3%-13% Subsequent bond rotation around
the central C-C bond results the syn- or anti-betaine, followed by stereospecific

elimination of sulfide to yield the cis- or trans-epoxide (Fig. 21).
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Figure 21. Currently accepted reaction sequence of the Johnson-Corey-Chaykovsky-epoxidation.

The origin of the diastereoselectivity lies in the reversibility of the syn-betaine
formation on the one hand and the irreversibility of the anti-betaine formation (from
cross-over experiments)'36] on the other. Based on the mechanistic studies, Aggarwal
proposed that the stereo control is mainly governed by the reversibility of the initial
betaine formation proposed four key factors for the selectivity.['33

1 Carbonyl stability: More stable carbonyl compounds increase reversibility by
favoring the starting material over the betaine intermediate.

2 Ylide stability: More stabilized ylides similarly increase reversibility, leading to
enhanced diastereocontrol.

3 Steric effects: Increased steric congestion disfavors formation of the betaine
intermediate and slows rotation around the central bond, resulting in greater

reversibility and higher diastereocontrol.

4 Charge solvation: Solvation of the charged betaine intermediate by
counterions such as lithium facilitates bond rotation, lowers reversibility, and

consequently reduces diastereocontrol.
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As most mechanistic investigations of the Johnson—Corey—Chaykovsky reaction are
still based on the computational study by Aggarwal and co-workers from 2002, it is
important to consider the limitations of the employed methodology. The calculations
were performed at the B3LYP/6-311+G**//B3LYP/6-31G* level of theory using a
continuum solvation model and relied on relative electronic energies without inclusion
of zero-point vibrational energy corrections.['33] While state-of-the-art at the time, this
approach no longer meets modern standards for accurately describing subtle energetic
differences.'%7]

More importantly, conventional B3LYP lacks an explicit treatment of long-range
electron correlation and therefore cannot adequately account for London dispersion
interactions.[?3l This is particularly relevant, as the computed energy differences
between competing reaction pathways and transition states are often only
1-3 kcal mol-'. Although some degree of error compensation may be expected for
electronically similar structures, this assumption is unlikely to hold true when dispersion
interactions differ substantially between the cis and trans pathways as the relative
distance between substituents changes. Inspection of the reported transition-state
geometries reveals intermolecular distances that generally exceed 3 A.['33] At such
distances, steric repulsion is expected to be less dominant, whereas attractive London

dispersion interactions can become significant.['!

In our final study, we therefore want to revisit this paradigm both computationally
and experimentally. By introducing increasingly bulky substituents on the aromatic
rings, we aimed to probe the contribution of London dispersion interactions to the
stereochemical outcome of the reaction and compare the observed selectivities with

the interaction trends determined independently from molecular balance experiments.
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Abstract

We present an experimental and computational study on the conformers of N,N'-
diphenylthiourea substituted with different dispersion energy donor (DED) groups.
While the unfolded anti—anti conformer is the most relevant for thiourea catalysis,
intramolecular noncovalent interactions counterintuitively favor the folded syn—
syn conformer, as evident from a combination of low-temperature nuclear magnetic
resonance measurements and computations. In order to quantify the noncovalent
interactions, we utilized local energy decomposition analysis and symmetry-adapted
perturbation theory at the DLPNO-CCSD(T)/def2-TZVPP and sSAPT0/6-311G(d,p)
levels of theory. Additionally, we applied a double-mutant cycle to experimentally study
the effects of bulky substituents on the equilibria. We determined London dispersion
as the key interaction that shifts the equilibria towards the syn—syn conformers. This

preference is likely a factor why such thiourea derivatives can be poor catalysts.
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Abstract: We present an experimental and computa-
tional study on the conformers of N,N'-diphenylthiourea
substituted with different dispersion energy donor
(DED) groups. While the unfolded anti-anti conformer
is the most relevant for thiourea catalysis, intramolecu-
lar noncovalent interactions counterintuitively favor the
folded syn—syn conformer, as evident from a combina-
tion of low-temperature nuclear magnetic resonance
measurements and computations. In order to quantify
the noncovalent interactions, we utilized local energy
decomposition analysis and symmetry-adapted perturba-
tion theory at the DLPNO-CCSD(T)/def2-TZVPP and
sSAPTO0/6-311G(d,p) levels of theory. Additionally, we
applied a double-mutant cycle to experimentally study
the effects of bulky substituents on the equilibria. We
determined London dispersion as the key interaction
that shifts the equilibria towards the syn-syn con-
formers. This preference is likely a factor why such
thiourea derivatives can be poor catalysts. )

Introduction

In the field of enzyme catalysis, Fischer’s “key and lock”
hypothesis!'! or the more sophisticated “induced fit” model
by Koshland? perennially highlight the importance of
conformational flexibility and catalytic activity. The struc-
tural dynamics of peptides allow enzymes to bind and to
recognize substrates effectively and convert them into
products. Thus, a specific conformer of the catalyst is needed
to exploit transition state stabilization and energetic differ-
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entiation among a series of possible transition state geo-
metries. Conformational structure—property relationships
can be probed with small molecules as well. The restricted
bond rotation within the thioamide functional group offers
three differently populated conformers (Scheme 1).! While
the mechanism for anion recognition or catalytic activation
of a substrate due to hydrogen-bonding is most effective via
the open anti—anti conformer, an analysis of the conforma-
tional landscape of thiourea derivatives is an essential part
to understand the origin of their catalytic activity and any
limitations thereof.”) Here, we present a study of all-meta-
disubstituted diphenylthiourea!® derivatives to elucidate the
conformational preferences dependent on noncovalent in-
teractions including London dispersion (LD).’! Since the
compounds discussed in this work both are less catalytically
active than commonly exploited thiourea catalysts'*! and
poor anion receptors, ™ we hypothesize this is in part due
to the population of a conformer that does not allow double
N-H bonding to Lewis-basic atoms or groups in the
substrate.?)

In recent years, a number of studies demonstrated that
the catalytically active anti-anti diphenyl(thio)urea con-
former is not necessarily the predominant conformer in the
dependent NMR measurements in different solvents demon-
strated the presence of multiple conformers for diarylthiour-
ea derivatives.”? An exception to this conformational
flexibility is the well-known N,N'-bis[3,5-bis(trifluorometh-
yl)phenyl]thiourea catalyst with the anti-anti conformer
being predominant in, for example, tetrahydrofuran (THF)
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Scheme 1. Lowest energy conformers of diphenylthiourea derivatives
with the anti—anti (left), syn—anti (center), and syn—syn (right) con-
formers. The shown values correspond to the shortest o—o distance
d,_, contact for each conformer of 1-R'R? computed at B3LYP-D3(B))/
def2-TZVPP.
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Figure 2. NMR measurements at 193 K of the aromatic signals of 1-'Bu, < 151 J l% 1 A:l";:
(grey) and computed spectra for the syn-anti (blue), syn—syn (green), L‘ ‘ CJPr
and antianti (red) conformers in THE (SMD sclvent model) at the et
and anti-anti (red) conformers in THF (SMD solvent model) at the l Cme
B3LYP-D3(B))/def2-TZVPP level of theory. For the full spectral data see 0l (-

the Supporting Information.

(black NMR, Figure 1) shows a distinct symmetric con-
former. Nevertheless, 1-'Bu, favors the syn—anti conformer
by around 0.5+0.0(3) kcalmol™!. The computed NMR
signals (Figure 2) suggest that the new signals belong to the
syn—syn conformer (green spectrum), which also helped us
assign the syn—anti (blue spectrum) and disregard the anti—
anti (red spectrum) conformer. Whereas the N—H proton
shift is difficult to determine by NMR computations,''” the
aromatic and aliphatic C—H signals were assigned to the
syn-syn conformer.

Concentration dependent measurements showed no
change in signal ratios with the lowest concentration being
15.5 mM (0.01 mmol). This is in line with NMR measure-
ments investigating the complexation of thiourea catalyst
with lactones, where it was found that the anti-anti con-
former is catalytically most active.”) Consequently, aggrega-
tion in solution was deemed to be unimportant. To ensure
that equilibrium had been reached, we equilibrated each
NMR sample for one hour at 193 K. Since the barrier height
for rotation around the thioamide bond is around
10 kcalmol !, equilibrium was reached after around 5 min
(see Supporting Information for details). After transferring
the samples to the NMR spectrometer, they were further
equilibrated until the temperature stabilized at 193 K. Fig-
ure 1 displays the N—H proton splitting for symmetric 1-
R'R> While 1-H, shows only low concentrations of a second
conformer, bulky substituents such as those with fert-butyl
groups clearly affect the conformer distributions.

Figure 3 displays a summary of the experimentally
determined AGgig:-yy values of the equilibrium between
syn-syn and syn-anti 1-R'R* relative to parent N,N'-
diphenylthiourea 1-H,. Consequently, 1-H, is depicted as
AGrige-yy =0.04£0.2 kcalmol ' in Figure 3 (rightmost data
point). While 1-H, favors the syn—anti conformer by around
2.340.1 kcalmol ' (see Supporting Information for absolute
energy values), substituents in all-meta position shift the
equilibrium towards the syn-syn conformer (AG<0). In
contrast to the often encountered view that large groups

Angew. Chem. Int. Ed. 2022, 61, 202204393 (3 of 8)

Figure 3. Experimentally determined Gibbs free energy values AG
rire-n for the equilibrium between syn—syn and syn—anti 1-R'R? at

193 K’ gray lines indicate error bars. AG <0 corresponds to a shift
towards the syn—syn conformer: The lower and more negative the AG
expressed, the more favored the syn-syn conformer. Note that the
supposedly catalytically active anti-anti conformation is not populated
at all.

repel each other, Figure 3 illustrates that bulky groups favor
the conformer that displays close alkyl-alkyl contacts (d,.,=
2.61 A for 1-‘Bu,). The unsymmetric functionalization in 1-
R'H (blue bars) and 1-HR? (rightmost block of columns)
only has a small effect on the equilibrium position (up to
AG gyp-nn =—0.6£0.2 kcalmol '). The shift in energy to-
wards the syn-syn conformer can be rationalized by
attractive o—n interactions between substituents and oppos-
ing phenyl moiety. Thereby, a decrease in distance between
substituent and phenyl moiety systematically increases the
stabilizing o—n interactions. A similar effect was already
observed and quantified by Shimizu etal. for a para
substitution pattern utilizing molecular torsion balance.™
Here, distance dependence of o—n interactions was docu-
mented for a para substitution pattern with the largest and
bulkiest alkyl groups forming the strongest stabilizing
interactions. These observations are consistent with the
recent concept of DEDs in which bulky alkyl groups form
stabilizing dispersion interactions. !

By systematically increasing the substituent size on both
phenyl moieties, the equilibrium shifts further to the more
crowded syn—syn structure. The introduction of additional
CHj; groups increases the number of close intramolecular
alkyl-alkyl contacts in the syn—syn conformer, thereby
reducing the distance between substituents (Scheme 1). An
increasing number of noncovalent contacts at distances of
around 2.5 A has proven to be effective in stabilizing labile
compounds such as hexaphenylethane™ or rationalizing
isomerization energies of linear and branched alkanes.””
The largest difference in energy due to incorporation of a
methyl substituent can be observed from 1-‘BuH (AG
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at elevated temperatures.”! While the experimental evidence
points to the fact that the anti-anti conformer of this
thiourea catalyst is catalytically most active, other substitu-

tion patterns are ]llzn]u to Aucnlqw a different conformational
101 patierns are iix airierent coniormationa:

landscape, which, in turn, is hkely to result in reduced
catalytic activity.

Most recently, Sandler et al.*"! highlighted the relation-
ship of conformational effects and the anion binding affinity
of receptor molecules such as diphenylthiourea.**! Where-
as urea and squaramide derivatives prefer the anti-anti
conformer due to intramolecular CH-carbonyl hydrogen
bonding, diphenylthiourea does not benefit as strongly from
this stabilization since its phenyl moieties are twisted out of
plane.*! Consequently, diphenylthiourea populates the syn—
anti and syn-syn conformers, thereby lowering its anion
binding affinity.!”! To explain the enantioselectivity of an
asymmetric Henry reaction, Heshmat proposed cinchona-
thiourea catalyst substrate activation via the syn—anti
conformer.”®! Experimental data suggest a similar trend. In
an extensive study of crystal structures of urea and thiourea
derivatives, Luchini et al.”! showed that around 60% of all
thiourea motifs crystallize in a syn—syn or syn—anti fashion.
On the other hand, 98% of urea derivatives are reported to
have an anti-anti conformation in the solid state.’? Solid
state and gas phase IR!"” and NMR!"! studies in solution
support this trend for urea derivatives as well. For diaryl-
thiourea derivatives, IR measurements suggest a significant
shift to the syn—syn conformer in solution!” but a systematic
NMR study determining the role and the apparent intra-
molecular stabilization of the syn-syn conformer has not
been reported.

In order to investigate the equilibria depicted in
Scheme 1, we treated the N,N'-diphenylthiourea derivatives
as molecular balances."” By increasing the size of the all-
meta-substituted aryl dispersion energy donors (DEDs),>"!
we observed a systematic and counterintuitive shift of the
equilibrium toward the folded and more crowded syn-syn
conformer. The increasing number of close c—c contacts is
indicative of the prevalence of attractive LD" interactions
rather than Pauli (exchange) repulsion. This effect was
recently emphasized in a study of the equilibria of 1,4- and
1,6-di-rbutyl cyclooctatetraene in a large series of solvents of
very different polarities showing that intramolecular LD
interactions do not cancel in solution.!

Results and Discussion

To dissect the influence of each DED, we synthesized a
logical series of diphenylthiourea derivatives with methyl
(Me), ethyl (Et), iso-propyl (‘Pr), and tert-butyl (‘Bu)
substituents. In brief, the all-meta-substituted N,N’-diphe-
nylthioureas were synthesized via a two-step addition of
aniline precursors to thiophosgene.’! Prior, the all-meta-
substituted aniline precursors were generated via bromina-
tion and de-diazotization reaction of 2,6-disubstituted ani-
line derivatives (for details, see Supporting Information).!'"
To gather as much information as possible, we generated all
R' and R’ combinations of these groups and measured
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'H NMR spectra in THF. The choice of solvent was based
on its physical properties (i.e., low melting point) and the
fact that all diphenylthiourea derivatives remained soluble

durine the low-temperature NMR measurements
aurmg e i1ov nper re Vi measurements.

The restricted bond rotation of all N,N'-diphenylthiourea
derivatives required low-temperature NMR measurements
(performed at 193 K) in order to freeze the C—N bond
rotation. The lowest temperature possible to hold up over a
longer period of time in the NMR was 193 K. Intrinsic
reaction coordinate (IRC) computations suggest activation
barriers of 10.3 kcalmol ' (corresponding to a rate constant
of 4.0x107%s7") and 9.0 kcalmol ' (1.3 s7") for unsubstituted
diphenylthiourea.” We first tested our approach with N,N'-
bis(3,5-di-tert-butylphenyl)thiourea 1-‘Bu, (1-R'R?) and the
parent N,N'-diphenylthiourea 1-H,. For both derivatives the
singlet N—H signal splits into three separate signals upon
cooling, two of which belong to the same conformer (blue
marking, Figure 1). Additionally, the aromatic signals (Fig-
ure 2) split into four, and the aliphatic fert-butyl signals into
two separate NMR peaks.

Accordingly, these signals were assigned to the syn—anti
conformer since it is the only structure with inequivalent
N-H, aromatic, and tert-butyl protons. While the parent
1-H, (purple NMR, Figure 1) considerably favors the syn—
anti conformer by around 2.3+0.1 kcalmol ' (all energies
were determined via K., at 193 K), the NMR of 1-'Bu,

1 IPI'Z AL
1-Et,
1-Me,
1-H, '\
T T T T T 1
10.25 10.00 9.75 9.50 9.25 9.00

Chemical Shift 5 [ppm]

Figure 1. NMR measurements at 193 K of symmetrically substituted
N,N’-diphenylthiourea derivatives 1-R'R? in THF and molecular struc-
ture of 1-'Bu,. For simplicity, the NH signals of symmetric 1-R'R* are
depicted only. Thermal ellipsoid plot of the molecular structure
obtained by single-crystal X-ray diffraction was drawn at 50% proba-
bility level. The blue markings correspond to the NH signals of the syn—
anti and the green markings to the syn—syn conformer. Note that the
anti-anti conformer is not populated and has therefore been omitted.
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u-nn = —0.6 £0.2 kcalmol ') to 1-‘BuMe
(AG gupe-nn = —1.2£0.2 kcalmol ) with around

—0.6 kcalmol ' stabilization due to c—c contacts.”!! Addi-
tional methyl groups shift the equilibrium further towards
the syn-syn conformer by around —0.1 kcalmol'. Conse-
quently, the most prominent effects can be observed for 1-
R"Bu derivatives (orange bars), which shift the equilibria
significantly towards the syn-syn conformer (up to AG
upu-nn = —1.7+0.1 kcalmol™). Hence, the experimental
data suggest that increasingly larger alkyl substituents act as
stabilizing DEDs rather than as repulsive steric bulk.>!* !
Correlations of our experimental findings with the molecular
volume or in the total molecular dipole moment of each
conformer are insufficient to rationalize the trends observed
(see Supporting Information).

To support these findings, we performed a computa-
tional study focusing on the role of intramolecular non-
covalent interactions. To be able to switch dispersion
corrections on and off, we utilized density functional theory
(DFT) to investigate the equilibria depicted in Scheme 1.
After an initial conformer analysis using the Conformer—
Rotamer Ensemble Sampling Tool® (crest) program, the
lowest conformers were further optimized with Ahlrich’s
def2-TZVPP?! basis set. The B3LYP® functional was
utilized with and without (Supporting Information)
Grimme’s D3P correction including Becke-Johnson®” (BJ)
damping. All geometry optimizations were performed in the
gas phase under standard conditions. The gas phase
structures were utilized for single-point energy computations
to account for solvation effects and entropy at 193 K. The
polarizable continuum model (PCM)?! was used with THF
as solvent and thermal corrections added from DFT (gas
phase) frequency computations. Additionally, the B3LYP-
D3(BJ) (gas phase) optimized structures were utilized for
single-point energy computations at the DLPNO-CCSD(T)/
def2-TZVPP level of theory.”” This analysis follows that of
Sandler etal. (Supporting Information)® who demon-
strated that the B3LYP functional in conjunction with
medium-sized basis sets is an appropriate approach for
geometry optimizations of thiourea derivatives and, that
DLPNO-CCSD(T)/large basis set is an excellent approxima-
tion to its canonical counterpart. Since LD interactions are
in a first approximation temperature independent, the
results of the thermochemical analysis of the equilibrium fit
qualitatively to gas phase computations (see Supporting
Information)."" The thermochemical results (AG,,) for the
symmetric and unsymmetric N,N'-diphenylthiourea molec-
ular balances are depicted in Figure 4. While the anti-anti
conformer is highest in energy (red markings) for all systems
and cannot be observed by NMR, the syn-syn (green
markings) conformers are generally favored. Computations
on B3LYP/def2-TZVPP excluding the LD corrections pre-
dict the syn-antilanti-syn conformers to be favored by
around 3-4 kcalmol .. Including LD, the unsubstituted
balance already slightly favors the syn-syn conformer
(AG¢q~—0.3 kcalmol ). Increasing alkyl substitution shifts
the global energy minimum further from the syn-anti
towards the syn-syn conformer. The largest effect can be
observed for 1-Bu, (AG.~—2.8 kcalmol ). These results
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Figure 4. Gibbs free energies at 193 K for the equilibrium of the syn—syn
(green markings) and anti-anti (red markings) conformers relative to
the syn—anti/anti-syn conformers of 1-R'R? at the DLPNO-CCSD(T)/
def2-TZVP//B3LYP-D3(BJ)/def2-TZVPP level of theory including a
solvent correction (THF) at the B3LYP-D3(B))/def2-TZVPP utilizing the
PCM model. Thermal corrections were added from DFT optimizations
at 193 K. 1-H, and 1-'Bu, are highlighted for clarity.

fit qualitatively well to our experimental data, albeit the
attenuation of the attractive interactions due to solvent
effects is higher than predicted by the computations.F”)

To assess these counterintuitive results, we visualized the
intramolecular noncovalent contacts (Figure 5) utilizing non-
covalent interaction (NCI) plots®!! to highlight the main
source of thermodynamic stability of 1-‘Bu, by depicting the
reduced density gradient in regions of low electron density.
While strongly attractive and repulsive interactions are
color-coded in blue and red, respectively, green isosurfaces
can be assigned to weak NClIs. The anti—anti conformer of
1-Bu, features a mixture of red and blue isosurfaces due to
the substitution pattern and a CH--S contact!*! a green
contact area is not visible. On the other hand, the syn—anti
conformer already shows small green areas between bulky
‘Bu substituents and the opposing phenyl group. Finally, the
syn-syn conformer shows large green isosurfaces implying
significant intramolecular NCIs. An incorporation of bulky
alkyl groups increases the number of noncovalent contacts
via close o—o (i.e., ‘Bu—Bu in Figure 5) and o-n (‘Bu-n)
contacts of both substituents. This analysis qualitatively
supports experimental and computational findings.

To quantify the amount of LD interactions between
each substituent, we dissected the energy values AAGgig:
from singly substituted molecular balances.” Hereby, two
substituents R' and R” are mutated separately to investigate
the impact of each substituent on the thiourea molecular
backbone. According to the following equation the inter-
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Figure 5. Noncovalent interaction (NCI) plots of the anti—anti (left), syn-anti (center), and syn—syn (right) conformers of 1-'Bu, at B3LYP-D3(B))/
def2-TZVPP. Isosurfaces (isovalue s of 0.2, ranging from sign(4,)p=—0.05 a.u. to +0.05 a.u.) are color-coded red (indicating strong repulsion),
blue (strong attractive interactions), and green (corresponding to weak NCI).

action energy AAGrir: between two substituents can be
determined as follows:

AAGRle = AGRle—AGRlH—AGHRZ + AGHH (1)

While this application of Hess’s law (also referred to as
double mutant cycle) gives an experimental estimate of the
role each DED plays, the results have to be treated with
caution due to a large error estimate (see Supporting
Information for details). Nevertheless, Figure 6 qualitatively
supports our findings that sterically hindered diphenyl-
thiourea derivatives favor the syn-syn conformer. In gen-
eral, all calculated energies are negative implying a stabiliz-
ing effect between the alkyl groups. Especially for large
moieties, a stabilization of the syn-syn conformer can be
observed  (AAGigyp, =—0.54+03 kcalmol™').  Therefore,
around 30% of the observed Gibbs free energy values
(AAG gypy-u =—1.7£0.1 kcalmol™") can be assigned to
stabilizing alkyl-alkyl contacts. The remaining 70% consists
of o-n interactions between ‘Bu and the opposing phenyl
moiety.”!! The smallest effect was measured for the 1-Me,
molecular balance (AAGyeme=—0.140.4 kcalmol '). In
comparison to AAGyiy. (yellow bars), AAGyig, (purple bars)
does not profit from an additional CH; group. This can be
rationalized with an entropic penalty®™ due to increasing
flexibility of the ethyl substituent.

With the aim to dissect the intramolecular interaction
energy into its main contributors, we employed symmetry-
adapted-perturbation theory® (SAPT) analysis as imple-
mented in PSI4.®” The scaled version was used according to
Sherrill et al.* to improve the performance of the decom-
position method. We focused solely on the interaction
between the two substituted phenyl moieties. As a starting
point, we took the B3LYP-D3(BJ)/def2-TZVPP optimized
geometries and removed the thiourea moiety. The resulting
phenyl radicals were saturated with hydrogen yielding a
benzene dimer in geometry of the syn—syn, syn—anti and
anti—anti conformer. This approach allows us to transfer the
intramolecular into intermolecular interactions between two
substituted benzene molecules. While the electronic con-
stitution of benzene varies from the electronic structure
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Figure 6. Double mutant cycle (top) to dissect the interaction energy
AAGrig: and results of the analysis (bottom); gray lines indicate error
bars. AAGyiy: describes the relative interaction energies of R'-R?
contacts of the syn—anti and syn—syn equilibrium at 193 K. Negative
energies correspond to stabilizing interactions between both groups.

within diphenylthiourea, this method was solely used to
identify the main source of thermodynamic stability. Fig-
ure 7 displays the energy decomposition of the total
interaction energy (E,,) between two di-substituted benzene
molecules based on their geometry in the syn—syn conformer
(for other conformers see Supporting Information). While
inductive effects (E,,4, blue markings) only play a minor role
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Figure 7. sSAPT analysis of two 1,3-disubstituted benzene molecules in
the geometry of the syn—syn thiourea conformers at sSAPTO0/6-
311G(d,p) at 298 K. The dashed lines are used to guide the eye.

in the dimerization of substituted benzene, electrostatic
(Eesur grey markings) as well as LD interaction (Eg;,, green
markings) are essential to understand the interaction energy
between two benzene molecules. Both energies, E.y, and
Ep, stabilize the benzene dimer due to alkyl substitution
with LD interactions as the major component (up to Eg,=
—21.1 kcalmol ! for 1-'Bu,). Nevertheless, only a combina-
tion of both energies overcompensates the destabilizing
contributions of Pauli exchange repulsion (E., red mark-
ings). Especially for 1-H,, repulsive interactions
(Eexen= +15.3 kcalmol™") disfavor the aggregation of
benzene and override all stabilizing effects (E =+
0.7 kcalmol '). While Herbert et al.?”! identified LD as the
main attractive component in cofacial n-stacking (via o—n
contacts) of benzene, this effect alone is not strong enough
to stabilize 1-H,. The geometry of close benzene dimers
enforced through the thiourea molecular backbone is there-
fore not ideal to afford the perfect balance between
attractive and repulsive contacts. With increasing substituent
bulkiness repulsive interactions increase (up to E..,=+
26.3 kcalmol ' for 1-Bu,) but do not overcompensate the
attractive interactions.

After establishing that LD interactions are the major
factor for the conformational preference of diphenylthiourea
derivatives, we set out to quantify the magnitude of LD
interactions between the aromatic moieties without changing
the electronic structure of N,N'-diphenylthiourea. While the
double mutant cycle (Figure 6) represents the total inter-
action energy (sum of all attractive and repulsive compo-
nents) between DED groups attached, the overall energy
gain due to LD interactions was dissected using a Local
Energy Decomposition (LED) analysis®! as implemented in
ORCA P Therefore, we fragmented every N,N'-diphenylth-
iourea molecular balance into three parts (F1, F2, and F3).
During this process all bonds are cleaved homolytically
resulting in large electrostatic interactions between all frag-
ments. Consequently, we investigated only the gain in
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Figure 8. LD interaction energies derived from LED analysis of two
1-R'R? substituted phenyl moieties in syn—syn conformer at DLPNO-
CCSD(T)/def-TZVP//B3LYP-D3(BJ)/def2-TZVPP at 298 K.

energy due to LD interactions between F1 and F2. Figure 8
shows the results of the analysis for the syn—syn conformers
(see Supporting Information for other conformers).

The LED analysis fits qualitatively to the results of
computational and experimental data very well. In compar-
ison to the SAPT analysis, LED suggests lower LD
contributions (around 6 kcalmol™), but this is due to the
different models used. Accordingly, 1-H, and the semi-
substituted 1-HR? series benefit the least from LD inter-
actions (between —4.0 to —7.3 kcalmol™'). On the other
hand, substitution on both phenyl moieties results in higher
LD interaction energies up to Eg,=—13.7 kcalmol ' for
1-Bu,. This effect is most prominent in the syn-syn con-
former. All methods utilized to quantify noncovalent
interactions demonstrate the role of LD on the conforma-
tional preference of N,N'-diphenylthiourea derivatives. The
experimental and computational data suggest simple addi-
tivity of the DED strength due to an increasing preference
of the syn-syn conformer with growing steric bulk. The
double mutant cycle highlights both, 6—6 and o—n contacts as
the origin of stabilization.

Conclusion

We performed a systematic experimental-computational
study on the folding equilibria of all-meta substituted
diphenylthiourea derivatives investigating the impact of
steric bulk on the conformer preferences. In stark contrast
to the broadly accepted dominance of Pauli repulsion
dictating conformations, we identified LD interactions as
the main contributor that counterintuitively stabilizes the
syn—syn conformers. Therefore, LD proves to be a powerful
interaction to shift equilibria towards apparently more
crowded conformers.

A double-mutant cycle allowed us to quantify and
differentiate between attractive c—c and o-m contacts as

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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origin of stabilization. The most prominent shift towards the
folded syn—syn conformer was observed when attaching
bulky fert-butyl substituents to diphenylthiourea. An SAPT
analysis reveals a combination of electrostatic and LD
interactions counteracting Pauli repulsion. The LED analy-
sis helped quantify intramolecular LD interactions and
confirmed fert-butyl substituents to be highly effective
DED:s.
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2.2 Assessing Benzene Dimer Interactions in Solution With a

Molecular Balance

Abstract

We present a combined experimental and computational study of a 1,4/1,6-dibenzyl
substituted cyclooctatetraene (COT)-based molecular balance as a model to assess
the benzene dimer interactions in solution. This is accomplished by investigating the
equilibrium between the unfolded 1,4- versus folded 1,6-dibenzyl COT in a variety of
common organic solvents. NMR measurements demonstrate that the 1,6-COT isomer,
in which the phenyl moieties are in proximity, is always favored over the unfolded and
sterically less hindered 1,4-COT by ~ 0.3 kcal mol™, irrespective of solvent.
Computations identify London dispersion (LD) interactions between the aromatic
moieties in 1,6-COT as the main stabilizing force.
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ABSTRACT

We present a combined experimental and computational study of a 1,4/1,6-dibenzyl substituted cyclooctatetraene (COT)-based
molecular balance as a model to assess the benzene dimer interactions in solution. This is accomplished by investigating
the equilibrium between the unfolded 1,4- versus folded 1,6-dibenzyl COT in a variety of common organic solvents. NMR
measurements demonstrate that the 1,6-COT isomer, in which the phenyl moieties are in proximity, is always favored over the
unfolded and sterically less hindered 1,4-COT by ~0.3 kcal mol ™, irrespective of solvent. Computations identify London dispersion
(LD) interactions between the aromatic moieties in 1,6-COT as the main stabilizing force.

1 | Introduction

Noncovalent interactions (NCIs) between aromatic moieties play
a key role in biochemistry [1], material science [2], catalysis [3-
11], and provide important insights into reaction mechanisms as
well as selectivities, as exemplified by the previously investigated
Johnson—Corey—Chaykovsky epoxidation [12]. These interac-
tions help rationalize protein folding [13-16], stacking of DNA
bases [17], or enantioselectivity in catalytic transformations [5,
10]. Chemists often refer to NCIs between aromatic moieties as
“m-7” stacking or “o-7” interactions (amongst other names) [2,
18, 19]. However, multiple detailed studies on, for example, the
benzene dimer conclude that the 7-orbitals do not significantly
engage in quadrupole overlap-driven bonding and the benzene
dimer is best described as a van der Waals complex in which
charge transfer, induction, exchange-repulsion, and primarily
London dispersion (LD) interactions play a dominant role with an
R~ distance dependence of the dimerization energy [18, 20, 21].
These findings have replaced the originally proposed model and
rules suggested by Hunter et al. [17, 22, 23], who emphasized the

quadrupole-quadrupole electrostatic component of the stacking
interaction.

High-level computational studies revealed that the two minima
on the potential energy surface (PES) correspond to the tilted
T-shaped (TT, C, symmetry) and parallel displaced (PD, C,,
symmetry) structure (Figure 1) [24]. Early studies suggested the
C,,-symmetric T-shaped configuration as the global minimum.
However, multiple sources now established that the tilted C;-
symmetric T-shaped configuration (TT) is slightly more stable,
with a dissociation energy of AE = 2.83 kcal mol~' [24]. The PD
dimer is the second minimum with a dissociation energy of AE =
2.68 kcal mol~! [24, 25]. The computed values align well with gas-
phase ionization experiments, which have yielded dissociation
energies of AD,, = 1.61 kcal mol~" and 2.40 kcal mol ™ for benzene
dimer formation [26-28].

However, interactions observed in the gas phase may not directly
translate to solution, where entropic and solvent effects often
weaken NCIs [7, 10, 29]. Consequently, the dissociation energies
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A) TT (Cs) Benzene Dimer

B) TT-1,6-COT

FIGURE 1 |

C) PD (Cy,) Benzene Dimer D) PD-1,6-COT

Left: The benzene dimer in the tilted T-shaped (TT, Cs symmetry). Right: Parallel displaced (PD, C,, symmetry) computed at the

CCSD(T)/CBS level of theory [24]. In comparison, our COT-model system to mimic the benzene dimer interactions in solution at the wB97X-D4/def2-
TZVPP level of theory. Ph-Ph angles and distances are given for the center of each benzene to highlight the similarities between the reference and model

system.

reported for benzene dimers in the gas phase may overestimate
interaction strengths in solution.

To address this, the Wilcox group conducted pioneering work
on T-oriented aromatic interactions using molecular torsion
balances [30]. These balances derive relative strengths of NCIs
through equilibrium studies involving a “folded” (sterically hin-
dered) state, where two moieties interact intramolecularly, and an
“unfolded” (sterically less hindered) state, where the groups are
separated and their interactions minimized [31]. "H-NMR spec-
troscopy revealed that the T-shaped arrangement of the aromatic
moieties in the Wilcox balance exhibited a Gibbs free interaction
energy of 0.24 kcal mol™ in CDCl, at 298 K, significantly smaller
than the gas-phase values for the benzene dimer [24, 26, 30].
Subsequently, Shimizu and coworkers explored aromatic stacking
interactions using N-arylimide-based molecular balances, where
aromatic moieties interact in a PD-like configuration [32, 33].
They reported that increasing the size of the aromatic systems did
not lead to significantly stronger interactions, concluding that the
LD contribution to stabilization is small in solution [32, 33].

Later, Cockroft extended this research by studying polyaromatic
systems with molecular balances, showing that the interaction
energy cannot be explained solely by size of interacting groups
[34]. Instead, the interaction energy correlates with the solvent-
accessible surface area (SASA), which describes the area of
solvent-solute interactions, of the folded and unfolded conform-
ers. Additionally, high solvent bulk polarizability such as found
for CS, exhibit the least favorable stacking interactions due to
competing LD interactions between solvent and solute [24, 34].

All molecular balances have in common that the observed inter-
action energies in solution are significantly weaker than those in
the gas phase. Chen and coworkers demonstrated that NCIs can
be attenuated by up to 80% in aprotic solvents compared to the
corresponding gas-phase structures, based on studies of proton-
bound dimers [35, 36]. Subsequently, Shimizu and coworkers
revisited this topic using rigid CH-7 molecular balances. They
observed that enlarging the 7-system, thereby enhancing disper-
sion interactions, indeed increases the interaction strength. This
stabilization is again substantially reduced, by as much as 80% in
solution [37].

However, owing to the incorporation of polar groups of these
model systems the benzene dimer interactions may be affected

by local dipole interactions that also alter the local interac-
tions with the solvent. To address these limitations, nonpolar
molecular hydrocarbon balances, such as the 1,4/1,6 substituted
cyclooctatetraene (COT), have been developed [29, 38]. The
1,4- and 1,6-COT diastereomers are valence bond isomers that
interconvert via a planar 7-bond isomerization. In 1,4-COT the
substituents are separated from each other, while 1,6-COT brings
them in close proximity and allows them to interact (Figure 2)
[29]. The combination of high symmetry, absence of bond
dipoles, temperature-sensitive and well-resolved NMR signals
makes them ideally suited for quantifying small differences in
intramolecular interaction energies. Previous studies revealed
that intramolecular LD interactions do not cancel in solution
and are in fact quite constant over a large range of solvent
polarities and polarizabilities [29, 38]. These findings were further
supported by COT-based molecular balances functionalized with
highly polarizable alkyl [29, 38, 39-41] and silyl [42, 43] moieties
often referred to as dispersion energy donors (DEDs) [7, 8, 44, 45].

2 | Results and Discussion

Here we employ a dibenzyl-substituted COT system in which
the phenyl groups are connected to the COT backbone with a
methylene spacer that allows the phenyl groups in the 1,6-COT
isomer to adopt multiple conformations and therefore capture

A

Ph Attractive

= Interactions

G 1

E 2

8 Ph) (Ph

=

& 1 6

N 2 5
Unfolded 3 4
1,4-COT IAGS“

_____________ Folded
16-COT
& Folding coordinate
FIGURE 2 | Schematic energy profile of the equilibrium between

1,4/1,6-COT. Gibbs free energies (313 K) are given at the wB97X-D4/def2-
TZVPP [46, 47] level of theory in the gas phase.
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all possible interactions of the benzene dimer. We began with
investigating the energetic landscape of the 1,4-/1,6-COT system
by computing all possible conformers of each isomer using
CREST [48] and further optimized them at the wB97X-D4/def2-
TZVPP level of theory [46, 47]. Unfolded 1,4-COT shows no
interaction between the phenyl moieties as they are separated
by ~8 A, and this represents a model of the dissociated benzene
dimer, which is AGy;x = 2.0 kcal mol™' higher in energy than
1,6-COT.

The two most stable conformers of 1,6-COT adopt TT- or
PD-shaped arrangements that are remarkably similar to the gas-
phase benzene dimer structures (Figure 1). TT-1,6-COT features
a central phenyl distance of 589 A and a slip angle of 6, =
103.8°. In comparison, the TT benzene dimer has a shorter
central phenyl-phenyl distance of 4.93 A and a slip angle of 100.1°
(Figure1) [24]. This results in slightly weaker interaction energies.
However, the total SAPT energy between the substituents in our
system is with 2.2 kcal mol™! (Figure 3) close to the computed TT-
benzene dimer [49]. In PD-1,6-COT, the phenyl moieties have
a distance of 3.86 A and an angle of 66.5°. The phenyl group
orientations in TT- and PD-1,6-COT hence closely resemble the
two lowest-lying benzene dimer structures. DFT computations
further reveal that TT-1,6-COT is slightly lower in energy than
PD-1,6-COT (Table S14), resulting in a higher equilibrium popu-
lation of TT-1,6-COT. Consequently, 1,4-/1,6-COT model system
can be employed to estimate the benzene dimer interactions in
solution.

6 -
g
o]
E 2
5]
3]
= 0
>
IS
@ ~2
c
w_, [ Electrostatic
] [ ]Exchange
5 [T induction
[ ] Dispersion
Total
_8 -
T T T
TT-1,6-COT PD-1,6-COT 1,4-COT
FIGURE 3 | NCI plots [50] of TT-1,6-COT (left) and PD-1,6-COT

(middle) as well as the unfolded 1,4-COT (right). Isosurfaces (isovalues
sign(4,)p = -0.04 a.u. to +0.04 a.u.) are color-coded red (corresponding
to strong repulsion) blue (strong attractive interactions), and green (weak
noncovalent interactions). ISAPT [51, 52] computations were carried out
using the SIAOL1 [53] partition scheme by separating the substituents as
well as the COT-backbone into one fragment each and computing the
interaction energy between the substituents at the fisaptO jun-cc-pVDZ
level of theory.

To examine the stabilizing NCIs in 1,6-COT, we took the wB97X-
D4/def2-TZVPP [46, 47] optimized structures and performed an
NCI plot analysis [50] (Figure 3). In TT-1,6-COT, stabilizing NCIs
are present both between the two phenyl groups and between the
phenyl group and the CH, spacer unit. In contrast, in PD-1,6-
COT, these interactions are primarily driven by the interaction
between the two phenyl groups. To quantify and dissect the NCIs
into physically meaningful components, we performed ISAPT
[51, 52] computations using the SIAO1 [53] partition scheme
by separating the substituents and the COT-backbone into one
fragment each and computing the interaction energies between
the substituents (Figure 3). For TT-1,6-COT and PD-1,6-COT
inductive effects only play a minor role, electrostatic and mainly
LD stabilize the dimers and compensate Pauli repulsion, resulting
in a net negative total energy, in agreement with benzene and
toluene dimer computations [54]. These results are also supported
by a local energy decomposition (LED) analysis (reported in the
SI, including the 1,4-COT) |55, 56]. The total SAPT-interaction
energy in the TT-1,6-COT accounts for 2.7 kcal mol~ and is in
very good agreement with the computed gas phase benzene dimer
energy of 2.8 kcal mol™ in the TT-conformation. We computed
the total interaction energy for PD-1,6-COT of 3.1 kcal mol™
which also aligns well with the 2.7 kcal mol™" obtained in recent
computations for the PD-benzene dimer [24].

For the preparation of the experimental system, we adapted estab-
lished literature procedures beginning with 1,5-cyclooctadiene 1
to synthesize 1,4-/1,6-COT (Figure 4) [41, 42, 57-59]. Lithiation
of 1 with n-BulLi gives the dianion that was trapped with benzyl
bromide to provide triene 2. Notably, we were able to isolate
triene 2, which, unlike its parent that decomposes rapidly, can be
stored for several days at low temperatures. We oxidized 2 with
iodine in the presence of n-BuLi, yielding a mixture of 1,4/1,6-
COT. Reversed-phase HPLC purification gave pure 1,4/1,6-COT,
with a total yield of 22% over two steps. The benzylic protons
were assigned according to literature data and by comparing
their proton shifts with the computed spectrum (see Supporting
Information for details of all spectroscopic assignments and rate
determinations in Figures S1-S18 and Tables S1-S12). All COT-
protons were assigned using 2D-NMR techniques. The benzylic
protons were used for the integration and determination of the
isomer ratios. For computed NMR spectra for comparison, see
Figure S25, S26.

To establish a suitable equilibration temperature for the isomer
mixture, we warmed the samples gradually from 25°Cto 75°Cin5
°Cincrements, holding each temperature for one hour in DCE-d,.
The recorded van’t Hoff data revealed a linear relationship above
35°Cindicating that the equilibrium was reached within the equi-
libration time. At lower temperatures, the equilibration between
1,4/1,6-COT did not occur in a feasible time frame. Additionally,
we conducted a series of experiments with varying concentrations
of 1,4/1,6-COT, from 6 to 60 mM, and found no change in the
isomer ratios, indicating concentration independence. All further
measurements were carried out at 40 °C, with concentrations of
30 mM.

We measured an enthalpic contribution of AH -0.52 +
0.03 kcal mol™' and an entropy contribution of AS —0.722
+ 0.081 cal mol™! K! (see Supporting Information for details),

resulting in an exergonic equilibrium in favor of folded 1,6-COT;
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FIGURE 4 | Synthesis of the target compounds starting from 1,5-cyclooctadiene and '"H-NMR assignments of 1,6-COT and 1,6-COT in DCE-d,.
Benzylic protons were used for integration and determination of the diastereomer ratios.

our AG = -0.30 + 0.09 kcal mol™' compares favorably with
Wilcox’ -0.24 kcal mol™ [30]. These findings are also in line with
molecular balances functionalized with DEDs such as ‘Bu (AG =
-0.17+ 0.01 kcal mol ) [29, 38], adamantyl (AG = -0.15 + 0.01 kcal
mol™) [38], and diamantyl (AG = -0.25+0.01 kcal mol™) [38] in
n-octane at 298 K. As observed in these closely related systems,
different solvents change the AH and AS values only slightly but
typically in opposite directions (enthalpy-entropy compensation)
[29]. An intermediate conclusion is that benzene is one of the
strongest mutual DED groups, which underscores its manifold
use and recognition as enabling some key interactions highly
relevant to chemical and biological systems (vide supra).

To investigate solvent effects and their impact on the 1,4/1,6-COT
equilibrium we further optimized the conformers of each iso-
mer at the wb97X-D4/def2-TZVP[SMD |4+ GmRRHO(GFN2[alpb]-
bhess)//r2scan-3c[SMD], level of theory and applied a Boltzmann
weighted distribution using CENSO [60] in twelve common
organic solvents to correlate our findings across a range of solvent
parameters. The computations predict that 1,6-COT is favored by
0.2-0.4 kcal mol~" in all solvents (Figure 5, blue line; for details see
Table S13-S17). This is in line with the solvent attenuation studies
by Chen et al. [35, 36] with respect to the gas phase energies (vide
supra). The only exception being acetonitrile in which 1,4-COT is
predicted to be more stable; the reasons for this outlier are unclear
at this time.

The experimental results confirm our computational predictions
and show that the 1,6-COT is preferred over the 1,4-COT in all
solvents and that the ratio remains remarkably constant (Figure 5,
green line). The lowest 1,6/1,4-COT ratio was observed in
benzene-dg (Keq /1.4y = 1.46, AG 614y = —0.23 kcal mol™), sug-
gesting competitive interactions between solvent and solute; this
has also been found for other balances. The 1,6-COT preference
in hydrocarbon solvents follows the series benzene < toluene <
cyclohexane < n-hexane with decreasing solvent polarizability
(SP) as well as decreasing cohesive energy density (ced) [61]. The
highest ratio in favor of folded 1,6-COT was observed for the least
polarizable solvent methanol-d, (Keqq614) = 1.83, AGypna) =
—0.37 kcal mol™).

The reduced solvent accessible surface area of 1,6-COT (482.5
A2) compared to 1,4-COT (573.6 A2) reduces unfavorable solvent-
solute interactions in less polarizable solvents. The minimized

Ph Ph (Ph
AG1611,8
Organic
Ph Solvents
1,4-COT 1,6-COT
MeOH-d, #— Experimental AG, g4 4 [kcal mcj:“]
—=— Computed AG, g 4 [kcal mol™]
cs, = n-Hexane-d,,
_04] -
DMSO-dy MeCN-d,
Benzene-dj Acetone-d
CDCl, Cyclohexane-d,,
Toluene-dg THF-dg
DCE-d,
FIGURE 5 | Experimentally (green)and computed (blue) AG values

at 313 K for the 1,6/1,4-COT equilibrium ordered clockwise with respect to
increasing solvent polarizabilities [61]. The substrate concentration for all
measurements was 30 mM. Negative values correspond to an equilibrium
favoring 1,6-COT. Computations were performed at wb97X-d4/def2-
TZVP[SMD]+GmRRHO(GFN2[alpb]-bhess)//r2scan-3c[SMD], taking all
conformers for each isomer into account with a Boltzmann weighted
distribution using CENSO [60].

molecular volume leads to a smaller cavity within the sol-
vent cage, which additionally entropically favors 1,6-COT.
Overall, there seems to be little to no correlation between
the observed ratios and commonly employed solvent param-
eter scales such as SP, solvent polarity—polarizability (SPP)
[61], or bulk SP [34] possibly owning to the absence of
polar functional groups in our system. This finding highlights
that intramolecular LD interactions between aromatic moieties
do not change much over a large range of rather different
solvents.
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3 | Conclusions

Here we present a 1,4-/1,6-dibenzyl-substituted COT-based
molecular balance as a model system to quantify benzene
dimer interactions using '"H-NMR studies in various solvents. A
comparison of the computationally most stable 1,6-COT con-
formers reveals that the TT and PD conformations (optimized
at wB97X-D4/def2-TZVPP [46, 47]) closely resemble the com-
puted key experimental geometries of the gas-phase benzene
dimer [24]. Both the Ph-Ph angles and distances also align well
with those observed in computational gas-phase studies of the
benzene dimer [24, 25]. Additionally, the SAPT computations
of the TT and PD conformations (Figure 3) are in very good
agreement with the computed energies for the benzene dimer
[24]. Therefore, the 1,4-/1,6-COT balance is a suitable model
to evaluate benzene dimer interaction energies in solution,
which are otherwise challenging to quantify. The measured
and computed 1,4/1,6-dibenzyl COT equilibrium shows a clear
preference for folded (“more crowded”) 1,6-COT, irrespective
of solvent. NCI plot and SAPT analyses (see Figures S19-S24
and Tables S18-S20) of the TT and PD structures support
the conclusion that LD interactions are the primary stabilizing
force governing the intramolecular interactions in 1,6-COT in
solution. The derived experimental interaction energy in solution
ranges from AG4,4 = —0.23 kcal mol™ (in benzene) up to
AG 614 —0.37 kcal mol™ (in methanol) and is thereby
considerably weaker than the computed gas phase energy of AE;,,
—2.7 keal mol™".
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2.3 Quantifying Anisole Dimer Interactions in Solution with a

Molecular Balance
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Abstract

We report a combined experimental and computational study that quantifies the
interaction strength of anisole—anisole stacking in solution using a 1,4/1,6-dianisole-
substituted cyclooctatetraene (COT) molecular balance. 1H NMR spectroscopy
revealed that the folded (sterically more crowded) 1,6-COT isomer is consistently
favored over the unfolded (sterically less crowded) 1,4-COT isomer by up to —0.9 kcal
mol~" across a broad range of solvents. Solvents with low polarizability preferentially
stabilize the folded isomer. Complementary quantum chemical computations
reproduce the experimental trends and identify London dispersion as the dominant
stabilizing contribution to the folded 1,6-COT.
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ABSTRACT

We report a combined experimental and computational study that quantifies the interaction strength of anisole-anisole stacking

in solution using a 1,4/1,6-dianisole-substituted cyclooctatetraene (COT) molecular balance. "H NMR spectroscopy revealed that

the folded (sterically more crowded) 1,6-COT isomer is consistently favored over the unfolded (sterically less crowded) 1,4-COT
isomer by up to 0.9 kcal mol™" across a broad range of solvents. Solvents with low polarizability preferentially stabilize the folded
isomer. Complementary quantum chemical computations reproduce the experimental trends and identify London dispersion as

the dominant stabilizing contribution to the folded 1,6-COT.

1 | Introduction

Aromatic interactions are a ubiquitous structural element in chem-
istry, biology, and material science [1, 2]. They govern protein fold-
ing [3-6], stabilize nucleic acid base stacking [7], and, most relevant

for qunthotic oamigte infliiance voantivitr and golaptivite

oh tha A of
101 SynuiCul CiCiiists, influence the réaciivity anaG seieCuivity Oi

homogeneous catalysts bearing aryl ligands or substrates [8-10].
In catalytic systems, noncovalent interactions, often London disper-
sion (LD) [9, 11], between an aryl-containing ligand and an incom-
ing aryl substrate can help preorganize reactive complexes [12, 13],
lower activation barriers of elementary steps [14], and exert control
over regio- and enantioselectivity [15-17]. A quantitative under-
standing of how aromatic interactions respond to substituent
effects, solvent polarity, and solvent polarizability is therefore essen-
tial for the design of catalysts and functional molecules [10].

The benzene dimer has long served as the canonical model for
aromatic interactions [7, 18]. High-level gas-phase computations
and spectroscopic data established that the binding arises from a
balance between LD, exchange repulsion, charge-transfer, and

inductive interactions, with the tilted T-shaped and parallel-
displaced (PD) dimer geometries representing the two most
stable dimer structures [19]. While the parent benzene dimer
defines the base line of aromatic interactions, many catalytic
systems incorporate substituted aryl groups [20, 21]. Electron-
donating and electron-withdrawing substituents affect electro-
static interactions, introduce dipoles, alter polarizabilities, and
therefore influence LD, and enable additional induction and
dipole-induced dipole interactions [22, 23]. These substituent
effects manifest directly in the free energy of dimer formation.
Whereas the PD benzene dimer exhibits a stabilization energy
of AE=-2.7kcal mol™ computed at the CCSD(T)/CBS level
of theory in the gas phase [19], methoxy substitution substan-
tially enhances this interaction, with computed anisole dimer
stabilization energy of AE=-7.0kcal mol™" in the head-to-
tail arrangement at the same level [24]. The computed total
dissociation energy (including zero-point vibrational energies
ZPVE) amounts to D, = —5.0 kcal mol™ and was confirmed in
gas phase by molecular beam-laser spectroscopy measurements
(Do = —5.2kcal mol™?) [24].

Marvin H. J. Domanski and Saskia N. Krug contributed equally to this work.
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Experimental investigations of noncovalent aromatic interactions

in solution have freauentlv relied on molecular balances [25-201

1 SOIULICH Nave Irequenily IClcQ Oon Inoliccuiall Dalances [ 2o-274.

These systems interconvert between two spectroscopically distin-
guishable states: an unfolded, sterically less congested state in
which the interacting groups remain spatially separated, and a
folded, sterically more crowded state in which the same groups are
forced into proximity [30]. The equilibrium between these two
states provides a direct measure of the intramolecular interactions.
Studies employing molecular balances to probe aromatic-aromatic
and alkyl-alkyl interactions consistently show that solution-phase
interaction energies are reduced by approximately 80% relative
to their gas-phase counterparts, but they do not vanish [31-34].
Despite the relevance of anisole motifs in catalysis [20, 21, 35], sys-
tematic experimental and theoretical data quantifying anisole-
anisole interactions in solution are essentially absent [36].

To enable a more precise assessment of noncovalent intramolec-
ular interactions, we opted for nonpolar hydrocarbon-based
molecular balances, mostly derived from 1,4- and 1,6-substituted
cyclooctatetraene (COT) scaffolds [32, 37]. The 1,4-COT and
1,6-COT isomers are valence-bond isomers that interconvert via
a planar valence-bond isomerism. In the 1,4-COT isomer, the
substituents occupy distal positions and are essentially non-
interacting, whereas the 1,6-COT geometry enforces spatial

A O—
Attractive
Interactions
5
(=
®
2
O
<
Unfolded
1,4-COT
Folded
1,6-COT
& Folding coordinate
FIGURE 1 | Schematic energy profile of the equilibrium between

1,4/1,6-COT to investigate attractive noncovalent interactions for the
head-to-head anisole dimer in solution.

1) 3.0 eq. n-Buli,
3.0 eq. TMEDA,
Pentane, rt., 42h

2) cl_ _Ar DME/Pentane,
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proximity and enables intramolecular contacts (Figure 1) [32, 37].
The hich symmetrv of the narent COT framework, the absence of
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permanent bond dipoles, and the presence of temperature-
dependent, well-resolved NMR signals render these systems ideally
suited for quantifying small free-energy differences arising from
noncovalent interactions. Early models using the COT system
directly attached substituents on the backbone, which, however,
restricts conformational flexibility of the substituent of interest
[32, 37]. Modified approaches connect the backbone and the sub-
stituents of interest with a methylene spacer [38-41]. This allows the
system to adopt multiple conformations and resulis in a more reai-
istic picture of the dynamic interactions observed in solution.

2 | Results and Discussion

We o_yul.heSiZed the Lalgct dianisole-substituted 1 1,»/1,0-\,\;1
derivatives by adapting established literature procedures, starting
from 1,5-cyclooctadiene 1 [38, 41-45]. Treatment with n-BuLi
generated the corresponding dianion, which we subsequently
trapped with 4-methoxybenzyl chloride to afford the correspond-
ing triene. Oxidation with iodine in the presence of n-BuLi
resulted in a mixture of the 1,4-COT and 1,6-COT valence-bond
isomers (Figure 2). Following purification by reversed-phase
HPLC separated products from residual starting material and
resulted in a pure mixture of 1,4/1,6-COT. We assigned the ben-
zylic proton signals by comparison with reported literature data
[38-41] and assigned the COT backbone protons using two-
dimensional NMR spectroscopic techniques (Figure S6). Full
experimental details and characterization data are provided in

the supporting information (see Section S3.2).

To establish suitable equilibration conditions for the isomeric
mixture, we gradually heated the samples from 25 to 55 °C in
5 °C increments, holding each temperature for 30 min in DCE-d,.
Van’t Hoff analysis revealed a linear relationship above 35 °C, indi-
cating that the system reached thermodynamic equilibrium within
the equilibration time. From these measurements, we extracted an
ellllldlplh LUIILHDULIUII Ul AH=-0.37 £ 0.05 KCal [IlUl -1 aﬂd an
entropic contribution of AS = —0.35 +0.15 cal mol™* K™ at 40 °C,
resulting in an exergonic equilibrium that favors the folded
1,6-COT isomer (Figure S2).

Ar Ar Ar,
1) 2.2 eq. n-BuLi

Af Ar THF, 0°C,1.0h +
2) 1.1eq. I, THF,

0°C,19h
Ar

1,4-COT 1,6-COT

¢

L

LR R R S B e S e e e e e B e o SR B
60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 3.7 36 35 3.4 33 32 3.1 30 29 28
Chemical Shift [ppm]

FIGURE2 |

Synthesis and "H-NMR assignments of 1,4-COT and 1,6-COT in DCE-d,, synthesized from 1,5-cyclooctadiene. Benzylic protons (3.2 and

3.3 ppm) were used for integration and determination of the isomer ratios.
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We next expanded the solvent scope to include 11 solvents span-

a wide rance of nolarities and nolarizabilities rAF\] Each

..... g a wide range of polarities and polarizabilities Each
sample was preequilibrated for at least 16 h and measured in the
NMR at 40 °C. The highest equilibrium constant (Keq (1,6/1,4) =
1.69, AG = —0.33 +0.03 kcal mol™') was observed in MeOH-d,,
whereas the lowest equilibrium constant (Keq (1,6/1.4)=1.32,
AG=-0.17+0.03kcal mol™') was measured in benzene-de.
The resulting Gibbs free energies correlate strongly with solvent
polarizability (Figure 3) and solvent bulk polarizability, whereas
other solvent scales, such as the solvent polarity/polarizability,
cohesive energy density, and dielectric constant, showed no
significant correlation (Figure S18) [46-48]. Solvents with low
polarizability stabilize the folded 1,6-COT isomer most strongly,
whereas highly polarizable solvents such dimethylsulfoxide
attenuate the intramolecular interaction. Similar trends have
been reported for other heteroatom-containing molecular balan-
ces [31-33]. In contrast, studies with COT-based scaffolds substi-
tuted only with hydrocarbon moieties, revealed lower solvent
sensitivity despite comparable interaction strengths [32, 41].
This comparison indicates that solvent effects predominantly orig-
inate from interactions of the heteroatoms rather than from the
hydrocarbons, and the reliable quantification of hydrocarbon-
hydrocarbon interactions requires molecular balances that mini-
mize or avoid heteroatoms.

Despite this clear solvent dependence, the experimentally deter-
mined interaction energies remain substantially smaller than
their gas-phase counterparts, which reach values of up to D, =
—5.2kcal mol™" [24], and exceed the ~80% reduce interaction
strength commonly observed for noncovalent interactions in
solution [31-34]. This discrepancy prompted us to re-examine
and further investigate the system computationally.

We quantified the equilibrium between the 1,4/1,6-COT valence-
bond isomers in solution using quantum chemical methods.
First, we generated a conformational ensemble of each isomer
using CREST [49, 50], followed by refinement with CENSO [51]
at the ®B97X-D4 [52, 53]/def2-TZVP(SMD [54])//r*SCAN-3c [55]/

M DD/ QA AT 1 . T crnhranta 1 e

def2- MIZVEE(OVID) level of eory for all bUlVﬁllLb i VCSI.IgdLCu

Solvent Polarizability (SP)
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[¢] THF-d, I

x -0.24 8 '

5 s
- .- ‘

9 | DMSO-d,
= i

;:'; -0.34 _ ‘ Pt CDCl,

g .- L -Acetone-dg - DCE-d,

2 |

X --n-Hexane-d,,

w Intercept -0.594 £ 0.072

LMeOH—d,, Slope 0.472 + 0.100
-0.4 4 Pearson's r 0.844
FIGURE3 | Measured Gibbs free energies at 40 °C for the interaction

of the anisole dimer in solution phase using the 1,4/1,6-COT equilibrium.

experimentally. Across all solvents, the computations consistently
indicate that the 1,6-COT isomer is more stable than the 1,4-CQT

isomer (Figure S19), in agreement with experiment (Figure S20).
Inspection of the different conformations in 1,6-COT reveals that
the anisole substituents approach each other in a head-to-head
orientation (Figure 4, top left). In comparison to the free anisole
dimer, its lowest-energy configuration corresponds to a head-to-tail
arrangement in which the methoxy groups are pointing in opposite
directions, reducing the overall dipole moment and maximizing the
quadrupolar interactions. Computational studies at the CCSD(T)/
LDD ICVEI Ul LIldUly bIlUWCu LIldL Ll_le ﬂeau 10- Ld.ll d[ldllgﬁl[ldllt Ul LIIC
anisole dimer is the global minimum on the potential energy
surface and 1kcal mol™" lower in energy then its head-to-head
arrangement [65]. Additionally, the head-to-head arrangement in
1,6-COT requires a slight distortion of the CH, units attached to
the COT backbone, introducing an energetic penalty associated
with ring strain as observed in earlier studies [39].

To quantify the energetic cost associated with backbone distor-
tion in the folded isomer, we evaluated the ring strain for each
1,6-COT conformer, by removing the anisole substituents from
the optimized minimum-energy structures and saturated the
resulting radicals with hydrogen atoms. After initial optimization
of the newly formed C-H bonds to obtain the strained geometry,
we performed a full geometry optimization to obtain the corre-
sponding relaxed structure. Single-point calculations at the
DLPNO-CCSD(T) [66]/cc-pVTZ [67]//0B97X-D4/def2-TZVP level
on both geometries yielded strain energies of up to AEgyan=
0.6 kcal mol™". Because the experimentally observed equilibrium
reflects the net free-energy difference between the folded and
unfolded isomers, it inherently includes this strain penalty.
Correcting for the backbone distortion therefore increases the
intrinsic anisole-anisole interaction strength to approximately
0.8-0.9 kcal mol ™" in solution, which aligns well with the expected
~80% reduction in interaction energy in solution [31-34].

To visualize and characterize the stabilizing noncovalent inter-
actions in 1,6-COT (Figure 4, left), we generated noncovalent
interaction (NCI) plots [56-59] for the r’SCAN-3c/def2-mTZVPP
(SMD) optimized structures and compared them to the parent
parallel-displaced benzylic 1,6-COT system (Figure 4, middle)
[41], as well as the spatially separated 1,4-COT isomer (Figure 4,
right). In addition, we performed intramolecular symmetry-
adapted perturbation theory (ISAPT) [60-63] calculations using
the SIAO1 [64] partitioning scheme to dissect these interactions
into physically meaningful components. For this purpose, the
substituents and the COT backbone were defined as separate
fragments, and the interaction energies between the substituents
were computed.

The reference parallel-displaced dibenzylic COT system exhibits
a Ph-Ph distance of 3.85 A (Figure 4, middle) and displays non-
covalent interactions between the phenyl moieties [41], visual-
ized by the green NCI isosurface. ISAPT analysis reveals that the
interaction is dominated by a balance between Pauli exchange
repulsion (8.2 kcal mol™) and LD (-7.8 kcal mol™"), whereas
induction (—0.9kcal mol™') and electrostatic contributions
(=2.3 kcal mol™) play comparatively minor roles [41]. Overall, the
interaction remains weakly attractive. In the anisole 1,6-COT
system, the anisole moieties adopt a constrained head-to-head
arrangement. The larger Ph-Ph distance (4.01 A) reduces Pauli
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FIGURE 4 | NCI plots [56-59] of 1,6-COT (left), the reference

parallel-displaced 1,6-dibenzylic cyclooctatetraene (middle) and 1,4-COT
(right). Isosurfaces (isovalues sign(4,)p = -0.04 a.u. to +0.04 a.u.) green
isosurfaces correspond to weak noncovalent interactions. ISAPT [60-63]
calculations were carried out using the SIAO1 [64] partition scheme by
separating the substituents as well as the COT-backbone into one frag-
ment each and computing the interaction energy between the anisole
moieties at the fisapt0 jun-cc-pVDZ level of theory.

exchange repulsion to 5.3 kcal mol™, while the additional
methoxy substituents maintain attractive interactions. LD contrib-
utes —7.8 kcal mol™" and accounts for roughly 70% of the total sta-
bilization, whereas electrostatic (—1.7 kcal mol™") and induction
(—0.6 kcal mol™") interactions remain comparatively small. The
resulting total interaction energy amounts to —4.9 kcal mol™", dem-
onstrating that LD remains the dominant stabilizing interaction
even in the presence of electron-donating substituents. Consistent
with a dissociated anisole dimer, the unfolded 1,4-COT isomer con-
tains spatially separated anisole moieties and therefore shows no
significant interaction between them (Figure 4, right).

3 | Conclusion

We quantified anisole-anisole interactions in solution using a
1,4/1,6-COT molecular balance that enables intramolecular
aromatic contacts. "H-NMR spectroscopic measurements show
that folded 1,6-COT is consistently favored over the unfolded
1,4-COT across a broad range of soivents, with stronger stabili-
zation in solvents of low polarizability. After correcting for intrinsic
COT strain, the interaction strength for the head-to-head anisole
dimer ranges from 0.8 kcal mol™ in benzene to 0.9 kcal mol™" in
methanol. These values are significantly reduced compared to the
gas-phase anisole dimer, consistent with the ~80% attenuation of
noncovalent interaction strengths typically observed upon solva-
tion. Still, the incorporation of polarizable substituents such as
methoxy groups as dispersion energy donors (DEDs) [14, 68, 69],

offer a viable strategy to utilized these attractive interactions in
molecular design.
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Abstract

We elucidate the role of dispersion energy donors on the cis/trans selectivity of the
Johnson—-Corey—Chaykovsky epoxidation, focusing on bulky alkyl groups as well as
halides as dispersion energy donors. Whereas the generally accepted explanation of
the observed diastereoselectivity solely invokes steric repulsion, we determined that
London dispersion interactions are an important source of stabilization of the preferred
transition structures. This was brought forth experimentally by utilizing a series of NMR
measurements, double mutant cycles, and crossover experiments. Additionally,
density functional theory computations and symmetry-adapted perturbation theory

computations were used to determine and quantify the role of noncovalent interactions.
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explanation of the observed diastereoselectivity solely invokes steric repulsion, we
determined that London dispersion interactions are an important source of stabilization
of the preferred transition structures. This was brought forth experimentally by utilizing a
series of NMR measurements, double mutant cycles, and crossover experiments.
Additionally, density functional theory computations and symmetry-adapted perturba-
tion theory computations were used to determine and quantify the role of noncovalent
interactions.
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H INTRODUCTION In comparison to ground-state stabilization via attractive
0—0 contacts, for example, in molecular balances,"®"’ the
preferential LD stabilization of transition states has not been
thoroughly investigated. Here, we chose the Johnson—Corey—
Chaykovsky (JCC) reaction™~*’ to study the effects of DEDs
on the stereodifferentiating transition states of this reaction.
The JCC reaction takes place between an ylide and an
aldehyde (Scheme 1); numerous procedures exist that give a
--------- variety of products, for example aziridines,”* cyclopro-

In chemistry, insights into reaction mechanisms are essential to
maximize yields and stereoselectivities, especially the latter,
which requires extensive knowledge of how molecules interact
and connect via elementary reaction steps. The applicability of
a detailed understanding of reaction pathways ranges from
basic Sy2 reactions' proceeding via stereospecific backside

origin of stereoselectivity was most often rationalized by panes,”*”* and epoxides.”*"*° Additionally, there are theoreti-
repulsive steric interactions either between substrates or

catalyst and substrate.> While the concept of steric hindrance Scheme 1. Currently Accepted Reaction Sequence of the
can typically explain the stereochemical outcome of reactions Johnson—Corey—Chaykovsky Epoxidation

between small molecules and groups, bulky substituents i ' ' - ,
counterintuitively can have the opposite effect through steric @ )

@ X
°
attraction.*”® This has been recently demonstrated, for R©/ S - i @\ , , 0 QR’
s N . R R 3
example, in the copper-catalyzed hydroamination of unac- 1R m@ \Q/_\
Rl

tivated olefins,” in paddlewheel catalysts,s’9 in the Bronsted h

10 e &
acid-catalyzed transfer hydrogenation of imines, "~ and for the DBU “ & o anti-betaine 3-trans-R'R?
Corey—Bakshi—Shibata reduction utilizing sterically highly " 5, R '
encumbered oxazaborolidine catalysts.'' Here, the rate- 2
determining step of the reduction proceeds through the R! R R — O O
more crowded transition state that profits from attractive U xR

. . . . . . RI
noncovalent mteract}ons. Flor hydr(')amlnatlon reactions it was syn-betaine 3-cis-R'R?
demonstrated that increasing steric bulk promotes catalyst-
substrate interactions, thereby accelerating the reaction.”'>"?
Both studies highlight the importance of London disper- Received: January 22, 2026
sion'#'* (LD) interactions as the key driving force for Revised:  February 27, 2026
aggregation and as the essential interaction to rationalize the Accepted:  March 13, 2026
i 16 imi i i Published: March 26, 2026 et 12
experimental results. © To maximize LD, highly polarizable )
. . N EE CAN Y
groups called dispersion energy donors (DEDs) were -

; . . 417
introduced as a concept and in practice.
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cal’’ ** and experimental studies on the mechanism of the

JCC reaction.

The
deprotonation with base to generate the ylide from sulfonium
salt 1-R, the ylide adds nucleophilically to the aldehyde 2-R*
in the rate-determining step. Subsequent bond rotation around
the central C—C bond gives the syn- or anti-betaine, followed
by stereospecific elimination of sulfide to yield the cis- or trans-
epoxide (3-cis/trans-R'R?), respectively.

Experimentally, the Gibbs free energy of activation was
determined as AG¥ = 22.2 kcal mol™ (with R' = H and R? =

H) at 298 K for the nucleophilic addition of the ylide

ior e nu Opnuic aGaiaodn o

current consensus is that after a pre-equilibri

to form
to form

the trans-epoxide.” In contrast, previous computatlons
suggested that the rotation around the central betaine C—C
bond is rate-determining for the formation of the cis-epoxide.**
The origin of the diastereoselectivity lies in the reversibility of
the syn-betaine formation on the one hand and the
irreversibility of the anti-betaine formation (from crossover
experiments) on the other. Accordingly, Aggarwal et al.’
outlined four main principles to rationalize stereoselectivity in
the JuhnSOn—Culc}/ Cuaynuvol\y reaction:
sion between the phenyl moieties in the syn-betaine structure,
(2) the inherent stability of the ylide, (3) the stability of the
aldehyde, and (4) the role of solvation in promoting reversible
syn-betaine formation. Herein, we investigate the role of DEDs
in the JCC reaction, demonstrating the importance of LD in
this reaction in particular and in stereoselective reactions in
general.'®

(1) qtoric waml
\1} SLCLiv lCPul

B RESULTS

Alkyl Substituents
To study the impact of DEDs on the JCC epoxidation, we

cvcl‘amnhrn"v varied the subgtituent at 1-R! and 2- pZ in the

loglcal series from methyl (Me) through ethyl (Et) and
isopropyl ("Pr) to tert-butyl (‘Bu). We utilized 1-bromo-3,5-
dialkyl-substituted benzene as starting material to generate all
precursors. 2-R? was prepared via a formylation reaction with
DME.?” The aldehyde was reduced utlhzmg LiAlH,, and the
resulting alcohol was brominated via PBry.”*’ A Finkelstein-
type reaction with tetrahydrothiophene and NaBF, yielded 1-

) o s : .
RL* In addition, we utilized halides as DEDs in the all-meta
Ctartine from 2.5-dihalo-substituuted benzaldehvde

oarung o J,5-Gliaif-Suosutuica  oenzZaiGlayad,

nosition
POosiuon.

we generated the logical series from fluorine (F) to chlorine
(Cl) and bromine (Br) at 1-R! and 2-R% The iodine(I)-
substituted starting material was synthesized from benzocaine
according to Lindsey et al.*'

To probe the effects of DEDs on the JCC reaction, the
reaction conditions were chosen in analogy to Crudden et al.*®
who experimentally investigated the mechanism of the JCC
reaction. The epoxidation was performed in DCM under
pseudo-first order kinetic conditions. Accordingly, the
aldehyde was utilized in excess (0.5 M, 10 equiv) with limiting
sulfonium salt (1.0 equiv) present. A buffer (1.0 equiv) of 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) and p-toluenesulfonic
acid (p-TSA) was utilized for a steady pH. Additionally, DBU
(1.0 equiv) was added as a base to generate the ylide and to
start the reaction. The reaction progress was monitored by 'H
NMR spectroscopy at room temperature. The ratio of 3-cis-
R'R? and 3-trans-R'R* was determined by 1ntegratlon of the
cis dIl(—l trars P[ULUII blglldlb at Llle CPU)UUE L,ruuuell et dl 33
already demonstrated irreversibility of the parent system. To
determine whether bulky substituents influence the reaction

4830

mechanism, we followed the reaction progress for 1-Me and 2-
Me as well as 1-‘Bu and 2-‘Bu (see the Supporting Information
(SI). In both the
increased while the ratio between both epoxides remained
constant. Additionally, we exposed a 1:1 mixture of 3-trans-
HH and 3-cis-HH to the reaction conditions without observing
a change in ratio (see the SI). Figure 1 shows the '"H NMR
signals of the symmetric epoxides (R = R' = R?) utilizing the
alkyl substitution pattern with a chemical shift between 3.75
and 4.40 ppm.

cases nroduct concentration
cases procuct n n

steadily
centration steadny

0 o
R R R\Q/S 3
R R R
3.H-H ‘
3-Me-Me ) L
3EtEt | ) ‘
3pripr | '
-’Bu 'Bul x

T T T T T
44 4.3 42 41 40 39 38
Chemical Shift & [ppm]

Figure 1. '"H NMR measurements of symmetric 3-cis-R'R* (blue
marking) and 3-trans-R'R? (gray marking) as a result of the reaction
of 1-R'and 2-R? with alkyl substituents in DCM at 298 K. For
simplicity, only the CH signals of the symmetric epoxides are
depicted. It is already apparent from the relative intensities that the
amount of cis-epoxide increases with steric bulk.

The parent unsubstituted starting material resulted in a
product ratio of 0.17:1.00 (cis:trans) (Figure 1, red NMR). In
accordance with the literature,® the larger signal (gray
marking) was assigned to 3-trans-HH and the smaller signal
(blue marking) to 3-cis-HH. The generation of 3-trans-HH
and 3-cis-HH from stilbene with m-chloroperoxybenzoic acid
(mCPBA) confirmed our assignment (see the SI). To gather as
much information as possible on the influence of DEDs on the

reaction we followed our nrocedure for all nossible 1-R! and 2-
reaction we iIou0wea our procequre Ior an possivie 1-xR ana &

R*> combinations. The results for the symmetric alkyl-
substituted products are depicted in Figure 1. Counter-
intuitively, the epoxide ratio (cis:trans) shifts to the more
crowded 3-cis-R'R? with increasing DED size. Accordingly, the
ratio of 3-trans-'Bu’Bu and 3-cis-‘Bu'Bu (Figure 1, black) is
almost 1:1 (see the SI for all exact ratios).

Figure 2 displays the experimentally determined AGER;_HH
values for the reaction between differently alkyl-substituted
tetrahydrothiophene salts 1-R' and aldehydes 2-R? to generate
mixtures of 3-cis-R'R? and 3-trans-R'R% The energy values are
derived from integration of the cis and trans proton signals of
the epoxide. The unsubstituted system was utilized as reference
reaction. AGE .,y refers to the free energy of the rate-
determining transition state relative to that of the parent
unsubstituted reaction of 1-H and 2-H. Therefore, AGHipe i
for the reaction of 1-H and 2-H is denoted as AG¥ 4 = 0.0
+ 0.1 kcal mol™" (leftmost data point). With an absolute free
energy value of AG¥ 4 = 1.0 + 0.0 keal mol™ (see the SI for
absolute values) the reaction of 1-H and 2-H favors the less
crowded 3-trans-HH over 3-cis-HH (Kf;y = 0.17). In line with

https://doi.org/10.1021/acs.joc.6c00154
J. Org. Chem. 2026, 91, 48294841
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Flgure 2. Experimentally determined relative Gibbs free energy values
AGH 4y for the reaction of alkyl-substituted 1-R! and 2-R? at room
temperature relative to the parent case with R' = R* = H (leftmost
data point, cis:trans ratio of 0.17:1.00). The depicted energy values
correspond to the energy differences of the transition states in the
rate-determining step. AG¥ < 0 indicates favoring of 3-cis-R'R?
formation relative to the parent system. R' = R* = ‘Bu results almost
in a cis:trans ratio of 1:1. The gray lines indicate error bars.

the argument that large groups such as phenyl moieties interact
repulsively, the transition state leading to 3-trans-HH is lower
in energy by around 1.0 kcal mol™" than its more crowded
counterpart. With this result and classic “steric repulsion
thinking” in mind, bulkier groups, eg, with an all-meta
substitution pattern, should shift the ratio even further to 3-
trans-R'R* (AG* > 0).” In stark contrast, Figure 2 shows the
opposite trend. The attached substituents shift the ratio to the
more crowded 3-cis-RR (AG¥ < 0) contradicting the well-
established rationale that increasing steric bulk predominantly
favors 3-trans-R'R%. However, our results are well in line with
anEQtlQatIOHQ focuimg on attractive 6—c and o—x inter-
actions*** Similar effects were observed in numerous
catalytic processes highlighted earlier.” "' In those cases, bulky
substituents were utilized to lower the energy of the more
crowded transition state by enforcing close 6—¢ and o—n
contacts between catalyst and substrate. A similar effect
appears to govern the JCC reaction as well.

To study the effect of LD on the transition state of the
reaction, all combinations of 1-R! and 2-R? were measured.
The unsubstituted 1-H always favors the reaction forming 3-
trans-HR? (leftmost block of columns). The energy difference
of the transition states does not change with increasing
substituent size at 2-R* (AGF ., & —0.1 + 0.1 kcal mol™).
On the other hand, in a reaction with unsubstituted
benzaldehyde 2-H (orange bars) increasing substituent size
at 1-R' decreases the energy gap between the two transition
states. Stabilizing o—7 interactions appear to decrease the
energy of the more crowded transition state. While the
transition state to 3-cis-MeH benefits }'\v around AG;:tkn HH

~ —0.2 + 0.1 kcal mol™ from stablllzlng o—r contacts, the
incorporation of additional CHj substituents increases this

4831

effect by around —0.1 kcal mol™". In the series of singly
substituted starting materials (orange bars and leftmost block

nF rn]nmnc\ f]'\n ]argocl’ cﬂ:nrf can ]'\p n]'\coﬂrnr] Fnr f]'\n reaction

of 1-'Bu and 2-H (AGh & —0.6 + 0.1 keal mol™). In
stark contrast to the well-established rule-of-thumb that steric
hindrance governs the transition state of the JCC reaction, an
increase in substituent size at 1-R' and 2-R? shifts the dr
toward the more crowded 3-cis-R'R%. The systematic increase
of 2-R? within each series of 1-R' identifies the tert-butyl
substituent (blue bars) as the best DED. The strongest
interaction can be observed for the reaction of 1-‘Bu and 2-'Bu

almost resulting in a mixture - ince we are
1 + 1ti 1:1 + (K* 0.92). Si
almost resultin a L:1 mixture (Ki 5, = 0.93)

under kinetic conditions, the transition state along the reaction
to the more crowded 3-cis-‘Bu‘Bu is favored by around
AG%U.BU_HH ~ —0.9 + 0.1 kcal mol™" relative to its parent
counterpart.

Halogen Substituents

Having studied the alkyl substitution pattern, we shifted our
focus to halogen substitution. While recent studies*®**™>°
demonstrated that halogens can act as DEDs, polar effects
could potentially override LD interactions. The same
procedure as for the alkyl-substituted starting material was
applied for reactions between differently halo-substituted
tetrahydrothiophene salts 1-R' and aldehydes 2-R% In
addition, we expanded our scope and included all possible
alkyl-halogen combinations by varying 1-R' and 2-R? system-
atically. Since 1-F was insoluble in DCM, it had to be excluded.

Moreover, all possible combinations of aldehydes with all-
meta halogen-substituted tetrahydrothiophene salts 1-R'
resulted only in 3-trans-R'R%. This implies that secondary
effects, such as electronegativity, significantly influence the
behavior of 1-R". Interestingly, this is not the case for the halo-
substituted 2- R2 Figure 3 dlsplays the experlmentally
determined AG[.,,, values for the reaction of alkyl-
substituted 1-R' and halo-substituted 2-R%. For the reaction
of 1-H and 2-H, AGf; = 0.0 = 0.1 keal mol™" (leftmost
data point). In contrast to alkyl—alkyl interactions (Figure 2),
the reactions of 1-H or 1-Me (leftmost and second leftmost
block of columns, Figure 3) with halo-substituted 2-R* result
in the formation of more 3-frans-HR> in comparison to the
parent system. Consequently, the electronic effects due to
halogen incorporation increase the energy difference of the
transition states. This effect is most obvious for the reaction of
1-H and 2-F. Here, the energy difference of the transition
states increases to AGHp iy 0.5 + 0.1 kcal mol™.
Nevertheless, bulkier halogens, such as iodine, shift the dr
again toward the more crowded 3-cis-R'R%. While the energy
difference of the transition states for the reaction of 1-'Pr and
2-F is about the same as of 1-H and 2-H (and essentially
thermoneutral), combinations of bulky alkyl groups and
halogens clearly favor the more crowded transition states. By
utilizing 1-‘Bu and 2-I (the biggest and bulkiest substituents
incorporated), the transition state to the more crowded 3-

~
~

cis-"Bul is favored by around AGE . & —0.6 + 0.1 keal
mol ™.

B DISCUSSION

As described in the introduction, four main factors were made
responsible for diastereoselectivity of the reaction between
sulfur ylide and aldehyde.
data, three of these can be re-evaluated and refined (differential
solvation is not part of our study).

On the basis of our experimental

https://doi.org/10.1021/acs.joc.6c00154
J. Org. Chem. 2026, 91, 4829-4841
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Figure 3. Experimentally determined relative Gibbs free energy values
AGi.Rz_HH for the reaction of alkyl-substituted 1-R' and halo-
substituted 2-R? relative to the parent case with R' = R> = H
(leftmost data point). The depicted energy values correspond to the
energy differences of the transition states in the rate-determining step.
AG?* < 0 indicates favoring of 3-cis-R'R? formation with regards to
the parent system. The gray lines indicate error bars.

Stability of the Carbonyl Group

Aggarwal et al.’ observed a significant increase in trans
diastereoselectivity when utilizing aromatic instead of aliphatic
aldehydes. While the formation of the syn-betaine structure is
reversible (Scheme 1), stabilization of the starting material
allows for an increase in trans-betaine formation. Aryl moieties
stabilize the carbonyl form over the betaine structure.
Accordingly, high dr is expected for benzaldehyde derivatives.
Additionally, this effect should be amplified by electron-donor
substituents due to an increase in electron density (for alkyl
substituents) at the carbonyl carbon resulting in lower
electrophilicity.” However, our experimental data show the
opposite selectivity. While unsubstituted phenyl moieties favor
3-trans-R'R,” the attachment of DEDs clearly shifts the ratio
toward 3-cis-R'R? (for example, K&, ,, = 0.93). The same is
true for halogen substituents at 2-R’ although the relative
Gibbs free energy values AGJig. 1y are shifted toward 3-trans-
R'R% Accordingly, we deduce that the stability of the carbonyl
group is less important and conclude that the action of
increasingly larger alkyl groups at the aryl ring mainly act
through stabilizing LD interactions.

Stability of the Ylide

In line with the argument above, Aggarwal et al.? found that
the more stable the ylide, the higher the trans selectivity.
Accordingly, electron-deficient functional groups increase
diastereocontrol, whereas electron-rich groups yield lower dr.
This statement is in line with our experimental findings. The
attached alkyl groups decrease stereocontrol. The energy gap
between both rate determining transition states is equal in
height to result in 1:1 mixture of cis and trans epoxide with
bulky tert-butyl groups attached. At the same time, the dr
increases to high trans selectivity with electron-deficient
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functional groups, such as halogens. The halogen-substituted
1-R! resulted in 3-trans-R'R%. Nevertheless, our experimental
findings let us conclude that the stability of the ylide is not the
only factor for stereocontrol but that this also depends on the
fine balance between attractive and repulsive interactions. A
combination of an increasing number of close LD contacts and
a higher electron density maximize LD interactions in the more
crowded transition state.

Since the first two principles are based on reversible betaine
formation, we performed ring closure and crossover experi-
ments to investigate the reversibility for the unsubstituted and
heavily substituted alkyl systems. Hence, we synthesized the
protonated diastereomers of betaine intermediates 4-anti-R
and 4-syn-R (Scheme 2) to probe the epoxide formation

Scheme 2. Ring Closure Experiments (top) and Crossover
Experiments (bottom) of 4-anti-R and 4-syn-R in DCM at
Room Temperature with DBU as the Base
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starting with a single diastereomer. The starting materials were
generated from cis- and trans-stilbene after epoxidation and
stereoselective ring opening with thiomethoxide, methylation
with methyliodide yields 4-syn-H and 4-anti-H selectively.’’
The tert-butyl derivative was synthesized accordingly. Hereby,
the cis- and trans-stilbene derivatives were prepared from
hydrogenation of bis(3,5-di-tert-butylphenyl)acetylene, which
was the product of a coupling reaction with 2-butynedioic
acid.”®

The ring closure experiments (Scheme 2, top) of 4-anti-R
and 4-syn-R were performed at room temperature in DCM by
adding 1.0 equiv of base (DBU). With 4-anti-R with R = H or
‘Bu, the less crowded 3-trans-R'R* forms exclusively. This
implies that the rate-determining step for the JCC reaction has
to occur prior to the final epoxidation step (thus betaine
formation). In line with earlier reports,>”***73%% the
epoxidation of 4-syn-H results in a 28:72 cis:trans product
ratio. Thus, the rate-determining step of 3-cis-HH formation
lies after betaine formation. Upon deprotonating 4-syn-H the
syn-betaine can either be directly converted to 3-cis-HH or
equilibrate to form the starting material (Figure 4).
Recombination of 1*-R (the asterisk indicates minor changes

https://doi.org/10.1021/acs.joc.6c00154
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of the molecule to 1-R) and 2-R also results in a cis and trans
product mixture.

Under the assumption that molecular changes in 1*-R are
minor and that, in a second approximation, the ratio of the
pseudo-first order kinetic experiments is transferable to a
reaction of 1-R and 2-R under thermodynamic conditions
(control experiments confirm this assumption; see the SI),
AGpyy (Figure 2) can be utilized to calculate the
probability for the conversion of 4-syn-R. The ratio for the
reaction of 4-syn-H in combination with results of the JCC
epoxidation to form 3-cis/trans-HH (Figure 2) corresponds to
a theoretical difference of AGH ., & +0.9 =+ 0.1 kcal mol™ for
the transition states of the conversion (ring closure reaction or
equilibration) according to probability calculations. This
suggests that the majority of 4-syn-H (~84%) equilibrates
while the remaining 16% are directly converted to 3-cis-HH
(Figure 4). The same effect can be observed for 4-syn-Bu
Remarkably, now the final ratio for the consumption of 4-
syn-Bu is 70:30 (cis:trans) in favor of the more crowded
product  3-cis- 'Bu‘Bu, suggesting a signiﬁcant change in
L[dllblllUll structures lU[ lllt LUIlVC[blUIl Ul ‘f‘syﬁ' Du lllc rdUU
corresponds to a theoretical energy difference of AG'Bu-bet 5
+0.2 + 0.1 keal mol™/, thereby, slightly favoring conversion to
1-Bu and 2-Bu. Accordingly, 42% of 4-syn-‘Bu are directly
converted to 3-cis-‘Bu‘Bu while the remaining 58% equilibrate
to 1-R and 2-R (Figure 4). The direct formation of 3-
cis-'‘Bu‘Bu from 4-syn-‘Bu significantly increases in comparison
to parent 4-syn-H. This can be related to additional LD
interactions favoring the folded conformation 4-syn-‘Bu with
the hydroxyl function in the anti position to the thioether
functional group.

A similar DED-eftect was already observed for hexaphenyl-
ethane.®' ~°° While the unsubstituted hexaphenylethane is not
thermodynamically stable due to steric hindrance,®® the tert-
butyl-substituted derlvative offers multiple LD contacts to
stabilize the molecule.”> Likewise, the unsubstituted reaction
pathway of 4-syn-H is governed by repulsive interactions. On
the other hand, LD interactions stabilize the folded syn-betaine
structure, thereby increasing the probability of direct
conversion to 3-cis-‘Bu‘Bu.

4833

To demonstrate that an equilibration must occur by
reopening the betaine structure, we (performed crossover
experiments (Scheme 2, bottom).””?**%*73%%% Activated p-
nitrobenzaldehyde was utilized as trapping agent for the ylide
due to its higher reactivity (reactlons proceed around 62 times
faster than with benzaldehyde).”® Whereas 4-anti-R with R =
H or 'Bu solely results in the formation of 3-trans-R'R*
without incorporating nitrobenzaldehyde, 4-syn-R gives a
mixture of 3-trans-R'R* and the corresponding nitro-product
5-R (Scheme 2b). This demonstrates that the equilibration of
the syn-betaine has to occur by breaking the central carbon
bond to give ylide and aldehyde.

Steric Hindrance of the Ylide/Aldehyde

Finally, steric hindrance is widely believed to affect the
stereochemical outcome of the JCC reaction.” While this may
be true for special cases, it is unlikely the sole contributor to
selectivity because all bulky substituents used here (and
elsewhere) show the opposite (Figure 2): The parent reaction
of 1-H with 2-H yields the highest trans selectivity with a
transition state energy difference of AGHy = 1.0 £ 0.0 keal

maol™ 1\ On the contrary, the reaction of 1-'Bu with 2-'Bu
moi On the contrary, the reaction ith 2

results in an approximately 1:1 mixture of 3-cis-‘Bu’Bu and 3-
trans-Bu'Bu (i.e, AGH 5, ~ 0.0 keal mol™). Consequently,
the energy gap of around 1.0 + 0.0 kcal mol™" between the two
diastereomeric transition states of the parent case vanishes due
to the attachment of bulky tert-butyl groups.

To shed more light on the origin of the transition state
stabilization, we dissected the AAG/. energy values by
mutating all substituents separately By comparing and
applying this against energies of singly substituted reactions
the interaction energy AAGR i can be dissected (Figure S,
top). AAG,.I,.Z solely resembles the interaction energy between
both alkyl groups R' and R?, thereby disregarding ‘the energy
gain due to close o6—z contacts. For this procedure’”®*
(termed a double mutant cycle, a practical application of Hess’
law) we applied the following equation:

AAGH, = AGE, — AGE, — AG] . + AGH, (1)
The result provides an experimental estimate of the role

DEDs play in the reaction of ylide and aldehyde. While all

https://doi.org/10.1021/acs.joc.6c00154
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Figure S. Double mutant cycle (top) and experimental results of the
analysis (bottom). AAGF.: illustrates the interaction energy between
R' and R? in the reaction of 1-R' with 2-R?. Negative energy values
correspond to stabilizing interactions between R' and R%. Gray lines
indicate error bars.

combinations were measured for alkyl—alkyl interactions, the
double mutant cycle could not be "determined for halogen
substituents since all-meta halogen-substituted tetrahydrothio-
phene salt 1-R' resulted only in 3-trans-R'R% In contrast to
the concept of steric repulsion, Figure S (bottom) qualitatively
highlights the stabilizing effect (negative energy values) of each
DED in the transition state of the reaction.

Apart from Me-Et combinations, all energy values are
negative corresponding to stabilizing interactions between the
alkyl substituents. While this effect is small for 1-Me (leftmost
block of columns), the stabilization increases with DED size,
i.e, polarizability. Consequently, the largest effect can be
observed for ‘Bu—'Bu contacts (AAGH , = —0.3 + 0.1 keal
mol™"). By comparing the relative Gibbs free energy values
AGR ey (Figure 2) to the results of the double mutant cycle
(Figure S), the interaction energy between each DED can be
dissected into 6—o interactions (between DEDs) and o—x
interactions (between DED and phenyl system). Accordingly,
the energy difference AGH, i ~ —0.9 + 0.1 kcal mol™" for
the reaction of 1-‘Bu with 2-Bu (Figure 2) contains stablhzlng
o6—0 interactions of AAG'BJB“ = —0.3 + 0.1 kcal mol™" (Figure
S). Around 30% of the experimentally determined relative
Gibbs free energies can be accounted for with LD attractive
alkyl—alkyl contacts. The remaining 70% correspond to LD
attractive o—x interactions. These results qualitatively fit to
measurements performed for molecular balances in the ground

state.””
Most rnrpr\ﬂv T\T N- r‘]lnhpnv]fl'\ iourea

.............. cenytal 2

ence the same dlstrlbutlon of 6—0 and o—x interactions to
stabilize the most crowded syn,syn conformer."” Accordingly,

was shown to experi-
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the observations and values concerning the role of LD in
molecular balances can be directly transferred to transition
state stabilizations, but might we weaker due to the loosely
bound nature of transition states.'

B COMPUTATIONS

There have been previous computational studies on the
Corey—Chaykovsky mechanism,”' ~** but to the best of our
knowledge, none considered the effect of LD interactions on
the rates and selectivity. The mechanism of the Corey—
Chaykovsky reaction can, generally, be divided into three
stages, according to Figure 6:

C-C bond
formation TSs TS2
anti-TS0 Ts1 TS4

Reactants gauche-TSO

)

N
¥

gauche gauche’

Noncovalent
complexes

Products

Figure 6. Schematic representation of the complete reaction profile
for one of the possible anti configurations (leading to a trans-epoxide
product).

1. C—C bond formation: This stage is shown in red in
Figure 6. Formation of noncovalently bound complexes
of the reactants, which then react to form the bond
between the two carbon atoms (the SC—CO bond)
leading to the betaines. The relative orientation of the
oxygen and sulfur groups around the new C—C bond
can be either gauche or anti. If irreversible, this step
determines the stereochemistry of the epoxide product.

. Rotation around the C—C bond: This stage is shown in
black in Figure 6. Once one of the above-mentioned
betaine rotamers is formed, rotation around the SC—CO
bond can interconvert them. The gauche and gauche’
rotamers are lower in energy than the anti rotamers, and
interchange between the two possible gauche rotamers
(via TS3) has a low barrier, so that they are in
equilibrium with one another. The barriers to form the
anti betaine (TS1 and TS2) are higher in energy.

. Ring closing to form the epoxide: This stage is shown
in blue in Figure 6. Once the anti-betaine has formed via
either of the two former stages, it can react further in an
Sx2-type reaction to form the epoxide product.

A suggested route through a [2 + 2] cycloaddition to form a
four-membered oxathietane, resembling the Wittig oxaphos-
phetane intermediate, that then directly forms the epox1de, was
previously shown to be significantly higher in energy.** In our
computations the oxathietanes were identified as nonstationary
structures.

From the above, there are two possible routes for the

formation of the anti betaine: (1) direct formation from the
reactants (ﬂ'\rnnah anti- ’T'Qﬂ\ or (7\ formation of either of the

gauche/ gauche rotamers (through gauche-TS0/gauche’-TS0)
and then conversion to the anti rotamer through TS1 or TS2.

https://doi.org/10.1021/acs.joc.6c00154
J. Org. Chem. 2026, 91, 4829-4841
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Figure 7. Energy diagram at the B3LYP-D3(BJ)/def2-TZVPP level of theory for the most stable pathways leading to each of the two products (A

and E) for R = R? =

H, showing the ZPVE-corrected energies in kcal mol™" (and free energies in parentheses).

Practically, this means that formation of the anti rotamer can
happen through at least one of five possible pathways,
represented by the TSs along the path: (a) anti-TSO; (b)
gauche-TS0, TS1; (c) gauche’-TS0, TS2; (d) gauche-TSO, TS3,
TS2; (e) gauche’-TSO, TS3, TS1.

In order to determine which of these five routes is preferred,
we computed all intermediates and TSs using the B3LYP®7Y/
def2-TZVPP”' level of theory, with Grimme’s D3(BJ)
dispersion correction”>”* for unsubstituted Ph (R! = R2 H,
Figure 7) and for the ‘Bu-substituted reactants (R' = R* = ‘B,
Figure 9). To match the experimental condltlons, our
computations included dichloromethane (DCM) as an implic71§
).

cn]vpnf nclng fl‘\p cn]vahnn mnr‘]p] hacpr‘] on (lpnclfv (QMH

All reported energies are ZPVE-corrected, unless stated
otherwise. The highest TS for each of the five routes was
found, and this was defined as the barrier value for this route.
The pathway with the lowest barrier value will be the preferred
one. This process was done for four possible conformers of
each of the anti-betaines leading to the cis- and trans-epoxides
(A—H, Figure 8)
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Figure 8. Newman projections of the computed anti rotamers at the
B3LYP-D3(BJ)/def2-TZVPP level of theory.

After formation of the anti rotamer, the products can form
via TS4 (Figures 6 and 7). If TS4 is higher in energy than the
barrier value for formation of the anti-betaine, then the TS for
epoxide formation will be the rate-determining TS (RD-TS),
and all steps leading to it could be considered in quasi-
equilibrium. If the barrier value for the anti rotamer formation

4835

is higher than TS4, then the TS associated with this barrier
would be considered the RD-TS, and the formation of the anti-
betaine could be considered irreversible.

After computing the pathways for A-H (for the full pathways
see the SI), we found that for both derivatives (R' = R> = H
and R' = R* = ‘Bu) the path with the lowest RD-TS leadlng to
the trans product is E, while for the cis product the lowest RD-
TS is in path A. The energy diagrams of pathways A and E are
shown in Figures 7 and 9. Interestingly, for both derivatives,
the RD-TS of path E is one of the TSs leading to the anti-
betaine (E-anti-TSO for R' = R? = H). However, for path A
the epoxide formation (TS4) involves the RD-TS.

For R! = R? = H, the difference in ZPVE-corrected energy
between the RD-TSs for paths A and E is 2.4 kcal mol™ (and
the difference in free energy is 2.4 kcal mol™'), predicting a
preference for the trans product, in agreement with the
experiment.

For the ‘Bu-substituted reactants (R! = R? = 'Bu), for A the
RD-TS is TS4, while TS1 and anti-TSO are lower in energy
and close to each other (Figure 9). For E the RD-TS is TS1
(according to ZPVE-corrected energies, 0.8 kcal mol™" below
the A RD-TS) or anti-TS0 (according to free energies, 0.5 kcal
mol™" below the A RD-TS), while TS4 is lower in energy.
These computations identify the ‘Bu-substituted reaction to
show preference for the formation of the trans product, but this
preference is much smaller than for the unsubstituted reaction,
matching the experimental results.

Regarding the reversibility of the formation of the two
epoxide products, for the trans-epoxide (pathway E), E-anti-
TS0 and E-TS1 are somewhat higher in energy than E-TS4,
meaning that the formation of the anti-betaine should be
irreversible. For the cis-epoxide (pathway A), TS4 is the
highest TS (for R! = R* = H and for R! = R* = ‘Bu), and so
only the epoxidation step is expected to be irreversible, while
the steps leading to the anti rotamer are expected to be
reversible. This matches the experimental results from previous
studies and from the ring closure and crossover experiments
shown above. A closer inspection of the RD-TSs can provide
insight into the effects that influence their energies. To explore

fhp pf'rprl'c r\F nnnrnvq]pnf |n|'prnrhnnc we nprfnrmpr] intra-

molecular symmetry-adapted perturbatlon theory (I-SAPT)
analysis”>’® using the SIAO1 partitioning algorithm.”” I-SAPT

https://doi.org/10.1021/acs.joc.6c00154
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interaction energies between two parts of the same molecule

that are connected by a linker. The interaction can be
decomposed into basic contributions: electrostatic, exchange
(repulsion), induction, and dispersion. We chose the SIAO1
partitioning method, as it can mitigate the effects of artificial
dipole moments (such as an unphysically large electrostatic
repulsion), produced by previous partitioning algorithms. The
analysis was performed on the interaction between the two
aromatic rings (including R groups), while the two sp® carbons,
the oxygen and sulfur groups, where defined as the linker. The
changes in the orientation of the aromatic rings are shown in
Figure 10, and the energies are presented in Figure 11.

First, looking at the epoxidation TS (Figures 7 and 9), we
observe that for both R! = R* = {Bu and for R' = R? = H, TS4
is lower for pathway E than for pathway A. The structures of
TS4 in Figure 10 show that the aromatic ring on the sulfur-
bound carbon rotates during the reaction (the ring becomes
more perpendicular to the C—S bond, such that a;_, ; ,
becomes closer to —90° upon formation of TS4; for more

4836

| ) P

PIPE P | PR
TOtation auows

structural for a better
conjugation between the 7 system and the orbitals that
participate in the Sy2-type reaction (as evidenced by the
shortening of the C,—C; bond in TS4, and from the LUMO
and HOMO—4 orbitals in Figure S8). However, this geometric
change is expected to weaken LD interactions, as the two
aromatic rings are no longer oriented parallel to one another.
Comparing all the E species in Figure 10 to the analogous A
species, we can see that @;_, 3 , is closer to —90 ° in all E
species, which is expected to result in better orbital overlap
(and a shorter C,—C; bond) and explains the increased
stabilization of TS4 in the E pathway. In addition, the change
in angle going from E-anti to E-TS4 is smaller than the change
from A-anti to A-T$4, contributing also to the smaller barrier
along the E pathway. Another interesting point we can learn
from the structures shown in Figure 10 is that in A-TS4-Bu
the R' groups are directed toward the aldehyde aromatic ring
in a geometry that facilitates 6—7 interactions, while the R?
groups point outward relative to the sulfide aromatic ring and
are expected to have mainly 6—o interactions with the R'

https://doi.org/10.1021/acs.joc.6c00154
J. Org. Chem. 2026, 91, 4829-4841
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betaine and in TS4 of pathways A and E.

groups (for the larger R' groups) and no 6—7 interactions with
the sulfide aromatic ring. As a result, we would expect the R'
groups to have a more significant LD-based effect (relative to
R?) of stabilizing A-TS4 and increasing the amounts of the cis-
epoxide product. Further, when R' = H we would expect
relatively weak LD interactions between the aromatic groups,
even with large R* substituents, close to the interactions for R’
=R*=H.

This matches and explains the experimental results in Figure
2, which show indeed that the effect of R* on increasing the
amount of cis product is smaller than the effect of R', and is
negligible when R' = H. In addition, the geometry of A-TS4
suggests that if there were halogens at the R? position, they
would not interact significantly with the smaller R' groups (H
and Me) in this TS, and the main interactions in this case
would be C—H(R')--7 interactions. Such interactions would
be less stabilizing for 7-systems with more electron-with-
drawing halogens, explaining their higher preference for the
trans product in Figure 3.

Figure 11 shows the I-SAPT analyses for the anti-betaine
and TS4 for pathways A and E. The total interaction energies
between the two aromatic rings in E-anti and E-TS4 are very
small (up to only 3 kcal mol™") both for R' = R* = 'Bu and for
R' = R? = H, and there is no significant difference between the
interaction energies in E-anti and E-TS4. This is to be
expected, as the aromatic groups are far away from one another
in these E species.

However, going from E to A, the individual parts of the
interaction become much larger, and the most significant
contributions are from exchange and dispersion. Again, this is
to be expected, as the aromatic groups are close to one another
and have no significant electron donating/withdrawing groups.
For all A species shown on the graph, except for A-TS4-H, the
dispersion stabilization is larger than the exchange destabiliza-
tion, and this difference is especially large for A-anti-"Bu (more
than 4 kcal mol™"). Comparing A-anti with A-TS4, for both R
groups the dispersion contribution is more stabilizing in A-anti
than in TS4. The exchange repulsion increases somewhat
when going from A-anti to A-TS4,

All of these observations regarding A, support the suggestion
presented above, that the rotation of one aromatic ring in A-
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TS4 disrupts some of the dispersion attraction between the
rings. This results in a decrease in total interaction energy
between the rings when going from A-anti-‘Bu to A-TS4-Bu.
For A-anti-H and A-TS4-H the total interaction energy is
almost the same, because of the increase in electrostatic
interaction in TS4, possibly from Ar—H:--7 interactions. As a
result of the decrease in total interaction energy for A-TS4-Bu
but not for A-TS4-H, we would expect the energy barrier for
the epoxidation step to be larger for R' = R? = ‘Bu than for R’
= R = H. This is indeed the case, but the difference is very
small (4.40 for ‘Bu, 4.29 for H).

In general, the total interaction energies in A-anti-H, A-TS4-
H, E-anti-H, E-TS4-H, E-anti-'Bu, and E-TS4-Bu are very
similar and small (all between 2 and 3 kcal mol™"). For A-
anti-'Bu and A-TS4-'Bu, the total interaction energies become
larger (more stabilizing), because of LD from the bulky groups.
So, when comparing the epoxidation-step PESs of pathways A
and E, even though E-TS4 is lower in energy than A-TS4, we
expect the energy difference between A-TS4-Bu and E-
TS4-'Bu to be smaller than that between A-TS4-H and E-TS4-
H. This can be observed in Figures 7 and 9, along with the fact
that A-anti-H is higher in energy than E-anti-H while A-
anti-‘Bu is more stable than E-anti-‘Bu due to these
interactions. Note, however, that there are additional
interactions that can affect the energies, such as LD
interactions between the aromatic rings (especially the
aldehyde aromatic ring) and the sulfonium five-membered
ring (see Figure S9).

Regarding the two mechanisms for formation of the anti
betaine, either directly from the complex via TS0 or from the
gauche rotamer via TS1, both of these TSs, TSO and TS1, are
lower in energy for pathway A relative to E (for both R' = R* =
H and R' = R? = ‘Bu), even though the aromatic rings are
closer to one another for both TSs on A. But the difference in
energy between the pathways is significantly larger for R' = R
= 'Buy, indicating that also here the A PES is lowered in energy
relative to the E PES when going to the bulkier R groups. This
is again a result of LD interactions, as evidenced by I-SAPT
analysis (Figures 12 and 13).
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Figure 13. Results of the I-SAPT analysis at the DF-SAPTO aug-cc-
pVTZ level of theory between the two aromatic rings in TS1 of

pathways A and E.

It can be seen that for E-TS0 (Figure 12) and E-TS1 (Figure
13), the interactions between the two rings are weak for both R
groups. The total interactions in A-TS0-H and A-TS1-H are
also weak and close in magnitude to those in the E species.
The total interaction in A-TS0-H and A-TS1-H is small even
though the LD stabilization is larger than in E, because the
repulsion is also larger. However, in A-TS0-‘Bu and A-TS1-'Bu
LD is more significant, and the exchange part is smaller than
the LD part, causing the total interaction energy to be more
stabilizing, and thus lowering the energies of A-TS0-‘Bu and A-
TS1-‘Bu relative to the energies of E-TS0-Bu and E-TS1-‘Bu,
more than for R! = R? = H. This matches the energy profiles in
Figures 7 and 9. Note that in all the species shown in Figure 12
and 13, the LD stabilization outweighs the exchange
destabilization, indicating that we are at the attractive region
of the van der Waals potential. In this region, larger groups are
expected to be mainly a source of stabilization via LD and not
primarily a source of steric repulsion.

B CONCLUSIONS

This study underscores the pivotal role of London dispersion
(LD) interactions in influencing the cis/trans diastereoselec-
tivity of the Johnson—Corey—Chaykovsky (JCC) epoxidation.
While traditional views attribute diastereoselectivity to steric
repulsion, our findings reveal that LD interactions preferen-
tially stabilize transition states, favoring the cis product in the
presence of bulky (highy polarizable) dispersion energy donors
(DEDs).

Through NMR spectroscopy, we demonstrate that larger
DEDs stabilize crowded transition states with little steric
penalties, with tert-butyl substituents showmg the strongest
shift toward the cis-products with AG:BJ enn ~ —0.9 + 0.1
kcal mol™ for the reaction of 1-‘Bu with 2-Bu. In addition, we
confirmed the potential of halogens to act as DEDs when
interacting with alkyl groups. Crossover and ring-closure
experiments confirm the reversible formation of syn-betaine
intermediates, further highlighting the contribution of non-
covalent interactions to the reaction pathway.

Computational studies using dispersion-corrected DFT
prov1ded deeper insights into the molecular interactions
driving these trends. The reaction pathway was mapped for
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various substituents, revealing that LD interactions stabilize
crowded betaine and epoxide-forming transition states. I-SAPT
analyses demonstrate that with bulky DEDs like tert-butyl
groups, dispersion outweighs repulsion, resulting in preferential
net stabilization.

By demonstrating that LD interactions, rather than steric
repulsion, govern transition state stabilizations in the JCC
reaction, this work challenges conventional steric models and
provides a deeper understanding of the role of noncovalent
interactions in stereoselective organic synthesis. Additionally,
our study demonstrates, for the first time, that halogen

substituents can serve as dispersion energy

donors in thig
bstitue ersion energy Qonors in

reaction context. In contrast to alkyl substituents, halogenation
provides a synthetically practical means to modulate stereo-
selectivity while retaining the potential for further functional-
ization. This represents a new and potentially useful strategy
for reaction design.
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