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Zusammenfassung 
 

London‘sche Dispersionswechselwirkungen sind in der Molekularchemie allgegenwärtig und 
bestimmen molekulare Aggregation, Erkennung sowie chemische Selektivität.  Als attraktiver 
Teil der Van-der-Waals-Wechselwirkungen wird London’sche Dispersion dennoch als 
schwach und vernachlässigbar angesehen.  Diese Arbeit zeigt durch Kombination experi-
menteller und quantenchemischer Untersuchungen den enormen Einfluss London‘scher Dis-
persionswechselwirkungen auf molekulare Struktur sowie chemische Reaktivität auf.  Wäh-
rend dieser Arbeit sind zahlreiche neuartige Moleküle hergestellt und analysiert worden, wo-
bei der Schwerpunkt stets auf Qualifizierung und Quantifizierung nicht-kovalenter Wechsel-
wirkungen gelegen hat.  Die Ergebnisse dieser Arbeit sollen dazu beitragen einen zielgerich-
teten Einsatz von Dispersionsenergie-Donoren, beispielsweise in Synthese und Katalyse, zu 
ermöglichen.  Durch ein besseres Verständnis nicht-kovalenter Wechselwirkungen können 
neue Moleküle dargestellt, Reaktionsmechanismen untersucht und Selektivitäten erhöht 
werden.   

In der ersten Veröffentlichung sind quantenchemisch die unerwartete thermodynamische 
Stabilität von Hexaphenylethanderivaten höherer Tetrele untersucht worden.  Durch Ausnut-
zung verschiedener computerchemischer Methoden zur Qualifizierung und Quantifizierung 
intra- und intermolekularer Wechselwirkungen ist die Hauptursache der hohen thermodyna-
mischen Stabilität in einem idealen Verhältnis attraktiver London‘scher Dispersionswechsel-
wirkungen und abstoßender Pauli-Repulsion gefunden worden.   

Die zweite und dritte Veröffentlichung konzentrieren sich auf die Rolle nicht-kovalenter 
Wechselwirkungen zwischen Silylgruppen und analysieren deren Potential als Dispersionse-
nergie-Donoren.  Mittels experimenteller und quantenchmischer Analysen sind zwei moleku-
lare Waagen basierend auf Cyclooctatetraen entworfen und untersucht worden.  Während 
sich die zweite Veröffentlichung auf den sterischen Anspruch von Silylen konzentriert, betont 
die Dritte das feine Wechselspiel attraktiver London‘scher Dispersionswechselwirkungen und 
Entropie.   

Die vierte Publikation beschreibt die Rolle London’scher Dispersionswechselwirkungen auf 
die Konformation von Diphenylthioharnstoffen.  Durch Verwendung von Dispersionsenergie-
Donoren ist das bis dato selten betrachtete syn-syn-Konformer erzeugt worden.  Unter Ver-
wendung tieftemperatur-NMR-spektroskopischer Methoden konnte der Einfluss Lon-
don’scher Dispersionswechselwirkungen qualifiziert und quantifiziert werden.   

Während sich die ersten vier Publikationen auf molekulare Strukturen konzentrieren, befas-
sen sich die nächsten Beiden mit dem Einfluss London’scher Dispersion auf chemische Re-
aktionen.  Die fünfte Veröffentlichung beschreibt eine Hydrochlorierungsreaktion unter ther-
modynamischer Kontrolle.  Es ist festgestellt worden, dass die Dispersionswechselwirkung 
der Schlüssel zur Rationalisierung des Produktverhältnisses ist. Das sechste Projekt be-
schreibt den Einfluss von Dispersionsenergie-Donoren auf eine kinetisch kontrollierte Reak-
tion.  Hierbei konnte das Produktverhältnis der Johnson-Corey-Chaykovsky-Reaktion signifi-
kant beeinflusst werden.  Die Auswirkungen London’scher Dispersionswechselwirkungen auf 
Übergangszustände sind erneut experimentell qualifiziert und quantifiziert worden. 
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Abstract 
 

London dispersion interactions are ubiquitously present in molecular chemistry and govern 
molecular aggregation, recognition as well as chemical selectivity.  Nevertheless, as attrac-
tive part of the van der Waals interactions, London dispersion is generally regarded as weak 
and negligible.  This work emphasizes the tremendous impact London dispersion interactions 
have on structural stability as well as chemical reactivity by focusing on a combination of ex-
perimental and computational investigations.  During this work, numerous novel molecules 
were prepared and analyzed with the main focus on qualifying and quantifying noncovalent 
interactions.  The results of this work might eventually enable a target-oriented use of disper-
sion energy donors, e.g. in synthesis and catalysis, to generate novel molecular structures, 
exploit reaction mechanisms or simply rationalize selectivities.   

In the first publication, we computationally investigated the unexpected thermodynamic sta-
bility of hexaphenylethane derivatives with heavier tetrels comprising the central bond.  By 
exploiting various energy decomposition methods, the source of stabilization was found in an 
ideal ratio of attractive London dispersion interactions and repulsive Pauli exchange repul-
sion.   

The second and third publication report an experimental and computational study on the ef-
fects of silyl groups on a molecular balance.  While the second publication focuses on the 
steric size of such groups, the third one emphasizes the fine interplay between attractive 
London dispersion interactions and an entropic penalty due to increasing flexibility.  In both 
publications, the cyclooctatetraene molecular balance was exploited.   

The fourth publication describes the role of London dispersion on the conformational land-
scape of thiourea.  By utilizing dispersion energy donors the syn-syn conformer was gener-
ated.  The combination of low-temperature nuclear magnetic resonance experiments and 
computational analyses allowed quantification of London dispersion interactions.   

While the first four publications focus on structural ramifications of London dispersion, the 
next two cover the impact of London dispersion on reactivity.  The fifth publication describes 
a hydrochlorination reaction under thermodynamic control.  London dispersion was found to 
be key to rationalize product ratio.   

The sixth project describes the impact of dispersion energy donors on a kinetically controlled 
reaction.  We utilized the Johnson-Corey-Chaykovsky reaction to qualify and quantify the 
impact of London dispersion on transition states.   
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1. Introduction 
 

 

 

Abstract: 

London dispersion (LD) interactions are the main contribution of the attractive part of the van 
der Waals potential.  Even though, LD effects are the driving force for molecular aggregation 
and recognition, the role of these omnipresent interactions in structure and reactivity had 
been largely underappreciated.  However, in the recent years considerable efforts were 
made to thoroughly study LD interactions and their potential as a chemical design element 
for structures and catalysis.  This was made possible through a fruitful combination of theory 
and experiment.  This review highlights the recent results and advances in utilizing LD inter-
actions as a structural motif to understand and utilize intra- and intermolecularly LD-stabilized 
systems.  Additionally, we focus on the quantification of LD interactions and their fundamen-
tal role in chemical reactions. 

 

Reference: 

Lars Rummel, and Peter R. Schreiner; manuscript in preparation. 
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2. Publications 

2.1 Hexaphenylditetrels – When Longer Bonds Provide Higher Stability 
 

 

Abstract: 

We present a computational analysis of hexaphenylethane derivatives with heavier tetrels 
comprising the central bond.  In stark contrast to parent hexaphenylethane, the heavier tetrel 
derivatives can readily be prepared.  In order to determine the origin of their apparent ther-
modynamic stability against dissociation as compared to the carbon case, we employed local 
energy decomposition analysis (LED) and symmetry-adapted perturbation theory (SAPT) at 
the DLPNO-CCSD(T)/def2-TZVP and sSAPT0/def2-TZVP levels of theory.  We identified 
London dispersion (LD) interactions as the decisive factor for the molecular stability of heavi-
er tetrel derivatives.  This stability is made possible owing to the longer (than C−C) central 
bonds that move the phenyl groups out of the heavily repulsive regime so they can optimally 
benefit from LD interactions.   

 

Reference: 

Lars Rummel, Jan M. Schümann, and Peter R. Schreiner, Chem. Eur. J. 2021, 27, 13699-
13702. DOI: 10.1002/chem.202102271 

Highlight: 

When Longer Bonds Provide Higher Stability, Chemistry Views, 2021. 
(https://www.chemistryviews.org/details/ezine/11318599/When_Longer_Bonds_Provide_Hig
her_Stability/) 

Reproduced with permission from: 

© 2021, John Wiley & Sons, Inc. 
111 River Street 
Hoboken, NJ, 07030-5774 
United States of America 
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Hexaphenylditetrels – When Longer Bonds Provide Higher
Stability
Lars Rummel+,[a] Jan M. Schümann+,[a] and Peter R. Schreiner*[a]

Abstract: We present a computational analysis of hexaphe-
nylethane derivatives with heavier tetrels comprising the
central bond. In stark contrast to parent hexaphenylethane,
the heavier tetrel derivatives can readily be prepared. In
order to determine the origin of their apparent thermody-
namic stability against dissociation as compared to the
carbon case, we employed local energy decomposition
analysis (LED) and symmetry-adapted perturbation theory
(SAPT) at the DLPNO-CCSD(T)/def2-TZVP and sSAPT0/def2-
TZVP levels of theory. We identified London dispersion (LD)
interactions as the decisive factor for the molecular stability
of heavier tetrel derivatives. This stability is made possible
owing to the longer (than C�C) central bonds that move
the phenyl groups out of the heavily repulsive regime so
they can optimally benefit from LD interactions.

While long sought-after hexaphenylethane[1] (1C, Figure 1, the
letter T designates the tetrel) remains elusive[2] (trityl radicals
dimerize in a head-to-tail fashion),[3] its higher tetrel congeners
with T=CSi,[4] Si,[5] Ge,[6] Sn,[7] and Pb[8] have been known for a
long time. What makes the latter stable under ambient
conditions even though the higher tetrel-tetrel single bond
energies decrease rapidly as one goes down group 14?

The Pb�Pb bond dissociation energy (BDE) of hexameth-
yldiplumbane is 22.5 kcalmol�1 lower than that of the central
C�C bond in “hexamethylethane” (2,2,3,3-tetramethylbutane,
BDE=77.1⌃1.0 kcalmol�1),[9] in line with the expectations of
bond energies down a group in the periodic table.[10] The
opposite is observed for hexaphenylditetrels 1T and parent 1C
has not been reported experimentally. Only some highly
substituted derivatives utilizing dispersion energy donors[11]

(DED) such as tbutyl groups in the all-meta positions of 1C can

be observed,[2b,12] thereby emphasizing the notion of stabilizing
London dispersion (LD) interactions.[13] As the higher tetrel
derivatives do not need additional DED groups to be isolable,
but intrinsically have higher T�T BDEs than 1C, one asks what
makes these compounds stable toward central T�T bond
dissociation. Note that some derivatives with T=Sn are extra-
ordinarily stable, even up to 235 °C.[14] The first equilibrium
measurement of a 1Sn derivative was with the phenyl groups
equipped with 2,4,6-trimethyl and triethyl substituents. The
onset of dissociation as measured through the presence of EPR
signals of the “hetero-Gomberg-type” radicals was found at 180
and 100 °C for these derivatives, respectively.[15]

Even though there is no physical basis, there is a well-
accepted principle in organic chemistry that longer bonds are
assumed to be weaker and therefore dissociate more easily.[16]

While this simple diatomic model-derived concept has been
investigated and confirmed for large series of molecules, it
cannot explain the discrepancy in thermodynamic stabilities of
the hexaphenylditetrels 1T. Especially for large structures (i. e.,
far beyond diatomics), the transferability of this concept is
questionable.[17] Prominent examples are the phosphine-metal
dissociation energies of Grubbs catalysts with sterically de-
manding N-heterocyclic carbene ligands[18] and 2-(1-diamantyl)-
[121]tetramantane with a bond length of 1.71 Å but a sizeable
BDE of around +36 kcalmol�1.[19]

As studies highlight that the noncovalent van-der-Waals
benzene dimers are stabilized by LD interactions,[20] we
hypothesized that such interactions may be responsible for the

[a] L. Rummel,+ J. M. Schümann,+ Prof. Dr. P. R. Schreiner
Institute of Organic Chemistry
Justus Liebig University
Heinrich-Buff-Ring 17, 35392 Giessen (Germany)
E-mail: prs@uni-giessen.de

[+] These authors contributed equally to this work.
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202102271
Part of a Special Collection on Noncovalent Interactions.
© 2021 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Figure 1. S6-symmetric hexaphenylditetrel structure 1T (center), X-ray struc-
ture (left), and corresponding computed hexaphenylditetrel structure with
highlighted dCH�π contact at B3LYP-D3(BJ)/def2-TZVP (right). First numbers
are experimental distances, numbers in parentheses correspond to the
computations.

Chemistry—A European Journal 
Communication
doi.org/10.1002/chem.202102271
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stabilities of the higher 1T structures as well. But why does this
apparently not provide sufficient stabilization for 1C?

We began our computational study with the crystal
structure geometries for gas phase optimizations. Following the
theoretical treatment of Rösel et al.[2b] we utilized the well-
established B3LYP[21] and M06-2X[22] functionals for direct
comparisons with existing data and because they are com-
monly employed. Ahlrich’s def2-TZVP basis set[23] was used for
all computations. B3LYP was used with the Becke-Johnson (BJ)
damped dispersion D3 correction of Grimme et al.[24] First and
foremost, the optimized structures are in good agreement with
the experimental structures (Figure 1 and Figures S2–S5, Ta-
ble S10). All phenyl moieties are arranged in an off-set T-shape
manner with CH�π contacts with the opposite trityl group. The
computed dimerization energy of the triphenylmethyl radical is
endergonic (DG298

dimà+11.8 kcalmol�1) and agrees with the
results of previous studies.[2b] Both the B3LYP-D3(BJ) and M06-
2X results show the same trends. Due to a lack of experimental
dissociation energies for the unsubstituted 1T, we validated our
method by comparing dissociation energies of H3T–TH3 as well
as Me3T–TMe3 that agree well with experimental values within
their error bounds (Tables S1–S3, Figure S1).

Whereas the carbon-based hexaphenylditetrel readily disso-
ciates into its monomers (DG298

dim>0), the higher tetrel deriva-
tives all display DG298

dim<0 up to �70 kcalmol�1 (Figure 2). The
reason behind the dissociation of 1C can only be explained by
Pauli (exchange) repulsion that has a very steep distance
dependence, outweighing LD interactions, in line with the
notion of excessive steric hindrance. Due to close intramolecu-
lar contacts of the aromatic moieties, hexaphenylethane 1C
cannot persist at 298 K (the computed shortest contact dCH�π in
1C is around 2.5 Å). However, as higher tetrels display
significantly longer central bonds, this leads to an increase of
the CH�π contact distances (the computed dCH�π in 1Si is

around 3.1 Å, Figure 1). In comparison, the CH�π distance in
the crystal lattice of benzene at 270 K is around 2.9 Å.[25]

To investigate the origin of the somewhat counterintuitive
stabilities of the higher tetrel congeners, we visualized all
intramolecular interactions using non-covalent interaction plots
(NCI plots, Figure 3) for T=C vs. Pb.[26] Hereby, strongly
attractive and repulsive interactions are visualized as blue and
red isosurfaces, respectively. Green areas indicate weak molec-
ular contacts predominantly evoked by LD interactions.

A comparison of the NCI-plots reveals strong repulsions
(red) and strong attractions (blue) but no “weak” interactions
(green) in 1C between the two molecular halves. The opposite
is observed for 1Pb (with the same drawing cut-offs) that clearly
shows a green isosurface orthogonal to the central bond,
emanating from the phenyl substituents.

Another approach for assessing the LD contributions is
through splitting the central tetrel bond and analyzing the
interactions between the two resulting fragments via a Local
Energy Decomposition (LED) analysis[27] as implemented in
ORCA (Version 4.1.2).[28] As a consequence of this approach, two
radical fragments interact at short range, resulting in large
electrostatic interactions. Hence, in this analysis we focus only
on the magnitude of the LD interactions evoked by three
phenyl-phenyl CH�π contacts (Figure 4). According to this
analysis, 1C benefits from the highest LD contribution, while all
higher congeners are LD-stabilized by a remarkably similar
amount around 20⌃5 kcalmol�1 for Tà6 C. That is, the instability
of 1C is not due to an insufficient LD stabilization but must lie
in the massive growth of steric repulsion at short distance (see
above). Vice versa, the lengthening of the central T�T bonds
reduces Pauli repulsion more than dispersion so that an overall
stabilization results.

In addition to the LED analysis, we utilized a homodesmotic
equation[29] (Figure 5) to determine the overall relative thermo-
dynamic stabilities of 1T. Thereby, we aimed at isolating the
amount of LD due to the three pairwise phenyl-phenyl contacts
excluding the central tetrel interactions through calculating
ΔΔEdisp=ΔG (B3LYP-D3(BJ))-ΔG (B3LYP).

Figure 2. Correlation of distance dT�T [Å] of the central tetrel bond with the
computed Gibbs free energies DG298

dim [kcalmol�1] for the depicted dimeriza-
tion reaction. Computations at the B3LYP-D3(BJ)/def2-TZVP level of theory.
The dashed line is used to guide the eye.

Figure 3. Non-covalent interaction (NCI) plots of hexaphenylethane 1C (left)
and the hexaphenyldiplumbane 1Pb compound (right) at the B3LYP-D3(BJ)/
def2-TZVP level of theory. Isosurfaces are colored on a blue-green-red scale
according to an isovalue s(1) of 0.2, ranging from 1(r)=�2 a.u. to +2 a.u.
Blue indicates strong attractive interactions, green corresponds to weak NCI,
and red indicates strong repulsion.
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The DFT computations not including LD suggest that the
presence of all six phenyl groups within one molecule (1T) is
highly unfavorable relative to distributing them across two
triphenylditetrels 2T. This picture would support the wide-
spread notion of the predominance of steric hindrance. The
elongation of the central tetrel bond entails a rapid decrease in
repulsive energy from ~46 kcalmol�1 in 1C to only
0.4 kcalmol�1 in 1Pb. Additionally, inclusion of LD, estimated
from the value of the D3 correction, stabilizes all structures.
Even though 1C is stabilized most, LD cannot outbalance the
strong repulsions, leading to an overall thermodynamically
unstable structure. As repulsion reduces upon central bond

elongation, all other tetrel derivatives beyond 1C are stabilized
overall. Whereas mixed 1CSi is thermo-neutral in terms of LD
and electron-electron repulsion, higher tetrel derivatives are
stable due to LD that falls off less rapidly than Pauli repulsion.
Consequently, LD interactions are most effective in the tetrel
derivative with the longest bond (1Pb) where the total energy
for this equation is comprised of 90% LD interactions.

As most recently demonstrated by Herbert and Carter-
Fenk,[20c] LD interactions and Pauli repulsion are the dominant
factor in the noncovalent dimerization process of two benzene
molecules, with the electrostatic component essentially being
sidelined.[20a,b,27a,30] Within the series of hexaphenylditetrels the
phenyl moieties adopt an off-set T-shaped geometry to
optimized these two dominant interactions. This supports our
findings since 1Si is the most stable hexaphenylditetrel with an
off-set CH�π distance of 3.1 Å. In order to qualitatively evaluate
the dispersion energy deriving from phenyl moieties, we also
employed a symmetry-adapted perturbation theory (SAPT)
analysis.[31] The scaled protocol was utilized to improve perform-
ance of the SAPT computations according to Parker et al.[32]

Hereby, we focus on the interaction between benzene
dimers.[33] We took the B3LYP-D3(BJ)/def2-TZVP optimized geo-
metries, removed the tetrels, and saturated the resulting phenyl
radicals with hydrogen atoms in order to avoid open-shell
configurations[34] (Figure 6). The total interaction energy (black)
shows an energy minimum at a central bond distance dSi–Si of
around 2.3 Å. The carbon derivative with a dC�C of 1.7 Å is again
the only thermodynamically unstable 1T due to the large Pauli
exchange repulsion term (red). All other structures are situated
within the attractive part of the diagram. While LD interactions
(green) are the main attractive component, electrostatics (blue)
as well as induction (brown) also favor the dimerization process.

Our findings utilizing various interaction analyses and a
homodesmotic equation are well in line with the conceptually
simple but very useful r�12 repulsive and r�6 LD[13a] attractive
(12,6)-Lennard-Jones type potential of the noncovalent inter-

Figure 4. LED analysis of two trityl monomer singlet radicals in their dimer
geometry at DLPNO-CCSD(T)/def2-TZVP//B3LYP-D3(BJ)/def2-TZVP. The
dashed line is used to guide the eye.

Figure 5. Homodesmotic equation with free energies (ΔG298) given in
kcalmol�1 at the B3LYP-D3(BJ)/def2-TZVP level of theory.

Figure 6. sSAPT analysis of two benzene monomers in geometry of the
hexaphenylditetrels, dT�T corresponds to the central tetrel bond. Computa-
tions at the sSAPT0/def2-TZVP level of theory.
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action distance. The much steeper repulsive potential may have
led to the general notion in structural chemistry that repulsion
may be more important overall, which is not true. As a
consequence, hexaphenyldisilane (1Si) is the most stable parent
hexaphenylditetrel derivative.

As we demonstrate here, there is a fine interplay of
attraction and repulsion in molecular structures; naturally, that
is why they are called “equilibrium structures.” As repulsion
decreases rapidly with distance, LD is the most important
stabilizing factor. The often invoked principle that longer bonds
are to be weaker[16] does not have to be true[35] in the presence
of additional interactions around the bonds in question. In the
cases shown here this means that depending on the length of
the central tetrel bond the phenyl groups can have a stabilizing
or destabilizing effect on the structures. Hence, the high
stability of the compounds with longer bonds is made possible
through the assistance of LD interactions of the phenyl groups.
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2.2 Gauging the Steric Effects of Silyl Groups with a Molecular Balance 
 

 

Abstract: 

We present an experimental and computational study of a cyclooctatetraene (COT)-based 
molecular balance disubstituted with commonly used silyl groups.  Such groups often serve 
as protecting groups and are typically considered innocent bystanders.  Our motivation here 
is to determine the actual steric effects of such groups by employing a molecular balance.  
While in the unfolded 1,4-valence isomer the silyl groups are far apart (ds–s ≥ 5.15 Å), the 
folded 1,6-isomer is affected greatly by noncovalent interactions due to close s–s contacts 
(ds–s ≤ 2.58 Å).  In order to investigate the thermodynamic equilibrium between the 1,6- and 
1,4-valence isomers, we employed temperature-dependent nuclear magnetic resonance 
measurements.  Additionally, we assessed the nature of attractive and repulsive interactions 
in 1,6-disilyl-COT derivatives via a combination of local energy decomposition analysis (LED) 
and symmetry-adapted perturbation theory (SAPT) at the DLPNO-CCSD(T)/def2-TZVP and 
sSAPT0/aug-cc-pVDZ levels of theory.  We identified London dispersion interactions as the 
main contributor to the molecular stability of the folded states, whereas Pauli exchange re-
pulsion and a resulting internal strain favor the unfolded diastereomer.   
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ABSTRACT: We present an experimental and computational study
of a cyclooctatetraene (COT)-based molecular balance disubstituted
with commonly used silyl groups. Such groups often serve as
protecting groups and are typically considered innocent bystanders.
Our motivation here is to determine the actual steric effects of such
groups by employing a molecular balance. While in the unfolded 1,4-
valence isomer the silyl groups are far apart (dσ−σ ≥ 5.15 Å), the
folded 1,6-isomer is affected greatly by noncovalent interactions due
to close σ−σ contacts (dσ−σ ≤ 2.58 Å). In order to investigate the
thermodynamic equilibrium between the 1,6- and 1,4-valence
isomers, we employed temperature-dependent nuclear magnetic
resonance measurements. Additionally, we assessed the nature of
attractive and repulsive interactions in 1,6-disilyl-COT derivatives via a combination of local energy decomposition analysis (LED)
and symmetry-adapted perturbation theory (SAPT) at the DLPNO-CCSD(T)/def2-TZVP and sSAPT0/aug-cc-pVDZ levels of
theory. We identified London dispersion interactions as the main contributor to the molecular stability of the folded states, whereas
Pauli exchange repulsion and a resulting internal strain favor the unfolded diastereomer.

■ INTRODUCTION
Silyl groups often are conveniently employed to transform, for
example, “reactive” hydroxyl groups to “unreactive” silyl
ethers.1,2 These groups enjoy great popularity due to their
commercial availability, simple attachment, as well as mild and
selective detachment procedures. Such silyl-protecting groups
are commonly chosen on the basis of their stability under
typically neutral or basic reaction conditions. The bulkiness of
silyl-protecting groups is mostly considered only with regards
to selective cleavability.3 The use of abbreviations such as TPS
(triphenylsilyl) further obfuscates the spatial demand of such
groups. However, attaching bulky silyl-protecting groups to a
flexible backbone can significantly alter conformational
preferences and hence the stereoelectronic properties of a
system. This is highlighted by so-called “super-armed” glycosyl
donors, for which exclusive protection with bulky silyl ethers
enforces an all-axial conformation.4,5 As a consequence, this
results in a reactivity increase by more than an order of
magnitude in comparison to the benzylated derivatives.4,5

Clearly, bulkiness is an important feature of the most
frequently utilized silyl-protecting groups, but this fact is
often not given much attention. Consequently, only a few
efforts have been made to quantify the steric demand of such
groups.6−8

In recent years, the role of London dispersion (LD)
interactions9−12 as a decisive structural factor for conforma-
tional preferences and transition structures emerged in a
variety of molecular systems.13−19 Because LD interactions are

approximately additive pairwise interactions, it is clear that
large alkyl and silyl groups must be more than just providers of
steric bulk. While LD interactions between alkyl groups,
allegedly, are capable of facilitating labile compounds such as
hexaphenylethane20−23 or coupled diamondoids24 by offering
intramolecular stabilization, the effects of commonly utilized
silyl groups have not been studied in detail. Apart from
intramolecular noncovalent interactions, intermolecular stabi-
lization via silyl groups, that is, in transition structures, can be
of great importance. Hartwig et al.25 already demonstrated the
impact of trimethylsilyl (TMS) as a dispersion energy donor
group26 (DED11,27) in hydroboration reactions. Here, the
TMS groups increased reaction rates by binding the substrate
more efficiently. With the aim to utilize silyl groups as variable
steric directing groups, we chose a cyclooctatetraene (COT)-
based molecular balance to gauge the size and potential of
commonly used silyl groups to act as DEDs.
A systematic study of the di-tert-butyl-substituted COT

molecular balance in various solvents highlighted the attractive
nature of LD interactions.28 The disubstituted COT system,
initially presented by Streitwieser et al.29 using di-tert-butyl
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substituents and its folding mechanism (a double-bond valence
shift and ring inversion30,31), has been studied both
experimentally32−34 and computationally.35,36 All studies
confirmed the sterically more hindered 1,6-di-tert-butyl COT
to be the preferred valence isomer in solution and in the gas
phase.
We chose the COT system to enforce close σ−σ contacts in

the 1,6-disilyl-COT (Scheme 1) valence isomer. On the other
hand, the 1,4-disilyl-COT does not display close contacts
between the silyl groups. An analysis of the equilibrium
between 1,6- and 1,4-disilyl-COT should offer insights into the
attractive and repulsive nature between the silyl groups. While
di-tert-butyl substituted COT prefers the folded isomer
independent of the solvent, bulky silyl groups are expected to
disfavor this valence isomer due to an increasing number of
repulsive contacts.28 Therefore, our system is suitable to gauge
the relative bulkiness of various silyl groups.

■ RESULTS AND DISCUSSION
We utilized the COT molecular balance substituted with
trimethylsilyl37 (TMS), triethylsilyl (TES), tert-butyldimethyl-
silyl38 (TBDMS), tri-iso-propylsilyl39 (TIPS), tri-iso-butylsilyl
(TIBS), tris(trimethylsilyl)silyl (TTMSS), and triphenylsil-
yl40,41 (TPS).
We adopted modified literature procedures37−41 to synthe-

size the disilyl COT derivatives (Scheme 2). We gathered

single-crystal X-ray structural data for di-TIPS-COT (Scheme
2) and di-TTMSS-COT (see Supporting Information). Both
compounds crystallize in the unfolded valence isomer form,
thereby maximizing intermolecular alkyl−alkyl interactions. In
solution, di-TIPS-COT equilibrates between both diaster-
eomers. The thermodynamic equilibria were subjected to van’t
Hoff analyses utilizing temperature-dependent nuclear mag-
netic resonance (NMR) measurements to dissect the isomer-
ization enthalpies (ΔHeq) and entropies (ΔSeq).
NMR samples were equilibrated for 16 h at 40 °C prior to

the experiment (Figure 1) and measured in the temperature
range of 313−373 K (steps of 10 K; for details, see Supporting
Information). All COT balances show linear regressions with
R2 > 0.97. As the folding equilibrium of di-tert-butyl
substituted COT varies with the NMR solvent in a range
from Keq = 1.18−2.13, toluene was chosen for temperature-
dependent measurements, as it lies in the middle of the solvent
bias range (Keq = 1.55).28

We also analyzed the noncovalent interactions between the
silyl groups computationally utilizing the well-established
B3LYP42,43 functional excluding and including LD interactions
with the Becke−Johnson (BJ) damped dispersion D3
correction of Grimme et al.27,44 This provides an estimate of
the LD correction. To validate this method, we compared our
results with those computed using the M06-2X45 and ωB97X-
D46 functional combinations. Ahlrich’s def2-TZVPP basis set47

was used for all computations. Because all methods show the
same trend, the B3LYP-D3(BJ)/def2-TZVPP-optimized geo-
metries were utilized as the basis for DLPNO-CCSD(T)/def2-
TZVP single-point energy computations48,49 (see Supporting
Information). This approach has demonstrated good agree-
ment with experimental data for COT molecular balances.28

The rate-determining double-bond valence shift barrier was
computationally estimated to be around 24 kcal mol−1 for
alkyl-substituted silyl groups, which is similar to that of di-tert-
butyl COT.28 In contrast, the activation barrier for di-TPS-
COT was estimated to be around 35 kcal mol−1, that is,
thermally out of reach for our experimental parameters (see
Supporting Information).
While the silyl groups are even more demanding in size than

a tert-butyl substituent (with van der Waals Volume of around
101 Å3, Scheme 3 and Supporting Information), the equilibria
between 1,6- and 1,4-disilyl-COT were assumed to shift
markedly toward the unfolded balance. Figure 2 displays the
experimental enthalpies ΔHeq (black markings) and the
computed values (red markings). While computations suggest
that the di-TMS-COT is nearly thermoneutral (ΔHeq ≈ 0 kcal
mol−1), larger silyl groups shift the equilibrium toward 1,4-
disilyl-COT. The computed increase in energy for the
equilibrium depicted in Figure 2 between di-TBDMS-, di-
TES-, di-TIPS-, and di-TTMSS-COT ranges from 0.3 to 1.4
kcal mol−1, favoring 1,4-disilyl-COT. The computational
assessment and the experimental data agree within ±0.6 kcal
mol−1 with an experimental error smaller than 0.13 kcal mol−1.
The experimentally determined enthalpy value for di-TMS-
COT is with ΔHeq = −0.6, only 0.1 kcal mol−1 higher in energy
than the di-tert-butyl substituted COT.28 While di-TTMSS-
COT is completely in favor of 1,4-disilyl-COT and therefore
cannot be measured, the di-TIPS-COT equilibrium shows the
highest enthalpy (ΔHeq = 1.7 kcal mol−1). Interestingly, di-
TIBS-COT does not follow the expected pattern that a larger
van der Waals surface or volume introduces more steric
hindrance into the system. Both the computational and

Scheme 1. Equilibrium of 1,4- and 1,6-Disilyl Substituted
Cyclooctatetraene

Scheme 2. Synthetic Procedure for the Preparation of
Disilyl COT Derivatives (Left) and Single Crystal X-ray
Structure of di-TIPS COT (Bottom Right, Bond Distances
in Å)a

aThermal ellipsoid plot of the molecular structure obtained by single-
crystal X-ray diffraction was drawn at 50% probability level.
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experimental values give a ΔHeq as high as di-TBDMS- and di-
TES-COT (ΔHeq ≈ 0.8 kcal mol−1). Therefore, an additional
source of stabilization must be present.
Three questions arise from the data collected:
1. What is the origin of the stabilization of the folded di-

TMS-COT?
2. Why do larger silyl groups not show similar behavior?
3. Why does di-TIBS-COT not follow that trend?
To answer the first question, we focused on the noncovalent

interactions between the interacting groups. By utilizing
homodesmotic equations,50,51 we extracted the magnitude of
the LD interactions due to close σ−σ contacts between the
silyl groups in 1,6-disilyl-COT. Including and excluding LD
interactions via Grimme’s D3(BJ) correction results in an LD
correction estimate, which we take, in a first approximation, as
a measure of the dispersion energy. This seems reasonable, as
we are comparing similar groups in the same molecular system
where absolute magnitudes are less important than relative
measures for comparison.
The analysis reveals large LD contributions between the silyl

groups (Figure 3). Whereas the DFT computations excluding
LD (red bars) demonstrate the general assumption that large
substituents repel each other due to steric hindrance, including
LD (blue bars) suggests the opposite trend. The magnitude of
LD interactions (green bars) increases with the size of the silyl

groups. Therefore, the largest alkyl substituent (TTMSS)
stabilizes 1,6-disilyl-COT by around ΔEdisp = −5.0 kcal mol−1.
Only di-TIBS-COT deviates from the general trend observed.
For better energy estimates of the intramolecular LD

interactions, we performed local energy decomposition52−54

(LED) analyses as implemented in ORCA.55 Thereby, we
separated each balance into three molecular fragments (F1, F2,
and F3) according to Figure 4 and dissected the interaction
energy into its main parts. Because this process involves bond
splitting, the resulting radical fragment interactions involve
large electrostatic interactions. As a consequence, we can only
isolate an energy term for LD interactions between F2 and F3.
Apart from di-TIBS substituted COT, the results of this

analysis (Figure 4) fit qualitatively to the results of the
homodesmotic equation (Figure 3). While in both cases the
magnitude of intramolecular LD interactions increases from di-
TMS- to di-TTMSS-COT, di-TIBS-COT is the strongest
dispersion energy donor (DED) group within the LED
analysis. On the other hand, di-TMS-COT benefits the least
from stabilizing LD interactions. Nevertheless, it is the only
case favoring 1,6-disilyl-COT. Counteracting repulsive inter-
actions do not outweigh the LD stabilization in di-TMS-COT.
The strong stabilizing contacts between two TIBS groups
translate into a measurable shift in the equilibrium as well. In
comparison to di-TMS-COT, the interaction is not prominent

Figure 1. 1H NMR spectra (600 MHz) and signal assignment of the equilibrium between 1,4- (red) and 1,6-di-TMS (blue) COT at 40 °C.

Scheme 3. Comparison of van der Waals Surfaces and Volumes of Tri-substituted Silyl Groups (Optimized with the Silane
Geometry) at the B3LYP-D3/def2-TZVPP Level of Theory
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enough to favor 1,6-disilyl-COT. Because larger groups favor
1,4-disilyl-COT, destabilizing interactions must counteract LD.
To answer the second question, we aimed at isolating the

contributions of Pauli repulsion for 1,4- and 1,6-disilyl-COT.
We employed symmetry-adapted perturbation theory56

(SAPT) at the sSAPT0/aug-cc-pVDZ level of theory utilizing
a scaled protocol according to Parker et al.57 To isolate
interactions between the silyl groups, we employed B3LYP-
D3/def2-TZVPP optimized structures, removed the COT
backbone, and saturated the radical sites.58 The total
interaction energy Etot can then be decomposed into its main
components (Figure 5). Whereas the inductive energy Eind
(yellow markings) and the electrostatic energy Eelst (blue
markings) terms marginally stabilize 1,6-disilyl-COT, the main

contributors to the total interaction energy are LD interactions
Edisp (green markings) and Pauli exchange repulsion Eexch (red
markings). While 1,4-disilyl-COT is hardly influenced by
repulsive interactions, the close σ−σ contacts in 1,6-disilyl-
COT result in significant Pauli repulsion (Figure 5). The latter
is, however, largely offset by LD interactions for all studied
derivatives and hence cannot be the decisive factor for the shift
in folding equilibria. In particular, di-TIBS-COT benefits from
stabilizing LD interactions coupled with fewer steric
constraints than di-TTMSS-COT. Therefore, flexible alkyl
groups align more efficiently and optimize the balance between
attractive and repulsive contacts.
The SAPT analysis does not directly yield an explanation for

our findings, and the origin of increasing destabilization must
lie elsewhere. When assessing optimized 1,6-disilyl-COT
structures, we noticed significant deviations in the geometric
parameters of the respective COT backbone with differing silyl
groups, that is, the dihedral angle α (Figure 6). Consequently,
we carried out a strain analysis, with the aim of capturing ring
strain introduced in both the COT scaffold and the silyl

Figure 2. Enthalpies for the equilibrium of 1,4- and 1,6-disilyl
substituted cyclooctatetraene. Experimental data (black markings)
were derived from van’t Hoff analyses. Computations (red markings)
at the DLPNO-CCSD(T)/def2-TZVP//B3LYP-D3/def2-TZVPP
level of theory. The silyl groups were ordered according to increasing
van der Waals surface. All datapoints within the shaded area favor 1,4-
disilyl-COT. Data for tBu was extracted from the work of Schümann
et al.28

Figure 3. Homodesmotic equation and reaction enthalpies (ΔrH
298)

in kcal mol−1 at B3LYP(D3(BJ))/def2-TZVPP.

Figure 4. LED analysis of two silyl groups in their 1,6-disilyl-
substituted cyclooctatetraene geometry at DLPNO-CCSD(T)/def2-
TZVP//B3LYP-D3(BJ)/def2-TZVPP.

Figure 5. sSAPT analysis of two silyl groups in geometries of the
respective 1,6-COT derivative at sSAPT0/aug-cc-pVDZ. The dashed
lines are used as a guide to the eye.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c03103
J. Org. Chem. 2022, 87, 4670−4679

4673



44 
 

groups. To account for the ring strain, we utilized the B3LYP-
D3/def2-TZVPP optimized structures, split off the substitu-
ents attached to Si, and saturated the compound with H to give
a strained disilane COT. Next, the single-point energies of
these compounds were compared to a disilane COT optimized
at the same level of theory. Additionally, we utilized the
optimized structures, removed the COT molecular backbone,
and saturated the radical sites to give the corresponding
strained silanes. Again, the difference in energy between
strained silanes and geometry optimized compounds was taken
into account (for details, see Supporting Information).
Figure 6 displays the sum of strain energy ΔEstrain exerted on

the ring due to the substituents of the corresponding di-silyl
substituted COT derivative and van der Waals strain
introduced in the silyl groups due to repulsive contacts (see
Supporting Information for details). While the incorporation of
six methyl groups does not affect ΔEstrain (0.0 kcal mol−1 for di-
TMS-COT), the introduction of bulkier substituents leads to a
rise in strain up to 1.9 kcal mol−1 for di-TTMSS-COT. For
smaller and flexible silyl substituents up to TIBS ΔEstrain is
mostly comprised of strain from the silyl substituents (see
Supporting Information). The influence of ring strain increases
significantly for bulkier and rigid substituents (TIPS and
TTMSS). The strain energy is a result of the attenuation of
Pauli repulsion between both silyl groups. By increasing the
distance between substituents the release in repulsive
interaction energy is directly exerted on the COT molecular
backbone. Because LD decreases slower with respect to the
distance (r−6) in comparison to Pauli repulsion (r−12), the ratio
of both energy components is optimized.9,10

By mapping the obtained experimental data to parameters
capturing steric bulk, such as A-values,7,8,59 solvolysis rates,6

and Tolman’s steric parameter θ,60,61 the suitability of disilyl
COTs to gauge the steric size of silyl groups can be further
rationalized. While θ resembles an empirical measure, it is
nevertheless often used to assess the steric demand of ligands.
Figure 7 showcases the correlation between θ and ΔGeq values
of the disilyl COT balances. Because of the strong correlation
observed, it is possible to predict θ from computed or
experimental ΔGeq values. For instance, TIBS has recently
found use as a protecting group in organic synthesis but has
not been characterized within the framework of steric
parameters. According to the data collected (Figure 7), we

can determine θ = 144° for the TIBS group (red marking),
which is in accordance with Tolman’s parameter for P(iBu)3 (θ
= 143°).60 Similar correlations of ΔGeq to steric parameters
such as A-values and solvolysis rates are observed (see
Supporting Information).

■ CONCLUSIONS
We prepared a variety of 1,4- and 1,6-disilyl-substituted
cyclooctatetraene structures and conducted temperature-
dependent NMR measurements to determine equilibrium
parameters. By comparing the thus obtained ΔHeq values to
computed thermochemical data (ΔrH298, and ΔEstrain), we were
able to pinpoint LD interactions as a key factor affecting the
folding equilibria. The main interaction energy component that
counteracts LD is Pauli exchange repulsion, while the induced
strain is a mechanism to either attenuate repulsion or optimize
LD. With the exception of di-TMS-COT, ring strain
overcompensates the stabilizing contribution of LD inter-
actions in the folded 1,6-isomer. Hence, the equilibrium shifts
toward the unfolded 1,4-isomer as bulkier silyl groups are
installed.
Our experimentally determined ΔGeq values correlate well

with steric parameters for silyl groups known from the
literature. The ring strain observed in the 1,6-valence isomers
can be interpreted as a “fingerprint” of the respective group.
This renders the COT molecular balance system suitable for
gauging the relative bulkiness of silyl and, in the future, other
groups.
LD interactions turn out to play a key role in stabilizing the

folded 1,6-isomers. This is particularly evident from LED and
SAPT analyses (vide infra). Without the LD contributions, the
equilibria are predicted to favor the unfolded 1,4-isomer much
more strongly than what is observed experimentally.
While the incorporation of bulky substituents directly

attached to Si (TMS, TBDMS, TIPS, and TTMSS) results
in a linear correlation between the actual size (van der Waals
surface, Scheme 3) and the apparent relative bulkiness (ΔGeq
and ΔHeq, Figure 2) of silyl groups, a remote substitution

Figure 6. Strain energy ΔEstrain for disilyl-substituted cycloocate-
traene. The energy values correspond to the relative strain between
1,4- and 1,6-disilyl-substituted cyclooctatetraene.

Figure 7. Correlation of experimental free energy values (ΔGeq) of
the COT molecular balances and Tolman’s steric parameter. The
dashed line is derived from linear regression of the black data points.
The red marking was calculated according to a linear regression as a
guide to the eye.
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pattern as in di-TIBS-COT stabilizes the folded 1,6-valence
isomer via LD interactions.

■ EXPERIMENTAL SECTION
General Information. Thin-layer chromatography was carried

out using PolyGram SIL G/UV254 plates with detection via UV λ =
254 nm and by staining with a 10 wt % ethanolic phosphomolybdic
acid (PMA) stain solution. All chemicals were commercially obtained
from Acros Organics, TCI, and Sigma-Aldrich and used without
further purification. Anhydrous solvents were purchased from Acros
Organics. Unless otherwise noted, all reactions were carried out under
standard Schlenk conditions employing N2 as the inert gas. Standard
NMR spectra were obtained using Bruker Avance II 400 MHz and
Bruker Avance III HD 400 MHz (13C spectra) spectrometers.
Temperature-dependent NMR experiments were carried out with a
Bruker Avance III HD 600 MHz spectrometer. High-resolution mass
spectra were obtained with a Bruker micrOTOF mass spectrometer.
For temperature-dependent measurements, NMR samples were
equilibrated for 16 h at 40 °C prior to the experiment utilizing an
IKA ICC basic eco 8 immersion circulator.
Temperature-Dependent NMR Experiments. After sample

transfer from the thermostat to the NMR spectrometer, equilibration
was continued for another hour in the spectrometer before the first
spectrum (40 °C) was recorded. Spectra were recorded in 10 °C
steps. From 60 °C onward, the equilibration period before
measurement was reduced to 30 min.
Synthetic Procedures. Triphenylsilyl Triflate (4). Triphenylsilyl

triflate was prepared according to a modified literature procedure.62

To a stirred suspension of 3.592 g (14 mmol) of AgOTf in 30 mL of
DCM was added a solution of 4.428 g (15 mmol) triphenylsilyl
chloride in 20 mL of DCM at room temperature. After complete
addition, the reaction mixture was stirred under the exclusion of light
at room temperature for another 12 h. The mixture was then filtered
to remove AgCl, yielding a clear colorless filtrate. The filtrate was then
concentrated under reduced pressure to yield 6.032 g of a colorless
solid, which was used without further purification in the preparation
of di(TPS)cyclooctatetraene 3g.
Tris(trimethylsilyl)silyl Triflate (5). Tris(trimethylsilyl)silyl silane

(4.63 mL, 15 mmol) was diluted with 7 mL of n-pentane. Afterward,
1.25 mL (14 mmol, 0.95 equiv) of trifluoromethanesulfonic acid was
added dropwise (gas formation) and the resulting mixture was stirred
for 1 h at room temperature. The resulting solution was used without
further purification in the preparation of di(TTMSS)-
cyclooctatetraene 3f.
Tri(isobutyl)silyl Triflate (6). Triisobutylsilane 3.87 mL (15 mmol)

was diluted in 5 mL of n-pentane. Afterward, 1.23 mL (14 mmol, 0.95
equiv) of trifluoromethanesulfonic acid was added dropwise (gas
formation) and the resulting mixture was stirred for 1 h at room
temperature. The resulting solution was used without further
purification in the preparation of di(TIBS)cyclooctatetraene 3c.
5,8-Di(silyl)cycloocta-1,3,6-trienes (2).37−41 5,8-Di(silyl)-

cycloocta-1,3,6-trienes were prepared according to the following
general procedure: to a stirred solution of 0.98 mL (8.0 mmol) of 1,5-
cyclooctadiene in 10 mL of n-pentane was added 9.60 mL (24 mmol,
3.0 equiv) of a n-butyllithium solution (2.5 M in hexanes) at 0 °C.
Afterward, 3.60 mL (24 mmol, 3.0 equiv) of TMEDA was added
dropwise and the yellow solution was kept stirring at 0 °C for 15 min.
The cooling bath was removed thereafter, and stirring was continued
at room temperature for 48 h. To the then orange mixture was added
20 mL of DME, and stirring was continued for another 15 min at
room temperature. The mixture was then filtered to yield a deep red
filtrate that was cooled to −50 °C and treated with 1.75 equiv of the
corresponding silyl triflate or silyl chloride. After 30 min at −50 °C,
the reaction mixture was quenched with 20 mL of a saturated aqueous
NaHCO3 solution. Phases were separated, and the aqueous phase was
extracted with n-hexane (3 × 50 mL). The combined organic phases
were dried over anhydrous MgSO4, filtered, and concentrated under
reduced pressure to yield the corresponding crude products as either
off-white oils or solids. Purification was carried out by filtering

through a pad of silica eluting with n-hexane or a 10:1 mixture of n-
hexane and ethyl acetate (5,8-di(TPS)cycloocta-1,3,6-triene 2g).
Because of their instability, the 5,8-di(silyl)cycloocta-1,3,6-triene 2
precursors were used immediately in the next synthetic step.

Di(TMS)cyclooctatetraene (3a). 1.264 g (5.0 mmol) of 5,8-
di(TMS)cycloocta-1,3,6-triene was dissolved in 20 mL of THF and
cooled to −50 °C. While stirring, 4.45 mL (11 mmol, 2.2 equiv) of
2.5 M n-butyllithium in hexanes was added dropwise. After stirring for
15 min at −50 °C, the reaction mixture was allowed to reach 0 °C by
replacing the liquid nitrogen−acetone cooling bath with an ice-water
cooling bath. Stirring of the solution was continued for 2 h at 0 °C.
The now deep red solution was brought to −30 °C, and 1.712 g (10
mmol, 2.0 equiv) of silver nitrate was added in small portions. The
reaction mixture was stirred for a further 16 h at room temperature
before quenching was carried out with 20 mL of water. Phases were
separated, and the aqueous phase was extracted with n-hexane (3 × 50
mL). The combined organic phases were dried over anhydrous
MgSO4, filtered, and concentrated under reduced pressure to yield the
crude product as an off-white solid. The crude product was purified by
crystallization using methanol at −25 °C, yielding 1.093 g (4.4 mmol,
55% over two steps) of 3a as a colorless solid.

1H NMR (400 MHz, CDCl3), 1,4-3a: δ 6.11 (s, 2H), 5.99−5.84
(m, 2H), 5.73 (q, J = 2.8 Hz, 2H), 0.07 (s, 18H).

1H NMR (400 MHz, CDCl3), 1,6-3a: δ 5.99−5.84 (m, 6H), 0.08
(s, 18H).

13C{1H} NMR (100 MHz, CDCl3): δ 149.3, 148.8, 139.6, 138.4,
134.2, 132.9, 132.3, 129.3, −1.4, −1.6.

HRMS (APCI-TOF) m/z: [M + H]+ calcd for C14H24Si2,
249.1494; found, 249.1487.

Di(silyl)cyclooctatetraenes (3).37−41 With the exception of di-
(trimethylsilyl)cyclooctatetraene 3a, all cyclooctatetraenes were
prepared according to the following general procedure: a 0.25 M
solution of the corresponding 5,8-di(silyl)cycloocta-1,3,6-triene 2 in
THF was prepared and cooled to −50 °C. While stirring, 2.2 equiv of
n-butyllithium (2.5 M in hexanes) was added dropwise. After stirring
for 15 min at −50 °C, the reaction mixture was allowed to reach 0 °C
by replacing the liquid nitrogen−acetone cooling bath with an ice-
water cooling bath. Stirring of the deep red solution was continued for
2 h at 0 °C before cooling the solution to −30 °C. Upon complete
addition of 1.1 equivalents of elemental iodine at −30 °C in small
portions, the color of the solution faded completely. The reaction
mixture was stirred for another 15 min before quenching was carried
out with 20 mL of a saturated aqueous Na2SO3 solution. Phases were
separated, and the aqueous phase was extracted with n-hexane (3 × 50
mL). The combined organic phases were dried over anhydrous
MgSO4, filtered, and concentrated under reduced pressure to yield the
corresponding crude products as either off-white oils or solids. The
di(silyl)cyclooctatetraenes were purified either by trituration with
cold methanol (−20 °C) or by silica flash column chromatography
eluting with n-hexane or a 10:1 mixture of n-hexane and ethyl acetate
(di(TPS)cyclooctatetraene 3g).

Di(TES)cyclooctatetraene (3b). 3.16 mL (14 mmol, 1.75 equiv) of
triethylsilyl triflate was utilized according to the general procedure
described above for the preparation of 5,8-di(silyl)cycloocta-1,3,6-
trienes (2). 1.686 g (5.0 mmol) of 5,8-di(TES)cycloocta-1,3,6-triene
2b was obtained as a colorless oil. Compound 2b was dissolved in 20
mL of THF and subsequently treated as in the general procedure for
the preparation of di(silyl)cyclooctatetraenes (3) described above.
4.43 mL (11 mmol) of 2.5 M n-butyllithium in hexanes and 1.404 g
(5.5 mmol) of elemental iodine were utilized for the preparation of
di(TES)cyclooctatetraene (3b). After purification by flash column
chromatography, 1.408 g (4.2 mmol, 53%) of 3b was obtained as a
colorless oil.

1H NMR (400 MHz, CDCl3), 1,4-3b: δ 6.09 (s, 2H), 5.96−5.79
(m, 2H), 5.69 (q, J = 2.8 Hz, 2H), 0.98−0.89 (m, 18H), 0.65−0.52
(m, 12H).

1H NMR (400 MHz, CDCl3), 1,6-3b: δ 5.96−5.79 (m, 6H), 0.98−
0.89 (m, 18H), 0.65−0.52 (m, 12H).

13C{1H} NMR (100 MHz, CDCl3): δ 146.0, 145.2, 141.2, 139.9,
135.0, 132.9, 132.6, 128.8, 7.6, 7.5, 3.1, 3.0.
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HRMS (APCI-TOF) m/z: [M + H]+ calcd for C20H36Si2,
333.2434; found, 333.2427.
Di(TIBS)cyclooctatetraene (3c). Tri(isobutyl)silyl triflate (6) was

utilized according to the general procedure described above for the
preparation of 5,8-di(silyl)cycloocta-1,3,6-trienes (2). 2.495 g (5.0
mmol) of 5,8-di(TIBS)cycloocta-1,3,6-triene 2c was obtained as a
colorless oil. Compound 2c was dissolved in 20 mL of THF and
subsequently treated as in the general procedure for the preparation of
di(silyl)cyclooctatetraenes (3) described above. 4.40 mL (11 mmol)
of 2.5 M n-butyllithium in hexanes and 1.385 g (5.5 mmol) of
elemental iodine were utilized for the preparation of di(TES)-
cyclooctatetraene (3b). After purification by flash column chromatog-
raphy, 2.085 g (4.2 mmol, 52%) of 3c was obtained as a colorless oil.

1H NMR (400 MHz, CDCl3), 1,4-3c: δ 6.05 (s, 2H), 5.93 (q, J =
2.7 Hz, 2H), 5.65 (q, J = 2.8 Hz, 2H), 1.86−1.74 (m, 6H), 0.96−0.90
(m, 36H), 0.69−0.54 (m, 12H).

1H NMR (400 MHz, CDCl3), 1,6-3c: δ 5.99 (s, 2H), 5.85 (s, 2H),
5.84 (s, 2H), 1.86−1.74 (m, 6H), 0.96−0.90 (m, 36H), 0.69−0.54
(m, 12H).

13C{1H} NMR (100 MHz, CDCl3): δ 147.5, 146.6, 141.4, 140.3,
135.3, 132.9, 132.9, 129.2, 26.9, 26.8, 26.8, 26.7, 24.9, 24.9, 24.1, 23.7.
HRMS (APCI-TOF) m/z: [M + H]+ calcd for C32H60Si2,

501.4312; found, 501.4308.
Di(TBDMS)cyclooctatetraene (3d). 3.22 mL (14 mmol) of tert-

butyldimethylsilyl triflate was utilized according to the general
procedure described above for the preparation of 5,8-di(silyl)-
cycloocta-1,3,6-trienes (2). 2.821 g (5.6 mmol) of 5,8-di(TBDMS)-
cycloocta-1,3,6-triene 2d was obtained as a colorless solid. Compound
2d was dissolved in 22 mL of THF and subsequently treated as in the
general procedure for the preparation of di(silyl)cyclooctatetraenes
(3) described above. 4.93 mL (12 mmol) of 2.5 M n-butyllithium in
hexanes and 1.570 g (6.2 mmol) of elemental iodine were utilized for
the preparation of di(TBDMS)cyclooctatetraene (3d). After
purification by trituration with cold methanol, 2.523 g (5.0 mmol,
63%) of 3d was obtained as a colorless solid.

1H NMR (400 MHz, CDCl3), 1,4-3d: δ 6.10 (s, 2H), 6.01−5.84
(m, 2H), 5.68 (q, J = 2.8 Hz, 2H), 0.90 (s, 18H), 0.08−0.01 (m,
12H).

1H NMR (400 MHz, CDCl3), 1,6-3d: δ 6.01−5.84 (m, 6H), 0.89
(s, 18H), 0.08−0.01 (m, 12H).

13C{1H} NMR (100 MHz, CDCl3): δ 146.6, 145.9, 141.8, 140.9,
136.0, 133.2, 132.9, 128.8, 27.0, 27.0, 17.4, 17.2, −5.6, −5.7, −5.7,
−6.2.
HRMS (APCI-TOF) m/z: [M + H]+ calcd for C20H36Si2,

333.2434; found, 333.2428.
Di(TIPS)cyclooctatetraene (3e). 3.76 mL (14 mmol) of

triisopropylsilyl triflate was utilized according to the general
procedure described above for the preparation of 5,8-di(silyl)-
cycloocta-1,3,6-trienes (2). 2.113 g (5.0 mmol) of 5,8-di(TIPS)-
cycloocta-1,3,6-triene 2e was obtained as a colorless solid. Compound
2e was dissolved in 20 mL of THF and subsequently treated as in the
general procedure for the preparation of di(silyl)cyclooctatetraenes
(3) described above. 4.43 mL (11 mmol) of 2.5 M n-butyllithium in
hexanes and 1.412 g (5.5 mmol) of elemental iodine were utilized for
the preparation of di(TIPS)cyclooctatetraene (3e). After purification
by trituration with cold methanol, 1.650 g (4.0 mmol, 50%) of 3e was
obtained as a colorless solid.

1H NMR (400 MHz, CDCl3), 1,4-3e: δ 6.11 (s, 2H), 6.03−5.83
(m, 2H), 5.67 (q, J = 2.8 Hz, 2H), 1.15−1.01 (m, 42H).

1H NMR (400 MHz, CDCl3), 1,6-3e: δ 6.03−5.83 (m, 6H), 1.15−
1.01 (m, 42H).

13C{1H} NMR (100 MHz, CDCl3): δ 144.3, 142.6, 142.2, 141.9,
136.6, 133.5, 132.8, 128.5, 19.0, 19.0, 18.8, 18.7, 11.4, 11.2.
HRMS (APCI-TOF) m/z: [M + H]+ calcd for C26H48Si2,

417.3373; found, 417.3368.
Di(TTMSS)cyclooctatetraene (3f). Tris(trimethylsilyl)silyl triflate

(5) was utilized according to the general procedure described above
for the preparation of 5,8-di(silyl)cycloocta-1,3,6-trienes (2). 2.872 g
(4.8 mmol) of 5,8-di(TTMSS)cycloocta-1,3,6-triene 2f was obtained
as a colorless solid. Compound 2f was dissolved in 19 mL of THF and

subsequently treated as in the general procedure for the preparation of
di(silyl)cyclooctatetraenes (3) described above. 4.22 mL (10 mmol)
of 2.5 M n-butyllithium in hexanes and 1.328 g (5.3 mmol) of
elemental iodine were utilized for the preparation of di(TTMSS)-
cyclooctatetraene (3f). After purification by trituration with cold
methanol, 2.295 g (3.8 mmol, 48%) of 3f was obtained as a colorless
solid.

1H NMR (400 MHz, CDCl3), 1,4-3f: δ 6.01 (s, 2H), 5.89 (q, J =
2.8 Hz, 2H), 5.59 (q, J = 2.8 Hz, 2H), 0.21−0.17 (m, 54H).

13C{1H} NMR (100 MHz, CDCl3): δ 142.2, 141.4, 138.2, 126.9,
1.5.

HRMS (APCI-TOF) m/z: [M + H]+ calcd for C26H60Si8,
597.2927; found, 597.2924.

Di(TPS)cyclooctatetraene (3g). Triphenylsilyl triflate (4) was
utilized according to the general procedure described above for the
preparation of 5,8-di(silyl)cycloocta-1,3,6-trienes (2). 1.391 g (2.2
mmol) of 5,8-di(TPS)cycloocta-1,3,6-triene 2g was obtained as a
colorless solid. Compound 2g was dissolved in 9 mL of THF and
subsequently treated as in the general procedure for the preparation of
di(silyl)cyclooctatetraenes (3) described above. 1.96 mL (4.9 mmol)
of 2.5 M n-butyllithium in hexanes and 0.631 g (2.5 mmol) of
elemental iodine were utilized for the preparation of di(TPS)-
cyclooctatetraene (3g). After purification by flash column chromatog-
raphy (10:1 n-hexane and ethyl acetate), 0.638 g (1.0 mmol, 13%) of
3g was obtained as a colorless solid.

1H NMR (400 MHz, CD2Cl2), 1,4-3g: δ 7.61−7.25 (m, 30H), 6.24
(s, 2H), 6.10 (q, J = 2.8 Hz, 2H), 5.91−5.84 (m, 2H).

1H NMR (400 MHz, CD2Cl2), 1,6-3g: δ 7.61−7.25 (m, 30H), 6.24
(s, 2H), 5.96 (s, 2H), 5.91−5.84 (m, 2H).

13C{1H} NMR (100 MHz, CD2Cl2): δ 147.2, 146.2, 143.6, 143.4,
136.7, 136.7, 135.9, 134.3, 134.1, 134.0, 133.6, 130.8, 130.0, 129.9,
128.3, 128.1.

HRMS (APCI-TOF) m/z: [M + H]+ calcd for C44H37Si2,
621.2434; found, 621.2427.

Computational Details. To compute the LD interactions, we
utilized multiple tools recognized in the literature. We started our
investigation with a conformer search in the gas-phase using the
Conformer-Rotamer Ensemble Sampling Tool (crest) developed by
Grimme et al.63 The results for 1,6- and 1,4-disilyl-COT (the
conformers lowest in energy) were further optimized with
Gaussian1664 in the gas phase using B3LYP,42,43 B3LYP-D3
(BJ),27,44 M06-2X,45 and ωB97X-D46 in conjunction with the def2-
SVPP and def2-TZVPP basis sets.47 Hereby, the highest possible
symmetry was employed (C2 for 1,4-disilyl-COT and Cs/C1 for 1,6-
disilyl-COT). All structures were characterized as minima on the
potential energy hypersurface. Additionally, single-point energy
computations at the DLPNO-CCSD(T)/def2-TZVP level of
theory48,49 were performed on the B3LYP-D3(BJ)/def2-TZVPP
optimized geometries. Tables S23−S28 summarize the results of the
thermochemical analyses.

Homodesmotic (error-balancing) equations50,51 were performed to
estimate the strength of the intramolecular LD interactions. As
described above, the crest program was utilized to identify all
conformers lowest in energy, which were then optimized in the gas
phase using B3LYP/def2-TZVPP including (GD3BJ) and excluding
LD interactions. The dispersion energy was computed according to
the following equation

∑ ∑
∑ ∑

= − −
− − −

E E E

E E

(product) D3(BJ) (starting material)

D3(BJ) (product) (starting material)

disp

Figures S13−S18 summarize the results of the homodesmotic
equations.

A local energy decomposition52−54 (LED) analysis was performed
by using the Orca program55 version 4.2.1. The B3LYP-D3(BJ)/def2-
TZVPP-optimized geometries were utilized, and the molecules were
split into fragments (F1−F3), which are defined in detail in the
Supporting Information. The LED analysis was performed at
DLPNO-CCSD(T)/def2-TZVP utilizing tight pair natural orbital
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(TightPNO) settings. Tables S29−S34 summarize the results of the
LED analyses of all silyl COT derivatives.
Finally, a scaled Symmetry-Adapted Perturbation Theory56

(sSAPT) analysis was performed using the PSI4 program.65,66 In
order to isolate the interactions between the silyl groups, the
molecular backbone of the COT balance was removed and the groups
were saturated with hydrogens. A nonrelaxed dimer scan was
performed at the sSAPT0/aug-cc-pVDZ level of theory. The empirical
recipe for scaled SAPT0 was utilized in order to improve the
performance according to Parker et al.57 Tables S35−S40 and Figures
S19−S24 summarize the results of the sSAPT analysis.
Visualizations of noncovalent interactions (NCI-plots67) were

plotted as a reduced density gradient in regions of low electron
density. The B3LYP-D3(BJ)/def2-TZVPP-optimized geometries
were utilized for the visualization of noncovalent interactions. All
plots were generated with NCIPLOT68 and visualized with VMD.69

The density cut-off of the reduced density gradient (ρ(r) = −0.2 to
+0.2 a.u.) and the color scale data range (−2 to +2 a.u.) were kept
consistent throughout all NCI plots. Thereby, red isosurfaces indicate
strongly repulsive interactions, green isosurfaces correspond to weak
noncovalent contacts, and blue isosurfaces indicate strongly attractive
interactions. Figures S25−S30 show all visualizations of 1,6- and 1,4-
disilyl-COT.
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2.3 Silyl Groups Are Strong Dispersion Energy Donors 
 

 

Abstract: 

We present an experimental and computational study to investigate noncovalent interactions 
between silyl groups that are often employed as “innocent” protecting groups.  We chose an 
extended cyclooctatetraene (COT)-based molecular balance comprising unfolded (1,4-
disubstituted) and folded (1,6-disubstituted) valance bond isomers that typically display re-
mote and close silyl group contacts, respectively.  The thermodynamic equilibria were deter-
mined using nuclear magnetic resonance measurements.  Additionally, we utilized Boltz-
mann weighted symmetry-adapted perturbation theory (SAPT) at the sSAPT0/aug-cc-pVDZ 
level of theory to dissect and quantify noncovalent interactions.  Apart from the extremely 
bulky tris(trimethylsilyl)silyl “supersilyl” group, there is a preference for the folded 1,6-COT 
valence isomer, with London dispersion interactions being the main stabilizing factor.  This 
makes silyl groups excellent dispersion energy donors, a finding that needs to be taken into 
account in synthesis planning. 
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ABSTRACT: We present an experimental and computational study to investigate
noncovalent interactions between silyl groups that are often employed as “innocent”
protecting groups. We chose an extended cyclooctatetraene (COT)-based molecular
balance comprising unfolded (1,4-disubstituted) and folded (1,6-disubstituted)
valance bond isomers that typically display remote and close silyl group contacts,
respectively. The thermodynamic equilibria were determined using nuclear magnetic
resonance measurements. Additionally, we utilized Boltzmann weighted symmetry-
adapted perturbation theory (SAPT) at the sSAPT0/aug-cc-pVDZ level of theory to
dissect and quantify noncovalent interactions. Apart from the extremely bulky
tris(trimethylsilyl)silyl “supersilyl” group, there is a preference for the folded 1,6-
COT valence isomer, with London dispersion interactions being the main stabilizing
factor. This makes silyl groups excellent dispersion energy donors, a finding that
needs to be taken into account in synthesis planning.

■ INTRODUCTION
Bulky substituents, such as tert-butyldimethylsilyl (TBDMS) or
tri-iso-propylsilyl (TIPS), are usually considered to be
repulsive, thereby a"ecting chemical reactions on the basis of
their steric bulk.1−3 The attractive components of noncovalent
interactions (NCIs) of such large and highly polarizable groups
are usually not considered. Although similar sterically
demanding substituents, for example, tert-butyl groups, have
amply been demonstrated to interact strongly via stabilizing
London dispersion (LD) interactions;4−7 similar behavior is
generally not attributed to silyl groups.

This is surprising because bulky substituents are nowadays
incorporated as design elements to increase intramolecular
stability or facilitate intermolecular aggregation.13−19 Examples
include organic compounds such as hexaphenylethane,20−24

coupled diamondoids,25 or tetrahedranes,8,9 which are
substantially stabilized by forming a strongly interacting LD
shell around a labile core.6,23,26 In this context, tetrakis-
(trimethylsilyl)tetrahedrane (Figure 1, left) as the most stable
tetrahedrane derivative reported thus far is particularly
remarkable. Its even greater stability than tert-butyl analogue
may be attributed to a combination of the “corset e"ect”,
electronic stabilization of the tetrahedrane core, and LD
interactions.8,9,25 While the “corset e"ect” is presumed to
provide kinetic stabilization through steric inhibition of cage
opening, the thermodynamic stability of tetrakis-
(trimethylsilyl)tetrahedrane is boosted by an increased σ-
donor ability of trimethylsilyl (TMS) groups and LD
interactions between them. Furthermore, LD interactions
have also proven to be relevant in stabilizing exotic
organometallic compounds7 such as disilanes,27,28 carbene
analogues29,30 (Figure 1, middle), and meta-terphenyl

dimers10,11 of heavy group 14 elements. Because LD
interactions are not only pairwise additive4 but also highly
distance dependent (with R−6), LD interactions are suited to
stabilizing transition structures as well because of their
increased polarizability as compared to the ground states.16,18

While the silylation of secondary alcohols is greatly assisted by
LD31,32 (especially for large silyl substituents), their use as
dispersion energy donors6,33 (DEDs) is currently limited to
TMS. Hartwig et al.12 utilized higher tetrel congeners (Si and
Ge) of the tert-butyl DED to increase catalyst−substrate
binding a#nities to accelerate reactions (Figure 1, right).

We chose the evaluation of a disubstituted cyclooctate-
traene34,35 (COT) molecular balance as an appropriate system
to determine the strengths of NCIs between several commonly
employed silyl groups.36 This molecular balance consists of
two distinct valence isomers (Scheme 1) that can equilibrate
via a double-bond valence bond isomerization.37,38 For bulky
tert-butyl substituents, experimental35,36,39,40 and computa-
tional41,42 studies suggest the “folded” 1,6-isomer to be
preferred in solution and in the gas phase. Considering the
steric size of commonly utilized silyl groups, it is reasonable to
hypothesize about the potential of these groups to serve as
DEDs because they are far more polarizable.43 In a recent
study, we have addressed the e"ective size of commonly used
silyl groups by utilizing a disubstituted COT molecular balance
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with silyl groups directly attached in the 1,4-/1,6-position, and
we demonstrated that an increase in size from TMS to
extremely bulky tris(trimethylsilyl)silyl (TTMSS) leads to
destabilizing internal strain on the COT backbone dominating
the equilibrium between 1,4- and 1,6-COT.44 The extended
COT system under consideration here circumvents this
problem. Computations suggested a balance between Pauli
repulsion (“steric hindrance”) and attractive LD interactions,
with the latter being the larger component. We hypothesized
that the introduction of a −CH2O− spacer to the system
would considerably reduce the internal strain in the 1,6-isomer
(Scheme 1), and we demonstrate in the following that this is
indeed the case. On the other hand, an increase in flexibility
might come at the cost of an entropic penalty for the 1,6-
isomer in which rotational degrees of freedom are significantly
restrained.45,46 Because the investigated silyl groups are often
employed as protecting groups for alcohols, another advantage
of such a molecular balance lies in the close structural
relationship to the common use case.

■ RESULTS AND DISCUSSION
We chose somewhat of an unusual route to generate the diol
precursor (3) starting from dimethyl 1,4-cubanedicarboxylate

(1) that can be rearranged catalytically with rhodium.47,48 This
choice was made on the basis that other synthetic routes via
cyclooctatriene or COT toward 2 turned out to be very low-
yielding; 1 is commercially available but can also readily be
prepared.49 Reduction of the COT dimethyl ester (2), 3, and
preparation of the targeted silyl ethers (4) was accomplished
via a standard alcohol protecting procedure50 (Figure 2, top)
utilizing TMS, triethylsilyl (TES), TBDMS, TIPS, tert-
butyldiphenylsilyl (TBDPS), and TTMSS groups.

We utilized nuclear magnetic resonance (NMR) measure-
ments to determine the valence isomer equilibrium constants.
The allylic CH2 groups of the spacer in conjunction with
characteristic signals in the olefinic region enabled us to
quantify the 1,4- and 1,6-isomers (Figure 2, bottom). Due to
signal broadening at higher temperatures and resulting signal
overlap, the thermodynamic equilibria could not be subjected
to van’t Ho" analyses to determine the individual ΔH and ΔS
contributions. Each NMR sample was equilibrated for 16 h at
40 °C, and the equilibration was monitored via NMR.
Chloroform was chosen as the solvent to ensure signal
separation between the isomers. Figure 3 shows the results of
the experiments (black markings) correlated to polarizability
values of each silyl group (computed at revDSD-PBEP86-D4/
def2-QZVPP//PBEh-3c).

In general, the overall influence of silyl groups on the
equilibria is small. Still, ΔrG313 could be measured very
accurately with error bars an order of magnitude below the
measured values (see Supporting Information for details).
While the di-OTMS-COT equilibrium is essentially thermo-
neutral (ΔrG313 ≈ 0 kcal mol−1), larger silyl groups shift the
equilibrium toward more crowded 1,6-COT. Despite their
similar size and surface area of around 170 Å2 (see Supporting
Information), the OTBDMS and OTES substituted systems
di"er in their behavior as DED groups. With ΔrG313 = −0.08 ±
0.00(4) kcal mol−1 for di-OTBDMS-COT, its energy in favor
of 1,6-COT is twice as large as that of di-OTES-COT. This can
be rationalized by an increasing entropic penalty for the more
flexible TES group in 1,6-COT.51 The most stabilizing e"ect
stems from the interaction of two TIPS groups. The di-OTIPS-
COT equilibrium most clearly favors the folded 1,6-COT

Figure 1. Intramolecular NCI plots of tetrakis(trimethylsilyl)tetrahedrane8,9 (left), {Sn(C6H2-2,4,6-Cy3)2}2 (Cy = cyclohexyl, middle),10,11 and the
favored si face hydrocupration transition structure according to Hartwig et al.12 (selected functional groups omitted for clarity). Isosurfaces
(isovalue s of 0.5, ranging from sign(λ2)ρ = −0.05 to +0.05 a.u.) are color-coded red (indicating strong repulsion), blue (strong attractive
interactions), and green (corresponding to weak NCIs).

Scheme 1. Equilibrium of 1,4- and 1,6-Di-O-silyl Substituted
COT
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(ΔrG313 = −0.14 ± 0.01 kcal mol−1) isomer. More polarizable
groups such as TBDPS and TTMSS appear to be less e!ective
DEDs (vide infra). While TBDPS favors the more crowded
1,6-COT, the di-OTTMSS substitution pattern prefers the
“unfolded” 1,4-COT by ΔrG313 = +0.13 ± 0.01 kcal mol−1.
While the −CH2O− spacer reduces internal strain, entropic
contributions significantly dampen the e!ects of attractive
NCIs; the conformational entropy penalty due to the spacer
group amounts to ΔSconf ≈ +1.1 kcal mol−1 at 40 °C computed
according to Grimme and co-workers.52,53 Still, such small
ΔrG313 values are quite relevant for transition structures, where
even small e!ects lead to large changes in rates and/or
selectivities.

Apart from experimental investigations, we also examined
the equilibria computationally, notwithstanding the challenges
associated with recovering such small ΔG values. While the
inclusion of a spacer group and the utility of flexible silyls
(such as TES) increases the number of possible conformers
per valence isomer significantly, the identification of a single

most prominent structure can prove to be ine!ective.54 The
computational error due to conformational complexity was
shown by Lledoś et al.55 to surmount up to 10 kcal mol−1 for
bulky and flexible ligands. To account for a larger conforma-
tional space,52,56 multiple conformers must be included in
thermochemical investigations57 as well as spectral predic-
tions.58,59 Recently, the necessity of a conformational analysis
has been demonstrated by Chen et al.60 to rationalize the
interplay of bulky DEDs with cation−π interactions. We
utilized the conformer-rotamer ensemble sampling tool
(CREST)61 to identify the conformers lowest in energy. The
resulting structures were further optimized using the PBEh-
3c62−66 method due to its e"cient performance to give
accurate geometries for large molecular systems.66 With the
aim to qualitatively sort and weigh conformers, all PBEh-3c
optimized structures were utilized in a Boltzmann distribution
and their probability was calculated at 313.15 K. To reduce the
number of conformers, only molecules with a Boltzmann
probability > 1% were used for single point computations at
the revDSD-PBEP86-D4/def2-QZVPP67−72 level of theory,
including solvation e!ects (chloroform) via the PCM73,74

model. Accordingly, all conformers that do not play a
dominant role at 315.15 K were omitted from the analysis.
The Boltzmann weighted Gibbs free energies are also depicted
in Figure 3 (green makings), and we are pleased that the
qualitative agreement is very good: the relative energies are
significantly shifted toward the more crowded 1,6-COT
structures. However, the computed absolute values are
significantly overestimated. This may be due to errors in the
computations (for the chosen functional and basis set, errors
are estimated around ±2 kcal mol−1 of absolute weighted mean
average deviation according to Martin et al.71) and possibly
incomplete inclusion of solvation e!ects with the simple
continuum model.17,36,75 Furthermore, incorporation of the
−CH2O− spacer promotes free rotation of the silyl groups,
hence leading to very flat conformational hypersurfaces. To
include the most relevant conformers of a conformer ensemble
in the thermodynamic analysis, a Boltzmann distribution
analysis was performed. As a result, the entropy error could be
minimized and the relative di!erence in energies be
reproduced.52 The strongest e!ect is observed for di-OTIPS-
COT, which favors the folded over the unfolded isomer by
around −2.7 kcal mol−1. The bulkiest but most polarizable
substituent (TTMSS) is the only group favoring 1,4-COT by
around 0.3 kcal mol−1.

To quantify intramolecular LD stabilization, we utilized
symmetry-adapted perturbation theory76 (SAPT) at the
sSAPT0/aug-cc-pVDZ level of theory in conjunction with
the PBEh-3c optimized structures. The scaled protocol was
employed according to Parker et al.77 to increase performance.
Because we did not identify a single conformer for each isomer
but rather studied an ensemble to address structural flexibility,
we applied a Boltzmann distribution analysis for the energy
decomposition method as well. Consequently, all conformers
utilized for single point energy computations were taken into
account in the scaled SAPT (sSAPT) analysis. To assess the
interaction energy between two silyl groups, the molecular
backbone and the spacer groups were removed, and the
resulting radicals were saturated (cf. Scheme S1 in the
Supporting Information).78 The resulting energies were
applied against the probability that each conformer is occupied
at 298 K according to the revDSD-PBEP86-D4/def2-QZVPP
single point energy computations. Figure 4 depicts the relative

Figure 2. Top: Synthesis of 1,4- and 1,6-di-O-silyl substituted COTs
(4); bottom: 1H NMR spectra (600 MHz) and signal assignment of
the equilibrium between 1,4- (green) and 1,6-di-OTIPS (blue) COT
at 40 °C in chloroform.
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energy di!erences (ΔEX) between the folded and unfolded
isomers.

The sSAPT analysis dissects the relative total interaction
energy ΔEtot (gray bars) into its main components (for
absolute energy values, see the Supporting Information). While
inductive e!ects ΔEind (yellows bars) play only a minor role
throughout all conformers, relative electrostatic interactions
ΔEelst (blue bars) can contribute to the stability of the folded
isomer by up to −1.7 kcal mol−1 (TBDPS dimer). Never-
theless, electrostatic contributions are not important for the
dimerization of alkylsilanes. Here, ΔEelst does not exceed −0.8
kcal mol−1 (TIPS dimer). For TTMSS dimers, electrostatic
and inductive e!ects cancel and do not contribute to the
relative total interaction energy. The most prominent e!ects
governing the dimerization of silanes are attractive LD

interactions ΔEdisp (green bars) and Pauli (exchange)
repulsion ΔErep (orange bars). While the latter increases with
the size of silyl groups from TMS to TBDPS, the largest
substituent slightly favors the folded over the unfolded isomer
with respect to repulsive interactions. This hints to similar
distances of the TTMSS groups in the folded (dσ−σ ≈ 2.53 Å)
and unfolded (dσ−σ ≈ 2.64 Å) isomers, implying a rotation of
the spacer group to minimize repulsive interactions in the
folded isomer. The largest ΔErep is observed for the TBDPS
dimer, with ΔErep = 4.1 kcal mol−1 destabilizing the folded
isomer. Nevertheless, the steric repulsion due to close silyl
contacts is insu"cient to rationalize the observed experimental
and computational data (Figure 3). The largest interaction
counteracting Pauli (exchange) repulsion is LD. As a matter of
fact, ΔEdisp is the largest contributor to ΔEtot for all dimers.
The TIPS system benefits the most from LD interactions of
around −4.8 kcal mol−1. Both TBDPS and TTMSS show lower
ΔEdisp and, therefore, appear to be weaker DEDs than TIPS.
Nevertheless, the relative total interaction energy ΔEtot and
ΔEdisp can be directly correlated to the overall observed and
computed Gibbs free energies (Figure 3). The similar trend of
both energies and experimental Gibbs free energies confirms
that the observed e!ects stem from NCIs of the silyl groups,
with LD as the main contributor for all systems studied.

While the results of TMS, TES, TBDMS, and TIPS fit
qualitatively to the logical series of size and polarizability, those
of TBDPS and TTMSS do not. To shed more light on this, we
analyzed the conformer ensemble of each isomer. Contrary to
expectations, the unfolded 1,4-disubstituted COT displays
stabilizing intramolecular interactions similar to those of the
folded isomer. Accordingly, the spacer group allows the silyl
groups to bend around the 1,4-COT moiety to enable close
intramolecular interactions. We depicted the most prominent
conformer of the folded and unfolded TIPS and TBDPS
system for comparison via an intramolecular NCI plot,79,80

highlighting only NCIs between the silyl groups (Figure 5).
Therefore, we plotted the reduced density gradient in regions
of low electron density between the silyl groups. The resulting

Figure 3. Correlation of the Gibbs free energies for the equilibrium of 1,4- and 1,6-di-O-silyl substituted COT in chloroform. The experimental
data (black markings) were derived from NMR measurements at 40 °C. The computational data (green markings) were derived from Boltzmann
distribution analysis at PCM(chloroform)-revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c. All data points in the white area favor 1,6-disilyl-COT.

Figure 4. Relative energies between the folded and unfolded isomers
of a Boltzmann weighted sSAPT analysis of silyl groups of all relevant
conformers according to the conformer ensemble of each isomer.
Computations were performed at the sSAPT0/aug-cc-pVDZ level of
theory.
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isosurfaces are color coded in red, blue, and green. Whereas
the first two correspond to strongly repulsive and attractive
interactions, respectively, the latter can be described as weakly
noncovalent, that is, LD, interactions.

Both experimental and computational data suggest the TIPS
group to be the strongest DED group in the system studied. In
accordance with the concept of molecular balances, the folded
isomer (Figure 5, top, left) consists of close σ−σ contacts (dσ−σ
≈ 2.33 Å as shortest contact) between both silyl groups.
Therefore, the NCI plot shows a green isosurface, indicating
LD interactions. According to the SAPT analysis, these
interactions correspond to Edisp = −5.1 kcal mol−1 for the
entire ensemble of LD interactions. On the other hand, the
unfolded isomer (Figure 5, bottom, left) shows no interaction
in the NCI plot due to the LD distance dependence.
Nevertheless, SAPT suggests a small contribution of Edisp =
−0.3 kcal mol−1 for 1,4-COT. As a result, the relative energy
ΔEdisp = −4.8 kcal mol−1 (Figure 4) strongly favors the folded
isomer. While experimental data suggest fewer stabilizing
interactions for TBDPS in the folded 1,6-COT (Figure 3), the
NCI plot does not agree. The folded 1,6-disubstituted system
shows larger isosurfaces between the phenyl moieties than for
the σ-contacts in the TIPS system. The absolute value for the
LD interactions for the folded TBDPS-COT rises up to Edisp =
−15.7 kcal mol−1 for the entire Boltzmann-weighted ensemble.
The origin of stabilization lies in two o!set T-shaped phenyl
contacts (dCH−π ≈ 2.33 Å). While this classifies TBDPS as a
strong DED, the overall e!ect is smaller than for TIPS. The
observed ratio can be rationalized with an analysis of the
unfolded isomer. Due to the flexibility of the spacer group,
TBDPS twists around to form two T-shaped phenyl contacts
(dCH−π ≈2.56 Å) in the unfolded 1,4-COT as well. According
to SAPT, the interaction stabilizes the unfolded isomer by

around Edisp = −11.5 kcal mol−1. A similar but weaker e!ect
can be observed for TTMSS (Edisp = −4.0 kcal mol−1 for the
entire Boltzmann-weighted ensemble of the folded isomer).

While the measured absolute values with the di-O-silyl
substituted COT are small (Figure 3), the impact of the spacer
group becomes apparent by comparing the computed data
with experimental measurements.44 Note that the di-silyl
substituted COTs were investigated in toluene, while the di-O-
silyl substituted COTs were investigated in chloroform due to
an incomplete signal separation of the latter in toluene. The
ΔG di!erence due to solvation can be estimated to be around
−0.1 kcal mol−1 for the COT system going from toluene to
chloroform.36 While direct attachment of silyl groups at COT
su!ers from strain44 (ΔEstrain), the incorporation of a spacer
group increases the flexibility, resulting in an entropic penalty
in favor of the unfolded balance (ΔS). As already mentioned,
di-O-TMS-COT does not benefit from the incorporation of
−CH2O− groups but su!ers from an entropic penalty51 due to
increasing flexibility without additional stabilization due to LD.
Figure 6 shows the total energy di!erences ΔΔE of the relative

Gibbs free energy values ΔΔG with ΔΔG = ΔGdi‑O‑Si‑COT −
ΔGdi‑Si‑COT. Additionally, ΔEstrain and ΔS were considered
computationally to exclude them from the analysis. Con-
sequently, ΔΔE was calculated according to the following
equation:

=E G E Sstrain

ΔΔE corresponds to the total energy gain (negative energy
values in Figure 6) arising from close silyl group contacts,
excluding entropic penalties and energy gain due to strain
release. In combination with the SAPT results (Figure 4) and
NCI plots (Figure 5), most of the interactions can be assigned
to LD. The largest energy change was observed for the TTMSS
group (ΔΔE = −3.9 kcal mol−1). Because only the 1,4-di-
TTMSS-COT could be reported in the earlier study, the ΔΔG
for TTMSS (unfilled circle) represents the minimal shift in
energy toward the folded isomer. The exact energy gap is larger
but could not be determined. Accordingly, the TIPS group

Figure 5. Intramolecular NCI plot of the folded 1,6-COT with TIPS
(top, left) and TBDPS (top, right) and the unfolded 1,4-COT with
TIPS (bottom, left) and TBDPS (bottom, right) at PBEh-3c. The
most stable conformers were chosen according to the Boltzmann
analysis. Isosurfaces (isovalue s of 0.5, ranging from sign(λ2)ρ = −0.05
to +0.05 a.u.) are color coded red (indicating strong repulsion), blue
(strong attractive interactions), and green (corresponding to weak
NCIs).

Figure 6. Correlating the total energy di!erence ΔΔE between di-O-
silyl COT and di-silyl-COT with polarizabilites excluding strain
energy (ΔEstrain) and entropic penalties (ΔS). Negative energy values
correspond to attractive interactions. For TTMSS, the smallest energy
di!erence was approximated.
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shows the highest stabilizing interaction energy detected for
both molecular balances (ΔΔE = −2.0 kcal mol−1).

■ CONCLUSIONS
We report on our approach to quantifying NCIs between silyl
groups in a molecular balance based on a COT motif. By
including a −CH2O− spacer group between the COT
molecular balance and the silyl groups, we measured the
equilibria between 1,4- and 1,6-di-O-silyl substituted COT,
identifying attractive interactions due to σ−σ or CH−π
contacts. Counterintuitively, NMR measurements reveal that
the bulky TIPS group shifts the equilibrium between 1,4- and
1,6-di-O-silyl substituted COT furthest toward the folded and
more crowded valence isomer. Computational thermochemical
data underscore this trend.

An SAPT analysis identifies LD interactions as the key NCIs
between the silyl groups. The incorporation of a flexible
−CH2O− spacer group allowed the silyl groups to maximize
these stabilizing interactions. However, flexibility comes at the
cost of an unfavorable folding entropy, and the SAPT analysis
furthermore revealed 1,4-isomers of balances substituted with
very bulky silyl groups to be significantly stabilized by LD
interactions as well. These two e"ects work in opposite ways
but still favor the 1,6-isomer. On the other hand, comparison
of the current more flexible molecular balance with previously
studied di-silyl substituted COTs (lacking a −CH2O− spacer)
highlights how a system governed by repulsion may be
modified to profit from bulky DED substituents.

Our results demonstrate that silyl groups are more than just
providers of steric bulk and can counterintuitively a"ect
conformational preferences via their actions as good DEDs.

■ EXPERIMENTAL SECTION
Thin layer chromatography was carried out using Polygram SIL G/
UV254 plates with detection via UV λ = 254 nm and by staining with a
10 wt % ethanolic phosphomolybdic acid stain solution. All chemicals
were commercially obtained from Acros Organics, TCI, Boron
Molecular, and Sigma-Aldrich and were used without further
purification. Anhydrous solvents were purchased from Acros
Organics. Unless otherwise noted, all reactions were carried out
under standard Schlenk conditions employing N2 as inert gas.
Standard NMR spectra were obtained using Bruker AVANCE II 400
MHz and Bruker AVANCE III HD 400 MHz (13C spectra)
spectrometers. Elevated temperature NMR experiments were carried
out with a Bruker AVANCE III HD 600 MHz spectrometer. High
resolution mass spectra were obtained with a Bruker micrOTOF mass
spectrometer. For elevated temperature measurements, NMR samples
were equilibrated for 16 h at 40 °C prior to the experiment, utilizing
an IKA ICC basic eco 8 immersion circulator.
Elevated Temperature NMR Experiments. After sample

transfer from the thermostat to the NMR spectrometer, equilibration
was continued for another hour in the spectrometer before the spectra
were recorded at 40 °C.

Solutions of tri(isobutyl)silyl triflate and TTMSS triflate were
prepared according to a modified literature procedure and were used
without further purification.81

Dimethyl-cyclooctatetraene-1,4/1,6-dicarboxylate (2). Com-
pound 2 was prepared according to a literature procedure48 from
commercially obtained 1 (Boron Molecular). 1.160 g (5.27 mmol) of
1 and 242.8 mg (0.53 mmol, 0.10 equiv) of [Rh(nbd)Cl]2 were
dissolved in 80 mL of anhydrous toluene. The reaction mixture was
subsequently heated to 60 °C for 16 h utilizing an oil bath. Afterward,
the solvent was removed under reduced pressure and purification of
the crude product via silica flash column chromatography (2:1
mixture of n-hexane and ethyl acetate) yielded 870.5 mg (3.95 mmol,
75%) of 2 as a yellow solid.

1H NMR (400 MHz, CDCl3), 1,4-2: δ 7.09 (s, 2H), 6.07 (q, J = 2.8
Hz, 2H), 5.99 (q, J = 2.8 Hz, 2H), and 3.77 (s, 6H); 1H NMR (400
MHz, CDCl3), 1,6-2: δ 7.03 (s, 2H), 6.16 (s, 2H), 6.03 (s, 2H), and
3.75 (s, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ 166.0, 165.9,
141.8, 140.0, 135.1, 133.8, 133.2, 132.3, 130.7, 129.4, 52.4, and 52.2;
HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C12H12O4Na, 243.0633;
found, 243.0628.

This is in agreement with previously published data.48

Cyclooctatetraene-1,4/1,6-dimethanol (3). To a solution of 821.2
mg (3.73 mmol) of 2 in 90 mL of anhydrous tetrahydrofuran was
added 426.3 mg (11.2 mmol, 3 equiv) of LiAlH4 in small portions at 0
°C. After complete addition (approx. 30 min), the reaction mixture
was allowed to reach room temperature and was left stirring for
another 3 h and 30 min. The reaction mixture was then carefully
quenched with 20 mL of saturated aqueous Na2SO4 solution. The
obtained mixture was then transferred to a separatory funnel and
extracted with ethyl acetate (3 × 100 mL). The combined organic
phases were dried over anhydrous MgSO4, and the solvent was
evaporated under reduced pressure, yielding the crude product as an
orange oil. After purification via silica flash column chromatography
(ethyl acetate), 350.1 mg (2.13 mmol, 57%) of 3 was obtained as a
slightly yellow oil.

1H NMR (400 MHz, DCM-d2), 1,4-3: δ 5.96−5.76 (m, 6H) and
4.00 (s, 4H); 1.97 (s, 2H); 1H NMR (400 MHz, DCM-d2), 1,6-3: δ
5.96−5.76 (m, 6H) and 3.99 (s, 4H); 1.97 (s, 2H); 13C{1H} NMR
(100 MHz, DCM-d2): δ 144.0, 143.8, 133.4, 133.3, 131.9, 131.7,
127.7, 127.0, and 66.5; HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C10H12O2Na, 187.0733; found, 187.0735.

1,4-/1,6-Di-O-silyl Cyclooctatetraenes (4a−g). Di-O-silyl cyclo-
octatetraenes 4a-g were prepared according to the following general
procedure: compound 3 (∼30 mg) was dissolved in 8 mL of
anhydrous dichloromethane (DCM) while stirring. 6 equiv of 2,6-
lutidine was added at room temperature, and the reaction mixture was
cooled to 0 °C. 4 equiv of the corresponding silyl triflate or silyl
chloride was then added, and the reaction mixture was allowed to
reach room temperature. After 2 h at room temperature, the reaction
was quenched by addition of 3 mL of deionized water. After
extraction with DCM (3 × 10 mL), the combined organic phases
were dried over MgSO4 and concentrated under reduced pressure.
The crude products were purified via silica column chromatography
(2:1 mixture of n-hexane and DCM), yielding compounds 4a-g as
colorless oils.

1,4-/1,6-Di-O-TMS-COT (4a). 31.4 mg (0.19 mmol) of 3, 0.13 mL
(1.12 mmol, 6 equiv) of 2,6-lutidine, and 0.10 mL (0.79 mmol, 4
equiv) of TMSCl were mixed. After purification via silica column
chromatography (2:1 mixture of n-hexane and DCM), 53.8 mg (0.17
mmol, 90%) of 4a was obtained as a colorless oil.

1H NMR (400 MHz, CDCl3), 1,4-4a: δ 5.89−5.72 (m, 6H) and
4.01 (s, 4H); 0.12 (s, 18H); 1H NMR (400 MHz, CDCl3), 1,6-4a: δ
5.89−5.72 (m, 6H) and 3.99 (s, 4H); 0.12 (s, 18H); 13C{1H} NMR
(100 MHz, CDCl3): δ 142.8, 142.4, 132.6, 132.3, 131.7, 131.3, 126.3,
126.1, 65.9, 65.8, −0.2, and 0.3; HRMS (ESI-TOF) m/z: [M + Na]+

calcd for C16H28O2Si2Na, 331.1526; found, 331.1521.
1,4-/1,6-Di-O-TES-COT (4b). 28.7 mg (0.17 mmol) of 3, 0.12 mL

(1.04 mmol, 6 equiv) of 2,6-lutidine, and 0.16 mL (0.71 mmol, 4
equiv) of TESOTf were mixed. After purification via silica column
chromatography (2:1 mixture of n-hexane and DCM), 60.1 mg (0.15
mmol, 87%) of 4b was obtained as a colorless oil.

1H NMR (400 MHz, CDCl3), 1,4-4b: δ 5.89−5.70 (m, 6H), 4.04
(s, 4H); 0.96 (t, J = 7.9 Hz, 18H) and 0.65−0.57 (m, 12H); 1H NMR
(400 MHz, CDCl3), 1,6-4b: δ 5.87−5.70 (m, 6H) and 4.03 (s, 4H);
0.96 (t, J = 7.9 Hz, 18H) and 0.65−0.57 (m, 12H); 13C{1H} NMR
(100 MHz, CDCl3): δ 143.0, 142.4, 132.5, 132.2, 131.7, 131.3, 126.0,
125.7, 66.0, 65.8, 6.9, 4.6 and 4.6; HRMS (ESI-TOF) m/z: [M +
Na]+ calcd for C22H40O2Si2Na, 415.2464; found, 415.2458.

1,4-/1,6-Di-O-TBDMS-COT (4c). 30.1 mg (0.18 mmol) of 3, 0.13
mL (1.12 mmol, 6 equiv) of 2,6-lutidine, and 0.17 mL (0.74 mmol, 4
equiv) of TBDMSOTf were mixed. After purification via silica column
chromatography (2:1 mixture of n-hexane and DCM), 67.7 mg (0.17
mmol, 94%) of 4c was obtained as a colorless oil. Preparation of 4c
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was also carried out on a larger scale, applying the reaction conditions
outlined above. 40 mL of anhydrous DCM as the solvent, 145.8 mg
(0.89 mmol) of 3, 0.62 mL (5.34 mmol, 6 equiv) of 2,6-lutidine, and
0.82 mL (3.57 mmol, 4 equiv) of TBDMSOTf were utilized. The
reaction mixture was quenched with 15 mL of deionized water and
extracted with DCM (3 × 40 mL). Purification via silica column
chromatography (2:1 mixture of n-hexane and DCM) yielded 319.3
mg (0.81 mmol, 91%) of 4c as a colorless oil.

1H NMR (400 MHz, CDCl3), 1,4-4c: δ 5.89−5.71 (m, 6H) and
4.04 (s, 4H); 0.91 (s, 18H) and 0.07 (s, 12H); 1H NMR (400 MHz,
CDCl3), 1,6-4c: δ 5.89−5.71 (m, 6H) and 4.01 (s, 4H); 0.91 (s, 18H)
and 0.07 (s, 12H); 13C{1H} NMR (100 MHz, CDCl3): δ 143.0,
142.5, 132.5, 132.2, 131.7, 131.3, 125.8, 125.6, 66.3, 66.1, 26.1, 18.6,
−5.1, and −5.2; HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C22H40O2Si2Na, 415.2464; found, 415.2460.
1,4-/1,6-Di-O-TIBS-COT (4d). 32.5 mg (0.18 mmol) of 3, 0.14 mL

(1.21 mmol, 6 equiv) of 2,6-lutidine, and an n-pentane solution (0.79
mmol, 4 equiv) of TIBSOTf (0.22 mL [0.84 mmol] of triisobutyl
silane and 0.07 mL [0.79 mmol] of triflouromethanesulfonic acid in 2
mL of n-pentane) were mixed. After purification via silica column
chromatography (2:1 mixture of n-hexane and DCM), 66.3 mg (0.17
mmol, 85%) of 4d was obtained as a colorless oil.

1H NMR (400 MHz, CDCl3), 1,4-4d: δ 5.87−5.70 (m, 6H) and
4.01 (s, 4H); 1.90−1.76 (m, 6H), 0.96 (s, 36H) and 0.66−0.58 (m,
12H); 1H NMR (400 MHz, CDCl3), 1,6-4d: δ 5.87−5.70 (m, 6H),
3.98 (s, 4H); 1.90−1.76 (m, 6H), 0.94 (s, 36H) and 0.66−0.58 (m,
12H); 13C{1H} NMR (100 MHz, CDCl3): δ 142.8, 142.2, 132.4,
132.2, 131.7, 131.3, 125.9, 125.4, 65.7, 65.5, 26.6, 25.5, 25.4 and 24.4;
HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C34H64O2Si2Na,
583.4342; found, 583.4341.
1,4-/1,6-Di-O-TIPS-COT (4e). 29.6 mg (0.18 mmol) of 3, 0.13 mL

(1.12 mmol, 6 equiv) of 2,6-lutidine, and 0.19 mL (0.71 mmol, 4
equiv) of TIPSOTf were mixed. After purification via silica column
chromatography (2:1 mixture of n-hexane and DCM), 77.5 mg (0.16
mmol, 90%) of 4e was obtained as a colorless oil.

1H NMR (400 MHz, CDCl3), 1,4-4e: δ 5.95−5.71 (m, 6H) and
4.12 (s, 4H); 1.01−1.16 (m, 42H); 1H NMR (400 MHz, CDCl3),
1,6-4e: δ 5.95−5.71 (m, 6H) and 4.09 (s, 4H); 1.01−1.16 (m, 42H);
13C{1H} NMR (100 MHz, CDCl3): δ 143.1, 142.3, 132.4, 132.2,
131.7, 131.3, 125.5, 125.2, 66.3, 66.2, 18.2 and 12.2; HRMS (ESI-
TOF) m/z: [M + Na]+ calcd for C28H52O2Si2Na, 499.3404; found,
499.3397.
1,4-/1,6-Di-O-TBDPS-COT (4f). 30.3 mg (0.18 mmol) of 3, 0.13

mL (1.12 mmol, 6 equiv) of 2,6-lutidine, and 0.22 mL (0.74 mmol, 4
equiv) of TBDPSOTf were mixed. After purification via silica column
chromatography (2:1 mixture of n-hexane and DCM), 109.4 mg (0.17
mmol, 92%) of 4f was obtained as a colorless oil.

1H NMR (400 MHz, CDCl3), 1,4-4f: δ 7.75−7.64 (m, 8H), 7.45−
7.34 (m, 12H), 6.01−5.70 (m, 6H) and 4.10 (s, 4H); 1.08 (s, 18H);
1H NMR (400 MHz, CDCl3), 1,6-4f: δ 7.75−7.64 (m, 8H), 7.45−
7.34 (m, 12H), 6.01−5.70 (m, 6H) and 4.05 (s, 4H); 1.06 (s, 18H);
13C{1H} NMR (100 MHz, CDCl3): δ 142.7, 142.0, 135.7, 135.6,
133.8, 133.7, 132.6, 132.2, 131.5, 131.3, 129.8, 129.8, 127.8, 127.8,
125.9, 125.4, 66.8, 66.5, 27.0, 26.9 and 19.4; HRMS (ESI-TOF) m/z:
[M + Na]+ calcd for C42H48O2Si2Na, 663.3091; found, 663.3080.
1,4-/1,6-Di-O-TTMSS-COT (4g). 34.0 mg (0.21 mmol) of 3, 0.14

mL (1.21 mmol, 6 equiv) of 2,6-lutidine, and an n-pentane solution
(0.79 mmol, 4 equiv) of TTMSSOTf (0.26 mL [0.84 mmol] of
tristrimethylsilyl silane and 0.07 mL [0.79 mmol] of triflourometha-
nesulfonic acid in 2 mL of n-pentane) were mixed. After purification
via silica column chromatography (2:1 mixture of n-hexane and
DCM), 111.5 mg (0.17 mmol, 82%) of 4g was obtained as a colorless
oil.

1H NMR (400 MHz, CDCl3), 1,4-4g: δ 5.85−5.61 (m, 6H) and
3.88 (s, 4H); 0.19 (s, 54H); 1H NMR (400 MHz, CDCl3), 1,6-4g: δ
5.85−5.61 (m, 6H) and 3.86 (s, 4H); 0.19 (s, 54H); 13C{1H} NMR
(100 MHz, CDCl3): δ 143.0, 142.2, 132.6, 132.0, 131.3, 131.2, 125.2,
125.0, 70.5, 70.4 and 0.49; HRMS (ESI-TOF) m/z: [M + Na]+ calcd
for C28H64O2Si8Na, 679.2958; found, 679.2950.

Computational Details. We utilized the CREST developed by
Grimme et al.61 to identify conformers lowest in energy. Due to the
flexibility of the system, CREST located hundreds of conformers for
each isomer within 6 kcal mol−1 energy margin. We reduced the
number of conformers by focusing only on molecules in a 1 kcal
mol−1 energy margin. The identified structures were optimized using
the PBEh-3c functional.62−66 All structures located on energy minima
of the hypersurface were utilized in a Boltzmann distribution, and
their probability was calculated at 298 K. Conformers with a
probability > 1% were used for single point computations at the
revDSD-PBEP86-D4/def2-QZVPP67−72 level of theory including
solvation e!ects (chloroform) via the PCM73,74 model. All
optimizations and energy computations were performed using the
ORCA program version 5.0.82,83

For the energy decomposition analysis, we used an sSAPT76

analysis as implemented in the PSI4 program.84,85 As a starting point,
we utilized all conformers identified previously to be relevant for the
conformer ensemble with a probability > 1%. The geometries are
based on PBEh-3c. In the analysis, we focused on the interaction
between silyl groups. Therefore, the molecular backbone (COT) and
space group were removed, and the resulting silyl radicals were
saturated with hydrogens. The sSAPT analysis was performed at the
sSAPT0/aug-cc-pVDZ level of theory. The scaled protocol was
utilized according to Parker et al.77

The NCI plots79 were plotted as a reduced density gradient in
regions of low electron density. The resulting isosurfaces are color-
coded in red, blue, and green. Whereas the first two correspond to
strongly repulsive and attractive interactions, respectively, the latter
can be described as weak noncovalent, that is, LD, interactions. The
density cut-o! of the reduced density gradient (isovalue s of 0.5,
ranging from sign(λ2)ρ = −0.05 to +0.05 a.u.) and the color scale data
range were kept consistent throughout all NCI plots. We utilized the
most probable conformer according to the Boltzmann analysis based
on PCM(chloroform)-revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c
for depiction. All plots were generated with NCIPLOT80 and
visualized with VMD.86
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2.4 London Dispersion Favors Sterically Hindered Diarylthiourea Con-
formers in Solution 
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London Dispersion Favors Sterically Hindered Diarylthiourea
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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
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 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[1] or the more sophisticated “induced fit” model
by Koshland[2] 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-

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).[3] 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.[3] Here, we present a study of all-meta-
disubstituted diphenylthiourea[4] derivatives to elucidate the
conformational preferences dependent on noncovalent in-
teractions including London dispersion (LD).[5] Since the
compounds discussed in this work both are less catalytically
active than commonly exploited thiourea catalysts[4c] and
poor anion receptors,[4h,6] 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.[3]

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
gas phase and in solution.[3,6a, 7] Infrared and temperature-
dependent NMR measurements in different solvents demon-
strated the presence of multiple conformers for diarylthiour-
ea derivatives.[7] 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 σ–σ distance
dσ–σ contact for each conformer of 1-R1R2 computed at B3LYP-D3(BJ)/
def2-TZVPP.
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at elevated temperatures.[3] 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 likely to display a different conformational
landscape, which, in turn, is likely to result in reduced
catalytic activity.

Most recently, Sandler et al.[6a] highlighted the relation-
ship of conformational effects and the anion binding affinity
of receptor molecules such as diphenylthiourea.[4h,6b] 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.[4c] Consequently, diphenylthiourea populates the syn–
anti and syn–syn conformers, thereby lowering its anion
binding affinity.[6a] To explain the enantioselectivity of an
asymmetric Henry reaction, Heshmat proposed cinchona-
thiourea catalyst substrate activation via the syn–anti
conformer.[8] Experimental data suggest a similar trend. In
an extensive study of crystal structures of urea and thiourea
derivatives, Luchini et al.[9] 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.[9] Solid
state and gas phase IR[10] and NMR[11] 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[7] 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.[12] By increasing the size of the all-
meta-substituted aryl dispersion energy donors (DEDs),[5,13]

we observed a systematic and counterintuitive shift of the
equilibrium toward the folded and more crowded syn–syn
conformer. The increasing number of close σ–σ contacts is
indicative of the prevalence of attractive LD[14] interactions
rather than Pauli (exchange) repulsion. This effect was
recently emphasized in a study of the equilibria of 1,4- and
1,6-di-tbutyl cyclooctatetraene in a large series of solvents of
very different polarities showing that intramolecular LD
interactions do not cancel in solution.[15]

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 (iPr), and tert-butyl (tBu)
substituents. In brief, the all-meta-substituted N,N’-diphe-
nylthioureas were synthesized via a two-step addition of
aniline precursors to thiophosgene.[3] 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).[16]

To gather as much information as possible, we generated all
R1 and R2 combinations of these groups and measured

1H 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
during the low-temperature NMR 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�1 (corresponding to a rate constant
of 4.0×10�3 s�1) and 9.0 kcalmol�1 (1.3 s�1) for unsubstituted
diphenylthiourea.[3] We first tested our approach with N,N’-
bis(3,5-di-tert-butylphenyl)thiourea 1-tBu2 (1-R1R2) and the
parent N,N’-diphenylthiourea 1-H2. 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 tert-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-H2 (purple NMR, Figure 1) considerably favors the syn–
anti conformer by around 2.3⌃0.1 kcalmol�1 (all energies
were determined via Keq at 193 K), the NMR of 1-tBu2

Figure 1. NMR measurements at 193 K of symmetrically substituted
N,N’-diphenylthiourea derivatives 1-R1R2 in THF and molecular struc-
ture of 1-tBu2. For simplicity, the NH signals of symmetric 1-R1R2 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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(black NMR, Figure 1) shows a distinct symmetric con-
former. Nevertheless, 1-tBu2 favors the syn–anti conformer
by around 0.5⌃0.0(3) kcalmol�1. 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,[17] 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.[3] 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�1, 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-
R1R2. While 1-H2 shows only low concentrations of a second
conformer, bulky substituents such as those with tert-butyl
groups clearly affect the conformer distributions.

Figure 3 displays a summary of the experimentally
determined ΔGR1R2-HH values of the equilibrium between
syn–syn and syn–anti 1-R1R2 relative to parent N,N’-
diphenylthiourea 1-H2. Consequently, 1-H2 is depicted as
ΔGR1R2-HH =0.0⌃0.2 kcalmol�1 in Figure 3 (rightmost data
point). While 1-H2 favors the syn–anti conformer by around
2.3⌃0.1 kcalmol�1 (see Supporting Information for absolute
energy values), substituents in all-meta position shift the
equilibrium towards the syn–syn conformer (ΔG<0). In
contrast to the often encountered view that large groups

repel each other, Figure 3 illustrates that bulky groups favor
the conformer that displays close alkyl–alkyl contacts (dσ-σ=
2.61 Å for 1-tBu2). The unsymmetric functionalization in 1-
R1H (blue bars) and 1-HR2 (rightmost block of columns)
only has a small effect on the equilibrium position (up to
ΔGtBuH-HH =�0.6⌃0.2 kcalmol�1). The shift in energy to-
wards the syn-syn conformer can be rationalized by
attractive σ–π interactions between substituents and oppos-
ing phenyl moiety. Thereby, a decrease in distance between
substituent and phenyl moiety systematically increases the
stabilizing σ–π interactions. A similar effect was already
observed and quantified by Shimizu et al. for a para
substitution pattern utilizing molecular torsion balance.[18]

Here, distance dependence of σ–π 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.[5,13]

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
CH3 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 Å has proven to be effective in stabilizing labile
compounds such as hexaphenylethane[19] or rationalizing
isomerization energies of linear and branched alkanes.[20]

The largest difference in energy due to incorporation of a
methyl substituent can be observed from 1-tBuH (ΔG

Figure 2. NMR measurements at 193 K of the aromatic signals of 1-tBu2

(grey) and computed spectra for the syn–anti (blue), syn–syn (green),
and anti–anti (red) conformers in THF (SMD solvent model) at the
B3LYP-D3(BJ)/def2-TZVPP level of theory. For the full spectral data see
the Supporting Information.

Figure 3. Experimentally determined Gibbs free energy values ΔG

R1R2-HH for the equilibrium between syn–syn and syn–anti 1-R1R2 at
193 K’ gray lines indicate error bars. ΔG<0 corresponds to a shift
towards the syn–syn conformer: The lower and more negative the ΔG
expressed, the more favored the syn–syn conformer. Note that the
supposedly catalytically active anti–anti conformation is not populated
at all.
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tBuH-HH =�0.6⌃0.2 kcalmol�1) to 1-tBuMe
(ΔGtBuMe-HH =�1.2⌃0.2 kcalmol�1) with around
�0.6 kcalmol�1 stabilization due to σ–σ contacts.[21] Addi-
tional methyl groups shift the equilibrium further towards
the syn–syn conformer by around �0.1 kcalmol�1. Conse-
quently, the most prominent effects can be observed for 1-
R1tBu derivatives (orange bars), which shift the equilibria
significantly towards the syn–syn conformer (up to ΔG
tButBu-HH =�1.7⌃0.1 kcalmol�1). Hence, the experimental
data suggest that increasingly larger alkyl substituents act as
stabilizing DEDs rather than as repulsive steric bulk.[5,19, 22]

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[23] (crest) program, the
lowest conformers were further optimized with Ahlrich’s
def2-TZVPP[24] basis set. The B3LYP[25] functional was
utilized with and without (Supporting Information)
Grimme’s D3[26] correction including Becke–Johnson[27] (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)[28] 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.[29] This analysis follows that of
Sandler et al. (Supporting Information)[6a] 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).[14] The thermochemical results (ΔGeq) 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–anti/anti–syn conformers to be favored by
around 3–4 kcalmol�1. Including LD, the unsubstituted
balance already slightly favors the syn–syn conformer
(ΔGeq⇡�0.3 kcalmol�1). 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-tBu2 (ΔGeq⇡�2.8 kcalmol�1). These results

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.[30]

To assess these counterintuitive results, we visualized the
intramolecular noncovalent contacts (Figure 5) utilizing non-
covalent interaction (NCI) plots[31] to highlight the main
source of thermodynamic stability of 1-tBu2 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 NCIs. The anti–anti conformer of
1-tBu2 features a mixture of red and blue isosurfaces due to
the substitution pattern and a CH···S contact[4c] a green
contact area is not visible. On the other hand, the syn–anti
conformer already shows small green areas between bulky
tBu 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 σ–σ (i.e., tBu�tBu in Figure 5) and σ–π (tBu–π)
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 ΔΔGR1R2

from singly substituted molecular balances.[32] Hereby, two
substituents R1 and R2 are mutated separately to investigate
the impact of each substituent on the thiourea molecular
backbone. According to the following equation the inter-

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-R1R2 at the DLPNO-CCSD(T)/
def2-TZVP//B3LYP-D3(BJ)/def2-TZVPP level of theory including a
solvent correction (THF) at the B3LYP-D3(BJ)/def2-TZVPP utilizing the
PCM model. Thermal corrections were added from DFT optimizations
at 193 K. 1-H2 and 1-tBu2 are highlighted for clarity.
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action energy ΔΔGR1R2 between two substituents can be
determined as follows:

DDGR1R2 à DGR1R2�DGR1H�DGHR2 á DGHH (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 (ΔΔGtButBu =�0.5⌃0.3 kcalmol�1). Therefore,
around 30% of the observed Gibbs free energy values
(ΔΔGtButBu-HH =�1.7⌃0.1 kcalmol�1) can be assigned to
stabilizing alkyl–alkyl contacts. The remaining 70% consists
of σ–π interactions between tBu and the opposing phenyl
moiety.[21] The smallest effect was measured for the 1-Me2
molecular balance (ΔΔGMeMe=�0.1⌃0.4 kcalmol�1). In
comparison to ΔΔGR1Me (yellow bars), ΔΔGR1Et (purple bars)
does not profit from an additional CH3 group. This can be
rationalized with an entropic penalty[33] 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[34] (SAPT) analysis as imple-
mented in PSI4.[35] The scaled version was used according to
Sherrill et al.[36] 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

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 (Etot) between two di-substituted benzene
molecules based on their geometry in the syn–syn conformer
(for other conformers see Supporting Information). While
inductive effects (Eind, blue markings) only play a minor role

Figure 5. Noncovalent interaction (NCI) plots of the anti–anti (left), syn–anti (center), and syn–syn (right) conformers of 1-tBu2 at B3LYP-D3(BJ)/
def2-TZVPP. Isosurfaces (isovalue s of 0.2, ranging from sign(λ2)1=�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).

Figure 6. Double mutant cycle (top) to dissect the interaction energy
ΔΔGR1R2 and results of the analysis (bottom); gray lines indicate error
bars. ΔΔGR1R2 describes the relative interaction energies of R1–R2

contacts of the syn–anti and syn–syn equilibrium at 193 K. Negative
energies correspond to stabilizing interactions between both groups.
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in the dimerization of substituted benzene, electrostatic
(Eestat, grey markings) as well as LD interaction (Edisp, green
markings) are essential to understand the interaction energy
between two benzene molecules. Both energies, Eestat and
Edisp, stabilize the benzene dimer due to alkyl substitution
with LD interactions as the major component (up to Edisp=
�21.1 kcalmol�1 for 1-tBu2). Nevertheless, only a combina-
tion of both energies overcompensates the destabilizing
contributions of Pauli exchange repulsion (Eexch, red mark-
ings). Especially for 1-H2, repulsive interactions
(Eexch= +15.3 kcalmol�1) disfavor the aggregation of
benzene and override all stabilizing effects (Etot= +
0.7 kcalmol�1). While Herbert et al.[37] identified LD as the
main attractive component in cofacial π-stacking (via σ–π
contacts) of benzene, this effect alone is not strong enough
to stabilize 1-H2. 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 Eexch= +
26.3 kcalmol�1 for 1-tBu2) 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[38] as implemented in
ORCA.[39] 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

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�1), but this is due to the
different models used. Accordingly, 1-H2 and the semi-
substituted 1-HR2 series benefit the least from LD inter-
actions (between �4.0 to �7.3 kcalmol�1). On the other
hand, substitution on both phenyl moieties results in higher
LD interaction energies up to Edisp=�13.7 kcalmol�1 for
1-tBu2. 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, σ–σ and σ–π 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 σ–σ and σ–π contacts as

Figure 7. sSAPT analysis of two 1,3-disubstituted benzene molecules in
the geometry of the syn–syn thiourea conformers at sSAPT0/6-
311G(d,p) at 298 K. The dashed lines are used to guide the eye.

Figure 8. LD interaction energies derived from LED analysis of two
1-R1R2 substituted phenyl moieties in syn–syn conformer at DLPNO-
CCSD(T)/def-TZVP//B3LYP-D3(BJ)/def2-TZVPP at 298 K.
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origin of stabilization. The most prominent shift towards the
folded syn–syn conformer was observed when attaching
bulky tert-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 tert-butyl substituents to be highly effective
DEDs.
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2.5 London Dispersion Stabilizes Chloro-Substituted cis-Double Bonds 
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Abstract We present a combined experimental and computational
study on the thermodynamic stability of cis- and trans-alkenes substi-
tuted with dispersion energy donor (DED) groups. To investigate the
role of noncovalent interactions on equilibrium of cis- and trans-alkenes
we utilized hydrochlorination reactions. While the general assumption
is that increasing steric bulk favors the trans-alkene, we observe an
equilibrium shift towards the more crowded cis-alkene with increasing
substituent size. With the aim to quantify noncovalent interactions, we
performed a double mutant cycle to experimentally gauge the attrac-
tive potential of bulky substituents. Additionally, we utilized local ener-
gy decomposition analysis at the DLPNO-CCSD(T)/def2-TZVP level of
theory. We found LD interactions and Pauli exchange repulsion to be
the most dominant components to influence cis- and trans-alkene equi-
libria.

Key words double mutant cycle, equilibrium, hydrohalogenation,
London dispersion, Pauli repulsion

It is an accepted view in organic chemistry that trans
double bonds are more stable than their cis analogues.1
Based on the hard-sphere model, intramolecular steric hin-
drance is believed to alter the stability of the cis-isomer
more significantly with increasing size of attached alkyl
groups than for the ‘unfolded’ trans isomer. The notion of
steric hindrance has a firm place in strain analyses, such as
allylic,2 syn-pentane,3 and 1,3-diaxial4 strain and is solely
based on repulsive interactions due to close alkyl contacts.
For instance, the A values are considered to be a direct mea-

sure of steric bulk.4 However, recent studies demonstrated
that London dispersion (LD) interactions5 have to be taken
into account as a key counterpart to steric repulsion.6 That
is, bulky alkyl groups can provide considerable stabilization
due to LD. LD interactions were successfully utilized to sta-
bilize weak bonds such as in hexaphenylethane derivatives7

or cause molecules to dimerize by forming very close H···H
contacts.8 As well as carbon double bond, the nitrogen con-
geners usually favor the unfolded trans conformation.9 For
instance, Wegner et al.10 demonstrated the importance of
LD on the thermal isomerization reaction from trans- to cis-
azobenzene by attaching bulky dispersion energy donor
(DED) groups11 in all-meta positions. Herein, we investigate
the relative thermodynamic stability of trans- and cis-
alkenes by utilizing a hydrohalogenation12 reaction
(Scheme 1) and take into consideration the role LD plays in
stabilizing the diastereomers.

The surface-mediated syn addition of HCl generated in
situ from the reaction of oxalyl chloride with water first
gives the kinetically favored cis-alkene. Under acidic condi-
tions the double bond isomerizes via a protonation–depro-
tonation mechanism. Kropp et al.12 demonstrated that alkyl
groups directly attached to the double bond favor the trans-
alkene. However, a systematic study on the role of noncova-
lent intramolecular interactions has not been reported.
Herein, we focus on stilbene derivatives using DEDs in all-
meta positions. While parent stilbene favors the unfolded
trans form1,13 (the enthalpy difference is 5.7 kcal mol–1 de-
rived from heats of hydrogenation,14 3.8 kcal mol–1 from
heats of combustion,15 and 2.3 kcal mol–1 from tempera-
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ture-dependent measurement of the iodine-catalyzed

isomerization reaction15) over the more crowded ‘folded’

cis-stilbene due to conjugation of the planar trans-stilbene

and intramolecular steric hindrance in cis-2-R2.16 The inclu-

sion of chlorine disrupts planarity (dihedral angle  = ca.

36°) of the trans isomer and therefore lowers the energy

gain due to conjugation by around 2.5 kcal mol–1 (see the

Supporting Information (SI) for details). Nevertheless, re-

pulsive steric interactions in cis-2-R2 are not affected much

by chlorine incorporation.

To measure the effects of DEDs on the thermodynamic

stability of stilbene derivatives, we synthesized all-meta-

substituted diphenylalkynes17 1-R2 with methyl (Me), ethyl

(Et), iso-propyl (iPr), and tert-butyl (tBu) groups attached.

We generated the 1-bromo-3,5-disubstituted benzene de-

rivatives via literature procedures7a,18 and utilized a Pd-cat-

alyzed decarboxylative coupling reaction19 with 2-butyne-

dioic acid to give all-meta-substituted diphenylalkynes 1-R2
(Scheme 2). Unsymmetrical diphenylalkynes were synthe-

sized in a coupling reaction with phenylpropiolic acid.

Scheme 2  Synthetic procedure for the preparation of all-meta-substi-
tuted diphenylalkynes and molecular structures derived from single-
crystal X-ray diffraction of 1-Me2 and 1-tBu2. Thermal ellipsoids drawn 
at 50% probability level.

To test the suitability of the hydrochlorination and to

gather information on thermodynamic equilibria of the stil-

bene derivatives, we chose 1,2-bis(3,5-dimethylphe-

nyl)ethyne (1-Me2) as a model system.20 We adopted the

procedure of Kropp et al.12 utilizing alumina for surface ac-

tivation. The hydrolysis of oxalyl chloride was used to gen-

erate HCl in situ. The reaction was monitored via gas chro-

matography (GC–MS). After adding oxalyl chloride to a sus-

pension of alkyne and alumina in DCM the starting material

was consumed after around 20 min. Alumina adsorbs HCl in

DCM solution, thereby enhancing its acidity and reactivity

towards alkynes.12b The syn addition of HCl with the alkyne

gives cis-2-Me2. With an excess of reagent, the system

equilibrates between the two diastereomers resulting in

trans-2-Me2 as the main product. While equilibrium was

reached after around 2 h, the mixture was allowed to react

for 4 h in total. Figure 1 shows the composition of the reac-

tion mixture with cis-alkene (red markings) as the kinetic

and trans-alkene (blue markings) as the thermodynamic

product. The starting material (grey markings) is consumed

quickly. While the equilibrium shifts towards the unfolded

trans-2-Me2, the ratio and therefore energy difference be-

tween both conformers can be determined. Accordingly,

the hydrochlorination is a means to an end to equilibrate

the stilbene isomers.

Figure 1  Composition of the reaction mixture with respect to reaction 
progress t. 1,2-Bis(3,5-dimethylphenyl)ethyne (1-Me2, grey markings) 
converts into the cis- (red markings) and trans-alkene (blue markings).

The thermochemical results (ΔGR–R – ΔGH–H) of the com-

putational and experimental study are depicted in Figure 2.

By representing the relative Gibbs free energies of the sub-

stituted and unsubstituted system, the trend already high-

lights the role DEDs play in the equilibrium (for absolute

Scheme 1  Hydrochlorination reaction of all-meta-substituted diphenylalkynes 1-R2. The reaction proceeds via a syn addition of HCl and forms a mix-
ture of cis- and trans-alkenes (2-R2), which can equilibrate.
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values, see the SI). While negative energy values correspond
to a shift towards the more crowded cis diastereomer, posi-
tive values denote a shift to the trans isomer. Accordingly,
the experimental data (Figure 2, blue markings) show a
shift to the cis isomer with increasing polarizability of the
substituents, although the absolute energies shows a pref-
erence of the trans isomer for all derivatives (for absolute
values, see the SI). While Me substituents do not affect the
equilibrium in comparison to the parent system (ΔGMe–Me –
ΔGH–H = –0.1 ± 0.2 kcal mol–1), bulkier substituents all favor
the folded isomer (negative energy values). This trend cor-
relates well with polarizability  and therefore can be
traced back to the substituents acting as DEDs.5 Hence, the
largest effect can be observed with tert-butyl substitution
(ΔGtBu–tBu – ∆GH–H = –0.7 ± 0.2 kcal mol–1). While bulkier
DEDs shift the equilibrium to the more crowded cis-stilbe-
ne derivative, the chlorine atom appears to have a minor
impact on the equilibrium. With its high polarizability
chlorine can compete with alkyl substituents and diminish-
es the energetic preference for the cis derivative.21

Figure 2  Gibbs free energies for the equilibrium of all-meta-substitut-
ed diphenyl cis- and trans-alkenes relative to the unsubstituted alkenes 
plotted vs. the polarizability . Blue markings correspond to experimen-
tal values. Computations were performed at the B3LYP-D3(BJ)/def2-TZ-
VPP (grey markings) and B3LYP/def2-TZVPP (red markings) level of 
theory. The PCM solvent model (DCM) was utilized for single-point en-
ergy computations with thermal corrections added from DFT frequency 
computations. Data points in the shaded area correspond to repulsive 
interactions.

We also performed a computational study on the ther-
modynamic stability of stilbene derivatives to assess the cis
and trans diastereomer equilibrium. We utilized the Con-
former–Rotamer Ensemble Sampling Tool22 (crest) to iden-
tify conformers lowest in energy for the cis- and trans-
alkenes. The preoptimized diastereomers were further op-
timized in the gas phase with Gaussian16.23 We chose the
B3LYP24 functional including and excluding Grimme’s
D3(BJ) correction25 in conjunction with Ahlrich’s def2-TZ-

VPP26 basis set. To address solvent effects, single-point en-
ergy computations were performed utilizing the PCM mod-
el27 with DCM as solvent. We verified these results using
B97X-D28 and higher-level computations such as single-
point energies at the DLPNO–CCSD(T)/def2–TZVP29 level of
theory (see the SI for details).

The exclusion of LD interactions by utilizing the B3LYP
functional without dispersion correction (red markings)
predicts the trans-alkene to be lowest in energy for all com-
pounds studied. Additionally, an incorporation of bulky
substituents, such as iso-propyl or tert-butyl groups in all-
meta position, results in positive energy values (up to +0.3
kcal mol–1). This would imply the intuitively often preferred
repulsive nature of the intramolecular interactions in the
cis-alkene. On the contrary, the inclusion of Grimme’s
D3(BJ) correction (grey markings) leads to a significant sta-
bilization in favor of the cis diastereomer. While the parent
trans-stilbene is computationally favored by ΔGeq = +0.4
kcal mol–1, bulky substituents shift the equilibrium towards
the cis-alkene. The largest effect is associated with the most
polarizable tert-butyl groups with ΔGtBu–tBu – ∆GH–H = –2.4
kcal mol–1 (for absolute values, see the SI). The close cor-
relation with the polarizability  (Figure 2) hints to attrac-
tive interactions relating to LD. By comparing computed
with experimental data (blue markings), it is apparent
that only the inclusion of dispersion corrections can help
rationalize the observed trends. While computed energies
arising from B3LYP/def2-TZVPP are not affected by the at-
tached substituents, the B3LYP-D3(BJ)/def2-TZVPP level of
theory is in line with the relative experimental energies.
Both linear regressions (blue and grey markings) show the
same sign and shift the equilibrium towards to more steri-
cally hindered alkene. Nevertheless, the computed ener-
getic preference due to the all-meta substitution pattern is
around 70% more pronounced than our experimental
findings suggest.30 The highest shift towards the cis-
alkene was observed with tert-butyl substitution (ΔGtBu–

tBu – ΔGH–H = –0.7 ± 0.2 kcal mol–1). While the absolute en-
ergies of the B3LYP-D3(BJ)/def2-TZVPP computations fa-
vor the cis isomer, the experimental study shows the trans
isomer to be lowest in energy regardless of the substitu-
ents attached. Therefore, we conclude that an attenuation
of intramolecular noncovalent interactions in DCM influ-
ences the equilibria of stilbene-type molecules signifi-
cantly.30,31 This effect is not captured with solvent inclu-
sion in the computations resulting in unsatisfactory com-
putation of the absolute energy differences.

To investigate the origin of stabilization of the cis-alkene
with bulky substituents attached, we conducted a qualita-
tive analysis of noncovalent interactions. We generated in-
tramolecular noncovalent interactions (NCI) plots32 to high-
light attractive and repulsive regions between the disubsti-
tuted phenyl moieties. The results for the cis diastereomers
of 2-H2 (top) and 2-tBu2 (bottom) are depicted in Figure 3.
While the trans-alkenes show no NCI interactions between
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the phenyl moieties (this is also confirmed by LED compu-
tations, see the SI), the cis isomers feature one large isosur-
face between adjacent phenyl moieties. With strong repul-
sive interactions color-coded in red and strong attractive
interactions in blue, both alkenes show red isosurfaces in
close proximity to the double bond, but blue ones in the ex-
terior of both phenyl moieties. This is in line with the find-
ing for hexaphenylethane.7 The incorporation of bulky sub-
stituents results in an additional green isosurface corre-
sponding to LD interactions. Accordingly, cis-2-tBu2 is
stabilized by close – contacts of around 2.3 Å in distance;
these originate from the methyl groups of the tert-butyl
substituents.

Figure 3  Noncovalent interaction (NCI) plot of cis-2-H2 (top) and cis-2-
tBu2 at B3LYP-D3(BJ)/def2-TZVPP. Isosurfaces (isovalue s() of 0.5, rang-

ing from  = –0.05 a.u. to +0.05 a.u.) are color-coded in red (strongly 

repulsive), blue (strongly attractive), and green (weak NCI).

Apart from qualitative investigations, we quantitatively
assessed the role DEDs play in the equilibrium. We per-
formed a double-mutant cycle33 (DMC) to dissect the inter-
action energy ΔΔGR–R which corresponds to the energy
gained or lost due to two substituents interacting with each
other. ΔΔGR–R is dissected from unsubstituted and singly
substituted systems according to the following equation:

ΔΔGR–R = ΔGR–R – ΔGR–H – ΔGH–R + ΔGH–H

The results of the DMC give an experimental estimate of
the attractive (negative energy values) or repulsive (posi-
tive energy values) interactions exclusively between DEDs,
thereby, excluding interactions between substituent and
the opposing phenyl moiety (Figure 4). Due to a large error
estimate (summation of four ΔG errors) the results of the
analysis have to be treated with caution (see the SI for error
estimation). Nevertheless, the analysis qualitatively con-
firms the DED capacities of alkyl groups. The total interac-
tion energies ΔΔGR–R between the substituents are all at-
tractive (negative) and, consequently, stabilizing for the cis-
alkene. Both, Me–Me and Et–Et contacts (ΔΔGR–R = ca. –0.1
kcal mol–1) only faintly favor the cis-alkene. This is not sur-
prising since LD interactions are highly distance-dependent
(r–6). With a distance of around dMe–Me = ca. 4.2 Å and dEt–Et =
ca, 3.1 Å, the substituents do not fall into the van der Waals

minimum (dideal = ca. 2.5 Å) range.31b Additionally, the latter
suffers an entropic penalty due to the increased flexibility
of the Et substituent. A similar effect was observed in the
conformational analysis of all-meta-substituted diphen-
ylthiourea.34 Azobenzene derivatives35 as well as hierarchi-
cally assembled dinuclear titanium(IV) helicates36 confirm
the effect for longer alkyl chains. The highest stabilizing in-
teraction in favor of the cis-alkene again is observed for the
close tBu–tBu (dtBu–tBu = ca. 2.3 Å) contacts by ΔΔGtBu–tBu =
–0.6 kcal mol–1. The observed trends stem from a combina-
tion of attractive LD interactions between bulky DEDs and
the solvophobic effect in polar solvents. Both effects in-
crease with the size of alkyl substituent attached.

Figure 4  Double mutant cycle (top) utilized for the determination of 

ΔΔG
R–R

 and results of the analysis (bottom). Negative energy values cor-

respond to stabilizing interactions between the substituents in the cis 
isomer.

We performed a computational and experimental study
on the role LD interactions play in the thermodynamic
equilibrium of cis- and trans-alkenes, utilizing surface-me-
diated hydrochlorinations to study the effects of bulky sub-
stituents. In contrast to the notion that steric bulk favors
the unfolded trans-alkene due to steric hindrance in the cis-
olefin, we found a counterintuitive shift towards the more
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crowded cis-alkene with increasing substituent size. We
highlight LD interactions as the main source of stabiliza-
tion. To confirm these findings, we evaluated a double-mu-
tant cycle to quantify the stabilizing interactions between
polarizable alkyl groups attached in all-meta positions. The
most prominent effect was observed with tert-butyl substi-
tution. By analogy, an LED analysis provides additional evi-
dence that LD interactions only affect the folded cis-alkene
via intramolecular – contacts.
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2.6 London Dispersion Favors cis-Selectivity in the Johnson-Corey-
Chaykovsky Epoxidation 
 

 

 

Abstract: 

We present an experimental study on the role of dispersion energy donors on the cis/trans-
selectivity of Johnson-Corey-Chaykovsky epoxidation.  Whereas the generally accepted 
origin of diastereoselectivity is based on steric repulsion, we determined that London disper-
sion interactions are the main source of stabilization of the preferred transi-tion structure.  
This was brought to the fore utilizing a series of nuclear magnetic resonance measurements 
to determine the role of noncovalent interactions. 
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ABSTRACT: We present an experimental study on the role of dispersion energy donors on the cis/trans-selectivity of 
Johnson-Corey-Chaykovsky epoxidation.  Whereas the generally accepted origin of diastereoselectivity is based on steric 
repulsion, we determined that London dispersion interactions are the main source of stabilization of the preferred transi-
tion structure.  This was brought to the fore utilizing a series of nuclear magnetic resonance measurements to determine 
the role of noncovalent interactions.   

INTRODUCTION  

In enantioselective catalysis, insights into reaction mecha-
nisms are essential to maximize yields and stereoselectivities.  
Especially the latter requires extensive knowledge about how 
molecules interact and connect via elementary reaction 
steps.  The applicability of a detailed understanding of reac-
tion pathways ranges from basic SN2 reactions1 proceeding 
via stereospecific backside attack, to highly complex catalytic 
processes.2  To date, the origin of stereoselectivity still is 
most often rationalized by repulsive steric interactions either 
between substrates or catalyst and substrate; this is particu-
larly so in textbooks.  While the concept of steric hindrance 
can typically explain the stereochemical outcome of reac-
tions between small molecules and groups, bulky substitu-
ents counterintuitively sometimes have the opposite effect.3  
This has been recently demonstrated, for example, for the 
Corey–Bakshi–Shibata reduction utilizing sterically highly 
encumbered oxazaborolidine catalysts.4  Here, the rate de-
termining step of the reduction proceeds through the more 
crowded transition state that profits from attractive noncova-
lent interactions.  For hydroamination reactions it was 
demonstrated that increasing steric bulk promotes catalyst-
substrate interactions, thereby accelerating the reaction.5-7  
Both studies highlighted the importance of London disper-
sion8, 9 (LD) interactions as the key driving force for aggrega-
tion and as the essential interaction to rationalize experi-
mental results.  To maximize LD, bulky dispersion energy 
donor (DED) groups were introduced as a concept and in 
practice.3, 10   

In comparison to ground-state stabilization via attractive s-s 
contacts, for example, in molecular balances,11, 12 the stabiliza-
tion of transition states has not been well investigated.  Here, 

we chose the Johnson-Corey-Chaykovsky (JCC) reaction13-16 
to study the effect of DEDs on the stereodifferenting transi-
tion states of this reaction.  The JCC reaction takes place 
between an ylide and an aldehyde (Scheme 1).  Numerous 
procedures17-22 exist that give a variety of products, for exam-
ple, epoxides, cyclopropanes, and aziridines.  Additionally, 
theoretical and experimental studies23-27 were performed on 
the mechanism of the JCC reaction.  After a pre-equilibrium 
deprotonation with base to generate the ylide from sul-
fonium salt 1-R1, the ylide adds nucleophilically to the alde-
hyde 2-R2 in the rate-determining step.  Subsequent bond 
rotation around the central C-C bond gives the syn- or anti-
betaine, followed by elimination of sulfide to yield the cis- or 
trans-epoxide (3-cis/trans-R1R2), respectively.   

Scheme 1. Currently accepted mechanism of the John-
son-Corey-Chaykovsky epoxidation. 

 
 

Experimentally, the Gibbs free energy of activation was de-
termined of around DG‡ = 22.2 kcal mol-1 (with R1 = H and 
R2 = H) at 298 K for the nucleophilic addition of the ylide to 
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strated the torsional rotation around the central C-C bond of 
the betaine to be rate-determining for cis-epoxide.26  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) 
on the other hand.  Accordingly, Aggarwal et al.28 laid out 
four main principles to rationalize stereoselectivity.  Apart 
from steric repulsion between the phenyl moieties in the syn-
betaine structure, Aggarwal emphasized the stability of the 
ylide and the aldehyde and solvation effects to promote 
reversible syn-betaine formation.  Herein, we study the role 
of DEDs on the JCC reaction demonstrating the importance 
of LD in this reaction in particular and in chemical reactions 
in general. 

 

RESULTS 

To study the impact of DEDs on the JCC epoxidation, we 
systematically varied the substituent at 1-R1 and 2-R2 in the 
logical series from methyl (Me), ethyl (Et), iso-propyl (iPr), to 
tert-butyl (tBu).  We utilized 1-bromo-3,5-dialkyl-substituted 
benzene as starting material to generate all precursors.  2-R2 
was prepared via a formylation reaction with DMF.29  The 
aldehyde was reduced utilizing LiAlH4 and the resulting 
alcohol was brominated via PBr3.30, 31  A Finkelstein-type 
reaction with tetrahydrothiophene and NaBF4 yielded 1-R1.32  
To probe the effects of DEDs on JCC, the reaction conditions 
were chosen in analogy to Crudden et al.27 who experimen-
tally investigated the mechanism of the JCC reaction.  The 
epoxidations were performed in DCM under pseudo-first 
order (thus kinetic) conditions.  Accordingly, the aldehyde 
was utilized in excess (0.5 M, 10 equiv.) with limiting sul-
fonium salt (1 equiv.) present.  A buffer (1 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 equiv.) was added as a base to generate the ylide and to 
start the reaction.  The reaction progress was monitored by 
1H-NMR at room temperature.  The ratio of 3-cis-R1R2 and 3-
trans-R1R2 was determined by integration of the cis and 
trans proton signals at the epoxide.  Crudden et al.27 already 
demonstrated irreversibility of the parent unsubstituted 
system.  To see whether bulky substituents influence the 
reaction mechanism, we followed the reaction progress for 1-
Me and 2-Me as well as 1-tBu and 2-tBu (see SI).  In both 
cases the product concentration steadily increased while 
ratio between both epoxides remained constant.  Additional-
ly, we exposed a 1:1 mixture of 3-trans-HH and 3-cis-HH to 
the reaction conditions without observing a change ratio (see 
SI).  Figure 1 shows the NMR signals of the symmetric epox-
ides with a chemical shift between 3.75-4.40 ppm.   

 

Figure 1. NMR measurements of symmetric 3-cis-R2 (green 
marking) and 3-trans-R2 (blue marking) as a result of the 
reaction of 1-R and 2-R in DCM at 273 K.  For simplicity, the 
CH signals of the symmetric epoxides are depicted only.   

The parent unsubstituted starting material resulted in a 
product ratio of 0.17:1 (cis:trans, Figure 1, red NMR).  In ac-
cordance with the literature,27 the larger signal (blue mark-
ing) was assigned to the unfolded 3-trans-HH and the 
smaller signal (green marking) to 3-cis-HH.  The generation 
of 3-trans-HH and 3-cis-HH from stilbene with meta-
chloroperoxybenzoic acid (mCPBA) confirmed our assign-
ment (see SI).  To gather as much information as possible on 
the influence of DEDs on the reaction we followed our pro-
cedure for all possible 1-R1 and 2-R2 combinations.  The re-
sults for the symmetric products are depicted in Figure 1.  
Counterintuitively, the epoxide ratio (cis:trans) shifts to the 
more crowded 3-cis-R1R2 with increasing size of DEDs.  
Accordingly, the ratio of 3-trans-tButBu and 3-cis- tButBu 
(Figure 1, black NMR) is almost 1:1 (see SI for all ratios).   

Figure 2 displays the experimentally determined DG‡
R

1
R

2
-HH 

values for the reaction between differently substituted tetra-
hydrothiophene salt 1-R1 and aldehyde 2-R2 to generate a 
mixture of 3-cis-R1R2 and 3-trans-R1R2.  The energy values 
are derived from integration of the cis and trans proton sig-
nals at the epoxide.  The unsubstituted system was utilized 
as reference reaction.  DG‡

R
1
R

2
-HH refers to the energy be-

tween the transition states of the rate determining step rela-
tive to the parent unsubstituted reaction of 1-H and 2-H.  
Therefore, the reaction of 1-H and 2-H is depicted as 
DG‡

HH-HH = 0.0±0.1 kcal mol-1 (leftmost data point).  With an 
absolute energy value of DG‡

HH = 1.0±0.0 kcal mol-1 (see SI for 
absolute values) the reaction of 1-H and 2-H favors the less 
crowded 3-cis-HH over 3-trans-HH (K‡

HH = 0.17).  In line 
with the argument that large groups such as phenyl moieties 
interact repulsively, the transition state leading to the un-
folded 3-trans-HH is lower in energy by around 
1.0 kcal mol-1 than its more crowded counterpart.  With this 
result and classic “steric repulsion thinking” in mind, bulkier 
groups, e.g., with an all-meta substitution pattern, should 
shift the ratio even further to 3-trans-R1R2 (DG‡>0).28  In 
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stark contrast, Figure 2 shows the opposite trend.  The at-
tached substituents shift the ratio to the more crowded 3-cis-
HH (DG‡<0) contradicting the well-established rationale that 
increasing steric bulk predominantly favors 3-trans-R1R2.  
However, our results are well in line with investigations 
focusing on attractive s-s and s-p interactions.3, 33-38  Similar 
effects were observed in the enantioselective Corey-Bakshi-
Shibata reduction4 and in the copper-catalyzed hydroamina-
tion5, 7 of unactivated olefins.  In both cases, bulky substitu-
ents were utilized to lower the energy of the more crowded 
transition state by enforcing close s-s and s-p contacts be-
tween catalyst and substrate.  A similar effect appears to 
govern the JCC reaction as well.   

 

Figure 2. Experimentally determined relative Gibbs free en-
ergy values DG‡

R
1
R

2
-HH for the reaction of 1-R1 and 2-R2 at 

room temperature relative to the parent case with R1 = R2 H 
(leftmost data point).  The depicted energy values corre-
spond to the energy differences of the transition states in the 
rate-determining step.  DG‡<0 indicates favoring of 3-cis-R1R2 
formation with regards to the parent system.  The gray lines 
indicate error bars.   

To study the effect of LD on the transition state of the reac-
tion, all combinations of 1-R1 and 2-R2 were measured.  The 
unsubstituted 1-H always favors the reaction to 3-trans-HR2 
(leftmost block of columns).  The energy difference of the 
transition states does not change with increasing substituent 
size at 2-R2 (DG‡

HR
2
-HH ≈ -0.1±0.1 kcal mol-1).  On the other 

hand, in a reaction with unsubstituted benzaldehyde 2-H 
(orange bars) increasing substituent size at 1-R1 decreases the 
energy gap between the two transition states.  Stabilizing s-p 
interactions appear to decrease the energy of the more 
crowded transition state.  While the transition state to 3-cis-
MeH benefits by around DG‡

MeH-HH ≈ -0.2±0.1 kcal mol-1 
from stabilizing s-p contacts, the incorporation of additional 
CH3 substituents increases this effect by around 
-0.1 kcal mol-1.  In the series of singly substituted starting 
materials (orange bars and leftmost block of columns), the 
largest effect can be observed for the reaction of 1-tBu and 2-
H (DG‡

tBuH-HH ≈ -0.6±0.1 kcal mol-1).  In stark contrast to the 

well-established rule-of-thumb that steric hindrance governs 
the transition state of the JCC reaction, an increase in sub-
stituent size at 1-R1 and 2-R2 shifts the dr towards the more 
crowded 3-cis-R1R2.  The systematic increase of 2-R2 within 
each series of 1-R1 identifies the tert-butyl substituent (blue 
bars) as the best DED.  The strongest interaction can be 
observed for the reaction of 1-tBu and 2-tBu almost resulting 
in a 1:1 mixture (K‡

tButBu = 0.93).  Since we are under kinetic 
conditions, the transition state to the more crowded 3-cis-
tButBu is favored by around DG‡

tButBu-HH ≈ -0.9±0.1 kcal mol-1 
relative to its parent counterpart.  Interestingly, the limit of 
stabilization was not reached with the substituents chosen 
since the tert-butyl derivative favors the cis-epoxide the most 
and no compensation due to steric repulsion can be ob-
served.  It is expected that even bulkier groups such as ada-
mantyl will favor 3-cis-R1R2 up to the point where steric 
interactions finally dominate.  Unfortunately, the limit was 
set due to increasingly poor solubility of the adamantyl pre-
cursors, which we had attempted to include as well.   

 

DISCUSSION 

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

Stability of the Carbonyl Group.  Aggarwal et al.28 ob-
served 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.  Additional-
ly, this effect should be amplified by electron-donor substit-
uents due to an increase in electron density at the carbonyl 
carbon resulting in lower electrophilicity.28  However, our 
experimental data show the opposite selectivity.  While un-
substituted phenyl moieties favor 3-trans-R1R2, the attach-
ment of DEDs clearly shifts the ratio towards 3-cis-R1R2 (for 
example, K‡

tButBu = 0.93).  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.28 found that the more stable the ylide, the 
higher the trans selectivity.  Accordingly, electron-deficient 
functional groups increase diastereocontrol, whereas elec-
tron-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 steps is equal in height to result in 1:1 mixture of 
cis and trans epoxide with bulky tert-butyl groups attached.  
Additionally, our experimental findings let us conclude that 
the stability of the ylide is not the only factor for stereocon-
trol 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 tran-
sition state.   
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Figure 3. Reaction path for ring closure experiments of 4-syn-R with R = H (left, blue) and R = tBu (right, green).  The percentage 
give the probability of conversion of 4-syn-R and recombination of 1*-R and 2-R.  The Gibbs free energy values correspond to the 
difference in transition state of the conversion of 4-syn-R (DG‡

R-bet) and for rate-determining transition states of recombination 
of 1*-R and 2-R (DG‡

R
1
R

2).   
 

Scheme 2. Ring closure experiments (top) and cross-
over experiments (bottom) of 4-anti-R and 4-syn-R in 
DCM at room temperature with DBU as base. Para-
nitrobenzaldehyde was utilized as trapping agent.   

 
Since the first two principles are based on reversible betaine 
formation, we performed ring closure and cross-over experi-
ments to investigate the reversibility for the unsubstituted 
and heavily substituted system.  Hence, we synthesized the 
protonated diastereomers of betaine intermediates 4-anti-R 
and 4-syn-R (Scheme 2) to probe the epoxide formation 
starting with a single diastereomer.  The starting materials 
were generated from cis- (4-syn-H) and trans-stilbene (4-
anti-H).39  After epoxidation of cis- and trans-stilbene and 
stereoselective ring opening with thiomethoxide, methyla-

tion with methyliodide yields 4-syn-H and 4-anti-H selec-
tively.  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) acety-
lene, which was the product of a coupling reaction with 2-
butynedioic acid.40   
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 equiv. of base (DBU).  With 4-anti-R with 
R = H or tBu, the less crowded 3-trans-R1R2 forms exclusive-
ly.  This implies that the rate-determining step for the JCC 
reaction has to occur prior to the final epoxidation step (thus 
the betaine formation).  In line with earlier reports,21, 22, 39, 41-43 
the epoxidation of 4-syn-H results in a 28:72 cis:trans prod-
uct ratio.  Thus, the rate-determining step of 3-cis-HH for-
mation 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 
3).  Recombination of 1*-R (asterisk indicates minor changes 
of the molecule to 1-R) and 2-R also result in a cis and trans 
product mixture.  Under the assumption that molecular 
changes in 1*-R are minor and negligible, DG‡

R
1
R

2
-HH (Figure 

2) can be utilized to calculate the probability for the conver-
sion 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 an energy difference 
of DG‡

H-bet ≈ +0.9±0.1 kcal mol-1 for the transition states of 
the conversion (ring closure reaction or equilibration) ac-
cording 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 3).  The same 
effect can be observed for 4-syn-tBu.  Remarkably, now the 
final ratio for the consumption of 4-syn-tBu is 70:30 
(cis:trans) in favor of the more crowded product 3-cis- tBut-

Bu, suggesting a significant change in transition states for 
the conversion of 4-syn-tBu.  The ratio corresponds to an 
energy difference of DG‡

tBu-bet ≈ +0.2±0.1 kcal mol-1, thereby, 
slightly favoring conversion to 1-tBu and 2-tBu.  Accordingly, 
42% of 4-syn-tBu are directly converted to 3-cis-tButBu 
while the remaining 58% equilibrate to 1-R and 2-R (Figure 
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3).  The direct formation of 3-cis-tButBu from 4-syn-tBu 
significantly increases in comparison to parent 4-syn-H.  
This can be related to additional LD interactions favoring the 
folded conformation 4-syn-tBu with the hydroxyl function in 
anti-position to the thioether functional group.   
A similar DED-effect was already observed within hexa-
phenylethane.44-49  While the unsubstituted hexa-
phenylethane is not thermodynamically stable due to steric 
hindrance,48 the tert-butyl substituted derivative offers mul-
tiple 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-tButBu. 
To demonstrate that an equilibration must occur by reopen-
ing the betaine structure, we performed cross-over experi-
ments (Scheme 2, bottom).21, 22, 39, 41-43  Activated para-
nitrobenzaldehyde was utilized as trapping agent for the 
ylide due to its higher reactivity (reactions proceed around 
62 times faster than benzaldehyde).43  Whereas 4-anti-R 
with R = H or tBu solely results in the formation of 3-trans-
R1R2 without incorporating nitrobenzaldehyde, 4-syn-R 
gives a mixture of 3-trans-R1R2 and the corresponding nitro-
product (5-R).  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.28  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 DG‡

HH = 1.0±0.0 kcal mol-1).  On the 
contrary, the reaction of 1-tBu with 2-tBu results in an ap-
prox.. 1:1 mixture of 3-cis-tButBu and 3-trans-tButBu (i.e., 
DG‡

tButBu = ~0.0 kcal mol-1.  Consequently, the energy gap of 
around 1.0±0.0 kcal mol-1 between the two diastereomeric 
transition states of the parent case vanishes due to the at-
tachment of bulky tert-butyl groups.   
To shed more light on the origin of the transition state stabi-
lization, we dissected the DDG‡

R
1
R

2 energy values by mutating 
all substituents separately.  By comparing and applying this 
against energies of singly substituted reactions the interac-
tion energy DDG‡

R
1
R

2 can be dissected (Figure 4, top).  
DDG‡

R
1
R

2 solely resembles the interaction energy between 
both alkyl groups R1 and R2, thereby disregarding the energy 
gain due to close s-p contacts.  For this procedure50, 51 (re-
ferred to as double mutant cycle, a practical application of 
Hess’ law) we applied the following equation: 
DDG‡

R
1
R

2 = DG‡
R

1
R

2 - DG‡
R

1
H - DG‡

HR
2 + DG‡

HH (1) 
The result gives an experimental estimate of the role DEDs 
play in the reaction of ylide and aldehyde.  In contrast to the 
concept of steric repulsion, Figure 4 (bottom) qualitatively 
highlights the stabilizing effect (negative energy values) of 
each DED in the transition state of the reaction.   

 

Figure 4. Double mutant cycle (top) and experimental results 
of the analysis (bottom).  DDG‡

R
1
R

2 illustrates the interaction 
energy between R1 and R2 in the reaction of 1-R1 with 2-R2.  
Negative energy values correspond to stabilizing interactions 
between R1 and R2.  Grey lines indicate error bars.   

Apart from Me-Et combinations, all energy values are nega-
tive corresponding to stabilizing interactions between the 
alkyl substituents.  While this effect is small for 1-Me (left-
most block of columns), the stabilization increases with DED 
size, i.e., polarizability.  Consequently, the largest effect can 
be observed for tBu-tBu contacts 
DDG‡

tButBu = -0.3±0.1 kcal mol-1.  By comparing the relative 
Gibbs free energy values DG‡

R
1
R

2
-HH (Figure 2) to the results 

of the double mutant cycle (Figure 4), the interaction energy 
between each DED can be dissected into s-s (between 
DEDs) and s-p (between DED and phenyl system) interac-
tions.  Accordingly, the energy difference 
DG‡

tButBu-HH ≈ -0.9±0.1 kcal mol-1 for the reaction of 1-tBu 
with 2-tBu (Figure 2) contains stabilizing s-s interactions of 
DDG‡

tButBu = -0.3±0.1 kcal mol-1 (Figure 4).  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 s-p interac-
tions.  These results qualitatively fit to measurements per-
formed for molecular balances in the ground state.38   
Most recently, N,N-diphenylthiourea was shown to experi-
ence the same distribution of s-s and s-p interactions to 
stabilize the most crowded syn-syn conformer.38  According-
ly, the observations and values concerning the role of LD in 
molecular balances can be directly transferred to transition 
state stabilizations.11  Since transition states are more loosely 
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bound than covalently bound structures, the effects of LD are 
somewhat reduced but can still be decisive.   

 

CONCLUSION 

We herein demonstrated the crucial role of LD on the transi-
tion states in the JCC reaction.  Whereas the generally ac-
cepted sentiment that bulky groups repulse each other fails 
to rationalize the observed trends, attractive noncovalent 
interactions correctly predict a transition state stabilization 
due to attractive s-s interactions.  The double mutant cycle 
qualifies and quantifies the interactions evoked by LD.  Fur-
thermore, the effects of LD were utilized in ring closure and 
cross-over experiments to study the reactions mechanism in 
detail. 
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