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Zusammenfassung
London’schen Dispersionswechselwirkungen wurde in den ersten Jahrzehnten nach ihrer

Entdeckung nur wenig Aufmerksamkeit geschenkt, da die Fehlannahme existierte, sie seien
generell schwach und konnen dementsprechend nur vernachlédssigbaren Einfluss auf
chemische Prozesse haben. Heute wissen wir, dass die durch London Dispersion
hervorgerufene Stabilisation zwischen zwei einzelnen Atomen zwar tatsdchlich eher
schwach ist, sich diese kleinen stabilisierenden Beitrdge jedoch in groBeren Systemen
schnell zu einer signifikanten Kraft kumulieren konnen. Es wurde klar: London‘sche
Dispersionswechselwirkungen konnen die Struktur und Stabilitdt von Molekiilen und die
Selektivitdt chemischer Reaktionen signifikant beeinflussen. Im Rahmen dieser Arbeit
wurde mit Hilfe einer molekularen Waage, einem Messgerdt flir nonkovalente
Wechselwirkungen auf molekularer Ebene, ein besseres Verstindnis fiir London’sche
Dispersionwechselwirkungen in Losung erlangt. Dies ist von besonderer Bedeutung, da {iber
die letzten Jahre diskutiert wurde, zu welchem Anteil London Dispersion in Losung, durch

kompetitive Wechselwirkungen mit dem Losungsmittel abgeschwicht wird.

In der ersten Veroffentlichung stellen wir die Synthese und verschiedene
16sungsmittelabhdngige NMR-Experimente einer molekularen Waage auf Basis des 9,9'-
Bifluorenyliden-Grundgertists vor. Da die £/Z Isomerisierung des hier verwendeten Systems
hauptsdachlich durch solvophobe Effekte beeinflusst wird kann so der Einfluss des
Losungsmittels auf die Starke ebendieser untersucht werden. Ein genaues Verstindnis von
Solvophobizitit ist fiir Untersuchungen an London Dispersion in Losung essentiell, da dort

beide Effekte hdufig gemeinsam auftreten.

In der zweiten Publikation haben wir insgesamt 14 verschiedene, sich durch die verwendeten
Substituenten unterscheidende, molekulare Waagen, auf Basis des gleichen unpolaren
Grundgeriists synthetisiert und ebenfalls das Gleichgewicht zwischen E- und Z-Isomer
mittels NMR in sieben verschiedenen organischen Losungsmitteln untersucht. Dabei wurde
das durch London Dispersion stabilisierte Z-Isomer in nahezu allen Experimenten als
bevorzugt vorkommendes Isomer identifiziert. Mittels computerchemischer Berechnungen
wurde nachgewiesen, dass die hohere Stabilitit des Z-Isomers durch London’sche
Dispersionswechselwirkungen zwischen den benachbarten Substituenten hervorgerufen
wird. Dadurch konnten wir unterstreichen, dass London‘sche Dispersionswechselwirkungen
in Losung nicht vollstindig durch kompetitive Wechselwirkungen mit dem Losungsmittel

aufgehoben werden.
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Abstract
London dispersion interactions received little attention in the first decades after their

discovery because of the misconception that they are generally weak and, could accordingly
only have negligible influence on chemical processes. Today it is known that, although the
stabilization between two individual atoms caused by London dispersion is indeed rather
weak, these small stabilizing contributions can quickly accumulate to a significant force in
larger systems. London dispersion interactions can therefore strongly influence the structure

and stability of molecules and the selectivity of chemical reactions.

In this work, a better understanding of London dispersion interactions in solution was
obtained using a molecular balance. These are small molecular devices that can be used to
measure noncovalent interactions at the microscopic scale. This is of particular importance
because over the past several years there has been a debate about the extent to which
stabilization caused by London dispersion in solution is attenuated by competitive

interactions with the solvent.

In the first publication, we present the synthesis and various solvent dependent NMR
measurements of a hydrocarbon molecular balance based on the 9,9'-bifluorenylidene
backbone. Since the different E/Z-ratios of this molecular balance in a group of 15 organic
solvents are mainly induced by the solvophobic effect, it allows us to understand the
influence that the choice of solvent can have on the strength of solvophobic effects. These
effects are particularly important to fully understand opportunities and limits of the strategic
use of London dispersion interactions in solution, where both forces oftentimes occur

simultaneously.

In the second publication, we synthesized a total of 14 differently substituted molecular
balances based on the same nonpolar backbone. We studied their E£/Z-equilibrium by NMR
in seven different organic solvents. The Z-isomer was favored in almost all experiments. We
used computations to show that the Z-isomers higher stability is caused by London
dispersion interactions between the neighboring substituents and therefore underlined that
London dispersion interactions in solution are not fully compensated by competing

interactions with the solvent.
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1. Introduction

1.1 Motivation

London dispersion (LD) interactions are attractive noncovalent forces which arise from the
spontaneous polarization of an atom or molecule, which then induces a dipole in
neighbouring atoms or molecules.! Fritz London predicted the existence of this quantum
mechanical electron correlation effect in 1930 to explain the condensation of noble gases at
cryogenic temperatures.>> The first 50 years after their discovery were mainly shaped by the
common misconception that the influence of LD on chemical systems is generally negligible
due to their relative weakness in comparison to other noncovalent forces when considering
pairwise interactions between single atoms. Contrarily, more recent studies were able to
experimentally and theoretically highlight structures or reactions that are significantly
influenced by LD, particularly in systems with an increasing number of atoms and pairwise
interactions.* Since LD interactions are ubiquitous forces, their recent “renaissance” had
implications on almost all areas of chemistry. For example, the structures of large
biomolecules like proteins or DNA were found to be heavily influenced by LD interactions’
and catalysts of the future could be designed to strategically use LD interactions between
substrate and catalyst to generate selectivity.® This process is driven by modern
computational chemistry methods which are able to accurately predict the strength of LD
interactions further opening the door to the deliberate use of LD in the design of reactions,

catalysts or in other fields of use.

In this work, we focus on the effects that the presence of solvent can have on LD interactions.
This is still a field of discussion because it remains unclear to which degree solute-solute LD
stabilization could be attenuated due to competing solute-solvent LD interactions.”® Our
work is based on the use of small molecular switches called “molecular balances”, consisting
only of carbon and hydrogen. These molecular devices allow us to measure noncovalent
interactions at the microscopic level without the interference of local dipoles generated by
the presence of heteroatoms like oxygen or nitrogen. In addition, they provide experimental
insights into how size, shape, and flexibility of different substituents impact the amount of
LD stabilization present in different solvents and how we can identify the presence of
solvophobic effects which are linked to LD in solution. The obtained experimental results
will be compared to state-of-the-art computational chemistry methods to assess the accuracy
of present methods and generate experimental benchmark datasets which could be used by

theoretical chemists and physicists.
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1.2 London Dispersion Interactions

London dispersion interactions, named after Fritz London, represent the attractive part of the
van der Waals potential.' They can be described as the result of quantum mechanical
fluctuations of the electron density around an atom or a molecule which create an
instantaneous electric field that induces an inverse dipole in neighbouring atoms or
molecules. The approximated dispersion attraction between two atoms or molecules is

described by equation (1).*

atom pairs AB
Cé
Edisp = - T'T (1)
AB
AB

Here, every diatomic interaction energy is calculated by dividing the dispersion coefficient
CAB, which includes the specific polarizability of the considered structures, by the sixth
power of the interatomic distance. For systems with more than two atoms, all pairwise
interaction energies are summed up to obtain an approximation of the overall dispersion
attraction, still more sophisticated methods of calculating LD interactions in larger systems
have to go beyond pairwise additivity.!® This implies that LD interactions increase for
systems with increasing size and polarizability. It also becomes clear that atoms or molecules
need to be in close proximity to each other to significantly attract each other due to the 7 °
dependence. The rather small interaction energies calculated for the pairwise interactions of
single atoms led to the common misconception that LD could be neglected even in larger
systems. However, over the last decades, it was repeatedly shown that structure and stability
of systems with an increasing number of atoms is often severely influenced by LD, since all
small pairwise interactions add up to a significant attractive force.* One of the most
prominent examples to show the importance of LD in large systems is the successful, LD

driven, synthesis of derivatives of the elusive hexaphenylethane (1) (Figure 1).!!
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1 2
hexaphenylethane all-meta-tert-butylhexaphenylethane
Not isolated Isolated

Figure 1: The unstable hexaphenylethane 1 can be stabilized through the addition of 12 tert-butyl

groups in all meta-positions.

Starting with the pioneering work of Moses Gomberg,'? the synthesis of unsubstituted
hexaphenylethane 1 has been the topic of scientific discussions for decades.'? (Figure 1) To
date, all experimental and computational evidence points towards its instability at standard
conditions due to steric repulsion between the phenyl groups.'* Strikingly, the addition of 12
tert-butyl groups, which, from a classical perspective, would have been considered to add
even more steric bulk to the system, instead stabilized the strained hexaphenylethane core.
This unexpected stability is also predicted by quantum chemical computations in which the
LD stabilization present between the two trityl moieties of all-meta-tert-
butylhexaphenylethane 2 amounts to over 60 kcal mol™'.!> A major part of this stabilization
can be attributed to the LD interactions between the added fert-butyl groups. Figuratively
speaking, the LD interactions in the fert-butyl-shell of the molecule act as a noncovalent glue
to stabilize a generally unstable structure in the core of the molecule. With a very similar
system, the shortest intermolecular H-+-H contact in a hydrocarbon structure was achieved.'®
The very unfavorable H---H distance of only 1.566(5) A was compensated by over 50 kcal
mol™" of LD stabilization present between the tert-butyl groups. Other examples for
extraordinary hydrocarbon structures stabilized by LD are diamandoid-diamandoid dimers
like 3 with exceptionally long C—C bonds,'” Tetra-tert-butyltetrahedrane 5, a structure with
unusual bond angles held together by the corset effect,'®!” or the “hairpin”-foldamers of
chained alkanes with 18 or more carbon atoms (4) which are computationally predicted to
be the energetic minimum structure despite bearing two unfavorable gauche-contacts.?’

(Figure 2).
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tBu
< | —tBu
tBu%,, fBU W
3 4 5
1.71 A C-C single bond hairpin foldamer stabilized tetrahedrane

Figure 2: Different examples of unusual hydrocarbon structures enabled via LD. Areas of key LD

stabilizations are highlighted in green.

LD also significantly influences the structure and stability of many molecules outside of the
realm of hydrocarbons. For example, hexa-tert-butylcyclotrisilane?! and hexa-tert-
butyldisilane®? are part of a group of several silanes with exceptionally long Si-Si bonds that
are stabilized via LD. Additionally, the germanium-analogue of the latter features the longest
reported Ge—Ge (2.563(1) A) and Ge—C (2056(3) A) single bond.?® LD is also significantly

stabilizing a large amount of different transition or lanthanide metal complexes.?**

Another field in which LD was found to be influential is the structure and stability of
biomolecules like proteins, enzymes or DNA. Grimsley ef al. measured the stability of
several different proteins with varying side chains and found that hydrophobic interactions,
to which LD interactions contribute, are the major driving force towards the generation of
protein tertiary and quaternary structure.?®?” Additionally, computational studies focussed
on noncovalent interactions in biomolecules emphasized the importance of LD to these

systems.>

Alongside the multitude of examples presented in which LD influences the structure and
stability of molecules, the (2 + 2) cyclodimerization of substituted benzynes (6) reported by
Akai et al. represents an important example of a chemical reaction in which LD acts as a

driving force towards a certain reactivity.?’ (Figure 3)
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Figure 3: LD interactions between the two adamantyl groups is decisive for the regioselectivity of

the (2 + 2) cyclodimerization of the benzynes 6.

Here, the proximal regioisomer 7 with both adamantyl moieties on the same side of the
molecule is the major product of this reaction. The distal isomer 8, in which the adamantyl
substituents point away from each other and consequently do not interact noncovalently, is
not formed at all. Therefore, the classical idea that bulky groups like the adamantyl moieties
have to repel each other if in close contact is proven to be not generally applicable. Instead,
the reaction is directed towards the product with maximized LD stabilization in the transition
state. = A comparable reactivity @ was shown in the  synthesis of
1,8-di(1-adamantyl)naphthalenes in which the favoured regioisomer also is the one with two

adamantly-groups positioned on the same side of the molecule.

Not only the structure of starting materials in a chemical reaction can influence its outcome
through LD interactions. In catalysis, selectivities or yields of reactions can be influenced
by the strategic use of DEDs as well.>!*> For example, Schreiner et al. studied the famous
organocatalytic Corey-Bakshi-Shibata (CBS) reduction which was originally claimed to be
directed to high enantioselectivities only due to repulsive interactions between catalyst and
substrate. A series of experiments with a variety of substrates was able to falsify this claim
by showing, that “the success of the CBS reduction is due to an excellent balance of
attractive and repulsive steric interactions, with LD interactions being key to rationalizing
the experimental findings.”>* They were able to increase the yield and enantioselectivity of
the reaction by adding large, bulky, and highly polarizable groups to the substrate and the
backbone of the oxazaborolidine catalyst. Bistoni et al. also studied “the delicate balance of
steric and dispersion interactions in organocatalysis using high-level computational
methods”.** They found that LD could be an important design feature of future generations
of organic catalysts, emphasizing the class of imidodiphosphorimidates (IDPi) as especially
promising due to their clear recognition site with which the activated substrate can interact.*®

5
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In transition-metal-catalysis, we find another example for catalytic reactions which are
significantly influenced by LD interactions. In the copper(I) hydride catalyzed
hydroamination of unactivated olefins, the catalyst shows a significant increase in reactivity

when substituted with bulky phosphine ligands.*® (Figure 4)

tBu
tBu
tBu
R1
tBu @ “N-0Bz
P - R? 1 R2
| § tBu 10 RO R
P_CU_H ~\\\‘\ N
tBu N — R
tBu il > ONR
1
tBu

Figure 4: The reaction rate of the copper(I) hydride catalyzed hydroamination of unactivated

olefins increases with increasing ligand size.

The authors anticipate “that the dispersion-enabled reactivity revealed in the present study
has broad implications in the design and development of more effective ligands for transition
metal catalysis.” This idea has been referred to in a variety of reviews discussing the
possibility to systematically use LD interactions in the field of catalyst design.®*” Although
today, easily accessible approaches towards truly rational catalyst design have not yet been
developed, recent advances in computational chemistry represent a big step towards this

goal.
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1.4 London Dispersion Interactions in Solution
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Figure 5: Schematic representation of the solvation effects that have to be taken into account to

understand LD-bound dimers in solution.

Figure 5 uses the simplified monomer-dimer-equilibrium of pentane in both the gas phase
and in solution as an example to explain the important difference between the quantification
of LD in the gas phase and in solution. In the gas phase, the measurement of the equilibrated
monomer/dimer ratio is sufficient, because the only energetic difference between associated
and dissociated form is the LD stabilization present in the dimer. In solution, whilst the dimer
is stabilized by LD interactions, the previously unsolvated molecular surface between the
two pentane molecules in the monomer state is, upon dissociation, additionally solvated.
This changes the net energy difference between the associated and dissociated form
compared to the gas phase and ultimately leads to the compensation of a part of the LD
stabilization in the dimer. Solute-solute and solute-solvent LD interactions are therefore
competing with each other.*® This phenomenon was studied extensively over the last decade

with various different experimental approaches which are described in the following.

In 2013, Cockroft et al. raised the question: “How much do van der Waals dispersion forces
contribute to molecular recognition in solution?”’ The experimental setup used to answer

this question is based on the renowned Wilcox molecular balance 12. (Figure 6)
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Figure 6: Wilcox type molecular torsion balance used for the quantification of LD in solution.

The experimentally obtained LD-stabilization between the alkyl chains was found to be one
order of magnitude smaller than predicted by quantum chemical computations. “The most
likely explanation [...] is that dispersion forces are effectively cancelled by competitive
dispersion interactions with the solvent”, they state. Furthermore, the authors mention that
this discrepancy could also be caused by computations which did not consider the entropic
penalty required for alkyl chain association. Since the alkyl chains in 12 are flexible, there
could be a variety of conformers in which the two alkyl moieties are not, or only partly, in

close proximity to each other.

To circumvent the use of gas-phase computations as a comparison to solution phase
experiments, Chen et al. studied “the contribution of LD to the bond dissociation of proton

bound dimers, both in the gas phase and in dichloromethane solution™.® (Figure 7)

nl -
R winn R R R
—_— —_— Kdim =7? — —
\ /NN ~ N N HNS
R noan R R R
13 14 15

Figure 7: The equilibrium of proton-bound dimers with their respective monomers was studied

both in the gas phase and in solution.

The comparison of gas- and solution-phase measurements for the same system allows for a
more precise quantification of the compensation of LD in solution compared to the previous

example. For dichloromethane as the solvent, this compensation was estimated to be around

8
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70%, which is still large, but smaller than the order of magnitude proposed earlier. To study
the solvent and temperature dependence of this compensation, comparable experiments were
repeated in a group of solvents covering a wide range of refractive indices and bulk
polarizabilities.>® It was shown that the compensation of LD in solution throughout all
solvents and at a broad range of temperatures is ranging between 60% and 80%. This

indicates that the amount of LD-compensation in solution is largely solvent independent.

To exclude the influence of local dipoles introduced to the molecular balance system by the
presence of different heteroatoms, Schreiner et al. studied the solvent and temperature
dependency of the equilibrium between 1,4- and 1-6-di-tert-butyl-1,3,5,7-cyclooctatetraene
16 (COT).’ (Figure 8)

16a 16b

1,4-COT (unfolded) 1,6-COT (folded)
Figure 8: The “folded” 1,6-COT is favored throughout 16 common organic solvents.

It was found that the LD-stabilized 1,6-COT 16b is favored in all solvents, underlining that
LD is not fully compensated in solution. The same molecular balance equipped with
diamandoid-substituents was used to explore the “limits of London dispersion stabilization”

in alkane solvents.*°

In our study, which is based on the 9,9’-bifluorenylidene molecular balance system 17, a
multitude of different substituents were attached to understand the influence of size and
flexibility of the interacting groups on the overall interaction energy present in solution.

(Figure 9)
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R = Methyl, Ethyl, n-Propyl, n-Butyl, n-Pentyl, n-Nonyl, iso-Propyl, Cyclohexyl,
tert-Butyl, Adamantyl, Diamantyl, Phenyl, Pentafluorophenyl, Trityl.

Figure 9: Various 2,2°-substituted-9,9‘-bifluorenylidenes were used as molecular balances to study

the influence of DED-size and flexibility on the overall interaction energy in solution

1.4 London Dispersion Interactions in Quantum Mechanical Computations

Today, the use of computational chemistry methods that take LD into account is considered
best practice.*! This was significantly driven by several examples, where traditional
computational methods, which did not adequately account for LD interactions, conflicted
with experimental results.*>** To begin, we will briefly explain the different tools that were

developed for the quantification of LD in computational chemistry.

The first main method for the computational quantification of noncovalent interactions is
based on symmetry-adapted perturbation theory (SAPT).*** It assesses the interaction
energy of molecular fragments via the perturbation of the molecular complex and allows
qualitative comparison of the different types of interactions which constitute the overall
interaction energy. This makes it a useful tool to understand how strongly LD influences a
certain system. Also, the distance-dependency of these different noncovalent interactions

can be probed using SAPT. (Figure 10)

10
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Figure 10: Exemplary SAPT results for the argon dimer as a model system. In dependence of the

interatomic distance, the interaction can either be repulsive, attractive, or nonexistent.

Secondly, one can simply compute the energy of a LD-bound complex and subtract the
computed monomer energies to obtain estimates for the overall interaction energy present in

the dimer. (Figure 11)

/=\/=\
- 2 NN =
NN
LD-bound dimer monomer LD-stabilization

Figure 11: Isolation of the LD-stabilization present in a dimer by subtracting the computed

monomer energies.

A similar approach is used for the quantification of LD-stabilization in intramolecular
interactions. By computing the same system twice, once while employing a LD-correction
and once without, one can subtract the obtained energies and therefore estimate the overall
LD-stabilization present in the system.*® Additionally, energy decomposition analysis
(EDA) can be used to quantify the LD-contribution to the overall interaction energy in a

system.*’

11
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Since LD is an electron correlation effect, the computational quantification of LD requires
an accurate description of electron correlation. Thus, within the family of wave function
theory (WFT), post-HF methods are suitable for the quantification of LD. Coupled cluster
methods such as CCSD(T) are considered to be the gold standard in this area of theory.*$->°
Due to high computational costs, the DLPNO variants of these methods are frequently used

instead of their canonical counterparts.”!

While local DFT is intrinsically unable to cover LD effects, there are modern DFT methods
that are explicitly designed to treat electron correlation more precisely and to account for
LD.5>"> In recent years, empirical double hybrid DFT methods combined the chemical

accuracy of WFT with the shorter computation times of DFT.>

For molecules with a large conformational flexibility it is apparent that the comparison of
just two single point energies will not lead to accurate results for overall LD-stabilization
which is strongly distance-dependent. The conformer-rotamer ensemble sampling tool
(CREST) can be used to adress this issue.>’ It employs fast, semiempirical tight-binding
based methods like GFN2-xTB® to efficiently generate conformer ensembles even for very
large systems.> These can be employed in the command-line energetic sorting (CENSO)
algorithm which gives a Boltzmann-averaged free energy value representing the full

ensemble.®

The most important computational tool for the visualization of noncovalent interactions is
NCIPLOT.®"%2 It is based on the reduced density gradient which was conceived as a
correction factor for semi-local density approximations in DFT.% As an example, Figure 12
shows the NCIPLOT of Z-2,2’-Dicyclohexyl-9,9’-bifluorenylidene, one of our molecular

balances.

12
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Figure 12: NCIPLOT of Z-2,2’-dicyclohexyl-9,9’-bifluorenylidene. Green symbolizes areas in
which attractive noncovalent interactions are present, while red shows areas in which Pauli

repulsion is present.

The increased accuracy of today’s computational chemistry methods allows us to decently
describe effects with chemical accuracy. One way to continuously improve today’s
computational accuracy is to compare very accurate experimental benchmark measurements
with the results of state-of-the-art computations.®* One of the most important classes of
organic experimental benchmark systems for computational chemistry are molecular

balances.

1.5 Molecular Balances

1.5.1 The General Concept of a Molecular Balance

In contrast to a macroscopic scale that is used to determine the mass of an object in everyday
life, a molecular balance is a microscopic system used to quantify noncovalent interactions
on the molecular level. The term “molecular torsion balance” was first introduced in 1994,
although, organic molecules were used to quantify noncovalent interactions as early as
67,69

1974.% Until today, molecular balances were used to study n-m,°”-%® functional group- =,

LD,” and solvophobic interactions.”!

To introduce this topic, we will focus on molecular torsion balances which are the most
commonly used systems in this field. A molecular torsion balance is generally based on the
equilibrium between two spectroscopically distinguishable rotamers often called “folded”
and “unfolded”. In the folded state, the two functional groups of interest are brought into

13
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close proximity to each other and therefore interact noncovalently. In the unfolded state,

3

these noncovalent interactions are “switched off” due to a larger distance between the

groups. (Figure 13)

molecular balance backbone

/
A _O _ - = functional group
Kfold = 7

————— noncovalent interactions
J -

unfolded folded

g

Figure 13: Schematic representation of a molecular torsion balance.

In these systems, equilibration between these two states takes place via slow rotation of a
single bond. The ratio between the folded and the unfolded state of the molecular torsion
balance can be introduced into the law of mass action (2) to recieve the equilibrium constant

of the folding reaction.

~ folded

KfOld = unfolded (2)

For an ideal molecular balance investigated in the gas phase (Figure 13), Kroq 1s exclusively
influenced by stabilizing or destabilizing noncovalent interactions between the functional
groups in the folded state. When Kiod is now inserted into (3), where 7T is the absolute
temperature and R the gas constant, the obtained folding free energy AGrua gives direct
thermodynamic information about the nature and dimension of the interaction between both

functional groups.
AGfora = —RT In (Kgo1a) 3)

Since the molecular balances that have been experimentally employed for the quantification
of noncovalent interactions are not ideal systems, their folded/unfolded equilibrium is not
only influenced by the noncovalent interactions between the substituents, but also by other
effects. Most importantly, since Kf1d 1s mainly measured in solution using nuclear magnetic
resonance spectroscopy (NMR), solvophobic effects must be taken into account when

interpreting the experimental results.”®72774

14
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Figure 14: The solvophobic effect influences the folded/unfolded equilibrium of molecular

balances in solution, as folded and unfolded isomers possess different solvent excluding surfaces.

This is due to the fact that the unfolded isomer generally has a larger solvent excluding
surface (SES) compared to the folded isomer because of its lack of intramolecular contact
area between the functional groups (Figure 14). A larger solute-solvent contact area in the
unfolded state also leads to a larger solvation free energy AGsorv compared to the folded state
which influences the folded/unfolded equilibrium towards the unfolded state. For LD, the
attenuation by solvophobic effects was measured to be between 60% and 80%.%° Other
secondary factors that could distort the experimental results are “background steric, solvent
and secondary intramolecular interactions”.%” To account for these effects, control balances
were synthesized and used in thermodynamic double-mutant cycles.” Also, molecular
balances were designed to possess a high degree of symmetry which lead to a decrease in

experimental distortion due to secondary effects.®’*7677

1.5.2 Different Classes of Molecular Balances

1.5.2.1 Molecular Torsion Balances

Pioneering work in the field of molecular torsion balances was performed by Oki ef al. by
using 1,9-disubstituted triptycene derivatives’® like 18 to study c-6"°% and c-n®*%

interactions (Figure 15).
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18b
anti
unfolded

—
—
X nwonY
18a 18¢c
+syn -syn
folded folded

Figure 15: Slow rotation around the single bond in the 1-position of 1,9-disubstituted triptycenes

allows for quantification of the differently stabilized rotamers via NMR.

More recently, Gung et al. used similar balances to study 7n-m interactions.®*° The bond
rotation of the substituent in the 1-position of triptycene based balances is slow enough to
allow for NMR peak separation of the three different rotamers. Deviations from the
statistical 2:1 folded/unfolded ratio can be interpreted with regard to noncovalent

interactions between the substituents X and Y or solvent effects.

Another very important and widely employed class of molecular torsion balances was
developed by Wilcox ef al. in 1994.%° (Figure 16) Its structure based on Trdger’s base with
a biphenyl-rotor allows switching between a folded (19b) and an unfolded (19a) state.

Y
O
Kfola = ? O

—_ §
— .:
) N
AY
a4
19a 19b
unfolded folded

Figure 16: The Wilcox molecular torsion balance was intensively used to study aromatic edge-to-

face interactions.
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Slow bond rotation due to double-ortho substitution of the biphenyl rotor allows for
quantification of folded/unfolded ratios via NMR. Wilcox-balances were used to study

aromatic edge-to-face interactions,®>!*3 CH-m interactions,”*

functional group
interactions,”>°7 LD,” and solvent effects.”>”>**%9 In contrast to 19 which aligns the two
aromatic moieties for interaction in an edge-to-face fashion, the molecular balance 20

developed by Shimizu ef al. was designed to study aromatic face-to-face interactions (Figure
7).69:100-103

Kfold = ?
———
T —
20a 20b
unfolded folded

Figure 17: Molecular torsion balance developed by Shimizu et al. for the quantification of

noncovalent interactions between various functional groups with an aromatic surface.

Additionally, systems that are based on the same N-arylamide backbone were used to study
CH/D-n'%197 and heteroatom-m'*®'12 interactions as well as the distance dependence of the

interplay of London dispersion and Pauli repulsion.''?

1.5.2.2 Dimerization Balances

e e

Kfold = ?

0

(06~ -0

oUo

unfolded folded

Figure 18: Schematic representation of a molecular balance based on a monomer-dimer

equilibrium.
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Compared to the aforementioned unimolecular balances, monomer-dimer balances are based
on the quantifiable equilibrium between free monomers and their dimeric form which is
stabilized via noncovalent interactions (Figure 18). For example, Chen et al. measured the
dissociation energy of various differently substituted proton-bound N-heterocyclic dimers
(Figure 7) in solution as well as in the gas phase.®*° The comparison of both measurements
lead to the conclusion that in dichloromethane LD is attenuated by about 70% compared to
the gas phase due to competitive interactions with the solvent. Albrecht et al. used
hierarchically assembled dinuclear titanium(I'V) helicates as a molecular balance based on a
monomer-dimer equilibrium to quantify LD between linear, branched, and cyclic alkyl
substituents in deuterated DMSO.''* In addition, the dimerization of all-meta substituted
trityl radicals to the respective hexaphenylethanes has been studied extensively to understand

the stabilizing influence dispersion energy donors can have on strained systems.!'!>!1

1.5.2.3 Molecular Balances Based on Double Bond Isomerization

The group of Wegner established the use of substituted azobenzene switches as molecular
balances for the quantification of LD.!'7 (Figure 19) For this, a solution of the
thermodynamically favoured E-isomer 21a is irradiated with UV-light to generate the
strained Z-isomer 21b which is then slowly reacting back to the E-isomer. The reaction
kinetics of this process were measured with UV-Vis spectroscopy in dependence of the

substituents attached to the azobenzene core.

R
R
uv N=N
N=N —_—
-
A R R
R
RmR
R
21a 21b

Figure 19: The influence of DEDs on the relaxation kinetics of the photochemically generated

Z-azobenzenes is measured.

They demonstrated that the introduction of bulky and highly polarizable substituents in the
meta-positions of the azobenzene increases the Z-isomers half-life from 3 h (unsubstituted)
to over 50 h (adamantyl-substituted) due to LD interactions. The same system was employed

to measure the influence of increasing length of alkyl-chains on the equilibration kinetics in

18
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different solvents.''®!"” These measurements showed that an increase in chain length only
led to a significant increase in the Z-isomers half-life until n-butyl-substitution. For longer
chains, the obtained half-lives plateaued at a comparable level, indicating an increasing
influence of entropic penalties for chain association. The half-life also increased with
increasing solvent polarity, suggesting that solvophobicity is a major driver for chain

association in linear alkyl chains.

Another example of this subclass of molecular balances is the equilibrium between 1,4- and
1,6-di-substituted cycloocta-1,3,5,7-tetraenes which has been used to study the solvent
dependency of LD for different bulky hydrocarbons.”*® (Figure 8) Equilibration already
takes place at room temperature through a double bond valence shift in combination with a
ring inversion. Additionally, this system was used to study LD between silyl protecting
groups’® and to experimentally assess the strength of hydrogen bonding interactions in the

cyclic water dimer.”’

In our work, we employed various 2,2’-disubstituted-9,9’-bifluorenylidenes as synthetically
more accessible molecular balances based on double bond isomerization. (Figure 9)
Pioneering work with this class of molecular balances was performed by Minabe ef al. by
studying the influence of difference in chain length of acyl-substituents on the E/Z-ratios via
base-catalyzed isomerization.!?*!?! To exclude the influence of the base on the obtained
ratios, we studied the kinetics of the thermal E/Z-equilibration at elevated temperatures. At
333 K, we found the equilibration to be fast enough to be completed over night whilst the
temperature was still low enough to allow us the use of most of the important organic
solvents. We used this class of molecular balance to study the interplay of solvophobic

effects, LD, and Pauli repulsion in solution.”*!22

1.6 Conclusions and Outlook
In this work we synthesized and spectroscopically investigated a variety of differently

substituted molecular balances based on the 9,9’-bifluorenylidene backbone in several

different organic solvents.

In the first publication, we used the hydrocarbon molecular balance 2,2’-diethynyl-
9,9’°bifluorenylidene to emphasize that the cohesive energy density (ced) of the solvent is a
decent quantitative descriptor of solvophobic effects in organic solvents. We measured the
E/Z-equilibrium of the molecular balances in 15 deuterated organic solvents via 'H-NMR
and found a good correlation between the ced of the solvent and the E/Z ratio obtained

experimentally.
19
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In the second publication we synthesized a group of 14 differently substituted molecular
balances also based on the 9,9’-bifluorenylidene backbone. We measured the E/Z-
equilibrium of all molecular balance in 7 deuterated organic solvents via 'H-NMR and found
that LD generally shifts the £/Z equilibrium towards the Z-isomer. Only for very small
substituents (no interaction) or very large substituents (repulsive interactions), some
examples were found in which the Z-isomer was not favoured or even disfavoured. This
clearly demonstrated that in dependence of the structural surroundings, the size, shape, and
degree of flexibility of a DED are decisive for the maximization of LD-stabilization in a
certain system. In our work, the substitution of the molecular balance with two cyclohexyl-
groups led to the largest Z-preference. We attribute this to the large size and polarizability
of the cyclohexyl moiety combined with enough flexibility to perfectly position each other
right on the energy-minimum of the delicate balance between LD and Pauli repulsion. Along
with other studies, this work contradicts the recent suggestion that LD interactions could be

completely cancelled out in solution due to competing interactions with the solvent.®%*°

Furthermore, our experimental measurements could be used as a dataset of very accurate
solution phase data on LD-influenced systems which could be employed by the
computational chemistry community as a benchmark set to test the accuracy of
computational solvent models, which to date still lack accuracy. The improved
computational tools of tomorrow could give future chemists the ability to strategically use

LD as a design principle in molecular solution phase chemistry.
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Abstract:

We evaluate the use of the cohesive energy density (ced) as a quantitative descriptor for
solvophobic effects in organic solvents by measuring AGze of the rigid Z- and E-2,2’-
diethynyl-9,9’-bifluorenylidene. In line with previously employed balances, solvent
dependent changes in AGzE are predominantly induced by solvophobic effects, leading to a
strong correlation with the solvent’s ced. We re-emphasize the role of ceds as quantitative

descriptors of solvophobic effects of organic solvents. Our experimental findings are well

supported by B3LYP-D3/def2TZVP computations.
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ABSTRACT: We evaluate the use of the cohesive energy density (ced) as a
quantitative descriptor for solvophobic effects in organic solvents by measuring
AGy of the rigid Z- and E-2,2'-diethynyl-9,9"-bifluorenylidene. In line with
previously employed balances, solvent-dependent changes in AGy are
predominantly induced by solvophobic effects, leading to a strong correlation
with the solvent’s ced. We re-emphasize the role of ceds as quantitative
descriptors of solvophobic effects of organic solvents. Our experimental
findings are well supported by B3LYP-D3/def2TZVP computations.

he immiscibility of water and oil is a result of the

hydrophobic effect. In mixtures with nonpolar solutes,
water strives to minimize the intermolecular contact areas with
the solute due to enthalpically favorable competing inter-
actions with itself.' The generalization of this phenomenon is
called the solvophobic effect. It explains the biomimetic folding
of complex organic oligomers,” solvent-dependent rate
enhancement of reactions,”* and the coiling of n-alkanes in
perfluoroalkane solutions.” Solvophobicity also is able to
attenuate noncovalent interactions in solution.”” The degree of
this attenuation has been studied with various molecular
balances.” In addition to studying solvophobic effects,
molecular balances’ have previously been used to investigate
a-n,"" o—n"" functional group—iz',lz'13 and London Dis-
persion (LD) interactions'”'® in solution. They rely on
quantifiable intra- or intermolecular equilibria between two
states generally called “folded” and “unfolded”. In the folded
state, two moieties of the molecular balance are brought into
close proximity and can therefore interact. In the unfolded
state these intramolecular interactions are “switched off” due to
a structural change of the molecular balance resulting in much
larger distances between the interacting groups. Since studies
with molecular balances are primarily carried out in solution,
the observed folding behavior is influenced not only by both
states differing in their intramolecular noncovalent interactions
but also, to a certain degree, by their difference in solvation
free energies. The strength of noncovalent interactions in the
folded state of molecular balances measured in solution is
therefore reduced compared to gas phase measurements.
Cockroft et al. studied these effects using Wilcox type'
molecular torsion balances substituted with alkyl, perfluor-
oalkyl, and phenyl substituents.'”'® In these systems, non-
covalent solute—solvent interactions in the unfolded state are
the reason for a considerable compensation of intramolecular
stabilization of the folded state via LD interactions. Subsequent

© 2021 The Authors. Published by
American Chemical Society
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studies refined this view for more rigid functional groups with
higher polarizabilities, where intramolecular LD is attenuated
but not canceled in a series of very different organic
solvents.”'® The deliberate use of LD to affect chemical
reactions'® has led to the consideration of LD to explain
selectivities in catalysis’*~>> and the utilization of LD
corrections in quantum chemical computations.z’s
quently, solvophobic interactions have also received increasing
attention due to their inextricable link to LD in solution.
Various studies proposed the cohesive energy density (ced) of
the solvent, which is the energy required to completely
separate a certain volume of molecules from each other, as a
quantitative descriptor for solvophobic effects in the molecular
recognition of organic molecules.”'”"***** Most molecular
balances employed in these studies are organic compounds
bearing multiple heteroatoms that in turn also affect solvent
induced structural changes through dipolar interactions.*®
Strikingly, solvents or solvent mixtures with high ceds show a
better correlation than solvents with small ceds. This prompted
us to consider a reinvestigation of the role the ced plays as a
universal descriptor of solvophobic effects in organic solvents.

We chose to design a molecular balance for the measure-
ments of solvophobic effects based on E/Z-2,2'-substituted-
9,9-bifluorenylidenes which were introduced as molecular
balances by Minabe et al””** Because of the nonplanar
structure of 9,9'-bifluorenylidenes, the E/Z-isomerization
through a biradical transition state occurs even at ambient
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Scheme 1. Synthesis and Single Crystal X-ray Structures of the Molecular Balance 1E/Z“

TMS acetylene (2.0 equiv.)

a 5 mol% PdCly(PPh;);

10 mol% Cul

reflux, 21 h

"*@/—j\r{

,H

1z (82%) 1E

THF/TEA (1/1, 0.25 m)

g

TiCly (3.0 equiv.)

0

Zn (6.0 equiv.)
THF (0.05 m)
reflux

1h

=
TBAF TMS I
THFIH,0

i, 250 MS—= 0.0

4EIZ (63%)

3 (54%)

“The bond distances and torsion angles of the central double bonds are 1.377 A and 34.6° (1Z) as well as 1.375 A and 31.5° (1E), respectively.
Thermal ellipsoid plots of the X-ray single crystal structures were drawn at 50% probability level.

temperatures. Still, it is slow enough to allow the definitive
assignment of NMR signals to the individual E- and Z-isomers.
Kyp values can be determined directly from the NMR-
integration.”” We chose the 2,2/-diethynyl-substitution pattern
to create a rigid hydrocarbon molecular balance that still
possesses a small difference in the solvent accessible surfaces of
1E and 1Z (see single crystal X-ray diffraction data in the
Supporting Information). This should lead to the minimization
of solvent-dependent influences on the E/Z equilibrium, other
than the solvophobic effect. We therefore measured the 1E/Z
equilibrium in 15 organic solvents to determine the influence
of solvophobic effects and clarify the role of the ced as a
universally applicable descriptor of solvophobic effects.

We obtained 2,2'-diethynyl-9,9'-bifluorenylidene 1E/Z
using a three-step synthesis starting from commercially
available 2-bromofluorenone 2. In the first step, we performed
a Sonogashira coupling reaction®” with trimethylsilylacetylene
to yield 2-[(trimethylsilyl)ethynyl]-9H-fluoren-9-one 3, which
was transformed to 2,2'-bis[(trimethylsilyl)ethynyl]-9,9'-bi-
fluorenylidene 4E/Z with a McMurry coupling reaction.”’ In
the last step, the trimethylsilyl groups were cleaved using tetra-
n-butylammonium fluoride (TBAF) to form 1E/Z (Scheme 1).

To ensure that all samples were fully equilibrated at the time
of the NMR measurements, we studied the equilibration
kinetics of 1E/Z by generating an isomerically enriched sample
via column chromatography. This sample was then continu-
ously equilibrated at 60 °C inside of an NMR spectrometer
while obtaining the E/Z ratio every 30 min. We found that
equilibration at 60 °C is completed after about 450 min
(Figure 1).

After equilibration of 1E/Z in 15 deuterated organic solvents
(acetic acid-d,, benzene-dg, bromobenzene-ds, chlorobenzene-
ds, cyclohexane-d),, n-dodecane-d,4 ethanol-ds, methanol-d,,
nitrobenzene-ds, n-octane-dg, pyridine-ds, 1,1,2,2-tetrachloro-
ethane-d,, THF-dy, toluene-dg, p-xylene-d,,) at 60 °C, K,/ was
determined via integration of the '"H NMR signals in 1, 1/, 8,
and 8’ positions of the bifluorenylidene backbone. We
calculated the difference in free energy of both isomers via
AGy; = —RT In(Kyp), and the obtained values for AG,;
were plotted against various solvent parameters. As previous
studies have suggeste«.‘l,lx’l"’25 the best correlation of our
experimental values was obtained with the ced of the solvent
(Figure 2). With increasing ced, the E/Z equilibrium shifts
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Figure 1. Time resolved equilibration of 1E/Z in toluene-dg at 60 °C.
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Figure 2. Experimentally obtained AG,;; values of 1E/Z measured in
15 deuterated organic solvents at 60 °C show a high correlation with
the solvent’s ced.

toward the Z-isomer. This behavior could be explained with
the difference in solvent accessible surface (sas) of the folded
Z-isomer (879 A? in benzene) compared to the unfolded E-
isomer (891 A? in benzene) evoking a solvophobic effect. The
sas was computed at B3LYP-D3/def2SVP utilizing seven
different solvents employing the SMD continuum solvation
model®* (Table S16). The differences in the sas of both
isomers as a percentage of the overall molecular surface of 1E
ranged from 1.1% for a small solvent probe like methanol (r,y,
= 1.86 A) to 1.3% for larger solvents like toluene (ry, = 2.82
A), underlining that the differences in r,y, only have a small
effect on both isomer’s difference in sas. These results suggest
not only that, for each solvent, AG,j, is slightly influenced by

https://doi.org/10.1021/acs.joc.1c01813
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differences in r,,, but also that these are not the decisive
quantities for understanding the observed correlation.

To underline that the observed correlation is indeed to a
large extent caused by the difference in sas, we studied other
potential solvent effects on AG,;. By equilibrating a series of
differently concentrated solutions of 1E/Z, we found no
concentration dependence of K. Also, the influence of the
difference in dipole moment of 1E (0.76 D in benzene) and 1Z
(1.67 D in benzene) on K,z does not seem to be decisive.
This is indicated by the solvent insensitivity of the equilibrium
between E- and Z-3,3'-dibromo-9,9’-bifluorenylidene S1E/Z,
which is a molecular balance that should mainly be influenced
by the difference of the dipole moments of the E/Z isomers
(Figure S1).

Throughout all solvents the experimental AG/; values of
1E/Z are positive, indicating that the E-isomer is generally
energetically favored. Gas phase computations at the B3LYP-
D3/def2TZVP (Tables S14 and S15) level of theory also favor
1E slightly by 0.13 kcal mol™.>™®" These results are
supported by SAPT computations (Figure S1S) performed
with the acetylene dimer resulting from removing the 9,9'-
bifluorenylidene moiety from the computed structure of 1Z,
predicting the overall interaction energy of the two acetylene
moieties to be a mere 0.08 kcal mol ™. Still, due to the rigidity
of 1E/Z we expect these interactions to be essentially solvent
independent and therefore only create a marginal offset of our
experimental data.

To summarize, the experimentally obtained AG,; values
correlate very well with the ceds of the solvents. This
correlation is caused by the solvophobic effect which arises
due to the difference in sas of 1E and 1Z. With this, we were
able to experimentally underline that the ced of a particular
solvent is a good quantitative descriptor for solvophobic effects
in organic solvents.

B EXPERIMENTAL SECTION

General Information. Flash column chromatography was
performed using a Biichi Reveleris X2 equipped with Biichi FlashPure
EcoFlex columns of varying sizes. Thin layer chromatography was
performed using Polygram SIL G/UV,, plates. All dry solvents used
were bought from Acros Organics in AcroSeal bottles stored over
molecular sieve (4 A). All NMR spectra were obtained using Bruker
Avance II 400 MHz, Bruker Avance III HD 400 MHz, and Bruker
Avance III HD 600 MHz spectrometers. All high resolution mass
spectrometric data were obtained with a Bruker micrOTOF mass
spectrometer. Equilibration of NMR samples was performed using an
IKA ICC basic eco 8 temperature control device.

Equilibration of NMR Samples. At room temperature, 1E/Z was
dissolved in the respective dry deuterated solvent and transferred to a
screw cap NMR tube that was placed in a thermostat heated to 60 °C.
After 3 days of equilibration, the sample was quickly transferred into a
Bruker Avance III HD 600 MHz NMR spectrometer preheated to 60
°C. The sample was then equilibrated for an additional 30 min inside
the spectrometer to reduce the influence of small temperature changes
that might occur during sample transfer.

2-[(Trimethylsilyl)ethynyl]-9H-fluoren-9-one (3). In a heat-dried
100 mL round-bottom Schlenk flask equipped with a reflux
condenser, 2 (2.61 g 10 mmol), PdCL(PPh;), (351 mg, 0.5
mmol), and Cul (197 mg, 1.0 mmol) were dissolved in dry THF (20
mL) at room temperature under a nitrogen atmosphere. Sub-
sequently, ethynyltrimethylsilane (2.77 mL, 20 mmol) and triethyl-
amine (20 mL) were added to the reaction mixture. The mixture was
refluxed for 9 h using an oil bath. After cooling to rt, the mixture was
quenched with saturated aqueous NH,CI solution (20 mL) and
extracted with dichloromethane three times (20 mL each). The
combined organic layer was washed with saturated aqueous NH,Cl
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solution and dried over Na,SO;. After filtration, the solvents were
removed by evaporation. The crude product was purified by flash
column chromatography (SiO,, n-hexane/dichloromethane, 5:1) to
obtain 3 (1.48 g, 5.36 mmol, 54%) as a yellow solid.

'H NMR (400 MHz, CDCL): 5 7.73 (d, J = 1.6 Hz, 1H), 7.65 (d, ]
=73 Hz, 1H), 7.57 (dd, ] = 7.7, 1.5 Hz, 1H), 7.53=7.41 (m, 3H),
7.30 (m, 1H), 0.26 (s, 9H).

BC{'H} NMR (100 MHz, CDCL,): § 193.1, 144.04, 144.03, 138.1,
135.0, 134.5, 134.2, 129.5, 127.9, 124.6, 124.2, 120.8, 120.3, 104.2,
96.4, 0.0.

HRMS (ESI-TOF) m/z: [M + Na]® caled for C,H;s0SiNa
299.0862; found 299.0862.

2,2'-Bis[(trimethylsilyl)ethynyl]-9,9'-bifluorenylidene (4E/Z). Zn
powder (392 mg, 6.0 mmol) was placed in a 50 mL round-bottom
Schlenk flask equipped with a reflux condenser and was heated under
reduced pressure. Then, dry THF (10 mL) was added to the flask and
the resulting suspension was cooled in an ice bath. To the reaction
mixture, TiCl, (0.33 mL, 3.0 mmol) was added dropwise and the
mixture was refluxed for 3 h using an oil bath. After cooling to rt, a
solution of 3 (276 mg, 1.0 mmol) in dry THF (S mL) was added to
the reaction mixture which was then refluxed for 1 h, cooled to rt, and
poured into a mixture of ice and saturated aqueous NH,CI (1:1). The
mixture was extracted with dichloromethane three times (40 mL
each). The combined organic layer was dried over Na,SO;. After
filtration, the solvents were removed by evaporation. The crude
product was purified by flash column chromatography (SiO,, n-
hexane) to obtain 4E/Z (164 mg, 0.31S mmol, 63%) as a red solid.

'H NMR (400 MHz, CDCL,) for 4E: 5 8.41 (s, 2H), 8.36 (d, J =
8.0 Hz, 2H), 7.70 (d, ] = 6.6 Hz, 2H), 7.65 (s, 2H), 7.45 (dd, ] = 4.9,
1.2 Hz, 2H), 7.40=7.17 (m, 4H), 0.24 (s, 18H).

'H NMR (400 MHz, CDCL,) for 4Z: 5 8.44 (s, 2H), 8.34 (d, J =
8.0 Hz, 2H), 7.68 (d, ] = 6.7 Hz, 2H), 7.63 (s, 2H), 7.47 (dd, ] = 4.9,
1.2 Hz, 2H), 7.40—7.17 (m, 4H), 023 (s, 18H).

3C{'H} NMR (100 MHz, CDCL;) for 4E/Z: & 1414, 1413,
141.04, 141.00, 138.6, 138.11, 138.05, 133.22, 133.17, 130.2, 130.0,
129.676, 127.668, 127.4, 127.1, 1269, 122.0, 121.7, 120.40, 120.37,
119.90, 119.86, 105.6 105.5, 94.6, 94.5, 0.2, 0.1.

HRMS (APCI-TOF) m/z: [M + H]" calcd for C34H33Si, 521.2116;
found 521.2118.

2,2'-Diethynyl-9,9'-bifluorenylidene (1E/Z). In a 50 mL round-
bottom Schlenk flask, 4E/Z was dissolved in THF (3 mL) and H,0
(0.05 mL) at rt under air. A TBAF solution in THF (1 M, 0.69 mL,
0.69 mmol) was added to the reaction mixture. After stirring for 2.5 h,
brine (40 mL) was added to the reaction mixture that was
subsequently extracted with DCM (40 mL X 3). The combined
organic layer was dried over Na,SOs. After filtration, the solvents were
removed by evaporation. The crude product was purified by flash
column chromatography (SiO,, n-hexane/DCM, 90:10) to obtain
1E/Z (97 mg, 0.258 mmol, 82%) as a red solid.

"H NMR (400 MHz, CDCl;) for 1E: § 8.49 (s, 2H), 8.33 (d, ] =
7.8,0.9 Hz, 2H), 7.69 (d, ] = 2.7, 0.9 Hz, 2H), 7.65 (s, 2H), 7.49 (dd,
J =23, 1.3 Hz, 2H), 7.41-7.32 (m, 2H), 7.32—7.19 (m, 2H), 3.07 (s,
2H).

'H NMR (400 MHz, CDCl,) for 1Z: 5 8.44 (s, 2H), 8.37 (d, J =
79,09 Hz, 2H), 7.71 (d, ] = 2.7, 0.9 Hz, 2H), 7.67 (s, 2H), 7.47 (dd,
J=2.3, 1.4 Hz, 2H), 7.41=7.32 (m, 2H), 7.32—7.19 (m, 2H), 3.08 (s,
2H).

BC{'H} NMR (100 MHz, CDCl;) for 1E/Z: § 141.69, 141.67,
140.99, 140.98, 140.91, 140.89, 138.6, 138.5, 138.15, 138.07, 133.3,
133.2, 130.5, 130.2, 129.8, 127.8, 127.6, 127.0, 126.8, 120.8, 120.6,
120.51, 120.49, 120.0, 84.1, 84.0.

HRMS (APCI-TOF) m/z: [M + H]" caled for C30H,; 377.1325;
found 377.1323.
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Abstract:

We report the synthesis of fourteen 2,2’-disubstituted 9,9’-bifluorenylidenes as molecular
balances for the quantification of London dispersion interactions between various dispersion
energy donors. For all balances, we measured AGze at 333 K using '"H-NMR in seven
organic solvents. For various alkyl and aryl substituents we generally observe a preference
for the “folded” Z-isomer due to attractive London dispersion interactions. The cyclohexyl
substituted system shows the largest Z-preference in this study with AGzEe~ —0.6+0.05 kcal
mol ! in all solvents, owing to the rotational freedom of cyclohexyl groups paired with their
large polarizability that maximizes London dispersion interactions. On the other hand, rigid
and sterically more demanding substituents like zert-butyl unexpectedly favor the unfolded
E-isomer. This is a result of the close relative position in which the functional groups are
positioned in this molecular balance. This close proximity is the reason for the increase of
Pauli repulsion in the Z-isomers with large rigid substituents (zert-butyl, adamantyl,
diamantyl) which leads to an equilibrium shift towards the unfolded £-form. While we were
able to reproduce most of our experimental trends qualitatively using contemporary
computational chemistry methods, quantitative accuracy of the employed methods still
needs further improvement.
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ABSTRACT: We report the synthesis of 14 2,2’-disubstituted 9,9"-bifluorenylidenes as molecular balances for the quantification of
London dispersion interactions between various dispersion energy donors. For all balances, we measured AGyg at 333 K using 'H
NMR in seven organic solvents. For various alkyl and aryl substituents, we generally observe a preference for the “folded” Z-isomer
due to attractive London dispersion interactions. The cyclohexyl-substituted system shows the largest Z-preference in this study with
AGyg = —0.6 + 0.05 kcal mol™ in all solvents, owing to the rotational freedom of cyclohexyl groups paired with their large
polarizability that maximizes London dispersion interactions. On the other hand, rigid and sterically more demanding substituents
like tert-butyl unexpectedly favor the unfolded E-isomer. This is a result of the close relative position in which the functional groups
are positioned in this molecular balance. This close proximity is the reason for the increase of Pauli repulsion in the Z-isomers with
large rigid substituents (tert-butyl, adamantyl, and diamantyl) which leads to an equilibrium shift toward the unfolded E-form. While
we were able to reproduce most of our experimental trends qualitatively using contemporary computational chemistry methods,
quantitative accuracy of the employed methods still needs further improvement.

London dispersion (LD), which constitutes the attractive part — e
of the van der Waals (vdW) potential, is ubiquitously present (
in chemistry."” In recent years, the targeted use of LD to \_
influence structures’™” and reactivities'*™"? brought the
importance of LD to the fore."*™" Influence can be exerted
by the introduction of preferably electron-rich and polarizable
groups called dispersion energy donors (DEDs).'*'® Because B
organic reactions are predominantly performed in solution, it is
:ilvga.:z:l L;nﬂl-)e Zit:n:hee t:’nt‘el:;d;ifsindofhf;‘;\’ﬂ:r}:tPg;’—gz%f(f Figuré L. Schemati? depicjfion of a molecular balance for the
Therefore, molecular balances were used to study LD in quantification of LD in solution.
solution using various DEDs."? ™

Most molecular balances for the quantification of non-
covalent interactions are generally based on the equilibrium
between a “folded” state of a molecule, where two substituents
of interest are brought in close proximity to each other, and an
“unfolded” state where the substituents are not interacting due
to a larger distance (Figure 1).>* To acquire unbiased
experimental results, it is important to use molecular balance
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systems that do not influence the folded/unfolded equilibrium
via heteroatom-induced dipolar interactions.

In the gas phase, the folded/unfolded equilibrium of a
molecular balance ideally is solely influenced by attractive or
repulsive interactions between the DEDs in the folded state.
Upon transfer of the system into solution, the difference in
AG,,, of the folded and unfolded states arising from
differences in the solvent excluding surface area (SES) has to
be taken into account as well, especially because, for linear
alkyl—alkyl interactions, a “very large cancellation of dispersion
forces due to competitive dispersion interactions with the solvent”
was claimed in 2013."” In more recent studies, the importance
of entropic contributions to the self-assembly of flexible alkyl
chains in solution was emphasized, weakening the initial
argument.”*™>® For a broad variety of different linear,
branched, and cyclic hydrocarbon substituents it was found
that there is an attenuation of LD-stabilization of about 70% in
dichloromethane solutions compared to gas phase experiments
due to competing LD interactions with the solvent.”” Another
study has shown that the LD-driven preference (expressed in
AG) of folded 1,6-di-tert-butyl-cyclooctatetraene compared to
its unfolded 1,4-valence bond isomer is essentially unaffected
in a large variety of organic solvents, and it is clear that LD
does not disappear in solution.”” In the present work, we
extend these studies toward the interactions of a variety of
different DEDs in different organic solvents using a nonpolar,
highly symmetric, and readily synthesized molecular balance*®
to understand how size, structure, and flexibility of different
DED classes influence the folding behavior of a nonpolar
molecular balance. With this, we aim at clarifying the influence
of LD, Pauli repulsion, and solvophobic effects on the studied
systems and give some general guidelines for experimental
DED usage.

The bifluorenylidene backbone employed in this work was
first utilized as a molecular balance to study the chain length
dependence of the interaction of different acyl groups.””*" As a
nonplanar and nonpolar olefin with an activation energy for
double bond isomerization of roughly 26 kcal mol_l,31 its E/Z
isomerization takes place already at slightly elevated temper-
atures and allows quantification of its E/Z ratios via NMR
spectroscopy without major conformational or dipole-induced
biases. Its rigid backbone structure is also suitable for this study
because it allows us to introduce substituents in the 2- and 2'-
positions in very close proximity to each other (Figure 2).

R 13 Substituents R
7 Solvents
1R 1Rz
Unfolded Folded

London dispersion
vs. Pauli repulsion

Additional solvent-
solute interactions

Figure 2. Equilibrium between the unfolded E-2,2'-disubstituted-9,9’-
bifluorenylidene 1Ry and its folded Z-isomer 1R, can be used to study
the interplay of intramolecular LD and solvophobic effects.

1025

B RESULTS AND DISCUSSION

General Information. The experimental data presented in
the following paragraph were generated via NMR-integration
after E/Z equilibration of 13 differently 2,2’-disubstituted 9,9'-
bifluorenylidenes dissolved in seven different deuterated
organic solvents. Additionally, we synthesized the sterically
overcrowded 2,2'-ditrityl-9,9"-bifluorenylidene of which we
could spectroscopically only identify the E-isomer, suggesting
that very large substituents influence the E/Z equilibrium
toward the E-isomer. We chose the Z-isomer to be the product
of our equilibration reaction, therefore negative values for
AGy/g indicate that the Z-isomer is favored. In previous work,
we found that the E/Z equilibrium of 2,2'-disubstituted 9,9’
bifluorenylidenes is generally independent of concentration
effects or moderate differences in the dipole moment of the
two isomers (0.8 D for the E-vs 1.7 D for the Z-isomer).”’ If,
for certain solvents, no AG is given, this indicates that there
were (a) solubility issues or (b) overlapping NMR signals of
both isomers not allowing us to determine exact E/Z ratios.
The numbering convention in this work consists of a number
symbolizing one of the structures depicted in Scheme 1 of the
Experimental Section in combination with a two to three letter
code that stands for the substituents in the R-position. For
example, 1Cy is short for 2,2'-dicyclohexyl(Cy)-9,9’-
bifluorenylidene(1). Use of the letter R, like in 1R, summarizes
all differently substituted compounds of one class.

Linear Alkyl Substituents. Figure 3 shows the exper-
imentally obtained AG, values of six linear alkyl disubstituted
9,9'-bifluorenylidenes in seven organic solvents. For 1Me, we
measured the Z/E ratio to be very close to 1:1 (AG/g ~ 0 keal
mol ™). This indicates that small substituents in the 2- and 2’-
positions of our molecular balance do not influence the E/Z
equilibrium significantly due to a large distance between the
groups (computed as dp ~ 4.4 A at PBEh-3c). Hence, 1Me
serves us as a reference point to estimate the random
experimental errors of our measurements. With increasing
chain length, we observe an increase in the Z-preference, which
plateaus at a maximum of AG,,; between —0.15 to —0.20 kcal
mol™" for 1Pr and 1Bu and then slightly declines for 1Pe and
1No. These findings generally support our working hypothesis
that the Z-isomer of IR is stabilized due to LD interactions
between the adjacent substituents. The reduction in the Z-
preference for longer alkyl chains may be attributed to the
entropic penalty generated by the increasing number of
possible conformers and the competing interactions between
the alkyl chains and the bifluorenylidene backbone. Other
studies that used different molecular balance systems to study
alkyl—alkyl interactions in solution observed similar exper-
imental trends.”*">* DLPNO-CCSD(T)/def2-TZVP single
point energies of the lowest energy conformer of the E- and
Z-isomers of our molecular balances fail to reproduce our
experimental data because they neglect the conformational
freedom of these systems. Therefore, we used a conformer-
rotamer ensemble sampling tool’>*’ (CREST, see computa-
tional details) to generate conformer ensembles of all E- and Z-
isomers of the ethyl-, n-propyl-, n-butyl-, n-pentyl-, and n-
nonyl-substituted molecular balances to take all conformers
into account. We used these ensembles to compute Boltzmann
averaged free energies for each isomer in the gas phase and in
benzene using the command line energetic sorting of
conformer rotamer ensembles®* (CENSO, see computational
details). For every substituent, these computed free energies of

https://doi.org/10.1021/acs joc.2c02444
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Scheme 1. Synthetic Route toward 2,2’-Disubstituted 9,9'-Bifluorenylidenes: (a) Pd(OAc),, Na,CO;, DMF/H,0 (2:1), rt, 16
h; (b) Fe(Cp),, tBuOOH, MeCN, Reflux, 16 h; and (c) TiCl,, Zn, THF, Reflux, 3 h; then 5R, Reflux 1 h

o som, i ‘ - O , " O‘O L 0.0 R
%0 S K

1Rg 1Rz

R = Methyl, Ethyl, n-Propyl, n-Butyl, n-Pentyl, n-Nonyl, 2-Propyl, Cyclohexyl, t-Butyl, Adamantyl, Diamantyl, Trityl, Phenyl, Pentafluorophenyl.
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benzene-d, B bromobenzene-d;
pyridine-d; W nitrobenzene-d;

W acetic acid-d
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Figure 3. AG,/; measured at 333 K for all linear alkyl-substituted molecular balances. 1Me = methyl, 1Et = ethyl, 1Pr = n-propyl, 1Bu = n-butyl,
1Pe = n-pentyl, and 1No = n-nonyl. The solvents’ cohesive energy density is increasing from left to right in each group of measurements.

the E- and Z-isomers were offset against each other to give
computed AG,/, which is compared to experimental data in
Table 1.

Table 1. Computationally Obtained AG_/; for Linear Alkyl-
Substituted 1R at 333 K in the Gas Phase and Benzene
[solvation model based on density (SMD)] Compared to
Experimental Data in Benzene-dg in kcal mol™

AGyg, censo experiment

gas phase benzene benzene-dg
1Et —0.15 0.02 —0.14 + 0.04
1Pr —0.20 —0.06 —0.15 = 0.01
1Bu —0.34 —0.03 —0.16 + 0.01
1Pe —0.45 —0.21 —0.08 + 0.03
INo 0.27 —0.31 —0.11 + 0.01

While the gas phase computations do not reproduce our
experimental data quantitatively, they support the experimental
finding that at a certain chain length, further elongation of the
alkyl chain leads to a decrease in the Z-preference. In contrast,
the computed AGy;; values in benzene do not fit our
experimental data, neither quantitatively nor qualitatively. This
suggests a significant deficiency of the employed solvation
model based on density (SMD) in accurately reproducing the
experimental results which was also previously observed in the
literature.””**

Branched, Cyclic, and Polycyclic Alkyl Substituents.
Figure 4 shows the experimentally obtained AG,,; values of
five branched, cyclic-, or polycyclic alkyl-substituted 9,9'-
bifluorenylidene balances in seven different solvents. For the
iso-propyl derivative 1iPr, AG,/; was measured between —0.10

1026

and —0.15 kcal mol™" favoring the Z-isomer in all solvents. The
cyclohexyl-substituted derivative 1Cy shows the largest Z-
preference presented in this study with AG,/; ranging from
—0.50 to —0.65 kcal mol™". 1¢Bu is the only molecular balance
that strongly favors the E-isomer with AGy/; being 0.3 to 0.4
keal mol™. For the bulkier tertiary alkyl-substituted balance
1Ad, we measured AGy; to be between —0.10 and —0.25 kcal
mol™" favoring the Z-isomer. The even bulkier 1Dia was
measured to have AG,; essentially around 0 kcal mol™". The
comparison of AGgy obtained for 1iPr and 1Cy again
supports our working hypothesis that, due to an increase in the
substituent size and polarizability from iPr to Cy, the E/Z
equilibrium  shifts toward the “folded” Z-isomer due to
stabilizing LD interactions between the substituents. When
looking at the solvent dependence of AGy; for the various
balances, we generally observe an increase in the Z-preference
with an increase of the solvents’ cohesive energy densities
(ced), which is a measure for the amount of intermolecular
interactions present in a defined volume of solvent. This can be
rationalized by the fact that the Z-isomer generally has a
smaller SES due to solvent exclusion between the two
substituents. For example, SMD computations predict the Z-
isomer of 1Cy to have a SES of 1681 A% whereas the E-
isomers’ SES is larger (1738 A?). In contrast to previous
studies,”® in which we have used solvent accessible surface
areas (SAS), which are strongly solvent dependent, we decided
to use the rather solvent-independent SES in this work to
emphasize the difference in SES of the differently substituted
molecular balances (discussed in more detail later).

The nonlinear experimental results obtained for 1{Bu, 1Ad,
and 1Dia were rather unexpected because these substituents,
compared to 1Cy, have similar or higher polarizabilities and

https://doi.org/10.1021/acs joc.2c02444
J. Org. Chem. 2023, 88, 1024-1035
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Figure 4. AGy/; measured at 333 K for all branched, cyclic-, and polycyclic alkyl-substituted molecular balances. 1iPr = iso-propyl, 1Cy =
cyclohexyl, 1#Bu = tert-butyl, 1Ad = adamantyl, and 1Dia = diamantyl. The solvents” cohesive energy density increases from left to right in each

group of measurements.

are generally considered to be equally excellent DEDs.”* To
rationalize these findings, we performed a variety of
computations. We obtained the lowest energy conformer of
both E- and Z-isomers of all five molecular balances, as
presented in Figure 4, using CREST. Optimization of these
structures was performed with the PBEh-3c¢ composite
approach. Single points were computed at revDSD-PBEP86-
D4/def2-QZVPP//PBEh-3¢c employing the SMD solvation
model. Selected experimental and computational data are
compared in Table 2.

Table 2. Comparison of Selected Experimentally and
Computationally Obtained Values for AGy/; in Different
Organic Solvents in kcal mol™

AGy/E, experimental AGy/, computed

benzene pyridine benzene pyridine
1iPr —0.11 + 0.01 —0.17 + 0.01 0.07 —0.01
1Cy —0.54 + 0.06 —0.60 + 0.03 —0.08 —0.28
1tBu 0.33 + 0.02 0.35 + 0.02 0.21 0.02
1Ad —0.18 + 0.01 —0.23 + 0.04 —0.03 —0.25
1Dia 0.05 + 0.03 - 0.44 0.13

“No experimental data available due to non-integrable NMR signals.

We observe that, although our experimental trends are
computationally reproduced qualitatively, the quantitative
errors are still considerable.

To elucidate how the ~ 1.0 kcal mol™ difference in
experimental AG,/; between 1Cy and 1tBu can be explained,
we performed sSAPTO/def2-TZVP computations on the five
dimers generated by excluding the 9,9'-bifluorenylidene
backbone from all PBEh-3c-optimized Z-isomers and saturat-
ing the resulting radicals with hydrogen atoms (Figure $).
Strikingly, the resulting LD versus Pauli repulsion ratios are the
lowest (0.96) for the iso-butane dimer and highest (1.48) for
the cyclohexane dimer. These results suggest that the interplay
of LD and Pauli repulsion is decisive for explaining the
experimental trends. To underline these findings, we measured
the closest H--H contacts between the substituents in
computed and experimental data (see Figure 6). We found
that the minimal H—H distance ry y is computed to decrease
from ~2.45 A for the secondary substituents iPr and Cy to
2.10 to 2.25 A for the tertiary substituents tBu, Ad, and Dia.
These distances are in very good agreement with literature
data, where the change of position of a tert-butyl group from
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Figure 5. SAPT analysis at the sSAPT0/def2TZVP level of theory.
1iPr = iso-propyl, 1Cy = cyclohexyl, 1tBu = tert-butyl, 1Ad =
adamantyl, and 1Dia = diamantyl.

Figure 6. Comparison of the molecular structure of the Z-isomers of
1Ad and 1Dia obtained via X-ray crystal structure determination.
Thermal ellipsoid plots are drawn at a 50% probability level.

para- (ryy ~ 2.5 A) to meta-position (ry; & 2.3 A) changed
its effect from stabilizing to destabilizing.”® The XRD data for
the tertiary-substituted balances generally indicate slightly
larger distances, which may be explained with the inaccuracy of
XRD in determining the exact H-atom positions and the
presence of packing effects. These findings suggest that in the
cyclohexyl balance, due to conformational flexibility, the DEDs
can orientate themselves in relative positions such that the LD
versus Pauli repulsion ratio and therefore also the Z-preference
is maximized. On the other hand, rigid and bulky groups are
increasingly destabilizing the Z-isomer due to dominating
repulsive interactions arising from very short distances between

https://doi.org/10.1021/acs joc.2c02444
J. Org. Chem. 2023, 88, 1024-1035
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Table 3. SES Areas and AAG,,, of all Branched, Cyclic-, and Polycyclic-Substituted Molecular Balances Computed at PBEh-3¢

Employing the SMD Model

SES (E)/A? SES (2)/A?
1iPr 1489.6 1474.4
1Cy 1737.6 1681.3
1tBu 1558.7 1523.6
1Ad 19157 1847.8
1Dia 2167.5 2073.1

ASES (E/Z)/% AAG,, E/Z/keal mol™

the DEDs, which can, due to their rigidity, not be overcome by
group rotation. Still, even for sterically very demanding
substituents, these increasing repulsive interactions are mostly
compensated (fBu) or even overwhelmed (Ad and Dia) by
LD.

These findings still do not explain the experimentally
obtained decline in the Z-preference from 1Ad to 1Dia. To
understand this behavior, we studied the influence of
solvophobic effects on our molecular balance system. In
Table 3, we compare SES with the computed difference in
solvation free energy (AAG,,,) of the E- and Z-isomers.

Owing to vdW contacts between the substituents in the Z-
isomer, the SES of all E-isomers is larger than that of their
corresponding Z-isomers. Therefore, all E-isomers generally
have a higher AG,,, resulting in exclusively positive values for
AAG,,,. Also, the isomers’ percentage difference in SES
(ASES) increases with increasing substituent size. This
indicates that (a) solvophobic effects generally shift the
equilibrium toward the unfolded E-isomer and (b) this shift
is stronger with increasing substituent size due to a larger
ASES.

Figure 6 illustrates why the increase in AAG,,, from 1Ad to
1Dia can in this case not be compensated by increasing LD
interactions. Due to the V-shaped structure of bifluorenylidene
balances, the additional atoms present in 1Dia are in relative
distances (rp_p = 5.9 A) such that the resulting additional LD
interactions are small compared to the resulting increase in
AAG,y,

The presented molecular balances, therefore, nicely show
the interplay of LD, Pauli repulsion, and solvophobic effects in
solution. 1Cy is the most Z-favored system due to its ability to
rotate the cyclohexyl groups in a position where the ratio of
LD versus Pauli repulsion is maximized. For the molecular
balances with rigid tertiary substituents (1fBu, 1Ad, and
1Dja), the system has to cope with increasing influence of
Pauli repulsion, which destabilizes the Z-isomer and, therefore,
shifts the equilibrium toward the E-isomer. Still, LD has the
overall strongest influence on AG for all presented balances.

Aromatic Substituents. Figure 7 shows experimentally
obtained AGy; for 1Ph and 1PFP in seven different solvents.
Both balances favor the Z-isomer in any solvent chosen. For
1Ph, AG,/; was measured between —0.25 and —0.30 kcal
mol™ for all solvents besides cyclohexane-d;, where we
obtained a Z-preference of —0.45 kcal mol™'. For 1PFP, we
obtained AGy; between —0.10 and —0.35 kcal mol™ in 6
solvents. Cyclohexane-d,, again is the outlier with a AG/; of
—0.53 kcal mol™". Because 1PFP is the only molecular balance
in this study that is substituted with fluorine, its isomers’
computed dipole moments in benzene (E =24 D and Z = 5.1
D) differ significantly from its hydrocarbon-analogue 1Ph (E =
0.05 D, Z = 0.11 D). This difference could be the reason for
the increase in solvent dependency that we observe in our
experimental data for 1PFP. For a comparison, we have
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Figure 7. AG,/; measured at 333 K for 1Ph and 1PFP. 1Ph = phenyl
and 1PFP = pentafluorophenyl. The solvents’ cohesive energy density
is increasing from left to right in each group of measurements.

computed AGy; at revDSD-PBEP86-D4/def2-QZVPP//
PBEh-3c and DLPNO-CCSD(T)/def2-TZVP//PBEh-3c em-
ploying the SMD solvation model (Table 4).

We observe that computations at DLPNO-CCSD(T)/def2-
TZVP//PBEh-3c better describe the experimental findings for
1Ph, whereas revDSD-PBEP86-D4/def2-QZVPP//PBEh-3¢
gives more accurate results for 1PFP. Both computational
methods fail to identify cyclohexane as the experimental
outlier. Although we are not able to provide a simple
explanation for the special behavior of 1Ph and 1PFP in
cyclohexane-d;,, we emphasize the structural difference of
cyclohexane compared to the other solvents which are mostly
aromatic. The bulky and flexible structure of cyclohexane could
lead to larger SESs of 1Ph and 1PFP as compared to the
measurements in planar and rigid aromatic solvents. This
would increase ASES and therefore, the influence of
solvophobic effects in cyclohexane, which would explain the
shift toward the “folded” Z-isomer that we observe
experimentally. Further insights toward this behavior could
be obtained by employing explicit solvation methods.

Bl CONCLUSIONS

We experimentally and computationally determined AG,; for
13 different 2,2'-disubstituted 9,9'-bifluorenylidenes in seven
different organic solvents. The vast majority of DEDs in this
work shift the E/Z equilibrium toward the apparently sterically
more crowded Z-isomer. This behavior can be explained with
attractive LD interactions between the two substituents that
are brought into close proximity to each other in the Z-isomer.
Almost all balances show an increase in the Z-preference with
increasing ced of the solvent. This finding can be attributed to
the influence of solvophobic effects, which push the
equilibrium toward the Z-isomer because it displays a smaller
SES.

For linear alkyl substituents, we obtained a peak in the Z-
preference for nPr and nBu substitution. The decrease in the Z-

https://doi.org/10.1021/acs joc.2c02444
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Table 4. Comparison of Experimental and Computational Results for AG,/; of 1Ph and 1PFP“

1Ph 1PEP
solvents exp. 1) 2) exp. 1) 2)
cyclohexane —0.4(6) —0.04 —0.68 —0.4(8) —0.36 -131
toluene —-0.2(9) 0.05 —0.58 —0.1(4) —0.36 -1.32
benzene —-0.2(6) 0.05 —0.59 -02(2) —0.35 -1.30
bromobenzene —0.3(0) 0.31 —0.33 -0.2(3) —0.40 —-1.36
pyridine —0.2(5) 0.33 —0.31 —0.3(0) —0.60 —-1.55
nitrobenzene —0.2(5) 042 —0.22 —0.3(3) —0.55 —1.51
acetic acid —0.2(9) 0.04 —0.60 —0.3(3) —0.88 —1.84

“1) Computed at revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c and 2) Computed at DLPNO-CCSD(T)/def2-TZVP//PBEh-3¢; all
computations include SMD solvation; all energies in kcal mol™}; all experiments were performed in the corresponding deuterated solvent.

preference for longer alkyl chains can be attributed to an
increasing entropic penalty required for association of both
alkyl chains in the Z-isomer and to competing LD interactions
between the alkyl chains and the backbone of the molecular
balance, stabilizing the E- and Z-isomers equally. The strongest
Z-preference in this work was obtained for 1Cy with AG/; ~
0.60 kecal mol™". The cyclohexyl substituent combines high
polarizability and moderate flexibility with the ability to rotate
into a position to maximize LD interactions and minimize
Pauli repulsion. For rigid and sterically very demanding
substituents like tBu, Ad, and Dia, we observe an increase in
Pauli repulsion between the DEDs, destabilizing the Z-isomer.
Still, we were able to show that for the larger and highly
polarizable Ad and Dia, LD is able to compensate the repulsive
interactions. The two aromatic substituents tested in this work
(phenyl and perfluorophenyl) favor the Z-isomer in all solvents
and gave comparable results to each other. We computed
AGy; for all molecular balances in this study and found the
computational results to reproduce most of our experimental
trends qualitatively.

While the introduction of large, rigid, and highly polarizable
DEDs has proven to be very successful in influencing chemical
processes, this work underlines that there is no “one size fits
all” DED, with the cyclohexyl moiety possibly being a notable
exception.

B EXPERIMENTAL SECTION

Synthesis. Scheme 1 depicts the general synthetic approach for
the synthesis of most of the 14 molecular balances 1R prepared in the
context of the present study. We used commercially available 2-
bromobenzaldehyde 2 and 4-substituted phenylboronic acids 3R in
Suzuki—Miyaura coupling reactions to form 4’-substituted [1,1’-
biphenyl]-2-carboxaldehydes 4R. 3Ad, 3Dia, and 3Tr are not
commercially available and were synthesized from the corresponding
4-substituted bromobenzenes. In the next step, cross dehydrogenative
coupling was employed to form the corresponding fluorenones SR.”
SPh and SPFP were synthesized via Suzuki-Miyaura coupling reaction
of 2-bromofluorenone with the required boronic acids. In the last
step, we performed McMurry coupling to give a mixture of the E- and
Z-isomers of 2,2'-disubstituted 9,9’-bifluorenylidenes 1R. Detailed
spectroscopic data and procedures for the preparation of precursors
can be found in the Supporting Information.

NMR Measurements. After purification of 1R, the compounds
were stored under inert conditions. Depending on solubility, 2—20
mg of 1R were dissolved in acetic acid-d,, benzene-d, bromobenzene-
ds, cyclohexane-d),, nitrobenzene-ds, pyridine-ds, or toluene-dg. We
used NMR-grade solvents stored in glass ampules of highest
commercially available purity. The samples were transferred into a
screw-cap NMR tube, flushed with dinitrogen, sealed with parafilm,
heated for 16 h at 60 °C using a thermostat, and were then quickly
transferred to a 600 MHz Bruker Avance III HD NMR spectrometer.
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NMR measurements were performed using a S mm BBO probe with
Z-gradient pre-tempered to 60 °C. After short re-equilibration inside
the probe at 60 °C to minimize experimental errors produced by
temperature changes during sample insertion, '"H NMR spectra were
measured with standard parameters and a relaxation delay of 1 s. The
NMR-integration workflow was described in the Supporting
Information and in previous works.”® Structural assignments were
made with additional information from gCOSY, gHSQC, and
gHMBC experiments.

General Experimental Procedures. General Synthesis of 4'-
Substituted [1,1'-Biphenyl]-2-carboxaldehydes 4R. In a round-
bottomed flask, 1.0 equiv of 2-bromobenzaldehyde was dissolved in
1S mL/mmol of DMF/H,0 (2:1). To the stirred solution, 1.1 equiv
of the 4-substituted phenylboronic acid 3R, 1.0 equiv of Na,CO3, and
2.5 mol % of Pd(OAc), were added in this order. The reaction
mixture was stirred at r.t. for 18 h and extracted with dichloromethane
(DCM). The combined organic layers were washed with 2 L of dist.
H,0, dried over Na,SO,, concentrated under reduced pressure, and
purified using flash column chromatography (silica; n-hexane/DCM
85:15).

4'-Ethyl-[1,1'-biphenyl]-2-carboxaldehyde (4Et). Colorless oil
(502 mg, 89%). 'H NMR (400 MHz, CDCL): & 10.00 (s, 1H),
8.02 (dd, J = 7.8, 1.2 Hz, 1H), 7.63 (td, ] = 7.5, 1.4 Hz, 1H), 7.52—
7.42 (m, 2H), 7.30 (s, 4H), 2.73 (q, ] = 7.6 Hz, 2H), 1.30 (t, ] = 7.6
Hz, 3H) ppm. The obtained spectroscopic data are in good agreement
to the literature.”®

4'-n-Propyl-[1,1'-biphenyl]-2-carboxaldehyde (4Pr). Colorless oil
(481 mg, 87%). "H NMR (400 MHz, CDCL,): & 10.00 (d, ] = 0.7 Hz,
1H), 8.02 (dd, J = 7.8, 1.1 Hz, 1H), 7.63 (td, ] = 7.5, 1.4 Hz, 1H),
7.52=7.41 (m, 2H), 7.29 (s, 4H), 2.66 (t, ] = 7.4 Hz, 2H), 1.70 (h, ] =
74 Hz, 2H), 099 (t, J = 7.3 Hz, 3H) ppm. The obtained
spectroscopic data are in good agreement to the literature.>®

4'-n-Butyl-[1,1'-biphenyl]-2-carboxaldehyde (4Bu). Colorless oil
(1135 mg, 93%). 'H NMR (400 MHz, CDCL,): & 10.00 (d, J = 0.7
Hz, 1H), 8.02 (dd, J = 7.8, 1.1 Hz, 1H), 7.63 (td, ] = 7.5, 1.4 Hz, 1H),
7.55—7.41 (m, 2H), 7.29 (s, 4H), 2.74—2.65 (m, 2H), 1.71-1.61 (m,
2H), 140 (h, ] = 7.3 Hz, 2H), 0.96 (t, ] = 7.3 Hz, 3H) ppm. “C{'H}
NMR (101 MHz, CDCL): 5 192.9, 146.2, 1432, 135.1, 1339, 133.7,
130.9, 130.2, 128.7, 127.7, 3S.5, 33.7, 22.6, 14.1 ppm. HRMS (ESI-
TOF) m/z: [M + Na]* caled for C,;H,;sONa, 261.1250; found,
261.1248. IR (Film): 446 (w), 633 (w), 647 (w), 763 (s), 830 (m),
1005 (w), 1193 (m), 1254 (w), 1392 (w), 1449 (w), 1475 (w), 1597
(m), 1691 (s), 2857 (w), 2929 (w), 2956 (w) cm™.

4'-n-Pentyl-[1,1-biphenyl]-2-carboxaldehyde (4Pe). Colorless oil
(251 mg, 85%). "H NMR (400 MHz, CDCL,): § 10.00 (d, ] = 0.7 Hz,
1H), 8.02 (dd, J = 7.7, 1.2 Hz, 1H), 7.63 (td, J = 7.5, 1.5 Hz, 1H),
7.52—7.42 (m, 2H), 7.29 (s, 4H), 2.73—2.62 (m, 2H), 1.73—1.61 (m,
2H), 1.46—1.29 (m, 4H), 0.98—0.86 (m, 3H) ppm. C{'H} NMR
(101 MHz, CDCL): 5 192.7, 146.1, 143.1, 135.0, 133.8, 133.5, 130.8,
130.1, 128.5, 127.5, 35.6, 31.6, 31.1, 22.6, 14.0 ppm. HRMS (ESI-
TOF) m/z: [M + Na]* caled for CjgH,,ONa, 275.1406; found,
275.1409. IR (Film): 408 (s), 422 (s), 765 (m), 830 (w), 1194 (m),
1254 (m), 1392 (m), 1597 (m), 1693 (s), 2856 (m), 2929 (s), 2956
(m) em™.

https://doi.org/10.1021/acs joc.2c02444
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4'-n-Nonyl-[1,1'-biphenyl]-2-carboxaldehyde (4No). Colorless
oil (246 mg, 85%). '"H NMR (400 MHz, CDCl,): § 10.00 (d, J =
0.7 Hz, 1H), 8.01 (dd, ] = 7.8, 1.1 Hz, 1H), 7.62 (td, ] = 7.5, 1.4 H,
1H), 7.50—7.42 (m, 2H), 7.28 (s, 4H), 2.71-2.64 (m, 2H), 1.72—
1.60 (m, 2H), 1.39—-123 (m, 12H), 0.93-0.83 (m, 3H) ppm.
3C{'H} NMR (101 MHz, CDCl;): § 192.7, 146.1, 143.1, 135.0,
133.8, 133.5, 130.8, 130.0, 128.5, 127.5, 35.7, 31.9, 31.4, 29.6, 29.5,
29.4,29.3,22.7, 14.1 ppm. HRMS (ESI-TOF) m/z: [M + Na]" caled
for Cy,H,ONa, 331.2032; found, 331.2035. IR (Film): 445 (w), 633
(w), 647 (w), 763 (s), 828 (m), 1193 (m), 1254 (m), 1597 (m), 1692
(s), 2853 (s), 2923 (s) cm™".

4'-Isopropyl-[1,1'-biphenyl]-2-carboxaldehyde (4iPr). Colorless
oil (488 mg, 92%). '"H NMR (400 MHz, CDCL,): & 10.00 (d, 1H),
8.02 (dd, J = 7.8, 1.1 Hz, 1H), 7.63 (td, ] = 7.5, 1.4 Hz, 1H), 7.51—
7.42 (m, 2H), 7.37—7.28 (m, 4H), 3.05-2.92 (m, 1H), 1.31 (d, ] =
6.9 Hz, 6H) ppm. *C{'"H} NMR (101 MHz, CDCL,): § 192.7, 149.0,
146.1, 135.1, 133.8, 133.5, 130.8, 130.1, 127.53, 127.50, 126.5, 33.9,
24.0 ppm. HRMS (ESI-TOF) m/z: [M + Na]* caled for C;¢H;,ONa,
247.1093; found, 247.1092. IR (ATR): 746 (m), 767 (s), 837 (s),
1194 (m), 1254 (m), 1597 (m), 1691 (s), 2869 (w), 2960 (m) cm™".

4'-Cyclohexyl-[1,1"-biphenyl]-2-carboxaldehyde (4Cy). Colorless
oil (233 mg, 86%). "H NMR (400 MHz, CDCL,): 5 10.00 (d, J = 0.7
Hz, 1H), 8.02 (dd, J = 7.8, 1.0 Hz, 1H), 7.63 (td, ] = 7.5, 1.4 Hz, 1H),
7.55—7.40 (m, 2H), 7.31 (s, 4H), 2.68—2.44 (m, 1H), 2.01—1.82 (m,
4H), 1.83—-1.73 (m, 1H), 1.54—1.36 (m, 4H), 1.36—1.19 (m, 1H)
ppm. BC{'H} NMR (101 MHz, CDCL): § 192.8, 1482, 146.1,
135.1, 133.8, 133.5, 130.8, 130.1, 127.50, 127.48, 126.92 44.3, 34.4,
26.9, 26.1 ppm. HRMS (ESI-TOF) m/z: [M + Na]" caled for
C4H,,ONa, 287.1406; found, 287.1409. IR (Film): 408 (s), 420 (s),
766 (m), 833 (m), 1194 (w), 1255 (m), 1448 (w), 1598 (m), 1694
(s), 2851 (m), 2925 (s) cm™.

4'-tert-Butyl-[1,1-biphenyl]-2-carboxaldehyde (4Cy). Colorless
oil (863 mg, 94%). "H NMR (400 MHz, CDCL): 5 10.01 (d, ] = 0.7
Hz, 1H), 8.02 (dd, ] = 7.8, 1.0 Hz, 1H), 7.63 (td, ] = 7.5, 1.5 Hz, 1H),
7.51-7.43 (m, 4H), 7.36—7.28 (m, 2H), 1.38 (s, 9H) ppm. *C{'H}
NMR (101 MHz, CDCL): & 192.7, 151.3, 146.0, 134.8, 133.8, 133.5,
130.8, 129.9, 127.53, 127.49, 125.4, 347, 31.4 ppm. HRMS (ESI-
TOF) m/z: [M + Na]* caled for C;;H;sONa, 261.1250; found,
261.1247.

General Synthesis of 4'-substituted phenylboronic acids 3R with
subsequent Suzuki coupling to 4’-substituted [1,1’-biphenyl]-2-
carboxaldehydes 4R. In a dried, N, flushed one-neck Schlenk flask
equipped with a septum, 1.0 equiv of the 4-substituted phenyl halide
was dissolved in § mL/mmol dry THE. The solution was cooled to
—78 °C with an acetone/N, bath and 1.2 equiv of n-BuLi was added
over 20 min at constant temperature using a syringe pump. After
stirring for 15 min at =78 °C, 1.5 equiv of B(OMe); were added over
1 h at constant temperature using a syringe pump. After addition, the
cooling bath was removed and the reaction mixture was allowed to
slowly warm to r.t. After 30 min at r.t, the reaction mixture was
acidified using 1.8 equiv of 1 M HCI aqueous solution, extracted with
DCM and the combined organic layers were dried over Na,SO, and
concentrated under reduced pressure. The crude product was used in
a Suzuki coupling reaction as described before. .

4'-Adamantyl-[1,1'-biphenyl]-2-carboxaldehyde (4Ad). Color-
less solid (755 mg, $2%). 'H NMR (400 MHz, CDCL,): § 10.00
(s, 1H), 8.02 (d, J = 8.0 Hz, 1H), 7.62 (td, ] = 7.5, 1.4 Hz, 1H), 7.51—
7.42 (m, 4H), 7.36—7.30 (m, 2H), 2.17-2.09 (m, 3H), 1.97 (d, ] =
2.7 Hz, 6H), 1.87—1.73 (m, 6H) ppm. “C{'H} NMR (101 MHg,
CDCI3): 5 192.8, 151.5, 146.1, 134.8, 133.8, 133.5, 130.8, 129.9,
127.49, 127.47, 125.0, 43.2, 36.8, 36.2, 28.9 ppm. HRMS (ESI-TOF)
m/z: [M + Na]* caled for C,3H,,0Na, 339.1719; found, 339.1721. IR
(ATR): 445 (w), 579 (m), 644 (w), 779 (s), 1193 (m), 1254 (m),
1393 (m), 1448 (m), 1594 (m), 1690 (s), 2845 (m), 2899 (m) cm™".

4'-Diamantyl-[1,1'-biphenyl]-2-carboxaldehyde (4Dia). Color-
less solid (1960 mg, 66%). '"H NMR (400 MHz, CDCl,): § 10.01
(s, 1H), 8.09—7.96 (m, 1H), 7.63 (td, ] = 7.5, 1.4 Hz, 1H), 7.54—7.42
(m, 4H), 7.38=7.30 (m, 2H), 1.98—1.92 (m, 9H), 1.88—1.83 (m,
1H), 1.83—1.76 (m, 9H) ppm. *C{'H} NMR (101 MHz, CDCl,): &
192.8, 150.9, 146.1, 134.8, 133.8, 133.5, 130.8, 129.9, 127.49, 127.5,
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125.3, 44.0, 38.3, 37.8, 36.8, 34.4, 25.8 ppm. HRMS (APCI-TOF) m/
z: [M + H]" caled for CpH,O 369.2213; found, 369.2182. IR
(ATR): 437 (w), 493 (w), 538 (w), 572 (m), 655 (m), 742 (s), 763
(s), 833 (s), 1193 (m), 1254 (m), 1595 (m), 1688 (s), 2844 (s), 2870
(s), 2907 (m) cm™.

4'-Trityl-[1,1'-biphenyl]-2-carboxaldehyde (4Tr). Colorless solid
(1340 mg, 47%). "H NMR (400 MHz, CDCL): & 10.03 (s, 1H), 8.02
(d, J = 7.9 Hz, 1H), 7.63 (td, J = 7.5, 1.4 Hz, 1H), 7.53=7.43 (m,
2H), 7.38—7.17 (m, 19H) ppm. *C{'H} NMR (101 MHz, CDCL,):
6 192.6, 147.0, 146.5, 145.7, 135.2, 133.7, 133.6, 131.2, 131.1, 130.7,
129.3, 127.7, 127.6, 127.5, 126.1, 64.9 ppm. HRMS (ESI-TOF) m/z:
[M + Na]* caled for Cy,H,,ONa, 447.1719; found, 447.1716. IR
(ATR): 636 (s), 700 (s), 748 (s), 837 (m), 1198 (w), 1255 (w), 1442
(w), 1490 (w), 1597 (w), 1693 (s), 3030 (vw) cm ™.

General Synthesis of 2-Substituted 9-Fluorenones 5R. In a dried,
N, flushed 50 mL one-neck Schlenk flask equipped with a reflux
condenser, 1.0 equiv of 4'-substituted [1,1’-biphenyl]-2-carboxalde-
hyde was dissolved in § mL/mmol dry MeCN. To the stirred
solution, 1.1 equiv of tBuOOH solution in n-decane (5—6 mol L")
and 0.1 mol % FeCp, in MeCN (5 mmol L") were added, and the
mixture was refluxed for 6 h using an oil bath. After cooling to r.t.,
additional 1.1 equiv of tBuOOH solution in n-decane (5—6 mol L™")
were added and the mixture was refluxed for 18 h. After cooling to r.t,,
the reaction mixture was extracted with SO mL of DCM. The
combined organic layers were washed with water, dried over Na,SO,,
concentrated under reduced pressure, and purified using flash column
chromatography (silica; n-hexane/ethyl acetate 99:1).

2-Ethyl-9-fluorenone (5Et). Yellow oil (140 mg, $7%). 'H NMR
(400 MHz, CDCL): 5 7.63 (d, J = 7.3 Hz, 1H), 7.53—7.38 (m, 4H),
7.32-7.22 (m, 2H), 2.67 (q, J = 7.6 Hz, 2H), 1.26 (t, ] = 7.6 Hz, 3H)
ppm. BC{'H} NMR (101 MHz, CDCL): § 194.4, 145.9, 144.8,
1422, 134.8, 1347, 134.5, 134.3, 128.7, 124.4, 124.0, 120.4, 12022,
28.9, 15.5 ppm. HRMS (ESI-TOF) m/z: [M + Na]" caled for
Cy1sH,ONa, 231.0780; found, 231.0782. IR (ATR): 416 (s), 737
(m), 1107 (w), 1177 (w), 1292 (w), 1458 (m), 1604 (m), 1716 (s),
2966 (w) cm™.

2-n-Propyl-9-fluorenone (5Pr). Yellow oil (167 mg, 56%). 'H
NMR (400 MHz, CDCl,): 6 7.61 (d, J = 7.3 Hz, 1H), 7.49-7.36 (m,
4H), 7.29—7.20 (m, 2H), 2.59 (t, ] = 7.3 Hz, 2H), 1.65 (h, ] = 7.4 Hz,
2H), 094 (t, J] = 7.3 Hz, 3H) ppm. “C{'"H} NMR (101 MHg,
CDCLy): 5 1944, 144.8, 1443, 1422, 134.8, 1347, 134.5, 134.5,
128.7, 124.5, 124.3, 120.3, 120.1, 37.9, 24.4, 13.8 ppm. HRMS (ESI-
TOF) m/z: [M + Na]* caled for C¢H ,ONa, 245.0937; found,
245.0939. IR (ATR): 416 (s), 743 (m), 767 (w), 1458 (w), 1601
(m), 1708 (s), 2867 (vw), 2925 (vw), 2955 (w) cm™.

2-n-Butyl-9-fluorenone (5Bu). Yellow oil (165 mg, 83%). 'H
NMR (400 MHz, CDCL): 5 7.63 (dt, ] = 7.3, 0.9 Hz, 1H), 7.51-7.38
(m, 4H), 7.31-7.22 (m, 2H), 2.63 (t, ] = 7.3 Hz, 2H), 1.67—1.55 (m,
2H), 1.36 (h, ] = 7.3 Hz, 2H), 0.93 (t, ] = 7.3 Hz, 3H) ppm. *C{'H}
NMR (101 MHz, CDCL): & 194.4, 144.8, 144.6, 142.2, 134.80,
134.77, 134.6, 134.5, 128.7, 124.5, 124.4, 120.3, 120.1, 35.6, 33.5,
22.4, 14.1 ppm. HRMS (ESI-TOF) m/z: [M + Na]" caled for
C1-H,ONa, 259.1093; found, 259.1092. IR (ATR): 490 (w), 650
(m), 737 (s), 765 (s), 835 (m), 962 (w), 1108 (m), 1177 (m), 1292
(m),1 1457 (s), 1603 (s), 1713 (s), 2857 (w), 2928 (w), 2952 (w)
cm .
2-n-Pentyl-9-fluorenone (5Pe). Yellow oil (68 mg, 53%). '"H NMR
(400 MHz, CDCL): 8 7.63 (dt, J = 7.3, 1.0 Hz, 1H), 7.51-7.38 (m,
4H), 7.31-7.22 (m, 2H), 2.62 (t, ] = 7.5 Hz, 2H), 1.63 (p, ] = 7.5 Hz,
2H), 1.41-126 (m, 4H), 0.89 (t, J = 6.9 Hz, 3H) ppm. “C{'H}
NMR (101 MHz, CDCL): & 194.5, 144.8, 144.6, 142.2, 13481,
13478, 134.6, 134.5, 128.7, 124.5, 124.4, 120.3, 120.1, 35.9, 3L.5,
31.0, 22.7, 142 ppm. HRMS (ESI-TOF) m/z: [M + Na]" caled for
CysH1ONa, 273.1250; found, 273.1248. IR (ATR): 738 (s), 765
(m), 845 (w), 956 (w), 1108 (m), 1177 (m), 1292 (m), 1458 (s),
1604 (s), 1715 (s), 2857 (w), 2928 (m), 2955 (w) cm ™.

2-n-Nonyl-9-fluorenone (5No). Yellow oil (166 mg, 61%). 'H
NMR (400 MHz, CDCL,): 8 7.63 (d, J = 7.3 Hz, 1H), 7.51=7.38 (m,
4H), 7.30—7.26 (m, 1H), 7.26—7.21 (m, 1H), 2.66—2.58 (m, 2H),
1.66—1.58 (m, 2H), 1.35=1.23 (m, 12H), 0.90—0.85 (m, 3H) ppm.

https://doi.org/10.1021/acs joc.2c02444
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BC{'H} NMR (101 MHz, CDCl;): § 194.6, 144.9, 144.7, 142.2,
134.81, 134.78, 134.7, 128.7, 124.5, 124.4, 120.3, 120.1, 35.9, 32.0,
313, 29.7, 29.6, 29.5, 29.3, 22.8, 14.3 ppm. HRMS (ESI-TOF) m/z:
[M + Nal]* caled for Cp,H,qONa, 329.1876; found, 329.1873. IR
(ATR): 650 (w), 737 (s), 766 (m), 834 (w), 963 (w), 1107 (m),
1177 (m), 1292 (m), 1458 (s), 1603 (s), 1715 (s), 2853 (s), 2923 (s)
cm™L,
2-Isopropyl-9-fluorenone (5iPr). Yellow oil (414 mg, 71%). 'H
NMR (400 MHz, CDCL,): 6 7.63 (d, ] = 7.3 Hz, 1H), 7.55 (d, ] = 1.6
Hz, 1H), 7.50-7.40 (m, 3H), 7.37-7.31 (m, 1H), 7.28—7.22 (m,
1H), 2.94 (hept, ] = 6.9 Hz, 1H), 1.27 (d, ] = 6.9 Hz, 6H) ppm.
BC{'H} NMR (101 MHz, CDCL): § 194.3, 150.5, 144.7, 142.2,
134.7, 134.5, 134.4, 132.9, 128.6, 124.3, 122.4, 120.2, 120.0, 34.1, 23.8
ppm. HRMS (ESI-TOF) m/z: [M + Na]* caled for C¢H;,ONa,
245,0937; found, 245,0936. IR (ATR): 517 (m), 737 (m), 1109 (m),
1256 (m), 1385 (m), 1458 (w), 1605 (w), 1718 (s), 2960 (w) cm™.

2-Cyclohexyl-9-fluorenone (5Cy). Yellow oil (142 mg, 57%). 'H
NMR (600 MHz, CDCL,): § 7.62 (d, J = 7.3 Hz, 1H), 7.53 (d, ] = 1.§
Hz, 1H), 7.48—7.39 (m, 3H), 7.31 (dd, J = 7.6, 1.6 Hz, 1H), 7.26—
7.22 (m, 1H), 2.56—2.48 (m, 1H), 1.92—1.82 (m, 4H), 1.80—1.71
(m, 1H), 1.48-1.34 (m, 4H), 1.31-1.20 (m, 1H) ppm. *C{'H}
NMR (151 MHz, CDCL,): 5 194.5, 149.8, 144.8, 142.3, 134.8, 134.58,
134.55, 133.5, 128.7, 124.4, 122.9, 120.4, 120.1, 44.6, 34.3, 26.9, 26.1
ppm. HRMS (ESI-TOF) m/z: [M + Na]" caled for CoH;3ONa,
285.1250; found, 285.1252. IR (ATR): 492 (m), 735 (s), 767 (m),
834 (m), 960 (w), 1103 (m), 1177 (m), 1291 (m), 1457 (s), 1603
(s), 1712 (s), 2850 (m), 2922 (s) cm™".

2-tert-Butyl-9-fluorenone (5tBu). Yellow oil (755 mg, 61%). 'H
NMR (600 MHz, CDCL,): 6 7.71 (d, ] = 1.7 Hz, 1H), 7.63 (d, ] = 7.3
Hz, 1H), 7.52—7.41 (m, 4H), 7.26—7.22 (m, 1H), 1.34 (s, 9H) ppm.
BC{'H} NMR (151 MHz, CDCly): § 194.4, 152.8, 144.5, 141.8,
134.6, 134.5, 134.2, 131.5, 128.6, 124.2, 121.6, 120.1, 120.0, 35.1, 31.2
ppm. HRMS (ESI-TOF) m/z: [M + Na]" caled for C,,H;ONa,
259.1093; found, 259.1096.

2-Adamantyl-9-fluorenone (5Ad). Yellow solid (87 mg, 53%). 'H
NMR (400 MHz, CDCL,): 5 7.71 (dd, ] = 1.8, 0.7 Hz, 1H), 7.63 (dt, |
=73, 1.0 Hz, 1H), 7.51-7.41 (m, 4H), 7.29-7.21 (m, 1H), 2.17—
2.08 (m, 3H), 1.96—1.90 (m, 6H), 1.85—1.71 (m, 6H) ppm. *C{'H}
NMR (101 MHz, CDCL): § 194.6, 153.3, 144.8, 142.0, 134.8, 134.4,
131.4, 128.7, 124.4, 121.5, 1202, 43.2, 36.79, 36.76, 29.0 ppm. HRMS
(ESI-TOF) m/z: [M + Na]* caled for C,3H,,0ONa, 337.1563; found,
337.1560. IR (ATR): 491 (m), 587 (m), 725 (s), 762 (m), 811 (m),
835 (m), 1106 (m), 1181 (m), 1291 (m), 1461 (m), 1603 (m), 1713
(s), 2847 (m), 2880 (s), 2910 (m) cm™.

2-Diamantyl-9-fluorenone (5Dia). Yellow solid (290 mg, 45%).
'H NMR (400 MHz, CDCL): 5 7.72 (d, ] = 1.5 Hz, 1H), 7.63 (d, ] =
7.3 Hz, 1H), 7.53—7.42 (m, 4H), 7.28—7.22 (m, 1H), 1.98—1.91 (m,
3H), 1.91-1.87 (m, 6H), 1.86—1.82 (m, 1H), 1.81-1.75 (m, 9H)
ppm. BC{'H} NMR (101 MHz, CDCL): § 194.5, 152.6, 144.7,
141.8, 134.62, 134.59, 134.3, 131.5, 128.6, 124.2, 121.6, 120.1, 120.0,
438, 38.1, 37.7, 36.6, 34.8, 25.7 ppm. HRMS (APCI-TOF) m/z: [M
+ H]" caled for C,,H,,0, 367.2066; found, 367.2056. IR (ATR): 496
(m), 585 (m), 738 (s), 767 (m), 840 (m), 1457 (m), 1603 (m), 1702
(s), 2843 (m), 2897 (s) cm™.

2-Trityl-9-fluorenone (5Tr). Yellow solid (45 mg, 53%). '"H NMR
(400 MHz, CDCLy): 6 7.62 (d, J = 7.3 Hz, 1H), 7.58 (t, ] = 1.2 Hg,
1H), 7.49-7.41 (m, 2H), 7.39 (d, ] = 1.2 Hz, 2H), 7.30-7.16 (m,
16H) ppm. BC{'H} NMR (101 MHz, CDCl,): § 194.0, 148.8, 146.3,
144.3, 142.3, 137.4, 134.83, 134.79, 133.8, 131.1, 129.0, 127.9, 127.1,
126.3, 124.4, 120.4, 119.7, 65.2 ppm. HRMS (ESI-TOF) m/z: [M +
Na]* caled for Cy,H,,0Na, 445.1563; found, 445.1566. IR (ATR):
476 (w), 635 (m), 651 (m), 700 (s), 737 (s), 907 (m), 1103 (m),
1455 (m), 1490 (m), 1601 (m), 1708 (s), 3056 (vw) cm™.

Synthesis of 2-Methyl-9-fluorenone 5Me. In a nitrogen flushed,
dried SO0 mL Schlenk flask, equipped with a magnetic stir bar and
septum, 1 equiv 2-bromo-9-fluorenone (1.00 g 3.86 mmol), 5 mol %
Sphos (97 mg, 0.24 mmol), and 2.5 mol % Pd(Oac), (27 mg, 0.12
mmol) were added. After the mixture was dissolved in 10 mL dry
THF, 8.9 mL of a 0.53 M MeZnCl solution in THF was added
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dropwise over a period of 45 min. After stirring for 1 h, the reaction
was quenched with excess aqueous NH,CI solution, extracted with
ethyl acetate (3 X 20 mL), and the combined organic layers were
concentrated under reduced pressure. After column chromatography
(silica; n-hexane/Et,O 50:1), 2-methyl-9-fluorenone (403 mg, 2.05
mmol) was obtained as yellow oil in 53% yield. "H NMR (400 MHg,
CDCI3): § 7.60 (dt, ] = 7.3, 0.9 Hz, 1H), 7.47—7.40 (m, 3H), 7.39—
7.33 (m, 1H), 7.28=7.19 (m, 2H), 2.35 (s, 3H) ppm. *C{"H} NMR
(101 MHz, CDCI3): § 193.1, 143.6, 140.8, 138.2, 134.1, 133.6, 133.4,
1333, 127.5, 124.0, 123.2, 119.1, 1189, 20.3 ppm. Obtained
spectroscopic data are in good agreement to the literature.>

Synthesis of 2-Phenyl-9-fluorenone 5Ph. 2-Bromofluorenone,
phenylboronic acid (1.3 equiv), and Pd(PPh;), (0.02 equiv) were
dissolved in 54 mL mmol ™" tetrahydrofuran (THF). K,CO; aqueous
solution (3 equiv, 25%) was added, the reaction mixture was refluxed
overnight using an oil bath, cooled to room temperature, filtered,
dried over MgSO,, and concentrated under reduced pressure. The
crude product was purified via silica gel column chromatography (n-
hexane/DCM 95:S). 2-Phenyl-9-fluorenone (360 mg, 76%) was
obtained as a yellow solid. '"H NMR (400 MHz, CDCI3): § 7.91 (d,
= 1.7 Hz, 1H), 7.72 (dd, ] = 7.7, 1.8 Hz, 1H), 7.68 (d, ] = 7.3 Hz,
1H), 7.66—7.43 (m, 7H), 7.42—7.35 (m, 1H), 7.34—7.27 (m, 1H)
ppm. BC{'H} NMR (101 MHz, CDCL): § 194.0, 144.5, 143.4,
142.5, 140.0, 135.1, 135.0, 134.7, 133.4, 1292, 129.1, 128.1, 127.0,
124.6, 123.1, 120.8, 120.5 ppm. HRMS (ESI-TOF) m/z: [M + Na]*
caled for C,oH,,ONa, 279.0780; found, 279.0778. IR (ATR): 476
(w), 697 (s), 735 (s), 755 (s), 846 (w), 1455 (w), 1600 (w), 1709
(s), 3055 (vw) ecm™.

Synthesis of 2-Pentafluorophenyl-9-fluorenone 5PFP. 2-Bromo-
fluorenone (0.1039 g, 0.401 mmol, 1 equiv) was dissolved in 4 mL
DMF under Schlenk conditions. (Pentafluorophenyl)boronic acid
(0.1106 g, 0.522 mmol, 1.3 eq), Pd,(dba); (0.0197 g, 0.0215 mmol,
0.0S equiv), CsF (0.1224 g, 0.806 mmol, 2 equiv), Ag,0 (0.1112 g,
0.480 mmol, 1.2 equiv), and P(t-Bu); (0.01S mL, 0.0618 mmol, 0.15
equiv) were added and the reaction mixture was stirred under a
nitrogen atmosphere overnight in a 100 °C oil bath. After cooling to
room temperature, the reaction mixture was filtered over a Celite
plug, which was washed with S0 mL EtOAc. The organic phase was
washed two times with brine, dried over MgSO,, and the solvent was
removed under reduced pressure. The crude product was purified by
silica gel column chromatography (DCM/n-hexane 2:1). 2-(penta-
fluorophenyl)-9-fluorenone (71 mg, $1%) was obtained as a yellow
solid. '"H NMR (400 MHz, CDCLy): § 7.74—7.69 (m, 2H), 7.66 (dd,
=7.8,0.7 Hz, 1H), 7.60 (dt, ] = 7.4, 1.0 Hz, 1H), 7.57—7.52 (m, 2H),
7.36 (td, J = 74, 1.1 Hz, 1H) ppm. *C {'H, '’F} NMR (101 MHz,
CDClLy): § 193.0, 145.3, 144.4, 143.8, 140.9, 138.1, 136.5, 135.2,
134.8, 134.4, 129.9, 127.3, 126.2, 124.8, 120.9, 120.8, 115.0 ppm.
HRMS (ESI-TOF) m/z: [M + Na]" caled for C,oH,;F;ONa,
369.0309; found, 369.0310. IR (ATR): 479 (m), 570 (w), 653 (w),
739 (), 761 (s), 844 (s), 929 (m), 954 (m), 985 (s), 1053 (m), 1206
(m), 1457 (m), 1484 (s), 1496 (s), 1602 (m), 1651 (w), 1709 (s)
cm™L
General Synthesis of 2,2'-Substituted 9,9’-Bifluorenyli-
denes 1R. To a N, flushed S0 mL one-neck Schlenk flask, 6.0
equiv of zinc powder were added. After heat-drying and adding 20
mL/mmol of dry THF, the stirred suspension was cooled to 0 °C and
3.0 equiv of TiCl, were added dropwise using a syringe. After
refluxing for 3 h using an oil bath, 1.0 equiv of 2-substituted 9-
fluorenone was added and the mixture was refluxed for 1 h. After
cooling to r.t., the reaction mixture was poured onto a mixture of ice
and NH,Cl and extracted with DCM. The combined organic layers
were dried over Na,SO, and concentrated under reduced pressure.
After flash column chromatography (silica; n-hexane/DCM 95:5), a
mixture of E and Z-isomer of the desired product was obtained.

2,2'-Dimethyl-9,9"-bifluorenylidene (1Me). Red solid (35 mg,
68%). "H NMR (600 MHz, CDCl,): 8 8.37 (d, ] = 7.9 Hz, 2H), 8.34
(d, ] = 7.9 Hz, 2H), 824 (s, 2H), 8.19 (s, 2H), 7.67—7.62 (m, 4H),
7.60—7.54 (m, 4H), 7.32—7.27 (m, 4H), 7.19=7.11 (m, 8H), 2.50—
2.17 (m, 12H) ppm. *C{'"H} NMR (151 MHz, CDCL,): § 14143,
141.37, 141.02, 141.00, 138.9, 138.8, 138.57, 138.55, 138.4, 138.3,
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136.6, 136.5, 130.03, 130.00, 129.0, 127.21, 127.19, 126.7, 126.6,
126.4, 126.3, 119.61, 119.60, 119.55, 119.55, 21.8, 21.7 ppm. HRMS
(APCI-TOF) m/z: [M + HJ* caled for CyH,;, 357.1638; found,
357.1641. IR (ATR): 425 (s), 649 (w), 726 (s), 768 (m), 817 (m),
1344 (w), 1416 (w), 1446 (m), 2913 (vw), 3040 (vw) cm™".

2,2'-Diethyl-9,9"-bifluorenylidene (1Et). Red solid (46 mg, 50%).
'H NMR (400 MHz, CDCl,): § 8.41-8.33 (m, 4H), 8.30—8.21 (m,
4H), 7.69-7.63 (m, 4H), 7.63—7.57 (m, 4H), 7.34—7.27 (m, 4H),
7.20—7.13 (m, 8H), 2.70-2.57 (m, 8H), 1.27—1.21 (m, 12H) ppm.
BC{'H} NMR (101 MHz, CDCl,): § 143.30, 143.26, 141.61, 141.56,
141.1, 139.3, 139.2, 138.8, 138.7, 138.6, 138.5, 129.23, 129.20, 129.19,
126.8, 126.7, 126.6, 126.5, 126.4, 126.3, 119.84, 119.82, 119.76, 119.7,
29.33, 29.28, 16.0, 15.9 ppm. HRMS (ESI-TOF) m/z: [M + H]*
caled for CyoH,s, 385.1951; found, 385.1948. IR (ATR): 649 (w), 728
(s), 825 (s), 1028 (m), 1260 (m), 1347 (m), 1421 (s), 1449 (s), 2927
(m), 2960 (s) cm™.

2,2'-Dipropyl-9,9'-bifluorenylidene (1Pr). Red solid (63 mg,
68%). 'H NMR (400 MHz, CDCly): 6 8.41-8.33 (m, 4H), 8.24
(s, 2H), 8.20 (s, 2H), 7.69—7.63 (m, 4H), 7.63—7.58 (m, 4H), 7.34—
7.27 (m, 4H), 7.19=7.12 (m, 8H), 2.63-2.53 (m, 8H), 1.72—1.58
(m, 8H), 1.00-0.92 (m, 12H) ppm. “C{'H} NMR (101 MHz,
CDCly): & 141.68, 141.66, 141.59, 141.56, 141.14, 141.12, 139.30,
139.25, 138.7, 138.60, 138.58, 138.5, 129.81, 129.78, 129.2, 127.0,
126.90, 126.85, 126.7, 126.6, 126.4, 119.7, 38.5, 38.4, 25.0, 24.8, 14.0,
13.8 ppm. HRMS (APCI-TOF) m/z: [M + H]" caled for Cy,H,,
413.2264; found, 413.2264. IR (ATR): 649 (w), 727 (s), 770 (m),
824 (m), 1345 (m), 1421 (s), 1447 (s), 2867 (w), 2925 (m), 2955
(m) em™.

2,2'-Dibutyl-9,9'-bifluorenylidene (1Bu). Red solid (95 mg, 69%).
'H NMR (600 MHz, CDCL,): & 8.33—-8.22 (m, 4H), 8.19—8.08 (m,
4H), 7.59—7.54 (m, 4H), 7.54—7.48 (m, 4H), 7.21 (m, 4H), 7.11—
7.02 (m, 8H), 2.56—2.47 (m, 8H), 1.57—1.47 (m, 8H), 1.34—1.24
(m, 8H), 0.88—0.80 (m, 12H) ppm. *C{'H} NMR (151 MHz,
CDCLy): & 141.91, 141.85, 141.6, 141.5, 141.13, 141.10, 139.24,
139.19, 138.7, 138.59, 138.57, 138.52, 129.74, 129.71, 129.18, 129.16,
127.0, 126.8, 126.7, 126.5, 126.4, 119.74, 119.72, 119.70, 362, 35.9,
34.1, 33.8, 22.6, 22.3, 14.2, 14.1 ppm. HRMS (APCI-TOF) m/z: [M
+ H]* caled for Cy,Hys, 441.2577; found, 441.2580. IR (ATR): 650
(w), 736 (s), 765 (m), 833 (m), 961 (w), 1107 (m), 1176 (w), 1291
(m),1 1457 (s), 1603 (s), 1714 (s), 2856 (w), 2926 (m), 2955 (m)
cm .
2,2'-Dipentyl-9,9'-bifluorenylidene (1Pe). Red solid (42 mg,
66%). "H NMR (400 MHz, CDCl,): & 8.37 (m, 4H), 8.24 (s, 2H),
8.20 (s, 2H), 7.66 (m, 4H), 7.60 (dd, ] = 7.7, 2.9 Hz, 4H), 7.34—7.27
(m, 4H), 7.20-7.12 (m, 8H), 2.65-2.54 (m, 8H), 1.69—1.56 (m,
8H), 1.41-1.27 (m, 16H), 0.95—0.82 (m, 12H) ppm. *C{'"H} NMR
(101 MHz, CDCLy): § 142.0, 141.9, 141.60, 141.56, 141.2, 1411,
139.3, 139.2, 138.71, 138.61, 138.59, 138.5, 129.74, 129.69, 129.19,
129.17, 127.0, 126.9, 126.8, 126.7, 126.5, 126.4, 119.74, 119.71, 36.5,
36.3, 31.72, 31.68, 31.5, 31.4, 22.8, 14.20, 14.18 ppm. HRMS (APCI-
TOF) m/z: [M + H]" caled for CysHy,, 469.2890; found, 469.2892.
IR (ATR): 729 (s), 824 (m), 1029 (m), 1261 (w), 1347 (w), 1422
(m), 1451 (s), 2854 (m), 2925 (s), 2955 (m) cm™".

2,2'-Dinonyl-9,9'-bifluorenylidene (1No). Red solid (5SS mg,
45%). 'H NMR (400 MHz, CDCl,): § 8.40—8.32 (m, 4H), 8.26—
8.17 (m, 4H), 7.69—7.57 (m, 8H), 7.33—7.27 (m, 4H), 7.20-7.11
(m, 8H), 2.65-2.54 (m, 8H), 1.67—1.56 (m, 8H), 1.39—1.19 (m,
48H), 0.93—0.81 (m, 12H) ppm. *C{'H} NMR (101 MHz, CDCL,):
& 141.98, 141.95, 141.61, 141.56, 141.14, 141.12, 139.24, 139.19,
138.7, 138.61, 138.59, 138.5, 129.74, 129.69, 129.2, 127.0, 126.9,
126.7, 126.5, 126.4, 119.73, 119.70, 36.5, 36.3, 32.1, 32.0, 31.7, 29.78,
29.76, 29.73, 29.71, 29.6, 29.51, 29.49, 29.3, 22.8, 14.3 ppm. HRMS
(APCI-TOF) m/z: [M + H]" caled for CyHg,, 581.4142; found,
581.4142.

2,2'-Di-iso-propyl-9,9'-bifluorenylidene (1iPr). Red solid (339
mg, 58%). 'H NMR (400 MHz, CDCl,): 6 8.41-8.31 (m, 4H),
8.31-8.23 (m, 4H), 7.70-7.57 (m, 8H), 7.33—7.26 (m, 4H), 7.23—
7.12 (m, 8H), 3.00-2.79 (m, 4H), 1.31-1.19 (m, 24H) ppm.
3C{'H} NMR (101 MHz, CDCLy): § 147.82, 147.75, 141.43, 141.39,
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141.0, 140.9, 139.3, 139.2, 138.6, 138.50, 138.48, 138.4, 129.1, 129.0,
127.8, 127.7, 126.7, 126.5, 126.4, 126.3, 124.9, 124.8, 119.8, 119.63,
119.57, 34.5, 34.3, 24.1, 23.9 ppm. HRMS (APCI-TOF) m/z: [M +
H]" caled for Cy,H,,, 413.2264; found, 413.2264. IR (ATR): 460
(w), 571 (w), 649 (w), 728 (s), 826 (m), 1421 (m), 1447 (m), 2956
(m) cm™.

2,2'-Dicyclohexyl-9,9'-bifluorenylidene (1Cy). Red solid (22 mg,
56%). '"H NMR (400 MHz, CDCL,): & 8.40—8.32 (m, 4H), 8.31—
821 (m, 4H), 7.69—7.57 (m, 8H), 7.33—7.26 (m, 4H), 7.22—7.12
(m, 8H), 2.55-2.41 (m, 4H), 1.96—1.67 (m, 20H), 1.52—1.13 (m,
20H) ppm. C{'H} NMR (101 MHz, CDCly): § 147.00, 146.97,
141.5, 141.4, 141.0, 140.9, 139.3, 139.2, 138.6, 138.5, 138.44, 138.38,
129.04, 129.00, 128.22, 128.19, 126.7, 126.5, 126.4, 126.3, 125.4,
1252, 119.7, 119.60, 119.56, 45.2, 44.7, 34.6, 34.4, 26.9, 26.1, 26.0
ppm. HRMS (APCL-TOF) m/z: [M + HJ]* caled for CigHy,
493.2890; found, 493.2887. IR (ATR): 727 (s), 823 (m), 1260 (w),
1345 (m), 1423 (m), 1447 (s), 2848 (m), 2920 (s) cm™".

2,2'-Di-tert-butyl-9,9'-bifluorenylidene (1tBu). Red solid (47 mg,
44%). 'H NMR (400 MHz, CDCl,): § 8.50—8.28 (m, 8H), 7.71—
7.57 (m, 8H), 7.44—7.34 (m, 4H), 7.33—7.26 (m, 4H), 7.19-7.11
(m, 4H), 1.32 (s, 36H) ppm. *C{'"H} NMR (151 MHz, CDCLy): §
1502, 149.9, 141.33, 141.31, 141.2, 140.9, 138.9, 138.84, 138.79,
138.62, 138.56, 138.1, 129.1, 128.9, 127.1, 126.7, 126.5, 126.4, 126.24,
126.23, 124.4, 123.0, 119.7, 119.6, 119.4, 35.04, 35.01, 315, 31.3
ppm. HRMS (APCI-TOF) m/z: [M + H]" caled for CyHg,,
441.2577; found, 441.2576.

2,2'-Diadamantyl-9,9'-bifluorenylidene (1Ad). Red solid (S mg,
66%). '"H NMR (400 MHz, CDCl): & 8.46—8.29 (m, 8H), 7.70—
7.61 (m, 8H), 7.43—7.26 (m, 8H), 7.21-7.12 (m, 4H), 2.14—2.01
(m, 12H), 1.99—1.86 (m, 24H), 1.83—1.65 (m, 24H) ppm. *C{'H}
NMR (101 MHz, CDCly): § 150.6, 150.2, 141.39, 141.38, 141.2,
140.9, 139.0, 138.9, 138.9, 138.71, 138.70, 138.2, 129.1, 128.9, 126.7,
126.6, 126.5, 126.3, 1262, 126.0, 124.1, 123.0, 119.7, 119.6, 119.4,
43.3, 43.1, 36.8, 36.7, 36.58, 36.55, 29.0, 28.9 ppm. HRMS (APCI-
TOF) m/z: [M + HJ]" caled for CygHys, 597.3516; found, 597.3515.
IR (ATR): 728 (s), 772 (m), 825 (m), 1047 (w), 1260 (w), 1342
(m), 1414 (m), 1454 (s), 2846 (s), 2867 (s), 2901 (s) cm™".

2,2'-Didiamantyl-9,9’-bifluorenylidene (1Dia). Red solid (194
mg, 41%). "H NMR (600 MHz, CDCLy): 5 8.44 (d, ] = 1.4 Hz, 2H),
8.39 (d,J = 7.9 Hz, 2H), 8.36 (d, ] = 1.4 Hz, 2H), 8.31 (d, ] = 7.8 Hz,
2H), 7.69—7.61 (m, 8H), 7.41 (dd, J = 8.1, 1.7 Hz, 2H), 7.36 (dd, ] =
8.0, 1.7 Hz, 2H), 7.32—7.27 (m, 4H), 7.18=7.12 (m, 4H), 1.93—1.84
(m, 36H), 1.84—1.78 (m, 4H), 1.78—1.70 (m, 36H) ppm. *C{'H}
NMR (151 MHz, CDCL): § 150.1, 149.8, 141.52, 141.50, 141.34,
141.28, 141.25, 141.2, 141.0, 139.14, 139.0S, 139.0, 138.84, 138.81,
138.3, 1292, 129.0, 126.9, 126.6, 126.5, 126.4, 126.3, 124.5, 123.3,
119.8, 119.72, 119.71, 119.5, 44.3, 4.1, 38.4, 37.9, 36.8, 34.9, 34.8,
25.89, 25.87 ppm. HRMS (APCI-TOF) m/z: [M + H]" caled for
Cg,Hg,, 701.4142; found, 701.4080.

2,2'-Diphenyl-9,9'-bifluorenylidene (1Ph). Red solid (60 mg,
64%). "H NMR (400 MHz, CDCL,): 6 8.76 (d, ] = 1.2 Hz, 2H), 8.66
(d,J = 1.2 Hz, 2H), 8.49 (d, ] = 7.8 Hz, 2H), 8.44 (d, ] = 7.9 Hz, 2H),
7.80—7.69 (m, 8H), 7.64—7.50 (m, 8H), 7.47—7.39 (m, 8H), 7.38—
7.32 (m, 4H), 7.29—7.20 (m, 12H) ppm. *C{'H} NMR (101 MHz,
CDCLy): § 141.33, 141.30, 141.27, 141.25, 141.2, 140.6, 140.5, 140.3,
140.0, 139.0, 138.8, 138.5, 129.5, 129.0, 128.9, 128.43, 128.40, 127.4,
127.3, 127.1, 127.0, 1269, 126.8, 126.3, 125.6, 120.4, 120.3, 120.23,
120.17 ppm. HRMS (APCI-TOF) m/z: [M + H]" caled for CyHys,
481.1951; found, 481.1953. IR (ATR): 439 (m), 650 (m), 694 (s),
715 (s), 753 (s), 1020 (w), 1344 (m), 1413 (m), 1445 (m), 1598
(w), 2923 (vw), 3028 (vw) cm™.

2,2'-Di-pentafluorophenyl-9,9'-bifluorenylidene (1PFP). Red
solid (248 mg, 32%). 'H NMR (400 MHz, CDCL,): § 8.48—8.33
(m, 4H), 7.82 (dd, J = 7.9, 3.6 Hz, 2H), 7.77 (d, ] = 7.1 Hz, 2H),
7.44=7.35 (m, 4H), 7.33—7.27 (m, 2H) ppm. “C{'H, F} NMR
(101 MHz, CDCLy): § 144.5, 144.3, 142.2, 141.0, 141.0, 140.8, 140.7,
140.5, 140.5, 138.5, 138.4, 138.4, 138.1, 138.0, 131.3, 131.1, 129.9,
129.9, 128.8, 128.6, 127.9, 127.9, 127.1, 126.9, 124.8, 124.8, 120.6,
120.6, 120.3, 120.3, 116.1, 116.0 ppm. HRMS (APCL-TOF) m/z: [M
+ HJ" caled for CygH sFyp, 661.1009; found, 661.1010. IR (ATR):
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726 (s), 768 (m), 835 (m), 936 (m), 986 (s), 1062 (s), 1411 (m),
1453 (s), 1491 (s), 1521 (s), 2851 (vw), 2921 (w) cm™".

2,2'-Ditrityl-9,9'-bifluorenylidene (1Tr). Red solid (22 mg, 76%).
"H NMR (400 MHz, CDCl) & 8.23—8.15 (m, 4H), 7.68 (m, 4H),
7.56—7.49 (m, 8H), 7.25—7.09 (m, 68H), 6.77 (t, ] = 7.6 Hz, 4H).
BC{'H} NMR (101 MHz, CDCly): § 146.6, 145.7, 140.9, 140.5,
139.2, 1384, 137.7, 132.5, 131.2, 129.5, 128.5, 127.6, 127.1, 126.1,
126.0, 119.5, 118.6, 65.1 ppm. HRMS (APCLI-TOF) m/z: [M + H]*
caled for CgH,s, 813.3516; found, 813.3516.

B COMPUTATIONAL DETAILS

Conformational ;prescreening was performed using CREST
(version 2.11.1).>>** All optimizations and single points were
computed using ORCA (version 5.0.3).’~*" For optimiza-
tions, we employed the PBEh-3c composite approach®” with
geometrical counterpoise correction® and dispersion correc-
tions including Becke-Johnson damping (D3BJ).**** Energy
single points were computed using revDSD-PBEP86-D4/def2-
QZVPP**~* and DLPNO-CCSD(T)/def2-TZVP.**" Solva-
tion free energies were computed at PBEh-3¢ using the SMD
model®" with SES areas generated by GEPOL.*>*? Conformer
ensembles were computed using CENSO (version 1.2.0)*
employing the r*SCAN-3c method®* with SMD solvation.
SAPT analysis was performed with PSI4 (version 1.5)% at
sSAPT0/def2TZVP. Noncovalent interactions were visualized
using NCIPLOT.***’
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