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Exploring London Dispersion and Solvent Interactions at Alkyl-Alkyl
Interfaces Using Azobenzene Switches

Marcel A. Strauss and Hermann A. Wegner*

Abstract: Interactions on the molecular level control structure
as well as function. Especially interfaces between innocent
alkyl groups are hardly studied although they are of great
importance in larger systems. Herein, London dispersion in
conjunction with solvent interactions between linear alkyl
chains was examined with an azobenzene-based experimental
setup. Alkyl chains in all meta positions of the azobenzene core
were systematically elongated, and the change in rate for the
thermally induced Z—E isomerization in n-decane was
determined. The stability of the Z-isomer increased with
longer chains and reached a maximum for n-butyl groups.
Further elongation led to faster isomerization. The origin of the
intramolecular interactions was elaborated by various tech-
niques, including '"H NOESY NMR spectroscopy. The results
indicate that there are additional long-range interactions
between n-alkyl chains with the opposite phenyl core in the
Z-state. These interactions are most likely dominated by
attractive London dispersion. This work provides rare insight
into the stabilizing contributions of highly flexible groups in an
intra- as well as an intermolecular setting.

The interaction of chemical entities on the molecular level is
crucial for their structure and, therefore, for their properties
as well as function. While stronger interactions, such as
hydrogen bonds or Lewis pairs, are well-established, weak
ones such as van der Waals interactions still have not been
studied in depth and are usually neglected in more complex
systems. London dispersion represents the attractive part of
the van der Waals potential and was first introduced by Fritz
London in 1930.!) While London dispersion plays a dominant
role in the interaction of hydrocarbons, these non-covalent
interactions are omnipresent and not limited to a certain type
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of functional group.”! In synthesis, large and polarizable
moieties—in most cases rigid alkyl groups—can be utilized as
dispersion energy donors if placed at the correct distance.
They allow the stabilization of extreme bonding situations,!
therefore overcompensating repulsive forces to generate, for
example, the longest carbon—carbon bond in alkanes reported
to date.’! Biological systems!® are also stabilized by the
significant contributions of dispersion forces. In addition, they
dominate the interaction energy in frustrated Lewis pairs
(FLPs) or in the aggregation of aromatic species.’! Other
studies have demonstrated their substantial influence on the
stability of organometallic complexes and in catalysis."" In
recent years, numerous computational methods were devel-
oped that give access to a comprehensive toolbox for
efficiently evaluating the dispersion interactions in molecular
systems with high accuracy.!']

Nevertheless, London dispersion is often regarded as
negligible in solution. However, studies have been conducted
towards addressing this statement and investigating the
influence of the solvent on conformer or dimer stability.['*'3!
In these studies, it was tried to dissect the different
contributions to the total energy of the molecular system.
The authors observed a very large attenuation of dispersion
forces due to competitive dispersion interactions with the
solvent, which were not completely cancelled out.

In contrast to rigid alkyl dispersion donors, such as
adamantyl or fert-butyl moieties, highly flexible n-alkyl chains
bear more complex challenges for estimating their dispersion
donor abilities. Therefore, London dispersion interactions
between linear alkyl chains have still only marginally been
explored.'™ ! At elevated temperatures, a large number of
different conformers have to be considered for these alkanes
for a conclusive evaluation of the experimental findings. For
n-pentane, the gauche conformer is already the most abun-
dant one at room temperature.'®’ Furthermore, the potential
formation of hairpin structures for longer alkyl chains
complicates meaningful interpretation.'”! Computational
analysis of the large number of possible conformers often
turns out to be very challenging with standard resources.
Therefore, experimental data is essential to understand these
fundamental interactions. The azobenzene switch has been
established as a powerful tool to investigate London dis-
persion forces and was chosen to address these open questions
(Scheme 1).113:18:19]

Azobenzenes are photoswitchable molecules, which can
isomerize from the thermodynamically most stable E-state to
the metastable Z-state, which is about 11.7 kcalmol™ higher
in energy (Scheme 2).”! An important change upon isomer-
ization is the reduction of the distance between the carbon
atoms in the para position of the rings from 9.1 A2 to about
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Scheme 2. Isomerization of all-meta n-alkylated azobenzene systems.

6.2 A2 bringing substituents on the azobenzene rings in
close proximity. In a previous study, we had demonstrated
that for azobenzene derivatives substituted in the meta
positions, the substituents come into a distance where
London dispersion donors stabilize the Z-isomer of the
azobenzene.['"!

For the current study, n-alkyl substituents were system-
atically attached in the meta positions of the azobenzene
scaffold with increasing lengths, ranging from methyl up to
n-octyl chains. The system was deliberately designed such that
each of the two alkyl chains on a phenyl ring faces another
one on the opposite ring in the Z-isomer. Therefore, the
overall interaction contacts are increased, leading to high
sensitivity towards small changes in the system.

For the synthesis of the azobenzene probes, a highly
flexible strategy was designed. The side chains of choice were
introduced by a Wittig reaction using S-nitroisophthalalde-
hyde. Subsequent hydrogenation and oxidative azo coupling
yielded the symmetric all-meta n-alkylated azobenzenes 1-8
(Scheme 3). The modular synthesis of this azobenzene probe
can be conveniently altered to modify the substituents as
desired.

To study the alkyl-alkyl interactions, all azobenzenes
were switched from the E- to the Z-state by irradiation at
302 nm. The thermally induced back-isomerization at a given
temperature was then followed by UV/Vis spectroscopy to
directly correlate the chain length of the alkyl substituents
with the stability of the Z-isomer of the azobenzene.

The measurements were conducted in n-decane to min-
imize solvophobic contributions to the thermally induced Z—
E isomerization barrier. As can be seen in Figure 1, the half-
lives of the Z-isomers of the all-meta-substituted azobenzenes

Angew. Chem. Int. Ed. 2019, 58, 1855218556

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

'm n-decane
70 - ® DMSO
60 - - *
E g
&
&
< 50 -
Py
£
G 40
8
N
& 304 <+ =
&
= - - - & -
T 59 N=N
T -
R R
1049 @
- R R
0 T T T 1 -Is T T T T
Me Et Pr Bu Pent Hex Hept Oct

Substituents on Azobenzene

Figure 1. Half-lives of all-meta-substituted azobenzenes 1-8 with differ-
ent chain lengths at 40°C in n-decane and DMSO.

at 40°C increased dramatically at the beginning upon
elongation of the alkyl substituents. This observation is in
accordance with the expectation of increasing attractive
London dispersion interactions with increasing chain length.
For the n-butyl chains, a maximum is reached with a half-life
that is about five times higher than that for the tetramethyl-
substituted derivative 1. Further elongation leads to
a decrease in the half-lives down to approximately 23 h.
This decrease might be caused by competitive alkyl-alkyl
interactions between alkyl chains on the same phenyl ring,
which would reduce the overall interaction strength with alkyl
groups on the opposite phenyl ring.

In an analogous study, van Craen and co-workers had
investigated the effect of n-alkyl-substituted ligands on the
stabilization of dimers of titanium(IV) helicate complexes.
They had also observed a higher degree of dimerization with
increased chain length up to n-heptyl.!l However, for
solubility reasons, the dimerization of the titanium complexes
had to be studied in THF, which should add solvophobic
contributions to the attractive interactions in favor of the
dimer formation.
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It therefore seemed quite likely that in solvents such as
THF or dimethyl sulfoxide (DMSO), our system would also
show an increased half-life for the Z-isomer for the elongated
chains, and this was indeed observed. When the measure-
ments were conducted in DMSO, an overall increase in the
Z-isomer half-lives was observed (Figure 1). This can be
rationalized by a thermodynamic stabilization of the
Z-isomer in a more polar solvent. This was also demonstrated
by Haberfield and co-workers, who calorimetrically examined
the enthalpies for the Z— E isomerization of Z-azobenzene in
cyclohexane versus cyclohexanone. In addition, they found
a slight energetic increase in the transition state due to less
favored solute-solvent interactions. This observation further
helps explaining the changed course of the half-lives for the
azobenzenes 6-8 with n-hexyl or longer chains. Here, strong
solvophobic interactions contribute extensively to a higher-
energy transition state with increasing chain length and
therefore a longer half-life for these compounds. The
preference for solvent—solvent over solute-solvent interac-
tions corresponds also to the observed, drastically decreased
solubility of these azobenzenes in DMSO.

At different temperatures, the overall trend of the
isomerization rates stays essentially the same (Figure 2).
The lowest isomerization rate at each temperature, and
therefore the most stable Z-isomer, was observed for
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Figure 2. Thermal isomerization rates of all-meta-substituted azoben-

zenes 1-8 with different chain lengths in n-decane at three different
temperatures.

azobenzene 4 with the n-butyl substituents. Furthermore,
the isomerization rate decreased again from 7 to 8. Although
this did not seem to be the case at 25°C, a higher error for this
measurement might influence the result here. Overall,
a threefold increase in the isomerization rates was observed
upon increasing the temperature by 10°C. This acceleration is
independent of the chain length of the alkyl substituents and
was observed for each azobenzene investigated.

In total, isomerization rates were measured at five
different temperatures. An Exner plot was constructed to
exclude a change in the isomerization mechanism (see
Figure S2 in the Supporting Information). The plot shows
a high linear correlation indicating a constant mechanism for
the investigated temperature range. The collected kinetic data
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Table 1: Experimental kinetic data of the thermal Z—E isomerization of
1-8 in n-decane as the solvent. Energies are given in kcalmol™,
entropies in cal K" mol~". Errors were calculated from the highest slope
and y-intercept error out of three Eyring—Polanyi fits.

Compound AH* AS*,¢ AG*,

1 20.1+0.3 —12.5+1.0 24.6+0.6
2 21.5+0.2 —12.9+0.5 25.3+0.3
3 21.6+0.5 —13.3+1.7 25.54+1.1
4 21.9+0.3 —12.4+0.9 25.6+0.6
5 21.9+0.5 —12.0+1.6 255+1.0
6 21.9+0.2 —12.1+0.6 25.5+0.4
7 22.0+0.1 —11.8+0.4 25.5+0.2
8 21.7+0.4 —12.8+1.3 25.5+0.8

[a] At 25°C, 1 atm.

allowed us to further evaluate the enthalpies and entropies of
activation for the Z—FE isomerization for all compounds
(Table 1).

The enthalpy of activation shows a large increase with
longer chains from 1 to 3. For compounds 4-7, the values stay
constant with a small decrease for 8. This is not surprising as
elongation of the alkyl substituents increases the possible
number of attractive contacts between the chains. The
contributions to the increasing enthalpy of activation are
dominated by London dispersion interactions. However,
insertion of additional methylene units also enhances the
degrees of rotational and vibrational freedom, leading to
a compensation of the attraction for longer alkyl substituents.
This also explains why for these linear alkyl chains, a plateau
is reached. Interpretation of the experimentally determined
entropic contributions to the isomerization barrier is com-
plex. Extending the chains should increase the conforma-
tional freedom, and hence increase the destabilizing entropic
contributions. However, it can be expected that London
dispersion interactions will restrict the flexibility of the chains,
counteracting the effect of larger substituents to the entropic
contributions to a certain degree. Additionally, interactions
with the solvent have to be considered. Solvophobic effects
based on cohesive properties of the solvent should be less
important for our experiments in n-decane, but have to be
taken into account for solvents with higher polarity such as
DMSO. Although a qualitative estimation is reasonable, the
calculated error of the entropies is too large to quantify and
dissect individual contributions.

It is expected that the strength of London dispersion
interactions should correlate with the number as well as the
position of the substituents. Therefore, different substitution
patterns were examined. By exchanging two n-heptyl sub-
stituents in 7 for hydrogen atoms, either azobenzene 12 with
alkyl chains on opposite phenyl rings or compound 11 with
both substituents on the same phenyl ring were obtained.
Additionally, the dimethyl analogue 10 was prepared. Hydro-
gen substituents are not isoelectronic to alkyl substituents.
Hence, the overall electron distribution in the phenyl rings is
different, which also influences the isomerization rates.
Therefore, unsubstituted azobenzene (9) was also investi-
gated for comparison. In Figure 3, the half-lives of the
Z-isomers of these compounds are depicted.

Angew. Chem. Int. Ed. 2019, 58, 1855218556
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Figure 3. Half-lives of azobenzenes with different substitution patterns
and/or different chain lengths at 40°C in n-decane.

As expected, the substitution of two
Me groups with H atoms in compound 10
led to an increase in the half-life by
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attractive alkyl-aryl interactions have a considerable impact
on the stability of the Z-isomer.

An additional '"H NOESY NMR experiment with com-
pound 11 also revealed the close proximity of the alkyl
substituents and the opposite phenyl ring. Interestingly, here
the interaction with the fourth methylene unit counted from
the phenyl ring was clearly observed, which is in a similar
distance range as for 13. The small deviation can be
rationalized by a different conformation for 11.

In conclusion, we have observed subtle changes in London
dispersion interactions by measuring the isomerization rates
of n-alkyl-substituted azobenzenes. The presented experi-
mental setup allowed us to determine the changes occurring
upon stepwise elongation of the n-alkyl chains with high
precision and reproducibility. The Z— FE isomerization decel-
erated from methyl to n-butyl substituents, maximizing
London dispersion from alkyl-alkyl and alkyl-aryl interac-

# ##
1 T 1\ ppm

approximately 3h, illustrating the elec-
tronic difference of H versus alkyl sub-
stitution. When all alkyl substituents are -
replaced by hydrogen atoms, the half-life
further increases. This observation corre-
lates well with the change in electron
density. An increase in the electron density
leads to faster isomerization, and there-
fore, to a shorter half-life. The diheptyl
derivatives 11 and 12 show substantially
longer half-lives than the Me derivatives
1 and 10 because of the increased attrac-
tive London dispersion interactions result- :
ing from alkyl-alkyl as well as alkyl-aryl

0.6

0.8

r2.0

- c o F2.2
2.4

2.6

interactions. The similar half-lives of azo-
benzenes 11 and 12 result from the same
number of alkyl-aryl contacts, indicating
that alkyl-alkyl contacts are of minor
importance here. However, compound
11, with both heptyl chains on the same
phenyl ring, only shows a marginally
shorter half-life, which can be rationalized by considering
the altered electronic structure compared to compound 12.

To further elucidate the large difference between 10 and
11, 3,5-di-n-propyl-substituted azobenzene 13 was synthe-
sized, and switched to the photostationary state under
continuous irradiation at 302 nm. Afterwards, a '"H NOESY
NMR spectrum was recorded (Figure 4). This technique can
be used to identify hydrogen atoms that are up to 5 A apart
from each other. Between 3 and 5 A, London dispersion
interactions can contribute significantly to the stability of
molecular entities. The marked cross-peaks show that the
methyl groups of the n-propyl substituents are close enough
to interact with the opposite phenyl ring. This long-range
interaction of the alkyl chains with the Ph moiety is attractive
in character and significantly contributes to the longer half-
life of 11 compared to 10. This finding further indicates that

Angew. Chem. Int. Ed. 2019, 58, 18552 -18556
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Figure 4. "H NOESY NMR spectrum of the Z-isomer of compound 13 in benzene-d in the
photostationary state. The marked cross-peaks indicate the close proximity of the methyl
groups with the adjacent phenyl ring, leading to attractive London dispersion.

tions. With longer alkyl substituents, the isomerization is
again accelerated up to a certain threshold because of the
higher entropic contributions that overcompensate the stabi-
lization of the Z-state by London dispersion. Furthermore,
solvophobic contributions dominate in solvents with higher
polarity such as DMSO for alkyl chains longer than n-hexyl.

This work provides further evidence that London dis-
persion interactions in solution are still contributing in
a relevant way even to chemical systems with a high degree
of flexibility. These results provide deeper insight into how
the subtle balance between steric repulsion, attractive
London dispersion, and entropy can be adjusted with flexible
dispersion energy donors. The excellent solubility of these
azobenzenes in a broad range of solvents as well as their
modular synthesis provides the possibility to extend the
investigation also to other types of interactions, such as
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fluoroalkyl-fluoroalkyl or fluoroalkyl-alkyl interactions, as
well as other solvent systems in the future.
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