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Different molecular balances were designed previously to
compare noncovalent interactions. However, some balances are
difficult to synthesise and there is a need for developing a
computational approach. In this work, we probe noncovalent
interactions of π systems using DFT methods to assess their
reliability in reproducing experimentally measured conformer
populations. Based on our results, the PW6B95D3 functional
performed best, followed by M11L and ωB97XD. Additionally,
the simulation of the rotation of the hydroxyl group revealed
stabilising OH⋯Alkyne and OH⋯Nitrile interactions that are
difficult to identify experimentally. These methods were then
applied to compare the strengths of sulfur⋯π interactions in

molecules which have not been explored experimentally.
Compared to the hydroxyl counterpart, the simulation of the
thiol group rotation showed that the geometry of the con-
former with the two sulfur lone pairs oriented towards the
aromatic ring or the double bond is stabilised, suggesting that
S(LP)⋯π interactions can be attractive in nature. The ability of
sulfur to rearrange its electronic surrounding to form an
attractive interaction with π systems, including those with
either electron-donating or withdrawing groups, was also
confirmed. Overall, the results show a promising future for both
qualitative and quantitative assessments of the strengths of
noncovalent interactions using selected DFT techniques.

Introduction

It is a generally accepted that virtually all processes, whether
chemical or biological, involve noncovalent interactions.[1–4]

They determine the structural and behavioural properties of
materials, affect synthesis, define the secondary and tertiary
structure of protein folding, etc. They are also transmitters of
stereochemical information and play a critical role in the
enzyme-ligand binding and are therefore very important aspect
of research in drug design.[5–8] Initially, strong noncovalent
interactions, such as hydrogen bonds, were studied widely,
while other weaker noncovalent interactions were often
neglected.[9,10] Over the past few decades various studies have
confirmed that the relatively weak noncovalent interactions of
π-systems (e. g., double bonds and aromatic rings) are also
important.[11] Due to their importance, multiple methods for an
experimental quantification of the strength of noncovalent
interactions have been developed with different levels of
success in quantification of the strength of the noncovalent
interactions of π-systems.[12,13] As an experimental technique,

NMR spectroscopy has been applied widely for estimating
populations of conformers stabilised by noncovalent interac-
tions.

One of the factors that prevents detailed studies of
noncovalent interactions in biological systems is their very
complex nature, with multiple intra- and intermolecular inter-
actions present. It is therefore impossible to detect and quantify
particular noncovalent interactions individually. Another issue is
the relative weakness of the interactions. When present in the
system, they are often too weak to overcome the entropic
penalty that comes with the formation of structures stabilised
by noncovalent interactions. Lastly, it is difficult to identify the
geometry of each interaction in complex systems with a large
number of atoms.[1,13] In order to evaluate individual interactions
quantitatively, certain small molecules have been designed
experimentally for the express purpose of helping to sort out
the interactions. These are known as molecular balances and
usually have limited degrees of conformational freedom which
allow the system to reach a molecular geometry where the
noncovalent interaction of interest can be observed intra-
molecularly which eliminates or at least minimises potential
interference from steric, solvent and other intramolecular
interactions that might be present. There are multiple different
classes of molecular balances, most notably a series of
triptycenes of Ōki,[14] aryl esters of Wilcox,[15–17] biaryls of
Cozzi,[18–20] N-arylimides of Verma and Singh,[21] aromatic
balances of Jennings[22,23] and formamides of Cockroft.[24] Each of
these balances was usually designed for studying specific
noncovalent interactions and their strength.[14–24] In this work,
we will focus on bicyclononane balances designed by Mother-
well et al.,[25–29] in which the dibenzobicyclo[3.2.2.]nonane is
used as the base for a molecular framework where by changing
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two functional groups Y and Z that are attached to the central
carbon of the 9,10-propano bridge Z⋯Arene and Y⋯Arene
interactions can be compared and ranked by strength (Fig-
ure 1).

However, it is not always possible to synthesise the balance
of interest with desired Z and Y substituents experimentally.
There is therefore a need for an alternative computational
approach. The objective of this work is to assess the quality and
reliability of various computational methods based on density
functional theory (DFT) for determining the populations of
conformers stabilised by π interactions. The main advantage of
this approach compared to NMR spectroscopy is that a detailed
insight can be gained into molecular geometries stabilised by
noncovalent interactions. Different levels of theory were
compared with the available experimental results in order to
choose the computational method that best reproduces the
experimentally known conformer populations in the case of
weak π-interactions of different functional groups with aromatic
rings, as well as double and triple bonds. Furthermore, these
different methods were used to simulate the full hydroxyl and
thiol group rotations in molecular balances to gain a detailed
insight into their one-dimensional (1D) potential energy
surfaces (PES), which is not available from experimental
measurements. In addition, the DDEC6 (Density Derived Electro-
static and Chemical 6)[30] method was used to evaluate the
potential of this technique in detecting and evaluating the
strength of noncovalent interactions. The results of the
computations showed that some of the DFT methods are
sufficiently accurate and robust for comparing the strength of
weak π interactions in a pairwise manner. The most satisfactory
levels of theory were then selected and applied to molecular
balances that are hard or impossible to build experimentally,
yet needed for direct pairwise comparison of functional groups.

The main focus in this part of the work was on probing
sulfur⋯π interactions.

Results and Discussion

The hydroxyl group rotation

We first consider the rotation of the hydroxyl group for the set
of Motherwell balances shown in Figure 2 in order to estimate
the number of possible conformers which could be involved in
a dynamic exchange, as well as their relative energies. Previous
studies have shown that the experimentally measured energetic
characteristics of internal bond rotations and populations of
multiple conformers involved in dynamic exchange can be well
reproduced by quantum mechanical calculations.[31] The molec-
ular balances considered here are denoted as Y jZ, where Y= H,
Me, C�CH (abbreviated as At), CN and Z= OH. Graphs included
in Figures 3–6 show the energy changes (in kJ mol� 1) as a
function of dihedral angle φ using M11L/def2-TZVP calculations
on rotation about the C� O bond starting from the trans
conformation with the H� O-C� H or H� O-C� C(Y) dihedral angle
of φ= 180° (Figure 2). The C(Y) represents the first carbon of
the substituent Y attached to the molecular balance. The
dihedral angle φ was decremented in steps of 5° to simulate
rotation of the hydroxyl proton about the C� O bond. At each
step, the dihedral angle φ was fixed with all of the remaining
degrees of freedom optimised using DFT calculations. A relaxed
1D PES scan was performed in this manner and minimised
energies at each step were obtained. Due to the symmetry,
graphs only show half of the relaxed 1D PES (corresponding to
the variation of φ between 180° and 0°). Similar calculations
were also carried out at the PW6B95D3/def2-TZVP level of
theory, which led to 1D PES graphs mostly similar to those at
the M11L/def2-TZVP level of theory (Supporting Information,
Figures S1–S8).
The H jOH balance. From the relaxed 1D PES graph shown in

Figure 3, the trans conformer is the lowest energy conformer
for both the OH-down and OH-up conformers.

For the OH-down conformer, the energies of the gauche
rotamer relative to that of the trans rotamer are 7.8 (1d), 10.4
(2d), 8.6 (3d) and 11.2 (4d) kJ mol� 1. The eclipsed conformation
as the transition state between two gauche rotamers at φ= 0°
is the highest in energy for the OH-down conformer (Figure 3a).
There is also clear similarity between black (1d) and green (3d)
curves, as well as blue (2d) and red (4d) curves in Figure 3a. In

Figure 1. An example of a Motherwell balance. A more electronegative Z
substituent (e. g., Z = OH and Y = CH3) determines the up (U) and down (D)
notation of the two conformers shown. The 9,10-propano bridge fixes the
aromatic base in place, while its central carbon flips between two positions,
thus creating a balance-like structure.

Figure 2. Motherwell balances used for simulations of the OH group rotation. The numbering of compounds is the same as in the original references.[26,27]
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1d and 3d the OH group is placed above the benzene ring,
while in 2d and 4d it is placed above the double bond. Thus,
the observed grouping of the curves suggests distinctive and
significant contributions from OH⋯Arene and OH⋯Alkene
interactions into the 1D PES profiles. Similarly, in 1D PES graphs
for OH-up conformers (Figure 3b) black (1u)/blue (2u) and
green (3u)/red (4u) curves are grouped together, confirming
that contributions from H⋯Arene and H⋯Alkene interactions
are distinctive and significant. In 1u and 2u, the H atom in the
Y position is placed in the close proximity of the benzene ring,
whereas in 3u and 4u it is placed in the close proximity of the
double bond.

From Figure 3a for the OH-up conformer, the energies of
the gauche rotamer relative to that of the trans rotamer are 0.8

(1u), 0.6 (2u), 1.8 (3u) and 1.8 (4u) kJ mol� 1. These are
significantly smaller than the corresponding values for the OH-
down conformers (see above). The differences in relative
energies are: 7.0 (1d–1u), 9.8 (2d–2u), 6.8 (3d–3u), 9.4 (4d–
4u) kJ mol� 1. These changes clearly indicate to significant
OH⋯Arene and OH⋯Alkene stabilising interactions in trans
OH-down conformers and the above differences in relative
energies can be considered as quantitative estimates of
OH⋯Arene and OH⋯Alkene interactions by the M11L/def2-
TZVP method.
The Me jOH balance. As with the H jOH balance, the trans

rotamer is the lowest energy conformer for both OH-down and
OH-up conformers (Figure 4).

Figure 3. DFT M11L/def2-TZVP simulations of the rotation about the C� O bond starting from the trans conformer of (a) 1d-H,OH (black), 2d-H,OH (blue), 3d-
H,OH (green) and 4d-H,OH (red) and (b) 1u-H,OH (black), 2u-H,OH (blue), 3u-H,OH (green) and 4u-H,OH (red).

Figure 4. DFT M11L/def2-TZVP simulations of the rotation about the C� O bond starting from the trans conformer of (a) 1d-Me,OH (black), 2d-Me,OH (blue),
3d-Me,OH (green) and 4d-Me,OH (red) and (b) 1u-Me,OH (black), 2u-Me,OH (blue), 3u-Me,OH (green) and 4u-Me,OH (red).
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For the OH-down conformer, the energies of the gauche
rotamer relative to that of the trans rotamer are 8.5 (1d), 11.5
(2d), 9.3 (3d) and 12.4 (4d) kJ mol� 1. These are slightly higher
than the corresponding values for the H jOH balances. It is also
clear from Figure 4a, that black (1d) and green (3d) curves, as
well as blue (2d) and red (4d) curves follow the same trend in
pairs as in H jOH balances. From Figure 4a, the energies of the
OH-up conformers of the gauche rotamer relative to that of the
trans rotamer are 0.7 (1u), 0.3 (2u), 1.4 (3u) and 0.9 (4u)
kJ mol� 1. The differences in relative energies are: 7.8 (1d–1u),
11.2 (2d–2u), 7.9 (3d–3u), 11.5 (4d–4u) kJ mol� 1. As in the H j
OH model, these values point towards significant OH⋯Arene

and OH⋯Alkene stabilising interactions in trans OH-down
conformers in Me jOH balances.
The At jOH balance. The trans rotamer was again the lowest

in energy in the OH-down conformer (Figure 5). The energies of
the gauche rotamer relative to that of the trans rotamer in the
OH-down conformer are 1.4 (1d), 4.0 (2d), 2.1 (3d) and 4.8 (4d)
kJ mol� 1. The significant decrease in these values compared to
the Me jOH balances are indicative of an OH⋯Alkyne stabilising
interaction between the hydroxyl proton and the C�CH group
in At jOH balances. This interaction of the hydroxyl hydrogen
atom could be with the triple bond or the quaternary α carbon
atom (Cα) of the acetylene fragment. For H jOH models
(Figure 3), the energies of the gauche rotamer relative to the

Figure 5. DFT M11L/def2-TZVP simulations of the rotation about the C� O bond starting from the trans conformer of (a) 1d-At,OH (black), 2d-At,OH (blue),
3d-At,OH (green) and 4d-At,OH (red) and (b) 1u-At,OH (black), 2u-At,OH (blue), 3u-At,OH (green) and 4u-At,OH (red).

Figure 6. DFT M11L/def2-TZVP simulations of the rotation about the C� O bond starting from the trans conformer of (a) 1d-CN,OH (black), 2d-CN,OH (blue),
3d-CN,OH (green) and 4d-CN,OH (red) and (b) 1u-CN,OH (black), 2u-CN,OH (blue), 3u-CN,OH (green) and 4u-CN,OH (red).
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trans rotamer were 7.8 (1d), 10.4 (2d), 8.6 (3d) and 11.2 (4d)
kJ mol� 1 at M11L/def2-TZVP level. These values suggest that the
gauche rotamer is more stable in At jOH compared to H jOH by
6.4 (1d), 6.4 (2d), 6.5 (3d) and 6.4 (4d) kJ mol� 1. Thus, the
stabilising energy of the OH⋯Alkyne interaction relative to that
of the OH⋯H interaction can be estimated to be ~ 6.4 kJ mol� 1

at the M11L/def2-TZVP level of theory.
The important difference is observed in 1D PES graphs for

OH-up conformers (Figure 5b). The trans rotamer is not the
lowest in energy anymore and is replaced by the gauche
rotamer. Also, the eclipsed rotamer (between two gauche
rotamers at φ= 0°) is lower in energy than the trans rotamer by
~ 8 kJ mol� 1 (the average value for all 4 molecular balances
considered). This is due to the OH⋯Alkyne interaction being
present where the hydrogen atom of the OH group interacts
favourably with the C�CH fragment (i. e., attractive OH⋯π(At)
or OH⋯Cα(At) interactions or both). Another observed feature is
that the curves almost perfectly overlap in the models 1u and
4u near the gauche minima, while two other minima for 2u
and 3u are only slightly different from those for 1u and 4u.
The examination of the structures of gauche rotamers suggest
that there is likely a significant stabilising OH⋯Alkyne inter-
action at φ�40°. This interaction must be relatively strong
compared to the Alkyne⋯Arene or Alkyne⋯Alkene interac-
tions, as no black/blue and red/green graph pairings are
observed for OH jAt (Figure 5) unlike H jOH (Figure 3). Alter-
natively, C�CH⋯Alkene and C�CH⋯Arene interactions are
similar in energy in OH jAt models considered, unlike H⋯Al-
kene and H⋯Arene interactions for H jOH substitution.

From Figure 5a, the energies of the gauche rotamer relative
to that of the trans rotamer are � 9.2 (1u), � 9.6 (2u), � 8.9 (3u)
and � 9.3 (4u) kJ mol� 1. These values are much lower than the
corresponding values for the OH-down conformers due to the
OH⋯Alkyne interaction that was not present in the H jOH and
Me jOH models before. The experimental results suggest that
there is a significant decrease in the population of the OH-
down conformer in At jOH compared to Me jOH. The results
presented in Figure 5 allow us to attribute this decrease to the
presence of OH⋯Alkyne interactions in OH-up conformers
competing well with the OH⋯Arene and OH⋯Alkene inter-
actions in OH⋯down conformers.
The CN jOH balance. From Figure 6a, the trans conformer

with the hydroxyl hydrogen atom placed above either the
aromatic ring or the double bond of the molecular balance is
the lowest in energy in OH-down conformers. The energies of
the gauche rotamer relative to that of the trans rotamer are 2.2
(1d), 4.6 (2d), 2.8 (3d) and 5.2 (4d) kJ mol� 1. Compared to the
H jOH models, the energies of the gauche rotamer relative to
that of the trans rotamer are decreased by 5.6 (1d), 5.8 (2d), 5.8
(3d) and 6.0 (4d) kJ mol� 1. Thus, we estimate the stabilising
energy of the OH⋯Nitrile interaction relative to that of the
OH⋯H interaction to be ~ 5.8 kJ mol� 1 at the M11L/def2-TZVP
level of theory. This is only slightly less than that for the
OH⋯Alkyne interaction (6.4 kJ mol� 1).

The average free energy of activation for the trans-to-
gauche transition in 2d and 4d (~ 8.2 kJ mol� 1), where the OH is
located above the double bond, is significantly higher than that

in 1d and 3d (~ 4.4 kJ mol� 1), where the OH group is located
above the benzene ring. Similar trends were also above for the
At jOH models (Figure 5).

Similar to At jOH balances, the energies of gauche rotamers
at φ�50° are significantly lower compared to trans rotamers in
1D PES graphs for OH-up conformers (Figure 6b) which is
attributed to the contribution from the attractive OH⋯Nitrile
interaction. The energies of the gauche rotamer relative to that
of the trans rotamer are � 8.5 (1u), � 9.0 (2u), � 8.2 (3u) and
� 8.5 (4u) kJ mol� 1. These values indicate to relatively strong
OH⋯Nitrile interactions, which are slightly weaker than OH⋯Al-
kyne interactions.

Analysis of conformer populations

The geometries of gauche and trans rotamers corresponding to
minima on 1D PES graphs were extracted and fully optimised
with no restrictions imposed. The sum of electronic and thermal
free energies were calculated for the model molecules in
different conformations and were used to calculate the %
populations of the OH-down and OH-up conformers using a 6-
site exchange model involving trans and gauche conformers
(illustrated for 1-Me,OH in Figure 7).

The calculated populations of OH-down conformers at
different levels of theory were compared with the experimental
results.[27,28] The root mean square (RMS, in %) deviations were
calculated for each of the functional group combinations. The
results are included in Table 1. On comparing two different sets
of M06-2X, M11L and PW6B95D3 calculations, only relatively
small changes in the RMS deviation was observed upon
changing the basis set. For the Me jOH balances the results
show that PW6B95D3/def2-TZVP calculations reproduce partic-
ularly well the experimental results with RMS as small as 1.4 %.
However, it is important to note that the difference in RMS
deviations for different levels of theory is significantly less for
Me jOH balances compared to H jOH balances. In the case of
At jOH balance, PW6B95D3/def2-TZVP performs the best again,
though with the RMS value of 12.3 % being relatively high. The
results for CN jOH balances show that M11L/def2-TZVP calcu-
lations outperform other levels of theory with an RMS value of

Figure 7. Trans (1d and 1u) and gauche (1dg, 1dg’, 1ug, 1ug’) conformers
of 1-Me,OH. In the trans conformer, the dihedral angle (φ) H� O� C� CH3 is
180°.
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3.8 % while the other levels of theory show RMS values between
7–23 %.

The averaged value of RMS calculated for 15 different
molecular balances, for which the experimental results are
available, show that the lowest value of 9.9 % is observed for
PW6B95D3/def2-TZVP, followed by PW6B95D3/def2-QZVPP
(10.3 %), M11L/def2-TZVP (12.8 %) and ωB97XD/def2-TZVP
(13.3 %). We have also considered mean unsigned errors (MUE,
in %) in Table 1, which has been previously used by Yu et al. for
comparing the performance of different DFT functionals.[32] Here
again the best performing methods were:
1. PW6B95D3/def2-TZVP (MUE 6.9 %);
2. PW6B95D3/def2-QZVPP (MUE 7.1 %);
3. M11L/def2-TZVP (MUE 8.4 %);
4. ωB97XD/ def2-TZVP (MUE 9.1 %).

Since the population percentages do not scale linearly with
the energy differences, we have also considered the free energy
differences. In particular, the Gibbs free energy of the OH-down
conformer relative to that of the OH-up conformer was
considered in Table 2. Again, the best performing DFT func-
tional in reproducing the experimental values was PW6B95D3:
1. PW6B95D3/def2-QZVPP (MUE 1.09 kJ mol� 1);
2. PW6B95D3/def2-TZVP (MUE 1.14 kJ mol� 1);
3. ωB97XD/ def2-TZVP (MUE 1.46 kJ mol� 1);
4. M11L/def2-TZVP (MUE 1.67 kJ mol� 1).

The differences of 0.2 % and 0.05 kJ mol� 1 in MUE values
above for PW6B95D3/def2-QZVPP and PW6B95D3/def2-TZVP
are insignificant and do not justify a significantly more
expensive PW6B95D3/def2-QZVPP calculations compared to
PW6B95D3/def2-TZVP (the number of the basis functions more
than doubles on changing from def2-TZVP basis set to def2-

QZVPP for the molecules considered in this work, for example,
from 710 to 1590 for 1d-OH,CN). We have nevertheless
included further PW6B95D3/def2-QZVPP results for balances
considered below for additional verification.

We note that the best performance of the PW6B95D3
functional was also demonstrated for the noncovalent inter-
actions of the S66 and S66x8 databases.[32] The S66 database
includes accurate interaction energies for 66 non-covalently
bonded complexes at the equilibrium van der Waals geometry
of the complex, whereas the S66x8 database includes the S66
database together with the interaction energies of the 66
complexes at 7 other geometries. Previously, M11L/def2-TZVP
was also identified as the best method in reproducing
populations of conformers stabilised by sulfur⋯π and oxy-
gen⋯π interactions based on the comparison of 14 different
methods (see Tables S5 and S6 in Ref. [29]).

In order to additionally verify the reliability of the selected
methods, we have considered the relatively difficult case of the
two-site conformational equilibrium between 5S/5O and 6S/6O
(Figure 8a,b). From experimental results, the 5S and 6S con-
formers are preferred in CDCl3 with the populations of 76.7 %
and 92.3 %.[29] The calculated populations of conformers 5S and
6S were 65.8 % and 90.4 %, respectively, at the PW6B95D3/def2-
TZVP level of theory (67.5 % and 90.4 % from PW6B95D3/def2-
QZVPP calculations). The corresponding values were 67.1 % and
89.2 % from M11L/def2-TZVP calculations and 38.9 % and 70.8 %
from ωB97XD/def2-TZVP calculations. Thus, except for ωB97XD/
def2-TZVP results for 5S, the selected DFT methods satisfactorily
predict the preference of the sulfur atom to point towards the
aromatic ring and to the double bond compared to the smaller
oxygen atom. The stabilizing effect of sulfur-arene and sulfur-

Table 1. Percentage populations of OH-down conformers for molecular balances[26] estimated at different levels of theory at 298.15 K. The experimental
values shown were measured at the same temperature.

M11L
def2-TZVP

M11L
def2-QZVPP

M06-2X
6-31 + G(d)

M06-2X
def2-TZVP

ωB97XD
def2-TZVP

PW6B95D3
def2-TZVP

PW6B95D3
def2-QZVPP

MN15
def2-TZVP

Exper.
pD, %

H jOH 1d 2.9 2.9 15.1 10.7 11.9 9.1 7.4 12.1 6.4
H jOH 2d 1.8 1.7 3.8 4.1 3.4 4.4 3.5 4.0 4.6
H jOH 3d 8.3 8.6 35.5 30.2 28.2 25.3 21.7 34.2 12.7
H jOH 4d 4.6 3.7 18.2 19.2 10.9 12.0 9.8 12.3 8.7
RMSH, % 3.7 4.0 13.1 10.4 8.3 7.6 4.6 11.3
Me jOH 1d 90.3 89.8 96.0 95.6 92.9 95.1 93.9 94.9 93.5
Me jOH 2d 83.3 80.7 87.1 87.5 85.6 90.1 87.9 87.9 92.4
Me jOH 3d 99.4 99.4 99.7 99.6 99.5 99.5 99.4 99.4 98.8
Me jOH 4d 98.3 98.1 99.1 99.0 98.6 99.0 98.9 98.9 98.9
RMSMe, % 4.9 6.1 3.0 2.7 3.4 1.4 2.3 2.4
At jOH 1d 34.6 29.1 43.5 45.3 35.9 43.3 38.8 27.6 50.2
At jOH 2d 14.5 12.3 15.1 20.1 23.2 24.9 21.5 9.3 44.3
At jOH 3d 57.5 52.0 84.5 82.8 77.9 75.7 74.1 79.6 71.1
At jOH 4d 38.2 33.9 55.2 55.7 64.7 56.3 53.9 51.1 68.8
RMSAt, % 23.7 27.6 17.8 15.1 13.3 12.3 14.8 23.0
CN jOH 1d 24.9 25.8 38.0 42.9 42.6 41.4 37.9 26.7 24.8
CN jOH 2d 11.6 5.2 7.9 10.6 22.1 17.7 15.2 9.1 17.8
CN jOH 3d 31.1 32.3 62.2 60.7 65.0 49.4 49.7 59.8 29.1
CN jOH 4d 15.8 15.9 23.1 26.4 34.7 27.3 27.4 24.3 [a]

RMSCN, % 3.8 7.5 21.4 21.4 23.3 15.1 14.2 18.4
MUEav,[b] % 8.4 10.4 11.3 10.1 9.1 6.9 7.1 10.9
RMSav,[b] % 12.8 15.1 15.0 13.6 13.3 9.9 10.3 15.6

[a] Not reported;26 [b] The averaged value of MUE and RMS (both in %) calculated for 15 different molecular balances for which the experimental results are
available. Four methods, which best predict experimental values, are highlighted in burgundy. The MUE and RMS values shown in the table above are
mean errors in the percentage population of the OH-down conformer (not the mean percentage errors).
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alkene interactions can be attributed to such factors as the
availability of empty 3d-orbitals on sulfur or to the enhanced
polarizability of sulfur compared to oxygen.[29]

The selected three functionals were further tested using the
hypothetical dihydroxyl derivative 7 (Figure 8c), where the
subtle difference between the OH⋯Arene and OH⋯Alkene
interactions is probed. From M11L/def2-TZVP calculations, the
OH⋯Alkene interaction was preferred by 1.49 kJ mol� 1 com-
pared to the OH⋯Arene interaction (with the population of the

7b conformer 35.4 %). From PW6B95D3/def2-TZVP calculations,
the OH⋯Arene interaction was preferred by 1.88 kJ mol� 1

compared to the OH⋯Alkene interaction (with the population
of the 7b conformer 68.1 %). Similarly, from PW6B95D3/def2-
QZVPP calculations, the OH⋯Arene interaction was preferred
by 1.63 kJ mol� 1 compared to the OH⋯Alkene interaction (with
the population of the 7b conformer 65.9 %). Finally, ωB97XD/
def2-TZVP predicts that the OH⋯Arene interaction was pre-
ferred by 1.98 kJ mol� 1 compared to the OH⋯Alkene interaction
(with the population of the 7b conformer 67.0 %). Previously,
comparative studies of molecular balances by NMR spectro-
scopy showed that noncovalent interactions of the OH group
with an arene dominate over those with an alkene, and that a
π-facial intramolecular hydrogen bond from a hydroxy group to
an arene is favoured by approximately 1.2 kJ mol� 1. Thus, the
best performing PW6B95D3 functional (Tables 1 and 2) is in
agreement with the experimental findings in this case.

Decision on the level of theory

Overall, the analysis of population calculations indicate that
PW6B95D3/def2-TZVP calculations perform reasonably well in
reproducing experimental results compared to other methods
(Tables 1 and 2). Therefore, we have used the PW6B95D3/def2-
TZVP level of theory in further calculations. Additionally,
however, we have also performed M11L/def2-TZVP and
ωB97XD/def2-TZVP calculations in order to further verify the
conclusions reached. The computationally more expensive
PW6B95D3/def2-QZVPP method was used for adjudication

Table 2. The Gibbs free energy of the OH-down conformer (ΔG°, in kJ mol� 1) relative to that of the OH-up conformer estimated at different levels of theory
at 298.15 K. The experimental values shown were measured at the same temperature.

M11L
def2-TZVP

M11L
def2-QZVPP

M06-2X
6-31 + G(d)

M06-2X
def2-TZVP

ωB97XD
def2-TZVP

PW6B95D3
def2-TZVP

PW6B95D3
def2-QZVPP

MN15
def2-TZVP

Exper.
ΔG°, kJ mol� 1

H jOH 1d 8.71 8.74 4.27 5.25 4.96 5.70 6.27 4.91 6.64
H jOH 2d 9.87 10.08 7.99 7.83 8.28 7.63 8.23 7.88 7.51
H jOH 3d 5.94 5.85 1.48 2.08 2.31 2.68 3.18 1.62 4.77
H jOH 4d 7.50 8.06 3.72 3.56 5.20 4.93 5.50 4.88 5.82
RMSH, kJ mol� 1 1.88 2.07 2.30 1.90 1.57 1.23 0.91 1.87
Me jOH 1d � 5.53 � 5.38 � 7.87 � 7.60 � 6.35 � 7.32 � 6.79 � 7.24 � 6.60
Me jOH 2d � 3.97 � 3.55 � 4.73 � 4.82 � 4.41 � 5.47 � 4.92 � 4.92 � 6.19
Me jOH 3d � 12.74 � 12.53 � 14.29 � 13.66 � 12.96 � 13.31 � 12.82 � 12.82 � 10.92
Me jOH 4d � 10.08 � 9.81 � 11.67 � 11.30 � 10.48 � 11.48 � 11.07 � 11.07 � 11.14
RMSMe, kJ mol� 1 1.62 1.79 1.96 1.61 1.40 1.31 1.15 1.19
At jOH 1d 1.58 2.20 0.65 0.47 1.43 0.67 1.12 2.39 -0.02
At jOH 2d 4.39 4.87 4.28 3.41 2.96 2.73 3.21 5.63 0.57
At jOH 3d � 0.75 � 0.20 � 4.20 � 3.88 � 3.12 � 2.82 � 2.60 � 3.37 � 2.23
At jOH 4d 1.19 1.65 � 0.51 � 0.57 � 1.50 � 0.63 � 0.39 � 0.11 � 1.96
RMSAt, kJ mol� 1 2.70 3.19 2.25 1.80 1.49 1.35 1.65 3.01
CN jOH 1d 2.73 2.62 1.21 0.71 0.74 0.87 1.22 2.50 2.75
CN jOH 2d 5.04 7.21 6.08 5.27 3.12 3.81 4.25 5.69 3.79
CN jOH 3d 1.96 1.83 � 1.23 � 1.08 � 1.53 0.06 0.03 � 0.98 2.21
CN jOH 4d 4.15 4.12 2.98 2.54 1.56 2.43 2.41 2.82 [a]

RMSCN, kJ mol� 1 0.74 1.99 2.54 2.39 2.48 1.65 1.56 2.15
MUEav,[b] kJ mol� 1 1.67[c] 2.06 2.00 1.67[c] 1.46 1.14 1.09 1.72
RMSav,[b] kJ mol� 1 1.92 2.34 2.25 1.91 1.73 1.38 1.34 2.15

[a] Not reported;[26] [b] The averaged value of MUE and RMS (both in kJ mol� 1) calculated for 15 different molecular balances for which the experimental
results are available. Four methods, which best predict experimental values, are highlighted in burgundy. [c] MUEav values were 1.667 and 1.674 kJ mol� 1 for
M11L/def2-TZVP and M06-2X/def2-TZVP, respectively.

Figure 8. Conformational equilibria between (a) 5S and 5O; (b) 6S and 6O
and (c) 7b and 7d.
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purposes, when contradicting results were obtained by three
DFT methods considered.

DDEC6 analysis

Manz used bond orders calculated by the DDEC6 method to
analyse a wide range of materials, including three compounds
containing hydrogen bonded water molecules: natrolite, ice
crystal and ice solid surface.[30] The hydrogen bond orders in
these solids were found to be in the range 0.07–0.13, while the
net atomic charges of the hydrogen atoms involved in hydro-
gen bonds were 0.40–0.44.[30a,33] Based on these values, Manz
concluded that the hydrogen bonds of water molecules in
these three materials contain a significant electrostatic charac-
ter and a small covalent character. Herein, we use bond order
values derived from DDEC6 calculations to evaluate the
strength of various noncovalent interactions which might exist
in a given molecular geometry due to the proximity of certain
atom pairs and how these noncovalent interactions contribute
to the stability of various conformers. Atomic charges were
calculated using the DDEC6 method. All structures were
optimised at the PW6B95D3/def2-TZVP level of theory before
charge calculations were performed. Selected bond orders
derived from the DDEC6 analysis of the PW6B95D3/def2-TZVP
wave functions are presented in the Table 3 (net atomic charges
are included in Table S1 in Supporting Information). The non-
hydrogen atoms of the Y substituents are denoted as Cα and Xβ

(e. g., X=N for the CN group). The structures and atom
numbering are illustrated using the OH jCN balances in Fig-
ure 9.

The values of DDEC6 bond orders for OH⋯C5 atom pairs
are ~ 0.028 in 1d-Y,OH (Y=CN, At and Me) and <0.0004 in
1dg-Y,OH. In the gauche rotamers, the hydroxyl proton is
placed above the C6 carbon atom of the aromatic ring and
higher DDEC overlap populations are expected for the OH⋯C6
pair compared to the OH⋯C5 pair. The corresponding bond
order values for OH⋯C6 atom pairs are ~ 0.028 in 1d-Y,OH and
<0.002 in 1dg-Y,OH. Based on this analysis, noncovalent
interactions of OH⋯C5/C6 atom are favoured significantly in
1d-Y,OH compared to 1dg-Y,OH. Judging by the bond order
values in Table 3 for different conformers, the OH⋯Arene
interactions form the strongest noncovalent bond in 1-At,OH,
then in 1-CN,OH followed by 1-Me,OH.

In conformers with the OH-up orientation, the OH⋯C5/C6
interactions are insignificant due to the increased distances
between OH⋯C5/C6 atoms compared to the OH-down orienta-
tion. The interaction of the Cα atom of the CN (or At group)
with the aromatic C9/C10 atoms are becoming important due
to their proximity. The bond orders for Cα⋯C9/C10 pairs are
~ 0.021 in 1u-CN,OH and 1ug-CN,OH, ~ 0.021 in 1u-At,OH and
1ug-At,OH and ~ 0.011 for Cα⋯C9/C10 pairs in 1u-Me,OH and
1ug-Me,OH. A smaller bond order of ~ 0.003 is also detected
for CN⋯C9/C10 pairs in 1u-CN,OH and 1ug-CN,OH (~ 0.004 for
Cβ⋯C9/C10 in 1u-At,OH and 1ug-At,OH). Thus, in the 1ug-
CN,OH (1ug-At,OH) conformer, both the OH⋯CN and NC⋯Ar-

Table 3. DDEC6 bond orders of selected atom pairs.

Conformer C5⋯H C6⋯H Cα⋯H Xβ⋯H C10⋯Cα C9⋯Cα C10⋯Xβ C9⋯Xβ

1d-CN,OH 0.0276 0.0276 0.0001 n.d.[a] 0 0 n.d.[a] n.d.[a]

1dg-CN,OH 0.0003 0.0017 0.0037 0.0001 0 0 n.d.[a] n.d.[a]

1u-CN,OH 0 0 0.0001 n.d.[a] 0.0200 0.0201 0.0030 0.0030
1ug-CN,OH n.d.[a] n.d.[a] 0.0080 0.0004 0.0220 0.0223 0.0028 0.0027
1d-At,OH 0.0287 0.0287 0.0002 n.d.[a] 0 0 n.d.[a] n.d.[a]

1dg-At,OH 0.0002 0.0009 0.0075 0.0003 0.0001 0.0001 n.d.[a] n.d.[a]

1u-At,OH 0 0 0.0002 n.d.[a] 0.0198 0.0198 0.0042 0.0042
1ug-At,OH n.d.[a] n.d.[a] 0.0132 0.0008 0.0217 0.0215 0.0037 0.0038
1d-Me,OH 0.0271 0.0271 0.0002 n.a.[b] 0.0001 0.0001 n.a.[b] n.a.[b]

1dg-Me,OH 0.0002 0.0011 0.0070 n.a.[b] 0.0001 0.0001 n.a.[b] n.a.[b]

1u-Me,OH 0 0 0.0002 n.a.[b] 0.0107 0.0108 n.a.[b] n.a.[b]

1ug-Me,OH n.d.[a] n.d.[a] 0.0124 n.a.[b] 0.0119 0.0116 n.a.[b] n.a.[b]

[a] n.d. = not detected; [b] n.a. = not applicable because Xβ= H

Figure 9. CN jOH molecular balances with carbon atoms numbered.
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ene (OH⋯At and Cα⋯Arene) interactions contribute to the
molecular stability, making it the most preferred conformer.
Overall, judging by the bond order values in Table 3, the
OH⋯Arene interactions form the strongest noncovalent bond
(with the bond order of ~ 0.028) followed by NCα⋯Arene (~
0.022), HCCα⋯Arene (~ 0.021) and H3Cα⋯Arene (~ 0.011) inter-
actions.

Application to previously unexplored systems

To examine the potential of the above identified DFT
techniques on molecular balances which either have not been
synthesised or are very difficult to synthesise, various structures
were considered for assessing the strength and directionality of
S⋯π interactions.[34] Sulfur⋯Arene close contacts are common
in protein crystals, with the majority of the interactions being to
the face of the aromatic ring.[35,36] It has been previously
estimated that the S⋯π stabilising contributions falls between
2 and 8 kJ mol� 1.[37] The first example of evaluating an
S⋯π(Arene) interaction by modulating the electrostatic surface
of the arene was described by Daeffler et al.[38] It was proposed
that the fluorination of the aromatic ring is expected to reduce
the electron density of the aromatic ring and, therefore, will
diminish the strength of the S⋯π(Arene) interaction, although

it was not possible to establish whether the face of the aromatic
ring preferentially interacts with the sulfur lone pairs or through
and SH⋯π interaction using experimental techniques. Here we
apply the above-discussed M11L, ωB97XD and PW6B95D3
functionals to various molecular balances with S⋯π interactions
in order to reveal the level of detail not available from
experimental techniques.
A thiol group rotation in the Me jSH balance. We first consider

the rotation about the C� S bond in the Me jSH derivatives of 1–
4. Figure 10 shows relaxed 1D PES graphs calculated at M11L/
def2-TZVP, ωB97XD/def2-TZVP and PW6B95D3/def2-TZVP levels
of theory. The results suggest that the stability of the eclipsed
conformer has considerably improved compared to the corre-
sponding Me jOH balances. The fully eclipsed conformer with
the dihedral angle of φ(H� S� C� CH3)= 0° and the two lone
pairs of the sulfur atom oriented towards the double bond in
2d and 4d balances is the lowest energy conformer, as
predicted by M11L and PW6B95D3 functionals. The ωB97XD
functional predicts slightly higher energy for the eclipsed
rotamer relative to the trans rotamer (0.03 and 0.43 kJ mol� 1 for
2d and 4d, respectively).

In 1d and 3d balances, the lowest energy conformers are
the eclipsed rotamers according to M11L, while trans rotamers
are the lowest in energy in ωb97XD and PW6B95D3 calcula-
tions. Compared to 1d-Me,OH, the energy of the eclipsed 1d-

Figure 10. DFT simulations of the rotation about the C� S bond starting from the trans conformer of 1d-Me,SH (black), 2d-Me,SH (blue), 3d-Me,SH (green)
and 4d-Me,SH (red) using (a) M11L/def2-TZVP, (b) ωB97XD/def2-TZVP and (c) PW6B95D3/def2-TZVP levels of theory. Similar PW6B95D3/def2-QZVPP
simulations for 1d-Me,SH and 4d-Me,SH are presented in Figure S9 in Supporting Information.
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Me,SH rotamer relative to the trans 1d-Me,SH rotamer has
decreased by ~ 17 and ~ 13 kJ mol� 1 at M11L/def2-TZVP and
PW6B95D3/def2-TZVP levels of theory, respectively, suggesting
that S(LP)⋯π interactions are attractive in nature. These
findings are in agreement with the previous analysis of 172
crystallographic structures deposited in the Protein Data Bank,
which identified 96 examples of attractive S(LP)⋯π(FAD)
interactions, where FAD is flavin adenine dinucleotide.[39]

The results presented in Figure 10 also suggest that, except
for ωb97XD/def2-TZVP predictions for 1d-Me,SH and 3d-
Me,SH (Figure 10b), the gauche rotamer with only one of the
sulfur lone pairs oriented towards the π(Arene) or π(Alkene)
moieties is strongly disfavoured in the Me,SH balances
compared to the Me,OH balances and the conformational
equilibrium has reduced to a two-site equilibrium between the
eclipsed and trans-rotamers. From further calculations for
individual rotamers with full geometry optimisations and
frequency calculations, the M11L/def2-TZVP predicted popula-
tions of the eclipsed rotamer are 61.4 % for 1d-Me,SH and
85.3 % for 4d-Me,SH. The eclipsed rotamer is preferred by the
free energy difference of � 1.15 and � 4.35 kJ mol� 1 for 1d and
4d, respectively, compared to the corresponding trans rotamer.
The predicted populations of the eclipsed rotamer by
PW6B95D3/def2-TZVP are 37.4 % for 1d-Me,SH and 74.0 % for
4d-Me,SH, with the corresponding free energies of + 1.27 and
� 2.58 kJ mol� 1 in 1d and 4d, respectively, for the eclipsed
rotamer compared to the corresponding trans rotamer. At the
PW6B95D3/def2-QZVPP level of theory, the predicted popula-
tions of the eclipsed rotamer are 32.1 % for 1d-Me,SH and
73.6 % for 4d-Me,SH, with the corresponding free energies of
+ 1.86 and � 2.54 kJ mol� 1 in 1d and 4d, respectively, for the
eclipsed rotamer compared to the corresponding trans rotamer.
The results for 4d-Me,SH from ωB97XD/def2-TZVP are in
qualitative agreement with the PW6B95D3/def2-TZVP predic-
tions, that is, a two-site exchange occurs between the eclipsed
(population 42.7 % with the free energy of + 0.73 kJ mol� 1

relative to the trans rotamer) and trans rotamers (population
57.3 %). For 1d-Me,SH, however, the eclipsed conformer
appears as a transition state between two gauche rotamers
(19.0 % each with the free energy of + 2.93 kJ mol� 1 relative to
the trans rotamer), which are in turn in equilibrium with the
dominant trans rotamer (62.0 %). However, considering that
PW6B95D3 performs significantly better than ωB97XD (Tables 1
and 2), a two-site exchange between eclipsed and trans
rotamers is likely to be true for 1d-Me,SH.
Electrostatic Potentials. In an attempt to clarify the prefer-

ence of different conformers on simulations of OH and SH
group rotations, we have calculated molecular electrostatic
potentials (MESPs) of H2O and H2S molecules, which show
distinct differences (Figure 11). In particular, the two lone pairs
appear as a single red ellipsoid for the oxygen atom (with the
highest negative value of � 0.0431 au) and as two separate red
ellipsoids for the sulfur atom (with the highest negative value
of � 0.0210 au). In the middle between the two red ellipsoids in
H2S, the ESP value is � 0.0097 au, which is significantly more
positive than at the same point in H2O (-0.0431 au). Overall, at
any point on the MESP surface, the ESP values are significantly

more positive for H2S compared to H2O. Thus, MESP calculations
suggest that the S⋯π interaction is expected to be more
stabilising than the O⋯π interaction. An additional character-
istic to consider is the chameleonic nature of the sulfur atom
which is capable of changing its electron density distribution
depending on its surrounding, which is addressed in the
following section.
Electron-withdrawing vs. electron-donating groups. Further

insight into S⋯π(Arene) interactions can be gained by introduc-
ing electron-withdrawing groups into one of the aromatic rings.
For both tetrachloro and tetranitro derivatives 8 and 9,
respectively, shown in Figure 12, the conformer in which the
sulfur atom points towards the electron deficient aromatic ring
is preferred.

The calculated populations of the preferred conformers
shown in Figure 12 are 74.7 % (ωB97XD/def2-TZVP), 78.2 %
(M11L/def2-TZVP), 83.4 % (PW2B95D3/def2-TZVP) and 82.6 %
(PW2B95D3/def2-QZVPP) for the tetrachloro derivative and
85.6 % (ωB97XD/def2-TZVP), 88.3 % (M11L/def2-TZVP), 94.9 %
(PW2B95D3/def2-TZVP) and 93.5 % (PW2B95D3/def2-QZVPP) for
the tetranitro derivative. These findings are in favour of the
attractive nature of S(LP)⋯π(Arene) interactions, where the
decrease of the electron density above the aromatic ring leads
to stronger S(LP)⋯π(Arene) interactions. Surprisingly, however,
the introduction of electron-donating hydroxyl groups also led
to the preferred conformer in which the sulfur atom points
towards the electron-rich aromatic ring with hydroxyl groups in
the tetra-hydroxy derivative 10: 84.8 % (ωB97XD/def2-TZVP),
72.4 % (M11L/def2-TZVP), 85.5 % (PW2B95D3/def2-TZVP) and
82.3 % (PW2B95D3/def2-QZVPP). These findings are in agree-
ment with the experimental results[29] and confirm the ability of
sulfur to act as an atomic chameleon, which is capable of

Figure 11. Calculated molecular electrostatic potentials (MESPs) of (a) H2O
and (b) H2S at the HF/aug-cc-pVTZ level of theory.

Figure 12. Tetra (8–10) substituted balances. The preferred conformer as
predicted by DFT calculations is shown in each case.
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rearranging its electronic surrounding in order to form an
attractive interaction with various π systems, including those
with either electron-donating or electron-withdrawing groups.
A gradual increase of the number of substituents on the OH-
and Cl-substitution of one of the aromatic rings was also
considered (Table 4). With the exception of four predictions
(shown in bold in Table 4) by the ωB97XD and M11L functionals
for mono-substituted derivatives, in all other cases the sulfur
atom was predicted to point towards the substituted aromatic
ring in the preferred conformer with the populations varying
between 60–88 % for the Cl-substitution and 56–86 % for the
OH substitution (Table 4).

Conclusions

The use of 1D PES acquired by performing hydroxyl and thiol
group rotation scans was shown to be a powerful tool to allow
for both qualitative and quantitative analysis of noncovalent
interactions. Different levels of theory examined in this work
showed important differences in reliability of different DFT
methods in reproducing experimental results. Overall, the
results obtained in this work show that certain DFT methods
can be used for quantitative or semi-quantitative assessments
of the strengths of different noncovalent interactions. Synthesis
of each molecular balance involves multiple steps, as described
previously.[25–29] Therefore, a reliable computational approach
identified in this work is useful prior to the lengthy synthesis of
new balances to compare various combinations of functional
groups.

Based on the analysis of the results, we have selected
PW6B95D3 functional with def2-TZVP basis set, which best
reproduces the experimental data for various functional groups
noncovalently interacting with π systems. Two other func-
tionals, ωB97XD and M11L, performed slightly worse than
PW6B95D3 in reproducing the available experimental data. The
simulation of the rotation of the hydroxyl group allowed to

reveal stabilising OH⋯Alkyne and OH⋯Nitrile noncovalent
interactions that are difficult to identify experimentally. The
best performing DFT methods were then applied to compare
the strengths of sulfur⋯π interactions in different molecular
balances which have not been explored experimentally. The
simulation of the thiol group rotation showed that the con-
former with the two lone pairs of the sulfur atom oriented
towards the aromatic ring or the double bond is significantly
stabilised, allowing to establish the directionality of sulfur⋯π
interactions, which was previously not available from exper-
imental measurements. The ability of sulfur to rearrange its
electronic surrounding in order to form an attractive interaction
with various π systems, including those with either electron-
donating or electron-withdrawing groups, was also confirmed.

Computational Details
Different molecular structures used as balances were created and
modified using the PCModel program (version 8.5).[40] These
structures were then minimised using the MMX force field of the
PCModel program. The structures were visualised and further
modified using GaussView (version 6).[41] DFT calculations were
carried out using the Gaussian 16 program (revision A.03).[42] The
following functionals were used: M11L,[43] M06-2X,[44] ωB97XD,[45]

PW6B95D3[46] and MN15.[32] The basis sets used were def2-TZVP,[47]

def2-TZQZPP[47] and 6–31 + G(d).[48] The ultrafine numerical integra-
tion grid (with 99 radial shells and 590 angular points per shell) was
used in DFT geometry optimisations, combined with the “verytight”
convergence condition (requesting the root-mean-square forces to
be smaller than 1 × 10� 6 hartree bohr� 1). Frequency calculations
were subsequently carried out at the same level of theory from
which the Gibbs free energies were derived. These calculations
were also used to verify that the optimized geometries correspond
to true minima by checking whether any imaginary frequency was
encountered. On calculating populations from free energies, the
harmonic oscillator and rigid rotor models were used. No scaling of
calculated frequencies were undertaken and as-calculated frequen-
cies were used (for possible sources of error associated with the use
of unscaled frequencies, see Alecu et al.[49] The optimised final

Table 4. Percentage populations of conformers in which the sulfur atom points towards the substituted aromatic ring.

Compound The aromatic ring substitution M11L
def2-TZVP

ωB97XD
def2-TZVP

PW6B95D3
def2-TZVP

11 1-Cl 78.2 54.2 83.1
12 2-Cl 59.7 43.9 67.6
13 1,3-Cl 76.4 59.7 74.5
14 2,3-Cl 53.3 61.9 63.2
15 1,2,3-Cl 76.6 61.1 88.5
16 1,2,4-Cl 79.7 60.2 83.0
8 1,2,3,4-Cl 78.2 74.7 83.4

17 1-OH 68.2 48.3 63.3
18 2-OH 45.5[a] 45.3[a] 75.8[a]

19 1,3-OH 74.4 52.9 68.2
20 2,3-OH 61.4 54.5 72.1
21 1,2,3-OH 56.0 65.9 77.0
22 1,2,4-OH 69.6 66.8 74.1
10 1,2,3,4-OH 72.4 84.8 85.5

[a] From PW6B95D3/def2-QZVPP calculations, the population of the conformer in which the sulfur atom points towards the substituted aromatic ring is
76.4 %.
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molecular geometries were also used to produce wavefunction files
using the Gaussian 16 program, which were used afterwards for
DDEC6 calculations using the Chargemol program.[50] DFT calcu-
lations were carried out in which a stepwise rotation around the
O� C bond was simulated. Chloroform solvent effects were included
in all calculations using the integral equation formalism of the
polarizable continuum model (IEFPCM), which is the default SCRF
(Self-Consistent Reaction Field) method implemented in
Gaussian 16.[51]

For conformer population calculations, the equilibrium constant
was derived from the Gibbs free energy of formation [Eq. (1)]:

K ¼ e�
DG0

RT (1)

where R is the universal gas constant and T is the temperature of
the system. For the two-site exchange, the equilibrium constant is
defined as [Eq. (2)]:

K ¼
p1

p2
(2)

where p1 (in %) is the population of the preferred conformer. By
calculating the Gibbs free energy differences (ΔG°) using DFT
methods and using above two equations, conformer populations
were calculated. For multi-site exchange models, the relative free
energies of conformers relative to that of the trans Z-up conformer
were calculated, which were then used to calculate the correspond-
ing K values and populations. In particular, an exchange between 6
conformers was considered for 1–4 of H jOH, Me jOH, At jOH and
CN jOH (Figure 7). A two-site exchange was considered for 5–22
(Figure 8) and for 1d and 4d of Me jSH.
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