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Evidence of strong O—H- - -C interactions involving
apical pyramidane carbon atoms as hydrogen
atom acceptorsy
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Using high-level quantum chemical calculations, we predicted a strong O—H---C interaction between
the apical carbon atoms of pyramidane and its derivatives and water molecules. Analysis of calculated
electrostatic potential maps showed that there are areas of strong negative potential above apical car-
bon atoms in all studied structures. The results of quantum chemical calculations showed that the
O-H---C interaction between the hydrogen atom of water and the apical carbon atom of pyramidane
derivatives with four —CHs substituents is unexpectedly strong, AEccspmy/ces = —7.43 kcal mol~t. The
strong hydrogen bonds were also predicted in the case of unsubstituted pyramidane (AEccspmy/ces =

Received 3rd October 2024, —6.41 kcal mol™) and pyramidane with four —OH substituents (AEccspmyces = —5.87 keal mol™Y).

Accepted 26th December 2024 Although there are not many crystal structures of pyramidane-like molecules, we extracted examples of
pyramidal-shaped molecules with apical carbon atoms from the Cambridge Structural Database and

analyzed their hydrogen-bonding patterns. Analysis of crystal structures confirmed the existence of short
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Introduction

Hydrogen bonds play a crucial role in numerous chemical,
physical, and biological phenomena and processes."® According
to an IUPAC definition, a hydrogen bond (depicted as D-H- - -A) is
formed between a hydrogen atom bonded to an electronegative
atom (donor atom, D) and another electron-rich atom (acceptor
atom, A).'® In more general terms, the acceptor does not have to
be an electron-rich atom but could be any species with increased
electron density (including aromatic systems, m-bonds, radicals,
etc.). Along these lines, in addition to usual hydrogen atom
acceptors like O, N, or F atoms, there is a possibility that other
atoms may play that role, too. This was discussed in detail in a
very recent review on specific types of hydrogen bonds."" One of
the unexpected candidates for the role of hydrogen atom acceptor
is the carbon atom."™* Although electron-rich carbon atoms are
not usual in molecules, there are indeed examples of organic and
organometallic compounds in which an increased electron den-
sity is detected around the C atom. An early example of a non-
covalent carbon-hydrogen contact was noticed in the crystal
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non-covalent contacts between apical carbon atoms and neighboring hydrogen atoms.

structure of the carbene complex.’* The C-H---C bond between
two carbene moieties was analysed in terms of geometry, and the
analysis showed that the C-H- - -C angle is almost linear (172.5°),
which is the characteristic of hydrogen bonds. Also, the distance
between interacting C and H atoms (2.02 A) was shorter than the
sum of their van der Waals radii, indicating the existence of a
hydrogen bond. In the very recent study performed by S. Grabow-
ski, C-H"---C hydrogen bonds between carbon atoms of N-
heterocyclic carbenes (NHC) and a proton of a hydrogen-
containing cation were detected in crystal structures extracted
from the Cambridge Structural Database (CSD).** The results of
density functional theory (DFT) calculations performed at the
BP86-D4/TZ2P level showed that these interactions may be quite
strong, as expected for charged species like cations.'*

Another theoretical study showed that carbenes may also be
involved in X-H- - -C interactions with neutral species.'® Ab initio
calculations performed at the MP2/aug-cc-pVIZ level showed
that carbenes and carbodiphosphoranes may be involved in
X-H- - -C interactions (X = O, C) in which divalent carbon atoms
act as hydrogen atom acceptors.”® The results of quantum
chemical calculations indicate that a strong O-H- - -C interaction
may be formed between imidazole-2-ylidene and a water molecule
(AE = —9.84 kcal mol ). These unusual properties of carbon
atoms were explained by the presence of lone pairs on C atoms in
these specific systems. Examples of unusual X-H- - -C interactions
involving carbon atoms of a methyl group as hydrogen atom
acceptors were recognized in crystal structures, too."
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Fig. 1 The structure of a pyramidane molecule. The carbon atom on the top
of the pyramidal structure is designated as an “apical” or an “apex” carbon
atom, while other carbon atoms are designated as “basal” carbon atoms.

Pyramidane (tetracyclo[2.1.0.0"%,2.0°°]pentane) is a hydro-
carbon molecule with a pyramidal-shape structure (Fig. 1).*°
Due to its unusual bonding characteristics, possible applica-
tion as a high-energy material precursor, and the fact that it has
never been synthesized, the pyramidane molecule has attracted
significant attention from both theoretical and synthetic
chemists.'® > However, many heteroatom pyramidane analogs
were synthesized and structurally characterized, including both
charged and neutral chemical species."”°

Combined experimental and theoretical studies indicate the
presence of non-classical bonding in the pyramidane molecule
and its derivatives, with a high degree of ionicity of the bonds
between apical and basal carbon atoms.”" The results of DFT
calculations show that an electron pair with a very high s
character exists at the apex of the pyramidal structure.> These
results indicate that the apical carbon atoms in the pyramidane
molecule and its derivatives may act as hydrogen atom accep-
tors in hydrogen bonds. Furthermore, calculations performed
within the same study showed that the nature of substituents
on basal carbon atoms significantly affects the structure and
bonding in pyramidal molecules, which may also have con-
sequences in terms of non-covalent bonding patterns.

Although covalent bonding in pyramidane and many of its
derivatives was extensively studied in the past, a systematic study
of non-covalent interactions involving these molecules has not
been performed yet. On the other hand, it is known that in the
case of some strained high-energy molecules, hydrogen bonds
play very important roles in terms of their detonation
properties.”> DFT calculations performed on a series of nitrocy-
clohydrocarbon explosives showed that hydrogen bonding
affects the sensitivity of these molecules towards detonation.>*

In this study, we have performed high-level ab initio calculations
to predict and characterize possible O-H- - -C interactions involving
the apical carbon atom of pyramidane and substituted pyramidane
molecules as hydrogen atom acceptors. We also studied the
influence of substituents attached to base carbon atoms on the
properties of hydrogen bonds involving apical carbon atoms.

Methodology

All geometry optimizations, vibrational spectra, wave function
files, and interaction energy calculations performed within this
study were performed using the Gaussian09>* software package
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and the MP2 method®* combined with the aug-cc-pVTZ basis
set.”® Interaction energies were calculated using the full coun-
terpoise correction method to account for the basis set super-
position error (BSSE). For the most stable geometries,
interaction energies were re-calculated using a very accurate
CCSD(T)/CBS***” level of theory by applying the double-triple
(D, T) extrapolation scheme proposed by Helgaker and
coworkers.”® Energies of O-H- - -C interactions were calculated
for model systems consisting of pyramidane and its derivatives
and water molecules. Studied interactions involved the apical C
atom of pyramidane (and its derivatives) and the hydrogen
atom of a water molecule. Molecular electrostatic potentials
(MEPs) were calculated and visualized using the Wave Function
Analysis - Surface Analysis Suite (WFA-SAS) software.>® Energy
decomposition analysis (EDA) was done using the PSI4 software
and the SAPT2/aug-cc-pVTZ level of theory.>*?' All structures
were visualized using Avogadro and Mercury programs.**>* The
Cambridge Structural Database (CSD)** was searched using the
ConQuest® software to find all square-pyramidal structures in
which an apical carbon atom interacts with a hydrogen atom.
The CSD was searched for all square-pyramidal structures with
a carbon atom at the apex that is involved in a non-covalent
contact with a hydrogen atom of another molecule. The dis-
tance between interacting C and H atoms was < 2.9 A (the sum
of van der Waals radii for C and H), while the hydrogen atom
positions were normalized.>® The R factor was chosen to be <
0.05, and only non-disordered structures with 3D coordinates
determined were considered for analysis. Hirshfeld maps were
calculated using the Crystal Explorer software.’” Hirshfeld
surfaces for ZUQRUY and VIZMUN structures were calculated
and mapped over d,,om- Non-covalent index (NCI) analysis was
performed using Multiwfn and VMD programs at the MP2/aug-
cc-pVTZ level, while the bond critical points were calculated
and visualized in the Multiwfn program.*®*™*° Natural bond
orbital (NBO) analysis was performed at the MP2/cc-pVTZ

level 2504142

Results and discussion

Geometry optimizations and molecular electrostatic potential
calculations

The optimized structures of pyramidane and its derivatives
(Tables S1-S6, ESIT) are given in Fig. 2.

Vibrational frequencies were calculated, and the results
showed no negative frequencies for any of the studied mole-
cules, indicating that the optimized geometries represent true
minima (see Fig. S1-S6 in the ESI}). Optimized geometries were
used for MEP calculations. Calculated MEPs with the electro-
static potential values at the critical points above the apical
carbon atoms are given in Fig. 3.

The results of molecular electrostatic potential calculations
showed that in the case of all six pyramidal molecules, there is a
strong negative electrostatic potential above the apical carbon
atom. The strongest negative potential was detected in the case
of the pyramidane molecule with four -CH; substituents

This journal is © the Owner Societies 2025
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Fig. 2 Optimized geometries of a pyramidane molecule and its deriva-
tives with —F, —Cl, —CHs, —OH, and —-CN substituents attached to four
basal C atoms.

(P-CH;) with the energy in the critical point of —48.76 kcal mol .
Quite strong negative potentials were also detected in pyrami-
dane molecules substituted with four -OH groups (P-OH,
—45.14 kcal mol™') and non-substituted pyramidane molecule
(P-H, —45.06 kcal mol™"). The least negative potential was
calculated in the case of the pyramidane molecule with four
-CN substituents (P-CN, —7.97 kcal mol ). For the structure
containing the most negative critical point above the apical C
atom (P-CHj3) natural population analysis (NPA) charges were
calculated. The results confirmed the existence of a negative
charge on the apical carbon atom (NPA charge in the C atom:
—0.21). This is in agreement with previous results indicating
that the electrostatic potential on the surface above the apical
carbon atom may be negative. In a recent study by Pendas and
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Fig. 3 Calculated electrostatic potential maps of a pyramidane molecule and its derivatives with —F, —Cl,
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coworkers, it was shown through ELF and QTAIM analysis that
the apical carbon atom possesses a lone pair of electrons which
generates the negative electrostatic potential around it.**

Interaction energy calculations

Interaction energies were calculated on model systems consist-
ing of pyramidane or substituted pyramidane molecules and
water molecules. One O-H fragment of the water molecule was
orientated to form linear O-H---C interaction with the apical
carbon atom of pyramidane or substituted pyramidane. The
distance between interacting carbon and hydrogen atoms was
varied, and interaction energies were calculated. Interaction
energies calculated at the MP2/aug-cc-pVTZ level are given in
Fig. 4.

The calculated energies of O-H- - -C interaction were in the
interval from —7.40 to —2.05 kcal mol . The strongest inter-
action (—7.40 kcal mol ') was found in the model system
containing the P-CH; molecule. Very strong interaction was
also found in the model system containing the unsubstituted
pyramidane molecule, P-H (—6.41 kcal mol '). On the other
hand, the weakest interaction was found in model system
containing pyramidane molecule with CN substituents (P-CN,
—2.05 kecal mol ). The geometries with optimal carbon-hydro-
gen distances are given in Fig. 5.

Analysis of the calculated hydrogen bond lengths is consis-
tent with the results of interaction energies calculations and
analysis of MEPs; the shortest hydrogen bonds (2.1 A) are
detected in the case of pyramidane molecules with the
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four basal C atoms. Values of energies in critical points are given in kcal mol ™. Colour ranges, in kcal mol™?, are: red, greater than 7.11; yellow, from 7.11 to
0.00; green, from —27.66 to 0.00; blue, more negative than —27.66. Blue dots refer to local minima on the molecular surfaces.
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Fig. 4 Energies of O—H---C interactions between pyramidane or pyra-
midane derivatives and water molecule calculated at the MP2/aug-cc-
pVTZ level of theory.

strongest interactions and the strongest negative electrostatic
potential above the apical carbon atom (P-CH;, P-OH, P-H). On
the other hand, the longest O-H- - -C interaction was detected in
the case of a hydrogen bond involving the P-CN molecule (the
weakest interaction and the lowest negative potential value over
the apical carbon atom). These findings are also consistent with
the calculated energies of O-H---C interactions (Table 1). For
the optimal geometries calculated at the MP2/aug-cc-pVIZ
level, interaction energies were re-calculated using a very accu-
rate CCSD(T)/CBS level of theory (Table 1).

The results showed that calculated interaction energies at
the MP2/aug-cc-pVTZ level were in excellent agreement with the
interaction energies calculated at the CCSD(T)/CBS level of
theory. The strongest interaction calculated at the CCSD(T)/
CBS level was found in the model system consisting of P-CH;
molecule and water (AEccsprycss = —7-43 keal mol ™). To
better understand the nature of hydrogen bonding, the NBO
analysis was performed on this model system. The results
confirmed that electron transfer occurs from the lone pairs
on the apical carbon atom to the antibonding orbital of the
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Fig. 5 Calculated optimal geometries (a—f) for studied model systems.
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Table 1 Energies of O—H- - -C interactions calculated at the CCSD(T)/CBS
level

Model system O-H- - -C distance (A) AEccsneryces (keal mol ™)

P-H 2.1 —6.41
P-F 2.2 ~3.92
p-Cl 2.2 —4.58
P-CH, 2.1 —7.43
P-OH 2.1 —5.87
P-CN 2.3 —2.00

hydrogen atom in the water molecule. Very strong interactions
were also calculated in the case of model systems containing P-
OH (AEccsp(ryces = —5.87 keal mol™") and P-H (AEccsperycas =
—6.41 kecal mol™") molecules. Moderately strong interactions
were calculated in the case of P-F and P-Cl molecules as
hydrogen atom acceptors (—3.92 and —4.58 kecal mol *, respec-
tively). As expected, the weakest interaction was calculated for a
model system containing the P-CN molecule (AEccspryces =
—2.00 kcal mol ™). These trends are generally consistent with
the trends in the calculated values of the negative electrostatic
potential above the apical carbon atom (Fig. 3), except for P-OH
and P-H molecules. Interaction energies were also calculated at
the MP2/aug-cc-pVTZ level without taking into account the
Basis Set Superposition Error (BSSE) and the trends in energy
values were not changed (Table S13, ESIT).

Hydrogen bond critical points were calculated at the MP2/
aug-cc-pVTZ level and visualized (Fig. S7, ESIY), since it was
shown that analysis of electron densities in these points can
give deeper insight into the properties of hydrogen bonds.**
Calculated values of electron density at bond critical points are
in good correlation with calculated values of electrostatic
potential at critical points above the apical carbon atom
(Table S13, ESI¥).

However, it is important to note that analysis of electrostatic
potential maps could be used to explain only the contribution of
electrostatics to the calculated interaction energies, while other
contributions remain unknown. To reveal the role of other
contributions to the total energy of the studied O-H---C inter-
actions, we have performed an energy decomposition analysis.

Energy decomposition analysis

The energy decomposition analysis was performed using the
SAPT2 method and the aug-cc-pVTZ level of theory. The results
of the EDA calculations are given in Table 2.

The results of EDA calculations clearly indicate that the main
energetic contribution to the O-H---C hydrogen bonds is the
electrostatics. The strongest electrostatic contributions were
calculated for model systems with the strongest interaction
energies (P-CH;, —10.64 kcal mol ', and P-H, —9.65 kcal mol ).
Not surprisingly, the lowest contribution of the electrostatics
was calculated for interaction involving the P-CN molecule,
—2.66 kcal mol ™. Besides electrostatics, contributions of induc-
tion and dispersion to the total energy of interaction are sig-
nificant in all model systems. It could be noticed that the
contribution of induction is stronger in the case of the P-H
molecule than the P-OH molecule, which may be the reason why,

This journal is © the Owner Societies 2025
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Table 2 The results of EDA calculations for the model systems shown in
Fig. 2. Energies are given in kcal mol™*

P-H P-F P-Cl P-CH; P-OH P-CN

Electrostatics —9.65 —5.47 —6.01 —10.64 —8.72 —2.66

Exchange 10.02 6.30 6.53 10.80 9.61 4.11
Induction -3.59 -—-2.15 —-2.30 —4.01 -3.39 -—1.32
Dispersion -3.13 —-2.51 273 —3.52 —3.25 —2.14
Total SAPT —6.35 —3.84 —4.50 —-7.37 —=5.75 —2.00
CCSD(T)/CBS —6.41 —3.92 —4.58 —7.43 —5.87 —2.00

for these two systems, values of electrostatic potential in critical
points are not consistent with the trends in calculated inter-
action energies. It is important to note that interaction energies
calculated at the SAPT2/aug-cc-pVTZ level are in excellent agree-
ment with CCSD(T)/CBS energies.

Analysis of crystal structures

Although neither pyramidane nor its derivatives studied in the
frame of this research were synthesized and crystalized yet,
analysis of possible carbon-hydrogen contacts in similar struc-
tures could be helpful for the prediction of the potential of the
apical carbon atom in pyramidal molecules to form hydrogen
bonds as hydrogen atom acceptors. Using the criteria defined
in the Methodology section, the CSD was searched, and only
two structures in which short carbon-hydrogen contacts exist
were extracted (refcodes VIZMUN and ZUQRUY). Three-
dimensional representations of these structures are given in

Fig. 6 The fragment of (a) ZUQRUY and (b) VIZMUN structures with short
contacts (dashed line) between apical carbon atoms and hydrogen atoms
from another molecule. The carbon—hydrogen distances are d = 2.74 A in
ZUQRUY and d = 2.80 A in the VIZMUN structure.

This journal is © the Owner Societies 2025
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C+H contact

Fig. 7 Hirshfeld surfaces (dnorm) calculated for fragments of (a) ZUQRUY
and (b) VIZMUN structures. The red area on the surface above the apical
carbon atoms indicates the existence of C.--H contacts.

Fig. 6. Both structures contain Ru heteroatoms connected to an
apical carbon atom.

In the case of the ZUQRUY structure, the distance between
the apical carbon atom of the pyramidal fragment and the
hydrogen atom of the C-H fragment is 2.74 A, which is
significantly shorter than the sum of van der Waals radii for
C and H atoms (2.9 A). Also, the angle defined by C-H---C
atoms is 175.08°, indicating the presence of a directional
interaction, which is usual in the case of strong hydrogen
bonds. A similar situation was noticed in the VIZMUN structure
(the distance between C and H atoms was measured to be
2.80 A, while the angle defined by C-H- - -C atoms is 156.66°).
Although the comparison between the measured distance
between two atoms and the sum of van der Waals radii is not
definite proof of the existence of non-covalent contacts, it is a
good indicator of possible C-H- - -C interactions.

The tendency of apical carbon atoms to form non-covalent
contacts with hydrogen atoms in these structures is evident
from the analysis of Hirsfeld surfaces for ZUQRUY and VIZ-
MUN structures (Fig. 7). Red regions above the apical carbon
atoms on the Hirshfeld surfaces for both ZUQRUY and VIZMUN
structures indicate the existence of C-H---C interactions
between C-H fragments and apical carbon atoms.

To confirm the existence of C-H---C interactions in these
crystal structures, non-covalent index analysis was performed.

Phys. Chem. Chem. Phys., 2025, 27, 2563-2569 | 2567
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C-H~C interaction

b)

Fig. 8 Calculated NCI plots for (a) ZUQRUY and (b) VIZMUN structures.
Green surfaces correspond to the attractive regions of non-covalent
interactions (the isosurface value was selected to be 0.5, while the interval
of the color range is from —0.035 to 0.2).

The calculated NCI plots are given in Fig. 8. Results of the
analysis of NCI plots showed that in the case of the ZUQRUY
structure (Fig. 8a), there is an area of non-covalent bonding
between an apical carbon atom and a hydrogen atom from the
neighbouring C-H fragment (green area). Similar results were
obtained in the case of the VIZMUN structure (Fig. 8b). The
green area between the apical carbon atom and a hydrogen
atom of the C-H fragment in the VIZMUN structure also
indicates the existence of an attractive non-covalent contact.

Conclusions

In this work, high-level quantum chemical calculations were
combined with the analysis of available crystal structures to
predict the properties of hydrogen bonds involving apical
pyramidane carbon atoms as hydrogen acceptors. Six struc-
tures, including pyramidane (P-H) and its derivatives with four
substituents on basal carbon atoms (P-F, P-Cl, P-CH;, P-OH, P-
CN), were considered within this study. The results of the
analysis of molecular electrostatic potentials showed that there
is an area of negative electrostatic potential above the apical
carbon atom in all six examined structures. The strongest
negative potential was detected above the apical carbon atom
of the P-CH; structure (—48.76 kcal mol "), while the very
strong negative potential was detected in the case of P-OH
(—45.14 kecal mol™') and P-H (—45.06) molecules, too. The
weakest negative potential was calculated above the apical
carbon atom of the P-CN structure (—7.97 kcal mol™*). Since
these results indicated that apical carbon atoms might act as
hydrogen atom acceptors in hydrogen bonds, six model sys-
tems containing already mentioned pyramidal molecules and
water molecules were made, and interaction energies were
calculated. The results of interaction energy calculations
showed that studied O-H- - -C interactions can be quite strong,
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up to AEccsp(ryces = —7.43 keal mol~! in the case of P-CH;
molecule as a hydrogen atom acceptor. The weakest hydrogen
bond was calculated in the case of a model system containing a
P-CN molecule (—2.00 kcal mol ™). This agrees with the results
of electrostatic potential calculations, indicating that these
interactions are mainly electrostatic. Energy decomposition
analysis was performed on all model systems, and the results
confirmed that all studied interactions are indeed primarily
electrostatic, with strong contributions from induction and
dispersion. Although the studied molecules have not yet been
synthesized, crystal structures of similar pyramidal molecules
with apical carbon atoms involved in hydrogen bonds were
found in the Cambridge Structural Database.

The results presented in this study are in agreement with
previous results showing that increased electron density is
present at the apex of pyramidane-like molecules. To the best
of our knowledge, this is the first study of the energies of
hydrogen bonds involving apex pyramidane carbon as a hydro-
gen atom acceptor. The results obtained within this study may
be of great importance for understanding the non-covalent
bonding patterns in the case of hydrogen bonds involving
pyramidal-shaped molecules.
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