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ABSTRACT: We report herein a combined structural and theoretical study
of a novel hydrogen bond in which a methyl group, when bound to an
electropositive atom E, acts as the acceptor via its carbon atom. A significant
number of experimental examples of such interactions have been retrieved |¢
from the Cambridge Structural Database, showing a clear trend toward a linear é
arrangement of the two interacting groups (E—CHj---H—Y) as the interatomic
distance shortens. The hydrogen bond has been further investigated by means
of different computational techniques in order to assess its strength and
nature. We have also unveiled, by means of natural bond orbital analysis, a
charge transfer from a 6(E—C) bonding orbital of the methyl group to a o*
antibonding H—Y orbital.

N-H - H,C-Al

B INTRODUCTION In 2009, Olesen and Hammerum reported a hydrogen bond
between protonated water and the C—H o-bonds in small
alkanes.'* X—H:--C hydrogen bonds between HF and linear
alkanes were identified and characterized by Parajuli and
Arunan showing that they are stronger than C—H---X ones."

We present herein structural and computational evidence for
the existence of a novel type of hydrogen bond in which the
acceptor is a sp® carbon atom of a methyl group which is
connected to an atom less electronegative than carbon, e.g. B,
If we narrow our focus on carbon, this element usually Al or Si. The substitution of one of the H atoms in methane

participates in H-bonding with sp> and sp hybridization, with an electropo.sitix{'e Aatom. increases the electron density at
donating electron density through C=C and C=C bonds.>*° the C atom, making it in this way more prone ts) behave as a
On the other hand, sp* carbon atoms show an electron density H-bond acceptor. We have.demonstrated that this unexp lorefi
depletion when connected to more electronegative atoms, hyd‘ro.gen bo¥1d 18 found. in many crystal structures, and‘lt
which is the origin of tetrel bonding.” ™ Conversely, if the exhibits precise geometrical arrangements. Furthermore, its
carbon atom is bound to a less electronegative atom, the nature and streggth have been characterized by means of
electron density is displaced toward the former, and the charge several computational tools.

distribution can be disclosed by mapping the molecular

electrostatic potential (MEP). Consequently, electron-rich B RESULTS AND DISCUSSION

sp>-C atoms have been observed to participate in some types

The hydrogen bond plays a key role in many chemical and
biological processes. It is established between a protic
hydrogen atom bound to an electronegative atom (the H-
bond donor) and an electron-rich species (the H-bond
acceptor). In most cases, the H-bond acceptor contains a
lone pair, but it has been seen that this role can be played by
other electron-rich systems such as a 7-bond,"? a radical,® or
even a o-bond.”

; ont ] i e d To To try to get a general picture of the occurrence and
o r;oncova 3ent 1nterac.:t1(l))ns as electron dens1tg7 Onors. geometries associated with hydrogen bonds in which a methyl
If the sp™-C atom is bound to H or another C atom, the group acts at the acceptor, the Cambridge Structural Database

MEP at the former is slightly negative but very close to zero.'’ (CSD)'® has been explored. We have searched for short E—
This small accumulation of electron density might be enough

for the carbon atom to act as a weak electron density donor.
Early theoretical work on the potential energy surface of the
methane—water complex was reported by Cieplak et al.'" This
system was then widely studied by means of computational
techniques. The work by Isaev, who comprehensively
characterized the O—H:--C hydro%en bond in the aforemen-
tioned methane—water complex,lz’ 3 deserves special mention.
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Figure 1. Characteristic (A) E—C---H (E = B, Al, Ga, In, T}, Si, Ge, Sn, Pb) and (B) C---H—Y angles as a function of the interatomic C---H distance
for methyl--H-Y (Y = N, O, S, Se) contacts shorter than the sum of the van der Waals radii (2.97 A) as found in the CSD.

CH,H-Y (E = B, Al, Ga, In, T, Si, Ge, Sn, Pb; Y= N, O, §,
Se) contacts, limited to C---H distances shorter than the sum
of the van der Waals radii (2.97 A)."” We have found a total of
136 structures containing intermolecular C---H short contacts.
In 114 of them, the H atom involved in the C---H contact
shows no further contacts with other atoms at distances shorter
than the sum of the vdW radii. Within this set of structures, it
is likely that the short contact between the methyl group and
the protic hydrogen atom is not supported by any other
directional interaction.

Some geometrical trends appear if we look in detail at the
angles associated with short contacts within the aforemen-
tioned structural set (Figure 1). Remarkably, both the E—C--
H (Figure 1A) and C--H-Y (Figure 1B) angles tend to 180°
as the C---H distance shortens, which is consistent with the
existence of a hydrogen bond-like interaction. Such behavior
has been previously observed in similar interactions, and it is
characteristic of significantly directional interactions."®™>"

On the other hand, there are 146 structures with dihydrogen
H---H contacts shorter than the van der Waals radii sum (2.40
A). Among the latter, in 85 structures the H---H short distance
is the result of a C---H contact at the same methyl group. In the
other 61 structures, there is no C--H contact accompanying
the H---H one, but, in most cases, the latter is the consequence
of an O-+H (e.g, VOTTOP,”> FENYAY”) or N--H (e.g,
MICCUZ,”* MOZWAZ*®) hydrogen bond. Thus, it is possible
that, due to the chemical composition of the interacting
groups, stabilizing dihydrogen interactions* > may appear
accompanying the C---H hydrogen bonds.

To try to understand a possible electrostatic origin of the
studied interactions, we have represented the molecular
electrostatic potential (MEP) of (CH;);Al-NH; (Figure 2).
This is a simple molecule that contains the two interacting
moieties, namely, Al-CH; and NH, and that has been seen to
establish an Al-CH;:--H—N short contact (2.73 A) in its crystal
structure (LINZOX).”” The MEP map shows two clearly
differentiated regions of positive and negative charge,
corresponding to the NH; and CHj; groups, respectively. In
the NHj; region, the most positive MEP value (V, ., = +56.3
keal/mol) is associated with the three hydrogen atoms. On the
other hand, in the methyl groups, the most negative point of
the electrostatic potential is located at the center of the plane
formed by the three hydrogen atoms (V,;, = —21.5 kcal/
mol). The asymmetry in the MEP distribution is due to the
presence of the ammonia group that induces some charge
depletion in the region of the methyl group that is closest to
the ammonia. It has been previously observed that, in the
molecule of trimethyl-aluminum, the MEP map of the methyl
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Figure 2. Molecular electrostatic potential map (s = 0.001 au) of
(CH,);AI-NH; (LINZOX). Electrostatic potential values are given in
keal/mol.

groups shows a 3-fold symmetry with the most negative point
still at the center of the three hydrogen atoms.'® Therefore, the
MEP map in Figure 2 clearly predicts an electrostatically
favored interaction between the N—H and CH; moieties, more
specifically with the carbon atom of the latter. This is in very
good agreement with the results of the above structural
analysis, in which the shorter the C---H distance, the more
linear the E—C---H—Y framework (Figure 1).

Next, we have selected four experimental examples of
interacting dimers featuring E-CHj;---HN interactions for E =
B, Al, Ga, and Si (BUFWUV,* LINZOX, LUVYOQ,”" and
JESLOL*” respectively; Figure 3). All dimers show H---C
distances shorter than the sum of the vdW radii, and the E—
C-+-H—-N framework is close to linearity in all cases. The
corresponding interaction energies have been calculated at the
DLPNO-CCSD(T) level on the crystallographic coordinates
with the positions of all H atoms optimized at the M06-2X/
def2-TZVPD (Table 1). Interaction energies are in the range
—3.01 to —5.78 kcal/mol, but it is hard to say which part of
those energies is due to the CHj;--H—N interaction. A
previous theoretical report estimated at —0.9 kcal/mol the
interaction energy of the C---H bond in the methane—water
adduct.”

We have chosen this computational approach to try to
mimic the scenario found in the solid state. However, the
interaction energies have been also computed both on the fully
optimized dimers and on the crystallographic coordinates
without further optimization (see complete results in the
Supporting Information; Table S1). In general, the strength of
the interaction increases from the nonoptimized systems to the
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Figure 3. Chemical structures, with the corresponding CSD refcodes,
of the four molecules studied here that are involved in —CHj---HN
hydrogen bonds, with the two interacting groups highlighted in blue.

LuvyoQ JESLOI

Figure 4. QTAIM+NCI plots of the four dimers under study
calculated at the M06-2X/def2-TZVPD level of theory. BCPs and BPs
are represented as red spheres and black lines, respectively. Blue,
green, and red NCI isosurfaces are associated with strong covalent,
weak attractive, and repulsive interactions, respectively.

Table 1. Main Geometrical Parameters and BSSE-Corrected
Interaction Energies Calculated at the M06-2X//DLPNO-
CCSD(T) Level of Theory with the def2-TZVPD Basis Set
for All Atoms for the Dimers under Study”

de.y E—-C---H ang. C--H—N ang. AE,,

refcode (A) (deg) (deg) (kcal/mol)
BUFWUV 2.52 177.7 177.8 -3.01
LINZOX 2.61 179.5 171.3 —-3.45
LUvVYOQ 247 177.3 176.8 —4.15
JESLOI 2.69 174.8 165.6 —-5.78

“Only the H atoms involved in the CH;--HN interaction were
optimized from the crystallographic coordinates.

H-optimized ones, and it is maximum in the fully optimized
dimers. For the latter, the intermolecular distances significantly
shorten upon geometry optimization, keeping the linearity of
the E—C--H—N moieties (see structures in the Supporting
Information). Furthermore, in the fully optimized dimers
LINZOX and LUVYOQ, there is an increase of the N—H
bond length in the interacting unit with respect to the
noninteracting N—H groups of around 0.003—0.005 A.
Similarly, an increase in the interacting AI-C and Ga—C
bonds lengths in LINZOX and LUVYOQ is also observed
(+0.015 and +0.020 A, respectively).

The topology of the electron density of the four dimers has
also been studied by means of the Quantum Theory of Atoms
in Molecules (QTAIM)* and the noncovalent interaction
index (NCI).** The results are presented in Figure 4.
Remarkably, in all cases there is a bond path between the
carbon and hydrogen atoms involved in the interaction. The
values of the electron density and its Laplacian at the bond
critical points are within the expected range for weakly
hydrogen-bonded neutral molecules (see complete results in
the Supporting Information).”® Moreover, the associated NCI
isosurfaces show a disk-like shape which is characteristic of
hydrogen bonds. The shape of the isosurfaces in the dimers
with the shortest C---H contacts, namely, BUFVUW and
LUVYOQ, is more triangular because the three N—H---H—C
distances are within the sum of the vdW radii (2.40 A). Note
that in the case of LUVYOQ, the color of the NCI isosurface is
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bluer, indicating a stronger interaction. Other bond paths
between the monomers are associated with ubiquitous
dihydrogen interactions, which undoubtedly contribute to
the overall stability of the dimers.”*™>®

The electron density shift (EDS) is a very useful tool to
visualize the changes in the electron density in two isolated
molecules upon complexation, and it has been widely applied
to the study of noncovalent interactions.”*™*° We have
calculated the EDS maps of the four analyzed dimers, and
the results are depicted in Figure S. It can be observed that, in
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Figure S. Electron density shift (EDS) maps for the four dimers
under study represented at the 0.000S au isovalue calculated at the
MO06-2X/def2-TZVPD level of theory. Blue and red represent
negative and positive values of the EDS, respectively.

all cases, there is an increase in the electron density at the
extension of the E—C bond of the interacting methyl group
(red regions). On the other hand, the H-bond donor, i.e., the
hydrogen atom, shows a blue region that indicates a decrease
of the electron density. These pictures are very similar to those
found 1n previous EDS studies of hydrogen bonds, both
intra-*" and intermolecular.*"**
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Natural bond orbital (NBO) analyses have been carried out
to disclose the dominant orbital interactions involved in the
studied hydrogen bonds. Second-order perturbation energies
for the different charge transfer processes in the four dimers
under study are summarized in Figure 6. In all cases, the most

1

T T
Ogc = 0N
Oc-H(1) = 0 N-H XXX
Oc-HR) — N
- i
0.8 OG- — 0Ny -
T
=) -
= 0.6
‘<
£
= 04
8
(NN
0.2

Figure 6. Second-order perturbation energies E® for relevant charge
transfer processes in the four dimers under study obtained by means
of an NBO analysis.

important orbital interaction is a charge transfer from a o
occupied E—C orbital into an empty o* antibonding N—H
orbital. Such interactions are particularly relevant in LINZOX
and LUVYOQ, accounting for 0.62 and 0.71 kcal/mol,
respectively. On the other hand, we also found charge transfer
processes from the three o(C—H) bonding orbitals of the
methyl group into the same empty o* antibonding N—H
orbital. These interactions are less energetic than the 6(E—C)
— 0*(N—H) one, with second-order perturbation energies
ranging from 0.10 to 0.33 kcal/mol. In JESLOI, only two
6(C—H) orbitals are found to act as donors probably due to
the lower value of the C---H—N angle that separates the third
6(C—H) orbital from the interacting region. The NBO results
are consistent with the hypothesis of the interaction as a
hydrogen bond, although in this case there is no lone pair
acting as electron density donor but a o-bonding orbital of a
methyl group.

B CONCLUSIONS

We have reported herein a novel hydrogen bond between a
protic hydrogen atom and the sp>-C atom of a methyl group,
acting as the hydrogen bond donor and acceptor, respectively.
To accumulate the electron density in the C atom, the methyl
group must be bound to an atom E that is less electronegative
than carbon (e.g,, E = B, Al, Si). This hydrogen bond can be
extensively found in the solid state showing a high degree of
linearity, especially for short C---H distances. MEP, QTAIM,
NCI, and EDS calculations helped us to demonstrate that the
interaction occurs mainly via the methyl carbon atom with
contributions of the hydrogen atoms. NBO analyses showed
that the sp’ carbon atom, despite not having available lone
pairs, is able to donate electron density from a o(E—C)
bonding orbital. These results allow new uses of sp’~C atoms
in crystal design and open the possibility of exploring other
scenarios in which methyl groups can behave as electron
density donors.

B COMPUTATIONAL DETAILS

Structural searches were carried out in the Cambridge
Structural Database (CSD), version 5.41 (November 2019)
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with three updates.'® We only considered crystal structures
with 3D coordinates defined, nondisordered, with no errors,
not polymeric and with R lower than 0.05. CSD identifiers are
given throughout the manuscript as six-letter refcodes (e.g.,
ABCDEF). The van der Waals radii proposed by Alvarez were
used."”

DFT calculations were performed with the MO06-2X
functional and the def2-TZVPD basis sets for all atoms. We
chose the M06-2X functional because it has shown very good
performance with noncovalent interactions in previous bench-
mark reports.””** Dimers were analyzed in three different
geometries: the crystallographic coordinates, the crystallo-
graphic coordinates with the H atoms optimized, and the fully
optimized coordinates. All geometry, both partial and total,
were done at the MO06-2X/def2-TZVPD level. Interaction
energies were calculated via the supermolecule approach and
corrected for the BSSE by means of the counterpoise
method.* DLPNO-CCSD(T) calculations were done on the
DFT geometries with the ORCA 4.2.1 software.*® DFT and
MP2 calculations were carried out with Gaussian16."’

MEP maps were built on the 0.001 A electron density
isosurface with GaussView."®> QTAIM and NCI topological
analyses of the electron density were carried out with
MultiWfn 3.7 on the DFT wave function.”” NBO analysis
was done with the NBO3.1 software®® as implemented in
Gaussian16 at the DFT level. EDS surfaces (EDS,; = p(AB) —
p(A) — p(B)) were generated with MultiWf 3.7 and
represented with VMD 1.9.3.°'

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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