Computational study of the C-H--H-C contacts in Valine-methane
complexes.
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ABSTRACT: A series of complexes between neutral Valine and methane that feature potential homopolar C-H:--H-C contacts
were located on the MP2 /aug-cc-pVTZ potential energy hypersurface. In order to better estimate the strength of this contacts,
the interaction energies were improve by single-point calculations at different levels of theory (MP2, CCSD(T), SAPT2,
SAPT2+3) together with Dunning’s basis sets (aug-cc-pVXZ; X=T,Q,5). Topological analysis of the electron density within the
QTAIM framework, NCI plots and energy decomposition within the SAPT framework were used to discuss the nature of this
interactions. The complexes whose monomers only interact though C-H--H-C contacts indicate that these interactions are
entirely due to dispersion forces, are not directional and are much stronger than expected (the interaction energies of the
complexes range from -0.7 to -1.0 kcal/mol). This large value is remarkable considering the small size of the interacting
groups herein considered (methane, and one or two Valine’s methyl groups), and indicates that in biological systems, where
those interactions can be very numerous in the presence of multiple aliphatic amino acids, if those interactions are not
properly model, magnitudes as ligand-receptor affinities, protein-protein interaction energies and protein stabilities might
be grossly misestimated. Finally, since some of the computed complexes also include stronger interactions than homopolar
C-H--H-C contacts, we analyzed if the potential C-H---H-C contacts in these complexes are really contributing to stabilize the
complexes or are just a geometrical artifact arising from the maximization of stronger interactions.




INTRODUCCION

Intramolecular interactions among amino acid side chains
contribute significantly to the structural stability and confor-
mational dynamics of proteins. The interplay of various ca-
nonical interactions like hydrogen bonds, salt bridges and
hydrophobic interactions,!3 and a variety of non-canonical
interactions like CH---wt, OH---w, NH--'xt, n---7t stacking, and cat-
ion-minteractions between amino acid residues* play an im-
portant role in protein stability. The role of hydrogen bonds
(X-H-Y) in protein stability and molecular recognition have
been investigated extensively by experimental investiga-
tions and theoretical predictions. There is a considerable
amount of literature on dihydrogen bonding M-H--H-X,
which is a particular kind of hydrogen bonding interaction
between a transition metal or main-group hydride (M-H) and
a protic hydrogen moiety (H-X). The potential contribution
of homopolar dihydrogen bonds (C-H--H-C) to protein stabil-
ity and the nature of this sort of interaction itself was over-
looked until very recently. In contrary to the highly direc-
tional hydrogen bonds and dihydrogen bonds that exist be-
tween interacting groups of different polarities, C-H--H-C
contacts involve hydrogen atoms of similar polarity and are
expected to be weak, non-directional and resulting from in-
duced dipole-induced dipole (dispersion) interactions.
Homonuclear C-H:--H-C interactions hold alkanes together in
the solid state and in the lipid parts of cell membranes.

The existence, strength and nature of homopolar dihydro-
gen bonds has led to a stimulating debate among research-
ers. Pioneering theoretical calculations by Bader and
coworkers using the Quantum Theory of Atoms in Molecules
(QTAIM) confirmed the existence of C-H--H-C bond critical
points (BCPs) and paths (BPs) in planar aromatic systems
composed of fused-phenyl rings, which was associated with
a stabilizing C-H--H-C bonding interaction.>¢ On the other
hand, Bikelhaupt and co-workers applied the Electron De-
composition Analysis (EDA) to planar diphenyl and con-
cluded that the C-H--H-C bonding predicted by QTAIM does
not really exist, instead describing such C-H---H-C contact as
a mere (repulsive) steric interaction.”# While Bader claimed
that disagreement was due to the lack of theoretical rigor of
the EDA method, Bikelhaupt and co-workers pointed to-
wards a lack of “any predictive power” of QTAIM.>10 Hernan-
dez-Trujillo and Matta revisited this system and analyzed the
interaction of the atoms in different phenyl rings within the
QTAIM framework, founding thatin fact there is an attractive
H---H interaction and that the rotational barrier associated to
the planar conformation arises from a destabilization of the
biphenyl C-C bond.!! Likewise, Palacios and Gomez con-
cluded that there is an H--H attractive interaction based on
their analysis of the electrostatic potential.'? Popelier and co-
workers applied the interacting quantum atoms (IQA) ap-
proach (IQA) to the rotational profile of biphenyl and con-
cluded that the observed planar barrier is indeed due to ste-
ric interactions between the hydrogen atoms, but they also
found a stabilizing covalent bonding interaction between
those two hydrogen, but the magnitude of this contribution
is smaller compare to the steric repulsion.’® Alvarez and
coworkers confirmed the stabilizing nature of C-H---H-C con-
tacts between saturated alkanes and polyhedranes, and
showed that these kind of homonuclear dihydrogen contacts
are subtle but much stronger than previously thought.1#

Recently, Cuevas and co-workers estimated the nature and
magnitude of the interactions in 11 different relative orien-
tations of methane dimer using electron density analysis and
energy decomposition analysis.!s

The van der Waals interactions between buried non-polar
side chains of amino acids are expected to play a significant
role in protein folding and stability, making the contribution
of C-H-"H-C contacts between alkyl side chains critical. The
existence and nature of these subtle homopolar dihydrogen
interactions and their role in the stabilization of proteins and
protein-ligand interactions is greatly overlooked. Herein, we
computationally study and analyze several weakly-bound
complexes featuring potential C-H---H-C contacts between a
nonpolar amino acid, Valine, and a nonpolar probe molecule,
methane (CHi). We expect this model system would repre-
sent a first step towards the understanding of the contribu-
tion of C-H--H-C sidechain interactions towards protein sta-
bilization.

METHODS

Electronic structure calculations. Gas-phase geometry
optimizations were performed by means of the second order
Mgller-Plesset perturbation theory (MP2) together with the
Dunning’s aug-cc-pVTZ basis set.161° In order to improve our
predictions of the interaction energy, single-point energy
correction were computed at different levels of theory:
MP2/aug-cc-pVTZ, MP2/aug-cc-pVQZ, MP2/aug-cc-pVQZ,
and Coupled Cluster with connected single, double and per-
turbative triple contributions together with the aug-cc-pVTZ
basis set (CCSD(T)/aug-cc-pVTZ).16-19 Boys-Bernardi coun-
terpoise (CP) method was used to computed the correspond-
ing basis set superposition error (BSSE)-corrected values of
the interaction energy.820 The interaction energy was also
computed using the symmetry-adapted perturbation theory
(SAPT) together with the aug-cc-pVTZ basis set.?! All calcu-
lations were performed using Psi4 1.3. 22

Analysis of the electron density. Topological analysis of
the electron density based on the quantum theory of atoms
in molecules (QTAIM) as well as non-covalent index (NCI)
plots were generated using Multiwfn 3.7.523-25

Visualization software. The molecular structures show-
casing the geometrical parameters were built using Avoga-
dro 1.2.0,2¢ QTAIM figures were built using Multiwfn,25 and
NCI figures were built using VMD.?7

RESULTS AND DISCUSSION

1. Geometries. Figures 1-3 collect the 26 different Valine-
methane complexes that have been located on the MP2/aug-
cc-pVTZ potential energy hypersurface (PES). The goal was
not to exhaustively locate all the possible complexes but to
find a large number of complexes that exhibit potential C-
H--H-C contacts, so we can better understand the nature and
energetic range of these contacts in systems of biological in-
terest. All these complexes were characterized as real min-
ima through a vibrational analysis with the exception two of
them, Val-Met_5b (Figure 2) and Val-Met_Oc (Figure 3),
which exhibit one small imaginary frequency each (12i cm-1
and 15i cm-1, respectively). All our attempts to converge
these two complexes to minimum structures were unsuc-
cessful and, bearing in mind the lower absolute value of
those imaginary frequencies and the fact that for each



complex there are two other analog complexes that were
characterized as minima (Val-Met_5a and Val-Met_5c, and
Val-Met_0Oa and Val-Met_0b, see Figures 1-3), we think that
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Figure 1. Valine-Methane complexes located on the MP2/aug-cc-pVTZ PES belonging to the series a. Two views of each structure
are shown. Some selected intermolecular distances are given (A). Blue values represent distances that are highlighted in both views
while red values represent distances that highlighted in only one of the views.

The 26 weakly bound complexes have been divided in
three different series: series a (from Val-Met_0a to Val-
Met_8a, see Figure 1), series b (from Val-Met_0b to Val-
Met_8b, see Figure 2) and series c (from Val-Met_Oc to Val-
Met_8c, see Figure 3). Members of each series share a simi-
lar conformation of the Valine monomer, while complexes la-
belled with the same number (0-8) but belonging to different
series are similar to each other and differ on the Valine con-
formation (occasionally also on the interaction pattern be-
tween Valine and methane, precisely as a consequence of the
different Valine conformations considered; please, compare
for instance Val-Met_4a with Val-Met_4b, and Val-Met_6a
with Val-Met_6b, collected in Figures 1 and 2).

While series a and c include 9 complexes, series b only in-
cludes 8 (see Figures 1-3) since we failed to locate structure
Val-Met_7b. Our attempts to obtain Val-Met_7b generally
ended up producing Val-Met_6b due to how easily the sys-
tem picks up the C-H---H-O intermolecular interaction; that
is, the barrier interconverting Val-Met_6b and Val-Met_7b
may be too low, or even the C-H-H-O interaction may be
strong enough to prevent the formation of a minimum re-
sembling Val-Met_7b on the PES. Such C-H---H-O interaction
cannot occur in the conformations Valine adopts for series a
and c, and for this reason we were able to easily locate Val-
Met_7a and Val-Met_7c but not their analog Val-Met_7b.
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Figure 2. Valine-Methane complexes located on the MP2/aug-cc-pVTZ PES belonging to the series b. Two views of each structure
are shown. Some selected intermolecular distances are given (A). Blue values represent distances that are highlighted in both views
while red values represent distances that highlighted in only one of the views. For the structures predicted to have a small imaginary

frequency is value in cm! is in red right under the structure label.

Within each series, the complexes can be further divided
in three subsets. Complexes from Val-Met_0x to Val-Met_3x
(x=a, b, ¢) form a subset of structures exhibiting potential C-
H--H-C contacts between the methane and both methyl
groups of the Valine’s sidechain. Complexes Val-Met_4x and
Val-Met_5x (x = a, b, c) are alike in the sense that they only
exhibit potential C-H---H-C contacts between the methane
and one of the two methyl groups of the Valine’s sidechain.
Finally, complexes from Val-Met_6x to Val-Met_8x (x =a, b,
c) can be grouped together into a subset of compounds that
exhibit potential C-H---H-C contacts together with other po-
tential stronger interactions, such as C-H-*H-N contacts (see
for example Val-Met_8a in Figure 1). This last subset will al-
low us to investigate whether C-H--H-C attractive interac-
tions survive in the presence of stronger interaction or they
get turned into steric repulsive interactions accounting for a
small energy penalty to pay in order to maximize a stronger
interaction.

For a given x, the geometries of the Val-Met_0x to Val-
Met_3x (x = a, b, c) are only slightly different and difficult to
tell apart for the untrained eye (see Figures 1-3). Each of
them exhibits potential contacts with both methyl groups
and only differ due to subtle translations and rotations of the
methane respect to the Valine. That may be a consequence of
the generally assumed nature of the C-H--H-C contacts:

weak, additive interactions thatlack the directional nature of
other stronger interactions such as hydrogen bonds. In other
words, the minima located seem to maximize the number of
potential contacts instead of adopting geometries that max-
imize the strength of a few contacts. In fact, for all the Val-
Met_Ox to Val-Met_3x (x = a, b, c) complexes, there are al-
ways five or six intermolecular H--H distances within the
2.7-3.1 A (arbitrary) range, which hints towards a large num-
ber of C-H--H-C contacts, being the only exception Val-
Met_Oc that exhibits just four H--H distances within that
range (see Figure 1-3).

As mentioned before, the methane is potentially interact-
ing with both methyl groups of the Valine sidechain in the
Val-Met_0x to Val-Met_3x (x = a, b, c) structures, but that
interaction is not symmetric. The distances between the me-
thane’s carbon center and the carbon centers of the Valine’s
methyl groups are collected in Chart 1. For Val-Met_0x to
Val-Met_2x (x = a, b, ¢), r1 distance is always longer than r,
indicating a stronger interaction with methyl group B (see
Chart 1). The opposite is observed for Val-Met_3x (x = a, b,
¢), indicating that in this case the interaction is stronger with
the methyl group A (see Chart 1). In any case, the difference
between those two distances is always around 0.2 A, and it is
safe to assume that for those 12 complexes the methane is
interacting with both sidechains’ methyl groups.
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Figure 3. Valine-Methane complexes located on the MP2/aug-cc-pVTZ PES belonging to the series c. Two views of each structure
are shown. Some selected intermolecular distances are given (A). Blue values represent distances that are highlighted in both views
while red values represent distances that highlighted in only one of the views. For the structures predicted to have a small imaginary

frequency is value in cm-! is in red right under the structure label.

n [ n r n n
Val-Met_0x 4.021 3773 4.042 3.797 4.042 3.854
Val-Met_1x 4.026 3.789 4.024 3779 3.970 3.799
Val-Met_2x 4.014 3772 4.003 3.786 3.998 3.817
Val-Met_3x 3.790 3.971 3.802 3.970 3.769 3.991
Val-Met_4x 3.583 5.897 3.564 5.804 3.586 5.901
Val-Met_5x 5755 3552 5832 3.549 5777 3543
Val-Met_6x 4.362 3.992 4.803 4117 4.639 3.938
Val-Met_7x 5783 3781 - - 5.908 3.687
Val-Met_8x 4.657 4.868 4.604 4.870 4553 5.061

Chart 1. Carbon-carbon distances between each methyl
group of the valine and the methane for the 26 com-
plexes located.

Let us focus now on complexes Val-Met_4x and Val-
Met_5x (x = a, b, ¢), which exhibit interactions between the

Methane and only one of the Valine’s methyl groups (see Fig-
ures 1-3). For these six structures, the methane interacts
with the methyl group adopting a staggered conformation in-
stead of an eclipsed one. We again attribute that to the fact
that this C-H--H-C interactions are weak but additive, so the
system prefers to maximize the number of potential contacts
(up to six in the staggered conformation) instead of forming
a smaller number of stronger contacts (up to three in the
staggered conformation). It is also interesting to note that
the C---C distance of the interacting groups is now lower than
any C--C distance in the Val-Met_nx (n=0-3;x=a, b, ¢) com-
plexes, where the methane is interacting with two methyl
groups at the same time and can afford a larger separation
from each methyl in order to build more contacts with both
methyl groups instead of only one (see Figures 1-3 and
Chart 1).

Now we focus our attention on the eight complexes that
exhibit other potential and stronger interactions besides C-
H:-H-C contacts: Val-Met_6x (x = a, b, ¢), Val-Met_7x (x = a,
c) and Val-Met_8x (x = a, b, c). Based on the geometry pa-
rameters collected in Figures 1-3, all of them except Val-
Met_6b feature C-H--:0 interactions. The largest H--O dis-
tance observed is 2.861 A (Val-Met_8c, see Figure 3) while
the shortest one is 2.516 A (Val-Met_7c, see Figure 3). The
three Val-Met_8x (x = a, b, ¢) complexes all exhibit potential
C-H--H-N contacts whose associated distances range from



2.425 to 2.449 A (see Figures 1-3). Only one complex exhibit
potential C-H-+H-O contacts, Val-Met_6b (see Figure 2),
which exhibits two potential contacts characterized by H---H
distances of 2.191 and 2.212 A (see Figure 2). All these com-
plexes also appear to build C-H--H-C contacts, although for
the three Val-Met_8x (x = a, b, c), none of those C-H--H-C po-
tential contacts involve the sidechain’s methyl groups (see
Figures 1-3 and the C---C distance values collected in Chart
1). Although many of them lie within the usual 2.7-3.1 A
range, almost all of them, except for Val-Met_7c, exhibit ex-
amples of shorter C-H-H-C distances ranging from 2.54 to
2.65 A (see Figures 1-3). It is fair to wonder whether those
shorter values represent stabilizing C-H--H-C contacts or
some sort of steric, repulsive interaction.

2. Interaction energies. Table 1 collects the interaction
energies for the 26 complexes located on the MP2 /aug-cc-
pTZ PES at different levels of theory:

L. MP2/aug-cc-pVXZ (X = T, Q, 5). Second order
Mgller-Plesset (MP2) results computed with different Dun-
ning’s basis sets. Both, basis-set superposition error (BSSE)
uncorrected and corrected results, using the counterpoise
(CP) method, are included.

I1. SAPTx/aug-cc-pVTZ (x = 0, 2, 2+3). Different levels
of Symmetry-adapted perturbation theory (SAPT) together
with a Dunning’s triple-C basis set. There are two main ad-
vantages of using SAPT methods: this interaction energies
are BSSE free due to the nature of this calculations, and the
interaction energy is naturally decomposed on a series of
terms with easy physical interpretation. SAPTO+D interac-
tion energies are equivalent to Hartree-Fock (HF) interaction
energies plus a dispersion correction (including the corre-
sponding dispersion-exchange term). SAPT2 interaction en-
ergies are roughly equivalent to MP2 interaction energies. Fi-
nally, SAPT2+3 includes additional terms, and the quality of
its results can be compared to MP4 interaction energies.

[II.  CCSD(T)/aug-cc-pVTZ. Coupled cluster with con-
nected single-doubles excitation and perturbative triple ex-
citations (CCSD(T)) calculations with a Dunning’s triple-C ba-
sis set. Both uncorrected and CP-corrected results are pro-
vided.

IV.  CCSD(T)/aug-cc-pVTZ+5(aV5Z). Our highest com-
putational level of theory includes interaction energies com-
puted at the CCSD(T)/aug-cc-pVTZ plus a 6aV5Z correction
computed as the difference between the MP2/aug-cc-pV5Z
and MP2/aug-cc-pVTZ energies.

There are some general patterns arising from the data col-
lected in Table 1. First, the interaction energies at the
MP2/aug-cc-pVTZ and CCSD(T)/aug-cc-pVTZ level of theory
are rather similar. In general, MP2 overestimates its value
(they tend to be smaller in absolute value) as the positive
mean signed deviation (m.s.d. = 0.028 kcal/mol) reveals.
That difference for each of the complexes is always smaller
than 0.1 kcal/mol (in absolute value) and the mean absolute
error (m.a.e.) is only 0.036 kcal/mol. Considering this small
value of the m.a.e. and bearing in mind that is generally ac-
cepted that is easier to converge the geometrical parameters
than the energetic ones, we are confident that the inclusion
of a larger proportion of the correlation energy would not
significantly affect the geometry of the computed complexes.

The differences between the interaction energies com-
puted at the MP2/aug-cc-pVTZ and MP2 /aug-cc-pV5Z levels
oftheory are much acuter. The aug-cc-pVTZ basis set consist-
ently underestimates the MP2 interaction energies (overes-
timates the absolute value of the interaction energies), as
compare to the MP2/aug-cc-pV5Z values (m.s.d. = -0.292
kcal/mol, m.a.e. = 0.292 kcal/mol). On the other hand, if we
compare the corresponding counterpoise (CP) corrected val-
ues, CP-MP2 /aug-cc-pVTZ vs. CP-MP2 /aug-cc-pV5Z, the av-
erage error is greatly reduced (m.s.d. = 0.056 kcal/mol, m.a.e.
= 0.056 kcal/mol), which indicates that the BSSE is mostly
responsible for the interaction energy error at the MP2 /aug-
cc-pVTZ level of theory. It is worth noting that the average
error on the interaction energies at the MP2/aug-cc-pVQZ
level of theory (m.s.d. = -0.083 kcal/mol, m.a.e. = 0.083
kcal/mol) is less than a third the corresponding average er-
ror when the aug-cc-pVTZ basis set is used. Based on these
trends we cannot completely discard the need a quadruple-
or quintuple-C basis set to get a converged geometry, but as
mentioned above, getting a converged geometry is an easier
task than converging the energetic values, and performing
geometry optimizations at the MP2/aug-cc-pVTQZ or
MP2/aug-pV5Z levels of theory would be too costly consid-
ering both the size and the number of systems studied in this
work.

The absolute value of the CP-correction at the MP2/aug-
cc-pV5Zis in general small (m.s.d. = -0.069 kcal/mol, m.a.e. =
0.069 kcal/mol). Furthermore, the comparison of both
MP2/aug-cc-pV5Z and CP-MP2/aug-cc-pV5Z against the
SAPT2/aug-cc-pVTZ results, which are free of BSSE, reveals
that: first, interaction energies at the CP-MP2/aug-cc-pV5Z
level of theory are very similar to the SAPT2 results but sys-
tematically overestimate (underestimated the absolute
value of) the interaction energy (m.s.d. = 0.043 kcal/mol,
m.a.e. = 0.048 kcal/mol), and second, interaction energies at
the MP2 /aug-cc-pV5Z level of theory are even more similar
to the SAPT2 results but systematically underestimate (over-
estimated the absolute value of) the interaction energy
(m.s.d. =-0.025 kcal/mol, m.a.e. = 0.027 kcal/mol). These ob-
servations allow us to conclude that at MP2 /aug-cc-pV5Z in-
teraction energies are nearly or fully converged regarding
the basis set. This conclusion is also supported by the ten-
dency of the counterpoise method to overestimate the BSSE
contribution for correlated methods.28

Let us now explore the effect of increasing the amount of
correlation energy recovered on the interaction energies
that are free or nearly free of BSSE. If we compare the inter-
action energy results at both SAPT2+3/aug-cc-pVTZ and
CCSD(T)/aug-cc-pVTZ+35(aV5Z) levels of theory to the
SAPT2/aug-cc-pVTZ interaction energies, we observe that:
first, SAPT2+3/aug-cc-pVTZ always increases the absolute
value of the interaction energies (m.s.d. = -0.115 kcal/mo],
m.a.e. = 0.115 kcal/mol), and second, CCSD(T)/aug-cc-
pVTZ+R(aV5Z) also increases the absolute value of the inter-
action energies (m.s.d. = -0.053 kcal/mol, m.a.e. = 0.053
kcal/mol), although the differences are always smaller than
for the SAPT2+3 approach. As mentioned above, we deem
CCSD(T)/aug-cc-pVTZ+5(aV5Z) as our highest computa-
tional level; the fact that SAPT2+3 also corrects the interac-
tion energies in the same direction reinforces our trust on
the CCSD(T)/aug-cc-pVTZ+6(aV5Z) results.



Table 1. Interaction energies at several levels of theory computed by means of single-point calculation on the
MP2 /aug-cc-pVTZ geometries. aVXZ stands for aug-cc-pVXZ. CP indicates couterposie (CP) corrected values while
nonCP indicate values without BSSE correction. All values are given in kcal/mol.

MP2 MP2 MP2 SAPO+D  SAPT2 SAPT2+3  CCSD(T) CCSD(T)

avTzZ avQz avbszZ avTz avTz avTZ avTz aVTZ+3(zV5z)

nonCP  CP nonCP  CP nonCP  CP nonCP  CP nonCP
Val-Met_0a -1.17  -0.81 -099 -0.85 -091 -0.86 -0.96 -0.90 -0.99 -1.21  -0.87 -0.95
Val-Met_la -1.14  -0.79 -096 -0.82 -0.89 -0.83 -0.93 -0.87 -0.97 -1.19 -0.85 -0.93
Val-Met_2a -1.17  -0.81 -098 -0.85 -091 -0.86 -0.96 -090 -0.99 -1.21  -0.87 -095
Val-Met_3a -1.14  -0.79 -095 -0.82 -0.89 -0.83 -0.94 -0.87 -0.97 -1.18 -086 -0.93
Val-Met_4a -0.87 -0.60 -0.73  -0.62 -0.67 -0.63 -0.72 -0.67 -0.74 -092 -0.66 -0.72
Val-Met_5a -0.98 -0.66 -0.81 -0.69 -0.75  -0.70 -0.80 -0.74  -0.82 -1.03  -0.73 -0.80
Val-Met_6a -193 -1.35 -1.64 -141 -1.53 -1.43 -1.61 -1.48 -1.63 -1.93 -1.39 -1.53
Val-Met_7a -1.36  -0.92 -1.14  -0.96 -1.05 -0.98 -1.12 -1.02  -1.14 -1.41  -0.99 -1.10
Val-Met_8a -2.18 -1.57 -1.90 -1.65 -1.78  -1.67 -1.96 -1.72  -1.89 -2.18  -1.61 -1.77
Val-Met_Ob -1.19  -0.83 -1.01 -0.87 -0.94 -0.88 -0.98 -092 -1.01 -1.23  -0.89 -0.97
Val-Met_1b -1.16  -0.81 -098 -0.84 -091 -0.85 -0.95 -0.89  -0.99 -1.20 -0.87 -0.95
Val-Met_2b -1.18  -0.83 -1.00 -0.86 -093 -0.87 -0.98 -092 -1.01 -1.22  -0.89 -0.97
Val-Met_3b -1.14  -0.79 -095 -0.82 -0.89 -0.83 -0.93 -0.87 -0.97 -1.18 -0.86 -0.93
Val-Met_4b -0.87 -0.60 -0.73  -0.63 -0.68 -0.63 -0.72 -0.68 -0.75 -092 -0.67 -0.73
Val-Met_5b -1.03  -0.71 -0.86 -0.73 -0.79  -0.74 -0.84 -0.79  -0.87 -1.08 -0.77 -0.84
Val-Met_6b -2.75  -2.03 -240  -2.11 -2.27  -2.14 -2.27 -2.08 -2.39 -2.75  -2.07 -2.27
Val-Met_8b -2.26  -1.64 -197 -1.71 -1.84 -1.74 -2.03 -1.80 -1.96 -2.24 -166 -1.83
Val-Met_0Oc -1.20 -0.83 -1.00 -0.86 -093 -0.87 -0.97 -091 -1.00 -1.22  -0.88 -0.95
Val-Met_1c -1.15  -0.80 -0.97 -0.83 -090 -0.84 -0.94 -0.88 -0.98 -1.19 -0.87 -0.94
Val-Met_2c -1.19  -0.82 -1.00 -0.86 -0.92 -0.87 -0.97 -091 -1.00 -1.22  -0.88 -095
Val-Met_3c -1.18  -0.82 -099 -0.86 -092 -0.87 -0.97 -091 -1.00 -1.22  -0.89 -0.96
Val-Met_4c -092 -0.64 -0.77  -0.66 -0.71  -0.67 -0.75 -0.71  -0.79 -096 -0.67 -0.76
Val-Met_5c -093 -0.63 -0.78 -0.66 -0.71  -0.67 -0.77 -0.72  -0.79 -096 -0.70 -0.75
Val-Met_6¢ -2.19  -1.60 -191 -1.68 -1.80 -1.70 -2.04 -1.81  -1.97 -2.21  -1.66 -1.82
Val-Met_7c -1.75  -1.29 -1.53  -1.34 -1.44 -1.36 -1.65 -145 -1.56 -1.78 -1.34  -1.47
Val-Met_8c -297  -2.17 -2.59  -2.26 -243  -2.29 -2.57 -2.32 -2.52 -2.87  -2.12 -2.34

Finally, it is worth highlighting how remarkable well the
SAPT0+D/aug-cc-pVTZ level of theory performs for these
systems compare to the SAPT2+3/aug-cc-pVTZ (m.s.d. =
0.015 kcal/mol, m.a.e. 0.041 kcal/mol) and the
CCSD(T)/aug-cc-pVTZ+5(aV5Z) (m.s.d. = -0.047 kcal/mol,
m.a.e. 0.048 kcal/mol) levels of theory. Then,
SAPTO0+D/aug-cc-pVTZ seems like a valid methodology for
modeling larger systems that are similar in nature to the
ones studied in the present work.

Now we continue our discussion on the interaction ener-
gies by focusing on the CCSD(T)/aug-cc-pVTZ+5(aV5Z) in-
teraction energies. For the subgroup of complexes that ex-
hibit potential C-H--H-C contacts between the methane and
both Valine’s methyl groups, Val-Met_nx (n=0-3;x=a, b, ¢),
their interactions energies lie take values between -0.93 and
-0.97 kcal/mol (see Table 1). We mentioned on the discus-
sion of the geometries (see above) that it is very difficult to
distinguish between Val-Met_0x, Val-Met_1x, Val-Met_2x

and Val-Met_3x, for a given x = a, b or c (see Figures 1-3),
being the main different observed that Val-Met_nx (n = 0-2;
x = a, b, c) complexes appear to interact stronger with the
methyl B than methyl A (see Chart 1) while Val-Met_3x (x =
a, b, ¢) complexes appear to interact strongly with methyl A
than methyl B (see Chart 1). Then, geometry and energy re-
sults indicate that the methane can interact in multiple fash-
ions with both methyl groups of the Valine’s sidechain at
once without important energy differences (flexible, versa-
tile and easily distorted interactions). Furthermore, the ab-
solute value of this interaction is also remarkable, nearly 1
kcal/mol, especially considering that only involves two me-
thyl groups and a methane. We can envision that the value
associated to this type of interactions can grow quite large if
the interaction of two hydrophobic segments of a protein or
the interaction of a hydrophobic moiety of aligand with a few
aliphatic sidechains in a target pocket are considered; in
other words, grand goals such as the accurate estimate of



protein-protein interactions, protein stabilities and target-
ligand affinity may be grossly misestimated if the C-H--H-C
contacts are not properly taken into account. On the other
hand, based on how flexible and versatile the interactions
based on these contacts are, we can expect that the specific
geometries of those systems to be controlled by other inter-
actions more critically affected by geometrical changes, such
as hydrogen bonds, without much penalizing the energetic
contribution from potential C-H---H-C contacts.

Let us now consider complexes Val-Met_nx (n=4,5;x=a,
b, c). These complexes only form C-H--H-C contacts and the
interactions involve only one of the methyl groups of the Va-
line. The interaction energies for these four complexes range
from -0.72 to -0.84 kcal/mol (see Table 1), which does not
represent a dramatic decrease on the absolute value of the
interaction energies compare to the complexes where the
methane is interacting with both methyl groups at the same
time (between 0.25 and 0.09 kcal/mol stronger for the lat-
ter). Once again, this indicates how versatile and flexible
these interactions are that not only allow for the formation
of multiple similar complexes involving two methyl groups
in the interaction, they also can disengage one of those me-
thyl groups without paying a high penalty in terms of inter-
action energy.

For series a and b, the methane in complex Val-Met_5x in-
teracts strongly with the corresponding methyl group (-0.80
and -0.84 kcal/mol for x = a, b respectively, see Table 1) than
in complex Val-Met_4x (-0.72 and -0.73 kcal/mol for x=a, b
respectively, see Table 1). Interestingly, the interaction en-
ergies of Val-Met_4c and Val-Met_5c are nearly identical (-
0.76 and -0.75 kcal/mol respectively, see Table 1). We do not
currently have an explanation for such differences.

Finally, we consider now complexes that exhibit potential
C-H--H-C contacts together with other sort of interactions:
Val-Met_nx (n = 6, 8; x = a, b, c) and Val-Met_7x (x = a, c).
The interaction energies of this complexes are the strongest
computed in the present work, ranging from -1.10 to -2.34
kcal/mol (see Table 1). The two strongest complexes are
Val-Met_6b and Val-Met_8c whose interaction energies are
-2.27 and -2.34 kcal/mol respectively (see Table 1). Val-
Met_6b exhibits two C-H--H-O close contacts (2.191 and
2.212 A, see Figure 2) that are likely to be responsible for
most of the interaction energy. Val-Met_8c exhibits two N-
H-H-C close contacts (2.435 and 2.567 A, see Figure 3) and
one potential C=0--H-C contact (2.861 A, see Figure 3)
which are responsible for the high absolute value of the in-
teraction energy observed.

Val-Met_8a and Val-Met_8b, likewise Val-Met_8c, also
exhibits two N-H-*H-C close contacts (2.437 and 2.449 A, see
Figure 1; 2.425 and 2.446 A, see Figure 2) and one potential
C=0-H-C contact (2.641 A, see Figure 1; 2.632 A, see Figure
2), but the interactions energies are quite smaller in absolute
value (-1.77 and -1.83 kcal/mol for Val-Met_8a and Val-
Met_8b, respectively, see Table1). We hypothesis that the
internal hydrogen bond between the amine and the carbox-
ylic acid on Val-Met_8c may increase the polarity of the N-H
bonds, reinforcing the N-H---H-C interaction.

The interaction energy of Val-Met_6c¢ is remarkably large
(-1.82 kcal/mol, see Table 1), and we again expect is related

the internal hydrogen bond which may help increase the po-
larity of the C=0 bond, resulting on a stronger C=0---H-C con-
tact (2.593 A, see Figure 3). On the other hand, that effect is
also present in Val-Met_7c, which also forms a C=0--H-C
close contact (2.516 A, see Figure 3), but whose interaction
energy is smaller in absolute value (-1.47 kcal/mol, see Ta-
ble 1). This maybe explained but the smaller number of C-
H-+H-C contacts on Val-Met_7c than on Val-Met_6c (see Fig-
ure 3).

Val-Met_6a and Val-Met_7a, they both form similar H-
0--H-C contacts (2.737 A and 2.674 A, respectively, see Fig-
ure 1) but the former dimer is stronger (-1.53 kcal/mol vs. -
1.10 kcal/mol, see Table 1). We once again suspect is due to
a larger number of C-H--H-C contacts on Val-Met_6a.

3. Decomposition of the SAPT2 interaction energies.
Table 2 includes the interaction energies at the SAPT2/aug-
cc-pVTZ for the 26 complexes located on the MP2/aug-cc-
pVTZ PES. Table 2 also includes the different components of
the interaction energy using two alternative approaches of
constructing those terms:

L. The SAPT2 interaction energy can be divide in five
components: electrostatic (Ee), induction (Eind), dispersion
(Eaisp), exchange (Exc) and a Hartree-Fock (HF) correction
(0HF).?° Ee includes the interaction involving unperturbed
electron densities of the monomers. Eina includes the contri-
bution from terms involving the unperturbed density of one
monomer interacting with virtual orbitals of the other mon-
omer (induce dipoles). Edisp includes the contribution from
terms involving virtual orbitals of one monomer (induced di-
poles) interacting with virtual orbitals of the other monomer
(induce dipoles). All these terms are calculated without sat-
isfying the proper symmetry of the wavefunction and that
symmetry requirement is imposed afterwards by using a
project operator. Hence, corrections to each of the previous
terms arise, which are generally group together into an Exc
term. The last contribution to the interaction energy (8HF) is
a mix of higher order induction terms and their exchange
counterparts that is obtained from a CP-corrected HF calcu-
lation.

IL. It can be argued that the exchange term is sort of an
artificial contribution since it would never appear if the in-
teraction energy were computed using a wave function with
the right symmetry. Hence, we decided to group the different
components of the SAPTZ interaction energy in three contri-
butions. First, Ee+xc that is the result of adding together Ee
and all the exchange terms associated with the electrostatic
contribution. Second, Einda+xc that is the sum of all the induc-
tion terms plus their corresponding exchange counterpart
contributions (it then includes SHF). Third, Eaisp+xc that is the
sum of all the induction terms plus their corresponding ex-
change counterpart contributions. One way to see the terms
is considering them the electrostatic/induction/dispersion
contribution that is compatible with a solution that satisfy
the proper symmetry requirements of the wave function.

We base our discussion of the nature interaction energies
on that second packaging of the perturbative contributions
to the interaction energy. On doing so, a very simple picture
of the nature of the complexes herein considered emerges.

Table 2. Interaction energies and its components at the SAPT2 /aug-cc-pVTZ level of theory computed by means of
single-point calculation on the MP2/aug-cc-pVTZ geometries. Two alternative packaging of the perturbative



components of the interaction energy are provided, one to the left of the SAPT2 interaction energies, the other to the
right of the SAPT2 interaction energies. All values are given in kcal/mol.

Eel Eind Edisp Exc OHF SAPT2  Eeixc Eind+xc Edisp+xc
Val-Met_0a -0.49 -0.21 -1.99 1.86 -0.07 -0.90 1.03 -0.09 -1.84
Val-Met_1a -0.47 -0.20 -1.93 1.80 -0.07 -0.87 0.99 -0.09 -1.78
Val-Met_2a -0.48 -0.21 -1.99 1.84 -0.07 -0.90 1.02 -0.09 -1.83
Val-Met_3a -0.44 -0.19 -1.94 1.78 -0.07 -0.87 1.00 -0.08 -1.80
Val-Met_4a -0.32 -0.15 -1.45 1.29 -0.05 -0.67 0.73 -0.06 -1.34
Val-Met_5a -0.36 -0.16 -1.57 1.39 -0.05 -0.74 0.76 -0.06 -1.45
Val-Met_6a -1.21 -0.49 -3.06 3.45 -0.16 -1.48 1.59 -0.27 -2.79
Val-Met_7a -0.88 -0.37 -2.15 2.49 -0.11 -1.02 1.11 -0.16 -1.96
Val-Met_8a -1.75 -0.77 -3.32 434 -0.22 -1.72 1.74 -0.47 -3.00
Val-Met_Ob -0.50 -0.23 -1.99 1.87 -0.08 -0.92 1.03 -0.11 -1.83
Val-Met_1b  -0.48 -0.21 -1.94 1.81 -0.07 -0.89 0.99 -0.09 -1.79
Val-Met_2b -0.45 -0.21 -1.96 1.77 -0.07 -0.92 0.99 -0.09 -1.81
Val-Met_3b -0.43 -0.20 -1.93 1.74 -0.06 -0.87 0.99 -0.08 -1.78
Val-Met_4b  -0.32 -0.15 -1.46 1.29 -0.05 -0.68 0.73 -0.06 -1.35
Val-Met_5b -0.38 -0.17 -1.62 1.43 -0.05 -0.79 0.78 -0.07 -1.50
Val-Met_6b -1.76 -1.32 -3.48 481 -0.33 -2.08 2.14 -1.05 -3.17
Val-Met 8b  -1.80 -0.81 -3.39 4.44 -0.23 -1.80 1.77 -0.52 -3.06
Val-Met_0Oc -0.51 -0.24 -1.98 191 -0.08 -0.91 1.04 -0.12 -1.83
Val-Met_1c -0.44 -0.20 -1.92 1.75 -0.07 -0.88 0.99 -0.09 -1.77
Val-Met_2c -0.49 -0.23 -1.99 1.88 -0.07 -0.91 1.03 -0.11 -1.83
Val-Met_3c -0.48 -0.21 -1.96 1.82 -0.07 -0.91 1.00 -0.10 -1.81
Val-Met_4c -0.35 -0.17 -1.47 1.33 -0.05 -0.71 0.73 -0.07 -1.36
Val-Met_5c -0.35 -0.16 -1.53 1.37 -0.05 -0.72 0.77 -0.07 -1.42
Val-Met_6¢ -1.72 -0.87 -3.27 4.29 -0.24 -1.81 1.76 -0.63 -2.94
Val-Met_7c -1.20 -0.63 -2.48 3.04 -0.18 -1.45 1.27 -0.48 -2.24
Val-Met_8c -1.82 -1.22 -4.39 5.34 -0.24 -2.32 2.38 -0.72 -3.98

For all the 26 complexes there is no stabilizing electro-
static component, the interaction energy would be strongly
repulsive if the effect of induce dipoles were not included
(see Table 2). This is not surprising considering that one of
the monomers is methane, a neutral nonpolar molecule.

For the complexes Val-Met_nx (n = 0-5; x = a, b, c), that
involve a neutral nonpolar molecule exclusively interacting
with the nonpolar sidechain of the Valine (see Figures 1-3),
the main and almost unique stabilizing component is the dis-
persion, with a nearly negligible induction contribution (see
Table 2). For the 12 complexes exhibiting simultaneous in-
teractions between both methyl groups and the methane,
Val-Met_nx (n = 0-3; x = a, b, ¢; see Figures 1-3), Edisp+xc
ranges from -1.77 to -1.84 kcal /mol while Eind+xc values range
from -0.08 to -0.12 kcal/mol (see Table 2). For the six com-
plexes where the methane exhibit contacts with only one me-
thyl group, Val-Met_nx (n = 4-5; x = a, b, ¢; see Figures 1-3),
Eaisp+xc ranges from -1.34 to -1.50 kcal/mol while Eing+xc val-
ues range from -0.06 to -0.07 kcal/mol (see Table 2). What
we see here reflects the fact that dispersive interactions in-
crease as the contact surface increases (so they are larger
when the methane interacts with to methyl groups at once)

but the differences in interaction energy is smaller in magni-
tude than the observed differences in terms of the dispersion
component. This is explained in terms of a smaller electro-
static repulsion (see Table 2) also due to a smaller contact
surface (less overlapping between the electron clouds that
translates into less exchange repulsion).

Finally, let us focus our attention on the complexes that ex-
hibit C-H--H-C contacts together with interactions between
the methane and polar groups of the Valine (-CO2H and -
NH2). Consequently, now dipole---induce-dipole interactions
are possible and then the induction contribution is larger
than for the previously considered complexes: -0.16
kcal/mol for Val-Met_7a, -0.27 kcal/mol for Val-Met_6a, -0.47
kcal/mol for Val-Met_8a, -0.48 kcal/mol for Val-Met_7c, -0.52
kcal/mol for Val-Met_8b, -0.63 kcal/mol for Val-Met_6c, -
0.72 kcal/mol for Val-Met_8c, and -1.05 kcal/mol for Val-
Met_6b (see Table 2). Furthermore, the dispersion term is
also boosted taking values between -1.96 and -3.98 kcal/mol
(see Table 2). During the discussion of the geometries, we
saw that those interactions between the methane and the po-
lar groups were in some cases characterized by very short
contacts, which translates into higher repulsive electrostatic



interactions (see Table 2). For instance, Val-Met_6b exhibits
two C-H-H-0 close contacts around 2.2 A (see Figure 2) and
consequently a very high electrostatic (repulsive) interac-
tion energy component (2.14 kcal/mol, see Table 2). Simi-
larly, Val-Met_8c exhibits two C-H:--H-N close contacts
around 2.4 A (see Figure 2) and the highest electrostatic (re-
pulsive) interaction energy component (2.38 kcal/mol, see
Table 2). These increases in the electrostatic repulsion par-
tially reduce the stability gains due to larger induction and
dispersion contributions.

4. QTAIM topological analysis of the intermolecular in-
teractions. Figures 4-6 show the result of a topological
analysis of the electron density focused on the existence of
bond critical points between the methane and the different
functional groups of the Valine.
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Figure 4. QTAIM topological analysis of the electron density for
the complexes belonging to series a. Values of the electron den-
sity (red) and Laplacian of the electron density (blue) for BCPs
linking methane and Valine are shown. All values are given in
atomic units (a.u.).

The picture arising from the QTAIM analysis is quite het-
erogeneous in the sense that it strongly depends on the spe-
cific structure considered, instead of just the groups involved
in each interaction.
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Figure 5. QTAIM topological analysis of the electron density for
the complexes belonging to series b. Values of the electron den-
sity (red) and Laplacian of the electron density (blue) for BCPs
linking methane and Valine are shown. All values are given in
atomic units (a.u.).

For instance, let us compare Val-Met_0a and Val-Met_1a.
Both structures are examples of complexes where the me-
thane interacts with both Valine’s methyl groups (see Figure
1). This is confirmed by the fact that there are two BCPs con-
necting methane and Valine on each complex, but while for
Val-Met_0a one BCP connects two hydrogens and the other
the carbon center of the methane and a hydrogen from the
other methyl (see Figure 4), for Val-Met_1a one BCP con-
nects a Valine’s hydrogen with the methane’s carbon and the
other links a methane’s hydrogen with the carbon of the
other Valine’s methyl group (see Figure 4). Furthermore, if
we consider the 12 Val-Met_nx (n = 0-3; x = a, b, c) com-
plexes exhibiting interaction between the methane and both
Valine’s methyl groups (see Figures 1-3), in all cases there
are two BCPs (linking the methane with each of the methyl
groups) but the types of “weak bonding” involved form a
very diverse mix: C-H-+H-C, (methane) C-H--C-H (methyl),
(methyl) C-H--C-H (methane), and even a (methyl) CH’s
BCP--H-C (methane) (see Figures 4-6). We do not consider
that those differences indicate any difference on the nature
of the interactions for those 12 complexes. The presence of
only one BCP per pair of interacting groups is likely a conse-
quence of multiple C-H--H-C contacts composed by patches
of low electron density forming two clusters, one for each
methyl group. The addition of the density from these patches
within each cluster may result in the presence of one single,
not very meaningful maximum. The specific atoms con-
nected by the associated BP are probably not meaningful at



all unlikely what would happen if the contacts involve large
amounts of share, concentrated electron density such as with

a covalent bond.
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Figure 6. QTAIM topological analysis of the electron density for
the complexes belonging to series c. Values of the electron den-
sity (red) and Laplacian of the electron density (blue) for BCPs
linking methane and Valine are shown. All values are given in
atomic units (a.u.).

Itis reassuring to verify that for all the Valine’s groups that
appear to form contacts with the methane on the base of a
simple analysis of atom-atom distances (see Figures 1-3), at
least one BCP always exists between such a group and the
methane, and the corresponding BPs in fact link both moie-
ties (see Figures 4-6). We have seen that this is true for the
12 Val-Met_nx (n = 0-3; x = a, b, c) complexes (see above)
and this trend still continuous when complexes involving
more diverse types of contacts are considered. For instance,
the three Val-Met_8x (x = a, b, ¢) complexes which were as-
sumed to create contacts the hydrogens of the amin group,
the hydrogen of the carbon B3, and with the carbonyl’s oxygen
of the acid group, while forming no contacts with the methyl
groups of the sidechain (see Figures 1-3); the three BCPs lo-
cated on each of the complexes confirm these assumptions
regarding the interactions (see Figure 4-6), being these
three complexes the only ones lacking BCPs whose BPs link-
ing at least one methyl groups to the methane monomer.
Likewise, for complexes Val-Met_7x (x = a, c) (see Figures
1-3), a unique BCP for each Valine’s group assume to form
contacts with the methane is located and the corresponding
BPs link that group with a critical point associated with the

methane monomer (see Figures 4-6). One of the few excep-
tions happen when the three Val-Met_6x (x = a, b, ¢) are con-
sidered, based on the geometrical parameters collected on
Figures 1-3 and Chart 1, the methane in these complexes
seems to clearly interact with carbon B but not necessarily
with carbon A (see Chart 1). The QTAIM analysis, shows BCP
bonding the methane with carbon B’s methyl group, but only
Val-Met_6a exhibits a BCP linking carbon A’s methyl and the
methane. It is precisely complex Val-Met_6x the one that ex-
hibit the shortest C--C distance (see Chart 1). The presence
of BCPs and BPs linking the methane to aliphatic groups sup-
ports the hypothesis that these groups are in contact due to
stabilizing interactions and not just as a consequence of
adopting a geometry that allows for better capturing
stronger interactions such as 0-H--H-C, but it is not enough
to completely rule out a steric repulsion between the ali-
phatic groups, as other authors pointed out in the case of the
planar biphenyl.11 13b

Finally, let us look at the complexes which only exhibit
contacts between the methane and only one of the methyl
groups, Val-Met_nx (n = 4-5; x = a, b, c¢) (see Figures 1-3). For
all the previous complexes there is only one BCP per Valine’s
group in contact with the methane. That is also the case for
all the Val-Met_4x (x = a, b, c) and Val-Met_5x (x = a, c) (see
Figures 4-6) but not for of Val-Met_5b, which interestingly
has two BCPs associated to the methyl-methane interaction,
both of them indicating bonding between the carbon centers
(see Figure 5). This two BCPs and the corresponding ring
critical point (RCP) have associated very similar values of the
electron density (0.00355 a.u. for both BCPs and 0.00354 a.u.
for the RCP); it is likely that this bifurcation is not stable and
that a small perturbation of the system might collapse those
three critical points into just one BCP. For these six com-
plexes, the type interactions defined by the BPs depends on
the specific structure considered and once again we hypoth-
esis that is just due to a surface contact between both mono-
mers associated with low a nearly constant values of the
electron density.

[t is plausible to assume that a QTAIM analysis focused on
the properties of the BCPs is not the best approach to char-
acterize these interactions involving C-H---H-C contacts since
the density is going to be low and nearly evenly distributed
on alarge contact surface area. In spite of that, the properties
of the BCPs still preserve a good predictive power as re-
vealed by the plots of the CCSD(T)/aug-cc-pVTZ+6(aV5Z) in-
teraction energy versus the sum of the density at the BCPs
and versus the sum of the Laplacian of the electron density
at the BCPs (see Figure 7).

Figure 7 also includes four different linear models that can
predict the interaction energy based on the sum of the values
of the (Laplacian of the) electron density at the BCPs. We can
use these models to estimate the contribution of the interac-
tions involving nonpolar groups (methane-methyl and me-
thane-carbon ) on the complexes that also engage in inter-
actions with polar groups of the Valine. We can do so by com-
puting the ratio between the interaction energy predicted
using only the BCPs associated to nonpolar interactions and
the interaction energy predicted using all the intermolecular
BCPs. Using the average of the four models we estimate that
the interaction of the methane with the non-polar group is
responsible for 63 % (Val-Met_6a), 37 % (Val-Met_7a), 35



% (Val-Met_8a), 42 % (Val-Met_6b), 37 % (Val-Met_8b), 51
% (Val-Met_é6c¢), 43% (Val-Met_7c) and 36 % (Val-Met_8c)
of the total interaction energy of these complexes. These re-
sults indicate that ignoring the contribution of the C-H---H-C
contacts may result in a gross misestimation of the interac-
tion energy.

Interaction energy vs. Total electron density at
BCPs
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Figure 7. Scatter plots representing the CCSD(T)/aug-cc-
pVTZ+3(V5Z) interaction energies against the total electron
density at the BCPs (top) and against the total Laplacian of the
electron density (bottom). For each plot, two lineal models are
provided, one that assumes zero bias and a second one that al-
lows for the optimization of the y-intercept. All complexes but
Val-Met_5b were used for the optimization of the models. Val-
ues of the electron density and Laplacian of the electron density
for are given in atomic units (a.u.), while the values of the inter-
action energies are given in kcal/mol.

5. NCI analysis of the intermolecular interactions. Fig-
ures 7-10 show NCI plots for the 26 complexes located on
the MP2/aug-cc-pVTZ PES. The strengths of this approach
are complementary to the QTAIM topological analysis: they
identify patches of constant reduce density gradient that can
be easily associated to contacts between moieties. Highly di-
rectional interactions involving linear contacts (such as hy-
drogen bonds) are expected to produce tighter, smaller
patches. Nondirectional interactions involving multiple at-
oms and broad contact surfaces are expected to produce
large, spread patches. Additionally, the patches are colored
based on the values of the sign(A2)p (being p the electron
density and A, the second largest eigenvalue of the diago-
nalized Hessian matrix of the density V2p =A1 + A2 + A3). Using
a red-blue-green (RGB) scheme we get red areas when the
density is being depleted (such as on a steric interaction),
blue when there is an important accumulation of electron
density on area (such as a strong hydrogen bond) and green-
ish values when there is a low accumulation of electron den-
sity (London forces, very weak hydrogen bonds).

Val-Met_3a

Val-Met_5a

Val-Met 7a

Val-Met_6a Val-Met_8a

Figure 8. NCI plots for the complexes belonging to series a. Re-
duce gradient isosurfaces were drawn at a constant value of 0.5
a.u,, and colored based on a RGB scheme according to the values
of values of sign(\2)p between -0.040 and 0.020 a.u.

The NCI plots support what we have already concluded or
hypothesized about the interactions in these complexes. Let
us first consider the complexes Val-Met_nx (n=0-3; x=a, b,
c), which are expected to include only interactions of the me-
thane with both Valine’s methyl groups based on QTAIM and
the analysis of the geometrical parameters (see Figures 1-
6). A green colored patch appears between the methane and
the methyl groups indicating a van der Waals interaction be-
tween these groups, although it seems to hint towards a me-
thane-isopropyl interaction more than two methane-methyl
interactions. The patch resembles the shape of an open-
winged butterfly, hinting that it may be the result of three
overlapping patches, one for each methane-methyl interac-
tion (the “wings”) and one located between the isopropyl’s
central carbon and the methane (the “body”), see Figures 8-
10.

For complexes Val-Met_nx (n = 4-5; x = a, b, ¢). which are
expected to include only interactions of the methane with
one of the Valine’s methyl groups, based on the QTAIM and
the geometrical analyses (see Figures 1-6), the NCI method
produces one green colored patch between the methane and
the corresponding methyl group which what the weak dis-
persive-based interaction is formed.
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Figure 9. NCI plots for the complexes belonging to series b. Re-
duce gradient isosurfaces were drawn at a constant value of 0.5
a.u,, and colored based on a RGB scheme according to the values
of values of sign(\2)p between -0.040 and 0.020 a.u.

For the complexes Val-Met_nx (n=6, 8; x=a, b, ¢) and Val-
Met_7x (x = a, c), where C-H---H-C contacts coexist with in-
teraction between the methane and Valine’s polar groups
(see Figures 1-6), green isosurfaces of reduce gradient of the
density are always found between the nonpolar groups and
the methane (see Figures 8-10), indicating that those con-
tacts are also contributing to the stabilization of the com-
plexes instead of representing a steric interaction penalty to
pay in order to maximize the (stronger) interactions be-
tween the methane and the polar groups. Regarding the in-
teractions between the methane and the polar groups, often
appear as independent, more compact patches of green
color, what indicates that despite of being expected to be
stronger and despite including a no negligible induction
component (not just only dispersion), their strength lies
within the range of weak noncovalent interactions. This rep-
resents a good agreement with our estimate of a 35 to 63 %
contribution to the interaction energy for the nonpolar-non-
polar contacts on these complexes (see above). Interestingly,
for the three Val-Met_6x (x = a, b, ¢) complexes the NCI plots

indicate that the methane is interacting with both Valine’s
methyl groups, despite Val-Met_6a being the only one that
exhibits BCPs that links the methane with both groups (see
Figures 4-6).

ht
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Val-Met 2c¢ Val-Met 3¢

Val-Met 8c

Figure 10. NCI plots for the complexes belonging to series c. Re-
duce gradient isosurfaces were drawn at a constant value of 0.5
a.u., and colored based on a RGB scheme according to the values
of values of sign(A2)p between -0.040 and 0.020 a.u.

CONCLUSIONS

In the current study, we have located 26 Valine-methane
weak complexes featuring prominent C-H---H-C contacts. For
the complexes that only exhibit C-H---H-C contacts, the struc-
tures tend to maximize the number of these contacts and the
interaction energies range from 0.7 to 1.0 kcal/mol, which
are quite large considering that are the result of a single me-
thane molecule interacting with one or two methyl groups.
As expected, the complexes are held together by dispersion
forces which must overcome a strong electrostatic repulsion
between both fragments.

For the complexes that also exhibit other types of contacts,
namely C-H-H-0O, C-H---O and C-H---H-N, the interaction en-
ergies are larger and range from 1.1 to 2.3 kcal/mol. Conse-
quently, the contacts between the methane and more polar
and polarizable groups of the Valine, both the dispersion and
the induction components make larger contributions to the
interaction energy, being the dispersion still the main contri-
bution. Our preliminary analyses of these complexes indicate



that the potential C-H--H-C contacts are still strongly con-
tributing to the stabilization of the complexes and are not
just a geometrical artifact derived from the formation of
stronger interactions. This conclusion is supported by the
QTAIM and NCI analyses carried out in this work.
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