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Tetrel bonds involving a CFz group participate
in protein—drug recognition: a combined
crystallographic and computational studyf

Maria de las Nieves Pifia,® Akshay Kumar Sahu,”® Antonio Frontera, (2@
Himansu S. Biswal (2 *°¢ and Antonio Bauza () *?

In this study, the ability of CFz groups to bind to the electron-rich side chains and backbone groups of
proteins has been investigated by combining a Protein Data Bank (PDB) survey and ab initio quantum
mechanics calculations. More precisely, an inspection of the PDB involving organic ligands containing a
CF3 group and electron-rich atoms (A = N, O and S) in the vicinity revealed 419 X-ray structures
exhibiting CFs---A tetrel bonds (TtBs). In a posterior stage, those hits that exhibited the most relevant
features in terms of directionality and intermolecular distance were selected for theoretical calculations
at the RI-MP2/def2-TZVPD level of theory. Also, Hammett's regression plots of several TtB complexes
involving meta- and para-substituted benzene derivatives were computed to shed light on the
Moreover, through state-of-the-art
computational techniques, such as the Quantum Theory of Atoms in Molecules (QTAIM) and

substituent effects. the TtBs were characterized several

Noncovalent Interactions plot (NClplot) methodologies. We believe that the results gathered from our
study will be useful for rational drug design and biological communities as well as for further expanding

rsc.li/pccp

Introduction

During the last decade, noncovalent interactions (NCIs) have
undergone a fast-growing revolution which has led them to
become essential resources in the chemist’s toolbox owing to
their crucial role in several fields of modern chemistry, such as
supramolecular chemistry," molecular recognition® and crystal
engineering.’ Despite the great roles that hydrogen bonding
interactions (HBs) play in many chemical and biological
systems,”® such as in enzyme catalysis and protein folding,”
other noncovalent interactions based on the p-block of ele-
ments (aerogen,® halogen,’ chalcogen,'® pnictogen'" and tetrel
bonds)'* have emerged during the last decade. These family of
interactions are also known as “c-hole interactions”, since they
are based on positive electrostatic potential regions located on
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the role of this interaction to biomedical applications.

the extension of covalent X-Ae, X-Hal, X-Ch, X-Pn and X-Tr
bonds, which are able to interact in a favourable manner
with electron-rich species (i.e. a lone pair or an anion). Their
study and recognition by the scientific community has led to
their powerful and novel applications in the fields of rational
drug design,””™** molecular aggregation'®'® or even tuning
self-assembly phenomena,'*' among others.>”

In this context, tetrel bonds (TtBs), which involve a c-hole
located on an element from group IV and a Lewis base, were
theoretically described by the groups of Frontera'” and Arunan
in 2013.>* From these initial studies, several computational and
experimental works have analysed the physical nature of the
interaction as well as its impact on the fields of crystal
engineering, materials science, supramolecular chemistry and
enzyme chemistry.>* " These studies typically involved the
heavier tetrel atoms (Sn or Pb) since they are more polarizable
than C and Si and thus, more prone to establish a stronger
interaction with an electron-rich specie. However, while carbon
is the lightest tetrel element, sp® hybridized C atoms are also
able to undergo quite stable TtB interactions when suitable
spatial and chemical conditions are fulfilled. That normally
implies the utilization of small-size substituents, which makes
the o-hole sterically accessible along with the inclusion of
strong electron-withdrawing substituents (EWG), such as fluor-
ine or cyano groups.**°
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In the PDB, more than 1200 ligands contain at least one CF;
group in their structure, which is typically incorporated to
increase the polarity of the molecule or the hydrogen bonding
(HB) acceptor ability through the three F atoms. This implies
effective protein inhibitors for the treatment of cancer,”
dengue,*® tuberculosis,*>*® and ulcerative colitis,*’ among
other diseases. Interestingly, computational studies (e.g. dock-
ing, molecular dynamics as well as quantum mechanics calcu-
lations) have been demonstrated to be reliable tools for
predicting protein-ligand relative binding affinities as well as
for providing both physical and chemical background of the
NCIs that are present in those systems.*>*® Therefore, they are
also routinely used as complementary techniques to experi-
ments and also for studying novel ways of interactions between
molecules by means of the statistical analysis of the Protein
Data Bank (PDB)."”

In this context, our research group revealed in 2017 the
existence of tetrel bonds in several biological systems.*® Build-
ing upon our previous work, in this study our goal was to (i)
expand the current biological knowledge on the interaction by
inspecting the entire PDB database (from this inspection
several biological examples have been selected, and the biolo-
gical implications of the TtB interaction have been discussed),
(ii) analyse the physical nature and interplay between —-CF;
tetrel bonds and other NCIs that also stabilize the protein-drug
complex and (iii) study the correlation between the Hammett’s
o constants for a series of TtB complexes involving meta- and
para-substituted benzene derivatives and two electron-rich
molecules (formaldehyde and dimethylether). We expect that
the results derived from our study will be useful for those
scientists devoted to the fields of supramolecular chemistry
and pharmacology.

Methods

PDB inspection

Only protein structures with a resolution better than 3 A were
downloaded from the PDB.* In total, 1661 PDB files containing
at least one CF; group were screened for the tetrel bonding
interaction. The PDB files where TtB interactions were identi-
fied are gathered in a GitHub repository accessible through this
link: https://github.com/tonibr9/TtB-CF3-PDB-survey.git.

The following geometrical criteria were used during the
search:

(1) The distance (C- - -A) between the CF; carbon (C) and the
Lewis base (A = N, O, and S) was maintained in between 2.5 A
and 4 A. The electronegative atoms considered here belong to
the amino acids and ligands. Interactions with the solvent
molecules were not taken into account.

(2) The angle criteria used for the search was 120° < / X-
C---A < 180° where X is any atom attached to the C of the
CF; group.

All the PDB analyses were carried out using an in-home
written Python program. The Stride standalone program®’ was
used for the analysis of the protein secondary structures.
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Quantum mechanics calculations

From the structures derived from the search, those showing the
most promising features regarding the intermolecular TtB
distance and directionality features were selected for calcula-
tions. Initially, the H atoms from the structure were optimized
at the BP86°%-D3°'/def2-SVP>? level of theory to obtain a reliable
position prior to the evaluation of the interaction strength at
the RI-MP2°%/def2-TZVPD>” level of theory by means of single
point calculations. This level of theory has achieved success in
accurately representing interaction energies involving both
neutral and charged electron donors.* The calculations were
carried out using TURBOMOLE 7.0 software.>® The binding
energy values (AE) were calculated as the energy difference
between the complex and the isolated monomers following the
supermolecule approximation (A Epinding = Ecomplex — Emonomera
— Emonomers) and were corrected using the Boys and Bernardi
counterpoise technique.’® The theoretical models used to com-
pute the interaction energies on the selected biological exam-
ples were composed of the interacting amino acid capped at the
two sides of the structure by methyl groups and the CF;-bearing
molecule. On the other hand, complexes 11 to 30 were fully
optimized at the RI-MP2/def2-TZVPD level of theory. Frequency
calculations demonstrated that the geometries obtained repre-
sented true minima. The Cartesian coordinates of all theore-
tical models used in this study (both selected biological
examples and complexes 11 to 30) are gathered in the ESLY

The MEP surfaces have been computed using the Gaussian-
16 software.’” In particular, single point calculations at the
MP2/def2-TZVP level of theory on the optimized geometries
were performed and the .cube files obtained were processed
using Gaussview 6.0 software (using a 0.001 isocontour value).’®
Two MEP images were generated, one with the colour scale
adjusted to the max and min of the molecule’s electrostatic
potential and another one (gathered inside a square) where a
close value to the C o-hole’s electrostatic potential was used as an
MEP max., in order to assist in the visualization of this electro-
positive region. The final editing of Fig. 2-4 was performed using
Photoshop software. Bader’s AIM theory’® has been used to
analyse and describe the interactions discussed in this work using
the AIMall calculation package.®® The RI-MP2/def2-TZVP level of
theory was also used for the wavefunction analysis (also using
Gaussian-16 software). The NCIplot®! isosurfaces acknowledge the
presence of both attractive and repulsive interactions, as denoted
by the sign of the second-density Hessian eigenvalue and char-
acterized by the isosurface colour. The colour scheme is
composed of a red-yellow-green-blue scale using red for repulsive
(Aewt’) and blue for attractive (Ao, ) NCI interaction densities.
Weak repulsive and weak attractive interactions are identified by
yellow and green surfaces, respectively.

Results and discussion
PDB survey

We found a total number of 419 unique interactions that
satisfied the mentioned geometrical criteria. The radial

This journal is © the Owner Societies 2023
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distribution of C---A distance in proteins is shown in Fig. 1a,
where the angle (0) made by A with respect to the C-X (£ X-
C---A) bond is plotted against the distance of C to the A (Rc.. .»)
atom, in which the sum of van der Waals radii of C and A atoms
was taken as the normalization factor. The TtB distances range
between 1 and 1.2 times Rc...a, disclosing that most of the
structures retrieved from the PDB exhibit distances up to 20%
longer than the sum of the vdW radii (XR,qw) (see Table S1 in
the ESIt for the vdW radius values used). Also, while a great
number of structures are gathered between interaction angles
comprised in the region of 160°-180° (as expected for a c-hole
interaction), there is also an accumulation of hits in the region
around 120°, which accounts for potential hydrogen bonding
(HB) interactions with the negative fluorine atoms of the
CF; group.

A careful statistical analysis suggests that the C---O and
C---N interactions are the prominent ones. The C---O inter-
action contributes 46.3% of the total interactions while the
C- - N interaction contributes 48.9%. Even though being less in
number sulphur atoms also participate in carbon bonding
(Fig. 1b). We further analysed the residues involved in this
interaction and found that glycine (GLY, 16.9%) is the major
contributor, followed by glutamine (GLN, 11.2%), arginine
(ARG, 9.3%), serine (SER, 7.2%), and tyrosine (TYR, 6.7%). As
shown in Fig. 1c rest of the amino acids contribute 41.8% and
the ligand contribution is 6.9%. From these results, we can say
that all the amino acids are involved in this interaction but due
to its small size, glycine is preferred over other amino acids.
The secondary structure analysis is shown in Fig. 1d. It suggests
that this interaction is present over all the secondary structures
by slightly preferring the B-strand with 28.7% and o-helix
(26.9%). This is further confirmed by the Ramachandran plot
as shown in Fig. 1e. The distribution of red points over all the
allowed region (highlighted with different colours) shows that
these interactions are present in all the secondary structure
regions.
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Selected examples

We have selected three examples from the PDB search to give a
general view of the impact of TtBs involving protein-ligand
chemistry. For each selected example, the physical nature of the
TtB has been analyzed using state-of-the-art QM calculations at
the RI-MP2/def2-TZVPD level of theory. This involves (i) the
study of the strength and directionality of the interaction,
including the interplay between the TtB and other noncovalent
interactions, (ii) the calculation of the electrostatic potential
value over the C atom from CF; to demonstrate the presence of
a o-hole and (iii) the use of the QTAIM and NCIplot methodol-
ogies to demonstrate the presence and extension in real space
of the TtBs studied herein.

The first biological example corresponds to the structure of
HER2, a protein member of the epidermal growth factor
receptor (EGFR) family (PDBID 3POZ).°* This protein plays a
crucial role in the regulation of cell proliferation, differentia-
tion, and migration processes.®® In fact, several tumor families
are associated with abnormal signal transduction through
activated receptor tyrosine kinases belonging to the human
EGFR family.®* In this context, several antibody-based drugs
consisting of small molecule tyrosine kinase inhibitors that
compete with ATP binding have received regulatory approval
for the treatment of cancer.*>®°

The study from Aertgeerts and collaborators®® reports the
crystal structure of two protein-ligand complexes of EGFR with
TAK-285 and SYR127063 inhibitors, which are dual HER2/EGFR
inhibitors with a pyrrolo[3,2-d]pyrimidine-based backbone.®”
More in particular, the TAK-285 inhibitor (03P1023 in Fig. 2a)
presents a CF; group attached to an aromatic moiety on its
structure. Interestingly, in the 3POZ structure (protein-TAK 285
complex) the position of the trifluoromethylphenyl group was
shifted 150° compared to that in the protein-SYR127063
complex structure, which had deep implications in binding
affinity, as stated by the original authors. Two key protein
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Fig. 1 The radial distribution of C---A distance in proteins. The angle () made by A with respect to the C-X (L X-C---A) bond is plotted against the
distance of C to the A (Rc...a) atom, in which the sum of van der Waals radii of C and A atoms was taken as the normalization factor (a). Pie chart for
electron-rich partners involved in the carbon bonding (b). Pie chart for the amino-acid residues involved in carbon bonding (c). Pie chart of the secondary
structure of the interacting amino-acid residues distribution (d). Ramachandran plot of combined N/O/S atoms belonging to the amino acid residue (e).
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Fig. 2 Partial view of the X-ray structure 3POZ with an indication of the energetics and directionality of the TtB interaction (AEt;1) between 03P1023
and CYS775. In addition, the contribution of HalB and NH—-= interactions (involving LEU788 and ASP855 residues) to the strength of the TtB is also
indicated (AEto) (a). MEP surface of the theoretical model of ligand 03P1023 with an indication of the electrostatic potential on the C's o-hole
(0.001 a.u.) (b). Distribution of bond critical points (colored in red) and bond paths for the CYS775.--03P1023 TtB complex. Ancillary HB interactions are
highlighted in blue. NCIPlot colour range —0.002 a.u. < (signiz)p < —0.002 a.u. (c).

residues are crucial to understanding the differences in bind-
ing mode and affinity observed by the authors, which are
SER783 (present in HER2) and CYS775 (present in EGFR). In
the case of the EGFR protein, the TAK-285 inhibitor can adopt
two types of conformations (hence being a dual inhibitor), due
to a larger active site in EGFR (provoked by a different spatial
arrangement of the residues). In addition, the O atom from a
carbonyl group belonging to CYS775 (Fig. 2a) is involved in a
TtB interaction with the -CF; group from the inhibitor mole-
cule (do...c = 3.679 A and <0-C-C = 162.4°), which helps to
stabilize a particular conformation of the TAK-285 molecule in
the active site. In addition, the J.F-C-O angles were comprised
between 55 and 85°, with the C atom exhibiting the typical sp®
pyramidalization, as it can be noted in Fig. 2.

Using a computational model, we were able to estimate the
strength of the interaction, resulting in —5.8 k] mol ™' (AErg;
in Fig. 2a). In addition, a halogen bond (HalB) and NH-n
interactions are also established between (i) a Cl atom and
the aromatic system of the trifluoromethylphenyl moiety
and (ii) an O atom from a leucine residue and an NH group
from an aspartate residue, respectively. Interestingly, when
both interactions are considered in our theoretical model
and the energetics of the TtB interaction is evaluated, we
observed a reinforcement of around 7 kJ mol ', resulting in
—12.6 k] mol™* (AEpg, in Fig. 2a). We computed also the MEP
surface of the trifluoromethylphenyl group present in the TAK-
285 inhibitor structure (Fig. 2b), observing a c-hole over the C
atom with a slightly positive electrostatic potential value
(+1.9 kJ mol™"). Finally, we were interested in analyzing the
interaction from several points of view: (i) first, we computed
the QTAIM analysis of the theoretical model used (Fig. 2c),
which did not show a bond critical point (bcp) connecting the O
and C atoms. Instead, a bcp was found connecting CH groups
from the protein backbone to a negative F atom from the
inhibitor molecule, therefore characterizing an ancillary HB.
In this representation, we have also included the NCIplot

12412 | Phys. Chem. Chem. Phys., 2023, 25, 12409-12419

graph, which showed a green isosurface between the carbonyl
O atom from the CYS775 residue and the CF; group, thus
evidencing the presence of a weak noncovalent force (TtB).
The second selected example involves the study from
Gustafson and collaborators (PDBID 4J8M),*® in which they
designed and synthesized a class of inhibitors able to disrupt
the native conformation of Aurora A. This protein plays a key
regulatory role in the proteolytic degradation of MYC proteins,
which are involved in a range of cancers, including neuroblas-
toma and medulloblastoma.®®’® The inhibitor CJ5501 is
composed of an aminopyrazole-pyrimidine ATP-mimetic back-
bone and a 3-trifluoromethyl biphenyl urea moiety (Fig. 3a).
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Fig. 3 Partial view of the X-ray structure 4J8M with an indication of the
energetics and directionality of the TtB interaction (AEtgi) between
CJ5501 and GLY145. In addition, the contribution of a double HB inter-
action (involving the ASP274 residue) to the strength of the TtB is also
indicated (AEtp2) (a). MEP surface of the theoretical model of ligand
CJ5501 with an indication of the electrostatic potential on the C's
o-hole (0.001 a.u.) (b). Distribution of bond critical points (colored in
red) and bond paths for the GLY145--.CJ5501 TtB complex. NCIPlot
colour range —0.002 a.u. < (signiy)p < —0.002 a.u. (c).
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Fig. 4 Partial view of the X-ray structure 70T2 with an indication of the energetics and directionality of the TtB interaction (A Eig1) between 1FI1602 and
GLN1237. In addition, the contribution of n—n stacking interaction (involving the PHE1167 residue) to the strength of the TtB is also indicated (AEgy) (a).
MEP surface of the theoretical model of ligand 1FI1602 with an indication of the electrostatic potential on the C's o-hole (0.001 a.u.) (b). Distribution of
bond critical points (colored in red) and bond paths for the GLY145---CJ5501 TtB complex. Ancillary HB interactions are highlighted in blue. NCIPlot

colour range —0.002 a.u. < (signiz)p < —0.002 a.u. (c).

The authors determined that a double HB interaction estab-
lished between the urea moiety of the inhibitor and the
catalytic ASP274 residue was an important source of inactiva-
tion of Aurora A. In addition, the accommodation of the
trifluoromethyl group inside the active site led to a displace-
ment of two B strands, which disrupted the active conformation
of Aurora A (apo).

Interestingly, the bulky —~CF; group is stabilized through the
establishment of a TtB that involves an O atom from the
carbonyl group of GLY145 belonging to one of these two P
strands, with an O- - -C distance of 3.577 A and an ¥<0-C-C of
167.3° (Fig. 2a). In this case, the {F-C-O lied between 60 and
84°, similarly to the previous example. The computed inter-
action energy for this TtB interaction is —8.4 k] mol " (AEy).
We have also computed the strength of this TtB in the presence
of the double HB between the inhibitor and the catalytic
residue ASP274 as well as a CH-n interaction involving a CH
group from PRO282 and the aromatic system of the inhibitor,
resulting in a reinforcement of the interaction of around
3 k] mol™" (AEpg, = —11.5 k] mol ™). This was rationalized
by computing the electrostatic potential map of the inhibitor
molecule (Fig. 2b), which revealed the presence of a 5-hole over
the C atom from the CF; group, exhibiting an MEP value of
+5.2 kJ mol . Finally, we computed the QTAIM and NCIplot
analysis on the same graph (Fig. 2¢). In this system, we did not
find any intermolecular bep that connected both counterparts;
however, we found a green isosurface between the carbonyl’s O
atom and the C atom from the trifluoromethylphenyl moiety
that allowed the identification of the TtB interaction.

The last biological example encompasses the work from
Pang and collaborators (PDBID 70T2, Fig. 4),”* which involves
the inhibition of human cytosolic prolyl-tRNA synthetase
(HcProRS). The protein family of aminoacyl-tRNA synthetases
(aaRSs) is responsible for the ligation of an amino acid to its

This journal is © the Owner Societies 2023

cognate tRNA in an ATP-dependent manner,”” leading to the
formation of charge tRNAs which are subsequently used for
protein synthesis at the ribosome. Many human diseases are
associated with aaRS dysfunction, such as the overexpression
and the enhancement of aaRS catalytic activity in some
cancers’”> and the emergence of clinically relevant aaRS
mutants in genetic diseases.”*”®

In this context, the human ProRS (HcProRS) activity is
exhibited at the C-terminal region of this protein and inhibition
of this enzyme has been recognized as a promising approach
for the treatment of HcProRS-related diseases. In their study,
the authors combined computational (docking and molecular
dynamics simulations) and experimental (thermal shift assays
and X-ray diffraction studies) efforts to design novel drug
candidates for new applications such as therapeutics in
HcProRS-related diseases. One of the structural modifications
that the authors introduced was the substitution around the
benzene moiety of the inhibitor. More in detail, the authors
used both EDG (e.g. CH3, OCH3) and EWG (e.g. Cl, CF;) groups,
observing that the inclusion of the latter led to a 7-fold increase
in binding potency.

The X-ray structure 70T2 (Fig. 4a) shows the main nonco-
valent interactions that stabilize the inhibitor 1F11602 inside
the active site. As noted, a TtB interaction is formed between an
O atom from the protein’s backbone (belonging to GLN1237)
and the CF; group from the inhibitor, acting as an overlooked
stabilization resource (do...c = 3.802 A and < 0-C-C = 159.3°).
In this example, the J<{F-C-O was between 50 and 88°, in line
with the previously discussed examples, with the C atom of the
-CF; moiety being disposed in an sp® pyramidal fashion. The
computed interaction energy value is —3.1 k] mol ™" (AErg1)-
This result is in line with the MEP surface shown in Fig. 4b,
which shows a positive potential on the carbon’s oc-hole
(+15.7 kJ mol ). However, another important interaction that

Phys. Chem. Chem. Phys., 2023, 25, 12409-12419 | 12413
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is established in the enzyme’s active site is a m-n stacking
between a benzene moiety from a phenylalanine residue
(PHE1167) and the pyrazine ring of the inhibitor structure,
with an intermolecular distance of 3.541 A. When the TtB
interaction strength was evaluated considering the n-n stack-
ing, it resulted in —2.5 k] mol™ " (AEpg, in Fig. 4a). Therefore,
the interplay between both types of interactions led to a
weakening of 0.6 k] mol " of the TtB.

In a similar fashion to the other two selected examples (see
above), the QTAIM and NCIplot analyses were computed for the
TtB complex (Fig. 4c). They revealed the presence of two HBs
denoted by the two bcps and bond paths connecting the CH
groups from the protein backbone and the F atoms from
the CF; substituent, which also contributed to the binding.
Also, the NCIplot analysis showed a green isosurface between
the C and O atoms, which indicated the presence of a weak
interaction (TtB).

Energetic study

Since most of the TtB examples found in the PDB search
involved a —-CF; group attached to an aromatic ring and a lone
pair donor molecule consisting of either an sp> O atom from a
carbonyl group or an sp® O atom from a protein residue, we
computed the binding energies of a series of meta- and para-
substituted benzene derivatives with either formaldehyde or
dimethylether as electron donor molecules (see Fig. 5, 6 and
Table 1) in order to shed light on substituent effects.

As noted, in all the cases attractive binding energy
values were obtained, ranging between —0.3 (complex 11) and
—5.2 k] mol™" (complex 30). In particular, those complexes
involving formaldehyde as an electron donor molecule (11 to
20) showed a weaker TtB interaction strength compared to their
respective dimethylether analogs (21 to 30), due to the high
basicity of the sp® hybridized O atom. Besides, while the <C-
C-0 was close to 180°, the < F-C-O was around 70° in all the
cases, being far from the 90° observed in transition state
structures involving Sy2 mechanisms.

In general, the same behavior was observed no matter the
type of aromatic substitution (meta- or para-) and electron
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donor molecule considered, that is, complexes involving strong
EWG substituents on the aromatic ring (CN and NO,) achieved
larger TtB interaction energies (see for instance complexes 14,
15, 19, 20, 24, 25, 29 and 30) than those complexes involving
electron donor groups (EDG) such as CH; and OH substituents
(complexes 11, 12, 16, 17, 21, 22, 26 and 27). These results can
be rationalized with the visualization of the Molecular Electro-
static Potential (MEP) surfaces of compounds 1 to 10. In Fig. 6
only six representative compounds are shown, which are com-
pounds 2 and 7 involving an EDG (OH), compounds 3 and 8
involving H and compounds 5 and 10 implicating an EWG
(NO,). In all cases, a positive electrostatic potential surface was
obtained over the C atom (magnified into the square parts of
the figure) located along the vector of the C-CF; covalent bond,
also known as a “c-hole”. Depending on the position (meta- or
para-) of the aromatic substituent, a different MEP value was
obtained over the C o-hole. For instance, in the case of
compounds 2 and 7 (OH), the former achieved a more positive
o-hole MEP value (+5.7 k] mol %), due to a more pronounced
induction effect from the electronegative O atom. On the other
hand, the opposite behaviour was obtained when comparing
compounds 5 and 10, where the former showed a less positive
c-hole MEP value. In compound 10, one of the possible
resonance forms of the nitrobenzene molecule leaves a positive
formal charge over the para-C atom, which in turn attracts the
electron density from the C-CF; bond, leading to a more
positive electrostatic potential value. Finally, in the case of
compounds 3 and 8, the latter showed a slightly more positive
MEP value, likely due to the distribution of the four F atoms
attached to the benzene ring, which are closer to the CF; group
in compound 8 (for additional details regarding the rest of the
compounds, see Fig. S1 in the ESIt).

In addition, in Fig. 7 we represented the relationship
between the BSSE corrected interaction energies (AEgssg in KJ
mol ") from complexes 11 to 30 and the electrostatic potential
values over the C’s 5-hole for compounds 1 to 10 (ESP c-hole in
k] mol ™). As noted, two series were plotted involving the two
electron donor molecules used (formaldehyde in blue and
dimethylether in orange). Interestingly, in both series we

X /F /F
Fy Fy4 Cz---- A Y Cz---- A
Y '?F

F
CFs CFs X
1,X = CH, 6,Y =CH, 11,X=CHs, A=CH,0  21,Y =CHa, A = CH,0
2,X=0H 7,Y = OH 12, X = OH, A = CH,0 22,Y = OH, A = CH,0
3,X=H 8, Y=H 13, X = H, A = CH,0 23,Y =H,A=CH,0
4,X=CN 9,Y=CN 14, X = CN, A = CH,0 24,Y = CN, A = CH,0
5, X =NO, 10, Y =NO, 15, X =NO,, A=CH,O 25 Y = NO,, A = CH,0

16, X = CH3, A = O(CH3),
17, X = OH, A = O(CHg),
18, X = H, A = O(CHs),
19, X = CN, A = O(CHa),
20, X = NO,, A = O(CHa),

Fig. 5 Compounds 1 to 10 and complexes 11 to 30 used in this study.
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26, Y= CH3, A= O(CH3)2
27,Y = OH, A = O(CH3),
28,Y = H, A = O(CHy),
29,Y = CN, A = O(CHa),
30, Y = NO,, A = O(CH3),
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CF3 CF3

Fig. 6 Molecular Electrostatic Potential (MEP) surfaces of compounds 1 to 10. Energy values gathered at specific points of the surface are given in

kJ mol~* (0.001 a.u.). See the ESI¥ for the rest of the MEP surfaces.

Table 1 Counterpoise corrected binding energies (AEgsse, in kJ mol™),
equilibrium distances (d, in A) and value of the Hammett's c-constant for
complexes 11 to 30 at the RI-MP2/def2-TZVPD level of theory

Complex AEgsse d o

11 —-0.3 3.436 —0.07
12 —-0.8 3.350 0.12
13 —0.7 3.383 0
14 —2.6 3.318 0.56
15 —-2.7 3.372 0.71
16 —3.1 3.373 —0.07
17 —3.5 3.286 0.12
18 —-3.3 3.256 0
19 —5.2 3.366 0.56
20 -5.0 3.244 0.71
21 —0.5 3.422 —-0.17
22 —0.7 3.421 —0.37
23 —-1.0 3.364 0
24 —2.8 3.329 0.66
25 —2.8 3.345 0.78
26 -3.1 3.254 —-0.17
27 -3.1 3.503 —0.37
28 —-3.5 3.248 0
29 -5.3 3.298 0.66
30 —5.2 3.235 0.78

obtained a very good agreement between the strength of the
interaction and the c-hole ESP potentials (R = 0.993 and 0.994,
respectively).

This indicates that the value of the potential at the C’s o-
hole is a good predictor of the TtB interaction strength. Also,
the fact that using both meta- and para-substituted benzene
derivatives in the same series yields such a good R value points
out that resonance effects are not an important factor in the
stabilization of the TtB complexes, while on the hand induction
effects are a prominent player.

In Fig. 8, several Hammett’s plots are represented, either
considering meta- or para-substituted complexes for each

This journal is © the Owner Societies 2023

AEginging (kJ/mol)

ESP o-hole (kJ/mol)

Fig. 7 Regression plot of the electrostatic potential value (ESP in kJ mol™)
calculated at the o-hole of the carbon atom vs. the BSSE corrected binding
energy values (AEgsse, in kJ mol™) for complexes 11 to 30.

electron donor molecule (Fig. 8a and b) or combining both
types of substitution in a single plot (Fig. 8c). As noticed by
Hammett’s plot involving one type of substitution, we obtained
very good correlations for both series of TtB complexes (R
values 0.998, 0.973 and 0.981). Therefore, Hammett's o-
constants can also be used as a reliable predictor of the TtB
interaction strength. In addition, while mixing the two types of
substitutions (Fig. 8c) the behavior observed was similar to that
shown in Fig. 7 (using the c-hole ESP). Hence, the fact that both
types of substitutions can be combined in the same representa-
tion points to induction effects as the main contributor to the
interaction strength. These results agree well with those
obtained from the energetic study, which showed similar
interaction energies while comparing the meta- and para-
substituted complexes that belong to the same substituent
(for instance complexes 11 and 21, 16 and 26 or 20 and 30).
Hence, the position of the substituent para or meta is not
relevant, as it has been also obtained in the case of the halogen
bonding interaction.”®
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Fig. 8 (a and b) Hammett's plots (AEgsse vs. o) of formaldehyde (in blue) and dimethylether (in orange)- - -meta-C/F,X complexes (left) and - - -para-C;F,X complexes (right).

(©) Hammett's plots (AEgsse vs. 6) of both formaldehyde- - -meta- and para-C;F-X complexes (in blue) and dimethylether --meta- and para-C;F-X complexes (in orange).

Conclusions

The results gathered in this manuscript remark on the ability of
-CF; groups to behave as efficient and directional tetrel bond
donors in protein-drug systems. A PDB search was conducted,
resulting in 419 unique interactions. Interestingly, almost every
amino acid residue is involved in tetrel bonding, suggesting that it
might be an underlooked binding force in biological systems.
Computations at the RI-MP2/def2-TZVPD level of theory shed light
on the energetics of the interaction, as well as the plausible
interplay between tetrel bonds and other NCIs present in the
active site of proteins (e.g halogen bonding, n-n stacking or
hydrogen bonding interactions). The NClIplot analysis via the
RDG isosurfaces revealed the TtBs in real space disclosing their
existence and attractive nature in the PDB structures studied
herein. Also, Hammett’s regression plots for a series of tetrel
bond complexes involving meta- and para-substituted benzene
derivatives shed light on substituent effects, which pointed out a
minor role of resonance in induction. We believe that the results
gathered from our study will be useful for rational drug design
and biological communities as well as for further expanding the
role of this interaction to biomedical applications.
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