#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Intermolecular noncovalent interactions with

i") Check for updates‘
carbon in solutiony

Cite this: Chem. Sci., 2022, 13, 14327

3 All publication charges for thisartice  Juhi Dutta, & #° Chinmay Routray,?® Shalini Pandey & ° and Himansu S. Biswal & *°

have been paid for by the Royal Society
of Chemistry One of the most familiar carbon-centered noncovalent interactions (NCls) involving an antibonding 7w*-orbital
situated at the Burgi—Dunitz angle from the electron donor, mostly lone pairs of electrons, is known as n — *
interactions, and if it involves a o* orbital in a linear fashion, then it is known as the carbon bond. These NCls
can be intra- or inter-molecular and are usually weak in strength but have a paramount effect on the structure
and function of small-molecular crystals and proteins. Surprisingly, the experimental evidence of such
interactions in the solution phase is scarce. It is even difficult to determine the interaction energy in the
solution. Using NMR spectroscopy aided with molecular dynamics (MD) simulation and high-level quantum
mechanical calculations, herein we provide the experimental evidence of intermolecular carbon-centered
NCls in solution. The challenge was to find appropriate heterodimers that could sustain room temperature
thermal energy and collisions from the solvent molecules. However, after several trial model compounds,
the pyridine-N-oxide:dimethyltetracyanocyclopropane (PNO-DMTCCP) complex was found to be a good
candidate for the investigation. NBO analyses show that the PNO:DMTCCP complex is stabilized mainly by
intermolecular n — w* interaction when a weaker carbon bond gives extra stability to the complex. From
the NMR study, it is observed that the NCls between DMTCCP and PNO are enthalpy driven with an
enthalpy change of —28.12 kJ mol™* and dimerization energy of ~—38 kJ mol™* is comparable to the
binding energies of a conventional hydrogen-bonded dimer. This study opens up a new strategy to
investigate weak intermolecular interactions such as n — w* interaction and carbon bonds in the solution
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Introduction

In the province of noncovalent interactions (NCIs), the hydrogen
bond (H-bond) is the most celebrated one.'? Other interactions
also play a paramount role in stabilizing small-molecule crystals
to macromolecules such as proteins and nucleic acids.>” Apart
from H atoms, other elements can act as electron acceptors and
form several NCIs.® For example, carbon can use both an anti-
bonding c*-orbital and m*-orbitals as electron acceptors giving
rise to the formation of carbon bonds and n — 7* interactions,
respectively. Carbon bonds are c-hole driven noncovalent inter-
actions.” The c-hole is the positive or electron-deficient region
formed along the extension of the Y-X covalent o-bond (Y =
electron-rich atom or group, X = atom of groups 14-17; 14: tetrel,
15: pnictogen, 16: chalcogen, and 17: halogen groups). It arises
due to the anisotropic distribution of electron density on the
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atom of groups 14-17 when covalently bonded to electron-
withdrawing groups. These c-holes are suitable for NCIs with
electron-rich moieties, provided they approach each other in
a favorable geometrical fashion.” Similarly, suppose the
nonbonding electrons (n) of the donor go to the mw*-orbital of the
acceptor in a Biirgi and Dunitz fashion (vide infra), it is called an
n — 7* interaction. Since their inception, n — 7* interactions
have been widely explored by researchers across the globe. In
several cases, both the carbon bond and n — 7t* interaction are
responsible for biomolecular structures and function.
There are plenty of organic/inorganic reactions where a nucleo-
philic attack occurs in a Biirgi-Dunitz fashion. Wallis and co-
workers observed the very first nucleophilic approach in such
a manner."” They proposed that the lone pair of pyridine N atoms
approaches the adjacent nitrile group present in the same
molecule through an angle of 108°. In 2017, Shang et al. proposed
a mechanism for the a-arylation of alkyl nitriles, where they re-
ported a simultaneous process of attaching the triflyl anion to the
nitrile and the addition of the nitrogen atom to the sulfur atom of
the sulfoxide;" the former process involves an intermolecular
n— T,y interaction. Similarly, Bauza et al. provided computa-
tional evidence for the carbon bonds that enable these small
cycloalkanes to be good supramolecular synthons." Frontera and
co-workers reported that carbon bonds are responsible in many
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cases for stabilizing the structures of acylhydrazones.” Sarma
and coworkers showed the same effect in diacylhydrazines.”
With the help of X-ray diffraction and DFT study, Mooibroek and
co-workers showed the applications of carbon bonds in crystal
engineering.” Wang et al., by using NMR spectroscopy, provided
ample evidence of the importance of carbon bonds in catalysis.*

Biirgi and Dunitz were the first to report the n — w* inter-
action.® They revealed that the lone pair of electrons of the
nucleophile approaches the empty m*-orbital of the electrophile
at a 150-300 pm distance and an angle of 107°. The approaching
angle of the nucleophile to the electrophile is known as the
Burgi-Dunitz trajectory. Later on, Allen found such interaction in
carbonyls with a strength similar to H bonds.*® For a given O---
C=O0 interaction, the distance between O and C (do...c) should be
within the sum of their van der Waals' radii, and £ O---C=0 ()
within the range of 109 & 10° to have the Biirgi-Dunitz trajectory
(Fig. 1a). It is reported that the donor carbonyl distorts the
acceptor carbonyl from its planarity due to the n — 7m* interac-
tion, which is a signature of the said interaction.>® The distortion
can be measured by using the angle of deviation from the plane
(o) and the degree of pyramidization (4). However, Raines and
co-workers' seminal contributions to investigating the n — =*
interaction in biomolecules are worth mentioning here. Since
then, the interaction has been observed in other proteins, poly-
peptides, peptoids, thiopeptoids, and model compounds.”***7>°
Using nuclear magnetic resonance (NMR) experiments, X-ray
crystallography, and ab initio calculations, Raines and co-workers
explained the nature and the role of n — =* interaction in
proline derivatives, collagen triple helix structures, and different
conformations of peptoids and thiopeptoids.®**** Later on,
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Fig. 1 (a) Geometrical parameters of an n — w* interaction. (b)
Geometrical parameters of the carbon bond. The molecular electro-
static potential surface (isovalue: 0.001 a.u.) of DMTCCP calculated at
the MP2/def2TZVPP level of theory shows the positive electrostatic
potential region at (c) the face of the C;—Cz bond of the cyclopropane
ring and at (d) the face of two methyl groups including the C, atom of
the ring.

14328 | Chem. Sci., 2022, 13, 14327-14335

View Article Online

Edge Article

Alonso and co-workers unveiled the n — m* interaction in
dipeptides with the help of rotational spectroscopy and compu-
tational calculations.*® But the n — 7t* interaction lacked direct
spectroscopic evidence until Aloke Das and co-workers provided
it in gas and solution phases.*** They used one color two-photon
ionization and UV-UV hole burning spectroscopy and additional
computational calculations to assign the vibrational bands of the
cis and trans conformers of phenyl formate, and they inferred
that the intramolecular n — 7t interaction is responsible for the
stabilization of the cis-conformer of phenyl formate.** In
a successive study of the same system in the solution phase, they
found intramolecular n— 7, interaction competing with the H
bond between phenyl formate and water by incorporating 2D-IR
spectroscopy.”® Recently, Sarma and co-workers provided
evidence of intramolecular n — 7, interaction using NMR and IR
spectroscopy.”*** Concisely, direct and indirect experimental
evidence has been produced for the intramolecular n — m*
interaction in both gas and solution phases to date. Recently,
Lopez and co-workers*’?®* and Gou and co-workers® produced
evidence for intermolecular n — 7* interactions using rotational
spectroscopy in the gas phase.?

The other NCI involving carbon is known as the C bond.
Arunan and co-workers were the first to discover it in small
molecular systems.” The concept of the C bond was extended to
protein-ligand systems*® and between the residues'® by Frontera
and Biswal groups, respectively. The geometrical features of the
carbon bond mentioned by Mundlapati et al'® state that the
carbon bond donor-acceptor distance should be within the sum
of their van der Waals radii, and it should be highly directional,
i.e, the §; and 6, should be within the range of 160° to 180°
(Fig. 1b). Later on, Frontera and coworkers explored the potential
implications of the carbon bonds in crystal engineering and
catalysis.** It is worth mentioning that these studies are compu-
tational. Using X-ray charge density analysis, Guru Row and
Frontera groups provided experimental evidence of carbon bonds
in the solid state.*>** Bauza et al. reported the presence of highly
directional noncovalent carbon bond donors in small cyclo-
alkanes.** After that, with the help of X-ray crystallography aided
by rotational spectroscopy Mooibroek and co-workers showed the
presence of the carbon bond in the crystal structure of 3,3-
dimethyltetracyanocyclopropane and tetrahydrofuran.*
Southern et al. used solid-state NMR spectroscopy to probe the
carbon bonding in caffeine and theophylline based co-crystals.*®
Recently, Wang et al used supramolecular carbon-bonding
catalysis for tail-to-head terpene cyclization in the solution
phase.”

The above-cited literature and the references thereby suggest
that the intramolecular n — 7* interaction is well studied in the
gas and solution phases, whereas only gas phase studies are re-
ported for the intermolecular n — 7t* interactions. On the other
side, there are very few molecular-level investigations on inter-
molecular and intramolecular carbon bonds in the solution state.
However, the noticeable point is that no such experimental
studies report intermolecular n — 7* interaction in the solution
phase. We did not find any report that describes the experimental
methodologies to determine the strength of the n — =* inter-
action or the carbon bond experimentally in the solution phase.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The gap in this area impelled us to do the present study and find
suitable molecular systems and experimental conditions to
provide evidence of intermolecular n — 7* interaction in solu-
tion and determine its strength. Herein, we present the first
experimental report on the strength of intermolecular n — =*
interaction co-existing with the carbon bond in the solution
phase. The experimental results are supported by molecular
dynamics (MD) simulations and high-level quantum mechanical
(QM) calculations at the CCSD(T) level.

Results and discussion
Experimental criteria and the system

The first and foremost challenge was to choose the model
compounds very wisely, considering a few factors: (i) they must
not alter the polarity, density, and viscosity of the solvent used in
the experiment, (ii) they should sustain room temperature
thermal energy and collisions from the solvent molecules, and
(iii) they should possess high interaction energy so that we can
probe the NCI in solution. After several trial and error experi-
ments, we chose 3,3-dimethyltetracyanocyclopropane (DMTCCP)
as our model compound. This compound possesses different
types of carbon atoms (ring carbon, methyl carbon, and nitrile
carbon), which can make the carbon bond and n — w* inter-
actions feasible at the same time. The nitrile (CN) group is a good
probe to monitor through spectroscopy. The molecular electro-
static potential surface of DMTCCP, provided in Fig. 1c and d,
shows the positive blue region at the face of the C;-C; bond and
at the face of the methyl groups, which can give rise to the
formation of carbon bonds. Similar tetrel-bonded molecular
complexes have been reported by Scheiner et al.*’ If the nucleo-
phile approaches the nitrile carbon atoms through the Biirgi-
Dunitz trajectory, it can give rise to n — 7* interaction. We chose
pyridine-N-oxide (PNO) as the nucleophile to meet the experi-
mental criteria.

Molecular dynamics (MD) studies for the solvated structure of
the complex

MD simulations were used to unravel the solvation structure of
PNO molecules around DMTCCP (Fig. 2a). The general AMBER
force field (GAFF)** was chosen for MD simulation. GAFF is
known to predict thermodynamic properties very accurately.
The DMTCCP-PNO system contained 1 DMTCCP, 40 PNO, and
512 chloroform molecules. A production trajectory of 40 ns post
equilibrium was used for analysis. The possibility of the forma-
tion of heterodimers of DMTCCP and PNO was diagnosed
through various distribution functions. The radial distribution
function (RDF) of the oxygen atom of PNO molecules with respect
to the center of the ring (COR) of DMTCCP shows a sharp peak at
358 pm (Fig. S1a, ESIt), indicating a possible ordering of PNO
molecules when present close to DMTCCP. This prompted us to
find the number of PNO molecules close to DMTCCP. Fig. 2b
shows the RDFs of the oxygen atoms of the nearest, second-
nearest and third nearest PNO molecules with respect to the
COR of DMTCCP. The peaks for the nearest and the second-
nearest PNO molecules are centered at 353 and 374 pm,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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respectively. It is worth mentioning that no such peak is found
for the third nearest PNO molecule. However, the intensity of the
peak corresponding to the nearest PNO molecule is ~4 times
more than that of the second-nearest PNO molecule. This
significant difference between the RDFs shows that DMTCCP
predominantly interacts with only one molecule of PNO.

We also looked into the spatial distribution functions (SDFs) to
find the three-dimensional density distribution of the oxygen
atom of PNO molecules around DMTCCP. The SDF given in Fig. 2¢
shows that the maximum probability of finding PNO near
DMTCCP (large spherical region) is in the pocket flanked by the
four nitrile groups. Apart from this region, there is a small prob-
ability of finding PNO near the other two sides of the cyclopropane
ring (small spheres on two sides of the cyclopropane ring). This
outcome corroborates the RDFs on the observation that DMTCCP
primarily interacts with one PNO at any given time. Additional
angular distribution functions (ADFs) supporting the RDFs and
the SDFs are given in the ESI (Fig. S1b-df).

To further elucidate the interaction between DMTCCP and
PNO, we observed the combined distribution function (CDF) of
the RDF of the distance between the oxygen of PNO and the
nitrile carbon (do...c) and ADF of the angle formed by the
approaching oxygen with the nitrile bond at the nitrile carbon
(£0---C=N). As noncovalent interactions are usually defined by
distance and angle criteria, CDFs have been used to observe
them.* The CDF in Fig. 2d shows a peak between 310 and 330 pm
for do...c and a peak between 100 and 110° for £ O---C=N. This
deep basin in the CDF (magenta region) suggested a possible
attractive interaction between DMTCCP and PNO. Also, a signifi-
cant region of the peak corresponding to do...c falls within the
sum of the van der Waals' radii of carbon and oxygen atoms (i.e.,
322 pm), indicative of noncovalent interaction between the
oxygen of PNO and the nitrile carbon of DMTCCP. The upper
limit of the peak for do... (330 pm) is overestimated compared to
the sum of van der Waals' radii (322 pm) due to the poor repre-
sentation of electron donation in the existing force fields.”” We
further observed the ADF of £ O---C=N (Fig. 2e), where the peak
is centered at ~107°. This observation implies that the oxygen of
PNO approaches the nitrile group of DMTCCP following a Biirgi-
Dunitz trajectory. Hence, there is a high probability of n — m*
interaction between the oxygen of PNO and the nitrile of
DMTCCP. As classical molecular dynamics cannot fully capture
the quantum mechanical nature of n — =* interaction, we
further carried out various quantum mechanical calculations to
establish this interaction.

Structure and energetics

After optimizing the PNO:DMTCCP complex and its respective
monomers in chloroform at the RI-B97D3/def2-TZVPP level of
theory, we found that the structures are at energy minima (no
imaginary vibrational frequency found). The RI-B97D3 functional
is useful in predicting noncovalent interactions fairly well. It
faithfully reproduces the experimental spectra and has recently
been practiced by several researchers.”® The geometrical anal-
ysis of the PNO:DMTCCP complex (Fig. 3a) revealed that two (O- -
Cy10) of the four do...c and £0---C=N are 293 pm and 107°,

Chem. Sci., 2022, 13, 14327-14335 | 14329
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Fig. 2

(a) A representative complex between DMTCCP and PNO obtained at t = 1 ns from an MD trajectory of 40 ns. The distance, do...c and

angle £0O---C=N are 320 pm and 107°, respectively, indicative of an n — 7* interaction. (b) Radial distribution function (RDF) between the
oxygen atom of PNO molecules and COR of DMTCCP for the nearest (black), second-nearest (red), and third-nearest (blue) neighboring PNO
molecules around DMTCCP. (c) Spatial distribution function (SDF) of the oxygen of the PNO molecule (red isosurface) around DMTCCP. (d)
Combined distribution function (CDF) between do...c and £ O---C=N, and (e) Angular distribution function (ADF) of £ O---C=N for the nearest

neighboring PNO molecules of DMTCCP.

respectively, whereas the other two (O---Cejg) do...c and £O--
C=N are 312 pm and 114°, respectively. We also found that the
£ C-C=N in DMTCCP deviates from linearity (180° — 177°) in
the complex. These observations are the signatures of n — m*
interaction. On the other hand, the distance between the PNO-O
and the C,/C; atoms is 291 pm but the £0---Cy(3-C, is 133°,
which does not satisfy the geometrical features of a carbon bond.
Then we calculated the single point energy of the optimized

14330 | Chem. Sci., 2022, 13, 14327-14335

structures at the gold standard CCSD(T)/def2-TZVPP level of
theory in chloroform.>®” The binding energy of the
PNO:DMTCCP complex in chloroform was estimated to be
—37.60 k] mol ', which is comparable to the hydrogen bond
energies.*® The binding energy is much higher than that of the
homodimers of DMTCCP (—19.72 k] mol ') and homodimers of
PNO (—15.70 k] mol'). Again, we did not observe any spectral
features of homodimers in our experimental conditions (vide

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05431k

Open Access Article. Published on 21 November 2022. Downloaded on 4/1/2026 3:56:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

s . -
& 3; ‘ m 2
) 206 ]
1’ ‘:,m ,H
° "
LP(3)o20—Tc1o.n11 ¢ 3-32 kdimol
(b) 70 (d) LP(1)o20—0*c1c2 : 1.47 kdimol
56 7
;é 42 % ®
£ 28 o @
X 14 ) v
> 0 ,
2 ] . ![ @ \‘\. h
g 14 5 Lo |2 O\
w28 8| =z |o ®
- B L :
-42 w o @
-56
-70
Fig. 3 (a) Fully optimized structure of the PNO:DMTCCP complex at

the RI-B97D3/def2-TZVPP level of theory. The binding energy at the
CCSD(T) level is —37.6 kJ mol™. (b) The energy decomposition anal-
ysis shows that the interaction is dominated by electrostatic and
dispersion. (c) Natural bond orbital (NBO) overlaps between the lone
pairs of electrons of PNO-oxygen and the w*-orbital of the nitrile
bond of DMTCCP: n — w* interaction. (d) NBO overlap between the
lone pairs of electrons of PNO—-oxygen and the o*-orbital of the C;—
C, bond of DMTCCP: n — o* interaction.

infra). Thus the intermolecular complex with high binding energy
is a suitable model system to carry out experiments to detect the
n — m* or n — o* interactions in solution.

We performed an energy decomposition analysis to deter-
mine the major contributor to the high binding energy. The
second-order symmetry-adapted perturbation theory (SAPT2)
methodology was used to decompose the total binding energy to
electrostatic (EL), exchange (EX), dispersion (DISP), and
induction (IND). The energy distribution is shown in Fig. 3b.
From Fig. 3b, it is clear that the electrostatic and dispersion are
the major contributors to the interaction energy. The obtained
result is in accordance with a recent study on intermolecular
n — 7* interaction.®® To get insight into orbital involvement for
this intermolecular complex, we performed NBO analysis in
chloroform at the MP2/def2-TZVPP level of theory.> The donor-
acceptor interaction energy was calculated under the framework
of second-order perturbation theory. The lone pairs of oxygen in
PNO delocalized into the w*-orbitals of C=N (Fig. 3¢), providing
a total donor-acceptor interaction energy of 17.97 kJ mol™*
(details are provided in the ESI, Table S17). The donor-acceptor
interaction energy for each interaction is higher than the lower
limit (1.13 kJ mol ") for any type of n — 7* interaction®® and
comparable to the donor-acceptor energy found for an inter-
molecular n— 7, interaction.* We also observed overlaps
between the lone pair of electrons of PNO-oxygen and o*-
orbital of the C;-C, bond and C,-C; bond of the cyclopropane
ring in DMTCCP (n — o*, carbon bond) (Fig. 3d), and the total
donor-acceptor energy of the carbon bond interaction is 5.16 kJ
mol~" which is ~3.5 times lower than that of the n — m*
interaction. Hence, in the PNO:DMTCCP complex, the primary
interaction is n — ¥ interaction, while the n — o* interaction

© 2022 The Author(s). Published by the Royal Society of Chemistry
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or carbon bonding is the auxiliary interaction providing extra
stability to the complex. It is worth mentioning that the PNO
forms an intermolecular complex with DMTCCP through the
n — 7*interaction (major) and the n — o* interaction (minor),
which results in high binding energy. This type of enhancement
in binding energy due to multiple binding is known as the
avidity effect.®® We also analyzed the electron density with
Bader's quantum theory of atoms in molecules.®* The positive
mutual penetration values (Table S2t) confirm the presence of
noncovalent interactions® between the PNO-O and the C atoms
of the DMTCCP molecule through n — 7* interaction and
carbon bonds. A detailed analysis is provided in the ESI.}

Spectroscopic tools

The theoretical observations persuaded us to find out the
strength of the interactions experimentally in the solution.
DMTCCP possesses nitrile (cyano, C=N) functional groups,
which can be probed through IR and NMR spectroscopy. IR and
NMR spectroscopy are quite useful techniques to probe any NCI
experimentally.®*~*° Thus, the strength of the interactions can be
determined in two ways: (i) by monitoring the vibrational
stretching frequency of the C=N bond (vc=y) in DMTCCP and
(i) by monitoring the chemical shift of the nitrile carbon (dcy)
of DMTCCP.

We carried out the theoretical vibrational frequency and
NMR analyses to have an initial idea about the change in the
C=N stretching frequency and the chemical shift of the nitrile
carbon upon complex formation. It was observed that the C=N
stretching frequency (vc—x) in DMTCCP redshifts by 1.2 cm™"
(from 2255.8 cm™' to 2254.6 cm™ ', Fig. 4a) upon complex
formation with PNO. In general, the experimental IR spectra are
broad. On the other hand, the ">C-NMR spectra of the nitrile
carbon show a downfield chemical shift of ~0.9 ppm (from
107.9 ppm to 108.8 ppm, Fig. 4b) upon complex formation with
PNO. The experimental "*C-NMR peaks are sharp, and the NMR
spectra are narrower in comparison to the IR spectra in solu-
tion. Hence, we adopted NMR spectroscopy over IR spectros-
copy to quantify the strength of the interaction experimentally.

Quantitative NMR spectroscopy is regularly practiced to study
the non-covalent interactions and reaction mechanisms.®*%*
We carried out "*C-NMR titrations in two ways. The chemical
shift of nitrile carbon of DMTCCP was monitored: (i) by fixing
[DMTCCP] and varying [PNO] (concentration-dependent NMR),
and (ii) by varying the temperature at a fixed concentration (0.03
M DMTCCP + 1.5 M PNO) of DMTCCP and PNO (temperature-
dependent NMR), because it is well known that the dimer
yielding from an NCI is favorable at high concentrations and low
temperatures. The concentration-dependent NMR study provides
the association constant or equilibrium constant (K,) of the
reaction: PNO + DMTCCP = PNO-DMTCCP. We observed
a downfield chemical shift in dcy upon increasing the PNO
concentration. The downfield chemical shift of d¢y is due to the
complex formation™ (more explanation is provided in the ESI}).
A saturation of chemical shift of dcy after a particular concen-
tration of PNO (Fig. S6, ESIt) was noticed. The downfield chem-
ical shift of dcy is about 0.7 ppm, which is in line with the

Chem. Sci., 2022, 13, 14327-14335 | 14331
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Fig. 4 (a) Theoretical IR spectra in the nitrile (vc—y) stretching region for the monomer (black line) and PNO:DMTCCP complex (red line) in
CHCls. The spectra are fitted with the experimental FWHM and scaled by a factor of 0.95. (b) Theoretical **C-NMR chemical shifts for nitrile
carbon atoms in the monomer and the complex, scaled with the experimental data by a factor of 0.93.
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Fig. 5 (a) Concentration-dependent NMR experiment shows the shift of écy (downfield) upon addition of PNO providing the AG-value. (b)
Temperature-dependent shifts of 6cy of 0.03 M DMTCCP-1.5 M PNO solution provides the AH-value. (c) Calculation of the diffusion co-efficient
by fitting the data obtained from DOSY experiments of DMTCCP (hollow dots and blue line) and PNO-DMTCCP (solid dots and red line) into the
Stejskal-Tanner equation. (d) Calculation of the diffusion coefficients of DMTCCP in CHCls (black) and DMTCCP in PNO and CHCls (red) by using
the mean squared displacement (MSD)—-time plot from the MD trajectories.
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computationally predicted downfield shift. The fitting of the
chemical shifts against the concentration of PNO in a 1:1
binding isotherm (eqn (S4), ESIt) yielded an association constant
(K,) of 2.32 4+ 0.18 M~". The Gibbs free energy change (AG)
calculated from K, is —2.09 £ 0.39 kJ mol ' (Fig. 5a). The
temperature-dependent NMR study in the temperature range of
233-313 K reveals the enthalpy change (AH) of the interaction.
We observed an upfield shift of oy with increasing temperature
due to the weakening of the noncovalent interactions at high
temperature (Fig. S7, ESIt), indicating the dissociation of the
complex at the higher temperature. The chemical shift values
were plotted against the temperature and fitted to the 1:1
binding isotherm (eqn (S5), ESIT). The fitting yielded a AH of
—28.12 + 3.42 kJ mol " (Fig. 5b). This experimentally obtained
AH is comparable to the calculated AH of —35.88 k] mol " at the
CCSD(T) level of theory. The change in entropy (AS) calculated
from the AG and AH values is —0.09 k] mol~! K. From the
values of AG, AH, and AS, one can infer that the high negative
value of enthalpy change is the stabilizing factor for complexa-
tion. To ensure that the downfield chemical shift upon addition
of PNO is due to the complex formation between DMTCCP and
PNO, we performed the conventional diffused ordered spectros-
copy (DOSY) experiment.”*” The natural logarithmic normalized
signal strength [In(Z/I,)] against the squared gradient pulse power
was fitted with the Stejskal-Tanner equation to calculate the
translational diffusion coefficients (D) of the DMTCCP and PNO-
DMTCCP mixture (Fig. 5¢).%*7

The Dpmrccp iS 2.085 x 1072 m? s, and Dpno-_pmroce 1S
1.412 x 10~° m® s, The ratio of the translational diffusion
coefficient between the monomer and the complex is 1.476. The
Stoke-Einstein (SE) equation: D = kgT/6TnR, kg is the Boltz-
mann constant, 7 is the absolute temperature, 7 is the shear
viscosity coefficient of the solution, and R is the hydrodynamic
radius of the molecule, is usually used to predict the molecular
weight of the complex, assuming that the molecule is spherical
and does not change the viscosity, the density and the
temperature of the solvent. However, there are reports where
the Stoke-Einstein equation fails to explain the diffusion coef-
ficient for small molecules.”*”® Nevertheless, the ratio of
translational diffusion coefficients of monomer to complex
calculated from the MD trajectories by the mean squared
displacement method (see the ESI} for details)”” was 1.40
(Fig. 5d), close to the experimental value. Again, as we saw that
the DMTCCP molecule has only one neighboring PNO molecule
from the MD simulation data (vide supra), the downfield
chemical shift of the nitrile carbon atom of DMTCCP upon
adding PNO is due to the dimer formation between the said
molecules. Therefore, the NMR experiments provided experi-
mental evidence of dimer formation between DMTCCP and
PNO along with the strength of the noncovalent interactions i.e.,
intermolecular n — 7* interactions assisted by intermolecular
carbon bonds in solution, which were confirmed through the
quantum mechanical and MD simulation studies. As
mentioned earlier, finding appropriate model systems and
experimental conditions and choosing suitable spectroscopic
tools are challenging. To our fortune, all these choices are
befitting to provide ample evidence and the strength of those

1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intermolecular carbon-centered noncovalent interactions in the
solution.

Conclusions

Although there are plenty of experimental reports on intra-
molecular n — w* interactions in solution, only gas phase
studies were carried out to evidence the presence of intermo-
lecular n — 7* interactions. Concisely, there was no report on
the experimental evidence of the intermolecular n — w*
interaction and its strength in solution to date. Herein, we have
provided evidence of the existence and strength of the inter-
molecular carbon-centered noncovalent interactions, i.e., n —
m* and n — o* interactions, in solution through a combined
study of NMR spectroscopy and quantum mechanical calcula-
tions aided with MD simulations. The CCSD(T) binding energy
for the dimer formation is ~38 kJ mol . The NBO anlyses
suggest that the overall binding energy is due to the combined
contributions from the n — ©* (major) and the n — ¢* (minor)
interaction. The AH-value of —28.12 k] mol ™" obtained from
concentration- and temperature-dependent NMR experiments
suggests that the interaction between DMTCCP and PNO is
enthalpy driven. Therefore, it can be said that the co-existence
of the two moderately strong (n — 7*) and weak (n — ¢%*)
interactions provided great stability to the PNO:DMTCCP het-
erodimer structure. The experimental and computational
methodologies adopted in this work will be useful in rationally
designing experimental protocols to investigate weak non-
covalent interactions in the condensed phase. We hope that the
work presented here will be helpful to scientists in crystal
engineering, chemical biology, and organic chemistry in
designing new molecules and reactions, explaining the
conformational stability of various biomolecules, and deducing
and illustrating the mechanism of the reactions involving n —
* interaction and carbon bonds.
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