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Carbon (sp3) tetrel bonding mediated BODIPY
supramolecular assembly via unprecedented
synergy of Csp3⋯N and Csp3⋯F pair interactions†

Mehmet Menaf Ayhan, *a Emrah Özcan,ab Burcu Dedeoglu, a

Yurii Chumakov,cd Yunus Zorlu a and Bünyemin Coşuta

Here, we present the first example of sp3 hybridized carbon

centered (Csp3) tetrel bonding mediated 3D BODIPY assembly via

the exceptional synergy of Csp3⋯N and Csp3⋯F pair interactions.

The carbon tetrel bond interaction energies of Csp3⋯N and

Csp3⋯F are amplified significantly as the size of the 1D chain

grows from dimer to tetramer BODIPY units.

The significance of non-covalent interactions1–5 between
molecules has been well recognized in a wide range of fields
including crystal engineering,6 chemical reactions7 and
biological systems.8 There are several types of non-covalent
interactions that can be used as the driving force in the
formation and stabilization of specific molecular and complex
structures. While hydrogen bonding continues to be a
dominant interaction,9,10 there is a growing recognition that
other nonconventional non-covalent interactions such as
halogen,11–13 tetrel,14–16 pnictogen17–19 and chalcogen20–22

bonding can also be utilized to design and obtain desired
aggregate structures. Among these interactions, tetrel bonding
has been the subject of growing interest due to its significant
role in chemical reactions23,24 and biological systems.25 Tetrel
bonding can be defined as an attractive interaction between a
positive electrostatic region (σ-hole) present on a tetrel atom
and an electron donor such as a Lewis base, an anion or a
radical.26 The magnitude of the positive electrostatic potential
of σ-holes depends on the polarizability of tetrel atoms and
the electronegativity of neighboring atoms.27

Tetrel bonding is generally considered to be among the
weakest interactions (chalcogen > halogen > pnicogen >

tetrel).28 However, this pattern does not follow the simple
order of electronegativity of the central atom, which would
have placed tetrel bonding as the strongest. This order is a
result of the reduced approachability of the σ-holes in tetrels,
where they are in the middle of three sp3-hybridized bonds.29

This low approachability reduces the tetrel bonding
interaction energy by steric and repulsive electrostatic
interactions. The heavier members of this group (Si, Ge, Sn,
and Pb) can expand their valence to overcome this
accessibility problem, whereas carbon cannot. Moreover, in
most cases, the heavier tetrel atoms form stronger tetrel
bonding due to their smaller electronegativity and larger
polarization which place carbon as the weakest among them
(C < Si < Ge < Sn < Pb).30 Nevertheless, despite the weak
nature of carbon based tetrel bonding, it is abundant in
nature and its importance has been theoretically and
experimentally validated for protein–ligand systems31,32 and
chemical reactions.33 In addition, tetrel bonding, like most
weak interactions, is known to exhibit non-additive
cooperative effects, which means that the binding energy of a
single molecule with a cluster is larger than that observed in
a binary complex.34–37

The carbon tetrel bond can be formed with sp (Csp)-, sp
2

(Csp2)- and sp3 (Csp3)-hybridized carbons in acetonitrile,38,39

carbonyl,40,41 carbon dioxide42 and methyl groups,43,44

respectively. Among these hybridized carbons, studies on
Csp3-tetrel bonding, despite it being the most abundant in
nature, are scarce and mainly based on small molecules and
theoretical studies.43–46

Recent work from our group and others shows that control
over supramolecular assembly of a complex structure like
BODIPY and, as a result, control over its solid-state properties
can be achieved with rational design of non-covalent
interactions.47–49 These studies disclosed that BODIPY can be
a useful platform for the investigation of non-covalent
interactions thanks to its rigidity, planar geometry and
several sites which can be readily functionalized. Moreover,
the BODIPY core contains four sterically accessible Csp3-atoms
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(–CH3) which can be exploited as electrophilic sites to
promote carbon tetrel bonding. To the best of our knowledge,
we present here the first example of Csp3 tetrel bonding
mediated BODIPY assembly formed by anomalous synergistic
Csp3⋯N and Csp3⋯F pair interactions (Fig. 1).

The iodination of meso-pyridyl BODIPY (B1) at the
2,6-positions yielded the corresponding iodo-BODIPY(B2) and
diiodo-BODIPY (B3) derivatives with high yields and
selectivity. The slow evaporation of solvents from the
chloroform/hexane (1 : 2) mixture of B1, B2 and B3 yielded
single crystals with centrosymmetric space groups P21/c, P21/
c and Cmcm, respectively.

In B1, different non-classical C–H⋯F (dH⋯F = 2.59 Å)
and C–H⋯N (dH⋯N = 2.61 Å) hydrogen bonding interactions
link the molecules to construct a 2D layered hydrogen-
bonded network (Fig. S11†), which further expanded into a
3D supramolecular network by C–H⋯N hydrogen bonds
(dH⋯N = 2.70 Å) (Fig. S12†). In B2, the intermolecular C–
H⋯F (dH⋯F = 2.43 to 2.49 Å) interactions form 1D infinite
hydrogen bonded chains along the c-axis. These 1D chains
are further expanded into a 3D supramolecular network by
orthogonal oriented 1D chains generated through synergistic
Csp3⋯N (3.247(6) Å) and Csp3⋯F (3.125(4) Å) pair interactions
(Table S2 and Fig. 2D and S13†). In B3, F⋯π(BODIPY)
interactions (2.695 Å) form a 1D chain structure along the
c-axis, and these chains are connected through van der Waals

dispersion interactions, containing short H⋯H (2.37 Å)
contacts, to form a 2D layered structure (Fig. S14†).

It should be noted that upon formation of carbon tetrel
bonding Csp3⋯X (N and F), there is geometrical deformation
around the carbon atom, due to steric and repulsive
electrostatic interactions, resulting from the movement of
substituents to make more room for the Lewis base. This
distortion was computed to be more energetically costly for
smaller atoms, which is the reason behind the weak nature
of the carbon tetrel bonding strength.29,50 Therefore, in order
to form efficient carbon tetrel bonding, the angle between
Csp3 and electron donors (N and F) must be high enough to
geometrically expose the carbon atom. Single-crystal X-ray
structure analysis revealed that the carbon tetrel bonding
formation angle is 164.20° for Csp3⋯N and 162.59° for
Csp3⋯F (Fig. 2C), which implies that the orientation of B2 is
driven by Csp3⋯X (N and F) interactions, and is not directed
by a packing that minimizes steric hindrance.

The electrostatic surface potential (ESP)51 map of B2 was
calculated and compared with those of B1 and B3 to serve as
a reference point and to highlight the role of the electrostatic
component in regulating the crystal packing of B2, shown in
Fig. 3. In all cases, the potentials at the end of the pyridine
and BF2 groups are strongly negative. The electropositive
regions are placed largely around the aromatic pyridine core
and –CH3 groups, where those close to pyridine exhibit a
larger positive potential compared to those near the –BF2
groups. The iodination of B1 has led to the shift of negative
potentials towards iodine atoms in B2 and B3, whereas
positive potentials of –CH3 groups remained nearly the same
for B2 and slightly increased for B3. However, it may be
noted that a specific σ-hole region on the carbon atom was
not observed. Instead both carbon and hydrogen atoms in
–CH3 groups possess and share equal electropositive regions
which should make either the carbon or the hydrogen

Fig. 1 Synthesis of B1, B2 and B3.

Fig. 2 (A) Perspective view of 1D carbon tetrel bonded infinite chains orthogonally oriented in crystal packing. (B) Front view of each carbon tetrel
bonded chain by 90° rotation. (C) 1D infinite chains connected by homodimer Csp3⋯N and Csp3⋯F carbon tetrel bonding interactions. (D)
Illustration of the 3D supramolecular network formed by F⋯H, Csp3⋯N and Csp3⋯F interactions.
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bonding interactions equally favored, at least electrostatically,
in all molecules. Furthermore, iodine atoms in B2 and B3
display large positive potential at the tip of their surface (σ-
hole) which makes iodine a strong halogen bonding donating
group and thus potentially leads to competitive halogen
bonding in these molecules. Nevertheless, single-crystal X-ray
structure analysis revealed that B2 exhibits homodimer
Csp3⋯N and Csp3⋯F carbon tetrel bond interactions but not
hydrogen or halogen bonding which demonstrates the
strength of cooperativity of carbon tetrel bond interactions.

The topological analysis of the electron density of the
dimers has been carried out to gain insight into the pairwise
Csp3⋯N and Csp3⋯F interactions using the AIM methodology
(Table 1).52 These analyses revealed the presence of a single
intermolecular bond critical point (BCP) and its
corresponding bond path between two molecules along the
homodimer Csp3⋯N and Csp3⋯F contacts. The Laplacian of
the electron density (P) at the BCP of both pairs of atoms is
positive, identifying a depletion of the density between
atoms. The positive value of the electronic energy density (H)
at the BCP of the Csp3⋯N and Csp3⋯F contacts indicates the
electrostatic character of such interactions. Furthermore, the
potential energy density (V) calculation is used to estimate
the binding energy for the Csp3⋯N and Csp3⋯F pair
interactions, and the V values are equal to −9.999 and −9.137
kJ mol−1, respectively (Table 1).

The symmetry adapted perturbation theory (SAPT)53–56

analysis, which partitions the attractive energies into
electrostatic (Eelst), exchange-repulsion (Eexch), induction
(Eind), and dispersion (Edisp) terms, has been carried out to
unveil the nature of carbon tetrel bonds in B2 and estimate
their cooperativity effect. The cooperativity energy (Ecoop) of
trimer BODIPY, where molecules are joined by Csp3⋯N and
Csp3⋯F tetrel bonds, was calculated to be the result of the
interplay of these interactions: Ecoop = ΔE1,2,3 − ΔE1,2 − ΔE2,3 −
ΔE1,3, where ΔE1,2,3 is the total interaction of the trimer
(ΔE1,2,3 = E1,2,3 – 3E1), ΔE1,2 and ΔE2,3 are the interaction

energies of the isolated dimers linked by Csp3⋯N and Csp3⋯F
tetrel bonds, respectively, and the last term (ΔE1,3) is the
interaction energy of molecules 1 and 3 in the geometry they
have in the trimer (Fig. S15†). The computed cooperativity in
terms of energy is found to be negative and equal to −7.681
kJ mol−1, which indicates that the binding energy of the
Csp3⋯N and Csp3⋯F tetrel bonds will be reinforced relative to
the isolated binary complexes, as the size of the 1D chain
grows.

The interaction energies (Eint) of homodimer Csp3⋯N and
Csp3⋯F tetrel bonds are equal to −19.96 and −12.685 kJ
mol−1, respectively (Table 2). The dispersion forces are found
to dominate in both non-covalent interactions, and in
dimers, the absolute values of all attractive energy terms are
greater for the Csp3⋯N tetrel bond than for the Csp3⋯F bond.
Interestingly, as the chain grows from a dimer to a tetramer,
the dispersion forces remain dominant; however there is a
slight decrease for the Csp3⋯N interactions, while a
significant increase for the Csp3⋯F interactions.

Moreover, unlike the dimers, all attractive energy terms
are greater for the Csp3⋯F interaction than for the Csp3⋯N
interaction in the tetramers (Fig. 4).

The interaction energies of the Csp3⋯N and Csp3⋯F tetrel
bonds are amplified significantly, as the size of the 1D chain
grows from a dimer to a tetramer, due to their impressive
cooperative interactions (Table 2).

Additionally, the role of the exchange repulsive term
significantly differs from dimer to tetramer formation. In the
dimers the Eexch value for the Csp3⋯N tetrel bond is much
higher than the Eexch value for Csp3⋯F. However, in the
tetramers, the Eexch value of the Csp3⋯N tetrel bond is
decreased, whereas the Eexch value of the Csp3⋯F tetrel bond
is increased significantly, probably due to the relatively
smaller carbon tetrel bonding formation angle of Csp3⋯F.
Yet, these large Eexch energies were overcome by the amplified
Eelst, Eind, and Edisp attractive energy terms.

As the results indicate, the cooperativity effect based on
the presence of Csp3⋯N tetrel bonds in the tetramer
strengthens the binding energy of the Csp3⋯F interaction to
an extraordinary level and continues to increase with growing
chain length.

To conclude, we report here the first example of a carbon
tetrel bonding mediated BODIPY assembly via homodimer
Csp3⋯N and Csp3⋯F interactions resulting in an infinite 1D
chain of B2 in the crystal lattice. Our study shows that the
cooperativity of the homodimer Csp3⋯N and Csp3⋯F
interactions in terms of energy is very efficient and around

Fig. 3 The electrostatic surface potential (ESP) maps (kJ mol−1) of B1,
B2 and B3.

Table 1 Electron density ρ, Laplacian Δρ (a.u.), energy (H) and potential
energy (V) density (kJ mol−1) at the Csp3⋯X (N and F) tetrel bonds' critical
points in dimers

Csp3⋯X P Δρ H V

Csp3⋯N 0.007 0.025 3.2 −9.999
Csp3⋯F 0.005 0.026 4.038 −9.137

Table 2 Summary of the SAPT results (kJ mol−1) for the dimers and
tetramers (in bold)

Csp3⋯X Eelst Eexch Eind Edisp Eint Ecoop

Csp3⋯N −12.50 23.88 −3.29 −28.05 −19.96 −7.68
−13.79 17.72 −4.40 −24.89 −25.35

Csp3⋯F −6.98 8.86 −2.19 −12.37 −12.69
−24.86 47.84 −6.64 −56.28 −39.95
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−7.681 kJ mol−1 in the trimer BODIPY units. The carbon tetrel
bond interaction energy amplified impressively for both the
Csp3⋯N and Csp3⋯F interactions in the tetramer compared to
the dimer BODIPY units. These results demonstrate that sp3

hybridized carbon tetrel-bonding interactions can indeed be
used for supramolecular engineering of complex structures
like BODIPY. Thus, considering the abundance of –CH3

groups in synthetic and natural organic molecules, their
potential applications will greatly extend to numerous
molecular disciplines, e.g., supramolecular chemistry, crystal
engineering, chemical reactions and biological systems.
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