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Cooperative effects between w-hole triel and -
hole chalcogen bonds+

Jingru Zhang, Wenzuo Li,* Jianbo Cheng, Zhenbo Liu and Qingzhong Li (D)

MP2/aug-cc-pVTZ calculations have been performed on w-hole triel- and chalcogen-bonded complexes
involving a heteroaromatic compound. These complexes are very stable with large interaction energy up to

—47 kcal mol™t. The sp?-hybridized nitrogen atom engages in a stronger m-hole bond than the sp-

hybridized species although the former has smaller negative electrostatic potential. The spz—hybridized

oxygen atom in 1,4-benzoquinone is a weaker electron donor in the m-hole bond than the sp-

hybridized nitrogen atom. The m-hole triel bond is stronger than the m-hole chalcogen bond. A clear

structural deformation is found for the triel or chalcogen donor molecule in these m-hole-bonded

complexes. The triel bond exhibits partially covalent interaction, whereas the chalcogen bond exhibits

covalent interaction in the SOz complexes of pyrazine and pyridine derivatives with a spz—hybridized

nitrogen atom. Intermolecular charge transfer (>0.2e) occurs to a considerable extent in these

complexes.
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In ternary complexes involving an aromatic compound, wherein a triel bond and
a chalcogen bond coexist, both the interactions are weakened or strengthened when the central

aromatic molecule acts as a double Lewis base or plays a dual role of both a base and an acid. Both

DOI: 10.1039/c8ra04106g

rsc.li/rsc-advances both interactions.

1. Introduction

Intermolecular interactions play a crucial role in chemistry,
biology, and materials science;'* they can lower the activation
free energy of a reaction,* govern the conformational stability
and biological activity of proteins and other biological macro-
molecules,” and modulate the functions and properties of
materials.® Other than the most important and prevalent
intermolecular interaction, ie., the H-bond, more types of
intermolecular interactions have caused considerable
interest.”'* Herein, we focus on chalcogen and triel bonding
interactions, wherein the group V and III atoms act as a Lewis
acid center to bind with a base.'** For most of the cases, the
origin of the acidic center of a chalcogen atom can be traced
back to the presence of a region with positive electrostatic
potentials (c-hole) in the outer regions of a Ch-R bond.* For
a triel atom, this region is often vertical to the planar molecule
or a planar portion of a molecular framework (m-hole).** Some
group V molecules, such as SO;, also have such m-holes.” It
should be pointed out that the m-hole triel bond has
a completely different nature from the m-hole in chalcogen
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electrostatic and charge transfer effects have important contributions toward changes in the strength of

bond since in the literature, a triel bond is referred as a dative
bond.*

Due to their importance in crystalline materials and bio-
logical systems, many studies have been conducted on chal-
cogen bonds by means of experimental and theoretical
methods.”” Chalcogen-bonded complexes of SOF,, SOFCI,
and SOCI, with a series of N bases are stabilized by coulombic
attractions of N to the o-hole opposite the S atom as well as by
the Lpn— o+ (S-Z) electron transfer (Z = O, F, Cl)."” Tetravalent
SF, also has one o-hole along the extension of the S-F bond, and
the strength of chalcogen bonding between tetravalent SF, and
amines is similar to that with divalent SF,.* In realizing its
functions in crystalline materials and biological systems, chal-
cogen bonding often coexists with more than one interaction
including that with itself, exhibiting cooperative effects. For
instance, bidentate chalcogen bonding increases the associa-
tion constant by an order of magnitude in binding of
perfluoroaryl-substituted tellurophenes with an anion.” Thus,
substantial theoretical attention has been paid to the coopera-
tive effect of chalcogen bonding with itself and other types of
interactions,**** showing some interesting results. For
instance, although SO;---NHj3---NH; is more stable than NH;-
SO;---NH3, the latter is identified in argon matrixes, where the
two N-S bonds are nonequivalent.*

A trivalent triel atom in TrR3, owing to its electron deficiency,
is usually used to bind with Lewis bases such as HCN, CH;CN,
and NH;.***' Upon complexation, the geometric structure of

This journal is © The Royal Society of Chemistry 2018
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TrR; exhibits substantial deviation from the planar one, and it
becomes more prominent for a stronger triel bond. There is
clear difference between the solid- and gas-phase structures of
HCN---BF;, which is mainly caused by the cooperative effect in
the solid.** Thus, there is growing interest regarding the coop-
erative effect of a triel bond with itself and other interac-
tions.** In BF;---NCH:---NCH, where a triel bond and
a hydrogen bond coexist, both B---N and H---N distances are
shortened, but the shortening of the B---N distance in the
stronger triel bond is larger than that of the H---N distance in
the weaker hydrogen bond.* This abnormal result is also found
in similar complexes composed of a triel bond and a halogen
bond* or a pnicogen bond.*

In this paper, we study the interplay between the triel bond
and chalcogen bond in the complexes of pyrazine, 1,4-dicya-
nobenzene, and 1,4-benzoquinone as well as their derivatives.
These three molecules are often used in studying the coopera-
tive effects between an anion-w interaction and other interac-
tions including hydrogen bonding,” halogen bonding,*
chalcogen bonding,* pnicogen bonding,* tetrel bonding,* triel
bonding,* and metal-Lp interactions.> It should be noted that
there are two important reviews on cooperative effects.>»*” Their
derivatives contain 4-BH,-pyrazine, 4-BF,-pyrazine, 1-CN-4-BH,-
benzene, and 1-CN-4-BF,-benzene although these molecules are
not found in the Cambridge Structural Database. We focus on
the comparison of the strengths of triel bonding among these
molecules, comparison of the strengths of chalcogen bonding
among these molecules, and interplay between triel bonding
and chalcogen bonding. The results are estimated by means of
binding distances, interaction energies, and electron densities.
To reveal the mechanism for the cooperative effects in these
systems, charge transfer and molecular electrostatic potentials
are analyzed for these complexes.

2. Theoretical methods

All the calculations were performed using the Gaussian 09
program.®® All the complexes were first optimized using the
second-order Mpller-Plesset perturbation theory (MP2) level
with the aug-cc-pVDZ basis set. Frequency analysis at the same
computational level was then applied to confirm that the opti-
mized geometries corresponded to stationary points with no
imaginary frequencies. Finally, the complexes with MP2/aug-cc-
pVDZ geometries were again optimized at the MP2/aug-cc-pVTZ
level. The interaction energy (AE;,) in the binary system was
obtained by subtracting the energies of the monomers frozen in
the complex from the energy of the complex. If the energies of
the optimized monomers are used as the reference, the binding
energy (AEyp) can be calculated. The difference between AE}, and
AE;, is denoted as the deformation energy (DE). Both AE;, and
AE;,. were corrected from the basis set superposition error
(BSSE) by the counterpoise procedure suggested by Boys and
Bernardi.” The total interaction energy (AE) in the ternary
systems and the interaction energy between the molecule pair
were calculated with a similar supramolecular method using
the following formulas: AE o = Eagc — Ea — Ep — Ec, AEppc =
Epgc — En—Egc, and AExg ¢ = Eag.c — Eagp — Ec, Where the
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energies of the monomers and dyads are from the ternary
complex. The interplay between the two interactions in the
ternary system was estimated with cooperative energy (Ecoop),
which was obtained by E.qop = AE¢otal — AEs-g — AEp_c — AEa_c;
here, AE, 5 and AEg ¢ are the interaction energies of the opti-
mized binary systems, and AE, ¢ is the interaction energy
between the two unbonded molecules in the ternary system.
Molecular electrostatic potentials (MEPs) were computed on
the 0.001 au electron density contour at the MP2-aug-cc-pVTZ
level with the Wave Function Analysis-Surface Analysis-Suite
(WFA-SAS) program.®® The topological analysis of all the
complexes was carried out using Bader's theory of atoms in
molecules (AIM) with the help of the AIM2000 software.®* The
contour of the Laplacian of the electron density was plotted by
the Multiwfn software.®> Natural bond orbital (NBO) analysis
was performed at the HF/aug-cc-pVTZ level via the NBO 3.1
procedure included in Gaussian 09 to analyze charge transfer.*®

3. Results and discussion

3.1. MEPs of monomers

Fig. 1 shows the MEP maps of the studied monomers. For BH;
(2), BF3 (3), and SO; (4), there are two -holes (red region) along
the vertical direction of the molecular plane. The most positive
MEP on the m-hole is larger in BF; than that in BH3, which is
consistent with previously reported results." The most positive
MEP on the 7-hole is almost equal for BF; and SO;. The m-holes
in BH;/BF; and SO; thus can form a triel bond and a chalcogen
bond with a base, respectively. A blue region with negative MEPs
is found around the N/O atom for NH; (1), pyrazine (5), 1,4-
dicyanobenzene (6), and 1,4-benzoquinone (7). Due to sp°
hybridization, the N atom of 1 has larger negative MEP than
those for 5 and 6. It is thus not difficult to understand the fact
that NH; often acts as the Lewis base in intermolecular inter-
actions. The N atom of 5 has smaller negative MEP than that for
6 due to greater delocalization in the former. In 8-11, a red
region (7t-hole) and a blue area are found on the B and N atoms,
respectively. The m-hole on the B atom in 8-11 has smaller
positive MEP than those in 2 and 3, indicating that the aromatic
ring is electron-donating. The stronger electron-withdrawing
ability of CN in 9/11 results in larger positive MEP on the B
atom relative to that in 8/10. The negative MEP on the N atom in
10/11 is smaller than that in 8/9 due to stronger electron-
withdrawing ability of BF,.

3.2. Triel-bonded dyads

Fig. 2 shows the optimized structures of ten triel-bonded dyads.
These structures have approximate Cy symmetry. The plane of
symmetry is along the aromatic ring in ZB-2, ZB-3, ZB-5, and ZB-
6, whereas it is vertical to the aromatic ring along the B-N-N or
B-C-N axis in the other dyads. A clear change in geometry is
that the B-containing molecule deviates from the planar struc-
ture, and this phenomenon is often observed in triel-bonded
complexes.” The B-C bond exhibits smaller deviation than
the B-H/F bond in ZB-8, ZB-9, ZB-10, and ZB-11 due to the
stronger B-C bond. To estimate the deformation of the B-
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NH;(1) 1.4-dicyanobenzene(6)
007@ -00@
BH;(2) 1,4-benzoquinone(7)

0.056

3

-0.052
4-BF,-pyridine(10)

pyrazine(5)

1-CN-4-BF,-benzene(11)

Fig.1 MEP maps of the monomers. Color ranges, in eV, are as follows:
red, greater than 0.0210; yellow, between 0.0210 and —0.0028; green,
between —0.0028 and —0.0150; and blue, less than —0.0150.

containing molecule, we list the average of the three N---B-H/F
angles in ZB-1 to ZB-6 except the average of the two N---B-H/F
angles and one N---B-C angle in the other dyads (Table 1).
The deformation is larger if this average value has larger devi-
ation from 90°; this value is larger than 90° for all the
complexes. Thus, the B-containing molecule exhibits deforma-
tion. The largest deformation is found in ZB-1, whereas the
smallest one is found in ZB-5. It is noted that such an indicator
is only an approximate estimation of deformation.

The binding distance is also shown in Fig. 2. The B--'N
distance is in the range of 1.576-2.221 A, whereas the B---O
distance varies from 1.655 A in ZB-3 to 1.722 A in ZB-6. These
distances are much shorter than the sum of the van der Waals
(vdW) radii of the corresponding atoms (3.68 A for B---N and
3.66 A for B---0), which indicates that the triel bond is very
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ZB-10
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Fig. 2 Optimized structures of the triel-bonded binary complexes.
Distances are given in A.

strong. ZB-2 has shorter distance than ZB-1, whereas ZB-5 has
longer distance than ZB-4; the former is consistent with nega-
tive MEPs on the N atoms of 5 and 6, whereas the latter shows
an inconsistent change. The F-substitution lengthens the
binding distance, which is inconsistent with the changes in the
positive MEP on the B atom. This implies that electrostatic
interaction is not the sole dominant factor in stabilizing the
triel-bonded complexes.

Table 1 presents interaction energy and binding energy; their
difference is denoted as the deformation energy, which can be

Table 1 Interaction energy (AE;., kcal mol™), binding energy (AE,,-
kcal mol™), deformation energy (DE, kcal mol™), relative Gibbs free
energy (AG, kcal mol™), and angle («, deg) in the triel-bonded binary
systems®

Dyads AE;, AE, DE AEZPE AG o

2 + 5(ZB-1) —46.81 —34.42 14.03 —30.51 —20.67 104.8
2 + 6(ZB-2) —33.03 —21.60 12.70 —18.30 —7.69 104.4
2 + 7(ZB-3) —27.44 —17.79 1115 —13.99  —3.20 103.1
3 + 5(ZB-4) —44.52 —23.08 24.47 —21.24 —14.28 104.2
3 + 6(ZB-5) —8.79 —7.04 310 —6.35 —0.07 95.4
3+ 7(ZB-6) —25.40 —10.82 17.28  —9.40  —0.51 102.0
1+ 8(ZB-7) —42.06 —29.50 14.17 —24.86 —15.29 104.4
1+ 9(ZB-8) —41.70 —29.04 14.29 —24.46 —14.83 104.5
1+10(ZB-9) —37.38 —19.28 20.33 —15.81  —9.11 103.7
1+11(ZB-10) —37.53 —19.22 20.53 —15.77 —9.00 103.8

“ AEZP® is the binding energy corrected for zero-point vibrational energy
(ZPE). « is the average of the three N---B-H/F angles in the former six
dyads but the average of the two N---B-H/F angles and one N---B-C
angle in the latter four dyads.

This journal is © The Royal Society of Chemistry 2018
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used to measure the deformation of both the subsystems in the
complex. The deformation energy is relatively large, i.e., from
3.10 kcal mol™" in ZB-5 to 24.47 kcal mol ' in ZB-4. The
deformation energy amounts to 30-68% of the interaction
energy; thus, its contribution is very important. Larger defor-
mation energy corresponds to larger interaction energy
although they do not have a linear relationship. In the following
discussion, the interaction energy is utilized to estimate the
stability of the triel-bonded complex.

The interaction energy varies from —8.79 kcal mol™* in ZB-5
to —46.81 kcal mol™" in ZB-1. When BH; and BF; are consid-
ered, the interaction energy is more negative in the order of ZB-3
< ZB-2 < ZB-1 and ZB-5 < ZB-6 < ZB-4, respectively. Both orders
are inconsistent with the negative MEP on the N/O atom; this
shows that the N atom of pyrazine has strong affinity toward the
B atom, which is similar to that observed for the tetrel atom in
tetrel bonds.®® ZB-7 has slightly larger interaction energy than
ZB-8, which is inconsistent with the positive MEP on the B
atom. However, the interaction energy and deformation energy
in ZB-9 are almost equal to those in ZB-10 although the positive
MEP on the B atom is larger in 11 than that in 10. The B-F
system has smaller interaction energy than the B-H analogue.
Interestingly, = the interaction energy reduces by
24.24 kecal mol ' in ZB-5 when compared with that for ZB-2.
Although the values of the interaction energy and binding
energy have large difference in most systems, their variations
are similar, and both are thus appropriate for estimating the
relative stability of the complex. The binding energy is reduced
by 7-18% if it is corrected for zero-point vibrational energy
(ZPE). Nonetheless, its variation tendency remains unchanged.
For the triel-bonded complexes, the binding processes are
exergonic (AG < 0) at 298 K. The entropy change (AS) is negative
in the formation of complexes; thus, the AH term is dominant
over the unfavorable TAS term. Generally, more negative AG
results in stronger triel bond.

There are some studies on triel bonds between BH;/BF; and
some small compounds containing N. Herein, we compare our
results with those of the previous studies. The interaction
energies were calculated to be —44.8, —6.7 and —1.8 kcal mol ™"
in the BF; complexes with NH;, HCN, and N,, respectively.**
Thus, the N atoms of pyrazine and NH; indicated similar
affinities toward the B atom of BF; although the latter exhibited
more negative MEP due to sp® hybridization; moreover, it
exhibited stronger affinity toward the B atom of BH; than the N
atom of NH; since the interaction energy was about
—30 kcal mol ™" in the latter.** For the BF;---CH;CN complex,
two configurations were found with the interaction energies of
—7.7 and —8.7 kcal mol %> Clearly, its interaction energy was
comparable with that of ZB-5. This comparison indicated that
pyrazine and 1,4-dicyanobenzene are good electron donors in
triel bonds.

A strong triel bond results in substantial charge transfer
from the electron acceptor to the triel donor (Table 2). The
charge transfer is larger than 0.2e in most complexes except that
for ZB-5. The large charge transfer is chiefly due to the defor-
mation of monomers; Grabowski stated that the deformation
energy is strongly related to the above-mentioned charge

This journal is © The Royal Society of Chemistry 2018
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Table 2 Electron density (pgcp, au), Laplacian (V2pgcp, au), and total
electron energy density (Hgcp, au) at the bond critical point as well as
charge transfer (CT, e) in the triel-bonded binary systems®

Dyads PBrCP V2pree Hygcp CT

7ZB-1 0.109 0.315 —0.074 0.3223
ZB-2 0.098 0.064 —0.005 0.3133
ZB-3 0.072 0.564 —0.018 0.2578
7B-4 0.106 0.315 —0.074 0.2917
7ZB-5 0.026 0.064 —0.005 0.0488
7ZB-6 0.073 0.317 —0.038 0.2129
7ZB-7 0.103 0.503 —0.061 0.3662
7ZB-8 0.103 0.502 —0.061 0.3659
7ZB-9 0.104 0.351 —0.070 0.3324
7ZB-10 0.104 0.349 —0.070 0.3324

¢ CT is the sum of the NBO charge on all the atoms of the electron donor
molecule.

transfer.*” Although no linear relationship is found between
charge transfer and interaction energy, they exhibit a consistent
change.

The presence of a B---N/O bond critical point (BCP) is used to
characterize the triel bond (not shown), and its electron density
(pscp), Laplacian (V>pgcp), and total electron energy density
(Hgcp) are shown in Table 2. The electron density is in the range
of 0.026-0.109 au, and this value is large in most complexes. For
all the complexes, V?ppcp is positive and Hpcp is negative.
Therefore, the triel bond belongs to a partially covalent inter-
action based on the classification of the interaction suggested
by Arnold and Oldfield.®® The contour plots of V?pgep for the
triel-bonded complexes are shown in Fig. S1.7 Green solid lines
represent the region of V?pycp > 0, and purple dashed lines
highlight the area of V?pgcp < 0. For the cases where V’ppcp is
positive and Hgcp is highly negative, we get a region where
electron density is accumulated between the two centers; BCP
lies just outside this region in most cases. This phenomenon
was reported in the XeBeCN, cluster® and B;Ng;" (Ng = Ar-Rn)
complexes.” Previously, the sign of Hpcp was used to charac-
terize the covalent properties of a bond.” It should be noted
that V?ppcp is not sufficient to describe a covalent bond
including covalent bonds exhibited by elements other than the
first row elements.”””* In addition, in some cases, Hgcp gives
a highly negative value even for ionic bonds.”>7®

3.3. Chalcogen-bonded dyads

Fig. 3 shows the optimized structures of seven chalcogen-
bonded complexes represented from CB-1 to CB-7. These
structures also exhibit Cy symmetry similar to the triel-bonded
complexes, as shown in Fig. 2. In CB-1, 3, 4, and 6, there are
two weak H:---O interactions other than the chalcogen bond.
The geometry of SO; also deviates from a planar structure, and
its deviation is estimated with the average of the three N/O---S-
O angles (Table 3) since these angles are larger than 90° in
chalcogen-bonded complexes. The deformation of SO; in
chalcogen-bonded complexes is smaller than that in a B-
containing molecule in triel-bonded complexes due to the
smaller N/O---S-O angle. The deformation of both the

RSC Adv., 2018, 8, 26580-26588 | 26583
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Fig. 3 Optimized structures of the chalcogen-bonded binary
complexes. Distances are given in A.

Table 3 Interaction energy (AEi, kcal mol™), binding energy (AEp, -
kcal mol™), deformation energy (DE, kcal mol™?), relative Gibbs free
energy (AG, kcal mol™), and angle (a, deg) in the chalcogen-bonded
binary systems®

Dyads AEjn AEy, DE AEZFE AG a

4+ 5(CB-1) —29.93 —21.81 8.12 —19.96 —8.04 974
4 + 6(CB-2) —8.67 —811  0.56 -7.31 —0.28  92.1
4+ 7(CB-3) —12.25 —10.04 2.21 —8.91 0.28 93.8
4 + 8(CB-4) —33.48 —24.47 9.01 —22.55 —10.39 97.8
4 + 9(CB-5) —9.26 —8.57  0.69 —7.74 —0.33  92.3
4+10(CB-6) —32.61 —23.77 884 —21.90 -9.71  97.7
4 +10(CB-7) —9.12 —8.47  0.65 —7.65 —0.27 922

“ « is the average of the three N/O---S-O angles.

molecules is consistent with the deformation energy (Table 3).
This value is larger than 8 kcal mol " in the complexes with the
sp>-hybridized N atom as the electron donor, whereas it is
smaller when the sp-hybridized N atom acts as the electron
donor. The deformation energy in the chalcogen-bonded
complexes is smaller than that in the triel-bonded complex,
that is, the geometrical deformation of the subsystems in the
former is smaller than that in the latter.

Since the sp’>-hybridized N atom can lose electrons more
easily than the sp-hybridized N atom, the chalcogen bond is
stronger in CB-1 than that in CB-2, as evidenced by the shorter
N---S distance and larger interaction energy. Similarly, the sp-
hybridized N atom in CB-4/6 forms a stronger chalcogen bond
than the sp-hybridized N atom in CB-5/7. Similar to that in the
triel bond, the oxygen atom of 1,4-benzoquinone engages in

26584 | RSC Adv., 2018, 8, 26580-26588
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Table 4 Electron density (pgcp, au), Laplacian (V2pgcp, au), and total
electron energy density (Hgcp, au) at the bond critical point as well as
charge transfer (CT, e) in the chalcogen-bonded binary systems®

Dyads PBCP V2ppce Hygcp CT

CB-1 0.1173 —0.1305 —0.0810 0.2535
CB-2 0.0311 0.0875 —0.0011 0.0227
CB-3 0.0506 0.1020 —0.0086 0.0719
CB-4 0.1240 —0.1656 —0.0905 0.2781
CB-5 0.0331 0.0889 —0.0016 0.0268
CB-6 0.1223 —0.1563 —0.0880 0.2715
CB-7 0.0326 0.0887 —0.0016 0.0258

¢ CT is the sum of the NBO charge on all the atoms of the electron donor
molecule.

a weaker chalcogen bond than the nitrogen atom of pyrazine.
The BF, substituent decreases the chalcogen bond relative to
the BH, substituent. Although the m-hole of SO; has more
negative MEP than that of BHj;, the chalcogen bond is weaker
than the corresponding triel bond; the main reason is the larger
deformation energy in the latter. For the chalcogen bond, the
binding energy also has a consistent change with the interac-
tion energy, and the reduction caused by ZPE (7-11%) is smaller
than that in the triel bond. At 298 K, AG is negative in most
chalcogen-bonded complexes excluding CB-3. The positive AG
value of CB-3 indicates that the formation of this complex is an
endergonic process.

The chalcogen bond leads to smaller charge transfer than
the corresponding triel bond. However, the charge transfer in
the chalcogen bond has a linear relationship with the interac-
tion energy (Fig. S21). The electron density at S---N/O BCO
supports change in the interaction energy (Table 4) since they
have a linear relationship (Fig. S31). Hpcp is negative in all
chalcogen-bonded complexes, whereas the values of V>pgcp are
positive in CB-2, 3, 5, and 7, but they are negative in CB-1, 4, and
6. Therefore, the chalcogen bond exhibits partially covalent
interaction in the former and covalent interaction in the latter.

The charge transfer values were calculated to be 0.0019,
0.010, 0.015, 0.21, and 0.26¢ in the SO; complexes with N,, HCN,
CH;CN, NH;, and NMe;, respectively.'® The larger charge
transfer corresponded to a stronger chalcogen bond; thus, we
can infer that NMe; engages in a stronger chalcogen bond than
the other four nitrogenated bases. The charge transfer in CB-1,
4, and 6 is almost equal to that in SO;---NMej;; thus, we can infer
that the sp>-hybridized N atom in pyrazine, 4-BH,-pyridine, and
4-BF,-pyridine is a good electron donor in the chalcogen bond.
The interaction energy is larger than —30 kcal mol " in CB-1, 4,
and 6. It should be noted that the magnitude of charge transfer
is related to the calculation methods used.”

3.4. Interplay between triel bond and chalcogen bond

Fig. 4 shows the optimized structures of ten ternary complexes,
where a triel bond and a chalcogen bond coexist. The confor-
mation of the triad is similar to that in a dyad. In the former six
triads, the binding distances of both the triel bond and chal-
cogen bond are elongated relative to that in the corresponding

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Optimized structures of the ternary complexes. Distances are
given in A.

dyad. Interestingly, the B---N distance is reduced in ZB-CB-2.
Moreover, the lengthening of the S---N/O distance is much
larger than that of the B---N/O distance in ZB-CB-1, 3, 4, and 6;
in the latter four triads, the binding distances of both the triel
bond and chalcogen bond are shortened, and the shortening is
much larger for the chalcogen bond.

Table 5 presents the total interaction energy and the inter-
action energies of both the triel bond and chalcogen bond. The
total interaction energy is dependent on the strength of both the
interactions. The change (AAE) in the interaction energies of
both the triel bond and chalcogen bond is also listed in Table 5.
AAE is positive for both the interactions in the former six triads,
but it is negative for both the interactions in the latter four
triads. This indicates that both the interactions weaken from
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ZB-CB-1 to 6, but they are strengthened from ZB-CB-7 to 10.
Generally, the interaction energies exhibit larger change when
both types of interactions have comparable strengths. From ZB-
CB-1 to 6, both N/O atoms in the central molecule are taken as
a double Lewis base to form a triel bond and a chalcogen bond
simultaneously; thus, they weaken each other. However, from
ZB-CB-7 to 10, the central molecule plays the dual role of a Lewis
acid and base to engage in the triel and chalcogen bonding
interactions, respectively; thus, they are enhanced. The inter-
action energy between the two distant molecules is positive in
ZB-CB-1 to 6, but it is negative in ZB-CB-7 to 10. Nonetheless, it
is small in all the ternary systems.

The interplay between both the interactions can be further
estimated with cooperative energy. This term is positive in ZB-
CB-1 to 6, but it is negative in ZB-CB-7 to 10, which indicates
that there is negative synergistic effect in the former, but posi-
tive synergistic effect in the latter. In most cases, this effect is
relatively prominent when the strength is sufficiently large for
both the interactions. For instance, the cooperative energy
amounts to 10.86 kcal mol ™' in ZB-CB-4, where the interaction
energies of both the interactions are larger than
—20 kcal mol™'. The cooperative energy corresponds to 1.2—
17.7% of the total interaction energy, and it varies in a large
range depending on the strength of both the interactions. This
percentage in ZB-CB-1 to 10 is smaller than 17-55% in F;B---
NCX:--NCM (X, M = halogen), where a triel bond and a halogen
bond coexist.*

The cooperative effect between both the interactions can also
be evidenced by the change in the electron density at the
intermolecular BCP in the ternary complex relative to that in the
corresponding dyad (Table 6). The electron density decreases
for both the types of BCPs in ZB-CB-1 to 6, but a reverse result is
found in ZB-CB-7 to 10. The change in the electron density
supports change in the strength of the corresponding interac-
tion since electron density can be used to estimate the inter-
action strength. Moreover, the electron density exhibits larger
change for the chalcogen bond.

Although deformation energy is very important in the triel
bond and chalcogen bond, it was demonstrated that

Table 5 Totalinteraction energy (AEqa), interaction energies (AE) of triel bond (ZB) and chalcogen bond (CB), and cooperative energy (Ecoop) in

the ternary systems. All are in kcal mol™“

Triads AEtotal AEzgp AECB AEfar AAEzg AAECB Ecoop
ZB-CB-1 —71.56 —42.05 —24.56 0.25 4.76 5.37 4.93(6.9)
ZB-CB-2 —40.93 —32.36 —8.05 0.01 0.67 0.62 0.76(1.9)
ZB-CB-3 —35.58 —25.28 —-9.77 0.01 2.16 2.48 4.10(11.5)
7ZB-CB-4 —63.16 —35.97 —22.61 0.43 8.55 7.32 10.86(17.2)
ZB-CB-5 —17.24 -7.53 —8.28 0.01 1.26 0.39 0.21(1.2)
ZB-CB-6 —-31.97 —20.93 —9.32 0.02 4.47 2.93 5.66(17.7)
ZB-CB-7 —82.60 —47.52 —39.69 —0.20 —5.46 —6.21 —6.86(8.3)
ZB-CB-8 —52.77 —43.21 —10.49 —0.03 —1.51 —1.23 —1.78(3.3)
ZB-CB-9 —76.32 —42.30 —37.70 —0.21 —4.92 —5.09 —6.12(8.0)
ZB-CB-10 —48.13 —38.79 —10.29 —0.03 —1.26 -1.17 —1.45(3.0)

“ AAE is the difference of AE in the triad relative to the corresponding dyad. AEg,, is the interaction energy between two unbonded molecules in the
ternary system. Data in parentheses denote the percentage of Ecop t0 AEotal.
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Table 6 Electron densities (p, au) at the triel bond (ZB) and chalcogen
bond (CB) BCPs in the triads and their changes (Ap, au) relative to the
corresponding dyads
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Table 8 Charge transfer (CT, e) of the triel bond (ZB) and chalcogen
bond (CB) in the triads as well as its change (ACT, e) relative to the
corresponding dyads

Triads PzB Apzs PcB Apcp Triads CTyzs ACTzg CTcp ACTcp

ZB-CB-1 0.1064 —0.0028 0.1060 —0.0113 ZB-CB-1 0.2995 —0.0228 0.2150 —0.0385
ZB-CB-2 0.1040 —0.0001 0.0290 —0.0021 ZB-CB-2 0.3095 —0.0038 0.0187 —0.0040
ZB-CB-3 0.0746 —0.0027 0.0401 —0.0105 ZB-CB-3 0.2492 —0.0086 0.0451 —0.0268
ZB-CB-4 0.0959 —0.0097 0.1004 —0.0169 ZB-CB4 0.2640 —0.0277 0.1976 —0.0559
ZB-CB-5 0.0221 —0.0041 0.0298 —0.0013 ZB-CB-5 0.0343 —0.0145 0.0202 —0.0025
ZB-CB-6 0.0651 —0.0084 0.0381 —0.0126 ZB-CB-6 0.1882 —0.0247 0.0405 —0.0314
ZB-CB-7 0.1054 0.0026 0.1356 0.0116  ZB-CB-7 0.3797 0.0135 0.3161 0.0380
ZB-CB-8 0.1035 0.0007 0.0388 0.0057 ZB-CB-8 0.3695 0.0036 0.0391 0.0123
ZB-CB-9 0.1070 0.0032 0.1320 0.0098 ZB-CB-9 0.3454 0.0130 0.3044 0.0329
ZB-CB-10 0.1046 0.0008 0.0369 0.0043 ZB-CB-10 0.3356 0.0032 0.0348 0.0090

electrostatic interaction is still the main driving force in the
formation of both the interactions.'** To explain the interplay
between both the interactions, MEPs in the dyads are shown in
Table 7. The most negative MEP on the free N/O atom
decreases in ZB-1 to 6, but it increases in ZB-7 to 10 and thus,
the former is a weaker Lewis base, and the latter is a stronger
base; the former forms a weaker chalcogen bond in ZB-CB-1 to
6, whereas the latter engages in a stronger chalcogen bond in
ZB-CB-7 to 10. The most negative MEP on the free N/O atom
also decreases in CB-1 to 3, corresponding to a weaker base,
and it forms a weaker triel bond in ZB-CB-1 to 6. The more
positive MEP on the B atom increases in CB-4 to 7; thus, it is
a stronger acid and forms a stronger triel bond.

The interplay between both the interactions can also be
understood with a change in the charge transfer (Table 8). The
charge transfer is reduced for both the interactions in ZB-CB-1
to 6, where it moves from the central molecule to BH;/BF;/SO;.
In ZB-CB-1 to 6, the direction of charge transfer is reverse for
both the interactions. On the other hand, the charge transfer
increases for both the interactions in ZB-CB-7 to 10, where the
direction of charge transfer is from left to right for both the
interactions. AAE has a linear relationship with ACT for both
the interactions, but a better relationship is found for the
chalcogen bond (Fig. S47).

Table 7 The most negative MEP (V,,;n) on the free N/O atom in the
dyads and the most positive MEP (V,54) on the free B atom in the dyads
as well as their change (AV) relative to the corresponding monomers;
all values are in eV

DyadS Vinin AVmin DyadS Vinax AVmax
ZB-1 —0.031 0.018 CB-4 0.0917 0.0352
7ZB-2 —0.045 0.008 CB-5 0.0680 0.0097
7ZB-3 —0.036 0.014 CB-6 0.1091 0.0313
7B-4 —0.024 0.025 CB-7 0.0892 0.0086
7B-5 —0.048 0.005
7B-6 —0.032 0.018
7B-7 —0.071 —0.015
7B-8 —0.072 —0.011
ZB-9 —0.065 —0.013
ZB-10 —0.068 —0.010
CB-1 —0.020 0.029
CB-2 —0.048 0.005
CB-3 —0.038 0.012

26586 | RSC Adv., 2018, 8, 26580-26588

4. Conclusions

Ab initio calculations have been performed for ternary complexes,
where both a m-hole triel bond and a m-hole chalcogen bond
coexist, along with the respective binary complexes. These 7-hole
bonds are very strong, possessing numerous characteristics of at
least partially covalent interactions. The stability of these
complexes is mainly due to charge transfer from the electron
donor to the triel or chalcogen donor, caused by electrostatic,
polarization, and deformation effects. Hpcp is negative for all the
complexes; furthermore, V>pgcp is also negative for the chalcogen-
bonded complexes of pyrazine and pyridine derivatives. A
comparison of the different hybridized nitrogen atoms indicates
that the sp>hybridized nitrogen atom is favorable to bind with the
m-hole at the triel or chalcogen center. The triel molecule is more
easily deformed to bind with the electron donor than the chal-
cogen molecule, thus forming a stronger -hole bond.

Both triel and chalcogen bonds can coexist in the same
ternary complex where a heteroaromatic compound is located
in the central position. If the central molecule acts as a double
Lewis base to bind with another two molecules, both the
interactions are weakened, and a larger weakening effect is
found for the chalcogen bond. If the central molecule plays
a dual role of both a base in the triel bond and an acid in the
chalcogen bond, both interactions are strengthened, and larger
strengthening effect is found for the chalcogen bond. The
cooperative mechanism of both the interactions is mainly gov-
erned by electrostatic and charge transfer effects.
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