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Interplay between the o-tetrel bond and -halogen
bond in PhSiFs---4-iodopyridine---N-baset

Huili Xu, Jianbo Cheng,* Xin Yang, Zhenbo Liu, Xiao Bo and Qingzhong Li =

The ternary complexes of PhSiFs---4-iodopyridine---N-base (N-base = HCN, NH3z, NHNH,, and NH,CH3),
PhTF3---4-iodopyridine---NHz (T = C and Ge), PhSiYs---4-iodopyridine---NHs (Y = H and Cl), PhSiFs---4-
bromopyridine---NHz and the respective binary complexes have been investigated. 4-Halopyridine in
these ternary complexes plays a dual role of both a Lewis acid with the o-hole on the halogen atom in
the halogen bond and a Lewis base with the nitrogen atom in the tetrel bond. The interplay between
both interactions in the ternary complexes has been analyzed in terms of the binding distance, binding
energy, charge transfer, electron density and electrostatic potentials. A synergistic effect is found for the
tetrel and halogen bonds in most of the ternary complexes, while a diminutive effect is present for the
hydrogen and halogen bonds in PhCFs---4-iodopyridine---NHs. The magnitude of cooperative energy
depends on the strength of both interactions. Interestingly, PhSiCls---4-iodopyridine has a stronger tetrel
bond than PhSiHs---4-iodopyridine, inconsistent with the size of the o-hole on the Si atom. In addition,
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1. Introduction

Noncovalent interactions have a special importance in supra-
molecular chemistry, crystal engineering, and biological
systems."* It is well known that hydrogen bonds are the main
driving force in maintaining the stability of complex struc-
tures.>* Recently, other interactions such as halogen bonds
have been widely recognized because of their similarities in
geometries and applications with hydrogen bonds. Halogen
bonds also play an important role in controlling molecular
recognition in biological systems and determining molecular
orientation within crystals.>® The origin of the Lewis acid in
halogen bonding is mainly attributed to a region of positive
electrostatic potential (o-hole),’*** being the consequence of
the diminished electron density on the extension of a covalent
bond to the halogen atom. The applications of halogen bonds
are dependent on their strength, which becomes stronger in the
order F <« Cl < Br < L. Thus iodine-containing molecules are
often used to form a halogen bond in crystal materials and
solution.'** In these investigations, the I---N halogen bond has
drawn much attention with experimental**>* and theoret-
ical*®*?® methods. For example, tetraiodoethynyl resorcinarene
cavitands are formed using halogen bonded supramolecular
assemblies with the nitrogen in pyridine.” In constructing
crystal materials, more than one interaction is present, thus
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the tetrel bond exhibits a partially covalent interaction nature.

cooperative effect occurs, which is one of important properties
of noncovalent interactions. It was demonstrated that halogen
bonds exhibit cooperative effects with themselves or other
interactions,”*** through which the strength of halogen bonds
is modulated.

Like the halogen atom in halogen bonding, a group 14 atom
also acts as a Lewis acid to interact with a Lewis base and the
corresponding interaction has been coined as tetrel bonding
recently.*® Actually, this interaction had been explored®*°
before this term was proposed in 2013. Now tetrel bonding has
been attracting more attention due to its roles in crystal mate-
rials**** and chemical reactions.**** However, tetrel bonding
attracted less interest than hydrogen and halogen bonds; even
so, there are relatively many studies that focus on the cooper-
ativity involving tetrel bonds.**** Esrafili et al. performed
a comparative investigation on the cooperative effects between
tetrel bond and other o-hole bond interactions in complexes
YH;M:--NCX---NH; (M = C, Si; Y = F, CN and X = CI, SH, PH,).*®
Ab initio calculations were performed to study the cooperativity
between the m-hole tetrel bond and o-hole halogen bond in
complexes XCN:--F,CO---YCN (X = H, F, Cl, Br; Y = F, Cl, Br).*®
Zeng and co-authors® discovered a pseudo m-hole in cyclopro-
pane and its derivatives M3Hg (M = C, Si, Ge, Sn, Pb), and found
that this m-hole is enlarged due to the coexistence of a w-hole
tetrel bond and a o-hole halogen bond in complexes M;Hg---
(NCF), (n = 1, 2, 3). The results showed that the strength of
tetrel bond can be affected by the coexistence with another
interaction.

In the present paper, we study the complexes PhSiF;---4-
iodopyridine---N-base (N-base = HCN, NH;, NHNH,, and
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NH,CHj;) to investigate the synergistic effect between o-hole
tetrel bond and o-hole halogen bond and to compare the effect
of different N-bases on this synergistic effect. 4-Iodopyridine is
a drug intermediate and it is denoted as Pyl in the following
sections for simplicity. Phenyltrifluorosilane (PhSiF;) turned
out to be an original and effective reagent and synthon in
organoelemental and organic synthesis.®> Comparison is made
for the complexes of PhCF;---Pyl---NH;, PhGeF;---Pyl---NH;,
PhSiH,---Pyl---NH;, PhSiCl,---Pyl---NH;, and PhSiF;---PyBr---
NH;. The synergistic effect between both interactions is char-
acterized in views of binding distances, interaction energies,
cooperative energy, and electron density. Natural bond orbital
(NBO) and molecular electrostatic potential (MEP) analyses are
used to unveil the mechanism of such cooperativity.

2. Computational methods

The geometries of the complexes and monomers were opti-
mized at the RI-MP2/aug-cc-pVTZ* level of theory using the
TURBOMOLE 6.5 software.* For iodine, the aug-cc-pVIZ-PP*
basis set with pseudopotentials was used to accelerate the
calculations and account for relativistic effects. It has been
demonstrated that the RI-MP2 method is very convenient for
studying a variety of noncovalent interactions in large
systems.®**” Frequency calculations were also performed at the
same level to affirm that the corresponding structures are
minima on the potential energy surfaces. The binding energies
were calculated with supermolecular method and corrected for
the basis set superposition error (BSSE) using the Boys-Ber-
nardi counterpoise technique.®®

MEPs were computed on the 0.001 au contour of electronic
density at the MP2/aug-cc-pVTZ level using the Wave Function
Analysis-Surface Analysis Suite (WFA-SAS) program.®® The
topological analysis of the electron density at bond critical point
(BCP) was performed by means of the AIM2000 program.” NBO
analysis’™ was carried out at the HF/aug-cc-pVTZ level using
NBO 5.0 program.”> Non-covalent interaction (NCI) index™ was
plotted with the Multiwfn program.”

3. Results and discussion
3.1 MEPs and geometries

Fig. 1 shows the MEP maps of PhSiF; and 4-iodopyridine (PyI).
Four c-holes (red region) are found on the tetrahedral surfaces

o-hole:107.56kJ/mol

o-hole:134.99kJ/mol

Fig. 1 MEP maps of PhSiFs (left) and 4-iodopyridine (right). Color
ranges in kJ mol~?, are: red, greater than 47; yellow, between 47 and
13; green, between 13 and —26, blue, less than —26.
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of the Si atom in PhSiF;, locating along the C-Si and F-Si bond
ends, respectively. We pay our attention to the o-hole at the C-Si
end, having a positive MEP of 134.98 k] mol "' (Table 1). This
value amounts to 15.85 and 138.43 k] mol ! in PhCF; and
PhGeF;, respectively. Clearly, the o-hole at the C-T end enlarges
in the sequence C < Si < Ge, due to the smaller electronegativity
and larger polarizability of the heavier T atom. When -SiF; is
respectively replaced by -SiH; and -SiCls, the corresponding
value is 82.59 and 55.84 k] mol~*, which is smaller than that in
PhSiF; owing to the smaller electronegativity of H and Cl atoms.
Interestingly, the c-hole at the C-Si end in PhSiCl; has a smaller
MEP than that in PhSiH;, which is inconsistent with the relative
electronegativity of both H and Cl elements. We ascribe it to
a strong orbital interaction from the lone pair on the Cl atom to
the C-Si* anti-bonding orbital in PhSiCl; (Fig. S1t). There are
three Lp(Cl) — o*(C-Si) orbital interactions in PhSiCl; and the
sum of their perturbation energies is ~116 kJ mol . Similarly,
a o-hole is found at the outer of C-I bond in Pyl and it has
a greater MEP than that in PyBr. On the other hand, the N atom
of Pyl is surrounded by a negative MEP, and its value is almost
equal to that in PyBr. That is, the halogen substituent in pyri-
dine has a slight effect on the basicity of its N atom. Therefore,
the N atom of PyX (X = Br and I) acts as a Lewis base to form
a tetrel bond with the tetrel atom of PhTF; (T = C, Si, Ge) and
the X atom acts as a Lewis acid to form a halogen bond with the
N-base. The structures of the corresponding complexes are
shown in Fig. 2.

Table 2 presents the binding distances in the dyads and
triads. One can see that the binding distances of both tetrel and
halogen bonds are shorter in the trials except PhCF;---Pyl---NH;
when the complex varies from the dyad to the triad. In PhCF;---
Pyl---NHj;, the two interatomic separations are longer in the
triad with respect to those in the dyad. Moreover, the shortening
of the halogen bonding distance is much larger than that of
tetrel bonding distance in most triads. For the tetrel bond, the
longer the binding distance in the dyad, the greater the short-
ening of the binding distance in the triad. This is also hold true
for the binding distance of halogen bond in the complexes of
PhSiF;---Pyl---N-base. The shortening of halogen bonding
distance in Pyl---NH; is larger for the shorter tetrel bonding
distance. The largest shortening of halogen bonding distance is
0.684 A in PhGeF;--Pyl---NH; and PhSiCl,---PylI---NHj,.

Table 1 The most positive electrostatic potentials (Vimax, kJ mol™) on
the T and X atoms and the most negative electrostatic potential (Vi
kJ mol™) on the N atom of PyX (X = Br and I)*

Molecules Vot Complexes Vmaxx Complexes Vinin,N
PhCF; 15.85 PhCF;---Pyl 96.43 Pyl---NH; —161.80
PhSiF; 134.98 PhSiF;-- -Pyl 145.39 Pyl---NCH —161.89
PhGeF; 138.43 PhGeF;--Pyl 150.69 PyI---NHCH, —161.86
PhSiH; 82.59 PhSiH3~~~PyI 119.52 Pyl---NH,CH; —162.86
PhSiCl; 55.84 PhSiCl;---Pyl  150.15 PyBr---NH;3 —157.84
— — PhSiF;--PyBr 113.01 — —

“ Note: Vinaxx i8 75.29 and 107.56 k] mol " in PyBr and Py, respectively.
Vimin,n 1S —141.67 and —142.02 k] mol ™" in PyBr and PyI, respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Optimized structures of the ternary complexes.

3.2 Binding energies

Table 3 presents the total binding energy in the triads as well as
the binding energies of tetrel and halogen bonds in the binary
and the ternary complexes. The total binding energy is changed
in a wide range from 16.95 kJ mol™ in PhCF;---Pyl---NH; to
148.38 kJ mol ' in PhGeF;---Pyl---NH;. The binding energy of
halogen bond is related with the nature of the halogen donor
and the N-base. It is expected that Pyl forms a stronger halogen
bond with NH; than PyBr, which is consistent with the
magnitude of o-hole on the halogen atom. The halogen bond is
stronger in the order HCN(sp) < NH;(sp’) < NHCH,(sp®) <
NH,CHj;(sp?). Obviously, the basicity of N-base is related with
the electronegativity of N element. In addition, the methyl
group in the electron donor plays an electron-donating role in
the formation of halogen bond.*® The strength of tetrel bond is
mainly dependent on the nature of tetrel atom and its
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substituents, but it shows a slight dependence on the halogen
substitution in pyridine. The binding energy of tetrel bond is
almost equal in both PhSiF;---PyBr and PhSiF;---Pyl, consistent
with the negative MEP on the N atom of PyX (X = Br and I).
PhGeF; forms a stronger tetrel bond than PhSiF; and their
binding energies have a difference of about 25 kJ mol .
However, the positive MEP on the Ge atom in PhGeF; is larger
only by 3.45 k] mol " than that on the Si atom in PhSiF;. This
indicates that not only electrostatic interaction but also polar-
ization interaction is responsible for the stability of tetrel
bonded complexes. The binding energy of tetrel bond is more
negative in PhSiF;---Pyl than that in PhSiH;---Pyl, having
a consistent change with the positive MEP on the Si atom in
both molecules. PhSiCl; forms a weaker tetrel bond with Pyl
than PhSiF; but a stronger tetrel bond than PhSiH;. The former
is consistent with the change of o-hole on the Si atom, but the
latter is reverse to the change of c-hole on the Si atom. This
inconsistency is also attributed to the larger polarization in
PhSiCl;---Pyl than in PhSiH;---Pyl. The larger polarization in
PhSiCl;---Pyl can be visualized by comparing the electron
density shift on the silicon atom in PhSiCl;---PyI and PhSiH;---
Pyl. As shown in Fig. 3, the red area on the silicon atom in
PhSiCl;---Pyl is larger than that in PhSiH;---Pyl. This indicates
that the silicon atom in PhSiCl;---PyI suffers larger polarization
in the formation of tetrel bond. Similarly, the role of polariza-
tion in halogen bonds has been unveiled in CF;Cl---OH,
complex by Clark et al.”” Halogen bond is weaker than tetrel
bond in most dyads but is stronger than hydrogen bond in
PhCF;---Pyl. The binding energy of tetrel bond is larger than 90
k] mol~" in PhTY;:--PyX (T = Si and Ge; Y = F and Cl; X = Br and
I). Thus this tetrel bond is very strong, resulting in a prominent
deformation of -TY; group. This deformation has been
considered in calculating the binding energy of tetrel bond by
using the energy of the monomer in the complexes. The
magnitude of -TY; deformation can be estimated with the
change of angle C-T-Y in the complex relative to the monomer
(Table S17). This angle is larger than 10° in PhTY;---PyX (T = Si
and Ge; Y = F and Cl; X = Br and I). Thus the deformation
energy has the larger contribution to the strong tetrel bond in
the above complexes. The prominent deformation of -TY;
group is mainly caused by the formation of a partially covalent
tetrel bond.

Table 2 Intermolecular distances (R, A) in the triads and their changes (AR, A) relative to the corresponding dyads®

Triads Rrpmp ARtp/ms Rxg ARxg

PhCF;---Pyl---NH; 2.4271(2.4181) 0.0096 3.0506(3.0463) 0.0043
PhSiF;---Pyl---NH;3 2.0980(2.1278) —0.0298 2.9852 —0.0611
PhGeF;---Pyl---NH; 2.0642(2.0787) —0.0145 2.9779 —0.0684
PhSiH;---Pyl---NH, 2.5442(2.6189) —0.0747 3.0157 —0.0306
PhSiCl;---PyI---NH;3 2.1058(2.1413) —0.0355 2.9779 —0.0684
PhSiF;---Pyl---NCH 2.1013 —0.0265 3.0587(3.1142) —0.0555
PhSiF;---Pyl---NHCH, 2.0981 —0.0297 2.9151(2.9749) —0.0598
PhSiF;---Pyl---NH,CH; 2.0958 —0.0320 2.8804(2.9381) —0.0577
PhSiF;---PyBr---NH;3 2.1011(2.1271) —0.0260 3.0174(3.0589) —0.0415

“ Note: data in parentheses are from the respective dyads.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Total interaction energy (AE). interaction energies of tetrel bond (AE+rg) and halogen bond (AExg), and cooperative energy (Ecoop) in

the triads. All are in kJ mol ™14

Triads AEtotal AETB/HB AEXB Ecoop
PhCF;-+-Pyl---NH, —-16.95 —1.42(—2.42) —14.54(—15.48) 0.68(4.0%)
PhSiF;---Pyl---NH, —126.27 —111.20(—96.94) —20.25 —13.51(10.7%)
PhGeF;---Pyl---NH; —148.38 —133.42(—121.84) —20.79 —10.81(7.3%)
PhSiH;---Pyl---NH, —34.95 —19.72(—16.39) —17.29 —3.03(8.7%)
PhSiCl;---Pyl---NH, —122.27 —107.21(—92.85) —20.92 —13.81(11.3%)
PhSiF;---Pyl---NCH —~119.94 —109.42 —14.96(—10.92) —2.72(2.3%)
PhSiF;---Pyl---NHCH, —128.22 —111.23 —22.18(—17.29) —13.64(10.6%)
PhSiF;--Pyl---NH,CH; —132.04 —112.53 —25.25(—19.95) —14.85(11.2%)
PhSiF;---PyBr---NH; —-118.11 —108.85(—96.90) —13.49(—9.43) —11.42(9.7%)

“ Note: data in parentheses are from the respective dyads. The interaction energies of tetrel and halogen bonds in the triad are calculated with
formula of AEx_pc = Ea-gcir) — Earr) — Escir), Where Ea_pc(r) is the energy of A-BC corrected for BSSE with counterpoise = 2, Ex(r) the energy of

A in the triad, and Eggr) the energy of BC in the triad.

PhSiCl;--Pyl

Fig. 3 Electron density shifts in PhSiHsz---Pyl and PhSiCls---Pyl.
Contours are shown at the 0.25 au level. Red/blue regions indicate
increased/decreased density.

In most triads, the binding energies of tetrel and halogen
bonds are more negative than those in the dyads, indicating
that both tetrel and halogen bonds are stronger in the triads.
Thus there exists positive cooperativity between tetrel and
halogen bonds in the triads except PhCF;---Pyl---NH;. However,
the binding energies of both interactions in PhCF;---Pyl---NH;
are less negative, showing that they are weaker in this triad. As
a result, negative cooperativity is found between hydrogen and
halogen bonds in PhCF;---Pyl---NH;. Table S27 lists the
increased/decreased percentage of binding energies of both
interactions in the triads relative to those in the dyads. It is
found that this percentage is pertinent to the relative strength of
both interactions. Clearly, the weaker interaction has a larger
increased/decreased percentage than the stronger one.
Specially, the hydrogen bond has a larger weakening than the
halogen bond in PhCF;---Pyl---NHj3; the tetrel bond has a larger
enhancement than the halogen bond in PhSiH;--Pyl---NHj,

21716 | RSC Adv., 2017, 7, 21713-21720

while the halogen bond has a larger enhancement than the
tetrel bond in other triads.

According to the electrostatic nature of tetrel and halogen
bonds, the change of binding energy in the triads can be
understood with the change of the negative MEP on the N atom
of PyX in PyX---N-base and the positive MEP on the X atom of
PyX in PhTY;---PyX (Table 1). The former is more negative in
PyX---N-base and the latter is more positive in PhTY;---PyX (T =
Si and Ge). This indicates that the N atom of PyX in PyX---N-base
is a stronger Lewis base and the X atom of PyX in PhTY;---PyX (T
= Si and Ge) is a stronger Lewis acid. Consequently, the former
forms a stronger tetrel bond and the latter forms a stronger
halogen bond. However, the positive MEP on the iodine atom of
Pyl is smaller in PhCF;---PyI, thus it is a weaker Lewis acid and
forms a weaker halogen bond in PhCF;---Pyl---NH;. The posi-
tive MEP on the H atom adjoined to the N atom of pyridine
reduces from 86.90 k] mol ™" in 4-iodopyridine to 66.36 k] mol "
in Pyl---NH;, thus a weaker hydrogen bond is obtained in
PhCF;---Pyl---NHj.

This cooperative effect can also be better estimated with
cooperative energy (Ecoop), calculated with the formulas of
Ecoop = AEtoral — AErpmp) — AExpp), Where AEg is the total
binding energy of triad, AErgp) and AExgp) are the binding
energies of tetrel bond and halogen bond in the optimized
dyads, respectively. It is found from Table 3 that this term is
negative in most triads but positive in PhCF;---PyI---NHj3, con-
firming the positive cooperativity in the former and the negative
one in the latter. The cooperative energy amounts to about 2.3-
11.3% of the total binding energy. The smallest percentage is
found in PhSiF;---Pyl---NCH and the largest percentage is found
in PhSiCl;---Pyl---NH; and PhSiF;---PyI---NH,CHj3. The contri-
bution of cooperative energy to the total binding energy is small
if one of two interactions is weak. This percentage in most triads
is larger than that reported in hydrogen bonds (less than 6%).”

3.3 AIM analyses

Fig. 4 shows the molecular maps of the dyads. A H---F BCP and
two N---F BCPs are found in PhCF;---Pyl, and the former
confirms the existence of C-H:--F hydrogen bond. The tetrel
bond in PhTY;---PyX (T = Si and Ge) is characterized with

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Molecular graph of the binary complexes.

a T---N BCP. In addition, a H---F/CI BCP is also found in the
strong tetrel bonded complexes. This H---F/Cl BCP corresponds
to a C-H---F/Cl hydrogen bond. However, such BCP is not
present in PhSiHj;---Pyl. Thus the C-H---Cl hydrogen bond has
some contribution to the larger binding energy in PhSiCl;---Pyl
relative to that in PhSiH;---Pyl. A X---N BCP is found in the
halogen bonded complexes.

The electron density, Laplacian, and energy density at these
BCPs are collected in Table 4. The electron density at the X---N
BCP is smaller than 0.024 au and that at the Si/Ge---N BCP is
larger than 0.021 au. The electron density at the H---F BCP is
very small, consistent with the weak C-H--‘F interaction. The
Laplacian at the T---N BCP is a large positive value in PhTY;--
PyX (T = Si and Ge) and its energy density is negative. This
shows that the tetrel bond is a partially covalent interaction with
a big strength.” The positive energy density at the X---N BCP
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supports the conclusion that halogen bond is electrostatic in
nature. The electron density at the X---N BCP is increased in the
sequence HCN < NH; < NHCH,< NH,CHj;, showing that the
electron density can be used to measure the strength of halogen
bond. This conclusion holds true for the tetrel bond. In Fig. 5,
we plotted the relationship between the electron density at the
same BCP and the corresponding atom separation for the tetrel
and halogen bonds. An exponential relationship is found for the
Si---N tetrel bond but a linear relationship for the I---N halogen
bond. Table S37 presents the change of electron density (Ap) at
the triads relative to the dyads. The value of Ap is positive in
most triads with an exception of PhCF;---Pyl---NH;. The
increase/decrease of electron density confirms the change of
both interactions in the triads.

0.06 —
L
.\‘ 1.87;
0054 "\ y=2.84e""
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S 0.04+ N
<
=
0.03 .
-
0.02 ; \ —
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Fig. 5 Electron density (p) at the same BCP versus the corresponding
atom separation (R) for the Si---N tetrel bond and I---N halogen bond in
the binary and ternary complexes.

Table 4 Electron density (p, au), Laplacian (V2p, au), and energy density (H, au) at the intermolecular bond critical points in the triads®

Triads PrB VZPTB Hrp PxB VZPXB Hxp

PhCF;---Pyl---NH;3 0.0073 0.0355 0.0019 0.0163 0.0544 0.0016
PhSiF;---Pyl---NH;3 0.0557 0.2167 —0.0169 0.0185 0.0605 0.0014
PhGeF;---Pyl---NH; 0.0844 0.2419 —0.0342 0.0188 0.0612 0.0014
PhSiH;---Pyl---NH; 0.0243 0.0565 —0.0024 0.0174 0.0577 0.0015
PhSiCl;---Pyl---NH;3 0.0596 0.1863 —0.0211 0.0188 0.0612 0.0014
PhSiF;---Pyl---NCH 0.0553 0.2141 —0.0167 0.0135 0.0541 0.0022
PhSiF;---Pyl---NHCH, 0.0557 0.2163 —0.0169 0.0204 0.0687 0.0013
PhSiF;---Pyl---NH,CH;3 0.0561 0.2180 —0.0171 0.0234 0.0717 0.0006
PhSiF;---PyBr---NH; 0.0552 0.2144 —0.0167 0.0139 0.0518 0.0020

¢ Note: The corresponding values are from the H:--F BCP in PhCF;---PyI---NH;. The corresponding values at the N---F BCP are 0.0039, 0.0159 and

0.0008 au in PhCF;---Pyl---NH;.

This journal is © The Royal Society of Chemistry 2017
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The cooperativity between both interactions in the ternary
complexes can be visualized by the NCI analysis. The ternary
complexes of PhCF;---Pyl---NH; and PhSiF;---Pyl---NH; are
respectively chosen as an example to obtain visualization of
the negative and positive cooperativity. Fig. 6 shows the plot of
the reduced density gradient versus sign(d,)p in these
complexes. The F---H hydrogen bond in PhCF;---Pyl and I---N
halogen bond in Pyl---NH; are characterized by the pink and
green spikes, respectively. Although their shifts are not obvi-
ously observed in PhCF;---Pyl---NH;, a tiny shift to the lower
electron density can be found by a careful comparison, con-
firming the negative cooperativity in PhCF;---Pyl---NH;. The
tetrel bond in PhSiF;---Pyl and halogen bond in PyI---NH; are
also represented by the pink and green spikes. In PhSiF;---
PyI---NHj3;, the corresponding spikes move to the higher elec-
tron density, thus the positive cooperativity is present in this
ternary complex.

3.4 NBO analyses

The interactions in these complexes were analyzed in views of
orbital interactions and charge transfer. There are two orbital
interactions of Lp(N) — p; and Lp(N) — o _, in the tetrel
bonded complexes of PhTF;---PyX (T = Si and Ge), where Lp(N)
denotes the lone pair orbital on N atom, p; the empty p orbital
on T atom, and o, ; the C-T antibonding orbital. Lp(N) —
o¢,_p is still present in PhSiY;---PyI (Y = H and CI), but Lp(N) —
py is replaced by Lp(N) — GZHﬂCI). Only Lp(F) — of_/Lp(N)
— o,_y is found in the hydrogen/halogen bond. These orbital
interactions are estimated with second-order perturbation
energies (Table 5). In PhTF;---PyX (T = Si and Ge), Lp(N) — p; is

RDG(a.u.)

0.0
-0.030

-0.015  0.000 0.015
sign(A,)p(a.u.)

0.030

20

RDG(a.u.)

0.050

0.000  0.025
sign(2)p(a.u.)

-0.025

Fig. 6 Reduced density gradient (RDG) versus sign(4)p in the ternary
complexes (blue) of PhCFs:--Pyl--:NH3z (up) and PhSiFz---Pyl---NHs
(down) as well as the corresponding hydrogen/tetrel (pink) and
halogen (green) bonded binary complexes.

21718 | RSC Adv., 2017, 7, 21713-21720

View Article Online

Paper

Table 5 Second-order perturbation energies (2, kJ mol™) of Lp(N)
— pr(1)/Lp(N) = o 1(2) in the tetrel bond and Lp(N) — o7 4(3) in
the halogen bond in the triads®

Triads EP? EY) EQ)
PhCF;---Pyl---NH, 0.92(0.92) — 29.18(29.59)
PhSiF;---Pyl---NH; 617.89(599.99)  17.60(16.18)  36.53
PhGeF;---Pyl---NH; 803.06(762.93)  8.53(8.36) 37.41
PhSiH;--Pyl---NH; 54.01(41.26) 46.06(38.62)  32.85
PhSiCl,---Pyl---NH, 331.85(304.97)  83.52(80.51) 37.62
PhSiF;---Pyl---NCH 613.08(561.96)  17.26(16.18)  17.43(14.04)
PhSiF,---Pyl--NHCH,  619.94(599.99) 17.39(16.18) 34.53(26.79)
PhSiF;---Pyl--NH,CH;  624.58(561.96) 17.47(16.18)  45.19(36.16)
PhSiF;---PyBr---NH; 612.12(560.75)  17.31(16.30)  17.97(15.30)

“ Note: E? corresponds to Lp(F) — of_ in PhCF;--Pyl---NH; and
Lp(N) — Oy g in  PhSiHsPyl-NH,/PhSiCly--Pyl:"NH;,
respectively. Data in parentheses are from the respective dyads.

far stronger than Lp(N) — o _r, which is a feature of strong
tetrel bonds. For the weak tetrel bond of PhSiH;---Pyl, Lp(N) —
ps; is not present and Lp(N) — o, g is stronger than Lp(N) —
G4y, Where the sum of perturbation energy of three Lp(N) —
Og;_y is listed in Table 5. In PhSiCly---Pyl, Lp(N) — py; is also
not present, but Lp(N) — o, g; is weaker than Lp(N) — og_¢-
The three strong Lp(N) — oy;_(, orbital interactions are partly
responsible for the strong tetrel bond in PhSiCls---Pyl. Lp(F) —
o_y is very weak in PhCF;--Pyl, corresponding to the weak
C-H---F hydrogen bond. Lp(N) — o _yx has an inconsistent
change with the interaction energy of halogen bond, indicating
the less importance of orbital interaction in the formation of
halogen bond. The changes of second-order perturbation
energies in the triads relative to the dyads are given in Table
S4.f The second-order perturbation energies of the above
orbital interactions are increased in most triads except PhCF;---
Pyl---NH;, where they are almost not changed. The strength-
ening of Lp(N) — p;/Lp(N) — G;i—H(Cl) is larger than that of
Lp(N) — o¢_ ¢ and Lp(N) — of  in PhTF;---PyX:--N-base/
PhSiY;---Pyl---NH; (Y = H and Cl). That is, the orbital interac-
tion has some contribution to the cooperativity between tetrel
and halogen bonds. However, the orbital interaction has a slight
contribution to the interplay between hydrogen and halogen
bonds in PhCF;---Pyl---NH;.

Table 6 presents the charge transfer (CT) in the ternary
complexes and its change (ACT) relative to the corresponding
binary complexes. One can see that CT is much larger in the
tetrel bond than that in the halogen bond but it is much smaller
in the hydrogen bond than that in the halogen bond. Generally,
the bigger CT corresponds to a stronger interaction although
there is not a good relationship between CT and binding energy.
There are some exceptions. For example, CT is larger in
PhSiCl;---Pyl than that in PhSiF;---Pyl, which disagrees with the
change of binding energy. The larger CT in PhSiCl;---Pyl is
partly attributed to the greater polarization of Cl atom. ACT is
positive for the tetrel and halogen bonds but negative for the
hydrogen and halogen bonds in the triads, indicating that
charge transfer is also important in strengthening both
interactions.

This journal is © The Royal Society of Chemistry 2017
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Table 6 Charge transfer (CT, e) of both interactions in the triads and its change (ACT, e) in the triad relative to the corresponding dyad®

Triads CTrp/us CTxg ACTrg/1B ACTxg

PhCF;---Pyl---NH;3 0.0015(0.0019) 0.0182(0.0186) —0.0004 —0.0004
PhSiF;---Pyl---NH; 0.1358(0.1243) 0.0234(0.0186) 0.0115 0.0048
PhGeF;---Pyl---NH; 0.1737(0.1647) 0.0241(0.0186) 0.0090 0.0055
PhSiH;---Pyl---NH; 0.0443(0.0349) 0.0207(0.0186) 0.0094 0.0021
PhSiCl;---Pyl---NH;3 0.1511(0.1372) 0.0241(0.0186) 0.0139 0.0055
PhSiF;---Pyl---NCH 0.1350(0.1234) 0.0061(0.0044) 0.0107 0.0017
PhSiF;+-Pyl---NHCH, 0.1366(0.1234) 0.0195(0.0145) 0.0123 0.0050
PhSiF;---Pyl---NH,CH,3 0.1375(0.1234) 0.0297(0.0234) 0.0132 0.0063
PhSiF;---PyBr---NH; 0.1348(0.1245) 0.0108(0.0089) 0.0103 0.0019

“ Note: data in parentheses are CT in the respective dyads.

4. Conclusions

ADb initio calculations have been performed to study the o-tetrel
bond and c-halogen bond in the ternary complexes. PhTF; (T =
Si and Ge) forms a stronger tetrel bond with 4-iodopyridine,
while PhCF; forms a weaker hydrogen bond with 4-iodopyr-
idine. 4-Iodopyridine forms a halogen bond with a series of
nitrogen bases. The Si atom of PhSiCl; has the small o-hole
than that of PhSiH;, but the former forms a stronger tetrel bond
than the latter. The tetrel bond exhibits a nature of partially
covalent interaction although it is dominated by electrostatic
interaction. In most ternary complexes, both tetrel and halogen
bonds are strengthened with positive cooperativity. However,
both hydrogen and halogen bonds in PhCF;---4-iodopyridine:--
NH; are weakened with negative cooperativity. The coopera-
tivity between tetrel and halogen bonds is attributed to the
electrostatic and orbital interactions. The cooperative energy
grows up in the order HCN < NH; < NHCH, < NH,CHj;,
depending on the strength of halogen bond. The title complexes
are involved with molecules usually used in crystal materials,
thus these results are significant for the applications of tetrel
and halogen bonds in these fields.
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