J Mol Model (2013) 19:4797-4804
DOI 10.1007/s00894-013-1983-9

ORIGINAL PAPER

Theoretical study on cooperative effects between X:-*N
and X---Carbene halogen bonds (X=F,CL,Br and I)

Mehdi D. Esrafili - Fariba Mohammdain-Sabet -
Parvin Esmailpour

Received: 24 July 2013 / Accepted: 21 August 2013 /Published online: 8 September 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract Quantum chemical calculations are performed to
study the interplay between halogen:--nitrogen and
halogen---carbene interactions in NCX--"NCX---CH, com-
plexes, where X=F, Cl, Br and 1. Molecular geometries and
interaction energies of dyads and triads are investigated at the
MP2/aug-cc-pVTZ level of theory. It is found that the X---N
and X' Ceapene interaction energies in the triads are larger
than those in the dyads, indicating that both the halogen
bonding interactions are enhanced. The estimated values of
cooperative energy Ec,op are all negative with much larger
E ¢o0p in absolute value for the systems including iodine. The
nature of halogen bond interactions of the complexes is ana-
lyzed using parameters derived from the quantum theory
atoms in molecules methodology and energy decomposition
analysis.

Keywords Cooperative effects - Electrostatic potential -
Energy decomposition - Halogen bond - QTAIM

Introduction

There is now a growing awareness of the importance of
noncovalent interactions, due to their key role in areas ranging
from crystal engineering to biological recognition processes
[1-8]. Although research has traditionally focused on the most
common hydrogen-bonded interactions, more recently inter-
est has grown for another type of intermolecular interactions,
such as dihydrogen bond [9-11], lithium bond [12, 13] and
m-1t stacking [14]. The term “halogen-bonding” is usually
taken to mean the noncovalent RX:--YZ interaction, where

M. D. Esrafili (0<)) - F. Mohammdain-Sabet - P. Esmailpour
Laboratory of Theoretical Chemistry, Department of Chemistry,
University of Maragheh, Maragheh, Iran

e-mail: esrafili@maragheh.ac.ir

X is a halogen (typically chlorine, bromine, or iodine) that is
part of the molecule RX and YZ is a Lewis base; Y is often an
atom, such as oxygen, nitrogen, or sulfur, that has a lone pair
[15-18]. A key feature of halogen-bonding is its highly direc-
tional character; the angle between the R—X and X-Y bonds
is always close to 180°. Halogen bond interaction energies are
fairly broad, with values varying from about —1.2 kcal mol
(C1--CI) to about —43.0 keal mol ' (I L) [3].

Since covalently-bonded halogen atom X and the electron
donor Y in RX:--YZ are themselves typically viewed as being
negative in character, the stability of the halogen bond were
puzzling, until Brinck et al. [19], and subsequently others
[20, 21] showed that the halogen atoms X in some molecules
RX have regions of positive electrostatic potential on their outer
surfaces, on the extensions of the R—X bonds. According to
Politzer’s viewpoint [22], when a half-filled p orbital participates
in forming a covalent bond, its electron normally tends to be
somewhat localized in internuclear region, thereby diminishing
the electronic density in the outer lobe of that orbital. Through
this positive region, which has been labeled a “o-hole”, the
halogen atom can interact attractively with a negative site. This
positive region is usually, but not always, surrounded by a belt of
negative electrostatic potential, which accounts for the possibil-
ity of interacting laterally with a positive site. For a given R, the
o-hole potential on the halogen X in R—X becomes more
positive in the order F<< CI<Br<I [23, 24]. The attractive
electrostatic interactions between the positive charge on the o -
hole of halogen atom and negative charge of Lewis base are thus
the sources of the attraction of the halogen bond. The origin of
halogen bond has been studied with many methods including
natural bond orbital (NBO) [25, 26], quantum theory of atoms in
molecules (QTAIM) [27-29], and symmetry-adapted perturba-
tion theory (SAPT) [30—32] analyses. Now, it is well-recognized
that attractive nature of halogen bonds is mostly attributable to
the electrostatic effect, polarization, charge-transfer, and disper-
sion contributions. The relative magnitudes of these terms are
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highly dependent upon the identity of the halogen X, with the
relative contribution of the electrostatic term increasing for larger
X [30]. Recently, Riley et al. [33] indicated that halogens with
larger, more positive o-holes tend to exhibit weaker dispersion
interactions, which are attributable to the lower local polarizabil-
ities of the larger o -holes.

There are recent numerous theoretical [34-40] and experi-
mental [41-43] studies seeking to characterize the geometrical
and energetic properties of halogen bonds. With the progress in
the study of halogen-bonding, different types of halogen bonds
have been proposed in the recent years. Conventional halogen
bonds of the sort where a halogen donor C—X group ap-
proaches an acceptor atom with lone pair like O or N, have
been well studied over the years, and their fundamental nature
is understood. There are also so-called unconventional halogen
bonds such as halogen-hydride [44, 45], halogen-7t [46], or
even halogen-single electron bond [47]. Very recently, we
reported the X---C halogen bond with carbene as an electron
donor in YCCX:--CH, complex where X=ClI, Br, [ and Y=H,
F, COF, COOH, CF;, NO,, CN, NH,, CH;, OH [48]. All
interactions mentioned above may be classified as Lewis
acid-Lewis base interactions, and there is an electron transfer
from the Lewis base to the Lewis acid for all of them.

A number of studies have indicated that halogen bond shares
some common characteristics in structure, strength, and nature
with the hydrogen bond [49-—51] and they can also coexist in
chemical and biological processes. Recently, the cooperativity
between the hydrogen and halogen bonds has been paid much
attention [52, 53]. Li et al. [54] presented interesting cooperative
effects between hydrogen bond and halogen bonds in H;N—XY
—HF complexes (X, Y=F, Cl, Br). The results show that the
effect of a halogen bond on a hydrogen bond is more pronounced
than that of a hydrogen bond on a halogen bond. However, to the
best of our knowledge, neither a theoretical nor an experimental
study has thus far been reported to examine the interplay between
halogen- - ‘nitrogen and halogen---carbene interactions. Herein,
we report our theoretical study on the cooperative effects in
NCX:-*NCX:-:-CH,, where X=F, Cl, Br and 1. Although
carbene has two classes: singlet and triplet, we only consider
the singlet one due to the presence of a free electron pair in singlet
state. We believe that such a theoretical study may provide some
valuable information of the mutual influence of the two interac-
tions, which would be very important in halogen-based supra-
molecular architectures and biological design.

Computational details

All molecular orbital calculations were carried out using the
GAMESS suite of programs [55]. The geometries of all studied
dyads and triads of NCX---NCX: - -CH, were fully optimized at
the MP2 level. For complexes containing fluorine, chlorine and
bromine the aug-cc-pVTZ basis [56] was used for optimization,
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while for systems containing iodine a mixed basis set approach
was used; here the iodine atom is described using the
pseudopotential based aug-cc-pVTZ-PP basis [57] and the
aug-cc-pVTZ is used for other atoms. Harmonic frequencies
were calculated to confirm the equilibrium geometries that cor-
respond to energy minima. The interaction energy was calculat-
ed as the difference of the total energy of the complexes and the
sum of the isolated monomers in the complex geometry. The
basis set superposition error (BSSE) calculated with the coun-
terpoise method [58] was used to correct the interaction energies.

The cooperativity energy for the complexes studied here is
defined as:

Ecoop = Eint(ABC)_Eint(AB)_Eim(BC)7 (1)

where E;(ABC) is the interaction energy of the triad,
E;.«(AB) and E;(BC) are the interaction energies of the
isolated dyads in their minima configuration. The nature of
the halogen bond interactions have been explored using the
following energy decomposition analysis [59]:

Eint = Eelst + Eexch—rep + Epol + Edisp; (2)

where E iy, £ exch-reps £ pot and E gisp, correspond to electrostat-
ic, exchange-repulsion, polarization and dispersion terms,
respectively.

Electrostatic surface potentials were calculated at the MP2/
aug-cc-pVTZ(—PP) level using WFA code [60]. The topolog-
ical analysis of the electron charge density performed for all
complexes was performed using Bader’s QTAIM [61]. The
QTAIM analysis was preformed with the help of AIM 2000
software [62] using the wave functions generated at the MP2/
aug-cc-pVTZ(—PP) level.

Results and discussion

Geometries Figure | shows a sketch of the NCX---NCX:--CH,
complexes, where X=F, Cl, Br and I. It should be noted that no
symmetry constraints were introduced in the optimization of the
complexes. All these species are true minima on the potential
energy surface, as the vibrational analysis proved a posteriori.
Two bond lengths (7x.n and 7x_cabene) are marked explicitly in
Fig. 1. Table 1 summarizes the optimized binding distance and
the corresponding bond length change of the halogen bonds in
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v

Fig.1 The structure of NCX---NCX: - -CH, complexes (X=F, Cl, Brand I)
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Table 1 Binding distances (in A)

of the studied triads and dyads. Triads (A-B-C) R(AB) R(AB,T) AR(AB) R(BC) R(BC,T) AR(BC)

AR indicates the change of bond

lengths relative to the dyads *° NCF-NCF—CH, 2971 2.955 -0.016 3312 3.282 -0.030
NCF-NCCI-CH, 2.964 2943 -0.022 3.094 3.081 -0.013
NCF-NCBr—CH, 2.947 2.935 -0.012 2.961 2.951 -0.010
NCF-NCI-CH, 2.930 2912 -0.018 2.780 2.761 -0.019
NCCI-NCF-CH, 2.960 2.940 -0.019 3312 3.249 -0.063
NCCI-NCCI-CH, 2.943 2918 -0.025 3.094 3.066 -0.029
NCCI-NCBr—CH, 2934 2.906 -0.028 2.961 2.935 -0.027
NCCI-NCI-CH, 2918 2.883 -0.036 2.780 2.729 -0.051
NCBr—NCF-CH, 2925 2.904 -0.022 3312 3.236 -0.076
NCBr—NCCI-CH, 2.902 2.874 -0.028 3.094 3.056 -0.039
NCBr—NCBr—CH, 2.892 2.860 -0.033 2.961 2.924 -0.037

“R(AB) and R(BC) are interac- NCBr—NCI-CH, 2.876 2.833 —0.044 2.780 2.708 —-0.072

tion distances in isolated ABand  op_NcER-CH, 2937 2912 ~0.025 3312 3211 ~0.101

BC dyads, respectively.

®R(AB,T) and R(BC,T) corre- NCI-NCCI-CH, 2.905 2.868 -0.036 3.094 3.041 -0.053

spond to bond distances in isolat- NCI-NCBr—CH, 2.894 2.852 —0.042 2.961 2.909 —0.052

ed AB and BC dimers using the NCI-NCI-CH, 2.876 2818 -0.058 2.780 2.662 -0.118

geometry within the triads

the in the 16 triads and the respective dyads calculated at the
MP2/aug-cc-pVTZ(—PP) level. The optimized C—X--*N con-
tacts in NCX:-"NCX dyads are highly directional, all of the
predicted X - -N distances are significantly shorter than the sums
of the van der Waals radii of the atoms involved [63], consistent
with the structural features of strong halogen bonds that are
predominantly electrostatic in nature. One can see that the
halogen bond distances for the iodine bonded complexes are
stronger than those from other lighter halogen atoms, which is
consistent with the electrostatic potentials on the halogen atoms:
14 keal mol ' (NCF)<41 kcal mol ' (NCCl)<48 kcal mol
(NCBr)<56 keal mol ' (NCI). The 7x_carbene in the NCX---CH,
dyads are calculated to be 3.312, 3.094, 2.961 and 2.781 A for
X=F, Cl, Br and I, respectively. These are comparable to
halogen-carbene distances of halogen with acetylene and its
derivatives [48]. Evidently, for a X=F, Cl and Br substitution,
the 7x_cabene 1N the NCX:--CH, complex is larger than that in
the NCX---NCX complex. In addition, a bigger contraction is
observed when the fluorine atom in NCX:--CH, is replaced by
heavier halogen atoms than NCX:--NCX (Table 1).

From Table 1, it is seen that the rx and rx_carbene dis-
tances in the triads are smaller than the corresponding values
in the dyads. The differences in distances between triads and
dyads are in the range between 0.015 to 0.058 A and 0.010 to
0.0.118 A for 7x.n and 7x_carbene» respectively (Table 1). That
is, the two types of interaction have a cooperative effect on
each other. Although both types of interactions are enhanced
by each other in the triads, the shortening of the halogen bond
distances is not equal. We noted, however, the shortening of
the halogen bond distances in the triads is dependent on the
strength of the other. For a given X substitution, the contrac-
tion of the 7x_carbene halogen bond distance is quite larger than
that of the rxy distance in the triads. The shortening of the

X-+*N binding distance in the NCX---NCX---CH, trimer is
more than that in the F3CX--"NCH:--HMgH trimer [64], in
which a halogen bond and a dihydrogen bond coexist.

Interaction energies The interaction energy has been widely
used in the study of the interplay between two kinds of non-
covalent interactions. The interaction energies of the halogen
bonds of the triads and dyads are listed in Table 2. The inter-
action energy, £, of the dyads was calculated by the formula
E+=E(AB)-E(A)-E(B). The E,,; of the triads is calculated in a
similar way. The interaction energies of NCX:--NCX dyads are

Table 2 Calculated BSSE-corrected interaction energies (in keal mol ")
of the studied triads and dyads

Triads (A-B-C) Ein(AB)  Eine(BC)  Ein(ABC)  Ecop
NCF—-NCF-CH, -1.18 -1.12 -2.49 -0.19
NCF-NCCI-CH, -1.29 -3.88 —5.45 -0.28
NCF-NCBr—CH, —-1.31 —5.53 -7.19 -0.35
NCF—-NCI-CH, -1.37 -9.10 —10.98 —0.51
NCCI-NCF—-CH, -3.20 -1.12 —4.73 —0.41
NCCI-NCCI-CH, —3.48 —3.87 —7.96 —0.61
NCCI-NCBr-CH,  —3.54 —5.50 —9.82 —0.78
NCCI-NCI-CH, —3.66 -9.10 —13.99 -1.23
NCBr—NCF—-CH, —4.05 —-1.11 =5.70 —0.54
NCBr—NCCI-CH,  —4.41 -3.86 —9.08 —0.81
NCBr—NCBr-CH,  —4.49 —5.48 —11.00 -1.03
NCBr—NCI-CH, —4.62 -9.10 —15.42 -1.70
NCI-NCF-CH, -5.31 —-1.10 -7.14 —-0.73
NCI-NCCI-CH, —5.83 -3.83 —10.78 -1.12
NCI-NCBr—CH, -5.94 —5.44 —12.83 —1.45
NCI-NCI-CH, —6.13 -9.10 —17.78 —2.55
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Fig. 2 Correlation between the magintude of cooperative energy £ coop
and X-*-N bond length change in NCX:--NCX---CH, complexes

estimated to lie in the range from —1.18 to —6.13 kcal mol
(Table 2), which compares favorably with the results of previ-
ous calculations [65]. As anticipated, heavier halogens form
stronger X---N halogen bonds, in good agreement with the
increased positive ESP cap on heavier X atoms. The calculated
E ¢ of the NCX---CH, dyads spans the range of —1.12 kcal
mol™' in the NCF---CH, up to —9.10 kcal mol™" in the
NCI--CH,. As evident, the interaction strength increases in
the order fluorine bond<chloride bond<bromide bond<iodide
bond, which is consistent with the shorter intermolecular dis-
tance and as well as the greater amount of positive electrostatic
potential on the halogen atom. The interaction energy is calcu-
lated to be —3.89 kcal mol ' in the NCCI---CH, kcal mol
dyad, which is close to that of NCC=CCI---CH, (—3.60 kcal
mol ") at the same level of theory [48].

The cooperative energy (E ¢o0p) 18 applied here to evaluate
the interplay of the XN and X' **Cgapene halogen bonds in

Table 3 QTAIM analysis results of the studied triads and dyads®

their ternary systems. It is computed with formulas of £ o, =
E (ABC)-E,(AB)-E«(BC), where E;(ABC) is the total
interaction of the triads and E;,(AB) and E;,(BC) are the
interaction energies of the isolated dyads within their corre-
sponding minima configurations. The results are also given in
Table 2. The estimated values of E ¢, are all negative with
much larger E ¢, in absolute value for the systems including
iodine. As a consequence, the complexes in which strong
halogen bond interactions are present exhibit strong
cooperativity, while much weak cooperativity occurs in the
complexes involving fluorine atom. For example, in the
NCI---NCI"--CH, trimer, the interaction energy of the X---N
bond is increased by —1.80 kcal mol ™', while the interaction
energy of the NCF--"NCF---CH, is increased by only
—0.002 kcal mol'. The increased value of the X:**Cabenc
interaction energy varies in the order: F<CI<Br<I. However,
the increased percentage is more prominent for the interaction
energy of the X---N halogen bond. Good linear correlations
are found between the cooperative energy Ecoop the X--*N
bond length change in NCX:-*NCX:--CH, complexes
(Fig. 2).

QOTAIM analysis We applied the QTAIM to further analyze
the characteristics of the XN and X" * * C_gpene Interactions in
the NCX--"NCX---CH, complexes. The electron densities
(pcp) at the BCPs as well as their Laplacians (V2ppcp) were
considered for complexes analyzed here since these topolog-
ical parameters may characterize the type of interaction.
Table 3 lists the values of ppcp and the corresponding
\% pacp values computed at the X "N and X - *Capene Critical

Triads (A—B-C) PBCP Appcp PBCP Appcp VZ/) BCP AVZ/)BCP Vz/113c1> szﬂ BCP
(AB,T) (AB,T) (BC,T) (BC,T) (AB.,T) (AB,T) (BC,T) (BC,T)
NCF-NCF-CH, 0.535 0.021 0.436 0.026 2.984 0.131 1.858 0.127
NCF—-NCCI-CH, 0.561 0.032 1.226 0.034 3.131 0.193 4.547 0.096
NCF—-NCBr—CH, 0.575 0.022 1.900 0.041 3.211 0.121 5.845 0.074
NCF—-NCI-CH, 0.614 0.035 3372 0.128 3.439 0.196 7.657 0.129
NCCI-NCF-CH, 1.077 0.051 0.467 0.057 5.363 0.227 2.007 0.276
NCCI-NCCI-CH, 1.152 0.071 1.270 0.077 5.677 0.307 4.673 0.222
NCCI-NCBr—CH, 1.190 0.084 1.968 0.109 5.840 0.353 5.978 0.207
NCCI-NCI-CH, 1.269 0.115 3.590 0.346 6.156 0.463 7.871 0.344
NCBr—NCF—-CH, 1.407 0.069 0.480 0.070 6.275 0.267 2.072 0.341
NCBr—NCCI-CH, 1.523 0.098 1.298 0.105 6.698 0.360 4.754 0.303
NCBr—NCBr—CH, 1.581 0.120 2.011 0.152 6.903 0.431 6.065 0.294
NCBr—NCI-CH, 1.692 0.172 3.745 0.501 7277 0.587 8.019 0.491
NCI-NCF-CH, 1.730 0.093 0.504 0.094 6.923 0.302 2.194 0.464
NCI-NCCI-CH, 1.921 0.150 1.339 0.147 7.518 0.463 4.870 0419
NCI-NCBr—CH, 1.997 0.182 2.078 0.219 7.740 0.543 6.190 0.420
NCI-NCI-CH, 2.167 0.272 4.093 0.849 8.198 0.759 8.332 0.804

*All pgep, V2 pucp Appep and AV? ppep values in 10° au
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Fig. 3 Correlation between the magintude of cooperative energy £ coqp and
electron density change at the X-*-N critical points in NCX*-*NCX:--CH,
complexes

points of the triad systems. In addition, we also give the
variation of these values with respect to the values obtained
for the binary systems. The calculated pgcp values in X--*N
and X - *Ccapene halogen bonds are predicted to be in the range
0.005-0.022 au and 0.004—0.0140 au, whereas the values of
V2ppep are all positive, ranging from 0.030 to 0.082 and
0.019 to 0.083 au, respectively. These values are within the
commonly accepted values for hydrogen bond interactions
[66], thus indicating the closed-shell interactions in these
systems. The results of Table 3 indicate that the pgcp and
V2ppep values at the X---N critical points in the triad are
slightly greater than that in the corresponding dyad. This result
confirms that the X--*N interaction in the triad is reinforced
with respect to the binary system. The same behavior is also
evident for the ppcp and Vzp sep values at the X Ceapene
critical points in the triad. This reveals that the X Ceapene
interaction is also strengthened in the triad system. However,

comparison between X--*N and X Capene halogen bonds
interactions indicates a more important electronic density
redistribution in the latter one. The estimated amount of
electron density change upon trimer formation ranges from
0.0002 to 0.0027 au for the X --N and 0.003 to 0.085 au for
the X" Cearpene interactions. These results are in good agree-
ment with the tendencies of shortening of intermolecular
distances of these systems, as discussed above. In fact, a linear
correlation between E .o, and Appcp at the XN critical
points is found in Fig. 3 (R*=0.937).

Energy decomposition analysis To unveil the nature of the
halogen bonds interactions and to determine the origins of
cooperative effects in the NCX--"NCX:--CH, systems, the
interaction energies were analyzed in terms of electrostatic,
exchange-repulsion, polarization and dispersion energies
(Eq. (2)). The results are given in Table 4. However it may
be noted that there is no rigorous basis for defining such
energy terms [67], since they are not physical observable
quantities. The energy components are also not independent
of each other, no matter what procedure is used. Even consid-
ering these limitations, however, it is possible to estimate the
electrostatic and the dispersion portions of noncovalent inter-
action energies [33].

It is evident from Table 4 that for the NCX:--NCX binary
systems, the dominant attraction energy originates in the elec-
trostatic term. This is consistent with the decomposition for other
conventional halogen bonds, which are known to be electrostatic
in nature [30-32]. The contribution of electrostatic energy in the
XN interaction increases in the order F<CI<Br<I, which is
consistent with the greater amount of positive electrostatic

Table 4 Calculated energy terms (in kcal mol ') of the studied triads and dyads

Triads (A—B—C)  Egu(ABBC)  Eexensep(ABBC)  Epoi(ABBC)  Egip(AB:BC)  E(ABC)  Eexeniep(ABC)  Epoi(ABC)  Egigy(ABC)
NCF-NCF-CH,  —1.08-139  0.80:1.10 —0.13:-020  —0.64:-051  —2.67 2.07 —0.43 -1.20
NCF-NCCI-CH,  —120:-7.04  0.85:6.07 0.16:-1.73  —0.66:-1.05 853 725 ~2.11 -1.71
NCF-NCBr-CH,  —123:-12.18 0.84:12.30 ~0.16:-2.84  —0.67-1.82  —13.89 13.79 -8.22 -2.32
NCF-NCI-CH,  —135:-24.08 0.96:29.23 ~0.19:-1140  —0.69:-226  —26.63 32.07 ~12.63 -3.03
NCCI-NCF-CH, 394139  3.13:1.10 -0.90:-020  —129:-051  -5.79 471 ~142 -1.86
NCCI-NCCI-CH, —426:-7.04  3.30:6.07 ~101:-173  -136:-105  —12.03 10.29 ~3.40 ~2.40
NCCI-NCBr—CH, —4.38:-12.18 3.41:12.30 ~1.05:-2.84 —139-182 1773 17.38 -5.86 -3.07
NCCI-NCI-CH,  —4.64:-24.08 3.70:29.23 ~1.13:-1140 —142:-226  —32.07 3839 ~15.52 -3.85
NCBr-NCF-CH, —545:--139  4.88:1.10 ~151:-020 —1.70:-0.51  —7.45 6.65 -2.15 -231
NCBr-NCCI-CH, —5.98:-7.04  5.31:6.07 ~1.72-173  —178:-105  —14.01 12.72 -437 -2.92
NCBr-NCBr-CH, —6.54:-12.18  5.48:12.30 ~1.80:2.84 —1.86:-182  —19.93 20.17 ~6.99 -3.62
NCBr-NCI-CH,  —9.07:-24.08 9.14:29.23 ~348-1140 -231:-226 3557 4325 ~17.73 ~4.44
NCI-NCF-CH,  -7.82:-139  7.65:1.10 2774020  -2.02:-051  —10.17 9.97 -3.72 -2.68
NCI-NCCI-CH,  -8.79:-7.04  8.78:6.07 -330:-173 222105  —32.84 38.62 ~10.31 -5.17
NCI-NCBr-CH,  —9.07:-12.18  9.14:12.30 ~348:2.84 231182 238l 25.45 -9.57 —4.16
NCI-NCI-CH, ~9.74:-24.08  9.88:29.23 3821140 236226  —42.12 53.20 -22.63 -5.08
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potential on the halogen atom. On the other hand, for the
NCX:---CH, dyads considered here, the electrostatic term
(E gs) 1s significantly larger (i.e., more negative) than the polar-
ization (£ 1) and dispersion (£ gisp) terms and the changes in the
electrostatic interactions are mainly responsible for the enhance-
ment of the halogen bond. It is also that halogens with larger,
more positive o-holes tend to exhibit weaker dispersion inter-
actions, which is attributed to the lower local polarizabilities of
the larger o-holes [33].

As evident from Table 4, the attractive electrostatic and
polarization components make the major contribution to the
interaction energy of the triads. The former term can be
interpreted mainly with the dipole—dipole interaction, while
the latter one accounts for the mutual polarization effect be-
tween the monomers in the triads. Our results indicate that for
the NCX--"NCX---CH, systems, all £y, £ o and E g, terms
have an increase in magnitude for both types of interactions,
showing the additional stability of the ternary complexes rela-
tive to the corresponding binary complexes. However, the
cooperative effect of the X *Ceapene 1S more evident than that
of the X--*N one. The increase of polarization energy can be
attributed to the distortion of the electron clouds of electron
donor by the electric field of the electron acceptor in the
complex. This reveals that the polarization caused by the
NCX unit on the NCX---CH, molecule is of major importance
in the enhancement of the X *Capene bond.

Conclusions

Ab initio calculations were performed to study the interplay
between halogen--nitrogen and halogen---carbene interac-
tions in NCX---NCX---CH, complexes, where X=F, Cl, Br
and . The following conclusions are found:

(1) The halogen bond distances for the iodine bonded com-
plexes are shorter than those from other lighter halogen
atoms, which is consistent with the electrostatic potentials
on the halogen atoms: 14 kcal mol ™' (NCF)<41 kcal mol ™'
(NCCI)<48 keal mol ' (NCBr)<56 kcal mol™" (NCI).

(2) Although both types of interactions are enhanced by each
other in the triads, the shortening of the halogen bond
distances is not equal. We noted, however, the shortening
of the halogen bond distances in the triads is dependent
on the strength of the other.

(3) The complexes in which strong halogen bond interac-
tions are present exhibit strong cooperativity, while much
weaker cooperativity occurs in the complexes involving
fluorine atom.

(4) The ppcp and Vppcp values at the X---N as well as
X **Cearbene Critical points in the triad are slightly greater
than that in the corresponding dyad. This result confirms

@ Springer

that the halogen bonds interaction in the triad is
reinforced with respect to the binary system.

(5) For the NCX--"NCX:*-CH, systems, all E g, £p and
E 4isp, terms have an increase in magnitude for both types
of interactions, showing the additional stability of the
ternary complexes relative to the corresponding binary
ones. These are consistent with the o-hole concept that
the electrostatic contribution increases with the increase
of positive electrostatic potential on the halogen atom.
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