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Abstract Intramolecular halogen bonds have been the

subject of several current experimental and theoretical

studies. In this work, intramolecular halogen bonds in a

series of 1,2-aryldiyne molecules were investigated using

density functional theory calculations at the M06-2x level

of theory. For comparison, some dimeric complexes

between halogenated aryldiynes and quinolinyl compounds

were also considered. The calculated interatomic distances

and interaction angles of intramolecular halogen bonds

compare fairly well with those determined experimentally,

and the triangle motifs retain almost perfectly planar in all

the studied molecules. Many of the well-known properties

of conventional halogen bonds are reproduced in

intramolecular halogen bonds: the interaction strength

tends to increase with the enlargement of the atomic radius

of halogens (I[Br[Cl); the attachment of electron-

withdrawing moieties to halogens leads to much stronger

intramolecular halogen bonds; the X���N (quinolinyl)

interactions are stronger than the X���O (carbonyl) halogen

bonds. On the basis of the shorter interatomic distances and

the larger values of electron densities at the bond critical

points, intramolecular halogen bonds become stronger in

strength than corresponding intermolecular halogen bonds.

However, these interactions have similar structural, ener-

getic, atoms in molecules (AIM), and noncovalent inter-

action index (NCI) characteristics to traditional halogen

bonds. Therefore, these interactions can be recognized as

halogen bonds that are primarily electrostatic in nature.

Particularly, the formation of intramolecular halogen bonds

gives rise to the essential coplanarity of the molecules,

whereas the two subunits in the dimeric complexes deviate

from planarity to a large degree. In addition, a small

number of crystal structures containing intramolecular

halogen bonds were retrieved from the Cambridge Struc-

tural Database (CSD), to provide more insights into these

interactions in crystals. This work not only will extend the

knowledge of noncovalent interactions involving halogens

as electrophilic centers but also could be very useful in

molecular design and synthetic chemistry.

Keywords Intramoleuclar halogen bonds � 1,2-aryldiyne

compounds � M06-2x � CSD

Introduction

Noncovalent interactions, such as hydrogen bonding (HB),

ion-p, p–p stacking, electrostatic, hydrophobic, and van der

Waals (vdW) forces, play a crucial role in the fields of

chemical and biological sciences. HB, the most frequently

used tool for crystal engineering of solid-state materials and

molecular recognition of biomolecules, has been exten-

sively studied in the last few decades [1–4]. Recently, a

specific interaction in which halogen atoms (X = Cl, Br, I)

act as electrophilic centers has attracted increasing interest,

due to its great importance in material science, molecular

design, and medicinal chemistry [5–12]. This interaction
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has been termed as halogen bonding (XB) to emphasize its

analogies with HB. It is well known that covalently bonded

halogens (even the fluorine atom) show a region of positive

electrostatic potential (ESP) [13] at the outmost portion of

these atoms along the R–X bonds. Therefore, an electron-

rich atom or group prefers to approach the positive region,

giving rise to a linear XB. Politzer et al. have previously

developed the r-hole concept to rationalize the anisotropic

ESP distribution of halogens, and moreover, they also

extended this concept to interpret other specific noncovalent

interactions, such as chalcogen and pnicogen bonding

[14–20].

Conventional intermolecular XB interactions continue

to be an active research area in current years. The group of

Metrangolo and Resnati firstly explored the excellence of

the N���X–PFC synthon, where PFC denotes a perfluoro-

carbon moiety and N is either sp2 (typically pyridine

derivative) or sp3 (tertiary amine) nitrogen, in solid-state

chemistry [5, 8]. Ho et al. [12] then revealed the impor-

tance of the interactions between organic halogens and

backbone carbonyl oxygens (C–X���O=C) in protein–ligand

complexes. The wide application of XB interactions in

anion recognition was also reported nowadays [21–23].

When formed from a HB donor and acceptor within the

same molecule, the resultant ‘‘intramolecular’’ HB leads to

the creation of the so-called quasi-ring and thus is capable

of stabilizing conformation. This particular class of HB has

been the subject of numerous theoretical and experimental

studies [24–30], because of its critical structural and

functional roles in biological and synthetic molecular sys-

tems. In 2012, Nagy investigated the solvent effect on O–

H���X–C intramolecular HBs (X = F, NH2, NO2) using

density functional theory (DFT) calculations and estimated

the free energy needed for maintaining these interactions in

ligand–protein systems [24]. Then, intramolecular

C=O���H–O interactions in a family of O-carbonyl hydro-

quinones displaying anticancer and antioxidant activity

were studied via the B3LYP, MP2, and 1H-NMR methods

[25]. Very recently, Gerothanassis and coworkers have

collated the experimentally and theoretically derived

descriptors for intramolecular HBs in the families of phe-

nol-containing natural products and model compounds

[26].

As compared to traditional XBs and intramolecular HBs,

far less attention has been focused on intramolecular XB

interactions to date [31–36]. Bowling et al. have recently

applied single-crystal X-ray crystallography to study

intramolecular XBs between aryl halide donors and suit-

able acceptors (carbonyl and quinolinyl groups) that are

held in proximity by 1,2-aryldiyne linkers [31]. Subse-

quently, those authors examined the temperature and sol-

vent effects on intramolecular XB interactions using 15N,
13C, and 19F NMR spectroscopy, and they found that 13C

NMR chemical shifts of the alkynyl carbons are good

indicators of these bonds [32]. In 2008, Palusiak and

Grabowski [33] performed the Cambridge Structural

Database (CSD) search and ab initio MP2 calculations to

characterize five-membered pseudo-rings closed through

Cl���O intramolecular contacts. Some of their findings

indicated that Cl���O contacts are attractive and stabilizing

ones. However, Jablonski [34] pointed out that these con-

tacts indeed are nonbonding and repulsive, as a result of the

positive values of interaction energies obtained by a few

estimating methods. More recently, intramolecular halo-

gen���halogen bonding was demonstrated to be of an

unusually strong vdW type [35]. Despite these attempts,

several issues of intramolecular XB interactions remain

largely elusive. What is the nature of these bonds? Do

intramolecular XBs have similar properties to intermolec-

ular XB interactions? Can they be classified as conven-

tional XBs? What is the difference between intramolecular

XB and HB interactions?

In this work, a systematic theoretical study at the DFT

(M06-2x) level of theory was undertaken to examine

intramolecular XB interactions in a series of aryldiyne

molecules 1–12, as displayed in Fig. 1. The X-ray crystal

structures of some of these compounds have been deter-

mined recently [31]. For comparison, four halogen-bonded

dimeric complexes 13–16 (see Fig. 2) of halogenated

aryldiynes with quinolinyl compounds were also taken into

account. To gain a deeper understanding of these peculiar

interactions, the atoms in molecules (AIM) [37] and non-

covalent interaction index (NCI) calculations [38] were

performed. In addition, a survey of the CSD was also

undertaken to provide more insights into intramolecular

XBs in crystals.

Computational methods

The geometries of all the molecules under study were fully

optimized by means of the hybrid M06-2x functional

developed by Zhao and Truhlar [39], which has proved to

be reliable in the description of various types of nonco-

valent interactions [40]. The basis set of Peterson et al.

[41], cc-pVTZ-PP, obtained from the EMSL Basis Set

Exchange, was used for the I atom. The (–PP) notation

indicates that relativistic effective core potentials were

employed for the core electrons, that is, 1s22s22p63s2

3p63d10 for I. For the remaining atoms, the Dunning’s

triple-zeta correlation-consistent basis set, cc-pVTZ [42],

was applied. No symmetry or geometry constraint was

imposed during the optimizations. The ultrafine Gaussian

integration grid (99,590) was used, and the self-consistent-

field convergence was set at 10-8. Frequency calculations

were performed at the same theoretical level to ensure that
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all the structures are genuine minima on the potential

energy surface. All of these calculations were carried out

with the Gaussian 09 suite of programs [43].

The AIM calculations were performed by the AIM 2000

software [44], using the wave functions generated with

M06-2x/cc-pVTZ(–PP). The NCI analysis was undertaken

with the Multiwfn program [45] and visualized using the

VMD package [46].

Results and discussion

Geometries

The key geometric parameters of the aryldiyne molecules

1–12 and halogen-bonded dimers 13–16 are summarized in

Table 1. The optimized structures of some representative

aryldiyne compounds and the dimeric complexes under

study are displayed in Fig. 3 and Fig. S1, respectively. As

can be seen, the interatomic X���Y distances in the aryl-

diyne molecules are predicted within the range from 2.895

to 3.074 Å, a reduction of 7.6–16.3 % of the vdW radius

sum of the atoms involved [47]. All the intramolecular

X���Y interactions in 1–12 are rather linear (\(C–

X���Y)[ 165�), quite similar to the geometric features of

conventional intermolecular XBs [8]. However, the com-

puted interatomic distances in the aryldiyne species are

shorter than those in the corresponding halogen-bonded

complexes. For example, the I���N separation in 9 is cal-

culated about 0.07 Å less than that in 14 (2.983 vs 3.052

Å), and the reduction in the vdW radius sum amounts to

15.5 and 13.5 %, respectively. Furthermore, as compared

to the XB dimers, the interactions in 1–12 to some extent

deviate from the linearity. This can be attributed to the

rigid 1,2-aryldiyne linkers in these molecules, which

restrains the formation of ideal interactions. In addition, the

deviation becomes greater as the atomic radius increases;

that is, the larger size of halogen r-hole leads to nonideal

XB angles to reduce angle strain in the aryldiyne backbone,

opposite to the known characteristics of traditional XBs (cf.

Table 1). Notably, the C=O���X angles in 1–6 are estimated

to be about 120�, thus indicating the O lone pair electrons

as electron donor. This structural feature of XB has been

frequently observed in biological molecules [12]. From

Table 1, it is also seen that the calculated geometric data of

intramolecular X���Y interactions compare fairly well with

the X-ray crystallographic data [31], especially the linear-

ity of these bonds.

Fig. 1 Chemical structures of

the studied aryldiyne molecules

1–12

Fig. 2 Chemical structures of the halogen-bonded complexes under

study 13–16
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Table 1 Key geometric parameters of the aryldiyne molecules and halogen-bonded complexes under study

Systems d(X���Y) % vdW radii sum \(C–X���Y) d(C(X)���Y) \(C= Y���X) \(C/H–C:C) /(C:C���C:C)

Intramolecular systems

1 2.895 88.5 171.2 4.593 119.8 178.0 0.2

2 2.907 (2.751) 86.3 (82) 168.5 (171.0) 4.755 (4.600) 119.9 (121.4) 177.3 (177.7) 0.0 (1.4)

3 2.931 (2.882) 83.7 (82) 165.4 (165.2) 4.974 (4.934) 119.3 (120.5) 176.4 (175.8) 0.0 (2.7)

4 2.940 (2.966) 89.9 (91) 172.5 (175.6) 4.650 (4.694) 118.3 (114.8) 177.6 (175.9) 0.2 (0.2)

5 2.957 (2.909) 87.7 (86) 169.3 (174.5) 4.816 (4.792) 118.5 (115.7) 176.9 (174.6) 0.2 (0.6)

6 2.988 85.4 165.7 5.038 118.4 176.1 0.2

7 2.955 89.5 172.9 4.659 117.7 177.6 0.0

8 2.970 (2.886) 87.3 (85) 170.5 (171.9) 4.827 (4.749) 116.8 (117.6) 177.0 (174.6) 0.0 (0.8)

9 2.983 (2.908) 84.5 (82) 168.0 (169.7) 5.043 (4.983) 115.5 (117.1) 176.0 (173.9) 0.0 (0.1)

10 3.048 92.4 172.3 4.764 117.0 177.2 0.1

11 3.054 89.8 170.0 4.923 116.2 176.6 0.0

12 3.074 87.1 167.5 5.138 115.0 175.6 0.0

Intermolecular systems

13 3.036 89.3 175.1 4.907 115.9 178.7 61.5

14 3.052 86.5 177.6 5.141 117.7 178.5 53.7

15 3.126 91.9 172.9 5.005 113.8 178.4 60.7

16 3.159 89.5 177.9 5.256 117.4 178.4 52.3

Distances are given in angstroms and angles in degrees. The values in parentheses are taken from the crystal structures

Fig. 3 Optimized structures of four representative aryldiyne compounds 2, 5, 8, and 11. Distances are in angstroms and angles in degrees

910 Struct Chem (2016) 27:907–917

123



As expected, the interatomic X���Y distances in the

aryldiyne compounds tend to elongate with the increase in

the size and polarizability of halogen atoms. The reduction

in the sum of the vdW radii, however, appears to be

gradually greater when going down the periodic table,

which implies the strength order (I[Br[Cl) of

intramolecular X���Y interactions. Furthermore, the

attachment of strong electron-withdrawing groups to the

donor X atoms results in shorter interatomic separations.

For instance, the X���Y distances in 7–9 with the

pentafluoro-phenyl moiety bound to halogens are predicted

about 0.09 Å less than those in 10–12 where halogen atoms

are bonded to the phenyl ring. This trend of the bonding

distances was also found in the crystal structures of 2 and 5

(2.751 vs 2.909 Å), in which the donor Br atom is attached

to the pentafluoro-phenyl group and the CF3-substituted

benzene, respectively. Here, it is worth mentioning that

these structural properties of intramolecular X���Y inter-

actions have been well established in conventional inter-

molecular XBs [8].

As shown in Fig. 3, the formation of intramolecular

X���Y interactions in 1–12 yields triangular structures, the

so-called quasi-ring that occurs commonly in intramolec-

ular HB cases. The C(X)���Y distances are predicted to be

within the range of 4.593–5.138 Å, which indicates the

flexibility of the 1,2-aryldiyne bridge that can accommo-

date chloro, bromo, and iodo substituents. In addition, this

nonalkyne side of the triangle also has similar dimension to

the other two aryldiyne sides (about 4.1 Å). In light of these

findings, flexible aryldiyne linkers provide an ideal tem-

plate for a variety of intramolecular XB interactions.

Notably, the triangular structures maintain almost perfectly

planar in all the aryldiyne molecules; the dihedral angles of

the two linkers are very close to zero (see Table 1).

However, the two subunits in the dimeric complexes are

not in the same plane; the dihedral angles of the two alkyne

groups amount to about 60�. As a consequence, the rigidity

of the aryldiyne bridge between the XB donor and acceptor

in 1–12 retains the triangles almost coplanar.

Overall, the combination of flexibility and rigidity

allows the 1,2-aryldiyne linkers to template a large variety

of intramolecular X���Y interactions that deviate from the

linearity to some degree, leading to the creation of copla-

nar, triangular structures.

ESP analysis

The ESP surfaces of the isolated donor and acceptor

molecules in the intermolecular complexes 13–16, together

with the most positive surface ESP (Vs,max) for the Br and I

atoms and the most negative surface ESP (Vs,max) for the N

atom, are shown in Fig. 4. At the M06-2x/cc-pVTZ(–PP)

level of theory, the interaction energies including

counterpoise correction for basis set superposition error

(BSSE) [48] corrections are computed to be -4.77, -6.84,

-3.49, and -5.02 kcal/mol, respectively, for 13–16.

Cleary, attractive linear interactions occur between the

positive r-holes of the X atoms and the negative ESP

region of the N atom in 13–16. As anticipated, the I atom

forms much stronger X���N interactions with respect to the

Br atom, due to the larger value of Vs,max; the attachment of

the stronger electron-withdrawing C6F5 group to the donor

X atom leads to greater Vs,max and thus stronger X���N
interactions. Notably, these strength trends of intermolec-

ular XBs are reproduced in the X���N interactions in 1–12,

although these intramolecular bonds exhibit shorter X���N
distances and also to some extent deviate from the linear-

ity. These provide strong evidence for intramolecular XB

interactions in 1–12.

AIM analysis

The AIM theory has been widely employed for character-

ing and quantifying various kinds of noncovalent interac-

tions [49–52]. The most immediate evidence of weak

interactions is the existence of a bond critical point (BCP)

accompanied by a bond path linking the donor atom and

the acceptor. In particular, the topological parameters at the

BCPs, e.g., the electron density (qb) and its Laplacian

(r2qb), correlate with the strength of the interactions.

For each of the X���Y interactions in 1–16, a BCP

between the donor X and the acceptor O/N atoms has been

identified via the AIM method, as shown in Fig. 5 and

Fig. S2. The triangular structures in 1–12 are also indicated

by a ring CP (yellow point in Fig. 5). The topological

parameters (qb and r2qb) at the BCPs for the studied

systems are given in Table 2. It can be seen that 102qb is

estimated to vary from 1.135 to 1.879 au for intramolecular

X���Y interactions, within the range of HB suggested by

Koch and Popelier (0.2–3.5 au) [49, 50]. In addition, all the

values of r2qb are calculated to be positive, thereby sug-

gesting the typical closed-shell kind of interactions.

Table 2 also includes the energetic properties at the BCPs,

i.e., local one-electron kinetic energy density G(r), local

potential energy density V(r), and the electronic energy

density Hb [kinetic G(r) plus potential V(r) energy density].

The sign of H determines whether the interaction is elec-

trostatic dominant (H[ 0) or covalent dominant (H\ 0)

[52]. As evident from this table, Hb is computed to be

positive for all intramolecular X���Y interactions in 1–12,

which implies the electrostatic character of these bonds.

Note that the AIM properties of intramolecular X���Y
interactions reported here behave very much like those of

well-studied traditional XBs [53].

It has been well documented that qb at the BCPs can

serve as a convenient measure for different types of HB or

Struct Chem (2016) 27:907–917 911
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XB interactions with a wide range of strength [49, 54].

Not surprisingly, larger values of qb are predicted for the

aryldiyne molecules with respect to the corresponding

halogen-bonded dimers, consistent with the shorter X���Y
distances in the former cases (vide supra). Therefore,

intramolecular X���Y interactions become stronger in

strength than corresponding intermolecular XBs. As

expected, qb increases with the enlargement of the atomic

size of halogens, thus indicating the strength order

(I[Br[Cl) of these bonds. Furthermore, the presence

of strong electron-withdrawing groups into the donor X

atoms gives rise to greater values of qb. For example,

102qb is calculated to be 1.879 au for the compound 9 in

which the I atom is attached to the pentafluoro-phenyl

moiety, much larger than that for 12 (1.607 au) with the I

atom bound to the phenyl ring. In addition, the computed

qb for X���N interactions is higher than that for corre-

sponding X���O bonds, which implies stronger X���N
interactions in the studied molecules. These trends of the

AIM results are in line with those observed in the inter-

atomic X���Y distances.

As expected, the interaction energies follow a good

linear relationship with the values of qb at the BCPs for the

four XB dimers under study, as shown in Fig. S3. In light

of the correlation equation established in this figure, the

bonding energies of the intramolecular interactions in 1–12

can be roughly evaluated, approximately in a magnitude of

-3.0 to -9.0 kcal/mol. This indicates medium-strong

intramolecular bonds, in accordance with the positive r2qb

and Hb at the BCPs.

NCI analysis

The NCI index is based on the relationship between the

electron density q(r) and the reduced density gradient s,

which is expressed as:

s ¼ 1

2ð3p2Þ1=3

rqj j
q4=3

ð1Þ

It allows isosurfaces of the reduced density gradient at

low densities to visualize the position and nature of non-

covalent interactions in 3D space [55]. Regions with low

electron density q(r) and reduced density gradient s corre-

spond to the occurrence of noncovalent interactions. This

method has been recently used to study intramolecular

HBs, because it can overcome some limitations of the AIM

Fig. 4 ESP surfaces of the donor and acceptor molecules, together with Vs,max for the X atoms and Vs,min for the N atoms. The ESP ranges from

negative (red) to neutral (green) and to positive (blue) (Color figure online)

912 Struct Chem (2016) 27:907–917
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theory and thus provides a more global description of

noncovalent bonding [56].

The NCI isosurfaces of the intramolecular system 11

and the intermolecular complex 15 are illustrated in Fig. 6,

where strong attractive interactions are represented in blue,

weak interactions in green, and repulsive interactions in

red. Both images obviously indicate a typical Br���N
interaction (green in color). However, in the molecule 11 a

second weak interaction is evident from the green isosur-

face between the donor Br and the H atom in the quinolinyl

group, consistent with the existence of a BCP between

these two atoms within the AIM analysis (cf. Fig. 6). In

addition, a hollow disk-shaped shadow is also presented in

this molecule, which is related to the ring CP for the

triangle.

To provide a better understanding of chemical bonding,

the Laplacian is often decomposed into the contributions

along the three principal axes of maximal variation,

r2
q = k1 ? k2 ? k3. A negative value of k2 suggests

attractive interaction (with an accumulation of density

perpendicular to the bond), while positive k2 indicates

steric repulsion (density depletion). The plots of s and the

sign of second eigenvalue k2 for 11 and 15 are also given in

Fig. 5 Molecular graphs of four representative aryldiyne molecules 2, 5, 8, and 11. The electron densities at the BCPs are in au

Table 2 Topological parameters at the BCPs for the aryldiyne

molecules and halogen-bonded complexes under study

Systems 102qb r2qb 102G(r) 102V(r) 102Hb

Intramolecular systems

1 1.245 0.056 1.102 -0.841 0.262

2 1.480 0.059 1.252 -1.018 0.234

3 1.746 0.064 1.404 -1.196 0.208

4 1.146 0.049 0.996 -0.754 0.241

5 1.356 0.054 1.127 -0.908 0.218

6 1.587 0.058 1.243 -1.045 0.198

7 1.354 0.053 1.089 -0.853 0.236

8 1.583 0.056 1.209 -1.015 0.194

9 1.879 0.060 1.355 -1.207 0.149

10 1.135 0.044 0.882 -0.673 0.209

11 1.355 0.048 1.014 -0.830 0.183

12 1.607 0.052 1.137 -0.980 0.157

Intermolecular systems

13 1.384 0.049 1.039 -0.853 0.186

14 1.633 0.053 1.161 -1.006 0.156

15 1.167 0.041 0.855 -0.685 0.170

16 1.353 0.044 0.938 -0.786 0.152

All values are given in au
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Fig. 6. Clearly, the first low-gradient spike lying at nega-

tive value indicates the Br���N interaction, while the second

spike at negative sign of k2 corresponds to the secondary

weak Br���H interaction. The peaks located at positive

values indicate the repulsive steric interactions due to ring

formation. In general, the plot of 11 is not qualitatively

different from that of 15, except that the first peak in 11 is

deeper still and resides at more negative value of k2. This

suggests stronger intramolecular X���Y interactions with

respect to corresponding intermolecular ones coincide with

the geometric and AIM results as mentioned above.

CSD survey

The CSD is a convenient and reliable storehouse for

structural information. The small molecule crystallography

and the CSD have been widely used for analyzing geo-

metric features of noncovalent interactions. To gain more

insights into intramolecular XB interactions in crystals, a

survey of the CSD (version 5.35, updates May 2014) was

undertaken herein. We only considered crystal structures

with no disorder and no errors as well as R-factor less than

0.1. The following search criteria were utilized: (1) Both

Fig. 6 NCI isosurfaces and plots of the reduced density gradient versus the electron density multiplied by the sign of the second Hessian

eigenvalue for 11 and 15

914 Struct Chem (2016) 27:907–917
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the XB donors and acceptors are within the same molecule;

(2) the interatomic X���Y (X = Cl, Br, I and Y = O, N, S)

distances are shorter than the sum of the vdW radii of the X

and Y atoms; (3) the interaction angles \(C-X���Y) are

larger than 150�. According to our survey of the CSD, 34

X-ray crystal structures containing intramolecular X���O
interactions and one crystal structure with intramolecular

Cl���N bond were exacted, as summarized in Supplemen-

tary material.

Three representative crystal structures, SURXUZ [57],

YOBXIX [58], and ENIGEN [59], are selected and

depicted in Fig. 7. In the crystal structure of SURXUZ, the

Cl atom in the dinitrobenzoate molecule established a

intramolecular XB with the O atom in the nitro moiety

(d(Cl���O) = 3.270 Å, \(C–Cl���O) = 171.4�). In the

YOBXIX structure, a intramolecular Br���O interaction

(d(Cl���O) = 3.033 Å,\(C–Cl���O) = 161.2�) is formed in

the bromo-nitrobenzoate molecule. In the crystal structure

of ENIGEN, the hypervalent I atom in the o-ni-

trodiphenyliodonium compound is involved in a

intramolecular I���O bond (d(I���O) = 2.735 Å, \(C–

Cl���O) = 157.5�) with the O atom in the nitro group.

These intramolecular bonds, although completely unreal-

ized by the original authors, play a central role in the

conformations of halogenated molecules in crystals.

Present database includes 29 % Cl���O, 21 % Br���O, and

50 % I���O interactions with the average interatomic dis-

tances of 3.15, 3.18, and 2.91 Å, respectively. The much

shorter average I���O distance can be ascribed to the fact

that the donor I atoms in most of the iodinated systems are

of hypervalent iodine, i.e., C–I?–R (see Fig. 7), which is

capable of forming much stronger interactions with elec-

tronegative atoms. Notably, the average interaction angle

for all the X���O bonds retrieved from the CSD amounts to

about 164�, thus indicating the rather good linearity of

these interactions in solid state. This geometric feature is

quite different from intramolecular HBs with a wide range

of interaction angle, which is reminiscent of the obvious

distinction between conventional XB and HB interactions

[8].

In a word, despite a small number of crystal structures,

intramolecular XBs exhibit a good linearity in crystals and

contribute significantly to the stability of relevant halo-

genated compounds.

Implications for molecular design

According to the above analyses, intramolecular X���Y
interactions show the approximately same kind of geo-

metric, energetic, AIM, and NCI behaviors as conventional

Fig. 7 Selected fragments of

the three selected crystal

structures. Distances are in

angstroms and angles in degrees
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intermolecular XBs. These interactions, consequently, can

be classified as XBs. However, as compared to corre-

sponding intermolecular XBs, intramolecular XB interac-

tions to some extent deviate from the linearity and become

somewhat stronger in strength. The rigidity of the 1,2-

aryldiyne bridge keeps the molecule almost in the same

plane, thereby reducing the steric hindrance between the

aryldiyne moieties. On the other hand, the formation of

intramolecular XB interactions gives rise to the triangular

structures in the molecules. The resulting coplanar triangles

held the donor X and the acceptor O/N atoms in more close

proximity, leading to shorter interatomic distances and

hence relatively stronger interactions.

Similar to traditional XBs, intramolecular XB interac-

tions are mainly electrostatic in nature. Particularly, several

well-known trends of conventional XBs are reproduced in

intramolecular XB systems. For instance, the interaction

strength increases with the enlargement of atomic radius

(I[Br[Cl), and the attachment of electron-withdrawing

groups to the donor X atoms results in much stronger

interactions. As a consequence, the well-established prop-

erties of traditional XBs could be used to tune

intramolecular XB interactions. In addition, as compared to

intramolecular HBs with a wide range of interaction angle,

intramolecular XB interactions are rather linear in both gas

phase and solid state.

As noted above, intramolecular XBs have a pronounced

influence on the conformations of the molecules which are

closely related to their function. These interactions,

accordingly, can be employed as structure-promoting ele-

ments in designed molecular systems that show biological

activity or synthetic function. Furthermore, the properties

of these interactions can be readily tuned by the common

tools applied in conventional XBs, which would be very

useful in the conformational switching of functional

molecules. Considering the importance of intramolecular

XBs in molecular design and crystal engineering, much

more future efforts should be devoted to exploring these

interactions from physical characterization to synthetic

application.

Conclusions

In the present work, DFT calculations using the M06-2x

method have been performed to investigate intramolecular

halogen bonds in a series of aryldiyne compounds, which

were recently characterized via single-crystal X-ray crys-

tallography. For comparison, some halogen-bonded dimers

of halogenated aryldiynes with quinolinyl compounds were

also calculated. The combination of flexibility and rigidity

allows the 1,2-aryldiyne linkers to template a large variety

of intramolecular XB interactions, leading to the creation

of coplanar, triangular structures. These interactions,

although somewhat stronger in strength, have similar

geometric, energetic, AIM, and NCI characteristics to

conventional intermolecular XBs. Therefore, these bonds

can be recognized as XBs that are mainly electrostatic in

nature. Particularly, these interactions can be readily tuned

by the common tools used in traditional XBs, which would

be very useful in the conformational switching of func-

tional molecules.

According to the survey of the CSD, a small number of

crystal structures involving intramolecular XBs were

extracted. These interactions exhibit a rather good linearity

in crystals and contribute significantly to the stability of

relevant halogenated compounds. Intramolecular XBs thus

can be employed as structure-promoting elements in

designed molecular systems that show biological activity

or synthetic function. We hope that the results reported in

this work will assist in the characterization of intramolec-

ular XB interactions in catalyst design and function as well

as in modulation of photophysical and electronic structure

of functional materials.
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