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     Abstract 

            NMR properties of the CH- interactions in the X-C2H┴C8H8 complexes (where 

┴ denotes CH- interaction and X = NH2, OH, H, F, NO2, and CN) have been 

investigated at the M05-2X/6-311++G** level of theory. Correlations of geometrical 

parameters, Hammett constants, results of atoms in molecules (AIM) analysis, charge 

transfer (CT) and NMR data, particularly two-bond 13C-1H spin-spin coupling constant 
2hJC-H, with binding energies were considered. The binding energies of these 

complexes were also compared with the X-C6H5┴C8H8 complexes to explore the role of 

acidic hydrogen of acetylene on binding energies. The results of this study aid us to 

better realize the nature of the CH- interactions in complexes which encompass 

planar cyclooctatetraene as an anti-aromatic molecule. 

Keywords: CH- interaction; Hammett constant; AIM; coupling constant; 

cyclooctatetraene. 

Introduction 
The CH-π interactions are essential noncovalent bindings which have significant 

roles in chemistry and biochemistry.[1,2] These forces contribute to the DNA repair 

process[3] and also to thebinding of acetylcholine to its inhibitors.[4] 

NMR spectroscopy has been used to directly detect CH-π interactions in 

proteins at atomic resolution without the need for pre-existing three-dimensional 

structures.[5] Also, the interactions between galactose specific lectin LecA and Histidine 

in aromatic β-galactoside biofilm inhibitors involve intermolecular CH-π interactions 

resulting in shorter distances than in the case of the corresponding van der Waal’s 

forces.[6] Moreover, ab initio calculations reveal the existence of CH-π interactions in 

the form of T-shaped orientations between nucleobases and aromatic side chains of 

amino acids.[7,8] 
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The influence of substituents in aromatic molecules on the binding energy of 

complexes with π-π stacking and CH-π interactions has been previously 

considered.[9,10] The effect of substituents on CH-π interactions in benzene…methane 

complex has been investigated and it was shown that the successive addition of CH3 

groups leads to a linear increase in the binding energy.[11] Intramolecular CH-π 

interactions in phenylalanine derivatives have been manifested in solution using NMR 

spectroscopy and edge-to-face arrangements were shown in the corresponding X-ray 

crystal structures for two derivatives to form.[12] Wheeler and Houk studied the origin of 

substituent effect in edge-to-face binary complexes composed of benzene and 

substituted benzenes.[13] They considered both edge-ring and face-ring-substituted 

complexes to find out the effect of substituents on the binding energy.[13] Substituent 

effects in the interactions of dimethyl ether with benzene, hexafluorobenzene as well 

as several mono-substituted benzenes have been previously investigated.[14] The 

results indicated that trends for binding energy can be explained in terms of 

electrostatic interactions of dimethyl ether with the aromatic ring.  

Mishra and coworkers computed the stabilization energy of the CH-π complex of 

acetylene and multiple fluoro/methyl-substituted benzenes.[15] They concluded that, 

unlike the case of stacking interactions,[10] electron-accepting groups decrease the 

binding energy of the complex. Recently, the structure of prototypical CH-π interaction 

in benzene…acetylene complex has been determined using Fourier-transform 

microwave spectroscopy.[16] The experimentally observed intermolecular distance in 

this complex is longer than distances observed in the benzene…acetylene co-crystal 

or predicted by theoretical calculations.[16] Pasha and Myint investigated experimentally 

and theoretically the magnitude and the nature of interactions in benzene-ethylene and 

benzene-acetylene clusters and reported that the CH-π interaction of acetylene with 

benzene is significantly different as compared with that of ethylene and methane.[17] 

Evidence by UV spectrophotometry as well as ab initio calculations for CH-π 

interactions in the 1:1 complex of styrene with acetylene has been reported.[18] The 

results revealed that the favored conformation is the one in which acetylene binds to 

the benzene ring of styrene through CH-π interaction.  

CH-π interactions were characterized using microwave spectroscopy in the  

CHClF2-HCCH weakly bound complex which showed good agreement with the results 

of ab initio calculations.[19] CH-π interactions were also recognized in several aromatic 

molecule-acetylene clusters using infrared-ultraviolet double resonance spectroscopic 

technique.[20] Indeed, the existence of CH-π interactions in crystal structures of two 

acetylene derivatives co-crystallized with benzene was reported.[21] 

However, complexes involving an anti-aromatic ring represent a good 

opportunity to explore simultaneous the effects of substituents as well as anti-

aromaticity on the magnitude of CH-π interactions. Theoretical NMR studies provide 

helpful information about the relationship between energetic and NMR properties of the 
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complexes.[22] In this study, the relationship between the binding energy and the NMR 

properties of complexes involving planar cyclooctatetraene (C8H8) and X-acetylene (X 

= NH2, OH, H, F, NO2, and CN) were investigated. The binding energies of these 

complexes were compared with the X-C6H5┴C8H8 complexes (Scheme 1). It should be 

noted that Mishra and coworkers studied the effect of substituents on the benzene ring 

(as a proton acceptor) in the X-Benzene-acetylene complexes.[15] They considered the 

role of π electron clouds of X-benzenes in the CH-π interactions. In this study, the 

substituent effect is studied on the acetylene molecule (that acts as a proton donor) in 

order to find out the role of acidic hydrogens of X-acetylenes in CH-π interactions. 

a)              b)  

Scheme 1: Representative structures of the X-C2H┴C8H8 (a) and X-C6H5┴C8H8 (b) complexes. 

Computational methods 

All geometries were optimized at the M05-2X/6-311++G** level of theory with 

Gaussian09 program package.[23] The geometries were optimized with keyword 

symm=loose to obtain perpendicular geometries. The molecule C8H8 exists in a planar 

or a tub-shaped configuration. Planar C8H8 is an anti-aromatic molecule with D4h 

symmetry; its π electron cloud is suitable to investigate CH-π interactions. In contrast, 

C8H8 in the tub-shaped configuration does not have such a π electron cloud, the 

reason why planar C8H8 is used in this work to study the effect of substituents on CH-π 

interactions in an anti-aromatic system. 

The binding energy was calculated for all complexes with correction for the basis 

set superposition error (BSSE) using the Boys-Bernardi counterpoise technique.[24] The 

topological properties of electron charge density have been calculated by the AIM 

method[25] on the wave functions of optimized geometries using the AIM2000 

software.[26] 

NMR calculations were performed using SPINSPIN keyword on the structures 

optimized at the M05-2X/6-311++G** level of theory. The total coupling constants 2hJC-

H have been evaluated as the sum of paramagnetic spin-orbit (PSO), diamagnetic spin-

orbit (DSO), Fermi-contact (FC) and spin-dipole (SD) terms. FC, SD, DSO and PSO 

components of spin-spin coupling constant are related to electronic and bonding 
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features of the molecules. Additionally, isotropic values of the proton shielding tensor 

have been considered. The isotropic shielding values are denoted as σiso where σiso = 

1/3 (σ11 + σ22 + σ33) and σii values are the principal tensor components.  

Results and discussion 

Structural parameters and energy data 

The binding energy of each X-C2H┴C8H8 complex with considering basis set 

superposition error (BSSE) is defined as:  

∆퐸 (퐴퐵) =  퐸 (퐴퐵) - 퐸 (퐴) - 퐸 (퐵) - 퐸 (퐴) + 퐸 (퐴) - 퐸 (퐵) + 퐸 (퐵)       eq.1 

where AB, A, and B refer to X-C2H┴C8H8, X-C2H, and C8H8, respectively. In this 

equation, the superscripts and subscripts denote the basis set used and the geometry, 

respectively. 

The binding energy (-E) values and the most important structural parameters of 

the X-C2H┴C8H8 complexes calculated at the M05-2X-6-311++G** level of theory are 

gathered in Table 1. As can be seen, electron-withdrawing substituents lead to an 

increase in the binding energy. Complexes with electron-withdrawing substituents have 

also relatively larger/shorter rH17-C19/rC19-C20 distances than those with electron-donating 

substituents. The interaction of X-benzenes with cyclooctatetraene is considered to 

compare the binding energies of the X-C6H5┴C8H8 complexes with the X-C2H┴C8H8 

ones. The order of binding energies of the X-C6H5┴C8H8 complexes (in kcal mol-1) 

calculated at the M05-2X-6-311++G** level of theory is: H (0.66)  OH (0.68)  NH2 

(0.70)  F (0.97)  NO2 (1.42)  CN (1.67). As can be seen, electron-withdrawing 

substituents increase the value of binding energy for both types of complexes. 

However, the binding energies of the X-C2H┴C8H8 complexes are higher than those for 

the X-C6H5┴C8H8 ones. This finding highlights the role of the acidic hydrogen of 

acetylene on the magnitude of the CH-π interactions in complexes encompassing X 

substituents and cyclooctatetraene. Moreover, the binding energy was calculated using 

the B3LYP and M05 methods in order to study the efficiency of other DFT methods in 

evaluating the CH-π interactions in X-C2H┴C8H8 and X-C6H5┴C8H8 complexes. The 

data are presented in Table 2 where it can be seen that the M05-2X method gives 

larger binding energies for the above mentioned complexes in comparison with the 

M05 and B3LYP methods. 

To study the effect of electronic properties of substituent X on the binding 

energy, the correlation between Hammett constants and the values calculated for the 

binding energy was considered. As can be observed in Fig. 1, there is a linear 

relationship with a good correlation coefficient between para and the binding energy 

values. The electron-donating or electron-withdrawing nature of substituent X, together 

with the structural parameters of X-C2H, are hence important factors that can affect the 

magnitude of the CH-π interactions in the X-C2H┴C8H8 complexes. In addition, 
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electrostatic potentials were calculated to describe the trends of binding energy in 

these complexes. The results show that electron-withdrawing substituents lead to an 

increase in the electrostatic potential on the hydrogen atom. The order of electrostatic 

potential on the hydrogen atom in the X-C2H┴C8H8 complexes is: NH2 (-1.064)  OH   

(-1.055)  H (-1.045)  F (-1.37)  CN (-1.003)  NO2 (-0.997). As can be seen, this 

trend is in accord with the order of binding energies of the X-C2H┴C8H8 complexes.   

Table 1: The binding energies (in kcal mol-1), most important structural parameters (in 
Å) and the Laplacian of electron charge density at BCPs (in au) for the binary X-
C2H┴C8H8 complexes, calculated at the M05-2X/6-311++G** level of theory. 

X rH17-

C19 
rC1

9-C20 
rC2

0-X 
∇2ρ

BCP ×103 
-E  

NH2 2.26
22 

1.2
004 

1.3
530 

-
3.092 

2.11 
(1.81) 

OH 2.25
78 

1.1
961 

1.3
097 

-
3.089 

2.42 
(2.11) 

H 2.26
06 

1.1
968 

1.0
622 

-
3.203 

2.81 
(2.52) 

F 2.25
28 

1.1
907 

1.2
794 

-
3.252 

3.00 
(2.65) 

CN 2.26
41 

1.1
992 

1.3
777 

-
3.933 

4.49 
(4.13) 

NO2 2.25
83 

1.1
934 

1.4
044 

-
3.992 

4.79 
(4.38) 

The data in parentheses correspond to BSSE corrected binding energies calculated at the M05-
2X/6-311++G** level of theory. 

Table 2: Comparison of the binding energies of the X-C2H┴C8H8 and X-C6H5┴C8H8 
complexes calculated (in kcal mol-1) at the B3LYP/6-311++G** and M05/6-311++G** 
level of theory. 

X aB3LYP bB3LYP aM05 bM05 

NH2 0.37 0.03 1.00 0.96 

OH 0.83 0.09 1.14 0.59 

H 0.81 0.04 1.59 0.60 

F 0.89 0.19 1.57 0.84 

CN 1.69 0.51 2.57 1.53 

NO2 2.37 0.52 2.80 1.27 
a and b refer to the X-C2H┴C8H8 and X-C6H5┴C8H8 complexes, respectively. 

NMR data 

The relationship between calculated NMR data and binding energy is discussed 

in the following section. As a consequence of the diamagnetic anisotropy, each proton 

in molecule is shielded from the applied magnetic field to an extent that depends on 

the electron density surrounding it.[27] In the binary X-C2H┴C8H8 complexes, the 

electron-donating or electron-accepting character of the substituent X does influence 

the electron density surrounding the acidic hydrogen of acetylene (H17) which reacts 

with planar cyclooctatetraene. The results show that the isotropic values of H17 (δH17) in 
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X-C2H┴C8H8 complexes with electron-withdrawing substituents are more than those 

with electron-donating ones. The correlation between δH17 and the binding energy are 

depicted in Figure 2 where it can be seen that the increase in δH17 in the X-C2H┴C8H8 

complexes is accompanied by an increase in the binding energy. On the other hand, 

the two-bond spin-spin coupling constant 2hJH17-C19 and its components (in Hz) for the 

binary X-C2H┴C8H8 complexes calculated at the M05-2X/6-311++G** level of theory 

are presented in Table 3. The results show that the most important component of 
2hJH17-C19 in the X-C2H┴C8H8 complexes is FC, but there isn’t a good correlation 

between the FC component of 2hJH17-C19 and the binding energy. However, there is a 

linear relationship between the SD component of 2hJH17-C19 and the binding energy 

values. As can be seen in Figure 3, the increase of the SD component of 2hJH17-C19 is 

accompanied by a decrease in binding energy.   

 

Fig. 1: Correlation between Hammett constants and binding energies of the X-C2H┴C8H8 
complexes. 

 

Fig. 2: The relationship between isotropic values of acidic hydrogen of X-acetylene (H17) in 
the X-C2H┴C8H8 complexes and the binding energy. 
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Fig. 3: Binding energy against the SD component of 2hJH17-C19 in the X-C2H┴C8H8 complexes. 

Table 3: The coupling constant 2hJH17-C19 and its components (in Hz) for the binary 
X-C2H┴C8H8 complexes, calculated at the M05-2X/6-311++G** level of theory. 

X FC(×10-2) SD(×100) PSO(×10-1) DSO(×10-1) J(×10-2) 

NH2 0.478 0.578 0.683 -0.105 0.541 

OH 0.510 0.563 0.689 -0.102 0.574 

H 0.434 0.509 0.697 -0.121 0.497 

F 0.544 0.531 0.707 -0.099 0.610 

CN 0.447 0.377 0.701 -0.105 0.510 

NO2 0.469 0.402 0.715 -0.968 0.534 
 

AIM and charge transfer analysis 

The AIM analysis was employed to illustrate the CH-π interactions in terms of 

topological properties of electron charge densities at the bond critical points (BCPs). 

Typical molecular graph of the X-C2H┴C8H8 complexes studied in this work is 

presented in scheme 2. From this graph, ring critical points (RCPs), positions of bond 

critical points (BCPs) and cage critical points (CCPs) are recognized. The wave 

functions obtained at the M05-2X/6-311++G(d,p) level were used for the AIM analysis. 

The values of electron charge densities at the ring critical points (ρRCP) and cage 

critical points (ρCCP) of the X-C2H┴C8H8 complexes for electron-withdrawing 

substituents are higher than those for electron-donating ones. This result is in accord 

with the binding energy data (see Fig. 4). The Laplacian of the electron charge 

densities at BCPs (∇2ρBCP) were also calculated for the X-C2H┴C8H8 complexes. There 

are BCPs between the hydrogen atom of acetylene and the carbon atoms of 

cyclooctatetraene.  The results presented in the Table 1 indicate that the Laplacian of  
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Scheme 2: Typical molecular graph of the X-C2H┴C8H8 complexes.  

 

 
Fig. 4: Binding energy versus electron charge density at the ring (a) and cage (b) critical points 

of the X-C2H┴C8H8 complexes. 
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∇2ρBCP compared to the ones with smaller binding energies. The negative value of 

∇2ρBCP shows the extent to which electron density is concentrated along the bond path. 

Thus, electron densities are more concentrated along the bond paths in complexes 

with larger binding energies than those with smaller binding energies. 

The results indicate that charge transfer (CT) occurred in the X-C2H┴C8H8 

complexes from cyclooctatetraene to X-acetylene. As can be observed in Fig. 5; the 

magnitude of the mentioned charge transfer in the complexes with electron-

withdrawing substituents is larger than in complexing with electron-donating ones. 

Moreover, there is a linear relationship with a good correlation coefficient (R=0.99) 

between the values of ρCCP and CT in the X-C2H┴C8H8 complexes. This consequence 

connects CT effects to the properties of electron charge densities at the critical points 

in the above mentioned complexes.  

 
Fig. 5: Correlation between binding energy and the magnitude of charge transfer in the X-

C2H┴C8H8 complexes. 

 Conclusions  

There is a linear correlation between the SD component of 2hJH17-C19 and the 

binding energy of the X-C2H┴C8H8 complexes. There is also a linear relationship with a 

good correlation coefficient (R=0.99) between the values of ρCCP and CT in the X-

C2H┴C8H8 complexes. Electron-withdrawing substituents increase the binding energy 

for both X-C2H┴C8H8 and X-C6H5┴C8H8 complexes, the binding energies of the X-

C2H┴C8H8 complexes are however higher than those for the X-C6H5┴C8H8 ones. The 

acidic hydrogen of acetylene plays a major role in determining the magnitude of the 

CH-π interactions in complexes involving X-acetylene and cyclooctatetraene.   
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