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Abstract DFT (B3LYP functional) and MP2 methods

using 6-311?G(2d,2p) basis set have been employed to

examine the effect of ring fusion to benzene on the cation–

p interactions involving alkali metal ions (Li?, Na?, and

K?) and alkaline earth metal ions (Be2?, Mg2? and Ca2?).

Our present study indicates that modification of benzene

(p-electron source) by fusion of monocyclic or bicyclic (or

mixture of these two kinds of rings) strengthens the binding

affinity of both alkali and alkaline earth metal cations.

The strength of interaction decreases in the following

order: Be2? [ Mg2? [ Ca2? [ Li? [ Na? [ K? for any

considered aromatic ligand. The interaction energies for

the complexes formed by divalent cations are 4–6 times

larger than those for the complexes involving monovalent

cations. The structural changes in the ring wherein metal

ion binds are examined. The distance between ring centroid

and the metal ion is calculated for all of the complexes.

Strained bicyclo[2.1.1]hexene ring fusion has substantially

larger effect on the strength of cation–p interactions than

the monocyclic ring fusion for all of the cations due to the

p-electron localization at the central benzene ring.

Keywords Cation–p interactions � Ring-fused benzene �
Density functional theory � Vibrational frequency �
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1 Introduction

Cation–p interactions are increasingly recognized in the

fields of chemistry, biology and materials science [1–3].

They are proven to be important in protein structures [4–6],

associations of biomolecules [7], the functioning of ion

channels in membranes [8, 9], and ionophores [10]. Plet-

neva et al. based on their experimental results highlighted

the role of cation–p interactions in both intermolecular

recognition at the protein–protein interface and intramo-

lecular processes like protein folding [7]. Cation–p inter-

actions include electrostatic, inductive and charge transfer

effects and, in some cases, dispersion forces [11]. Earlier

studies have shown that the strength of cation–p interac-

tions depends on the nature of both the p-system and the

cation involved [12–14]. The strength of cation–p inter-

actions of alkaline earth metal dication/benzene complexes

is substantially stronger than alkali metal cation/benzene

complexes [15]. Recently, Dinadayalane et al. have

investigated C–H���p, p–p and cation–p interactions

involving benzene and large p-systems [16–22]. A theo-

retical study by Wheeler and Houk revealed that the sub-

stituent effects in cation–p interactions arise primarily from

through-space effects of the substituents, and polarization

of the benzene p system does not provide significant con-

tribution toward this phenomenon [23]. The effect of sub-

stituents on cation–p interactions has been investigated by

several groups [23–36].

Experimental and computational chemists have explored

the cation–p interactions involving polycyclic and acyclic
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p-conjugated systems [37–39]. The current research

interest is to understand the influence of cation–p inter-

actions with other non-covalent forces such as hydrogen

bonding and p–p interactions [1, 40–46]. Theoretical

studies have shown the importance of multiple weak

cation–p interactions in overall binding strength of the

complexes involving cage or cup-like shaped ligands

[17, 47]. Ring annelated benzene systems and curved

polycyclic aromatic systems have been studied both

experimentally and theoretically [48–58]. The cation–p
interactions involving molecular bowls have stimulated

recent theoretical interest [59, 60]. The polycyclic

p-conjugated system, in which three pyrrole rings are

fused to the alternate C–C bonds of benzene, has been

considered for cation–p interactions in a recent theoretical

study [44]. Density functional theory study has recently

demonstrated the geometric effects and the orientation of

p-electrons on the cation–p interactions [61]. Since dif-

ferent mono-, bis- and tris-annelated benzene systems

were reported experimentally [48–54], we have explored

the cation–p interactions involving ring-fused benzene

systems using quantum chemical calculations in this

paper. Understanding of the molecular-level details of

cation–p interactions involving ring-fused benzene sys-

tems is crucial for designing of novel ionophores,

molecular receptors and novel functional materials.

The present study is aimed to understand how the

structural modifications of the p-electron system (i.e.,

benzene derivatives by ring fusion) affect the strength of

cation–p interactions. We considered alkali (Li?, Na? and

K?) and alkaline earth (Be2?, Ca2? and Mg2?) metal ions.

The structures of benzene derivatives are considered as the

fusion of mono- (i.e., benzene) and bicyclic (i.e., bicy-

clo[2.1.1]hexeno) rings to the C–C bonds of the benzene

ring. One to three rings were fused with benzene. The

structures of the benzene derivatives are depicted in

Scheme 1. It is important to explain the nomenclature used

here. The prototype benzene is numbered 1, and A is used

in designating monocyclic ring fusion to the alternate C–C

bonds of benzene. The number followed by letter A repre-

sents the number of monocyclic ring fused to benzene. For

example, system A1 means a monocyclic ring is fused to

benzene, while A2 is used to denote two monocyclic rings

fused to the central benzene. The numbering for B systems

follows the same convention as discussed above, except

B represents bicyclic ring fused to the benzene. The letter

C is used to mention a mixture of both monocyclic and

bicyclic rings fused to benzene. Results of our computa-

tional study will be useful to experimental chemists

working in the area of cation–p interactions, particularly to

uncover their molecular structures and interaction energies.

It should be noted that many of the ligands considered here

have already been synthesized. Our study may stimulate

experimental and theoretical interests on cation–p inter-

actions involving large extended p-systems.

2 Computational details

All structures were optimized initially with the hybrid

density functional theory method using B3LYP functional

[62, 63] in conjunction with a 6-311?G(2d,2p) basis set.

The aromatic systems and their metal ion complexes were

confirmed as minima on their respective potential energy

surfaces by carrying out harmonic vibrational frequency

calculations. The optimized geometries were further

relaxed with a second-order Moller–Plesset perturbation

(MP2) method [64], with all electrons included in the

correlation treatment employing the same basis set (i.e.

level was employed). The interaction energies were cor-

rected for basis set superposition error (BSSE) at both

levels of theory using counterpoise technique proposed

by Boys and Bernardi [65]. Mulliken and NPA

charges obtained at the B3LYP/6-311G(d,p)//B3LYP/6-

311?G(2d,2p) level were used in calculating the amount of

charge transferred from the aromatic moieties to the cat-

ions, by subtracting the residual charge on the cation in the

complex from its initial charge of ?1 for alkali metal or ?2

for alkaline earth metal cations. We encountered unrealistic

values in NPA charges at the B3LYP/6-311?G(d,p) and

B3LYP/6-311?G(2d,2p) levels for the cation–p interac-

tions involving extended p-systems (see supplementary

1A1

A2

A3

B1

B2

B3

C2

C3a C3b

Scheme 1 Structures of ligands considered for complexation with

metal ions
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material) [66]. The errors obtained here are due to linear

dependence of basis functions. We have overcome the linear

dependence condition by adding IOp(6/76 = 8) keyword

[67]. In order to avoid ambiguity in charge analysis, we

removed diffuse functions and uniformly performed NPA

calculations at the B3LYP/6-311G(d,p) level, and these

results are used for discussion in this paper. The NPA charges

were calculated using NBO 3.1 [68] implemented in Gauss-

ian 09 software [69]. All calculations were performed using

Gaussian 09 program package [69]. Molecular electrostatic

potential (MESP) surfaces were generated for the ligands

considered in the study using the electron density obtained at

the MP2(FULL)/6-311?G(2d,2p) level. Gaussview 3.0 was

used in generating the pictures of MESP surfaces [70].

3 Results and discussion

3.1 Equilibrium geometries

All geometries obtained at the B3LYP/6-311?G(2d,2p)

level are confirmed to be true energy minima by virtue of

not possessing any imaginary frequency. However, the

harmonic vibrational frequency calculations were not per-

formed at the MP2(FULL)/6-311?G(2d,2p) level due to

the computational cost. Key structural parameters for the

ligands and their metal-ion-bound complexes at both levels

are given in Figs. 1, 2 and 3. Large structural changes

should occur at the central benzene ring where the metal

ion binds. Therefore, we provide the C–C bond distances of

the central benzene ring for the ligands and their complexes

in Figs. 1, 2 and 3. A perusal of the geometrical data

provided in Figs. 1, 2 and 3 indicates that the majority of

bond distances obtained at the B3LYP and MP2 levels are

comparable. The notable exception is the B3 system and its

complexes where the B3LYP overestimates the bond

lengths compared to MP2 method.

It should be noted that the distance between K? and

center of the p-ring, where the metal ion binds, is always

longer at the B3LYP than at the MP2 for all the complexes

formed with K?. The deviation of the above-mentioned

distance between these two theory levels ranges from 0.05

to 0.1 Å. The interaction energy for the benzene-K?

complex (1-K1) at the MP2(FULL)/6-311?G(2d,2p) level

A1

1

1.392 (1.394)   
1.400 (1.401)  1.841 (1.845)  Li+

1.398 (1.400)  2.392 (2.391)  Na+

1.396 (1.398)  2.880 (2.823)  K+

1.418 (1.420)  1.290 (1.298)  Be2+

1.412 (1.413)  1.928 (1.935)  Mg2+

1.405 (1.406)  2.359 (2.358)  Ca2+

RCM M

C1

C2

C3

C4

C5

1.413 (1.412)  1.372 (1.377)  1.417 (1.415)  1.428 (1.429)   
1.419 (1.418)  1.381 (1.385)  1.424 (1.423)  1.438 (1.439)  1.821 (1.826)  Li+

1.419 (1.417)  1.378 (1.383)  1.424 (1.421)  1.436 (1.437)  2.369 (2.365)  Na+

1.417 (1.415)  1.376 (1.381)  1.422 (1.419)  1.434 (1.435)  2.844 (2.791)  K+

1.436 (1.438)  1.402 (1.403)  1.440 (1.441)  1.468 (1.469)  1.259 (1.264)  Be2+

1.435 (1.433)  1.393 (1.396)  1.440 (1.436)  1.459 (1.459)  1.875 (1.884)  Mg2+

1.425 (1.424)  1.385 (1.389)  1.430 (1.428)  1.448 (1.449)  2.288 (2.284)  Ca2+

C1−C2             C2−C3              C3−C4            C4−C5
RCM M

A2

C1C2

C3

C4
C5

A3

C1

C2

C3

C1−C2              C2−C3             C3−C4             C4−C5
RCM M

C1−C2              C2−C3
RCM M

1.354 (1.362)  1.432 (1.428)  1.422 (1.423)  1.455 (1.446)
1.365 (1.371)  1.438 (1.434)  1.431 (1.431)  1.462 (1.455)  1.810 (1.815)  Li+

1.361 (1.368)  1.438 (1.433)  1.428 (1.429)  1.462 (1.453)  2.349 (2.347)  Na+

1.359 (1.366)  1.436 (1.431)  1.426 (1.427)  1.459 (1.451)  2.823 (2.748)  K+

1.386 (1.389)  1.453 (1.452)  1.456 (1.457)  1.482 (1.478)  1.221 (1.228)  Be2+

1.377 (1.381)  1.454 (1.448)  1.449 (1.448)  1.483 (1.474)  1.832 (1.843)  Mg2+

1.369 (1.374)  1.442 (1.439)  1.438 (1.438)  1.470 (1.462)  2.236 (2.231)  Ca2+

1.416 (1.417)  1.464 (1.456)
1.424 (1.425)  1.471 (1.463)  1.803 (1.810)  Li+

1.422 (1.423)  1.471 (1.462)  2.334 (2.322)  Na+

1.420 (1.421)  1.468 (1.460)  2.803 (2.711)  K+

1.446 (1.449)  1.490 (1.485)  1.186 (1.198)  Be2+

1.440 (1.440)  1.490 (1.481)  1.799 (1.811)  Mg2+

1.431 (1.431) 1.476 (1.468) 2.199 (2.191) Ca2+

Fig. 1 Selected bond distances

for the ligands of planar

aromatic systems (1, A1, A2
and A3) and their complexes

formed by the metal ion

binding. The distance between

the metal ion and the center of

central six-membered ring of

the ligand, RCM, is also given

for all complexes. The values

given in plain and bold
correspond to the B3LYP/6-

311?G(2d,2p) and

MP2(FULL)/6-311?G(2d,2p)

levels, respectively. All values

are in Å
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is in very good agreement with the experimental value,

while the interaction energy at the B3LYP/6-

311?G(2d,2p) level is slightly lower than the experimental

result. A combined experimental and theoretical study also

reported that MP2(FULL)/6-311?G(2d,2p) level provides

much better correlation between the theoretical and

experimental results for cation–p interaction energies than

the B3LYP/6-311?G(2d,2p) level [38]. Therefore, for the

1.388 (1.395)  1.406 (1.404)  1.376 (1.381)  1.408 (1.405)   
1.395 (1.402)  1.415 (1.412)  1.385 (1.389)  1.419 (1.417)  1.808 (1.811)  Li+

1.393 (1.400)  1.414 (1.410)  1.382 (1.388)  1.417 (1.414)  2.363 (2.358)  Na+

1.392 (1.399)  1.411 (1.409)  1.381 (1.386)  1.414 (1.411)  2.844 (2.776)  K+

1.412 (1.418)  1.434 (1.432)  1.405 (1.408)  1.447 (1.444)  1.270 (1.276)  Be2+

1.405 (1.411)  1.429 (1.425)  1.398 (1.402)  1.439 (1.435)  1.897 (1.906)  Mg2+

1.400 (1.406)  1.419 (1.416)  1.389(1.394)   1.429 (1.424)  2.315 (2.309)  Ca2+

C1

C2

C3
C4

C5

C1−C2 C2−C3 C3−C4 C4−C5
RCM M

B1

1.421 (1.414)  1.372 (1.382)  1.422 (1.415)  1.362 (1.371)   
1.431 (1.423)  1.381 (1.389)  1.434 (1.426)  1.372 (1.379)  1.780 (1.783)  Li+

1.430 (1.422)  1.378 (1.388)  1.432 (1.423)  1.369 (1.377)  2.337 (2.331)  Na+

1.427 (1.419)  1.376 (1.386)  1.429 (1.421)  1.367 (1.375)  2.817 (2.738)  K+

1.450 (1.445)  1.400 (1.406)  1.460 (1.455)  1.394 (1.398)  1.246 (1.254)  Be2+

1.446 (1.437)  1.392 (1.400)  1.454 (1.444)  1.386 (1.392)  1.877 (1.883)  Mg2+

1.434 (1.427)  1.385 (1.393)  1.442 (1.433)  1.376 (1.383)  2.280 (2.273)  Ca2+

C1C2

C3

C4 C5

C1−C2           C2−C3            C3−C4             C4−C5
RCM M

B2

C1

C2

C3

B3

1.437 (1.426)  1.358 (1.369)     
1.450 (1.437)  1.368 (1.378)  1.754 (1.757)  Li+

1.449 (1.435)  1.365 (1.376)  2.308 (2.303)  Na+

1.445 (1.431)  1.363 (1.375)  2.781 (2.704)  K+

1.477 (1.468)  1.388 (1.395)  1.219 (1.233)  Be2+

1.471 (1.456)  1.380 (1.390)  1.857 (1.866)  Mg2+

1.456 (1.443)  1.372 (1.381)  2.252 (2.244)  Ca2+

C1−C2            C2−C3
RCM M

Fig. 2 Selected bond distances

for the ligands of

bicyclo[2.2.1]hexene ring-fused

benzene systems (B1, B2 and

B3) and their complexes formed

by the metal ion binding. The

distance between the metal ion

and the center of central six-

membered ring of the ligand,

RCM, is also given for all

complexes. The values given in

plain and bold correspond to the

B3LYP/6-311?G(2d,2p) and

MP2(FULL)/6-311?G(2d,2p)

levels, respectively. All values

are in Å

1.383 (1.386)  1.396 (1.397)  1.385 (1.389)  1.402 (1.401)  1.440 (1.440)  1.415 (1.416)
1.393 (1.395)  1.402 (1.404)  1.398 (1.400)  1.411 (1.410)  1.449 (1.448)  1.423 (1.425)   1.795 (1.798)  Li+

1.390 (1.392)  1.402 (1.403)  1.393 (1.396)  1.410 (1.408)  1.448 (1.447)  1.421 (1.423)   2.347 (2.344)  Na+

1.388 (1.390)  1.399 (1.401)  1.391 (1.395)  1.407 (1.406)  1.445 (1.445)  1.419 (1.421)   2.829 (2.759)  K+

1.413 (1.413)  1.419 (1.423)  1.426 (1.426)  1.429 (1.430)  1.476 (1.475)  1.441 (1.445)   1.243 (1.248)  Be2+

1.404( 1.405)  1.419 (1.419)  1.417 (1.417)  1.428 (1.426)  1.468 (1.467)  1.437(1.438)    1.863 (1.868)  Mg2+

1.396 (1.398)  1.407 (1.409)  1.405 (1.405)  1.417 (1.415)  1.457 (1.456)  1.429 (1.430)   2.264 (2.256)  Ca2+

C1−C2 C2−C3  C3−C4 C4−C5 C5−C6 C1−C6
RCM M

1.365 (1.375)  1.417 (1.411)  1.431 (1.433)  1.456 (1.449)   

1.378 (1.385)  1.425 (1.419)  1.440 (1.441)  1.464 (1.458)  1.788 (1.794)  Li+

1.373 (1.382)  1.424 (1.418)  1.438 (1.439)  1.463 (1.456)  2.338 (2.331)  Na+

1.371 (1.380)  1.421 (1.415)  1.436 (1.437)  1.461 (1.453)  2.823 (2.725)  K+

1.407 (1.409)  1.441 (1.439)  1.463 (1.465)  1.486 (1.484)  1.212 (1.220)  Be2+

1.398 (1.402)  1.443 (1.436)  1.454 (1.455)  1.483 (1.476)  1.835 (1.839)  Mg2+

1.385 (1.390)  1.429 (1.423)  1.445 (1.446)  1.471 (1.465)  2.224 (2.215)  Ca2+

C1−C2            C2−C3            C3−C4            C4−C5
RCM M

C3b

C1C2

C3

C4 C5

C6

C2

C3a

C1C2

C3

C4 C5

C1

C2C3

C4

C5

1.380 (1.385)  1.397 (1.397)  1.399 (1.403)  1.452 (1.450)   
1.388 (1.393)  1.410 (1.408)  1.408 (1.412)  1.461 (1.458)  1.769 (1.775)  Li+

1.387 (1.392)  1.406 (1.404)  1.406 (1.410)  1.460 (1.457)  2.327 (2.325)  Na+

1.384 (1.389)  1.402 (1.403)  1.404 (1.408)  1.458 (1.455)  2.827 (2.737)  K+

1.407 (1.412)  1.437 (1.434)  1.428 (1.432)  1.487 (1.484)  1.223 (1.232)  Be2+

1.406 (1.409)  1.427 (1.423)  1.424 (1.427)  1.479 (1.475)  1.851 (1.856)  Mg2+

1.392 (1.396)  1.415 (1.412) 1.414 (1.417) 1.467 (1.464) 2.224 (2.231) Ca2+

C1−C2            C2−C3            C3−C4            C4−C5
RCM M

Fig. 3 Selected bond distances for the ligands of both benzene and

bicyclo[2.2.1]hexene ring-fused benzene systems (C2, C3a and C3b)

and their complexes formed by the metal ion binding. The distance

between the metal ion and the center of central six-membered ring of

the ligand, RCM, is also given for all complexes. The values given in

plain and bold correspond to the B3LYP/6-311?G(2d,2p) and

MP2(FULL)/6-311?G(2d,2p) levels, respectively. All values are in Å
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consistency, the geometrical parameters and interaction

energies obtained at the MP2(FULL)/6-311?G(2d,2p)

level are taken for discussion in this paper unless otherwise

stated. Some features of the bond lengths of some of the

complexes have been previously reported by us but only at

the B3LYP/6-31G(d,p) level. We have shown in our earlier

studies that when the ring-fused p-system is highly sym-

metric (i.e., mono- or bicyclic rings are fused to three

alternate C–C bonds of benzene), the cation resides directly

above the center of the ring; otherwise, the cation is

slightly displaced from the center [16, 18]. The same sit-

uation is observed here in complexes involving both alkali

and alkaline earth metal cations.

Some interesting conclusions can be extracted from the

geometrical results. The distance between metal cation and

the ring centroid, RCM, in the complexes is shown to

constantly increase as the ionic radius of the cation

increases, for both the monovalent and divalent cations.

Thus, the complexes of smaller cations, Li? and Be2?,

have shorter RCM than their monovalent and divalent

counterparts, respectively. As the number of fused rings

increases, the distance RCM decreases for the complexes of

each metal ion. The extent of this decrease is more pro-

nounced for the bicyclic systems in comparison with their

corresponding monocyclic systems when alkali metals are

considered. Thus, for a given alkali metal ion, B1, B2 and

B3 complexes exhibit shorter RCM distances than A1, A2

and A3 complexes, respectively. Conversely, this trend is

reversed when the alkaline earth metals are being exam-

ined; the bicyclic systems display longer RCM distances

than the monocyclic counterparts (Figs. 1 and 2). This may

be ascribed to repulsion between the dication and the

positively charged hydrogen (bridge CH2) of the fused ring

of bicyclo[2.1.1]hexene framework in B1, B2 and B3. It is

worth mentioning that regardless of which p-system is

considered, Be2? complexes consistently have the shortest

RCM. The complexes formed with divalent cations exhibit

shorter RCM distances than the complexes involving Na?

and K?.

The C–C bonds of the central six-membered rings of

the p-systems are elongated upon metal ion binding as

shown in Figs. 1, 2 and 3. The degree of elongation of the

bonds is much higher for the binding of alkaline earth

metal ions than the alkali metal ions. Binding of Li? and

Be2? elongates the C–C bonds of the central ring of

p-system to the maximum extent in alkali and alkaline

earth metal cation–p complexes, respectively. In all cases,

Be2? complexation elongates and weakens the C–C bond

lengths of the ligands to the most extent. Benzene (1) has

equal lengths for all C–C bonds, but ring fusion to ben-

zene generates different C–C bond lengths. The number of

C–C bond lengths in complexes is same as in the corre-

sponding ligand.

Investigations of aromatic characters of localized (or

bond alternate) benzene derivatives are of current interest

[71, 72]. Frank et al. revealed that trisbicyclo[2.1.1]hep-

tabenzene (B3) is a very good example for strain-induced

bond alternation in benzenoid aromatics. They repor-

ted *0.06 Å difference between the endo and exo bond

lengths at the MP2/6-31G(d) level [50]. The value remains

the same even at higher level calculations. This value is

unaltered by complexation involving alkali metal ions,

while it is slightly increased by alkaline earth metal ion

complexation with B3. The difference in bond lengths

between C1–C2 and C2–C3 is 0.04 Å for A3 and its

complexes.

The length of C–C bond shared by two six-membered

rings increases as we move from A1 to A3. The same trend

is maintained in case of B1–B3. The metal ion binding

does not affect this trend. Since the systems A3, B3, C3a

and C3b are tris-annelated, we compare their structural

features here. For a specific metal ion, the RCM in C3a, and

C3b is longer than in B3 but it is shorter than in A3.

However, the RCM value given for C3b is shorter than that

for C3a due to the effect of replacement of a monocyclic

ring with a strained bicyclic ring. The present study reveals

that the fusion of strained bicyclic ring to benzene has a

considerable effect on the geometries of cation–p
complexes.

3.2 Interaction energies, extent of charge transfer

and molecular electrostatic potential

The BSSE corrected interaction energies for all of the

complexes are provided in Table 1 along with the values of

p-cloud thickness. Each carbon of central six-membered

ring of ligands considered has 2p electrons; each carbon

donates an electron into the delocalized ring above and

below the benzene ring. It is the side-on overlap of

p-orbitals that produces the p-clouds. The p-cloud thick-

ness is defined as the distance between the plane of six-

membered ring and the edge of p-cloud above or below the

ring. The side in which the metal ion binds is considered

for calculating the values of p-cloud thickness. As reported

in earlier study [73], the p-cloud thickness was calculated

by subtracting the radii of different cations [74] from the

RCM. The values of p-cloud thickness indicate the ability to

which each cation can polarize the aromatic ligands. They

decrease as increasing the number of fused rings for the

complexes of each metal ion.

The values of interaction energies, correction for BSSE

and BSSE corrected interaction energies obtained at two

different levels considered are given in supplementary

material. Figure 4 shows that the correction to BSSE is

smaller at the B3LYP/6-311?G(2d,2p) level (less than

1 kcal/mol) than the MP2/6-311?G(2d,2p) level
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(1.2–5.0 kcal/mol). At the latter level, the BSSE correction

increases as the number of fused rings increases. The

interaction energies of all cation–p complexes are large and

negative, indicating a favorable interaction. The computed

interaction energies for 1-Li1, 1-Na1 and 1-K1 are -36.3,

-22.8 and -17.8 kcal/mol, which are in very good

agreement with the experimental values of -38.5 ± 3.2,

-22.2 ± 1.4 and -17.5 ± 0.9 kcal/mol, respectively [75].

The interaction energies calculated for the binding of alkali

metal ions with naphthalene (A1) at both levels are in close

agreement with the reported experimental values [38]. For

each ligand, Be2? binds much stronger than other divalent

cations, while Li? interaction is the strongest among the

monovalent cations. This trend follows the RCM distances

corresponding to the complexes involving divalent and

monovalent cations. As the ionic radius increases from

Be2? to Ca2?, the interaction energy for cation–p com-

plexes decreases; the same situation is observed in case of

alkali metal ion complexes (Fig. 5). Irrespective of the

number or the type of rings fused to benzene (we mean any

p-system considered in this study), the strength of Be2?

interaction is the strongest among all cations considered.

Table 1 BSSE corrected interaction energies (DE, in kcal/mol) obtained at the B3LYP/6-311?G(2d,2p) and MP2(FULL)/6-311?G(2d,2p)

(given in parentheses) levels along with the values of p-cloud thickness (in Å) calculated at the MP2(FULL)/6-311?G(2d,2p) level

System Li? Na? K? Be2? Mg2? Ca2?

1

DE -38.4 (-36.3) -24.0 (-22.8) -16.0 (-17.8) -229.6 (-219.2) -120.0 (-112.8) -81.3 (-76.3)

Expta -38.5 ± 3.2 -22.1 ± 1.4 -17.5 ± 1.0 NA NA NA

p-cloud thickness 1.24 1.44 1.55 0.98 1.28 1.37

A1

DE -41.0 (-38.8) -25.8 (-25.1) -18.0 (-20.5) -252.1 (-240.6) -136.4 (-128.6) -95.6 (-90.2)

Exptb -44.7 ± 3.9 -25.6 ± 1.2 -19.3 ± 1.2 NA NA NA

p-cloud thickness 1.22 1.42 1.51 0.95 1.23 1.30

A2

DE -41.9 (-39.9) -27.2 (-26.7) -19.5 (-22.4) -265.3 (-253.8) -147.5 (-139.8) -105.9 (-100.6)

p-cloud thickness 1.21 1.40 1.49 0.91 1.18 1.25

A3

DE -42.2 (-40.5) -28.3 (-28.0) -20.6 (-24.1) -273.4 (-262.3) -155.5 (-148.0) -113.1 (-108.4)

p-cloud thickness 1.20 1.38 1.47 0.88 1.15 1.21

B1

DE -45.0 (-42.6) -28.2 (-27.1) -19.4 (-21.5) -259.5 (-247.5) -141.6 (-133.3) -98.8 (-93.1)

p-cloud thickness 1.21 1.41 1.51 0.96 1.25 1.33

B2

DE -50.2 (-47.8) -31.8 (-30.7) -21.9 (-24.5) -283.3 (-271.0) -159.3 (-150.5) -113.3 (-107.4)

p-cloud thickness 1.18 1.39 1.49 0.94 1.23 1.29

B3

DE -54.5 (-52.2) -34.6 (-33.6) -23.8 (-27.0) -303.1 (-291.2) -173.9 (-165.3) -125.5 (-119.8)

p-cloud thickness 1.15 1.36 1.45 0.91 1.21 1.26

C2

DE -46.0 (-43.6) -29.3 (-28.5) -20.6 (-23.5) -274.7 (-262.3) -153.0 (-144.7) -109.2 (-103.6)

p-cloud thickness 1.20 1.40 1.50 0.93 1.21 1.27

C3a

DE -45.9 (-43.9) -29.9 (-29.5) -21.4 (-25.0) -283.5 (-271.7) -161.1 (-153.2) -116.9 (-111.8)

p-cloud thickness 1.19 1.39 1.49 0.90 1.19 1.23

C3b

DE -50.1 (-47.8) -32.0 (-31.3) -22.7 (-26.0) -293.6 (-281.0) -166.8 (-158.5) -120.9 (-115.3)

p-cloud thickness 1.17 1.38 1.50 0.91 1.20 1.23

NA not available
a Experimental DH values taken from Ref. [75]
b Experimental values taken from Ref. [38]
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As shown in Fig. 5, the strength of interaction decreases

in the following order: Be2? [ Mg2? [ Ca2? [ Li? [
Na? [ K? for any given aromatic ligand.

The interaction energies for the complexes formed by

divalent cations are substantially larger than that for the

complexes involving monovalent cations. The binding

strengths for the complexes of Be2?, Mg2? and Ca2? are

about 6, 5 and 4 times that of Li?, Na? and K?, respec-

tively. The interaction energies for the former set of

complexes approach those of typical chemical bonds,

especially for the complexes of Be2? and Mg2?, where the

energies are as high as -291 and -165 kcal/mol. The

interaction energy data suggest that the nature of divalent

cation complexation with ligands could be different from

monovalent ones, and the forces other than electrostatics

may play vital role in stabilizing these complexes. Such

high interaction energies were reported earlier for the

alkaline earth metal ion binding with the aromatics [76,

77]. The interaction energies for the complexes between

alkali metal ions and each ligand are similar to the strength

of typical intermolecular interactions.

Electron-donating or electron-withdrawing substituent

attached to benzene plays a role in cation–p interactions

[23, 77]. Electron-withdrawing substituent to benzene

weakens the binding strength of cation–p interactions,

while electron-donating substituent to benzene makes cat-

ion–p interaction much stronger than the prototype ben-

zene system [77]. Our present study indicates that

modification of benzene (p-electron source) by fusion of

monocyclic or bicyclic or mixture of these two kinds of

rings strengthens the binding affinity of both alkali and

alkaline earth metal cations. Furthermore, strained bicy-

clo[2.1.1]hexene ring fusion has substantially larger effect

on the strength of cation–p interactions than the monocy-

clic ring fusion for all of the cations. This can be attributed

to the p-electron localization at the central benzene ring as

evidenced from the molecular electrostatic potential maps

depicted in Fig. 6.

As shown in Fig. 5 and data provided in Table 1,

increasing the number of ring fusion to benzene, irre-

spective of monocyclic or bicyclic ring fusion, progres-

sively increases the binding affinity toward metal ions. For

example, B1, B2 and B3 systems exhibit about 28, 50 and

72 kcal/mol larger interaction energies than 1 in case of

Be2? ion complexation. The binding strengths of Be2?,

Mg2? and Ca2? interactions with B3 are enhanced corre-

spondingly by 33, 46 and 58% compared to that of their

respective interactions with 1. Although, their interactions

Fig. 4 The values of basis set superposition error correction (BSSE

correction, kcal/mol) obtained at the MP2(FULL)/6-311?G(2d,2p)

(given in closed symbols) and the B3LYP/6-311?G(2d,2p) (given in

open symbols) levels for all complexes considered

Fig. 5 Variation of interaction energies (kcal/mol) obtained at the MP2(FULL)/6-311?G(2d,2p) level for binding of alkali (a) and alkaline

(b) earth metal cations with different ligands
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with A3 are enhanced, the fraction of increased binding

strength is lower (20, 31 and 42% correspondingly for

Be2?, Mg2? and Ca2? binding). Our study reveals that Li?

ion is greatly benefited by strained bicyclo[2.1.1]hexene

ring fusion to benzene compared to Be2?. This is evi-

denced by more percentage increase in binding strength of

Li? (17, 32 and 44%) than Be2? (13, 23 and 33%) with the

B1, B2 and B3. The percentage increase in binding strength

is calculated with respect to the corresponding metal ion–

benzene complexes. Na? and Mg2? ions have comparable

percentage increase in binding strength with the above-

mentioned ligands, while Ca2? shows larger percentage

increase in binding strength than K?. The large size of K?

ion may prevent the effective cation–p interactions with the

strained bicyclo[2.1.1]hexene ring-fused benzene systems.

For smaller monocations (Li? and Na?), single bicyclic

ring-fused benzene (B1) has slightly stronger binding

affinity than two monocyclic ring-fused benzene (A2). This

situation is not observed for other cations. It should be

noted that Li? has stronger interaction with C2 than A3,

while both these ligands have almost equal binding

strength in case of Be2?. Except for Ca2? ion, ligand B2 is

better than A3 for cation binding. The cation binding

ability of ligand C2, which has one six-membered and one

bicyclic ring fused with benzene, is compared to that of A1

and B1. For all cations considered, C2 shows superior

binding affinity than A1 and B1. Although it is better than

A2 for cation binding, it is surpassed by B2. It is mean-

ingful to compare the binding abilities of A3, B3, C3a and

C3b since these ligands are tris-annelated benzene systems.

Among these four ligands, B3 is the most preferred and A3

is the least preferred for metal ion binding; the binding

ability of ligands for the metal ions decreases in the fol-

lowing order B3[C3b[C3a[A3. The interaction energy

increases as the number of bicyclic ring annelation is

increased with the complexes having the strongest inter-

action energies when the benzene is fully surrounded by

bicyclic rings. Thus, the rigid bicyclic r-framework,

bicyclo[2.1.1]hexene fused to benzene, has significant

impact on the cation–p interactions. From the pictures of

molecular electrostatic potentials given in Fig. 6, one can

see the increase in electron density in the central ring on

going from A3 to C3a, to C3b, and then to B3.

The data provided in Table 2 indicate that the electron

charge transfer (qCT) takes place from ligand to metal ion

in the considered complexes. Figure 7 and Table 2 show,

in general, the same qualitative trend for qCT calculated

using Mulliken and NPA charges. However, the magnitude

of NPA charges is lower than Mulliken charges. Expect-

edly, the values of extent of charge transfer decrease as the

metal ion size increases independently in alkali and alka-

line earth metal–type complexes. As the number of fused

rings to benzene increases, the charge transfer from ligand

to metal ion also increases. In accordance with the inter-

action energies, the highest charge transfer takes place

from B3 to metal ions. Furthermore, B1, B2 and B3

complexes exhibit more charge transfer than A1, A2 and

A3 complexes, respectively. Except for the alkali metal ion

complexes with the A1–A3 ligands, all other complexes of

metal ions with ring-fused systems exhibit larger charge

transfer values compared to the corresponding metal ion

complex with the benzene.

4 Conclusions

The results of calculations performed at both B3LYP and

MP2 levels of theory clearly show that nature of the metal

ion as well as the nature of the p-ligand does affect the

binding strength of cation–p interactions. Increasing the

number of ring fusion to benzene, irrespective of mono-

cyclic or bicyclic ring fusion, increases the binding affinity

toward metal ions. The rigid bicyclic r-framework, bicy-

clo[2.1.1]hexene fusion to benzene, has significant effect

on the geometries and the binding strength of cation–p
interactions. Among the four ligands of tris-annelated

benzene, the binding ability of ligands for the metal ions

decreases in the following order B3 [ C3b [ C3a [ A3.

For a given alkali metal ion, B1, B2, and B3 complexes

exhibit shorter RCM distances than A1, A2, and A3

Fig. 6 Molecular electrostatic potential maps generated with

MP2(FULL)/6-311?G(2d,2p) level electron density for all ligands

considered in this study. Electrostatic potentials are mapped on the

surface of the electron density of 0.002 unit. The red surface

corresponds to a negative region of the electrostatic potential

(-0.0308 au), whereas the blue color corresponds to the region

where the potential is positive (?0.0308 au)
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Table 2 The extent of charge

transfer from ligand to metal

ions (qCT, e-) obtained at the

B3LYP/6-311G(d,p) level using

Mulliken and natural population

analysis

Calculations were performed

using B3LYP/6-311?G(2d,2p)

optimized geometries

System qCT—Mulliken qCT—NPA System qCT—Mulliken qCT—NPA

1-Li1 0.351 0.097 B2-Li1 0.389 0.119

1-Na1 0.211 0.033 B2-Na1 0.237 0.062

1-K1 0.150 0.030 B2-K1 0.187 0.052

1-Be21 1.297 0.702 B2-Be21 1.332 0.687

1-Mg21 0.714 0.230 B2-Mg21 0.805 0.294

1-Ca21 0.538 0.203 B2-Ca21 0.653 0.297

A1-Li1 0.339 0.086 B3-Li1 0.382 0.131

A1-Na1 0.198 0.030 B3-Na1 0.237 0.079

A1-K1 0.144 0.032 B3-K1 0.200 0.062

A1-Be21 1.286 0.687 B3-Be21 1.333 0.653

A1-Mg21 0.731 0.230 B3-Mg21 0.827 0.310

A1-Ca21 0.572 0.240 B3-Ca21 0.690 0.349

A2-Li1 0.315 0.073 C2-Li1 0.318 0.079

A2-Na1 0.181 0.027 C2-Na1 0.184 0.038

A2-K1 0.136 0.032 C2-K1 0.146 0.039

A2-Be21 1.263 0.656 C2-Be21 1.268 0.641

A2-Mg21 0.730 0.219 C2-Mg21 0.759 0.252

A2-Ca21 0.588 0.264 C2-Ca21 0.623 0.297

A3-Li1 0.289 0.060 C3a-Li1 0.350 0.103

A3-Na1 0.166 0.025 C3a-Na1 0.206 0.055

A3-K1 0.128 0.031 C3a-K1 0.168 0.049

A3-Be21 1.239 0.620 C3a-Be21 1.297 0.653

A3-Mg21 0.723 0.208 C3a-Mg21 0.786 0.274

A3-Ca21 0.591 0.272 C3a-Ca21 0.655 0.320

B1-Li1 0.379 0.109 C3b-Li1 0.353 0.095

B1-Na1 0.229 0.046 C3b-Na1 0.206 0.042

B1-K1 0.172 0.041 C3b-K1 0.158 0.040

B1-Be21 1.322 0.704 C3b-Be21 1.297 0.678

B1-Mg21 0.769 0.266 C3b-Mg21 0.767 0.260

B1-Ca21 0.604 0.252 C3b-Ca21 0.619 0.280

Fig. 7 Extent of electron charge transfer (qCT, e-) from aromatic moiety to metal ions based on Mulliken (a), NPA charges (b), calculated at the

B3LYP/6-311G(d,p) level
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complexes, respectively. Conversely, this trend is reversed

when the alkaline earth metals are being considered. Extent

of charge transfer values reveals that significant electron

charge transfer takes place from ligand to metal ion in all

the complexes. The present paper demonstrates how

structural modifications of benzene (p-electron source) by

ring fusion with monocyclic ring or bicyclic ring or both

influence the strength of cation–p interactions.
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