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1. Introduction 
      In the last decades, the indole and thioindoleʼs 
derivatives have been investigated, as potent and 
selective inhibitor against different receptor tyrosine 
kinase [1-7]. 
     Solvent effects on physical or chemical processes are 
usually studied by means of empirical solvent 
parameters. The SCRF theory has been applied to many 
problems using both semi-empirical and/or ab initio 
methods [8]. Not only owing to water exhibits unique 
selectivity as well as reactivity, which is diverse from 
those in conventional organic solvents; but also due to it 
is as the most inexpensive, plenteous, along with 
environmentally friendly solvent. Consequently, the 
improvement of novel selectivity along with reactivity 
that cannot be realized in predictable organic solvents is 
one of the challenging purposes of aqueous chemistry.  
Nanomaterials such pure and/or the doped—nanotubes, 
cyclacenes, polyacenes, nanographene, nanosheets, 
nanocones, nanocages (fullerenes) and so on have been 

widely studied for adsorbing and sensing drugs and 
biomolecules [9-12]. Most adsorption reactions to 
nanostructures are accomplished under thermal 
conditions, but photochemical reactions have been 
reported; also various microwave irradiations can be 
used as source of energy. Indeed, functionalization, 
encapsulation, substitution, and adsorption of these 
nanostructures by cationes, aniones, heteroatoms and 
biologically active heterocyclic compounds has been 
object of experimental and computational investigations 
expected at understanding the stability, structural, 
chemical reactivity, electronic and magnetic possessions 
of the resulted structures [13-14].  
      Although functionalization of larger fullerenes using 
organic methodologies has been well established; 
because of their low solubility in organic solvents, 
functionalization of smaller fullerenes and their 
processibility have been relatively poor developed [13-
14]. Reaction of the indole derivatives with C60 cage, 
has been reported under microwave irradiation or 
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The adsorption of the pyrrole-thioindole (1) and C20 cage (2) are studied at 
B3LYP/6-311+G*, B3LYP/6-311++G** and B3LYP/AUG-cc-pVTZ. Stability of 
solute and complex (3) depends on the dielectric constant of the used solvent (ε), 
the possibility of the hydrogen bonding (H…B) and dipolar–dipolar interaction 
(D.-D.I.) between them. In going from the gas phase to less polar solvent, then in 
turn to more polar solvent, a good consistency appears between ε and the absolute 
value of adsorption energy difference among solvent phase and gas phase i.e. 
│∆Eads. of s-g│ obtained for product (3). Moreover, the highest │∆Eads. of s-g│ is 
measured for (3) in water, whereas the lowest value is associated in cyclohexane. 
Because of capability of (H…B), (3) is stabilized in the most polar solvent (water) 
more than gas phase and other solvents. The kinetic stability and energy 
difference between the frontier orbitals (Eg or ∆EL-H) is observed in the opposite 
direction with ε. A red shift is monitored when adsorption is taken in polar 
solvents as ∆EL-H is reduced. 
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thermal conditions [6], also solubility of C60 has been 
studied experimentally in a wide variety of solvents; 
while owing to extreme curvature and reactivity of the 
dodecahedral fullerene (C20; 2), this obscure molecule 
has been subject of many theoretical investigations 
[9,15]. Despite labile nature of the mentioned structure 
(C20; 2), as the smallest possible fullerene, its successful 
production is accomplished via stable dodecahedrane 
(C20H20) in gas phase on the microsecond-scale lifetime. 
Interestingly, due to Jahn–Teller distortion, extreme π-
curvature, high strain and unstability of (2), search for 
its stable analogues, namely heterofullerene and 
organofullerene, becomes appealing [9,15]. 
     Here, we have employed the DFT-SCRF to research 
the effects of different solvents on the structure, stability 
and stereoselective adsorption of diene (1) to dienophile 
(2), for complex formation of (E)-3-1H-pyrrole-2-
ylindoline-2-thione[20]fullerene (3) (Figure 1) [9,15]. 

   
 

 

H C N S  

 

+ 

 

→ 

 
(1)  (2)  (3) 

Fig. 1. Structures of the scrutinized adsorption. 
 
2. Computational Methods 
      Full optimization of (1), (2), and (3) minima as well 
as transition states of TS-I and TS-II are completed 
without any symmetry constraints by means of three-
parameter hybrid functional proposed by Becke (B3) 
and correlation functional suggested by Lee–Yang–Parr 
(LYP), Pople’s well-known basis set (6-311+G*) and an 
extra plus due to the importance of diffuse functions, 
employing the GAMESS program package [16-18]. The 
TS-I and TS-II calculations are performed using the 
reactants-products quadratic-synchronous transit 
(QST3) algorithm [19]. For (1), (2), and (3) minima 
only real frequency values (with a positive sign); also 
for TS-I and TS-II structures, only a single imaginary 
frequency value (with a negative sign) is accepted. To 
obtain more accurate energetic data, single point 
calculations are performed at B3LYP/6-311++G** and 
B3LYP/AUG-cc-pVTZ [20]. The AIM, NBO, MEP 
analysis is carried out at the same method and level (See 
Supplementary Information) [21].  
Employing the notation of Xantheas [22], the adsorption 
energy (Eads.) is obtained via the following equation: 
Eads. = E(3) – (E(1) + E(2)) + EBSSE    (١) 

│∆Eads. of s-g│ = │Eads. in the liquid phase – Eads. in the gas phase│ 
(2) 
     Here, E(3) is expected as energy of the (1)/(2) 
complex; when (1) is adsorbed on (2), E(1) is energy of 
the molecule (1), and E(2) is energy of the cage (2). The 
negative adsorption energy shows that this absorption is 
an exothermic process. The HOMO/LUMO energy gap 
(Eg or ∆EL-H) is found according to the following 
equation: 

Eg = ELUMO – EHOMO    (3) 
     In order to obtain computed UV spectra, we are used 
the TD-DFT method, the functional, basis set, and 
number of the allowed transitions by # TD=(50-50, 
nstates=10, root=1) B3LYP/AUG-cc-pVTZ scrf=(cpcm, 
solvent=water) kywords. 
 
3. Results and Discussion 
3.1. Energy, geometry, and AIM analysis 
      To get suitable and stable ground state of (1), (2), 
(3) minima, TS-I and TS-II, force constant calculations 
are done, where (1), (2), (3) minima exhibit the positive 
force constants, while TS-I and TS-II exhibit one 
negative force constant. In order to check the reliability 
of the TS-I and TS-II with the reactants (1, 2) and the 
desired product (3), IRC calculations must be 
performed, accordingly (Schemes S١ and S٢). 
One of important macroscopic properties of solvent 
molecules is ε as good indicator for indicating the 
ability to accommodate separation of the positive and 
negative charge [1-7]. Here, solvents with large ε (e.g. 
H2O, DMSO, acetonitrile, and MeOH) are compared 
and are contrasted to solvents with small ε (e.g. 
chloroform, and cyclohexane) (Figures 2 and 3).  
 

 
Fig. 2. The optimized structures, E≠

TS-I (in kcal/mol) and AIM 
(atoms in molecules) parameters including the charge density 
(ρ) and the Laplacian of the charge density (∇2ρ) for 
adsorption of (1) with (2) via TS-I, in different reaction 
media. 
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Fig. 3. The optimized structures, E≠

TS-II (in kcal/mol) and 
AIM parameters for adsorption of (1) with (2) via TS-II, in 
different reaction media. 
 
Obviously, the stabilizing effect of more polar solvents 
on TS-I, TS-II and complex (3) is more than less polar 
solvents of cyclohexane and chloroform. Hence, the 
E≠

TS-I is decreased from 6.9 (in H2O) to 5.9 (in DMSO), 
5.6 (in acetonitrile), 5.1 (in MeOH), 4.8 (in chloroform), 
4.2 (in cyclohexane) and 4.0 kcal/mol (in gas phase), 
respectively, Also, the E≠

TS-II trend is found somewhat 
higher than E≠

TS-I trend; and the E≠
TS-II is diminished 

from 8.2 (in H2O) to 7.6 (in DMSO), 7.3 (in 
acetonitrile), 6.8 (in MeOH), 6.1 (in chloroform), 5.7 (in 
cyclohexane) and 4.3 kcal/mol (in gas phase), 
respectively. Apparently, the highest activation energy 
is related to adsorption via endo orientation, the 
possibility of (H…B) and (D.-D.I.) in H2O, whereas the 
lowest activation energy is associated with exo 
orientation, the impossibility of (H…B) and (D.-D.I.) in 
gas phase. Endo orientation along with formation of the 
endo conformer is anticipated to be less favorable 
because of π-π stacking between the substituted pyrrole 
ring and C20 (π pyrrole ↔ πC20) [23].  
Full optimized geometry of TS-I and TS-II dictates 
stability of the complex (3); so that the torsion angle of 
the substituted pyrrole ring and C=S in TS-I, TS-II, and 
complex (3) is 0.5°, 1.0° and 90.5°, correspondingly. 
This ring vertically produces an enormous steric 
hindrance vs. the endo-oriented attack to the cage (2). 
Henceforth, the endo conformer involves higher energy 
than the exo conformer. Also, there is higher possibility 
for non-bonding electrons of nitrogen in thioindole 
skeleton of (1) to conjugation with the neighboring C=S 
group that may be recognized to the planarity between 
the thioindoline structure and the substituted pyrrole 
ring of TS-I and TS-II [1-7]. The distance among the 
thioindoline skeleton and nanocage of TS-I (3.411, and 
2.843 Å) is dissimilar to that of TS-II (2.231, and 0.663 
Å) which depends on interaction between (1) and 

solvent. The bond length difference is somewhat large, 
and TS structures are obviously consistent with the 
concerted synergistic reaction mechanism, which is in 
accordance with Diels–Alder mechanism. Probably, 
dienophile (2) is set vertically between two double-
bonds of diene (1) and hence adsorption is take placed 
from two different faces of (2), thus the pyrrole ring and 
the nanocage (2) are cis to each other. 
Geometry of (3) complex appears to some extent 
different in gas phase and other reaction media. The 
distance between a and c rings (Scheme 1) is 3.006 Å in 
the gas phase; while in the used solvents is about 2.456 
to 2.790 Å, which indicates D.-D.I. among solute and 
CHCl3, MeOH, acetonitrile, DMSO, and H2O solvents. 
 

Scheme 1. The structures of (1) and (2). 
 

The bond length (B.L.) and bond angle (B.A.) between 
a and c rings of (3) complex in the gas phase and 
cyclohexane are compared to one of the (H…B) donor 
and (H…B)―acceptor solvents such as H2O, MeOH, 
and CHCl3. The largest discrepancy of B.L. and B.A. is 
less than 0.216, 0.431, and 0.550 Å; 4.1, 3.9, and 4.0°, 
respectively (Tables S1 and S2).  
These minor discrepancies may be due to intermolecular 
interaction between the N―H moiety of (3) complex 
and the H―O of solvent, but theoretical calculations 
belong to the single molecules. There are inter-
molecular H…B (inter-H…B) in the aqueous phase or 
alcoholic solvent, such as N-H···O. For solvation in 
MeOH; because the inter-(H…B) bond length is 2.790 
Å, the B.L. value of proton donor N―H is 1.052 Å, and 
the interatomic distance of H···O is 1.679 Å. For 
solvation in water, the B.L. value of the N―H···O is 
2.615 Å, the B.L. value of N―H is 1.029 Å, and the 
interatomic distance of H···O is 1.456 Å. The obtained 
B.L. value in the aqueous phase is in better agreement 
with the experimental ones, further demonstrating the 
significance of solvent effect. The B.A. value of 
N―H···O in MeOH, and water is 153.7° and 164.0°, 
respectively. Ideally, the B.L. value of (H…B) is close 
to 180°, but the steric hindrance or the competition of 
other forces would influence the B.A. value. As a 
whole, the (H…B) bond angles are larger than 90° and 
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less than 180°. The mentioned evidences in above 
illustrate that the hydrogen bond formation in N―H···O 
moiety of a system is an inter-H…B.  
In going from gas phase to the different solvents, 
variations of torsion angle (T.A.) occur especially for 
T.A. (10,26,38,39), T.A. (10,26,38,40), T.A. 
(23,26,38,39), T.A. (23,26,38,40), T.A. (10,26,38,45), 
and T.A. (23,26,38,45) which these torsion angles are 
confirmed between the substituted pyrrole ring, and the 
cyclohexene ring of complex (3) (Table 1). 
The AIM analysis containing ρ of 0.012, 0.011 a.u. and 
∇2ρ of 0.051, 0.042 a.u., is estimated for TS-I and TS-
II, respectively, which reveals (D.-D.I.) between the 
substituted pyrrole ring of diene (1) and the π system of 
dienophile (2) also the resulted π-π stacking. Clearly, 
positive value of ∇2ρ indicates electrostatic interaction 
existing in TS-I is more than TS-II.  
The π-π stacking of TS-II shows distance between the 
thioindoline skeleton (1) and fullerene (2) in the range 
of 2.99 – 3.96 Å, which is consistent with the observed 
π-π aromatic interaction in experimental investigation 
[23]. They appear to these phenomena have lower 
stabilizing effects on the studied TS for adsorption via 
the endo-oriented attack compared to the exo-oriented 
attack.  
 
3.2. Stability analysis 
The trend of │∆Eads. of s-g│ in kcal/mol for complex (3) 
is estimated as │∆Eads. of cyclohexane - gas phase│ [7.17] < 
│∆Eads. of chloroform - gas phase│ [11.59] < │∆Eads. of methanol - 

gas phase│ [12.65] < │∆Eads. of acetonitrile - gas phase│ [13.25] < 
│∆Eads. of DMSO - gas phase│ [15.39] < │∆Eads. of water - gas 

phase│ [17.44]; also the trend of ε is followed as ε gas phase 
[1] < ε cyclohexane [2.0] < ε chloroform [4.8] < ε methanol [32.6] < 
ε acetonitrile [36.6] < ε DMSO [46.7] < ε water [78.4] (Figure 
4). 
 

 
ε 

│∆Eads. of s-g│  
Fig. 4. Comparison of │∆Eads. of s-g│ in kcal/mol and ε, for the 
scrutinized adduct (3) in different reaction media. 
 

Thus, the trend of │∆Eads. of s-g│ is convenient and is 
parallel to the trend of ε. In going from the gas phase to 
less polar solvent, and in turn to more polar solvent, a 
suitable consistency seems between the ε of solvent and 
thermodynamic stability of complex (3) (Figure 5). 
 

 
Fig. 5. The solvent effect on │∆Eads. of s-g│ of the scrutinized 
adduct (3). 
 
Moreover, the highest value of the released ∆Eads. of s-g; -
17.44 kcal/mol and the most thermodynamic stability is 
observed for the optimized complex (3) in water (23%), 
whereas the lowest value of -7.17 kcal/mol is estimated 
in cyclohexane (9%). The dipole moment (µ) of (3) in 
solution changes regularly with increasing of ε: µ in gas 

phase [5.05 D] < µ in cyclohexane [5.80 D] < µ in chloroform [6.15 
D] < µ in methanol [6.71 D] < µ in acetonitrile [7.22 D] < µ in 

DMSO [7.90 D] < µ in water [8.96 D]. Hence, more polar 
solvent decreases the energy of (3) through salvation by 
D.-D.I. and H…B (Figure 6). 
 

 
Fig. 6. The solvent effects on polarity of the scrutinized 
adduct (3). 
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Since thioindole (1) as a 1,3-diene is inherently either an 
electrophile or a nucleophile, simultaneous inter-
molecular HOMO-LUMO interaction of it with hollow 
cage (2) as dienophile leads to the suggested adsorption 
through either the filled π2-orbital of (1) with the vacant 
π*2-orbital of (2), or the filled π1-orbital of (2) with the 
vacant π*

3-orbital of (1) (Figure 7). 
 

 
Fig. 7. Inter-molecular HOMO-LUMO interactions of (1) as 
diene, with (2) as dienophile.  
 

Furthermore, the trend of Eg or ∆EL-H in eV for complex 
(3) is emerged in the opposite direction with the trend of 
ε and polarity of the solvent: 2.08 (in H2O) < 2.12 (in 
DMSO) < 2.16 (in acetonitrile) < 2.23 (in MeOH) < 
2.29 (in CHCl3) < 2.32 (in cyclohexane) < 2.53 (in gas 
phase) (Table 1). 
 
Table 1. The highest occupied and the lowest unoccupied 
molecular orbital energies (EHOMO and ELUMO) / hartree, and 
the energy differences between them (∆EL-H) / eV, for the 
complex (3), in different reaction media, at B3LYP/AUG-cc-
pVTZ. 

∆EL-H (eV) ELUMO (a.u.) EHOMO (a.u.) Solvents 

2.53 -0.1043 -0.1973 gas phase 
2.32 -0.1238 -0.2090 cyclohexane 
2.29 -0.1248 -0.2091 CHCl3 
2.23 -0.1250 -0.2071 MeOH 
2.16 -0.1250 -0.2043 acetonitrile 
2.12 -0.1250 -0.2031 DMSO 
2.08 -0.1250 -0.2013 H2O 

 
The complex (3) is shown the lowest and the highest 
∆EL-H of 2.08 and 2.53 eV in H2O and gas phase, 
respectively [. This complex such as the Kekule´ other 
compounds enjoys from resonance and full conjugation; 
so that it shows good band gap in gas phase and in 
cyclohexane; while it exhibits relatively narrow band 
gap in CHCl3, MeOH, acetonitrile, DMSO, and H2O, 

which low ∆EL-H leads to high chemical reactivity in 
polar solvents (Figure 8). 
 

 
LUMO 

 
HOMO 

Fig. 8. The HOMO and LUMO shapes of the complex (3). 
 
The HOMO profile shown in Figure 8 confirms that the 
HOMO of complex (3) is shifted on the cyclohexene 
and indoline-2-thione moiety with changing the HOMO 
energy [24-26]. Also, the LUMO profile of complex (3) 
is shifted on it’s hollow cage (2) with changing the 
LUMO energy. In going from the gas phase to every 
less polar solvent, then in turn to every more polar 
solvent, individually, the HOMO energy changes to a 
greater extent than the LUMO energy. We have found 
that the solvent effect and stabilizing effect from gas 
phase to water causes to decreasing the HOMO energy 
of 0.004 a.u.; therefore, there is the opposite direction 
between order of Eg and order of ε (Figure 9) [24-27]. 
The reason for the difference in Figure 9 is more 
sensitive of the complex (c) to stabilizing effect of more 
polar solvent via (H…B) and (D.-D.I.) than less polar 
solvents or gas phase. According to the above 
discussion, another reason for the lower Eg (∆EL-H) in 
the aqueous phase than the gas phase may be the 
presence of inter-H…B.  
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ε ∆EL-H 

Fig. 9. Comparison of ε and the energy gap between HOMO 
and LUMO (∆EL-H) in kcal/mol of the scrutinized adduct (3) 
in different reaction media. 
 
3.3. UV-vis, NBO, and MEP analysis 
Examining the UV-visible spectrum of a molecule in the 
H…B donor and H…B―acceptor solvent will be useful 
in detecting inter-H…B. Herein, the absorption spectra 
of the complex (c) are investigated in the corresponding 
reaction media (with relative polarity in parenthesis) 
including gas phase (0.000), C6H12 (0.006), CHCl3 
(0.259), MeOH (0.762), and H2O (1.000) to correlate 
the effect of solvent polarity on absorption in the UV-
visible region. The wavelength at maximum absorption 
(λmax) of the scrutinized product is measured in some 
solvents with diverse polarity. The λmax of the complex 
(c) is displayed a tight range of 489.40-931.43 nm in gas 
phase, 502.63-993.08 nm in cyclohexane, and 504.08-
994.52 nm in chloroform (Figure S1). It is changed from 
504.41 to 1000.09 nm in methanol and from 504.80 to 
1009.72 nm in water. Henceforth, a red shift is 
monitored when adsorption is taken in polar solvents as 
∆EL-H is reduced. The relationship between the change 
of λmax, and polarity of the solvents can be summarized 
as:  
(a) The λmax value is higher in H2O than the conforming 
values in MeOH, CHCl3, C6H12, and gas phase. (b) The 
highest λmax value is observed 1009.72 nm in H2O. 
Thus, H2O solvent creates more bathochromic shift than 
methanol, chloroform, cyclohexane and gas phase. (c) 
The pyrrole groupʼs introduction at the complex (c) 
affects shifting the λmax to higher value (bathochromic 
shift), in all solvents. (d) The fullerenic groupʼs 
introduction at the complex (c) affects shifting the λmax 
to lower values (hypsochromic shift), in all solvents. (e) 
We have found some differences in the absorption 
spectra of the complex (c) in the different reaction 
media. The n→π* transition involving the heteroatomʼs 
lone pair is destabilized by a polar solvent like water, 
and it becomes the second excited state in solution 

displaying an important blue shift. The presence of the 
heteroatom atom modulates the solvent effect and the 
excited states become practically degenerate for 
adsorption process. 
In continuous, NBO results are presented in more detail, 
including all of the charge transfer parameters, donor, 
acceptor fragments and their relevant energies. The 
NBO charge points out different orientation, different 
charge transfers and different bond strength between 
atoms of TS-I, TS-II and complex (3). For example, the 
charge on S atom is -0.841, -0.904, +0.167 and the 
charge on fullerene C atom near to S atom is +0.557, 
+0.918, -0.229 of TS-I, TS-II and complex (3), 
respectively (Figure S2). Obviously, higher charge 
transfer indicates higher donor-acceptor interaction in 
TS-I, TS-II and complex (3).  
To visualizing of the distributed charge, the MEP plots 
of these structures may be useful (Figure S3). Red 
colored MEP is related to the electron cloud and blue 
colored MEP is related to H and C atoms.  
In going from the gas phase to aqueous phase, however, 
the interactions between donors and acceptors are 
changed, especially in water solvent. As a whole, the 
interaction energies (E(2)) of the complex (3) in the gas 
phase are lower than those in the aqueous phase by 
about 0.5 – 1.5 kcal/mol (Table 2). 
 
Table 2. Second order perturbation theory analysis for the 
most important acceptor-donor interaction (E(2) in kcal/mol) 
of the complex (3), in gas phase and water, at B3LYP/AUG-
cc-pVTZ.  

 
 interaction E(2) 

gas  
phase 

σC25 – C27 → σ*
N24 - H28 

σC10 - C26 → σ*
C38 - N45 

σC16 - S21 → σ*
C22 - N24 

πC17- C18 → σ*
C16 - S21 

πC22 - C23 → σ*
C10 - C26 

πC22 - C23 → σ*
C16 - S21 

σC23 - C25 → σ*
S21 - C22 

2.01 
1.72 
1.98 
3.05 
1.04 
1.95 
3.41 

σC26 - C38 → σ*
C10 - C16 

σC26 - C38 → σ*
C10 - C26 

σC38 - C39 → σ*
N45 - H46 

πC38 - C39 → σ*
C10 - C16 

πC38 - C39 → σ*
C10 - C26 

σC38 - N45 → σ*
C10 - C26 

1.71 
0.59 
2.01 
0.44 
1.72 
1.50 
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σC42 - N45 → σ*
C26 - C38 1.81 

water 

σC25 – C27 → σ*
N24 - H28 

σC10 - C26 → σ*
C38 - N45 

σC16 - S21 → σ*
C22 - N24 

πC17- C18 → σ*
C16 - S21 

πC22 - C23 → σ*
C10 - C26 

πC22 - C23 → σ*
C16 - S21 

σC23 - C25 → σ*
S21 - C22 

LP (O) → σ*
N24 - H28 

2.69 
2.50 
2.71 
3.75 
1.88 
2.14 
4.96 
21.22 

σC26 - C38 → σ*
C10 - C16 

σC26 - C38 → σ*
C10 - C26 

σC38 - C39 → σ*
N45 - H46 

πC38 - C39 → σ*
C10 - C16 

πC38 - C39 → σ*
C10 - C26 

σC38 - N45 → σ*
C10 - C26 

σC42 - N45 → σ*
C26 - C38 

LP (O) → σ*
N45 - H46 

2.11 
1.10 
2.69 
0.54 
2.15 
2.51 
2.82 
21.22 

 
This indicates that the stability of the complex (3) in the 
aqueous phase is higher than in the gas phase. This may 
be attributed to the presence of inter-H…B in the 
aqueous phase. As shown in Table 3, inter molecular 
interactions mainly come from the delocalization of lone 
pair electrons of O―atom to σ* orbitals of N―H, 
which explains the nature of the formation of H…B in 
N―H···O. Comparison of the E(2) of σC25 – C27 → σ*

N24 - 

H28, σC38 - C39 → σ*
N45 - H46, LP (O) → σ*

N24 - H28 and LP (O) 
→ σ*

N45 - H46 interactions shows that two formers are 
lower (about 10 times) than two latters by 2.01 kcal/mol 
in the gas phase, 2.69 kcal/mol in water vs. 21.22 
kcal/mol in water, suggesting the most important 
interaction; inter-H…B of N―H···O in water solvent. 
A hydrogen-bonding energy of 7.6 kcal/mol has been 
determined experimentally for dimeric 2-pyrrolidone in 
CCl4. This agrees well with the value of 21.22 kcal/mol 
(about three times) estimated for acceptor-donor 
interaction of the complex (3) in water with three inter-
H…B sites. Also, in this solvent, the most intra 
molecular interactions are resulted from the bonding 
orbital of σC23 - C25 to the anti-bonding orbital of σ*

S21 - 

C22; (σC23 - C25 → σ*
S21 - C22), with the E(2) value of 4.96 

kcal/mol, then from the bonding orbital of πC17 - C18 to 
the anti-bonding orbital of σ*

C16 - S21; (πC17 - C18 → σ*
C16 - 

S21) with E(2) of 3.75 kcal/mol.  
Summarily, we found that "adsorption is more favorable 
in water than the gas phase" according to the NBO 
analysis. The question is: does the adsorption on C60 
(crystal) occur in the gas phase? —The researcher easily 
prepared α,β-unsaturated indolin-2-thiones proved to be 
appropriate materials for the synthesis of macrocycle 
tetrahydrothiopyrano [2,3-b] indole―C60 derivatives via 
Diels–Alder reaction [6]. This reaction is applicable to 
buckyball, giving an irreversible product, and a C—S 
bond can be formed on itʼs surface. Organofullerenes 

are thermodynamically stable compounds because of the 
aromatic character of the resulting cycloadduct, thus 
avoiding the undesired cyclo-reversion process observed 
in other C60-based [4+2] cycloaddition reactions [15]. In 
particular, various substituents can be introduced on the 
heterocycle by employing some kinds of reagents.  
 
4. Conclusion 
      In this research, we have studied electronic effects 
on structural, thermodynamic and kinetic parameters of 
adsorption of anti-tumor (1) to hollow cage (2), in gas 
phase, at DFT. To this end, the full optimization of 
complex (3) done in cyclohexane, CHCl3, MeOH, 
acetonitrile, DMSO, and H2O solvents, and the results 
compared and contrasted, too.  
In going from gas phase to more polar solvent H2O, the 
E≠

TS-I increased from 4.0 to 6.9 kcal/mol and the E≠
TS-II 

increased from 4.3 to 8.2 kcal/mol. The trend of │∆Eads. 
of s-g│ and thermodynamic stability of complex (3) 
followed with dielectric constant of solvent (ε); from 7.2 
kcal/mol in cyclohexane to 17.4 kcal/mol in H2O. The 
polarity of complex (3) considerably changed from 5.1 
Debye in gas phase to 9.0 Debye in water. The trend of 
∆Eg or ∆EL-H changed from 2.53 eV in gas phase to 2.08 
eV in H2O which arranged in the reverse trend of ε. The 
π–π stacking between the substituted pyrrole ring of (1) 
and (2) led to destabilization of TS-II, whereas the 
H…B between the substituted pyrrole ring and water 
caused to stabilization of TS-I. These results exhibited 
more sensitive of the stereoselective complex to 
stabilizing effects of more polar solvent via (D.-D.I.) 
and (H…B) than less polar solvents or gas phase. 
Furthermore, this reaction was applicable to unstable 
fullerene (2), giving an irreversible complex (3), and a 
hetero bond (C—S) could be formed on itʼs surface. 
Thus, the resulted organofullerene (3) was 
thermodynamically stable compound because of its 
aromatic character. The absorption maxima (UV-vis 
spectra) of organofullerene (3) have explored using 
several types of solvents (gas phase, C6H12, CHCl3, 
MeOH, and H2O) with different polarities. The 
absorption maximum (λmax) changed from 489.40 to 
931.43 nm in gas phase, from 502.63 to 993.08 nm in 
cyclohexane, from 504.08 to 994.52 nm in chloroform, 
from 504.41 to 1000.09 nm in methanol, and from 
504.80 to 1009.72 nm in water. The pyrrole groupʼs 
introduction in the resulted complex brings the 
absorption maxima to higher values (bathochromic 
shift) in the more polar solvents of MeOH and H2O.  
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Summary 
The analysis of the harmonic vibrational frequencies at 
the used DFT method showed that initial structures (1), 
(2) and complex (3) were minima on the potential 
energy surfaces (imaginary frequencies were absent); 
while for characterizing the TSs, the existence of one 
imaginary frequency considered initially, and then the 
IRC leading to the corresponding energy minima 
obtained. H—bonding and suitable interaction of TS-I 
in water led to stabilization of this transition state, while 
the π-π aromatic stacking and electrostatic interaction 
led to destabilization of the TS-II. A plausible 
mechanism in order to formation of product is 
concerted, synergistic, stereoselective and syn—
cycloaddition, which is in accordance with the proposed 
mechanism for Diels–Alder reaction.  
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