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The synthesis, crystal structure analysis, theoretical modeling at DFT and semiempirical PM3 levels, and molecular
electrostatic potential analysis of an organic host–guest system containing an azapolycyclic system 3 and ethyl acetate
are presented. The structure of 3 was charaterized by the presence of seven-connected five-membered rings. Though 3
contained six-saturated nitrogen atoms capable of CH���N interactions, its crystal structure and the host–guest complex-
ation were completely governed by CH���O and CH���� interactions. Further, an aromatic pocket consisting of four phen-
yl rings from four molecules of 3 existed located in the crystal structure. The guest molecule ethyl acetate trapped inside
this aromatic pocket was found to interact with it via three CH���� and two CH���O interactions. A model structure for this
host–guest complex was also optimized at DFT level, which showed good agreement with the experimental structure.

Several chemical and biochemical processes are initiated
when a molecule is recognized by another molecule via specif-
ic intermolecular interactions.1 Among these interactions, hy-
drogen bonding is considered as one of the most important in-
teraction types.2 Several categories of hydrogen bonding are
observed in nature which range from the very strong (168
kJmol�1) to very weak (1.05 kJmol�1).1b,3 Weak interactions,
such as CH���O and CH����, which are in the range from 21 to
4.2 kJmol�1 are becoming increasingly important in crystal
engineering, protein folding studies, enzyme action in biology
and in host–guest chemistry.4 The CH���O type interaction has
been suggested to be a prototype of a X–H���A hydrogen bond,
where X and A have moderate to low electronegativity. The
attraction between the CH bond and a � system is generally
termed as the CH���� interaction. Using the Cambridge crystal-
lographic structural database, Nishio and co-workers demon-
strated that the CH���� interaction plays an appreciable role
in controlling the conformation of organic molecules in their
crystals.5 Several recent findings on CH���� interactions shown
their importance in understanding a variety of molecular phe-
nomena.6 In this work, we report an organic host–guest system
which is rich in CH���O and CH���� interactions. The details of
its synthesis, crystal structure analysis, theoretical modeling at
DFT and semiempirical PM3 levels, and molecular electrostat-
ic potential analysis are presented.

Results and Discussion

Synthesis and Crystal Strcuture Analysis of Azapolycy-
cle 3. Our investigations involved the reaction of 4-phenyl-

3H-1,2,4-triazole-3,5(4H)-dione with 6,6-diphenyl fulvene.7a

Pentafulvenes are an important class of organic compounds
and have been used as an important synthon in synthetic or-
ganic chemistry.7b Fulvenes act as a 2�, 4�, or 6� component
in its cycloaddition with various partners.8 4-Substituted-3H-
1,2,4-triazole-3,5(4H)-dione is a reactive dienophile; it under-
goes smooth Diels–Alder reaction with dienes9 and ene reac-
tion10 with olefins. Compound 3 was synthesized via the reac-
tion of 6,6-diphenylfulvene (1) with 4-phenyl-3H-1,2,4-tri-
azole-3,5(4H)-dione (2). The reaction proceeded smoothly af-
fording a mixture of azapolycycles 3 and 4 in 81% yield
(Scheme 1).

The structures were assigned to the products 3 and 4 based
on spectral analysis and by comparison to the literature.7a Fur-
ther, the structure of 3 was unambiguously confirmed by sin-
gle-crystal X-ray analysis (Fig. 1).11 Compound 3 is structural-
ly and electronically very interesting because it consists of a
network of seven-connected five-membered rings containing
six-saturated nitrogen atoms with lone-pair electrons, four
C=O bonds, and six phenyl rings. Therefore, interesting inter-
molecular interactions are expected in this system.

In an attempt to understand the various molecular interac-
tions, we analyzed the detailed packing mode and hydrogen-
bonding interactions of compound 3. The analysis showed
the formation of a well-defined dimeric unit in the crystal of
3 (Fig. 2). As we can see from Fig. 2, two azapolycyclic li-
gands aligned in such a way that hydrogen-bonded dimers
formrd through CH���O interactions from one oxygen atom
from each dihydrotriazole dione moiety present in the mole-
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cule. Hydrogen bonding in the dimer essentially involves the
phenyl hydrogen atom with the dione oxygen, and alkyl hydro-
gen atom from the central five-membered ring with the dione
oxygens. The various hydrogen-bonding interaction parame-
ters with the symmetry code are H44���O1 = 2.543 Å; =�C44–
H44���O1 = 120�; H19���O3 = 2.369 Å, =�C19–H19���O3 =
137� (symmetry code 1� x, 1� y, 1� z). These hydrogen-
bonded dimers were further arranged as bilayers via CH���� in-
teractions with the neighboring dimeric units extending along
c-axis. The parameters for CH���� interactions are H3���C36 =
2.836 Å and =�C3–H3���C36 = 161�.

Figure 3 depicts the packing diagram of the compound
viewed down a-axis. Interestingly, the ethyl acetate molecules
were occupied between the neighboring bilayers of the aza-
polycyclic moieties creating alternate layers of the host–guest
system along bc-plane. A close look at the region around ethyl
acetate revealed the formation of an aromatic pocket contain-
ing four phenyl rings from four molecules of 3. Ethyl acetate
molecules are held in the aromatic pocket by three alkyl
CH����, one CH���O=C, and another bifurcated CH���O interac-
tion between the oxygen atoms from the ethyl acetate molecule

with the phenyl hydrogen from the organic ligand. These inter-
actions are depicted in Fig. 4 along with the corresponding in-
teraction distances. The CH���� interaction (iv), depicted in
Fig. 4, corresponds to the interaction between the CH bond
of acetate moiety and the � bond in the five-membered carbo-
cycle. The other two CH���� interactions ((ii) and (iii)) corre-
spond to arene CH���� interactions. Mainly the collective
strength of the five interactions shown in Fig. 4 holds and sta-
bilies the guest molecule in the crystal lattice.

Theoretical Modeling. The molecular geometries were
optimized at the DFT level by using the Becke’s three-param-
eter exchange functional (B3)12 in conjunction with the Lee–
Yang–Parr correlation functional (LYP)13 as implemented in
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Scheme 1.

Fig. 1. ORTEP diagram of 3.

Fig. 2. The dimeric molecular association between the aza-
polycyclic ligand via CH���O interactions (hydrogen-bond-
ing interactions are shown as dotted lines).

Fig. 3. Packing diagram of the compound viewed down a-
axis showing the arrangement of the organic moiety (red)
with ethyl acetate molecule (blue, ball and stick model) in
the crystal lattice. H-atoms are omitted for clarity.

Fig. 4. The ethyl acetate molecule and the surrounding
phenyl groups. The phenyl groups in the interactions la-
beled as (i), (ii), (iii), and (v) belong to different molecules
of 3. Interaction (iv) corresponds to the � bond of the five-
membered carbon cycle and the alkyl CH bond.
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the Gaussian 03 suite of programs.14 This method known as
B3LYP was used along with 6-31G� basis functions selected
for H, C, N, and O.15 For interaction energy calculations, sin-
gle point energy calculations were done using the B3LYP/
6-311++G(d,p) level of theory. However, for molecular
assemblies containing four molecules of 3 and ethyl acetate
(total 414 atoms), PM3 level of semiempirical method was
used for the geometry optimization.16 Gaussian 03 program
was also employed for calculating the molecular electrostatic
potential (MESP) at B3LYP/6-31G� level. For a molecule
with positive nuclear charge fZAg located at nuclear positive
vectors fRAg and electron density �ðrÞ distribution at all points
in space, the MESP, VðrÞ(in au) is given by17a,b

VðrÞ ¼
XN
A

ZA

jr� RAj
�

Z
�ðr0Þd3r0

jr� r0j
: ð1Þ

Equation 1 is also interpreted as the work done in bringing a
unit test positive charge from infinity to a point of reference
in the vicinity of the molecule. It should be noted that MESP
is a real physical property of a molecule and can be determined
experimentally by X-ray diffraction techniques. This quantity
is used widely for understanding molecular reactivity, intermo-
lecular interactions, molecular recognition, electrophilic reac-
tions, and a variety of chemical phenomena.17 Visualization
of MESP is a good way to see the charge distribution within
a molecule. Local minima of MESP is often observed at the
lone pair region of a molecule because of the larger value of
the electronic term in Eq. 1 (second term) as compared to
the bare nuclear term and these points generally represented
centers of negative charge on the molecule.17b

The dimer of 3 and even 3 itself were quite big for doing an
accurate quantum chemical calculation at reasonable computa-
tional cost. Therefore, in order to gain a deeper understanding
of the molecular recognition phenomenon and to evaluate the
energetic stabilization of CH���O and CH���� interactions, mod-
el molecules were used in the calculations.

The fragments containing the major interaction in the dimer
are presented in Fig. 5. The model systems (Model A and
Model B) were made from these fragments by replacing the
atoms with insufficient valency by hydrogen atoms. These
structures optimized at B3LYP/6-31G� level are presented
in Fig. 6. CH���O hydrogen-bond interactions were clearly ob-
served in Model A and B (depicted in the Fig. 6 as gray lines).
In Model A, a hydrogen-bond distance was 2.530 Å for the al-
kyl CH���O interaction, which is 0.162 Å longer than the value

found in Fragment 1. In the case of Model B, the aryl CH���O
hydrogen-bond distance (2.774 Å) agreed with the correspond-
ing value (2.769 Å) found in fragment 2, whereas the second
aryl CH���O hydrogen bond in this model (2.543 Å) was
0.192 Å shorter than the corresponding value found in frag-
ment 2. The interaction energy values between the two dihy-
drotriazole dione units in Model A and dihydrotriazole dione
unit and benzene in Model B were calculated at B3LYP/
6-311++G(d,p) level of theory.18 This level of theory incor-
porating polarization functions and diffuse functions in the
basis set is adequate for estimating the strength of weak inter-
molecular interactions. From this calculation, the two alkyl
CH���O=C interaction energy in Model A were found to be
17.7 kJmol�1 and for the aryl CH���O=C interaction energy
5.98 kJmol�1 in Model B. Since there are two alkyl CH���O=C
and two aryl CH���O=C interactions in the dimer, a value of
29.7 kJmol�1 energy can be considered as a good estimate
for the main stabilizing interaction in the dimer. However,
considering the tighter CH���O binding in the fragment struc-
tures as compared to Model A and B and other minor interac-
tions in the dimer structure, the actual stabilizing interaction is
expected to be larger than this value.

Like CH���O interaction, the CH���N interactions are also im-
portant in molecular recognition phenomenon. In the present
study, molecule 3 contains six-saturated nitrogen atoms, which
would suggest the presence of CH���N hydrogen bonds. How-
ever, in the crystal packing, no such intermolecular hydrogen
bonds were observed. A plausible reason for the lack of such
hydrogen bonds is obtained via the following MESP analysis.
In Fig. 7, the MESP isosurface of value �78:7 kJmol�1 is de-
picted for the optimized geometries of Model A and B. The
MESP lobes shown in blue color correspond to the lone pair
electron region of the atoms oxygen and nitrogen and the �-re-
gion of the arene ring. To further quantify the negative poten-
tial, the most negative-valued MESP point in each lobe was al-
so located. As we can see from Fig. 7, the oxygen lone pair re-
gions are two times more negative than the nitrogen lone pair
regions. Such high negative potential around the oxygen atom
suggests strong electrostatic interaction between the oxygen
atoms and the nearby hydrogen atoms, which leads to the pre-
ferred formation of CH���O hydrogen bonds. The reduction in
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Fig. 5. Fragment structures taken from the dimer showing
the main hydrogen-bonding interactions (distances in Å).
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Hydrogen Bond
Energy= 17.7 kJ mol−1 Energy= 5.98 kJ mol−1

Hydrogen Bond

Fig. 6. B3LYP/6-31G� level optimized model structures A
and B constructed from Fragments 1 and 2, respectively
(distances in Å).
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the negative potential seen in O1 as compared to O2 in Model
A and B is indicative of the electrostatic interaction between
heterocycle and the hydrocarbon region. The MESP around
O2 in Model A was less negative than that in Model B, which
also support the higher interaction energy found in Model A.

It should be noted that for a molecule p-benzoquinone in
which the effect of heteroatom or the ring strain is absent,
the computed MESP minimum (at B3LYP/6-31� level) was
�163 kJmol�1. This result and the MESP analysis of Model
A and B suggested that the negative region of the nitrogen
atoms was much smaller than those of the oxygen because
of the substantial flow of electrons from the nitrogen rich
heterocycle to the carbonyl oxygen in 3. Therefore, though
the CO bond is a better hydrogen-bond acceptor than the
amide or imide nitrogen atoms, in 3 the presence of the hetero-
cycle further enhances its hydrogen-bonding ability.

We also attempted to model the interaction between ethyl
acetate and the surrounding arene rings given in Fig. 4. The
geometry optimized at B3LYP/6-31G� level for this model
(Model C) is depicted in Fig. 8 along with the important inter-
atomic distances. The optimized structure showed all the major
structural features of the X-ray structure given in Fig. 4. The
CH���O hydrogen bonds were reproduced in the calculated
structure. However, the weaker CH���� interaction distances
were slightly longer than those found in the crystal. It must
be noted that to optimize Model C, we did not apply any ge-
ometry constraints. Therefore, the good agreement between
the X-ray structure and the Model C geometry suggests the
importance of the directional nature of the CH���O and CH����
interactions that holds all the molecular units in their respec-
tive positions. Interaction energy for the aromatic pocket and
ethyl acetate was calculated at B3LYP/6-311++G(d,p) level
by subtracting the sum of the single point energies of the ethyl
acetate and the rest of the hydrocarbon unit in Model C from
the total energy of Model C, and it was determined to be
7.1 kJmol�1.

We also analyzed the MESP of Model C without ethyl ace-
tate (the aromatic pocket) and with ethyl acetate. It was found
that complexation reduced the negative potential on the arene
rings involved in CH���� interaction and also on the arene ring
interacting with the ether oxygen (Table 1). For the arene rings
involved in CH���� interaction, the maximum reduction in the
MESP value was calculated to be 8 kJmol�1. On the other
hand, in the case of the arene ring interacting with the carbonyl
oxygen, the negative MESP was increased by 29 kJmol�1.
Further, compared to ethyl acetate, in Model C, the negative

-197.8 -164.2
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Fig. 7. Molecular electrostatic potential (MESP) isosur-
faces of value �78:7 kJmol�1 drawn for Model A and
B. The depicted values are the most negative-valued point
in each MESP lobe in kJmol�1. The MESP minimum
above N3 atom is �15:5 kJmol�1 in Model A and �14:7
kJmol�1 in Model B.

Model C

Fig. 8. B3LYP/6-31G� level optimized structure for
Model C. Distances in Å.

Table 1. Most Negative-Valued MESP (in kJmol�1) on the Aromatic Rings, CC Double Bond on
Five-Memberd Ring, and Oxygen Atoms

Minimum MESP value on Model C Aromatic pocketa) Ethyl acetatea)

CC double bond in the 5-membered ring �69:5 �77:8
Arene ring interacting with ethyl CH �61:5 �69:0
Arene ring interacting with methyl CH �74:5 �75:7
Arene ring interacting with ether O �62:3 �67:4
Arene interacting with carbonyl O �85:8 �56:9
Ether O �93:3 �126

Carbonyl O �179 �210

a) The geometry is taken from Model C.
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MESP on the ether oxygen and carbonyl oxygen decreased by
33.1 and 30.6 kJmol�1, respectively. The substantial changes
in the MESP on the carbonyl oxygen and on the arene ring in-
teracting with this carbonyl oxygen as well as the bond length
features given in Fig. 8 suggest that the arene CH���O=C inter-
action is the strongest interaction type in Model C. In Fig. 9,
ethyl acetate trapped inside the aromatic pocket is illustrated
with MESP painted on the van der Waals surface. The electro-
static interaction of the most negative carbonyl oxygen (in the
blue shade) with the arene ring is visible in this figure.

An attempt was made to model the molecular assembly con-
taining dimer of 3, two monomer of 3 interacting with dimer
and ethyl acetate interacting with all the four molecules of 3
at PM3 level. This system contained 414 atoms and was des-
ignated as (3���Dimer���3)���Ethyl acetate. The optimized struc-
ture of this system is presented in Fig. 10, which showed good
agreement with the X-ray structure. From this structure, the
segments (3���Dimer���3), (3���Dimer), Dimer, 3, and ethyl
acetate were removed, and their respective heat of formation
values were calculated at PM3 level. Based on these heat of
formation values, it was found that the interaction energy in

Dimer, (3���Dimer), (3���Dimer���3), and (3���Dimer���3)���Ethyl
acetate were 35.0, 77, 108, and 138 kJmol�1, respectively.
The dimer interaction energy was in good agreement with
the interaction energy predicted based on Model A and B
structures at B3LYP/6-31G� level. The total interaction ener-
gy of 138 kJmol�1 found in (3���Dimer���3)���Ethyl acetate is
quite substantial and indicates the importance of the collective
strength of all the weaker interactions in forming such host–
guest complexes.

Conclusion

The results presented in this study suggested that the pack-
ing of molecule 3 in the crystal and its host–guest complexa-
tion with ethyl acetate are completely controlled by CH���O
and CH���� weak intermolecular interactions. The CH���N type
intermolecular interactions were conspicuous by their absence.
In terms of MESP, the electron density around the lone pair re-
gion of carbonyl oxygen atoms was much higher than that
around the nitrogen atoms, suggesting the strong electron do-
nation from the nitrogen atoms to the carbonyl groups. As a
result, hydrogen-bond accepting power of carbonyl oxygen
was increased. On the other hand, the depletion of electron
dencity around nitrogen atoms leads to the loss of CH���N type
hydrogen-bond interactions. The molecular modeling studies
at the DFT and PM3 levels strongly suggested that the collec-
tive strength of CH���O and CH���� weak intermolecular inter-
actions are quite substantial and they play a crucial role in the
crystal packing as well as the host–guest complexation.

Experimental

Experimental Procedure for the Synthesis of Compounds 3
and 4. To a solution of 4-phenyl-3H-2,4,6-triazole-3,5(4H)-
dione (2) (100mg, 0.56mmol) in ethyl acetate (20mL) at 0 �C,
6,60-diphenylfulvene (1) (65mg, 0.28mmol) was added slowly
under N2 atmosphere. The reaction mixture was stirred for 2 h
at room temperature. After monitoring the reaction by TLC, the
reaction mixture was diluted with water (50mL) and extracted us-
ing ethyl acetate (3� 50mL). The combined organic layers were
washed with saturated brine solution and dried over anhydrous so-
dium sulfate. The crude product obtained was purified by silica-
gel column chromatography to afford products 3 (84mg) and 4
(72mg) in 81% yield (1:1.2). Compound 3 was crystallized from
ethyl acetate–hexane mixture to afford colorless crystals. mp:
247 �C.

Compound 3: Colorless solid, mp, 247 �C. Rf : 0.58 (1:1 hex-
ane/ethyl acetate). IR (Neat) �max: 3064, 2926, 2857, 1769, 1718,
1600, 1497, 1407, 1280, 1134, 813, 758, 700, 648, 505 cm�1.
1HNMR (300MHz, CDCl3) � 7.53–7.14 (m, 30H), 6.26 (dd,
J1 ¼ 2:8Hz, J2 ¼ 5:6Hz, 1H), 5.87 (d, J ¼ 5:8Hz, 1H), 5.04 (d,
J ¼ 8:5Hz, 1H), 4.36 (s, 1H), 4.13 (s, 2H), 3.94 (s, 1H), 3.65 (m,
1H). 13CNMR (75MHz, CDCl3) � 152.9, 150.7, 150.2, 149.1,
140.6, 140.4, 138.4, 138.0, 134.2, 133.6, 131.4, 130.7, 130.5,
129.8, 129.31, 129.2, 129.0, 128.9, 128.9, 128.4, 128.4, 128.0,
127.9, 127.8, 127.7, 127.1, 126.7, 125.4, 75.2, 64.0, 53.4, 46.4,
41.5, 30.3, 29.6, 14.0. MS (FAB, Mþ 1): Calcd for C52H38N6O4:
811.30, Found: 812.04. Elemental analysis calcd for C52H38N6O4:
C, 77.02; H, 4.72; N, 10.36; O, 7.89%. Found: C, 77.04; H, 4.69;
N, 10.39; O, 7.88%.

Compound 4: Light yellow solid, mp, 150 �C. Rf : 0.27 (1:1
hexane/ethyl acetate). IR (Neat) �max: 3065, 2957, 2855, 1768,
1734, 1597, 1498, 1396, 1283, 1142, 1014, 916, 749, 696, 642,

Fig. 9. Ethyl acetate trapped inside an aromatic pocket vi-
sualized via the MESP painted on the van der Waals sur-
face. Color code ( ) from blue to red is �79 to
289.8 kJmol�1. The oxygen and hydrogen atoms involved
in CH���O and CH���� interactions are also shown.

Fig. 10. PM3 level optimized geometry of (3���Dimer���3)���
Ethyl acetate. The pair consisting of blue and pink is the
dimer. Monomers of 3 interacting with the dimer are in
yellow. Ethyl acetate trapped inside the aromatic pocket
is shown in ball and stick model.
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508 cm�1. 1HNMR (300MHz, CDCl3) � 7.55–7.16 (m, 20H),
7.03 (d, J ¼ 5:6Hz, 1H), 6.47–6.45 (m, 1H), 5.56 (s, 1H), 4.73 (s,
1H). 13CNMR (75MHz, CDCl3) � 157.4, 155.7, 150.2, 149.5,
138.7, 136.5, 130.9, 130.4, 129.5, 128.9, 128.7, 128.6, 128.5,
128.4, 128.3, 128.29, 128.2, 128.1, 127.8, 127.7, 125.3, 125.2,
125.1, 123.6, 71.8, 62.1, 29.9, 29.2. MS (FAB, Mþ 1): Calcd
for C34H24N6O4: 581.19, Found: 581.38. Elemental analysis calcd
for C34H24N6O4: C, 70.34; H, 4.17; N, 14.47; O, 11.02%. Found:
C, 70.23; H, 4.10; N, 14.58; O, 11.09%.

X-ray Data Collection, Structure Determination, and
Refinement.11 The single-crystal diffraction data were collected
on a Bruker AXS Smart Apex CCD diffractometer at 100(2)K.
The X-ray generator was operated at 50 kV and 30mA using
MoK� radiation. The data was reduced using SAINTPLUS and
an empirical absorption correction was applied using the package
SADABS. XPREP was used to determine the space group. The
crystal structure was solved by direct methods using SHELXS97
and refined by full-matrix least-squares methods using
SHELXL97. Molecular and packing diagrams were generated us-
ing ORTEP-III and PLATON. All the hydrogen atoms of the com-
pound were set in calculated positions and refined as riding atoms.
Details of data collection and refinement are given in Table 2.

CCDC-275653 for compound 3 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html (or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033;
e-mail: deposit@ccdc.cam.ac.uk).
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