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PM3 and B3LYP/3-21g" calculations were performed on cu-
curbit{7 uril and its complex with protonated 2, 6-bis(4, 5-
dihydro-1 H-imidazol-2-yl) naphthalene. The results agreed
well with the experimental observations. It indicated that in
addition to van der Waals interaction and hydrophobic effect,
hydrogen bonding is also an important driving force for the
molecular recognition of cucurbiturils.
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Introduction

(CB[n]),
compounds self-assembled from an acid-catalyzed con-

Cucurbit{ n Jurils macropolycyclic

densation of glycoluril and formaldehyde,' can form in-
clusion complexes with a number of organic substrates in
water.? As novel cage compounds, their rigid structures

Scheme 1
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and appropriate cavities make them useful molecular re-
ceptors with great potential applications in separation
techniques, catalysis, molecular sensors, and drug de-
livery. Usually, CB[6] is used in the studies because
of its easy synthesis, and the driving forces for its bind-
ing are considered to be the hydrophobic effect and
dipole interactions.

Very recently, Kim et al . reported the synthesis of
CB[5], CB[7], and CB[8].% These molecules,
whose cavities are of different sizes, are expected to have
different binding properties and therefore many potential
applications. For example, though it has been shown
that the cavity of CB[6] is too small for a modestly large
substrate such as protonated 2, 6-bis (4, 5-dihydro-1 H-
imidazol-2-yl) naphthalene (1), it tumms out that 1 can
form a very stable 1:1 complex with CB[7].
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Herein, as a part of our continuing efforts in de-
veloping the theoretical host-guest chemistry,* we per-
formed a quantum chemistry study on newly synthesized
CB(7] and its inclusion complexation with 1. It is in-
teresting to see that the quantum mechanic method can
reproduce the experimental observations of such a large
system.

Methods

All the calculations were done with GAUSSIAN
98.5 The initial geometry of 1 was constructed with the
help of MOLDEN. CB[7] was optimized by PM3 from
the crystalline structure. The inclusion complex was con-
structed from the PM3-optimized CB[7] and 1, and
several starting points were considered for the complex in
which 1 was located at different places inside the cavity
of CB[7]. The stationary point with the lowest energy
was found. Finally, density functional theory method
B3LYP/3-21g™ was used to give a better estimation of
the energies of the PM3-optimized species.

Results and discussion

Structure of CB[7]

The structure parameters of the PM3-optimized and
crystalline CB[7] are listed in Table 1. Since both the
structures are not symmetrical, only the average bond
lengths, bond angles, and dihedral angles are listed, for
which the denotations of elements are illustrated in Fig.
1. As seen from Table 1, the overall optimized geometry
agrees well with the crystalline structure, which indi-
cates that PM3 is applicable to such a large system.
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Fig. 1 Denotations of the elements of the CB[7] molecules.

Table 1 Bond lengths, bond angles and dihedral angles of the
crystalline and PM3-optimized CB[7]

Crystalline PM3-optimized
Bond length (nm)
C(1)—N(1) 0.1364 0.1450
N(1)—C(2) 0.1450 0.1497
c(2)—c(3) 0.1547 0.1562
C(3)—N(2) 0.1445 0.1491
C(3)—N(4) 0.1453 0.1498
N(4)—C(4) 0.1369 0.1452
C(4)—N(3) 0.1367 0.1444
C(6)—N(1) 0.1446 0.1479
C(5)—N(3) 0.1446 0.1474
C(7)—N(2) 0.1450 0.1475
C(8)—N(4) 0.1451 0.1479
0(1)—c(1) 0.1232 0.1212
0(2)—C(4) 0.1231 0.1212
Bond angel (deg)

C(1)-N(1)-C(2) 112.1 109.2
C(3)-C(2)-N(1) 103.3 104.8
N(2)-C(3)-C(2) 103.3 104.2
N(4)-C(3)-C(2) 103.4 104.6
C(4)-N(4)-C(3) 112.1 109.5
N(3)-C(4)-N(4) 108.4 108.4
C(5)-N(3)-C(4) 122.5 122.2
C(6)-N(1)-C(1) 122.5 119.8
C(7)-N(2)-C(1) 123.0 121.9
C(8)-N(4)-C(4) 122.5 119.7
0(1)-C(1)-N(1) 125.6 125.6
0(2)-C(4)-N(3) 125.9 125.6

Dihedral angel (deg)

C(3)-C(2)-N(1)-c(1) 3.6 13.3
N(2)-C(3)-C(2)-N(1) 4.2 15.6
N(4)-C(3)-C(2)-N(1) 118.4 110.3
C(4)-N(4)-C(3)-C(2) 3.8 14.2

N(3)-C(4)-N(4)-C(3) 4.2 8.2
C(5)-N(3)-C(4)-N(4) 170.3 162.2
C(6)-N(1)-C(1)-N(2) 166.9 147.7
C(7)-N(2)-C(1)-N(1) 170.4 161.0
C(8)-N(4)-C(4)-N(3) 167.5 152.1
0(1)-C(1)-N(1)-C(2) 175.7 171.6
0(2)-C(4)-N(3)-C(2) 175.8 173.9

Interestingly, although the PM3-optimized CB[7]
is not fully circular, it is much more symmetric than that
of the crystalline structure. The behavior might be
caused by the lattice packing and hydration waters in the
crystal environment, which can significantly distort the
macrocyclic molecules from their most stable conforma-
tions in gas phase. Apparently, the free cucurbituril
molecules in gas phase are expected to be less twisted
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than their crystalline structures and consequently be
more symmetric and circular. The symmetric and circu-
lar shape is also expected to be dominant for cucurbi-
turils in solution because unlike crystal, the solution
provides a homogenous environment to the molecules in
it. Thus, the PM3-optimized structure might better re-
flect the structure of CB[7] in the gas phase or in solu-

tion.
Inclusion complex
The PM3-optimized geometry of the complex of

CB[7] with 1 is shown in Fig. 2, and the key features
of the complex are summarized in Table 2.

Fig. 2 PM3-optimized structure of the complex of CB{7] with 1.

Table 2 PM3 calculation results for the host and guest molecules

Heat of formation

Stabilization energy upon

Species (hartrees) HOMO (eV) LUMO (eV) complexation (kJ/mol)
1 0.64700 -0.55733 -0.28512 —
CB[7] -0.57237 -0.35203 0.01719 —
Complex -0.06882 —0.46929 - 0.18566 -376.29
From Fig. 2, it can be seen that the calculated turils.
structure is in good agreement with the prediction from
the properties of the host and guest molecules. As Density functional theory calculation

known, the center of the cucurbiturils constitutes a
lipophilic region, while the two portals laced with car-
bonyl groups are lipophobic. Therefore, it is expected
that the naphthalene portion of 1, which is highly hy-
drophobic, should be located inside the cavity. On the
other hand, the protonated dihydroimidazole rings,
which are very hydrophilic, should obviously reside out-
side the portal of the host molecule. Both the expecta-
tions are confirmed by the calculation. Interestingly, ac-
cording to the calculated results, four hydrogen bonds
are formed between 1 and the receptor, as is denoted by
the distances between the hydrogens of N—H groups
and the oxygens of the receptor: 0.1801 nm, 0. 1818
nm, 0.2696 nm and 0.3103 nm. Thus, in addition to
van der Waals interaction and hydrophobic effect,! it is
clear that hydrogen bonding can also be an important
driving force for the inclusion complexation of cucurbi-

In Table 3 the calculation results is listed with the
density functional theory B3LYP/3-21g* method. Com-
paring Table 3 with Table 2, we can see that though
there is some difference between the calculation results
by PM3 method and B3LYP/3-21g™ method, their re-
sults are qualitatively the same. Thus, it is expected
that PM3 is at least qualitatively reliable in the study of
the inclusion complexation of cucurbiturils. This infor-
mation is important, because (1) the size of the cucur-
bituril complexes is too large for DFT methods at the
present stage, and (2) as the substrates of cucurbiturils
are usually organic cations,? the molecular mechanic
methods might have difficulty in modeling the system.
Thus, PM3 represents a feasible and reliable method to
be used in the theoretical study of cucurbiturils at a
level of quantum mechanics.
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Table 3 B3LYP/3-21g" results based on PM3 optimized structure
Heat of formation Stabilization energy upon
i HOMO (eV L V
Species (hartrees) OMO (eV) UMO (eV) complexation (kJ/mol)
1 - 834.45984 -0.46812 -0.32407 -
CB[7] —4188.90617 -0.22535 0.03850 -
Complex — 5023.58663 -0.35625 -0.20097 - 578.68
Conclusion Trans. 2 1998, 529.

PM3 is a feasible and reliable method to be used
for the study of cucurbiturils. Modeling with PM3 on cu-
curbit[ 7 ]uril can well reproduce the X-ray structure. In
the system of the complex of cucurbit [7 ] uril with
2,6-bis(4,5-dihydro-1 H-imidazol-2-yl) naphthalene,,
the calculation indicates that in addition to van der
Waals interaction and hydrophobic effect, hydrogen
bonding is also an important driving force for the inclu-
sion complexation.
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