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Inverted Cucurbit[n]urils: Density Functional Investigations on the Electronic Structure,
Electrostatic Potential, and NMR Chemical Shifts

1. Introduction

Cucurbit[n]uril CB[n] (n = 5—8 or more) are cyclic meth-
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Inverted cucurbit[n]uril (*CB[n], x = 1, 2; n = 6—38), the enantiomers of cucurbit[n]uril (CB[n]) comprising
one or more inverted glycouril units, show distinct selectivity in recognition toward the guest by the virtue
of shape and dimensions of its cavity. The iCB[n] (x = 1 and n = 6, 7) are isolated as intermediates during
the synthesis of CB[n]. In this work, density functional theory using the hybrid B3LYP functional has been
employed to derive the electronic structure and the NMR chemical shifts in the i*CB[n] hosts. The present
calculations have shown that the inversion of the glycouril unit of CB[6] and CB[7] engenders a destabilization
by 4.2 and 5.7 kJ mol ™!, respectively, and, as opposed to this, the i{CB[8] is favored by 18.6 kJ mol~! over
the corresponding CB[8] host. Likewise, i*CB[7] possessing two inverted glycourils are highly destabilized
over CB[7]. A large separation of the inverted glycouril units reduces the repulsion between methine protons
inside the cavity, rendering the 1,4-i?°CB[n] (n = 7 or 8) to be of lowest energy. Stabilization energies from
the self-consistent reaction field (SCRF) theory are calculated with water, ethanol, and tetrahydrofuran (THF)
as solvents. Unlike in gas phase and other solvents, the stabilization hierarchy iCB[6] < iCB[7] < iCB[8]
has been predicted in THF. Molecular electrostatic potential (MESP) was used to gauge the cavity shape of
these hosts. Consequently the iCB[6] reveals a half-sprocket-like cavity; an additional tooth for each glycouril
in the succeeding iCB[n] homologue was noticed. In the case of the 1,5-i*CB[8] enantiomer, the cavity turns
out to be rectangular. The deeper MESP minima near the ureido oxygens suggest strong electrostatic interactions
with the guest at the iCB[6] portals. The electron-rich region within the cavity explains the large affinity of
CB[n] toward the electron deficient guests. The electronic distribution and shape and size of the cavity thus
derived provide insights for the inclusion of guests of different shapes in a variety of i*CB[#n] hosts. NMR
chemical shifts have shown that the methylene protons near the inverted glycouril and the methine protons
those are directing toward the cavity yield distinct signals, consistent with those observed in experiments.
The protons within the cavity are less affected by solvation.

complexes were investigated using the density functional theory
by the present authors.*

ylene bridged glycouril oligomers that represent a fascinating
class of molecules which are composed of a hydrophobic cavity
surrounded by hydrophilic portals lined up with the polar ureido
carbonyl groups.! Owing to the attributes of common depth but
varying equatorial or annular widths, CB[n] offer stronger
binding of different guests. The growing interest in this class
of molecules mainly stems from its remarkable affinity and high
selectivity toward the guest facilitated by the inner cavity of
CB|[n] and its opening. Electrostatic potential investigations have
revealed that CB[n] portals are significantly more electron-rich
than that of S-cyclodextrin.? This engenders an effective binding
of guests ranging from acids, alcohols,>* aromatic molecules,”™'?
ferrocene, cobaltocene®!*™!® to peptides'®?’ within the CB[n]
host. Consequently, CB[n] hosts are efficiently used in a variety
of applications, namely, organic synthesis,'>?!~%’ catalysis,?$3°
nanotechnology,?!3? and supramolecular chemistry.*~3° Syn-
theses and X-ray crystal structure of CB[n] (n = 5—8)
homologues are reported.’**0™#2 Theoretical investigations on
the CB[n] homologues and their derivatives and inclusion of
guests within the CB[n] cavity have also been discussed in the
literature.**~* Electronic structure, charge distribution, and NMR
chemical shifts in the CB[n] (n = 5—8) and their host—guest
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Isaacs and co-workers**—? have recently studied the family
of iCB[n] analogues wherein one of the glycouril units in CB[#]
is inverted and thus the methine carbon and protons in this unit
are directed inside the cavity. These iCB[n] were isolated as
intermediates during the synthesis of CB[n] from the reaction
of glycouril and formaldehyde in acidic media and were detected
by 'H NMR spectroscopy.**™* Single crystal data of iCB[6]
and iCB[7]°! have suggested that the methine protons of the
inverted glycouril unit placed within the cavity engender smaller
cavity volume compared to their CB[n] counterpart. It is not
surprising that the small cavity with open portals of iCB[6] and
iCB[7] led to loose binding of guests with different selectivity
compared to the CB[n] hosts. Further, the inverted glycouril
rendered a large dipole moment to these iCB[n] enantiomers.>!
The inverting of one or two glycourils as in iCB[n] or *CB[n]
influences significantly the hydrophobicity of the cavity as well
as the hydrophilicity at the portals, which primarily governs
interaction with the guest, that is, either accommodation within
the cavity or lateral interaction with the portals. As a pursuance
to understand the binding of the guest within the inverted-CB[n]
cavity, the electronic structure, molecular electrostatic potential
(MESP), and 'H and '3C NMR chemical shifts have been
calculated. The relative stabilization of different *CB[n] enan-
tiomers and the influence of solvent on the energies and the
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Figure 1. (a) Atom numbering scheme in the repeating unit of *CB[n]. (b) Labels used for the symmetry equivalent atoms in 1,4-?CB[8] as an

example. Inverted glycourils are shown in red color.

Side view

!

Top view

iCB[6]

iCB[7]

Figure 2. Superimposed geometries from the crystal structure and B3LYP calculations.

NMR spectra were also studied. The computational method used
in this work is outlined below.

2. Computational Method

Geometry optimizations of inverted CB[n] using the density
functional calculations incorporating Becke’s three-parameter
exchange with Lee, Yang, and Parr’s (B3LYP) correlation
functional®** are performed employing the GAUSSIANO3
program.> The internally stored 6-31G(d) basis was used. The
MESP, V(r), is given by the classical expression:

< Zy o(r)d’r’
V(r)=AZ1 Ry -f (1

r—r'l

In the above equation, M is total number of nuclei in the
molecule and Z, defines the charge of the nucleus located at
Ra, with p(r) being the electron density at location r. The two
terms in eq 1 refer to the bare nuclear potential and electronic
contributions, respectively. Balance of these two terms brings
about the effective localization of electron-rich regions in the

molecular system.>®~®! The MESP topography is then mapped
by examining the eigenvalues of the Hessian matrix at the point
where the gradient V(r) vanishes; the MESP critical points (CPs)
were thereby located. A program developed in our laboratory
was used to identify the CPs in the MESP topography.®? The
CPs are characterized in terms of an ordered pair (R, 0), where
R and o denote the rank and the signature (the sum of algebraic
signs of the eigenvalues) of the Hessian matrix, respectively.
These CPs can further be grouped into three sets, namely, (3,
+3), (3, +1), and (3, —1). The (3, +3) CPs correspond to the
local minima, whereas the (3, +1) and (3, —1) CPs are saddle
points. These minima in the MESP topography represent
potential binding sites for the electrophilic interactions. The
program UNIVIS-2000 was employed for visualization of the
MESP.% Frontier orbitals were analyzed by using the program
MOLEKEL.*% NMR chemical shifts () were calculated by
subtracting the nuclear magnetic shielding tensors for protons
in the iCB[n] from that for the protons in tetramethylsilane
(TMYS) (as a reference) obtained from the gauge invariant atomic
orbital (GIAO) method.® The effect of solvation on energetics
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TABLE 1: Stabilization (in kJ mol™!) of *CB[n] Enantiomers Relative to (i) the Lowest Energy Inverted CB[r] Enantiomers

(AERe) and (ii) the Corresponding CB[n] Homologue (AEg,,)*

AEge AEgyp dipole moment
gas phase water ethanol THF gas phase water ethanol THF gas phase
iCB[6] 0.0 0.0 0.0 0.0 4.2 28.7 271 23.0 7.1
iCB[7] 0.0 0.0 0.0 0.0 5.7 27.7 229 17.9 7.2
iCBI[8] 0.0 0.0 0.0 0.0 —18.6 29.8 235 152 7.2
1,2-i*CBJ[7] 61.6 59.9 67.0 59.5 72.2 115.7 118.2 98.3 13.4
1,3-i*CBJ[7] 5.6 4.6 1.7 52 16.1 60.4 53.0 44.0 9.0
1,4-i*CB[7] 0.0 0.0 0.0 0.0 10.5 55.8 51.2 389 3.2
1,2-i*CBJ[8] 38.2 37.5 39.1 41.0 29.1 98.6 89.2 75.4 13.2
1,3-i*CBJ[8] 1.0 22 2.5 1.5 —8.1 63.3 52.5 359 10.3
1,4-i>CB[8] 0.0 0.0 0.0 0.0 —9.1 61.1 50.0 34.5 5.6
1,5-i>CB[8] 0.2 0.6 0.3 —04 -9.0 61.6 50.4 34.0 0.2

“ The dipole moments (in Debye) are also given.

of *CB[n] homologues as well as NMR chemical shifts therein
was studied by using the self-consistent reaction field (SCRF)
theory employing the polarizable continuum model (PCM) as
implemented in the GAUSSIANO3 program.’

3. Results and Discussion

The atom numbering scheme in the monomer unit (glycouril)
of the iCB[n] is displayed in Figure la. Atom type and
numbering of hydrogen atoms in the inverted cucurbit[z]uril(s)
are depicted in Figure 1b with 1,4-i*CB[n] as an illustration.
Thus, atoms in the inverted glycouril (depicted in red color)
differ in their orientation compared to those in the rest of the
monomer. In the inverted glycouril, the methine carbons (C,4
and C4') and the corresponding hydrogen (H,) direct toward
the cavity while the ureido group (oxygens O;) points away
from the cavity. Atoms in the monomer unit nearest to the
inverted glycouril unit orientated similar to those in CB[n] are
designated by .. Similarly, atoms from succeeding monomer
units are assigned notations S, v, and 0. As displayed in Figure
1b, the star (%) denotes the atoms in glycouril of *CB[n] that
are between two inverted units and possess a lesser number of
monomers than those on the other side. The methylene protons
pointing away from the cavity (H;) are shown by the broken
wedge lines, and H, are the methine protons. Finally, methylene
protons represented by the wedge lines that point toward the
iCB[n] portals are denoted as Hj. It should be remarked here
that iCB[6] and iCB[7] have been isolated as intermediates
during the synthesis of CB[n].>! i*CB[7] with two inverted
glycouril units in CB[7] has also been conjectured. As a
pursuance, the conformers possessing one (iCB[n], n = 6—8)
and two (?CB[n], n = 7, 8) inverted monomer units of the
corresponding CB[6] to CB[8] homologues have been consid-
ered. Stationary point geometries of iCB[6] and i{CB[7] obtained
from the present calculations and those from the X-ray crystal
structures are superimposed on each other in Figure 2. Both
the top and side views are shown. It is readily discernible from
the superimposed geometries shown in the figure that the
B3LYP optimized structures match well with those derived from
the X-ray crystal data. A slight deviation of the i{CB[7] optimized
structure from its X-ray structure can be noticed, since the
experimental iCB[7] structure refers to the complex with the
guest tetrahydrofuran (THF) residing within the cavity.

Relative stabilization energies (AEg) of different i*CB[n]
enantiomers are given in Table 1. A large separation of inverted
glycouril units that minimizes the repulsions due to methine
protons within the cavity is one of the factors contributing
toward the enantiomer stability. Consequently, 1,4-i*CB[n] turns
out to be the lowest energy enantiomer in ;°CB[7] and i*?CB[8]

as well. A comparison of stabilization energies (AEsg,) of
inverted CB[n] homologues and the corresponding CB[#] have
shown that the iCB[8] and i*CB[8] enantiomers, with an
exception of the 1,2-i?CB[8] enantiomer, are favored. The
inversion of a glycouril in CB[6] and CB[7] engenders a
destabilization of 4.2 and 5.7 kJ mol ™!, respectively. As opposed
to this, i{CB[8] is favored by —18.6 kJ mol™! over CB[8]. The
stabilization energy of the iCB[8] enantiomer is nearly twice
that of 1,4-*CB[8] (—9.1 kJ mol™").

In order to gauge the influence of solvation on the energetics
of *CB[n] enantiomers, the SCRF calculations incorporating
the PCM model were carried out. Calculated AEs;, values in
water led to destabilization of iCB[n] by ~28 kJ mol~! over its
CBI[n] counterpart. As shown in Table 1, the i*CB[n] enanti-
omers are largely destabilized compared to the iCB[n] homo-
logues. Accordingly, for the 1,4-i?CB[8] enantiomer, the
stabilization energy amounting to 61.1 kJ mol™! was noticed.
Calculated AEg,, in THF suggests a marginal preference for
the 1,5-2CB[8] enantiomer (by 0.4 kJ mol™!) over its 1,4-
counterpart. The solvation by THF leads to the stabilization
hierarchy iCB[6] < iCB[7] < iCB[8], with the AEs,, values
being 23.0, 17.9, and 15.2 kJ mol™!, respectively.

The inverting of a glycouril unit(s) of CB[n] engender loss
of symmetry of the CB[n] hosts and consequently renders a
large dipole moment to the i*CB[n] enantiomers displayed in
Table 1. Enantiomers with an inverted glycouril result in a dipole
moment as large as ~7 D, whereas inverting of yet another
glycouril unit imparts a dipole moment as large as ~13.2 D to
the 1,2-iCB[n] enantiomer. Dipole moments of these enanti-
omers decrease steadily with an increased separation of inverted
units.

The MESP isosurface with V = —157.5 kJ mol™! in the
i*CB[n] has been depicted in Figure 1S of the Supporting
Information. The electron-rich regions suggest the binding sites
for the interaction with the guest. Unlike in i{CB[7] or iCB[8],
the MESP isosurface encompasses the portals of i{CB[6] entirely,
which suggests that the interactions with the guest are largely
electrostatic in nature.

A zero-valued MESP isosurface (V = 0.0 kJ mol ™), utilized
to gauge the shape of the *CB[n] cavities, is displayed in Figure
3. The negative potential inside the cavity of inverted CB[n]
homologues (displayed for iCB[8] as an illustration) partly
explains the affinity toward the electron deficient guest. The
MESP isosurface within i{CB[6] engenders a broken-sprocket-
like cavity. An increase in the cavity size with an additional
tooth per glycouril unit has been observed for the higher
homologues. The iCB[n] cavities are strikingly similar and
capable of selective binding of different guests. The 1,2-i>CB[n]
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Figure 3. MESP isosurface (V = 0.0 kJ mol™") in inverted CB[n] homologues, displaying the cavity shapes. The negative potential present inside
the cavity is as shown in the case of iCB[8].

iCB[7] CB[7]
13

Figure 4. Frontier orbitals in inverted /*CB[7] enantiomers. The HOMO is localized over the inverted glycouril(s).

TABLE 2: MESP Minima (in kJ mol™!) near the Ureido Oxygens (x) and inside the Cavity (y) of Inverted CB[z] Homologues

2CB[7) 2CBI[8]
iCB[6] iCB[7] iCB[8] 12- 13- 14- 12- 13- 14- 1,5-
X y X y X y X y X y X y X y X y X y X y
ﬂ* —22.3 —32.8 —2192 —420
X —201.5 —214.6 —196.9 —207.4 —211.4
i 2284 —525 2284 53 —2258 -26 2192 —341 2127 —2127 -282 2166 315 2114 —144 -—2143 ~215.3
o —254.7 —238.9 —225.8 —2232 —2153 —217.3 —-217.9 —302 —212.7 —211.4 —211.4
B —2547 —31.5 —2442 —473 —2363 —59.1 —2264 —158 —2258 —322 —2251 —328 —2238 —683 —2225 —473 —220.5 —459 2192 —420
y 2547 —473 2442 578 —2389 —683 —220.5 —60.4 -394 -2205 709 —2232 564 ~49.9
o —61.7 —2389 —-729
cavities also resemble a broken sprocket as noticed in case of The MESP topography in the *CB[n] hosts yields minima
the iCB[n] hosts. A different shape of the ?CB[n] cavity results near the ureido oxygen (yellow) and inside the cavity (pink).
in varying separation between inverted glycourils. It should be Both the top and side views of these minima in the iCB[n] hosts
remarked here that the 1,5-CB[8] enantiomer leads to a nearly are depicted in Figure 2S of the Supporting Information. The
rectangular shaped cavity that may facilitate selective binding minima inside the cavity are located near the junction of two-
toward a planar guest. Thus, the cavity shape gauged from the glycouril units (small cavity formed by N3 and Ns nitrogens of
MESP isosurface precludes the guest that binds tightly within monomer and N3' and Ns' of other monomer). Thus, the effective

the *CB[n] host. cavity dimensions of iCB[n] at the portal and inside the cavity
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Figure 5. NMR chemical shifts dy of protons in CB[6] and iCB[6] enantiomers. The Oy values are shifted significantly in water. Inverted methine

(H,) protons are less influenced in solvent.
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Figure 6. Comparison of Oy values in i(CBCB[6] and iCB[7]
enantiomers calculated in water and observed in experiments.

noticed from the MESP topography are nearly the same. These
MESP minima (in kJ mol™!) near the ureido oxygens in a portal
(“x”) and those near nitrogen atoms (“’y”) are reported in Table
2. The reported values refer to the average electrostatic potential
at the CPs of equivalent oxygens in both portals. The inverted
unit yields the minima outside the cavity. It is further evident
that the inverted glycouril oxygens engender the shallow
minima. For example, in iCB[6], minima with —228.4 kJ mol !
were located near inverted ureido oxygens, whereas those for
the rest of the oxygens were identified with —254.7 kJ mol~".
A large separation from the inverted glycouril endows the ureido
oxygen to be more electron-rich as is evident from the MESP
minima near the y-oxygen of iCB[8] which turns out to be
—238.9 kJ mol™! while the a-oxygen exhibits minima with
—225.8 kJ mol™". It should also be remarked here that, by
increasing the number of glycouril units in iCB[n], MESP
minima near the nitrogen (“y”’) become electron-rich, and thus,
the y-nitrogen of iCB[8] yields the MESP minima with V =
—68.3 kJ mol™! as compared to —47.3 kJ mol~! in iCB[6]. It
may, therefore, be inferred that on going from iCB[6] to iCB[8]

the hydrophilicity at the portals decreases and the cavity
becomes less hydrophobic.

As far as the *CB[n] enantiomers are concerned, the oxygens
nearer to the inverted glycouril yield shallow minima as
observed for the iCB[n] enantiomers. Moreover, with a large
separation between the inverted glycouril units, the “x” and “y”
CPs in i?CBJ[8], shown in Figure 28 in the Supporting Informa-
tion, become less electron-rich. In concurrence with this, the
o* CPs in the 1,5-i?CB[8] enantiomer are deeper while the 5-x”
and B-“y” CPs exhibit shallow minima. Accordingly, the
increasing number of glycourils between the two inverted units
endows largely electron-rich ureido oxygens.

The interactions from the host can be analyzed from the
charge distribution within the Frontier molecular orbitals.
Frontier molecular orbitals in *CB[7] are displayed in Figure
4. It is transparent that the highest occupied molecular orbital
(HOMO) has largely been localized near the inverted glycouril
units. As opposed to this, the lowest unoccupied molecular
orbital (LUMO) by and far is localized over the rest of
noninverted glycouril units of *CB[n]. The complimentary
electron-localization regions within the HOMO and LUMO may
also be noticed in rest of the *CB[n] homologues depicted in
Figure 3S of the Supporting Information.

'H and "3C chemical shifts in the NMR spectra of the #*CB[n]
enantiomers are calculated in the gas phase and with water as
a solvent. The protons H;, H,, and H; of CB[#n] hosts (without
any inverted glycouril) in the gas phase yield the NMR signals
near Oy = 3.2, 4.6, and 6.0 ppm, respectively.*> The inverting
of glycouril affects the dy values in CB[n] significantly. NMR
spectra of CB[6] and iCB[6] are compared in this respect in
Figure 5. As revealed from the figure, H, and H; protons bonded
to the o-methylene carbon show distinct signals at 3.80 and
5.55 ppm, respectively, than those of the 3, y, or ¢ protons. It
may further be noticed that the H; protons are downshifted while
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TABLE 3: NMR Chemical Shifts in #*CB[n] in the Gas Phase and in Water

gas phase water gas phase water
iCB[n] H, H, H; H, H, H; i*’CB[7] H, H, H; H, H, H;
iCB[6] i 4.52 4.76 1,2- i 4.48 4.95 541 4.67 5.23 5.14
o8 3.80 4.68 5.55 4.17 5.32 5.24 a 3.91 4.81 5.52 4.28 5.44 5.25
B 3.25 4.56 5.93 3.84 5.20 5.53 B 3.30 4.42 5.95 3.90 5.13 5.56
Y 3.25 4.50 5.99 3.82 5.23 5.56 Y 3.24 4.36 6.05 3.83 5.11 5.57
iCB[7] i 491 5.17 1,3- o* 3.85 4.65 5.58 4.22 5.30 5.28
a 3.85 4.57 5.63 4.2 5.23 5.29 i 4.84 5.13
B 3.22 4.49 6.01 3.82 5.20 5.57 a 3.85 4.60 5.62 421 5.27 5.30
Y 3.23 4.47 6.06 3.82 5.18 5.6 B 3.23 4.47 6.01 3.83 5.18 5.57
o) 3.22 6.07 3.80 5.61 Y 3.21 6.04 3.80 5.59
iCB[8] i 5.01 5.26 1,4- B* 3.28 5.93 3.88 5.53
a 3.83 4.51 5.63 4.18 5.21 5.29 o* 3.80 4.59 5.57 4.16 5.26 5.26
B 3.24 441 6.06 3.83 5.16 5.59 i 4.68 5.00
Y 3.22 441 6.09 3.82 5.15 5.61 a 3.81 4.58 5.59 4.17 5.25 5.28
o) 3.22 441 6.09 3.81 5.15 5.61 B 3.26 4.47 6.00 3.86 5.18 5.57
TABLE 4: B3LYP Calculated *C NMR Chemical Shifts in #*CB[r] Homologues
2CBI[7] 2CBI[8]
iCB[6] iCB[7] iCB[8] 1,2- 1,3- 1,4- 1,2- 1,3- 1,4- 1,5-
C; C, C; C, C; C, C; C, Cs Cy C; Cy C; C, C; C, C; C, C; C,
B* 52.9 54.3 542 71.1
o* 53.5 709 537 70.5 546 719 541 713 539 712
i 63.2 63.5 642 546 64.7 63.3 642 552 659 64.6 64.0 64.2
o 53.0 693 534 705 540 713 53.0 694 535 703 536 704 538 703 546 713 539 712 540 713
I} 51.6 69.5 53.0 702 541 710 522 706 529 703 533 70.5 53.1 70.8 54.1 71.0 54.1 71.1 542 71.0
y 523 693 533 703 543 71.1 547 717 535 548 720 544 71.1 544
o) 53.1 542 71.0 55.5
CB[n] 514 688 528 699 539 70.7 528 699 528 699 528 699 539 70.7 539 707 539 707 539 70.7
TABLE 5: '3C NMR Chemical Shifts in i*CB[n] Homologues in Water
i’CBI[7] i’CBI[8]
iCB[6]  iCB[7]  iCBI8] 1,2- 13- 1,4- 1,2- 13- 1,4- 1,5-
C; C, C; C, C; C, C; C, Cs Cy C; Cy C; C, C; C, C; C, C; C,
£* 52.1 53.4 533 70.1
o* 52,5 702 529 69.6 539 717 533 704 53.1 703
i 63.0 63.3 64.1 539 64.2 63.1 64.0 545 654 64.4 63.8 64.0
o 52.1 68.6 52.6 69.7 532 704 522 68.6 525 69.5 526 69.5 530 69.5 538 704 532 703 532 704
I} 50.8 683 52.1 693 532 700 514 69.7 520 694 526 69.5 523 69.8 53.1 70.0 532 70.1 533 70.0
y 514 689 523 693 533 700 537 70.7 525 53.8 709 534 70.1 534
o) 52.2 53.2 70.0 54.5
CB[n] 509 683 523 693 533 703 523 693 523 693 523 693 533 703 533 703 533 703 533 703

the H; protons exhibit an upshifted signal. Similarly, the H,
protons of the inverted unit are deshielded and yield the NMR
signal at Oy = 4.52 ppm. The gas phase NMR spectra of iCB[7]
and iCB[8] are displayed in Figure 4S of the Supporting
Information. It has clearly been noticed that the H, proton in
the iCB[8] host is largely downshifted to oy = 5.01 ppm. A
downshift of the inverted H, increases steadily with the cavity
size.

The NMR spectra of the CB[~] hosts possessing no inverted
glycouril unit calculated in the solution (modeled via the SCRF)
match well with the observed spectra.*? In the following, we
discuss the influence of solvation on the NMR signals of i*CB[n]
hosts. On solvation by water, the H; proton in i{CB[6] bound to
a-methylene carbon downshifts by 0.37 ppm while the down-
shift of ~0.6 ppm was predicted for the corresponding 5 and y
protons. On the contrary, the a- as well as the - (or y-) Hj
proton exhibit Oy signals which are upshifted by 0.31 and ~0.4

ppm, respectively. The methine protons (H,) yield a downshifted
signal in aqueous solution. Here, the H, protons within the
iCB[6] cavity are downshifted (0.24 ppm) and appear at oy =
4.76 ppm, whereas the protons outside the cavity exhibit an
~3 times larger downshift (0.64 ppm). Similar inferences may
be drawn in the case of the iCB[7] and iCB[8] hosts. Moreover,
NMR signals of a-H; (or o-Hj3) are observed to be closer to
those of the corresponding 3, y, or d protons in aqueous solution.
'"H NMR chemical shifts in i{CB[6] and iCB[7] in the presence
of water are compared with those in the experimental ones in
Figure 6.°" An isolated signal of the inverted H, protons in
iCB[6] can be observed. The distinct a-H; and o-Hj protons
are also noticed in both experimental as well as calculated
spectra. On going from iCB[6] to iCB[7], the inverted H, (4.76
ppm) signal shows a prominent downshift of 0.41 ppm.
Furthermore, the clustering of H, signals in the present
calculations is consistent with the experimental spectra. The H;
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Gas Phase e =H = Water
1,2-i*CB[7]
1,3-/*CB[7]
14-2CB[7]
7 6 5 4 3 2 7 6 5 a 3 2
— 6“ — — 61_. —_—

Figure 7. NMR chemical shifts oy in i?CB[7] enantiomers in the gas phase and in water. H, signals appear close in 1,4-i*CB[7].

Gas Phase -y =—C3 =—Ci In Water
CB[7]
iCB[7]
1,2-i*CB[7]
1,3-i>CB[7]
1,4-i2CB[7]
0 0 0 10 s 6 4 % W 120 10 s s 4
<€ 6c < 6C

Figure 8. '*C NMR chemical shifts of CB[r] and i*CB[7] in the gas phase and in water. Inverted methine carbons (C,) lead to clearly different

signals compared to those in CB[7] enantiomers.

and H; protons turn out to be relatively less sensitive to the
increase of cavity size. The calculated Oy values predict a
consistent upshift of ~0.4 ppm. NMR spectral patterns obtained
from the SCRF calculations agree well with that observed in
the experimental spectra.

The Oy values of H,, H,, and H; in ?CB[7] enantiomers in
the gas phase and water are given in Table 3. On solvation,
both i-H; and i-H, protons of the 1,2-*CB[7] enantiomer lead
to a downshift of 0.20 and 0.28 ppm, respectively. The H; proton
exhibits an upshifted signal at 6y = 5.14 ppm. The NMR spectra
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of i?CB[7] enantiomers in Figure 7 display relatively sparse
signals in the gas phase. Here, the Oy values of H, exhibit more
crowded signals for the 1,4-?CB[7] enantiomer. As inferred
earlier in iCB[n] hosts, solvation by water influences the H;
and Hj signals. An upshift in 0y of Hj leads to closely spaced
lines in the NMR spectra. A shift in dy values of a-methylene
and inverted methine protons is relatively small as discussed
earlier for iCB[n] (cf. Table 4). The oy values of i?’CB[8] are
displayed in Table 1S of the Supporting Information, and 'H
NMR spectra in the gas phase as well as in water are given in
Figure 5S of the Supporting Information. The inferences drawn
in the case of i?*CB[7] are also borne out by the i?CB[8]
enantiomers.

13C chemical shifts of the methylene and methine carbons in
i*CB[n] and CB[n] are reported in Table 5. Calculated d¢ values
of the inverted C, engender an upshifted signal at 63.2 ppm in
iCB[6] compared to 68.8 ppm for CB[6] which possesss no
inverted glycouril unit. This has been observed in the experi-
ment, wherein an upshift of 8.2 ppm was noticed for inverted
methine carbons appearing at ¢ = 62.8 ppm.>! The spectra of
the iCB[n] homologues are compared in Figure 6S of the
Supporting Information. In both CB[#n] and iCB[n] homologues,
an increase in cavity size engenders a larger downshift for the
C,. The cavity dimension, however, does not influence d¢ of
the inverted methine carbons significantly. Accordingly, a
downshift of ~0.3 ppm in iCB[7] has been noted for the inverted
C4 compared to that in {CB[6]. The methine carbon outside the
cavity of iCB[7] exhibits a downshift (~1.1 ppm) and appears
at Oc = 69.9 ppm. Calculated '*C NMR spectra of CB[7] and
*CB[7] in the gas phase are compared in Figure 8. As is
transparent for the inverted CB[7] enantiomer, the methine
carbons inside the cavity emerge with a distinct *C NMR signal
from those predicted for CB[7]. It has further been inferred that
the shift of the inverted methine carbon signals is less when
the inverted glycourils are separated largely as may be noticed
in 1,4-CB[7]. The '*C NMR spectra of iCB[n] and *CB[8],
displayed in Figures 6S and 7S of the Supporting Information,
also led to similar conclusions. '*C NMR chemical shifts
calculated in water are reported in Table 5. Solvation by water
leads to an upshift of ~0.5 ppm for C; and C, in both iCB[#x]
and the ?CB[n] hosts. SCRF calculations reveal that ¢ values
of the inverted glycouril in i{CB[rn] and i*CB[n] enantiomers are
also less influenced by solvation. The results are summarized
below.

4. Conclusions

Systematic investigations on the electronic structure, MESP
topography, and 'H NMR chemical shifts in iCB[n] and i?*CB[n]
(n = 6—8) have been presented using the density functional
theory with the B3LYP exchange correlation functional and the
6-31G(d) basis. The conclusions are summarized in the follow-
ing. (i) iCB[8] is favored (by 18 kJ mol™!) over CB[8] in the
gas phase, whereas iCB[6] and iCB[7] are destabilized. The
solvent influences the enantiomer stability, with THF engender-
ing hierarchy of stabilization: iCB[6] < iCB[7] < iCBI[§]. In
the case of ?CB[n], a larger separation of inverted glycourils
yields the low energy 1,4-enantiomer. (ii) Different cavity shapes
in *CB[n] can be gauged from the MESP isosurface; iCB[6]
shows a half-sprocket-like cavity, with an extra tooth emerging
with each additional glycouril for successive iCB[n] homo-
logues. (iii) The corresponding i2CB[7] and i*CB[8] enantiomers
yield cavities of different size which are strikingly similar. The
different cavity shapes can be accomplished by varying the
separation between inverted glycouril units of ?CB[n] enanti-
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omers, which may be useful for selective binding of different
guests that fit inside the host cavity. (iv) MESP topography
analysis reveals that minima near the ureido oxygens render
electron-rich portals in the i{CB[6] host over its i{CB[7] or iCB[8]
analogues. On going from iCB[6] to iCB[8], the hydrophilicity
at the portals decreases whereas the cavity become less
hydrophobic. (v) Frontier orbitals in *CB[n] reveal that the
HOMO is largely localized on the inverted glycouril units only,
whereas the LUMO extends itself only on rest of the iCB[n].
(vi) NMR chemical shifts predict that both the methylene
protons near inverted monomer units and the methine proton
within the cavity lead to distinct signals from those of the rest
of the methylene or methine protons in i*CB[n]. (vii) Solvation
by water affects the NMR patterns in iCB[n], and crowding of
lines from methine and corresponding methylene protons can
be noticed. The Oy values of the protons inside the cavity are,
however, relatively less influenced by solvation.

To summarize, the present work may serve as an initial step
toward the molecular level understanding of encapsulation of
guests in the iCB[n] or i*CB[n] cavities. The work can be
extended to gain insights for the binding patterns of guests in
other novel hosts as well.
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