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Computational Details

Kohn-Sham calculations within the linear combination of gausian type orbitals
(LCGTO-KS), and using the variational fitting of the electron density as implemented in the
suite of programs deMon2k," were done to estimate the interaction energies between the
dibenzo-24-crown-8 ether and bis(benzimidazole)ethane with different number of protons
attached. The calculations were done with the GGA exchange-correlation functional of
Perdew, Ernzerhof and Burke (PBE),? using a double-zeta with polarization orbital basis
set, and with an automatically generated auxiliary basis set containing s, p, d, f, and g
Hermite Gaussian functions. All the structures were fully optimized without symmetry
restrictions. Several conformations of the crown ether and the pseudorotaxanes were
tested. In Figure 1 the behaviour of the interaction energy of the pseudorotaxane with
respect to the charge is depicted. As it can be seen there is a clear increase of the
pseudorotaxane stability as one increases the number of protons in the system. One could
expect that hydrogen bonding is the main factor contributing to the stability. However, this
idea is not fully supported by the calculations done in the present work, since for the
neutral and the monocation the number of hydrogen contacts found after the geometry
optimization is two, while for the dication there are three hydrogen contacts. We believe
that this result indicates that the binding energy between the crown ether and the
bis(benzimidazolium)ethane has other important contributions, like electrostatic. It is also
worth to note that in the present theoretical study, van der Waals interactions
(non-bonded) were not included. Nevertheless, the results clearly support the observed
experimental fact regarding the feasibility of obtaining the pseudorotaxane with the doubly
protonated bis(benzimidazole)ethane. The frequency analyses for the full
pseudorotaxanes were not done since they are highly demanding computational tasks.
Thus, no zero point energy (ZPE) correction and basis set superstition error (BSSE) were
included in the reported interaction energies. One can anticipate that these corrections can
make an important difference in the neutral pseudorotaxane, probably even making it
energetically unfeasible. But this will not be the case for the dication. In summary, the
calculations reported in this work support the existence of the dicationic pseudorotaxane
and that its stability is due to an increase in the positive charge and also to the number of
hydrogen contacts prevailing in this species.

References

1. A. M. Koster, P. Calaminici, M. E. Casida, R. Flores-Moreno, G. Geudtner, A.
Goursot, T. Heine, A. Ipatov, F. Janetzko, J. M. d. Campo, S. Patchkovskii, J. U. Reveles,
D. R. Salahub and A. Vela, deMon developers, 2006.

2. J. P. Perdew, K. Burke and M. Ernzerhof, Physical Review Letters, 1996, 77, 3865-
3868.



80

/. 70.5

D
=]

Interaction energy
(kcal/mol)
£

31.6
20 ®T73
0
Neutral Cation +1 Cation +2
Figure 1. |Interaction energy (kcal/mol) between DB24C8 wheel and

1,2-bis(benzimidazolium)ethane axle with different number of protons added.



Figure 2. Three views of the optimized structure of the free dibenzo-24-crown-8 and the
corresponding Cartesian coordinates, in angstroms, and final energy, in atomic units.
Carbon atoms are depicted by light blue spheres, oxygen atoms as red spheres, and
hydrogen as white spheres.
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Figure 3. Two views of the optimized structure of the neutral bis(benzimidazole)ethane
and its corresponding Cartesian coordinates, in angstroms, and final energy, in atomic
units. Carbon atoms are depicted by light blue spheres, and hydrogen as white spheres.
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Figure 4. Two views of the optimized structure of
bis(benzimidazole)ethane and its corresponding Cartesian coordinates, in angstroms, and
final energy, in atomic units. Carbon atoms are depicted by light blue spheres, and
hydrogen as white spheres.
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Figure 5. Three views of the optimized structure of the doubly protonated
bis(benzimidazole)ethane and its corresponding Cartesian coordinates, in angstroms, and
final energy, in atomic units. Carbon atoms are depicted by light blue spheres, and
hydrogen as white spheres.
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Figure 6. Four views of the optimized structure of the neutral pseudorotaxane and its
corresponding Cartesian coordinates, in angstroms, and final energy, in atomic units.
Carbon atoms are depicted by light blue spheres, and oxygen atoms as red spheres.
Hydrogen atoms are deleted, keeping only those involved in hydrogen contacts, which are
shown as white spheres. The dashed lines indicate the hydrogen contacts where the H...O
distance is smaller than the sum of its van der Waals radii.
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Figure 7. Three views of the optimized structure of the singly protonated pseudorotaxane
and its corresponding Cartesian coordinates, in angstroms, and final energy, in atomic
units. Carbon atoms are depicted by light blue spheres, and oxygen atoms as red spheres.
Hydrogen atoms are deleted, keeping only those involved in hydrogen contacts, which are
shown as white spheres. The dashed lines indicate the hydrogen contacts where the H...O
distance is smaller than the sum of its van der Waals radii.
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Figure 8. Four views of the optimized structure of the doubly protonated pseudorotaxane
and its corresponding Cartesian coordinates, in angstroms, and final energy, in atomic
units. Carbon atoms are depicted by light blue spheres, and oxygen atoms as red spheres.
Hydrogen atoms are deleted, keeping only those involved in hydrogen contacts, which are
shown as white spheres. The dashed lines indicate the hydrogen contacts where the H...O
distance is smaller than the sum of its van der Walls radii.
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NMR Spectra of [2]Pseudorotaxanes

[2'H2]2+C[DB2408][BF4]2

GoaW

H
1
\ N
+
—_— N j
1
H

[BF4],

I—Z FoZ2~1

/

A
b L)

75 7.0 6.5 8.0 55 5.0 45 40 PPM

[2-H,]**c[DB24C8][CF3SO0s].

H H
I ! H
N \ Ny a \
+; W N-O X
N‘ P — c N (+/U
\ .
H / b/ H Ny F

[CF3S0s12 [CF3SO051,

ek . ot
e Ll ey

75 7.0 6.5 8.0 55 5.0 45 40 PPM

13



Note: Strictly, the following two spectra are the result of a mixture of two stereoisomers.

[3-H.]**c[DB24C8][CF3SO0s].
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[5-H,]**<[DB24C8][CF3S0:].
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'"H NMR Variable Temperature Study for [2-H,][BF;].c[DB24C8]
at 400 MHz and using 5%10° M concentrations

Temp (K) C Uncomplex C Complex Ka AG (kJ/mol) 1T RInKa

323 8.92 4.36 146 -13.4 0.0031  41.4101
313 7.921 4.731 191 -13.7 0.0032 43.6588
303 5.274 4.147 281 -14.2 0.0033 46.8749
298 4.703 4.278 347 -14.5 0.0034 48.6412
293 3.93 417 438 -14.8 0.0034 50.5746
288 3.31 4.16 568 -156.2 0.0035 52.7216
283 2.81 4.14 729 -15.5 0.0035 54.7989
273 2.00 4.07 1236 -16.2 0.0037 59.1911
263 1.44 3.99 2079 -16.7 0.0038 63.5149
253 1.04 3.98 3723 -17.3 0.0040 68.3604
243 0.79 4.03 6216 -17.6 0.0041  72.6222

RinKa(J/mol) van't Hoff Plot

75 A

70 A

65 -

60 -

55 -

50 -

45 1 y =31751x - 57.518

40 - R?=0.9985

35 T T T T T 1

0.0030 0.0032 0.0034 0.0036 0.0038 0.0040 0.0042

1T (K-1)

At 298 K: AH = -31.7 kdJ/mol, AS = -57.5 J/mol
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Mass Spectra of [2]Pseudorotaxanes

[2-H,]**[DB24C8][BF.].
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[3-H.]**<[DB24C8][BF].
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[4-H.]**[DB24C8][BF.].

B TOF MS: 0082 to 0.153 min from EsterPseudo wiff Agilent, subtracted (1.281 to 1.510 min)
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X-Ray Crystal Structures

Crystals were mounted on a short glass fibre attached to a tapered copper pin. A full
hemisphere of data were collected with 30s frames on a Enraf-Nonius Kappa
diffractometer fitted with a CCD based detector using MoK, radiation (0.71073 A).
Diffraction data and unit-cell parameters were consistent with the assigned space groups.
The structures were solved by direct methods, completed by subsequent Fourier
syntheses and refined with full-matrix least-squares methods against |F?| data. All
non-hydrogen atoms were refined anisotropically. All hydrogen atoms were treated as
idealized contributions. Scattering factors and anomalous dispersion coefficients are
contained in the SHELXTL 5.03 program library. Ball-and-stick diagrams were prepared
using DIAMOND 3.0 - Visual Crystal Structure Information System CRYSTAL IMPACT.

Figure 1. Hydrogen bonding pattern in [2-H;][BFsJ= DB24CS8.
Top: from acetonitrile, anions omitted. Bottom: from nitromethane.
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