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ABSTRACT: A pH controllable molecular “shuttle,” comprising of
dibenzo[24]crown-8 (DB24C8) macroring bound to a “finger” molecule possessing two
different recognition sites has been studied at the density functional theory (DFT) and
Moller-Plesset second-order (MP2) levels of theory. The calculation confirmed
experimental results that translational conformer with DB24C8 located around NH;
station has the lowest energy, while the conformer with DB24C8 located around NH
station shows the highest energy. It has been found that Bpym2+ unit consists of two
“substations” separated by an energy barrier of 3-17 kcal/mol depending on the state
of the NH-NHj station. The translational conformers are stabilized by NH- - -O,
*NH- - -O, "NCH-: - -OH-bonds, and 7 stacking with different contributions,

depending on the conformer type.
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Introduction

otaxanes are molecular assemblies that are
mechanically linked but chemically indepen-
dent [1]. A typical system consists of two compo-
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nents, a ring molecule threaded by a dumbbell-
shaped molecule. In a rotaxane, the bulky ends of
the dumbbell-shaped component prevent sponta-
neous unthreading of the ring. If the ring can be
forced to move from one initially favored “sta-
tion” on the dumbbell to a second one as a con-
sequence of some external stimulus, a very basic
molecular shuttle has been produced, with the
external stimulus changing the preferential bind-
ing site. An example of an acid—base controllable
molecular shuttle in which the rotaxane bears a
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fluorescent and redox-active anthracene stopper
unit in addition to a dialkylammonium center
and a Bpym2+ unit has been reported by Stod-
dart and coworkers [2].

Upon the addition of an appropriate base, the
NH, group is deprotonated and the crown ether
switches from the NH center to the Bpym?**. Treat-
ment with acid restores the NH, center and re-
verses the processes. Using the anthracene stopper,
it is possible to monitor the switching process by
means of an electrochemical and photophysical
techniques due to its absorption, luminescence, and
redox properties. The switching process in molec-
ular “shuttles” has been a subject of a number
molecular mechanic studies [3-6]. However, to the
best of our knowledge, there is only one quantum
mechanic (semiempirical) study [7] of a pH-switch-
able [2] rotaxane-based molecular “shuttle” with
two 3,5-(di-ter-butyl)phenyl stoppers, which is re-
lated to the size of the system involved in quantum
mechanical treatment. The process of switching be-
tween neutral and protonated states of this complex
has been studied and although semiempirical
model correctly predicts the most important fea-
tures of the switching process this model is too
simple to give deep insight into the nature of inter-
molecular interactions. Another approach [8] was
used to understand the nature of interaction in
paraquat-based catenanes and rotaxanes. In that
work, a small model system was used consisting of
methylpyridinium ion and dimethylether repre-
senting a model for the interaction between para-
quat cycle and a polyethyleneoxide chain. The
model system was studied at the Meoller-Plesset
second-order (MP2)/6-311++G** level, and the im-
portance of CH:---O hydrogen bonds between
charged system and oxyethylene chain was shown.
In a recent paper [9], we described a theoretical
study of the interactions in dibenzo[24]crown-8
(DB24C8)-n-dibutylammonium (DBM)-pseudo-ro-
taxane at density functional theory (DFT) and MP2
levels. It has been shown that the use of hybrid
BHandHLYP functional for the geometry optimiza-
tion and local implementation of MP2 theory for
single-point energy evaluation reproduces experi-
mental binding energy in pseudo-rotaxane very
well. Moreover, a fast pseudo-spectral integral eval-
uation technique implemented in Jaguar suite of
programs [10] makes it possible to study a full size
molecular switch at DFT or correlated ab initio
levels. Therefore, the goal of this study is to obtain
deeper insight into the nature of interactions in a

SCHEME 1. Shuttling process in molecular “shuttle” |
reported by Stoddart and colleagues [2].

pH controllable molecular “shuttle” using DFT and
ab initio correlated methods.

Computational Details

The translational isomerism of molecular shuttle
I (Scheme 1) has been studied. First, successive
conformational search of protonated and deproto-
nated forms of molecular shuttle I was carried out
using a Monte Carlo (MC) torsional sampling algo-
rithm incorporated in the Macromodel 9.0 suite of
prpgrams, using the OPLS-AA force field in the gas
phase. Each conformational search included 10,000
iterations. Five lowest-energy translational con-
formers of each type (Ib, Ic, Ia+, Ib+, and Ic+)
were used for further selection by single-point en-
ergy calculation at the local MP2 level of theory,
using a standard 6-31G* basis set (LMP2/6-31G*
model) followed by a single-point salvation energy
calculation at BHandHLYP/6-31G* level in acetone
solution using the Poisson-Boltzmann method im-
plemented in the Jaguar 6.0 suite of programs. The
geometry of deprotonated structure Ia, was gener-
ated by removing one proton from the Ia+ struc-
ture. The local MP2 approach was shown to have
some advantages compared with the canonical MP2
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method in studying intermolecular complexes [11];
moreover, the LMP2 method gives reliable results
in describing hydrogen bonds at substantially
lower computational cost than canonical MP2 [12,
13]. A detailed description of the LMP2 approach is
given in Ref. [13]. The lowest-energy conformers of
each type were selected based on LMP2 and
BHandHLYP/6-31G* solvation energies calcula-
tions and used for further geometry optimizations.
Low-energy conformers were fully optimized using
a hybrid BHandHLYP functional and a standard
6-31G* basis set (BHandHLYP/6-31G* model). To
calculate the binding energies of DB24C8 and the
dumbbell-shaped molecule in molecular “shuttle,”
the first lowest-energy conformations of DB24C8
and a “fingers” (protonated and deprotonated)
have been located, used Macromodel 9.0 software
with a MC torsional sampling algorithm. Confor-
mational search has been run until no new lowest-
energy conformer is located. The lowest-energy
conformers were optimized at BHandHLYP/6-
31G* level of theory. After the optimizations were
converged, a single-point energy evaluations of
BHandHLYP optimized structures was carried out
at LMP2/6-31G* level. It was recently shown that
BHandHLYP/6-311++G** and MP2/6-311++G**
models perform exceptionally well for binding en-
ergies of crown ether-ammonium complexes [9].
To estimate the activation energies of transla-
tional isomerism, the transition states search was
carried out using quadratic synchronous transit
method included in the Jaguar 6.0 suite of program.
Owing to the size of the job (nearly 1,500 basis
functions), no frequency jobs were run, therefore,
located structures might not be representing true
transition states, however, the visual analysis of the
geometry show that their structures connect two
lowest-energy conformers giving at least semi-
quantitative values for the activation energies. The
solvent effect on the binding energy was studied at
BHandHLYP/6-31G* level with Poisson-Boltz-
mann method [14, 15] implemented in the Jaguar
6.0 suite of programs, which represents one of the
modifications of continuum model. The structures
have not been reoptimized in the presence of sol-
vent, since it has been shown previously that re-
optimization has a very limited effect on the
computed energies [16—20]. Nevertheless, a test cal-
culation for Ic has been carried out to verify the
influence on total geometry optimization in solu-
tion on the calculated solvation energy. For gas
phase and solution phase optimized geometries,
the calculated solvation energies at BHandHLYP/

6-31G* level were found to be of —115.0 and —116.2
kcal/mol, respectively, representing the error of 1.2
kcal/mol, which is well within the method error.
All DFT geometry optimizations and single-point
energy evaluation were carried out using Jaguar 6.0
suite of programs.

Results and Discussion

Figures 1 and 2 show BHandHLYP/6-31G* op-
timized geometries of the located lowest-energy
conformers of protonated and deprotonated forms
of molecular shuttle I corresponding to the differ-
ent binding sites. In conformer Ia+, the crown ether
is bound to ammonium group while in conformers
Ib+ and Ic+ crown ether fragment is linked to
Bpym2+ unit. As shown in Figures 1 and 2, all six
conformers manifest 7—m stacking interactions as
followed from parallel positions of aromatic frag-
ments in the dumbbell-shaped component and
crown ether. X-ray structure of protonated form of
the molecular “shuttle” is quite similar to that of
Ia+ with 77 stacking involved anthracene frag-
ment. Absorption/emission experiments in solu-
tion [2] show evidence of interaction between
DB24C8 with anthracene fragment (quenching of
the crown ether’s fluorescent dioxybenzene by
nearby anthracene moiety), thus validating the
computational method.

The nature of intermolecular interactions in a
complex can be understood analyzing its geometry.
Table I shows the shortest O—H distances between
oxygen atoms of crown ether and hydrogens linked
to nitrogen atoms or to carbon atoms adjacent to
nitrogen for the located translational conformers.

It has been shown both theoretically [9] and ex-
perimentally [21] that complexes of secondary am-
monium ions and crown ethers are stabilized
mainly due to NH---O and CH---O interactions
where CH---O binding represents up to 25% of
total interaction energies in the case of aliphatic
ammonium ions. As shown in Table I, conformer
Ia+ is stabilized by NH- - -O and CH- - -OH inter-
actions. In conformers Ib+ and Ic+, the stabiliza-
tion is achieved due to H-bonding between DB24C8
oxygens and CH,N" and o-protons of Bpym?*"
unit. In the case of deprotonated molecular “shut-
tle,” conformers Ib and Ic are stabilized due to
H-bonding between DB24C8 oxygens and CH,N "
and aromatic protons of the Bpym** unit, similarly
to protonated species Ib+ and Ic+, while the sta-
bilization of Ia is due to NH: - ‘O interactions. It is
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FIGURE 1. BHandHLYP/6-31G* optimized geometries of the located lowest-energy conformers of protonated forms

of molecular shuttle I.

noteworthy that, as mentioned above, all conform-
ers are stabilized by 7w stacking interactions as
well. Thus, in the case of protonated conformers
(Ia+, Ib+ and Ic+), the lowest-energy structures
are extended ones due to electrostatic repulsion of
two cationic centers and 7 stacking interactions
are manifested only between catechol of DB24C8
and “finger” molecules, while in the case of the
deprotonated form Ic the lowest-energy conformer
is a folded one in which 7 stacking involves three
phenyl rings and anthracene group. It is notewor-
thy [2] that deprotonation of “shuttle” molecule
with i-Pr,NEt or BuzN leads to the appearance of
yellow coloring ¢, indicating charge transfer (CT)
interactions between DB24C8 catechol rings and the
Bpym?* dication. This observation is in very good
agreement with the lowest-energy structure of dep-
rotonated “shuttle” (Ic), where catechol ring is lo-

cated very close to the pyridinium fragment of
Bpym?" unit (interplane distance is ~3.3 A) allow-
ing for CT interactions. Natural bond orbital (NBO)
analysis of the CT interaction in Ic using second
order perturbation analysis of Fock matrix in the
NBO basis at the BHandHLYP/6-31G* level of the-
ory reveals CT interactions between DB24C8 (do-
nor) and prm” unit (acceptor). The most impor-
tant CT interactions involves DB24C8 oxygen lone
pairs transfer to N—H and C—H antibond orbitals
of the Bpym?* unit and catechol 7 electrons trans-
fer to antibond m-orbitals of Bpym®* fragment. A
total charge transfer in Ic is of 0.11 e in the gas
phase. Similar charge transfer is found when salva-
tion is taken into account.

Figure 3 depicts relative energies of conformers
in acetone solution. As seen in the case of proton-
ated form the lowest-energy conformer is Ia+ in
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FIGURE 2. BHandHLYP/6-31G* optimized geometries
of the located lowest-energy conformers of deproto-
nated forms of molecular shuttle I.

agreement with experimental finding [2]. In the
case of the deprotonated structure, the NH recog-
nition site gives the conformer with the highest
energy, forcing the crown ether ring migrate to
Bpym?" station in accordance with experimental
observations. The energy profile shows two impor-
tant features. First, the Bpym®" station has two
distinct binding sites associated with positively
charged nitrogen atoms separated by an energy
barrier. Therefore, Bpym? " station is composed of
two substations. On the first inspection this result
clashes with the spectroscopic results reported by
Stoddart [2]. "H-NMR on I were reported to show
broadening below 233 K, but “no supplementary
sets of resonance, for any other translational iso-
mers are evident.” This fact can be interpreted as

that at room temperature "H-NMR spectra were at
fast exchange limit and that coalescence occurred
below 233K, which agrees very well with the bar-
rier of 8 kcal/mol found between “substations” (Fig.
3). Thus, the existence of two binding regions for
DB24C8 crown ether allows explaining experimen-
tally observed broadening of "H-NMR spectra be-
low 233 K.

Second, the relative energies of two pyridinium
substations depend on the ammonium-amine sta-
tion state, which is an example of mutual influence
of stations in the molecular “shuttle.” As shown in
Figure 3, conformer Ib+ is more stable than Ic+,
while conformer Ic is more stable compared with
Ib. It seems that inductive effect originated by am-
monium station increase electrostatic interactions at
the pyridinium substation closest to the ammonium

group.

TABLE |

Selected shortest H—O distances (A) of
translational isomers in molecular “shuttle” | shown
in Figs. 1 and 2.*

la+
O—H, 1.93
O—H, 1.87
O—H, 2.26
O—H, 2.42
O—H, 2.53
O—H;, 2.55
b+
O—H, 2.05
O—H, 2.32
O—H, 2.07
O—Hgqy 2.42
lc+
O—H, 2.00
O—H, 2.14
O—H, 2.20
O—H, 2.33
la
O—H, 2.19
Ib
O—H, 2.23
O—H, 2.03
O—H, 2.28
O—H, 2.30
Ic
O—H, 2.09
O—H, 2.10
O—H, 2.50
O—H, 2.44

* Experimental values from Ref. [2].
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FIGURE 3. Energy profile (kcal/mol) for the shuttling
process in molecular shuttle | in acetone solution calcu-
lated at LMP2/6-31G*//BHandHLYP/6-31G* level of
theory (kcal/mol).

In the deprotonated state, the most stable state of
molecular “shuttle” is Ic and the activation energy
separating Ic and Ib conformer is of 8 kcal/mol in
acetone solution. According to "H-NMR study [2],
the deprotonated molecule is asymmetrically coor-
dinated to the Bpym®* station supporting the hy-
pothesis that Ic is global minimum for deproto-
nated “shuttle.”

Once the “shuttle is protonated, the relative sta-
bility of Bpym*" station is changed and the most
stable state becomes Ia+. To reach the state Ia, two
activation barriers should be overcome as shown in
Figure 3. The highest one is due to transition from
state Ib+ to Ia+ .Deprotonation of molecular
”shuttle” results in formation of conformer Ia,
which is transformed into Ic passing two energetic
barriers. As shown in the calculations, the activa-
tion energies of Ia to Ic process is lower compared
with Ic+ to Ia+ that should be reflected in faster
process Ia tolc compared with the Ic+ to Ia+ one.
Figure 4 shows located “transitions states” for shut-
tling process. As shown in all the located structures,
the crown ether ring is situated between two sta-
tions.

To obtain better insight into the nature of bind-
ing in molecular “shuttle” I. the binding energies in
molecular “shuttle” have been calculated. Table II
shows gas and solution phase binding energies of
different translational conformers calculated at cor-
related LMP2 as well as at HF levels.

The difference between HF and LMP2 binding
energy represents the correlation stabilization hav-
ing to do with the dispersion stabilization interac-

tion [22]. Table II shows that binding energies are in
line with the stabilities of conformers. Thus, the
highest binding energy is for the most stable con-
former Ia+ and the lowest one for Ia. Similar to
relative stability of the translational conformers the
binding energy of Ib+ is higher than Ic+ and for Ic
the binding energy is higher than for Ib. The attrac-
tive part of correlation energy is the dispersion
interaction, while in HF binding energy attractive
terms are electrostatic charge transfer and polariza-
tion [23]. It is shown that correlation stabilization is
most important for Ia, where it represents most of
the binding energy; it is less important for conform-
ers where positive charged nitrogen is involved in
the binding. It is clearly seen that higher binding
energy for Ib+ compared with Ic+ is due to elec-
trostatic interactions and not correlation stabiliza-
tion (correlation stabilization is higher for Ic+). A
great difference in correlation stabilization between
Ib and Ic is due their conformations. As shown in
Figures 1 and 2, stacking in Ic 7= involves an
anthracene unit and three benzene rings, whereas
the Ib anthracene fragment does not participates in
7 interactions. Since the main contribution to the
stabilization energy in the case of 7 stacking is
dispersion conformer Ic has higher correlation sta-
bilization. To separate different contributions to the
interaction energy in different states of the molec-
ular “shuttle,” the binding energy of various model
systems was calculated at the same theoretical level
as the molecular “shuttle.” Figure 5 and Table III
show model complexes and their binding energies,
respectively. Interactions in complexes M1, M2,
M3, M4, M5, and M6 model NH- - -O interaction
in conformer Ia, *NH---O interactions in Ia+,
O- - -HCN'" interactions in Ia+, O- - ‘HCN" interac-
tions in Ib+ and Ic+, 7 stacking interactions in
Ib+ and Ic+ and 7—m stacking interactions in Ia+
and Ia, respectively. One can distinguish two types
of interactions; one type is 'NCH---O and
O---HN" interactions, which are mostly electro-
static and the correlation stabilization represents
less than 30% of total binding energy. Another type
is m—m stacking, where correlation stabilization is
the most important part of stabilization. Conformer
Ia+ is stabilized by two "NH---O bonds (—36.4
kcal/mol) and m—r stacking (—14.3 kcal/mol) giv-
ing a sum of —50.7 kcal/mol. The rest of the bind-
ing energy comes from 'NCH---O bond with
shortest H- - -O distance of 2.26 A giving a total
binding energy of —62.3 kcal/mol, close to —62.1
calculated for conformer Ia+ (Table II). In a similar
way, one can estimate different contributions to the
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FIGURE 4. “Transition state” structures located for the shuttling process at BHandHLYP/6-31G* level of theory.

binding energies for conformers Ib+ and Ic+ In
those cases, m—m stacking interactions will be of —22
kcal/mol (two times binding energy of complex
M5) where a great deal of binding is due to CT
interactions. The rest of the binding energy corre-
sponds to three "NCH- - -O bonds, giving a total of
—59.5 kcal/mol, very close to the binding energies
of —59.8 and —56.6 kcal/mol for conformers Ib+
and Ic+, respectively. As seen in the analysis for
conformers Ib+ and Ic+ 7 stacking is more im-
portant source of stabilization compared with Ia+
comprising more than 40% of total stabilization
energy. In this case, CT is involved.

In the case of deprotonated conformers Ia, Ib,
and Ic situation changes. The binding energy of Ia
is due to mostly correlation stabilization coming
from m—m stacking —14.3 kcal/mol and one
NH- - -O H-bond giving a total of —18.9 kcal/mol

TABLE Il

Gas phase binding energies (kcal/mol) of
translational conformers at LMP2/6-31G*//BH and
HLYP/6-31G* (LMP2) and HF/6-31G*//BH and HLYP/
6-31G* (HF) levels.*

Complex LMP2 HF AE_,.2 LMP2(solv)

la+ —62.1 —40.6 —-21.5 —-21.7
Ib+ —59.8 —38.8 —-21.0 —-171
lc+ —56.6 -32.3 —24.3 -11.9
la -18.3 —2.5 —15.8 5.7
Ib —46.6 —42.7 -3.9 —7.5
lc —48.8 —35.3 —-13.5 -12.3

* LMP2/6-31G*//BH and HLYP/6-31G* binding energy in ac-
etone [LMP2(solv)].
2 Difference between LMP2 and HF binding energy.
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FIGURE 5. Structures of model complexes for modeling of intermolecular interactions in translational conformers of

molecular “shuttle” I.

that is close to —18.3 kcal/mol. Analysis of Table II
shows that lower binding energies of conformers Ib
and Ic compared with Ib+ and Ic+ are due to
smaller correlation stabilization. Since correlation
stabilization comes mostly from 7—m stacking inter-
actions, therefore m—m stacking in conformers Ib
and Ic is less effective compared with Ib+ and Ic+.
As shown in Figures 1 and 2, due to rather bent
conformation of “finger” fragment in conformers Ib

TABLE Il

Gas phase binding energies (kcal/mol) of model
complexes at LMP2/6-31G*//BH and HLYP/6-31G*
(LMP2) and HF/6-31G*//BH and HLYP/6-31G* (HF)
levels of theory.

Complex LMP2 HF AE_.2
M1 -4.6 -1.7 -2.9
M2 -18.2 -14.8 -3.4
M3 —-11.6 —8.5 —3.1
M4 —-12.5 -9.9 —2.6
M5 -11.0 -3.7 -3.3
M6 -14.3 -0.6 -13.7

2 Difference between LMP2 and HF binding energy.

and Ic average distances between planes of aro-
matic fragments increase by some 0.5 A compared
with Ib+ and Ic+. Since dispersion interactions are
short range ones this causes noticeable debilitating
of correlation stabilization.

Since the major contribution to the binding en-
ergy comes from electrostatic interactions, it is rea-
sonable to suggest that the binding energy de-
creases in solvents, as electrostatic interactions
make an important contribution to total binding
energy. Actually, this fact was confirmed both ex-
perimentally [24] and theoretically [9]. The relative
order of the binding energies in solution coincides
with that for gas phase; however, it is greatly de-
creased.

Conclusions

Calculations at the LMP2/6-31G*//BHandH-
LYP/6-31G* level reproduce correctly experimental
observations for molecular “shuttle” I. The theoret-
ical study shows that the Bpym?" station consists of
two “substations” separated by a barrier, and the
relative energies of two “substations” depend on
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the state of "NH,-NH station showing that in this
molecular “shuttle” exist mutual influence of the
“stations.” Thus, strong electron withdrawing ef-
fect of +NH, group decreases relative energy of
Ib+ compared with Ic+, while Ic is more stable
than Ib. Conformer Ia+ is stabilized by two
*NH- - ‘O, one "NCH- - -O bonds and 7 stacking,
while conformers Ib+, Ic+, Ib, and Ic are stabilized
by three +NCH-O bonds and 7—m stacking involv-
ing CT interaction between catechol and Bpym?>"
fragments. The binding energy of conformer Ia is
mostly due to 7 stacking.
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