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ABSTRACT: The paramagnetic complex [Yb(DOTA)]~
forms ion pairs in aqueous solution with cationic species
such as N-monoalkyl- and N,N'-dialkyl-4,4-bipyridinium
cations. The magnitude and sign of the induced 'H NMR
pseudocontact shift values can be correlated to the
electrostatic potential calculated at the MPWLYP/
6-311G** level.

he molecular electrostatic potential (MEP)' represents

a well-established tool for investigating intermolecular
interactions, chemical reactivity, and a range of other chemical
phenomena.” Indeed, it has been shown that electrostatic
potentials provide direct insight into intermolecular interactions
in crystals,” while maps of DNA electrostatic potentials are used
as a tool for understanding how proteins recognize binding sites
in a genome.” Particularly successful is the use of MEPs to
rationalize intermolecular interactions involving halogen bond-
ing, that is, interactions where halogen atoms act as electrophilic
species.” Halogen bonding has been explained by the presence
of a region of positive electrostatic potential, the ¢ hole, on the
halogen’s surface.® The electrostatic potential V(r) that the
electrons and nuclei create at any point r in the surrounding
space is given in atomic units by
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where Z is the charge on nucleus A, located at R,, and p(r)
is the electron density of the molecule. The MEP is a quantity
observable physically that can be determined experimentally by
X-ray diffraction analysis” or can be derived directly from the
wave function. Experimental electron density distributions are
obtained by analysis of the single-crystal X-ray diffraction data
measured to ultrahigh resolution, typically to a diffraction
resolution limit ~0.5 A.* The main limitations of X-ray ultrahigh
resolution diffraction analysis are related to the limited acces-
sibility of the technique, which requires synchrotron radiation,
the difficulties often faced to obtain suitable single crystals, and the
fact that it can only be applied to the solid state.

Paramagnetic Ln™ ions and complexes have been widely
used as NMR shift reagents’ and parama(gnetic probes for the
structure determination of biomolecules.'® These paramagnetic
probes take advantage of the pseudocontact shifts (PCSs), which
result from the dipolar interaction between the (time-averaged)
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unpaired spin and observed nucleus.'' In the particular case of
axial symmetry, the PCSs are given by
3cos’0 — 1

r )
where r is the Ln—nucleus distance, 8 is the angle between the
Ln—nucleus vector and the main axis of symmetry of the mag-
netic susceptibility tensor, and D, is proportional to the axial
anisotropy of the magnetic susceptibility tensor.

We envisaged that [Ln(DOTA)]™ complexes (DOTA =
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate) could be
suitable paramagnetic compounds to probe positive regions of
the electrostatic potential in positively charged species because
they were shown to provide significant ion-pair interactions
with different cations.'* Additionally, [Ln(DOTA)]~ complexes
present axial symmetry, which simplifies analysis of the PCSs.
Among the different Ln™ ions, we have selected Yb™, which
provides the lowest ratio of the contact to pseudocontact con-
tributions."' The electrostatic potential on the molecular surface
of [Yb(DOTA)]™ calculated at the MPWLYP/6-311G** level is
shown in Figure 1. As noticed previously for related systems,'>
the surface of the complex can be divided into two regions: a
hydrophilic region containing the carboxylate groups and char-
acterized by a negative electrostatic potential and a hydrophobic
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Figure 1. Computed MPWLYP/6-311G** electrostatic potential of
[Yb(DOTA)]~ (hartree) on the molecular surface defined by the
0.001 electrons-bohr™ contour of the electronic density. Views are
along the molecule C,-symmetry axis.

hemisphere on the opposite side of the chelate. Thus, positively
charged species are expected to bind [Yb(DOTA)]™ on the
hydrophilic side of the molecule. A good agreement was
obtained between the 'H paramagnetic shifts observed for
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[Yb(DOTA)]™ and those calculated using the MPWLYP/6-
311G**-optimized geometry and eq 2 (D, = +4406 + 108
ppm-A’%; Table S1 in the Supporting Information), which
indicates that our density functional theory calculations provide
a good model for the structure in solution of this complex. As
previously noticed from NMR experiments in solution,'* the
principal magnetic axis of [Yb(DOTA)]™ coincides with the
4-fold symmetry axis of the molecule. The sign of the axial
anisotropy is positive, as was expected for ytterbium(III) com-
plexes on the basis of Bleaney’s theory.'*

Viologens (4,4-bipyridinium dication salts), a well-studied
class of electron-deficient compounds, have been extensively
used as components in many supramolecular structures because
of their electrochemical behavior and electronic properties.'®
Thus, we selected a series of N-monoalkyl- and N,N"-dialkyl-
4,4-bipyridinium salts with potentially different charge top-
ologies to investigate their electrostatic potential with the use of
[Yb(DOTA)]™ and computational methods (Chart 1). Some of

Chart 1. N-Monoalkyl- and N,N"-Dialkyl-4,4"-bipyridinium
Species Investigated in This Work
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the substrates selected were commercially available (1) or were
prepared following previously reported procedures (2,7 3,'®
and 4'%). In addition, we have synthesized the new compound
S, which was isolated as the chloride salt.

The addition of [Yb(DOTA)]™ to aqueous solutions of com-
pounds 1—5 results in significant changes in their 'H NMR
shifts (Figure 2). Only one set of resonances was observed for
the corresponding viologen, indicating rapid exchange between
the bound and unbound forms of the substrate on the NMR time
scale. Under these conditions, the observed chemical shift § is the
average of the chemical shifts of the free and bound forms of the
viologen weighted by their fractional populations. The titration
data presented in Figure 2 show that some proton signals undergo
considerable shifts toward lower fields upon the addition of
[Yb(DOTA)]~, while for other signals, the chemical shifts are little
affected or even experience shifts to higher fields. This result
points to a rather specific interaction between the paramagnetic
probe and the substrates. Because of the 1/r* dependence of the
PCS (eq 2), larger paramagnetic shifts are expected for those
protons placed closer to the Yb™ ion. In addition, the 3 cos® 6 — 1
term in the numerator of eq 2 defines a magic-angle cone surface
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Figure 2. Titration curves showing the "H NMR chemical shifts of 2
(2.9 mM) induced by [Yb(DOTA)]™. Solid curves represent fits of
experimental data according to a 1:1 binding model with K}, = 48 + 1.

for 8 = 54.7°. Any proton nucleus inside this cone surface is
shifted to high frequency (lower fields) and therefore should
provide positive Yb"™.induced PCSs. On the contrary, those
proton nuclei placed outside the cone would be shifted to higher
fields. Considering that the region of [Yb(DOTA)]~ where the
carboxylate functions are placed is characterized by a negative
electrostatic potential and the position of the C, axis (Figure 1),
one would expect that the signals of those proton nuclei of
compounds 1—5 placed in regions with positive electrostatic
potential would undergo shifts to lower fields. Thus, large positive
Yb"-induced shifts (AS) identify those regions on the surface of
the molecule characterized by positive electrostatic potentials.

The "H NMR titration data were satisfactory fitted to a 1:1
binding model, which allowed us to determine the associa-
tion constants characterizing the ion pairs formed between
[Yb(DOTA)]™ and the substrates, as well as the corresponding
bound shifts (A). The association constants obtained, which
range from 26 + 1 M~ for 1 to 55 + M™" for 4, are similar to
those determined for ion pairs formed between [Tm(DOTA)]~
and a positively charged lanthanum(III) chelate."”

Figure 3 shows the electrostatic potential on the molecular
surfaces of compounds 2—4 at the MPWLYP/6-311G** func-
tional level, defined by the 0.001 electrons-bohr™ contour of
the electron density following the suggestion of Bader et al.*°
The electrostatic potential on these surfaces is completely pos-
itive, as was expected because of the positive charges of the
molecules. The most positive electrostatic potential on the
molecular surfaces of N,N'-dialkyl-4,4"-bipyridinium derivatives
1, 2, and § is located at the H atoms of the bipyridinium unit
(Figures 3 and S11 in the Supporting Information). However,
the most positive electrostatic potential on the surfaces of N-
monoalkyl derivatives 3 and 4 is located close to the methylenic
H atoms and the H atoms of the neighboring pyridinium units.

Those regions on the molecular surface of the cations with
the highest electrostatic potential (shown in blue in Figure 3)
clearly correlate with the largest A values obtained from anal-
ysis of the '"H NMR titration data. On the contrary, protons in
those regions with lower positive electrostatic potentials pre-
sent small positive (or even negative) bound shifts. This is
attributed to the relatively long distance from these protons to
the paramagnetic probe and the fact that they are placed close
to (or outside) the cone surface given by the magic angle. Thus,
we conclude that the paramagnetic [Yb(DOTA)]™ probe is
able to identify those regions with the highest positive elec-
trostatic potential in these cations.
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Figure 3. Computed MPWLYP/6-311G** electrostatic potential of
cations 2—4 (hartree) on the molecular surface defined by the 0.001
electrons-bohr™ contour of the electronic density and bound shifts
(A, ppm) determined from analysis of the NMR titration data.

The addition of an excess of 1 to a solution of [Yb(DOTA)]~
in D,0O provokes very few changes in the 'H NMR shifts of the
paramagnetic probe (<1 ppm), which indicates that the magnetic
anisotropy of the ytterbium(III) complex remains nearly un-
affected by interaction with the cation. Considering a typical
bound shift of 6 ppm for the most shifted resonance of viologens
2 and 4 (Figure 3), associated with 6 values of 20—50° and D, =
+4406 ppm-A3, one can estimate a Yb--H distances in the range
of 10.7—5.6 A. Ln---C distances of 4.1—6.2 A have been deter-
mined for adducts formed between [Tm(DOTA)]™ and pos-
itively charged lanthanum(III) complexes.'” This suggests that in
the case of compounds 2 and 4 the average 6 value for the pro-
tons giving the most shifted resonances is close to 50°.

In conclusion, we have developed an experimental method
that allows us to explore the regions with positive electrostatic
potential on the surface of positively charged species. The
method is very simple because it actually requires one to com-
pare the '"H NMR spectrum of the cation in water in the ab-
sence and in the presence of an excess of [Yb(DOTA)]™.
Furthermore, the magnitudes of the bound shifts could be
controlled by using other Ln™ ijons, such as Tm'", that provide
larger induced paramagnetic shifts. The association constants of
the ion pairs formed in solution could also be increased by
using a paramagnetic probe with a higher negative charge, for
instance by replacing the acetate arms of DOTA by methyl-
enephosphonate groups.™'
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