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Abstract: Herein, we address the question whether anion—m
and cation—m interactions can take place simultaneously on the
same aromatic surface. Covalently positioned carboxylate—
guanidinium pairs on the surface of 4-amino-1,8-naphthal-
imides are used as an example to explore push—pull chromo-
phores as privileged platforms for such “ionpair-z” interac-
tions. In antiparallel orientation with respect to the push—pull
dipole, a bathochromic effect is observed. A red shift of 41 nm
found in the least polar solvent is in good agreement with the
70 nm expected from theoretical calculations of ground and
excited states. Decreasing shifts with solvent polarity, proto-
nation, aggregation, and parallel carboxylate-guanidinium
pairs imply that the intramolecular Stark effect from antipar-
allel ionpair—m interactions exceeds solvatochromic effects by
far. Theoretical studies indicate that carboxylate—guanidinium
pairs can also interact with the surfaces of m-acidic naphtha-
lenediimides and m-basic pyrenes.

Cation—n interactions!"! take place on electron-rich aromatic
surfaces, whereas the much more recent and still somewhat
controversial anion—m interactions occur on the surface of
electron-deficient aromatic systems. I'With these interactions,
counterions are usually ignored. However, the combination of
anions and cations near aromatic rings has been reported in
the context of molecular recognition,® the spectral tuning of
green-, red-, and cyan-fluorescent protein probes,”! and the
understanding of firefly luciferase® as well as the chemistry of
vision."! The molecular Stark effect that proximal ion pairs
could impose on push—pull chromophores is broadly related
to phenomena such as solvatochromism, electrochromism,
and nonlinear optical processes.*”) However, in existing
cation—anion—-arene triads, interactions with the aromatic
surface are either excluded or ignored for one or both ions.
The question whether anion—r and cation—s interactions can
take place on the same aromatic surface has never been
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Figure 1. lon pair—r interactions on push—pull chromophores. a) Defi-
nition of antiparallel or parallel ion pair-m interactions in comparison
to the push—pull component of the ground-state dipole moment
(arrows). b) Covalent positioning of antiparallel or parallel ion pair-xt
interactions in 1 and 2, with indication of changes in chemical shifts
(Ad, in ppm) in the '"H NMR spectra in response to deprotonation of
the conjugate carboxylic acids ([Dg]DMSO, 25°C). Reference com-

pounds 3a (hypothetical): R=R'=CHj, 3b: R=(CH,);NHC(NHBoc),,
= (CH,),COO0-Bu, 3¢: R= (CH,),COO-tBu, R'= (CH,);NHC-

(NHBoc c—f) Electrostatic potential surfaces of complete ground-

state structures (c, d) and mt-surfaces only (e, f) for antiparallel

ion pair— interactions in 1 (c, ) and parallel ion pair—m interactions in

2 (d, f). Red =negative, blue = positive, isovalue 0.0004 au/ = 30 kcal

mol .

answered (Figure 1a). The only explicit considerations of
such “ionpair—nt” or “saltbridge—n” interactions either focus
on theory with surfaces that are too small to accommodate
both ions,'”! or remain purely speculative in context of cell-
penetrating peptides.'!! Here, using oriented carboxylate—
guanidinium pairs on the surface of 4-amino-1,8-naphthal-
imides as a specific example, we report experimental and
theoretical support that ion pair— interactions can occur, and
that they can be relevant for function.

The 4-amino-1,8-naphthalimides (NMIs)®l 1-3 were
selected to explore the possible existence and functional
relevance of ionpair—m interactions (Figure 1b). With an
electron-donating amine on one side and a m-accepting imide
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on the other, the compact polarized n-surface of these push—
pull chromophores appeared ideal to possibly accommodate
an anion and a cation next to each other. The covalent
attachment of an anion and a cation was absolutely essential
to control their position on the polarized aromatic surface,
i.e., explore the existence of anion—n and cation—m interac-
tions on the same surface with maximal precision and minimal
ambiguities. Ton pairsl'? formed by carboxylate anions and
guanidinium cations®!" were selected to support anion— and
cation—m interactions as much as possible with hydrogen
bonding and m—m interactions. The carefully optimized™
linkers between ions and push—pull chromophores were
adjusted for perfect positioning of anion and cation on the
aromatic surface. lon pairs could be placed parallel and
antiparallel to the push—pull component of the ground-state
dipole moment of the push—pull chromophore (Figure 1a).
Antiparallel and parallel ionpair-m interactions are realized
in the constitutional isomers 1 and 2, respectively (Figure 1b).

Theoretical simulations revealed that the formation of
both parallel and antiparallel ionpair—x interactions in the
ground state is energetically favorable (Gaussian09;"* B97D,
6-311G**;14l Figure 1c—f, Table S1). The distances between
anion or cation and the aromatic plane in the ground state
were shorter in parallel 2 than in antiparallel 1 (Table 1). This
difference could suggest that favorable ion pair—m interactions
in isomer 2 could overcompensate for the repulsion between
the ion pair and the push—pull dipole (Figure 1a). The
electrostatic potential surfaces confirmed that the presence
of ion pairs significantly affects the polarization of push—pull
systems (MP2/6-311G**//B97D/6-311G**, GaussView 5.0,
VMD, " Figures 1c—f and S1). Parallel ion pair— interactions
in 2 increased the push-pull component of the intrinsic
ground-state dipole moment up,°=+47.1D of the unper-
turbed chromophore 3a to up\“S=+412.1 D (Table 1, Fig-
ure 1d), whereas antiparallel ionpair-rt interactions in
1 reversed the same push—pull dipole to a very weak
Upa®S=—-0.9D (M06-2X/def2-TZVP//BI7D/6-311G** 171
Figure 1c¢).

The excitation of push—pull chromophores is accompanied
by an intramolecular charge transfer (ICT) from the donor
toward the acceptor.®” This increase of the push—pull
component of the excited-state dipole moments up > was
confirmed in theoretical simulations of the first excited states
(TURBOMOLE v.6.1,*" ADC(2),"! cc-pVTZ basis set,*
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Table 1). The change of the dipole moment was larger with
antiparallel isomer 1 (up,"=+4.4D) than with parallel
isomer 2 (up,T =+ 2.5 D, Table 1). The antiparallel position-
ing of carboxylate—guanidinium pairs in isomer 1 was ideal for
stabilizing the ICT excited state. In theoretical predictions,
this intramolecular Stark effect caused a red shift of the
absorption maximum by A4, =+ 70 nm (Table 1). Inversion
of the orientation of carboxylate—guanidinium pairs in isomer
2 annihilated this bathochromic effect (Al =+2nm,
Table 1). Comparisons with models without anion or cation
showed that the contributions from anion—m and cation—mn
interactions to spectral tuning were additive (Tables S8 and
S9, Figures S6 and S7).[1%2:24

To verify the validity of our theoretical predictions
experimentally, the constitutional isomers 1 and 2 were
synthesized in a few steps from commercially available
starting materials (Scheme S1). The formation of ion pair—m
interactions could be followed in the '"H NMR spectra of
1 and 2 in [D¢]DMSO. Deprotonation of their conjugate acids
caused position-dependent upfield shifts of the NMI reso-
nances, whereas the signals for the linker did not change
significantly (Figure 1b). Particularly significant upfield shifts
observed at positions 5 and 6 of 2 were consistent with the
presence of a guanidinium group near these protons, and thus
supported the occurrence of intramolecular ion pairing as
depicted in Figure 1 f.

The absorption spectra of 1 and 2 were recorded in
comparison with their protected, uncharged precursors 3b
and 3c. The largest red shifts in response to the formation of
ion pair—m interactions were, not surprisingly, observed in the
least polar solvent, i.e., CCl, (Figure 2c, Table 1). At high
dilution, the antiparallel configuration in isomer 1 caused
a red shift of Ad,,=+41nm. Decreasing red shifts with
increasing concentration were presumably due to aggrega-
tion, although the absorbance showed a perfectly linear
concentration dependence (Figure 2¢). Decreasing red shifts
upon aggregation were consistent with ion pair—m interactions
because any additional intermolecular contacts necessarily
weaken the strong local dipoles in monomeric 1 and thus
reduce the stabilization of the ICT-polarized excited state by
intramolecular antiparallel ion pair— interactions. Saturation
behavior at high dilution suggested that the maximal A4, =
+41 nm indeed originates from monomeric 1 (Figure 2e,
solid). The red shift and even the position of the absorption

Table 1: Characteristics of guanidinium—carboxylate pairs on aromatic surfaces.”!

Cpd. Typel Anion—m Cation-t  ppa® Hoa™ A Y. Y. Ay Ay Moy
(A (A D] D] calc!” ccl@ DMSOM calc? ccl i DMsQW

1 antiparallel 3.33 3.31 -0.9 +35 450 462 453 +70 +41 +13

2 parallel 3.21 3.27 +12.1 +14.6 382 449 435 +2 +23 —4

3l none - - +7.1 +10.1 380 421 440 - - -

4 induced 3.13 3.24 - - - 380 380 - 0 0

[a] Wavelength A,,,, of absorption maxima are given in nm (nanometers). [b] Compare text and Figure 1 and Figure 3. [c] Cation—mt and anion-mt

distances were measured from the central carbon atom of guanidinium cation and from the centroid of carboxylate anion, respectively, towards the
plane fitted through the naphthyl core of NMI. [d] Donor—acceptor (DA) component of the ground-state (GS) dipole moment, in Debye (Figure 1).
[e] Same for the first excited state (ES). [f] Calculated A, in vacuum. [g] Measured A, in CCl,. [h] Measured A,,,, in DMSO. [i] Calculated red shift
Amax(1,2) =Amax(3@) in vacuum. [j] Measured A,,,(1,2) —Ana(3 b, 3¢) in CCl,. [k] Measured A,,,,(1,2) —Ama(3b,3€) in DMSO. [I] Measured with 3b, 3¢,

calculated with 3a.
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Figure 2. Spectroscopic relevance of ion pair—m interactions on push—
pull systems. Absorption spectra of 1 (a, ¢, solid) and 2 (b, d, solid) in
DMSO (a, b) and CCl, (c, d) compared to 3b and 3¢ (a—d, dashed).
Theoretical predictions in vacuum are indicated as solid and dashed
lines (c, d). e) Dependence of the absorbance A,,,, with linear curve fit
(0, R=0.99992) and Al,.., (®) on the concentration ¢ of 1 in CCl,.

f) Dependence of the red shifts Al of 1 (@) and 2 (0) in the polarity
E:N of the solvent (CCl,, CHCl;, Cl,C,H,Cl,, DMF, DMSO).

maxima were in quite remarkable agreement with theoretical
predictions and thus demonstrated the power of computa-
tional chemistry to predict relevant spectroscopic character-
istics of fairly challenging systems (Figure 2¢c, Table 1).

Solvatochromism,” that is excited-state stabilization by
polar solvents, could be observed as a red shift of A, =
+19 nm from A,,,, = 421 nm to 4,,,, =440 nm for control 3b in
CCl, and DMSO (Figure 2a and c, dashed lines, Table 1). For
the same change in solvent polarity, the antiparallel carbox-
ylate—guanidinium pairs in 1 produced a small blue shift of
Alpax=—9 nm from A, =462 nm to 1,,, =453 nm, possibly
due to weakened ionpair—m interactions in these more
competitive solvents (Figure 2a and c, solid lines, Table 1).
The opposite response to increasing solvent polarity with and
without carboxylate—guanidinium pairs resulted in an overall
decreasing red shift from AA,, =+ 41 nm in CCl, to Al =
+ 13 nm in DMSO (Table 1). However, the separate opposing
trends to solvent polarity contained additional important
information: Antiparallel ion pair—m interactions 1) also exist
in polar solvents, at least partially, 2) shield the chromophore
from solvatochromism, and 3) generate an intramolecular
Stark effect that exceeds solvatochromism by far.

The protonation of the carboxylate anion with trifluoro-
acetic acid reproducibly and reversibly weakened or cancel-
led all red shifts in all solvents. This finding suggested that the
exchange of the intramolecular by an intermolecular anion
weakens or fully destroys ionpair—m interactions in this
system under these conditions. Taken together, the overall
impressive red shifts (Al =+ 70 nm expected in vacuum,
Alpax=+41nm found in the least polar CCl,) and their
decrease with solvent polarity, aggregation, and protonation
afforded meaningful experimental support for the existence
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and spectroscopic relevance of antiparallel ionpair—m inter-
actions.

Compared to these powerful antiparallel ion pair— inter-
actions, the spectroscopic impact of parallel carboxylate—
guanidinium pairs was almost as modest as predicted
theoretically. In CCl,, the parallel carboxylate—guanidinium
pair in 2 caused a still appreciable red shift of Al,,,, =+ 23 nm
(Figure 2d). However, like with antiparallel 1, the parallel 2
showed an even more pronounced blue shift of Ad .=
—14nm in response to increasing solvent polarity, from
Amax =449 nm in CCl, to 1,,,, =435 nm in DMSO (Figure 2b
and d, solid spectra, Table 1). Because of the complementary
red-shifting solvatochromism of the uncharged control 3¢
(Figure 2b and d, dashed lines, Table 1), the presence of
parallel carboxylate—guanidinium pairs in DMF and DMSO
resulted in a small overall blue shift of AA,,,=—4nm
(Figure 2b and f, empty circles, Table 1). This result was
consistent with the predicted inability of parallel ion pair-m
interactions to significantly stabilize the ICT excited state of
push—pull chromophores.

The formation of ionpair-it interactions on the unpolar-
ized m-acidic surfaces was considered as well (Figure 3a).
Computational models of naphthalenediimide (NDI) 4

Figure 3. lon pair—m interactions on m-acidic and m-basic surfaces.
Definition, molecular structures, and ground-state electrostatic poten-
tial surfaces for anion—mt and cation—m interactions on m-acidic (a) and
wt-basic aromatic surfaces (b) (isovalue 0.01 au/+38 kcalmol™).

revealed the presence of the cation and particularly the
anion in close proximity to the aromatic surface (Table 1).
Electrostatic potential surfaces confirmed the transfer of
electron density between anion and cation on the one side and
the aromatic system, including the imide oxygen atoms, on the
other side (Figure 3a). However, significant shifts were not
observed in the absorption spectra of 4 (Table 1). Systems that
are more environmentally responsive than the notoriously
insensitive NDIs will be needed to eventually create induced
push—pull chromophores with ion pair—m interactions.

A unique example for explicit anion-mt and cation—n
interactions on the same surface with biological relevance
concerns cell-penetrating peptides.!"! The question how these
guanidinium-rich peptides can cross the membrane barrier
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has been a subject of intense debate since their discovery in
the late 1980s. The finding that pyrenebutyrate can accelerate
their direct delivery into the cytosol has been rationalized by
ion pairing on the m-basic pyrene surface.!''! To evaluate the
validity of this purely speculative interpretation in the light of
the present study, the ionpair—m complex was investigated
theoretically. The energy minimum found for complex §
revealed operational anion—x and cation—r interactions, with
both anion (3.20 A) and cation (3.34 A) residing comfortably
on the aromatic plane (Figure 3b). Moreover, a lateral polar-
ization of the aromatic system induced by the ionpair—n
interaction was clearly visible in the electrostatic potential
surface (Figure 3b).

Taken together, the results provide theoretical and
experimental evidence that anion-m and cation—m interac-
tions can occur on the same surface, and that they are relevant
for function, here in particular for spectral tuning. Studies on
scope, limitations, and applications of these “ionpair—m”
interactions are ongoing and will be reported in due course.
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