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Enhanced n-Acidity in Action, with a Chiral and Colorful Redox Switch**

Jiri Misek, Andreas Vargas Jentzsch, Shin-ichiro Sakurai, Daniel Emery, Jiri Mareda and Stefan

Matile*

In this report, we introduce simple sulfur redox chemistry“’z]
to generate enhanced n—acidity,[S'5 ! demonstrate functional relevance
with anion transport expeﬁments,[2’4'7] and create the switchable
chiral m-acidic surfaces that are needed for future applications
toward asymmetric anion-n catalysis. Efforts to expand the number
of non-covalent interactions available to construct
supramolecular systems with significant functions such as sensors,
optoelectronic devices, catalysts or drugs, are of paramount
importance.[4] To contribute to this adventure, we have explored the
use of potential—macrodipole,m] anion—macrodipole,[7] aromatic
electron donor—acceptor[7] as well as anion-r interactions®*! to build
stimuli-responsive transport systems!*”) in lipid bilayer membranes.
Core-substituted naphthalenediimides (cNDIs)®*! are ideal to explore
the usefulness of anion-m interactions to create function because the
quadrupole moment of the parent NDI 1 is already Qzz; = +19 B
(Figures 1a and b).?! This intrinsic n-acidity is very high, as high
as that of the explosive TNT.® The introduction of two cyano 7
acceptors in the cNDI core doubles the quadrupole moment to Q77 =
+39 B, the highest value known today.m This increase in m-acidity
is reflected in decreasing LUMO energy levels from -4.31 eV to -
4.62 eV, and increasing anion binding affinity, charge mobility and
anion transport activity.[4’8’9] Synthetic efforts to further lower
LUMO energies and generate enhanced m-acidity by adding more
cyano m-acceptors into the ¢cNDI core failed so far despite much
interest in academia and industry.[4’8’9]

Looking for synthetic routes to ‘“super-m-acidity,” we
considered that oxidation of sulfide donors!'” in the core of ¢cNDIs
could reversibly yield chiral sulfoxide and powerful sulfone
acceptors (Figure 1). Aromatic sulfur compounds, particularly
thiophenes, are ubiquitous in materials sciences because of the high
conductivity of their n-stacks.!"! Their reversible oxidation has been
much less explored to generate function, although elegant examples
exist for fluorescent sensors, p- to n-charge mobility inversion
(oligothiophene oxidation), switchable secondary peptide structures,
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amyloid disease prevention and voltage-gated synthetic ion
channels." In the following, we report synthesis, optoelectronic
properties, anion transport activity and computational studies of
cNDIs 2-9. Tetrasulfone 9 emerges as the most m-acidic ¢cNDI
known today, the resulting anion transport activity is naturally
outstanding.
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Figure 1. Structures, frontier orbital energies, absorption maxima
and favorable (a) and unfavorable (b) anion complexes of anion-1r
redox switches. HOMO (bold) and LUMO (dashed) energies are in
eV against vacuum compared to native NDI 1 (grey), absorption
maxima in nm (dashed arrows).

The cNDI 2 with two sulfide donors in the core and two
diisopropylphenyl (Dip) substituents in the periphery was prepared
as described in the literature (Figure Sl).“o’”] To enable anion-n
interactions on the most electron-deficient pyridinedione
heterocycles, the obstructing Dip substituents (Figure 1b) were
replaced by mesityl (Mes) substituents which allow for a practical
compromise between acceptable anion-m interactions and reasonable
solubility (Figure la).[4] Reactivity and optoelectronic properties of
the Mes- and Dip-cNDIs were roughly the same. Namely,
conversion of the m-donating sulfides 4 into m-accepting sulfoxides 5
with stoichiometric and sulfones 6 with excess mCPBA caused the



peaks for the protons in position 3 and 7 of the naphthyl core to shift
downfield from 8.81 ppm to 9.66 ppm in the 'H NMR spectra
(Figures 21-2n). The absorption maxima suffered a hypsoschromic
shift from a strong, broad charge-transfer (CT) band at 528 nm for
sulfide cNDIs to weakened CT at 448 nm for sulfoxide cNDIs and
complete CT-silencing for sulfone cNDIs (Figures 2e-2g, Table S1).
The m,m*-transition responded to sulfur oxidation with a weak
bathochromic shift from 382 nm for sulfide ¢cNDIs to 398 nm for
sulfone cNDIs. None of the sulfur containing cNDIs was
fluorescent.
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Figure 2. Cyclic voltammograms (a-d), absorption spectra (e-k) and
'H NMR spectra (I-r) of cNDIs 4-9. This covers sulfide 4 (a, €, h, |, 0),
sulfoxide 5 (b, f, h, m) and sulfone 6 (c, g, n) compared to tetrasulfide
7 (i), tetrasulfoxide 8 (j) and tetrasulfone 9 (d, k), colorimetric redox
switching with 4 and 5 (h), 4 as product of the reduction of 5 (o), and
racemic 5 (p), enantioenriched 5 (q) and achiral 4 (r) in the presence
of the shift reagent (-)-(R)-TFAE (250 eq, CDCl;, 50 °C, Figure S5).

Cyclic voltammetry (CV) revealed a significant increase in n-
acidity in response to the oxidation of the sulfur substituents in the
core (Figures 2a-c). LUMO energies against vacuum were obtained
by subtraction of -5.1 eV for Fc/Fc¢" from the first redox potential at
-1.17 V for sulfide ¢cNDIs, -0.76 V for sulfoxide cNDIs and -0.64 V
for sulfone cNDIs (Figure 1, Table S1). HOMO/LUMO gaps were
calculated from the onset of the lowest energy absorptions to
approximate the HOMO energies (Figure 1).

The reversibility of sulfide oxidation was confirmed by
reduction of 5§ with triflic anhydride (Tf),0 and KI (Figure 20 vs 21).
Colorimetric redox switching was readily demonstrated for repeated
reduction and oxidation cycles for 4 and S (Figures 2h, S4). In the
presence of the chiral shift reagent (-)-(R)-1-(9-anthryl)-2,2,2-
trifluoroethanol (TFAE, or Pirkle’s alcohol),m] the NMR signals for
the protons in position 3 and 7 of the naphthyl core in chiral

sulfoxide 5 (but not achiral sulfide 4) splitted into four equal
resonances (Figure 2p vs 2r). Asymmetric oxidation of 4 with tert-
butylhydroperoxide (TBHP) catalyzed by (R)-(+)-1,1"-bi(2-
naphthol) ((R)-BINOL, 20%) and Ti(OiPr), (10%) changed the
magnitude of the split resonances of 5 (Figure 2q).[”’13] The upfield
signals for the pair of enantiomers integrated for an enantiomeric
excess of 40% ee. Their 1:1 ratio compared to the meso
diastereomer suggested that the second sulfide oxidation occurs
without stereoselectivity (Figure S5). The circular dichroism (CD)
spectrum of enantioenriched 5 showed a weakly negative Cotton
effect (CE) for the CT band at 449 nm and a stronger positive CE at
303 nm (Figure S6).

Today, the use of standard intermolecular interactions to build
functional systems that can transport ions across lipid bilayers is
almost routine."® In a recent inversion of paradigm, activity to
transport anions was considered as a tool to identify more exotic
interactions and assess their functional relevance for translocation
and catalysis, where much weaker interactions are of interest than
for simple binding.“’”] For this purpose, the ability of cNDIs 2-6 to
use anion-m interactions to transport anions across lipid bilayer
membranes  was  evaluated with the  8-hydroxy-1,3,6-
pyrenetrisulfonate (HPTS) assay. In this assay, EYPC-
LUVsDHPTS are exposed to a transmembrane pH gradient. These
are large unilamellar composed of egg yolk
phosphatidylcholine and loaded with the pH-sensitive fluorophore
HPTS. The internal pH probes report the ability of externally added
cNDIs to mediate the dissipation of transmembrane pH gradients
(Figure S8). Dose response curves obtained for cNDIs 2-6 were
then subjected to Hill analysis to give the effective monomer
concentrations (ECsg) needed to reach 50% activity. For sulfide 4,
ECso=13.9 £ 1.2 uM was found (Figure 3a, O, Table S2). This
value improved with sulfide oxidation to ECsy = 2.1 = 0.2 uM for
sulfoxide 5 and ECsy = 1.8 + 0.4 uM for sulfone 6 (Figure 3a, A
and O). Increasing activity with increasing n-acidity was in support
of operational anion-n interactions in the Mes-cNDI series. In the
Dip-cNDI series, activity decreased with m-acidity from ECsy = 0.9
+ 0.1 uM for 2 to ECso = 3.5 = 0.4 uM for 3, probably due to
decreasing partitioning of more hydrophilic transporters (Table S2).
This dichotomic behavior with obstructed anion-m interactions in the
Dip-series was essential to corroborate the functional relevance of
the operational anion- interactions in the Mes-cNDI series 4-6.7°!

The ion selectivity of ¢cNDIs 2-6 was determined by external
ion exchange. The high sensitivity to external anion exchange and
the negligible sensitivity to external cation exchange (except for Li")
implied selectivity for anions (Figures 3b and 3c). The global anti-
Hofmeister behavior in the halide series, preference for oxyanions,
occasional nitrate recognition and fluoride/acetate rejection with
increasing m-acidity were roughly as described for dicyano cNDIs
and can be interpreted as support for strong, n-n enhanced anion-nt
interactions at work (Table SZ).M Anion selectivity sequences were
partially obscured by a lithium anomaly that gained in importance
with increasing sulfide oxidation (Figures 3b, 3c). This effect was
attributed to the binding of lithium to the pocket formed by sulfone
and diimide oxygens and considered as attractive approach to
Lewis-acid enhanced m-acidity.

Quantum chemical computations suggested that the w-acidity of
cNDIs with two sulfones in the core is comparable to that of
previously investigated dicyano cNDIs.P*!'] Comparison of the
electrostatic surface potentials (ESP) of disulfone 6 and dicyano
cNDIs revealed only slightly less electron-deficient surfaces for the
former (Figures $21).""7 This suggested that oxidation of the four
sulfides in the core of cNDI 7 should provide access to the enhanced
n-acidity that couldn’t be reached with tetracyano c¢NDIs (Figure

vesicles



1).[4] Tetrasulfide 7 was readily prepared by adapting procedures
reported previously in the literature,l'® oxidation to tetrasulfoxide 8
with stoichiometric and tetrasulfone 9 with excess mCPBA was
unproblematic.""  Solutions of the super-m-acid 9 in MeOH or
DMSO turned black within hours, as did spots on thin layer
chromatograms.
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Figure 3. Transport activity (a) and selectivity (b, c) of 4 (O), 5 (A), 6
(O), 7 (m), 8 (A)and 9 (®). a) Dependence of fractional activity Y on
cNDI concentration with Hill analysis. (b, c) Dependence of Y on the
dehydration energy of external anions (b, 100 mM NaX, inside 100
mM NacCl) and cations (c, 100 mM XClI, inside 100 mM NacCl),
normalized for Y = 1 for Na" and CI"[""

The transport activity of tetrasulfone 9 was outstanding (ECso =
239 + 24 nM, Figure 3a, ®), the best known so far for anion-n
transporters.””! The Hill coefficient n = 2.5 + 0.7 confirmed that the
active structure is an unstable supramolecule composed of at least
three monomers. The anti-Hofmeister selectivity topology with
AcO'/F" exclusion and significantly enhanced nitrate recognition
found for 8 and 9 supported strong anion recognition (Figure 3b, @,
A). Compared to disubstituted cNDIs (Figures 2e-g), the absorption
spectra of tetrasubstitued cNDIs were broadened, showed a stronger,
more bathochromic CT band for tetrasulfoxide 8 and a stronger
hypsochromic effect for the m,n*-bands (Figures 2i-k). The origin
of these differences is unknown, chromophore twisting due to
topological crowding with four substituents in the core is likely to
contribute (Figure 4). The cyclic voltammograms of di- and
tetrasubstituted cNDIs were identical in appearance (Figures 2a-d,
S7). From the first redox potential at -0.36 V, a LUMO energy of -
4.74 eV was obtained for 9 (Figure 1). This finding demonstrated
that with tetrasulfone cNDI 9, the so far elusive “super-n-acidity”
was finally realized.

Molecular models confirmed the validity of this interpretation.
The exceptional ESP of super-m-acid 9 with a deeply blue aromatic
surface contrasted nicely to the greenish surfaces of the less m-acidic
tetrasulfide 7 (Figure 4, top). Increasing peripheral crowding with
increasing sulfur oxidation slightly twisted the pyridinedione
heterocycles in tetrasulfone 9 out of the naphthyl plane. This
unprecedented NDI deplanarization is presumably subject to

extensive atropisomerism of the ethylsulfonyl side chains (Figure 4,
bottom).

In summary, we report facile access to aromatic surfaces that
unify “super-m-acidity,” operational anion-m interactions, chirality
and red color in a switchable manner. m-Acidic ¢cNDIs with sulfur
substituents in the core are of fundamental interest in materials
science (e.g., air-stable n-semiconductors with high charge
mobility)“’” and organocatalysis. In view of the stabilization of
cationic transition states by cation-r interactions as classical motif in
catalysis, particularly carbocation chemistry,m] anion-m interactions

have the potential to stabilize the complementary anionic reactive
intermediates such as enolates.

Figure 4. Electrostatic surface potentials computed for optimized
structures viewed from the top (blue +1.24, green 0, red -1.24 eV,
PBE1PBE/6-311G**) and side views of ball and stick representations
along the N,N’ axes (atom color coding) of tetrasulfide cNDI 7 (/eft)
and tetrasulfone cNDI 9 (right).

[17 a) E. L. Dane, S. B. King, T. M. Swager, J. Am. Chem. Soc.
2010, 732, 7758-7768; b) M. Moreno Oliva, J. Casado, J. T.
Lopez Navarrete, S. Patchkovskii, T. Goodson III, M. R.
Harpham, J. S. Seixas de Melo, E. Amir, S. Rozen, J. Am.
Chem. Soc. 2010, 132, 6231-6242; c) C. Wolschner, A. Giese,
H. A. Kretzschmar, R. Huber, L. Moroder, N. Budisa, Proc.
Natl. Acad. Sci. USA 2009, 106, 7756-7761; d) G. P. Dado, S.
H. Gellman, J. Am. Chem. Soc. 1993, 115, 12609-12610.

[2] a) N. Sakai, S. Matile, J. Am. Chem. Soc. 2002, 124, 1184-
1185; b) N. Sakai, D. Gerard, S. Matile, J. Am. Chem. Soc.
2001, /23,2517-2524; c) F. Robert, J.-Y. Winum, N. Sakai, D.



Gerard, S. Matile, Org. Lett. 2000, 2, 37-39; d) N. Sakai, S.
Matile, Chem. Eur. J. 2000, 6, 1731-1737.

a) B. L. Schottel, H. T. Chifotides, K. R. Dunbar, Chem. Soc.
Rev. 2008, 37, 68-83; b) B. P. Hay, V. S. Bryantsev, Chem.
Commun. 2008, 2417-2428; ¢) G. Gil-Ramirez, E. C. Escudero-
Adan, J. Benet-Buchholz, P. Ballester, Angew. Chem. Int. Ed.
2008, 47,4114-4118; d) P. Gamez, T. J. Mooibroek, J. S. Teat,
J. Reedijk, Acc. Chem. Res. 2007, 40, 435-444; e) D.
Quinonero, C. Garau, C. Rotger, A. Frontera, P. Ballester, A.
Costa, P. M. Deya, Angew. Chem. Int. Ed. 2002, 41, 3389-
3392; f) M. Mascal, A. Armstrong, M. D. Bartberger, J. Am.
Chem. Soc. 2002, 124, 6274-6276; g) 1. Alkorta, I. Rozas, J.
Elguero, J. Am. Chem. Soc. 2002, 124, 8593-8598.

R. E. Dawson, A. Hennig, D. P. Weimann, D. Emery, S.
Gabutti, J. Montenegro, V. Ravikumar, M. Mayor, J. Mareda,
C. A. Schalley, S. Matile, Nat. Chem. 2010, 2, 533-538.

a) J. Mareda, S. Matile, Chem. Eur. J. 2009, 15, 28-37; b) A.
Perez-Velasco, V. Gorteau, S. Matile, Angew. Chem. Int. Ed.
2008, 47,921-923.

a) A. P. Davis, D. N. Sheppard, B. D. Smith, Chem. Soc. Rev.
2007, 36, 348-357; b) C. P. Wilson, S. J. Webb, Chem.
Commun. 2008, 4007-4009; c) J. T. Davis, P. A. Gale, O. A.
Okunola, P. Prados, J. C. Iglesias-Sanchez, T. Torroba, R.
Quesada, Nat. Chem. 2009, 1, 138-144; d) X. Li, B. Shen, X.
Q. Yao, D. Yang, J. Am. Chem. Soc. 2009, 131, 13676-13680;
e) G. W. Gokel, N. Barkey, New J. Chem. 2009, 33, 947-963;
f) J. K. W. Chui, T. M. Fyles, Chem. Commun. 2010, 46, 4169-
4171.

a) N. Sakai, N. Sordé¢, S. Matile, J. Am. Chem. Soc. 2003, 125,
7776-7777; b) A. Hennig, L. Fischer, G. Guichard, S. Matile, J.

Am. Chem. Soc. 2009, 131, 16889-16895; c¢) P. Talukdar, G.
Bollot, J. Mareda, N. Sakai, S. Matile, Chem. Eur. J. 2005, 11,
6525-6532; d) S. Bhosale, A. L. Sisson, P. Talukdar, A.
Fiirstenberg, N. Banerji, E. Vauthey, G. Bollot, J. Mareda, C.
Roger, F. Wiirthner, N. Sakai, S. Matile, Science 2006, 313,
84-86; ¢) S. Hagihara, H. Tanaka, S. Matile, J. Am. Chem. Soc.
2008, /30, 5656-5657.

[8] N. Sakai, J. Mareda, E. Vauthey, S. Matile, Chem. Commun.
2010, 46, 4225-4237.

[9] a) S. Chopin, F. Chaignon, E. Blart, F. Odobel, J. Mater. Chem.
2007, 17,4139-4146; b) X. Gao, C. Di, Y. Hu, X. Yang, H. Fan,
F. Zhang, Y. Liu, H. Li, D. Zhu, J. Am. Chem. Soc. 2010, 132,
3697-3699; ¢) B. A. Jones, A. Facchetti, M. R. Wasielewski, T.
J. Marks, J. Am. Chem. Soc. 2007, 129, 15259-15278; d) M.
Koénemann, PCT Int. Appl. WO 2007074137, 2007.

[10] a) A. Blaszczyk, M. Fischer, C. von Hénisch, M. Mayor, Helv.
Chim. Acta 2006, 89, 1986-2005; b) C. Roger, F. Wiirthner, J.
Org. Chem. 2007, 72, 8070-8075.

[11] See Supplementary Information.

[12] a) W. H. Pirkle, D. L. Sikkenga, M. S. Pavlin, J. Org. Chem.
1977, 42, 384-387; b) D. Parker, Chem. Rev. 1991, 91, 1441-
1457.

[13] a) N. Komatsu, M. Hashizume, T. Sugita, S. Uemura, J. Org.
Chem. 1993, 58, 4529-4533; b) 1. Fernandez, N. Khiar, Chem.
Rev. 2003, 103,3651-3705.

[14]R. R. Knowles, S. Lin, E. N. Jacobsen, J. Am. Chem. Soc. 2010,
132,5030-5032.




