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ABSTRACT. This report focuses on the remote control of
anion-r catalysis by electric fields. We have synthesized and
immobilized anion-r catalysts to explore the addition reaction
of malonic acid half thioesters to enolate acceptors on con-
ductive indium tin oxide surfaces. Exposed to increasing elec-
tric fields, anion-m catalysts show an increase in activity and
an inversion of selectivity. These changes originate from a
more than 100-fold rate enhancement of the disfavored eno-
late addition reaction that coincides with an increase in selec-
tivity of transition-state recognition by up to —14.8 kJ mol .
The addition of nitrate with strong r affinity nullified (ICs) =
2.2 mM) the responsiveness of anion-m catalysts to electric
fields. These results support that the polarization of the m-
acidic naphthalenediimide surface in anion-m catalysts with
electric fields increases the recognition of anionic intermedi-
ates and transition states on this polarized © surface, that is,
the existence and relevance of electric-field-assisted anion-nt
catalysis.

Conventional aromatic planes have an electron-rich n surface that
attracts cations.! To bind anions rather than cations on © surfaces,
an inversion of the quadrupole moment perpendicular to the aro-
matic planes, from Q,, < 0 B to Q,, > 0 B, is necessary (Figure
1).2*  This is possible with electron-withdrawing substituents,
which in turn add in-plane multipoles that further support anion-n
interactions (Figure la). The functional relevance of anion-m
interactions has been indicated first in 2006 for anion transport.5
Expanding the scope of anion-m stabilization from the ground
state to the transition state, explicit anion-n catalysis was reported
first for Kemp elimination reaction in 2013.° Since then, anion-n
catalysis has been demonstrated in enolate, enamine, iminium,
transamination and oxocarbenium chemistry, and the first anion-7
enzyme has been created.”®

The design of anion-7 catalysts has so far focused on  acidity,
i.e., the variation of Q,, > 0 B. These studies have demonstrated
the importance of a O,, > +10 B to achieve significant function.’
However, computational studies have suggested early on that not
only Q,, but also the polarizability of the aromatic system con-
tributes significantly to anion-m interactions.’ Anion binding
itself on the m surface produces a supportive induced dipole u,.
Significantly increased anion-m interactions are also expected
from polarization of the m-acidic surface by face-to-face m-
stacking with other aromatic systems.> Pioneering computational
studies further suggested that polarization by electric fields will
increase anion-m interactions.” Electric fields and potentials have
been shown to accelerate reactions and activate conventional cata-
lysts,'® enzymes'' and catalytic pores,'? and to modulate the for-
mation of dynamic covalent bonds,"> DNA duplexes' and ion
pairs.'> Here, we introduce electric-field-assisted anion-m cataly-
sis.

To elaborate on remote control with electric fields, anion-m
catalysts had to be immobilized on conducting surfaces. The
application of an electric field was then expected to polarize the n-
acidic aromatic system, and convert the Q,, > +10 B into an in-
duced dipole u, (Figure 1). The tightened binding of anionic
intermediates and transition states on this polarized = surface
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Figure 1. The concept of electric-field-assisted anion-m catalysis. (a)
Bifunctional anion-m catalysts composed of, e.g., a m-acidic NDI with Q,,
> +10 B and an amine base (grey circle) are immobilized on conducting
surfaces (light blue). (b) Application of an electric field induces macrodi-
pole u,, which in turn increases the stabilization of anionic intermediates
and transition states between substrate S and product P on the polarized
surface of the catalyst.

should then be reflected in increased catalytic activity. To elabo-
rate on these expectations, we designed, synthesized and evaluat-
ed the heterogeneous anion-xt catalyst 1 (Figure 2). The proposed
bifunctional motif combines the privileged n-acidic surface of-
fered by naphthalenediimides (NDIs, O, ~ +18 B)® with a tertiary
amine. Interfacing with a conformationally constrained Leonard
turn has been shown to be perfect to run reactions on aromatic
surfaces.® For immobilization of this bifunctional catalyst on ITO
surfaces, diphosphonate feet'® were introduced via sulfide substit-
uents in the NDI core. Details on the synthesis of pre-catalyst 2
can be found in the SI."’
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Figure 2. a) Structure of the electric-field-responsive anion-m catalyst 1,
obtained by immobilization of 2 on ITO. b) Cyclic voltammograms of
aqueous KyFe(CN)s (0.5 mM; 0.2 M Na,SO,) measured using an ITO
electrode as a working electrode before (dashed) and after 1 day at 40 °C
in a solution of 2 (1 mM) and pyridine (10 mM) in DMSO (counter elec-
trode: Pt; reference electrode, Ag/AgCl).

Incubation of ITO electrodes with precatalyst 2 afforded the
heterogeneous anion-n catalyst 1. After one day of incubation,
the oxidation of aqueous ferrocyanide was completely inhibited



(Figure 2b). This suggested that the surface of the ITO working
electrodes is completely covered. Covalent bonding of the di-
phosphonate feet of the catalyst to the oxide surface was achieved
by heating the electrode for 1 h at 120 °C. From the NDI reduc-
tion wave, a surface coverage I'= 0.9 x 10" mol-cm™ was calcu-
lated following established procedures (Figure S2b)."® This sur-
face coverage was consistent with a catalyst that is anchored with
both phosphonate groups to the surface (0.5 molecules'nm™, Fig-
ure 2a). Similar flat-lying orientations have been observed previ-
ously with various aromatic systems,'® and they have been applied
successfully to template self-organization, stack exchange and
self-sorting of multicomponent photosystems. '’

Electric-field assisted anion-m catalysis was examined with the
addition of malonic acid half thioester (MAHT) 3 to enolate ac-
ceptor 4. Despite its importance in all, particularly in polyketide
biosynthesis,”' the MAHT addition does not proceed well without
enzymes. In the presence of an amine base, MAHT 3 fails to
react with enolate acceptors such as 4 to yield the addition product
A (or 5) and prefers to decarboxylate into the irrelevant product D
(or 6) instead (Figure 3). Often based on tertiary amines, particu-
larly those in cinchona alkaloids, several catalysts have been re-
ported to achieve enolate addition,” and related reactions have
already been realized on solid surfaces (without electric fields).®
We have previously shown that the intrinsic selectivity in favor of
decarboxylation rather than enolate addition can be reversed using
anion-r catalysts.”® Namely, these catalysts are expected to rec-
ognize planar enolate tautomers with delocalized negative charge,
which undergo addition before decarboxylation (RI-A, TS-A)
rather than decarboxylative deplanarized tautomers with localized
charge (TS-D).
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Figure 3. With MAHT 3, enolate addition to yield product A and decar-
boxylation to product D are in kinetic competition. Discrimination be-
tween planar (RI-A, TS-A) and twisted (TS-D) tautomers on m-acidic
surfaces with tightly (RI-A, TS-A) but not loosely (TS-D) interfaced base
catalysts can provide selective access to the disfavored but relevant A.

For electric-field-assisted catalysis, the heterogeneous catalyst
1 was immersed in THF containing 200 mM 3 and 2 M 4. Hex-
afluorophosphate (PFs) salts were used for electrolyte (Tetrabu-
tylammonium: TBAPF,, 0.1 M) and reference -electrode
(Ag/AgPF¢) to minimize interference from competing anion-m
interactions on the catalyst (see below). The initial velocities viy;
of product formation were as low as expected for heterogeneous
catalysis (Figure 4b). The ratios of addition product A and decar-
boxylation product D, i.e., the A/D selectivity, were determined
by 'H NMR spectroscopy (Figure 4a). At 0 V against Ag/Ag’,
A/D = 0.08 was obtained, indicating that decarboxylation to prod-
uct 6 dominates clearly under these conditions. The effect of
negative potentials was not examined because electric-field-
induced NDI polarization should weaken rather than strengthen
anion-m interactions on the exposed surface (Figure 1), and be-
cause of the onset of NDI reduction, i.e., catalyst destruction un-
der these conditions. However, the application of increasingly
positive potentials caused an almost linear increase in A/D selec-

tivity until saturation was reached around A/D = 1.8 (Figure 4a).
This behavior corresponded well to theoretical predictions of the
dependence of anion-m interactions on electric fields on the one
hand* and catalysts operating with binding sites at excess sub-
strate on the other.® Linear curve fit of the initial data points gave
an apparent field constant np = 2.86 V' for A/D selectivity, and
an inversion potential of /1 =+0.33 V (Figure 4a).

The inversion of selectivity originated from the selective accel-
eration of the intrinsically disfavored but relevant enolate addition
reaction toward product A (or 5). Comparison of initial rates at
0.0 V and +0.5 V revealed that the application of an electric field
to anion-z catalyst 1 results in a rate enhancement of v/vy = 190
for the formation of addition product A (Figure 4b). In contrast, a
nearly negligible rate enhancement of v/vy = 1.3 was found for the
formation of the decarboxylation product D (or 6) on anion-m
catalyst 1 in electric fields (Figure 4b). The different rate en-
hancements calculated to transition state stabilization of AE, = —
15.5 kJ mol™" for addition and AE, = —0.7 kJ mol ™' for decarboxy-
lation (Figure 4c). Thus, the effect of electric fields to selectivity
of transition-state recognition amounted to AAE, =—14.8 kJ mol .
This coinciding enhancement of rate and selectivity was in
agreement with the fundamental principles of catalysis. Moreo-
ver, according to our earlier findings using NDI catalysts of vary-
ing m-acidity,® the selective acceleration of enolate addition was
consistent with enhanced anion-m interactions, here caused by the
polarization of the & surface in catalyst 1 by electric fields (Figure
1b). Although convincing and consistent, this interpretation does
of course not exclude other explanations of the identified remote
control of anion-r catalysts in electric fields.
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Figure 4. a) Dependence of A/D product ratio on the potential applied to
catalyst 1. Shown are average values from at least two independent exper-
iments + error, with linear curve fit for the first four data points. The open
circuit potential was 0.040 + 0.025 V. b) Initial velocity of the formation
of product D and A in the presence of catalyst 1 at 0.0 V (cyan) and +0.5
V. c) Transition-state stabilization by +0.5 V for decarboxylation D and
addition A on catalyst 1, calculated from changes in vi,; in (b).

To substantiate electric-field enhanced anion-n interactions, the
effect of the presence of nitrate anions was examined. Due to
their recognition on m-acidic surfaces,” nitrate anions have been
found previously to be effective inhibitors of anion-m catalysts.’
With heterogeneous catalysis, however, the presence of TBANO;
caused an intrinsic increase in rates and A/D ratios. To extract the
impact of electric fields, the change in A/D ratios compared to
nearly field-free catalysis, i.e, Po)p = A/D / A/D (0 V), was deter-
mined. With increasing nitrate concentration at +0.5 V, Pyp se-
lectivity decreased with an /Csy = 2.2 = 0.2 mM (Figure 5a). This
comparably low /Cs, was consistent with increasing nitrate-m
interactions in response to the polarization of m-acidic NDI sur-
faces with electric fields (Figure 1b). In the presence of 4.0 mM
nitrate, Py,p was nearly independent of electric fields (Figure 5b,
®). Linear curve fit gave a field constant ng = 0.9 V! for Pyp,
which was 40 times below the np = 35.7 v! for P, p obtained in

2



the absence of nitrate (Figure 5b, O). This inhibition by compet-
ing nitrate-m interactions provided experimental support that the
inversion of selectivity in electric fields originates from electric-
field-assisted anion-m interactions.

Control experiments revealed that bare ITO did not catalyze the
conversion of MAHT 3. Also inactive were control catalysts
without amine obtained from immobilization of 7 on ITO. In
control 8, the constrained Leonard turn in 2 is replaced by an
elongated and flexible n-butyl turn between NDI surface and
amine catalyst. Immobilized on ITO surfaces, control 8 was inac-
tive. Active but less selective in solution,® this finding suggested
that the amines on a loose and long chain can reach the solid sur-
face and bind to the oxides. The same amine binding to the oxide
surface could have contributed to the inaccessibility of control
experiments with simple amine-diphosphonate dyads due to insuf-
ficient surface coverage.
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Figure 5. a) Dependence of Pa/p with catalyst 1 at = +0.5 V on the
concentration ¢ of TBA nitrate. The ionic strength was maintained by
reducing the concentration of TBAPF; (100 — ¢ mM). b) Dependence of
Pa/p on the potential applied to catalyst 1 in the absence (O) and the
presence (@) of 4.0 mM nitrate, with linear curve fit for the first four data
points.

In summary, we report that remote control by electric fields can
invert the selectivity of anion-w catalysts by selectively accelerat-
ing an intrinsically disfavored but relevant enolate addition reac-
tion (“tortoise-and-hare™’ catalysis). Moreover, we show that the
dependence of selectivity on electric fields can be inhibited by
nitrate. Although interpretations of results from complex systems
always retain their intrinsic speculative component, these results,
in agreement with theoretical predictions* and all accessible con-
trols, provide strong support for the stabilization of anionic inter-
mediates and transition states on the polarized n surfaces of anion-
7 catalysts in electric fields.
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