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Introduction 

Aromatic surfaces can interact with anions,
[1-8]

 cations,
[9,10]

 or 

both.
[11,12]

  Cation-π interactions are ubiquitous in chemistry and 

biology and participate in many important processes, including 

catalysis.
[9]

  Anion-π interactions occur on π-acidic rather than 

π-basic aromatic surfaces.
[1-8]

  Ionpair-π interactions, i.e., cation-

π and anion-π interactions on the same surface, have been 

proposed last year to occur best on polarized push-pull 

surfaces.
[11,12] 

Compared to cation-π interactions, anion-π interactions are 

much younger, less common in biology, less explored in 

chemistry, and their origins are more complex and remain 

subject of debate among theoreticians.
[2-8]

  Here, the term anion-

π interaction is used exclusively to define the site of interaction, 

that is the π surface, with anion-plane distances around or 

preferably shorter than the sum of the respective Van-der-Waals 

radii, but without any implications on the nature of the 

interaction.
[1,2]

  This location on π surfaces, orthogonal to the 

plane of the π system, is analogous to cation-π interactions.  

The same analogy holds for dominant contributions from the 

quadrupole moment Qzz perpendicular to the plane, negative for 

cation-π, positive for anion-π interactions, and from inward and 

outward in-plane dipoles from donating and withdrawing 

substituents, respectively.
[2]

  Contrary to the HOMO chemistry 

accessible with cation-π interactions, anion-π interactions relate 

to LUMO chemistry.  Like “too strong” hydrogen bonds result in 

proton transfer and conjugate acids and bases, “too strong” 

anion-π interactions lead to charge-transfer complexes and 

radicals (and to nucleophilic aromatic substitutions).
[1]

 

Abstract: Enolate chemistry is an attractive topic to elaborate 
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(malonates > methylmalonates, dilactones > dithiolactones).  

Moreover, they depend on the distance to the π surface 

(bridge length:  11 >> 13 atoms).  Most importantly, H-D 

exchange depends strongly on the chirality of the π surface 

(chiral sulfoxides as core substituents; the crystal structure of 

the enantiopure (R,R,P)-macrocycle is reported).  For maximal 

π acidity, transition-state stabilizations up to -18.8 kJ/mol are 

obtained for H-D exchange.  The Brønsted acidity of the enols 

increases strongly with π acidity of the aromatic surface, the 

lowest measured pKa = 10.9 calculates to a ∆pKa = -5.5.  

Corresponding to the deprotonation of arginine residues in 

neutral water, considered as “impossible” in biology, the found 

enolate-π interactions are very important.  The strong 

dependence of enolate stabilization on the unprecedented 

seven-component π-acidity gradient over almost 1 eV 

demonstrates quantitatively that such important anion-π 

activities can be expected only from strong enough π acids. 
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Experimentally, anion-π interactions have been explored in 

the solid state, in solution and in the gas phase.  Early focus on 

anion binding in solution
[3]

 gradually shifted toward anion 

transport
[4]

 and, most recently, anion-π catalysis.
[5-8]

  The first 

explicit example for anion-π catalysis focused on the Kemp 

elimination, a classical model reaction with a single anionic 

transition state.
[5]

  Anion-π interactions in enolate chemistry were 

considered next to explore their ability to recognize the arguably 

most significant anionic transition states in chemistry and 

biology.
[6]

  Acceleration of enolate addition to enones, 

nitroolefins and aldehydes on π-acidic surfaces has been 

documented, the latter continuing in an anionic cascade process 

with elimination and transesterification to afford coumarins.
[6]

  In 

non-covalent systems, anion-π interactions selectively catalyze 

disfavored enolate additions over the favored decarboxylation.
[7]

  

Asymmetric enamine catalysis on π-acidic surfaces has been 

demonstrated.
[8]

  Moreover, contributions of anion-π interactions 

to ion pairing in anion binding catalysis have been suggested 

recently,
[13]

 whereas over possible contributions to enamine 

chemistry with MacMillan catalysts,
[14]

 NHC chemistry with Rovis 

catalysts,
[15]

 or early transamidation on perylenediimide 

surfaces
[16]

 can only be speculated.  Elegant computational 

support for remarkably rare and elusive contributions of anion-π 

interactions to enzyme mechanisms has also been reported.
[17]

 

For a credible development of anion-π catalysis, it is 

important to secure experimental evidence as direct as possible 

for the involvement and importance of anion-π interactions in the 

process.  This is intrinsically difficult because anion recognition 

occurs with reactive intermediates and transition states with 

delocalized negative charges.  To explore anion-π interactions in 

enolate chemistry with highest possible precision, we have 

recently proposed a synthetic strategy to position malonate 

dilactones covalently on the π-acidic surface of 

naphthalenediimides (NDIs).
[6]

  Preliminary results have 

confirmed that upfield shifts in the 
1
H NMR spectra can prove 

the presence of the malonate on the π surface in dilactone 1 

beyond any doubt (Figure 1).  NMR titrations with base in the 

presence of an internal control then revealed the increase in 

acidity of the enol, which in turn demonstrates the stabilization of 

the conjugate base, that is the enolate anion, on the π-acidic 

surface.  These results were important because they introduced 

a so far unique system to quantify enolate recognition by anion-

π interactions in solution with maximal certainty.  In this report, 

this is done systematically.  Most importantly, proton-deuterium 

exchange kinetics
[18-20]

 rather than base titrations are used to 

determine pKa values to further minimize interference and move 

from conjugate bases to the stabilization of anionic transition 

states and reactive intermediates with anion-π interactions. 

 

Results and Discussion 

Design.  The malonate-bridged NDIs 2-11 were designed 

based on the original system 1, controls 12-14 were added to 

assure correct comparisons (Figure 1).  The dependence of 

enolate-π interactions on the positioning of the malonate 

dilactone on the π surface naturally had to be verified first (n, 

Figure 1).  Once in place, the dependence of enolate-π 

interactions and transition-state stabilization on the π acidity of 

the surface could be determined at highest possible certainty by 

varying R
1
.  The dependence of enolate-π interactions and 

transition-state stabilization on the nature of the enolate could be 

measured analogously by varying R
2
 and X.  

Synthesis.  Malonate-bridged NDIs 2-11 were synthesized 

based on the procedures developed for the original system 1 on 

the one hand
[6]

 and much experience with core-substituted NDIs 

on the other.
[21-24]

  The preparation of NDIs 3-5 will be outlined in 

the following as an example (Scheme 1), details on synthesis  

Figure 1.  Structure of malonate-bridged NDIs 1-11, their conjugate enolate bases 1e-11e, deuterium exchange in CD3OD to give 1d-11d, and controls 12-14.  R
3
 = 

tert-butyl or tert-pentyl (1, 9, 10), NPy = N-pyrrolidinyl. 
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Scheme 1.  Synthesis of macrodilactones 3-5.  [a] EtSH, K2CO3, 18-crown-6, 
85 °C, 48 h, 97%.  [b] 1. KOH, i-PrOH, 80 °C, 10 h, 70%; 2. AcOH, 85 °C, 2 h, 
68%.  [c] 18, TEA, DMF, 140 ºC, 10 h, 67%.  [d] Bromoethanol, K2CO3, DMF, 
µW, 140 ºC, 45 min.  [e] Toluene, reflux, 1 h, 58% (d+e).  [f] 22, CH2Cl2, 0 ºC 

 rt, 5 min, 85%.  [g] mCPBA (3 eq), CH2Cl2, 0 ºC, 20 min, 62%.  [h] mCPBA 
(10 eq), CH2Cl2, rt, 2 h, 88%.  3-5 and 19 are mixtures of stereoisomers unless 
stated otherwise ((R,R,P)-4, see below). 

and characterization of all new compounds can be found in the 
Supplementary Information (Schemes S1-S4, Figures S10-S59). 

The 2,6-dibromo naphthalene-1,4,5,8-tetraester 15 was 
obtained from naphthalenedianhydride following described 
procedures.[23,24]  Nucleophilic aromatic substitution with 
ethanethiol gave tetraester 16 as a pure compound in excellent 
97% yield.  For the formation of the diimide, the anhydride 17 

was reformed by ester hydrolysis under basic conditions 
followed by dehydration under acidic conditions.  The 
microwave-assisted reaction of the core-substituted 
naphthalenedianhydride 17 with aminophenol 18 under basic 
conditions afforded NDI 19 in 67% yield.  Williamson ether 
synthesis with bromoethanol gave the stable atropisomers 20 
and 21, which could be separated easily by column 
chromatography as reported previously for unsubstituted 
NDIs.[6,22]  Conversion of the useless anti atropisomer 21 into the 
desired syn atropisomer 20 was possible by cycles of reflux in 
toluene and subsequent separation.  The malonate-bridged NDI 
macrodilactone 3 was obtained by reacting the syn atropisomer 
20 with malonyl dichloride 22.  Oxidation of the two sulfides in 
the core of NDI 3 with mCPBA at 0 ºC gave NDI 4 with two 

sulfoxides, oxidation with excess mCPBA at room temperature 
gave NDI 5 with two sulfones. 

Structural Studies.  Sulfides, sulfoxides and sulfones are 
most attractive core substituents because the π acidity can be 
varied without global structural changes (Table 1).[23]  This 
somewhat underappreciated isostructural functional switch has 
been applied before not only to elaborate on anion-π 
interactions[23] but also to modulate peptide secondary 
structures,[25] the mechanosensitivity of fluorescent probes[26] 
and the voltage gating of synthetic ion channels.[27]  NDI 3 and 
NDI 5 with two sulfides and sulfones in the core exist as pairs of 
enantiomers, the sulfoxides in NDI 4 add two stereogenic 
centers at the edge of the π surface.[23]  For NDI 4, four peaks 
could be identified in chromatograms using chiral HPLC (Figure 
S1).  For the stereoisomer eluting last at Rt = 13 min, single 
crystals could be obtained.  Structure determination by X-ray 
crystallography revealed the absolute configurations 
corresponding to (R,R,P)-NDI 4 (Figures 2, S2).  The crystal 
structure of the (R,R,P)-dilactone 4 confirmed the position of the 
malonate on the π-acidic surface.  In neutral form in the solid, 
the malonate carbonyls are turned away from the surface and do 
not show any interaction.  The α carbon between the malonate 
carbonyls was identified as tetrahedral.  In neutral form in the 
solid, the malonate in (R,R,P)-NDI 4 does not exist as an enol. 

The structure of macrodilactone 1 (without tert-pentyl 
solubilizers) obtained from molecular modeling was nearly 
superimposable with crystal structure of (R,R,P)-NDI 4, i.e., 
without strong contacts between the malonate bridge and the π-
acidic surface (Figure 3a).  This situation changed dramatically 
with deprotonation. 

The B97D/6-311g** density functional[28] within the 
Gaussian-09[29] package was used to model selected structures 
relating to malonate enolate 1e.  In the global minimum found for 
1e, the plane of the extended enolate anion was oriented 
parallel to the π-acidic surface (Figure 2, 3b).  Comparable to 
face-to-face nitrate-π interactions,[3,4] this parallel enolate 
orientation suggested that anion-π interactions are supported by 
face-to-face π-π interactions.  In this structure, the distance from 
the α carbon of the enolate to the aromatic plane is 0.25 Å 
shorter than the sum of the respective Van-der-Waals radii. 

Above the face-to-face enolate 1e, a local minimum was 
found at +8.94 kJ mol-1 (Figure 3c).  In this structure, the enolate 
is rotated along the long axis to promote localized interactions of 
the carbonyl oxyanions with the π-acidic surface.  These 
oxyanion-π interactions also occur in a minimum found at 
+21.30 kJ mol-1 (Figure 3d).  In this less favored structure, the 
enolate plane is nearly perpendicular with respect to the NDI 
plane with one carbonyl lone pair pointing into the π surface for 
maximally localized anion-π interactions.  Comparison of the full 
series suggested that with malonate-bridged NDIs, π-π-
enhanced face-to-face enolate-π interactions with a more 
delocalized negative charge are preferred over edge-to-face 
enolate-π interactions with the negative charge more localized 
on two or, at worst, one carbonyl oxygen. 

Deuterium Exchange.  Proton-deuterium exchange kinetics 
of 5 mM malonate-bridged NDIs 1-11 and controls 12-14 were 
measured by 400 or 500 MHz 1H NMR spectroscopy in CDCl3 in 
the presence of 4% or 80% CD3OD.  Comparative studies were 
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Figure 3.  B97D/6-311G** optimized structures of macrodilactone 1 (a) as well 

as enolate 1e at the global minimum (b) and higher energy local minima, 

respectively at +8.94 kJ mol
-1

 (c) and +21.30 kJ mol
-1

 (d, without tert-pentyl 

solubilizers). 

made with 0.01 equivalent triethylamine (TEA) to ensure that 

proton-deuterium exchange occurs with formation of anionic 

enolate intermediates 1e-14e (Figure 1).  In malonate diester 

control 12, the resonance for the α-CH2 occurred at δ = 3.88 

ppm.  Exposed to the ring current above aromatic surfaces,
[30]

 

the α-CH2 peak shifted upfield by up to ∆δ = -1.75 ppm (Table 1, 

entry 6).  Consistent with reports in the literature,
[18-20]

 the α-CHD 

resonance appeared just upfield of the α-CH2 peak (∆δ ~ -0.02 

ppm, Figure 4).  As observed previously with other 

substrates,
[18,19]

 the H-D coupling pattern was usually not 

resolved (Figures 4, S3-S6).
[31]

  These α-CHD peaks increased 

at the beginning of H-D exchange but disappeared with 

continuing exchange to the NMR-silent α-CD2 product (Figures 

4, S3-S6). 

Deuterium exchange kinetics were determined from the 

decrease of the α-CH2 signals relative to a non-exchanging 

signal and the appearance and disappearance of the α-CHD 

signals with time  (Figures 4, 5a, S3-S7).  Changes of reaction 

rates on π surfaces in macrodilactones were obtained by 

comparing absolute rate constants with those of acyclic controls 

12-14 (Table 1).  Rate changes krel were converted into changes 

in activation energy ∆∆GTS.  These changes could originate from 

the stabilization or destabilization of anionic transition states 

(TS) on π-acidic or π-basic surfaces.  Contributions from 

ground-state (de)stabilization to changes in activation energies 

cannot be excluded either without data from Michaelis-Menten 

kinetics.
[5] 

The stabilization of enolate intermediates 1e-11e 

themselves, i.e. ∆∆GRI, was approximated from the acidity of the 

malonate macrodilactones 1-11.  Richard analysis was used to 

extract pKa’s from deuterium exchange kinetics.
[18]

  This method 

has been validated previously for a broad variety of enolates.
[18-

20]
  In brief, rate constants obtained for controls were plotted 

against their known pKa (Figures S8, S9).  The rate constants 

identified for the new, malonate dilactones 1-11 on NDI surfaces 

were then added to the respective Richard correlation plot to 

extract an estimate of their pKa (Table 1). 

Methods Validation.  Deuterium exchange kinetics were 

explored first with the known malonate dilactone 1 (Table 1, 

entries 6 and 7).  In this original macrocycle, the malonate is 

positioned on the π surface of a native NDI without additional 

substituents in the core.  Compared to acyclic diethylmalonate 

12, H-D exchange in dilactone 1 on a native NDI surface was 

16.2 times faster in the presence of 1 M CD3OD (4%) in CDCl3 

(Figure 5a,  vs X; Table 1, entry 6).  With 20 M (or 80%) 

CD3OD in CDCl3, the relative rate enhancement on π-acidic 

surfaces in 1 naturally decreased slightly to krel = 8.6 (Table 1, 

entry 7).
 

Malonate 12 and methylmalonate 14 were used as controls 

with known pKa to develop one Richard correlation plot for fast 

H-D exchange with 20 M CD3OD (80%) and another one for 

slow H-D exchange with 1 M CD3OD (4%) in CDCl3 (Figures S8, 

S9).  Their application to the rate enhancements krel measured 

for dilactone 1 at different concentrations of CD3OD gave 

reasonably similar pKa = 14.3 and pKa = 14.6 (Table 1, entries 6 

and 7).  Small changes in enolate stabilization in response to 

changes in solvent polarity were expected.  The pKa = 14.6 

obtained from H-D exchange in CDCl3 with only 4% CD3OD was 

nearly identical with the pKa = 14.5 obtained previously with 

base titrations in CDCl3 (Table 1, entry 6).
[6] 

These consistent results with known controls validated H-D 

exchange in general and Richard correlation plots
[18]

 in particular  

Figure 2.  Crystal structure of malonate-bridged (R,R,P)-NDI 4 (left) compared to the B97D/6-311G** optimized structure of enolate 1e at the global minimum (right, 

without tert-pentyl solubilizers). 

a) b)

c) d)
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Table 1. Deuterium exchange data for malonate dilactones on π-acidic surfaces.
[a]

 

entry
 

Cpd
[b] 

n   X
 

R
2 

R
1
 ELUMO 

(eV)
[c]

 

∆δ 
(ppm)

[d]
 

krel
[e,f] ∆∆GTS 

(kJ mol
-1
)
[g]

 

pKa

[h,i]
 ∆pKa

[j]
 ∆∆GRI 

(kJ mol
-1
)
[k]

 

1
 

5 1   O H SO2Et -4.63 -2.34 1971
[e]

 -18.8 10.9
[h]

 -5.5 -13.6 

2
[l] 

(δ3)-4 1   O H SOEt -4.42 -1.88 1752
[e]

 -18.5 11.0
[h]

 -5.4
 

-13.3
 

3
[l]
 (δ1)-4 1   O H SOEt -4.42 -1.53 1683

[e]
 -18.4 11.1

[h]
 -5.3 -13.2 

4
[l]
 (δ4)-4 1   O H SOEt -4.42 -2.13   731

[e]
 -16.3 11.7

[h]
 -4.7 -11.7 

5
[l]
 (δ2)-4 1   O H SOEt -4.42 -1.57   195

[e]
 -13.1 12.0

[h]
 -4.4 -10.8 

6 1 1   O H H -4.13 -1.75     16.2
[e]

   -6.9 14.6
[h]

 -1.8 -4.5 

7 1 1   O H H -4.13 -1.75       8.60
[f]
   -5.3 14.3

[i]
 -2.1 -5.2 

8 6 1   O H OEt -3.99 -2.23       1.30
[f]
   -0.7 15.5

[i]
 -0.9 -2.2 

9 7 1   O H NPy, OEt -3.83 -2.08       0.49
[f]
   +1.8 16.6

[i]
 +0.2 +0.5 

10 3 1   O H SEt -4.02 -2.22       0.27
[f]
   +3.2 16.7

[i]
 +0.3 +0.7 

11 8 1   O H NPy -3.71 -2.15       0.015
[f]
 +10.4 17.6

[i]
 +1.2 +3.0 

            

12 2 2   O H H -4.13 -0.81  0.06
e
   +7.0 18.4

[i]
 +2.0 +5.0 

13 9 1   S H H -4.13 -1.00  5.36
e
   -4.2 10.9

[h]
 -1.3 -3.2 

14
 

10 1   O CH3 H -4.13 -2.15    0.076
f
   +6.4 18.7

[h]
 +0.7 +1.7 

15 11 1   O CH3 SO2Et -4.63 -1.47      63.2
f
 -10.3 16.8

[i]
 -1.2 -3.0 

[a] Measured by 400 or 500 MHz 
1
H NMR spectroscopy in CDCl3 with 5 mM substrate, 50 µM TEA and 4% (1 M)

[e,h]
 or 80% (20 M) CD3OD,

[f,i]
 at room temperature.  [b] For 

structures, see Figure 1.  [c] LUMO energy levels of NDIs in eV relative to -5.1 eV for Fc
+
/Fc, extrapolated from literature values and control measurements.

[23,24]
  [d] Shift of 

the α-CH2 compared to 12 (3.88 ppm, for 1-8), 13 (3.78 ppm, for 9) and 14 (3.41 ppm, for 10-11).  [e] Relative rate constants with 4% (1 M) CD3OD
[a]

 compared to 12-14.  

[f] Relative rate constants with 80% (20 M) CD3OD
[a]

 compared to 12-14.  [g] Transition-state (de)stabilization (or ground-state (de)stabilization), from ∆∆GTS = -RT ln (krel).  

[h] Acidity of the malonate esters, approximated
[15]

 from pKa
 
= c log(k/p), p = number of protons, c from fit with known pKa and k measured for 1, 12 and 14 with 4% (1 M) 

CD3OD.
[a]

  [i] Same, approximated from pKa and k measured for 12 and 14 with 80% (20 M) CD3OD.
[a]

  [j] Change in apparent acidity compared to 12 (16.4; for 1-8), 13 

(12.2, for 9) and 14 (18.0, for 10-11).  [k] (De)stabilization of the reactive enolate intermediate (RI) on π surfaces, from ∆∆GRI = RT(∆pKa).  [l] Diastereomers, labeled with 

increasing upfield shift, (δ4)-4 contains (R,R,P)-4 (see Figure 6, all chiral compounds are measured as mixtures of stereoisomers). 

 

 

Figure 4.  Evolution with time of the 
1
H NMR spectrum of 1 in CDCl3 with 4% 

CD3OD (50 µM TEA, room temperature, 1.62 ppm = tert-pentyl CH2, 1.52 ppm = 

α-CH2, 1.51 ppm = α-CHD). 

as the least interfering method to probe anion-π interactions in 

covalent systems with meaningful accuracy.  Moreover, they 

provided corroborative support for the stabilization of enolate 

intermediates on π-acidic surfaces and added experimental 

evidence for transition-state stabilization by anion-π interactions.  

These results are particularly valuable because the reaction takes 

place with α-CH2 carbons whose protons appear at δ = 1.52 ppm 

rather than at δ = 3.88 ppm (Figure 4).  This upfield shift of ∆δ = -

1.75 ppm is observed throughout the entire exchange process 

(Figure 4) and thus provides experimental evidence as direct as 

possible that the acceleration of the reaction of interest occurs 

indeed on the π-acidic aromatic surface. 

Positioning.  Compared to the original malonate dilactone 1, 

the expanded macrocycle 2 contains two more methylenes in the 

malonate bridge (n = 2, Figure 1).  The resonance for the α-CH2 

in the 
1
H NMR spectrum of the ring-expanded macrodilactone 2 

was ∆δ = -0.81 ppm compared to the acyclic diester 12 (Table 1, 

entry 12).  The upfield shift for the original macrodilactone 1 was 

∆δ = -1.75 ppm (Table 1, entry 6).  This reduced exposure to the 

aromatic ring current
[30]

 indicated that in the ring-expanded 

macrodilactone 2, the α-CH2 is not in very close proximity of the π 

surface. 

Contrary to the acceleration on the π-acidic surface in the 

matched macrodilactone 1 (krel = 16.2), H-D exchange in the 

expanded macrocycle 2 slowed down significantly (Table 1, entry 

12).  Deceleration far beyond anion-π free control 12 (krel = 0.06) 

suggested that in mismatched macrodilactone 2, both transition 

state (∆∆GTS = +7.0 kJ mol
-1

) and reactive enolate intermediate 

(∆∆GRI = +5.0 kJ mol
-1

) are destabilized rather than stabilized.  

This result confirmed that the mismatched bridge in macrocycle 2 

is too long to exist in relaxed extended conformation.  This 

strained, tight folding not only prevents the enolate to approach 

the π surface for stabilizing anion-π interactions but also hinders 

the spacially demanding planarization from the sp
3
 hybridized 

δ / ppm

1.64 1.60 1.56 1.52 1.48

time
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acid to the sp
2
 hybridized conjugate enolate base (Figures 1 and 

2).  The clear difference found between the operational 

macrodilactone 1 and the dysfunctional homolog 2 supported that 

the design of the former is appropriate to explore enolate 

chemistry on π-acidic surfaces.  Molecular models confirmed that 

bridges shorter than in dilactone 1 would result in highly strained 

macrocycles (n < 1, Figure 1). 

π Acidity.  After validation of the design of macrocycles 1 to 

position malonates on π surfaces, a series of six dilactones 3-8 

with different substituents in the NDI core was prepared (Table 1).  

As a measure of π acidity, quadrupole moments Qzz were not 

appropriate because the reduced symmetry with sulfoxide and 

sulfone substituents hinders calculations.
[23]

  The energy levels of 

the LUMO of the NDIs, experimentally accessible by cyclic 

voltammetry measurements, were used as reasonable 

approximation instead.
[23,24]

  The π-acidity gradient built to probe 

the acceleration of H-D exchange in malonates with anion-π 

interactions covers 920 meV in seven steps in total.  The most π-

acidic surface was prepared with strongly withdrawing sulfones in 

NDI core in dilactone 5 (ELUMO = -4.63 eV), the least π-acidic one 

with strongly donating amines in NDI core in macrocycle 8 (ELUMO 

= -3.71 eV, Table 1).  The intermediate steps in the seven-

component π-acidity gradient were covered with withdrawing 

sulfoxides in 4 (ELUMO = -4.42 eV), hydrogens in 1 (ELUMO = -4.13 

eV) and donating sulfides in 3 (ELUMO = -4.02 eV), ethers in 6 

(ELUMO = -3.99 eV), ethers/amines in 7 (ELUMO = -3.83 eV, Table 1, 

entries 1-11). 

In the 
1
H NMR spectrum of macrodilactone 1, the upfield shift 

∆δ = -1.75 ppm of the resonance of the α-CH2 provided direct 

experimental evidence that the malonate is correctly positioned 

on the π-acidic NDI surface (Table 1, entry 6).  With core 

substituents, this upfield shift generally increased.  The strongest 

upfield shift ∆δ = -2.34 ppm was found for the most π-acidic 

macrocycle 5 (Table 1, entry 1).  However, differences were 

overall small and a clear correlation of upfield shifts and π acidity 

could not be identified. 

The velocity of H-D exchange increased with increasing π 

acidity of the NDI.  On the most π-acidic surface in dilactone 5, 

the stabilization of the transition state reached ∆∆GTS = -18.1 kJ 

mol
-1

 (Table 1, entry 1, Figure 5a,  vs X).  The Brønsted acidity 

of the malonate increased by ∆pKa = -5.5 to a pKa = 10.9.  From 

the increase in Brønsted acidity, a ∆∆GRI = -13.6 kJ mol
-1

 was 

calculated for enolate stabilization by intramolecular anion-π 

interactions with the most π-acidic surface in dilactone 5 (Table 1, 

entry 1).  A pKa = 10.9 of the malonate at maximal π acidity in 

macrocycle 5 is in the range of the Brønsted acidity of phenols or 

alkylammonium cations.  For comparison, a ∆pKa = -5.5 

corresponds to the deprotonation of an arginine residue (pKa = 

12.5) in neutral water.
[12]

  Contrary to the deprotonation of lysine 

residues (pKa = 10.5, ∆pKa = -3.5), the deprotonation of arginine 

residues is considered as “impossible” in biology, and the 

permanent nature of the positive charge is thought to account for 

much of what is generally referred to as “arginine magic”.
[12]

 

In the full seven-component gradient established with 

macrocycles 1/3-8, the increase of the Brønsted acidity of the 

malonate with increasing π acidity of the NDI surface was linear 

with two most intriguing exceptions (Figure 5b).  The first clear 

deviation from linearity concerned NDI 3 with sulfide substituents 

in the core (Figure 5b, filled circle, Table 1, entry 10).  H-D 

Exchange was clearly slower than expected from the LUMO level.  

This apparent underperformance of NDI 3 was intriguing because 

the donating power of sulfides changes with the electron density 

in the aromatic system.  With electron-rich aromatics, sulfides are 

ineffective or even very weak acceptors, as reflected in their 

Hammett σp = +0.03.
[32]

  With increasing π acidity, sulfides 

become increasingly strong donor.
[33]

  The found deviation from 

linearity suggested that, intriguingly, this increasing donor 

strength of sulfides with increasing π acidity might affect anion-π 

interactions more than redox potentials.  The second deviation 

from linearity concerned sulfoxides 4.  Unavoidable because H-D 

exchange is stereoselective (see below), it turned out that the 

least active stereoisomer (δ2)-4 obeys linear dependence (Table 

1, entry 5), whereas the additional chirality at the edge of the π-

surface accelerated H-D exchange with all other stereoisomers 

beyond expectations (Figure 5, dashed circle, Table 1, entries 2-

4). 

 

Figure 5.  (a) Representative 
1
H NMR kinetics for deuterium exchange in the 

fastest macrocycle 5 ( ), the original 1 ( ), and control 12 (X) in the presence 

of 4% CD3OD in CDCl3 (0.01 equivalent TEA, room temperature, Table 1).  (b) 

Dependence of the ∆pKa of malonates 1/3-8 (vs control 12, dashed line) on the 

LUMO energy of the NDIs in the macrodilactones.  Linear curve fit is added with 

the only intention to guide the eye, and deviations from linearity are indicated for 

3 (filled dashed circle) and the most active diastereomer of 4 (empty dashed 

circle). 

The linear dependence of malonate pKa on π acidity should 

not be overinterpreted considering that the values at low π acidity 

had to be measured at higher solvent polarity (i.e., CDCl3 with 

80% rather than 4% CD3OD to accelerate H-D exchange, see 

above, Table 1).  Nevertheless, nearly identical pKa’s measured 

for 1 under the two different conditions (4% vs 80% CD3OD in 

CDCl3) suggested that the observed trends are meaningful (Table 

1, entries 6 and 7).  Macrocycle 6 with ELUMO = -3.99 eV was the 

least π-acidic system that accelerated H-D exchange (Table 1, 

entry 8).  Macrocycle 7 with ELUMO = -3.83 eV was the most π-

acidic system to decelerate H-D exchange (Table 1, entry 9; 

except for the outlier 3, see above).  This inversion from 

activation to inhibition was interesting because all NDIs present in 

the seven-component gradient have positive quadrupole 

moments.  Even the strongly decelerating macrocycle 8 with 

ELUMO = -3.71 eV remains slightly π-acidic (Qzz = +2.3 B
[24]

).  The 

inversion from enolate stabilization to enolate destabilization 

occurred below the Qzz = +8.0 B
[24]

 of dilactone 6.  This π acidity 

of NDIs with two alkoxy groups in the core is still respectable, in  
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Figure 6.  (a) Part of [13C,1H] HSQC NMR spectra of 4 with correlation of α-CH2 
signals for all stereoisomers.  Below are parts of 1H NMR spectrum of 4 in 
CDCl3 (b) at the time of and (c) 2 minutes after the addition of 4% CD3OD (50 
µM TEA, room temperature).  

the range of the classical π acid hexafluorobenzene (Qzz = +9.5 
B).[24]  The strong dependence in the seven-component π-acidic 
gradient with inversion of activity below Qzz = +8 B thus provided 
quantitative experimental support for the notion that strongly π-

acidic surfaces with Qzz > +10 B are essential to observe 

significant activities with anion-π interactions in solution. 

Stereoselectivity.  Macrodilactones 4 contain highly π-acidic 
NDIs with chiral sulfoxides in the core (Table 1, entries 2-5, 
Figure 2).  According to [13C,1H] HSQC NMR spectra, the α-CH2 
gave two peaks at 39.6 ppm in the 13C NMR spectra, whereas the 
1H NMR spectra of the mixture of stereoisomers showed four 
separate α-CH2 peaks between 2.35 and 1.75 ppm (Figures 6a, 
S26-S28).  The four diastereomers corresponding to the four 
signals were labeled with increasing upfield shift from (δ1)-4 with δ 

= 2.35 ppm to (δ4)-4 with δ = 1.75 ppm (Figure 6b).  Each 
diastereomer contains one pair of enantiomers, the α-CH2 peak of 
(R,R,P)-4 was at 1.75 ppm, i.e., part of (δ4)-4.  Consistent with the 
strong π acidity of the NDI surface with two sulfoxides in the core, 
deuterium exchange rates were fast for all diastereomers of 4 
(Table 1, entries 2-5).  For diastereomers (δ3)-4 and (δ4)-4, the α-
CHD resonance could be observed upfield of the α-CH2 peak 
(Figure 6c).  Possibly overlapping with the α-CH2 signal, the α- 
CHD peak of diastereomers (δ1)-4 and (δ2)-4 was not detectable 
(Figure 6c).  The representative 1H NMR spectrum taken two 
minutes after CD3OD addition (4% in CDCl3) showed that the 
deuterium exchange kinetics of the four diastereomers differ 
significantly.  Diastereomers (δ1)-4 and (δ3)-4 exchanged fast, 
whereas (δ4)-4 and particularly (δ2)-4 were much slower.  These 
differences demonstrated that deuterium exchange, i.e, enolate-π 
interactions on chiral π acidic surfaces, is stereoselective.  The 

best chiral sulfoxides (δ3)-4 were with pKa = 11.0 almost as good 
as the more π-acidic sulfones in macrodilactone 5 (Table 1, 
entries 1 vs 2).  The worst sulfoxides (δ2)-4 were with pKa = 12.0 
one order of magnitude weaker (Table 1, entries 2 vs 5). 

Thiomalonates.  Reduced resonance between carbonyl and 
sulfur increases the acidity of the α-protons of thioesters 
compared to oxoesters.[7,34]  The reactivity of their enolates 
increases correspondingly.[7,34]  In macrocycle 9, the malonate 
oxolactones of the original macrocycle 1 are replaced by 
thiolactones (Table 1, entry 13).  In the 1H NMR spectrum of 
thioester control 13, the resonance for the α-CH2 occurred at δ = 
3.78 ppm, that is ∆δ = -0.10 ppm upfield of less acidic oxoester 
control 12.  On the π-acidic surface in the thiolactone 9, the α-
CH2 of the malonate was upfield shifted by ∆δ = -1.00 ppm 
compared to thioester control 13 (Table 1, entry 13).  This upfield 
shift was small compared to the ∆δ = -1.75 ppm found for 
malonates on the same π-acidic surface in the homologous 
dioxolactone 1 (Table 1, entry 6).  The origin of this difference is 
unclear but probably related to differences in intrinsic Brønsted 
acidity rather than to ring expansion with the longer C-S bonds 
(~1.2 Å in total). 

Deuterium exchange with thioester control 13 was faster than 
with oxoester 12.  Richard correlation plots afforded a pKa = 12.2 
for malonate dithioester 13 in CDCl3 with 4% CD3OD.  Compared 
to this fast exchanging thiomalonae 13, deuterium exchange on 
π-acidic surfaces in thiolactone 9 was still 5.36 times faster 
(Table 1, entry 13).  This rate enhancement calculated to an 
increase in Brønsted acidity by ∆pKa = -1.3 to a pKa = 10.9, that is 
a stabilization of the enolate intermediate on the π-acidic surface 
by ∆∆GRI = -3.2 kJ mol-1 (Table 1, entry 13).  With pKa = 10.9, the 
Brønsted acidity of malonate dithiolactones on π surfaces of 
intermediate π acidity in 9 was as strong as that of malonate 
dioxolactones on surfaces of maximal π acidity in 5 (Table 1, 
entries 1 and 13).  At identical π acidity, enolate stabilization by 
∆∆GRI = -3.2 kJ mol-1 for malonate dithiolactones in 9 was quite 
comparable to the ∆∆GRI = -4.7 kJ mol-1 for malonate 
dioxolactones in 1 (Table 1, entries 6 and 13).  Intrinsically better 
enolate stabilization by resonance in dithiomalonates compared 
to dioxomalonates could account for the slightly weaker 
contributions of anion-π interactions to the former. 

Methylmalonates.  The positioning of methylmalonates on π-
acidic surfaces in macrodilactone 10 caused the α-CH resonance 
to shift upfield by ∆δ = -2.15 ppm (Table 1, entry 14).  This 
compared to homolog 1 clearly stronger upfield shift suggested 
that the bulky methyl group forces the small α-CH into close 
contact with the repulsive π-acidic surface.  With krel = 0.076, 
deuterium exchange with methylmalonates in dilactone 10 was 
much slower than with methylmalonate diester control 14 (Table 
1, entry 14).  Analog to the sterically hindered intercalation and 
face-to-face π-stacking with toluene compared to benzene, the 
methyl group in α-position should hinder the formation of the most 
favored co-planar enolate-π interaction in 1/3-8 (Figures 2, 3b). 

To accelerate H-D exchange also with the disfavored 
methylmalonates, they were placed on π surfaces of maximal π 
acidity in dilactone 11.  With increasing π acidity, the strong 
upfield shift ∆δ = -2.15 ppm of the α-CH in 10 decreased to a 
subaverage ∆δ = -1.47 ppm in 11 (Table 1, entries 14 and 15).  H-
D exchange on the most π-acidic surface in 11 indeed 
accelerated despite the presence of the methyl group in α 
position (Table 1, entry 15).  However, enolate stabilization on 
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most π-acidic surfaces with methyl malonate remained with 

∆∆GRI = -3.0 kJ mol
-1

 clearly inferior compared to the ∆∆GRI = -

13.6 kJ mol
-1

 obtained with the methyl-free homolog 5 (Table 1, 

entries 1 and 15). 

 

Conclusions 

The objective of this study was to explore possible contributions 

of anion-π interactions to catalysis with highest possible certainty.  

The challenge is to secure experimental evidence as direct as 

possible for or against the stabilization of anionic transition states 

and reactive intermediates on π-acidic aromatic surfaces.  To 

tackle this challenge, macrodilactone architectures are introduced 

to place malonates covalently on the π-acidic surface of NDIs.  

Their presence on the π surface is directly detectable by upfield 

shifts in the 
1
H NMR spectra, also in action, i.e., during deuterium 

exchange.  Deuterium exchange is implemented as least 

interfering process to probe enolate intermediates as well as 

transition states on π-acidic surfaces.  The results provide 

extensive corroborative support that enolates and their respective 

transition states are stabilized on π-acidic surfaces. 

The most important specific lessons learned are the following.  

Firstly, the reported results in support of existence and 

significance of anion-π catalysis are unique with regard to the 

level of precision and confidence that is accessible with the 

introduced covalent approach.  Secondly, the ∆pKa = -5.5 

determined for maximized enolate-π interactions under these 

conditions is significant.  Thirdly, the introduced π-acidity gradient 

composed of seven components covering almost 1 eV exceeds 

previously explored gradients by far.  This seven-component 

gradient was essential to find the inversion of activity below Qzz = 

+8 B and thus secure quantitative experimental evidence that 

strong π acids with Qzz > +10 B are required to create function 

with anion-π interactions.  It is important to realize that this cut-off 

is around classical π acids such as hexafluorobenzene (Qzz = 

+9.5 B).
[24]

  With weaker π acids with Qzz < +10 B, contributions 

are weak, and similarly weak repulsive components begin to 

dominate.  This result will be important for future 

developments.
[7,8]

  Last but not least, the found stereoselectivity of 

deuterium exchange in malonates on chiral π surfaces is most 

intriguing, also with regard to future perspectives with asymmetric 

anion-π catalysis.
[8]

  The result is particularly valuable because 

the selectivity originates directly from chirality within the π-acidic 

surface. 
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Beyond uncertainty:  Tied up onto chiral π surfaces in solution, stereoselective 

proton-deuterium exchange is directly followed by 
1
H NMR spectroscopy to see 

malonate acidity increase along a seven-component π-acidity gradient up to 5.5 

orders of magnitude - commonly considered as impossible in biology -, to quantify 

the stabilization of anionic reactive intermediates and transition states on π-acidic 

surfaces, and to secure direct experimental evidence for the long suspected:  that 

really strong π acids are needed to catch anion-π interactions at work. 
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