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Abstract: Anion–p catalysis, that is the stabilization of anionic
transition states on p-acidic aromatic surfaces, has so far been
developed with naphthalenediimides (NDIs). This report
introduces perylenediimides (PDIs) to anion–p catalysis. The
quadrupole moment of PDIs (+ 23.2 B) is found to exceed that
of NDIs and reach new records with acceptors in the core
(+ 70.9 B), and their larger surface provides space to better
accommodate chemical transformations. Unlike NDIs, the
activity of PDI catalysts for enolate and enamine addition is
determined by the twist of their p surface rather than their
reducibility. These results, further strengthened by nitrate
inhibition and circular dichroism spectroscopy, support an
understanding of anion–p interactions centered around quad-
rupole moments, i.e. , electrostatic contributions, rather than
redox potentials and charge transfer. The large PDI surfaces
provide access to the highest enantioselectivities observed so
far in anion–p catalysis (96 % ee).

Anion–p interactions occur on p-acidic aromatic surfaces
with positive quadrupole moment Qzz.

[1] Complementary to
the conventional cation–p interactions,[2] they are much
younger,[3] more challenging,[1] and much less used to create
function.[4–6] As recent as 2013, anion–p catalysis has been
introduced explicitly, i.e., based on positive Qzz and activity
increasing with p acidity.[7] The general idea is to stabilize
anionic transition states on p-acidic aromatic surfaces. By
now, contributions from anion–p interactions to enolate,[8]

enamine,[9] and iminium[10] chemistry processes have been
reported, anionic cascade processes generating cyclohexane
rings with five chiral centers from achiral, acyclic starting
materials have been realized on p-acidic surfaces,[10] and the
first anion–p enzymes have been made.[11] Apart from occa-
sional, related observations in diverse functional systems,[12]

explicit anion–p catalysis has been realized on the p-acidic
surface of naphthalenediimides (NDIs).[13] In this report,
anion–p catalysis is explored on perylenediimides (PDIs).[14]

This is of interest because their p surface offers much needed
space to accommodate organic transformations. Anion–p

interactions on PDIs are essentially unexplored. However,
surprisingly fast reactions have been observed on PDIs early
on,[15] initial Kemp eliminations have been tested on unsub-
stituted PDIs,[16] and anion–p transport has been implied in
electroneutral PDI photosystems.[17]

Quadrupole moments Qzz of PDIs were calculated first
following standard procedures (MP2/6-311G**//M062X/6-
311-G**).[18] We found a Qzz =+ 23.2 B for PDIs with N-
phenyl substituents for the imides and without core substitu-
ents. This finding was quite remarkable because already the
Qzz =+ 17.7 B of unsubstituted NDIs is twice the p acidity of
the hexafluorobenzene standard.[4] The Qzz of 1,6,7,12 or
“meta” substituted PDIs could not be calculated easily
because plane twisting breaks the symmetry. However,
a spectacular Qzz =+ 70.9 B was obtained for the planar,
2,5,8,11- or “ortho”-substituted tetracyano PDIs,[19] and con-
trary to the tetracyano NDIs (Qzz =+ 55.0 B),[18] these “super-
p-acids” are synthetically accessible[20] (2,8-dicyano PDI:
Qzz =+ 46.5 B). Larger Qzz for PDIs compared to NDIs
were understandable considering that quadrupole moments
increase with the number of valence electrons.[21] Together
with the high polarizibility of expanded p surfaces, these
extraordinary Qzz thus suggested that anion–p interactions
with PDIs could be very strong. Further modulation of their p

acidity was envisoned with sulfide redox switches.[22] Upon
oxidation from two “meta” sulfides to sulfoxides and sulfones
in the PDI core, the energy of the LUMO level decreases
from @4.00 eV to @4.32 eV and @4.40 eV, respectively
(Table 1; 2,5,8,11-tetracyano PDI: @4.72 eV[20]).[22] This
trend is similar to but not as pronounced as with NDIs.[22]

To explore anion–p catalysis on PDI surfaces, we first
focused on enamine addition (Figure 1). The addition of
aldehyde 1 to nitroolefin 2 to yield product 3 with two
stereogenic centers is of interest for anion–p catalysis because
it has been shown that the presence of a carboxylic acid near
the proline is essential to shift the rate-limiting step from
protonation of the nitronate intermediate to the C@C bond
formation.[23] Stereoselective stabilization of this TS1 on the
compact, crowded p-acidic NDI surfaces by operational

Figure 1. Anion–p PDI catalysts 4–7 for the asymmetric addition to
enamine acceptor 2, and schematic representation of transition state
TS1.
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anion–p interactions has been demonstrated experimen-
tally.[9]

Preliminary results with M062X/6-311G**-optimized
structures confirmed that the expanded PDI surface would
be just perfect to comfortably accommodate TS1 (Figure S6).
To elaborate on these expectations experimentally, trifunc-
tional catalysts 4(S) with a remote proline on one side and
a close glutamic acid on the other side of the p surface were
synthesized (Figure 1, Schemes S1–S3, see SI for details). As
with NDI homologs,[24] all NMR spectra of PDIs were
complicated by the presence of rotamers (Figures S12–S20).
This observation confirmed that syn and anti atropisomers do
not have to be considered to interpret results on catalysis.

Catalytic activity was determined under routine condi-
tions (Figures S1–S3).[9] From initial velocities of product
formation, changes in activation energy DEa, i.e., relative
transition-state stabilization were determined. Systematic
solvent screening[24] revealed best results for [D6]benzene
(Table 1, entry 1). Activities in the less interactive
[D8]toluene were slightly weaker (Table S1). Slowest and
fastest transformations obtained with the p-basic DMB and
the p-acidic C6F6/C6D6 (2:1; Tables S1; 1, entry 4) supported
synergistic contributions from p stacking to weaken and
strengthen anion–p interactions, respectively.[25] In agreement
with operational anion–p interactions, increasing solvent
polarity gave weaker results. For the continuation, the best
and the worst solvent were maintained, i.e., C6D6 and CDCl3/
CD3OD (1:1; Table 1). In C6D6, the enantioselectivity
obtained on PDI surfaces of 4(S) was with 96 % ee the best
ever observed in molecular asymmetric anion–p catalysis
(Table 1, entry 1), the closest comparable value with NDIs is
at 64 % ee, the absolute record in the literature is at 91% ee.[24]

The diastereomeric catalyst 4(R) was much slower and
less stereoselective (Table 1, entry 5, Scheme S4). This sig-
nificant response to inversion of the absolute configuration on
the glutamate side provided experimental support that 1) the
catalyst is indeed trifunctional,[9] 2) the reaction occurs on the
p-acidic surface, and 3) the transition state on the expanded
PDI surface in 4(S) is favorable and thus sensitive to
structural changes (Figure S6). Consistent with these impor-
tant interpretations, elongation of the acid part with a glycine
in 7(R) (Figure 1, Scheme S4) increased activity with regard
to the mismatched homolog 4(R) without, however, reaching
activity and selectivity of the matched 4(S) by far (Table 1,
entry 6).

In all tested solvents, rates and selectivities decreased with
increasing reducibility from the matched 4(S) with sulfides to
6(S) with sulfones in the core (Tables S1; 1, entry 11).
Decreasing activity with increasing reducibility from sulfide
to sulfone suggested that, contrary to the planar NDIs, anion–
p catalysis with PDIs is determined by their twist rather than
their reduction potentials. To assess PDI twisting, circular
dichroism (CD) spectra of protected catalyst percursors of
4(S) and 6(S) were measured in apolar solvents (Figures 2,
S7–S9). CD spectra of PDIs with sulfides in the core were
almost silent (Figure 2c,d), whereas sulfones were CD active
(Figure 2a,b), particularly in toluene (Figure 2a; Table 1,
entries 1 and 11). This clear difference could support that the
PDI twist indeed increases from sulfide 4(S) to sulfone 6(S).
A negative exciton-coupled bisignate CD Cotton effect below
300 nm implied[26] an M-helical twist of the PDI plane of both
6(S) and 6(R), i.e., the absolute sense of twist is controlled by
the chirality on the proline side (Figure 2a,b; Table 1,
entries 11, 12). This deplanarization conceivably disturbed

Table 1: Key characteristics of PDI anion-p catalysts.

Entry Core[a] ELUMO Enamine catalysis[c] Enolate catalysis[j]

[eV][b] Cat.[d] De

[m@1 cm@1][e]
DEa

[kJmol@1][f ]
ee [%][g] d.r.[h] IC50

[mm][i]
Cat.[k] DEa

[kJmol@1][l]
A/D[m]

1 SR @4.00 4(S) 0 (0) 0 (0) 96 (69) 25:1 (16:1) 125 11 0 1.8
2 + NO3

@[n] +3.13 31 10:1
3 + PF6

@[o] @0.18 92 14:1
4 C6F6/C6D6

[p] @0.80 92 10:1

5 SR 4(R) 0 (0) +2.92 (+ 0.12) 73 (68) 22:1 (18:1)
6 SR 7(R) +1.66 (@1.40) 76 (68) 7:1 (10:1)

7 SOR, anti @4.32 5(S,F1) + 8 (@2) +2.83 (+ 1.41) 87 (52) 19:1 (14:1) 12 + 1.68 1.0
8 SOR, anti 5(S,F2) + 8 (+15) +1.03 (+ 0.72) 89 (58) 15:1 (14:1)
9 SOR, syn @4.35 5(S,F3) @22 (@50) +1.55 (+ 1.41) 82 (50) 16:1 (12:1)

10 SOR, syn 5(S,F4) + 38 (+40) +0.61 (+ 1.23) 88 (60) 16:1 (15:1)

11 SO2R @4.40 6(S) @25 (@8) +0.48 (+ 0.56) 89 (59) 20:1 (18:1) 265 13 + 2.22 0.6
12 SO2R 6(R) @23 (@5) +2.08 (+ 0.64) 82 (59) 18:1 (14:1)

[a] Substituents in the PDI core (Figures 1 and 4). [b] Energy of the LUMO, determined by DPV in CH2Cl2 against @5.10 eV for Fc/Fc+ (Ref. [22],
Figure S5). [c] 1.0m 1, 500 mm 2, 25–50 mm catalyst, 20 88C, 12 h, >90 % yield. [d] Catalysts. [e] Circular dichroism at the first Cotton effect below
300 nm in toluene (CHCl3) (Figure 2). [f ] Rate enhancement, DEa =@R T ln(vini/vini

0); vini
0 = initial velocity with 4(S) in C6D6 (25 mm cat.) [CDCl3/

CD3OD (1:1) (50 mm cat.)]; negative: acceleration, positive: deceleration. [g] Enantiomeric excess in C6D6 (25 mm cat.) [CDCl3/CD3OD (1:1) (50 mm
cat.)]. [h] Diastereomeric ratio in C6D6 (25 mm cat.) [CDCl3/CD3OD (1:1) (50 mm cat.)]. [i] Concentration for 50% inhibition by NBu4NO3 in C6D6

(50 mm cat., Figure 3). [j] 200 mm 8, 2.0m 2, 40 mm (20 mol%) catalyst, [D8]THF, 20 88C, 10 h, >90 % total yield (A +D).[m] [k] Catalysts. [l] Rate
enhancement for addition, DEa =@RT ln(vini/vini

0), vini
0 = initial velocity with 11 (Figure S4). [m] Yield of addition (A) product 9 / decarboxylation (D)

product 10. [n] With 2.0m NBu4NO3. [o] With 2.0m NBu4PF6. [p] In C6F6/C6D6 (2:1).
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the large quadrupole moment Qzz of planar PDIs and thus
weakened their catalytic activity. Theory predicts that, for
example, twisting of the p-basic biphenyl from 088 to 4588
reduces the negative Qzz by quite remarkable 23 %.[21]

For the intermediate 5(S), all four sulfoxide diastereo-
mers[9] were separated by column chromatography and chiral-
phase HPLC. Fractions 1 (F1) and F2 showed clearly different
properties compared to F3 and F4, including absorption
maxima and redox potentials (Table 1, entries 7–10). Their
intense CD spectra suggested that F3 and F4 are the
“matched” syn isomers with the alkyl substituents pointing
to the same side of the aromatic surface (Figures 2, S7–S9).
The M helicity in the CD spectrum below 300 nm implied that
the absolute configuration of the sulfoxides in F3 is S,S. F4
thus should correspond to the P,R,R diastereomer, the less
CD active F1 and F2 to the anti isomers with S,R and R,S
sulfoxides. All four diastereomers of 5(S) were different in
catalysis but overall less active than sulfides 4(S) and sulfones
6(S) (Table 1, entries 7–10). This reduced activity of 5(S) was
understandable considering that the stereogenic centers at the
edge of the PDI surfaces enhance and rigidify their twist.

The presence of 2.0m tetrabutylammonium nitrate, the
transition-state stabilization by 4(S) decreased by DEa =+

3.13 kJ mol@1, enantioselectivity dropped from 96% to 31%
ee, and diastereoselectivity from 25:1 to 10:1 d.r. (Table 1,
entry 2). The absence of similar inhibition with tetrabutylam-
monium hexafluorophosphate (except for presumably ion-
pairing dominated[10] losses in diastereoselectivity; Table 1,
entry 3), supported that nitrate inhibition originates from
competitive nitrate–p interactions.[10, 11] Nitrate inhibition of
sulfide 4(S) with an IC50 = 125 mm in [D8]toluene exceeded
the IC50 = 265 mm obtained for sulfone 6(S) significantly
(Figure 3, Tables 1, entries 1, 11, S2). This difference sup-
ported that anion–p interactions might indeed decrease with
increasing twist of the p surface, despite a coinciding increase
in reducibility.

The addition of malonic acid half thioesters (MAHTs) 8
to nitroolefin acceptor 2 is of interest because the addition
product 9 is intrinsically disfavored compared to the less
important decarboxylation product 10 (Figure 4). Anion–p

catalysis on NDIs has been introduced to invert this
selectivity, presumably by discriminating different tautomers
of the conjugate bases of substrate 8 on the p-acidic surfaces
(compare TS2).[8] To probe this enolate addition on PDIs,
catalyst 11 was synthesized (Scheme S5, see the Supporting
Information for details). Sulfide oxidation produced sulfoxide
PDI 12 as an inseparable mixture of diastereomers, and
sulfone PDI 13. Evaluation under routine conditions[27]

revealed that sulfide PDI 11 selectively catalyzes the unfa-
vored enolate addition with an addition (9)/ decarboxylation
(10) product ratio A/D = 1.8 (Table 1, entry 1). With increas-
ing reducibility of the p surface, selectivities decreased to A/
D = 1.0 for sulfoxide 12 and inverted back to A/D = 0.6 for
sulfone 13, i.e., failed in “tortoise-and-hare” catalysis, that is
to selectively catalyze that intrinsically disfavored enolate
addition reaction (Table 1, entries 7, 11).[27] Rate enhance-
ments for addition decreased correspondingly for sulfoxide 12
with DEa =+ 1.68 kJmol@1 and sulfone 13 with DEa =

+ 2.22 kJmol@1 (Table 1, entries 1, 11). Results for sulfoxides
12 with intermediate reducibility should not be overestimated
because of the presence of an inseparable diastereomeric
mixture (Table 1, entry 7). More important was the most
pronounced increase in activity (DEa =+ 2.22 kJmol@1) and
inversion of selectivity (from A/D = 0.6 to 1.8) with decreas-
ing reducibility and twist from sulfone 13 to sulfide 11. This
finding was contrary to results with NDIs[27] and in agreement
with the conclusions reached for enamine addition. These
consistent trends were important because different to the
trifunctional enamine catalysts 4–7, anion–p catalysts 11–13
for enolate addition are formally bifunctional and do not
require communication between the PDI termini. Consistent

Figure 2. CD spectra of protected precursors of catalysts 6(S) (a, b),
4(S) (c, d) and 5(S,F1–F4) in CHCl3 (b, d, F1–F4) and toluene (a, c),
with the absolute configuration tentatively assigned to 5(S,F3).

Figure 3. Initial velocity of formation of product 3 in the presence of
substrates 1 and 2, 10 mol% catalysts 4(S) (*) or 6(S) (*), and
increasing concentrations of TBANO3, with fit to Hill equation
(Compare Table 1, entries 1, 11).

Figure 4. Anion–p PDI catalysts 11–13 for enolate addition, with
schematic representation of transition state TS2 containing a stabilized
planar tautomer that has to add before decarboxylation. PMP = p-
methoxyphenyl.
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also with nitrate inhibition experiments for enamine addition,
the results from bifunctional enolate addition catalysts thus
provided additional experimental support that decreasing
activities from sulfides to sulfones in the PDI core originate
indeed from weakened Qzz, i.e., anion–p interactions, with
increasing surface twisting, and not from topological mis-
match or other sterical complications.

In summary, highlights from the explicit introduction of
PDIs to anion–p catalysis are sufficient space to comfortably
accommodate transition states of appreciable size on the
expanded p-acidic surface, giant quadrupole moments, and
the highest enantioselectivity reported so far in anion–p

catalysis. Consistent trends from enamine and enolate addi-
tion, nitrate inhibition and CD spectroscopy indicate that
deplanarization of the p surface inactivates anion–p catalysts,
and inactivation by deplanarization overcompensates activa-
tion by withdrawing substituents, i.e., electron deficiency.
These results provide experimental support that for anion–p

interactions, quadrupole moments Qzz, i.e., electrostatic
interactions,[25] are more important than redox potentials,
i.e., charge transfer. This conclusion is of general interest
because anion–p interactions on twisted aromatic surfaces are
essentially unexplored.[28] With PDIs, deviations from planar-
ity should thus be avoided, whereas, given their great Qzz, the
introduction of p acceptors ortho to the imides[20, 29] appears
most promising for the integration of unorthodox yet power-
ful anion–p interactions into functional systems in the broad-
est sense.[5,11, 30]
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