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Chapter

Anion-r Catalysis: A Novel
Supramolecular Approach
for Chemical and Biological
Transformations

Ishfaq Ahmad Rather and Rashid Al

Abstract

Catalysts by virtue of lowering the activation barrier helps in the completion of
a chemical reaction in a lesser amount of time without being themselves consumed.
Utilizing the diverse non-covalent interactions in the design and construction
of catalysts, recently anion-n interactions were also introduced, giving rise to an
emerging field of anion-= catalysis. In the newly constructed anion-x catalysts,
significant lowering of activation energy occurs by virtue of anion-= interactions.
Till now, several important reactions generating chiral centers have been carried out
on the n-acidic surfaces of anion-x catalysts, thereby revealing the significance of
anion-x catalysis in the domain of asymmetric synthesis. The motive of this chapter
is to highlight the role of anion-x catalysis in asymmetric synthesis and we surely
believe that it will offer new opportunities in supramolecular chemistry.

Keywords: anion-r catalysis, anion-x interaction, asymmetric synthesis,
cascade reaction, enolate chemistry, naphthalene diimide, fullerene

1. Introduction

From the past few decades, non-covalent interactions have gained the new
heights in the domain of catalysis and supported to construct functional systems
of fundamental significance. Infact, the application of non-covalent interactions
in the field of catalysis are nowadays studied under a separate branch of science
known as supramolecular catalysis [1]. By virtue of non-covalent supramolecular
interactions, not only the catalytic efficiency of the existed catalysts has been
improved but the novel organocatalysts have also been developed [2]. Amongst
various supramolecular interactions, the cation-n and anion-x interactions are most
promising in the field of catalysis. In cation-= interactions, the cation interacts
with n-basic aromatic systems possessing negative quadrupole moment (Qzz < 0),
whileas in case of recently recognized anion-x interactions, the anion interacts with
n-acidic aromatic systems possessing positive quadrupole moment (Qzz > 0). For
example, benzene (Qzz = -9B) is n-basic in nature which makes it suitable to inter-
act with cations through cation-r interactions (Figure 1) [3]. However, the interac-
tion of anion with this system looks counterintuitive, as it will lead to repulsion
between anion and n-electron cloud of benzene. For this purpose, researchers have
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Figure 1.
Structures of diverse n-acidic aromatic systems.

inverted the intrinsic negative Qzz of aromatic systems into positive one (Qzz > 0)
by attaching strong electron withdrawing substituents on aromatic systems. By
virtue of this, they have generated various n-acidic aromatic scaffolds possessing
strong positive quadrupole moment, which in turn interact with diverse anions
through anion-x interactions (Figure 1) [4].

The recognition of anions is of paramount importance as anions are abundant
in nature and play very essential biological role through participation in enzymatic
reactions. The transport of anions across biomembranes during different biochemi-
cal events makes their recognition even more important [5]. Scientists around the
globe are constructing diverse artificial anion receptors, which mimic the function
of biosystems and involve anion-n interactions besides other non-covalent interac-
tions in the recognition phenomenon of anions [6]. From the recent theoretical,
computational, and experimental investigation, it has been observed that anion-=n
interactions have shown a promising role in supramolecular catalysis and has given
rise to a new concept of anion-x catalysis. The emerging field of anion-x catalysis
has not yet much explored in chemistry and until now only few reports are available
in literature [7-9]. This is because of the fact that anion-x interactions have recently
got experimental evidence, and also there is a dearth of n-acidic aromatic systems
being the supreme prerequisite of these interactions [10]. Theoretical and experi-
mental studies have revealed that anion-n catalysis works on the fundamental prin-
ciple of the stabilization of anionic transition state on n-acidic aromatic surfaces.
This stabilization in turn lowers the activation barrier of a particular reaction and
hence leads to the formation of a selective desired product quickly under normal
reaction conditions [11, 12]. The first evidence of anion-x catalysis came from the
Matile’s group after carrying out the transmembrane transport of anion by virtue of
anion-w interactions [13]. Researchers have developed various anion-x catalysts by
adapting different synthetic methodologies [7-9]. It is not feasible herein to discuss
such methodologies, but for the convenience of the readers, we have assembled a
group of anion-= catalysts used in this chapter (Figure 2) [11, 12]. In this chapter,
we will discuss the role of these anion-x catalysts in various chemical reactions like
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Figure 2.
Structures of various anion-n catalysts used in this chapter.

Kemp elimination, Michael-addition reactions, Diels-Alder reactions, and epoxide
ring opening reactions followed by ether and polyether cascade cyclization reac-
tions. Mostly these reactions involve the generation of chiral centers and hence are
of prime importance in the arena of asymmetric synthesis.

2. Kemp elimination: a classical tool for anion-= catalysis

The Kemp elimination is a well-known reaction, which involves the abstraction
of a proton from the carbon of the benzisoxazole substrate with the help of a cata-
lytic amount of base. This reaction plays an essential biological role and has been
documented as an ideal conventional tool for anion-r catalysis by Matile’s group.
They have carried out this reaction by virtue of the NDI-based anion-x catalysts
possessing covalently linked carboxylate base and a solubilizer (alkyl tail) on the
n-acidic surface [11]. There occurs the formation of phenolate in the anionic tran-
sition-state (30) after the proton is abstracted by a covalently attached carboxylate
base of NDI based anion-x catalyst (9) from the carbon of the substrate (27). The
anionic transition-state (30) acquires stability on the n-acidic surface of catalyst (9)
by means of anion-r interactions with a magnitude of AAGTS = 31.8 + 0.4 kJ mol™
along with a catalytic ability of 3.8 x 10° M~ and the transition state recognition
(Krs) = 2.7 £ 0.5 uM (Figure 3). In order to circumvent the inhibition of the desired
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Figure 3.
Schematic illustration of Kemp elimination veaction along with a mechanistic cyclic pathway. Blue color
depicts electron deficient and red color implies electron rich.

product, reactive intermediate (31) involves protonation of phenolate to yield the
desired product 28 with the regeneration of the catalyst (9) (Figure 3) [11].

3. Michael-addition reactions through anion-r catalysis

Michael-addition, a powerful tool in organic synthesis is a nucleophilic addi-
tion reaction which involves the addition of a nucleophile to an a, f-unsaturated
carbonyl compounds. It is considered as one of the significant atom economic
methods to generate enantioselective and diastereoselective C-C bonds under mild
reaction conditions. Knowing the fact that enolates play a vital role in both biology
as well as chemistry, Matile’s group has revealed the role of anion-= catalysis in
enolate chemistry. They have computed the catalytic strength of enolate-n interac-
tions by reporting numerous stereoselective Michael addition reactions on NDI
based anion-= catalysts (Figure 4) [14-17]. From the 'H-NMR studies, a substantial
upfield shift of malonate protons has been observed in cases where the malonate
group is covalently linked to the n-acidic NDI surface as compared to protons of
unbound diethyl malonate group. This in turn leads to enhanced acidity of the
associated malonate group by means of anion-x interactions. In fact, this upfield
shift display the location of malonate a-protons above the n-acidic surface [15].
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On the other hand, experimental studies have revealed that Michael-addition
between malonic acid half thioester (37) and enolate acceptor 38 fails without
anion-x catalyst and hence leads to solely the formation of a decarboxylation
product 40. Fortunately, the presence of anion-x catalyst for the same reaction
leads to the formation of an addition product (39) selectively in comparison to
decarboxylation product (40) (Figure 5) [16]. Besides these significant catalytic
studies of anion-x interactions, the anion-x catalytic domain has now been explored
to iminium, [18] enamine, [15] oxocarbenium, and transamination chemistry [19].
Since the Michael addition reactions through enolate chemistry has a significant
relevance to several chemical and biological phenomenon, the outcomes of the
studies carried out by Matile and teammates can take the domain of organocatalysis
to a next level.

By virtue of positive molecular electrostatic potential (MEP), the fullerene (Cq)
is considered as a potential candidate for anion- interactions and has recently been
introduced in the field of anion-x catalysis. The exceptional selectivity of fullerenes
is actually due to localized positive potential areas termed as 7z-holes (Figure 6).

By virtue of purest n-system, fullerenes offer a promising role in the exploration of
polarizibility significance in a solution-phase anion-x catalysis [20]. Studies based

on these facts have revealed a significant improvement in the selective addition of

37 to 38 by means of a fullerene based catalytic dyad 22 as well as catalytic triad

44 (Figure 6). Significantly higher selectivity was achieved after intercalating the
methyl viologen 45 in between two fullerenes moieties of a catalytic triad 44 [21, 22].
Besides, the addition product selectivity over the decarboxylation product, conjugate
addition protonation reaction of 46 and 47 generating 1,3-non-adjacent stereocenters
have been also been carried out on the surfaces of anion-x catalyst 21 composed of
fullerene (Figure 6) [23].
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Figure 4.
Schematic representation of Michael addition reaction of 34 with Michael acceptors (32 and 33) on the
n-acidic NDI surface of 10.
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Figure 5.

Addition (39) and decarboxylation (40) products in terms of Michael-addition between 37 and 38 catalyzed
by NDI-based anion-= catalyst 11 (PMP = p-methoxyphenyl). The molecular structuves of transition state
(41) and of reactive intermediates (42 and 43) are also given.
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Figure 6.

Schematic illustration of addition (39) and decarboxylation product (40) on anion-= catalytic surfaces
of fullerenes (22 and 44) along with the depiction of conjugate addition protonation reaction and anionic
transition state stabilization (49 and 50)

Currently, catalysis by means of an electric field has gained a significant interest
in molecular transformations, stereoselectivities, and multistep organic synthesis
[24]. Electric fields and potentials besides accelerating the reactions have also been
shown to activate the conventional catalysts, enzymes, and catalytic pores [25].
Recent studies have revealed that electric fields can just function as a remote control
for anion-x catalysts. It has been observed that immobilization of anion-7 catalysts is
important before applying the electric field to polarize the z-acidic aromatic systems
into an induced dipole (4z), which in turn enhance the stabilization of anionic transi-
tion state and intermediate on the catalytic polarizable n-surface (Figure 7). In order
to fulfill these expectations, a bifunctional anion-7 catalyst (20) has been designed
and synthesized by Matile and coworkers for addition product (39) selectivity over
decarboxylation product (40). In their experimental studies, they have attached two
diphosphonate groups in the NDI core of 20 through sulphide substituents in order
to immobilize the bifunctional catalyst (20) on the surface of indium tin oxide (ITO)
(Figure 7) [26].

In another event, Matile and teammates have used foldamers (24-26) for the
Michael addition product selectivity over decarboxylated product and noticed that
the selectivity gets increased by increasing the length of stacks, thereby displaying
anion-(x),-n catalysis (Figure 8) [27]. This is actually due to increase in the elec-
tronic communication upon increasing the stack length of foldamers. The catalytic
activity dependence on electron-sharing has been found to be superlinear on raising
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Figure 7.
Schematic illustration of addition product (39) and decarboxylation product (40) along with immobilized
anion-x catalyst 51 and induced dipole (uz).
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Figure 8.
Schematic depiction of addition product (39) selectivity over decarboxylated product (40) by means n-stacked
foldamer assisted anion-(n) - catalysis.

the stack length. It thus violates sublinear power laws of oligomeric chemistry
and reveals the catalytic activity of synergistic amplification over the complete
stack [27].

Moreover, quite recently Matile’s group has stapled short peptides to NDI-based
anion-r catalysts (16) in order to generate selective Michael addition product (39)
over decarboxylative product (40) (Figure 9). These results regarding anion-n
catalysis will serve as an appropriate starting material subsequent to peptides in
order to be in operation in larger protein structures and development of anion-n
enzymes [28].

Anion-r catalysis play a significant role in the asymmetric synthesis and leads to
the generation of chiral isomers selectively. In this regard, the same group has also
incorporated NDI moiety in between a carboxylate base and a proline unit for the
construction of an anion-= catalyst (13). On the n-acidic surface of 13, they have
carried out asymmetric addition of 54 to nitroolefin enamine acceptor 55. The NDI
n-acidic surface helps in the stabilization of transition state of anion near nitronate
intermediate by anion-n interactions as can be observed from the structures of



Current Topics in Chirality - From Chemistry to Biology

transition states (59 and 60) (Figure 10). By means of the presence of carboxyl-
ate base and proline unit at opposite sides of NDI, it has been found that both the
rate of enamine addition and enantioselectivity gets enhanced on increasing the
n-acidity of NDI [29, 30]. Thus, it gives an essential indication of the participation
of anion-=n contacts in stereoselectivity. Moreover, anion-x catalyst (12) based on
NDI was used for the imine isomerization of undesired achiral substrate 57 to the
desired chiral product 58 (Figure 10) [18].

On the other occasion, the same group has also carried out asymmetric synthesis
on anion-x catalytic surfaces of perylenediimides (PDIs). It has been observed that
twist in the n-acidic surface determines the catalytic activity of these PDI-based
anion-x catalysts in case of Michael addition reactions of enolates and enamines.
This is in contrary to the catalytic activity of NDIs, where reducibility of n-surfaces
plays a prominent role. Experimental studies have revealed asymmetric addition of
62 to 38 through PDI-based anion-rx catalyst (17), which leads to the formation of
product 63 containing two chiral centers (Figure 11) [31]. Furthermore, the PDI-
based anion-= catalyst (18) also offers Michael addition product (39) selectivity
over decarboxylated product (40) (Figure 11).

In another event, Matile’s group has also observed anion-n interactions in anion-=
enzymes after preparing anion-n enzyme artificially. They have equipped a range of
anion-x catalysts with a water-soluble vitamin known as biotin in order to determine
the selectivity of Michael addition product (39) over decarboxylation one (40) in
the chemistry of enolates. [32] Additionally, they screened artificially prepared

% 3 P P
Catalyst (16)
+
HOMSPMP + oNT PN o O2N SPHM SPMP
37 38 g 39 40

Figure 9.
Schematic depiction of addition product (39) selectivity over decarboxylated product (40) by means of
peptide stapled NDI-based anion-n catalyst (16).
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Figure 10.

Representation of asymmetric addition (56) and imine isomerization product (58) along with the molecular
structures of transition states (59-61).
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Figure 11.

Asymmetric synthesis of 63 through PDI-based anion-=n catalyst (17) and transition state (64,) depicting
formation of C-C bond. Moveover, Michael addition of 37 to 38 through PDI-based anion-n catalyst (18) and
a structure of involved transition state (65) is also given.
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Schematic vepresentation of addition (39) and decarboxylation product (40) by means of anion-=n catalyst
(11). The structures of transition states and reactive intermediates along with the diagrammatic illustration of

anion-m engymes are also given.

anion-t enzyme against a cluster of the mutants of streptavidin (Figure 12). The
presence of S112Y mutant leads to desired Michael addition product (39) with 95%
enantiomeric excess (ee) along with a complete suppression of the decarboxylation
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Figure 13.
Schematic illustration of selective addition product (39) on the polarizability induced n-acidic carbon
nanotubes (SWCNT and MWCNT).

product (40). The existence of anion-=n contacts in proteins has been established
through the nitrate inhibition of mutant S112Y. The optimum performance has been
found at acidic pH = 3, which clearly indicates that enolate gets formed by virtue
of the stabilization on rn-acidic surfaces. Moreover, K121 mutant has been found in
concurrence with the docking results as far as the function of catalyst composed
of tertiary amine is concerned at an ideal pH 3. By means of diverse mutants, it is
established that enhancing enantioselectivity continuously agrees with the stabiliza-
tion of particular transition state [32].

More interestingly, the same group has reported innovative anion-x catalysis
on the surfaces of carbon nanotubes and synthesized selective addition products
on their n-acidic surfaces (Figure 13). Studies have revealed that tertiary amine
based multi-walled carbon-nanotubes (MWCNT) display much higher efficiency
as compared to single-walled carbon nanotubes (SWCNT). This is by virtue of the
fact that between and along the nanotubes of MWCNT, there exists a polarizibility
induced n-acidic surfaces [33].

4. Anion-x catalysis in action for Diels-Alder reactions

The Diels-Alder reaction discovered in 1928 (Noble prize 1950), a pericyclic
[4 + 2] cycloaddition reaction unites diene and dienophile in an atom economic way
to yield corresponding Diels-Alder adducts in a regio- and stereoselective manner.
Interestingly, this reaction has been used for the synthesis of a plethora of medicinal
as well as other compounds. With these thoughts in mind, Matile’s group in recent
years has successfully carried out Diels-Alder reactions by means of anion-x catalysts
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Figure 14.

Diels-Alder reaction between hydroxypyrone (70) and maleimides (71) by means of anion-n catalyst (21).
Moreover, the transition states of exo-74 and endo-75 compounds are also given.
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X=0,8 Rg-= Ph, 4-BrPh, Me

Figure 15.
Michael product (77) catalyzed by triethylaluminium and exo-Diels-Alder product (79) catalyzed by anion-n
catalyst (14).

based on fullerenes [34]. During the experimental studies, they have got thermody-
namically more stable exo-products as compared to generally formed endo-products
by virtue of the exo-transition state stabilization as shown in Figure 14.

There is no doubt that the main objective of anion-= catalysis is to discover the
reactions of indefinite reactivities and the Diels-Alder reactions of anionic nature
offers a first indication in this direction. Matile’s group has revealed that that the
reaction between 76 and 71 catalyzed by triethylaluminium yields Michael adduct
77 as a major compound along with a Diels-Alder side product 78. Nevertheless, a
reaction of concerted cycloaddition nature by means of anion-= catalyst (14) solely
offers exo-Diels-Alder compound (79) (Figure 15) [34].

5. Cascade reactions through anion-x catalysis

Cascade reactions are also known as domino or tandem reactions and comprises
of at least two simultaneous consecutive reactions. Herein, the preceding reaction
develops a chemical functionality on which a subsequent reaction occurs. Such
reactions are of vital importance in the synthesis of complex natural products
possessing various chiral centers [35]. During these cascade cyclization reactions,

11
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charge displacements are stretched over longer distances. Matile’s group has
revealed that anion-= catalysis in terms of anion-= interactions is highly capable in
the stabilization of these charge displacements. With the help of anion-= catalysis,
the cascade reactions on the n-acidic catalytic surface leads to generation of bicyclic
asymmetric products possessing four chiral centers (Figure 16). Moreover, cascade
cyclization reactions through anion-= catalysis are also in action in the genera-
tion of asymmetric cyclohexane moieties containing five chiral centers generated
in a single step on n-acidic catalytic surface (Figure 17). The concept of anion-n
catalysis also play a central role in other cascade reactions on the n-acidic aromatic
surface. For instance, the reaction of 93 with 94 takes place in a cascade way on the
n-acidic aromatic surface (Figure 18). The greatest outcome of anion-x catalysis in
cascade cyclization reactions is anion-x cinchona fusion catalyst [36].

Epoxide ring opening followed by ether and polyether cascade cyclic reac-
tions are considered as conventional reactions in chemical and biological sciences.
Nowadays, these reactions are also considered as attractive tools for anion-n
catalysis. To this context, Matile’s group has reported some functional systems

CH
- Ph s 0N,
EL ¥ Catalyst (11) + w + (o]
Hght OH
82 83

O
80 38

Figure 16.

Schematic vepresentation of the generation of anion-x catalyzed bicyclic cascade products and the structures of
involved anion-w transition states.

OH
0] \NOZ "\NOZ
| Ph Catalyst (15)
| + ozN\)\/No2 “Ph
NO
Et 87 Noz ?
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Figure 17.
Schematic illustration of asymmetric anion-n catalyzed cyclohexane rings through cascade cyclisation reaction.
Moreover, the structures of anion-n transition states are also given.
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Figure 18.
Schematic depiction of anion-n catalyzed cascade reaction of benzaldehyde derivative (93) with ethyl
acetoacetate (94,).
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Figure 19.
Schematic illustration of epoxide ring opening followed by ether and polyether cascade cyclization reactions by
virtue of anion-n catalysts (6,19, and 23).
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Figure 20.
Photoamidation veaction between 104 and 105 assisted by anion-n interactions.

which operate through anion-x interactions and show autocatalysis. Studies have
revealed that aromatic n-acidic surfaces involve epoxide ring opening followed by
ether cyclization without any activating group (Figure 19) [37]. Quite recently,
they have also observed exceptional high autocatalysis on the n-acidic surfaces of
hexafluorobenzene and substituted NDI’s as far as epoxide ring opening followed
by cyclisation reactions are concerned. This unique characteristic of autocatalysis
not only adds complexity to reaction mechanisms but also offers intriguing perspec-
tives towards future developments [38, 39].

Besides the above-mentioned catalytic relevances of anion-= interactions in the
domain of catalysis, amidation reactions driven by light have also been carried out
by means of these interactions. It has been observed that anion-= interactions helps
in the stabilization of transient complex formed between electron deficient moiety
104 and carbonate or phosphate anion. This complex in turn undergoes cleavage of
N-O bond in the presence of light to offer amidyl radical, which is later trapped by
heteroaromatic system (105) to offer the desired product 106 (Figure 20) [40].

6. Conclusions and outlook

Anion-r catalysis in general operates on the fundamental principle of anionic
transition state stabilization on n-acidic aromatic surfaces and offers a novel

13
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approach towards diverse molecular transformations. Over the past seven years,
steady advancement has been made in the domain of anion-x catalysis with regard
to the design of catalyst and the scope of the reaction. Considering the significance
of polarizability, it is believed that there will be the emergence of more hidden
occurrences of immature anion-x catalysis in the near future. The unconventional
anion-x catalysis gains an optimistic outlook from the immense impact of current
developments made with conventional cation-r and ion-pairing interactions. It

is thus expected that anion-=n catalysis will eventually offer new mechanisms and
access to new reactivities. However so far, anion-r catalysis fails in the general
expectation to produce novel products. Nevertheless, efforts are being carried out
all across the globe to meet the general expectations of anion-x catalysis to offer
access to novel products with exceptional features, which are far outside the scope
of conventional catalysis.
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