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1. Introduction

Molecules exhibiting planar chirality are a paradigm of
how three-dimensional complexity produces chirality/optical
activity and affects, as a consequence, molecular recognition.
The introduction of a plane of chirality, as an element of
chirality (stereogenic unit) to specify and explain the occur-
rence of chiral molecules devoid of chirality centers, goes
back to 1956.[1] The first definition by Cahn, Ingold, and
Prelog that “a chiral plane is caused if a plane of symmetry is
destroyed in such a way that chirality arises only by the
difference of both sides of the plane” had to be further
elaborated to embrace additional types of chiral compounds
unknown at that time.[2] Cyclophanes, rigid cycloalkenes,
certain bridged annulenes, and metallocenes are prototypes
of planar-chiral structures: molecules that provoke excep-
tional interest from synthetic, structural, biological, and
chiroptical points of view. Strained cyclophane natural
products comprise a fascinating class of molecules with
outstanding biological activities;[3] Galeon, a diaryl heptanoid
isolated from Myrica gale L., contains a plane of chirality as
the only element of asymmetry.[4] The main planes of the two
ether-linked aryl rings are close to 9088 to each other and they
are held together by a seven-membered carbon chain (Fig-
ure 1a). “Small” artificial cyclophanes behave extraordinarily
well as ligands in catalytic systems,[5] for example, phanephos
in Ru-catalyzed asymmetric hydrogenations (Figure 1b),[6] as
co-enzyme models and compact chemical miniatures of
holoenzymes (Figure 1c),[7] and as efficient catalysts in

metal-free transformations.[8] In addition, the chemical ro-
bustness of cyclophanes and cycloparaphenylenes, in their
macrocyclic version, along with their capacity for long-
distance electronic communication,[9] make them suitable
vehicles for host–guest chemistry,[10] for the production of
planar-chiral entities for material science, and for use as
emitters of circularly polarized light (CPL; Figure 1d).[11, 12]

On the other hand, chiral planar structures of the metal-
locene family display high asymmetric induction abilities
when acting as ligands or catalysts. For example, the planar-
chiral DMAP analogue shown in Figure 1e serves as an
effective catalyst for the kinetic resolution of racemic
secondary alcohols.[13] Given that the huge success of chiral
metallocenes, epitomized by disubstituted ferrocenes, has
been the subject of numerous and recent reviews,[14] proce-
dures for the generation of chiral metallocene and metal-
arene backbones and their applications have been considered
beyond the scope of this Minireview.[15]

The design of new chiral reagents, catalysts, biologically
active compounds, and functional organic materials benefits
from the structural properties of these unique chiral planar
entities. Nevertheless, their poor synthetic accessibility as
optically pure materials has dramatically hampered the field.
Herein, we seek to cover the limited, but remarkable,
catalytic and enantioselective methods reported for the
production of strained molecules with planar chirality accord-
ing to their catalytic mode. The aim of this Minireview is to
highlight the infancy of the area and serve as a source of
inspiration for the design of new unconventional procedures
devoted to conquering three-dimensional complexity from
accessible simple/linear molecules.

Planar chirality is one of the most fascinating expressions of chirality, which is exploited by nature to
lock three-dimensional chiral conformations and, more recently, by chemists to create new chiral
reagents, catalysts, and functional organic materials. Nevertheless, the shortage of procedures able to
induce and secure asymmetry during the generation of these unique chiral entities has dissuaded
chemists from exploiting their structural properties. This Minireview intends to illustrate the limited but
remarkable catalytic methods that have been reported for the production of planar chirality in strained
molecules and serve as a source of inspiration for the development of new unconventional procedures,
which are expected to appear in the near future.

Figure 1. Selected examples of natural and artificial molecules exhibit-
ing planar chirality only.
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2. Background

Interest in strained compounds with planar chirality has
been mainly centered around the cyclophane family (Fig-
ure 2).[16] The name, originally coined for molecules with two
para-phenylene rings held face to face by an aliphatic chain
([n.n]cyclophanes),[17] soon included structures with solely an
aromatic moiety ([n]cyclophanes) and a cross-linked side
chain,[18] usually called an ansa chain. “Small” cyclophanes
with short chains constitute a model for studies on funda-
mental aspects of strain and aromaticity. The tension impart-
ed on the whole system generates distortion from aromatic
planarity and provokes unusual reactivity behaviors.[19] In
addition, the restricted rotation of the aromatic ring may
generate planar chirality. The configurational stability of this
stereogenic unit is hard to predict[20] and relies upon several
factors, such as the length and constitution of the chain and
the size of the substituents in the aromatic moiety. In contrast
to chiral metallocenes and metal arenes, only one substituent
is required to produce planar chirality. Chiral cyclophane
structures typically belong to the para- and metacyclophane
families, although planar chirality has also been reported for
certain cyclic olefin based orthocyclophanes (Figure 2).[21]

Planar medium-sized (E)-cycloalkenes may also exhibit
planar chirality. (E)-Cyclooctene was the first chiral olefin
synthesized,[22] but the strong dependence of the stereochem-
ical stability on the ring size of the (E)-cycloalkene has
precluded their occurrence.

The main limiting factor for the development of this area
of research is the shortage of general and efficient synthetic
routes to enantiopure cyclophanes. During the last 20 years,
intensive research has been carried out on chiral [2.2]cyclo-
phane-based backbones, generally constructed from 4-mono-
substituted [2.2]paracyclophanes. Nevertheless, their produc-

tion as optically pure entities still relies on optical resolutions
of racemic compounds by stoichiometric amounts of chiral
reagents or chromatographic techniques.[5b,8] In addition, their
regioselective functionalization, which governs distinct fea-
tures of planar chirality, represents an extra challenge, an area
in which synthetic progress has recently been made.[23]

Chiral skeletons based on [n]cyclophanes, that is, chiral
ansa compounds, include a vast pool of natural and artificial
molecules that possess assorted structural characteristics. The
macrocyclization of appropriately substituted aromatic com-
pounds leading to ansa chains containing carbon–heteroatom
or carbon–carbon bonds is usually the method of choice to
accomplish their synthesis. High dilution conditions and/or
conformational control elements are normally required to
facilitate ring closure, regardless of the method selected to
effect the macrocyclization step.[24] The racemic formation of
[n]cyclophanes by constructing the aromatic ring from acyclic
precursors through [2++2++2] cycloadditions[25] or from se-
quential Diels–Alder/retro-Diels–Alder reactions[26] are also
appealing.[27, 28] After their synthesis, routine chemical and
chromatographic resolutions are usually employed to produce
them in an enantiomerically pure form. The use of asym-
metric methods based on chiral reagents or chiral substrate
control approaches has been comparatively less explored.[29]

Interestingly, Kanomata et al. achieved the asymmetric syn-
thesis of nicotinamide-based [10]paracyclophanes by the
spontaneous dynamic kinetic resolution of diastereomeric
mixtures through crystallization.[30] It is also worth mention-
ing that in 2009 Suzuki and co-workers succeeded in the
asymmetric synthesis of enantiomerically pure C2-symmetric
[10]- and [12]paracyclophanes by ring-closing metathesis of
chiral tetraenes, followed by subsequent desulfurization and
hydrogenation (Scheme 1).[31] The hydrogen bonds estab-
lished between the sulfinyl oxygen atoms and the phenol
hydroxy groups in enantiomerically pure tetraenes 1 and 2 are
able to induce poorly favored local conformations and enable
the stereoselective formation of the corresponding ansa chain
in intermediates 3 and 4. The asymmetric procedure is also
compatible with 1,5- and 2,6-naphthalene cores to produce
[10]- and [12]paracyclophanes. More recently, Ohmori and
co-workers confirmed that the presence of only one chiral
sulfinyl group suffices for the stereocontrolled synthesis of
such C2-symmetric paracyclophanes.[32]

During the last few years, asymmetric methods have been
overtaken by efficient catalytic procedures for the production
of chirality. Nevertheless, as is reflected in the following
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Figure 2. Frequent cyclophane prototypes with planar chirality.
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section, the potential of asymmetric catalysis in this particular
field is far from being reached.

3. Asymmetric Catalysis

Asymmetric catalysis is widely recognized as the ideal
strategy for the production of enantiomerically enriched
compounds.[33] In recent decades, the organic community has
made great efforts to develop new efficient asymmetric
procedures, mainly devoted to produce molecules with
central chirality and, more recently, axial chirality.[34] Mean-
while, planar chirality remains in its infancy and the exploi-
tation of catalysis to induce asymmetry during the formation
of planar-chiral compounds is very uncommon. One major
obstacle is to secure stable planar chirality or, in other words,
the narrow line between resolvable and nonresolvable
structures makes it hard to predict when planar chirality will
arise. A second crucial hurdle is the assembly of the extremely
rigid molecules used as starting materials, regardless of the
method employed.

Catalytic routes for the synthesis of optically enriched
molecules exhibiting planar chirality are mainly devoted to
the production of planar-chiral cyclophanes, with rare ex-
ceptions involving rigid cycloalkenes. In Scheme 2, these
catalytic routes are exemplified for [n]cyclophanes, although
they are also suitable for [n.n]cyclophanes and (E)-cyclo-
alkenes (with the exception of route d for the latter case):
· Route a: Kinetic dynamic resolution.
· Route b: Desymmetrization and enantioselective substitu-

tions of the aromatic ring.
· Route c: Enantioselective construction of the ansa chain.
· Route d: Enantioselective construction of the aromatic

ring.

In the following sections, methods belonging to the routes
described in Scheme 2 are presented according to the
catalytic mode employed, namely chiral metal catalysis,
organocatalysis, and biocatalysis.

3.1. Metal-Catalyzed Methods
3.1.1. Kinetic Dynamic Resolutions and Desymmetrization

As mentioned above, cyclophanes are aromatic com-
pounds that possess aliphatic chains between two non-
adjacent positions of one or two aromatic rings. When the
chain(s) is (are) sufficiently long, interconversion between the
enantiomers of chiral cyclophanes occurs readily, even at
room temperature. Stable planar chirality may be generated
by the introduction of larger and rigid moieties that prevent
interconversion from occurring in a type of dynamic kinetic
resolution (Scheme 2, route a). Shibata and co-workers
achieved the first catalytic construction of chiral cyclophanes
by this approach through a double Pd-catalyzed Sonogashira
coupling (Scheme 3).[35] The starting achiral diiodoparacyclo-
phane 7 was converted, in the presence of a catalyst generated
in situ from PdCl2(CH3CN)2 and (R,Rp)-Taniaphos, into

Scheme 1. Stereoselective ring-closing metathesis towards [10]- and
[12]paracyclophanes.

Scheme 2. Catalytic enantioselective routes for the synthesis of planar-
chiral cyclophanes.

Scheme 3. Construction of chiral [7.7]paracyclophanes through cata-
lytic asymmetric Sonagashira coupling of racemic diiodoparacyclo-
phanes.
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differently substituted chiral [7.7]paracyclophanes 8 with
significant levels of enantioinduction.

Shibata and co-workers were also able to produce planar
chirality through the catalytic asymmetric ortho-litiation and
dilithiation of achiral 1,n-dioxa[n]paracyclophanes with di-
recting groups at the 1- and n-positions of the ansa chain
(Scheme 4).[36,37] The use of substochiometric amounts of (@)-
sparteine—to generate the chiral lithium reagent—and the
subsequent quenching of the aryllithium compounds with
iodine afforded the corresponding dioxa[n]paracylophanes 13
(n = 10) and 14 (n = 11) in good yields and enantioselectiv-
ities. A second lithiation provided diiododioxa-
[n]paracyclophanes 15 (n = 10) and 16 (n = 11) with slightly
higher enantiomeric excess, probably because kinetic reso-
lution occurred at the second lithiation step. Other electro-
philes, such as MeI, DMF, benzophenone, and PPh2Cl, were
also explored, but stoichiometric amounts of (@)-sparteine
were required to avoid sluggish metalations.

Benedetti, Micouin, and co-workers recently documented
the first desymmetrization of the centrosymmetric pseudo-
para-diformyl[2.2]paracyclophane 17 by asymmetric transfer
hydrogenation (ATH),[38] a catalytic method that falls into
route b of Scheme 2. RuCl(p-cymene)-[(R,R)-Ts-DPEN] was
confirmed to be the best catalyst to promote the desymmet-
rization to produce enantiomerically pure [2.2]paracyclo-
phane 18 in high yield (Scheme 5). Interestingly, the reaction
was run on a 1 g scale and both enantiomers of 18 were easily
accessible by switching from the (R,R)- to the (S,S)-Ru
catalyst.

3.1.2. Construction of the Ansa Chain

The first asymmetric synthesis of chiral cyclophanes
through the catalytic enantioselective construction of the
ansa chain (Scheme 2, route c) was described by Tanaka et al.
in 2007 (Scheme 6).[39] The cationic rhodium(I)/(S)-binaphane

complex 20 promoted the reaction of dithiols 21 and
disubstituted 1,4-bis(bromomethyl)benzenes 22, thereby
leading to dithioparacyclophanes 23 and 24 in low to
moderate yields and enantioselectivities. Afterwards, the
same group showed that a less-expensive cationic palladium-
(II)/(R)-binap complex was able to promote the above
transformations with similar levels of reactivity and selectiv-
ity.[40]

In the context of the synthesis of natural products,
Quamar Salih and Beaudry employed an enantioselective
Ullman ether coupling from intermediate 25 to prepare diaryl
ether heptanoids with planar chirality (Scheme 7).[41] The
combined use of N-methylproline and K3PO4 in the presence
of CuI enabled the synthesis of enantioenriched cyclophane-
based diaryl ether 26, the direct precursor of diaryl ether
heptanoid natural products such as (++)-galleon and
(++)-pterocarine. Interestingly, racemization of the chiral
[7.1]cyclophane 26 does not occur at the temperature of the
Ullman coupling. The application of the Ullman reaction
conditions to the required intermediate 29 led, after subse-
quent transformations, to the synthesis of (@)-myricatomen-
togenin (30) and (@)-jugcanthanin (31) with comparable
levels of selectivity.

Scheme 4. Catalytic enantioselective lithiation and dilithiation of dioxa-
[10]paracyclophanes and dioxa[11]paracyclophanes.

Scheme 5. Gram-scale synthesis of enantipure [2.2]paracyclophane 18
by catalytic ATH desymmetrization. DPEN: 1,2-diphenyl-1,2-ethylenedi-
amine.

Scheme 6. Rhodium-catalyzed synthesis of enantioenriched dithia-
[n]paracyclophanes (n =9, 10, 12) and dithia[3.3]paracyclophanes.
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Palladium-catalyzed asymmetric allylic substitutions
(AAS) have traditionally been employed to generate central
chirality through the stereoselective nucleophilic substitution
of planar-chiral p-allyl-Pd complexes. Tomooka and co-
workers applied this method for the first time to produce
planar-chiral nine-membered cyclic amides.[42] The intramo-
lecular Pd-catalyzed AAS reaction of the achiral linear E-
alkene precursor, represented as 32 in Scheme 8, in the
presence of the DACH-phenyl Trost ligand produced the
corresponding chiral cyclic amides of type 33 with moderate
to excellent enantioselectivity. Theoretical studies corrobo-
rated that the enantiotopic faces of the p-allyl-Pd complex
intermediate derived from the E-alkene precursor were
discriminated by the steric effect of the R1 group during the
cyclization.

With the exception of the enantioselective Pd-catalyzed
AAS reaction, which produces chiral nine-membered cyclo-
alkenes, and the asymmetric transfer hydrogenation of
pseudo-para-diformyl[2.2]paracyclophane, the above-de-
scribed metal-catalyzed methods give access exclusively to
medium-strained paracyclophanes with heteroatom-contain-
ing ansa chains.

3.1.3. Aromatic Ring Construction

The construction of the aromatic ring by alkyne cyclo-
trimerization (Scheme 2, route d) was actually the first
successful approach towards the catalytic synthesis of enan-
tiomerically enriched [n]cyclophanes. Tanaka et al. and
others[43, 44] reported a series of transition-metal-catalyzed
inter-/intramolecular [2++2++2] cycloadditions with more or
less success. In 2007, the Tanaka group achieved the first
successful catalytic enantioselective synthesis of planar-chiral

[7]–[10]metacyclophanes by means of an intramolecular
alkyne cyclotrimerization catalyzed by the cationic rhodium-
(I)/(R)-H8-binap complex (Scheme 9a).[45] The use of linear
triynes 34 bearing substituents at the two alkyne termini
impeded ring flipping, thus illustrating the importance of the
ansa chain design. Despite metacyclophanes 35 being ob-
tained as the minor isomers in low yields, the enantiomeric
excesses were remarkably high for all examples (88–98 % ee).
The preferential formation of intermediate IV could explain
the enantioselectivity observed as a result of the high
reactivity of the 1,6-diyne moiety with the rhodium(I)
complex, the coordination of the methoxy group, and the

Scheme 7. Synthesis of enantioenriched natural diaryl ether heptanoids
by enantioselective Ullman ether coupling.

Scheme 8. Pd-catalyzed enantioselective synthesis of planar-chiral
cyclic amides and the transition-state model that explains the stereo-
selectivity. Yields determined by 1H NMR spectroscopy. ND: absolute
configuration not determined.

Scheme 9. a) Enantioselective synthesis of chiral [7]–[10]metacyclo-
phanes through rhodium-catalyzed alkyne cyclotrimerization. b) Pro-
posed reaction intermediate.
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steric factors between the ansa chain and the PPh2 groups in
the ligand (Scheme 9b).

In 2009, Shibata et al. used an analogous approach for the
intramolecular cyclotrimerization of nitrogen-branched
triynes of type 36 to produce chiral tripodal cage compounds
37. The [2++2++2] cycloaddition promoted by a cationic
rhodium(I)/(S,S)-Me-DUPHOS complex afforded [8]-, [9]-,
[10]-, [11]-, and [15]-cyclophanes in good yield and excellent
enantiomeric excesses (Scheme 10).[46]

A few years later, Tanaka and co-workers demonstrated
that cationic rhodium(I)chiral bisphosphine complexes cata-
lyzed the intermolecular [2++2++2] cycloaddition reactions of
cyclic diynes, of type 38, with monoynes to afford planar-
chiral carba-[10]–[12]paracyclophanes of type 39 in good
yields and with moderate to excellent enantioselectivities
(Scheme 11).[47]

As mentioned in the introduction, interest in the design of
new reaction patterns and applications of the cyclophanes as
functional materials is rapidly pushing the field. Very recently,
the Tanaka group applied the successful rhodium-catalyzed
[2++2++2] intramolecular cycloaddition of enediynes 40 for the
first regio- and enantioselective construction of planar-chiral
bent cyclophane structures based on polycyclic aromatic
hydrocarbons (PAHs; Scheme 12).[48] The 9-fluororenol-
based cyclophanes 42, obtained with excellent enantiomeric
excess after stepwise oxidative transformations of intermedi-
ates 41, exhibited fluorescence quantum yields that were
significantly higher than those of the acyclic analogues.

Concurrently, Tanaka and co-workers also achieved the
synthesis of planar-chiral zigzag-type [8]- and [12]cyclophe-
nylene belts in good yield and high enantiomeric excess by the
rhodium-catalyzed sequential intramolecular cyclotrimeriza-
tion of the corresponding cyclic polyynes.[49] Macroetherifi-
cation of 43 and 44 produced cyclic dodecayne 45 and
pentadecayne 46 in yields of 9% and 10%, respectively
(Scheme 13). The intramolecular sequential quadruple cyclo-
trimerization of 45, using a cationic rhodium catalyst,
produced the planar-chiral zigzag-type [8]cyclophenylene belt
47 in good yield and excellent enantioselectivity. Although
the zigzag-type vector for 47 is achiral, the asymmetric
substitution in the skeleton (R = nBu) produces planar
chirality (Scheme 13, bottom). The sequential sextuple cyclo-
trimerization of 46, under the same reaction conditions, also
produced the corresponding [12]cyclophenylene belt with
similar levels of selectivity. By using this strategy, Tanaka and
co-workers have recently succeeded in synthesizing cyclo-
paraphenylene rings with excellent diastereo- and enantio-
control.[50]

Scheme 10. Enantioselective synthesis of chiral tripodal cage com-
pounds 37 by rhodium-catalyzed cyclotrimerization of nitrogen-
branched triynes. DCE: 1,2-dichloroethane.

Scheme 11. Enantioselective synthesis of [10]- and [12]paracyclophanes
by rhodium-catalyzed [2++2++2]cycloaddition of cyclic diynes with
terminal monoynes.

Scheme 12. Selected examples of the enantioselective synthesis of
PAH-based planar chiral bent cyclophanes. DDQ: 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone.
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3.2. Organocatalytic Methods

Organocatalysis is one of the most reliable asymmetric
methods to produce enantiomerically pure compounds.[51]

During the last decade, the blossoming of organocatalytic
methods—based on unconventional and nontraditional polar
mechanisms—has enabled the construction of molecules and
structural scaffolds that, previously, were rarely thought to be
substrates for organocatalysis. Nevertheless, this discipline
lies far behind in offering reliable methods for conquering
planar chirality. The scarcity of procedures (shown below)
clearly exemplifies the immaturity of the field.[52]

Interestingly, one of the first catalytic approaches to
induce planar chirality was effected by using planar-chiral
organic molecules as sensitizers in photochemical reactions.
Kanomata, Inonue, and co-workers detected planar to planar-
chirality transfer in the photoisomerization of cyclooctenes.
For example, the photoisomerization of (1Z,5Z)-cycloocta-
1,5-diene sensitized by [10]paracyclophane 48 afforded the
(1E,5Z)-steroisomer upon irradiation. The enantiomeric ex-
cess gradually increased as the irradiation temperature was
decreased, which enabled the (Rp)-(1E,5Z) isomer to be
produced with 87% ee at @140 88C (Scheme 14).[53]

Prior to the synthesis of planar-chiral nine-membered
cyclic amides by enantioselective Pd-catalyzed AAS reactions
(Scheme 8), Tomooka et al. tried to address the enantiose-

lective preparation of planar-chiral organonitrogen cycles
from achiral linear precursors under organocatalytic condi-
tions (Scheme 15).[54] The chiral linear amino halide 49

smoothly produced the corresponding planar-chiral cyclic
amide 50 under chiral phase-transfer conditions. As repre-
sentative results, the chiral salts 51 and 52 derived from the
cinchona alkaloid imparted moderate levels of asymmetric
induction, regardless of their chemical efficiency. Other
structurally related chiral promoters provided similar levels
of enantioselectivity, even when added in stoichiometric
amounts. Modifications to the anion part instead had
a positive impact on the stereoselectivity of the reaction,
although stoichiometric amounts of promoter were finally
required to obtain highly enantioenriched chiral nine-mem-
bered cyclic amides;[55] for example, the lithium salt of sugar-
derived 53 produced the chiral nine-membered cyclic amide
Sp-50 with 93% ee.

In contrast, catalytic chiral phase-transfer conditions were
suitable for SNAr cyclizations for the synthesis of [1,7]meta-
paracyclophanes. Cai and co-workers reported that achiral
linear diarylheptanoids of type 54 undergo cyclization to
generate oxa[1,7]metaparacyclophanes 56 in the presence of
chiral salts derived from cinchona alkaloids (Scheme 16).[56]

Optimal reaction conditions, in which catalyst 55 was
employed, gave rise, in good yields and enantioselectivities,
to metaparacyclophanes 56 that were differently decorated in
the ansa chain. Highly enantioenriched 56a was elaborated
into a direct precursor of (@)-galleon and (@)-pterocarine.

3.3. Biocatalytic Methods

The demands of modern synthesis require the continued
development of novel and more efficient catalytic procedures.

Scheme 13. Enantioselective synthesis of planar-chiral zigzag-type
[8]cyclophenylene belt 47. Segphos: 5,5’-bis(diphenylphosphino)-4,4’-
bi-1,3-benzodioxole.

Scheme 14. Planar to planar chirality transfer in the photoisomeriza-
tion of cyclooctenes. 2MB: 2-methylbutane; MCH: methylcyclohexane.

Scheme 15. Enantioselective synthesis of chiral cyclic amide 50.
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To this end, biocatalytic methods are becoming powerful
tools, especially when it comes to transformations that require
high chemo-, regio-, or stereoselectivity.[57] Only a couple of
biocatalytic methods have recently appeared for the synthesis
of molecules exhibiting planar chirality, but they perfectly
exemplify the new opportunities offered by planar chirality.

Collins and co-workers have reported the atroposelective
biocatalytic synthesis of planar-chiral macrocycles from
common and simple building blocks (Scheme 17).[58] The
authors were able to extend the well-known ability of
hydrolases to impart high asymmetric induction in reactions
with stereogenic carbon atoms to reactions using stereogenic
planes. The proper combination of benzylic-substituted diols
57 and diacids 58 as aliphatic linkers modulates the Candida
Antarctica lipase B (CALB) action to discriminate between
diverse conformations while ensuring the configurational
stability of the generated planar artificial chiral macrocycles
59. The active site of the enzyme tolerates several substitu-
tions, both at the aromatic ring in 57 and the ansa chain in 58,
thereby producing [12]-, [13]-, [14]-, and [15]paracyclophanes
such as 59 a–e generally in good yields and high enantiose-
lectivities. Furthermore, halogen-containing macrocycles of
type 59 a, are suitable for producing complex diversity
through cross-coupling methods, as illustrated by compound
60.

Almost simultaneously, Morinaka and co-workers identi-
fied a series of post-translational modifying enzymes from
bacteria that promote the macrocyclizations of linear peptides
through C@C bond formation.[59] In particular, an uncharac-
terized subfamily of radical S-adenosylmethionine (rSAM)
maturases enables the abstraction of hydrogen at inert sp3-
hybridized carbon atoms and their subsequent fusion to
aromatic rings, at three residue motifs, to produce strained
cyclophane macrocycles such as 61 and 62 (Figure 3). The
formation of single or multiple cyclophanes can occur with
different substituted templates. The macrocycles display

restricted rotation and planar chirality when the chiral plane
is the substituted indole. The three-residue cyclophanes
define a new family of cyclic ribosomally synthesized and
post-translationally modified (RiPP) peptides, which has been
named “triceptide” (three-residues in a cyclophane peptide).

It might appear that these two new examples address and
solve specific issues for the production of enantiomerically

Scheme 16. Asymmetric PTC-catalyzed synthesis of diaryl ether cyclo-
phane skeletons.

Scheme 17. a) Reaction conditions for the biocatalytic synthesis of
chiral [12]-, [13]-, [14]-, and [15]paracyclophanes. b) Mechanism of the
acylation reaction promoted by the Ser-His-Asp catalytic triad and the
oxyanion hole. c) Selected examples of the atroposelective macrocycli-
zation.

Figure 3. Planar-chiral “triceptide” 61 and planar-chiral cyclophane 62
post-translationally produced in bacteria. The C@C bonds forming the
cyclophanes are marked in gray.
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pure unnatural molecules and peptides exhibiting planar
chirality, but they actually offer a whole lot more. The
macrocyclizations shown exemplify how the partial domes-
tication of biological systems imparts reactivity and asym-
metric induction through the seco acid strategy and the
functionalization of chemically inert C@H bonds, methods
that have no success in metal- and organocatalyzed trans-
formations.

4. Conclusions

Molecules exhibiting planar chirality were initially treated
as a chemical curiosity and strategies for their asymmetric
synthesis were rare. Nowadays, their occurrence in biologi-
cally active molecules and the discovery of their optoelec-
tronic properties, along with the development of efficient and
high-yielding synthetic methods to generate chiral deriva-
tives, are extending the field. Despite recent developments
gradually enabling their preparation through catalytic proce-
dures involving a variety of reaction mechanisms, the area is
in the early stages of its development. Catalytic routes are
mainly based on metals and devoted to the production of
planar-chiral [n]paracyclophanes. In this regard, the under-
lying limitations are the difficulty to produce [n]paracyclo-
phanes with greater strain and the lack of procedures for the
production of full-carbon ansa chains. The catalytic synthesis
of [n]metacyclophanes and [n.n]paracyclophanes is far be-
hind, with the case of the valuable chiral [2,2]paracyclophanes
being remarkably striking. On the other hand, organocatalytic
asymmetric methods are completely undeveloped, whereas
the biocatalytic processes are remarkable; although very
limited, they highlight that some of the most important
challenges that the organic community need to face nowadays
are “simplicity” and “diversity”: Simplicity in the sense of
conquering three-dimensional complexity using a pool of
accessible linear molecules or fragments and diversity in the
sense of identifying new product families to define distinct
regions in sequence-function space. In the same way that
medicinal chemistry is escaping from the flatland towards
molecules with a higher fraction of sp3-hybridized centers,
molecules exhibiting planar chirality would enlarge the pool
of entities capable of accessing greater chemical space.[60,61]

The examples presented in this Minireview are expected
to serve as a source of inspiration and challenge the design of
unconventional and ambitious procedures (a mine for catal-
ysis) towards the production of new molecules exhibiting
planar chirality (a mine for structure discovery) with potential
applications in catalysis, medicinal chemistry, and material
science
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