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Since their discovery, [2.2]paracyclophane (pCp) and its derivatives have fascinated the
scientific community due to their original molecular architecture and unusual electronic
behavior. Over the years, significant efforts have been devoted to the development of
substituted pCps for a variety of applications in different fields, ranging from organic synthesis
and asymmetric catalysis to polymer chemistry and material science. This review describes a
series of useful approaches that allow chemists to selectively decorate pCps, control the planar
chirality that these molecules can display as soon as they are functionalized, and tune their
photophysical behaviors. For each of these aspects of paracyclophane chemistry, selected
examples of major advances are presented, and possible directions for future research are
outlined. The application of pCp as central core for the development of uncommon three-
dimensional luminophores is finally highlighted. Emphasis is placed on the potential use of
planar chiral luminescent paracyclophanes as antennas or ligands for the design of
multifunctional lanthanide complexes, a quite underdeveloped but highly promising area for

future research endeavors.
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1. Introduction

[2.2]Paracyclophane (pCp) is the smallestmember of the [n.n]cyclophane family.[X This
original molecule was serendipitously discovered in 1949 by Brown and Farthing as a by-
product formed during the gas-phase pyrolysis of para-xylene.[?l [2.2]Paracyclophane is
constituted of two phenyl rings stacked in a face-to-face geometry and linked together by two
ethylene bridges at their para positions (Figure 1). As observed in 1972 by X-ray
crystallographic analysis,Bl the two aromatic “decks” of pCp adopt an unusual boat-shaped
conformation (Figure 1). Further crystallographic and computational studies allowed chemists
to gain additional insight into the structural features and molecular dynamics of unsubstituted
pCp. While at low temperature the molecule can adopt two distinct distorted geometries with a
D, symmetry, at room temperature the rapid interconversion between the conformers globally

affords an achiral D,y strained structure (Figure 1).[4
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Figure 1. Structure of unsubstituted [2.2]paracyclophane

The conformational stiffness of pCp favors through-space and through bond electronic
interactions which significantly influence the reactivity of the aromatic units of the molecule.
Consequently, even if an array of transformations can be employed to decorate the pCp core,
including for example Friedel-Crafts reactions, Diels-Alder cyclizations, hydrogenations or
ionic additions,l this molecule has frequently proved to be unreactive in a variety of other
classical chemical processes, thus posing ongoing challenges in synthetic organic chemistry.
Because of itsunusual features, pCp has rapidly fascinated the scientific community. Asaresult,
the synthesis and functionalization of this compound, as well as its physicochemical properties
and its applicationsin differentresearchfieldshave been extensivelyinvestigated over the years.

This review gives an overview of different methods, developed during the last twenty
years, which reveal useful to selectively functionalize [2.2]paracyclophanes, control their

planar chirality, and tune their spectroscopic behaviours. The versatility of pCps in different
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domains will be finally highlighted with a particular focus on the potential use of these

molecules as building blocks to access original luminescent compounds.

2. Functionalization of the pCp core

Since the first report on pCp, different synthetic strategies have been developed to
prepare this compound in a more efficient fashion,€lthe highest yielding one being the method
described by Brink in 1975.[71 This approach relies on a coupling between 1,4-
bis(oromomethyl)benzene 1 and 1,4-bis(mercaptomethyl)benzene 2 leading to
dithia[3.3]paracyclophane 3 (Scheme 1a). Intermediate 3 is then submitted to a
photodesulphurisation that generates the expected product in 51% overall yield. As of today, a

variety of pCp derivatives have been synthetized using this process.[f

Br HS S
P(OEt);
a) + _— —_ =
hv
Br HS S
1 2 3 (60%) pCp (85%)

1) Lithium—halogen Friedel-Crafts

exchange .
O X 2) Elootrofle O ‘ reactions O X
b) - _ >
O Z=Br O Z=H O
X =Nz, OH, SH, X =NO,, CHO,
) CO,H Br, CO,Me )
mono-substituted mono-substituted

Scheme 1. Synthesis and mono-functionalization of pCp

[2.2]Paracyclophanes are generally stable to the action of acids, bases, oxidants, and
light. They also exhibit good thermal stability up to 200 °C. Beyond this temperature, an
homolytic cleavage of the ethylene bridges is observed, leading to the opening of the pCp
core.l%1 This behaviour has successfully been exploited in material science to access different
polymers by chemical vapor deposition (CVD).[201Unsubstituted pCp is indeed typically used
as key precursor for the preparation of parylene,111an aromatic polymer used to coat optical
elements, electronic devices or other equipment and protect them against moisture, corrosion
or chemical attack. Consequently, this building block is commercially available at low cost due
to its wide industrial applications.

Since their parent compound is a cheap and readily available starting material,

differently substituted [2.2]paracyclophanes are nowadays preferentially prepared via the
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derivatization of the unsubstituted molecule rather than through the direct synthesis of
functionalized pCp frameworks.

The two aromatic rings of [2.2]paracyclophane possess eight possible modification sites.
Monofunctionalization of the pCp core is usually achieved by electrophilic aromatic
substitution, and different groups can easily be installed in one step (e.g., Br, NO,, CHO,
COMe). Alternatively, starting from bromine-substituted pCp, a halogen-lithium exchange
followed by quenching with different electrophiles can be used as an efficient method to
decorate the molecule with important functions, such as amino or hydroxyl groups, azides,
thiols, carboxylic acids and phosphines (Scheme 1b).[121 Note that, in addition to these
techniques, direct C-H activation of the pCp core has recently been described. 13!

Starting from mono-substituted pCps, various disubstituted derivatives can be prepared.
These compounds are usually described based on their substitution patterns. Ortho-, meta- and
para-disubstituted pCps are obtained when the two functional groups (X and Y, Figure 2) are
located on the same “deck”. In addition, pseudo-gem, pseudo-ortho, pseudo-meta or pseudo-

para compounds can be formed when two substituents are employed to decorate both aromatic

Py

mono-substituted ortho meta para
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pseudo-gem pseudo-ortho pseudo-meta pseudo-para

rings of the pCp core (Figure 2).
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Figure 2. Numeration, substitution patterns and nomenclature of pCps

Tri- and tetra-substituted pCps are usually prepared starting from di-substituted
precursors by successive electrophilic substitution reactions. 141 [2.2]Paracyclophanes bearing
more than four substituents on their aromatic rings are highly strained systems, and have rarely
been described in the literature.[®]

Various strategies have been developed over the years to selectively functionalize
[2.2]paracyclophanes at different positions. In the next sections, selected examples of practical

methods allowing to decorate both “decks” or only one aromatic ring of pCps at specific
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positionswill be detailed. Emphasiswill be placed on the obtention of compoundsincorporating
halogen atoms, amines or aldehyde groups since these derivatives can reveal particularly useful

as synthetic intermediates to rapidly access more structurally complex pCps.

2.1. Selective decoration of both decks

The introduction of a first substituent on one aryl moiety of pCp modifies the electron-
density distribution of the system and, in some cases, can deactivate or, on the contrary, activate
specific positions on the other aromatic ring. This unique property of [2.2]paracyclophane
reactivity, known as "transannular directive effect”, has been extensively exploited to prepare
di-substituted compounds.®l The most well-known example of such behaviour is the
regioselective pseudo-gem functionalization of pCp derivatives incorporating electron-
withdrawinggroups. Forexample, bromination reactions or Rieche formylation occur smoothly
starting from esters or other electron-deficient pCps to deliver the desired product in excellent
yields (Scheme 2). Despite these advantageous methods, the development of procedures
allowingto selectively functionalizemono-substituted pCpsattheir pseudo-ortho, pseudo-meta

or pseudo-para positions is still highly desirable.

X ) X
3 TiCly, Cl,CHOCH3 O Br,, Fe, CH,Cl,
O CH,Cl,,-10°Ctort, 16 h O X = COMe, CO,Me, O
X = CO,Me CO,H, CONH;, NO,

5 4
(82%) mono-substituted (up to quant. yield)

Scheme 2. Selected examples of pseudo-gem functionalization of pCps

Pseudo-para- and pseudo-meta di-bromo[2.2]paracyclophanes are usually obtained as
major products while performing the bromination of unsubstituted pCp under harsh
conditions.[I”I These di-substituted derivatives are nowadays commercially available and can
be easily converted into a variety of poly-substituted compounds.

Pseudo-para-di-bromo[2.2]paracyclophane 6 is known to smoothy undergo a thermal
isomerization intriglyme at 220 °Cto afford pseudo-ortho-di-bromo derivative 7 in an efficient
way. The process proceeds through the homolytic cleavage of one ethylene bridge of 6,
followed by rotation of the resulting diradical intermediate, and subsequent ring closure. 8
Recently, product 7 was selectively functionalized at its para position through a Rieche

formylation to afford tri-substituted pCp 8 (Scheme 3a).l!% Pseudo-meta di-
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bromo[2.2]paracyclophanes 9 reacts in a similar manner.[1%] Tetra-substituted products can also
be obtained using similar approaches.[14.19]

Diester 10, readily obtained from 9, can be functionalized in a selective fashion tacking
advantage, once again, of the "transannular directive effect” of pCps. For instance, tetra-
substituted bromine containing product 11 has been isolated in high yields using this strategy
(Scheme 3b).[20]

Br B )
O Triglyme O r TiCly, Cl,CHOCH, OHC O
B O uW, 220 °C,3x2h O CH,Cly, 1t, 20 h O
;
6

7 (74%) 8 (95%)

a) n-BuLi, THF, - 78 °C

Br COo,Me Br CO,Me
O then CO, and HCI MeO,C O Fe, Br, MeO,C ﬁr
—_—
NS
O b) SOCl,, CHCl3, 61 °C O CH,Cly, 1t, 13 d O
then MeOH
(62%) (93%)

Scheme 3. Examples of selective functionalization leading to tri- or tetra-substituted pCps

Other diesters derived from pCp behave analogously under similar reactions
conditions.4] Selective ortho and para di-functionalization of different pseudo-meta di-

substituted pCps have finally been described. 19!

2.2. Selective decoration of only one deck

Functionalization of only one aromatic ring of the pCp core can be achieved following
different useful strategies. Ortho-disubstituted [2.2]paracyclophanes are prepared in a selective
manner through directed metalation processes, for example starting from 4-
hydroxy[2.2]paracyclophane 12 (Scheme 4a).[21]

Various metal-catalysed C-H activation processes realised in the presence of different
directing groups can also be employed to selectively decorate mono-substituted pCps at their
ortho position (Scheme 4b). Halogenation reactions also occur at the ortho position starting

from oximes derived from pCp such as compound 15 (Scheme 4b).[22]
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AgCO,CF, NOMe
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|

DCE
100°C .6 h
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Scheme 4. Examples of selective ortho-functionalization of mono-substituted pCps

Selective para-functionalization of only one aromatic ring of pCps is usually achieved
starting from mono-substituted compounds incorporating electron-donating groups or mild
electron-withdrawing functions. For example, amine-containing [2.2]paracyclophanes can
easily undergo formylation using Vilsmeier-Haack conditions to generate product 19 (Scheme
5a).[231 This type of compounds incorporates two different reactive groups that can be engaged
in orthogonal derivatization processes leading to structurally more complex pCp derivatives in
a straightforward way. Other reactions with various nucleophiles have been described to afford
products 20 in good yields starting form amides (Scheme 5a).[2414-Metoxy[2.2]paracyclophane
can be submitted to similar transformations.?lAnilines derived from pCp have finally been
described to undergo C-H activation reactions at their para position capable of generating new

carbon-carbon bonds (Scheme 5b).[2¢]

H PhI(OAc),, NuH “ POCI;, DMF “

N. . .
O R R=Ac O R 0°Cto100°C,3h R
VW e O T 6

Nu = OMe, Ac, Br, CO,H R=Bn
20 (up to 67%) 18 19 (72%)
H PhBr, Pd,dbaj H
N\R SPhos, KOtBu N\R
b) - =
PhMe, 120 °C, 48 h
R=Ph
18 21 (46%)

Scheme 5. Examples of selective para-functionalization of anilines derived from pCp

As described hereabove, mostof the strategies reported in the literature up to now enable

the preparation of useful synthetic intermediates derived from pCp bearing various functional



groups at their ortho and para positions. On the contrary, the development of new reactions
leading to the selective functionalization of mono-substituted compounds at their meta position
still appears difficult to achieve. Further efforts will be required in the future to address this not

trivial synthetic problem.

3. Control of Planar Chirality

Substituted [2.2]paracyclophanes can exhibit planar chirality since their rigid strained
structure prevents the rotation of the aryl moieties around their axes. Interestingly, while any
mono-substituted pCp is chiral, optically active disubstituted derivatives may or may not be
obtained depending on the nature and relative position of their substituents (Figure 3).[12
Indeed, in the presence of two identical functions on the molecules, ortho, meta, pseudo-gem
and pseudo-para compounds will always be achiral substrates, while para, pseudo-ortho, and
pseudo-meta derivatives will never be superimposable on their mirror images and therefore

show planar chirality. A similar behaviour is observed for tetra-substituted derivatives.

Achiral: Planar chiral:
g oy
oy . O ® O 0oy O
ortho (Cy) meta (C pseudo-gem (C i mono-substituted para (Cy) pseudo-ortho (C,)
R R
G NG g
) Ohis Oy~
R R R R
pseudo-para (C bis-ortho pseudo-meta (C,) bis-para

Cahn-Ingold-Prelog convention to attribute the absolute configuration of pCps

3 priority atom priority atom '
! pilot atom . N 5P ! Rp , e - pilot atom |

-
x
x
)

Figure 3: Achiral and planar chiral pCps

To attribute the absolute configuration of enantiopure pCps, specific rules were
proposed by Cahn, Ingold and Prelog in 1966 (CIP conventions).[2”1 According to these rules,

the aromatic ring of the pCp core functionalized with the highest priority atoms (or groups) is
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considered to be the chiral plane. The carbon of the ethylene bridge close to the substituent on
the chiral plane is called "priority atom", while the second carbon of the same bridge, the one
outside the chiral plane, is called "pilot atom" (Figure 3). Substituted [2.2]paracyclophanes
should be drawn with the less substituted aromatic ring on the front and the chiral plane on the
back. Starting from the "pilot atom”, the carbons of pCp are numbered according to "CIP
conventions". Therefore, fromthe "priority atom", if the numberingdescribes a clockwise circle,
the absolute configuration R, will be assigned. Conversely, in the case where the order of
precedence describes an anti-clockwise circle, the paracyclophane will have a S, configuration
(Figure 3).128 Nowadays, the R, and S, descriptors (p for identifying planar chirality) are
commonly used in cyclophane chemistry.

The first evidence of this intriguing property of pCps was observed in 1955 by Gram
and Allinger.[291 At first, nearly all studies focusing on chiral pCps involved the synthesis of
mono-substituted compounds and the determination of their absolute configuration. Starting
from the early 1990s onward, chiral paracyclophanes have emerged as powerful ligands in
asymmetric catalysis,3% and several poly-substituted compounds have been prepared. Today,
optically active pCps are also increasingly employed as central motifs for the development of
circularly polarized light-emitting materials.[331 However, chirality-controlled synthesis of
poly-substituted paracyclophanes frequently reveals difficultto achieve. The lack of procedures
providing access to enantiopure pCps on synthetically useful scales significantly limits the
application of these molecules in many research fields. The development of new synthetic
approaches able to widen the chemical space and range of applications of these chiral
compounds therefore constitute a major goal for current and future research in cyclophane
chemistry.

Generally, access to complex enantiopure pCps is achieved via the preparation and
functionalization of optically active key intermediates. To obtain such versatile substrates,
different approaches have been reported in the literature over the years. High performance
liqguid chromatography (HPLC) on chiral stationary phases has been extensively applied to
access a variety of enantiopure pCp derivatives (including acids, 32 anilines,[33] imines or
hydrazones,34 and sulfur-containing derivativesi3®l), and today remains a method of choice for
the late-stage separation of complex paracyclophanes.[381 This approach however relies on the
use of expensive equipment and large quantities of solvents. Efficient classical chemical
resolution procedures involving the formation of diastereoisomeric products have also been
described in the literature, notably for the preparation of enantioenriched carboxylic acids, 37

aromatic halides, 38 anilines,[39 aldehydes and ketones, % phenols and thiols#l or phosphine
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oxides.?1 Despite beingable to afford products with high optical purity, these strategies usually
involve several steps and can be quite time-consuming. More recently kinetic resolutions and
desymmetrization procedures have emerged as valuable alternatives to previously described
methods to access optically active pCps. Selected examples of these useful approaches are

described in the next sections.

3.1. Chemical kinetic resolutions

Kinetic resolutions (KR) are convenient processes in which racemates are submitted to
an asymmetric transformation in the presence of a chiral catalyst. The two enantiomers of the
initial mixture reactwith differentreaction rates so thattheoretically, at 50% of conversion, one
enantiomer will be recovered as the starting material while the other will be isolated as the
reaction product. This strategy has gained in popularity in cyclophane chemistry during the last
few years and several useful reactions leading to enantioenriched planar chiral derivatives have
been described. These include, for example access, to optically active aromatic halides, 3
amines,4l imines and N-sulfonylimines.[*1Enantioenriched pCp-based aldehydes and ketones

have successfully been prepared though different asymmetric reduction approaches.

RuCl(p-cymene)
[(R,R)-Ts-DPEN]
#-BuOK O O \[ R“
i-PrOH/MeCN (1:1)
)-22

Ar,-10°C,3h

58% conversion 1 RuCl(p-cymene)
9 >99% ee) (68% ee) i [(R,R)-Ts-DPEN]

BocHN \ Z BocHN NHBoc } OO
199§ e
CCI4
NH
MS 4A
52% conversion (Sp) .25 (R)-CPA
24 (meso) (93% ee) (99% ee) 3 Ar = 9-phenanthracenyl

Scheme 6. Selected examples of Kinetic resolutions of racemic pCps

Aldehydes were found capable of undergoing asymmetric transfer hydrogenation
processes (ATH) in the presence of commercially available Noyori’s catalysts (RuCl(p-
cymene)[(R,R)-Ts-DPEN], Scheme 6a),[“61while ketones could be reduced in the presence of a
chiral Corey-Bakshi-Shibata oxazaborolidine catalyst [(S)-CBS] and boranes! or using a
ruthenium-based catalyst [(S)-RUCY®-XyIBINAP] under high hydrogen pressure. 8 More
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recently, amidesderived frompCp have been successfully resolvedthrough a chiral phosphoric
acid (CPA)-catalysed asymmetric amination reaction (Scheme 6b).[49]

All these reactions are particularly convenient for preparing various enantiopure key
intermediates on multigram scale useful scales. The optically active products have successfully
been engaged in a variety of derivatization reactions. Such approaches may therefore inspire

the development of new practical transformations in the near future.

3.2. Desymmetrizations

The main limitation of the kinetic resolution methods presented here above, unrelated
to how efficient they are, is their maximum theoretical yield of 50% for enantiopure products.
On the contrary, desymmetrization of meso derivatives can theoretically provide enantiopure
compounds in up to 100% yield. Despite such clear advantage, this technique, which relies on
the differentiation of the prochiral sites of achiral molecules, has rarely been applied to
[2.2]paracyclophanes. Among the few examples reported so far, asymmetric transfer
hydrogenation appears particularly attractive tools to prepare enantiopure pCp derivatives via
the desymmmetrization of centrosymmetric meso dialdehydes (Scheme 7a).Y% This
transformation was found to be particularly efficient up to a multi-gam scale. A similar
approach also proved successful for ketones derived from pCps. Finally, asymmetric amination

reaction revealed useful to desymmetrize centrosymmetric di-amido pCps (Scheme 7b).[49]

t-BuOK
o i-PrOH/DMF (1:1) (e}
Ar, 0 °C, 75 min

i iPr,
o) RuCl(p-cymene) i
[(R,R)-Ts-DPEN] L Ph T \Q
a) H H —————— s HO O Ho \[ Ry
o TN o Me
| H2

(Rp)-27 i RuCl(p-cymene)
(74%, >99% ee) | RR)-Ts-DPEN]

Cbz, } Ar
N=R BocHN i 0
BocHN O cbz  Boc O ! Opl
b) —_— NHBoc ! 0" “oH
O NHBoc (R)-CPA N),Cbz | OO

26 (meso)

CCly, 20 °C “NH Ar
MS 4A Cbz |
(Sp)-29 | (R)-CPA
28 (meso) (40%, >99% ee) ! Ar = 9-phenanthracenyl

Scheme 7. Examples of desymmetrizations of centrosymmetric pCps

While very promising, this type of approach is rare and therefore needs to be explored
further in the future to try and expand the substrate scope and access other optically active pCps
in a rapid and efficient way. Of course, one key pointis also to be able to prepare in an efficient

manner meso starting materials.
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4. Tuning the photophysical behaviors of pCps

Along with their planar chirality, [2.2]paracyclophanes possess interesting
photophysical properties which arise from through-space and through-bond conjugation
between their two aromatic rings.[] Commercially available pCp indeed displays an unusual
UV-visible spectrum, with absorption maxima at 225, 244, 286 and 302 nm. 2 Its most red-
shifted absorption band, called “cyclophane band”, is displaced into a wavelength region rarely
observed for more common benzene derivatives. Unsubstituted pCp also shows a characteristic
fluorescence emission spectrum with a broad band at 356 nm.531 As a result,
[2.2]paracyclophane has been frequently employed as central core for the development of
different three-dimensional organic luminophores over the years.

In seminal works, various excimer mimics havebeen described. Generally, excimers are
short-lived (hetero) dimeric molecules whose association occurs in the excited state and can
only be detected by fluorescence spectroscopy.[> The pCp-based analogues, on the contrary,
are stable at the ground state and constitute ideal model compounds to examine. Several
examples of stilbene dimers, such as compounds 30 and 31 (Table 1, entries 1 and 2), have
been prepared and fully characterized. 35 More conjugated derivatives and tetra-substituted
pCpshavealso beenreported (Table 1, entry 3).1551 Asa general trend, importantbathochromic
shifts of the absorption and emission bands were observed for these luminophores in
comparison with similar pCp-deprived molecules.

Example of di- or tetra-substituted pCps incorporating electron-donating and electron-
withdrawing groups have also been prepared with the aim of studying through-space charge
transfer delocalization. P81 This type of luminescent molecules, such as compound 33 (Table 1,
entry 4), displayed interesting solvatochromic behaviours, as their emission maxima changed
significantly depending on the polarity of their surroundings. Such pCps may reveal useful in
the future to access innovative probes, indicators, or chromogenic reagents.

In addition to these examples, [2.2]paracyclophanes showing reversible colour changes
of their solid-state photoluminescence induced by external mechanical stimuli
(mechanochromic luminescence) have been described (for example pCp 34, Table 1, entry
5).571 These compounds have great application potentials in advanced optoelectronic devices,
pressure sensors, security technologies, and wearable electronics.

Recently, pCp derivatives displaying thermally activated delayed fluorescence (TADF)

have been developed, including carbazole derivative 35 (Table 1, entry 6).[8]
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Table 1. Selected examples of luminophores based on a pCp scaffold.

Entry Compound medium Aabs (NM) Aem (NM) [0}
X Ph
1 30 O O hexane 307 412
Ph” X
264
2 31 hexane 401
325
330
3 32 hexane 450
390
hexane 372 505 0.27
4 33
DMF 384 590 0.01
pristine
365 496 0.58
powder
s ®
O grinded
Mes,B 365 505 0.73
powder
Ph
TN —ph
NGO
=N
6 35 toluene 375 470 0.55

Jess

TADF is an interesting behaviour, which allows to harvest excited triplet state electrons

to generate fluorescence of the singlet excited state through thermally activated back energy
transfer.LI TADF organic materials that promise high efficiencies without the use of heavy
metalsare today increasingly employed for the developmentof improvedorganic lightemitting
diodes (OLEDs).[%% A sky blue OLED utilizing compound 35 has successfully been developed.

This new device demonstrated an external quantum efficiency notably higher than that of a
13



reference OLED relying on an analogous, yet pCp-lacking, TADF emitter.[>8] Preformat pCp
dyes, exhibiting this property, may hence pave the path for novel applications in material

science in the future.

4.1. Planar chiral luminescent compounds

By combining the planar chirality of pCps with their interesting photophysical
properties, original emitters of circularly polarized luminescence (CPL) have finally been
developed. For example, helicene derivatives incorporatinga pCp central core have been
synthesized and characterized.[51 Optically active second-ordered structures based on a pCp
scaffold have also been reported, including V-, N-, M-, triangle-, propeller-, and X-shaped

molecules.[2 These structurally-complex [2.2]paracyclophane derivatives were found to

display large molar extinction coefficients (g¢), good photoluminescence and quantum
efficiencies (®), and excellent absorption or luminescence dissymmetry factors (gas and
gium)-[831Such CPL emitters have great potential in practical applications including, for example,
the development of 3D optical displays, information storage, advanced security materials and
innovative chiroptical sensors.

Analternative, scarcely exploited, strategy to modulate the spectroscopic characteristics
of chiral pCp-based luminophores consists in expanding the aromatic rings of the
[2.2]paracyclophane scaffold to access functionalized polycondensed (hetero)aromatic
hydrocarbons. This approach should lead to optically active dyeswith more compact structures
and improved solubility, both important properties for in solution applications, such as catalytic
processes or supramolecular recognition events.

Different families of planar chiral three-dimensional luminophores derived from
[2.2]paracyclophane were successfully prepared starting from enantiopure aldehydes obtained
through the kinetic resolution and desymmetrization approaches described above. These
include pCp-based naphthalenes,®4 coumarins,5 or boron diketonate[®6] such as (Sp)-36, (Sp)-
37 and (Sp)-38. These compact compounds displayed promising chiroptical properties,
including luminescence dissymmetry factors (gyum values) up to 4.3x10-3 in dichloromethane
(Table 2, entries 1-3). Planar chiral boron difluoride showing aggregation-amplified CPL in
solution and at the solid state have also been reported in the literature, as exemplified by pCp
(Sp)-39 (Table 2, entry 4).[57]

Planar chiral solvatochromic dyes based on a pCp scaffold have been described. These
include, for example, Prodan(68] analogues in which the central naphthalene core has been

replaced with a pCp motif functionalized with a dimethylamino group anda propionyl moiety
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at the para or pseudo-para positions (Table 2, entry 5).%The photophysical properties of

these molecules were found to be strongly influenced by the relative disposition of their

substituents. Notably, the pseudo-para di-substituted derivative 40 displayed luminescence in

the blue region of the electromagnetic spectrum at the solid state and a remarkable CPL activity

in toluene (gjum values up to 4x10-3).

Table 2. Selected examples of compact CPL emitters based on a pCp scaffold.

Jabs Jium
Entry Compound Solvent (0]
(Aabs) Aium)
Ph o
CH.Cl, +6.6 x10™ +6.2 x10™
1 (Sp)-36 o) 0.62
(350 nm) (450 nm)
0._0 s
-6.2 x10° -4.3 x 10-3
2 (Sp)-37 O _ CH,Cl, 0.05
(360 nm) (440 nm)
Me
F.F
&%
Ll +6x 10" -7 x10*
3 (Sp)-38 Ph CH.Cl, 0.01
O (380 nm) (550 nm)
+4.5x10°
o F CH.Cl, 0.39
‘ “B—F (543 nm)
|
4 Sp)-39 _
(Se) O Nepy -
+6.2x10
Me THF/H:0 (9:1) 0.64
(563 nm)
NMe,
toluene -1.7 x10° +4%x10°
5 (Sp)-40 O 0.01
Et (380 nm) (486 nm)
o]
+1.7x107
cyclohexane 0.93
NMe, (461 nm)
6 (S)41 O O
BMes, -9.1x10°
THF 0.10
(538 nm)

Finally, enantiopure 2-(dimesitylboryl)phenyl-substituted [2.2]paracyclophanes have

been synthesized. These promising three-dimensional luminophores notonly possess a clear

solvatochromic behaviour, but they also display intense CPL and high quantum yields.["
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Within this last family of molecules, the same enantiomer of a pseudo-meta-substituted
derivative [(Sp)-41] was found to show CPL sign inversion when switching form nonpolar
solvent to a more polar medium (cyclohexane vs THF, Table 2, entry 6).[70]

All these compact pCps may prove useful in the future as building blocks for the
development of CPL-active materials. However, in many cases, the fluorescence quantum
yields of the PCP-based luminophores have been found to be quite low, leaving room for
improvement. Rigidification of the structures of pCps may play a kay role to access chiral dyes
with improved properties.[71]

Notably, pCp-based compounds with a rigid helical scaffold[’2l or those incorporating
boron/nitrogen frameworksl?3] (42a and 42b, Figure 4) have been successfully employed to
develop CPL-based organic light-emitting diodes (CP-OLEDs) showing narrow full width at

half maximum (FWHM), high EQE Vvalues and encouraging luminescence dissymmetry

il Sjes
cr e g
LSS

factors (gium)-

Ry-42a R,-42b
Chiral dopant in a sky blu CP-OLED Chiral dopant in a green CP-OLED
FWHM = 24 nm; A = 479 nm FWHM = 24 nm; &gy = 513 nm
Gium = 1.45 x 10" EQE e = 32.1% Gium = 145 X 103, EQEnay = 28.7%

Ry-43 (R = Cq3Hz5)
Gum Up to 0.058 in PMMA films

Figure 4: Examples of planar chiral pCps used for the design of CP-OLEDs

Additionally, double helices based on planar chiral [2.2]paracyclophanes and
tetraphenylethylene (R,-43, Figure 4) were found to exhibittunable CPL activity driven by self-

assembly. In particular, remarkable g, values (up to 0.058), accompanied by a high
16



fluorescence quantum yield (51%), were observed for poly(methyl methacrylate) films doped
with these compounds. The formation of diverse nanostructures such as nanofiber sheets,
nanospheres, and higher ordered nanorods could be observed by transmission electron
microscopy, confirming the possibility to fabricate advanced molecular CPL materials with
tunable and amplifiedglum values.[?1 These findings are expected to inspire additional research
in this captivating domain.

5. Towards the development of multimodal pCp-based lanthanide complexes
Lanthanides ions (Ln) are currently widely studied in the field of molecular magnetism
since they can be considered as excellent candidates to construct single-molecule magnets
(SMMs) for high-density data storage and quantum calculation.[’s] Lanthanide complexes
indeed combine large magnetic moment and strong magnetic anisotropy due to the large orbital
contribution to the magnetic moment and spin-orbit coupling. One of the main challenges in
this field is to combine the SMM behavior of Ln complexes with other chemical, optical, or
physical properties such as ferroelectricity, redox activity/conductivity, luminescence,
nonlinear optics, and chirality/chiroptical activity. In particular, the effective combination of
chirality and magnetism in a single crystalline material can lead to fascinating cross-effects,
such as Circularly Polarized Luminescence (CPL)I81 and magneto-chiral dichroism
(MChD),I'1 which may play a fundamental role in various technological applications. At this
point it could be useful to reminder that MChD is an enantioselective and polarization
independent light-matter interaction displayed by magnetized chiral materials. In this context,
the development of original chiral luminescent ligands capable of modulating the magnetic
anisotropy of Ln(l11) single-ion magnets could lead not only to exceptional SMMs but also to
multifunctionality, with multiple co-existing or strongly interacting physical and chemical
properties. Indeed, some of us demonstrated that the association of a lanthanide center [Yb(IIl)
and Dy(I11)] with chiral B-diketonate (stereogenic center),[’81 binaphtyl- (axial chirality)®I or
helicene-(helicoidal chirality)° based ligands allowed the observation of such MChD
phenomenon from an oriented single crystal as well as CPL in solid-state. Deep investigations
of the molecular materials have been carried out to evaluate the relative role of both magnetic
anisotropy and the chirality for the observation of strong MChD and CPL behavior. In such
research area, the planar chirality was not yet investigated highlighting the suitable and needed
approach to use pCp ligands for designing new CPL/MChD active lanthanide materials and for

determining the role of the type of chirality into the origin of these properties.[8l]
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As described in the previous section of this article, pCps have been successfully
employed as building blocks to access new families of optically active luminophores, and
various dyes showing strong electronic circular dichroism (ECD) and circularly polarized
luminescence (CPL).[1701 |n addition, thanks to their advantageous physicochemical
characteristics, enantiopure paracyclophanes have efficaciously played the role of ligands or
catalysts in asymmetric synthesis.[®2l However, although several transition metal complexes
featuring pCps have been described over the years,[28] these molecules have rarely been
employed as ligands in lanthanide chemistry. Access to unique Ln complexes with multiple

properties could therefore significantly extend the range of potential applications of pCps.

5.1. Luminescent pCp-based lanthanide compounds

In the literature, only few studies deal with the preparation of lanthanide complexes
incorporating [2.2]paracyclophanes. In these rare examples, racemic B-diketonates ligands
bearing a pCp moiety have been successfully employed to develop electroluminescent
europium complexes.[83]

Substituted pCps have also been used as antennas for the sensibilization of different
lanthanide ions. In particular, pCp-based coumarins incorporating a triple bond at their pseudo-

para position could be covalently linked to picolinate-based Ln ligands (Table 3).

Table 3: Examples of lanthanide complexes incorporating pCp-based antennas

...................................

z
0O \N I O o
o0.__0O
OQ NK \ (( ))
/“\ =
W/~
= = R
~ .N pCp-coumarins
X O '
e~
< %
A a -1 -1 A a a b c
Entry Ln e (NM) g (L'mol cm ) ., (nm) T o (HS) o o,
1 Yb 332 48500 980 9.48 <0.01 0.00
2 Gd 332 61000 422 - <0.01 0.45

910°M solutions in CH,Cl; ® Fluorescence quantum yield; © singlet oxygen quantum yield
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The spectroscopic characterization of the obtained antennas revealed that after
excitation, the pCp derivatives can undergo a rapid inter-system crossing from their singlet
excited-state to populate atriplet excited state localized at 19500 cm-L. The pCp-based antennas
were therefore found able to sensitize the luminescence of Yo (1) (Aex =332 nm; Aem =980 nm,
Table 3, entry 1) ions or to efficiently produce singlet oxygen when associated to a non-
emissive Gd(III) ion (®,, Table 3, entry 2).184 These results opens the way to the design of
new lanthanide containing probes for bioimaging applications using confocal two-photon
microscopy!®l or for the recently promising CPL-microscopy under enantiomerically pure
form.[8¢]1 Alternatively, modified Gd(lI1) complexes should be envisaged for theranostic
applications combining Magnetic Resonance Imaging with PhotoDynamic Therapy.[87]

More recently, racemic pCp-based phosphine oxide ligands[*2288] could be employed to
generate a crystal field and an electronic distribution around the lanthanide suitable for the
observation of slow magnetic relaxation in cases of Yb(IIl) and Dy(ll1l) complexes (Figure
5).189 The synthesized complexes also presented characteristic luminescence in the green or in
the near-infrared region of the electromagnetic spectrum leading to luminescence field induced
SMMs Magneto-structural correlation between both emission and magnetic properties was
carried out. Studies of analogous enantiopure complexes are underwayto fully characterize and

investigate their physical properties especially CPL.
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Figure 5: Example of a Ln(111) complex incorporating pCp-based ligand (left side) and their
slow magnetic relaxation behaviour (middle) and NIR emission (right side)

Whetherstill in theirinfancy, these promising investigations pavethe way for the design
of performant multifunctional magneto luminescent SMM based on pCps. To do so, the
development of the enantiopure version of the pCp-based ligand involved in lanthanide
materials is in progress in our laboratories to design chiral SMMs or ferromagnets having an

opened hysteresis loop to use MChD to readout the magnetic state of chiral materials by means
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of unpolarized light. Novel polarized-free optical data readout technologies might result from
such a breakthrough.

6. Conclusions

[2.2]Paracyclophanes have attracted increasing attention over the years due to their
original geometry, unique electronic properties and unusual reactivity. In this review, different
approacheshave been highlighted that allow chemists to selectively functionalize the aromatic
rings of pCps, control their planar chirality and modulate their photophysical properties.
Nowadays, functionalized pCps find interesting applications in different fields of research,
ranging from organic synthesis and asymmetric catalysis to polymer chemistry and material
science. Among many other possibilities, the use of pCps as central motifs to access innovative
organic and organometallic luminophores appears particularly promising. However, many
synthetic challenges remain to be tackled in this field to further broaden the scope of decorated
pCps potentially accessible. The development of methods allowing the selective
functionalization of the ethylene bridges, or the meta and pseudo-meta positions of these
molecules should be particularly considered in future endeavors. Access to enantiopure
compounds through efficient and scalable catalytic asymmetric approaches also needs to be
fostered and generalized.

Inrecentyears, significantadvancements have been madein the developmentof OLEDs
and CPL OLEDs utilizing luminophores derived from pCps. However, it's crucial to emphasize
that additional research is essential to delve deeper into this field. The possibility of using
enantiopure pCps as central core for the development of novel CPL emitters undoubtedly
deserves to be further explored with the aim of accessing compounds with improved properties
both in solution and at the solid state.

Within the domain of lanthanide chemistry, the ability of luminescent planar chiral pCps
to act as ligands or antennas for Ln sensitization should also be more deeply studied. These
investigations, today largely unexplored, may indeed pave the way for the design and
development of innovative multifunctional metallic complexes for diverse applications in both
material science and the biomedical field. [2.2]Paracyclophanes therefore clearly still offer

numerous possibilities for the pursuit of original research in the years to come.
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[2.2]Paracyclophanes (pCps) constitute a fascinating class of molecules that can find a variety
of applications in different fields, ranging from synthetic organic chemistry to material science.
This review gives an overview of valuable methods providing a straightforward access to
compact pCp-based luminophores with intriguing properties through key modifications of their
aromatic rings. The use of these compounds as building blocks for the development of original

OLED:s is discussed, alongside potential new avenues for this field.
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