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ABSTRACT: In this review, we discuss the rich chemistry elidenes and helicenoids containing main-
group elements. Enantioenriched helicenic derieatigontaining main-group elements B, Si, N and P,
either incorporated within the helical backbonegaafted to it, will be thoroughly presented. We lwil
describe their synthesis, resolution, and asymmetynthesis, their structural features, electramd
chiroptical properties, emission, together withestbhotochemical properties and applications.
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1. Introduction and scope

1.1. General structural and stereochemical aspects

Chirality is ubiquitous in life and Nature has canghe homochiral helical topology for its biolaglic
systems at work, namely the right-handeldelix in proteinsand the right-handed double helix in DNA.
In the chemist's artificial synthetic world, remablke progress has been accomplished in the cotistruc
of helical systems, not only because they can mbiatogical functions, but also because they entble
examine and develop chirality-related new phenomermerties and functionalitiés:* [n]Helicenes are
formed ofortho-fused aromatic rings; the steric repulsive inteoaicbetween the terminal aromatic rings,
makes them chiral helical molecules, even thougly tire devoid of any stereogenic cenfer®The
chemistry of heterohelicenes can be traced bacd®@3 when the first two azahelicenes, namety 7
dibenzog,g]carbazole 1 and benzd]naphtho[2,1€[cinnoline 2 (Figure 1), were prepared by
Meisenheimer and Witt®. Helicenes chemistry experienced a boom sinceetngl work of Newman
and Lednicer, who performed the first synthesisen&ntioenriched carbo[6]helicen8).t* The first
preparation of enantioenriched heterohelicene wasmaplished by Wynberg in 1968, when hexa- and
heptathiahelicenes were prepared by oxidative miyotization reactiort? Since then, there has been a
growing interest in the chemistry and applicatioois helicenes containing main-group elements,
concomitantly to the development of polycyclic aaiim hydrocarbons (PAHSY. Heterohelicenes can
indeed be regarded as heterographenes with a Ihajmalogy’* In this context, flexible as well as
convenient methods for their syntheses are higbgirdble for structural modification. For this pose,
the introduction of main-group elements can endbev ltasic carbohelicenic backbone with particular
structural features and properties that will be duder targeted applications. Indeed, organic
semiconductors based on heteroatorezonjugated molecules have attracted great attemidhe past
few decades due to their interesting optical arettednic properties, and their wide applications in
organic light-emitting diodes (OLEDs), organic @edffect transistors (OFETs), and organic
photovoltaics (OPVSs), spintronics.

(P)+)-3

12
(M)~(-)- 3
Figure 1. Structures of first aza[5]hellcenes preparedd@3t’ and of carbo[6]helicene enantiométs.
Official IUPAC numbering for hexahelicenes.

When symmetrically substituted, helicenes posSassymmetry axis that is perpendicular to the axis
of helicity (Figure 2a) but in most cases, they @resymmetric chiral molecules. Their configurational
stability depends on the number of fused aromatgsrand substituents and they typically startispldy



high racemization barriers (>27 kcal ipwhen n> 5 (or for n=4 with particularly highly-crowded
systems). The highly delocalized largeelectron system of fully aromatic helicenes alawith their
inherent chirality predetermines their unique agitiand electronic propertiésas well as their use in
many fields of research including supramoleculaencistry and molecular recognition, biolo@y,
materials science®® and asymmetric organo- or transition metal catafysi®'’ Note that systems
formed of non fully aromatiortho-fused rings are called helicenoid or helicene-hkelecules and will
be also considered here whenever they are obt@inedantioenriched forms. Binaphthyl systems may
indeed give rise to helicene-like structures updfernt types of ring closures; some of them Vo
discussed in this review.

According to IUPAC nomenclature, the term carbogtifene is used to denote a helical molecule
formed of northo-fused benzene rings. The prefix penta-, hexa-tahgpnd so on, can also be used to
specify the number of fused benzenes (for examgalmelicene). As far as a heteoratom is incorpdrate
into the helical backbone, the general term hetgne]icene is used, where 'hetero’ refers to 'dxa‘a’,
‘oxa’, 'phospha’, 'thia'. When possible, the pwsitif the heteroatom is given by using IUPAC nunmgger
It must be pointed out that the same generic teamaorrespond to very different helical structures:.
example, an aza[6]helicene or hexaazahelicene @y mdifferently to a pyrido[6]helicene or to a
pyrrolo[6]helicene. Similarly, thiahelicene is used a generic name for all classes of helicenes
incorporating a sulfur atom in the helical scaffod$ a consequence, this general nomenclature may b
confusing. It is therefore recommended to spetig/tiype of heteroaromatic ring included in the dali
backbone (such as for instance pyrrolo[6]heliceadar than aza[6]helicene) and/or to use the full
IUPAC chemical name.

As the number of fused rings increases, the haicgnrals up along the helical axis to form a
cylindrical structure with a constant pitch (in bathe inner and the outer helices, see Figure 2a).
Carbohelicenes composed of six-membered aromatis tan cover a complete 360° rotation of a screw,
overlapping the terminal rings. The term helicisygenerally used to define the dihedral angle betwe
the two terminal rings. On the basis of the heliatile proposed, a left-handed helix is designated
“minus” and denoted ad/) whereas a right-handed one is designated “plod”’denoted asd?j (Figure
2b)® The replacement of one or more carbons by a het@roin a helicenic structure, above all,
modifies the geometric parameters of the helix [@dl) and therefore its propensity to racemize noore
less rapidly. DFT calculations performed on peniaéeic structures, incorporating a central £H
element or a heteroatoshowed that the type of heteroatom significantfgs the torsion angles where
for example a silicon or a phosphorus atom indac&sger overlap of the two terminal benzene rings,
which increases the resistance to racemizdtiovhile a nitrogen or an oxygen atom reduces thelaye
and therefore the inversion barrfér.
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Figure 2. a) Helicenes helical structure, )Y and @) chirality in helicenes, c) ECD spectra &) (plain
lines) and i)-carbo[6]helicene (dotted lines). Adapted from Pe€opyright 2012, American Chemical
Society.

Table 1.Optimized Torsion Angles) for [6]helicene derivative3Reproduced from ref®. Copyright
2016, American Chemical Society.

Zz CH; NH O SiH; P(=O)H
£ C-Z-Cldegree 1026 1094 1059 919 914
[ degree 215 187 17.0 323 281

®Estimated for the structure optimized by DFT at the
B3LYP/6-31G(d) level of theory.

1.2. Photophysical and chiroptical properties, abdate configuration

The presence of a heteroatom in the fused polycygfistems considerably alters the electronic
structure and enables to fine-tune various optt@tat properties. (Hetero)helicenes can be comsitie
as chiral organic semi-conductors. Although noteticiently as in planar PAHs, tha-electrons are
delocalizedvia the helical structure which generally absorbs ftomnear-UV to the visible and in some
cases to the near-IR domain. While the HOMO-LUM® @&,y is quite high in carbohelicenes, it can
be significantly modified by the introduction of teeoatoms. For instance, the band gaps of
carbo[n]helicenes, thia[n]helicenes with alterngtibenzene and thiophene rings, and carbon-sulfur
[n]helicenes were estimated by density functiorte@oty (DFT) studies in the gas phase: due to
ineffective conjugation, carbon-sulfur helicenesvéhathe largest energy gap(4.1 eV), while the
thiahelicenes show smaller gap (2.5 eV) than thaaohelicenes (2.9 eV.

Regarding emission properties, it will be seen thast of organic B, Si, P, N-containing helicenes
display blue fluorescence due to the electron-wéthihg effect of the heteroatoms, but this emissiam
be significantly tuned by taking advantage of thespnce of vacant orbital (B) or lone pair (P, N)
through reactivity with a variety of reagents (jorot halide, metallic ion, lanthanide, etc) thusirgivthe
opportunity to achieve stimuli responsiveness ahidoptical switching®® Importantly, endowing the

6



helical backbone with strong charge transfer sigaiftly modifies the absorption and emission
properties. The helical nature of teconjugated system has also a direct impact onethession
properties since it promotes singlet to tripleemistem crossing, thanks to the large spin-odaipkng

in helical molecule$® Therefore at low temperature, fluorescence is nofeccompanied by
phosphorescence emission. Finally, helicenes déassemble in the solid state thus giving risesabd
state optical properties different from the ligsidte.

Due to their helical shape and extendeelectronic conjugation, helicenes are archetypeshirality.
They display particularly intense electronic cierutlichroism (ECD) spectra thanks to the strongl]
transitions within a helical scaffold associateguténg from strong dipolar magnetic transition nmests
coupled with dipolar electric transition momentss A direct consequence, the absolute configuration
(relating the handedness and the sign of a chaapproperty, typically the specific rotation ateth
sodium line?* or the sign of ECD band at a defined wavelerfgtdn very often be deduced from the
experimental ECD spectrum. This feature is veryveorent to directly know which enantiomer is
obtained after a stereoselective method. Therelss a general relationship between the absolute
configuration and the optical rotation at the sadiD line: ) helicenes are dextrorotatory, whilel)(
helicenes are levorotatory (exceptions will be dieatated in the text). Note that the units foeafic
and molar rotations will not be given in the terg apecified on note Ahe optical rotatory dispersion
(ORD), i.e. dependence of optical rotation as a function efwmavelength, was also often used in the
early stages of helicenes chemistry to charactetfiee chirality of helicenes. Vibrational circular
dichroism (VCD) and Raman optical activity (ROAgaiso valuable chiroptical techniques acting & th
infrared region. In this regards helicenes displgoycal vibrational chiroptical activity, with fanstance
nice signature in VCD spectroscopy for the coullexC stretching modes along the helical &kiBeing
emissive and chiral, helicenes containing main-gralement often display circularly polarized
luminescence (CPEj and this aspect is a growing interest in matesalenceé® As will be illustrated,
the presence of heteroatoms can significantly chahg shape of the molecule and mtsystem thus
changing strongly the chiroptical response.

1.3. Scope

In this review,enantioenrichechelicenes containing main-group elemer®s Si, N and P? either
incorporated within the helical backbone or graftedt (Figure 3), will be thoroughly presented. As
result, the classical carbo[n]helicenes, theirgaldanions and related graphene-type scaffoldsnetillbe
discussed here. Thus the hexahelicene radical sugemerated from elements of the main groups llland
(Li, Na, K salts) will not be discuss&d** Similarly, helicenic structures including’.iNa" or K cation
through catiorr interactions yielding a closed helical structuessén been considered theoretically and
observed experimentally by mass spectrometry wiehlti elemen¥ but have not yet been obtained in
enantioenriched forms. In addition, we only consisigbstituted systems where the heteroatom isreithe
directly linked or close to the helical backbone thus discard systems linked to carbohelicenesigfir
carbontesystems such as alkynyl or ethynyl bridges butudis helicenes substituted with small hetero-
functions (alkoxy, amino, cyano, phosphine, eta) heteroaromatics (pyridine, pyrrole, phosphole). et
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Figure 3. Helicenic structures either incorporating or sitbstd with main-group elements.

Since many reviews and a monography dealing with dbneral aspects of carbohelicenes and
heterohelicenes are already existing, in this meyviwe will deal with the helicenic structures thetve
properties originating from their chirality.e. helicenes that are configurationally stable arat tiave
been obtained in enantioenriched forms, and focltheir chirality has been emphasized either ftioen
synthetic point of view or for their chirality-rééd properties. From the synthetic point of view,
stereoselective synthetic methods and other preparmethods of enantioenriched molecules will be
presented. The universally utilized chromatograpreantiomeric resolution methods will be given for
each compound. An important aspect is the configural stability of the helical derivatives, whiclan
depend on the chemical structure and may be infkerby the presence of heteroelement, will be
discussed in this review. Furthermore, particuldersion will be paid on the chiroptical properties
especially the optical rotations (OR) and the eteut circular dichroism (ECD) spectra and how they
vary as a function of the topological structuresidared (geometrical parameters) and of specitlifes
such as charge transferconjugation, self-assembly, etc. The non-polariaed polarized photophysical
properties, namely emission and CPL will be als@itkl. Finally, the other physico-chemical propeest
related to and influenced by the chirality of hehies, such as their heterochiral/homochiral
supramolecular assembly (in 2 and 3 dimensions)x tiral recognition abilities, their charge tsport
in relation with their enantiopurity, and the tugiof their chirality/chiroptical activity, will beletailed.
Enantioenriched heteroatomic multihelicenic systewii also be described. Note that helicenes
including oxygen and sulfur atoms are not treatethe present review and will be published elseeher
For related reviews se&-3*336:37,38:39

2. Helicenes Substituted with boron
2.1. Helicenes incorporating boron atoms: borahelenes

Incorporating boron atoms into helical PAHs is dficient strategy to create novel chiral materials
with tailored properties, providing heterohelicenis high-performance organic chiral molecular
materials. For instance, thanks to the electromjatotg and Lewis acidic character of boron, intrmidg
one or several B atoms into carbohelicenes gegeegllts in strongly blue emitting fluorophoresdo
the higher energy of the LUMO levels. The effici@onjugation between the vacant p orbital of boron
and adjacentrelectron cloud for compounds with a three-coorin@oron atom or the-o / T=0* type
interactions for compounds incorporating four-caoate B atoms are also important features influgnci
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the absorption and emission. Furthermore, B atosuslly affect the intramolecular and intermolecular
charge transfers by creating permanent dipole mtsrtbat have a great impact on the ionic mobilitnes
the solid staté® However, due to the intrinsic reactivity of tricdinated organoboranes to oxygen and
moisture, the synthesis of “B-doped" helical PAMsrather difficult. To overcome this issue, N or O
atoms are often concomitantly introduced as B-NB-@ units. Indeed, the interaction between the lone
pair of electrons on the N/O atoms and the empibjial of the B atom enhances the stability. Thhs,
class of helicenes incorporating boron atoms meserlly includes N or O atoms and are therefore
named azaborahelicenes and oxaborahelicenes. Ttwattesthree or four-coordinate nature of the horo
atom, monohelicenic or multihelicenic structures ba built-up.

2.1.1. Borahelicenes from intramolecular electropliic arene borylation

In 2012, Hatakeyama and coworkers reported an azdibenzo[6]helicene6( Scheme 1) as a new
type of semi-conducting material displaying helicairality.** This compound was synthesized in its
racemic form by a tandem bora-Friedel-Crafts typaction on intermediaté and was subsequently
resolved through chiral HPLC on a Daicel Chiralp@k3 column (eluent:n-hexane/CHCI,). An
inversion barrier of 42 kcal/mol was obtained bgdfetical calculations showing great configurationa
stability. Mirror-imaged ECD spectra were measui@dthe pure enantiomers, with a negative-positive
signature at 268-287 nm and a positive-negative bmt@een 329-380 nmRjJ-isomer, see Figure 4d).
Note that this ECD signature is not the typical ofdelicenes, and was assigned by other authors in
2013 as mainly resulting from exciton-coupling loé brtho-fused aromatic ring& Similarly, the specific
rotation values are small compared to fully carherahelicene (33@s.+3300 in CHCl,, Table 2)%*

Using a similar synthetic procedure, the same gmepared in 2015 oxabora[6]helicedé&om 1,3-
bis(naphthalen-2-yloxy)benzeBgsee Scheme 1§.Compound displayed a helical topology which was
ascertained by X-ray crystallography (Figure 4cjhbsquent enantiomeric resolutiorQofas conducted
by chiral HPLC over a Daicel Chiralpak IA-3 (elueribluene); however, its activation energy for
racemization appeared lowH” = 26.6 kcal mot) i.e. between those of [6]helicene and [5]helic&he.
Calculations and X-ray crystallography enabled ssign the I)-(+) absolute configuration for
azaborahelicené and for enantiopure dibromo derivati¥® (with Br in para position of the N atoms)
which was also prepared from enantiop@reX-ray structure crystallography and calculatedcisar
Independent Spin Chemical Shifts (NICS) (Figuresadd 4c) revealed low aromaticity of the central
BNC4 rings of6.** As a consequence, azabora[6]helicéri@nd in a similar way i®*) revealed fully
extendedt®conjugation, which was further evidenced in thiewated HOMO and LUMO (Figure 4b).

Azabora[6]helicenés displayed appealing charge transport propertiededd, carrier inversion was
observed between the racemate, acting as a p-gypece®nductor, with higher hole mobilify, than
electron mobilityue (measured by time of flight (TOF) technique orhim tamorphous films obtained by
vacuum-deposition between Al electrodes) and thre pmantiomer acting as a n-type semi-conductor,
with higher e thanpy. This effect was explained by their different pagkin the solid state between
racemate and pure enantiomers. Indeed, the heterloahd homochiral supramolecular assembly, found
in the packing ofac-6 and P)-6, respectively, impose different arrangements efdipole moments and
therefore different holes or electrons transpoftlins.**



Scheme 1Synthesis of azaboradibenzo[6]helicéftandoxabora[6]helicend&®. Structure of
dibrominated heliceneP}-10.**
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enantiopureR)-6 showing the helical structure, d) ECD spectragidiity) of (P) and (M)-6
enantiomers. Adapted from r&f.Copyright 2012, American Chemical Society.

2.1.2. Borahelicenes fronortho-cycloborylation

In 2017, Autschbach, Crassoes,al. synthesized enantiopure hexa-, octa- and decaetaddicenes
12a-d and studied the influence of the helicene’s sz the number of four-coordinate boron atoms on
the chiroptical properties (both in absorption a@mission)”> These azaborahelicenes were prepared
using a two-step process. a cycloborylation reaction of 2-phenylpyridine ¢yprecursor using BBin
the presence of 'Rr(Et), affording aB,B-dibromo-azaborole system, which was then reaciéu AiMes;
(Scheme 2). The method takes advantage of thegaitratom which directs the electrophilic aromatic
borylation to theortho-position. Then the pure enantiomers were obtausédg HPLC separation over
chiral stationary phases (see Table 2). Azaboredratisl2a-d display strong absorption between 250-
450 nm (see Figure 5) and blue fluoresceneg { 420-450 nm) with rather strong quantum yield210
0.49) for azaborahexahelicen&8ac and more modest ones (~ 7%) for the octa- andhaédicanes
12b,d. Indeed, the introduction of one additional boreiom onl12c strongly increases the emission
efficiency compared td2a but at the same time strongly decreases the gqumafion stability (an
enantiomerization barriekG” of 27.5 kcal mot at 78 °C, in ethanol was experimentally estimdted
12c by racemization kinetic studies) due to the presef two azaborapentacycles that give a more open
and more easily racemizing structure. The HOMO BOMO of 12a-d show extendedrconjugation
over the helical frame, while other MOs show coapimn between the B-GHb-bonds and thersystem
of the aromatic scaffolé. In the UV-vis spectra depicted in Figure 5, oaa see that the longer are the
helicene, the stronger the absorption coefficiemd the more red-shifted the absorption wavelengths
Similarly, the ECD spectra were more red-shifted amore intense for azaboraoctahelicdr#d and
azaboradecaheliced@d as compared to azaborahexahelicer®sgc. This is also reflected in the specific
rotations that show values around +106& the @)-[6]helicenes and +30000r the P)-[8] or (P)-
[10]helicenes. Note that, except fa2c the overall ECD signature appeared typical ofickeke
derivatives and that th&)-enantiomers display positive optical rotationues. On the contrary, the CPL
responses of these azaborahelicenes do not follgenaral trend, with negativ@g,, values found for
(P)-12ac and a positive one foP}-12d (see Table 2). It was indeed notit¥d that the sign of CPL
greatly varies with the substituents grafted ol telicenic core and generally follows the sigrhef
lower energy ECD-active band. However, the absalatees ofgum (between & 10 and 10°) for 12a
d are typical of enantiopure organic helicefies.

Recently a very similar strategy was used to peepaantiopure azabora[5]heliceris15 (Scheme
2b)*" Overall, the ECD spectra and optical rotation ealwf 13-15 appeared very different from
azaborahelicenelk2a-d, with for instance negative specific rotations &tir(P) enantiomers (see Table 2).
Enantiopure azabora[5]helicen&8-15 displayed different charge transfer characters faumtescence
quantum yields ranging from 0.13 and 0.30 in to&yegoverned by the electron-donor substitutipn (
MeO-phenyl p-Me,N-phenyl) on the helicer€. The dimethylamino-substituted derivative emittédhe
most red-shifted wavelength and showed the higBtstes shift in toluene. These helicenes also show
CPL activity with dissymmetry factorgy{m) up to 3.5x 10°. It was shown that the sign of the ECD
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band corresponding to the first transition and@if. spectrum depend on the electron-donor sulistitut
(Figures 6a,b).

Scheme 2a) Synthetic routes to azabarielicenesl2ad. i) BBrs, N'Pr(Etk, CHCl,, 25 °C, 24 hrsij)
AlMes, CHxCl,, 30 min®® b) Chemical structure of azabdslijelicenes13-15.%’
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Figure 5. Experimental UV-vis (a) and ECD (c) spectra of arahelicenesR)-12ad and of bis-
platina[10]helicene complexH}-334h see section 4.2.3.) in GEl,, and their corresponding simulated
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spectra (panels b and d, respectively) using TD-DEIPBEO* calculations with continuum solvent
model for dichloromethane at BP-D3 optimized geaiaget No spectral shift has been applied.
Calculated excitation energies and rotatory stiengte indicated as ‘stick’ spectra. Reproduceh firef.
5 Copyright 2017, Wiley.

a) b)
13 14 15 1- 13 o, 14 6. 15
154 20+ 30+

204

o NI JQJM M

-10 | -20

A/% 10

-15

T T  -20- T - 304 ‘ : -1 T T 7 2—T———— 6 T
300 400 500 300 400 500 300 400 500 480 560 640 480 560 640 560 640 720

A [nm] 4 [nm] 4 [nm] Alnm] Alnm] Alnm]

Figure 6.a) ECD spectra and b) CPL spectrd 8f15in aerated toluene solution oP){isomers (red)
and M)-isomers (black). The corresponding fluorescencetspé@ave been normalized so thatAhe
value at the emission maximum reflects directlyjthg| value. Reproduced with permission from féf.
Copyright 2018, Wiley.

2.1.3. Multihelicenic structures

Multihelicenic structures can give access to mldtgonformations, increased non planarity, andethre
dimensional inter/intramolecular interacticfi§?°In this regards, several groups have devoted iivens
efforts to the synthesis of double heterohelic&f@sonsisting of structures with two heterohelicenes
fused togetherAlmost simultaneously in 2016, the groups of Hagakea’ and Miiller? reported the
preparation of fused double [5] and [7]heteroh@leeontaining OBO unitsl®ab and c depicted in
Scheme 3a) from hexabromobenzersea Hart reaction followed by a tandem demethylaborylation
(Scheme 3b). X-ray structures (Scheme 3d.8@&rand19c) demonstrated a significantly twisted structure
with the terminal aromatic rings overlapping attbends, giving in the case @Pa an example of a
double helicenes with intramolecularlayers. Indeed, DFT calculations of the isomeraratprocess
yielded isomerization barrienG”) of 23.0 kcal mot (at 298 K) from the chiralR/P)-19a isomer to
meso(P,M)-19awhich is comparable to that of [5]heliceti@he isomerization barrier was substantially
increased (31.8 kcal mYl by introducingtert-butyl groups in19¢ which enabled to separafe ®)- and
(M,M)-19b by chiral HPLC on a Daicel Chiralpak IE-3 colunatuent: toluene). By using one of the pure
enantiomers, the isomerization barrier was experiaily determined as 29.0 kcal riphnd agreed well
with the calculated ones. Double [5]heliced@saandb show two sets of strong absorption bands around
310 nm and 410 nm, with the longer ones correspmgniti HOMO-LUMO transitions. The ECD spectra
of (P)- and M)-19b in CH,CI, displayed mirror-image relationship, with typicedgative-positive Cotton
effects around 270 and 330 nm, respectively, witlad@ditional broad negative ECD-band around 430 nm
corresponding to HOMO-LUMO transition displayingostg rotational strength in this case (Scheme 3d).
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The absorption spectrum @Bc recorded in CECl, solutions exhibited a maximum at 376 nm which is
significantly red shifted compared with that of &éi[5]helicen€l9a (310 nm) due to the more extended
n-conjugation in19c According to TD-DFT calculations, the low-energlysorption band from 400 to
500 nm is assignable to the HOM&.UMO transition corresponding to m-Tt* transition of the fully
conjugated bis-helical system. DFT calculationseed®d a very high theoretical isomerization baroier
45.1 kcal/mol for theR,P)/(M,M)-19c stereoisomeii,e. 4.4 kcal/mol higher than th& M) stereocisomer
(not observed experimentally). The high configunaal stability ofl9c enabled to obtain the pure,P)-
and M,M)-19cby chiral HPLC (Daicel Chiralcel IE column; EtOA2OH = 9:1 as eluent) and to study
their chiroptical properties. The ECD spectrum BfP})-19c in CH,CI, displayed two strong positive
bands at 275 and 320 nm, a strong negative ongSani® and a broad and less intense one between 425-
475 nm>? Note that the isomerization barrier of the OBOefiislouble [7]helicene is much higher than
for oxabora[6]helicen® (vide supra and higher than carbo[7]helicene (42.0 kcal/ mioijicating the
advantage of double helicenes over monoheliceneterms of conformational stability. Indeed no
racemization was observed upon heating enantiomB} and (M,M)-19c for 24 h up to 200 °€ Note
that in 2017 a longer double OBO-helicene analogag deposited on a Au(111) under UHV conditions
and its surface-assisted cyclodehydrogenationamti@nar OBO-perihexacene was observed by $TM.

Similarly to 6 and9, the strong bond alternation found in the BOC4sinf19a°* may account for the
small NICS valueof 1.3 while the surrounding C6 rings, including tHistorted central benzene ring,
show large negative NICS values (Scheme 3c). Fowpeoison, in the all-carbon analogue tetrabenzo-
[af,],0]peryleneshown in Scheme 3c, the central C6 ring shows atiy®INICS value, indicating
substantial antiaromatic character. Notably, mdbrcorbital calculations of9aindicate that the HOMO
and LUMO are spread over the C6 rings rather thrathe boron and oxygen atoms, accounting for the
substantial stability o19a(Scheme 3c).

Borahelicenes are efficient blue fluorophores. dijeazabora[6]helicerdisplays blue fluorescence
at 447 nm (Table 2), while smaller achiral [4]hehcc systems were successfully used as host nlateria
in phosphorescent OLEDs with efficiencies bettemtlthe classical 4,4’-bis(9-carbazolyl)-1,1’-bipkien
(CBP) host?® The emission properties of oxabora[6]heliceh®a andb were also studied (see Table 2
for 19b); 19b revealed deep and almost pure blue fluorescentle @@mmission Internationale de
I’Eclairage coordinates of (0.15, 0.08). Its enanéishowed circularly polarized luminescence agtivi
with gum of 1.7 x 10° at ~ 435 nm. Notably, the absolute fluorescenantum yields ofl9a andb are
0.68 and 0.65 at 430 and 436 nm, respectively, witarrespond to very high values for double
helicenes. Achiral structures similar td9a and b have indeed proven efficient as B-containing PAH
dopants in organic OLEDs and in field-effect tratmis>> Compound19c has a green yellow
fluorescence with the emission maximum at 487 noh aiguantum yield of 0.26.e. less efficient and
more red-shifted compared tt®ab. Note that such BN and BO aromatic compounds display
increasing interest in the domain of thermally\atéd delayed fluorescence (TADE).

Carrier-transport properties were also examined ®f measurements a stable amorphous film of
double [5]helicend9a It showed balanced ambipolar conductivity € 5.7 x 10° cnf V' s, pe= 7.9
x 10° cn? V™! s superior to those of representative amorphousigotas materials, thus revealing
high potential for materials science applicatioiifiese examples highlight the direct impact that
enantiopurity can have on a chiral material incoaped into an optoelectronic device.
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Scheme 3a) Chemical structures of oxaborahelicet@s-cand X-ray structure df9a(heterochiral
assembly) and df9¢ b) synthetic scheme for the preparatiod@#-¢ c) NICS, HOMO and LUMO of
19acompared to its all-carbon analogue; d) ECD (slatiels) and CPL (dashed lines) spectraR){19b
(red) and K1)-19b (blue). Adapted refd" and®%. Copyright 2016, American Chemical Society.
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Overall, the use of CH borylation to create bormh-helicenic structures appears efficient to agces
novel helicenic derivatives with efficient emissiproperties such as deep blue fluorescence and good
electron, holes or ambiphilic mobilities, which cambine with the typical strong ECD spectra and. CP
activity of organic helicenes. Other potential apgtions of 3 and 4-coordinate boron-PAH's are
photoresponsive materials, sensors and imagingialate >%>°

2.2. Helicenes grafted with a boron atom

Another obvious feature of boron derivatives isirthise as key intermediates in the preparation of
novel derivatives, by taking advantage of the ligdgtof boronic acids and boronate esters in adsity
of reactions (diverse couplings among which SuznukChan-Lam). In this regard, we recently prepared
2-carbo[6]helicene-boronate este®-(and M)-21a and 21b"? by classical oxidative photocyclization
process and used them as intermediates for theanateggn of enantioenriched amino-helicene
derivatives’® Indeed, carbo[6]helicene-2-boronic pinacol andapidiol esters were obtained by a
classical photocyclization reaction of stilbenieeqursors decorated with the boronic ester functions
(Scheme 4a). Although the pinanediol derivativeisteas P,1'S2'S4'S-21b" and M,1'S,2'S4'9)-210
diastereomers (more conveniently written B @nd M)), no diastereoselectivity was observed during
the cyclization. Compound&laand21b™? were therefore prepared in enantiopure forms frygushiral
HPLC separation methods (see Table 2). Their ECBctsp displayed the same shape as those
hexaheliceneenantiomers and their molar rotations, which take iaccount the molecular weight,
appeared of very similar magnitude as 30(~12000). A racemization Gibbs energ&” of 36.7 kcal
mol™ at 182 °C in 1,2-dichlorobenzene was evaluatecexentally for21a®® Note that enantiopure
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boronate esters may be directly prepared from émne 2-bromo-carbo[6]helicefi&Boronic acid21c
was obtained fror21ausing sodium periodate in the presence of ammoaicetate (Scheme 4b).

Scheme 4Preparation of enantiopure carbo[6]helicene-2-bisrpmacol ester@1a,b"? (a) and of

boronic acid21c (b).%°
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)hv, 1> (1eq.)
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Table 2. Specific rotation values and photophysical datanantioenriched borahelicenes.

Compound Method  [o]o® Enantio- Conditions Anbs Aem o} Gum Ref
of purity (solvent/Conc) (nm) (nm) (% / solven)
obtention

(P)-6 Chiral +300 N.d. CHCI,/0.1 310,373 447 . - 4
HPLC®

(P)-12¢ Chiral +1390 >96%ed CH,Cl,/10° M See Fig. 5 404, 425, 21/CHCI, 9x10% 45
HPLC 450sh

(P)-12k Chiral +3010 >99%ed’ CH,CL,/10° M See Fig. 5 435, 458 6.9/GEl, _7x1g* %
HPLC

h

(P)-12c Hcg[g +1440 >96%ed CH,CL,/Z10°M See Fig. 5 427 49/GEl, 5 3x10°

(P)-12¢ Chiral  +5320  >97%e¢ CH,CI,/10° M See Fig.5 443,471,502, 7.4/ICHCl, +1x10° ®
HPLC 541

(P)-12 Chirél -106.4  >98%eé CHCly/0.1 414 480 29/toluene  -2.5x 10% ¥
HPL

(P)-14 Chirél -96.8 >98%¢ed CHCL/0.05 426 502 30/toluene +9.5x10
HPL 4

(P)-15 Chiral 727 >98%ee’ CHCL0.1 433 586 13/toluene +3.5x10 ¥
HPLC 3

(P,P)-19k Chiral  +9402  >99%€" CHCly/4.96 315,411 436,460 65/GEl, -1.7x10° T
HPLC" 26/solid

(P)-21¢ Chiral +2600 >98%ed CH,CL,/2 x 10° 353 - &0
HPLC" M

(P)-21k Chiral  +2370 >995%€  CH,Cl,/2 x 10° 355 - o
HPLC® M

(M)-21t Chiral -2640  >99.5%€  CH,Cly/1 x 107 355 - &
HPLC® M

2 In deg-mL-g-dm . ® Temperature between 20-25 °Cln g/100 mL otherwise precisedl.Longer-
wavelength absorption bantChiralpak IA-3,n-hexane/CHCl,. f Ch'iralcel OD-H,n-hexane/EtOH.?
Chiralcel OD-3,n-heptane/EtOHf‘ Lux-Cellulose-2 n-heptane/EtOH. (S,9-Ulmo, n-hexanetPrOH.’

(S9-Ulmo, n-heptand/PrOH/CHCE. ¥ Chiralpak IF, n-hexanegtPrOH/ CHCS. '

Chiralpak IA, n-

hexane/isopropanol’ Chiralpak IE, toluene! (S9-Whelk-O1, n-hexanegtPrOH/ CHCI, 90:5:5.°

Chiralpak 1B,n-hexanefPrOH.
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3. Helicenes substituted with silicon

The most straightforward way to introduce silicdanas into helicenic backbones is to fuse biphenyl
rings with siloles inortho positions, resulting in (di)benzosiloles (or di@irenes). Siloles are
silacyclopentadienes in which tleg orbital of two exocyclico-bonds of the silicon atom and time
orbital of the 1,3-butadiene moiety interact toide ac*—T1t* conjugated systertf. The resulting low
LUMO level gives rise to various characteristic fphysical features such as strong luminescence.
Moreover, the high electron transport ability dbks has been used as a key component in orgghte |
emitting diodes (OLEDSsY Incorporating silole into helicenic frameworks shieads to chiral helicat
conjugated molecules with fluorescence emissionpanential charge-carrier transport ability.

3.1. Helicenes incorporating a silicon atom: silaHieenes
3.1.1. Enantioselective [2+2+2] cycloaddition

In 2012, Shibata and coworkers described for thst fiime the synthesis of enantioenriched
sila[7]helicenes 25a-d incorporating silole units, by performing conseéeeit stereoselective and
stereospecific inter- and intramolecular [2+2+2¢lopdditions (Scheme 8§.Indeed, these silahelicenes
containing two dibenzosiloles in a helically chistlucture were synthesized by 1) an enantiosekedti
catalyzed intermolecular [2+2+2] cycloaddition of tetrayne 22a-c) with a diyne 23) vyielding
enantioenriched axially chiral systeB#la-d with up to 94%ee'swhen using the [IrCl(cod)|(SS)-
EtFerroTANE catalytic system (see list of catalyst®llowed by 2) a stereospecific Ni-mediated
intramolecular [2+2+2] cycloaddition yieldingMj-25a-d with 90-99% ee's when using the
[Ni(cod),)/2PPh system. These sila[7]helicen@&a-d displayed blue fluorescence and high specific
rotations (see Table 3). Note however that the labtsgonfigurations are not consistent with thessieal
one; indeed while the\) stereochemistry was obtained &&aby X-ray crystallography and specified as
(M) in the synthetic scheme, the specific rotationsrew found to be positive. Furthermore,
sila[7]helicenek5a-d display blue fluorescence (quantum yields of 00284, see Table 3).

17



Scheme 5Consecutive asymmetric inter- and intramolecu2ai2f+2] cycloadditions yielding
enantioenriched\()-25a-d**

Me,Si

—) o i COEt =2\
- [IrCl(cod)], 2

(10 mol%)
SiMe, (S.,9)-
EtFerroTANE
+ 22ac _ (20mol%)
xylene
N o
A s 60-100 °C A,
N ,:’J
=

(M)-25a (Ar = Ph, >99% ee)
(M)-25b (Ar = p-OMe-Ph, 92% ee)
(M)-25¢ (Ar = p-F-Ph, 90% ee)

(100 mol%) /7~ \
2 PPh,

THF, it

In 2015, Tanaka applied enantioselective double242} cycloaddition (Scheme &jde infra for
phospha- and oxahelicenes) to prepare enantioedrittl'-bis-triphenylene-based sila[7]helicen@s (
28 with 91%ee (analyzed using Chiralpak AD-hh-hexangtPrOH) when using the [Rh(caBF4/(S)-
Segphos catalytic system (see list of catalysf§)Compared to sila[7]helicen82 (vide infrg), 28
displayed red-shifted absorption and fluorescerespanses explained by the presence of fused 1,1'-
bistriphenylenes resulting in more extendeconjugation. Probably for the same reason, enamte8
show highgum values,i.e. 1.6 x 102, which is uncommonly high for an organic helicefibese values
appear larger than that for the 3,3-biphenanthbesed sila[7]helicen82 (gium = -0.0035 at 470 nm,
Table 3) but smaller than that for the 1,1-bitripflene based carbo[7]heliceng.t = -0.030 at 428
nm)?’ On the contrary, the optical rotation magnitudefilower intensity compared &2.

Scheme 6Enantioselective synthesis of 1,1'-bistriphenylbased sila[7]helicene®)-28 by RH-
catalyzed [2+2+2] cycloadditiorfs.

[Rh(cod),]X
(20 mol%)

(S)-Segphos
CoH4Cly, 1t

X = BArf, 1h: 18%, 85% ee
X = BFy, 16 h: 10%, 91 % ee
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3.1.2. Alkyne-arene cycloisomerization

In 2013, Nozaki and coworkers reported a faciletlstic route to sila[7]helicen&2, with a silole as
the central cycl®  Bis-brominated dibenzosilole30 was readily obtained from 2,2'6,6-
tetrabromobiphenyl29 (Scheme 7). Introduction of two ethynylphenyl unifsrough a Negishi
coupling/deprotection sequence yielded 1,9-bist{@+e/lphenyl)dibenzosilole31l, which was finally
cyclized into racemic32 using [PtCj]. Enantiopure P)- and (M)-32 were then obtained by HPLC
separation over a chiral stationary phase (seeeTaband the absolute stereochemistry was asoedtain
by X-ray crystallography of thé?j enantiomer. Thermal racemization was studied exy@atally and no
racemization was found at 220 °Cartichlorobenzene.

Scheme 7Synthetic scheme of racemic sila[7]helicers)-32.%°

ZnBr
= TMS
) n- BuLl Br Pd(PPhs), 'V'e PtCI2
Br 2) Me,Sic1B" Me 2) AgNOg, KI O ‘ O
85% 42% ’

(two steps)
(rac)-32

The UV-vis absorption spectrum oh()-32 is depicted in Figure 7 and shows longest absorpt
412 nm, that isnmuch longer than pristine phenanthrene (293 nm) dibenzosilole (286 nm), due to
extended delocalization of theelectrons over the molecule, as further evidencgtie HOMO and the
LUMO (see Figure 7). The absorption edge oéc)-32 at 431 nm is similar to that of’-
phospha[7]helicene (432 nnvide infrd and red-shifted compared to the related aza- axat
[7]helicenes (425 nm for aza[7]helicene and 409famoxa[7]heliceneyide infrg. Upon excitation at
320 nm, compoundédc)-32 exhibits a strong blue fluorescence wiihx at 450 nm and good quantum
yields in solution and in the solid state (see &aR®). Electrochemical properties were also studhed
differential pulse voltammetry which displayed twaidation waves at 1.15 and 1.34 Vs(Fc/F¢),
attributed to the oxidation of the two phenanthreaets. Enantiopure sila[7]helicenB){32 displayed
specific rotation of +2980 (Table 3), which is larghan the related oxa- and aza[7]helicenes, rhatler
thanr>-phospha[7]helicenesifle infra). this is in agreement with the general trendrmgviigher helicity
for Si,P containing helicenes, compared to N,O dees Table 1). The ECD spectrum BJ-82 exhibits
typical ECD for organic helicenesge. mainly a large negative around 250 nm and a lpog#ive one at
340 nm and resembles the oné.dphospha[7]helicenewifle infra). According to TD-DFT calculations
results (M06/6-31G(d) level of theory), the intersggnal around 340 nm can be assigned to a mixed
transition.

Figure 7 shows the mirror-image CPL spectra of gopare sila[7]heliceneR)- and M)-32, with
positive and negative sign, respectively; dissymynfetctors of 3.5« 10° at 470 nm were measurec.
of similar magnitude ag.’-phospha[7]helicene, oxa[7]helicene, and aza[7deek®®’® The authors
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conclude that the,m derives mainly from the helical biphenanthryl mpigvhile the heterole moiety
plays essential roles in the luminescent properties
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Figure 7. (a) UV-vis/fluorescence spectra and ECD/CPL speat sila[7]helicen&2 in CH,Cl,. Blue
lines in ECD and CPL spectrai)-isomer. Red linesR)-isomer. The blue and red bars show the
calculated CD spectra. (b) HOMO (left) and LUMQglit) orbitals of P)-32. Reproduced from ref®,
Copyright 2013, American Chemical Society.

3.1.3. Dehydrogenative silylation

In 2016, Murai, Takaiet al? reported the synthesis of enantioenriched sil&llene ¥)-34 via a
Rh-catalyzed dehydrogenative silylation of a C-H hamdonvenient way for incorporating silicon atoms
into Teconjugated backbones (Scheme 8). They first peel& in its racemic form starting fronrgc)-
33 and found [RhCI(cod)I(R)-(S-BPPFA in 1,4-dioxane as the best catalytic systEhey could then
achieve a partial axial to helical transfer of ahiy when starting from enantiopurB)(33 (separated by
HPLC over a Daicel CHIRALPAK IB column, hexane s tluent)yielding (M)-34 with up to 78%ee
The chiroptical properties oM)-34 were measured on an enantiopure sample obtainetitat HPLC
separation (similar conditions as f88) and a §]? of -1625 in CHCJ was obtained, along with an
experimental racemization barrier of 28.8 kcal fnwhich is 7 kcal mét lower than for carbo[6]helicene
(36 kcal mof)”* but high enough for configurational stability. A&rmer silahelicenes34 displayed a
blue fluorescence (at 420 nm upon excitation at 2®)with moderate quantum yield (0.16 in &)
and some conjugation betweemndrtbonds was also found in the calculated LUMO.
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Scheme 8Stereospecific synthesis of sila[6]helicemd-34 from biaryl R)-33.%°

[RhCl(cod)]»
(2.5 mol%) 0
SiMe, (R)-(S)-BPPFA Me
|l| (7.5 mol %) + (R)-33
OO 1,4-dioxane O Me
100 °C, 8 hr 47% (92% ee)

(R)-33 Axial to helical (M)-34
99% ee transfer of chirality 21 % (78% ee)

Table 3. Specific rotation values and photophysical datanantioenriched silahelicenes.

Com-  Method of [,  Enantio- Conditions Ao Aem ® Jum Ref

pound obtention purity (solvent/Cond) (nm) (nm) (%/solven)

254 Enantioselective ~ 1063  >99%ed CHCL,/0.45 296 464 3 o4
catalysis

251 Enantioselective 709 92%eéd CHCL/0.705 293 466 3.3 &
catalysis

25¢ Enantioselective 1063 90%eé CHCl/1.025 295 465 2.9 64
catalysis

25 Enantioselective 561 92%eé CHCI,/0.77 320 457 8.4 &
catalysis

(P)-28  Enantioselective +1254  91%ed CHCI,/0.088 390 482 15/CHgl +1.6x10%2 ©
catalysis

(P)-32  Chiral HPLC +2980  >99%¢é CHCLy/0.1 See 450 23/CHCI, -35x10° €

Fig. 7 26/solid

(M)-34  Axial to helical 78%eé 362 420 16/ChLCl, x
chirality transfer
Chiral HPLC -1625  >99%ed CHCI4/0.09

2 In deg-mL-g-dm . ® Temperature between 20-25 °Cln g/100 mL otherwise precisedl.Longer-
wavelength absorption bandSome inconstancy was found between the sign dépkeific rotation and
the stereochemitry reported in r& " Chiralpak IA, n- hexane/CHCl,. ¢ Chiralpak 1A (double),n-

hexanetPrOH. " Chiralpak IA (double),n-hexane/CHCl,. ' Chiralpak AD-H, n-hexanetPrOH.

Chiralpak IFn- hexane/CHCl,. ¥ CHIRALPAK IB, hexane.

3.2. Helicenes grafted with silicon

In helicenes chemistry, silylated substituents hyaserve as protecting groups in thiahelicenes$ieeit
during multistep synthesis or in order to proteetlax active site from oxidation and subsequent
polymerization side reactior$.In addition, silane- and siloxane-substituted lblenes have been
shown to display more intense and bathochromigdilfted ECD spectra as compared to non-substituted
ones, together with high specific rotatidAsinother interest in using silylated substituemstsa modify
the solid state properties by changing the pacKirGhiral menthyl-siloxane groups have been used by
Rajca and coworkers to separate thiahelicenes dhrosilica gel column chromatography of
diastereomer§’ Finally, silicon atom may serve as a tetrahedralge to covalently assemble several
helicenes within multihelicenic systems yieldingirep compound<® For a review on Rajca's
thiahelicenes seé®.
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4. Helicenes substituted with nitrogen

Nitrogen-containing helicenes correspond to theesiictlass of enantioenriched helicenic structures.
There are many ways of introducing nitrogen atoms helicenic structures. Indeed, diverse heterdesyc
(pyridyl, pyrrole, pyrazine, imidazole, thiadiazpler triarylamines can be incorporated within aidagl
scaffold. Otherwise, the N atom can be part ofassital organic substituent (CN, hHtc...) or a N-
heteroaromatic acting as a grafted functionalityoothe helical scaffold. Through both methods,
monohelicenic or multihelicenic scaffolds can béagoted. Regarding properties, the nitrogen anbbite
pair strongly modify the characteristics of an aatimring. The N-electronegativity changes the rehé
properties of the whole ring such as its electiochaess or electron-poorness, its redox potenties,
aromaticity, its reactivity towards electrophilesdanucleophiles. The N-lone pair in pyridyl unigsriot
involved in theteconjugation and is therefore available for reagtiwith other systems (basicity,
oxidation, coordination, ...), while for example igrples the N-lone pair is engaged in ring aroniigtic
As will be illustrated below, all these differergatures directly affect the photophysical and gitical
properties of the helicene, together with otherpprtes of azahelicenes (such as conduction,
complexation, or catalysis).

4.1. N-incorporating helicenes

The first helical N-heteroaromatics to be knowneverepared in 1903 when Meisenheimer and Witte
preparedoentahelicenic moleculesand 2 corresponding respectively tdH7dibenzof,g]carbazole and
benzoflnaphtho[2,1€]cinnoline!® These derivatives contain fivetho-fused aromatic rings; however, to
our knowledge their enantioenriched forms havehsan prepared. In the next paragraphs, we describe
the main synthetic strategies to prepare aza[mgweds, especially those which have led to
enantioenriched derivativés!’

4.1.1. Azahelicenes with fused pyridine cycles (pgiohelicenes)

Pyridohelicenes having N-atom placed at differeasifions of the helicene backbone have been
synthesized using different synthetic strategies. &&/pict below the different synthetic pathwaysaokhi
have led to enantioenriched systems, and desd¢réderesulting properties.

4.1.1.1. Synthesis, chiroptical and physicochemicpftoperties
4.1.1.1.1. Oxidative photocyclization

The oxidative photocyclization is among the mostowmn methods to prepare azal[n]helicenes.
Aza[5]helicenes are good models for illustrating fimany parameters that influence the synthesis in
terms of choice of precursors, regioselectivityelgs, side reactions, and configurational stability
2005, Caronnat al. used the classical oxidative photocyclization tibene derivative using a visible
light, to obtain aza or diaza[S]helicersFirst, a photochemical process proceeds withaas to cis
isomerization process followed by a conrotatorgtteyclization to generate a primary dihydroaramat
product withtrans configuration. Then oxidative conditions yieldedlfuaromatized system thanks to
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open air (see Scheme 9&F° A diversity of stilbenic systems were preparechgsa Wittig reaction
between the corresponding aldehydes and phosphosalts. After photocyclization, aza[5]helicenes
(Scheme 9b) or diaza[5]helicenes (Scheme 9c) wiigegens are placed at positions 4,5,6 and 4-&/9-1
respectively, were prepared with high yields anghhregioselectivities. The photocyclizations were
performed in EtOAc and with lamps irradiating inetlvisible range during 24-36 hours. Some
monoaza[5]helicenes could not be obtained using méthod. Indeed, the photochemical cyclization
leading to 7-aza[5]helicen85a’ was unsuccessful (Scheme 9e), whereas the attempbtain 2-
aza[5]helicen®5& gave the 7-azabenziilperylene37as the only product (Scheme 9d). In a following
article, the series was completed and better yielei® obtained using improved synthetic pathways.
For example, regioselective issues were solvedtéyirsy from other types of stilbenic derivatives,
depicted in Scheme 10. The whole family of bis-8a§licenes was completed but only in their racemic
forms®?

Aza[5]helicenes are good models for studying tleemazation process of pentahelicenic structures. In
2005, Abbate and coworkers studied the X-ray gtrest and the chiroptical properties of
monoaza[5]helicened5a’, 352, and35a (Scheme 952 Their X-ray structures display the typical helical
topology but with an open geometry enabling faciieemization. 5-Aza[5]helicend5& crystallized as a
conglomerate of enantiomorphic crystals in the oentrosymmetric space group2inb. 4-
Aza[5]helicene35&' was found to be isomorphic with the parent [5]-tetie of C2/c, with some
additional orientational disordérwhile 6-aza[5]helicen8®5& crystallized in theP21/n space group.
Helicities (dihedral angles between the terminagis) of 51.13, 45.70 and 45.15° were found fordhes
three azapentahelicenic moddinantiomeric separations were achieved by preparBiPLC separation
using columns packed with a Chiralcel OD-type etwry phase. Under conditions usimg
heptane/ethanol (90:10) as eluent and at 22 °Cesaeemization was observed during the separation
and enantioenriched samples with resultegs smaller than 87%. Kinetics of racemization was
performed on each isomer by following their ECDapewith time (see the example 362 in Figure
8). The evolution was typical of a first-order pess and half-life times of 47 min for35a’, 12 min for
35&, and 35 min foB5&° were obtained at 23 °C or room temperature. Thezefbe compounds had to
be stored at -20 °C. The half-life times were ccetgdl in 2007 for the all series of aza[5]helicefies
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Scheme 9.Synthesis of mono- and bis-aza-[5]helicenes itated by oxidative photocyclization,
except35b? which was prepared by an acid cyclization pro¢&&s®’
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Scheme 10Regioselective issues of photocyclization reastieading tB5a and/or35a®%*
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Figure 8. a) Numbering, b) UV-vis spectrum of 4-aza[5]hefiee35a (methanol) and c) its
racemization process observed by ECD spectrosaepgrdedevery 2.5 min, with the first taken just
after dissolving the solid sample at -4 °C in matiiad) calculated stable conformation and traasiti
state. Adapted from ret>. Copyright 2004, American Chemical Society.

Thanks to their rapid racemization, the enantionagion barrier® of 358" and36 (Scheme 9%ould
also be studied by enantioselective dynamic HPLEBRDC) in normal phase mode usinghexane/2-
propanol as the eluent and a diversity of coatetlianmobilized derivatized polysaccharide stationary
phases at temperatures below 10 °C. EnantiomenizirriersAG” were determined using the unified
equation of dynamic chromatograpfynd an Eyring-plot analysis was performed to obtaitivation
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parameterdH” andAS” from the temperature-dependent kinetic measuresieBET calculations at the
B3LYP/6-311G(d,p) level of theory performed in the gas phasre also performed and are reported in
Table 4, they show reasonable agreement with thergrental ones except f86a which shows 7 kcal
mol* underestimation. The authors interpret this disaney as the strong influence of the eluent,
especially the propanol which establishes a N...HOrdgen bond with the 1-N atom (see below the
strong basicity of such compounds). Note also tiathalf-life times measured by Caroretaal. nicely
follow the tendency of AG* measured by (DHPLC). Overall, the measurementsircorthe lower
activation barriers of aza[5]helicenes as compaoecarbo[5]helicene, with the lowest barrier obéain
for 354 This has been also observed by Stary and St2@i®*

Table 4. Activation parameters of the enantiomerizatiomzsd[5]helicene85a'”’, carbo[5]helicen&6,
and carbo[6]heliceng obtained by DHPLE&’ together with calculated enantiomerization barrietaif-
life times of racemization 0854, 35a °obtained by ECD spectroscof{#° Racemization barriers of
bis-aza[6]helicened41a?°? and carbo[6]helicenez’*

Compd. r'i’;ﬁ’l /Afz:ls;mll) AH? [KI-moTY]  AS'pesx [F(Mol K) Y tyz (Min)° Th?:; ﬁg‘};wa
354 90.7/21.7 52.9+0.8 -12745 49.5 60.2
354 90.9/21.75 63.5+0.8 -92+3 94.0
354 91.2/21.8 61.5+1.5 -10045 44 95.2
354 92.3/22 44.9+1.4 -159+23 47 94.7
35 89.5/21.4 61.5+0.8 -94+3 12 91.2
358 91.2/21.8 41.7+0.5 -166+10 35 94.2
354 87.6/20.95 45.6+0.9 -141+8 6.6 88.5

36 96.3/23 60.80.6 -119+3 98.9
41d 134.7/ 32.25
41 147.7 1 35.3%

3 154.6 / 37 187¢

2 DFT calculations at the B3LYP/811G(d,p) level of theor}. ® Half-life times obtained experimentally
from ECD spectra evolution (see the cas85a on Figure 8) and taken from réf.at rt or at 23 °C°
Racemization barriers measured at 140 °C in 1-d#c¢afiRacemization barriers measured at 461 K in
naphthalené*

Dehaenet al. prepared racemic chloro-substituted diaza[5]he&cderivative39 in 57% vyield by
oxidative photocyclization of stilbenic systeé38 containing two 2-chloroquinoline units, in toluefo
10 hours using iodine as the oxidamnd then transforme89 to (1:1) diastereomeric mixturda™? in
72% vyield by a Buchwald—Hartwig coupling with enapure §)-a-methylbenzylamine (Scheme 11).
While trying to separate the diastereomd?$S,§)-40a and M,S9-40& by column chromatography at
10 °C, they found that these compounds were ndigroationally stable, with half-life timeg of 26
min at 25 °C AG” = 22.4 kcal mot* for racemization) and 4.2 h at 10 *€These results confirm that
helicenes incorporating 1 or 2 N atoms racemizeemeadily than the corresponding carbo[5]helicenes.
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Scheme 11Synthesis of diastereomeric aza[5]helicene deviest separated by column
chromatography.

%NW

_ >

CI N
\
m hv, I

m toluene Pd(OAG), (10 mol%)
10 hr
cl \N Cs,CO3

HN
57% rac-BINAP (5 mol%) 1. .
- 2
38 39 toluene, 80 °C, 12 hr (P.S,5)-40a (M,S,S)-40a
72% 1 : 1

Monoaza[6]helicened1a™ and diaza[6]helicene$lb™™ depicted in Figure 9 were also prepared by
the oxidative photocyclization method. Ben Has®hal.expanded the original synthesis published by
Caronna for the unsubstituted 3-aza[6]helicetier ** and for methoxy-substitutedd1a°M® % as
depicted on Scheme 12.The synthesis first involved a Mizoroki-Heck compl reaction between
bromobenzophenanthrendga,b and 3-vinyl-pyridine43 yielding trans olefin 44a,l then an oxidative
photocyclization step ofi4b vyielded 41a8%°™®, Note that the final photocyclization was not yull
regioselective since 8% of 14-methoxy-1-aza[6]melE41a M isomer was also isolated by column
chromatography. HPLC separation4tfa>°™® over a Chiralcel OD stationary phase (eluefiexanei
PrOH) afforded pure R)-(+) and M)-(-)-41a°™® enantiomers which were characterized by ECD
spectroscopy and specific rotations (Table 6). ER® spectrum of the dextrorotatory enantionfey (
(+)- 418°M¢ exhibited a positive maximum at 333 nm and a negatiaximum at 253 nm showing no
significant change as compared to unsubstitutea@rlicene? Finally, a demethylation using classical
conditions yieldedR)-(+) and M)-(-)- 41&*°" derivatives. The same strategy was also appliedetin
44ato prepare rac)-41a (50% yield) accompanied withragc)-41a" (7%)* In 2013, Mori and Inoue
reported the chiral HPLC separations wHcf-41a and (ac)-41& and obtained pure enantiomers with
>99 eds (see Table 6Y.In addition, 4-aza[6]helicentla’ ***°and 5-aza[6]helicenetla 2°*°were also
prepared in enantiopure forms by this method, ity the photocyclization method followed by chira
HPLC resolution. Their chiroptical properties (apli rotation, ECD and VCD and CPL) were studied
and they were used as ligands for coordinatiorigtnum (see paragraph 4.1.1.3.).
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SHEGE

41a’ 4132 41a°

#1a*H: R=H,
41a>OMe: R = OMe, 41a%°": R = OH

41b’ 412 41b3 4104 41b5
Figure 9. Mono- and bis-aza-[6]helicenes prepared by okidaihotocyclization.

Scheme 12Synthesis of 3-aza[6]helicenes derived with KFDde and OH group¥

=
N
Hermann's [Pd]
Ny (1mol%) hv, I,
| N NaOAc propylene oxide N=
+ =
‘ DMA cyclohexane QO QO
X X 140 °C, 48 hr

42a (X =H) 85% (rac)-41a® (50%) (rac)-41a' (7%)
42b (X =0Me) 43 44ab (rac)-41a%°Me (50%)  (rac)-41a"OMe (8%)

Chiral HPLC separation

(M)-(-)-41a3©CH BBrs (M)~(-)-41a%OMe (38%,)
and I — and
(P)-(+)-41a%OH CH,Cly, 3hr  (P)-(+)-41a%OMe (34%)
90%

Racemization barriers of4la? were also studiedSsamples were heated at high temperature in 1-
decanol and their racemization process was folloaeHPLC over a Chiralcel OD-H column (see Table
6). In the case of carbo[6]heliceBeracemization process is characterized by a fineegy barrier of 37
kcal mol* at 188 °C (461 K) in naphthalefeThese data show that 2-aza[6]helicetief behaves
similarly to parent [6]helicen®, while 1-aza[6]helicend1d behaves differently. The significantly lower
energy barrier to racemization dfla reflects the smaller steric repulsion between thee|pair of
electrons on N(1) and the H-C(16) protordita’ than that between the H-C(1) and H-C(16) protons in
41&, which is expected to occur on formation dgransition staté?

The proton affinities (PAs) of 1- and 2-aza[6]helie41a’ and 414 respectively, were determined
using mass spectrometry and DFT calculatifShs?As around 1000 kJ miblwere found-2%193104
showing that these azahelicenes are chiral supesbagh affinities similar to 'proton sponge' 1,8-
bis(dimethylamino)-naphthaler2s' (Table 5). The combination of helical topology amdh PAs are
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good opportunities for enantioselective reactioristreese helical nitrogen bases as evidenced by
Takenaka's achievements (see paragraph 4.1.1241989, Staab and coworkers had already described
35b' as a proton sponge similar36' with an experimental pKA value of 10‘%. According to Staatihe

high basicity of these proton sponges is ascribetthé destabilization of the free bases due tolsepu
lone-pair interaction of two closely neighboringrogen atoms (despite the helical topology of the
molecule) and to the release of this strain on mootonation leading to a strong N...H...N hydrogen
bond.

Table 5. Physicochemical properties of azahelicene basds 41& and35b' taken from ref®?.

OO OO ‘ N\/ Me,N  NMe,
% N_/ % _lj O N\
N2 Y T CO
41a’ 4132 35'

35b1
Base B pKa of BH PA of B (calcd) pKa of BH'
(exptl)® [kJ mol?] P (calcd)°
414 5.16 1012 4.9
41 5.77 992 6.2
350 8.75 1064 11.6

& Measured by capillary electrophoresis in meth&8Imm ion strength of the background electrolyte
used and 25 °CY.Gas-phase proton affinithG,esx) of B determined by DFT (PBE) calculatiofis.
Related to the Gibbs energy of deprotonatid@dpro) Of BH' in ethanol, as calculated by means of the
COSMO method.

In 2013%%°" Mori, Inoueet al. scrutinously examined the ECD signature of a sesfeazahelicenes
and their protonated systems and described thesbasidg the Platt classificatidff They found that
these ECD bands are dependent on geometric anttoeiecfeatures of the considered helicene. For
instance, carbo[6]helicerexhibits strong bisignate Cotton effects signalshie'B, and’By, transition
regions with molar ECD intensitied\f) of -267 M™*.cm ™ at 246 nm and +259 Mcm® at 324 nm
together with a very weake of -0.3 M*-cm* observed for thé, band at 410 nn?’

Mono and diaza-[6]helicenes and their protonatedgaaonia-, and diazonia[6]helicenes appeared as
an interesting series of neutral, monocationic, @igdtionic helicenes for examining the electrorecsus
structural effects of protonation on the chirogtipeoperties of helicene. Indeed, the attractiveocan
interaction in monoazonia[6]helicenes and the r&palcation—cation interactions in diazonia[6]hefies
were expected to cause the opposite structuralgesain addition to the even stronger electroniect$f.

The authors conducted theoretical calculations simmved that the dispersion-corrected DFT method
better described the geometry of the neutral aradged helicenes. Neutral aza[6]helicenes were very
similar in structure to carbo[6]helicen8. In 1-aza- and 1/diaza[6]helicenes 41a and 41b'
respectively), the terminal ring(s) were slightlgfarmed, probably due to the smaller size of nirgg
compared with the CH group. The overall changénenhelical structure was very slight, compared with
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[6]helicenes bearing substituents. Monocationic n&d6]helicenes revealed essentially the same
structures as the corresponding aza[6]helicenes.ca@lionz interaction was not strong enough to alter
the helical backbone geometry. In contrast, thectitres of diazonia[6]helicenes deviated from thaofse
the corresponding neutral helicenes, most probdbé/to the repulsive cation—cation interaction.mhe
the effect of protonation on the ECD spectra wadistl (Figure 10A). The bisignate Cotton effectthat
'B4/'By, bands (bands B/D) of neutral aza[6]helicentis) appeared in the same wavelength region, but
with reduced intensities, in monoazonia[6]helicedkalH*). The lowest-energylL, band (band A)
became more apparent and strongly red-shifted,ewthié intensity was enhanced significantly (1-2
orders of magnitude) with thgfactor on the order of 10 Regarding the diaza analogues suchHs,
upon protonation, the changes in ECD pattern appeiasignificant, but the relative excitation energ
and rotational strength were significantly changedeed, the'By, band of the positive signal was red-
shifted and broadened and presumably overlappeld satne additional transitions, while the signal
intensity was significantly reduced. The Cottoreeffat the'L, band was sensitive to the electronic effect
with a red-shifted wavelength but remained simiiar strength (with the same sign) upon dual
protonation. Due to the increased number of adufifitands, the assignment of ti8y band appeared
difficult. These extensive ECD spectral changes caused bgnptain are expected to occur upon
association with other electrophiles such as Lewids and some metal cations and therefore casdzk u
as a tool for evaluating the influence of assosiaibn the chiroptical properties. For example, Eimi
behavior was indeed observed in protonation Mj @nd P)-51 and enabled to perform acid/base
triggered chiroptical switchingide infrg).**®

Vibrational circular dichroism (VCD) spectra of 5ad6]helicene4la were measured in CDCand
compared to theoretically calculated spectra. Gltaristic common VCD fingerprints were found: 1)
Negative VCD feature at 1608 &nfor which calculations indicate that it is due two vibrational
features with the same sign (degenerate pair, stesna and b); these are in-plane HCC bendings
coupled to CC stretchings in the inner and in théeioperiphery of the molecule. Particularly the b
component is a normal mode that is delocalized thesentire structure. The normal modes in thigoreg
(modes c and d of Figure 10B) are also delocala®ti show a helical-responsive feature (H character)
using the nomenclature of modes typical of graphehey correspond to the important Raman G
feature’® 2) Negative VCD doublet at 1508 and 1499'cthis doublet was also assigned of H character;
the modes underneath, modes e and f of Figure k@& still some resemblance to G modes and are
mainly HCC bendings coupled to CC stretchings witrelative phase such that half of the molecule is
moving opposite to the other. G modes are strimtlyelated to D modes (radial CC stretchings, fthen
nomenclature used for polycyclic aromatics, likepjrene), which are calculated here at 1370 gmode
g of Figure 10B) and are observed as the most seteeak of the Raman spectrum (see ff.In
conclusion, all modes commented above involve thwlev conjugated system and, irrespective of
substituent and helix length, are helical sensitive3) Positive VCD feature at 930 ¢nrthis feature has
quite large rotational strength and is in correglgmee of a rather intense IR band. A substituent-
responsive feature (S character) was assignedstonibde, corresponding to an out of plane CH bendin
mode close to the nitrogen is taking place.
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Figure 10. (A) Modification of ECD spectra of monoaza[6]heliest1a and of bisaza[6]helicenekib'
upon protonation. Experimental ECD spectra of dba&l&enes (black line) and experimental (solideblu
line) and theoretical (dotted blue line) ECD speaif azonia[6]helicenes. Experimental CD spectra of
diaza[6]helicenes (black line) and experimentalidgsced line) and theoretical (dotted red line) CD
spectra of diazonia[6]helicenes. Adapted from ¥&fCopyright 2013, American Chemical Society. (B)
Comparison of the experimental spectra of both &mmers of 5-aza-hexahelicedéa with calculated
VCD spectrum for theR)-41a (top two panels). Corresponding IR spectra (lopenels). Computed
wavenumbers have been scaled. Reproduced froff.ré€bpyright 2014, American Chemical Society.

In 2007, Schmidt, Brédas and co-workers examinediritersystem crossing processes in nonplanar
aromatic heterocyclic molecules and especially 2a[%]helicene and carbo[5]helicenes. Using optical
spectroscopy (absorption and time-resolved lumemese measurements) and quantum chemistry studies,
they demonstrated that the magnitude of spin-aduipling is directly correlated with the deviatifsam
planarity?® They showed that the introduction of a nitrogesmmatnto the [5]helicene backbone results in
large variations in the luminescence propertiescividepends strongly on the nitrogen substitutita s
Furthermore, they showed that both the intersystemssing rates and the radiative phosphorescence
decay rates are enhanced in aza[5]helicenes vsffece to carbo[5]helicene. As was demonstrated with
the help of monoaza[5]helicenes as model systenismpduction of a heteroatom into a nonplanar
conjugated molecule can affect its Inter-Systems€irgy (ISC) behavior not only by introducing lower-
lying n-1t* transitions (relevant for small molecules), blgoaby changing its deviation from planarity, an
effect that is expected to dominate the formeddoger compounds. For calculations of phosphorescen
see recent review”.

Abbateet al. reported the CPL activity of blue-fluorescetit® enantiomers in relation to their ECD
spectrum and they showed that the sign of the Ggtakwas controlled by the sign of the lower energ
ECD named S-type band in relation to Mori's nomatuce (Figure 113%°In 2016, Longhi and Santoro
reported the vibronically resolved calculated U¥;viECD, emission, and CPL spectra of 5-
aza[6]helicenedld. A CPL dissymmetry factogum of +5.9 x 10° for (M)-41a& was experimentally
measured and used as a helically shaped chiral Imodtest the validity of advanced theoretical
calculations of chiroptical techniqu&®.In 2018, Moriet al. try to see whether there was a correlation
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between excitation and emission dissymmetry fagtbesy examined the experimental radig/Japsfor a
series of chiral organic emissive molecules amorgchv helicenes. They found that this ratio
significantly depended on the structure of thedegiic molecule and varied between 0.16 andl 28.

H H
Ae

200 300 400 m 350 450 nm S50
Figure 11.ECD and CPL spectra dfla in which the substituent effect is highlighted pResluced from
ref. 2°. Copyright 2014, American Chemical Society.

In 2016, Srebro-Hooper, Crassoes$,al. has prepared bis-helicenic terpyridine ligadtl (Scheme
13)!! The synthesis of ligand8 was accomplished by a Wittig reaction between tédjpe bis-
aldehyde45 and (benzo[c]phenanthren-3-ylmethyl)triphenyl-ghtasium bromide46 giving 47 as a
mixture of three isomer€(E - major compoundZ,Z, andE,2) followed by photo-irradiation (700 W Hg
lamp) of47 in a toluene/THF mixture at room temperature ia pnesence of catalytic iodine. The bis-
helicene-terpyridind8 was obtained as a statistical mixture afe§9-48 and racemicK,P)- and (M,M)-

48, which were separated by chiral HPLC separati@e (fable 6). High specific and molar optical
rotation values were obtainedP(P)-48: [a]@= +2150,[f*= +15790 (+5%, ChLCly, 2.2 x 10* M) and
found twice as high as for 4-aza[6]helicem®-41d’ ([a]¥= +2290[¢¥= +7735 (£5%, CHhCl,, C 1.7
g/100mLY” in agreement with the presence of two azaheliceieties. Note that a similar strategy was
applied by Srebro-Hooper, Crassoetsal. to the preparation of helicene-bipg (Scheme 13 and Table
6).1% Very few examples of helicenes bearing bi-pyridimgts are known in literature (for racemic
helicene-bipyridine-type ligands see r&f). Katzet al.reported in 1999 the synthesis of enantioenriched
[8]helicene derivatives fused with 4,7-diaza-1,X@panthroline acting aN"N’ chelating ligand \(ide
infra, Scheme 30)*
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Scheme 13Synthesis of bis-helicenic terpyrididei) n-BuLi, THF, rt, 5 hr, 82-92%i) hv, cat. },

toluene/THF, rt, 7 hr, 45-90941108

Table 6. Specific rotation values of enantioenriched aZzagbenes.

(M,M)-48 [and (P,P)-48]

(meso)-48

(P)-51 [and (M)-51]

Compound Method of obtention [a]o? Conditiong Enantio/diastereo- Ref.
(solvent/Conc) purity
(M)-41%°Me Chiral HPLC -1373 CHCL,/0.2 >99%ed o
(M)-413°H From -1559 MeOH0.30 >99%ed o
(M)-N13°Me
(M)- 41& Chiral HPLC -3500 + 100 ACN/0.0011 > 99%e o7
(M)-41&" Diastereomeric -3631 CHCI,/0.001 >99%ed 9
crystallizatiorh
(M)-41&° Chiral HPLC -3840 CHCJ}/0.001 > 99%ed 9
(M)-41&° Chiral HPLC -3300 + 100 ACN/0.0011 > 99%ed o7
(> 99% ee)

(M)-41&° Chiral HPLC' -2540 + 5% CH,CL,/1.7 > 99%eé o
(M)-41&° Chiral HPLG -3241 CHCI,/0.002 99%ed %
(P)-41t! Chiral HPLC +3600 + 100 ACN/0.00381 > 99%e& a
(P)-41K° Chiral HPLC +2900 + 100 ACN/0.00460 97%¢€ a
(P)-41K° Chiral HPLCE +2600 + 100 ACN/0.0093 97%e€ o7
(P,P)-48 Chiral HPLC +2150 5%  CH,Cly/2.2x 10*M >98%eé o
(P)-51 Chiral HPLCE +2955 5%  CH,Cl, 6.5x 10° M >99%ed" 108
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(P)-[51,2H] From (P)-51 +1700 £5%  CH,Cly/1.7x 10*M >99%ee 108

[2BF,]
(P)- From P)-41&* +1778 CHCIy/0.1 s

[41d H']TFPB

(P)-7C Chiral HPLC' +2666 CHCI;/0.00012 > 99%&d =
(P)-71 Chiral HPLC' +3595 CHCI4/0.0002 > 99%¢d =
(P)-72 Chiral HPLC' +2255 CHCI,/0.0006 > 99%¢’ B
(M)-10Ea From M)-71 -2670 CHCJo0.1 s
(P)-10%b From P)-72 +2274 CHCYo0.1 s
(P)-[105b.H']TFPB From ()-10%b +1803 CHCY0.1 1
(M)-105c From M)-72 -2974 CHCY0.1 1
(M)-[105c.H*]TFPB From (M)-103c -1299 CHCIy/0.1 s
(P)-10&d From P)-72 +2140 CHCYo0.1 s
(P)-[103c.H*]TFPB From @)-103c +1509 CHCJ0.1 s
(P)-10%€e From P)-72 +1860 CHCY0.1 1
(P)-[105e.H*]TFPB From @)-10%e +1790 CHCJ0.1 s
(M)-10&f From M)-10%a -4348 CHCYo0.1 s
(M)-[105F . HITFPB From (M)-10%f -1960 CHCY0.1 1
(P)-105g From @)-10%b +3040 CHCJ0.1 s
(P)-[105g.H'|TFPB From @)-105¢g +1581 CHCJ0.1 s
(P)-1C6 From P)-72 +2618 CHCY0.1 e

21n deg-mL- @ dm . ® Temperature between 20-25 “Gn g/100 mL otherwise statelicellulose-
tris(3,5-dimethylphenylcarbamateplumn n-heptand/PrOH.® Chiralcel OD n-hexandtPrOH (95:5)!
(+)-0,0'-dibenzoyl-d-tartaric acic? Chiralcel OD-Hn-heptand/PrOH (3:1)." Chiralpak IA,
CO,/EtOH, 80:20! Chiralpak 1A, Hexan&/PrOH/CHCE 90:5:5). Chiralpak-IA,n-hexangtPrOH.*
Chiralpak IB,n-hexane/EtOH/CkCl,, N,N-diethylamine (90:8:2:0.1).Chiralpak ID,n-hexane/EtOH +
triethylamine 0.1% /dichloromethane (85:5:10 hiralpak IC, hexane/EtOH/CH§(90:5:5)."
CHIRALCEL OD-H, 40%i-PrOH in hexanes.Daicel Chiralpak OD-R, aqueous 0.1 M
KPF¢/acetonitrile (50:50). TFPB= B(Ar)4, Ar =3,5-(CF),C¢Hs.

In 2000, Brandeet al. reported the synthesis of [7]helicene-bis-pyridie® by using the classical
oxidative photocyclization proce$¥.For this purpose, a mixture &,Z), (Z,E)- and E,E)-52 obtained
by a Wittig reactiorafforded, afteirradiation in the presence of iodine as oxidizaggnt and propylene
oxide as HI scavenger, the desired [7]helicBBabut in only minor amounts (Scheme 14). Instead, the
major product was the extended aromafida Removal of the benzyl groups fro3a with
trifluoroacetic acid cleanly afforded pyridino®®a as a yellow solid. The incorporation of a bromine
atom onto the central benzene ring of the [7]hakcenabled to prevent the formationsdb in favor of
53b and to increase solubility. The self-assembly ekthracemic [7]helicenes was characterized both in
solution and in the solid state where only enangiooally pure homochiral dimers such d&R)-57c
were formed and held together by two pairs of coapee hydrogen bonds. Related work was published
by Tanaka in which intermolecular hydrogen bondiegveen the nitrogen atom of one helicene and the
hydroxyl group of the adjacent one forms homocHimary aggregate's®
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Scheme 14Synthesis of bis-aza[7]helicene-bis-pyridindiGa-cand dimerization by hydrogen bonding.
X-ray structure of homochiral dimeric structur,R)-57c (from (rac)-56¢). Adapted from ref!’.
Copyright 2000, American Chemical Society.

hv, 15

propylene
oxide
OB" benzene

53a:R=H, 21% 54a: R=H, 57%
53b: R = Br, 63% TMSCCH 54b: R = Br, 0%
Pd(dppp)Cl,
= 1) TFA 7 Cul, Et;N, THF

ey 55: R = CCTMS, 60%
L H\\
. =0 Self-assembly
O i O\\through hydrogen bonds

P,P)-57 ' 56a: R =H, 94%
(EFy81e O 56b: R = Br, 98%
R ’ 56c: R = COCH, 94%

In 2013, Dehaen and co-workers reported the syistioégnantioenriched diazadithia[7]helicenB¥- (
and M)-58 and P,SS)- and K1,59-59,'° heterohelicenic molecules which combine both fiesstuof
aza- and thiahelicenes molecules, by including tifterent main-group elements in their backbone
(Figure 12). The thiophene ring at the extremitytioé helical molecule offers a variety possible
substitutionsvia the a-functionalization while the pyridine moiety cant @s hydrogen acceptor or metal
chelating group for chiral recognition applicatiofifie synthetic strategy to accés&involved Wittig
reaction followed by oxidative photocyclization atiegen a Buchwald-Hartwig amination with L-(g)-
methyl-benzylaminé®® The 1:1 mixture of NI,.S9/(P,SS)-59 diastereomers was finally separated by
column chromatography. Analogi8 revealed a racemization Gibbs ene§” of 40.26 +0.14 kcal
mol* and a half-time of (6.5+0.7) h at 220 °C, whictsisilar to other known [7]helicenes. The ECD
spectra of enantioenriched azathia[7]helicBBeand diastereomers9 were recorded in CHEI(Figure
12). For58, the spectra showed mirror-image signal with ogpasgn for P) and M) helicity; the ECD
response was slightly red-shifted in comparisorhwather known [7]helicene that incorporates an
alternation of benzene and thiophene ritffg.he spectra fo59 diastereomers possess a strong similarity
to 58 signal, the main difference is the absorption bartdind 300 nm which could be explained by the
contribution of the additional stereogenic centers.

35



R = COOEt

" . 7.“....:_.5'_' l\‘ :4
(P)-58 (P,S,9)-59  (M,S,5)-59 wlt )X ,
1 : 1 60 - | ,I

T T 1
300 400 500
Wavelength (nm)

Figure 12 Chemical structures and ECD spectra of enantigi@@@+(+)- (solid) and )-(-)-58 (dotted)
and P,S9-(+)- (dashed) and\{,S9-(-)-59 (dashed-dotted). Adapted from ref’. Copyright 2013,
Wiley.

Az (L molem ']

4.1.1.1.2. Coupling reactions

Another synthetic strategy to obtain pyridohelicens the use of coupling reactions. The
regioselective preparation of racemic 1,141k), 1,14- 41b°) and 3,14-diaza[6]helicenedi®®) by
photocyclization of bis-olefin®0 was studied by Staa#t al. in 1994 and pure diazahelicenes were
obtained in respective 1.7, 25 and 11% yields (Beh&5). In order to increase the quantity raicy-
41b' an alternative strategy was chosen, which consisfedn intramolecular Stille coupling of
tetrabrominated bis-olefif1, which occurred with 52% yieftf* These procedures were reproduced in
2013 by Mori, Inoueet al*® to obtain pure enantiomers 41b*3° after chiral HPLC separations (see
Table 6).

Scheme 150xidative photocyclizations. Pd-coupling reaction for the synthesis of bis-
aza[6]helicenes®

N oy Ay
O N= propylene oxide Q Q
N
' benzene MeOH Q Q
L ST g
— 20 °C 24 hr
60

41b1 (1.7%) 41b5 (25%) 41b% (11%)

Separated by SiO, column chromatography

(CHCIy/EtOAC /EtOH, 5:5:1)
N Pd(PPhs), QO A\

61 Br 52% a1 b1

In 2008, Takenaka reported the synthesis of hélicdiiral pyridine N-oxides as a new family of
asymmetric catalysts. They prepar884d, 41a and 69 by a Z-selective Wittig reaction between

36



phosphonium salt82, 63 and64 respectively and aldehyd®, followed by a Stille-Kelly reaction of the
dihalogenated olefins (Scheme 18).Good yields and high quantities of racemic helxemwere
obtained, which were subsequently transformed, upaction withm-CPBA in dichloromethane, to their
corresponding helicenic N-oxid&§-72, whose enantiomers were subsequently resolvedhiogl ¢iPLC
methods (Table 6Note that the racemization barrier @ was not reported but from its X-ray structure
(Figure 13), one can see that the oxide inducesc stéendrance and helical shape, hence sufficient
configurational stability in the reaction conditeoaf asymmetric catalysis (see paragraph 4.1.1.4.).

Scheme 16Synthesis of enantiopure aza[5] and [6]helicendeaxs(P) enantiomers shown) by a
sequence of 1) Wittig reaction, 2) Stille-Kelly @ing, and 3) a final HPLC chiral resolution step.

I PPhsBr

62 X
P
N

I PPhsBr Br [PACLy(PhsP),]

65 CHO Me;SnSnMe; = | mcPBA [ ]
sedENNooly  Jeolt Mool
NaHMDS, DMF toluene CH,Cl,

63 C @ Q
62-79% 55.70% Q' 32-49% O
Br  PPh3;Br

41a' then
= \ chiral HPLC
NS
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-- right

view |
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Figure 13 Schematic top-bottom and left-right view of 1{&}aelicene41a’. ORTEP of70-72 ((P)
enantiomers shown). Adapted from réf. Copyright 2009, Wiley.
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4.1.1.1.3. [2+2+2] Alkyne gclotrimerization

The use of [2+2+2] cyclotrimerization is a veryie#nt methodology to prepare many different
helicenes incorporating N atoms. In 2008, Stary &taka reported a convenient synthesis of 1,14-
diaza[5]helicene35b'), by using a cobalt-catalyzed [2+2+2] cyclotrinzetion as the key-step, followed
by aromatization with Mn@in combination with microwave irradiation (Scher@)®* Similarly,
racemic helical pyridazines (includii®y were prepared by this methtd.

Scheme 17Synthesis of 1,14-diaza[5]helicene by [2+2+2] Alkyo/clotrimerization®

[CpCo(CO),]
(20 mol%)
PPhs MnO, X
(40 mol%) (30 equiv) _
—_ N
decane toluene N
halogen lamp microwave oven ~
140 °C, 1 hr 150 °C, 20 min _—
1
60% 41% 35b

This method has also been used thoroughly to peeggareral pyridohelicenes especially 1-aza[6]heéce
(41d), and 2-aza[6]helicenet{&, Scheme 18). The basicity of nitrogendiba and41& was used to
prepare a 2:1 complex with of (©);0-dibenzoyl-d-tartaric acid and to perform diastereric
separation by preferential crystallization. Aftaturation of the yellow solid in diethyl ether edflux,
subsequent formation of the free base with sodiydrdxide, and its recrystallization led to optigall
pure 1-aza[6]helicene (#1a with 99%eeas measured by chiral HPLC analysis on a Chird2iH
column. The enantiomer (41a (>99%ed was separated from the mother liquor by usingX{(€)'-
dibenzoyl-I-tartaric acid using the same proceds. for 2-aza[6]helicene enantiomers, they were
obtained with more than 99%e by semi-preparative HPLC separation over a Cheta@D-H column.
The absolute configurations dla?were straightforwardly deduced from the ECD sigresand their
racemization barriers were also measured experathgrisee Table 4).4@a": AG" = 32.2 kcal mot, ty

= 71.9 min, at 423 K in 1-decandlia: AG" = 35.4 kcal mot, t» = 32.4 min, at 461 K in 1-decanol).

Scheme 18Synthesis ofrac)-41a and ac)- 41& by [2+2+2] cycloisomerizatioff

[CpCo(CO),]
(20 mol%)
PPhs MnO, v
(40 mol%) ‘ (30 equiv) \\X ‘
decane toluene O
halogen lamp microwave oven Q
140 °C, 1 hr 130-150 °C
0.5-1.3hr
75a' (X=N, Y=CH) 76a' (X=N, Y=CH, 82%) 41a' (X=N, Y=CH, 65%)
75a2 (X=CH, Y=N) 76a2 (X=CH, Y=N, 89%) 41a? (X=CH, Y=N, 53%)
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The exploration of this synthetic strategy was padsby the group of Stary and Stara and several
helicenic systems were prepared in their racemim$osuch as 1,14-diaza[5]helicéffeand dibenzo-
aza[6]helicené® Note that [2+2+2] cycloisomerization of either|Rymes {7a") or two alkynes and one
nitrile (77&) can be performed and lead to different regioisierteenzo-fused aza[6]helicenés,. 78a"
and 784, respectively (Scheme 19). Furthermore, whiles¢hi-containing [6]helicenes were obtained
as racemic mixtures onfy® the enantioselective synthesis of dibenzo-carbel&ene P)-80 bearing
two tolyl groups in positions 9 and 10 were repdréhen using Ni(CODRJ(R)-QUINAP as the catalytic
system-®®

Scheme 19Synthesis ofrac)-78a* 1% and of P)-80'% by [2+2+2] cycloisomerization.

[Ni(COD),], Xantphos
or
[CpCo(CO),], PPh3 O
MW reactor .

~
60-96% O‘ N

[NI(COD),] (20%)
(R)-QUINAP (40%)

79 Tol 80 (85% ee; >99% after recryst.)

The same group was able to synthesize nonracemmdofgjhelicene-like compounds using a
diastereoselective version of the [2+2+2] cycli@aatiand prepared centrally chiral cyanodiynes(R)-(-
)-81 as a precursor of the pyrido[5]helicene-like moleqiv,R)-(-)-85, and R)-(-)-82, as a precursor of
the pyrido[6]helicenelike molecule M(R)-(-)-86 (Scheme 20J*® This was achieved using a
substoichiometric amount of [CpCo(CI)IPPh under microwave irradiation and only one diastereo
was seen by NMR spectroscopy. This chiral substramgrolled diastereoselective cyclization stems
from the fact that the pyridohelicene-like produet® forced to adopt a helicity that prevents the
disfavoured 1,3-allylic-type strain between the myesubstituent at the stereogenic center and adfac
tolyl group??’ As the absolute configuration of the stereogenitter determines helicity, th®} helicity
was predicted when starting from){cyanodiynes. The comparison of the ECD spedt&)-(-)-85 and
(M,R)-(-)-86 with carbonated analogues enabled to assign thbksolute configuration. Similar
asymmetric synthesis, corresponding to a tanderf2€2+2] cycloisomerization of a centrally chiral
triyne (R)-(-)-83 and 84) followed by a thermodynamic equilibration of de&®omeric
tetrahydrohelicene derivatives, being ultimatelynteolled by the 1,3-allylic-type strain, enabled to
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prepare other enantioenriched aza[5] and aza[6frEt system$8 and 90. This nicely illustrates a
point-to-helical chirality transfer utilizing a taless chiral auxiliary?® Using similar strategies, the same
group prepared pseudohelicenic hpyridines 01-95),'*° together with pseudohelicenic N-containing
structure®6-98,"*%in almost diastereomerially pure forms (Figureahd Table 7).

Scheme 20Stereoselective synthesis of tolyl-substitutechalieenes?°1%

Tol Tol
Il cpco(co),] Il 1cpco(co),
O (50 mol%) R O (50 mol%)
o PPh, . o PPh,
(100 mol%) Tol (100 mol%)
Il [BDMIM][BF 4] Il [BDMIM][BF 4]
(@) THF, MW O THF, MW
l ‘ 150 °C, 30 min Iﬁ OO 150 °C, 30 min
N o N 0
(RI-()-81 9% (MR)-(--85 (RI-(-82 66% (MR)-(--86
OMOM
[CpCo(CO)(fum)]
Tol Tol
[BDMIM][BF4] APTS ‘
THF, MW Tol Toluene N O Tol
150 °C, 10 min OMOM 45 °C, 24hr  \o
0, 0,
92% (M,RS, S)-(-)-87 67%  (M)-()-88 (ce>99%)
OMOM

[CpCo(CO)(fum)]

Tol [BDMIM][BF4] Tol  APTS

Tol ——

THF, MW Tol  Toluene
150 °C, 15 min OMOM 45 °C, 24hr
0, 0,
(R)-()-84 89% (MRS, S)-()-89 % ()90 (ee>99%)
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(M,R,R),(M,R,R)-(-)-95

(P,S)-(+)-98

Figure 14.Enantioenriched bioxahelicene 2hpyridines ©1-95) and pseudohelicenic N-containing

Table 7. Specific rotation values of enantioenriched talybstituted azahelicenes.

structure6-98.1%°

Compound Method of [a]o? Condition§ Enantio/diastereo- Ref.
obtention (solvent / Con€) Purity
(determination
method)
(M,R)-85 Diastereoselective ~ -549 CHC}0.2 >99%de % 12¢
synthesis
(M,R)-8€ Diastereoselective  -606 CHCY/0.267 >99%de’* 12¢
synthesis
(M,RSS)-87 Diastereoselective ~ -183 CHCI,/0.326 12
synthesis
(M)-88 Diastereoselective  -458 CHCI4/0.260 >99%ed 128
synthesis
(M,RS9-89 Diastereoselective ~ -334 CHCI4/0.360 128
synthesis
(M)-9C Diastereoselective  -1423 CHC}0.253 >99%ed 12
synthesis
(M,R),(M,R)-91 Diastereoselective  -422 CHCL/0.327 1z
synthesis
(M,RR),(MRR)-92 Diastereoselective  -765 CHCL,/0.220 12¢
synthesis
(M,RR),(MRR)-92 Diastereoselective  -621 CHCl,/0.208 12¢
synthesis
(M,R),(M,R)-94 Diastereoselective  -1485 CHCl,/0.138 12
synthesis
(M,RR),(M,RR)-95  Diastereoselective ~ -1308 CHC}0.199 12
synthesis
(M,RR)-9€ Diastereoselective ~ +225 CHCI,/0.2 100:0 df =
synthesis
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,O)- lastereoselective + 2/0. .
(P,9-97 Di lecti 237 CHCI,/0.37 92:8 df 3
synthesis

(P,9-98 Diastereoselective ~ +105 CHCI,/0.12 100:0 df 13
synthesis

21n deg-mL-g-dm . ° Temperature between 20-25 “Gn g/100 mL otherwise statedNMR.
Chiralpak IA column, hexane/CH&185:15." Chiralpak IA column, heptafl€HCls, 70:30 (0.1% of
diethylamine).

4.1.1.1.4. Alkyne-arene cycloisomerization

2-Aza-6,10-dimethyl[6]helicene was obtained by &haet al. in its racemic form by an alkyne-arene
cycloisomerization process using a combination &Cl] and InCk'' Using a similar
cycloisomerization process with [PtLIn dichloroethane, at high temperature, Fucleteal. showed in
2013 that it was possible to transform stereosjpatly axially chiral R;)-99 (92% ee)to helical \)-
414 (90%) andS)-99 (94%ed to helical P)- 41&" (92%e8), as depicted in Scheme 2 Note that the
enantioenriched axially chiral precurs®%were obtained by a chiral HPLC resolution stepthrough
separation on semi-preparative HPLC using the ciaH column and hexanel/isopropanol (95:5) as
the eluent. Assignment of the absolute stereochigmigas made by comparison of the experimentally
obtained electronic circular dichroism (ECD) spaatith theoretically predicted ones or by comparis
with literature®® Finally, thermal racemization ofld was studied antess than 0.2% loss @fe was
observed at 80 °C over 6 hours in 1-nonanol.

Scheme 21Synthesis of 1-aza[6]helicedéa through a central to helical chiral rel&.

OO /- Q

[PtCI4] (0.1eq)

_N
/ a-phellandrene O O
Ty TesT ()
929

DCE 80°C, 16 hr

41a’
92% ee (R) 51% 90% ee (M)
94% ee (S) 92% ee (P)

4.1.1.1.5. Other cyclization processes

Tanaka and coworkers reported in 2014 the tramsitietal-catalyzed sequential intramolecular
hydroarylation of alkynes (Scheme 2%3* They performed the enantioselective synthesis of
monoazahelicenes and S-shaped double azahelisgmebe Au-catalyzed sequential intramolecular
hydroarylation of alkynes in the presence of Ag@imfl using R)-BINAP as the chiral ligand. The use of
an excess AgOTf compared to Au(l) complex was s&agy for this transformation. Using the same
strategy, Tanakat al. prepared S-shaped double azahelic#@h and100i as described in Scheme 22.
The photophysical properties of azahelicerif and100g and S-shaped double azahelicerf30f
and100i) are summarized in Table 8. Double azahelicenewat red shifts of absorption and emission
maxima as compared with azahelicenes. They alseexhbigher quantum yields in CHolution than
for azahelicenes. The optical rotation values afilde azahelicene$00h and 100i were smaller than
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those of single azahelicend@90f and 100g which was tentatively explained by the presencewaf
pseudo-axially chiral methoxyphenyl groups. Intenggy, the CPL activity of the S-shaped double
azahelicenes was significantly higher than that tbé monoazahelicenes. Indeed, while CPL
measurements showed that intensities for azahekd€l0f and100g were below their measurable limit
(gum<0.001), double azahelicen&80h and100i exhibited strong CPL activities, with,m = 0.028 at 492
nm for (+)100h and gum = -0.011 at 454 nm for (900i in chloroform™*® In 2016, Tanaka and
coworkers applied similar strategy based on enselictive transition-metal-catalyzed sequential
intramolecular hydroarylation of alkynes on a stdistwhich, upon a double process, usiRg &and §)-
difluorophos respectively as the chiral ligandpaded (-)- and (+)-aza[10]helicen&680e'. They found
that 100e’ displayed gaps = 4.5x 10° at 303 nm which correspond to a smaller value foars-shaped
100i (gabs= 6.5% 10° at 331 nm). On the contrary, the optical rotatiéri00e’ (3182) was significantly
larger than fod00i (1086)'3*
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Scheme 22Synthesis of enantioenriched aza[6]ahelicdi®a-e,fandbisaza[10]ahelicenekd0e’'by
enantioselective Au-catalyzed intramolecular hydyladion and transformation df00fto 100g
Synthesis of S-shaped double helic@A8hand100i.*3%3*

R [AuCI(SMe,)]
/) (30-60 mol %)
AgOTf
0] (45-90 mol %) !
N=BnN (R) or (S)-BINAP
(15 mol %) N
CHQC'Q, rt, 72 hr T 1003-f,h

or (R) or (S)-difluorphos (30 mol %) for 100e’

N- Bn O N- Bn
(M)-100b O (P)-100c

(69% ee) (39% ee) (30% ee)

(48% ee) (36% ee) (92% ee)

OMe 1) CF3002H
2) P(O)Cls, PhNMe,

_ =

(M)-100f
(73% ee)
R2 MeO. MeO
v
o [AuCI(SMe,)]
= (20 mol %) 1) CF3CO,H
N—R AgOTf
1 (30mol %) 2) P(O)Cl3, PhNMe,
QO (S)-BINAP 57%
(10 mol %)
CH,Cly, 1t, 72 hr
4 (P,P)-100h (60%)
(>99% ee)
OMe OMe -100i
101 // (+ 28% meso-100h) (P,P)-100i
R1 CH206H4-4 OC10H21 (>994) ee)

R2 =2- MeOCGH4



Table 8. Specific rotation values and photophysical datarantioenriched azahelicerig0a-i*33*3*

Compound Method of [alo Enantio- [a] Condition$ Aabs Aem (0] Jum’
obtention exp purity & hax (solvent / (nm) (excitation)
Conc?) (nm) (%/solven)
(M)-100¢ Enantioselective  -561.9 69% CHCL/2.52

intramolecular
hydroarylation

(M)-100E Ibid. 3467  39% CHCL/1.355
(P)-100¢ Ibid. +359.2  30% CHCl/1.645
(M)-100c Ibid. 1455  48% CHCL/1.640
(M)-100¢ Ibid. -81.0 36% CHCL/2.380
(P)-100e bid. +2928  92% CHCL/0.635 261,442 477,509 1.4/CHCh
(261)
(M)-10Cf Ibid. 980.0  73%  -1355 CHCY1.150 317,381 467 (317) 5.1/CHCI _ <0.001

(M)- 10Cg From M)-10Cf  -929.0 _ 74%  -1273 CHCY1.645 325 467 (317)  2.1/CHCI  <0.001

(P,P)-10Ch Enantioselective +373.1  >99% 377  CHCH0.543 284,448 471,492 19/CHCL (5 028+0.002
intramolecular (284)
hydroarylation

(P,P-10G  From @,P)-10Ch 10752  >99% 10752 CH@D.320 260, 454,480 9.4ICHCL (0110002
329,445  (329)

2n deg-mL- @ dm ™. ® Measured at 25 °C.In g/100 mL.? Excitation at 375 nnf. CHIRALPAK AD-H,
hexane/2-PrOH = 80:20CHIRALPAK 1A, hexane/IPA= 85:15 CHIRALCEL OD-H, hexané/PrOH
= 95:5." CHIRALPAK AD-H, hexanei-PrOH = 85:15.

To explain the enhancement of CPL in double azedwedis, Moriet al. proposed in 2018 a protocol
for rationally aligning multiple chiral units to bet the chiroptical responsE8.They used hexahelicene
as a prototype; they aligned two hexahelicenesarnous orientations and examined by theoretical
calculations which orientation resulted in the leigihchiroptical performance from either X-shap®ll(
Figure 15) or S-shaped@? double hexahelicenes. Compouh@l and 102 exhibited more than a
twofold increase in intensity of circular dichroisand circularly polarized luminescence. IndeHaf, and
102 constructed by merging two hexahelicergsin D, and C, symmetry, showed absorption
dissymmetry factors per benzene ugii¢n) for the'B,, band that are larger by a factor of up to 1.5 than
that of parenB. This enhancement was well rationalized by thetate(us) and magneticy,) transition
dipole moments and their relative ang® évaluated theoretically. In the double helicengesand pm
were parallel-alignedd€0) to maximize the orientation factor (a@sup to 1, which was mere 0.24 (cos
76°) in 3, while L and |im| were comparable or only slightly improved. Simylathe luminescence
dissymmetry factor per benzene umit4/n) was up to 1.7-fold larger for the double hetieg than foB,
due to increase ofid and6. The enhanceda,dn andgum/n values for double helicenes mean that
merging two helicenes is 50-70% more efficient teanply assembling them, in favor of the molecular,
rather than supramolecular strategy for constrgauivanced chiroptical devices.
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Figure 15. a) Experimental and calculated ECD and CPL resg®of3, 101 and102 ((P) enantiomers).
b) Transition dipole moments in the ground statde®natic representations of electiig, plue) and
magnetic fim, red) transition dipole moments of th&, band for X-shaped and S-shaped double
hexahelicene$01and102 with the magnitudes relative to parent helicBnealculated at the RI-
CC2/def2-TZVPP level. Dashed arrows in double legles indicate the transition dipole moments of
component helicene units. c¢) Transition dipole motsién the excited state. Schematic representatibns
the electric (e, blue) and magnetigi, red) transition dipole moments of the, band 0fl01and102in
the excited states, with the magnitudes relatiidge for parent helicer® calculated at the RI-
CC2/def2-TZVPP level. Adapted from réf>. Copyright 2018, Nature Publishers.

In 1976, Schuster showed thatude 103 dissolved in concentrated sulfuric acid gave almost
quantitatively dibenzo-fused diaza[6]helicet®4 which precipitated in water (Scheme 2%).The
enantiomeric resolution df04 was carried out through an acid-base complex vigéhahiral resolving
agent 2-(2,4,5,7-tetranitro-9 fluorenylideneamingepropionic acid (TAPA)*’ and later on through
HPLC over a chiral stationary phase based on bithgpR,2-diyl-hydrogenphosphate Rj-(+)-BPA
linked through a 3-aminopropyl spacer to sitie#) **® Its emission properties were also studi&d.
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Scheme 23Synthesis of dibenzo-fused diaza[6]helicand. 303’

enantiomers separated
using TAPA

4.1.1.1.6. Substitution of pyridohelicenes

In 2010, the group of Takenaka prepared helicamizxapyridines P) or (M)-105a to 105e from
enantiopure®) or (M) helical pyridine-N-oxide§g'1 and72 by reaction with an amine in the presence of
tosyl anhydride (Scheme 24).Then enantioenriched compounti85ab were deprotected t@05f,g
using trifluoroacetic acid and the pyridinium saltsre prepared using HCI. Enantioenriched pyridmiu
salts were also prepared fral5c-e(see Table 6, Scheme 25). These compounds wecgepfly used
as hydrogen bond (H-bond) donors in organic catalgee paragraph 4.1.1.4. and Table 10). In 20i#1,
same group prepared helical 2,2-bipyridine N-madexP) and M)-106 from direct reaction of helical
N-oxide () and M)-72 with 2-Li-pyridine followed by aromatization (Sane 26)'*°
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Scheme 24Synthesis of pyridohelicend95ae, 2-substituted with amino groups.

RNH,  RonSy Q
- = H
CH,Cly, Ts;0 Q’

' (Pyor (M-72  (Pyor (M)
105a-e

TFPB [~
CF4CO,H HClinE,o 2N
(M-105a —— B
70°C, 5 hr NaTFPB.2.6H,0
(M)-105f (M)-[105f.H+]TFPB"
CF3CO.H
(P)-105b
70°C, 5 hr

CF3
TFPB: B -
CE « (P)-[105g.H+]TFPB"
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Scheme 26Preparation of a helicenic bipyridine 1-N-oxitie6'*
1) A

N Li
THF, -78 °C, 1hr

2) DDQ
-78 °Cto rt, 1hr

(P) or (M)-72 (P) or (M)-106
4.1.1.2. Applications in optoeletronics

4.1.1.2.1. Conductance

As already mentioned, helicenes are helical gragiika molecules with semi-conductive properties
and as such they are interesting models to exanfingge conduction at the molecular level. For this
purpose, Vacek, Dubi, and co-workers used DFT &jit-binding calculations to study the mechanic
tuning of conductance and thermopower in diazal@jeee (07) molecular junctions (MJs) (Figure
16A).2° These MJs could be mechanically tuned from anlatisig state (for exampléyr = 2 A, ‘OFF")
to a metallic statef = -2 A, ‘ON’). Furthermore, the thermoelectrigdire of merit ZT could be tuned
by helicene length and the distance between elbesto Y. Xiao and coworkers studied the electronic
transport of helicenes under stretching or comprgsby first-principles calculations in a theorafic
aza[l2]helicene system, a helicene with 12 pyridings grafted to carbon electrodd®T', see Figure
16B); this system is compared to another aree, Au-[12]helicene-Au. They observed a U-shaped
relationship between the pitch of the helicedp gnd the currentl) under a certain bias voltad€.
Further analysis showed that it was the resulhefrtonmonotonic change of HOMO-LUMO gap with
The change of overlap between orbitals induced dnyfarmational deformation was found to be the
underlying mechanism. This seems to correspondntin@insic characteristic of helicenes, which is
independent of the electrode material or the hateros in the skeletons used in the study.

49



(B)

s = Lot
L d(A) T ﬁ&ut%%j‘;’:vtcﬂt-
—.—28

- ——3.0

—a—3.2

e 3 ﬁ,
—— 3.8 107’

| ——4.2
——5.0
——7.0

w
o

N
o

- N
v o

Current (uA)
>

w

- ——8.0

o
T

1 i 1 L " 1 " 1
0.0 0.5 1.0 1.5 2.0
Bias (V)

L (b) =

N
w

G [Gol
[
&

S [uV/K]

=[G (Gl
=
=
N
o

-
o
T

Current (uA)
>
/

d(A)

Figure 16. (A) Transmission and thermopower properties ofafttmed by 2,21-diaza[9]helicen&d(’)
and gold(1,1,1) electrodes: (a) transmission T@&adunction of energy E for different inter-electe
distances incrementally changed abaut= -3, 2.5, -2, ..., 1, 2 A (measured from the retivinter-
electrode distance). (b) Conductance (blue circasl) thermopower (yellow diamonds) as a function of
Ar. Inset: Conductance on a logarithmic scale, destnating the order of magnitude change in
conductance with changingr. (c) Graphic representation of the tightbindingpdal of the 2,31-
diaza[l4]helicene107") based molecular junction. The tight binding pagtars for nearest neighbor
interaction (t), inter-stack coupling (t1) and nmlk—electrode level broadenimgare noted. Adapted
from ref.*°. Copyright 2015, Royal Society of Chemistry. (B) -V curve under different pitctl. As
shown in the inset, aza[12]helicer#®{’) is composed of pyridines. (b) Current varieshwitunder the
bias of 2.0v. Adapted from ref**’. Copyright 2015, Nature Publishers.

4.1.1.2.2. Optoelectronic devices

In 2013, Fuchter, Campbelt al. prepared an organic field-effect transistor (OFbased on 1-
aza[6]helicene41d behaving as a hole-transporting material and giviagers of well-ordered
crystallized domains upon annealation (Figure 17M)ey explored the circularly polarized light
responsivity of the enantiomerically pure transst@nd demonstrated a highly specific photoresgons
which was directly related to the handedness of ltekcene. Indeed, the variation of illumination
intensity at 365 nm with time of a right-handed &ftthanded circularly polarized light was follogvby
the change in the drain currelat of an annealed enantiopure 1-aza-[6]helicene O&Bd the current
appeared different for the two handednes&esater on, they showed thaia' can display up to an 80-
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fold difference in hole mobility, together with thfences in thin-film photophysics and morphology,
solely depending on whether a single handedneaslal mixture of left- and right-handed molecules i
employed under analogous fabrication conditt§idhis is a result of the different bulk packing toed

by chiral composition which has an impact on thargk transport. These results illustrate that ttyira
may be used as a key tuning parameter in futuree@pplications?**'**The same authors reported the
use of 1-aza[6]helicen#la as a chiral dopant in light-emitting polymée. poly[9,9-dioctylfluorenezo-
benzothiadiazole] (name@8BT, Figure 17B):*° It was found that blends consisting of small amoun
(7%) of enantiopure 1-aza[6]helicene dopant gasgang CP-PL response of tR8BT film. Increasing
the 1-aza[6]helicene blending ratio resulted inrovements of thgp, factor, up to a significantly high
value of 0.5 for the 53% helicene blend (while st&rting azahelicene displayed only modggt ~10%-
10%). To explain this behavior the authors suggestfonmation of a chiroptical co-crystalline phase.
The authors were then able to fabricate a singlerl@olymer LED (PLED) device emitting circularly
polarized light from thé-8BT blends containing 7% of either the left-handeel(gza[6]helicene or the
right-handed (+)-1-aza[6]helicene with a dissymmédictor of electroluminescencgg() factor as high

as 0.2. The use of circularly polarized (CP) lighimportant in many technologies such as in highly
efficient LCD backlights, for optical quantum infoation processing and communication, and in optical
spintronics (see ref® and references therein).

(A) (B) o (©)
Emissive polymer

Incoming light 3
) doped with 41a’
Left-handed (M) Right-handed (P) 0.2

Gj Gum ~
= 3
I \/
(= -
i\

(P)-41a’
CP-light
detection

poly[9,9-dioctytfiuorene-co-
benzothiadiazole] (FBBT)

Ca/Al

Helicene FeaT
PEDOT:PSS
ITo

3 ; . %
g I s )
Sourc Drain Glass - e
W gt i
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Figure 17. Three examples of devices using azahelicenesatnghelicene derivatives in optoelectronic
devices. (A) Chiral transistor based of enantioplir@ capable of discriminating right-handed and left-
handed CP-light*® (B) CP-PLED based on blends between enantioplabandF8BT. Adapted from

Ref. %2 Copyright 2013, Wiley. (C) CP-PHOLED based oruaepenantiopure cycloplatinahelicene (see
below3344d. Adapted from ref**’. Copyright 2016, American Chemical Society.

4.1.1.3. Coordination chemistry of pyridohelicenes

Recent studies have demonstrated many potentialicappns of N-containing helicenes in
coordination chemistry and in materials scieniceleed, their transition metal complexes may show
interesting properties in harvesting (visible) tigindre-emitting it at a wavelength that depends on the
metallic ion used, thus allowing the developmentiglit-emitting deviceschemosensors, photovoltaic
dye-sensitized devices, etc. Furthermore, if therbaromatic ligand has more than one nitrogen atom
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its frame, large supramolecular complexes can bendd. Substituted N-containing helicenes are
therefore useful in the development of asymmetittesis, receptors/sensors in molecular recognitio
and components of supramolecular architecture.

In 2008, Stanet al. used racemic aza[6]helicengsa? (Figure 18) as N ligands for coordination, and
1:2 Ad-aza[6]helicene complexes suchl@8were prepared and characterized by X-ray crysjediohy.
Complex 108 exhibited a T-shaped structure with two homochiiR) or (M)-aza[6]helicene units
coordinated and the silver atom embedded withintteéectron system. The coordination environment
around the silver atom was best described as antrlgbipyramid, in which each 1-aza[6]helicene
actually binds as am®N,C,C ligand, with the nitrogen atom and C=C bond ocaupyaxial and
equatorial positions, respectivefy. The same group observed similar preferential ftiona of
homochiral A complexes in the gas phd$®.Indeed, they prepared enantiopure deuterated 1-
aza[6]helicene [7,8-B-41a and probed the chiral discrimination in 'Awpund dimers of the type
[LAgLT* (L,L' = 414 or [7,8-Dy]-414) by electrospray mass spectrometry. A pronouncefépence for
the formation of homochiralP) and (M,M) dimers over the heterochiraM(P) was observed.
Competitive experiments with mixtures of 1- andz2{é] helicene41a? suggested a largely preferred
coordination of 1-aza[6] helicene to the silver@d)ion, in agreement with stronger basicitidé supra.
The distinction between homochiral and heterochdmalers of 1-aza[n]helicenes (n = 1,7) with alkalin
cations (LT, Na', K) was studied by Alkortat al. by DFT calculations and was found greater in tgec
of lithium with n = 61*°The racemization barriers of the 1:1 complexes \atse examined and appeared
larger in the complexes than in the non-coordinétzohds.

6a

[7,8-D2]-41a" 108

Figure 18.Chemical structure of helicene [7,8}D414 and X-ray crystallographic structure & P)
Ag'-bis-1-aza[6]helicene complé08 Adapted from ref’?. Copyright 2008, Wiley.

Later on in 2014, the coordination of 4-aza[6]befie 414" to square planar platinum(ll)
revealed a new aspect of reactivity in chiral titors metal complexe¥’ Indeed, our group has
observed thatcis-[PtCL(NCEt)PPRh] (cis-109 reacted differently with either racemic or
enantiopure 4-aza[6]helicedd d giving respectivelycis (racemic,110) andtrans (enantiopure,
110" [PtCL(41&)PPh] complexes (Scheme 27). This unexpected reactisigxplained through
a dynamic process (crystallization-induced diasteetective transformation). Indeed, the racemic
complexcis-110 readily precipitated in refluxing toluene therefatisplacing theis-109trans
109' equilibrium while the enantiopure series was skalub refluxing toluene and yielded the
more thermodynamically stableM}- or (P)-trans110'. Furthermore, X-ray crystallographic
structure of racemic complegis-110 revealed the appearance of planar chirality arotned
square planar Pt center whose handedness was ithpgsihe helicene's one through efficient
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chiral induction (Scheme 27). Note that a very Emphenomenon was also observed in the case
of 412.*°° Pt complexes of aza[5]helicenes were also studfed®

Scheme 27Different reactivity observed for racemic and mti@pure ligandd1a’, yielding respectively
cis-110ortrans110' platinum complexes. X-ray crystallographic struetafcis-110 (one enantiomer is
shown) and dihedral angles used to define Mieplanar chirality around the Pt centér.

NCEt (rac)-41a* O
PhsP Fl’t Gl =
Cl >

cis-109 N (M)-planar chirality

I
Pth—I|3t—C|1 7

toluene Cl, Precipitation

reflux cis-isomer (rac)-110

NCEt O
| (Py-(+)-41a"
Crpi=Cl ——— O
PPh, 7 O
trans-109" \I\|J
-EtCN CI—Pt—ClI

PPh;
trans-isomer (P)-(+)-110'

trans-[Pt,Cl(u-Cl)(PPha)l,

2,2"-Bipyridine ligands are classical NAN chelaigahd$® but can also act as C*N ones toward
different transition metal ions such as platintimin 2015, Autschbach, Crassou, al. reported the
preparation of enantiopure helical cycloplatinatmmmplexes B)- and (M)-111 from a [6]helicene-
bipyridine-type ligand, namely 3-(2-pyridyl)-4-ag@tielicene((P)- and(M)-51in Scheme 28). Due to the
presence of an additional residual N atom in orgsetallic speciesR)- and (M)-111, the acid-base
triggering of UV-vis, ECD, phosphorescence and @Rls achieved, thus yielding the first acid-based
CPL switch (see the increaseaf, upon protonation in Scheme 28§.Furthermore, it was shown that
organic helicene liganfP)- and(M)-51 was also an efficient chiroptical switch itself c after double
protonation, it displayed a strong bathochromidtshiemission wavelength while keeping strong CPL
fluorescence signam = +2 x 10° in CH,Cl,). TD-DFT calculations showed that, upon protonatihe
HOMO-to-LUMO transition changed fromra-1t*-type to a charge transfer-type transition.
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Scheme 28Synthesis of cycloplatinated helicemd){111from (M)-51 and reversible protonation and
deprotonation process of organic and organometttems, observed by emission and CPL
spectroscopies) Pt(DMSO)(CHs),, acetone, 50 °C, 5 hrs, 90%.Variation of emissiod CPL
responses upon protonatith.
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Rhenium(l)-chloro-tricarbonyl complexes bearing gybligand are known to display efficient
luminescence, usually 3T emission from an excited state based on thenbisi ligand.**® In this
context, organic helicene-bipy ligan®){ and (M)-51 was used as N”N chelate to prepare enantio-
enriched CPL-active helicene-bipyridine-rhenium eptemes 112 where carbon-metal bonds are
establishedia the ancillary ligands (CO, isocyanide, see Sch2®)é>* Starting from §)-51 ligand, two
diastereomeric complexeisg. (M,Ard-112d and P,Cre)-112&, were formed, since the Re(l) atom is
also a stereogenic center. These stereoisomers weparated by regular silica gel column
chromatography and their chiroptical and emissikaperties were studied. They revealed strong ECD
spectra in CHCIl, (whose intensity depends on the rhenium stereoistigmn see Scheme 29),
accompanied by substantial phosphorescence anda€tRity. Indeed M,Are)-112a and M,Cro-112
displayed phosphorescence emisskpf"*= 673-680 nm¢ = 0.13-0.16%7 = 27-33 ns) and gooGlm
values (M,Cro-114&: gum ~ -3 x 10° around 670 nm). Upon reaction with AgOTf and 2,6-
dimethylphenyl isocyanide in the presence ofsRF, (M,Cre and P,Are)-112& were transformed to
cationic complexesR)- and (M)-113a", respectively (see Scheme 29). The latter displasteonger
phosphorescence\ a5 = 598 nmp = 6%, 7 = 79us) and still good CPL activity gium ~ +1.5% 10°).
However, the stereochemical information at the Re€hter was lost (epimerization to 50:50 mixture).
Nevertheless, the ECD spectrum Bj-(13d"? displayed an additional positive ECD-active barsliad
450 nm as compared t®,Cro-112a and P,Arg-112&. According to TD-DFT calculations, this band
does not involve the Re center but correspondsedtOMO-to-LUMO transition with strong intraligand
charge transfer from thehelicene to the bipy moiefy? Autschbach, Crassoust al. have thus shown
that the incorporation of a rhenium atom withineatended helicat-conjugated bi-pyridine system can

54



impact the chiroptical and photophysical propertiethe resulting neutral or cationic complexeagdiag
to the first rhenium-based circularly polarized gpiaors.

Scheme 29Synthesis of enantioenriched rhenium compleheddo)-112a", (M,Cre)-112&, and M)-
113a"? (mixture of two diastereomers)) Re(CO}CI, toluene, refluxiji) AgOTf, EtOH/THF, then 2,6-
dimethylphenyl isocyanide, THF, NAR. X-ray crystallographic structure dl.2&. ECD spectra of
(P,Cro-112a, (P,Arg)-112& and M)/(P)-113d"? isomers (CHCl,, C ~ 5% 10° M).***
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Note that in 1999, Katz and coworkers describedcthreversion of enantiopure helical quinahisd
into helical quinoxalinel17 (Scheme 30) in 48% yield using ethylenediantiieSince 115 is an
analogue of ligand 4,7-diaza-1,10-phenanthrolingragzino[2,3-flquinoxaline), it was coordinated to
metallic ions, especially it reacted with Re(@Cl)in toluene to give a complekl6 which was isolated

in 30% yield. Coordination with copper(l) was alsgamined but clear characterizations appeared
difficult.

Scheme 30Synthesis of bis-rhenium complét6from helicene-bis-quinoxaline derivatité¢5**

RO O RO Na
; e
N QN ethylene- N
diamine ) Re(CO)sCl
—_— —_—
THF toluene
Air N
AN
RO o) NS 0
48% RO 30%

R = (CH2)2.0(CH3)3CH3

Taking advantage of differential assembly of racemeersus enantiopure species in the solid state
enables to tune the physical properties of a natdn 2016, Pointillart, Crassous, Le Guenmtal.
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showed that the single molecule magnet (SMM) beitaeif a chiral helicene-based dysprosium
complex was different in its racemic and in its mimpure forms=>® For this purpose, racemic and
enantiomerically pure [Dy(hfagpl1)] (117a Figure 19) complexes were prepared and their straict
and magnetic properties studied. It was shown tivey behave as SMMs in their crystalline phase.
Indeed, Dy(lll) ion has a strong magnetic anisogrepd is an oblate ion placed withrdiketonate
ligands and a bis-chelating nitrogenated ligand ;O coordination sphere, a geometry which often
permits the detection of slow magnetic relaxatiobterestingly, the enantiopure SMM differs from the
racemic one by two aspects. First, thanks to diffedipolar interactions, the racemic complex shibwe
antiferromagnetic behavior while the pure enanti@meere ferromagnetic (Figure 19b). Second, the
presence of a hysteresis loop was found in tham&cgystem. These differences were explained by the
different crystal packing between racemic completérochiral dimeric assembly) and enantiopure one
(homochiral columnar assembly) as described onrg&ig@d) and 19e). Ab initio calculations on isathte
complexes followed by determination of intermolecuipolar couplings allowed the rationalization of
the different low-temperature magnetic behaviomnil&r complexes, namely [D$Q)(tta)s] (118 (tta =
2-thienyltrifluoroaacetonatéf? and [Lry(hfack(119)]-nCsH1s (Ln = Dy (1209 n = 0, Yb (.20b) n = 1)
with the 119 being 3,14-di-(2-pyridyl)-4,13-diaza[6]heliceneceaic ligand (hfac = 1,1,1,5,5,5-
hexafluoroacetylacetonatéjwere synthesized in their racemic forms and stratifuand magnetically
characterized. All these complexes behaved as-ifieldced single molecule magnets in the crystalline
phase. Their magnetic properties were rationali@edb initio calculations.
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Figure 19.a) Chemical structures of Ln(lll) complexes witlibene-bipy and helicene-bis(bipy) ligands
51and119 b) Temperatures dependencegf for compoundsrac)-1174d0.5GH14 (black circles) and
(+)-117a(white circles). In inset, the field variationstbe magnetization at 2 K. Full red lines
correspond to the simulated curves framinitio calculations. ¢) Magnetic hysteresis loops recdate
500 mK and measured at a sweep rate of 16'Gerg+)-117a(full green line), (-)117a(dashed green
line) and (ac)-119a[0.5GH14 (red line). d) and e) Crystal packings @&d)-1178 (M)-(-)-117a(left) and
(M)-(+)-117a(right) highlighting the M) and @) helicoidal arrangements. The dashed line reptedba
mirror between both enantiomers. Adapted from'réf Copyright 2016, Royal Society of Chemistry.

The luminescence properties and singlet oxygengseositization were studied within the series of
racemic [Ln(hfacX51)] with Ln = Eu (L17b), Gd @179, Yb (117d) and were compared to those of the
ligand 51.°8 These studies indicated that non-emissive lantleaact as heavy atoms strongly enhancing
the singlet oxygen generation. It was also showat ®ensitization of the f-f luminescence is in
competition with singlet oxygen generation. Indegthough the helicenic ligand used in this stulini
itself a potent singlet oxygen sensitizer, which ba explained by the occurrence of aromatic bawbo
distortion that provides enhanced SOC, the cootidinaf lanthanide cations enables to tune thetlise
of intersystem crossing and therefore the balamted®en emission and singlet oxygen generation. The
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outcome of this modulation greatly differs depegdam the nature of the lanthanide cation. Gadatmiu
(1179, which presents f-f transitions much higher irergy than the lowest singlet excited state of the
ligand, influences its photophysics solely by adWeatom” effect, which results in an efficient et
oxygen photosensitization. Conversely, in the biten complex117d the large difference in energy
between the Texcited state and the lanthanide accepting les&b000 cnt) results in a high-energy
transfer which translates into a significant lowgrin the singlet oxygen generation quantum yield a
by the appearance of a characteristic ytterbiunsgionm near 1000 nm. In between those two extremes,
europium complexd17bexhibits a more intricate behavior, with an intaypbetween competitive energy
transfer and back transfer kinetics, resulting igl@al increase in the kinetics of nonradiativerdas.
Consequently, a rather ineffective sensitizationboth lanthanide luminescence and singlet oxygen
generation was observed for this complex.

The helical Terpyridine (Terpy) ligadB acted as a chiroptical switch upon reversible dioation-
decoordination to zinc(ll). The strong conformatibrchanges induced lead to a multi-responsive
chiroptical switch (Figure 20). The interconversioetween the ligand and zinc-complexed states was
analyzedyvia first-principles calculations, which highlightetiet change fronTe1t* transitions in the
organic ligand to charge transfer transitions sZin complex
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Figure 20. a) Reversible Zn(ll) complexation-decomplexatmwacess ofR,P)-48 using Zn(OAc) and
TPEN as the chemical stimuli. b) Schematic modiitaof the geometry. ¢) Evolution of the UV-vis
spectrum of P* P*)-48 (3 x 10° M, CH,Cl,, rt) upon addition of Zn(OAg2H,O aliquots (0.2 equiv.
until saturation at 1.0-1.2 equiv.). Inset: Absaptat 432 nm and fitting with a 1:1 binding mods#).
Evolution of the ECD spectrum dPP)-48. Inset: Reversible ECG,mSwitching process. e) Evolution
of the fluorescence oP(P)-48 (Aex= 350 Nm, 2.% 10° M, CH,Cl,, rt). Adapted from ref*~. Copyright
2016, Royal Society of Chemistry.

4.1.1.4. Applications in asymmetric organocatalysis

According to Takenaka and coworkers, the helicsiiigped 1-aza[6]heliceddd having its nitrogen
atom in the inner groove of the helix appearedrdaresting "chiraphore" (For a discussion of terms
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“catalaphore” and “chiraphore”, sé&) because the pyridine ring is correctly desymmettiin terms of
"top-from-bottom" and "left-from-right" differenttions*®> The helicene-N-oxideg0, 71 and 72 were
tested as catalysts in the desymmetrizatioormesoepoxides with chlorosilanes. Indeeats-stilbene
epoxide reacted with Sigand gave the correspondirfgR)-chlorohydrin with higheevalues (Table 9,
entry 1). The ring opening gave higher enantioswieg for substrates bearing aromatic substituents
rather than alkyl groups (Table 9, entries 1 aneti3us 3 and 4). Cataly80 provided betteee values
than71 for acyclic epoxides (Table 1, entries 1-3), & dbpposite was true for the cyclic epoxide (Table
1, entry 4). The scope of the reaction was additlgrprobed with catalyst2 and the enantioselectivity
was shown to be sensitive to electronic effectol@ @, entries 5-7). Finally, the ring opening meded
with a moderateevalue for an acyclic alkyl substituted epoxidel{lEa9, entry 8), but with modests

for a cyclic substrate (Table 9, entry 9).

Table 9. Desymmetrization afnesoepoxidesl21 by (P)-helical pyridineN-oxides P)-70, (P)-71 and
(P)-72 (see Scheme 16 and Figure 13)!??

0 cat. (10 mol %) Cl3Si0 R
A +  SiCl,
R R
i-ProNEt, CH,Cl, R Cl
121 48 hr, -78°C 122
Entry R (P)-70 (P)-71 (P)-72

1 Ph 7™, 93% ee 80%, 92% ee 77%, 94% ee
2 2-Naphthyl 7%, 81% ee 77%, 73% ee 76%, 92% ee
3 BnOCH 71%, 49% ee 68%, 42% ee 72%, 65% ee
4 cyclooctene 7%, 0% ee 68%, 22% ee 74%, 33% ee
5 4-CIGH, 84%, 94% ee
6 4-CRCgH, 83%, 92% ee
7 4-CHCeH,4 83%, 87% ee
8 CH,O(CH,)sPh 63%, 72% ee
9 -CH,OCH,- 64 %, 33% ee

The helical chiral 2-aminopyridinium ion®)[105b-gH"TFPB and P)-[41&.H]TFPB (Schemes 24
and 25) were presented in 2010 as a new classdsbgn bond donor catalysts. The approach of
merging a 2-aminopyridinium core into the helicedmework enabled to position an inherently chiral
element at the H-bonding site and proved very ssfaé These helically chiral organic catalysts aver
tested on the addition of 4,7-dihydroindoles taaatkenes affording?nitro-indol-2-yl products after
subsequent oxidation (Table 10). An amount of 10 %hof (P)-[105fH]TFPB efficiently promoted the
reaction affording the product with moderate eramdiectivity (entry 1). Singléd-bond donor P)-
[41d.H"]TFPB was found inefficient, indicating that the 2-amigooup is required for asymmetric
induction (entry 2). Benzo analogu¢P)-[105gH"]TFPB revealed more selective tharP){
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[105fH']TFPB, even with 2 mol % catalyst loading (entries 3 dhdThenN-alkylated catalyst$05b-e
were evaluated (entries 5-8) and the enantioseictgradually improved as the alkyl substitution
increased. The improved enantioselectivity was taaed when the catalyst loading was reduced to 0.5
mol % (entries 9).

Table 10.Evaluation of helical chiral 2-aminopyridinium abtsts (P)-[105b-gH*]TFPB and(P)-
[41&.H"]TFPB in the asymmetriaddition of 4,7-dihydroindolé23to nitroalkenel 24 yielding [R)-125

% . JNOZ 1) cat. , CH,Cl, \ Ph
N
H Ph )

N
123 . 2) p-benzoquinone H125 NO,
Entry Catalyst Mol % Temp (°C) Time (hr) Yield (%) er
1 (P)-[L05fH'|TFPB 10 -40 20 80 64:36
2 (P)-[41a.H'|TFPB 10 -40 20 65 53:47
3 (P)-[105gH']TFPB 10 -40 20 85 69:31
4 (P)-[105gH']TFPB 2 -40 20 85 69:31
5 (P)-[105cH'|TFPB 2 -40 20 72 69:31
6 (P)-[105dH']TFPB 2 -40 20 73 83:17
7 (P)-[105bH']TFPB 2 -40 20 79 92:8
8 (P)-[105eH']TFPB 2 -40 20 88 93:7
9 (P)-[105eH']TFPB 0.5 -40 48 80 92:8

In 2011, Takenakat al. used helical chiral 2,2-bipyridins-monoxides106 (Scheme 26) in the
enantioselective catalytic propargylation of ald#dg/126gb with allenyltrichlorosilanel27 to yield
128ab (Scheme 31)'® The authors first examined the reactivity of ajfiénichlorosilane in Lewis base-
catalyzed addition to benzaldehyde using as casafygidyl-N-oxides P)-70, (P)-71 and P)-72 and
chiral 2,2'-bipyridine N-monoxided?}-106 and found thafl06 was the best catalyst. Then they applied
the optimized conditions to a range of substituexhzlldehydes; for instance, the 2-substituted
benzaldehydes gave the best yield ads (se€l28bin Scheme 31). The authors proposed a mechanism
involving coordination of the helical-bipy-N-oxid® allenyltrichlorosilane and accounting for the
stereochemistry of the process.
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Scheme 31Enantioselective catalytic propargylation of aldéégl126ab with allenyltrichlorosilanel27
to 128ab using chiral 2,2'-bipyridin&l-monoxidesl06. Proposed model for explaining the preferred

approach of catalysPj-106 Reproduced from ret!®. Copyright 2011, American Chemical Society.
(P)-106
)OJ\ I (10 mol %) OH
+ . =
R™ H 1§ i-Pr,NEt, CH,Cl, R)\/
SiCly ..,
126ab 127 -86 °C, 6 hr 128a, R = Ph (87%, 86% ee)

128b, R =2-CI-Ph (97%, 96% ee)

nt-stacking 2
b
Nu = allene @@
close: e H
steric interaction ~—"
Si face addition Re face addition
Favored Disfavored

In 2009, Stara and Stary reported the successiligation of a helicene-based organocatalyst in
acylative kinetic resolution of racemic secondatgohol (Scheme 32f° Employing racemicl-
phenylethanol rac)-129, optically pure 2-aza[6]helicené-41& (5-20 mol %), isobutyric anhydride
andN-ethyldiisopropylamine in chloroform at 22—40 °@, aymmetric acyl transfer reaction took place.
Moderate reactivity, as well as selectivity fac{er= 9, 10) were observed. An effective control of the
enantiodiscriminating step in acylative kinetic alesion by the helically chiral organocatalyst was
proven for the first time.

Scheme 32Kinetic resolution of secondary alcohch€)-129 catalyzed by aza[6]helicen®l)-41&.
Conditions: {-PrCO}O (1.0 equiv.), §1)-41& (5 mole %) N-ethyldiisopropylamine (0.75 equiv.),
chloroform, rt, 110 h129129'= 47:53 (GC)-*°

O (iPrco),0 OH O)K(
©/§\ (M)-(-)-41a ©/\ * ©)\
(5 mol%)
(rac)-129 (R)-(+)-129 (S)-(-)-129'
conv. 53% 64% ee 39% ee

In 2017, Soai reported the reversal of the sensenahtioselectivity between 1- and 2-aza[6]helisene
i.e. (P)-41a and P)-41&, used as chiral inducers of asymmetric autocasalysring the addition of
diisopropyl-zinc to pyrimidine aldehydE30 yielding secondary alcohols, eith&){ or (§-131 (Scheme
33)_161
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Scheme 33Asymmetric autocatalytic Soai's reaction usiRfp41a and P)-41&, with reversal of the
sense of enantioinduction. Adapted from t&f. Copyright 2017, Royal Society of Chemistry.

N/\/CHO =
p . | : R” N
RN, iprzn | Asymmetr.'r_:
| Autocatalysis 7
-
R= —=—t-Bu - O
R” N
130 131

4.1.2. Azahelicenes with fused carbazole cycles (miohelicenes)

Pyrrole-incorporating PAHs have been shown to msssemarkable physical properties such as
effective hole-transporting ability and bright esit. Heteroles such as furan, pyrrole, and thioplere
typical electron-rich heteroarenes. They have hesea to constitute extendeeconjugated systems with
a characteristic low oxidation potentf&f:1°31%4 1%>1%owever, introduction of pyrroles in the helical
backbone gives more open structures that are nmoreefio racemization. For this reason, few examples
of enantioenriched carbazoles have been descnbbhe iliterature. There are presented below.

4.1.2.1. Carbazoles from oxidative photocyclization

In 2015, precursof32 bearing a chloro-quinoline and a carbazole unit walsjected to classical
oxidative photocyclization (Scheme 34) to give eeraic [6]helicenic structuredc)-133incorporating a
pyridine and a pyrrole rintf’ The chloro group was then substituted wi(f)-a-methyl-benzylamine
substituent by a Buchwald-Hartwig coupling to git84ab (1:1 mixture of diastereomers). The
diastereomers were readily separateéd standard chromatography and characterized by ECD
spectroscopy. These diastereomers were configoediyovery stable at room temperature and no
racemization was observed after heating the diesteers at 150 °C for 12 hours. Other enantioendiche
derivatives bearing bromdl35 and carboxaldehydel86) substituents were also prepared by post-
functionalization ofL343b.
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Scheme 34a) Synthesis of bis-aza[6]helicene diastereorh®dsb. Structure of their derivatives
135136 b) UV-vis spectra of compound83 (black),134b (red),135(green), and.36 (blue) in CHC}.
(c) ECD spectra of diastereomeRs)-134b (black), M,S)-134a(red), £,S)-135(green), andR,S)-136
(blue) in CHC}. Adapted from ref'®’. Copyright 2015, American Chemical Society.
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Bedekaret al. reported the synthesis of aza[7]helicene in 2634nd aza[9]helicene in 2018
bearing a centrall-butyl-carbazole unit (Scheme 35). Upon classisadative photocyclization process,
the "angular-angular® compounti39a was obtained together with other isomeric strugtunamed
"angular-linear"139h 'linear-linear"139c and "linear-fused-angular39d The authors found that the
proportion of 139a was increased in more diluted conditions. Nonakaek 139a was obtained in
enantiopure forms by HPLC separations over a GlalaDD-H; IPA (10% inn-hexane). However their
chiroptical properties were not reported, neitiierconfigurational stability. From the X-ray structs
(see Scheme 35) angle between two terminal ringshelicity for compound 139a is 7.92° which
means that they are almost parallel, while bistfhated pyrrolo[7]heliceneld0d) shows a helicity of
35.841% The photophysical properties ®89a-d and140d were studied (Table 11). They display blue-
green emission with moderate quantum yields betWe@rn0.21 in solution.
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Scheme 35Synthesis of aza[7]40d)**® and aza[9]helicene4899%° with a centraN-butyl-carbazole
units. Regioselectivity of the photocyclizationli89a

oy o8 A

139a-d

Pd(OAc),/dppp THF, toluene
K,COs, TBAB O 10 hr
DMA
140 °C, 48 hr  59% N 138 44%
”\! iOOi .
angular-angular angular linear linear-linear linear-fused-angular
139a 139b 139¢ 139d

¥
v

Lo

R = H (140a), Me (140b),
OMe (140c), F (140d) 140d 139a

Table 11.Photophysical properties #89a-d*®°

Compound Anbs Aem @ (CH.CLy)
(nm) (nm) (%)
139a 289 451 20
139b 348 465, 488 19
139¢c 299 477,508 21
139d 338 529, 578 7

139a b c d

4.1.2.2. Carbazoles from palladium-catalyzed cycladhydrogenation

A new hetero[7]helicend42 (Scheme 36) incorporating a diazabenzo ring'€dreas successfully
synthesized by Ryo Iriet al. by a catalytic domino cyclodehydrogenation usidgdAc), and Q as the
key step’®(see alsd’?). Significantly,142was stereochemically stable at room temperatuiecanld be

enantiomerically resolved by chiral HPLC using @hdel IC (eluent: hexane/THF = 9/1). Furthermore, a

Gibbs energy of racemizatiakG s« = 31.7 kcal/mol was obtained experimentally. fisdific rotation
was measured (Table 12) but the absolute configmratas not assigned. DFT calculations ©Q@
(1433, NO (143b), andNN (1439 analoguesfG*sk = 22.5, 24.8, and 26.5 kcal riolrespectively)

revealed that the stereochemical stability of tbazodiheterole-based helicenes was highly dependent
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not only on the heteroaromatic ring component Isd an the N-substituent of the pyrrole ring uhibate
that these compounds all contain a benzodiheteorke

Scheme 36Synthesis of heptahelicenic indolopyrraé2 and structure of N,O analogud€8a-9.'°

[Pd(OACc),]
(10 mol%)

TsHN NHTs O, (1 atm)
—_—
1M NaOH aq.
DMSO, MS 4A
50°C, 12 hr
OMe OMe 47% OMe
141 142
HN O O HN
143a | 143b 143c
AG* 208k = AG* pgg = AG* 208k =
22.5 kcal.mol™! 24.8 kcal.mol™! 26.5 kcal.mol™!

4.1.2.3. Intramolecular N-arylation

Dibenzofurans can be prepared through the intracutde O-arylation of 2’-hydroxybiphenyl-2-yl
halides while the related doubl&-arylation of primary amines with 2,2'-dihalobiply&s or
biphenylylene-2,2"-disulfonate can give accessatbazole derivatives. In 2005Nozaki's group applied
this strategy to prepare racemic and enantioerdichea|7]heliceneR)-149 and oxa[7]heliceneR)-147,

I.e. structural analogues of carbo[7]helicene wherectrgral phenyl ring has been replaced by either a
pyrrole or a furan cycle (Scheme 37). To do thisytfirst performed the enantiomeric resolutio @f-
biphenanthrene-3,3'-diol44 through the column chromatography separation sf diastereomeric
camphorsulfonyl ester§(S,3-145aand R, S,3-145bfollowed by their hydrolysis to)-144 and R,)-
144, respectively. Then, through the Pd-catalyzed G&oubl-arylation of the bis-nonaflate
(nonafluorobutanesulfonate-148 in the presence of Xantphos under the conditiorscrdzed in
Scheme 37,R)-149 was obtained with 94% vyield and 998¢ while the Pd-catalyzed intramolecular
doubleO-arylation of hydroxy-biphenanthryl-nonaflat§){146 in the presence of a biphenyl phosphine
ligand gave I)-147 with 49 % vyield and 94%e The absolute configurations @#7 and 149 were
obtained by measuring the specific optical rotai¢R)-149 [«]5 = +2310 (CHCY, C 0.1); (P)-147: [a]

2= +1430 (CHC4, C 0.1)). Note that the oxa[7]helicedd7 was not configurationally stable at 100 °C
(42% ee measured after heating at 100 °C in toluene foh@&&s), which forced the authors to perform
the reaction during 13 hours only instead of 12@rador the preparation 449 Note also that structural
diversification can be achieved upon brominatiomamemic aza[7]helicene at positions 5 and 7 foldw
by ester synthesis.

65



Scheme 37Synthesis of enantioenriched aza[7]helicd®el49 and oxa[7]helicend)-147from
enantiopure%y)-146/148 Enantiomeric resolution of bisphenanthmaic)-144.°°

OO 1) C3
O OH DMAP, EtzN O
—_—
HO O DMF
w15hr 0250
2) colum chromatography

(rac)-144 (S4S,5)-145a l 2. NaOH, THE, MeOH l(Ra, S,5)-145b
reflux, 15 hr
R= (S)-144  ee>99% (R.)-144

[Pd,(dba)3].CHCI3
(10 mol%)
C1 (20 mol %)

%
OO [Pd,(dba)s]. CHCl
@ (10 mol%)

C2 (40 mol %)
K3PO4 PhNH,

7 K3PO4
xylene, 100 °C, 123 hr xylene, 100 °C, 13 hr

47 (S,)-146 (X = ONf, Y = OH) (5.)-146 or (5,148 (S.)-148 (XY = ONf) 5(P)-149

94% ee 49% 94% 99% ee
C1: xantphos; C2: biphenyl-phosphine; C3: (1S)-(+)-10-camphor-sulfonyl chloride

|

4.1.2.4. Double Bucherer-carbazole-synthesis

The first di-pyrrolo[6]helicene to be prepared veasnpoundl52aprepared in 1927 in racemic form
by Fuchs and Niszelia a nonphotochemical approach (Schemé3&pllowing the same preparative
pathway, Pischedt al. reported in 1996 the synthesis of the correspantiitramethyl derivativé52b'"*
in less than 1% yield and succeeded in separasngnantiomers using chiral HPLC (Cellulose-tri&{3
dimethylphenylcarbamate) (CDMPC), n-hexane/isopnop®:1 as eluent).

Scheme 38Synthesis of di-pyrrolo[6]helicers2aand152h* ">

R
R NaHSOs
HO OH solution
+ _—
HCLH,N.
N reflux
H R
150 151a,b R =H (152a) H
R = CHj, (152b) R

4.1.2.5. Enantioselective Fischer indolization

In 2014, List and coworkers reported the first asygtric organocatalytic synthesis of helicenes,gisin
a SPINOL-derived phosphoric acid bearing extendesubstituents as the chiral Bronsted acid
asymmetric catalyst> Upon condensation of a phenylhydrazine with anr@mate polyaromatic
ketone, enantiopure Bronsted a&il7 might promoted asymmetric [3,3] sigmatropic reagement and
furnished enantioenriched pseudo-helical (tetrabweilicene)l55aand its corresponding azahelicenes
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156a after oxidation. The approach appeared modularaandriety of azahelicenedg5ae) could be
obtained with good to excellent yields and enaeteEdivities (see Scheme 39 and Table 12). ECD
spectra enabled to recognize that the typical ao#idcher indolization followed by oxidation led to
diazaheliceneR)-156f with 88% ee bearing one benzyl group, and then RBy-1569 after benzylation.
The authors put forward the concept of asymmetaialgsis at the nanoscale and propose a catalytic
intermediate (Figure 20) to account for the highrgioselectivities. Extendex substituents in the 3,3'-
position were needed far-1t stacking interaction with the polyaromatic systprasent in the formed
enehydrazine, holding the intermediate in a cmemlometer-sized pocket, and the catalyst couldcemdu
the screw sense of the helicéfe.

Scheme 39Asymmetric organocatalytic synthesis of helicélaieydrohelicene$55a-e, 156and
helicenesl56fg

PIB
I 0 catalyst (S)-157 PIB ‘N
(5 mol %) chloranil
‘ amberlite CG50 _DPP _
+
N.
NH; CH,Cl, (0.1M) CHCl3
T 24 hr O 50°C, 5 hr Qi
74% 76%

153a 184a  ppp. para-iodo-benzyl (M)-155a (M)-156a
er=919atT=25°C B )
er=9554.5atT=-7C er=98.7:1.3 after

recrystallization

(M)-155b (M)-155¢ (M)-155d (M)-155¢
(92% ee) (92% ee) (79% ee) (80% ee)
Bn
HoN-N QO NBn
Q o 1 (91172 (20 moi%) O
2) chloranil oxidation
OGS G0
43% ﬁ
N
HoN=N, R NaH
Bn BnBr,
153b 154b (P)-156f R=H6:94er ="2% (P)-156g R =Bn
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Figure 20.a) Catalytic intermediate model f@){157enehydrazine intermediate. b) ECD spectréPdf (
155a(blue line), P)-156a(red line), andN1)-155a(blue dashed line) in methanol. Adapted from Ye.
Copyright 2014, Wiley.

4.1.2.6. Oxidative fusion of pyrroles

In 2017, Osuka group reported the oxidative fusieactions of ortho-phenylene bridged cyclic
hexapyrroles and hexathiophenes yielding closeddrat structures which were characterized by X-Ray
diffraction analysis as a closed pentaaza[9]he#icf®9), together with a double-helical structure of
hexathia-[9]/[5]helicene161), whose formation was assumed to result from ipleltoxidative fusion
along with a 1,2-aryl shift (Scheme 4d9.The pentaaza[9]helicene exhibited well-definedssion with
high fluorescence quantum yiel@{= 0.31) among the known [9]helicenes. The racemitures of159
and 161 were enantiomerically resolved by HPLC using ApakIE as the chiral stationary phase and
eithern-hexane/THF (1:1) on-hexane/CHGI (3:1) as the eluents. ECD spectra of the enantiomere
recorded and showed mirronaged spectra (see Scheme 40c). The absoluteguoation of each
enantiomer was determined by comparison of expetahevith the calculated ECD spectra at the
B3LYP/6-311G(d,p) level of theory thus indicatingat the first eluted samples corresponded to the
(P)-159and P,P)-161"°
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Scheme 40Synthesis and characterization of a pentaaza[gpveti {59 and of a double-helical
structure of hexathia-[9]/[5]helicen&q]). (a)-(d) Photophysical properties (absorption amission)
together with ECD spectra. Adapted from réf. Copyright 2017, Wiley.
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Using a similar procedure, Tanaka, Osuwéaal. prepared in 201863a-cin their racemic forms
(together with cyclic derivative$64ac, Scheme 41); their enantiomers were obtained bylcHPLC
using a SUMICHIRAL OA3100 stationary phasehexane/THF 60/40 as elueht).The second-eluted
sample was found to be thé){helicene through the ECD measurement and calootat The
racemization activation free energy was estimageByring equation to be lowAG* ek = 23.8 kcal mal
! for 163b).
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Scheme 41.Synthesis of trisaza[7]helicen#63ac from 164ac.!’

—_—
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toluene, reflux

R1 Ry

or R
PIFA 2 R
162a-c CHxCl,, -78 °C 163a-c 164a-c
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In 2012, Hiroto, Shinokuboet al. reported the selective oxidative fusion of 2 aramhracenes
mediated by DDQ to provide pyrazine-fused bisarmttbnas together with pyrrole-fused dint7ab
obtained as by-products and displaying an aza[isiw@c structure with a stable helical conformation
thanks to the presence of bulky ethynylsilylatedugs (Scheme 42J® ECD and CPL activity were
indeed measured for enantiopure compounds prefgretiiral HPLC resolution over a CHIRALPAK-
IA column using ethyl acetate/hexane (1:10) asthent.

In 2015, a double N-hetero[5]helicenes composetivof nitrogen-substituted heteropentacenes were
synthesized by tandem oxidative C-N couplings ieact® These double N-hetero[5]helicenes displayed
larger helicities than typical [5]helicenes. Furthere, their optical/electrochemical measurements
revealed a significant increase in the electronimmunication between the two heteropentacene rasieti
of the double helicenes compared with their cruoifdimers. The optical resolution of one of the loleu
helicenes was successfully carried out, and thalilgy towards racemization was found signifidgnt
higher than those of typical [5]helicenes. Compaub@6a and 167a showed fluorescence with strong
quantum yields in solutior = 0.45 forl66aand®r= 0.36 for 1673. The Stokes shift af67a (2220
cm?) was largerthan that of166a (473 cn), which reflected the distortedonformation of167a
Several carbazole-based azahelicenes have beertecedmt mostly in the [5]helicene seriess.
displaying no configurational stability and few bfgher helicenes have been reported yet. CPL
anisotropy factogum was measured to bex310° for both enantiomers df67a which is comparable to
the values observefdr other helicenes.
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Scheme 42(A) Preparation of a configurationally stable peratahelicene$67a,h (B) X-ray structure

of 167a(hydrogen atoms, and silyl groups have been odhitieclarity). (C) Photophysical properties. a)
UV/Vis absorption and b) emission spectrd.66a(blue),167a(red), andL68 (black) in CHCI, with
excitation at 400 nm. c) ECD and CPL spectraPfl67a(black) and ()-167a(red) in CHCI,. The

blue lines show the ECD spectrum f&)-{L67acalculated by TEDFT at the B3LYP/61G(d) level.
Adapted from ref'’® Copyright 2012, Wiley.
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4.1.2.7. Diels-Alder reactions

In 1999, Katz and coworkers reported the preparatioheterocyclic helicenek72ad (Scheme 43)
thatwere easily prepared in gram quantities by a doDindds-Alder reaction between bis-dient&4a-d
and p-benzoquinone to givel70a-d (together with isomers that were easily separatiere by
crystallization or by column chromatograph$.Then after deprotection of OTIPS groups followsd b
O-alkylation, heterohelicene-bis-quinon&%la-d were resolved into their enantiomers. Reduction by
zinc and esterification with§-(-)-camphanoyl chloride gave camphanate esi&2a-d which were
separated into almost pure diastereomers (>®toby silica gel chromatography. The absolute
configurations were deduced from the ECD spectn@. damphanate could then be removed by the action
of MeLi or BuLi, and oxidation with chloranil to gid backl71la-d When solutions o171lac in DMF
were heated at 78 °C for 24 h, the ECD responsé&§ Hf andc decreased by 5-13%, and thatlgfla
decreased by 45%. Moreover, the specific rotatmnthe @)-(+)- and M)-(-)-171b respectively, from
the (+)- and (-)-diastereomers d72b are identical except for their signs: +1350 an80a.c 0.030,
CH.CI,). Note that specific rotations @72ac, andd at the D wavelength could not be measured because
the compounds absorb too strongly at 589 nm.
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Scheme 43Synthesis of heterocyclic helicenegla-d172ad: i) CsF,n-Bul, DMF, 60 °C (86-99%
yields);ii) (9-(-)-camphanoyl chlorid€4, Zn, (MeNCH,),, PhMe, reflux (75-92% yieldsij ) MeLi or
BuLi, then chloranil.(63-88% yields§°

TIPSO TIPSO n-BuO n-BuO

Q Q ’
X Q p-benzo Q Q //) Z
O quinone m) g
b z
TIPSO OTIPS n-BuO n-BuO
169a-d 170a-d 171a-d O 172a-d
a:X=0,b:X=8§, c:X=NMe, d: X= Nn-C,H,5 CoO

Table 12.Specific rotation values of enantioenriched heélozabazoles.

Compound Method of obtention dlo exp’ Condition8 Enantio/diastereo- Ref.
(solvent/Con¢) purity
(+)-142 Chiral HPLC +98.5 CHCY1.03 >99 %ed L
(P)-147 From §)-144 +1430 CHCI3/0.1 94%ee &
(P)-149 From G,)-144 +2310 CHCI,/0.1 >99%ee &
(P)-152b Chiral HPLC +588 CHC}/0.02 17
(M)-15Ea Enantioselective -454.2 CH,CI,/0.38 91%eé RE
Bronsted acid catalysis
(P)-15€a From ()-170¢ +1162 CHCI,/0.16 97.4%é RE
then recryst.
(M)-15¢tb Enantioselective -574.4 CH,CI,/0.50 92%eéd RE
Bronsted acid catalysis
(M)-15Ec Ibid. -528.5 CH,CI,/0.41 92%ed 6
(M)-15E€ Ibid. -536.7 CH,CI,/0.36 79%ed 7
(P)-15€f Ibid. +535.2 CHCI,/0.15 88%ed 17
(P)-15€g From )-15€f +382.6 CHCI,/1.0 n.d. I
(M)-17zc Separation of -280 CHCI,/1.0 >97%de 18t
covalent diastereomers
(P)-172c Ibid. +220 CHCI,/0.045 >97%de 18

21n deg-mL- @ dm ™. ®* Measured at 25 °C.In g/100 mL.? Chiralcel IC, eluent: hexane/THF = 9f1.
(Cellulose-tris (3,5-dimethylphenylcarbamate) (CD®)Ph-hexane/isopropandd; 1, as eluent).
Chiralcel ODRH, eluent: MeCN/BO mixture.® Chiralpak OD3R, eluent: MeCN/kD mixture.

Note that VROA spectra of four representative leglees, hexahelicene, tetrathia-[7]-helicene and its
pyrrole and furan analogs, were simulated by Liegeand Champagne and interpreted using
computational and visualization tools in order ttedt signatures of their helicity combined with
electron conjugatioff* Helicenes show intense VROA peaks attributed @r ti-conjugated structure
and associated with collective vibrational modeshéxahelicene, the dominant VROA features are due
to vibrational modes involving motions of the cambekeleton and H-wagging but the intensity finds it
source almost exclusively in the former. In theecakthe three heterohelicenes, the previous staters
also verified where some fingerprints could therefbe associated with the helicity of the system. |
particular, most of the VROA bands are positivel&it-handed helicenes, and it was found that tagm
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role of the heteroatom is restricted to modifyihg geometry and the normal modes. It would have bee
interesting to compare with VROA experiments bus tis mostly prevented by the strong emission
properties of these compounds at the measuremesmievmgth Furthermore, a racemradical cation and
neutral radical with good persistence were genériitan a pyrrolo-thia[7]helicene by Rajed al. who
showed by DFT calculations and by electrochemititat the SOMO and HOMO energy levels were
reversed in this casé?

4.1.3. Pyrazine-containing helicenes

Recently, oligoacenes containing pyrazine units ehattracted much attention as promising
compounds for electron-transporting materials bseaof their resistance to oxidation relative to the
parent oligoacenes. A series of fluorescent “pudh-fetrathia[9]helicened75ad based on quinoxaline
(acceptor) fused with tetrathia[9]helicene (dordejivatives was synthesized for control of the ki
state dynamics and circularly polarized lumineseef@PL) propertie$®® Introduction of a quinoxaline
onto the tetrathia[9]helicene skeleton induced“thesh—pull” character, which was enhanced by furthe
introduction of an electron-releasing Mk group or an electron-withdrawing CN group onte th
quinoxaline unit {75cand175d respectively, Figure 21). Significant enhancementthe fluorescence
guantum vyields @) were achieved. In particular, the maximum quantgeld of 175c was 0.43 in
benzene®r = 0.30 forl75d), which is much larger than that of a pristinea#tia[9]heliceneTTH ; ®¢
= 0.02). These enhancements were also explaindgdebkinetics of the excited-state dynamics such as
fluorescence and intersystem crossing (ISC) patew@uch significant enhancements of @hevalues
thus gave good CPL properties, with anisotropydiegit» estimated to be 30 10° for 175d

175¢c (D’-A-D) 175d (D’-A-D)

——

w
D’ :

Figure 21. Push-pull system&75ad with improved fluorescence and CPL emission. Addftom ref.
183 Copyright 2016, Wiley.
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In 1999, phthalocyanines such B#6 (Figure 22) fused to four nonracemic [7]helicemsatsu
and bearing long chains have been prepared antedtbg Katz, Persoons and collaborators.
These molecules have shown to aggregate in appteftOH-CHG] solvent mixtures®* Chiral
Langmuir-Blodgett films were also prepared and ldigpd very strong second-order NLO
activity. In 1996, soluble helical conjugated laddelymers with an average molecular weight of
7000 g/mol were also prepared by Kattz al, by reaction of 1,2-phenylenediamine with
enantiopure [6]helicene derivative in the preseatea metallic ion, through the well-known
salophen coordination chemistf:*8°

Figure 22 Phthalocyanin@76 capped with [7]helicene and displaying strong NildBaty."®*

4.1.4. Helicene-dimide systems

In 2015, Dehaen etl. described a detailed study about the diasterectbet synthesis of
thia[n]helicenes bearing a central maleimide cycle, usiifigrent types of chiral auxiliary motifs which
were positioned at different places in the helicerefold, in order to enhance the selectivity H#reh the
enantiomeric separatidfi’ The strategy of placing the chiral unit at the eimide moiety was not
effective and the oxidative photocyclization getedanon separable diastereomd?sS and M,9)-179
(Scheme 44). On the contrary, substitution of tekchne core at the most sterically hindered pasiti
yielded amplified chiral induction. Indeed, a chiamine a-methyl-benzylamine moieties were attached
at the two inner extremities of the olefin precusst80and the oxidative photocyclization 181a,bwas
carried out in a varieties of solvents in ordestiady the effect of the solvent in the diastereaenetios
(Table 13). In toluene, after 1h, the diastereommatio was 64:36 as determineid ‘H NMR spectra
(entry 1). The use of polar solvents such as lbuty}3-methyl-imidazolium chloride [omim][CI] (ent
2) gave inverted ratio 31:69 at around 55-60 °Ge &tiect of temperature was studied in DMF; a rafio
38:62 at 55-60 °C (entry 3) led to an increasedtdraoselectivity to 30:70 at temperature aroun@20
°C (entry 4). The authors suggest that the intraswar hydrogen-bonding interactions play an inmgort
role in the diastereomeric ratio. In Table 14 ipidied the effect of different conditions on thelzation
of thiahelicenic derivativd82 substituted with chiral oxazolines 183gb. Besides the solvent influence
(entry 1 vs. entry 2), it was shown that the preseaf (CBSO;Cu),.CsHsCHj3 in toluene during the
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photocyclization significantly improved the sterelestivity as compared to similar conditions withou
any Cu(l) source, suggesting that the coordinatocopper enabled to preorganize the system iredl fi
geometry.

Scheme 44Synthesis of thiahelicenes bearing a central irriitg'®’

S

/ R
S S S S
SN :
R R R
\ 4 142 R xR <
Br Br ) n-BuLi, THF, -78°C 500 W1
/li [BuzSnCl], THF amp
07N ~0 —’|2
b) [Pd(PPhs).] .
- toluene, ref?u‘;(,12 hr 070 propylene oxide O7™\"T0
Ph . toluene, 1 hr L
62% v Ph 68%
177 178 (M,S)I(P,S)-179

R= OCgH17

Table 13.Effect of the solvent and temperature on the drasiselectivity of oxidative photocyclization
of 180to 181ab. **’

Ph
Conditions
66-67% (P.S,9)-181a
© ']‘ © (M,sé,a;)ci181b
Entry Conditions dr
(P.S9:(M,S9

1 500W lamp, 4, toluene, 1hr 64:36
2 500W lamp, 4, or [bmim]ClI, 1hr, 55-60 °C 31:69
3 500W lamp, 4, DMF, 1hr, 55-60 °C 38:62
4 500W lamp, 4, DMF, 1hr, cooling, 20-22 °C 30:70
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Table 14.Effect of the solvent and presence of copperofi)an the diastereoselectivity of oxidative
photocyclization ofl82to 183ab.*®’

Conditions
65-67% (P,S,5)-183a
and
182 (M,S,S)-183b
Entry Conditions dr
(P.S9:(M,S9
1 500W lamp, 4, toluene, 2hr 66:34
2 500W lamp, 4, DMF, 2hr 70:30
3 500W lamp, 4, (CRSOsCu),- GHsCHj, toluene, 2hr 100:0

In 2016, Chuan-Feng Chen and coworkers reportegigaration of helical aromatic imide based
enantiomers with full-color circularly polarizedninescencé®® For this purpose they performed a Diels-
Alder reaction of diend.84 with maleic anhydride to yields the helical anhgdrl85 which was then
oxidized t0186 (Scheme 45). Reaction withpropylamine gave racemic imide¢)-187 which was then
enantiomerically resolved by SFC chiral resolutisee conditions in Table 15). Ead®){(-) and M)-(+)
enantiomer ofL87 was then post-functionalized B){(-)- and (M)-(+)-188ae. A racemization Gibbs free
energyAG” of 32.8 kcal mot at 150 °C was found fdr87, which demonstrated that these helical imides
are highly configurationally stable. Each pair afaetiomers displayed rather low opposite optical
rotation values and mirror-image ECD spectra. Theokute configurations (Table 15) were found
opposite to those of classical heterohelicenesmat@ imides are known to display bright emission
properties. Indeed, each pair of enantiome®-({)- and (M)-(+)-188ae exhibited full colour
fluorescence emission (from 445 to 617 nm) andarimage CPL signals in THF (Scheme 45). Bhe
values of the enantiomers fell in the range of 2 1° to +3.5x 10* and thegum values between +0.2
10° and +1.5x 10° (Table 15).
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Scheme 45a) Synthesis ofR)-(-)- and M)-(+)-188a-e (i) maleic anhydride (5.0 equiv.), xylene, reflux
3 h, 89%; (ii) B (2.0 equiv.), CHCIy, rt, 3 h, 56%; (iii)n-propylamine (5.0 equiv.), DMF, 70 °C, 24 h,
82%; (iv) SFC chiral resolution;(v) arylboronic d¢B.0 equiv.), [Pd(PRJ] (5 mol%), K:COs (10.0 eq.,
equiv.), toluene/EtOH/KD (2:2:1), 75 °C, 12 h, 84-99%. b) Emission colquasel 0fl88a-e c) ECD
spectra in THF of pure enantiomers. d) CPL spéutiieHF of pure enantiomers. Adapted from réf.
Copyright 2016, Royal Society of Chemistry.

a) Br
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/
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(P)-(-)-188a-e (M)-(+)-188a-e

b) (P88 1)-188a (P)-188b ()-188b (P}-188c (1)-183c (P}-188d (11}188d (P)-1Bde (M-188e R = n-Pr
otk ol a Ar = p-F3CCgHy
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' ¢ Ar = p-MeOCgH,
4
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Table 15.Specific rotation values and photophysical dathedical imidesl88ae.

Compound Method of obtention  f],® Conditions Enantio-  Aaps Aem 0] Oium Ref
(solvent/Coné)  purity (nm) (nm)  (%/ THF)
(P)-18¢a From -32 N.d. 98.5% 291,366 445 128 -1.2x10°
(P)-187
(P)-18¢b Ibid. -40 N.d. 98.6% 288,366 457 192 41 gxq03 88
(P)-18¢c Ibid. -234 N.d. 98.4% 290,371 482 648 _gx10° 1%
(P)-18¢d Ibid. -221 N.d. 99% 308,387 556 403  jgx10® 188
(P)-18¢te Ibid. -213 N.d. 98.7% 304,415 617 7.4 02x10° ¥

2 In deg-mL-g-dm*. ® Temperature between 20-25 “On g/100 mL otherwise precisetChiralpak
IC, CO,/MeOH/CH,CI,=40/30/30.
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In 2013, Sasaket al. reported chiral 1,14-dimethyl[5]helicene ligad88f containing a central
maleimide cycleN-linked to a spermine moiety. This compound couldrgioselectively bind with B-
and Z-DNA, with P)-188f displaying a preference for right-handed B-DNA #ij-188f for left-handed
Z-DNA (Figure 23)'® The chiral recognition process was investigated nigasuring the thermal
denaturing temperature £Y and binding affinity (K) through isothermal titration calorimetry together
with surface plasmon resonance experimeatsording to the authors, the cationic spermineiqror
produces electrostatic interactions along the phatgpbackbone of the minor groove, and the helicene
part forms complexes in an end-stacking mdg8f was prepared according to a similar strategy as
188a-eandenantiomerically resolved by HPLC over a DAICEL RBcolumn (ACN as the elueni)’

The same authors found that [5]helice&k@3g containing methoxy groups could bind to B-DNA t8 i
racemic form, with induction ofR)-chirality accompanied with a B-to-Z helicity clgenof the duplex
DNA, [(dC-dG)],. The @)-chirality of the boundl88g in turn, transitioned to theéM()-chirality within
the Z helicity of the DNA. These results illustréite chirality synchronization between the DNA dhnel
ligand*%°

Spermine * (TFA)3
*HaN o N0

(P)-188f (M)-188f (M)-188g, R = OCH,

Spermine Spermine
O N0 oN_o

racemate —

& :pagmine (p)(

B-DNA
Figure 23.Chiral recognition of pentahelicen&88f,gto Z/B-DNA.Adapted from ref:®°. Copyright
2013, Elsevier LtdReproduced from ret®™®. Copyright 2017, Wiley.

In 2016, Steigerwald, Nuckolls and coworkers regathe synthesis of mextended helical molecule
made from the fusion of a perylene-3,4,9,10-tettawaylic-diimides (PDI) and helicene units. Thessfi
prepared naphthyinked PDIdimer helicene 90) which consists of two PDIs incorporated within a
[6]helicenic backbone (Figure 24} The enantiomers were resolved by chiral HPLC over
CHIRALPAK-IA-3 stationary phase; they were not naeed when heated at 230 in diphenyl ether
for one hour, and they display intense ECD spewttla pronounced Cotton effects (Figure 24c). More
recently, the same group showed that the fusiomvofnaphthalene subunits with three PDI monomers
results in a naphthyl-linked PDI-trimer helix189 displaying a shape-persistent nanoribbon
architecturé®® A racemic mixture ofNl) and P) helices was obtained after iterative cross-cogsliand

78



oxidative visible-light cyclizations. X-ray diffréion study revealed extensive intramolecular oyedé

the n-surface, which locks the nanoribbon into a helggberstructure. The crystal structure also showed
formation of supramolecular columns 189 in the solid state consisting of alternatimd) (and P)-189
(Figure 24Db). This structure combines the inhepeoperties of PDI (multi-electron acceptor) andsi

of helicenes (strong absorption, emission and &kelahirality) which are strongly amplified in the
superstructure, as evidenced in the very strong E€fponse ofL89 in comparison to its smaller
homologuel90. Interestingly, thanesoform was not observed, probably due to the extensito-n
overlap between the PDI subunits which precludernsion of the helicene units. The considerable ECD
of 189 distinguishes this new-helix from 190, as well as from helicenes in general, withwalues up to
820 M* cmi* at 407 nm. Similarly, thgassvalues were very much increased sih88 displayedAc|/e of
7.9x 10° at 377 nm and 8.8 10° at 407 nm, a 7.2-fold and 5.9-fold increase ohesé transitions of
190 at 355 and 401 nm. The two helical structureslayspimilar emission propertiese. fluorescence
around 400 nm in THFThe electrochemical behavior was studied and shalstdhe system can accept
four electrons. Therefore these compounds may e getype semiconductors in organic field effect
transistors and organic photovoltaics (OPVs). Is i@ example shown by the same group that racemic
similar helical nanoribbons may find applicationulisa-narrow band photodetectd?fd Recently, longer
[7]helicenic systems similar t@90 were also prepared in enantiopure forms accorttnghe same
strategy->*
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Figure 24.a) Structures of helicene-perylene-diimid&® and190, b) solid state assembly &89 c)
ECD, d) UV-vis and emission and @),sof 189and190enantiomers. Adapted from réf’. Copyright
2016, Wiley. Adapted from ret®. Copyright 2018, American Chemical Society.
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4.1.5. Helicene-imidazole derivatives

Helicene-imidazole derivatives are a new seriegitwbgen-containing helicenic derivatives that has
appeared since 201899 1%¥ yp to now, only a few examples of imidazolium salte known in the
literature. They include one family of heliceneddsimidazole derivatives, and three families of
helicenes grafted with imidazolium groups.

4.1.5.1. Fused helicene-imidazole derivatives

In 2017, our group has described the synthesishef first helicene fused with an imidazole
ring.}?>1%%1%"To do so, a carbo[4]helicene-1,2-diamit@? was prepared by reduction of [5]helicene-
thiadiazole191**° and was then cyclized to imidazdl®3 which exists as a mixture of two tautomeric
formsa andb, as it was observed by NMR (Scheme 46). [5]Hekemnidazole193 was then substituted
with a tolyl group at N3 position through a Chamiaoupling to give helical imidazolE94 and then by
a methyl through a N-alkylation reaction to yieltemic [5]helicene-imidazoliunrgc)-195. Note that
this imidazolium salt could not be enantiomericatBsolved using classical chiral HPLC methods
because of its ionic character. It was thus transéal to a neutral Ir(l) complex for further sterkemical
studies:>

Scheme 46Preparation of [5]helicene-imidazolium sakg)-195. i) LiAIH 4, THF, Ar, rt, 5 hr;ii)
HC(OEt), cat. b, ACN, rt, 2 hr, 52% (two stepsj)i) p-tolyl-boronic acid, anhydrous Cu(OA¢)
pyridine, CHCI,, air, molecular sieves, rt, 24 hr, 69868; CHsl, ACN, reflux, 18 hr, 91%. X-ray
structures of.93in one of its tautomeric forms and (@&c)-195 ((P) enantiomers are showt.
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In the last two decades, octahedral cyclometalaigidm(l1l) complexes have attracted attention due
to their appealing properties as phosphors in kffjaiency organic light-emitting devices (OLEB%)
and for their attractive biological activity asratellular luminescence probes, anticancer or actdial
agent$™ In 2017, the first fusedthelical NHC system was prepared and examined gfiroits
diastereomerically pure cyclometalated compleres-(P,/,)-196a and mer(P,4,)-196& (Scheme
A7)} These chiral organometallic species display ligieen phosphorescence with circular

195
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polarization that depends on both the helical-NHg(/) stereochemistry and the iridiurd)((AN) one
and ii) unusually long lifetimes (up to 25Qs as compared to 530 ns for modeérl197). The
unprecedented features 64> can be attributed to extendeeconjugation within helical carbenic
ligand. Note also that the two diastereomE®$a? display very different specific and molar rotason

(Table 16).

Scheme 47Preparation o€ycloiridiated complexe$96d-% Structures and CPL spectra of iridium(lll)
complexes®,/,)-196d/(M,4,)-196d, (P,A4,)-196&/(M,A,)-196&, and ¢,)-197/(A,)-197.1%°

Ago0 (2 eq),

" : [Ir(u-Cl)(dfppy)2l2
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Table 16.Experimental specific and molar rotations for lthearbene complexek96a, 1964, and197.

(P,Ay)-196a (P,4,)-196& (N\y)-197
[a]*  [o]*  [a]” []* [o]”
589.3 nm
Expt. +920 +8680 - +610  +4450
436 nm
Expt. +157  +16520 -230 -

Measured within an =5 % error. Conditio@¥,Cl,/ 3-4 X 10°M
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4.1.5.2. Imidazole-substituted helicenes

In 2016, our group prepared the configurationatibke [6]helicene substituted with imidazolium
according to a procedure known in the literatdfdt was simply obtained by substitution of bromlze
a methyl-imidazole to vyield imidazolium salts 1-mmgt3-(2-methyl[4,6]helicenyl)-imidazolium
1993b.'%® These compounds were then deprotondtedsitu to NHC ligand and cycloiridiated to
complexes200ab (Scheme 48). The neutral complexes were separgtétPhC over chiral stationary
phases Chiralpak IC, heptane/EtOH/CEQB0/20/20) and Chiralpak IE, heptane/EtOHACH
(50/30/20) and their chiroptical properties weredstd (see Figure 25). Due to their ionic character
charged derivatives such as helical imidazoliunissalre difficult to resolve by classical HPLC
techniques. In 2016, Vacek et al. tackled this l@mmband investigated the preparation of enantiopure
samples of &-Bu substituted (imidazoliuni999 by different chromatographic methods. classical
HPLC, chiral supercritical fluid chromatograpt8FC) methods and chiral electrophoré&is.

Scheme 48Synthesis of chiral helicene-NHC cycloiridiatedmquexes200ab. i) 1-Methylimidazole,
acetone, reflux, overnight, 66-71%g; [Cp*IrCl,],, NaOAc, |, 80 °C, 15 hrs, 35-578%

I i
198a,b 199a,b (R = CHj), 199¢ (R = t-Bu) OO 200a C' 200b

The electronic, chiroptical properties related teeit stereochemical features @00ab were
experimentally and theoretically analyzed. Comp&80b features two stereogenic elemenits, the
[6]helicene unit and the tetrahedrdl' Ibut the ¥,R)- and P,S;)-200b enantiomeric pair was the only
diastereomer found, showing that the helicene'digiration controls the iridium stereochemistry, as
shown in the X-ray crystal structure (Figi®). On the contrary, compl€00adisplayed only twoR)
and §,) enantiomers since the [4]helicene ligand wascoafigurationally stable. Kinetic studies, based
on the evolution of the ECD at 254 nm with times@at°C, estimated the racemization barrier o2QPa
around 26.3 kcal/mol and a half-life time of cehdurs at 62 °C in chlorofornThe differences between
complexe200aand200b were clearly seen in their ECD spectra which slibwery different signatures
and magnitudes; these differences were analyzedlMADFT calculations which highlighted the
involvement of helicene-CisNHC orbitals in the chiroptical responses and &thlio assign their
absolute configuration's®
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(F.Si)-(+)-200b
(Si)-(+)-200a

As ! M'em”

530
Alnm

— (Ry)-(-)-200a
— (M.R,)-(-)-200b

Figure 25.a) Electronic circular dichroism spectra of comple R,)- and §;)-200aand P,S;)-
and M,R)-200b (CH,CI,). b) X-ray structure o0200aand200b(only one stereocisomer
shown)°®

Note that compound®06-208belong to the oxahelicene class (Figure 26). Goytio fused helicene-
imidazolium saltsl95 and200b, all other helicenic imidazolium were obtainedemmantioenriched forms
(see their specific rotations in Table 17). In 20%%ara and Stary developed a straightforward ambro
to access optically pure 2-aminooxa[S]helicene®,R(R)-(-)-203a-g and 205a-g and 2-

aminooxa[6]helicene M,R,R)-(-)-205h employing the key [2+2+2] cycloisomerization of ireh
functionalized triynes such 262
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eras
O Br \Q/

(P) or (M)-199b

(M,R,R),(M,R,R)~(-)-206a-g ) (M,R,R),(M,R,R)~(-)-206h

t-Bu

aR=H d:R= gR
Ph ’Q
b:R= e:R
Ph O

i-Pr O e
c:R=Q_Pr f:R= (M)~(-)-207 O

Figure 26.Helicenic imidazolium salts known up to ndw %%

Helicene-amine derivatives202a,h and chloro-substituted203 were obtained by typical
diastereoselective [2+2+2] cycloisomerization pescehen202a,h were hydrolyzed t®035a,hwhile
203 was subjected to Suzuki couplings using a divecitarylboronic acids or aryl-boronates yielding
202b-gthen204b-gafter hydrolysis. All these steps occurred withyvgood yields (>63%, Scheme 49).
Then the imidazolium sal05 and206a-hwere obtained by two different methods, depicte&c¢heme
49, depending on the mono-helicenic or bis-helicstructure obtained.
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Scheme 49Synthesis of helicene-amine derivati2@3 and204a-hand ofimidazolium salt205and
206a-hfrom 204a-h'?® See substituents on Figure 26.

BocHN [CpCo(CO)(fum]
= 0,
O : (4°P'|‘;r?' %) BocHN
3
N\ (40 mol%) o TFA
| | Tol | ) _— >
Tol THF
o. F MW, [bdmim]BF CHaCl
N ‘ 140°C, 15 min rt, 3-16h
oo 63-74% 77-78%
(R.R)-(-)-201 (M,R,R)-(-)-202a,h,203 (M,R,R)-(-)-204a,h
BocHN BocHN
RB(OR)2 TFA
cl Tol R -
XPhos, Pd G2 CH,Cl,
To KaPO4 (0.5M in Hy0) rt, 3-16h
THF, 100°C, 1-6h
(M,R,R)-(-)-203 79-89% (M,R,R)-(-)-202b-g 76-97%  (M,R,R)-(-)-204b-g
/=0 0O
N HzN 7~ CHO0
\_\ O/ ’ 2
\O

(M,R,R)-(-)-205

(M,R,R),(M,R,R)-(-)-

acetic anhydride glacial acetic acid 206a-h
(from 204a) HCIO,, 80°C, overnight 40-55 °C, 25-35 min
38% Sat. ag. NaCl (work-up)
(M,R,R)-(-)-204a-h 57.83%
Table 17.Specific rotation values of enantioenriched heleeimidazole derivatives®
Compound Method of obtention dl,° Conditiond Ref.
(solvent / Coné)
(M,RR)-2C2a Diastereoselective -546 CHCI,/0.266 1o
catalytic [2+2+2]
cycloisomerization
(M,RR)-2C2b Ibid. -596 CHCIy/0.311 1ot
(M,RR)-2C2c Ibid. -657 CHCI,/0.304 To€
(M,RR)-2c2d Ibid. -677 CHCIy/0.359 1ot
(M,RR)-2C2¢ Ibid. -674 CHCIy/0.252 1o
(M,RR)-2C2f Ibid. -422 CHCI,/0.303 To€
(M,RR)-2C2g Ibid. -481 CHCI,/0.272 1o
(M,RR)-2C2h Ibid. 611 CHC}/0.340 19¢
(M,RR)-2C3 Ibid. -671 CHCI,/0.250 To€
(M,RR)-2C4a From M,R R)-202a -629 CHCIy/0.133 1o
(M,RR)-2C4b From M,RR)-202b -578 CH,CI,/0.346 To€
(M,RR)-2C4c From M,RR)-202¢ -668 CH,CI,/0.112 To€
(M,RR)-2¢4d From M,R,R)-202d -669 CH,CI,/0.345 1o
(M,RR)-2C4e From M,RR)-202¢ 742 CH,Cl,/0.122 To€
(M,RR)-2C4f From M,R R)-202f -358 CH,Cl,/0.322 To€
(M,RR)-2C4g From M,R R)-202g -459 CH,CI,/0.155 1ot
(M,RR)-2C4h From M,RR)-202h -687 CHCI,/0.191 To¢
(M,RR)-205 From M,R R)-204a -452 CHCIy/0.215 1ot
(M,RR),(M,RR)-2C6a From M,R R)-204a -601 CHCIy/0.091 1ot
(M,RR),(M,RR)-2C6b From M,RR)-204b -716 CHCI,/0.313 To¢
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(M,RR),(M,RR)-207c From M,R,R)-2C4c -806 CHCI,/0.275 1o¢

(M,RR),(M,RR)-2C6d From M,RR)-204d -808 CHC,/0.258 To€
(M,RR),(M,RR)-2C6¢ From M,R,R)-204¢ -825 CHCIy/0.273 1ot
(M,RR),(M,RR)-2C6f From M,R R)-204f -799 CHCI,/0.301 To€
(M,RR),(M,RR)-2C6g From M,RR)-204g -952 CHCI,/0.353 To€
(M,RR),(M,RR)-2C6h From M,R,R)-205h -669 CHCIy/0.247 1ot

Enantiopure helical NHC ligands generated froshRR)-(-)-205 and M,RR),(M,RR)-(-)-206ag
were tested in the enantioselective Ni(0)-catalyg2e2+2] cycloisomerization o213 to (P)-(+)-214
High yields and goo@és were obtained for the mono-oxa[5]helicenic unswtrical imidazolium salt
205 (Table 18, entry 1) while symmetrical 1,3-bisodalenyl imidazolium salts gave much bettss.
The presence of bulky aryl group at the oppositaiteus of the oxa[5]helicene backbone with respect
the position of the imidazolium unit led to an iease of theee of (P)-(+)-214 from 41%ee (Table 18,
entry 2) to 66% (Table 18, entry 6). The higheselef chirality transfer from a helical NHC ligand a
helical product was achieved in [2+2+2] cycloisoim&tion of the aromatic triyne21l5 to
dibenzo[7]heliceneR)-(+)-216 (Table 19), with lower yield but witkés up to 86% when using NHC
precursoR02c Table 19, Entry 3).

Table 18 Enantioselective [2+2+2] cycloisomerization ayiie 213to dibenzo[6]helicen214in the
presence of enantiopure NHC ligands generated (kR R)-(-)-205and M,RR),(M,R R)-(-)-206ah.**°

O [Ni(acac),] ‘
O (20 mol%)
EtMgCl O
O l (04 Min THF) ‘

ee - (O
OO ligand Q
| | precursor Q

(44 mol%)
213 THF, rt, 2h (P)-(+)-214
Entry NHC precursor ConV? ed (%) of214
1 (M,RR)-(-)-205 >90 17 (+)
2 (M,RR),(M,RR)-(-)-206a >90 41 (+)
3 (M,RR),(M,RR)-(-)-206h >90 59 (+)
4 (M,RR),(M,RR)-(-)-206b 90 61 (+)
5 (M,RR),(M,RR)-(-)-206¢ 90 64 (+)
6 (M,RR),(M,R R)-(-)-206d 81 66 (+)
7 (M,RR),(M,RR)-(-)-206€ 89 44 (+)
8 (M,RR),(M,R R)-(-)-206f 73 56 (+)
9 (M,RR),(M,RR)-(-)-206g 90 47 (+)

2 Estimated by HPLC’ Determined by HPLC on a Chiralpak IA column.
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Table 19 Enantioselective [2+2+2] cycloisomerization ayiie 215to dibenzo[6]helicen216in the
presence of enantiopure NHC ligands generated (/R R),(M,R R)-(-)-206ac,g. 1%

I
OO [Ni(acac),] ‘
(20 1% Q
O Et&’é’ol : W O
O | | (O 4 M in THF) Q
T NHC- ‘
O‘ ligand O

precursor

215 §4H4F',n§,'°/z°% (P)-(+)- 216
Entry NHC precursor ConV? e (%) of216
1 (M,RR),(M,R R)-(-)-206h 76 74 (+)
2 (M,RR),(M,RR)-(-)-206a 64 72 (+)
3 M,RR),(M,RR)-(-)-206¢ 86 86 (+)

2 Estimated by HPLC’ Determined by HPLC on a Chiralpak IA column.

Using the same approach, an imidazolium salt bgaipendant carbo[6] unit was also prepared (see
Scheme 50), and its corresponding Ru-NHC compl@éXobtained from the first generation Hoveyda-
Grubbs catalyst isolated and identified. This carplas then used for asymmetric catalysis &deme
50)X°" Experimental UV-vis and ECD spectra of helicaldagolium salts were also studidddeed209
was evaluated in asymmetric ring-closing metathg®€M) and ring-opening metathesis-cross
metathesis (ROM/CM) reactions, which proceeded widbd enantioselectivity (Scheme 51). Extensive
NMR-spectroscopic investigations and a DFT geomefitymization were performed. These results led
to a topographic steric map and calculation of @et-duried-volume values for each quadrant arobad t
metal center, and enabled to have an insight ihto approach of the substrate and the origin of
enantioselectivity®’

Scheme 50Synthesis of helical-NHC based Ru-compl®®-@09 Adapted from ref'®’. Copyright
2018, Wiley.
,—’/O HAcclzociz((étng;w) one O o’ o
g ———> Mesgvo MesN[:\N @ 1)/‘"&
Q (1.05 equiv.)

ClO, s
4 CIO., ‘ O toluene, 20 °C

2) Ru’(0.9 equiv.), 80 °C, 0.5 h;

toluene, 20 °C, 20 h; then add

HCIO, (1.0 equiv.), 80 °C, 18 h O then cool to 20 °C, CuCl (1.8
(M)-208 equiv.), 0.25 h

87



Scheme 51a) Enantioselective RCM (a) and RGOBM (b) catalyzed byM)-209. b)
Ball-andstick-representation of DFieometryoptimized structure of\{)-209. ¢) Topographic steric

map of M)-209 View from thez-axis onto they-plane. All scales are in A. Adapted from ref.
Copyright 2018, Wiley.

a) b)

(M)-209 : v&tﬁ \ 53
(4 mol%) (o) ¢ . .
20 ) THF (0,055 M) \/)7:> ‘ "L"L\.
= /'\k/'* e
40°C, 4h | AN )
217 (R)-218 e
56% ee !
(>95% conv.) c)
(M)-209 J W %V, 220 200
@ (1 mol%) PhJ“"Q'M\/Ph 225
— CH,Cl, (0.05 M) et .
) A A ¢ ”»
oo 20°C, 24h 0770 -
219 styrene (R)-220 013
EZ=95:5 s
40% ee (86% conv.) 225
15. .
2 2

4.1.6. Azahelicenes with N-bridging fused rings
4.1.6.1. Helicenic bridged triarylamines
4.1.6.1.1. Carboxy-bridged triarylamine heterohelienes

In 2003, Venkataramaet al. reported the first examples of CPL-active heteliobees, namely
226ab and 227ab, whose structure is based on triarylamine, a wmiely exploited in the OLED
industry due to its electronic, photochemical, phgisical propertie€’* They were synthesized as shown
in Scheme 52. The coupling @21 to diarylamine222 was performed using the copper-catalyzed
Ullmann conditions and gava23 with 70% yield. After hydrolysis, the obtained doigrboxylic acids
were converted to acid chloride with thionyl chtliwhich underwenn situ cyclization with SnCj to
give (rac)-224 with 80% vyield. After deprotection of the methoxsogp to (ac)-225 and esterification
using (19-camphanic acid, a 1:1 diastereomeric mixture RfE)¢226a and ,9-226b was obtained

which was then separated by column chromatograpbgiger helical P,S- and M,S5-227a,b were
obtained in a similar way.
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Scheme 52Synthesis of the first helical triarylamin226ab and chemical structure of longer helicene
227a i) Cul, K;CO;s, n-Bu0, 150 °C, 96 hr, 70%ii) NaOH, HO/EtOH (1:1), reflux, 24 hrsii) SOC},
CH,CI,/DMF (cat.), reflux for 2 hr then Snglreflux, 18 hrs, 80%; iii) ACOH/HBr (2:1), reflux,2 hr,
60%; (e) DMAP, (8)-camphanic chloride, Ci€l,, reflux, 12 hr, 859>

©/ j@ I) MeO,C CO,Me //) i)
MeO
M602 COQMe

Br i MeO: : MeO

222 (rac)-224

(P,S)-227a (P,S)-226a 1:1 (M,S)-226b (rac)-225
Separated by colum chromatography

The two diastereomers oP§-226aand (M,9-226b displayed identical absorption spectra (Figure
27) in the UV-vis region with the absorption maximecurring at 434 nm. ECD and CPL spectra of
226a,b display mirror-image relationship showing that tfi&)-camphanate has no influence on the
chiroptical properties and only serves to mainttie helicity and configurational stability of the
molecule. The emission maximum occurs at 453 nmiéticene226 and 478 nm for helicen227. The
dissymmetry factors at the peak maxima &#6 and 227 were found to be +0.001 and +0.0008,
respectively. In addition, for the same transitigg,s and gum have essentially the same value for both
helicenes showing no significant geometry changenupopulation of the emitting state. This is
corroborated by the small Stokes shifts of the simsmaxima. By comparing the results with those of
Phillips et al,?®® a 10-fold increase in the luminescence dissymnitip is reportedi.e. |gum| = 0.01,
for a system of aggregating helicenes. Howeverirtbieased ordering of these aggregates also saault
a large degree of linear polarizatidgh=% 0.39) which can greatly affect the CPL measurerffén
The homodimeric structurdi(S,MS)-229was also prepared by Venkataraman by a Pd(0) 8tleling
of brominated bridged triarylamin®1(S)-228 (Scheme 53). The properties of monomer and dimee we
compared and the dimer was found more easily oxiodéezthan the monomer; this was explained by a
more extendedconjugation in the dimef’

In 2006, Barnes and coworkers reported the fluemse-detected circular dichroism (FDCD) from an
individual molecule of ®,9-227aor (M,9-227b deposited on the surface of a polymer film (Zedri&k
Mirror-image dichroic responses averaged over ~B@decules were obtained and the dissymmetry
factors were found to be > 0.5, i.e. significatélsger than the ones observed in bulk solutiongesating
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a strong effect of orientation and of removing digs present in condensed matter. A well-defined
structure observed in the histograms was suggesfivapecific molecular orientations at the polymer
interface. However, these results have been rederexl by the group of Cohest al. Indeed these
authors suggested that the broad distributiog-eélues observed by Hasseyal. can be explained by
linear dichroism in the randomly oriented helicene molecules, cedplvith imperfect circular
polarization of the illuminatiori®®?°" Consequently, one cannot conclude about the plissibf
measuring FCDC from single molecules (see discodsétween both groups in refererf¢. Note that
bridged triarylamines were used as models for se¢atculations of ECD, VCD and CPt1207:212.213.214
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Figure 27.UV-vis (A), ECD (B), fluorescence (C) and CPL (§9ectra of R,§-226aand(M,S)-226h.
Adapted fron?®* Copyright 2003, American Chemical Society.

Scheme 53Preparation of dime229.%°’

Br
BuzSn—=—=—SnBuj3
Pd(PPh3),
toluene
(M, F;)(?ZZS 37% (M,S,M,S)-229

4.1.6.1.2. Oxygen-bridged triarylamine heteroheliages

Using a similar strategy as for carboxy-bridgedliegazes226227, Wakamiya, Muratat al. reported
in 2017, the preparation of helical oxygen-bridggghenylnaphtylamine according to Scheme 54 which
were obtained as pure enantiomers after chiral HR@r a Chiralpak-IF stationary phase
(hexane/CHCl, mixture as eluen®:> The racemization in toluene at 100 °C &1 and 80 °C for232
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and233and the ring inversion energies were measure®&sk2al mof- for 231, 27.6 kcal mot for 232,
and 27.1.kcal mdl for 233 respectively, and found to be in good agreemeittt ®FT (B3LYP/6-
31G(d)) calculated ones ( 29.3, 27.8 and 26.4 tcal).

Scheme 54Synthesis of racemic oxygen-bridged triarylamiB@s-233 1) BBr3;, CH,Cl,, -78 °C to rtjii)
K,CQO;s, DMF, 120 °C, 92% (2 steps);) POCE, DMF, GH4Cl, , 25 °C, 80%iv) malononitrile, E{N,

CHCls, rt, 91%°%°
% @) j/: 0 . o) ; Ne) ) j/: No)
H;CO OCHg il iv

SO ERa O,

NC™ °CN
230 (rac)-231 (rac)-232 (rac)-233
Separated by chiral HPLC

Post-functionalization of heterohelice®1 enabled to install formyl and dicyanovinyl groupat are
electroactive, to modulate and extend theonjugation of the system and to examine theiuerfce on
their photophysical/chiroptical properties. Thdstaf UV/vis and ECD together with emission and CPL
bands in CHCI, are highlighted in Figure 28. These compoundsstmengly emissive, with quantum
yields up to 0.86 fo231 in CHyCl,. Furthermore, a clear red shift of absorption angssion was
observed upon increasing the conjugation. The gtotiarge transfer and high polarity of these mdéscu
were evidenced experimentally by the solvent ptylatependence of the emission properties (emission
wavelength and quantum yield). Regarding the chicepsimilarg.,sandgum magnitudes were found for
each compound Withaps/ Qum Of +5.6x 10°/ +4.7x 10°%for (M)-231, +2.1x 10°/ +1.4x 10° for (M)-
232 and +0.9x 10°/+0.9x 10° for (M)-233 These properties were also compared in liquitt4talid
state and in nanoparticles obtained by rapid pitatipn in water. Respectivgum values of 4.5« 10°,
1.5x 10° and 2.8x 103, were measured for nanoparticles28fl-233dispersed in water, showing that
CPL activity was conserved.
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Figure 28.UV-vis absorption (solid) and fluorescence (daglspectra (top), and CD and CPL spectra
(bottom) for (a)231, (b) 232 and (c)233in CH,Cl,. The red and blue bars show the calculated CDsand
(CAM-B3LYP/6-31G(d)) for theR)- and M)-helices, respectively. The transition energiegehaeen
calibrated using a factor of 0.88. Photographs stn@wemission 0231-233 Adapted from ref*>.
Copyright 2017, American Chemical Society.

4.1.6.1.3. Thia-bridged triarylamine heteroheliceng

In 2008, Menichetti and coworkers reported enantiobed triarylamine heterohelicenes bearing
sulfurated bridges. For this purpose, they procgetteough regioselective electrophilic aromatic
sulfenylation of substituted triarylamine with thee of phthalimidesulfenyl chloride followed by Lisw
acid catalyzed electrophilic cyclization (Schemé&.88The enantiomers of heterohelicer®®a-dwere
obtained through HPLC over a Chiralpak IA chiratgtnary phase givingeés > 97.5%. The enantiomers
exhibited p], values of +376 and -376 (c=0.11, hexane), resgygtifor 236a and -405 and +405(
0.06, hexane), respectively 286d The experimental racemization barrie286awas found to be 31.6
kcal mol* at 145 °C, a value between those of [5] and [@ikeak. The absolute configuration 286a
was determined by comparison of calculated and rerpatal vibrational circular dichroism (VCD)
spectra of the two enantiomers. In 2017, the eoam@is oft-Bu-substituted analogui86ewere prepared
in a similar way and studied by Berova, Kavetal.?*’ In 2016, the CPL activity of sulfurated systems
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was measured by Longht al. with agum as high as 0.8 10° at ~ 510 nm (positive foM) andvice
versg for 236d while excitation of the beam led to racemizationZ36a

Scheme 55Synthesis of thia-bridged triarylamine heteroleies236a-e

R R R
Pht = Phthaloyl
PhtNSCI Lewis Acid
(23eq) PhiN NPht BF;.OEt, or AICl3
N —— N _— N
R R R R  85-87% R NN
234a,b 235a,b (P) or (M)-236a,b

a:R=CHj b: R= OCH, then chiral HPLC

OCH;, t-Bu
H3COJ;‘:£OCH3 /@\
H;CO N,,,_ _— OCHg N,,,_/
| L
A A
H3CO OCH3 t'BU t‘BU
OCHs H,co
(P) or (M)-236¢ (P) or (M)-236e

A stable chiral radical cation derived from neutdithiabridged triphenylamine hetero[4]helicene
236ewas generated upon reversible -@hectron oxidatiod’ Indeed, purplblue helical radical cations
(M)- and P)-236e" SbRs were obtained from the colorlessa)-236e by reaction with AgSbéEin
CH,Cl,. The calculated Gibbs free activation energy octmaization at 298 KAG",9g) was found ca. 5

kcal mol* lower for 2366" (AG”205=28.1 kcal mol) than for236e (AG",65=32.7 kcal mot). They were
found sufficiently high to ensure a very low raceation rate at room temperature. With the help of X
ray crystallography (Figure 29a and b) and thecaétind experimental ECD spectroscopy (Figure 29c
and d), it was shown that the oxidized speciesinmgtéhe absolute configuration of the neutral
counterpart, while exhibiting a more extensive ogagion and “flattening” of the helical motif. Thigas
shown by a clear ECD-active band in the near-igftaregion (around 1200 nm) and by the specific
rotation values that changed drastically. IndeddlenP)-236edisplayed an optical rotation]| value of
+408.6 at 25 °C it increased to +1247.9 f@)-236e" SbF; .
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Figure 29. a), b) X-ray crystallographic structures &fd)-236eand236€" . c) Theoretical and

experimental UV/Vis and ECD bands for the experitakfr)-(+)-236e( black solid lines for
experimental and black dashed lines for theoretipattra). d) Theoretical and experimental UV/\fid a

ECD bands for the experiment®){(+)-236€" (blue solid lines for experimental and black daslees
for theoretical spectra). Experimental UV and EQ@ecra were recorded in THF, while corresponding
theoretical spectra were simulated at B3LYP/TZVE BI©6-2X/6-31+G(d,p) levels of theory. For
correlation purposes, the calculated spectral al@aedshifted by 50 nm. Reproduced from réf.
Copyright 2017, Wiley.

4.1.6.2. Polyaza[7]helicenes

In 2017, Shibatat al.reported a facile two-step synthesis of polyaz&li¢enes possessing a 6-5-6-6-
6-5-6 skeleton from commercially available 2,9-dioch-1,10-phenanthroline via double amination with
aniline derivatives followed by hypervalent iodimeagent-mediated intramolecular double-NH/CH
couplings, thus yielding five different helicenieriVatives238a-e(Scheme 56§ Single-crystal X-ray
analysis o238arevealed a unique structure with five significgrtlisted central rings and nearly planar
fused rings on both sides. This feature is diffefieom classical helicenes where the entire skaleto
possesses similar dihedral angles for the innes.rifhe frontier molecular orbitals (FMOs) are digxc
in Figure 30. The molecular coefficients of HOMO revdistributed over the entire outer rim of the
skeleton, while those of LUMO were on the phenasiithe-derived rings due to the electron-deficient
nitrogen atoms. The azahelicer&38a-eshow strong absorption and high fluorescent quanyields
under both neutraldf = 0.25-0.55, comparable to highest values for [ideae$™®) and under acidic
conditions (¢ up to 0.80). Enantiomers @B88awere resolved from a racemic mixture using HPL@wai
CHIRALCEL OD column (-HexaneltPrOH = 7/3 as the eluent). Then the chiropticapprbes of238a
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were evaluated. The specific rotation of enantiocadly pure (+)238aof +2544 ¢ 0.51, CHC}) which
is larger than those of other [7]helicenes contajrivo five-membered rings°

Figure 30 shows mirror-imaged ECD and CPL spectra38aenantiomers both under neutral and
acidic conditions. In both acidic and neutral cowodis, the ECD spectrum of (£88ashows several
positive Cotton bands in the longer wavelengthaegwith very similar shapes for neutral and acidic
forms. These observations reveal similar featunethé ground state. Under both conditions, helicene
238a also shows strong CPL activities with emission max consistent with those observed in the
fluorescent spectrum. The value @gf, under neutral conditions (0.009 at 473 nm) isejlarge for a
[7]helicene. Upon addition of 200 equivalent amsuoit TFA thegm value remained high (0.008 at 514
nm). Overall, these systems combine both hagh value with high quantum yield of 0.80, which is
highly attractive for a CPL-emitting material.

Scheme 56Synthesis of polyaza[7]helicen288a-eand X-ray structure (side view) 888a Adapted
from ref.?'8 Copyright 2017, Wiley.
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Figure 30.Frontier orbitals o238aand ECD and CPL spectra of neutral form and edaim of the
(M) and P) enantiomers. Adapted from réf®. Copyright 2017, Wiley.

4.1.7. Cationic azahelicenes: azahelicenia
4.1.7.1. Azonia[n]helicenes
Azoniahelicenes are a subset of nitrogen-contaih&ligenes in which a quaternary sjtrogen atom

introduces a charge into the system. As opposeédutral helicene species, their cationic derivatiweh
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quaternary nitrogen atoms in the helical backbamestbeen rather overlooked and a limited number of
them have been reported up to now. Azonia systeayshrave interesting biological properties since/ the
can bind easily to DNA and its quadruplex. Seesfample ref?,

4.1.7.1.1. Helquats: synthesis by [2+2+2] cycloisemzation and properties

Azoniahelicenes and similar cationic systems preman attractive range of properties and
applications that may be complementary to non-itralicenes. For example, they can strongly interact
with their environment due to their positively ched helical skeleton. Furthermore, their solubility
aqueous media and electron-accepting propertiesciagsd with their cationic nature can be
advantageous. In 2009, the group of Teply introdudelquats, a class of compounds that combines the
stereochemical features of pseudo-helicenes with dlectronic properties of viologens (Scheme
57) 222223 ps such, Helquat are very efficient electron-tfansjuenching agents thanks to their powerful
electron-accepting character and are interestinghigr NLO activity??* The group developed a scalable
route of racemic [5]- and [6]Helquats’ based on a dicationic triyne (formed by simpletgrrization of
symmetrical or unsymmetrical diazaarylacetylene crgors) which can undergo a [2+2+2]
cycloisomerization in the presence of a Wilkinsaresalyst or [Cp*Ru(COD)CI] in order to form the
helical backbone #39[OTf], to [240[OTf],, Scheme 57). This strategy could be applied to the
preparation of 15 different [5]-, [6]-, and [7]Helats, but only in their racemic forff® Actually the
cationic character of these helicenes renders tHificult to be resolved by classical chiral HPLC
separation. Therefore other methods needed tothblisbed, such as the chiral capillary electrophbisr
(CE) experiments tested analytically with saltshsas241by using a sulfateg¢-cyclodextrin as the chiral
selector, with the appearance of two peaks inwlwecbrresponding electropherograms of helical catio
enantiomers. However, these two peaks were toee dioseach other to be able to perform efficient
enantiomeric separatich’

Scheme 57Synthesis of racemic cationic azahelicer#gOpb][OTf], by [2+2+2]
cycloisomerizatiorf®®

[Rh(PPh3)5Cl]
(5 mol%)
) MeCN, MW,
B 27TfO 30 min, 90°C o~ 2TIO
_NF 9% R=H) [ N
\/\R 93% (R=CH3) X R
I —
R or X R
g2
_ N+% coRucoDyc] LN
. I (10 mol%)
H,O/DMSO 99:1
[239a,b][OTf], air, 30 min, 100°C [240a][OTf] (R = H)

94% (R = H) [240b][OTf]; (R = CH3)

In 2010, the same group was able to prepare emamécsamples of Helqua241[OTf], (for which
configuration inversion process is hindered by {mesence of two additional Me groups) by
crystallization of diastereomeric salts (a prodessng advantage of the different solubilities bé ttwo
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diastereomeric salt$}’ racemic [5]Helquat as its triflate saR41][OTf], was converted into a mixture
containing two diastereomeridR,R)-dibenzoyltartrate (name&2) salts, [P)-241][X2], and [M)-
247][ X2],, using an ion exchange resin technique (SchemeTb@n diffusion of ethanol vapours into a
methanolic diastereomeric mixture led to the exehidormation of [P)-241][X2]. crystals. After
successive crystallizations, the diastereomeriegx¢le) could be increased to up to 98% as shown
by CE with a sulfatedzcyclodextrin chiral selector. Subsequently, byngsion-exchange resin the
resolved crystals of R)-(+)-241[ X2]. were transformed back to ditriflateP)¢(+)-241[OTf] . and its
enantiomeric purity checked by CE showed consemaif stereointegrity of the sample occurred during
the ion exchange procedure, as evidenced by thglespeak in the electropherogram oP)H(+)-
247][OTf],. To determine the configurational stability oP)J{(+)-241[OTf] ,, stirred solutions in water
were heated in microwave apparatus at 100 °C, aalysis using optical rotation measurements leghto
activation free energy valusG” = 30.4 kcal mot and racemization half-life at 100 °Get= 3.79 hr. The
absolute configuration was assigned using ECD spsmipy. These results show that [S]Helquat
crystallizing as its R R)-dibenzoyltartrate salt ha®) helicity??’ In 2012, the pure enantiomersdé>
98%) of the same Helquat were obtained by prefedentystallization. Indeed, thanks to the-
symmetrical topology, a most favorable case forgtmmerate occurrence, several helicene derivatives
undergo spontaneous resolutféh?*°Taking advantage of this phenomenon, Teglgl. could perform a
preferential crystallization experiment and obtamantiopure samples up to 10.5 g-scale of [S5]He¢lqua
salt 2417 Note that in 2017, in the case of similar Helquat Which diastereomeric resolution with
dibenzoyltartrate alone failed, a Dutch Resolutising a family of three derivatives of tartrate canrs
was the key to achieve efficient separationMf &nd P) helical enantiomers of configurationally stable
[5]Helquat R42[OTf]. ** This latter helicene-like compounds displayedhliglonger half-life time (see
Table 20). Furthermore, a [7]Helquat was also olei in enantiopure fornvia preferential
crystallization of its trifluoroacetate salt whialas found to be the only conglomerate among 12mfft
salts studied® Note that conglomerates are relatively rare andespond to 10-15% of crystalline
racemate$?®

Scheme 58Resolution of racemic [5]Helqua241][OTf], via crystallization of diastereomeric saité.

2 TfO

2
ion exchange 1) crystallization

resin

— = [(P)-241][OTf],

2) ion exchange > 98% ee
resin

[(rac)-241][OTf],

X2
[(M)-241][X2],
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Table 20.Comparison of configurational stabilities of Hedds P41][OTf] , and R4A[OTf] ».2*

2 TfO 2 TfO
= N+ = N+
! P
X A
/ NZ / _N?
[(rac)-241][OTf], [(rac)-242][OTf],
Compound AG" (kJ mol") ty2 (hr)
[241][OTH] , 127.7 3.79
[242][OTH] » 129.0 5.81

In 2014, Teplyet al. reported the intense chiroptical switching acyivitf dicationic helicene-like
derivative241**. These systems displayed nice electrochemicatsibitty and they showed a two-step
redox switching process in enantiopure helquatesysiP)-241]%* = [(P)-241™ = [(P)-241]° (Figure
31a)?* They showed that the viologen-type electroactivié embedded directly in the helical scaffold of
241 was responsible for the strong chiroptical turam@64 nm. This process is associated with a marked
sign-reversal of Cotton effect ranging between= +35 Mcm™ for [(P)-241]** andAe = -100 M'cm™
for [(P)-241]°. This helically chiral system displays the moseirse chiroptical switch response observed
in helicenoids up to now. Furthermore, it was passiby gradual ramping of potentials between the
three species f)-241]%*, [(P)-241"* and [P)-241]°to perform a three-states modification of UV-viglan
ECD response as depicted at 282 nm in Figure 3bblly; reading out the system at 550 nm led to an
ON/OFF switching of the ECD signal.

The post-functionalization of [5] and [6]Helquatasvshown feasible through Knoevenagel reactions
at methyl groups placed at diverse positions theisling a class of Helquat dyes with intense colauul
NLO activity?** such as (-)-1)-244[OTf] . on Scheme 59 obtained from (-M)-243[OTf], prepared
in enantiopure form by diastereomeric crystalliaatof its dibenzoyltartrate saft¥’ These compounds
display interesting chiroptical activity. Indeed,2015, the same group described Helquat dyesdgsh
enantiopure helicene-like cationic styryl dyesdrich their remarkable chiroptical properties wdte
to a combination of a cationic hemicyanine chronayphand a helicene-like moti245ab in Figure
31c)?* The magnitude of the ECD response and the pH biniicalong with their positioning in the
visible region was unprecedented among helicen@iigure 31c). Since then several other examples
have been described (for a review e

98



Scheme 59Post-functionalization of [6]Helqual)-[243[OTf] » to [6]Helquat dyeN1)-[244[OTf] ,.2%*

pyrrolidine
20Tf MeOH
[(M)-243][OTf], ft, 60 min [(M)-244][OTT],
53 %
a) 282 nm
+ e’
- ENRR
U U u \.J
0 200 400 600 800 1000 1200 1400
!l sec
17 ¢ ! ! ! ' '-
c) [} ]
(Pr()- s ‘
[245a][OTT], Ny et O ="
oo} 77 SN o 13F ]
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& {l sec
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Figure 31.a) Three redox states oP)¢241]. b) Redox-triggered ECD and UV-vis response Bj{241].
c) Acid-base triggered Helquat syster845ab][OTf]» featuring a cyanine motif. Adapted from refs.
and?®. Copyrights 2014 and 2015, American Chemical Spciad Royal Society of Chemistry.

As I M'em”
Ael Mem

Induction of optical activity from a chiral Helquab achiral solvents was observed by ROA
spectroscopy. Indeed, it was observed that [6]H&lglye enantiomers 0R44[OTf], (see Scheme 59)
induced exceptionally large Raman optical actifROA) in nitrile solvents (Figure 32). This surpnig
effect was partially attributed to the enhancenwriRaman scattering, due to a near resonance betwee
the green 532 nm excitation laser light and SO{8dt®nic transition of the Helquat d§& This effect
may give valuable insight into intermolecular igtetrons including the structure of solvation spkere

99



s Jpe—HCN, 87 cm’ HCN, 2099 cm’”

\ HQ, 1182¢em”  HQ, 1-15'“'"1'
) - \“-—m——— -w‘,mn.vv \)
- \ ~ . ] | |
—_— a HQ, 1303 ¢cm i
= Ve ACN,92¢cm )
= ' \ A HQ, 1579 ¢cm ACN, 2256 cm :
-T 1 ‘;_ - ACN, 381 cm l

R
o
1

| \\w—-" J \ WN‘“‘YM,‘:WAN:VNW;‘%*
_ \ ACN-d3, 2265 cm’”
! = ACN-d3, 83 cm l HQ, 1579 ¢cm RS \(‘. -
| '5'-, o+—ACN-d3, 350 em”’ . .
[ i WWWW‘%{WJ‘*WWM, ;m*”"

norm. (1

1 i

ACN-d3, 2118 cm'— |

] . 1 b 1 . 1
500 1000 1500 2000
v em” ]
Figure 32. Experimental ROA spectra of [6]Helquat dy&4][OTf] » solutions in three nitrile solvents
HCN, acetonitrile (ACN), and acetonitrile-ACN-ds). HQ =[244[OTf], Black and red curves
correspond to solutions of the)¢ and M)-244, respectively. The strongest ROA peaks2#4[OTf] ,
and each solvent are indicated by arrows. Repratifioen ref.>%, Copyright 2016, Royal Society of
Chemistry.

The existence of a thermal racemization pathwaylibcating the right-handed?) helix with the left-
handed 1) helix is an important feature of helicenes [$&and references therein]. The helix inversion
of a [6]helicene typically proceedsa an achiralCs-symmetric saddle-shaped transition state (seedigu
8). In 2011, the group of Teply reported the sysiestructure, and dynamic properties of a [6]Hatg
a dicationic [6]helicene congener captured on #Heemization pathway in its saddle-shaped geometry
(Scheme 603%" Resolution of this chiral saddle-shaped specied #s highly stereocontrolled
transformation into enantiopure [6]Helquat was destated. Indeed, the triyn24g[TfO] » led to the
formation of an isolable saddle-shaped speci&&][TfO], along with the formation of [6]Helquat
[248[TfO] , featuring the typical helical shape, in respectivkeproportion and under kinetic control. The
solubilities of the diastereomeric sal4[][TfO], and R4g[TfO], were different enough in THF to
separate the two stereoisomers. Notably, the sathdped specie47[TfO], was sufficiently long-
lived to be studied experimentally. Upon heating DMSO-¢s at 100 °C saddlequa47[TfO]»
gradually and completely converted to Helqua{[TfO]. (Scheme 60) with an activation free energy
valueAG” of 28.7 kcal mat. This process was followed by NMR but also by E€H@ctroscopy. Indeed,
the pure enantiomer @47 could be obtained similarly 41%*, i.e. through preferential crystallization
of its diastereomericR|R)-dibenzoyltartrate salts, thus yielding after anigesin exchange to pure
stereoisomer (+)-f,R.)-247[TfO], as ascertained by X-ray crystallography. Then lewating this
enantiopure sample of saddlequat (§;R.)-247] ditriflate at 100 °C in DMSO+] they were able to
confirm that the saddle-shaped species can befaramesd into enantiopure (-)-[6]Helqua24g[TfO] »
with no loss of chirality (Scheme 61). Furthermoiieis method appeared to be the only method to
prepare enantiopure sample2dB**. Finally, a high stereocontrol of the chiral infation transfer was
observed for the enantiopure helix (HR248[TfO],, as established by X-ray crystallography and
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optical rotation measurements. The racemizationcge® of P48[OTf], was then examined
experimentally and the activation free energy vatubeAG” = 36.7 kcal mot and a racemization half-
life t;,=4.8 h at 180 °C.

Scheme 60Racemization of [6]Helquatia an isolable saddle-shaped intermediate. Syntloésgaddle-
shaped species247[TfO], as the major product from triyne246|[TfO],. X-ray structures of
[6]saddlequat and [6]Helquat (obtained as one siswener, H have been omitted for clarity). Adapted
from ref.?*”. Copyright 2011, Royal Society of Chemistry.

[6]saddlequat

[Rh(PPh3)3CI]
(5 mol%)

DMF

30 min, 105 °C
(Sa Ra)+(R.,S,) (P)y+(M)
[246][OTf], [(rac)-247][OTf], [(rac)-248][OTf],
[B]saddlequat [B]helquat
64% 16%

Scheme 61ECD spectra recorded in the course of the sterémilmd transformation (+)&.,Re-
247)[TfO] », — (-)-[(P)-248[TfO], in DMSO at 100 °C. Reproduced with permission frei?3’.
Copyright 2011, Royal Society of Chemistry.
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Although the helix conformer is generally energalticpreferred in the free dications denoted¥1gs

well as the neutral salts [HQ2X], Teply, Schroder, and coworkers demonstrated,different

technigues in the condensed phase in conjunctidh wiass spectrometric measurements in the gas
phase, and with the help of theoretical calculajdhat for many counterions ¥ the singly charged

binary ion pairs, the saddle conformations den{®gf*-X] was significantly preferred over [HQX].
Indeed, systen249 appeared to adopt different forms, helical or s&tlke, depending on its electronic
state and on the counterion utiliZ8d The reason for this inversion of stability of ttliecationicvs. the
mono-cationic system is explained by the fact thatsaddle conformer has a central binding podket,
which the anion can interact with both pyridiniumnters, whereas the more compact helix conformer
permits the anion to approach only a single catiarenter efficiently. Thus, this corresponds to a
counterion-induced inversion of conformer stabi(gge Figure 33).

Note that in a similar way, a [7]Saddlequat wasppred, which upon UV light yielded a
[8]circulenoid structure, resulting from a [6+6]qibcycloaddition of the terminal rings which clegbe
system. Upon heating, the circulenoid structure nepdack to [7]saddlequat mixed with the
corresponding [7]Helquat. However, these structurere studied only in racemic forrfis.Furthermore,
in 2014, Teplyet al. developed a modular synthesis of helickke compounds with a central
imidazolium motif based on double [2+2+2] cycloaitdi reactions’® The two enantiomers were
analyzed by chiral electrophoresis but the puregm@ers could not be obtained yet.

SQ?-D free dications

Ha?* 2 |
-
\\
‘\"* neutral salt
2%, \ - C
HQ™XT | X =)
[249 . 2X] —> helical shape I.‘. \ x’: ’ X
. \ ;
[249 . X = saddle-like shape 802X D N_sQ?-2x]

\ Ha?*2x]
N

Figure 33.Sketch of the free dications with the helical faf#@*" being more stable (blue) than the
saddle conformer SO(red) and of the binary ion pairs with a counter}6, where the closer approach
of the anion into the pocket of the saddle form leadl to an inversion of thermochemical stabilay f
certain anions as indicated by the change in céldapted from ref*® Copyright 2012, Wiley.

ion pairs

Kasickaet al?® investigated the non-covalent molecular interantibetween Helquats, and several

chiral acidic aromatic drugs (including warfarin,buprofen, mandelic acid, etodolac,
binaphthylphosphate) by using the partial-fillinffiraty capillary electrophoresis (PF-ACE) techneyu
For example, enantioselective interaction was ofesefor R) and §)-enantiomers of 1,1'-binaphthyl-
2,2"-diyl hydrogenphosphate (BNRY with [7]Helquat [P)-250% (Figure 34) in favor of theSj: 394 +
77vs. 870 + 138 L mot. For mandelic acitk6, the recognition was below 50 L rifolOverall, among
the tested compounds, only isomers of those exingpiielical chirality and/or possessing conjugated
aromatic systemaere enantioselectively separated through theemdintial interactions with helquats.
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o B 7

[(P)-2501%*
Figure 34.Molecular systems studied for enantloselectlvegeumn of [(P)-250/%*.2%°

Note that many helical N-heteroaromatic dicatiofts, [6] and [7]Helquats were analytically
separated by CE in an acidic sodium/phosphate bagkd electrolyte (pH 2.4) and with addition of
randomly sulfatedx-, 3- andy-cyclodextrins. At least one of the chiral selestaras found to provide
baseline separation for 22 out of 24 Helquats aartigh separation for the remaining two. Individyal
the sulfatedy-cyclodextrin turned out to separate 79% of theqhals, followed by the3- and a-
congeners with 54 and 42% of the resolved compquesdpectively*! It was found that the migration
order of the M)- and P)-helices was variable and dependent on the Helgwatture and the chiral
selector. In another study by Teply, Willnet,al. studied the enantioselective recognition R (or (-
binaphthol phenylboronic acid ester ligands (Fig8E by [7]Helquat 25¢°* through donor-acceptor
complexes where the Helquat acts as an electragptmc By following the quenching of fluorescence,
the R)/(P) or (S/(M) complexes (in either 1:2 or 2:3 ratios dependingconcentration) appeared more
stable associatiorf8> Au nanoparticles (NPs) were then functionalizedhw@®) or (S binaphthol
phenylboronic ester ligands through an amide lisée(Figure 35) and preferreR)/(P) and §/(M)
associations were reflected in the aggregatiors raft¢he Au-Nps, as evidenced by the UV-vis absomnpt
decrease which was faster for the more favoredcesgsm. This is a nice example of a Helquat-indluce
chiroselective aggregation of Au Nps. Note thatudar dichroic plasmonic signal was observed irs¢he
chiral nanoparticles. Selective recognition prapertof chiral ligand-functionalized Au NPs may be
implemented in the future for the selective tamgetio chiral biological microenvironments. Notettha
interesting solid-to-solid phase transition in dideme or a helicene-like compound was observed in
single crystals of enantiopur@E[Q[OTf] 243
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Figure 35. Schematic chiroselective helguat-induced aggregatf chiral binaphthol boronic ester-
capped Au NPs using donor—acceptor interactionsT ({[Be-dependent UV-vis absorption spectra upon
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the aggregation of th&}-modified Au NPs in the presence oP[{250>*. (C) Time-dependent
absorbance changesiat 537 nm upon (a) aggregation of the (S)- modifded\Ps in the presence of
[(P)-2501** and (b) aggregation of th&){modified Au NPs in the presence df-250>". (D) Time-
dependent absorbance changds=ab37 nm upon (a) aggregation of th®-(modified Au NPs in the
presence of {1)-250%* and (b) aggregation of th&)(modified Au NPs in the presence dP}{250%". In
all systems, the Au NPs (4.5 + x8.0° M) were interacted in triple distilled water (TDWjth the
respective dicationic helquats ¥2L0* M). Panels C,D: data in red color correspond foegixnents with
[(P)-251]%*. Data in black color correspond to experiment§\iit1)-250%*. Reproduced from ref*2
Copyright 2012, American Chemical Society.

4.1.7.1.2. Other azoniahelicenes

Sato and Arai developed the synthesis of sevemiiaf]helicenes among which the ones in Figure
§44,245,246,247

34. These helicenes were only obtained as raceomtpound except25l1a which was

resolved by chiral HPLC as described in Tablé21.

HaHo

~

(rac)-251a (rac)-251b (rac)-251¢c (rac)-251d
Figure 36. Azonia[6]helicenes prepared by Sato, Asikal

Note that the R)- and (M)-3-azonia[6]helicenyB-cyclodextrins253 were obtained by reaction @62
with (P)- or (M)-41a (Scheme 62j*® Performing complexation studies by fluorescenaspscopy in
aqueous media, it was shown that this system gisgld/D selectivities of up to 12.4 an@)((M)
preferences of up to 28.2 upon complexation witdemivatized proteinogenic amino-acids in aqueous
solution at pH 7.3. Note that racemic chemical regensors recognizing explosivédjons?**#*have
been developed. Furthermore, a racemic N-methylared5]helicene35a derivative) was studied as
DNA intercalators by using UV-vis, ECD and emissapectroscopies?

Scheme 62Azonia cyclodextrine system for recognition of amiacids. Reproduced from réf®
Copyright 2016, American Chemical Society.

(M)-4122 §®©
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In 2017, Teply and Fuchter took advantage of thenedization process ofN-methyl-1-
azonia[6]helicene [1)-254" to perform an intense chiroptical switch.Indeed, a one-electron reduction
of two [(M)-254" yielded radical [{1)-254" which fastly dimerized to bis-helicenic systeri[i)-255.

In its turn, the latter was bis-oxidized tav[(M)-255%* which spontaneously dissociated back d)(
254" (Scheme 63a). Following the ECD responses at fifferent wavelengthsi.e. 267 and 292 nm,
upon successive reduction and oxidation stepsaledehe reversible tuning of the chiroptical atyiv
with very strong differences in the ECD read-ognsis (Scheme 63b). Note that the two reduction and
oxidation steps occurred at very different potdstithus giving a large potential range of bisti&pilvere

the state of the molecule and its correspondingpplical read-out is solely determined by the prasi
redox history.

Scheme 63a) Reversible cycle of reduction-dimerization-@tidn-dissociation oN-methyl-1-
azonia[6]helicene 1)-254" and b) reversible ECD switching signal at two eliént wavelengths.
Adapted from ref>>3 Copyright 2017, Royal Society of Chemistry.
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Table 21.Specific rotation values of enantioenriched Hetgua

Compound Method of obtention dl,° Conditiond Enantio/diastereo- Ref.
(solvent / Con€) purity
[(P)-241][OTf] , Diastereomeric +290.6 MeOH/0.224 >989% 2
crystallizatior H,0/0.224 or
or Preferential +298.4 20
crystallization
[(M)-242][Br] , Dutch resolutioh -478.0 MeOH/0.201 >08%e =l
[(M)-247][TfO] , Diastereomeric -633.0 DMS0/0.263 98%¢ =
crystallizatior
[(M)-244[TfO] , From -3063.0 MeOH/3.6x 10* 98%eé =
[(M)-243[TfO] »
[(S,R.)-247|[TfO] , Diastereomeric +213.9 MeOH/0.129 >99%ed =
crystallization
(A1)
[(P)-24€][TfO] , From [G,Ry)- -35.3 MeOH/0.232 >99%¢& 7
247|[TfO] ,
[(P)-25Q][TfO] » Preferential +572.7 MeOH/0.271 99.8%eé zz
crystallizatior
(P)-251¢ Chiral HPLC +2700+100 ACN/0.0057 >99Ge! o7

21n deg-mL-g-dm . ° Temperature between 20-25 “Gn g/100 mL otherwise preciset.
Crystallization of dibenzoyltartrate salf<hiral electrophoresis with a sulfatBeor y-cyclodextrin
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chiral selector’ crystallization with a mixture of tartrate deriiets.® Daicel Chiralpak OD-R, aqueous
0.1 M KPFRy/acetonitrile, 50/50.

4.1.7.2. Carbocationic azahelicenes

Cationic helicenes bearing a carbocation in thérakpart of the helical core have been extensively
developed by the group of J. Lacour. Due to thetfaat some key compounds can be readily obtaimed i
enantiomerically forms and in large scale, and kbato the good solubility in aqueous media, these
charged helicenes have recently received greantattein the fields of chirality, physical organic
chemistry, optoelectronics and biology.

4.1.7.2.1 Synthesis of configurationally stable daocationic aza[4]helicenes

Helical derivatives of aza- and oxa-trianguleniuait,dearing nitrogen and oxygen atoms within the
helix and a central carbocation, present pecuh@ntcal reactivity and photophysical properties rayvi
to the very high stability of the inner carbocatiomder basic conditions (for a review s&&}. The first
isolation and complete characterization of suckcaelum derivative was obtained by Laursen, Laedur
al. in 2003, following the synthesis of trimethyl azatriangulenium salt2pg[BF,4] through three
consecutivertho SyAr reactions oriris(2,6-dimethoxyphenyl)-methylium cati@®56" (Scheme 645>

Scheme 64Synthesis of trimethyl triazatriangulenium s@5§[BF 4] through three consecutiwetho
SVAr reactions on carbenium salkgg[BF4]. Chemical structure of 1,12-dimethylbenzo[c]phahaene
259, archetype of carbo[4]helicene derivatives?*®

N‘Me

BF, Me™ ‘Me

I\(Ie

NMP N
reflux, 10 hr Me”

59%
[256][BF 4] [257][BF ] [258][BF 4] 259

During the course of this reaction, intermedi&®&7[BF 4] was formed before the thirdy&r reaction.
This intermediate can be viewed as a [4](heter@b&elum derivative. By adjusting the reaction
conditions (temperature = 110 °C and reaction tohet5 min.), the authors were able to isolate
bisaza[4]helicenium sal2p7][BF4] as the major product in good yields (85%, SchéBie As in the case
of 1,12-dimethylbenzajphenanthrene2b7][BF 4], the steric repulsion between the methoxy sulmesits
in positions 1 and 13 forces the molecule to adoptisted conformation typical of helicene derivas,
which was confirmed by X-ray diffraction analysiEracemic the tetraphenylborate salt 86Q|[BF,].

To further explore the configurational stability §260°, resolution of the chiral cations through

diastereomeric salt formation was attempted usimgngopure anion. The authors used chiral
hexacoordinated phosphorus-centeref} @nd ¢1)-BINPHAT anion and succeeded in isolating the
corresponding diastereomers by solubility diffees@nd preparative achiral column chromatography
(Scheme 65).
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Scheme 65Resolution of (+)- and (60" through the formation of diastereomeric salt wif)- and
(N)-BINPHAT anion, respectively. Chemical transformatiof [4]helicenium260” to neutral261 for

racemization studies. Experimental (blue) VCD spawt of (-)-[26([PFs] and theoretical rotational
strength (red), asterisks denote regions of soledsbrption Adapted from ref2*. Copyright 2003,

Wiley.
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The authors characterized each enantiomer by VQDaasignedR) and (M) configuration for (+)-
and (-)-R6Q[PFe¢] salts, respectively, by comparing experimentathwtalculated VCD signatures
(Scheme 65). Determination of the interconversiarrier could not be performed on the enantiomdr sal
due to the presence of the cation which providense absorption in the visible region, ruling optical
rotations measurements and elution difficultiesamailable chiral stationary phase at that time.aAs
consequence, the authors performed chemical addificeactive CNCH carbanion to isolate neutral
[4]helicene speciesM)- and P)-261, which occurred with retention of absolute helicahfiguration
(Scheme 65). Remarkably, racemization of thesetemaars measured by chiral HPLC occurs at very
high temperature, with a free energy of activatéd1.3 kcal mof and a half-life of 182.7 h at 200 °C,
which makes these [4]helicene derivatives morelstidtan the carbo[6]helicene par@nt

Soon after, Lacouet al. reported a more efficient resolution of [4]azatetium salts based on the
specific chemical reactivity of the central carttma®’ They developed an unprecedented Pummerer-
like reaction where Z6(][BF4] acts as a better electrofugal group thahdde to its high chemical
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stability. They firstly treated260[BF 4] with (R)-(+)-Methyl-p-tolylsulfoxide 262 to form neutral R,M)-
263aand R P)-263b diastereomers, which were efficiently separategr @chiral silica chromatography
column (Scheme 66). They next investigated the Pemanreaction on these derivatives using simple
HPF treatment in acetone at room temperature, whickulted in immediate formation of
enantiomerically pure M)-260[PFs] and [P)-26([PFs] salts. ECD spectrum of Bj-26Q[PFg] is
depicted in Scheme 66 and shows active positivenagative transitions at 280445 M'cm™), 300
(Ae~-20 M'ecm™), 360 nm fe~-20 M'cm?) and 460 nm&e~-20 Mcm™).

This non classical Pummerer bond fragmentation ax@sin was further investigated to rationalize the
proposed rearrangement pathway (Scheme 66), whashfaund to be directly related to the high stapili
of the helical carbocatio® However, the efficiency of this strategy appea®de dependent on the
nitrogen substituents, especially whdimethyl side chain(s) are used, resulting in pdastéreomeric
separation of the corresponding sulfoxide deriestivon silica get>® While the two chemical
diastereomeric resolution approaches mentioned ealadforded very high level of enantiopurity for
[4]helicenium derivatives with high quantities adrbocationic helicenes (thus enabling reactivitd an
property studies), a direct and precise deternonaif enantiomeric purity by chiral chromatograptgs
still problematic due to their ionic nature. In ZQQacouret al. circumvented this issue and reported the
separation of J{1)-260" and [P)-260" salts using chiral stationary phases based ormreitllulose
derivative-based HPLC (Chiralcel OD-RH) or Teicaoptaaglycon immobilized on silica gel (Chirobiotic
TAG) with water-based eluents containing KRE additive®

Scheme 66Chemical Resolution of (+)- and (290[BF,4] via non classical Pummerer fragmentation of
diastereomerdRM)-263aand R P)-263b. ECD spectra of [)-26([PFs] in ACN/H,O (red line) and in
EtOH/H;0 (blue dotted line) with KRA30 mM) in both mixture of solvent. Adapted froefs.*” and

260 Copyrights 2005 and 2007, Wiley.
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In order to extend the structural diversity of [dljoenium derivatives, the same research gsiapged
to investigate other heteroatoms than nitrogen ¢orethe {Ar substitutions reactions. The synthesis of
sulfur-bridged [4]helicenium compound was repoiite@010 in its racemic forrft! In the same year, the
synthesis of cationic chromenoxanthene [4]helioems reported (an oxygenated analogu@@d’, see
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Scheme 67) along with its chiral HPLC resolutiord aonfigurational stability®® Starting from the
carbenium salt of Z56[BF 4], 1,13-dimethoxychromenoxanthenium s®#6%[BF4] was obtained in 5
steps, in a more tedious way in comparison withiddkalicenium derivatives.

Scheme 67Synthesis of 1,13-dimethoxychromenoxanthenium2&8t and corresponding UV-vis and
ECD spectra, recorded in ACN solutioR){265' is in blue andN1)-265' in red). Adapted from ref®2
Copyright 2010, American Chemical Society.
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Indeed, oxa[4]heliceniur@65 appeared to be much prone to ring closure to toioratriangulenium
266" than its aza analogu60’, rendering its isolation and study quite difficuNloreover, since
compound265” and266" were difficult to obtain in their pure forms, thethors had to proceed in two
steps,via the formation of neutral addu267 to finally obtain sal265 in its racemic form. Resolution
was also performed on neutral race@d using Chiralpak IB stationary phase using orgaaleents for
practical reasons, followed by chemical oxidationatfford corresponding enantiomers (+)- and (-)-
[269][1 3]. Racemization barrier was monitored by ECD arsliited in low activation barrier of 27.7 kcal
mol™, much lower than foR60" owing to the degree of flexibility brought by theepence of the two
oxygen on the helical core. ECD spectra revealifsignt differences between oxa[4]helicenil#fs
and aza[4]heliceniur@60’, with almost no absorption and active ECD traosii after 300 nm forP)-
and (M)-265" in comparison with B)- and M)-260" (Scheme 67). In 2013, Laursen al. reported
another approach to obtain similar racemic oxabeliom derivatives using hydrobromic or sulfuricdaci
as reacting agent&® Following this work, the same group reported foe first time the synthesis of
azaoxa[4]helicenium, which includes both oxygen atogen atoms as structural bridg&sThey
obtained racemitN-Alkyl-1,13-dimethoxychromenoacridinium salts bystepwise ring closure strategy,
using firstly primary amine derivatives and thenfigic acid to form the desired helicenium salt.dn
complementary study, Lacouet al. reported soon after a second synthetic approaclobtain
azaoxa[4]helicenium2Bg[BF 4] and performed their resolution using chiral HP(SEheme 683%°
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Scheme 68Convergent synthetic pathway of azaoxa[4]helicensalt. Experimental VCD spectra of
[(P)-268[BF 4], (red) and [M)-268[BF 4] (blue) with R = propyl, and calculated VCD speatr of (P)-
268". Adapted from ref®. Copyright 2014, American Chemical Society.
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The convergent synthetic pathway involved xanthengalt [()-264[BF4 as a common precursor,
which was obtained following conditions describeg Blartin and Smitf*® Treatment of this
intermediate with primary alkyl amine afforded a xtare of [4]helicenium 268[BF4 and
azadioxatriangulenium2p9[BF,], which were readily separated through a chemo steceoselective
reduction of the former with NaBJEN. In a final step, reoxidation of compourZ’0 under
photochemical conditions affordedV}-268[BF4]. Resolution of these new [4]helicenium derivasive
were performed on neutral derivativeg0 rather than on the cationic speck88 for practical reasons
using Chirapak IC column. Here again, VCD specwpgdielped to establish the absolute configuration
of helicene®68" with a good agreement between the experimentreeatdtical spectra (green spectrum,
Scheme 68). Interestingly, the chiroptical promasrtiof these azaoxa[4]helicenium derivatives are
relatively similar as aza[4]heliceniur@60’, highlighting the important role of the nitrogernor.
Racemization barrier was measured using ECD mamgan DMSO solutions. A value of 33.3 kcal mol
! was determined for the racemization barrier at43®&ing between the ones for the di@&®' and the
diox0-265', highlighting again the degree of flexibility bight by the presence of the oxygen atom.

4.1.7.2.2. Reactivity of configurationally stable@rbocationic aza[4]helicenes

The high stability of the carbocation within thdiba& framework and its particular reactivity towdar
nucleophiles such as hydride and organometalligeneis for these [4]helicenium compounds enables a
number of interesting reactivity aspects to ings®. Among them, the stereoselective control of
nucleophile addition by a helical stereocenter appe particularly interesting for studying
diastereoselective reactions. In 2011, Lacetiral. addressed this question with diaza[4]helicenium
compound functionalized with two different substitts on the nitrogen atoms (Scheme %69).
Enantiomers of compound§27[BF,] were submitted to different nucleophiles agemtgd(ide, alkyl
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and alkynyl) which afforded diastereome&3 in excellent yields with a high diastereomeridagt
98:2) for derivatives having nitrogen substitueatsdifferent sizes. X-ray structures of the obtdine
diastereomers revealed that the cationic carboptadosp hybridization upon nucleophile addition with
one nitrogen atom becoming pyramidal while the otteeping its sphybridization. This geometrical
distinction probably results from the facial seiety of the nucleophilic attack, which favors on&in
facial approach towards the increase of the distdetween the 1 and 13 methoxy substituents, negult
in forcing the more flexible nitrogen atom to suppthe new geometrical constraint. The authors
concluded that the helical framework may efficigrdbntrol the stereoselective addition of nucletgshi
when surrounding electrophile center, which renderapound 272[BF,] potentially interesting phase-
transfer catalysts due to their ionic nature. Basedhe reactivity of the central carbocation ofrah
[4]helicenium derivatives used for purification,soéution or reactivity reasons, the same authors
expended this approach with the development oftfomnalization through an umpolung straté§yThey
investigated the electrophilic functionalization méutral adduct®74, resulting from the reduction of
cationic salt272" (Scheme 69). Deprotonation of racen#iz4 by n-BulLi afforded the carbanion
intermediate which was subjected to different etgattiles such as thioamide, acid chlorides or antgd
reagents to obtain produc®¥5 This protocol was also tested with enantiopl?e(§)-274 to yield
benzyl isothiocyanatd}-(+)-275' as a single enantiomer with complete retentiocooffiguration.

Scheme 69Synthesis of unsymmetrical diaza[4]helicenium aall diastereoselective addition of

nucleophiles reagents, leading to umpolung strategfunctionalization of cationic [4]helicenium
§.67,268

compound
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4.1.7.2.3. Synthesis of carbocationic aza[6]helice

In 2013, Lacouret al. reported the synthesis of cationic [6]helicenenasv members of chiral
helicenium compound$® Using a modular synthetic pathway, the authorsewable to obtain
heterohelicene[f§[BF4]-[280[BF4] on a multigram scale, the latter being resolveidg Q)- and (\)-
BINPHAT anions in a similar way as for sa®g([BF4] (Schemes 65 and 70). The key intermediate of
diaza-, azaoxo- and dioxa-[6]helicene was the [&Al7][BF4Jobtained in 5 steps from 2-methoxy-1-
naphthaldehyd276.

111



Scheme 70Top: Modular synthesis of diaza-, azaoxo- and @if{helicenium compounds. Resolution
and examples of regio functionalization on diazagtitenium R8([BF,] with electrophile and
nucleophile reagents. Bottom: ECD and VCD spedt{&p[28([PFs] (blue for ECD and red for VCD)
and M)-[280[PFs] green for ECD and blue for VCD), with Rr=propyl. Adapted from ref*®.
Copyright 2013, Wiley.
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Interestingly, the presence of naphthalene sulestituallows regioselective functionalization of the
helicene for compoun®BQ[BF4] core depending on the nature of the reagent.tilgilic aromatic
substitutions exclusively occur at the 8,10 posgigexample of bromination28[BF4] on Scheme 70)
while nucleophilic aromatic substitutions only e t5,13 positions (example of cyanatid2B8][BF4] on
Scheme 70). These selective reactivities were esgldahrough the introduction of various donor
acceptors units in order to modulate the resujingtophysical and chiroptical propertiesde infra). X-
ray analysis of diaza derivatives reveals an exgokhelical conformation with a larger helical pitahd
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dihedral angle than the classical carbo[6]heliceaspectively 3.31 A and 64.5 ° vs. 3.22 A and 58.5
The absolute configuration @B0" enantiomers were established using VCD and a riaeéion barrier

of more than 37 kcal mdlwas obtained in DMSO. Enhancing theonjugated helical pathway strongly
increases the chiroptical properties of these dali@enium family. For instance, ECD spectra280’
displays more intense ECD transitions at 360 Am-{20 M'cm?) and also 420 nmAg~-20 M'cm?)
than for aza[4]heliceniun260’. Interestingly, the lowest ECD band recorded &@ #én for P)-260"
shows a remarkable red-shift to 610 nm280". In 2016, the same authors reported a chiral HPLC
resolution of these cationic or corresponding radufthrough hydride reduction) [6]helicenes on
Chiralpak IA CSP using water-containing eluents esther Chiracel OD-1 or Chiralpak ID CSP,
respectively’’® Interestingly, both species were also resolvedemently developed LARIHC columns,
based on cyclofructan phases. Measurements ofrd@@mization barrier also showed that the presence
of the oxygen decreases the configurational stglafithe corresponding chiral compounds.

4.1.7.2.4. Emission properties of carbocationic ahalicenes

Until 2012, Lacouret al. only used ECD and VCD chiroptical spectroscopy dsol either to check
the configurational stability during chemical raantor racemization barrier experiments or to dshb
the absolute configuration>?°2%°2%9n 2012, Lacour, Vauthegt al. used stationary and time-resolved
spectroscopy to study the excited-state propemfeshiral aza[4]helicen@60 cations analogue?
where then-propyl groups on the nitrogen atoms have beeracegl by ethyl-1-ol side chains owing to
their solubility in organic and alcohol solventdi€Be compounds exhibit fluorescence emissionsein th
red to near infrared region with quantum yieldsagetn 0.02-0.20 and lifetimes between 1 and 12 ns,
depending of the solvent. As a result, and duéeartansparency window of biological media in thd r
region, these helical derivatives may be intergstor chiral bioimaging. Following this study, teame
authors investigated different [4] and [6]diazatetium chiral dye83-285", functionalized in an
enantiospecific way by different donor and accegtoups in order to tune their chiroptical propestin
terms of ECD and CPL responses (Figure 23737>%"Interestingly, these helical derivatives present
ECD signatures up to 750 nm with moderate interisithe visible regione ~ 10 M*cmi?), resulting
from partial charge-transfer transitions involvitige nitrogen atoms and central carbocation. Aldel. C
emissions were recorded between 650 and 700 nmmaatheized by ayum of ~10°. These features
represent an unusual spectral range for helicesedoehromophores, especially for fully organic ones
As a result, some of these cationic chiral dyesewesed as pH-triggered ECD and CPL chiroptical
switches when they presented pH-sensitive groun susc carboxylic acid or quinacridif€:?"® For
instance, Lacouet al. reported in 2016 a zwitterionic [4]helicerZ8Q[BF 4] as a reversible pH-triggered
ECD/CPL chiroptical switch (Scheme 71§.
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Figure 37.Chemical structures, UV-vis, and ECD spectra\)f-260" (green), §1)-283" (red), M)-284" (yellow),
and ()-285 (blue) along with CPL spectra 860", 283", and284" with (P) and (M) enantiomers ifblack and
red, respectively. Adapted from réf>. Copyright 2016, Royal Society of Chemistry.

Scheme 71Synthetic route t@86 and287" along with UV-vis and ECD spectra of deprotonatad
protonated of{1)- and P)-286" (green) andNl)- and P)-287" (red), respectively along with CPL spectra
of 287" with (P) and (M) enantiomers in blue and orange, respectivelye (TRL spectra &t86 were not
reported due to the very low emission in basic mne)i Adapted with permission from réf® Copyright
2016, Royal Society of Chemistry.
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4.1.1.6.2.5. Applications of carbocationic azaheboes

In 2006, Lacouret al. reported the use of diaza[4]helicenium moleculeaashiral stopper for the
obtention of inherently chiral pseudorotaxdfeBased on the possibility of nucleophilic additiom the
central carbocation, they functionalized s&@6Q[BF,] by an ammonium species to form a chirally
oriented threa@89 which may be able to discriminate oriented maccte290 (Scheme 72). Although
efficient pseudorotaxane formation occurred, onljow diastereomeric excess resulting from the
interaction between the ring and the topologiceliiraf’® thread291was obtained (<8%de).

Scheme 72Synthesis of chiral stopp2B9and pseudorotaxane formation with oriented th&sdonly
helicenic P) stereochemistry is shown while chiral topologypds specifiedf.”’
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In 2013, Vautheyet al. studied the chiral selectivity in the binding dftljelicenium compounds with
double-stranded DNA’® They measured the binding constant betweenRhar{d (M) enantiomers with
DNA sample using time-resolved fluorescence, flaoemce anisotropy and linear dichroism. They
showed that both helicene monomers and aggregaiEsat with DNA and that the resulting binding
constants are larger in both cases for thB €nantiomer of the cationic dye. Further studies o
bioimaging using racemic and chiral [4] and [6]behium dyes were also reported for specific tangeti
of mitochondria, which possess a central role i@ thgulation of cellular process such as cellular
signaling, homeostasis and apopt881¢® Notably, Babic, Lacour, Allémanet al.described in 2017 the
synthesis of [4]helicene-squalene fluorescent aérigs which form dispersed nanoassemblies in
aqueous media, allowing biomedical applicationgifally insoluble water dyes, along with improgn
therapeutic outcomes, drug stability and bioavéitst?®® Using enantiopure dye did not reveal specific
response and resulting nanoassemblies behave asratemic one. Other applications in
electrochemiluminescence or ion transfer voltamynetere also reported for some [4]- and [6]helicene
cationic dyes but focused only on racemic compogffdg>234

In collaboration with Prof. Naaman, Lacour inveateg aza[4]helicenium derivativ@q([BF4] as
potential organic spin filter owing to the Chirglinduced Spin Selectivity (CISS) effé€t:?®° Using
magnetic conductive probe atomic force microscopZP-AFM) and magnetoresistance measurements
set-ups, the authors showed that spin specificreleconduction is measured on chiral heliceniumdi
with an opposite preferred spin fd?)(and M) enantiomers (Figure 383’ Spin-polarization of about 45-
50% was measured for each enantiomer, represemtirggv opportunity for designing organic spintronic
devices.
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Figure 38. Schematic representation of mCP-AFM measuremeht(@®)- and [(M)-26([BF,].

Reproduced from ref®’. Copyright 2016, Wiley.

Table 22.Specific rotation values and photophysical datar@ntioenriched carbocationic helicenia.

Compound Method of obtention q° Condition§ Enantio/diastereo- Ref.
(wavelength) (solvent/Con¢) purity
[(P)-26C][BF,] From +13900 ACN/5.88x 10 >99 %ed 2o021%
diastereomeric sa (365 nm
[(M)-26C[BF] From -13600, ACN/5.80x 10° >99 %6ed' ™ 22T
diastereomeric sa (365 nm
. +497 88 %ed 262
(P)-267 Chiral HPLC' (589 nm ACN/0.032
+2922 4 >99 %ee 262
(P)-265 From @)-267 ( ACN/8.9x 10
589 nm
. i +7500 4 >99 %Yed 265
(P)-270 Chiral HPLC ( ACN/10
589 nm
0,
[(P)-268[BF ] From P)-270 gg;g?n ACN/10* >99 %ee 265
Diastereoselective not reported 267
(P)-273 reactior N.d. not reported
+1014, 4 >99 %ee 268
(P)-274 From [(P)-260[BF ] (578 nm ACN/4.14% 10
+893 4 >99 %eéd 268
(P)-275 From ()-274 ( ACN/7.4% 10
589 nm
0,
[(P)-280[BF 4] Diastereomeric salts (;6158 f]f?n CH,Cl,/1.2x 10° >92 %e€ 269
0,
[(P)-283[BF]  From [(P)-260[BF ] (ggé?]?ﬁ ACN/6.36x 10° >99 %ee 273
0,
[(P)-284[BF]  From [P)-260[BF ] (gégnorg ACN/5.88 10° >99 %ee 273
0,
[(P)-285[BF]  From [(P)-260[BF ] (,;(;‘562?“ ACN/5.92x 10° >99 %ee 273
0,
[(P)-286[BF]  From [P)-260[BF] (ggg?]?ﬁ NaOH 1M/6.36x 10° >99 %ee 276
0,
- 4 rom [(P)- 4 .36x
P)}-287[BF] F 260][BF (;5’552% HCI 1 M/6.36x 10° >99 %ee 276
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(P)-289 From [(P)-260[BF ] (SESGr?m CH,Cl,/0.05 >99 %ee 277

(P)-291 From (P)-28¢ +560 CH,CI,/3.8x 10° M >99 Y%ee 2
(589 nm

qn deg-mL-g-dm ™. ® Temperature between 20-25 °Cn g/100 mL otherwise precise.NMR of
diastereomers® Chiralpak AD-H, hexané/PrOH.f Chiracel OD-RH, A_CN/IQD. 9 Chirobiotic TAG,
EtOH/H,0. " Chiralpak IB, hexane/THF. Chiralpak IC, hexanePrOH.’ Chiralpak OD-H, hexanke/
PrOH.

4.2. Helicenes grafted with nitrogen

4.2.1. Synthesis and properties of amino-substituehelicenes

Since amino-groups usually appear incompatible Wighclassical oxidative photocyclization process
to prepare amino-substituted carbohelicenes, ottethods have been developed to access this class of
helical molecules. In several cases, a protectadagroup is installed at the early stage of thatlsgsis,
as shown by Stara and Stary in the cas&VoR[R)-204a-gin paragraph 4.1.5.2° and more recently in
the preparation of nonracemic 2-amino[6]helicensvdéves. Indeed,R)-(+)-292b (Figure 39) and its
Boc-protected analogue292a were prepared with 67%ee using enantioselective [2+2+2]
cycloisomerization of an achiral triyne under [N@D),]/(R)-QUINAP catalysis. An ultimate “point-to-
helical” chirality transfer during the cyclizatioof enantiopure triynes mediated by [Ni(G®PPh),]
afforded M)-(-) or (P)-(+)-7,8-bisp-tolyl)hexahelicen-2-amine293b (>99% eg as well as its
benzoderivative294b (>99% ed together with their Boc-protected analogu283@a and 2944.2%® For
other (non-resolved) amino-substituted penta-, hexal hepta-helicenes, see refererf@@§%2%% 292

293,294.
() o~ o
(O O

RoN O . RoN O Q RoN O O
(P)-292a (R = Boc) (M)-293a (R = Boc) (M)-294a (R = Boc)
(P)-292b (R = H) (M)-293b (R = H) (M)-294b (R = H)
67% ee? >99% ee? >99% ee?

Figure 39.Chemical structure of 2-amino-helicenes prepasef®h2+2] cycloisomerization. Ee's
determined by Chiralpak IA columnn-heptane-dichloromethane mixture with 0.1% diethyihe,”
Chiralpak IA column, hexane-chloroform mixtuf&.

Stara and Stary examined the self-assembly at ithevater interface by means of the Langmuir-
Blodgett (LB) technique of aminohelice@83b (racemic and enantiopure) endowed with a hydraphil
amino group (capable of hydrogen bonding to wateleoules) and with a large lipophilic polyaromatic
backbone (prone tai—n stacking/’®® Despite the absence of long alkyl or oligoethyt#peoxy
substituents, réc)-, (M)-(-)-, and P)-(+)-7,8-bisp-tolyl)hexahelicen-2-amine293b were able to form
Langmuir monolayers at the air—water interfaceueat practically identical surface pressuse mean
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molecular area isotherms. The corresponding LangBiodgett films on quartz or silicon substrates
were characterized by AFM microscopy; their UV-EE8D spectra showed no clear difference from the
solution state.

In 2016, Kelloget al. reported the use ofycloisomerization with [PtG] to prepare 5-amino
carbo[6]helicen@97 (Scheme 73) which was separated by chiral HPL@ &hiralcel OD-H columA®™
Several attempts of resolution through crystalicratof diastereomeric salts with different chiraids
failed. The optical rotations were measured on $asrjpat were neither chemically nor enantiomelgcal
pure. Values of -8846 (93% chemical purity and 98&w@and +7429 (83 % chemical purity and 9@
appear high for a [6]helicene derivative. For corgma 2-amino-carbo[6]helicen#§-299in Scheme 74
displays a specific rotation of -3210 (see Tablg®2Finally, the half-life time 1, of racemization at 210
°C was found to be approximately 1 hour. Note tthet authors made many attempts to perform
enantioselective cycloisomerization but with nocass.

Scheme 73Synthesis of 5-amino-carbo[6]helice2®7 by cyloisomerizatioR>>
HNBoc HNBoc

OO [PtCIz] ) HCI
/ toluene 2) NaHCO43
60-96% QO 85%
297

Resolved by chiral HPLC

While very detailed studies have been made foratedicenes on different solid surface® the study
of functionalized helicenes with heteroatoms orap@roups and the substituents' influence on tle se
assembly is relatively new. A few examples arehefathia[11]helicen&’ heptahelicene-2-carboxylic
acid??®%%° 6-13-dicyano[7]helicenevide infrg). In 2013, Ivasenko, Kellog, Lazzaroni, De Feyeérl.
studied the self-assembly of racemic 5-aminoheéic2d7 at liquid/solid interfaces. They applied a
solution of297 in 1,2,4-trichlorobenzene (TCB) onto a Au(11ll)face and found the formation of a
‘three-dot’ p3-P3) pattern (see trimeric assembly on Figure 40aith, partial spontaneous resolution of
(M) and P) domains on the surfad® One year later, Ascolani, Fuhr, Lingenfeldgral. reported the
assembly of j1)-5-amino-helicen97 on Cu(100) and Au(111) under ultra-high vacuum Y)idtudied
by STM. They examined of the interplay of van deadl¢ (vdW) and H bonding NHyroups and their
influence on the chiral footprint of the enantiopwdsorbates on a solid surface. The main differenc
between the two surfaces was found in the origithefmolecule—surface interaction. While the Cgsin
surface interaction dominates in the case of Cy(16é amino—surface interaction is crucial on Au(il
In both cases, the amino group does not inducer potaractionsvia hydrogen bonding but rather
maximizes van der Waals interactions and drivestieassembly®* The self-assembly of enantiopure
(M) and ¢ac)- 297 on Au(111) under UHV conditions was further invgated in 2016 (Figure 40a2¥
The authors observed two rotational domains forimgdows of dimers oriented along the <1-11> Au
crystallographic directions for the enantiopure rashelicene being formed, according to DFT

118



calculations, by flat-lying molecules in which tNél; groups govern the interaction with the surface, (

“N down”), whereas the C6 rings pack closely to maze van der Waals interactions between
neighboring molecules. Regarding the racemic comgpuit showed the emergence of two
enantiomorphous domains which are rotated by @ vaspect to the <1-11> crystallographic directions
and have a double-row structure. This assembly afb rows under UHV appeared remarkably
different from the triangular (p3) structures foumat the Au(111)/1,2,4-trichlorobenzene (TBC)
interface, where the solvent plays an importarg.rii 2017, Fuhr, Ascolani, Lingenfelder and coveosk
found a different organization and chiral expressid racemic 0f297 on Cu(100) as compared to a
Sn/Cu(100) alloy®?

al) a2)

Al% ™) %

s -
L o0 | SRR, ©
€ 12 42 £ 0 6 12 18 24

. y " @
E————
20 16 10 5 0 5 10 15 20 25 30

Figure 40.al) Self-assembly of 5-aminohelice2@7 formed atAu(111)/TCB interface. (A), (B) and (D)
Distribution of tilt angles®) between the sides of helicene trimers and theagtli vectors in p3497)
patterns of M)-, (P)- and (ac)- 297, respectively. (C) STM image of homochiral congérates (p3ls)
and p3-Ps), red and blue, respectively) formed from race8@. Reproduced from ref®. Copyright
2013, Royal Society of Chemistry. a2) (a) STM imagfe(M)-297 on Au(111l) at UHV. (b¢) STM
images of racemi297 on Au(111). (b) Two enantiomorphous domains sdépdray a monoatomic step
of the surface. (c) High-esolution image of the ecalar structure developed by the racemate. Theewhi
parallelogram indicates the unit cell. The squaghlights the presence of a defect (zoomed in tiset).
The gray line indicates the line profile shownhe inset. (d) DFT-based molecular model of themace
structure in (c) that highlights the presencé&/edM andP—P dimers in the A- and B-type molecular-row
model. Different colors indicate different chirglitLight gray for M)-297 and dark gray forR)- 297.
Constant-current STM image simulation of the futiglaxed structure. Reproduced from rét.
Copyright 2016, Wiley.

As shown in Scheme 74, helicene-boron&¥21awas converted to a variety of amino derivatitfes.
2-Amino-carbo[6]helicene M)-299 was prepared bycopper-catalyzed azidation yieldind)-298
followed by H hydrogenation. The secondasybenzyl helicenyl amineM)-300was prepared from\)-
2l1avia conversion to the heliceneic dichloroborane ansitintreatment with benzyl azide. A Chan-Lam
amination yielded the piperidino derivatii)301 Finally, the transformation oM)-21ato an amino
ester derivative302 was carried ouvia a three-component Petasis reaction with glyoxgled and
morpholine, followed by esterification with (trintstsilyl)diazomethane. This condensation produced
two diastereomeric compounds with a modest stergomlodr: 7/3), which were then separated by flash
chromatography.
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Scheme 74Synthesis ofl)-helicenyl derivative298-302from helicene-boronatd/)-21a Reagents
and conditionst) NaN;, CuSQ.5H,0, MeOH, reflux, 19 hrii) H, (1 atm), 10% Pd/C, EtOAc, rt, 21 hr,
75% (2 steps)iji) BCls3, CH,Cly, rt, 3 hr;iv) PhCHN3, CHCly, rt, 17 hr, 68% (two steps)) Cu(OAc),
B(OH)3, piperidine, MeCN, 80 °C, 26 hr, 44%) morpholine, glyoxylic acid monohydrate, 1,1,1,3;3
hexafluoro-2-propanol, 60 °C, 48 wij) (trimethylsilyl)diazomethane in diethyl ether, Fi1eOH, rt,
20 hr, 84% (two steps). The X-ray structureMj-@1ais shown. Adapted from ref’. Copyright 2018,
American Chemical Society.

(-0 QQ
OQ N, 'Q NH,
Q O (M)-298 (M)-299

' NHBn
J b

%

(M)-300 &)

Oy s =
Q Q / (M,R)-302 (major)
O D (M)-21a (40% de)

(M)-301

Recently, Sykora and coworkers demonstrated thatogen-containing substituents such as
benzylamino and cyano groups can be introducedeincally hindered 2-position of carbo[6]helicene
using microwave conditions (Scheme %5)Interestingly, they found thatP)-2-benzylamino-
carbo[6]helicen&00 with 96%eecould be obtained from enantiopure 2-bromo-caralécene P)-303
via a coupling using Buchwald-Hartwig amination coimis at 170 °C under microwave for 2 hours,
while (M)-2-cyano-carbo[6]heliceng04 with only 1%eewas obtained at 160 °C for 1 hr frod)¢303
via Rosemund-von Braun cyanation, under microwave. rasemization process 803 was monitored
and an experimental Gibbs free energy of 36.5 keal' was obtained at 465 K (a value close to
unsubstituted [6]helicene$).Altogether, these data showed that using tempesitower than 160 °C
were needed to safely conduct synthesis on enaméammpounds.

Note that a configurationally stable diamino-sulogtid [4]helicene was prepared by Yamaguathal.
(see paragraph 4.2.2dnd Schemes 76 and 77).

Table 23.Specific rotation values of enantioenriched heleseamino derivatives.

Compound Method of obtention dlo° Conditions Enantiopurity Ref
(solvent/Conc)
(M)-297b Point to helical -2074 CHCY0.114 >99%eé' 28¢
chirality transfer
(M)-294b Enantioselective -931 CHC}0.016 >99%ed 8¢
[2+2+2]
(M)-29¢ From M)-21¢ 3210+ 7%  CH,Cl,/2.85x 10° M o
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(P)- 29¢ From @)-21¢ +2990 £ 7%  CH,CL/3x 10°M o

(M)-30C From M)-21¢ -3260+7%  CH,Cl,/2.3x 10° M o
(M)-301 From M)-21¢ 2600+ 7%  CH,Cl/2x 10°M o
(P)-301 From P)-21¢ +2430 £ 7%  CH,CL/2x 10°M o
(M,R)-302 From M)-21¢ -2490 £ 7%  CH,Cl/3.7x 10 M >97%dée? &
then diastereomeric
separatioh
(M,S-302 From M)-21c 2290 +7%  CH,Cl/1.9x 10° M >97%dé o
then diastereomeric
separatioh
(M)-314 Chiral HPLC -3456 + 6 CHGJ0.0622 >99% ¢’ o1
(P)-314 Ibid +3494 + 4 CHGJ0.0534 >99%e¢ o1

2In deg-mL-g-dm ™. ® Measured at 20-25 °€In g/100 mL.? Chiralpak IA columnp-heptane-
dichloromethane mixture with 0.1% diethylamifi€hiralpak IA column, hexane-chloroform mixtute.
flash chromatography over silica g&tH NMR. " Kromasil Cellucoat columm-heptane/2-propanol
(99.65:0.35).

Scheme 750btention of enantioenriched 2-benzylamiB6Q), 2-cyano-substituted04), phosphine-
borane 805-BH3) hexahelicenes from enantiopure 2-bromoheli@Igunder microwave conditions.
Ees were analyzed by HPLC over a Kromasil Celluaméiimn using-heptane/2-propanol mixturés.

C [Pd(OAG),], BINAP C C
Q O benzylamine Q O [CUCN] (5 eq) Q O
£BuONa, 170°C NMP, 210°C

MW, 2 hr MW, 1 hr
O NHBn O Br O CN
Q 75% Q 79% Q
(P)-300 (M) or (P)-303 (M)-304
(96% ee from (M)-303) (>99% ee) (1% ee from (M)-303)
1) HPPh, 61%

NaOAc, Hermann |
THF, 160°C, MW, 1h
2) BH3.THF, rt

e

(P)-305-BH; O BHs
(96% ee) Qe PPh,

4.2.2. Synthesis and properties of cyano-substitudénelicenes

4.2.2.1. Configurationally stable cyano- and amidoeapped dimethyl[4]helicenes

In 1996, Yamaguchet al. reported the synthesis of configurationally staldlfhelicenes by using
methyl substituents at the inner positions of takxhn order to strongly increase its racemizatoamrier.
They synthetized 1,12-dimethylbengjfhenanthrene-5,8-dicarboxylate from the racemietdine306
previously described by Newma al. (Scheme 76§°%2%*They were able to resolve diad87in gram
scale quantities by forming diastereomeric (-)-gquensalts through repeated recrystallization steps.
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Helical diacid 307 could also be resolved by column chromatography def)-camphorsultam
diastereomeric derivatives.

Having access to these enantiomerically enrichalilibg blocks, the group of Yamaguchi started to
explore many facets of their chemistry and relat@doptical properties, by notably incorporatingitiin
macrocycles and polymeric chiral materigfs3°°*°"3® For instance, they synthetized enantiopure
macrocycle308a 308b, and308cbearing respectively two and three [4]helicendsyriy condensation
reaction between diacidv()-307 and 4,4’-(cyclohexane-1,1-diyl)bis(2,6-dimethylame) (Scheme 76),
obtained as mixture with other oligomers.

Scheme 76. Synthesis and diastereomeric resolution of 1,12ethylbenzo]phenanthrene-5,8-

dicarboxylic acid307 and obtention of chiral macrocycla88ab.***>%°

1) Me3SICN, Znl,,
CeHs, 1, 27 h

1) (-)-quinine B B
2) pyridine, POCl3 recrystallization g S
H reflux, 17 h CHClz/MeOH O ‘
_ and
‘ 3) NaOH, (HOCHy),, ‘ 2)HCI4M O‘ ’O
(¢] O 195°C, 21h HO,C COH HO,C COH HO,C CO.H
7

-307 (29 % -307(30%
M)-30729%) o000 (P1-307(30%)

1) SOC, ‘
‘2’ QO
O ',2 HoN NH
B 4,4'-(cyclohexane-1,1-diyl)
N H O O bis(2,6-dimethylaniline)
UL T o
® "

" LA
(J O ° °
oligomers +  HN._O O NH 4 . . + HN NH
D O H HN
| L

306 58% 30
(over two steps)

o o 1 )

N
“““ O
HN: i i :NH
O O O (M,M)-308a
‘ (M,M,M)-308¢c (M,M)-308b

These chiral macrocycles exhibit interesting foldproperties depending on both the concentration
and the solvent polariff**%°3*3'9nd also show catalytic activity in asymmetricigidd of diethylzinc
to aromatic aldehydes, wittes up to 50%°° Yamaguchiet al.also explored the chemical reactivity of
their chiral platform in order to access to a lavgdety of functionalities such as electron acoephitro
and nitrile groups or electron donors amino andrdwy fragments (Scheme 7% In 2001, they were
able to prepare cyano- and amino-substituted hedge.e. enantiopure 5,8-bis-cyano-1,12-dimethyl-
[4]helicene P)-309 and 5,8-bis-amino-1,12-dimethyl-[4]helicendP)-312  respectively, from
dicarboxylic acid P)-307 in relatively good yields (Scheme 77). They alkovged that P)-309 can be
nitrated at different positions by varying the @t conditions without any racemization (compounds
310a-b Scheme 77). Surprisingly, compoun&3-809 and (P)-310b display negative optical rotations,
while (P)-307 and (P)-310a show positive ones (Table 2#f These functionalized [4]helicenic
compounds were then investigated in chiral recagmithrough charge transfer complexation, or as
intermediates to synthetize enantiopure macrocyshesvn in Scheme 7ve. (P,P,P)-313' obtained
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through a multi-step synthesiBom amino helicene R)-311 and oligomers R,P,P)-313a-c for
investigating their aggregation behaviour underfedént solvent, concentration and temperature
conditions’06:315:316.314,317,:318,319.320 32 ) ey pectedly, R,P,P)-313a and @,P,P)-313b afforded negative

optical rotations, whileK,P,P)-313cshows positive one (Table 24), results that wetediscussed in ref.
314

Scheme 77Enantiospecific synthesis of polynitro, bis-cyama bis-amino substituted 1,12-dimethyl-
carbo[4]helicenes and their implementation intondiopure helical oligomers or macrocycfés.

NH, NH,

0, N02
1) SOClIy, reflux, 7 h - B
O O 2)lia. NHa, -78 *Cto t, 12 hr 1) fuming HNO; 1) Fe, HCI \ O
- .
3) SOCly, reflux, 3 hr then O‘ -45°C, 1 hr O‘ THF/E(OH O
KHCO. 90 °C, 1 hr
HO,C CO,H 3 NC

CN 50 % for (P)-310a CN
(P)-307 83% (P)-309 80 % for (P)-310b (P)-310a: R,=H 97% (P)-311 (from (P)-310a)

310b: R{=NO
(P)- 1=NO2 OH OH \ ‘

O‘ i * *
HoN NH; +BuO ” Ot-Bu |

(P)-312

R =COyn-CyoHyy

C02n

‘ HO
(P)-313a-c (for n = 1-3) Croktar

(P,P,P)-313'

Table 24.Specific rotation values of enantiopure 1,12-dimkf4]helicenes derivatives.

Compound Method of obtention dls° Conditions Enantio- Apbs Ref
(solvent/Conc) purity (nm)
(P)-307 Diastereomeric +313 MeOH/0.690 99% 310, 360 304
crystallizatior{
(M,M)-30¢b From (P)-307 -179 CHC}/0.332 99% 303, 345 309
(M,M,M)-30€c From (P)-307 -147 CHC}0.230 99% 302, 345 309
(P)-309 From (P)-307 -17 THF/0.10 99% 3L
(P)-31(a From (P)-308 +320 DMF/0.14 99% 3L
(P)-31Cb From (P)-30¢ -15 THF/0.10 99% e
(NMR)
(P)-312 From (P)-307 +220 CHC}0.50 99% 3L
(NMR)
(P)-313a From (P)-312 -354 CHC}/0.35 99% 3L
(P)-31%b From (P)-312 -363 THF/0.032 99% 3L
(P)-313c From (P)-312 +1345 THF/0.033 99% 31

2 |n deg-mL-g~-dm’. ®* Temperature 25 °C.In g/100 mL otherwise statel crystallization of quinine
salts in CHGJ/MeOH. © Chiralcel OD.

4.2.2.2. Cyano-substituted hexa- and heptahelicenes

A series of cyano-capped hexahelicenes depictddgure 41 have also been prepared. For racemic
cyano-helicenes see réf?32332432> Engntioenriche®04 was prepared as described on Schemé'75).
Racemic8-cyano-hexahelicen&l4was obtained by Alowt al. by a classical oxidative photocyclization
process as the final step and using as a key iethate an acrylonitrile during the multistep syrsiken
order to install the cyano-group in the helicalkimme (Scheme 78). Its enantiomeric resolution tvas
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achieved by preparative HPLC using a Chiralpak thumn andn-heptane/2-propanol (95:5) as the
mobile phasé®® This compound displays blue emission. Similadhe same group recently synthesized
the 7-cyano-14-methoxy-5-thiahexaheliceMd-@15 using a bromobenzbjnaphtho[2,1-d]thiophene-7-
carbonitrile as a suitable tetracyclic building ddoThe resolution of racemic helicend){315 into its
enantiomers was ensured by HPLC using a Chiralpakolumn andn-hexane/2-propanol/chloroform
(70:10:20) mixture as the mobile phase.

“c “&w
QO " OO QO ep

(M)-304 (M)-314 (M)-315 (rac)-316
N
(M)-317 (M)-318 CcN

Figure 41. Different cyano-subtituted hexa and heptahelicgresatives.

Scheme 78Synthesis of racemic 8-cyano-hexahe|icémé°’26

NS
C “) tBuOK | hv, |2 THF
CN THF, 45°C, 12hr O toluene
93% 321 85% Heck coupling

then
photocycllzatlon

(rac)-314

In 1986, Ben Hassineet al. prepared diastereomeric imine derivativ884a? from racemic
heptahelicene-2-carboxaldehy@23 and R)-a-methyl-benzylamine and separated them by silida ge
column chromatography. Each pure diastereomd®{324d or (M,R)-324& was then transformed into
enantiopure B) and (M)-2-cyano-heptahelicen816 upon reduction with citric acitf® The authors
showed that the enantioenriched 2-cyano[7]helicéb@ mediates the oxidation d-stilbene into the
corresponding epoxide in >99%e (Scheme 79). These pioneering studies on stoictiemreactions
highlighted the undoubtedly high potential of haliauxiliaries in chiral induction processes.
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Scheme 79Preparation of pure enantiomers of 2-cyano-[7{feele316 and its use as chiral inducer in
asymmetric epoxidation afans-stilbene3253?

Ph\?CH3
Neg

H citric
column (P.R)- acid
—_—

CHO
\ (R)-a-methyl- chromato- / 324a'
% benzylamine @ \/ % graphy
ST e (5O

88%

(SiO,,CgHg) citric
1 2 V.R)- acid
(rac)-323 (P,R)-324a' and (M,R)-324a MR- \
32422 ggy, )
H,0, L//
pH = 8 (KHCO5) H,NOC
Ph )31 MeOH o) 2 (M)-316
\— . ) ‘. .
Ph Ph" Ph
325 326

92%, >99% ee

(P)-327

Enantiopure dicyano-helicene derivatives have bé&ssn prepared. Weber and co-workers reported the
synthesis of racemic 2,15-dicyanohexahelic&1§ by a double oxidative photocyclization and its
enantiomeric separation using chiral HPLC overlllose tris(3,5-dimethylphenylcarbamate coluffih.
Crystallization of racemic dinitrile helicene dative 317 from benzene gave orange-red crystals and the
hexagonal space grol}6,22 indicated the occurrence of spontaneous resaluti

In 2011, Diederich and colleagues prepared racesmid enantiopure 6,13-di-cyaifitjHelicene
racemic318 according to Scheme 80 and studied the-asdembly onto Cu(11#° STM and DFT
studies revealed a spontaneous chiral resolutiocegs of racemic helicene on the surface (Figuad. 42
Indeed,318 formed fully segregated domains of pure enantignf2D conglomerate) on Cu(111). The
system was able to optimize intermolecular -@NC(Ar) hydrogen bonding and CNCN dipolar
interactions which gave preferential assembly aihbaohiral molecules. In 2013ung and coworkers
reported the self-assembly d?){(+) and M)-(-)-318 on Cu(111) for which STM images revealed the
formation of mirror-imaged H-bonded chains (Figutgb)3*! Upon annealing for 1 h at 300 K,
coordination with Cu adatoms occurred, thus crgafin-coordinated chains. This corresponds to a rare
case since the direction of helicene chains wasdandependent of the chiralit?) or (M) sense of the
molecular building blocks. However, it was obsertieat locally the symmetry of the H-bonded dimers i
mirrored when the helicene of opposite chiralitpseis used. The tolerance to symmetry was observed
to increase considerably and no spontaneous resolwas observed for such 1D arrangements formed
by Cu coordination, contrary to more common sitraifound on STM of helicene on surfaé®s.

Note that cyano-substituents are good for intratly@harge transfers into helicene derivatives, thus
giving rise to optimized or new chiroptical propest such as two-photon absorption circular
dichroism®* They display also good abilities for liquid phaserdination chemistry*
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Scheme 80Synthesis of bis-cyano-heptaheliceRg-(+) and M)-(-)-318 a)hv (Gadoped higkpressure
Hg lamp), }, propylene oxide, PhMe, rt, 19 hr, 78 b) §S-Whelk-O1 CSP; chBusNF, THF, rt, 1 hr;
d) PCC, CHCI,, molecular sieves 3 A, rt, 1 hr, 86 (two steps); e) 1. #IOH-HCI, pyridine, HO, 1.5
hr, rt; 2. DCC, BN, CuSQ-5H,0, CHCl,, 50°C, 20 hr, 8%%; f) [Pd(PPh)4], K.COs, NnBUOH, PhMe,
60°C, 16 hr, 986. CSP=chiral stationary phase, PCC=pyridinium iddbromate, DCC,
N,N'-dicyclohexyl carbodiimide, TIPS=triisopropylsilyAdapted with permission from réf®°.
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(P)-(+)-318 = N I
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Figure 42.a) Spontaneous resolution of racemic bis-cyanoateicene318 observed by STM on a
Cu(1,1,1) surface. Reproduced from ré&f. Copyright 2011, Wiley. b) Formation of 1D-chainda
transformation to Cu-coordinated chaine observe8Tyl on the same Cu(111) surface from
enantiopureR)-(+) and M)-(-)-318 Reproduced from ret*!. Copyright 2013, American Chemical
Society.
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Table 25.Specific rotation values and photophysical datar@ntioenriched cyanohelicenes.

Compound Method of [a]o exp” Conditiond ee Apbs Aend Ref
obtention (solvent/Conc) (nm) (nm)
(M)-314 Chiral HPLC -3050 CHCI/0.051  >99.5% 260,313,332, 403, 438 32¢
(c 0.051, ed 426
CHCI3),
respectively.
(P)-315 Chiral HPLC +3550 CHCI/0.035  >99.5% 322,356,377,403, 437 321
e€ 427
(P)-316 Chromatographic +6400 CHCI,/0.05 32
diastereomeric
separation
(P)-317 Chiral HPLC +3440 + 400  CHGI0.003 32
(P)-318 From P)-294 +3539 CHC}/0.2 282,316,382 33t
(P)-329 Chiral HPLC +2058 CHCY1 277,337 33

21n deg-mL-g-dm ™. ® Measured at 24-25 °€In fg/lOO mL.? Chiralpak IA,n-heptang/PrOH mixture.
€ Chiralpak 1A,n-hexanei-PrOH /CHC} mixture. ' cellulose-tris(3,5-dimethylphenylcarbamate)
(CDMPC) phas€’ (S,S)-Whelk-O1, hexane.

4.2.3. Pyridyl-substituted carbohelicenes and cyahoetallated helicenes

Coordination chemistry offers a simple way to tdime optical and electronic properties of the
Teligands since both the coordination sphere gegmatrd the nature of the metal-ligand
interaction can be readily modified by varying thetal center. This will produce a great impact
on the properties of the molecule. In 2010, Autsalfit) Crassous, Réaet, al. prepared the first
class of organometallic helicenes incorporating etatfic ion within their helical backbone.
Indeed, inspired by the cyclometalation reactiorploényl-pyridine derivatives, we developed a
short and efficient strategy to prepare cyclométala helicene derivatives, named
metallahelicenes, by artho-metalation reaction of a phenyl-pyridine bearimgextended ortho-
fused polycyclicresystem (Scheme 813%3%°

Scheme 81General synthesis of metallahelicenes by ortholsiéta reaction.

OO cyclometalation OO
~N ~N

| N M = Pt Ir, Os, Ru | N

V =

4.2.3.1. Platinahelicenes

The ortho-metalation reaction of 4-(2-pyridyl)-bengpphenanthrene liganddéla and
332bc using KPtCl, at high temperature yielded tpechloro-bridged complexe333a-ebearing
two C-N chelate ligands, which were then transfamender classical conditionso
acetylacetonato-capped platina[6]helicene compl&8ds-c(Scheme 82§3°33"338Thjs efficient
strategy consisting of adding tvastho-fused rings in the helical backbone enabled tpgme in
half-gram scale the first racemic platina(ll)-[6lflcenes bearing different substituents (OMe, F,
H) and was applied to the preparation of diasteer@mrPt[6]helicene bearing a pinene moiety
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(334d) and a longer Pt-[7]helicen8346. X-ray crystallography of comple334c (see Scheme
83) enabled to identify it as a structural analogbie€arbo[6]helicene with for example similar
helicities. Except for334b, stable, soluble, and neutral compleX@lae were prepared in
enantiopure forms by HPLC separations over chita@ianary phases (see Table 26). Later on,
enantiopure cycloplatinated helicenes bearing foxde ligand, being either a DMS@359 or
an enantiopure methyolyl-sulfoxide @35fg) were prepared by direct cycloplatination of
proligands 334c,f and 11c in refluxing toluene and under basic conditionsaiiopure Pt-
[6]helicene335cwas obtained by chiral HPLC. Enantiomerically alastereomerically pure Pt-
[8]helicene334f was obtained by cycloplatination of 1-pyridyl-[@]Jicene (ac)-332f followed by
preferential crystallization of diastereom#,Rs)-335f over P,Rs)-335f combined with column
chromatography. Similarly, diastereomentRs,Rs)-335gand M,Rs,Rs)-3359g consisting of bis-
platina[6]helicenes were prepared from 1,3-bipyralyphthalenellc (see Scheme 2) and
obtained as pure diastereomers by taking advamégdbieir different solubilities in different
solvents. Finally, by subsequently replacing the @or chiral sulfoxide by an acac ligand,
enantiopure M)-(-) and )-(+) samples 0f334¢f,g were obtained (Scheme 82). A bis-
platina[10]helicene334h was also prepared in racemic form and resolvedHisal HPLC? It
displayed specific rotations of similar magnitudeRi[8]helicene834f (more than +3000 for the
(P) enantiomers, see Table 26).

Scheme 82General synthesis of platinahelicei@@glae by orthoplatination reaction. Different
mono-platinahelicenes prepared using this methgyolp K,PtCL, ethoxyethanol, bO, reflux,
16 hr;ii) pentane-2,4-dione, M@0, ethoxyethanol, reflux, 2 KP:**

128



Scheme 83Synthesis of enantiopure and CPL-active phospherggplatinahelicene®34ag,f. i)
[PtCl(dmso}], toluene, NaCO;s, Ar, reflux, overnight, resolution by chiral HPLET) (Rs,Rs)-[PtCL(p-
tolyl-MeSO)], toluene, NgCO;, Ar, reflux, overnightjii) column chromatography and/or crystallization;
Iv) pentane-2,4-dione, toluene, J84;, Ar, reflux, 2 hr. X-ray crystallographic structésrof335¢f,g,h
and334cf,g,h (one enantiomer is show#f*°

OMe  (rac)-332f 11c

l ii), i)

(P)-334c ° (M)-334f (P)-334g (P)-3§4h

The preparation of platinahelicenes with differsizies enabled us to study and compare their
photophysical (UV-vis and luminescence spectrag, elmroptical properties (ECD spectra, OR
values, and CPL activity). For example, the UV-spectrum of compound334c displayed in
Figure 43 shows several intense absorption banidsvb&l0 nm. In addition, two weak lower-
energy broad bands (> 450 nm) arising from intévast between the metal and tidigands
were observed: **® The same low-energy tail was present fdl-[Bihelicene 334f and Pt."-
[6]helicene334g The ECD spectra of the organic 2-pyridyl-[6]hehe334f and organometallic
Pt-[6]helicene334c displayed similar overall shape (Figure 43) buthwa blue-shifted high-
energy band foB34ccompared t832f, Pt-[8]helicene334f displayed a stronger and more red-
shifted ECD spectrum compared to Pt-[6]helicBBdc a well-known tendency for helicenes that
can be attributed to an enlargement of thelectron system; R{6]helicene334g displayed a
significantly different ECD spectrum froi834c¢f and 332f, because of cancellation effects of
ECD-active transitions with opposite sign rotatetsengths and similar energies, as indicated by
TD-DFT calculation$® Interactions between the platinum center and thégands are
responsible for strong phosphorescence at room dehype, thanks to efficient spin-orbit
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coupling®® Indeed, platinahelicene334a-g are efficient deep-red phosphors, with emission
maxima between 630-700 nm, quantum yields arou8 (h deoxygenated solution at room
temperature (Table 26) and luminescence lifetinfek0e20 ps 338 Interestingly, platinahelicenes
334c¢f,g displayed circularly polarized luminescence wiiksgmmetry factors as high as?0
which is one order of magnitude bigger than foralsarganic helicene<. Thesegum values
appeared positive for th@)Y enantiomers and negative for tih)(which was not always the case
in azaborahelicenesl?2a-d*® Note that bis-platina[10]helicen®34h also exhibited red
phosphorescence at room temperature. However, no &Rvity was detected for this long
helicene334h which can be explained by two reasons: the weelkisal environment around the
two Pt centers and the high sensitivity to oxygehicWw readily deactivates long-time
measurements necessary when CPL signals are we@k1b, Fuchter and Campbell succeeded
in preparing a single layer CP-phosphorescent OLEI®-PHOLEDS), usin@34c as a chiral
emissive dopant; these PHOLEDs displayed stronguleirly polarized electrophosphorescence
(CPEL), with gg. reaching-0.38 and +0.22 at 615 nm for (-)- and (B34¢ respectively (see
Figure 17C). Although not yet clearly demonstratdte increase oflgr as compared to the
moleculargum value (10°) may be explained by a supramolecular organizabib834c in the
solid state"*’
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Figure 43. Comparison of the experimental UV-vis (top) ar@Espectra (bottom) oP)-332f
(black line), P)-334c(green line), P)-334f (blue line), andR)-334g(red line). Reproduced from
ref. 3% Copyright 2014, Royal Chemical Society.

The platinahelicene chemistry demonstrates how pgolwerganometallic chemistry can be to
generate new helical structures with interestingnh noolarized and circularly polarized
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luminescence properties. An additional advantagleagedox activity of the metallic ion. Indeed,
the PY center in P)-334c could be readily oxidized to a Pt(IV) by reactimith iodine, thus
giving enantiopure Pt[6]helicene P)-336 with chiroptical properties that were differenorn
(P)-334c and with the luminescence activity switched oftl{me 84aj>’ Complex P)-336
could be reduced back td)(334c by reaction with zinc. Another important aspectthe
chemistry of metallated helicenes is the use ofrdioation chemistry to assemble several
helicene moieties within the same molecular archite, as demonstrated in the bis' (Pt
helicene) scaffol®37a"2% and in the Ptbis-helicen& structure338a? (Scheme 84b¥*° It is
worth noting that such assemblies of helicenes im@ossible to prepare by using organic
chemical processes. These organometallic assendidigiayed several interesting and innovative
features.

Scheme 84a) Oxidation of Pt[6]helicene334cto Pt'-[6]helicene336 and reverse reduction
process accompanied with modification of the emis3l’ b) Synthesis of homochiral and
heterochiral bis-(PY[6]helicene) 8374933 and Pt-bis-([6]helicene) 838a"?) **° assemblies)
PhCQAg, CHCL/THF, rt, 12 hr, Ar;ii) AgBF,, acetone then N&O;, toluene, reflux, 10 min,
Ar.

oo o oo

X N SN ‘ \
=
(P)-334c (P)-336

OMe
(P*P%-338a' and (P* M*-338a% (P*P%-337a" and (P* M*-337a%

Table 26.Specific rotation values and photophysical datar@ntioenriched platinahelicenes.

Compoun Method of [a]o exp” Condition§ Enantio- Anbs Aem® ¢ (%) Oum Ref
d obtention (solvent/Con¢) or diastereo- (nm) (nm)
purity
(P)-334¢ Chiral HPLC +1240  CH,Cl,/1.8x 10° M 99%eé 294,317,421, 640 6.9 33¢
(+ 5%) 444
(P)-334c Chiral HPLC  +1300 CH,Cl,/2.85x 10°M  99.5%eé  See Fig. 43 644 10  +1.3x 102 3
(+ 5%)
(P,6R8R)-  Chiral HPLC' +908 CH,CI,/0.01 >99%ed 33
334d (= 5%)
(M,6R8R)-  Chiral HPLC' -1047 CH,CI,/0.01 >99%e¢d’ 83
334d (+ 5%)
(P)-334¢ Chiral HPLC +1320 CH,CI,/0.01 99.5%e€¢ 508,485,356, 558 (f), 0.97 83
(+ 9%) 311,266 704 (ph)
(P)-332f  ChiralHPLG ~ +1827  CH,Cl,/2x 10°M >99%eéd 446 +8x 107 s
(+7%)
(M)-334f From M,Rg)- -3111 CH,CL,/10° M See Fig. 43 648 56 +4x10° 3
348f (+5%)
(P)-334¢ From +1030 CH,CL,/10° M See Fig. 43 633,673 13 +5x10° ¥

(M,RsR9-3359  (+5%)
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(P)-334t Chiral HPLZ +3145 CH,CI,/10° M >99%ed SeeFig.5 639,663 6.6 null 45
(+5%)

33¢

(P)-33kc  ChiralHPLC  +1100 CH,CL/2.85x 10°M  99.5%¢eé

(£ 9%)
(M,Ry)- Column -2435 CHCI,/10% M >99%dd" 33t
335f chromatograph
y then

crystallization
of
diastereomets

(M,Rs Ry- Column +916 CHCIl,/10 M >99%dd" 33t
335¢g chromatograph
y then

crystallization
of
diastereomets

(P)-33€ From P)-334¢ +200 CH,Cl,/1.1x 10° M Not 33
emissiv
e

(P,P)- From (P)-335¢ +2060 CHCI,/0.04 33¢
3374

(P,P)- From ()-335¢ +2136 CHCI,/0.01 60%eeor &
3384 or from chiral >99%ed’

HPLC"

21n deg-mL- g-dni*. ®* Measured at 25 °C.In g/lOO mL otherwise specifietMeasured at 25 °C.
Chiralpak IA, hexan&/PrOH/CHC} (90:10:2). " Chiralpak AD-H, hexanePrOH (9:1) ¢ Chiralpak 1A,
hexane/EtOH/CHGI(8:1:1) or hexane/ EtOH (70: 36‘)Ch|ralpak IB, hexane/ethanol/CHB5:5: 10).
Chiralcel OD, hexanefPrOH (9: 1) Chiralpak IB, hexanefrOH /CHC} (80:10:10)X Chiralpak IF,
hexane/EtOH/CHGI(50:10:40)! silica gel chromatography, heptane/ethyl acetaxéune or pure
EtOAc, then crystallizatior” *H NMR. " Chiralpak IA, hexane/ethanol (7:3).

As illustrated on Scheme 85a, an isomerization ggsedrom heterochiraM,P)-337& to the
more stable homochiralP¢,P*)-337d occurred when refluxing in toluene for several days
certainly due to high steric congestion around Ee-Pt" scaffold. In addition, enantiopure
(P,P)-(+) and M,M)-(-)-337a complexes were prepared from enantiopure sampl&8%c and
revealed highly intense circular dichroism specnal huge optical rotationsR)-335c [o* =
+1100,[¢g2 = +7060 (CHClI2, ¢ 0.01); @.P)-3374: [a]2= +2060,[4* = +28200 (CHCI,, c 0.04).
Such an increase was interpreted as the consequéreféicient conjugation between the two
helical T-ligands through the Pt-Pt bond—(t conjugation)*’*® Concerning the synthesis of
33844 the C-H activation process of the second cyctomsion step combined with a similar
heterochiral to homochiral dynamic isomerizatiorolgllly resulted in an unprecedented
diastereoselective/enantioselective procééssNote that Ptbis-helicene assemblie838a?
displayed the same structural features a%(fty). complexes (ppy:2-phenyl-pyridinato)
described by von Zelewskst al,*** in which two ppy-type are arranged in mutaa position
(trans effect, Scheme 85b), and with either a bow-shapsaimetry or ad// stereochemistry
around the Pt center (Scheme 85c).
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Scheme 85.a) Isomerization of heterochiraM(P)-337& to homochiral P,P)-337d Pt"-pt"
scaffolds;i) toluene, reflux, 3 days. X-ray crystallograpktouctures of homochiraP(P)-338a
and heterochiralM,P)-338&.%° c) Bowlike and/ geometries around the"Rtenter in338& and
3384 respectively. Reproduced from r&t" Copyright 2014, Royal Society of Chemistry.

4.2.3.2. Osma- and irida-helicenes

It can be seen from the previous paragraph tletycloplatination oft-helical ligands leads
to a rich variety of platinahelicenes with diffetestructures, redox states, and uncommon
assemblies. This synthetic strategy was appliedtiber metallic centers such as' lor Os’
(Figure 44) thus leading to irida[6]helicei&s339a and339b with either two or four helicenes
ligands surrounding one or two Ir centers respebtiand to osmahelicersa10.3?

Figure 44. X-ray crystallographic structures of homochird®,R,P,P-[Ir'"-p-Cl-(332¢H)]-
(3399 and @,P)-Ir"'-(332¢H), (339h).2*® Chemical structure of &s[6]helicene3403*

133



5. Helicenes substituted with phosphorus

It is now well-recognized that phosphorus-containimconjugated small molecules, oligomers,
polymers, and supramolecular assemblies are imgoctasses of heteroatomic molecular materials for
applications in optoelectronics (OLEDs, polymerdth®©LEDs, photovoltaic cells, field-effect tranerst
(FET), in electrochromic or smart windows, nonlineatical (NLO) devices, or polymeric sensdts3**
Trivalent phosphorus functions and their relatedtaneomplexes are easily designed to tune the
electronic and physicochemical properties of hekse as well as to offer a wide range of potentsas
in organometallic chemistry and cataly&is>4°

Therefore, since these P-containing building blocks lead to materials with unique properties
(emission, charge transport, coordination, (ardnaticity, etc), and due to the interest of chiral
phosphanes as ligands in asymmetric transition Imatalysis, different approaches are currentingei
developed to incorporate phosphorus atoms in graphge molecules including helicene-type
molecules.So far, most phosphorus derivatives having helicairality display polyaromatic (or
heteroaromatic) helical scaffolds with pendant jpiosus functions (phosphites, trivalent phosphares
phosphine oxides, helicene-phospholes derivativeshut a few classes of P-containing heterohelisene
have appeared in the literature in the last years.

5.1. Helicenes incorporating a phosphorus atom: ptsphahelicenes

5.1.1. Synthesis, structural and physicochemical pperties of P-containing helicenes
5.1.1.1. Oxidative photocyclization

In 2012, the group of Voituriez and Marinetti consted phosphahelicenes in which the phosphole
ring is placed at the external edge of the fuseg sequence. In this case, the helical phosphakesftll
advantage of the dissymmetric steric environmenegsed by the helical chirality at the externajead
Moreover, systems where the P atom is pointing rdwhe helix can be created. For this purpose,
phosphahelicenes were prepared from functionaliz¢éghosphindoles or dibenzophospholes as starting
materials. A first strategy was to use the classmadative photocyclization of diarylolefins. For
instance, H-oxaphosphindol-5-yl tosylate841ab bearing respectively a P-menthyl or a P-phenyl
substituent, were incorporated withiis olefins 342ab (Scheme 86§*" Starting from diastereomerically
pure L-menthyl substituted olefinR{)-342a the photocyclization appeared both regio- and
stereochemically controlled, with the obtention @faphosphal6]heliceneR¢,P)-343a as the major
product (27% isolated yieldg]> +1860 C = 1, CHC}), absolute configuration determined by X-ray
crystallography), as a result of C-C bond formatimiween a and b carbon atoms. Furthermore, this
helical H-oxophosphindoles terminated by a phosphole umieared highly reactive upon UV light and
dimerized inti344aand344a’(1:1 ratio) through an intermolecular photochemjgal?] cyclization. The
solid-state structure of compourdd4a was unambiguously established by X-ray crystalipby and
depicts a head-to-head dimerization B§,P)-343athrough a [2+2] cyclization of the terminal olatin
functions. The two homochiral helical units,®ktereochemistry are connected by a cyclobutanetgnoi
having a RSSR) configuration, while the stereogenic phosphoremster displays anRj configuration
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([a]? +1505, C = 1, CHC})). The compoun@44a’ ([«]5 +1150, C = 1, CHC})) was assumed to be the
epimer of the head-to-head dimieg, with (SR,R,S) configuration of the cyclobutane ring.

Scheme 86Photochemical approach to oxaphosphahelic8d8gb and345bfrom oxophosphindoles

341ab. Intermolecular photochemical dimerization3d3ato 344a,a:**’

n-Pr

hv, 150 W
(RP,P)-3433 —_—

25 min
cyclohexane

75%

+  344a' (epimer)

341b 342b Cyc'ﬂhﬁ;‘a”e Ph (Rp*P*-343b h (Rp*P*)-345b
(16%) (14%)
+ 344b + 344b' (dimers)

1) (COCl),, CH,Cly, t
—_—

2) NH3
(0.5 M in dioxane)

50% PRHN  (Ro P)-343¢
exolendo (72:28)

Racemic phenyl substitute842b was subsequently oxidatively photocycliZ¥dinto regioisomers
(Re*,P*)-343b and R&*,P*)-345b (Scheme 86), which correspond to phospha[6]heticemd
phospha[7]helicene, respectively, and result frothee Ca-Cb or Ca-Cb' bond formation. Here again,
dimeric structures were obtained as evidenced bgyXerystallographic structures depicted in Figdse
Furthermore, the homochiral self-assembly of colamarrangements in the solid state was observed for
compound345b as observed below f#61° probably as a result of dipoles alignment. Thesal f
compounds obtained in racemic forms could subsetuba resolved into pure enantiomers by HPLC
over chiral stationary phases using SFC techni@gnemportant characteristic feature can be drawemfr
these experimental results: thg)-configured stereogenic phosphorus center indubed) helical
configuration in the final products, whatever thesubstituent, which means that the phosphorus
substituents are oriented toward the polyaromatadfald, i.e. in the most hindered space region. This
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rather rare highly diastereoselective photocydliraiprocess is probably due to a kinetic contral, a
suggested by the experiments shown in Scheme 8desatibing epimerization of the P-atom to the
epimeric mixture of Re*,P*)-343band &*,P*)-343b’ upon a reduction-reoxidation processé*(P*)-

343hb.

345b 345b

Figure 45. X-ray structures (ORTEP) of the phosphahelicé&#&b and345b (only (M) helicenes
shown) together with heterochiral din@t4b. Supramolecular organization ®45b. Adapted from
ref34’. Copyright 2012, Wiley.

Scheme 87Epimerization process 843bupon a reduction-oxidation proce’s.
n-Pr n-Pr n-Pr

n-Pr
HSiCI3 EtsN ‘O
toluene O‘ ‘

Ye) 170
Ph (Rp*P%-343b P 346b Ph (Sp*,P*-343b'

+ (Rp*P*)-343b

Later on, Voituriez, Marinettet al. enlarged the scope of their strategy by prepaairdjversity of
phosphahelicenegge. P/N-bi-heterosubstituted dimeric helicenBs,P)-347, as well as for the syntheses
of oxophospha[6]- 348a,§ and oxophospha[8]helicene84Qa,l starting from dibenzophospholes
oxides as structural units (Figure 48).Here again the menthyl and the phenyl groups aexted
toward the helix,i.e. the P-stereochemistry controls the helicene's igordtion. Interestingly, in
oxophospha[6]helicene348a,b the P atom points internally within the helicallygsomatic backbone
while in (349a,h the P atom points outward. This has an importanglication in the asymmetric
catalytic activity of these helical phosphine ligar{ide infra).>*° Note also thatRs*,P*)-349aarranges
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into homochiral columns in the solid state. Finatlye pseudo-enantiomeric forr§:M)-349awas not
observed during the reaction due to different rediets between pseudoenantiomeric L-Menthyl-
substituted $)-dibenzophosphole oxide as compared to the L-Mgi{fR) precursor, thus highlighting
the influence of theSp)/(Rp) on the fate of the reaction. Finally, taking achege of the P-reactivity and
of the modularity of the photocyclization reactiseyveral phosphahelicenic systems were prepareld, su
as for instance the thiooxophosphahelicer@,M)-350°>*® oxophosphathiahelicene 9)¢351,>*°
phosphaheliceneS|-352 bearing an enantiopure isopinocampheyl unit atRthetont>* Au' complexes
such asR-*,M*)-ende3538* and &,P)-ende354°°° and I"' complex P)-355 (Figure 46)**® Overall,
this family of phosphahelicenes displays strongigerotations, with values ranging from 1080 t808
(see Table 27). As described in Scheme 86, theatixe photochemical process also enabled to prepare
phosphahelicen843c' which entails a phosphinamide function from heligzhosphinic acid343c*2
Two exdendodiastereomers were obtained in a 72:28 ratio aeck weadily separated through column
chromatography. Note thahde343cisomer underwent intermolecular photochemical [23&lization

to a bis-phosphahelicene affording a head-to-tadtetochiral dimer with total regio- and
diastereoselectivity. Interestingly, this processwred not only in solution but also in the sdidte, as a
single-crystal-to-single-crystal process, unddregitX-ray or sunlight irradiatiofr?

(Rp,M)-348a (R = Men*)  (Rp,P)-349a (R = Men*)
(Sp,P)-348a (R = Men*)  (Rp*P*)-349b (R = Ph)

(P)-352

Men*
\P/ Ir(cod)CI

Figure 46.Phosphahelicene derivatives prepared from phodplarand dibenzophosphole oxides and
thiooxides precursors using the diastereoseleptitocyclization method and taking advantage of P-
reactivity.

137



5.1.1.2. Intramolecular P-arylation

In 2012, Nozaki and coworkers described the syighesracemic\>-phospha[7]helicene derivatives,
their photophysical and chiroptical properties, afeir columnar aggregation within homochiral
columns’® Oxo- and thiooxo-phospha[7]helicen®80 and 361 were synthesized as shown in Scheme
88. The palladium-catalyzed cross-coupling of  racem 4,4'-biphenanthryl-3,3’-diyl-
bis(trifluoromethanesulfonate) rac)-356, with ethyl phenylphosphinate gave the monophospi®
compound 1@ac)-357 as a mixture of diastereomers displaying both laared phosphorus centered
chiralities. Subsequent reduction with LiAJHollowed by a palladium-catalyzed intramolecular P
arylation yielded\*-phospha[7]helicenedc)-359, which contains a phosphole unit as the centrellecy
(rac)-359 was directly oxidized without purification to givacemic oxophospha[7]heliceneag)-360,
which in its turn could give the thiooxophosphabtetie (ac)-361 by using Lawesson's reagent. Racemic
360 was then separated into enantiopd?egnd M)-360 by HPLC over a chiral stationary phase, while
(rac)-361 could not be resolved by chiral HPLC and was preghain enantiopure form®)- and M)-361
from enantiopure)- and M)-360, respectively (see Table 27).

Scheme 88a) Synthesis of racemic-oxo and thiooxo-phospha[7]helicer@30and361 b) Homochiral
supramolecular arrangement of in the solid sta@6@f c) UV-vis absorption and photoluminescence
spectra oB60in CHCk. d) ECD spectra @60enantiomers in CHGI Adapted from ref’. Copyright
2012, Wiley.

c)
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Pd(OAc), DPPB z
iPr,NEt, HCO,Na T £
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E—— - | _ Wavelength / nm
THF DMSO Q
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The photophysical properties af-phospha[7]helicenes68 and 361 were evaluated by UV/Vis
absorption and photoluminescence spectroscopy $seeme 88 and Table 27), together with cyclic
voltammetry, and theoretical calculations. CompauB80 and 361 display similar absorption spectra
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with the longest absorption maximaps at 416 nm (Scheme 88c) which is significantly shdfted in
comparison to that of 5-phenyldibenzophosphole-8®x332 nm)>* and 5-phenyldibenzophosphole-5-
sulfide (330 nm§> as a result of the extendeetonjugation over the helical frameworks. Similatlye
absorption spectra appeared bathochromically shiftanpared to the related oxo and aza[7]helicenes
147 and 149 (see Scheme 37J.Phospha[7]helicene&d60 and361 have similar broad luminescent spectra
in solution, with maximadg, at 462 nm and 460 nm, respectively but with défeérquantum vyields
(0.078 and 0.001 respectively) and with large Stokbifts (Scheme 88c). Such large Stokes shifts
suggest a strong rearrangement of theonjugated framework upon photoexcitation. BasadDd&T
calculations, the HOMOs 0360 and 361 are mainly located on the two phenanthrene maiedied
chalcogen atoms, and contain a nodal plane atlibsphorus atom. In contrast, the LUMOSs are largely
located on the phosphole/chalcogenide moieties,ravifthio)phosphoryl groups work as electron-
withdrawing groups througb*—1t hyperconjugation (Figure 47A¥. Such electronic perturbation of the
phosphole/chalcogenide moieties may cause an inteaolar charge transfer and may be responsible for
the large Stokes shift. The chiroptical properbeé860 and361 that are incorporated by their helically
chiral structures were also characterized. Simtdaother known R)-heterohelicenes, botlr)-360 and
(P)-361 are dextrorotatory, with strong specific rotatidghat are much larger than thoseldf7 and149
(see Table 12) and of similar magnitude as silalfidene P)-32 (+2980, see Table 3). This can be
directly related to the bigger distortion found Kyray crystal structures foB60/'361 as compared to
147/149 but similar as Si (see their dihedral angles guie 47B). As a result, the larger angle causes a
larger overlap of the two terminal benzene ringshimA°>-phospha|7]helicenes and, therefore, a stronger
steric repulsion. These larger distortions3@0 and 361 also explain their higher tolerance towards
racemization, with enantiopurity 860 and361 that remain stable after heating up to 170 °Gstbhr in
CH.Cl,, whereas the enantiopurity d47 and149 decrease upon heatingedrops from >90% to 40% at
150 °C after 68 hr in mesitylene ft7and after 20 min fot49. The ECD spectra oP§-360and P)-

361 displayed a small negative dichroic signal at adodh0 nm, an intense positive signal around 340
nm, and a relatively intense negative signal aro2®@ nm (Scheme 88d foP)-360) together with an
additional negative one around 300 nm, which ispresent in other heterohelicenes. TRg () and
(M)-(-) absolute configurations a360 and 361 were further determined by X-ray crystallographic
analysis. Upon crystallization, the authors obsgtbat (ac)-360 spontaneous resolved into enantiopure
crystals, while single crystals ofa)-361 contained both enantiomers, that organized into dutrnal
columns (Scheme 89bj.
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W
Lt
LB}
‘ HOMO ‘ ‘ e
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side view top view top view side view
B) Sum of five
(@) . Hetero atom (E) dihedral angles
P(=S)Ph 996
SiMe, 995
P(=0)Ph 95.2
NH 81.3
o 78.9

(b) z ar

P(=0)Ph

P(=S)Ph 50 Larger angle causes the larger overlap
SiMe2 53 between the two terminal benzene rings.

Figure 47.A) Frontier orbitals of phospha[7]heliceng80and361 B) (a) Summary of sum of five
dihedral angles of various heterole-fused [7]helkecgb) Relation between the angle derived from two
double bonds of heteroles and the overlap betweetwio terminal benzene rings of hetero[7]helicenes
Reproduced from ref®.Copyright 2013, American Chemical Society.

Table 27.Specific rotation values of enantioenriched phasglicenes and their photophysical data.

Compound [o]o Condition§ Enantiopurity Apbs Aem (0] Ref.
(solvent/Conc) (nm) (nm) (%/ solven)
(Re,P)-343a +1860 CHCY1 4
(Re,P)-343b +2028 CHCY0.3 34t
(S-,M)-343b -2024 CHC}/0.3 34t
(Rp,P)-344a +1505 CHCy1 34t
(Re,P)-344a’ +1150 CHCy1 34t
(Re,P)-347 +1846 CHCY0.5 34
(R-M)-348a -2367 CHCY0.5 3%
(S-,P)-348a +2394 CHCY0.7 %
(Re,P)-34%a +2048 CHCY0.5 34
(Re,M)-35C -3306 CHCY0.2 3%
(S-,P)-351 +1358 CHCy1 s
(S»P)-354 +1080 CHCY1 =t
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(P)-355 +1426 CHCJ/0.4 34E

(P)-360 +3014 CHCJ0.10 416 462 7.8/CHgI 35
(P)-361 +3198 CHCJ0.10 416 460 0.1/CHgl 35
(P)-364f +1230 chcoly3 X 105M 68%e€ 21.8/CHC} o
(M)-368a -961 CHCl/1 5
(P)-368b +1725 CHCJ/1 35

2 In deg-mL-g-dm ™. ® Temperatures between 20-25 “Cln g/100 mL otherwise stated.Values
calculated as 100%e ® SUMICHIRAL, hexane/EtOH (80:20).

5.1.1.3. [2+2+2] Cycloaddition

Using a similar method as the one described fahsjpptahelicen28 in Scheme 6, Tanakat al.
reported in 2010 the preparation of enantioenrichedzopyrano- and naphthopyrano-fused helical
phosphafluorene364 by rhodium-catalyzed enantioselective double [Z423ycloaddition of dialkynyl
phosphorus compound862 with phenol- or naphthol-linked tetrayne363*° A whole set of
enantioenriched oxaphospha[7,9]helicene-like madéescB64 were prepared with moderate yields and
variable eés (between 9 and 73%) and their photophysical guit@s were studied. The results are
summarized in Figure 48. In 2012, Tanaka reponmegrdoved conditions to prepare helicenic structures
with higher eds (up to 75%) when using theS){Segphos ligand (Scheme 89)The obtained
phospha[7]helicen864revealed strong fluorescence with good quantundy{fe0.20), and high specific
rotations (see Table in Figure 48).

entry 362 376 384 % yield (% es)

Pr P O R
n . ph P

¥ : ; Compound  Zaps(NMPY g (NP [a]z®*
1 362a (OMe) 363b (--364ab 40 (73) (—)_364ab 288,341 477 699
2 362b (Me) 363b (-}-364bb 50 (34)
o ‘e 0, oo (-)-364bb 288,344 471 546
O X § (-)-364ch 289,337 474 636
- g A ° (-)-364db 281,338 469 584
% :\“" i b ‘f,‘fj," (+)-364ac 308,386 490 420
¥ £ (-)-364ad 285,343 464 586
5 2623 363c (-}-364ac 20 (23)
m e P oOLR pn (+)-364e¢ 281,348 487 279
o Me —Meo
3 ! . 5 b2t d 2 Measured in CHGI® Concentration: 1.0 TOM.
¢ Excited at 280 nnf Values are calculated as 106@%
6 362a (OMe) 363d (-}-364ad 23 (50) e . . . .
T (e 363 (-364bd 46 (9) Values were measured with use of a mixture of nlgéometric
362¢ (Ph) 363d (-)-364cd 30 (47) isomers.

! Me O, Ph
Me P Mo

(e}
P
Pn

o
Me

9 362 363" (-}-364e0" 16 (48)

Figure 48. Rh-catalyzed asymmetric synthesis of benzopyranaaphthopyrano-fused helical
phosphafluorene364. 2 Reactions were conducted with [Rh(cgB)4 (20 mol %), ligand (20 mol %),
362ae (1 equiv), andB63ae (1.2 equiv) in (CHCI), at rt for 1 hr. Ligand:K)-tol-BINAP (entries 1-4

and 9), R)-H8-BINAP (entries 5-8)*.’ Isolated yield’ For 6 hr. A mixture of olefin geometric isomers.
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eevalue of the major olefin geometric isomee'swere measured by analytical HPLC using a
CHIRALPAK AD-H column. Adapted from ref°®. Copyright 2010, American Chemical Society.
Table:Photophysical properties in and specific rotatibrepresentative phosphafluorergsst>>°

Scheme 89Efficient enantioselective synthesis of bistripfilene-fused phospha[7]helicema Rh-
catalyzed double [2+2+2] cycloadditiceés measured by HPLC using a SUMICHIRAL column (alue
hexane/EtOH = 80:20.

Ro
AN [Rh(cod),]BF 4
50 (20%)
/ e (S)-Segphos
/ C,oH4Cly, 1t, 16-72 hr
R, = Me, Ph
R2 (P)-(+)-364ff: 46%, 68 % ee

(P)-(+)-364gf: 43%, 75 % ee

Oxaphospha[7,9]helicene-like molecule364 from Figure 48 possess both properties of
phosphafluorene-type and tetrahydro-oxaphosphametianolecules, therefore showing good emission
properties and high optical rotation values. Thavaéves displaying the higher emission wavelength
correspond to the most extendeeconjugated systemse. [9]helicene-like derivative364ac and
[7]helicene-like derivative364ee grafted with two styryl groups. However, these twompounds
displayed the smallest specific rotation values mgndhe whole serie§° Bistriphenylene-fused
phospha[7]helicen864ff display strong blue fluorescence with quantumdyamost reaching 0.218, but
still modest specific rotation (1230) for a heptatemic structure (see Table 2%7).

The metal promoted [2+2+2] cyclization of triyAgswas also applied to the synthesis of
phosphahelicene analogues, as an alternative metlbodoxidative photocyclization. Indeed,
phosphahelicene-like structurd66 and 368 were prepared from triynes displaying phosphindoids,
365 and 367, respectively, by nickel(0)-promoted intramoleculayclotrimerization of the alkyne
functions; as shown on Scheme 90, two examples widiter racemic phosphahelicene suclB@6 or
enantiopure ones likeM)-368a and P)-368b obtained in enantiopure forms after silica geluomh
chromatography (see their specific rotations in |&ab7)3°®**° Recently, highly distorted helicene-
phosphanes displaying a homochiral bis-heliceniactire and incorporating two P=S functions was
prepared in its racemic forii®
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Scheme 90Synthesis of phosphahelicerggs and368 by nickel-promoted cyclotrimerizatioR®3>°

Ni(cod),
(20 mol%)

—_—
PPhg,
(40 mol%) PH

THF, it 15 min  Men

Ni(cod),
(20 mol%)

B ——_
PPhs,
(40 mol%)

THF, rt, 30 min

96%

(M)-368a (P)-368b
Separated by silica gel chromatography

5.1.2. P-incorporating helicenes in asymmetric calgsis

These phosphahelicenes structures revealed aseeffiglatforms for asymmetric gold catalysis in
cycloisomerization8® of N-tethered 1,6-enynes and dienynes. Several gomplexes have been
prepared and are depicted in Figure 49. Fine-tupinthe phosphahelicene ligands furnished efficient
catalytic systems such aSP)-ende353 and 354 (see Figure 46jisplaying high activity and giving
high ee's®**%%°|n (S,P)-ende353 and 354 the P atom is embedded within the helical stmecand the
endostems for the gold atom pointing towards the latéligoove. This topology is well-fitted for effigie
enantioselectivity even with the linear 'Aenvironment. Complexe853 and 354 were used as a
precatalysts in enyne cycloisomerization reactiorssudying a benchmark reaction is the
cycloisomerization of theN-tethered 1,6-enyne869 into aza-bicyclo-[4.1.0]heptene370 shown in
Scheme 91. Good catalytic activity at room tempgegtwas observed, after activation with AgBF
Changing the activating agent from AgBte AgNTf, did not change the enantioselectivity level (75%
e, while other silver salts such as AgOTf or AggllEcreased theeto 45 and 63%, respectively.
Cycloisomerization of other classes of enynes Wwas investigated. Dienyn&¥1 were considered that
display conjugated enyne moieties. Depending onntteire of the R substituent, the gold-catalyzed
cycloisomerization afforded either the aza-bicy4la[O]hepten&72 (for R=H) or the tricyclic derivative
373 (for R=Ph), which resulted from a vinylcycloprogacyclopentene rearrangement of the intermediate
aza-bicyclo[4.1.0]heptene. In the cycloisomerizataf 371 (R=Ph), the nature of the silver salt was
shown to have a remarkable effect on the enan&oteity level, going from a moderate 65é& for
AgBF; to an excellent 96%e for AgNTf,. The thiaphosphahelicene—Azatalyst &,P)-endo354 gave
the higheskés attained in such cycloisomerization reactiongsteNthat in 2014, the group studied the
influence of the structure and stereochemistryath the P atom and the helical core of phosphatmedis
depicted in Figure 49 on the fate of the asymmaéitramolecular cyclization d869to 370 (Table 28)**°
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The general results on catalysis using phosphamagand more generally helical phosphine ligands a

organocatalysts have been the focus of reviéw.

(Rp,M)-endo-353a

(Sp,P)-endo-353b
(Sp,M)-exo0-353a

Ar=3,5-Me,-C¢H;

(Rp,P)-endo-353c
(Sp,M)-exo0-353c

(Sp,P)-endo-353d

(Sp.M)-endo-353e

(Rp,M)-ex0-353e
Figure 49. Gold-complexes with different structures and stehemistries studied in the asymmetric
intramolecular cyclization c869to 370°%°

Scheme 91Enantioselective catalysis with gold(l) comple$é8aand354

/ [Au*]
s 4 mol %

Ts—N _— Ts—N Z (Sp,P)-353a: 81% ee
——=— pp AgBF4 — Ph (Sp,P)-354: 74% ee
toluene
369 rt, 24 hr (1R,6S)-370
R=H,_ 1s-

R aw] |1 1en
/—/7 4 mol % 372
Ts—N L C AgBF,

toluene
R =Ph
371

_ (Sp,P)-353a: 86% ee

(Sp,P)-354: 89% ee
Ph

> wy

g (Sp,P)-353a: 84% ee
(Sp,P)-354: 96% ee

Table 28. Stereochemical influence of phosphahelicene-gataplexes in enantioselective enyne

cycloisomerization8.

// [Au”]

4 mol % : j Z
Ts—N — Ts—N
= pp AgBF, =/ Ph
toluene
369 rt, 24 hr 370
Entry Catalyst ee [%] Conv. [%] Config.!®!
1 (S> ,M)-endo353e 7 70 (56R)
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Entry Catalyst ee [%] Conv. [%)] Config.!®

2 (Rp,P)-endo353c 35 43 (B56R)
3 (Rp,M)-enda353a 42 90 (B6R)
4 (S,M)-exo353a n.d. <10 -

5 (Re,P)-ex0-3534 n.d. <5 -

6 (S ,P) -ende353d 81 >95 (R6S
7 (S ,P)-ende353b 84 >95 (R6S
8 (S ,P)-ende353d 82 >95 (R6S

& Ts: toluened-sulfonyl. [b] n.d.: not determined. [c] The configtion of the bicyclic derivativ870
was assigned by comparison with known samples (TR&S)-configured bicycles display positive
optical rotation valuesc€l, CHCI).

In an additional study, gold complexes were prepdrem enantiopureM)-368a and P)-368b by
first reducing the phosphine oxides with Ph&ikthe presence of bis(4-nitrophenyl) phosphédten toy
reacting the trivalent phosphines obtained witloas(dimethylsulfide)gold(l) (Scheme 92 The gold
complexesexa(M)-374aand enda(M)-374a’ were obtained fromM)-368ain 78% vyield, in a 75:25
ratio similar to the corresponding trivalent phageh and with the AuCl moiety placed in the outer
groove or in the inner groove, respectively. Batbmers were isolated and characterized by NMR and
the stereochemistry of the minor isombkh){374a’ was assigned by X-ray crystallography (Scheme 92).
Similarly, gold(l) complexe®xc(P)-374b andendo(P)-374b' were obtained as a 45:55 mixture from
(P)-368h This set of four stereoisomeric complexes werenthnvestigated as catalysts in the
intramolecular [2+2] cyclization of 1,6-alleneneda bicyclo[3.2.0]-heptane derivatives, as shown in
Scheme 92 for the transformation 345 into (-)-376 obtained in 88%ee were catalyzed bgndc(P)-
374Db'. Different phosphahelicenic gold(l) complexes haeen compared for this type of reaction, and
the complexes of the serie87@a-b’) have proven more efficient than gold(l) complex#s353 and
354355
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Scheme 92Synthesis of gold(l) complex@&Y4 and use in catalysi§. PhSiH;, (4-NG,-C¢H40),P(O)OH,
toluene, 100 °C, 2 hrsi) (Me;S)AuCl, CHCI,, rt, 1hr.iii) Column chromatography. X-ray crystal
structure ofende(M)-374a’ showing one molecule in the asymmetric unit. Ehipgls are drawn at the
50% probability level, H atoms are not shown faarity. Reproduced from ref> . Copyright 2015,
Wiley.

/CI
Au Men*
i), i), ii) . )
(M)-368a ———= FL Men® + &f Adcy
P /
78% endo-(P)-387b"
exo-(M)-374a  endo-(M)-374a’ / Ph [AU*CI
_ H
75 : 25 ~ T e Ph
/CI Ts—N A—>BF @ mol %) Ts—N
. A gBF,4 (8 mol %
i), if), i) AU Men \.\ . toluene, rt H N
(P)-368b —— > Men* 0 \\
, 'y + cl 375 (-)-376(88% ee)
73% 1/
~ N4
exo-(P)-374b  endo-(P)-374b’
45 : 55

Phosphahelicenes have also revealed efficient Icbinganocatalysts in the enantioselective [3+2]
annulation of arylidenemalononitriles with allenem{(Table 29> The reaction proved to be successful
with a large series of-substituted allenoates andsubstituted buta-2,3-dienenitriles with very high
diastereoselectivities (>95:8r) and enantioselectivities (20 exampleg's85-97 %). More recently,
benzophosphahelicene analogues such the reduced 352 proved also efficient in this type of
enantioselective organocatalytic reactith.

Table 29.Screening of the HelPhos catalysts in an orgaabgdat [3+2] cyclization reaction yielding
enantioenriche@79, ***

PRy’ EtO,C
CN  EtO,C o 2 Ph
i . NN (10 mol %)
PH CN A\—\ toluene Ph CN

60 °C, 18 hr CN
377 378 Ph 379

Entry PR* d.r. (%) Yield (%) ee[(%)]
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Entry PR* d.r. (%) Yield (%) ee[(%)]

1 (P)-Men*-HelPhos P)-351 >95:5 30 89 (+)
2 (P)-Ipc*-HelPhos P)-352 >95:5 37 95 (+)
3P (P)-Ipc*-HelPhos P)-352 >95:5 91 96 (+)
4 (P)-Ipc*-HelPhos )-352 85:15 83 68 (-)

2 Reaction temperature 8G.° As an additional experiment, reaction in entry 8 haen carried out at a 5
mol % catalyst loading: total conversion was attainféer @8 hr at 80C, yielding379in 96% ee

5.2. Helicenes grafted with phosphorus atoms

Helical compound®f this class in which phosphorated functions gpeadedonto an azahelicene
structure are still rare, although varying the maricsubstituents enables the modulation of the cam
and physical properties of the helical structureadldition, the presence of substituents with chffie
steric demands can tune the distance between theéetminal rings yielding variations in the dihddra
angle of the molecules, which can accommodate aliieeton for further use as chiral ligands for
enantioselective catalysi€hiral phosphanes are indeed the most universahdig for coordination
chemistry and for transition-metal asymmetric ogstial**®

5.2.1. Synthesis of P-grafted helicenes
5.2.1.1. Configurationally stable carbo[5]helicenphosphanes

The preparation of configurationally stable carbolicene phosphanes was successfully
accomplished only recentlyn 2016, Usui and coworkers reported the synthesisonfigurationally
stable 1-substituted carbo[5]helicene phosphad@s and 387 and used them as highly efficient
catalysts®® As depicted in Scheme 93, [5]helicene-derived phivees either with a 7,8-
dihydro[5]helicene core385 or with a fully aromatic [5]helicene structur@8{) were prepared in
enantiopure forms. First, the Suzuki-Miyaura cougpli4-chloro-3-formy-1,2 dihydrophenanthre880
with 2-bromophenylboronic aci®@81 gave compound382 in 89% yield, then homologation using
diethyl(1-diazo-2-oxopropyl)phosphonate) followegddycloisomerization with 10 mol% [Ptglresulted
in 1-bromo-7,8-dihydro[5]helicenergc)-383 (54% vyield for the two steps). Lithiation ofa€)-383
followed by reaction with chlorodiphenylphosphinedatreatment with hydrogen peroxide afforded
racemic phosphine oxideal)-384 with 63% yield. Using (-){resp. (+)-)spiro-TADDOL as a resolving
agent yielded, after column chromatography andystallization processes, enantiopuR)-884 (resp.
(M)-384). Phosphine oxide$?}-384 were then reduced into the desir@}885using trichlorosilane and
P(OEt} (in 72% yield) while ligand F)-387 was obtained in 70% vyield over two steps consistihg
oxidative aromatization of F)-385 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQand
subsequent reduction oP)386. Similar procedures were used for thd) (series. The chiroptical
properties of enantiopu@85and387 were measured. They revealed strong specificioogtith higher
values for partially hydrogenatedP)¢385 (+1730) than for the fully aromatid?)-387 (+920). The
experimental and calculated ECD spectra are depint&igure 50b and 50c, respectively. For example,
the ECD spectrum of (+385displays two bands, a first positive band at ~3@bamd a second negative
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one at ~280 nm, corresponding to B) felicity, as observed by the same authors for hmet
functionalized [5]helicene®?

The structures 0385 and387 were confirmed by X-ray crystallography (FigureahOwith the helical
pitch diameter fo385 (3.54-3.50 A) longer than that f&87 (3.39-3.34 A). Interestingly, the complex
Pd(dba)B85 complex was prepared and showed a phosphine-aetak interaction, with the double
bond (C8a—C14b) of the helicene ligand coordinatiéd the palladium center in a side-aff)(fashion.

Scheme 931-substituted carbo[5]helicenic phosphag8s and387.3%
(0]

1) 9 (0]
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-z EtO
B
ol 5 "cHo N2 ‘
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toluene/H,0 2) PtCl
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3) recrystallization
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Figure 50.a) X-ray crystallographic structures385387 and of complex Pd(db&85. b) Experimental
ECD/UV-vis spectra 0885387 enantiomers. c¢) Calculated (CAM-B3LYP/6-31 + GB%7-D/6-31G*)
ECD spectra ofP)-385and P)-387. Reproduced from ref®® Copyright 2016, Nature Publishers.

5.2.1.2. Carbo[6]Helicene phosphanes and related rieatives

In 1997, Reetzet al. reported for the first time the preparation of mr@gure 2,15-
bis(diphenylphosphino)-hexahelice®90 (Scheme 943°® named Heliphos or more often PHel and
previously prepared in its racemic form by Bruneéral. in 1997°°° The synthetic strategy was the
classical one,.e. first the preparation of racemic 2,15-dibromo-Helecene 389 by a classical
photocyclization reaction then replacement of tve bromides by diphenylphosphino groups. HPLC
separation using a Chiralcel stationary phase $hied the enantioenriched (>9&® of P-(+) andM-(-)-
dibromohelicenes which in turn yielded almost ermmgmire (>98%e¢€ helical diphosphane enantiomers
390 through lithiation/phosphinylation. To our knowtgrl no ECD or OR was reported for this helicene
phosphane, although the absolute configurationokéained from the sign of OR compared to the X-ray
structure of enantiomer.
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Scheme 94Synthesis of enantioenriched 2,15-bis(diphenylpho®)-hexahelicen890 from
enantioenriched dibromohexahelic&893°°

= 1) hv, I 1) n-BuLi,
O toluene Q THF, -78 °C
2) Ph,PCI. Q
O Br  10-50% Q Br 78°C>nt (PPh2
N —_— _
Br Br PPh,
O @ 2) Chiral O 0 tolueoge O 0
_ HPLC 80
388 (P)-(+) | (M)-(-)-389 ~ 35-40% (P)-(+) | (M)-(-)-390

As shown in the example presented above, the pbosiad function is introduced at a late stage of
the synthetic sequence on a preformed helical aldaffe. a helical dibromide. Using a similar strategy,
Staryet al. prepared in 2003ac-3-(diphenylphosphino)hexaheliceB83 and its oxide392 from rac-3-
(trifluoromethanesulfonato)hexahelicene (Scheme NBje that attempts to resolve the former triflaye
kinetic resolution failed® In 2009, Aloui and Ben Hassine proposed a modifiegbaration ofrc)-393
and its oxide rac)-392% Marinetti, Ben Hassine and co-workers reporte@df7 the preparation of 3-
methoxy-14-(diphenylphosphino)hexahelicemac)-395 and its oxide rac)-396 from 3-methoxy-14-
bromohexahelicenadc)-394. It is mentioned that the helical phosphine 0X8@6 can be separated by
chiral HPLC separation while the corresponding phase 395 was not stable enough. As a result, its
performances in asymmetric catalysis could nonbestigated®®

Scheme 95Preparation of hexahelicene monophosphines.

1) PhyP(O)H
OTf Pd(OAc), / dppb P(X)Ph,
Q iPr,NEt, DMSO, 100 °C Q
O (rac)-392 (X = 0)
2) Chiral HPLC O O o, | HSICls, Et3N, xylene
QO ) Q 736] 120 °C, 3 hr

(rac)-393 (X = lone pair)

(rac)-391
1) n-Buli,
O . THF, -78 °C Q P(X)Ph,
Q r 2) Ph,PCl, _
-78°C ->rt (rac)-395 (X = lone pair)

—
H,0,, CH,CI
98Y% 202, LRl
'QO ocH QO OCHj °ln, 30 min.
3 0,
60% (rac)-396 (X =0)
(rac)-394

Recently, borane 2-(diphenylphosphanyl)[6]heliceneplex 305-BH; was obtained with 96 %e
from 2-bromo-hexahelicene (998@ 303 by a coupling reaction of diphenylphosphine in @nmivave
reactor at 160 °C for 1 hour, followed by boranetection (see Scheme 73).

In 2016, Tsujihara, Kawanet al. reported the preparation of enantiopure helicel@dvatives 1-
substituted with a diphenylphosphinoxy graipnamely P)-398and @)-400 which were obtained from
1-hydroxy-5,6,9,10-tetrahydro[6]helicenB){397 and 1-hydroxy-carbo[6]heliceneP}-399 respectively
(and similarly for the1) enantiomers) (Scheme 96). These helical phogpkimere used as enantiopure
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chiral ligands in the Pd-catalyzed asymmetric allglkylation (see Table 31). Note that enantio@9€
and399 pentahelicenic alcohols were prepared throughnaolohromatography of camphanate esters.

Scheme 96Synthesis of phosphinoxy-substituted hexahelicdaiivatives®®

Q‘ NaH, Ph,PClI ‘

OH O THF, 0 °C then rt Ph2PO
SO o‘

()

(P)-397 (P)-398
‘s NaH, Ph,PCl ‘s
» O THF,0Cthenrt o ¥ O
‘O 74% ‘O‘
(P)-399 (P)-400

5.2.1.3. Carbo[7]helicene phosphanes

The same vyear, these groups reported the synthesigl resolution of 2-
(diphenylphosphino)heptahelicen¢03°*° In this case, the diphenylphosphine oxide groups wa
introduced at the early stage of the synthesisiamghs shown that oxidative photocyclization was
compatible with the presence of such function (8@hed7). Finally, the phosphine oxid¥2 was
reduced to phosphiné03 using HSIC4{/NEt;. The resolution of this monodentate phosph& was
performed using a chiral cyclopalladated amine demyp namely ortho-palladated R)-1-
(naphthyl)ethylamine complexR(R)-404, which reacted with03 giving diastereomeric Pd complexes
(RM)-4058 and RP)-405& which were separated by silica gel chromatograpRgmoval of the
enantiomerically enriched phosphines from theitgaim complexes was carried out by reaction with
bis(diphenylphosphino)ethane (dppe) at room tentpexaThe specific rotation values obtained for the
(M)-403 and P)-403 monodentate phosphines were -2980 and +2885 (.1, CHC}), respectively
(Table 30). Note that the dichloro[heptahelicepi@iphenyl)phosphine]g-cymene)ruthenium complex
406 was also prepared but only in its racemic form.
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Scheme 97Synthesis and resolution of carbo[7]helicene phasp4033"°

hV, |2,

propylene oxide (rac)-402 (X = Q)

- - HSICl3, Et3N, xylene
73%] 28 ot '
cyclohexane 120°C, 3 hr
1.5hr
(rac)-401 P(O)Ph,
cl acetone
/7N, + (rac)-403 —
\\\\\‘ NH2
(R R)-404 (R,M)-405a" + (R,P)-405a?
6 ) N 1) Column chromatography
O ~ // 2) dppe, CH,Cl, rt, 3 hr
Ph,B |

u
Q d i M---403 and  P-(+)-403

5.2.1.4. Tetrathiahelicene phosphanes

In 2011, Forni, Licandroet al. reported the synthesis of tetrathiahelicene phasgdh (hamed
Thiaheliphos)(rac)-408a-cfrom tetrathiahelicend07a-c*"* The functionalization at the alpha positions
of the two terminal thiophene rings is indeed gii#forward by deprotonation and reaction with
electrophilic dichlorophosphine chloridéhe alkyl chains in the 7- and 8-positions of tiedidal system
improve the solubility but render the phosphorusret of substituted thiaheliphos more electron-aot
therefore more sensitive to oxidation. Therefommpound408cwas reacted with BEHTHF and gave bis-
phosphine-boranérac)-410 accompanied bynono-phosphine-boran@ac)-411 The free phosphanes
(rac)-408cand (ac)-412 could then be obtained by refluxing in EtOH. Furthere, reaction with either
precursors [Rh(CODR)BF,; or [Rh(COD)|B(Arg)s (Are = 3,5-(CR).CeHs) gave access to Rh(l)
complexeqrac)-413ab. The structure of these complexes, notably thenligacting as a chelate of one
Rh center, was ascertained B NMR (with the two P atoms coupling together) &ydESI-HRMS.
Note thatin situ oxidation of one P atom was observed for comglex)-413a thus yielding stable
phosphane-phosphane oxide Rh(l) complex. Tetrathc@#ne 407c was first resolved into its
enantiomers using HPLC with a chiral stationary sgh&Chiralpak IA) and hexane/dichloromethane
(19:1,v/v) as the mobile phase. Then ti®-(+)-407cenantiomer was transformed int){(+)-408c(see
their specific rotations in Table 30) with similee (as verified by HPLC analysis of its di-phosphine
oxide). Note that théetrathiahelicene-diphosphonatad)-409awas also generated froma¢)-407aas
described in Scheme 98 and as characterized byy Xngstallography’* Furthermore, other similar
thia[6]helicene-phosphari& or [7]helicene-phosphafi& together with some transition metal complexes
have been prepared but only in their racemic forms.
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Scheme 98Synthesis of tetrathiahelicene-phosphine/phospkaterivatives’*

1) n-BuLi, THF 1) n-BuLi, THF
2) CIP(O)OEt, 2) Ph,PCI
—~—P(O)OEt, R4 R4
P(O)OEt, =
-718°C Ry S -78°C->rt Ry
5.5 hr S 5hr
77% 78-96%
(rac)-409 (rac)-407a: R{ =R, =H (rac)-408a: R =R, =H
(rac)-407b: Ry = H, R, = n-Pr (rac)-408b: Ry = H, R, = n-Pr
(rac)/(P)-(+)-407c: Ry = R, = n-Pr (rac)/(P)-(+)-408c: Ry =R, =n-Pr

BH3THF n-Pr

(rac)-408c —»
0°C  n-pr
overnight

+

(rac)-411 (39%)

l EtOH, THF, reflux, 3 hr

(rac)/(P)-413a (X = BF,), (rac)-413b (X = B(Arg),) (rac)-412 (39%)

Furthermore, the functionalization of tetrahelicet®¥c by grafting P-dialkyl-borane substituents in
position 2 of the terminal thiophene rings has besestigated in 2015. The two enantiomersih0’
substituted with dif-butyl)phosphine-borane were obtained from resofutf the racemic mixture by
HPLC over a chiralChiralpack IA stationary phase and their chiroptical propertiE€D and OR)
studied.The specific and molar rotation were determined &ede 3 fold higher than the unsubstituted
tetra[7]helicene407c®” The experimental ECD spectra is given in Figute Bhe spectra showed an
intense band around 300-340 nm with opposite sigriPfandM enantiomers. Computational analyses
with RI-CC2 level of theory are in good agreemerthwihe experimental UV-vis and ECD spectra.
Interestingly, it was found that the first electically excited state (S1) was centered in the eéntr
helicene core and similar in all tetra[7]thiahefies molecules whereas the ECD was more sensitive to
the structure modification in the helicene moietyce at the low energy region of the ECD spectrum
compensation of bands with opposite signs occusadh that any difference in the helicene structure
could modulate the relative energetic positionhef first and the second singlet excited stategrel1S2,
respectively.
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Figure 51.Chemical structure gf10' and experimental ECD spectra of its enantiomers.
Reproduced fromef. *”3. Copyright 2015, American Chemical Society.

Table 30.Specific rotation values of enantioenriched heleephosphane derivatives.

Compound Method of [a]? Conditiong Enantiopurity Ref
obtention (solvent/Conc)
(P)-385 Diastereomeric ~ +1730 CHCI,/0.0032 99%eé 36
resolutiord
(P)-487 From(P)-385 +920 CHCI,/0.005 99%eé 36
(P)-397 Diastereomeric ~ +1010 CHCI,/0.01 >99%ed 36
resolutiod
(P)-498 From P)-397 +1227 CHCI,/0.01 3¢
(P)-39¢ From P)-397 +3548 CHCl,/0.01 >99% eé 3¢
(P)-40C From P)-39¢ +2897 CHCI,/0.01 3¢
(P)-403 Diastereomeric ~ +2985 CHCYo0.1 e
resolutiofl
(P)-407c Chiral HPLC +685 CHCL/0.187 98.9%eé 3
(P)-40¢&c From (P)-407c +2344 CH,CI,/0.058 ee-94.9% 37
(P)-41C Chiral HPLC +1320 CHCL,/0.14 37
(M,M,S1R,2S5R)- Chiral pool +603 CHCI3/0.5 37
414

21n deg-mL- @ dm ™. ® Temperatures between 20-25 ®@h g/100 mL otherwise stateUsilica gel
chromatographic resolution of diastereomeric comgsewith spiro-TADDOLZCHIRALPAK IA,
hexane-PrOH mixture! CHIRALCEL OD-H, hexané/PrOH mixture ? silica gel chromatographic
resolution of covalent diastereomeric camphanatr®8 silica gel column chromatography of
diastereomeric complexes withtho-palladated R)-1-(naphthyl)ethylaminé Chiralpak IA,
hexane/CHCl, (19:1). ! Chiralpack IAj-PrOH/CHCIl,/MeOH mixture on bis-phosphine-oxide.
Chiralpack IA, hexane/ CiEl,/i-PrOH mixture.

5.2.1.5. Helical phosphites and phosphamidates

375,376

Earlier examples of phosphifé and phosphamidat&$ are shown in Figure 52n 2003, the
Yamaguchi group prepared phosphite displaying &kli@xial, and central chirality, such as
(M,M,S1R,2S5R)-414. Phosphamidate&ll5 displays a B) helicity. Phosphinitest14 and 417 were
utilized in asymmetric catalysisvifle infrg), while Helol derivative416 was also investigated in
enantioselective recognition.
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(M,M,S)-416 (P,S)-(+)-417

OMe
Figure 52.Example of helical phosphites and phosphinatgsapesl in enantioenriched forms.

5.2.2. Applications in enantioselective catalysis

The rhodium complex 0890 was prepared by reaction with [Rh(CQIIBF,] and used as a chiral
catalyst in the asymmetric hydrogenation of di-ngkttaconic acid este418 (Table 31). A 39%eewas
obtained in this pioneering example of asymmetailysis using a helicene-based complex (entrij>1).
The organometallic catalyst was not clearly chamimed; the intramolecular P-P distance (6.48A)
obtained from the X-ray crystallographic structig¢oo large for PHel to act as a ditopic chelatiggnd
and suggests that it rather behaved as a monodemntat In 2000the () enantiomer of the same helical
phosphane was employed as a chiral ligand to fostmueturally undefined Pd allyl complex (probably
also not chelatedin a Pd-catalyzed kinetic resolution consistingatif/lic substitution of acetate by
dimethylmalonate in 1,3-diphenylpropenylacetd®? (entry 6); the left starting material displayeds
up to 99% while the allylic malonate prodd@4 showedeés up to 85.7987°

Enantiopure complexP)-413awas tested in the asymmetric hydrogenation of e?agiene-succinate
418 (entry 2), and methyl-2-acetamidoacryldf0 (entries 4,5). The hydrogenatég) enantiomers were
obtained with moderateés (31-40%) (Table 31). The phosphinoxi-substitutegahelicenic molecules
398 and 400 were also tested as enantiopure chiral ligandshén Pd-catalyzed asymmetric allylic
alkylation of422 giving eés as high as 97% (entries 9,10).

The two pentahelicenic ligan@85 and387 proved very effective in asymmetric cataly$s.Indeed,
the Pd-catalyzed asymmetric allylic substitutioacteons were first studied, and the alkylationafemic
1,3-diphenylallyl acetatéd22 with dimethyl malonatet23 using CsCO; as the base and [PACHEG)].
(0.5 mol%) as the palladium source, in the presefce catalytic amount d385 and387 (1 mol%) in
CH.CI, at room temperature (Table 31, entries 7,8) asodeinreaction. LigandM)-385 was highly
effective in this reaction, affording)-424in 99% vyield with 94%ee while (M)-387 afforded §)-424in
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99% vyield with only 71% e Similarly, (M)-385was also highly effective in the asymmetric alliga of
indoles with 1,3-diphenylallyl acetate (up to 9% entry 11), and in the etherification of alcohglp to
96% ee, entry 12). In contrast385 and 387 were was highly effective in the stereocontrol of hdlica
chirality in Suzuki-Miyaura coupling (SMC) react®as illustrated in entries 13-14 of Table 31, it
Suzuki coupling between diisopropy! (1-bromonapleh£-yl) phosphonaté29 ando-tolylboronic acid
429' (up to 99%eefor product430). The stereoselectivity of the reactions was elated with the help of
DFT calculations.

In 2003, Yamaguchet al. used phosphites displaying helical, axial, andtra¢rchirality, such as
(M,M,S 1R 2S5R)-414, as effective ligands for the rhodium-catalyzedregioselective hydrogenation of
di-Me itaconate withees up to 96% (entry 3 It was shown that the stereochemistry of the bakc
moiety plays an important role in the asymmetriduiction, and matched/mismatched phenomena were
observed between helical and axial chirality. IlL20Staryet al. used chiral ligands such aB,9-(+)-
417 bearing a pendant phosphite moiety either in asgimRh-catalyzed hydroformylations (moderate
ees up to 32%) or in Ir-catalyzed allylic aminatiozactions (higheés up to 94% using an analogue of
417" For selected reviews on helicenes in asymmetrtalysis, see:**°1"3®! Note that gold-
catalyzed cycloisomerizations such as intramolecallene hydroarylation were performed recently by
Hashmi, Licandrcet al using tetrathiahelicene phosphane ligands Thitihes$ 408c or 412 but those
were tested as racemic cataly¥fs.
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Table 31.Enantioselective hydrogenation of 2-methylenecsate418 methyl-2-acetamidoacrylate

420using helicene-phosphanes as catalysts.

(@)
MeO e
OMe
cat.

Jvco CH
H3CO,C 2B

O 418 (S)-419
Entry Catalyst Conditions ee Yield Ref
H, / % catalyst
1 [(M)-39C-Rh(COD)Y][BF ] 1 bar / 0.2 mol % cat. 39% 54% 36t
2 (P)-413a 5 bars / 0.2 mol % cat. 31% 27% e
3 [(M,M)-414-Rh(CODY][BF /] 90 bars / 1 mol % cat. 96% Quant. 374
-78 t0 20 °C
0 O
Meo)km N ——  MeO e
0 cat. 0]
420 (S)-421
4 (P)-41%a 5 bars / 0.2 mol % cat. 32% 67% 1
(conv.)
5 (P)-41%a 5 bars / 0.2 mol % cat. 40% Quant. ¥
[(®-C3Hs)PdCI];
OAc CHy(COSCHy) ligand CH(CO,CHj3), OAc
+ 2(CO2CH3)2 —_— - +
Ph/\)\Ph Ph"pp P " ph
(rac)-422 423 (R)-424 (R)-422
6 (P)-39C BSA, KOAc, 0.5 mol% cat. 82.7% (R)-424) 98% st
ligand-metal (2:1)/2h and
99% (R)-422)
7 (M)-385 CsCO;5, 0.5 mol% cat. 949% g-424) 99% 36t
8 (M)-387 CsCO;, 0.5 mol% cat. 71% §-424) 99% 362
9 (P)-39¢ BSA, LiOAc, 90% (R)-424) 96% 3¢
10 mol% ligand/2.5mol% [Pd]
10 (P)-40C BSA, LiOAc, 84% (R)-424) 97% 3¢

10 mol% ligand/2.5mol% [Pd]

[(n*~C3Hs)PdClI],

HN
\ Br

OAc ligand
HN gan
+ _—

Br v

Ph/\)\ph @ -
Ph” " ph
(rac)-422 425 (S)-426

11 (M)-385 CsCO;, 1 mol% cat. 99% © 99% 36:

CH2C|2, rt
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[(n*~C3H5)PdCIL,

OAc
s Tt o
Ph Ph * —_—

PR " ppy
(rac)-422 427 (S)-428
12 (M)-385 CsCO;, 1 mol% cat. 96% O 95% 36t
CH,Cl,, rt
B(OH), Pd(OAc), (2 mol%)
OO Me ligand (2.4 mol%) OO
_ P(Oi-Pr
PP PO o
3F Uy
Br o toluene, 50°C Me
429 429' 430
13 (P)-385 81% R) 87% 36t
14 (P)-387 95% R) 97% 36t

In 2006, Soai, and collaborators reported theafisensubstituted enantiomerically put20aand420c
as chiral inducers in the famous autocatalytic i$eaction” (see Scheme 3%%.

5.2.3. Aza[6]helicene phospholes: synthesis and cdioation chemistry

Phospholes are weakly aromatic heteroles with etiveaP aton?*****This weak aromatic character is
a consequence of two intrinsic properties of phoigsh (i) the tricoordinate P-atom adopts a pyranid
geometry and (ii) its lone pair exhibits a high ey of o-character. The aromatic character of the
phosphole ring results from hyperconjugation invadvthe exocyclic P-Ro-bond and thetrsystem of
the dienic moiety. One consequence of such weakatroity is that the parent phosphole is stable onl
below -100 °C. However, introducing a phenyl, anmyaa bulky alkyl or an alkoxy group at the P-atom
allows derivatives to be obtained that are stabl®a@m temperature. The aromaticity of phosphobes c
also be strongly influenced by the nature (stemclfance, electronegativity) of the substituenttom P-
atom. Calculations have shown that phospholes witilanar P-atom would be more aromatic than
pyrrole, due to the goodtdonor ability of planar-P centers. However, thebdization is not sufficient to
overcome the high planarization barrier of the &va(35 kcal-mat), but is responsible for the reduced
P-inversion barrier in phospholea 16 kcal-mof versus 36 kcal-mdlfor phospholanes). Together,
these electronic properties (low aromatic charaaert hyperconjugation) set phosphole apart from
pyrrole and thiophene.

Phospholet334d+2 having an aza[6]helicene-phosphole motif has l@epared in 2009 by our group
via the ‘Fagan-Nugent method’ using enantiopure diy#32 possessing a (Ghi spacer and a 4-
aza[6]helicene unit obtained by regular oxidativetpcyclization process followed by chiral HPLC
resolution®®! Starting with a diyne bearing an enantiomericallye helix that can be obtained by chiral
HPLC resolution (for exampldéPj-configuration, Scheme 99), two diastereomericspholes ie (P,Sp)-
433d and P,Rp)-433&) were obtained due to the presence of the sten@mgeatom. Their mirror
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images ie (M,Rp)-433d and M,S)-4334) were synthesized using thél)-azahelicene. A variable
temperaturé’P NMR spectroscopic study revealed an inversionidrabetweerd33a and 4334 of 16
kcal mol* at 330 K in CDQ. Slow crystallization at room temperature of thestéaeomeric mixture of
phosphole#33"? afforded single crystals @33a only (see X-ray structure on Scheme 99). The helicity
of aza[6]helicene fragment showed a classical vafués.8° between the pyridine ring and the terriina
phenyl ring. Furthermore, the low twist angle (2§.8heasured between the phosphole ring and the
aza[6]helicene unit allows a good electronic inteoa between the two—systems. This is illustrated in
the UV-visible spectrum with lower energy at 430,nanred-shifted value compared to 2-pyridyl-1-
phenyl-5-phenyl-phosphole (390 ni}:** In Table 32 are summarized the photophysical ta
precursor432 and of phosphold33“% While 432 displays the classical structured blue fluorescerice
422 nm, thephosphole displays a large fluorescence signakocetitat 502 nm, originating from both the
azahelicene and phosphole fluorophores.

Scheme 99Synthesis ofR,S)-4334d and P,Rp)-4334 diastereomers from one diyri@){432
enantiomer. X-Ray structures of phospheldga 3!

@J—Q

) hv, cat. I, toluene, 1 night
2) Chiral HPLC

1) 2 n-BuLi, CpoZrCl,
2) PhPBr,

330K
= 16 kcal mol™” (P,Rp)-433a

(M,Rp)-433a’ (M,Sp)-433a?

Table 32.Photophysical data for the azahelicene d§82and of azahelicene phosphot&s'? Data at
298 K in CHCly; at 77 K in ether/isopentane/ethanol (2:2:1 v/v).

277K 77K /177K 77K

Compound abs RT RT
A A fluo ® fluo T 00 phos r phos

max fluo T fiuo
(nm) (nm) (%) (ns) (nm) (ns) (nm) )
(gin Mtem®)
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432 265 (48700), 321 422,446, 472 6 59 420, 445, 9.3 532, 578, 15

(18000), 331 (17500), 473 626
352 (8510), 393 (1560),
416 (1270)
4338+ 265 (67500), 326 502 - 6,1.2  425and490 85,2.6 [ 550 1.3

(21000), 395 (15900),
430 (12700)

Table 33.Specific rotation values of enantioenriched helephosphane derivativés: 33

Compound 23, 23 Conditions b
[a D MD (solvent / Con¢) |-¢-|
(P)-432 +2010 +10240 CkCl,/ 0.01
(P,R*)-433¢L* +1350 +8200 CkCl,/ 0.3
(P,P)-[Pd@33),% + 1275 +23100 CKCl,/ 0.01 (P,P,R,Rn.dpg-[PA ()] %
+26660
(P,P)-[Cu(@33),]" +910 +13150 CHCl;/ 0.01 (P,P,Rs,Re,Ac)-
[Cu(433d),]*
+13230
(P,P,Re,Re,Ncy)-
[Cu(433d),]%
+30340
(P,P)-44¢ +2230 +21000 CH,Cl,/1 X 10*M
(P,P)-44¢ +1690 +19560 CH,Cl,/ 1 X 10% M
(P,P)-45C +658 +19200 CH,Cl,/ 1 X 10% M

2 Within an error oft 2%.° TD-DFT calculated using th4334d diastereomer.

Heteroditopic 2-pyridylphosphole derivatives halseen utilized as 1,4-chelating ligands
towards transition metafé> They possess two coordination centres with differstereo-
electronic properties (“hard” nitrogen and “soffigsphorus centres) which, in accordance with
Pearson's antisymbiotic effedtgns effect),can control the orientation of two 1,4-P,N ligands
around a square planaf-uhetal centre (Pd, P£"); C»-symmetrical complexes with optimized
optical properties such as second order NLO agtigite obtained in this way? Indeed,
complexation of aza[6]helicene phosphd&3to Pd(ll) and Cu(l) gave stable metal-bis(heligene
complexes of respective formula [B8Q),]*" and [Cu@33,]* (Scheme 100). Pd(ll) appeared
more efficient than Cu(l) to stereoselectively arga two azal[6]helicene phosphole ligands
around the metallic ion thanks to steric hindracaebined withtrans effects and configurational
lability at the phosphole's P atom. Indeed, in clemgP,P)-[Pd@33),]%*, the lability enabled the
P atom to adapt its configuration upon coordinatiororder to minimize the steric congestion
induced by the two helical units, while ttrans effect resulted in aligning the two P,N chelates i
a cis fashion around the Pd(Il) center. Overall, (R handedness of the aza[6]helicene unit was
transferred to the P atom fixed &) Gtereochemistry which in turn imposed ti €onfiguration
to the Pd center (ligand found 4324& stereoisomer).
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DFT calculations performed at the BP/SV(P) levelhafory on the Pd(ll) complex [PtB3)-]*" with a
(P) ligand, and where the P-atom B &nd the Pd center 8, i.e. (Rp,4pg) diastereomer, is 19.4 kcal/mol
more stable than th&{4sq) diastereomer (Figure 53% On the contrary, in the case of Cu(l) complex,
the two stereoisomeric complex&sH,R,R 4c,), and P,P,R R, /cy) were found to have the same energy.

Thanks to such a highly controlled stereoselectix@cess, the chiroptical properties of the
Pd'-bis(helicene) assemblies [B&Q),]** were significantly enhanced as compared to théirsga
ligand 433 and to the Cubis(helicene) assembly [A83),]* (see Scheme 100C). The ECD
spectrum observed f@f33 was characteristic of an extendedonjugated helical ligand over the
whole helicene-phosphole skeleton. In the Pd(linpkex [Pda33),]%*, efficient metal-ligand
electronic interaction induced MLCT type transisomesponsible for the low-energy ECD-active
tails (400-500 nm). This was not the case for Ce@ijnplex [Cud33,]" since metal-ligand
electronic interactions appeared much weaker amdtireoselectivity very lowide suprd.”® In
conclusion, the heteroditopie,N-moiety of derivative433 dictates its coordination behaviour
allowing a predictable coordination-driven molecwdagineering to be performed.

Enantiopure ajé]helicene diyneR)-432 (Scheme 100) displays a high MR valgg’= +10240 (Table
33) that is comparable t®)-hexacarbohelicendd®= 11950)* The specific MR of phosphol@®)-433
is lower (#B3= + 8200) since it corresponds to a mixture of i@omers @,S)-433and P,R)-433. In
comparison, complexP(P)-[Pd@33,]*" displays a huge specific MAZE® = +23100), which is much
larger than that of its Ganalogue R,P)-[Cu(433),]" (&= 13100).

Scheme 100.Synthesis of Pd- and Cu-bis(aza[6]helicenephosphisbm 433a% UV-vis and ECD
spectra in ChHCIl, at 293 K of P) enantiomers (plain line) and of their respectiidd) enantiomers
(dashed lines¥**=#2

(P,P)-{Pd(433),]>*
B) C)
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(P,P,R,R,4;4) (P,P,S,S,4:4)
0) (0 kecal.mol?) (+19.4 kcal.moll)

(P,P,R,R,4,)
(1.5 kcal mol?)

(P,P,R,R,/,)
(0 kcal mol?)

Figure 53. Optimized structures and relative energies for (@B8,]** () and ([Cué33),]" obained by
DFT calculations®

Finally, it was shown in the former paragraph thladsphole-modified azahelicenes are well designed
to self-assemble onto metallic ions in a highlyesbselective way, affording original chiral arcleiigres.
Along these lines, multitopic 2,6-bis(aza[6]heliegphosphole)-pyridind35 was prepared and appeared
well-suited to generate structural diversity witlmalicate chemistry. Indeed, helicates and heliceame
two prototypes of helical structures in moleculaemistry (Scheme 101). Since their introduction by
Lehn et al,*® helicates have attracted attention for their piderapplications such as for instance
functional chiral supramolecular assembfi®s efficient chiral emitter§®’ a-helices mimics and
antimicrobial agent®®® Ligand 445 prepared from enantiopure diyd84 acted as a N,P,N,P,N-helicand
upon an original coordination mode on'@imers®? Enantiopure helicate$/(M)- and P,P)-436 were
thus obtained, which assembled two helicene-capmidands435 around four Cu(l) centers. Their
chiroptical properties were studied; their speaifitations are displayed in Table 33 and the EQé&ztsa
are depicted in Scheme 101. Theoretical calculatievidenced the efficient chiral induction from
azahelicene moieties to the 'Gelicate core and emphasized the presence ofahelito-helicand charge
transfer (LLCT type) transitions that significantiyjpacted the ECD active bands. These assemblies
possess an original skeleton based on metal-diamersnixed pentadentate phosphole-pyridine helicands
exhibiting unusual coordination modes.
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Scheme 101Coordination-driven synthesis of supramoleculdichte 436from helicand435.
ECD spectra ofF) (plain lines) andN1) (dotted lines) enantiomers of diyA84 (red colour),
ligand 435 (purple colour) and Cu-helica#86 (green colour§®®

4
\‘ N _|+

1) 2 n-Buli
szzrclz
2) PhPBr,

[CU(CH3CN)4]BF4
2eq.

CHQC'Q, r.t.

(P,P)-(+)-436

6. Conclusion and perspectives

In conclusion, helicenes and helicenoids decoratigéd main-group elements represent a particular
type of helical non-planar scaffolds that could podwlly extend the arsenal of helicene chemistry
generating novel architectures with undiscovereductiral, optical, chiroptical properties and
physicochemical qualities, determined by the na&umek the number of the present heterocycles atiu#or
type of the substituted groups. In this review, digcussed the different strategies offering sudhath
helical systems based on boron, silicon, nitrogash @ghosphorus helicenes. There is certainly anweven
to develop novel and improved synthetic approattward helicenes containing main-group elements. A
special focus on methods enabling large-scale prgpa will be greatly needed to be able to scriéen
properties and to use these materials in divergkcagions. Indeed, these aesthetically pleasanttsires
are eminently useful in a broad range of advanggdications including materials scien@symmetric
organo- or transition metal catalysis, moleculazogmition, or biology. Although the enantiomeric
resolution through chiral HPLC separation appelesmethod of choice to access enantiopure helicene
derivatives, the development of stereoselectiveragghes are greatly needed. The presence of the
heteroatom offers opportunities to investigate ngyes of reactivity for stereoselective synthetic
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methods (for instance through diastereomeric covaléerivatives or coordination complexes).
Chiroptical activity is a focal point research anas been thoroughly detailed in the present review.
Improved anisotropy factogysin the fundamental state aggn in the excited state can guide the use of
helicenes in some chiral devices. As exemplifiedthis work, the heteroatom alters the chiroptical
properties of the helicene moiety, generating ckifié shapes and intensity of the circular dichroic
response and the circularly polarized light in cangon with their simpler carbohelicene countempart
However, these small-organic molecules includinticbee structures usually give limitefys and gum
values in the range of Tal0% In order to increase these low dissymmetric factan alternative
approach will consist in constructing higher-ordeolecular architectures of main-group element
containing helicenes that will assemble in a cdil@domanner and form supramolecular arrangements.
Thus, helicenes and helicenoids may be meticuloasigred with a precise molecular design and then
engaged in higher-order structures with controflelf-assembly, thus paving the way to the developme
of robust and promising CPL active systems. Thedioation chemistry toolbox can also afford novel
helicene-based structures type with novel propedigpearing, such as for instance circularly poéari
phosphorescence or redox-triggered chiroptical chwigy activity. Ditopic and multitopic helicenic
ligands could indeed self-assemble onto metallis iwith the aid of a controlled stereoselectivecpss
providing unprecedented chiral supramolecular gechires. Additionally, theoretical work undergoes
expeditious and efficient progress which providest only complementary information to the
experimental features but also a decent guidetiriroptical materials engineering.

For optoelectronics and photonic applications,caty active helicenes can interact differentlyat
circularly polarized light, depending on their haddess. This property along with their exceptional
thermal and photostability, their strong absorpti@nd their moderate quantum vyield of
photoluminescence justify their use as semicondsétosome post-silicon electronics. Yet, theresite
some critical aspects that should be controlleardter to integrate chiral molecules in such devigbigkh
are: i) the chiral structure: the nature, the number dmed gosition of the heteroatom in the helicene
scaffoldii) the enantiopurity of the chiral semiconduciigr the packing in the solid state. The latter
parameter has shown to have a crucial effect irpttmophysics behavior of the chiral molectfféand
the fact that racemic and the enantiopure versiae different organization and morphology at the
condensed stafé® may open a new research area in which the homa-haterochiral composition
represent an alternative parameter to structurdlifioation in order to ameliorate and to tune tleeide's
efficiency and propertie$?°

It appears that helicene derivatives have beenrargimred in asymmetric catalysis, although, thve fe
works that have been published show promising t®sal some precise reactions in which the chiral
helically moiety was decorated with oxygen, nitneagand phosphorus functionalities. After the earlie
examples employing a substituted [7]helicene moastychiral auxiliary and as chiral reagent for some
diastereoselective reactiofi$, a variety of helicenic molecules have been empuloiye asymmetric
catalysis reaction as organocatalysts, organonetaltalyst and chiral inducers. Helicenes withohtd
functions, phosphines, phospholes, bipyridines, napyridines, NHCs, revealed efficient in
enantioselective organocatalysis and organometadlialysis, where the rigidity, the bulkiness, dhe
dissymmetric environment, match-mismatch effegigeared as important features for the stereocontrol
of the reaction. The development of new helicatemys will give new opportunities to develop et
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catalysts that can enrich the existing catalytiategies for asymmetric reactions which is of gnetsrest
for a synthetic chemist at the laboratory and tigistry levels.

In biology, few works have been published on the afsheterohelicene in enantioselective recognition
of biologically relevant molecules, with specifilmtling between heterohelicene and DNA fragments,
nucleic acids, or proteins. With the aid of somectscopic tools such as the absorption, the
fluorescence, ECD, CPL and NMR, researchers wefe tmb monitor the change and the gradual
alteration of the shape and the intensity of thpwiusignal after interactions. These studies szl the
light in the importance of the heterohelicene imsccritical biological applications and may openaup
window on future prospects of helicene chiralitysome fields such as inhibitory activity, drug detiy,
photodynamic therapy and bioimaging.

Recently, the field of the multiple helicenes haxdme the focus of interest of many research
groups®®>***** The presence of two or more helicene moleculésdérsame scaffold provide the structure
with intriguing properties that could be absent time single helicenej.e, more complicated
stereochemistry that incorporates a variety of rehe multihelicity giving rise to a plethora of 3D
diastereomers configurations, fascinating molecdiaramics and complex interconversion mechanisms
for the existing stereoisomers. One can expect iti@drporation of heteroatoms within the multiple
helicene architectures may provide further addddegaby generating a new molecular materials with
excellent carrier mobility and special semicondugtiproperties that differ from the multiple
carbohelicene spiral structurds.fing, the literature on enantioenriched helicenic denxes with main-
group elements is constantly growing; this revialdrasses the results before the end of 2018 buy man
references on the topics have appeared in earl@;2key have not been detailed in the present
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Notes

25 Mw

* Molar rotations[¢]2° and specific rotationa]3° are related by[¢]3° = [a]?® x ~oo + WhereMW is

the molar weight. Units are in degree [dm (g3t for specific rotations and in degree Tdmol™ for

molar rotations. UV/vis and ECD are commonly expeesbys andA& and are given in Mcm® units.
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List of abbreviations
ACN: acetonitrile
APTS: p-toluenesulfonic acid
[BDMIM][BF4] : 1-butyl-2,3-dimethylimidazolium tetrafluoroborate
BSA: N,O-bis(trimethylsilyl)acetamide
CBP: 4,4’-bis(9-carbazolyl)-1,1’-biphenyl
CCDC: Cambridge Crystallographic Data Centre
CE: Capillary Electrophoresis
CISS: Chirality Induced Spin Selectivity
COD: cycloocta-1,5-diene
m-CPBA: metachloro-perbenzoic acid
CPL: Circularly Polarized Luminescence
1,2-DCB: 1,2-dichlorobenzene
DCE: dichloroethane
DDQ: 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
de: diastereomeric excess
DFT: Density Functional Theory
DHPL C: Dynamic High-Pressure Liquid Chromatography
dppe: bis(diphenylphosphino)ethane
dppp: bis(diphenylphosphino)propane
ee: enantiomeric excess
ECD: Electronic Circular Dichroism
Fum: dimethyl fumarate
hfac: 1,1,1,5,5,5-hexafluoroacetylacetonate
HMDS: 1,1,1,3,3,3-hexamethyldisilazane
HOMO : Highest Occupied Molecular Orbital
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HPLC: High-Pressure Liquid Chromatography
HRMS: High-Resolution Mass Spectrometry
ISC: Inter-System Crossing

LUMO : Lowest Unoccupied Molecular Orbital
MJ: Molecular Junction

MR : Molar Rotations

MW : Microwave

NICS: Nuclear Independent Spin Chemical Shift
NMP: N-methyl-2-pyrrolidone

NLO: Non Linear Optics/ Non Linear Optical
0-DCB: ortho-dichlorobenzene

OFET: Organic Field-Effect Transistor

OLED: Organic Light-Emitting Diode

OPV: Organic PhotoVoltaics

PAH: PolyAromatic Hydrocarbon

PLED: Polymer Light-Emitting Diode

ROA: Raman Optical Activity

TCB: trichlorobenzene

TD-DFT: Time-Dependent Density Functional Theory

TFA: trifluoroacetic acid

TMS: trimethyilsilyl

TOF: Time of Flight

tta: 2-thienyltrifluoroaacetonate
UHP: urea-hydrogen peroxide
UHV: Ultra-High Vacuum

VCD: Vibrational Circular Dichroism
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