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Abstract: Functionalization, namely the introduction of side groups onto the molecular scaffold
of a helicene, may have either the purpose of modifying the electronic properties of the parent
helicene, e.g., by adding electron-withdrawing or electron-donating groups, or the scope of providing
the helicene with a “handle”, which can be reacted to bind the molecule to another molecule or
to a solid structure, such as a carbon or metal surface, or again to allow for complexation of the
helicene with metal ions. The possible approaches are two-fold: the synthesis of the helicene can
be performed using starting materials that already contain a side group, or the side group can be
introduced after the synthesis of the parent helicene. As azahelicenes are helicenes bearing one or
more nitrogen atom(s) in the molecular framework, parent azahelicenes can be functionalized on
carbon atoms by exploiting the presence of the electron-withdrawing nitrogen atom. Moreover, they
can be transformed into quaternary salts, whose properties are quite different from those of the parent
azahelicenes in terms of the solubility and electronic properties. This review aims to provide a survey
of the different synthetic methods available to attain this fascinating class of compounds.

Keywords: azahelicenes; photochemical cyclization; cycloisomerization; substitution; azoniahe-
licenes; helquats

1. Introduction

Azahelicenes [1,2] constitute a class of heteroaromatic molecules endowed with an
extended conjugated system, which imparts them large conductivity and polarizability,
exploitable in fields such as optoelectronics [3], catalysis [4], sensors [5], and more. Their
intrinsic chirality due to helicity is reflected in their extremely high optical rotation. Their
racemization times are shorter than those observed for carbohelicenes of the same struc-
ture, and depend on the position of nitrogen onto the molecular framework [6]. To be
configurationally stable at room temperature, six-membered ring azahelicenes must pos-
sess at least six fused rings, unless appropriately bulky substituents on the terminal rings
prevent racemization.

Azahelicenes can furthermore aggregate into relatively stable supramolecular struc-
tures (m-stacking, polar interactions); in addition, they exhibit a remarkably long triplet
state lifetime [7]. Due to the presence of the nitrogen atoms, these compounds are more
polar than carbohelicenes and exhibit basic properties [8,9]. Obtaining functionalized
azahelicenes, on the one hand, provides a way to modulate their electronic properties by
inserting electron-withdrawing or electron-donating groups; moreover, an appropriately
functionalized moiety covalently bonded to the helical scaffold may be used to attach
the molecule to a surface of some kind, such as carbon or metal, or to connect it to other
molecules or to metal ions. In the literature, there are relatively few instances of functional-
ized six-membered ring azahelicenes, either obtained by incorporating the functional group
in the precursors to the synthesis of the azahelicene, or by inserting it onto the previously
prepared azahelicene molecule.
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In this review, which is focused on synthetic aspects, only azahelicenes where nitrogen
atoms are part of a six-membered ring (azines) are considered; functionalization refers to the
introduction, on any part of the structure, of substituents including alkyl groups, aromatics,
functional groups of any kind. The synthetic strategies are grouped into (i) methods of
direct synthesis, starting from precursors already bearing the desired substituent, and
(ii) methods for the functionalization of pre-formed azahelicenes; these two sections deal
with substitution onto a carbon atom of the framework. Furthermore, a third section is
devoted to quaternarization of the nitrogen atom(s), which allows for obtaining quaternary
azahelicenium salts, helquats, and azoniahelicenes.

2. Direct Synthesis of Functionalized Azahelicenes

The synthesis of helicenes can be obtained following different strategies, namely
(a) oxidative photocyclization, (b) Diels—Alder reactions, (c) Friedel-Crafts reactions, and
(d) metal-mediated reactions. Strategies (a) and (d) have been mainly used to obtain the
direct synthesis of functionalized azahelicenes by using appropriate starting materials,
bearing functional side substituents compatible with the reaction to be performed.

2.1. Diarylethene Cyclization

In this approach, an appropriate diarylethene derivative is prepared, which is then cy-
clized, usually by photochemical methods, to obtain helicene; the diarylethene is generally
obtained either by the Wittig reaction between a phosphonium salt and an aldehyde, or by
Heck coupling through a vinyl derivative and an aryl halide. It is possible to devise the
synthesis by incorporating starting materials containing the desired side groups.

The Wittig reaction is compatible with several functional groups, including multiple
bonds, halogens, nitro, ether, ester, and acetal groups, which therefore may be present
on the aldehyde moiety. The phosphorus ylide may contain multiple bonds and several
functional groups; if it contains electron-withdrawing groups, it becomes more stable.
This approach was adopted in many cases for carbohelicenes, for instance in [10], where 4-
bromobenzaldehyde reacted with the appropriate four-ringed phosphonium ylide to obtain
the diarylethene precursor of 2-Br-hexahelicene. For azahelicenes, the only additional limi-
tation concerns the availability of the required commercial starting materials. One reported
instance starts from 2-chloroquinoline-3-aldehyde (1) to obtain the symmetrical 6,9-dichloro-
(2) and 6,9-dimethoxy-5,10-diaza[5]helicene (3) [11]. Both terms employed in the Wittig
condensation originate from the same substituted quinolinaldehyde (Scheme 1); (1) is easily
accessible by reacting acetanilide with POCl; in DMF at 80 °C [12]. By using differently
substituted moieties, it is also possible to obtain the unsymmetrically substituted product.

1.5 eq KOH,

~
reflux, 10 h N” O-CH,

89%

1.5 eq NaBH, 1)1.5 eq CBry, PPh3

~CH2P"PhsBr~ 1) 3eq NaH
+ from0°Ctort.,6h
~
N R 2)hv, 1eq |l

CH,OH *PhyBr-
THF/MeOH ©\/\/E 2 rt.5h ©\/§:CHzp Ph3Br
0°C, 30' N” R 2) 3 eq PPh;, toluene N”

R 95% R=CI
reflux, 12 h 92% R=OMe

2 (R=Cl) 57%
3 (R=OCHj) 63%

excess propylene oxide
toluene, 10 h

1.9eq

Scheme 1. Synthesis of 6,9-dichloro- and 6,9-dimethoxy-5,10-diaza[5]helicene.
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Starting from 6,9-dichloro-5,10-diaza[5]helicene (2) it is possible to substitute chlorine
atoms with several functional groups, as depicted in Scheme 2.

N.__SCHj
2.8 eq PhSH
2.8 eq NaSCH; %-sl Eqsié%goz,
DMF, 80°C by
12 h, 58% » 027

2.5eq Ky,CO3 DMF, 150°C
DMF, 80°C 20h, 50%
12 h, 67% ’

Scheme 2. Introduction of functional groups starting from dichlorodiazahelicene 2.

The substitution of chlorine atoms with chiral amines provides a way to separate
diastereomers, in order to achieve an enantiomeric resolution. However, the five-ringed
helicenic scaffold is readily racemized, and the presence of nitrogen substitution accelerates
racemization compared to the parent compound [11].

In a modification of this approach, Harrowven and coworkers [13] prepared 6-chloro-
5-aza[5]helicene (4) again by using (1) as the starting material, and reacting it with a
phosphonium salt bearing an iodine atom, to be used for a non-photochemical radical
coupling reaction (Scheme 3).

' O
Ny CHO CHP"PhsBI™  { gyoK, THF |
NT > cl 0°C, 97% O X

1eq

_ toluene, 90°C, 75%
N Cl

| | 2.4 eq Bu,SnH O
O X 0.4 eq VAZO, O
N Cl

Scheme 3. Synthesis of 6-chloro-5-aza[5]helicene 4 by radical cyclization.

3-bromo-4-aza[6]helicene was also prepared following the Wittig condensation. The
photochemical ring closure strategy [14] started from 6-bromo-2-pyridinecarboxaldehyde,
which was condensed with benzo[g]phenanthren-3-ylmethyl triphenyl phosphonium
bromide through the use of BuLi in THF to obtain the corresponding diarylethene in
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OQ P*PhsBr-

_78° 9

=N 78°C, 3h, 92% hv, 2 eq |, excess PO
| 2

= CHO 5h, 90%
0.96 eq "

a 90% yield. This was then irradiated with visible light in toluene with I, (2 equiv.) and
excess propylene oxide (PO) for 15 h to yield 3-bromo-4-aza[6]helicene in a 45% yield.
In the same way, racemic 3-(2-pyridyl)-4-aza[6]helicene 5 was synthesized in two steps
from 2,2-bipyridine-6-carbaldehyde by the Wittig reaction with (benzo[g]phenanthren-3-
ylmethyl)triphenyl phosphonium bromide followed by a photocyclization reaction (83%
overall yield, Scheme 4) [15], and 3-(2-pyridyl)-4-aza[4]helicene was prepared by using
(2-methylnaphthyl) triphenyl phosphonium bromide, with an overall yield of 61%.

_ 10eqBuli A Toluene/THF 9:1

Scheme 4. Synthesis of racemic 3-(2-pyridyl)-4-aza[6]helicene (5).

These compounds were used to realize Pt complexes acting as chiroptical switches.
The 2,2’-bipyridine unit is endowed with remarkable stability and exceptional coordination
chemistry. Functionalized helical bipyridine systems exhibit, in addition to the usual
azahelicene properties, a rich and high-affinity coordination chemistry with metals, a good
acid /base and alkylation reactivity, and redox activity.

A chiroptical switch based on reversible Zn(II) complexation by the double azahelicene (6)
was synthesized by the same research group through double photochemical cyclization

(Scheme 5) [16].
OO P*PhyBr-
e

1.14 eq BuLi, THF
from -78°C tor.t.,
5h, 82%

hv, I, cat

toluene/THF
r.t., 7h, 45%

Scheme 5. Synthesis of 2,6-di[3-(4-aza[6]helicenyl)]pyridine (6).

The same group also synthesized a three-substituted 4-aza[6]helicene by preparing
a diarylethene already bearing a dialkynyl substituent, which, after cyclization, was then
reacted further to obtain a phosphole-substituted azahelicene, as reported in Scheme 6 [17].
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Scheme 6. Synthesis of a 4-aza[6]helicene bearing a phosphole moiety in position 3.

A Br-substituted diaza[7]helicene (7) was prepared [18] through the Wittig condensa-
tion, as shown in Scheme 7.

BnO N
’
“BrPhs*P \@
Br
OHC N Br ' |
2 eq BulLi, EtOH
pZ + >
N OB

n from —78°C to r.t.
1eq 79% |

0.5¢eq BnO \N

hv, 2eq I, Z Y ;;:?5‘ N
5 mL propylene oxide =~ Br—___- ’ ~ 7 0Bn  TFA,12h,rt

12 h,benzene, 63% mOBn

Scheme 7. Synthesis of substituted 4,15-diaza[7]helicene 7.

Removal of the benzyloxy groups from (7) by TFA yields the corresponding bromi-
nated pyridinone 8 in a 63% yield. The bromine atom can be substituted with the COCHj3
group. Pd- and Cul-cocatalyzed coupling of TMS-acetylene with 7 yielded the correspond-
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ing ethynyl helicene, which, by treatment with trifluoroacetic acid, cleanly liberated the
pyridinone hydrogen bond sites and simultaneously deprotected the TMS-acetylene moiety,
generating the methyl ketone derivative analogous to 8 in a nearly quantitative yield.

The same approach held for the Heck coupling, where both the alkene and the halogen-
bearing moieties used to obtain the diarylethene could bear substituents. 14-methoxy-3-
aza[6]helicene (9) was synthesized through a double Heck condensation-photochemical
oxidation approach (Scheme 8) [19].

(ON
Iy e
ON
OO CHs [Pd] AcONa hv, cyclohexane
DMA, 140°C, 48h Teqly
| 85% excess PO
2 h, 70% 5

(ON ON
SO ™
N

Br

hv, cyclohexane
() b N _PAAONs ol ‘ 9
P . eqly N
O N DMA, 1 7469%0’ 48h excess PO
. 2 h, 53%

9

Scheme 8. Synthesis of 14-methoxy-3-aza[6]helicene 9.

The Heck couplings were obtained by using excess of the commercially available
vinylderivatives in the presence of 3 equiv. AcONa and 1% Hermann’s palladacycle [trans-
di(p-acetato)-bis[o-(di-o-tolylphosphino)-benzyl]dipalladium] as the catalyst in DMA. The
-OCH3 group can be easily transformed in -OH by treatment with a BBrs solution in
CH,Cl, at RT for 3 h, with an excellent yield. The hydroxy derivative could serve as
N-O bidentate ligands in asymmetric synthesis or as building blocks for supramolecular
architecture. Although not many instances have been described in the literature, this
approach is quite general.

Only two successful syntheses of stilbenoid precursors by the photocyclization of
amides have been described [20]. In the first, photochemical ring closure of the amide
provides lactam 10, which is then converted to double helicene 11 by POCl;3 (Scheme 9).

% @E%COCI _benzene, reflux %
T aness NH
1eq

1 eq Et3N, 02
benzene
hv, 86%

excess POCl;
87%

Scheme 9. Synthesis of 8-chlorobenzo[4,5]thienol[2,3-cJnaphtho[2,1-h]quinoline 11.
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In the second, the same research group obtained the dithienocondensated aza[4]helicene
(Figure 1) by the same procedure; however, the yield of the last step with POCl3 was
moderate (39%).

Figure 1. 8-chloronaphtho[2,1-h]thieno[3’,2":4,5]thieno[2,3-c]quinoline.

2.2. [2 + 2 + 2] Cycloisomerization

This approach to the synthesis of helicenes involves intramolecular [2 + 2 + 2] alkyne
cycloisomerization catalyzed by Co!, Ni’, or Rh! to provide the simultaneous formation
of three or more cycles in a single step, giving access directly to the desired helicene,
or to its tetrahydro derivative, to be oxidised in a subsequent step. This strategy has
been extensively used for the synthesis of electron-rich systems, namely carbo- and oxa-
helicenes [21], while only limited examples are reported for electron-poor pyridine moieties
(Figure 2).

Figure 2. Scheme of the general [2 + 2 + 2] cycloisomerization reaction (left); a nitrogen-containing
helicenoid structure obtained in this way (right).

Most frequently, unsubstituted azahelicenes are prepared by this method [22]. Some at-
tempts to apply this strategy to alkyl-substituted azahelicenes were only partially successful.
Cycloisomerization of an azabiphenylylnaphthalene catalyzed by InCl3 and PtCl4 allowed
for the synthesis of 6,10-dimethyl-2-aza-[6]helicene in an 80% yield [23], while the same
reaction, applied to the synthesis of 6,10-dimethyl-2,14-diaza-[6]helicene, failed despite
the screening of a number of different catalyzers. In another instance [24], diversely sub-
stituted 1-aza[6]helicenes are produced in gram scale, starting from methoxy-substituted
azahelicene (12), obtained as in Scheme 10.

S & 1)
Oe N = 1.2 eq BuLi, THF \ _N 1) THF, TBAF, 30', r.t. \
‘ 1.3 eq Cul > — N
\ voe Tt from —78°C to r.t. 7 2)PtCly, 0.1 eq DCE
& MeO overnight, 84-99% MeO @O Ny 120°C,16h  MeO

12eq

12a 14-OMe 46%
12b 15-OMe 45%

Scheme 10. Synthesis of methoxy-substituted 1-aza[6]helicenes.

The methoxy group, which can be located either in position 14 (12a) or 15 (12b), can
then be converted relatively easily and with fair to good yields into different functional
groups (Scheme 11). Furthermore, the precursors to compounds 12 show atropoisomeric
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chirality and could be resolved into stable enantiomers, thus enabling the obtainment of
compounds 12a,b with an enantiomeric excess of more than 90%.

1.1 eq TBAI
2.5eqBCl3
CH2C|2 1.25 eq szO
From —78°C to r.t. r.t., overnight
0.5h py, CH,CI2
13a 50% 14a 98%
13b 96% 14b 98%
0.025 eq Pd(OAC), B(OHézHO
0.03 dppp, 2eq Et3N 1.2 eq
5 eq butylvinylether
DMA, 100°C
overnight 0.1 eq Pd(OAc),
0.3 rq PPhg
2.4 eq Na,CO; _ |
143,b — i xane/H,0, 100°C _N
i X
17a 37% 0.05 eq Pd(OAC), overnight | ‘
0.075 eq Xantphos Pz
1.2 eq pyrrolidine CHO
1.4 Cs,CO3 15b 90%
toluene, 100°C
1 day
)

16a 65%
16b 66%

Scheme 11. Transformations of functional groups onto the 1-aza[6]helicene framework.

The enantioselective synthesis of azahelicenes and S-shaped double azahelicenes
has been achieved via the Au-catalyzed sequential intramolecular hydroarylation of
alkynes [25]. By using the catalytic system indicated in Scheme 12, the azahelicenone
18 is obtained in very good yield with 69% ee starting from an achiral precursor. It is also
possible to reduce the amount of the catalyzers by operating at 80 °C: in this case, although,
the yield decreases to 80%, and the ee decreases to 56%. When a phenyl group is introduced
as a substituent in place of 2-methoxyphenyl, both the yield and ee decrease substantially.

Following the same procedure, products analogous to 18 can be prepared, in which
one or both terminal aromatic rings bear two methoxy groups in positions 1,3.

Starting from a product analogous to 18 in which the nitrogen atom bears a 4-
methoxybenzyl group, treatment with CF3COOH followed by reaction with POCl; and
PhNMe; (-)-8-chloro-2-(2-methoxyphenyl)-7-aza[6]helicene 19 (Figure 3) obtained a 67%
yield, with 74% ee. By using the same reaction strategy, it is also possible to obtain the
S-shaped double azahelicene 20 represented in Figure 3, with >99% ee of the (+) enantiomer.
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) O el
—»P Q R i i
+ ovarov oxidation
O Q0
g
R

0
v [ g
(R)-BINAP 15% O O
(CH,Cl), rt., 72h NS0
Bn 96%, 69% ee(-)
18

Figure 3. Azahelicenes obtained by sequential intramolecular Au-catalyzed diyne or tetrayne hydroarylation.

Double azahelicenes showed red shifts of absorption and emission maxima and
higher quantum yields in the CHCl3 solution compared with azahelicenes. The opti-
cal rotation values of double azahelicenes were smaller than those of the corresponding
single azahelicenes.

2.3. Other Synthetic Methods

The Povarov reaction is a formal inverse-electron demand [4 + 2] cycloaddition be-
tween electron rich-alkenes, acting as dienophiles, and N-alkylidene anilines acting as
electron-poor dienes. The primary Povarov cycloadduct is a tetrahydroquinoline that can
be oxidized to the corresponding quinoline; therefore, it can be used to grant easy access to
helical-shaped compounds (Scheme 13) [26].

Scheme 13. The Povarov approach to substituted azahelicenes.

Actually, the reaction depicted in Scheme 14 brings about the formation of the di-
hydroderivative 21, which cannot be further oxidized even in much harsher conditions
(5 equiv. of DDQ, DMF, microwave 150 °C, 12 h).
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H3CO

H,CO

OCH,

2.2eq

NH;

OMe MeO

OMe

OMe

OMe NmP

0.3 eq Sc(OTf)3 HsCO

PhCHO + 264 MgS0s
HsCO 1.5eq DDQ

60°C, 24 h, 68%
2.2 eq 1eq ° H,CO

Scheme 14. The formation of dihydroazahelicene 21 by the Povarov reaction.

The Pictet-Spengler reaction was used to prepare a functionalized aza[4]helicene as
depicted in Scheme 15 [27].

! 9@
OO N Pd(PPhs), DMF
100°C, 6 h, 95% NO,
B(OH), NO, O

eacr, (L) 9
2eqAr-CHO

rt., 3h
NH |
98% 2 TFA, 140°C N
48h, 86% O

Scheme 15. Synthesis of aryl-substituted aza[4]helicenes by Pictet-Spengler reaction.

Ar

The reaction can be performed by both electron-deficient and electron-rich aldehydes,
resulting in an aryl substituent that can bear groups such as “-OCHjz or -NO,. In this paper,
the optical properties of the aza[4]helicenes were studied by UV spectroscopy, finding
absorption bands in CH,Cl, with maxima at 274-307 nm, with the presence of electron-
withdrawing groups resulting in absorption at longer wavelengths than the electron-
donating groups; the positions of the substituents had no obvious effect on the maximum
of the absorption peak. In the fluorescent spectra, the emission maxima for the helicene
skeleton were observed at about 400 nm, and the substituent groups and their positions
had no obvious effect on the emission, while the fluorescence intensities were weak. The
methoxy group onto the aromatic ring can be demethylated with 98% yield by BBr3 in
dichloromethane. This method could also be applied to azahelicenes with more than
four rings.

The configurationally stable diaza[4]helicene 22 is prepared starting from the tris(2,6-
dimethoxyphenyl)methyl cation following the strategy indicated in Scheme 16 [28].

25eqRNH, R~
OMe 25 eq H2N-NH2.H20

DMF, 90°C
8-14 h

MeO MeO OMe
22

20-50°C, 30'

Scheme 16. Synthesis of a configurationally stable substituted diaza[4]helicene.
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R can be alkyl, phenyl, benzyl, -NH;, -CH,CH>OH, or -CH,CH; NHy. Yields range
from 80 to 97%. This synthetic procedure is general, modular, and highly tolerant to func-
tional groups. Single enantiomers of the [4]helicenes were obtained by chromatographic
resolution, with a high racemization barrier. These helical quinacridines are effective dyes
showing interesting absorption and emission properties, that can be modulated as a func-
tion of pH. Their fluorescence is weak and they show relatively modest changes in emissive
properties upon protonation.

Substituted 7,8-diaza[5]helicenes were prepared by oxidative ring closure of 1,1’
binaphthalene-2,2’-diamines (BINAMs, Scheme 17) [29].

Ry

ROed T
NH, 2.2 eq -BuOCl, t-BuOH hj
N
oS * U ee
~
R2 N RZ R4

Ri 3h

Scheme 17. Synthesis of substituted 7,8-diaza[5]helicenes.

t-BuOCl acts as bland oxidizing agent, while 2,6-lutidine serves as weak base to
neutralize HCI generated in the process. The method is moderately tolerant to functional
groups: Ry can be H, CHj3, Br, Ph, and COOCH3;, while R, can be H, Br, or butyl. The
reaction takes place at RT in 3 h with yields ranging between 44 and 91% [29]. For these
diazahelicenes, UV-VIS absorption spectra were recorded, observing a red shift over the
whole region upon the introduction of methyl or phenyl groups in the 3,3 positions, while
on the opposite side the introduction of 6,6'-n-Bu substituents caused a blue-shift of n—7 *
transitions (380430 nm), while -7 * transitions (300-340 nm) were red-shifted. Cyclic
voltammetry experiments were used to estimate the LUMO energies, which ranged from
—292 to —3.13 eV.

A very recent paper [30] reported the synthesis of a substituted aza[7]helicene by
ring expansion starting from a helical ketone, which was reacted with a carbanion to
obtain a five-membered ring alcohol. This latter then undergoes ring expansion by reaction
with NaN3, with subsequent rearomatization/deprotonation to yield an aryl-substituted
aza[7]helicene (Scheme 18).

3 eq PhMgBr
THF _ 3 eq NaN;
r.t., 96% TFA/HFIP 1:10
60°C, 99%

Scheme 18. Synthesis of aryl-substituted aza[7]helicenes by ring expansion.

A variety of mono- and poly-cyclic aryl moieties were attached to the aza[7]helicene
with excellent yields through the use of an appropriate Grignard reagent; both electron-
withdrawing and electron-donating substituents on the aryl ring were tolerated and even
aliphatic chains could be introduced. The enantiomers were separated by chiral HPLC.
Under the irradiation of UV light (365 nm), some of these compounds, notably those bearing
Ph, n-Bu,p-OPh, and 7-(tert-butyl)pyren-2-yl, displayed a bright green luminescence. The
quantum efficiency of the n-Bu-substituted derivative leaps to 18% in comparison to ~7%
for its aryl analogues. The longest absorption maximum in UV —VIS spectra is at ~433 nm.
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2 eq K2CO3

3. Attaching Substituents to Azahelicenes

This approach is based on building the unsubstituted azahelicene framework, to be
then reacted by exploiting the presence of the nitrogen atom for directing the substitution.

3.1. Reactions of N-Oxides

Carbohelicenes can be functionalized by means of the Friedel-Crafts reaction, and it
was demonstrated [31] that electrophilic aromatic substitution is mainly directed in the
five-position, and to a minor amount towards the seven-position. In this way, acylation,
halogenation, and nitration can be obtained. However, six-membered ring azahelicenes are
electron-poor aromatic compounds and therefore they are reactive towards nucleophilic
reagents. One approach to the functionalization of azahelicenes can be the oxidation of
the nitrogen atom by meta—chloroperbenzoic acid to N-oxide, followed by nucleophilic
addition and elimination, to introduce amino substituents in the vicinal position [32]. In
this way, enantiomerically pure (M)-1-aza[6]helicene N-oxide was reacted with 5 equiv.
of an amine R-NH,; in CH,Cl,, upon the addition of 2 equiv. of Ts,O at 0 °C, to yield
2-RNH-1-aza[6]helicene. This latter is then treated with TFA at 70 °C during 5 h to yield
2-amino-1-aza[6]helicene 23 in very good yield (Scheme 19).

t-Bu_
5 eq t-Bu-NH; H CF3COOH
CH,Cl, 70°C, 5 h
2eqTs,0 90%

0°C, 10', 95%
Scheme 19. Exploiting the N-oxide functionality to introduce a vicinal amino group.

The same approach was adopted for benzocondensated 1-aza[6]helicene [33].

Another research group described the synthesis and arylation of the N-oxide through
the use of Pd catalysis [34]. N-oxide was prepared from a precursor already bearing the
N-oxide functionality, it then underwent direct arylation in the vicinal position by reacting
it with ArBr (Scheme 20).

ArBr

Pd(GAC), 10% mol
SPhos 20% mol

2 eq K2003

PCy;.HBF, 20% mol

0.5¢eq Agch3
toluene, 100°C
88-94%

0.5eq A92CO3
toluene, 100°C
77-88%

Scheme 20. Synthesis and arylation of 6-aza[5]helicene N-oxide.

Both the helicene precursor and the aryl group may bear substituents; the azahelicene
can bear a methoxy group in positions 2, 12, or 13, or a CF3 group in position 2. The aryl
group in the ArBr moiety can be 4-methoxy, 4-methyl, 4-CF3, or 4-CHO. With an appropriate
choice of the ligand, namely SPhos (2-bicyclohexylphosphino-2’,6’-dimethoxybiphenyl)
instead of the triphosphinic ligand PCy3;.HBFy, it was possible to obtain the arylated
azahelicene-N-oxide in a one-pot procedure with a 56% yield.

3.2. Substitution Reactions

Six-membered-ring azahelicenes are extensively conjugated azines; as such, they show
the reactivity of azines, with electron-poor aromatic rings prone to nucleophilic aromatic
substitution in the ortho- and para-positions with respect to the nitrogen atom. Usually,
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monoazahelicenes only have one reactive ortho-position, unless the nitrogen atom is located
on the terminal ring, in which case it has two non-equivalent activated positions.

Although no specific examples have been reported in the literature, some reactions
described in the literature for azines with up to three aromatic rings (phenanthridines)
should be applicable to azahelicenes of a similar structure. One instance concerns the triflu-
oromethylation of azines through the formation of their azinium quaternary salts, with a
more pronounced electrophilicity [35]. The azine is converted into its N-p-methoxybenzyl
azinium bromide, which is then reacted with trifluoromethyl carbanions, generated by
Me;SiCF; in the presence of the fluoride anion. The resulting dihydroazine is then oxida-
tively deprotected and converted into the trifluoromethylated azine (Scheme 21).

Br
1e
g /© 1.2 eq Me;SiCF3

OMe N 1.7 eq KF X
tone, r.t NG 0.33 6q PHSIF NG
acetone, r.t. N5 .33 eq PH3Sn N

A CH,Cly rt, 24 h Br A CFO

2.2 eq CAN
MeOH/H,0 4:1
=
N~ CF

3

Scheme 21. Trifluoromethylation of azines by nucleophilic aromatic substitution.

In all cases, the CF3™ anion is reported to add exclusively to the positions 2 and 6 of
the azinium ring, which is a regioselectivity typical of hard nucleophiles. For quinoline, the
overall yield of the three steps is 55%.

3.3. The Minisci Reaction

One of the simplest and most effective ways to introduce a substituent into the acti-
vated ortho- and para-positions of azine rings is nucleophilic radical substitution, known as
the Minisci reaction [36]. In general, the reaction is performed by generating a nucleophilic
carbon-centered free-radical, such as alkyl, acyl, aryl, and benzyl radicals, in the presence
of a protonated heteroaromatic base and a suitable oxidant for the rearomatization of
the substrate. In this way, it is possible to attach alkyl chains of variable lengths to the
azahelicene, bearing a variety of functional groups at the extremity, such as -OH, double
bonds, acyl groups, halogens, and more. Following this strategy, it is possible to bind a
functional group to a helicene structure, whose distance from the aromatic core can be
modulated by inserting an appropriate spacer chain.

Nucleophilic carbon-centered radicals are very reactive and selective species, which
can attack aromatic systems with the opposite reactivity and selectivity compared to the
Friedel-Crafts reaction. Carbon-centered radicals have a nucleophilic character if the car-
bon atom adjacent to the one bearing the radical does not bear an electron-withdrawing
group. Such radicals can be obtained by hydrogen atom abstraction from alcohols, ethers,
aldehydes, or hydrocarbons by oxygen-centered radicals, generated by peroxides, hy-
droperoxides, or dioxiranes [37,38], by the oxidative decarboxylation of carboxylic acids
by the persulfate/Ag* system [39] or by halogen atom abstraction by C- [40], Si- [41], or
Sn-centered radicals [42] from alkyl halides. If a nucleophilic radical is generated in the
presence of a protonated azine, the latter will act as a radical trap, undergoing radical attack
at the ortho- and para-positions to the nitrogen atom. Rearomatization can be performed
by the same radical-generating system or by oxidising the species present in the reaction
medium. This approach was used to introduce 5-aza[5]helicene onto a -CH,OH substituent,
in the position adjacent to the nitrogen atom [5]. The -CH,OH group was introduced using
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a Fenton radical-generating system (H,O, /Fe?") in CH;0H as a solvent, in the presence of
5-aza[5]helicene protonated by an equimolar amount of CFsCOOH. This azahelicene has
only one activated position adjacent to the nitrogen atom and therefore can only give rise
to the formation of the six-substituted derivative. The -OH group of 6-hydroxymethyl-5-
aza[5]helicene was then reacted with the COOH group of functionalized carbon nanotubes
to obtain a sensor for water vapor (Figure 4) [5].

Cl

(o] Cl (o]
\
Oy _OH OVOH v \‘/ cl

N | e

socl,
PN o
O NZ N? N

b b

Figure 4. Functionalization of carbon nanotubes by 6-hydroxymethyl-5-aza[5]helicene.

| ~

A similar approach, on the same aza[5]helicene, used 5-bromo-1-pentene as the radical
precursor and the TTMSS/AIBN system to generate silicon radicals for the abstraction of
bromine atom [43] to produce a pentenyl radical. In this way, the 5-pentenyl-substituted
azahelicene 23 is obtained, and the double bond can be reacted to introduce different
types of further functional groups. In particular, in [44], it was reacted with thioacetic acid
CH3CS-OH, to obtain S-[5-(6-(5-aza[5]helicenyl)pentyl] ethanethioate 24 (Scheme 22).

1 eq CF3COOH OO

1eqTTMSS O
O + Br/\/\/ 23

N

23

bz

HsC”~ “SH

1eq 1 eq AIBN, benzene O P
reflux, 27 h, 43% N X

0 0.5eq AIBN O
M 14-dioxane 04

75°C, 13%

1.5€eq S.__CHs;

)
pd
\

bl

0]
Scheme 22. The formation of S-[5-(6-(5-aza[5]helicenyl)pentyl] ethanethioate 24.

Ideally, the double bond could be reacted in several different ways to introduce other
functional groups, depending on the scope of the procedure. The thioester in this case was
introduced as a thiol precursor, and the acetyl was removed in a basic medium to attach
the organic moiety to a nanostructured gold surface.
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4. Positively Charged Azahelicenes

Azahelicenes can be either neutral or charged molecules. Most of the described
azahelicenes have no electrical charge. However, if there is a charge on the helicene
structure, it should be balanced by the presence of a counterion. This counterion can affect
the physical properties of the molecule, and it can also have a chiral structure.

Azahelicenes can bear a positive charge, which can be originated either by quaternar-
ization of the nitrogen atom or by a molecular framework in which a stable carbocation
is embedded.

4.1. Quaternary Azahelicenium Salts

Azahelicenes are basic molecules [8,9], which can be protonated by acids and also
act as nucleophiles towards reactants such as alkyl halides, turning into the correspond-
ing N-alkylated quaternary salts. The synthesis and characterization of N-methyl-5-
aza[5]helicenium iodide is reported in [8]. It was obtained by dissolving 5-aza[5]helicene
in CCly, then by treating it with 10 equiv. of CH3l. The quaternary salt precipitates and is
collected by filtration. It is also possible to obtain these quaternary salts by filtration upon
dissolving the azahelicene in any neat liquid alkyl iodide. These salts are much more solu-
ble in polar solvents than the parent azahelicenes, and N-methyl-5-aza[5]helicenium iodide
is rather water-soluble. This salt was found to bind effectively to DNA [45] and the binding
parameters were found to be strongly dependent on the nature of the counterion. Actually,
any N-alkylhelicenium iodide can undergo counterion exchange simply by dissolving it in
water and adding an equimolar solution of the silver salt of the anion of interest: Agl will
precipitate and can be removed by filtration. To obtain the azahelicenium sulfate, on the
other hand, it is sufficient to use (CH3),5SO; as alkylating agent. The emission properties of
these salts were studied to use them for cell labeling [46].

It was observed that in the presence of two nitrogen atoms in a diazahelicene, the
alkylation of one of them hinders quaternarization on the other, as the positive charge
developed on it exerts a strong inductive effect over the second one, whose nucleophilicity
is consequently reduced [47]. Thus, the second alkylation to give the doubly quaternar-
ized derivative is more difficult than the first one, and requires harsher experimental
conditions. The consequence is that it is possible to selectively accede to both mono- and
di-substituted salts. However, when the two nitrogen atoms are heterotopic, the question
arises about which one would be alkylated first. In [47], the question was addressed by
DFT calculations, only to verify that the very small difference in electron density among
the two nitrogen atoms was not significant enough to justify the experimentally observed
preferential alkylation of the nitrogen in position 2 with respect to the one in position 12.

Viologens are the diquaternary salts of 4,4’-bipyridine; in the quest for 7-extended heli-
cal viologen, 5,10-dimethyl-5,10-diaza[5]helicene bis-tetrafluoroborate 25 and 3,8-dimethyl-
3,8-diaza[5]helicene bis-tetrafluoroborate 26 (Figure 5) were synthesized by the treatment
of the parent diaza[5]helicene with 2 equiv. of trimethyloxonium tetrafluoroborate in
dichloromethane under nitrogen for several hours. The yields were 73% for 25 and 70%
for 26. [48]. These products were characterized with respect to their photophysical and
photochemical behavior; the proposed applications included molecular machines and
host—guest inclusion compounds.

The quaternarization of nitrogen was also realized to bind azahelicene moieties to
structures such as cyclodextrins [49]. In particular, 3-aza[6]helicene was reacted with
3 equiv. of 6-deoxy-6-iodo-p-CD in DMF at 90 °C under nitrogen for 2 days, then the
mixture was poured in cool acetone, where the product precipitated, was collected by
filtration, and was purified by column chromatography, obtaining a 57% yield.
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Figure 5. Two viologen-like dications.

4.2. Helquats and Azoniahelicenes

Helquats and Azoniahelicenes are helicene-like compounds in which the nitrogen
atom is located at the junction between two rings, so it bears a positive charge. Helquats
are only partially aromatic, while azoniahelicenes are fully aromatic molecules.

Helquats can be prepared relatively easily through the [2 + 2 + 2] cycloisomerization
approach. Helquat dyes combine a cationic hemicyanine with a helicene-like motif to
form a new blueprint for chiral systems with large and tunable nonlinear optical (NLO)
properties. Not many examples have been described in the literature. The first synthesis,
reported in [50], yielded helquat (27) up to gram scale (Scheme 23).

| X
.
_N Z "N
3eq IO~ +\/\ 1 eq [Rh(PPh3)sCl] -
CCls CHiCly I 270 : = - 2110
4, LMLl — MeCN, MW, 30' AN
40°C, 231, 83% _Nj~_F 90°C, 99% |
j 2
N
27

Scheme 23. Synthesis of a [5]helquat.

By using the appropriate precursors, [S]helquats similar to 27 bearing methyl sub-
stituents in various positions, as well as [6]- and [7]-helquats, were prepared [51-53]. Such
structures can be functionalized in the para-position to the nitrogen atom by means of
Knoevenagel condensation [51], as reported in Scheme 24.

+
7~ |N 0
N
SPgiala.
X 5 eq pyrrolidine
L CHOH, rt.
= 2TfO~  1-2h, 70-97%

Scheme 24. Knoevenagel condensation to substituted helquats.

Aryl groups can bear electron-donating substituents, such as amino or methoxy
groups [52,53].

Even sparser literature is available in English about azoniahelicenes. The azonia deriva-
tive of hexahelicene 28, 4a-azoniaphenanthro[3,4-c]phenanthrene perchlorate, was first
synthesized by photocyclization of 2-styryl naphtho[1,2-a]quinolizinium perchlorate [54]
(Scheme 25).
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Scheme 25. Synthetic strategy to obtain azoniahelicene 28.

A synthesis of azoniathiahelicenes was obtained through the strategy shown in
Scheme 26 [55], involving the preparation of 2-methylbenzothieno[3,2-a]quinolizinium
hexafluorophosphate 29 and its Knoevenagel condensation with benzaldehyde. Photocy-
clization of the obtained precursor yields azoniahelicene 30. Just like in other instances
involving the photocyclization of styryl intermediates, by using an appropriately substi-
tuted aldehyde, a substituted azoniahelicene could be obtained.

CH3
X
1.7 eq |

Br-
S O CuBr, S 0] N S (0] r
Br CHsCN, reflux N"\ / CH;

29

S

2h,70%

0.3 eq NaBH,, CH;OH
tt, 15 h, 86%

hv, |, cat
MeOH, r.t. 6h

7\
_—4
\_/

Br- Br-
% — 10 mL PhCOOCI i oR =
L"/\\:/>*CH3 160°C, 1 h, 84% I;IC/>*CH3

hv,1eq Iy, S
CH5CN, 3-4 h 7\
63% _
Qg
/
30

Scheme 26. Synthesis of azoniathiahelicene 30.

4.3. Azahelicenes with Cationic Framework

Cationic azahelicenes, where a carbon atom in the molecular framework bears a posi-
tive charge, are both very stable as carbocations and are also configurationally stable. They
can be prepared following a relatively simple synthetic strategy and then functionalized
onto the aromatic ring in diverse ways. In one instance [56], the synthesis starts from
2-methoxy-1-naphthaldehyde and, through seven steps, brings about the intermediate
formation of 10-methoxy-11-(2-methoxy-1-naphthyl)-11H-benzo[a]xanthenium carbocation
31, which is then heated with the appropriate aliphatic amine under microwave irradiation
to yield the blue salts 32a—d in a moderate yield (Scheme 27).
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BF, BF,~
-CH3  R-NH,25eq
NMP
’ R = n-Pr 479
MW 170°C, 10' ar=n-Prarh

b R =n-Bu 43%
¢ R = N-Oct 45%
32 d R = (CH,)s-OH 47%

Scheme 27. Formation of positively charged diaza[6]helicene 32.

Product 32a can undergo further transformations to yield a series of disubstituted
halogen or nitrogen-containing products 33a—c, 34, and 35 (Scheme 28).

- HNOg3, 15, 25°C 322 NCS or NBS or NIS 3 eq
77% CHCI3, AcOH, 15h, 25°C

33a-c

. PIO, 10% 33a X=Y=CI 97%
: ° 33b X=Y=Br 96%

Eé(;H, 1h, 25°C 33c¢c X=I Y=H 90%
0

Scheme 28. Introduction of nitro and amino groups and of halogen atoms on the azahelicene scaffold.

The brominated product 33b can be further reacted under Suzuki-Miyaura and
Sonogashira conditions to yield the diphenyl (36) and diphenylethynyl (37) derivatives
(Scheme 29).
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Pd(PPh3)s 10%w
Cul 30%

Ph-C=CH 10 eq

EtsN, 3h, 90°C, 62%

Pd(PPh3)s 10% w

PhB(OH), 5eq, K,CO5 5eq
1,4-dioxane, 15h, 80°C
69%

36

Scheme 29. Introduction of aryl and alkynyl groups by the substitution of bromine.

A very recent paper [57] shows the preparation of a cationic Br-substituted diaza[5]-
helicene, as depicted in Scheme 30.

MeO I OMe

OMe

MeO OMe OMe
CHO O OH
BuLi, THF
O 25°C, 24h O
75%

Br Br

1 eq BBr3
CH,Cl,

from —78°C to r.t.

5h, 99%
1h, >99%

25 eq NH3Pr,

12,5 eq PhCOOH
NMP, 140°C, 12 h
31%

-~ A, 200°C

1.2 eq DDQ
CH,Cl,

r.t., 24h
90%

OMe ¢ O OMe
o) OH
a) CeCly, THF, 25°C, 24h O
b)MeOPhLi, 25°C, 16 h O
79%

Br

Scheme 30. Introduction of aryl and alkynyl groups by the substitution of bromine.

Intermediate 38 can be prepared on a multigram scale and can also be used for the
preparation of structurally similar dioxa- and azaoxa-helicenes. It is also possible to prepare
the related compounds 39 and 40 (Figure 6) through the transformation of dioxaderivatives.
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Figure 6. Cationic diazahelicene structures.

Compound 39 shows remarkable emitting properties, with a maximum at 624 nm and
a quantum yield of 0.42, with a value considered high for a red-emitting helicene.

5. Conclusions

Six-membered ring azahelicenes are an interesting family of compounds, on which the
literature is still relatively sparse, particularly concerning substituted terms. The synthetic
approach to substituted azahelicenes can be either to synthesize a helicenic framework
already containing the desired functionality, or to add the wanted functional group to
the previously prepared azahelicene, by taking advantage of the presence of the nitrogen
atom(s), which can be used to direct transformations selectively to the desired positions
on the aromatic framework. Several methods have been reported to transform easily
introduced functional groups, such as halogen atoms, to other, more useful groups, such as
amino, hydroxyl, or unsaturated functionalities. The introduction of functional groups has
been exploited to attach azahelicene moieties to several kinds of structures, ranging from
cyclodextrins and carbon nanotubes to metal surfaces. Heteroatom-containing functional
groups can furthermore be useful for metal ion complexation.

The nitrogen atom itself can be quaternarized to yield azahelicenium salts, which are
one of several kinds of charged compounds based on the azahelicene framework, among
which helquats, azoniahelicenes, and azahelicenes with a cationic framework are discussed.
Access to all these compounds may open the way to many and diverse applications
of azahelicenes, thus allowing for the exploitation of their remarkable electronic and
photophysical properties.

Author Contributions: Conceptualization, EF. and B.B.; methodology, EF.; writing—original draft
preparation, EF. and B.B.; writing—review and editing, EF. and B.B. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

1. Dumitrascu, E; Dumitrescu, D.G.; Aron, I. Azahelicenes and other similar tri and tetracyclic helical molecules. Arkivoc 2010,

1, 1-32. [CrossRef]

2. Stary, I.; Stara, 1.G. The synthesis of azahelicenes. Targets Heterocycl. Syst. 2017, 21, 23-53.

3. Verbiest, T.; Van Elshocht, S.; Kauranen, M.; Hellemans, L.; Snauwaert, ].; Nuckolls, C.; Katz, T.].; Persoons, A. Strong enhancement
of nonlinear optical properties through supramolecular chirality. Science 1998, 282, 913-915. [CrossRef] [PubMed]

4.  Samal, M.; Migek, J.; Stara, 1L.G.; Stary, I. Organocatalysis with azahelicenes: The first use of helically chiral pyridine-based
catalysts in the asymmetric acyl transfer reaction. Collect. Czechoslov. Chem. Commun. 2009, 74, 1151-1159. [CrossRef]


http://doi.org/10.3998/ark.5550190.0011.101
http://doi.org/10.1126/science.282.5390.913
http://www.ncbi.nlm.nih.gov/pubmed/9794754
http://doi.org/10.1135/cccc2009067

Molecules 2022, 27, 2522 21 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fontana, F; Melone, F; lannazzo, D.; Leonardi, S.G.; Neri, G. Synthesis, characterization and electrochemical properties of
5-aza[5]helicene-CH,O-CO-MWCNTs nanocomposite. Nanotechnology 2017, 28, 135501. [CrossRef] [PubMed]

Caronna, T.; Mele, A.; Famulari, A.; Mendola, D.; Fontana, F; Juza, M.; Kamuf, M.; Zawatzky, K.; Trapp, O. A Combined Experi-
mental and Theoretical Study on the Stereodynamics of Monoaza[5]Helicenes: Solvent-Induced Increase of the Enantiomerization
Barrier in 1-Aza-[5] Helicene. Chem.-Eur. ]. 2015, 21, 13919-13924. [CrossRef]

Bazzini, C.; Brovelli, S.; Caronna, T.; Gambarotti, C.; Giannone, M.; Macchi, P.; Meinardi, F.; Mele, A.; Panzeri, W.;
Recupero, F; et al. Tubino Synthesis and Characterization of Some Aza[5]Helicenes. Eur. ]. Org. Chem. 2005, 1247-1257.
[CrossRef]

Caronna, T.; Castiglione, F.; Fontana, F.; Famulari, A.; Malpezzi, L.; Mele, A.; Mendola, D.; Sora, LN. Quantum Mechanics
Calculations, Basicity and Crystal Structure: The Route to Transition Metal Complexes of Azahelicenes. Molecules 2012, 17, 463—479.
[CrossRef]

Napagoda, M.; Rulisek, L.; Jancafik, A.; Klivar, J.; Samal, M; Stara, L.G.; Stary, I; Solinova, V.; Kasitka, V.; Svatos, A. Azahelicene
Superbases as MAILD Matrices for Acidic Analytes. ChemPlusChem 2013, 78, 937-942. [CrossRef]

Lightner, D.A.; Hefelfinger, D.T.; Powers, TW.; Frank, G.W.; Trueblood, K.N. Hexahelicenes. The absolute configuration. J. Am.
Chem. Soc. 1972, 94, 3492-3497. [CrossRef]

Waghray, D.; Zhang, J.; Jacobs, J.; Nulens, W.; Basari¢, N.; Van Meervelt, L.; Dehaen, W. Synthesis and Structural Elucidation of
Diversely Functionalized 5,10-Diaza[5]Helicenes. . Org. Chem. 2012, 77, 10176-10183. [CrossRef]

Baruah, B.; Bhuyan, PJ. Synthesis of some complex pyrano[2,3-b]-and pyrido[2,3-b]quinolines from simple acetanilides via
intramolecular domino hetero Diels-Alder reactions of 1-oxa-1,3-butadienes in aqueous medium. Tetrahedron 2009, 65, 7099-7104.
[CrossRef]

Harrowven, D.C.; Guy, LL.; Nanson, L. Efficient Phenanthrene, Helicene, and Azahelicene Syntheses. Angew. Chem. Int. Ed. 2006,
45,2242-2245. [CrossRef]

Isla, H.; Saleh, N.; Ou-Yang, J.-K.; Dhbaibi, K ; Jean, M.; Dziurka, M.; Favereau, L.; Vanthuyne, N.; Toupet, L.; Jamoussi, B.; et al.
Bis-4-Aza[6]Helicene: A Bis-Helicenic 2,2’-Bipyridine with Chemically Triggered Chiroptical Switching Activity. J. Org. Chem.
2019, 84, 5383-5393. [CrossRef] [PubMed]

Saleh, N.; Moore, B., II; Srebro, M.; Vanthuyne, N.; Toupet, L.; Williams, J.A.G.; Roussel, C.; Deol, K.K.; Muller, G,;
Autschbach, |.; et al. Acid/Base-Triggered Switching of Circularly Polarized Luminescence and Electronic Circular Dichroism in
Organic and Organometallic Helicenes. Chem. Eur. J. 2015, 21, 1673-1681. [CrossRef] [PubMed]

Isla, H.; Srebro-Hooper, M.; Jean, M.; Vanthuyne, N.; Roisnel, T.; Lunkley, L.; Muller, G.; Williams, J.A.G.; Autschbach, J.; Crassous,
J. Conformational changes and chiroptical switching of enantiopure bis-helicenic terpyridine upon Zn2+ binding. Chem. Commun.
2016, 52, 5932-5935. [CrossRef] [PubMed]

Graule, S.; Rudolph, M.; Shen, W.; Gareth Williams, J.A.; Lescop, C.; Autschbach, J.; Crassous, J.; Réau, R. Assembly of 7-
Conjugated Phosphole Azahelicene Derivatives into Chiral Coordination Complexes: An Experimental and Theoretical Study.
Chem. Eur. ]. 2010, 16, 5976-6005. [CrossRef] [PubMed]

Murguly, E.; McDonald, R.; Branda, N.R. Chiral Discrimination in Hydrogen-Bonded [7]Helicenes. Org. Lett. 2000, 2, 3169-3172.
[CrossRef]

Aloui, F; El Abed, R.; Marinetti, A.; Hassine, B.B. Synthesis and resolution of a new helically chiral azahelicene. Tetrahedron Lett.
2008, 49, 4092-4095. [CrossRef]

Sasaki, K.; Castle, R.N. The synthesis of novel polycyclic heterocyclic ring systems via photocyclization. 7. [1]benzothieno|[2,3-
c]naphtho[2,1-h]quinoline and [1]benzothieno|2,3-c]naphtho[2,1-h][1,2,4]triazolo[4,3-a]quinoline. . Heterocycl. Chem. 1992,
29, 963. [CrossRef]

Stara, I.G.; Stary, I. Helically Chiral Aromatics: The Synthesis of Helicenes by [2 + 2 + 2] Cycloisomerization of 7t-Electron Systems.
Acc. Chem. Res. 2020, 53, 144-158. [CrossRef]

Songis, O.; Misek, J.; Schmid, M.B.; Kolldrovi¢, A.; Stara, 1.G.; Saman, D.; Cisatova, L; Stary, I. A versatile synthesis of
functionalized pentahelicenes. |. Org. Chem. 2010, 75, 6889-6899. [CrossRef]

Storch, J.; Cermdk, J.; Karban, J.; Cisafova, I; Sykora, J. Synthesis of 2-Aza[6]Helicene and Attempts to Synthesize 2,14-
Diaza[6]Helicene Utilizing Metal-Catalyzed Cycloisomerization. . Org. Chem. 2010, 75, 3137-3140. [CrossRef]

Weimar, M.; Correa da Costa, R.; Lee, F.-H.; Fuchter, M.]. A Scalable and Expedient Route to 1-Aza[6]Helicene Derivatives and its
Subsequent Application to a Chiral-Relay Asymmetric Strategy. Org. Lett. 2013, 15, 1706-1709. [CrossRef]

Nakamura, K.; Furumi, S.; Takeuchi, M.; Shibuya, T.; Tanaka, K. Enantioselective Synthesis and Enhanced Circularly Polarized
Luminescence of S-Shaped Double Azahelicenes. . Am. Chem. Soc. 2014, 136, 5555-5558. [CrossRef]

Viglianisi, C.; Biagioli, C.; Lippi, M.; Pedicini, M.; Villani, C.; Franzini, R.; Menichetti, S. Synthesis of Heterohelicenes by a
Catalytic Multi-Component Povarov Reaction. Eur. J. Org. Chem. 2019, 1, 164-167. [CrossRef]

Zheng, Y.-H.; Lu, H.-Y,; Li, M,; Chen, C.-F. Synthesis, structure and optical properties of aza[4]helicenes. Eur. |. Org. Chem. 2013,
15, 3059-3066. [CrossRef]

Wallabregue, A.; Sherin, P.; Guin, J.; Besnard, C.; Vauthey, E.; Lacour, ]J. Modular Synthesis of pH-Sensitive Fluorescent
Diaza[4]Helicenes. Eur. J. Org. Chem. 2014, 29, 6431-6438. [CrossRef]

Takeda, Y.; Okazaki, M.; Maruoka, Y.; Minakata, S. A facile synthesis of functionalized 7,8-diaza[5]helicenes through an oxidative
ring-closure of 1,1’-binaphthalene-2,2’-diamines (BINAMSs). Beilstein J. Org. Chem. 2015, 11, 9-15. [CrossRef]


http://doi.org/10.1088/1361-6528/aa5e80
http://www.ncbi.nlm.nih.gov/pubmed/28165331
http://doi.org/10.1002/chem.201502288
http://doi.org/10.1002/ejoc.200400648
http://doi.org/10.3390/molecules17010463
http://doi.org/10.1002/cplu.201300258
http://doi.org/10.1021/ja00765a041
http://doi.org/10.1021/jo301814m
http://doi.org/10.1016/j.tet.2009.06.036
http://doi.org/10.1002/anie.200504287
http://doi.org/10.1021/acs.joc.9b00389
http://www.ncbi.nlm.nih.gov/pubmed/30924340
http://doi.org/10.1002/chem.201405176
http://www.ncbi.nlm.nih.gov/pubmed/25418503
http://doi.org/10.1039/C6CC01748G
http://www.ncbi.nlm.nih.gov/pubmed/27054507
http://doi.org/10.1002/chem.200903234
http://www.ncbi.nlm.nih.gov/pubmed/20397244
http://doi.org/10.1021/ol006366y
http://doi.org/10.1016/j.tetlet.2008.04.135
http://doi.org/10.1002/jhet.5570290448
http://doi.org/10.1021/acs.accounts.9b00364
http://doi.org/10.1021/jo1013977
http://doi.org/10.1021/jo100252a
http://doi.org/10.1021/ol400493x
http://doi.org/10.1021/ja500841f
http://doi.org/10.1002/ejoc.201801489
http://doi.org/10.1002/ejoc.201300002
http://doi.org/10.1002/ejoc.201402863
http://doi.org/10.3762/bjoc.11.2

Molecules 2022, 27, 2522 22 of 23

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Feng, J.; Wang, L.; Xue, X.; Chao, Z.; Hong, B.; Gu, Z. Ring-Expansion Strategy for «-Aryl Azahelicene Construction: Building
Blocks for Optoelectronic Materials. Org. Lett. 2021, 23, 8056-8061. [CrossRef]

Laarhoven, W.H.; Prinsen, W.J.C. Carbohelicenes and heterohelicenes. Top. Curr. Chem. 1984, 125, 63-130.

Takenaka, N.; Chen, ].S.; Captain, B.; Sarangthem, R.S.; Chandrakumar, A. Helical chiral 2-aminopyridinium ions: A new class of
hydrogen bond donor catalysts. . Am. Chem. Soc. 2010, 132, 4536-4537. [CrossRef] [PubMed]

Peng, Z.; Takenaka, N. Applications of Helical-Chiral Pyridines as Organocatalysts in Asymmetric Synthesis. Chem. Rec. 2013,
13,28-42. [CrossRef] [PubMed]

Kaneko, E.; Matsumoto, Y.; Kamikawa, K. Synthesis of azahelicene N-oxide by palladium-catalyzed direct C-H annulation of a
pendant (Z)-bromovinyl side chain. Eur. J. Org. Chem. 2011, 19, 11837-11841. [CrossRef]

Loska, R.; Majcher, M.; Makosza, M. Synthesis of trifluoromethylated azines via nucleophilic oxidative substitution of hydrogen
by trifluoromethyl carbanion. J. Org. Chem. 2007, 72, 5574-5580. [CrossRef]

Minisci, F; Bernardi, R.; Bertini, F; Galli, R.; Perchinunno, M. Nucleophilic character of alkyl radicals VI: A new convenient
selective alkylation of heteroaromatic bases. Tetrahedron 1971, 27, 3575-3579. [CrossRef]

Minisci, F; Vismara, E.; Fontana, F. Recent Developments of Free-Radical Substitutions of Heteroaromatic Bases. Heterocycles
1989, 28, 489-519. [CrossRef]

Giordano, C.; Minisci, F.,; Vismara, E.; Levi, S. A General, Selective, and Convenient Procedure of Homolytic Formylation of
Heteroaromatic Bases. J. Org. Chem. 1986, 51, 536. [CrossRef]

Minisci, E; Vismara, E.; Romano, U. Silver-mediated oxidative decarboxylation of carboxylic acids by peroxocompounds: New
sources of carbon-centered radicals for heteroaromatic substitution. Tetrahedron Lett. 1985, 26, 4803-4806. [CrossRef]

Minisci, F.; Fontana, E; Vismara, E. Substitutions by nucleophilic free radicals: A new general reaction of heteroaromatic bases. J.
Heterocycl. Chem. 1990, 27, 79-96. [CrossRef]

Minisci, F; Fontana, F; Pianese, G.; Yan, Y.-M. Polar Effects in Free-Radical Reactions. Homolytic Heteroaromatic Substitutions by
Alkyl Bromides. J. Org. Chem. 1993, 58, 4207-4211. [CrossRef]

Minisci, F; Fontana, F.; Caronna, T.; Zhao, L. A novel substitution reaction by photoinduced electron-transfer between pyridine
derivatives and alkyltin compounds. Tetrahedron Lett. 1992, 33, 3201-3204. [CrossRef]

Chatgilialoglu, C. Organosilanes as radical-based reducing agents in synthesis. Acc. Chem. Res. 1992, 25, 188-194. [CrossRef]
Zanchi, C.; Lucotti, A.; Cancogni, D.; Fontana, F.; Trusso, S.; Ossi, PM.; Tommasini, M. Functionalization of nanostructured gold
substrates with chiral chromophores for SERS applications: The case of 5-aza[5]helicene. Chirality 2018, 30, 875-882. [CrossRef]
Passeri, R.; Aloisi, G.G.; Latterini, L.; Elisei, F.; Caronna, T.; Fontana, F.; Natali Sora, I. Photophysical properties of N-alkylated
aza-helicene derivatives as DNA intercalators: Counterion effects. Photochem. Photobiol. Sci. 2009, 8, 1574-1582. [CrossRef]
Latterini, L.; Galletti, E.; Passeri, R.; Barbafina, A.; Urbanelli, L.; Emiliani, C.; Elisei, F.; Fontana, F.; Mele, A.; Caronna, T.
Fluorescence properties of aza-helicenium derivatives for cell imaging. J. Photochem. Photobiol. A Chem. 2011, 222, 307-313.
[CrossRef]

Fontana, F,; Bertolotti, B.; Grecchi, S.; Mussini, P.R.; Micheli, L.; Cirilli, R.; Tommasini, M.; Rizzo, S. 2,12-diaza[6]helicene: An
Efficient non-conventional stereogenic scaffold for enantioselective electrochemical interphases. Chemosensors 2021, 9, 216-230.
[CrossRef]

Zhang, X.; Clennan, E.L.; Arulsamy, N.; Weber, R.; Weber, ]J. Synthesis, Structure, and Photochemical Behavior of [5]Heli-Viologen
Isomers. J. Org. Chem. 2016, 81, 5474-5486. [CrossRef]

Huang, Q.; Jiang, L.; Liang, W.; Gui, J.; Xu, D.; Wu, W.; Nakai, Y.; Nishijima, M.; Fukuhara, G.; Mori, T.; et al. Inherently Chiral
Azonia[6]Helicene-Modified 3-Cyclodextrin: Synthesis, Characterization and Chirality Sensing of Underivatized Amino Acids in
Water. J. Org. Chem. 2016, 81, 3430-3434. [CrossRef]

Adriaenssens, L.; Severa, L.; Salova, T,; Cisafov4, L; Radek, P; Saman, D.; Rocha, S.V.; Finney, N.; Pospisil, L.; Slavicek, P.; et al.
Helquats: A Facile, Modular, Scalable Route to Novel Helical Dications. Chem. Eur. J. 2009, 15, 1072-1076. [CrossRef]

Coe, B.J.; Rusanova, D.; Joshi, V.D.; Sanchez, S.; Vavra, ].; Khobragade, D.; Severa, L.; Cisafova, L; Saman, D.; Radek, P; et al.
Helquat Dyes: Helicene-Like Push—-Pull Systems with Large Second-Order Nonlinear Optical Responses. J. Org. Chem. 2016,
81, 1912-1920. [CrossRef] [PubMed]

Buckley, L.E.R.; Coe, B.J.; Rusanova, D.; Joshi, V.D.; Sanchez, S.; Jirasek, M.; Vavra, J.; Khobragade, D.; Severa, L.; Cisafova, I.; et al.
Tunable Chiral Second-Order Nonlinear Optical Chromophores Based on Helquat Dications. . Phys. Chem. A 2017, 121, 5842-5855.
[CrossRef] [PubMed]

Reyes-Gutiérrez, PE; Jirasek, M.; Severa, L.; Novotna, P.; Koval, D.; Sazelova, P; Vavra, ].; Meyer, A.; Cisafova, I; Saman, D.; et al.
Functional helquats: Helical cationic dyes with marked switchable chiroptical properties in the visible region. Chem. Commun.
2015, 51, 1583-1586. [CrossRef] [PubMed]

Arai, S.; Yafune, T.; Okubo, M.; Hida, M. Synthesis of azonia derivative of hexahelicene. Tetrahedron Lett. 1989, 30, 7217-7218.
[CrossRef]

Sato, K.; Katayama, Y.; Yamagishi, T.; Arai, S. The Synthesis of New Azoniathiahelicenes. J. Heterocycl. Chem. 2006, 43, 177-181.
[CrossRef]


http://doi.org/10.1021/acs.orglett.1c03070
http://doi.org/10.1021/ja100539c
http://www.ncbi.nlm.nih.gov/pubmed/20232867
http://doi.org/10.1002/tcr.201200010
http://www.ncbi.nlm.nih.gov/pubmed/23172849
http://doi.org/10.1002/chem.201302083
http://doi.org/10.1021/jo0703552
http://doi.org/10.1016/S0040-4020(01)97768-3
http://doi.org/10.3987/REV-88-SR1
http://doi.org/10.1021/jo00354a026
http://doi.org/10.1016/S0040-4039(00)94956-6
http://doi.org/10.1002/jhet.5570270107
http://doi.org/10.1021/jo00068a013
http://doi.org/10.1016/S0040-4039(00)79851-0
http://doi.org/10.1021/ar00016a003
http://doi.org/10.1002/chir.22970
http://doi.org/10.1039/b9pp00015a
http://doi.org/10.1016/j.jphotochem.2011.06.013
http://doi.org/10.3390/chemosensors9080216
http://doi.org/10.1021/acs.joc.6b00835
http://doi.org/10.1021/acs.joc.6b00130
http://doi.org/10.1002/chem.200801904
http://doi.org/10.1021/acs.joc.5b02692
http://www.ncbi.nlm.nih.gov/pubmed/26844587
http://doi.org/10.1021/acs.jpca.7b06057
http://www.ncbi.nlm.nih.gov/pubmed/28703585
http://doi.org/10.1039/C4CC08967G
http://www.ncbi.nlm.nih.gov/pubmed/25555172
http://doi.org/10.1016/S0040-4039(01)93938-3
http://doi.org/10.1002/jhet.5570430127

Molecules 2022, 27, 2522 23 of 23

56. Torricelli, E; Bosson, J.; Besnard, C.; Chekini, M.; Biirgi, T.; Lacour, ]. Modular Synthesis, Orthogonal Post-Functionalization,
Absorption, and Chiroptical Properties of Cationic [6]Helicenes. Angew. Chem. Int. Ed. Eng. 2013, 52, 1796-1800. [CrossRef]
[PubMed]

57. Marinova, M.; Pascal, S.; Guénée, L.; Besnard, C.; Shivachev, B.; Kostova, K.; Villani, C.; Franzini, R.; Dimitrov, V.; Lacour, J.
Synthesis, Resolution, Configurational Stability, and Properties of Cationic Functionalized [5]Helicenes. |. Org. Chem. 2020,
85,11908-11923. [CrossRef]


http://doi.org/10.1002/anie.201208926
http://www.ncbi.nlm.nih.gov/pubmed/23288862
http://doi.org/10.1021/acs.joc.0c01716

	Introduction 
	Direct Synthesis of Functionalized Azahelicenes 
	Diarylethene Cyclization 
	[2 + 2 + 2] Cycloisomerization 
	Other Synthetic Methods 

	Attaching Substituents to Azahelicenes 
	Reactions of N-Oxides 
	Substitution Reactions 
	The Minisci Reaction 

	Positively Charged Azahelicenes 
	Quaternary Azahelicenium Salts 
	Helquats and Azoniahelicenes 
	Azahelicenes with Cationic Framework 

	Conclusions 
	References

