
Chapter 2
Structures and Properties of Helicenes

Abstract Structural features of helicenes are briefly introduced, and the crystal
structures of several helicenes and heterohelicenes are then discussed. Since
helicenes are a kind of polycyclic aromatic hydrocarbons with helical chirality, they
exhibit specific physical properties and optical properties, especially the excellent
luminescent properties. For example, some helicenes display high fluorescence
quantum yields in both solution and solid states. The unique helicity of helicenes
also makes them show high specific optical rotation, electronic circularly dichroism,
and vibrational circular dichroism. Besides, the determination of absolute config-
uration of optically pure helicenes and the thermal racemization of helicenes are
further discussed. Three empirical rules are proposed for the hinderance of
racemization. In addition, other related properties of helicenes including the solu-
bility, basicity of azahelicenes, elasticity of thiahelicenes are also introduced.
Finally, the preparation and properties of helicenes with charges and open shells,
such as radical anions, radical cations, and helicene cations are described.

Keywords Absolute configuration � Helicene radical anions � Helicene radical
cations � Helicene cations � Helicity � Optical property � Racemization � Structural
feature � p-system

2.1 Structural Features

Compared with other planar polyarenes, helicenes, composed by aromatic rings, are
twisted to give helical structures to decrease the steric hindrance between two
terminal rings [1]. Therefore, the ends spiral upward or downward, forming a pair
of enantiomers. As shown in Fig. 2.1a, according to the specification [2], if a helix
spirals downward anticlockwise (left handed) along the helical axis, this type of
helix, the helicity or the helical chirality, could be denoted by M; while if a helix
spirals downward clockwise (right handed), it could be denoted by P. The molecule
[6]helicene with left handedness is shown in Fig. 2.1b. And if we add more ben-
zene rings to the scaffold, it could be predicted that a cylindrical helix would be
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generated like a spring. When such a helix spirals for 360°, the distance between
two ends is the helical pitch, which is greatly influenced by the structure of the
helicene [3]. From the point of view of atomic arrangement, helicenes have two
apparent helixes: one is formed by atoms in the inner rim, like a, b, c, d, and the
other is composed by outer atoms, like A, B, C, D. Both of them have constant
helical pitch, but the latter is slightly larger than the former [3].

The six-membered aromatic rings, like benzene or pyridine, have larger internal
angles (about 60°) than that of five-membered rings (about 45° for thiophene, 32°
for furan, and 35° for pyrrole) [4], so more rings are required to cover a complete
360° rotation if five-membered rings are present. For example, carbo[6]helicene
needs nearly six rings [5], whereas thia[7]helicene needs three benzene rings and
four thiophenes [4].

Torsional angle (Fig. 2.1c) and interplanar angle (Fig. 2.1d) are used to describe
the extent of distortion of the helical skeleton. The former is dihedral angle between
the four adjacent inner carbon atoms, like a, b, c, d; the latter is the angle between
the two terminal benzene rings, as shown in purple and black in Fig. 2.1b, d.
Several crystal structures of helicenes are depicted in Fig. 2.2, and some important
structural parameters from X-ray crystallographic analysis are summarized in
Table 2.1.

The torsional angle is greatly influenced by the extent of steric hindrance of the
functional groups at C(1) position of the helicene framework. For [4]helicenes, 3
has bigger torsional angles than 2, because the methyl groups is much more bulky
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Fig. 2.1 a A pair of (M)- and (P)-helixes; b molecular structure of (M)-[6]helicene; and schematic
representation of c torsional angle and d interplanar angle
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than H atoms, twisting the helical structure more and enlarging the interplanar angle
between the terminal rings; for [5]helicenes, methyl group is bigger than methoxy
group, which itself is bigger than H atom, so the total torsional angle is 6 > 5 > 4;
for [6]helicenes, the extent of the steric hindrance is O > H > lone pair of electrons,
thus 9 has the most distorted structure as expected, and 7 has a lesser twisted one
than 8. However, the interplanar angle is not decided by the torsional angle, but by
the mean planes where the terminal rings located, so it is difficult to predict the
trend, which is affected by the functional groups incorporated and the length of
helical skeleton [1]. Generally, it increases from the frameworks bearing four
benzene rings to that with six benzene rings and decreases as the helical structures
lengthened further [12].

By virtue of the distortion, benzene rings in the helical structures are deformed
from the planar hexagon: (1) the lengths of the bonds in the inner helix are length-
ened; (2) the lengths of that in the outer helix are shortened. For the bond lengths
between the sp2-hybridized carbons, C(sp2)–C(sp2) single bond is ca. 1.48 Å; C

Fig. 2.2 Crystal structures of
several helicenes (gray carbon
atoms; red oxygen atoms;
blue nitrogen atoms; yellow
silicon atoms; hydrogen
atoms were omitted for
clarity.)
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(sp2)=C(sp2) double bond is ca. 1.32 Å; while C(sp2)–C(sp2) bond in benzene ring
is 1.393 Å [13]. According to this, the C(sp2)–C(sp2) bond length of helicene in the
inner helix (*1.44 Å) is close to the value of C(sp2)–C(sp2) single bond; while that
in outer helix (*1.35 Å) is approaching the average value of C(sp2)=C(sp2) double
bond. Therefore, it will be much more reasonable if we draw the bonds in the inner
helix as single bonds in the Kekulé structure of a helicene. In comparison with the
rings in the helical skeleton, the two terminal ones distort least and are the most
aromatic indicated by the DFT calculation [14]. Although helicenes have a C2-
symmetric axis theoretically, this is hardly found in the crystal structures. Each ring is
twisted to different degrees, where the inner bond lengths and the torsional angles are
different.

We would like to discuss the properties of helicenes in two sections according to
two different characteristics: the p-systems and helicity.

Table 2.1 Comparison of X-ray data of 2–10

Helicene Space
group

Bond length (Å)a Torsional
angle (°)

Interplanar
angle (°)

Ref.

Inner helix Outer helix

2 P212121 1.428, 1.453,
1.439, 1.437

1.363,1.332,
1.352, 1.414

17.11, 20.13 24.87 [6]

3b Pbna 1.439, 1.352 1.382, 1.367 30.91 47.97 [6]

4 P21/c 1.340, 1.453,
1.369, 1.433,
1.380

1.289, 1.327,
1.239, 1.294,
1.322

20.26, 26.39,
19.29
(65.94 in total)

46.03 [7]

5 P21/n 1.414, 1.453,
1.448, 1.454,
1.429

1.365, 1.348,
1.354, 1.351,
1.366

25.57, 28.06,
17.52
(71.15 in total)

43.76 [8]

6 Pbca 1.415, 1.450,
1.439, 1.456,
1.430

1.363, 1.349,
1.362, 1.351,
1.366

14.51, 30.44,
31.38
(76.33 in total)

51.68 [8]

7 Pbca 1.369c, 1.452,
1.438, 1.444,
1.455, 1.406

1.369c, 1.342,
1.347, 1.343,
1.342, 1.352

14.63c, 27.01,
26.86, 14.18
(82.68 in total)

47.98 [9]

8 P21/c 1.409c, 1.450,
1.447, 1.445,
1.449, 1.412

1.354c, 1.336.
1.348. 1.348,
1,368, 1.353

15.68c, 25.61,
27.12, 16.29
(84.70 in total)

52.92 [9]

9 P21/c 1.394c, 1.449,
1.438, 1.438,
1.455, 1.405

1.358c, 1.338,
1.330, 1.324,
1.337, 1.354

24.80c, 24.09,
24.63, 19.63
(93.15 in total)

41.75 [10]

10 P21/c 1.423, 1.458,
1.449, 1.443,
1.448, 1.445,
1.441, 1.449,
1.436, 1.446,
1.448, 1.446,
1.452, 1.452,
1.462, 1.412

1.365, 1.333,
1.341, 1.361,
1.369, 1.357,
1.345, 1.349,
1.368, 1.363,
1.366, 1.359,
1.346, 1.355,
1.356, 1.372

14.94, 27.73,
27.43, 22.35,
27.26, 28.05,
23.34, 25.62,
27.29, 25.34,
23.93, 26.94,
26.63, 14.24

A/H: 8.30, B/I:
8.86, C/J: 3.27,
D/K: 10.01,
E/L: 9.81, F/M:
5.83, G/N:
7.60, H/O:
10.34, I/P:
12.01d

[11]

aBond lengths are listed by the order of that in inner or outer helix; bthe molecule is resolved as a
symmetric structure; cparameters related with the heteroaromatic rings; dthe rings in [16]helicene 10 was
named in order alphabetically from A to P
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2.2 The p-systems

As a member of polycyclic aromatic hydrocarbons (PAHs), the local aromaticity
does not lose so much because the p-electrons could be delocalized via the twisted
structure [15–18]. However, the extent of p-conjugation is not as good as planar
PAHs. Table 2.2 lists the physical properties of some helicenes. As the number of
the benzene rings increases, from [4]helicene to [16]helicene, the wavelength of the
maximum absorption does not change so much, and the color of them is all yel-
lowish or yellow. This indicates that the carbohelicenes have big HOMO–LUMO
gaps (Egap), which could not be reduced by fusing benzene rings to the helical
skeletons. The band gaps of carbo[n]helicenes, thia[n]helicenes with alternating
benzene and thiophene rings, and carbon–sulfur [n]helicenes are estimated by
density functional theory (DFT) studies in gas phase: by virtue of ineffective
conjugation, carbon–sulfur helicenes (4.1 eV) have the largest energy gap, while
the thiahelicenes (2.5 eV) show smaller gap than that of carbohelicenes (2.9 eV)
[19]. Experimental studies show that replacing one or two rings of all thiophene [7]
helicene will increase the electron delocalization, and carbon–sulfur [11]helicene
just has an energy gap of 3.4 eV [20, 21].

This optical property could be modified by two general strategies: (1) extending
the conjugated area and (2) constructing the pull–push structures by incorporation
with donor/acceptor substituents. Introducing pyrene moiety to the helicene struc-
ture could not reduce the band gap significantly [27, 28], but helicene 11 displays a
Stokes shift of 296 nm resulting from the intramolecular excimer behavior upon
radiation [29]. Extending the p-conjugated area of double [6]helicene, the energy
gap of 12 is greatly reduced with the kmax of 525 nm in the absorption spectrum
[30]. Compared with former method, constructing pull–push structures is more
practical, because the electron-donating or electron-withdrawing groups could be
easily introduced [31–33]. Incorporation of antiaromatic core to the skeleton would
also decrease the energy gap. For example, 17 with an antiaromatic as-indacene
core even displays the gap of 1.48 eV [34] (Table 2.3).

In addition, highly luminescent helicene-like molecules were reported.
Tetrahydrohelicene 18 (Fig. 2.3) shows highly luminescent property with

Table 2.2 Physical properties of helicenes

[n]Helicene
n

Formula Formula weight
(g/mol)

Melting point
(°C, racemic)

Color kmax

(nm)
Ref.

4 C18H12 228.2940 68 Off-white 372 [22]

5 C22H14 278.3540 177–189 Yellowish 395 [23]

6 C26H16 328.4140 231–233 Pale yellow 413 [24]

7 C30H18 378.4740 245–255 Yellow ca. 425 [25]

8 C34H20 428.5340 330–331 Yellow <400 [26]

9 C38H22 478.5940 359–360 Yellow 398 [11,
26]

16 C66H36 829.0140 N/D Yellow N/D [11]

N/D Not determined
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Table 2.3 Carbohelicenes with modified optical properties

Helicenes Color kmax (nm) Egap (eV)
a Ref.

t-Bu
t-Bu 11

Yellow 396 / [29]

12

Orange 525 / [30]

O

13

Orange-red 496 / [31]

N OO

Et Et

14

Orange 470 2.38 [32]

15

N OO

EtEt

t-But-Bu

t-But-Bu

Red 510 2.21 [32]

(continued)
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fluorescence quantum yields 85.3 % in CH2Cl2 solution and 61.8 % in film state
[35]. Helicene-like 19a–d show quantum yields higher than 85 % both in CH2Cl2
solution and film state, and 19c has nearly 100 % quantum yield in film state [36].
The study reveals that the p–p interaction between the helical cores in aggregation
is prevented by the alkyl substituent, resulting in little quenching of the solid
fluorescence.

Helicenes, as good electron donors, could form charge transfer complexes with
electron acceptors like other PAHs. This phenomenon was first utilized in the
optical resolution of helicenes. For example, (S)-TAPA had stronger interaction
with (M)-helicenes and (R)-TAPA preferentially interacted with (P)-helicenes.
Therefore, the enantiomers could be separated by recrystallization [24, 37]. Also,

Table 2.3 (continued)

Helicenes Color kmax (nm) Egap (eV)
a Ref.

N OO

MeOOMe
16N N

Red 440 2.35b [33]

i-Pr3Si Sii-Pr3

17

Dark green 647 1.48 [34]

aCalculation based on the kmax of UV-vis spectra, Egap = 1240 (eV � nm)/kmax (nm); bcalculation
based on the electrochemical method (vs. Fc/Fc+), Egap = EHOMO − ELUMO

Ph2N NPh2

n-Dodecyl

O O

MeO
OMe

N

18

R R

19a R = n-Pr
19b R = n-Bu
19c R = n-Pen
19d R = n-Hex

Fig. 2.3 Helicene-like
molecules with high
fluorescence quantum yields
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other electron deficient molecules were used, like TCNQ [38], TAPM [39], TABA
[40, 41], DNBA, TND, and NIPA [42]. Some of them were grafted to the stationary
phases to achieve the optical resolution by HPLC [40, 41]. Recently, riboflavin
derivatives were chemically bonded to the silica gel as stationary phase for HPLC
to separate helicenes [43].

Moreover, the face-to-face p–p interactions were found between the helicene
aggregates. Hu, Yamato, and co-workers prepared double [4]helicene 20 with a
pyrene core in the middle. X-ray analysis showed that the racemic aggregation was
composed by (P,P)- and (M,M)-enantiomers (Fig. 2.4), and each lateral dimethyl
naphthalene stacking on the pyrene core of the other enantiomer with a distance
about 3.5 Å [28]. In addition, Dehaen group found that the p–p interactions were
enhanced in the presence of pyridine rings in the skeleton [44]. The terminal
benzene ring was located upon the pyridine ring of its enantiomer and the distance
between the layers was ca. 3.2 Å (Fig. 2.5). Nozaki group synthesized k5-phospha
[7]helicene 22 and discovered the unusual one-way chirality (Fig. 2.6) [45]. First,
the aggregation of each column was achieved by the intermolecular face-to-face
p–p interactions of the helicenes bearing the same helicity with a distance of
3.35 Å; second, the columns of different helicity were alternately aligned in the
crystal. This phenomenon resulted from the dipole moments of enantiomers dif-
ferentiated by helicity: the column formed by (P)-22 had opposite dipole moment
with the one formed by (M)-22.

20

ca. 3.5 Å

Fig. 2.4 Crystal packing of double helicene 20

NN

MeO OMe

21

ca. 3.2 Å

Fig. 2.5 Crystal packing of diaza[5]helicene 21
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2.3 The Helicity

Helicenes have very high specific optical rotation (OR) (Table 2.4), of which [13]
helicene exhibits the ability near 104. Based on enormous studies of the absolute
configuration, an empirical rule has been established: levorotatory helicenes (with
negative ½a�Tk ) possess M-helicity, while dextrorotatory helicenes (with positive
½a�Tk ) bare P-helicity [1, 3, 4, 12, 46, 47].

22

P
S

Ph

Fig. 2.6 Schematic representation of one-way chirality. Reprinted with the permission from Ref.
[45]. Copyright 2012 John Wiley and Sons

Table 2.4 Specific rotation of carbohelicenes

(−)-[n]Helicene
n

k
(nm)

Temperature
(°C)

Solvent c (g/100 mL) [a] (°) Ref.

5 578 26 Iso-octane / −1670 [48]

6 579 24 Chloroform 0.098 −3460 ± 10 [24]

7 579 25 Chloroform 0.06 −5900 ± 200 [49]

8 579 25 Chloroform 0.043 −6900 ± 200 [49]

9 579 25 Chloroform 0.0607 −8100 ± 200 [49]

10 579 25 / / −8940 ± 100 [12]

11 579 25 / / −9310 ± 100 [12]

13 579 25 / / −9620 ± 100 [12]
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The electronic circularly dichroism (ECD) spectra of some (+)-helicenes are
depicted in Fig. 2.7, which show that all the levorotatory helicenes have positive
Cotton effect (CE) at the maximum absorption wavelength, and then negative CE at
the shorter wavelength [50]. Autschbach group used time-dependent DFT to cal-
culate the OR of [6]helicenes and [7]helicene by introducing system-specific
range-separation parameters with tuned precision [51]. Inoue, Mori, and co-workers
studied the ECD and OR of [n]helicenes by coupled cluster (CC) and DFT cal-
culations [50, 52, 53]. The experimental results were nicely reproduced
(RI-CC2/TZVPP//DFT-D2-B97-D/TZVP level) and the anisotropy factor (g) of the
1Ba and 1Bb bands were both proportional to 1/n [50]. As for [6]helicenes with
different functional groups, they found that the electronic and steric effects greatly
affected the spectral behaviors: (1) the more the structure deformed, the weaker the
CE intense of 1Bb band was; (2) the effect of methylation was nearly additive (the
intensity 3,3′-dimethyl[6]helicene > 3-methyl[6]helicene > [6]helicene); (3) posi-
tive (C atoms) and negative (N, O atoms) induce effects were discovered [52].

Moreover, the vibrational circular dichroism (VCD) spectra were also used to
determine the absolute configuration [54]. Compared with ECD spectra, which are
related to the excited states displaying overlapped transitions, VCD spectra are
associated with the ground states (Fig. 2.8) providing the fine vibration pattern [54].
However, larger quantities of enantiopure samples were needed for the test than that
of ECD [54]. Recently, Raman optical activity (ROA), the other form of vibrational
optical activity, was measured experimentally and interpreted by electron–phonon
coupling analysis (Fig. 2.9) [55]. The strongest ROA band of [7]helicene dropped
in the range of 1350–1400 cm−1, which was associated with the bending of the
H-C-C planes and the stretching of the C–C bonds.

For the determination of absolute configuration, crystal structure gave the direct
evidence [5]. If suitable crystal for X-ray crystal analysis testing could not be
obtained, it could be deduced experimentally via the chiroptical features mentioned
above. However, this deduction must be made very carefully since it is based on the
assumption that similar molecules with same helicity exhibit similar chiroptical
properties, like [6]helicene and 2-bromo[6]helicene. In comparison with the known

Fig. 2.7 ECD spectra of (+)-
carbohelicenes, CH
[n] = carbo[n]helicene.
Reprinted with the permission
from Ref. [50]. Copyright
2012 American Chemical
Society
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Fig. 2.8 VCD spectra of the
two enantiomers of (M)-[7]
helicene (black trace) and
(P)-[7]helicene (gray trace).
Reprinted with the permission
from Ref. [54]. Copyright
2004 Royal Society of
Chemistry

Fig. 2.9 Experimental
Raman (top) and ROA
(bottom) of the enantiomers of
2-Br-hexahelicene [M in red
(enan. 1), P in blue (enan. 2)]
in CHCl3. DFT calculations
of Raman/ROA are for the
P enantiomer in green
(molecule in vacuo).
Reprinted with the permission
from Ref. [55]. Copyright
2013 American Chemical
Society
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helicenes, the absolute configuration could be safely established (the results
deduced from OR and CD spectra should be consistent with each other) [56].

Although helicenes are composed by aromatic rings, the helical skeleton is not as
rigid as it is shown: a helicene molecule could complete the conversion from one
helicity to the other via structural deformation. The racemization phenomenon was
elucidated by computational studies [57–59]. For example, the transition state
(TS) of [5]helicene was calculated and depicted in Fig. 2.10 [58]. In TS, [5]helicene
was deformed into a bowl-like structure with a Cs symmetry, and the molecule in
such a state was achiral by excitation. With the release of the strain, this state had
equal possibility to transform to the ground states (C2 symmetry) with P- or M-
helicity. A similar process with a saddle-shaped structure (Cs symmetry) was
captured via [6+6] photocycloaddition (Scheme 2.1) [60]. For longer helicenes, two
or more TSs might be involved when the racemization happened.

Some parameters of thermal racemization of helicenes are listed in Table 2.5. By
comparison, three empiric rules could be found

(1) the longer the helicene is, the higher the barrier (Ea) is (Entries 1, 3, and 7–9);
(2) the substituents at the most steric hindered positions, namely C(1) and C(1′),

could greatly increase the activation energy (Entries 1 and 3 versus Entries 2,
4, and 5); and the smaller the functional group at C(1) is, the more unstable the
helicene is (Entries 1, 2, and 11); however, the effect of substitutions at other
positions is not so obvious (Entries 4–6);

Fig. 2.10 a Side view and b top view of the TS of [5]helicene

N+ N+N+ N+
H H

HH

N+ N+
hv Δ

2TfO
-

2TfO
-

2TfO
-

23 24 (Cs) 24 (C2)

Scheme 2.1 The [6+6] cycloaddition of helquat 24
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(3) if five-membered rings are incorporated in a helicene, the barrier of racem-
ization is lower than the corresponding carbohelicene (Entries 3 and 10).
Therefore, such optically pure helicenes should be kept at low temperature.

For example, [5]helicene underwent racemization very fast at room temperature,
and thia[6]helicene even just had a half-life of 13 min at room temperature. If
optically stable helicenes need to be synthesized, it would be better that the
molecular design start from [6]helicene or C(1)-substituted [5]helicene. Protonated
azahelicenes exhibited similar energy barrier to the related carbohelicenes [61].

2.4 Other Properties

Helicenes has better solubility than that of planar PAHs. The common solvents are
methylene chloride, chloroform, ethyl acetate, toluene, and phenyl chloride. In
addition, the solubility could be improved by the functional groups, like alkyl and
alkoxy groups [67].

Azahelicenes could perform like bases. For example, 25–28 (Table 2.6) showed
strong basicity, and only 27 was weaker than pyridine, in which the nitrogen atom
was shielded by the helical backbone [61]. Diaza[4]helicene 25 could form linear
hydrogen bond between two nitrogen atoms like proton sponge [68]. However,
because of the helical structure, 26 and 1,16-diaza[6]helicene did not have such
properties [69].

Tanaka and co-workers synthesized a series of thia[7]helicenes in which the
terminal rings were connected by an alkyl chain [70]. The interplanar angle became
bigger as the chain was lengthened. However, the amount of increase became
smaller as the bridge was lengthened further, because the skeleton might come to a
stretched state. According to the theoretical studies, the stiffness of the spring could

Table 2.5 Experimental results of racemization of helicenes

Entry Helicenesa Ea (kcal/mol) T (K) t1/2 (min) Ref.

1 [5] 24.6 293 62.7 (57 °C) [48]

2 1-Me[5] 38.7 473 / [62]

3 [6] 36.2 300 13.4 (221.7 °C) [63]

4 1-Me[6] 43.8 542 231 [64]

5 1,1′-DiMe[6] 44.0 543 444 [64]

6 2,2′-DiMe[6] 39.5 513 222 [64]

7 [7] 41.7 542 13.4 (295 °C) [63]

8 [8] 42.4 543 3.1 (293.2 °C) [63]

9 [9] 43.5 543 12.3 (293.5) [63]

10 Thia[6]b 22 298 13 [65]

11 1-Aza[5] 21.7 298 / [66]
a[n]=[n]helicene, Me=methyl; b3,6,9-trithia[6]helicene
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be improved by adjusting the length and electron density of helicenes [71], while
the elasticity of helicenes decreased as it became longer [72].

Recently, Zhang and co-workers studied the deformation capacity of carbohe-
licenes (Fig. 2.11) by DFT calculations and found that the maximum reversible
tensile strain varied in the range of 78–222 % [73]. The replacement of hexagons

Table 2.6 The experimental pKa values of azahelicenes

Entry Molecule pKa (in MeCN) Ref.

1 Pyridine 12.56 [61]

2 N N

25

12.8 [68]

3
N N

26

14.87,
4.7 (MeOH)

[61]

4

N

27

11.65,
4.94 (MeOH)

[61]

5

N

28

13.06,
5.68 (MeOH)

[61]

Fig. 2.11 Schematic representation of the deformation of a helicene molecule like a spring:
a compressed; b optimal; c stretched
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with pentagons or heptagons greatly influenced the bonding pattern of the internal
chain. For helicene formed by hexagon, there was only C–C single bond internally,
while other structures form the internal chain with alternate C–C single and C=C
double bonds.

Vacek, Dubi, and co-workers using DFT and tight-binding calculation to study
the mechanic tuning of conductance and thermopower in helicene molecular
junctions (HMJs) (Fig. 2.12) [74]. First, the HMJs could be mechanically tuned
from an insulating state (for example, Dr = 2 Å, ‘OFF’) to a metallic state (Dr = −2
Å, ‘ON’). Second, the thermoelectric figure of merit ZT could be tuned by helicene
length and the Dr. This resulted from the deformation of helicenes followed by the
changes in the tunneling matrix elements.

Yan and co-workers discovered the U-shaped relationship between the pitch of
the helicene (d) and the current (I) under a certain bias voltage (Fig. 2.13) [75].
The DFT calculation revealed that the structural deformation induced the change of

Fig. 2.12 a Conductance as a function of the change Dr in the inter-electrode distance measured
from the relaxed configuration; b ZT as a function of Dr for a series of homologous diaza[n]
helicenes (from 2,15-diaza[6]helicene to 2,31-diaza[14]helicene). Inset maximal thermoelectric
FOM, ZTmax, as a function of helicene length. Reprinted with the permission from ref. [74] which
is Open Access licensed under a Creative Commons Attribution 4.0 International License

Fig. 2.13 I−V behaviors of
aza[12]helicene contacted
with carbon chain electrodes.
Current varies with d under
the bias of 2.0 V. Reprinted
with the permission from Ref.
[75] which is Open Access
licensed under a Creative
Commons Attribution 4.0
International License
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the extent of overlap between the orbitals, resulting in such a relationship between
the HOMO–LUMO gap with d. This is an intrinsic characteristic of helicenes,
which is independent of the electrode material or the heteroatoms in the skeletons
used in the study.

2.5 Helicenes with Open Shell and Charges

Since helicenes are composed by aromatic rings, although they are twisted, these
molecules are difficult to be reduced or oxidized. Kurreck group prepared the
helicene radical anions by the reaction between the [6]helicene and alkali metals,
which was confirmed by ESR, ENDO, and TRIPLE measurements [76]. The
introduction of heteroatoms, like O and N atoms, increased the diversity of elec-
tronic structures.

Helicene bisquinones 29a–d could be reduced to radical anions by electro-
chemical method, which exhibited the absorption in NIR or IR region (Fig. 2.14
and Table 2.7) [77, 78]. Such small energy gap resulted from the transannular
delocalization of electrons like a Möbius system. This result was reexamined and
confirmed again by ab initio calculations [79].

Rajca, Lapkowski, and co-workers prepared a thia[7]helicene radical cation
30•+� PF�6 via the oxidation of 30 by electrochemical method, which was stable at
room temperature with a half-life about 15–20 min [80]. To compare with the
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n-4

O
O

O

O

n-4

+ e-

.-

29a n=5
29b n=6

- e-

29c n=7
29d n=8

Fig. 2.14 Reduction of helicene bisquinones, geometry of 29•− and the proposed transannular
interaction. Reprinted with the permission from Ref. [78]. Copyright 1993 American Chemical
Society

Table 2.7 The reduction of
helicene bisquinones

Entry Radical
anions

kmax (nm) DE (mV) Ref.

1 29a•− 1400, 590, 420 470 [77, 78]

2 29b•− 1825, 680, 340 380 [77, 78]

3 29c•− 2200, 580 310 [77, 78]

4 29d•− 2200, 800, 530 270 [77, 78]
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radical cation, [30-NO]+PF�6 was synthesized by chemical oxidation with [NO]
[PF6] (Fig. 2.15). The salt 30•+ �PF�6 showed a broad absorption band around the
wavelength of 900 nm. Based on the CD spectra, it was proved that 30 could not be
oxidized into a planar quasi-[8]circulene structure.

Arai, Sato, and co-workers prepared several azoniahelienes (31–33, Fig. 2.16)
by oxidative photocyclization [81, 82]. They were all yellow solid, and exhibited
similar absorption properties to related carbohelicenes. Teplý group prepared the
helquats molecules (Fig. 2.16) [83], which could be prepared in large scale and
resolved by crystallization [84, 85]. The advantage of such molecules is the good
solubility in aqueous phase which renders the helicenes applicable in water.

Another kind of helicene cations has a carbocation on the skeleton. This was
systematically studied by Lacour group [86]. This species was highly stable.
Compared with carbohelicenes, the absorption of the helicene cation exhibited a
bathochromic shift to even 700 nm and the band gap was greatly reduced
(Table 2.8) [87]. According to the chemical shift of carbocation (similar to the
carbon atom in benzene), the electron was delocalized well through the whole
skeleton.

S
SS

S

S

S

S

Br

TMS

Br TMS

30

.+

.+ PF6
-.

Fig. 2.15 Thia[7]helicene radical cation 30•+ (left) and UV-vis-NIR/EPR spectroscopic monitor-
ing of chemical oxidation of [7]helicene rac-30 with [NO][PF6] (right). EPR spectra are obtained
after the UV-vis-NIR spectra corresponding to [30-NO]+PF�6 and 30•+PF�6 . Reprinted with the
permission from Ref. [80]. Copyright 2010 American Chemical Society
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Fig. 2.16 Some helicene cations

2.5 Helicenes with Open Shell and Charges 35



References

1. Shen Y, Chen C-F (2012) Helicenes: synthesis and applications. Chem Rev 112(3):1463–1535
2. Cahn RS, Ingold C, Prelog V (1966) Specification of molecular chirality. Angew Chem Int Ed

5(4):385–415
3. Meurer KP, Vogtle F (1985) Helical molecules in organic-chemistry. Top Curr Chem 127:1–

76
4. Wynberg H (1971) Some observations on chemical, photochemical, and spectral properties of

thiophenes. Acc Chem Res 4(2):65–73
5. Lightner DA, Hefelfin DT, Frank GW, Powers TW, Truebloo KN (1971) Absolute

configuration of hexahelicene. Nature-Phys Sci 232(32):124–125
6. Hirshfeld FL, Sandler S, Schmidt GMJ (1963) 398. The structure of overcrowded aromatic

compounds. Part VI. The crystal structure of benzo[c]phenanthrene and of
1,12-dimethylbenzo[c]phenanthrene. J Chem Soc (Resumed) (0):2108–2125

7. Kuroda R (1982) Crystal and molecular structure of [5]helicene: crystal packing modes.
J Chem Soc, Perkin Trans 2(7):789–794

8. Yamamoto K, Okazumi M, Suemune H, Usui K (2013) Synthesis of [5]helicenes with a
substituent exclusively on the interior side of the helix by metal-catalyzed cycloisomerization.
Org Lett 15(8):1806–1809

9. Misek J, Teply F, Stara IG, Tichy M, Saman D, Cisarova I, Vojtisek P, Stary I (2008) A
straightforward route to helically chiral N-heteroaromatic compounds: practical synthesis of
racemic 1,14-diaza[5]helicene and optically pure 1-and 2-aza[6]helicenes. Angew Chem Int
Ed 47(17):3188–3191

Table 2.8 Some properties of helicene cations [87]

Entry Cations kmax (nm) Color d (C+, ppm)

1

OO

BF4
-

34

575 Red 161.5

2

NN
n-Pr n-Pr

H2N NH2

BF
35

4
-

700 Green 148.3

3

NC CN

NN
n-Pr n-Pr

BF4
-

36

690 Green 141.6

36 2 Structures and Properties of Helicenes



10. Takenaka N, Sarangthem RS, Captain B (2008) Helical chiral pyridine n-oxides: a new family
of asymmetric catalysts. Angew Chem Int Ed 47(50):9708–9710

11. Mori K, Murase T, Fujita M (2015) One-step synthesis of [16]helicene. Angew Chem Int Ed
54(23):6847–6851

12. Laarhoven WH, Prinsen WJC (1984) Carbohelicenes and Heterohelicenes. Top Curr Chem
125:63–130

13. Allen FH, Kennard O, Watson DG, Brammer L, Orpen AG, Taylor R (1987) Tables of bond
lengths determined by X-ray and neutron diffraction. Part 1. Bond lengths in organic
compounds. J Chem Soc, Perkin Trans 2(12):S1–S19

14. Wolstenholme DJ, Matta CF, Cameront TS (2007) Experimental and theoretical electron
density study of a highly twisted polycyclic aromatic hydrocarbon: 4-methyl-[4]helicene.
J Phys Chem A 111(36):8803–8813

15. Obenland S, Schmidt W (1975) Photoelectron-spectra of polynuclear aromatics. 4. Helicenes.
J Am Chem Soc 97(23):6633–6638

16. Deb BM, Kavu G (1980) An indo-mo study of the spectral properties and trans-annular
interaction in [6]-helicene. Can J Chem Rev Can Chim 58(3):258–262

17. Schulman JM, Disch RL (1999) Aromatic character of [n]helicenes and [n]phenacenes. J Phys
Chem A 103(33):6669–6672

18. Portella G, Poater J, Bofill JM, Alemany P, Sola M (2005) Local aromaticity of [n]acenes, [n]
phenacenes, and [n]helicenes (n = 1–9). J Org Chem 70(7):2509–2521

19. Tian YH, Park G, Kertesz M (2008) Electronic structure of helicenes, C2S helicenes, and
thiaheterohelicenes. Chem Mater 20(10):3266–3277

20. Rajca A, Pink M, Xiao SZ, Miyasaka M, Rajca S, Das K, Plessel K (2009) Functionalized
thiophene-based [7]helicene: chirooptical properties versus electron delocalization. J Org
Chem 74(19):7504–7513

21. Miyasaka M, Pink M, Olankitwanit A, Rajca S, Rajca A (2012) Band gap of carbon-sulfur [n]
helicenes. Org Lett 14(12):3076–3079

22. Johnson WS, Woroch E, Mathews FJ (1947) Cyclization studies in the benzoquinoline and
naphthoquinoline series. II. J Am Chem Soc 69(3):566–571

23. Clar E, Stewart DG (1952) Aromatic hydrocarbons. LXIII. Resonance restriction and the
absorption spectra of aromatic hydrocarbons1. J Am Chem Soc 74(24):6235–6238

24. Newman MS, Lednicer D (1956) The synthesis and resolution of hexahelicene. J Am Chem
Soc 78(18):4765–4770

25. Flammang-Barbieux M, Nasielski J, Martin RH (1967) Synthesis of heptahelicene (1) benzo
[c] phenanthro [4, 3-g ]phenanthrene. Tetrahedron Lett 8(8):743–744

26. Martin RH, Flammang M, Cosyn JP, Gelbcke M (1968) 1. Synthesis of octa- and
nonahelicenes. 2. New syntheses of hexa- and heptahelicences. 3. Optical rotation and ORD of
heptahelicene. Tetrahedron Lett (31):3507–3510

27. Bédard A-C, Vlassova A, Hernandez-Perez AC, Bessette A, Hanan GS, Heuft MA, Collins SK
(2013) Synthesis, crystal structure and photophysical properties of pyrene-helicene hybrids.
Chem Eur J 19(48):16295–16302

28. Hu J-Y, Paudel A, Seto N, Feng X, Era M, Matsumoto T, Tanaka J, Elsegood MRJ,
Redshaw C, Yamato T (2013) Pyrene-cored blue-light emitting [4]helicenes: synthesis, crystal
structures, and photophysical properties. Org Biomol Chem 11(13):2186–2197

29. Buchta M, Rybáček J, Jančařík A, Kudale AA, Buděšínský M, Chocholoušová JV, Vacek J,
Bednárová L, Císařová I, Bodwell GJ, Starý I, Stará IG (2015) Chimerical pyrene-based [7]
helicenes as twisted polycondensed aromatics. Chem Eur J 21(24):8910–8917

30. Fujikawa T, Segawa Y, Itami K (2015) Synthesis, structures, and properties of p-extended
double helicene: a combination of planar and nonplanar p-systems. J Am Chem Soc 137
(24):7763–7768

31. Dougherty KJ, Kraml CM, Byrne N, Porras JA, Bernhard S, Mague JT, Pascal RA Jr (2015)
Helical mesobenzanthrones: a class of highly luminescent helicenes. Tetrahedron 71
(11):1694–1699

References 37



32. Bock H, Subervie D, Mathey P, Pradhan A, Sarkar P, Dechambenoit P, Hillard EA, Durola F
(2014) Helicenes from Diarylmaleimides. Org Lett 16(6):1546–1549

33. Li Y-Y, Lu H-Y, Li M, Li X-J, Chen C-F (2014) Dihydroindeno[2,1-c]fluorene-based imide
dyes: synthesis, structures, photophysical and electrochemical properties. J Org Chem 79
(5):2139–2147

34. Fix AG, Deal PE, Vonnegut CL, Rose BD, Zakharov LN, Haley MM (2013) Indeno[2,1-c]
fluorene: a new electron-accepting scaffold for organic electronics. Org Lett 15(6):1362–1365

35. Li M, Niu Y, Zhu X, Peng Q, Lu H-Y, Xia A, Chen C-F (2014) Tetrahydro[5]helicene-based
imide dyes with intense fluorescence in both solution and solid state. Chem Commun (Camb)
50(23):2993–2995

36. Kitamura C, Tanigawa Y, Kobayashi T, Naito H, Kurata H, Kawase T (2012)
17,17-Dialkyltetrabenzo[a, c, g, i]fluorenes with extremely high solid-state fluorescent
quantum yields: relationship between crystal structure and fluorescent properties. Tetrahedron
68(6):1688–1694

37. Newman MS, Lutz WB, Lednicer D (1955) A new reagent for resolution by complex
formation—the resolution of phenanthro-[3,4-C]phenanthrene. J Am Chem Soc 77(12):3420–
3421

38. Tanaka H, Nakagawa H, Yamada K, Kawazura H (1981) An NMR-study on the association
stabilities of thiaheterohelicenes against 7,7,8,8-tetracyanoquinodimethan—effect of the
staggered configuration of helicene. Bull Chem Soc Jpn 54(12):3665–3668

39. Balan A, Gottlieb HE (1981) Diastereoisomeric charge-transfer complexes—measurement of
thermodynamic constants by H-1 nuclear magnetic-resonance spectroscopy. J Chem Soc,
Perkin Trans 2(2):350–352

40. Mikes F, Boshart G, Gilav E (1976) Resolution of optical isomers by high-performance
liquid-chromatography, using coated and bonded chiral charge-transfer complexing agents as
stationary phases. J Chromatogr 122:205–221

41. Mikes F, Boshart G, Gil-Av E (1976) Helicenes—resolution on chiral charge-transfer
complexing agents using high-performance liquid-chromatography. J Chem Soc, Chem
Commun 3:99–100

42. Ermer O, Neudörfl J (2001) Comparative supramolecular chemistry of coronene and
hexahelicene: helix alignment in crystalline complexes with trimesic acid
(=benzene-1,3,5-tricarboxylic Acid) and p-acceptor compounds. Helv Chim Acta 84
(6):1268–1313

43. Kumano D, Iwahana S, Iida H, Shen C, Crassous J, Yashima E (2015) Enantioseparation on
riboflavin derivatives chemically bonded to silica gel as chiral stationary phases for HPLC.
Chirality 27(8):507–517

44. Waghray D, Zhang J, Jacobs J, Nulens W, Basarić N, Meervelt LV, Dehaen W (2012)
Synthesis and structural elucidation of diversely functionalized 5,10-diaza[5]helicenes. J Org
Chem 77(22):10176–10183

45. Nakano K, Oyama H, Nishimura Y, Nakasako S, Nozaki K (2012) k5-Phospha[7]helicenes:
synthesis, properties, and columnar aggregation with one-way chirality. Angew Chem Int Ed
51(3):695–699

46. Martin RH (1974) Helicenes. Angew Chem Int Ed Engl 13(10):649–659
47. Gingras M, Felix G, Peresutti R (2013) One hundred years of helicene chemistry. Part 2:

stereoselective syntheses and chiral separations of carbohelicenes. Chem Soc Rev 42(3):1007–
1050

48. Goedicke C, Stegemeyer H (1970) Resolution and racemization of pentahelicene. Tetrahedron
Lett 11(12):937–940

49. Martin RH, Marchant MJ (1974) Resolution and optical-properties ([alpha]max, ORD and
CD) of hepta-helicene, octa-helicene and nonahelicene. Tetrahedron 30(2):343–345

50. Nakai Y, Mori T, Inoue Y (2012) Theoretical and experimental studies on circular dichroism
of carbo[n]helicenes. J Phys Chem A 116(27):7372–7385

51. Srebro M, Autschbach J (2012) Tuned range-separated time-dependent density functional
theory applied to optical rotation. J Chem Theory Comput 8(1):245–256

38 2 Structures and Properties of Helicenes



52. Nakai Y, Mori T, Inoue Y (2013) Circular dichroism of (di)methyl- and diaza[6]helicenes.
A combined theoretical and experimental study. J Phys Chem A 117(1):83–93

53. Nakai Y, Mori T, Sato K, Inoue Y (2013) Theoretical and experimental studies of circular
dichroism of mono- and diazonia[6]helicenes. J Phys Chem A 117(24):5082–5092

54. Burgi T, Urakawa A, Behzadi B, Ernst K-H, Baiker A (2004) The absolute configuration of
heptahelicene: aVCD spectroscopy study. New J Chem 28(3):332–334

55. Johannessen C, Blanch EW, Villani C, Abbate S, Longhi G, Agarwal NR, Tommasini M,
Lightner DA (2013) Raman and ROA Spectra of (−)- and (+)-2-Br-hexahelicene: experimental
and DFT studies of a p-conjugated chiral system. J Phys Chem B 117(7):2221–2230

56. Shen Y, Lu H-Y, Chen C-F (2014) Dioxygen-triggered transannular dearomatization of benzo
[5]helicene diols: highly efficient synthesis of chiral p-extended diones. Angew Chem Int Ed
53(18):4648–4651

57. Grimme S, Peyerimhoff SD (1996) Theoretical study of the structures and racemization
barriers of [n]helicenes (n = 3–6, 8). Chem Phys 204(2–3):411–417

58. Janke RH, Haufe G, Wurthwein EU, Borkent JH (1996) Racemization barriers of helicenes: A
computational study. J Am Chem Soc 118(25):6031–6035

59. Lindner HJ (1975) Atomisierungsenergien gespannter konjugierter kohlenwasserstoffe—I:
Razemisierungsenergien von helicenen. Tetrahedron 31(3):281–284

60. Severa L, Ončák M, Koval D, Pohl R, Šaman D, Císařová I, Reyes-Gutiérrez PE, Sázelová P,
Kašička V, Teplý F, Slavíček P (2012) A chiral dicationic [8]circulenoid: photochemical
origin and facile thermal conversion into a helicene congener. Angew Chem Int Ed 51
(48):11972–11976

61. Vacek Chocholoušová J, Vacek J, Andronova A, Míšek J, Songis O, Šámal M, Stará IG,
Meyer M, Bourdillon M, Pospíšil L, Starý I (2014) On the physicochemical properties of
pyridohelicenes. Chem Eur J 20(3):877–893

62. Scherübl H, Fritzsche U, Mannschreck A (1984) Liquid chromatography on triacetylcellulose,
6. Synthesis, chromatographic enrichment of enantiomers, and barriers to enantiomerization of
helical phenanthrenes. Chem Ber 117(1):336–343

63. Martin RH, Marchant MJ (1974) Thermal racemization of hepta-helicene, octa-helicene, and
nonahelicene—kinetic results, reaction path and experimental proofs that racemization of
hexahelicene and heptahelicene does not involve an intramolecular double diels-alder reaction.
Tetrahedron 30(2):347–349

64. Borkent JH, Laarhoven WH (1978) Thermal racemization of methyl-substituted
hexahelicenes. Tetrahedron 34(16):2565–2567

65. Wynberg H, Groen MB (1969) Racemization of two hexaheterohelicenes. J Chem Soc D:
Chem Commun 17:964–965

66. Caronna T, Mele A, Famulari A, Mendola D, Fontana F, Juza M, Kamuf M, Zawatzky K,
Trapp O (2015) A combined experimental and theoretical study on the stereodynamics of
monoaza[5]helicenes: solvent-induced increase of the enantiomerization barrier in 1-aza-[5]
helicene. Chem Eur J 21(40):13919–13924

67. Katz TJ, Liu LB, Willmore ND, Fox JM, Rheingold AL, Shi SH, Nuckolls C, Rickman BH
(1997) An efficient synthesis of functionalized helicenes. J Am Chem Soc 119(42):10054–
10063

68. Zirnstein MA, Staab HA (1987) Quino[7,8-h]quinoline, a new type of “proton sponge”.
Angew Chem Int Ed Engl 26(5):460–461

69. Staab HA, Diehm M, Krieger C (1994) Synthesis, structure and basicity of 1,16-diaza[6]
helicene. Tetrahedron Lett 35(45):8357–8360

70. Osuga H, Tanaka K (2002) Synthesis and properties of heterohelicenes as “molecular springs”.
J Synth Org Chem Jpn 60(6):593–603

71. Jalaie M, Weatherhead S, Lipkowitz KB, Robertson D (1997) Modulating force constants in
molecular springs. Electronic J Theo Chem 2(1):268–272

72. Rulisek L, Exner O, Cwiklik L, Jungwirth P, Stary I, Pospisil L, Havlas Z (2007) On the
convergence of the physicochemical properties of [n]helicenes. J Phys Chem C 111
(41):14948–14955

References 39



73. Sestak P, Wu J, He J, Pokluda J, Zhang Z (2015) Extraordinary deformation capacity of
smallest carbohelicene springs. Phys Chem Chem Phys 17(28):18684–18690

74. Vacek J, Chocholousova JV, Stara IG, Stary I, Dubi Y (2015) Mechanical tuning of
conductance and thermopower in helicene molecular junctions. Nanoscale 7(19):8793–8802

75. Guo Y-D, Yan X-H, Xiao Y, Liu C-S (2015) U-shaped relationship between current and pitch
in helicene molecules. Sci Rep 5:16731

76. Fey HJ, Kurreck H, Lubitz W (1979) Endor studies of [6]helicene anion radical. Tetrahedron
35(7):905–907

77. Yang BW, Liu LB, Katz TJ, Liberko CA, Miller LL (1991) Electron delocalization in helical
quinone anion radicals. J Am Chem Soc 113(23):8993–8994

78. Liberko CA, Miller LL, Katz TJ, Liu LB (1993) The electronic-structure of helicene
bisquinone anion radicals. J Am Chem Soc 115(6):2478–2482

79. Sargent AL, Almlof J, Liberko CA (1994) Electron delocalization in helical bis(quinone)
anion-radicals. J Phys Chem 98(24):6114–6117

80. Zak JK, Miyasaka M, Rajca S, Lapkowski M, Rajca A (2010) Radical cation of helical,
cross-conjugated beta-oligothiophene. J Am Chem Soc 132(10):3246–3247

81. Arai S, Ishikura M, Yamagishi T (1998) Synthesis of polycyclic azonia-aromatic compounds
by photo-induced intramolecular quaternization: Azonia derivatives of benzo[c]phenanthrene,
[5]helicene and [6]helicene. J Chem Soc, Perkin Trans 1(9):1561–1567

82. Sato K, Yamagishi T, Arai S (2000) Synthesis of novel azonia[5]helicenes containing terminal
thiophene rings. J Heterocycl Chem 37(4):1009–1014

83. Adriaenssens L, Severa L, Salova T, Cisarova I, Pohl R, Saman D, Rocha SV, Finney NS,
Pospisil L, Slavicek P, Teply F (2009) Helquats: a facile, modular, scalable route to novel
helical dications. Chem Eur J 15(5):1072–1076

84. Vávra J, Severa L, Švec P, Císařová I, Koval D, Sázelová P, Kašička V, Teplý F (2012)
Preferential crystallization of a helicene-viologen hybrid—an efficient method to resolve [5]
helquat enantiomers on a 20 g scale. Eur J Org Chem 3:489–499

85. Vávra J, Severa L, Císařová I, Klepetářová B, Šaman D, Koval D, Kašička V, Teplý F (2013)
Search for conglomerate in set of [7]helquat salts: multigram resolution of helicene-viologen
hybrid by preferential crystallization. J Org Chem 78(4):1329–1342

86. Bosson J, Gouin J, Lacour J (2014) Cationic triangulenes and helicenes: synthesis, chemical
stability, optical properties and extended applications of these unusual dyes. Chem Soc Rev 43
(8):2824–2840

87. Torricelli F, Bosson J, Besnard C, Chekini M, Bürgi T, Lacour J (2013) Modular synthesis,
orthogonal post-functionalization, absorption, and chiroptical properties of cationic [6]
helicenes. Angew Chem Int Ed 52(6):1796–1800

40 2 Structures and Properties of Helicenes



http://www.springer.com/978-3-662-53166-2


	2 Structures and Properties of Helicenes
	Abstract
	2.1 Structural Features
	2.2 The π-systems
	2.3 The Helicity
	2.4 Other Properties
	2.5 Helicenes with Open Shell and Charges
	References


