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ABSTRACT

Asymmetric synthesis of (�)-[9]helicene, as well as preparation of its lower homologues, completes the series of carbon�sulfur [5]-, [7]-, [9]-, and
[11]helicenes. Spectroscopic and electrochemical studies of this series provide an absorption onset-based band gap, Eg = 3.40 eV, for a cross-
conjugated (C2S)n helix; this value may be compared to Eg = 3.59 eV obtained from TD-DFT computed excitation energies for a series of dimethyl-
substituted [n]helicenes (n e 31).

[n]Helicenes are molecules with π-systems consisting of
ortho-fused aromatic rings adopting a helical shape.1�5

For larger n, the helicity and ladder connectivity of the π-
system lead tosignificantbarriers for racemizationandstrong
chiral properties.2,4 Despite recent advances in the synthesis
of [n]helicenes and [n]helicene-like molecules,5�8 asymmetric
synthesis of long [n]helicenes, ng 9, remains challenging.8,9

To date, there is only one report of the asymmetric syn-
thesis of carbon�sulfur [11]helicene in which 11 thiophene

rings are fused into a helical π-system, fragments of a
(C2S)n helix (Figure 1).

9 Such helical oligothiophenes10,11 are
of interest as building blocks for chiral materials.3�5,12,13

These structures provided the first configurationally stable
[n]helicene radical cation14 and are characterized by strong,
[n]helicene-like chirooptical properties, despite a low degree
of electron delocalization in their cross-conjugated π-
systems.15

Insight into the electronic structure of [n]helicenes is
important to the design of materials with strong chiral
properties.4,14 Systematic experimental studies of their†University of Nebraska.
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electronic properties, including extrapolations of band gaps
from electronic absorption onsets and/or electrochemical
onset potentials, are lacking because of the scarcity of
homologous [n]helicenes.9,16�18 Computational studies of
band gaps are limited to density functional theory (DFT)
extrapolation of the gas phase HOMO�LUMO gaps.19

Herein we report the asymmetric synthesis of (�)-
[9]helicene and determination of the band gap of a cross-
conjugated (C2S)n helix. Homologues of the carbon�
sulfur [5]-, [7]-, [9]-, and [11]helicenes (Figure 1), with
solubilizing n-octyl chains, are prepared to provide electronic
spectroscopic (UV�vis absorption and circular dichroism)
and electrochemical data for band gap determination, which
are then compared to the results obtained from DFT and
time-dependent DFT (TD-DFT) computations.
Syntheses of carbon�sulfur [n]helicenes rely on iterative

sequences of connection and annelation steps: CC bond
formation between two sterically hindered and less reactive
β-positions of thiophenes, and mono- or diannelation,
forming two or four CS bonds that make up one or two
thiophene rings in a nonplanar geometry.

In the synthesisof [5]helicene1and [7]helicene2 (Scheme1),
the CC bond forming steps are implemented by Negishi

cross-coupling.20 The organozinc derived from 4-bromo-2-
octylthiophene (5)20 reacts with 4-bromo-50-octyldithieno-
[2,3-b:30,20-d]thiophene (6)21 to give tetrathiophene 7, while
Cu(II)-mediated oxidation of the organolithium11,22,23 de-
rived from 6 gives hexathiophene 8. Monoannelation steps
are implemented by LDA/(�)-sparteine-mediated deproto-
nation of the two R-positions of the thiophene moieties in 7

and 8 to provide the corresponding carbodianion. Subse-
quent addition of an electrophilic source of sulfur,
(PhSO2)2S, leads to ring annelation, forming [5]helicene 1
and [7]helicene 2, respectively. Alternatively, [7]helicene 2

can be prepared in moderate yield by diannelation of
pentathiophene 9,20 using similar reaction conditions to
monoannelation.
In the synthesis of [9]helicene 3 (Scheme 2), the CC bond

forming step relies on the Pd-mediated homocoupling9

between 621 and bromotetrathiophene 1020 (1:1 molar
ratio), to provide heptathiophene 11 in about 50% yield.
In addition, this reaction gives oligothiophenes 8 and 12,
precursors to [7]helicene 2 and [11]helicene 4,9 in about
20% yields. Diannelation of 11, using LDA/(�)-sparteine
and (PhSO2)2S, produces [9]helicene 3 in 15% yield and an
enantiomeric excess (ee) of 14%.
The structure of 3 is confirmed by single-crystal syn-

chrotron X-ray analysis (Figure 2). The oligothiophene
has an approximate C2 point group of symmetry.

UV�vis spectra of 5,50-dioctyldithieno[2,3-b:30,20-d]-
thiophene (trithiophene 13)21 and [n]helicenes 1�4 show a
progressive red shiftwith the increasingnumberof thiophene
rings, though the values of λmax for 13 and 1 are outliers in
this trend. A similar red shift is observed for the longest
wavelength bands in the CD spectra of 3 and 4 (Figure 3).
Absorption onsets, λonset, determined by the standard tan-
gentmethod (Supporting Information (SI)), provide amore

Figure 1. Carbon�sulfur [n]helicenes, n = 5, 7, 9, 11.

Scheme 1. Synthesis of [5]Helicene 1 and [7]Helicene 2a

a Isolated yields; 7 partially purified.

Scheme 2. Asymmetric Synthesis of [9]Helicene 3a

a Isolated yields.
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reliablemeasure of the observed red shift and, thus, the band
gap, Eg. The plot of UV�vis λonset versus 1/Nπ, whereNπ is
the number of electrons in the π-system of 1�4, provides
Eg=3.40 eV for the (C2S)nhelix.A similar plot ofCD λonset,
using only two available data points (3 and 4), gives Eg =
3.61 eV (Figure 5).
Chirooptical data for 3 such as a negative specific

rotation, [R]D
rt < 0, and negative longest wavelength

CDband,Δεmax< 0) (Figure 3), suggest that the obtained
excess of (�)-3 corresponds to the (M)-enantiomer. This
(�)-sparteine-mediated stereoselection of (M)-[9]helicene
3 is consistent with the analogous monoannelations pro-
ducing (M)-[11]helicene 4 and related helicenes,9,11 as well
as (R)-biaryl-based tetraarylenes,23 and it is opposite to
that in the triannelation of 12 to provide (P)-4.9

[n]Helicenes 1�4 are examined by cyclic voltammetry
(CV) and square wave voltammetry (SWV) in dichloro-
methane (CH2Cl2) and tetrahydrofuran (THF). CV in
CH2Cl2 indicates reversible oxidations and irreversible

reductions (Figure 4).24 The oxidation to radical cations
becomes more facile with the increasing length of the
[n]helicene from n = 5, 7, 9, to 11, as indicated by the
decreasing first oxidation potentials E1þ/0 (and onset
potentials, Eonset

ox) (Table 1). SWV provides second oxi-
dation potentials, E2þ/þ, which decrease steeply with
increasing n. Notably, E3þ/2þ and E4þ/3þ for 4, with n =
11, could be determined as well.

Although the CV of 2�4 in THF is not reversible,
reduction potentials, E�/0, (and onset potentials, Eonset

red)
could be approximately determined by SWV. However,
the SWV reduction peaks are relatively broad (Figure 4),
possibly due to the instability of the corresponding radical
anion, which couldmake the observedE�/0≈�2.5 V (and
Eonset

red) less negative (Table 1).
ThedifferencesbetweenSWVonsetpotentials foroxidation

and reduction, ΔEonset = Eonset
ox� Eonset

red, for [n]helicenes,
n=7, 9, and 11, are plotted versus 1/Nπ to provide a straight
line which extrapolates to Eg = 3.16 eV (Figure 5).
The geometries of the simplified structures of car-

bon�sulfur [n]helicenes in which the octyl chains are
replaced with methyl groups, [n]helicenes-Me, with n =
5, 7, 9, ..., 31 were optimized at the B3LYP/6-31G(d)/IEF-
PCM-UFF and B3LYP/6-31G(d,p)/IEF-PCM-UFF levels
of theory, using the solvent model for cyclohexane and
constraining molecular symmetry to a C2 point group of
symmetry.26 Electronic UV�vis and CD spectra for
[n]helicenes-Me with n up to 15 were computed using the
TD-DFT approach at the B3LYP/6-31G(d)/IEF-PCM-
UFF level (Figure S53, SI). For [n]helicenes-Mewith n=9
and 11, a red shift for the calculatedGaussian envelopes of
longest wavelength bands is observed, compared to the
experimental spectra for 3 and 4 (Figure 3).15

Figure 2. Synchrotron X-ray structure for [9]helicene 3. Carbon
and sulfur atoms are depicted with thermal ellipsoids set at the
50% probability level. Hydrogens atoms are omitted.

Figure 3. Electronic spectra of [n]helicenes: UV�vis absorption
and CD in cyclohexane; TD-DFT calculated CD spectra for
dimethyl-substituted [9]- and [11]helicene using the B3LYP/
6-31G(d) and the IEF-PCM-UFF model for cyclohexane.

Figure 4. Cyclic voltammetry (CV) and square wave voltamm-
tery (SWV) for [n]helicenes.
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TheDFT-computedHOMO�LUMO energy gaps (Δε)
and the TD-DFT-computed vertical excitation energies to
the lowest excited state (ΔE(S0�S1)) are plotted versus
1/Nπ (Figure 5). Extrapolation of the Δε plot provides
Eg = 4.09 eV,27 which significantly overestimates the
experimentalEg determined from theUV�vis λonset (3.40 eV)
and electrochemicalΔEonset (3.16 eV) (Figure 5). However,
this extrapolated Eg is in better agreement with the Eg =
4.38 eV derived from λmax for 2, 3, and 4.

Extrapolation of the (ΔE(S0�S1)) plot
28 provides Eg =

3.59 eV, which is in better agreement with Eg = 3.40 eV,
obtained from λonset for 1, 2, 3, and 4 (Figure 5).Whenonly
the two longest available [n]helicenes, 3 and 4, are con-
sidered, extrapolation of the experimental UV�vis and
CD λonset provide Eg = 3.71 and 3.61 eV, respectively.
B3LYP/6-31þG(d,p)/IEF-PCM-UFF studies of [n]helicene-

Me, n=7 and 9, suggest thatC2-symmetric helical radical
cations are stable, but for similar radical anions, geometry
reoptimization leads to an energy drop of 0.7�0.8 eV, to
produce minima in which one of the C�S bonds is broken
(Figure S54, SI). This might be the origin for the relatively
low value of the electrochemical Eg = 3.16 eV.
In conclusion, the band gap of a cross-conjugated (C2S)n

helix is best estimated using absorption onsets, with TD-
DFT-calculated excitation energies ΔE(S0�S1) providing
the closest agreement between the experiment and theory.
Synthesis of longer carbon�sulfur [n]helicenes, n > 11,
would allow for testingwhether the agreement between the
experiment and theory would further improve.
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Table 1. Electrochemical Oxidation (CH2Cl2) and Reduction (THF) of [n]Helicenesa

aPotentials (vs SCE) from multiple voltammograms with scan rates of 50�500 mV s�1 or with a frequency of 10 Hz. Supporting electrolyte:
0.1 M [n-Bu4N]þ[PF6]

�. Ferrocene as internal standard: Cp2Fe
þ/0 at þ0.460 and þ0.560 V in CH2Cl2 and THF, respectively.25 For determination of

onset potentials, see Figures S24�S52, SI.

Figure 5. Extrapolated Eg for (C2S)n helix using theory (Δε and
ΔE(S0�S1)) and experiment (UV�vis, SWV, and CD).
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