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Abstract: Helicenes combine two central themes in
chemistry: extended π-conjugation and chirality. Hetero-
atom doping preserves both characteristics and allows
modulation of the electronic structure of a helicene.
Herein, we report the (BO)2-doped tetrathia[7]helicene
1, which was prepared from 2-methoxy-3,3’-bithiophene
in four steps. 1 is formally derived by substituting two
(Mes)B� O moieties in place of (H)C=C(H) fragments
in two benzene rings of the parent tetrathia[7]helicene.
X-ray crystallography revealed a dihedral angle of
50.26(9)° between the two terminal thiophene rings. The
(P)-/(M)-1 enantiomers were separated by chiral HPLC
and are configurationally stable at room temperature.
The experimentally determined enantiomerization bar-
rier of 27.4�0.1 kcalmol� 1 is lower than that of
tetrathia[7]helicene (39.4�0.1 kcalmol� 1). The circular
dichroism spectra of (P)- and (M)-1 show a perfect
mirror-image relationship. 1 is a blue emitter (λem=

411 nm) with a photoluminescence quantum efficiency
of ΦPL=6% (cf. tetrathia[7]helicene: λem�405 nm, ΦPL=

5%).

Introduction

Polycyclic aromatic hydrocarbons (PAHs) and chiral mole-
cules are of central importance to chemistry. Helicenes,
which are built from ortho-fused aromatic rings and have a
non-planar, screw-shaped framework, combine the key
attributes of both compound classes. Configurationally
stable helicenes can show unique solid-state packing (due to

chiral recognition), unusual molecular dynamics (as “molec-
ular springs”), and remarkable optoelectronic properties
(due to their chiral electronically excited states). The
interest in helically chiral PAHs is thus particularly
pronounced in the field of materials science (e.g., to develop
antiglare displays consisting of OLEDs in which the electro-
luminescence is directly circularly polarized (“CP-
OLEDs”)).[1] Recently, helicene chemistry has received new
impetus from the replacement of selected C atoms by other
p-block atoms—so-called heteroatom doping. This design
tool has already proven its value for modulating the
electronic structures of planar PAHs to fine-tune HOMO–
LUMO gaps and various optoelectronic properties.[2] The
most commonly used doping elements to date are Si, N/P,
and O/S, but B atoms are rapidly catching up.
One has to distinguish between helicenes containing tri-

or tetracoordinated B centers. In the first case, the sp2-
hybridized B atom has a vacant pz orbital for conjugation
with the adjacent π-electron cloud (π-pz delocalization); in
the second case, the sp3-hybridized B atom provides
energetically low-lying σ* orbitals capable of accepting π-
electron density from the surrounding aryl rings (π-σ*
delocalization).
Purely B(sp2)-doped helicenes are rare.[3] In most cases,

the B atom is directly bonded to a N or O atom, which leads
to electronic stabilization through partial π-electron dona-
tion and is equivalent to the isoelectronic replacement of a
C=C double bond by a B=N or B=O bond. Examples of
corresponding BN- or BO-helicenes are A[4, 5] or B (Fig-
ure 1).[6,7] For A, unprecedented charge-carrier inversion
was observed, as its racemate and single enantiomer are
good p- and n-type semiconductors, respectively. Most
B(sp3)-doped helically chiral compounds also contain B� N
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pairs, but here they are joined by σ-adduct bonds, as in the
helical azaborole C[8, 9] or in BODIPY-type compounds like
D (Figure 1).[10,11] The latter is a red emitter, which gives
both a large luminescence dissymmetry factor and a high
quantum yield.
Herein, we report double B(sp2)� O doping of tetrathia-

[7]helicene E[12, 13] to generate 1 (Figure 1). E was chosen as
the “host scaffold” for BO incorporation, because the
considerable application potential of thiophene-containing
organic compounds is recognized in various fields, such as
non-linear optical (NLO) materials,[14] electroactive
materials,[15] light-emitting devices (OLEDs),[16] and thin-
film transistors (TFTs).[17,18] Moreover, the facile functional-
ization of the α positions of the thiophene ring is a valuable
asset during synthesis, e.g., when it comes to late-stage
bromination reactions of BO-doped synthesis intermediates
(see Scheme 1). The chiral resolution of rac-1 was achieved,
and the enantiomerization barrier as well as important

chiroptical properties of the individual enantiomers were
determined in a combined experimental and theoretical
effort.

Results and Discussion

The (BO)2-doped tetrathia[7]helicene 1 is accessible in 16%
overall yield via a four-step protocol by using the known
starting material 2-methoxy-3,3’-bithiophene (S1;[19]

Scheme 1). The first B-containing building block, 2, was
prepared from S1 through demethylative O-directed electro-
philic C� H borylation with BCl3/[nBu4N]I/Et3N

[20] and
subsequent mesitylation with MesMgBr (77%). Of high
diagnostic value are the NMR signals of the CH groups in
the α positions to the two S atoms of 2: due to π-conjugation
with the electron-withdrawing B- or the electron-donating O
atom, the CH nuclei in the electron-poor borylated
thiophene are significantly deshielded (δ(1H)=7.98, δ(13C)=
138.2) compared to those in the electron-rich oxygenated
thiophene (δ(1H)=6.96, δ(13C)=114.8).
Treatment of 2 with N-bromosuccinimide (NBS) led to

the formation of 3 in 85% yield. The Br substituent was
selectively introduced next to the S atom into the oxy-
genated thiophene ring, as evidenced by the disappearance
of the proton resonance at 6.96 ppm and by a further upfield
shift of the corresponding 13C resonance (from 114.8 to
103.1 ppm) as a result of the magnetic anisotropy effect of
the attached Br substituent. The molecular structure of 3
was further confirmed by X-ray diffraction (Figure S43). A
twofold Stille-type coupling reaction between 2 equiv of 3
and trans-R3Sn(H)C=C(H)SnR3 (R=nBu) afforded trans-4
in 58% yield after column chromatography and treatment
with n-hexane to remove small amounts of residual cis-4 and
nBu3SnBr byproduct. The 1,2-ethenediyl bridge gives rise to
new resonances at δ(1H)=7.02 and δ(13C)=121.6; the
configuration of trans-4 was verified by X-ray crystallogra-
phy (Figure S44). We also tested two alternative access
routes to 4 (see Scheme S1) via Grubbs metathesis on
vinylated 2 (unprecedented for BO-doped aromatics) or
late-stage borylation of two 1,2-ethenediyl-linked 2-meth-
oxy-3,3’-bithiophenes. However, both synthetic pathways
were less yielding than the one outlined in Scheme 1.

Figure 1. Examples of B(sp2)� Het-doped helicenes A and B and of
B(sp3)� Het-doped helicenes C and D (Het=N, O). Tetrathia[7]helicene
E and its doubly B(sp2)� O-doped congener 1.

Scheme 1. Synthesis of the (BO)2-doped tetrathia[7]helicene 1. Reagents and conditions. i) 1. 1.5 equiv BCl3, 1.2 equiv [nBu4N]I, 1.0 equiv Et3N,
chlorobenzene, 135 °C, 24 h; 2. 3.0 equiv MesMgBr, THF, r.t., 1 h. (ii) 1.2 equiv N-bromosuccinimide (NBS), CH2Cl2, r.t., 12 h. (iii) 0.5 equiv
R3Sn(H)C=C(H)SnR3 (R=nBu), 12 mol% Pd(PPh3)4, toluene, 110 °C, 24 h. (iv) LED irradiation (405 nm), 1 equiv I2, 100 equiv propylene oxide,
C6H6, r.t., 2.5 h. Mes=2,4,6-trimethylphenyl (mesityl).
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Prior to subjecting trans-4 to the Mallory
photocyclization,[21] which requires cis-4 as immediate pre-
cursor, the photochemical trans/cis isomerization of trans-4
under irradiation with various light sources was quantita-
tively monitored by in situ 1H NMR spectroscopy (Figur-
es S1 and S2). A 405 nm LED performed the task most
efficiently (trans/cis=1 :4 after 30 min; C6D6, r.t.) and was
therefore used for the subsequent synthesis of the helicene
1. After irradiating trans-4 in the presence of I2 and
propylene oxide for 2.5 h (C6H6, r.t.), 1 was identified as sole
product by thin-layer chromatography (TLC). Chromato-
graphic purification finally gave 1 in 43% yield. The role of
propylene oxide is to quench the HI released during
dehydrogenation of the photogenerated primary intermedi-
ate to form the aromatic ring. If the epoxide is omitted
under otherwise identical conditions, an approximate 1 :1
mixture of 1 and hydrogenated 4 with a saturated ethylene
bridge (4H2) is obtained (see paragraph 2.9.1 of the
Supporting Information).[22]

In 1, the former 1,2-ethenediyl CH groups resonate at
δ(1H)=7.81 and δ(13C)=119.0. Moreover, the signal for the
H atoms in vicinal positions to the 1,2-ethenediyl linker has
disappeared and the resonance of the appended (now
quaternary) C atoms is detectable at 117.3 ppm. The
molecular structure of 1 was also characterized by single-
crystal X-ray analysis (Figure 2). Two details of the synthetic
approach to 1 are worth mentioning: (i) although the
Mallory reaction is widely used in general helicene
synthesis,[1] it has very rarely been successfully applied to the
photocyclization of organoboranes,[23] likely because the
reactive species I2, HI, and propylene oxide are incompatible

with most boron compounds. (ii) In most synthesis protocols
for B-doped helicenes (such as A–D; Figure 1), the B atoms
are introduced only in the final ring-closing step. The B� Het
bonds must therefore be formed against the build-up of the
steric strain that is ultimately responsible for the helical
distortion. In our approach, the introduction of the BO
moieties does not occur at this critical stage.

1 crystallizes as racemic mixture of the (P)- and (M)-
enantiomers in the low-symmetric triclinic crystal system
(Figure 2d). A dihedral angle of 50.26(9)° between the two
terminal SC4 rings is associated with intramolecular cen-
troid···centroid distances of 4.153(6) Å (Figure 2b). The
central C6 ring is significantly twisted, as indicated by a
torsion angle of 9.7° between the (H)C� C(H) vector and the
opposite C� C bond. Unlike most Mes-protected B-doped
polycyclic aromatic hydrocarbons (PAHs),[25] the Mes sub-
stituents in 1 are not orthogonally positioned to the attached
B-containing heterocycles. The reason apparently lies in the
neighboring O/S atoms and the annulated five-membered
SC4 ring, which impose a lower steric strain compared to CH
fragments and annulated six-membered aryl units. Despite
the smaller dihedral angles Mes//O� B� C=59.0(5)°, 58.6(6)°,
the contributions of the Mes substituents to the HOMO/
LUMO frontier orbitals of 1 is negligible (Figure 2c). The
B� O bond lengths of 1.402(4) and 1.401(5) Å are slightly
larger than that in the reference compound 9-mesityl-10,9-
oxaboraphenanthrene (av. B� O=1.378 Å; av. Mes//
O� B� C=104.1(3) and 84.8(3)° for two crystallographically
independent molecules in the asymmetric unit[26]). In the
crystal, alternating molecules of (P)- and (M)-1 form infinite
rods by means of π-stacking interactions between SC4 rings
with shortest intermolecular C···C contacts of 3.427(5) and
3.457(4) Å (grey lines in Figure 2d; in this respect, the
packing of (P)-/(M)-1 and E are the same). Remarkably, the
shortest intermolecular S···S distances are smaller than the
intramolecular ones (3.9911(14) and 5.8156(2) Å, respec-
tively).
Cyclic voltammograms were recorded in THF with

[nBu4N][PF6] as supporting electrolyte and are referenced
against the ferrocene/ferricinium couple (FcH/FcH+). In the
cathodic scan, 1 shows two irreversible redox events with
peak potentials of Epc= � 2.83 and � 3.01 V (Table 1).
For comparison, the substructure 2 is somewhat harder

to reduce with an Epc value of � 2.96 V. When two redox-
active 2-type sites are connected via a 1,2-ethenediyl bridge
(cf. trans-4), the first reduction event at E1/2= � 2.54 V
becomes quasi-reversible while the second remains largely
irreversible (Epc= � 2.90 V). We attribute the easier reduc-
tion of trans-4 relative to 2 to the more extended π-
conjugation pathway in the former (trans-4 adopts a fully
planar structure in the solid state[27]). This interpretation is
supported by the fact that the redox potential of saturated
4H2 (1,2-ethanediyl bridge) is again cathodically shifted to
Epc= � 2.90 V. In summary, the degree of electronic commu-
nication between the two 2-type sites in the helically twisted
compound 1 appears to be lower than in its planar precursor
trans-4.
In c-hexane, 1 exhibits a structured UV/Vis absorption

band with the most bathochromic shoulder appearing at

Figure 2. a) Front view of (M)-1 with H atoms omitted for clarity.[24] b)
Dihedral angle between the terminal SC4 rings of (M)-1; H atoms and
Mes rings are omitted for clarity. c) HOMO (top) and LUMO (bottom)
of 1, calculated at the B3LYP/6-31G* level. d) π-Stacking interaction
between a (P)/(M)-pair of 1 with H atoms and Mes rings omitted for
clarity. Grey lines indicate the shortest intermolecular C···C contacts; B:
green, C: black, O: red, S: yellow spheres.
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374 nm (Figure 3a, blue trace; Table 1). For comparison, the
corresponding shoulder in the spectrum of tetrathia-
[7]helicene E is found at 392 nm.[28] 1 is a blue emitter and
its emission band shows a partly resolved vibrational fine
structure with the most hypsochromic shoulder at 411 nm;
the photoluminescence quantum efficiency is ΦPL=6% (c-
hexane; cf. tetrathia[7]helicene: λem�405 nm, ΦPL=5%).[29]

We therefore conclude that BO-doping does not have a
major influence on the electronic spectra of E. The
reference systems 2, 4H2, and trans-4 absorb/emit at
335/366 nm, 342/374 nm, and 403/419 nm, respectively (Ta-
ble 1). According to time-dependent density functional
theory (TD-DFT) calculations, the first transitions of 1,
trans-4, and 2 are HOMO!LUMO transitions (Table 1, see
also Tables S10–S12, Figure S55, and paragraph 7.1 of the
Supporting Information). Taken together, these results
confirm that 1 has a much more delocalized π-electron
system than 2 and 4H2, but the effective conjugation length
is smaller than for trans-4.
The (P)-/(M)-enantiomers of 1 were resolved by chiral

stationary phase high-performance liquid chromatography
(CSP-HPLC) on a Chiralpak IA column, using n-hexane/
CH2Cl2 (95 :5) as eluent (Figure 4a, blue trace).

[27]

Preliminary racemization tests showed that the enan-
tiomers of 1 are stereochemically stable at room temper-
ature. Hence, the analytical HPLC resolution was scaled up
to the semipreparative level using the same eluent. By
definition, two enantiomers of the same compound have the

same chemical and physical properties. In the following we
will focus on the second eluted enantiomer, which we
isolated in slightly higher enantiomeric excess (e.e.=97.4%,
Rt�8 min; Figure 4a, red trace). The collected fractions
containing only the second eluted enantiomer were com-
bined and evaporated at room temperature. The solid
residue was dissolved in decalin and subjected to thermal
racemization at 80 °C. The changes in the enantiomeric
excess of the sample were monitored by CSP-HPLC (Fig-
ure 4b). The racemization process was monitored by the
decrease in the enantiomeric excess of the sample. The
interconversion of the two enantiomers proceeded smoothly:
after only 13 min, the e.e. of the sample had dropped from
97.4% to 80.6% and the elution peak of the first enantiomer
(Rt � 6 min) began to emerge (Figure 4b, purple trace). The
e.e. data were collected over 64 min and used to determine
the enantiomerization constant kenant=8.15×10

� 5 s� 1 and the
associated free energy of activation ΔGenant

� =27.4�
0.1 kcalmol� 1 (at 353 K).[27,30]

The ΔGenant
� value of the (BO)2-doped tetrathia-

[7]helicene 1 is considerably lower than the corresponding
values determined for the enantiomerization of the parent
tetrathia[7]helicene E (ΔGenant

� =39.4 kcalmol� 1)[31] and
even carbo[6]helicene (ΔGenant

� =36.4 kcalmol� 1).[32] Thus,
the formal replacement of two C=C bonds by B=O bonds
within the helical framework apparently increases the

Table 1: Photophysical and electrochemical data of the compounds 1,
trans-4, 4H2, and 2. Optical measurements were performed in c-hexane,
and electrochemical measurements were performed in THF (r.t.,
supporting electrolyte: [nBu4N][PF6] (0.1 M), scan rate 200 mVs� 1).

λmax

[nm]
λem

[a]

[nm]
ΦPL

[b]

[%]
Epc

[V]
Eg

opt[c]

[eV]
ELUMO

[d]

[eV]

1 269
330
341
359
374[e]

(363)[f ]

392
411

6
4[g]

� 2.83
� 3.01

3.16 –

trans-4 278
344[e]

364
383
403
(395)[f ]

419
443

11
13[g]

� 2.54[h]

� 2.90
2.93 � 2.26

4H2 318[e]

326
342[e]

374
388

7
7[g]

� 2.90 3.51 —

2 313[e]

320
335[e]

(301)[f ]

366
380

6
9[g]

� 2.96 3.57 —

[a] Resolved vibrational fine structure. [b] Quantum yields were
determined by using a calibrated integrating sphere. [c] Optical band
gap Eg

opt=1240/λonset. [d] ELUMO= � 4.8 eV–E1/2
Red1 (FcH/FcH+ =

� 4.8 eV vs vacuum level). [e] Shoulder. [f ] Computed value (TD-DFT).
[g] Quantum yields measured in THF. [h] E1/2 value of the quasi-
reversible process.

Figure 3. a) Normalized absorption and emission spectra of 1 in c-
hexane (blue traces) and THF (pink traces). b) Circular dichroism (CD)
spectra of the first (black trace) and the second (red trace) eluted
enantiomer of 1, recorded in n-hexane/CH2Cl2 (95 :5) at 20 °C.
Computed CD spectrum for the optimized (M)-structure (orange
dashed trace; multiplied by a factor of 1.5).
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flexibility of the molecular scaffold, consistent with the
lower double-bond character of the latter.
Circular dichroism spectra recorded in n-hexane/CH2Cl2

(95 :5) at 20 °C show a perfect mirror-image relationship
between the first and second eluted enantiomer of 1 (Fig-
ure 3b, black and red trace); the optical rotation values are
+97.7° and � 97.5°, respectively.
To determine the absolute configurations of the two

eluted enantiomers, the (M)-structure of 1 was optimized at
the M06/6-311g G(d,p) level of theory. Only one energy
minimum was obtained, and no other stable conformer was
found, even with regard to possible different orientations of
the Mes groups. The optimized gas-phase structure (C2

symmetry) compares well with the crystallographically
determined molecular geometry; the experimentally ob-
served marked deviation of the dihedral angle Mes//O� B� C
from 90° is qualitatively reproduced (calcd. 65.5°; av. exptl.
58.8°). The CD spectrum of (M)-1 was calculated by TD-
DFT at the same level of theory (Figure 3b, orange dashed
trace). The agreement between the computed and one of
the experimental CD spectra allows us to assign the (M)-
configuration with certainty to the second eluted enantiomer
(Rt�8 min): good correspondence is observed for the broad
negative feature centered at 350 nm, which can be attributed
to the first three transitions with weak negative rotational
strength (Figures 3b and S54). The two weak positive peaks
experimentally observed at 293 and 265 nm are also well
reproduced, as is the intense negative feature at 247 nm
(calcd. 240 nm). The relatively small rotational strength
computed for the first transition (HOMO!LUMO) is due

to the fact that the electric and magnetic transition dipole
moments are nearly perpendicular to each other. The CD
spectrum of (M)-1 is different from those of typical
helicenes[33] and thiahelicenes,[34] in that it shows only weak
features in the 370–260 nm range (Figure S53), but with a
more intense absorption feature for the first electronic
transition (Figures S54, S55, and Tables S10, S11). This is
another example for the well-known fact that the lowest-
energy transitions of helicenes are substituent-sensitive,[33]

while the overall shape of the spectrum is determined by the
helicene backbone.
The energy barrier for enantiomerization of 1 was

computed by optimizing the ground state of (M)-1 and the
transition state to (P)-1 at the PBE1-PBE/TZVP level with
empirical dispersion corrections.[35] The obtained enantiome-
rization barrier of 35 kcalmol� 1 is about 8 kcalmol� 1 higher
than the experimentally found value of ΔGenant

� =27.4�
0.1 kcalmol� 1 (at 353 K);[36] the same barrier was obtained
for the model compound 1* carrying H atoms in place of the
Mes groups. We also compared the enantiomerization
barrier of the model compound 1* with those of carbo-
[6]helicene and tetrathia[7]helicene E by performing a
relaxed interconversion scan considering also diffuse func-
tions at the PBE1-PBE/6-311+ +G(d,p) level with empiri-
cal dispersion corrections (Figures S56 and S57). Despite the
seven-ring backbone of 1*, its barrier is the lowest of the
three compounds (1*: 35 kcalmol� 1, carbo[6]helicene:
38 kcalmol� 1, and E: 40 kcalmol� 1). A comparison of the
minimum and transition-state structures of 1* and E
indicates that the smaller double-bond character of the B=O
pairs indeed allows for greater flexibility of the six-
membered heterocycle compared to a carbonaceous
benzene ring (Figure S58).

Conclusion

The (BO)2-doped tetrathia[7]helicene 1 was obtained via an
efficient four-step synthesis, including a Mallory photo-
cyclization step, which has rarely been used for the synthesis
of B-containing polycyclic aromatic hydrocarbons. Despite
its configurational stability at room temperature, the race-
mization and enantiomerization barriers of 1 are signifi-
cantly lower than that of its non-doped congener, the
tetrathia[7]helicene E. This is presumably due to the weaker
π-donor bond within the BO pair, which renders the BOC4
heterocycles more conformationally flexible than benzene
rings. To date, boron-heteroatom doping has been per-
formed mainly on planar polycyclic aromatic hydrocarbons,
where conformational flexibility is not an issue, and is
therefore considered primarily as a tool for manipulating the
electronic structures of π-electron systems. Our results now
indicate that the incorporation of BO pairs can also be a
means of influencing the mechanical rigidity of polyaromatic
entities. With regard to the optoelectronic properties of
helicenes, the high application potential of circularly polar-
ized luminescence is particularly well recognized. Even
though 1 has a rather low photoluminescence quantum
efficiency of ΦPL=6%, its synthesis protocol should allow

Figure 4. a) Analytical HPLC resolution of 1 (stationary phase: Chiralpak
IA, mobile phase: n-hexane/CH2Cl2 (95 : 5), flow rate=1.0 mLmin� 1,
25 °C). b) Thermal racemization studies conducted on the second
eluted enantiomer in decalin at 80 °C; solvent peak: Rt�3 min.
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manifold optimizations in the future, such as BN doping,
inversion of the BO/BN vectors, or facile late-stage derivati-
zation at the terminal thiophene rings.
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