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Abstract: We report on the synthesis of a novel class of functionalized thia[6]helicenes and a
thia[5]helicene, containing a benzothiophene unit and a second heteroatom embedded in the helix
(i.e., nitrogen and oxygen) or a pyrene or a spirobifluorene moiety. These systems are obtained
through straightforward and general procedures that involve: (i) palladium-catalyzed annulation
of iodo-atropoisomers with internal alkynes and (ii) Suzuki coupling of iodo-atropoisomers with
phenyl boronic acid followed by a Mallory-type reaction. Both experimental and theoretical studies
on the configurational stability of some selected thia[6]helicenes confirmed their stability toward
racemization at room temperature, while the pyrene-based thia[5]helicene was found to be
unstable. Moreover, the configuration assignment for one representative thiahelicene was
established through the comparison between experimental and theoretical circular dichroism (CD)
spectra. A systematic study of the photophysical properties of both thiahelicenes and the
corresponding atropoisomers has been carried out to provide a complete overview on the new
molecules proposed in this work. The obtained data showed regular trends in all the thiahelicene
series with spectroscopic traits in line with those previously observed for similar heterohelicenes.

Keywords: thiahelicenes; synthetic methodology; palladium catalysts; annulation reactions; HPLC;
circular dichroism; DFT calculations

1. Introduction

Nowadays, helicenes are among the most investigated classes of nonplanar chiral
polycyclic aromatic compounds, thanks to their inherent helical chirality in combination
with the extended n-conjugated structure [1-3]. Helicenes are made of ortho-fused
benzene or other (hetero)aromatic rings, which adopt a nonplanar screw-shaped skeleton
due to the steric repulsive interaction between the terminal rings (Chart 1). The highly
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delocalized helical n—electron system confers them with enhanced chiroptical properties
including circular dichroism (CD) [4] and circularly polarized luminescence (CPL) [5].
Therefore, they have been proposed in a plethora of cutting-edge applications including
nonlinear optics, chiral sensors, and asymmetric catalysis, to name a few [2,3]. The
introduction of heteroatom(s) in the helical skeleton significantly affects the geometric
parameters and the electronic structure of the helix, providing unique functions and
chiroptical response: this clearly strengthens the interest toward the heterohelicenes and
helicenoid subgroups [6-8]. Additionally, the modification of the helicene core derived
from a lateral extension of the m-conjugated systems [9,10], occurring, for example, in
pyrene-helicene hybrids [11-23], affords compounds with enhanced functional
properties.

75
oS O O O LD

carbohelicene heterohelicenes helicene-like compounds

Chart 1. General structure of carbo, heterohelicenes, and helicene-like compounds.

Numerous synthetic approaches for the preparation of heterohelicenes have been so
far reported [2,3,6,24-26], and they have played a key role in the progress of the helicene
chemistry. However, they often provide a specific heterohelicene class, and lack versatility
for the helicenes’ structural diversity. Therefore, the search for some general and versatile
methods to afford heterohelicenes with structural diversity including kinds and positions
of heteroatoms and numbers of constituent rings is still highly sought after.

From this perspective, thiahelicenes, containing ortho-fused thiophene and benzene
rings, represent versatile structures since the dibenzothiophene moiety in the helical
framework can be easily modified through the so-called “aromatic metamorphosis” [27-
31] to provide a wide range of different heterohelicenes [32,33]. On the other hand,
thiahelicenes have received considerable attention due to the combination of both
chiroptical properties of the helix along with electronic properties inferred by the presence
of sulfur atoms [34,35]. Over the years, we have been interested in the synthesis and
functionalization of tetrathia[7]helicenes (7-TH), which are a class of configurationally
stable thiahelicenes, and are appealing candidates in non-linear optics [36-42], self-
assembly [43-45], enantioselective electroanalysis [46], catalysis [47-50], and biology [51-
55]. Our recent efforts have indeed been focused on finding diversity-oriented synthetic
methodologies to synthesize the 7-TH scaffold through transition metal catalyzed
annulation reactions of atropoisomeric bis(benzodithiophene) derivatives [56]. In
particular, 2-bromo-3,3'-bibenzo[1,2-b:4,3-b']dithiophenes I have been highlighted as
useful intermediates to smoothly obtain 7,8-disubstituted 7-TH II through the Pd-
catalyzed annulation of internal alkynes (Figure 1a). Benzo fused 7-TH III could instead
be efficiently prepared by a two-step procedure involving the Suzuki coupling of
bromides I with boronic acids followed by a Mallory-type reaction of intermediates IV
(Figure 1a).
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Figure 1. Synthetic strategies for the synthesis of 7-TH and novel thiahelicenes. (a) Previous work,
(b) this work and (c) thiahelicenes developed in this work.

The efficacy and flexibility of this recent study prompted us to extend the
aforementioned strategies for the synthesis of thiahelicenes with structural diversity
including kinds of endocyclic heteroatoms and numbers of constituent rings, starting
from the benzothiophene-based iodides V (Figure 1b).

Herein, we describe the synthesis and characterization of novel thia[6]helicenes 1a—c
and the corresponding benzo fused derivatives 2a—c, containing carbazole, dibenzofuran,
dibenzothiophene units (Figure 1c). Furthermore, the first example of a pyrene-
heterohelicene hybrid such as pyrene-thiahelicene 3 has been synthesized, along with the
spirobifluorene-thiahelicene hybrid 4 (Figure 1c). The stereochemical properties and the
absolute configuration were established through circular dichroism (CD) spectra on
enantiomerically separated samples previously resolved by high performance liquid
chromatography (HPLC) methods and by comparison with density functional theory
(DFT) calculations.

Finally, the photophysical properties of the new compounds obtained in this work
including the thiahelicenes and the atropoisomeric intermediates were fully investigated
by means of UV-Vis absorption and fluorescence emission measurements at room
temperature in a diluted solution to shed light on these new families of thiahelicenes.

2. Results
2.1. Synthesis, NMR Studies, and X-Ray Characterization
2.1.1. Synthesis of Bi(hetero)aryls 5a—c, 6, and 7

The first step for the synthesis of thiahelicenes 1-4 involves the preparation of
bi(hetero)aryls 5a—c, 6, and 7 as key intermediates to have access to iodides V (Figure 1b).
Compounds 5a-c, 6, and 7 were prepared through the Suzuki reaction between the
commercially available benzothienyl boronic acid (8) and the easily available polycyclic
heteroaromatic bromides including 4-bromo-9-methyl-9H-carbazole (9a) [57], 1-
bromodibenzofuran (9b), 1-bromodibenzothiophene (9¢), 1-bromopyrene (10), and 4-
bromo-9,9'-spirobi[9H-fluorene] (11). In particular, these reactions were performed in the
presence of 1.4 equiv. of boronic acid 8, 10 mol% of tetrakis(triphenylphosphine)
palladium(0) as catalyst, and 1.4 equiv. of Cs2COs as base in dry DMF at 80 °C (Scheme 1),
according to similar reaction conditions reported for the Suzuki coupling of boronic acid
8 with aryl bromides [58].
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Scheme 1. Synthesis of bi(hetero)aryls 5a—c, 6, and 7.

After 8-11 h, no presence of starting bromide was observed in the reaction mixture
and the desired bi(hetero)aryls 5a—c, 6, and 7 were isolated, providing the required prod-
ucts in excellent yields (92-98%). The reduction in the catalyst amount from 10 to 5 mol%
was tested with no success, providing indeed a lower yield (see Scheme S1, SM).

The NMR assignment for 5a—c, 6, 7 and for all new compounds obtained in this work
was carried out using different experiments, requiring a detailed and sophisticated spec-
troscopic investigation. In particular, the complete 'H and *C NMR assignments (Tables
51-527, SM) were determined based on 1D and 2D NMR spectra (‘H and *C NMR, Cor-
relation SpectroscopY COSY, Heteronuclear Single Quantum Coherence HSQC, and Het-
eronuclear Multiple Bond Correlation HMBC). 2D-COSY experiments were used for the
identification of neighboring protons, and to solve ambiguity in the assignment, 2D-NO-
ESY (Nuclear Overhauser Effect SpectroscopY) experiments were used to observe homo-
nuclear correlation via dipolar coupling. 'H-*C HSQC experiments were performed to
confirm and follow the resonances of carbons. The identification of quaternary carbons
was performed analyzing *C APT (Attached Proton Test) and 'H-*C HMBC experiments.
Using 'H-13C HMBC and following the long-range proton-carbon correlations (especially
between atoms separated by three covalent bonds), it was possible to uniquely assign
most of the quaternary carbons.

2.1.2. Synthesis of Iodides 12a—c, 13, and 14

Biaryls 5a-c, 6, and 7 were found to be convenient starting materials to obtain the
corresponding iodides 12a—c, 13, and 14, which can be prepared through the deprotona-
tion of the a-position of the benzothienyl moiety of 5a—c, 6, and 7 and the reaction with
iodine (Scheme 2).

Ar Ar
(:Eg\% 1) nBuLi (1.5 equiv), THF, -50 °C &I
§ 21 (15equiv), THF, 50 “C ot s
5a-c, 6,7 12a-c, 13, 14

Qs

x L
O Ce O

12a: X = N-CHg, 88% 13:92% 14: 86%
12b: X = O, 84%
12¢: X = S, 92%

Scheme 2. Synthesis of iodides 12a—c, 13, and 14.
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In particular, iodides 12a—c were isolated in high yields (84-92%) by the treatment of
a solution of biaryl 5a—c in dry THF (C=0.75 M) with 1.5 equiv of nBuLi at -50 °C followed
by the addition of a solution of iodine (1.5 equiv) in THF (Scheme 2). The iodination of
biaryls 6 and 7 was performed under similar experimental conditions, but in this case, a
more diluted solution of 6 and 7 in THF (C =0.10 M) was used due to their lower solubility.
However, these diluted conditions did not affect the reactions’ efficacy, providing iodides
13 and 14 in 92 and 86% yields, respectively. Of note, the crude products of these reactions
contained only the required iodides, and no starting materials or by-products were ob-
served. The crudes were indeed washed with diethyl ether and pentane, and used in the
following steps, without further purification. The regioselectivity of iodination was con-
firmed by NMR spectroscopy (see Tables S6-510, SM), since the signals corresponding to
the proton close to S (a singlet around 7.2-7.25 ppm) disappear. Moreover, the directly
bonded carbon atom (with a chemical shift around 124-125 ppm in compounds 5a—c, 6,
and 7) becomes quaternary and the replacement of hydrogen by iodine results in the
shielding typical of the heavy-atom a-effect (its chemical shift value is around 82 ppm).

2.1.3. Palladium-Catalyzed Annulation of Alkynes by Iodides 12a—c, 13 and 14

Having secured access to iodides 12a—c, 13, and 14, we sought to take advantage of
these intermediates for the synthesis of novel classes of thiahelicenes 1, 3, and 4 through
the palladium-catalyzed carboannulation of internal alkynes 15 (Scheme 3). The palla-
dium-promoted hetero and carboannulation reactions of alkenes, dienes, or alkynes have
been extensively studied by Larock and co-workers to prepare a wide range of heterocy-
cles and carbocycles [59,60]. Initially, we performed this reaction under experimental con-
ditions very similar to those reported by Larock et al. for the synthesis of phenantrene-
like structures [61]. Thus, iodides 12a—c, 13, and 14 were reacted with 1.5 equiv of internal
alkynes 15a—c in the presence of 5 mol% of Pd(OAc),, 2 equiv of NaOAc, and 1 equiv of
LiCl in dry DMF at 100 °C for 9 h (Scheme 3).

+ R—==

s s R
- G
_ Pd(OAC), (5 mol%) R

LiCl (1 equiv)
$- O 1.5 equiv NaOAc (2 equiv) §-
. DMF (C = 0.1 M) w
12-14  15a:R=R'=Ph 100°C,9h 1,3,4

15b: R = R' = 2-thienyl
15¢c: R=Et, R'=Ph

. k. oo
Qrés rds oY

CHs
1aa: R = R'= Ph, 79% 1ba: R = R = Ph, 65% 1ca:R=R'=Ph, 61%
1ab: R = R' = 2-thienyl, 16% 1bb: R = R' = 2-thienyl, 35% 1cb: R = R' = 2-thienyl, 46%

1ac:R=Et, R'=Ph, 31%

3:71% 4:77%

Scheme 3. Palladium-catalyzed annulation of alkynes 15 by iodides 12-14.

The results reported in Scheme 3 demonstrate that the nature of the alkyne strongly
affects the efficacy of these reactions, regardless of the nature of the iodide. Indeed, the
carboannulation of diphenylacetylene (15a) afforded the corresponding thiahelicenes 1aa,
1ba, 1ca, 3, and 4 in good yields (61-79%), while the carboannulation of 15b and 15c¢ re-
sulted in being less effective, and the corresponding thia[6]helicenes 1ab, 1bb, 1cb, and
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lac were isolated in lower yields (16—-46%). It should be noted that no rearrangement that
led to the formation of alkylidene fluorene-like derivatives was observed in these reac-
tions. Furthermore, the annulation of unsymmetrical alkyne 15¢ by iodide 12a was found
to be highly regioselective, yielding only the regioisomer lacin 31% yield (Scheme 3). This
regioselectivity is consistent with previous palladium-catalyzed acetylene annulation re-
actions [61-64], in which the thienyl group adds to the less hindered end of the alkyne
(i.e., ethyl substituent) and the palladium moiety to the more hindered end (i.e., phenyl
substituent).

The regiochemistry of 1ac was suggested by NMR experiments (in the 'H-3C HMBC
spectrum, a correlation peak between the CH: protons and the quaternary carbon in po-
sition 15 was present) and confirmed by X-ray analysis. The molecular structure of com-
pound 1ac is reported in Figure 2a.

S LIRS

(@) (b)

Figure 2. ORTEP style view of enantiomer M for compounds 1lac (a) and 3 (b). In compound 3,
hydrogen, represented in blue, corresponds to the doublet at 8.65 ppm in the 'H NMR spectrum.
Deposition number CCDC_2152004 (compound 1lac); deposition number CCDC_2152005 (com-
pound 3).

The compound crystallizes in the chiral P212121 space group and the molecule found
was the enantiomer M. The naphthalene unit was slightly bent and the dihedral angle
between the two benzene rings was 11.33(5)°. Considering all fused rings, the most tilted
ones were those involving the two heteroatomic units with the naphthalene group being
the dihedral angles 15.69(5) and 14.35(5)° for the pyrrole and thiophene rings, respec-
tively. The dihedral angle between the two external benzene groups was 50.17(5)°. No
strong m---n interactions were observed in the packing of the molecules, probably due to
the position of the phenyl substituent, which was nearly orthogonal with respect to the
mean plane of the naphthalene unit, preventing a close stacking of the molecules in the
crystals. In agreement with what has been observed in the literature for other heteroheli-
cenes [50,65-67], the C—C inner core bonds were longer than the typical 1.39 A and the C-
C outer core bond lengths were shorter. Single yellow crystals suitable for X-ray studies
of pyrene-based thia[5]helicene 3 were also obtained. The crystals contained compound 3
together with cyclohexane solvent molecules. The ORTEP view of molecular structure of
3 is reported in Figure 2b. The compound crystallizes in the P-1 space group, so in the
crystals, both enantiomers were present. The molecule adopted a helicene structure and
can be depicted as a dibenzothiophene and a pyrene condensed group. The dihedral angle
between the mean planes of the two components was 30.79(5)°. Additionally, in this case,
the C-C inner core bonds were longer than the typical 1.39 A. The two phenyl substituents
were nearly orthogonal to the mean plane of the substituted benzene ring. However, two
adjacent molecules could interact through n---m staking in the crystal packing at a distance
of 3.70(5) A.
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The effect of the presence of pyrene moiety is strongly evident on the 'TH NMR spectra
of 3, especially on proton 9 of the dibenzothiophene ring (Table 518, SM). Its chemical shift
(that in molecules with similar rings is between 7.4 and 8.0) corresponded to the doublet
at 8.65 ppm due to the deshielding effect of the pyrene moiety. The crystal structure re-
ported in Figure 2a clearly explains the values of the chemical shifts obtained for this mol-
ecule.

Concerning the NMR data for helicenes 1, 3, and 4, ring-current effects can be partic-
ularly important, and the electron clouds of the aromatic rings can affect, through space,
the resonances of aromatic protons on the other side of the molecule. They shift the reso-
nances of the nuclei in the deshielding cone toward a higher chemical shift (in contrast,
atoms below and above an aromatic system become more shielded, with a lower chemical
shift) than similar nuclei in systems without this spatial interaction.

2.1.4. Synthesis of Benzo Fused Thiahelicenes 2a—c

To further expand the usefulness of iodides 12-14, we also considered the possibility
of synthesizing benzo fused thiahelicenes 2 through a two-step procedure involving the
Pd-catalyzed Suzuki coupling between 12-14 and phenyl boronic acid (16), followed by
the Mallory-type cyclization. According to this synthetic route, intermediates 17a—c, 18,
and 19 were synthesized by Suzuki reactions between 12-14 and two equivalents of 16 in
the presence of PdClz(dppf) as the catalyst and KF as the base in a mixture of toluene and
MeOH at 70 °C (Scheme 4).

e s
Van PdCly(dppf) (10 mol%) o Y O
* @B(Om? KF (3 equiv)
;' O Toluene/MeOH ; O
2 equiv
)

70°C,9h .
oy
12-14 16 17-19
o O Qs
3. /
{ g O
. I Ty
17a: N-CH3, 74% 18, 78% 19, 84%
17b: O, 95%
17c: S, 94%

Scheme 4. Synthesis of intermediates 17-19.

These experimental conditions, previously employed for the Suzuki coupling of aryl
boronic acids with 2-bromo-3,3'-bibenzo[1,2-b:4,3-b']dithiophenes (I) [56], were also found
to be effective for the preparation of 17-19, which were isolated in good yields (74-95%).
Next, we preliminarily investigated the photocyclization of derivatives 17a-c, 18, and 19
under the experimental conditions similar to those used for the synthesis of benzo fused
tetrathia[7]helicenes [56]. Thus, when a diluted solution of 17a—c in cyclohexane was irra-
diated with a medium-pressure Hg lamp in the presence of a catalytic amount of iodine
(10 mol%) at room temperature under air, the required thiahelicenes 2a-c were isolated in
moderate yields (Scheme 5).
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/ hv, I, (10 mol%) OO
cyclohexane (ca. 10-3)
Q o = O
X
17a-c 2a: N-CHg, 42%

2b: O, 42%
2c:S,33%

Scheme 5. Photocyclization of intermediates 17-19.

Conversely, the photocyclization of 18 and 19 did not provide any cyclized products
under the same conditions, and the starting materials were quantitatively recovered. This
behavior could be ascribed to the lower electron-rich nature of the pyrene and spirobiflu-
orene moieties in comparison with the carbazole, dibenzofuran, and dibenzothiophene
portions. Indeed, oxidative photocyclization reactions are generally favored on electron-
rich substrates. Another possible explanation could be related to the higher steric strain
imparted by the pyrene moiety and steric congestion in spirobifluorene that hinder the
formation of the twisted helical scaffold in the reported conditions. However, these pre-
liminary experiments need further investigations (e.g., alternative photochemical condi-
tions or Scholl-type reaction conditions), in order to promote these reactions.

2.2. Stereochemical Properties and Absolute Configuration
2.2.1. Configurational Stability

To evaluate the configurational stability of this novel class of thia[6]helicenes 1 and 2
and thia[5]helicene 3, we selected a set of model derivatives including helicenes 1aa, 1ba,
1ca, 2a, 2b, 2¢, and 3. The enantiomers of helicenes 1aa, 2a, 2b, and 2c were easily separated
by HPLC on the chiral stationary phase Chiralpak IA. Elution with hexane containing 20%
of methylene chloride gave, in most cases, a chromatogram with two completely resolved
peaks, with the same area and opposite response when monitored by circular dichroism
detection (see Table 528, SM). The absence of enantiomeric separation for compounds 1ba
and 1ca is certainly due to a lack of enantioselectivity of the chiral stationary phase and
not to a fast enantiomerization, as the computed barriers to enantiomer interconversion
are large enough to allow a physical separation at room temperature.

As expected, compound 3, being a thia[5]helicene, is configurationally less stable, in
analogy to what has been observed for other [5]helicenes [68,69], while, on the contrary,
HPLC data indicate that [6]helicenes are stable at room temperature. We theoretically ex-
amined the racemization barriers by a comparison to [5]helicene 3, with the cases 1aa, 1ba,
and 1ca presenting phenyl pendant groups and the analogous benzo fused helicenes 2a,
2b, and 2c. Figure 3 presents the results obtained from relaxed scans (see SM for details).

IS
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IS
S}

—2a ——1laa
2c lca [
—2b ——1ba 30

w

@
w
&

S

E (kcal/mol)
NN w
S &
NN
S &

0 4 ) + 0
-90 -60 -30 cID 30 60 90 -90 -60 -30 0 30 60 90
T (deg)

1 (deg)
Figure 3. Relaxed scan along the racemization interconversion path obtained at M06-2X/6-31+g(d,p).
Dihedral angle t is defined in Figure S1. In the case of compounds presenting phenyl pendant
groups, the curve is the minimal path of a double scan obtained by also relaxing the phenyl orien-
tation with respect to the helicene backbone (see SM).
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Energy values of the transition states at M06-2X/cc-ptvz level were calculated, ensur-
ing that they were true saddle points, and indeed they were: the calculated energy differ-
ence between the ground and transition state, corresponding to the racemization barrier,
was 34 kcal/mol for the cases with two sulfur atoms, namely 1ca and 2a, 29 kcal/mol for
laa and 2a, and 26 kcal/mol for 1ba and 2b with no substantial influence from the phenyl
pendants compared to the benzo fused case and had close similarity to carbohelicene [1].
For compound 3, the TS state was calculated at 18 kcal/mol above the ground state.

2.2.2. Assignment of Absolute Configuration of 2a

To achieve a sufficient amount of single enantiomers for chiroptical characterization,
10 mg of racemic 2a was dissolved in 2 mL of hexane/methylene chloride 80/20 and sepa-
rated on a Chiralpak IA semipreparative column with a loading of 1 mg per run and a
mobile phase composed by hexane containing 20% of methylene chloride. The first eluted
enantiomer was collected with an optical purity of 96% while the second eluted was ob-
tained with an enantiomeric excess of 86%.

After recording the CD spectra of the two fractions, to assign the absolute configura-
tion, we optimized the structure for the P configuration and calculated the CD response
via TD-DFT calculations. In Figure 4, a comparison is presented between the experimental
and calculated spectra.

Ellipticity (mdeg)

200

200 250 300 350 400 450
Wavelength (nm)

Figure 4. (top) Experimental CD spectra for the two enantiomers of 2a. (bottom) Calculated CD
spectrum for the P structure of 2a at M06-2X/cc-pvtz level, bandwidth 0.2 eV, wavelength shift +25
nm.

In the SM, a comparison with calculations at the M06 level is reported, obtaining a
better match as far as wavelengths are concerned, while the shape of the spectrum was
better reproduced by the theoretical spectrum presented in Figure 3 above: all features
were present, even the two very weak ones observed at long wavelength. The two intense
positive bands at 270 and 300 nm showed a larger separation in the calculated spectra;
however, one can safely conclude that the first fraction corresponds to the P-configura-
tion.
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2.3. Photophysical Studies

The optical properties of all compounds, both intermediates and thiahelicenes, were
evaluated in CH2Cl: solutions (Table 1), and the data of the carbazole series are shown in
Figure 5a as an example.

a)

(ne 01,) Ausuaiul 1d
(ne 01.) Ausuaul 1d

£ (*10¢ M*cm™)

. e s 0
250 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 5. (a) Absorption (dashed) and emission (solid) spectra in CH2Cl2 of carbazole-based thiahe-
licenes and the intermediates 5a and 17a. (b) Absorption (dashed) and emission (solid) spectra in
CH:Cl: of the thiahelicenes bearing two pending phenyl groups and prepared within this work.
Emission spectra were normalized to 0.1 intensity at excitation wavelength.

This set was accurately selected as the representative for the description because it
contained the highest structural variability of the final thiahelicenes synthesized among
all the series introduced in this work. The results presented (Figure 5b) highlights typical
photophysical traits for helicene compounds with broadly intense absorption between 250
and 450 nm and emissions located in the 350-550 nm range. The photophysical parameters
obtained were comparable with similar data already reported for other helicene structures
bearing carbazole [70], pyrene [21], spirobifluorene [33], and dibenzothiophene [71] sub-
units in the helical scaffolds. These optical features are also in line with values observable
for tetrathia[7]helicenes already investigated by our group [67], nevertheless showing in
this last comparison a significant red-shift for pyrene and carbazole derivatives only.

Table 1. Photophysical data of CH2Clz for thiahelicenes and relative intermediates.

Entry Aabs ! loge Aem! P52
Dibenzofuran series
5b 289 413 355 0.06
12b 286 4.39 354 0.01
17b 289 435 401 0.02
1ba 305, 317, 343 4.44,4.37,4.15 392 0.03
1bb 296, 307, 321, 348 4.03, 4.14, 4.14, 3.87 417 0.01
2b 287, 341 4.50,4.16 386 0.03
Pyrene series
6 278, 345 4.45,4.37 391 0.18
13 268, 278, 331, 346 4.52,4.61,4.34, 4.49 388 0.01
18 268, 279, 330, 346 4.43,4.57,4.25,4.37 411 0.42
3 288, 346, 381, 402, 440 4.46, 4.65, 4.18, 4.26, 3.50 457 0.05
Dibenzothiophene series
5¢ 287, 301, 330 3.98,3.71, 3.56 373 0.02
12¢ 288, 330 4.11, 3.61 394 0.02
17¢c 287, 310, 402 4.46, 4.45, 3.59 420 0.01
1ca 279, 293, 318, 343, 386 4.21,4.32,4.39,3.99, 3.71 402 0.02
1cb 321,357, 391 4.29,3.91, 3.68 434 0.01
2c 298, 353, 390 4.70,4.17,3.80 399 0.02
Carbazole series
5a 265, 295, 349 4.24, 3.96, 3.58 372 0.10

12a 264, 296, 351 4.47,4.10,3.71 371 0.01
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17a 264, 296, 350 4.45, 4.30, 3.68 415 0.03
laa 321, 343, 348, 361, 397 4.53,4.02, 4.01, 4.01, 3.90 413 0.03
lab 325, 402 4.54,391 439 0.01
lac 319, 343, 358, 376, 396 4.51,4.01, 4.04, 3.84, 3.92 408 0.03
2a 305, 359, 380, 400 4.73,4.03,3.77,3.75 414 0.08
Spirobifluorene series

7 300, 309 4.01,4.06 363 0.06
14 297, 309 4.09,4.13 364 0.02
19 297, 309 4.33,4.35 399 0.03

4 279, 298, 310, 322, 356 4.57,4.56, 4.46, 4.54, 4.22 417 0.03

1 Aabs, Aem are reported in nm. All photophysical values reflect the average of three independent meas-
urements. 2®r was measured referring to quinine sulfate as the standard (®sm = 0.546 in H2SO4 0.5
M, Aex 366 nm) [72].

The conjugation extension from 5a to the final thiahelicenes 1aa, 1ab, lac, and 2a led
to a significant red-shift of the optical features. Although there was no absorption for 5a
over 375 nm, all of the above-mentioned thiahelicenes showed an extended absorption
band up to 425 nm. The fluorescence spectra reflected the same behavior, with the 5a max-
imum at 372 nm red-shifted around 440 nm for the thiahelicene hybrid systems. The effect
of the substituents on the helical skeleton was also investigated. Benzo fused derivative
2a showed a negligible shift when compared to 1aa, which bears two phenyl groups on
the core. The replacement of one phenyl ring with an ethyl chain in the asymmetric lac
leads to a small 5 nm blue shift of emission maximum, while the introduction of electron-
rich thienyl substituents results in the red-shifted properties of 1ab, along with a decrease
in the quantum yield. This overall trend was confirmed by investigating the other hybrid
systems, whose UV-Vis and fluorescence spectra are reported in the Supplementary Ma-
terials (Figure S3a—d). As an example, the above-mentioned red-shifting effect caused by
the introduction of two electron-rich thienyl groups could be likewise observed in the
dibenzofuran and the dibenzothiophene families, where compounds 1bb and 1cb showed
the most bathochromic emission within their series (Ae; max = 417 and 434 nm, respec-
tively). Figure 5b highlights the effects of different heterocycles along the helix, when the
substituents are two pending phenyl groups. Pyrene hybrid 3 was the most red-shifted
and emissive system, in accordance with previous results on helicene-based analogues
[19]. Since 1aa, 1ba, and 1ca showed an equivalent extended n-surface, their photophysical
features relied on the heteroatom: emissive bathochromic shifts from X = O (1ba, ., max
=392nm)to X=5 (1ca, Adgmmax =402 nm) and, finally, to N-CHs (1aa, Aep max =413 nm)
were observed, in agreement with the aromatic character of the heterocycles [73,74]. The
same trend could be identified looking at the absorption spectra: while 1ba showed no
absorption after 380 nm, 1ca and 1aa had an absorption shoulder at 386 nm and 397 nm,
respectively. Finally, spirobifluorene-derivative 4 displayed an intermediate behavior,
with the emission maximum and an absorption tail at 417 and 356 nm, respectively.

3. Materials and Methods
3.1. General Methods

Organic and inorganic reagents and solvents obtained from commercial sources were
used as received unless otherwise stated. Solutions of #BuLi (1.6 M in hexane) were pur-
chased from Aldrich and titrated prior to use. Bromides 9b, 9¢, 10, and 11 were purchased
from TCI. Bromide 9a was synthesized through the methylation of commercial 4-bromo-
carbazole with methyl iodide according to the literature [57]. The outcome of the reactions
was monitored by thin-layer chromatography (TLC) on silica gel 60 F254 precoated plates.
Column chromatography was performed on silica gel 60 (70-230 mesh). Melting points
were recorded with a Biichi Melting Point B-540 apparatus and uncorrected. The IR spec-
tra were registered on powders using an ATR Fourier transform infrared (FTIR) spectrom-
eter (PerkinElmer spectrum 100). High-resolution mass spectra (HRMS) were recorded
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with an electron ionization (EI) spectrometer (FISONS-Vg Autospec-M246). The HRMS
spectrum for compound 4 was recorded by means of laser desorption/ionization (LDI)
using a MALDI-TOF/TOF Autoflex IlI-Bruker Daltonics.

NMR experiments were performed at 298 K on a Bruker Avance 600 MHz spectrom-
eter. The NMR experiments were carried out in 500 pL of CDCls using about 20 mg of
sample (in some case a lower quantity around 2 mg must be used due to low solubility).
Proton and carbon chemical shifts were assigned unambiguously using mono- and bi-
dimensional experiments from the standard Bruker library, and the assignments are re-
ported in Tables S1-527 (see SM). For 'H spectra, 1D sequence with 30 degree flip angle
was used while the APT (attached proton test, ]-modulated spin-echo) sequence allowed
the 3C analysis and the determination of the number of attached protons (according to
the sequence, C and CH: are phased positive and CH and CHs negative). For the identifi-
cation of 2D homonuclear shift correlation, COSY spectra with gradient pulses were ac-
quired using four scans and 128 increments. 'H-3C HSQC experiments were acquired via
double inept transfer using Echo/Antiecho gradient selection with eight scans and 256
increments. "H-*C HMBC spectra were obtained via heteronuclear zero and double quan-
tum coherence, with 16 scans and 256 increments. For the identification of long-range cou-
plings, a ] value of 10 Hz was used and a low-pass J-filter (J = 145 Hz) was applied to
suppress one-bond correlations. Where necessary to solve ambiguity, phase sensitive 2D-
NOESY experiments with gradient pulses in mixing time were performed with a mixing
time of 500 ms with 16 scans and 256 increments.

Absorption and emission spectra were measured in CHxCl: for all the compounds
tested. Stock solutions were prepared in CH2Cl> with a concentration between 2.2 x 10° M
and 8.5 x 103 M for all the compounds tested. The sample concentration was adjusted to
have an absorbance between 0.1 and 1 at the Agp5 mqx to evaluate the general photophys-
ical properties in CH2Cl2 (molar extinction coefficient reported as log €, Agpsmax, and
Aem max)- All measurements were carried out in a 1 cm four-sided quartz cuvette from
Hellma Analitics. Absorption spectra were measured on a Shimadzu UV-1900i UV-Vis
spectrophotometer using a resolution of 0.5 nm. Steady state emission spectra were meas-
ured on a Shimadzu RF-6000. The excitation and the emission slits were set at five and 10
nm respectively, while the resolution was 1 nm. All the absorption and steady state emis-
sion spectra were corrected for their respective blank.

Fluorescence quantum yield evaluation. The sample concentrations were adapted to
have an absorbance lower than 0.1 at the excitation wavelength (Ae) using the above-men-
tioned stock solutions. The fluorescence quantum yields (®r) were evaluated compared to
an external standard, quinine sulfate (®stp = 0.546 in H2SO4 0.5 M, Aex 366 nm)[72], by
applying the following equation.

B I Absgrp n?

" S lgp Abs nZq,

where ®sm is the fluorescence quantum yield of the standard; and I and Isto are the inte-
grated area of the emission band of the sample and the standard, respectively. Abs and
Abssto are the absorbance at the excitation wavelength for the sample and the standard,
respectively. n and nsi are the solvent refractive index of the sample and the standard
solutions, respectively.

O

3.2. General Procedure for the Synthesis of Benzothiophene-Based Biaryls 5a—c, 6, and 7

A degassed mixture of bromide 9a-c, 10, or 11 (1.5 mmol), 1-benzothien-3-ylboronic
acid (8) (373.8 mg, 2.1 mmol), Pd(PPhs)s (173 mg, 0.15 mmol), and Cs2COs (684 mg, 2.1
mmol) in dry DMF (5 mL) was stirred at 80 °C under a nitrogen atmosphere for 8-11 h.
After completion of the reaction, the mixture was cooled to room temperature, diluted
with CH2Clz, and poured into water (50 mL). The aqueous phase was extracted with
CH2xCl2 (3 x 20 mL). The collected organic phases were washed with water (3 x 30 mL),



Catalysts 2022, 12, 366

13 of 17

dried over Na:50s, and concentrated under reduced pressure. The crude was purified by
column chromatography on silica gel to give the products 5a—c, 6, or 7.

3.3. General Procedure for the Synthesis of lodides 12a—c, 13 and 14

A solution of nBulLi (1.41 mL, 2.25 mmol, 1.6 M in hexane) was added dropwise to a
stirring solution of biaryl 5a—c, 6, or 7 (1.5 mmol) in dry THF (2 mL for 5a—c, 16 mL for 6
or 7) at =50 °C under an argon atmosphere. The resulting mixture was stirred for 1 h at —
50 °C. A solution of I» in THF (2.25 mL, 2.25 mmol, 1M) was added dropwise to the mix-
ture. After 15 min, the mixture was warmed to room temperature and stirred overnight.
A saturated aqueous solution of Nax5:0s (20 mL) was slowly added, and the aqueous
phase was extracted with CH2Clz (3 x 20 mL). The collected organic phases were washed
with water (2 x 20 mL), dried over Na250s, and concentrated under reduced pressure. The
crude products 12a—c, 13, or 14 were washed with diethyl ether and pentane and used in
the next steps without further purification.

3.4. General Procedure for the Carboannulation of Alkynes 15a—c with Iodides 12a—c, 13, and 14

A degassed mixture of iodides 12a—c, 13, or 14 (0.1 mmol), alkyne 15a—c (0.15 mmol),
Pd(OAc)2 (1.12 mg, 0.005 mmol), NaOAc (16.4 mg, 0.2 mmol), LiCl (4.2 mg, 0.1 mmol) in
dry DMF (1 mL) was stirred at 100 °C under an argon atmosphere for 9 h. After completion
of the reaction, the mixture was cooled to room temperature, diluted with CH2Cl>, and
added to water (10 mL). The aqueous phase was extracted with CH2Clz (5 x 5 mL) and the
collected organic phases were washed with water (3 x 10 mL), dried over Na:50s, and
concentrated under reduced pressure. The crude was purified by column chromatog-
raphy on silica gel to give the products 1aa, 1ab, lac, 1ba, 1bb, 1ca, 1cb, 3, or 4.

3.5. General Procedure for the Synthesis of Intermediates 17a—c, 18, and 19

A degassed mixture of iodide 12a—c, 13, or 14 (0.4 mmol), phenylboronic acid (16) (0.8
mmol), PdClx(dppf) (29 mg, 0.04 mmol), KF (70 mg, 1.2 mmol) in toluene (10 mL) and
methanol (10 mL) was stirred at 70 °C under a nitrogen atmosphere for 9 h. After comple-
tion of the reaction, the mixture was cooled to room temperature and the solvent was
removed under reduced pressure. The residue was diluted with CHzCl2 and poured into
water (40 mL). The aqueous phase was extracted with CH2Clz (5 x 20 mL) and the collected
organic phases were dried over Na:50s4, and concentrated under reduced pressure. The
crude was purified by column chromatography on silica gel to afford the products 17a-c,
18, or 19.

3.6. General Procedure for the Synthesis of Benzo Fused Thiahelicenes 2a—

A solution of 17a-c (0.16 mmol) and iodine (0.096 mmol) in cyclohexane (750 mL)
was stirred at room temperature and irradiated with a 125 W unfiltered medium-pressure
Hg lamp. After the complete conversion of the starting material, the solvent was removed
under vacuum, and the residue was dissolved in CH2Clz (30 mL) and the organic phase
was washed with a saturated aqueous solution of Na25:0s (2 x 15 mL), dried over Naz5Os,
and concentrated under reduced pressure. The crude was purified by column chromatog-
raphy on silica gel to afford the products 2a—c.

4. Conclusions

In summary, we report here the synthesis of a novel class of thiahelicenes 1, 3, and 4,
all containing a benzothiophene subunit and a second heteroatom such as nitrogen and
oxygen, embedded in the helix, or a pyrene or a spirobifluorene moiety. These new helical
systems are obtained through a straightforward and general three-step procedure starting
from easily available and/or commercial starting materials. It is noteworthy that the key
intermediates 12-14 are smoothly obtained in excellent yields by means of a two-step
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synthesis involving Suzuki coupling between bromides 9-11 and boronic acid 8 (92-98%),
followed by the iodination of bi(hetero)aryls 5-7 (84-92%). The palladium-catalyzed an-
nulation of internal alkynes 15 with iodides 12-14 provides a small library of functional-
ized thiahelicenes 1, 3, and 4 including heterohelicenes containing two different heteroa-
toms (i.e., aza-thiahelicenes 1laa—lac, oxa-thiahelicenes 1ba—1bb) and pyrene- and spiro-
bifluorene-hybrids 3 and 4.

Additionally, we applied the iodide key precursors 12a—c to synthesize the benzo
fused compounds 2a—c by means of two simple synthetic steps: an efficient Suzuki cou-
pling between the iodides and the phenylboronic acid (16), followed by the photocycliza-
tion of intermediates 17a—c.

Both experimental and theoretical studies on the configurational stability of
thia[6]helicenes 1 and 2 confirmed their stability toward racemization at room tempera-
ture, while the pyrene-based thia[5]helicene 3 was found to be unstable, as somehow ex-
pected for other [5]helicenes. Moreover, the configuration assignment for the benzo fused
thiahelicene 2a was unequivocally established by means of the comparison between ex-
perimental CD spectra and those obtained with DFT calculations.

Finally, the photophysical characters of both thiahelicenes and the corresponding in-
termediates were systematically evaluated to provide a complete overview on the new
molecules proposed in this work. The obtained data showed regular trends in all the thi-
ahelicenes series synthesized with spectroscopic traits, in line with those previously ob-
served for similar heterohelicenes.

This study offers an important breakthrough in helicene chemistry, and the substrate
scope of these protocols could indeed be extended thanks to the great availability of com-
mercial or easy to synthesize alkynes and (hetero) arylboronic acids, with the clear per-
spective to produce, through a few low-cost reaction steps, new classes of heterohelicenes.
Those here reported thiahelicenes also represent a useful platform from which different
heterohelicenes could be prepared by downstream modification of the sulfur atoms. Thus,
further studies will be devoted to applying this methodology to other classes of hetero-
helicenes with potential novel and enhanced functional properties.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/catal12040366/s1, Scheme S1: Suzuki coupling between 8 and 9c
with 5 mol% of Pd(PPhs)s; characterization, 'H and *C NMR spectra of new compounds; Tables S1-
S27: 'H and *C NMR assignment; Table 528: HPLC analyses data; HPLC chromatograms of com-
pounds 1aa, 2a, 2b, 2¢, and 3. Figure S1: Definition of t and ¢ dihedral angles; Figure S2: Experi-
mental and calculated CD spectra of 2a; Figure 53: Absorption and emission spectra in CH2Cl2 of
different series. 'H-1*C HSQC spectra of new compounds.
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