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ABSTRACT: In this work, a novel n-extended thio[7]helicene scaffold was synthesized where the a-position of the thiophene unit
could be functionalized with bulky phenoxy radicals after considerable synthetic attempts. This open-shell helical diradical, ET7H-
R, possesses high stability in the air, non-trivial @ conjugation, persistent chirality, and a high diradical character (yo of 0.998). The
key feature is a predominant through-space spin-spin coupling (TSC) between two radicals in the helical terminals. Variable-
temperature continuous-wave electron spin resonance (cw-ESR) and superconducting quantum interference device (SQUID)
magnetometry in the solid state reveal a singlet ground state with a nearly degenerate triplet state of ET7H-R. These results highlight

the significance of a stable helical diradicaloid as a promising platform for investigating intramolecular TSCs.

INTRODUCTION

[n]Helicenes, where n defines the number of aromatic rings,
are ortho-fused polycyclic aromatic hydrocarbons (PAHs). !
4 Their m-extended derivatives have drawn intensive
attention in recent years owing to intrinsic chiral
optoelectronic properties as well as high promise for
asymmetric catalysis and chiral recognition.”'> When
unpaired electrons are incorporated into helicenes, the
merger of helical chirality and open-shell character can
furnish magnetic materials with electrical magnetochiral
anisotropy and chirality-induced spin selectivity (CISS).!3-1¢
Anion radicals of [6]helicene, formed by electron transfer
reactions, are the pioneering examples whose studies,
however, have been severely limited by the inherent high
reactivity.!” A few non-ionic open-shell helicenes have been
achieved in recent years. Juricek et al. and Dumele et al.
reported chiral diradicaloid photoswitches based on
dimethylcethrene and dimethyl-[5]helicene, respectively.'®-
19 Chueh, Chou, and Wu et al. developed a [7]helicene-based
diradicaloid (Figure 1A) which exhibited a diradical
character (yo = 0.23) and a triplet—singlet energy gap of 4.75
kcal/mol.?° The Stepien group developed synthetic methods

for a series of open-shell helicenes with different topologies
and varied electronic characteristics (Figure 1B).?!

The diradical characters in previously reported helical
diradicaloids are relatively small, and the diradicaloid
photoswitches give rise to closed-shell species. Moreover,
the spins are mostly delocalized into the PAH backbone and
thus coupled through m-conjugations similar to their planar
counterparts. By contrast, the possible intramolecular
through-space spin-spin coupling (TSC) via the spatial
overlap of the helix has rarely been investigated. TSC, which
largely depends on the distance between the two radical
centers, has been utilized to determine the solution
conformations of peptides, proteins, and polymers by
electron spin resonance (ESR) technique.??2* It also plays a
decisive role in determining the spin state of diradicals and
triradicals.”>?® For instance, a triplet ground state was
established in cyclophane-based diradicals through TSC
(Figure 1C).2” Examples of diradicaloids with predominant
diradical character, strong TSC, and stable -chirality
configuration are still rare which is mainly due to the limited
availability of suitable scaffolds.
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Figure 1. (A-B) [7]Helicene-based diradicaloids with yo = 0.23 and yo = 0.63. (C) A representative scaffold with the intramolecular
through-space spin-spin coupling (TSC). (D) Left: molecular structure of n-extended thio[7]helicene-based stable phenoxy diradical.
Right: schematic illustration of the intramolecular through-space coupling (purple).

In this work, a novel n-extended thio[7]helicene scaffold is
synthesized incorporating two stable phenoxy radicals®®
the helixes (Figure 1D). While density functional theory
(DFT) calculations suggest a very high diradical character y
of 0.998, the targeted helical diradical ET7H-R is stable
under air and thus allows structure characterization by single
crystal analysis. Notably, a continuous-wave electron spin
resonance (cw-ESR) spectrum at 100 K displays a zero-field
splitting (ZFS), pointing toward an average distance of 9.49
A between spins. The good agreement of this result with the
distance between two phenoxy rings (9.84 A) of ET7H-R
from the single-crystal analysis reveals a dominant TSC in
its helical NG structure with large n-conjugation.
Measurements by a superconducting quantum-interference
device (SQUID) indicate a singlet ground state with a
thermally excited triplet state of ET7H-R. Further, a very
small singlet-triplet gap (AEs-1) is determined to be —0.07
kcal/mol, being consistent with variable-temperature cw-
ESR results.

RESULTS AND DISCUSSION

The synthetic route to ET7H-R was explored as displayed
in Schemes 1 and S1. 7-Bromobenzo[b]thiophene (2) was
prepared through nucleophilic substitution and Friedel-
Crafts ring-closure of compound 1 according to a literature

procedure,”? followed by a Stille coupling with
bis(tributylstannyl)acetylene to furnish 1,2-
bis(benzo[b]thiophen-7-yl)acetylene (3). Regioselective

bromination of 3 at the a-positions of the thiophene units
was achieved via lithiation with n-BuLi to yield 1,2-bis(2-
bromobenzo[b]thiophen-7-yl)acetylene (4). Diarylacetylene

4 was then subjected to a Diels-Alder reaction with fert-
butyl-substituted tetraphenylcyclopentadienone 5% at 250
°C to obtain the precursor 6 in a modest yield of 56%. The
cyclodehydrogenation of precursor 6 proceeded smoothly by
using FeCl; as the oxidant and Lewis acid at room
temperature, providing the n-extended
dibromothio[7]helicene S1 (Scheme S1).

For the introduction of the phenoxy radical units, we initially
attempted the Suzuki coupling of S1 and 3,5-di-tert-butyl-4-
methoxyphenylboronic acid (7),>! but the reaction failed
with a variety of phosphine ligands which was apparently
due to the large steric hindrance involved (Scheme S1).
Alternatively, dibromide 6 was subjected to Suzuki coupling
with boronic acid 7, successfully providing precursor 8 in
85% yield (Scheme 1). After the Scholl reaction of 8 with
FeCls, the formation of a dichlorinated product was
indicated by mass spectrometry (Figure S1). Nonetheless, a
dechlorination reaction could be accomplished using allyl-
[1,3-bis-(2,6-diisopropylphenyl)-imidazol-2-yliden]-
chloropalladium (CX21) and -BuONa*? to provide pure
product 9 in 65% yield over two steps (Scheme 1).



Scheme 1.

Synthetic route toward ET7H-R. Reaction
conditions: a) K,CO; bromoacetaldehyde diethyl acetal, DMF,
r.t.; b) polyphosphoric acid, chlorobenzene, reflux, 4 h, 90%

yield in  two steps; ) Ph(PPhs)s,  toluene,
bis(tributylstannyl)acetylene, 100 °C, 24 h, 85% yield; d) (1) n-
BuLi, THF, -78 °C, 1 h; (2) Br, r.t., 1 h, 70% yield; e) diphenyl
ether, 250 °C, 3 days, 56% yield; f) Pd(PPhs)i, K,COs,
dioxane/H,O, 100 °C, overnight, 85% vyield; g) FeCls,
nitromethane, dichloromethane, r.t., 1 h; h) CX21, ~-BuONa,
THF/i-PrOH, 80 °C, overnight, 65% yield in two steps; i)
ethanethiol, NaH, DMF, 0 °C, 0.5 h; then 100 °C, 12 h, 90%
yleld, _]) PdOz, CHzClz, r.t., 5h.

Compound 9 has been fully characterized by NMR and
single-crystal X-ray analysis (vide infra). For the
demethylation of 9, the use of BBriy/Et;O resulted in no
reaction, but a condition with ethanethiol and NaH
successfully afforded precursor 10 in 90% yield. DFT
calculations were performed to identify the transition state.

The isomerization barrier of 10 was calculated to be 52.6
kcal/mol (Figure S10A), indicating a high thermal stability
of enantiomers of 10. Chiral separation was achieved by
high-performance liquid chromatography (HPLC) using a
Daicel Chiralpak IE column. The chiroptical properties of 10
could thus be investigated using circular dichroism (CD) and
circularly polarized luminescence (CPL) spectroscopies
showing moderate absorption dissymmetry factor (gabs) of
2.8 x 10 at 459 nm and luminescent dissymmetry factor
(guum) 0f 2.7 x 10 (Figures S2-S3).

The generation of ET7H-R was initially attempted by
treatment of precursor 10 with KOH and Kj3;Fe(CN),
whereby the presence of a large amount of monoradical
impurity along with the diradical product was indicated by
ESR spectroscopy (Figure S5). Nevertheless, the generation
of ET7H-R was significantly improved by using PdO, as the
oxidant, as revealed by the ESR analysis (vide infra). ET7TH-
R could be dissolved in common organic solvents such as
dichloromethane, toluene, chloroform, and tetrahydrofuran,
enabling further spectroscopic characterizations.

Compared to precursor 10, the absorption bands of ET7H-
R extended into the long wavelength region, showing the
longest-wavelength peat at ~800 nm (Figure 2A).>* The
optical energy gap of ET7TH-R was 1.44 eV based on the
absorption onset of 860 nm. The stability of ET7H-R at
ambient conditions was estimated by monitoring the radical-
derived peak at 800 nm over time under air and room light
(Figure 2B). After 20 hours, the intensity of the
characteristic absorption band decreased to 87% of that in
the freshly prepared solution (Figure 2C). When stored
under a nitrogen atmosphere at 0 °C, ET7H-R was stable
even over several weeks. Similar to precursor 10, ET7H-R
also possessed a high isomerization barrier of 51.0 kcal/mol
by DFT calculations (Figure S10B). Accordingly, ET7TH-R
enantiomers could be enantiospecifically prepared from
enantiomers of 10 without racemization under the mild
oxidation condition (PdO,, CH,Cl, r.t., 5 h). CD spectra of
ET7H-R enantiomers exhibited the Cotton effect in the long
wavelength region (550-750 nm in Figure 2D) in agreement
with the absorption spectrum (Figure 2A). Additionally,
cyclic voltammetry (CV) measurements indicated a low
reduction potential Erq of —0.53 eV for ET7H-R according
to the onset of the reduction peak, in line with the formation
of the radical anion from the diradical species (Figure S4).34
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Figure 2. (A) UV-Vis-NIR absorption spectra of precursor 10 and ET7H-R in THF solution. Concentration: 10 M. (B-C) Stability
analysis of ET7H-R in air monitored by absorption spectroscopy. /; is the absorbance of freshly prepared ET7H-R at 800 nm in THF



solution. [ is the absorbance of the ET7H-R solution at 800 nm after storage in air for different numbers of hours. Concentration:
1.5x10"° M. (D) CD spectra of ET7H-R measured in THF solution. Concentration: 10~ M.
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Figure 3. (A) Side-view and top-view of the single-crystal
structure of compound 9. (B) Molecular packing of compound
9. All hydrogen atoms and the tert-butyl groups were omitted
for clarity. (C) Side-view and top-view of the single-crystal
structure of ET7H-R.

Single crystals of the dimethoxy derivative 9 (CCDC:
2239700) and the diradical species ET7H-R (CCDC:
2291841) suitable for X-ray diffraction analysis could be
obtained by slow diffusion of methanol into a
dichloromethane solution of 9, as well as slow evaporation
of a cyclohexane solution of ET7H-R, respectively. As
depicted in Figures 3A and C, the helical structures of 9 and
ET7H-R were unambiguously confirmed, although the final
R1 value of the latter (= 11.53%) is relatively high due to the
crystallographic disorder, especially overlapping of two
enantiomers. Compound 9 possessed the torsion angle

(atoms a—b—c—d) of 35° and the long helical pitch (4.44 A)
determined from the centroid—centroid distance of the
overlapping thiophene rings. The sigma bond distance and
the interplane angle between the methoxyphenyl and
thiophene ring were measured as 1.47 A in average (Table
S5) and 31.9(6)° to 41.4(7)° (Table S6), respectively. The
centroid—centroid distance of the two methoxyphenyl rings
was 10.30 A in 9. Intriguingly, although a racemic mixture
in solution was used to grow crystals, only one enantiomer
was found in the single crystal of 9 via orthorhombic
packing with moderate intermolecular =n-m-interactions
(Figure 3B).

Similar to 9, the sigma bond distance between the phenoxy
radical and the thiophene ring in ET7H-R were measured as
1.50(2) A in average (Table S9) with the interplane angle of
6(4)° to 27(2)° (Table S11) in the crystal data. Additional
DFT optimizations were performed to assist the
conformational analyses of ET7H-R. The C-O lengths were
1.222(9) and 1.257(11) A in the ET7H-R crystal (Figure 3C
and Table S9) and 124 A in the DFT-optimized
conformation (Figure S9). Both of these values were shorter
than the C-O single bond length (1.39 A) in 9 (Table S5),
supporting the successful diradical formation.’> The
centroid—centroid distance of the two phenoxy rings was
found from DFT to be 10.25 A, which was larger than 9.84
A in the crystal data.

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of ET7H-R were
calculated by DFT simulations (Figure S8). According to
Clar’s rule, the diradical resonance structure (ET7H-R) with
seven Clar’s sextets (marked in light blue) should be
predominant over the quinoid counterpart (ET7H-Q) with
only two Clar’s sextets (Figure 4A). The diradical character
yo of ET7TH-R was calculated to be 0.998 by Yamaguchi’s
scheme,® suggesting its almost pure diradical nature in
agreement with Clar’s rule. Moreover, the calculation of the
spin density distribution by DFT suggested the localization
of spins mainly on the phenoxy groups with only a little
delocalization into the m-conjugated polycyclic skeleton
(Figure 4B). Therefore, the predominant TSC in ET7H-R
can be ascribed to the Clar’s rule in addition to the suitable
spatial arrangement of two spins.
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Figure 4. (A) Resonance of the radical form ET7H-R and quinoid structure ET7H-Q. Clar sextets are marked in light blue. (B) Top-
view and side-view of spin-distribution of ET7H-R simulated by DFT (UB3LYP/6-311G(d,p). (C) Experimental and simulated X-
band cw-ESR spectrum of ET7H-R at 100 K. The simulation was conducted with D =32.5 G and E = 0 G). (D) Variable-temperature
cw-ESR spectra of ET7H-R in the temperature range of 4-100 K in toluene. (E) SQUID measurements of ET7H-R in the temperature
range of 5-290 K (black) and the curve fitted by the Bleaney-Bowers equation with the Curie-Weiss law and van Vleck susceptibility
contributions (red). (F) The ¢*7-T by SQUID measurements (measured in the fixed field of 0.1 T).

To further explore the intrinsic magnetic properties of
ET7H-R, cw-ESR measurements were conducted. At room
temperature, the cw-ESR spectrum of ET7H-R in dilute
toluene solution (5x10 M) exhibited a complex hyperfine
splitting due to multiple interactions with neighboring
hydrogen atoms (Figure S6). When the cw-ESR of ET7H-R
was measured in frozen toluene (100K), clear shoulder peaks
associated with zero-field splitting (ZFS) (Ams =%1) were
observed (Figure 4C). The prominent ZFS signal suggested
a significant triplet population with strong spin-spin
coupling. The ZFS parameters, D and E for axial and
transversal components of the magnetic dipole—dipole
interaction, were 32.5 G and 0 G, respectively.

Based on the point-dipole approximation, the D parameter is
inversely proportional to the <r>%:

o, oa_ [356x10°
"7 T b

where <> is the average distance between spins over all
possible electronic positions.>®3” Therefore, the average
distance <r> was assessed as 9.49 A, similar to the spatial
centroid—centroid distance of two phenoxy rings from the
single-crystal analysis of ET7H-R (9.84 A in Figure 3C).
This key result indicates that spin-spin coupling is mainly
originating from the through-space interaction over the
through-bond conjugation.

To address the ground state of ET7H-R, a variable-
temperature ESR experiment was performed from 4 to 100
K in toluene (Figure 4D). The I*T vs T curve, where [ is the
ESR resonance intensity and 7 is the corresponding
temperature, is plotted in Figure S7. An increasing

paramagnetic signal was observed as elevating the
temperature, which revealed a singlet ground state with a
thermally excited triplet state. By fitting the /*7-T plot with
a modified Bleaney-Bowers equation, assuming
contributions from doublet impurities as constant,2”® the
singlet-triplet gap AEs-t was roughly estimated to be
approximately -0.05 kcal/mol, qualitatively suggesting a
singlet ground state with a nearly degenerate triplet state of
ET7H-R. The magnetic susceptibility y of ET7H-R was
also investigated in the solid state by SQUID measurements
from 5 to 290 K (Figure 4E). It is worth noting that the
intermolecular spin-spin coupling also contributed to the
SQUID results of the solid powder in additional to the
intramolecular TSC. The magnetic molar susceptibility
exhibited a continuous increase when decreasing the
temperature and a good linear relationship between y* 7T and
T was found in Figure 4F. Fitted by the Bleaney-Bowers
equation including the Curie-Weiss law and van Vleck
susceptibility contributions,?’ the AEs—t was -0.07 kcal/mol
which was in line with the approximate value from the ESR
analysis in the toluene solution (see the SI for details).
Therefore, the magnetic properties determined by both
SQUID and ESR experiments convincingly support the TSC
in ET7H-R.

CONCLUSION

In summary, a stable m-extended thio[7]helicene-based
diradical ET7H-R with a high diradical character (yo =
0.998) was synthesized. While maintaining a large
conjugated system, a predominant intramolecular TSC was
revealed by DFT calculations, cw-ESR spectra, SQUID
measurement, and single-crystal analysis. From the
synthesis point of view, the efficient functionalization at the



a-positions of thiophene wunits opens up numerous
opportunities to incorporate different building blocks into
this novel n-extended thio[7]helicene to utilize the spatial
overlapping of the helical terminals. Consequently, this n-
extended thio[7]helicene will serve as a promising scaffold
to investigate delicate intramolecular through-space
interactions for diverse chiral optoelectronic applications in
the future.
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*m-Extended thio[7]helicene (ET7H)

*Intramolecular through-space spin-
spin coupling (TSC)

+Stable helical radicaloid with high
radical character (y, = 0.998)




