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@ Oligophenyls with Multiple Disulfide Bridges as Higher
Homologues of Dibenzolc,el[1,2]dithiin: Synthesis and Application

in Lithium-lon Batteries
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Abstract: Higher homologues of dibenzo[c,e][1,2]dithiin
were synthesized from oligophenyls bearing multiple
methylthio groups. Single-crystal X-ray analyses revealed
their nonplanar structures and helical enantiomers of
higher meta-congener 6. Such dibenzol[1,2]dithiin homo-
logues are demonstrated to be applicable to lithium-ion
batteries as cathode, displaying a high capacity of
118 mAhg™ at a current density of 50 mAg™".

- /

Substituted and ortho-bridged biphenyls play an important
role, for example, as models for stereochemical studies,""’ natu-
ral products® and chiral ligands of metal catalysts.”) When
looked upon from a different angle, biphenyls and their higher
oligophenyl homologues are conjugated m-systems with useful
electronic properties.” A special, though rarely studied, case
are biphenyls, oligophenyls, and polycyclic aromatic hydrocar-
bons, carrying disulfide bridges, such as 4,5,9,10-tetrathiapyr-
ene (1) and dinaphtho[1,2]dithiin (2) having dibenzolc,e][1,2]di-
thiin (3) as substructure (see Figure 1).!

One expects a pronounced influence of the sulfur (S) sub-
stituents upon electron transfer processes such as occurring
upon the charging/discharging of battery elements.” In con-
ventional sulfur cathodes of lithium (Li)-ion batteries, lithium
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4,5,9,10-Tetra-
thiapyren (1)

Dinaphthol[2,1-c:-
1',2"e]-[1,2]dithiin (2)

Dibenzolc.e]-[1,2]- 4
dithiin (3)

Figure 1. Examples of known dibenzo[1,2]dithiin derivatives:*' tetrathiapyr-
ene 1, dinaphtho- and dibenzo[1,2]dithiin 2 and 3, respectively, as well as di-
benzo[1,2]dithiin homologues 4-7 synthesized in this work.

polysulfide intermediates generated during discharge are
highly soluble in the electrolyte, and can freely diffuse to the
anode, irreversibly reacting with the Li metal.”’ To prevent the
diffusion of lithium polysulfide intermediates and the resulting
deterioration of the batteries, one promising approach is to
use organic cathode materials with covalently bonded disul-
fides, which can undergo intramolecular redox reactions with
the Li ions (C-S-S-C+2Li" +2e =2C-5-L).%” For example,
poly[bis(2-aminophenyloxy)disulfide]”® and poly(tetrathionaph-
thalene)” are demonstrated to be applicable as electrode ma-
terials in lithium-ion batteries. Nevertheless, such sulfur-rich or-
ganic cathode materials remain underexplored.

On the other hand, disulfide bridges are known to play an
important role in controlling conformations, with the classical
example coming from the peptide chemistry.® There, oxidative
formation of disulfide bonds from cysteine thiol groups is es-
sential in establishing the 3D-structure of the biomolecules.®
In case of oligophenyl systems, we considered that electron-
transfer-induced opening or closing of intramolecular S-S
bonds® could also lead to conformation control. Nevertheless,
oligophenyls with multiple fused [1,2]dithiin rings, namely
higher homologues of dibenzo[c,e][1,2]dithiin (3), have not
been reported.”

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Herein, we describe syntheses of a series of dibenzo[1,2]di-
thiin homologues 3-7 using oligophenyl precursors 8-12 bear-
ing multiple methylthio groups. The key step comprises reduc-
tive cleavage of alkyl-sulfur bonds followed by oxidative S—S
bond formation. To the best of our knowledge, similar proto-
cols have never been applied toward syntheses of such diben-
zo[1,2]dithiins. The geometric structures of 4-6 are elucidated
by single-crystal X-ray diffraction, in particular, demonstrating
helical enantiomers of 6. Furthermore, we have investigated
the applicability of 4 and 6 in lithium-ion batteries."” Diben-
zo[1,2]dithiin 6 exhibits a specific capacity of 118 mAhg™" and
an energy density of 236 Whkg™', which is highly competitive
with previously reported sulfur-rich organic electrode materials
for lithium-ion batteries.””

2,2'-Bis(methylthio)-1,1-biphenyl (8) was initially synthesized
by a Suzuki coupling of bromo-2-(methylthio)-benzene (13)
and 2-(methylthio)-benzene-boronic acid (14) in 92% yield
(Figure 2). Syntheses of o-methylthiolated-m-oligophenyls 9
and 11 were also carried out by using the Suzuki coupling
(Figure 2). m-Dibromo-bis(methylthio)benzene 15"" was react-
ed with 2-(methylthio)-phenylpinacolborate (16) under Suzuki
conditions to afford tetrakis(methylthio)-m-terphenyl 9 in 84%

1) Sodium/Naphthalenide THF, rt, HCI
2) air/jpH=8.2, THF/borate buffer, quant.

yield. For the synthesis of hexakis(methylthio)-m-quaterphenyl
11, compound 15 was treated with n-butyllithium at —100°C,
and the resulting lithiated intermediate was quenched with 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  (PinBOIPr)
or iodine to obtain boronic ester 17 and iodide 18, respective-
ly. Suzuki coupling of 17 and 18 yielded dibromo-biphenyl 19
in 65% yield, which was further subjected to a twofold Suzuki
reaction with 16 to afford 11 in 78 % yield.

The syntheses of o-methylthiolated-p-oligophenyls 10 and
12 were carried out as displayed in Figure 3. Suzuki coupling
of p-dibromo-bis(methylthio)benzene 20"? did not proceed
with boronic ester 16, but the use of boronic acid 14 success-
fully provided 10 in 90% yield. lodide 21 and boronic acid 22
were synthesized from 20 in similar manners as the prepara-
tions of 18 and 17, respectively, employing B(OMe); instead of
PinBOIPr. Suzuki reaction of 21 and 22 then afforded dibromo-
biphenyl 23 in 82% yield. Finally, twofold coupling of 23 with
14 provided hexakis(methylthio)-p-quaterphenyl 12 in 85%
yield.

Finally, methylthiolated oligophenyls 8-12 were subjected
to reductive demethylation and protonation via hydrogen
chloride to afford the corresponding intermediate thiol oligo-
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Figure 2. Synthesis of dibenzo[1,2]dithiin homologues 3, 4 and 6.
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Figure 3. Synthesis of dibenzo[1,2]dithiin homologues 5 and 7.
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phenyl compounds. After dissolving these thiols in degassed
mixtures of THF/water (10:1) and adjusting the pH to 8.2 with
sodium borate buffer, the solutions were exposed to air to
allow for oxidative S—S bond formation. The resulting diben-
zo[1,2]dithiin homologues 3-7 could be purified by column
chromatography over silica gel and characterized by 'H and
CNMR spectroscopy as well as high-resolution mass spec-
trometry (see Figure4 and Supporting Information). Diben-
zo[1,2]dithiins 3-5 could be obtained in 97% to quantitative
yields. Nevertheless, the yields of forming higher homologous
6 and 7 from 11 and 12 were compromised, namely 88% and
70%, respectively, due to partial loss of sulfur under the oxida-
tive condition, resulting in the formation of dibenzothiophene
moieties (Figure S4, Supporting Information). With the help of
nuclear Overhauser enhancement spectroscopy (NOESY), the
aromatic proton signals could be clearly assigned, which fur-
ther provided the structure proof (spectra of 6 as example in
Figure 4a). Moreover, single crystals suitable for X-ray diffrac-
tion analysis were obtained for 4-6, 9 and 10.

Comparison of the single-crystal structures of 9 and 4 re-
vealed that the meso-isomer of 9 (Figure 5a) was maintained
upon ring closure, leading to the meso-configuration of 4 (Fig-
ure 5b). One can thus assume that this is the thermodynami-
cally favored configuration in the solid state. The dihedral
angle of the biphenyl unit was reduced from 85° (9) to 35° (4)
upon the formation of the disulfide bonds. Similarly, the twist
of the biphenyl units in 10 (76°, Figure 5¢) was decreased to
31° and 26° in 5 (Figure 5d) while maintaining the meso-con-

a) H3
Hl
H®
H? H5
2.00 201 1.99 2.05 206 2.06
8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3
3 (ppm)

300 350 400 450
Wavelength / nm

Figure 4. a) "H-NMR of m-quaterphenyl-tris(dithiin) 6 and b) UV/Vis spectra
of 3-7 in THF (10> m).
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Figure 5. Crystal structure of 9; b) Crystal structure of 4; c) Crystal structure
of 10; d) Crystal structure of 5; e) Racemic crystal structure of 6 (ORTEP-Plots
showing 50 % thermal ellipsoid probabilities).

figuration as well. In contrast, a racemic mixture was observed
in the single-crystal structure of the higher homologue 6, dis-
playing the co-crystallization of two enantiomers (Figure 5e).

UV/Vis absorption spectra of dibenzo[1,2]dithiin homologues
3-7 revealed redshifts upon structural extension, indicating
lowering of optical energy gaps (Figure 4b). In case of meta-
congeners 4 and 6, the redshift was small, with the absorption
edge moving from 325 nm (4) to 332 nm (6), corresponding to
a decrease of the optical gap from 3.81 eV to 3.73 eV. In con-
trast, para-congeners 5 and 7 demonstrated more significant
redshifts of the absorption peaks, exhibiting the change of the
absorption onset from 5: 336 nm (3.69eV) to 7: 370 nm
(3.35 eV). As expected, these results indicated more effective
extension of the m-conjugation in the para-congeners than in
the meta-congeners.

Additionally, the possibility to reopen the formed diben-
zo[1,2]dithiins 3-7 was examined by reduction with NaBH, in
ethanol/THF (1:1) followed by protection of the resulting thiols
with an excess of methyl iodide. Although the low solubility of
7 did not allow the ring-opening back to 12, thioethers 8-11
were obtained in 90% to quantitative yields from 3-6, respec-
tively. These results indicated the chance of reversibly closing
and reopening the multiple disulfide bonds, and also motivat-
ed us to investigate the applicability of such dibenzo[1,2]di-
thiin homologues as electrode materials for Li-ion batteries.
We selected dibenzo[1,2]dithiins 4 and 6 as representative ho-
mologues and investigated their electrochemical performance
for Li-ion battery applications by cyclic voltammetry (CV) in 1™
LiCF;SO; (LiTFSI) electrolyte and by galvanostatic charge/dis-
charge profiles in the voltage range of 1.5-3.0 V. CV curves of
both 4 and 6 (Figure 6a and Figure S5a) displayed one pair of
redox peaks at 1.95 V in the cathodic process and 2.55 V in the
anodic process, corresponding to formation of C-S-Li com-
plexes through the opening of the S—S bonds.” The large volt-
age difference in the cathodic and anodic process indicates a
large electrode polarization, which is caused by the low elec-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) The CV curves of 6 in the voltage range of 1.5-3.0 V; b) The gal-
vanostatic charge/discharge curves of 6 at various current densities.

tronic conductivity of the dibenzo[1,2]dithiin-based electrode.”
From the galvanostatic charge/discharge profiles, dibenzo[1,2]-
dithiin 6 exhibited a specific capacity of 118 mAhg™" at a cur-
rent density of 50 mAg~' (Figure 6b), which was higher than
that of 4 (85 mAhg™") (Figure S5b). The higher specific capaci-
ty of dibenzo[1,2]dithiin 6 compared to 4 can be ascribed to
the higher sulfur content per molecule of 6. When current den-
sity was increased to 75, 100 and 150 mAg™', dibenzo[1,2]di-
thiin 6 still delivered specific capacities of 110, 104 and
84 mAg~, respectively. The average discharge voltage plateau
was approximately 2 V at 50 mAg™', producing an energy den-
sity of about 236 Whkg™' based on the mass of 6. The specific
capacities and energy densities of dibenzo[1,2]dithiin 6 are
highly competitive with those of other reported sulfur-rich or-
ganic electrode materials, such as poly[bis(2-aminophenyloxy)-
disulfide] (50-200 mAhg™")," poly(5,8-dihydro-1H,4H-2,3,6,7-
tetrathia-anthracene) (29-170 mAhg ")"? and poly(tetrathio-
naphthalene) (101-120 mAhg™")."® Moreover, after 30 cycles,
the specific capacity of dibenzo[1,2]dithiin 4 was stabilized at
around 74 mAhg™', corresponding to 86% capacity retention
and a small capacity fading of only 0.46% per cycle (Fig-
ure S5¢). Similarly, dibenzo[1,2]dithiin 6 showed a capacity re-
tention of 84% after 30 cycles (Figure S5d). In addition, a
charged Li-ion battery prepared with dibenzo[1,2]dithiin 6 as
the cathode could readily power 33 commercial red light-emit-
ting diodes (LED, 1.7-2.3V) in parallel connection (Figure S6)
for twenty minutes (see Supporting Information for details),
demonstrating the high potential of such dibenzo[1,2]dithiin
homologues in Li-ion batteries.

In summary, we have achieved the multistep syntheses of
methylthiolated oligophenyls 8-12 and the subsequent forma-
tion of disulfide bonds to obtain dibenzo[c,e][1,2]dithiin (3)
and its higher homologues 4-7 in high yields. The chemical
structures were unambiguously validated by NMR, mass spec-
trometry, and single-crystal X-ray analyses, and UV/Vis absorp-
tion spectra revealed lowering of the optical energy gaps
upon the structural extension. Moreover, dibenzo[1,2]dithiin 6
demonstrated maximum specific capacity of 118 mAhg™' as
cathode materials in lithium-ion batteries, highlighting the
value of such dibenzo[1,2]dithiin homologues for battery tech-
nologies. Furthermore, the current synthetic approach can po-
tentially be extended to higher homologues with end-to-end

overlap, leading to helical enantiomers™ of dibenzo[1,2]dithiin
homologues.

Experimental Section

Crystallographic data: Deposition numbers 1910696 (4), 1910697
(5), 1910698 (6), 1910690 (8), 1910694 (9), 1910695 (10), 1910691
(17), 1910692 (19), 1910693 (23) contain(s) the supplementary crys-
tallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
Please see the Supporting Information for more details.
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