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ABSTRACT: The first synthesis of dithieno-1,2-oxaborine derivatives was achieved via iodide-mediated or iodide-cata-
lyzed demethylation of 3-methoxy-2,2'-bithiophene and subsequent C—H borylation. A wide variety of thiophene-fused

oxaborines could be synthesized by the procedure.

Organoboranes have played key roles in the field of or-
ganic chemistry as synthetic building blocks! and in or-
ganic materials.? Since the pioneering study by Dewar,?
oxaborines, benzene derivatives containing boron and ox-
ygen atoms, have gained focus due to their unique prop-
erties.* In particular, T-extended oxaborine compounds
have attracted increasing attention in recent years as ac-
tive components of organic materials.® For instance,
Hatakeyama and co-workers recently reported polycyclic
aromatic compounds containing the 1,4-oxaborine skele-
ton, which could be used as a host material for organic
light emitting diodes and a thermally activated delayed flu-
orescence emitter (Figure 1 (a)).%® In 2016, Hatakeyama®
and Millen® independently reported the syntheses of
double helicenes having the oxaborine skeleton.
Hatakeyama reported the ambipolar semiconductor char-
acteristics of these species, and Millen found that these
compounds could be transformed to O-B-doped nanog-
raphenes.

Further, incorporating thiophene moieties into acene
derivatives has proven to be a powerful tool for conferring
interesting properties, and these species have been the
focus of research as promising compounds for the syn-
thesis of organic materials.® Currently, boron-containing
thienoacenes, such as thienoazaborines, are also highly
topical research targets.” For instance, Perepichka re-
ported terthiophenes fused with 1,2-azaborine units, and
applied them to fluorescence emitters (Figure 1 (b)).”?
Zhang and He reported angular-type thienoazaborines

with high quantum yields, and used them to host materials
for blue organic light-emitting diodes.”™ Wang, Yuan, and
Pei reported the use of B—N bond incorporated naphtho-
tetrathiophene derivatives as p-type organic field effect
transistors.” Although there have been several reports on
the synthesis and properties of thienoacenes containing
1,2-azaborines, to the best our knowledge, there has
been no report on the synthesis of thienoacenes contain-
ing 1,2-oxaborines, although the latter should also be po-
tential candidates for the synthesis of organic materials
(Figure 1 (c)).
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Figure 1. (a) Representative examples of previously reported
1,2-and 1,4-oxaborines, and (b) previously reported thio-
phene-fused 1,2-azaborines. (c) Dithieno-1,2-oxaborines,
benzothieno-1,2-oxaborines, and furothieno-1,2-oxaborines
(this work).

We have been interested in the synthesis of -extended
thienoacenes,® and recently reported the synthesis and
properties of thiophene-fused 1,4-azaborine derivatives.®
In this study, we turn our attention to the first and efficient
synthesis of dithieno-1,2-oxaborine derivatives (DTOBS).
We first considered that DTOBs could be derived from
precursors having a hydroxy group on their thiophene ring
by Friedel-Crafts-type C—H borylation (Scheme 1 (a)).
Although the desired DTOB was obtained in excellent
yield, synthesis of the precursors required several steps
and the precursor species were relatively unstable.® In
contrast, methoxy-group-substituted thiophene deriva-
tives are stable and easy to handle, and a wide variety of
derivatives can be easily obtained via coupling reactions.
Therefore, methoxythiophene derivatives were selected
as precursors for DTOBs from the synthesis point of view.
We herein report the first synthesis of DTOBs via tandem
reactions involving iodide-mediated or -catalyzed demeth-
ylation and subsequent intramolecular Friedel-Crafts-
type C—H borylation (Scheme 1 (b)).

Scheme 1. Present Synthetic Strategy for Dithieno-
1,2-oxaborines (DTOBSs)
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First, 1a was selected as a model substrate and sub-
jected to demethylation and subsequent C—H borylation

(Table 1). Treatment of 1a with PhBClI2 (1.5 equiv) in chlo-
robenzene at 135 °C for 24 h yielded no reaction (entry 1).
To promote demethylation of the methoxy group, various
additives were employed, and BusNI was found effective.
In the presence of 1.2 equiv of BusNI, 1a was consumed
completely and the desired oxaborine 2a was obtained in
71% yield (entry 2). Further optimization revealed that ad-
dition of EtsN increased the yield of 2a. With EtsN (1.0
equiv), the reaction proceeded quantitatively (entry 3,
>99% NMR vyield, 96% isolated yield). We also tried the
use of phenylboronic acid pinacol ester (PhBpin) instead
of PhBClz, but 2a was not obtained at all. Thereafter, the
amount of BusNI was reduced to catalytic quantities,
where demethylation also proceeded upon decreasing
the amount of BusNI to 0.2 equiv to give 2a in 90% yield
(entry 4). With 1.4 equiv of EtsN, the yield of 2a increased
slightly to 93% (entry 5). On the 1.0 mmol scale, 2a was
also obtained in good yield (entry 6).

Table 1. Synthesis of Dithienooxaborine 2a by De-
methylation and Subsequent C—H Borylation under
Various Conditions @

PhBCI; (1.5 equiv) Ph
OMe BuyNI 0-F
S Et;N
N — = [N\
| g N | RhCl / s S \
1a 135 ¢, 24h 2a
entry  BusNI (equiv) EtsN yield (%)°
(equiv)
1 0 0 0
2 1.2 0 71
3 1.2 1.0 >99 (96)° (N.D.)d
4 0.2 1.0 90
5 0.2 1.4 >99 (93)°
6 0.2 1.4 82¢ce

a Reaction conditions: 1a (0.20 mmol), PhBClz (1.5 equiv),
BusNI (0-1.2 equiv), EtsN (0-1.4 equiv), PhCI (0.14 M),
135 °C, 24 h. ® Determined by *H NMR with 1,1,2,2-tetrachlo-
roethane as an internal standard. ¢ Isolated yield. ¢ Per-
formed with PhBpin instead of PhBCl2. N.D. = Not detected.
d Performed with 1.0 mmol of 1a.

To clarify the scope of the iodide-catalyzed demethyla-
tion and subsequent C—H borylation, several thienooxa-
borines 2 were synthesized under the optimized condi-
tions (Scheme 2). Dithienooxaborine isomers 2b—d were
obtained from the corresponding precursors in excellent
yields. Precursors having a 3-methoxybenzo[b]thienyl
group were effective for this reaction and the -expanded
thienooxaborine derivatives 2e—g were obtained in good
yields. The yield of 2e increased to 97% with 1.2 equiv of
BusNI. Furan-fused thienooxaborines could also be ob-
tained by this reaction. The iodide-catalyzed demethyla-
tion and C—H borylation proceeded smoothly to give the
corresponding thienofuro-1,2-oxaborine derivatives 2h
and 2i in the respective yields of 83% and 91%. In con-
trast, indole-fused thienooxaborines 2j and 2k were not
obtained. The demethylation process proceeded, but the
desired oxaborines 2j and 2k were not obtained probably
due to their instability.



Scheme 2. Synthesis of Thienooxaborines 2 by lo-
dide-Catalyzed Demethylation and C-H Borylation 2
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a Reaction conditions: 1 (0.20 mmol), PhBCl2 (1.5 equiv),
BusNI (0.2 equiv), EtsN (1.4 equiv), PhCI (0.14 M). Isolated
yield. ® Performed with BusNI (1.2 equiv), EtzN (1.0 equiv). ©
N.D. = Not detected.

The demethylation and C—H borylation of precursors 3
having a 2-phenylthiophene skeleton was then performed
(Scheme 3). Treatment of precursor 3a, having a methoxy
group on the benzene skeleton, under catalytic conditions
gave oxaborine 4a in moderate yield (69%) with 21% of
the starting material. Reexamination of the reaction con-
ditions revealed that the addition of a stoichiometric
amount BusNI was essential for the substrate. With 1.2
equiv of BusNI, the yield of 4a was 94%. Both precursors,
bearing electron-donating or —withdrawing groups, could
be used for the reaction. Both 4b and 4c were obtained in
high yields (4b: 92%, 4c 85%). This strategy could also
be applied to the construction of highly m-expanded
thienooxaborine derivatives. The demethylation and C-H
borylation proceeded smoothly to give the corresponding
ladder-type thienooxaborines 4d and 4e in 96% vyield. In
contrast, benzene-fused thienooxaborines 4f—i having an
oxygen atom on their thiophene rings were unfortunately
not obtained, possibly due to the lower nucleophilicity of
the benzene ring of the precursors.

Scheme 3. Synthesis of Benzene-fused Thienooxa-
borines 12

@@

PhBCI, (1.5 equiv)
BugNI (1.2 equiv)
EtsN (1.0 equiv)

Ph
0-B
PhCI :< >:
4

135 ¢, 24 h
Ph
0-B
4a (R=H) 94% (69%)°
/] 4b (R=Me)  92% (66%)"
S 4c (R=F)  85% (64%)"
Ph
0-8
S Ph_ .0 O.g-Fh
|/ &
S A =z
B_d \_s 5/
pH  4d, 96%° 4e, 96%
Ph
o 4f (R=H) N.D.

49 (R=Me) N.D.
4h (R=OEt) N.D.
4i (R=NPh2) N.D.

a Reaction conditions: 3 (0.20 mmol), PhBCl2 (1.5 equiv),
BusNI (1.2 equiv), EtsN (1.0 equiv), PhCI (0.14 M), 135 °C,
24 h. Isolated yield. ® Performed with BusNI (0.2 equiv) and
EtsN (1.4 equiv). ¢ Performed with PhBCI2 (3.0 equiv), BusNI
(2.4 equiv), and EtsN (2.0 equiv) in PhCI (0.07 M).

To obtain further insight into the reaction mechanism,
the products of the early stage of the reaction were exam-
ined (Table 2). The model substrate 1a was treated with
1.2 equiv of BusNI and 1.0 equiv of EtzN under the estab-
lished reaction conditions for 1 h. At this stage, the de-
methylation product 5 and the desired product 2a were
obtained in respective yields of 64 and 28%. This result
suggests that the demethylation step may be very fast,
and the intramolecular C—H borylation step would be
slower than the demethylation step. Without BusNI or EtsN,
demethylation was very slow, and over 80% of the starting
material 1a was recovered (entries 2 and 3). In contrast,
with 20 mol % of BusNI and 1.0 equiv of EtsN, the catalytic
demethylation proceeded smoothly to afford the demeth-
ylation product 5 in 54% yield and the cyclization product
2ain 13% vyield (entry 4). The addition of 20 mol % of me-
thyl iodide also promoted the reaction (entry 5). The use
of BusNCl instead of BusNI was not effective (entry 6), in-
dicating that the presence of I is essential for the reaction.



Table 2. Effect of the Amount of BusNI and EtsN at the
Start of the Reaction 2

PhBCl, (1.5 equiv)

BuyNI
Et;N

@ 3 m (&23
PhCI

135 c,1h

en-  BusNI EtsN 5 (%) 2a (%)

try (equiv) (equiv)

1 1.2 1.0 64 28

2 0 1.0 6

3 0.2 0

4 0.2 1.0 54 13

5b 0.2 1.0 36 12

6° 1.2 1.0 3 <2

a Reaction conditions: 1a (0.20 mmol), PhBClIz (1.5 equiv),
BusNI (0-1.2 equiv), EtsN (0-1.0 equiv), PhCI (0.14 M),
135 °C, 1 h. Isolated yield. ® Methyl iodide was used in place
of BuaNI. ¢ BusNCI was used in place of BusNI.

Based on the results presented above, a plausible
mechanism for the reaction is illustrated in Figure 2. First,
1 reacts with PhBClI: to afford complex A. Thereafter, I
attacks the methyl group of A, where demethylation af-
fords the intermediate B, iodomethane, and triethylme-
thylammonium chloride (MeEt:NCI) which would be in
equilibrium  with triethylamine and chloromethane
(MeCl).1° Subsequently, in the presence of EtsN, intramo-
lecular Friedel-Crafts-type C—H borylation furnishes 2
and EtsN*HCI. The iodomethane generated in situ reacts
with EtsN to regenerate MeEtsNI.
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Figure 2. Plausible mechanism for the synthesis of DTOB.

From the synthesis point of view, introduction of another
substituent on the boron atom of DTOB has a significant
impact. As an example, introduction of the mesityl group
on the DTOB skeleton is demonstrated in Scheme 4. Pre-
cursor 1 was treated with BClz to generate chlorinated
DTOB 6 in situ, and 6 was then reacted with the mesityl
Grignard reagent (MesMgBr, 5 equiv) to give DTOB 2|
and 2m in high yields (2I: 93%, 2m: 91%).

Scheme 4. Introduction of a Mesityl Group on Boron
Atom ?
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a8 Reaction conditions: 1 (0.2 mmol), BClz (1.5 equiv),
BusNI (1.2 equiv), EtsN (1.0 equiv), PhCI (0.14 M), 135 °C,
24 h, followed by MesMgBr (5 equiv), 0 °C, 30 min. Isolated
yield. ° Performed with 1.0 mmol of 1. ¢ Performed at rt.

The fundamental physical properties of the thus-ob-
tained DTOB and other related derivatives were explored.
Notably, all the DTOBs have low HOMO-LUMO levels,
and are easy to handle. In particular, highly T-expanded
oxaborine 4d and 4e exhibited good fluorescence proper-
ties.!!



In conclusion, we achieved the syntheses of DTOB and
related derivatives via iodide-mediated or —catalyzed de-
methylation and subsequent intramolecular C-H boryla-
tion. TT-Expanded ladder-type oxaborines were also read-
ily constructed by this method. The fundamental physical
properties of the products were also studied. Further in-
vestigations of these derivatives are ongoing in our labor-
atory.
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