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Synthesis of C2 Substituted Benzothiophenes via an Interrupted
Pummerer/[3,3]-Sigmatropic/1,2-Migration Cascade pof

Benzothiophene S-Oxides

Zhen He, Harry J. Shrives, José A. Fernandez-Salas, Alberto Abengézar, i vin Yang,
Alexander P. Pulis and David J. Procter*

Abstract: Functionalized benzothiophenes are important scaffolds
found in molecules with wide ranging biological activity and in
organic materials. We describe an efficient, metal-free synthesis of
C2 arylated, allylated and propargylated benzothiophenes. The
reaction utilizes synthetically unexplored yet readily accessible
benzothiophene S-oxides and phenols, allyl- or propargyl silanes in HO
a unique cascade sequence. An interrupted Pummerer reaction
between benzothiophene S-oxides and the coupling partners yields
sulfonium salts that lack aromaticity and therefore allow facile [3,3]-
sigmatropic  rearrangement. The  subsequently  generated

benzothiophenium salts undergo a previously unexplored 1,2- BTBT - organic
migration to access C2 functionalized benzothiophenes. therapyfze R o) )

B: Metal-free synthesig of C2 functionalized benzothiophenes (CP = coupling partner)
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Functionalized benzothiophenes are important heterocycles and
are commonly found in molecules with wide ranging biological
activity,"? and are components in many organic functional
materials (Scheme 1A).P!

Substituted benzothiophenes can be constructed
annulation of either ring or by functionalization o
benzothiophene core.” An attractive strategy for the preparation
of C2 substituted benzothiophenes involves functionaligiis
C-H bonds found in the parent heterocyclic motif.”!
increased acidity of the C2 C-H bond, classical
introducing carbon substituents at the expense of,

C2 arylation
C2 alkylation

Scheme 1. Importance of functionalized benzothiophenes and our metal-free
strategy for their synthesis.

he groups of Yorimitsu,"? Maulide,"™ Procter™ and
such processes employ highly basic organoméia . ers!"® have contributed to a growing body of work describing
Alternatively, Friedel-Crafts alkylation processes can e use of sulfonium intermediates'®"® in the ortho C-H
but often give mixtures of C2 and C3 substituted products. alkylation and arylation of aromatic sulfoxides. We have recently
addition to these limitations, both strategies are restricted to the¥ reported the use of benzothiophene S-oxides in the synthesis of
use of electrophilic coupling partners. C3-arylated and —alkylated benzothiophenes via an interrupted

Transition metals are able to m Pummerer''%/[3,3]-sigmatropic rearrangement!'®?? cascade.?"
arylation at the C2 position of b Herein we report a metal-free synthesis of C2 functionalized
transition metal catalyzed C2 C-H alkyla benzothiophenes (Scheme 1B). Using readily available, yet
is considerably more challenging as high  synthetically underutilized benzothiophene S-oxides as novel
temperatures and is only in cases.® starting materials, we engage phenol, and allyl and propargyl
Furthermore, metal contamj emains an issue when silanes in a strategy that delivers C2 substituted
certain transition metal when the products  benzothiophenes in a regioselective manner under mild

are destined for hu i trace metal conditions. The C2 C-H alkylation and arylation processes
contamination can affe e, such as in operate via an interrupted Pummerer/[3,3]-sigmatropic
organic electronics." Thus XQmethod that seldctively introduces  rearrangement sequence to generate  3,3-disubstituted
a carbon substituent at C2 place of the C-H bonds of benzothiophenium salts Il, that subsequently undergo a

benzothiophen iti metal-free conditions is an  previously unexplored 1,2-migration.

attractive proposi In comparison to regular aromatic  sulfoxides,

benzothiophene S-oxides (1) have received little attention as
- - synthetic intermediates. Until recently, their use in Pummerer-

e }J:,'_Aguizrgsgd:sf_sgfsbﬁ_'A}‘:E’rec’)';?;zar‘ J. type processes had not been described®" 22 and reports of their

ity of Manchester reactivity was limited to cycloaddition and SyAr type

[

Oxford Rd, L (UK) processes,” even though benzothiophene S-oxides are readily

E-mail: david.j.procter@manchester.ac.uk prepared from the parent benzothiophene by oxidation with H,O,
24 . 25 .

Supporting information for this article is given via a link at the end of and TFA”Y or with mCPBA and BF3*OEt,”® without over

the document. oxidation.
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We have shown that benzothiophene S-oxides 1 serve as
precursors to benzothiophenium salts (cf. 1) via an interrupted
Pummerer reaction with suitable nucleophilic coupling
partners.?"! We proposed that salts | would be predisposed to
facile [3,3]-sigmatropic rearrangement, and that the 3,3-
disubstituted benzothiophenium intermediates (cf. Il) would then
be able to undergo 1,2-migration and thus deliver C2
functionalized products. However, questions remained as to
whether an existing substituent at C3 would affect the [3,3]-
sigmatropic rearrangement, the key process that delivers the
coupling partner to the benzothiophene scaffold, and whether
selective migration of the coupling partner could be achieved.
Notably, while 1,2-migrations of the related 3,3-disubstituted
indolenines are well established,” the analogous reaction of
3,3-disubstituted benzothiopheniums (cf. 1I) has not been
previously explored.?”!

We began by investigating the coupling between C3 methyl
benzothiophene S-oxide 1a and p-cresol (2a) (Scheme 2A).
Upon treating 1a and 2a with TFAA in CHCl,, isolable thioacetal
3a was formed in 75% yield, indicating that the [3,3]-sigmatropic
rearrangement occurs efficiently despite the presence of a C3
substituent. Pleasingly, reaction of 3,3-disubstituted thioacetal
3a with catalytic BF;*OEt, induced opening of the thioacetal and
selective 1,2-migration of the aryl group to form the C2
functionalized benzothiophene 4a.”?®

The coupling of 1a and p-cresol (2a) could be carried out in
a one-pot procedure, leading to 4a in 80% isolated yj
(Scheme 2B). The scope of the C2 C-H arylation was sury,
by varying the phenol and benzothiophene S-oxide coupling
partners in the one-pot process. Functional groups, i
bromo (4b.f,i), trifluoromethyl (4c), keto (4d), nitro (4e,
amido (4h) were well tolerated in the phenol couplin
the coupling of 3-bromophenol (formation of
selectivity for the least hindered ortho position
Naphthalen-1-ol and naphthalen-2-ol couplin
also amenable to the process (4k,l), and the hindere
and 4k were formed in good yields. The regioselectivity
metal-free C2-arylation was confirmed by NMR studies and b
X-ray crystallographic analysis of 4d and 4q’.*

A variety of benzothiophene S-oxi
in the C2 arylation and we found ¢

employing
ed for in situ
cyclization of the phenol
benzoxepine 4q’.
nthesis of the C3 bromo- (4n),
oducts (4aa-ac) that bear the
biologically  active
analogous C3 nitrogen

and C3 oxygen
key structural

henol coupling partner exclusively

migr 2 in the 3,3-disubstituted
benzothiophenium interme (cf. ) formed after [3,3]-
sigmatropic rearrangement, even when the existing C3
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substituent had a comparable migratory aptitude: For example,
in 4x where C3 bears a para-methoxyphenyl group (vide infra).

Me OH  TFAA

A:
N CH,Cl
Z8 -40°Ctort

4f, R® = Br, 75%
4g, R®=NO,, 63%
4h, R® = C(O)NEt,, 63%

R3

41, 48%lel
Me
,R' = Me, 83% Rt 4, R4=Me, 60%
fan, R" = Br, 50% M-~ as, R*=cl, 99%
40,R1= » ,81% s X
\N——=—nBu Me (/7
4p,R'= \_< Cl 83% o N
= X .
>\ [ >+
LR = Vs , 90% XS -/ Z~g
A aq, 70%6 prray) 4 X=NMle, 19%

4u, X=0, 16%

4v,R6=H, 83%

4w, RS = 4-CF;, 65%

4x, R® = 4-OMe, 61%

4y, RS = 2-OH, 38%

4z, RS = 2-OH-3-NO,, 39%

OR®  4aa RS = CgHs, 57%
©\/§, 4ab, RS = 4-BrCH,, 75%
s 2

4ac, R5 = 4-OMeCgHy, 71%
me 2. Development of the metal-free C2 arylation of benzothiophene S-
de (A) and scope (B). Conditions: 1 (0.1 mmol), CH,Cl, (1.0 ml), —40 °C;
FAA (0.15 mmol); 2 (0.15 mmol), 15 min; rt, overnight; BF;*OEt, (0.02 mmol),
rt, 1 h. Isolated yields. [a] THF used instead of CH,Cl,. [b] Heated at 45 °C
after BF;*OEt, added. [c] Heated at 60 °C after BF;*OEt, added.

RS
R R'R2 R3 R
TFAA, MeCN = 4
N h . N \
s’ 0 °C t0 80 °C s s’ R4
7 8

1 o coupling partner

0
SiMe3 Me Br Cl OMe
N e +): +>: :>:
5 R? 7a b 7c 7d 7e
R'=Me, 80% R'=Me, 57% R'=Me, 85% R'=Me, 79% R'=Me, 23%
SiMon nBu cy ™S ™S
R" . . . .
6 “rs| 3 3 3
nPr

8a, R' = Br, 94% 8e,R'=Br, 83% 8f R'=Br, 65%
8b, R' = Me, 87%

8c, o

R = o — nBu

, 81%

8d, R' = Br, 83%

Scheme 3. Scope of the metal-free C2 alkylation of benzothiophene S-oxides
1. Conditions: 1 (0.2 mmol), MeCN (2.0 ml), 0 °C; TFAA (0.4 mmol); 5 or 6
(0.3 mmol), 15 min; 80 °C, 3 h for allylation and 1 h for propargylation; Isolated
yields.
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We next investigated the coupling of allyl (5) and propargyl
silanes (6) with benzothiophene S-oxides 1 in the interrupted
Pummerer/[3,3]-sigmatropic rearrangement/1,2-migration
cascade for the synthesis of C2 alkylated benzothiophenes
(Scheme 3). The allylation proceeded smoothly, even when the
allyl silane bore reactive functional groups such as 8-bromo (7c),
B-chloromethyl (7d), and y-ester (7e) substituents. Similarly,
propargyl silanes 6 containing alkyl (8a,b,c,d) and silyl (8e,f)
substituents at the terminal position underwent efficient metal-
free cross coupling. In addition, a more challenging, hindered
secondary propargyl silane delivered branched product 8f in
65% yield.

We propose that the metal-free C2 alkylation and arylation
reactions follow common mechanistic steps (Scheme 5A).
Electrophilic activation of the benzothiophene S-oxides 1 with
TFAA forms sulfoxonium salts lll. The coupling partner then
engages lll in an interrupted Pummerer reaction, were phenols
(2) react through oxygen,'*'" and allyl (5)""*** '8! and propargyl
(6) silanes!"*“® react though the y-carbon in a Sg’ fashion, to
deliver sulfonium salts I. Sulfonium salts, analogous to I, have
been formed and observed by NMR in the reaction of activated
aryl sulfoxides with allyl and propargy! silanes."**! However,
benzothiophenium salts | formed in the present study lack
aromaticity®™ and undergo facile charge accelerated [3,3]-
sigmatropic  rearrangement'®*  (at or below ambient
temperature) and therefore were not observed. The [3,3]-
sigmatropic rearrangement delivery mechanism ensures tha
C bond formation occurs in a completely site selective man
terms of both the benzothiophene core and the coupling partner.
Support for the interrupted Pummerer/[3,3]-sig
rearrangement sequence is found in the regiospecifi
reaction: only ortho substituted phenols are for
arylation, and allylated and propargylated produc
double Sg-type substitution. Indeed, i
substituted phenols (9), and allylated and alle,
(10) were not observed.

In the case of C2 arylation, C-C bond formation also
initially at C3, as shown by X-ray crystallographic analysis 0
thioacetal 3a (see Scheme 2A). Upon treating thioacetals 3
BF;*OEt;, we propose that the rmed 3,3-disubstit
benzothiophenium II-A undergoes 1,
partner to C2. Similarly, with ally
intermediate 1I-B undergoes 1,2-migrati
reported, when R = H in I,
substituted benzothiophenes

The 1,2-migration,
C3 to C2, is a unique
for this mechanistic path
the challenge of

ight on this key process by
benzothiophene S-oxides
s (Scheme 5B). In the

coupling C3-allyl

(6a),
roduct 11a arising from propargyl
ct 12b was formed as a result of
phenyl mlgratlon when C3- nzothiophene S-oxide 1c was
reacted with propargyl silane 6a. When 1¢c and allyl silane 5a
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were reacted, phenyl (12c) and allyl (11¢) migration occurred at
similar rates. These results are inline with the hypothesis that
3,3-disubstituted benzothiopheniu rmediates Il are formed
in the coupling process and that this ed by 1,2-migration
to effect C2 functionalization. Based on
the results from Scheme 2, we are abl

phene S-oxides

RHO

Coy0

T [1,2]-migration

2

13.3]

then BF 3*OEt;,
TFAA (via 3)
1 —
A S 3,31 Ro~re
s+ ( 4
1-B S S
R B
products of direct addition not
l [1,2]-migration
— R?
ol oo A
>
/ O
=
o S7ors

nistic probe for the C2 alkylation and arylation

-8 (ISQ @[i
Z8
nBu = nBu nBu = nBu
Ph
/ + S — B // +
( \ ( A N_pn
90% ~F S Z=5s 67% S

1a 23:77 12a 11b 20:80 12b

TFAA MeCN
5a
or 01080 °C
1b, R = CH,CHCH, Me35iﬂ\
1c, R=Ph 6a nBu

Ph \ N
P +
\ N N—ph
Z8 96% S
11c 56144 12¢

Scheme 5. Mechanistic hypothesis for the metal-free functionalization of
benzothiophene S-oxides (A) and mechanistic probes (B).

We have begun to examine the synthetic utility of the products of
metal-free C2 arylation (Scheme 6). In the field of organic
electronics, benzothiophene ladder-type p-conjugated molecules
such as benzothieno[3,2-b]benzothiophene (BTBT, see Scheme
1, X = 8) and derivatives are key components in organic light-
emitting diodes (OLEDs), organic field effect transistors (OFETS),
and photovoltaic cells.®” Replacing one sulfur atom in BTBT
leads to benzothieno[3,2-b]benzofuran (BTBF) type materials
that have interesting yet underexplored physical and chemical
properties, such as luminescence and liquid crystallinity.*?
Current synthetic strategies towards BTBF materials have high
step counts or rely on transition metals.*® Given that metal
contamination can adversely affect the performance of organic
materials,!'” a short, modular, transition metal-free route to
BTBF materials is highly desirable. We therefore utilized a

This article is protected by copyright. All rights reserved.
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benzothiophene S-oxide bearing a C3 OMe substituent and
phenol in the coupling to generate benzothiophene 4ad
(Scheme 6A). Upon heating 4ad under acidic conditions, the
phenolic oxygen displaced the C3 OMe group to generate BTBF
in high yield. Unsymmetrical BTBT materials display more
uniform crystallinity in thin films which results in enhanced
mobility and increased thermal durability.** The versatility of our
metal free strategy was demonstrated in the modular synthesis
of two novel BTBF analogues, Ph-BTBF-10 and 10-BTBF-Ph,
whose structures are analogous to one of the best performing
unsymmetrical BTBT materials.

Finally, BTBF was readily oxidized to the corresponding S-
oxide 13. Subsequent metal-free coupling with phenols gave
unusual and novel heteropropellane type thioacetal structures,
14a-h (Scheme 6B).

TEAA p-TsOH
/(:\rg 10°Ctort Me toluene/
O O e (IS/U
-0  BFg OEtz R 140 °C
30 min 30 min
HOQ\W

2

4ad, R=H,R' = H, 95%
4ae, R = Ph, R" = nCyoH,1, 85%
4af, R = nCyoH,y, R' = Ph, 90%

BTBF, R = H, R' = H, 98% [X-ray]
Ph-BTBF-10, R = Ph, R" = nCyoH,1, 93%
10-BTBF-Ph, R = nCygHyq, R' = Ph, 90%

3
4/N2 14a, R2=H, 99%

B: P
mCPBA 0 CT::CAIZ Ry, 14b, R? = 4:-NOy, 61% [X-ray]
BTBF — » a3 [0 14c, R? = 4-Me, 48%
BF ;-OEt, —40°C O O 14d,R2= 4-Br, 58%
CH.Cl, S tort S \ 14e, R2 = 4-CF, 89%
-20°C O- OH 14f, R2 = 4-C(O)Ph, 71Y%

149, R? = 2-Br, 48%
14h, R2 = 3,5-(Me),, 92%

13, 80%
N
€
3

it

Scheme 6. Transition metal-free synthesis of BTBF type ma
heteropropellanes 14 (B).

We have described a metal-free, regioselective syn
functionalized benzothiophenes. Synthetically underex
benzothiophene S-oxides, prepared by simple oxidation of th
corresponding benzothiophenes, serve as novel st
materials in coupling reactions with gohenols, and allyl
propargy! silanes. The mechanism
arylation processes operate via an in
sigmatropic rearrangement/1,2 migration c
lack of aromaticity in the
benzothiophenium salts, th
rearrangement is facile,In a

benzothiophene
3-disubstituted

core and the
benzothiophenium  salts
rearrangement undergo a 1,
benzothiophen mechanisti

partner.
ormed  after
igration to deliver C2 substituted
thway that has seldom been
useful manner. The facile
1,2-migration allows for
ployed, which in turn allows the scope
and encompass a range of reactive
ling partners.
benzothiophenes in bioactive

molecules and materials C istry, we anticipate that these
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metal-free alkylation and arylation processes will be of broad
utility.
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