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Benzo[b]thiophene rings are common synthons for the development of novel drugs and materials, and
thus, the discovery of facile ways for their functionalization is of value. In this work, a new method for the
C3-chlorination of C2-substituted benzothiophene derivatives is described. The chlorine source is
sodium hypochlorite pentahydrate (NaOCL-5H,0), and optimal transformations occur in aqueous aceto-
nitrile at 65-75 °C to provide the corresponding C3-halogenated products in variable yields (30-65%).
The reaction occurs in the presence of vinyl and alkyl groups, while the presence of alcohols leads to
competing oxidation reactions at the heterobenzylic position. The presence of a carbonyl group at the
C2-position inhibited the halogenation reaction, while the use of benzofuran led to a highly exothermic
reaction, presumably via the formation of a peroxide intermediate. Reactions carried out at lower temp-
eratures led to side reactions associated with competing oxidative processes. To gain a better under-
standing of the mechanism of the reaction, DFT calculations were carried out, where the heteroatom

enables the formation of a hypochlorous acidium ion that serves to generate a C2-C3 chloronium ion
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intermediate in a step-wise manner, which in turn leads to the formation of an S-stabilized C2-carbo-
cation that undergoes re-aromatization to the corresponding C3-chlorinated products. To probe poten-
tial synthetic applications, a model C3-chloro derivative was coupled with phenylboronic acid using stan-
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Introduction

Thiophene and benzothiophene derivatives have been used as
effective synthons for functional materials," as useful
pharmacophores®?® and drugs,* and in the functionalization of
natural products (Fig. 1A).” Of particular importance to this
work is the finding that chlorinated derivatives of benzothio-
phene have been studied as effective neurotoxin inhibitors® or
that synthetic methods for the preparation of 3-chloroben-
zothiophene molecules have been developed,” given their anti-
microbial® and potential biological activity.” Importantly,
these factors have garnered scientific interest with respect to
their toxicity.'® Thus, expanding the synthetic toolkit by which
this heterocycle can be functionalized, particularly under mild
conditions, is of importance. While functionalization of benzo
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dard Suzuki—Miyaura coupling conditions.

[b]thiophene at position C3 has been reported," this chem-
istry is underdeveloped,'* which has prompted the discovery
of alternative methods, e.g., annulation reactions.">™*> In this
regard, we report a facile, metal-free, and efficient C3-chlori-
nation of benzo[b]thiophene rings in the presence of sodium
hypochlorite pentahydrate, a novel procedure that will also
serve to expand on the known reactivity of this reagent.
Sodium hypochlorite pentahydrate (NaOCl-5H,0) has been
reported to be an efficient oxidant (Fig. 1B) for the oxidation
of primary and secondary alcohols, in the presence™®™'® and
absence'®?° of additives, e.g., TEMPO or acetic acid, to their
corresponding aldehydes/ketones. Other oxidation reactions
include the esterification of aldehydes in the presence of an
acid®! or tetrabutylammonium bromide,** as well as the epoxi-
dation of alkenes.>® Reactions of substituted benzothiophene
rings in the presence of sodium hypochlorite have also been
reported, where the oxidation of methylbenzothiophene®! or
C3-acylated benzothiophene®® leads to the corresponding car-
boxylic acids. Furthermore, the reactivity of NaOCl with sul-
fides can result in oxidation reactions to the corresponding
sulfonyl chlorides,*® sulfoxides or sulfones.”” Of particular
importance to this work is the ability of NaOCl to function as a

This journal is © The Royal Society of Chemistry 2024
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Fig. 1

(A) The numbering system of benzo[b]thiophene along with a drug displaying C3-functionalization, as well as a functional derivative that can

be obtained from C3-functionalization of benzolblthiophene.®® (B) Examples of the most common reactions of sodium hypochlorite pentahydrate
as an oxidant or a chlorination agent, with references mentioned within the text.

chlorinating agent. In this regard, reactions in the presence of
other heteroaromatic cycles are also known, including the
N-chlorination of pyridones®® or the C3-position of indole via
Cl-rearrangement from the N-atom.>® Other salts such as
calcium hypochlorite can oxidize methyl ethers to their corres-
ponding ketones.’® NaOCI has also been used to generate
other useful intermediates, such as CIN;,*! or as a source of
chlorinium ions in the chlorination of alpha-carbons®> and
olefins.>*** In addition, sodium hypochlorite can also be used
for the preparation of other oxidants such as t-butylhypochlor-
ite, which has been used in the chlorination of benzothio-
phene, albeit with low selectivity and low yields.** The
described polyfunctional reactivity has made NaOCl a useful
reagent, and its involvement in multistep synthesis has been
reported.>®*” Thus, considering that synthetic ways to modify
the C3-position of benzo[b]thiophene rings are less common
than those to obtain the C2-regioisomer,’® the novel pathway
reported herein is expected to be useful in the C3-functionali-
zation of benzothiophene rings, broadly.

Results

Upon probing the reactivity/stability of benzothiophene-2-
methanol 1%° with different sodium-based salt oxidants, an
unexpected outcome was observed, in the presence of sodium
hypochlorite and applied heat (65-75 °C). We noticed the for-
mation of two less polar compounds (via TLC), which were
characterized as aldehyde derivatives 2 and 3 (Scheme 1A). The
characterization of the slower eluting fraction was consistent
with the oxidation of the heterobenzylic alcohol to the corres-
ponding aldehyde 3. On the other hand, features of the
"H-NMR spectra of the faster eluting fraction were highlighted
by the disappearance of the C3-proton, along with the appear-
ance of a peak displaying a heavier mass (+35 units, via
GC-MS), consistent with benzothiophene derivative 2. We
hypothesized that chlorination (via intermediate 4) was the

This journal is © The Royal Society of Chemistry 2024
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NaOCI-5H,0, CH3CN/H,0O, and rt; (iii) NaOCI-5H,0, neat, and 70 °C; (iv)
NCS, DMF, 65-75 °C, and 2.5 h; (v) TBDMSCI and pyridine; (vi) 3HF-TEA
and THF; (vii) NaBH4 and MeOH; (viii) NaH, Mel, and THF; and (ix) 5% Pd
(OAC),, 2% SPhos, Cs,COs3, n-butanol, phenylboronic acid or 3-thiophe-
nylboronic acid, 75 °C, and 84 h. * Aldehyde 3 (19%) was also isolated.
Reaction within the blue square represents the highest chlorination yield
obtained in this work.
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first step, as prolonged reactions or increased amounts of
sodium hypochlorite did not enhance the yields of chlorinated
benzothiophene 2. This was corroborated by carrying out inde-
pendent reactions in the presence of C2-formyl derivative 3,
where the chlorinated material was not observed. In attempts
to increase the yield, the reaction conditions were varied,
revealing that (1) decreasing the temperature to <55° C led to
the formation of aldehyde 3, as the major product; (2) reac-
tions carried out in the absence of solvent, with applied heat,
led to the desired chlorinated alcohol 4, along with aldehyde
2, albeit in low yields (28 and 10%, respectively); and (3) reac-
tions carried out in different solvent mixtures (MeOH/H,O,
acetone/H,0, THF/H,0, CH;CN, acetone, and MeOH) did not
lead to enhanced yields or lacked reactivity. To compare
this reactivity to that of other standard reagents,
N-chlorosuccinimide (NCS) was used in the presence of
alcohol 1, to observe the formation of the desired chlorinated
derivative 4 as the major product, along with heterobenzylic
oxidation to the corresponding aldehyde 3. To circumvent the
competing oxidation reactions, alcohol 1 was protected with a
TBDMS group, to yield silyl ether 5. Gratifyingly, reactions in
the presence of sodium hypochlorite and heat yielded chlori-
nated product 6, in a higher yield (65%), corroborated via
"H-NMR and GC-MS. Lastly, desilylation in the presence of
hydrofluoride led to alcohol 4, also independently obtained
from the reduction of aldehyde 2 in the presence of sodium
borohydride.

We then decided to explore the scope of the reaction and
functionalized the benzothiophene ring with other electron-
rich substituents, specifically, methyl or allyl derivatives
(Scheme 1B and C). Electron withdrawing groups were
avoided, given the unwanted reactivity observed with aldehyde
3. Methylation at the C2-position was achieved by aryl deproto-
nation in the presence of n-butyllithium, followed by treatment
with iodomethane, to yield benzothiophene derivative 7.
Gratifyingly, chlorination reactions in the presence of sodium
hypochlorite corroborated the previous observations, where
reactions carried out at higher temperatures (65-75 °C) led to
the C3-chlorination reaction, to yield derivative 8 as the major
product. Unexpectedly, heterobenzylic chlorination occurred
as a side reaction, to yield chlorinated derivative 9, where
"H-NMR spectra displayed the loss of a proton corresponding
to the methyl signal, along with a downfield chemical shift.
We then proceeded to probe the temperature effect, to find
that reactions carried out at room temperature and extended
periods of time (48 h) led to C3-chlorination product 8 in
lower yield, along with a mixture of inseparable side-products,
associated with S-oxidation, consistent with the appearance of
sulfone 11 (this was the only side-product that was purified).
Furthermore, reactions carried out in the absence of solvent
(neat) led to low yields and a mixture of chlorinated and oxi-
dized products (Scheme 1B, conditions iii). To gain a better
understanding of the mechanism and establish the first step
in the formation of derivative 11 (oxidation or halogenation),
methylbenzothiophene 7 was oxidized in the presence of
oxone. The obtained derivative 12 was then treated with
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sodium hypochlorite at rt or with applied heat; however, the
starting material was recovered in ~50% yield, along with an
inseparable mixture of unidentified products, indicating that
halogenation is the first step. To compare reactivity, reactions
were carried out in the presence of NCS, to yield C3-chlori-
nated products in yields comparable to those obtained from
the hypochlorite reaction. It is worth noting that bis-chlori-
nated product 10 was also obtained, possibly from the for-
mation of two consecutive chloronium ion intermediates.

Next, we decided to probe the chlorination reaction in the
presence of an olefin and prepared derivative 13 by treatment
of benzothiophene in the presence of n-butyllithium and allyl
bromide. Unfortunately, the corresponding product was
obtained with impurities that were inseparable by column
chromatography, or via fractional distillation (Scheme 1C). In
agreement with previous results, chlorinated allyl derivative 14
was obtained upon treatment with sodium hypochlorite. It is
worth noting that selective chlorination of the aromatic ring
was observed, suggesting that the use of this reagent can be
amenable to the presence of olefins. In this regard, the use of
NCS resulted in competing vinyl halogenation, evident from
the disappearance of peaks in the vinylic region (‘H-NMR
spectra) and the appearance of peaks in the 3-4 ppm region,
associated with the formation of chlorinated hydrocarbon pro-
ducts. To investigate the role of the heteroatom, we examined
the reaction between benzofuran 15 and NaOCI-5H,0
(Scheme 1D). However, these conditions led to a highly
exothermic reaction, along with poor mass balance recovery,
presumably from the consumption of the hypochlorite and/or
the formation of other unidentified byproducts. This reactivity
is consistent with the formation of peroxides, which can be
highly reactive (Video S1f). In fact, the synthesis of #butyl
hypochlorite, from NaOCl and #-BuOH, can lead to vigorous
decomposition.*’ To avoid competition from oxidation reac-
tions, the hydroxyl group was methylated'® and treated with
sodium hypochlorite; however, the same outcome was
observed. Importantly, these results are in agreement with a
benzothiophene chlorination mechanism that is assisted by
the heteroatom.

To explore a potentially useful synthetic application of C3-
chlorinated benzothiophene products, we employed their use
in palladium couplings. We opted for the Suzuki-Miyaura
coupling®® of methylbenzothiophene 8 and used phenyl
boronic acid as a substrate, to this end (Scheme 1E).
Gratifyingly, this chemistry yielded the corresponding coupling
product 17 in modest yield, along with the corresponding
reduced product 7, thus corroborating that chlorinated deriva-
tives can effectively be used as synthons in the functionali-
zation of benzothiophene.

Computational study

To gain a better understanding of the mechanism of the reac-
tion, we carried out computational studies, using density func-
tional theory (DFT) methodology. The calculations were per-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4OB01185F

Open Access Article. Published on 10 October 2024. Downloaded on 2/2/2026 8:00:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

formed using the quantum chemistry program package and
Gaussian16.”* Geometry optimization of the minimum energy
structures and transition states of various molecular inter-
mediates reported in this paper was carried out employing
the M06-2X functional** and the basis sets 6-31+G* and
6-311++G**. The latter larger basis set was used to generate
the results reported below. The solution environment was
modeled by employing the polarizable continuum model
(PCM) with water as the solvent. Standard normal mode ana-
lysis and frequency calculations were performed for each
stationary structure (minimum or transition state) using the
same level of theory and the 6-311++G** basis set. With
respect to each transition state, a pre-reaction complex and a
post-reaction complex were explored by first carrying out
intrinsic reaction coordinate (IRC) calculations along both
forward and backward directions using the 6-31+G* basis set.
Afterwards, the two complexes around each transition state
were reoptimized with the larger 6-311++G** basis set. To
compare the energies of various reaction intermediates on the
same footing, as listed in Fig. 2 below, the total number of
atoms of each reaction step is balanced by adding appropriate
small molecules or ions that participate in the reaction to the
corresponding side, such as H,0, H;0", HCI, and HOCI.

For estimating the effective rate constant, only the relative
free energy between the highest transition state and the reac-
tant matters. This conclusion can be reached by employing
canonical transition state theory and statistical analysis (see
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ESI S46 and S477 for more details). Furthermore, similar ana-
lysis using microcanonical transition state theory can also be
done.*>*® The energy difference between a transition state and
a nearby intermediate is largely irrelevant to the overall rate
constant because the numbers cancel out in the expression for
the branching ratio. In the context of variational transition
state theory,"” a free energy barrier exists and serves as the
transition state for the association reaction. This barrier is
usually not high. In our case, it is likely lower than the tran-
sition state for the isomerization reaction, suggesting a two-
step reaction mechanism. In that case, the effective barrier
height equals the free energy difference between the second
transition state (the saddle point identified in DFT calcu-
lations) and the reactants (see eqn (1)-(15) and S487).

We probed C3-chlorination using C2-methylated derivative
7 as a model, where the mechanistic map of the energies sup-
ported the stepwise formation of a chloronium ion, via the for-
mation of a hypochlorous acidium species assisted by an
S-heteroatom, in a thermodynamically favoured process
(Fig. 2, path M1 — M11). The mechanism involves three tran-
sition states (*TS1-*TS3) with a rate determining step at the
second transition state, where (1) overcoming *TS1 (M1 — M5)
allows for the association of an S-O bond between hypochlor-
ous acid (HOCI) and the benzothiophene ring, followed by (2)
transformation between intermediates M5 and M8 through
Ts2, which is highlighted by the formation of a hypochlorous
acidium ion (H,OCl) in M6, held in close proximity to the ben-
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Fig. 2 DFT calculations displaying the reaction profile of the C3-chlorination of 2-methylbenzo[b]thiophene. The 3D ball and stick representation
(carbon = gray, sulfur = yellow, oxygen = red, chlorine = green, and hydrogen = blue) is shown, along with a 2D schematic of each structure for
clarity. The values for some of the relevant bond lengths are in Angstroms and the relative energies can be found under each line.
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zothiophene ring by an H-S close contact in M7, which (3)
leads to chlorination of the C2 carbon in species M8 and (4)
completion of the reaction via the formation of a chloronium
ion (*TS3, M9), bridge disassociation initiated by the sulfur
atom (M10) and rearomatization to the corresponding product
M11. We also considered S-oxidation as a competing process
and explored the formation of the sulfone derivative (path M5
— M12 — M16), which occurred via a lower activation energy
in *TS2a. This is in agreement with experimental results,
where oxidation is favoured at room temperature, through a
kinetically favoured process that results in the stepwise oxi-
dation of the sulfur atom from hypochlorous acid.

It is interesting that, in the formation of the chloronium
ion, our model shows attack by carbon-2 of the benzothio-
phene ring, instead of the presumably more electron rich C-3
position (via electron delocalization from the sulfide). This
may be explained by the possible association of the sulfur
atom with a water molecule and electron induction from the
methyl group that results in the attack of the chlorine cation
by the carbon atom at the C2-position. Furthermore, the for-
mation of a chloronium ion bridge can be inferred thanks to
the finding of transition structure *TS3, in the exploration of
the potential energy surface. In this instance, the relevant
structure displays equal bond distances within the C2-CI-C3
bridge, in close agreement with distances reported else-
where,*® followed by ring opening assisted by the sulfur atom
(M10). Another important aspect is the formation of a hypo-
chlorous acidium ion as the source for the chlorination reac-
tion, which has been previously studied in the electrophilic
aromatic substitution of anisole.*® Calculations were also
carried out using acetonitrile as solvent, using the minimum
amount of water or additional water molecules to obtain com-
parable values (see Tables S1 and S27).

With this information in hand, we decided to use the same
methodology to probe the reaction using benzothiophene
derivative 3, containing a formyl group at the C2-position,
which did not participate (experimentally) in the C3-chlori-
nation process. As illustrated in Fig. S37,1 unlike methylated
derivative 8, the presence of the carbonyl group prevented the
formation of the hypochlorous acidium ion, via H-bonding
between the carbonyl oxygen of the aldehyde and the H,O'CI~
species, resulting in the formation of hypochlorite. It is plaus-
ible that this process also leads to other oxidation reactions at
the carbonyl site. Although this model supports the experi-
mental results, we were puzzled by the fact that alcohol deriva-
tive 1 proceeds to chlorination, suggesting that the hydroxyl
group does not impede the formation of the acidium ion. To
confirm this hypothesis, we carried out calculations using ben-
zothiophene-2-methanol 1 as the starting material (Fig. S387).
Gratifyingly, analysis of the computed mechanism showed no
interaction between the hydroxyl group and hypochlorous
acid, which allowed for the formation of H,O'Cl™ and eventual
chlorination (as observed experimentally). Furthermore, the
same result was obtained upon substitution of the hydroxyl
group with a methyl ether (Fig. S39t), which suggests that the
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inhibition of the reactivity may occur when the oxygen atom is
within a carbonyl group.

We then carried out the same analysis with the benzofuran
analog of 8 (Fig. S40t), where a highly exothermic reaction was
observed. In this case, the barrier to the formation of the first
transition state was two times higher than that observed for
the benzothiophene derivative, corroborating the high reactiv-
ity of this species, consistent with the high exothermicity of
the reaction observed experimentally, along with the formation
of a benzofuryl peroxy species with hypochlorite. Another
interesting aspect was the formation of an unexpected species,
with the oxidation of the aromatic ring, which is consistent
with experimental results and the formation of unidentified
side-products.

Discussion

The C3-chlorination of C2-substituted benzo[b]benzothio-
phene derivatives is reported, and the mechanism is rational-
ized using DFT. In addition, the scope of the reaction along
with advantages/disadvantages over other chlorinating agents,
namely NCS, was explored. The proposed mechanism
(Scheme 2) involves the formation of a hydroxylated sulfide
intermediate (I — II), followed by the formation of a hypo-
chlorous acidium ion (II — III), which serves as the chloro-
nium source in an electrophilic aromatic substitution (III —
IV) that leads to the subsequent formation of a bridged chloro-
nium ion intermediate, S-assisted migration of the chlorine
atom to the C3-position (IV — V) and final rearomatization to
the chlorinated product (V — VI). In contrast to our findings
(albeit in oxidation reactions), most reports to date have pro-
posed reaction mechanisms where the sulphur atom acts as a
nucleophile on the chlorine atom of hypochlorous acid, which
eventually results in S-oxidation***” or ketone formation via Cl
attack by an oxygen atom within an ether group.° However,
the formation of a hypochlorous acidium ion is not unpre-
cedented, where (1) chloronium delivery from H,OCl was pro-
posed previously (although the chlorinium ion proposed
therein is not likely to be formed)**° and (2) in a different
reaction, an intermediate involving a tetrahedral intermediate
with a hypochlorous acidium ion was observed in the chlori-
nation of amine-boranes.>® Furthermore, a more recent report
described the chlorination of betanin in the presence of hypo-
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Scheme 2 Proposed mechanism.
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chlorous acid via the formation of a hypochlorous acidium ion
at pH 3-5, thus supporting the findings described herein.>?
While sodium hypochlorite can lead to different species, hypo-
chlorous acid is the active species in this work. The measured
pH of the reactions that were carried out, with heat, was
recorded to be around 4-5 (using pH-indicator paper), which
is in the optimal range for the presence of HOCI as the predo-
minant species.®® In addition, sodium hypochlorite at temp-
eratures 50-60 °C has shown that <1% chlorite is generated,>
rendering this species irrelevant. In other instances, NaOCI
was used as a chlorinating agent, where it was shown that
chlorine (Cl,) is not the source.>

With regard to the scope of the reaction, the ability of
sodium hypochlorite to function as an effective oxidant poses
limitations for its use as a chlorinating agent; the studies
reported herein suggest that the presence of a benzylic alcohol
(or other alcohols, based on previous reports) can result in
their oxidation as a competing process. Chlorination reactions
at the benzylic position (heterobenzylic position in this case)
may also occur. The presence of a furan ring can lead to highly
exothermic reactions, and the presence of a formyl group 2
atoms away from the sulfur can diminish the reactivity. On the
other hand, unlike the observed reactivity with NCS, the C3-
chlorination of benzothiophene can be selective in the pres-
ence of olefins. The best results were obtained with the allyl,
methyl, methyl alcohol, and in particular the -OTBDMS
derivative(s).

Conclusion

A novel way to chlorinate C2-functionalized derivatives of ben-
zothiophene was discovered, and its corresponding plausible
reaction mechanism was probed chemically and using DFT
methods. The outcome of the reaction was compared to that of
NCS to establish the advantages and disadvantages of both.
This expands the reactivity of sodium hypochlorite pentahy-
drate and its potential use in the C3-chlorination of benzothio-
phene derivatives, which can in turn be of use broadly, e.g., in
the synthesis of materials and pharmacophores.

Experimental
General information

Pyridine, methylene chloride, and dimethyl formamide were
distilled over calcium hydride. n-Butanol was distilled over
magnesium sulfate and stored over molecular sieves (4 A).
Tetrahydrofuran was distilled over sodium and benzophenone.
All other reagents were used as purchased without further
purification. "H NMR and "*C NMR spectra were recorded at
300 and 75 MHz, respectively. IR spectra were recorded on a
diamond ATR sampler using powders or oils of pure materials.
Gas chromatography-mass spectrometry (GC-MS) analyses
were carried out using a Hewlett Packard 6890 series GC
equipped with an HP mass selective detector using an Agilent

This journal is © The Royal Society of Chemistry 2024
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J&W DB-5 ms Ultra Inert GC column (30 m, 0.25 mm, 0.25 um,
and 5 inch cage) with an injection volume of 1 pL, a solvent
delay of 3 min, and an initial temperature of 40 °C with a
ramp of 20 °C min™" to a maximum of 260 °C using helium
gas with a pressure of 16.08 psi. Analyses of all intermediates
and compounds for HRMS were carried out on a Waters
AP-GC-TOF instrument equipped with an atmospheric
pressure source and ran in both dry and wet methanol infu-
sion modes. Melting points were recorded in triplicate on a
Digit Melt MPA160 (0-250 °C) or Mel-Temp 1101D (0-400 °C)
apparatus. Experimental procedures and full characterization
of all compounds reported in this work are available within
the ESL.}

(A) General procedure for chlorination in the presence of
sodium hypochlorite pentahydrate. A solution of the desired
benzothiophene in acetonitrile (0.5 M, 25 mL) was prepared
and heat (70 °C) was applied, with stirring, followed by the
addition of an aqueous solution of sodium hypochlorite penta-
hydrate (2.67 M, 10 mL). The solution was stirred for 20 min,
followed by the addition of a second portion of an
NaOCI-5H,0 aqueous solution (2.5 M, 2.5 mL) with vigorous
stirring. The biphasic solution was cooled to room tempera-
ture and partitioned in water (50 mL) and methylene chloride
(50 mL). The aqueous layer was washed with methylene chlor-
ide (2 x 20 mL). The organic residues were combined to wash
with brine (30 mL), dried over sodium sulfate, concentrated
under reduced pressure and purified via column
chromatography.

(B) General procedure for chlorination in the presence of
sodium hypochlorite pentahydrate at room temperature. A solu-
tion of the desired benzothiophene was prepared in aceto-
nitrile (0.5 M, 25 mL), with stirring, followed by the addition
of an aqueous solution of sodium hypochlorite pentahydrate
(2.67 M, 10 mL). The solution was stirred for 48 h and parti-
tioned in water (50 mL) and methylene chloride (50 mL). The
aqueous layer was washed with methylene chloride (2 x
20 mL). The organic residues were combined to wash with
brine (30 mL), dried over sodium sulfate, concentrated under
reduced pressure and purified via column chromatography.

(C) General procedure for chlorination in the presence of
sodium hypochlorite pentahydrate in the absence of solvent
(neat). A round bottom flask was charged with the desired ben-
zothiophene derivative and 5 molar equivalents of sodium
hypochlorite pentahydrate. The reaction flask was submerged
in a pre-heated oil bath (75 °C), with stirring for 1 h, followed
by the addition of 2 mol eq. of sodium hypochlorite pentahy-
drate and stirring of the oil for an additional 1 h. The flask
was cooled to rt and partitioned in water (20 mL) and ethyl
acetate (20 mL). The aqueous layer was extracted with ethyl
acetate (2 x 10 mL). Organic fractions were combined, washed
with brine (20 mL), dried over sodium sulfate, concentrated
under reduced pressure and purified via flash column
chromatography.

3-Chlorobenzo[b]thiophene-2-carboxaldehyde (2). Procedure
(A) with benzothiophene-2-methanol 1°' (2 g, 12.2 mmol) was
used, followed by purification via flash column chromato-
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graphy using a gradient from hexanes to 2% ethyl acetate in
hexanes. The first collected fraction yielded chlorinated ben-
zothiophene 2 in the form of a colorless oil (0.72 g, 3.7 mmol,
30%). "H NMR (400 MHz, CDCl;): § 10.35 (s, 1H), 8.02 (d, J =
8 Hz, 1H), 7.87 (d, J = 8 Hz, 1H), 7.61-7.5 (m, 2H); *C NMR
(100 MHz, CDCl;): § 184.7, 143.4, 142.7, 138.6, 128.2, 126.3,
125.3, 123.4; IR (neat): 2954, 2921, 2868, 1705, 1665 cm™"; bp:
106-108 °C; GC-MS: 195, 168, 132, 89; HRMS caled for
CoH;5ClOS, 195.9750, obtained 195.9737.
3-Chlorobenzo[b]thiophen-2-ylmethoxy(tert-butyl)Jdimethyl-
silane (6). Procedure (A) with benzo[b]thiophen-2-ylmethoxy
(tert-butyl)dimethylsilane 5 (3.75 g, 13.46 mmol) was used, fol-
lowed by purification via flash column chromatography using
a 2-4% trimethylamine solution in hexanes. The relevant frac-
tion yielded chlorinated benzothiophene 6 in the form of a
clear oil (2.7 g, 8.63 mmol, 64%). "H NMR (400 MHz, CDCl,):
5 7.78 (m, 2H), 7.45-7.34 (m, 2H), 5.02 (s, 2H), 0.96 (s, 9H),
0.15 (s, 6H);"*C NMR (100 MHz, CDCl;): § 139.57, 137.05,
136.89, 124.87, 124.67, 122.63, 121.32, 115.29, 59.51, 25.83,
18.36, 5.33; IR (neat): 3064, 2953, 2928, 2884, 2856, 1675 cm ™ };
bp: >250 °C; GC-MS: 255, 181; HRMS calcd for C;5H,;ClOSSi,
312.0771, obtained 312.0771.
2-Chloromethylbenzo[b]thiophene (9). Procedure (A) with
2-methylbenzo[b]thiophene 7 (1.00 g, 6.75 mmol) was used,
followed by purification via flash column chromatography
using hexanes. The relevant fraction yielded chlorinated ben-
zothiophene 9 in the form of a white solid (0.0986 g,
0.54 mmol, 8%). '"H NMR (400 MHz, CDCl;): 5 7.81 (d, J =
8 Hz, 1H), 7.74 (d, J = 8 Hz, 1H), 7.38-7.32 (m, 2H), 7.31 (s,
1H), 4.87 (s, 2H); *C NMR (100 MHz, CDCl;): 6 140.78, 140.51,
139.13, 124.96, 124.60, 124.10, 123.88, 122.46, 40.44; IR (neat):
3053, 2917, 2849, 1536 cm™'; mp: 49-52 °C; GC-MS: 182, 147;
HRMS calcd for CoH-CIS, 181.9957, obtained 181.9957.
2-Chloromethyl-3-chlorobenzo[b]thiophene (10). Procedure
(C) with 2-methylbenzo[b]thiophene 7 (1.00 g, 6.75 mmol) was
used, followed by purification via flash column chromato-
graphy using hexanes. The relevant fraction yielded chlori-
nated benzothiophene 10 in the form of an off-white solid
(0.205 g, 0.946 mmol, 14%). 'H NMR (400 MHz, CDCL;): 5 7.80
(m, 2H), 7.49-7.41 (m, 2H), 4.91 (s, 2H); "*C NMR (100 MHz,
CDCLy): 6 137.45, 136.20, 133.22, 126.27, 125.26, 122.74,
122.41, 120.90, 38.07; IR (neat): 3063, 3018, 2917, 2849,
1533 cm™'; mp: 77-78 °C; GC-MS: 216, 181, 145; HRMS caled
for CoH4Cl,08, 215.9567, obtained 215.9567.
3-Chloro-2-methylbenzo[b]thiophene-1,1-dioxide (11).
Procedure (B) with 2-methylbenzo[b]thiophene 7 (1.00 g,
6.75 mmol) was used, followed by purification via flash
column chromatography. The main collected fraction yielded
oxidized benzothiophene 11 in the form of an off-white solid
(0.0580 g, 0.270 mmol, 4%). '"H NMR (400 MHz, CDCl,): 6 8.05
(m, 2H), 7.95 (t, J = 8 Hz, 1H), 7.79 (t, ] = 8 Hz, 1H), 2.13 (s,
3H); '*C NMR (100 MHz, CDCl;): § 190.66, 149.72, 137.29,
133.32, 130.67, 128.41, 127.43, 83.33, 22.03; IR (neat): 3096,
3070, 3022, 2924, 1628, 1581 cm™'; mp: 163-165 °C; GC/MS:
214, 162, 136, 108, 76, 50; HRMS caled for CoH,Cl,0S,
213.9855, obtained 213.9855.
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2-Allyl-3-chlorobenzo[b]thiophene (14). Procedure (A) with
2-allylbenzo[b]thiophene 13 (1.00 g, 4.81 mmol) was used, fol-
lowed by purification via flash column chromatography using
hexanes. The first collected fraction yielded chlorinated ben-
zothiophene 14 in the form of a reddish oil (0.502 g,
2.41 mmol, 50%). "H NMR (400 MHz, CDCl,): § 7.76 (m, 2H),
7.43 (t, J = 8 Hz, 1H), 7.35 (t, J = 8 Hz, 1H), 6.04-5.94 (m, 1H),
5.24-5.17 (m, 2H), 3.70 (d, J = 8 Hz, 2H); **C NMR (100 MHz,
CDCl;): 6 136.99, 136.70, 136.18, 134.19, 124.86, 124.79,
122.43, 121.49, 117.74, 117.41, 32.09; IR (neat): 3061, 3007,
2979, 2898, 2823, 1672, 1639 cm™'; bp: decomposition at
around 240 °C; GC-MS: 208, 181, 173, 145, 129; HRMS caled
for C{;HoCIS, 208.0113, obtained 208.0114.

2-Methyl-3-phenylbenzo[b]thiophene (17). A flame-dried
flask was charged with benzothiophene 8 (0.2 g, 1.09 mmol),
benzyl boronic acid (0.16 g, 1.31 mmol), cesium carbonate
(0.891 g, 2.74 mmol), Pd,(dba); (0.021 g, 0.023 mmol), and
S-Phos (0.018 g, 0.044 mmol), followed by the addition of
n-butanol (12 mL). The solution (84 h, 75 °C) was stirred and
partitioned in hexanes and water. The organic residues were
combined and concentrated to dryness, followed by purifi-
cation via flash column chromatography using hexanes, to
yield derivative 17 in the form of a clear oil (0.110 g,
0.482 mmol, 44%). "H NMR (400 MHz, CDCl,): § 7.84-7.80 (m,
1H), 7.54-7.50 (m, 3H), 7.44-7.41 (m, 3H), 7.33-7.29 (m, 2H),
and 2.52 (s, 3H); >C NMR (100 MHz, CDCl;): § 140.41, 138.27,
136.14, 135.35, 133.87, 130.10, 128.58, 127.33, 124.17, 123.81,
122.49, and 121.99; IR (neat): 3055, 3024, 2915, 2852,
1601 cm™; bp: >250 °C; GC-MS: 224, 147; HRMS calcd for
C;5H1,S, 224.0659 obtained 224.0659.
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