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Mild PIFA-mediated synthesis of

o benzol[4,5]thiazolo[3,2-alindoles via oxidative
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We report a novel synthetic approach for the synthesis of benzol[4,5]thiazolo[3,2-alindoles. This strategy
relies on a straightforward cyclization of 1-(2-(methylthio)phenyl)-1H-indoles using (bis(trifluoroacetoxy)
iodo)benzene (PIFA) as an oxidant. The reaction proceeds smoothly in MeCN at room temperature within
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15 minutes, affording 28 diversely substituted benzo[4,5]thiazolo[3,2-alindoles in good to excellent yields.
The viability of the method was confirmed with the preparation of melatonin and tryptophan derivatives,
along with a late-stage diversification via Barluenga—Valdés cross-coupling. Detailed mechanistic investi-
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Introduction

Fused heterocyclic systems combining sulfur atoms and indole
frameworks have emerged as valuable scaffolds in modern
medicinal chemistry, owing to their rich chemical versatility
and broad pharmacological scope."™ Among them, indole-
annulated sulfur heterocycles are particularly attractive, as they
display a wide range of biological activities, including effects
on the central nervous system,” as well as anticancer,’ analge-
sic,” and antipsychotic properties.® For instance, thiazolo[3,2-
dlindoles constitute potential 5HT,-receptor antagonists,” and
the 3-methylthiazolo[3,2-a]lindole moiety is a potential anti-
cancer scaffold"’ (Fig. 1).

Beyond their biomedical relevance, these frameworks have
also proven useful in the development of donor-acceptor
chromophores with promising optoelectronic properties.'™*>
Moreover, such structures are not solely synthetic, as they also
occur in nature, notably among phytoalexins produced by cru-
ciferous plants as part of their defense mechanisms."?

Despite the growing interest in sulfur-fused indole deriva-
tives, most synthetic methodologies have focused on 2,3-thio-
phene-fused indoles."* In contrast, synthetic access to the less-
explored 1,2-fused isomers, particularly thiazolo[3,2-a]indoles
remains limited. This disparity is primarily attributed to the
lower nucleophilicity of the indole nitrogen compared to the
more reactive C3 carbon, thereby rendering conventional
annulation strategies less efficient.
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gations support PIFA-mediated cyclization via a thionium ion intermediate.

To the best of our knowledge, only a limited number of
methods have been reported for the synthesis of benzo[4,5]thia-
zolo[3,2-alindoles. In 2022, Lee et al described a palladium-
catalyzed coupling method utilizing 2-(1H-indol-1-yl)benze-
nethiol derivatives (Scheme 1A)."® More recently, a copper-cata-
lyzed protocol was developed using 1-(2-iodophenyl)-1H-indoles
and elemental sulfur, requiring elevated temperatures (up to
160 °C) to afford the desired products (Scheme 1B)."®

Although these methods provide access to the target
scaffold, they typically rely on transition metal catalysis, harsh
reaction conditions, and prolonged reaction times, which may
limit their practical applicability and functional group tolerance.
In particular, the requirement for high temperatures and specific
prefunctionalized substrates can restrict substrate diversity.

These limitations highlight the need for more efficient and
mild synthetic approaches, ideally operating under metal-free
conditions for the cyclization step, with shorter reaction times
and improved functional group compatibility.

Over the past few decades, bis(trifluoroacetoxy)iodobenzene
(PIFA) has emerged as an environmentally friendly alternative
to toxic organometallic catalysts and hazardous heavy-metal
oxidants, gaining increasing prominence in organic
synthesis.'”"8
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Fig. 1 Representative examples of biologically active indole-fused
sulfur-containing tricyclic heterocycles.
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Scheme 1 Representative methods for the synthesis of benzo[4,5]thia-
zolo[3,2-alindoles.

PIFA has demonstrated remarkable versatility across a wide
range of transformations, including sulfenylation, oxidative
coupling, amination, and alkyl arylation reactions.’®° In
addition to its broad reactivity, PIFA offers practical advantages
such as commercial availability, low cost, low toxicity, and con-
venient handling.>* Of particular interest is the PIFA-mediated
aminotrifluoroacetoxylation of alkenes, which has drawn our
attention. In this transformation, the alkene is oxidized by
PIFA to form an iodonium ion intermediate, which is then be
intramolecularly attacked by a nucleophile, leading to the for-
mation of cyclic compounds.?>

This development builds upon our laboratory’s recent
achievements, which include the successfully development of
a PIFA-mediated C-S bond oxidative cyclization system for con-
structing benzothiophene compounds at room temperature.>*

Herein, we report a PIFA-mediated C2-selective cyclization
of indoles leading to benzo[4,5]thiazolo[3,2-a]indole deriva-
tives from readily accessible 1-(2-(methylthio)phenyl)indole
substrates (Scheme 1C). This method provides a concise and
environmentally friendly route to structurally complex and
highly functionalized benzo-thiazoloindole frameworks.

Results and discussion

The synthesis of 1-(2-(methylthio)phenyl)-1H-indole com-
pounds 3 was achieved via a copper-mediated Ullmann aryl
amination using commercially available (2-haloaryl)(methyl)
sulfanes 2 (Scheme 2).

The coupling exhibited a broad substrate scope and good
tolerance toward both electron-rich and electron-deficient aryl
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Scheme 2 Synthesis of 1-(2-(methylthio)phenyl)-1H-indole derivatives
3. Coupling conditions: 1 (1.0 equiv.), 2 (1.0 equiv.), Cu powder
(10 mol%), K2COs3 (1.5 equiv.), DMEDA (20 mol%) in dry toluene (0.25 M),
sealed tube, 135 °C, Ar, 16 h. Isolated yield.

halides, affording the desired products 3a-3j in generally high
isolated yields.

The methodology was also applicable to a range of substi-
tuted indoles, providing derivatives 3k-3aa in synthetically

This journal is © The Royal Society of Chemistry 2026
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useful yields. More challenging heteroaryl partners, such as
the 5-pyrazolyl-indole derivative 3ab and, the electron-rich
pyrrole derivative 3ac, were obtained in moderate yields. In
addition, the protocol enabled access to vinyl-substituted
indole 3ad and allowed late-stage functionalization toward bio-
relevant motifs, including the melatonin precursor 3ae,
further supporting the utility of the system for diversification
of sulfur-containing indole scaffolds.

The introduction of additional functional groups was also
investigated. Substrates bearing functional groups such as
aldehyde, carboxylic acid, or amino substituents (e.g., indole-3-
carboxaldehyde, indole-3-carboxylic acid, and 5-aminoindole)
did not afford the desired products, possibly due to inter-
ference with the PIFA-mediated activation or competing side
reactions. In addition, halogenated substrates (e.g., 5-iodo- and
5-bromoindole) were also unsuccessful, which may be attribu-
ted to altered electronic properties or reduced stability of key
intermediates under the reaction conditions.

To further probe the role of the sulfur substituent, com-
pounds 3af and 3ag, bearing OMe and NMe, groups, respect-
ively, were synthesized in acceptable yields to enable compari-
son with the SMe-containing analogs in the subsequent cycli-
zation step.

Subsequently, compound 3a was subjected to cyclization,
and the results of the preliminary optimization studies are
detailed in Table 1. Initial experiments using 1.0 equivalent of

Table 1 Reaction optimization?

Me

A\

N PIFA (x equiv), solvent

@SMe 5
rt 15 mins
3a

Entry Solvent PIFA (equiv.) Conc. (M) Yield of 4a” (%)
1 MeCN 1 0.3 40
2 DCM 1 0.3 25
3 MeCN 1.5 0.3 56
4 MeCN 2.0 0.3 74
5 MeCN 3.0 0.3 75
6 MeCN 2.0 1.5 71
7 MeCN 2.0 3.0 76
8 — 2.0 Neat n.d.
9 MeCN 1.1 3.0 63
10 MeCN 1.3 3.0 747
11 MeCN 1.3 3.0 74¢
12 MeCN 1.3 3.0 407
13 MeCN 1.3 3.0 748
14 EtOH 1.3 3.0 23
15 MeOH 1.3 3.0 10
16 DCE 1.3 3.0 20
17 Dioxane 1.3 3.0 0
18 THF 1.3 3.0 0

“ Cyclization conditions: 3a (0 3 mmol 1.0 equlv) PIFA (as indicated),
solvent, rt, under air, 15 min. Isolated yield. “n.d. = not detected,
reaction performed without solvent. ¢ The yleld is the average of 3 reac-
tion runs. ¢ Reaction was performed at 0 °C./Reaction was performed
at 50 °C. ¥ Reaction was performed under nitrogen.
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PIFA in MeCN and DCM (0.3 M) afforded moderate to low
yields of 40% and 25%, respectively (entries 1 and 2). When
PIFA was replaced with iodobenzene diacetate (PIDA), no for-
mation of 4a was observed, and the starting material 3a was
fully recovered (data not shown in Table 1).

Increasing the PIFA loading to 1.5 equivalents in MeCN
improved the yield to 56% (entry 3), while a further increase to
2 equivalents led to a significant increase to 74% (entry 4). A
slight increase to 3 equivalents of PIFA provided only a mar-
ginal improvement in yield (75%, entry 5). Reducing the
solvent volume to 0.2 mL (1.5 M, entry 6) and 0.1 mL (3.0 M,
entry 7) maintained high yields of 71% and 76%, respectively,
demonstrating the robustness of the transformation under
more concentrated conditions. In contrast, performing the
reaction under neat conditions resulted in no conversion
(entry 8), underscoring the importance of solvent in the coup-
ling process. To improve reagent economy, the reaction was
then evaluated at high concentration (3.0 M) with reduced
PIFA loading. Lowering the amount of PIFA to 1.1 equivalents
led to a decrease in yield (63%, entry 9), whereas 1.3 equiva-
lents restored the yield to 74% (entry 10), representing an
optimal balance between efficiency and reagent usage.

Additional fine-tuning optimizations showed that there is
no major variation in the reaction efficiency by lowering the
temperature to 0 °C (entry 11) or under nitrogen atmosphere
(entry 13). Increasing the reaction temperature contributed to
the yield reduction, probably due to the thermal decompo-
sition of 4a. It should be also noted that longer reaction times
led to the decomposition of product 4a, which could be
observed on TLC after 20 min-reaction (data not shown).

Finally, solvent screening revealed that polar protic solvents
such as EtOH or MeOH significantly decreased the reaction
efficiency (entries 14 and 15).

The same trend was observed with apolar solvents (entries
16 and 17). Likewise, no product was noticed by using THF
(entry 18).

Using the standard condition, indole substrates bearing
OMe (3af) or NMe, (3ag) substituents in place of SMe were
evaluated; however, no cyclization was observed. This result
underscores the essential role of the sulfur substituent, likely
due to its ability to form a reactive thionium intermediate
under PIFA-mediated conditions.

In the case of the NMe,-substituted derivative, only the
starting material was recovered, indicating no productive reac-
tivity under these conditions. For the OMe-substituted indole,
LC-MS analysis of the crude reaction mixture revealed degra-
dation products, with no trace of the expected cyclized com-
pound, suggesting poor stability of this substrate in the oxi-
dative cyclization environment.

Finally, the optimal conditions were identified as 1.3
equivalents of PIFA in MeCN (3.0 M), at room temperature for
15 min, consistently affording 4a in 74% yield across three
independent experiments (entry 10).

Under the optimized conditions, we initially investigated
the reactivity scope of 3-methyl-1-(2-(methylthio)phenyl)-1H-
indole 3, bearing various substituents on the phenyl ring (R"),

Org. Biomol. Chem.
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(Scheme 3). All indole derivatives 3a-3j underwent cyclization
to afford the corresponding target products 4a-4j in moderate
to good yields (Scheme 3). Slightly higher yields were observed
for compounds 4a-4d bearing electron-donating groups
(EDGs), compared to those with strong electron-withdrawing
groups (EWGs) such as trifluoromethyl 4g and cyano 4h.
Moreover, this transformation was compatible with a cyclopro-
poxy group on the phenyl part, affording compound 4i in good
yield. The presence of a 1,3-dioxole moiety on the phenyl ring
of indole was well tolerated, delivering the pentacyclic com-
pound 4j in a good 60% yield. It is worth noting that the struc-
ture of 4j was fully confirmed through X-ray diffraction ana-
lysis (see SI).
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Scheme 3 Substrate scope of C3-alkyl, C3-aryl indole. Cyclization

conditions: 3 (0.3 mmol, 1.0 equiv.), PIFA (0.39 mmol, 1.3 equiv.), MeCN
(3 M), at room temperature under air for 15 min. Isolated yield.
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Subsequently, we expanded our investigation to explore the
scope of indole derivatives by modifying the 3-aryl substituent
(R). Notably, this transformation exhibited remarkable versati-
lity for functionalizing the C3 position of the indole ring. The
reaction proved to be effective for a variety of 3-arylindoles
bearing various substituents, including phenyl, naphthyl
groups, and compounds 4k and 41 were obtained in good yield
(Scheme 3). Next, we examined the influence of electronic
effects on this transformation. Substrates bearing EWGs, such
as cyano 4m or acetyl 4n, as well as those with EDGs, such as
methoxy 40, or trimethoxyphenyl 4p substituent, all afforded
the desired products in good yields. These results suggest that
the electronic nature of the 3-aryl substituent has little influ-
ence on the efficiency of the transformation.

Next, to further explore the scope of this cyclization, we
examined indole derivatives with an unsubstituted C3 posi-
tion, in combination with variations of the R* substituent on
the indole ring (Scheme 4). Overall, no clear dependency on
electronic effects was observed, as both EDGs, such as in com-
pounds 4r, 4s, 4t, and EWGSs, such as in compounds 4v, 4w,
4x, 4y, and 4z, led to good yields. However, a decrease in yield
was noted when using 7-methylindole as the starting material,
with compound 4u obtained in a moderate yield of 50%, likely
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Scheme 4 Substrate scope of C3-unsubstituted indole. Same con-
ditions as in Scheme 1. ? Not detected.
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due to increased steric hindrance from the 7-position substitu-
ent, which negatively affected the reaction efficiency.

Cyclization was not observed for the nitro-substituted
indole 3aa, and the starting material was fully recovered, likely
due to the strong electron-withdrawing effect reducing the
nucleophilicity of the indole core. It should be noted that the
structure of compound 4y was unambiguously determined by
single-crystal X-ray diffraction.

Finally, the incorporation of heteroaryl motifs was briefly
explored. The pyrazole ring, a well-known pharmacophore in
enzyme inhibitors and receptor modulators due to its unique
hydrogen bond donor and acceptor properties, was success-
fully introduced, highlighting the potential of this method-
ology for expanding molecular diversity and accessing biologi-
cally relevant scaffolds.**

As an illustrative example, the 5-(1H-pyrazol-1-yl)-1H-indole
substrate underwent PIFA-mediated cyclization to afford the
cyclized product 4ab in a good yield.

Interestingly, replacing the indole core with a 1H-pyrrole
scaffold enabled the synthesis of benzo[d]pyrrolo[2,1-b]thiazole
4ac in good, isolated yield, further demonstrating the versati-
lity and adaptability of this methodology.

To expand the scope of this method and investigate selecti-
vity during the cyclization process, we prepared vinyl-indole
3ad, which presents two possible sites for cyclization: one at
the C3 position of the indole and the other one at the terminal
alkene (Scheme 5).

When vinyl-indole 3ad was subjected to the standard con-
dition, cyclisation occurred selectively between the C3 position
of the indole and the sulfur atom, affording the desired (1-phe-
nylvinyl)-10H-benzo[4,5]thieno[3,2-b]indole derivative 4ad in
71% yield. Collectively, these results highlight the broad appli-
cability of this method for constructing structurally diverse
molecular architectures.

To evaluate the synthetic practicality of the developed
method, we carried out the cyclization of 1-(2-(methylthio)
phenyl)-1H-indole (3q) under standard conditions on a gram
scale (Scheme 6). The desired product 4q was obtained in 71%
yield, demonstrating that the protocol can be effectively scaled
up without significant loss in yield.

To further demonstrate the broad applicability of this PIFA-
mediated cyclization method, we prepared two bioactive mole-
cules derivatives following our synthetic methodology.

L0

MeO
PIFA
MeO CHsCN, rt, 15 min  \MeO
OMe
MeO OMe
3ad 4ad, 71%

Scheme 5 Selectivity study: synthesis of vinyl-benzol[4,5]thieno[3,2-b]
indole derivative.
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Scheme 6 The gram-scale reaction and synthetic transformations.

Melatonin, a multifunctional molecule, plays a critical role
in regulating circadian rhythm, exerting antioxidant effect,
protecting the cardiovascular system, and exhibiting anti-aging
properties.>®

Its diverse mechanisms of action and therapeutic potential
make it a prominent target in biomedical research. As antici-
pated, the PIFA-mediated cyclization of 3ae proceeded
smoothly, affording the target product 4ae in a good 70% yield
(Scheme 6).

Additionally, i-tryptophan derivatives, known for their
unique structures and biological activities, are of significant
importance in drug development, biochemical research, nutri-
tion, health, and material science.’*° Using 3ah as a sub-
strate, we carried out the cyclization under standard con-
ditions to obtain the target compound 4ah in a good 60%
yield. These examples further underscore the potential of this
method for the synthesis of biologically active compounds
derivatives.

Furthermore, we exploited the C-Cl bond in substrate 4f to
achieve further late-stage functionalization. Compound 4f was
subjected to a Barluenga-Valdés cross-coupling reaction with
an N-tosylhydrazone derivative having a trimethoxyphenyl
group, affording compound 5a in an excellent 94% yield.
Single-crystal X-ray diffraction analysis confirmed the mole-
cular structure of 5a (see SI). This compound can be regarded
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as an analog of isoCA-4, a potent antitubulin agent with
notable antitumor activity.’>*! This synthetic route highlights
the versatility of the approach and demonstrates its potential
as a valuable tool for drug development and synthetic organic
chemistry.

Next, we investigated N-alkylated indole derivatives for oxi-
dative cyclization in place of N-aryl substrates (Scheme 7).
Using linkers R = CH,CH,SMe (3ai) and R = CH,CH,CH,SMe
(3aj) gave no cyclized product upon PIFA treatment, returning
either starting material for 3ai or undefined degradation by
LC-MS for 3aj. These results show that N-alkylated thio-teth-
ered indoles are not competent substrates under the current
oxidative cyclization conditions, owing to limited oxidative
stability and precursor accessibility.

To investigate the reaction mechanism of this transform-
ation, substrate 3a was treated with 1 to 3 equivalents of
TEMPO. The desired product 4a was obtained in 66 to 67%
yield, indicating that radical pathways are unlikely to be
involved (Scheme 8A).

Consistently, the addition of 3 equivalents of BHT did not
significantly affect the reaction outcome, while only a slight
decrease in yield was observed in the presence of 1,1-
diphenylethylene.
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\ PIFA, MeCN
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No reaction

rt, 15 min
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L o~ 20
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Scheme 7 Reaction with N-alkylated indole derivatives.
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Furthermore, no reaction occurred when 3a was treated
with TEMPO alone, and no TEMPO adducts were detected,
with complete recovery of the starting material. These obser-
vations collectively argue against a radical mechanism.

On the basis of these results of previous reports on PIFA-
mediated reactions,® a plausible ionic mechanism is pro-
posed (Scheme 8B). Initial oxidation of substrate 3a by PIFA
generates a thionium intermediate I, likely via activation of the
sulfur atom accompanied by the loss of a trifluoroacetate
anion. The enhanced electrophilicity at sulfur facilitates intra-
molecular nucleophilic attack by the indole moiety.

Cyclization preferentially occurs at the C2 position of the
indole, despite the intrinsic nucleophilicity of C3. This selecti-
vity can be rationalized by both electronic and structural
factors: (i) in C3-substituted indoles, steric hindrance disfavors
attack at C3; and (ii) C2-attack leads to the formation of a
more favorable fused bicyclic system, whereas C3-attack would
generate a less stable, non-fused intermediate. Notably, even
in C3-unsubstituted indoles (R = H), the reaction proceeds
selectively via C2 cyclization, suggesting that thermodynamic
control and ring annulation stability dominate over intrinsic
nucleophilicity.

Next, the C2 position of the indole moiety attacks the sulfur
atom of the thionium salt I, leading to the formation of carbo-
cation intermediate II, along with the formation of a trivalent
iodine species III. Deprotonation of intermediate II by trifluor-
oacetate anion then affords the final product, benzo[4,5]thia-
zolo[3,2-alindole 4a. Meanwhile, intermediate III decomposes
into methyl trifluoroacetate and iodobenzene, the latter being
detected and identified by "H NMR.

Conclusions

In summary, we have developed a mild and facile procedure
for the construction of benzo[4,5]thiazolo[3,2-a]indole deriva-
tives. This reaction is based on a PIFA-mediated cyclization of
1-(2-(methylthio)phenyl)-1H-indoles at room temperature. This
methodology efficiently accommodates a wide substrate scope,
with 28 examples of variously functionalized benzo[4,5]thia-
zolo[3,2-alindoles synthesized. The reliability of our strategy
was demonstrated with a gram-scale reaction and the synthesis
of bioactive molecules derivatives. Late-stage functionalization
through a Barluenga-Valdés cross-coupling highlights the
added value of benzo[4,5]thiazolo[3,2-a]indoles as key inter-
mediates in the synthesis of bioactive compounds.
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