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2-Substituted benzothiazoles were efficiently synthesized by radical cyclization of thioformanilides
induced by chloranil under irradiation in 1,2-dichloroethane and toluene at 80 °C. Hydrogen atom
abstraction from thiobenzamide by triplet chloranil was the key step of the mechanism, as confirmed
by LFP experiments. The methodology developed is simple and afforded the easily isolated products from

© 2009 Elsevier Ltd. All rights reserved.

Benzothiazole belongs to an important class of heterocyclic
compounds and exhibits a wide range of biological properties as
antitumor! and antituberculous agents,”> LTD, receptor antago-
nists,? tracers for p-amyloid plaques in Alzheimefs disease,* cal-
cium channel antagonists,® antitrypanosomal activity,® etc. Due
to these biological activities, the synthesis of benzothiazole is an
area of current interest. The classical method for the synthesis in-
volves the condensation of ortho-amino thiophenols with substi-
tuted aldehydes, nitriles, carboxylic acids, acyl chlorides or
esters.” This methodology, however, has a limited diversity of com-
mercially available starting materials. Other alternatives to the
synthesis of substituted benzothiazole include intramolecular rad-
ical nucleophilic substitutions (Sgn1),2 Pd or copper-catalyzed®
cyclization of o-halothioformanilides, and BusSnH/AIBN-promoted
cyclization of aryl radicals onto thioamides.!® For the last three ap-
proaches, the synthesis of ortho-haloaryl amine precursors is the
main difficulty observed. By far the most commonly employed pro-
cedure is the intramolecular cyclization of thioformanilides in-
duced by potassium ferricyanide in a basic medium, known as
Jacobsons method.!! In addition to electrochemical oxidations,'?
oxidants such as bromine, iodine,'> hypervalent iodine such as
Dess-Martin periodinane (DMP)!* and phenyliodine(Ill) bis(tri-
fluoroacetate) (PIFA),'> ceric ammonium nitrate (CAN),'> Mn(III)
triacetate,'® and  2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ)'” have also been used.

As part of our ongoing research on the reactivity of sulfur radi-
cal cations generated by photoinduced electron transfer (PET) or
chemical electron transfer (CET),'® we were interested in the study
of PET cyclization of thioformanilides (1) for the synthesis of ben-
zothiazoles (2). For this study we have selected chloranil (CA) as
sensitizer, which has been previously employed in PET reactions
with sulfides and thiiranes.'®¢'® Thus, we report herein our results
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on the photoinduced oxidation reaction of thioamides 1 in the
presence of CA as a convenient method for the synthesis of hetero-
cycles 2 (Scheme 1).

N-Phenylbenzothioamide (1a, Z=H, Ar=Ph) was taken as a
model compound to examine the cyclization reaction by CA under
a variety of reaction conditions. Initially, we performed the
reaction in the polar MeCN as solvent. Its results are summarized
in Table 1. When a solution of 1a with CA (1 equiv) was irradiated
at Amax = 365 nm at rt during 3 h of stirring, 38% of the benzothia-
zole 2a was obtained. This reaction was almost suppressed with
the addition of potassium tert-butoxide (1 equiv), working as a
good electron donor. In the presence of only 0.5 equiv of CA and
under irradiation, the yield of 2a dropped to 26%. A similar result
was found with an excess of CA (2 equiv) with the formation of
2a in only 27% yield, together with N-phenylbenzamide (3a) (19%
yield). Finally, when a mixture of 1a and CA (1:1 ratio) was stirred
for 3 h in the dark, only a trace of 2a was observed, whereas 3a was
the main product from a dethioacetalization competitive polar
pathway.

The photoinduced reaction of 1a with CA in 1,2-dichloroethane
at rt afforded a similar yield of 2a in relation to the reaction in
MeCN. On the other hand, the formation of 2a increased to 70% un-
der solvent reflux (83.5 °C), and this reaction did not occur in the
dark (Table 2, entries 1-3). According to the results obtained in
MeCN, the 1a/CA ratio of 1:1 gave the best yield of benzothiazole
2a, whereas 0.5 or 2 equiv of CA decreased the yield of 2a to 28%
and 27%, respectively (Table 2, entries 4 and 5). In order to gain in-
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Table 1

Photoinduced cyclization reaction of 1a by CA in MeCN*®
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Entry Ratio 1a/CA Product yield® (%)
2a 3a
1 1:1 38 5
2¢ 1:1 5 14
3 1:0.5 26 5
4 1:2 27 19
54 1 <5 30

2 All reactions run at rt, with 0.2 mmol of 1a in MeCN (4 mL) under N, atmo-
sphere. Irradiation time 3 h.

b Determined by GC using the internal standard method, error 5%.

¢ In the presence of t-BuOK (1 equiv).

4 In the dark.

sight into the mechanism of this cyclization reaction, the effect of
some additives was also studied, (Table 2). The addition of electron
donors?® better than thiobenzanilide 1a (Eox = 1.38 eV),2! such as
1,2,3,5-tetramethoxybenzene (TMB, E,,=1.09eV)?? thiourea
(Eox =0.117 V)2 and triethylamine (Eox=1.15 eV)?? diminished
or inhibited the formation of 2a after 1 h under irradiation, in com-
parison with the reaction performed in the absence of any quench-
er (Table 2, entries 6-9). Furthermore, when the photoinduced
reaction of 1a with CA was carried out in the presence of 1 equiv-
alent of 1,4-cyclohexadiene (1,4-CgHg) as hydrogen atom donor,
inhibition of the cyclization reaction was observed (Table 2, entry
10).

Triplet chloranil (3CA) is known to react nearly to the diffusion-
controlled rate with a number of organic substrates,* and can be
quenched by ET or hydrogen transfer reaction.!® To evaluate the
possibility of a one-electron oxidation pathway for this cyclization
reaction, we examined the effect of the polarity of the solvent.
Thus, the photoinduced reaction of 1a with CA in toluene and ben-
zene afforded 71% and 80% yields of 2a, respectively, after 3 h at
80 °C. From these results, it can be observed that the isolated yields
of 2a increased as the polarity of the solvent decreased, unexpected
for an ET process, which is more favorable in a polar solvent such
as MeCN than in the non-polar benzene or toluene.

Therefore, in order to gain a better understanding of the reac-
tion mechanism and the role of the photosensitizer, the triplet
quenching of CA by 1a was investigated by means of laser flash
photolysis (LFP) at 355 nm. Figure 1 shows the decay traces ob-
tained for the T-T absorption of CA in the presence of increasing
amounts of 1a in 1,2-dichloroethane as solvent. The triplet quench-
ing rate constant (k,) was determined as 6.1 x 10°M~'s™! (Fig. 1,
inset). When MeCN was used as solvent, k; was equal to

Table 2
Photoinduced cyclization reaction of 1a by CA in 1,2-dichloroethane®
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Figure 1. Decay traces of the T-T absorption of CA (1 mM) measured at 510 nm in
the presence of increasing amounts of 1a: 0 M (—), 0.05 mM (—), 0.1 mM (—). Inset:
Plot of 1/t against concentration of 1a to obtain kq in 1,2-dicholoroethane.

1.7 x 10" M~ s~ 1. It became clear that triplet quenching occurred
at a near diffusion-controlled rate and no significant solvent effect
was observed. While the triplet quenching of CA by 1a in 1,2-
dichloroethane resulted in the formation of a single band with
absorption maximum at 430 nm, in MeCN a band with maximum
ca. 450 nm was observed. The former corresponded to hydroqui-
none radical CAH' and the latter was assigned to chloranil radical
anion (CA) (Fig. 2).1°2* Furthermore, from the LFF experiments
in MeCN, the absorption band assigned to CA~ decays without
any formation of a new transient.

Taking into consideration the steady-state and LFP experiments,
a plausible mechanism for the CA-photosensitized cyclization reac-
tions is outlined in Scheme 2. This involves the initial formation of
the triplet chloranil followed by an hydrogen atom transfer from
1a to 3CA to afford thiyl radical 4 and hydroquinone radical CAH:,
(pathway a, Scheme 2). The intramolecular addition of 4 onto the
aromatic ring gives the intermediate substituted cyclohexadienyl
radical 5, which by hydrogen transfer to CAH" yields benzothiazole
2. A similar homolytic aromatic substitution has also been pro-
posed in the cyclization reaction in the presence of various oxi-
dants.''>141617 However, this is the first report where the
mechanism is stated on the basis of experiments, and supported
by proper characterization of the reactive intermediates by LFP.
Another possibility of accounting for the formation of benzothia-
zole is ET from 1a to 3CA to generate the radical cation of thioben-
zamide (1a”) and CA™, (Scheme 2, pathway b), followed by

Entry Conditions (1a/CA temp, time) Compound added® Product yield® (%)
2a 3a

1 1:1,rt,3 h — 44 <3
2 1:1,83.5°C3h - 70 —
3d 1:1,83.5°C3 h - <5 30
4 1:0.5, 83.5°C3 h - 28 —
5 1:2,83.5°C3 h - 27 —
6 1:1,83.5°C1h — 60 —
7 1:1,83.5°C1h TMB 40 <5
8 1:1,83.5°C1h Thiourea 35 <5
9 1:1,83.5°C1h N(CH,CH3)3 <5 €
10 1:1,83.5°C3h 1,4-CgHg 62 —

2 All reactions run with 0.2 mmol of 1a in 1,2-dichloroethane (4 mL) under N, atmosphere.

> One equivalent.

¢ Isolated yield.

9 In the dark.

e

Major product is benzamide.
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Figure 2. Transient absorption spectra obtained upon LFP (/. =355nm) of CA
(1 mM), under argon: in the absence of quencher (a) and in the presence of 1 mM of
1a in 1,2-dichloroethane (M) and MeCN (®), Spectra recorded 2.5 ps after the laser
pulse.
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Scheme 2.

deprotonation to yield 4 and CAH:, or hydrogen transfer to afford a
sulfur-centered cation 6 (pathway c or d, respectively, Scheme 2).
Intramolecular electrophilic addition of 6 to the phenyl ring and
deprotonation yield benzothiazole 2. On the basis of the results ob-
tained, an ET process is possible for the reaction conducted in the
polar MeCN (pathway b + d), whereas the hydrogen atom transfer
is the most feasible process when the reaction is performed in the
non-polar benzene or toluene (pathway a). Both mechanisms can
take place in 1,2-dichloroethane, (pathways a and b + c). However,
the latter pathways are too fast to be observed in the available time
window.

Thus, the photosensitizer CA behaves differently depending on
the solvent employed. In non-polar solvent 3CA acts as a hydrogen
atom acceptor whereas in polar solvent it works as an electron oxi-
dizing agent. Furthermore, these results reveal that hydrogen
transfer (pathway a) is more effective for the synthesis of
benzothiazoles.

To expand the scope of this procedure,?® the photoinduced
reactions of a variety of thioamides were explored, as illustrated
in Table 3. The best yields of benzothiazoles were obtained in tol-

Table 3
Photoinduced cyclization reaction of 1 by CA in 1,2-dichloroethane (Method A) or
toluene (Method B)?

Entry 1 Z R 2 Yield® (%)
Method A¢ Method B¢
1 1a H Ph 70 71(80)5(37)f
2 1b H Me g <5
3 1c H t-Bu 10" 29 (9)H
4 1d NO, Ph g
5 1le cl Ph g g
6 1f OMe Ph 58 80 (37)f
7 1g OMe 4-MeCgHy4 30 60 (30)f
8 1h OMe 4-tBuCgH4 20 50

@ All reactions run with 0.2 mmol of 1a and CA (1 equiv) under N, atmosphere.
Irradiation time 3 h.
b Isolated yield.
¢ In 1,2-dichloroethane under reflux (83.5 °C).
4 In toluene at 80 °C.
In benzene under reflux (80 °C).
T With DDQ instead of CA as sensitizer.
¢ Corresponding amide as the major product.
" Corresponding amide in 16% yield.
! Corresponding amide in 50% yield.

e

uene at 80 °C after 3 h of irradiation, in comparison with its ana-
logue reaction performed in 1,2-dichloroethane. For example,
substrate 1f afforded 58% yield of the corresponding benzothiazole
in 1,2-dichloroethane and the performance of the reaction was im-
proved to 80% yield when toluene was employed as solvent. This
methodology is compatible with electron-donating groups (EDGs)
on both phenyl moieties, whereas electron-withdrawing substitu-
ents (EWGs) on the anilide phenyl ring preclude the cyclization in
1,2-dichloroethane and in toluene. Finally, for 1b (R = Me) dethio-
acetalization was the main pathway with the formation of N-phe-
nyl-acetamide in both 1,2-dicholoroethane and toluene. On the
other hand, substrate 1c (R = t-Bu) afforded 10% yield of the benzo-
thiazole derivative in 1,2-dicholoroethane, and 29% yield in
toluene.

In a recent paper, the synthesis of benzothiazole by the cycliza-
tion of thioformanilides by DDQ was reported!” and high yields
(83-95% yield) in CH,Cl, under laboratory light and without con-
trolled atmosphere were reported.?® In view of the similarity found
between DDQ and CA, we tried DDQ with thioamides 1a, 1f, 1g,
and 1h under different reaction conditions. We have performed di-
verse experiments with DDQ (1 equiv) in CH,Cl, or CICH,CH,Cl un-
der air or nitrogen atmosphere and at room temperature under
laboratory light and under irradiation with medium pressure Hg
lamps; and with different reactant concentrations (0.5M and
0.05 M). The yields of benzothiazoles we have obtained were
markedly inferior than those previously reported.!” For example,
the reactions between 1 (1a, 1f, 1g, and 1h 0.05 M) and DDQ
(1 equiv) in CH,Cl, or CICH,CH,Cl at room temperature after
20 min of stirring under laboratory light afforded a mixture of
the corresponding N-phenylbenzamide and benzothiazole as well
as DDQH,. One drawback of this methodology is the isolation of
benzothiazole from the reaction mixture, which can only be im-
proved by using a basic ion-exchange resin.!”” In general, the iso-
lated yields of the corresponding benzothiazole were modest
(<33%). Additionally, the best result obtained for the reaction be-
tween 1a and DDQ was that under photoinduced conditions in tol-
uene at 80 °C, in which 1a afforded a 37% isolated yield of the
benzothiazole 2a (Table 3, entry 1). On the other hand, the photo-
chemical reaction of 1a with CA in toluene at 80 °C gave 71% of the
isolated benzothiazole 2a. A similar behavior was observed with
1c, 1f, and 1g (Table 3, entries 3, 6, and 7). The above results clearly
show the advantage of the methodology developed here which
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implies the use of CA under irradiation in a non-polar solvent
(Table 3).

In conclusion, for first time we have reported a photocyclization
of thioformanilines induced by chloranil in toluene at 80 °C, to af-
ford benzothiazole in moderate to good yields. The method is sim-
ple and the heterocycles are easily isolated from the reaction
mixture.
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