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The 1,5-benzothiazepane structure is an important heterocyclic
moiety present in a variety of commercial drugs and pharma-
ceuticals. This privileged scaffold exhibits a diversity of bio-
logical activities, including antimicrobial, antibacterial, anti-
epileptic, anti-HIV, antidepressant, antithrombotic and anti-
cancer properties. Its important pharmacological potential
renders research into the development of new and efficient
synthetic methods of high relevance. In the first part of this

1. Introduction

Heterocycles constitute important building blocks in natural
products and pharmaceuticals, as more than 85% of bioactive
compounds are based on a heterocyclic scaffold or contain a
heterocyclic ring in their structure."” The introduction of such
ring systems often has a positive impact on the physicochem-
ical properties of the concerned molecules through modulation
of for example their lipophilicity and solubility, resulting in an
easier uptake and improved bioavailability.” One of these
privileged heterocycles is the benzothiazepine scaffold, which
consists of an unsaturated seven-membered thia-aza-ring,
termed as a thiazepine, fused to a benzene. When the seven-
membered ring is completely saturated, the corresponding
system is denoted as a benzothiazepane. Depending on the
position of the heteroatoms, three isomeric benzothiazepane
structures can be identified, namely 1,3-benzothiazepane 1, 1,4-
benzothiazepane 2 and 1,5-benzothiazepane 3 (Figure 1).5
Compared to its flat thiazepine counterpart, the benzothia-
zepane system introduces a degree of three-dimensionality
within the overall structure due the presence of sp’ atoms.
Research has shown that the elevated sp® fraction cannot only
improve the solubility of the compound, but can also lead to
higher success rates in clinical testing.” Furthermore, ‘bioisos-
teric replacement’ is known to be a valuable approach in drug
discovery to improve upon pharmacokinetic properties or to
diminish unwanted side effects. As (saturated) benzothiazepines
are considered bioisosteres of benzodiazepines, which contain
an additional nitrogen atom instead of a sulfur atom, they can
be relevant from that point of view as well. Because of their
easy accessibility in particular, 1,5-benzothiazepane derivatives
have received a great amount of attention, and an array of
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review, an overview of different synthetic approaches toward
1,5-benzothiazepane and its derivatives is provided, ranging
from established protocols to recent (enantioselective) methods
that promote sustainability. In the second part, several struc-
tural characteristics influencing biological activity are briefly
explored, providing a few insights into the structure-activity
relationships of these compounds.

drugs based on this structural system has already been FDA-
approved (Figure 2). Examples of 1,5-benzothiazepane-based
cardiovascular agents are Diltiazem 4, Clentiazem 5 and
Siratiazem 6. Thiazesim 7 and Quetiapine fumarate 8, contain-
ing the 1,5-dibenzothiazepine scaffold, are drugs used for the
treatment of central nervous system (CNS) disorders,’®
interacting with the lateral amygdaloid nucleus and the
Serotonin 2a and Dopamine D2 receptors, respectively.” This is
only the tip of the iceberg regarding the diverse biological
activities of these structures. Other possible applications of 1,5-
benzothiazepane-derived pharmaceuticals include their use as
antimicrobials"®'" and antifungals,"? anti-epileptic agents,"”
anti-HIV  medicines,"¥ antidepressants,’>'® antithrombotic
drugs,'” and anticancer agents."®

Due to the broad applicability of these promising thia-aza-
heterocycles, there is a continued interest in developing new
and more efficient methods for their synthesis. In recent years,
these methods have shifted toward greener alternatives that
can reduce waste, shorten reaction times and avoid the use of
harmful chemicals."™ In this mini-review, an overview of differ-
ent synthetic methods for the construction of 1,5-
(di)benzothiazepane derivatives will be discussed, ranging from
established methods to recent (green) developments. In
addition, a few examples regarding the possible interactions of
these scaffolds with their target and some structure-activity
relationship studies will be briefly explored to gain insight into
their diverse biological activity.

2. Synthetic Methods

2.1. Synthesis of 1,5-benzothiazepanes through ring
expansion

A first method, known in the literature since the 1980s,
concerns the expansion of a thiopyran-4-one-derived oxime to
a benzothiazepane ring.”” Cho etal. used this approach to
synthesize 1,5-benzothiazepane 3, and are the first to have
proposed a reaction mechanism.?"*? In the standard protocol,
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Figure 1. Three isomeric benzothiazepane structures.
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Figure 2. Examples of drugs containing the 1,5-benzothiazepane scaffold. From left to right: Diltiazem 4, Clentiazem 5, Siratiazem 6, Thiazesim 7 and

Quetiapine fumarate 8.

thiochroman-4-one 9 was treated with hydroxylamine, affording
thiochroman-4-one oxime 10 through nucleophilic addition of
the hydroxylamine across the carbonyl function and subse-
quent elimination of water. After purification by extraction and
column chromatography, thiochroman-4-one oxime 10 was
redissolved and diisobutylaluminum hydride (DIBALH) was
added to achieve C=N reduction, followed by N-O bond
cleavage, which led to the rearrangement toward the ring-
expansion product. Lastly, work-up and purification of the
reaction mixture through column chromatography furnished
1,5-benzothiazepane 3 (Figure 3).2%* This method uses danger-
ous and harmful chemicals and requires cooling, rendering it
unattractive from a green chemistry point of view.

Cho et al. further explored the ring expansion of oximes by
means of different aluminum reagents, such as LiAIH,,
(MeOCH,CH,0),AlH,Na, LiAIH(tOBu);, AlH; and AIHCl,. Some of

Matthias D’hooghe received his M.Sc. diploma
in 2001 and his Ph.D. degree in 2006 at Ghent
University. In 2007, he became postdoctoral
assistant, and in 2009 he performed a short
postdoctoral stay at Eindhoven University of
Technology (The Netherlands). In 2010, he was
promoted to Professor at Ghent University, and
he was granted tenure in 2015. His main
research interests include the chemistry of
small-ring azaheterocycles and the synthesis
and assessment of bioactive heterocyclic com-
pounds with applications in different fields
(cancer, antibiotics, inflammation).  Prof.
D’hooghe is the author of 170 publications in
international journals and the recipient of
several awards.

John Van Camp obtained his M.Sc. in 1989 and
his Ph.D. in Bio-Science Engineering in 1996 at
Ghent University. In 2001, he was promoted to
Associate Professor at the Department of Food
technology, Safety and Health (Faculty of Bio-
science Engineering, Ghent University), where
he was promoted to full Professor in 2014. His
main research interests include bio-active com-
ponents in food and food derived products and
nutrition epidemiology. As bioactive food ex-
pert, Prof. Van Camp has over 240 Al-publica-
tions.

ChemistryOpen 2023, 12, €202200262 (3 of 18)

these experiments, however, led to the formation of the
undesired primary amine 15 as a side product (Figure 3).
Fortunately, this issue was resolved by using dichloroaluminum
hydride (AIHCI,) as the reagent in combination with cyclopentyl
methyl ether (CPME) as the solvent. This reaction was carried
out in a similar way as the one described above.*?

Another ring expansion-based approach toward benzothia-
zepanes has been described in 1980 by Federsel etal,
consisting of ring enlargement of quaternized benzothiazole 17
(Figure 4). Once the benzothiazolium salt 17 was isolated, it was
brought into an alkaline environment in order for the rearrange-
ment to take place. Nucleophilic attack of the hydroxide anion
opened the C=N double bond, which led to 3-(3-chloropropyl)-
2,3-dihydrobenzold]thiazol-2-ol 18. Subsequent carbonyl forma-
tion cleaved the C—S bond, enabling the sulfur atom to perform
an intramolecular nucleophilic substitution reaction in structure
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Figure 3. Ring expansion of oximes toward 1,5-benzothiazepane 3 using hydroxylamine hydrochloride and DIBALH with primary amine 15 as undesired side

product.
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Figure 4. Synthesis of quaternized benzothiazole 17 and ring expansion toward 1,5-benzothiazepane 20.

19, which ultimately gave rise to heterocycle 20. The rearrange-
ment reaction was shown to have a short reaction time.
Removal of the solvent and recrystallization afforded the pure
product N-formyl-2,3,4,5-tetrahydro-1,5-benzothiazepine 20.%*
However, this method is rarely mentioned in the literature
to create new benzothiazepane compounds. Possible explan-
ations are the relatively low yield and harsh reaction conditions
(reflux for >24 h) of the quaternization reaction on the one
hand, or the use of trichloroethylene on the other hand, as the
latter is suspected of causing genetical damage and cancer.”
As a result, a risk analysis was performed, which led to the
decision in the Commission Regulation (EU) No 348/2013 that
an authorization requirement is needed for the use of this

solvent.”?

2.2. Synthesis of 1,5-benzothiazepanes through ring closure

The second general approach toward 1,5-benzothiazepanes
encompasses a ring-closing reaction starting from amino- or
bromo-substituted thiophenols. After alkylation of the thiol, the
ring closure proceeds via a nucleophilic substitution reaction in

ChemistryOpen 2023, 12, €202200262 (4 of 18)

which the amino group attacks the carbon atom connected to
a leaving group.?’*

Ueyama et al. treated thiophenol 21a-b with 1-bromo-3-
chloropropane in basic conditions to allow the sulfur atom to
attack 1-bromo-3-chloropropane through nucleophilic substitu-
tion, forming 2-[(3-chloropropyl)thiolaniline 22a or 4-chloro-2-
[(3-chloropropyl)thio]aniline 22 b (Figure 5). After purification by
extraction and column chromatography, chlorides 22a,b were
re-dissolved and brought into basic conditions by adding
tripropylamine,”” which is toxic and flammable.*” This led to a
nucleophilic substitution reaction, where the amino group
attacked the chlorinated carbon atom at high reaction temper-
atures with expulsion of chlorine. The reaction mixture was
purified by column chromatography and 1,5-benzothiazepane 3
and 7-chloro-1,5-benzothiazepane 23 were isolated.””

Mukherjee etal. used 2-bromothiophenol 24 as starting
compound and brought this substrate into contact with 3-
bromopropan-1-amine in basic medium, which allowed for
nucleophilic substitution to occur, producing 3-[(2-bromo-
phenyl)thiolpropan-1-amine 25 (Figure 6). The product 25 was
then re-dissolved and lithium diisopropylamide (LDA) was
added as a strong base to induce the ring closure.”® The

© 2023 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Ring closure starting from 2-aminothiophenol 21 a-b.
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Figure 6. Ring closure starting from 2-bromothiophenol 24.

notably low stability of LDA in THF above 0°C imposed a sub-
zero temperature for this reaction.”® The ring closure most
likely proceeds via the elimination-addition (benzyne) mecha-
nism. In this mechanism, the strong base removes a proton
from the benzene ring with the elimination of bromide, which
produces a reactive benzyne intermediate.®” The benzyne
molecule then rapidly undergoes addition of the amino group,
leading to the formation of 1,5-benzothiazepane 3.%¥ This
method required a large excess of 3-bromopropan-1-amine, a
highly flammable base and low reaction temperatures in the
second step, yet it resulted in higher yields than the aforemen-
tioned method.

Lastly, the regio- and stereo-controlled synthesis of 3-
sulfonamido-2,3,4,5-tetrahydro-1,5-benzothiazepines 27 has
been discussed by Karikomi et al.”” These compounds were
obtained by reacting trans-2,3-disubstituted aziridines 26a-c
with 2-aminothiophenol 21a in a basic environment (Figure 7).
It is a fairly efficient method to access trans-2- or trans-4-
substituted 3-aminobenzothiazepanes (28 or 27 a-b), depend-
ing on the leaving group of the aziridine. Indeed, when the
leaving group is more reactive (tosyl vs. mesyl), the aziridine
experiences a nucleophilic substitution reaction where the
leaving group is replaced by the mercapto group of 2-amino-
thiophenol 21a (instead of initial aziridine ring opening at the
carbon atom linked to R'), followed by cyclization to 4-

R S/\/\Cl

Br THF, -78 °C -25°C

25 (87%)

1.1 eq. tripropylamine
0.1 eq Nal

ise

3(R=H,-)
23 (R = Cl, 79%)

xylene 140 °C,20 h

22a (-)
22b (50%)

ve

3 (85%)

substituted benzothiazepane derivatives 27. A benefit of this
method is that the aziridines can easily be synthesized starting
from allylic sulfonamides or allylic alcohols.””

A similar approach was successfully used to achieve the
synthesis of 3-sulfonamido-2,3,4,5-tetrahydro-1,5-benzo-
thiazepines 31a-c starting from 2-(bromomethyl)aziridines
29a-c. In this case, the sulfur atom of 2-aminothiophenol 21a
attacked the less sterically hindered carbon atom of the reactive
aziridine, opening up the latter structure. The resulting nitrogen
anion then attacks the brominated carbon atom, leading to the
smooth formation of the final 1,5-benzothiazepanes 31a-c
(Figure 8). However, also initial bromide displacement by the
mercapto group, followed by amino group-induced aziridine
ring opening could be considered as a mechanism to explain
the formation of structure 31. !

2.3. Synthesis of 1,5-benzothiazepanes through reaction of o,-
unsaturated carbonyl compounds with 2-aminothiophenol

The first report of the reaction between 2-aminothiophenols
and o,B-unsaturated carboxylic acids was made in 1927 by Mills
et al. They observed that the thiol group associates with the
ethylenic group through a (thia-)Michael addition, and that the
amino group of 2-aminothiophenol 21a condenses with the

s Ph 1.1 eq. 2-aminothiophenol 21a 1.1 eq. 2-aminothiophenol 21a S
1.1 eq. K,CO4 1.1 eq. K,CO4
INHTs 0=S=0 “INHTs
N THF, 0°C,1h-A,5h N THF, 0°C,1h-A,5-48h N
- 2 -
R?=Me " A, _0SO,R? R2 = 4-MeCgH, R
28 (R' = Ph, 59%) 27a (R" = Ph, 39%)
26a (R" = Ph, R? = 4-MeCgH,) 27b (R" = Pr, 41%)
26b (R' = Pr, R? = 4-MeCgH,)
26¢ (R"=Ph, R?= Me)

Figure 7. Synthesis of 3-sulfonamido-1,5-benzothiazepanes 27 a-b and 28 starting from trans-2,3-disubstituted aziridines 26 a—c. When the tosyl group is used
as the leaving group (R>=4-MeC¢H,), 4-substituted 1,5-benzothiazepanes 27 a-b are formed. In contrast, 2-substituted 1,5-benzothiazepanes 28 are formed

when the leaving group is a mesyl group (R*=Me).
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Figure 8. Synthesis of 3-sulfonamide-1,5-benzothiazepane 31a-c starting from 2-(bromomethyl)aziridines 29 a—c.

carbonyl group of the acid with the loss of a water molecule.”?
These two steps formed the basis for the synthesis of 2,4-
disubstituted 1,5-benzothiazepanes 34 from 2-aminothiophenol
21a and a range of different o,3-unsaturated carbonyl com-
pounds 32 (Figure 9).

The reaction is most commonly performed in (anhydrous)
methanol or ethanol at reflux temperature with the addition of
acetic acid""'>*3¢ or hydrochloric acid®*¥ to aid the con-
densation of the amino group. Bases, such as pyridine® and
piperidine,***"" have also been used. As can be seen in the
general scheme (Figure 9), product 34 still carries a C=N double
bond. This bond can be converted to a single bond by adding a
reductive agent, such as lithium aluminum hydride (LiAIH,) or
sodium cyanoborohydride (NaBH,CN), to the reaction.””*? This
method is widely used as it is simple, does not require
expensive catalysts or solvents, and the product 34 is generally
easily purified as it tends to precipitate from the reaction
mixture and can be obtained in pure form after filtration and
recrystallization.'*'8343738 |n some cases, however, the reaction
mixture is concentrated and subsequently recrystallized or
purified by column chromatography.®** Drawbacks of this
method are that it requires high temperature and often takes
multiple hours to complete, which is not in line with the
principles of green chemistry."®

The reaction can also be performed using cyclic a,p-
unsaturated carbonyl compounds, as demonstrated by the

(o}

L o

group of Urbanski et al. 5,6-Dihydropyran-2-one 35 was added
to 2-aminothiophenol 21a in a solvent mixture and was then
heated under reflux to encourage cyclization (Figure 10). The
reaction mechanism is fairly similar to the one described before,
with the exception that no water molecule is eliminated.
Instead, the carbonyl function is restored as an amide and the
lactone is opened to produce the thiazepane ring, substituted
on the (C2-position with a 2-hydroxyethyl fragment (see
structure 36). The amide carbonyl function was then reduced
using a borane-tetrahydrofuran complex, giving rise to 2-
hydroxyethyl-substituted benzothiazepane 37 as the product.”””

Although it leads to an all-sp? benzothiazepine system, the
following, recently developed method, in which o,B-unsatu-
rated ynones 38 have been treated with 2-aminothiophenols 21
in order to obtain 2,4-disubstituted 1,5-benzothiazepines 40, is
worth mentioning as well. To that end, a zirconocene catalyst
was complexed with a suitable ligand to increase the trans-
formation rate. Multiple ligands were screened, and that study
revealed that the highest yield was obtained using the amino
acid L-phenylalanine 39. Unlike the classical method, it was not
necessary to heat up to reflux temperature, and the reaction
was completed after five hours. It can be noted that there is
considerable variation concerning the yield. The lowest yields of
41% and 50% were ascribed to steric hindrance caused by 2-
OMe-substituted ynones (Figure 11)."¥

=

S N

21a (acid or base)
AN, ———— — X
R R solvent R R solvent R R
32 34

Figure 9. General scheme for the reaction of a,-unsaturated carbonyl compounds 32 with 2-aminothiophenol 21a.

NH2 1) CHZCIQ, EtsN

xylene A

21a 35

@i @

OH OH

36 (61%) (-)

Figure 10. Synthetic method starting from cyclic o,f-unsaturated compound 35. The 1,5-benzothiazepinone 36 was reduced with BH;-THF to form the 2-

hydroxyethyl-substituted benzothiazepane 37.
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Figure 11. Reaction of a,f3-unsaturated ynones 38 with 2-aminothiophenols 21 to form 2,4-disubstituted 1,5-benzothiazepines 40 using a zirconium catalyst.

In recent years, the focus has shifted increasingly toward
the implementation of green chemistry principles within all
areas of organic synthesis, including benzothiazepane
synthesis."” One way to achieve this is by looking at
alternative catalysts that can be re-used (e.g., Co;0,
nanosheets™’ or H-Fer zeolites),“” are non-toxic and cheaper
(e.g., saturated ammonium chloride solution in water or
mango juice),””’ can be used in one-pot tandem reactions
(e.g., nanocrystalline ZSM-5)® or either do not require the
use of any solvent, or can be used with water as the solvent
(e.g., tetra-n-butylammonium fluoride (TBAF)* or Na,CO/
tetrahexylammonium chloride (THAC) in water).*”” Another
way to pursue greener approaches is to employ a different
solvent that can be recycled and that allows for mild reaction
conditions, such as hexafluoropropan-2-ol®” and polyethy-
lene glycol in combination with ultrasound irradiation,”" or a
biodegradable and non-toxic solvent, such as glycerol.®?
Lastly, ionic liquids can be considered as another green
alternative as they can be re-used, can reduce the reaction
time and can help to reduce the need of harmful catalysts.
Examples that have been employed for the synthesis of 1,5-
benzothiazepine derivates are [1-butyl-3-methyl-
imidazolium]ClO, (IBmim]ClO,),™ [1-methyl-3-octyl-
imidazolium]SCN ([Omim]SCN) and [Omim]CI.5¥

Very recently, Pinate etal. reported on the use of 14-
diazabicyclo[2.2.2]octane-based acidic ionic liquids as a medium
for the reaction of different chalcones 41 with 2-amino-
thiophenol 21a (Figure 12, route a). From the ionic liquids that
were tested, [C,H,,-1,4-diazabicyclo[2.2.2]octane][HSO,], ([C,H;o-
DABCO][HSO,],) led to the highest yield of derivatives 42 in the
shortest amount of time. According to the authors, this method
is easy to perform, generally applicable, allows for cleaner

reaction conditions than other methods, avoids the use of
harmful organic solvents and catalysts, uses a green solvent
medium, reduces reaction times, and facilitates the isolation
with moderate to excellent yields.”™ Nevertheless, using ionic
liquids is also associated with some drawbacks such as their
high price, high viscosity and low vapor pressure.”® Starting
from similar substrate compounds, a new method using ferrous
sulphate as a catalyst in combination with sonification has been
reported by Pawar et al. (Figure 12, route b). Benefits of this
protocol are that it allows working under mild reaction
conditions, has relatively short reaction times, uses a recyclable
catalyst and leads to good yields and high purity.®” It does,
however, require the use of morpholine, which is flammable,
toxic and suspected of damaging fertility and causing harm to
the unborn child.?”

Phippen et al. have developed another method focusing on
less harsh conditions and taking further steps toward green
chemistry by using water as a solvent and reducing the reaction
temperature and time. This method started from N-acryloyl-2,5-
dimethylpyrrole 43, which reacted with iodobenzene in an
aqueous Heck reaction. Sonication was used to improve contact
between pyrrole 43 and iodobenzene. After work-up and
purification by column chromatography, (E)-N-cinnamoyl-2,5-
dimethylpyrrole 44 was added to 2-aminothiophenol 21a in
water and was strongly mixed in order to effect the desired
Michael addition. After work-up and purification using column
chromatography, p-toluenesulfonic acid was added to thioether
45 to induce addition of the amino group across the amide
with elimination of dimethylpyrrole (Figure 13).°¥ However,
although water is a greener solvent, it can also cause solubility
issues and can thus result in reactions with lower efficiency.

[C4H10-DABCO][HSO,], Q

H,0, A, 2.5-3.5h

morpholine
ferrous sulphate

21a 4 D!

MSO, 1)), 40°C, 4 h 42a (8 examples, 78 - 88%)

42b (9 examples, 60 - 96%)

Figure 12. Two approaches toward the green synthesis of 1,5-benzothiazepines 42; Entry a uses an ionic liquid and entry b uses sonification and a recyclable

catalyst.
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Figure 13. Green synthesis method starting from N-acryloyl-2,5-dimethylpyrrole 43 using water as the solvent.

The green synthesis of 1,5-benzothiazepines can also be
achieved through multicomponent reactions (MCRs). Multi-
component reactions are defined as reactions in which three or
more components are combined in one pot to form a product
that contains structural features of all the components.*®? |t
not only allows to synthesize a library of structurally complex
compounds, but it also is selective, minimizes the number of
consecutive reaction steps and increases atom efficiency.®*" A
first approach was developed by Willy et al. and combined the
Sonogashira coupling of an acid chloride 47 and an alkyne 48
with a Michael addition and subsequent condensation (Fig-
ure 14). Mild reaction conditions were used and, apart from two
benzothiazepines 49 with a trimethylsilyl substituent, all yields
were above 57%. Purification was achieved using column
chromatography,® which can lead to a lot of solvent waste.
However, by using this one-pot approach, an additional
purification step after the Sonogashira coupling was
circumvented.®

3-Substituted 1,5-benzothiazepine-2,4-diones 52a-c could
be accessed by the three-component reaction of coumarin-3-
carboxylic acid 50, an isocyanide 51 and 2-aminothiophenol
21a (Figure 15). The reaction conditions were optimized by
Akbarzadeh et al., who proposed a reaction mechanism as well.
First, an addition of the isocyanide 51 to coumarin-3-carboxylic
acid 50 occurred, which led to the formation of an iminolactone
intermediate 54. Attack of the mercapto group of 2-amino-
thiophenol 21a on the activated carbonyl moiety of the
iminolactone opens up the latter structure and 1,5-benzothiaze-
pine-2,4-dione 52 is then formed by intramolecular nucleophilic

o
IQ zZ

.
R" ~Cl R2

47 48
R" = 4-CNCgHj, 4-CICgH,, R? = CgHs, 4-OMeCgHy,
4-OMeCgHy4, 3-MeCgHs,  SiMeg,4-NO,CgHy, 3-pyridyl,
2-furyl, 2- thienyl

attack of the NH, group.”® The reaction is efficient and
sustainable, as it was performed at room temperature, used
ethanol, which is recommended to be used according to
CHEM21,*" was purified by simply filtering and washing the
precipitated product, and led to good yields.®”

Some less conventional methods have also been developed,
such as protocols making use of microwave irradiation in
combination with inorganic solid support systems or solvent-
free systems.>'® For example, Ameta etal. compared the
conventional approach for the reaction of chalcones 56 with 2-
aminothiophenol 21a to a solid phase methodology (Figure 16).
In the solid phase method, a minimum amount of DMF was
used to achieve a homogeneous mixture of chalcone 56, 2-
aminothiophenol 21a and basic alumina, after which the
solvent was left to evaporate and the solid material was
irradiated inside a microwave oven. The product 57 was
purified through recrystallization and was obtained in yields
higher than those obtained with the conventional method (64-
72%).1"®

A similar approach has been explored by Nikalje et al. They
prepared a mixture of 1,3-substituted 1-arylprop-2-en-1-one 58,
2-aminothiophenol 21a and a catalytic amount of zinc acetate
dihydrate in a clean beaker and subjected it to microwave
radiation. The product 59 was filtered, dried and recrystallized
from ethanol (Figure 17).*'® Compared to the aforementioned
method, the price of this catalyst is considerably lower, yet the
yield is not as high.

The same group developed a method for the synthesis of 2-
indolyl-1,5-benzothiazepanes 62 as well. Starting from indole

1) [2% PdCIl,(PPh3),, 4% Cul]
1.05 eq. NEt;
THF, rt, 1 h

4-FCgHy, ferrocenyl, 4-CNCgH,4

R1
X N=
2) 1.10 eq. 2-aminothiophenol 21 \@S Y
CH3COOH, MW, 60 °C, 30 min R2
49
(14 examples, 45 - 77%)
X=HorCl

Figure 14. Multicomponent reaction combining a Sonogashira coupling and a Michael addition and subsequent condensation in a one-pot approach.
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Q

0.0 SH
\ome s X
= NH,

50 51 21a

EtOH, rt, 24 h

52a (X = H, R = CgH41, 85%)
52b (X = Br, R = CgH44, 83%)
52c¢ (X = H, R = 2,6-dimethylphenyl, 90%)

0._0 0) £0
- \_/NHZ
\_9 ) RH O

( lNI+ AN 54
|
R

|

|

R

: Cr :
NH;

Figure 15. Multicomponent reaction and proposed mechanism for the synthesis of 3-substituted 1,5-benzothiazepine-2,4-diones 52 a-c.

5 H Br
1) 1 eq. 2-aminothiophenol 21a A OH
50 %m inorganic solid support O O
RO OB “ )
MW, 5 -7 min, 92 °C \
R3 R' HO OH R N OH

S
o O
R'=H,Cl|F

R? = H, OMe
56 R3=H, CI, F, Br, OH, OMe, Me

57 (78 - 90%)

2

Figure 16. Solid-phase method toward the synthesis of 2,4-disubstituted 1,5-benzothiazepines 57.

1 eq. 2-aminothiophenol 21a

(0] zinc acetate dihydrate N S
R! A~ R \
N MW, 3 - 5 min, 80 - 85 °C R?
HO . HO
e R'=H,Cl e
R2 = 4-NO,CgHy4, Ph, 2-OHCgH,,
58 4-OMeCgHj furan-2-yl, 59 (8 examples, 65 - 82%)

thiophen-2-yl

Figure 17. Microwave synthesis of 2,4-disubstituted benzothiazepines using zinc acetate dihydrate.

60, a formyl substituent was first introduced, after which a
Claisen-Schmidt condensation ensured the introduction of the
o,f-unsaturated carbonyl side chain. Enone compound 61 was
then mixed with 2-aminothiophenol 21a and a pinch of
zirconium oxychloride catalyst. This solvent-free mixture was
irradiated inside a microwave oven for a significantly shorter
time than the conventional method (minutes vs. hours). As the
catalyst was water-soluble, it could easily be removed and
product 62 was purified by recrystallization from ethanol

(Figure 18).1

ChemistryOpen 2023, 12, €202200262 (9 of 18)

In the next example, the benefits of microwave irradiation
and the solvent polyethylene glycol (PEG-400) have been
combined. This green solvent is inexpensive, non-halogenated,
degradable and shows low toxicity, making it an excellent
candidate as a substitute for volatile organic solvents in
sustainable chemistry approaches. Product 64 was -easily
isolated and purification was accomplished by recrystallization
from ethanol (Figure 19).”

Similarly, Kotalwar et al. used glycerol as a green reaction
medium. Glycerol displays many beneficial properties, such as

© 2023 The Authors. Published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemistryOpen doi.org/10.1002/0pen.202200262

0} N
R B \ R
= 1 eq. 2-aminothiophenol 21a
@ — > \ CI2HZOZr \
N N MW, 3 -6 min, 80 °C N
H H H

60 61

62 (65 - 82%)
(R = 4-OCH,COOHCgH4, 45%)

Figure 18. Solvent-free microwave synthesis starting from indole 60 using a zirconium catalyst.

(e}
H
s R! =
NH, R2 OH N,Me
R3 Me

21a 63

8

PEG-400, MW, 10 min, NS
130 - 140 °C R O
o T
R = CHj, Br, CI RE T N-Me
R2=H, CH, & M
R3=Br, I, H 64 (-)*

* yields not mentioned

Figure 19. Green synthetic method making use of microwave irradiation and polyethylene glycol.

non-toxicity, biodegradability and recyclability, and it can be
manufactured from renewable resources. For the synthesis of
1,5-benzothiazepane derivatives 66, chalcones 65, 2-amino-
thiophenol 21a and glacial acetic acid were dissolved in
glycerol and exposed to microwave irradiation. After isolation
through extraction, the pure product 66 was obtained by
recrystallization (Figure 20).°®

In a last microwave-promoted example, an approach using
water as the solvent has been described by Kendre etal. 1,3-
Diketone 67, 2-aminothiophenol 21a and N,N-dimeth-
ylformamide dimethyl acetal (DMFDMA) 68 were stirred in an
acidic environment. DMFDMA reacted with the methylene

group of the 1,3-diketone, introducing an enamine moiety. 2-
Aminothiophenol 21a then condensed with the intermediate,
resulting in the expulsion of dimethylamine and water. The
product 69 was isolated by extraction with ethyl acetate and
was purified via recrystallization from ethanol (Figure 21)."!
These microwave-assisted reactions certainly contribute to
green chemistry, because they use little to no solvent, proceed
quickly and generally lead to better yields as compared to
conventional alternatives. However, the costliness of a micro-
wave apparatus, and difficult sampling, thus follow-up of the
reaction, can be considered as disadvantages.”” In addition,
scale-up of microwave reactions often proves to be challenging,

acetic acid

o] SH
A+ X
| | NH,
Y% 2
R! R2

65 21a

glycerol, MW, 3.5 min, 120 °C

\R2
66 (8 examples, -)*

* yields not mentioned

Figure 20. Microwave synthesis of 1,5-benzothiazepanes 66 using glycerol as a green solvent.

X

67 68 21a

TsO
Hzo
4 - 5 drops acetic acid C[S
NH, MW, 9 - 10 min, 140 °C N

69 (85%)

Figure 21. Green synthetic procedure toward a 2,3-disubstituted 1,5-benzothiazepine using water as the solvent.
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because of limited penetration depth of the microwave
radiation into the reaction medium, although continuous flow
microwave systems could be a solution to this problem.”"

The ability to synthesize compounds in an enantioselective
manner is of particular importance to the pharmaceutical
industry. For that reason, extensive research has been
performed with respect to the enantioselective synthesis of 1,5-
benzothiazepanes,” and selected recent methods will be
discussed here. For more detailed information on asymmetric
catalysis approaches, we refer the reader to the appropriate
literature mentioned in the reference section."*’?

Meninno et al. have demonstrated that the conversion of a
pyrazole-substituted o,f3-unsaturated carbonyl compound 70 to
2-substituted 1,5-benzothiazepinone 73a can be achieved by
using a hydroquinone-derived squaramide (Figure 22, route a).
The protocol worked well for different alkyl- and (bi)aryl-
substituted substrates and provided good to excellent yields
and good enantioselectivities, while using mild reaction con-
ditions and readily available reagents and catalysts. In general,
the use of substituted aminothiophenols led to lower isolated
yields.” Fang et al., on the other hand, started from o-bromo-
enals 71 with an N-heterocyclic carbene precursor as the
catalyst (Figure 22, route b). While this method can be

performed at room temperature and delivers excellent enantio-
selectivities, it still requires the use of a base and molecular
sieves (MS) and results in lower yields than the previous
method.”™ A third method to generate 2-substituted 1,5-
benzothiazepinones 73 commenced with a 3,5-dimeth-
ylpyrazole-substituted a,fB-unsaturated carbonyl compound 72.
Wang et al. optimized the reaction conditions and observed
that an L-RaPr,/Yb(OTf); complex led to the highest yield with
the best enantioselectivities (Figure 14, route c). The reaction
was shown to be applicable toward a large range of substrates
with good to excellent yields, with 2,4-diene-1-amides leading
to the lowest and cycloalkyls to the highest yields.”

Whereas the previous methods led to the synthesis of 2-
substituted 1,5-benzothiazepinones 76, Fukata etal. have
developed an enantioselective reaction that can be used to
access 2-mono-, 3-mono- and 2,3-disubstituted 1,5-benzothia-
zepinones with minimal adaptations of the reaction conditions
(change of solvent and addition of molecular sieves). As an
example, the reaction scheme for the preparation of 3-
substituted benzothiazepinones 73 is presented in Figure 23. In
this method, substituted acrylic pivalic anhydrides 74 were
reacted with (substituted) N-tosyl-2-aminothiophenol 75 in the
presence of an isothiourea catalyst. Although the enantioselec-

e 1) cat (1 mol%)

Et,0, 1, 0.8-27 h

N7
\§7 2) silica gel, rt
toluene, 2-12h
70
R2
NH (0] b cat (10 mol%) S
N 2 2 eq. NaOAc R \
R1T + R H T
ZgH Br toluene, rt, N, N
4ANMS H ©
2 7 73a (65 - 99%, 77 - 96% ee)
73b (46 - 73%, 84 - 98% ee)
_ 0, - 0,
° Yb(OTfs (10 mol%) 73c (55 - 99%, 80 - 96% ee)
€ L-RaPr, (10 mol%)
A N
RZ/\)I\N

72
(R? = aryl, 16 examples)
(R? = alkyl, 14 examples)

CH,Cly, 35 °C, Ny, 15 h

Figure 22. Three methods toward the enantioselective synthesis of 2-substituted 1,5-benzothiazepinones. Route a starts from a pyrazole-substituted a,f3-
unsaturated carbonyl compound, route b from an a-bromo-enal and route c from a 3,5-dimethylpyrazole-substituted o,f-unsaturated carbonyl compound.

Hesy

. —
PR NT TS
0O O R2 NHTs (5 mol%) S
sl + LI L e
= e SH toluene, 25 °C, 24 h R? N 5
Ts
74 75 76

Figure 23. Enantioselective method for the synthesis of 3-substituted benzothiazepinones 53.
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tivity of this method was good to excellent (57-98 % ee), the NH
group is protected in the resulting product, making an addi-
tional deprotection step necessary.’

Lastly, Corti et al. have developed a two-step approach to
synthesize trans-2,4-disubstituted benzothiazepanes 78 starting
from E-chalcones 77. In the first step, substrate 77 was reacted
with a (substituted) 2-aminothiophenol 21 in the presence of
the catalyst, a sulfonamide derived from 9-amino-(9-deoxy)epi-
cinchonidine. This allowed for the enantioselective addition of
the sulfur group across the [-carbon atom of the o,f-
unsaturated carbonyl compound. In the second step, a
reductive amination was performed in order to achieve
cyclization (Figure 24). All of the enantiomeric excess values
were around 80 %, except for those resulting from the reaction
of chalcones 77 with 2-MeC¢H, or 1-naphthyl as Ar'. This
suggests that steric hindrance in the chalcone 77 negatively
affects the stereoselectivity of the Michael addition.”?

2.4. Synthesis of 1,5-dibenzothiazepines

By fusing a second ring to the 1,5-benzothiazepane structure,
the conformational inversion of the seven-membered ring is
limited which ameliorates the thermodynamic profile of the
scaffold.”™ The 1,5-dibenzothiazepine scaffold can be found as a
core structure in a number of biologically active compounds,
such as quetiapine (fumarate),””’ metiapine”® and clotiapine.”
Sharma et al. developed a three-step approach for the synthesis
of 1,5-dibenzothiazepinones 83. In a first step, an aromatic

1) cat (5 mol%)

1,4-dioxane, N, rt

nucleophilic substitution takes place between 2-mercaptoben-
zoic acid 79 and 1-(4-chloro-3-nitrophenyl)ethan-1-one 80.
Then the nitro group is reduced followed by cyclization, leading
to the 1,5-dibenzothiazepinone scaffold (Figure 25).5” Some
disadvantages of this method are the multi-step process, the
long reaction time, the need for high temperatures and an
overall yield lower than 50 %.

A one-pot approach concerns the reaction between 2-
aminothiophenol 21a and a 2-fluorobenzaldehyde 84 (X=F) in
the presence of a base (Figure 26, entry a). The amino group
first condenses with the aldehyde group to form a Schiff base,
after which aromatic nucleophilic substitution causes the
formation of the 1,5-dibenzothiazepine 85a. This simple
method could be performed without the need for expensive
equipment or reagents. It does, however, require a relatively
long reaction time and reflux temperature.®” These issues could
be resolved by employing microwave irradiation (Figure 26,
entry b) which proved to be efficient and applicable to all four
2-halobenzaldehydes as well as substituted 2-chloro- or 2-
fluorobenzaldehydes 84. The reactivity seemed to decrease in
the following order: F > Cl > Br> |, which could be explained by
increasing size of the atom and decreasing electronegativity.®?

A different approach toward microwave synthesis was
developed by Saha et al. Even though this method requires the
use of an additional catalyst and ligand, it is an attractive
approach as it can provide access to several substituted 1,5-
dibenzothiazepines 87. The authors explored further diversifica-
tion of the 1,5-dibenzothiazepine scaffold by using, for example,
multicomponent reactions (MCR).®*** The first method (Fig-

MeOH, 0 °C

2) NaBH;CN, AcOH

S NH

Ar'! NG
78
(65 - 90%, 55 - 87% ee)

Figure 24. Synthesis of trans-2,4-disubstituted benzothiazepanes from E-chalcones.

excess of KCOs,
©:COOH D)j\ _Cuand Cul
A, 8 10h

79 80

0]
s 50% aq. EtOH, A,6-7h

81 (80%)

3 eq. Fe powder

HOOC

]

H O
o4

S

1eq. DCC
THF, rt, 20-24 h

83 (90%)

Figure 25. A multi-step process toward the synthesis of 1,5-dibenzothiazepine 83.
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a 1.5 eq. K,CO3
SH X DMF, A, 3-12h s
G, 0 — — C(H
. H R
NH; R/ d b  2eq. t-BuOK or NaHCO; N
. 84 DMF, MW, 1 - 30 min, 120 °C 85a (93%)

85b (52 - 99%)

b: X =F, Cl, Br, |
= H, 5-NO,, 4-OMe,

4-CF3, 5-CF, 6-CF4

Figure 26. Two synthetic one-pot approaches toward 1,5-dibenzothiazepines 85; a conventional method (route a) and a method using microwave irradiation

(route b).

ure 27, entry a) used the Ugi-Joullié protocol to access

3. Study of Biological Activity

novel

1,5-dibenzothiazepine carboxamides 90. Some advantages are

that it can be performed at room temperature, results in

yields and allows for the introduction of four (different) R
! The second method (Figure 27, route b) involved
cycloaddition of an a-acidic isocyanide via the Van Leusen

groups.®

protocol with the formation of dihydrodibenzol[b,flimidaz
d][1,4]thiazepines 92. The reaction was easy to perform,

environmentally friendly reaction conditions, only took ten
minutes and proved easy to purify.®® Other possible strategies

for diversification, the
tetrazole,®” Castagnoli-Cushman,®’

Strecker®”

including MCRs,
]

encompass

can be found in the literature.*#?

2 eq. t-BuONa
CuCl (10 mol%)/

\ SH = Cl L-proline (20 mol%)
R1/ NH, DMF, MW, 15 min, 120 °C
(o}
21a (R'=H) 86
21b (R'=Cl) R2=H, 5-NO,, 3-CFj,
3-Cl, 6-Cl, 5-CFj,
2,6-di-Cl

Mannich,® aza-Henry,
and Pudovic reaction.®® More detailed information
on the various synthetic methods for 1,5-dibenzothiazepines

good  1,5-Benzothiazepane derivatives can interact in various ways
with their target, as illustrated by the co-crystal structures in
Figure 28. In the case of Diltiazem (Figure 28a), the compound
is surrounded by a large number of hydrophobic residues, of
which three, highlighted in transparent orange, were defined to
be responsible for the specificity of L-type Calcium channels for
Diltiazem.” Besides hydrophobic interactions of the dibenzo-
thiazepinone ring system with nearby residues, compound 93
(Figure 28b) also forms hydrogen bonds via the thiazepinone
carbonyl group.®™ The biological activity is influenced by the
strength of these interactions and the way the compounds fit
inside the target enzyme, which in its turn depends on factors
such as stereochemistry, nature of functional groups, and size
of substituents. These factors will be briefly explored in what
follows, based on structure-activity relationship (SAR) studies of
different 1,5-benzothiazepane-containing compounds. For more
detailed information on the diverse biological activities, we

o[1,5-
used

Ugi

86]

COOH
XN
11eq ||
"
3
R 88
1.1 eq. R4NC QS { )\ R?
a 89 RIS 7
N
MeOH, rt, 24 h {/:\>—§ 0
RA=/" OHN
R4
s =\ _R? 90
A \ 7/ (13 examples, 70 - 90%)
NN\ =
1 N 2.5 eq. KOH )
. S =R
87 1eq.* N \ /
(11 examples, 48 - 95%) |
b 91 P
Rt N

CH;CN, rt, 10 min

92
(9 examples, 73 - 94%)

Figure 27. A second approach toward the microwave synthesis of 1,5-dibenzothiazepines 87 with further diversification via the Ugi-Joullié protocol (entry a)

or the Van Leusen method (entry b).

ChemistryOpen 2023, 12, e202200262 (13 of 18)

© 2023 The Authors. Published by Wiley-VCH GmbH



Review
ChemistryOpen

doi.org/10.1002/0pen.202200262

Chemistry

Europe

Figure 28. a) Co-crystal structure of Diltiazem 4 and L-type calcium channel with the residues responsible for Dilitiazem 4 sensitivity highlighted in transparent
orange. Image from the RCSB PDB (rcsb.org) of PD ID 6JPB.”” b) Co-crystal structure of carboxamide-substituted 1,5-dibenzothiazepine 93 and bromodomain-
containing factor 1 on the right. Image from the RCSB PDB (rcsb.org) of PD ID 5N17.°"

refer to the appropriate literature sources mentioned in the
reference section.”*?

Nagao et al. have compared the biological potency of cis
and trans isomers in the context of their coronary vasodilating
activity, which is the ability of the compound to dilate blood
vessels. They synthesized four pairs of benzothiazepane deriva-
tives 94a-d, that had a 2,3-cis or 2,3-trans configuration, and
compared their effectiveness as a coronary vasodilator (Fig-
ure 29).°¥

The potency of the compounds was expressed relative to
papaverine, a compound that is known to relax the smooth
muscle of the small arteries and thus to cause vasodilation,®

S 94a: X
/@E OR 94b: X
X N 94c: X

(0] 94d: X

TQT
8To
o)
I
w

(@]

o

o
&

nwnonn
ooxx

oA AD

NM82

Figure 29. Structure of the compounds studied by Nagao et al.

although they later discovered that papaverine and Diltiazem
94b display their effects through different modes of action.”
Table 1 shows that the potency of the cis isomers ranged from
0.8 to 3.5, while for the trans isomers values of <0.1 to 0.1 were
noted. This indicated that there was a clear difference in favor
of the cis isomer.?

Comparable results regarding the differential activity of cis
vs. trans isomers were obtained in the research of Campiani
etal. and Yoneda etal.,, showing that the active compounds
often display a cis configuration.”®®” Yoneda et al. went a step
further and looked at the influence of axial chirality. This term is
used to describe isomers that are the result of the arrangement
of four groups on a non-planar molecule along an axis of
chirality (in this case the Ar—N(CO) axis).”” An example of their
findings can be derived from Table 2. These compounds were
synthesized to act as vasopressin receptor ligands, which play a
role in for example the treatment of hyponatremia and
congestive heart failure. The results showed that the chirality
impacted the inhibition ability of the compounds for the two
human vasopressin receptors, as an approximately 10-fold
increase in inhibition potency was observed in both cases in
favor of the aS-enantiomer (Figure 30).°”

In some cases, the presence of specific functional groups on
the benzothiazepane structure can induce a significant increase
in biological activity. Urbanski et al., for example, synthesized a
number of 2,5-disubstituted benzothiazepane derivatives 96

European Chemical
Societies Publishing

Table 1. Potency of compounds 94; expressed relative to papaverine
(potency =1).*
Compound Stereochemistry Potency
94a cis 1.9
trans <0.1
94b cis 35
trans <0.1
94c cis 0.8
trans <0.1
94d cis 33
trans 0.1

Table 2. K;=Inhibition constants: the concentration of 95 needed to
produce 50 % of the maximum inhibition, for two human vasopressin

receptors.”””!

Compound Ki [um] hV,, Ki [um] hV,
Racemate 0.037 0.360
95a (+)-(as) 0.019 0.184
95b (—)-(aR) 0.147 1.800
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95a (+)-(aS) 95b (-)-(aR)

Figure 30. Two enantiomers of compound 95 displaying axial chirality.

(Figure 31) to function as V, arginine vasopressin receptor
antagonists.”” These compounds promote the excretion of
water without electrolytes and are used for the treatment of
hyponatremia, which means that the sodium levels in the blood
are too low.” The side chain, featuring a substituted p-
amidobenzoyl group and linked via N-1 to the benzothiazepane
scaffold, is considered to be a key pharmacophore. Table 3
shows some of the results of an in vitro binding assay carried
out with different benzothiazepane analogs. Firstly, it was
noticed that a carboxylic acid on position 2 (R=COOH) greatly
improved the selectivity toward the V, arginine vasopressin
receptor. When looking at compound 96b for example, the
dosage to achieve equal inhibition in V,, and V, was 104.1 times
less for the latter, whereas for molecule 96d, a dosage of only
2.8 times less was necessary to achieve equal inhibition.
Secondly, it was observed that the stereochemistry only
impacted the biological effect on the V,, receptor. When
comparing compound 96a with compound 96¢, the R-
enantiomer seemed to be preferable, while this time, no
preference for a certain stereochemistry in case of the V,
receptor was observed.”?

o OJ
»

Figure 31. Structure of the compounds studied by Urbanski et al.

96a-e

HO HN S

97a (R=H)

97b (R=F)
97¢ (R = CHy)

Figure 32. Structure of the compounds studied by Nawaz et al.
R OMe
\
N
Oﬁ/\/ OMe
CO
S

Figure 33. Structure of the compounds studied by Ueyama et al.

98a-f

In a second example, Nawaz et al. studied the interactions
of three benzothiazepane 97 a-c derivatives (Figure 32) in the
active site of acetylcholinesterase (AchE), which is an enzyme
believed to be an important target for the treatment of
Alzheimer’s disease. The main interactions were identified as
hydrophobic contacts, m-it interactions and hydrogen bonding.
The study showed that the substitution of the aromatic ring
with a halogen or methyl moiety could decrease the affinity of
these compounds toward AChE, which may be caused by
repulsion of these groups with amino acid residues in the active
site. Benzothiazepine 97 a, however, is fitted differently inside
the active side, which allowed it to form an extra hydrogen
bond with the target leading to increased affinity.'®" Lastly, for
benzothiazepanes intended to elicit anti-epileptic action,
introduction of a halogen atom can improve the biological
activity. Studies have been disclosed in which C2-substituted
benzothiazepanes containing a 2-chlorophenyl or a 2-bromo-
phenyl group exhibited the highest activity compared to other
substitution patterns, such as hydroxy or methoxy groups.'*'%?

Ueyama etal. have studied the effects of different alkyl
groups, ranging from one to six carbon atoms, on the
vasoconstrictive ability of compound 98 (Figure 33). Table 4
shows an overview of the relevant compounds and their
maximal contractile force as a measurement for the contractile
activity on the arteries. Going from the methyl group (98a) to

Table 3. 1C,, values for in vitro binding assay performed with compounds 96, tested both for V;, and V, receptor;“® ICs, = half-maximal inhibitory
concentration: concentration needed to inhibit 50% of a biological or biochemical function."*”

Compound R Stereochemistry (*) 1Cso V4, [um] ICs V, [um]
96a CO,H S 1.14 0.008

96b CO,H R/S 0.729 0.007

96 ¢ CO,H R 0.44 0.007

96d N(CH,), R/S 1.2 0.43

9%6e CH,F R/S 0.18 0.085
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Table 4. Max(%): maximal contractile force (reference: 40 mm KCl = 100 %)
of benzothiazepane derivatives 98.%”
Compound R Max [%]
98a Methyl (CH;) 65.6
98b Ethyl (C,Hs) 101.9
98¢ n-propyl (C;H,) 102.3
98d n-butyl (C,H,) 21.7
98e Cyclopentyl (CsHo) 129
98f Cyclohexyl (CgH;,) 0

the n-propyl group (98c), a clear increase in activity was
observed. However, when the number of carbon atoms was
further increased (98d-f), there was a decline in activity. This
implies that an optimum exists for the length of the alkyl chain,
and in this case, a chain length of three carbon atoms should
not be exceeded.””

The last factor that will be discussed is the influence of
substituents with electron-donating or electron-withdrawing
properties. Shaik etal. have synthesized chloropyrazine-con-
jugated benzothiazepanes 100 starting from 5-chloropyrazine-
derived chalcones 99 and 2-aminothiophenol 21a (Figure 34).
When testing the resulting compounds for their antibacterial
and antifungal activities (Table 5), derivatives bearing electron-
donating groups on the phenyl ring, such as hydroxy 100d,
methyl 100e, methoxy 100f and dimethylamino 100g, ex-

1.5 eq. 2-aminothiophenol 21a Q
o piperidine NI S
N 7 Ny
/[ = R dry methanol, reflux, 8 h /[
cl” N7 CI N7 /N
=
99 100a-g R

Figure 34. Structure of the compounds studied by Shaik et al.

Table 5. Minimum inhibitory concentration (MIC) of compound 100a-d
for B. subtilis."*”
Compound R MIC (um)
100a 4-chloro 82.83
100b 4-fluoro 86.52
100c 4-nitro 80.63
100d 4-hydroxy >200
100e 4-methyl >200
100f 4-methoxy >200
100g 4-dimethylamino 162.05
o o
O/\ O/\
s S aR=H
b:R=F
N= N c:R=Cl
H d:R=Br
e:R=Me
f: R = OMe
R R
101 102

Figure 35. Structure of the compounds studied by Kang et al.
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hibited poor to no activity. When compounds were, on the
other hand, decorated with electron-withdrawing groups, such
as chlorine 100a, fluorine 100b or a nitro group 100c, an
improvement in the activity was noticed."*”

However, in other cases, no specific trend or correlation
between the presence of certain substituents and the biological
activity of the resulting molecules could be identified. For
example, Kang etal. have tested 2-ester-substituted 2,3-dihy-
dro-1,5-benzothiazepines 101 and 1,5-benzothiazepanes 102
for their antifungal activities (Figure 35). All the benzothiaze-
pane derivatives 102 were as good as inactive, while the
phenyl-substituted benzothiazepine 101a and the fluorophen-
yl-substituted benzothiazepine 101b both showed good anti-
fungal activity, although the chloro- and bromophenyl-substi-
tuted benzothiazepines 101¢,d did not exhibit improved
activity.®

4, Conclusion

In this mini-review, an overview of selected methods for the
synthesis of 1,5-benzothiazepane and its derivatives is pre-
sented. The 1,5-benzothiazepane system has a long-standing
tradition as pharmaceutically relevant heterocycle, which has
led to extensive research with respect to its synthesis and
biological activities. Synthetic approaches toward 1,5-benzo-
thiazepanes can roughly be divided into three groups: prepara-
tions through ring expansions, protocols based on ring closure,
and reactions of a,f3-unsaturated carbonyl compounds with 2-
aminothiophenol. This review does not provide a comprehen-
sive overview of all methods described in the literature, but
instead focusses on the most commonly used strategies and on
recently developed, more sustainable approaches. The reaction
between unsaturated carbonyl compounds and 2-aminothio-
phenol stands out as the most frequently applied method due
to the easy and convenient practical procedures to realize these
transformations. Nonetheless, alternative methods have been
developed recently, focusing on ionic liquids, recyclable
solvents and catalysts, multicomponent reactions and micro-
wave irradiation. Moreover, new approaches for the enantiose-
lective synthesis of 1,5-benzothiazepanes are also discussed in
this work, which can be relevant from a drug development
perspective. Lastly, the synthesis of 1,5-dibenzothiazepines was
briefly touched upon, where the reaction of 2-aminothiophenol
with 2-halobenzaldehydes proved to be an easy and efficient
methods that could be performed under green reaction
conditions. With regard to drug development, it is important to
know which factors can have an effect on the biological activity
as well, and this aspect is explored in the second part of this
review. To that end, several SAR studies are briefly discussed, as
well as a few specific examples of compound-target interac-
tions. In conclusion, the 1,5-(di)benzothiazepane system still
deserves to be considered as a privileged scaffold in the context
of bioactive compound development, and novel, often more
sustainable, approaches for their preparation have given a new
impetus to the further advancement of this field of research.

© 2023 The Authors. Published by Wiley-VCH GmbH
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