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A series of [1,3]thiazolo[4,5-e]isoindoles has been synthesized through a versatile and high yielding
multistep sequence. Evaluation of the antiproliferative activity of the new compounds on the full NCI
human tumor cell line panel highlighted several compounds that are able to inhibit tumor cell prolif-
eration at micromolar-submicromolar concentrations. The most active derivative 11g was found to cause
cell cycle arrest at the G2/M phase and induce apoptosis in HeLa cells, following the mitochondrial

pathway, making it a lead compound for the discovery of new antimitotic drugs.
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1. Introduction

Microtubules are an important molecular target in the search for
new treatments of cancer [1]. These organelles are involved in
different cellular processes, such as cell signaling, secretion and
motility, and they play an important role in cell proliferation, since
they constitute the mitotic spindle, an essential structure for
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chromosome segregation during mitosis and meiosis [1—-3]. Agents
acting on microtubules interfere with their functions and thus can
be highly active in the treatment of cancer. Compared to other
classes of antitumor drugs, microtubule-binding agents possess
great structural diversity and complexity (for example, taxane,
vinca and colchicine site agents). Their action leads to either an
increase or a reduction of tubulin polymerization. In particular,
agents that target the taxane binding site promote microtubule
polymerization while vinca and colchicine site agents induce their
depolymerization [4,5]. In both cases, by interfering with micro-
tubule dynamics during mitosis, these compounds act as spindle
poisons and cause a block of the cell cycle in G2/M with mitotic
catastrophe and apoptotic cell death [6].

Especially since the discovery of the potent antitubulin activity
of combretastatin A-4 (CA-4) (Chart 1) [7], many new compounds
binding to the colchicine site have been synthesized with the aim of
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discovering new antitubulin agents with increased specificity for
cancer cells, reduced neurotoxicity and/or activity against multi-
drug resistant (MDR) cells. These compounds are generally char-
acterized by simple structures, improved solubility and a wide
therapeutic index, as compared with vinca and taxane site agents
[8]. CA-4 strongly inhibits tubulin polymerization and the growth
of multiple cancer cell lines, including MDR cell lines over-
expressing P-glycoprotein (Pgp) [9]. The European Medicines
Agency (EMA) and the US Food and Drug Administration (FDA)
approved combretastatin A-4 phosphate (CA-4P) (Chart 1), a water-
soluble phosphate prodrug of CA-4, also known as fosbretabulin
disodium, as an orphan drug for the treatment of anaplastic thyroid
cancer and ovarian cancer [9]. Nevertheless, the olefinic cis-double
bond of CA-4 turned out to be thermodynamically unstable,
isomerizing into a trans-double bond during storage and meta-
bolism, leading to a reduction of its activity and thus compromising
its clinical use [9]. To overcome this change in configuration, the
double-bond has been locked into heterocyclic structures, leading
to cis-restricted configurations [10]. Interesting results were ob-
tained by replacing the double bond with a [1,3]thiazole ring. In
particular, trimethoxyphenyl-arylthiazoles of type 1 (Chart 1)) and
their positional isomers of type 2 (Chart 1) showed potent anti-
proliferative effects with subnanomolar ICsy values against
different tumor cell lines, including MDR lines. Both classes of
compounds inhibit tubulin polymerization through binding to the
colchicine site, in some cases more efficiently than CA-4, inducing
cell cycle arrest in the G2/M phase and cell death by apoptosis
[11,12].

Similar results were obtained for substituted methoxybenzoyl-
arylthiazoles (SMART) of type 3 (Chart 1), which demonstrated a
potent in vitro antiproliferative effect on the growth of both
parental and MDR cell lines and in vivo activity. Like the type 1 and
type 2 compounds, the SMART compounds disrupt tubulin poly-
merization by binding to the colchicine site, block the cell cycle in
the G2/M phase and cause cell death by apoptosis [13,14]. Chemical
optimization of the structure of compounds 3 with the introduction
of an amino linkage between the thiazole and the substituted
phenyl ring led to phenylamino thiazoles of type 4 (Chart 1), which
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showed improved solubility and bioavailability compared to the
SMART derivatives while preserving strong antiproliferative activ-
ity and tubulin polymerization inhibition [15].

Thiazoles are valuable heterocycles in medicinal chemistry, as
they are highly represented as the pharmacophore unit of many
drug candidates. They show a variety of pharmacological proper-
ties, and their analogues offer a high degree of structural diversity
as a useful tool for developing new therapeutic agents. Several
examples of benzo-fused derivatives, including benzothiazoles
(BTA), have been used in clinical practice to treat various diseases
with high therapeutic potency, including cancer [16—19].

Tricyclic structures incorporating the thiazole nucleus of types
5—7 (Chart 2) were considered for the design of new drug-like
molecules [20—22]. For several years, we designed a number of
classes of small molecules endowed with biological activity
[23—35]. Recently, we reported tricyclic derivatives [1,2]oxazole
[5,4-e]isoindoles 8 [1,2]oxazolo[4,5-g]indoles 9 and pyrrolo
[2/,3":3,4]cyclohepta[1,2-d] [1,2]oxazoles 10, as effective tubulin
polymerization inhibitors (Chart 3) [36—39]. To further explore the
chemical space of our tricyclic structures and, considering that
pyrrole condensed systems are characterized by wide structural
variability depending on the position occupied by the nitrogen
atom, we undertook the synthesis of [1,3]thiazolo[4,5-e]isoindol-2-
amines of types 11 and 12 (Chart 3) to investigate their biological
properties.

2. Results and discussion
2.1. Chemistry

For the synthesis of the new title ring system, suitable building
blocks were the a-bromoketones of type 15, where the annular
carbonyl and the ipso-carbon bearing the bromine atom are two
vicinal electrophilic centres, available for further reactions with
dinucleophiles. Thus, under typical Hantzsch reaction conditions,
they can react with thioureas leading to aminothiazole cyclization.
The synthetic strategy to obtain the desired [1,3]thiazolo[4,5-¢]
isoindoles of types 11 and 12 is outlined in Scheme 1. We started
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Chart 1. Structures of tubulin polymerization inhibitors.
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Chart 2. Tricyclic chemical structures containing the thiazole nucleus.
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Chart 3. [1,2]oxazolo[5,4-elisoindoles (8) [1,2]oxazolo[4,5-glindoles (9), pyrrolo
[2/,3":3,4]cyclohepta[1,2-d][1,2]oxazoles (10), [1,3]thiazolo[4,5-e]isoindol-2-amines
(11), [1,3]thiazolo[4,5-¢]isoindol-2-amides (12).

from tetrahydroisoindole-4-ones 13a-c, which were prepared ac-
cording to our published procedures [40—42]. Ketones 13a-c were
subjected to nucleophilic reactions with aralkyl halides such as
benzenesulfonyl chloride, benzyl bromide or 4-methoxybenzyl
chloride in the presence of sodium hydride to give N-substituted

derivatives 14a-i in 60—90% yields (Scheme 1). Due to the high
reactivity of pyrrole positions, selective bromination of ketones
14 at the position a to the carbonyl group was not successful. In fact,
reaction of derivatives 14b,c,e,f,h,i with an excess of bromine,
required to avoid recovery of unreacted starting material or in-
termediates, brominated only on the pyrrole positions, and a cat-
alytic amount of hydrobromic acid (45% in AcOH) led to tri-
brominated products 15b,c and di-brominated compounds
15e,f,h,i (45—78%) (Scheme 1). The presence of an electron with-
drawing group at the pyrrole nitrogen atom was crucial for direct
bromination at the position a to the carbonyl. Thus, ketones 14a,d,g
bearing a phenylsulfonyl group were easily subjected to bromina-
tion using pyridine hydrobromide perbromide and led to a-
brominated compounds 15a,d,g in good yield (79—90%) while
avoiding other bromination by-products (Scheme 1).

With the key intermediates 15 in hand, we explored the reac-
tivity of a-bromoketones towards unsubstituted thiourea to obtain
tricyclic 2-amino thiazoles 11a-i available for further functionali-
zation (Scheme 2). The reaction of compounds 15a-i with thiourea
in the presence of Na;COs led to isolation of the desired [1,3]thia-
zolo[4,5-e]isoindoles 11a-i in high yields (80—99%) (Scheme 2,
Table 1). Under the same conditions, only bromoketones 15a,d,g
reacted with phenylthiourea to yield the anilino- [1,3]thiazoles 11j-
1 (60—97%) (Scheme 2, Table 1). Aminothiazoles 11a-i were sub-
jected to acylation using acetyl chloride, benzoyl chloride or 4-
methoxybenzoyl chloride in the presence of stoichiometric
amounts of triethylamine, leading to acyl derivatives 12a-s
(60—87%) (Scheme 2, Table 1).

Br
Br _
for 14b,c,e,f,h,i NR
> e
Rl
15b,c R'=Br
0 0 15¢,f R!=Ph
15h,i R'=3,4,5-(OMe);Ph
= a = b
- NH s MR
R! R!
14a-i 0
13aR'=H a R= SO,Ph, R'= H; b R=Bn, R!= H; Br _
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R!=Ph; g R= SO,Ph, R'= 3 4,5-(OMe);Ph; 1sarl=p R
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15g R' = 3,4,5-(OMe);Ph

Scheme 1. Synthesis of [1,3]thiazolo[4,5-e]isoindoles 11a-1 and 12a-s. Reagents and conditions: (a) NaH, DMF, 0 °C to rt, 1 h, then aralkyl halide at 0 °C to rt, 1-24 h, 60—90%; (b) Bry,
HBr 45%, in AcOH) chloroform:ethanol (1:1), rt, 1 h, 45—78% for compounds 15b,c,e,f,h,i or pyridine hydrobromide perbromide, THF, rt, 16 h, 79—90% for compounds 15a,d,g.
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Scheme 2. (a) thiourea or phenylthiourea, Na,CO3, DMF, rt, 16 h, 60—99%; (b) acyl chloride, Et3N, 1,4-dioxane, rt, 16 h, 60—87%.

Table 1
[1,3]Thiazolo[4,5-e]isoindol-2-amines of types 11 and 12.
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Cpd? SMmP R R' R? R® Yield® Cpd? SmP R R R? R® Yield®
11a 15a SO,Ph H H H 99% 12e 11e Bn Ph Br Ph 68%
11b 15b Bn Br Br H 91% 12f 11f 4-MeOBn Ph Br Ph 72%
11c 15¢ 4-MeOBn Br Br H 80% 12g 11g SO,Ph 3,4,5-(Me0);Ph H Ph 79%
11d 15d SO,Ph Ph H H 85% 12h 11h Bn 3,4,5-(MeO)sPh Br Ph 60%
11e 15e Bn Ph Br H 95% 12i 11i 4-MeOBn 3,4,5-(Me0);Ph Br Ph 64%
11f 15f 4-MeOBn Ph Br H 95% 12§ 11b Bn Br Br 4-MeOPh 60%
11g 15g SO,Ph 3,4,5-(OMe)sPh H H 80% 12k 11c 4-MeOBn Br Br 4-MeOPh 64%
11h 15h Bn 3,4,5-(OMe)sPh Br H 95% 121 11e Bn Ph Br 4-MeOPh 70%
11i 15i 4-MeOBn 3,4,5-(0Me)sPh Br H 96% 12m 11f 4-MeOBn Ph Br 4-MeOPh 64%
11k 15d SO,Ph Ph H Ph 97% 120 11i 4-MeOBn 3,4,5-(Me0);Ph Br 4-MeOPh 65%
111 15g SO,Ph 3,4,5-(OMe)sPh H Ph 60% 12p 11d SO,Ph Ph H Me 72%
12a 11a SO,Ph H H Ph 67% 12q 11f 4-MeOBn Ph Br Me 87%
12b 11b Bn Br Br Ph 70% 12r 11g SO,Ph 3,4,5-(Me0);Ph H Me 76%
12c¢ 11c 4-MeOBn Br Br Ph 65% 12s 11i 4-MeOBn 3,4,5-(MeO)sPh Br Me 67%
12d 11d SO,Ph Ph H Ph 82%

2.2. Antiproliferative activity

All compounds were submitted to the National Cancer Institute
(NCI) for in vitro evaluation at 10~> M against the full NCI panel,
including about 60 human cancer cell lines divided into 9 subpanels
(leukemia, non-small-cell lung, colon, central nervous system,
melanoma, ovarian, renal, prostate, breast). Compounds 11b, 1lc,
11g, 11i, 12b, 12s were further evaluated at five doses (10~%-
10-8 M).

An evaluation of the data presented in Table 2 indicated good
potential for this class of compounds, which showed growth
inhibitory activity in the submicromolar-micromolar range with
mean graph mid-point (MG_MID) values between 0.83 and
8.13 uM. The most active compounds of the series were thiazoles

11i and 11g, with MG_MID values of 0.83 and 1.02 uM, respectively.
Both compounds contained a 3,4,5-trimethoxyphenyl moiety at
position 6. Thus, from a structure—activity point of view, the
presence of a 3,4,5-trimethoxyphenyl moiety at position 6 is
essential for activity, as well as the 4-methoxybenzyl moiety that is
present in half of the selected compounds. Moreover, most of them,
with the exception of the highly active 11g, bear a bromine atom at
position 8, which seems to play an important role in the modula-
tion of activity. Free amines are generally more active than the
corresponding N-acyl derivatives, with the only exceptions being
one benzoyl (12b) and one acetylamino (12s) derivative. The N-
acetylation of the amine at position 2 produced a decrease in ac-
tivity  (compare 11i MG_MID 083 uM and
12 s MG_MID = 4.37 uM). Moreover, for the N-benzyl derivatives,

Table 2
Overview of the results of the NCI in vitro human tumor cell line screening for derivatives 11b, 11c, 11g, 11i, 12b, 12s.
Cpd N° investigated cell lines Ne cell lines with positive Glsqg values Glso (UM)
Range MG_MID
11b 56 56 0.53—25.70 8.13
11c 56 56 0.41-16.00 3.72
11g 57 57 0.22—-11.20 1.02
11i 57 57 0.21-15.10 0.83
12b 57 56 1.20—47.30 513
12s 56 55 0.61-98.50 4,37
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Fig. 1. Percentage of HeLa cells in each phase of the cell cycle following treatment with
11i (Panel A) or 11g (Panel B) at the indicated concentrations for 24 h. Cells were fixed
and labeled with PI and analyzed by flow cytometry as described in the Experimental
Section. Data are presented as mean + SEM of three experiments.

the presence of the free amine produces a slight improvement in
activity, with respect to the corresponding benzoyl substituted

derivative (compare 11b, MG_MID = 813 uM and
12 b MG_MID = 5.13 uM).

2.3. Compounds 11i and 11g induced arrest of the cell cycle at the
G2/M phase

The effects of a 24 h treatment on cell cycle progression in HeLa
cells with different concentrations of the two most active

11g

ctr 1 10 uM
M- Cde2sc
. s e | - Cdc2 (Y15)
S sumn g - Cyclin B
- Vinculin
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compounds were determined by flow cytometry, following propi-
dium iodide (PI) staining of the cells (Fig. 1, Panels A and B). Com-
pounds 11i and 11g were tested at 0.1, 1 and 10 pM. Both
compounds and, especially, 11g, caused a significant G2/M arrest in
a concentration-dependent manner. At the highest concentration
(10 uM), more than 70% of the cells were arrested in G2/M with
either compound. The G2/M arrest was accompanied by a signifi-
cant reduction of G1 phase cells and a more modest reduction of S
phase cells.

2.4. Compounds 11g and 11i induced alterations of spindle
assembly checkpoint proteins

To further investigate the effects of both 11g and 11i on the cell
cycle, we evaluated their effects on the expression of several pro-
teins involved in regulation of the cell cycle and in spindle as-
sembly. Cyclin B1 is involved in the G2 to M transition as a complex
with cdc2, and the activation of the cdc2/cyclin B1 complex through
cdc25c-dependent dephosphorylation of phospho-cdc2 and phos-
phorylation of cyclin B1 triggers cells to enter mitosis [43—45].

As shown in Fig. 2, a marked increase of cyclin B1 was observed
after a 24 h treatment at the highest concentration used (10 uM) for
both compounds. At the same concentration, total cdc25c expres-
sion was strongly reduced, in particular for 11g. Moreover, in good
agreement, the expression of phosphorylated cdc2 was also
strongly decreased at 10 pM 11g. Thus, our results showed that,
after treatment, cdc2/cyclin B1 complexesfailed to be activated,
preventing cells from exiting mitosis, and this should eventually
lead to an apoptotic cell death.

2.5. Compounds 11g and 11i induced apoptosis

To evaluate the mode of cell death induced by compounds 11g
and 11i in Hela cells, we used an annexin-V/PI assay. Dual staining
for annexin-V and with PI permits discrimination between living
cells (annexin-V"/PI"), early apoptotic cells (annexin-V*/PI~), late
apoptotic cells (annexin-V*/PI*) and necrotic cells (annexin-V/
PI*). As shown in Fig. 3, the cells treated with the test compounds
showed a significant accumulation of annexin-V positive cells after
a 24 h treatment at 1.0 uM, and apoptosis was even more evident at
the higher concentration of both compounds (10 pM). Compound
11g appeared more potent than 11i in inducing apoptosis. The
percentage of apoptotic cells increased further after 48 h, at which
time we also observed a marked increase in necrotic cells, indi-
cating that the compounds at later incubation times induced sub-
stantial cell death by both apoptosis and necrosis.

11
ctr - 1 10 uM
e SRS - Coc25c
| e | - CdC2 (Y15)
e e s | - Cyclin B
—— | - \[inculin

Fig. 2. Effects of 11g and 11i on G2/M regulatory proteins. HeLa cells were treated for 24 h with the two compounds at 1 or 10 uM. The cells were harvested and lysed for the
detection of cdc25c¢, p-cdc2¥™ and cyclin B1 expression by western blot analysis. To confirm equal protein loading, each membrane was stripped and reprobed with an anti-vinculin

antibody.
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Fig. 3. Flow cytometric analysis of apoptotic cells after treatment of HeLa cells with 11g (Panel A) or 11i (Panel B) at the indicated concentrations after incubation for 24 or 48 h. The
cells were harvested and labeled with annexin-V-FITC and PI and analyzed by flow cytometry. Data are represented as mean + SEM of three independent experiments. *p<0.05;

#*p<0.01; ***p<0.001 vs control.

2.6. Compounds 11g and 11i induced apoptosis through the
mitochondrial pathway

Mitochondria play an essential role in the propagation of
apoptosis [46,47]. At an early stage, apoptotic stimuli alter the
mitochondrial transmembrane potential (A¢mt). The reduction of
AJymt is characteristic of apoptosis and has been observed with
both microtubule stabilizing and destabilizing agents in different

cell types [48—51]. HeLa cells treated with 11g or 11i (1 and 10 uM)
exhibited a significant increase in the percentage of cells with low
A¢mt (Fig. 4, Panels A and B). This occurred in a concentration-
dependent fashion, and the largest increase was observed with
either compound at 10 pM.
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Fig. 4. Assessment of mitochondrial membrane potential (A¢mt) after treatment of
HelLa cells with compound 11g (Panel A) or 11i (Panel B). Cells were treated with the
indicated concentration of compound for 24 or 48 h and then stained with the fluo-
rescent probe JC-1 as described in the Experimental Section. Data are presented as
mean + S.E.M. for three independent experiments. *p<0.05; **p<0.01; ****p<0.0001
vs control.

2.7. Compounds 11g and 11i induced caspase-9 activation and
Poly(ADP-ribose polymerase-1) (PARP) cleavage

We then analyzed by western blot which apoptotic proteins
were involved following treatment with both 11g and 11i. Hela
cells were treated with either compounds at 1 or 10 uM for 24 h. As
shown in Fig. 5, 11g induced a marked activation of the initiator
caspase-9 [52], especially at 10 uM, and at the same concentration
we also observed activation of PARP [53]. Similar results were also
obtained with 11i, but both the activation of caspase-9 and the
activation of PARP occurred with less intensity. These results are in
good agreement with the observed mitochondrial polarization,
suggesting that compound 11g induced apoptosis through the

European Journal of Medicinal Chemistry 212 (2021) 113122
mitochondrial pathway.
2.8. Antitubulin activity

As shown above, compounds 11g and 11i showed many effects
on cells consistently observed with antitubulin agents. Therefore,
these two compounds and several others in the series were eval-
uated for effects on tubulin assembly, and 11c, 11i and 12s were
further evaluated for potential inhibition of the binding of [>H]
colchicine to tubulin. They were examined in contemporaneous
studies with CA-4 as a positive control. The results obtained are
presented in Table 3.

Surprisingly, neither 11g nor 11i, as well as 11b and 12b, had
significant activity as an inhibitor of tubulin assembly. Of the
compounds examined, only 11c and 12s showed any inhibitory
activity. Compared with the potent inhibitory activity of CA-4 (ICsq
of 1.2 uM), the inhibitory effects of 11¢ and 12s were relatively weak
(ICs50 values of 7.8 and 12 pM, respectively), with 11¢ being about 6-
fold less active than CA-4.

Three compounds were evaluated for their inhibitory effects on
the binding of [>H]colchicine to tubulin. As was originally observed
[7], potent inhibition occurred with CA-4 (98% when CA-4 and [>H]
colchicine were equimolar at 5.0 pM, with tubulin at 0.5 uM). By
contrast, the best inhibitor of assembly in the present series,
compound 11¢, when present at 5.0 uM, only inhibited colchicine
binding by 11%. With the inhibitor concentration increased to
50 uM, 60% inhibition occurred with 11c. Two other compounds, 11i
and 12s, were also examined at 50 uM and inhibited colchicine
binding by 22% and 41%, respectively. Note that within the limited
series of 11¢c, 12s and 11i, there is excellent correlation between
effects on tubulin assembly and on [>H]colchicine binding.

Nonetheless, despite the excellent activity of 11g and 11i in
cellular assays, including cell cycle analysis with accumulation of
cells in the G2/M phase, these two compounds did not significantly
inhibit tubulin assembly, nor have a significant inhibitory effect on
the binding of [*H]colchicine to tubulin. This suggests that the two
compounds may be metabolized intracellularly to a more potent
entity or that they have an alternate target involved in interfering
with mitosis.

2.9. Molecular modeling

Since 11c¢, 11i and 12s had some activity in the tubulin binding
assays, their binding modes were investigated through molecular
modeling studies. They were docked into the colchicine site, and,
for each of them, the pose with the best G-Score (Kcal/mol) was
selected and analyzed (Table S2). The most active compound 11c
shared with colchicine the same position in the binding pocket,
although it interacted with different residues (Figure S1A-B). Spe-
cifically, while colchicine had an H-bond with fV181, 11c estab-
lished an H-bond with PA250, through its amine group, and two
halogen bonds between the bromine atom at position 6 and the
backbone portion of PA317 and BK352. Conversely, 11i and 12s
displayed a different binding mode compared to colchicine
(Figure S1C-D). In the docking pose of 12s, the residue fY224 was
sandwiched between the 4-methoxybenzyl portion of the ligand
and the nitrogenous base of the nonexchangeable GTP bound to a-
tubulin, and at the same time it was involved in an internal halogen
bond with its own bromine atom. In contrast, 11i exhibited only a
m-cation interaction between its isoindole moiety and the side
chain of BK352.

These docked complexes were further subjected to molecular
dynamics simulation (MDS) studies with the aim of probing the
binding modes and the stabilities of the [1,3]thiazolo[4,5-¢e]iso-
indole compounds bound to tubulin, using colchicine as the
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Fig. 5. Western blot analysis of cleaved caspase-9 and PARP after treatment of HeLa cells with 11g and 11i at the indicated concentrations for 24 h. To confirm equal protein loading,

each membrane was stripped and reprobed with an anti-vinculin antibody.

Table 3
Antitubulin effects of compounds 11b,11¢,11g,11i and 12b,12s in comparison with
CA-4.

CPD  Inhibition of tubulin assembly Inhibition of colchicine binding

ICs50 (uM) + SD % Inhibition + SD % Inhibition + SD
5 uM inhibitor 50 uM inhibitor
CA-4 1.2 +0.08 98 +1 —
11b  >20 - -
11c 78 1 11+6 60 + 5
11g  >20 - —
11i >20 - 22+5
12b >20 - —
12s 12 + 0.07 - 41 +5

Table 4
Binding free energy and related components of the most representative structures of
the MDSs.

Compound  AGpind ~ AGpind coul  AGbind Lipp  AGbind soivs  AGbind vaw
Colchicine -92.69 -4.90 —43.65 19.27 —67.26
11c -99.97 -6.48 —54.26 23.97 —63.82
11i -81.89 -5.76 —41.73 22.15 —-57.42
12s -90.31 -9.97 —48.18 25.65 —-58.36

control. Comparative analysis of root-mean-square deviation
(RMSD) values, calculated on the heavy atoms of both f-tubulin and
the ligands, was performed with respect to the initial structure, by
superimposing all ligand-tubulin complexes on the protein back-
bone (Fig. S2). For all complexes, RMSD values showed a stability
(Fig. S2A) comparable to that of colchicine within 20 ns of the MD
trajectories. The most active compound 11c showed the best sta-
bility of the tubulin-ligand structure with respect to all other
examined complexes, while 12s exhibited a colchicine-like RMSD
trend. Moreover, the binding mode of all compounds was stable
throughout the simulation time, as shown by the RMSD trend of the
ligand heavy atoms (Fig. S2B). The binding mode of 11c can be
considered the most preserved, with an average RMSD value of
1.6 A, while the increased RMSD trend at the end of the trajectory of
12s can be related to a flip of the amidic portion, with the rest of the
ligand remaining in the same position as shown in the docking
pose.

Protein interactions with each ligand were monitored
throughout the simulation, and they have been summarized by
taking into account only interactions that occurred more than 15.0%
of the entire simulation time (Fig. S3). As widely reported in the
literature, the most important interactions for colchicine are two H-
bonds involving fV181 and BC241 (Fig. S3A). During the MDSs, we
also observed a series of water bridges that affected the tropolonic
portion of the ligand and the B-tubulin residues N349, K352 and

T353. Among the [1,3]thiazolo[4,5-e]isoindole derivatives, 11i and
12s shared a similar pattern of interactions of the phenolic rings.
These derivatives established an H-bond between their 3,4,5,-tri-
methoxyphenyl moiety and V355, a T-7 interaction between their
4-methoxybenzyl moiety and fY224 and several hydrophobic in-
teractions with fA354 and V328 (Figure S3C-D). Conversely, these
two compounds showed a different degree of interaction of their
thiazole portion, since the acetyl moiety on the amino group of 12s
allowed further stabilization of the complex, and this provides an
explanation for their different activities in inhibiting colchicine
binding. Indeed, the binding mode of the more active 12s was
further stabilized by an H-bond between the amide portion and
BN101 and by a water-network among the carbonyl group and fQ11
and BD98 (Fig. S3D). On the other hand, 11c showed a peculiar
pattern of interactions, characterized by an H-bond between its
amino group and D251, a w-cation interaction between its
phenolic ring and BK352 and several hydrophobic interactions with
L248 and BA316 (Fig. S3B).

Finally, the most representative structure of each MDS was
analyzed and submitted to MM-GBSA calculation for the evaluation
of the binding free energy (AGping) and its different components
(Table 4). Among all compounds, 11c showed the best binding free
energy, while 12s reached a AGpjnq value close to that of colchicine.
Moreover, compared to colchicine, 11c and 12s exhibited an
improvement of the Columbian (AGping cour) and lipophilic terms
(AGpind Lipo) that promote their tubulin binding process (Table 4).
Conversely, the van der Waals (AGping vaw) and solvation (AGping
solvG) components, which play an important role in the tubulin
binding of colchicine, have higher values for 11c, 11i and 12s.

For each most representative cluster of all MDSs, free binding
energy values, obtained after MM-GBSA calculation, are shown.
Binding free energy and related components are indicated as
AGpind, AGbind coul» AGbind Lipo» AGbind solvGe and AGpind vaw and are
expressed as Kcal/mol.

As the docking pose (Fig. S2A), the most representative MDs
structure of colchicine is characterized by the H-bond between the
carbonyl of its tropolonic ring and the backbone of fV181, con-
firming the validity of our methodology (Fig. 6A). Compounds 11i
and 12s shared the preservation of a similar binding mode with the
3,4,5,-trimethoxyphenyl and the 4-methoxybenzyl moieties facing
BV355 and Y224, respectively (Fig. 6B—C). In particular, reflecting
the experimentally observed inhibition of colchicine binding, 12s
exhibited a further stabilization of its complex by means of an H-
bond between its acetyl carbonyl and the side chain of fN101
(Fig. 6C). Finally, 11c established an H-bond between its amine
group and the side chain of D251, also observed in the analysis of
the detailed ligand atom interactions with the protein residues
during MDSs (Fig. 6D). The most representative MD structure of 11c
showed, as the docking pose, two halogen bonds involving the two



V. Spano, M. Barreca, R. Rocca et al.

A)

241

Fred:

T
W

Q)

Cc241

V 355

$178

European Journal of Medicinal Chemistry 212 (2021) 113122

V355 P
5178
&

Y 224 /

Fig. 6. The most populated cluster of tubulin complexed with A) the co-crystallized ligand (colchicine), B) 11¢, C) 11i and D) 12s during the whole MD trajectory. Tubulin is shown in
faded azure surface, while ligands, GTP and residues involved in the major electrostatic interactions are shown as sticks. Hydrogen and halogen bond interactions are indicated as
dashed yellow and purple lines, respectively. Also -7 and 7-cation interactions are shown as dashed cyan and green lines, respectively. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

bromine atoms with the amide portions of fA317 and fD251.

Thus, we can conclude that 11c showed the best inhibition of
colchicine binding because it bound in the tubulin pocket more
similarly to colchicine than the other two compounds, by gaining a
better binding free energy, especially for the Columbian and lipo-
philic components. Moreover, thanks to the acetylation of the
amino group on the thiazole ring, 12s exhibited an improved
binding interaction with tubulin as compared to 11i.

3. Conclusions

In this study, we described the synthesis of a new series of [1,3]
thiazolo[4,5-e]isoindol-2-amines through a convenient and versa-
tile sequence by annelation of the [1,3]thiazole ring into the iso-
indole moiety. From a structure—activity point of view, the
presence of a 3,4,5-trimethoxyphenyl moiety at position 6, the 4-
methoxybenzyl moiety and at least one bromine atom emerged
as important structural features for this class of compounds.
Although in vitro tests indicated that 11i, followed by 11g, were the
most promising compounds, studies of the mechanism of action
highlighted 11g as the most potent inducer of apoptosis in the HeLa
cell line. This compound produced depolarization of the mito-
chondrial transmembrane potential and activation of caspase-9,
which was coupled with terminal events of apoptosis including

PARP cleavage. Evaluation of effects on tubulin assembly, however,
did not confirm the cellular activity of 11g and 111, possibly due to
intracellular metabolism or their interaction with a different target
involved in mitosis. Compound 11c, in contrast, inhibited colchicine
binding by 60% at 50 uM as compared with 22% with 11i, and its
superior activity with tubulin was also confirmed by its having the
best binding free energy and a binding mode similar to that of
colchicine.

4. Experimental Section
4.1. Chemistry. Synthesis and characterization

All melting points were taken on a Biichi melting point M-560
apparatus. IR spectra were determined in bromoform with a Shi-
madzu FT/IR 8400S spectrophotometer. 'H and >C NMR spectra
were measured at 200 and 50.0 MHz, respectively, in DMSO-dg or
CDCl3 solution using a Bruker Avance Il series 200 MHz spec-
trometer. Column chromatography was performed with Merck
silica gel (230—400 mesh ASTM) or a Biichi Sepacor chromatog-
raphy module (prepacked cartridge system). Elemental analyses (C,
H, N) were within +0.4% of theoretical values and were performed
with a VARIO EL IIl elemental analyzer. The purity of all the tested
compounds was >95%, determined by HPLC (Agilent 1100 series).
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Compounds 13a-c, 14b,c,e,f,i were prepared according to our
published procedures [36,40—42].

4.1.1. General procedure for the preparation of 2-substituted-
2,5,6,7-tetrahydro-4H-isoindol-4-ones (14a,d,g,h)

To a solution of 13a-c (9 mmol) in anhydrous DMF (17 mL), NaH
(0.24 g, 10 mmol) was added at 0 °C, and the reaction mixture was
stirred at room temperature for 1 h. Then the suitable aralkyl halide
(13.5 mmol) was added at O °C, and the reaction mixture was
stirred at room temperature until the reaction was complete (TLC).
Then the reaction mixture was poured onto crushed ice. The pre-
cipitate was collected by filtration and dried. If there was no pre-
cipitate, the solution was extracted with DCM (3 x 50 mL). The
combined organic layers were dried (Na;SO4), and the solvent was
removed under reduced pressure. The crude product was purified
by column chromatography using DCM as eluting solvent.

4.1.1.1. 2-(Phenylsulfonyl)-2,5,6,7-tetrahydro-4H-isoindol-4-one
(14a). This compound was obtained from reaction of 13a with
benzenesulfonyl chloride after 3 h. Pale brown solid; yield 70%; mp:
115.4-116.2 °C; IR cm™!: 1664 (CO); 'H NMR (DMSO-dg, 200 MHz,
ppm): 6 1.84—1.98 (m, 2H, CH,), 2.34—2.47 (m, 2H, CH;), 2.50—2.68
(m, 2H, CHy), 7.27 (d, 1H, ] = 1.5 Hz, H-1), 7.60—7.90 (m, 4H, H-3', H-
4, H-5and H-3), 8.06—8.15 (m, 2H, H-2' and H-6'); 3C NMR
(DMSO-dg, 50 MHz, ppm): ¢ 20.7, 23.6, 39.0, 116.4, 120.8, 125.2,
127.3,129.1,130.1, 135.1, 137.3, 194.4. Anal Calcd. for C14H13NOsS: C,
61.07; H, 4.76; N, 5.09. Found: C, 60.98; H, 4.62; N, 4.94.

4.1.1.2. 2-(Benzenesulfonyl)-1-phenyl-2,5,6,7-tetrahydro-4H-iso-
indol-4-one (14d). This compound was obtained from reaction of
13b with benzenesulfonyl chloride after 24 h. Pale brown solid;
yield 76%; mp 150—151 °C; IR cm~': 1674 (CO); 'H NMR (DMSO-d,
200 MHz, ppm): ¢ 1.82—1.94 (m, 2H, CH,), 2.34 (t, 2H, ] = 6.2 Hz,
CH,), 2.44 (t, 2H, ] = 6.2 Hz, CHy), 7.05—7.10 (m, 2H, Ar), 7.32—7.56
(m, 7H, Ar), 7.68—7.76 (m, 1H, Ar), 7.98 (s, 1H, H-3); 3C NMR
(DMSO-dg, 50 MHz, ppm): & 20.7, 23.5, 39.0, 122.4, 123.0, 127.2,
127.7,128.3,128.8,128.9, 129.3,129.7,131.1, 135.0, 137.0, 194.4. Anal
calcd for CyoH17NOs3S: C, 68.36; H, 4.88; N, 3.99. Found: C, 68.54; H,
4.73; N, 4.06.

4.1.1.3. 2-(Benzenesulfonyl)-1-(3,4,5-trimethoxyphenyl)-2,5,6,7-
tetrahydro-4H-isoindol-4-one (14g). This compound was obtained
from reaction of 13¢ with benzenesulfonyl chloride after 24 h. Pale
brown solid; yield 60%; mp 113—114 °C; IR cm~': 1676 (CO); 'H
NMR (DMSO-ds, 200 MHz, ppm): ¢ 1.84—197 (m, 2H, CHj),
2.37-2.47 (m, 4H, 2 x CHy), 3.65 (s, 6H, 2 x CH3), 3.73 (s, 3H, CHs),
6.29 (s, 2H, H-2” and H-6"), 7.45—7.57 (m, 4H, Ar), 7.68—7.77 (m, 1H,
Ar), 7.96 (s, 1H, H-3); 13C NMR (DMSO-dg, 50 MHz, ppm): 6 20.7,
23.5, 391, 55.8, 60.1, 108.8, 122.0, 122.6, 123.9, 127.3, 127.9, 129.2,
129.6,134.9, 136.9, 137.9, 152.1, 194.4. Anal calcd for Cp3H,3NOgS: C,
62.57; H, 5.25; N, 3.17. Found: C, 62.69; H, 5.13; N, 3.08.

4.1.14. 2-Benzyl-1-(3,4,5-trimethoxyphenyl)-2,5,6,7-tetrahydro-4H-
isoindol-4-one (14h). This compound was obtained from reaction
of 13c with benzyl bromide after 3 h. White solid; yield 76%; mp
146—147 °C; IR cm™': 1653 (CO); 'H NMR (DMSO-dg, 200 MHz,
ppm): 6 1.18—2.03 (m, 2H, CH;), 2.38 (t, 2H, ] = 5.7 Hz, CH>), 2.62 (t,
2H, ] = 5.7 Hz, CHy), 3.63 (s, 6H, 2 x CH3), 3.67 (s, 3H, CH3), 5.21 (s,
2H, CH3), 6.47 (s, 2H, H-2” and H-6"), 6.97—7.01 (m, 2H, H-2’ and H-
6'), 7.20—7.36 (m, 3H, H3’, H-4' and H-5"), 7.56 (s, 1H, H-3); 13C NMR
(DMSO-dg, 50 MHz, ppm): ¢ 21.5, 24.7, 39.0, 50.7, 55.6, 60.0, 106.9,
120.6, 123.3, 124.4, 126.2, 126.6, 127.3, 128.6, 128.9, 136.8, 138.2,
152.7, 193.8. Anal calcd for Co4Hy5NO4: C, 73.64; H, 6.44; N, 3.58.
Found: C, 73.76; H, 6.31; N, 3.44.
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4.1.2. General procedure for the preparation of 5-bromo-2-
substituted-2,5,6,7-tetrahydro-4H-isoindol-4-ones (15b,c,e,f,h,i)

To a solution of the suitable ketones 14 (2.2 mmol) in a mixture
of anhydrous HCCl3—EtOH (1:1, 6 mL), HBr (45% in AcOH, 9 drops)
was added at 0 °C, followed by a solution of Br; (0.45 mL, 8.8 mmol)
in anhydrous HCCls3, and the reaction mixture was stirred at room
temperature for 1 h. Then the reaction mixture was added to a
saturated solution of NaHSOs. The two phases were separated, and
the aqueous phase was extracted with DCM (3 x 50 mL). The
combined organic layers were dried (NaySO4), and the solvent was
removed under reduced pressure. The crude product was purified
by column chromatography using DCM as eluting solvent.

4.1.2.1. 2-Benzyl-1,3,5-tribromo-2,5,6,7-tetrahydro-4H-isoindol-4-
one (15b). This compound was obtained from reaction of 14b. Pale
brown solid; yield 66%; mp 139—140 °C; IR cm~': 1677 (CO); 'H
NMR (DMSO-dg, 200 MHz, ppm): ¢ 2.24—2.38 (m, 2H, CHy),
2.63—2.75(m, 2H, CH>), 4.81 (t, 1H, ] = 4.0 Hz, CH), 5.34 (s, 2H, CH5),
7.05—7.15 (m, 2H, H-2" and H-6'), 7.26—7.42 (m, 3H, H-3’, H-4’ and
H-5); 13C NMR (DMSO-ds, 50 MHz, ppm): 6 18.9, 31.6, 49.8, 52.5,
101.0, 107.0, 116.5, 125.2, 126.2, 127.7,128.8, 135.5, 184.5. Anal calcd
for C15H12Br3NO: C, 39.00; H, 2.62; N, 3.03. Found: C, 39.15; H, 2.76;
N, 2.91.

4.1.2.2. 1,3,5-Tribromo-2-(4-methoxybenzyl)-2,5,6,7-tetrahydro-4H-
isoindol-4-one (15c¢). This compound was obtained from reaction of
14c. Pale brown solid; yield 75%; mp 109—110 °C; IR cm™!: 1675
(CO); "H NMR (DMSO-dg, 200 MHz, ppm): 6 2.26—2.45 (m 2H, CH>),
2.51-2.68 (m, 2H, CHa), 3.73 (s, 3H, CH3), 4.81 (t, 1H, ] = 3.9 Hz, CH),
5.26 (s, 2H, CHa), 6.93 (d, 2H, ] = 8.7 Hz, H-3' and H-5), 7.05 (d, 2H,
J = 8.7 Hz, H-2 and H-6"); 3C NMR (DMSO-ds, 50 MHz, ppm):
6 18.9, 31.6, 49.3, 52.5, 55.1, 100.9, 106.8, 114.2, 116.5, 125.1, 127.3,
127.8,158.7,184.4. Anal calcd for CigH14Br3sNO;: C, 39.06; H, 2.87; N,
2.85. Found: C, 38.98; H, 2.99; N, 2.73.

4.1.2.3. 2-Benzyl-3,5-dibromo-1-phenyl-2,5,6,7-tetrahydro-4H-iso-
indol-4-one (15e). This compound was obtained from reaction of
14e. Pale brown solid; yield 70%; mp 156—157 °C; IR cm™': 1669
(CO); "H NMR (DMSO-dg, 200 MHz, ppm): 6 2.22—2.40 (m, 2H, CH>),
2.63—2.84 (m, 2H, CH>), 4.83 (t, 1H, ] = 4.0 Hz, CH), 5.24 (s, 2H, CH>),
6.86 (t, 2H, ] = 6.4 Hz, Ar), 7.26—7.41 (m, 8H, Ar); >C NMR
(DMSO-dg, 50 MHz, ppm): 6 18.7, 32.7, 48.8, 53.2,108.0, 115.6, 123.1,
125.7,127.4,128.4,128.7,128.8,129.8, 130.0, 131.1, 136.5, 185.2. Anal
calcd for C21H17Br2NO: C, 54.93; H, 3.73; N, 3.05. Found: C, 54.79; H,
3.58; N, 3.26.

4.1.2.4. 3,5-Dibromo-2-(4-methoxybenzyl)-1-phenyl-2,5,6,7-
tetrahydro-4H-isoindol-4-one (15f). This compound was obtained
from reaction of 14f. Pale brown solid; yield 63%; mp 156—157 °C;
IR cm™': 1665 (CO); 'H NMR (DMSO-ds, 200 MHz, ppm):
0 2.22—2.45 (m, 2H, CHy), 2.56—2.85 (m, 2H, CHy), 3.70 (s, 3H, CH3),
482 (t,1H, ] = 4.4 Hz, CH), 5.17 (s, 2H, CHy), 6.77 (d, 2H, ] = 9.0 Hz,
H-3’ and H-5"), 6.85 (d, 2H, ] = 9.0 Hz, H-2" and H-6"), 7.30—7.47 (m,
5H, Ar); 13C NMR (DMSO-ds, 50 MHz, ppm): 6 18.6, 32.6, 48.2, 53.2,
55.0,107.9, 114.0, 115.6,123.1, 127.2, 128.3, 128.4, 128.8, 129.8, 130.1,
131.0, 158.4, 185.1. Anal calcd for CpH19BroNO»: C, 54.01; H, 3.91; N,
2.86. Found: C, 54.13; H, 4.02; N, 2.95.

4.1.2.5. 2-Benzyl-3,5-dibromo-1-(3,4,5-trimethoxyphenyl)-2,5,6,7-
tetrahydro-4H-isoindol-4-one (15h). This compound was obtained
from reaction of 14h. Pale brown solid, yield 78%; mp 173—174 °C;
IR cm~!: 1669 (CO); 'H NMR (DMSO-dg, 200 MHz, ppm):
0 2.18—2.34 (m, 2H, CHj), 2.60—2.89 (m, 2H, CH>), 3.57 (s, 3H, CH3),
3.59(s, 3H, CH3), 3.67 (s, 3H, CH3),4.83 (t,1H,J = 4.0 Hz, CH), 5.24 (s,
2H, CH,), 6.50 (s, 2H, H-2” and H-6"), 6.93—6.97 (m, 2H, H-2 and H-
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6'), 7.23—7.40 (m, 3H, H-3’, H-4’ and H-5); >*C NMR (DMSO-dg,
50 MHz, ppm): 6 18.6, 32.7, 47.7, 53.1, 55.6, 60.0, 107.2, 108.0, 115.4,
122.9,125.3,125.7,127.3,128.8,136.7, 136.9, 137.3, 152.8, 185.2. Anal
calcd for Co4H»3BroNOg4: C, 52.48; H, 4.22; N, 2.55. Found: C, 52.35;
H, 4.09; N, 2.64.

4.1.2.6. 3,5-Dibromo-2-[(4-methoxyphenyl)methyl]-1-(3,4,5-
trimethoxyphenyl)-2,5,6,7-tetrahydro-4H-isoindol-4-one (15i).
This compound was obtained from reaction of 14i. Pale brown
solid; yield 45%; mp 174—175 °C; IR cm™!: 1669 (CO); '"H NMR
(DMSO-dg, 200 MHz, ppm): 6 2.25—2.43 (m, 2H, CH>), 2.67—2.85
(m, 2H, CHy), 3.63 (s, 6H, 2 x CHs), 3.68 (s, 3H, CH3), 3.70 (s, 3H,
CH3), 4.81 (t, 1H, ] = 4.0 Hz, CH), 5.17 (s, 2H, CH>), 6.52 (s, 2H, H-2"
and H-6"), 6.81—6.91 (m, 4H, H-2/, H-3/, H-5' and H-6"); >*C NMR
(DMSO-dg, 50 MHz, ppm): 6 18.4, 32.7, 47.2, 53.0, 55.1, 55.7, 60.0,
107.2,112.9,114.1,119.9, 121.9, 125.1,127.3,128.4, 129.2,137.4, 152.9,
158.5,185.0. Anal calcd for Cy5H25BroNOs: C, 51.83; H, 4.35; N, 2.42.
Found: C, 51.99; H, 4.46; N, 2.29.

4.1.3. General procedure for the preparation of 5-bromo-2-
benzenesulfonyl-2,5,6,7-tetrahydro-4H-isoindol-4-ones (15a,d,g)

To a solution of suitable ketones 14 (2.3 mmol) in anhydrous THF
(11 mL) a solution of pyridinium bromide-perbromide (0.73 g,
2.3 mmol) in anhydrous THF (8 mL) was added dropwise at O °C,
and the reaction mixture was stirred at room temperature for 16 h.
Then the precipitate was removed from the reaction mixture by
filtration, and the filtrate was evaporated under reduced pressure.
The residue was dissolved in DMC, and the resulting solution was
stirred with a 5% aqueous solution of NaHCOs3 (15 mL). The organic
phase was separated and dried (Na;SOg4), and the solvent was
removed under reduced pressure. The crude product was purified
by column chromatography using DCM as eluting solvent.

4.1.3.1. 5-Bromo-2-(phenylsulfonyl)-2,5,6,7-tetrahydro-4H-isoindol-
4-one (15a). This compound was obtained from reaction of 14a.
White solid; yield 90%; mp: 134—135 °C; IR cm™': 1683 (CO); 'H
NMR (DMSO-dg, 200 MHz, ppm): 6 2.15-2.50 (m, 2H, CHa),
2.65—2.78 (m, 2H, CH,), 4.85—4.85 (m, 1H, CH), 7.34 (s, 1H, H-1),
7.65—7.90 (m, 3H, H-3’, H-4’ and H-5'), 8.04 (s, 1H, H-3), 8.08—8.19
(m, 2H, H-2' and H-6'); 1*C NMR (DMSO-ds, 50 MHz, ppm): § 17.9,
32.3, 52.3,116.8, 122.1, 123.1, 127.1, 127.4, 130.2, 135.4, 137.0, 186.7.
Anal. Calcd. for C14H12BrNOsS: C, 47.47; H, 3.41; N, 3.95. Found: C,
47.56; H, 3.57; N, 4.03.

4.1.3.2. 2-(Benzenesulfonyl)-5-bromo-1-phenyl-2,5,6,7-tetrahydro-
4H-isoindol-4-one (15d). This compound was obtained from reac-
tion of 14d. White solid; yield 82%; mp 144—145 °C; IR cm™: 1681
(CO); 'H NMR (DMSO-dg, 200 MHz, ppm): 6 2.19—2.40 (m, 4H, 2 x
CH,), 4.88 (t,1H,J = 3.0 Hz, CH), 7.07—7.11 (m, 2H, Ar), 7.33—7.57 (m,
7H, Ar), 7.70—7.79 (m, 1H, Ar), 8.16 (s, 1H, H-3); '3C NMR (DMSO-dg,
50 MHz, ppm): ¢ 18.0, 32.3, 52.3, 120.0, 124.6, 126.3, 127.4, 127.9,
128.5, 129.0, 129.5, 129.7, 131.2, 135.2, 136.7, 186.8. Anal calcd for
Cy0H16BrNOsS: C, 55.82; H, 3.75; N, 3.25. Found: C, 55.98; H, 3.63; N,
3.09.

4.1.3.3. 2-(Benzenesulfonyl)-5-bromo-1-(3,4,5-trimethoxyphenyl)-
2,5,6,7-tetrahydro-4H-isoindol-4-one (15g). This compound was
obtained from reaction of 14g. White solid; yield 79%; mp
134-135 °C; IR cm™!: 1682 (CO); 'H NMR (DMSO-dg, 200 MHz,
ppm): 6 2.19—2.59 (m, 4H, 2 x CHy), 3.65 (s, 6H, 2 x CH3), 3.74 (s, 3H,
CH3), 4.87 (t, 1H, J = 5.6 Hz, CH), 6.31 (s, 2H, H-2” and H-6"),
7.52—7.76 (m, 5H, H-2’, H-3’, H-4’, H-5' and H-6’), 8.14 (s, 1H, H-3);
13C NMR (DMSO-dg, 50 MHz, ppm): ¢ 17.9, 32.3, 52.2, 55.8, 60.1,
108.8, 119.5, 123.5, 124.2, 126.0, 127.5, 129.4, 129.7, 135.1, 136.6,
138.0, 152.2, 186.8. Anal calcd for C3H22BrNOgS: C, 53.08; H, 4.26;
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N, 2.69. Found: C, 52.95; H, 4.17; N, 2.80.

4.1.4. General procedure for the preparation of 5,7-dihydro-4H-[1,3]
thiazolo[4,5-e]isoindoles (11a-1)

To a solution of 15a-i (0.5 mmol) in anhydrous DMF (5 mL),
NayCOs3 (0.11 g, 1 mmol) and thiourea or phenyl thiourea (1 mmol)
were added, and the reaction mixture was stirred at room tem-
perature for 16 h. Then the reaction mixture was poured onto
crushed ice. The precipitate was collected by filtration, dried and
recrystallized from methanol.

4.1.4.1. 7-(Phenylsulfonyl)-5,7-dihydro-4H-[1,3]thiazolo[4,5-e]iso-
indol-2-amine (11a). This compound was obtained from reaction of
15a. Light gray solid; yield 99%; mp 209-210 °C; IR cm
3407-3276 (NH,); 'H NMR (DMSO-dg, 200 MHz, ppm): 6 2.65—2.75
(m, 4H, 2 x CH;), 6.91 (s, 2H, NH;), 7.03 (d, 1H, J = 2.0 Hz, H-6), 7.11
(d, 1H,J = 2.0 Hz, H-8), 7.55—7.80 (3H, m, H-3’, H-4' and H-5), 7.95
(d, 2H, J = 7.0 Hz, H-2’ and H-6); 13C NMR ((DMSO-dg, 50 MHz,
ppm): 6 20.1, 21.6,111.8,116.9, 117.2, 123.2, 124.6, 126.6, 129.8, 134.3,
138.1,139.3, 166.9. Anal. Calcd. for C15H13N30,S5: C, 54.36; H, 3.95;
N, 12.68. Found: C, 54.22; H, 3.75; N, 12.78.

4.14.2. 7-Benzyl-6,8-dibromo-5,7-dihydro-4H-[1,3]thiazolo[4,5-e]
isoindol-2-amine (11b). This compound was obtained from reaction
of 15b. Light gray solid; yield 91%; mp 74—75 °C; IR cm™ '
3323-3373 (NHy); 'H NMR (DMSO-dg, 200 MHz, ppm): 6 2.60 (t,
2H, ] = 6.4 Hz, CHy), 2.73 (t, 2H, ] = 6.4 Hz, CHy), 5.22 (s, 2H, CHy),
6.91 (s, 2H, NHy), 7.02 (d, 2H, ] = 6.6 Hz, Ar), 7.22—7.38 (m, 3H, Ar);
13C NMR (DMSO-dg, 50 MHz, ppm): 6 21.0, 21.5, 48.6, 105.2, 114.2,
114.9, 118.2,119.6, 125.9, 127.3, 128.6, 137.2, 139.5, 166.4. Anal calcd
for C1gH13Br2NsS: C,43.76; H, 2.98; N, 9.57. Found: C, 43.88; H, 3.09;
N, 9.41.

4.1.4.3. 6,8-Dibromo-7-(4-methoxybenzyl)-5,7-dihydro-4H-[1,3]
thiazolo[4,5-e]isoindol-2-amine (11c). This compound was obtained
from reaction of 15c. Light gray solid; yield 80%; mp 175—176 °C; IR
cm~': 3408-3290 (NH); 'H NMR (DMSO-dg, 200 MHz, ppm):
62.63 (t, 2H, ] = 6.2 Hz, CHy), 2.75 (t, 2H, ] = 6.2 Hz, CH3), 3.71 (s, 3H,
CHs), 5.14 (s, 2H, CH,), 6.88—7.02 (m, 6H, NH; and Ar); '3C NMR
(DMSO-dg, 50 MHz, ppm): ¢ 21.0, 21.5, 48.6, 55.0, 95.7, 99.7, 114.0,
114.8, 118.2, 119.6, 127.4, 129.0, 139.5, 158.4, 166.3. Anal calcd for
C17H15BraN30S: C, 43.52; H, 3.22; N, 8.96. Found: C, 43.39; H, 3.07;
N, 9.11.

4.1.4.4. 6-Phenyl-7-(phenylsulfonyl)-5,7-dihydro-4H-[1,3]thiazolo
[4,5-e]isoindol-2-amine (11d). This compound was obtained from
reaction of 15d. Light gray solid; yield 85%; mp 194—195 °C; IR
cm~!: 3419-3302 (NH,); 'H NMR (DMSO-dg, 200 MHz, ppm):
62.44—2.51 (m, 2H, CH,), 2.63—2.73 (m, 2H, CH,), 6.98 (s, 2H, NHa),
7.16—7.22 (m, 3H, Ar), 7.37—7.54 (m, 7H, H-8 and Ar), 7.67 (t, 1H,
J = 7.3 Hz, Ar); 13C NMR (DMSO-dg, 50 MHz, ppm): 6 20.0, 21.4,
114.3, 117.7, 121.9, 124.6, 126.4, 127.5, 128.2, 129.4, 129.9, 130.6,
130.8, 134.2, 137.6, 139.3, 167.0. Anal calcd for C;H17N30,S5: C,
61.89; H, 4.20; N, 10.31. Found: C, 61.72; H, 4.07; N, 10.55.

4.1.4.5. 7-Benzyl-8-bromo-6-phenyl-5,7-dihydro-4H-[1,3]thiazolo
[4,5-e]isoindol-2-amine (11e). This compound was obtained from
reaction of 15e. Light gray solid; yield 95%; mp 94—dec °C; IR cm™:
3472-3380 (NH,); "H NMR (DMSO-dg, 200 MHz, ppm): 6 2.65—2.79
(m, 4H, 2 x CHy), 5.13 (s, 2H, CH>), 6.84—6.94 (m, 4H, NH; and Ar),
7.16—7.45 (m, 8H, Ar); 13C NMR (DMSO-dg, 50 MHz, ppm): 6 20.7,
22.1,54.9,109.9, 114.2, 116.8, 117.8, 125.5, 127.6, 128.4, 128.5, 128.6,
129.3,129.4,131.0, 131.1, 138.1, 166.6. Anal calcd for Co2H1gBrNsS: C,
60.55; H, 4.16; N, 9.63. Found: C, 60.64; H, 4.02; N, 9.75.
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4.1.4.6. 8-Bromo-7-(4-methoxybenzyl)-6-phenyl-5,7-dihydro-4H-
[1,3]thiazolo[4,5-e]isoindol-2-amine (11f). This compound was ob-
tained from reaction of 15f. Light gray solid; yield 95%; mp 75—dec
°C; IR cm™!: 3478-3361 (NH3); 'H NMR (DMSO-dg, 200 MHz,
ppm): ¢ 2.62—2.69 (m, 4H, 2 x CHj), 3.68 (s, 3H, CH3), 5.07 (s, 2H,
CHj), 6.76 (d, 2H, J = 9.0 Hz, H-3' and H-5'), 6.82 (d, 2H, ] = 9.0 Hz,
H-2’ and H-6"), 6.90 (s, 2H, NH3), 7.26—7.45 (m, 5H, H-2", H-3", H-4",
H-5" and H-6"); 13C NMR (DMSO-ds, 50 MHz, ppm): § 20.8, 22.2,
478, 55.0, 97.3, 98.7, 113.9, 114.3, 117.8, 126.9, 127.7, 128.6, 129.5,
130.1,131.1,131.3, 140.0, 151.1, 158.2. Anal calcd for C»3H,oBrNs0S: C,
59.23; H, 4.32; N, 9.01. Found: C, 59.16; H, 4.43; N, 9.22.

4.1.4.7. 7-(Phenylsulfonyl)-6-(3,4,5-trimethoxyphenyl)-5,7-dihydro-
4H-[1,3]thiazolo[4,5-e]isoindol-2-amine (11g). This compound was
obtained from reaction of 15g. Light gray solid; yield 80%; mp
191-192 °C; IR cm™': 3409—3322 (NH,); 'H NMR (DMSO-ds,
200 MHz, ppm): § 2.51—2.69 (m, 4H, 2 x CH>), 3.70 (s, 6H, 2 x CH3),
3.73 (s, 3H, CHs), 6.38 (s, 2H, H-2" and H-6"), 6.97 (s, 2H, NH,), 7.24
(s, 1H, H-8), 7.42—7.72 (m, 5H, H-2’, H-3', H-4, H-5" and H-6"); 3C
NMR (DMSO-dg, 50 MHz, ppm): 6 20.0, 21.4, 55.8, 60.1, 108.6, 113.9,
117.5,121.4,124.1,124.9,126.6, 129.4, 130.4, 134.1,137.6, 137.7,139.3,
151.9, 167.0. Anal calcd for Co4H23N305S5: C, 57.93; H, 4.66; N, 8.44.
Found: C, 58.05; H, 4.78; N, 8.32.

4.1.4.8. 7-Benzyl-8-bromo-6-(3,4,5-trimethoxyphenyl)-5,7-dihydro-
4H-[1,3]thiazolo[4,5-e]isoindol-2-amine (11h). This compound was
obtained from reaction of 15h. Light gray solid; yield 95%; mp
95-96 °C; IR cm~!: 3465—3377 (NH3); 'H NMR (DMSO-dg,
200 MHz, ppm): 6 2.64—2.83 (s, 4H, 2 x CH), 3.57 (s, 6H, 2 x CH3),
3.66 (s, 3H, CHs), 5.15 (s, 2H, CHy), 6.46 (s, 2H, H-2" and H-6"),
6.84—6.98 (m, 4H, H-2/, H-6’ and NH;), 7.19—7.36 (m, 3H, H-3’, H-4’
and H-5); 13C NMR (DMSO-dg, 50 MHz, ppm): § 20.9, 22.1, 48.5,
55.6, 60.0, 97.2, 106.8, 114.4, 116.9, 117.6, 125.6, 126.4, 126.6, 126.9,
128.5,131.0,136.9, 138.7,152.6, 166.1. Anal calcd for C5H,4BrN305S:
C, 57.04; H, 4.60; N, 7.98. Found: C, 56.96; H, 4.79; N, 8.09.

4.1.4.9. 8-Bromo-7-(4-methoxybenzyl)-6-(3,4,5-trimethoxyphenyl)-
5,7-dihydro-4H-[1,3]thiazolo[4,5-e]isoindol-2-amine (11i). This
compound was obtained from reaction of 15i. Light gray solid; yield
96%; mp 182—183 °C; IR cm!: 3459-3352 (NH); 'H NMR
(DMSO-dg, 200 MHz, ppm): 6 2.67—2.78 (m, 4H, 2 x CH3), 3.61 (s,
6H, 2 x CH3), 3.67 (s, 3H, CH3), 3.70 (s, 3H, CH3), 5.08 (s, 2H, CHy),
6.48 (s, 2H, H-2” and H-6"), 6.83—6.87 (m, 6H, H-2/, H-3/, H-5/, H-6’
and NHy); 3C NMR (DMSO-dg, 50 MHz, ppm): 6 21.7,22.1, 46.7, 55.1,
55.7, 60.0, 97.1, 106.9, 109.8, 113.9, 116.6, 117.9, 126.9, 129.2, 130.3,
136.9,152.6,152.7,158.2,158.3, 166.1. Anal calcd for CogH26BrN304S:
C, 56.12; H, 4.71; N, 7.55. Found: C, 56.29; H, 4.59; N, 7.42.

4.1.4.10. N-phenyl-7-(phenylsulfonyl)-5,7-dihydro-4H-[1,3]thiazolo
[4,5-e]isoindol-2-amine (11j). This compound was obtained from
reaction of 15a. Light gray solid; yield 88%; mp 193—194 °C; IR
cm~': 3220 (NH); '"H NMR (DMSO-dg, 200 MHz, ppm): 6 2.72—2.85
(m, 4H, 2 x CHy), 6.91-7.46 (m, 6H, Ar), 7.37—7.54 (m, 4H, Ar),
7.97—8.03 (m, 2H, Ar), 10.2 (s, 1H, NH); 1>C NMR (DMSO-dg, 50 MHz,
ppm): 6 20.0, 21.4,116.8,117.0,118.4,122.7,122.8,124.4,126.7,128.6,
128.9, 129.8, 134.4, 138.1, 139.7, 141.1, 161.7. Anal calcd for
C1H17N302S3: C, 61.89; H, 4.20; N, 10.31. Found: C, 61.98; H, 4.35; N,
10.22.

4.14.11. N,6-diphenyl-7-(phenylsulfonyl)-5,7-dihydro-4H-[1,3]thia-
zolo[4,5-e]isoindol-2-amine (11k). This compound was obtained
from reaction of 15d. Light gray solid; yield 97%; mp 113—114 °C; IR
cm™': 3386 (NH); 'H NMR (CDCl3, 200 MHz, ppm): 6 2.58 (t, 2H,
J = 6.6 Hz, CH,), 2.78 (t, 2H, | = 6.6 Hz, CH,), 7.08—7.47 (m, 15H, Ar),
7.59 (s, 1H, H-8), 8.59 (s, 1H, NH); 13C NMR (CDCl3, 50 MHz, ppm):
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620.4,22.2,115.6,118.3,118.8,120.7,123.0,124.2,127.1,127.5,128.3,
128.7,129.5,130.2,130.8,131.4,133.4, 138.5, 140.3, 140.5, 163.6. Anal
calcd for C27H21N305S5: C, 67.06; H, 4.38; N, 8.69. Found: C, 67.24;
H, 4.17; N, 8.55.

4.1.4.12. N-phenyl-7-(phenylsulfonyl)-6-(3,4,5-trimethoxyphenyl)-
5,7-dihydro-4H-[1,3]thiazolo[4,5-e]isoindol-2-amine (111). This
compound was obtained from reaction of 15g. Light gray solid;
yield 60%; mp 121-122 °C; IR cm™': 3176 (NH); 'H NMR (CDCls,
200 MHz, ppm): 6 2.64 (t, 2H, J = 6.6 Hz, CH>), 2.82 (t, 2H, ] = 6.6 Hz,
CHy), 3.77 (s, 6H, 2 x CH3), 3.92 (s, 3H, CH3), 6.34 (s, 2H, H-2” and H-
6"), 7.28—7.50 (m, 10H, Ar), 7.66 (s, 1H, H-8), 8.11 (s, 1H, NH); 13C
NMR (CDCl3, 50 MHz, ppm): ¢ 20.5, 22.3, 56.1, 61.0, 108.9, 115.5,
118.2,118.7,123.7,125.2,127.4,128.7,129.5,129.7,130.5,133.4,133.8,
138.1, 138.6, 140.2, 152.2, 163.3, 165.3. Anal calcd for C30H27N305S;:
C, 62.81; H, 4.74; N, 7.32. Found: C, 62.98; H, 4.59; N, 7.19.

4.1.5. General procedure for the preparation of N-(7-substituted-
5,7-dihydro-4H-[1,3]thiazolo[4,5-¢e]isoindol-2-yl)amides (12a-s)

To a solution of 11a-i (0.46 mmol) in anhydrous 1,4-dioxane
(3 mL), EtsN (0.07 mL, 0.51 mmol) and the suitable acyl chloride
(0.69 mmol) were added, and the reaction mixture was stirred at
room temperature for 16 h. Then the reaction mixture was poured
onto crushed ice. The precipitate was collected by filtration, dried
and purified by column chromatography using DCM as eluting
solvent.

4.1.5.1. N-[7-(phenylsulfonyl)-5,7-dihydro-4H-[1,3]thiazolo[4,5-¢]
isoindol-2-yl]benzamide (12a). This compound was obtained from
reaction of 11a with benzoyl chloride. White solid; yield 67%; mp
128—129 °C; IR cm™': 3405 (NH), 1669 (CO); '"H NMR (DMSO-dg,
200 MHz, ppm): 6 2.76 (t, 2H, ] = 6.9 Hz, CH>), 2.91 (t, 2H, ] = 6.9 Hz,
CHj), 7.22 (d, 2H, ] = 5.9 Hz, Ar), 7.51-7.79 (m, 6H, Ar), 8.00 (d, 2H,
J=7.0Hz, Ar), 811 (d, 2H, ] = 6.8 Hz, Ar), 12.69 (s, 1H, NH); '*C NMR
(DMSO-dg, 50 MHz, ppm): ¢ 19.9, 21.4, 112.0, 117.3, 122.5, 123.9,
124.8, 126.7, 128.1, 128.6, 129.9, 131.9, 132.6, 134.5, 138.0, 138.8,
156.8,164.8. Anal calcd for CopH17N303S;: C, 60.67; H, 3.93; N, 9.65.
Found: C, 60. 52; H, 4.04; N, 9.52.

4.1.5.2. N-(7-benzyl-6,8-dibromo-5,7-dihydro-4H-[1,3]thiazolo[4,5-
efisoindol-2-yl)benzamide (12b). This compound was obtained
from reaction of 11b with benzoyl chloride. Dark yellow solid; yield
70%; mp 255—256 °C; IR cm™': 3539 (NH), 1649 (CO); 'H NMR
(CDCl3, 200 MHz, ppm): 6 2.80 (t, 2H, ] = 7.1 Hz, CH;), 3.00 (t, 2H,
J =71 Hz, CHy), 5.21 (s, 2H, CHy), 7.04—7.11 (m, 2H, Ar), 7.23—7.33
(m, 3H, Ar), 7.37—7.57 (m, 3H, Ar), 7.89—7.93 (m, 2H, Ar), 10.51 (s,
1H, NH); 3C NMR (CDCl3, 50 MHz, ppm): 6 22.2, 29.7, 49.8, 96.5,
1204, 122.8, 126.4, 127.4, 128.7, 128.8, 132.0, 132.7, 136.8, 138.5,
140.9, 141.9, 145.3, 156.4, 164.4. Anal calcd for Cy3H17BraN30S: C,
50.85; H, 3.15; N, 7.73. Found: C, 50.69; H, 3.03; N, 7.85.

4.1.5.3. N-[6,8-dibromo-7-(4-methoxybenzyl)-5,7-dihydro-4H-[1,3]
thiazolo[4,5-e]isoindol-2-yl]benzamide (12c). This compound was
obtained from reaction of 11c with benzoyl chloride. Yellow solid;
yield 65%; mp 166—167 °C; IR cm™': 3496 (NH), 1641 (CO); '"H NMR
(CDCl3, 200 MHz, ppm): 6 2.78 (t, 2H, ] = 7.2 Hz, CHy), 2.99 (t, 2H,
J = 72 Hz, CHy), 3.77 (s, 3H, CH3), 5.15 (s, 2H, CH>), 6.82 (d, 2H,
J = 8.7 Hz, H-3’ and H-5'), 7.05 (d, 2H, ] = 8.7 Hz, H-2’ and H-6’),
7.38—7.57 (m, 3H, H-3", H-4” and H-5"), 7.91 (d, 2H, ] = 7.0 Hz, H-2"
and H-6"),10.47 (s, 1H, NH); 13C NMR (CDCl3, 50 MHz, ppm): 6 21.4,
22.7, 49.4, 55.3, 93.7, 96.2, 103.8, 108.0, 114.0, 120.4, 120.9, 122.8,
1274, 1279, 128.8, 130.6, 132.1, 132.8, 158.9, 164.4. Anal calcd for
Ca4H19Br2N30,S: C, 50.28; H, 3.34; N, 7.33. Found: C, 50.15; H, 3.23;
N, 7.51.
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4.1.5.4. N-[6-phenyl-7-(phenylsulfonyl)-5,7-dihydro-4H-[1,3]thiazolo
[4,5-elisoindol-2-yl]benzamide (12d). This compound was obtained
from reaction of 11d with benzoyl chloride. White solid; yield 82%;
mp 131-132°C; IRcm~': 3148 (NH), 1668 (CO); 'H NMR (DMSO-dg,
200 MHz, ppm): 6 2.56 (t, 2H, ] = 7.0 Hz, CH>), 2.88 (t, 2H, ] = 7.0 Hz,
CHy), 7.19—7.24 (m, 2H, Ar), 7.40—7.73 (m, 12H, Ar), 8.13 (d, 2H,
J=6.9Hz, Ar),12.73 (s, 1H, NH); >C NMR (DMSO-dg, 50 MHz, ppm):
019.8,21.3,114.5,121.2,124.4,124.6,126.5,127.6,128.1,128.4, 128.6,
129.5, 129.6, 130.8, 130.9, 131.8, 132.6, 134.4, 137.5, 138.8, 157.0,
164.8. Anal calcd for C,gH»1N303S5: C, 65.73; H, 4.14; N, 8.21. Found:
C, 65.64; H, 4.02; N, 8.45.

4.1.5.5. N-(7-benzyl-8-bromo-6-phenyl-5,7-dihydro-4H-[1,3]thiazolo
[4,5-elisoindol-2-yl)benzamide (12e). This compound was obtained
from reaction of 11e with benzoyl chloride. Yellow solid; yield 68%;
mp 180-181 °C; IR cm™': 3405 (NH), 1666 (CO); 'H NMR (CDCls,
200 MHz, ppm): 6 2.83 (t, 2H,J = 6.1 Hz, CH>), 2.96 (t, 2H, ] = 6.1 Hz,
CH3), 5.10 (s, 2H, CH3), 6.85—6.90 (m, 2H, Ar), 7.17—7.22 (m, 5H, Ar),
7.30—7.56 (m, 6H, Ar), 7.89—7.93 (m, 2H, Ar), 10.64 (s, 1H, NH); 13C
NMR (CDCls, 50 MHz, ppm): ¢ 20.9, 22.8, 49.1, 98.4, 114.6, 118.2,
126.1,127.2,128.0,128.1,128.5,128.6,128.9,129.9,131.4,132.0, 1331,
137.8,155.7, 155.8, 157.4, 157.6, 164.6. Anal calcd for Cy9H»»BrN30S:
C, 64.45; H, 4.10; N, 7.77. Found: C, 64.57; H, 3.98; N, 7.90.

4.1.5.6. N-[8-bromo-7-(4-methoxybenzyl)-6-phenyl-5,7-dihydro-4H-
[1,3]thiazolo[4,5-e]isoindol-2-yl]benzamide (12f). This compound
was obtained from reaction of 11f with benzoyl chloride. Dark
yellow solid; yield 72%; mp 175—176 °C; IR cm™: 3403 (NH), 1663
(CO); 'H NMR (CDCl3, 200 MHz, ppm): § 2.82 (t, 2H, = 6.6 Hz, CHa),
2.96 (t, 2H, ] = 6.6 Hz, CH>), 3.75 (s, 3H, CH3), 5.07 (s, 2H, CHa), 6.74
(d, 2H,J = 8.9 Hz, H-3’ and H-5'), 6.82 (d, 2H, ] = 8.9 Hz, H-2’ and H-
6'), 718—7.23 (m, 2H, Ar), 7.32—7.59 (m, 6H, Ar), 7.95 (d, 2H,
J = 6.9 Hz, Ar), 10.37 (s, 1H, NH); >C NMR (CDCl3, 50 MHz, ppm):
6 21.1, 22.9, 48.4, 55.2, 97.8, 113.9, 116.5, 118.5, 122.5, 127.3, 127.5,
127.7,128.5,128.8,129.9,130.2,131.6,131.8,132.2,132.5,140.4, 156.1,
158.6,164.4. Anal calcd for C3gH24BrN30,S: C, 63.16; H, 4.24; N, 7.37.
Found: C, 63.02; H, 4.19; N, 7.48.

4.1.5.7. N-[7-(phenylsulfonyl)-6-(3,4,5-trimethoxyphenyl)-5,7-
dihydro-4H-[1,3]thiazolo[4,5-e]isoindol-2-yl]benzamide (12g).
This compound was obtained from reaction of 11g with benzoyl
chloride. Light green solid; yield 79%; mp 211-212 °C; IR cm™ !
3397 (NH), 1669 (CO); 'H NMR (DMSO-dg, 200 MHz, ppm): 6 2.61 (t,
2H,] = 6.9 Hz, CH;), 2.91 (t, 2H, ] = 6.9 Hz, CH3), 3.71 (s, 6H, 2 x CH3),
3.75 (s, 3H, CH3), 6.42 (s, 2H, H-2” and H-6"), 7.43—7.70 (m, 9H, Ar),
813 (d, 2H, J = 6.9 Hz, Ar), 12.73 (s, 1H, NH); 3C NMR (DMSO-ds,
50 MHz, ppm): 6 19.8, 21.3, 55.9, 60.1,108.6, 114.1,114.2, 116.5, 120.6,
124.1,124.7,126.7,128.1,128.6,129.4,130.7,131.9, 132.7,134.3,135.0,
137.6, 137.7, 152.0, 165.6. Anal calcd for C31H27N306S,: C, 61.88; H,
4.52; N, 6.98. Found: C, 61.97; H, 4.43; N, 7.07.

4.1.5.8. N-[7-benzyl-8-bromo-6-(3,4,5-trimethoxyphenyl)-5,7-
dihydro-4H-[1,3]thiazolo[4,5-e]isoindol-2-yl]-4-methoxybenzamide
(12h). This compound was obtained from reaction of 11h with
benzoyl chloride. Dark brown solid; yield 60%; mp 177—178 °C; IR
cm™': 3405 (NH), 1669 (CO); '"H NMR (DMSO-dg, 200 MHz, ppm):
62.81(t, 2H, ] = 6.4 Hz, CH,), 2.94 (t, 2H, ] = 6.4 Hz, CH,), 3.58 (s, 6H,
2 x CH3), 3.67 (s, 3H, CH3), 5.20 (s, 2H, CHy), 6.49 (s, 2H, H-2" and H-
6), 6.99 (d, 2H, ] = 8.3 Hz, Ar), 7.20—7.37 (m, 3H, Ar), 7.49—7.67 (m,
3H, Ar), 8.11 (d, 2H, J = 8.3 Hz, Ar), 12.52 (s, 1H, NH); 13C NMR
(DMSO-dg, 50 MHz, ppm): § 20.7, 22.0, 48.7, 55.6, 60.0, 97.5, 106.9,
116.3, 118.0, 121.6, 125.6, 126.5, 126.9, 128.2, 128.4, 128.6, 131.3,
132.2, 132.4, 137.0, 138.5, 140.1, 152.7, 155.7, 165.0. Anal calcd for
C32H28BrN304S: C, 60.95; H, 4.48; N, 6.66. Found: C, 61.09; H, 4.34;
N, 6.77.
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4.1.5.9. N-[7-(4-methoxybenzyl)-8-bromo-6-(3,4,5-
trimethoxyphenyl)-5,7-dihydro-4H-[1,3]thiazolo[4,5-e]isoindol-2-yl]-
benzamide (12i). This compound was obtained from reaction of 11i
with benzoyl chloride. Dark yellow solid; yield 64%; mp
118—119 °C; IR cm™': 3407 (NH), 1662 (CO); 'H NMR (DMSO-ds,
200 MHz, ppm): 6 2.80 (t, 2H, J = 6.0 Hz, CH3), 2.93 (t, 2H, ] = 6.0 Hz,
CH,), 3.64 (s, 6H, 2 x CH3), 3.68 (s, 3H, CH3), 3.70 (s, 3H, CH3), 5.12 (s,
2H, CHjy), 6.53 (s, 2H, H-2” and H-6"), 6.82—6.99 (m, 4H, Ar),
7.51—7.67 (m, 3H, Ar), 8.12 (d, 2H, ] = 7.0 Hz, Ar), 12.59 (d, 1H, NH);
13C NMR (DMSO-dg, 50 MHz, ppm): § 20.6, 22.0, 48.1, 55.1, 55.7,
60.0, 97.4, 106.9, 113.9, 117.0, 121.4, 127.0, 128.2, 128.4, 129.5, 130.1,
131.2,132.1,132.4,137.0, 139.8, 140.1, 152.8, 156.0, 158.3, 165.0. Anal
calcd for C33H30BrN30s5S: C, 60.00; H, 4.58; N, 6.36. Found: C, 60.11;
H, 4.43; N, 6.29.

4.1.5.10. N-(7-benzyl-6,8-dibromo-5,7-dihydro-4H-[1,3]thiazolo[4,5-
elisoindol-2-yl)-4-methoxybenzamide (12j). This compound was
obtained from reaction of 11b with 4-methoxybenzoyl chloride.
White solid; yield 60%; mp 187—188 °C; IR cm™!: 3535 (NH), 1645
(CO); "H NMR (DMSO-ds, 200 MHz, ppm): 6 2.71 (t, 2H, ] = 7.1 Hz,
CHj), 3.00 (t, 2H, J = 7.1 Hz, CH>), 3.85 (s, 3H, CH3), 5.27 (s, 2H, CHy),
7.04—7.12 (m, 4H, Ar), 7.27—7.40 (m, 3H, Ar), 8.12 (d, 2H, ] = 8.9 Hz,
Ar), 12.36 (s, 1H, NH); 13C NMR (DMSO-dg, 50 MHz, ppm): § 20.9,
214, 49.3, 55.5, 96.2, 100.1, 113.7, 117.7, 120.1, 121.9, 124.2, 126.0,
127.3, 128.7, 130.3, 137.0, 139.1, 156.2, 162.6, 164.4. Anal calcd for
C4H19BryN30,S: C, 50.28; H, 3.34; N, 7.33. Found: C, 50.11; H, 3.45;
N, 7.21.

4.1.5.11. N-[6,8-dibromo-7-(4-methoxybenzyl)-5,7-dihydro-4H-[1,3]
thiazolo[4,5-e]isoindol-2-yl]-4-methoxybenzamide (12k). This com-
pound was obtained from reaction of 11¢ with 4-methoxybenzoyl
chloride. Light brown solid; yield 64%; mp 131—132 °C; IR cm™ '
3404 (NH), 1646 (CO); "H NMR (CDCls, 200 MHz, ppm): 6 2.74—2.82
(m, 2H, CHy), 2.93-3.01 (m, 2H, CH,), 3.75 (s, 3H, CH3), 3.80 (s, 3H,
CH3), 5.12 (s, 2H, CHy), 6.80 (d, 2H, J = 8.8 Hz, Ar), 6.85 (d, 2H,
J=8.8Hz, Ar), 7.05 (d, 2H, ] = 8.8 Hz, Ar), 7.95 (d, 2H, ] = 8.8 Hz, Ar),
10.52 (s, 1H, NH); 3C NMR (CDCls, 50 MHz, ppm): § 21.4, 22.2, 49.3,
55.3, 55.5, 91.2, 96.3, 113.9, 114.0, 120.4, 122.3, 124.2, 128.0, 128.8,
129.6, 134.6, 157.0, 158.9, 163.1, 163.8, 164.1. Anal calcd for
Ca5H21BraN303S: C,49.77; H, 3.51; N, 6.96. Found: C, 49.59; H, 3.38;
N, 7.08.

4.1.5.12. N-(7-benzyl-8-bromo-6-phenyl-5,7-dihydro-4H-[1,3]thia-
zolo[4,5-e]isoindol-2-yl)-4-methoxybenzamide  (12I). This com-
pound was obtained from reaction of 11e with 4-methoxybenzoyl
chloride. Yellow solid; yield 70%; mp 169—170 °C; IR cm™': 3400
(NH), 1671 (CO); "H NMR (CDCls, 200 MHz, ppm): 6 2.83 (t, 2H,
J=6.5Hz, CH>), 2.95 (t, 2H,J = 6.5 Hz, CH>), 3.85 (s, 3H, CH3), 5.14 (s,
2H, CH,), 6.89—6.96 (m, 4H, Ar), 7.19—7.24 (m, 5H, Ar), 7.33—7.36
(m, 3H, Ar), 7.96 (d, 2H, J = 8.7 Hz, Ar), 10.50 (s, 1H, NH); 13C NMR
(CDCl3, 50 MHz, ppm): ¢ 20.8, 22.8, 49.0, 55.5, 98.5, 114.3, 118.1,
121.0, 123.3, 124.6, 126.1, 127.2, 128.0, 128.5, 128.6, 129.6, 129.9,
130.3, 131.3, 1321, 137.7, 1474, 163.6, 164.0. Anal calcd for
C30H24BrN30,S: C, 63.16; H, 4.24; N, 7.37. Found: C, 63.02; H, 4.44;
N, 7.60.

4.1.5.13. N-[8-bromo-7-(4-methoxybenzyl)-6-phenyl-5,7-dihydro-
4H-[1,3]thiazolo[4,5-e]isoindol-2-yl]-4-methoxybenzamide  (12m).
This compound was obtained from reaction of 11f with 4-
methoxybenzoyl chloride. Brown solid; yield 64%; mp
162—163 °C; IR cm™': 3408 (NH), 1655 (CO); 'H NMR (DMSO-ds,
200 MHz, ppm): 6 2.73 (t, 2H, ] = 6.9 Hz, CH;), 2.90 (t, 2H, ] = 6.9 Hz,
CH,), 3.69 (s, 3H, CH3), 3.85 (s, 3H, CH3), 5.12 (s, 2H, CH>), 6.76—6.86
(m, 4H, Ar), 7.06 (d, 2H, ] = 8.9 Hz, Ar), 7.29—7.47 (m, 5H, Ar), 8.13 (d,
2H, J = 8.9 Hz, Ar), 12.34 (s, 1H, NH); 13C NMR (DMSO-dg, 50 MHz,
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ppm): ¢ 20.7, 22.0, 47.8, 55.0, 55.5, 113.7, 113.9, 116.6, 118.2, 1214,
124.2, 126.9, 127.7, 128.5, 128.6, 129.5, 130.0, 130.3, 1311, 131.2,
144.4, 155.9, 158.2, 162.5, 164.4. Anal calcd for C31HgBrN30sS: C,
62.00; H, 4.36; N, 7.00. Found: C, 61.88; H, 4.19; N, 7.17.

4.1.5.14. N-[7-benzyl-8-bromo-6-(3,4,5-trimethoxyphenyl)-5,7-
dihydro-4H-[1,3]thiazolo[4,5-e]isoindol-2-yl]-4-methoxybenzamide
(12n). This compound was obtained from reaction of 11h with 4-
methoxybenzoyl chloride. Brown solid; yield 65%; mp
186—187 °C; IR cm™!: 3152 (NH), 1657 (CO); 'H NMR (DMSO-dg,
200 MHz, ppm): 6 2.81—-2.92 (m, 4H, 2 x CH5), 3.58 (s, 6H, 2 x CH3),
3.67 (s, 3H, CH3), 3.86 (s, 3H, CH3), 5.20 (s, 2H, CH>), 6.49 (s, 2H, H-2"
and H-6"), 6.98—7.09 (m, 4H, Ar), 7.24—7.38 (m, 3H, Ar), 8.14 (d, 2H,
J=8.4Hz, Ar),12.38 (s, 1H, NH); 3C NMR (DMSO-dg, 50 MHz, ppm):
6 20.7, 22.0, 48.6, 55.5, 55.6, 60.0, 106.8, 110.1, 113.7, 116.4, 118.0,
121.2, 121.4, 124.2, 125.5, 126.5, 126.9, 128.6, 130.3, 131.2, 136.9,
138.6, 152.7, 155.8, 162.5, 164.3. Anal calcd for C33H3pBrN3OsS: C,
60.00; H, 4.58; N, 6.36. Found: C, 60.13; H, 4.65; N, 6.27.

4.1.5.15. N-[8-bromo-7-(4-methoxybenzyl)-6-(3,4,5-
trimethoxyphenyl)-5,7-dihydro-4H-[1,3]thiazolo[4,5-e]isoindol-2-yl]-
4-methoxybenzamide (120). This compound was obtained from
reaction of 11i with 4-methoxybenzoyl chloride. Brown solid; yield
65%; mp 128—129 °C; IR cm™': 3404 (NH), 1662 (CO); 'H NMR
(DMSO-dg, 200 MHz, ppm): 6 2.79 (t, 2H, ] = 6.1 Hz, CHy), 2.91 (t, 2H,
J = 6.1 Hz, CHy), 3.63 (s, 6H, 2 x CH3), 3.68 (s, 3H, CH3), 3.70 (s, 3H,
CH3), 3.85 (s, 3H, CH3), 5.12 (s, 2H, CH3), 6.52 (s, 2H, H-2" and H-6"),
6.81-6.94 (m, 4H, Ar), 7.07 (d, 2H, J = 8.7 Hz, Ar), 813 (d, 2H,
J = 8.7 Hz, Ar), 12.38 (d, 1H, NH); '>C NMR (DMSO-ds, 50 MHz,
ppm): 6 20.7,22.0,46.8, 55.1, 55.5, 55.7, 60.0, 97.3,107.0, 113.7, 114.0,
117.0,118.0,121.2,124.2,126.4,126.6,127.0,129.4,130.3,137.0, 152.7,
152.8, 156.2, 158.3, 162.5, 164.3. Anal calcd for C34H3,BrN306S: C,
59.13; H, 4.67; N, 6.08. Found: C, 59.02; H, 4.87; N, 5.96.

4.1.5.16. N-[6-phenyl-7-(phenylsulfonyl)-5,7-dihydro-4H-[1,3]thia-
zolo[4,5-e]isoindol-2-yl]acetamide (12p). This compound was ob-
tained from reaction of 11d with acetyl chloride. White solid; yield
72%; mp 173—174 °C; IR cm™': 3396 (NH), 1653 (CO); 'H NMR
(DMSO-dg, 200 MHz, ppm): 6 2.15 (s, 3H, CHs), 2.49—2.56 (m, 2H,
CHy), 2.83 (t, 2H, J = 7.3 Hz, CHy), 7.16—7.21 (m, 2H, Ar), 7.37—7.55
(m, 8H, Ar), 7.64—7.72 (m, 1H, Ar), 12.19 (s, 1H, NH); '3C NMR
(DMSO-dg, 50 MHz, ppm): 6 19.8, 21.2,22.4,114.4,121.1,123.6,124.5,
126.5, 127.6, 128.4, 129.5, 129.7, 130.8, 130.9, 134.4, 137.6, 138.4,
156.5, 168.3. Anal calcd for C;3H19N303S;: C, 61.45; H, 4.26; N, 9.35.
Found: C, 61.52; H, 4.13; N, 9.24.

4.1.5.17. N-[8-bromo-7-(4-methoxybenzyl)-6-phenyl-5,7-dihydro-
4H-[1,3]thiazolo[4,5-e]isoindol-2-yl]acetamide  (12q). This com-
pound was obtained from reaction of 11f with acetyl chloride. Light
brown solid; yield 87%; mp 173—174 °C; IR cm~': 3409 (NH), 1700
(CO); 'H NMR (DMSO-dg, 200 MHz, ppm): 6 2.15 (s, 3H, CH3), 2.71 (t,
2H, ] = 6.6 Hz, CH3), 2.85 (t, 2H, ] = 6.6 Hz, CHy), 3.69 (s, 3H, CH3),
5.10 (s, 2H, CH>), 6.76—6.86 (m, 4H, Ar), 7.28—7.43 (m, 5H, Ar), 12.08
(s, 1H, NH); 13C NMR (DMSO-dg, 50 MHz, ppm): 6 20.7, 22.0, 22.4,
478, 55.0, 97.4, 113.9, 116.5, 118.1, 120.8, 126.9, 127.7, 128.6, 129.5,
130.0, 1311, 131.2, 139.6, 155.3, 158.2, 168.3. Anal calcd for
C25H22BrN30,S: C, 59.06; H, 4.36; N, 8.26. Found: C, 58.89; H, 4.52;
N, 8.11.

4.1.5.18. N-[7-(phenylsulfonyl)-6-(3,4,5-trimethoxyphenyl)-5,7-
dihydro-4H-[1,3]thiazolo[4,5-¢e]isoindol-2-yl]acetamide (12r).
This compound was obtained from reaction of 11g with acetyl
chloride. White solid; yield 76%; mp 127—128 °C; IR cm™!: 3448
(NH), 1664 (CO); 'H NMR (DMSO-dg, 200 MHz, ppm): 6 2.15 (s, 3H,
CH3), 2.57 (t, 2H, ] = 7.0 Hz, CH5), 2.85 (t, 2H, ] = 7.0 Hz, CH>), 3.69 (s,
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6H, 2 x CH3), 3.74 (s, 3H, CHs), 6.39 (s, 2H, H-2" and H-6"), 7.38 (s,
1H, H-8), 7.42—7.57 (m, 4H, Ar), 7.69 (t, 1H, ] = 7.0 Hz, Ar), 12.18 (s,
1H, NH); 3C NMR (DMSO-dg, 50 MHz, ppm): 6 19.8, 21.2, 22.4, 55.8,
60.1,108.6, 114.1, 120.6, 123.4, 124.0, 124.7, 126.7, 129.4, 130.6, 134.3,
135.5, 137.7, 138.4, 152.0, 156.4, 168.3. Anal calcd for C26H25N306S2:
C, 57.87; H, 4.67; N, 7.79. Found: C, 57.69; H, 4.80; N, 7.92.

4.1.5.19. N-[8-bromo-7-(4-methoxybenzyl)-6-(3,4,5-
trimethoxyphenyl)-5,7-dihydro-4H-[1,3]thiazolo[4,5-e]isoindol-2-yl]
acetamide (12s). This compound was obtained from reaction of 11i
with acetyl chloride. Brown solid; yield 67%; mp 127—128 °C; IR
cm~': 3378 (NH), 1680 (CO); 'H NMR (DMSO-dg, 200 MHz, ppm):
62.15 (s, 3H, CHs), 2.73—2.87 (m, 4H, 2 x CH>), 3.61 (s, 3H, CH3), 3.67
(s, 3H, CH3), 3.70 (s, 6H, 2 x CH3), 5.10 (s, 2H, CH,), 6.51 (s, 2H, H-2"
and H-6"), 6.81-6.89 (m, 4H, Ar), 12.12 (d, 1H, NH); 3C NMR
(DMSO-dg, 50 MHz, ppm): ¢ 20.8, 22.0, 22.4, 47.9, 55.1, 55.7, 60.0,
96.9,106.9,109.9, 113.3, 114.0, 116.9, 126.9, 129.4, 130.3, 137.0, 139.3,
152.7, 155.2, 155.6, 158.2, 168.3. Anal calcd for CogHygBrN30sS: C,
56.19; H, 4.72; N, 7.02. Found: C, 56.01; H, 4.88; N, 6.95.

4.2. Biology

4.2.1. Flow cytometric analysis of cell cycle distribution

HelLa cells were treated with different concentrations of the test
compounds for 24 h. After the incubation period, the cells were
collected, centrifuged, and fixed with ice-cold ethanol (70%). The
cells were then treated with lysis buffer containing RNase A and
0.1% Triton X-100 and stained with PI. Samples were analyzed on a
Cytomic FC500 flow cytometer (Beckman Coulter). DNA histograms
were analyzed using MultiCycle for Windows (Phoenix Flow
Systems).

4.2.2. Apoptosis assay

Cell death was determined by flow cytometry of cells double
stained with annexin V/FITC and PI. The Coulter Cytomics FC500
(Beckman Coulter) was used to measure the surface exposure of
phosphatidyl serine on apoptotic cells according to the manufac-
turer’s instructions (Annexin-V Fluos, Roche Diagnostics).

4.2.3. Assessment of mitochondrial potential

The mitochondrial membrane potential was measured with the
lipophilic cationic dye 5,5,6,6' tetrachloro-1,1’3,3'-tetrae-
thylbenzimidazol-carbocyanine (JC-1) (Molecular Probes), as
described [54]. The method is based on the ability of this fluores-
cent probe to enter selectively into the mitochondria since its color
changes reversibly from green to red as membrane potential in-
creases. This property is due to the reversible formation of JC-1
aggregates upon membrane polarization that causes a shift in the
emitted light from 530 nm (i.e., emission of JC-1 monomeric form)
to 590 nm (emission of JC-1 aggregate) when excited at 490 nm.
Consequently, the cells analyzed at 530 nm correspond to cells with
alow AW ..

4.2.4. Western blot analysis

HelLa cells were incubated in the presence of the test compound
and, after different times, were collected, centrifuged, and washed
two times with ice cold phosphate buffered saline (PBS). The pellet
was then resuspended in lysis buffer. After the cells were lysed on
ice for 30 min, lysates were centrifuged at 15000xg at 4 °C for
10 min. The protein concentration in the supernatant was deter-
mined using the BCA protein assay reagents (Pierce, Italy). Equal
amounts of protein (10 pug) were resolved using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Criterion Precast, Bio-
Rad, Italy) and transferred to a PVDF Hybond-P membrane (GE
Healthcare). Membranes were blocked with a bovine serum
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albumin solution (5% in Tween PBS 1X), the membranes being
gently rotated overnight at 4 °C. Membranes were then incubated
with primary antibodies against caspase-9 cleaved fragment, PARP,
cdc25¢, cyclin B, p-cdc2Y® (all from Cell Signaling), or vinculin
(Sigma-Aldrich) for 2 h at room temperature. Membranes were
next incubated with peroxidase labeled secondary antibodies for
1 h. All membranes were visualized using ECL Select (GE Health-
care), and images were acquired using a Uvitec-Alliance imaging
system (Uvitec, Cambridge, UK). To ensure equal protein loading,
each membrane was stripped and reprobed with an anti-vinculin
antibody.

4.2.5. Statistical analysis

The differences between different treatments were analyzed,
using the two-sided Student’s t-test. P values lower than 0.05 were
considered significant.

4.2.6. Tubulin studies

4.2.6.1. Inhibition of tubulin assembly. Electrophoretically homo-
geneous bovine brain tubulin was prepared as previously described
[55]. Tubulin assembly was measured turbidimetrically at 350 nm
in Beckman recording spectrophotometers with electronic tem-
perature controllers by methods described previously [56]. How-
ever, the tubulin used in the experiments described here was more
active than that used previously. Therefore, the concentration of
tubulin was reduced from 10 to 9 pM (1.0—0.9 mg/mL) and that of
GTP from 0.4 to 0.2 mM. This allowed us to reproduce the earlier
IC50 value obtained for the standard agent CA-4.

4.2.6.2. Inhibition of binding of [PHjcolchicine to tubulin.
Identical reaction conditions were used as previously described
[57], except that the tubulin concentration was reduced from
0.1 mg/mL to 0.05 mg/mL (0.05 pM) and one, rather than two,
DEAE-cellulose filters was used for each reaction mixture.

4.3. Molecular modeling

4.3.1. Docking studies

The Schrodinger Suite version 2018 [58] was used to carry out all
molecular modeling simulations for compounds 11c, 11i and 12s,
since they showed the best inhibitory activity in tubulin binding
assays.

Ligand structures were built with the graphical interface of
Maestro and modeled by means of the LigPrep tool [59]. Their
possible ionization states at pH 74 were generated by using
OPLS_2005, as force field [60].

The tubulin structure with PDB code 402B [61] was selected as
the colchicine-bound co-crystal structure and downloaded from
the Protein Data Bank (PDB) [62]. Then, it was pre-processed using
the Schrodinger Protein Preparation Wizard by assigning bond or-
ders, adding hydrogens and performing a restrained energy mini-
mization of the added hydrogens using the OPLS_2005 force field.
Moreover, all water molecules were removed, and the nucleotides
(GTP and GDP) and metals (Mg?* and Zn?*) were retained.

The rigid receptor grid, defined by a 15 x 15 x 15 A inner box,
was generated by using as centroid the co-crystallized colchicine.
Docking studies were performed by means of the software Glide
ver. 7.8 [63]. With respect of the re-docking analysis, the Glide
Standard-Precision (SP) protocol and the C and D chains of the PDB
model were selected to perform the later computational studies
(for details, see Supplementary Materials Paragraph “Redocking
Analysis” and Table S1). For each ligand, we generated ten poses, by
selecting the best binding mode through the evaluation of the
default docking scoring function.
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4.3.2. Molecular dynamics simulation studies (MDSs)

The stability over time of the best binding poses for compounds
11c, 11i and 12s was further evaluated by MDS and compared with
the colchicine complex. MD suitable systems were generated by
means of the Desmond package [64]. Specifically, each complex
was solvated in an orthorhombic box with a buffer of 10 A TIP3P
[65] (Transferable Intermolecular Potential 3-Point) water and
neutralized by adding K™ counter ions. The system was minimized
and pre-equilibrated by means of the default relaxation routine
implemented in Desmond. Simulation time was set to 20 ns, and
the following conditions were applied: NPT ensemble, a tempera-
ture of 300K, a pressure of 1 bar, the Berendsen thermostat-
barostat, and a recording interval equal to 40 ps both for energy
and for trajectory. The time step was set to 2 fs. The Simulation
Event Analysis tool of Desmond was used for MDS analyses, while
visualization of protein-ligand complex was carried out using
Maestro. Moreover, the Desmond Trajectory Clustering tool was
used to generate the best representative structure of the whole
MDS with the aim to describe induced-fit binding events of our
compounds. Finally, these selected structures were submitted to
the calculation of the AGpjinq value by means the MM/GBSA method
as implemented in the Prime module [66] from Maestro using the
default settings.
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