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a b s t r a c t

The synthesis and biological evaluation of 6,7-bis(hydroxymethyl)-1H,3H-pyrrolo[1,2-c]thiazoles as
anticancer agents against MCF7 breast cancer cell lines is reported. The design of the new compounds
has been guided considering (3R)-6,7-bis(hydroxymethyl)-5-methyl-3-phenyl-1H,3H-pyrrolo[1,2-c]
thiazole as the lead compound due to its good performance against MCF7 breast cancer cell lines
(IC50 ¼ 1.0 mM). The structural changes included the removal of the phenyl group at C-3, the replacement
of this group by a 3,4,5-trimethoxyphenyl group, the removal of the methyl group at C-5 from the lead
scaffold and the replacement of this group by a phenyl substituent. Overall, these studies showed that the
combined presence of a phenyl group at C-3 and a methyl group at C-5 in the 1H,3H-pyrrolo[1,2-c]
thiazole ring system is essential to ensure high cytotoxicty against MCF7 breast cancer cell lines. To probe
whether the absolute configuration of the lead compound might affect the anticancer activity, its
enantiomer was prepared and the activity against MCF7 cells was evaluated. (3S)-6,7-
Bis(hydroxymethyl)-5-methyl-3-phenyl-1H,3H-pyrrolo[1,2-c]thiazole proved to be the most active
compound so far studied, with IC50 value of 0.5 mM.

� 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction

The major challenge in cancer chemotherapy is the selective
inactivation of DNA in cancer cells. In fact, targeting the DNA of
tumor cells with small molecules has been one of the most effective
clinical strategies since the development of the nitrogen mustard,
mechlorethamine. However, the first DNA interacting agents
showed significant toxicity, which led to the search for new
compounds that are less toxic and capable of targeting tumor DNA
more specifically. Of particular interest are the minor groove
binders, a group of DNA interactive agents which bind to specific
regions of the genome and show significant in vitro and in vivo
toxicity towards cancer cells [1e4].

Alkylating agents are minor groove binding agents that induce
permanent DNA damage and often exhibit potent antitumor
activity. A range of alkylating agents is known including mono-
alkylating (reacting with only one DNA strand) and bifunctional
elo).
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alkylating drugs. The latter were found to crosslink the two
complementary strands of DNA, which is expected to inhibit DNA
replication and subsequently cell proliferation and usually results
in more potent and efficacious agents.

Mitomycin C (1) is a naturally occurring antitumor alkylating
agent which finds use in clinical practice as a useful chemothera-
peutic agent. The mitomycin C metabolite 2 is the active specie
having two electrophilic centers (C-1 and C-10) which enables DNA
interstrand cross-linking reactions. On the other hand, several pyr-
rolizine alkaloids (e.g. 3), one of the most abundant class of biolog-
ically active natural products, also undergo metabolic activation to
give dehydropyrrolizines bearing two reactive functionalities (e.g. 4,
C-7 and C-9) which allow DNA cross-linking. The structural simi-
larities between the activated pyrrolizine alkaloids andmitomycin C,
both having a pyrrole-containing substructure, and the demonstra-
tion that they target preferentially the same sequences of the DNA
led to the search of new pyrrole-derived bifunctional alkylating
agents. In fact, Hopkins et al. have shown that bis(hydroxymethyl)
pyrroles 5 and 6 and the antitumor 1H-pyrrolizine 7 also show
selectivity for the same site of DNA interstrand cross-linking. Studies
on the mechanism of action of bifunctional electrophilic pyrroles
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indicate that these compounds act as DNAdamaging agents via a SN1
type reaction and that the electrophilic reactivity is enhanced by
participation of the ring nitrogen [5e11] (Fig. 1).

Pyrrole-derived alkylating agents that contain two reactive
centers capable of binding covalently to DNA and showing anti-
tumor activity include also dihydropyrrolizine 8 [12], 8H-3a-aza-
cyclopenta[a]indene-1-yl derivatives 9 [13], 1H,3H-pyrrolo[1,2-c]
thiazoles 10e11, 2,3-dihydropyrrolo[2,1-b]thiazoles 12 [9,14,15],
4H-benzo[d]pyrrolo[2,1-b]thiazoles 13 [16], dihydropyrrolo[2,1-a]
isoquinolines 14, dihydropyrrolo[1,2-a]isoquinolines 15 and 5,10-
dihydropyrrolo[1,2-b]isoquinolines 16 [17e19] (Fig. 2).

We have recently describe the synthesis of chiral 1H,3H-pyrrolo
[1,2-c]thiazoles 17e20 and their in vitro activity as anticancer agents
in three human tumor cell lines, colorectal adenocarcinoma,
melanoma and breast adenocarcinoma [20]. The selection of
monoalkylating pyrrole-derived compounds 17e19 and bisalky-
lating 1H,3H-pyrrolo[1,2-c]thiazole 20 aimed to determine
whether bisalkylating agents are in fact required to ensure efficient
activities. (R)-6-Hydroxymethyl-5-methyl-3-phenyl-1H,3H-pyrrolo
[1,2-c]thiazole (17) and the corresponding benzylcarbamate 18
showed selectivity for MCF7 breast cancer cell lines with IC50 values
of 2.4 mM and 2.2 mM, respectively (Table 1). The latter also showed
significant activity against colorectal adenocarcinoma cancer cell
lines (IC50¼ 8.7 mM). Surprisingly, 7-hydroxymethyl-1H,3H-pyrrolo
[1,2-c]thiazole 19 gave moderate anticancer activity against the
three cell lines tested. Considering that this compound is a mono-
alkylating agent, differing from 1H,3H-pyrrolo[1,2-c]thiazole 17 by
only the position of the hydroxymethyl group, it would be expected
to show similar activity. The low activity shown by the 1H,3H-pyr-
rolo[1,2-c]thiazole 19 gave insight into structure-activity relation-
ships. Furthermore, the bisalkylating (3R)-6,7-bis(hydroxymethyl)-
5-methyl-3-phenyl-1H,3H-pyrrolo[1,2-c]thiazole (20), although
showing very high performance against MCF7 breast cancer cell
lines (IC50 ¼ 1.0 mM) was not significantly different from that
observed for the monoalkylanting 1H,3H-pyrrolo[1,2-c]thiazole
derivatives indicating that the main mechanism of action may in
fact be the monoalkylation process.

The selectivity of the studied compounds 17e20 to MCF7 cell
lines led us to focus our attention on the design of new 1H,3H-
pyrrolo[1,2-c]thiazoles aiming to find more efficient alkylating
agents with anti-breast cancer properties. Herein, the synthesis and
the biological evaluation of new alkylating 1H,3H-pyrrolo[1,2-c]
thiazoles as anticancer agents against MCF7 breast cancer cell lines
is reported.
Fig. 1. Chemical structures of some DN
2. Results and discussion

2.1. Chemistry

Pyrrolo[1,2-c]thiazoles 24 and 25 were prepared as outlined in
Scheme 1, following a known general synthetic procedure [20e22].
The 1,3-dipolar cycloaddition of the bicyclic münchnone generated in
situ fromthiazolidine21awithmethyl propiolatewas followedby loss
of carbon dioxide giving the regioisomeric pyrrolo[1,2-c]thiazoles 22
and 23 as a 41:59 mixture. Reduction of this mixture with lithium
aluminum hydride afforded the corresponding alcohols 24 and 25,
which were separated by flash chromatography. The structural
assignment of 6-hydroxymethyl- and 7-hydroxymethyl-1H,3H-pyr-
rolo[1,2-c]thiazoles, 24 and 24, was supported by two-dimensional
HSQC, HMBC and NOESY spectra (400 MHz). In the NOESY spectrum
of compound 24methyl protons show connectivity with H-3 and H-9
protons whereas in the NOESY spectrum of compound 25 connectiv-
itieswereobservedbetweenmethylprotonsandprotonsH-6andH-3.

The same synthetic strategy was applied for the preparation of
6,7-bis(hydroxymethyl)-1H,3H-pyrrolo[1,2-c]thiazoles 27 in good
overall yield (Scheme 1). It should be noted that 1H,3H-pyrrolo[1,2-
c]thiazole27b is obtained as single enantiomerwithR configuration.

The synthesis of 1H,3H-pyrrolo[1,2-c]thiazole derivatives
unsubstituted at C-5 requires the initial synthesis of N-for-
mylthiazolidines 28whichwas carried out by reacting thiazolidines
21c or 21d with formic acid and acetic anhydride [23,24]. Treat-
ment of N-formylthiazolidines 28 with triethylamine and tosyl
chloride generated the corresponding dipole which was trapped
with dimethyl acetylene dicarboxylate to give 1H,3H-pyrrolo[1,2-c]
thiazoles 29 [25]. The reduction of these heterocycles with lithium
aluminum hydride afforded the target alcohols 30 (Scheme 2).

The stereochemistry of the (3R)-3-(pyridin-3-yl)-1H,3H-pyrrolo
[1,2-c]thiazole-6,7-dicarboxylate 29b was established by single-
crystal X-ray crystallography (Fig. 3). Using the small anomalous
dispersion of Mo Ka X-ray radiation by the sulfur atom, a refine-
ment of the Flack parameter in the structural model (1439 Friedel
pairs, R (I > 2s) ¼ 0.0448 for 3267 reflections and 201 parameters,
Flack parameter: 0.11(8)) allowed us to unambiguously assign the R
configuration to the chiral center C-3.

Chiral 1H,3H-pyrrolo[1,2-c]thiazole-6,7-dicarboxylate 32a
was obtained as described in literature [26]. The synthesis of
(3R)-5-(4-fluorophenyl)-3-phenyl-1H,3H-pyrrolo[1,2-c]thiazole-
6,7-dicarboxylate (32b) was achieved using the same method-
ology. The process involves the selective synthesis of N-acyl-2-
A bifunctional alkylating agents.



Fig. 2. Chemical structures of some compounds that contain two reactive centers capable of binding covalently to DNA.
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phenyl-1,3-thiazolidine-4-carboxylic acids as pure stereoisomers
with (2R,4R) configuration by treating the triethylamine salt of
thiazolidine 21c with the appropriate acid chloride. The reaction of
(2R,4R)-N-acyl-2-phenyl-1,3-thiazolidine-4-carboxylic acids 31
with dimethyl acetylene dicarboxylate in refluxing acetic anhy-
dride gave chiral (3R)-3-aryl-1H,3H-pyrrolo[1,2-c]thiazoles 32 in
Table 1
Cytotoxicity of compounds 17-20 against MCF7 breast cancer cell lines [20].a

Compound IC50 (mM)b

MCF7

24 h 48 h 72 h 96 h

NS
Me

OH

17Ph

26.4 4.3 2.4 1.9

NS
Me

OCONHBn

18Ph

8.8 4.4 2.2 1.9

19

NS
Me

OH

Ph

110.2 63.9 29.9 19.9

NS
Me

OH

OH

20Ph

12.2 1.9 1.0 0.6

a Cells were incubated during 24 h, 48 h, 72 h and 96 h with a DMSO solution of
the selected compounds, washed and then cell proliferation was evaluated by MTT
test.

b Concentration needed to inhibit cell proliferation by 50% as determined from
doseeresponse curves by exponential decay fitting (r2 > 0.9). Scheme 1. Synthesis of 1H,3H-pyrrolo[1,2-c]thiazole derivatives 22-27.



Scheme 2. Synthesis of 1H,3H-pyrrolo[1,2-c]thiazole derivatives 29 and 30.
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good yield. Reduction of heterocycles 32 with lithium aluminum
hydride afforded the corresponding alcohols 33 (Scheme 3).

Chiral 6,7-bis(hydroxymethyl)-1H,3H-pyrrolo[1,2-c]thiazole 36
with S configuration was prepared as outlined in Scheme 4. It was
demonstrated that the reaction conditions described for the
selective synthesis of (2S,4R)-N-aroyl-2-phenyl-1,3-thiazolidine-4-
carboxylic acids [26] can also be applied to the preparation of N-
acetyl derivatives. Thus, the reaction of thiazolidine 21cwith acetyl
chloride in dry pyridine allows the exclusive formation of (2S,4R)-
Fig. 3. X-ray structure of dimethyl (3R)-3-(pyridin-3-yl)-1H,3H-pyrrolo[1,2-c]thiazole-
6,7-dicarboxylate 29b.
N-acetyl-2-phenyl-1,3-thiazolidine-4-carboxylic acid (34) in 99%
yield. 1,3-Thiazolidine 34 reacts with dimethyl acetylene dicar-
boxylate in refluxing acetic anhydride to afford (3S)-1H,3H-pyrrolo
[1,2-c]thiazole-6,7-dicarboxylate 35 which was converted into
chiral 6,7-bis(hydroxymethyl)-1H,3H-pyrrolo[1,2-c]thiazole 36
upon reaction with lithium aluminum hydride.

6,7-Bis(hydroxymethyl)-1H,3H-pyrazolo[1,5-c]thiazole (38) was
prepared by reduction of 1H,3H-pyrazolo[1,5-c]thiazole 37 [27]
with lithium aluminum hydride (Scheme 5).
2.2. Anticancer activity

In vitro studies of the anticancer activity of 1H,3H-pyrrolo[1,2-c]
thiazoles24,25,27,30,33and36havebeen carriedout againstMCF7
breast cancer cell lines. Cells were incubated during 24 h, 48 h, 72 h
and 96 h with a DMSO solution of the selected compounds, washed
and then cell proliferation was evaluated by MTT test. Control
experiments were carried out performing the incubation with only
DMSO solution for the same times. The comparison of the activity of
the compounds was made by the analysis of the corresponding IC50
values calculated from the dose response curves (Table 3).
Scheme 3. Synthesis of 1H,3H-pyrrolo[1,2-c]thiazole derivatives 32 and 33.



Scheme 4. Synthesis of 1H,3H-pyrrolo[1,2-c]thiazole derivatives 35 and 36.

Fig. 4. Chemical modifications on 1H,3H-pyrrolo[1,2-c]thiazole 20.

Table 2
Cytotoxicity of compounds 17, 18 and 19
against non tumoral fibroblast HFF1 cell
lines.a

Compound IC50 (mM)b,c
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The design of new compounds has been guided considering
(3R)-6,7-bis(hydroxymethyl)-1H,3H-pyrrolo[1,2-c]thiazole 19 as
the lead compound and making structural changes aiming not only
to obtain derivatives with higher anti-breast cancer activity but to
gather data regarding structure-activity relationships (Fig. 4). This
type of information is extremely valuable for planning further
structural modifications.

The possibility of preparing benzylcarbamate derivatives was
ruled out based on the cytotoxicity shown by compounds 17,18 and
19 against non-tumoral fibroblast HFF1 cells (Table 2). In fact, (R)-6-
hydroxymethyl-5-methyl-3-phenyl-1H,3H-pyrrolo[1,2-c]thiazole
(17) required a concentration of 154.0 mM for the inhibition of cell
proliferation by 50% whereas in the case of the corresponding
benzylcarbamate 18 a concentration of only 48.2 mM was needed.
Thus, it was observed that 1H,3H-pyrrolo[1,2-c]thiazole 17 show
significant selectivity for cancer cell lines in contrast with the
benzylcarbamate derivative. Some degree of selectivity was also
observed for 7-hydroxymethyl-1H,3H-pyrrolo[1,2-c]thiazole 19
since it showed an IC50 value of 103.5 mM (96 h incubation time)
against non tumoral fibroblast HFF1 cell line but an IC50 value of
19.9 mM against MCF7 breast cancer cell line.

We initially investigated if the presence of the phenyl group
at C-3 is a requirement for the observed biological activity
(Table 3). Thus, anticancer activity of C-3 unsubstituted 6,7-
bis(hydroxymethyl)-1H,3H-pyrrolo[1,2-c]thiazole 27a against
MCF7 cell lines was studied. It was observed that this structural
change resulted in near 22-fold decrease in activity (IC50 ¼ 22.6 mM
for 72 h incubation time). The anticancer activity of C-3 unsub-
stituted 1H,3H-pyrrolo[1,2-c]thiazole derivatives 24 and 25,
bearing only one hydroxymethyl group at C-6 and C-7, respectively,
was also evaluated. Compound 24 required a concentration of
191.5 mM for the inhibition of cell proliferation by 50% whereas the
corresponding 3-phenyl substituted derivative 17 showed an IC50
value of 2.4 mM (72 h incubation time). Similarly, 7-hydroxymethyl-
1H,3H-pyrrolo[1,2-c]thiazole 25 showed significantly lower activity
than the 3-phenyl-1H,3H-pyrrolo[1,2-c]thiazole 19 with an IC50
value of 40.9 mM. The replacement of the phenyl group of the
Scheme 5. Synthesis of 1H,3H-pyrazolo[1,5-c]thiazole derivative 38.
lead compound 20 by another aryl group was carried out. The
new 3-(3,4,5-trimethoxyphenyl)-1H,3H-pyrrolo[1,2-c]thiazole 27b
showed low activity against MCF7 breast cancer cell lines. By
comparing the results of 27a, 24, 25 and 20 against MCF-7 cells, we
concluded that the phenyl group at C-3 is critical for the anticancer
activity.

We then turned our attention to the removal of the methyl
group from the lead scaffold 20 and the replacement of this group
by aryl substituent (Table 3). Thus, 1H,3H-pyrrolo[1,2-c]thiazole
30awas prepared and its cytotoxicity against MCF7 cells evaluated.
The moderated activity observed for this heterocycle (19.4 mM for
48 h incubation time) when compared with 1H,3H-pyrrolo[1,2-c]
thiazole 20 did not justify a complete study. The C-5 unsubstituted
3-pyridyl-1H,3H-pyrrolo[1,2-c]thiazole 30b also showed low
activity (IC50 ¼ 61.7 mM for 72 h incubation time). The evaluation of
the anticancer activity of 1H,3H-pyrrolo[1,2-c]thiazole 33 resulting
from the replacement of methyl substituent of 1H,3H-pyrrolo[1,2-c]
thiazole 20 by phenyl and p-fluorophenyl groups was also carried
out. In both cases a significant decrease of the activity against MCF7
cells was observed (Table 3). Nevertheless, these results have
demonstrated that the methyl group at C-5 plays a role in the
anticancer activity of 1H,3H-pyrrolo[1,2-c]thiazole 20.

Overall, these studies showed that the combined presence of
phenyl group at C-3 and a methyl group at C-5 in the 1H,3H-pyrrolo
[1,2-c]thiazole ring system is important to the cytotoxic activity
against MCF7 breast cancer cell line.

The 6,7-bis(hydroxymethyl)-1H,3H-pyrazolo[1,5-c]thiazole (38)
did not show anticancer activity against MCF7 breast cancer cell
line.

To probe whether the absolute configuration of the lead
compound 20, a chiral compoundwith R configuration, might affect
the anticancer activity, its enantiomer was prepared and the
activity against MCF7 cells was evaluated (Table 3 and Fig. 5). (3S)-
6,7-Bis(hydroxymethyl)-5-methyl-3-phenyl-1H,3H-pyrrolo[1,2-c]
thiazole (36) proved to be the most active compound so far studied,
with IC50 value of 0.5 mM (72 h incubation time).
17 154.0
18 48.2
19 103.5

a Cells were incubated during 96 h with
a DMSO solution of the selected compounds,
washed and then cell proliferation was eval-
uated by MTT test.

b Concentration needed to inhibit cell
proliferation by 50% as determined from
doseeresponse curves by exponential decay
fitting (r2 > 0.9).

c Calculated for n ¼ 3.



Table 3
Cytotoxicity of compounds 24, 25, 27, 30, 33 and 36 against MCF7 breast cancer cell
lines.a

Compound IC50 (mM)b

MCF7

24 h 48 h 72 h 96 h

NS
Me

OH

24

186.3 155.6 191.5 82.3

25

NS
Me

OH

75.9 54.7 40.9 44.6

NS
Me

OH

OH

27a

37.8 38.1 22.6 21.5

NS
Me

OH

OH

27bR

R = 3,4,5-(MeO)3C6H2

>200 127.1 54.5 59.9

NS
OH

Ph

OH

30a

70.8c 19.4c ND ND

NS
OH

R

OH

30b

R = 3-pyridyl

>200 128.1 61.7 30.6

NS
OH

Ph

OH

33a

Ph

92.6 61.8 52.1 70.2

NS
OH

OH

33bPh

R

R

= 4-FC6H4

56.7 46.3 44.6 26.4

NS
OH

Ph

OH

36

Me

1.75 0.54 0.54 0.30

ND ¼ Not determined.
a Cells were incubated during 24 h, 48 h, 72 h and 96 h with a DMSO solution of

the selected compounds, washed and then cell proliferation was evaluated by MTT
test.

b Concentration needed to inhibit cell proliferation by 50% as determined from
doseeresponse curves by exponential decay fitting (r2 > 0.9).

c Calculated for n ¼ 2.

Fig. 5. Values of cell proliferation of (3S)-6,7-bis(hydroxymethyl)-5-methyl-3-phenyl-
1H,3H-pyrrolo[1,2-c]thiazole (36).
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3. Conclusions

Herein, the design, synthesis and biological evaluation of
a series of new hydroxymethyl-1H,3H-pyrrolo[1,2-c]thiazoles as
anticancer agents against MCF7 breast cancer cell lines is reported.
Several structural changes on (3R)-6,7-bis(hydroxymethyl)-5-
methyl-3-phenyl-1H,3H-pyrrolo[1,2-c]thiazole (20), selected as
the lead compound due to its good performance against MCF7
breast cancer cell lines (IC50 ¼ 1.0 mM), have been carried out. The
study allowed us to redraw some conclusions regarding structure-
activity relationships. Thus, the results of the in vitro activity
have demonstrated that the presence of a phenyl group at C-3
and a methyl group at C-5 in the 1H,3H-pyrrolo[1,2-c]thiazole
ring system is crucial. Furthermore, the enantiomer of derivative
20, (3S)-6,7-bis(hydroxymethyl)-5-methyl-3-phenyl-1H,3H-pyr-
rolo[1,2-c]thiazole (36), proved to be the most active compound so
far studied, with IC50 value of 0.5 mM.
4. Experimental

4.1. Chemistry

4.1.1. General methods
1H NMR spectra were recorded on an instrument operating at

400 MHz. 13C NMR spectra were recorded on an instrument oper-
ating at 100 MHz. Chemical shifts are expressed in parts per million
related to internal TMS, and coupling constants (J) are in hertz. IR
spectra were recorded on a Nicolet 6700 FTIR spectrometer. Mass
spectra were recorded under electron impact (EI) or electrospray
ionization (ESI). HRMS spectra were obtained on a VG Autospect M
spectrometer (TOF MS EIþ or ESI). Microanalyses were performed
using an EA1108-HNS-O Fisons instrument. Melting points were
determined in open glass capillary with an Electrothermal melting
point apparatus and are uncorrected. Optical rotations were
measured on an Optical Activity AA-5 electrical polarimeter. Flash
column chromatography was performed with silica gel 60 as the
stationary phase. TLC analyses were carried out on Merck Silica gel
60 F254 plates. Crystallographic data for compound 29b was
collected on a Bruker APEX CCD diffractometer.

Thiazolidine-4-carboxylic acids 21a [28] and 21c [21], 3-formyl-
2-phenylthiazolidine-4-carboxylic acid 28a [25], (2R,4R)-3-phenyl-
2-phenylthiazolidine-4-carboxylic acid 31a [26], 1H,3H-pyrrolo
[1,2-c]thiazoles 26a [22], 29a [25] and 32a [26] and 1H,3H-pyrazolo
[1,5-c]thiazole 37 [27] were prepared as described in the literature.

4.1.2. General procedure for the synthesis of thiazolidine-4-
carboxylic acids

A solution of the appropriate aldehyde (40 mmol) in ethanol
(30 mL) was added to a solution of L-cysteine (4.8 g, 40 mmol) in
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water (30 mL). After stirring overnight at room temperature the
product was filtered and washed with diethyl ether.

4.1.2.1. 2-(3,4,5-Trimethoxyphenyl)thiazolidine-4-carboxylic acid
(21b). Yield: 99%, white solid, mp 150e152 �C (lit. [29] 146e
148 �C). The 1H NMR spectrum obtained at 40 �C showed the
presence of the two diastereoisomers (2R,4R) and (2S,4R) (ratio
50:50). 1H NMR (400 MHz, CD3OD) d 3.25e3.37 and 3.44e3.50
(2 � m, 2H), 3.76 and 3.77 (2 � s, 3H), 3.85 (s, 6H), 4.04e4.07
and 4.35e4.38 (2 � m, 1H), 5.52 and 5.69 (2 � s, 1H), 6.87 and
6.90 (2 � s, 2H, ArH).

4.1.2.2. 2-(Pyridin-3-yl)thiazolidine-4-carboxylic acid (21d).
Yield: 98%, white solid, mp 137e139 �C (lit. [30] 136e137 �C). The
1H NMR spectrum showed the presence of the two diastereo-
isomers (2R,4R) and (2S,4R) (ratio 41:59). IR (KBr) 1725, 1317,
1249, 1188, 1158, 1050 cm�1. Minor isomer: 1H NMR (400 MHz,
CDCl3) d 3.23e3.35 (m, 1H), 3.42e3.55 (m, 1H), 4.05e4.11 (m, 1H),
5.64 (s, 1H), 7.45e7.52 (m, 1H, ArH), 8.03e8.14 (m, 1H, ArH),
8.48e8.55 (m,1H, ArH), 8.70e8.74 (m,1H, ArH); Major isomer: 1H
NMR (400 MHz, CDCl3) d 3.23e3.35 (m, 1H), 3.42e3.55 (m, 1H),
4.27e4.31 (m, 1H), 5.84 (s, 1H), 7.45e7.52 (m, 1H, ArH), 8.03e8.14
(m, 1H, ArH), 8.48e8.55 (m, 1H, ArH), 8.70e8.74 (m, 1H, ArH).
Anal. Calcd for C9H10N2O2S: C, 51.41; H, 4.79; N, 13.32. Found: C,
51.16; H, 5.07; N, 13.15.

4.1.3. (2R,4R)-3-formyl-2-(pyridin-3-yl)thiazolidine-4-carboxylic
acid (28b)

The compound was prepared according to a procedure
described in the literature [23]. Yield: 91%, white solid, mp 195e
197 �C (from ethanol) (lit. [23] 214 �C). Anal. Calcd for
C10H10N2O3S: C, 50.41; H, 4.23; N,11.76; S, 13.46. Found: C, 50.79; H,
4.62; N, 11.44; S, 13.54.

4.1.4. (2R,4R)-3-(4-fluorobenzoyl)-2-phenylthiazolidine-4-carboxylic
acid (31b)

The compound was prepared according to a procedure
described in the literature for the synthesis of (2R,4R)-3-aroyl-2-
phenylthiazolidine-4-carboxylic acids [26]. Yield: 73%, white
solid, mp 170e172 �C (from ethyl acetate). IR (KBr) 1714,1605,1425,
1296, 1231 cm�1. 1H NMR (400MHz, CDCl3, 50 �C) d 3.40 (dd, J¼ 6.8
and 12.3 Hz, 1H), 3.53 (dd, J ¼ 7.2 and 12.3 Hz, 1H), 5.20 (dd, J ¼ 7.2
and 6.8 Hz, 1H), 6.14 (s, 1H, CHPh), 6.96 (d, J ¼ 8.5 Hz, 2H, ArH),
7.27e7.38 (m, 7H, ArH). MS (EI) m/z 332 (MHþ, 100%), 196 (15).
HRMS (ESI-TOF) m/z 332.0763 (MHþ, C17H15FNO3S requires
332.0751). ½a�D20 ¼ þ90 (c 1, MeOH).

4.1.5. (2S,4R)-3-Acetyl-2-phenylthiazolidine-4-carboxylic acid (34)
The compound was prepared according to a procedure

described in the literature for the synthesis of (2S,4R)-3-aroyl-2-
phenylthiazolidine-4-carboxylic acids [26]. Yield: 99%, white
solid, mp 179e181 �C (from ethyl acetate) (lit. [31] 189e190 �C)
HRMS (ESI-TOF) m/z 252.0683 (MHþ, C12H14NO3S requires
252.0689).

4.1.6. General procedure for the synthesis of 1H,3H-pyrrolo[1,2-c]
thiazole carboxylates

A solution of the appropriate thiazolidine-4-carboxylic acid
(18 mmol), dipolarophile (1.5 equiv., 27 mmol) and Ac2O (60 mL)
was heated at 110 �C during the time indicated in each case. The
reaction was cooled to room temperature and was diluted with
CH2Cl2 (150 mL). The organic phase was washed with saturated
aqueous solution of NaHCO3 and with water, dried (Na2SO4) and
evaporated off. The crude product was purified by flash chroma-
tography [hexane-ethyl acetate].
4.1.6.1. Methyl 5-methyl-1H,3H-pyrrolo[1,2-c]thiazole-6-carboxylate
(22) and methyl 5-methyl-1H,3H-pyrrolo[1,2-c]thiazole-7-
carboxylate (23). The starting material was 21a and dipolarophile
was methyl propiolate. Reaction time: 12 h. Yield: 47%, compounds
22 and 23 were obtained as a mixture (51:49). Major isomer: 1H
NMR (400 MHz, CDCl3) d 2.22 (s, 3H), 3.77 (s, 3H), 4.29 (s, 2H), 4.91
(s, 2H), 6.33 (s, 1H). MS (EI) m/z 197 (Mþ, 100%), 182 (34), 166 (21),
138 (19), 120 (50). Minor isomer: 1H NMR (400 MHz, CDCl3) d 2.49
(s, 3H), 3.78 (s, 3H), 4.03 (s, 2H), 4.88 (s, 2H), 6.23 (s,1H). MS (EI)m/z
197 (Mþ, 84%), 182 (100), 166 (16), 138 (18), 120 (36).

4.1.6.2. Dimethyl (3R)-3-(3,4,5-trimethoxyphenyl)-5-methyl-1H,3H-
pyrrolo[1,2-c]thiazole-6,7-dicarboxylate (26b). The starting material
was 21b and dipolarophile was dimethyl acetylene dicarboxylate.
Reaction time: 4 h. Yield: 85%, white solid, mp 125e127 �C (from
diethyl ether). IR (KBr) 1692, 1591, 1543, 1448, 1420, 1235,
1130 cm�1. 1H NMR (400 MHz, CDCl3) d 2.05 (s, 3H), 3.80 (s, 6H),
3.84 (s, 9H), 4.32 (d, J¼ 14.8 Hz,1H), 4.47 (d, J¼ 14.8 Hz,1H), 6.23 (s,
1H, CHAr), 6.27 (s, 2H, ArH). 13C NMR (100 MHz, CDCl3) d 11.5, 30.1,
51.4, 51.6, 56.3, 60.9, 65.4, 102.7, 106.9, 117.4, 130.9, 135.4, 138.5,
140.5, 153.9, 164.0, 165.2. MS (EI) m/z 421 (Mþ, 33%), 389 (12), 212
(100), 197 (63), 153 (14). HRMS (EI-TOF) m/z 421.1196 (Mþ,
C20H23NO7S requires 421.1195). ½a�D20 ¼ þ175 (c 1, CH2Cl2).

4.1.6.3. Dimethyl (3R)-5-(4-fluorophenyl)-3-phenyl-1H,3H-pyrrolo
[1,2-c]thiazole-6,7-dicarboxylate (32b). The starting material was
31b and dipolarophile was dimethyl acetylene dicarboxylate.
Reaction time: 4 h. Yield: 97%, white foam. IR (KBr) 1734,1718,1701,
1496, 1400, 1202, 1159, 1110 cm�1. 1H NMR (400 MHz, CDCl3) d 3.66
(s, 3H), 3.86 (s, 3H), 4.43 (d, J ¼ 15.1 Hz, 1H), 4.57 (dd, J ¼ 1.2 and
15.1 Hz, 1H), 6.26 (br s, 1H, CHPh), 6.74e6.75 (m, 2H, ArH), 6.83e
6.87 (m, 2H, ArH), 6.98e7.01 (m, 2H, ArH), 7.12e7.17 (m, 3H, ArH).
13C NMR (100 MHz, CDCl3) d 30.2, 51.8, 51.9, 65.6, 106.8, 115.0 (d,
2JCeF ¼ 21.5 Hz), 119.8, 125.7, 128.7, 128.8, 130.8, 131.7 (d, 3JCe
F ¼ 8.4 Hz), 140.2, 141.4, 162.7 (d, 1JCeF ¼ 247.5 Hz), 163.8, 165.0.
MS (EI) m/z 411 (Mþ, 49%), 379 (100), 290 (52), 258 (38), 228 (20),
121 (55). HRMS (EI-TOF) m/z 411.0945 (Mþ, C22H18FNO4S requires
411.0941). ½a�D20 ¼ þ185 (c 1, CH2Cl2).

4.1.6.4. Dimethyl (3S)-3-phenyl-5-methyl-1H,3H-pyrrolo[1,2-c]thia-
zole-6,7-dicarboxylate (35). The starting material was 34 and
dipolarophile was dimethyl acetylene dicarboxylate. Reaction time:
4 h. Yield: 79%, white solid, mp 160e162 �C (from ethyl acetatee
hexane). IR (KBr) 1729, 1705, 1450, 1340, 1292, 1154, 1095 cm�1.
1H NMR (400 MHz, CDCl3) d 2.01 (s, 3H), 3.82 (s, 3H), 3.83 (s, 3H),
4.32 (d, J ¼ 14.9 Hz, 1H), 4.48 (d, J ¼ 14.9 Hz, 1H), 6.28 (s, 1H, CHPh),
7.05e7.07 (m, 2H, ArH), 7.33e7.35 (m, 3H, ArH). 13C NMR (100 MHz,
CDCl3) d 14.5, 30.0, 51.4, 51.6, 65.0, 106.8, 117.4, 125.6, 129.0, 129.3,
130.7,140.1,140.5,164.0,165.3. MS (EI)m/z 331 (Mþ, 17%), 299 (100),
210 (21), 178 (98), 161 (20). HRMS (EI-TOF) m/z 331.0877 (Mþ,
C17H17NO4S requires 331.0878). ½a�D20 ¼ �175 (c 1, CH2Cl2).

4.1.7. Dimethyl (3R)-3-(pyridin-3-yl)-1H,3H-pyrrolo[1,2-c]thiazole-
6,7-dicarboxylate (29b)

Triethylamine (0.75 mL, 5.36 mmol) was added to a suspension
of N-formylthiazolidine-4-carboxylic acid 28b (1.16 g, 4.87 mmol)
in dry dichloromethane (2.0 mL). This solutionwas added dropwise
to a mixture of tosyl chloride (1.02 g, 5.36 mmol) in dichloro-
methane (2.0 mL) at 40 �C. Dimethyl acetylene dicarboxylate
(0.74 mL, 5.45 mmol) was then added quickly followed by trie-
thylamine (1.5 mL, 10.71 mmol). The reaction mixture was main-
tained refluxing for 3 h. After cooling to room temperature water
was added and the organic layer was separated. The aqueous phase
was extracted with dichloromethane and the organic extracts are
combined, dried over anhydrous sodium sulfate and the solvent



M.I.L. Soares et al. / European Journal of Medicinal Chemistry 60 (2013) 254e262 261
evaporated off. Purification by flash chromatography [hexane-ethyl
acetate (1:2), hexane-ethyl acetate (1:3), then hexane-ethyl acetate
(1:4)] affords 29b. Yield: 28%, orange solid, mp 98e100 �C (from
diethyl ether). IR (KBr) 1703, 1682, 1517, 1248, 1220 cm�1. 1H NMR
(400 MHz, CDCl3) d 3.78 (s, 3H), 3.87 (s, 3H), 4.41 (dd, J ¼ 1.1 e
15.0 Hz, 1H), 4.52 (dd, J ¼ 1.8 and 15.0 Hz, 1H), 6.40 (br s, 1H, CHAr),
6.89 (s, 1H), 7.36 (dd, J ¼ 4.8 and 8.1 Hz, 1H, ArH), 7.60e7.64 (m, 1H,
ArH), 8.59 (d, J ¼ 2.1 Hz, 1H, ArH), 8.66 (dd, J ¼ 1.6 and 4.8 Hz, 1H,
ArH). 13C NMR (100 MHz, CDCl3) d 30.8, 51.6, 51.6, 63.9, 108.0, 121.0,
121.1, 124.2, 133.7, 134.8, 142.6, 148.6, 151.2, 163.4, 163.6. MS (EI)m/z
318 (Mþ, 16%), 286 (100), 228 (10), 200 (11), 164 (30), 123 (37).
HRMS (EI-TOF) m/z 318.0678 (Mþ, C15H14N2O4S requires 318.0674).
½a�D20 ¼ þ40 (c 0.5, CH2Cl2).

4.1.8. 6-Hydroxymethyl-5-methyl-1H,3H-pyrrolo[1,2-c]thiazole (24)
and 7-hydroxymethyl-5-methyl-1H,3H-pyrrolo[1,2-c]thiazole (25)

A solution containing a mixture of 22 and 23 (3.35 g,
17.01 mmol) in dry dichloromethane (200 mL) was added drop-
wise to a suspension of lithium aluminum hydride (1.1 equiv.,
0.71 g, 18.71 mmol) in anhydrous diethyl ether (120 mL) at 0 �C.
The solution was refluxed for 1.5 h after the addition was
completed and then cooled on an ice bath. The excess of hydride
was carefully decomposed by addition of ethyl acetate followed by
slow addition of water (0.8 mL), NaOH 15% (0.8 mL) and water
(2.4 mL). The mixture was filtered through celite and the inorganic
residue was washed with several portions of hot dichloromethane.
The filtrate was dried (Na2SO4) and the solvent evaporated off.
Purification of the crude product by flash chromatography
[hexane-ethyl acetate (2:1), then hexane-ethyl acetate (1:1)] gave,
in order of elution, 7-hydroxymethyl-5-methyl-1H,3H-pyrrolo[1,2-
c]thiazole 25 and 6-hydroxymethyl-5-methyl-1H,3H-pyrrolo[1,2-c]
thiazole 24.

6-Hydroxymethyl-5-methyl-1H,3H-pyrrolo[1,2-c]thiazole (24).
Yield: 28%, brown solid, mp 73e75 �C (from diethyl ether). IR (KBr)
3285, 1421, 1358, 991 cm�1. 1H NMR (400 MHz, CDCl3) d 1.57 (br s,
1H), 2.22 (s, 3H), 4.04 (s, 2H), 4.45 (s, 2H), 4.86 (s, 2H), 5.84 (s, 1H).
13C NMR (100 MHz, CDCl3) d 10.0 (CH3), 28.8 (C-1), 46.8 (C-3), 58.2
(CH2), 100.1 (C-7), 122.5 (C-6), 124.3 (C-5), 131.9 (C-7a). MS (EI) m/z
169 (Mþ, 100%), 151 (44), 136 (17), 106 (25). HRMS (EI-TOF) m/z
169.0558 (Mþ, C8H11NOS requires 169.0561).

7-Hydroxymethyl-5-methyl-1H,3H-pyrrolo[1,2-c]thiazole (25).
Yield: 9%, yellowish oil. IR (film) 3399, 1426, 1391, 1258, 984 cm�1.
1H NMR (400 MHz, CDCl3) d 1.58 (br s, 1H), 2.19 (s, 3H), 4.06 (s, 2H),
4.43 (s, 2H), 4.85 (s, 2H), 5.94 (s, 1H). 13C NMR (100 MHz, CDCl3)
d 11.9 (CH3), 28.1 (C-1), 46.8 (C-3), 58.2 (CH2), 110.4 (C-6), 114.4 (C-
7), 124.5 (C-5), 130.8 (C-7a). MS (EI) m/z 169 (Mþ, 100%), 151 (28),
138 (31), 94 (21).

4.1.9. General procedure for the synthesis of 6,7-bis(hydroxymethyl)-
1H,3H-pyrrolo[1,2-c]thiazoles and 6,7-bis(hydroxymethyl)-1H,3H-
pyrazolo[1,5-c]thiazole

A solution containing the appropriate 1H,3H-pyrrolo[1,2-c]
thiazole or 1H,3H-pyrazolo[1,5-c]thiazole (1.66 mmol) in dry
dichloromethane (16 mL) was added dropwise to a suspension of
lithium aluminum hydride (2.2 equiv., 0.15 g, 3.65 mmol) in
anhydrous diethyl ether (23 mL) at 0 �C. The solution was refluxed
for 1.5 h after the addition was completed and then cooled on an
ice bath. The excess of hydride was carefully decomposed by
addition of ethyl acetate followed by slow addition of water
(0.2 mL), NaOH 15% (0.2 mL) and water (0.6 mL). The mixture was
filtered through celite and the inorganic residue was washed with
several portions of hot dichloromethane. The filtrate was dried
(Na2SO4) and the solvent evaporated off. The crude product was
purified by flash chromatography [hexane-ethyl acetate] or
recrystallization.
4.1.9.1. 6,7-Bis(hydroxymethyl)-5-methyl-1H,3H-pyrrolo[1,2-c]thia-
zole (27a). Yield: 86%, white foam. IR (film) 3359, 1430, 1404,
1374, 1032, 988 cm�1. 1H NMR (400 MHz, CDCl3) d 2.21 (s, 3H),
2.50 (br s, 2H), 4.06 (s, 2H), 4.50 (s, 4H), 4.86 (s, 2H). 13C NMR
(100 MHz, CDCl3) d 9.9, 27.7, 46.8, 56.4, 56.6, 113.6, 122.6, 122.8,
130.5. MS (EI) m/z 199 (Mþ, 100%), 181 (83), 164 (51), 162 (46), 152
(40), 108 (26). HRMS (EI-TOF) m/z 199.0665 (Mþ, C9H13NO2S
requires 199.0667).

4.1.9.2. (3R)-6,7-Bis(hydroxymethyl)-5-methyl-3-(3,4,5-trimethoxy-
phenyl)-1H,3H-pyrrolo[1,2-c]thiazole (27b). Yield: 54%, with solid,
mp 143e144 �C (from diethyl ether). IR (KBr) 3505, 3423, 1599,
1507, 1467, 1405, 1424, 1239, 1127, 968 cm�1. 1H NMR (400 MHz,
CDCl3) d 1.71 (br s, 1H), 1.89 (s, 3H), 2.65 (br s, 1H), 3.79 (s, 6H), 3.83
(s, 3H), 4.09 (d, J ¼ 12.8 Hz, 1H), 4.28 (d, J ¼ 12.8 Hz, 1H), 4.49 (d,
J ¼ 12.3 Hz, 1H), 4.53 (d, J ¼ 12.3 Hz, 1H), 4.58 (s, 2H), 6.16 (s, 1H),
6.27 (s, 2H, ArH). 13C NMR (100 MHz, CDCl3) d 10.0, 27.7, 56.2, 56.4,
56.7, 60.9, 64.7, 102.8, 113.6, 123.3, 123.6, 131.6, 136.9, 138.1, 153.7.
MS (EI)m/z 365 (Mþ, 7%), 331 (18), 212 (100), 197 (47), 181 (14), 153
(16). HRMS (EI-TOF) m/z 365.1299 (Mþ, C18H23NO5S requires
365.1297). ½a�D20 ¼ þ250 (c 0.5, CH2Cl2).

4.1.9.3. (3R)-6,7-Bis(hydroxymethyl)-3-phenyl-1H,3H-pyrrolo[1,2-c]
thiazole (30a). Yield: 38%, white solid, mp 108e109 �C (from
diethyl ether). IR (KBr) 3406, 3365, 1521, 1456, 1340, 1159, 1024,
999 cm�1. 1H NMR (400MHz, CDCl3) d 2.69 (br s,1H), 2.83 (br s, 1H),
4.16 (d, J¼ 13.0 Hz, 1H), 4.22 (d, J¼ 13.0 Hz,1H), 4.47 (d, J¼ 12.3 Hz,
1H), 4.52 (d, J ¼ 12.3 Hz, 1H), 4.58 (s, 2H), 6.29 (s, 1H), 6.33 (s, 1H),
7.26e7.28 (m, 2H, ArH), 7.33e7.35 (m, 3H, ArH). 13C NMR (100 MHz,
CDCl3) d 28.3, 56.5, 57.8, 65.7, 113.9, 114.1, 127.1, 128.2, 128.9, 129.1,
133.9, 139.3. MS (EI)m/z 261 (Mþ, 53%), 243 (36), 226 (24), 140 (31),
121 (100), 94 (18). HRMS (EI-TOF) m/z 261.0833 (Mþ, C14H15NO2S
requires 261.0824). ½a�D20 ¼ þ192 (c 0.5, CH2Cl2).

4.1.9.4. (3R)-6,7-Bis(hydroxymethyl)-3-(pyridin-3-yl)-1H,3H-pyrrolo
[1,2-c]thiazole (30a). Yield: 45%, colorless oil. IR (film) 3334, 1648,
1517, 1429, 1362, 1162, 996 cm�1. 1H NMR (400 MHz, CDCl3) d 3.36
(br s, 2H), 4.18 (d, J ¼ 13.0 Hz, 1H), 4.25 (d, J ¼ 13.0 Hz, 1H), 4.56 (s,
2H), 4.59 (s, 2H), 6.30 (s, 1H), 6.32 (s, 1H), 7.29e7.32 (m, 1H, ArH),
7.58 (d, J ¼ 7.9 Hz, 1H, ArH), 8.48 (s, 1H, ArH), 8.57e8.58 (m, 2H,
ArH). 13C NMR (100 MHz, CDCl3) d 28.39, 56.0, 57.2, 63.0, 113.5,
114.5, 124.1, 129.0, 133.8, 135.0, 136.0, 147.9, 149.9. MS (EI) m/z 262
(Mþ, 41%), 244 (56), 227 (47),122 (100),108 (30), 94 (29). HRMS (EI-
TOF) m/z 262.0772 (Mþ, C13H14N2O2S requires 262.0776).
½a�D20 ¼ þ70 (c 1, CH2Cl2).

4.1.9.5. (3R)-6,7-Bis(hydroxymethyl)-3,5-diphenyl-1H,3H-pyrrolo
[1,2-c]thiazole (33a). Yield: 26%, white foam. IR (KBr) 3390, 3132,
1398, 1385, 1005 cm�1. 1H NMR (400 MHz, CDCl3) d 2.54 (br s, 2H),
4.16 (d, J¼ 13.1 Hz, 1H), 4.36 (d, J¼ 13.1 Hz, 1H), 4.51 (s, 2H), 4.69 (s,
2H), 6.31 (s, 1H, CHPh), 6.74e6.76 (m, 2H, ArH), 7.00-7.03 (m, 2H,
ArH), 7.12e7.13 (m, 3H, ArH), 7.17e7.19 (m, 3H, ArH). 13C NMR
(100 MHz, CDCl3) d 27.4, 56.7, 64.7, 114.2, 125.0, 125.3, 127.4, 127.9,
128.0, 128.4, 128.8, 129.6, 130.8, 133.3, 141.8. MS (ESI) m/z 360
([M þ Na]þ, 100%), 295 (3), 227 (9). HRMS (ESI-TOF) m/z 360.1032
([M þ Na]þ, C20H19NO2SNa requires 360.1029). ½a�D20 ¼ þ250 (c 1,
CH2Cl2)

4.1.9.6. (3R)-6,7-Bis(hydroxymethyl)-(4-fluorophenyl)-3-phenyl-
1H,3H-pyrrolo[1,2-c]thiazole (33b). Yield: 73%, pale yellow foam. IR
(film) 3151, 1496, 1454, 1423, 1398, 1339, 1223 cm�1. 1H NMR
(400 MHz, CDCl3) d 2.59 (br s, 1H), 2.78 (br s, 1H), 4.15 (d, J ¼ 13.1 Hz,
1H), 4.35 (d, J ¼ 13.1 Hz, 1H), 4.45 (s, 2H), 4.68 (s, 2H), 6.25 (s, 1H,
CHPh), 6.75e6.77 (m,2H,ArH),6.84e6.88 (m,2H,ArH),6.95e6.98(m,
2H, ArH), 7.13e7.15 (m, 3H, ArH). 13C NMR (100 MHz, CDCl3) d 27.6,
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56.7, 56.8, 64.9, 114.2, 115.1 (d, 2JCeF ¼ 21.6 Hz), 125.4, 125.5, 127.0 (d,
4JCeF¼ 3.2Hz),127.7,128.2,128.6,131.5 (d, 3JCeF¼ 8.1 Hz),133.4,141.8,
162.2 (d,1JCeF¼247.8Hz).MS(EI)m/z355 (Mþ, 9%), 337 (59), 321 (65),
200 (97), 186 (48), 121 (100). HRMS (EI-TOF) m/z 355.1035 (Mþ,
C20H18NO2SF requires 355.1042). ½a�D20 ¼ þ220 (c 1, CH2Cl2).

4.1.9.7. (3S)-6,7-Bis(hydroxymethyl)-5-methyl-3-phenyl-1H,3H-pyr-
rolo[1,2-c]thiazole (36). Yield: 56%, white solid, mp 88e90 �C (from
ethyl acetateediethyl ether). IR (KBr) 3385, 1540, 1456, 1437, 1344,
1035,1005 cm�1. 1H NMR (400MHz, CDCl3) d 1.84 (s, 3H), 2.44 (br s,
2H), 4.07 (d, J ¼ 12.8 Hz, 1H), 4.28 (d, J ¼ 12.8 Hz, 1H), 4.47 (d,
J ¼ 12.3 Hz, 1H), 4.51 (d, J ¼ 12.0 Hz, 1H), 4.57 (s, 2H), 6.22 (s, 1H),
7.04e7.06 (m, 2H, ArH), 7.26e7.33 (m, 3H, ArH). 13C NMR (100MHz,
CDCl3) d 10.0, 27.7, 56.4, 56.7, 64.4, 113.4, 123.0, 123.5, 125.7, 128.5,
129.0, 131.5, 141.6. MS (EI) m/z 275 (Mþ, 42%), 257 (43), 241 (52),
226 (19), 162 (38), 154 (35), 136 (21), 121 (100). HRMS (EI-TOF) m/z
275.0979 (Mþ, C15H17NO2S requires 275.0980). ½a�D20 ¼ �275 (c 1,
CH2Cl2).

4.1.9.8. 6,7-Bis(hydroxymethyl)-1H,3H-pyrazolo[1,5-c]thiazole (38).
Yield: 34%, white solid, mp 111e112 �C (from diethyl ether). IR (KBr)
3323, 3167, 1564, 1510, 1439, 1385, 1024, 985 cm�1. 1H NMR
(400 MHz, CDCl3) d 2.45 (br s, 2H), 4.08 (s, 2H), 4.56 (s, 2H), 4.70 (s,
2H), 5.14 (s, 2H). 13C NMR (100 MHz, CDCl3, DMSO-d6) d 26.1, 48.6,
53.6, 56.6, 113.3, 142.2, 155.3. MS (EI) m/z 186 (Mþ, 7%), 168 (100),
122 (8), 110 (9). HRMS (EI-TOF) m/z 186.0467 (Mþ, C7H10N2O2S
requires 186.0463)

4.2. Crystall data for dimethyl (3R)-3-(pyridin-3-yl)-1H,3H-pyrrolo
[1,2-c]thiazole-6,7-dicarboxylate (29b)

C15H14N2O4S, M ¼ 318.34, monoclinic, Pc, with unit cell,
a ¼ 8.0325(3) Å, b ¼ 9.2745(4) Å, c ¼ 10.5028(4) Å, a ¼ 90.00�,
b ¼ 108.585(2)�, g ¼ 90.00�, V ¼ 741.63(5) Å3. It contains two
molecules/unit cell. Dc ¼ 1.426 g cm�3, Z ¼ 2, m ¼ 0.238 mm�1. R
[I > 2s (I)] ¼ 0.0448 and Rw ¼ 0.0967 for 3267 independent
reflections.

4.3. Measurement of cell proliferation

The in vitro cytotoxic effect of the molecules was evaluated in
human breast adenocarcinoma cells MCF7, HCC1954 and HCC1806
purchased from American Type Culture Collection (ATCC). The cells
lines were cultured with Dulbecco’s Modified Eagle medium
(SigmaeAldrich, Inc; Sigma D-5648) supplemented with 10% heat-
inactivated fetal bovine serum (Gibco Invitrogen Life Technologies;
Gibco 2010-04), 1% PenicillineStreptomycin (Gibco Invitrogen Life
Technologies; 100 U/ml penicillin and 10 mg/mL streptomycin e

Gibco 15140-122) and 100 mM sodium pyruvate (Gibco Invitrogen
Life Technologies; Gibco 1360) at 37 �C in a humidified incubator
with 95% air and 5% CO2.

For each experiment, cells were plated in 24multiwells (Corning
Costar Corp), in a concentration of 50,000 cells/mL and kept in the
incubator overnight, in order to allow the attachment of the cells.
Cells were incubated during 24 h, 48 h, 72 h and 96 h with DMSO
successive dilutions of the selected compounds.

The sensitivity of the cell lines to the compounds was
analyzed using the MTT (3-(4,5 dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, colorimetric assay (SigmaeAldrich,
Inc.; Sigma M2128) to measure cell proliferation. Cytotoxicity was
expressed as the percentage of inhibition of cell proliferation corre-
latedwith control experimentswhere the incubationwas carried out
withonlyDMSO. This allows the calculationof the concentration that
inhibits the culture cell proliferation in 50% (IC50). Each experiment
was performed in duplicate and repeated in three sets of tests.
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