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Abstract

A series of novel 2-(thiazol-2-yl)-octahydropyrrolo[3,4-c]pyrroles was synthesized by reaction of
octahydropyrrolo[3,4-c]pyrrole N-benzoylthiourea derivatives and a-haloketones in subcritical water at 130 °C
in 75-91% vyield. Both the thiourea intermediates and the end products were synthesized in subcritical water,
which proved a suitable green alternative to acetone by delivering the desired compounds in much shorter
reaction times and practically the same yields. The antimicrobial activity of the compounds was determined
against five bacterial strains and three fungal strains, and MIC values of 15.62-250 pug/mL were observed.
Moreover, the compounds exhibited antimycobacterial activity against M. tuberculosis H37Rv with MIC values

of 7.81-62.5 pg/mL.
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Introduction

Thiazole derivatives containing nitrogen and sulphur atoms are among the most important pharmacophore
groups in drug research studies’ and it is known that many drugs” and natural products4 such as Abafungin,
Famotidin, Meloxicam and Ritonavir contain a thiazole ring in their structures.™ Thiazoles are present in a
wide range of pharmacologically active compounds exhibiting antibacterial,”® antimycobacterial,g'11
antifungal,s'8 anticancer’*** and antiviral**
chemosensors'’ and fluorescent sensors.™®

The pyrrolidine moiety has been intensively studied in medicinal chemistry19 due to its presence in the
structure of many biologically active compounds such as anisomycin20 and hygrine.21 Furthermore, pyrrolidine
derivatives show various pharmacological activities such as antimicrobial,”*?* antiviral®® and anticancer
activity.ze'27 In addition, pyrrolidine-2,5-dione derivatives have also been reported to exhibit a wide range of
pharmacological activities such as antimicrobial®® and anticonvulsant activity.29 Compounds containing
pyrrolidine fused to pyrrolidine-2,5-dione represent an important class of bicyclic ring systems in drug
research and exhibit various pharmacological activities such as antibacterial®*®*! and anticancer activity.32

Subcritical water is a green alternative to conventional solvents due to being an environmentally friendly,
cheap, safe and non-toxic solvent.*® Water, which is heated at a temperature range of 100 °C — 374.2 °C and
pressurized enough to keep it in the liquid state in this range is defined as subcritical water.** Subcritical water
offers the unique medium for various processes such as oxidation, extraction,>>® solubility37 and organic
reaction synthesis®® through tunable solvent and other physico-chemical properties.*® The dielectric constant
that determines the polarity of a solvent can be easily reduced by increasing the temperature in subcritical
water.*® Thus, subcritical water acts as a non-polar solvent like ethanol or methanol, providing a favorable
medium for organic synthesis. Many reactions such as alkylation, condensation, coupling, decomposition,
Diels-Alder, decarboxylation, dehydration, elimination reactions and nano-synthesis can be carried out using
subcritical water.*®4%4

In this study, we designed and synthesized octahydropyrrolo[3,4-c]pyrrole N-benzoylthioureas and a series
of novel 2-(thiazol-2-yl)-octahydropyrrolo[3,4-c]pyrrole derivatives in subcritical water as green solvent, and
investigated their anti(myco)bacterial and antifungal activities.

activity. Furthermore, thiazole derivatives are useful as

Result and Discussion

The synthesis of octahydropyrrolo[3,4-c]pyrrole derivatives 2a-b was performed according to a literature
method*? via a 1,3-dipolar cycloaddition reaction of methyl 2-(diphenylmethyleneamino)acetate and N-
methylmaleimide or N-phenylmaleimide in 85% and 82% yield, respectively.

The synthesis of the octahydropyrrolo[3,4-c]pyrrole N-benzoylthiourea derivatives 3a-b and 2-(thiazol-2-
yl)-octahydropyrrolo[3,4-c]pyrrole derivatives 4a-j in subcritical water was performed in a reaction apparatus
as depicted in Figure 1. The experiments were carried out in a home-made stainless steel reactor with an
internal volume of 200 mL equipped with a heater-magnetic stirrer. To synthesize the octahydropyrrolo[3,4-
c]pyrrole N-benzoylthiourea derivatives 3a-b, the reactor was loaded with octahydropyrrolo[3,4-c]pyrroles 2a-
b (1 mmol), benzoyl isothiocyanate (2 mmol) and 75 mL of ultra-pure water. After purging the reactor air with
nitrogen, the internal pressure of the reactor was fixed at 30 bar supplied by nitrogen. Each experiment was
performed at 130 °C for 4 hours under stirring. Finally, the reactor was depressurized and the obtained
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mixture was extracted using dichloromethane. The crude product was purified by column chromatography
(EtOAc:hexane / 1:3) to afford compounds 3a-b in 80-82% yield (Scheme 1, Table 1).
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Figure 1. Schematic representation of the reactor equipped with a heater-magnetic stirrer.

For the synthesis of 2-(thiazol-2-yl)-octahydropyrrolo[3,4-c]pyrrole derivatives 4a-j in subcritical water, a
similar procedure described above was applied. Briefly, the reactor was loaded with octahydropyrrolo[3,4-
c]pyrrole N-benzoylthiourea 3a or 3b (1 mmol), an appropriate a-haloketone (1.2 mmol) and 75 mL of ultra-
pure water. After purging the air in the reactor with nitrogen, the internal pressure of the reactor was fixed at
30 bar supplied by nitrogen. Each experiment was performed at 130 °C for 2 hours under stirring. Finally, the
reactor was depressurized and the obtained mixture was extracted using dichloromethane. The crude product
was purified by column chromatography (EtOAc:hexane / 1:4) to afford compounds 4a-j in 74-91% vyield
(Scheme 1, Table 1).

Furthermore, the synthesis of the octahydropyrrolo[3,4-c]pyrrole N-benzoylthiourea derivatives 3a-b and
the 2-(thiazol-2-yl)-octahydropyrrolo[3,4-c]pyrrole derivatives 4a-j in subcritical water was compared with
their synthesis in conventional organic solvent. The synthesis of compounds 3a-b was performed in acetone at
reflux temperature for 30 hours and the products were obtained in 80-82% yield. Similarly, the synthesis of
compounds 4a-j was also performed in acetone at reflux temperature for 18 hours and the products were
obtained in 67-89% yield. Thus, the synthesis in subcritical water has practically the same yields but has the
advantages of a shorter reaction time and of being a green solvent. It can be said that subcritical water is an
excellent alternative to conventional organic solvent for the synthesis of both octahydropyrrolo[3,4-c]pyrrole
N-benzoylthiourea and 2-(thiazol-2-yl)-octahydropyrrolo[3,4-c]pyrroles.

o o O Ph O Ph 0 Ph o
co,Me \Y\j 1 Ph PN ) Ph o Ph p,
C = PGS P S | SfRz

————— R NH R™“N N4 o RLNmN—Q
HN

J\ o-Xylene, Subcritical H,0, "
Subcritical H,O N
reflux, 24 h 130 °C, 4 hor 2~ Ph
Ph™ “Ph o} CoMe = = o o] CO,Me Ph  130°C,2hor o] CO,Me
1 2a.R'=Me, 85% 30h acetone, reflux,

3a-b 18 h N
2b. R'=Ph, 82% 4ai

Scheme 1. Synthesis of the 2-(thiazol-2-yl)-octahydropyrrolo[3,4-c]pyrrole derivatives.
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Table 1. Structure and yield of compounds 3 and 4

Entry R! R? Yield (%)® Yield (%)°
3a Me - 86 82
3b Ph - 80 80
4a Me Ph 78 67
4b Me 4-CN-CgHg4 90 84
4c Me 4-Br-CgH4 83 68
ad Me 2,4-Cl,-CgH4 84 75

CCL
de Me o 91 85
af Ph Ph 74 76
4g Ph 4-CN-CgHa 88 80
4h Ph 4-Br-CeHa 75 71
4i Ph 2,4-Cl,-CgH4 81 76

o
4j Ph o0 90 89

“Yield of the reaction in subcritical water. °Yield of the reaction in acetone.

The antimicrobial activity screening of the octahydropyrrolo[3,4-c]pyrrole N-benzoylthiourea derivatives
3a-b and 2-(thiazol-2-yl)-octahydropyrrolo[3,4-c]pyrrole derivatives 4a-j was performed against five standard
bacterial strains, one standard mycobacterium strain and three standard fungal strains. The compounds 3a-b
and 4a-j exhibited antibacterial activity in the range of 15.62-250 ug/mL (Table 2). The compounds 3a-b were
less active than the reference compound Ampicillin against S. aureus, B. subtilis and E. coli. However,
compound 3a was more active than Ampicillin against the A. hydrophila and A. baumannii strains, and
compound 3b showed the same antibacterial activity as Ampicillin against these two strains. The compounds
4a-j exhibited lower antibacterial activity than the reference compound Ampicillin against B. subtilis, A.
hydrophila and E. coli. Compound 4b exhibited similar antibacterial activity as Ampicillin against the S. aureus
strain, with a MIC value of 31.25 pg/mL. Furthermore, compounds 4d and 4j were more active than Ampicillin
against A. baumannii, an opportunistic pathogen with increasing importance in nosocomial infections. The
other 2-(thiazol-2-yl)-octahydropyrrolo[3,4-clpyrrole derivatives 4a-c, 4e-i exhibited similar antibacterial
activity with Ampicillin against the A. baumannii strain.

Table 2. The MIC values (pug/mL) of the tested compounds against the microbial strains.

Entry  S. aureus B. subtilis A. E. coli A. C. C. C. M.
hydrophila baumannii glabrata tropicalis parapsilosis tuberculosis
H37Rv
3a 125 15.62 15.62 250 62.5 31.25 125 62.5 62.5
3b 250 62.5 31.25 250 125 31.25 125 62.5 62.5
4a 62.5 125 125 250 125 31.25 125 62.5 7.81
4b 31.25 125 125 125 125 31.25 125 62.5 62.5

Page 54 ©ARKAT USA, Inc



Arkivoc 2018, v, 51-64 Nural, Y. et al.

Entry  S. aureus B. subtilis A. E. coli A. C. C. C. M.
hydrophila baumannii glabrata tropicalis parapsilosis tuberculosis

H37Rv

4c 125 125 125 250 125 31.25 125 62.5 31.25

ad 125 125 125 250 62.5 31.25 62.5 62.5 31.25

4e 62.5 250 125 250 125 15.62 125 31.25 31.25

af 125 125 125 250 125 62.5 250 62.5 62.5

4g 125 250 125 250 125 31.25 250 62.5 62.5

4h 125 125 125 250 125 31.25 250 62.5 62.5

4i 250 250 125 125 125 31.25 125 31.25 31.25

4j 125 125 125 250 62.5 31.25 125 62.5 31.25
Ampicillin  31.25 0.98 31.25 15.62 125 - - - -
Fluconazole - - - - - 3.90 15.62 3.90 -

Isoniazid - - - - - - - - 0.98

Ethambutol - - - - - - - - 1.96

MIC: The minimal inhibitory concentrations

The compounds 3a-b, 4a-j showed antifungal activity, in the range of 15.62-250 ug/mL, but did not exhibit
higher antifungal activity than the reference compound Fluconazole, which exhibited antifungal activity
against the fungi with MIC values in the range of 3.90-15.62 pg/mL (Table 2). It can be said that all of the
tested compounds exhibited moderate antifungal activity against the mentioned fungi. Compounds 3a-b, 4a-j
were also tested against the Mycobacterium tuberculosis H37Rv strain. Compound 4a performed best with a
MIC value of 7.81 pg/mL, but none of the compounds scored better than the reference drug Isoniazid.

Conclusions

The synthesis of octahydropyrrolo[3,4-c]pyrrole N-benzoylthiourea derivatives 3a-b and the 2-(thiazol-2-yl)-
octahydropyrrolo[3,4-c]pyrrole derivatives 4a-j was successfully performed in subcritical water as a green
solvent. Despite the fact that reactive agents such as isothiocyanates and a-haloketones were used, applying
subcritical water as a solvent resulted in a significant decrease of reaction times, while maintaining high yields.
The synthesized compounds displayed moderate antimicrobial activity against different bacterial and fungal
strains and against the Mycobacterium tuberculosis H37Rv strain.

Experimental Section

General. All chemicals used had high-grade commercial products purchased from Merck or Aldrich and all
solvents provided by commercial suppliers had reagent grade quality and were used without further
purification. A Varian Scimitar Series 1000 FT-IR spectrophotometer, using horizontal ATR, was used. Nuclear
magnetic resonance spectra were determined at 400 MHz on a Bruker Ultrashield Plus Biospin GmbH.
Chemical shifts are given in parts per million (6) downfield from TMS as internal standard. Flash column
chromatography was performed using silica gel 60 (230-400 mesh). Kieselgel columns were packed with silica
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gel GF254. Melting points were determined on a Mettler Toledo MP90 device. Mass spectra were recorded by
an Agilent 6460 Triple Quad LC/MS/MS mass spectrometer. High resolution mass spectra were recorded by an
LC-MS TOF electrospray ionization technique.

General procedure for the synthesis of octahydropyrrolo[3,4-c]pyrrole derivatives (2a,b). The compounds
2a,b were synthesized using a literature method.”> To a stirred solution of methyl 2-
(diphenylmethyleneamino) acetate 1 (1 mmol) in o-xylene (10 mL) was added a solution of N-substituted
maleimide (2 mmol) in o-xylene (20 mL) and the reaction mixture was refluxed for 24 h. After completion of
the reaction, the mixture was quenched with water and extracted with ethyl acetate. The crude mixture was
purified by column chromatography (EtOAc:hexane / 1:5) to give 2a,b as colourless crystals.

(1R)-Methyl 5-methyl-4,6-dioxo-3,3-diphenyl-octahydropyrrolo[3,4-c]pyrrole-1-carboxylate (2a). Crystallized
from EtOAc:hexane as colorless prisms. Yield, 0.31 g, 85%. mp 204-206 °C. IR (cm™): 3326 (m), 3053(w), 2954
(w), 1743 (s), 1694 (vs). *H NMR (400 MHz, DMSO-dg): 6 7.51-7.49 (m, 2H, Ar-H), 7.39-7.15 (m, 8H, Ar-H), 4.27
(d, 1H, J 7.3 Hz, 4-H), 3.67 (s, 3H, OCHs), 3.60 (dd, 1H, J 8.0 Hz, 7.4 Hz, 3-H), 3.49 (d, 1H, J 8.0 Hz, 2-H), 2.71 (s,
3H, NCH;). *CNMR (100 MHz, DMSO-dg): 6 176.0 (C=0), 175.1 (C=0), 170.4 (C=0), 144.9, 142.7, 128.3 (2 x C),
127.3 (2 x C), 127.2 (2 x C), 127.0, 126.6 (2 x C), 126.5, 71.9, 59.0, 51.8, 51.6, 47.9, 24.6. MS (ESI, M+H"): m/z
365.2 (M+H*, 100). HRMS (ESI-TOF-MS): calcd. for Cy1H,:N,04 [MH]* 365.1501; found 365.1500.

(1R)-Methyl 4,6-dioxo-3,3,5-triphenyl-octahydropyrrolo[3,4-c]pyrrole-1-carboxylate (2b). Crystallized from
EtOAc:hexane as colorless prisms. Yield, 0.35 g, 82%. mp 212-214 °C. IR (cm™): 3273 (m), 3065 (w), 2961 (w),
1716 (vs). *H NMR (400 MHz, CDCl3): § 7.47-7.20 (m, 13H, Ar-H), 7.11-7.09 (m, 2H, Ar-H), 4.28 (d, 1H, J 7.5 Hz,
4-H), 3.87 (dd, 1H, J 7.2 Hz, 6.8 Hz, 2-H), 3.79 (s, 3H, OCHs), 3.68 (dd, 1H, J 7.5 Hz, 7.2 Hz, 3-H), 2.90 (d, 1H, J 6.8
Hz, NH). *CNMR (100 MHz, CDCl3): 6 175.0 (C=0), 174.0 (C=0), 170.7 (C=0), 144.5, 141.5, 131.7, 129.0 (2 x C),
128.9 (2 x C), 128.5, 128.0 (2 x C), 127.8, 127.7, 127.4 (2 x C), 126.5 (2 x C), 126.3 (2 x C), 73.7, 60.2, 52.9, 52.4,
49.1. MS (ESI, M+H"): m/z 427.2 (M+H", 100). HRMS (ESI-TOF-MS): calcd. for CysH»3N,0s [MH]" 427.1658;
found 427.1662.

General procedure for the synthesis of the octahydropyrrolo[3,4-c]pyrrole N-benzoylthiourea derivatives
3a,b in subcritical water. The experiments were carried out in a home-made stainless steel reactor with an
internal volume of 200 mL. To synthesize the octahydropyrrolo[3,4-c]pyrrole N-benzoylthiourea derivatives
3a-b, the reactor and magnet were firstly flushed with water and acetone, then thoroughly dried with nitrogen
gas. The reactor was loaded with octahydropyrrolo[3,4-c]pyrroles 2a-b (1 mmol), benzoyl isothiocyanate (2
mmol) and 75 mL of ultra-pure water, after that the reactor cover screws were tightly clamped. After purging
the air in the reactor with nitrogen, the internal pressure of the reactor was fixed at 30 bar supplied by
nitrogen. Each experiment was performed at 130 °C for 4 hours under stirring. Finally, the reactor was cooled,
depressurized, and the obtained mixture was extracted using dichloromethane (DCM). The crude product was
purified by column chromatography (EtOAc:hexane / 1:3) to afford compounds 3a-b.

General procedure for synthesis of the octahydropyrrolo[3,4-c]pyrrole N-benzoylthiourea derivatives (3a,b)
in acetone. The octahydropyrrolo[3,4-c]pyrrole N-benzoylthiourea derivatives 3a,b were also synthesized by
modification of a literature method.**** To a stirred solution of 2a (0.37 g, 1 mmol) or 2b (0.43 g, 1 mmol) in
acetone (20 mL) was added a solution of benzoyl isothiocyanate (0.33 g, 2 mmol) in acetone (10 mL) and the
mixture was stirred at reflux temperature for 36 h. After completion of the reaction, the solvent was
evaporated under reduced pressure and the crude mixture was purified by column chromatography
(EtOAc:hexane / 1:3) to afford compound 3a,b. Structures of 3a,b were confirmed by NMR and MS
techniques.
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(1R)-Methyl 2-(benzoylcarbamothioyl)-5-methyl-4,6-dioxo-3,3-diphenyl-octahydropyrrolo[3,4-c]pyrrole-1-
carboxylate (3a). Crystallized from DCM:hexane as yellow prisms. Yield, 0.45 g, 86%. mp 110-112 °C. IR (cm™):
3351 (m), 3063 (w), 2950 (w), 1741 (m), 1704 (vs). *H NMR (400 MHz, CDCls): & 8.44 (s, 1H, N-H), 7.53-7.33 (m,
11H, Ar-H), 7.12 (t, 2H, J 7.6 Hz, Ar-H), 6.75 (d, 2H, J 7.6 Hz, Ar-H), 5.71 (d, 1H, J 10.4 Hz, 2-H), 4.33 (d, 1H, /9.6
Hz, 4-H), 3.95 (s, 3H, OCHs), 3.86-3.81 (m, 1H, 3-H), 2.71 (s, 3H, NCHs). 3*C NMR (100 MHz, CDCl,): § 178.4
(C=S), 173.5 (C=0), 172.9 (C=0), 168.5 (C=0), 163.6 (C=0), 140.3, 137.5, 133.0, 132.5, 129.9 (2 x C), 129.0 (2 x
C), 128.8 (2x C), 128.6 (2 x C), 128.4 (2 x C), 127.8 (2 x C), 127.0 (2 x C), 66.7, 63.2, 52.8 (2 x C), 44.1, 25.0. MS
(ESI, M-H"): m/z 526.1 (M-H*, 100). HRMS (ESI-TOF-MS): calcd. for CyoH,6N30sS [MH]" 528.1593; found
528.1597.

(1R)-Methyl 2-(benzoylcarbamothioyl)-4,6-dioxo-3,3,5-triphenyl-octahydropyrrolo[3,4-c]pyrrole-1-
carboxylate (3b). Crystallized from DCM:hexane as yellow prisms. Yield, 0.47 g, 80%. mp 185-187 °C. IR (cm™):
3356 (m), 3060 (W), 2947 (w), 1716 (vs). *H NMR (400 MHz, CDCl3): & 8.44 (s, 1H, N-H), 7.55-7.50 (m, 6H, Ar-H),
7.39-7.32 (m, 8H, Ar-H), 7.15-7.11 (m, 2H, Ar-H), 6.81-6.77 (m, 4H, Ar-H), 5.82 (d, 1H, J 10.3 Hz, 2-H), 4.52 (d,
1H, J 9.7 Hz, 4-H), 4.08-4.03 (m, 1H, 3-H), 3.92 (s, 3H, OCHs). 3C NMR (100 MHz, CDCl3): § 178.3 (C=S), 172.7
(C=0), 171.8 (C=0), 168.4 (C=0), 163.5 (C=0), 140.6, 137.0, 133.0, 132.5, 131.0, 129.9, 129.3, 129.1 (2 x C),
129.0 (2 x C), 128.9 (2 x C), 128.7, 128.4, 128.0, 127.8, 127.3, 127.0, 126.4, 126.3, 126.0 (3 x C), 79.7, 66.7,
63.1, 52.9, 44.3. MS (ESI, M-H"): m/z 588.1 (M-H*, 100). HRMS (ESI-TOF-MS): calcd. for CssH2sN30sS [MH]*
590.1750; found 590.1750.

General procedure for the synthesis of the 2-(thiazol-2-yl)-octahydropyrrolo[3,4-c]pyrrole derivatives (4a-j)
in subcritical water. The experiments were carried out in steel reactor which was identified in the synthesis of
3a,b and the same operations described above were applied. To synthesize the 2-(thiazol-2-yl)-
octahydropyrrolo[3,4-c]pyrrole  derivatives 4a-j, the required octahydropyrrolo[3,4-c]pyrrole N-
benzoylthiourea derivative 3a or 3b (1 mmol), an appropriate a-haloketone (1.2 mmol) and 75 mL of ultra-
pure water were loaded to the reactor. After purging the air in the reactor with nitrogen, the internal pressure
of the reactor was fixed at 30 bar supplied by nitrogen. Each experiment was performed at 130 °C for 2 hours
under stirring. Finally, the reactor was cooled, depressurized, and the obtained mixture was extracted using
DCM. The crude product was purified by column chromatography (EtOAc:hexane / 1:4) to afford compounds
4a-j.

General procedure for synthesis of the 2-(thiazol-2-yl)-octahydropyrrolo[3,4-c]pyrrole derivatives (4a-j) in
acetone. The 2-(thiazol-2-yl)-octahydropyrrolo[3,4-c]pyrrole derivatives 4a-j were synthesized using a
literature method.* To a stirred solution of 3a (0.53 g, 1 mmol) or 3b (0.59 g, 1 mmol) in acetone (20 mL) was
added a solution of an appropriate a-haloketone (1.2 mmol) in acetone (10 mL) and the mixture was stirred at
reflux temperature for 18 h. After completion of the reaction, the solvent was evaporated under reduced
pressure, quenched with saturated aqueous sodium chloride and extracted with DCM. The crude mixture was
purified by column chromatography (EtOAc:hexane/1:4) to afford compound 4a-j. Structures of 4a-j were
confirmed by NMR and MS techniques.

(1R)-Methyl 2-(5-benzoyl-4-phenylthiazol-2-yl)-5-methyl-4,6-dioxo-3,3-diphenyl-octahydropyrrolo[3,4-
c]pyrrole-1-carboxylate (4a). Crystallized from DCM:hexane as yellow prisms. Yield, 0.49 g, 78%. mp 145-147
°C (decomp). IR (cm™): u 3056 (w), 2924 (w), 1707 (vs). '"H NMR (400 MHz, CDCl;): § 7.66-7.64(m, 2H, Ar-H),
7.44-7.36 (m, 10H, Ar-H), 7.24-7.21 (m, 3H, Ar-H), 7.13-7.02 (m, 5H, Ar-H), 5.29 (d, 1H, J 10.0 Hz, 2-H), 4.20 (d,
1H, J 9.2, 4-H), 3.93 (s, 3H, OCHs), 3.84-3.79 (m, 1H, 3-H), 2.90 (s, 3H, NCHs). **C NMR (100 MHz, CDCl;): &
189.0 (C=0), 174.4 (C=0), 173.4 (C=0), 169.8 (C=0), 166.7, 154.8, 139.7,137.7, 135.0, 134.3, 131.9, 130.3 (2 x
C),129.9 (2 xC), 129.5,129.4 (2x C), 128.8 (2 x C), 128.7 (2 x C), 128.6, 128.4 (2 xC), 128.3, 127.7 (2x C), 127.6
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(2 x C), 125.6, 78.4, 65.2, 61.5, 52.6, 45.7, 25.3. MS (ESI, M+H*): m/z 628.2 (M+H*, 100). HRMS (ESI-TOF-MS):
calcd. for C37H3oN30sS [MH]" 628.1906; found 628.1898.

(1R)-Methyl 2-(5-(4-cyanobenzoyl)-4-phenylthiazol-2-yl)-5-methyl-4,6-dioxo-3,3-diphenyl-octahydropyrrolo
[3,4-c]pyrrole-1-carboxylate (4b). Crystallized from DCM:hexane as yellow prisms. Yield, 0.59 g, 90%. mp 180-
182 °C (decomp). IR (cm™): 3061 (w), 2981 (w), 2231 (w), 1745 (m), 1707 (vs). *"H NMR (400 MHz, CDCl5): &
7.67-7.65 (m, 2H, Ar-H), 7.44-7.29 (m, 12H, Ar-H), 7.17-7.12 (m, 3H, Ar-H), 7.06-7.03 (m, 2H, Ar-H), 5.30 (d, 1H,
J10.0 Hz, 2-H), 4.21 (d, 1H, J 9.2 Hz, 4-H), 3.93 (s, 3H, OCHs), 3.85-3.81 (m, 1H, 3-H), 2.90 (s, 3H, NCHs). *C
NMR (100 MHz, CDCl5): § 187.1 (C=0), 174.2 (C=0), 173.2 (C=0), 169.7 (C=0), 167.6, 156.3, 141.5, 139.5, 134.8
133.9,131.4 (2xC), 130.3 (2 x C), 130.0 (2 x C), 129.7, 129.6(2 x C), 129.2, 128.9 (2 x C), 128.7 (2 x C), 128.5,
128.4 (2 x C), 127.7 (2 x C), 125.4, 118.0, 114.6, 78.5, 65.3, 61.8, 52.7, 45.7, 25.3. MS (ESI, M+H"): m/z 653.2
(M+H?*, 100). HRMS (ESI-TOF-MS): calcd. for CagHasN405sS [MH]" 653.1859; found 653.1864.

(1R)-Methyl 2-(5-(4-bromobenzoyl)-4-phenylthiazol-2-yl)-5-methyl-4,6-dioxo-3,3-diphenyl-octahydropyrrolo
[3,4-c]pyrrole-1-carboxylate (4c). Crystallized from DCM:hexane as yellow prisms. Yield, 0.59 g, 83%. mp 181-
183 °C (decomp). IR (cm™): 3061 (w), 2951 (w), 1744 (m), 1705 (vs). *H NMR (400 MHz, CDCls): & 7.59-7.57 (m,
2H, Ar-H), 7.36-7.31 (m, 8H, Ar-H), 7.19-6.99 (m, 9H, Ar-H), 5.22 (d, 1H, J 10.0 Hz, 2-H), 4.14 (d, 1H, J 9.2 Hz, 4-
H), 3.86 (s, 3H, OCHs), 3.77-3.72 (m, 1H, 3-H), 2.83 (s, 3H, NCH;). **C NMR (100 MHz, CDCl;): & 187.7 (C=0),
174.3(C=0), 173.3 (C=0), 169.7 (C=0), 166.9, 155.1, 139.6, 136.5, 134.9, 134.1, 130.9 (4 x C), 130.3 (2 x C),
129.9 (2 x C), 129.5, 128.8 (3 x C), 128.7 (2 x C), 128.4 (3 x C), 127.7 (2 x C), 126.7, 125.3, 78.4, 65.2, 61.6, 52.6,
45.7, 25.3. MS (ESI, M+H"): m/z 706.2 (M+H", 100), 708.2 (M+H", 100). HRMS (ESI-TOF-MS): calcd. for
C37H29BrN30sS [MH]* 706.1011; found 706.0995.

(1R)-Methyl 2-(5-(2,4-dichlorobenzoyl)-4-phenylthiazol-2-yl)-5-methyl-4,6-dioxo-3,3-diphenyl-octahydro-
pyrrolo[3,4-c]pyrrole-1-carboxylate (4d). Crystallized from DCM:hexane as yellow prisms. Yield, 0.58 g, 84%.
mp 264-266 °C (decomp). IR (cm™): 3086 (w), 2918 (w), 1744 (m), 1706 (vs). *H NMR (400 MHz, CDCl3): § 7.65-
7.63 (m, 2H, Ar-H), 7.44-7.38 (m, 8H, Ar-H), 7.18-7.14 (m, 3H, Ar-H), 7.07-7.03 (m, 3H, Ar-H), 6.87 (d, 1H, J 8.2
Hz, Ar-H), 6.79 (dd, 1H, J 8.2 Hz, 1.9 Hz, Ar-H), 5.26 (d, 1H, J 10.0 Hz, 2-H), 4.20 (d, 1H, J 9.2 Hz, 4-H), 3.86 (s,
3H, OCH3), 3.83-3.78 (m, 1H,3-H), 2.88 (s, 3H, NCH3). *C NMR (100 MHz, CDCl5): 6 185.5 (C=0), 174.2 (C=0),
173.3 (C=0), 169.5 (C=0), 168.1, 157.4, 139.5, 136.7, 136.2, 134.7, 133.8, 132.7, 130.6, 130.3 (2 x C), 129.6,
129.5(3xC), 128.8 (3 xC), 128.7 (2 x C), 128.4,129.3 (2x C), 127.4 (3 x C), 126.2, 78.6, 65.2, 61.7, 52.6, 45.6,
25.3. MS (ESI, M+H*): m/z 696.2 (M+H*, 100), 697.2 (M+H", 45), 698.2 (M+H*, 75). HRMS (ESI-TOF-MS): calcd.
for C37H,5ClN305S [MH]" 696.1127; found 696.1120.

(1R)-Methyl  5-methyl-4,6-dioxo-2-(5-(2-oxo0-2H-chromene-3-carbonyl)-4-phenylthiazol-2-yl)-3,3-diphenyl-
octahydropyrrolo[3,4-c]pyrrole-1-carboxylate (4e). Crystallized from DCM:hexane as yellow prisms. Yield,
0.63 g, 91%. mp 200-202 °C (decomp). IR (cm™): 3063 (w), 2981 (w), 1733 (m), 1708 (vs). *H NMR (400 MHz,
CDCl3): 6 7.67 (m 2H, Ar-H), 7.44-7.41 (m, 9H, Ar-H), 7.30-7.26 (m, 3H, Ar-H), 7.23-7.21 (m, 1H, Ar-H), 7.18-7.11
(m, 2H, Ar-H), 7.07-6.99 (m, 3H, Ar-H), 5.28 (d, 1H, J 10.0 Hz, 2-H), 4.23 (d, 1H, J 9.2 Hz, 4-H), 3.87 (s, 3H,
OCH;), 3.84-3.79 (m, 1H, 3-H), 2.87 (s, 3H, NCH;). *C NMR (100 MHz, CDCls): 6 182.6 (C=0), 174.2 (C=0), 173.2
(C=0), 169.6 (C=0), 168.1 (C=0), 157.7 (2 x C), 154.0, 142.8, 139.4, 134.6, 134.5, 132.9, 130.3 (2 x C), 129.6 (3 x
C), 128.9 (3 x C), 128.7 (2x C), 128.5 (2 x C), 128.4 (2 x C), 127.8 (2 x C), 127.2, 127.1, 124.4, 117.8, 116.4, 78.6,
65.3, 61.8, 52.6, 45.7, 25.3. MS (ESI, M+H"): m/z 696.2 (M+H', 100). HRMS (ESI-TOF-MS): calcd. for
CaoH30N307S [MH]" 696.1804; found 696.1797.

(1R)-Methyl 2-(5-benzoyl-4-phenylthiazol-2-yl)-4,6-dioxo-3,3,5-triphenyl-octahydropyrrolo[3,4-c]pyrrole-1-
carboxylate (4f). Crystallized from DCM:hexane as yellow prisms. Yield, 0.44 g, 74%. mp 251-253 °C (decomp).
IR (cm™): 3063 (w), 2981 (w), 1750 (m), 1717 (vs). *H NMR (400 MHz, CDCls): & 7.78 (brs, 2H, Ar-H), 7.49-7.35
(m, 16H, Ar-H), 7.25-7.22 (m, 3H, Ar-H), 7.13-7.02 (m, 4H, Ar-H), 5.39 (d, 1H, J 9.9 Hz, 2-H), 4.38 (d, 1H, J 9.4, 4-
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H), 3.99-3.94 (m, 1H, 3-H), 3.93 (s, 3H, OCHs). 3¢ NMR (100 MHz, CDCls): 6 189.0 (C=0), 173.5 (C=0), 172.3
(C=0), 169.8 (C=0), 166.5, 154.8, 139.8, 137.7, 134.7, 134.3, 131.9, 131.4, 130.6 (2 x C), 129.9 (2 x C), 129.5,
129.4 (2 x C), 129.2 (2 x C), 128.9, 128.8 (2 x C), 128.7, 128.6 (2 x C), 128.5, 128.0, 127.7 (2 x C), 127.6 (2 x C),
127.3, 126.4, 126.3 (2 x C), 78.7, 65.5, 61.6, 52.7, 45.7. MS (ESI, M+H"): m/z 690.2 (M+H", 100). HRMS (ESI-
TOF-MS): calcd. for C43H3,N305S [MH]* 690.2063; found 690.2053.

(1R)-Methyl 2-(5-(4-cyanobenzoyl)-4-phenylthiazol-2-yl)-4,6-dioxo-3,3,5-triphenyl-octahydropyrrolo[3,4-
c]pyrrole-1-carboxylate (4g). Crystallized from DCM:hexane as yellow prisms. Yield, 0.63 g, 88%. mp 166-168
°C (decomp). IR (cm™): 3061 (w), 2923 (w), 2229 (w), 1751 (m), 1719 (vs). *H NMR (400 MHz, CDCl5): § 7.80
(brs, 2H, Ar-H), 7.48-7.38 (m, 13H, Ar-H), 7.31-7.26 (m, 2H, Ar-H), 7.17-7.13 (m, 3H, Ar-H), 7.07-7.03 (m, 4H, Ar-
H), 5.42 (d, 1H, J 10.0 Hz, 2-H), 4.42 (d, 1H, J 9.4 Hz, 4-H), 4.04-4.00 (m, 1H, 3-H), 3.93 (s, 3H, OCH;). *C NMR
(100 MHz, CDCl5): 6 187.1 (C=0), 173.3 (C=0), 172.1 (C=0), 169.7 (C=0), 167.5, 156.4, 141.5, 139.6, 134.8
133.9, 131.4 (2 x C), 131.3, 130.6 (2 x C), 130.0 (2 x C), 129.7, 129.6 (2 x C), 129.2 (3 x C), 129.0, 128.9 (2 x C),
128.8 (2 x C), 128.6, 128.5 (2 x C), 127.8 (2 x C), 126.2 (2 x C), 125.5, 118.0, 114.6, 78.9, 65.6, 61.8, 52.8, 45.7.
MS (ESI, M+H*): m/z 715.2 (M+H", 100). HRMS (ESI-TOF-MS): calcd. for Cs3H3:N40sS [MH]" 715.2015; found
715.2029.

(1R)-Methyl  2-(5-(4-bromobenzoyl)-4-phenylthiazol-2-yl)-4,6-dioxo-3,3,5-triphenyl-octahydropyrrolo[3,4-
c]pyrrole-1-carboxylate (4h). Crystallized from DCM:hexane as yellow prisms. Yield, 0.58 g, 75%. mp 165-167
°C (decomp). IR (cm™): 3059 (w), 2956 (w), 1745 (m), 1714 (vs). *H NMR (400 MHz, CDCl3): & 7.79 (brs, 2H, Ar-
H), 7.50-7.37 (m, 12H, Ar-H), 7.22-7.16 (m, 6H, Ar-H), 7.11-7.05 (m, 4H, Ar-H), 5.42 (d, 1H, J 10.0 Hz, 2-H), 4.41
(d, 1H, J 9.4 Hz, 4-H), 4.03-3.99 (m, 1H,3-H), 3.93 (s, 3H, OCHs). *C NMR (100 MHz, CDCl5): & 187.2 (C=0),
173.4 (C=0), 172.2 (C=0), 169.8 (C=0), 166.8, 155.2, 139.7, 136.5, 134.6, 134.1, 131.4, 130.9 (3 x C), 130.6 (2 x
C), 129.9 (2 x C), 129.6, 129.2 (3 x C), 128.9, 128.8 (4 x C), 128.5 (3 x C), 127.7 (2 x C), 126.7, 126.2 (3 x C),
125.4, 78.8, 65.6, 61.7, 52.7, 45.7. MS (ESI, M+H*): m/z 768.2 (M+H", 100), 770.2 (M+H*, 100). HRMS (ESI-TOF-
MS): calcd. for C42H31BrN3OsS [MH]" 768.1168; found 768.1150.

(1R)-Methyl 2-(5-(2,4-dichlorobenzoyl)-4-phenylthiazol-2-yl)-4,6-dioxo-3,3,5-triphenyl-octahydropyrrolo-
[3,4-c]pyrrole-1-carboxylate (4i). Crystallized from DCM:hexane as yellow prisms. Yield, 0.61 g, 81%. mp 160-
162 °C. IR (cm™): 3063 (w), 2952 (w), 1750 (m), 1717 (vs). 'H NMR (400 MHz, CDCl3): 6 7.77 (brs, 2H, Ar-H),
7.45-7.36 (m, 12H, Ar-H), 7.16-7.14 (m, 2H, Ar-H),7.07-7.01 (m, 5H, Ar-H), 6.88 (d, 1H, J 8.2 Hz, Ar-H), 6.79 (dd,
1H, J 8.2 Hz, 1.9 Hz, Ar-H), 5.36 (d, 1H, J 10.0 Hz, 2-H), 4.37 (d, 1H, J 9.4 Hz, 4-H), 3.97-3.92 (m, 1H, 3-H), 3.86 (s,
3H, OCHs;). *C NMR (100 MHz, CDCls): 6 185.5 (C=0), 173.4 (C=0), 172.2 (C=0), 169.6 (C=0), 168.0, 157.5,
139.6, 136.7, 136.2, 134.3, 133.8, 132.7, 131.3, 130.6, 130.5, 129.7, 129.5 (3 x C), 129.2 (2 x C), 129.0, 128.9 (2
x C), 128.8 (2 x C), 128.6, 128.5 (2 x C), 128.0, 127.4 (2 x C), 127.3, 126.4, 126.3, 126.2 (2 x C), 79.0, 65.6, 61.8,
52.7, 45.7. MS (ESI, M+H"): m/z 758.2 (M+H*, 100), 759.2 (M+H", 45), 760.2 (M+H*, 75). HRMS (ESI-TOF-MS):
calcd. for CaaH30Cl,N30sS [M H]* 758.1283; found 758.1280.

(1R)-Methyl 4,6-dioxo-2-(5-(2-oxo-2H-chromene-3-carbonyl)-4-phenylthiazol-2-yl)-3,3,5-triphenyl-octa-
hydropyrrolo[3,4-c]pyrrole-1-carboxylate (4j). Crystallized from DCM:hexane as yellow prisms. Yield, 0.68 g,
90%. mp 310-312 °C (decomp). IR (cm™): 3063 (w), 2981 (w), 1749 (m), 1719 (vs). *H NMR (400 MHz, CDCls): &
7.81 (brs, 2H, Ar-H), 7.49-7.36 (m, 13H, Ar-H), 7.31-7.26 (m, 2H, Ar-H), 7.21-7.12 (m, 3H, Ar-H), 7.08-6.99 (m,
5H, Ar-H), 5.40 (d, 1H, J 10.0 Hz, 2-H), 4.45 (d, 1H, J 9.4 Hz, 4-H), 4.04-3.99 (m, 1H, 3-H), 3.88 (s, 3H, OCH3). *C
NMR (100 MHz, CDCls): 6 182.6 (C=0), 173.3 (C=0), 172.1 (C=0), 169.6 (C=0), 167.9 (C=0), 157.7, 157.6, 154.0,
142.8, 139.5, 134.5, 134.3, 132.9, 131.3, 130.6 (2 x C), 129.6 (3 x C), 129.2 (3 x C), 129.0, 128.9 (2 x C), 128.8,
128.6,128.5 (3 x C), 127.8 (2xC), 127.2 (2x C), 126.2 (3 xC), 124.4, 117.8, 116.5, 79.0, 65.6, 61.8, 52.7, 45.7.
MS (ESI, M+H"): m/z 758.2 (M+H*, 100). HRMS (ESI-TOF-MS): calcd. for CasH32N30,S [MH]* 758.1961; found
758.1951.
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Antibacterial activity. The antibacterial properties of the compounds were determined in duplicate against
Bacillus subtilis (ATCC 6633) and Staphylococcus aureus (ATCC 25925) as Gram-positive bacterial strains and
Acinetobacter baumannii (ATCC 02026), Aeromonas hydrophila (ATCC 95080) and Escherichia coli (ATCC
25923) as Gram-negative bacterial strains, acquired from the Refik Saydam Hifzissihha Institute, Ankara,
Turkey. The compounds 4a-j were dissolved in DMSO to prepare the stock solutions, and then diluted in Triptic
soy broth and Mueller-Hinton broth to obtain an initial concentration of 1000 pug/mL. Further dilutions of 4a-j
and the control drug ampicillin were prepared at concentrations of 500-0.12 ug/mL. A negative control for the
effect of DMSO on microbial growth was performed, using inoculated broth supplemented with DMSO at the
same dilutions used for the test compounds, and was determined to be inactive.

Antifungal activity. The antifungal properties of 4a-j were determined against three yeast strains (C.
parapsilosis ATCC 22019, C. glabrata ATCC 90030 and C. tropicalis ATCC 750) using the microdilution broth
procedure® according to the NCCLS standard document M27-A2.*” The fungal strains were acquired from
Refik Saydam Hifzissihha Institute, Ankara, Turkey. Fluconazole (Sigma, F8929) was used as positive control.
Antifungal activity was determined in RPMI 1640 Medium (Sigma, R6504) which was buffered to pH 7.0 with
0.165 M 3-(N-morpholino)-propanesulfonic acid (MOPS, Sigma, M1254) as described in the NCCLS document.
A working suspension of the fungal strains was made by a 1:100 dilution followed by a 1:20 dilution of the
stock suspension with RPMI 1640 medium. Stock solutions of 4a-j and reference antifungal agent in DMSO
were prepared at a concentration of 1000 pg/mL and filtered through a 0.22 um membrane filter. Serial two
fold dilutions of these solutions and reference antifungal agent were prepared in a 96-well microtitre plate
using 100 ul RPMI 1640 medium. The tested concentration range was 500-0.12 pg/mL. A growth control
containing no antibiotic and a sterility control without inoculum were included in each plate. The working
inoculum suspension (100 pl) was added to each plate. The plates were incubated at 35 °C for 48 h in ambient
air. The MIC is determined as the lowest concentration of a compound that visually inhibits growth of the
organism.

Antimycobacterial activity. Antimycobacterial properties of 4a-j were determined using the resazurin
microtitre assay (REMA) plate method.*®

Culture medium: 7H9-S medium was used for the REMA plate method, consisting of Middlebrook 7H9 broth
(BBL, Becton Dickinson and Company, Sparks, MD, USA) containing 0.1% casitone, 0.5% glycerol and 10% oleic
acid-albumin-dextrose-catalase (OADC, BBL, Becton Dickinson and Company, Sparks, MD, USA).

Resazurin reagent: Resazurin sodium salt powder (Sigma R7017) was dissolved in distilled water at a
concentration of 0.01% (w/v) and sterilized by filtration through a 0.22 um membrane filter (Ministar,
Sartorius Stedim Biotech GmbH, Goettingen, Germany) to obtain a working solution which was stored at 4 °C
for up to 1 week.

The REMA plate method was used in duplicate as described by Nateche et al.** with minor changes.
Ethambutol (EMB) (Sigma, E4630) and isoniazid (INH) (Sigma, 13377) were used as control agents. M.
tuberculosis H37Rv was used as the standard strain and was acquired from the Refik Saydam National Public
Health Agency, National Tuberculosis Reference Laboratory, Ankara, Turkey. Compounds 4a-j and the
reference compounds were dissolved in DMSO at a concentration of 1000 pg/mL and filtered through a 0.22
um membrane filter to obtain stock solutions. Serial twofold dilutions of these solutions were prepared in a
96-well microtitre plate using 100 puL 7H9-S. The tested concentration range was 500-0.12 pg/mL. A growth
control containing no antibiotic and a sterility control without inoculum were included in each plate. The
H37Rv inoculum was prepared by resuspending a loopful of the Lowenstein-Jensen culture medium in a tube
containing 5 ml 7H9-S medium with several glass beads. After vortexing the tube for 2 minutes, sediment was
allowed to form for 30 minutes. The supernatant was transferred to a second sterile tube and the turbidity
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was adjusted to match a McFarland standard No. 1. This suspension was further diluted 1:20 in 7H9-S. The
plates were inoculated with 100 pL suspension, sealed in plastic bags and incubated at 37 °C in a normal
atmosphere. After 7 days of incubation, 30 uL resazurin working solution was added to each well and the
plates were incubated for 24 hours at 37 °C. The results were determined visually. Bacterial growth gives
reduction of resazurin and is indicated by a change in color from blue to pink. In order to conclude a positive
result, the color change which indicates growth has to be comparable to that observed in the positive growth
control. The MIC was defined as the lowest concentration of solution that prevented a full color change of

resazurin from blue to pink.
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