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The reaction of propargylamines with isothiocyanates results in the selective formation of iminothiazoli-
dines, aminothiazolines or mixed thiazolidine—thiourea compounds under mild conditions. It has been
observed that secondary propargylamines lead to the selective formation of cyclic 2-amino-2-thiazoline
derivatives, while primary propargylamines form iminothiazoline species. In addition, these cyclic thiaz-
oline derivatives can further react with an excess of isothiocyanate to give rise to thiazolidine—thiourea
compounds. These species can also be achieved by reaction of propargylamines with isothiocynates in a
molar ratio of 1:2. Coordination studies of these heterocyclic species towards silver and gold with
different stoichiometries have been carried out and complexes of the type [ML(PPh3)]OTf, [ML,]JOTf (M =
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Ag, Au) or [Au(CgFs)L] have been synthesised. Preliminary studies of the cytotoxic activity in lung cancer
cells have also been performed in both ligands and complexes, showing that although the ligands do not
exhibit anticancer activity, their coordination to metals, especially silver, greatly enhances the cytotoxic
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Introduction

In recent years, there has been an increased interest in the dis-
covery and development of novel biologically active compounds
as more selective agents for the treatment of different diseases.
Cancer is a common illness in our society, the second leading
cause of death in the world, responsible for important health
costs associated with the treatment of patients and with a high
level of mortality. As a result, numerous chemotherapeutic
agents have been developed to avoid the progression of
tumours or to prevent their recurrence, as well as with the main
aim of avoiding many of the side effects of conventional antitu-
mor drugs." In the continuous efforts to develop drugs with
such anticancer properties, scientists have focused upon many
different aspects of this illness. Among the antitumor organic
compounds discovered in recent years, urea® and thiourea®
derivatives have exhibited potent anticancer activity and have
been reported as prodrugs. These structures have also been
reported as important biologically active compounds in a
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variety of promising chemical prototypes for drug development.
Additionally, thioureas could display different properties, such
as anti-HIV,* antiviral,” antibacterial,® antifungal,” analgesic,® or
antithrombotic activity,” among others (Fig. 1).

Heterocyclic compounds, such as thiazoline and thiazoli-
dine scaffolds,'® have also been considered as privileged struc-
tural motifs in medicinal chemistry and of high importance in
organic synthesis."" These heterocycles provide the final drugs
with improved pharmacokinetic properties and facilitate the
construction of a large variety of biologically active molecules,
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Fig. 1 Biologically active thiourea and aminothiazole scaffolds.
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such as anti-tumour,'? anti-bacterial,'® anti-viral,"* and anti-
inflammatory compounds.'®> Moreover, several aminothiazole
derivatives are clinically approved drugs for the treatment of
amyotrophic lateral sclerosis (Riluzone),'® or anti-fungals
(Abafungin),"” or third generation cephalosporin antibiotics
(Cefdinir) (Fig. 1).

Additionally, the development of new metallodrugs is cur-
rently becoming very important for cancer chemotherapy since
they try to improve the activity of existing drugs such as cispla-
tin and to avoid its important side effects and resistance. In
this field, improvements have been achieved with ruthenium®®
and also with the design of gold and silver-based drugs,"
which present great potential as anticancer agents.

In this context, we have focused our efforts during the last
decade on the search and development of new biologically
active gold and silver” complexes with new biological
ligands®' in a synergic way as an excellent approach for disco-
vering novel bioactive metallodrugs.

The search for new biological compounds goes in parallel
with the development of new organic ligands or their corres-
ponding metallodrug based compounds, because of the inter-
esting properties that both parts could exhibit, thiourea or
aminothiazoline derivatives and gold or silver complexes. We
envisioned that coordination of these organic molecules with
the respective group 11 metal centres should increase the bio-
logical activity of the resulting complexes in comparison with
each part alone.

The conversion of propargylamines and isothiocyanates to
afford the thiazolidine or thiazole moiety has been known
long time ago; however, usually harsh conditions, microwaves
or metal catalysts are used to achieve these heterocycles.

Results and discussion

Considering that heterocycles play an important role in many
natural products and drug development, with a wide range of
biological properties, we consider studying the formation of
thiazolidines and thiazolidine-thiourea species under mild
conditions. Additionally, their coordination to gold and silver
centres will be explored because to the best of our knowledge
the coordination of thiazoline containing heterocycles to gold
or silver metal for biological purpose has been overlooked in
the literature so far.

To initiate the study, different model propargylamines 1a-c
and isothiocyanates 2a-c were selected (Fig. 2).
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Fig. 2 Propargylamines 1la—c and isothiocyanates 2a—c.
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For this purpose, the conditions for the formation of
thiourea species 3 or aminothiazoline derivative 4 were investi-
gated as disclosed in Scheme 1.

Surprisingly, the normal reaction to afford thiourea 3 did
not work between amine 1a and isothiocyanate 2a using EtOH
as the solvent at room temperature. To our delight, after ana-
lysis of the "H NMR spectrum of the reaction, it was observed
that the signals of the obtained product were in agreement
with the cyclic compound 4, the 2-aminothiazoline deriva-
tive.?? In fact, to obtain the desired thiourea 3, the solvent of
the process was changed to a less polar solvent such as aceto-
nitrile (Scheme 1). The reaction was carried out under the
same conditions of time and temperature and finally the
thiourea 3 was obtained.

However, in most of the assays the thiourea could not be
isolated in the pure form, and a mixture of both thiazoline
and thiourea derivatives was obtained, even if the reaction was
carried out in acetonitrile, whereas pure thiazoline compounds
are achieved in ethanol. Therefore, we continued working with
EtOH. It is worth mentioning that when 2-thiazolines have an
amino group at position 2, a tautomeric equilibrium is
observed between the thiazoline and thiazolidine forms, that
is 2-amino-2-thiazoline and 2-iminothiazolidine. Interestingly,
we have observed that the use of secondary propargylamines
1b,c leads selectively to the formation of cyclic iminothiazoli-
dine derivatives 5, 6, 8 and 9, while primary propargylamine
1a could form 2-aminothiazoline derivatives 4 and 7
(Scheme 2).

The easy formation of these thiazoline and thiazolidine
derivatives was accomplished for all the alkynes and isothio-
cyanates assayed with very good yields. Thiazoline 4 crystallises
with four independent molecules, with similar distances and
bond angles in all the molecules (Fig. 3B).”> Moreover, it is
possible to observe the existence of a double bond between the
N1-C1 atoms of 1.278(2) A, which corroborates the formation
of the 2-amino-2-thiazoline 4 and also the presence of hydro-
gen bonds among the molecules that form a chain polymer.
The shortest bonds correspond to the N7---H-N6 unit with a
distance of 2.047 A and an angle of 174° (Fig. 3B). In the struc-
ture of compound 6, the distances C5-N2 of 1.2759(16) and
C5-N1 of 1.3590(15) support the formation of the iminothiazo-
lidine (Fig. 3C). The crystal structure of compound 7 also sup-
ports the formation of the 2-amino-2-thiazoline derivative,
with distances N1-C4 of 1.276(2) and N2-C4 of 1.357(2) A
(Fig. 3D).

Encouraged with this reactivity, we tested the scope of this
approach by adding 2 equivalents of isothiocyanate 2a-c¢ to
propargylamine 1a. Interestingly, new thiazolidine-thiourea
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Scheme 1 Formation of thiourea 3 or aminothiazoline 4.
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Scheme 2 Synthesis of 2-amino-2-thiazolines and

2-iminothiazolidines.

Fig. 3 Crystal molecular structures of 4 (A), 6 (C), and 7 (D), and the
chain formed by hydrogen bonding in 4 (B) showing ellipsoids at the
50% probability level.

derivatives 10-12 were prepared, incorporating three molecules
of reagents in the final product in an atom-economical process
(Scheme 3).

For the formation of these thiazolidine-thiourea species,
the phenyl (2a), 3-fluorophenyl (2b) and benzyl (2¢) isocyanates
have been used. The reactions were carried out in ethanol and

R- S

o
)/[ H

Scheme 3 Synthesis of thiazolidine—thiourea adducts 10-12.

10 (Ph, 83 %)
11 (3-FPh, 81 %)
12 (Bn, 84 %)
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the compounds precipitated as a white solid, being obtained
in the pure form and in very good yields. As a proof of the
final structures of thiourea-thiazolidine derivatives 10 and 11,
crystal structures were also corroborated by X-ray diffraction
and are presented in Fig. 4.>* In both cases, we observe the
presence of an intramolecular hydrogen bond between the
amino group of the thiourea and the imino group of the imi-
nothiazolidine. For compound 10 the hydrogen bond N1-
H6---N3 has a donor---acceptor distance of 2.621 A and an
angle of 142.2°. In compound 11, the N1-H1---N3 bond has a
donor---acceptor distance of 2.602 A and an angle of 146.1°.

Mechanism of the reaction

A plausible mechanism for the formation of thiazolines or
thiazolidine-thiourea derivatives is proposed in Scheme 4. The
first step would be the reaction of propargylamine 1a with the
isothiocyanate 2, giving rise to the formation of the corres-
ponding thiourea I. If two equivalents of isothiocyanate are
used, thiourea III could be first generated. In this case, only
thiourea I could be isolated in a pure form. The next step
would be the generation of a more reactive allene intermediate
II or IV, in equilibrium with its thiourea species, probably
favoured by the use of a polar solvent.”® The formation of
these intermediates would receive a posterior intramolecular
nucleophilic attack by the sulfur atom to the quaternary
carbon of the allene, giving rise to the cyclisation of the com-
pound and the formation of the corresponding 2-iminothiazo-
lidines V and VI. At this point, we cannot discard the direct
attack of the sulfur atom over the triple bond as previously pro-
posed by other authors.?® In the case of 2-iminothiazolidines

Fig. 4 Crystal molecular structures of compounds 10 (A) and 11 (B)
showing ellipsoids at the 50% probability level.

Scheme 4 Proposed formation of the iminothiazolidine V and thiazoli-
dine—thiourea VI.
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V, the internal amino NH group could also produce a nucleo-
philic attack on another molecule of isothiocyanate giving rise
to the same thiazolidine-thiourea VI. Alternatively, this route
could also justify the obtainment of the same compound VI
(Scheme 4).

Metal coordination studies

It is known that both thioureas and thiazolidines alone may
have some biological activity as described above. Therefore, we
envisioned that the tandem of the two units in the same mole-
cule could improve their activity. We also foresaw that coordi-
nating these types of ligands to group 11 metals, with proven
biological activity, probably would result in an enhancement
of the potential biological activity.”” For this reason, the
binding of thiazolidine-thiourea ligands to silver or gold frag-
ments has been addressed in this section.

First, the coordination of silver to 10-12 was explored,
using [Ag(OTf)(PPh;)] or Ag(OTf) as the metallic precursor, to
afford the heteroleptic 13-15 or the homoleptic 16-18 silver
complexes (Scheme 5).

In both cases, coordination of silver to the sulfur atoms of
the C=S group of the ligands is proposed. The resonances of
the complexes in the spectra appear shifted with respect to
those of the ligands. In all cases, the new complexes were
obtained in very good yields.

Attempts were also made to synthesize the analogous cat-
ionic gold complexes, starting from [Au(PPh;)(MeCN)]|SbF, or
[Au(tht),|OTf precursors, or neutral derivatives with [Au(CgFs)
(tht)] as the starting material (Scheme 6). The heteroleptic
complexes 19-21 with the thiazolidine-thiourea and phos-
phine ligands were obtained with a very small amount of the
homoleptic [Au(PPh;),]OTf complex.

The crystal structure of complex 20 has been established by
X-ray diffraction studies. In this complex, the gold atom is in a
linear environment bonded to the sulfur atom of thiourea with
a distance Au1-S1 of 2.336(2) A and to the phosphorus atom
with a distance of Aul-P1 2.274(2) A (Fig. 5).2® The angle
around the gold centre is slightly distorted from linearity, P1-
Au1-S1 175.34(9)°. The molecules associate in dimers through
a short aurophilic interaction of Au1---Au1 3.0861(7) A (Fig. 5).

[Ag(OTH)(PPh3)] 1/2 Ag(OT)

" ort

S
N\\,N R

N NH
)=s—Ag-s=(
HN N
s y
R
T{ R,NASK
R =13 (Ph), 14 (3-FPh), 15 (Bn) R =16 (Ph), 17 (3-FPh), 18 (Bn)

Scheme 5 Preparation of silver complexes 13—-18.

7800 | Dalton Trans., 2023, 52, 7797-7808

View Article Online

Dalton Transactions

"] sbFs

R R
HN —PPh.
HN s %S’ 3
_N [Au(PPh3)(MeCN)]SbF ¢ _N
RN RO
S{ S\\€
10-12 [Au(tht),]OTf
=19 20 (3 21
[ (Cst)(tht)]\ R (Ph), (3-FPh), (Bn)

. . R "ot
HN_  __nu-CeFs X VAN R
S N NH
R/NYN =s—Au-s=(

s HN N

R N;< k
g S

R =25 (Ph), 26 (3-FPh), 27 (Bn) R =22 (Ph), 23 (3-FPh), 24 (Bn)

Scheme 6 Preparation of gold complexes 19-27.

Fig. 5 Molecular structure of complex 20 showing ellipsoids at the 30%
probability level, and its association in dimers thought aurophilic inter-
actions. Hydrogen atoms are omitted for clarity.

In complexes 25-27, the '’F NMR spectra provide good
information about the formation of the complexes, in which
three different resonances are assigned to the pentafluoro-
phenyl group, two multiplets for the ortho- and meta-fluoro and
a triplet for the para-fluoro. In addition, for compound 26 two
additional signals are observed, as expected, corresponding to
the fluorine atoms of the thiazolidine-thiourea ligand.

The crystal structure of complex 27 has also been character-
ised by X-ray diffraction (Fig. 6).>° The geometry around the
gold centre is also linear with a C1-Au1-S1 angle of 175.51(6)°.
The main bond distances are Aul-C1 2.019(2) and Aul-S1
2.3069(6) A. There is an intramolecular hydrogen bond as
occurred in the ligands, with a donor---acceptor N3-H3---N2
distance of 2.626 A and an angle of 146.2°.

This journal is © The Royal Society of Chemistry 2023
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C1

Fig. 6 Molecular structure of complex 27 showing ellipsoids at the 50%
probability level.

Biological studies

Before the biological tests, analyses of solubility and stability
were performed for our complexes. Hence, the ligands and the
complexes were not soluble in DMSO and mixtures of DMSO/
water were used to carry out the tests. Stability studies were
performed in DMSO by 'H NMR studies and all compounds
maintained stable unless for a period of 48 h, as no changes
were observed between the initial '"H NMR spectra and the
corresponding ones after 24 and 48 h, confirming the reten-
tion of the complexes in solution. Preliminary studies of the
cytotoxic activity of the compounds were carried out using the
MTT assay for the lung carcinoma cell line A549.%° The ICs,
values for the complexes after 24 h of incubation are shown in
Table 1.

From these results some statements can be concluded.
Interestingly, the thiazolidine-thiourea ligands 10-12 did not
show any type of anticancer activity against this cancer line. In
contrast, the silver complexes 13-15 that incorporate the tri-

Table 1 [Csq values for complexes 10-18 and 22-24, after 24 h of
incubation with A549 cells

Compounds IG5 (UM)
Cisplatin 29.21 + 1.92 (48 h)**
114.2 + 9.1 (24 h)*?

Ligands 10 >50

11 >50

12 >50
[Ag(L)(PPhy)]OTE 13 3.97 +0.63

14 5.78 + 0.36

15 6.26 + 0.29
[Ag(L),]OTf 16 >50

17 25.16 + 1.8

18 >50
[Au(L),]OTf 22 39.71+1.32

23 42.36 + 0.56

24 >50

This journal is © The Royal Society of Chemistry 2023
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phenylphosphine ligand in their structure show excellent
activity with ICs, values ranging from 3.97 + 0.63 to 6.26 *
0.29, respectively. Unfortunately, no comparison is possible
with the equivalent gold species 19-21 because in these cases
the complexes were not obtained completely pure and, conse-
quently, the biological test has not been performed. It is poss-
ible to compare the cytotoxic activity of the silver phosphine
complexes with other related complexes, such as [Ag(PPh;)(Py-
CO-aaOMe)]|OTf (aaOMe = amino acid ester), which exhibit
much less activity in A549 cells (around 25 pM),>% or with
thiourea silver species, which present similar activity in the
same cells (around 7 pM).>’* Additionally, those complexes
bearing pentafluorophenyl groups, such as 25-27, do not show
in our experience cytotoxic activity and they have not been
measured. The homoleptic silver and gold complexes exhibit
low activity. The best one corresponds to the silver complex 17
with an IC5, of 25.16 + 1.8.

On comparison with the reference drug cisplatin, which
exhibits a high value after 24 h (in water) and only a moderate
value after 48 h, our silver derivatives present much higher
activity at 24 h.

In summary, we can conclude that these types of organic
ligands do not exhibit antiproliferative activity in cancer cells
but their combination with metal compounds strongly
enhance their activity, especially when a phosphine ancillary
ligand is present.

Experimental

Experimental details

Mass spectra were recorded on a BRUKER ESQUIRE 3000
PLUS, with the electrospray (ESI) technique. 'H, “*C{'H},
*'p{'H} and "°F NMR spectra were recorded at room tempera-
ture on a BRUKER AVANCE 400 spectrometer (*H, 400 MHz,
Bc{'H}, 101 MHz, *"P{*H}, 162 MHz and "°F 376.5 MHz) with
chemical shifts (5, ppm) reported relative to the solvent peaks
of the deuterated solvent.

Crystal structure determination

Crystals were mounted in inert oil on glass fibres and trans-
ferred to the cold gas stream of an Xcalibur Oxford diffraction
or a Smart APEX CCD diffractometer equipped with a low-
temperature attachment. Data were collected using monochro-
mated MoKa radiation (1 = 0.71073 A). Scan type w.
Absorption corrections based on multiple scans were applied
using SADABS®® or spherical harmonics implemented in the
SCALE3 ABSPACK scaling algorithm.*® The structures were
solved by direct methods and refined on F* using the program
SHELXT-2016,>® or by using Olex2 as the graphical interface.*®
All non-hydrogen atoms were refined anisotropically.

Materials and procedures

The starting materials [AuCl(PPh;)], [Ag(OTf)(PPhs)], [Au(tht),]
OTf and [Au(CeFs)(tht)] were prepared according to published
procedures.’” All other reagents were commercially available

Dalton Trans., 2023, 52, 7797-7808 | 7801
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and used without further purification. Solvents were dried
with a SPS solvent purification system.

Cell culture

A549 (human lung carcinoma) cells were grown in DMEM
medium supplemented with 5% fetal bovine serum (SFB),
100 mg mL™" pyruvate, 2.2 g L' sodium bicarbonate, 5 mL
non-essential amino acids (Invitrogen), 2 mM r-glutamine,
and antibiotics. Cells were grown at 2 x 10° cells per mL, in
96-well flat-bottomed microplates and allowed to attach for
24 h prior to addition of compounds.

Antiproliferative studies: MTT assay

The complexes were dissolved in DMSO and added at different
concentrations between 1 and 50 pM in quadruplicate. Each
complex was added in four different concentrations of the
drugs obtained by different dilutions and with a column of
negative controls (cells with a DMSO concentration similar to
which contain the solutions of the complexes) and another
column of blank (medium only).

To make these dilutions, between 2 and 3 mg of the com-
pound were weighed and dissolved in DMSO to obtain a stock
solution of 0.1 M. It was then diluted to obtain a solution of
0.001 M in medium (DMEM) and finally from this, dilutions
were made to obtain the different concentrations that would
be added in the 96-well plate.

Cells were incubated with our compounds for 24 h at 37 °C
and with a 5% CO, atmosphere. Then, 10 puL of MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazole) of concentration
5 mg mL ™" was added to each well and plates were incubated
for 2 h under the same conditions as described above (37 °C
and with a 5% CO, atmosphere). The crystals of blue formazan
that formed are adhered to the bottom of the well, so before
dissolving them it is necessary to remove the supernatant by
the “flipping” technique and then, dissolve them in DMSO
(100 pL per well). The plates are shaken to help to dissolve the
formazan precipitated. The optical density was measured at
550 nm using a 96-well multiscanner autoreader (ELISA). The
ICs, was calculated by nonlinear regression analysis.

Synthesis of thioureas 3

1-Phenyl-3-( prop-2-ynyl)thiourea (3). To a mixture of propar-
gylamine 1a (6.4 pL, 0.1 mmol) in CH;CN (10 mL), isothiocya-
natobenzene 2a (11.9 pL, 0.1 mmol) was added. The mixture
was stirred for 24 h. After that, the dark brown solid was fil-
tered under vacuum, washed with cold CH;CN (3 x 1 mL), and
dried in air. Product 3 was obtained with 80% yield. "H NMR
(ppm) (400 MHz, CDCl,): 6 = 8.10 (br s, 1H, Ph-NH-C=S), 7.45
(m, 2H, Phosno), 7-33 (M, 1H, Phyyy), 7.23 (M, 1H, Phye), 6.10
(br s, 1H, C=S-NH-CH,), 4.46 (dd, 2H, /i = 5.0 Hz, *Jiyy = 2.6
Hz, NH-CH,-C), 2.26 (t, 1H, *Juy = 2.6 Hz, CH). C{'H} APT
NMR (ppm) (400 MHz, CDCl,): & = 180.7 (s, 1C, C=S), 135.8
(s, 1C, Phyp,), 130.4 (8, 2C, Phoppo), 127.7 (S, 1C, Phyarg), 125.4
(s, 1C, Phpesa), 77.4 (s, 1C, C-CH,), 72.6 (s, 1C, CH), 35.2 (s, 1C,
C-CH,-NH).

7802 | Dalton Trans., 2023, 52, 7797-7808
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Synthesis of thiazolidines 4-9

N-(5-Methylenethiazolidin-2-ylidene)aniline (4). To a solu-
tion of propargylamine 1a (6.4 puL, 0.1 mmol) in EtOH (5 mL),
isothiocyanate 2a (11.9 pL, 0.1 mmol) was added. The mixture
was stirred for 24 h. After that, a light brown solid was filtered
under vacuum, washed with cold EtOH (3 x 1 mL), and dried
in air. Product 4 was obtained with 88% yield. "H NMR (ppm)
(300 MHz, CDCLy): 6 = 7.28 (m, 2H, H,oPh), 7.17 (m, 2H,
HpergPh), 7.07 (tt, 1H, *Juy = 7.3 Hz, Yy = 2.4 Hz, Hy4Ph),
5.20 (dd, 1H, *Juy = 3.9 Hz, *Jyy = 2.2 Hz, C=CH,), 5.12 (dd,
1H, *Jyy = 4.3 Hz, *Jyy = 2.6 Hz, C—=CH,), 4.58 (t, 2H, YJuy =
2.3 Hz, N-CH,). "*C{"H} APT NMR (ppm) (101 MHz, CDCl,): §
= 158.4 (s, 1C, N-C=N), 145.1 (s, 1C, Cys,Ph), 144.2 (s, 1C,
C=CH,), 129.1 (s, 2C, CornoPh), 123.6 (s, 1C, CperPh), 121.0 (s,
2C, CpmeiaPh), 104.2 (s, 1C, C=CH,), 59.3 (s, 1C, N=CH,).

N-(5-Methylene-3-( prop-2-ynyl)thiazolidin-2-ylidene)aniline
(5). To a mixture of propargylamine 1b (10.3 pL, 0.1 mmol) in
EtOH (10 mL), isothiocyanate 2a (11.9 pL, 0.1 mmol) was
added. The mixture was stirred for 24 h. After evaporation of
the solvent under vacuum, a yellow oil was obtained. Product 5
was obtained with >95% yield. "H NMR (ppm) (400 MHz,
CDCLy): 6 = 7.30 (m, 2H, HypnoPh), 7.09 (m, 1H, Hp,,.Ph), 6.95
(m, 2H, Hyper,Ph), 5.28 (dd, 1H, *Juy = 3.8 Hz, *Jun = 2.1 Hz,
C=CH,), 5.12 (dd, 1H, *Jyy = 4.0 Hz, *Juy = 2.4 Hz, C—CH,),
4.38 (d, 2H, Yy = 2.5 Hz, CH,-C=CH), 4.37 (t, 2H, *Jy = 2.3
Hz, N-CH,), 2.35 (t, 1H, */yy = 2.5 Hz, C=CH). “C{'H} APT
NMR (ppm) (101 MHz, CDCl,): § = 156.3 (s, 1C, N-C=N), 151.2
(s, 1C, CipsoPh), 137.0 (s, 1C, C=CH,), 129.0 (s, 2C, CorsoPh),
123.6 (S, 1C, CpargPh), 121.9 (s, 2C, CperaPh), 106.0 (s, 1C,
C=CH,), 77.4 (s, 1C, C=CH), 72.9 (s, 1C, C=CH), 55.1 (s, 1C,
N-CH,), 33.3 (s, 1C, CH,-C=CH).

N-(3-Methyl-5-methylenethiazolidin-2-ylidene)aniline (6). To
a mixture of propargylamine 1c¢ (8.2 pL, 0.1 mmol) in EtOH
(5 mL), isothiocyanate 2a (11.9 pL, 0.1 mmol) was added. The
mixture was stirred for 24 h. After evaporation of the solvent
under vacuum, a yellow oil was obtained. Product 6 was
obtained with >95% yield. "H NMR (ppm) (400 MHz, CDCL,): &
= 7.27 (m, 2H, HyynoPh), 7.05 (m, 1H, H,.Ph), 6.93 (m, 2H,
HppewaPh), 5.20 (dd, 1H, *Jyy = 3.7 Hz, *Jyy = 2.1 Hz, C=CH,),
5.07 (dd, 1H, *Jggs = 4.0 Hz, *Jgyy; = 2.4 Hz, C—=CH,), 4.28 (t, 2H,
Yun = 2.3 Hz, N-CH,), 3.09 (s, 3H, CHj). >C{'H} APT NMR
(ppm) (101 MHz, CDCly): § = 151.8 (s, 2C, Cy50Ph, N-C=N),
137.7 (s, 1C, C=CH,), 129.0 (s, 2C, C,mnoPh), 123.4 (s, 1C,
CparaPh), 122.2 (s, 2C, CipeaPh), 105.3 (s, 1C, C=CH,), 58.1 (s,
1C, N-CH,), 33.2 (s, 1C, CHj).

3-Fluoro-N-(5-methylenethiazolidin-2-ylidene)aniline (7). To
a mixture of propargylamine 1a (8.2 pL, 0.1 mmol) in EtOH
(5 mL), isothiocyanate 2b (12 pL, 0.1 mmol) was added. The
mixture was stirred for 24 h. After that, a white solid was fil-
tered under vacuum, washed with cold EtOH (3 x 1 mL), and
dried in air. Product 7 was obtained with 85% yield. "H NMR
(ppm) (400 MHz, CDCl,): § = 7.23 (m, 1H, Ar), 6.98 (td, 1H,
Y = 10.2 Hz, °Jyyy = 2.1 Hz, Ar), 6.87 (ddd, 1H, >y = 8.0 Hz,
Yiu = 2.0 Hz, *iy = 0.9 Hz, Ar), 6.75 (tdd, 1H, *Jyy = 8.4 Hz,
i = 2.5 Hz, Yy = 0.9 Hz, Ar), 5.23 (dd, 1H, Yy = 4.1 Hz,
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*Jun = 2.3 Hz, C=CH,), 5.14 (dd, 1H, *Jyy = 4.4 Hz, *Jiy = 2.6
Hz, C=CH,), 4.56 (t, 2H, *Jyy = 2.4 Hz, N-CH,). *C{'H} APT
(ppm) (101 MHz, CDCl,): 6 = 163.3 (d, 1C, CipsoPh, ey = 243.7
Hz), 162.1 (s, 1C, N-C=N), 149.8 (s, 1C), 130.2 (d, 1C, *Jcr = 9.6
Hz), 116.4 (d, 1C, Ycr = 2.5 Hz), 110.2 (d, 1C, YJcr = 21.12 Hz),
108.2 (d, 1C, %Jcr = 23.8 Hz), 104.8 (s, 1C, CH,), 60.44 (s, 1C,
CH,N). "F NMR (ppm) (376.5 MHz, CDCl3): § = —108.5 (m,
1F, Ph-F).

3-Fluoro-N-(5-methylene-3-( prop-2-ynyl)thiazolidin-2-ylidene)
aniline (8). To a mixture of propargylamine 1b (10.3 pL,
0.1 mmol) in EtOH (5 mL), isothiocyanate 2b (12 pL,
0.1 mmol) was added. The mixture was stirred for 24 h. After
evaporation of the solvent under vacuum, a yellow oil was
obtained. Product 8 was obtained with >95% yield. "H NMR
(ppm) (400 MHz, CDCl,): 6 = 7.22 (m, 1H, Ar), 6.72 (m, 3H, Ar),
5.27 (m, 1H, C=CH,), 5.12 (m, 1H, C—=CH,), 4.38 (t, 2H, *Jyy =
2.3 Hz, N-CH,), 4.36 (d, 2H, *Jy = 2.5 Hz, CH,-C=CH), 2.33 (t,
1H, Yuu = 2.5 Hz, CH,-C=CH). “*C{'H} APT NMR (ppm)
(101 MHz, CDCl;): § = 163.2 (d, 1C, YJcr = 243.7 Hz, CzPh),
156.7 (s, 1C, N-C=N), 151.9 (d, 1C, *Jcr = 9.6 Hz, Cjps,Ph),
136.7 (s, 1C, C—=CHy,), 130.1 (d, 1C, *Jcy = 9.6 Hz, C-Ar), 117.7
(d, 1C, ¥Jcr = 2.7 Hz, C-Ar), 110.3 (d, 1C, ¥cp = 21.1 Hz, C-Ar),
109.3 (d, 1C, %Jcp = 22.0 Hz, C-Ar), 106.3 (s, 1C, C=CH,), 77.7
(s, 1C, C=CH), 73.1 (s, 1C, C=CH), 55.2 (s, 1C, N-CH,), 33.3 (s,
1C, CH,-C=CH). "’F{"H} NMR (ppm) (376.5 MHz, CDCl,): § =
—112.9 (m, 1F, Ph-F).

3-Fluoro-N-(3-methyl-5-methylenethiazolidin-2-ylidene)aniline
(9). To a mixture of propargylamine 1c (8.2 pL, 0.1 mmol)
in EtOH (5 mL), isothiocyanate 2b (12 pL, 0.1 mmol) was
added. The mixture was stirred for 24 h. After evaporation of
the solvent under vacuum, a colourless oil was obtained.
Product 9 was obtained with >95% yield. '"H NMR (ppm)
(400 MHz, CDCl;): 6 = 7.20 (m, 1H, Ar), 6.74 (m, 1H, Ar),
6.71 (m, 1H, Ar), 6.65 (m, 1H, Ar), 5.21 (m, 1H, C=CH,), 5.09
(m, 1H, C=CH,), 4.28 (t, 2H, YJuu = 2.3 Hz, N-CH,), 3.07 (s,
3H, CH;). "*C{'H} APT NMR (ppm) (101 MHz, CDCl;): § =
163.8 (d, 1C, YJcr = 245.3 Hz, CzPh), 157.8 (s, 1C, N-C=N),
154.0 (d, 1C, *Jcr = 9.6 Hz, CjpePh), 137.6 (s, 1C, C=CH,),
130.3 (d, 1C, *Jor = 9.7 Hz, C-Ar), 118.3 (d, 1C, YJcp = 2.7 Hz,
C-Ar), 110.2 (d, 1C, *Jcp = 21.3 Hz, C-Ar), 109.7 (d, 1C, *Jcp =
21.9 Hz, C-Ar), 105.9 (s, 1C, C=CH,), 57.9 (s, 1C, N-CH,), 32.8
(s, 1C, CH3). ">F NMR (ppm) (376.5 MHz, CDCl;): § = —=113.0
(m, 1F, Ph-F).

Synthesis of thiazolidine-thioamide derivative 10. To a solu-
tion of propargylamine 1a (12.8 ul, 0.2 mmol) in ethanol
(20 ml), an excess of phenyl isothiocyanate 2a (71.5 pl,
0.6 mmol) was added and the reaction was stirred for 72 h. A
white precipitate was formed which was filtered under
vacuum, washed with cold EtOH (3 x 1 mL), and vacuum dried
to obtain the product. Product 10 was obtained with 83%
yield. '"H NMR (ppm) (400 MHz, (CD;),CO): § = 7.67 (m, 2H,
Ph), 7.42 (m, 4H, Ph), 7.23 (m, 2H, Ph), 7.13 (m, 2H, Ph), 5.52
(m, 1H, C=CH,), 5.38 (t, 2H, *Jugu = 2.4 Hz, N-CH,), 5.24 (dt,
1H, *Juy = 2.7 Hz, Yy = 2.2 Hz, C=CH,). *C{'H} APT NMR
(ppm) (101 MHz, (CD3),CO): 6§ = 178.6 (s, 1C, C=S), 158.6 (s,
1C, N=C-N), 149.2 (s, 1C, Cys,Ph-N), 139.9 (s, 1C, C;ys,Ph-NH),
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132.8 (s, 1C, CH,=C), 130.3 (s, 2C, Ph), 129.4 (s, 2C, Ph), 126.8
(s, 2C, Ph), 126.3 (s, 1C, Ph), 125.2 (s, 1C, Ph), 122.3 (s, 2C, Ph),
107.9 (s, 1C, C=CH,), 60.9 (s, 1C, N-CH,).

Synthesis of thiazolidine-thioamide derivative 11. To a solu-
tion of propargylamine 1a (12.8 pl, 0.2 mmol) in ethanol
(20 ml), an excess of 3-fluorophenyl isothiocyanate 2b (72.0 pl,
0.6 mmol) was added and the reaction was stirred for 72 h. A
white precipitate was formed, which was filtered under vacuum,
washed with cold EtOH (3 x 1 mL), and vacuum dried to obtain
the product. Product 11 was obtained with 81% yield. "H NMR
(ppm) (400 MHz, (CD;),CO): 6 = 7.79-6.97 (m, 8H, Ar), 5.54 (m,
1H, C=CH,), 5.38 (t, 2H, Juy = 2.4 Hz, N-CH,), 5.28 (m, 1H,
C=CH,). *C{"H} APT NMR (ppm) (101 MHz, (CD;),CO): § =
165.5 (s, 1C, C=S), 157.9 (s, 1C, N=C-N), 150.0 (s, 1C, CysoPh),
140.9 (8, 1C, CipsoPh), 131.2 (s, 1C, CH,=C), 131.9 (d, 1C, ¥ =
9.5 Hz, CpeiaPh), 130.9 (d, 1C, *Jcp = 9.4 Hz, CpeePh), 120.8 (d,
1C, YJcr = 3.0 Hz, CparaPh,), 118.4 (d, 1C, JJor = 3.0 Hz, CparaPh),
113.3 (d, 1C, YJcp = 21.4 Hz, CopnoPh), 112.9 (d, 1C, Ycp = 21.3
Hz, CorinoPh), 112.0 (d, 1C, *Jcp = 25.6 Hz, CornoPh), 109.8 (d, 1C,
%Jep = 23.3 Hz, CompoPh), 108.3 (s, 1C, C=CH,), 61.0 (s, 1C,
N-CH,). '°F NMR (ppm) (376.5 MHz, (CD;),CO): § = —111.0 (m,
1F, Ph-F), —111.5 (m, 1F, Ph-F).

Synthesis of thiazolidine thioamide derivative 12. To a solu-
tion of propargylamine 1a (12.8 pl, 0.2 mmol) in ethanol
(20 ml), an excess of benzyl isothiocyanate 2c¢ (78 pl,
0.6 mmol) was added and the reaction was stirred for 72 h. A
white precipitate was formed, which was filtered under
vacuum, washed with cold EtOH (3 x 1 mL), and vacuum dried
to obtain the product. Product 12 was obtained with 84%
yield. "H NMR (ppm) (400 MHz, (CD;),CO): § = 12.71 (br s, 1H,
NH), 7.32-7.29 (m, 5H, Ph), 7.25-7.23 (m, 3H, Ph), 7.16-7.13
(m, 2H, Ph), 5.52 (m, 1H, C=CH,), 5.30 (m, 1H, C=CH,), 5.26
(t, 2H, *Jyu = 2.3 Hz, N-CH,), 4.81 (d, 2H, *Jyy = 4.9 Hz, NH-
CH,), 4.41 (s, 2H, =N-CH,-Ph). >C{'"H} APT NMR (ppm)
(101 MHz, (CD;),CO): 6 = 180.2 (s, 1C, C=S), 156.9 (s, 1C,
N-C=N), 139.5 (8, 1C, CipsoPh-CH,"N), 138.2 (s, 1C, CjpsoPh-CH,-
NH), 133.2 (s, 1C, C=CH,), 129.5-127.8 (s, 10C, Ph), 107.8 (s,
1C, CH,), 60.4 (s, 1C, CH,-N), 59.0 (s, 1C, N-CH,-Ph), 50.2 (s,
1C, NH-CH,).

Synthesis of silver complex 13. To a solution of compound
10 (32.5 mg, 0.1 mmol) in CH,Cl, (10 ml), [Ag(OTf)(PPh;)]
(51.9 mg, 0.1 mmol) was added and the reaction was stirred
for 2 h at room temperature with the exclusion of light. The
solution was concentrated under reduced pressure to approxi-
mately 1 ml and then, hexane (10 ml) was added to precipitate
a white solid, which was filtered under vacuum, washed with
hexane (3 x 1 mL), and vacuum dried to obtain the product.
Product 13 was obtained with 72% yield. '"H NMR (ppm)
(400 MHz, (CD;),CO): § = 7.54 (m, 21H, Ph), 7.26 (m, 1H, Ph),
7.20 (m, 1H, Ph), 7.12 (m, 2H, Ph), 5.59 (br s, 1H, C=CH,),
5.46 (br t, 2H, N-CH,), 5.35 (br s, 1H, C=CH,). *C{'H} APT
NMR (ppm) (101 MHz, (CD;),CO): § = 164.8 (s, 1C), 156.5 (s,
1C), 151.2 (s, 1C), 134.8 (d, 6C, *Jy_p = 15.6 Hz, C,ys,PPhy),
130.2 (d, 6C, *Jyp = 9.6 Hz, C,erPPh;), 132.2-130.4 (s, 14C,
CpardPPh; + Ph), 129.1 (s, 1C, Ph), 126.9 (s, 1C, Ph), 126.5 (s,
1C, Ph), 122.1 (s, 1C, Ph), 109.0 (s, 1C, C=CH,), 60.8 (s, 1C,
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N-CH,). *'P{"H} NMR (ppm) (162 MHz, (CD;),CO): § = 12.0
(br s, 1P, PPh3). HRMS (ESI+ p-TOF): m/z (%) = [M]" caled for
[CasH30AgN;PS,]" 694.0664, found 694.0647.

Synthesis of silver complex 14. To a solution of compound
11 (36.1 mg, 0.1 mmol) in CH,Cl, (10 ml), [Ag(OTf)(PPhs;)]
(51.9 mg, 0.1 mmol) was added and the reaction was stirred
for 2 h at room temperature with the exclusion of light. The
solution was concentrated under reduced pressure to approxi-
mately 1 ml and hexane (10 ml) was added to precipitate a
white solid, which was filtered under vacuum, washed with
hexane (3 x 1 mL), and vacuum dried to obtain the product.
Product 14 was obtained with 69% yield. '"H NMR (ppm)
(400 MHz, (CD;),CO): 6 = 7.51-7.34 (m, 20H, Ar + PPh3),
7.06-6.95 (m, 3H, Ar), 5.57 (s, 1H, C—=CH,), 5.46 (s, 2H,
C=CH,), 5.36 (m, 1H, N-CH,). “C{'H} APT NMR (ppm)
(101 MHz, (CD3),CO): 6§ = 165.2 (s, 1C, C=S), 162.7 (s, 1C, Cy),
151.1 (s, 1C), 149.5 (s, 1C), 134.7 (d, 6C, *Jcp = 15.3 Hz,
CortnoPPhs), 132.1 (8, 3C, CparaPPhs), 131.4 (d, 3C, YJep = 35.1
Hz, Cips,PPhs), 130.2 (d, 6C, *Jcp = 8.6 Hz, CpneraPPhs),
118.3-109.6 (m, 10C, Ph-F), 109.5 (s, 2C, C—=CH,), 61.0 (s, 1C,
N-CH,). '°F NMR (ppm) (376.5 MHz, (CD3),CO): § = —79.9 (s,
1F, OTf), —113.8 (m, 1F, Ph-F), —114.3 (m, 1F, Ph-F). *'P{'H}
NMR (ppm) (162 MHz, (CD5),CO): & = 12.2 (s, 1P, PPh3).

Synthesis of silver complex 15. To a solution of compound
12 (35.3 mg, 0.1 mmol) in CH,Cl, (10 ml), [Ag(OTf)(PPh;)]
(51.9 mg, 0.1 mmol) was added and the reaction was stirred
for 2 h at room temperature with the exclusion of light. The
solution was concentrated under reduced pressure to approxi-
mately 1 ml and hexane (10 ml) was added to precipitate a
white solid, which was filtered under vacuum, washed with
hexane (3 x 1 mL), and vacuum dried to obtain the product.
Product 15 was obtained with 68% yield. '"H NMR (ppm)
(400 MHz, (CD3),CO): 6 = 7.55-7.26 (m, 25H, Ph), 5.46 (m, 1H,
C—CH,), 5.38 (t, 2H, N-CH,), 5.34 (m, 1H, C—CH,), 4.95 (d,
2H, Juu = 4.8 Hz, NH-CH,), 4.44 (s, 2H, =N-CH,). *C{"H} APT
NMR (ppm) (101 MHz, (CD;),CO): § = 177.9 (s, 1C, C=S),
158.2 (s, 1C, N-C=N), 138.8 (s, 1C, CjysoPh-CH,-N), 136.5 (s,
1C, CjpsoPh-CH,-NH), 133.2 (s, 1C, C=CH,), 134.7 (d, 6C, *Jup
= 15.3 Hz, CorpoPPh3), 132.1 (s, 3C, CperPPhy), 131.6 (d, 3C,
CipsoPPh3, 'Jup = 31.5 Hz), 130.2 (d, 6C, *Jup = 8.4 Hz,
CpetaPPh3), 129.8-128.1 (m, 10C, Ph), 108.9 (s, 1C, C—=CH,),
60.6 (s, 1C, N-CH,), 59.2 (s, 1C, Ph-CH,-N=C), 51.3 (s, 1C, Ph-
CH,-NH). *'P{'H} NMR (ppm) (162 MHz, (CD5),CO): § = 11.5
(s, 1P, PPh;). HRMS (ESI+ p-TOF): m/z (%) = [M]" caled for
[C3,H3,AgN;PS,]" 724.0975, found 724.0977.

Synthesis of silver complex 16. To a solution of compound
10 (65.0 mg, 0.2 mmol) in CH,Cl, (10 ml), AgOTf (25.7 mg,
0.1 mmol) was added and the reaction was stirred for 1 h at
room temperature with the exclusion of light. The solution was
concentrated under reduced pressure to approximately 1 ml
and hexane (10 ml) was added to precipitate a white solid,
which was filtered under vacuum, washed with hexane (3 x
1 mL), and vacuum dried to obtain the product. Product 16
was obtained with 87% yield. '"H NMR (ppm) (400 MHz,
(CD3),CO): 6 = 7.61 (m, 4H, Ph), 7.41 (m, 10H, Ph), 7.26 (br t,
2H, Ph), 7.11 (br d, 4H, Ph), 5.64 (br s, 2H, C—CH,), 5.42 (br s,
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4H, N-CH,), 5.39 (br s, 2H, C=CH,). "*C{'H} APT NMR (ppm)
(101 MHz, (CD5),CO): & = 178.8 (s, 2C, C=5), 160.1 (s, 2C, Cy),
148.1 (s, 2C, Cipso)y 137.5 (8, 2C, Cipso)s 132.0 (s, 2C, Cquaternary)s
131.1-122.1 (s, 20C, Ph), 109.1 (s, 2C, CH,), 60.7 (s, 2C, N-CH,).

Synthesis of silver complex 17. To a solution of compound
11 (72.0 mg, 0.2 mmol) in CH,Cl, (10 ml), AgOTf was added
(25.7 mg, 0.1 mmol) and the solution was stirred for 1 h at
room temperature with the exclusion of light. The solution was
concentrated under reduced pressure to approximately 1 ml
and hexane (10 ml) was added to precipitate a white solid,
which was filtered under vacuum, washed with hexane (3 x 1
mL), and vacuum dried to obtain the product. Product 17
was obtained with 90% yield. '"H NMR (ppm) (400 MHz,
(CD5),CO): 6 = 7.61-6.92 (m, 16H, 4r), 5.64 (br s, 2H, C=CH,),
5.44 (br s, 4H, N-CH,), 5.42 (br s, 2H, CH,). ">*C{'"H} APT NMR
(ppm) (101 MHz, (CDj3),CO): § = 168.1 (s, 2C, C=S), 163.3 (s,
1C), 157.4 (s, 1C), 149.1 (s, 1C), 132.5 (d, 4C, *Jyr = 9.2 Hz, Ar),
132.2 (d, 4C, *Jyr = 9.3 Hz, Ar), 123.1 (s, 2C, Ar), 118.2 (s, 2C,
Ar), 116.4 (d, 2C, *Jyr = 21.9 Hz, Ar), 114.6 (d, 2C, *Jyp = 24.8
Hz, Ar), 113.6 (d, 2C, *Jgr = 22.1 Hz, Ar), 109.7 (d, 2C, %y =
23.9 Hz, Ar), 109.5 (s, 2C, C=CH,), 60.8 (s, 2C, N-CH,). '°F
NMR (ppm) (376.5 MHz, (CD3),CO): § = —79.9 (s, 1F, OTf),
—-112.2 (m, 2F, Ph), —114.2 (m, 2F, Ph). HRMS (ESI+ p-TOF):
miz (%) = [M]" caled for [C3,Hy6AgF,NGS4]"™ 831.0079, found
831.0056.

Synthesis of silver complex 18. To a solution of compound
12 (72.0 mg, 0.2 mmol) in CH,Cl, (10 ml), AgOTf (25.7 mg,
0.1 mmol) was added and the reaction was stirred for 1 h at
room temperature with the exclusion of light. The solution was
concentrated under reduced pressure to approximately 1 ml
and hexane (10 ml) was added to precipitate a white solid,
which was filtered under vacuum, washed with hexane (3 x
1 mL), and vacuum dried to obtain the product. Product 18
was obtained with 88% yield. '"H NMR (ppm) (400 MHz,
(CD;),CO): & = 7.33 (m, 10H, Ph), 7.24 (m, 6H, Ph), 7.13 (m, 4H,
Ph), 5.52 (m, 2H, C=CH,), 5.39 (m, 4H, N-CH,), 5.35 (m, 2H,
C=CH,), 4.98 (m, 4H, NH-CH,), 4.43 (s, 4H, =N-CH,). "*C{'H}
APT NMR (ppm) (101 MHz, (CD5),CO): 6 = 176.5 (s, 2C, C=S),
156.5 (s, 2C, N-C=N), 138.7 (s, 2C, CjysPh-CH,-N), 136.0 (s,
2C, CysoPh-CHy"NH), 132.0 (s, 2C, C=CH,), 130.0-128.1 (s,
20C, Ph), 109.0 (s, 2C, C=CH,), 60.5 (s, 2C, N-CH,), 59.2 (s, 1C,
Ph-CH,-N=C), 51.5 (s, 1C, Ph-CH,-NH). HRMS (ESI+ p-TOF):
mlz (%) = [M]" caled for [CssH3sAgNgS,]" 815.1083, found
815.1099.

Synthesis of gold complexes 19. To a solution of [Au(PPhs;)
(MeCN)]SbFs (70.4 mg, 0.1 mmol) which has been prepared
in situ in CH,Cl, (10 ml), compound 10 (32.5 mg, 0.1 mmol)
was added and the reaction was stirred for 3 h. The solution
was concentrated under reduced pressure to approximately
1 ml and hexane (10 ml) was added to precipitate a white
solid, which was filtered under vacuum, washed with hexane
(3 x 1 mL), and vacuum dried to obtain the product. Product
19 was obtained with 80% yield. "H NMR (ppm) (400 MHz,
(CD3),CO): 6 = 7.62 (m, 9H, Ph + H,erqPPh; + H,orqPPh3), 7.43
(m, 8H, Ph + H,u,,PPh;), 7.30 (m, 3H, Ph), 7.12 (m, 3H, Ph),
5.66 (m, 1H, CH,), 5.52 (m, 2H, CH,-N), 5.42 (m, 1H, CH,).
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Bc{'H} APT (ppm) (101 MHz, (CD;),CO): § = 177.4 (s, 1C,
C=S), 160.8 (s, 1C, N-C=N), 147.7 (s, 1C, CjsPh-CH,N),
138.1 (s, 1C, Cips,Ph-CH,-NH), 135.3 (s, 2C, ComnoPh), 135.2 (d,
6C, CornoPPhs, *Jo-p = 13.2 Hz), 133.4 (d, 3C, CperoPPhs, Yo p =
2.7 Hz), 131.6 (s, 1C, C—=CHy,), 130.9 (s, 2C, CyecPh), 130.5
(d, 6C, CrnetaPPhs, *Jc_p = 11.8 Hz), 130.5 (s, 2C, CornoPh), 128.7
(d, 3C, CiypsoPPhs, YJop = 63.2 Hz), 127.2 (S, 2C, CparaPh),
122.1 (8, 2C, CperoPh), 109.5 (s, 2C, CH,), 60.5 (s, 1C, CH,-N).
31p{'H} NMR (ppm) (162 MHz, (CD;),CO): § = 45.2 (s, 1P,
Au(PPh3),), 37.5 (s, 1P, PPh;). HRMS (ESI+ p-TOF): m/z (%) =
[M]" caled for [C35Hz0AuUN;PS,]" 784.1279, found 784.1277.

Synthesis of gold complexes 20. To a solution of [Au(PPhs;)
(MeCN)]SbFs (70.4 mg, 0.1 mmol) which has been prepared
in situ in CH,Cl, (10 ml), compound 11 (36.1 mg, 0.1 mmol)
was added and the reaction was stirred for 3 h. The solution
was concentrated under reduced pressure to approximately
1 ml and hexane (10 ml) was added to precipitate a white
solid, which was filtered under vacuum, washed with hexane
(3 x 1 mL), and vacuum dried to obtain the product. Product
20 was obtained with 83% yield. "H NMR (ppm) (400 MHz,
(CD3),CO): § = 7.63-7.48 (m, 16H, PPh; + H3), 7.33 (m, 3H, H, +
H, + Hy), 7.06 (m, 1H, H,), 6.98 (m, 1H, Hg), 6.90 (m, 2H, H; +
Hy), 5.68 (m, 1H, CH,), 5.53 (m, 2H, CH,-N), 5.44 (m, 1H, CH,).
BC{'H} APT (ppm) (101 MHz, (CD;),CO): § = 177.5 (s, 1C,
C=S), 164.9 (d, 1C, Cys,Ph-F-NH, "Jo r = 247.7 Hz), 162.4 (d,
1C, CypsoPh-F-N, Yo = 245.8 Hz), 161.4 (s, 1C, N-C=N), 149.2
(d, 1C, CipsoPh-F-N, *J¢_¢ = 9.2 Hz), 139.5 (d, 1C, CjpsoPh-F-NH,
*Jc_r = 10.0 Hz), 134.9 (d, 6C, C,oPPhs, *Jc p = 13.8 Hz), 133.4
(d, 3C, CparaPPhy, Yo p = 2.6 Hz), 132.5 (d, 1C, C;, Jor = 9.2
Hz), 132.1 (d, 1C, Cs, *Jo-r = 9.4 Hz), 131.2 (s, 1C, C=CHy,),
130.4 (d, 6C, CmePPhs, *Jop = 11.9 Hz), 129.0 (d, 3C,
CipsoPPhs, Yo_p = 61.0 Hz), 123.4 (s, 1C, Cg), 118.2 (d, 1C, Cy,
Yop = 2.7 Hz), 116.6 (d, 1C, Cg, YJc_r = 21.0 Hz), 115.1 (d, 1C,
C1, *Jer = 24.4 Hz), 113.9 (d, 1C, Cy, *Jc_r = 21.1 Hz), 109.9 (s,
1C, CH,), 109.5 (d, 1C, Cs, *Jo_r = 23.5 Hz), 60.7 (s, 1C, CH,-N).
F NMR (ppm) (376.5 MHz, (CD;),CO): § = —118.8 (s, 1F, F),
-113.9 (s, 1F, F), —127.5 (m, 6F, SbF,). *'P{"H} NMR (ppm)
(162 MHz, (CD;),CO): § = 45.2 (s, 1P, Au(PPhs),), 37.4 (s, 1P,
PPh;). HRMS (ESI+ w-TOF): mfz (%) = [M]" caled for
[CasH,sAUF,N;PS,]" 820.1091, found 820.1088.

Synthesis of gold complexes 21. To a solution of [Au(PPhj;)
(MeCN)]SbFs (70.4 mg, 0.1 mmol) which has been prepared
in situ in CH,Cl, (10 ml), compound 12 (35.3 mg, 0.1 mmol)
was added and the reaction was stirred for 3 h. The solution
was concentrated under reduced pressure to approximately
1 ml and hexane (10 ml) was added to precipitate a white
solid, which was filtered under vacuum, washed with hexane
(3 x 1 mL), and vacuum dried to obtain the product. Product
21 was obtained with 79% yield. "H NMR (ppm) (400 MHz,
(CD;),CO): 6 = 7.73-7.17 (m, 26H, Ph + PPh; + NH), 5.58 (m,
1H, CH,), 5.50 (t, 2H, CH,N, *Jy_y = 2.3 Hz), 5.43 (m, 1H,
CH,), 5.13 (d, 2H, CHyNH, *Jy y = 5.1 Hz), 4.48 (s, 2H, Ph-
CH,N). *C APT (ppm) (100 MHz, (CD;),CO): § = 175.2 (s, 1C,
C=S), 158.9 (s, 1C, N-C=N), 138.4 (s, 1C, Cjps,Ph-CH,-N),
136.0 (8, 1C, CysoPh-CH,"NH), 135.0 (d, 6C, C,rnoPPhs, 2o p =
13.8 Hz); 133.4 (d, 3C, CperePPhs, Yo p = 2.7 Hz), 131.7 (s, 1C,

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

C=CHy,), 130.6 (d, 6C, Cne:aPPhs, *Jc_p = 11.9 Hz), 129.9 (s, 2C,
CornoPh), 129.2 (8, 2C, CperaPh), 129.0 (8, 2C, CparePh), 128.6 (s,
2C, ComnoPh), 128.4 (8, 2C, CpewPh), 128.2 (s, 2C, CparPh),
109.4 (s, 2C, CH,), 60.6 (s, 1C, CH,-N), 59.1 (s, 1C, Ph-CH,-N),
51.8 (s, 1C, CH,-NH). *'P{'H} NMR (ppm) (162 MHz,
(CD3),CO): 6 = 45.2 (s, 1P, Au(PPh;),), 37.6 (s, 1P, PPh;). HRMS
(ESI+ WTOF): m/z (%) = [M]" caled for [C3,H3,AuN;PS,]"
812.1592, found 812.1591.

Synthesis of gold complex 22. To a solution of [Au(tht),]OTf
(52.2 mg, 0.1 mmol), which has been prepared in situ in
CH,Cl, (10 ml), compound 10 (65.0 mg, 0.2 mmol) was added
and the reaction was stirred for 3 h. The solution was concen-
trated under reduced pressure to approximately 1 ml and
hexane (10 ml) was added to precipitate a white solid, which
was filtered under vacuum, washed with hexane (3 x 1 mL),
and vacuum dried to obtain the product. Product 22 was
obtained with 68% yield. 'H NMR (ppm) (400 MHz,
(CD3),CO): 6 = 7.59-7.11 (m, 20H, Ph), 5.67 (br s, 2H, C=CH,),
5.43 (br s, 6H, N-CH, + C=CH,). "*C{'"H} APT NMR (ppm)
(400 MHz, (CD;),CO): 6 = 160.1 (s, 1C), 154.1 (s, 1C), 146.4 (s,
1C), 138.8-131.8 (s, 6C, Ph), 130.6-122.1 (s, 20C, Ph), 109.5 (s,
2C, C=CH,), 60.2 (s, 2C, N-CH,). “F{'H} NMR (ppm)
(376.5 MHz, (CD5),CO): 6 = —80.1 (s, 3F, OTf).

Synthesis of gold complex 23. To a solution of [Au(tht),]OTf
(52.2 mg, 0.1 mmol) which has been prepared in situ in
CH,Cl, (10 ml), compound 11 (72.0 mg, 0.2 mmol) was added
and the reaction was stirred for 3 h. The solution was concen-
trated under reduced pressure to approximately 1 ml and
hexane (10 ml) was added to precipitate a white solid, which
was filtered under vacuum, washed with hexane (3 x 1 mL),
and vacuum dried to obtain the product. Product 23 was
obtained with 68% yield. 'H NMR (ppm) (400 MHz,
(CD;),CO): 6 = 7.64-6.92 (m, 16H, Ph), 5.70 (br d, 2H, C=CH,),
5.47 (br d, 6H, N-CH, + C=CH,). ">’C{"H} APT NMR (ppm)
(101 MHz, (CD5),CO): 6 = 166.2 (s, 2C, C=S), 162.8 (s, 1C, C,),
132.1 (d, 4C, ¥Jcr = 9.3 Hz, Ar), 132.1 (d, 4C, *Jcr = 9.4 Hz, Ar),
118.3 (s, 4C, Ar), 113.4 (d, 4C, *Jcr = 21.2 Hz, Ar), 109.7 (d, 4C,
%Jr = 23.5 Hz, Ar), 109.2 (s, 2C, C=CH,), 60.9 (s, 1C, N-CH,).
F{'H} NMR (ppm) (376.5 MHz, (CD;3),CO): 6 = —73.5 (s, 1F,
OTf), =106.4 (m, 2F, Ph-F), —107.5 (m, 2F, Ph-F).

Synthesis of gold complex 24. To a solution of [Au(tht),]OTf
(52.2 mg, 0.1 mmol) which has been prepared in situ in
CH,Cl, (10 ml), compound 12 (72.0 mg, 0.2 mmol) was added
and the reaction was stirred for 3 h. The solution was concen-
trated under reduced pressure to approximately 1 ml and
hexane (10 ml) was added to precipitate a white solid, which
was filtered under vacuum, washed with hexane (3 x 1 mL),
and vacuum dried to obtain the product. Product 23 was
obtained with 72% yield. "H NMR (ppm) (400 MHz,
(CD3),CO): 6 = 7.32-7.14 (m, 20H, Ph), 5.60 (br s, 2H, C—CH,),
5.42 (m, 6H, N-CH,, C—CH,), 5.08 (m, 2H, NH-CH,), 4.48 (s,
2H, N-CH,). "C{"H} APT (ppm) (101 MHz, (CD;),CO): § =
176.1 (s, 2C, C=S8), 158.2 (s, 2C, N-C=N), 138.9 (s, 2C, CjpsoPh-
CH,N), 136.9 (8, 2C, Cyps,Ph-CH,-NH), 133.3 (s, 2C, CH,—C),
129.7-128.1 (s, 20C, Ph), 108.9 (s, 2C, C=CH,), 60.4 (s, 2C,
CH,), 59.1 (s, 2C, Ph-CH,-N=C), 51.2 (s, 2C, Ph-CH,-NH). *°F
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{'"H} NMR (ppm) (376.5 MHz, (CD;),CO): § = —79.8 (s, 1F,
O1f).

Synthesis of gold complex 25. To a solution of compound 10
(32.5 mg, 0.1 mmol) in CH,Cl, (10 ml), [Au(CeFs)(tht)]
(45.3 mg, 0.1 mmol) was added and the reaction was stirred
for 2 h at room temperature. The solution was concentrated
under reduced pressure to approximately 1 ml and hexane
(10 ml) was added to precipitate a white solid, which was fil-
tered under vacuum, washed with hexane (3 x 1 mL), and
vacuum dried to obtain the product. Product 25 was obtained
with 80% yield. "H NMR (ppm) (400 MHz, (CD;),CO): § =
7.39-7.12 (m, 10H, Ph), 5.67 (br s, 1H, CH,), 5.55 (br t, 2H,
CH,N), 5.40 (br s, 1H, CH,). "*C{"H} APT (ppm) (101 MHz,
(CD3),CO): § = 160.6 (s, 1C), 148.1 (s, 1C, CypsoPh), 138.2 (s, 1C,
CipsoPh), 132.1 (s, 1C, CH,=C), 130.4 (8, 4C, CornoPh), 129.3 (s,
1C, CparaPh), 127.4 (s, 2C, CpegPh), 127.0 (s, 1C, CparePh),
121.1 (8, 2C, CperoPh), 109.2 (s, 1C, CH,), 60.5 (s, 1C, CH,-N).
F NMR (ppm) (376.5 MHz, (CD;),CO): 6§ = —116.4 (m, 2F,
FortnoCoFs), —164.1 (t, 1F, FpuryCeFs, “Jer = 19.7 Hz), —166.3 (m,
ZF; FmetaCGFS)'

Synthesis of gold complex 26. To a solution of compound 11
(36.1 mg, 0.1 mmol) in CH,Cl, (10 ml), [Au(CeFs)(tht)]
(45.3 mg, 0.1 mmol) was added and the reaction was stirred
for 2.5 h at room temperature. The solution was concentrated
under reduced pressure to approximately 1 ml and hexane
(10 ml) was added to precipitate a white solid, which was fil-
tered under vacuum, washed with hexane (3 x 1 mL), and
vacuum dried to obtain the product. Product 26 was obtained
with 70% yield. "H NMR (ppm) (400 MHz, (CD;),CO): § = 7.48
(m, 2H, Ph-F), 7.25 (m, 2H, Ph-F), 6.99 (m, 4H, Ph-F), 5.70 (br s,
1H, CH,), 5.55 (br t, 2H, CH,-N), 5.43 (br s, 1H, CH,). "*C{'H}
APT (ppm) (101 MHz, (CD;),CO): § = 165.1 (d, 1C, CjpsPh-F,
3Jer = 15.3 Hz), 162.7 (d, 1C, CipsoPh-F, Ycp = 15.8 Hz), 132.2
(d, 1C, *Jur = 9.4 Hz), 132.0 (d, 1C, *Jc¢ = 9.4 Hz), 131.6 (s, 1C,
CH,—C), 123.8 (s, 1C), 118.2 (s, 1C), 116.2 (d, 1C, ¥/cp = 21.3
Hz), 115.3 (d, 1C, ¥cp = 28.5 Hz), 113.6 (d, 1C, ¥cp = 21.3 Hz),
109.7 (d, 1C, %Jcr = 23.7 Hz), 109.6 (s, 1C, CH,), 60.6 (s, 1C,
CH,-N). ">F NMR (ppm) (376.5 MHz, (CD;),CO): § = —114.0 (m,
1F, Ph-F), —114.1 (m, 1F, Ph-F), —116.6 (m, 2F, F,.,,CeFs),
~163.8 (t, 1F, FpuqCeFs, *Jer = 19.7 Hz), —166.2 (m, 2F,
FmetaC6F5)'

Synthesis of gold complex 27. To a solution of compound 12
(35.3 mg, 0.1 mmol) in CH,Cl, (10 ml), [Au(CeFs)(tht)]
(45.3 mg, 0.1 mmol) was added and the reaction was stirred
for 2.5 h at room temperature. The solution was concentrated
under reduced pressure to approximately 1 ml and hexane
(10 ml) was added to precipitate a white solid, which was fil-
tered under vacuum, washed with hexane (3 x 1 mL), and
vacuum dried to obtain the product. Product 27 was obtained
with 83% yield. "H NMR (ppm) (400 MHz, (CD;),CO): § =
7.37-7.11 (m, 10H, Ph), 5.67 (br s, 1H, CH,), 5.57 (m, 2H, CH,-
N), 5.45 (m, 1H, CH,), 5.34 (m, 2H, NH-CH,), 4.48 (s, 2H,
N-CH,). *C{"H} APT (ppm) (101 MHz, (CD;),CO): § = 157.9 (s,
1C, N-C=N), 138.5 (s, 1C, Cjps,Ph-F), 132.0 (s, 1C, CH,=C),
129.8-128.1 (m, 10C, Ph), 109.3 (s, 1C, CH,), 60.5 (s, 1C, CH,-
N), 59.1 (s, 1C, Ph-CH,-N=C), 52.3 (s, 1C, Ph-CH,-NH). '°F
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NMR (ppm) (376.5 MHz, (CD;),CO): § = —117.7 (m, 2F,
FornoCeFs), —163.4 (t, 1F, FuoCeFs, *Jer = 19.6 Hz), —166.7 (m,
2F7 FmetaC6F5)'

Conclusions

Several thiazole-based heterocycles have been achieved by the
reaction of propargylamines with isothiocyanates. The selective
formation of thioureas, iminothiazolidines, aminothiazolines
or mixed thiazolidine-thiourea compounds has been accom-
plished depending upon the reaction conditions. The use of
secondary propargylamines leads selectively to the formation
of cyclic iminothiazolidine derivatives, while primary
propargylamines form iminothiazoline species. Further reac-
tion of the cyclic thiazoline derivatives with isothiocyanate or
the reaction of the starting compounds in a 1:2 molar ratio
affords the thiazolidine-thiourea derivatives. The proposed
mechanism for the formation of these heterocycles starts with
the formation of the thiourea species following two possible
pathways. The first one is the formation of the thiourea, cycli-
sation to form the iminothiazolidine and further attack of the
isothiocyanate to produce the thiazolidine-thiourea.
Alternatively, the generation of bis(thiourea) and cyclisation
produce the same compounds. Coordination studies of these
heterocyclic species towards silver and gold with different
stoichiometries have been carried out to afford cationic
[ML(PPh;)]|OTf, [ML,]OTf (M = Ag, Au) or neutral [Au(CeFs)L]
complexes. Preliminary studies of the cytotoxic activity in lung
cancer cells have been carried out in both ligand and com-
plexes, showing that although the ligands do not exhibit anti-
cancer activity, the coordination of the metals, especially
silver, greatly enhances the cytotoxic activity.
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