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Thio-iso-phthalamide pincer ligand-driven
oxidative addition of a C—Br bond to gold():
synthesis and studies of SCS—gold(in) pincer
complexes
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The chelating effect of thio-iso-phthalamides was utilized to facilitate the oxidative addition of an aryl
Csp?-Br bond into the SMe,Au()Cl salt, leading to the isolation of stable SCS-Au(i)X (X = Br and Cl) com-
plexes. The subsequent displacement of bromide with silver triflate, followed by the addition of phos-
phine/phosphite ligands, afforded a series of neutral, highly stable organogold(i) complexes. The thioa-
mide pincer ligand acts as a trianionic species due to iminothiolate formation. The isolated complexes
were thoroughly characterized by NMR, mass spectrometry, IR spectroscopy, and single-crystal X-ray
diffraction techniques. The redox potential of the complexes was measured by cyclic voltammetry, reveal-
ing that the reduction of Au(i) to Au() to Au(0) is an irreversible redox process. The pathway of gold(i)
complex formation was investigated using DFT analysis, which suggested that the bi-chelation of the
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Introduction

Oxidative addition is a key step in transition metal-catalyzed
cross-coupling reactions."™" The oxidative addition of tran-
sition metals is well explored on the polar and non-polar
sigma bonds, and the related mechanistic studies are well
understood."® However, the elementary oxidative addition of
an aryl bromide bond to gold(1) remained challenging due to
the high redox potential of the Au(1)/Au(m) couple compared to
its isoelectronic Pd(0)/Pd(u) counterpart, despite having stable
+1, +2 and +3 oxidation states.>*!3724

Initially, gold(1) complexes were considered redox-neutral
catalysts. As a result, a stoichiometric amount of external oxi-
dants was required to facilitate oxidation to Au(m) in catalytic
reactions."®**"?” Recent studies suggest that oxidative addition
in gold(i) complexes is influenced by several factors, including
the electronic environment, coordination number, geometry,
bond strain, and the polarity of Si-Si, Sn-Sn, and C-C
bonds.13,17,28—33
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thioamide groups facilitated the oxidative addition of C—Br bonds to the Au() centre.

Furthermore, electron-rich aryl halides exhibit enhanced
reactivity toward oxidative addition with Au(i) complexes com-
pared to Pd(0),**® which is attributed to the lower coordi-
nation number of gold(i) (CN = 2) relative to the higher coordi-
nation number (CN = 4) of palladium(0). Consequently, linear
two-coordinated gold(1) complexes are known to effectively acti-
vate alkyl C(sp*)-X bonds under mild conditions.

Early studies on oxidative addition in gold(i) complexes

In 1970, Kochi, Puddephatt, and Schmidbaur investigated the
oxidative addition of a phosphine gold(i) methyl complex with
methyl iodide. This reaction resulted in the formation of
ethane and phosphine gold() iodide.>’° Subsequent studies
focused on activating the stronger aryl C(sp®)-Y (Y = leaving
group) bond using linear gold(i) complexes.**™** In 2007,
Corma and co-workers demonstrated that the oxidative
addition of phenyl iodide to MezPAul is an endothermic
process requiring high activation energy.***> Similarly, O’Hair
and colleagues used mass spectrometry and DFT calculations
to study (R;P),Au’ complexes (R = Me and Ph). Their findings
revealed that these complexes are highly stable and thermo-
dynamically disfavored for oxidative addition of iodobenzene
in the gas phase.*®

Strategies to enhance oxidative addition in gold(i) complexes

To address these challenges, recent years have seen growing
interest in tridentate pincer-based complexes, which play a
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Scheme 1 The chelation-assisted oxidative addition to gold(i) salts.

pivotal role in organometallic chemistry by rigidly anchoring
metal centres, thereby providing exceptional stability, tunable
electronic properties, and unique reactivities.*”** Research on
pincer-based complexes was pioneered by Moulton and Shaw
in the late 1970s,** and the term “pincer” was later coined by
van Koten in 1989.%° Similar strategies have also been utilized
in gold chemistry for enhancing the feasibility of oxidative
addition in linear gold(r) complexes.'”**%¢ Degpite this
advancement, only a few examples exist where oxidative
addition has been successfully performed on aryl halide [C
(sp®)-X] or alkenyl halide [C(sp)-X] bonds.

A breakthrough came in 2014 when Bourissou et al
reported phosphine chelation-assisted intramolecular oxi-
dative addition of aryl iodide and bromide to gold(r) complexes
(Scheme 1).°”*® In these systems, intramolecular phosphine
bi-chelation brings the gold(i) centre into close proximity to
the aryl C(sp?)-Br bond. This interaction promotes oxidative
addition, yielding a cationic [PCP-AuBr]" complex. Similarly,
8-iodonaphthyl phosphine was identified as a suitable chelat-
ing substrate for oxidative addition.®®

Recent advances in gold() oxidative addition reactions

Toste et al. demonstrated that NHC-gold(i) cationic complexes
can undergo oxidative addition in strained C-C bonds of
biphenylenes under mild conditions.’”’® This is in contrast
with other metals, which require harsh conditions for the
same transformation.’”””®”" Ribas and co-workers explored
pyridine chelation for oxidative addition in gold(i) complexes.
However, their initial attempts using 2-(2-iodophenyl) pyridine
were unsuccessful. To address this limitation, they introduced
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an additional ring to restrict the free rotation of the pyridine
ligand. This modification led to the successful oxidative
addition of 10-iodobenzo[k]quinolone at the aryl C(sp)-I
bond at 60 °C.”*

Unexplored areas in gold(i) oxidative addition

Despite these advances, oxidative addition using thio-iso-
phthioamide chelation for activating aryl C(sp®)-Br bonds
remains unexplored. Additionally, to the best of our knowl-
edge, neutral, stable, carbophilic thioamide organogold(ir)
complexes have yet to be isolated.

Our research group previously reported the isolation of
organo-Hg, Pd, Pt, Se, and Te complexes using NC"/N-type 5-
tert-butyl-1,3-bis(benzimidazol-2"-yl)phenyl chelating pincer
ligands.”®”* In this study, we report the isolation of a series of
highly stable, neutral, carbophilic thioamide organogold(ir)
complexes, derived from thio-iso-phthalamide tridentate
ligands. Their electronic properties and mechanism of for-
mation have been investigated using DFT calculations.

Results and discussion
Synthesis of pincer gold(m) complexes

The precursor isophthalamides 1 and 2, used for synthesizing
thio-iso-phthalamide ligands 3 and 4, were prepared in three
steps from commercially available 5-tert-butyl-meta-xylene.”*””
Subsequently, the amide carbonyl (C=O) groups were con-
verted into thiocarbonyl (C=S) using Lawesson’s reagent,
yielding yellow crystalline thio-iso-phthalamide ligands 3 and

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Synthesis of SCS based Au(i) pincer complexes.

4 in nearly quantitative yields (99%).”° The thioamide func-
tionality is notable for its highly acidic proton, which upon
deprotonation and via resonance forms the iminothiolate
structure under mild basic conditions. These ligands act as
multi-anionic donors depending on the charge of the coordi-
nating metal ions.””””® Additionally, the sulfur atom in the
thioamide group can both donate electrons to and accept elec-
trons from the metal centre through its empty d-orbitals.””"”®
Given these properties, we aimed to isolate gold(ur) complexes
via oxidative addition of SCS pincer ligands to gold(i) precur-
sors. The reaction of thio-iso-phthalamide 3 with the gold()
precursor SMe,AuCl resulted in oxidative addition of the Cy,—
Br bond, yielding the light-yellow gold(ui) complex 5 in 85%
yield (Scheme 2). However, complex 5 exhibited poor solubility
in common solvents such as dichloromethane, chloroform,
acetonitrile, DMF, and DMSO. To address the solubility issue,
we synthesized the di-iso-propyl-substituted thio-iso-phthala-
mide ligand 4 and treated it with SMe,AuCl, which resulted in
a highly soluble gold(m) complex 6 in 78% yield.

In an attempt to synthesize cationic gold(m) complexes, we
treated the gold(m) complex 5 with silver triflate, followed by
the addition of triphenylphosphine (Scheme 2). Unexpectedly,

This journal is © The Royal Society of Chemistry 2025
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this reaction led to the formation of the neutral gold(m)
complex 7 in 97% yield via iminothiolate formation, convert-
ing the dianionic SC7S™) pincer ligand in 5 into a trianionic
SEIcIs) species (Fig. 1). This transformation was confirmed
by '"H NMR, FT-IR, and single-crystal X-ray diffraction analysis.
Further derivatization of complex 7 led to the synthesis of com-
plexes 8-10, incorporating ancillary ligands such as trimethyl-
phosphine, trimethyl, and triethyl phosphites, respectively.
The significant diminish in the intensity of the N-H proton
signal in the "H NMR spectra of complex 5, relative to the free
ligand, is consistent with partial deprotonation upon debromi-
nation (see SI, page S6, 526).%° Similarly, the FT-IR spectra of 5

and 6 exhibited two distinct peaks at 1583/1554 cm™' and
_H+ C )
Ar — Y _Ar A
Ar)J\ril/ " Ar)I\N/ Ar)\\N/ '
H
Thioamide Thioamidate Imino thiolate

Fig. 1 Thioamide and possible resonance structures of its deprotonated
thioamidate anion.

Dalton Trans., 2025, 54,13235-13245 | 13237


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt00916b

Open Access Article. Published on 30 July 2025. Downloaded on 10/29/2025 7:34:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Dalton Transactions

Table 1 Selected bond lengths (A) and bond angles (°) of ligands 3, 4, and complexes 5-10

Ligands and Au(m) complexes

Bond lengths (A)/angles (°) 3 4 5 6 7 8 9 10
C1-Br1/Aut 1.892(2)  1.900(5)  1.992(6) 2.021(9), 2.001(10) 2.054(5)  2.037(9)  2.027(18)  2.024(4)
C11-S1 1.650(2) 1.652(5) 1.778(6) 1.794(9), 1.798(10) 1.805(6)  1.717(10) 1.784(2)  1.789(4)
C18-52 1.662(3)  1.649(5)  1.720(6) 1.733(10), 1.712(10)  1.809(6)  1.783(9)  1.787(2)  1.783(4)
C11-N1 1.325(3) 1.328(6) 1.256(8) 1.269(12), 1.275(12)  1.269(7)  1.340(11)  1.280(3)  1.273(5)
C18-N2 1.336(3) 1.441(6) 1.319(8) 1.316(11), 1.314(11)  1.264(8)  1.276(12) 1.275(3)  1.277(6)
Au-Br1/Cl1/P1 — — 2.432(9), 2.22(2)  2.490(3), 2.340(2) 2.385(15)  2.351(2)  2.334(5)  2.333(11)
2.430(2), 2.398(15)
Aul-51 — — 2.2871(16) 2.298(3), 2.298(3) 2.328(16)  2.317(3)  2.3176(5)  2.314(12)
Au1-S2 — — 2.3193(16) 2.328(3), 2.340(3) 2.312(17)  2.292(3)  2.3156(5)  2.309(12)
C1-Au1-Br1/Cl1/P1 — — 176.1(2), 173.9(8)  175.7(7), 178.5(7) 173.3(2)  176.73)  177.59(5) 176.7(1)
174.9(5), 176.1(4)
S1-Au1-S2 — — 171.80(6) 171.71(10), 171.68(9)  170.34(6)  170.9(1)  170.72(2)  170.75(4)

1586/1552 cm™", corresponding to C=S and C-S stretching. In

contrast, complexes 7-10 exhibited a single peak at 1583, 1604,
1580, and 1579 c¢cm™', respectively, indicating iminothiolate
(-N=C-S) formation.

The high-resolution mass spectra (HR-MS) of complexes 5
and 6 display a stable isotopic pattern with the corresponding
(M + H) m/z values of 679.0148 and 847.2029, which suggest
that the complexes 5 and 6 are formed by the deprotonation of
the thio-iso-phthalamide ligand. Similarly, complexes 7-10
showed their discrete molecular ion peaks with m/z values at
861.14791 (M+), 675.1326 (M+), 723.1179 (M+), and 787.1460
(M + Na), respectively (see the SI).

Single crystal X-ray studies

For the X-ray diffraction analysis, suitable single crystals of 3,
5, and 6 were collected from NMR tubes by the slow evapor-
ation of DMSO. Ligand 4 and complexes 7-10 were crystallized
from chloroform (the crystal structures of ligands 3 and 4 are
presented in the SI, page S60, Fig. S45, CCDC
2303816-2303823 for 3-10, respectively). Complexes 5 and 6
crystallize in the monoclinic space groups P2;/c and P2,,
respectively. Both were isolated as yellow needle-shaped crys-
tals, co-crystallized with DMSO, which engages in strong
hydrogen bonding interactions with the thioamide N-H
protons.

During oxidative addition of the C-Br bonds to SMe,AuCl,
halogen scrambling was observed, resulting in partially occu-
pied halide sites: 0.28/0.72 (Cl/Br) in complex 5 and 0.77/0.23
and 0.75/0.25 (Cl/Br) in complex 6, with both halogens co-
ordinated to the gold centre.

Coordination to gold significantly induces planarization of
the ligand backbone, as evidenced by the small dihedral
angles between the central phenyl ring and the thioamide
arms: 4.76(9)° and 3.13(17)° for 5, and 3.5(7)°/4.8(8)° and 7.3
(7)°/2.5(7)° for the two independent molecules in 6. Most
importantly, the thio-iso-phthalamide ligands 3 and 4 act as
dianionic species in complexes 5 and 6; the changes in struc-
tural parameters and bond lengths strongly support that one
thioamide arm in each complex (5 and 6) undergoes deproto-
nation followed by resonance forming an iminothiolate. The

13238 | Dalton Trans., 2025, 54,13235-13245

formation of the iminothiolate is evident from an increase in
the C11=S1 bond length from 1.650(2) A in the free ligand to
1.778(6) A /1.788(10) A in the complexes, accompanied by a
decrease in the C-NH bond length from 1.449(7) A to 1.258
(13)/1.254(12) A (see Table 1). This transformation facilitates
the oxidative addition of Au(1) to Au(u) and results in the for-
mation of stable five-membered metallacycles (see Fig. 2).”57%°
On the other hand, the lengths of the resulting new Au-S
bonds are unequal, due to uneven electron donation to the Au
() center. In complex 5, the length of the Au-S1 bond is
2.2908(15) A, whereas for Au-S2 it is 2.3210(14) A. Similarly, in
complex 6 (Fig. 3), the Au-S1 distances are 2.293(3)/2.324(3) A,
while the Au-S2 distances are 2.337(3)/2.294(3) A. These dis-
parities clearly indicate the coexistence of both thiolato-like
and thione-like binding modes within a single molecule,
which is a characteristic consequence of the resonance in the
coordinated thioamide ligands. Therefore, it suggests that the
thioamide groups are converted into the iminothiolate form
via resonance to facilitate the oxidative addition of a C-Br
bond resulting in Au(u) complexes. Furthermore, the replace-
ment of halide ions in complex 5 with neutral phosphine
ligands led to the deprotonation of the second thioamide arm,

Fig. 2 Molecular structure of $™'C'S gold(i) complex 5 with 50%
thermal ellipsoid probability.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Molecular structure of $™'C™'S gold(i) complex 6 with 50%
thermal ellipsoid probability. The unit cell contains two molecules; for
clarity, hydrogen atoms, disordered atoms and one of the molecules are
omitted.

resulting in the conversion of the trianionic SC7)s™) pincer
ligand, which led to coordinatively saturated neutral Au(m)
complexes 7, 8, 9, and 10 (Fig. 4). However, in complex 8, one
of the imine nitrogen atoms is protonated, forming an HBr
salt that contains both thione and thiolato sulfur functional-
ities. The bromide ion is co-crystallized and participates in
hydrogen bonding with the imine-H proton (Fig. 4).

In complexes 7-10, both thioamide arms are deprotonated,
forming bidentate thiolato coordination. Structural evidence
includes elongated C11-S1 bonds (1.783-1.805 A) and shor-
tened C11=N1 bonds [e.g., 1.280(3) A in 7, 1.264(8) A in 6].

In 8, the two arms show different characters: S1 resembles
thiolato, with longer C18-S2 and C-N1 = 1.340(11) A, whereas
S2 remains thione-like with C18-N2 = 1.276(12) A.

All complexes 5-10 feature square planar Au(m) centers.
The two sulfur donors define nearly linear S-Au-S angles
ranging from 171.80(8)° to 173.69(6)°, while the C1-Au-X
angles (X = Br, Cl, or P) fall between 173.3(2)° and 178.3(6)°.
These orthogonal coordination axes result in Y Aua =~ 351°
and 7, values of 0.7-0.9, confirming a distorted square planar
geometry. Notably, the S-Au-S angles observed here are
broader than those typically reported for related Ni, Pd, and Pt
complexes bearing similar d® electronic configurations
(165.96°-175.20°).”%%"88 This difference is attributed to the
strong trianionic nature of the SC/C()S™) pincer ligands in
7-10, which increases steric and electronic repulsion at the Au
() center. Taken together, these observations demonstrate the
remarkable flexibility of thio-iso-phthalamide-based carbophi-
lic pincer ligands, which can function as monoanionic SCs,
dianionic SC7S™), or trianionic ST/c)s™) donors depending
on the coordination environment. Moreover, their adaptive
donor behavior and strong electronic influence can effectively
facilitate oxidative addition processes, expanding their poten-
tial utility in transition-metal-mediated transformations.

This journal is © The Royal Society of Chemistry 2025
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Cyclic voltammetry studies

The electrochemical behaviour of the ligands and their corres-
ponding gold complexes was investigated by cyclic voltamme-
try (CV) at a scan rate of 100 mV s~ within a potential window
of 1.6 to +1.5 V.57

Red Red

AT = Ault = A’ (1)
Ox Ox
2e” le”

The electrochemical data indicate that the gold complexes
exhibit a combination of quasi-reversible and irreversible
redox behaviour, while the ligands 3 and 4 are electrochemi-
cally inactive within the potential range of —1.6 to +1.5 V
(Table 2, Fig. 5, eqn (1)). However, complexes 5 and 6 display
two cathodic peaks corresponding to sequential reductions of
the gold(mr) complex. The first reduction step, attributed to the
Au(u) - Au(i) redox couple, occurs around 0.15-0.174 V with
AE, values of 138 mV for complex 5 and 100 mV for complex
6, indicating quasi-reversible electron transfer. The second
cathodic peak, corresponding to the Au(r) — Au(0) process,
appears at —0.89 V for complex 5 and at —1.03 V for complex 6,
with AE, values of 24 mV and 200 mV, respectively. Despite
the relatively small AE, for complex 5, the absence of a corres-
ponding anodic peak and the observation of gold deposition
suggest that this process is electrochemically irreversible in
both cases. Upon reversing the scan direction, weak anodic
responses are detected at —0.65 V (for 5) and —0.83 V (for 6)
(Au® — Au"), followed by additional oxidation peaks at 0.28 V
(for 5) and 0.27 V (for 6) (Au” — Au®"), consistent with partial
re-oxidation of the deposited elemental gold. These electro-
chemical characteristics align with literature reports on cyclo-
metalated Au(m) complexes, which typically show cathodic
reduction potentials in the range of —0.60 to —1.83 V.9>™%°

Similarly complexes 7-9 exhibit (Fig. S56) improved electro-
chemical characteristics. Complex 7 exhibits an Au(ur)/Au(i)
couple at —0.015/+0.026 V with a AE;, of 41 mV, approaching the
ideal value for a reversible one-electron process. Complexes 8
and 9 also show similar behavior with AE,, values of 50 mV and
20 mV, respectively, indicating that the electron transfer kinetics
are fast and the Au(m)/Au(i) processes are effectively reversible.
However, the Au(1)/Au(0) redox processes in these complexes are
characterized by significantly larger AE,, values (300 mV for 7,
200 mV for 8, and 150 mV for 9), confirming that these
reductions are electrochemically irreversible, likely due to the
instability of the Au(0) state and the associated deposition on
the electrode surface. In contrast, complex 10 exhibits distorted
electrochemical behavior with large AE, values for both the Au
(m)/Au(1) (-0.29/+0.38 V, AE, = 670 mV) and Au(1)/Au(0)
(-1.23/-0.27 V, AE, = 960 mV) couples. Such large peak separ-
ations indicate that both redox processes are irreversible, likely
due to severe structural rearrangements, sluggish electron trans-
fer kinetics, or unstable redox intermediates. Collectively, these
results confirm that all observed redox events are metal-cen-
tered, as the ligands are redox-inactive. The Au(u)/Au(r) couple
ranges from quasi-reversible (complexes 5 and 6) to reversible
(complexes 7-9), while the Au(1)/Au(0) couple is consistently irre-

Dalton Trans., 2025, 54,13235-13245 | 13239
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Fig. 4 Molecular structure of complex 7 (above left), complex 8 (above right), complex 9 (below left), and complex 10 (below right), with 50%

thermal ellipsoid probability.

versible across all complexes, primarily due to the reduction to
elemental gold and the difficulty of re-oxidizing Au(0) under the
experimental conditions.

These irreversible redox profiles indicate that the gold ion
predominantly exists in the +3-oxidation state in all thio-iso-
phthalamide pincer gold complexes (5-10), while the corres-
ponding reduced species (Au(i) and Au(0)) are unstable under
the applied electrochemical conditions. Moreover, the Au(i)/Au
(0) redox couple occurring at more negative potentials suggests
that the gold centre is situated in a highly stabilizing ligand
environment, which further resists reduction and reinforces
the thermodynamic preference for the Au(m) oxidation state.

Computational studies

The coordination modes of tridentate thio-iso-phthalamide
ligands with transition metal ions have been reported only for

13240 | Dalton Trans., 2025, 54,13235-13245

a limited number of complexes,®

and mechanistic insights
into their reactivity remain largely unexplored at the compu-
tational level. To elucidate the mechanism underlying the for-
mation of the gold(u) complex 5, we carried out gas-phase
density functional theory (DFT) calculations at the B3PW91
level of theory, employing the SDD basis set for gold and the 6-
311+G(d,p) basis set for H, C, N, S, Cl, and Br atoms, using the
Gaussian09 software package.’® Inspired by the potential influ-
ence of the two thioamide donor arms on the oxidative
addition of the C,-Br bond, we examined the reaction
pathway leading to complex 5. The calculations indicate that
bidentate coordination involving both thioamide sulphur
donors, as represented in intermediate I, precedes a kineti-
cally feasible oxidative addition of the C,~Br bond to the
gold centre, with an associated free energy of activation (AG¥)
of 25.2 kcal mol™* (Fig. 6).°®°” For comparison, in the

This journal is © The Royal Society of Chemistry 2025
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Table 2 The oxidation and reduction potential of ligands and Au(n)

complexes 3—-10

Ligand and  First redox couple, ~ Second redox couple,  AE,
complex Au(m)/Au(i) (V) Au(1)/Au(0) (V) (mV)

3 NO NO —

4 NO NO —

5 +0.15, +0.28 —0.89, —0.65 138; 24
6 +0.17, +0.27 —-1.03, —0.83 100; 200
7 —0.015, +0.026 —1.24, -0.94 41; 300
8 +0.17, +0.22 —-0.94, —1.14 50; 200
9 +0.12, +0.14 -1.22, -1.07 20; 150
10 ~0.29, +0.38 -1.23, -0.27 670; 960

NO = not observed.

2x10° -
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Aud*->Au*
-1%10° -

| N
-2%10° Aut*>Au°
-11.5 -1I.0 -OI.S 0:0 0:5 1:0
E\V vs Ag\AgClI

Fig. 5 Cyclic voltammograms of ligand 3 and complex 5 in 1 mM
DMSO solution at a scan rate of 100 mV s~* with 0.1 M (n-Bu)4PFg as the
supporting electrolyte.

TSa — .;"“»
[ 2
. 29.0/28.6 o o 29 P9
30 4 s 90 99,09 g~
pr—— @,y 9
& / \ P > 9 ‘
+ H \ )
¥ e i
204 ¥ ey ol
= . /A TSE o
) 0,00 1 A vy
P RN 17 122.0/21.3)\ \ da0a% 0
E olit ety ; shetelt ey
= 104:.° 93, y; W e S
< , / L]
3] HL +S S , 0
=4 0.0/0.0 -3.2-35 4! S " .
~ ) 90 A
04 —_ L 3 3 Agh
(G) MR b /i a0 SN
~ \“_1 R ) : \\ v
» - > W
< N I At o ; Tw R A A
s as .90, E) \\,l‘a‘ " “."
-10 4 ;5'.‘”’ 8.5/-8.6 ° v e
°9 9 ®
T =
9 09 - v -18.1/-8.
R T S A
-20 - g% 0y 0 P P + SMey+ HCI
o "

Fig. 6 Gibbs free energy profile computed at the B3PW91/SDD (Au), 6-
3114+g** (H, C, N, S, CL, and Br) level of theory for the oxidative addition
of the Ca,—Br bond. AG*/AH? values are given in kcal mol™.
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diphosphine-based system reported by Bourissou et al, the
computed transition state energy is slightly lower.®® The rela-
tively high activation barrier in our case may be attributed to
the stronger coordination ability of the sulphur donors or
possibly the involvement of an iminothiolate-type resonance
structure that affects the ligand’s electronic properties.
Alternatively, a monodentate coordination pathway (intermedi-
ate I,) was also evaluated, wherein only one thioamide arm
interacts with the gold(1) center. Although I, is thermo-
dynamically more stable than the bidentate complex I, by
5.3 kecal mol™, the oxidative addition barrier is substantially
higher with AG* = 37.5 kcal mol™*, making this pathway kineti-
cally unfavorable.

These computational results underscore the critical role of
the second thioamide donor arm in facilitating the oxidative
addition step. The chelation effect stabilizes the transition
state and effectively lowers the activation energy barrier,
thereby promoting the efficient formation of the gold(u)
complex 5. The tridentate thio-iso-phthalamide ligand frame-
work thus provides an enhanced coordination environment
around the gold(r) center, increasing its reactivity toward oxi-
dative addition.

In vitro cytotoxicity studies

In complexes 5 and 7-10, the gold centre is in the +3 oxidation
state, which is isoelectronic (d®) with Pt(u) and with coordi-
nation sites SC)CIS) mimicking the four coordinated cis-
platin drug. Also, the reduction potentials [Au™ to Au' to Au® =
—0.89 to —1.23 V] of the complexes 7-10 are more negative
than the reported redox potential of glutathione (—0.36 V).%®
This suggests that it may not be possible to reduce Au' into
Au’ in the synthesized complexes 5 and 7-10 by thiol in a bio-
logical system. Furthermore, the neutral ancillary ligands in
the synthesized gold(m) complexes can undergo exchange with
the neutral ligands from the biological system.’®™° Also,
recent reports suggest that organogold complexes exhibit
potent anticancer activities with improved selectivity.''*"""
Motivated by these findings, we evaluated the in vitro cyto-
toxicity of the synthesized ligand 3 and Au(m) complexes 5 and
7-10 against the cancerous MDA-MB-231 (M.D. Anderson-
Metastatic Breast 231) cells and non-cancerous L929 (NCTC
clone) cell lines (Table 3 and Fig. 7). The inhibition of the pro-

Table 3 The ICsq values (uM) for the ligand and Au(in) complexes

ICso (1M) for

ICs (M) for

Ligand/Au(ur) non-cancerous cancerous
Entry complexes L929 cells MDA-MB-231 cells
1 Ligand 3 >75 75
2 Au(ur)-Br complex 5 30 15
3 Au(ur)-PPh; complex 7 75 60
4 Au(ur)-PMe; complex 8 30 30
5 Au(u)-P(OMe); complex 9  >75 30
6 Au(ur)-P(OEt); complex 10 60 45
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt00916b

Open Access Article. Published on 30 July 2025. Downloaded on 10/29/2025 7:34:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Bright field Dark field

LN () o [ AN
’?‘99\‘%6 g’ﬁ( )‘Q\&i:s").,\

Fig. 7 Fluorescence microscopic images of cancerous MDA-MB-231
cells (top) and non-cancerous L929 cells (down) that have undergone
apoptosis, stained with Pl for the Au(in)—P(OMe)s complex 9 at a con-
centration of 45 pyM. In the left — bright field image, in the middle — dark
field image, and in the right — merged image.

liferation of these cell lines was determined using the estab-
lished MTT assay (for experimental details please see SI
Fig. S71 and S72, page S93-594).

The observations made with both the cancerous and non-
cancerous cells are presented in Table 3 (see SI Fig. S71 and
S72). It is noticed that the Au(u)-Br complex 5 exhibits promis-
ing cytotoxicity in the case of both cancerous MDA-MB-231
cells and non-cancerous L929 cells (Table 3, entry 2). Very
interestingly, the trimethoxy phosphite-ligated Au(m) complex
9 exhibits excellent and targeted cytotoxicity towards cancerous
cells even at low concentrations, while having a minimal effect
on normal non-cancerous cells even at higher concentrations
(Table 3, entry 5).

To identify the dead cells, propidium iodide (PI) was used
for staining the cells which were in the apoptotic phase. In
accordance with in vitro cytotoxicity studies (Table 3), we
observed least PI staining in both cancerous MDA-MB-231 and
non-cancerous L929 cells in the presence of ligand 3 and Au
(m)-PPh; complex 7 (see the red spots in SI Fig. S73 and S74,
page S96-597), indicating their least suitability as anticancer
agents. The staining with the Au(m)-P(OEt); complex 10 is
moderate. Notably, the number of both the cancerous
MDA-MB-231 and non-cancerous L929 cells, stained with PI,
was very high in the cases of Au(m)-Br complex 5 and Au(u)-
PMe; complex 8. This suggested the high cytotoxicity of both
the complexes 5 and 8, as most of the cells (both cancerous
and non-cancerous) entered the apoptotic phase (see the red
spots in SI Fig. S73 and S74).

To our delight, in the presence of the Au(m-P(OMe)s
complex 9, a large number of cancerous MDA-MB-231
cells were stained with PI, but only a few non-cancerous
cells were stained (Fig. 7). This highlights the fascinating
behaviour of the complex 9 for ‘targeted therapy’ as it can
selectively kill the cancerous cells, while keeping the normal
cells unaffected.
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Conclusion

In summary, we successfully synthesized and characterized
pincer gold(ur) complexes using thio-iso-phthalamide pincer
ligands by the oxidative addition of aryl C(sp*)-Br bonds to the
Au(i) centre, which have been underexplored to date.
Furthermore, we have synthesized a highly stable, neutral, car-
bophilic thioamide organogold(m) complex for the first time.
It is important to note that the thio-iso-phthalamide pincer
ligands act as monoanionic SC)s and dianionic SCs) type
pincer ligands with Ni, Pd, and Pt metals; whereas in gold(u)
chemistry, thio-iso-phthalamide serves as a S/C(7)S) trianio-
nic ligand. The synthesized thio-iso-phthalamide ligands
exhibited iminothiolate resonance, enhancing their coordi-
nation ability and stabilizing gold(m) complexes. Spectroscopic
and X-ray analyses confirmed ligand deprotonation, iminothio-
late formation, and a square planar geometry with strong Au-S
bonds. Cyclic voltammetry revealed irreversible Au(m) — Au(i)
— Au(0) redox behavior, with reduction peaks at more negative
potentials indicating enhanced stability. Computational
studies showed that bidentate chelation reduced the oxidative
addition barrier, while Wiberg bond order, AIM, and NAO ana-
lyses confirmed stronger Au-S bonding and electron delocali-
zation, reinforcing complex stability. Moreover, the synthesized
gold complex 5 demonstrated high anticancer activity, while
gold complex 9 exhibited selective toxicity toward cancer cells
even at low concentrations, highlighting its potential for tar-
geted therapy.

Overall, this study highlights the use of thio-iso-phthala-
mide ligands as an effective strategy for the oxidative addition
of the Ca,~Br bond to Au(i) to afford stable gold(mr) complexes,
offering valuable insights for designing stable Au-based mole-
cules. Also, the remarkable selective toxicity of the synthesized
gold complex towards cancerous cells opens new avenues for
further studies on ‘targeted cancer therapy’. Further investi-
gations on the catalytic activity of these SC/C)S)-Au(m)PR,
complexes are currently under progress.
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