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Abstract: Cycloplatinated complexes based on 2-(4-substitu-
ted)benzothiazole ligands of type [Pt(R-PBT-kC,N)Cl(L)]

(PBT = 2-phenylbenzothiazole; R = Br (1), Me2N (2) ; L = di-
methyl sulfoxide (DMSO; a), 1,3,5- triaza-7-phosphaadaman-
tane (PTA; b), triphenylphosphine 3,3’,3’’-trisulfonate (TPPTS;
c)) and [Pt(Br-PBT-kC)Cl(PTA)2] (3) are presented. On the
basis of the photophysical data and time-dependent (TD)-

DFT calculations (1 a and 2 a), the low-lying transitions (ab-
sorption and emission) were associated with ligand-center

(LC) charge transfer, with minor metal-to-ligand charge

transfer (MLCT), and intraligand charge transfer (ILCT) [Me2N-
PBT!PBT] excited states, respectively. Simultaneous fluores-

cence/phosphorescence bands were found in fluid solutions
(and also in the solid state for 2 a), which become dominat-

ed by triplet emission bands in rigid media at 77 K. The
effect of the concentration on emissive behavior of 2 a, b in-
dicated the occurrence of aggregation-induced lumines-

cence properties related to the occurrence of metal–metal

and p···p interactions, which are more enhanced in 2 a be-
cause of the less bulky DMSO ligand. The behavior of 2 a
toward para-toluenesulfonic acid (PTSA) in aerated acetoni-
trile and to hydrogen chloride gas in the solid state has
been evaluated, thus showing a clear reversible change be-
tween the 1ILCT and 3LC/3MLCT states due to protonation of
the NMe2 group (theoretical calculations on 2 a-H++). Solid

2 a undergoes a surprising oxidation of the PtII center to PtIV

with concomitant deoxygenation of DMSO, under prolonged

reaction with hydrogen chloride gas to afford the PtIV/di-

methyl sulfide complex (mer-[Pt(Me2N-PBT-kC,N)Cl3(SMe2)] ;
mer-4), which evolves in solution to fac-4, as confirmed by

X-ray studies. Cytotoxic activity studies on A549 and HeLa
cell lines indicated cytotoxic activity of 1 b and 2 a, b. In addi-

tion, fluorescent cell microscopy revealed cytoplasmic stain-
ing, more visible in perinuclear areas. Inhibition of tubulin

polymerization by 1 b in both cells is presented as a prelimi-

nary mechanism of its cytotoxic action.

Introduction

In the last few decades, phosphorescent cyclometalated com-
plexes of heavy transition metals have received great attention
because of their rich physicochemical properties, such as high
photo- and electrochemical stability, high photoluminescence

quantum yield, tunable emission color, and long-lived emissive
excited state, with a wide range of potential applications in

many areas.[1] A fascinating research field is currently represent-
ed by the use of these complexes in medicine and bioimag-
ing[2] because they are generally rather stable due to the pres-

ence of s(M@C) bonds, which allow the organometallic frag-
ment to reach the cell unaltered, and their properties can be

easily tuned by modification of either the anionic cyclometalat-
ed or the ancillary ligands, thus varying their cytotoxicity and
pharmacokinetics. In particular, although the number of stud-
ies of anticancer activity of cycloplatinated complexes is signifi-

cant,[2a, k, l, 3] little is known about their mechanisms of action.
These coordination compounds can be described as dual-func-

tion complexes;[4] that is, the presence of aromatic groups in
the cyclometalated ligand might favor intercalative binding to
DNA (p–p stacking),[2a, 5] targeting the human telomeric G-

quadruplex[2a, 6] or key proteins,[2a, 7] whereas labile positions in
the coordination sphere may favor covalent coordination to

DNA purine bases, as in cisplatin.[8, 9]

On the other hand, the study of benzothiazole derivatives is

presently of considerable interest due to their interesting bio-

logical and biophysical properties. 2-Aryl or 2-heteroaryl-substi-
tuted benzothiazoles have been studied in medicinal chemistry

as antitumor,[10] antimicrobial,[11] and antifungal agents[12] as
well as imaging agents for b-amyloid[13] or in the study of cellu-

lar processing of anticancer activity.[14] A series of potent and
selective antitumor agents derived from 2-(4-aminophenyl)-
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benzothiazole has been extensively developed,[10c] and even
the fluorinated analogue, 2-(4-amino-3-methylphenyl)-5-fluoro-

benzothiazole, in the form of the l-lysylamide prodrug Phort-
ess, entered a clinical phase I trial in 2002.[15] Due to the low

toxicity, high bioavailability, and good biocompatibility of ben-
zothiazole-based anticancer complexes, considerable work has

been directed toward the development of these complexes
with the ability to target different receptors, such as topoiso-

merases, microtubule, kinases, DNA, and so forth.[10f] Recently,

the in vitro cytotoxic activity of the monofunctional
[Pt(BPA)Cl]++ (BPA = N,N-bis(pirydin-2-ylmethyl)amine)[14a] and

two dichloride [PtLCl2] (L = 2-(4’aminophenyl)benzothiazole)[10b]

platinum(II) complexes featuring benzothiazole-based pharma-

cophores were reported. However, although several cyclometa-
lated PtII complexes based on 2-phenylbenzothiazole (PBT) are

known,[16] as far as we know, no studies have been reported

on their biological activity, except the recent report by our
group concerning the neutral pentafluorophenyl complex

[Pt(PBT)(C6F5)(dmso)] .[17]

Following our interest in platinum complexes containing

chromophoric benzothiazole units,[17, 18] we aimed to prepare a
family of cyclometalated PtII complexes derived from 2-(4-sub-

stituted-phenyl)benzothiazoles 2-(4-bromophenyl)benzothia-

zole (Br-HPBT) and 2-(4-dimethylaminophenyl)benzothiazole
(Me2N-HPBT), respectively. Herein, we present the synthesis of

cycloplatinated [Pt(C^N)ClL] systems 1 and 2 that contain chlo-
ride as a labile ligand and dimethyl sulfoxide (DMSO) and

water-soluble phosphines, such as 1,3,5- triaza-7-phosphaada-
mantane (PTA) and triphenylphosphine 3,3’,3’’-trisulfonate

(P(C6H4SO3Na)3 ; TPPTS) as auxiliary groups. These systems were

designed by taking into account several features that make
the complexes interesting for biological studies : 1) the planari-

ty and presence of sulfur donor atoms on the cyclometalated
benzothiazole ligand would favor DNA intercalative binding

through noncovalent p-stacking interactions; 2) the presence
of the NMe2 substituent on the benzothiazole unit might make

the complexes active in acidic media, such as the cytoplasm of

cancer cells ; 3) the chloride ligand could be easily substituted
by interaction with DNA bases;[8, 9] and, finally, 4) the non-leav-

ing phosphine ligands (PTA and TPPTS) could enhance the sol-
ubility of the systems in biological media. In fact, use of these

phosphines were recently explored as a co-ligand in several
antineoplastic RuII,[19] PtII, [20] and AuI [21] complexes. A detailed

study of the optical properties of these systems, with a particu-
lar emphasis on the interaction of complex [Pt(Me2N-
PBT)Cl(dmso)] (2 a) with acids (i.e. , HSO3C6H4CH3 and HCl),

which was interpreted with the help of theoretical calculations,
is presented. The interaction of 2 a with excess hydrogen chlo-

ride gas leads to an unexpected oxidation of the platinum
center to PtIV with simultaneous deoxygenation of DMSO and

the formation of mer-[Pt(Me2N-PBT)Cl3(SMe2)] (mer-4), which

evolves in solution to fac-4. We have examined the antitumor
activity of 1 and 2 against the human cancer-cell lines A549

(lung cancer) and Hela (cervix cancer) and evaluated a plausi-
ble mechanism of action of these complexes on the polymeri-

zation of microtubules. The compounds were also tested in
vitro with confocal microscopy as labels for bioimaging.

Results and Discussion

Synthesis and characterization

Scheme 1 shows the method for the preparation of com-
pounds 1 a–c, 2 a–c, and 3 and the numbering of the hydrogen

and carbon atoms of the 2-(4-R-phenyl)benzothiazole ligands.
The cyclometalation of Br-HPBT and Me2N-HPBT was carried

out by following a conventional protocol[22] to obtain cyclome-
talated PtII/m-chloro-bridged complexes [{Pt(C^N)(m-Cl)}2] ,
which involved heating [{Pt(m-Cl)(h3-2-MeC3H4)}2][23] (h3-2-

MeC3H4 =h3-2-methylallyl) to reflux with two equivalents of Br-
HPBT or Me2N-HPBT in toluene for 24 or 4 h, respectively. The

treatment of the sparingly soluble dimers [{Pt(R-PBT)(m-Cl)}2]
(R = Br, Me2N) with dimethyl sulfoxide (DMSO) for 5 min at

reflux, followed by evaporation and precipitation with isopro-

pyl alcohol, gave the DMSO-coordinated compounds [Pt(R-
PBT)Cl(DMSO)] (R = Br (1 a), Me2N (2 a)). The phosphine deriva-

tives [Pt(R-PBT)Cl(L)] (L = PTA, R = Br (1 b), Me2N (2 b) ; L =

TPPTS, R = Br (1 c), Me2N (2 c)) were prepared by reaction of

the corresponding DMSO complex 1 a or 2 a with one equiva-
lent of the corresponding phosphine ligand. The presence of

the negatively charged phosphine ligand made the TPPTS

complexes highly soluble in polar media (i.e. , D2O, MeOD, and
DMSO) and insoluble in CDCl3 as a difference to the corre-

sponding PTA derivatives. The spectroscopic data discussed
below indicate that only the trans-C,Cl isomer is present in

each case, as was previously found in related compounds.[22b, 24]

Complex [Pt(Br-PBT-kC)Cl(PTA)2] (3) was produced during an at-

tempted synthesis of complex 1 b by reaction of [{Pt(Br-PBT-

kC,N)(m-Cl)}2] with PTA (molar ratio 1:3). A control reaction of
the monophosphine complex 1 b with one additional equiva-

lent of PTA in CDCl3 reveals that the formation of 3, which re-
quires the N-dissociation of the hemilabile cyclometalated Br-

PBT-kC,N ligand in the presence of excess PTA ligand, takes
places quantitatively and immediately (see Figure S1 in the

Supporting Information), which was confirmed by X-ray studies

(see below). N-dissociation of C6N ligands to give monocoordi-
nated k-C ligands is not a common occurrence, but has been
observed in reactions of some C,N-cycloplatinated com-
plexes.[24, 25]

Complexes 1–3 were characterized (i.e. , IR, NMR, MS, and el-
emental analysis and, in the case of 1 a, b, 2 a, b, and 3, by X-

ray diffraction studies; see the Experimental Section in the
Supporting Information). Notably, the characteristic and more-
deshielded proton of the C6N ligand (H7) appears in the cyclo-

metalated complexes downfield relative to the corresponding
free ligand (d= 9.65, 9.69, and 9.19 in 1 a–c, respectively, vs.

8.07 ppm in Br-PBT) ; d= 9.47, 9.54, and 9.54 in 2 a–c, respec-
tively, vs. 8.04 ppm in Me2N-PBT), whereas the proton adjacent

to the metalated ring (H11) undergoes a significant downfield

shift (d = 8.67 and 7.84 ppm in 1 a and 2 a, respectively) relative
to the corresponding free ligand (d= 7.65 and 6.78 ppm in Br-

HPBT and Me2N-HPBT, respectively) in DMSO complexes 1 a
and 2 a. This H11 resonance exhibits the expected platinum sat-

ellites with coupling constants (3JPt-H) in the range J = 46–68 Hz,
which is typical of orthometalated phenyl rings, in all the com-
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plexes.[17] In 1 a and 2 a, the presence of a singlet for the
proton at d= 3.71 and 3.68 ppm in 1 a and 2 a, respectively,

with platinum satellites (3JPt-H&25 Hz) and one signal in the
13C{1H} NMR spectra at d = 46.1 and 46.2 ppm in 1 a and 2 a, re-
spectively, (2JPt-C = 63 and 64 Hz for 1 a and 2 a, respectively)

provides evidence of the coordination of DMSO to plati-
num.[17, 26] The expected proton resonances for the PTA ligand

appear as a broad singlet (NCH2N) and an AB system (PCH2N,
JH-H = 12 Hz) in complex 2 b, whereas these resonances are iso-
chronous in 1 b (d= 4.63 ppm). The 31P{1H} NMR spectra of

1 b, c and 2 b, c display a single resonance with a high 1JPt-P

splitting (J = 4030–4810 Hz), which is typical of a phosphorus

atom in a trans position with respect to the nitrogen atom.[27]

For complex 3, the H8 and H11 protons (d= 8.25 and 7.85 ppm,
respectively) are slightly shifted downfield relative to the free
ligand (d= 7.97 and 7.64 ppm, respectively) and display plati-

num satellites (4JPt-H = 17 and 3JPt-H = 73 Hz for H8 and H11, re-
spectively) in accordance with the C-coordination of the
phenyl moiety to the PtII center. The mutually trans-PTA ligands

are seen in the 1H NMR spectrum as two resonances (a multip-
let and singlet at d= 4.31 and 3.91 ppm for the NCH2N and

PCH2N protons, respectively) and in the 13C{1H} NMR spectrum
as a singlet (d= 73.1 ppm; N-CH2N) and the expected virtual

triplet (d = 49.2 ppm, 1 + 3JC-P = 20 Hz; P@CH2). The 31P NMR reso-

nance at d =@64.9 ppm displays a smaller 1JPt-P coupling con-
stant (J = 2705 Hz) relative to 2, in accordance with the lower

trans influence of the phosphorus atom.
The structures of complexes 1 a, b, 2 a, b, and 3 were estab-

lished by X-ray diffraction studies (Figure 1). Table S1 (see the
Supporting Information) lists a selection of relevant bond

lengths and angles, and Table S2 some crystallographic data
and refinement parameters. In the case of PTA derivatives 1 b
and 2 b, two independent molecules were found in the asym-

metric unit with distances and angles comparable within ex-
perimental error. For simplicity, only one of the two molecules

(denoted as A) is given in Figure 1. The data and figures for
molecules B of 1 b and 2 b are given in the Supporting Infor-

mation. In complexes 1 and 2, the platinum center shows a
distorted square-planar environment formed by the cyclometa-

lated ligand (Br-PBT or Me2N-PBT), a chloride atom, and the

sulfur atom of the DMSO ligand in 1 a and 2 a or the phospho-
rus atom of the PTA molecule in 1 b and 2 b in a cis position to
the metalated carbon atom. The phenylbenzothiazole ligand
displays a more planar disposition in complexes 1 a, b than in

2 a, b. Thus, the deviations of the benzothiazole (BT) group
with respect to the platinum coordination plane are 9.64 and

5.128 in 1 a and 1 b, respectively, and the angles between the

Ph ring and the BT group are 1.96 and 5.618 in 1 a and 1 b, re-
spectively, whereas these angles are 25.91 and 17.648 and

22.41 and 4.918 in complexes 2 a and 2 b, respectively. Bond
lengths of the donor atoms to the platinum center (Pt-Cl :

2.3923(14)–2.400(3) ; Pt-S: 2.2119(13)–2.2133(12); Pt-P:
2.2091(14), 2.207(3) ; Pt-C: 2.016(4)–2.036(12) a) are within the

normal ranges expected for cyclometalated complex-

es.[3d, 17, 22b, 24, 28]

The S2@O1 bond length is shortened in 1 a and 2 a relative

to free DMSO,[29] and the amino nitrogen atom in the dimethyl-
amine substituent is trigonal planar in 2 a and 2 b, with a short

C@N bond length (1.363(6) and 1.384(15) a in 2 a and 2 b, re-
spectively) and a small torsional angle of 11.7 (C10-C11-N2-C14

Scheme 1. Synthesis of 1–3. Reagents and conditions: i) [{Pt(m-Cl)(h3-2Me-C3H4)}2] , toluene, reflux; then DMSO; ii) PTA, CH2Cl2, 20 8C; iii) P(m-C6H4SO3
-Na+)3, ace-

tone/H2O, 20 8C; iv) [{Pt(m-Cl)(h3-2Me-C3H4)}2] , toluene, reflux; then PTA (see the Supporting Information for the experimental details).
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in 2 a) or 7.18 (C2-C3-N2-C14 in 2 b). Complexes 1 a, b and 2 b
show a certain degree of p stacking between the cyclometalat-
ed ligands of adjacent molecules in the crystal structure,

whereas no stacking is observed for 2 a (see Figures S2–S6 in
the Supporting Information). The molecules in the crystal struc-

ture of 1 a form dimers related by symmetry (intermolecular
separation = 3.4–3.5 a) with moderate Pt····Pt separation

(3.703 a), which are packed in columns with longer Pt····Pt dis-

tances (7.7 a). Molecules A and B in 1 b of adjacent asymmetric
units are stacked (3.3–3.5 a) in columns (A···A···B···B) in a head-

to-head manner. The extended packing in 2 b is observed be-
tween the two types of molecule (A···A) and (B····B).

The molecular structure of trans-[Pt(Br-PBT)Cl(PTA)2]·CHCl3

(3·CHCl3 ; see Figure 1 e and Table S1 in the Supporting Infor-

mation) exhibits a slightly distorted square-planar geometry
with a trans arrangement of two PTA ligands, a chloride atom,
and a nonchelated 2-(4-bromophenyl)benzothiazole ligand co-

ordinated through the C1 atom of the phenyl ring. Upon nitro-
gen decoordination, the pendant benzothiazole fragment is

still coplanar with the phenyl group, but is rotated relative to
the chelated complexes 1 a, b and 2 a, b, with the sulfur atom

oriented toward the platinum center. The Pt····S distance

(3.073 a) is shorter than the Van der Waals limit (3.55 a) and
comparable to the distance reported for the penta-coordinated

cation [Pt(ppy)(9S3)]+ (9S3 = 1,4,7-trithiacyclononane)[30]

(2.9518(17) a). The Br-PBT group is essentially perpendicular to

the platinum coordination plane (angle = 85.288). The Pt@P
bond lengths (2.2858(8) and 2.2807(8) a) are marginally longer

than those distances observed in 1 b and 2 b and are in the

same range as those lengths found for related trans-Pt(PTA)2

derivatives.[31] The steric bulk of the PTA ligands makes the

presence of p···p intermolecular interactions difficult (see Fig-
ure S7 in the Supporting Information).

Photophysical properties

Absorption spectra

A summary of the UV/Vis absorption data of complexes 1–3 is

given in Table S3 (see the Supporting Information), and the
spectra of 1 and 2 are compiled in Figure 2 for comparison. All

the complexes show high-energy intense absorptions (l<
360 nm, e&104 m@1 cm@1), attributed to ligand-based 1IL (p–p*)

transitions, as the free ligands show similar bands (Br-HBPT:
l= 315, 331 nm; Me2N-HPBT: l= 357 nm). The cyclometalated
complexes 1 and 2 present a characteristic low-energy feature,

notably red-shifted from the free-ligand absorption because of
the cyclometalation and consequent perturbation from the

metal center. The lowest-lying bands have higher molar ab-
sorptivities and are notably red-shifted in the Me2N-PBT deriva-

tives (l= 433, 444 (2 a), 427 (2 b), 441 nm (MeOH, 2 c) ; e&3 V

104 m@1 cm@1) relative to the Br-PBT complexes (l= 382, 406
(1 a), 392, 410 (1 b), 385, 403sh nm (MeOH, 1 c) ; e

&103 m@1 cm@1), thus indicating a greater intraligand charge-
transfer contribution due to a better interaction of the good

electron-donating NMe2 group with the aromatic moiety rela-
tive to that of the bromine atom. The charge-transfer nature of

Figure 1. Molecular structures of: a) 1 a, b) 1 b·0.5 CHCl3 (molecule A), c) 2 a, d) 2 b·CHCl3 (molecule A), and e) 3·CHCl3.
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the excitation was also supported by the slight negative solva-

tochromism in the absorption maxima of 2 a and 2 c with a
blueshift as the polarity of the solvent increases (2 a : l= 446
vs. 435 nm in toluene and MeOH, respectively ; 2 c : l= 441 and

434 nm in MeOH and H2O, respectively), thus suggesting a
greater ground-state dipole moment relative to the excited
state.[18a, 32] According to previous studies[17, 18b, 32c, 33] and time-
dependent (TD)-DFT calculations on 1 a and 2 a (see below),

the low-energy absorption in complexes 1 a–c is assigned to a
ligand-centered (1LC) transition mixed with a metal-to-ligand

charge transfer (1MLCT) [Pt!PBT] contribution, whereas this
band has primarily ligand-based 1ILCT charge-transfer character
from the dimethylaminophenyl donating ring to the acceptor

benzothiazole unit [Me2N!PBT] for the (dimethylaminophe-
nyl)benzothiazole derivatives 2 a–c. Complex 3 displays an ex-

tremely weak absorption feature (l= 391–410 nm; e&1 V
103 m@1 cm@1), which is tentatively ascribed to a transition in-

volving a platinum-to-ligand 1MLCT (Pt!HC6N) charge trans-

fer.
The influence of the concentration was examined with com-

plex 2 a. Upon increasing the concentration of 2 a in CH2Cl2, a
similar plot of the apparent absorbance at l= 465, 315, or

246 nm is observed, thus showing a relatively good agreement
with Beer’s law in the concentration range 5 V 10@6–10@4 m (see

Figure S8 in the Supporting Information). The fact that increas-
ing concentration is not accompanied by a significant drop in
the high-energy absorption region at approximately l=

250 nm indicates that although complex 2 a could undergo

self-assembly through p····p stacking interactions with increas-
ing concentration[34] (as suggested by the emission behavior),
this behavior is not manifested in the ground-state UV/Vis
spectra. As shown in Figure S8 (see the Supporting Informa-
tion), similar effects were also noticed in the 1H NMR spectra
measured in CD2Cl2 by increasing the concentration from 5 V
10@4 to 5 V 10@2 m. . An increase in the complex concentration

results in a very slight upfield shift of approximately Dd=

0.01 ppm of the signals that correspond to the phenyl ring

and NMe2 substituent, thus suggesting only a minor alteration
(if any) of the observed chemical shifts on the NMR timescale.

Emission spectra

Emission data of complexes 1–2 in different media are sum-

marized in Table 1 and Table S4 (see the Supporting Informa-
tion), and representative spectra are presented in Figures 3–6
and Figures S9–S15 (see the Supporting Information). The Br-
PBT derivatives 1 a–c exhibit a similar structured emission band

in solution (1 a, b : CH2Cl2 ; 1 c : MeOH (5 V 10@4 m)), glass, solid,
and PMMA matrix, with maxima in the range l= 532–542 and

Figure 2. UV/Vis spectra of 1 a, b and 2 a, b in CH2Cl2 and 1 c and 2 c in
MeOH (5 V 10@6 m) at 298 K.

Table 1. Photophysical data of complexes 1 and 2 in degassed CH2Cl2

and PMMA (10 wt %).

Complex Medium T [K] lem [nm] (f, t)

1 a CH2Cl2 298 430[a]

532 (1.5 %, 0.17 ms)
77 544 (21.9 ms)

PMMA 298 538 (14.6 %, 14.9 ms)
1 b CH2Cl2 298 400 (4.1 ns)

538 (1.9 %, 0.03 ms)
77 545 (20.3 ms)

PMMA 298 536 (8.5 %, 13.9 ms)
1 c MeOH 298 444 (<2 ns)

532 (1.7 %, 0.32 ms)
77 526 (31.1 ms)

PMMA 298 538 (11.4 %, 13.5 ms)
2 a CH2Cl2

[b] 298 474 (3.9 %, <2 ns)
574 (6.2 %, 17.6 ms)

77 470[a]

562 (116.5 ms[c])
PMMA 298 574 (53.3 ms)

2 b CH2Cl2
[b] 298 472 (3.5 %, <2 ns)

565 (26.6 ms)
77 464[a]

558 (116.8 ms[c])
PMMA 298 568 (41.1 ms)

2 c MeOH[b] 298 488 (2.2 %, <2 ns)
574 (15.8 ms)

77 468[a]

567 (140.8 ms[c])
PMMA 298 572[a] (56.1 ms)

3 PMMA 298 536 (9.7 %, 15.8 ms)

[a] Very weak emission. [b] Concentration: 5 V 10@6 m, emission dependent
on the concentration (see text). [c] Averaged emission lifetime for the
two-exponential decay determined by the equation y = A1*exp(@x/t1) +

A2*exp(@x/t2) + y0.
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526–568 nm (at l= 298 and 77 K, respectively) and vibronic
progressions (1270–1360 cm@1), which are indicative of a prev-

alent contribution from the cyclometalated ligand into the
frontier orbitals associated with the emissive state. As an illus-

tration, the room-temperature emission spectra for 1 a–c in
doped PMMA films (10 wt %) and glass are shown in Figure 3
and Figure S9 (see the Supporting Information), respectively.

The lifetimes recorded in PMMA at 298 K (t= 14.9, 13.9, and
13.5 ms for 1 a–c, respectively) are larger than in the solid state

Figure 3. Normalized emission spectra of 1 a–c in poly(methyl methacrylate)
(PMMA; 10 % w/w) at 298 K (lex = 400 nm).

Figure 4. Normalized excitation (····) and emission (cc) spectra of 2 a in the
solid state (pristine sample, gray) and microcrystalline ground solid (black)
at: a) 298, and b) 77 K.

Figure 5. Normalized excitation (····) and emission (cc) spectra of diluted
solutions (5 V 10@6 m) of 2 a, b (CH2Cl2) and 2 c (MeOH) in: a) aerated, and
b) deoxygenated solutions at 298 K (lexc = 420 nm and lem = 570 nm).

Figure 6. Normalized excitation (····) and emission (cc) spectra of 2 a in
CH2Cl2 at different concentrations at 298 K (lexc = 420 nm).
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at 298 K (t= 6.9 and 7.6 ms (average values) for 1 a, b, respec-
tively) and in fluid media (t= 0.17, 0.03, and 0.32 ms for 1 a–c,

respectively), thus suggesting easier access to deactivation of
the excited states in CH2Cl2 at 298 K. TD-DFT and DFT calcula-

tions on 1 a (see below), together with previous spectroscopic
studies on similar complexes, support a predominant 3LC

nature with minor 3MLCT character for the emission. We note
that the emission spectra in solution show, in addition to the
expected structured band in the yellow region (l= 532, 538

(CH2Cl2), and 532 nm (MeOH) for 1 a–c, respectively), a small
band in the blue region (l= 430, 400, and 444 nm for 1 a–c, re-
spectively) with a short lifetime (t= 4.1 and <2 ns for 1 b,c, re-
spectively) due to residual fluorescence (see Figure S10 in the

Supporting Information).[35]

The Me2N-PBT derivatives 2 emit in all media, except in a mi-

crocrystalline state at 298 K (see Table 1 and Table S4 in the

Supporting Information). In rigid media (PMMA or solid 77 K),
these systems exhibit vibronically structured profiles that are

bathochromically shifted relative to the Br-PBT derivatives (i.e. ,
l= 574, 568, and 572 nm for 2 a–c in PMMA respectively (Fig-

ure S11 in the Supporting Information), vs. l= 538, 536, and
538 nm for 1 a–c, respectively), which are ascribed to an intrali-

gand 3ILCT excited state localized on the benzothiazole group

[Me2N-PBT!PBT], based on DFT/TD-DFT calculations (see
below). The redshift can be attributed to the incorporation of

the electron-donating NMe2 group, which destabilizes the
HOMO energy through electron donation. This assignment is

also supported by the long radiation decay times (t= 53.3,
41.1, and 56.1 ms for 2 a–c, respectively), clearly longer than for

complexes 1.

Only 2 a, as a powder, is emissive in the solid state at 298 K.
The pristine solid 2 a exhibits a dual emission formed by a

band centered at l= 515 nm, with a short lifetime of approxi-
mately 7 ns, which suggests fluorescence and a long-lived

lower-energy band (l= 575 nm, t= 12.2 ms) due to phosphor-
escence (Figure 4 a). In support of this assignment, the excita-

tion-spectra monitoring of both bands are coincident. Upon

cooling at 77 K, the fluorescence band decreases and the
phosphorescence located at l= 600 nm mainly contributes to

the intense emission observed. The emission is close to the
emission observed for 2 b, c in the solid state at 77 K (l= 590

and 596 nm for 2 b, c, respectively). Interestingly, microcrystal-
line solid 2 a is, as 2 b, c, nonemissive at 298 K. However, upon
grinding this microcrystalline solid, the emission is triggered,

to which the fluorescence band mainly contributes (Figure 4 a).
At low temperature (77 K), the phosphorescence band is again

predominant (Figure 4 b).
In aerated diluted solutions (2 a, b : CH2Cl2 ; 2 c : MeOH (5 V

10@6 m)) at 298 K, complexes 2 a–c display only a structureless
emission in the blue region (l= 474, 472, and 488 nm for 2 a–

c, respectively; Figure 5 a). Due to the small Stokes shift (l= 30,

45, and 49 nm for 2 a–c, respectively) and short lifetime in the
nanosecond region, the emission is attributed to intraligand
1ILCT fluorescence. However, these complexes also exhibit a
weak low-energy phosphorescent emission in degassed solu-

tions, which we attributed to a mixed 3ILCT/3MLCT emissive
state (Figure 5 b). In support of this assignation, the excitation

spectra monitoring at these low-energy bands differ from
those observed monitoring the 1ILCT fluorescence. The weak

or lack of phosphorescence in solution for complexes 2 a–c is
not unexpected and can be rationalized by easy access to sev-

eral quenching mechanisms. First, the lone pair of electrons on
the NMe2 group is delocalized (see the X-ray diffraction image)

within the phenyl ring at the HOMO orbital in the ground
state S0. It is well-known that the S1 state (1ILCT) might evolve
with a torsional motion of the amino group upon excitation,

thus leading to population of a dark twisted intramolecular
state, in which the lone pair of electrons on the nitrogen atom
is no longer delocalized within the phenyl ring, thus enhancing
the radiationless deactivation to the ground state.[36] Second,

the square-planar geometry of the PtII center with a d8 elec-
tronic configuration allows easy access to collisional interac-

tions with solvent molecules and is enhanced in these com-

plexes by the electron-donating nature of the amine group,
thus favoring efficient deactivation.[37] Finally, another route to

decrease the phosphorescence in aerated solutions results
from the relative ease by which the triplet excited state under-

goes triplet–triplet quenching by the oxygen moiety, which is
facilitated by the long phosphorescence lifetimes (t= 15.8–

26.6 ms).[38]

The effect of the concentration on emissive behavior has
been examined for complexes 2 a, b under aerobic conditions.

For 2 a, the effect of the concentration on the emission in
CH2Cl2 is more significant than for the absorption (Figure 6).

Upon increasing the concentration from 5 V 10@6 to 10@3 m, the
fluorescence emission maxima red-shifted from l= 474 to

498 nm. Interestingly, the excitation spectrum changes remark-

ably at concentrations above 10@4 m, exhibiting two pro-
nounced maxima at approximately l= 380–390 and 475 nm,

respectively. A similar behavior was observed for 2 b (see Fig-
ure S12 in the Supporting Information). In reference to previ-

ous studies with cycloplatinated(II) complexes,[34, 39] this behav-
ior suggests that the fluorescence observed at high concentra-
tion for complex 2 a (and also 2 b) in solution is generated by

an aggregate, likely driven by p····p and/ or Pt···Pt interactions
in the ground state. As expected, the formation of aggregates
also has a profound effect on the emission in the glass state at
77 K; however, this effect is more noticeable for 2 a than for

2 b, likely due to the presence of the bulkier PTA ligand in 2 b
(see Figures S12 b and S13 in the Supporting Information). In

dilute solution (5 V 10@6 m, 77 K), 2 a displays weak fluorescence
and an intraligand 3ILCT phosphorescence due to the mono-
mer (lmax = 562 nm). Upon increasing the concentration, the

fluorescence disappears and the emission due to the monomer
decreases in intensity with a slight redshift in its maximum (D

&15 nm), whereas new low-energy features develop (l
&620 nm at 10@4 m ; l&650 nm at 10@3 m, see Figure S13 a in

the Supporting Information), which could be attributed to

metal/metal-to-ligand charge transfer transitions (3MMLCT), as-
sociated with the formation of p····p stacking and platinum–

platinum contacts in the newly formed species. Although exci-
mer formation cannot be ruled out, in support of ground-state

aggregation, the excitation spectra profiles monitoring at
these new bands differ (see Figure S13 b in the Supporting In-
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formation) and are found at lower energies relative to the ob-
served for the monomer in dilute solution monitoring at l =

560 nm;[35, 40] furthermore, the average decays lifetime are
larger.

The effect of the solvent on the spectral characteristics of
aerated 5 V 10@6 m solutions of 2 a was also examined. In agree-

ment with the charge-transfer nature (CT), the maximum emis-
sion of the fluorescence band at 298 K (from l= 472 nm in tol-
uene to 484 nm in MeCN) and the 3ILCT phosphorescence in
the glass state at 77 K (l= 555 and 564 nm in toluene and
MeCN, respectively) follow a similar tendency, exhibiting a
slight bathochromically shift with increasing solvent polarity
(see Figure S14 in the Supporting Information), thus pointing
to a stronger stabilization of the excited state in polar solvents.

Complex 3 is only weakly emissive in the solid state, CH2Cl2,

glass, and a PMMA film (10 % w/w; details are given in Table 1

and Table S4 and Figure S15 in the Supporting Information)
and is assigned to a metal-perturbed 3LC excited state.

Effect of acid/base concentration

The optical properties of the Me2N-PBT complexes 2 should
change upon protonation, and we decided to examine the be-
havior of the less-complicated complex 2 a toward para-tol-
uensulfonic acid (PTSA) in acetonitrile solution with under
aerobic conditions and toward hydrogen chloride gas (HCl(gas))
in the solid state. Upon the addition of PTSA (above 2 equiv.)

to a solution of 2 a in CH3CN, the low-energy 1ILCT absorption
band at l= 440 nm decreases in intensity, whereas new bands
at high energy develop (l&330 nm) with a well-defined iso-

sbestic point at l= 342 nm, which is indicative of a clean con-
version of 2 a into its protonated form (Figure 7). The protona-

tion of the amino group decreases its electron-donating ability,
and the CT character of the transition, which, according to cal-

culations, has a mixed 1LC/1MLCT nature with some 1L’LCT

[Cl!NHMe2-PBT] contribution in the protonated ion 2 a-H++ .
The process is reversible and the initial spectrum was recov-

ered upon the addition of triethylamine. The blue initial fluo-
rescence of 2 a shows also notable proton-induced quenching
as the amount of PTSA increases, with almost total elimination
when 20 equivalents of PTSA are added. With a large excess of
acid, a weak orange emission is observed (Figure 8). The

maxima (l= 542 nm) and the lifetime (t= 0.27 ms) are close to
that found for 1 a, and the transition was thus ascribed to a

phosphorescent transition (3LC/3MLCT) in the generated cation
2 a-H++ .

As noted above, microcrystalline solid 2 a is not emissive,

whereas amorphous solids (pristine or ground samples) are
only weakly emissive (Figure 4) at room temperature. During

preliminary studies of the interaction of solid 2 a with vapors
of HCl(gas), we observed an initial enhancement of the emission.

However, a nonemissive yellow solid was formed, which imme-
diately became a dark garnet in air, upon prolonged exposure
of 2 a to HCl(gas) (excess) in a closed system. Slow crystallization

of this solid afforded red garnet crystals, which were identified
by single-crystal X-ray diffraction studies as the unexpected
PtIV/dimethyl sulfide complex fac-[Pt(Me2N-PBT-kC,N)Cl3(SMe2)]
(fac-4 ; the data were of insufficient quality, therefore only the

connectivity of atoms is presented in Figure S16; see the Sup-
porting Information), the formation of which implies a formal

oxidation of PtII to PtIV and deoxygenation of DMSO to afford
dimethyl sulfide.

Metal-mediated deoxygenation of sulfoxides is a known re-

action with importance in organic synthesis[41] and is also bio-
logically relevant to understanding the oxotransference mecha-

nism in the active site of the molybdenum-dependent DMSO
reductase.[42] In platinum chemistry, these reactions usually pro-

ceed under harsh conditions; however, it is worth mentioning

that Ryabov and co-workers found that cyclometalated oxime
complexes ([Pt(C6H3-2-CMe=NOH-5-R)Cl(Me2S=O)]) undergo de-

oxygenation of DMSO in the presence of HCl in methanol
under mild conditions (40–60 8C), thus yielding PtIV/dimethyl

sulfide complexes fac-[Pt(C6H3-2-CMe=NOH-5-R)Cl3(Me2S)] .[43] A
multistep intermolecular process involving the insertion of the

Figure 8. Emission spectra of 2 a in acetonitrile (5 V 10@4 m) with increasing
PTSA concentration.

Figure 7. UV/Vis absorption changes of 2 a in acetonitrile (5 V 10@5 m) with in-
creasing concentrations of PTSA. Inset : plots of absorbance at l = 438 and
330 nm against the total concentration of PTSA.
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S=O moiety of DMSO into a PtIV@H intermediate species was
suggested as a likely mechanism pathway. Not unexpectedly,

fac-4 was also obtained in moderated yield by heating 2 a
with an excess of HCl (1:10) in MeOH to reflux for 4 h (see the

Experimental Section in the Supporting Information). The most
significant feature in the 1H NMR spectrum of fac-4 relative to
precursor 2 a is the remarkable shielding of the H11 signal due
to the loss of the oxygen atoms in the mutual cis ligand (SMe2

vs. Me2S=O) with concomitant decrease in the 3JPt-H coupling

constant (J = 30 vs. 53 Hz in fac-4 and 2 a, respectively), which
is consistent with the change from PtII to PtIV, and two signals
at d= 2.30 and 2.25 ppm, with similar Pt-H couplings (J = 37
and 36 Hz) from the diasterotopic methyl groups of the coordi-

nated SMe2 ligand. To obtain more information on the process
that lead to 4, we carried out the reaction of 2 a with HCl(gas)

under controlled conditions and the results are summarized in

Scheme 2 (see Figure S17 in the Supporting Information for
the 1H NMR spectra).

When a ground microcrystalline solid sample of 2 a was ex-
posed to HCl(gas) (generated from a 32 % aqueous solution) for

10 min at room temperature, a remarkable emission enhance-
ment with a visual color change was observed (Scheme 2 i) due

to the relatively fast formation of 2 a-H++Cl@@ upon protonation
of the amine group (characteristic shifts for the H11 and H9 pro-

tons close to the NMe2 unit were found). Switching off the
weak fluorescence of 2 a (f= 2.1 %) takes place with triggering

of a more intense structured band in the orange range (lmax =

532, 570 nm; f= 11 %) with a long-lived decay (0.58 ms (aver-

age value)) ascribed to 3LC/3MLCT emission of 2 a-H++Cl@@ . At
77 K, the emission of 2 a-H++Cl@@ is blue-shifted (l= 572 nm) rel-

ative to the 3ILCT 2 a (l= 600 nm; see Figure S18 in the Sup-
porting Information). Prolonged exposure of 2 a to HCl(gas)

(&12 h) produces a nonemissive pale-yellow solid, identified
as the protonated PtIV/dimethyl sulfide complex mer-[Pt(Me2H+

N-PBT-kC,N)Cl3(SMe2)] (mer-4-H++ Cl@@ ; Scheme 2 ii). The 1H NMR

spectrum of this complex reveals that the most distinctive sig-
nals are the amine proton (d= 3.72 ppm, br); a singlet for the

equivalent two methyl groups of the coordinated SMe2 group

at d= 2.83 ppm with a 3JPt-H coupling constant of 36 Hz, consis-
tent with a trans disposition to the nitrogen atom of the cyclo-

metalated ligand; and the signal with Pt satellites due to H11,
which is shielded (d= 7.8 ppm, 3JPt-H = 37 Hz) relative to the

DMSO precursors, likely due to the presence of a coordinated
SMe2 group. Upon treatment of (mer-4-H++Cl@@) with a stream

Scheme 2. Reactions of 2 a (ground microcrystalline solid) exposed to hydrogen chloride gas (generated from a 32 % aqueous solution).
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of air for 5 min, relatively fast deprotonation and loss of HCl
occurs, thus leading to a dark-red solid, identified as the geo-

metric isomer mer-4. This transformation was reversible, al-
though notably slower for the protonation step (Scheme 2 iii).

Complex mer-4 displays the H11 (d = 7.14 ppm, 3JPt-H = 30 Hz)
and the NMe2 protons (d= 3.24) shifted upfield relative to mer-

4-H++Cl@@ , whereas the equivalent methyl groups of the SMe2

functionality do not shift (see Figure S17 in the Supporting In-
formation). Finally, we found that mer-4 gradually isomerizes

in solution to the thermodynamically more stable and sparing-
ly soluble final complex fac-4. In the presence of HCl vapor for

an extended period of time (10 h), the color of the solid
changes from red-garnet to yellow, probably by protonation to

fac-4-H++Cl@@ (Scheme 2 iv, v). Based on previous studies on the

oxidation of a cyclometalated PtII moiety, we suggest that the
formation of the PtIV species likely involves further protonation

of the PtII center in the initial 2 a-H++Cl@@ with simultaneous co-
ordination of the chloride group to afford the key PtIV/hydride

intermediate (Scheme 3 A). PtIV/hydride complexes have been
frequently invoked and characterized in many catalytic reac-
tions.[44] The final deoxygenation process might be driven by

subsequent 1,3 migration of the hydride group to the S=O
double bond, thus yielding a (S)-hydroxydimethyl group,
which easily protonates in presence of HCl (Scheme 3 B) and
leaves H2O and the dimethyl sulfide complex mer-4-H++Cl@@ .

The UV/Vis absorption spectra of complexes 4 (in CH2Cl2)
feature a strong low-energy absorption band at l= 427 or

421 nm (fac-4 and mer-4, respectively), ascribed with the sup-
port of theoretical calculations to a mixture of transitions
mainly with 1ILCT [Me2N-PBT!PBT] character.

Computational calculations

To obtain a better understanding of the photophysical proper-

ties of the complexes, we carried out DFT and TD-DFT theoreti-

cal calculations at the B3LYP/(6-31G** + LANL2DZ) level in the
presence of the solvent (CH2Cl2) on complexes 1 a and 2 a, the

2 a–2 a dimer, the protonated form 2 a-H++ , and fac-4 (see the
Experimental Section in the Supporting Information for full

computational details). The structures of 1 a and 2 a were opti-
mized and reproduced the bond lengths and angles deter-

mined by X-ray diffraction, reasonably well (see Table S5 and
Figure S19 in the Supporting Information). The optimized

structures of 2 a are planar in the S0, S1, and T1 states, which is
in agreement with the crystal geometry, even starting from a

model with the N(CH3)2 group twisted (perpendicular to the
phenyl ring). However, protonation of the dimethylamino

group lead to a rotation of the N(CH3)2 group around the C@N

bond (angle between the Ph ring and N(CH3)2 group: 88 (S0)
and 898 (T1) in 2 a-H++ vs. 6.37 (X-ray), 0 (S0), and 28 (T1) in 2 a),

with pyramidalization of the nitrogen atom (518 (S0, T1) in 2 a-
H++ vs. 11.18 (X-ray), 0 (S0), and 28 (T1) in 2 a).

Selected molecular orbitals (isosurface plots) are represented
in Figure 9 and Figures S20–S24 (see the Supporting Informa-

tion). The composition of the molecular orbitals from atomic-

orbital contributions and the properties of selected excited
states are collected in Tables S6 and S7 in the Supporting Infor-

mation, respectively. The HOMO in 1 a is mainly located on the
PBT ligand and the Pt center (68 and 21 %, respectively), and

the LUMO is mainly centered on the p-electron-accepting ben-
zothiazole group of the PBT ligand (57 and 34 % on the BT and

Ph groups, respectively). The lowest-energy singlet transition

calculated in CH2Cl2 (S1: l= 392 nm), close to the experimental
value (l= 406 nm; see Figure S25 in the Supporting Informa-
tion), arises primarily from a HOMO to LUMO transition (92 %);
therefore, this transition is mainly attributed to a mixed ligand-

centered 1LC and metal-to-ligand 1MLCT [Pt!PBT] transition.
The HOMO in 2 a is delocalized over the Me2N-PBT unit, with a

notable contribution of the donor Me2N substituent (22, 44,

and 32 % from the BT, Ph, and Me2N groups, respectively),
whereas the HOMO-1 is centered on the phenyl group, the

chloride ligand, and the platinum center (42, 12, and 38 %, re-
spectively). The LUMO is mainly centered on the p-electron-ac-

cepting benzothiazole unit of the PBT ligand (57 and 29 % on
the BT and Ph groups, respectively). For this complex, the

lowest-energy singlet transition (l= 411 (calcd) vs. 433 nm

(exp.)), to which the HOMO-to-LUMO excitation contributes, is
assigned as an intraligand 1ILCT transition [Me2N-PBT!PBT],

whereas the bands at approximately l= 347 nm have 1LC/
1MLCT character.

To understand the effect of self-assembly at high concentra-
tion, theoretical calculations on the 2 a–2 a dimer were carried

Scheme 3. Proposed mechanism for the reaction of 2 a with excess HCl.
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out. Both the HOMO and HOMO-1 are delocalized over the
Me2N-PBT fragment of each unit in the dimer (11, 22, and 16 %

on the BT, Ph, and Me2N groups, respectively), whereas the
LUMO and LUMO + 1 are mainly centered on the p-electron-ac-

cepting benzothiazole group of each unit (LUMO: 28, 14, and

3 % on the BT, Ph, and Me2N groups, respectively). The lowest-
energy singlet transition calculated in CH2Cl2 is slightly red-

shifted relative to the monomer (l= 425 vs. 411 nm), but pres-
ents a small oscillator strength. This transition and the inner in-

tense transition at l= 402.5 nm (S4) have mixed contributions
(HOMO, H-1!LUMO, LUMO + 1), thus retaining the intraligand

charge-transfer character 1ILCT [Me2N-PBT!PBT]. The small

modification of the frontier orbitals in the dimer 2 a–2 a rela-
tive to the monomer 2 a is in accord with the negligible influ-

ence of the concentration on the absorption profile observed
experimentally.

Protonation of the NMe2 group in 2 a (i.e. , 2 a-H++) modifies
the nature of the HOMO, now located on the PBT unit (59 %)
with a remarkable contribution from the platinum center and

the chloride ligand (28 and 11 %, respectively), whereas the
LUMO is similar to 2 a (see Table S6 in the Supporting Informa-
tion). The HOMO is stabilized by 1.36 eV more than the LUMO
(by 0.93 eV) relative to 2 a. Therefore, the low-energy feature is

calculated to be blue-shifted relative to 2 a (l= 392 vs.
411 nm; see also Figure S25 in the Supporting Information)

and can be assigned as mixed 1LC/1MLCT with minor 1L’LCT
[Cl!PBT] contribution.

Due to the oxidation of the PtII center to PtIV in complex fac-
4, the LUMO (and also LUMO-1) is mainly located on the plati-
num center with moderate contribution from the sulfur (SMe2)

and chloride atoms, whereas the Me2N-PBT ligand contributes
to the HOMO and HOMO-1. The HOMO!LUMO transition (S1)

is calculated at very low energy (l= 807 nm) with minimal os-

cillator strength. For this complex, the most intense calculated
excitations are S10 and S11 (l= 398 and 393 nm, respectively),

which can be associated with the very intense low-energy ex-
perimental band at l= 427 nm (e= 34.5 V 103 m@1 cm@1). These

excitations are of mixed configuration (HOMO!LUMO + 2, H-
8, H-4!LUMO) and allow this band to be ascribed mainly to a

mixture of intraligand (Me2N-PBT!PBT) and halide-to-ligand
(SMe2)–metal [Cl!SMe2,Pt] (1ILCT/1X(L’+ M)CT) with some

ligand (Me2N-PBT)-to-metal (1LMCT) contribution.
The calculated electronic energies of the optimized lowest

T1 state relative to the S0 optimized state are close to the ex-

perimental values (l= 539, 581, and 542 nm (calcd) vs. l= 538,
574, and 532 nm (exp.) for 1 a, 2 a, and 2 a-H++ , respectively).

The spin-density distribution is essentially centered on the cy-
clometalating ligand with small (1 a, 2 a-H++) or negligible (2 a)

contribution of the platinum center (0.1130, 0.0485, and
0.1269 eV for 1 a, 2 a, and 2 a-H++ , respectively; Figure 10). The

composition of the SOMO and SOMO-1 (see Table S8 and Fig-

ure S26 in the Supporting Information) identifies the excitation
as HOMO!LUMO for 2 a, which allows the phosphorescence

of 2 a (l= 574 nm) to be determined as 3ILCT character. To ex-
plain the fluorescence observed in CH2Cl2 at 298 K (l=

474 nm), TD-DFT excited-state optimizations were performed
for the lowest-energy singlet state (S1). The calculated S1!S0

emission energies (l= 525 nm) indicate qualitative agreement

with the experimental maxima (l= 474 nm). The composition
of the SOMO and SOMO-1 (see Table S8 and Figure S26 in the
Supporting Information) identifies the excitation as HOMO!
LUMO + 1 for 2 a (S1), which allows the fluorescence of 2 a to
be determined as 1ILCT with some 1LMCT character. For 1 a and
2 a-H++ , the small contribution of the platinum center (and also

Figure 9. Schematic representation of selected frontier orbitals of 1 a, 2 a, and 2 a-H++ .

Figure 10. Spin-density distribution for the lowest triplet excited state in 1 a,
2 a, and 2 a-H++ .
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the Cl ligand in 2 a-H++ ; SOMO-1: 8 % Pt in 1 a ; 10 % Pt, 1 % Cl
in 2 a-H++) in the optimized T1 state contrasts with the higher

contribution from the platinum center in the optimized S0 ge-
ometry (HOMO; Pt: 21 (T1) and 28 % (S0) in 2 a-H++), thus sug-

gesting a higher distortion upon excitation. Thus, the emission
for 1 a and 2 a-H++ has 3LC character with minor 3MLCT contri-
bution.

Biological properties

Cytotoxicity tests (MTS assay)

In view of previous results that described promising anticancer

activities for a variety of cyclometalated platinum(II) complexe-
s,[2a, k, l, 3, 5–7, 17] we checked the antitumoral properties of com-

pounds 1 a–c and 2 c toward human-lung cell lines adenocarci-
nomic alveolar basal epithelial cells (A549) and epitheloid

cervix carcinoma cells (HeLa) in vitro by using the [3-(4,5-dime-

thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium] hydrolysis method (MTS assay), with cisplatin

as a reference. The IC50 values were determined after cellular
exposure to the compounds for 72 h (see Table 2 and Fig-
ure S27 in the Supporting Information). The cisplatin IC50 dose
toward A549 cells (6.45 mm) was previously reported by us[17]

and was similar for the HeLa cells to values reported by
others.[45] Although complexes 1 a, c and 2 c were nontoxic, 1 b
and 2 a, b displayed some anticancer activity, thus showing
IC50 values higher than cisplatin and with similar values in both
cell lines. Compounds 1 b and 2 a, b showed steeper curves of

cytotoxicity relative to cisplatin, an effect observed in both cell
lines (see Figure S27 in the Supporting Information). These re-

sults indicate a highly homogeneous response toward these

compounds and may suggest a different cytotoxic mechanism
of action relative to cisplatin. Shallow concentration–response

relationships were previously interpreted as a sign of multiple
cellular targets[46] and therefore could explain the lower cyto-

toxic activity relative to cisplatin, a chemotherapeutic drug
known to have several molecular mechanisms of action.[47] No

correlation between water solubility and cytotoxicity can be in-

ferred. In fact, the PTA-containing complexes 1 b (IC50 = 53.93
and 55.39 mm in A549 and HeLa cells, respectively) and 2 b
(IC50 = 71.83 and 61.53 mm in A549 and HeLa cells, respectively)

were the most cytotoxic compounds despite of their much
lower solubility in water.

Fluorescence-microscopy cellular localization

The intracellular localization of 1 and 2 was also assessed by
fluorescence microscopy. To this aim, the compounds were in-

cubated at concentrations of 100 mm with the DNA binder
Hoechst 33258 (3.2 mm) in A549 and HeLa cells for 1 h. Living-

cell preparations were examined with a fluorescence micro-

scope,[17] suitable for alternate imaging with Nomarski DIC
transmitted light, and with green, red (data not shown), and

blue fluorescent emitted light. The superimposition of images
obtained with Nomarski visualization and Hoechst staining of

nuclear DNA helped to ascertain the site of fluorescence at
subcellular levels. The results of cellular localization of com-

plexes 1 a–c and 2 a–c are shown in Figure 11 and summarized

in Table 2. None of the complexes showed blue-light emission
in the spectral region in which Hoechst 33258 bound to DNA

is visible (lem = 461 nm);[48] conversely, the Hoechst stain did
not show emission bleeding in the green and red channels
when this staining was performed separately (data not shown).
We also did not observe cellular autofluorescence in absence

of the compounds (data not shown). However, we noticed that
the six complexes showed similar cell-staining patterns, undis-
tinguishable when observed in the green and red channels,

but with a higher intensity in the green-emission region
(Figure 11 and data not shown) according to their spectral pro-

files. In all cases, the emission was restricted to the cytoplasm,
excluded from the nucleus in both cell lines, and more readily

visible in perinuclear areas. Accordingly, the localization of lu-

minescent cyclometalated platinum(II) complexes in perinu-
clear areas of cancer cells with demonstrated cytotoxic activi-

ties has been previously described.[7, 17]

Complex 2 b showed the brightest cell staining, unlike the

other compounds (Table 2), despite its half-exposure time. The
greater brightness of this complex also identifies cytoplasmic

staining under the cell membrane of both cell lines (yellow

arrows in Figure 11), and additionally in protruding filopodia of
HeLa cells (orange arrow in Figure 11), which could also indi-

cate an interaction with the cell cytoskeleton elements due to

Table 2. Cytotoxic IC50 values [mm] and fluorescence cellular localization, staining patterns, and intensity of complexes 1 a–c, 2 a–c, and cisplatin.

Complex A549 HeLa
IC50

[a] cellular localization and pattern/ fluorescence inten-
sity[b]

IC50
[a] cellular localization and pattern/fluorescence intensity[b]

1 a NT cytoplasm, perinuclear ; granular/ + NT cytoplasm, perinuclear ; granular/ + /@
1 b 53.93:3.91 cytoplasm, perinuclear ; diffuse/+ + 55.39:6.69 cytoplasm, perinuclear ; diffuse/ + +

1 c NT cytoplasm, perinuclear ; diffuse/+ NT cytoplasm, perinuclear ; diffuse/ + /@
2 a 103.5:6.64 cytoplasm, perinuclear ; granular/ + + 74.02:7.33 cytoplasm, perinuclear ; granular/ + +

2 b 71.83:7.33 cytoplasm, perinuclear and under plasma mem-
brane; diffuse/+ + + +

61.53:4.04 cytoplasm, perinuclear, under plasma membrane and along filo-
podia; diffuse/ + + + +

2 c NT cytoplasm, perinuclear ; granular/ + NT cytoplasm, perinuclear ; granular/ +

cisplatin 6.45:0.47[c] @ 13.60:0.99 @
[a] IC50 values presented as mean: standard error of the mean of three different experiments. [b] Intensity was classified on a relative scale: @, no staining;
+ , weak staining; + + , medium staining; + + + , strong staining; + + + + , very strong staining. [c] As determined in reference [17]. NT = nontoxic: IC50

values could not be determined.
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their similar intracellular distribution.[49] Staining of cytoplasm

compartments indicate that cell membranes are permeable to
these compounds and demonstrate that the complexes can be
traced in living cells by means of emission microscopy. The
complexes showed two different staining patterns: either gran-

ular (for 1 a and 2 a, 2 c) or diffuse (for 1 b, c and 2 b ; Figure 11),
an effect that could be caused by differential fluorescence-

emission enhancement due to interactions with a specific mo-
lecular environment in the cytoplasm. Regarding undetectable
fluorescent emission from the nucleus, restrained access of

complexes to this compartment could cause a limited interac-
tion with DNA and consequently lower DNA damage com-

pared to the cisplatin-related cytotoxic action. Therefore, cyto-
toxic activity demonstrated by complexes 1 b and 2 a, b could

be due to alternative molecular mechanisms of action involv-

ing molecular targets outside the nucleus, as profusely de-
scribed for cisplatin and platinum(II) compounds, including de-

fective organization and distribution of the cytoskeleton.[47, 50]

Effects of complex 1 b on tubulin and microtubule destabiliza-
tion

In addition to drugs that alter nuclear DNA integrity, mitostatic
molecules that bind to tubulins and disrupt microtubule dy-
namics are widely used as anticancer drugs based on the key
role of microtubules in the formation of the mitotic spindle

and cytokinesis.[51] Recently, the capability to inhibit tubulin
polymerization and degenerate the cytoskeleton network in
518A2 mellanoma cells of a series of organoplatinum(II) com-

plexes has been evaluated in vivo, thus evidencing that some
of these complexes act as vascular disrupting agents.[52] Based

on the higher cytotoxic activity shown by complex 1 b and its
cytoplasmic localization pattern, we explored the capacity of

this complex to destabilize tubulin polymerization by immu-

nostaining microtubules with an antitubulin antibody and ana-
lyzing the cytoskeletal morphology in A549 and HeLa cells by

means of confocal microscopy. Nocodazole was used as a posi-
tive control that destabilizes microtubule polymerization,[53]

and nontreated cells as a negative control. The exposure of
cells to nocodozale-induced microtubule depolymerization in

Figure 11. Fluorescence images of A549 and HeLa living cells treated with complexes 1 a–c and 2 a–c. Microscopy images of the green fluorescence emitted
by the compounds (left panels) or the overlays of green, magenta (pseudocolor for blue emission of Hoechst, blue arrowheads) and the Nomarski images
(right panels). The complexes stain the cytoplasm mainly in perinuclear areas (yellow arrowheads), either in granular (1 a and 2 a, c) or diffuse patterns (1 b, c
and 2 b), but do not stain the nuclei (blue arrowheads). Complex 2 b is present under the plasma membrane (yellow arrows) and along the filopodia in HeLa
cells (orange arrows). Scale bars : 30 mm.
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both cell lines, although with more efficiency in the A549 cells,

led to complete disorganization and depolymerization of the

microtubules after 30 min treatment, thus generating rounded
cells (Figure 12), as previously reported.[54] Curiously, longer in-

cubation times with nocodazole were required for HeLa cells
(up to 2–6 h) to obtain similar effects (Figure 12).[55] Interesting-

ly, complex 1 b showed effects on the morphology and micro-
tubule organization of A549 cells in a concentration-depen-
dent dose. Thus, tests at 50 mM (IC50 value range) caused flat-

tened and rounded morphology, as well as microtubule disor-
ganization, which was readily noticed after 30 min. These are
features that progress with longer incubation times (2–6 h)
toward advanced microtubule depolymerization. However,

when added at 200 mM (four times the IC50 value) cells com-
pletely lack polymerized microtubules after 30 min, and only

picnotic nuclei were present after 2 h (Figure 12, left panels).
The tubulin depolymerization activity of complex 1 b was less
pronounced toward HeLa cells and tubulin staining was still
visible at 200 mM (around four times the IC50 value), worsening
after longer exposure times (Figure 12, right panels). These re-

sults do not allow us to distinguish whether the effect of com-
plex 1 b on microtubule destabilization is a unique cause, or

even a consequence, of its cytotoxic action; however, the

quick action and dynamic similarities of this complex with no-
codazole, in addition to its intracellular localization support

this hypothesis. Little is known about the effects of cisplatin
compounds on the cellular cytoskeleton; nonetheless, there is

evidence that supports the ability of cisplatin derivatives to
bind, disorganize, and even decrease the expression of cytos-

keletal proteins.[50b] Further studies will be needed to find out

the biological mechanism of the action of complex 1 b and re-

lated compounds described herein. Recently, a dichloroplatinu-
m(II) complex featuring a 4a-O-(2’’,3’’-diaminopropanoyl)podo-

phyllotoxin ligand has been shown to induce cycle arrest in
the G2/M phase and inhibits the formation of microtubules

in Hela cells.[56] In a similar line, the inhibition of tubulin
polymerization and the degeneration of the cytoskeleton or-
ganization in 518A2 melanoma cells have been also found for

N,N-dimethyl-1-(2-aryl)methanamine-k2C2,N cyclometalated
[Pt(C6N)Cl(DMSO)] complexes.[52]

Conclusions

We have described the synthesis and properties of two series

of 2-(4-substituted)benzothiazolyl cycloplatinated complexes
[Pt(R-PBT-kC,N)Cl(L)] (R = Br (1), Me2N (2)) featuring as auxiliary
ligands a labile ligand (DMSO (a)) or a water-soluble phosphine

(PTA (b), TPPTS (c)). The low-lying electronic transitions (ab-
sorption and emission) in the dimethylamino derivatives 2 a–c,

which are expectedly bathochromically shifted relative to 1 a–
c, are associated with intraligand charge-transfer transitions

(ILCT) from the Me2N-phenyl donating ring to the acceptor

benzothiazole unit [Me2N-PBT!PBT], whereas these transitions
in the bromo-substituted benzothiazole complexes 1 a–c can

be described as admixture (LC/MLCT) events. We found that
complexes 2 a, b display aggregation-induced luminescence

properties related to the occurrence of metal–metal and p···p
interactions, which are more enhanced in 2 a because of the

Figure 12. Complex 1 b destabilizes microtubule polymerization in A549 and HeLa cells. Representative images of double-color confocal microscopy images
of cells treated complex 1 b with nocodazole and nontreated cells. Immunostaining for b-tubulin labels the microtubules in red and 4’,6-diamidino-2-phenylin-
dole (DAPI) stained the nuclei in blue. Nontreated cells show fusiform shapes with the microtubules arranged in parallel under the cell membrane (white
arrows) and in protruding filopodia (yellow arrows), whereas nocodazole disorganizes (arrowhead) and depolymerizes (asterisk) the microtubules. The treat-
ment of A549 cells with complex 1 b at a concentration of 50 mm causes microtubule disorganization with incubation time, and the microtubules disappear
after 30 min at a concentration of 200 mm. The effect of 1 b at 200 mm in HeLa cells is higher than 10 mm nocodazole. Sounded HeLa cells with microtubule
disorganization is observed after 30 min (arrowheads), thus reaching high levels of depolymerization after 6 h (asterisk). Scale bars : 10 mm.
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less bulky DMSO ligand. Furthermore, the optical properties of
the Me2N-PBT complexes, which were examined in detail for

2 a, change on protonation. The interaction of 2 a in aerated
acetonitrile with PTSA or in the solid state with hydrogen chlo-

ride gas for a short time provokes a reversible and relatively
fast protonation of the dimethylamino group, which modifies

the nature of the low-energy state from 1ILCT to 3LC/3MLCT
(calculations on 2 a-H++) and yields visual changes, with poten-

tial in sensing applications. Curiously, we have discovered that

prolonged exposure of the yellow solid 2 a to hydrogen chlo-
ride gas proceeds with a clean and unexpected subsequent ox-
idation of the platinum center with concomitant deoxygena-
tion of a coordinated DMSO ligand to afford the red-garnet
PtIV/SMe2 complex mer-4, which is converted in solution into
fac-4, as confirmed by X-ray studies. A plausible mechanism

that analyzes the involved species by NMR spectroscopy has

been proposed.
The analysis of the biological activities of 1 and 2 toward

the human-cell lines A549 and HeLa suggests that there is no
clear correlation between the substituent Me2N or Br in the

phenyl ring of the cyclometalated PBT group and the cytotoxic
activity. Thus, 1 b and 2 a, b were more cytotoxic than 1 a, c and

2 c, albeit with IC50 values higher than cisplatin, and complexes

containing PTA (1 b and 2 b) were the most cytotoxic in spite
of their lower solubility in water. Moreover, fluorescence cell

imaging indicated a similar biodistribution of both types of
complex (1 and 2) ; that is, general cytoplasmic staining was

observed in both cell lines, with exclusion from the nucleus
and greater visibility in the perinuclear areas. In addition, the

capacity of 1 b to destabilize tubulin polymerization in both

cell lines provided evidence of a plausible mechanism of its cy-
totoxic action.

Experimental Section

The experimental details and the crystallographic, photophysical,
theoretical, and biological data for the compounds prepared are
given in the Supporting Information.

CCDC 1584094, 1584095, 1584096, 1584097, 1584098 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre.
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