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Two new squaramide-based platinum(II) complexes C1 and C2 have been synthesized and 

fully characterized. Their photoresponse has been assessed and is discussed. A remarkable 

enhancement in the DNA binding activity has been observed for both complexes, as a result 

of their irradiation. For C2, the release of Pt(II) provoked by its irradiation has been studied. 

The response of C2 has been found to be regulated by the presence of oxygen. In vitro 
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cytotoxicity tests show an enhancement in the activity of complex C2 after irradiation 

selectively under hypoxic conditions. Resulting Pt(II) species have been isolated and 

characterized by various analytical methods revealing this type of squaramido-based complexes 

as proof of concept for new Pt(II) photocages. 

Introduction 

Around 50% of all patients who receive anticancer chemotherapy are treated with a platinum 

drug1 despite their use is vastly disadvantaged by severe side-effects and development of 

resistance.2 Due to these drawbacks, different approaches have been undertaken in order to 

overcome the inherent side effects of the drugs and to increase their selectivity.3 Two of the most 

attractive alternatives emerged in the last years are: oxygen-dependent, photodynamic therapy 

(PDT)4 and the so-called photoactivated chemotherapy (PACT),4b,5 which overcomes the 

limitation of activity linked to oxygen in PDT.4b,6 PACT is based on the use of species with low 

or negligible activity that can be structurally modified by means of an external photo-stimulus, 

therefore generating new active species against the tumor cells. The possibility to tune the 

structure, and hence the activity, allows to control when and, even more important, where the 

active drug performs its action.4b Interestingly, almost all the foregoing cases of PACT are based 

on the modification of the metal center and only scarce examples have considered the possibility 

to employ photocaging ligands in a Pt(II) complex to be used in light triggered release Pt(II) 

systems.7 Here, we present a new approach to Pt(II) release, based on the use of Pt(II) complexes 

constituted by squaramido ligands responsible of their photoactivity. 

Squaramide motifs are a class of interesting photoresponsive species that can be converted into 

their corresponding bisketenes (Scheme 1).8 While this process reverts back thermally in non-

nucleophilic solvents and under inert atmosphere, bisketenes can undergo irreversible reactions 
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with H2O in usual biological media, thereby preventing ring closure to recover the initial 

squaramide motif.9 

 

Scheme 1 Squaramide-bisketene interconversion in non-nucleophilic solvents and under inert 

atmosphere. 

 

This photo-behavior prompted us to design a new class of squaramido type ligands for new Pt(II) 

photocages. These new ligands may stabilize the Pt(II) center, avoiding or substantially reducing 

its activity. Irradiation of these complexes would induce an irreversible photo-degradation process 

of the ligand in aqueous media,9 consequently acting as a photocage, delivering Pt(II) in a more 

active form. 

Results and discussion 

 First, ligands L1 and L2 were synthesized from dibutyl squarate and the corresponding 

aminothiols, following standard procedures for the synthesis of squaramides (Figure. 1a).8 The 

structure of these two new compounds was confirmed by full characterization (see SI). 

Once L1 and L2 were synthesized, the preparation of their corresponding Pt(II) complexes was 

addressed. To this aim, L1 and L2 were dissolved in an EtOH-H2O mixture and treated with 

K2PtCl4 under mild conditions to afford the corresponding Pt(II) complexes C1 and C2 as stable 

crystalline solids (Figure 1a). 
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Figure 1. (a) Ligands L1, L2 and Pt(II) complexes C1 and C2. (b) ORTEP drawing for C1. 

Characterization of these two new complexes was accomplished (see SI). In the case of C1 it 

was possible to determine its structure by single crystal X-ray diffraction analysis (Figure 1b, 

crystallographic data for this compound are compiled in the SI). Compound C1 crystallizes in the 

monoclinic space group P21/c. The asymmetric unit consists of one platinum, one anionic ligand 

L1 and one coordination chloride atom. In this case, platinum ion exhibits distorted square-planar 

PtNS2Cl geometry (Figure 1b) with the deprotonated N2 atom and the two sulphur atoms in trans 

positions. Pt-N and Pt-Cl distances have values of 2.016(2) and 2.3203(8) Å, respectively; whereas 

Pt-S distances are 2.2934(8) and 2.3050(9) Å. Each mononuclear complex connects with a 

neighbor unit by two strong hydrogen bonds, resulting in the formation of a dinuclear 

supramolecular entity (Figure S8). This hydrogen bond involves N1 and O1 atoms present in the 

structure. The bond distance has a value of 2.823(3) Å. The data reported allowed to confirm the 

chelating role of the ligand L1, occupying three binding sites and remaining only one chlorido 
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ligand, coming from the K2PtCl4 precursor. This coordination environment is directed by the 

highly rigid squaramide unit, which generates the distortion in the geometry of the metal center 

and hence the asymmetry observed for the whole complex. This fact would explain the observation 

of two clear differentiated sets of signals for the ethyl group in the 1H NMR spectrum of the 

complex C1 (see SI), while only one set is observed for the free ligand L1. The differences in 13C 

NMR spectra of ligand L1 and complex C1 in the squaramide carbon region, from two up to four 

different signals confirm the change in symmetry after formation of the complex. The ESI-MS 

spectrum of compound C1 was recorded (see SI). As expected, the main peaks obtained for C1 

correlate with the elucidated structure (519.03 Da) and its Na-adduct (541.01 Da). 

Conversely, the analytical data of complex C2 evidence no loss of symmetry in relation to the 

original free ligand L2. Thus, in the 13C NMR spectrum of C2 a unique methyl group signal and 

only two signals in the squaramide region can be observed, as for the corresponding free ligand 

L2 (see SI). The HRMS main peaks for C2 correlate with the proposed species with loss of one 

and two chlorido ligands (519.02 and 482.05 Da, respectively) together with other peaks due to 

the formation of adducts with DMSO (597.04 Da and 560.07 Da). The lack of changes in the 

squaramide 13C NMR region after binding to the Pt(II) center in C2, together with data from UV-

vis (vide infra) and elemental analysis, supports the assumption that coordination in C2 is achieved 

only through the two thioether units without participation of the squaramide nitrogen atoms (Figure 

1a). 

The synthesis of these complexes has special relevance since there are scarce examples of metal 

complexes incorporating a squaramido motif in the structure of their ligands.10 Above all, the case 

of the C1 complex is particularly remarkable, since there is a direct participation of the nitrogen 
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atom in the coordination sphere of the metal. To the best of our knowledge, C1 is the first metal 

complex where the squaramide unit is directly coordinated to a platinum center .10f 

Once the ligands and complexes were characterized, the next endeavor was studying the photo-

behavior of these species. Figure 2 displays the UV-vis absorption spectra of L1, L2 and their 

corresponding Pt(II) complexes C1 and C2 in a 98:2 water:DMSO mixture. As already reported 

for other squaramide derivatives,8 L1 and L2 show similar and strong absorption in the UV region 

(maxima at 291 and 294 nm, respectively), which are differently affected by metal complexation. 

In the case of C1, the UV absorption band bathochromically shifts to 317 nm and an additional, 

less intense band appears at ca. 400 nm (Figure 2a). Based on the structure resolved for this 

complex by X-ray crystallography, we ascribe this behavior to the direct participation of the 

nitrogen atoms of the squaramide unit in the complexation to the metal center, thus altering the 

optical properties of the chromophore. On the contrary, negligible spectral changes were observed 

between ligand L2 and its complex C2 (abs,max = 294 nm) (Figure 2b). This fact reinforces the 

structure proposed for this complex in Figure 1a, where coordination to the metal ion takes place 

via the pending thioether groups and does not directly involve the squaramide motif. 

 

Figure 2. Comparative UV-vis absorption spectra in 98:2 water:DMSO of (a) ligand L1 and its 

corresponding Pt(II) complex C1 and (b) L2 and C2. 

The photoactive behavior of complexes C1 and C2, as well as that of their constituting ligands 

L1 and L2, was furtherly investigated by both time-resolved and steady-state electronic 
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spectroscopy in aqueous media. Due to the high rates reported for bisketene→squaramide thermal 

back-isomerization,8 the light-induced interconversion between these two states was first explored 

by transient absorption spectroscopy. Upon pulsed irradiation at 266 nm, negative transient 

absorption signals (Abs) were mainly recorded in the UV region (see SI), a situation already 

reported for squaramides and ascribed to their photoisomerization to the less absorbing bisketene 

product.8 As previously discussed, such a light-generated compound can either return back 

thermally to the initial squaramide state on the sub-second scale or undergo irreversible reactions 

with the surrounding media that would prevent back-isomerization (e.g. with water molecules).9 

Since no time decay of the negative transient absorption signals was recorded, the latter appears 

to be the major evolution pathway under our experimental conditions, i.e. quantitative degradation 

of the light-generated bisketene derivatives. Importantly, this behavior was encountered for both 

ligands L1-L2 and complexes C1-C2, thus demonstrating that the photoactivity of the free ligands 

is not suppressed upon Pt(II) complexation and, consequently, enabling our strategy towards light-

responsive squaramide-based Pt(II) complexes. 

To further investigate the irreversible photodegradation of the squaramide chromophore in 

ligands L1and L2 and their corresponding complexes C1and C2, the variation of their steady-state 

electronic absorption spectra upon irradiation with UV light was monitored (Figure 3). In all the 

cases, similar results were observed. When subjected to prolonged illumination, a continuous 

decrease of the intense squaramide absorption bands at ca. 290 nm (L1, L2 and C2) and 317 nm 

(C1) was registered, while an absorption shoulder at longer wavelengths was developed. These 

changes occurred at lower rates for the complexes than for the free ligands, thus hinting at reduced 

photoactivity of the squaramide unit upon complexation, as already anticipated by the lower Abs 

signals measured for C1 and C2. In spite of this, subsequent recovery of the squaramide spectral 
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features in the dark was observed for none of the compounds, which confirms that both free ligands 

and complexes undergo extensive irreversible photodegradation. 

 

 

Figure 3. Time evolution of the UV-vis absorption spectra in water:DMSO, (98:2) of (a) ligand 

L1, (b) L2, (c) complex C1 and (d) C2. 

With C1, C2 and their corresponding irradiation products C1’ and C2’ in hands, we proceeded 

to assess their interaction with calf thymus DNA (ct-DNA).11,12 The CD spectrum of ct-DNA 

exhibits a characteristic positive band at 275 nm due to base stacking and a negative band at 248 

nm due to helicity of B-DNA.13 Aliquots of ct-DNA samples (100 M) were titrated with stock 

solutions of C1, C2, C1’ or C2’. The CD spectra, corresponding to the incubation at different 

molar ratios, were recorded under the same conditions (Figure 4). For C1 and C2 no significant 

changes were observed, indicating that these complexes would not modify apparently the DNA 

structure after incubation (Figure 4a and 4c). However, both C1’ and C2’ provoke changes in the 

CD signals of ct-DNA, showing a slight decrease of the positive band at 270 nm upon increasing 

complex concentration (Figure 4b and 4d). These changes of the B-type CD spectrum seems to 

indicate that C1’ leads to some conformational changes as conversion to a more C-like structure 

in DNA molecule.12b Interestingly, incubation with C2’ shows a more significant decrease in the 
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intensity of both, negative and positive, ct-DNA bands. These two concomitant results indicate a 

destabilization of base-stacking and loss of right-handed helicity and, therefore, suggest 

modifications in the secondary structure of DNA promoted by C2’. 

When considering all these results together, it points out that in both C1 and C2 the ligand exerts 

sufficient hindrance on the Pt(II) center as to impair the reactivity of Pt moiety with ct-DNA, 

whereas their photo-conversion to C1’ and C2’, provoke an increase of the reactivity, being C2’ 

the most active among them. 

 

Figure 4. CD spectra of ct-DNA and ct-DNA incubated with (a) C1, (b) C1’, (c) C2, and (d) C2’ 

at different molar ratio (ri). 

At this point, it was reasonable to perform a comparative cell viability test in order to consider 

the potential application of C1 and C2 as light-triggered Pt(II) delivering systems. To this aim, 

complexes C1, C2, C1’ and C2’ were screened for their in vitro antiproliferative activity against 

cisplatin resistant human adenocarcinoma HeLa cells. Complex C1 presents a moderate 

cytotoxicity (IC50= 74±18 µM), while C1´ turned out to be too insoluble in the conditions required 

for cell viability screening. Then, it was encountered that C2 did not show any cytotoxic effect up 

to the 200 µM concentration. Gratifyingly, in this case, irradiated C2’ resulted clearly soluble after 
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incubation making reliable its assessment. At this point, the assay was planned in both, presence 

and absence of oxygen, as hypoxic conditions are encountered in tumor tissues.4b,14 Interestingly, 

when C2’ was produced under normoxic conditions (C2’N) no relevant in vitro antitumor activity 

was observed. Unexpectedly, when C2’ was generated under hypoxic conditions (C2’H) a 

remarkable enhancement of reactivity was observed (IC50= 69±8 µM). 

In the light of these last results, we concentrated our efforts on the investigation of the apparently 

oxygen controlled process occurring when complex C2 was irradiated. First, the corresponding 

ligand L2 was irradiated in both normoxic (L2’N) and hypoxic (L2´H) conditions. Analysis of the 

resulting irradiation crude product under normoxic conditions revealed the presence of aminium 

sulfide S-H+ and its corresponding sulfoxide SO-H+, whereas the analysis in hypoxic conditions 

showed to be very selective towards sulfide, S-H+, production (Scheme 2). 

Scheme 2. Oxygen controlled product selectivity in the irradiation of C2. 

 

In order to confirm these results, samples of S-H+ and SO-H+ were prepared from commercial 

2-(methylthio)propan-1-amine. 1H NMR spectra of these products were compared with the crude 

products of L2 irradiation in both normoxic, L2’N, and hypoxic conditions, L2’H. In the case of 

normoxic irradiation, 1H NMR analysis revealed the presence of both S-H+ and SO-H+ in ca. 1:1 

ratio and, gratifyingly, hypoxic irradiation produced selectively protonated sulfide S-H+ (Figure 

5).15 
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Figure 5. Comparison of the significant signals in 1H NMR spectra of L2’N and L2´H with sulfur 

S-H+ and sulfoxide SO-H+. 

Once the influence of oxygen in the irradiation process of squaramide L2 was demonstrated, the 

corresponding Pt(II) complex was also studied.  

Irradiation of C2 in the presence of oxygen, C2’N, revealed the presence of S-H+ and SO-H+ in 

a ca. 1:1.25 ratio. Hypoxic irradiation resulted in C2’H where S-H+ was detected almost 

exclusively, though some traces of SO-H+ were present as detected by NMR analysis (Figure 6). 

 

Figure 6. Comparison of the significant signals in 1H NMR and 13C NMR spectra of C2’N and 

C2´H with sulfur S-H+ and SO-H+. 



 12 

Irradiation of C2 was monitored by high resolution mass spectroscopy (HRMS). In normoxic 

conditions, the irradiatiated mixture presented initially a set of peaks at 428, 443 and 473 Da 

evolving in time to mainly a 443 Da peak, C2´N. This is consistent with a complex in which both 

ligands, sulfide, S-H+, and sulfoxide, SO-H+, participate as anticipated by NMR (see SI). 

Nevertheless, an accurate interpretation of its structure has not been possible probably due to the 

degradation of the samples under the analysis conditions. HRMS analysis of the hypoxic 

irradiation mixture, C2’H, clearly showed a 414 Da peak (see SI). Consequently, the structure for 

C2’H is suggested, where 3-(methylthio)propan-1-amine, coming from the initial squaramide unit, 

acts as a ligand (Figure 7a). In order to confirm this structure, the corresponding dichlorido 

complex, C2s, was synthesized from commercially available materials allowing to its full 

characterization (see SI). The structure of this new complex, has been elucidated by X-ray 

diffraction analysis (Figure 7b).16 Confirming the already proposed Pt environment: Platinum ion 

exhibits distorted square-planar PtNSCl2 geometry with the neutral N atom form –NH2 and one 

sulfur atom together with 2 chlorido ligands in cis configuration. In addition, when the synthesized 

complex was analyzed by HRMS, the recorded data allowed to observe the complete coincidence 

of mass pattern with C2’H. In both cases the main peak corresponds to 414 Da suggesting that in 

the complex C2s one chlorido ligand has been replaced by a DMSO molecule. In conclusion, 

Figure 7a shows the structure suggested for C2’H derivate from the active Pt(II) complex, C2s 

(Figure 7b) released from the photocage C2. 
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Figure 7: (a) Suggested structure for C2’H. (b) ORTEP drawing for C2s.  

Remarkably, this is the first example of the use of a squaramide type photocage as a platinum 

release device and, more interestingly, it has been demonstrated the dependence on oxygen in the 

manner platinum is released i.e. the antiproliferative activity.17 It may be possible in the future to 

exploit these qualities for the application in various fields, for instance, hypoxia targeting agents. 

In summary, the synthesis of two new stable squaramide-based Pt(II)-complexes has been 

achieved and their full characterization presented. Complex C1 is the first example of a platinum 

complex directly coordinated to a squaramide motif. The photochemical behavior of C1 and C2 

has been investigated. In particular for C2, photo-degradation has been studied in normoxic and 

hypoxic conditions. Regarding this fact, C2 showed to be highly sensitive to oxygen as two 

different results can be produced depending on irradiation conditions (normoxic and hypoxic 

media produce C2’N and C2’H respectively). Structural elucidation of these irradiation products 

has been discussed. In addition, C1 and C2 showed an enhancement in their ability to interact with 

DNA by means of irradiation. This has been observed when comparing the effect in CD spectra of 

DNA incubated with C1, C2 complexes and their corresponding photochemical products. When 

all complexes were submitted to HeLa cell viability, C1 showed moderated IC50= 74±18 while its 

irradiated form could not be assessed due to solubility issues. More interestingly, C2, has shown 

to be inactive as its normoxic irradiation product C2’N but, gratefully, under hypoxic conditions, 

C2’H revealed remarkable enhancement of the antiproliferative activity IC50= 69±8 against HeLa, 

what is in the same range of well-established carboplatin IC50=38.7.18 

The present work aims to be a proof of concept for a new class of photocages based on first 

described squaramide Pt(II) complexes. Furthermore, oxygen has been demonstrated to exert good 



 14 

control on the nature of the released species and therefore in the activity against HeLa cells. These 

promising results encourage us to the preparation and study of new complexes, which will 

hopefully contribute to the design of new alternatives in PACT, particularly leading to oxygen 

tension dependent reactivity. 

Experimental section 

Materials. K2PtCl4 was purchased from Strem Chemicals. Different organic reagents, used for 

ligands synthesis, were purchased from Sigma-Aldrich or Alfa Aesar. All solvents were dried 

before use. 

Synthesis. 3,4-bis{[2-(ethylsulfanyl)ethyl]amino}cyclobut-3-ene-1,2-dione (L1). To a solution 

of 3,4-dibutoxy-3-cyclobutene-1,2-dione (302 μL, 1.40 mmol) in diethyl ether (5 mL) was added 

2-(ethylthio)ethylamine (0.62 mL, 5.58 mmol). The mixture was stirred at room temperature for 1 

h. After this time, a white solid precipitated. After filtering out the solvent, the white solid was 

carefully washed with diethyl ether to afford the product as a white powder (373 mg, 1.29 mmol, 

92%). 

1H NMR (400 MHz, DMSO-d6, 320 K): δ = 7.60 (br, 2H), 3.72-3.62 (m, 4H), 2.69 (t, J = 6.7 

Hz, 4H), 2.55 (q, J = 7.4 Hz, 4H), 1.18 (t, J = 7.4 Hz, 6H). 13C-NMR (100 MHz, DMSO-d6, 320 

K): δ = 182.4, 167.5, 42.8, 32.0, 24.7, 14.6. HRMS (ESI+): calculated for [C12H20N2O2S2]: 

289.1039 [M+H+]; found 289.1034. UV (DMSO) λmax, nm (ε, M-1 cm-1): 293 (3.07x104). IR (cm-

1): 3166, 2955, 2922, 1804, 1633, 1573, 1482, 1433, 1351, 1298, 1268, 1223, 1111, 1058, 993, 

970, 932, 860. 

3,4-bis{[3-(methylsulfanyl)propyl]amino}cyclobut-3-ene-1,2-dione (L2). To a solution of 3,4-

dibutoxy-3-cyclobutene-1,2-dione (302 μL, 1.40 mmol) in diethyl ether (5 mL) was added 3-

(methylthio)propylamine (0.63 mL, 5.62 mmol). The mixture was stirred at room temperature for 
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1 h. After this time, a white solid precipitated. After filtering out the solvent, the white solid was 

carefully washed with diethyl ether to afford the product as a white powder (366 mg, 1.27 mmol, 

91%). 

1H-NMR (400 MHz, DMSO-d6, 380 K): δ = 7.12 (br, 2H), 3.63-3.56 (m, 4H), 2.54 (t, J = 7.0 

Hz, 4H), 2.08 (s, 6H), 1.85 (quint, J = 7.0 Hz, 4H). 13C-NMR (100 MHz, DMSO-d6, 320 K): δ = 

182.3, 167.7, 42.2, 30.1, 30, 14.4. HRMS (ESI+): calculated for [C12H20N2O2S2]: 289.1039 

[M+H+]; found 289.1035. UV (DMSO) λmax, nm (ε, M-1 cm-1): 294 (4.75x104). IR (cm-1): 3158, 

2948, 2915, 1799, 1635, 1574, 1479, 1430, 1345, 1274, 1185, 1109, 1071, 1014, 959, 903, 872. 

Pt(C12H19N2O2S2)Cl (C1). L1 (42.1 mg, 0.15 mmol) and potassium tetrachloroplatinate (61.8 

mg, 0.15 mmol) were suspended in a mixture of ethanol and water (1:1, 8 mL). The suspension 

was stirred at room temperature under inert atmosphere for 4 h. After this time, a yellow solid 

precipitates. After filtering out the solvent the yellow solid was washed with hot ethanol and 

diethyl ether to afford the product as a yellow powder. The powder was recrystallized in dimethyl 

sulfoxide to afford orange crystals (35 mg, 0.07 mmol, 45%). 

1H-NMR (400 MHz, DMSO-d6, 360 K): δ = 7.42-7.22 (m), 3.20-3.08 (m), 3.04 (s), 2.78-2.69 

(m), 2.63-2.53 (m), 1.45 (t, J = 7.3 Hz), 1.38 (t, J = 7.3 Hz), 1.32 (t, J = 7.3 Hz), 1.22 (td, J = 7.3, 

2.1 Hz). 13C-NMR (100 MHz, DMSO-d6, 360 K): δ = 185.6, 179.6, 172.8, 166.3, 44.2, 42.8, 35.9, 

34.8, 31.9, 27.5, 24.6, 14.3, 12.9, 11.3. HRMS (ESI+): calculated for [C12H19N2O2S2PtCl]: 

519.0285 [M+H]+, 541.0105 [M+Na]+; found 519.0296 [M+H]+, 541.0105 [M+Na]+. EA 

calculated for C12H19N2O2S2PtCl (%): C 27.83, H 3.70, N 5.41, S 12.38; found: C 28.05, H 3.72, 

N 5.25, S 11.76. UV (DMSO) λmax, nm (ε, M-1 cm-1): 279 nm (1.75x104); 318 nm (1.58x104); 334 

nm (1.64x104); 427 nm (9.73x102). IR (cm-1): 3199, 3058, 2967, 2874, 2343, 1774, 1634, 1560, 
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1534, 1466, 1449, 1410, 1347, 1336, 1286, 1275, 1259, 1220, 1169, 1153, 1101, 1078, 1052, 1020, 

1009, 990, 969, 957, 873, 860, 789, 776, 729. 

Pt(C12H20N2O2S2)Cl2 (C2). L2 (52.7 mg, 0.18 mmol) and potassium tetrachloroplatinate (76.1 

mg, 0.18 mmol) were suspended in a mixture of ethanol and water (1:1, 8 mL). The suspension 

was stirred at room temperature under inert atmosphere for 6 h. After this time, a light yellow solid 

precipitates. After filtering out the solvent the solid was washed with hot ethanol and diethyl ether 

to afford the product as a yellow powder. The powder was recrystallized in dimethyl sulfoxide to 

afford yellow crystals (76 mg, 0.14 mmol, 78%). 

1H-NMR (250 MHz, DMSO-d6): δ = 7.70-7.35 (m), 3.68-3.50 (m), 3.29 (br), 2.58-2.52 (m), 2.05 

(s), 1.79 (quint, J = 7.4 Hz). 13C-NMR (100 MHz, DMSO-d6, 360 K): δ = 182.3, 167.7, 42.1, 29.9, 

29.9, 14.2. HRMS (ESI+): calculated for [C12H20N2O2S2PtCl2]: 482.0531 [M-2Cl-H]+, 519.0285 

[M-Cl]+, 560,0671 [M-2Cl-H+DMSO]+, 597,0424 [M-Cl+DMSO]+; found 482.0511[M-2Cl-H]+, 

519.0244 [M-Cl]+, 560,0654 [M-2Cl-H+DMSO]+, 597,0417 [M-Cl+DMSO]+. EA calculated for 

C12H20N2O2S2PtCl2 (%): C 26.00, H 3.64, N 5.05, S 11.57; found: C 25.80, H 3.83, N 4.48, S 

10.98. UV (DMSO) λmax, nm (ε, M-1 cm-1): 293 (3.32x104). IR (cm-1): 3247, 3002, 2918, 2360, 

2341, 1796, 1663, 1585, 1529, 1482, 1416, 1348, 1314, 1273, 1227, 1127, 1017, 955, 817. 

Pt(C4H11NS)Cl2 (C2S). 3-(Methylthio)propan-1-amine (98 µL, 0.89 mmol) and potassium 

tetrachloroplatinate (340.2 mg, 0.82 mmol) were suspended in a mixture of methanol and water 

(1:1, 18 ml). The suspension was stirred at room temperature under inert atmosphere for 1.5 h. 

After this time, a light pink solid precipitates. After filtering out the solvent the solid was washed 

with water, ethanol and diethyl ether to afford the product as a pink powder. (267 mg, 0.72 mmol, 

88%). This powder was recrystallized in dimethyl sulfoxide to afford yellow crystals that were 
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submitted to XRD analysis. The same crystalline solid was diluted in DMSO-d6 for NMR analysis. 

In this way, DMSO- Cl exchange was unavoidable giving a mixture. 

1H-NMR (400 MHz, DMSO-d6) (mixture of DMSO/Cl complexes): δ = 6.00-5.90 (m), 5.80-

5.70 (m), 5.30-5.00 (br), 3.32 (s), 3.03-2.97 (m), 2.85-2.76 (m), 2.73 (s), 2.72-2.58 (m), 2.54 (s), 

2.48 (s), 1.99 (quint, J = 6.0 Hz). 13C-NMR (100 MHz, DMSO-d6) (mixture of DMSO/Cl 

complexes): δ = 48.6 (Cl), 41.6 (DMSO), 30.9 (DMSO), 30.6 (Cl), 24.0 (DMSO), 23.1 (Cl), 20.6 

(DMSO), 20.4 (Cl). HRMS (ESI+): calculated for [C4H11NSPtCl2]: 414.0068 [M-Cl+DMSO]+; 

found 414.0072. EA calculated for C4H11NSPtCl2 (%): C 12.94, H 2.99, N 3.77, S 8.64; found: C 

13.15, H 3.02, N 3.69, S 8.62.  

3-(Methylsufinyl)propan-1-amine (SO).19 15 µl of a 30% H2O2 solution was added to a methanol 

solution (2.5 mL) containing 3-(methylthio)propan-1-amine (251 µL, 2.29 mmol), 15 µl isopropyl 

alcohol and 15 µL of concentrated H2SO4. The solution was stirred at room temperature for 40 h. 

After this time, 2.5 mL of H2O and 2.5 mL of brine were added. The reaction mixture was extracted 

with 4x25 mL CH2Cl2. The combined organic phases were dried over anhydrous Na2SO4 and 

concentrated under vacuum to give an oily residue. The crude product was used without further 

purification. 

 1H-NMR (400 MHz, CD3OD): δ = 2.94-2.75 (m, 4H), 2.65 (s, 3H), 1.94-1.85 (m, 2H). 13C-

NMR (100 MHz, CD3OD): δ = 52.3, 41.4, 38.2, 26.8. 

X-ray Structure Determination. Prismatic crystal for C1 and C2s were mounted on a glass 

fiber and used for data collection on a Bruker D8 Venture with Photon detector equipped with 

graphite monochromated MoKα radiation (λ=0.71073 Å). The data reduction was performed with 

the APEX220 software and corrected for absorption using SADABS.21 Crystal structures were 

solved by direct methods using the SIR97 program22 and refined by full-matrix least-squares on 
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F2 including all reflections using anisotropic displacement parameters by means of the WINGX 

crystallographic package.23 For compound C1 hydrogen atom bonded to N1 atom has been located 

in a Fourier synthesis, included and refined as riding on bonded atom. Generally, anisotropic 

temperature factors were assigned to all atoms except for C9 and hydrogen atoms, which are riding 

their parent atoms with an isotropic temperature factor arbitrarily chosen as 1.2 times that of the 

respective parent. 

Details of these structure determinations and refinements of compounds are summarized in 

Table S1. Crystallographic data (excluding structure factors) for the structures reported in this 

paper have been deposited with the Cambridge Crystallographic Data Center as supplementary 

publication numbers CCDC 1535610 and 1838579. Copies of the data can be obtained free of 

charge on application to the Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, U.K. (Fax: 

+44-1223-335033; e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk). 

 

Photochemical characterization. All spectroscopic and photochemical experiments were 

carried out in 98:2 mixtures of MilliQ water and HPLC quality DMSO, under air atmosphere and 

with concentrations ca. 15-50 µM for all the compounds under investigation. Steady-state UV-vis 

absorption measurements were recorded on a HP 8453 spectrophotometer. Transient absorption 

measurements were registered in a ns laser flash-photolysis system (LKII, Applied Photophysics) 

equipped with a Nd:YAG laser (Brilliant, Quantel, 4th harmonic, =266 nm, power=4.5 mJ/pulse) 

as a pump source, a Xe lamp as a probe source and a photomultiplier tube (Hamamatsu) coupled 

to a spectrograph as a detector. Continuous irradiation of the solutions of photoactive compounds 

was performed using a UV lamp (Vilber-Lormat, =312 nm, 6 W) or a high-pressure mercury 
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lamp contained in a water-cooled, Pyrex immersion well (125 W) (see SI for more detailed 

information). 

Circular Dichroism Spectroscopy. CD spectroscopy was performed using a spectropolarimeter 

with 1 cm path-length cuvettes. Measurements were carried out at a constant temperature of 20 ºC. 

CD spectra were measured in 10 mM TRIS-HCl buffer (pH 7.24). Calf thymus DNA concentration 

was 100 µM. Different samples with increasing amount of the Pt complex to study (0, 50, 100 and 

200 µM) were incubated at 37 ºC for 24 h before spectra were recorded in the range of 200-350 

nm. Complexes were added from stock 2% DMSO water solutions. 

Cell Viability Assays. Human cancer cells (HeLa) were obtained from American Type Culture 

Collection (ATCC, Manassas, VA, USA) and were routinely cultured in MEM (modified Eagle’s 

medium) alpha (Invitrogen) containing 10% heat-inactivated fetal bovine serum (FBS) at 37 ºC in 

a humidified CO2 atmosphere. The cytotoxicity of each complex was evaluated using PrestoBlue 

Cell Reagent (Life Technologies) assay. Stock solutions for complexes C1 and C2 were freshly 

prepared in DMSO. C2’ stock samples were obtained by total irradiation (at 312 nm) of DMSO-

H2O solutions under normoxic (air atmosphere) or hypoxic (N2 degassed by bubbling stream 

through the septum cap of the sealed cuvette for 15 min prior to irradiation) conditions for C2’N 

and C2’H, respectively. All working concentrations were prepared in MEM alpha medium for 

working concentrations (maximum 0.2% DMSO in biological experiments). Cells were plated in 

96 well plates at a density of 5x103 cells/well in 100 µl of culture medium and were allowed to 

grown overnight. After this time, cells were treated with different concentrations (0, 10, 25, 50, 

100 or 200 µM) of each complex during 72h and then 10 µL of PrestoBlue® were added following 

the standard protocol. After 3 h incubation, fluorescence (at 590 nm) was measured by a microplate 
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reader (Victor3). The relative cell viability (%) for each sample related to the control well was 

calculated. Each sample was tested in triplicate. 
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Synopsis 

Two new squaramide-based platinum(II) complexes have been synthesized and fully 

characterized. Their photoresponse has been assessed and is discussed. A remarkable enhancement 

in the DNA binding activity has been observed for both complexes, as a result of their irradiation. 

The response of one of them has been found to be regulated by the presence of oxygen. In vitro 

cytotoxicity tests show an enhancement in its activity after irradiation selectively under hypoxic 

conditions. 


