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ABSTRACT 

_____________________________________________________________________________ 

Four novel dimeric bis-μ-imido bridged metal-metal bonded oxidomolybdenum(V) complexes 

[Mo
V

2O2L2
1-4

] (14) (where L
1-4

 are rearranged ligands formed in situ from H2L
1-4

) and a new 

mononuclear dioxidomolybdenum(VI) complex [Mo
VI

O2L
5
] (5) synthesized from salen type N2O2 

ligands are reported. This rare series of imido-bridged complexes (14) have been furnished from 

rearranged H3Lʹ
1-4

 ligands, containing an aromatic diimine (o-    yl          ) ‘l  k  ’  w     Mo 

assisted hydrolysis followed by −C=N bond cleavage of one of the arms of the ligand H2L
1-4 

took 

place. A monomeric molybdenum(V) intermediate species [Mo
V
O(HL

1-4
)(OEt)] (Id

1-4
) was generated 

in situ. The concomitant deprotonation of the resultant amine and dimerization of two 

molybdenum(V) intermediate species (Id
1-4

), ultimately resulted in the formation of bis-μ-imido 

bridge between the two molybdenum centers of [Mo
V

2O2L2
1-4

]
 
(14). The mechanism of formation of 

14 has been discussed and one of the rare intermediate monomeric molybdenum(V) species Id
4 

has 

been isolated in the solid state and characterized. The monomeric dioxidomolybdenum(VI) complex 

[Mo
VI

O2L
5
] (5) was prepared from the ligand H2L

5
 w                  ‘l  k  ’ w      l     by    

aliphatic diimine (1,2-diaminopropane). All the ligands and complexes have been characterized by 

elemental analysis, IR, UV–Vis spectroscopy, NMR, ESI–MS and cyclic voltammetry, and the 

structural features of 1, 2, 4 and 5 have been solved by X-ray crystallography. All the complexes (1–

5) were tested for their ability to exhibit DNA binding and cleavage activity. The experimental results 

show that the complexes interact with CT-DNA in a manner consistent with groove binding, with 

binding constants ranging from 10
3
−10

4
 M

-1
. All complexes show good photo-induced cleavage of 

pUC19 supercoiled plasmid DNA, with 4 showing the most promising photo-induced DNA cleavage 

activity of ~93%. Moreover, in vitro cytotoxic activity of all the complexes was evaluated by MTT 
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assay, which reveals the complexes induce cell death in MCF-7 (human breast adenocarcinoma) and 

HCT-15 (colon cancer) cell line. 

______________________________________________________________________________ 

Keywords: Salen, Oxidomolybdenum(V and VI), C=N bond cleavage, DNA interactions, 

Cytotoxicity. 
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INTRODUCTION  

The interesting coordination behavior and structural integrity of metal-metal bonded molybdenum(V) 

complexes make their chemistry a subject of enthusiastic research.
1,2

 In the past two decades, there 

have been extensive studies on binuclear and polynuclear molybdenum(V) complexes containing 

metal-metal bonds, where molybdenum is found to be bridged through oxido,
3
 sulfido,

4
 telluro,

5
 

chloride
6
 or methoxido

7
 functionalities and the d-electrons of the Mo

V
 centre are localized into 

Mo
V
Mo

V
 single bonds.

8
 However, examples of bis-μ-imido bridged metal-metal bonded 

oxidomolybdenum(V) complexes are few in literature
9
 although molybdenum(V) complexes with 

terminal imide groups
10

 have been long known. 

On another hand, despite the tremendous success of platinum anticancer drugs,
11,12

 there is an acute 

need for the development of alternative chemotherapeutic agents in cancer therapy, due to the severe 

side-effects and resistance phenomena of the established drugs.
1316

 Generally anticancer agents 

which damage or block DNA synthesis are approved for clinical use.
17

 In this regard, the oxidative 

nature of metallo-salen complexes have encouraged biochemists to develop novel DNA/RNA 

modifiers and biomolecular probes.
1821

 It has been established that the DNA interaction and 

antiproliferative potential of the metallo-salen complexes are highly dependent on the type of the 

central metal ion, and the nature and position of substituents present on the salen moiety.
18,21,22

 In 

addition, the bridging aliphatic or aromatic diimine moiety of salen type ligands has also been 

reported to significantly influence their cytotoxic efficiencies.
22a,22d,23

  

In recent times, the studies on DNA interactions and antiproliferative activities of molybdenum 

complexes have gained substantial interest.
2434

 However, structural reports on oxidomolybdenum 

complexes with salen type ligands are few
3537

 and their pharmacological properties remain 

practically unexplored. 
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Our research group has been involved in the synthetic, structural and biological studies of transition 

metal complexes in the recent few years.
38

 In continuation of our research, herein we have reported 

four novel dimeric bis-μ-imido bridged metal-metal bonded oxidomolybdenum(V) complexes 

[Mo2
V
O2L2

1-4
] (14) (where L

1-4
 are rearranged ligands; discussed later) and a new monomeric 

dioxidomolybdenum(VI) complex [Mo
VI

O2L
5
] (5) synthesized from salen type N2O2 ligands (Scheme 

1). As the site specific imine reduction of salen type ligands is quite unusual in literature
39

 and it has 

been reported that molybdenum assisted reduction of aromatic imines are more feasible than those of 

aliphatic imines,
40

 in this work an aromatic and an aliphatic diamine were judiciously chosen for 

preparing ligands to study their influence on the control of molecular structure of oxidomolybdenum 

complexes, as well as to investigate their impact on DNA interactions and cytotoxicity studies. It was 

observed that during metallation with MoO2(acac)2, the salophen ligands H2L
1-4

 containing the 

aromatic diimine bridges, transformed to new rearranged ligands H3Lʹ
1-4

 (Scheme 2), through 

molybdenum assisted hydrolysis followed by –C=N bond cleavage of one of the arms of the salophen 

ligands. The corresponding molybdenum(V) intermediate [Mo
V
O(HL

1-4
)(OEt)] (Id

1-4
) was generated 

from an initially formed dioxidomolybdenum(VI) species [Mo
VI

O2(HL
1-4

)(EtOH)(acac)] (I
1-4

) during 

the course of the reaction as depicted in Scheme 3 (one of the molybdenum(V) intermediate species 

Id
4
 has been isolated and characterized). Finally, the molybdenum(V) intermediate (Id

1-4
) underwent 

deprotonation and concomitant dimerization to form bis-μ-imido bridged metal-metal bonded 

oxidomolybdenum(V) complexes [Mo2
V
O2L2

1-4
] (14). In contrast, the ligand H2L

5
 with an aliphatic 

imine component produced a simple dioxidomolybdenum(VI) complex [Mo
VI

O2L
5
] (5) where no 

ligand reduction took place. The key role of molybdenum in the ligand transformation can be 

elucidated by taking into account the reports of several other transition metal complexes
41

 using 

similar ligands, where no such imine reduction takes place. 
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All the ligands and complexes have been characterized by various physicochemical techniques and 

the structural features of 1, 2, 4 and 5 have been solved by X-ray crystallography. It is relevant to 

mention that, to the best of our knowledge, this is the first report of some bis-μ-imido bridged dimeric 

oxidomolybdenum(V) complexes [Mo2
V
O2L2

1-4
] (14) synthesised from partially reduced salophen 

ligands, which have been structurally characterized. All the complexes (1–5) were tested for their 

ability to exhibit DNA binding and cleavage activity and their in vitro antiproliferative activity was 

assayed against the MCF-7 cell line.  

 

EXPERIMENTAL SECTION 

Materials and methods. All chemicals were purchased from commercial sources and used without 

further purification. [MoO2(acac)2] was prepared as described in the literature.
42

 Elemental analyses 

were performed on a Vario ELcube CHNS Elemental analyzer and IR spectra were recorded on a 

Perkin-Elmer Spectrum RXI spectrophotometer. 
1
H and 

13
C NMR spectra were recorded with a 

Bruker Ultrashield 400 MHz spectrometer using SiMe4 as the internal standard. Electronic spectra 

were recorded on a Perkin-Elmer Lamda25 spectrophotometer. Magnetic susceptibility was measured 

with a Sherwood Scientific AUTOMSB sample magnetometer. Conductivity was measured with a 

Eutech CON 700 conductivity meter. Mass spectra were recorded on a SQ-300 MS instrument 

operating in ESI mode. Electrochemical data were collected using CH-Instruments (Model No. 

CHI6003E) electrochemical analyzer. Cyclic voltammetry experiments were carried out with Pt 

working and auxiliary electrodes and SCE as reference electrode and TBAP as supporting electrolyte. 

Commercially available TBAP (tetrabutylammonium perchlorate) was properly dried and used as a 

supporting electrolyte for recording cyclic voltammograms of the complexes. EPR spectra were 

recorded from 0 to 8000 Gauss at 298 K (RT) with an X-band (9.4 GHz) Bruker EMX spectrometer 

equipped with an HP 53150A microwave frequency counter; the microwave frequency used was in 
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the range 9.40-9.41 GHz. GeneJET Plasmid Isolation Kit (Thermo Scientific, USA) was used to 

purify the supercoiled (SC) pUC19 DNA from E. coli  H5α   ll .   lf   y u  ( T)  NA 

(biochemistry grade) was purchased from SRL (India). Agarose (molecular biology grade) was 

purchased from Sigma Aldrich (USA). MCF-7 (human breast adenocarcinoma cell line) was procured 

from NCCS, Pune. Penicillin, streptomycin, DMEM and fetal bovine serum were purchased from 

Invitrogen and MTT from Spectrochem. Propidium Iodide was purchased from Sigma Aldrich 

(USA). Caution: Although no problems were encountered during the course of this work, attention is 

drawn to the potentially explosive nature of perchlorates. 

Synthesis of Ligands H2L
1-5

. The salophen ligands, H2L
1-4

 were prepared in good yield by the 

condensation of o-phenylenediamine with the corresponding aldehydes (salicylaldehyde (H2L
1
), o-

vanilin (H2L
2
), 5-Bromosalicylaldehyde (H2L

3
) and 2-hydroxy-1-naphthaldehyde (H2L

4
)) in a 1:2 

ratio in ethanol by a adapting a reported procedure.
43

 The resulting dark orange compounds were 

filtered, washed with ethanol and dried over fused CaCl2. H2L
5
 was synthesised by condensing 1,2-

diaminopropane with o-vanilin as reported in literature.
44

 Elemental analysis results, NMR (
1
H and 

13
C) and IR data for all of these verified their preparation. The 

1
H NMR data of H2L

1-5 
have been 

included in Table S1. 

H2L
1
: Yield: 65%. Anal. Calcd for C20H16N2O2: C, 75.93; H, 5.10; N, 8.86. Found C, 75.92; H, 5.17; 

N, 8.81. IR (KBr pellet, cm
–1

): 3320 (O–H), 1623 (C=N). 
13

C NMR (100 MHz, DMSO-d6): δ 

(ppm) = 164.51, 160.84, 142.72, 133.91, 132.91, 128.28, 120.21, 119.94, 119.55, 117.13. 

H2L
2
: Yield: 67%. Anal. Calcd for C22H20N2O4: C, 70.20; H, 5.36; N, 7.44. Found C, 70.23; H, 5.34; 

N, 7.41. IR (KBr pellet, cm
–1

): 3484 (O–H), 1611 (C=N). 
13

C NMR (100 MHz, DMSO-d6): δ 

(ppm) = 161.33, 157.54, 151.59, 146.37, 129.37, 127.65, 122.48, 121.67, 120.86, 118.19, 79.57. 
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H2L
3
: Yield: 62%. Anal. Calcd for C20H14Br2N2O2: C, 50.66; H, 2.98; N, 5.91. Found C, 50.62; H, 

2.95; N, 5.90. IR (KBr pellet, cm
–1

): 3480 (O–H), 1611 (C=N). 
13

C NMR (100 MHz, DMSO-d6): δ 

(ppm) = 162.67, 159.92, 142.45, 136.15, 134.23, 128.64, 121.88, 120.11, 119.63, 110.36.  

H2L
4
: Yield: 68%. Anal. Calcd for C28H20N2O2: C, 80.75; H, 4.84; N, 6.73. Found C, 80.71; H, 4.82; 

N, 6.70. IR (KBr pellet, cm
–1

): 3488 (O–H), 1619 (C=N). 
13

C NMR (100 MHz, DMSO-d6): δ 

(ppm) = 169.06, 157.82, 138.93, 137.27, 133.46, 129.46, 128.66, 127.89, 127.34, 124.11, 121.95, 

121.06, 120.17, 109.70.  

H2L
5
: Yield: 64%. Anal. Calcd for C19H22N2O4: C, 66.65; H, 6.48; N, 8.18. Found C, 66.63; H, 6.45; 

N, 8.12. IR (KBr pellet, cm
–1

): 3692 (O–H), 1627 (C=N). 
13

C NMR (100 MHz, DMSO-d6): δ 

(ppm) = 167.54, 165.68, 152.01, 151.66, 148.43, 148.37, 123.62, 123.56, 118.70, 118.61, 118.33, 

118.20, 115.17, 115.04, 64.44, 63.84, 56.14, 56.02, 20.33.  

Synthesis of complexes [Mo2
V
O2L2

1-4
] (1–4).

a
 [MoO2(acac)2] (1 mmol) was added to a refluxing 

solution of the appropriate ligand H2L
1–4

 (1 mmol) in 20 mL of ethanol; the colour initially changed to 

pale blue and then to dark red. The change of colour from pale blue to red was very fast for 1–3, while 

for 4 the colour remained blue till fifteen minutes. The reflux was continued for 3 hours and filtered. 

A dark red residue was obtained. Red crystals of 1, 2, and 4 were obtained by recrystallizing the 

residue in DMSO. The crystals were filtered and washed with ethanol. Some of the crystals were of 

good quality and were suitable for X-Ray analysis. Due to the poor quality of the crystals of 3, its X-

ray structure could not be solved. Elemental analysis results, IR, NMR (
1
H, 

13
C), UV-Vis and ESI-MS 

data for all of the complexes verified their preparation. The 
1
H NMR data of [Mo2

V
O2L2

1-4
] (1-4) and 

[Mo
VI

O2L
5
] (5) have been included in Table S1. 

[Mo2
V
O2L2

1
](1): Yield: 34%. Anal. Calcd for C26H18Mo2N4O4: C, 48.62; H, 2.82; N, 8.72. Found: C, 

48.60; H, 2.81; N, 8.73. Main IR peaks (KBr, cm
–1

): 1601 (C=N), 951, 855 (Mo=O). UV-Vis 
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( M O): λmax     (ε    
3
 mol

-1
 cm

-1
): 465 (2824), 368 (6422), 320 (13313), 290 (18595).

 13
C NMR 

(100 MHz, DMSO-d6): δ (ppm) = 177.30, 172.51, 161.61, 147.74, 142.03, 137.44, 136.87, 133.79, 

122.48, 121.97, 116.76, 112.23, 111.97. ESI-MS: m/z 642.15 [M]
+
.  

[Mo2
V
O2L2

2
](2): Yield: 32%. Anal. Calcd for C28H22Mo2N4O6: C, 47.88; H, 3.16; N, 7.98. Found C, 

47.84; H, 3.12; N, 7.94. IR (KBr pellet, cm
–1

): 1598 (C=N), 946, 912 (Mo=O). UV-Vis (DMSO): 

λmax, nm (ε, dm
3
 mol

-1
 cm

-1
): 483 (11914), 395 (20699), 328 (46037), 275 (52678).

 13
C NMR (100 

MHz, DMSO-d6): δ (ppm) = 155.28, 153.70, 151.87, 148.94, 134.32, 129.02, 126.17, 122.34, 118.89, 

118.21, 116.53, 115.70, 115.57, 55.74. ESI-MS: m/z 702.16 [M]
+
.  

[Mo2
V
O2L2

3
] (3): Yield: 35%. Anal. Calcd for C26H16Br2Mo2N4O4: C, 39.03; H, 2.02; N, 7.00. Found 

C, 39.01; H, 2.00; N, 7.02. IR (KBr pellet, cm
–1

): 1597 (C=N), 911, 883 (Mo=O). UV-Vis 

(DMSO): λmax, nm (ε, dm
3
 mol

-1
 cm

-1
): 484 (9759), 383 (17993), 276 (57553).

 13
C NMR (100 MHz, 

DMSO-d6): δ (ppm) = 162.90, 154.61, 152.45, 137.33, 136.86, 134.63, 129.94, 124.63, 121.76, 

119.02, 116.30, 116.22, 110.88. ESI-MS: m/z 800.64 [(MH)
 +

].  

[Mo2
V
O2L2

4
](4): Yield: 26%. Anal. Calcd for C34H22Mo2N4O4: C, 55.00; H, 2.99; N, 7.55. Found C, 

55.02; H, 2.94; N, 7.52. IR (KBr pellet, cm
–1

): 1565 (C=N), 937, 912 (Mo=O). UV-Vis (DMSO): 

λmax, nm (ε, dm
3
 mol

-1 
cm

-1
): 486 (15710), 397 (17833), 349 (30945), 279 (55015). 

13
C NMR (100 

MHz, DMSO-d6): δ (ppm) = 193.30, 169.13, 157.79, 138.91, 138.86, 137.30, 133.46, 129.47, 129.30, 

128.66, 127.89, 127.32, 124.72, 124.11, 121.98, 121.07, 109.68. ESI-MS: m/z 742.28 [M]
+
.  

 

a
 In an alternative strategy, when the synthesis of the complexes 14, was carried out in presence of 

few drops of acetic acid, the yield of the complexes increased significantly.  

Synthesis of the intermediate species [Mo
V
O(HL

1-4
)(OEt)] (Id

4
).

b
 [MoO2(acac)2] (1 mmol) was 

added to a refluxing solution of H2L
4
 (1 mmol) in ethanol. The solution turned pale blue and the 
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reaction was stopped after fifteen minutes when the solution was still blue and filtered. Blue residue 

of Id
4
 was obtained. Elemental analysis results, IR, UV-Vis, EPR and ESI-MS data for the complex 

verified its preparation. The corresponding intermediates [Mo
V
O(HL

1-3
)(OEt)] (Id

1-3
), could not be 

isolated because of their very fast conversion into the dimeric species [Mo2
V
O2L2

1-3
] (1–3).  

[Mo
V
O(HL

1-4
)(OEt)] (Id

4
) Yield: 15%. Anal. Calcd for C19H17MoN2O3 : C, 54.69; H, 4.11; N, 6.71;. 

Found C, 54.64; H, 4.10; N, 6.73. IR (KBr pellet, cm
–1
): 946 (M =O)  1564 (‒ =N)  1620 (‒ =O). 

UV-Vis (DMSO): λmax, nm (ε, dm
3
 mol

-1
 cm

-1
): 607 (4692), 562 (2917), 523(1466), 323(14222), 

274(46436). ESI MS: m/z 421.64 [(M+2H)
 +

]. 

b
In an alternative strategy, when [MoO2(acac)2] (1 mmol) was added to a refluxing solution of H2L

4
 

(1 mmol) in ethanol in presence of few drops of water, the solution remained blue for 30 minutes and 

blue residue of Id
4
 was now obtained in a higher yield. 

Synthesis of [Mo
VI

O2L
5
] (5). [MoO2(acac)2] (1 mmol) was added to a refluxing solution of H2L

5
 (1 

mmol) in 20 mL of ethanol; the colour changed to orange. The solution was refluxed for 3 hours. 

Dark orange crystalline residue of 5 was obtained on filtering the solution. Some of the crystals were 

of good quality and were used directly for X-Ray analysis. Elemental analysis results, IR, NMR (
1
H, 

13
C), UV-Vis and ESI-MS data for the complex verified its preparation. 

[Mo
VI

O2L
5
](5): Yield: 42%. Anal. Calcd for C19H20MoN2O6: C, 48.73; H, 4.30; N, 5.98. Found C, 

48.71; H, 4.29; N, 5.94. IR (KBr pellet, cm
–1

): 1607 (C=N), 907, 874 (Mo=O). UV-Vis (DMSO): 

λmax, nm (ε, dm
3
 mol

-1 
cm

-1
): 438 (1871), 323 (7254), 278 (12155).

 13
C NMR (100 MHz, DMSO-d6): 

δ (ppm) = 164.21, 159.45, 150.85, 150.71, 149.61, 148.93, 132.08, 129.14, 126.65, 126.29, 124.98, 

124.47, 123.62, 123.55, 122.39, 121.74, 121.67, 121.60, 121.29, 118.72, 118.64, 118.34, 118.20, 

117.68, 117.24, 116.91, 116.78, 116.54, 115.18, 115.05, 67.85, 64.51, 63.90, 62.64, 38.51, 30.24, 

28.82, 22.87. ESI-MS: m/z 468.12 [M]
+
. 
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Crystallography. Clear inclusion free single crystals of 1, 2, 4 and 5 suitable for X-ray diffraction 

studies, were mounted on loops with oil. Crystallographic data and details of refinement are given in 

Table 1. The compounds 1, 2, and 5 crystallize in the triclinic space group P , and 4 crystallizes in 

monoclinic space group P 21/n. The unit cell parameters and the intensity data were collected for 

complexes 1 and 2 on a Bruker APEX II using graphite monochromated Mo K radiation (λ = 

0.71073 Å) at ~110 K and ~100 K respectively. The data for complex 4 were collected on SuperNova 

AS2 Data Collections using high intensity of SuperNova microfocus Cu K source (λ = 1.54184 Å) 

and a highly sensitive Atlas CCD detector at ~ 100 K. Single crystals of complex 5 were mounted on 

a Stoe IPDS 2 diffractometer equipped with an Oxford Cryosystem open flow cryostat using a 

graphite monochromated Mo K radiation (λ = 0.71073 Å) at ~ 200 K. The intensity data were 

corrected for Lorentz, polarization and absorption effects. The data was integrated and scaled using 

SAINT, SADABS within the APEX2 software package by Bruker.
45a The structures were solved 

using the SHELXS97
45b

 and refined using SHELXL97
46

 computer programs. Hydrogen atoms were 

placed in geometrically idealized positions and constrained to ride on their parent atoms with CH 

distances in the range 0.951.00 Å. Isotropic thermal parameters Ueq were fixed such that they were 

1.2Ueq of their parent atom Ueq for CH's and 1.5Ueq of their parent atom Ueq in case of methyl groups. 

All non-hydrogen atoms were refined anisotropically by full-matrix least-squares. 
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Table 1. Crystal data and refinement data of complexes 1, 2, 4 and 5. 

a
 R=

            

            
 

b 
Rw= 

      
    

   
      

    
  

 

 

 

 

Compound 1 2 4 5 

Formula C26H18Mo2N4O4 C28H22Mo2N4O6 C34H22Mo2N4O4 C19H20MoN2O6 

M 642.32 702.38 742.44 468.31 

Crystal symmetry Triclinic Triclinic Monoclinic Triclinic 

Space group P  P  P 21/n P  

a (Å) 8.5389(13) 9.4562(5) 8.9152(3) 11.9576(11) 

b (Å) 10.4521(14) 9.6471(5) 17.7572(6) 12.8243(13) 

c (Å) 13.565(2)  14.4626(7) 17.7893(6) 13.8984(14) 

 (°) 88.732(9) 79.619(2) 90 76.348(8) 

β (°) 80.213(9) 79.536(3) 104.473(3) 77.430(8) 

(°) 70.999(9) 88.060(2) 90 78.140(8) 

V (Å
3
) 1127.3(3) 1276.17(11) 2726.84(16) 1994.6 (3) 

Z 2 2 4 4 

Dcalc (g cm
-3

) 1.892 1.828 1.808 1.556 

(Mo-K) (mm
-1

) 1.156 1.036 7.948 0.695 

F(000) 636 700 1480 952 

max./min.trans. 0.988 / 0.893 0.9597 / 0.9125 0.933 / 0.793 0.933 / 0.793 

 (max) (
o
) 26.77 28.36 73.97 25.00 

Temperature (K) 110 100 100 200 

Reflections 

collected  

10634 54801 8414 9605 

R
a 
[I>2(I)] 0.0538 

 

0.0250 

 

0.0487 

 

0.0513 

Rw
b 
[all data] 0.1103 0.0629 0.1336 0.1035 

S [goodness of fit] 0.974 

 

1.062 

 

1.040 

 

0.826 

max./min. res. (e 

Å
-3

) 

0.914 / -0.895 0.658 / -0.670 1.549 / -0.662 0.483 / -0.692 
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DNA binding experiments 

Using absorption spectroscopy. The binding of the dimeric oxidomolybdenum(V) and monomeric 

dioxidomolybdenum(VI) complexes to calf thymus DNA (CT-DNA) was examined as previously 

described.
38c-g

 Briefly, the UV-Vis titration experiments were carried out with variable CT-DNA 

concentrations (050 μM) against a fixed concentration of molybdenum complex (25 μM)    10 mM 

Tris–HCl buffer (pH 8.0) containing 1% DMF using a Lambda 35, Perkin-Elmer (USA) 

spectrophotometer. The binding of ligands to CT-DNA were also studied. To do this the 

concentratio   f l g    w   f x      25 μM     w            w         bl   NA               (0250 

μM)    10 mM Tris–HCl buffer (pH 8.0) containing 1% DMF. The data obtained from the titration 

experiments were then fit to the following equation to obtain binding constant Kb:
38c-g

 

     

     
  

     

     
  

 

         
  (Eq. 1) 

w     [ NA]                       f  NA b           εa  εf     εb correspond to apparent extinction 

coefficient for the complex i.e. Abs/[complex] in the presence of DNA, in absence of DNA and to 

fully b u    NA            ly. A  l    f [ NA]/(εa – εf) vs [DNA] gave a slope and intercept equal 

   1/(εb – εf) and 1/Kb(εb – εf), respectively; Kb is calculated from the ratio of the slope to the 

intercept.  

Using thermal denaturation technique. Thermal denaturation studies of CT- NA (100 μM)        

absence and presence of molybdenum     l x   (25 μM) w             u  by          g     

absorbance at 260 nm in the temperature range of 30–90 
o
C in 10 mM Tris-HCl buffer (pH 8.0) 

containing 1% DMF. The ramp rate for each of the experiment was 0.5 
o
C/min. All the experiments 

were carried out in absorbance mode using a Chirascan CD spectropolarimeter (Applied 

Photophysics, UK) equipped with a peltier temperature controller. The melting temperature (Tm) was 

calculated from the derivative plot (dA260/dT vs T) of the melting profile.
47a
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Using Circular dichroism spectroscopy. Circular Dichroism (CD) spectroscopy was studied using 

Chirascan CD spectropolarimeter (Applied Photophysics, UK) at 25 
o
C. CD spectra of CT-DNA (100 

μM)         b                    f molybdenum     l x   (25 μM) w     b              

wavelength range of 240–400 nm in 10 mM Tris-HCl buffer (pH 8.0) containing 1% DMF using 

quartz cell with 10 mm path length.
38c-g 

Fluorescence experiments. The fluorescence spectra of the complexes 15 (100 µM) as well as 

l g     (100 μM)    10  M T   -HCl buffer (pH 8.0) containing 1% DMF at 25 °C were recorded 

using a spectrofluorimeter using Fluoromax 4P (Horiba Jobin Mayer, USA). The excitation 

wavelength was set to 355 nm and the emission spectra were recorded between 370–600 nm. Data 

were collected at 0.5 nm wavelength resolution using quartz cell with 10 mm path length. 

DNA cleavage experiments. For DNA cleavage experiments, 300 ng supercoiled (SC) pUC19 DNA 

was used and all experiments were carried out in 50 mM Tris-HCl buffer (pH 8.0) containing 1% 

DMF. 

Chemical-induced DNA cleavage. For chemical nuclease studies, the cleavage experiments were 

carried out in dark using hydrogen peroxide (0.5 mM) as the oxidising agent in the absence and 

presence of the molybdenum complexes (1–100 µM). The reactions were incubated at 37 °C for 3 h 

and analysed for DNA cleaved products by agarose gel electrophoresis. 

Photo-induced DNA cleavage. The photo-induced DNA cleavage studies were done as described 

previously.
38c-g

 Briefly, the photolytic DNA cleavage experiments were carried out on supercoiled 

(SC) pUC19 DNA (300 ng) with molybdenum complexes (1–100 µM) in 50 mM Tris HCl buffer (pH 

8.0) containing 1% DMF. The extent of DNA cleavage was measured from the intensities of the 

bands using the UVP Gel Documentation System (Gel Doc It
2
). The observed error in measuring the 

band intensities ranged between 3–6%. The mechanistic aspect behind the DNA cleavage was also 

studied using four different additives: two singlet oxygen quenchers (sodium azide and L-histidine) 
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and other two hydroxyl radical quenchers (KI and D-mannitol). These additives were added to the 

reaction mixture prior to the addition of the complex. The concentration of each additive was 0.5 mM.
 

Cytotoxicity Studies 

MTT Assay. MCF-7 cells were cultured in DMEM containing 10% FBS and penicillin (100U/ml) 

and streptomycin (100 µg/ml) in a humidified 5% CO2 incubator at 37 °C. The cytotoxicity was 

assayed by determining the viability of MCF cells after treatment by MTT assay. Briefly, MCF-7 

cells (10
5
 cells/well) were seeded in 96 well plates in DMEM containing 10% FBS. After cells 

reached confluency, treatment was given with varying concentrations (5 µM, 10 µM, 25 µM and 50 

µM) of the molybdenum complexes. The complexes were dissolved in DMSO and working solutions 

were prepared by diluting the stock of 5 mM of each compound with plain DMEM. Final working 

concentration of DMSO in assay was less than 2%. Untreated cells were taken as 100% survival. 

After the treatment, medium was removed and cells were incubated with MTT (5 mg/mL) for 4 hours. 

The crystals formed were dissolved in DMSO and absorbance was read at 570 nm. IC50 was 

calculated for each compound by treating the cells for 48 h. 

Propidium Iodide Staining. Propidium Iodide (or PI) is an intercalating agent which has the 

fluorescence excitation maximum is 535 nm and the emission maximum is 617 nm.
47b

 PI staining was 

performed to visualize the morphology of the nuclei after the treatment with molybdenum complexes. 

The MCF-7 (Human breast cancer cells) cells were grown in the 96-well plate. After reaching 

approximately 90% confluency, the cells were treated with molybdenum complexes at different 

concentrations (5, 10, 25, 50 µM) and were incubated for 48 hours. Cells were observed under 

inverted fluorescence microscope after treatment to check for morphological changes, during cell 

death. Then the cells were washed twice with PBS (pH 7.4) and fixed after incubation for 15 min with 

3.7 % of formaldehyde. After that, the cells were again washed twice with PBS and treated with 0.2% 

triton-X 100 in PBS for 30 seconds. Again the cells were washed twice with PBS and PI solution (10 
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µg/mL) was added and kept for 15 min in dark. Finally the cells were washed twice with PBS and 

imaged under fluorescence microscope (FLoid, Life technologies).
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RESULTS AND DISCUSSION 

Synthesis. Scheme 1 portrays the synthesis of four dimeric oxidomolybdenum(V) complexes 

[Mo2
V
O2L2

1-4
] (14), where L

1-4
 indicates the rearranged form of the ligands H2L

1-4
, and a 

monomeric dioxidomolybdenum(VI) complex (5), via two different reaction pathways (path a and 

path b), from salen type ligands (H2L
1-5

).  

 

Scheme 1. Synthesis of dimeric oxidomolybdenum(V) complexes [Mo2
V
O2L2

1-4
] (14) and 

monomeric dioxidomolybdenum(VI) complex [Mo
VI

O2L
5
] (5). 

 

When the ligands were subjected to reflux in presence of MoO2(acac)2, H2L
1-4

 (which contained the 

                ) f ll w                     ‘ ’ (       1) w         l      M (V)               

[Mo
V
O(HL

1-4
)(OEt)] (Id

1-4
) and finally dimeric bis-μ-imido bridged oxidomolybdenum(V) 

complexes [Mo2
V
O2L2

14
] (14) were formed, containing rearranged ligands H3Lʹ

1-4
 furnished by Mo 

assisted –C=N bond reduction (Scheme 2). One of the intermediates, Id
4
, has been isolated in the solid 

state and characterized by UV-Vis, IR, EPR spectroscopy and ESI-MS. 
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Scheme 2. Schematic pathway for the formation of [Mo2
V
O2L

'
2
1-4

]
 
(14) via the intermediate 

[Mo
V
O(HL

1-4
)(OEt)] (Id

1-4
). 

 

The detailed mechanism of the formation of [Mo2
V
O2L

'
2

1-4
] (14) is shown in Scheme 3, taking H2L

2
 

as a representative among the four ligands, which illustrates that at first a dioxidomolybdenum(VI) 

species [Mo
VI

O2(HL
2
)(acac)(EtOH)] (I

2
) is formed, and then a molybdenum assisted hydrolysis of 

     f                 ‒ =N b     f       l      ligand takes place to form Ia
2 

 which releases 

Hacac
47c

 and Ib
2
 is formed. The pendant phenolic OH then coordinates to the metal centre and 

removal of the aldehyde (o-vanilin) as an acid (o-vanillic acid)
47d

 takes place in lieu of the reduction 

of Mo(VI) species (Ib
2
) to Mo(IV) species (Ic

2
). The Mo(IV) species, Ic

2
, then undergoes a fast 

comproportionation
47e

 reaction with a Mo(VI) species present in the reaction medium to form a 

Mo(V) intermediate Id
2
. Finally the dimerization of Id

2
 occurs with the loss of ethanol and μ-imido 

bridges between two molybdenum fractions is furnished to yield [Mo2
V
O2L2

2
] (2).     

The reaction may also follow an alternative pathway (Scheme S1), where the Mo(VI) species can 

undergo an oxidative deamination
47f-i

 in lieu of the reduction of Mo(VI) species to Mo(IV) species
 

with the release of one of the oxido oxygen as water.
47j,k

 [Mo2
V
O2L2

2
] (2) is then formed following 

the similar steps described in Scheme 3. 
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In the above reaction, H
+
 ion plays a significant role (it is assumed that the source of H

+
 ion was from 

free acetylacetone generated from the metal precursor MoO2(acac)2 in solution). In fact, when the 

same reaction is carried out in an acidic medium (with few drops of acetic acid), it has been found 

that the yield of 2 increases drastically from 32% to 94%, which supports the fact that the reaction is 

acid catalysed. There are reports of vanadium complexes of similar ligands where such imine 

reduction did not take place in the presence of VO(acac)2 (Scheme 3).
41a,b

 It has also been found in 

literature that in presence of several other transition metals (Ti,
41c

 Cr,
41d

 Mn,
41e

 Fe,
41f

 Co,
41g

 Ni,
41h

 

Cu,
41i

 Zn,
41j

 W,
35c

 Os,
41k

 and Pt
41l

), C=N bond cleavage of salophens does not take place, which 

proves that the hydrolysis and − =N b     l    g  of salophens in complex 14 is molybdenum 

assisted. X-ray crystallography (discussed later) revealed the presence of a localized metal-metal 

single bond between the two molybdenum(V) centers of all the oxidomolybdenum(V) complexes 

[Mo2
V
O2L2

1-4
] (14). The formation of the monomeric dioxidomolybdenum(VI) complex 

[Mo
VI

O2L
5
] (5)    k  l             ‘b’ (       1) w         u    y   ly        − =N b    

cleavage of H2L
5
 occurred in presence of MoO2(acac)2 owing to the fact that, during the C=N bond 

cleavage, the corresponding intermediate [Mo
VI

O2(HL
1-4

)(EtOH)(acac)(H2O)] (Ib
5
), would not get 

any resonance stabilization due to the absence of aromatic backbone in the ligand environment, which 

is available in case of Ib
1-4

.  

All the complexes 1–5 were completely soluble in DMF, DMSO and partially soluble in CH3CN, 

CH2Cl2 and H2O. The complexes were stable in both solid and solution phases. The solution phase 

stability of the complexes over the period of the biological assays, i.e. 72 h, was confirmed by 

electronic absorption and NMR studies (Figure S1). Magnetic susceptibility and molar conductivity 

data indicate that all the complexes (15) are diamagnetic and electrically non-conducting in solution. 

The oxidomolybdenum(V) complexes (14) are silent in Electron Paramagnetic Resonance (EPR) 
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spectroscopy which may be attributed to the antiferromagnetic coupling
48a

 of electron spins of the two 

4d
1
 Mo(V) ions and the formation of an MoMo bond.

1,3i,48b,c
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                                                                                                                                                                                                                                                                                

 

 

Scheme 3. Proposed mechanistic pathway of formation of dimeric oxidomolybdenum(V) complex 

[Mo2
V
O2L2

2
] (2) and corresponding oxidovanadium(IV) complex, [V

IV
OL

2
].

41a,b
 

NN

HH

OH HO

OCH3 H3CO

H2L2

MoO2(acac)2

EtOH
+     Hacac

NN C
H

H

O

Mo

O

EtO
acac

HO

H

O

H3CO

H3CO (VI) H2O NN C
H

H

O

Mo

O

EtO
acac

HO

H

O

H3CO

H3CO

O

H H

..

(VI)

NN C
H

H

O

Mo

O

EtO
acac

HO

H

O

H3CO

H3CO

O
H H+

-
(VI)

NN C
H

H

O

Mo

O

EtO

HO

H

O

H3CO

H3CO

O
H

(VI)

NHN C
H

H

O

Mo

O

EtO

H

O

H3CO

O

O

OCH3

H
(VI)

C

OH

OCH3

O

OH

NHN

H

Mo

O

EtO

H

O

OCH3

(IV)

-

MoVI

Comproportionation

NHN

H

Mo

EtO

O

O

OCH3

(V)

2

NN

H

O

OCH3

Mo

OEt

O
H

N N

H

O

H3CO

Mo

OEt

O
H

(2)[MoV
2O2L'

2
2 ]

O

O

O

OCH3

H3CO

N

NH

O

Mo

Mo

N

N H
-2EtOH

I2 Ia
2

Ib
2

Ic
2

NN

HH

OH HO

OCH3 H3CO

EtOH
NN

HH

O O

OCH3 H3CO

V

O

[VIVOL2]H2L2

VO(acac)2

NN C
H

H

O

Mo

O

EtO
acac

HO

H

O

H3CO

H3CO (VI)

I2

Id
2

Id
2

Hacac-



21 
 

IR Spectroscopy. Selected IR data of all the ligands (H2L
1–5

) and the complexes 1–5 are given in the 

Experimental Section. The ligands exhibit the IR band of minimum intensity in the 3320–3692 cm
–1

 

region due to ν(OH) stretching.
43

 Distinct bands within the range of 16111627 cm
–1

 due to ν(C=N) 

of azomethine groups of the salen type ligands
32,43

 (H2L
1–5

) were noticed. In the complexes (15), the 

ν(C=N) stretching was shifted to lower frequencies (15651607 cm
1

) which might be attributable to 

the lower C=N bond order due to the coordination to the metal atom.
33

 In addition, the complexes 1–5 

display a pair of sharp strong peaks in the range 855–946 cm
–1

 due to ν(M=O) stretch.
49a,b,c

 The 

intermediate [Mo
V
O(HL

4
)(OEt)] (Id

4
), which has been isolated, showed a strong oxido peak at 946 

cm
-1

 due to a single ν(M=O) stretch.
49a,b,c

 A sharp absorption at 1620 cm
-1

 is observed which can be 

attributed to the stretching of –C=O of the coordinated acetylacetone, while the peak at 1564 cm
-1

 is 

due to the –C=N stretching of the imine bond of the salophen ligand.
38a

 Representative spectra of 

complex 4 and its corresponding intermediate Id
4
 are given in Figure S2. 

UV-Vis Spectroscopy. The electronic absorption spectra of the complexes 1–5 were recorded in 

DMSO and are quite similar for all four complexes. The spectral data are summarized in the 

Experimental Section. The spectra display a shoulder in the 438–486 and two strong absorptions in 

the 275–395 nm range which are assignable to LMCT and intra-ligand transitions, respectively.
49a,b,c

 

The absorption spectrum of [Mo
V
O(HL

4
)(OEt)] (Id

4
), exhibits peaks at 608, 562 519, 323 and 274 

nm. The band at 323 and 274 nm is attributed to the intra ligand charge transfer band, the bands at 

562 and 519 nm are assigned as LMCT bands, while the peak at 607 nm is due to a d-d transition.
49d,e,f

 

The representative spectra of complex 4 and Id
4 

are given in Figure S3. 

NMR Spectroscopy. 
1
H and 

13
C NMR of all the compounds were recorded in DMSO-d6. The 

1
H 

NMR data are collected in Table S1 and the 
13

C NMR data are given in the experimental section. The 

coordinating modes of H2L
1–5

 were confirmed by comparing their 
1
H NMR spectral patterns with 
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those of the corresponding complexes. The representative 
1
H NMR spectra of H2L

2
, [Mo2

V
O2Lʹ2

2
] (2) 

and [Mo2
V
O2Lʹ2

3
] (3) is given in Figures S4(a), S4(b) and S5, respectively. The 

1
H NMR spectrum of 

    f    l g      x  b                        g  δ = 12.96–15.13      u          l   OH        δ = 

8.52–9.68 ppm due to the azomethine –CH protons respectively.
50a

 The aromatic protons from ligands 

are clearly observed in the expected region δ = 6.75–8.54 ppm. Singlets for the OCH3 protons of 

H2L
2
 and H2L

5
 are observed at around 3.74 ppm. The aliphatic protons of H2L

5
 appear as two 

doublets at 3.73 and 1.31 ppm for CH2 and CH3 respectively and a multiplet is observed at 3.77 

ppm for CH proton.
50

 In the NMR spectra of complexes, the peak for the aromatic OH proton 

disappeared due to the deprotonation of phenolic group. The NMR spectra of complex 5 exhibits 

double the number of protons due to the presence of two entities in one unit.  

In the 
13

C NMR spectra of the ligands H2L
1–5

, spectral signals for the aromatic carbons are found in 

the downfield region in the range δ = 109.70–169.06 ppm.
50b

 The signals for the aliphatic carbons of 

H2L
5
 are found in the range of δ = 20.3364.44 ppm and the signal for –OCH3 of H2L

2
 appears at 

79.57 ppm and the signals for –OCH3 carbon and aliphatic carbons of H2L
2
 and H2L

5 
appear in the 

range of δ = 22.8767.85 ppm. While in the 
13

C NMR spectra of complexes 15, signals for the 

aromatic carbons are found in the downfield region in the range δ = 109.68–193.30 ppm.
50

 Figure S6 

shows the 
13

C NMR spectrum of 3.  

ESI-MS. ESI-MS spectra of 15 and Id
4 

have been recorded in DMSO. The characteristic molecular 

ion peak for 15 appear at 642.15 [M]
+
, 702.16 [M]

+
,
 
800.64 [(MH)

+
], 742.28 [M]

+ 
and 468.12 [M]

+
, 

respectively, while the molecular ion peak for Id
4
 appears at 421.64 [(M+2H)

 +
]. The representative 

ESI-MS spectra of Id
4 

and 3 are given in Figure 1 and Figure S7 respectively.  
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Figure 1. ESI-MS spectrum of [Mo
V
O(HL

4
)(OEt)] (Id

4
). 

[(M+2H)+] 
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EPR spectroscopy of the intermediate monomeric Mo(V) compound [Mo
V
O(HL

4
)(OEt)] (Id

4
). 

EPR spectra were recorded at room temperature (298 K) as function of the time on the powder 

compound Id
4
 (Schemes 2 and 3), dissolved in a degassed DMSO solution. These are shown in Figure 

2. The spectra consist of a strong central signal due to the coupling between an unpaired electron with 

the non-magnetic nuclei 
92

Mo, 
94

Mo, 
96

Mo, 
98

Mo, and 
100

Mo (I = 0; total natural abundance 74.5%) 

and six hyperfine lines due to the coupling with 
95

Mo and 
97

Mo nuclei (I = 5/2; total abundance 

25.5%), indicated by the asterisks in Figure 2. No signals below 3250 Gauss and above 3650 Gauss 

were revealed. These features demonstrate that the oxidation state of Mo is +V with only one electron 

in the 4d orbitals (configuration 4d
1
).

51a
 The examination of the EPR spectra indicate the presence of 

only one species in the organic solution (Id
4
), characterized by giso = 1.955 and Aiso = 40.4  10

4
 

cm
1

. These spin Hamiltonian parameters are consistent with a Mo(N2^O2) equatorial coordination 

mode,
51b

 and fall in the range expected by the correlation between giso and Aiso proposed some years 

ago by Enemark and co-workers.
51c

 

As it can be observed, the spectral signals decrease significantly in the time range 026 min (at t = 26 

min only the central absorption is detected and the signal to noise ratio is very low) and disappear 

completely for time longer than 30 min, suggesting a probable antiferromagnetic
48a

 coupling between 

the unpaired electrons of the Mo(V) centers in the bis-μ-imido bridged oxidomolybdenum(V) 

complex (4) formed upon the dimerization of two intermediate Id
4 

species (Scheme 3).  
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Figure 2. EPR spectra recorded at 298 K as function of the time on Id
4
 dissolved in a degassed 

DMSO solution: (a) t = 7 min; (b) t = 14 min; (c) t = 20 min; (d) t = 26 min. With the asterisks the six 

hyperfine lines due to the coupling between the unpaired electron with 
95

Mo and 
97

Mo nuclei are 

indicated. 

 

Electrochemical properties. Electrochemical properties of the complexes 1–5 have been studied by 

cyclic voltammetry in DMF solution and that of Id
4 

has been studied in DMSO (0.1 M TBAP). The 

CV traces of all the binuclear oxidomolybdenum(V) complexes [Mo2
V
O2L2

1-4
] (14) are of similar 

pattern and a representative voltammogram of [Mo2
V
O2L2

4
] (4) is discussed herein. The redox 

potentials of all the complexes are summarized in Table 2. It is observed that 4 exhibits a single 

electron quasi-reversible reductive response at E1/2 value of –0.63 V and an irreversible reductive 

response at –1.37 V (Figure 3(a)) which can be assigned to the reduction of Mo(V)Mo(IV) of the 

two corresponding molybdenum centers.
52

 Further, two single electron quasi-reversible oxidative 

responses at E1/2 value of 0.78 V and 1.14 V can be attributed to the oxidation of Mo(V)Mo(VI) in 

the binuclear species.  

(a) (b) 
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Figure 3. Cyclic voltammograms of: (a) [Mo2
V
O2L2

4
] (4), (b) [Mo

VI
O2L

5
] (5). 

 

In the CV trace of the monomeric dioxidomolybdenum(VI) complex [Mo
VI

O2L
5
] (5), a single electron 

quasi-reversible response at E1/2 value of 0.89 V and an irreversible reductive response at 1.69 V 

are observed (Figure 3(b)). The response at E1/2 = 0.89 V can be attributed to the Mo(VI)Mo(V) 

reduction, while the peak at 1.69 V is due to the reduction of the salen type ligand.
53a

 

CV trace of Id
4 

(Figure 4) shows a single electron quasi-reversible reductive response at E1/2 value of 

–0.91 V due to the reduction of Mo(V)Mo(IV).
53b,c

 Another single electron quasi-reversible 

oxidative response at E1/2 value of 1.04 V is observed, which can be attributed to the oxidation of 

Mo(V)Mo(VI).
53b,c

 The redox potentials are metal centered as the ligand does not show any 

reduction potential in the same potential window.
53d

  

Single electron processes were verified by comparing its current height with that of the standard 

ferrocene–ferrocenium couple under identical experimental conditions. 

 

 

 

(a) 
(b) 
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Figure 4. Cyclic voltammogram of [Mo
V
O(HL

4
)(OEt)] (Id

4
). 

   

Table 2. Cyclic voltammetric results for 15 and (Id
4
) at 298 K.

a
 

 

a
Solvent: DMF for 1–5 and DMSO for Id

4
; Pt working and auxiliary electrodes and SCE as 

reference electrode and TBAP as supporting electrolyte; scan rate: 50 mV/s. E
c
1/2 = (Epa + Epc)/2, 

where Epa and Epc                            k         l    .   E            ly. ΔEP = Epa – Epc. 

 

 

Complex E
c
1/2(V), Epc(V) Ep (mV) E

a
1/2 (V) Ep (mV) 

[Mo2
V
O2L2

1
] (1) 0.61, 1.36 372 0.76, 1.14 300, 130 

[Mo2
V
O2L2

2
] (2) 0.63, 1.33 340 0.75, 1.11 300, 120 

[Mo2
V
O2L2

3
] (3) 0.62, 1.35 365 0.76, 1.13 310, 140 

[Mo2
V
O2L2

4
] (4) 0.63, 1.37 370 0.78 , 1.14 310, 110 

[Mo
VI

O2L
5
] (5) 0.89, 1.69 270 - - 

[Mo
V
O(HL

4
)(OEt)] ( Id

4
) 0.91 286 1.04 250 
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Description of X–ray structure of dinuclear Mo(V), [Mo2
V
O2L2

1,2,4
](1, 2 and 4) and 

mononuclear Mo(VI), [Mo
VI

O2L
5
] (5) complexes. The molecular structure of the dinuclear 

[Mo2
V
O2L2

1,2,4
] (1, 2 and 4) and mononuclear [Mo

VI
O2L

5
] (5) complexes were determined by the 

single crystal X-ray diffraction technique, and ORTEP representations for the complexes are shown in 

Figure 5. The relevant bond distances and angles are collected in Tables 3 and 4. 

The structures of 1, 2 and 4 contain dinuclear [Mo
V

2O2]
6+

 cores with Mo–Mo bonds. The rearranged 

ligands (H3L
1,2,4

) coordinate each molybdenum atom through one phenoxido oxygen, one imino 

nitrogen and one bridging imido nitrogen in a tridentate chelating manner (formation of 

[Mo2
V
O2L2

14
] (14) is given in Scheme 2). Disregarding the metal-metal bond, each molybdenum 

atom exists in a distorted square-pyramidal geometry where the MoN3O2 coordination environment 

comprises of two imido-bridged nitrogen atoms, one imino nitrogen atom, and one phenoxido oxygen 

atom describing the equatorial plane, and one oxido oxygen as an axial group. Distortion of the square 

plane is evident from the difference in the MoO(1)/O(2), MoN(1)/N(3), MoN(2), and MoN(4) 

bond lengths as well as the difference in the bond angles at the Mo atom [74.6(7) to 109.4(2)°]. The 

lengths of the Mo=O, MoO, MoNimino and MoNimido bonds are unexceptional.
1,9e,49a,b,c,54

 Both Mo 

acceptor centers are displaced from the average equatorial plane described by 

O(1)/O(2)N(1)/N(3)N(2) N(4) towards the axial oxido oxygen atom O(3)/O(4) by about 0.63(1) 

Å, the distance of O(3)/O(4) from the same plane being about 2.3 Å. Such a displacement of the Mo 

atom from the equatorial plane towards the apical oxido oxygen atom is also found in the aldehyde 

oxidoreductase of Desulfovibrio gigas.
55 

This displacement, naturally, makes each Mo
V
 acceptor 

center somewhat inaccessible to the donor approaching from the opposite direction. Hence, it is 

evident that the discrete [Mo2
V
O2L2

1-4
] molecule has a square-pyramidal structure with the sixth 

position, trans to the oxido oxygen atom O(3)/O(4), vacant. The Mo–Nimido bond length is shorter 
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than the Mo–Nimine bond length, indicating that the deprotonated bridging imido-N coordinates more 

strongly to the metal centre than the imino group. The average bite angle of the tridentate ligands, 

79.15°, deviates significantly from 90°, which is the main reason for the structural distortion of 

complexes 1, 2 and 4 from the ideal geometry. The Mo(1)Mo(2) bond distance in 1, 2 and 4 ranging 

between 2.642.66 Å indicates the formation of a localized metal-metal single bond.
1,3i,3j, 48b,c,56

 Here, 

it is worth mentioning that this is the first structural evidence of metal-metal bonded 

oxidomolybdenum(V) complexes synthesized from salen type ligands containing aromatic imine 

group. Earlier there have been reports on molybdenum complexes of similar ligands where 

molybdenum(VI) oxido
35a,b,c

 or peroxido
35d

 structures were proposed on the basis of assumptions 

from spectral data. However, the structures of 1, 2 and 4 clearly indicate that in situ reduction of 

salophen ligands, containing an aromatic imine moiety, takes place in presence of molybdenum 

acetylacetonate leading to the formation of dimeric oxidomolybdenum(V) complexes. 

The mononuclear dioxidomolybdenum(VI) complex (5) shows a distorted octahedral geometry 

involving NO3 donors as the basal plane taken up by one tertiary nitrogen N(1), two phenolate oxygen 

atoms O(1) and O(2), all from the tetradentate ligand (L
5
)
2−

, together with a terminal oxido ligand 

O(3). Another terminal oxido oxygen atom O(4) and one tertiary nitrogen N(2), from the ligand, is 

attached to the metal atom to fill its two axial sites and form a trans O(4)–Mo–N(2) angle of 

167.0(2)
○
. The Mo atom lies 0.315(3) Å out of this mean meridional plane in the direction of O(4) 

atom. The rather long Mo–N distance 2.28 (8) Å of the tertiary nitrogen N(2), from the ligand, to the 

sixth coordination position lying trans to the oxido-oxygen O(4) may be a consequence of 

displacement of the Mo atom from the equatorial mean plane towards the apical oxido-oxygen O(4). 

The Mo–O(3) and Mo–O(4) bond distances of the MoO2
2+

 group are unexceptional.
38b,47e,52c,57

 All 

these structural features as well as bonds lengths and angles values are in good accordance with 

similar cis-MoO2L complexes of related N2O2 ligands reported earlier.
52c,58 
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Figure 5. ORTEP representations of compounds (a) [Mo2
V
O2L2

1
] (1), (b) [Mo2

V
O2L2

2
] (2), (c) 

[Mo2
V
O2L2

4
] (4) and (d) [Mo

VI
O2L

5
] (5) with displacement parameters of 1, 2 and 4 at 50% and 5 at 

30% probability. 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Table 3.   l      b              (Å)       gl   (˚) f       l x   1, 2 and 4. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.   l      b              (Å)       gl   (˚) f       l x 5. 

 
 

 

 

 

 

 

Complex 1 2 4 

Bond distances (Å) 

Mo1-O1 2.028(4) 2.016(2) 2.034(3) 

Mo2-O2 2.020(5) 2.020(2) 2.035(5) 

Mo1-O3 1.683(4) 1.693(2) 1.698(4) 

Mo2-O4 1.687(5) 1.696(2) 1.703(4) 

Mo1-N1 2.170(7) 2.167(2) 2.163(4) 

Mo1-N2 1.947(5) 1.961(2) 1.974(4) 

Mo2- N2 1.938(5) 1.962(2) 1.979(4) 

Mo2- N3 2.175(5) 2.187(2) 2.153(4) 

Mo1- N4 1.935(6) 1.948(2) 1.963(4) 

Mo2- N4 1.955(5) 1.960(2) 1.966(4) 

Mo1-Mo2 2.650(1) 2.656(3) 2.640(6) 

Bond angles (°) 

O1-Mo1-N1 83.7(2) 82.7(7) 82.6(1) 

O2-Mo2-N3 84.1(2) 82.9(6) 82.6(1) 

O3-Mo1-O1 106.9(2) 108.5(7) 109.0(2) 

O4-Mo2-O2 106.8(2) 109.2(7) 109.4(2) 

N2-Mo1-N1 75.2(2) 75.7(7) 75.0(2) 

N4-Mo2-N3 75.4(2) 74.6(7) 75.8(2) 

Mo1-N2-Mo2 86.0(2) 85.2(7) 83.8(2) 

Mo1-N4-Mo2 85.9(2) 85.6(7) 84.4(2) 

N4-Mo1-O1 87.1(2) 85.7(7) 87.7(2) 

N2-Mo2-O2 87.6(2) 86.8(7) 86.4(2) 

O3-Mo1-Mo2 106.7 (2) 108.9(6) 105.4(1) 

O4-Mo2-Mo1 105.6(2) 108.0(5) 105.4(1) 

Complex 5 

Bond distances (Å) Bond angles (°) 

Mo1-O1 2.101(4) O1-Mo1-N1 89.4(2) 

Mo1-O2 1.918(4) O2-Mo1-N2 167.0(2) 

Mo1-O3 1.689(5) O5-Mo1-N2 82.3(2) 

Mo1-O4 1.701(5) O4-Mo1-N2 167.0(2) 

Mo1-N1 2.133(7) N1-Mo1-N2 71.9(2) 

Mo1-N2 2.279(8) O1-Mo1-O2 102.9(2) 



32 
 

DNA binding studies. In order to understand the binding of the molybdenum complexes 15 to CT-

DNA, different spectroscopic techniques were used. 

Absorption spectroscopic studies. The absorption bands of the complexes 15 originating in the 

regions 430–485 and 275–390 nm are attributed to L–M ( π) LM T          -ligand transitions, 

respectively.
49a

 The equilibrium binding constant (Kb) of the complexes to CT-DNA was determined 

by UV-Vis titration experiments (Table 5 and Figure 6). On addition of CT-DNA to the complex 

solution, the UV-Vis absorption bands in the region 275–390 nm showed a hypochromic shift for 1–5 

and an appreciable hyperchromic shift in the LMCT band for complex 5 (Figure 6). Both the 

hypochromism for 1–5 and hyperchromism for 5 indicate the interaction between the 

oxidomolybdenum complexes and CT-DNA. The hypochromic shift due to the intra-ligand transition 

for the complexes 1–5 was taken to calculate the binding affinity of the complexes with CT-DNA. 

The observed hypochromicity of molybdenum complexes 15, in the intra-ligand transition band may 

be due to the interaction between the electronic states of the chromophores of the ligands and the 

DNA bases.
5961a 

 

Table 5. DNA binding parameters for 15. 

 

 

 

 

 

 

 

a
 DNA binding constants were determined by the UV-Vis spectral method. 

b
 Change in the melting 

temperature of CT-DNA. 

 

Complex Binding constant (Kb)
a
 (M

-1
) ∆Tm

b
 (

o
C) 

1 2.50  10
4
 +1.50 

2 9.36  10
3
 +1.00 

3 8.44  10
3
 +1.50 

4 3.20  10
4
 2.00 

5 9.90  10
4
 +1.50 
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Figure 6. Electronic absorption spectra of 1 (a), 2 (b), 3 (c), 4 (d) and 5 ( ) (25 μM) u                  

of CT-DNA (0–50 μM). T    x          w       f      w       10  M T   -HCl buffer (pH 8.0) 
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containing 1% DMF. Arrow shows the changes in absorbance with respect to an increase in the CT-

DNA concentration. The inset    w      l      f    f [ NA]/(εa  εf) vs [DNA] and the binding 

constant (Kb) was calculated using Eq. 1. 

 

The binding affinity of the interaction between CT-DNA and each of the molybdenum complexes 15 

is indicated by the binding constant, Kb, which was calculated using Eq. 1. The data reported in Table 

5 reveal that the DNA binding strength of the molybdenum complexes are in the order 5 >4 >1 >2 >3, 

with the Kb values of 15 ranging from 9.90 × 10
4
 to 8.44 × 10

3
 M

−1
. The binding affinity of the 

ligands to CT-DNA gave values lower than their corresponding molybdenum complexes (Figure S8 

and Table S2). The order of the binding affinity can mainly be attributed to the small size of the 

complexes (especially complex 5) and incorporation of the electron donating groups attached to the 

aromatic rings in the ligands.
61b,c

 Apart from this, both the phenyl and the napthyl groups in these 

ligands may also play an important role in the interaction of the complexes with CT-DNA.
61d

 

Thermal denaturation studies. In order to investigate the stability of the CT-DNA in presence and 

absence of the molybdenum complexes 15, DNA melting experiments were performed.
47a

 The 

melting temperature (Tm) of CT-DNA in absence of any complex was ~66 °C, which is in good 

agreement with our previous finding.
38c-g

 Upon interaction with 13 and 5, the Tm of CT-DNA 

increased very slightly (~1.001.50 °C), whereas upon interaction with 4, the same was decreased 

 l g  ly (~2.0 ° )      gu   7     T bl  5. T   l w ΔTm values for 1–3 and 5 indicate that these 

complexes may bind to CT-DNA through groove binding mode rather than an intercalative mode of 

b     g  w     g     lly g       l  g           ΔTm value.
62

 Complex 4    w      l g     g      ∆Tm 

value of ~2.00 °C (Table 5 and Figure 7) which may be due to the destabilisation of the DNA double 

helix by this complex.
63 
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Figure 7. Derivative plot of thermal denaturation of CT- NA (100 μM)         b                   

of 1–5 (25 μM)    10  M T   -HCl buffer ( H 8.0)          g 1%  M . I        w      ∆Tm (
o
C) of 

the complexes as compared to CT-DNA. 

Circular dichroism studies. Circular dichroism (CD) spectroscopy was used in order to study the 

conformational changes in CT-DNA upon the interaction with complexes.
64

 Two conservative CD 

bands in the UV region are observed for CT-DNA: a positive band at 275 nm which is mainly due to 

base stacking interaction and a negative band at 245 nm which is due to right-handed helicity.
65a

 

Groove binding of small molecules show less or no perturbation on the base stacking and helicity 

bands whereas an intercalation mode can induce intensity changes of both bands, thus modulating the 

right-handed B-conformation of DNA.
64

 The CD spectra of CT- NA (100 μM) u              ction 

with the oxidomolybdenum complexes showed very slight changes, for the positive band at 275 nm as 

well as for the negative band at 245 nm (Figure S9) which suggest that the interaction of the 

oxidomolybdenum complexes 15 were groove binding (possibly minor groove binding mode) in 

nature. 
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Solution phase fluorescence. The complexes 14 exhibited blue fluorescence when exposed to UVA 

radiation which was readily observed with the naked eyes (Figure 8a-d, inset). Complex 5 did not 

exhibit any blue fluorescence (Figure 8e, inset). In order to confirm the blue fluorescence properties 

of the molybdenum complexes, fluorescence emission spectra of the complexes 15 were recorded 

with spectrofluorimeter (Fluromax4P, Horiba Jobin Mayer, USA). All the complexes were excited at 

355 nm and the emission spectra were recorded from 370 to 600 nm. The emission maxima of the 

complexes 14 were 418, 434, 436 and 453 nm, respectively (Figure 8 a-d), which lies in the blue 

region of the visible spectrum. The fluorescence intensities of the complexes decreased in the order   

1 > 2 > 3 > 4 (Figure 8 a-d). Complex 5 did not show any fluorescent peak when excited at a 

wavelength of 355 nm, which was coherent with our previous observation with naked eyes (Figure 

8e). Control fluorescence experiments revealed that the ligands have very weak fluorescence as 

compared to their corresponding molybdenum complexes (Figure S10). Therefore it can be inferred 

that complexation of the ligands with molybdenum leads to the blue fluorescence characteristics of 

the complexes 14. 

Since, the fluorescence pattern (excitation max = 355 nm and emission max = 418-453 nm) of all the 

molybdenum complexes overlaps with the fluorescence characteristics of DAPI (excitation max = 358 

nm and emission max = 455 nm), competitive DNA binding studies by fluorescence measurements 

using DAPI, could not be performed. In order to assess the major groove and intercalative binding 

mode, competitive binding experiments were carried out with methyl green (MG) and ethidium 

bromide (EB), respectively.
38e

 But, we did not observe any quenching in the fluorescence of MG and 

EB bound to CT-DNA (672 nm and 597 nm, respectively) upon the successive addition of the 

complexes 15.
38e

 H              l x      ’           w     T-DNA either by major groove or 

intercalative mode of binding. In other way, these two competitive binding results hinted towards the 
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possibility of interaction of these complexes with CT-DNA via minor groove binding mode. In fact, 

thermal denaturation and circular dichroism findings also indicated the similar possibility i.e. the 

complexes 1−5 possibly interact with the CT-DNA by minor groove binding mode. 
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Figure 8. Fluorescence spectra of complexes 15 (100 µM) was recorded in the range 370–600 nm at 

25°C. The excitation wavelength was 355 nm. Excitation and emission slit width were 5 nm each. 

Data were recorded at a wavelength resolution of 0.5 nm. 

 

DNA cleavage studies 

Chemical-induced DNA cleavage. The chemically induced DNA cleavage activity of the 

molybdenum complexes 1–5 (1–100 μM) w     u     u   g  u      l      19  NA (300  g)    50 

mM Tris-HCl buffer (pH 8.0) containing 1% DMF in the dark in the presence of hydrogen peroxide 

(500 μM)        oxidising agent. The molybdenum complexes do not exhibit any chemical-induced 

DNA cleavage activity. 

Photo-induced DNA cleavage. To investigate whether the molybdenum complexes possess photo-

nuclease activity, a photo-induced DNA cleavage activity assay was performed. The photo-induced 

DNA nuclease activity of 1–5 upon irradiation of UVA light of 350 nm for 3 h in the presence and 

absence of the molybdenum complexes was studied using supercoiled (SC) pUC19 DNA (300 ng) in 

50 mM Tris-HCl buffer (pH 8.0) containing 1% DMF (Figure S11). The decrease in the supercoiled 

pUC19 DNA (Form I) and subsequent formation of nicked circular DNA (Form II) and linear DNA 

(Form III) indicated the extent of the DNA cleavage. The percentage of net DNA cleavage by the 

complexes was estimated using the following equation: 

 

                   
                     

                              
 

                     

                              
        Eq. 2 

 

T    ub        “ ”     “ ”   f               l            l            ly.
65a

 Since, we did not observe 

DNA band corresponding to Form III in our photonuclease studies, the concentration of Form III is 
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 u     z    f   b    ‘      l’     ‘    l ’. T    NA  l    g         y  f       lyb   u  

complexes 15 were carried out in a concentration dependent manner from 1100 µM. The net DNA 

cleavage percent by 15 was plotted with increasing concentration of the molybdenum complexes 

(Figure 9). Approximately ~15%  NA  l    g  w    b                        f 1 μM  f 13 and 5 

whereas at the same concentration 4 exhibited a DNA cleavage of ~37% (Figure 9). The DNA 

cl    g         y f         f         l x   w      u                          f 50 μM. A       

concentration, the photo-nuclease activity of 1, 2, 3, 4 and 5 was approximately, 17, 26, 36, 93 and 

4%, respectively. This indicated that 4 has the most promising photo-nuclease activity among the 

complex series. Cleavage activity of the complexes (15) varies because of the different functional 

group present in their ligand moieties.
38c-g

 Complex 4 exhibits the highest photonuclease activity 

which may be due to the presence of extended aromatic ring on the napthyl group
61d

 present in the 

ligand moiety. Apart from this, the presence of the phenyl group and the electron donating groups on 

the aromatic rings might also influence the DNA cleavage activity of the complexes.
61c

 Control 

experiments revealed that neither DMF (1%) nor the ligand molecules H2L
1-3

 and H2L
5
, at a 

concentration of 50 µM, showed any photo-induced DNA cleavage activity, implying that DMF and 

the ligands H2L
1-3

 and H2L
5
 are cleavage inactive under similar experimental conditions (Figure S12). 

However, the ligand molecule H2L
4
, at a concentration of 50 µM, showed a DNA cleavage activity of 

~20% (Figure S12), which increased significantly upon complexation (~93% at a 50 µM complex 

concentration) to molybdenum (Figure 9). This indicated that the better activity of complex 4 was due 

to the presence of naphthyl moiety in the ligand H2L
4
.
66a 
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Figure 9. Concentration dependent DNA cleavage of complexes 1–5; 300 ng of SC pUC19 DNA at 

different concentration of the complexes [1–100 µM in 50 mM Tris-HCl buffer (pH 8.0) containing 

1% DMF] was photo-irradiated with UVA at 350 nm for 3 h. The net DNA cleavage percent was 

calculated using Eq. 2. Each of the data point measured is mean ± standard deviation from triplicate 

experiments. 

 

In order to understand the mechanistic pathways involved in the photo-cleavage reactions, the photo-

induced DNA cleavage activity of 1–5 was investigated in the presence of various additives. The 

DNA cleavage reaction involving molecular oxygen can proceed in two mechanistic pathways: (a) a 

type-II process involving singlet oxygen species (
1
O2), or (b) by a photo-redox pathway involving 

reactive hydroxyl radicals (·OH).
66b

 The addition of NaN3 (singlet oxygen quencher) and KI 

(hydroxyl radical quencher) inhibited substantially the DNA cleavage activity of 4 by ~24 and ~54%, 

respectively (Figure S13 and Figure S14). While, in presence of L-histidine (singlet oxygen quencher) 

and D-mannitol (hydroxyl radical quencher), the DNA cleavage activity of 4 was restrained by ~14 
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and ~19%, respectively (Figure S13 and Figure S14). However, no inhibition of DNA cleavage was 

observed for 13 and 5 in the presence of the additives (Figure S13). Therefore, it can be concluded 

that 4 exhibits photo-induced DNA cleavage activity probably via both singlet oxygen and hydroxyl 

radical pathways, while the mechanistic pathways involved in the photo-induced DNA cleavage by 

13 and 5 cannot be distinctly ascertained. 

The above results of the DNA interaction studies of the synthesised molybdenum complexes 15 are 

in accordance with previous reports of DNA binding/cleavage studies of related 

oxidomolybdenum(VI)
67a-d

 and those of other transition metal
67e-h

 salen complexes. However, the 

DNA cleavage activity of complex 4 (~93% at a 50 µM complex concentration) is exceptionally 

better than the previous reports. 

 

Cytotoxicity Studies 

MTT assay. The antiproliferative efficacy of 1–5 was assayed by determining the viability of MCF-7 

(human breast adenocarcinoma), HCT-15 (colon cancer) cells using the MTT assay. The ligands, 

H2L
1–5

 and MoO2(acac)2 gave high IC50 values (>200 μM), whereas 1–5 gave values in the range 

28.52–11.13 μM    M  -7 cells and b  w    76.30‒32.20 μM    HCT-15 cells (Table 6). In contrast, 

cisplatin,
68a ,b 

a commonly used chemotherapeutic drug 
 
is comparatively effective in MCF-7 and 

HCT-15 cells with an IC50   lu   f 7.8     12.20 μM u     similar experimental conditions. The 

significant decrease in the inhibitory ability of the ligands as well as their lower binding affinity to 

CT-DNA compared to their metal complexes clearly indicates that incorporation of molybdenum has 

a marked effect on cytotoxicity. A possible explanation is that the polarity of the ligand and the 

central metal ion are reduced by coordination through the charge equilibration, which favors 

permeation of the complexes through the lipid layer of the cell membrane.
68c,69

 The results of DNA 
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binding/cleavage ability for the ligands have been considered and are consistent with the observation 

that metal complexes can exhibit greater biological activities than the free ligands.
70

 

The cytotoxic activities of the complex series 1‒5 can be judged from their IC50 values (Table 6), with 

their dose dependency illustrated in Figure 10 and 11. The IC50 values of 1‒5 could be obtained only 

after 48 h of treatment in MCF-7 and HCT-15 cells. A representative percentage of cell viability of 

MCF-7 cells after 24 h of treatment with increasing concentrations (5, 10, 25 and 50 µM) of 

molybdenum complexes (1–5) and MoO2(acac)2 is shown in Figure S15.   

IC50 values of the complexes 1, 4 and 2 ranges between 11.13‒13.25 µM in case of MCF-7 and in 

case of HCT-15       g   b  w    32.20 −54.92 µM  w  l  3 and 5 have IC50 value in the range 

27.31‒28.52 µM in case of MCF-7     b  w    55.61−76.30 in HCT-15 cells. Since, the variation in 

the IC50 values obtained for complexes 1, 4 and 2 is distinctly different from that of 3 and 5, these 

    l x       b     b           w  g  u    . . ‘G  u  1’             g            l x   w    

higher cytotoxicity (1, 4 and 2)     ‘G  u  2’             g         omplexes with lower cytotoxicity 

(3 and 5). The cytotoxicity order of the complexes neither matches completely with the DNA binding 

                    u l            y      . H w      ‘G  u  1’     l x   w      g     y    x    y 

do exhibit comparatively h g          u l            y      ‘G  u  2’     l x   w          l w   

cytotoxicity. The variation in results of cytotoxicity of the complexes may be affected by the various 

functional groups in the salen ligands. The presence of electron withdrawing Br group in complex 3 

leads to an increase in the IC50 (less cytotoxicity),
18

 while complex 1 which has no substituents on the 

ligand fragment, and complex 2 which contains an electron releasing –OMe group, exhibits lower 

IC50 (higher cytotoxicity).
18

 The considerable efficacy of 4 in MCF-7 cells, as also inferenced from 

DNA binding/cleavage studies, maybe due to the presence of the naphthyl group in the ligand 

moiety.
66a

 Also, the introduction of aromatic diimine bridges in the salen complexes (1, 2 and 4) 
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increases their cytotoxicity, as evident from the higher IC50 value of complex 5 (less cytotoxicity) 

which contains an aliphatic diimine bridge.
22c

 

The same MTT assay was also performed on noncancerous human keratinocytes HaCaT cell line in 

order to determine the selectivity of action between healthy and cancerous cells. The very high IC50 

values of 1–5 (96‒477.26 μM  T bl  6) and their dose dependency (Figure S16) in HaCaT cells 

indicated that the compounds exhibited no substantial cytoxicity to normal keratinocytes.  

In the recent past, some oxidomolybdenum(VI) complexes have been reported to have significant 

cytotoxic activities against various human cancer cell lines including HL-60 and K562 (leukemia), A-

549 (lung cancer), HeLa (cervical carcinoma) and MCF-7 (breast carcinoma).
24,34,67b,71 

Salen 

complexes of some transition metals have also been reported to show appreciable cytotoxic activities 

against human cancer cell lines.
22a,22c,72

 In few cases the results of the above studies are in accordance 

with the synthesized molybdenum complexes 15, while in some cases they exhibit better 

cytotoxicity than 15 in terms of IC50 values. 
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Table 6. Cytotoxicity of 15 as measured by MTT assay in MCF-7, HCT-15 and HaCaT cells. 

*Values are mean ± SD, n=3 

 

 

 

Figure 10. Effect of 1–5 on cell viability and growth: MCF-7 cells were treated with different 

concentrations of the test compound for 48 h and then cell viability was measured by MTT assay. 

Data reported as the mean ± SD for n = 3. 
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10 µM 

25 µM 

50 µM 

Complex MCF-7 

IC50 values (µM) 

48 h 

HCT-15 

IC50 values (µM) 

48 h 

HaCaT 

IC50 values (µM) 

48 h 

1 11.13 ± 0.65 32.20 ± 0.92 200.74 ± 0.12 

2 13.25 ± 1.32 52.54 ± 2.68 179.47 ± 1.02 

3 28.52 ± 2.65 76.30 ± 1.84 477.26 ± 2.36 

4 12.43 ± 0.94 54.92 ± 1.06 370.13 ± 0.51 

5 27.31 ± 1.83 55.61 ± 0.65 96.00 ± 0.09 
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Figure 11. Effect of 1–5 on cell viability and growth: HCT-15 cells were treated with different 

concentrations of the test compound for 48 h and then cell viability was measured by MTT assay. 

Data reported as the mean ± SD for n =3 

 

Nuclear Morphological Studies 

Investigation of apoptotic potential of compounds is usually performed by DAPI staining 

experiments.
38c-g

 However, it was found that the synthesized molybdenum complexes, 14 themselves 

exhibited fluorescence emission at the same wavelengths as DAPI (blue region). Hence, the use of 

DAPI as staining agent was inappropriate in the present situation and therefore it was replaced by 

Propidium Iodide, which exhibited red fluorescence, to examine the effect of the test complexes on 

nuclear morphology of MCF-7 cells. The density of the PI stained nuclei was used to check the live 

cells in different treatment groups. Figure 12 and Figure 13 show images taken after PI staining in red 

fluorescence at different concentrations of 2 respectively on MCF-7 and HCT-15 cells respectively. 

Figures S17 and S18 show images taken after PI staining of 1, 35 on MCF-7 and HCT-15 cells 

respectively. It can be seen from the figures that the number of PI stained nuclei were reduced in 
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treated wells with increasing concentrations of the complexes indicating the dose dependent cell 

death.
73,74

 Figure 12 (b) and Figure 13(b) show the grey scale images at 48 hrs after the treatment with 

increasing concentrations of the complexes on MCF-7 and HCT-15 cells. The distinct nuclear 

condensation and fragmentation (indicated by arrows) were seen in treated cells (Figure 12 and 13) 

compared to control cells (Figure S17(A) and S18(A)).  
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Figure 12. Effect of treatment of complexes on the nuclear morphology of cells. The morphological 

changes in nuclei of MCF-7 cells from control and treated groups were washed twice with PBS (pH 

7.4) and fixed after incubation for 15 min with 3.7 % of formaldehyde. The cells were then washed 

twice with PBS and treated with 0.2% triton-X 100 in PBS for 30 seconds. Further the cells were 

washed twice with PBS and PI solution (10 µg/mL) was added and kept for 15 min in dark. Finally 

the cells were washed twice with PBS and imaged under fluorescence microscope (FLoid, Life 

technologies). Arrows indicate the morphological changes in nuclei of MCF–7 cells observed on 

applying increasing concentrations (5, 10, 25 and 50 µM) of 2 in comparison to control. The scale bar 

correspo       100 μ . 
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Figure 13. Effect of treatment of complexes on the nuclear morphology of cells. The morphological 

changes in nuclei of HCT-15 cells from control and treated groups were washed twice with PBS (pH 

7.4) and fixed after incubation for 15 min with 3.7 % of formaldehyde. The cells were then washed 

twice with PBS and treated with 0.2% triton-X 100 in PBS for 30 seconds. Further the cells were 

washed twice with PBS and PI solution (10 µg/mL) was added and kept for 15 min in dark. Finally 

the cells were washed twice with PBS and imaged under fluorescence microscope (FLoid, Life 

technologies). Arrows indicate the morphological changes in nuclei of HCT-15 cells observed on 

applying increasing concentrations (5, 10, 25 and 50 µM) of 2 in comparison to control. The scale bar 

               50 μ . 
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CONCLUSIONS 

Five salen type ligands from an aromatic diamine, o-phenylenediamine (H2L
1-4

) and an aliphatic 

diamine, 1,2-diaminopropane (H2L
5
) were synthesized. H2L

1-4
, furnished dimeric bis-μ-imido bridged 

oxidomolybdenum(V) complexes [Mo2
V
O2Lʹ2

1-4
] (14)  w     Lʹ

1-4
 indicates the rearranged form of 

the ligands H2L
1-4

, via an interesting mechanistic pathway which involves the formation of rare 

monomeric molybdenum(V) intermediate [Mo
V
O(HL

1−4
)(OEt)] (Id

1−4
) by the molybdenum assisted 

hydrolysis of the imine bond and subsequent − =N b     l    g  of the salophens. The 

deprotonation and dimerization of Mo(V) intermediates finally resulted in the formation of two imido 

bridges between the Mo(V) centers containing a metal-metal bond. One of the molybdenum(V) 

intermediates [Mo
V
O(HL

4
)(OEt)] (Id

4
) was isolated in the solid state and characterized by spectral 

(IR, UV-Vis, EPR) and ESI-MS studies. In case of H2L
5
, no such imine hydrolysis or − =N b    

cleavage in the ligand took place and a monomeric dioxidomolybdenum(VI) complex [Mo
VI

O2L
5
] (5) 

was furnished. The structures of dimeric metal-metal bonded oxidomolybdenum(V) complexes 

synthesized from salen type ligands containing aromatic imines were established for the first time 

through X-Ray crystallography and the mechanistic pathway of their formation was also explained. 

The disappearance of EPR signals in the Mo(V) intermediate Id
4
 after 30 min also proved the 

formation of corresponding diamagnetic dimeric bis-μ-imido bridged oxidomolybdenum(V) 

complexes, where antiferromagnetic coupling
48a

 occurs between the two Mo(V) centres. Comparison 

with several other transition metal complexes of similar ligand systems,
41

 where no such ligand 

transformation takes place, proved that the hydrolysis and − =N b     l    g  of salophen ligands 

was Mo assisted. 

In vitro biological studies reveal that 1–5 show considerable DNA binding propensity. The CD and 

thermal melting studies revealed that the complexes interact with CT-DNA in a manner consistent 
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with groove binding mode, with binding constants ranging from 10
3
−10

4
 M

-1
. All complexes 

exhibited good photo-induced cleavage of pUC19 supercoiled plasmid DNA with 4 giving the most 

promising photo-induced DNA cleavage activity of ~93%. The results from the mechanistic study 

suggested that the photolytic DNA cleavage of 4 proceeded via both singlet oxygen and hydroxyl 

radical pathways while the mechanistic pathways involved in the photo-induced DNA cleavage by 1-

3 and 5 could not be distinctly ascertained. Also, results of antiproliferative activities of the 

synthesised complexes suggested that they are significantly cytotoxic towards MCF-7 and HCT-15 

cell lines. The complexes containing the aromatic diimine moiety (1, 2 and 4) were found to be more 

cytotoxic than the complex containing the aliphatic diimine (5). The presence of electron withdrawing 

Br group in 3 lowered its cytotoxicity.  The better activity of 4 may be attributed to the presence of 

the naphthyl moiety in the ligand system. Also, 1–5 did not exhibit significant cytoxicity to HaCaT 

cells (normal keratinocytes). The results reported herein will encourage further work on 

oxidomolybdenum complexes for the development of metal-based agents for anticancer studies. 
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SUPPORTING INFORMATION 

1
H NMR of H2L

1-5
 and [Mo2

V
O2L2

1-4
] (1-4) and [Mo

VI
O2L

5
] (5) (Table S1), Binding constant (Kb) 

values for the "CT-DNA-ligand" interactions (Table S2), Absorption spectral traces of the complexes 

up to 72 h 1 (a), 2 (b), 3 (c), 4 (d) and 5 ( ) (25 μM     )    10  M T   -HCl buffer (pH 8.0) 

containing 1% DMF. (Figure S1(A)), 1
H NMR spectra of complex 2 in DMSO-d6 after 0 h (a), 

1
H 

NMR spectra of complex 2 in DMSO-d6 after 72 h (b) and after heating (120 °C) the solution and (c) 

(Figure S1(B)), UV-vis spectra of the complexes (1‒5) (5 µM) in [A] DMSO and [B] water (Fig. 

S1.(C)), FTIR spectra of [Mo
V
O(HL

4
)(OEt)] (Id

4
) (Figure S2(a)) and [Mo2

V
O2L2

4
] (4) (Figure 

S2(b)), Absorbance spectrum of [Mo
V
O(HL

4
)(OEt)] (Id

4
) (Figure S3(a)) and [Mo2

V
O2L2

4
2] (4) 

(Figure S3(b)), 
1
H NMR spectra of  H2L

2
 (Figure S4(a)) and [Mo2

V
O2L2

2
] (2) (Figure S4(b)), 

1
H 

NMR of [Mo2
V
O2L2

3
] (3) (Figure S5), 

13
C NMR of [Mo2

V
O2L2

3
] (3) (Figure S6), ESI-MS spectrum 

of [Mo2
V
O2L2

3
] (3) (Figure S7), Electronic absorption spectra for H2L

1
 (a) H2L

2 
(b), H2L

3
 (c) H2L

4
 

(d) and H2L
5
 ( ) (25 μM     ) u                   f  T-DNA (0 – 250 μM)    10  M T   -HCl buffer 

(pH 8.0) containing 1% DMF (Figure S8), Circular dichroism spectra of CT- NA (100 μM)        

presence and absence of complexes 15 (25 µM each) (Figure S9), Fluorescence spectra of 

complexes H2L
1-5

 (Figure S10), Gel diagram showing concentration dependent DNA cleavage by 1–5 

(Figure S11), Gel diagram showing the effect of DMF (1%) and ligands on the photo-induced 

cleavage of SC pUC19 DNA (Figure S12), DNA cleavage of SC pUC19 DNA by 1–5 in presence of 

various additives in 50 mM Tris-HCl buffer (pH 8.0) containing 1% DMF (Figure S13), Gel diagram 

depicting cleavage of SC pUC19 DNA by 1–5 in presence of various additives (Figure S14), Effect of 

1–5 on cell viability and growth of MCF-7 cells after 24 hours (Figure S15), Effect of 1–5 on cell 

viability and growth of HaCaT cells after 48 hours (Figure S16), Changes in nuclei morphology with 

respect to treatment concentration of molybdenum complexes (1, 3, 4 and 5) in comparison to control 
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in MCF-7 cells (Figure S17), Changes in nuclei morphology with respect to treatment concentration 

of molybdenum complexes (1, 3, 4 and 5) in comparison to control in HCT-15 cells (Figure S18).  

 

Supporting Information is available free of charge via the Internet at http://pubs.acs.org. 

The crystallographic data for the structural analysis of 1, 2, 4 and 5 have been deposited with the 

Cambridge Crystallographic Data Centre, CCDC No. for 1 is 1491690, for 2 is 1491692, for 4 is 

1491691, and 5 is 1491689. A copy of this information may be obtained free of charge from the 

CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Tel.: +44 (0) 1223 762911;  

E-mail: deposit@ccdc.cam.ac.uk.  
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Dimeric bis-μ-imido bridged metal-metal bonded oxidomolybdenum(V) complexes [Mo2
V
O2L

'
2

1-4
]
 

(14) and a new mononuclear dioxidomolybdenum(VI) complex [Mo
VI

O2L
5
] (5) synthesized from 

salen type ligands containing aromatic and aliphatic moieties are reported. [Mo2
V

2L
'
2

1-4
] (14) have 

been furnished by the molybdenum assisted in situ –C=N bond cleavage of one of the imine bonds of 

the ligands (H2L
1-4

) containing aromatic imines. The DNA interactions and the in vitro cytotoxic 

activity of all the complexes have been evaluated.  

 

 

 


