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a b s t r a c t

Herein, we report the formation and characterisation of novel rhenium(I) and -(V) compounds with
coumarin bidentate chelates: trans-[ReOBr2(PPh3)(hbc)] (1) (Hhbc = 7-(2-hydroxybenzylideneamino)-4-
(trifluoromethyl)-2H-chromen-2-one), fac-[Re(CO)3Cl(aomc)] (2) (aomc = 7-(((2-amino-4-oxo-4H-
chromen-3-yl)methylene)amino)-4-(trifluoromethyl)-2H-chromen-2-one) and fac-[Re(CO)3Cl(moac)]
(3) (moac = 7-(((2-methoxy-4-oxochroman-3-yl)methylene)amino)-4-(trifluoromethyl)-2H-chromen-2-
one). The coumarin free-ligands and the metal complexes 1–3 were characterized by NMR, UV–Vis
and FTIR spectroscopy, melting point and molar conductivity measurements as well as time-of-flight
mass spectrometry. Their structural elucidations were supported by the respective solid state structures
of 1, Hhbc and moac. DNA binding studies conducted using the facial tricarbonylrhenium(I) complexes 2
and 3, revealed that they are DNA groove binders with intrinsic binding constants in the order of 105 and
104 M bp, respectively. This study was also complemented using density functional theory (DFT) and
time-dependent DFT methods to attain a deeper understanding into the structural parameters, infrared
and electronic spectra of these coumarin free-ligands and their metal complexes 1–3.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The design of new target-specific rhenium radiopharmaceuti-
cals necessitates exploring the coordination susceptibility of rhe-
nium towards multidentate chelators encompassing various
biologically relevant moieties [1,2]. Rhenium naturally occurs as
a mixture of two non-radioactive isotopes 185Re and 187Re while
the rhenium radionuclides used in nuclear medicine are 186Re
and 188Re have b-emission energies and half-lives adequate for
therapeutic treatment of cancer [3,4]. Schiff bases have shown to
exhibit high coordination affinities towards rhenium(I) and -(V)
cores and moreover, their metal complexes have shown to exhibit
a wide array of physical properties culminating into applications
including chemical sensing, DNA interaction, cell imaging and
catalysis [5–8].

Recent studies shows that transition metal complexes with
chromone Schiff base chelates have been isolated and many of
these metal complexes have shown optimal in vitro anticancer
activities [9]. However, the formation of coumarin Schiff bases
remains relatively unexplored despite the facts that the isostruc-
tural benzopyranes; coumarin and chromones are secondary
metabolites and that they are building blocks of various drugs
[10]. Among the few examples of d-block metal complexes of cou-
marin Schiff bases include the [M(II)(L).2H2O] {M = Ni, Cu or Co}
complexes (L = (E)-N-(3-chlorophenyl)-2-(1-(7-hydroxy-4-methyl-
2-oxo-2H-chromen-8-yl)ethylidene)hydrazinecarbothioamide) where
a synergistic effect is observed based on the higher antimicrobial
effects of the metal complexes compared to their free-ligands [11].

A combination drug, coumarin/troxerutine have shown thera-
peutic application in the perseverance of the salivary glands and
mucosa in patients who underwent head and neck radiotherapy
[12]. The results also suggest that the co-drug, coumarin has a
defined biodistribution pattern and this provides impetus in devel-
oping coumarin Schiff base rhenium compounds which can be
potential therapeutic radiopharmaceutical for salivary gland can-
cer. In this research study, we report the formation of [ReVO]3+

and fac-[ReI(CO)3]+ compounds with bidentate coumarin ligands
derived from 7-amino-4-(trifluoromethyl)coumarin. The rhenium
complexes, trans-[ReOBr2(PPh3)(hbc)] (1), cis-[Re(CO)3Cl(aomc)]
(2) and cis-[Re(CO)3Cl(moac)] (3) were each synthesized from the
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coordination reactions of rhenium(V) and -(I) precursors with the
coumarin free-ligands: 7-(2-hydroxybenzylideneamino)-4-(triflu-
oromethyl)-2H-chromen-2-one (Hhbc), 7-(((2-amino-4-oxo-4H-
chromen-3-yl)methylene)amino)-4-(trifluoromethyl)-2H-chromen-
2-one (aomc) and 7-(((2-methoxy-4-oxochroman-3-yl)methylene)
amino)-4-(trifluoromethyl)-2H-chromen-2-one (moac), respec-
tively (see Fig. 1). Furthermore, a detailed understanding of the
electronic structures and spectroscopic properties are important
to aid in the interpretation of the experimental findings. There
are reports on the use of density functional theory (DFT) methods
to complement experimental research involving rhenium(I) [13]
and -(V) complexes [14]. Consequently, computational methods
were employed to aid in the interpretation of experimental data.

2. Experimental

2.1. Materials and methods

The following chemicals: 7-amino-4-(trifluoromethyl)-
coumarin, salicylaldehyde, 3-formylchromone, 2-amino-3-formyl-
chromone, pentacarbonylchlororhenium(I), calf thymus DNA
(CT-DNA) and phosphate buffered saline (PBS) tablets were pur-
chased from Sigma–Aldrich and used as received. The oxorhe-
nium(V) precursors were synthesized via methods obtained from
literature [15,16]. All solvents were obtained from Merck SA.
Reagent grade toluene was dried over sodium wire while other
solvents and chemicals were used without any further purification.
Ultrapure water was produced from an Elga Purelab Ultra system.
Infrared spectra (IR) were recorded on a Perkin Elmer Spectrum
100 spectrometer in the 4000–200 cm�1 range. The IR spectra of
all the compounds were attained in the solid state using the Perkin
Elmer Universal ATR Accessory (UATR). The 1H and 13C NMR spec-
tra were obtained at 295 K using a Bruker Avance 400 or 500 MHz
spectrometer. All NMR spectra were recorded in DMSO-d6. UV–Vis
spectra were recorded using a Perkin Elmer Lambda 25 spectrom-
eter. The extinction coefficients (e) are given in dm3 mol�1 cm�1.
The melting points were obtained using a Stuart SMP3 apparatus.
The conductivity measurements were determined at 295 K on a
Radiometer R21M127 CD 230 conductivity and pH meter. Mass
spectrometry was conducted in both the positive and negative
Fig. 1. Structures of the coumarin free-li
modes via direct injection of the samples into a Waters Micromass
LCT Premier mass spectrometer equipped with an electrospray
ionization (ESI) source and a time-of-flight (TOF) mass analyser.

2.2. Synthesis of ligands

2.2.1. 7-(2-Hydroxybenzylideneamino)-4-(trifluoromethyl)-2H-
chromen-2-one (Hhbc)

The two reactants, 7-amino-4-(trifluromethyl)coumarin
(0.3305 g; 1.440 mmol) and salicylaldehyde (0.15 cm3; 1.440
mmol) were heated until reflux in methanol (20 cm3) for 3 h. The
resultant yellow solution was allowed cool down to room temper-
ature and afterwards further cooled down in an ice bath which
resulted in the formation of orange crystals. These crystals were fil-
tered, washed with methanol and petroleum ether. Yield = 50%;
Melting point: 189.5–191.6 �C; Infrared (vmax/cm�1): m(OAH)
3109 (br, w), m(C@O) 1730 (s), m(C@N) 1595 (s), (CAOAC) 1268
(s); 1H NMR (d6-DMSO/295 K/ppm): 12.37 (s, 1H, OH), 9.07 (s,
1H, H11), 7.80–7.71 (m, 2H, H13, H15), 7.62–7.60 (d, J = 2.0 Hz,
1H, H9), 7.51–7.44 (m, 2H, H6, H8), 7.05–6.97 (t, J = 9.0 Hz, 3H,
H3, H14, H16); 13C NMR (d6-DMSO/295 K/ppm): 165.55 (C17),
160.36 (C4), 159.35 (C11), 156.54 (C2), 154.84 (C7), 154.07 (C5),
152.70 (C15), 134.22 (C13), 132.49 (C9), 125.72 (C1), 125.70
(C14), 119.35 (C10), 116.77 (C8), 112.18 (C12), 109.44 (C16),
101.72 (C6), 98.95 (C3); UV–Vis (Methanol, kmax (e, M�1 cm�1)):
373 nm (36997), 277 nm (sh, 10671), 232 nm (24033); TOF-MS
(m/z): Calcd: 333.0613, Found: 332.0537 [M�H]�, 333.0613 [M]�.

2.2.2. 7-(((2-Amino-4-oxo-4H-chromen-3-yl)methylene)amino)-4-
(trifluoromethyl)-2H-chromen-2-one (aomc)

The Schiff base was synthesized from the condensation reaction
between 7-amino-4-(trifluoromethyl)coumarin (0.2684 g; 1.171
mmol) and 2-amino-3-formylchromone (0.2216 g; 1.171 mmol)
in methanol (20 cm3) which was heated under reflux for 3 h. The
resultant yellow solution was allowed to cool to room temperature
before the light yellow precipitate was filtered and washed using
cold methanol and petroleum ether. Yield = 50%; Melting point:
239.9–244.8 �C; Infrared (vmax/cm�1): m(NAH) 3242, 3093 (br),
m(C@O) 1679 (s), m(C@N) 1610 (s), m(CAOAC) 1334 (s); 1H NMR
(d6-DMSO/298 K/ppm): 10.09 (s, 1H, H11), 9.59 (s, 2H, NH2),
gands considered within this study.
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8.05–8.01 (dd, J = 7.7 Hz, J = 1.7 Hz, 1H, H15), 7.76–7.70 (t, J = 1.5
Hz, J = 1.1 Hz, 3H, H17), 7.48–7.33 (m, 3H, H8, H16, H18), 6.68–
6.64 (dd, J = 8.8 Hz, J = 2.2 Hz, 1H, H9), 6.53–6.50 (d, J = 2.2 Hz,
1H, H6), 6.43 (s, 1H, H3); 13C NMR (d6-DMSO/295 K/ppm): 188.42
(C13), 175.58 (C20), 165.96 (C4), 159.86 (C19), 157.05 (C2),
154.57 (C11), 153.60 (C5), 134.59 (C7), 126.22 (C9), 126.20 (C14),
125.83 (C16), 125.70 (C1), 122.70 (C17), 117.34 (C15), 112.69
(C18), 107.92 (C10), 107.86 (C8), 102.23 (C6), 99.46 (C3), 99.14
(C12); UV–Vis (Methanol, kmax (e, M�1 cm�1)): 377 nm (1361),
292 nm (1297), 264 nm (1785), 234 nm (2698); TOF-MS (m/z):
Calcd: 400.0671, Found: 400.0753 [M]+, 401.0750 [M+H]+,
402.0785 [M+2H]+.
2.2.3. 7-(((2-Methoxy-4-oxochroman-3-yl)methylene)amino)-4-(trifluo-
romethyl)-2H-chromen-2-one (moac)

An equimolar ratio of 7-amino-4-(trifluoromethyl)coumarin
(0.3300 g; 1.44 mmol) and 3-formylchromone (0.2508 g; 1.44
mmol) in methanol (20 cm3) was heated under reflux for 3 h. The
resultant yellow solution was allowed to cool to room temperature
before the yellow precipitate was filtered, washed with cold
methanol and petroleum ether. Yield = 92%; Melting point:
174.1–175.9 �C; Infrared (vmax/cm�1): m(OACH3) 3092 (s), m(NAH)
2933 (br), m(C@O) 1725 (s), m(CAOAC) 1268 (s), (CAN) 1130 (s);
1H NMR (d6-DMSO/298 K/ppm): 11.79–11.70 (d, J = 12.3 Hz, 1H,
NH), 8.24–8.18 (d, J = 12.3 Hz, 1H, H15), 7.88–7.84 (dd, J = 1.7 Hz,
J = 7.7 Hz, 1H, H17), 7.69–7.65 (m, 2H, H16, H18), 7.60–7.55 (m,
1H, H11), 7.49–7.45 (dd, J = 2.3 Hz, J = 8.8 Hz, 1H, H9), 7.19–7.09
(m, 2H, H6, H8), 6.90 (s, 1H, H3), 5.85 (s, 1H, H20), 3.41 (s, 3H,
H21); 13C NMR (d6-DMSO/295 K/ppm): 181.22 (C13), 158.98
(C19), 156.17 (C4), 155.92 (C2), 144.65 (C5), 143.86 (C7), 139.78
(C11), 139.46 (C17), 135.50 (C15), 126.48 (C9), 126.22 (C1),
122.86 (C16), 122.62 (C14), 118.67 (C12), 114.77 (C18), 109.02
(C8), 106.22 (C3), 104.23 (C10), 101.58 (C6), 55.48 (C20), 49.07
(C21); UV–Vis (Methanol, kmax (e, M�1 cm�1)): 404 nm (11660),
325 nm (sh, 1335), 270 nm (sh, 1701), 240 nm (2949); TOF-MS
(m/z): Calcd: 417.0824, Found: 386.0936 [M�OCH3]+, 387.0983
[M�OCH3 + H]+.
2.3. Synthesis of metal complexes

2.3.1. trans-[ReOBr2(PPh3)(hbc)] (1)
Complex 1 was isolated from the reaction of Hhbc (0.034 g;

1.035 mmol) and trans-[ReOBr3(PPh3)2] (0.100 g; 1.035 mmol) in
toluene (20 cm3) at reflux for 4 h. The resultant dark green solution
was allowed to cool to room temperature and was filtered. Slow
evaporation of the mother liquor produced green needle crystals.
Yield: 48%; Melting point: 236–240 �C; Conductivity (EtOH, 10�3

M) = 20.45 ohm�1 cm2 mol�1; Infrared (vmax/cm�1): m(C@O) 1750
(s), m(C@N) 1595(s), m(CAOAC) 1181 (s), m(Re@O) 973 (s); 1H
NMR (d6-DMSO/298 K/ppm): 8.02–7.89 (m, 2H, H13, H15), 7.85–
7.73 (m, 3H, H6, H8, H9), 7.69–7.53 (m, 16H, PPh3, H11), 7.38–
7.10 (m, 3H, H3, H14, H16); 13C NMR (d6-DMSO/295 K/ppm):
161.19 (C11), 158.73 (C4), 158.55 (C17), 157.03 (C2), 154.50 (C7),
153.84 (C5), 139.24 (C15), 139.09 (C13), 136.88 (PPh3), 134.60
(PPh3), 134.52 (PPh3), 133.81 (PPh3), 132.81 (PPh3), 132.51
(PPh3), 132.49 (PPh3), 132.13 (PPh3), 131.99 (PPh3), 131.91
(PPh3), 130.52 (PPh3), 129.75 (PPh3), 129.36 (PPh3), 129.27
(PPh3), 129.21 (PPh3), 129.18 (PPh3), 128.67 (PPh3), 125.79 (C9),
122.79 (C1), 121.11 (C14), 120.57 (C10), 119.96 (C8), 118.17
(C12), 117.70 (C16), 112.85 (C6), 112.73 (C3); UV–Vis (Methanol,
kmax (e, M�1 cm�1)): 589 nm (sh, 73), 489 nm (sh, 180), 371 nm
(5642), 259 nm (9148); Molecular mass (m/z): Calcd: 956.5533,
Found: 876.038 [M�Br]+, 878.043 [M�Br + 2H]+.
2.3.2. fac-[Re(CO)3Cl(aomc)] (2)
An equimolar reaction mixture of [Re(CO)5Cl] (1.000 g; 2.764

mmol) and ligand aomc (0.110 g; 2.764 mmol) in toluene (20
cm3) was heated under nitrogen to reflux for 6 h. From the result-
ing orange solution, a yellow precipitate was obtained via gravity
filtration and washed with diethyl ether. Yield: 68%; Melting point:
263–266 �C; Conductivity (EtOH, 10�3 M) = 3.92 ohm�1 cm2

mol�1; Infrared (vmax/cm�1): m(NAH) 3312, 3128 (br, m), m(C„O)fac
2023, 1902 (vs), m(C@O)coumarin 1747 (s), m(C@O)chromone 1646 (s),
m(C@N) 1605 (s), m(C-O-C) 1339 (s); 1H NMR (d6-DMSO/298 K/
ppm): 10.13–9.88 (d, 2H, NH2), 8.59 (s, 1H, H11), 8.13–8.09 (dd, J
= 8.1 Hz, J = 1.5 Hz, 1H, H9), 7.93–7.86 (m, 2H, H6, H8), 7.62–7.55
(m, 2H, H15, H17), 7.50–7.44 (m, 2H, H1, H18), 7.10 (s, 1H, H16);
13C NMR (d6-DMSO/295 K/ppm): 188.43 (C13), 171.47 (C20),
168.11 (C4), 159.90 (C„O)fac, 159.32 (C„O)fac, 158.64 (C„O)fac,
154.19 (C19), 151.94 (C2), 135.94 (C11), 134.63 (C5), 129.36 (C7),
128.66 (C9), 126.96 (C14), 126.45 (C16), 125.71 (C1), 121.44
(C17), 119.59 (C15), 117.37 (C18), 117.31 (C10), 112.32 (C8),
111.99 (C6), 99.13 (C3), 97.90 (C12); UV–Vis (Methanol, kmax (e,
M�1 cm�1)): 263 nm (19041), 291 nm (17658), 333 nm (sh,
12608), 392 nm (sh, 6560); Molecular mass (m/z): Calcd:
705.9764, Found: 702.9614 [M�2H]�, 704.9639 [M�H]�,
706.9764 [M + H]�.

2.3.3. fac-[Re(CO)3Cl(moac)] (3)
A solution of [Re(CO)5Cl] (0.100 g; 2.765 mmol) and moac

(0.106 g; 2.765 mmol) in toluene (20 cm3) was heated to reflux
under nitrogen for 6 h. The yellow solution was cooled to room
temperature and the yellow precipitate was filtered, washed with
diethyl ether. Yield: 44%; Melting point: 270–273 �C; Conductivity
(EtOH, 10�3 M) = 5.26 ohm�1 cm2 mol�1; Infrared (vmax/cm�1):
m(OACH3) 3190 (s), m(NAH) 2943 (s), m(C„O)fac 2020, 1906, 1887
(s), m(C@O)coumarin 1756 (s), m(C@O)chromone 1638 (s), m(CAOAC)
1253 (s), m(CAN) 1144 (s); 1H NMR (d6-DMSO/298 K/ppm): 9.52
(s, 1H, H3), 8.79 (s, 1H, H11), 8.40–8.35 (d, 1H, H9), 8.21–8.15 (t,
1H, H18), 8.08–8.04 (d, 1H, H16), 8.00–7.95 (d, 1H, H15), 7.86–
7.81 (t, 1H, H17), 7.52–7.46 (m, 2H, H6, H8), 7.14 (s, 1H, H20),
3.43 (s, 6H, OCH3, NH, H2O); UV–Vis (Methanol, kmax (e, M�1

cm�1)): 261 nm (15581), 298 nm (br, 16449), 331 nm (br,
16885), 415 nm (16942); Molecular mass (m/z): Calcd: 721.9839,
Found: 707.9677 [M�CH3]�, 705.9655 [M�CH3�2H]�.

2.4. DNA binding studies

The DNA binding properties of 2 and 3were investigated via the
titration of the metal complexes using Calf-Thymus (CT)-DNA pre-
pared in aqueous PBS (pH 7.4). The study was conducted at 25 �C
using a temperature-controlled system. CT-DNA stock solutions
were prepared and stored as per the instructions by Sigma–
Aldrich. The CT-DNA solution afforded a UV absorbance ratio at
260 and 280 nm of 1.8:1 indicating the DNA was sufficiently free
of bound proteins [17]. In addition, using the molar absorptivity
per nuclide of DNA (e = 6600 M�1 cm�1) and the UV absorption at
260 nm, the concentration of the DNA stock solution was calcu-
lated. The respective metal complex and CT-DNA solutions were
incubated for 24 h at 25 �C prior to any UV–Vis measurements.
Furthermore, the UV–Vis spectra of the metal complexes (in
methanol) was attained with varying nucleotide concentrations.
The intrinsic binding constant (Kb) of metal complexes 2 and 3
were obtained using the Wolfe–Shimmer equation (Eq. (A)):

½DNA�=ðea � efÞ ¼ ½DNA�=ðeb � efÞ þ 1=Kbðeb � ef Þ ðAÞ
In the equation, [DNA] is the concentration of DNA in base pairs,

ea is the extinction coefficient of the absorption band at the given
[DNA] (Aobs/[complex]), ef is the extinction coefficient of the com-
plex free in solution, and eb is the extinction coefficient of the com-



Table 1
Crystal data and structure refinement data.

Hhbc moac 1

Chemical formula C17H10F3NO3 C21H14F3NO5 C42H32Br2F3NO4PRe
Formula weight 332.26 417.33 1048.68
Crystal system monoclinic triclinic monoclinic
Space group P21/n P�1 P21/n
T (K) 100(2) 100(2) 100(2)
Unit cell dimension
a (Å) 9.8163(7) 8.2277(6) 19.463(2)
b (Å) 5.4034(3) 9.6581(7) 9.2113(11)
c (Å) 26.2875(19) 12.2234(8) 21.033(3)
a (�) 90 92.902(4) 90
b (�) 90.436(4) 96.587(4) 97.030(2)
c (�) 90 93.859(4) 90
Crystal size (mm) 0.60 � 0.11 � 0.04 0.17 � 0.12 � 0.09 0.21 � 0.03 � 0.02
V (Å3) 1394.29(16) 961.05(12) 3742.5(8)
Z 4 2 4
Dcalc. (Mg m�3) 1.588 1.442 1.861
Absorption coefficient (mm�1) 0.136 0.122 5.490
F(000) 680 428 2040
h range for data collection (�) 1.5, 27.1 1.7, 27.1 1.32, 26.01
Index ranges �12 � h � 12 �10 � h � 10 �24 � h � 23

�4 � k � 6 �12 � k � 12 �6 � k � 11
�32 � l � 33 0 � l � 15 �25 � l � 25

Reflections measured 12651 4151 25931
Observed reflections [I > 2r(I)] 2358 3091 5881
Independent reflections 3056 4151 7174
Data/restraints/parameters 3056, 0, 221 4151, 0, 272 7174, 0, 488
Goodness-of-fit (GOF) on F2 1.04 1.060 1.01
Observed R, wR2 0.042, 0.105 0.055, 0.161 0.026, 0.049
Rint 0.029 0.033 0.038

Table 2
Selected bond lengths (Å) and bond angles (�) of 1.

1

Computed Experimental

Bond length (Å)
Re–N 2.115 2.157(3)
Re–Br1 2.570 2.547(5)
Re–Br2 2.574 2.564(5)
Re–O3 1.979 1.937(2)
Re–O4 1.678 1.686(2)
Re–P 2.499 2.472(1)

Bond angle (�)
Br1–Re1–P1 90.1 87.5(2)
Br1–Re1–Br2 168.9 170.1(1)
Br1–Re1–O3 86.9 86.7(7)
Br1–Re1–O4 95.8 97.0(8)
Br1–Re1–N1 88.3 90.5(8)
P1–Re1–Br2 96.6 97.5(2)
P1–Re1–O3 84.7 89.6(7)
P1–Re1–O4 90.9 94.2(8)
P1–Re1–N1 167.8 171.2(8)
Br2–Re1–O3 84.9 84.7(7)
Br2–Re1–O4 92.9 91.3(8)
Br2–Re1–N1 83.3 83.3(8)
O3–Re1–O4 174.9 174.8(1)
O3–Re1–N1 83.1 81.7(1)
O4–Re1–N1 101.3 94.6(1)

Table 3
Selected bond lengths (Å) and bond angles (�) for Hhbc and moac.

Hhbc moac

C7–N1 1.421(2) C7–N1 1.398(3)
N1–C11 1.287(2) N1–C11 1.354(3)
C11–C12 1.451(2) C11–C12 1.364(3)
C12–C17 1.409(2) C12–C20 1.500(3)
C4–O2 1.368(2) C4–O2 1.378(3)
C5–O2 1.387(2) C5–O2 1.381(2)
– – C19–O4 1.379(3)
– – C20–O9 1.433(3)

C7–N1–C11 120.5(1) C7–N1–C11 125.4(2)
N1–C11–C12 121.7(2) N1–C11–C12 123.8(2)
C11–C12–C17 121.8(1) C11–C12–C20 117.5(2)
C11–C12–C13 119.1(1) C11–C12–C13 123.7(2)
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plex when fully bound to DNA. A plot of [DNA]/(ea � ef)
versus [DNA], gave a slope of 1/(ea � ef) and y-intercept equal to
1/Kb(eb � ef). Using the slope to intercept ratio the intrinsic binding
constant, Kb, is obtained.

2.5. X-ray diffraction

The X-ray data for metal complex 1 and free-ligands, Hhbc and
moac were recorded on a Bruker Apex Duo diffractometer
equipped with an Oxford Instruments Cryojet, operating at 100
(2) K, and an Incoatec microsource, operating at 30 W power. In
all three cases the data were collected with Mo Ka (k = 0.71073Ǻ)
radiation at a crystal-to-detector distance of 50 mm. The data col-
lections were performed using omega and phi scans with expo-
sures taken at 30 W and 0.50� frame widths using APEX2 [18].
The data were reduced with the programme SAINT [18] using outlier
rejection, scan speed scaling, as well as standard Lorentz and polar-
ization correction factors. A SADABS semi-empirical multi-scan
absorption correction was applied to the data [18]. Direct methods,

SHELXS-97 [19] and WinGX [20] were used to solve all three struc-
tures. All non-hydrogen atoms were located in the difference den-
sity map and refined anisotropically with SHELXL-97 [19]. All
hydrogen atoms were included as idealized contributors in the
least squares process. Their positions were calculated using a
standard riding model with CAHaromatic distances of 0.95 Ǻ and
Uiso = 1.2 Ueq and CAHmethylene distances of 0.99 Å and Uiso = 1.2
Ueq. Crystal and structure refinement data are given in Table 1
and selected bond lengths and bond angles are given in Tables 2
and 3. Platon SQUEEZE was used to remove disordered solvent
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molecules from the crystal lattice of moac [21]. The squeeze pro-
cess left solvent accessible voids of 71 Å3. The solvent was a metha-
nol molecule disordered over a position of too high symmetry for
the molecule.

2.6. Computational studies

The coumarin free-ligands (viz. Hhbc, aomc and moac) and the
metal complexes 1–3 were optimised using the DFT method with
the PBE1PBE functional in conjunction with the 6-31G basis set
for hydrogen and carbon atoms, the 6-31+G(d) basis set for nitro-
gen, oxygen, chlorine and phosphorus atoms as well as the effec-
tive core pseudopotential LANL2DZ basis set for rhenium atom.
The use of the PBE1PBE functional and the aforementioned basis
sets have been justified in literature for rhenium-containing com-
plexes [22]. Full optimisation, without any symmetry restrictions,
was adopted in the gas phase. The X-ray structures were used for
Hhbc, moac and metal complex 1 as starting conformers. As the
X-ray structures for 2 and 3 are not available, the facial tricarbonyl-
rhenium(I) configuration for each metal complex was considered.
All the free-ligands and their metal complexes were optimised
with a multiplicity of 1. Frequency computations of their optimised
geometries were performed to ensure that all conformers are true
local minima. Uncorrected infrared vibrational frequencies of these
compounds were also reported in the gas phase. In order to mimic
the experimental conditions, the free-ligands and the metal com-
plexes 1–3 were optimised in dimethyl sulfoxide (DMSO) and
methanol as solvents. These solvent computations were carried
out using the polarizable continuummodel as developed by Toma-
si’s group [23] in the framework of self-consistent reaction field. In
addition, the optimized structures in DMSO were used for comput-
ing the chemical shifts of the metal complexes with the Gauge-
Including Atomic Orbital method [24] using shielding of TMS
computed at the same theoretical level and basis set. TD-DFT com-
putations were also performed using the optimised structures in
methanol to obtain the electronic spectra. GAUSSIAN 09 program
[25] was used for all the computations by means of the resources
provided by Gridchem [26].

Molecular docking simulations were carried out using the opti-
mized structures of 2 and 3 and the programme Patchdock Beta
HOMO

Fig. 2. HOMO and LUMO surfaces o
version 1.3. Molecular interactions were refined using Firedock
[27] and visualizations were adapted through YASARA View [28].
The B-DNA structure (LOX) (PDB ID: 1F8N) was obtained from
the Protein Data Bank and all water molecules were removed prior
to the docking procedure.
3. Results and discussion

3.1. Synthesis, spectral characterization and computational studies

The diamagnetic rhenium(V) and -(I) complexes 1–3 were iso-
lated from the 1:1 M coordination reactions of the coumarin free-
ligands (viz. Hhbc; aomc and moac) with trans-[ReOBr3(PPh3)2]
and [Re(CO)5Cl], see Schemes 1–6 in the supporting information
document. These bidentate coumarin chelators coordinate through
their mono anionic NiminoOphenolate (for 1) and neutral NiminoOketonic

donor sets (for 2 and 3). Complex 1 is soluble in most polar sol-
vents while the rhenium(I) compounds are partially soluble in
halogenated solvents and soluble in hot aprotic solvents and
methanol. The rhenium complexes are stable in the solid-state
and for months in methanol. With the exception of complex 3
being progressively unstable over three to four hours in dimethyl-
sulphoxide, the other rhenium complexes are stable in this solvent
for days.

The distinctive features of the IR spectra of the metal complexes
are the characteristic intense vibrations associated with the
[ReVO]3+ (for 1) and fac-[Re(CO)3]+ cores (for 2 and 3). The analogous
stretches obtained theoretically are found at 1060 cm�1 (for 1) and
between 1985 and 2104 cm�1 (2104, 2023, 1985 cm�1 for 2 and
2114, 2028, 1999 cm�1 for 3) within their respective simulated
IR spectra, see Figs. S15, S21 and S26. Interestingly, the theoretical
assignment of the vibrational modes show that the ketonic groups
of the coordinated chromone moieties (1636 cm�1 for 2 and 1653
cm�1 for 3) vibrate at lower frequencies compared to the uncoor-
dinated coumarin moieties (1824 cm�1 for 2 and 1826 cm�1 for
3) for the facial tricarbonylrhenium(I) compounds. Therefore, their
ketonic coumarin IR stretches in the experimental spectra are
found at 1747 (for 2) and 1756 cm�1 (for 3) while the ketonic chro-
mone IR stretches are found at 1646 (for 2) and 1638 cm�1 (for 3).
LUMO

f metal complex 1 in methanol.
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The absence of the m(C@N) of 3 in its experimental spectrum is also
evident in the simulated spectrum of 3 while an amine vibration is
observed at 1144 cm�1 and 1149 cm�1 in its experimental and
simulated IR spectra, respectively. Computationally, the symmetric
CH stretching of the methoxy group vibrates strongly at 3065 cm�1
Fig. 3. UV–Vis spectral profile of 2 attained from the titration of 2 against progressive ad
electronic transition at 291 nm. The inset shows the plot of [DNA]/(ea � ef) � 108 vs [DN

Fig. 4. UV–Vis spectral profile of 3 attained from the titration of 3 against progressive ad
electronic transition at 415 nm. The inset shows the plot of [DNA]/(ea � ef) � 108 vs [DN
and its experimental vibrational band occur as a medium intense
as well as broad vibrational band.

The proton spectrum of 1 is dominated by a multiplet ascribed
to the triphenylphosphine co-ligand and the imino protons’
signals. The remaining signals of the aromatic moieties appear in
ditions of CT-DNA. The arrow indicates the decreasing intensity of the intra-ligand
A] � 105.

ditions of CT-DNA. The arrow indicates the decreasing intensity of the intra-ligand
A] � 106.



Fig. 5. Docked position of 2 bound to a minor groove of B-DNA: (A) shows DNA in ball and stick view whereas (B) shows the molecular surface view of DNA.
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the form of three multiplets integrating to 2, 3 and 3 protons, see
Fig. S10. The comparative imine and amine CAH signals of 2 (at
8.59 ppm) and 3 (8.79 ppm) resonate at significantly different
positions which emphasizes again that moac chelator is an amine,
see Figs. S17 and S23. In addition, the predicted NMR spectra of 2
and 3 show individual CAH signals at 8.42 ppm and 8.94 ppm,
which are in good agreement with the experimental findings.

The classical covalent attachment of a methoxy group at the 2-
position of the chromone moiety in 3 induced resonance of the
imino double bond and protonation of the imino nitrogen [29]. Evi-
dently, a broad singlet at 3.43 ppm in the proton spectrum of 3 is
accounted to overlapping signals of the methoxy, the amine and
water. The signals of the methoxy group of complex 3 were pre-
dicted in the range of 3.82–4.46 ppm. Affirmation that the respec-
tive chelators did coordinate to the metal centres is given by the
disappearance of the hydroxyl signal in the proton spectrum of 1
which was originally found at 12.37 ppm (predicted at 12.50
ppm) in the proton spectrum of its free-ligand, Hhbc. Furthermore,
the 1H NMR signals of the free ligand aomc differ from that of com-
plex 2, showing a significant up-field shift for the imine proton
with the sharp singlet moving from 10.09 ppm (predicted at
8.74 ppm) to 8.59 ppm (predicted at 8.42 ppm). In addition, the
proton signals of 2 between 10.13 and 9.88 ppm shows the pres-
ence of the amino substituent implying that coordination did occur
via the Nimino, Oketonic donor set while all the other aomc ligand’s
signals show a slight up-field shift. No interpretable 13C NMR spec-
trum of 3 could be obtained which ascribed to its instability in
deuterated dimethylsulphoxide and this was confirmed by variable
temperature proton NMR spectroscopy. In addition, the moderate
solubility of complex 3 in deuterated methanol and acetonitrile
afford 13C NMR spectra with low signal-to-noise ratios.

The UV–Vis spectra of the metal complexes exhibit several com-
mon intra-ligand p–p⁄ electronic transitions with that of their
respective free-ligands, see Figs. S12, S19 and S24. The electronic
spectrum of 1 displays an intra-ligand p–p⁄ transitions present at
259 nm and 371 nm together with a metal to ligand charge trans-
fer (MLCT) band at 489 nm. The simulated absorption spectra
based on TD-DFT computations in methanol of metal complex 1
with Hhbc ligand are illustrated in Fig. S13. There is a close similar-
ity between the experimental and simulated spectra whereby the
intra-ligand p–p⁄ transitions are predicted at 256 nm (oscillator
strength, f = 0.1036) and 331 nm (f = 0.1221). The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbi-
tal (LUMO) are displayed in Fig. 2. The calculated HOMO–LUMO
energy gap of metal complex 1 based on optimized geometries in
methanol is 3.40 eV. Complex 1 displays a d–d electronic transition
band at 589 nm whilst 2 and 3 possess no metal-based electronic
transition bands due to rhenium(I) complexes having low spin d6

electronic configurations. The HOMO–LUMO energy gaps of metal
complexes 2 and 3 are 3.72 eV and 3.64 eV, respectively, revealing
that the charge transfer takes place from the rhenium atom
towards the coumarin chelators.



Fig. 6. Docked position of 3 bound to a minor groove of B-DNA: (A) shows DNA in ball and stick view whereas (B) shows the molecular surface view of DNA.
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3.1. DNA binding studies

The anticancer activities of many transition metal complexes
can be correlated to their DNA interaction capabilities [30]. The
interaction of metal complexes and calf thymus DNA is typically
monitored using temperature controlled UV–Vis spectroscopy
[31,32]. The common DNA binding modes (viz. intercalation,
groove binding or external electrostatic binding) are typically
influenced by the stereo-electronic properties of chelating ligands
and steric effects of other co-ligands [33]. Metal complexes which
bind to DNA via intercalation in progressive decreases of intra-
ligand electronic transitions or MLCT bands (i.e. hypochromism)
accompanied by a progressive red shift (i.e. bathochromism).

The UV–Vis spectral profiles of 2 and 3 shows decreases of
intra-ligand p–p⁄ electronic transitions at 291 nm (for 2) and
415 nm (for 3), see Figs. 3 and 4. The distinctive reductions of these
electronic transitions are indicative of hypochromism but no red-
shifting of the peak maxima were observed. This UV–Vis spectral
changes are synonymous with groove-binding of octahedral rhe-
nium(I) complexes to the DNA double helix rather than DNA inter-
calation. In fact, the calculated intrinsic binding constants (Kb) for 2
and 3 were estimated to be 4.939 � 105 M�1 and 5.752 � 104 M�1,
respectively and compare well with other rhenium(I) groove bind-
ing complexes [34,35].

Molecular docking simulations corroborated the experimental
DNA binding studies as the optimized conformers of the rhenium
(I) compounds both are minor groove binders, see Figs. 5 and 6.
Furthermore, the preferential minor groove binding occurs despite
the fact that their respective van der Waals radii (9.484 Å for 2 and
9.415 Å for 3) suggest that the conformers are too large to fit in the
B-DNA structure’s minor groove having a diameter of approxi-
mately 12 Å from its geometric centre. The comparable optimized
structures of 2 and 3 afforded DNA adducts with similar global
energies of �51.86 and �54.09 kJ/mol, respectively. In addition,
the DNA binding modes of the conformers are reinforced by the
following DNA base pair interactions (below 3 Å): G–C, C–G, G–C
and T–A for 2; G–C, C–G, A–T and T–A for 3. In addition, the chloro
co-ligands and coumarin ketonic oxygens for both conformers 2
and 3 show interactions with opposing phosphate backbones of
the double stranded DNA.

3.2. X-ray crystallography studies

Four molecules of 1 crystallizes out in the P21/n space group
along with four toluene molecules of recrystallization. Within the
monoclinic unit cell, adjacent molecules of 1 interacts via co-planar
phenolate moieties of their respective hbc chelators with an inter-
planar spacing of 3.812 Å which is outside the distance of 3.5 Å for
classical pi–pi stacking interactions. The rhenium atom of 1 is at
the centre of a distorted octahedron induced by the constrained
six-membered chelate ring [N1–Re–O3 = 81.7(1)�], see Fig. 7.
Consequently, non-linear bond angles [Br1–Re–Br2 = 170.08(2)�,
O4–Re–O3 = 174.9(1)� and N1–Re–P1 = 171.20(9)�] are found
within the O4Br2O3Br1 basal plane. The optimised ground state



Fig. 7. An ORTEP view of complex 1 showing 50% probability displacement ellipsoids and the atom labelling. The toluene molecule of recrystallization has been omitted for
clarity.

Fig. 8. Optimised geometries of metal complexes 1, 2 and 3 in the gas phase.
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geometries of metal complexes 1, 2 and 3 in the gas phase are dis-
played in Fig. 8. Selected bond lengths and angles are gathered in
Table 4. These optimised bond lengths and bond angles of metal
complex 1 are in good agreement with the experimental data
(Tables 2) with root mean square deviations of 0.076 Å and 1.46
Å, respectively. In fact, the simulated bond angles of the chelate
rings are 83.1�, 83.4� and 81.5� for metal complexes 1, 2 and 3,
respectively.

The C11–N1 [1.298(4) Å] bond order of 1 is unequivocally
established based on its similarity with Hhbc’s imino bond length



Table 4
Selected optimized bond lengths (Å) and bond angles (�) for 2 and 3.

2 3

Bond length (Å) Computed
Re–Cl 2.476 2.476
Re–N 2.171 2.324
Re–C1 1.924 1.905
Re–C2 1.901 1.906
Re–C3 1.910 1.905
Re–O4 2.177 2.166
C1–O1 1.159 1.160
C2–O2 1.164 1.161
C3–O3 1.167 1.167

Bond angle (�)
O4–Re–N 83.40 81.50
C1–Re–N 172.38 170.98
C2–Re–O4 176.34 175.62
C3–Re–Cl 174.44 171.92
O1–C1–Re 178.68 178.70
O2–C2–Re 179.17 179.13
O3–C3–Re 179.51 178.63

116 B. Jadoo et al. / Polyhedron 144 (2018) 107–118
of 1.287(2) Å while the amine bond of moac [C11–N1 = 1.354(3) Å]
are as expected longer than the aforementioned imino bonds, see
Figs. 9 and 10. These observations are also made theoretically;
the C11–N1 bond length of metal complex 1 is predicted to be
1.302 Å while in the corresponding free ligand, this predicted bond
length is 1.295 Å and the C11–N1 bond length of moac is 1.389 Å.
The optimised bond lengths and bond angles of Hhbc and moac are
found in Tables S1 and S2 in the accompanying supplementary
information document and other bond lengths are reported in
parentheses so as to assist in the comparison. The consequence
of the covalent attachment of a methoxy group to chromone moi-
ety for Hmoac is the resonance of the localized classical C@C bond
of C20–C12 [1.499(3) Å, (1.496 Å)] to C12–C11 [1.366(3) Å, (1.368
Å)] whereas the analogous bonds of C20–C12 in 1 [C12–C17 =
1.403(5) Å, (1.418 Å)] and its free-ligand crystal structure, Hhbc
[C12–C17 = 1.409(2) Å, (1.421 Å)] are double bonds.

The ketonic bond of the coumarin moiety C4–O1 show similar
bond lengths of 1.210(2) Å (1.253 Å) for Hhbc, 1.206(5) Å (1.211
Å) for 1 and 1.206(3) Å (1.211 Å) for moac whist the ketonic bond
Fig. 9. An ORTEP view of Hhbc showing 50% probabili
of Hmoac at C13–O3 shows an elongated bond length of 1.247(3) Å
(1.253 Å) brought about by intra-ligand hydrogen bonding with
the N–H amine. In addition, the ether bonds present in moac of
the coumarin moiety [C4–O2 = 1.377(3) Å (1.393 Å) and C5-O2 =
1.381(2) Å (1.370 Å)] and of the chromone moiety [C19–O4 =
1.380(3) Å (1.375 Å) and C20–O4 = 1.433(3) Å (1.437 Å)] show dis-
similar bond lengths due to the influence of the methoxy group on
C20 whilst Hhbc and 1 both display similar ether bond lengths (e.g.
C4–O2 = 1.368(2) Å and C5–O2 = 1.387(2) for Hhbc). These experi-
mental observations also agree well with the optimised bond
lengths.

Surprisingly, the rhenium to bromide bonds [Re-Br1 = 2.5467
(6) Å Å (2.570 Å) and Re-Br2 = 2.5638(5) Å (2.574 Å)] are non-
equidistant despite their opposing trans-influence on each other.
The Re-Nimino bond [Re–N1 = 2.157(3) Å (2.115 Å)] is well within
the range [2.087(9)–2.227(4) Å] found for other oxorhenium(V)
Schiff base complexes [36–38]. Furthermore, the Re-O4 [1.686(2)
Å (1.678 Å)] and Re–O3 [1.937(2) Å (1.979 Å)] bonds are compara-
ble to other Re-Ooxo and Re-Ophenolate bonds found within [1.671
(8)–1.6967(12) Å] and [1.861(8)–1.99(5) Å], respectively [39–41].
Among these rhenium compounds are bis-chloro(N-methylsalicyli-
deneiminato)oxorhenium(V), [ReOCl2(Hmap)(PPh3)] (H2map =
2-aminobenzylalcohol) and [ReOCl(1b)2] (1b = 4-nitro-2-(1-methyl-
1H-pyrazol-3-yl)phenol). In addition, the rhenium to phosphorous
bond length in 1 [2.472(1) Å (2.499 Å)] is comparable to those
observed in other Re(V) complexes [42–44].

4. Conclusion

Novel rhenium(I) and -(V) complexes with coumarin Schiff
bases were synthesized and spectroscopically characterized. DNA
binding studies indicated that the facial tricarbonyl rhenium(I)
compounds are groove-binders which were supported by molecu-
lar docking studies. These molecular docking studies illustrated
that 2 and 3 are minor groove binders with comparable global
energies for their DNA interactions. X-ray crystal structure analysis
of 1 revealed that it exhibit a distorted octahedral geometry which
largely induced by its constrained Nimino-Re-Ophenolate bite angle.
Density functional theory calculations was also used to comple-
ment the experimental data.
ty displacement ellipsoids and the atom labelling.



Fig. 10. An ORTEP view of moac showing 50% probability displacement ellipsoids and the atom labelling.
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graphic data for for metal complex 1 and free-ligands, Hhbc and
moac. These data can be obtained free of charge via http://www.
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tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
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online version, at https://doi.org/10.1016/j.poly.2018.01.017.
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