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Abstract

Reaction between bromo tricarbonyl manganese(I) and N,N'-bis(phenyl)-1,4-diaza-1,3-butadiene ligands, bearing different
electron-donating and electron-withdrawing groups R = OCHj;, Cl, and NO, in the ortho- and para-positions on the phenyl
substituent, afforded [MnBr(CO);(N-N)] complexes. The influence of the character and position of the substituent on the
dark stability and carbon monoxide releasing kinetics was systematically investigated and correlated with the data of the
time-dependent density functional theory calculations. The combined UV/Vis and IR data clearly revealed that the aerated
solutions of [MnBr(CO);(N-N)] in either coordinating or noncoordinating solvents are dark stable and the fluctuations
observed during the incubation period especially in the case of the nitro derivatives may be attributed to the exchange of
the axial bromo ligand with the coordinating solvent molecules. The free ligands and nitro complexes were non-cytotoxic
to HepG2 cells under both the dark and illumination conditions. In the dark, Mn(I) compounds, incorporating 0-OCH; and
0-Cl, exhibited excellent cytotoxicity with ICs, values of 18.1 and 11.8 pM, while their para-substituted analogues were

inactive in the dark and active upon the irradiation at 365 nm with IC, values of 5.7 and 6.7 pM, respectively.
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Introduction

It is well known that the toxicity of carbon monoxide
’the silent killer gas’’ is attributed to the strong affin-
ity to haemoglobin compared to oxygen. Small quanti-
ties of CO are enzymatically produced by the action of
heme oxygenase (HO) enzymes on heme [1]. To date,
CO displays remarkable useful biological effects includ-
ing the reduction of the chemotherapeutic resistance
and proliferation of cancer cells [2]. For example, CO
enhanced the response of the cancerous breast cells to
doxorubicin-mediated death by about 40%. Promotion of
wound healing, participation in essential signaling pro-
cesses and the cyto-protection during the inflammations
are some of the other beneficial biological effects of CO
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in the concentration range of 10-250 ppm [3]. CO has a
role in the regulation of vascular tonus in conduit arter-
ies [4]. Due to the non-selectivity of CO to metal-based
biomolecules, it is not recommended to administrate CO
by inhalation. Carbon monoxide releasing molecules
(CORMs) were lately launched for administration of well-
controlled quantities of CO to tissues upon the activa-
tion with either internal or external sources. The fact that
CO reacts primarily with low oxidation states transition
metal ions encouraged the research groups to investigate
some metal carbonyls as prodrugs for carbon monoxide.
The first transition metal-based CORMs, [Mn,(CO),,]
(CORM-1) and [RuCl(p-C1)(CO);], (CORM-2), were
introduced by Motterlini’s research group [5]. Because of
the poor water solubility of the first generation CORMs,
more biocompatible Ru(II)-based complex incorporating
amino acid, [RuCl(glycinato)(CO);] (CORM-3) was intro-
duced. CORM-3 is stable in the aqueous acidic media, but
liberates CO in physiological buffers and human plasma.
CORMS-3 has a cardioprotective effect as well as the
ability to prolong the survival of the transplanted hearts
in mice [6]. Motterlini’s complexes were the milestone
for researchers to investigate the ability of using metal
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carbonyl complexes as prodrugs for CO delivery and that
encouraged to continue with the trials to make CO clini-
cal applications possible, using CORMs based on other
metal ions and co-ligands. As reported, the release of CO
from CORMSs can be achieved as follows: use of light [5],
change of pH [7], unusual physiological conditions [8],
thermally [1], enzymatically [9-11], increase in ROS con-
centration [12], ligand exchange [1], and by the change
the metal oxidation state [13, 14]. The use of light as a
triggering method to release CO from metal carbonyls has
permitted facile control of location, dosage of CO, and
initiative time [15].

Tricarbonyl manganese(I) complexes received sig-
nificant interest because of their promising photophysical
and biological applications [16-25]. Initially, the ability
of [Mn(CO);(tpm)]PF4 (tpm = tris(pyrazolyl)methane) to
release CO and the resulting photoinduced cytotoxicity
properties upon the illumination at 365 nm were reported
[26]. The CO release properties of [MnBr(CO);(pbt)]
(pbt =2-(2-pyridyl)benzothiazole)), which promotes
CO-triggered death of human breast cancer cells upon
the illumination with visible light, were studied [24].
Fac-[MnBr(CO),L>67PoP] (L2:67ProP; N N'_bis(2,6-
diisopropylphenyl)-1,4-diaza-1,3-butadiene) displayed fac-
ile photoinduced CO release upon the exposure to visible
light (550 nm) [27]. Recently, two fac-[MnBr(CO);(N-N)]
series, incorporating N,N-bidentate Schiff base ligands,

Scheme 1 Synthesis of Schiff-
base ligands (1-6) and their

photoactivatable bromo tricar-
bonyl Mn(I) complexes (7-12)

[MnBr(CO)s]

HoN
2\/\NH2+2|\
A
R

R
|\\
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capable of releasing CO at 525 nm, showed a good photo
cytotoxic activity against HepG2 attributing to the nature of
the iCORM (the residue after CO release) [28].

Owing to the promising antimicrobial [16, 29, 30] and
cytotoxicity [22, 24, 26] of PhotoCORMs (the name intro-
duced by Ford specifying the category of the photoin-
duced CORMSs) [15] functionalized with N,N-bidentate
ligands, we designed a series of photo induced tricarbo-
nyl Mn(I) compounds (7-12) (Scheme 1) derived from
Schiff-base ligands, bearing different electron-donating
and electron-withdrawing groups (R=0OCHj, Cl, and NO,)
(1-6). These derivatives were chosen to investigate the
influence of the character and position of the substitu-
ent on the phenyl ring on the CO release kinetics of the
investigated compounds. The dark stability and the abil-
ity of 7-12 to act as prodrugs for CO were studied by
UV/Vis and IR spectroscopy. The cytotoxicity of 1-12
towards HepG2 was evaluated both in the dark and upon
the illumination.

Results and discussion

Synthesis and characterization

Six functionalized Schiff-base ligands (1-6) (Scheme 1)
were synthesized by condensation of ethylenediamine

CHO

CoH50H
2h, reflux

1: R = 2-OCHgz (21%)
2: R = 4-OCHg (18%)
3: R =2-Cl (21%)
Z N 4:R = 4-Cl (16%)
/\GR 5: R = 2-NO5 (52%)
6:R = 4-N02 (35°/o)
R
=
« | 7: R = 2-OCHs (39%)

8: R = 4-OCHj (49%)
9: R = 2-Cl (66%)

CHCl3, 3h, reflux
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with two equivalents of ortho- and para-substituted ben-
zaldehydes (R = OCHj;, Cl, and NO,). The six ligands
were obtained in a pure form. The structures of the ligands
were elucidated by IR (Fig. S1), NMR (H and *C{'H})
(Figs. S2 and S3) and elemental analysis. The 'H NMR sig-
nal of —-CH=N- group of 1-6 is observed in the range of
8.24-8.64 ppm. A systematic downfield shift of the 'H NMR
signal of -CH=N- group by changing the character of the
substituent in the para-position of the benzaldehyde residue
from the electron-donating (8.24 ppm, R = OCH,) to the
electron-withdrawing character (8.33 ppm, R = Cl; 8.51,
R =NO,) is observed. Changing the position of the substitu-
ent from para to ortho caused a noticeable downfield shift
for the same signal. Reaction of 1-6 with [MnBr(CO);] in
chloroform, with exclusion of light, gave facial bromo tricar-
bonyl Mn(I) complexes 7-12, which were characterized by
IR (Fig. S4), NMR ('H (Fig. S5) and '*C{'H} (Fig. $6)), ESI
MS, single crystal X-ray diffraction and elemental analysis.
The IR spectra of 7-10 show two prominent bands at around
2016-2022 and 1905-1908 cm™!, which are assigned to the
symmetrical and anti-symmetrical stretching modes of the
tricarbonyl Mn(I) moiety. The nitro complexes (11 and 12)
show three intense v(C=0) bands at (2021, 1937, 1902) and
(2021, 1945, 1912) cm™", respectively. The '"H NMR signal
of the -CH=N- group shifts from 8.24-8.64 ppm in 1-6 to
8.96-9.45 ppm in 7-12 upon the coordination to the metal
ion. The broadness of the NMR spectra may be due to quad-
rupolar nuclear effect and long relaxation time. For 7, 8, and
10, the two —CH=N- groups are non-isoenergetic and thus
two 'H NMR signals are observed at two different chemical
shifts (9.13, 9.07), (9.11, 8.96), and (9.23, 9.12) ppm that
may be attributed to the intermolecular hydrogen bond as
evidenced by X-ray crystallographic analysis (vide infra).

Crystal structures

Single crystals of 7, 8, 10, and 11, appropriate for X-ray
crystallographic analysis, were grown by diffusion of
n-hexane into the solutions of the tricarbonyl manganese(I)
complexes in CH,Cl,. Applicable single-crystal X-ray dif-
fraction parameters are tabulated in Table S1. X-ray crystal-
lographic analysis indicates a distorted octahedral stereo-
chemistry around the Mn(I) ion in the four cases as shown
in Fig. 1 and Fig. S7. The bond lengths and angles around
the metal ion are given in Fig. 1 and Table S2. In each case,
the three CO ligands are coordinated to Mn(I) in a facial
mode, two nitrogen atoms of a bidentate Schiff-base ligand
and bromo ligand complete the octahedral geometry. The
difference between the corresponding bond lengths in 8
and 10 is in the range of 0.001-0.005 A (3sigma=0.03)
except for Mn—C2, Mn—C3 and Mn-N5_2 bond in which
the difference is 0.008-0.012 A. The root means square
difference between the parameters of 8 and 10 is 0.032.

Fig.1 a Molecular structure of complex 8 (thermal ellipsoids are
shown at 50% probability level). Mn—C1 1.807(3), Mn—C2 1.805(3),
Mn-C3 1.809(2), Mn-N2_1 2.073(3), Mn-N5_1 2.062(2), Mn-
Br 2.5367(4), C1-O1 1.139(3), C2-02 1.140(4), C3-03 1.152(3),
CI-Mn-C2 91.5(1), C1-Mn-C3 87.8(1), C1-Mn-N2_1 90.0(1),
CI-Mn-N5_1 94.2(1), C1-Mn-Br 179.07(9), C2-Mn-C3 84.1(1),
N2_1-Mn-C2 175.0(1), C2-Mn-N5_1 93.4(1), C2-Mn-Br
87.65(8), N2_1-Mn-C3 100.7(1), C3-Mn-N5_1 176.8(1), C3—-Mn—
Br 91.75(8), N2_1-Mn-N5_1 81.76(9), N2_1-Mn-Br 90.92(6),
and N5_I-Mn-Br 86.25(6); b molecular structure of complex 10
(thermal ellipsoids are shown at 50% probability level). Mn—-C1_1
1.804(3), Mn-C2_1 1.817(3), Mn-C3_1 1.801(2), Mn-N2_2
2.078(2), Mn-N5_2 2.073(2), Mn-Brl_1 2.5319(5), C1_1-O1
1.137(4), C2_1-02 1.138(4), C3_1-03 1.153(3), C1_1-Mn-C2_1
92.5(1), C1_1-Mn—-C3_1 88.0(1), C1_1-Mn-N2_2 90.8(1), C1_1-
Mn-N5_2 92.4(1), C1_1-Mn-Brl_1 179.67(9), C2_1-Mn-C3_1
85.8(1), N2_2-Mn-C2_1 173.3(1), C2_1-Mn-N5_2 92.3(1), C2_1-
Mn-Brl_1 87.22(8), N2_2-Mn-C3_1 100.2(1), C3_1-Mn-N5_2
178.1(1), C3_1-Mn-Brl_1 91.81(9), N2_2-Mn-N5_2 81.61(8),
N2_2-Mn-Brl_1 89.57(6) and N5_2-Mn-Brl_1 87.74(6)

The crystal data of 8 and 10 were compared to those of
the closely published compound: [MnBr(CO),L>67P™P]
(L26-ProP: N N'-bis(2,6-diisopropylphenyl)-1,4-diaza-1,3-
butadiene) [27]. Exciting, the mean Mn-N bond length in
8 (2.068 A) and 10 (2.076 A) is slightly longer than the
mean value (2.052 A) of [MnBr(CO);L>%P"]. Also, the
Mn-Br bond lengths in 8 (2.5367(4) A) and 10 (2.5319(5)
A) are longer than that observed in [MnBr(CO),L>0—P"P]
(2.517 A). The axial Br—-Mn—C1 angles in 8 (179.07(9)°) and
10 (179.67(9)°) approach the linearity that compares well
with the published [MnBr(CO);(a-diamine)] [22, 28], but
deviate significantly from that seen in [MnBr(CO),L>6~P™P]
(172.51°). The discrepancy between our crystal data and that
observed in [MnBr(CO)3L2’6_pmp] may be attributed to the

@ Springer



138

JBIC Journal of Biological Inorganic Chemistry (2021) 26:135-147

16000

— 14000

lem-

S 12000
10000
8000
6000

4000

Molar absorptivity (Lmol

2000

300 400 500 600
Wavelength (nm)

Fig.2 UV/Vis absorption spectra of complexes 7-12 in DMSO

Table 1 Absorbance maxima (4,,,,, nm) and molar extinction coeffi-
cients (g,,,,, L mol™' cm™') of the lowest energy transitions in com-
pounds 7-12 in DMSO and CH,Cl,

Compounds  DMSO CH,Cl,

Amax (m) e (L Amax (m) e (L
mol~! cm™) mol~! cm™)

7 380 13,154 311 6116
390 2078
8 377 3977 380 3582
321 4220 331 10,066
381 2787 385 6860
10 333 4514 339 9619
393 2718 385 6861
11 376 3640 379 2513
12 362 6906 364 4160

steric crowding around the metal center in the case of the
diisopropyl compound [27].

CO release properties

The UV/Vis absorption spectra of 7-12 were registered
in two solvents (DMSO and CH,Cl,). As shown in Fig. 2,
for methoxy (7, 8) and nitro (11, 12) compounds, a broad
maximum centred in the range of 362-380 nm is observed
in the case of DMSO. Complexes 9 and 10, incorporating
chloride appendage, exhibit two transitions at (321, 381)
and (333, 393) nm, respectively (Table 1). There is no sys-
tematic shift in the position of the lowest energy transition
by changing the character of the substituent in either the
ortho- or the para-position on the phenyl ring (Table 1).
On making a comparison between the lowest energy tran-
sitions of the complexes, bearing the same substituent at

@ Springer

two different positions, we noticed a red-shift behaviour
on moving from the para- to ortho-position clearly seen
in the case of the nitro derivatives (11 and 12).

To understand the nature of the electronic movement
observed in the absorption spectra of 7-12 and how the
nature of the substituent in the ortho- or para-position
affects the energies of the MLCT transitions of 7-12,
time-dependent functional theory (TDDFT) calculations
were performed using the local minimum structures of the
complexes obtained at CAM-B3LYP [31]/GenECP/SMD
(LANL2DZ [32] for Br™, 6-31G(d) for the rest of elements
and SMD is the solvation model [33]) level of theory.

Geometry optimizations of 7-12, in the ground state,
were executed at B3LYP [34, 35]/GenECP/SMD level
of theory. The starting coordinates for the optimization
runs were made based on the obtained crystallographic
data. The local minimum structures are shown in Fig. S8.
The first 30 singlet excited states were considered in the
calculations. The TDDFT spectra of 7-12 are shown in
Fig. S9, and the selected transitions with their assign-
ments are given in Table S3. For para-substituted deriva-
tives, the transition of interest is HOMO — LUMO + 2,
which is found at around 392 nm in all the three para-
complexes (8, 10 and 12). Based on the TDDFT calcula-
tions, it seems that the para-substituent has no effect on
determining the position of the band at 392 nm in agree-
ment with the experimental finding. As shown in Fig. S10,
the HOMO — LUMO + 2 transition has a ground state
composed of d(Mn)/p(Br)/r(ligand) and excited state of
d(Mn)/p(Br)/n*(Mn—CO). Thus, the transition at 392 nm
may be a combination of d—d/LMCT/MLCT. For the
ortho-functionalized compounds with -OCH; (7) and —Cl
(9) groups, the HOMO — LUMO + 2 transition is slightly
shifted to 388 nm. As shown in Fig. 3, the transition of
interest in 7 originates from the occupied orbital primar-
ily composed of d(Mn)/p(Br)/n(Phenyl) and terminates
in LUMO + 2 predominantly made up of 7" (Phenyl) sug-
gesting a nature of MLCT/n—n" for that transition. For 9,
both the HOMO and LUMO + 2 orbitals are composed of
d(Mn), p(Br), and n(phenyl) characters and consequently
the transition at 388 nm has d—d/LMCT/MLCT nature.
Complex 11, incorporating a nitro group in the ortho-posi-
tion, has a unique spectrum comprising of several transi-
tions in the range of 390-500 nm. As shown in Fig. 3,
the transitions at 397 nm (HOMO-3 — LUMO + 1) and
405 nm (HOMO — LUMO + 2) have characters of MLCT/
LMCT and n—-n", respectively. Based on the TDDFT data,
there is no marked change in the wavelength of the low-
est energy transitions with the change the type and posi-
tion of the substituent on the phenyl residue that may be
accounted to the main contribution of p(Br) orbital in the
character of the lowest energy transition and/or contribu-
tion of d—d character to the selected transition.
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Fig.3 Selected frontiers
molecular orbitals of ortho-sub-
stituted PhotoCORMs (7, 9 and
11) calculated at CAM-B3LYP/
GenECP/SMD (LANL2DZ for
Br~, 6-31G(d) for the rest of ele-
ments and SMD is the solvation
model) level of theory

LUMO+2, -4.27 eV

AE=

0.96 eV

HOMO, -5.23 eV

The dark stability test of 7-12, one of the prerequisites for
the PhotoCORM s in the phototherapeutic CO applications,
in DMSO, was carried out by collecting the UV/Vis spectra
over 16 h. Following the incubation period, the compounds
were directly exposed to light source at 365 nm (UVIlite
LF-206LS, 6 W, UVItec Ltd, Cambridge, UK). Compounds
9-12, bearing electron withdrawing functional group (ClI
and NO,), except the 0-NO, derivative (11), demonstrated
a major change in intensity of the lowest energy transition
(Fig. S11) over the incubation period, while compounds
7 and 8, incorporating methoxy group, exhibited a minor
spectral change (Fig. S12) in the dark under similar experi-
mental conditions. To explore the dark incubation process,
the stability test was repeated by collecting the UV/Vis
spectra of 7-12 in presence of an excess of sodium bro-
mide. The spectral changes over the incubation period have
been significantly reduced in the case of the p-Cl deriva-
tive (10) (Fig. S13). The suppression of the spectral change
by the addition of the bromide salt supports the fact that
the spectral fluctuation of the dark test may be attributed to
the replacement of the axial bromo ligand with the coordi-
nating solvent molecules [18]. Alternatively, the exchange
processes in the case of 9 and 12 were faster than in the

11

-

AE=
LUMO+2, -4.74 eV 0.83 eV

LUMO+2, -4.60 eV ]
AE=
0.61 eV

LUMO+1, -2.81 ey AE=
5.2 eV

HOMO, -5.21 eV HOMO, -5.57 eV

HOMO-3, -8.01 eV

case of 10 and had not been stopped by addition of bromide
salt. To rule out the decomposition of the Mn(I) compounds
upon the dissolution in DMSO, the dark stability of some
representative compounds of 7-12 in DMSO was followed
by IR measurements (vide infra). The photolysis profiles of
7 (Fig. S14) and 8 (Fig. 4), bearing methoxy group in the
ortho- and para-positions, respectively, in DMSO, at 365 nm
are similar showing a gradual decrease in the intensities of
the lowest energy transitions at 380 and 377 nm, in that
order. A comparison of the irradiation profiles shows that
while ortho-methoxy substituted derivative 7 needs 20 min
to attain a plateau, the para-analogue 8 reaches this final
state after longer time of exposure, 25 min. Compound 11,
featuring a nitro group in the ortho-position on the phenyl
ring, behaved similarly to the methoxy derivatives (7 and
8) upon the illumination, and required 15 min to reach the
plateau (Fig. S15).

Illumination of 10, with p-Cl group, induced a decrease
in the main absorption transitions at 333 and 393 nm (Fig. 5)
and the plateau was reached after 10 min of the illumina-
tion time. Therefore, while p-OCH; compound needs 25 min
to attain the final stage of the photolysis process, the p-Cl
derivative reaches this stage already after 10 min indicating
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Fig.4 UV/Vis spectral changes of 8 (0.24 mM in DMSO) upon pho-
tolysis at 365 nm with increasing irradiation time (0—-30 min)
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Fig.5 UV/Vis spectral changes of 10 (0.1 mM in DMSO with tenfold
excess of NaBr) upon photolysis at 365 nm with increasing irradia-
tion time (0—10 min)

that the photo process is faster when the compound is func-
tionalized with an electron-withdrawing group.

To get an insight into the dark incubation process
and the role of the coordinating solvent in the photoly-
sis kinetics of Mn(I) compounds, we repeated the later
studies in a non-coordinating solvent, CH,Cl,. Com-
pounds 7-12 showed a broad transition in the range of
364-390 nm in CH,Cl, (Fig. 6) with molar absorptivity
values of about 2078-6860 L mol~! cm™!. Complexes 7,
9, and 10 showed an additional transition at 311, 331, and
339 nm, respectively. The intensities of the lowest energy
bands are higher for the electron-withdrawing derivatives
(9-12) than the electron-donating complexes. The com-
pounds show less variation with changing the character
of the para-substituent. The lowest energy transition of
7, incorporating ortho-methoxy group, is observed at

@ Springer
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Fig. 6 Electronic absorption spectra of 7-12 in dichloromethane

longer wavelength compared to the rest of the compounds.
Switching the position of the OCH; and NO, groups from
the para to ortho caused a shift in the lowest energy tran-
sition towards longer wavelengths. On the other hand,
the red shift of the lowest energy transition in 7-12 by
changing a highly polar solvent, DMSO with a solvent
of less polarity, CH,Cl, may be attributed to the negative
solvatochromism [36, 37]; a common solvent effect usually
observed in the case of some metal carbonyl complexes
[37, 38]. Interestingly, the solutions of 7-12 in CH,Cl,
are stable in the dark for 16 h revealing that the dark pro-
cess in the case of DMSO may be attributed to a solvent
exchange of the bromo ligand and the spectral fluctua-
tions occurred because of the contribution of the p(Br)
orbital to the character of the lowest energy transition
(HOMO — LUMO + 2) as previously discussed.

When a pre-incubated solution of 7, in CH,Cl,_ is
exposed to the light source, the intensity of the band at
around 390 nm decreases and the plateau level is attained
after about 18 min (Fig. 7). [llumination of 8-12 (Fig. S16)
has a similar effect to 7, where a decrease in the absorption
band(s) with the irradiation time is observed. The plateau
values were reached after 9—15 min of the illumination. A
comparison of the illumination profiles shows that while
0-Cl and 0-NO, derivatives (9 and 11) need about 15 and
10 min to reach the plateau, the para-analogues (10 and
12) attain this final state after shorter time of exposure,
10 and 9 min, respectively. This conclusion is vice versa
with respect to the data obtained in the coordinating sol-
vent revealing that both the solvent and phenyl substituent
play important roles in controlling the photoinduced CO
release kinetics. Curiously, the investigated compounds
released CO in dichloromethane faster than in DMSO as
the exchange of the bromo ligand with o-donor DMSO
caused a strengthening of the fac-Mn(CO); unit.
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Fig.7 UV/Vis spectral changes of 7 (0.16 mM in CH,Cl,) upon pho-
tolysis at 365 nm with increasing illumination time (0-36 min)

IR spectroscopy

To explore the effect of both the character and position of
the substituent on the stability and the potential of these
Jfac-Mn(CO); based compounds to act as PhotoCORMs,
solution IR studies were executed using solutions of 8, 9,
and 11, in DMSO as representative examples. IR spectra
were registered during the photolysis course using identical
setup as previously shown in the UV/Vis section. Initially,
compounds 9 and 11 were selected to explore the stability
in the dark by incubating the solutions for about 5 h, where
the incubation stage was interrupted in regular intervals to
record the IR spectra (Fig. S17). We did not notice any evi-
dences for the creation of the photo triggered dicarbonyl
species or fac-mer isomerization in the dark incubation step
clearly confirming the stability of the solutions in DMSO

Fig. 8 IR spectral changes of 0.4 -
complex 8 (8 mM) upon illumi-
nation with a 365 nm light for
70 min
0.3 -

o
[N

Absorbance

o
=

0 I
2100

2050

as CO photo releasers [39, 40]. The IR spectra of 8, 9, and
11 show a sharp symmetrical v(C=0) mode of vibration in
the range 2017-2019 cm™!, and two anti-symmetric Y(C=0)
bands at 1916-1930, and 1898—1912 cm™! [39]. Previous
spectroscopic and DFT studies showed that only one CO
ligand is photolytically liberated from the coordination
sphere of the tricarbonyl Mn(I) complexes, while the rest of
CO molecules require an additional dark process [39, 41].
Upon the irradiation, the intensities of the ¥(C=0) bands of
8 decreased gradually accompanied by growing of a new
band of low intensity at 1849 cm™", which is assigned to cis-
Mn(CO), species [18, 42, 43]. As shown in Fig. 8, the sec-
ond band of the dicarbonyl species was visualized at about
1934 cm™'. Since cis-Mn(CO), intermediate is photolabile,
the characteristic ¥(C=0) bands disappeared after prolonged
illumination. Conversion of fac-Mn(CO)j; into the dicarbo-
nyl species, as a function of the illumination time is clearly
seen by monitoring the grown of the band at 1866 cm™! in
the case of 9 (Fig. S18). In compound 11 (Fig. S18), incor-
porating 0-NO, group, the kinetics of the CO release was
faster than in the cases of 8 and 9 and thus it was not pos-
sible to trap the intermediate species [41]. Based on the IR
investigation, the solutions of the representative compounds
are stable in DMSO in the dark, and the investigated Photo-
CORMs are capable of releasing CO upon the exposure to
light source at 365 nm.

Cell viability assay

The cytotoxicity of the ligands 1-6 and their PhotoCORMs
7-12, with and without illumination, was evaluated by
incubating the cell cultures of HepG2 with the synthesized
compounds at different concentrations (5-50 uM). The cell
cultures, treated with the compounds, were kept in the dark
for 2 h. A similar set of the cells was prepared, treated with
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the same compounds, and then illuminated for 45 min. Con-
trol experiments including DMSO and medium were con-
ducted in the dark and upon the irradiation. The viability
of HepG2 cells was assessed by MTT assay. Neither the
medium nor the solvent has a significant effect on the cell
viability even after the irradiation at 365 nm for 45 min. As
shown in Fig. 9, the free ligands (1-6) and nitro-functional-
ized compounds (11 and 12) are non-toxic to HepG2 cells up
to 50 uM under both the dark and illumination conditions.
In the dark, compounds 7 and 9, incorporating 0-OCH,
and o-Cl, exhibit excellent cytotoxicity with ICs, values of
18.1 and 11.8 pM, respectively, while their para-analogues
(8 and 10) are inactive up to 50 uM (Table 2). Upon the
irradiation, complexes 7 and 9 became more toxic, where

Table 2 ICs, values of complexes 7-12 against HepG2 cells in the
dark and upon the exposure to the light source

Compounds 1Cs values (uM)
Non-irradiated Irradiated

7 18.1 7.9

8 >50 5.7

9 11.8 6.6

10 >50 6.7

11 >50 >50

12 >50 >50

Fig.9 The cytotoxic activity (a) = 1 Non-irradiated (b) Bl 2 Non-irradiated
. 7 Non-irradiated Il 8 Non-irradiated
of the free ligands (1-6) a.nd 7 Lrradiated 3 8 lrl‘adiatedI
PhotoCORMSs (7-12) against ) 104
HepG2 cells using MTT assay = -
with and without illumination % =
for 45 min at different concen- e -§
trations (0—50 uM) 3 =
o 2 0.54
z b3
= =
= =
>3 -—
= &
0.0-
,,,’;‘7 ° D e D
Concentration (p M) Concentration (4 M)
Bl 3 Non-irradiated Bl 4 Non-irradiated
(c) El 9 Non-irradiated  (d) Bl 10 Non-irradiated
=1 9 Trradiated 10 Irradiated
. 2 1]
=
g 2 0.5
£ 2
g -
= =
£ K
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S oD S
Concentration (11 M) Concentration (M)
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the IC, values decreased to 7.9 and 6.6 pM, in that order.
When the inactive compounds 8 and 10 exposed to the light
source, a significant cytotoxicity to HepG2 was developed
with ICy, values of 5.7 and 6.7 uM. On the other hand, the
inactivity of the nitro compounds 11 and 12 does not change
upon the illumination. The cytotoxicity of the illuminated
compounds was found to be in the following order p-OCHj,
(8)> o0- and p-C1 (9, 10) > 0-OCHj; (7). The developed anti-
proliferative activities of 8 and 10 as well as the improve-
ment of the cytotoxicity of 7 and 9 may be attributed the
nature of the iCORM and is not due to the influence of CO
alone [44]. This conclusion was presumed based on the inac-
tivity of the nitro derivatives before and after illumination,
which implemented the absence of the role of CO alone in
the antiproliferative activity of our compounds. To date,
Zobi and co-workers concluded that the developed cytotox-
icity against A549 and HT29 cells of some [MnBr(CO);L]
(L: ethynyl-a-diimine ligands) and their cobalamin conju-
gates, upon illumination, may be attributed to both CO and
iCORM [44]. It was unclear how the CO sensitize the the
malignant cells to iCORM. In comparison, PhotoCORM 8,
incorporating p-OCHj, displays the highest antiproliferative
activity upon illumination, making it the most phototoxic
complex in our study, while compound 7, bearing 0-OCHj,
is an interesting compound attributable to its toxicity, with
and without illumination. Thus, greatest potential, for further
investigations of the methoxy derivatives and the nature of
the developed photo cytotoxicity (e.g. synergetic effect) is
highly recommended.

Conclusion

Six bromo tricarbonyl Mn(I) complexes of N,N-bidentate
ligands decorated with different electron-withdrawing and
electron-donating substituents (R=0OCHj;, Cl, and NO,) in
the ortho- and para-positions on the phenyl residue were
synthesized, and fully characterized including X-ray crys-
tallographic analysis for four complexes. The phenyl sub-
stituent played a vital role in determining the dark stability
of Mn(I) complexes, one of the prerequisites for the com-
pounds to be investigated as potential CO releasers in the
CO phototherapeutic applications. Time-dependent density
functional theory calculations indicated the contribution of
p(Br) orbital in the composition of the lowest energy transi-
tions. In DMSO, a coordinating solvent, we noticed a major
spectral change in the intensity of the MLCT band in the
case of some compounds bearing electron-withdrawing
groups, which was suppressed by addition of bromide salt in
some cases. For compounds incorporating electron-donating
group, e.g. OCHj;, the spectral fluctuation was negligible.
The dark stability step was investigated by solution IR stud-
ies. We did not notice any evidences for the creation of the

photo induced dicarbonyl species or fac-mer isomerization
confirming the stability of the solutions of the CO photo
releasers in DMSO. Besides, we repeated the dark stability
test in a non-coordinating solvent e.g. CH,Cl,. No spectral
fluctuations were observed even for the compounds bearing
electron-withdrawing group. We deduced a probability of
exchange of the axial bromo ligand with DMSO molecules.
The solvent dependence was manifested by the red shift of
MLCT observed on switching from a high polar solvent to
a low polar one, which may be attributed to the negative
solvatochromism.

Release of carbon monoxide from the investigated Photo-
CORMs was investigated by solution IR and UV/Vis spec-
troscopy. All the title complexes exhibited a rather similar
photolysis profiles and attained values after about 10-30 min
of exposure to 365 nm. The compounds released CO in
dichloromethane faster than in DMSO as the exchange of
the bromo ligand with o-donor DMSO caused a strengthen-
ing of the fac-Mn(CO); unit. Both the phenyl substituent
(character and position) and the coordinating ability of the
solvent played important roles in controlling the CO release
kinetics. In DMSO, IR spectroscopic investigations revealed
that the CO release is a stepwise process that takes place via
the formation of the photoactive cis-Mn(CO), intermediate.

The cytotoxicity of the free ligands and their Photo-
CORMs, with and without illumination, was evaluated
against the malignant HepG2 cells. The free ligands and
nitro-compounds are non-cytotoxic to HepG2 cells up to
50 uM under both the dark and illumination conditions.
In the dark, compounds bearing 0-OCH; and o-Cl exhibit
excellent cytotoxicity with ICy, values of 18.1 and 11.8 pM,
respectively, while their para-analogues are inactive. Upon
illumination, the cytotoxic activity of the latter mentioned
compounds increased and the inactive compounds became
active. The developed cytotoxicity may be allocated for the
iCORM (residue after CO release) or synergetic effect (CO
and iCORM) [44]. This conclusion is based on the inactivity
of the nitro derivatives even after the release of the CO mol-
ecules. Finally, the p-OCH; compound displayed the highest
antiproliferative activity upon illumination, making it the
most phototoxic complex in our study, while the 0-OCH;4
is an interesting compound attributable to its toxicity in the
dark and upon illumination and thus greatest potential, for
further investigations is highly recommended for methoxy
derivatives.

Experimental section
Materials and instruments

Ethylenediamine, ortho- and para-substituted benzal-
dehydes (R=0OCHj;, CI, and NO,), bromo pentacarbonyl
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manganese(I), and organic solvents were purchased from
the commercial sources and used without preliminary
purifications. Solid-state IR spectra were recorded on a
JASCO FT/IR-4100 instrument and a Nicolet 380 FT-IR
spectrometer equipped with a smart iFTR accessory. 'H
and *C{'H} NMR spectra were run on Bruker-Advance
400 (*H, 400.40 MHz; *C('H), 100.70 MHz) spectrom-
eter. Electrospray ionization mass spectra, were recorded
with an Advion compact mass spectrometer. Automatic
Analyzer CHNS, Vario EL III Elementar, a Vario Micro
Cube analyzer of Elementar Analysensysteme and an EA
3000 elemental analyzer from HEKtech were used to deter-
mine the micro-elemental percentages of the studied com-
plexes. UV/Vis spectra were recorded by a Specord 210 Plus
spectrophotometer.

Synthetic procedures
Synthesis of ligands (1-6)

Compounds 1-6 were synthesized according to a modified
literature method [45, 46] via the condensation of ethylen-
ediamine with two equivalents of ortho- and para-substi-
tuted benzaldehydes, R=OCH;, Cl and NO,, in anhydrous
ethanol for 2 h. White to yellow powders formed upon the
slow evaporation of the solvent from the reaction mixtures of
1-5, which were washed with diethyl ether and dried under
vacuum. For 6, precipitation occurred during the reflux and
the product was collected by filtration, washed with ethanol,
diethyl ether and then dried.

1 (R=2-OCH,). Yellow powder, yield: 21% (600 mg,
2.02 mmol). IR (ATR, cm™!): v=2926 (CH), 2897 (CH),
2841 (CH), 1632, 1285, 1242, 1016. '"HNMR ([Dg]
DMSO, 400.40 MHz): §=8.61 (s, 1H, HC=N), 7.79
(dd, 'y y5.91 Hz, *Jy_1.77 Hz, 1H, Ph-H6), 7.40
(td, 7/ y-7.21 Hz, 7J, ;;,_1.94 Hz, 1H, Ph-H4), 7.05 (d,
Jyn=8-19 Hz, 1H, Ph-H3), 6.96 (t, 7J;;;;_7.77 Hz, 1H,
Ph-H5), 3.84 (s, 2H, CH,), 3.78 (s, 3H, CH;) ppm. '*C
NMR ([D4] DMSO, 100.63 MHz): 6=158.3, 157.1, 132.0,
126.6, 124.0, 120.4, 111.8, 61.3 (CH;), 55.5 (CH,) ppm.
C,sH,oN,0,: C 72.95, H 6.80, N 9.45; found C 72.70, H
6.86, N 9.66.

2 (R=4-0OCH,;). Yellow powder, yield: 18% (690 mg,
2.32 mmol). IR (ATR, cm™!): v=2919 (CH), 2842 (CH),
1639, 1602, 1508, 1281, 1248, 1017. '"HNMR ([Dq]
DMSO, 400.40 MHz): 6=28.24 (s, 1H, HC=N), 7.64 (d,
j'JH’H=8.76 Hz, 2H, Ph-H2/H6), 6.96 (d, 3JH,H=8.73 Hz, 2H,
Ph-H3/H5), 3.80 (s, 2H, CH,), 3.78 (s, 3H, CH;) ppm. 1*C
NMR ([D4] DMSO, 100.63 MHz): 6=161.1, 161.0, 129.3,
128.9, 114.0, 61.0 (CHj;), 55.2 (CH,) ppm. C;sH,;N,0,: C
72.95, H 6.80, N 9.45; found C 72.61, H 7.01, N 10.29.

3 (R=2-Cl). White powder, yield: 21% (808 mg,
2.65 mmol). IR (ATR, cm™!): v=2919 (CH), 2898 (CH),
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2855 (CH), 1630, 1592, 1567, 1015, 966. 'THNMR ([D;]
DMSO, 400.40 MHz): §=28.64 (s, 1H, HC=N), 7.93 (d,
7 J44n26.17 Hz, 1H, Ph-H6), 7.47 (m, 2H, Ph-H3/H4), 7.38
(t, Jy 4627 Hz, 1H, Ph-H5), 3.95 (s, 2H, CH,) ppm. °C
NMR ([Dg] DMSO, 100.63 MHz): §=158.4, 133.9, 132.6,
132.1, 129.8, 128.0, 127.4, 60.4 (CH,) ppm. C,4H,,CL,N,:
C 62.97, H4.62, N 9.18; found C 63.03, H 4.52, N 9.35.

4 (R=4-Cl). White powder, yield: 16% (447 mg,
1.46 mmol). IR (ATR, cm™'): ©v=2920 (CH), 2861
(CH), 1642, 1594, 1485, 1014, 703. 'HNMR ([Dq]
DMSO, 400.40 MHz): §=8.33 (s, 1H, HC=N), 7.72 (d,
7 J111n=8.49 Hz, 2H, Ph-H2/H6), 7.48 (d, *Jyy 4_8.59 Hz, 2H,
Ph-H3/H5), 3.87 (s, 2H, CH,) ppm. 3*C NMR ([D,] DMSO,
100.63 MHz): 6=158.6, 132.9, 132.6, 127.2, 126.5, 58.4
(CH,) ppm. C,cH,,CL,N,: C 62.97, H4.62, N 9.18; found C
63.17, H5.24, N 9.34.

5 (R=2-NO,). Yellow powder, yield: 52.0% (1048 mg,
3.21 mmol). IR (ATR, cm™"): v=3103 (CH), 3052 (CH),
2917 (CH), 1636, 1512, 1335, 1017. '"HNMR ([Dq]
DMSO, 400.40 MHz): §=8.58 (s, 1H, HC=N), 7.99
(dd, 7Jy; 4_8.05 Hz, “J,,;_1.24 Hz, 1H, Ph-H6), 7.96
(dd, 'y 27.75 Hz, *Jy,_1.30 Hz, 1H, Ph-H4), 7.76
(td, 7Jy y7.45 Hz, *J;;;;_1.05 Hz, 1H, Ph-H3), 7.68 (td,
7J4u=8.02 Hz, “J;;;_1.64 Hz, 1H, Ph-HS), 3.94 (s, 2H,
CH,) ppm. 1*C NMR ([D¢] DMSO, 100.63 MHz): 6=158.2,
148.8, 133.4, 131.2, 129.9, 129.4, 124.1, 60.6 (CH,) ppm.
C,¢H,4,N,O,: C 58.89, H 4.32, N 17.17; found C 59.31, H
4.95,N 17.39.

6 (R=4-NO,). Orange powder, yield: 35% (1218 mg,
3.73 mmol). IR (ATR, cm™"): v=3100 (CH), 2911 (CH),
2885 (CH), 2855 (CH), 1645, 1515, 1335, 1016. '"HNMR
([Dg] DMSO, 400.40 MHz): 8.51 (s, 1H, HC=N), 8.27 (d,
7Ty n=8.97 Hz, 2H, Ph-H3/H5), 7.97 (d, J}; ;_8.86 Hz, 2H,
Ph-H2/H6), 3.99 (s, 2H, CH,) ppm. 1*C NMR ([D4] DMSO,
100.63 MHz): 6=160.7, 148.5, 141.5, 128.8, 123.9, 60.7
(CH,) ppm. C,(H4,N,0,:C 58.89,H4.32,N 17.17; found C
59.00, H 4.63, N 17.61.

Synthesis of tricarbonyl manganese(l) complexes (7-12)

Schiff-base (SB) ligands (1-6) [0.18 mmol; 53 mg (1,
2), 55 mg (3, 4) and 58.6 mg (5, 6)] and [MnB1r(CO)s]
(0.18 mmol; 50 mg) were dissolved in chloroform (10 mL)
and then the reaction mixtures were heated to reflux in the
dark for 3 h. The precipitates were collected by filtration,
washed with diethyl ether (3 X5 mL) and then dried under
vacuum.

7: [MnBr(CO);(SB-20CH;)]. Yellow powder, yield:
39% (36 mg, 0.069 mmol). IR (ATR, cm™Y): v=2937
(CH), 2841 (CH), 2018 (vs, C=0), 1908 (vs, C=0), 1622,
1295, 1252, 1020. '"HNMR ([Dgl DMSO, 400.40 MHz):
6=9.13 (s, 1H, HC=N), 9.07 (s, 1H, HC=N), 7.81 (d,
3JH,H=1.94 Hz, 1H, Ph-H6), 7.57 (m, 3H, Ph-H4/H6),



JBIC Journal of Biological Inorganic Chemistry (2021) 26:135-147

145

7.19 (m, 4H, Ph-H3/HY), 4.07 (m, 4H, CH,), 3.90 (m, 6H,
CH,) ppm. ESI-MS (positive mode, acetone): m/z=434.9
[M-Br]*, 351.0 [M-Br-3CO]* (M =molecular mass).
C,,H,,BrMnN,05-2H,0: C 45.75, H 4.39, N 5.08; found C
46.19,H4.17, N 4.94.

8: [MnBr(CO);(SB-40CH;)]. Orange powder, yield:
49% (45 mg, 0.088 mmol). IR (ATR, cm™'): v=2931 (CH),
2839 (CH), 2018 (vs, C=0), 1908 (vs, C=0), 1604, 1260,
1026. "THNMR ([D4] DMSO, 400.40 MHz): §=9.11 (br,
1H, HC=N), 8.96 (br, 1H, HC=N), (7.96, 7.76) (br, 4H,
Ph-H2/H6), 7.12 (br, 4H, Ph-H3/HS), 3.85 (br, 10H, CH,/
CH,;) ppm. C,,H,,BrMnN,05-H,0-CHCl;: C 40.52, H 3.53,
4.29; found C 40.45, H 3.72, N 4.42.

9: [MnBr(CO);(SB-2Cl)]. Yellow powder, yield 66%
(62 mg, 0.12 mmol). IR (ATR, cm™!): v=3053 (CH),
2925 (CH), 2016 (vs, C=0), 1905 (vs, C=0), 1627, 1042,
754. "THNMR ([D4] DMSO, 400.40 MHz): §=9.25 (s, 2H,
HC=N), 7.76 (d, 2H, Ph-H6), 7.51-7.49 (m, 6H, Ph-H3/
H4/H5), 4.35 (m, 2H, CH,), 4.06 (m, 2H, CH,) ppm. *C
NMR ([D4] DMSO, 100.63 MHz): 6=173.2, 158.9, 135.6,
132.5, 130.5, 129.7, 127.7, 63.0 ppm. ESI-MS (positive
mode, acetone): m/z=443.3 [M-Br]*, 359.2 [M-Br-3CO]*.
C,oH,,BrMnN,0;Cl,: C 43.54, H 2.69, N 5.35; found C
43.04,H 2.88, N 5.61.

10: [MnBr(CO),(SB-4Cl)]. Orange powder, yield 55%
(63 mg, 0.12 mmol). IR (ATR, cm™!): v =2925 (CH), 2022
(vs, C=0), 1905 (vs, C=0), 1628, 1088, 680. 'HNMR ([D;]
DMSO, 400.40 MHz): §=9.23 (s, 1H, HC=N), 9.12 (s, 1H,
HC=N), 7.86-7.50 (m, 8H, Ph-H3/H4/H5/H6), 4.10-3.99
(m, 4H, CH,) ppm. *C NMR ([D4] DMSO, 100.63 MHz):
6=174.9, 169.6, 161.3, 136.7, 135.8, 135.3, 132.1,
131.5, 130.8, 130.5, 129.9, 129.4, 129.2, 129.0, 64.3 and
55.1 ppm. ESI-MS (negative mode, acetone): m/z =544.4
[M +Br-2COJ". C;4H,;,BrMnN,0,Cl,-H,0-0.5CHCl;: C
39.02, H2.75, N 4.66; found C 38.94, H 2.70, N 5.11.

11: [MnBr(CO);(SB-2NO,)]. Orange powder, yield:
50% (49 mg, 0.091 mmol). IR (ATR, cm™!): ©=2926
(CH), 2856 (CH), 2021 (vs, C=0), 1937 (sh, C=0), 1902
(vs, C=0), 1643, 1521, 1342, 1046. 'HNMR ([D,] DMSO,
400.40 MHz): 6=9.45 (s, 1H, HC=N), 8.35 (br, 1H, Ph-H6),
7.99-7.84 (br, 3H, Ph-H3/H4/HS), 4.36-4.06 (br, 2H, CH,)
ppm. 3C NMR ([D4] DMSO, 100.63 MHz): 6 =173.0,
146.4, 135.5, 132.5, 132.2, 130.9, 125.0, 62.8 ppm.
ESI-MS (positive mode, acetone): m/z=464.9 [M-Br]*.
C,oH,;,BrMnN,0,-2H,0: C 39.26, H 3.12, N 9.64; found C
39.64, H 2.92, N 9.90.

12: [MnBr(CO);(SB-4NO,)]. Orange powder, yield: 47%
(46 mg, 0.084 mmol). IR (ATR, cm™"): v=2927 (CH), 2021
(vs, C=0), 1945 (sh, C=0), 1912 (vs, C=0), 1639, 1519,
1350, 1034. "THNMR ([D4] DMSO, 400.40 MHz): 6=9.43
(s, 1H, HC=N), 8.26 (br, 4H), 4.05 (br, 2H, CH,) ppm.
C,oH,4,BrMnN,O,-CHCl;: C 36.15, H 2.28, N 8.43; found
C 35.84,H2.55, N 8.74.

Single crystal X-ray diffraction analysis

Single crystals of compounds 7, 8, 10 and 11, appropriate
for X-ray diffraction analysis, were grown by diffusion of
n-hexane into the solutions of the tricarbonyl manganese(I)
complexes in dichloromethane. Diffraction data of the
compounds were collected on a RIGAKU OXFORD
DIFFRACTION XtaLAB Synergy diffractometer with a
semiconductor HPA-detector (HyPix-6000) and multi-
layer mirror monochromated Cu—K,, radiation at 100 K.
The structures of tricarbonyl Mn(I) complexes were solved
using the intrinsic phasing method (SHELXT program)
[47], and refined with a full-matrix least-squares procedure
using SHELXL program [48] and the SHELXLE graphical
user interface [49]. All non-hydrogen atoms were refined
in anisotropic approximation, with hydrogen atoms ‘rid-
ing’ on idealised positions. Crystals of 7 and 11 show the
disorder of [OC—Mn-Br][Br—-Mn-CO] and the solutions
of the structures can be considered as a proof of the con-
formation of the molecule. Crystal data and experimental
details are listed in Table S1. Crystallographic data have
been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC 2032876
(7), 2032872 (8), 2032874 (10) and 2032875 (11).

Quantum chemical calculations

DFT and TDDFT calculations were executed using Gauss-
ian03 [50]. The local minimum structures of 7-12 were
obtained at B3LYP [34, 35]/GenECP/SMD level of the-
ory (LANL2DZ [32] for Br™, 6-31G(d) for the rest of ele-
ments and SMD is the solvation model [33]). A similar
methodology is commonly reported in the literature for
the ground-state optimization of other metal-based com-
pounds [51-54]. The electronic transitions were calculated
by CAM-B3LYP [31]/GenECP/SMD. Visualization of
the ground state optimized structures, Frontier molecu-
lar orbitals, and electronic spectra was performed with
Gaussview03 [55].

IR spectroscopic studies

A few milliliters of 8 mM solutions of the studied com-
pounds, in DMSO, was injected into a liquid-IR cell, with
potassium bromide windows (path length = 0.1 mm). The
cell was irradiated with a 365 nm UV lamp. The Irradiation
process was interrupted at regular intervals to register the
vibrational spectra and the photolysis was terminated when
no further changes observed. Bruker Alpha-T spectrom-
eter was used to monitor the dark stability and the spectral
changes upon the illumination.
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Biological activity

Cell culture The HepG?2 cell line (human hepatocarcinoma
cell line) was purchased from VACSRA, Egypt and cultured
in Dulbecco’s modified Eagle’s (DMEM) medium supple-
mented with 10% (v/v) fetal bovine serum, seeded into
96-well plates (1 x 10* cells/well) and incubated for 24 h at
37 °C and 5% of carbon dioxide.

Cell cytotoxicity assay MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay was used to assess the
cytotoxic effect of the free Schiff-base ligands (1-6) and their
PhotoCORMs (7-12) towards HepG?2 [56]. The malignant
cells were seeded into 96-well plates (1 X 10* cells/well) and
incubated for 24 h. The MTT assay was executed in the dark,
to avoid the loss of CO upon the exposure to light, and upon
the irradiation to explore the effect of CO and iCORM on the
malignant cells. Two sets of cells were prepared and incubated
in the presence of the same concentration (0—50 uM) of either
the free ligand or the complex in the dark for 2 h. The media
were aspirated and then the cells were washed with phosphate-
buffered saline (PBS). Afterwards, the cells were incubated
with fresh media for further 45 min. One of the two sets was
exposed to light source at 365 nm at a distance of 3 cm for
45 min. Under the same conditions, two control sets (DMSO
and media), at the same concentration used with the Photo-
CORMs, were prepared and kept in the dark to investigate the
influence of illumination on HepG2 cells. The prepared sets
were re-incubated for 3 h for recovery, washed with PBS and
then 100 ul of MTT (0.5 mg/mL) was added. Incubation for
4 h was the next stage. To get rid of the formed formazan crys-
tals, 100 pl of DMSO was added. The plates were agitated for
20 min and then the absorbance values were recorded at 392 nm
using a microplate reader. The relative cell viability was evalu-
ated by normalizing the absorbance of the treated cells to the
control and the untreated cells. The ICs, was determined by
non-linear regression analysis GraphPad Prism 7.0 software.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00775-020-01843-7.
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