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O release from a tricarbonyl
manganese(I) complex with a bidentate quinoxaline
ligand

Rabaa M. Khaled, †a Krzysztof Radacki, b Gamal A. E. Mostafa,c Essam A. Ali,c

Ola R. Shehab *a and Ahmed M. Mansour †*ad

Reaction between 2-(pyridin-2-yl)quinoxaline (L) and [MnBr(CO)5] afforded a dark-stable fac-[MnBr(CO)3L]

that releases CO upon exposure to visible light (468–525 nm). Different structural elucidation methods,

including X-ray crystallography, were used to thoroughly characterize the structure of the

organometallic compound. Prior to recording the profiles of dark-stability and photolysis in various

organic solvents, the complex's solvatochromism features were examined experimentally and through

quantum chemical calculations. As solutions become less polar, the lowest energy transition in DMSO,

which is observed at 487 nm, is red-shifted, which could be explained by negative solvatochromism.

Illuminating the pre-incubated solutions of the complex in organic solvents at 525 nm, with or without

calf-thymus DNA, hen white egg lysozyme, or histidine, yields a two-step process perhaps associated

with the sequential release of 3 CO molecules. In comparison, the principal factor influencing the CO

release kinetics of the complex is the medium and the percentage of DMSO for example, with minimal

interference from the biomolecules.
1. Introduction

The “silent killer” gas, carbon monoxide (CO), is recognized as
a hazardous molecule owing to its signicant affinity toward
haemoglobin, which reduces the amount of oxygen that tissues
can use.1 To date, CO has been found to provide some biological
advantages2–5 at concentrations lower than 250 ppm.6 Carbon
monoxide has been proved to have vasodilating,7 and heart-
protective properties8 in addition to its role as a neurological
system signalling molecule. Conversely, vascular problems,
diabetes, sepsis, and colitis have all been connected to CO
shortage.3,9 The development of prodrugs capable of delivering
CO consistently and quantitatively may provide a novel tech-
nique to directly administer this medicinal gas, while address-
ing the disadvantage of unselective binding and distribution.
Pharmaceutical chemists have had difficulty developing safe,
workable approaches for giving therapeutic CO quantities, and
this remains to be the case. Among the strategies utilised to
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deliver potentially effective amounts of CO to targeted tissues
and organs, the development of organic and inorganic prodrugs
named CO-releasing molecules (CORMs) is particularly
intriguing. The frameworks, CO-releasing properties, and
specic biological characteristics of the classes of CORMs were
thoroughly investigated.10–15 Metal carbonyl complexes (MCCs)
are one of the intriguing families of metal-based CORMs; they
have been thoroughly studied for their possible CO release
characteristics and biological applications e.g., antimicrobial,15

and cytotoxic properties.13 Different CO release mechanisms
can be applied for MCCs such as ligand exchange in an aqueous
media,15 an alteration in pH,16 a shi in redox state, enzymati-
cally17 or thermal heating.18 When exposed to light, certain
MCCs release CO. These molecules, known as “photoCORMs”,
the name launched by Ford,19 provide a variety of benets,
which include the capacity to regulate the amount and timing of
CO released. Based on the frequent worries over the usage of
transition metal-based drugs, the metal employed in the
synthesis of MCCs is signicant. Due to their high degree of
lability, MCCs of groups 3–5, and 10 have not been explored as
CORMs. In contrast, the most appropriate metals for metal-
based CORMs are those belonging to groups 6–9, with the
exception of the radioactive element technetium.13 In a recent
review,13 the frameworks, CO-releasing kinetics, and cytotoxic
features of CORMs of 6–9 were thoroughly investigated. Man-
ganese(I) basedMCCs have drawn signicant attention owing to
their potential photo-chemical, and interesting biological uses.
Actually, it is simple and highly controllable to replace the CO
© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecules in themanganese carbonyl precursor with a variety of
ligand systems. In addition, Mn is widely present as a cofactor
in a number of enzymes, including glutamine synthetase,20 and
superoxide dismutase.21 There is alarming evidence that Mn is
detrimental to the brain, therefore using drugs that contain this
element needs to be done with caution. The neurotoxic effect of
Mn is brought on by metal buildup in the brain, which causes
a progressive extrapyramidal sickness similar to Parkinson's
disease.

Over the last two decades among the most signicant
obstacles in the development of metal-based CORMs has been
to enhance the ability of photoCORMs to release CO when
subjected to visible light and consequently shield cells from
ultraviolet light, which was used with the rst generation of
CORMs.13–15 Mn(I) photoCORMs may liberate CO when given
visible light if a highly conjugated system is chosen appropri-
ately.14However, moving theMn(I) photoCORMs' MLCT into the
red region may coincide with the complex's instability while
incubated in the dark. In order to full the requirements of
photoCORMs, which include dark stability, appropriate tissue
penetration depth, and the potential to emit CO when given
visible light, it would be ideal if the CORMs could release CO
when illuminated with green light in the 520–570 nm range.
Even aer reviewing the few prior accomplishments in this vast
and fascinating eld pertaining to the chemistry of Mn(I)
CORMs, scientists continue to face a number of intriguing
problems with the chemical and biological characteristics of
CORMs: which is more important in controlling for example the
cytotoxicity against the normal cell lines, the parent CORM or
the CO depleted species? Finding a CORM with unique quali-
ties, such as water solubility, long-term stability in the presence
and absence of biomolecules, and the capacity to release CO
when subjected to green light, is the rst step in the solution of
these questions. In this contribution, experimental investiga-
tions of the photophysical and photo-chemical characteristics
of a novel tricarbonyl manganese(I) complex 2 (Scheme 1) con-
taining 2-(pyridin-2-yl)quinoxaline (1) ligand were supple-
mented by quantum chemical computations. We have chosen 1
as an auxiliary ligand for 2 because it offers a range of biological
effects.23–26 The solvatochromic characteristics of 2 were inves-
tigated by obtaining electronic absorption spectra in several
solvents with diverse features, including hydrogen-bond donors
and acceptors. Experiments were conducted to assess the
stability of 2 in the dark with and without biomolecules like hen
white egg lysozyme and calf-thymus DNA. The incubated solu-
tions were then subjected to a 525 nm light source in order to
examine the possibility of CO release from 2 as well as the
Scheme 1 Synthetic procedures of 2-(pyridin-2-yl)quinoxaline (1),22 and

© 2025 The Author(s). Published by the Royal Society of Chemistry
function of these biomolecules in regulating the mechanism
and kinetics of CO release. The quantication of the amount of
released CO was done using the myoglobin assay.
2. Results and discussion
2.1. Synthesis and structural characterization

Scheme 1 illustrates that reacting o-phenylene diamine with 2-
acetylpyridine in methanol, acidied with drops of glacial acetic
acid, yielded 2-(pyridin-2-yl)quinoxaline (1).22 Unlike the previ-
ously published method,27 the quinoxaline derivative was ob-
tained without a catalyst being added to the reaction mixture.
The crystal structure of 1,28 and its dicarbonyl Ru(II) complex22

has already been published elsewhere. Next, the reaction
between 1 and [MnBr(CO)5], in acetone, afforded 2 (Scheme 1).
Complex 2 was structurally characterized with various spectro-
scopic and analytical techniques. The infrared spectrum of 2
(Fig. S1) has two prominent stretching bands at 2021, and
1916 cm−1, attributed to the three CO molecules' symmetrical
and anti-symmetrical stretching modes congured in a facial
arrangement. The electrospray ionization mass spectrum
(Fig. S2) of 2, in the positive mode, exhibited two unique peaks
at m/z 771.0, and 344.2 assignable to {2M–Br}+, and {M–Br}+ (M:
molecular formula), respectively. The 1H NMR spectrum of 2
(Fig. S3), in CDCl3, consists of 9 signals matching the molecular
structure of 2. Moreover, appropriate single crystals were
acquired for X-ray crystallographic examination through the
slow evaporation of 2 in an acetone solution. The crystallo-
graphic parameters are provided in Table S1. Fig. 1 displays
a depiction of the molecular structure of 2 along with some of
its chosen crystal data (bond lengths and bond angles). Crys-
tallization of the complex occurs in a monoclinic crystal struc-
ture of P21/c space group with a= 15.124(2) Å, b= 14.3822(13) Å,
c = 7.1663(7) Å and b = 102.285(9)°. The unit cell is made up of
four molecules (Fig. S4). As Fig. 1 shows, the structure of 2
provided a clear proof of octahedral geometry, the N,N-bi-
dentate nature of 1 [Mn–N1_6 = 2.029(4) Å and Mn–N1_7 =

2.083(3) Å] and placement of the three CO ligands in a facial
mode around the metal centre [Mn–C1_1 = 1.814(4) Å, Mn–
C2_1 = 1.813(5) Å, Mn–C3_1 = 1.798(4) Å]. As with the previ-
ously reported dicarbonyl Ru(II) complex of 1, the Mn bond with
pyridine's nitrogen is 0.054 Å shorter than the one with quin-
oxaline's nitrogen.22 The trans-Mn–C bonds to the pyridine ring
or axial Br− ligand are the same length, but they are 0.015 Å
longer than the third one that is trans to the nitrogen of quin-
oxaline. Since the photo release of CO from a tricarbonyl Mn(I)
family is known to occur in a sequential manner,14 beginning
its tricarbonyl Mn(I) complex (2).

RSC Adv., 2025, 15, 28642–28650 | 28643
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Fig. 1 Molecular structure of 2 (thermal ellipsoids are displayed at the
50% probability level). Bond lengths in Å: Mn–Br1_1 2.5275(8), Mn–
N1_6 2.029(4), Mn–N1_7 2.082(3), Mn–C1_1 1.814(4), Mn–C2_1
1.813(5), Mn–C3_1 1.798(4), C1_1–O1_1 1.137(5), C2_1–O2_1 1.149(6),
C3_1–O3_1 1.151(5). Bond angles (°): C1_1–Mn–Br1_1 178.1(2), C1_1–
Mn–C2_1 92.3(2), C1_1–Mn–C3_1 88.1(2), C1_1–Mn–N1_6 96.4(2),
C1_1–Mn–N1_7 92.7(2), Br1_1–Mn–C3_1 91.0(2), Br1_1–Mn–C2_1
86.0(1), Br1_1–Mn–N1_6 85.3(1), Br1_1–Mn–N1_7 88.3(1), C2_1–Mn–
C3_1 85.2(2), C3_1–Mn–N1_6 94.6(2), C3_1–Mn–N1_7 173.4(2),
C2_1–Mn–N1_6 171.3(2), C2_1–Mn–N1_7 101.3(2), N1_6–Mn–N1_7
78.9(1).

Fig. 2 The full two-dimensional fingerprint plots and their relative
Hirshfeld surface for the most abundant interactions in 2, demon-
strating (a) all interactions, and delineated into (b) O/H/H/O, (c) N/
H/H/N, (d) Br/H/H/Br interactions.
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with the formation of photolabile dicarbonyl species, we
anticipated that the weakly coordinated CO would be released
rst. In this instance, C1–O1 or C2–O2 may be the early loss
from the coordination sphere, whereas C3–O3 should be the
least. The analytical and spectroscopic tools indicated the
synthesis of 2 in a pure form, with 3CO arranged in a facial
mode and coordination of the quinoxaline ligand in a bidentate
mode.
Fig. 3 UV/Vis spectra of 2 in various organic solvents.
2.2. Hirshfeld surface analysis

Hirshfeld surface analysis29 was executed on 2 to learn more
about the intermolecular interactions through CrystalExplorer
17.5 soware.30 On the Hirshfeld surface, the white areas seen
over d-norm (Fig. 2) signies contacts separated by the sum of
the van der Waals radii. Conversely, distances shorter than
(near contact) or longer than (far contact) the total of the van der
Waals radii are represented by red and blue, respectively. Fig. 2a
displays the total two-dimensional ngerprint plots for 2, while
Fig. 2b–d display the O/H/H/O, N/H/H/N, and Br/H/H/
Br contacts and their relative sharing to the Hirshfeld surface.
As shown in Fig. 2b, the most noteworthy interactions in 2 are
H/O/O/H (22.1%). The stabilisation of the crystal structure
and molecular packing are signicantly impacted by these
interactions. The H/Br/Br/H interactions (Fig. 2d) emphasise
the signicance of hydrogen bonds including Br atoms in
regulating the stability along with other physical qualities, as
they comprise 12.4% of the surface. A 6.2% contribution to the
stabilisation of the crystal structure is attributed to the H/N/
N/H interactions. In 2, the conventional hydrogen bond (A–
H/B; A and B are electro-negative atoms) is absent, while the
blue-shiing H-bond (C–H/B) is observed with the axial bro-
mido ligand and the quinoxaline nitrogen play the main role as
illustrated in Fig. S4.
28644 | RSC Adv., 2025, 15, 28642–28650
2.3. Electronic structure

The UV/Vis spectrum (Fig. 3) of 2, in DMSO, is distinguished by
a broad band at about 487 nm. This may be attributed to
admixture of metal–ligand charge transfer (MLCT) towards CO
ligands and LLCT (LLCT: ligand–ligand charge transfer).31,32 To
comprehend the characteristics of the band at 487 nm and
solvatochromism properties, we recorded the electronic
absorption spectra in other solvents with varied hydrogen bond
tendency and polarity such as dichloromethane, acetonitrile,
dimethylformamide tetrahydrofuran, methanol, and 1,4-
dioxane. Complex 2 has a poor solubility in toluene. It is highly
probable that the axial Br− ion will exchange with coordinating
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Selected frontier molecular orbitals (FMOs) and calculated
electronic transitions of 2, which were calculated at B3LYP/LANL2DZ
level of theory.
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View Article Online
solvents like DMSO and acetonitrile, and it might even be 1,4-
dioxane.33,34 This may affect where the lowest energy transition
is positioned. The exchange process and the solvent effect
appear to be at variance. As illustrated in Fig. 3, except for
methanol, the lowest energy transition in DMSO, which is seen
at 487 nm, is red-shied in increasingly less polar solvents.
There is a slightly change of about 2–5 nm on going from DMSO
to DMF and then acetonitrile. Despite the high likelihood of
axial ligand exchange, the location of the lowest energy band
nevertheless noticeably shis. This may be accounted for
negative solvatochromism. For metal carbonyls, negative sol-
vatochromism was explained by the reduced excited-state elec-
tric dipole.35–37 The data show that the closely comparable
reported Mn(I)-diamine complexes exhibit the same negative
solvatochromism characteristic.33,38

To understand the nature of the observed electronic transi-
tions, time-dependent density functional theory computations
were done on the local minimum structure (Table S2) using two
functionals, Becke 3-parameter Lee–Yang–Parr (B3LYP),39,40 and
a hybrid exchange-correlation functional named CAM-B3LYP.41

LANL2DZ (Los Alamos National Laboratory 2-double-z) basis set
and a universal solvation model (SMD),42 were incorporated in
the computation methods. With the help of TDDFT calcula-
tions, in the singlet state, we can understand the characteristics
of the detected electronic absorption transitions. Table S3 lists
the selected computed electronic transitions and their associ-
ated assignments. The electronic transitions (Table S3) esti-
mated by B3LYP move to longer wavelengths than those found
by CAM-B3LYP. The calculated spectrum of 2, Fig. S5, at the
B3LYP/LANL2DZ level of theory is distinguished by four bands
at around 287, 335, 414, and 508 nm. As shown in Fig. 4, these
absorption bands are developed corresponding to the following
transitions: HOMO−4 / LUMO+1 (purple), HOMO−5 /

LUMO (green), HOMO−4 / LUMO/HOMO−2 / LUMO
(orange) and HOMO−1 / LUMO (red), respectively. The
508 nm transition, which differs slightly from the experimental
transition, has a p(Br)/d(Mn) ground state and a mostly
p(quinoxaline) excited state. As a result, the band at 508 nm can
be allocated to MLCT/LLCT.31,32 According to the explanations
of the frontier molecular orbitals (FMOs) in Fig. 4, the bands at
(287 and 414 nm) and 335 nm could be ascribed to MLCT/LLCT
and LLCT, respectively. Alternatively, the CAM-B3LYP spectrum
of 2 is featured by three bands at 256, 307, and 396 nm due to
HOMO−2 / LUMO+1, HOMO−5 / LUMO and HOMO−1 /

LUMO, respectively. By visualising the FMOs of the latter tran-
sitions (Table S4), the bands at 307 nm are attributed to LLCT,
while the bands at 256 and 396 nm are allocated to MLCT/LLCT.
2.4. Carbon monoxide releasing features

2.4.1. In organic solvents. For possible medical uses, pho-
toCORMs that liberate CO when exposed to light should have
specic characteristics such as solubility in aqueous media,
stability in the dark, the ability to release CO under illumination
conditions as well as the biocompatibility.42 When guring out
the rate of CO release and the type of CO-depleted fragments
that are produced, the type of media is crucial. It is noteworthy
© 2025 The Author(s). Published by the Royal Society of Chemistry
that the rate of CO liberation was much slower in the water-
based media, indicating that results from studies employing
organic solvents might not readily apply to the biological or
medical elds.43,44 Additionally, to be biologically signicant,
photoCORMs and CO-depleted residues need to be safe, since
the toxicity and nature of the generated metal fragments are
dependent on the media in which they are created.45 Initially,
the stability of DMSO solution of 2 in the dark was investigated
(Fig. S6). Complex 2 showed signicant changes in its absorp-
tion spectrum over a 22 hour period when kept in the dark. The
primary absorption band at 487 nm really loses half of its
intensity. We can attribute the spectral change throughout the
incubation to the exchange of Br− ion with DMSO, as has been
earlier noted with other Mn(I) complexes functionalised with
some bidentate ligands,33 since the 487 nm band was attributed
to MLCT/LLCT (LLCT is mostly caused by Br−). Next, the DMSO
solution of 2 was then mixed with an excessive amount of NaBr
to investigate the variation that was seen when the compound
was incubated in the dark. The uctuation in the intensity of the
lowest energy transition at 487 nm upon the incubation in the
dark is partially suppressed by the addition of sodium bromide
(Fig. S7).

Illuminating the preincubated solution of 2 in DMSO at
525 nm results in a two-step process (Fig. 5). Initially, aer 90
seconds of illumination, a clear isosbestic point at 535 nm
appears (Fig. S8). The isosbestic point may reveal the presence
of an equilibrium between fac-Mn(CO)3 and cis-Mn(CO)2
species. Aer that, there is a noticeable drop in the main tran-
sition's intensity for up to 18 min of illumination without any
additional change (Fig. S8). According to some published
research,13,46 there is a stage where the axial ligand exchanges
RSC Adv., 2025, 15, 28642–28650 | 28645
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Fig. 5 UV/Vis spectral variations of the preincubated solution of 2
(0.30 mM in DMSO) by photolysis at 525 nm with illumination time of
18 min.
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with the solvent molecule either prior to or following the initial
CO molecule's release. This may have an impact on the CO
release kinetics, as well as the type of the intermediates and CO-
depleted species.

Similarly, we recorded the photolysis prole of treated DMSO
solution of 2 (Fig. 6), with sodium bromide, under identical
experimental conditions. Comparatively, the photolysis
patterns of the DMSO solutions of 2 with and without NaBr do
not change signicantly. The rst stage is achieved in 2.5 min
with a clear isosbestic point at 526 nm (Fig. 6 and S9) and the
plateau is attained in 40 min, suggesting that the kinetics are
slower when NaBr is present. Since the addition of NaBr to the
DMSO solution of 2 alters the wavelength of the developed
isosbestic point, it appears that the nature of the intermediate
in the two experiments listed above is different.

When water was added to the medium up to 30% of its
polarity, the lowest energy transition in 2 moved slightly to
480 nm (Fig. S10). Aer 22 h in the dark, the solution of 2
exhibits a notable blue shi (∼35 nm) in the main band posi-
tion without any decrease in the band's intensity. This might
Fig. 6 UV/Vis spectral variations of the preincubated solution of 2,
treated with sodium bromide, (0.39 mM in DMSO) upon photolysis at
525 nm with illumination time of 40 min.

28646 | RSC Adv., 2025, 15, 28642–28650
result from 2 being completely hydrolysed and generation of the
corresponding aqua tricarbonyl species. The liberation kinetics
of CO from 2 in DMSO/H2O mixture are considerably slower,
reaching a plateau aer 50 min (Fig. S11), although they
nevertheless match those found in DMSO.

To look into how the solvent affects the CO releasing kinetics
from 2, acetonitrile was also used in the dark stability (Fig. S13
and S14) and photolysis experiment (Fig. 7). The position of the
lowest energy point does not largely alter when DMSO is
substituted with acetonitrile. It's interesting to note that aer
incubating the acetonitrile solution of 2 for 22 h, the intensity of
the lowest energy band just slightly changes. The position of the
lowest energy band remains unchanged, ruling out the possi-
bility of axial ligand exchange with acetonitrile molecules.43 The
photo-chemical changes that are seen upon exposure to 525 nm
follow two main stages, with a distinct isosbestic point at
534 nm, just like those that occur with DMSO and DMSO/H2O
media.

2.4.2. In the presence of biomolecules. In biological
systems, carbon monoxide releasing molecules may interact
with or bind to biomolecules before releasing CO. This could
have an impact on the mechanism, kinetics, and characteristics
of the CO depleted species that are produced. This interaction
could alter their pharmacological activity and delivery.47 While
cisplatin and carboplatin primarily work by directly interacting
with the double helix,48 Lippard's group demonstrated that
oxaliplatin destroys cells via causing ribosomal biogenesis
stress.49 The protein hen egg-white lysozyme, HEWL, has been
shown in numerous studies to function as a biocompatible
transporter for metal-based CORMs, transporting them intra-
cellularly through its His15 side chain.50–52 However, metal-
based complexes that target DNA and have the capacity to
bind and cleave it offer promising opportunities for the devel-
opment of anticancer treatments. Therefore, understanding
and evaluating the relationship between CORMs and DNA (or
proteins) is essential for developing new chemotherapeutic
medications.53 For the reasons mentioned above, the dark
stability of 70% DMSO/H2O solutions of 2 in presence of histi-
dine (Fig. S15), HEWL (Fig. S15), and calf thymus DNA (Fig. S15)
Fig. 7 UV/Vis spectral variations of the preincubated solution of 2
(0.51 mM in CH3CN) upon photolysis at 525 nm with illumination time
of 20 min.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were investigated. The proles of dark stability of 2 in the
presence and absence of HEWL and histidine are similar,
excluding the possibility of any interaction between 2 and these
biomolecules. In other words, the primary component affecting
the dark stability prole of 2 is the media and the proportion of
DMSO. When it comes to calf thymus DNA, the situation is
entirely different. The lowest energy transition moves from
480 nm to 470 nm when DNA is added to a DMSO/H2O solution
of 2, and it further blue shis to 445 nm (Fig. S15). Compara-
tively, following 22 h of incubation of 2 with or without these
biomolecules, the location of the lowest energy transition is
almost identical (442–445 nm). It is noteworthy that the illu-
mination proles of 2 with and without these biomolecules are
similar (Fig. 8, S16 and S17). As mentioned earlier, with regard
to the photolysis done in the organic solvents, the CO release
process of 2 involves two major steps, which could be related to
stepwise CO release. The rst stage is distinguished by the
formation of an isosbestic point. According to the position of
the developed isosbestic points, which are 505 nm for
untreated, HEWL and DNA solutions, and 497 nm for histidine,
we can presume that histidine might occupy the coordination
sphere's empty position following the release of the rst CO
molecule.

2.4.3. In myoglobin solution. The myoglobin (Mb) test was
utilised to quantify the amount of CO produced from 2 aer
being subjected to light with a wavelength of 525 nm.54,55

Unfortunately, when the Mb solution of 2 was illuminated at
525 nm, the CO release kinetics were quite low (Fig. S18). About
6.5 mM MbCO was formed when the Mb solution of our pho-
toCORM was exposed to 525 nm light with a rate constant of
(11.2 ± 0.1) × 10−4 s−1, and t1/2 of (10.31 + 0.02) min. As re-
ported by us and other research groups, the rate of CO release
was much slower in an aqueous solution, highlighting the
possibility that ndings from research utilising pure organic
solvents could not be instantly appropriate to the biological or
medical domains.43,44 Additionally, recent studies have shown
that the medium conditions can affect the type of iCORM and,
thus, the CO release kinetics.56 As a result, we chose to track the
Fig. 8 UV/Vis spectral variations of the preincubated solution of 2
(0.39 mM in DMSO/H2O in presence of CT-DNA) upon photolysis at
525 nm with illumination time of 80 min.

© 2025 The Author(s). Published by the Royal Society of Chemistry
spectral variations in the Q-band aer adding 2 and exposing it
to a 468 nm light. About 10.0 mMMbCO was produced when the
Mb solution of our photoCORM was exposed to 468 nm light
with a rate constant of (37.1 ± 0.1) × 10−4 s−1, and t1/2 of (4.39 +
0.10) min. Since only a small quantity of MbCO was produced
throughout one hour of illumination, our Mn(I) photoCORM
shows slow CO release kinetics.46 This may add a benet to 2.
CORMs with a short t1/2 value may be unable to reach the body's
desired target locations.46

3. Conclusions

This work involved the synthesis and characterization of an
interesting photoactivatable tricarbonyl manganese(I) complex
functionalized with 2-(pyridin-2-yl)quinoxaline. Single-crystal X-
ray diffraction analysis showed the unit cell of the complex is
built of four molecules and the octahedron coordination sphere
aroundMn(I) is composed of 3 CO ligands arranged facially, one
bromido ligand and a bidentate quinoxaline ligand. When the
solvent polarity was altered from highly polar to less polar,
negative solvatochromism behaviour was seen for the lowest
energy band (e.g., 487 nm in DMSO), which has an MLCT/LLCT
character according to the quantum chemical calculations. The
p(Br) orbital is the primary origin of the LLCT. The dark stability
of the complex in different media (DMSO, 70% DMSO-H2O and
acetonitrile) in presence and absence of some biomolecules was
examined. By incubating the DMSO solution of the complex
overnight, we observed a signicant reduction in the magnitude
of the main absorption band that might be related to exchange
of Br− with DMSO. The rapid Br−-DMSO exchange has been
partially suppressed by a common ion effect. This was not the
case when acetonitrile was substituted for DMSO. Alternatively,
when water was added to the DMSO solution up to 30% of its
polarity, the lowest energy transition at 487 nm, seen in DMSO,
moved slightly to 480 nm. Aer the dark incubation, the charge
transfer band of the complex exhibits a notable blue shi (∼35
nm) without any decrease in the band intensity. Similar
behaviour was observed when HEWL or histidine was added to
DMSO-water solutions, excluding the probability of any inter-
action between 2 and these biomolecules in presence of
powerful coordinating solvent such as DMSO. It is noteworthy
that the illumination proles of the complex with and without
these biomolecules are similar proceeding through two main
stages due to the stepwise release of 3 CO molecules. In
comparison, the medium and the proportion of DMSO, for
instance, have the greatest inuence on the complex's CO
release kinetics, with biomolecules such as CT-DNA and HEWL
having little effect.

4. Experimental
4.1. Materials and instruments

Sigma supplied all of the chemicals used in this study,
including [MnBr(CO)5], which were used exactly as supplied. 2-
(Pyridin-2-yl)quinoxaline was prepared following the published
method.22 The IR and NMR (1H and 13C) spectra were obtained
from a Bruker Alpha-E instrument and a Bruker-Advance 400
RSC Adv., 2025, 15, 28642–28650 | 28647
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MHz spectrometer, respectively. The electronic spectra of 2 in
various solvents and under the effect of 525 nm light were ob-
tained from a Specord 210 Plus spectrophotometer. In the
positive mode, the ESI MS of the tricarbonyl Mn(I) complex was
recorded with an Advion compact mass spectrometer. The
micro elemental analysis of 2 was executed using a Vario EL III
Elementar automatic CHNS analyzer.
4.2. Synthesis of [MnBr(CO)3(2-(pyridin-2-yl)quinoxaline)]

To a round-bottomed ask loaded with [MnBr(CO)5] (106 mg,
0.38 mmol) and 2-(pyridin-2-yl)quinoxaline (119 mg, 0.38
mmol), was added acetone (15 mL). In the absence of light, the
reaction mixture was heated to reux for 3 h. As the solvent
slowly evaporated, a red precipitate formed. The precipitate was
collected, washed with diethyl ether (3 × mL) and thereaer
placed in a vacuum for four days. Yield: 87% (143 mg, 0.34
mmol). IR (ATR): n = 2021 (vs., C^O), 1916 (vs., C^O), 1600,
1477, 1211, 1147, 777, 628 cm−1. 1H NMR (400.40 MHz, CDCl3):
d = 9.59 (s, 1H, C]N–H, quinoxaline-H3), 9.47 (d, 3JH,H =

5.24 Hz, 1H, pyridine-H6), 9.06 (d, 3JH,H = 8.96 Hz, 1H, pyridine-
H3), 8.48 (d, 3JH,H = 8.49 Hz, 1H, quinoxaline-H8), 8.30 (d, 3JH,H

= 8.68 Hz, 1H, quinoxaline-H5), 8.16 (t, 3JH,H = 8.16 Hz, 1H,
pyridine-H4), 8.06 (t, 3JH,H = 7.88 Hz, 1H, quinoxaline-H6), 8.02
(t, 3JH,H = 7.68 Hz, 1H, quinoxaline-H7) and 7.67 (t, 3JH,H =

5.86 Hz, 1H, pyridine-H5) ppm. 13C NMR (100.10 MHz, CDCl3/
DMSO-d6): d = 154.3, 152.5, 151.0, 141.7, 141.4, 141.2, 137.8,
131.1, 130.7, 129.3, 126.4, 125.8, 124.3 ppm. ESI-MS (positive
mode, acetone): m/z = 771.0 {2M–Br}+, and 344.2 {M–Br}+ (M:
molecular formula). C16H9BrMnN3O3: C 45.10, H 2.13, N 9.86
found: C 44.93, H 2.01, N 9.59.
4.3. Single crystal X-ray diffraction analysis

During a two-week period, acetone solution of the metal
complex slowly evaporated, resulting in orange plates appro-
priate for single crystal X-ray diffraction analysis. The diffrac-
tion results were obtained at 100 K by a RIGAKU XtaLAB
Synergy-R diffractometer provided with a semiconductor HPA-
detector (HyPix-6000) and multi-layer mirror mono-chromated
Cu-Ka radiation. The intrinsic phasing approach (SHELXT
programme) was exploited to solve the framework of the metal
complex,57 which was aerward enhanced by the SHELXL pro-
gramme and the SHELXLE graphical user interface.58 Non-
hydrogen atoms were rened by an anisotropic approxima-
tion, while hydrogen atoms were ‘riding’ on idealised sites. Two-
component twin renement was applied to the data. Compo-
nent 2 is rotated by 12° around [0.03–0.01–1.00] direct axis. The
BASF parameter was rened to 5.6%. Crystal data for the
complex: C16H9BrMnN3O3, Mr = 426.11, clear orange plate,
0.290 × 0.147 × 0.015 mm3, monoclinic space group P21/c, a =

15.124(2) Å, b = 14.3822(13) Å, c = 7.1663(7) Å, b = 102.285(9)°,
V= 1523.1(3) Å3, Z= 4, rcalcd= 1.858 g$cm−3, m= 10.314 mm−1,
F(000) = 840, T = 100(2) K, R1 = 0.0542, wR2 = 0.1593, 7082
independent reections [2q # 150.78°] and 218 parameters.
CCDC 2453856 includes supplementary crystallographic data
for the present work.
28648 | RSC Adv., 2025, 15, 28642–28650
4.4. Time dependent density functional calculations

The starting coordinates for the full optimisation process were
taken from the complex's X-ray crystallographic data. In the
ground state, vibrational analysis and geometry optimization of
the tricarbonyl manganese(I) complex 2 were done by B3LYP
functional,39,40 and LANL2DZ basis set.59,60 A similar method-
ology is commonly reported in the literature for DFT calcula-
tions of metal-based compounds.61,62 It was veried that the
complex's local minimum structure was found to be the lowest
on the potential energy surface, according to the vibrational
modes. Table S2 includes the atomic coordinates for the local
minimum structure of 2. The computed vibrational spectrum of
2 is shown Fig. S5. TDDFT computations were carried out using
B3LYP/LANL2DZ/SMD and CAM-B3LYP41/LANL2DZ/SMD
methods. All the calculations were executed by Gaussian03,63

and the spectra (electronic and vibrational) as well as frontier
molecular orbitals were visualized by Gaussview03.64

4.5. CO release investigation

Irradiation experiments in the organic solvents in presence and
absence of biomolecules were carried out by a custom-built LED
of 525 nm (lpeak = 515 nm, Dl = 30 nm) light source (King-
bright Elec. Co., 6500 mcd, part. no. L-34ZGC). The photo-ow
of the employed light sources was determined using ferrioxa-
late actinometry.65 The quantum ow of the 525 nm source was
about 6.69 × 10−11 Einstein per s. The capped cuvette was sit-
uated perpendicular to the LED at 3 cm. Using a Specord 210
Plus spectrophotometer, the electronic absorption spectra were
obtained by turning off the illumination at regular intervals
until no more changes were observed.

As previously described,54,55 the myoglobin (Mb) assay was
employed to spectrophotometrically assess the CO equivalents
emitted by the tricarbonyl manganese(I) photoCORM by moni-
toring the mono carbonylation of Mb molecules. The stock
solutions' concentrations were chosen to provide a nal mixture
of 10 mM sodium dithionite (reducing agent), 60 mMMb, and 10
mM photoCORM. Both 525 and 468 nm (Kingbright Elec. Co.,
5000 mcd, part. no. BL0106-15-299) were used in the myoglobin
assay. The quantum ow for 468 nm LED source was found to
be about 1.25 × 10−9 Einstein per s.
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