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evaluation of new manganese metal carbonyl
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ligands as a promising new class of CORMs†
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Three new manganese carbonyl compounds with heavy atom donors were synthesized and their poten-

tial use as photoCORMS was evaluated. Interestingly, all compounds had an elusive binding mode, in

which the ligands adopted a κ2-X coordination (where X = S or Se), confirmed both by X-ray crystallogra-

phy and IR spectroscopy. The stability of the title compounds in the dark was determined by monitoring

the changes in the UV spectra of the compounds in both dichloromethane and acetonitrile. These studies

show that in coordinating solvents there is an exchange of the bromide bonded to the metal centre by a

solvent molecule, which is evidenced by the changes in the UV and IR spectra and by DFT analysis. EDA

and natural bond order analyses were conducted to evaluate the influence of the heavy atom donors in

the first coordination sphere of the compounds. Photoexcitation at 380 nm demonstrated that all com-

pounds showed release of all three COs, as seen in the photoproducts detected by IR spectroscopy.

Furthermore, CO release was observed when the photoCORMs were incubated with living cells, and we

observed a CO-dependent inhibition of cell viability.

Introduction

Since the discovery of the signalling properties of carbon mon-
oxide1,2 and its potential use as a therapeutic agent,3–5 several
research groups have begun to study ways to deliver CO in a
safe manner and limit the hazards.6 One way to limit its cyto-
toxicity is to use carbon monoxide-releasing molecules
(CORMs)7,8 for which the release of CO is prompted by the use
of an external trigger,9 such as photoexcitation. This is one of
the most commonly employed procedures that gave rise to so-
called photoCORMs.10 Even though some organic CO carriers
have been developed,11–18 metal carbonyl compounds (MCCs)8

are still common because of the diverse array of properties
associated with the metal centre,9 which lead to the develop-
ment of ruthenium, iron, rhenium, molybdenum and manga-
nese MCCs,19–23 the latter being the most common.

Currently, a wide list of examples of manganese MCCs with
either different ligands or dinuclear species, which can help in
the design of new photoCORMs, can be found in the literature,
such as L1-k2N1,N2(2,6-bis(benzimidazole-2′-yl)pyridine),24

pyTAm (2-(pyridyl)imino-triazaadamantane)25 and the dinuc-
lear rhenium–manganese carbonyl.26 These photoCORMs have
different applications concerning their biological stability,
photoswitch probes upon CO release and visible light acti-
vation. In general, these compounds have MnI centres with
either bidentate or facial tridentate ligands. However, it has
been shown that the use of ligands with nonbonding groups,
such as tris(2-pyridylmethyl)amine (tpa), which adopts a κ3

binding mode, can facilitate the formation of inactivated
CORMS (iCORMs) after the CO-release procedure.27 After the
dissociation, either the released CO molecules are substituted
by a species present in the medium, typically a solvent mole-
cule, or the ligand suffers dissociation of the metal framework,
and the use of switch on probes, such as imdansyl can help
elucidate this mechanism and provide an insight into the
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localization of the CO prodrug.28 Despite these recent
advances, most manganese photoCORMs have CO-release
activity only near the UV region, which limits their applica-
bility. In this context, the use of ligands that can shift the
excitation bands towards lower energy, such as bis(4-chloro-
phenylimino)acenaphthene and azopyridines,29,30 are highly
desirable.

Although various examples of new and interesting ligands
can be found in the literature, the use of heavy atoms in the
ligand framework has not been reported. In this regard, the
increase in the spin–orbit coupling (SOC) with the use of
heavier atoms, such as sulfur and selenium, can modify the
CO dissociation and increase the intersystem crossing (ISC)
between singlet and triplet excited states.31

Herein, we focus on the design of new ligands that contain
heavy atoms in the ligand framework of manganese photoCORMs
that could potentially modify the photoexcitation behaviour of
these compounds. For this purpose, three chalcogen-containing
ligands and their respective MCCs were synthesized (Fig. 1),
phS (1′), phSe (2′), bzlSe (3′), [MnBr(CO)3(phS-κ2 S)] (1),
[MnBr(CO)3(phSe-κ2 Se)] (2) and [MnBr(CO)3(bzlSe-κ2 Se)] (3)
and their properties were evaluated by common characteriz-
ation techniques and theoretical approaches.

Results and discussion

Ligands 1′–3′ were synthesized by the reaction of bis(2-chlor-
oethyl)amine hydrochloride with the appropriate selenolate or
thiolate, which were generated in situ by the cleavage of the
selected dichalcogenide with sodium borohydride. The pro-
ducts were purified by column chromatography and obtained
in good yields. The ligands were characterized by IR, 1H, 13C
and 77Se NMR spectroscopy (Fig. S1–S11†).32

The manganese metal carbonyl compounds were syn-
thesized by heating at reflux a 4 : 1 diethyl ether/acetonitrile
mixture of ligands and Mn(CO)5Br precursor in dim light con-
ditions overnight, similar to already published procedures.33

Slow diffusion of hexane into the solutions led to the for-
mation of yellow to orange crystals, which were collected and

kept under an argon atmosphere at −20 °C and used for
characterization.

Solid-state characterization

The attenuated total reflectance (ATR) IR spectra for compounds
1–3 showed three intense bands at around 2050 and 1850 cm−1,
attributed to the CO stretching frequencies. This is consistent
with a facial orientation of the carbonyl groups and a distorted
C3v symmetry (Fig. S12–S14†). The higher energy frequency,
centred at 2020, 2015 and 2015 cm−1 for 1, 2 and 3, respectively,
is attributed to symmetric CO stretching whereas the lower fre-
quency energies centred at 1933/1912, 1919/1896 and 1927/
1908 cm−1 are originated from a split in the antisymmetric CO
stretching band. In general, manganese tricarbonyl compounds
with tridentate symmetric ligands form compounds with facial
bonded ligands and a much less degenerate unsymmetric
stretching band. This splitting indicates that the ligands of the
compounds synthesized are bonded in a bidentate fashion with
no displacement of the bromide from the first coordination
sphere. The splitting of the degenerate band, a direct compari-
son of the bands for compounds 1 and 2, which are structurally
similar, also reveals that the use of heavier and softer ligands
shifts the CO stretching frequencies to lower energy. This indi-
cates an increase in the metal to ligand charge transfer (MLCT)
that increases the C–O bond length with heavier atoms. Analysis
with other manganese MCCs, such as [Mn(CO)3(tpa-k

3 N)]Br27

(with νCO: 2032, 1961 and 1905 cm−1) and CORM-ONN133 (with
νCO: 2040, 1941, 1920 cm−1), reinforces this finding.

The above statement is corroborated by the crystal data
obtained for compounds 1–3. In all three cases, the ligand
binds in a bidentate mode to form a five-membered ring. The
use of mild synthetic conditions with diethyl ether as the
solvent did not favour the displacement of the bromide
present in the starting material, and one of the sulfur or sel-
enium moieties remained uncoordinated.

The crystallographic parameters are summarized in
Table S1–S6† and the relevant bond lengths and angles are dis-
played in Table 1, and show that the trans influence takes
place, which influences the Mn–C bond lengths. The use of
softer ligands shortens the Mn–C bond trans to the soft
moiety, with the Mn–C bonds trans to the bromide being
slightly more compressed. As a direct consequence, all three
Mn–C bonds differ in some way, deviating from the C3v sym-
metry, which is consistent with the non-degenerate character
of the CO antisymmetric stretching seen in the IR spectra. As
expected, the softer binding moieties, sulfur and selenium,
have a much higher M–X (where X = S or Se) bond length rela-
tive to typical nitrogen ligands, due to their higher covalent
radii. The remainder of the bond lengths and angles are
within typical ranges considering previously published manga-
nese tricarbonyl compounds.34,35 The molecular structures for
1–3 are represented in Fig. 2.

Bonding analysis

The Mn–CO bonding situations were analysed in the light of
both Kohn–Sham energy decomposition analysis (GKS-EDA)

Fig. 1 Structural representation of the ligands phS (1’), phSe (2’), bzlSe
(3’) and their respective manganese carbonyl compounds used in this
study, from left to right: [MnBr(CO)3(phS-κ2 S)] (1), [MnBr(CO)3(phSe-κ2

Se)] (2) and [MnBr(CO)3(bzlSe-κ2 Se)] (3).
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and natural bond orbital (NBO) analyses. The GKS-EDA quan-
tifies the bonding strength and decomposes it on several
meaningful terms to reveal that in compounds 1–3 the carbo-
nyl group coordinated trans to bromide ion, C3O3, interacts
more strongly with the Mn1 centre than the two other carbonyl
groups, C1O1 and C2O2, which are coordinated trans to nitro-
gen and chalcogen atoms (S or Se), respectively (Table 2). The
total binding energy values for Mn1–C3O3 vary from −54.06 to
−58.05 kcal mol−1, whereas for Mn1–C1O1 and Mn1–C2O2
they vary from −41.97 to −47.27 kcal mol−1. In fact, the total
interaction energy values (ΔEint) shows that, in all cases, the
C2O2 group is the most labile one (−41.97– −42.61 kcal
mol−1). Such findings are totally in line with the solid-state
characterization, which reveals the three Mn–CO bonds are
different as a consequence of the trans effect. Such effect is
also confirmed by means of the GKS-EDA terms.

The nature of the chalcogen employed has a remarkable
effect on the Mn1–C2O2 and Mn1–C3O3 bonding situations.
For instance, on going from 1 to 2, it can be noticed that the
electrostatic, ΔEelstat, exchange, ΔEexch, and polarization, ΔEpol,
contributions for Mn1–C2O2 become more stabilizing,
suggesting an increase of the electronic charge reorganization,
including charge transfer and polarization. A similar situation,
but with slight magnitude is also observed for Mn1–C3O3
(Table 2). By changing the ligand (phSe) to (bzlSe), that means
going from 2 to 3, it is noticed that Mn1–C3O3 becomes still
stronger, whereas the two other Mn–CO bonds are slightly less
strong. In fact, the GKS-EDA results reveal that both the nature
of the chalcogen as well as the ligand employed have non-neg-
ligible and distinguishable electronic effects on the Mn–CO
bonding situations. The Wiberg bond indexes and natural
population analysis (NPA) obtained from natural bond order
method, a localized form of the molecular wavefunction also

confirms the differences on Mn–CO bond lengths as well as
the electronic charge reorganization (Table S10†).

Identification of the active species in solution

Because the isolated compounds show the ligands binding in
a bidentate mode with a bromide in the first coordination
sphere, it is reasonable to expect that the absorption bands on
the UV spectra for these compounds will show solvent-depen-
dent behaviour, with the exchange of the bromide present in
the first coordination sphere for a coordinating solvent. Thus,
the UV spectra for 1–3 were analysed under two conditions: a
nonbonding and a bonding solvent, namely dichloromethane
and acetonitrile, respectively.

In dichloromethane, compounds 1, 2 and 3 present broad
absorption bands with λmax at 385 nm (2597 mol L−1 mol−1),
385 nm (2235 mol L−1 mol−1) and 388 nm (2014 mol L−1 mol−1),
respectively. Because these bands did not show any sign of
modification over a 24 h incubation period in the dark (Fig. 3

Table 1 Selected bond lengths (Å) and angles (°) for 1–3

1 2 3

Bonds
Mn1–C1 1.810(3) 1.803(4) 1.817(5)
C1–O1 1.142(3) 1.145(5) 1.140(6)
Mn1–C2 1.804(3) 1.801(4) 1.806(5)
C2–O2 1.142(3) 1.149(5) 1.141(6)
Mn1–C3 1.795(3) 1.790(4) 1.788(5)
C3–O3 1.143(3) 1.148(5) 1.138(6)
Mn1–N1 2.1255(19) 2.131(3) 2.129(4)
Mn1–S2 2.3748(6) — —
Mn1–Se1 — - 2.4625(8)
Mn1–Se2 — 2.4758(7) —
Mn1–Br1 2.5288(4) 2.5280(6) 2.5344(8)
Angles
C1–Mn1–C2 88.43(12) 88.39(19) 88.0(2)
C1–Mn1–C3 91.21(12) 90.73(18) 92.2(2)
C2–Mn1–C3 90.67(11) 90.70(18) 92.1(2)
N1–Mn1–S2 85.05(5) — —
N1–Mn1–Se1 — — 85.11(11)
N1–Mn1–Se2 — 85.96(8) —
S2–Mn1–Br1 83.918(18) — —
Se1–Mn1–Br1 — — 82.47(3)
Se2–Mn1–Br1 — 82.49(2) —

Fig. 2 Molecular structures of compounds 1–3, ellipsoids with 40%
probability. (a) [MnBr(CO)3(phS-κ2 S)]; (b) [MnBr(CO)3(phSe-κ2 Se)], and
(c) [MnBr(CO)3(bzlSe-κ2 Se)].
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for 3 and Fig. S15, S16†), the structures must retain the biden-
tate binding mode [MnBr(CO)3(L-κ2 X)] (in which L = phS,
phSe or bzlSe and X = S or Se).

It was also possible to analyse the stability of 1–3 in di-
chloromethane over the course of the incubation period by IR
spectroscopy, which showed that the three CO stretching
bands remain unchanged, both in terms of their energy and
their intensity during analysis (Fig. 3 for 2 and Fig. S17, S18†).
Interestingly, a direct comparison between the solid ATR and
the diluted solution in KBr is not possible because the stretch-
ing frequencies for the sample in KBr pellets are shifted
towards higher energy, ≈10 and 20 cm−1 for the symmetric
and antisymmetric stretching modes, respectively. The fre-
quencies for the L-κ2 binding modes are summarized in
Table 3. This difference observed for the solid ATR and the
diluted solution in KBr is due to the presence of inter-
molecular forces between the sample and some of the water
present in the KBr pellets.

With addition of acetonitrile the spectral profile slowly
changes, with the absorption bands shifting to higher energy
(Fig. 3 for 2 and Fig. S15, S16†). Over the same 24 h period in a
1 : 1 dichloromethane/acetonitrile the bands are hypsochromi-

cally shifted by 20 nm, with λmax at 365, 365 and 368 nm,
respectively. These shifts could indicate that there is a displa-
cement of the bonded bromide by acetonitrile, which would
result in the formation of [Mn(CH3CN)(CO)3(L-κ2 X)]+ species
(in which L = phS, phSe or bzlSe and X = S or Se). Further dis-
placement of the solvent molecule by the pendant moiety to
form [Mn(CO)3(L-κ3)]+ was not detected over the course of the
experiment, since no red shift of the initial absorption bands
due to the coordination of the pendant moiety are detected.

To elucidate if there is a ligand exchange between the
bromide and a solvent molecule, the IR spectra were also
obtained for the species formed during the incubation
periods. In this media the three stretching bands shows minor
shifts to lower energies, and the nondegenerate character of
the antisymmetric stretching band is maintained for all three
compounds. This behaviour indicates that the distorted C3v

character is maintained, without exchange of the bromide by a
solvent molecule, which would shift the CO stretching to
higher frequencies, nor the coordination of the pendant
moiety to the metal centre, which would increase the degener-
acy of the bands, similar behaviour is already reported in the
literature.36

Table 2 Energy decomposition analysis (GKS-EDA) of M–CO bonds (kcal mol−1) at BP86-D3/def2-SVP level of theory

Interaction ΔEint ΔEelstat ΔEexch ΔErep ΔEpol ΔEdisp ΔEcorr

1
Mn1–C1O1 −46.31 −146.59 −225.04 465.74 −94.69 −2.54 −43.19
Mn1–C2O2 −41.97 −148.37 −229.74 477.28 −97.59 −4.38 −39.15
Mn1–C3O3 −54.06 −148.92 −228.06 471.95 −98.41 −4.68 −45.93
2
Mn1–C1O1 −47.27 −146.80 −225.38 466.28 −94.63 −2.40 −44.34
Mn1–C2O2 −42.61 −151.31 −233.43 486.30 −101.16 −4.51 −38.50
Mn1–C3O3 −54.98 −148.96 −228.95 473.05 −98.27 −4.82 −47.04
3
Mn1–C1O1 −46.71 −143.01 −218.82 452.53 −90.58 −3.04 −43.79
Mn1–C2O2 −42.43 −152.79 −236.94 492.90 −103.84 −3.99 −37.77
Mn1–C3O3 −58.05 −149.55 −232.21 478.38 −101.21 −5.28 −48.18

Fig. 3 UV (top) and IR (bottom) spectral changes of 2 over 24 h period
in the dark in dichloromethane (top) and acetonitrile (bottom).

Table 3 Experimental and calculated carbonyl stretching frequencies
for the manganese carbonyl compounds used in this study in both sol-
vents (in which X = S or Se) at BP86-D3/def2-SVP level of theory

Ligand (L)
phS phSe bzlSe

[MnBr(CO)3L-κ2 X]

Exp. Calc. Exp. Calc. Exp. Calc.

Symmetric 2027 2014 2022 2010 2024 2012
Antisymmetric 1938 1932 1934 1928 1934 1929

1917 1904 1906 1899 1916 1883

[Mn(CH3CN)(CO)3L-κ2 X]+

Exp. Exp. Exp.

Symmetric 2023 2024 2023
Antisymmetric 1924 1932 1932

1900 1898 1911
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The changes in the CO stretching bands are shown in Fig. 3
for 2 (Fig. S17 and S18 for 1 and 3†) and the results displayed
in Table 3.

Unfortunately, the isolation of the species [Mn(CH3CN)
(CO)3(L-κ2 X)]+ or [Mn(CO)3(L-κ3 X)]+ (in which L = phS, phSe
or bzlSe and X = S or Se), which could facilitate the identifi-
cation of these species, could not be performed.

DFT and TD-DFT analysis of the active species

The [MnBr(CO)3(L-κ2 X)] and [Mn(CH3CN)(CO)3(L-κ2 X)]+ (in
which L = phS, phSe or bzlSe and X = S or Se) binding modes
were optimized to gain insight into the geometrical and elec-
tronic structures of the species by using density functional
theory (DFT) in the gas phase. The absence of imaginary fre-
quencies corroborated the understanding that the optimized
structures are truly energy-minimum. These structures were
once again optimized to take into account the polarizability of
the medium, using the SMD solvation model, with the appro-
priate solvents.

The calculated frequencies at the BP86-D3/def2-SVP for the
[MnBr(CO)3(L-κ2 X)] were compared to the experimental IR fre-
quencies and are in good agreement with the experimental
values (Table 3) with deviations in the order of 10 cm−1. The
results are consistent with the proposed coordination.

Time-dependent DFT (TD-DFT) calculations were also
made. The first forty singlet excited states were calculated for
both cases. For [MnBr(CO)3(L-κ2 X)] (in which L = phS, phSe or
bzlSe and X = S or Se) the most prominent band is attributed
either to a HOMO−1 → LUMO+1 for phS and phSe ligands
and a HOMO−2 → LUMO+1 for the bzlSe ligand, in which for
both cases the orbitals comprise mostly manganese d orbitals,
with some contribution of the bromide p orbitals. The first
unoccupied orbitals are π* orbitals delocalized on the chalco-
gen and aromatic rings.37,38 Moreover, the increase in the
polarization of the donor did not further displace the MLCT
bands to lower energy, even though the LUMO+1 is 0.04 eV
lower when going from 1 to 2, probably due to the higher
electrostatic character of the M–X bond when going form S to
Se, which is consistent with the EDA results (Fig. 4 and
Table 4).

As expected, exchanging the solvent from dichloromethane
to acetonitrile and exchanging the bromide for acetonitrile,
increases the energy of the singlet excitation. Interestingly, for
[Mn(CH3CN)(CO)3(L-κ2 X)]+ compounds the excitations com-
prise of inner orbitals that arise from the manganese d orbitals
to the π* orbitals of the aromatic rings.

CO release properties

Because the synthesized compounds have a medium-depen-
dent structure, the CO release activity was tested in both di-
chloromethane and acetonitrile solutions, by using an exci-
tation wavelength of 380 ± 10 nm (λ380), and the changes in
the UV, IR and NMR spectra were monitored. Lower energy
wavelengths were also employed however, as expected, show
much slower CO release rates and for this reason not shown.

In dichloromethane, in which the compounds retain the co-
ordinated bromide, all compounds showed a steady decrease
in the MLCT absorption bands at around 390 nm and the
appearance of a new band at around 480 nm, with the for-
mation of two isosbestic points during the processes, as seen
in Fig. 5 for 2, Fig. S19 and S20 for 1 and 3.† The decay in the

Fig. 4 Calculated molecular orbitals for the first major transition in di-
chloromethane (top) and acetonitrile (bottom) at ωB97X-D3/def2 level
of theory.

Table 4 Energies, oscillator strengths ( fosc) with main orbital contri-
bution and type of orbitals involved in the first excitations at ωB97X-D3/
def2 level of theory

State λ (nm) fosc Type of transition

[MnBr(CO)3(phS-κ2 S)]
1 422.3 0.003610293 π (Mn–CO); p (Br) → π* (phenyl)
2 403.5 0.013416896

[MnBr(CO)3(phSe-κ2 Se)]
1 418.2 0.001774086 π (Mn–CO); p (Br) → π* (phenyl)
2 400.6 0.011913981

[MnBr(CO)3(bzlSe-κ2 Se)]
1 419.4 0.001882577 π (Mn–CO); p (Br) → π* (phenyl)
2 403.0 0.009767997

[Mn(CH3CN)(CO)3(phS-κ2 S)]+
1 421.7 0.000968382 π (Mn–CO); π (phenyl) → π* (phenyl)
2 401.6 0.015594213

[Mn(CH3CN)(CO)3(phSe-κ2 Se)]+
1 413.6 0.000718936 π (Mn–CO); π (phenyl) → π* (phenyl)
2 394.8 0.017254963

[Mn(CH3CN)(CO)3(bzl-κ2 Se)]+
1 400.7 0.000860679 π (Mn–CO); π (phenyl) → π* (phenyl)
2 383.9 0.007014534
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MLCT band is due to the CO release process that lowers the
concentration of the tricarbonyl species, forming photo-
products with a lower CO content, which shifts the MLCT
bands to higher energies, as seen in the increase in absor-
bance at around 300 nm for compound 2 (Fig. 5 for 2, Fig. S19
and S20 for 1 and 3†).

Interestingly, a second lower energy band is formed at around
480 nm during the photoexcitation procedure, which at the time
seemed unusual. However, mechanics studies by Kurz group39,40

demonstrated that during the CO release of manganese carbonyl
compounds a bis-carbonyl species with a solvent molecule that
occupies the released CO is formed. In addition, because
[Mn(CO)3(tpa-κ3 N)]+ compound27 binds the uncoordinated pyri-
dine moiety after photoexcitation, it is feasible to postulate that
this second band is associated with a [MnBr(CO)2(L-κ3 X)]
species (in which L = phS, phSe or bzlSe and X = S or Se) for
which the uncoordinated chalcogen moiety binds to the biscar-
bonyl species that is formed during the photoexcitation pro-
cedure. This photoproduct should have lower energy absorption
values due to the presence of the second bonded chalcogen.

To verify that the biscarbonyl intermediate is formed in di-
chloromethane, the changes in the IR spectra of the products
were also monitored. The analysis revealed a steady decrease
in the three major CO stretching bands during the decompo-
sition process. Concomitantly, formation of a new and lower
frequency band at around 1800 cm−1 was observed. This CO
stretching band is associated with antisymmetric stretching of
the bis-carbonyl intermediate that is continuously formed during

the decomposition process, as shown by Kurz’s group.39,40

Calculating the area under the curve after 840 s of exposure, 2.0,
2.2 and 2.2 equivalents of CO were released for 1–3 respectively,
as seen in Fig. 5 for 2, Fig. S21 and S22 for 1 and 3.†

Unfortunately, the attribution of the intermediates by NMR
spectroscopy was not possible due to rapid oxidation of the
metal centre during the CO release procedure, which resulted
in MnII species rapidly turning the solution paramagnetic,
which gave broader peaks and hindered the collection of
reliable results (Fig. S23–S25†).

By applying a pseud-first-order kinetics model to the decay
in the UV spectra, it is possible to obtain the apparent CO
release constants for 1–3, which are, respectively, (1.82 ± 0.03)
10−3 s−1, (7.76 ± 0.15) 10−3 s−1 and (7.87 ± 0.15) 10−3 s−1.

Photoexcitation in acetonitrile with λ380 resulted in the for-
mation of a brown to beige precipitate during the dissociation
of CO by changing the colour of the solution from colourless
to light yellow to deep yellow. This solid is related to the for-
mation of MnII dimers after the dissociation of the first carbo-
nyl group.39,40 The precipitate formed during the irradiation
inhibited the determination of the photoproducts in the
required concentrations. This is due to the high degree of scat-
tering of the irradiated light, which hindered the pseudo-first-
order kinetic constants and made the results for the inter-
mediates detected in KBr IR unreliable.

CO release in aqueous conditions and living cells

Having proven the complete dissociation of carbon monoxide
from the compounds in the organic solvents, it was important
to evaluate the ability of the compounds to release CO in phys-
iological conditions. We could observe that the three com-
pounds were able to release CO in a buffered aqueous solution
(PBS, pH 7.4), in response to COP-1, a fluorescent turn-on
probe that selectively reacts with CO through a palladium-
mediated carbonylation reaction.41 In this assay, compound 2
was the most effective, because it was able to release 2× more
CO than compounds 1 and 3 (Fig. 6(a) and Fig. S26†).
Moreover, we could also detect increasing fluorescence levels,
in a time dependent manner in HeLa cells (derived from cervi-
cal cancer) when incubated with the compounds for 15 min (2
and 3) and for 30 min (1–3) in the presence of COP-1 [Fig. 6(c)
and Fig. S27†] relative to the control, which indicates increas-
ing levels of CO release by compounds 1–3.

Importantly, we could observe that the CO release is cytoso-
lic and seems to be localized in the perinuclear region, which
is in accordance with what was previously described for other
CO-releasing molecules.42 By considering that the aim of the
use of CORMs is to selectively deliver CO to cells, as a thera-
peutic agent, we also addressed the cell viability of two
different cancer cell lines, HeLa (cervical cancer) and HepG2
(liver cancer) after treatment with compounds 1–3. Only 24 h
after treatment with 150μM of 1–3 less than 30% of cells are
viable (Fig. 6b). Although compound 3 is not the one that
releases the most CO it seems to be the most potent against
both cell lines because it is the one with lower IC50s
(Fig. S28†). This effect may be due to the ability of compound 3

Fig. 5 UV (top) and IR (bottom) spectral changes of 2 during excitation
with a 380 ± 10 nm incident light in a dichloromethane solution.
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to release CO faster than the other compounds because 15 min
after incubation it shows a stronger intracellular fluorescence
intensity relative to 1 and 2, a tendency that is also visible after
30 min of incubation (Fig. 6b and Fig. S27†). In addition, at
45 min after incubation we can already see that the cells look
altered, with abnormal nuclei and morphology, which is indica-
tive of cell death (Fig. S28†). Thus, we believe that the effect of
the compounds on cell death may occur within minutes after
incubation, which is in accordance with the IR results that indi-
cate a complete CO dissociation after 15 min exposure.

Conclusions

In this study, three new manganese metal-carbonyl com-
pounds were synthesized that contain heavy atoms in the first

coordination sphere, namely sulfur and selenium. Even
though the tridentate ligands were used, the MCCs synthesized
had a κ2-L X (X = S or Se) binding mode, detected by both the
crystal structures and the asymmetry of the C–O stretching
bands. The bonding analysis showed that the sulfur and
selenium heavy-atom donors have unneglectable interactions
with the carbonyl groups that make the CO trans to these moieties
more stable in the ground state. Because the isolated com-
pounds had an elusive binding mode, studies were conducted
to determine the active species in solution, and the results
show that in acetonitrile solution only the substitution of the
bromide by an acetonitrile molecule occurs, without formation
of κ3-L. Moreover, the photoactivity of compounds 1–3, showed
that the CO release activity was solvent dependent. In dichloro-
methane it was found that the pseudo-first-order constants
follow the trend k3 ≈ k2 > k1, which clearly show that the use of
heavier atoms in the first coordination sphere can considerably
increase the CO release rate, even without the expected batho-
chromic shift of the MLCT bands, which could prove useful in
reducing the exposure time of the patients to UV-A light. This
increase in the CO release rate is directly related to the dissocia-
tive populated excited states. In this regard more measures are
required to fully understand the nature of these states, and how
the increase in the SOC of the ligand increases the CO release
rate, contrary to what is known of Mn and Re compounds,
which in this case decreases the CO release.

Experimental
General
1H NMR spectra were obtained at 400 MHz with a Varian AS-400
NMR spectrometer. Spectra were recorded in CDCl3 solutions.
Chemical shifts are referenced to the solvent peak of CDCl3 or
tetramethylsilane as the external reference. Data are reported as
follows: chemical shift (δ), multiplicity, coupling constant ( J)
and integration intensity. 13C NMR spectra were obtained at
100 MHz with a Varian AS-400 NMR spectrometer. Spectra were
recorded in CDCl3 solutions. Chemical shifts are referenced to
the solvent peak of CDCl3.

77Se NMR spectra were obtained at
38.14 MHz with a Bruker AC-200 NMR spectrometer. Spectra
were recorded in CDCl3 solutions. Chemical shifts are refer-
enced to diphenyl diselenide as the external reference
(463.15 ppm). Abbreviations to denote the multiplicity of a par-
ticular signal are: s (singlet), d (doublet), t (triplet) and m (mul-
tiplet). High-resolution mass spectra were recorded with a
Bruker micrOTOF-Q II APPI mass spectrometer equipped with
an automatic syringe pump for sample injection. Infrared
spectra were recorded with a Bruker Optics Alpha benchtop
FT-IR spectrometer. The melting points were determined in a
Microquimica MQRPF-301 digital model equipment with
heating plate. Column chromatography was performed with
silica gel (230–400 mesh). Thin layer chromatography was per-
formed with Merck Silica Gel GF254, 0.25 mm thickness.
Samples were visualized either under ultraviolet light or stained
with iodine vapor and acidic vanillin.

Fig. 6 CO release in aqueous solution and cells. (a) Histogram repre-
senting the emission intensity (RFUs – relative fluorescent units)
measured at 60 min after incubation of 1 μM COP-1 (λex = 475 nm) with
150 μM of compounds 1–3 in PBS pH 7.4 at 37 °C. The results corres-
pond to mean + SEM of three independent experiments; (b) HeLa and
HepG2 cell viability determined after 24 h incubation with 150 μM of
1–3. Viability is represented as percentage of control (mean + SEM of
three independent experiments). (c) Representative confocal microscopy
images of CO release in live HeLa cells untreated (control) and treated
with 150 µM of 1–3 after 30 min of incubation with COP-1. Left panel –
nucleic acid staining with Syto61 (red), middle panel – COP-1 turn-on
response to CO (green), right panel – merged channels.
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Reactions under inert atmosphere were conducted in flame-
dried or oven-dried glassware equipped with tightly fitted
rubber septa and under a positive atmosphere of dry argon.
Reagents and solvents were handled by using standard syringe
techniques. Temperatures were maintained by use of a mineral
oil bath with a heating and stirring plate.

>The IR, 1H, 13C and 77Se NMR spectra can be found in the
ESI.†

Synthesis of ligands containing sulfur and selenium (1′–3′)

Ethanol (5.0 ml) and the appropriate diorganoyl dichalcogen-
ide (3.0 mmol) were placed in a 25 mL round-bottomed flask
under an argon atmosphere. To the stirred reaction mixture,
NaBH4 (6.0 mmol) was added in small portions. After the com-
plete evolution of gas, bis(2-chloroethyl)amine hydrochloride
(2.0 mmol) dissolved in ethanol was added dropwise. The reac-
tion mixture was then heated at 70 °C for 18 h then allowed to
cool to room temperature. The solvent was removed by evapor-
ation under reduced pressured. The crude mixture was dis-
solved in ethyl acetate (30 mL) and extracted with water (3 ×
10 mL). The combined organic phase was washed with brine,
dried with anhydrous MgSO4, and concentrated under reduced
pressure. The crude material was purified by column chrom-
atography (hexane/ethyl acetate 7 : 3).

Bis(2-(phenylthio)ethyl)amine (1′). Yellow oil. Yield 288 mg;
289.46 g mol−1; 50%. 1H NMR (400 MHz, CDCl3): δ = 7.34 (d,
J = 4.0 Hz, 3H), 7.25 (t, J = 8.0 Hz, 4H), 7.19–7.15 (m, 2H), 3.03
(t, J = 8.0 Hz, 4H), 2.80 (t, J = 8.0 Hz, 4H), 1.88 (s, 1H) ppm. 13C
NMR (100 MHz, CDCl3): δ = 135.7 (C), 129.8 (CH), 128.9 (CH),
126.3 (CH), 47.8 (CH2), 34.2 (CH2) ppm. Selected IR frequen-
cies (KBr): 3300.3, 3057.6, 2920.9, 2829.1, 1945.9, 1640.0,
1582.8, 1478.8, 1438.0, 1121.9, 1024.0, 738.4, 691.5,
475.3 cm−1.32

Bis(2-(phenylselanyl)ethyl)amine (2′). Off-white solid. Yield:
514 mg; 383.28 g mol−1; 71%. M.p. 110–112 °C (lit. 106 °C). 1H
NMR (400 MHz, CDCl3): δ = 7.51–7.48 (m, 3H), 7.27–7.22 (m,
5H), 3.00 (t, J = 6.6 Hz, 4H), 2.85 (t, J = 6.6 Hz, 4H), 1.77 (s, 1H)
ppm. 13C NMR (100 MHz, CDCl3): δ = 133.1 (CH), 129.7 (C),
129.2 (CH), 127.1 (CH), 48.6 (CH2), 28.6 (CH2) ppm. 77Se NMR
(38.14 MHz, CDCl3): δ = 266.21 ppm. Selected IR frequencies
(KBr): 3430.7, 3051.3, 2812.7, 1947.9, 1576.6, 1476.7, 1433.88,
1144.2, 1019.8, 732.2, 693.5 cm−1.32

Bis(2-(benzylselanyl)ethyl)amine (3′). Yellow oil. Yield:
658 mg; 411.33 g mol−1; 80%. 1H NMR (400 MHz, CDCl3): δ =
7.31–7.18 (m, 9H), 3.77 (s, 4H), 2.73 (t, J = 6.6 Hz, 4H), 2.60 (t,
J = 6.6 Hz, 4H), 1.66 (br. s, 1H) ppm. 13C NMR (100 MHz,
CDCl3): δ = 139.4 (C), 128.9 (CH), 128.6 (CH), 126.8 (CH), 48.7
(CH2), 27.1 (CH2), 24.6 (CH2) ppm. 77Se NMR (38.14 MHz,
CDCl3): δ = 255.79 ppm. HRMS- (APPI): m/z calcd for
[C18H23NSe2]

+ [M + nH]+ 414.0237; found 414.0236.

Synthesis of Mn compounds that contain sulfur and selenium
1–3

For the preparation of the carbonyl compounds, a solution of
the appropriate organochalcogen ligand (0.25 mmol) was solu-
bilized in a mixture of dichloromethane (1 mL) and diethyl

ether (4 mL). The resulting solution was degassed by applying
two freeze–pump–thaw cycles. The manganese precursor
[MnBr(CO)5] (0.25 mmol) was added to a frozen solution of the
ligands, thaw degassed three times and then kept under agita-
tion until the mixture reached room temperature. The mixture
was then heated to reflux under an inert atmosphere and dim
light conditions overnight to give brown solutions. To the
cooled mixture, hexane (10 mL) was added and kept at 25 °C
for two days to give dark yellow crystals suitable for X-ray
analysis.

[MnBr(CO)3(phS-κ2 S)] (1). Dark yellow solid. Yield: 742 mg;
511.35 g mol−1; 72%. Selected IR frequencies (ATR): 2020 (s,
νCO), 1933 (s, νCO), 1912 (s, νCO), 1610–1433 (w, νar), 757 (m,
δar), 633 (m, δar) cm−1. Selected electronic absorption wave-
lengths (CH2Cl2, λmax in nm) and their respective ε values
(L mol−1 cm−1): 385 (2757). Found and calculated elemental
analysis (C19H19NO3S2BrMn): C, 44.81 (44.89); H, 3.75 (3.77);
N, 2.87 (2.76).

[MnBr(CO)3(phSe-κ2 Se)] (2). Dark yellow solid. Yield:
742 mg; 605.14 g mol−1; 76%. Selected IR frequencies (ATR):
2015 (s, νCO), 1919 (s, νCO), 1896 (s, νCO), 1605–1435 (w, νar),
760 (m, δar), 630 (m, δar) cm

−1. Selected electronic absorption
wavelengths (CH2Cl2, λmax in nm) and their respective ε values
(L mol−1 cm−1): 385 (2235). Found and calculated elemental
analysis (C19H19NO3Se2BrMn): C, 39.42 (39.37); H, 4.83 (4.72);
N, 1.77 (2.81).

[MnBr(CO)3(bzlSe-κ2 Se)] (3). Dark yellow solid. Yield:
742 mg; 633.20 g mol−1; 68%. Selected IR frequencies (ATR):
2015 (s, νCO), 1927 (s, νCO), 1908 (s, νCO), 1602–1430 (w, νar),
755 (m, δar), 627 (m, δar) cm

−1. Selected electronic absorption
wavelengths (CH2Cl2, λmax in nm) and their respective ε values
(L mol−1 cm−1): 388 (2014). Found and calculated elemental
analysis (C21H23NO3Se2BrMn): C, 40.25 (40.02); H, 3.56 (3.68);
N, 2.11 (2.22).

Single-crystal X-ray structure determinations

Crystallographic analyses were carried out with a Bruker APEX
II DUO diffractometer with graphite-monochromated Mo-Kα
radiation (l = 0.71069 Å), at 200(2) K. Images were recorded by
using the φ and ω scan method. Semi-empirical absorption
correction43 was also applied to all measured intensities with
maximum and minimum transmission factors shown in
Table S1.† The structures were solved by direct methods and
refined by the full-matrix least-squares on F2.44 H atoms
attached to C atoms were placed at their idealized positions,
with C–H distances and Ueq values taken from the default set-
tings of the refinement program. Hydrogen atoms of the
amine groups were found from the Fourier difference map and
treated as free atoms. ORTEP plots were drawn with the
PLATON program.44 Selected crystallographic information are
summarized in the ESI.† Full crystallographic tables (including
structure factors) have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
numbers CCDC 1894674, 1894675 and 1894677.†
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Computational methods

Geometries for all compounds were obtained by using DFT45,46

with the BP8647 exchange correlation functional and Grimme’s
D3BJ dispersion correction48 along with the def2-TZVP basis
set49 as implemented in the Orca package, version 3.0.2.50

Structures were confirmed as minima by the absence of ima-
ginary eigenvalues in the generalized Hessian matrix.

GKS-EDA51 as implemented in GAMESS-US 2012,52 was per-
formed with the BP86 functional47 by using Grimme’s D3 cor-
rection48 and the def2-SVP basis set.53 The Boys and Bernardi
approach54 was used to correct for basis set superposition
errors. In all cases a CO ligand was considered as a neutral
fragment whereas the remainder of the molecule was the
second fragment without residual charges. The GKS-EDA
scheme decomposes the instantaneous interaction energy
(ΔEint) into the sum of six physical meaningful terms: electro-
static (ΔEelstat), exchange (ΔEexch), repulsion (ΔErep), polariz-
ation (ΔEpol), dispersion (ΔEdisp) and correlation (ΔEcorr).
Natural bond orbital analysis55 was also performed in conjunc-
tion with GKS-EDA to support the bonding analysis of CO
groups.

For the frequencies and singlet excitations, geometries for
all compounds were obtained by using DFT45,46 with the
ωB97X-D356 exchange correlation functional along with the
def2-SVP basis53 for carbon and hydrogen atoms, the def2-
TZVP(-f ) basis set for carbon and nitrogen in the first coordi-
nation sphere, and oxygen atoms, and the def2-TZVP basis for
the heavy atoms S, Se, Br and Mn,53 as implemented in the
Orca package, version 4.0.1.57 To speed up the calculations,
the RIJCOSX approximation was used.58 Structures were con-
firmed as minima by the absence of imaginary eigenvalues in
the Hessian matrix. The resulting structures were then opti-
mized by taking into account solvation effects by using the
SMD solvation model,59 as implemented in the Orca package,
by using the appropriate solvent. The excited state wavefunc-
tions and the transition oscillator strengths within TDA
approximation were calculated using the TD-DFT calcu-
lations,60 in which the first forty roots were considered on the
same basis as before.

Investigation in living cells

Cell culture. HepG2 (a human hepatoma cell line) and HeLa
cells (derived from cervical cancer cells) were maintained in a
humidified incubator at 37 °C under 5% CO2 and grown by
using 1× D-MEM ((Invitrogen, Life Technologies) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS)
(Gibco, Life Technologies), 1× MEM NEAA (Gibco, Life
Technologies), 1× GlutaMAX (Gibco, Life Technologies), 200
units per mL penicillin and 200 µg mL−1 streptomycin (Gibco,
Life Technologies) and 10 mM HEPES (Gibco, Life
Technologies).

Cell viability assay. To determine cell viability a CellTiter
Blue assay was performed. For this purpose 10 000 cells per
well were seeded in 96 well-plates and 24 h later were treated
with 1, 5, 10, 25, 50, 100 and 150 μM of either phS, phSe and

bzlSe. After 24 h or 48 h after treatment, the cells incubated
with CellTiter blue for 1 h 30 min at 37 °C after which the via-
bility was determined by measuring the Emission Intensity in
RFUs with an Infinite M200 plate reader.

CO release in aqueous solution. The quantification of the
CO release promoted by the compounds in aqueous solution
was determined by COP-1 fluorescence on different time
points (0, 10, 20, 30, 40, 50, 60, 70, 80 and 90 min) and
different wave lengths (490 to 610 nm). Hence, 150 μM of the
compounds in PBS, were mixed with a 1 μM solution of COP-1
(synthesized according to the literature)31 and COP-1 fluo-
rescence was measured using an Infinite M200 plate reader. A
solution of COP-1 with PBS was used as a negative control.

CO release in cells. A total of 3 × 104 HeLa cells per well were
seeded in an 8-chambered Ibidi cell plate. Thirty minutes
before measuring CO release, the cells were incubated with a
1 : 2000 dilution on Syto61 (Lyfe Technologies) for nuclear
staining. After the 30 min incubation time, the cells were
washed and incubated with 1 μM of COP-1 and 150 μM of the
compounds, in medium with reduced phenol red, and were
immediately observed by using a Zeiss LSM 710 confocal Laser
Point-Scanning Microscope with a 40× oil objective lens and a
numerical aperture of 1.3. Throughout the experiment the
cells were maintained at 37 °C. COP-1 was excited by using an
Argon Laser with wavelength of 488 nm, whereas Syto61 was
excited by using a DPSS 561-10 laser (561 nm). COP-1 was read
at green (em 500–550 nm) and Syto61 in red (em 570–640 nm).
Mean of total fluorescence intensity of treated and untreated
cells were determined with the help of ImageJ software.
Statistically significant differences were tested with a Mann
Whitney test. Data are presented in the graphs as mean of
total fluorescent intensity ± SEM.
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