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1. Introduction

Carbon monoxide (CO) is well known for its toxicity in large doses.
CO has a high affinity for both myoglobin and hemoglobin and will
bind to the heme group of both of these proteins. This binding will
reduce the amount of oxygen available to the organism which can ul-
timately lead to symptoms such as fatigue and headaches [1]. Because
of its toxicity, CO was once thought to have no function in living or-
ganisms, but upon detailed study, it was found that CO is produced
within humans as a byproduct of heme breakdown by heme oxygenase
(HO) [2]. Heme oxygenase exists in the forms HO-2, HO-3, and HO-1.
The HO-1 form, an inducible form, is very important when it comes to
injury and stress. In the absence of HO-1, the concentrations of CO are
much lower than normal, and this can result in important enzymes not
being up-regulated. The negative side effects to this include blood
clotting, slow healing, and poor resistance to infection [3].

Another important characteristic of carbon monoxide is that it can
exhibit proapoptotic effects in some dysregulated hyperproliferative
cells such as cancer cells [4]. Carbon monoxide has been shown to be
useful as an anti-inflammatory, anti-microbial, and cytoprotective
agent [5]. Once it was observed that CO could perform these important
functions, scientists went in search of molecules that contained CO, the
release of which would produce these effects. These searches led to the
development of carbon monoxide-releasing molecules (CORMs) [6–9].
The research done in this field has shown that metal carbonyls have
great potential to be CO-releasing molecules. Ruthenium and manga-
nese are among the metals that have the ability to serve multiple bio-
logical functions [10–12], which makes them prime templates for
CORMs. These CORMs can release the gas differently and/or react
differently depending on several factors; one factor is irradiation by
light of different wavelengths. Complexes that are susceptible to pho-
toemission of CO are generally referred to as photoCORMs. However,
there are other mechanisms for CO emission from compounds
[6,13–15].

Thiosemicarbazone (TSC) ligands have been extensively researched
[16] and have shown a large range of chemotherapeutic activity:

cytotoxic [17], anti-malaria [18], antifungal [19], and DNA-cleaving
activity [20]. The ligands, when linked to metal ions, can enhance and
broaden the activity of the overall resulting complex [21]. Therefore,
ligation to an active CORM unit could enhance the chemotherapeutic
properties of both moieties.

The medicinal application of ferrocene and its derivatives is an ac-
tive field of research [22]. Ferrocene in particular has been regularly
investigated because it a neutral, chemically stable and nontoxic mo-
lecule [23]. Some ferrocenyl compounds are highly active against
several diseases, including cancer, malaria and bacterial infections
[24–30]. Of special note, is the fact that the ferrocene unit has been
shown to broaden the activity spectrum of tamoxifen, a breast cancer
drug [31]. Breast cancer tumors can be classified as ER(+) and ER(−)
types. The ER(+) tumors are susceptible to hormone therapy by se-
lective estrogen receptor modules (SERMs) while the ER(−) tumors are
not. Consequently, tamoxifen, is only effective on the ER(+) tumors,
particularly the ERα subtype, and it is not effective on hormone-in-
dependent tumors. The ferrocifens, tamoxifen molecules incorporating
a ferrocene unit, were the first molecules shown to be active against
both hormone-dependent and hormone-independent breast cancer cells
[31]. In light of the above discussion, attaching the ferrocene unit to
another metal center, such as in CORMs, could potentially broaden the
medicinal potential of the final compounds.

This research aimed to pair a ferrocenyl TSC ligand with a {Mn
(CO)3} subunit to create a photoactive complex. In general, the ferro-
cene TSC ligands were structurally varied in two ways with respect to
the alkyl group R1 in Fig. 1. The first was based on the use of acet-
ylferrocene, where R1 is a methyl group. The second variation is when
ferrocene carboxaldehyde, where the R1 is a hydrogen, was used in the
synthesis of the ligands. The ligand was also varied by changing the R2

group attached to the amine nitrogen (NH) in Fig. 1. This R2 group was
either a hydrogen, a methyl group, or a phenyl group. Consequently, a
set of six complexes were synthesized, characterized, and tested for
their biological activities as well as their propensity to act as photo-
CORMs.
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2. Experimental

2.1. Material and methods

Elemental analyses were performed by Galbraith Laboratories,
(Knoxville, TN, USA). 1H NMR spectra were obtained using a Bruker
Avance III 400 MHz spectrometer. UV/Vis spectra were measured using
a Perkin Elmer Lambda 25 UV/Vis spectrophotometer. IR spectra were
recorded on a Perkin Elmer Spectrum 100 FT-IR spectrophotometer.
ESI-MS mass spectra were recorded on an Advion expression-L CMS.
Cyclic voltammetric data was collected on a Bioanalytical Systems Inc.
Epsilon potentiostat on a C3 cell stand at 296 K. A platinum disc
working electrode, a Pt-wire counter electrode, and an Ag/AgCl re-
ference electrode were used and all solutions were deoxygenated with
nitrogen before measurement. The photochemical experiments were
carried out using an Aldrich® Micro Photochemical Reactor
(ALDKIT001) with a blue (435–445 nm spectral range) LED light ring
and a purple LED light ring (ALDRP2, 400–410 nm). The UV illumi-
nation was carried out using a 3UV-38 (UVP, LLC) lamp. Absorbance
measurements for the antimicrobial and anticancer assays were carried
out using a BioTek Cytation 1 microplate reader. Figures were created
with Perkin Elmer’s ChemDraw. All reagents and solvents were pur-
chased from commercial sources.

2.2. Synthesis and characterization

The ligands L1-L6 were synthesized (Scheme 1) by slightly mod-
ifying the procedures reported [32,33] for L4-L6. In short, to an aqu-
eous suspension of the thiosemicarbazide (40 cm3) was added an
equivalent amount of the acetylferrocene or ferrocene carboxaldehyde
as a solution in ethanol (30 cm3). A few drops of glacial acetic acid were

added and the red reaction mixture heated at reflux for 2 h without the
exclusion of air during which a red–orange suspension formed. After
cooling to room temperature, the reaction mixture was filtered and the
resulting solid dried at the vacuum line. (The reaction may be run in
straight ethanol as well.)

The general synthesis of the manganese complexes from the thio-
semicarbazone ligands is illustrated by Scheme 2. In the synthesis, the
solid thiosemicarbazone ligand was added under argon flow into a
flame dried Schlenk flask. Dried acetone (30 cm3) was added to the
flask and the mixture degassed for 5 min. The manganese penta-
carbonyl bromide complex was quickly mixed in with the ligand at a
1.1:1 mol ratio and the reaction mixture degassed for another 5 min.
The solution flask was kept covered with aluminum foil, and the re-
action mixture was refluxed for 3 h. After the reaction time, the solvent
was removed by rotary evaporation. Methylene chloride was used to re-
dissolve the solid; filtration through Celite was done before pentane was
added for recrystallization. The products were collected via vacuum
filtration. The CORM complexes were labelled as C1-C6 and can be seen
in Scheme 2. C1-C3 are based on TSCs from ferrocene carboxaldehyde
while C4-C6 are the acetylferrocene-based complexes. C1 and C4 have
a common hydrogen, C2 and C5 have a methyl group, and C3 and C6
have a phenyl group on the amine nitrogen.

2.3. Solution stability tests

All six CORM complexes were tested for their solution stability
when exposed to ambient light versus being kept in the dark. Each of
the six complexes was dissolved to derive 3 mL of 10 μM solution. Two
solutions were made for each of the six complexes. One solution was
kept in the ambient light while the other was kept in the dark. A UV–Vis
spectrum was taken of each solution at 0, 24, 48 and 72 h. The spectra
were then compared to obtain information on the stability of each
complex.

2.4. Photoreactivity tests

Photoreactivity of the complexes was investigated by timed illu-
minations of the dissolved complexes under different wavelengths of
light. UV (365 nm), blue (435 nm), and purple (410 nm) light were
used. The UV light (365 nm) was most effective, so testing was con-
tinued with only UV light. The time of illumination differed from 15 s
intervals to 30 min intervals and in-between. For each complex, 150 µL
of a 2 mM stock solution, in acetonitrile, of each complex was diluted to

Fig. 1. Proposed structure of the synthesized ligands.

Scheme 1. Our synthesis of the ligands L1: Yield: 94%, dark orange powder. Elemental analysis for C12H13FeN3S Calc.: C 50.19, H 4.56, N 14.63. Found: C 50.61, H
3.91, N 14.32. 1H NMR (400 MHz, dmso-d6): δ 11.14 (s, 1H), 7.99 (s, 1H), 7.89 (s, 1H), 7.88 (s, 1H), 7.57(s, 1H), 4.72 (d, 2H), 4.40 (d, 2H), 4.20 (s, 5H). IR (cm−1):
3428, 3375, 3116, 1599, 1527, 1285, 811. L2: Yield: 89%, dark orange powder. Elemental analysis for C13H15FeN3S Calc.: C 51.84, H 5.02, N 13.95. Found: C 52.13,
H 4.40, N 13.61. 1H NMR (400 MHz, dmso-d6): δ 11.17 (s, 1H), 8.13 (s, 1H), 7.89 (s, 1H), 4.72 (d, 2H), 4.42 (d, 2H), 4.20 (s, 5H), 2.99 (s, 3H). IR (cm−1): 3345, 3297,
3131, 1611, 1548, 1302, 811. L3: Yield: 97%, orange-red powder. Elemental analysis for C18H17FeN3S Calc.: C 59.51, H 4.72, N 11.56. Found: C 59.71, H 4.20, N
11.15. 1H NMR (400 MHz, dmso-d6): δ 11.56 (s, 1H), 9.75 (s, 1H), 8.01 (s, 1H), 7.62 (s, 2H), 7.35 (s, 2H), 7.18 (s, 1H), 4.83 (s, 2H), 4.45 (s, 2H), 4.23 (s, 5H). IR
(cm−1): 3345, 3309, 3115, 1611, 1530, 1271, 817. L4: Yield: 68%, orange-red powder. Elemental analysis for C13H15FeN3S Calc.: C 51.84, H 5.02, N 13.95. Found: C
52.10, H 4.64, N 13.79. 1H NMR (400 MHz, dmso-d6): δ 9.93 (s, 1H), 8.07 (s, 1H), 7.64 (s, 1H), 4.79 (m, 2H), 4.37 (m, 2H), 4.17 (s, 5H), 2.17 (s, 3H). IR (cm−1):
3402, 3217, 3138, 1587, 1286, 817. L5: Yield: 85%, orange powder. Elemental analysis for C14H17FeN3S Calc.: C 53.34, H 5.44, N 13.33. Found: C 53.45, H 4.78, N
13.05. 1H NMR (400 MHz, dmso-d6): δ 9.92 (s, 1H), 8.19 (s, 1H), 4.81 (m, 2H), 4.37 (m, 2H), 4.17 (s, 5H), 3.01 (s, 3H), 2.19 (s, 3H). IR (cm−1): 3358, 3221, 1532,
1291, 815. L6: Yield: 89%, orange powder. Elemental analysis for C19H19FeN3S Calc.: C 60.49, H 5.08, N 11.14. Found: C 60.49, H 4.53, N 10.96. 1H NMR (400 MHz,
dmso-d6): δ 10.33 (s, 1H), 9.79 (s, 1H), 7.61 (m, 2H), 7.33 (m, 2H), 7.18 (m, 1H), 4.88 (m, 2H), 4.40 (m, 2H), 4.21 (s, 5H), 2.28 (s, 3H). IR (cm−1): 3339, 3272, 3095,
1589, 1514, 1262, 818.
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3 mL with acetonitrile for a final concentration of 100 µM. The UV–VIS
spectra were obtained after each illumination period until minimal
change in the spectra was observed. IR spectroscopy was used to con-
firm the disappearance of CO bands after final illumination.

2.5. Antibacterial tests

The antimicrobial activity of the complexes was measured against
four different strains of bacteria as reported earlier [34]. The four
strains were Enterococcus faecalis and Streptococcus pyogenes which are
gram-positive microbes, and Pseudomonas aeruginosa and Klebsiella
pneumoniae which are gram-negative. Blue colored wells indicated no
bacteria growth, purple indicated some inhibition of bacteria growth,
and pink wells indicated the growth of bacteria.

2.6. Human cell cytotoxicity tests

The cytotoxicity profiles of the complexes were determined using
the HEK293T cell line as we reported before [34]. Briefly, cells cultured
in 1x DMEM supplemented with 10% FBS were incubated under stan-
dard growth conditions at 37 °C and 5% CO2. The cells were harvested
by trypsinization and seeded at a density of 20,000 cells/cm3 into 96-
well tissue-culture treated microtiter plates. Compound solutions or
DMSO (mock-treatment) were added at a 1:100 dilution into each well,
and the cultures were incubated under standard growth conditions for
up to 24, 48 or 80 h post addition. Cell viability was monitored via the
MTT assay. Lethal dose 50 (LD50) values were estimated graphically.
Assays were performed in triplicate.

3. Results and discussion

3.1. Synthesis and characterization

The thiosemicarbazone ligands used in this study were synthesized
from ferrocene carboxaldehyde or acetylferrocene. The metal com-
plexes were synthesized by reacting these ligands with manganese
pentacarbonyl bromide in dry acetone at reflux temperatures. The

products were recrystallized from a dichloromethane solution by pre-
cipitation with pentane. Spectroscopic and elemental analysis data
confirmed the authenticity of the compounds as formulated in Schemes
1 and 2. The NMR spectra for L1-L3 (Fig. S1) show the presence of the
azomethine proton at 11.14, 11.17 and 11.56 ppm respectively. In the
complexes corresponding to these ligands, that is C1-C3, this peak is
shifted upfield by 0.5 – 1 ppm. In these complexes, the signal for the
original carbonyl proton is 0.45 ppm downfield of where it was in the
ligands. Similar shifts to lower fields are observed for the amine proton
(s) and those of the ferrocenyl group. The solution behavior of the
complexes bearing the thiosemicarbazones from acetyl ferrocene (C4-
C6) is different than that described above. For instance, in these cases
the azomethine proton is at lower fields relative to the free ligands. On
the other hand, it does not appear that the ferrocene signals change on
ligation. So, it can be suggested that the electronic communication
between the CORM unit and the ligand is affected by whether we have
the ketone or aldehyde kernel in the thiosemicarbazone.

The mass spectra of the complexes support the molecular formula-
tion (Fig. S2). The major peak corresponds to the acetonitrile adduct
following loss of the carbon monoxide and bromide ligands; that is [M-
3CO-Br + CH3CN]+. For C4-C6 the [M-3CO-Br]+ is also observed at
generally equal intensity. This ion is also present in C1, C2 and C3 but it
is quite low intensity.

The infrared spectra of the complexes are very similar (Fig. 2). In
the carbonyl region, each complex display two strong peaks near 2020
and 1900 cm−1. This is characteristic of the presence of a fac-{Mn
(CO)3} unit in the complexes. The phenyl-substituted complexes have
the lower-energy band at 1930 cm−1. The amine peaks characteristic of
the ligand moiety (3000 – 3400 cm−1) show some change with both
peak shifts and reduction in the number of peaks being apparent. The
rest of the spectrum do show the characteristic shifts in the C]N
(azomethine) and C]S (or CeS) region on ligation. (Fig. S3)

Fig. 3 shows the electronic absorption spectra for the complexes in
the presence and absence of ambient light over time. For the “dark”
spectra, the samples were wrapped in aluminum foil and kept in a desk
drawer until just before measurement while the “light” spectra were for
samples that were kept on the laboratory bench exposed to ambient

Scheme 2. Synthesis and proposed structure of the manganese complexes C1·0.10CH2Cl2 Yield: 73%, orange powder. Elemental analysis for
C15.1H13.2BrCl0.2FeMnN3O3S Calc.: C, 35.25; H, 2.59; N, 8.17. Found: C, 35.26; H, 2.36; N, 7.96. 1H NMR (400 MHz, acetone‑d6): δ 10.63 (s, 1H), 8.40 (s, 1H), 8.30 (s,
2H), 4.99 (s, 2H), 4.73 (s, 2H), 4.45 (s, 5H). IR (cm−1): 3462, 3250, 2020, 1903, 1607, 1532, 1255, 822. UV/Vis (CH3CN): 317 nm. ESI-MS: m/z calc. for [M-3CO-Br
+CH3CN]+ 383.0 Found: 382.9 C2·0.25CH2Cl2 Yield: 55%, orange powder. Elemental analysis for C16.25H15.5BrCl0.5FeMnN3O3S Calc.: C, 36.06; H, 2.89; N, 7.76.
Found: C, 36.10; H, 2.49; N, 7.68. 1H NMR (400 MHz, acetone‑d6): δ 10.40 (s, 1H), 8.62 (s, 1H), 8.30 (s, 1H), 4.91 (s, 2H), 4.71 (s, 2H), 4.42 (s, 5H), 3.22 (s, 3H). IR
(cm−1): 3201, 3120, 2020, 1900, 1574, 1517, 1252, 826. UV/Vis (CH3CN): 319 nm. ESI-MS: m/z calc. for [M-3CO-Br+CH3CN]+ 397.0 Found: 396.9 C3·0.5CH2Cl2.
Yield: 83%, deep red power. Elemental analysis for C21.5H18BrClFeMnN3O3S Calc.: C, 41.34; H, 2.90; N, 6.73. Found: C, 41.28; H, 3.03; N, 6.77. 1H NMR (400 MHz,
acetone‑d6): δ 10.51 (s, 1H), 8.61 (s, 1H), 8.47 (s, 1H), 7.65 (s, 2H), 7.55 (s, 2H), 7.41 (s, 1H), 4.88 (s, 2H), 4.73 (s, 2H), 4.42 (s, 5H). IR (cm−1): 3248, 3198, 2019,
1928, 1601, 1564, 1514,1254, 822. UV/Vis (CH3CN): 328 nm. ESI-MS: m/z calc. for [M-3CO-Br+CH3CN]+ 459.0 Found: 458.9 C4 Yield: 67%, light red–orange
powder. Elemental analysis for C16H15BrFeMnN3O3S. Calc.: C, 36.95; H, 2.91; N, 8.08 Found: C, 37.60; H, 2.95; N, 7.87. 1H NMR (400 MHz, acetone‑d6): δ 10.81 (s,
1H), 8.37 (s, 1H), 8.14 (s, 1H), 4.74 (s, 2H), 4.39 (s, 2H), 4.19 (s, 5H), 2.45 (s, 3H). IR (cm−1): 3250, 3129(b), 2017, 1901, 1609, 1532, 1286, 824. UV/Vis (CH3CN):
307 nm. ESI-MS: [M-3CO-Br]+ calc.: m/z=356.0, obs.: 355.8; [M-3CO-Br + CH3CN]+ calc.: m/z= 397.0 Found: 396.8 C5·0.25CH2Cl2. Yield: 57%, orange powder.
Elemental analysis for C17.25H17.5BrCl0.5FeMnN3O3S. Calc.: C, 37.31; H, 3.18; N, 7.57. Found: C, 37.07; H, 3.10; N, 7.64. 1H NMR (400 MHz, dmso-d6): δ 9.96 (s, 1H),
8.22 (s, 1H), 4.82 (s, 2H), 4.37 (s, 2H), 4.18 (s, 5H), 3.01 (s, 3H), 2.19 (s, 1H). IR (cm−1): 3179, 2020, 1902, 1580, 1526, 1282, 824. UV/Vis (CH3CN): 306 nm. ESI-
MS: [M-3CO-Br]+ calc.: m/z= 370.0, obs.: 369.8; [M-3CO-Br + CH3CN]+ calc.: m/z= 411.0 obs.: 410.9 C6·CH2Cl2. Yield: 51%, dark red power. Elemental analysis
for C23H21BrCl2FeMnN3O3S. Calc.: C, 40.56; H, 3.11; N, 6.17. Found: C, 40.32; H, 3.27; N, 6.72 1H NMR (400 MHz, dmso-d6): δ 10.36 (s, 1H), 9.81 (s, 1H), 7.69 (m,
2H), 7.36 (m, 2H), 7.29 (m, 1H), 4.89 (m, 2H), 4.32 (m, 2H), 4.21(s, 5H), 2.29 (s, 3H). IR (cm−1): 3366, 3184, 2019, 1930, 1599, 1565, 1364, 825. UV/Vis (CH3CN):
313 nm. ESI-MS: [M-3CO-Br]+ calc.: m/z = 432.0, obs.: 431.8; [M-3CO-Br + CH3CN]+ calc.: m/z = 473.0 obs.: 472.9.
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light. As can be seen from the figure, the original spectral features
change slowly over the course of 24 h (and not much up to 72 h; data
not shown). For the solutions exposed to ambient light, there are
hypsochromic shifts for complexes C1-C3 (data not shown for C2 and
C3) of the wavelength of maximum absorbance by as much as 13 nm.
This was accompanied by moderate hyperchromic changes as well.
There are no significant changes (other than small decreases in absor-
bance) for the solutions of these complexes that were protected from
ambient light. The stability behavior of complexes C4-C6 is very dif-
ferent. Solutions of these complexes are unaffected by exposure to
ambient light with respect to changes in the main spectral features.
There seemed to be some noticeable changes in the far-UV region for all
the compounds but generally speaking, the complexes were stable over
24 h (and possibly up to 72 h) in the presence and absence of ambient
light.

The electrochemical behavior of the compounds was investigated by
cyclic voltammetry on a platinum disc electrode in the potential range
0 V to 1.0 V vs. Ag/AgCl. Voltammograms of the compounds are given
in Fig. 4. The ligands show a single reversible redox couple that can
logically be assigned to the ferrocene unit that is contained in it. The
potentials for this couple were clustered near 0.59 V for the ligands
derived from ferrocene carboxaldehyde; this is slightly higher than the
average (0.57 V) for the acetylferrocene-derived analogs (Table 1).

In the complexes, the ferrocene potential shows a generalized shift
to more negative values by as much as 22 mV for C2. In this respect,
there appears to be no significant effect of the group (H or –CH3) on the
original carbonyl carbon. The shifts in this potential suggest that there
is some electronic communication between the iron center and the

manganese ion in the CORM unit. The variation of the shift is also
consistent with the substituent pattern on the amine nitrogen. The
complexes with the methyl substituent have the lowest potentials. This
is likely due to the electron donating characteristics of alkyl groups
which make the iron center easier to oxidize once it is coordinated. The
electron withdrawing effect of the phenyl group reverses this effect
somewhat and those complexes have more positive redox potentials.
We attribute the redox couple near 0.80 V for all the complexes, to the
Mn+/Mn2+ redox couple. These are quasi-reversible peaks. It has been
reported that in complexes containing a ferrocene-cyclomanganated
CORM complex, the Mn(CO)4 moiety was electrochemically silent up
0.60 V (vs. Fc+/Fc) [35]. Other reports indicate that the manganese
center in the Mn(CO)3 unit of CORMs can be irreversibly oxidized at
higher potentials [36]. As seen in panel D of Fig. 4, the complexes
bearing the ferrocene carboxaldehyde-based ligands (C1-C3) show a
second redox couple (E1) at lower positive potentials. We attribute this
to a manganese-based or CORM-based redox event as it is not present in
the ligands and it would be suggesting that these complexes might be
ligated differently by the thiosemicarbazone ligands when compared to
C4-C6.

3.2. Photoreactivity investigations

We have studied the potential for the complexes to emit carbon
monoxide under the influence of different wavelengths of radiation:
365 nm (UV), 405 nm (purple) and 435 nm (blue). While the ideal
wavelength for photo-activation is in the range 620–850 nm [37–39],
the use of higher energy radiation can potentially be used for treatment

Fig. 2. Infrared spectra of the complexes in the carbonyl region. (Inset: Ligand comparison in the NH-region for complexes C1-C3.)

Fig. 3. Electronic absorption spectra of complexes C1 and C4 as a function of time and light exposure.
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of near-surface conditions. Metal carbonyl compounds are generally
photoactive [40]. At the same time, complexes containing the carbonyl
ligand are uniquely amenable to infrared analysis. The rate at which CO
is released from a photoCORM will depend on the solvent used as well
as the electronic characteristics of the metal center. The latter point in
turn will be affected by the type of ligands in the coordination sphere
together with the carbonyl ligands. Our previous investigation invol-
ving a NS donor set of a thiosemicarbazone ligand [34], have shown
that the CO emission rate was mainly a function of the energy of the

radiation used to cause the emission. Fig. 5 show the temporal evolu-
tion of the UV–Vis spectra of the complexes before and following illu-
mination with light. As is shown, there are noticeable changes in the
spectra of the complexes upon illumination. Within the first two min-
utes, there is a major hypsochromic shift (of close to 13 nm) of the
wavelength of maximum absorption. Over twenty minutes the spectra
exhibited hyperchromic and slight bathochromic shifts. There is not
much change after 20 min but the results shown for C1 are not typical
for the complexes. Closer examination of the data for C2-C6 obtained
using UV illumination indicate that there are two distinct phases of
reaction that are characteristic of the compound. That is, each complex
shows a different spectral change but in a two-part sequence. The wa-
velength of maximum absorption typically shows an increase in ab-
sorbance that may or may not be accompanied by a wavelength shift.
This increase seems to stop around the six-minute mark; it is followed
by a decrease in absorbance which plateaus around 20 min. We inter-
pret these results as confirmation that all the complexes can be induced
to liberate CO with the application of all three wavelengths of light
studied.

The infrared spectra, at least for C1-C3, supports this assertion.
Fig. 6 shows the initial and final infrared spectra of two complexes, C3
and C6, after irradiation with 365 nm light. We observed in preliminary
experiments that the blue and purple light were only minimally effec-
tive at inducing changes in the infrared spectra of the complexes. As can

Fig. 4. Cyclic voltammograms of the compounds including comparisons between ligand and complexes.

Table 1
Potentials of the ligands and of the complexes and the changes that occur.

Compound EFC E1 E2 ΔEFC

L1 0.590
L2 0.585
L3 0.590
L4 0.578
L5 0.567
L6 0.581
C1 0.579 0.258 0.773 −0.011
C2 0.563 0.288 0.798 −0.022
C3 0.590 0.328 0.803 0
C4 0.570 0.818 −0.008
C5 0.548 0.785 −0.019
C6 0.574 0.792 −0.015
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be seen, there is a decrease in the intensity of the infrared bands at-
tributed to the presence of the carbon monoxide ligands after 3 h of
irradiation. There is hardly any change for the C4-C6 complexes. So,
unlike our previous report [34], it appears that these ferrocenyl thio-
semicarbazone ligands are inefficient at promoting CO emission at a
functional rate.

3.3. Biological activity

3.3.1. Antibacterial tests
The antimicrobial activity of the compounds was investigated using

the resazurin micro-dilution assay. Four species of bacteria of different
Gram stains were used studied: Enterococcus faecalis and Streptococcus
pyogenes which are gram-positive microbes, and Pseudomonas aerugi-
nosa and Klebsiella pneumoniae which are gram-negative. All four strains
can have important effects on human health. Enterococcus faecalis, is
hardly troublesome when present in normal amounts in the gut, but is a
frequent cause of many serious human infections, and these may be life
threatening. Infections with E. faecalis can be especially troublesome to
treat because of their frequent resistance to multiple antibiotics. It is
responsible for a large percentage of hospital-acquired infections.
Streptococcus pyogenes is an important human pathogen that can cause a
wide variety of acute infections leading to both noninvasive and in-
vasive disease. The most common infection is streptococcal pharyngitis
(so called “strep-throat”) but it can also be the cause of severe life-
threatening infections including pneumonia, scarlet fever and rheu-
matic fever. Pseudomonas aeruginosa has become an important cause of
gram-negative infections. Serious Pseudomonas infections can occur,
especially in patients with weakened immune systems such as those
recovering from surgery. Pseudomonal infections are complicated and
can be life-threatening with blood infections and pneumonia for ex-
ample, being quite possible. A significant percentage (near 13%) of the
hospital-related infections are multidrug-resistant, raising the concern
even higher [41]. Klebsiella pneumoniae are bacteria that occur

commonly in the intestines. So, while normally harmless, these bacteria
can cause severe infections in people with compromised immune sys-
tems. Pneumonia, bloodstream infections, wound or surgical site in-
fections are some of the potential problems and unfortunately some
Klebsiella bacteria have become highly resistant to antibiotics [42,43].

Fig. 7 show the physical results of the effect of the complexes on the
growth of E. faecalis. The numerical results from the assays are given in
Table 2. The information for S. pyogenes is not shown as the test plates
for this microbe was all purple throughout. This might indicate that the
bacterium is generally sensitive to the compounds but in a non-specific
manner. The wells for the controls also showed a change from blue to
purple (Fig. S4).

For the other bacteria, generally speaking all the complexes show
good activity with estimated minimum inhibitory concentrations
(MICs) typically no higher than 50 μM but on average closer to 12.5 μM.
There were no significant differences in activity amongst the ligands
against the various bacteria; all the ligands seem to adversely affect
each bacterium in the same way. For instance, the MIC for all the li-
gands against E. faecalis was 50 μM. P. aeruginosa appear to be the most
sensitive species to the ligands. In addition, all the bacteria were more
sensitive to the complexes than to the ligands (with the exception of P.
aeruginosa). As with the ligands though, there were no differences
amongst the complexes when considering a single strain. So, it does
appear that the CORM subunit has an effect on the antimicrobial
properties of the complexes.

3.3.2. Acute human cell cytotoxicity
Given the effectiveness of the complexes against various bacteria,

we next tested these compounds for acute cytotoxicity in human cell
culture. HEK293T cells were grown in medium supplemented with in-
creasing concentrations of compounds C1-C6. An MTT metabolism
assay was then performed at 24, 48, and 80 h post-inoculation to de-
termine the relative number of viable cells in each culture. Fig. 8 shows
the percent change in cell viability relative to mock-treated cells. All six

Fig. 5. Changes in the electronic absorption spectra of complexes C1 on irradiation with different wavelengths of light.

Fig. 6. Changes in the infrared spectrum of complexes C3 and C6 before and after irradiation with UV light.
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compounds proved effective in reducing cell viability in HEK293T cell
cultures, with 80% to 90% reduced cell viability at the highest con-
centrations tested (50 μM). Most compounds exhibited maximum effect
at 24–48 h after addition of the compound. However, compound C2
displayed a time-dependence, with cytotoxicity increasing as a function
of time and achieving maximum cytotoxicity at 80 h post addition.

We next estimated lethal dose 50 (LD50) values for each compound
(Fig. 9). We identified two distinct groups of LD50 values for the six
compounds tested. Compounds C1 and C3 displayed strongest cytotoxic
effects with LD50 values ≥10 μM. The remaining compounds displayed
slightly weaker cytotoxicity in the range of 20 μM to 40 μM. It can
therefore be suggested that the thiosemicarbazone unit from ferrocene
carboxaldehyde induces more biologically activity, and more generally,
that cytotoxicity appears tunable. These results, coupled with the an-
timicrobial assays, demonstrate that these compounds to act as broad-
range antibiotics.

4. Conclusion

The research results presented here describe the synthesis and re-
activity of a novel series of CORMs. These complexes bearing thiose-
micarbazone ligands slowly releases carbon monoxide when irradiated
with ultraviolet light. We have also determined that the complexes are
efficient at inhibiting the growth of both gram-negative and gram-po-
sitive bacteria. In addition, the complexes show good activity against
gram-negative bacteria which is exciting given that agents that target
these types of bacteria are difficult to find. Our results also demonstrate
that our current generation CORMs display moderate antibiotic prop-
erties against both prokaryotic and eukaryotic cells. All six of the
complexes displayed intrinsic cytotoxicity, as indicated by the relatively
efficient cell killing.

Taken together, these results suggest that while the complexes re-
lease CO only slowly and likely to a small extent, good toxicity profiles
were observed for the CORMs against bacteria and human cells, sug-
gesting a broad mechanism of action. The physiochemical character-
istics of the compounds is affected by the nature of the thiosemi-
carbazone kernel. So, speculating further, the CORM compounds
represent a potential vehicle for future development of targeted anti-
biotic and antitumor compounds.
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Fig. 7. Antimicrobial profile of the complexes from the resazurin micro-dilution assay.

Table 2
Antimicrobial profile of the complexes against bacteria.

Estimated MIC (μM)
Bacterium

Compound E. faecalis S. pyogenes P. aeruginosa K. pneumoniae

L1 50 *** 6.25 25
L2 50 6.25 25
L3 50 6.25 25
L4 50 6.25 25
L5 50 6.25 25
L6 50 6.25 25
C1 25 25 12.5
C2 25 25 12.5
C3 25 25 12.5
C4 25 25 12.5
C5 25 25 12.5
C6 25 25 12.5

***See the main text.
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