
Cyclopentadienyl vs indenyl control of thermal/photoactivated CO release 
in cationic molybdenum(II) dicarbonyl-ethylenediamine complexes

Sofia M. Bruno a, Isabel B. Calhau a, Tiago M. Dias a, Adriana Santos a, Luís Cunha-Silva b,c,  
Mariela M. Nolasco a, Isabel S. Gonçalves a, Martyn Pillinger a,*

a CICECO - Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, Campus Universitário de Santiago, 3810-193 Aveiro, Portugal
b LAQV / REQUIMTE & Department of Chemistry and Biochemistry, Faculty of Sciences, University of Porto, 4169-007 Porto, Portugal
c LNEG, Nacional Laboratory of Energy and Geology, I.P., Campus do Lumiar, 1649-038 Lisboa, Portugal

A R T I C L E  I N F O

Keywords:
Half-sandwich complexes
Molybdenum
Crystal structure
Indenyl
Cyclopentadienyl
CO-releasing molecules
photoCORMs

A B S T R A C T

Molybdenum half-sandwich carbonyl complexes continue to attract attention as potential anticancer agents and 
prodrugs for therapeutic use of carbon monoxide. Building on the known bioactivity and hydrolytic stability of 
cyclopentadienyl-based Mo fragments, we report the synthesis, structural characterization, and solution behavior 
of two cationic half-sandwich complexes, [(η5-Cp)Mo(CO)2(en)][BF4] (3) and [(η5-Ind)Mo(CO)2(en)][BF4] (4) 
(Cp = cyclopentadienyl, Ind = indenyl, en = ethylenediamine). Complex 3 is described here for the first time, 
while 4 was structurally characterized by single-crystal X-ray diffraction, revealing a distorted square-pyramidal 
geometry with cis-CO ligands and a chelating en ligand positioned beneath the indenyl ring. Both compounds are 
air-stable in the solid state and exhibit enhanced solubility in polar media due to their ionic nature. UV–vis 
stability studies under simulated physiological conditions (PBS, pH 7.4, 37 ◦C) show gradual decomposition of 
both complexes, accelerated by visible-light irradiation and/or the presence of air. CO-release behavior was 
quantified using the myoglobin assay: the allyl precursors [(η5-Cp')Mo(η3-C3H5)(CO)2] were inert, whereas 
complexes 3 and 4 released CO slowly, with 4 exhibiting significantly faster thermal CO liberation (t₁/₂ ≈ 129 
min; 0.74 equiv. CO after 6 h). Complex 3 showed minimal thermal CO release but underwent enhanced and 
sustained photodecarbonylation under visible-light irradiation, enabling controlled CO delivery. These results 
identify 3 and 4 as rare examples of Mo-based CO-releasing molecules capable of slow, tunable CO release under 
biologically relevant conditions, with 3 displaying light-responsive behavior and 4 functioning as a spontaneous 
thermal CO donor.

1. Introduction

In the field of bioorganometallic chemistry, molybdenum complexes 
have been increasingly studied, mainly in the context of anticancer 
chemotherapy [1–31]. The trigger for this research was the discovery in 
the late 1970s that molybdenocene dichloride, (η5-Cp)2MoCl2 (Cp =
C5H5) was active in vivo against a variety of tumors [3]. Unlike tita
nocene dichloride, which advanced as far as phase II clinical trials in the 
1990s, the Cp2Mo2+ fragment has good hydrolytic stability at physio
logical pH [10], which encouraged efforts to improve the anticancer 
activity by replacing the chloride ligands and/or functionalizing the 
cyclopentadienyl ligands [4–9]. Promising cytotoxic properties were 
also reported for monocyclopentadienyl and indenyl (η5-Cp') com
pounds of the type [(η5-Cp')Mo(CO)2(NNL)][BF4], where NNL is a N,N- 

chelating ligand such as 2,2-bipyridine, 1,10-phenanthroline (phen) and 
2,2′-biimidazole [11,17–25]. With all these compounds, concerns about 
molybdenum-related adverse toxicity are tempered by the knowledge 
that this element is essential for life and is subject to homeostatic 
mechanisms that maintain body levels within a narrow, healthy range 
[13]. Hence, it is presumed that, on the one hand, Mo-containing follow- 
up products (metabolites) may be relatively benign, and, on the other, 
the body has built-in mechanisms to process and manage them. Never
theless, studying the chemistry of biologically active Mo complexes 
under physiological conditions is crucial for identifying the active spe
cies and mechanisms of action. In this direction, an important aspect of 
half-sandwich molybdenum carbonyl compounds is the fate of the CO 
ligand(s), i.e. whether they are released upon dissolution of the com
plexes in aqueous media. Complexes which exhibit this behavior, such as 

* Corresponding author.
E-mail address: mpillinger@ua.pt (M. Pillinger). 

Contents lists available at ScienceDirect

Inorganica Chimica Acta

journal homepage: www.elsevier.com/locate/ica

https://doi.org/10.1016/j.ica.2026.123348
Received 1 May 2026; Received in revised form 17 June 2026; Accepted 26 June 2026  

Inorganica Chimica Acta 602 (2026) 123348 

Available online 27 June 2026 
0020-1693/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:mpillinger@ua.pt
www.sciencedirect.com/science/journal/00201693
https://www.elsevier.com/locate/ica
https://doi.org/10.1016/j.ica.2026.123348
https://doi.org/10.1016/j.ica.2026.123348
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ica.2026.123348&domain=pdf
http://creativecommons.org/licenses/by/4.0/


[(η5-Cp)Mo(CO)3Cl] [32], are known as CO-releasing molecules 
(CORMs) and are interesting in their own right as prodrugs for the safe 
delivery of controlled amounts of CO [33–35], which is a potential 
therapeutic agent with vasodilatory, anti-inflammatory, antiapoptotic, 
bactericidal, and anti-cancer properties [36]. Due to these effects, the 
combined introduction of both Cp' and CO ligands on metal centers may 
afford complexes with multitherapeutic action as well as enhanced 
cytotoxicity due to synergistic effects between the [Cp'M]n+ fragment 
and released CO [37,38].

In the present work, we have prepared the complexes [(η5-Cp')Mo 
(CO)2(en)][BF4] (Cp' = Cp (3), Ind (C9H7) (4); en = ethylenediamine), 
determined the crystal structure of 4, and studied the stability of the 
complexes in the solid-state and in solution, including quantification of 
the CO-release behavior under simulated physiological conditions, in 
the dark or under irradiation with visible light. These complexes are 
expected to have reasonable aqueous solubility due to their ionic char
acter. We chose the en ligand because, by analogy with ruthenium(II) 
arene anticancer complexes of the type [(η6-arene)Ru(II)(en)X] [39,40], 
the NH groups of coordinated en can potentially form H-bonds with DNA 
bases, thereby providing a driving force for DNA binding that could 
complement that provided by hydrophobic Cp'-nucleobase interactions, 
leading to altered profiles of biological activity.

2. Experimental section

2.1. Materials and methods

All preparations and manipulations were carried out using standard 
Schlenk techniques under nitrogen. The chemicals molybdenum hex
acarbonyl (technical grade), allyl chloride (99%), indene (technical 
grade, ≥90%), sec-butyllithium solution (1.6 M in hexanes), tetra
fluoroboric acid diethyl ether complex, 2.4 M sodium cyclo
pentadienylide (NaCp) in THF, ethylenediamine (99%), anhydrous THF 
(≥99.9%), acetonitrile (≥99.9%, Riedel-de Haën), anhydrous 
dichloromethane (≥99.8%), n-hexane (≥98.5%, Carlo Erba), and 
diethyl ether (≥99.8%, Riedel-de Haën) were purchased from Sigma- 
Aldrich (unless otherwise indicated) and used as received. The com
plexes [(η5-Cp)Mo(η3-C3H5)(CO)2] (1) [41] and [(η5-Ind)Mo(η3-C3H5) 
(CO)2] (2) [41,42] were prepared according to previously reported 
procedures. 1H NMR and FT-IR (ν(CO)) data for 1 and 2 matched those 
reported previously for the same complexes [41,42]. For the myoglobin 
(Mb) assays, Mb from equine skeletal muscle (95–100%, lyophilized 
powder), sodium dithionite (≥82%), and phosphate buffered saline 
(PBS) tablet (to prepare 10 mM phosphate buffer, pH 7.4) were pur
chased from Sigma-Aldrich and used as received. Anhydrous dimethyl 
sulfoxide (99.9%, Merck) was stored over molecular sieves under a ni
trogen atmosphere. The gases used in this work were carbon monoxide 
(≥99.0%, Sigma- Aldrich) and nitrogen (Alphagaz Nitrogen type 1, 
99.9% (H2O < 3 ppm, O2 < 2 ppm), AirLiquide).

CHN microanalyses were obtained using a TruSpec Micro CHNS 
630–200-200 elemental analyzer (Leco, Saint Joseph, MI, USA). ATR FT- 
IR spectra were recorded using a Bruker Tensor 27 spectrophotometer 
fitted with a Specac Golden Gate Mk III ATR accessory (Specac, 
Orpington, UK) comprising a diamond top plate and KRS-5 focusing 
lenses (resolution 4 cm− 1, 256 scans). Solution 1H and 13C NMR spectra 
were measured with a Bruker Avance III 300 MHz instrument at ambient 
temperature. UV–Vis spectra were collected using a GBC UV/Vis 918 
Cintral spectrophotometer in the absorbance mode, in the range 
450–650 nm, with a slit width of 2 nm, a scan speed of 200 nm min− 1, 
and a data interval of 0.48 nm. For the stability studies and Mb assays, 
irradiation with visible light (400–700 nm) was performed using an 
Aspire cold white LED Floodlight lamp (50 W, 6000 K, 5500 lm, 230 V, 
50 Hz, 230 mA, beam angle 120◦, E = 10 mW cm− 2).

2.2. Preparation of [(η5-Cp')Mo(CO)2(en)][BF4] (Cp' = Cp (3), Ind (4))

The literature method for the preparation of [(η5-Ind)Mo(CO)2(en)] 
[BF4] (4) was followed and adapted accordingly for the preparation of 3 
[43]. One molar equiv. of HBF4⋅Et2O was added to a stirred solution of 
[(η5-Cp')Mo(η3-C3H5)(CO)2] (1.90 mmol for 3; 0.89 mmol for 4) in 
CH2Cl2 (30 mL for 3; 15 mL for 4) at ambient temperature, giving the 
adduct [(η5-Cp')Mo(η3-C3H5)(CO)2(FBF3)]. After 10 min, 1 molar equiv. 
of en was added to the resultant red solution and the reaction was left for 
1 h. After concentration of the mixture by solvent evaporation under 
reduced pressure, the addition of n-hexane (for 3) and/or diethyl ether 
(for 3 and 4) led to the precipitation of a dark red solid, which was 
filtered and vacuum-dried. Data for 3: Yield: 0.50 g, 72%. Anal. Calcd for 
C9H13BF4MoN2O2 (363.96): C, 29.70; H, 3.60; N, 7.70. Found: C, 29.34; 
H, 3.89; N, 8.15%. Selected ATR FT-IR: ν(CO) 1949 (vs), 1835 (vs) cm− 1. 
1H NMR (300 MHz, 25 ◦C, Me2CO-d6): 5.85 (s, 5H, Cp), 5.17 (br, 2H, 
NH2), 4.78 (br, 2H, NH2), 2.85–2.75 (m, 2H, CH2), 2.74–2.64 (m, 2H, 
CH2) ppm. Data for 4: Yield: 0.31 g, 83%. Anal. Calcd for 
C13H15BF4MoN2O2 (414.01): C, 37.71; H, 3.65; N, 6.77. Found: C, 37.37; 
H, 3.88; N, 7.00%. Selected ATR FT-IR: ν(CO) 1960 (vs), 1850 (vs) cm− 1. 
1H NMR (300 MHz, 25 ◦C, Me2CO-d6): 7.87 (m, 2H, H5–8), 7.55 (m, 2H, 
H5–8), 6.28 (d, 2H, H1,3), 5.24 (t, 1H, JH-H = 2.8 Hz, H2), 2.32 (m, 2H, 
CH2), 1.70 (m, 2H, CH2) ppm. 1H NMR spectroscopic data for 4 agree 
with the literature data [43]. Single crystals of 4 suitable for X-ray 
diffraction were isolated by slow cooling of a concentrated solution in 
CH2Cl2.

2.3. Single crystal X-ray diffraction studies

Crystalline material of the compound [(η5-Ind)Mo(CO)2(en)][BF4]⋅ 
CH2Cl2 (4⋅CH2Cl2) was collected from the crystallization vial and 
immediately immersed in inert viscous oil. A suitable single crystal was 
selected and mounted on a CryoLoop with the assistance of a stereo
microscope [44]. Diffraction data sets were collected at 150(2) K on a 
Bruker X8 APEX II CCD area-detector diffractometer (Mo Kα graphite- 
monochromated radiation, λ = 0.71073 Å) controlled by the APEX2 
software package [45] and equipped with an Oxford Cryosystems Series 
700 cryostream cooler. Images were processed using SAINT+ [46], and 
absorption effects were corrected by the multi-scan semi-empirical 
method implemented in SADABS [47]. The structures were solved using 
the algorithms implemented in SHELXT-2014 [48,49], allowing the 
direct location of almost all the heaviest atoms. The remaining non-H 
atoms were located from difference Fourier maps calculated from suc
cessive full-matrix least squares refinement cycles on F2 using SHELXL- 
v.2019 [48,50], and all of them were successfully refined using aniso
tropic displacement parameters.

H-atoms bound to carbon were located at model geometrical posi
tions using suitable HFIX instructions in SHELXL: 43 for the aromatic 
and 23 for the –CH2– groups belonging to the ligands or CH2Cl2 molecule 
of crystallization. All these atoms were included in subsequent refine
ment cycles in riding-motion approximation with isotropic thermal 
displacement parameters (Uiso) fixed at 1.2 × Ueq of the attached carbon 
atom. H-atoms of the amine groups of the en ligand were markedly 
visible in the difference Fourier maps, and included in subsequent 
refinement stages with the N− H distances restrained to ensure a 
chemically reasonable geometry for these groups.

Table S1 in the Supporting Information summarizes relevant infor
mation about the crystal data, single crystal X-ray data collection and 
structure refinement details. CCDC 2550579 contains the supplemen
tary crystallographic data for this paper. These data can be obtained free 
of charge via https://www.ccdc.cam.ac.uk/structures/.

2.4. Stability studies

To evaluate the stability of the complexes in solution, 4 mM solutions 
were freshly prepared in degassed DMSO (for complexes 1 and 2) or 
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degassed 10 mM PBS, pH 7.4 (for complexes 3 and 4), and then diluted 
to 100–500 μM, depending on the molar absorptivity of the complexes. 
To mimic the conditions of the myoglobin (Mb) assay, the solutions were 
incubated at 37 ◦C with constant magnetic stirring, in the dark or under 
irradiation with visible light (E = 10 mW cm− 2), and either in the 
absence (capped cuvette – only for the experiment performed in the 
dark) or presence (uncapped cuvette) of air. Over a 6 h incubation 
period, the assays were interrupted in intervals of 1 h to measure the 
UV–Vis absorption spectra.

2.5. CO release studies using the Mb assay

CO release profiles for complexes 1–4 were obtained using the 
standard Mb assay. This spectrophotometric method was performed by 
monitoring the Q-band region (540–580 nm). Specifically, the conver
sion of deoxy-myoglobin (deoxy-Mb) to carbonmonoxy-Mb (MbCO), in 
which CO is bound to the iron metal center of the heme group, is tracked 
through the loss of the deoxy-Mb band (λmax = 557 nm) and the suc
cessive growth of two new bands with λmax = 540 and 577 nm that are 
due to MbCO.

Stock solutions of Mb (100 μM) and sodium dithionite (20 mg mL− 1) 
were freshly prepared in N2-degassed 10 mM PBS (pH 7.4). Under an 
inert atmosphere, these stock solutions were added to a quartz cuvette in 
the following order: 10 mM PBS (1185 μL), 100 μM Mb (1500 μL) and 
20 mg mL− 1 sodium dithionite (300 μL). An initial UV–Vis absorption 
spectrum of the sample was measured to obtain the profile of deoxy-Mb. 
After that, a 15 μL aliquot of a freshly prepared 4 mM solution of 1 or 2 
in N2-degassed DMSO, or 3 or 4 in 10 mM PBS, was added to the cuvette, 
giving a final concentration of 20 μM. The sample was then incubated at 
37 ◦C under constant magnetic stirring, either in the dark or under 
irradiation with cold white light. UV–Vis absorption spectra were 
measured in intervals of 15 min up to 90 min followed by intervals of 30 
min up to 6 h. At the end of each assay, CO gas was bubbled through the 
solution in the cuvette to completely convert deoxy-Mb to MbCO, and 
then the spectrum of MbCO was measured. This allowed the actual 
concentration of Mb in the cell ([Mb] = 40–50 μM) to be determined, 
using the known extinction coefficient of MbCO at 540 nm (15.4 mM− 1 

cm− 1) [51]. The assays were carried out in duplicate or triplicate, and 
the spectroscopic data were treated in the standard way by applying a 
correction at the 510 nm isosbestic point [52].

3. Results and discussion

3.1. Synthesis and characterization

The complexes [(η5-Cp')Mo(CO)2(en)][BF4] (Cp' = Cp (3), Ind (4)) 
were prepared by the well-established method [41,43] in which the 
starting η3-allyl complexes [(η5-Cp')Mo(η3-C3H5)(CO)2] (Cp' = Cp (1), 
Ind (2)) are protonated with HBF4⋅Et2O in CH2Cl2 to give the η2-propene 
compounds [(η5-Cp')Mo(η2-C3H6)(CO)2(FBF3)], and the resultant red 
solutions are then treated with en to give 3 and 4 (Scheme 1). The 
cations in 3 and 4 were described previously: as the PF6 salt in ref. [53]
for Cp' = Cp, and as the BF4 salt in ref. [43] for Cp' = Ind. Compounds 3 
and 4 present very different solubilities compared to their starting η3- 

allyl complexes 1 and 2, which are insoluble in water. 3 and 4 are sol
uble in polar solvents but insoluble in apolar solvents (like n-hexane and 
diethyl ether); in chlorinated solvents, 3 and 4 are only sparingly solu
ble. In the solid-state, 3 and 4 are air-stable, with no measurable alter
ations occurring in the ATR FT-IR spectra of solids exposed to air for up 
to 8 days (Fig. S1 in the Supporting Information).

The ATR FT-IR spectra of 3 and 4 are quite similar in the frequency 
range of 800–3500 cm− 1 (Fig. 1). Selected assignments are given in 
Table 1. As expected for cationic dicarbonyl complexes of the type [(η5- 
Cp')Mo(CO)2(L)]+, the spectra show two very strong bands in the ter
minal carbonyl stretching region (bands at 1835 and 1949 cm− 1 for 3, 
1850 (with a shoulder at 1833 cm− 1) and 1960 cm− 1 for 4; the average 
ν(CO) values are 1892 cm− 1 for 3 and 1900 cm− 1 for 4). The shift to 
higher frequency of the ν(CO) bands (compared with those for 1 (1823, 
1917 cm− 1) and 2 (1840, 1925 cm− 1)) is consistent with the cationic 
nature of 3 and 4. A band with medium intensity at 430 cm− 1 for 3 and 
440 cm− 1 for 4 is assigned to an asymmetric Mo–C stretching vibration 
[54]. Hence, the ν(CO) and νasym(Mo–C) frequencies are little affected 
by replacement of the η5-cyclopentadienyl ligand by the η5-indenyl 
ligand, which suggests that the coordination strength of the CO groups is 
quite similar in the two complexes. This has been documented for 
related Cp/Ind complexes such as [(η5-Cp')Mo(CO)2(phen)][BF4] [18]. 
The appearance of a resolved shoulder on the lower-frequency ν(CO) 
band for 4 is attributed to solid-state (crystal packing) and vibrational 
coupling effects. Bands for coordinated en in 3 (1593, 3293 and 3345 
cm− 1) and 4 (1589, 3288 and 3331 cm− 1) are slightly shifted with 
respect to the corresponding bands for the free ligand (NH2 deformation 
mode at 1597 cm− 1; N–H stretching vibrations at 3280 and 3355 
cm− 1).

The molecular structure of complex 4 was determined by single 
crystal X-ray diffraction. Complex 4 crystallized in the orthorhombic 
space group Pbca with one molecule of 4 and one molecule of 
dichloromethane in the asymmetric unit (Fig. 2). The cationic complex 
reveals a single Mo center with distorted square-pyramidal molecular 
geometry resulting from the coordination to two cis-arranged carbonyls 
and two nitrogen donors of en (in the basal plane), as well as the η5 

coordination mode of the C5 ring of the indenyl ligand in the apical 
position. The bidentate en ligand is located below the annulated benzene 
ring of the indenyl, representing the most common conformation of 

Scheme 1. Synthesis of compounds 3 and 4. Fig. 1. ATR FT-IR spectra of (a) 3 and (b) 4.
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indenyl complexes of the type [(η5-Ind)Mo(CO)2(NNL)]+ reported for 
various chelates [18,20,23]. This conformation aligns with Faller's rule 
of thumb [55], which states that the benzene ring of the indenyl group 
will be trans to the ligand with the highest trans effect (CO). The Mo–N 
(en) bond distances [Mo1− N1 = 2.274(2) Å and Mo1− N2 = 2.270(2) Å] 
are intermediate between those typically observed for octahedral com
plexes of the type [Mo(CO)2(η3-C3H5)(en)X] (X––Br, N3, NCBH3) in 
which one of the donor atoms of the bidentate ligand is in the axial 
position and trans- to the allyl group (Mo− N = 2.245–2.248 Å), and the 
other is in the equatorial position and trans- to a carbonyl (Mo− N =
2.286–2.295 Å) [56,57]. As the trans-effect of the carbonyl ligands is 

weaker for the square pyramidal coordination geometry vs. the octa
hedral one, the Mo–N bond distances for the former are slightly shorter 
than the Mo–N(equatorial) distances for the latter. The extended crystal 
packing of 4⋅CH2Cl2 is mediated by an extensive network of weak 
C–H⋯F hydrogen bonds (dashed turquoise lines in Fig. 2, bottom). The 
existence of the CH2Cl2 solvent molecule of crystallization and the 
cooperative effect of the extensive hydrogen bonding network, lead to 
considerably compact packing arrangements with the absence of chan
nels or voids.

3.2. Stability and CO release studies

Prior to performing CO release studies, the stability of complexes 3 
and 4 under simulated physiological conditions was evaluated by 
UV–Vis absorption spectroscopy. Solutions of 3 (350 μM) or 4 (100 μM) 
in degassed 0.01 M PBS (pH 7.4) were freshly prepared and then kept at 
37 ◦C either in the dark under air, in the dark under N2, or under N2 with 
constant exposure to cold white light (400–700 nm, E = 10 mW cm− 2). 
Fig. 3 shows the development of the UV–Vis spectra over a period of 6 h; 
Fig. S2 and S3 in the Supporting Information compare in the same plot 
the spectra obtained for 3 or 4 at 0 h and at 6 h for the three different 
conditions, and Fig. S4 shows absorbance-time plots at selected wave
lengths. The spectra obtained at 0 h for complexes 3 and 4 (plotted 
together in Fig. S5 as molar absorptivity versus wavelength) display a 
strong absorption below 280 nm that is tentatively assigned to metal-to- 
ligand charge-transfer (MLCT) and/or Cp'-centered π–π* transitions 
[58–60]. A resolved shoulder at 247 nm for complex 4 is assigned (in 
accordance with the molar absorptivity of 11,800 M− 1 cm− 1) to MLCT 
transitions involving Mo dπ orbitals and CO/indenyl π* orbitals [61–65]. 
The same assignment applies to the less intense low-energy shoulder 
near 280 nm (extending to 360 nm). The corresponding feature for 3 
extends to lower energy (400 nm) and is composed of several over
lapping bands, with the lowest energy one being centered near 330 nm. 
A previous study that compared the electronic properties and photo
chemistry of the rhodium dicarbonyl derivatives [(η5-Cp)Rh(CO)2] and 
[(η5-Ind)Rh(CO)2] highlighted the fact that the π–π* band for the latter is 
substantially red-shifted due to the increased conjugation of the inden
ide group [60]. Hence, in analogy with that discussed for [(η5-Ind)Rh 
(CO)2], in complex 4 there could be significant overlap by the π–π* states 
in the lower-energy region of the spectrum, at least up to 350 nm. Both 3 
and 4 display a weak and broad band, with a low-energy shoulder, in the 
visible region centered at ~430 nm for 3 (ε = 300 M− 1 cm− 1) and 415 
nm for 4 (ε = 630 M− 1 cm− 1), which is assigned to MLCT and/or 
(because the molar extinction coefficient is relatively low (10–103 M− 1 

cm− 1) [66]) ligand field (LF) transitions [31,63,67]. This assignment is 
backed up by DFT calculations that were performed to understand the 
UV–Vis spectra and redox behavior of [(η5-Ind)Mo(CO)2(α-diimine)]+

cations [68]. Bands near 400 nm for a model compound containing a 
diazabutadiene ligand were partially attributed to metal-centered 
transitions (d-d and metal to CO and indenyl). For 3 and 4, a combi
nation of DFT/TD-DFT calculations and solvatochromic studies may be 
needed to distinguish MLCT bands from ligand-centered (π–π*) and d- 
d (LF) absorptions.

For the solutions of 3 and 4 stored under N2 in the dark, a relatively 
slow, gradual loss of absorbance was observed in the wavelength range 
between 210 and 700 nm (Fig. 3b, e and S4), which may be associated 
with degradation of the complexes. No new absorption bands are 
observed. For complex 3, irradiation of the solution with visible light 
(under N2) leads to only a small change in the spectral series, with a 
slightly faster loss of absorbance at longer irradiation times (4–6 h, 
Fig. 3c and S4a). On the other hand, the decay is noticeably faster for 
complex 4, with 3 h of illumination leading to complete loss of the ab
sorption peak at 415 nm, and reduction of the peak at 247 nm to an 
unresolved shoulder (Fig. 3f and S4b). The relative loss of absorbance in 
the peaks at 247, ~287 and 415 nm is faster still for the solution exposed 
to air in the dark, with loss of the band in the visible region after 2 h 

Table 1. 
Selected IR bands and assignments for complexes 3 and 4.

3 4 Assignmenta

3345 3331 ν(N–H), en
3293 3288 ν(N–H), en
3120 3109 ν(C–H), Cp'
1949 1960 νs(C–––O)
1835 1850/1833 νas(C–––O)
1593 1589 δ(N–H), en
1023 1028 ν(B–F), [BF4]− (+β(C–H), Cp')
839 840 γ(C–H), Cp'
430 440 νas(Mo–C)

a Based on the complete assignment of the vibrational modes of [CpMo 
(CO)3R]-type complexes [54].

Fig. 2. (top) Crystal structure of [(η5-Ind)Mo(CO)2(en)][BF4]⋅CH2Cl2 
(4⋅CH2Cl2) showing the labelling scheme for all atoms composing the Mo co
ordination environment (Mo1− Cg(η5-Ind), 2.013(3) Å; Mo1− C1, 1.936(3) Å; 
Mo1− C13, 1.971(3) Å; Mo1− N1, 2.274(2) Å; Mo1− N2, 2.270(2) Å); (bottom) 
Extended crystal packing features of the complex, with most of the C–H⋯F 
interactions drawn as dashed turquoise lines (viewed in the 100 direction of the 
unit cell). Hydrogens attached to N1 and N2 have been omitted for clarity. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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(Fig. 3d and S4b). The spectrum obtained after 6 h is similar to that 
obtained after the same time for the illuminated solution except that the 
former shows two new, very weak bands with λmax at 291 and 330 nm 
(Fig. S3). In a similar fashion, the exposure of the solution of 3 to air in 
the dark (Fig. 3a) leads to a spectrum that is similar to that obtained 
under N2 (Fig. 3b) except for the growth of a shoulder near 370 nm 
(Fig. S2). While the origin of these new bands between 290 and 370 nm 
remains unclear, they may be tentatively attributed to O2− → Mo6+ (d0) 
ligand-to-metal charge transfer transitions (in Mo––O and/or 
Mo–O–Mo bonds) [69], which would be suggestive of an oxidative 
decarbonylation process.

The ability of complexes 1–4 to release CO under physiologically 
relevant conditions (10 mM PBS, pH 7.4, 37 ◦C) was assessed using the 
myoglobin-based aqueous assay. Here, the CO liberated by a complex is 
captured by deoxymyoglobin (deoxy-Mb) to afford carbon
monoxymyoglobin (MbCO), and this conversion may be quantified by 
following changes in the Q-band region of the electronic absorption 
spectrum of Mb. Solutions of 1–4 with a final concentration of 20 μM 
were evaluated. DMSO was used as the delivery solvent for 1 and 2, 
while 10 mM PBS was used for 3 and 4. No changes in the Q-band region 
were observed for the assays performed over 6 h with the allyl com
plexes 1 and 2, indicating that these complexes are stable in DMSO- 
water buffered solutions (Fig. S6 in the Supporting Information). In 
contrast, 3 and 4 were able to convert deoxy-Mb to MbCO, albeit rela
tively slowly as shown by the CO release profiles (Fig. 4); selected assay 
data (visible absorption spectra and corresponding difference spectra) 
are given in Fig. S7. Complex 3 released CO very slowly with an initial 
rate (up to 60 min) of ca. 0.015 μM min− 1. CO liberation continued very 
slowly after 60 min, almost reaching a plateau after 6 h, with the total 
CO release being 3.34 ± 0.03 μM, corresponding to 0.17 molecules of 
CO per molecule of 3. CO release from 4 was significantly faster, with an 
initial rate of ca. 0.09 μM min− 1 and a final MbCO concentration at 6 h of 
14.7 ± 0.8 μM, corresponding to 0.74 equivalents. These results align 
with the stability studies conducted without protein (Fig. 3b and e), 
which showed progressive loss of bands and therefore decomposition of 

the complexes over time. The CO release profile for 4 indicates a half- 
life, t1/2, of 129 ± 10 min (defined as the time taken to produce an 
MbCO concentration of 10 μM). This positions complex 4 as a slow CO 
releaser in the context of other “spontaneous” Mo-based CORMs that 

Fig. 3. UV–Vis absorption spectra recorded over a period of 6 h for solutions of (a–c) 3 (350 μM) and (d–f) 4 (100 μM) in 0.01 M PBS (pH 7.4) that were kept at 37 ◦C 
either in the dark under air (a, d), in the dark under N2 (b, e), or under N2 with constant exposure to cold white light (c, f).

Fig. 4. CO release profiles determined from Mb assays performed at 37 ◦C with 
20 μM solutions of 3 and 4, either in the dark or with visible-light irradiation. 
The data values are the mean ± standard deviation of 2 or 3 indepen
dent assays.
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liberate CO upon incubation in buffered aqueous solutions at 37 ◦C. For 
example, cyclopentadienyl [CpMo(CO)3Cl] (20 μM) and [CpMo 
(CO)3(η1–2-pyrone)] (40 μM) complexes exhibited half-lives of 11.4 and 
14.4 min, respectively, for CO release in the dark [29,32].

Photochemical promotion of CO release from [CpMo(CO)3R] com
plexes has been reported in a few cases. The complexes with R = Me [70]
and C≡CCH2OR′ (R′ = β-D-fructopyranose) [32] showed enhanced CO 
release under UV irradiation (325–365 nm), whereas, to the best of our 
knowledge, the complex with R = η1-N-imidato is the only half- 
sandwich Mo-CORM reported to date to release CO upon visible-light 
illumination (450–650 nm) [71]. Although the UV light-induced 
release of CO is a general reaction of metal carbonyl complexes, such 
short wavelengths are poorly suited for biomedical applications, where 
visible or near-infrared light is preferred due to deeper tissue penetra
tion and reduced phototoxicity [72]. Given that CO release from 3 was 
very low under thermal conditions, the possibility of using visible-light 
irradiation to promote CO release was investigated. Mb assays with 3 
(final concentration 20 μM) were conducted as before but with exposure 
to cold white light (as performed in the stability studies). This resulted in 
a more rapid and significant release of CO when compared with the dark 
reaction, with a half-life of 380 ± 15 min (Fig. 4). CO was released 
steadily for 5 h, showing the potential for sustained photo
decarbonylation. Complex 4, in contrast, did not exhibit enhanced CO 
release upon irradiation with visible light (Fig. 4). The capacity of 3 to 
undergo enhanced CO liberation under illumination with visible light 
may be explained, at least in part, by the slightly more pronounced 
extension of its UV–Vis absorption tail into the visible region (λ > 500 
nm) relative to 4 (Fig. S5 in the Supporting Information), and different 
relative contributions of LF and Mo → CO MLCT transitions to the 
lowest-energy (λ > 350 nm) absorptions [60]. With the LED lamp used, 
only the visible band at ~430 nm is excited, i.e., the transitions in the UV 
region are not populated. In future mechanistic studies, it may be helpful 
to combine the aforementioned DFT/TD-DFT calculations and sol
vatochromic experiments with an Investigation of the wavelength 
dependence of photoreactivity, i.e., Mb assays performed using narrow 
bandwidth radiation covering the UV and visible range. UV irradiation 
may give qualitatively different CO-release profiles for 3 and 4. 
Considering the interpretation of analogous behavior observed for the 
complexes [(η5-Cp)Rh(CO)2] and [(η5-Ind)Rh(CO)2] [60], there are 
other factors that could contribute to the observed inertness of 4 toward 
photodecarbonylation under longer-wavelength (visible) light irradia
tion, including the increased ability of the indenyl ligand to undergo η5 

→ η3 ring slippage, and the existence of additional vibrational deacti
vation modes from the LF excited states.

The CO photorelease results show no obvious correlation with the 
stability studies conducted without Mb, where the data indicate that 
complex 4 undergoes faster decomposition than complex 3 upon visible- 
light irradiation (Fig. 3c and f, Fig. S4). Concentration effects could be a 
factor, since the Mb assays were performed with 20 μM solutions, while 
the stability studies were performed with concentrations of 350 μM for 3 
and 100 μM for 4. At higher concentrations, complex 4 or its CO- 
depleted form may be more susceptible to aggregation (owing to the 
propensity of indenyl ligands to form stacking interactions that are 
significantly stronger than those possible with cyclopentadienyl li
gands), which could promote ligand-centered photodegradation. A 
different explanation can be proposed by considering how the Cp and 
Ind ligands bias the system toward divergent thermal and photochem
ical pathways. For complex 4, associative substitution and hence ther
mal CO release (i.e., in the dark) could be made easier by ring slippage 
(the classic indenyl effect). Once CO loss has occurred, however, the 
resulting product appears to be far more photoreactive than the Cp 
analogue: under visible-light irradiation, the lowest-energy excited 
states of the Ind system seem to favor rapid decomposition (e.g., hy
drolysis) rather than further productive CO dissociation, leading to rapid 
bleaching of the UV–vis spectrum. In contrast, under visible light, the Cp 
complex 3 may access MLCT or metal-centered excited states that are 

reasonably efficient at promoting selective CO dissociation but do not 
strongly predispose the remaining fragment to rapid decomposition, 
consistent with its enhanced CO release and greater photostability.

4. Conclusions

In summary, two cationic half-sandwich molybdenum(II) dicarbonyl 
complexes bearing ethylenediamine, [(η5-Cp)Mo(CO)2(en)][BF4] (3) 
and [(η5-Ind)Mo(CO)2(en)][BF4] (4), were synthesized and character
ized, with the structure of 4 confirmed by single-crystal X-ray diffrac
tion. Both complexes display good solid-state stability and enhanced 
solubility in polar media, but undergo gradual decomposition in 
aqueous solution under physiological conditions, with rates modulated 
by ligand identity, oxygen, and visible-light irradiation. Myoglobin as
says demonstrate that, unlike their η3-allyl precursors, both compounds 
behave as CO-releasing molecules, albeit with slow release profiles. The 
indenyl derivative 4 exhibits significantly faster and more extensive CO 
release under thermal conditions, whereas the cyclopentadienyl 
analogue 3 shows limited thermal CO liberation but enhanced release 
upon visible-light irradiation, highlighting its potential as a photo
activatable CORM. Overall, the results underline the important role of 
the Cp' ligand in modulating both stability and CO-release behavior, and 
support the continued exploration of such systems as multifunctional 
platforms combining organometallic cytotoxicity with controlled CO 
delivery.
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of antitumor effect of selected vanadium and molybdenum organometallic 
complexes in human leukemic T-cells, Chem.-Biol. Int. 242 (2015) 61–70, https:// 
doi.org/10.1016/j.cbi.2015.09.017.

[16] H. Pfeiffer, M. Dragoun, A. Prokop, U. Schatzschneider, Biological activity of 
molybdenum(II) allyl dicarbonyl complexes with N-N coligands of variable 
aromatic surface area on adherent and nonadherent human cancer cells, Z. Anorg. 
Allg. Chem. 639 (2013) 1568–1576, https://doi.org/10.1002/zaac.201300055.

[17] C.C.L. Pereira, C.V. Diogo, A. Burgeiro, P.J. Oliveira, M.P.M. Marques, S.S. Braga, 
F.A.A. Paz, M. Pillinger, I.S. Gonçalves, Complex formation between heptakis(2,6- 
di-O-methyl)-β-cyclodextrin and cyclopentadienyl molybdenum(II) dicarbonyl 

complexes: structural studies and cytotoxicity evaluations, Organometallics 27 
(2008) 4948–4956, https://doi.org/10.1021/om800413w.
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