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Gonçalves a,*, Martyn Pillinger a,*

a CICECO – Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, Campus Universitário de Santiago, Aveiro 3810-193, Portugal
b CCMar, and Department of Chemistry and Pharmacy, FCT, University of the Algarve, Faro 8005-039, Portugal

A R T I C L E  I N F O

Keywords:
CO-releasing molecules
Molybdenum
Encapsulation
Cucurbituril
myoglobin assay

A B S T R A C T

The monosubstituted cyclopentadienyl half-sandwich molybdenum(II) tricarbonyl complex [(η5-C5H4CO2CH3) 
Mo(CO)3CH3] (1) and its 1:1 inclusion compound with cucurbit[8]uril (1@CB8) have been prepared and 
characterised by elemental and thermogravimetric analyses, powder X-ray diffraction, diffuse reflectance 
UV–vis, solid-state 13C{1H} MAS NMR, FT-IR, and Raman spectroscopies. The CO-releasing behaviours of 1, 
1@CB8 and, for comparison, [(η5-C5H5)Mo(CO)3CH3] (2) and its 1:1 inclusion complex with CB8, were assessed 
using a deoxymyoglobin-carbonmonoxymyglobin assay. For assays performed in the dark at 37 ◦C, complex 1 
undergoes thermally assisted spontaneous CO release, with ca. 0.5 equivalents of CO being released after 6 h. The 
half-life (t1/2) of 325 min identifies 1 as a slow releaser when compared to complex 2 bearing the unsubstituted 
cyclopentadienyl ligand (t1/2 = 25 min). CO release from 1 was promoted by exposure to UV light (t1/2 = 85 
min), establishing the complex as a photochemically activated CO-releasing molecule (photoCORM). For 1@CB8, 
t1/2 for photo-assisted CO release increased to ca. 7 h, and for 2@CB8 the dark-release t1/2 increased to 165 min, 
showing that molecular acceptors like cucurbiturils can be used effectively as second-sphere ligands to modulate 
the CO release profile of CORMs.

1. Introduction

Carbon monoxide (CO) has been established as a signalling molecule 
with therapeutic properties in several illnesses including systemic and 
pulmonary hypertension [1,2], cardiac [3], renal [4] and small bowel 
[5] graft rejection, gastrointestinal diseases [6], haemorrhagic shock [7] 
and lung injury [8]. The clinical development of CO-based therapies has 
been held back to some extent by the fact that inhalational delivery of 
the gas is complicated by factors such as the variability in the respiratory 
function of patients, requirement for a hospital setting, health and safety 
concerns stemming from the need for large amounts of compressed CO 
gas in cylinders, and lack of tissue selectivity.

As an alternative method of administration, CO-releasing molecules 
(CORMs) were developed, aiming for a safe and controllable delivery of 
CO [9,10]. Over the last 20 years, a vast number of CORMs containing 
metals such as Fe, Mn, Co, Mo and Ru have been investigated. Molyb
denum derivatives are attractive because of the essential role played by 
this element in the active sites of enzymes important to human 

metabolism [11], coupled with the expected low toxicity of molybde
num metabolites [12]. The reported Mo-based CORMs include neutral 
heteroleptic complexes of general formula [Mo(CO)m(L)n] (m = 3–5), 
where L may be a monodentate ligand such as N-methylimidazole [13,
14], glycine alkyl ester [13-15], aminopyridine derivatives [14], mor
pholine [16], 4-methylpiperizine [16], and isocyanoacetate derivatives 
[17], or a bidentate ligand such as ethylenediamine [16], 4-(2-amino
ethyl)morpholine [16], 4-(2-aminoethyl)piperazine [16], and 2, 
2′-bipyridine derivatives [18]. Complexes with a net negative charge are 
known with L = halide [19–22], histidinate [22,23], and functionalized 
phosphines [24]. Half-sandwich organomolybdenum CORMs include 
[CpMo(CO)3X] (Cp = η5-C5H5, X = Cl) [25] and [CpMo(CO)3R], where R 
= functionalized alkynyl ligands [25], 2-pyrone derivatives [26], and 
the N-maleimidato ligand [27].

The administration of CORMs as bare drugs may present pharma
cological limitations owing to poor biodistribution and bioavailability 
(resulting from random diffusion, low cellular uptake efficiency, un
controlled CO-release kinetics, low solubility in aqueous media), and 
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potential toxicity associated with metal-containing decarbonylation 
fragments. As described in recent reviews, encapsulation of CORMs into 
macromolecular carriers is a promising approach to improving the 
properties of bare CORMs [28-30]. Mo-based CORM conjugates reported 
to date were obtained by the immobilization of the isocyanoacetate 
complexes [Mo(CO)3(CNCR2CO2H)3] (R = H, Me) in metal-organic 
frameworks (MOFs) [31,32] and a layered double hydroxide [33], and 
Mo(CO)6 in a MOF [34]. Encapsulation of half-sandwich CORMs such as 
[CpMo(CO)3R] into macromolecular carriers has not been reported in 
the context of CO-based therapy. Nevertheless, previous work described 
the encapsulation of the complexes of [CpMo(CO)3Cl] [35,36] and 
[CpMo(CO)3CH3] [37] in the macrocyclic hosts β-cyclodextrin (CD), 
permethylated βCD (TRIMEB), and cucurbit[n]urils (CBn; n = 7, 8), and 
the resultant inclusion compounds were studied as supramolecular 
precatalysts for olefin epoxidation [36,37].

CBn are a relatively new family of barrel-shaped macrocycles that 
have great potential as drug-enhancing excipients for a range of phar
maceutical applications [38–40]. Encapsulation of drugs into CBn can 
lead to various benefits such as improved drug solubility and stability, 
controlled and sustained drug release, and photo-activation of prodrugs, 
which are all important issues in CO-based therapies with CORMs. To 
the best of our knowledge, there are no previous reports on modifying 
the CO releasing behaviour of metal carbonyl CORMs by encapsulation 
in CBs. In the present work, we present a new strategy for CO delivery 
systems based on the encapsulation of the complexes [(η5-C5H4R)Mo 
(CO)3CH3] (R = CO2CH3 (1), H (2)) in CB8. The CO release half-lives of 
the inclusion complexes, determined by a myoglobin assay, were longer 
than those for the corresponding bare CORMs. While the inclusion 
complex 1@CB8 slowly liberated CO upon incubation in a buffer solu
tion in the dark, irradiation with UV light resulted in a significantly 
accelerated release of CO, thus establishing this host-guest system as a 
photoactivatable CORM-carrier conjugate.

2. Experimental

2.1. Materials and methods

CHN microanalyses were collected on a Leco TruSpec CHNS 
630–200–200. ICP-OES analyses for Mo were performed at the Central 
Analysis Laboratory, University of Aveiro, using a Horiba JobinYvon 
Activa M spectrometer (detection limit of ca. 20 μg dm− 3). Prior to 
analysis, solid samples (10 mg) were digested using 1 mL HF and 1 mL 
HNO3 with microwave-assisted heating at 180 ◦C. Powder X-ray 
diffraction (PXRD) data were collected at rt on a Malvern Panalytical 
Empyrean diffractometer (Malvern Panalytical, Malvern, UK) equipped 
with a spinning flat sample holder and a PIXcel 1D detector set at 240 
nm from the sample, in a Bragg-Brentano para-focusing optics configu
ration (45 kV, 40 mA). CuKα1,2 X-radiation (λ1 = 1.540598 Å, λ2 =

1.544426 Å) filtered with nickel foil was used. Samples were step- 
scanned from 3 to 70◦ (2θ) in 0.02◦ 2θ steps with a counting time of 
100 s per step. Thermogravimetric analysis (TGA) was performed using 
a HITACHI STA 300 system at a heating rate of 5 ◦C min− 1 under air. 
Attenuated total reflectance (ATR) FT-IR spectra were measured on a 
Bruker Tensor 27 spectrometer equipped with a Specac Golden Gate Mk 
II ATR accessory having a diamond top plate and KRS-5 focusing lenses 
(resolution 4 cm− 1, 256 scans). FT-Raman spectra were recorded in the 
range of 50–4000 cm− 1 on a Bruker MULTIRAM instrument equipped 
with a Ni:YAG laser with an excitation wavelength of 1064 nm (reso
lution 4 cm− 1, 1000 scans). Solid-state 13C{1H} cross-polarization (CP) 
magic-angle spinning (MAS) NMR spectra were recorded on a Bruker 
Avance III 400 spectrometer (9.4 T) at 100.62 MHz with 3.7 μs 1H 90◦

pulses, 3500 ms contact time, spinning rates of 10 or 12 kHz, and 5 s 
recycle delays. Diffuse reflectance (DR) UV–vis spectra were recorded at 
rt in the range of 190–900 nm using a JASCO V-780 spectrophotometer 
equipped with a JASCO ISV-469 integrating sphere, with Spectralon as 
reference material. The spectra were collected in the reflectance mode, 

with a bandwidth of 2 nm, a scan speed of 200 nm min− 1, and a data 
pitch of ~ 0.5. UV–vis spectra (in solution) for stability studies were 
collected using a Cintral 303 spectrophotometer (190–900 nm). UV–vis 
spectra for the Mb assays were collected using a GBC UV-vis 918 spec
trophotometer. In the Mb assays with UV light (365 nm) exposure, a 
Velleman 15 W UV lamp was used as the light source.

The following chemicals and materials were purchased from Sigma- 
Aldrich (unless otherwise indicated) and used as received: (for synthe
sis) molybdenum hexacarbonyl, 2.4 M sodium cyclopentadienylide in 
THF, dimethyl carbonate, methyl iodide (99 %), anhydrous THF (≥99.9 
%), diethyl ether (99.8 %) and pentane (99 %, Carlo Erba); (Mb assays) 
equine skeletal muscle (95–100 %, lyophilised powder), sodium 
dithionite, phosphate buffered saline (PBS) tablet for 10 mM solutions, 
carbon monoxide (99.9 %), Alphagaz Nitrogen type 1 (99.9 %, Air
Liquide), anhydrous dimethyl sulfoxide (99.9 %, Merck) and anhydrous 
ethanol (99.9 %, Carlo Erba). Anhydrous solvents were stored over 
preactivated 4 Å molecular sieves.

2.2. Synthesis

The preparation and characterisation of CB8 with the approximate 
composition C48H48N32O16⋅7H2O⋅3HCl⋅1.5(CH3COCH3) were described 
in a previous paper [41]. To prepare the complex [CpMo(CO)3CH3] (2) 
and its 1:1 inclusion compound with CB8 (2@CB8), the procedures 
described recently were followed [37]. Characterisation data for 2@CB8 
are provided in the Supplementary Information and are in agreement 
with the published data in Ref. [37].

2.2.1. Na(C5H4CO2CH3)
The ligand Na(C5H4CO2CH3) was prepared by following a literature 

procedure [42]. Dimethyl carbonate (1.91 mL, 22.7 mmol) was added to 
a 2.4 M solution of sodium cyclopentadienylide (5.67 mL, 11.3 mmol) in 
THF (20 mL). The solution was refluxed for 4 h under a nitrogen at
mosphere and then the solvent was removed under reduced pressure. 
The resultant residue was washed with diethyl ether (4 × 20 mL) and 
vacuum-dried for 2 h. Yield: 1.35 g, 82 %.

2.2.2. [(η5-C5H4CO2CH3)Mo(CO)3CH3] (1)
This procedure is based on that described by Hart et al. for the same 

complex [43]. Na(C5H4CO2CH3) (1.35 g, 9.24 mmol) and Mo(CO)6 
(2.44 g, 9.24 mmol) were added to a Schlenk tube and then anhydrous 
THF (40 mL) was added. The mixture was refluxed for 24 h to produce a 
solution of the anion [(η5-C5H4CO2CH3)Mo(CO)3]− . After cooling to rt, 
MeI (1.72 mL) was added, and the mixture was stirred at rt for 4 h. The 
solvent was then removed under reduced pressure. The product was 
extracted with pentane (2 × 20 mL) and diethyl ether (4 × 20 mL), and 
all the fractions were combined and concentrated, affording an orange 
precipitate, which was then sublimed at 80 ◦C and vacuum-dried for 2 h. 
Yield: 2.04 g, 70 %. Anal. Calcd for C11H10MoO5 (318.13): C, 41.53; H, 
3.17. Found: C, 41.72; H, 3.32. FT-IR (ATR, cm− 1): 3126 (w), 3116 (w), 
3009 (w), 2959 (w), 2914 (w), 2845 (w), 2015 (s), 1897 (vs), 1714 (vs), 
1470 (m), 1431 (m), 1414 (m), 1379 (m), 1349 (w), 1280 (vs), 1212 (w), 
1191 (w), 1174 (m), 1138 (vs), 1064 (w), 1043 (m), 1028 (m), 962 (s), 
930 (m), 892 (m), 837 (s), 829 (s), 785 (m), 774 (s), 585 (sh), 560 (vs), 
507 (m), 483 (vs), 440 (vs). FT-Raman (cm− 1): 3129 (m), 3115 (m), 
3008 (m), 2960 (m), 2915 (m), 2014 (m), 1943 (s), 1906 (vs), 1893 (w), 
1717 (m), 1674 (w), 1472 (m), 1436 (w), 1416 (w), 1382 (w), 1285 (m), 
1175 (w), 1143 (m), 1066 (m), 1045 (w), 1031 (w), 965 (w), 932 (w), 
894 (m), 833 (w), 789 (w), 777 (w), 608 (w), 579 (w), 506 (w), 481 (w), 
453 (s), 441 (m), 410 (m), 359 (w), 345 (m), 333 (m), 319 (w), 199 (w), 
174 (m), 133 (vs), 109 (vs), 98 (vs), 62 (m). 1H NMR (acetone-d6, 295 K, 
TMS): δ = 5.92 (t, JH-H = 2.5 Hz, 2H, C5H4), 5.69 (t, JH-H = 2.5 Hz, 2H, 
C5H4), 3.79 (s, 3H, CH3), 0.42 (s, 3H, CH3) ppm. 13C{1H} NMR (ace
tone-d6): δ = 239.3 (Mo-CO), 226.7 (Mo-CO), 165.2 (C=O), 98.9, 96.2, 
95.8 (C5H4), 52.3 (CO2CH3), − 19.6 (Mo-CH3) ppm.
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2.2.3. 1@CB8
A solution of 1 (0.08 g, 0.24 mmol) in ethanol (1.5 mL) was added to 

CB8 (0.40 g, 0.24 mmol), followed by Milli-Q water (40 mL), and the 
resultant suspension was stirred for 24 h at rt. The mixture was then 
centrifuged for 15 min with a velocity of 6000 rpm. The pale-cream solid 
was isolated by decanting the mother liquor, and vacuum-dried for 2 h at 
rt. Yield: 0.34 g, 79 %. Anal. Calcd for C48H48N32O16⋅C11H10

MoO5⋅8H2O: C, 39.56; H, 4.16; N, 25.02; Mo, 5.35 %. Found: C, 38.90; 
H, 3.88; N, 26.09; Mo, 5.30 %. FT-IR (ATR, cm− 1): 3460 (br), 3000 (w), 
2913 (w), 2024 (m), 1933 (m), 1716 (s), 1456 (s), 1428 (m), 1372 (m), 
1312 (m), 1283 (m), 1221 (s), 1182 (s), 1028 (w), 966 (s), 830 (m), 800 
(vs), 753 (m), 664 (m), 626 (m), 586 (m), 560 (m), 506 (m), 484 (m), 
439 (m). FT-Raman (cm− 1): 3002 (m), 2947 (s), 2872 (m), 2747 (w), 
2024 (w), 1944 (m), 1739 (m), 1427 (s), 1379 (s), 1320 (w), 1286 (w), 
1228 (w), 1192 (w), 1138 (w), 1044 (w), 976 (w), 907 (m), 834 (s), 752 
(m), 707 (w), 657 (w), 521 (w), 440 (s), 411 (w), 366 (m), 337 (w), 279 
(w), 262 (w), 175 (m), 93 (vs). 13C {1H} CP MAS NMR (100.62 MHz, 12 
kHz spinning rate): δ = 157.0 (C=O, CB8), 154.9 (C=O, CB8), 94.3 
(C5H4), 72.3 (CH, CB8), 54.7 (CH2, CB8), 52.5 (CO2CH3), − 21.4 (Mo- 
CH3) ppm.

2.3. CO-release studies

The CO-release studies were performed through the Mb assay [44] 
where absorption spectroscopy (in the Q-band region) is used to monitor 
the conversion of deoxy-myoglobin (deoxy-Mb) to 
carbonmonoxy-myoglobin (Mb-CO). The CO released by decarbon
ylation of the complexes has a high affinity for the iron centre of 
myoglobin, resulting in loss of the deoxy-Mb absorption band (λmax =

557 nm) and appearance of two new bands (λmax = 540 and 577 nm) 
that are characteristic of Mb-CO formation.

In a typical measurement, two stock solutions were freshly prepared 
in degassed 10 mM PBS buffer (pH 7.4): Mb (ca. 100 μM) and sodium 
dithionite (40 mg mL− 1). Under an inert atmosphere, the solutions were 
added in the following order to a sealed quartz cell (3500 μL): 1185 μL of 
PBS, 1500 μL of Mb, and 300 μL of sodium dithionite. Firstly, a spectrum 
of the resultant solution was recorded to obtain the deoxy-Mb profile (0 
% Mb-CO). Due to the insolubility of the bare CORMs or inclusion 
complexes in aqueous buffer, 4 mM stock solutions were prepared in 
degassed DMSO. An aliquot of the stock solution (15 μL) was added to 
the sealed cell, resulting in a final complex concentration of 20 μM. The 
quartz cell was kept either in the dark or exposed to UV light (365 nm, E 
= 2.5 mW cm− 2), at 37 ◦C, with constant magnetic stirring (120 rpm). 
The assays were conducted over a period of 6 h, and the incubation was 
interrupted in intervals of 30 min to measure absorption spectra be
tween 450 and 650 nm, with a scan speed of 200 nm min− 1 and a slit 
width of 2 nm. At the end of each assay, CO gas was bubbled through the 
liquid phase to achieve full conversion to Mb-CO, and a spectrum was 
recorded to obtain the Mb-CO profile (100 % Mb-CO). The actual con
centrations of Mb in solution for each assay (33–39 μM) were deter
mined by using the known Mb-CO extinction coefficient at 540 nm (ε =
15.4 mM− 1 cm− 1) [45]. The assays were carried out in triplicate. The 
software GraphPad Prism (version 8 for Windows, GraphPad Software, 
Boston, Massachusetts USA, www.graphpad.com) was used to correct 
the spectra at the four isosbestic points (510, 550, 570 and 585 nm), as 
described previously [44].

2.4. Stability studies of 1 in solution

The stability of 1 was investigated by preparing a 100 µM solution of 
the complex in degassed DMSO in the dark. UV–vis spectra were 
collected over a period of 6 h. In addition, the stability of 1 in the 
presence of UV light was investigated using a 100 µM degassed DMSO 
solution.

3. Results and discussion

3.1. Inclusion complex preparation and characterisation

The encapsulation of complex 1 in CB8 was performed by mixing, in 
equimolar amounts and at ambient temperature, a solution of 1 in 
ethanol with an aqueous suspension of the cucurbituril (Scheme 1). A 
cream-coloured solid was recovered after a reaction time of one day. The 
same procedure was used recently to prepare a 1:1 inclusion compound 
between the complex [CpMo(CO)3CH3] (2) and CB8 (2@CB8) [37], 
which has been included in the present study to gauge the effect of the 
Cp substituent (CO2CH3) on the CO-release behaviour.

PXRD showed that the product 1@CB8 was microcrystalline since 
several relatively sharp reflections were observed between 8 and 25◦ 2θ 
(Fig. 1b). The pattern is suggestive of inclusion complex formation 
because, firstly, it is distinct from that for as-prepared microcrystalline 
CB8 (Fig. 1a), evidencing a change in structure (i.e., a change in the 
crystal packing arrangement of CB8 molecules) caused by the encap
sulation of 1, and, secondly, it does not contain reflections indicative of 
pure (nonincluded) 1 (Fig. 1c).

CHN microanalyses and Mo determination by ICP-OES indicated that 
the initial 1:CB8 molar ratio used in the synthesis of 1@CB8 was 
retained in the final product. A 1:1 binding stoichiometry for the host- 
guest complex was supported by TGA (Fig. 2). The TGA curve ob
tained under air shows an initial weight loss step that starts just above 
ambient temperature and levels out at ca. 200 ◦C. If this step is attributed 
solely to the loss of water, the mass loss of 8.0 % over this temperature 
range agrees with the formula of 1⋅CB8⋅8H2O, which is the composition 
suggested by the CHN and Mo analyses. The 8.0 % mass loss could have a 
small contribution from the thermally promoted decarbonylation of 
guest tricarbonyl complexes. Thus, in addition to DTG (derivative) peak 
maxima at ca. 75 and 100 ◦C (for loss of water), a weak broad peak was 
observed, centred at ca. 150 ◦C. This peak coincides with the DTG peak 
for complex 1 that results from the abrupt weight loss step between 80 
and 170 ◦C (24.7 %), attributed to the decarbonylation of the complex 
(calcd, for 3CO, 26.4 %). It is noteworthy, however, that the TGA curve 
for 1:CB8 in the range of 25–250 ◦C is comparable with that for CB8, and 
the former does not display a resolved step around 150 ◦C that might 
have been expected if the thermal behaviour of the encapsulated com
plex was like that for nonincluded 1. Regarding the main decomposition 
step, CB8 and 1:CB8 share the same onset temperature of ca. 290 ◦C, but 
while a single continuous mass loss is then observed for CB8 up to ca. 
400 ◦C (DTGmax ~ 380 ◦C), 1:CB8 displays two overlapping weight loss 
steps (DTGmax = 320, 350 (sh) ◦C), assigned to the simultaneous 
decomposition of guest 1 and CB8. As expected, complete decomposi
tion is observed for CB8 (100 % mass loss at 540 ◦C). On the other hand, 
1@CB8 shows a residual mass of ca. 8.0 % across the temperature range 
of 400–800 ◦C, which agrees with the value of 8.0 % calculated on the 
basis that the residue is MoO3 and the starting composition is 
1⋅CB8⋅8H2O.

The ATR FT-IR and FT-Raman spectra of 1@CB8 are dominated by 
absorption bands that originate from the host macrocycle (Fig. 3). Since 
CB8 does not have bands in the range of 1800–2100 cm− 1, the carbonyl 
(C≡O) stretching modes of the guest molecule are readily observed as 
bands at 1933 and 2024 cm− 1 in the IR spectrum, and 1944 and 2024 
cm− 1 in the Raman spectrum, which are blue-shifted to varying degrees 
relative to those for complex 1 (1897 and 2015 cm− 1 in the IR, 1943 and 
2014 cm− 1 in the Raman). The spectral shifts, in addition to the nar
rowing of the IR band at 1933 cm− 1, are consistent with noncovalent 
encapsulation which places the guest molecules in a solution-like iso
lated environment [37]. Additionally, in the ATR FT-IR spectrum of 
1@CB8, some weak bands are present in the range of 400–600 cm− 1 

which, on the basis of previous calculations for 2 [46], can be attributed 
to out-of-plane MoCO deformation modes (439, 485 cm− 1), MoCO 
stretching (507 cm− 1), in-plane MoCO deformation (560 cm− 1), and 
MoCO bending (585 cm− 1). These bands are essentially unshifted 

A.C. Gomes et al.                                                                                                                                                                                                                               Journal of Organometallic Chemistry 1019 (2024) 123312 

3 

http://www.graphpad.com


relative to those for nonincluded 1.
Fig. 4 shows the 13C{1H} CP MAS NMR spectra of pristine CB8 and 

1@CB8, and the solution spectrum of the tricarbonyl complex 1. In 
accordance with the expected four-legged piano-stool geometry, the 
spectrum of 1 shows one resonance at 226.7 ppm for the two CO ligands 
cis to the methyl group, one weaker line at 239.3 ppm for the CO ligand 
trans to the methyl group, two adjacent resonances and one downfield- 
shifted signal in the range of 95.8–98.9 ppm for the cyclopentadienyl 
carbons, and one resonance at − 19.6 ppm for the Mo-bound methyl 
group. Two resonances are also observed at 52.3 and 165.2 ppm for the 
carbon atoms of the ester group. The solid-state NMR spectrum of 
1@CB8 is dominated by the single peaks observed for the C=O, CH and 
CH2 groups of the macrocyclic host, which match those observed for the 
pristine CB8 sample. Three guest-centred signals are observed at 94.3 
(η5-C5H4R), 52.5 (CO2CH3) and − 21.4 (Mo-CH3), with the cyclo
pentadienyl and Mo-CH3 peaks showing small upfield shifts relative to 
those found in the solution spectrum of 1. Resonances for the 
molybdenum-coordinated CO groups could not be discerned even with 
long acquisition times.

Fig. 5 compares the solution UV–vis spectra of 1 (EtOH, DMSO) with 

the DR UV–vis spectra of 1, CB8 and 1@CB8. In the solid-state, complex 
1 exhibits a very broad absorption feature that arises from the overlap of 
bands with maxima in the UV and visible regions. These bands comprise 
a high energy component with λmax ~ 285 nm, assigned to a ligand- 
centred n-π* transition, a broad absorption centred around 320 nm, 
assigned to a metal-to-ligand charge transfer (MLCT) transition, and a 
more intense band that peaks at ~ 400 nm (which is responsible for the 
orange colour of the solid), likely stemming from overlapping MLCT and 
ligand field bands. These three bands are present in the solution spectra, 
albeit with inverted relative intensities, and it is noteworthy that the DR 
UV–vis spectrum of 1@CB8 resembles more closely the solution spectra 
of 1 than the solid-state spectrum. These observations tie in with those 
made with the vibrational spectra, indicating that the half-sandwich 
tricarbonyl complexes are molecularly isolated by encapsulation 
within the CB8 cavity.

3.2. CO-release studies

To assess the stability of complex 1 in solution, degassed 100 µM 
solutions in DMSO were prepared and kept either in the dark or under 
constant exposure to UV light. UV–vis absorption spectra in the range of 
200–900 nm range were collected at 30 min and then every 60 min over 
a period of 6 h. While no significant changes were observed for the so
lution kept in the dark (Fig. 6A), significant changes were observed 
within 30 min for the irradiated solution (Fig. 6B). The band initially 
present as a shoulder at λmax ~ 285 nm underwent a ca. 2-fold increase 

Scheme 1. Preparation of the inclusion compounds 1@CB8 and 2@CB8.

Fig. 1. PXRD patterns in the range of 5–35◦ 2θ of (a) CB8, (b) 1@CB8, and 
(c) 1.

Fig. 2. TGA curves (obtained under air) of complex 1 (⋅⋅⋅⋅⋅), CB8 (– – –) and 
1@CB8 (–).
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in relative intensity and a hypsochromic shift to 274 nm. Between 1 and 
6 h this band decreased in relative intensity and shifted slightly further 
by 4 nm to higher energy. The broad lower-energy shoulders at ca. 315 
and 365 nm also underwent changes, with the former shifting slightly by 
a few nm to lower energy, and the latter becoming immediately less 
perceptible. It is generally accepted that the primary process involved in 
the UV photolysis of complexes like [(CpR)Mo(CO)3CH3] (CpR = η5- 
C5H4R) is dissociative loss of a single carbonyl ligand to give the coor
dinatively unsaturated 16-electron species [(CpR)Mo(CO)2CH3] 
[47–53]. In the presence of a donor ligand or coordinating solvent (such 
as DMSO), the monosubstituted product [(CpR)Mo(CO)2(L)CH3] may be 
formed, while photolysis in the absence of an external ligand may result 
in dealkylation, leading to the formation of CH4 and the stable dimer 
[{(CpR)Mo(CO)3}2]. Other photodegradation products of unknown 
structure may be formed.

The CO-release behaviour of 1 and 1@CB8 was evaluated by UV–vis 
spectroscopy using the myoglobin (Mb) assay. For comparison, the 
complex [CpMo(CO)3CH3] (2) and its 1:1 inclusion complex with CB8 
(2@CB8, prepared recently as a supramolecular precatalyst for olefin 
epoxidation [37]) were also tested. In a typical experiment, a freshly 
prepared solution of Mb in degassed 10 mM PBS was anaerobically 
reduced by an excess of sodium dithionite to yield deoxy-Mb. An aliquot 
of a solution of 1 in DMSO was then added (to give a final concentration 
of 20 μM) and the resultant solution was stirred at 37 ◦C in the dark. 
Under these conditions, complex 1 showed a slow and controlled release 

of CO with no plateau being reached by the end of the assay (6 h), at 
which point 0.54 mmol CO/mmol complex had been released (Fig. 7). 
Very similar results (0.55 mmol CO/mmol complex at 6 h) were ob
tained when ethanol was used as the solvent instead of DMSO (not 
shown here). In contrast, complex 2 not only released CO at a much 
faster rate, but also released multiple CO ligands, with a plateau of ca. 
1.5 equivalents being reached at 2 h (Fig. 7, DMSO as delivery solvent).

With complex 1 being a comparatively slow releaser in the dark, the 

Fig. 3. ATR FT-IR (A) and Raman (B) spectra of (a) 1, (b) CB8, and (c) 1@CB8.

Fig. 4. 13C{1H} CP MAS NMR spectra of (b) CB8 and (c) 1@CB8 compared 
with (a) the solution 13C{1H} NMR spectrum of 1 in acetone-d6. The insets for 1 
and 1@CB8 show expansions of selected regions. For CB8 (b), the signal 
identified with + is due to acetone present in the as-prepared sample.

Fig. 5. Solution UV–vis spectra of 1 in ethanol (– ⋅ – ⋅ –) and DMSO (– – –), and 
solid-state DR UV–vis spectra of 1 (– ⋅ ⋅ – ⋅ ⋅), CB8 (⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅) and 1@CB8 (–).
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potential for photochemically induced CO release was explored by 
performing the Mb assay with exposure to light of wavelength 365 nm 
from a low power UV lamp (6 W, E = 2.5 mW cm− 2). This resulted in a 
more rapid release of CO when compared with the thermal reaction, as 
shown by an increase in [Mb-CO] at 30 min from 3.3 μM (0.11 μM 
min− 1) to 8 μM (0.27 μM min− 1). The profile for the assays performed 
under exposure to UV light shows an accelerated release of CO during 
the first 30 min, followed by a more protracted and almost linear release 
for the remaining period of the assay (~ 0.03 μM min− 1, R2 = 0.996), 
with no plateau being reached. After 6 h, the total CO released was 0.88 
mmol CO/mmol complex. These results clearly demonstrate a signifi
cant contribution from photoinduced loss of CO. Assay durations longer 
than 6 h were not explored because of the limited stability of deoxy-Mb, 
i.e., there is an increasing risk of conversion to oxygenated Mb.

As proposed by Atkin et al. [44], the half-life (t1/2) of CO-release, 
defined as the time taken for a solution of CORM with a concentration 
of X μM (i.e., 20 μM in the present work) to produce a solution of Mb-CO 
with a concentration of X/2 μM (i.e., 10 μM in the present work), is a 
convenient parameter to compare in a quantitative manner the 
CO-release rates of different systems. For slow releasers (e.g., systems 
where the release of CO does not reach 0.5 equiv. within ca. 6 h), t1/4 can 
be employed instead. Table 1 compares the CO-release data for 1 and 2 
with results reported in the literature for similar tricarbonyl(η5-cyclo
pentadienyl)molybdenum complexes. Complex 1 stands out as a slow 
yet sustained releaser. Thus, for assays performed in the dark with a 
CORM concentration of 20 μM, the t1/2 for 1 (325 min, entry 1) is much 
higher than that for 2 (25 min, entry 4) and that reported for [CpMo 
(CO)3Cl] (14.4 min, entry 5) [25]. Even with exposure to UV light (365 
nm), the t1/2 for 1 is still relatively high (85 min, entry 2), greatly 
exceeding the value of 13 min recorded for the complex [CpMo 
(CO)3(C≡C-CH2O-β-D-fructopyranose)] with UV (325 nm) irradiation 
(entry 10) [25]. The latter photoCORM released multiple molecules of 
CO (ca. 2 equiv. after 1 h), while CO release from 1 approached 1 equiv. 
after 6 h, although as mentioned above the data indicate that the release 
would go beyond 1 equiv. for longer incubation times. The results with 1 
emphasize how relatively small changes made to the base CORM 
“template” structure, in this case complexes of general formula [(CpR) 
Mo(CO)3X], can have a dramatic influence on the CO release profile. The 
data in Table 1 for two η1–2-pyrone complexes (entries 12 and 13), 
which differed only by the presence of a bromo substituent on the 
2-pyrone ring, are an even clearer demonstration of structurally sensi
tive CO release behaviour [26].

According to a comparison of averaged CO and Mo-C stretching 
frequencies, the CO groups in 2 are more strongly bound than those in 
[CpMo(CO)3Cl] [46]. The relatively faster CO release observed for the 
chloro derivative (t1/2 ~ 14 min vs. 25 min for 2) could therefore be due, 
at least partly, to having a weaker Mo-C bond. A similar analysis for 1 
does not provide an explanation for why this complex is a much slower 
releaser than 2, since 1 gives an average (IR + Raman) CO stretching 
frequency of ca. 1949 cm− 1, while a value of 1945 cm− 1 was reported for 
2 (vs. 1978 cm− 1 for the chloro derivative). On this basis alone, Mo-C 
bond strength is unlikely to be an overriding factor controlling sponta
neous CO release from complexes of the type [(CpR)Mo(CO)3X] in 
aqueous solution. The trend in t1/2 observed for 1 and 2, i.e., 325 ≫ 25 
min, respectively, does not parallel that reported by Motterlini and 
co-workers for complexes of the type [(CpR)Fe(CO)2X], also evaluated 
by the Mb assay as spontaneous CO releasers in aqueous solution [54]. 
Comparing the data for the series [CpFe(CO)2X] with those from 
[(CpCO2CH3)Fe(CO)2X] (X = Cl, Br, I), the introduction of the CO2CH3 
substituent resulted in faster CO release, e.g. 350 ≫ 63 min t1/2 for X =
Cl.

Fig. 7 shows the results of the Mb assays performed with 1@CB8 
either in the dark or with exposure to UV light. In both situations, 
encapsulation has the effect of slowing down the rate of CO release. For 
the assay performed with UV light irradiation, the concentration of Mb- 
CO after 30 min was 4 μM, which equates to a rate of 0.13 μM min− 1, i.e., 

Fig. 6. UV–vis spectra (260–450 nm) of 1 in degassed DMSO (100 μM) over a 
period of 6 h in the dark (A) and under irradiation with UV light (365 nm) (B).

Fig. 7. Time courses of CO release for complexes 1 and 2, and the inclusion 
compounds 1@CB8 and 2@CB8, either in the dark or under UV-light irradia
tion. The data values are the mean ± standard deviation of three indepen
dent assays.
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half of that measured for 1. After the complete incubation time of 6 h, 
0.14 equiv. of CO were released in the dark (cf. 0.54 equiv. for 1), and 
0.46 equiv. were released under exposure to UV light (cf. 0.88 equiv. for 
1). In the latter case, the half-life of CO release is estimated as ~ 7 h, 
which is about 5 times longer than that determined for nonincluded 1. 
Nevertheless, the CO release profile for the inclusion compound in
dicates that the release can be sustained over a period of 6 h or more. 
Encapsulation of 2 in CB8 led to an even more pronounced decrease in 
the CO release rate in comparison to nonincluded 2 (Fig. 7), as quanti
fied by an increase in t1/4 for the dark release from 12 min to 165 min, 
and a decrease in the maximum amount of CO released (during the in
cubation time of 6 h) from ca. 1.5 equiv. for 2 to 0.3 equiv. for 2@CB8 
(Table 1).

4. Conclusion

A macrocyclic molecular acceptor, CB8, has been employed as part of 
a novel strategy to modify the CO-releasing behaviour of organo
molybdenum(II) CORMs, [(η5-C5H4R)Mo(CO)3CH3] (1, 2). The spectral 
properties of the cyclopentadienylmolybdenum tricarbonyl derivatives 
in the presence of CB8 are more typical of those exhibited by the free 
complexes in organic solution, suggesting the formation of a true in
clusion complexes. The relatively large size of the CB8 cavity, with an 
effective inner volume of ~ 360 Å3, allows the ready formation of 1:1 
complexes. The present work has shown that the CO-releasing behaviour 
of complexes of the type [(CpR)Mo(CO)3CH3] can be altered dramati
cally by relatively subtle changes in the ligand environment, i.e., 
introduction of a substituent on the covalently bonded first-sphere Cp 
ligand, or introduction of a second-sphere macrocyclic ligand non
covalently bonded to the first-sphere ligands. Specifically, supramolec
ular encapsulation slows the CO delivery rate in comparison to the free 
CORMs, which may allow a more controlled supply of the therapeutic 
gas. The host-guest approach is attractive since it may have the added 
benefit of converting the bare CORM to a more pharmaceutically 
acceptable crystalline form.
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Table 1 
Summary of CO-release rate behaviour of 1, 1@CB8 and related complexes.a

Entry Compoundb [CORM] (μM) [Mb] (μM) Cosolv. Dark/light Time (min) CO release (molCO/molMo) t1/2
c (min) Refs.

1 1 20 ~ 38 DMSO in the dark 360 0.54 325 This work
2 20 ~ 38 DMSO UV (365 nm) 360 0.88 85 This work
3 20 ~ 38 ethanol in the dark 360 0.55 325 This work
4 2 20 ~ 45 DMSO In the dark 120 1.49 25 (12) This work
5 [CpMo(CO)3Cl] 20 ~ 60 – in the dark 33.3 1.3 14.4 [25]
6 [CpMo(CO)3(C≡CR1)] d ~ 60 – – – 0 – [25]
7 [CpMo(CO)3(C≡>CR2)] d ~ 60 – – – 0 – [25]
8 [CpMo(CO)3(C≡CR3)] 60 ~ 60 – in the dark 120 0.037 - e [25]
9 60 ~ 60 – UV (325 nm) 30 0.75 16 [25]
10 20 ~ 60 – UV (325 nm) 55 1.9 13 [25]
11 150 2.2 [25]
12 [CpMo(CO)3(R4)]BF4 40 50 DMSO in the dark 60 0.18 - e [26]
13 [CpMo(CO)3(R5)]BF4 40 50 DMSO in the dark 60 1.22 13.6 [26]
14 [CpMo(CO)3(R6)]f 67 33.5 – vis light 120 0.43 - e [27]
15 1@CB8 20 ~ 33 DMSO in the dark 360 0.14 - e This work
16 20 ~ 36 DMSO UV (365 nm) 360 0.46 ~ 420 This work
17 2@CB8 20 ~ 39 DMSO in the dark 270 0.31 (165) This work

a All results were obtained using the Mb assay, PBS buffer, pH 7.4, at 37 ◦C unless indicated otherwise.
b R1 = Ph, R2 = CH2OCH2Ph, R3 = CH2O-β-D-fructopyranose, R4 = η1-{O}-C{=O}-O-CMe=CH-COMe=CH (η1–2-pyrone), R5 = η1-{O}-C{=O}-O-CMe=CH- 

COMe=CBr (η1–2-pyrone), R6 = η1-N-imidato.
c t1/4 values are given in parentheses.
d These complexes were insoluble in the aqueous medium used for the Mb assay, and no CO release was subsequently detected.
e Not determinable since CO-release did not reach 0.5 equiv. over the course of the assay.
f Assays performed at rt.
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