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p-Cyclodextrin and cucurbit[7]uril as protective
encapsulation agents of the CO-releasing
molecule [CpMo(CO)sMe]+
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The CO releasing ability of the complex [CpMo(CO)sMel (1) (Cp = n°-CsHs) has been assessed using a
deoxymyoglobin-carbonmonoxymyoglobin assay. In the dark, CO release was shown to be promoted by
the reducing agent sodium dithionite in a concentration-dependent manner. At lower dithionite concen-
trations, where dithionite-induced CO release was minimised, irradiation at 365 nm with a low-power UV
lamp resulted in a strongly enhanced release of CO (half-life (t;,) = 6.3 min), thus establishing complex 1
as a photochemically activated CO-releasing molecule. To modify the CO release behaviour of the tricar-
bonyl complex, the possibility of obtaining inclusion complexes between 1 and p-cyclodextrin (BCD) or
cucurbit[7]uril (CB7) by liquid-liquid interfacial precipitation (L@BCD(IP)), liquid antisolvent precipitation
(1@CB7), and mechanochemical ball-milling (1@BCD(BM)) was evaluated. All these methods led to the
isolation of a true inclusion compound (albeit mixed with nonincluded 1 for 1@BCD(BM)), as evidenced by
powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), FT-IR and FT-Raman spectroscopies,
and C{*H} magic angle spinning (MAS) NMR. PXRD showed that 1@pCD(IP) was microcrystalline with a
channel-type crystal packing structure. High resolution mass spectrometry studies revealed the formation
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of aqueous phase 1:1 complexes between 1 and CB7. For 1@pCD(IP) and 1@CB7, the protective effects
of the hosts led to a decrease in the CO release rates with respect to nonincluded 1. BCD had the stron-
gest effect, with a ca. 10-fold increase in ty,4 for dithionite-induced CO release, and a ca. 2-fold increase

rsc.li/dalton in t,» for photoinduced CO release.
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Introduction

Carbon monoxide (CO) is a colourless, odourless, and tasteless
gas produced from the incomplete combustion of carbon-
aceous fuels and biomass. The discovery of CO is generally
credited to Joseph Priestley who, in 1772, obtained the gas by
heating iron oxide (Fe;0,) with charcoal.! It was not until 1801
when the chemical composition was resolved by William
Cruickshank, who named the molecule ‘gaseous oxide of
carbon’.? Cruickshank’s discovery was the springboard for
research focused solely on CO. Although most studies during
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the late 1700s and 1800s were concerned with the toxicological
profile of CO and its mechanism of action as a toxic substance,
it is remarkable that medicinal uses were investigated, e.g., as
a local and general anaesthetic, analgesic, and for the treat-
ment of ailments such as infectious diseases and respiratory
illness.® Despite several advances during the 20™ century that
led to the recognition of CO as an endogenously produced sig-
nalling molecule,” the image of CO as a deadly gas persisted
and it was only after the turn of the century that CO started to
be widely explored as a therapeutic agent owing to its ben-
eficial physiological effects in processes like vasorelaxation,
anti-inflammation, anti-proliferation and anti-apoptosis.’
Following numerous successes with inhaled CO in pre-
clinical animal studies,® several hospital-based clinical trials
were initiated to examine safety and efficacy in humans.””®
However, the implementation of CO gas therapy in a hospital
setting raises technical and safety-related issues, and this
method of CO delivery suffers from other disadvantages such
as lack of targetability.” These limitations led to the search for
small-molecule drugs, termed CO-releasing molecules
(CORMs), that could be used in pharmaceutical formulations
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for the solid or liquid dosage of CO.>> The pioneers in this
field were Motterlini and co-workers who realised that tran-
sition metal carbonyl complexes could be ideal vehicles to
carry and deliver CO to biological targets owing to their well-
known capacity to release CO upon the action of chemical
(e.g., hydrolysis) or photochemical triggers.”>™*> It is notable
that as long ago as 1891 McKendrick and Snodgrass suggested
that nickel tetracarbonyl, the first metal carbonyl compound,
could be used for the oral delivery of CO, exerting an antipyre-
tic action.'®'” However, Ni(CO), is highly toxic and therefore
unsuitable as a therapeutic agent. Over the last two decades,
Motterlini and co-workers, followed by many other groups,
have developed a huge library of CORMs based on biologically
acceptable metals such as Fe, Mn, Co, Mo and Ru, the first
four of which have essential functions in living systems.

Research on molybdenum complexes as potential metallo-
pharmaceuticals'® has been emboldened by the knowledge
that, on the one hand, this element plays an essential role in
human health,'”® and, on the other, Mo metabolites are
expected to have low toxicity.”® The interest in organomolybde-
num drugs was sparked by the discovery by Kopf and Kopf-
Maier that molybdenocene dichloride, Cp,MoCl, (Cp = 1°-
CsH;) exhibited cytotoxic activity against different cancer cell
lines with lower toxicity than cisplatin.>* A potentially advan-
tageous feature of Cp,MoCl, and its derivatives is the hydro-
Iytic stability of the Cp ligands at physiological pH.**™**
Besides bis(cyclopentadienyl) molybdenum complexes, mono
(cyclopentadienyl) half-sandwich complexes have also been
quite widely explored for various biological applications.>* For
example, the complex [CpMo(NO),Cl] was found to be an
effective nitrovasodilator in vitro and in vivo through the
release of nitric oxide.>® Regarding mono(cyclopentadienyl)
molybdenum carbonyl complexes, these have been studied as
labelling agents for biomolecules,*® cytotoxic agents against
human and nonhuman cancer cell lines,> ' and CORMs
(Fig. 1).>*73

Most of the previous molybdenum carbonyl complexes that
have been studied as CORMs (Fig. 1) were used in their dis-
crete molecular form.***>™*” To improve the solubility and/or
stability of CORMs in aqueous media, secure a sustained and
controlled CO release, and mitigate potential toxicity associ-
ated with the metal decarbonylation fragments, conjugated
CORM carrier or host-guest systems have been developed.**™°
Mo-based CORM conjugates reported to date were obtained by
the immobilisation of the isocyanoacetate complexes [Mo
(CO)3(CNCR,CO,H);] (R = H, Me) in metal-organic frameworks
(MOFs)>** and a layered double hydroxide,® and Mo(CO), in
a MOF.>* Although not studied specifically in the context of
CO-based therapy, inclusion compounds of [CpMo(CO);Cl]
with f-cyclodextrin (CD) and permethylated pCD (TRIMEB)
were previously described.”>*® CDs are non-toxic cyclic oligo-
mers of glucose that are firmly established as pharmaceutical
adjuvants due to their ability to improve the aqueous solubi-
lity, physical chemical stability, and bioavailability of hydro-
phobic drug molecules.’””® Another family of macrocyclic
drug delivery vehicles are cucurbit[n]urils (CBn), which are
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methylene-linked oligomers of glycoluril that have a symmetric
‘barrel’ shape with a hydrophobic cavity and two identical car-
bonyl-lined portals.”® Harding and co-workers were the first to
show that CBn could form host: guest complexes with poten-
tial organomolybdenum drugs, namely Cp,MoClL,.*° We
recently described inclusion complexes of CB7 and CB8 with
[CpMo(CO);Me] and their use in epoxidation catalysis.®" It was
since found that CO release rates from [(n°-CsH,CO,CH;z)Mo
(CO);Me], in aqueous media with or without photoactivation,
could be modified by encapsulation of the complex in CB8.%*

The present work set out to comprehensively evaluate
organic cavitands as molecular containers for CORMs by com-
paring CDs and CBs as hosts for the complex [CpMo(CO);Me].
We chose this complex because, on the one hand, it is readily
available, being easily prepared by literature methods, and, on
the other, the portal diameters (5.4-6.0 A) and cavity sizes
(6.5-7.3 A) of BCD and CB7 are ideally suited to the encapsula-
tion of Cp-ligands with a diameter of ca. 5.7 A. Equimolar
CORM@(BCD/CB7) solid compounds were prepared by
different methods, i.e., co-grinding or coprecipitation from
solution, and characterised by thermogravimetric analysis,
powder X-ray diffraction, infrared spectroscopy and solid-state
13C NMR spectroscopy. Host-guest complex formation in solu-
tion has been studied by mass spectrometry. Finally, the CO
release behaviours of the compounds under simulated physio-
logical conditions are compared.

Experimental
Starting materials and chemicals

All reagents and solvents were obtained from commercial
sources and used as received. For synthesis: molybdenum hex-
acarbonyl (technical grade, Sigma-Aldrich), 2.4 M sodium
cyclopentadienylide in THF (Sigma-Aldrich), methyl iodide
(99%, Sigma-Aldrich), p-cyclodextrin (kindly donated by
Laboratories La Rouquette, France, water content 10 mol
mol™") and dichloromethane (99%, Riedel de Haén). For the
Mb assays: Mb from equine skeletal muscle (95-100%, lyophi-
lised powder), sodium dithionite (>82%), phosphate buffered
saline (PBS) tablet (to prepare 10 mM phosphate buffer), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES; 99.5%)
and carbon monoxide (99.9%) were obtained from Sigma-
Aldrich, and Alphagaz Nitrogen type 1 (99.9%) was purchased
from AirLiquide. Anhydrous solvents, namely dimethyl sulfox-
ide (99.9%, Merck), absolute ethanol (99.9%, Carlo Erba),
diethyl ether (99%, Sigma-Aldrich), THF (>99.9%, Sigma-
Aldrich) and hexane (99%, Carlo Erba), were stored over 4 A
molecular sieves.

Methods

Powder X-ray diffraction (PXRD) data were collected at room
temperature on a Malvern Panalytical Empyrean diffractometer
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 configuration. Cu-Ka, , X-radiation (1; =

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Previous molybdenum carbonyl complexes that have been studied as CORMs.

1.540598 A, 1, = 1.544426 A) filtered with nickel foil was used,
with the X-ray tube operated at the voltage of 45 kV and the
current of 40 mA. Samples were step-scanned from 3 to 70°
(26) with step sizes of 0.02° and a counting time of 50 s per
step. Thermogravimetric analysis (TGA) was performed under
air using a HITACHI STA 300 system at a heating rate of 5 °C
min~'. 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™, 256

This journal is © The Royal Society of Chemistry 2024

20,32-47

scans). FT-Raman spectra were recorded on a Bruker
MultiRAM spectrometer equipped with a Nd:YAG laser with an
excitation wavelength of 1064 nm (resolution 4 cm™, 1000
scans). 'H and "*C solution NMR spectra were obtained using
a Bruker Avance III 300 MHz spectrometer. Chemical shifts are
quoted in ppm from TMS. Solid-state "*C{'H} cross-polaris-
ation (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 ps "H 90° pulses, 3500 ms contact time,
spinning rate of 12 kHz, and 5 s recycle delays. For the Mb
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assays, the UV-vis spectra were collected using a GBC 918
Cintral spectrophotometer. The UV-vis spectra for stability
studies in solution were collected using a JASCO V-780 spectro-
photometer. For stability studies and Mb assays performed
with UV light (365 nm) exposure, a 15 W Velleman UV lamp
was used as the light source (E = 2.5 mW cm™2).

For separations by centrifugation, a Hettich Zentrifugen
Rotofix 32A centrifuge was used, working at a speed of 6000
rpm. Samples were loaded into 25 mL Falcon tubes.

Synthesis and stability studies

[CpMo(CO);Me] (1). The method described by Wilkinson®®
and later by King®® was followed in which a solution of
sodium cyclopentadienylide (0.44 g, 5.0 mmol) in dry THF
(2.5 mL) was added to a suspension of Mo(CO)s (1.0 g,
3.8 mmol) in dry THF (20 mL), under a nitrogen atmosphere.
After refluxing the mixture overnight, the solvent was removed
by evaporation under reduced pressure, and the resultant solid
was washed with diethyl ether (2 x 10 mL). The solid was then
dissolved in THF (40 mL) and methyl iodide (0.7 mL, 11.4 mmol)
was added, and the mixture was stirred at rt for 4 h. After remov-
ing the solvent under reduced pressure, the product was extracted
with hexane (5 x 20 mL). The extractions were combined, giving a
yellow solution, and complex 1 was obtained as a yellow solid
after evaporation of the solution to dryness under reduced
pressure. Purification was performed by sublimation of the solid
at 60 °C. Yield: 0.62 g, 63%. Elemental analyses and the 'H NMR
spectrum (Fig. S1f) were consistent with expected data. FT-IR
(ATR, em™): 3904 (w), 3115 (w), 2981 (w), 2903 (w), 2816 (w),
2003 (s, vco), 1890 (s, vco), 1461 (W), 1421 (m), 1354 (W), 1262 (W),
1159 (m), 1084 (w), 1061 (m), 1009 (m), 924 (W), 914 (W), 821 (s),
580 (m), 559 (s), 481 (s), 449 (s), 403 (w), 354 (m). FT-Raman
(em™): 3125 (m), 2986 (w), 2907 (w), 2817 (W), 2006 (m, vco),
1904 (8, veo), 1425 (W), 1356 (W), 1164 (w), 1110 (s), 1063 (W), 826
(w), 581 (w), 485 (w), 455 (m), 440 (m), 407 (w), 357 (m), 337 (m),
176 (m), 106 (vs). "*C{'H} CP MAS NMR: § = 241.6 (CO), 229.5
(CO), 93.9 (Cp), —23.5 (Me).

Stability studies of 1. In the solid-state: 20 mg of 1 was
placed on a watch glass and exposed to air and light for 28
days. During that period, a series of ATR FT-IR spectra were
collected. In solution: a sealed quartz UV-vis cell (3500 pL) was
charged under an atmosphere of nitrogen with a magnetic stir-
ring bar and a 400 pM solution of 1 in DMSO or ethanol. The
cell was then kept in the dark for 6 h at 37 °C, with constant
magnetic stirring, interrupting the incubation period every
hour to record an absorption spectrum between 190 and
900 nm, with a scan speed of 200 nm min~" and a slit width of
2 nm. An additional stability study was performed in which a
400 uM degassed solution of 1 in DMSO was exposed to UV
light (365 nm) over a period of 2 h, interrupting the incubation
every 30 min to record an absorption spectrum.

CB7. A sample of CB7 with the verified composition
C42H4,N»5044-11H,0-0.1HCI-0.5(CH;COCH;) was synthesised
and characterised as described previously.®® The characteris-
ation results were in excellent agreement with the published
data.
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1@BCD(BM). A 7 mL Teflon grinding jar was loaded with
three yttrium-doped zirconia milling balls with a diameter of
3 mm, followed by a mixture of 1 (0.06 g, 0.22 mmol) and pCD
(0.29 g, 0.22 mmol). The jar was transferred to a TMAXCN
Vertical Planetary Ball Mill machine (XQM Series), and the
mixture was milled for 48 h at rt, with a speed of 600 rpm. A
pale-yellow solid was recovered, denoted as 1@BCD(BM). Yield:
0.24 g, 71% (based on 1-fCD-7.3H,0). TGA of 1@BCD(BM)
revealed a mass loss of 8.6% from rt up to 130 °C, and a
residual mass of 10.4% at 650 °C (caled for 1-pCD-7.3H,0:
8.6% H,0, 9.4% MoOj; residue). FT-IR (ATR, cm™'): 3288 (m),
2927 (W), 2012 (m, veo), 1923 (8, veo), 1641 (W), 1424 (W), 1366
(w), 1332 (w), 1300 (w), 1242 (w), 1152 (m), 1079 (m), 1022 (s),
999 (s), 937 (m), 844 (w), 824 (W), 755 (W), 646 (w), 562 (m), 526
(w), 486 (m), 443 (w), 409 (w), 377 (w). FT-Raman (cm™): 3108
(w), 2936 (m), 2901 (s), 2017 (M, vco), 1930 (M, veo), 1459 (W),
1425 (w), 1383 (w), 1330 (W), 1266 (w), 1254 (w), 1132 (w), 1110
(m), 1087 (w), 1065 (w), 1046 (w), 1030 (w), 948 (w), 864 (w),
823 (w), 756 (w), 705 (w), 598 (w), 577 (W), 554 (w), 481 (m), 451
(m), 410 (w), 357 (W), 336 (W), 285 (W), 241 (W), 176 (W), 100 (s).
BC{"™H} CP MAS NMR: § = 239.8 (CO), 228.1 (CO), 103.7 (BCD,
C1) 93.6 (Cp), 92.0 (Cp), 81.6 (BCD, C4), 72.9 (BCD, C2,3,5),
60.2 (BCD, C6), —20.9 (Me), —23.2 (Me).

1@PBCD(IP). Following the previously described method for
the synthesis of a [CpMo(CO);Cl|@BCD inclusion compound
by liquid-liquid interfacial precipitation,> a solution of 1
(0.06 g, 0.22 mmol) in dichloromethane (2 mL) was added to a
solution of BCD (0.29 g, 0.22 mmol) in water (10 mL) at 40 °C,
and the resultant mixture was stirred for 2 h (850 rpm). During
this period, a pale-yellow precipitate formed at the interface
between the two solutions. The solid was recovered by fil-
tration, washed with dichloromethane (2 mL), deionised water
(10 mL), and finally vacuum-dried at rt for 2 h. Yield: 0.20 g,
59% (based on 1-BCD-8H,0). Prior to characterisation, the
solid was stored over water in a sealed desiccator at ambient
temperature for several days. TGA of 1@BCD(IP) revealed a
mass loss of 9.3% from rt up to 130 °C, and a residual mass of
10.4% at 650 °C (calcd for 1-3CD-8H,0: 9.4% H,0, 9.4% MoO;
residue). FT-IR (ATR, cm™): 3291 (m), 2926 (w), 2895 (w), 2013
(m, veo), 1929 (s, veo), 1642 (W), 1424 (w), 1367 (w), 1332 (w),
1259 (w), 1203 (w), 1154 (m), 1103 (w), 1080 (m), 1024 (s), 1002
(s), 938 (m), 863 (w), 824 (w), 793 (w), 756 (w), 702 (W), 647 (w),
573 (m), 527 (W), 484 (w), 446 (w), 411 (w), 366 (m). FT-Raman
(cm™): 3108 (w), 3087 (W), 2941 (m), 2900 (s), 2019 (m, vco),
1934 (m, vco), 1459 (W), 1424 (W), 1384 (w), 1337 (W), 1264 (w),
1205 (w), 1134 (w), 1110 (m), 1089 (w), 1065 (w), 1037 (w), 1004
(w), 950 (w), 866 (W), 777 (W), 758 (w), 708 (w), 651 (W), 597 (W),
579 (w), 482 (m), 451 (w), 435 (W), 407 (w), 356 (w), 333 (W), 174
(w), 98 (vs). *C{*H} CP MAS NMR: § = 239.2 (CO), 226.4 (CO),
103.6 (BCD, C1), 92.2 (Cp), 82.3, 81.0 (BCD, C4), 72.8 (BCD,
C2,3,5), 60.4 (BCD, C6), —22.6 (Me).

1@CB7. Following the recently described procedure,’’ CB7
(0.20 g, 0.14 mmol) was added to a solution of 1 (0.04 g,
0.14 mmol) in ethanol (0.5 mL). Deionised water (20 mL) was
then added, and the resultant suspension was stirred for 24 h
at rt. The mixture was then centrifuged for 15 min, with a

This journal is © The Royal Society of Chemistry 2024
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speed of 6000 rpm. The light-yellow solid, denoted as 1@CB?7,
was isolated by decantation of the mother liquor, and vacuum-
dried for 2 h at rt. Yield: 0.14 g, 65% (based on 1-CB7-9H,0).
TGA of 1@CB7 revealed a mass loss of 9.8% from rt up to
200 °C, and a residual mass of 9.2% at 650 °C (caled for
1-CB7-9H,0: 10.2% H,0, 9.1% MoO; residue). FT-IR (ATR,
em™Y): 3441 (w), 2998 (w), 2923 (w), 2016 (m, vgo), 1921 (m,
Veo), 1717 (m), 1459 (m), 1417 (m), 1373 (m), 1316 (m), 1225
(m), 1182 (m), 1153 (w), 1028 (w), 964 (m), 860 (w), 823 (w),
797 (s), 735 (m), 666 (M), 626 (W), 564 (W), 498 (W), 439 (W), 393
(w), 357 (m). FT-Raman (cm™'): 3104 (w), 2993 (w), 2939 (s),
2754 (w), 2636 (W), 2018 (m), 1927 (s), 1743 (m), 1495 (W), 1422
(s), 1382 (s), 1325 (w), 1283 (w), 1230 (w), 1202 (W), 1189 (w),
1137 (w), 1112 (m), 1044 (w), 1011 (w), 972 (w), 900 (m), 829
(s), 753 (m), 711 (W), 684 (W), 656 (W), 511 (W), 471 (W), 458 (W),
439 (s), 366 (m), 336 (m), 289 (m), 185 (m), 94 (s), 63 (W). *C
{"H} CP MAS NMR: 224.2 (M0-CO), 156.1 (N(CO)N), 96.6 (Cp),
71.3 (CH), 52.9 (CH,), —18.9 (Me).

HRMSn

High resolution mass spectrometry studies were performed
using an Orbitrap Elite (Thermo Scientific, Bremen, Germany)
mass spectrometer. The mass spectrometer is composed of a
linear ion trap analyser with MSn, n = 2-10 capability, and a
high field high resolution orbitrap. The system was operated
using a heated ESI ion source (HESI-II). Data were acquired
under positive polarity. The flow was 5 pL. min~". The ESI and
ion optics parameters were the following: heater temperature
40 °C; sheath gas flow 10 arbitrary units; capillary temperature
325 °C; spray voltage 3.2 kV; S-Lenses RF level, 69%. Scan
range was 100-2000 m/z. Fragmentation was performed by
chemical induced dissociation (CID) at the linear trap. The
data were analysed using Xcalibur 4.1 (Thermo Fisher
Scientific). Aqueous 50 pM solutions of PCD and CB7 hosts
were prepared and infused. The studies of the presence of
aqueous phase complexes were performed by adding 2-3 mg
of 1 to 5 mL of these host solutions. The non-soluble particles
of 1 were allowed to settle down and the aqueous phase was
then infused. For comparison purposes, 1 was mixed with
water in the same way but without any host.

Myoglobin assay

CO release from complex 1, 1@BCD(IP) and 1@CB7 was studied
spectrophotometrically and quantified by the myoglobin (Mb)
assay which uses absorption spectroscopy to follow the conver-
sion of deoxy-Mb to carbonmonoxy-Mb (MbCO).>**® The amount
of MbCO formed over time was determined by periodically
recording absorption spectra and monitoring changes in the
Q-band region, i.e., the loss of the absorption band with Aax =
557 nm due to deoxy-Mb, and the concomitant appearance of
bands with A,a = 540 and 577 nm due to MbCO.

Stock solutions of Mb (~100 pM) and sodium dithionite
(10, 20 or 40 mg mL ") were freshly prepared in N,-degassed
10 mM PBS or HEPES buffer (pH 7.4). Under an atmosphere of
nitrogen, the stock solutions were added to a sealed semi-
micro (3500 pL) quartz cuvette (containing a magnetic stirring
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bar) in the following order: 10 mM PBS (1185 pL), 100 pM Mb
(1500 pL), sodium dithionite solution (300 pL). A spectrum of
the resultant solution was recorded to capture the deoxy-Mb
profile (0% MbCO). Subsequently, an aliquot (15 pL) of a
freshly prepared 4 mM solution of 1 or the CD/CB adducts in
N,-degassed DMSO or ethanol was added to the cuvette to give
a final concentration of 20 pM. The quartz cell was kept either
in the dark or exposed to UV light (1 = 365 nm), at 37 °C, with
constant magnetic stirring at 400 rpm.

The assays were conducted over a period of either 30 min
(for initial dithionite concentrations of 0.1% and 0.2%) or 6 h
(for an initial dithionite concentration of 0.4%), interrupting
the incubation in intervals of either 10 min or 30 min to
measure absorption spectra of the sample between 450 and
650 nm, using a scan speed of 200 nm min~" and a slit width
of 2 nm. At the end of each assay, the sample was converted to
100% MbCO by bubbling CO gas through the liquid phase for
5 min, and an absorption spectrum was recorded. The actual
concentration of Mb in the cell ((Mb] = 38-48 yM) was then
determined by using the known extinction coefficient of
MbCO at 540 nm (15.4 mM~* em™").®” 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.®°

Results and discussion
Synthesis and solid-state characterisation

Fig. 2 illustrates the three synthetic methods employed in this
work. In each case a starting 1 : CD or 1: CB7 stoichiometry of
1:1 was used. Two different solution-based precipitation tech-
niques were used. For pCD, mixing of an aqueous solution of
the host with a solution of 1 in dichloromethane resulted in
the formation of a pale-yellow precipitate, designated as
1@PCD(IP). This liquid-liquid interfacial precipitation (IP)
method works particularly well for the isolation of inclusion
compounds between PCD and organometallic guests,
especially metallocene and half-sandwich cyclopentadienyl
complexes that are insoluble, or only sparingly soluble, in
water.”>®%% To isolate the CB7 adduct, the liquid antisolvent
precipitation method was used, which in its simplest form
involves dissolution of a poorly water-soluble drug in a solvent
(in which it is highly soluble), which is then mixed with a mis-
cible antisolvent (in which the drug is poorly soluble).”® If
desired, an excipient may be dissolved in either the antisolvent
or the same solvent as the drug. This energy-efficient tech-
nique is of interest to the pharmaceutical industry due to its
simplicity, low cost, and scalability. For CB7 and 1, a pale-
yellow precipitate (denoted as 1@CB7) was obtained upon
addition of water (as antisolvent) to a solution of 1 and CB7 in
ethanol, as described recently in a study of the use of the
inclusion compound as a supramolecular precatalyst for the
epoxidation of olefins.®!

From an industrial perspective, improving the aqueous
solubility of poorly water-soluble drugs by co-grinding in the
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Fig. 2 Schematic representations of the synthetic methods used in the
present work.

dry state with a suitable excipient is very appealing.”* Co-grind-
ing of drug/cyclodextrin physical mixtures in different types of
mills has been demonstrated to be an eco-friendly solvent-free
approach for mechanochemical activation of the sample and
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possible inclusion complexation in the solid state.”” This
method was explored in the present work by co-grinding a 1/
BCD mixture in a planetary ball mill, which resulted in the
solid denoted as 1@PCD(BM). The solids 1@BCD(IP), 1@BCD
(BM) and 1@CB7 were characterised in the solid state by TGA,
PXRD, FT-IR spectroscopy, and “C{'H} CP MAS NMR
spectroscopy.

Fig. 3 shows the TGA curves of 1, the native hosts fCD and
CB7, and the CORM®(PCD/CB7) compounds (measured under
air). Complex 1 shows two main weight loss steps from room
temperature up to 530 °C: a mass loss of 48.6% between 80
and 180 °C (DTG peak at 157 °C), and a loss of 8.0% between
470 and 525 °C (DTG peak at 500 °C). The low final residual
mass of 33.1% indicates that a combination of decomposition
and sublimation took place during the experiment, probably
during the first weight loss step, i.e., decarbonylation of 1 may
occur simultaneously with sublimation of the complex. CD
hydrate starts to melt and decompose at about 270 °C, and two
steps are observed up to 550 °C (DTG peaks at 315 and
488 °C), at which point the mass loss is 100%. The well-
defined weight loss of 14.1% from room temperature up to
140 °C (DTG peak at 104 °C) is assigned to removal of water
molecules located in the PCD cavities and in the interstices
between the macrocycles (ca. 10.5 water molecules per fCD
molecule). The TGA curves for 1@BCD(IP) and 1@PCD(BM) are
similar up to the main decomposition event (DTG peak at
240 °C for 1@PCD(IP), 254 °C for 1@PCD(BM)). For both com-
pounds, this step is preceded by a minor inflection at about
190 °C (more easily discerned for 1@BCD(IP)) which is associ-
ated with a faint DTG peak at about 172 °C. Since this feature
is not observed for native pCD, we attribute it to a mass loss
stemming from decarbonylation/sublimation of tricarbonyl
complex. Further mass loss associated with included complex
is suggested to take place concomitantly with decomposition

100 -
j —— Complex 1
90 - —— BCD
80 - ——— 1@pCD(BM)
1 ——1@BCD(IP)
701 ——cB7
~. 60 1 ——1@CB7
é 1
@ 50 -
(Eﬂ 1
40 A
30 -
20 A
10 1
0

0 100 200 300 400 500 600 700
T°C

Fig. 3 TGA curves of 1, BCD, CB7, 1@BCD(BM), 1@BCD(IP) and 1@CB?7.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt01863j

Published on 11 November 2024. Downloaded by Universidade do Algarve (UALG) on 12/3/2024 11:57:12 AM.

Dalton Transactions

of the cyclodextrin. The promoting effect of Mo on the
decomposition of BCD is evidenced by the shift of the macro-
cycle decomposition from around 315 °C for native pCD to
around 250 °C for the inclusion compounds. The main differ-
ence between the TGA curves for 1@BCD(IP) and 1@BCD(BM)
is that the latter displays a more protracted mass loss above
260 °C, with a plateau only being reached at 625 °C. Despite
this difference, the TGA results are very similar regarding the
initial water loss step (8.6-9.3% in the range 28-130 °C) and
final residual mass (10.4% at 650 °C). Considering that the
residue at 650 °C is MoQOjs, these values are close to the calcu-
lated ones for the net molar composition of 1-fCD-7.5H,0
(caled: H,0, 8.8%; M003, 9.4%).

The TGA curves of native CB7 and 1@CB7 are similar
except that the latter displays a lower mass loss due to removal
of water (and a small amount of acetone) between room temp-
erature and 200 °C (9.8% vs. 16.0%), and a non-zero residual
mass (9.2%) at 650 °C. These values are consistent with the
net molar composition of 1-CB7-9H,0 (caled: H,0, 10.2%j;
MoOs3, 9.1%). In the temperature range of 100-275 °C, the TGA
curve of 1@CB7 does not exhibit any weight loss step that
could be due to sublimation/decarbonylation of 1 (either
“free” or encapsulated). Hence, sublimation/decarbonylation
of 1 is inhibited by full encapsulation by the CB7 host, with
the oxidative decomposition of the organometallic guest
taking place concurrently with cucurbituril decomposition
above 275 °C (a single DTG peak is observed at 348 °C; cf.
native CB7, which exhibits a single DTG peak at 385 °C). These
results provide good support for the presence of a true
inclusion compound in which the [CpMo(CO);Me] molecules
are tightly encapsulated within the CB cavity.

PXRD patterns are shown in Fig. 4. By comparing the pat-
terns for 1@BCD(IP) (Fig. 4c) and microcrystalline 1 (Fig. 4a),
the presence of the latter (i.e., nonincluded 1) can be excluded.
The pattern for 1@BCD(IP) is distinct from that for pCD (Fig. 4b)
and closely resembles (in terms of the angular positions of
peaks) the reference patterns published for two isostructural
series of dimeric PCD inclusion complexes crystallising in the
space groups P1 (triclinic) and €2 (monoclinic).”® Fig. 4d shows
the reference pattern for the C2 set of complexes. As explained by
Caira and co-workers,”* a definitive assignment of an inclusion
complex to the space group P1 or C2 is not possible from PXRD
alone since the calculated PXRD patterns for two structures con-
taining the same dimeric pCD inclusion complex are virtually
indistinguishable. In both isostructural series, complex units
pack in the channel mode, characterised by close-packed layers
of BCD dimers stacked in alignment to produce channels. A very
similar PXRD trace was obtained previously for the inclusion
complex between BCD and [CpMo(CO);Cl].>> Hence, the PXRD
pattern for 1@BCD(IP) proves that a genuine inclusion complex
is formed. Fig. 5 shows a schematic model of the possible struc-
ture of the inclusion compound 1@BCD(IP) based on channel-
type packing of head-to-head fCD dimers containing encapsu-
lated organometallic guest molecules.

The PXRD pattern of 1@BCD(BM) (Fig. 4e) reveals two very
weak and broad peaks centred at ca. 6.1° and 11.6° 20, and a
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Fig. 4 Experimental PXRD patterns of (a) 1, (b) BCD, (c) 1@BCD(IP), (e)
1@pCD(BM), (f) CB7, and (g) 1@CB7. The reference pattern for the iso-
structural series of BCD inclusion complexes with space group C2 is
shown in (d).”*

Fig. 5 Schematic model of the possible structure of the inclusion com-
pound 1@BCD(IP) based on channel-type packing of complex units.

much more intense broad hump centred at ca. 17.7° 26. Sharp
peaks superimposed on the amorphous peak correspond to
those displayed by crystalline 1 (Fig. 4a), indicating that the
sample contains some nonincluded complex. On the other
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hand, the pattern does not contain reflections characteristic of
crystalline native PCD hydrate (Fig. 4b). Hence, the grinding
process either induced complete amorphisation of pCD or com-
plexation with 1 to give an essentially amorphous inclusion com-
pound. The latter scenario is supported by the fact that the PXRD
trace for the X-ray amorphous phase follows the intensity envel-
ope observed in the powder pattern of 1@BCD(IP). The presence
of some nonincluded 1 in 1@BCD(BM) is not unexpected given
that co-grinding with crystalline CDs frequently leads to only
partial drug complexation, i.e., the products contain a fraction of
residual crystalline drug.”> From a practical viewpoint, this may
not be important because it has been demonstrated that the dis-
solution rate of nonincluded drug components in such products
is often greatly improved with respect to that of the pure drug,
which has been attributed to inclusion complex formation upon
dissolution.”

PXRD confirmed the amorphous nature of the as-syn-
thesised CB7 sample (Fig. 4f). It is noteworthy, however, that
the trace matches with the intensity envelope observed in the
PXRD pattern of a more crystalline CB7 sample reported pre-
viously,”” indicating that the two samples have the same basic
structure (cucurbituril packing arrangement), albeit with
different degrees of long-range order. The compound 1@CB7
also produced a halo pattern characteristic of an amorphous
solid. This pattern is, nevertheless, different from that for CB7
in that two sharper peaks are observed at 7.7° and 8.5° 26,
possibly indicating a different packing arrangement for the
host molecules and hence the presence of a genuine inclusion
complex with 1.

The ATR FT-IR and FT-Raman spectra of 1@BCD(BM),
1@BCD(IP) and 1@CB7 contain the characteristic bands of the
macrocyclic host molecules, with no significant shifts being
registered (Fig. 6). The ATR FT-IR spectra show two bands in
the CO stretching region at 1921-1929 cm ' and
2012-2016 cm™". The bands are shifted to higher frequency by
31-39 em™" and 9-13 cm™', respectively, relative to those for
non-included complex 1 in the solid state. It is also noteworthy
that the shape of the lower-frequency vco band changes from
being very broad and asymmetric for 1 (with an extended
shoulder on the low-frequency side) to relatively sharp and
symmetric for 1@BCD(BM), 1@BCD(IP) and 1@CB7. These
spectral changes are consistent with inclusion complexation.
Thus, the asymmetric broadening of the vco band for 1 may be
due to solid-state intermolecular interactions (CH---O and
CH---n contacts, which are known to be present in carbonyl/
Cp-containing organometallics’®), which would not be present
for the inclusion compounds. Secondly, the blue shifts
observed for the vco bands of 1@BCD(BM), 1@PCD(IP) and
1@CB7 mirror those typically observed when comparing solu-
tion and solid-state FT-IR spectra of organomolybdenum car-
bonyl complexes, thereby indicating that the organometallic
guest complexes are in a “solution-like” isolated environment
by encapsulation in the host cavities.®®® Similar blue shifts
are observed for the Raman vgo bands: from 1904 and
2006 cm™* for 1 to 1927-1934 cm™' and 2017-2019 cm ™" for
the inclusion compounds.
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Fig. 6 ATR FT-IR (A) and FT-Raman (B) spectra of (a) 1, (b) BCD, (c)
1@pCD(BM), (d) 1@BCD(IP), (e) CB7, and (f) 1@CB7.

The "*C{'H} CP MAS NMR spectra of 1@BCD(BM), 1@BCD
(IP) and 1@CB?7 are shown in Fig. 7, along with those for pure
1 and the native host macrocycles. CD hydrate displays mul-
tiple sharp lines for each type of chemically equivalent carbon
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Fig. 7 *C{*H} CP MAS NMR spectra of (a) pCD hydrate, (b) CB7, (c)
1@BCD(BM), (d) 1@BCD(IP), (e) 1@CB7, and (f) 1. Amplifications of the
Mo-CO and Mo-CHs; regions are shown for spectra (c) to (f), and repre-
sentative assignments are indicated for spectra (d) to (f). Fig. 2 shows
the carbon atom numbering for BCD. The asterisks denote spinning
sidebands, A denotes acetone resonance, and D denotes CH,Cl,
resonance.

atom (C1-C6), with the peaks for C1, C4 and C6 being spread
over the chemical shift range of 3-6 ppm (Fig. 7a). This has
been attributed to the fact that, in the crystalline state, the
macrocycle does not have complete cylindrical symmetry, i.e.,
the carbon atoms become magnetically inequivalent due to
different torsion angles about the «-1,4-glycosidic linkages,
and rotation about the C5-C6 bond which leads to different
hydrogen bonding interactions.”” In the spectra of 1@PCD
(BM) and 1@BCD(IP), the carbons C1, C6 and C2,3,5 (and also
C4 for 1@BCD(BM)) give rise to single peaks (Fig. 7c and d).
This frequently observed effect has been attributed to the
inclusion-induced symmetrisation of the cyclodextrin such
that each glucose unit is in a similar environment. In addition
to the resonances for the fCD carbons, the spectra of 1@BCD
(BM) and 1@BCD(IP) exhibit several resonances that can be
assigned to the carbon atoms of the guest molecule. For
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1@BCD(BM), two sharp peaks are observed for the n*>-cyclopen-
tadienyl ring at 92.0 and 93.6 ppm, the latter of which
coincides with the single resonance observed for 1 in the
solid-state >C NMR spectrum (Fig. 7f). Similarly, the relatively
sharp peak at —23.2 ppm matches the Mo-CH; chemical shift
of —23.4 ppm for 1, while a second broader and weaker signal
at —20.8 ppm is attributed to encapsulated complexes. The
compound 1@BCD(IP), on the other hand, only displays single
Mo-CH; and Cp lines at —22.6 and 92.2 ppm, which are
assigned to encapsulated tricarbonyl complexes. In the solid-
state 3C NMR spectrum of 1, the carbonyl resonances appear
as two sharp peaks, one at 229.6 ppm for the two syn carbonyls
and a weaker one at 241.6 for the trans carbonyl, in agreement
with that reported previously.”® Hence, although the two syn
carbonyl carbon atoms are crystallographically inequivalent,”
no inequivalence in the chemical shifts is observed. The two
inclusion compounds present a similar pattern of carbonyl
resonances, except that the peaks are shifted upfield by
1.8-3.1 ppm. The two resonances are sharp for 1@BCD(IP),
and relatively broad for 1@BCD(BM). Overall, the *C{"H} CP
MAS NMR spectra of 1@BCD(BM) and 1@BCD(IP) support the
presence of real inclusion complexes, while also appearing to
fit with the PXRD results for 1@BCD(BM) in revealing the pres-
ence of nonincluded 1.

The "C{"H} CP MAS NMR spectrum of 1@CB7 shows
single relatively sharp peaks for the guest molecule, shifted
either downfield (from —23.5 to —18.9 ppm, and from 93.9 to
96.6 ppm) or upfield (from 229.5 to 224.2 ppm) relative to
those for 1 (Fig. 7b, e and f). Regarding the signals for the CB7
carbons, the spectra of CB7 and 1@CB7 are practically identi-
cal, showing single peaks centred at 156.1 ppm for the C=0
groups, 71.3 ppm for the CH groups, and 52.9 ppm for the
bridging CH, groups.

Host-guest complexes in aqueous solution

Mass spectrometry has contributed only rarely to the character-
isation of inclusion complexes between cyclopentadienyl metal
complexes and macrocyclic hosts such as CDs and CBs.*
Nevertheless, a few studies have shown that ESI-MS can be
useful as a complementary approach to study noncovalently
bound host-guest complexes involving organometallic guests
such as ferrocene derivatives and titanocene dichloride.*"®* In
the present work, the formation of aqueous phase complexes
was studied by ESI-HRMS as this technique shows much
higher sensitivity than NMR. An ethanolic solution of 1 in the
absence of host was analysed first. Very few signals were
detected. However, a series of very weak peaks, compatible
with the isotope distribution of Mo, was observed between m/z
230 and 250 (Fig. S271). This isotope series, which is a signature
of the presence of Mo in the ion structure, is compatible with
the formula C,H,;0;". The low intensity of the signals pre-
vented us from obtaining further insights into this structure.
Fig. S31 presents the spectrum of an aqueous solution of CB7
(50 pM), showing a base peak at m/z 604.161 corresponding to
the doubly charged sodiated CB7, [CB7 + 2Na]**.®* The
addition of solid 1 to this solution gave rise to a new strong
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Fig. 8 ESI-HRMS full scan spectrum of 1@CB?7.

signal peaking at 750.144 (Fig. 8). The isotope distribution
indicates the presence of Mo in a doubly charged structure
(Am/z = 0.5, see Fig. S4t). Analysis of the isotope distribution
indicates this signal is compatible with the formula
Cs1Hs55sMoN,010K>" (Fig. S47), which fits with the ion [CB7 + 1
+ 2H,0 + H + K** (Fig. 8). The analysis of the CID spectra
revealed the loss of water and carbonyls, in agreement with the
proposed structure (Fig. S5t1). The results suggest CB7 is
forming host-guest complexes with intact 1. Although the
preparation procedure of 1@CB7 involves its precipitation with
water (Fig. 2), the aqueous solubility of these complexes is
high enough for detection by ESI-HRMS. No signals assignable
to complexes were detected in solutions with fCD and 1
(Fig. S67).

Stability of 1

The stability of 1 was investigated in the solid state and in
solution. To assess the stability in the solid state, ATR FT-IR
spectra were periodically recorded over a period of 28 days for
a sample exposed to ambient air and light (Fig. S7t). The
results indicate that the compound is fairly stable for up to
about 2 weeks, but spectral changes thereafter indicate that
decomposition begins to take place, with the loss of the v¢o
bands pointing to extensive decarbonylation. For the solution
studies, 1 was dissolved in degassed DMSO or EtOH, and UV-
vis spectra were periodically recorded over a period of 6 h
(Fig. S87), maintaining the solutions in the dark. In both sol-
vents, 1 displays one absorption band at 314 nm, in excellent
agreement with literature data (315 nm in cyclohexane).®® The
absence of measurable spectral changes over 6 h confirmed
the high stability of solutions of 1 in these solvents, which
were therefore chosen as delivery media for the Mb assays. An
additional test was performed in which a solution of 1 in
DMSO was exposed to UV light (365 nm, E = 2.5 mW cm?)
over 2 h. Major spectral changes were observed within 30 min
for the irradiated solution (Fig. S971), with the almost complete
loss of the band initially present at 314 nm. It is presumed
that these alterations stem from photodecarbonylation of 1
since it is known, for example, that irradiation of hydrocarbon
solutions of 1 with UV light in the presence of a coordinating
solvent or ligand (L) can lead to both monosubstituted and di-
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substituted derivatives, [CpMo(CO),(L)Me] and [CpMo(CO)
(L),Me].*>*

CO release studies

The CO release behaviours of 1, 1@BCD(IP) and 1@CB7 were
evaluated by the standard Mb assay using UV-vis spectroscopy.
The first assays with 1 were performed to determine the influ-
ence of the buffer. In these assays, freshly prepared Mb from
equine skeletal muscle was added to degassed 10 mM PBS or
HEPES solutions and then reduced with an excess (0.4%) of
sodium dithionite, under nitrogen atmosphere. A solution of 1
in DMSO was added to the former solution and stirred at
37 °C in the dark. Under these conditions, CO release reached
a plateau for both buffers (at 2 h), with the amounts of
1.61 mol of CO per mol of complex using HEPES, and
1.49 mol CO per mol of complex using PBS (Fig. S10 and
S117}). Although the results for the two buffers are similar, PBS
was chosen for all subsequent assays since it mimics the ion
concentration, osmolarity, and pH of human body fluids. In
other words, PBS is isotonic to human solutions, being non-
toxic and preventing cell damage or undesirable precipitation
in biological and biomedical research.

To study the effect of the delivery solvent on the CO release
from 1, a Mb assay (10 mM PBS buffer) was performed in
which 1 was dissolved in degassed EtOH rather than DMSO.
The decarbonylation levelled out at 1.64 mol CO per mol
complex after 90 min of incubation in the dark (Fig. S11(B)7),
which is slightly higher than the value of 1.49 mol CO per mol
of complex determined with a DMSO solution as the delivery
medium (Fig. S107). The half-lives (¢,/,) of CO-release, defined
as the time taken for a solution of CORM with a concentration
of X uM to produce a solution of MbCO with a concentration
of X/2 pM,*® were 25 min with DMSO, and 16 min with EtOH.

A recognised drawback of the Mb assay is that CO release
from a CORM may be induced by reaction with sodium dithio-
nite, which must be present in excess (relative to Mb) to
reduce Mb to deoxy-Mb. This has been shown to be the case
with two of the earliest and most studied metal carbonyl
CORMs, [Ru(CO);ClL,], (CORM-2) and [Ru(CO);Cl(glycinate)]
(CORM-3), which were originally identified as fast CO releasers
based on the Mb assay, but were later shown to be very slow
releasers in the absence of dithionite.*>®” In the present work,
two modified Mb assays were performed with 1 to assess the
influence of dithionite on the release of CO (both with DMSO
as the delivery solvent). In the first assay, 1 was incubated in
the dark in PBS buffer and sodium dithionite (0.4%) for
30 min, followed by addition of Mb. As expected (based on the
normal assay, Fig. S10(A)t), there was an immediate leap in
MbCO formation (corresponding to 0.50 molgo molcomplex_1),
and CO continued to be released as the assay progressed,
reaching 1.11 molgo molcomplex_1 after 3 h (Fig. S1271), which is
only slightly lower than the 1.49 equiv. reached in the normal
assay. In the second assay, 1 was incubated in the dark in PBS
alone for 30 min, followed by addition of Mb and dithionite
(0.4%). Only a minor amount of MbCO was registered at this
point (0.03 mol¢o molcomplex_l), indicating that very little CO
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was released from 1 during the initial 30 min incubation in
PBS at 37 °C. On the other hand, the MbCO concentration
started to increase in an approximately linear fashion after the
addition of dithionite and Mb, reaching 0.46 molco
rnolcomplex_1 after 3 h, which indicates that CO release from 1
is facilitated by dithionite.

To further study the influence of dithionite on CO release
from 1, Mb assays were performed with lower amounts of the
reducing agent (0.2% and 0.1%; the latter corresponds to 140
equivalents relative to Mb). The incubation time for these
assays was restricted to 30 min since it was found that the
lower amounts of dithionite compromised the stability of
deoxy-Mb over the course of the assay, i.e., longer incubation
times led to increasing oxidation of deoxy-Mb (Fe*") to met-Mb
(Fe*"), evidenced by the appearance of a LMCT (ligand-to-
metal charge transfer) band in the range of 600-650 nm. In
accordance with the assays described above, decreasing the
amount of dithionite resulted in lower CO release rates. The
higher amount of dithionite (0.4%) led to an initial MbCO for-
mation rate of 23.6 uM h™" (based on the MbCO concentration
at 30 min, which equated to 0.59 molco molcomplex_l). For the
lower amounts of dithionite, MbCO concentrations increased
almost linearly during 30 min with rates of 9.6 uM h™" for
0.2% (R* = 0.999; 0.24 molco MOleomplex — at 30 min), and
2.3 pM h™! for 0.1% (R* = 0.996; 0.06 molco MOlcomplex  at
30 min) (Fig. 9). Thus, a 4-fold decrease in the amount of
dithionite led to a 10-fold decrease in the CO release rate.

It is pertinent to compare the CO release behaviour of 1,
measured by the Mb assay, with data reported by Lynam and
co-workers for the complex [CpMo(CO);C1].** Under similar
conditions (DMSO delivery medium, CORM concentration of
20 pM, 10 mM PBS, pH 7.4, 37 °C, 0.1% dithionite, in the
dark), the chloro complex exhibited relatively fast and sus-
tained CO release over the course of 30 min, with a half-life of
14.4 min, whereas complex 1 is a very slow releaser, as
described above. Lynam and co-workers did not mention
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whether tests were performed to screen for dithionite
dependence.

Considering the known propensity of complex 1 to undergo
photodecarbonylation, together with the results of the photo-
stability study performed in the present work, Mb assays were
carried out to establish the potential of 1 to act as a photoacti-
vatable CORM (photoCORM). Dithionite-promoted CO release
was minimised by using lower amounts of the reducing agent.
Solutions of 1 with a concentration of 20 uM were prepared
and exposed to UV light of wavelength 365 nm from a 15 W
lamp. This resulted in a far more rapid and significant release
of CO when compared with the dark reactions, with a half-life
of 6.3 min for assays carried out with 0.1% and 0.2% dithio-
nite (Fig. 9). For the two assays, MbCO concentrations only
started to diverge after 10 min, reaching (at 30 min) 23.4 pM
(1.17 equiv.) for the 0.1% dithionite assay, and 28.6 pM (1.43
equiv.) for the 0.2% assay. The difference of 0.26 equiv. is
attributed to two factors: (i) partially enhanced dithionite-pro-
moted CO release with 0.2% dithionite (the difference was 0.18
equiv. for the assays carried out in the dark with 0.1% and
0.2% dithionite); (ii) higher interference from the oxidation of
deoxy-Mb to met-Mb in the case of the lower dithionite
concentration.

The photodecarbonylation behaviour of 1 seems to be quite
similar to that reported previously for the alkynyl complex
[CPMO(CO)3(C=CCH,R)] containing a p-p-fructopyranose
group (R).** Under similar conditions to those employed for 1
(DMSO delivery medium, CORM concentration of 20 pM,
10 mM PBS, pH 7.4, 37 °C, 0.1% dithionite, irradiation with a
6 W UV lamp (325 nm)), the alkynyl complex exhibited a half-
life of 13 min, and resulted in the formation of an MbCO con-
centration of 25 pM after 30 min.

Although using EtOH as the delivery solvent for 1 in the Mb
assay (with 0.4% dithionite) led to the best results (in terms of
maximum amount of CO released), the Mb assays for 1@pCD
(IP) and 1@CB7 were performed using DMSO due to solubility

1.6 1 —®— 1@CB7, UV, 0.2%dt 087 1,UV 0%t 08 1,UV,0.2%dt 0.8 7 1@BCD(IP), UV, 0.2% dt
—@— 1@BCD(IP), UV, 0.2% dt 3"” min
0
— B 1,UV,02%dt 9 10 3 10 8
—8— 1,UV,0.1%dt 3 20 § 20 §
1.2 9 @ 1 dark, 0.2%t 5 —30 5 —30 5
x Qo £ Qo
g —®— 1, dark, 0.1%dt 2 2 <
-
u_)
< 0.0 . . . ' 0.0 . . . s 0.0 . . . y
£0.8 450 500 550 600 650 450 500 550 600 650 450 500 550 600 650
3 0.8 4 Wavelength (nm) 0.8 4 Wavelength (nm) . 0.8 Wavelength (nm) )
5 min in min
€ 0 \ 0
@
3 10 o g | 10
0.4 g 5 3 /> ‘\ 20
S g 5 30
K] 2 3 \
2 2 2 _
1, dark, 0.1% dt 1, dark, 0.2% dt 1@GB7, UV, 0.2% dt
0.0 T = : :
: 0.0 . . . ' 0.0 : : . X 0.0 ¢ . : 4
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Wavelength (nm)
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Fig. 9 UV-vis spectra (Q-band region) and resultant CO release profiles obtained from Mb assays performed at 37 °C with 20 pM solutions of 1,
1@BCD(IP) and 1@CB7, either in the dark or with UV light irradiation, and with different amounts of dithionite (dt) reducing agent. The data values

are the mean + standard deviation of two independent assays.
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constraints in ethanol (both compounds were insoluble in
EtOH, while 1@pCD(IP) was soluble in DMSO, and 1@CB7
was partially soluble in DMSO). The pristine hosts, fCD and
CB7, were chosen as negative controls and tested in a DMSO/
PBS mixture, with a final concentration of 20 pM in the deoxy-
Mb mixture (0.4% dithionite, in the dark). As expected, neither
host produced any change in the UV-vis absorption spectrum
of deoxy-Mb over an assay duration of 6 hours.

To study the photochemically activated CO release from
1@BCD(IP) and 1@CB7, Mb assays were performed as
described above for 1 with 20 pM solutions, 0.2% dithionite,
and exposure to UV light (4 = 365 nm). The assays confirmed
the retention of photoactivatable CO release for the encapsu-
lated complex, albeit with slightly lower CO release rates, as
revealed by the half-lives of 13.2 min for 1@PCD(IP) and
10 min for 1@CB7, and the number of molecules of CO
released per complex after 30 min (ca. 0.7 and 1, respectively,
Fig. 9).

In Mb assays performed in the dark with 0.4% dithionite,
CO release from 1@PCD(IP) reached a maximum of
0.37 molgo MOleomprex © at 4.5 h (Fig. S10(A)}). 1@CB7 pre-
sented a similar profile but with enhanced decarbonylation,
reaching 1.0 molco molcomplex_1 at 3.5 h. The t,/, for the latter
was 43 min. Since 0.5 equivalents of CO were not released
from 1@PCD(IP) over the course of the assay, t;,, cannot be
determined. For comparison purposes, t;,, can be employed
instead,®® and the corresponding values are ca. 13 min for 1,
120 min for 1@BCD(IP), and 19 min for 1@CB7. These results
can be explained by the presence of intact 1@BCD inclusion
complexes in solution in the case of 1@BCD(IP), with the host
macrocycle protecting the encapsulated organometallic
complex from the surrounding aqueous medium containing
excess dithionite, thereby resulting in a strongly attenuated
release of CO. The ESI-HRMS studies for 1@CB7 confirmed
the formation of host-guest complexes in aqueous medium. It
seems, therefore, that CB7 is less capable than BCD in protect-
ing encapsulated 1 from CO release induced by reaction with
the reducing agent sodium dithionite.

Conclusions

In the present work, we have shown that coprecipitation from
solution allows the isolation of true inclusion compounds
between the complex [CpMo(CO);Me] (1) and PCD or CB7.
Inclusion complexation between 1 and BCD can be induced by
solid-state co-grinding, although characterisation of the resul-
tant product indicated the presence of some nonincluded
complex. Mb assays have shown that complex 1 releases CO
through reaction with the reducing agent sodium dithionite
and/or photoactivation after exposure to UV light, with the
latter process assuming dominance when lower amounts of
dithionite are used. The CO release profiles for the inclusion
compounds show that these macrocyclic hosts offer consider-
able potential for modulating CO-release behaviour. fCD had
the largest effect on the CO-release rates, which can be attribu-
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ted to the propensity of CDs to form stable inclusion com-
pounds with sandwich (cyclopentadienyl) complexes of molyb-
denum. In conclusion, this work validates the use of CDs and
CBs to prepare CORM-carrier conjugates that may improve the
bioavailability of neutral organometallic photoCORMSs and the
delivery of CO to biological targets.
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