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Cyclam-based molybdenum carbonyl complexes of formulae [(HoR,Cyclam)Mo(CO)s] (R = H, 4 BUPhCH,,
4-CFSpRCH, and *°"™MePhCH,) were prepared in high yields by the reaction of Mo(CO)g with the appropriate
ligand precursor under reflux in di-n-butyl ether. All complexes were characterized by elemental analysis, IR,
UV-Vis and NMR spectroscopy, thermogravimetry as well as single-crystal X-ray diffraction in the case of
[(H4Cyclam)Mo(CO)s]. The cytotoxic effect of all compounds was examined on the human breast cancer
cells MCF-7 and MDA-MB-231 revealing high antiproliferative activity.
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Introduction

Cancer is currently one of the leading causes of mortality and an
important barrier to life expectancy increase worldwide."?
Chemotherapy is one of the most used treatments against cancer,
either as the main approach or in combination with radiotherapy
and/or surgery.® Platinum-based compounds are broadly used
chemotherapeutic drugs but their inefficacy against drug-
resistant tumours and severe side effects impelled the search
for novel cytotoxic compounds, including novel metal-based
drugs.* Within this context, several metal complexes have been
studied as anticancer agents aiming to overcome resistance and
the adverse effects of platinum-based drugs.” Rhenium,®”
ruthenium,’®™* gold"*™"” and silver'®>" complexes have been
intensively studied due to their promising anticancer properties.
Molybdenum compounds have gained much attention over the
last years as novel metallodrugs for a wide range of therapeutic
applications.”® In particular, the activity of Na,MoQ,,>
polyoxomolybdates,***® and Mo complexes®®>® against various
cancer cell lines disclosed their potential use as anticancer agents.

Late transition metal complexes of zinc,*® cobalt,®"®
ruthenium,* iron,*® and copper’®™** stabilized by cyclam
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derivatives have been studied as anticancer agents revealing
moderate to good cytotoxic activities. Nevertheless, the research
on early transition metal complexes based on cyclam derivatives
as anticancer agents is limited to chromium complexes anchored
on naphthalimide-cyclam conjugates.*® In this work, we report
the synthesis, characterization, and evaluation of the cytotoxic
activity of cyclam-based Mo(0) carbonyl complexes against human
breast cancer cells MCF-7 and MDA-MB-231. As far as we are
aware, this class of compounds is the first molybdenum carbonyl
complexes to be ever tested against breast cancer cells.

Results and discussion

Synthesis and characterization

Molybdenum complexes of the type [(H,R,Cyclam)Mo(CO);]
(R =H, 5; “"®“PhCH,, 6; “*“"*PhCH,, 7 and **™°PhCH,, 8) were
obtained in high yields by reaction of Mo(CO)s with the
respective H,R,Cyclam derivative (R = H, 1, *"®"PhCH,, 2,
+CEphCH,, 3 and **™°PhCH,, 4) in refluxing di-n-butyl ether,
as shown in Scheme 1. All complexes were characterized by
elemental analysis, FT-IR, UV-Vis and 'H/**C-NMR spectro-
scopy, thermogravimetry as well as single-crystal X-ray diffrac-
tion in the case of complex 5. Brought together the analytical
data confirm the structure assigned to the complexes.

The IR spectra of complexes 5-8 (Fig. S1-S4, ESI{) show very
weak bands in the range 3300-3000 cm ' assigned to the
stretching vibrational vy modes of the free and H-bonded
N-H groups of the cyclam rings. The dy_y vibrational modes
might be also observed at lower frequencies but are probably
overlapped with other vibrational bands (e.g. vy, vibrations at
1450-1300 cm™'). The vibrational bands assigned to the C-F
bonds stretching of -CF; groups in 7 appear at 1124 and
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Scheme 1 Synthetic route for the preparation of complexes 5-8.

1063 cm ™ revealing a slightly shift to higher frequencies when
compared to those observed for the ligand precursor 3
(1105 and 1064 cm™").** The characteristic carbonyl stretching
bands at 1892, 1765 and 1732 cm™ " in 6, 1889 and 1735 cm ™' in
7 and 1885 and 1735 cm ™" in 8 are in the same range of those
reported for 5 (1896 and 1740 cm™ ') and thus, consistent with
fac{LM(CO);] species.** This suggestion is also in line with the
molecular structure of 5 obtained by single crystal X-ray dif-
fraction detailed below (Fig. 1).

The UV-visible absorption spectra of complexes 5-8 were
recorded in DMSO (Fig. S5, ESIt). The spectra show one intense
absorption band around 319 nm attributed to metal-ligand
charge transfer (MLCT).”> Compound 5 also shows a low
intense band around 455 nm, which may be ascribed as a
d-d transition (Laporte forbidden). This band is not observed in
the other complexes, possibly due to the influence of the benzylic
arms of the cyclam ring of ligands 2-4, which may enhance the
ligand field strength around the metal centre. This may result in
an increased octahedral crystal field splitting energy, shifting the
d-d transitions to higher energy. The transition bands from the
ligands (1 - n* and n - 7* for CO and n — o* for cyclam)
appear below the solvent cut-off (<280 nm).

Fig. 1 ORTEP depiction of the solid-state molecular structure of 5 show-
ing thermal ellipsoids at 40% probability level. Selected hydrogen atoms
and co-crystallized dichloromethane were omitted for clarity. Hydrogen
bonds are represented as dashed lines. Selected bond lengths (A)
and angles (°): Mo(1)-N(1) 2.321(2), Mo(1)-N(2) 2.334(2), Mo(1)-N(4)
2.359(2), Mo(1)-C(11) 1.929(3), Mo(1)-C(12) 1.924(3), Mo(1)-C(13)
1.936(3); N(1)-Mo(1)-C(13) 179.1(1), N(2)-Mo(1)-C(11) 173.4(1), N(4)-
Mo(1)-C(12) 174.7(1).
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The 'H NMR spectrum of 5 shows four broad signals
integrating to one proton each at 5.01, 4.73, 2.16 and 1.83 ppm
corresponding to the NH protons and as expected, only two
resonances attributed to this type of protons are observed in
complexes 5-8. The two AB systems observed in the spectra of 6-8
due to the PhCH,N protons (*Jy_; = 12-15 Hz) are indicative of the
coordination of the two N-benzyl nitrogen atoms to the metal
centre. The methylene protons belonging to the cyclam ring in
complexes 4-8 appear as twenty multiplets integrating to one
proton each. The "*C{'"H} NMR spectra of 4-8 reveal ten reso-
nances attributed to the macrocyclic backbone and the benzylic
carbons of the pendant arms of the macrocycle give raise to two
resonances. The carbon resonances due to the CO ligands appear
as three signals at 228.9, 228.5 and 227.7 ppm in 5 and at 229.4,
227.8 and 227.6 ppm in 6. Owing to the poor solubility of
compounds 7 and 8, resonances due to CO and CF; groups could
not be observed in solution but they were identified by solid-state
3C CP MAS NMR. The proton and carbon resonances patterns
observed for complexes 5-8 are consistent with a C; symmetry,
which is maintained both in solution (Fig. S6-S9, ESIt) and in the
solid-state (Fig. S10 and S11, ESI¥).

Thermogravimetric analyses of complexes 5-8 (Fig. S12-515,
ESI{) show thermal decomposition in two stages. The first stage
corresponds to the loss of two carbonyl ligands that occurs
below 200 °C for all compounds. The last stage proceeded with
two degradation steps in 5 and various steps in 6-8 that
correspond to the loss of the macrocycle and the remaining
carbonyl ligand. The overall weight loss is completed below
650 °C leaving a metallic Mo residue. TG-DSC data for com-
plexes 5-8 are summarized in Table S1 (ESIf).

Complex 5 crystallized in the monoclinic space group P2,/n
with one molecule of dichloromethane in the asymmetric unit.
Crystallographic and experimental details of data collection
and crystal structure determinations are presented in
Table S2 (ESIf). The solid-state molecular structure depicted
in Fig. 1 reveals a distorted octahedral geometry with two
nitrogen atoms of the macrocycle (N(2) and N(4)) and two
carbonyl ligands occupying a slightly twisted square plane with
combined equatorial angles of 359.7°. The axial positions
are occupied by the nitrogen atom N(1) and the other carbonyl
ligand displaying a N(1)-Mo(1)-C(13) angle of 179.1(1)".
An intramolecular hydrogen bond established by N(2)-
H(2)---N(3) is observed with a distance of 2.20 A forming
a six-membered heterocycle. The overall bond distances
and angles determined for 5 are in agreement with values
reported for other Mo(0) carbonyl complexes supported by

tetraazamacrocycles.***®

Stability assays

The UV-visible spectra of complexes 5-8 recorded in DMEM
supplemented with 10% FBS (Fig. S16-S19, ESIt) are similar to
those recorded in DMSO revealing no bathochromic or hypso-
chromic shifts. However, a decrease on the absorbance over
time is observed for all complexes that might be related to a
decline in their solubility in line with the formation of white
precipitates. This effect is more pronounced in complex 5 that
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reveals total precipitation out of solution after 24 h, which may
explain its poor antitumoral activity (see discussion bellow).
The '"H NMR spectra recorded from DMSO solutions of 5-8
show no significant changes after 6 days (Fig. S20-S23, ESIT).
This result validates the stability of the compounds in solution
and points out that precipitates formed in DMEM with 10%
FBS might be due to the formation of aggregates between
compounds and proteins present in the medium rather than
decomposition suggesting that complexes are stable for 72 h
(cytotoxic assays time).

Cytotoxic assays

The cytotoxic activity of compounds 1-8 was determined against
the human breast cancer cells MCF-7 (hormone dependent,
estrogen receptor (ER) and progesterone receptor (PR) positives
and HER-2 oncogene negative) and MDA-MB-231 (triple negative
(TNBC), ER, PR and HER-2 negatives) as well as on the normal
human dermal fibroblasts (HDF). Cells were incubated with each
compound (complexes and ligand precursors) continuously for
72 h and then assayed for cellular viability using the MTT assay.
The ICs, values for the cellular viability are summarized in
Table 1. The results show that cyclam, 1, display no cytotoxic
activity against both cancer cells (MCF-7 and MDA-MB-231) but
the ligand precursors 2-4 display high activity against both cancer
cells and normal fibroblasts. Furthermore, compound 2 is highly
active against the TNBC cells MDA-MB-231. Complex 5 is the less
active complex but reveals high selectivity for MCF-7 cells. Com-
plexes 6-8 display similar anticancer activity against the MCF-7
cells when compared to the corresponding ligand precursors 2-4
but they are less cytotoxic to the normal fibroblasts that show high
selectivity for the breast cancer cells MCF-7. Remarkably, both
ligand precursors 2-4 and complexes 6-8 show a better perfor-
mance than cisplatin in the same experimental conditions.*”*®

The selectivity index (SI) of compounds 2-8 based on the ratio
1C;5, in fibroblasts/ICs, in a cancer cell line, was determined to
evaluate the selectivity of each compound towards cancer cells.
The results show that a favorable SI > 3 was found for 7 and 8
with the MCF-7 cells suggesting that these complexes could be
considered prospective anticancer drugs to be further explored
against this type of human breast cancer model.*’

Table 1 ICsp values obtained for compounds 1-8 against breast cancer
cell lines (MCF-7 and MDA-MB-231) and normal fibroblasts (HDF) after 72 h

ICso (uM)

MCF-7 MDA-MB-231  HDF SI”
1 100 100 — —
2 2.3+ 1.9 0.8 + 0.3 2.9+ 1.9 1.3/3.6
3 2.6 + 1.5 2.7 +£1.6 29+ 1.7 1.1/1.1
4 3.0+ 2.6 1.7+ 0.7 4.4 + 1.7 1.5/2.6
5 42.6 + 16.0 100 100 >2.3/-
6 2.3+ 1.2 1.6 + 0.7 2.9+ 1.1 1.3/1.8
7 2.9+ 1.9 6.8 +3.2 15.8 £13.2  5.4/2.3
8 1.8+ 1.0 21.5 + 6.4 11.6 + 3.8 6.4/0.5
cisplatin ~ 26.7 + 1.7Y7  16.3 + 2.3V 6.3 + 1.8"° 0.2/0.4

“ The SI (selectivity index) was calculated using the formula: SI = (ICs,
for normal fibroblasts/ICs, for breast cancer cells). SI value > 3
indicates a prospective anticancer agent.*®
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Experimental

General considerations

Ligand precursors 1-4°°' and complex 5%* were prepared

according to previously published procedures. Mo(CO)s was
purchased from Sigma-Aldrich and purified by sublimation.
Di-n-butyl ether and diethyl ether were refluxed over sodium-
benzophenone and collected by distillation. Dichloromethane
was refluxed over calcium hydride and collected by distillation.
All other reagents were commercial grade and used without
purification. Deuterated dimethylsulfoxide (DMSO-ds;) was
dried with 4 A molecular sieves and freeze-pump-thaw
degassed prior to use. All manipulations were performed under
an atmosphere of dry oxygen-free nitrogen by means of stan-
dard Schlenk and glovebox techniques.

Synthetic procedures

[(H4Cyclam)Mo(CO);], 5. A mixture of Mo(CO)s (0.48 g,
1.82 mmol) and 1,4,8,11-tetraazacyclotetradecane, 1 (0.36 g,
1.80 mmol) was refluxed in di-n-butyl ether for 3 h. The reaction
mixture was allowed to cool to room temperature, filtered, and
the precipitate was washed with di-n-butyl ether, and dried in
vacuum to give compound 5 as a brown solid (0.53 g, 76%).
Crystaline material suitable for single-crystal X-ray diffraction
were obtained from a concentrated dichloromethane solution
at —80 °C. "H NMR (DMSO-dg, 400.1 MHz, 296 K): 8 (ppm) 5.01
(br, 1H, NH), 4.73 (br, 1H, NH), 3.69 (m, 1H, CH,N), 3.07-2.96
(overlapping, 2H total, CH,N), 2.82-2.56 (overlapping, 12H
total, 11H, CH,N and 1H, CH,CH,CH,), 2.40-2.34 (overlapping,
2H total, CH,N), 2.16 (br, 1H, NH), 2.00 (m, 1H, CH,CH,CH,),
1.83 (br, 1H, NH), 1.57 (m, 1H, CH,CH,CH,), 1.31 (m, 1H,
CH,CH,CH,). "*C{'"H} NMR (DMSO-d,s, 100.6 MHz, 296 K):
5 (ppm) 228.9 (CO), 228.5 (CO), 227.7 (CO), 56.8 (CH,N),
55.5 (CH,N), 55.3 (CH,N), 53.5 (CH,N), 50.4 (CH,N), 48.1
(CH,N), 44.7 (CH,N), 43.2 (CH,N), 24.2 (CH,CH,CH,), 23.9
(CH,CH,CH,). FT-IR (ATR, cm %): 1896 (vc—o), 1740 (Vc—o).
UV-vis (DMSO) /max, NM: 319 (¢ = 3384 M~ ecm™Y), 455 (& =
179 M~ em™Y). Anal. caled for Cy3H,sMoN,O;.(CH,Cly)o 5t C,
38.35; H, 5.96; N, 13.25. Found: C, 38.26; H, 5.80; N, 14.43.

[{H,(**®"PhCH,),Cyclam}Mo(CO);], 6. A mixture of Mo(CO)g
(0.13 g, 0.51 mmol) and 1,8-bis(4-(tert-butyl)benzyl)-1,4,8,11-
tetraazacyclotetradecane, 3 (0.25 g, 0.51 mmol) was refluxed
in a di-n-butyl ether/diethyl ether mixture (2:1) for 3 h. The
reaction mixture was allowed to cool to room temperature,
filtered, and the precipitate was washed with diethyl ether, and
dried in vacuum to give compound 6 as an off-white solid
(0.25 g, 72%). "H NMR (DMSO-ds, 400.1 MHz, 296 K): & (ppm)
7.36 (d, *Ju_ = 8 Hz, 2H, PhCH,N), 7.34 (d, *Jy_u = 9 Hz, 2H,
PhCH,N), 7.20 (d, *Jy_u = 8 Hz, 2H, PhCH,N), 7.18 (d, *Jiyy =
9 Hz, 2H, PhCH,N), 4.62 (br, 1H, NH), 4.53 (d, 1H, *Ji_y =
14 Hz, PhCH,N), 4.18 (d, 1H, .y = 14 Hz, PhCH,N),
3.99 (m, 1H, CH,N), 3.51 (d, 1H, 3J;;; = 13 Hz, PhCH,N),
3.44 (d, 1H, [,y = 13 Hz, PhCH,N), 3.10-2.98 (overlapping,
2H, CH,N), 2.95-2.78 (overlapping, 5H total, CH,N), 2.59-2.55
(overlapping, 3H, CH,N), 2.38-2.34 (overlapping, 2H total,
CH,N), 2.18-2.10 (overlapping, 3H total, CH,N), 1.55-1.46

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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(overlapping, 4H total, CH,CH,CH,), 1.25 (s, 9H, C(CH3);), 1.17
(s, 9H, C(CH,);), 0.83 (m, 1H, NH). *C{'H} NMR (DMSO-d,,
100.6 MHz, 296 K): 6 (ppm) 229.4 (CO), 227.8 (CO), 227.6 (CO),
150.5 (i-PhCH,N), 150.0 (i-PhCH,N), 136.1 (p-PhCH,N), 132.3
(PhCH,N), 128.6 (PhCH,N), 128.3 (p-PhCH,N), 125.4 (PhCH,N),
124.8 (PhCH,N), 65.1 (PhCH,N), 60.8 (PhCH,N), 57.1 (CH,N),
56.8 (CH,N), 56.3 (CH,N), 54.6 (CH,N), 54.3 (CH,N), 50.5
(CH,N), 49.9 (CH,N), 46.1 (CH,N), 34.3 (C(CH,);), 34.2
(C(CH3)3), 31.0 (overlapping, 2 x C(CH3)3), 25.1 (CH,CH,CH,),
24.4 (CH,CH,CH,). FT-IR (ATR, cm '): 1892 (vc—o), 1765
(vc=0), 1732 (Vc=o). UV-vis (DMSO) Apnax, DmM: 320 (¢ =
3018 M~ cm™ ). Anal. caled for C3;5H5,MoN,O3: C, 62.48; H,
7.79; N, 8.33. Found: C, 62.69; H, 7.68; N, 8.23.

[{Ha(* “*PhCH,),Cyclam}Mo(CO);], 7. A mixture of Mo(CO)s
(0.50 g, 1.89 mmol) and 1,8-bis(4-(trifluoromethyl)benzyl)-
1,4,8,11-tetraazacyclotetradecane, 3 (0.98 g, 1.90 mmol) was
refluxed in di-n-butyl ether for 3 h. The reaction mixture was
allowed to cool to room temperature, filtered, and the precipi-
tate was washed with di-n-butyl ether, and dried in vacuum to
give compound 7 as an off-white solid (1.23 g, 93%). 'H NMR
(DMSO-dg, 300.1 MHz, 296 K): ¢ (ppm) 7.73-7.70 (overlapping,
4H total, PACH,N), 7.56 (d, *Jy_y = 8 Hz, 2H, PhCH,N), 7.48
(d, *Ju_u = 7 Hz, 2H, PhCH,N), 4.69-4.59 (overlapping, 2H total,
1H, NH, 1H, *J;;_ = 13 Hz, PhCH,N), 4.35 (d, *Jyy_i; = 15 Hz, 1H,
PhCH,N), 4.09-4.03 (overlapping, 2H, CH,N), 3.81 (d, *Ji_y =
15 Hz, 1H, PhCH,N), 3.41 (d, */;;_; = 13 Hz, 1H, PhCH,N), 3.18-
3.03 (overlapping, 3H total, 1H, CH,N), 2.87-2.84 (overlapping,
3H total, CH,N), 2.73-2.69 (overlapping, 3H total, CH,N), 2.45-
2.36 (overlapping, 5H total, CH,N), 1.72-1.67 (overlapping, 2H
total, CH,CH,CH,), 1.45-1.42 (overlapping, 2H total,
CH,CH,CHy,), 0.83 (m, 1H, NH). "*C{"H} NMR (DMSO-dg, 75.5
MHz, 296 K): § (ppm) 143.3 (i-PhCH,N), 135.8 (i-PACH,N), 133.5
(0-PhCH,N), 130.0 (0-PhCH,N), 125.4 (q, *Jc.r = 4 Hz, m-
PhCH,N), 124.8 (q, *Jc_r = 4 Hz, m-PhCH,N), 64.6 (PhCH,N),
59.1 (PhCH,N), 56.7 (CH,N), 56.5 (CH,N), 55.7 (CH,N), 54.7
(CH,N), 53.6 (CH,N), 49.9 (overlapping, 2xCH,N), 46.3 (CH,N),
24.7 (CH,CH,CH,), 24.3 (CH,CH,CH,). '’F NMR (DMSO-d,,
282.6 MHz, 296 K): § (ppm) —60.9 (s, CF;), —61.1 (s, CF3). *C
CP MAS NMR (500 MHz, 296 K): & (ppm) 174.2 (CO or CF;),
172.3 (CO or CF3), 169.8 (CO or CF;), 164.7 (CO or CF;), 146.1
(PhCH,N), 134.8 (PhCH,N), 132.6 (PhCH,N), 130.1 (PhCH,N),
126.9 (PhCH,N), 125.1(PhCH,N), 64.6 (PhCH,N or CH,N), 60.7
(PhCH,N or CH,N), 59.0 (PhCH,N or CH,N), 58.0 (PhCH,N or
CH,N), 55.1 (CH,N), 53.1 (CH,N), 51.9 (CH,N), 49.9 (CH,N),
47.7 (CH,N), 45.8 (CH,N), 24.8 (CH,CH,CH,), 22.4 (CH,-
CH,CH,). FTIR (ATR, cm™'): 1889 (vc—o), 1735 (vc—o),
1124 (Ve_g), 1063 (vcg). UV-vis (DMSO) Amay, NM: 319 (¢ =
2732 M~ ' em ™). Anal. caled for CyoH;34FgMON4O3: C, 50.01;
H, 4.92; N, 8.04. Found: C, 49.79; H, 4.91; N, 8.03.

[{H,(**M°PhCH,),Cyclam}Mo(CO);], 8. A mixture of
Mo(CO)s (0.15 g, 0.57 mmol) and 1,8-bis(3,5-dimethylbenzyl)-
1,4,8,11-tetraazacyclotetradecane, 4 (0.25 g, 0.57 mmol) was
refluxed in di-n-butyl ether for 3 h. The reaction mixture was
allowed to cool to room temperature, filtered, and the precipi-
tate was washed with di-n-butyl ether, and dried in vacuum to
give compound 8 as an off-white solid (0.24 g, 68%). "H NMR
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(DMSO-dg, 400.1 MHz, 296 K): 0 (ppm) 6.95-6.84 (overlapping,
6H, PhCH,N), 4.60 (br, 1H, NH), 4.48 (d, 1H, *Jy_u = 12 Hgz,
PhCH,N), 4.17 (d, *Jiy_y = 12 Hz, 1H, PhCH,N), 4.02 (m, 1H,
CH,N), 3.52 (d, 1H, */y_u = 12 Hz, PhCH,N), 3.31 (d, 1H,
*Ju_u = 12 Hz, PhCH,N), 3.08-2.17 (overlapping, 27H total,
15H, CH,N and 12H, CHj3), 1.66 (m, 2H, CH,CH,CH,), 1.46 (m,
2H, CH,CH,CH,), 1.20 (br, 1H, NH). "*C{'"H} NMR (DMSO-d,,
100.6 MHz, 296 K): 5 (ppm) 130.9 (0-PhCH,N), 130.0 (p-PhCH,N),
127.7 (p-PhCH,N), 127.1 (0-PhCH,N), 66.3 (PhCH,N), 60.8
(PhCH,N), 57.3 (overlapping, 3 x CH,N), 55.2 (CH,N), 54.2
(CH,N), 50.6 (overlapping, 2 x CH,N), 46.1 (CH,N), 25.5
(CH,CH,CH,), 24.7 (CH,CH,CH,), 21.4 (CH;). ">*C CP MAS
NMR (500 MHz, 296 K): § (ppm) 178.9 (CO), 170.6 (CO), 140.4
(PhCH,N), 139.2 (PhCH,N), 138.0 (PhCH,N), 137.5 (PhCH,N),
131.6 (PhCH,N), 131.0 (PhCH,N), 129.9 (PhCH,N), 126.3
(PhCH,N), 68.7 (PhCH,N), 64.6 (PhCH,N), 58.9 (CH,N), 57.9
(overlapping, 2 x CH,N), 57.2 (CH,N), 55.9 (CH,N), 51.9
(CH,N), 50.4 (CH,N), 47.9 (CH,N), 27.1 (CH,CH,CH, or CHjy),
26.1 (CH,CH,CH, or CHj), 23.5 (CH,CH,CH, or CHj), 22.4
(CH,CH,CH, or CHj;), 21.3 (CH,CH,CH, or CHj), 20.7
(CH,CH,CH, or CHj). FT-IR (ATR, cm™'): 1885 (vg=o), 1735
(vc=0). UV~vis (DMSO) /Zma, Nm: 318 (¢ = 3648 M~ " cm ™).
Anal. caled for C;;H,4MoON,O;: C, 60.38; H, 7.19; N, 9.09.
Found: C, 59.29; H, 7.88; N, 9.01.

Nuclear magnetic resonance spectroscopy

Solution NMR spectra were recorded in a Bruker AVANCE II 300
or 400 spectrometers, at 296 K, referenced internally to residual
proton-solvent (*H) or solvent (**C) resonances, and reported
relative to tetramethylsilane (0 ppm). 2D NMR experiments
such as 'H-'*C HSQC and 'H-'H COSY were performed in
order to make all the assignments.

Solid-state NMR spectra were recorded in a Bruker AVANCE
I11 500 spectrometer, operating at B, field of 11.7 T, with 'H and
13C Larmor frequencies of 500.1 and 125.8 MHz, respectively.
All experiments were performed in a 4 mm double-resonance
MAS probe (Bruker) at 296 K. Samples were packed into a ZrO,
rotor with Kel-F caps and spinned at 5 KHz. Spectra were
referenced externally to TMS (for "H, 0 ppm) and glycine (for
3¢, CO at 176.03 ppm). The "*C CP MAS spectra were acquired
using the TOSS sequence to suppress spinning sidebands,>?
using phase cycling as described in the literature.>® The follow-
ing conditions were used: the "H 90° pulse was set to 2.5 ps
corresponding to a radio frequence of ~100 kHz. The CP step
was performed with a contact time (CT) of 2000 pus using a 50-
100% RAMP shape at the 'H channel and using a 50 kHz square
shape pulse on the *C channel; RD was 5 s. During the
acquisition, a SPINAL-64 decoupling scheme was employed
using a pulse length for the basic decoupling units of 5 ps at
radio frequence field strength of 100 kHz.

Fourier-transform infrared spectroscopy

Fourier-transform infrared spectra were acquired with a
Thermo Scientific Nicolet 6700 spectrometer, equipped with a
single reflection smart miracle ATR accessory (ZnS crystal,
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Pike Technology). Spectra were collected in the range 4000-

650 cm ™! with 64 scans and a resolution of 4 cm™*.

Thermogravimetric analysis

Thermogravimetric analyses were performed between 25 and
800 °C, using a Setsys Evol6 TG-DSC thermobalance
(SETARAM), under air flow of 30 cm®.min"" and with a heating

rate of 10 °C min™ .

Elemental analysis

Elemental analyses (C, H, N) were performed in a Fisons CHNS/
O analyser Carlo Erba Instruments EA-1108 equipment at the
Laboratério de Analises do Instituto Superior Técnico.

Single-crystal X-ray diffraction

Suitable crystals of compound 5 were coated and selected in
Fomblin® oil under an inert atmosphere of nitrogen. Crystals
were then mounted on a loop external to the glovebox environ-
ment and data collected using graphite-monochromated
Mo-Ko. radiation (2 = 0.71073 A) on a Bruker AXS-KAPPA APEX II
diffractometer (Bruker AXS Inc., Madison, WI, USA) equipped
with an Oxford Cryosystem open-flow nitrogen cryostat. Data
were corrected for Lorentzian polarization and absorption
effects using SAINT>* and SADABS>> programs. The structure
was solved by a direct method using SIR97.°® Structure refine-
ment was done using SHELXL-2018/3.>” These programs are
part of the WinGX-Version 2021.3 program package.”® A full-
matrix least-squares refinement was used for the non-hydrogen
atoms with anisotropic thermal parameters. Hydrogen atoms of
the NH groups were located in the electron density map. The
other hydrogen atoms were inserted in idealized positions and
allowed to refine in the parent carbon atoms. The illustration of
the molecular structure of 5 was made with MERCURY
2022.3.0.%° Data for structure 5 was deposited in the Cambridge
Crystallographic Data Centre (CCDC) under the deposit num-
ber 2301353.

Ultraviolet-visible spectroscopy

UV-visible spectra were recorded from DMSO solutions with a
Cary 60 UV-vis (Agilent Technologies) in the range of 280-
800 nm.

Stability studies

Stock solutions of complexes 5-8 were freshly prepared in
DMSO and diluted with complete Dulbecco’s Modified Eagle
Medium (DMEM) without phenol red (supplemented with 10%
FBS) achieving a final concentration of 10~* M (except for 5 that
was 2 x 10~ M), ensuring that the organic solvent content was
less than 1% (v/v). UV-visible spectra were recorded over a set of
time intervals (0, 4, 24, 48 and 72 h) on a Cary 60 UV-vis
spectrophotometer (Agilent Technologies) using a quartz
cuvette with 1 cm path length in a wavelength range of 280-
800 nm.
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Cell culture

Human breast cancer MCF-7 (ATCC, HTB-22) (hormone depen-
dent, estrogen receptor (ER) and progesterone receptor (PR)
positives and HER-2 oncogene negative) and MDA-MB-231
(ATCC, HTB-26) (triple negative, ER, PR and HER-2 negatives)
cells were cultured in T25 cell culture flask containing DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin.
Human dermal fibroblasts (HDF) were cultured in T25 cell
culture flask containing Fibroblast Growth Medium (FGM, 116-
500, Sigma-Aldrich). The cancer cells (MCF-7 and MDA-MB-231)
and normal healthy cells (HDF) were grown in standard condi-
tions, i.e., incubated at 37 °C in a 5% CO, atmosphere in a
humidified atmosphere. The culture medium was substituted
whenever necessary (according to cell growth rate), both cancer
and healthy cells were passed at approximately 80-90% con-
fluency and used for further investigations.

Cytotoxic assays

Compounds were solubilized in DMSO and subsequently
diluted in DMEM assuring that no more than 1% (v/v) of DMSO
is present in the cell culture medium. Cells were collected after
trypsinization followed by the quantification of cell viability,
using the trypan blue exclusion method, where one part of
trypan blue (about 20 pL) and one part cell suspension (about
20 pL) were mixed. Viable (unstained) and non-viable (stained)
cells were counted in a hemocytometer using an inverted phase
contrast microscope. Cells were plated into 96-well plates at ca.
1.5 x 10" cells per well density and incubated for 24 h in
standard conditions before the addition of compounds 1-8 in a
concentration range of 0.01-100 puM. After 72 h, culture medium was
removed and a solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) in phosphate buffered saline
(PBS) was added to each well (about 200 pL). After 3 h of incubation
at 37 °C in a 5% CO, atmosphere, the MTT solution was removed,
and formazan crystals were solubilized in DMSO. Absorbance of the
solution was read at 570 nm in a microplate reader (BioTek Power-
Wave XS). The half maximal inhibitory concentration (ICs,) values
were determined using the 9.0 GraphPad Prism software and the
obtained data refer to four replicates for each concentration.

Conclusions

Cyclam-based molybdenum carbonyl complexes of formulae
[(H,R,Cyclam)Mo(CO);] (R = H, ***"PhCH,, *“**PhCH, and **
MephCH,) were prepared, in high yields, by reaction of Mo(CO),
with H,R,Cyclam derivatives. The cytotoxic effect of all com-
pounds was examined on human breast cancer cell lines (MCF-
7 and MDA-MB-231) and reveals important anticancer activity.
Despite complexes displaying a cytotoxic activity comparable to
the ligand precursors, they are less active to the non-cancerous
human dermal fibroblasts (HDF). In particular, [(Hy(* “**PhCH,),-
Cyclam)Mo(CO);] and [(H,(>*™¢PhCH,),Cyclam)Mo(CO);]
revealed high selectivity against the human breast cancer cell line
MCF-7 and deserve further studies as a prospective anticancer
drug alternative to the ones in clinical use.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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