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Ruthenium-Biotin Conjugates
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Ligand Functionalization
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Abstract: Two-step functionalization of 4-diphenylphosphino
benzoic acid with biotin afforded 2-(biotinyloxy)ethyl 4-(di-
phenylphosphanyl)benzoate (LP), that was subsequently used
to synthesize the Ru(II) arene complexes [RuCl2(η6-p-cymene)-
(LP)] (1), [Ru(C2O4)(η6-p-cymene)(LP)] (2) and [Ru(curc)(η6-p-
cymene)(LP)]NO3 ([3]NO3), the latter incorporating curcumin
(curcH) as an additional bioactive fragment. [Ru(curc)(η6-p-
cymene)(PPh3)]NO3 ([4]NO3) was also prepared as a reference
compound. Compounds 2 and [3]NO3 exhibited excellent sta-

Introduction

The development of metal-based anticancer drugs that over-
come the limitations of platinum compounds currently used in
chemotherapy continues to receive considerable attention.[1] In
this respect, ruthenium compounds have emerged as promis-
ing alternatives, with [indazoleH][trans-Ru(N-indazole)2Cl4]
(KP1019) and [imidazoleH][trans-Ru(N-imidazole)(S-DMSO)Cl4]
(NAMI-A), having undergone clinical evaluation.[2] These Ru(III)
compounds exhibit lower toxicities and side-effects than the
clinically approved Pt(II) drugs, attributed to in situ reduction
and activation of Ru(III) to Ru(II) species in the tumour environ-
ment.2,[3] However, a key limitation of all of these drugs is that
they do not efficiently target tumours. Consequently, efforts
have been devoted to attaching targeting groups to metal-
based drugs to enhance their uptake into cancer cells, by ex-
ploiting the different characteristics of cancerous and normal
cells.[4] Therefore, various small molecule targeting groups have
been investigated, including folic acid,[5] riboflavin[6] and sug-
ars.[4a,c],[7] In this regard, biotin (see Figure 1) is a vitamin whose
uptake into cancer cells is related to sodium-dependent multi-
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bility in water/DMSO solution while being slowly activated in
the cell culture medium over 72 hours. Together with LP, they
were therefore assessed for their antiproliferative activity to-
wards a panel of cancer cell lines, with different levels of biotin
transporter expression. The apparent affinity of the compounds
towards avidin varies, and their antiproliferative activity does
not correlate with biotin transporter expression, although it is
systematically enhanced when biotin-free cell culture medium
is used.

vitamin transporter (SMVT), encoded by the SLC5A6 gene which
is overexpressed in certain cancer cell lines (e.g. breast, lung,
ovarian, and renal cancer cells).[8] Thus, biotin conjugates may
be favourably captured by the tumour tissue, and this concept
has been extensively used for the targeting of drugs (including
drug nanocarriers[9]) to tumours.[10] Several classes of biotin
containing metal compounds have been investigated for their
anticancer potential, including complexes based on Re(I) and
Ru(II),[11] Zn(II)-phthalocyanine,[12] Au(III)-NHC,[13] Pt(II)[14] and
Pt(IV),[8b],[15] and ferrocene derivatives.[16] In general, such biot-
inylated species successfully display enhanced cellular uptake
and selectivity, and the cytotoxicity and the cellular uptake are
reduced when the in vitro cell medium culture is enriched with
biotin or the cells are pre-treated with biotin.[11b,8b,14a,15c]

Figure 1. The structure of biotin.

Tethering biotin to metal compounds has been typically
achieved by converting the biotin carboxylic acid group into
amide[11,13,14,16a] or ester[12] linkers to subsequently generate
suitable ligands. Additionally, acylation of coordinated ligands
in Pt(IV)[15] and ferrocene compounds[8b] has been performed,
as well as the direct coordination of the biotin sulfur donor
atom to Ru(II) complexes.[11c] The first Ru(II) arene-biotin conju-
gates were recently reported, with the biotin moiety incorpo-
rated within either the arene[17] or a monodentate pyridine or
indazole nitrogen-ligand.[18] The nitrogen-based adducts, i.e.
[RuCl2(η6-p-cymene)(N-biotin)], are highly hygroscopic and
slowly decompose in air, in agreement with the general tend-
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ency of monodentate nitrogen donor ligands to undergo easy
dissociation from the Ru(II) arene centre.[19] Instead, triaryl-
phosphines with hydroxyl/carboxyl substituents are expected
to provide a more robust anchoring to the Ru(II) centre,[20] and
are potentially derivatizable through esterification proce-
dures.[19a,21]

With this idea in mind, herein we present the synthesis and
full characterization of biotin-conjugated Ru(II) arene com-
pounds based on functionalization of an aryl-diphenylphos-
phine ligand. The stability of the compounds in aqueous media
(including cell culture medium), their avidin affinity and anti-
proliferative activity against a panel of tumorigenic cell lines,
with differentiated SLC5A6 expression levels, were investigated.

Results and Discussion

1. Synthesis and Characterization of Compounds

The biotin-functionalized phosphine, LP, was obtained via two
Steglich esterification steps,[22] starting from 4-diphenylphos-
phino benzoic acid, ethylene glycol and biotin (Scheme 1a).
First, 4-diphenylphosphino benzoic acid was treated with an
excess of ethylene glycol and EDCI/DMAP in THF, and the

Scheme 1. Synthetic routes to biotin-functionalized phosphine ligand LP (a), Ru complexes [RuX2(η6-p-cymene)(LP)] (X2 = Cl2, 1; C2O4, 2) (b, c), [RuCl(curc)(η6-
p-cymene)] (Ru-curc) (d) and related phosphine derivatives [Ru(curc)(η6-p-cymene)(PR3)]NO3 (PR3 = LP, [3]+; PPh3, [4]+) (e). bCO2H = biotin; curcH = curcumin.
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mono-ester 4-Ph2PC6H4CO2(CH2)2OH was isolated in near-quan-
titative yield after chromatography. Second, esterification with
biotin in DMF, followed by CH2Cl2/water extraction, gave LP
as a colourless solid in 85 % yield. LP reacts with [RuCl2(η6-p-
cymene)]2 in CHCl3 under reflux or with [Ru(C2O4)(η6-p-cym-
ene)(H2O)] in CH2Cl2 under reflux to afford the ruthenium-biotin
conjugates [RuX2(η6-p-cymene)(LP)], X2 = Cl2 (1), C2O4 (2)
(Scheme 1b–c). Compounds 1 and 2 were purified using chro-
matography and isolated as orange and yellow solids in 60 and
82 % yield, respectively.

We also investigated the incorporation of LP within a Ru(II)
complex containing curcumin (curcH), i.e. another bioactive
fragment of broad interest in medicinal chemistry.[23] Curcumin
behaves as a 1,3-diketonato ligand to Ru(η6-arene) scaf-
folds,[24,25] and the known compound, [RuCl(curc)(η6-p-cym-
ene)] (Ru-curc), was isolated in almost quantitative yield by a
modification of the literature procedure (use of NaHCO3 as a
mild Brönsted base in refluxing ethanol, see Scheme 1d).[24,25a]

Treatment of Ru-curc with AgNO3 and then LP in MeOH
affords the ruthenium-biotin-curcumin conjugate [Ru(curc)(η6-
p-cymene)(LP)]NO3, [3]NO3 (Scheme 1e), which was isolated as
a red solid in 67 % yield following chromatography (NaNO3-
saturated MeOH used as eluent). The analogous triphenylphos-
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phine derivative, [4]NO3, was prepared using a similar proce-
dure (96 % yield, Scheme 1e).

The novel Ru compounds 1-[4]NO3 are air and moisture sta-
ble solids, whereas LP slowly converts to the phosphine oxide
(O=LP) upon air exposure in the solid state or in solution. Com-
pounds 1-[4]NO3 are soluble in common polar organic solvents
(CH2Cl2, MeOH, DMSO, acetone), but show no appreciable solu-
bility in water, despite the presence of hydrogen bonded donor
groups [CO(NH)2, ArOH] and the association with a hydrophilic
anion (NO3

–).
All the new compounds were characterized by analytical

(CHN analysis, conductivity and mass spectrometry) and spec-
troscopic (IR, NMR and UV/Vis) techniques, with selected data
compiled in Tables S1–S2 and NMR and IR spectra given in Fig-
ures S1–S24 (SI). NMR spectra of LP and Ru compounds 1-
[4]NO3 in CD3OD, CDCl3 or [D6]acetone show resonances that
are fully consistent with the proposed structures.[26] Complexes
1-[4]+ exhibit a downfield shifted 31P NMR signal (25–34 ppm
vs. – 5 ppm in LP/PPh3) and an increased 1JCP coupling constant
(42–47 Hz vs. 10–15 Hz in LP/PPh3), that are diagnostic features
for coordination of arylphosphine ligands to the {(η6-arene)Ru}
frame.[27] The oxalato ligand in 2 has strong C=O stretching
bands in the 1650–1690 cm–1 region of the IR spectrum and a
13C NMR signal at 167 ppm.[20a,28] Strong IR absorptions related
to the ureide and ester C=O groups are in the range 1690–
1725 cm–1 for LP and 1-[3]+. The spectroscopic features of the
biotinyl fragment are very similar in biotin itself and derivatives
LP and 1-[3]+. This similarity indicates that there are not signifi-
cant interactions between the Ru ions and biotin fragment, in
particular with the sulfur atom (tetrahydrothiophene ring). In-
deed, examples of metal complexes containing κS-coordinated
biotin are rare[29] and thioethers are often labile ligands in (η6-
arene)Ru systems, being readily displaced by phosphines and
other ligands.[30]

1H and 13C NMR resonances for the Ru-bound carbon atoms
belonging to the p-cymene ring in [3]+ and [4]+ are considera-
bly deshielded with respect to the neutral precursor Ru-curc.
Conversely, 1H NMR signals for the alkenyl and HC(CO)2 protons
of the curcuminato ligand in Ru-curc move to lower ppm val-
ues in the cationic derivatives.[31] The [NO3]– ion within [3]NO3

and [4]NO3 gives rise to a signal at –3.5 ppm in the 14N NMR
spectra[32,33] (in CD3OD), and a strong band around 1320–
1330 cm–1 in the IR spectra.[34] In the UV/Vis spectra, curcumin-
functionalized complexes [3]+ and [4]+ display intense (ε ≈
3 × 104 cm–1 M–1) bands at ca. 410, 450, 480 nm, shifted to
longer wavelengths with respect to their neutral chlorido pre-
cursor Ru-curc and curcumin.[24a]

2. Stability of the Complexes in DMSO/Water and Cell
Culture Medium

An assessment of the stability of metal compounds in simple
aqueous medium is essential to evaluate their suitability for
biological studies.[35] Biological tests for water insoluble com-
pounds often rely on the use of DMSO,[36] however DMSO is
a good ligand for ruthenium(II)[37] and can cause progressive
displacement of η6-coordinated arene,[21a,28c,38] monodentate
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(phosphine,[28c,38d,39] pyridine/(benz)imidazole/indazole[40]) and
bidentate (carboxylate,[41] diketonate[38b,38e,42]) ligands. In gen-
eral, (η6-arene)Ru-phosphine complexes display better stability
in DMSO with respect to related systems containing N-donor
heterocyclic ligands (see Introduction).

The stability of 1-[4]+ was evaluated in a DMSO:water 7:3 v/v
mixture, and the same study was extended to the previously
reported compound Ru-curc as a reference. Solutions of the
compounds were maintained at 37 °C for 72 hours and periodi-
cally analyzed by NMR spectroscopy and conductivity measure-
ments (see Tables S3–S7 and Schemes S3–S7 in the SI). The (%)
fraction of starting material detected in solution over time is
shown in Table 1. Only minor amounts of p-cymene and O=LP
were slowly released from 2 and [3]+, with these compounds
being more robust than 1 and Ru-curc (82–89 % of the starting
material was recognized in solution after 72 hours, see Table 1
and SI for details). Release of O=PPh3 from [4]+ occurred to a
higher extent than O=LP from 2 and [3]+, but is significantly
inhibited with respect to the situation in [RuCl2(η6-p-cymene)-
(PPh3)] (30 % after 72 hours).[20a] These results well agree with
the improved solvolytic stability manifested by [Ru(O,O′)(η6-
arene)(PR3)]0/+ complexes with respect to related [RuCl2(η6-
arene)(PR3)] and [RuCl(O,O′)(η6-arene)] systems (O,O′ = 1,2-di-
carboxylate,[28b-c,43] 1,3-diketonate[44b]). On account of these
preliminary results, 1 was excluded from further stability and
biological studies.

Table 1. Fraction of starting material in DMSO:D2O 7:3 v/v solutions of Ru
complexes over time; % values are based on 1H NMR (Me2SO2 internal stan-
dard).

Compound 0 h[a] 24 h 48 h 72 h

1 85 62 – 56
2 100 97 94 89
[3]NO3 100 99 89 82
[4]NO3 100 80 64
Ru-curc ≤ 76 ≤ 70 ≤ 57

[a] NMR spectra were recorded shortly after dissolution (t < 10 min).

Little attention has been given up to now to the stability and
speciation of Ru-arene complexes in cell culture media.[35,45] We
investigated the stability of 2 and [3]NO3 in DMSO/RPMI 1640
cell culture medium mixtures. Accordingly, solutions of 2 and
[3]NO3 (1.8 mM) were maintained at 37 °C for 72 hours and
monitored via 31P{1H} NMR spectroscopy (see SI for details). The
freshly prepared solutions feature a single 31P NMR signal corre-
sponding to the starting material (2: 35.8 ppm; [3]+: 36.0 ppm).
The relative intensity of this signal progressively decreased over
time and new peaks appeared in the region 36–32 ppm. After
72 h, the solution was diluted with water and extracted with
CH2Cl2. Complexes 2 and [3]+ were identified by NMR in the
residue of the organic phase, together with O=LP and curcumin
(in the latter case). In summary, the stability experiments
showed that two Ru-arene complexes, which are substantially
stable in DMSO/water mixtures and do not possess ligands
prone to hydrolysis (e.g. Cl–), nevertheless undergo some modi-
fications when incubated at 37 °C in the cell culture medium,
with a slow, partial release of the bioactive components. This
behaviour may be functional to the activation of the complexes,
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as previously demonstrated for leading Ru(II)-arene compounds
by means of extensive investigations.[46–51]

3. Interaction of the Compounds with Avidin

Avidin is a tetrameric egg white protein with an extremely high
affinity for D-biotin and therefore used as a model biotin recep-
tor.[18,52] The apparent affinity of the investigated compounds
to avidin was measured using a substitution assay (Fluo-
Reporter® Biotin Quantitation Assay Kit) to determine the ap-
parent dissociation constant (Kd), maximum binding capacity
(Bmax) and Hill coefficient (H) (Table 2). Compound 2 exhibits
the highest affinity towards avidin in such an experimental
setup (Kd of 925 nM vs. 350 nM for biotin), followed by LP and
[3]NO3. As expected, [4]NO3 (which does not contain the biotin
frame) does not interact with avidin.

Table 2. Apparent kinetic characteristics of investigated Ru-biotin complexes
binding to avidin. The results are presented as means ±half-width of their
respective 95 % confidence intervals. Calculations were performed on data
obtained in three independent experiments. N/A – not applicable.

Kd Bmax H
[μM] [AU] [1]7

LP 4.3 ± 1.3 14.8 ± 1.7 1.3 ± 0.4
2 0.93 ± 0.09 6.9 ± 0.3 3.0 ± 0.8
[3]NO3 9.7 ± 2.6 3.5 ± 0.7 2.6 ± 1.7
[4]NO3 N/A N/A N/A
biotin 0.35 ± 0.05 17.6 ± 1.1 4.5 ±1.3

4. Cytotoxicity Studies

The ligand LP and the complexes 2 and [3]NO3 were initially
assessed for their cytotoxicity against cisplatin sensitive (A2780)
and cisplatin resistant human ovarian carcinoma (A2780cisR)
cell lines (Table 3), as these two cell lines are widely used to
study new putative metal drugs and are therefore ideal for
benchmarking. Cisplatin and [RuCl2(η6-p-cymene)(κP-pta)]
(RAPTA-C)[53] were evaluated as positive and negative controls,
respectively. Compound 2 exhibited a modest cytotoxicity,
while [3]NO3 is inactive against the tested cell lines. The ob-
served lack of cytotoxicity is reminiscent of RAPTA-C and other
RAPTA-type complexes.[54] It should be noted that Ru(II) com-
pounds with similar triphenylphosphine ligands functionalized
with a bioactive group displayed IC50 values ranging from low
micromolar to almost inactive in the same cancer cell

Table 3. IC50 values (μM) obtained for LP, 2, [3]NO3 and reference metal com-
pounds on cancer (A2780, A2780cisR) cells at 72 hours (RPMI 1640 medium).
Values are given as the mean ±SD.

Compound A2780 A2780cisR

curcH[24b] ca. 6 ca. 20
Ru-curc[24b] 23 ± 3 27 ± 3
LP 41 ± 8 58 ± 11
2 107 ± 14 105 ± 9
[3]NO3 > 200 > 200
RAPTA-C > 200 > 200
cisplatin 2.3 ± 0.6 31 ± 3
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lines.[21a,55] Interestingly, sub-micromolar IC50 values were ob-
tained on A2780/A2780cisR cell lines upon introduction of a pta
ligand (in the place of LP, as is in [3]NO3) to the [RuCl(η6-p-
cymene)(curc)] scaffold.[25a]

Next, we decided to extend the biological studies to three
other cancer cell lines, namely COLO 205 and SW620 (human
colorectal adenocarcinoma) and HCT 116 (human colorectal
carcinoma). In order to probe the role of the biotin fragment in
LP, 2 and [3]NO3, the relative SLC5A6 (AKA SMVT) protein con-
tent in the plasma membranes in the COLO 205, SW620 and
HCT 116 cell lines was determined using the anti-SLC5A6 anti-
body (Figure 2).

Figure 2. Western blot analysis of SLC5A6 expression in selected cancer cell
lines cultured in high- and low-biotin media (DMEM and RMPI1640, respec-
tively). K562 cell lysate was used as a positive control. �-actin (a product of
an established housekeeping gene) was used as a loading control to enable
inter-lane comparisons.

Densitometry analysis (Table 4) revealed that the protein
abundance pattern is different from the mRNA expression pat-
tern reported previously.[18] The highest SLC5A6 level was
found in HCT 116 cells, followed by COLO 205 and SW620, and
the trend does not seem to be significantly affected by the
cell culture medium. This suggests that even low biotin levels,
derived from foetal bovine serum used for medium supplemen-
tation (FBS biotin content is 35 ± 4 μg/mL which equals to
0.014 ± 0.002 μM in the final medium composition)[56] are high
enough to maintain the expression pattern of the major biotin
transporter.

Table 4. Densitometry analysis of SLC5A6 expression in selected cancer cell
lines. SLC5A6 signal volume was normalized to corresponding �-actin signal
volume. K562 cell lysate was used as a positive control.

Medium Cell line Normalized
SLC5A6 signal

RPMI 1640 COLO 205 1.698
HCT 116 3.774
SW620 1.087

DMEM K562 0.492
COLO 205 1.062
HCT 116 2.880
SW620 0.534

The antiproliferative potential of LP, 2, [3]NO3 and [4]NO3

was comparatively assessed against COLO 205, HCT 116, and
SW620 cancer cell lines both in biotin-rich RPMI 1640 medium
(biotin concentration = 0.8 μM) and in essentially biotin-free
DMEM (Table 5).[57]

Notably, the cytotoxicity of the investigated compounds was
significantly enhanced in DMEM (which does not contain bio-
tin), with IC50 values being up to two orders of magnitude lower
than the corresponding values determined in RPMI 1640. Inter-
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Table 5. IC50 values (μM) obtained for LP, 2, [3]NO3 and [4]NO3 on cancer cells
at 72 hours, in DMEM (top) and RPMI 1640 (bottom) media. Values are given
as the means along with their respective 95 % confidence intervals (lower
line).

HCT 116 COLO 205 SW620

LP 1.014 0.921 0.838
0.825–1.245 0.790–1.073 0.677–1.036

2 2.809 2.839 3.253
2.210–3.570 2.438–3.307 2.709–3.906

[3]NO3 1.967 0.828 2.783
1.319–2.933 0.685–1.000 1.829–4.235

[4]NO3 1.817 2.326 2.330
1.387–2.379 1.546–3.499 1.744–3.115

LP 5.850 2.983 3.319
4.131–8.285 2.540–3.503 2.936–3.752

2 84.86 > 200 72.68
39.13–184.00 > 200 44.94–117.50

[3]NO3 16.33 6.672 10.29
11.31–23.56 4.954–8.986 8.407–12.58

[4]NO3 22.68 142.80 101.30
17.33–29.69 48.09–423.90 39.54–259.40

estingly, such a relation was observed also for [4]NO3, which is
not a biotin derivative. The overall sensitivity of colon cell lines
towards the tested compounds approximates to COLO 205
(most sensitive) > SW620 ≥ HCT116 (least sensitive) in DMEM
and SW620 > HCT 116 ≥ COLO 205 in RPMI 1640, respectively.
Although a correlation between SLC5A6 expression and com-
pound sensitivity was not apparent, the trend in antiprolifera-
tive activity is the same in both cell culture media, and in all
cases the activity is higher in the biotin-free DMEM cell culture
conditions.

Conclusions

Biotin is an essential micronutrient[58] preferentially taken up by
certain cancers, and therefore by using biotin as a targeting
vector to introduce cytotoxins into cancer cells represents a
promising chemotherapy approach. We prepared and charac-
terized a series of Ru(II) arene compounds containing a biotin
fragment tethered to the metal centre via a biotin-functional-
ized triphenylphosphine ligand. One of the compound also
included curcumin as a second, biologically active fragment.
Notably, two of the complexes exhibited excellent stability in
dmso/water mixtures, and slow degradation in cell culture me-
dium, potentially providing a mechanism for drug activation.
The observed cytotoxicity of the biotin-containing metal com-
plexes is not correlated with SLC5A6 protein expression, which
has been noted also in other studies[8b,13,18] However, the inves-
tigated compounds are able to interact with a model biotin
receptor (avidin), and their antiproliferative activity is higher
when biotin is absent from the cell culture medium.

Experimental Section
1. General Experimental Details

Chemicals: RuCl3·xH2O was purchased from Chimet S.p.A., while
other reactants and solvents were obtained from Alfa Aesar, Sigma
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Aldrich or TCI Europe and were of the highest purity available. Bio-
tin (bCO2H), 4-(diphenylphosphino)benzoic acid, and ethylene
glycol were stored under N2; curcumin (curcH) and ethyl(diiso-
propylamino)carboxydiimide hydrochloride (EDCI·HCl) were stored
under N2 at – 20 °C. Silica gel (Merck, 70–230 mesh) was used for
column chromatography. Compounds [RuCl2(η6-p-cymene)(pta)]
(RAPTA-C),[59] [RuCl2(η6-p-cymene)]2

[60] and [Ru(C2O4)(η6-p-
cymene)(H2O)][28b,28c] were prepared according to the literature.
The syntheses of 4-Ph2PC6H4CO2(CH2)2OH, LP and 1-[3]NO3 were
performed under N2 using standard Schlenk techniques and sol-
vents distilled from appropriate drying agents (DMF from BaO, THF
from CaH2, CH2Cl2, CHCl3 from P2O5). Once isolated, 4-
Ph2PC6H4CO2(CH2)2OH and LP were stored under N2, all the other
compounds being air- and moisture-stable in the solid state. All the
other operations were carried out in air with common laboratory
glassware. NMR spectra were recorded at 25 °C on a Bruker Avance
II DRX400 instrument equipped with a BBFO broadband probe.
Chemical shifts (expressed in parts per million) are referenced to
the residual solvent peaks[61] (1H, 13C) or to external standards[62]

(14N to CH3NO2, 31P to 85 % H3PO4, 35Cl to 1 M NaCl in D2O). In
[D6]DMSO:D2O mixtures, chemical shifts were referenced to the re-
sidual peak as in pure [D6]DMSO. 1H and 13C spectra were assigned
with the assistance of 1H{31P}, 13C DEPT 135, 1H-1H COSY, 1H-13C
gs-HSQC and 1H-13C gs-HMBC experiments.[63] CDCl3 stored in the
dark over Na2CO3 was used for NMR analysis. IR spectra (650–
4000 cm–1) were recorded on a Perkin Elmer Spectrum One
FT-IR spectrometer, equipped with a UATR sampling accessory.
UV/Vis spectra (190–900 nm) were recorded on a Ultraspec 2100
Pro spectrophotometer with 0.1 cm quartz cuvettes. IR and UV/
Vis spectra were processed with Spectragryph software.[64] Carbon,
hydrogen and nitrogen analyses were performed on a Vario MICRO
cube instrument (Elementar). Conductivity measurements[65,66]

were carried out at 23 °C using an XS COND 8 instrument (cell
constant = 1.0 cm–1).

Biologicals: Inorganic salts, acids and bases used for biological as-
says were purchased from Avantor Performance Materials Poland
(Gliwice, Poland) or Chempur (Piekary Śląskie, Poland). Anti-�-actin
antibody (clone AC-74), MTT, SDS, and DMSO were obtained from
Sigma-Aldrich (Saint Louis, MO USA). FluoReporter® Biotin Quantita-
tion Assay Kit, enhanced chemiluminescence detection system Su-
per Signal West Dura Extended Duration Substrate, foetal bovine
serum, trypsin/EDTA solution and culture media were purchased
from Thermo Fisher Scientific Inc. (Waltham, MA USA). Ready Gel
precast gels were obtained from Bio-Rad (Richmond, CA USA). Anti-
SLC5A6 (murine IgM kappa light chain, clone D-11) and correspond-
ing HRP-conjugated secondary antibody (murine IgGκ BP-HRP)
were provided by Santa Cruz Biotechnology (Dallas, TX USA). All
buffers and aqueous solutions were prepared using Milli-Q water
(Milli-Q Integral water station, Millipore, Billerica, MA USA).

2. Synthesis and Characterization of Compounds

2-Hydroxyethyl-4-(diphenylphosphanyl)benzoate, 4-Ph2PC6H4-
CO2(CH2)2OH (Scheme 2)

Scheme 2. Structure of 4-Ph2PC6H4CO2(CH2)2OH (numbering refers to C at-
oms).
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In a 25-mL Schlenk tube under N2, 4-(diphenylphosphino)benzoic
acid (243 mg, 0.793 mmol), DMAP (19 mg, 0.16 mmol), EDCI·HCl
(170 mg, 0.887 mmol), THF (10 mL) and ethylene glycol (0.50 mL,
9.0 mmol) were introduced. The colourless opalescent solution was
stirred at room temperature for 3 hours, then volatiles were re-
moved under vacuum. The residue was suspended in CH2Cl2
(15 mL) and extracted with H2O (3 × 20 mL). The organic phase was
concentrated under vacuum then moved on top of a silica column
(h 4, d 3 cm). Impurities were eluted with CH2Cl2 (30 mL) then the
title compound was eluted with CH2Cl2/Et2O = 6:1 v/v (200 mL).
Volatiles were removed under vacuum; the resulting colourless oily
residue was dried under vacuum over P2O5 and stored under N2.
Yield: 260 mg, 93 %. Compound 4-Ph2PC6H4CO2(CH2)2OH is soluble
in CH2Cl2, CHCl3, acetone, poorly soluble in Et2O. IR (solid state):
ν̄ /cm–1 = 3430w-br (νOH), 3069w, 3053w, 3029w, 3016w, 3002w,
2953w, 2927w, 2872w; 1716s, 1700m-sh (νC=O), 1596m, 1585m-sh,
1558w, 1479m, 1454w, 1434m, 1394m, 1372m-sh, 1329m, 1309m,
1267s-br, 1182m, 1157w, 1122s, 1112m-sh, 1085s, 1070s, 1017s,
999m, 903m, 851m, 762m, 742s, 719m, 693s. 1H NMR (CDCl3): δ /
ppm = 7.99 (d, 3JHH = 7.4 Hz, 2H, C7-H), 7.40–7.32 (m, 12H, C6-H +
Ph), 4.48–4.42 (m, 2H, C10-H), 3.94–3.90 (m, 2H, C11-H), 2.55 (s-br,
1H, OH). 13C{1H} NMR (CDCl3): δ /ppm = 166.6 (C9), 144.2 (d, 1JCP =
14 Hz, C5), 135.9 (d, 1JCP = 10 Hz, C1), 133.9 (d, 2JCP = 20 Hz, C2),
133.1 (d, 2JCP = 19 Hz, C6), 129.7 (C8), 129.3 (d, 3JCP = 6 Hz, C7),
128.6 (d, 3JCP = 7 Hz, C3), 129.1 (C4), 66.5 (C10), 60.8 (C11). 31P{1H}
NMR (CDCl3): δ /ppm = –5.1.

2-Hydroxyethyl 4-(diphenylphosphoryl)benzoate, 4-Ph2P(=
O)C6H4CO2(CH2)2OH. Formation of the phosphine oxide upon air
exposure during workup is negligible except during column chro-
matography, which has to be performed under N2 with deaerated
solvents. 1H NMR (CDCl3): δ /ppm = 8.14 (d, 3JHH = 6.6 Hz, C7-H).
31P{1H} NMR (CDCl3): δ /ppm = 29.3.

2-(Biotinyloxy)ethyl 4-(diphenylphosphanyl)benzoate, LP
(Scheme 3)

Scheme 3. Structure of LP (numbering refers to C atoms).

In a 25-mL Schlenk tube under N2, 4-Ph2PC6H4CO2(CH2)2OH
(260 mg, 0.742 mmol), bCO2H (229 mg, 0.937 mmol), DMAP (19 mg,
0.16 mmol), EDCI·HCl (180 mg, 0.939 mmol) and DMF (6 mL) were
introduced and the colourless solution was stirred at room tempera-
ture. After 6 hours, the conversion was checked by 1H NMR (CDCl3)
and volatiles were removed under vacuum. The oily residue was
dissolved in CH2Cl2 (10 mL) and extracted with H2O (3 × 20 mL).
The organic phase was taken to dryness under vacuum affording
the title compound as a colourless foamy solid. The solid was
washed with petroleum ether, dried under vacuum over P2O5 and
stored under N2. Yield: 364 mg, 85 %. Compound LP is soluble in
CH2Cl2, CHCl3, MeOH, acetone, less soluble in Et2O; insoluble in hy-
drocarbons and water. Anal. Calcd. for C31H33N2O5PS: C, 64.57; H,
5.77; N, 4.85; found C, 64.39; H, 5.68; N, 4.94. ESI-MS(+): m/z found
577.1934 [M + H+], calcd. for C31H34N2O5PS 577.1926; the isotopic
pattern fits well the calculated one. IR (solid state): ν̄ /cm–1 = 3380w-
sh, 3216w (νNH); 3069w, 3054w, 3055w, 2961w, 2922w, 2862w,
1717s (νC9=O), 1694s (νC12=O + νC20=O), 1596m, 1585w-sh, 1558w,
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1479w, 1453m, 1434m, 1394m, 1374w, 1332w, 1309w,
1262s,1240m-sh, 1179m, 1120m-sh, 1105s, 1085s, 1017m, 999m-sh,
922w, 852m, 802m, 761m, 744s, 720m, 695s. UV/Vis (MeOH,
1.6 × 10–3 M): λmax (ε /cm–1 × M–1) = 289 (1.1 × 104). 1H NMR
(CD3OD): δ /ppm = 7.94 (d, 3JHH = 7.4 Hz, 2H, C7-H), 7.39–7.27 (m,
12H, C6-H + Ph), 4.53–4.49 (m, 2H, C10-H), 4.44–4.38 (m, 3H, C11-H
+ C19-H), 4.17 (dd, 3JHH = 7.8, 4.5 Hz, 1H, C21-H), 3.07–3.02 (m, 1H,
C17-H), 2.82 (dd, 2JHH = 12.8 Hz, 3JHH = 4.9 Hz, 1H, C18-H), 2.64 (d,
2JHH = 12.7 Hz, 1H, C18-H′), 2.35 (t, 3JHH = 7.2 Hz, 2H, C13-H), 1.71–
1.59 (m, 3H, C14-H + C16-H), 1.58–1.47 (m, 1H, C16-H′), 1.43–1.35
(m, 2H, C15-H). 13C{1H} NMR (CD3OD): δ /ppm = 175.1 (C12), 167.4
(C9), 166.0 (C20), 146.1 (d, 1JCP = 15 Hz, C5), 137.5 (d, 1JCP = 11 Hz,
C1), 135.0 (d, 2JCP = 20 Hz, C2), 134.2 (d, 2JCP = 19 Hz, C6), 129.9 (d,
3JCP = 7 Hz, C3), 131.1 (C8), 130.4–130.3 (m, C4 + C7), 64.2 (C10),
63.28 (C21), 63.26 (C11), 61.6 (C19), 56.9 (C17), 41.1 (C18), 34.7 (C13),
29.6 + 29.4 (C15 + C16), 25.9 (C14). 31P{1H} NMR (CD3OD): δ /ppm =
–5.2 ppm. 1H NMR (CDCl3): δ /ppm = 7.96 (dd, 3JHH = 8.3 Hz, 4JHP =
1.3 Hz, 2H, C7-H), 7.39–7.26 (m, 12H, C6-H + Ph), 6.18 (s, 1H, NH),
5.76 (s, 1H, N′H), 4.52–4.47 (m, 2H, C10-H), 4.43–4.36 (m, 3H, C11-H
+ C19-H), 4.22 (dd, 3JHH = 6.8, 4.9 Hz, 1H, C21), 3.09–3.04 (m, 1H,
C17), 2.81 (dd, 2JHH = 12.8 Hz, 3JHH = 4.9 Hz, 1H, C18-H), 2.68 (d,
2JHH = 12.7 Hz, 1H, C18-H), 2.34 (t, 3JHH = 7.5 Hz, 2H, C13-H), 1.72–
1.57 (m, 4H, C14-H + C16-H), 1.45–1.36 (m, 2H, C15-H). 31P{1H} NMR
(CDCl3): δ /ppm = –5.0.

2-(Biotinyloxy)ethyl 4-(diphenylphosphoryl)benzoate, O=LP.
Formation of the phosphine oxide upon air exposure during
workup is negligible, except during (possible) column chromatogra-
phy, which has to be performed under N2 with deaerated solvents.
Chromatography is not necessary if the precursor 4-
Ph2PC6H4CO2(CH2)2OH is free from phosphine/phosphine oxide im-
purities. 1H NMR (CD3OD): δ /ppm = 8.19 (dd, 3JHH = 8.0 Hz, 4JHP =
2.0 Hz, 2H, C7-H), 7.81 (dd, 3JHP = 11.6 Hz, 3JHH = 8.3 Hz, 2H, C6-H),
7.73–7.65 (m, 6H, C3-H + C4-H), 7.64–7.56 (m, 4H, C2-H). All the
other signals are superimposable to those of LP. 31P{1H} NMR
(CD3OD): δ /ppm = 31.4. 1H NMR (CDCl3): δ /ppm = 8.11 (dd, 3JHH =
8.4 Hz, 4JHP = 2.5 Hz, 2H, C7-H). 31P{1H} NMR (CDCl3): δ /ppm = 28.6.

[RuCl2(η6-p-cymene)(LP)], 1 (Scheme 4)

Scheme 4. Structure of 1 (numbering refers to C atoms).

In a 25-mL Schlenk tube under N2, a dark red solution of [RuCl2(η6-
p-cymene)]2 (40 mg, 0.65 mmol) and LP (79 mg, 0.137 mmol) in
CHCl3 (10 mL) was stirred at reflux temperature. After 6 hours, the
conversion was checked by 1H NMR (CDCl3) and the dark cherry-
red opalescent solution was cooled to room temperature. The solu-
tion was concentrated under vacuum then moved on top of a SiO2

column (h 6, d 2.3 cm). Impurities were eluted with CH2Cl2/acetone
mixtures (gradient from 1:0 to 1:2 v/v) then an orange band was
collected with CH2Cl2/acetone/MeOH (15:30:2 v/v/v, ca. 150 mL).
Volatiles were removed under vacuum and the residue was sus-
pended in Et2O. The suspension was filtered and the resulting or-
ange solid was washed with Et2O and dried under vacuum (40 °C).
Yield: 69 mg, 60 %. Compound 1 is soluble in DMSO, DMF, CH2Cl2,
CHCl3, poorly soluble in acetone, MeCN, almost insoluble in MeOH,
insoluble in Et2O, water. Anal. Calcd. for C43H47N2O9PRuS: C, 55.78;



Full Paper

H, 5.37; N, 3.17; found C, 55.84; H, 5.32; N, 3.24. ESI-MS(+): m/z found
901.1281 [M + H+], calcd. for C43H48N2O9PRuS 901.1861; the isotopic
pattern fits well the calculated one. IR (solid state): ν̄ /cm–1 = 3280w-
br (νNH), 3057w, 2958w-sh, 2926m, 2869w-sh, 1715s-sh (νC16=O),
1697s-br (νC19=O + νC27=O), 1598m, 1483m-sh, 1463m- sh, 1454m-sh,
1435m, 1395m, 1376m, 1331m, 1316m, 1268s-br, 1184m, 1161m,
1126m, 1111m, 1088s, 1058m-sh, 1018m, 1000w-sh, 952w, 926w,
886w-sh, 858m,800w, 762m, 751m 722m, 696s. Λm (acetone,
1.2 × 10–3 M): 5 S cm–2 mol–1. UV/Vis (CH2Cl2, 1.2 × 10–3 M):
λ/nm (ε / M–1 cm–1) = 378 (1.4 × 103), 480sh (4.7 × 102). 1H NMR
(CDCl3): δ /ppm = δ /ppm = 7.92–7.89, 7.84–7.77 (m, 8H, Ph/C6H4),
7.48–7.38 (m, 6H, Ph/C6H4), 5.46 (s-br, 1H, NH), 5.28 (d, 3JHH = 6.3 Hz,
1H, C4-H), 5.25 (d, 3JHH = 5.9 Hz, 1H, C4-H′), 5.05 (d, 3JHH = 5.6 Hz,
1H, C3-H′), 4.98 (d, 3JHH = 5.6 Hz, 1H, C3-H), 4.92 (s-br, 1H, N′H),
4.51–4.41 (m, 3H, C17-H + C26-H), 4.41–4.34 (m, 2H, C18-H), 4.31–
4.26 (m, 1H, C28-H), 3.13–3.04 (m, 1H, C24-H), 2.91–2.79 (m, 2H, C6-
H + C25-H), 2.70–2.61 (m, 1H, C25-H′), 2.33 (t, 3JHH = 7.0 Hz, 2H,
C20-H), 1.86 (s, 3H, C1-H), 1.70–1.60 (m, 4H, C21-H + C23-H), 1.49–
1.35 (m, 2H, C22-H), 1.11 (d, 3JHH = 6.9 Hz, 6H, C7-H). 1H NMR spectra
in CDCl3 show broadening of resonances, increasing with concen-
tration and decreasing with time (ageing of the solution), probably
related to aggregation phenomena. 13C{1H} NMR (CDCl3): δ /ppm =
173.5 (C19), 166.0 (C27), 163.4 (C16), 134.7 (d, 2JCP = 9 Hz, C13),
134.4 (app. t, 2JCP = 9 Hz, C9), 128.7 (d, 3JCP = 10 Hz, C14), 128.4 (d,
3JCP = 10 Hz, C10), 130.9 (C15), 130.8 (C11), 111.6 (C5), 96.6 (C2),
89.0 (C4 + C4′); 87.6, 87.5 (d, 3JCP = 4 Hz, C3 + C3′), 63.0 (C28); 62.2,
62.1, 60.1 (C17 + C18 + C26), 55.6 (C24), 40.7 (C25), 34.0 (C20), 30.5
(C6); 28.54, 28.45 (C22 + C23), 25.0 (C21); 22.04, 21.97 (C7), 17.9 (C1).
31P{1H} NMR (CDCl3): δ /ppm = 25.5. 1H NMR ([D6]acetone): δ /
ppm = 8.08–8.02, 7.94–7.89 (m, 8H, Ph + C6H4), 7.52–7.43 (m, 6H,
Ph + C6H4), 5.70 (s-br, 1H, NH), 5.59 (s-br, 1H, N′H); 5.35, 5.32 (d,
3JHH = 6.1 Hz, 2H, C4-H + C4′-H); 5.25, 5.22 (d, 3JHH = 6.1 Hz, 2H,
C3-H + C3′-H), 4.54–4.50 (m, 2H, C17-H), 4.48–4.40 (m, 3H, C18-H +
C26-H), 4.34–4.27 (m, 1H, C28-H), 3.20–3.12 (m, 1H, C24-H), 2.92–
2.88 (m*, C25-H), 2.73–2.63 (m, 2H, C6-H + C25-H′), 2.34 (t, 3JHH =
7.3 Hz, 2H, C20-H), 1.88 (s, 3H, C1-H), 1.82–1.71 (m, 1H, C23-H), 1.68–
1.53 (m, 3H, C21-H + C23-H′), 1.48–1.41 (m, 2H, C22-H), 1.05 (d,
3JHH = 6.9 Hz, 6H, C7-H). *Partially covered by the solvent signal.
31P{1H} ([D6]acetone): δ /ppm = 24.5.

[Ru(C2O4)(η6-p-cymene)(LP)], 2 (Scheme 5)

Scheme 5. Structure of 2 (numbering refers to C atoms).

In a 25-mL Schlenk tube, [Ru(C2O4)(η6-p-cymene)(H2O)] (99 mg,
0.29 mmol) and LP (200 mg, 0.347 mmol) were dissolved in CH2Cl2
(5 mL). The orange solution was stirred at room temperature for 20
hours then moved on top of a silica column. Impurities were eluted
with CH2Cl2 then a yellow band was eluted with EtOH. Volatiles
were removed under vacuum and the residue was suspended in
Et2O. The suspension was filtered; the resulting yellow solid was
washed with Et2O and dried under vacuum (40 °C). Yield: 214 mg,
82 %. Compound 2 is soluble in DMSO, DMF, CH2Cl2, CHCl3, MeOH,
less soluble in acetone, MeCN, EtOH, insoluble in Et2O, hexane and
water. Anal. Calcd. for C43H47N2O9PRuS: C, 57.39; H, 5.26; N, 3.11;
found C, 57.22; H, 5.20; N, 3.17. ESI-MS(+): m/z found 901.1866 [M
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+ H+], calcd. for C43H48N2O9PRuS 901.1861; the isotopic pattern fits
well the calculated one. IR (solid state): ν̄ /cm–1 = 3400w-br,
3300w-br (νNH); 3062w, 2960w, 2931w, 2869w, 1724–1715m-sh
(νC16=O), 1693s (νC19=O + νC27=O + νC29=O); 1669s, 1652s (νC29=O);
1600m, 1468–1460m-sh, 1435m, 1371s (νC29–O), 1314m, 1268s,
1184m, 1161m, 1129m, 1113m, 1089m, 1017m, 999w, 956w, 927w,
861w, 803w, 784m, 760m, 723w, 696s. Λm (MeOH, 1.3 × 10–3 M): 6.4
S mol–1 cm–2. UV/Vis (MeOH, 1.3 × 10–3 M): λ/nm (ε / M–1 cm–1) =
325 (2.9 × 103), 375 (1.2 × 103). 1H NMR (CD3OD): δ /ppm = 8.03
(dd, 3JHH = 8.3 Hz, 4JHP = 1.6 Hz, 2H, C14-H), 7.65–7.53 (m, 10H, Ph),
7.51 (dd, 3JHP = 10.0 Hz, 3JHH = 8.6 Hz, 2H, C13-H), 5.76 (d, 3JHH =
6.3 Hz, 2H, C4-H + C4′-H), 5.47–5.41 (m, 2H, C3-H + C3′-H), 4.54–
4.52 (m, 2H, C17-H), 4.46–4.41 (m, 3H, C18-H + C26-H), 4.24 (dd,
3JHH = 7.8, 4.5 Hz, 1H, C28-H), 3.16–3.09 (m, 1H, C24-H), 2.85 (dd,
2JHH = 12.7 Hz, 3JHH = 5.0 Hz, 1H, C25-H′), 2.65 (d, 2JHH = 12.7 Hz,
1H, C25-H), 2.59 (hept, 3JHH = 6.9 Hz, 1H, C6-H), 2.36 (t, 3JHH = 7.3 Hz,
2H, C20-H), 1.93 (s, 3H, C1-H), 1.75–1.61 (m, 3H, C21-H + C23-H),
1.59–1.49 (m, 1H, C23-H′), 1.46–1.38 (m, 2H, C22-H), 1.23 (d, 3JHH =
6.9 Hz, 6H, C7-H). No change in the 1H NMR spectrum (CD3OD) was
observed after 14 h at room temperature. 13C{1H} NMR (CD3OD): δ /
ppm = 175.0 (C19), 167.0 (C29), 166.8 (C16), 166.1 (C27), 136.4 (d,
1JCP = 42 Hz, C12), 135.6 (d, 2JCP = 11 Hz, C9), 135.3 (d, 2JCP = 10 Hz,
C13), 133.3 (d, 4JCP = 2 Hz, C15), 132.9 (d, 4JCP = 2 Hz, C11), 130.6
(d, 3JCP = 10 Hz, C14), 130.3 (d, 3JCP = 10 Hz, C10), 130.3 + 130.2 (d,
1JCP = 47 Hz, C8), 109.4 (d, 2JCP = 3 Hz, C5), 99.5 (C2), 89.29 + 89.28
(d, 2JCP = 4 Hz, C4 + C4′), 88.1 (app. t, 2JCP = 4 Hz, C3 + C3′), 64.5
(C17), 63.4 (C28), 63.2 (C18), 61.6 (C26), 56.9 (C24), 41.0 (C25), 34.7
(C20), 32.3 (C6), 29.6 + 29.4 (C22 + C23), 25.9 (C21), 22.5 (C7), 18.1
(C1). 31P{1H} NMR (CD3OD): δ /ppm = 32.7 ppm. 1H NMR (CDCl3):
δ /ppm = 7.99 (dd, 3JHH = 8.0 Hz, 4JHP = 1.2 Hz, 2H, C14-H), 7.69–
7.47 (m, 10H, Ph), 7.43 (dd, 3JHP = 9.8 Hz, 3JHH = 8.6 Hz, 2H, C13-H);
5.53, 5.51 (d, 3JHH = 6.1 Hz, 2H, C4-H + C4′-H), 5.40 (s, 1H, NH); 5.25,
5.09 (d, 3JHH = 6.0 Hz, 2H, C3-H + C3′-H), 5.01 (s, 1H, N′H), 4.54–4.43
(m, 4H, C17-H + C18-H), 4.39–4.30 (m, 2H, C26-H + C28-H), 3.18–
3.11 (m, 1H, C24-H), 2.87 (dd, 2JHH = 12.7 Hz, 3JHH = 5.1 Hz, 1H, C25-
H), 2.71 (d, 2JHH = 12.8 Hz, 1H, C25-H′), 2.69–2.63 (m, 1H, C6-H),
2.41–2.32 (m, 2H, C20-H), 1.90 (s, 3H, C1-H), 1.80–1.40* (m, C21-H +
C22-H + C23-H), 1.22–1.18 (m, 6H, C7-H + C7-H′). *Partially covered
by H2O peak. 31P{1H} NMR (CDCl3): δ /ppm = 31.7.

[RuCl(curc)(η6-p-cymene)], Ru-curc (Scheme 6)

Scheme 6. Structure of Ru-curc (numbering refers to C atoms).

The title compound was prepared according to a modified literature
procedure.[24,25a] In a 50-mL round-bottomed flask, [RuCl2(η6-p-
cymene)]2 (164 mg, 0.268 mmol), curcH (200 mg, 0.543 mmol),
NaHCO3 (46 mg, 0.55 mmol) and EtOH (15 mL) were introduced.
The suspension (red-orange solution + colourless solid) was stirred
in the dark at reflux temperature. After 2 hours, the conversion
was checked by 1H NMR (CDCl3) and volatiles were removed under
vacuum. The red-orange residue was suspended in acetone and
filtered through a celite pad. The filtrate was taken to dryness under
vacuum and the dark red residue was triturated in Et2O. The suspen-
sion was filtered; the resulting orange-brown solid was washed with
Et2O (10 mL) and dried under vacuum (40 °C). Yield: 320 mg, 94 %.
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Compound Ru-curc is soluble in DMSO, MeOH, EtOH, acetone, less
soluble in CH2Cl2, CHCl3, poorly soluble/insoluble in Et2O, hexane.
Anal. Calcd. for C31H33ClO6Ru: C, 58.35; H, 5.21; found C, 58.12; H,
5.11. IR (solid state): ν̄ /cm–1 = 3522w, 3236w-br (νOH); 3009w,
2964w, 2929w, 2872w, 2834w; 1622w, 1603w, 1591m (νOCCHCO);
1533m-sh, 1506s (νOCCHCO + νC10=C11); 1467w, 1545w, 1429w,
1410m, 1372w, 1332w, 1286m, 1270m, 1244m, 1209m, 1177m,
1156m, 1121m, 1056w, 1033m, 1026m, 997m, 984m, 961m, 934w,
863m, 812m, 763w, 742w, 726w, 682w. UV/Vis (MeOH, 4.7 × 10–4 M):
λmax (ε / cm–1 M–1) = 264 (1.9 × 104), 414 (4.3 × 104), 439 (4.3 × 104),
463 (4.3 × 104). 1H NMR (CDCl3): δ /ppm = 7.53 (d, 3JHH = 15.6 Hz,
2H, C11-H), 7.04 (d, 3JHH = 8.5 Hz, 2H, C13-H), 7.01 (s, 2H, C18-H),
6.90 (d, 3JHH = 8.2 Hz, 2H, C14-H), 6.43 (d, 3JHH = 15.7 Hz, 2H, C10-
H), 5.79 (s, 2H, OH), 5.56 (d, 3JHH = 5.8 Hz, 2H, C4-H), 5.46 (s, 1H, C8-
H), 5.29 (d, 3JHH = 5.8 Hz, 2H, C3-H), 3.93 (s, 6H, C17-H), 2.98 (hept,
3JHH = 6.9 Hz, 1H, C6-H), 2.35 (s, 3H, C1-H), 1.39 (d, 3JHH = 6.9 Hz,
6H, C7-H). 1H NMR ([D6]acetone): δ /ppm = 8.04 (s, 1.2H*, OH), 7.52
(d, 3JHH = 15.6 Hz, 2H, C11-H), 7.26 (s, 2H, C18-H), 7.08 (d, 3JHH =
8.1 Hz, 2H, C13-H), 6.85 (d, 3JHH = 8.1 Hz, 2H, C14-H), 6.55 (d, 3JHH =
15.6 Hz, 2H, C10-H), 5.63 (d, 3JHH = 5.7 Hz, 2H, C4-H), 5.41 (s, 1H,
C8-H), 5.33 (d, 3JHH = 5.6 Hz, 2H, C3-H), 3.90 (s, 6H, C17-H), 3.06–
2.95 (m, 1H, C6-H), 2.27 (s, 3H, C1-H), 1.41 (d, 3JHH = 6.9 Hz, 6H, C7-
H). *Lower integral due to H/D exchange with residual H2O in the
solvent. 1H NMR (CD3OD): 7.81–7.43 (m-br, 2.5H), 7.26–6.99 (m-br,
4H), 6.82 (app. d, J = 7.5 Hz, 2.5H), 6.70–6.48 (m-br, 2H), 5.90–5.34
(m-br, 5.4H), 3.92 (s, 6H), 3.05–2.92 (m, 1H), 2.34 (s-br, 3H), 1.43 (s-
br, 6H).

[Ru(curc)(η6-p-cymene)(LP)]NO3, [3]NO3 (Scheme 7)

Scheme 7. Structure of [3]NO3 (numbering refers to C atoms).

In a 25-mL Schlenk tube under N2, [RuCl(curc)(η6-p-cymene)]
(76 mg, 0.12 mmol), AgNO3 (20 mg, 0.12 mmol) and MeOH (7 mL)
were introduced. The mixture was stirred at room temperature in
the dark for 1 hours, affording a dark red solution and a colourless
solid (AgCl). Therefore LP (68 mg, 0.12 mmol) was added and the
reaction mixture was stirred at room temperature in the dark. After
15 h, the conversion was checked by 31P{1H} NMR (CDCl3) and the
suspension was filtered through a celite pad. The filtrate was con-
centrated under vacuum then moved on top of a silica column.
Impurities were eluted with CH2Cl2 and EtOH, then a dark orange/
red band was collected with NaNO3-saturated MeOH as eluent. Vol-
atiles were removed under vacuum; the residue was suspended in
acetone and filtered through a celite pad. The filtrate was taken to
dryness under vacuum and the residue was suspended in Et2O. The
suspension was filtered; the resulting orange solid was washed with
Et2O then dried under vacuum. Yield: 99 mg, 67 %. Compound
[3]NO3 is soluble in DMSO, DMF, MeOH, less soluble in EtOH, poorly
soluble in acetone, MeCN > CH2Cl2, CHCl3 and insoluble in Et2O,
hexane and water. Anal. Calcd. for C62H66N3O14PRuS: C, 59.99; H,
5.36; N, 3.39; found C, 59.72; H, 5.44; N, 3.26. ESI-MS(+): m/z found
1179.3181 [M+], calcd. for C62H66N2O11PRuS 1179.3168; the isotopic
pattern fits well the calculated one. IR (solid state): ν̄ /cm–1 =
3400–3100w-br (νNH + νOH), 3060w, 2956w, 2935w, 2868w, 1714m
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(νC16=O), 1698m (νC19=O + νC27=O); 1621m, 1598m, 1590m (νOCCHCO);
1505s, 1498s (νOCCHCO + νC31=C32), 1464m, 1435m, 1428m, 1392s,
1375s-sh, 1331m (νNO3), 1277s, 1250s-sh, 1158s, 1123s, 1094m,
1029m, 1018m, 995m, 972m, 933w, 849w, 826w, 817w, 760w, 751w,
724w, 695m. Λm (MeOH, 1.3 × 10–3 M): 86 S mol–1 cm–2. UV/Vis
(MeOH, 2.6 × 10–4 M): λ/nm (ε / M–1 cm–1) = 250sh (3.7 × 104), 410
(3.5 × 104), 450 (3.3 × 104), 477 (2.7 × 104). 1H NMR (CD3OD): δ /
ppm = 7.91 (dd, 3JHH = 8.2 Hz, 4JHP = 1.4 Hz, 2H, C14-H), 7.73–7.66
(m, 4H, C9-H), 7.66–7.56 (m, 6H, C10-H + C11-H), 7.48 (dd, 3JHP =
10.1 Hz, 3JHH = 8.6 Hz, 2H, C13-H), 7.29 (d, 3JHH = 15.5 Hz, 2H, C32-
H), 7.12 (s, 2H, C39-H), 7.03 (d, 3JHH = 8.2 Hz, 2H, C34-H), 6.83 (d,
3JHH = 7.8 Hz, 2H, C35-H), 6.36 (d, 3JHH = 15.6 Hz, 2H, C31-H), 5.82
(d, 3JHH = 6.2 Hz, 2H, C4-H), 5.53 (d, 3JHH = 6.0 Hz, 2H, C3-H), 5.35
(s, 1H, C29-H), 4.43–4.38 (m, 3H, C17-H + C26-H), 4.37–4.33 (m, 2H,
C18-H), 4.18 (dd, 3JHH = 7.7, 4.5 Hz, 1H, C28-H), 3.93 (s, 6H, C38-H),
3.09–3.03 (m, 1H, C24-H), 2.79 (dd, 2JHH = 12.7 Hz, 3JHH = 4.9 Hz,
1H, C25-H), 2.70 (hept, 3JHH = 7.0 Hz, 1H, C6-H), 2.60 (d, 2JHH =
12.8 Hz, 1H, C25-H′), 2.28 (t, 3JHH = 7.2 Hz, 2H, C20-H), 1.99 (s, 3H,
C1-H), 1.68–1.53 (m, 3H, C21-H + C23-H), 1.52–1.43 (m, 1H, C23-H′),
1.41–1.32 (m, 2H, C22-H), 1.29 (d, 3JHH = 6.9 Hz, 6H, C7-H). 13C{1H}
NMR (CD3OD): δ /ppm = 181.3 (C30), 175.0 (C19), 166.7 (C16), 166.0
(C27), 150.3 (C36), 149.5 (C37), 141.5 (C32), 137.0 (d, 1JCP = 42 Hz,
C12), 135.80 + 135.77 (d, 2JCP = 10 Hz, C9), 135.2 (d, 2JCP = 10 Hz,
C13), 133.0 (d, 4JCP = 2 Hz, C15), 132.9 (C11), 130.5 (d, 1JCP = 47 Hz,
C8), 130.26 + 130.19 (d, 3JCP = 10 Hz, C10 + C14), 128.8 (C33), 124.8
(C31), 124.1 (C34), 116.7 (C35), 112.1 (d, 2JCP = 4 Hz, C5), 111.4 (C39),
105.9 (C29), 100.7 (C2), 90.1 (d, 2JCP = 4 Hz, C4), 89.2 (d, 2JCP = 2 Hz,
C3), 64.5 (C17), 63.3 (C28), 63.1 (C18), 61.6 (C26), 56.9 (C24), 56.6
(C38), 41.0 (C25), 34.6 (C20), 32.1 (C6), 29.5 + 29.4 (C22 + C23),
25.9 (C21), 22.4 (C7), 17.8 (C1). 14N NMR (CD3OD): δ /ppm = –3.6
(Δν1/2 = 20 Hz, NO3

–). 31P{1H} NMR (CD3OD): δ /ppm = 34.2.

[Ru(curc)(η6-p-cymene)(PPh3)]NO3, [4]NO3 (Scheme 8)

Scheme 8. Structure of [4]NO3 (numbering refers to C atoms).

In a 25-mL round-bottom flask, [RuCl(curc)(η6-p-cymene)] (59 mg,
0.092 mmol), AgNO3 (16 mg, 0.094 mmol) and EtOH (2 mL) were
introduced. The mixture was stirred at room temperature in the
dark for 1 hours, affording a dark red solution and a colourless solid
(AgCl). The suspension was filtered through a celite pad then PPh3

(27 mg, 0.10 mmol) was added to the filtrate and the solution was
stirred at room temperature. After 1 h, the conversion was checked
by 1H and 31P{1H} NMR (CDCl3) then volatiles were removed under
vacuum. The residue was dissolved in CH2Cl2 and filtered through
a celite pad. The filtrate was taken to dryness under vacuum and
the residue was suspended in Et2O. The suspension was filtered;
the resulting red-orange microcrystalline solid was washed with
Et2O and dried under vacuum (40 °C). Yield: 82 mg, 96 %. Com-
pound [4]NO3 is soluble in CH2Cl2, CHCl3, MeOH, acetone, poorly
soluble in EtOAc, insoluble in Et2O. Anal. Calcd. for C49H48NO9PRu:
C, 63.49; H, 5.22; N, 1.51; found C, 63.59; H, 5.28; N, 1.60. ESI-MS(+):
m/z found 865.2244 [M+], calcd. for C49H48O6PRu 865.2232; the iso-
topic pattern fits well the calculated one. IR (solid state): ν̄ /cm–1 =
3400–2800w-br (νOH), 3053w, 3011w, 2962w, 2866w, 2839w, 1707w;
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1619m-sh, 1597m, 1589m (νOCCHCO); 1504s, 1497s (νOCCHCO + νC14=

C15), 1463s-sh, 1434m, 1386s, 1318m-sh (νNO3) 1278s, 1244s-sh,
1212m-sh, 1157s, 1122s, 1094m, 1028m, 994m, 971m, 847w, 815m,
745m, 693s. Λm (MeOH, 1.1 × 10–3 M): 80 S cm–2 mol–1. UV/Vis
(MeOH, 2.3 × 10–4 M): λ/nm (ε / M–1 cm–1) = 260sh (2.2 × 104), 408
(3.0 × 104), 450 (2.7 × 104), 478 (2.2 × 104). 1H NMR (CD3OD): δ /
ppm = 7.62–7.46 (m, 15H, Ph), 7.31 (d, 3JHH = 15.7 Hz, 2H, C15-H),
7.12 (s, 2H, C22-H), 7.02 (d, 3JHH = 8.1 Hz, 2H, C17-H), 6.82 (d, 3JHH =
8.1 Hz, 2H, C18-H), 6.36 (d, 3JHH = 15.5 Hz, 2H, C14-H), 5.79 (d, 3JHH =
6.1 Hz, 2H, C4-H), 5.49 (d, 3JHH = 5.6 Hz, 2H, C3-H), 5.31 (s, 1H, C12-
H), 3.92 (s, 6H, C21-H), 2.67 (hept, 3JHH = 7.0 Hz, 1H, C6-H), 1.97 (s,
3H, C1-H), 1.27 (d, 3JHH = 6.9 Hz, 6H, C7-H). No change in the 1H
NMR spectrum was observed after 14 h at room temperature.
13C{1H} NMR (CD3OD): δ /ppm = 181.3 (C13), 150.3 (C19), 149.5
(C20), 141.4 (C15), 135.5 (d, 2JCP = 10 Hz, C9), 132.4 (d, 4JCP = 2 Hz,
C11), 131.2 (d, 1JCP = 46 Hz, C8), 129.8 (d, 3JCP = 10 Hz, C10), 128.9
(C16), 125.0 (C14), 124.1 (C17), 116.6 (C18), 111.5 (d, 2JCP = 4 Hz,
C5), 111.2 (C22), 106.0 (C12), 100.5 (C2), 90.1 (d, 2JCP = 4 Hz, C4),
89.0 (d, 2JCP = 3 Hz, C3), 56.5 (C21), 32.0 (C6), 22.4 (C7), 17.7 (C1).
14N NMR (CD3OD): δ /ppm = –3.5 (Δν1/2 = 30 Hz, NO3

–). 31P{1H}
NMR (CD3OD): δ /ppm = 32.5. 1H NMR (CDCl3): δ /ppm = 7.56–7.38
(m, 15H, Ph), 7.29 (d, 3JHH = 15.6 Hz, 2H, C15-H), 7.13 (d, 4JHH =
1.3 Hz, 2H, C22-H), 7.01 (dd, 3JHH = 8.2 Hz, 4JHH = 1.3 Hz, 2H, C17-
H), 6.93 (d, 3JHH = 8.2 Hz, 2H, C18-H), 6.30 (s-br, 2H, OH), 6.18 (d,
3JHH = 15.6 Hz, 2H, C14-H), 5.72 (d, 3JHH = 6.1 Hz, 2H, C4-H), 5.39 (d,
3JHH = 6.0 Hz, 2H, C3-H), 5.13 (s, 1H, C12-H), 4.00 (s, 6H, C21-H), 2.65
(hept, 3JHH = 6.6 Hz, 1H, C6-H), 1.90 (s, 3H, C1-H), 1.21 (d, 3JHH =
6.2 Hz, 6H, C7-H). 31P{1H} NMR (CDCl3): δ /ppm = 33.5.

3. Study of the stability in solution

In DMSO/water. General procedure. A stock [D6]DMSO/D2O = 7:3
v/v solution containing dimethyl sulfone (Me2SO2, 6.4 × 10–3 M) as
a reference for 1H NMR spectra[67] (δ /ppm = 2.95; s, 6H) in
[D6]DMSO/D2O = 7:3) was used for the stability experiments. A
freshly prepared solution of the selected Ru compound in the
[D6]DMSO/D2O mixture (0.6 mL, 1.2 × 10–2 M) was analyzed by 1H
and 31P{1H} NMR. Therefore the solution was maintained at 37 °C
for 72 hours and periodically analysed by 1H and 31P{1H} NMR upon
brief cooling to room temperature. After 72 hours, 13C{1H} and 35Cl
NMR spectra were also recorded for 2 and Ru-curc, respectively. A
parallel experiment was conducted with a DMSO:H2O 7:3 v/v solu-
tion of the selected Ru compound (4.0 mL, 1.2 × 10–3 M) for conduc-
tivity measurements. Results for each compound tested are re-
ported in the Supporting Information (Tables S3-S6, Schemes S4-
S7). The identity of compounds detected in solution was checked
by comparison with NMR data of pure compounds (see NMR refer-
ence data in the SI). The (%) relative amount of compounds in solu-
tion were calculated by 1H NMR integration and refer to identified
compounds only (indicated as “% NMR”′) or refer to Me2SO2 used
as internal standard (indicated as “% NMR vs. internal standard”).
Molar conductivity (Λm) was calculated with reference to the start-
ing material.

In DMSO/cell culture medium. General procedure. The selected Ru
compound (2 or [3]NO3) was dissolved in DMSO then diluted with
RPMI 1640 cell culture medium. The resulting solution (cRu =
1.8 × 10–3 M) was maintained at 37 °C for 72 hours and periodically
sampled for 31P{1H} NMR analysis (sealed C6D6 capillary for locking).
Besides phosphate, only one signal was detected in the 31P{1H}
NMR spectrum for the freshly prepared solution. After 72 hours, the
solution was diluted with H2O (15 mL) then extracted with CH2Cl2
(3x10 mL). The combined extracts were dried under vacuum (40 °C)
and the resulting solid was analyzed by 1H and 31P{1H} NMR
(CD3OD). Results are reported in the SI.
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4. Interaction with Avidin

Relative affinity toward avidin was determined using Biotective™
Green reagent as described elsewhere.[16b,18] Briefly, at least three
independent stock solutions of the biotinylated compounds were
prepared in DMSO and then a series of dilutions in phosphate-
buffered saline were made. A total of 50 μL aliquots were trans-
ferred into wells of a 96-well black PP plate (Nunc brand, Thermo
Fisher Scientific Inc., Waltham, MA USA) and 50 μL of Biotective™
Green reagent solution was added. The mixture was incubated in
the dark for 15 min at room temperature and the fluorescence was
measured in EnVision 2104 microplate reader (Perkin Elmer, Wal-
tham, MA USA) using a 492/8 filter for excitation and a 530/10 for
emission. The fluorescence intensity was proportional to the
amount of biotinylated compound bound to avidin and this was
plotted against the concentration of the test compound in Graph-
Pad Prism 5.02 software (GraphPad Inc.). The apparent equilibrium
dissociation constant, as a measure of the affinity, and the Hill coef-
ficient, as a measure of the cooperativity between biotin-binding
sites of an avidin molecule, were determined from these plots using
equation:
B = (Bmax × CH)/(KdH + CH)

where B is the amount of bound compound, Bmax is maximum
amount of bound compound, C is the compound concentration, H
is the Hill coefficient and Kd is the apparent equilibrium dissociation
constant.

5. Cytotoxicity Studies

A) Human ovarian carcinoma (A2780 and A2780cisR) cell lines were
obtained from the European Collection of Cell Cultures. Penicillin
streptomycin, RPMI 1640 GlutaMAX (where RPMI = Roswell Park
Memorial Institute were obtained from Life Technologies, and fetal
bovine serum (FBS) was obtained from Sigma. The cells were cul-
tured in RPMI 1640 GlutaMAX medium containing 10 % heat-inacti-
vated FBS and 1 % penicillin streptomycin at 37 °C and CO2 (5 %).
The A2780cisR cell line was routinely treated with cisplatin (2 μM)
in the media to maintain cisplatin resistance. The cytotoxicity was
determined using the 3-(4,5-dimethyl 2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay.[68] Cells were seeded in flat-bot-
tomed 96-well plates as a suspension in a prepared medium (100 μL
aliquots and approximately 4300 cells/well) and preincubated for
24 h. Stock solutions of compounds were prepared in DMSO and
were diluted in medium. The solutions were sequentially diluted to
give a final DMSO concentration of 0.5 % and a final compound
concentration range (0–200 μM). Cisplatin and RAPTA-C were tested
as a positive (0–100 μM) and negative (200 μM) controls respectively.
The compounds were added to the preincubated 96-well plates in
100 μL aliquots, and the plates were incubated for a further 72
hours. MTT (20 μL, 5 mg/mL in Dulbecco's phosphate buffered
saline) was added to the cells, and the plates were incubated for a
further 4 h. The culture medium was aspirated and the purple for-
mazan crystals, formed by the mitochondrial dehydrogenase activ-
ity of vital cells, were dissolved in DMSO (100 μL/well). The absorb-
ance of the resulting solutions, directly proportional to the number
of surviving cells, was quantified at 590 nm using a SpectroMax
M5e multimode microplate reader (using SoftMax Pro software, ver-
sion 6.2.2). The percentage of surviving cells was calculated from
the absorbance of wells corresponding to the untreated control
cells. The reported IC50 values are based on the means from two
independent experiments, each comprising four tests per concen-
tration level.

B) K562 (chronic myelogenous leukaemia), COLO 205, SW620 (hu-
man colorectal adenocarcinoma) and HCT 116 (human colorectal
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carcinoma) cell lines were purchased from American Type Culture
Collection (Manassas, VA USA). The cell lines were cultured in stan-
dard cell culture conditions (37 °C, 5 % CO2, 95 % relative humidity)
in high-glucose Dulbecco's Modified Eagle Medium (DMEM) buff-
ered with HEPES and/or RPMI 1640 medium, supplemented with
Glutamax-I and 10 % v/v foetal bovine serum (Thermo Fisher Scien-
tific Inc., Waltham, MA USA). Care was taken to avoid cross-contami-
nation between the cell lines. The cells were tested every 3 months
for Mycoplasma contamination with a MycoProbe® Mycoplasma De-
tection Kit by R&D (Minneapolis, MN USA).

Cell viability was determined by a modified MTT reduction assay.[69]

Cells suspended in 100 μL of a complete medium were seeded on
96-well plates at a density of 104/well. The cells were allowed to
attach for about 24 hours and then the investigated substance was
added at the desired concentration in the range between 3 nM and
30 μM. Stock solutions were prepared in DMSO and the solvent
concentration was maintained constant in all wells, including the
controls. The final DMSO concentration did not exceed 0.1 % v/v
and was determined to be non-toxic to the cells. After 70 hours of
incubation, MTT was added to the medium to a final concentration
of 1.1 mM. After additional 2 hours, the medium was removed and
the formazan crystals were dissolved in 100 μL of DMSO. The ab-
sorbance was measured at 580 nm analytic wavelength and 720 nm
reference wavelength in EnVision 2104 microplate reader (Perkin
Elmer, Waltham, MA USA). The results were turned into percentage
of controls and the IC50 values for each cell line and substance were
calculated with the GraphPad Prism 5.02 software (GraphPad Inc.)
using a four-parameter nonlinear logistic regression.

6. Cell Lysate Preparation and Protein Content Determination

Following aspiration of the culture medium, cells were washed with
ice-cold phosphate-buffered saline (PBS) and then scraped off the
flask surface and suspended in 1 mL of PBS. Then, the cells were
transferred to 15-mL tubes and centrifuged (100 × g, 10 min, 4°C).
Supernatant was aspirated and cells were washed in PBS again.
Finally, the cells were suspended in 0.1 % SDS solution enriched
with Halt™ Protease Inhibitor Cocktail (Thermo Fisher Scientific Inc.,
Waltham, MA USA) and kept in –20°C overnight. Protein content
was determined by a modified Lowry assay[70] (original tartrate re-
placed by citrate) using bovine serum albumin as a protein stan-
dard. Absorbance was measured at 750 nm in EnVision 2104 micro-
plate reader (Perkin Elmer, Waltham, MA USA). Sample protein con-
tent was calculated from the standard curve.

7. SDS-PAGE and Western Blotting

The cell lysate samples (20 μg of protein) were subjected to SDS-
polyacrylamide gel electrophoresis in gradient gels according to
Laemmli.[71] Tris/glycine/SDS running buffer was used. Electro-
phoresis was performed at 140 V until adequate separation of the
molecular weight markers was achieved. Then, the proteins were
transferred onto Trans-Blot Turbo Mini Format polyvinylidene diflu-
oride (PVDF) membrane using a semi-dry transfer system (Bio-Rad,
Richmond, CA USA). Anti-SMVT antibody was used at a dilution of
1:400, anti-�-actin antibody was used at a dilution of 1:2,000. Pro-
teins of interest were identified using horseradish peroxidase-
labelled anti-mouse antibody at a dilution 1:2,000 for both primary
antibodies. The blots were then developed by an enhanced chemi-
luminescence detection system. The relative intensity of the bands
was quantified by scanning densitometry analysis using the NIH
Image application of Uvitec Cambridge Alliance© HD4 Mini imaging
system (Cleaver Scientific Ltd, Rugby, Warwickshire, UK).

Supporting Information (see footnote on the first page of this
article): Spectroscopic data and IR, NMR and UV/Vis spectra of com-
pounds; details of stability studies.
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