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Self-Assembled Monolayers on Gold for the Fabrication

of Radioactive Stents

By Kjeld J. C. van Bommel, Arianna Friggeri, Dorine Mateman, Frank A. J. Geurts,
Kees G. C. van Leerdam, Willem Verboom, Frank C. J. M. van Veggel, and David N. Reinhoudt*

An innovative and easily applicable method for the fabrication of radioactive stents, to be used for the treatment of restenosis,
is presented. By incorporating the B-emitting radioisotopes '*Re, '®Re, Y, or *’P into sulfur-containing adsorbates, it becomes
possible to cover a gold surface with a radioactive self-assembled monolayer (SAM). Two methods have been investigated. In
the first, SAMs consisting of potentially radioactive rhenium-, yttrium-, and phosphorus-containing adsorbates have been as-
sembled on 2D gold substrates, after which they have been studied by wettability measurements, electrochemistry, and X-ray
photoelectron spectroscopy (XPS). The stability of these SAMs under simulated physiological conditions (phosphate buffered
saline, PBS solution) for periods up to two months has been demonstrated. Alternatively, potentially radioactive monolayers
have been prepared by exposure of SAMs of mono-, bi-, and tridentate ligands to a solution containing a radiometal (rhenium)
in order to bind the metal to the monolayer. The polydentate ligands exhibit excellent binding capacity, leading to SAMs con-
taining over 10™'® mol/cm? of the radiometal, which is more than sufficient to make this system viable for the delivery of thera-

peutical dosages of radiation.

1. Introduction

Balloon angioplasty[l’z] is a non-surgical method used for
clearing arteries blocked by the deposition of lipids: the cause
of atherosclerosis.’! The procedure involves the introduction of
a catheter with a small inflatable tip into the concerned artery.
The balloon is then inflated to widen the artery by flattening
the lipid deposit, subsequently deflated, and removed.”! In
spite of this effective treatment, restenosis (i.e., re-narrowing)
of the arteries recurs within six months in up to 60 % of those
treated.>®! Given the magnitude of the problem, a large num-
ber of therapeutic approaches have been tried to modify the
restenosis process.m One of the methods currently employed
for the prevention of restenosis makes use of small, metallic
mesh tubes (i.e., stents).”! A stent is introduced into the con-
cerned artery by placing it around the balloon-like tip of the
catheter. After the balloon is deflated, the stent remains in
place in the artery as a permanent implant, providing support
and preventing arterial remodeling. However, due to growth of
the internal artery wall, reclusion continues to occur. This prob-
lem can be solved by making the stent radioactive, as radiation
can stop cell division (one of the causes of restenosis).!*! Experi-
mental studies”’ have shown that radioactive stents can effec-
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tively prevent restenosis, and different methods of producing
radioactive stents are currently being employed.'” The main
disadvantage of these fabrication methods, however, is that
they generally make use of irradiation with neutrons or protons.
This will nearly always result in stents containing a mixture of
radioisotopes with (large) differences in half-life, the type of
emission (e.g., f, v) and the energy of the emitted particle, mak-
ing it difficult to obtain stents with the desired dosimetry.
Furthermore, the mixture of isotopes present in the stents will
complicate the assignment of the observed therapeutic effect to
a specific isotope. The fact that all these methods require the
use of a nuclear reactor, cyclotron, or at least a mass separator,
may also make routine hospital use of radioactive stents, pro-
duced via these methods, either unpractical or too costly.'!]

Here, an innovative and easily applicable method for the fab-
rication of radioactive stents, involving self-assembled mono-
layers (SAMs) of sulfur-containing adsorbates on gold sur-
faces, 12 is presented.[16] By incorporating the radioisotopes
186Re, Re, Y, or *?P (all pure, or nearly pure, B-emitters)
into the structure of the adsorbates, it becomes possible to cov-
er a gold surface with a radioactive monolayer.'”! Two methods
have been investigated. In the first, SAMs consisting of poten-
tially radioactive rhenium-, yttrium-, and phosphorus-contain-
ing adsorbates have been assembled on 2D gold substrates,
after which they have been studied by wettability measure-
ments (Table 1), electrochemistry (Table 1), and X-ray photo-
electron spectroscopy (XPS). Moreover, the in vitro stability of
these SAMs under simulated physiological conditions (phos-
phate buffered saline [PBS] solution) has been investigated.
Alternatively, potentially radioactive monolayers have been
prepared by exposure of SAMs of mono-, bi-, and tridentate
ligands to a solution containing a radiometal (rhenium) in
order to bind the radiometal to the monolayer.
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Table 1. Advancing CAs (0,), hysteresis (Af), electrochemical capacitance
(Cm), and charge transfer resistance (Rcr) of SAMs of adsorbates 1 to 8.

Adsorbate I3 Af CmL Rer
[°) [ [WFem?][a]  [kQ][b]

1 68+3 19 11.28 15.0
2 68+3 27 9.31 80.7
3 62+1 23 8.65 36.2
4 96 +3 17 2.70 5.5

5 58+1 46 9.79 2.0

6 86+3 21 4.85 <1.0
6+Re 803 41 —[d] —{d]
7 90+ 1 32 8.25 20.7
7+ Re 78+3 49 ~{d} —[d]
8 51+2 35 10.26 <0.1
8+Re <20 —[¢] —[d] —[d]

[a] All capacitance values are the average of three measurements on three indi-
vidual layers. The error on the values is within 10 %. [b] Error: £15 %. [c] No
hysteresis was determined due to the low CAs. [d] Not determined due to the
interfering presence of the rhenium in the layer.

Alkanethiol monolayers on gold are known to contain about
10" molecules per cm?"™¥ which is more than sufficient to
make them suitable for the delivery of therapeutical dosages of
radiation, which are in the range of 0.05 to 3.0 uCi for p-parti-
cle emitting stents.>! This corresponds to ca. 10°-10"! atoms of

186Re, ¥R, or Y, and ca. 10°-10" atoms of *P.1)

2. Results and Discussion

In the first approach to obtain SAMs of [-emitters on gold,
the adsorbates, containing both the sulfur moiety as well as the
(potential) radioisotope are synthesized and subsequently
adsorbed to the gold. This method holds several advantages
over currently used methods for the fabrication of radioactive
stents. Firstly, the knowledge about the synthesis of radiophar-
maceuticals can be exploited to synthesize a variety of sulfur-
containing adsorbates that may subsequently be used for the
formation of radioactive SAMs. Secondly, the actual fabrica-
tion of the radioactive stent would only require formation of
the radioactive compound (presently already carried out in the
hospital) followed by exposure of the stent to a solution of this
compound. Three potential radioisotopes (Re, Y, and P) have
been incorporated (Scheme 1) into adsorbates that can be used
to form SAMs on gold (compounds 1-5 in Fig. 1).?”! Whereas
normally the presence of well-defined, densely packed mono-
layers is desired, in this case the only requirement is the forma-
tion of SAMs that are stable under physiological conditions.
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Scheme 1. Synthesis of the phosphorus adsorbates 1, 2, and 3.
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Fig. 1. Structures of the adsorbates 1-8.

Contact angle (CA) measurements of SAMs of the rhenium-
based adsorbate 4 (Scheme 2) showed that these layers are
quite hydrophobic (6, = 96 £ 3°) and well-ordered (A6 = 17°).
The capacitance of these SAMs (Cyyr = 2.70 uF cm™) is higher
than expected,m] suggesting that rather than adsorbing perpen-
dicularly to the gold surface, the molecules are adsorbed in a
tilted fashion, resulting in a lower layer thickness. The low
resistance (Rcr = 5.5 kQ) is indicative of the presence of many
small defects in the monolayer. Cyclic voltammetry measure-
ments performed on SAMs of 4 in the potential range —0.8 to
+0.4 Vpse (MSE = mercury sulfate electrode, +0.61 V vs.
normal hydrogen electrode (NHE)). In this range monolayers
of sulfur-containing compounds are known to be electrochemi-
cally stable” and the voltammograms did not show the pres-
ence of redox processes.”) XPS spectra of a SAM of adsorbate
4 show the presence of all the elements in the molecule
(Table 2). The observed discrepancy in the oxygen percentage
might be due to the presence of water, either physisorbed to
the layer or coordinated to the rhenium.?"! The intensity of the
Re(4f) signals is very low, which can be attributed to the low
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Scheme 2. Synthesis of the rhenium adsorbate 4.
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Table 2. XPS data of rhenium adsorbate 4. Values are percentages corrected for Au.

S C (o] N Re
Experimental (layer, t = 0) 5.6 79.0 1.0 39 <1.0[a]
Experimental (layer, t = 1 month) 54 81.0 83 53 < 1.0 [a]
Calculated 7.9 78.9 5.3 5.3 2.6
Calculated -1 HO 7.7 76.9 7.7 5.1 2.5
Experimental (bulk) [b] 4.7 87.6 3.6 34 0.7

[a] Due to the signal to noise ratio no accurate value could be determined. [b] All
signals in the bulk XPS spectra of 4 have been corrected for sample charging (5 eV).

atomic sensitivity factor of Re.™! To ascertain the presence of
the rhenium, XPS was also carried out on a bulk sample of 4
and it clearly showed the presence of the metal (Table 2 and
Fig. 2).”%) Since NS, rhenium complexes like 4 are very
stable,”””! it is unlikely that 4 would decompose upon coordina-
tion to the gold. Furthermore, such a decomposition would
result in large differences in the nitrogen and sulfur percentages
in the XPS spectra, which do not occur. Therefore, it can be con-
cluded that adsorbate 4 remains intact upon SAM formation.

4,
Oxygen Sutfur 21 Rhenium "
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Fig. 2. XPS spectra of the Re(4f), O(1s), and S(2p) signals in bulk [26] and mono-
layer samples of adsorbate 4. Line b shows the S(2p) monolayer signal. The
deconvoluted S(2p) signal from the monolayer spectrum (line c) shows two sets
of two peaks each for S-Au, at 161.9 eV (continuous line), and S-Re, at 162.7 eV
(dotted line). The sum of these is depicted by line a.

After exposure of SAMs of 4 to a PBS solution at 37 °C for
a period of one month, wettability studies showed that the
layers had become slightly less hydrophobic (6, = 87 + 2°)
and somewhat more disordered (Af = 33°). Minor changes
were observed in the values for the electrochemical capaci-
tance (3.60 vs. 2.70 uFem™) and charge transfer resistance
(7.1 vs. 5.5 kQ). These relatively small changes, combined
with the fact that XPS measurements of the SAMs of 4, after
exposure to the PBS solution for one month, showed that the
atomic percentages remained virtually unchanged (Table 2),
prove the in vitro stability of the SAMs of adsorbate 4 and
hence the potential of this method for the fabrication of stents
coated with radioactive monolayers. Similar experiments,
using the Y-containing adsorbate 5 (Scheme 3), clearly dem-
onstrated the need for a kinetically stable complex in the
SAM. After a one-month exposure of SAMs of 5§ to a PBS
solution at 37 °C, XPS measurements showed that all Y>* had
been replaced by Na* (present in a large excess in the PBS
solution).
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Scheme 3. Synthesis of the yttrium adsorbate 5.
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Using the P-containing adsorbates 1 to 3, it was demonstrat-
ed that SAMs of adsorbates 1 and 2, both containing amide
bonds in the linker connecting P to S, displayed excellent sta-
bility for periods up to two months. However, adsorbate 3, con-
taining an ester bond in the linker, displayed poor stability.
Whether this difference is caused by the formation of stabiliz-
ing intermolecular hydrogen bonds in SAMs of 1 and 2, or sim-
ply by the higher chemical stability of the amide over the ester
bond is unclear. Nevertheless, the in vitro stability of SAMs of
adsorbates 1 and 2 shows that this method for the fabrication
of radioactive stents is not limited to the use of radiometals,
but may also involve non-metallic radioisotopes, which can be
attached covalently to an adsorbate.

In the second approach to obtain (potentially) radioactive
monolayers, SAMs have been prepared of molecules that, after
coordination to the gold surface, are still able to bind a radio-
isotope (compounds 6-8 in Fig. 1). Similar to the first approach,
this method would hold several advantages over currently used
procedures for the fabrication of radioactive stents. Besides the
previously mentioned advantage of not requiring the proximity
of a nuclear reactor, cyclotron, or mass separator, this approach
would furthermore considerably simplify and shorten the prep-
aration procedure carried out by the hospital staff. Stents, coat-
ed in gold and equipped with a SAM, may be prepared outside
the operating room or even hospital, long before the stent-
placement procedure. The labeling procedure would be limited
to an exposure of the stent to a solution of the radioisotope,
after which the now labeled stent would be ready for implanta-
tion. To explore the possibilities of this approach, SAMs of
mono-, bi-, and tridentate ligands 6-8 were used. After charac-
terization, these monolayers were exposed to a rhenium gluco-
nate solution® for a period of 3 h, rinsed, and characterized
again in order to determine their capability to bind rhenium.

CA measurements revealed that SAMs of the NS-adsorbate
7 (Scheme 4) possess hydrophobic surfaces (6, = 90 + 1°) and
are quite disordered (A6 = 32°). The electrochemical quality of
the layer was poor, as demonstrated by the rather low resis-
tance (Rcr = 20.7kQ) and high capacitance (Cyvr =
8.25 uFcem™), indicating the presence of relatively thin layers
with many defects. XPS data (Table 3) generally show a good
agreement between calculated and observed atomic percen-
tages. The relatively high oxygen percentage (before labeling)
might be due to the presence of water in the monolayer, owing
to the hygroscopic character of 7.

In contrast to what was observed for SAMs of 1,9-nonane-
dithiol (6),%! adsorbate 7, which also contains two thiol moi-
eties, preferentially binds to gold with only one of its thiol moi-
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Scheme 4. Synthesis of the bidentate adsorbate 7.

Table 3. XPS data of adsorbate 7. Values are percentages corrected for Au.

C(1s) N(is) O(ls) S(2p) Re(4f)
[%] [%] [%] (%) (%]
Calc./Exp Calc./Exp. Calc./Exp. Calc./Exp. Calc./Exp.
7 72.7/68.1 9.1/8.0 9.1/17.3 9.1/6.6 —[a]
7+ Y% ReO 69.6/70.2 8.7/8.0 10.9/15.7 87/4.8 22702
7+ % Re0 2 H,0 68.1/70.2 8.5/8.0 12.8/15.7 8.5/4.8 21/02

[a] Does not contain rhenium.

eties. XPS spectra, after deconvolution of the sulfur signal,
show that nearly equal amounts of bound sulfur and unbound
sulfur could be found in SAMs of 7.°% This particular orienta-
tion of the adsorbate molecules might be aided by the amide—
amide interactions that are known to help in the lateral stabili-
zation of monolayer structures.*!)

After having been exposed to a basic solution of rhenium
gluconate for a period of 3 h, the layers of adsorbate 7 were
characterized again. CA measurements showed that the sur-
face had become more hydrophilic (6, = 78 + 3°), when com-
pared to the original layer of 7, and an increase in hysteresis
(A6 = 49°) indicates an increased disorder. Before exposure to
a rhenium gluconate solution, featureless cyclic voltammetry
spectra were obtained. However, after exposure to the rhenium
gluconate solution for 3 h, cyclic voltammetry measurements
showed the presence of an oxidation peak at —0.14 Vygg, indi-
cating the presence of the rhenium in the layer (Fig. 3). The
absence of the corresponding reduction peak indicates that the
oxidative process is irreversible. Furthermore, the oxidation
peak disappeared almost completely after repetitive scanning
(20-30 scans at a scan rate of 0.1 V/s), indicative of the pres-
ence of a surface confined electrochemically active species.
Similar electrochemical behavior has been observed for many

20
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-0.6 -0.4 -0.2 0 0.2 0.4
E[Vise]

Fig. 3. Cyclic voltammogram of a monolayer of adsorbate 7 after immersion in
Re"—glu solution for 3 h. Only one oxidation peak at -0.14 Vg is present, but
it disappears producing a featureless spectrum after 20-30 scans. Scan rate:
0.1 V/s. Electrolyte: 0.1 M K,SOy,.

Re" complexes in solution by Bottomley et al.P? and by Chio-
tellis et al.** The disappearance of the oxidation peak is attrib-
uted to the oxidation of Re" followed by a chemical reaction,
which gives rise to species that are either unstable or redox in-
active within the applied potential window. By determining the
area underneath the oxidation peak in the cyclic voltammo-
gram, the total number of redox active atoms (= Re-atoms) per
cm® was calculated. The values obtained were 5.0 x 107
(assuming a one-electron process)[34] and 2.5 x 107° mol/cm?
(assuming a two-electron process),ml and are in good agree-
ment with monolayer coverages in the range of 10° mol/cm?
as reported in the literature."! XPS measurements performed
after labeling, provided additional evidence for the presence of
the rhenium in the SAM, as can be concluded from the data
shown in Table 3. Since in solution thiol-amide bidentate lig-
ands usually coordinate in a bisbidentate fashion,* atomic per-
centages have been calculated for 7 + 1/2ReO and 7 + 1/2ReO
+ 1/2H,0 (i.e., again assuming the presence of water in the
SAM),* the latter showing only a slightly better agreement
with the experimental values. The characterization data pre-
sented here, clearly proves that SAMs of the bidentate NS
adsorbate 7 are capable of binding rhenium and can thus lead
to the formation of radioactive SAMs. Similar results were
obtained using the tridentate adsorbate 8 (Scheme 5),¢
clearly proving the potential of this method for the fabrication
of radioactive stents. The superior metal binding capacity of
SAMs of polydentate ligands over monodentate ligands was
proven by performing labeling experiments using SAMs of the
monodentate ligand 1,9-nonanedithiol (6), which resulted in
the binding of only very low amounts of rhenium.

OH
Es
o OH s \
oﬁ:\f [S [o [So oSj
€50 + [ — o + o=§ izo
s
2ts EOH A5 ® s—5 (20)

Scheme 5. Synthesis of the tridentate adsorbate 8.

3. Conclusions

In conclusion, it is clear that both approaches presented here
can lead to the formation of (potentially) radioactive SAMs,
thus bringing the facile fabrication of radioactive stents for the
treatment of restenosis within reach. Prolonged in vitro stabil-
ity of the SAMs in PBS solution has been proven; however, the
effects of human blood with its variety of proteins and cells on
these monolayers remain to be investigated. Future research
will be aimed at the integration of polyethylene glycol (PEG)
units into the radioactive SAMs in order to prevent protein
and cell binding,’’"! as well as the expansion of the range of
radioisotopes that can be utilized.
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4. Experimental

General: Nuclear magnetic resonance (NMR) spectra were recorded on a Varian
Inova NMR spectrometer operating at 300, 121.4, and 75.5 MHz for 'H,3'P, and °C,
respectively. All spectra were recorded in CDCl; unless otherwise stated. Residual
solvent protons were used as internal standard and chemical shifts are given in ppm
relative to tetramethylsilane (TMS). Fast atom bombardment (FAB) mass spectra
were measured on a Finnigan MAT 90 spectrometer using m-nitrobenzyl alcohol
(NBA) as a matrix. All solvents were purified by standard procedures. All other
chemicals were analytically pure and were used without further purification. All
reactions were carried out under an inert argon atmosphere. The presence of solvent
in the analytical samples was confirmed by '"H NMR spectroscopy. Melting points
(uncorrected) of all compounds were obtained on a Reichert melting point appara-
tus. The name calix[4]arene is used instead of the official CA name: pentacy-
clo[19.3.1.137.1%B 1P octacosa-1(25),3,5,7(28),9,11,13(27),15,17,19(26),21,23-dode-
caene-25,26,27,28-tetrol. Compound 6 was purchased from Aldrich. Compounds 9
[41], 14 [42], and 15 [43] were synthesized according to literature procedures. Com-
pound 10 was a generous gift from Dr. S. Flink, University of Twente.

Gold Substrates: Gold substrates were prepared on glass slides (25 mm in di-
ameter) by evaporation of an adhesion layer of chromium (2 nm) followed by
evaporation of gold (200 nm). Immediately before use, the substrate was cleaned
with an oxygen plasma (10 min) and subsequently rinsed with copious amounts
of ethanol [44].

Monolayer Preparation: All glassware used to prepare monolayers was im-
mersed in piraia solution. Warning: pirafia solution should be handled with cau-
tion; it has been reported to detonate unexpectedly [45]. Next, the glassware was
rinsed with large amounts of high-purity water (Millipore). Monolayers of com-
pounds 1 and 6 were prepared by immersing freshly cleaned gold substrates in
the respective 1 mM ethanolic solutions for 16 h. Monolayers of 2, 3, 4, 7, and 8
were prepared by immersing freshly cleaned gold substrates in the respective
1 mM dichloromethane solutions for 16 h. Monolayers of 5 were prepared by im-
mersing freshly cleaned gold substrates in a 0.05 mM dimethylformamide
(DMF) (5 mL)/dimethyl sulfoxide (DMSO) (5 mL) solution for 16 h. All layers
were subsequently rinsed thoroughly with dichloromethane, ethanol, and water
(Millipore). Layers of 5 were also rinsed with DMF and DMSO. For the in-situ
Re complex-formation experiments, SAMs of 6 and 7 were immersed in a 0.1 N
NaOH solution (20 mL) for 30 min, which had previously been deoxygenated by
bubbling N, through it for 30 min. 1 mL of Re-gluconate complex solution,
[ReO(gluc),]”, was then added to the NaOH solution, and the layers were left
standing for 3 h, after which they were taken out and rinsed extensively with
0.1 N NaOH, water (Millipore), ethanol, and dichloromethane. SAMs of 8 were
immersed in 20 mL of water (Millipore) to which 1 mL of Re-gluconate complex
had been added for 3 h, and subsequently rinsed with water, ethanol, and dichlo-
romethane.

Instrumentation: CA measurements were carried out on a KRUSS CA measur-
ing system G10. Measurements for a drop of water whose volume was gradually
increased (advancing CA) and then decreased (receding CA) were repeated on
three sites of the same sample. For each adsorbate, four samples were measured
for a total of 12 drops, of which the average values are reported. XPS was per-
formed on a VG Escalab 220i-XL with monochromatic Al Ka X-ray source. Elec-
trochemical measurements were performed with an AUTOLAB PGSTAT10, in a
home-made electrochemical cell equipped with a platinum counter electrode, a
mercury sulfate reference electrode (+0.61 Vngg), and a screw cap to position the
gold electrode (area exposed to electrolyte: 0.44 cm?). For capacitance measure-
ments, the cell was filled with 50 mL of a 0.1 M K,SO, electrolyte solution. Nitro-
gen was bubbled through the cell for at least 5 min before each measurement. Cy-
clic voltammograms were recorded between —0.3 and —0.1 mV at scan rates of 0.1,
0.2, and 0.5 V/s, and the capacitance was calculated from the voltammograms
recorded at 0.2 V/s,at—0.2 Vysg. The values reported are the average of measure-
ments on three separate samples. Heterogeneous electron transfer (HET) and im-
pedance measurements were carried out in the presence of 50 mL of 0.1 M
K,SO04, 1 mM K;[Fe(CN)g], and 1 mM Ky[Fe(CN)q¢] electrolyte solution. HET
cyclic voltammograms were recorded between 0.4 and —0.5 mVysg with a scan
rate of 0.1 V/s. Resistance values were obtained by analyzing the impedance spec-
tra measured at —0.2 mV, between 0.1 Hz and 10 kHz, with the equivalent circuit
method of Boukamp [46-48]. The system can be described by a circuit consisting
of a parallel resistance (Rcr) and capacitance (Cyr), in series with a second resis-
tance (Rgr). Where Rgy is the resistance of the electrolyte, Rcris the resistance of
the monolayer and Cyyy_ is the capacitance of the monolayer [49,50].

Stability Studies: Freshly prepared SAMs on gold of compounds 1-5 were im-
mersed in 50 mL of PBS solution (1 M K,HPO,, 1 M KH,PO,4, 5 M NaCl in
7.6:42.4:30 mL ratio, respectively, diluted to 1 L) and placed in a thermostat at
37°C for 0.5, 1, 24, 48, 120 h, 1 month, and 2 months in the case of SAMs of 1,
and for 1 month for SAMs of 2-5. Subsequently, they were removed from the
PBS solution, rinsed extensively with water (Millipore), and characterized by
wettability measurements with water, cyclic voltammetry, impedance spectrosco-
py, and XPS.

Bis(diethylphosphonate)disulfide  (1): HOBT  (1-hydroxybenzotriazole)
(0.28 g, 2.10 mmol) and EDC (N-ethyl-N’-(3-dimethylaminopropyl) carbodi-
imide hydrochloride) (0.40 g, 2.10 mmol) were added to a cooled (0 °C) solution
of diethylphosphonoacetic acid (0.41 g,2.10 mmol) in DMF (5 mL). The solution
was stirred for 1 h at 0°C, followed by 1 h at room temperature (RT). To the
mixture was added dropwise a solution of cystamine-2HCI (0.23 g, 1.00 mmol)
and N-ethylmorpholine (0.1 mL) in a mixture of DMF (50 mL) and tetrahydro-
furan (THF) (15 mL). After the mixture was stirred at RT for 24 h, 1 N HCl
(250 mL) was added, whereupon it was extracted with CH,Cl, (4 x 100 mL). The
combined organic layers were washed with 1 N HCI (5 x 250 mL), water
(250 mL), and brine (250 mL), after which they were dried with MgSO,. Re-
moval of the solvent in vacuo gave a yellow oil, which was purified using p-TLC
(preparative thin layer chromatography) (SiO,, 2 mm, CH,Cl,/MeOH = 98:2) to
give 1 as a light yellow oil. Yield: 18 % [51]. "H NMR (CDCls): 6 7.45 (t, 2H, J =
5.5 Hz, NH), 4.10 (m, 8H, OCHy,), 3.52 (m, 4H, CH,N), 2.85 (d, 4H, J = 20.9 Hz,
CH,P), 2.77 (t, 4H, J = 6.2 Hz, CH,S), 1.29 (t, 12H, J = 7.2 Hz, CH3). *C NMR
(CDCl3): 6 164.4, 62.6, 38.6, 37.3, 35.8, 34.1, 16.4. *'P NMR: ¢ 22.40. Fast atom
bombardment mass spectrometry (FABMS) m/z 509.7 [M + HJ', caled. for
(C16H34N,04P5S;) 508.1.

Bis(diethylphosphonamide)disulfide (2): A solution of 9 (0.82 g, 4.75 mmol)
in THF (5 mL) was added dropwise to a cooled (0°C) suspension of cyste-
amine-2HCI (0.51 g, 2.26 mmol) and Et;N (1.0 g, 10.0 mmol) in THF (10 mL).
After the addition was complete, the mixture was allowed to come to RT and stir-
ring was continued overnight, after which the mixture was filtered to remove
unreacted cystamine. The filtrate was evaporated to dryness and subsequently
purified by flash column chromatography (SiO,, EtOAc slowly increasing to
EtOAc/MeOH = 9:1) to give 2 as a colorless solid. Yield: 52 %; melting point
(m.p.) 53-55°C. '"H NMR (CD;0D): ¢ 4.05 (m, 8H, OCH,CH3), 3.22 (m, 4H,
CH,N), 2.97 (t, 4H, J = 6.6 Hz, SCH,), 1.32 (t, 12H, J = 6.9 Hz, CH3). *C NMR
(CDsOD): ¢ 65.8, 65.7, 43.5, 42.8, 42.7, 18.6, 18.5. *'P NMR (CD;0D): 6 60.2.
FABMS m/z 425.1 [M + H]*, 447.0 [M + Na]". Anal. calcd. for C;,H30N,O¢P,S;:
C, 33.96; H, 7.12; N, 6.60; S, 15.11; P, 14.59. Found: C, 33.96; H, 6.90; N, 6.65; S,
15.13; P, 14.50.

Bis(diethylphosphate Ester)disulfide (3): A solution of 9 (1.20 g, 6.69 mmol) in
THF (5 mL) was added dropwise to a cooled (0 °C) solution of 2-hydroxyethyl di-
sulfide (0.45 g, 2.92 mmol) and Et;N (0.72 g, 7.1 mmol) in THF (10 mL). After
the addition was complete, the mixture was allowed to come to RT and stirring
was continued overnight, after which it was evaporated to dryness. The residue
was dissolved in CH,Cl, (50 mL), washed with 1 N HCI (3 x 25 mL), water
(50 mL), and brine (25 mL) after which it was dried with MgSO,. The crude prod-
uct was purified by flash column chromatography (SiO,, EtOAc) to give 3 as a
colorless oil. Yield: 22 %. "H NMR (CDCls): § 4.28 (m, 4H, SCH,CH,0), 4.13 (m,
8H, OCH,CH3),2.97 (t,4H,J = 6.6 Hz, SCH,), 1.35 (t, 14H, J = 6.2 Hz, CH3). °C
NMR (CDCly): 6 64.5, 64.4, 63.5, 63.4, 38.0, 37.9, 15.6, 15.5. *'P NMR: ¢ 49.2.
FABMS m/z 427.0 [M + H]", 449.0 [M + Na]", calcd. for (C;,H,505P,S,) 426.1.

11-(Chloroacetamido)dodecyldecylsulfide (11): A solution of chloroacetyl
chloride (0.12 g, 1.10 mmol) in CH,Cl, (20 mL) was added dropwise to a cooled
(0°C) solution of aminosulfide 10 (0.36 g, 1.00 mmol) and Et;N (0.11 g,
1.10 mmol) in a mixture of CH,Cl, (30 mL) and THF (20 mL). The solution was
allowed to reach RT and was stirred overnight, after which CH,Cl, (100 mL) and
1 N HCI (100 mL) were added. The organic phase was washed with 1 N HCI
(100 mL), water (100 mL), and brine (100 mL). After drying the solution with
MgSOy,, the solvent was evaporated in vacuo to give 11 as a colorless oil in quan-
titative yield. 'TH NMR: 9 6.56 (bs, 1H, NH), 4.05 (s, 2H, CH,Cl), 3.30 (m, 2H,
CHLN), 2.50 (t, 4H, J = 7.3 Hz, CH,S), 1.60 (m, 6H, CH,CH,S and CH,CH,N),
1.6-1.25 (m, 30H, CH,), 0.88 (t, 3H, J = 6.8 Hz, CH3). *C NMR: 6 165.7, 42.7,
39.9,32.2,31.9,29.7,29.5,29.3,29.3,29.2, 289, 26.8, 22.7, 14.1. FABMS m/z 434.3
[M + HJ*, caled. for C,4H49CINOS: 434.3.

11-(Acetylthioacetamido)dodecyldecylsulfide (12): A solution of 11 (0.38 g,
0.86 mmol) in DMF (10 mL) was added dropwise to a solution of potassium
thioacetate (0.11 g, 0.95 mmol) in DMF (15 mL) in a darkened round bottom
flask. The reaction mixture was stirred overnight at RT, after which it was dis-
solved in CH,Cl, (200 mL). The resulting solution was washed with 0.5 N HCl
(3 x 50 mL), brine (50 mL) and dried with MgSO,. The solvent was evaporated
under reduced pressure, giving a light yellow oil. Trace amounts of DMF were
removed by repeated azeotropic evaporation with toluene, to give pure 12. Yield:
95 %. 'H NMR: ¢ 6.21 (bs, 1H, NH), 3.51 (s, 2H, CH,SAc), 3.19 (m, 2H, CH,N),
2.48 (t,4H, J = 7.3 Hz, CH,S), 2.39 (s, 3H, C(O)CH3;), 1.6-1.2 (m, 36H, CH,),
0.87 (t, 3H, J = 6.8 Hz, CH3). *C NMR: ¢ 195.8, 168.0, 39.8, 33.0, 32.1, 31.8, 30.2,
29.7,29.5,29.2,29.2,28.9, 26.7, 22.6, 14.0. FABMS m/z 474.4 [M + H]*, calcd. for
Cy6Hs5:NO,S,: 474.3.

11-(Mercaptoacetamido)dodecyldecylsulfide (13): An aqueous solution of
K>CO; (0.5 gin 20 mL of water) was added to a nitrogen-saturated solution of 12
(100 mg, 0.21 mmol) in methanol (40 mL). After the addition of THF (30 mL) for
solubility reasons, the solution was refluxed for 30 min. After the solution had
cooled to RT, 2 N HCl solution (50 mL) was added. The water layer was extracted
with CH,Cl, (3 x 50 mL), after which the combined extracts were washed with
water (100 mL) and brine (100 mL) and dried with MgSO,. The solvent was evap-
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orated under reduced pressure to give 13 as a light yellow oil in 95 % yield. 'H
NMR: 0 6.65 (s, 1H, NH), 3.19 (m, 2H, CH,N), 3.17 (d, 2H, J = 9.1 Hz, CH,SH),
243 (t, 4H, J = 7.3 Hz, CH,S), 1.80 (t, 1H, J = 9.1 Hz, SH), 1.6-1.4 (m, 6H,
CH,CH,S and CH>CH,N), 1.4-1.1 (m, 30H, CH,), 0.81 (t, 3H, J = 6.7 Hz, CH3).
The crude reaction product was used directly and without further purification.

Mixed Ligand Bis(bidentate) Rhenium Complex (4): i) Synthesized in organic
solvent: A solution of 13 (0.26 g, 0.60 mmol) and 14 (0.08 g, 0.60 mmol) ina 1 N
NaOH solution in MeOH (40 mL) was refluxed for 30 min. ReO(PPh;),Cl3
(0.50 g, 0.60 mmol) was added, together with THF (20 mL) for solubility reasons,
and refluxing was continued for another 3 h. The purple solution was evaporated
to dryness, after which the remaining solid was partitioned between CH,Cl,
(200 mL) and 1 N HCI (200 mL). The organic layer was washed with 1 N HCI
solution (200 mL), water (200 mL), and brine (200 mL) and subsequently dried
with MgSO,. The solvent was evaporated under reduced pressure, giving a purple
oil, which was purified by flash column chromatography (SiO,, CH,Cl,/MeOH =
99:1) to give 4 as a purple oil. Yield: 43 %. 'H NMR (CDCls): 6 9.67 (d, 1H,
J =65 Hz, PyrH), 8.13 (m, 1H, PyrH), 8.02 (d, 1H, J = 8.1 Hz, PyrH), 7.63 (m,
1H, PyrH), 530 and 421 (ABq, 2 x 1H, J = 19.4 Hz, PyrCH,S), 5.27 and 4.03
(2x m, 2 x 1H, CH;,N), 4.06 and 3.76 (ABq, 2 x 1H, J = 17.6 Hz, C(O)CH,S),
2.50 (t, 4H, J = 6.9 Hz, CH,S), 1.8-1.5 (m, 6H, CH,CH,S and CH,CH,N), 1.5~
1.2 (m, 30H, CH,), 0.88 (t, 3H, J = 6.9 Hz, CH3). ®C NMR (CDCls): ¢ 195.3,
155.7, 141.7, 124.5, 121.8, 58.8, 57.7, 53.3, 39.2, 32.2, 31.8, 30.1, 29.9, 29.7, 29.6,
29.5,29.3,29.2, 29.0, 28.9, 27.3, 24.0, 22.7, 19.9, 14.2, 13.6. FABMS m/z, correct
rhenium isotope pattern = 757.2 [M + H]* calcd. for (C3yHs3N,O,ReS,) 724.3.

ii) Synthesized in water: A solution of 13 (180 mg, 0.40 mmol) and 14 (50 mg,
0.40 mmol) dissolved in degassed THF (40 mL) was added to a nitrogen-flushed
(1 h) solution of a-cyclodextrin (2.88 g, 4.00 mmol) in water (100 mL). A freshly
prepared NaRe(gluc), solution (5.00 mL, 0.40 mmol), adjusted to pH = 10 by the
addition of 1 N NaOH solution, was added and the resulting mixture was flushed
with nitrogen for an additional 15 min. After stirring for 5 h at 55 °C, the mixture
was extracted with CH,Cl, (3 x 100 mL). The combined extracts were washed
with water (200 mL) and brine (200 mL) and subsequently dried with MgSO,.
The solvent was removed under reduced pressure, giving a purple oil, which was
purified by flash column chromatography (SiO,, CH,Cl,/MeOH = 99:1) to give 4
as a purple oil. Yield: 82 %.

Bis(triester Monoamide Calix[4]arene) (16): A solution of calix[4]arene mono-
carboxylic acid (15) (1.00 g, 1.35 mmol) in oxalyl chloride (20 mL) was refluxed
for 1.5 h, after which the excess oxalyl chloride was removed in vacuo. The re-
maining white solid was dissolved in CH,Cl, (40 mL) and this solution was added
dropwise to a cooled (0°C) suspension of cystamine-2HCI (0.14 g, 0.61 mmol)
and Et;N (0.68 g, 6.76 mmol) in CH,Cl, (40 mL). The mixture was allowed to
reach RT and was stirred overnight to give a clear light yellow solution, which
was subsequently washed with 2 N HCI (100 mL), water (2 x 100 mL), and brine
(100 mL), whereupon the solvent was removed in vacuo. The resulting solid was
purified by flash column chromatography (SiO,, CH,Cl,/MeOH = 95:5) to give
16 as a white solid. Yield: 83 %; m.p. 61-62°C. '"H NMR: 6 8.59 (t, 2H, J =
6.2 Hz, NH), 6.95-6.8 (m, 12H, ArH), 6.52 (m, 2H, ArH), 6.43 (m, 6H, ArH),
6.28 (d, 4H, J = 7.3 Hz, ArH), 5.00 and 4.64 (ABq, 2 x 4H, J = 16.3 Hz, Ar-
OCH,), 4.75, 4.74, and 3.28 (ABq, 2H, 2H, and 4H, J = 13.9 Hz, ArCH,Ar), 4.55
(s, 2H, ArOCHS,), 4.40 (s, 2H, ArOCHS,), 4.25 (m, 12H, OCH,CHs3), 3.76 (m, 4H,
CH,N), 3.03 (m, 4H, CH,S), 1.33 (t, 6H, J = 7.3 Hz, CH3), 1.30 (t, 6H, J = 7.3 Hz,
CH;). C NMR: 6 170.6, 169.6, 169.4, 156.7, 155.0, 154.8, 135.3, 135.0, 133.5,
1332, 129.2, 129.1, 1282, 1282, 1232, 123.1, 122.8, 73.9, 71.4, 71.3, 60.8, 39.0,
37.5,31.4,31.2,30.8, 14.1. FABMS m/z 1598.0 [M + H]J", 1620.1 [M + Na]". Anal.
calcd, for CggHogN»02,S,-0.25NaCl: C, 65.55; H, 6.00; N, 1.74; S, 3.98. Found: C,
65.30; H, 5.86; N, 1.80; S, 3.93.

Bis(tricarboxylic Acid Monoamide Calix[4]arene) (17): A suspension of 16
(0.23 g, 0.144 mmol) and K,CO;5 (0.40 g, 2.88 mmol) in MeOH/H,O = 9:1
(50 mL) was refluxed for 2 h, after which the solvents were removed in vacuo. A
2N HCI (200 mL) solution was added to the remaining solid, after which the re-
sulting suspension was extracted with CH,Cl, (3 x 100 mL). The combined or-
ganic layers were washed with 1 N HCI (2 x 100 mL) and water (100 mL) and
dried with MgSO,. Evaporation of the solvent in vacuo gave pure 17. Yield:
73 %; m.p. 170-172°C. "H NMR (CD;OD): ¢ 6.8-6.55 (m, 24H, ArH), 4.85-4.65
(m, 12H, ArCH,Ar and ArOCHS,), 4.60 (s, 4H, ArOCH,), 4.55 (half ABq, 4H,
J=16.5 Hz, ArOCH,), 4.49 (s, 4H, ArOCH,), 3.73 (m, 4H, CH,N), 3.02 (t, 4H,
J = 6.6 Hz, CH,S). *C NMR (CD;0D): 6 171.4, 171.2, 170.1, 154.9, 154.5, 154.4,
134.1, 134.1, 133.7, 133.4, 128.3, 128.1, 128.0, 122.8, 73.4, 71.1, 70.8, 38.0, 36.2,
30.0, 29.7. FABMS m/z 1430.0 [M + H]*. Anal. calcd. for C76H7,N,0,,8,-H,0: C,
63.06; H, 5.15; N, 1.94; S, 4.43. Found: C, 62.80; H, 4.97; N, 1.82; S, 4.50. Infrared
(IR) (KBr): 1744 (vcoo), 1640 (vnco) em ™.

Bis(calix[4]arene Y Complex) (5) [52]: A solution of Y(NO3);-6H,O (75 mg,
196 umol) in MeOH (10 mL) was added to a solution of 17 (70 mg, 49 umol) and
Et;N (30 mg, 294 pmol) in MeOH (10 mL). The mixture was refluxed for 1 h,
after which it was allowed to come to RT. The resulting precipitate was filtered
off, washed with water (3 x 50 mL) and acetonitrile (3 x 50 mL) and dried in
vacuo. Yield: 93 %; m.p. >300°C. FABMS m/z 1623 [M + Na]*. IR (KBr):
1596 cm™ (br, oo, nco) [53].

1,12-Bis(2-chloroacetamido)dodecane (18): A solution of chloroacetyl chloride
(5.60 g,50.0 mmol) in CH,Cl, (50 mL) was added dropwise to a cooled (0 °C) so-
lution of 1,12-diaminododecane (4.00 g, 20.0 mmol) and Et;N (6.06 g, 60 mmol)
in a mixture of CH,Cl, (200 mL) and THF (100 mL). After the mixture was
stirred overnight at RT, CH,Cl, (200 mL) was added. The organic layer was
washed with 1 N HCI (3 x 200 mL), water (200 mL), and brine (200 mL) after
which it was dried with MgSO,. Evaporation of the solvent under reduced pres-
sure gave a brown solid that was triturated with cold CH,Cl, (2 x 50 mL) to give
pure 18 as a light gray solid. Yield: 95 %; m.p. 120-122°C; "H NMR: 0 7.29 (bs,
2H, NH), 4.07 (s, 4H, CH,Cl), 3.32 (m, 4H, CH,N), 1.56 (m, 4H, CH,CH,N),
1.4-12 (m, 16H, CH,). C NMR: ¢ 165.2, 42.2, 39.4, 28.9, 28.8, 28.7, 26.3.
FABMS m/z 353.2 [M + H]". Anal. calcd. for C;sH30CLLN,O,: C, 54.39; H, 8.56;
N, 7.93. Found: C, 54.50; H, 8.60; N, 7.86.

1,12-Bis((2-acetylmercapto)acetamido)dodecane (19): A solution of 18 (1.00 g,
2.83 mmol) in DMF (25 mL) was added dropwise to a suspension of potassium
thioacetate (0.81 g, 7.08 mmol) in DMF (25 mL). The solution was stirred over-
night in the dark, after which it was poured into water (250 mL). The resulting
precipitate was filtered off, washed with water (50 mL), acetonitrile (25 mL),
and acetone (25 mL) and was subsequently dried to afford analytically pure 19 as
a light gray solid. Yield: 96 %; m.p. 135-137°C; "H NMR: ¢ 6.20 (bs, 2H, NH),
3.54 (s, 4H, CH,S), 3.23 (m, 4H, CH,N), 2.43 (s, 6H, CHj;), 1.50 (m, 4H,
CH,CH,N), 1.4-12 (m, 16H, CH,). >C NMR: 6 197.9, 170.0, 41.9, 35.1, 32.3,
31.5, 31.3, 312, 288. FABMS m/z 4332 [M+H]". Anal. caled. for
CaoH36N,0,8,-0.1H,0: C, 55.29; H, 8.40; N, 6.45; S, 14.76. Found: C, 54.99; H,
8.27; N, 6.62; S, 14.98.

1,12-Bis(2-mercaptoacetamido)dodecane (7): A solution of 19 (0.43 g,
1.00 mmol) in MeOH (60 mL) was added to a solution of potassium carbonate
(1.38 g, 10 mmol) in water (30 mL). N, gas was bubbled through the mixture for
20 min, after which it was refluxed for 30 min. After the solution had cooled
down to RT, 2 N HCI solution (300 mL) was added, and the solution was ex-
tracted with CH,Cl, (3 x 100 mL). After washing the combined organic layers
with water (200 mL) and brine (200 mL), they were dried with MgSO, and evap-
orated in vacuo, to give 7 as white solid, which was used immediately, without
any further purification. Yield: 97 %. 'H NMR (CDCls): ¢ 6.60 (bs, 2H, NH),
3.19 (m, 4H, CH,N), 3.17 (d, 4H, J = 9.1 Hz, CH,S), 1.78 (t, 2H, J = 9.1 Hz, SH),
1.46 (m, 4H, CH,CH,N), 1.4-1.1 (m, 16H, CH,). *C NMR (CDCls): ¢ 168.9,
39.9,29.4,22.2,28.3,26.8. FABMS m/z 349.2 [M+H]".

Tridentate Dithiaoctane-Based Ligand (8): A solution of 3,3’-dithiopropionic
acid di(N-succinimidyl ester) (0.15 g, 0.37 mmol), 1,8-dihydroxy-3,6-dithiaoctane
(0.41 g, 2.22 mmol), and Et;N (0.5 mL) in THF (40 mL) was stirred for 3 days at
RT. After evaporating the solvent and the Et;N, the crude reaction product was
purified by flash column chromatography (SiO,, CH,Cl,/MeOH = 97:3) to first
give 20, followed by 8 both as highly viscous oils. Yields: 38 % and 46 %, respec-
tively (both calculated from the activated ester). 8: '"H NMR (CDCly): ¢ 4.27
(t,4H, J = 7.0 Hz, C(O)OCHo), 3.75 (t, 4H, J = 6.1 Hz, CH,OH), 2.95 (t, 4H, J =
7.0 Hz, CH,SS), 2.8-2.75 (m, 20H, CHy), 2.38 (s, 2H, OH). *C NMR (CDCl3): 6
173.5, 65.7, 62.8, 37.4, 36.0, 35.1, 34.4, 33.9, 32.5. FABMS m/z 539.9 [M + H]",
caled. for (CisHs404S6) 538.1. 20: 'H NMR: 6 4.34 (t, 4H, J = 6.5 Hz, OCH,),
3.03 (t, 4H, J = 7.1 Hz, CH,SS), 2.88 (s, 4H, SCH,CH.,S), 2.85 (t, 4H, J = 6.6 Hz,
OCH,CH,S), 2.78 (t, 4H, J = 6.8 Hz, OCH,CH,S). *C NMR: 6 173.4, 66.6, 36.1,
35.9,34.2,32.2. FABMS m/z 356.2 [M]*, calcd. for C;,Ha004S4: 356.0.
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