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“Snorkelling” vs. “diving” in mixed micelles probed
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A photoactive bathymeter based on a carboxylic acid moiety covalently linked to a signalling methoxy-
naphthalene (MNP) fluorophore has been designed to prove the concept of “snorkelling” vs. “diving” in
mixed micelles (MM). The carboxylic acid “floats” on the MM surface, while the MNP unit sinks deep in
MM. The rate constants of MNP fluorescence quenching by iodide, which remains basically in water, con-
sistently decrease with increasing spacer length, revealing different regions. This is associated with the
distance MNP should “dive” in MM to achieve protection from aqueous reactants. Unequivocal proof of
the exergonic photoinduced electron transfer was obtained from the UV-visible spectral signature of I3~
upon steady-state photolysis. The applicability of the bathymeter was examined upon testing a family of
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MNP derivatives. The obtained results were validated by comparison with different lipophilicity tests: (i) a
modified version of the K, partition coefficient and (ii) the retention factor on thin layer chromatography.
This concept could potentially be extended to test drugs or pharmacophores exhibiting any photoactive

rsc.li/obc moiety.

Introduction

Mixed micelles (MM) made of bile salts, phospholipids and
cholesterol (Ch) are among the most important biological enti-
ties in mammals, exhibiting, for instance, an outstanding
capability for solubilizing lipophilic molecules."*> More specifi-
cally, MM play a pivotal role in maintaining Ch at an appropri-
ate concentration in the blood stream.>* Moreover, the lipo-
philic microenvironment provided by MM can be exploited for
the development of pharmaceutical formulations, with an
improved delivery into the target along with a decreased
toxicity.””

Lipophilicity and membrane partition properties of poten-
tial drug candidates are key to the recognition of their
target.>® In this context, the position of small peptides and
other molecules in membrane model systems has been
assessed by the chemical shift perturbation experienced by the
3C NMR spectra.’® Further studies have qualitatively deter-
mined the location of different compounds within lipid
bilayers by *C NMR chemical shift polarity correlation.'* The
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obtained results have been useful to design a “molecular
ruler” correlating polarity data with distances from the
aqueous phase to quantitatively locate the penetration depth
of intercalants within lipid bilayers,"”>* eventually comple-
mented with fluorescence measurements.’® Furthermore, in
connection with the role of biological membranes in radical
attack, the depth of radical penetration in different kinds of
membranes has been studied by ESR using spin traps.'® In
this context, the relationship between antioxidant capability
and hydrophobicity in emulsions follows a non-linear trend
explained by the so-called “cut-off effect” generally observed in
cultured cells.” "

Photodynamic therapy to eradicate cancer cells is based on
the generation of singlet oxygen by a sensitizer.”>>* As the
potential activity of singlet oxygen is limited by diffusion to
the aqueous phase, its generation at a deeper position in the
bilayer could, in principle, result in a greater efficiency. This
has been demonstrated in lipid membranes of lecithin lipo-
somes by increasing the vertical porphyrin depth in the mem-
brane bilayer,>**” which results in a decrease in the chromo-
phore emission intensity upon quenching by iodide.*®

Recently, we have developed photoactive probes with a co-
valently attached dansyl or methoxynaphthalene (MNP) label,
to monitor the incorporation of Ch into MM by means of
photophysical techniques.* Moreover, efficient encapsulation
of the currently administered drugs (S)-naproxen, (R)-cinacal-
cet and (S)-propranolol into MM has been demonstrated by
time-resolved fluorescence and laser flash photolysis.*
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Fig. 1 Cartoon representation of the photoactive probes with different
spacer lengths anchored to the surface by the acid while maintaining
the chromophore diving as far as allowed inside MM.

Interestingly, a remarkable decrease in the quenching rate con-
stants of their excited states, either singlet or triplet, by ionic
species is found upon the entrapment of the drugs inside
these supramolecular entities.

With this background, we have now envisaged the possi-
bility of designing and testing a photoactive bathymeter based
on a carboxylic acid tail end, to ensure floating on the MM
surface, and a signalling MNP at a fixed distance, to reveal
“snorkelling” versus “diving” inside MM (Fig. 1). The selected
MM appear particularly suitable for this purpose. This is
because they are monolayered microheterogeneous systems
with a relatively large size (10-100 nm)*° that defines two lipo-
philic regions, corresponding to the phospholipidic shell
(snorkelling region) and the strongly lipophilic Ch-containing
core (diving region).

Thus, the as-built photoactive bathymeter was expected to
report on the increasing depth of MNP-containing compounds
in MM and on the changes in chemical reactivity associated
with this parameter. This concept could potentially be
extended to test drugs or pharmacophores exhibiting any
photoactive chromophore.

Results and discussion

A family of new methoxynaphthalene derivatives was syn-
thesized from (S)-naproxen (1) (see Chart 1 for the synthesis
and pages S2-S27 of the ESIf for detailed spectroscopic
characterization). The distances between the carboxylic acid
and the MNP unit in 1-6, estimated as a number of spacer
bonds, were two, five, six, seven, twelve and seventeen, respect-
ively. According to simple molecular modelling estimations
(Chem BioDraw Ultra 13.0), they correspond to 25, 48, 63, 72,
95 and 148 nm, respectively. Subsequent formation of MM and
encapsulation of the MNP derivatives were achieved in one pot
following our recently reported procedure.’® Briefly, a metha-
nolic solution of the corresponding MNP probe was added to a
methanol/dichloromethane solution of lecithin, sodium
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Chart 1 Chemical structures of the new photoactive MNP derivatives.

cholate and Ch. After evaporation of the solvent, rehydration
of the resulting film led to MM containing the photoactive
unit soaked. It is worth noting that no significant changes
were observed in the shapes and emission intensities (Anax =
353 nm, ®r = 0.39)’" or even in the singlet lifetimes (z5 ca.
10 ns) of the MNP derivatives as a result of their incorporation
into MM. This fact reveals that the singlet excited state of this
particular chromophore, in the absence of a quencher, is not
sensitive to the environment hydrophobicity.

Quenching experiments using iodide were performed to
investigate on the protection of MM from a reactant in the
aqueous phase. Thus, quenching of the fluorescence of 1-6 by
iodide, under steady-state and time-resolved conditions, was
performed in MM and the results were compared to the ones
achieved in solution (Fig. 2A for 1 and 2B for 6 as representa-
tive examples, additional information can be found in the ESI,
pages S28 and 297). In all cases, the quenching plots yielded
good linear fits, which proves that the MNP derivatives are
homogeneously distributed within MM.

The results obtained for 1 (shortest distance from MNP to
the surface) clearly show that the slope of the corresponding
Stern-Volmer plots in MM is only half of the value found in
solution. On the other hand, Fig. 2B shows the results for 6,
the photoactive probe that exhibits the chromophore at the
longest distance from the surface, revealing that “diving” at
the sixteen bond distance leads to a quenching rate constant
ca. one order of magnitude lower than the value found in solu-
tion. This fact clearly indicates that MNP can still be quenched
by iodide but to a much lesser extent. In all cases results from
steady-state and time-resolved experiments were comparable,
as a proof of the dynamic nature of the processes.

Moreover, Fig. 3A clearly illustrates the decreasing tendency
of the slope of the Stern-Volmer plots for iodide quenching
from 1 to 6 in MM. In particular, the specific rate constants
(kq) obtained for 1-6 from time-resolved experiments in MM
are shown in Table 1. The steady-state measurements gave very
similar values for the quenching rate constants and revealed
the same trends (the specific values are shown in ESI page
S287). A consistent decrease in the quenching constants was
found in parallel with increasing spacer length. Overall, the
deeper the MNP chromophore is incorporated into MM, the
less accessibility to iodide exhibits.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Changes in the emission decay traces (lexc = 295 nm) of 1 (A) and 6 (B) upon addition of increasing amounts of Kl (0—-104 mM), in aqueous
NaCl 0.2 M (left) and inside MM (middle). Right column: Corresponding Stern—Volmer plots in solution (solid squares) and in MM (blank squares).
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Fig. 3 (A) Stern—Volmer plots obtained for the iodide fluorescence quenching of the photoactive derivatives; (B) plots of the apparent quenching
rate constants (log kq) vs. number of spacer bonds. All the experiments were run within MM containing the appropriate probe (1, 2, 3, 4, 5 and 6)

under time-resolved conditions.

By contrast, in solution, all values were in the same range
(3.00 + 0.15) x 10° M~' s7" indicating that the behavior of the
chromophore is independent of the length of the attached
chain (see ESI page S287% for the specific experimental values
determined for 1-6). It is worth noting that the decrease by
one order of magnitude found in the apparent quenching rate
constants for 6 from solution to MM is in agreement with the
recently reported lowering observed for naproxen methyl ester

This journal is © The Royal Society of Chemistry 2017

when incorporated into MM.* Even more revealing was to plot
the apparent quenching rate constants (logk,) versus the
number of spacer bonds. As is shown in Fig. 3B, these values
exhibited an initial sharp decrease that after seven bonds
follows a milder trend. A non-linear behaviour has previously
been observed for the quenching of pyrene fluorescence by
TEMPO in oil-water emulsions, which has been attributed to a
cut-off effect.*! In our case, the non-linear behaviour leads
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Table 1 Dynamic rate constants (kq x 107°/M~* s7) for iodide fluor-
escence quenching of 1-6 in MM?

MNP probe kgx107°/M s log kq
1 1.98 + 0.03 9.29
2 0.83 £ 0.03 8.92
3 0.65 + 0.01 8.81
4 0.52 + 0.08 8.72
5 0.39 £ 0.05 8.59
6 0.30 £ 0.05 8.47

“Each rate constant is the average of three independent time-resolved
runs.

only to a decrease in the slope (plot of Fig. 5B) and seems
more consistent with the shell-core model.

The observed dynamic quenching could be attributed to
the photoinduced electron transfer from I" to the MNP singlet
excited state. Indeed, this operating mechanism is one of the
most likely and thermodynamically feasible mechanisms
taking into account the values of the involved redox potentials
and the singlet energy of MNP (see estimations in ESI, page
S337). As a matter of fact, the detection of triiodide as the final
product, upon steady-state photolysis, was straightforward and
constituted an unambiguous mechanistic proof (Fig. 4). Thus,
as representative examples, 1, 4 and 5 were incorporated into
the MM, and the electron transfer reaction from iodide was
monitored by UV-vis (see Fig. 4A for the formation of I~ in the
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Fig. 4 (A) UV-vis spectra recorded at different reaction times (0, 11, 15,
25, 35, 40 min) for 1 within MM in the presence of Kl (104 mM). Inset:
Reaction mechanism. (B) Kinetics of the photoinduced electron transfer
reactions monitored at 362 nm for 1 (black), 4 (red) and 5 (green).
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case of 1, and Fig. 4B for the kinetics of the three examples).
In all cases, the appearance of two new absorption bands with
maxima at 290 and 360 nm attributable to I3~ was clearly
observed. As detailed in the inset of Fig. 4A, these bands result
from the oxidation of iodide, eventually forming triiodide, as a
proof of the electron transfer process.’>** When kinetics of
the photo-redox reactions were plotted all together the
observed trend for the formation of I;~ (1 > 4 > 5) was also wit-
nessed in agreement with the lower penetration capability of
I" with depth, and therefore with the spacer length.

Hence, the kinetics of I3~ formation can be correlated with
fluorescence quenching constants, providing a second channel
of measurements for the photoactive bathymeter and demon-
strating that the depth of a chromophore in MM may have
clear implications in the reactivity.

Having designed and synthesized the bathymeter toolbox,
measurements were performed on a selection of compounds
exhibiting the same MNP unit but not anchored to the floating
beacon (7-13, Chart 2). Their encapsulation into MM was
achieved in one pot, as described above for 1-6, and the
quenching extent of their MNP unit by iodide was investigated
by means of steady-state and time-resolved fluorescence experi-
ments. The determined rate constants for all of them are
shown in Table 2 and ESI.f The Stern-Volmer plots obtained
for several selected compounds (1, 7, 8, 9 and 10) are also
shown in Fig. 5A (see page S31 in the ESIT for all steady-state
and time-resolved quenching experiments for 7-13). The
obtained log k, values were extrapolated between the experi-
mental data determined with the probes 1-6 used to build the
bathymeter (see Fig. 3B). It should be noted that the direct
comparison with 1-6 (Fig. 5B) revealed that 8 and 9 remained
relatively close to the surface (“snorkelling”), while 7, 10-13
“dived” much deeper into the MM. Although these results
were not unexpected, especially for 9, 12 or 13, a parallel

Commercially available:

L0 Yoon

1-methoxynaphthalene 1-(6-methoxy-2-naphthyl)ethanol
7 8

Synthesized:

OH H H
OH “_OH A O
ST O OOy
9 10 1

H

Lo ooy

12 13

Chart 2 MNP derivatives used to test the designed and built
bathymeter.
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Table 2 Dynamic rate constants for iodide fluorescence quenching of
7-13 in MM?

NMP derivative kgx1079/M s log kq
7 0.27 +0.02 8.43
8 0.65 + 0.03 8.81
9 1.09 + 0.02 9.03
10 0.28 £ 0.02 8.44
11 0.27 £ 0.04 8.43
12 0.07 + 0.002” 7.89°
13 0.08 + 0.004” 7.82P

“Each rate constant is the average of three independent time-resolved
runs. ” Value was obtained from steady-state experiments.
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Fig. 5 (A) Stern—Volmer plots obtained for the time-resolved iodide
fluorescence quenching of 1, 7, 8, 9 and 10; (B) plots of the quenching
rate constants (logkg) vs. “number of spacer bonds” together with the
data found from 1 to 6 (blank squares) used to build the bathymeter as
shown in Fig. 3B. All data were obtained within MM containing the
appropriate probe under time-resolved conditions.

control of the lipophilicity of these derivatives was still needed
to validate the usefulness and scope of the bathymeter.

A general methodology for the determination of lipophili-
city of organic compounds with a variety of structures is based
on the widely accepted octanol-water partition coefficient
(Kow)>* Nevertheless, the employed derivatives exhibited very
limited solubility in octanol-water mixtures. To overcome this
hurdle, the protocol was modified and octanol was changed to

This journal is © The Royal Society of Chemistry 2017
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Table 3 Determined Kj,, (partition coefficient, pentane : water) calcu-

lated as Asgs P/(Az62 W + Ay, P), and R; calculated from TLC (hexane/
ethyl acetate 1: 0.6) for 1 and 7-13°

NMP derivative Kow Ry

1 0.57 0.20
7 0.97 0.86
8 0.76 0.46
9 n.d 0.08
10 0.89 0.41
11 0.89 0.77
12 0.97 0.92
13 0.94 0.87

%See TLC photo in ESI, page S36.

pentane. Thus, this experiment provided insights into the lipo-
philicity of the MNP derivatives.

A modified partition coefficient (K,,) was defined as the
relative concentration of the MNP derivatives in the organic (P)
versus aqueous (W) phases, and were determined as A,q, P/
(A6 W + Ayg, P). In Table 3 are shown the determined K,
values, and in ESI, page S35,f the complete UV-visible spectra
of the organic and aqueous phases in each experiment are
shown. As a general trend, analogous results were found from
the partition coefficient using pentane/aqueous mixtures and
from the iodide quenching. Due probably to the intra-
molecular H-bonding, it was not possible to determine K, of
9 and its depth was assigned based on fluorescence quench-
ing. These complementary results were taken as a further con-
firmation of the usefulness and scope of the bathymeter.

As a complementary experiment, the retention factor (R,
Table 3) of the MNP derivatives was determined using stan-
dard thin-layer chromatography on a sheet of aluminium
covered by silica, and hexane/ethyl acetate (1:0.6) as the
mobile phase (see picture in ESI, page S367). This approach
provided a parallel indication of lipophilicity which was quali-
tatively consistent with the k4 and K, scales.

Interestingly, the lipophilicity results obtained from: (i) the
iodide quenching (Table 2 and Fig. 5B); (ii) the partition coeffi-
cient K, using pentane/aqueous mixtures (Table 3) and (iii)
the retention factor, Ry, calculated from TLC (hexane/ethyl
acetate 1:0.6) (Table 3), have been plotted all together and a
good correlation has been observed (Fig. 6).

Experimental
Materials

(S)-Naproxen (NPX), glycine methyl ester hydrochloride,
f-alanine methyl ester hydrochloride, methyl 4-aminobutyrate
hydrochloride, 1-(6-methoxy-2-naphthyl)ethanol, 2-methoxy-6--
vinylnaphthalene, lithocholic acid, cholesterol (Ch), egg
lecithin from fresh egg yolk (L), and sodium cholate (NaCh)
were commercially available. Milli-Q grade water (Merck) was
used for sample preparation. Commercial solvents and
reagents were used without further purification. The 'H and

Org. Biomol. Chem., 2017, 15, 10281-10288 | 10285
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Fig. 6 Dynamic rate constants for iodide fluorescence quenching
(log kg, left) and partition coefficient (pentane : water) (Ko, right) versus
R for1,7,8,10,11, 12 and 13.

BC NMR spectra were recorded by means of a Bruker
(Rheinstetten, Germany) 300 MHz instrument; CDCl; and
CD;0D were used as solvents.

Synthesis of photoactive MNP probes 2-6. General procedure

N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) was
added to an anhydrous CH,Cl, solution of the corresponding
acid and the reaction mixture was cooled to 0 °C. Next, a solu-
tion of the pertinent amine, N,N-diisopropyl-N-ethylamine
(DIEA) and 4-pyrrolidylpyridine (4-Pr-Py) in anhydrous CH,Cl,
was added dropwise under an inert atmosphere, and the reac-
tion mixture was stirred overnight at rt. The reaction mixture
was quenched upon addition of water and extracted with
CH,Cl,. The corresponding ester was obtained after purifi-
cation by column chromatography. Then, the ester was dis-
solved in MeOH and treated overnight with KOH at rt. The
corresponding carboxylic acid was obtained after column puri-
fication. Detailed synthesis and characterization of com-
pounds 2 to 6 can be found in the ESI (pages S4-S197).

Synthesis of MNP-derivatives

Synthesis of 1-(6-methoxy-2-naphthalenyl)-1,2-ethanediol
(9). 2-Methoxy-6-vinylnaphthalene (500 mg, 2.71 mmol, 1 eq.)
was added to a mixture of N-methylmorpholine N-oxide
(640 mg, 5.42 mmol, 2 eq.) and osmium tetroxide (40 mg,
0.15 mmol, 0.06 eq.) in THF: tert-butanol : water (10:10:4,
48 mL) and the mixture was stirred at 40 °C for 24 h.
Afterwards, the solution was cooled in an ice bath, and
quenched upon the addition of sodium sulfite (676 mg,
5.42 mmol, 2 eq.). After stirring for 30 min, the mixture was
poured into water (50 mL) and extracted with CH,Cl, (x3). The
combined organic layers were dried over MgSO,, filtered and
concentrated under vacuum. The expected compound
9 (545 mg, 92%) was purified by column chromatography
(CH,CI,/MeOH, 99.5:0.5). Mp: 154-155 °C. 'H NMR
(300 MHz, CD;0OD): § 3.70 (m, 2H, CH,OH), 3.90 (s, 3H,
OCHj), 4.81 (m, 1H, CHOH), 7.11 (dd, J = 9 and 3 Hz, 1H,
Ar-H), 7.21 (d, J = 3 Hz, 1H, Ar-H), 7.46 (dd, J = 9 and 3 Hz,
1H, Ar-H), 7.72-7.76 (m, 3H, Ar-H); *C NMR (75 MHz,
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CD;0D): § 55.7 (CH;), 68.7 (CH,), 76.1 (CH), 106.7 (CH), 119.8
(CH), 126.1 (CH), 127.9 (CH), 130.2 (C), 130.4 (CH), 135.7 (C),
138.4 (C), 159.2 (C). Exact mass: m/z found 218.0940, calcu-
lated for C;3H;,0; (MH") 218.0943.

Synthesis of 2(R)-(6-methoxynaphthalen-2-yl)propan-1-ol
(10). HOBt-H,O (319 mg, 2.36 mmol, 1.1 eq.) and EDC-HCI
(453 mg, 2.36 mmol, 1.1 eq.) were added to a solution of
(R)-naproxen (500 mg, 2.17 mmol, 1 eq.) in CH,Cl, (22 mL).
The mixture was stirred for 30 min and then concentrated
under vacuum. The residue was redissolved in THF (22 mL),
cooled to 0 °C, and NaBH, (178 mg, 4.72 mmol, 2.2 eq.), fol-
lowed by H,O (3 mL) were added. The resulting mixture was
stirred at 0 °C for further 30 min, and then quenched with
MeOH (7.5 mL). Then, ethyl acetate (25 mL) was added, and
the organic phase was successively washed with aqueous solu-
tions of 10% citric acid (x2), 10% NaHCO; (x2), 10% K,CO;
(x2) and brine (x2), and then it was dried over MgSO, and con-
centrated under vacuum. The crude was purified by column
chromatography (CH,Cl,/ethyl acetate, 85:15) to obtain 10 as
a white solid (330 mg, 70%). Mp: 97-99 °C. 'H NMR (300 MHz,
CDCl): 5 1.29 (d, J = 6 Hz, 3H, CH3), 3.06-3.13 (m, 1H, CH),
3.78 (d, J = 6 Hz, 2H, CH,0H), 3.92 (s, 3H, OCH3), 7.12-7.16
(m, 2H, Ar-H), 7.35 (dd, J = 6 and 3 Hz, 1H, Ar-H), 7.61 (s, 1H,
Ar-H), 7.69-7.72 (m, 2H, Ar-H); *C NMR (75 MHz, CDCl,):
8 17.6 (CH;), 42.4 (CH), 55.3 (CHj), 68.7 (CH,), 105.6 (CH),
118.9 (CH), 125.9 (CH), 126.3 (CH), 127.2 (CH), 129.0 (C), 129.1
(CH), 133.6 (C), 138.7 (C), 157.5 (C). Exact mass: m/z found
216.1145, calculated for Cy4H;60, (MH") 216.1150.

Synthesis of (S)-naproxen methyl ester (11). Synthesis of this
compound was described elsewhere.?® Briefly, a methanolic
solution (7 mL) of (S)-naproxen (500 mg, 2.17 mmol) was
heated at 80 °C, and H,SO, (0.1 mL) was added carefully, and
the reaction mixture was refluxed for 8 h. After cooling to
room temperature, aqueous saturated NaHCO; was added and
the ester was extracted with ethyl acetate (x3), dried over
MgSO, and concentrated under reduced pressure to yield the
naproxen methyl ester as a white solid (quantitative). Mp:
96-99 °C. 'H NMR (300 MHz, CDCL,): § 1.61 (d, J = 6 Hz, 3H,
CH3), 3.66 (s, 3H, COOCH3;), 3.88 (m, 1H, CH), 3.93 (s, 3H,
OCHj), 7.13-7.19 (m, 2H, Ar-H), 7.43 (dd, J = 9 and 3 Hz, 1H,
Ar-H), 7.69-7.74 (m, 3H, Ar-H); *C NMR (75 MHz, CDCI;):
8 18.6 (CH;), 45.4 (CH), 52.05 (CHj;), 55.3 (CHj), 105.6 (CH),
119.0 (CH), 125.9 (CH), 126.2 (CH), 127.2 (CH), 129.0 (C), 129.3
(CH), 133.7 (C), 135.7 (C), 157.7 (C), 175.2 (CO). Exact mass:
m/z found 244.1092, calculated for C;5H;605 (MH") 244.1099.

Synthesis of 3a-(S)-NPX-Ch (12). Synthesis of this compound
was described elsewhere.>® "H and '*C NMR spectra are shown
in the ESL T

Synthesis of 3a-(S)-NPX-LC-Bn (13). To a cold solution of
lithocholic acid (0.45 g, 1.2 mmol, 1 eq.) in anhydrous DMF
(5 mL), DBU (0.2 mL, 1.35 mmol, 1.1 eq.) was added, and the
mixture was stirred at 0 °C for 10 min. Then, benzyl bromide
(0.16 mL, 1.35 mmol, 1.1 eq.) was added and the mixture was
stirred overnight at rt. Afterwards, the solvent was evaporated,
and the mixture was redissolved in ethyl acetate (2 mL). The
organic layer was washed with saturated NaHCO;, 1 M HC],
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and brine, dried over MgSO, and concentrated under reduced
pressure. The crude was purified by column chromatography
(ethyl acetate:n-hexane, 40:60) to give LC-Bn (520 mg,
1.12 mmol, 93%) that was used in the following step without
further characterization. To a stirred solution of LC-Bn
(340 mg, 0.73 mmol, 1 eq.) and TBTU (280 mg, 0.87 mmol, 1.2
eq.) in anhydrous DMF (3 mL), (S)-NPX (200 mg, 0.80 mmol,
1.1 eq.) in anhydrous DMF (2 mL) followed by DIEA (0.38 mL,
2.18 mmol, 3 eq.) were added dropwise and then the reaction
mixture was allowed to react at rt for 6 h. Afterwards, it was
poured into brine and extracted with dichloromethane; the
combined organic layers were washed with brine, dried over
MgSO, and concentrated under reduced pressure. The crude
was purified by column chromatography (ethyl acetate:
n-hexane, 90:10) to give compound 13 (400 mg, 0.58 mmol,
80%). "H NMR (300 MHz, CDCl,): & 0.64 (s, 3H, CH3), 0.93 (s,
6H, 2 x CHj), 1.04-1.41 (complex signal, 18H), 1.41 (d, J =
7.2 Hz, 3H, CHj;), 1.75-1.95 (complex signal, 8H), 2.27-2.49
(m, 2H, CH), 3.84 (q, J = 7.2 Hz, 1H, CH), 3.93 (s, 3H, OCH3;),
4.74-4.82 (m, 1H, CH), 5.15 (d, J = 1.9 Hz, 2H, CH,), 7.14-7.18
(m, 2H, Ar-CH), 7.30-7.47 (m, 6H, Ar-CH), 7.65 (d, J = 1.2 Hz,
1H), 7.69 (dd, J = 8.4 Hz and 2.6 Hz, 2H, Ar-CH); >C NMR
(75 MHz, CDCl;): § 12.0 (CH;), 18.3 (CH,), 18.8 (CH3), 20.8
(CH,), 23.3 (CH3), 24.2 (CH,), 26.3 (CH,), 27.1 (CH,), 28.2
(CH,), 31.0 (CH,), 31.3 (CH,), 34.6 (C), 35.0 (CH,), 35.3 (CH),
35.7 (CH), 35.8 (CH), 40.0 (CH,), 40.4 (CH), 41.9 (CH), 42.0 (C),
42.7 (CH), 45.7 (CH), 45.8 (CH), 55.3 (CHj;), 56.0 (CH,), 56.3
(CH,), 56.4 (CH), 66.1 (CH,), 74.7 (CH), 105.6 (CH), 118.9 (CH),
125.9 (CH), 126.0 (CH), 126.2 (CH), 128.2 (CH), 128.6 (CH),
129.0 (CH), 129.3 (CH), 133.6 (C), 136.1 (CH), 136.2 (C), 157.6
(C), 1741 (C=0), 174.2 (C=O0). Exact mass: m/z found
701.4161, calculated for C,5H5305Na (MH") 701.4182.

Fluorescence quenching experiments

In a typical quenching experiment the appropriate volumes of
a freshly prepared KI in 0.2 M NaCl solution (2 M) were added
to the aerated photoactive probes (2 x 107> M) in 0.2 M NaCl
or within MM. Emission measurements were performed upon
excitation of the probe at 290 nm (steady-state measurements)
or 295 nm (time-resolved experiments) at room temperature
using 10 x 10 mm quartz cells of 4 mL capacity. The kinetic
traces were fitted to logarithmic decay functions.

Photo-redox experiments

Freshly prepared and rehydrated MM, containing the photo-
active probes (2 x 107> M) and KI (104 mM) were irradiated
with a monochromatic lamp at 330 nm for 40 minutes, and
the evolution of the formation of I3~ was monitored by UV.
Blank experiments were performed irradiating MM without
the photoactive probes in the presence of KI.

Partition coefficient experiments

The solubility of the MNP derivatives (1, 7-13) was assessed
from the mixture pentane/water. In a typical experiment a well-
known amount of each probe was weighed to achieve a concen-
tration of 0.152 mM in pentane (solution P). This solution P
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was stirred for 24 h before the UV spectra were recorded. Then
25 mL of solution P were mixed with 25 mL of water and the
mixture was stirred for further 2 h. Then the two phases were
separated, and the corresponding UV spectra of both were
recorded. The absorbance of the two phases at 262 nm was
used to determine the Kp,.

Conclusions

We have designed and built a photoactive bathymeter that con-
tains a carboxylic acid moiety and a signalling MNP chromo-
phore covalently attached to each other through a spacer. The
carboxylic acid moiety “floats” on the surface, while the spacer
has a fixed length between one and sixteen bonds to allow the
MNP for “snorkelling” or “diving” within MM. Quenching of
the singlet excited state of the MNP chromophore by iodide is
dynamic in nature; its rate constants (kq) show a remarkable
decrease with spacer length indicating their dependence on
the distance the signalling chromophore can “dive” in MM.
The spectral signature of I;~ upon steady-state photolysis acts
as an unequivocal proof of the electron transfer process and
its formation and growth reveal that the chemical reactivity
markedly depends on the location inside the MM. The role of
the lipophilic characteristic of the different MM regions in the
results has been confirmed by comparison of the k, values
with two established scales, namely a modified partition coeffi-
cient and the retention factor in thin layer chromatography.
The photoactive bathymeter has been successfully tested for a
series of compounds containing the MNP chromophore but
not anchored to the floating beacon. This concept could in
principle be extended to a variety of microheterogeneous
systems and membrane models.
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