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Abstract: A series of homoditopic li-
gands H,L“® (X=4-6) has been de-
signed to self-assemble with lanthanide
ions (Ln™), resulting in neutral bimet-
allic helicates of overall composition
[Lny(L¥);] with the aim of testing the
influence of substituents on the photo-
physical properties, particularly the ex-
citation wavelength. The complex spe-
cies are thermodynamically stable in
water (logf,; in the range 26-28 at
pH 7.4) and display a metal-ion envi-
ronment with pseudo-D; symmetry and

on the properties of the ligand donor
levels. The best helicate is [Euy(L)]
with excitation maxima at 350 and
365 nm and a quantum yield of 9%.
The viability of cervix cancer Hela
cells is unaffected when incubated with
up to 500 um of the chelate during
24 h. The helicate permeates into the
cells by endocytosis and locates into ly-
sosomes, which co-localise with the en-
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doplasmatic reticulum, as demonstrat-
ed by counterstaining experiments. The
relatively long excitation wavelength
allows easy recording of bright lumi-
nescent images on a confocal micro-
scope (Ao =405 nm). The new lantha-
nide bioprobe remains undissociated in
the cell medium, and is amenable to
facile derivatisation. Examination of
data for seven Eu™ and Tb™ bimetallic
helicates point to shortcomings in the
phenomenological rules of thumb be-
tween the energy gap AE(Cam*—"D)

devoid of coordinated water molecules.
The emission of Eu™, Tb™, and Yb™ is
sensitised to various extents, depending

Introduction

Lanthanide luminescent bioprobes (LLBs) are emerging as
viable alternatives to existing organic dyes, because they are
not very sensitive to photobleaching, which is particularly
frustrating in time-lapse microscopy for instance, and pos-
sess long-lived excited states, in addition to displaying large
Stokes’ shifts upon ligand excitation."?) The first property
arises from the propensity of Ln"™ excited states to efficient-
ly deactivate long-lived ligand triplet states, which are pre-
ferred intermediates in photoinduced electronic rearrange-
ments and subsequent covalent modification of the organic
luminophore. The second feature allows time-resolved de-
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and the sensitisation efficiency of the
ligands.

time-re-

tection of the metal-centred luminescence leading to ex-
tremely low background and increased sensitivity, particular-
ly when it is combined with spectral discrimination made
possible thanks to the third advantage. The use of LLBs is
well established for time-resolved luminescence immunoas-
says for more than 20 years.”™! Extensions to the detection
of DNA hybridisation,®® of enzyme activities!”’ or of vari-
ous intracellular analytes®!” are also well documented.
These applications sometime take advantage of lumines-
cence resonant energy transfer (LRET, or FRET—Forster
resonant energy transfer) experiments®™!! for which a com-
bination of quantum dots and LLB appears to be particular-
ly promising."? Moreover, new developments in circularly
polarised luminescence may soon add another facet to these
analyses, taking advantage of the inherent chirality of many
biomolecules.!®) On the other hand, and despite some early
attempts,"*'% cell or organ imaging with luminescent LLBs
did not generated much attention until the late 1990s."7 A
surge of interest in this matter has been recently triggered
by Parker’s work on cyclen derivatives (cyclen=1,4,7,10-tet-
raazacyclododecane).'">'” It is worth noting that despite the
existence of the technology for more than 20 years, time--

— 885




CHEMISTRY

A EUROPEAN JOURNAL

resolved (or time-gated) microscopy®! has not been system-
atically used in these investigations until very recently, de-
spite its evident advantage when LLBs are involved.

The design of a LLB must obey several stringent require-
ments,” the chemical (i.e., coordinative) aspects of which
are well mastered.”) Several classes of strongly coordinating
ligands are at hand, for example, polyaminocarboxylates, [3-
diketonates, macrocycles derived from cyclen or from aza-
coronands and cryptands, most of them relying on the con-
cept of induced fit?” to produce the desired coordination
environment, which ideally must be saturated and rigid in
order to minimise non-radiative losses.

In our laboratory, we have investigated the feasibility of
self-assembly®! to produce stable mono- and bimetallic lan-
thanide-containing edifices displaying programmed function-
alities.” In particular, hexadentate ditopic ligands, derived
from a pyridine substituted in the 2-position by a strongly
coordinating group, for example, a carboxylic acid, and in
the 6-position by a derivatised benzimidazole moiety, have
proved to be an entire class of novel and versatile building
blocks (see Scheme 1). Both symmetrical®! and unsymmet-
rical® ligands indeed self-assemble with two lanthanide
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Scheme 1. General design of ditopic hexadentate receptors leading to the
formation of bimetallic helicates [Ln,L;].

ions, at room temperature, to yield homo- and heterobime-
tallic triple-stranded helicates, respectively, in which the
nine-coordinate metal-ion environment has pseudo-tricap-
ped trigonal prismatic geometry. This environment is espe-
cially protective so that remarkable luminescent properties
follow suit. Another advantage of these bioprobes is the
presence of two emissive centres, which could lead to bimo-
dal probes, either dual luminescent or dual luminescent and
magnetic; to our knowledge, such an approach for bioprobes
has only been pursued by one other research group to date,
which recently advocated the use of double lanthanide bind-
ing tags (dLBTs).[*")

The thermodynamic, photophysical, and biochemical
properties of the homobimetallic helicates with the symmet-
rical receptors H,LX (X=1, 2 or 3)®! are adequate for cel-
lular imaging. After self-assembly in water at pH 7.4, the
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helicates are the major species in solution, the quantum
yields are large (10-24 % for Eu™), the luminescence of sev-
eral other ions (e.g. Sm™, Tb™, Yb™) is sensitised, lifetimes
are long, for example, 2.2-2.4 ms for Eu(’D,), and these en-
tities permeate into the cytoplasm of several lines of cancer-
ous (HeLa, MCF-7, Jurkat) and non-cancerous (HaCat)
cells by endocytosis, while being non-cytotoxic (ICs,>
500 um).?3U The polyoxyethylene chain-fitting ligands
H,L“¥ (X=2, 3) in addition to enhancing the solubility of
the bimetallic LLBs, allows easy terminal derivatisation for
coupling to bio-molecules and, if needed, it can be length-
ened (H,L?) without substantially affecting the thermody-
namic and photophysical properties of the helicates.*!
Among the chelates tested for cellular imaging, those with
H,L® have the best properties so far and when monitored
under time-resolved conditions, images can be obtained for
an incubation concentration as low as 5 um.”*! An analytical
protocol based on [Eu,(L);] has also been proposed for
the detection of various DNAs and PCR products.*"

The only drawback of the new class of bimetallic LLBs is
common to many lanthanide luminescent tags, in that the
excitation wavelength is in the UV range, with an absorp-
tion maximum around 320-325 nm. Luminescence microsco-
py can be performed by using 360 nm excitation, but this
does not take full advantage of the photophysical properties
of the helicates. Therefore in this paper, we explore the pos-
sibility of derivatising H,L* in the R* position to shift the
excitation wavelength towards the visible range; ligands
H,L" (X=4-6, Scheme 2) were synthesised and the effects
of the substituent on the energy of the ligand levels and the
quantum yields of the corresponding helicates were investi-

R4 RY R? R3 R* L
H Et H Lo
R' Me H 162
R3\N R R'"  Me H Le?
_ - H Me R™ LC3
N N R Me Ra LS
HoL R Me OMe  L©®
P/ 2 7\ 2
R N N R \(\ OMe M a/
—_— —_— O A O 3
CO.H HO,C R n=3 R™
R" n=6 /j
JR— Ra
N~
N
R
% é N
/
Na N—
N\ N—
NZ |
N e
NN |
- \ —
0,C (]
R=H Fe2
R? FC4 F(;5
OMe FC6

Scheme 2. Ditopic hexadentate ligands and fragments used for model cal-
culations.
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gated. Ligand H,L® appears to be a good compromise be-
tween shifting the excitation into the visible (365 nm) and
minimising the decrease in quantum yield. The cell permea-
tion and imaging properties of [Eu,(L®);] were therefore
studied in detail, particularly with respect to its use in confo-
cal microscopy.

Results

Ligand design and synthesis: Model calculations with
CAChe® (at the PM3 level taking hydration into account)
on representative fragments of the ligands (Scheme 2) al-
lowed us to select H,L“Y (X =4-6) as suitable candidates for
the study. The syntheses of H,L“-H,L generally adopted
the same route as for ligand H,L2™3! The crucial idea
consisted in introducing the poly(oxyethylene) substituents
in the para-positions of the pyridine rings. The key inter-
mediate 1 was obtained by selective hydrolysis and the car-
boxylic acid function was converted into acylchloride before
condensation with the substituted bis(N-methylnitroaniline)
intermediates I1°*, I°®* and 1°* by means of a modified Phil-
lips coupling reaction.® In the case of H,L, the synthetic
route to 1 has been modified in order to improve the purity
of its diethyl ester precursor, 4-{2-[2-(2-methoxyethoxy]e-
thoxy}pyridine-2,6-dicarboxylic acid diethyl ester: (triethyle-
neglycol)monomethyl ether tosylate was used and the tosyl
group was substituted by the phenol group of the dipicolinic
acid derivative in presence of caesium carbonate and DMF.
The condensation products I, I°® and I°* were reduced in
presence of iron to form the benzimidazole intermediates of
1€, I¢ and I, The delicate operations during this step
consist in 1) the removal of the product from the ferric
aqueous phase and 2) preventing premature hydrolysis, oth-
erwise an inseparable water soluble product forms. Final hy-
drolysis of the diester functions leads to the desired ligands
with overall yields (steps i)-v) in Scheme 3) of 17, 7.5 and
49% for H,L™, H,L® and H,L, respectively.

Helicate formation in water at pH 7.4: The self-assembly
process between the ditopic ligands and lanthanide ions was
studied by three different experimental techniques. Firstly,
"H NMR spectra were recorded for 2:3 La/L stoichiometric
solutions in D,0. Contrary to the spectra of the ligands,
which display broad and split bands reflecting conformation-
al equilibria, as demonstrated by coalescence occurring at
elevated temperatures, the data for the 2:3 Ln/L stoichio-
metric solutions display a main set of sharp signals. For in-
stance, in the spectrum of the solution with H,L®
(Figure 1), the protons of the terminal methoxy groups of
the polyoxyethylene pendants generate one sharp resonance,
similarly to the protons of the NMe groups. In addition, the
protons of the methylene bridge appear as a (slightly broad-
ened) singlet at 6 =3.38 ppm. One may therefore conclude
from this experiment that 1) the triple stranded [La,(L);]
helicate is the major species in solution, 2) the three ligand
strands are equivalent on the NMR timescale and 3) the
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Scheme 3. Synthesis of the new ditopic ligands: i) SOCI, (10 equiv), DMF
(0.1 equiv), 1 (2.6-2.7 equiv), CH,Cl, (reflux, 2 h); ii) 1°, I* or I
(1 equiv), NEt/CH,Cl,, reflux (overnight); iii) Fe’ (30 equiv), EtOH/
H,O/HCI, reflux (overnight); iv) EtOH/H,SO, 30:2 (v/v); v) NaOH
(4.2 equiv, EtOH, RT, 2 h).

OCH,
OCH,

-
CH,CH,0Py

NCH, \ cH,
bridge

other
[OCHZ)Z

44 40 36 3.2

H
Benz H

H, H,, Benz J

T .

"72 68 64 60 56 52 48
& [/ ppm

Figure 1. 'HNMR spectrum of 2:3 stoichiometric solutions of La-
(Cl0,);nH,0 and H,L® in D,0 at room temperature; [La™],=6.9x
107*m.

overall symmetry of the molecular edifices is close to D;.
The small and weak resonances accompanying the main
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peaks can be attributed to the minor species in solution
(vide infra). Similar observations are made for the two other
systems the spectra of which are displayed in Figure S1 in
the Supporting Information. This conclusion is entirely sup-
ported by ESI-TOF mass-spectrometric data recorded on
water/acetonitrile 90:10 (v/v) solutions with a total ligand
concentration in the range 2.9-3.0 x 10~*m. For all investigat-
ed systems, a single Ln-containing species is seen, often as
the base peak (Table 1, Tables S1-S3 in the Supporting In-

Table 1. Major peaks corresponding to a Ln-containing species found in
the ESI-TOF mass spectra of 2:3 Ln/L stoichiometric solutions in water/
acetonitrile 90:10 with total ligand concentration 2.9-3.0x 10~ m.

Species mlz Intensity®!  Assignment mlz My,
(obs.) (caled)  [Da]®™
[Eu,(L™),] 107538 20 [M+3H]*/3 107533 3222.97
1089.68 45 [M+2Na+H]*/3 1089.98
[Lay(LS),] 1036.66 100 [M+3H]*/3 1036.59 3104.88
[Eu,(LS),] 104503 100 [M+3H]*/3 104530 313291
[Lu(LS)] 106038 60 [M+3H]*/3 1060.64 3176.95
[Euy(L%),] 100334 100 [M+3H]*/3 100326 3006.90
[a] In percentage of base peak. [b] Molecular weight of the parent

species.

formation), with the correct 2:3 stoichiometry. It is worth
noting that no Ln-containing species with other stoichiome-
try appear in these spectra, at variance with, for instance,
the solutions containing H,L*, for which both 2:3 and 2:2
species contributed to the ESI-MS spectra.’? In the case of
H,L®, the helicate signal corresponds to the base peak for
La and Eu, but not for Lu, for which apparently more disso-
ciation occurs under the experimental conditions used, the
base peak being assigned to the free ligand. A high resolu-
tion scan of two of the peaks attributed to [Eu,(L%),] is
shown on Figure 2 and the calculated isotopic distributions
perfectly match the experimental ones.

To further confirm the predominance of the helicates in
the investigated solutions, conditional stability constants
were determined at pH 7.4 in Tris-HCI buffer by titrating
H,LYY 121x107°m (X=4), 8.88x10™°m (X=5) or 8.52x

[Eu,(LS), +2H]?*

U Calcd Calcd

[Eu,(LE5), + 3H]3

Exptl Exptl

1564 1566 1568 1570 1572 1574 1044 1046 1048
m/z m/z

Figure 2. Experimental and calculated isotopic distribution for two signals
assigned to the [Eu,(L®);] species.
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10°m (X=6) with concentrated solutions (~=5x107°m) of
lanthanide perchlorates (Ln=La, Eu, Lu) for ratios R=
[Ln],/[H,L¥], ranging between 0 and 4.

Factor analysis pointed to the presence of 4-6 absorbing
species in solution and several models were tested for the
least-squares fit of the data. Introduction of a 2:2 species,
which has been identified previously®™? and which is an im-
portant reaction intermediate in the formation of the [Eu,-
(L] helicate,®! systematically led to non-convergence of
the fitting procedure. Therefore the following model was re-
tained [Egs. (1)-(3); charges are omitted for clarity rea-
sons].

2L 4 Ln = [La(LY),]  logf 1)
3L +2Ln = [Ln,(LYY)3] logpys (2)
L 4+ 2Ln = [Ln,(LYY)]  logpy 3)

The corresponding overall stability constants are reported
in Table 2, while typical examples of the titrations are pre-
sented in Figures S2-S4 in the Supporting Information,

Table 2. Conditional stability constants determined by spectrophotomet-
ric titrations in Tris-HCI 0.1m (pH 7.4) at room temperature with stan-
dard deviations between parentheses, and percentages of the Eu-contain-
ing species.

Ligand La Eu Lu

Eu species [% ]

H,L logfis 18.8(2) 18.1(2) 18.7(3) 2.1
log s 24.9(4) 25.5(4) 26.3(4) 97.1
log Sy, 11.7(3) 11.8(5) 12.4(2) 0.5
H,L“ log 1, 14.2(3) 14.8(4) 13.6(1) 5.9
log s 28.1(4) 28.5(5) 26.3(2) 92.5
log Sy, 13.6(3) 14.3(3) 14.3(1) 0.9
H,L® log S, 14.0(1) 14.3(3) n.a. 4.5
log s 27.4(3) 28.6(5) 28.8(3) 94.6
log Sy, 15.9(1) 14.4(5) 16.0(3) 0.8
H,L® log B n.a. 14.0(1) n.a. 9.1
log f,3 n.a. 27.9(1) n.a. 88.7
log 3, n.a. 15.4(1) n.a. 1.5

[a] For [H,LY],,;=4.5x10~*M. [b] From reference [31].

along with distribution diagrams. The distribution diagram
for the Eu"™/H,L® system is reproduced on Figure 3. Inter-
pretation of the stability constants must be done with care,
in that the recalculated spectra of the various species are
heavily correlated (Figure S5 in the Supporting Informa-
tion). The general trend that emerges from the data of
Table 2 is that substitution does not influence much the spe-
ciation with respect to [Ln,(L®);]. The stability of the 2:3
species appears to be larger by 2-3 orders of magnitude,
when compared to the helicate with H,L?; on the other
hand, the stability of the 1:3 species is 3-4 orders of magni-
tude lower. However, logf,, is larger by 2-3 units, so that
when the speciation is calculated for a total ligand concen-
tration of 4.5x107*m, the proportion of bimetallic helicate
in solution tends to be somewhat smaller than in the case of
H,L®, especially for H,L. Regarding the more interesting
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Figure 3. Distribution diagram of the Eu"/H,L® system computed with
the conditional stability constants reported in Table 2 and for a total
ligand concentration of 1 mm.

H,L® ligand (vide infra), this species accounts for ~95% of
the speciation, a value compatible with in vitro experiments
with live cells, for which incubation concentrations of the
lanthanide bioprobes are usually in the range 50-200 um.?¥

As for the previously reported bimetallic chelates bearing
polyoxyethylene side arms,*** no single crystals suitable
for X-ray analysis could be grown, most probably in view of
the presence of the six fluxional pendants. To ascertain the
composition of the inner coordination sphere of the Eu™
helicates, high-resolution luminescence spectra have there-
fore been recorded at 10 K on frozen solutions in water/glyc-
erol (9:1, v/v). They were analysed in terms of group-theory
considerations®” and compared to the spectrum of [Eu,-
(L")4] for which lanthanide-induced shift analysis has dem-
onstrated that the solution structure is very close to the
available crystal structures.” For instance, the emission
spectrum of the helicate with H,L® (Figure 4) can be inter-
preted in terms of an emissive metal ion lying in a site with
pseudo-D; symmetry. Firstly, the unique and symmetrical
’D,—F, transition points to the presence of a single major
species in solution. At room temperature, the energy of this
transition is 17242 cm™', a value which is reasonably close to

E/103cm?
17 165 16 155 15 145 14

580 600 620 640 660 680 700 720
A/nm
Figure 4. High-resolution emission spectrum of [Eu,(L®);] 2.67x 10~ M in

water/glycerol 9:1 (v/v) at 10 K under ligand excitation at 350 nm. The
inset shows the *D,—F, transition.
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the estimate made with a phenomenological equation®
based on the nephelauxetic effect generated by six aromatic
nitrogen (0y,,=—15.3cm™") and three carboxylate oxygen
(Ocary=—17.2 cm™") donor atoms: 17231 cm™". Secondly, the
’D,—’F, transition is split into two main transitions, corre-
sponding to ligand-field sublevels for ’F; located at 260 (ir-
reducible representation A in D) and 437 cm™' (E), respec-
tively. The energy difference AE(A—E)=177 cm™ is pro-
portional to the ligand-field strength. An additional splitting
is seen for ’F,(E), the magnitude of which is a good indica-
tion of the extent of distortion with respect to the idealised
symmetry: its actual value, 34 cm™, is close to the one ob-
served for [Eu,(L");] (28 cm™!, Table 3). Thirdly, the split-

Table 3. Parameters for the symmetry analysis of the metal ion centres in
[Lny(LY);] (X=4-6) 2.67-2.76x10"*m in water/glycerol 9:1 (v/v) at
10K.

Helicate Dy—"Fy °Dy—'F, °*Dy—'F, °Dy—'F, 1(°’Dy)
Eom  fwhh  AE(A-E) AE(E-E) [ms]
[em™]  [em™] [em™] [em™]

[Eu(LN" 17232 15 171 28 2.69+0.01

[Eu(L™, 17242 20 181 26 29+0.1

[Ew(LS),] 17242 20 177 34 275+0.10

[Eu(LY), 17237 17 160 31 28+0.1

[a] At 295K, theoretical value: 17 231 cm™'. [b]In Tris-HCI 0.1m; all
data at 295 K.

ting observed for the other transitions (J=2-4) is also com-
patible with the group-theory predictions for a pseudo-D;
symmetry. A similar analysis conducted for the two other
helicates (X=4, 6; Figure S6 in the Supporting Information,
Table 3) meets the same conclusions. Finally, all the lumines-
cence decays measured at 10 K are single exponential func-
tions and the lifetimes are long, 2.7-3.0 ms, reflecting an ef-
ficient protection of the metal ion from both inner- and
outer-sphere interaction with water molecules (Table 3).
Therefore the spectroscopic data gathered (NMR, UV/Vis,
ESI-MS, luminescence) are all consistent with the formation
of [Ln,(L),] helicates by self-assembly in aqueous solution,
at physiological pH, as well as with the presence of two in-
distinguishable metal ion sites for the metal ions. Minor spe-
cies may be present, but their concentration is small so that
they remain undetected by most of the experimental tech-
niques.

Photophysical properties: Before embarking on the labor-
extensive covalent synthesis of the ditopic ligands, predictive
calculations were performed with the CAChe® 7.5 package
on the core fragments F¥ (X=2, 4-6, Scheme 2) that are
responsible for their photophysical properties. Ground-state
geometries in water were optimised with the PM3/CI proce-
dure and absorption spectra calculated with MOSF/CI at
PM3 geometry. Our interest being in an excitation of the
helicate as far as possible in the visible region, we focus on
the maximum of the absorption band with the smallest
energy. The corresponding calculated wavelengths match
the experimental ones fairly well for fragments F<%, F© and
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F®: 311.5, 351 and 320.5 nm, respectively, compared to 307,
351.5 and 322.5 nm, respectively; that is, A is in the range
0.5-4.5nm only. However, the predicted value for F®
(347 nm) is much bigger than the measured one (319.5 nm);
this large discrepancy may arise from the pyrazolyl fragment
adopting, in aqueous solution, a conformation such that the
electronic communication with the remaining part of the
molecule is interrupted and which is not well reproduced by
the calculations.

The uncomplexed ditopic ligands display three main ab-
sorption domains, 200-225, 230-280, and 300-370 nm, ap-
proximately, displaying one or more maxima. They are
listed in Table 4, along with the energy of the singlet and
triplet states. The bands at lower energy arise from w—m*

Table 4. Photophysical properties of the ligands and their La™ or Gd™ complexes in aqueous Tris-HCI 0.1 m at

almost unchanged (+400cm™). Roughly speaking, the
energy gap between the singlet and triplet states lies in the
range 4000-5000 cm ™' in the helicates, a value favourable
for efficient intersystem crossing, which often plays a major
role in the overall ligand-to-metal energy-transfer process.
The triplet state lifetime is also affected by the complexa-
tion, particularly in the case of Gd™ for which the lifetimes
are quite short due to the heavy atom effect of the paramag-
netic metal ion™ (Table 4). In the case of the luminescent
helicates, the emission from the ligand is almost completely
quenched for Eu™, with concomitant appearance of the
sharp f-f transitions. This is not true for Tb™ for which
ligand emission is seen with a large, small and very small in-
tensity for H,L, H,L® and H,L®, respectively. For H,L®,
for instance, the decrease in sin-
glet state emission amounts to
99.9 and 98% for [Eu,(L®);]

298 K.
Cs 5
Species ECGne—m)" [em™"] loge E('nn*)[em '™  ECnn*) [em™']9  rCrx*) [ms]¥  AE [em '€ and [TbZ(Lm)3] > respec.twe.ly.
= All three Yb ™ helicates still dis-
H,LC 32550 465 24850,25950  20400,21050  276(16) 4450 lav i lisand _emissi
[Lay(LE, 31450 497 23700, n.a. 19900,21150  272(23) 3800 play intense ligand emission,
H,LS 28 550 436  25150,26 150 19 600, 20 800 350(50) 5550 despite the observation of a rel-
27 550 4.29 140(20) atively strong and well-defined
[Gdy(L),] ;g ;88 j.gg 24750, n.a. 19400,20800  75.9(5) 5350 °F,,,—?F,, transition (Figure 5).
H,L 30950 352 22100, na. 19100,20300  990(80) 3000 It is also worth noting that the
[GA,(LY),] 29 500 489 22300, na. 18 650, 19 950 5.4(02) 4850 excitation spectra of the heli-

[a] Lowest energy transition. [b] From fluorescence spectra at 298 K; A.,.=307 (H,L™), 350 (H,L®), 323
(H,L®®) nm, and 319-321, 351-352, 339-341 nm for the corresponding helicates. [c] From phosphorescence
spectra at 77 K, maximum of band envelope and O-phonon transition, same A, as for fluorescence spectra.

[d] At 77 K. [e] AE = E(‘nn*)— ECrm*).

transitions involving intramolecular electron transfer from
the benzimidazole moiety to the pyridine and carboxylate
groups. Complexation to lanthanide ions results in a batho-
chromic shift of about 1100-1350 cm™' for H,L* and 1450-
1600 cm™! for H,L®, depending on the lanthanide ion. In
the case of H,L®, the band at lower energy displays two
maxima separated by 1000 cm™', which are little affected by
complexation, the bathochromic shift being around 50-
150 cm™' for the high energy component and 250-350 cm ™
for the other. We note that the molar absorption coefficients
of the helicates are large and range between loge=4.89 and
4.97, which is an interesting property for the overall efficien-
cy of luminescent probes.

Upon excitation in the lower electronic states, all three li-
gands emit a broad, mainly featureless band (except for
H,L®) in the range 350-500 nm with maxima around
400 nm (H,L®, H,L®) or 450 nm (H,L°). This band disap-
pears upon enforcement of a time delay and is therefore as-
signed to emission from singlet state(s). At 77 K, time-gated
luminescence spectra display a broad band with vibrational
structure, which extends from 420-650 nm with maxima in
the range 490-520 nm, and which arises from triplet state(s),
since the corresponding lifetime is long (270-990 ms). The
singlet state of the non-luminescent helicates (La™, Gd™,
Lu™) is somewhat red-shifted (1150 cm™' for H,L®, and
400 cm ™ for H,L®), while the energy of the triplet state is

890 ——— www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cates with luminescent lantha-
nide ions perfectly match the
absorption spectra, proving sen-
sitisation of the luminescence

E /10% cm!
11.010.5 10.0 9.5

850 900 950 1000 1050 1100
A/ nm

Figure 5. Emission of the Yb" ion in a solution of [Yb,(L®);] 2.8x10°m
in Tris-HCI 0.1 m; excitation wavelength: 352 nm; solid line: 77 K, dotted
line: 295 K.

by the ligands (Figures S7-S9 in the Supporting Informa-
tion).

The emission spectra of 10~*~107>m solutions of the Eu
helicates in Tris-HCL (0.1 M) at room temperature are very
similar to those recorded on frozen solutions at 10 K, but
for the expected broadening due to vibronic contributions*’!
and to an increase in the *D,—'F,/’D,—F, intensity ratio,
for the same reason. Similar conclusions can be drawn for
the Tb™ helicates. To further prove the protective encapsu-
lation of the Ln™ ions by the self-assembled nine-coordinate
chemical environment, we recorded the luminescence

11
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decays in water and in deuterated water, both at room tem-
perature and 77 K. This allows us to determine the number
of coordinated water molecules g and to assess the impor-
tance of other non-radiative deactivation processes, in par-
ticular phonon-assisted back transfer of the excitation
energy onto the ligands. The relevant data are listed in
Table 5 in which the reported g values have been calculated

Table 5. Lifetimes 7 of the *D; levels in water and deuterated water, hy-
dration numbers ¢, and overall quantum yields for solutions of [Ln,-
(L);] helicates 10-15 pm in Tris-HCI (or DCI) 0.1 M, under ligand excita-
tion, at 295 K.

Helicate 7(H,0) 7(D,0) q or,
[ms] [ms] (£0.3) (%]

[Euy(L);]  2.5240.02 434+0.03 -0.1 1542
2.68+0.08 4.0340.09 (=02)¥ 1542

[Tb,y(L;]  0.12+0.01 0.1740.01 (vl 25403
2.5840.020 2.67+0.03 (—0.2)¢

[Euy(L®);]  2.30+0.02 3.9240.06 -0.1 9.0+£0.9
2.8440.027 3.9540.10" (—0.2)t

[Tb,(L%);]  0.040+0.003 0.04140.003 (vl 0.3140.05
2.5640.03( 2.70+0.12¢ (=0.2)¢

[Yb,(L®);] (433+0.03)x107>  (47.840.1)x102 0.0  0.16+0.02

[Euy(L);]  0.54+0.02 2.9440.04 01  035+0.05
0.67 +0.05 412+0.12¢ (=0.2)¢

[Tby(L )]  (10.5+0.8)x 1073 (9.5+£0.8)x10% 1 (dl
1.85+0.17 1.94+0.15 (—0.3)t

[YD,(L®),] (4.2840.02)x107  (49.840.5)x10° 0.0  0.15+0.02

[a] See text for equations used. [b] Equation not applicable. [c] At 77 K.
[d] Too small to be measured.

with the following phenomenological equations [Egs. (4)—
(6)],.#4* in which Akgy,=1/7(H,0)—1/z(D,0) (in ms™' for
Eu™ and Tb™ and ps™' for Yb™); the corrective factor
takes into account second-sphere effects.

q(Eu) = 1.11 x (Akyy,—0.31) (4)
q(Tb) = 5.0 x (Aky,,—0.06) (5)
q(Yb) = 1.0 x (Aky,—0.20) (6)

It is important to realise that these equations are only
valid if deactivation through O—H vibrations is the main
non-radiative deactivation path operating in the studied
compound. The accuracy of these equations is usually ac-
cepted to be 0.3 water molecules. All the g values found
for the Eu™ helicates are close to zero, pointing to the ab-
sence of water molecules interacting in the first coordination
sphere. The Eu(°D,) lifetimes are quite long for the helicates
with H,L® and H,L® and not too temperature-dependent,
increasing by about 20% from room temperature to 10 K;
this means that vibrational deactivation are minimised in
the relatively rigid coordination cavity. The situation for the
helicate with H,L® is quite different in that the lifetime is
short and quite temperature-dependent, both in water and
deuterated water. Since the calculated value of g is still
zero, this means that another temperature-dependent deacti-
vation mechanism is operating in this compound; back
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transfer or quenching by a LMCT state are potential candi-
dates, but since no LMCT could be evidenced, the former
mechanism is most likely to be the cause of the quenching.
In the case of Tb™, the room-temperature lifetime of the
D, level is very short, in the range 10120 ps in water and
10-170 ps in deuterated water; that both sets of data are
very similar points to a temperature-dependent mechanism
different from O—H quenching operating in the three molec-
ular edifices: the lifetimes at 77 K are indeed much longer,
in the millisecond range. Since both 4f-5d*! or charge-
transfer states!*! have too high energy for being involved in
such a quenching, we again think that back transfer is the
mechanism most likely involved. In such a case, Equa-
tion (5) is not applicable for the calculation of g; if one uses
this equation with 77 K data, one gets g values close to zero.
This has to be used with caution since the procedure is not
validated, although it also works for Eu™ (Table5) and
sometimes yield values different from zero.™!

The reasoning about back transfer seems to be further
substantiated by the Yb™ lifetimes in water, which are
almost identical within experimental error for the helicates
with H,L® and H,L®. In these cases, the energy gaps be-
tween the °Fs), level and the ligand triplet states are far too
large (=10000 cm™) for back transfer to be operative. As a
consequence, the main quenching mechanism occurs
through vibrators located in the first- and second-coordina-
tion spheres.”! The lifetimes in deuterated water are conse-
quently about tenfold longer than in water and the calculat-
ed g values are zero.

The quantum yields of the metal-centred luminescence
upon ligand excitation are also reported in Table 5. The best
ligand for sensitising the Eu luminescence is H,L%, with an
overall quantum yield of 15% down from 21% for [Eu,-
(L);].BY In moving to H,L®, the quantum yield further de-
creases to 9 %, while the simple grafting of a methoxy group
on the 7-position of the N-methyl benzimidazole moiety of
H,L® to yield H,L® is very detrimental for the reasons ex-
plained above and the quantum yield is under 1%. With re-
spect to Tb™, none of the three new ligands is adequate for
a substantial sensitisation, the quantum yields remaining
quite small or even not measurable for H,L°; again ligand
H,L® is the best of the series. The quantum yield of the
Yb™ helicates seems to be rather insensitive to modification
of the ligands, the quantum yield remaining approximately
constant (0.15%) for ligands H,L®, H,L® and H,L®. In
view of these results, and given our initial goal of shifting
the excitation wavelength toward the visible, only [Eu,-
(L%),] will be tested as luminescent bioprobe.

Cell-imaging properties of [Eu,(L);]: Before starting imag-
ing experiments, we have checked that the growth of HelLa
cells is not inhibited by the Eu"™ chelate. Cell proliferation
was determined by the WST-1 assay at time intervals in the
range 0.5-24 h for incubation concentrations of the helicate
of 0, 125, 250, and 500 pm. The results clearly show no influ-
ence of the europium complex on cell proliferation (Fig-
ure S10 in the Supporting Information). The viability of the
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cells after 24 h incubation with concentrations of the chelate
up to 500 um is also 100+ 1%, as determined with the same
WST-1 assay. Therefore the helicate can be considered as
being non-cytotoxic, with ICs,>500 pum. In the following ex-
periment, HelLa cells were grown on plastic-bottomed cell
culture p-dishes and incubated with a solution of [Eu,(L);]
in RPMI-1640 (0-100 um) for 6 h at 37°C. Time-resolved lu-
minescence images recorded with an excitation wavelength
of 365 nm and a delay time of 100 ps to eliminate the back-
ground fluorescence are shown on Figure 6. Bright spots
start to appear in the cytoplasm of the cells for an incuba-
tion concentration as low as 5 um. The uptake of the helicate
at an incubation concentration of 200 pm was also followed
versus time and emission from the chelate can be detected
after only 15 min (Figure 6 and Figure S11 in the Supporting
Information).

Figure 6. Merged bright-field and time-resolved luminescence microscopy of HeLa cells loaded with [Eu,-
(L%),]. Top row: Cells incubated with various concentrations of [Eu,(L®);] in RPMI-1640 for 6 h at 37°C;
conditions: Pan-Fluor lens 40 x magnification, 365 nm excitation (BP 80 nm), 420 nm LP emission filter, 100 ps
delay, 30 s exposure time. Bottom row: Time-course of the uptake upon incubation at 37°C with [Eu,(L®),]
200 um; same conditions as above, but for the magnification (100x) and the excitation (340 nm, BP 70 nm).

Given the molecular weight of the helicate (3133 Da), the
mechanism of intake is very likely to be endocytosis, as
demonstrated for helicates with H,L™ (X=2, 2/, and
3).%321 The microscopy images shown on Figure 6 point to a
localisation into endosomes and/or lysosomes. To learn
more on this aspect, we performed two co-localisation ex-
periments with organic dyes. The fluorescence of the organic
dyes was measured by the conventional mode, while Eu™ lu-
minescence was detected in a time-gated mode. In the first
experiment, HeLa cells were incubated simultaneously with
100 um of [Euy(L%);] and 100 nm of LysoTracker blue DND-
22 during 4 h at 37°C. Superimposed images (Figure S12 in
the Supporting Information) unmistakably point to the pres-
ence of the helicate into secondary endosomes and lyso-
somes. Secondly, co-localisation experiments were conduct-
ed with two organic dyes known to penetrate into the endo-
plasmatic reticulum (ER) and
the Golgi apparatus, respective-
ly. Cells were incubated succes-
sively with the Eu™ chelate and
the two organic trackers. The
resulting images are shown on
Figure 7 and reveal that the ma-
jority of the neutral helicates
stain vesicles contained within
the endoplasmatic reticulum
and not in the Golgi apparatus.

The number of [Eu,(L®)]
helicates trapped into HeLa
cells was determined by using
Delfia® technology. Cells were
loaded overnight with the che-
late (25 um) in a 6-well cell cul-

20 pm

5000 __ Golgi F

Helicate
4000 ER
3000
2000

1000

50 100 150 200
Distance / pixel

Figure 7. Images of HeLa cells loaded with 100 um of [Euy(L®);] for 4 h at 37°C followed by 30 min incubation with 1 um of ER-tracker Blue-White
DPX at 37°C and finally by 30 min incubation at 4°C with 5 um of Golgi-Tracker BODIPY® FL Cs-ceramide complexed to BSA. A) bright field image.
B) fluorescence of ER-Tracker (Plan-fluor lens 100 x, 365 nm (BP 80 nm) excitation filter, 450 nm (BP 65 nm) emission filter, 4 s exposure time). C) fluo-
rescence of Golgi-tracker (Plan-fluor lens 100 x, 480 nm (BP 30 nm) excitation filter, 530 nm (BP 30 nm) emission filter, 1 s exposure time). D) Eu" lu-
minescence (Plan-fluor lens 100 x, 340 nm (BP 70 nm) excitation filter, 420 nm longpass emission filter, 10 ps excitation pulse length, 100 ps delay time,
600 ps gate time, 30 s exposure time). E) merged images. F) Densitometric traces over the path shown in E.
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ture plate and harvested by
trypsinisation after extensive
washing with PBS. The number
of labelled cells was estimated
by trypan blue staining. The
Eu™ luminescence was mea-
sured in time-gated mode after
complete lysis of the cells. In
parallel, a standard curve was
established by spiking 500 un-
loaded cells with different con-
centrations of [Eu,(L<);] and is
shown on Figure S13 in the
Supporting Information. From

FULL PAPER

125 uM

the collected data, each cell i

. 1001 -=-[Euy(L5);]
contains on average S5.2x o= [Eu,(L2),]
107" mol of the [Euy(L®);] hel- 20
icate, translating to 3.1x10° < 807
molecules of chelate per cell, at % 70
the low end of the (3.2-5.4)x 5
10® range observed for the i
other helicates.?%?! This is com- 50
parable to the number of mac- 04— ; .
rocyclic complexes per cell 0 0 20
found by Parker et al.: 1.2x10° Gl

to 1.2x10°.'%41 The emission
spectrum of intracellular [Eu,-
(L®)4] displays an overall shape
very similar to the lumines-
cence spectrum in the cell cul-
ture medium (Figure S14 in the Supporting Information)
and in RPMI-1640, translating into D, —'F;°’D,—F, inten-
sity ratios being alike, within experimental error. The only
difference lies in the °D, lifetime, which is much shorter in
cellulo; since the decay remains perfectly monoexponential,
a possible explanation is a quenching by endogenous antiox-
idants present in the cells.l*"!

In view of the above data, [Eu,(L®);] appears to be a
suitable luminescent probe for cell imaging and sensing.
Compared to [Eu,(L%),], however, its quantum yield is 2.5-
fold smaller, which is a handicap. However, when it comes
to confocal microscopy, the longer excitation wavelength of
this new bioprobe is a definite advantage, since it still ab-
sorbs substantially at 405 nm. A comparative study of [Eu,-
(LS),] versus [Euy(L%);] conducted on HeLa cells demon-
strates the superiority of the former in confocal microscopy
(Figure 8 and Figure S15 in the Supporting Information).

concentration.

Discussion and Conclusion

When it comes to designing luminescent bioprobes it is vital
to be able to correlate the structure of the sensitising ligand
with the photophysical properties. Theoretical modelling
leading to workable structure—property relationships are not
yet reliable enough due to the complexity of the ligand-to-
lanthanide energy-transfer process,'*! except in some isolat-
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360 460 560
Figure 8. Top: Confocal microscopy images of HeLa cells incubated with different concentrations of [Eu,-

(L®),] (1st row) and [Eu,(L®),] (2nd row) during 18 h at 37°C; lens Plan-Apochromat 63/1.30 oil, 405 nm ex-
citation, LP emission filter 505 nm. Bottom: Corresponding luminescence intensity versus incubation

ed cases."™! In fact, the quantity of interest is the sensitisa-
tion efficiency of the ligand, 7., which can be deduced
from two experimentally accessible parameters, the overall
quantum yield, that is, the quantum yield of the metal-cen-
tred luminescence upon excitation in the ligand electronic
levels, and the intrinsic quantum yield, that is, the quantum
yield of the metal-centred luminescence upon direct f—f exci-
tation [Eq. (7)].

L
Nsens = QI]:z
Ln (7)
Ln _ robs
Ln — T

rad

The relationship between the composition of the inner
(and partly outer) coordination sphere(s) of the luminescent
metal ion and Q" is relatively straightforward and well un-
derstood in that a large intrinsic quantum yield requires a
rigid metal-ion environment devoid of high energy vibra-
tions.” On the other hand, the link between 7., and the
chemical and electronic structure of the luminescent edifice
is much more elaborate. Therefore, a precise determination
of this quantity for a series of related compounds certainly
helps in understanding this relationship. One difficulty is
that it is difficult to measure experimentally, because of the
very weak oscillator strength of the f-f transitions, which, in
addition, are often overlapped by much stronger ligand ab-
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sorptions. A way out is to calculate this quantity with the ob-
served (7.,) and radiative (7,,) lifetimes. The latter quantity
cannot be measured directly, rather it has to be calculated
from Einstein’s spontaneous emission coefficients, them-
selves estimated from the absorption spectrum. The proce-
dure is complex and yields variable results.’” Fortunately, in
the case of Eu™, and thanks to the magnetic dipole nature
of the *D,—F, transition, a simplified equation is at hand

[Eq. (8)].

1 1
:AMD,O'n3( “) (8)

Trad Ivp

In Equation (8) Aypy, Which is the emission probability of
the *D,—’F, transition, is independent of the metal-ion en-
vironment and is equal to 14.65s7'; I, is the experimental
total integrated emission intensity (°Dy—’F;, J=0-6) and
Iy the corresponding value for the magnetic dipole transi-
tion only. Relevant data for the three Eu™ helicates tested
here as well as for the four other ones published previously
are collected in Table 6. The striking feature is that the radi-

Table 6. Radiative lifetimes of the Eu(>D,) level and ligand sensitisation
parameters for the [Ln,(L¥),] helicates.

Helicate Trad Lo Tsens AECan*=Dy) Ref.
[ms] [%] [%] [em™]
[Eu(LY)]  68+03 3744 67410 3330 [28]
[Ew(L®)] 69403 3644 S8+£8 4720 [28]
[Eu(L®)] 66403 3744 5247 4570 [32]
[Eu(LS)] 62403 3644 3045 4820 [28]
[Ew(LY),] 6403 40+4 3846 3710 this work
[Ew(LS)] 67402 35+4 2644 3460 this work
[Ew(L® 68409 8+1 44407 2610 this work

ative lifetime is remarkably constant in this series of com-
pounds. This means that non-radiative deactivation process-
es are quite comparable in the seven helicates owing to very
similar N¢O; coordination environments. The intrinsic quan-
tum yield is also very similar for all helicates, but for [Eu,-
(L),], a logical consequence of the back-transfer mecha-
nism evidenced upon analysis of the temperature depend-
ence of the D, lifetime. On the other hand, the sensitisation
efficiency is quite sensitive to substitution of the ligand core.
With respect to the reference helicate [Euy(L%);] (58%),
Nens decreases by one third to 38% when N-pyrazolyl
groups are grafted, and by half, to 26 %, when the benzimi-
dazole core is modified by fusion of a pyridine moiety.
Therefore, the decrease in overall quantum yield for the two
new helicates with respect to [Eu,(L)] is entirely due to a
less efficient energy transfer. On the other hand, the very
poor quantum yield of [Eu,(L);] is due to the conjugated
effect of an extremely small sensitisation efficiency of about
4% and of additional non-radiative deactivation due to
back transfer.

It is common to discuss sensitisation efficiency in terms of
the energy gap between the emitting level and the 0-
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phonon energy of the triplet state. In some instances, corre-
lation has effectively been found, for instance for a series of
polyaminocarboxylates™ or Schiff base complexes,™ the
rule of thumb being that AECan*-°Dj) should be in the
range 2500-3500 cm ™' for optimum transfer. Examination of
the data reported in Table 6 and plotted on Figure 9 clearly

[Eu,(L)5] + 1
60 1 + 2
N 2§
\E xX= 4
S 30 s @ 34
0 6m
2000 3000 4000 5000
AE(nn*-5Dg) / em?
12 1 } 2
>
® [Th,(L™);,]
~
6;5 6 1 X=
1 = 4 3
6 n
04 = ug -
-500 0 500 1000 1500 2000 2500

AE(3nn*-5D,) / cm?

Figure 9. Top: Efficiency of the H,LX ligands for the sensitisation of
Eu" luminescence versus AE(Cmm*—"D;). Bottom: Overall quantum
yields of the [Tb,(L¥);] helicates versus AECam*—"D,).

demonstrates the insufficiency of such a methodology in
that there is no correlation between the relevant photophys-
ical data and the energy gaps for both Eu™ and Tb™ bimet-
allic helicates. As we have pointed out previously,®*! this
simplistic approach does not take into account the overlap
integrals between the emission spectrum of the donor and
the absorption spectrum of the acceptor, a parameter which
is highly sensitive, in the present cases, to the band shape of
the triplet emission, which extends far into the visible
region.

The data reported here for the four new helicates demon-
strate that if derivatisation of the ligand core can lead to
predicted changes in the energy of the ligand levels, their in-
fluence on the photophysical properties is more difficult to
prophesy. Moreover they also show the limited range of
energy-tuning available when it comes to shifting the excita-
tion wavelength into the visible region, while maintaining
the luminescence properties. In this respect, [Eu,(L®);] rep-
resents a good compromise. Its performances as a cell-imag-
ing stain are satisfying when time-gated microscopy is used,
although the expected improvement, with respect to [Eu,-
(L], in shifting the excitation wavelength from 330 to
365 nm did not occur, simply because the absorption profile
of the former helicate is narrower so that the overlap be-
tween the absorption spectra and the excitation bandwidth
is very similar for the two helicates. Recently, Parker et al.
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have reported an Eu complex derived from the cyclen
framework fitted with an azathiaxanthone pendant having
an excitation wavelength of 382 nm and a comparable quan-
tum yield to [Euy(L®);] in water (8.9 % );"* we note, howev-
er, that the molar absorption coefficient of the xanthone an-
tenna at the absorption maximum is about tenfold smaller
compared to [Euy(L),].

On the other hand, when it comes to confocal microscopy,
[Eu,(L®)] is largely better than [Eu,(L%),]. Since 1) confo-
cal microscopy is widely used in biology, 2) H,L® bears the
same polyoxyethylene pendant arms as H,L®*, meaning that
further derivatisation is at hand for planning coupling and
targeting experiments and 3) its Eu™ helicate is non-cyto-
toxic, [Eu,(L®);] is a potentially valuable bimetallic lantha-
nide probe, for both time-resolved and confocal microscopy.
It localises in secondary endosomes and lysosomes that
mainly co-localise with the endoplasmatic reticulum, so that
it lends itself to studies on a long timescale, especially that
excitation wavelengths less damageable for living cells can
be used (e.g., 405 nm).

Experimental Section

Starting materials and general procedures: Chemicals and solvents were
purchased from Fluka and Aldrich. Solvents were purified by a non-haz-
ardous procedure by passing them onto activated alumina columns (Inno-
vative Technology Inc. system).*” Stock solutions of lanthanides were
prepared just before use in freshly boiled, doubly distilled water from the
corresponding Ln(ClO,);xH,O salts (Ln=La, Eu, Gd, Tb, Yb, Lu , x=
2.5-4.5). These salts were prepared from their oxides (99.99 %, Rhodia
Electronic and Catalysis or Research Chemicals, Phoenix, Arizona) in
the usual way.®® Concentrations of the solutions were determined by
complexometric titrations using a standardised Na,H,EDTA solution in
urotropine buffered medium and with xylenol orange as indicator."™!

Analytical measurements: NMR spectra were measured at 25°C on
Bruker Avance DRX 400 ('H, 400 MHz) and AV 600 (*C, 600 MHz),
and AV 800 (**C, 800 MHz) spectrometers. Spectra of organic compounds
were recorded in CDCl; (99.8%, Aldrich), MeOD (99.8%, Aldrich),
D,0 (99.9%, Aldrich) or [Ds]DMSO (99.8 %, Aldrich) and those of the
helicates in D,0 (99.9 %, Aldrich) and NaOD 0.1m starting from NaOD
25% from Aldrich (99.5%); deuterated solvents were used as internal
standards and chemical shifts are given with respect to TMS. The ESI-
MS spectra of the ligands were obtained on a Finningan SSQ 710C spec-
trometer using 107°-107*m solutions in acetonitrile/H,O/acetic acid
(50:50:1), capillary temperature 200°C and acceleration potential
4.5 keV. The instrument was calibrated using the horse myoglobin stan-
dard and the analyses were conducted in positive mode. ESI-TOF spectra
in positive ion mode were recorded on a Q-TOF Ultima mass spectrome-
ter (Micromass, Manchester, UK) equipped with a Z-spray type ESI
source. Phosphoric acid was used for mass calibration in the range 100—
2000 m/z. Data were acquired and processed with Masslynx version 4.0.
Electrospray conditions were as follows: capillary voltage, 3 kV; source
temperature, 80°C; cone voltage, 35 V; source block temperature, 150°C.
The ESI nebulisation and drying gas was nitrogen. The sample was intro-
duced through a syringe pump operating at 20 puLmin~'. The simulation
of spectra was achieved with Molecular Weight Calculator 6.42%; high-
resolution spectra of the three ligands are shown in Figure S16 in the
Supporting Information. UV/Vis spectra were measured in 0.2 cm quartz
Suprasil® cells on a Perkin-Elmer Lambda 900 spectrometer. Molecular
modelling was performed with the CAChe® workpackage 7.5 (Fujitsu,
2000-2006). Stability constants were determined by spectrophotometric
titration of H,L“X by Ln™ (Ln=La, Eu, Lu) at fixed pH 7.4 (0.1m Tris-
HCI buffer) with the help of a J&M diode array spectrometer (Tidas
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series) connected to an external computer. All titrations were performed
in a thermostated (25.0+0.1°C) glass-jacketed vessel at u=0.1m (KCI).
Factor analysis'®! and mathematical treatment of the spectrophotometric
data were performed with the Specfit® software.!l IR spectra were ob-
tained on a Spectrum One Perkin—-Elmer FT-IR spectrometer equipped
with an ATR accessory. Elemental analyses were performed by Dr. Euro
Solari, Elemental Analysis Laboratory of the Institute of Chemical Scien-
ces and Engineering, EPFL.

Luminescence spectra and lifetimes were collected either on a Horiba—
Jobin Yvon FL 3-22 fluorimeter or on a home-made high-resolution set-
up, according to procedures published previously.””’ Quantum yields
were measured both by a comparative method with [Eu,(L");] as stan-
dard (Q=24%)P" and by an absolute method® using a specially de-
signed integration sphere.””! The two methods gave consistent results, as
reported previously.®!)

Synthesis of the intermediates I°**, I°* and I1°** (Scheme 4): The synthesis
of 4,4'-bis(N-methylamino)-5,5'-dinitro-2,2"-bis(N-pyrazolyl)diphenylme-
thane (1) started with a direct C—N coupling of 5-chloro-N-methyl-2-
nitrobenzeneamine with pyrazole in presence of catalytic amounts of
[Fe"(acac);] and Cu"O, yielding compound 2. The second step was based
on a chemical procedure commonly used in our laboratory.*”!

| Cda

Q-
02, 005 @Q

~ N 79%
O O ?C/
|C4a

0,
|CSa 7

H
100% Q 97 % 9%

8 9 10 |Cea

38 % N' 8%
3

66 %

Scheme 4. Synthetic routes to the intermediates 1°**, I* and 1°**.

The first step in the synthesis of I“** consisted of a nitration at the 7-posi-
tion of 1,2,3,4-tetrahydroisoquinoline in a mixture of HZSO4/KNO3,[66J fol-
lowed by oxidation into 7-nitroisoquinoline by using an excess of Fremy’s
salt.[%] Despite its drawbacks such as the high cost of the reagent and
the long reaction time (7 days), this reaction is the only known way to
obtain the target product in absence of impurity; we note that the yield
obtained (66 %) is better than other published ones, 30 %" and 55 %.1%*!
The only method we found for incorporating the methylamino group in
8-position of the 7-nitroisoquinoline was by direct methylamination.!*""
The good selectivity obtained for the first time on a nitroisoquinoline, as
well as the substantial yield, can be explained by two factors: 1) the pres-
ence of a nitro group at the 7-position, and 2) the strongly electrophilic
nature of the carbon atom bearing the incorporated methylamino group.
Finally, compound I®* was obtained similarly to I°*. The solubility of
I* was extremely low in all commonly used organic solvent; neverthe-
less, well-resolved NMR 'H spectra were obtained by dissolution into a
mixture of deuterated water containing one drop of DCI (35%).
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The first step in the synthesis of 1°* consisted of methylating the phenol

function of the commercially available 3-fluoro-4-nitrophenol 8 in pres-
ence of an excess of methyl iodide. The resulting 3-fluoro-4-methoxyni-
trobenzene (9) was subsequently converted into 2-N-methylamino-4-me-
thoxynitrobenzene (10) by aromatic nucleophilic substitution of a fluo-
ride atom by a N-methylamino group."! Finally, the target compound
1°* was obtained similarly to I°**, The overall yield of the synthesis was
94%.

N-Methyl-2-nitro-4-(1 H-pyrazol-1-yl)benzeneamine (2): A solution of 5-
chloro-N-methyl-2-nitrobenzeneamine (2.00 g, 10.7 mmol) in DMF
(25 mL) was added to a mixture of pyrazole (1.09 g, 16.1 mmol), Cs,CO;
(6.98 g, 21.4 mmol), [Fe(acac);] (1.26 g, 3.57 mmol) and CuO (0.085 g,
1.08 mmol) under nitrogen. The corresponding mixture was heated to
140°C and stirred for 24 h. After cooling to room temperature, the mix-
ture was diluted with dichloromethane and then filtered. The filtrate was
washed twice with water, and the combined aqueous phases were extract-
ed with CH,Cl, (2x250 mL). The organic layers were combined, dried
over anhydrous Na,SO, and concentrated to give the crude product,
which was further purified by column chromatography (neutral alumina,
CH,Cl,/hexane 7:3—CH,Cl,) to provide 2 as an orange solid (884 mg,
38%). 'H NMR (400 MHz, CDCl;) 6=3.11 (s, 3H; NCHj,), 6.53 (dd, *J=
22 Hz, /=18 Hz, 1H; Hpy), 6.91 (dd, /=92 Hz, /=22 Hz, 1 H; Hp,),
731 (d, *J=1.8 Hz, 1H; Hyy,), 7.78 (d, *J=2.2 Hz, 1H; Hp,,), 8.01 (d, /=
2.2 Hz, 1H; Hy,), 8.23 (brs, 1H; NH), 8.28 ppm (d, *J=9.2 Hz, 1 H; Hy,);
BCNMR (800 MHz, CDCl;): 6=29.90 (NCH;), 102.00 (CHy,), 105.46
(CHpyp), 108.91 (CHpy,), 127.25 (Cpnquar)s 128.97 (CHpy,), 129.80 (Cppgua)s
142.44 (CHpy,), 145.47 (Cppquar)> 147.49 ppm (Cppgua) ; ESI-MS: m/z caled:
219.09 [M+H]*; found: 219.39.

4,4'-Methylenebis[ N-methyl-2-nitro-5-(1 H-pyrazol-1-yl)aniline] a“y:
Compound 2 (800mg, 3.67mmol) and p-formaldehyde (55 mg,
1.83 mmol) were dissolved in a concentrated hydrochloric acid solution
(40 mL, 25%). The mixture was heated and stirred for 16 h. After cool-
ing, the solution was poured into distilled water (about 50 mL) and neu-
tralised with aqueous ammonia (25%) to pH 10. The resulting orange-
red precipitate was filtered, washed with water and dried under vacuum.
The crude product was then purified by column chromatography (neutral
alumina, CH,Cly/hexane 9:1—CH,Cl,/MeOH 99:1) to provide I°* as a
red solid (822 mg, 86%). '"HNMR (400 MHz, CDCly): 6=2.98 (d, J=
4.7 Hz, 6H; NCH,), 4.07 (s, 2H; CH,), 6.40 (dd, *J=2.2 Hz, */=1.8 Hz,
2H; Hpy,), 6.71 (s, 2H; Hp,), 7.50 (d, *J=1.8 Hz, 2H; Hy,,), 7.67 (s, 2H;
Hyy), 7.72 (d, *J=2.2Hz, 2H; Hy,), 7.96 ppm (brs, 2H; NH); "CNMR
(600 MHz, CDCl;): 6=29.83 (NCHj;), 32.43 (CH,), 107.43 (CHp,), 109.91
(CHpy,), 121.41 (CHpy), 129.16 (Cpnquar)s 130.25 (CHpy,), 130.71 (Cppgua)s
141.49 (CHyy,), 145.32 (Cppquar)> 145.88 ppm (Cppgua); ESI-MS: m/z caled:
449.17 [M+H]"; found: 449.28; elemental analysis caled (%) for
C,HyNgO,-0.5MeOH-0.25 H,0: C 55.09, H 4.84, N 23.91; found: C
55.34, H 4.92, N 24.04.

7-Nitrotetrahydroisoquinoline-HCI (5): Compound 4 (10.0 g, 75.0 mmol)
was dissolved in concentrated sulfuric acid (37 mL) under cooling. Potas-
sium nitrate (8.15 g, 80.6 mmol) was added in small portions to the stirred
solution, the temperature of which was kept below 5°C. The reaction was
allowed to stand overnight at room temperature and then the mixture
was poured onto ice. The resulting solution was basified with aqueous
ammonia (25 %) to pH 10. The aqueous phase was extracted with CH,Cl,
(5%x250 mL). The organic solvent was removed from the combined or-
ganic phases, the remaining crude oil was dissolved in ethanol (60 mL)
and concentrated hydrochloric acid (10 mL, 37 %) was added. After fil-
tration, the precipitate was washed with ethanol (400 mL) and petroleum
ether (100 mL). The hydrochloride salt of 7-nitrotetrahydroisoquinoline
was recrystallised from methanol to give a white solid (7.10 g., 44%
yield). "H NMR (400 MHz, D,0): 6=3.26 (t, *J=5.9 Hz, 2H; CH,), 3.60
(t, *’J=59Hz, 2H; CH,), 4.51 (s, 2H; CH,), 7.50 (d, /=83 Hz, 1H;
Hpy), 8.14 (s, 1H; Hpy), 8.15ppm (d, /=83 Hz, 1H; Hp,); "C NMR
(800 MHz, D,0): 6=24.78 (CH,), 41.00 (CH,), 44.13 (CH,), 122.09
(CHyy,), 122.73 (CHypy), 129.20 (Cppguar)» 130.22 (CHypy), 139.52 (Cphguar)s
146.28 ppm  (Cppquar); ESI-MS: miz caled: 179.08 [M+H]*, 220.11
[M+CH;CN+H]*; found: 179.33, 220.33.
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7-Nitroisoquinoline (6): Potassium nitrosodisulfonate (44.6 g, 166 mmol)
in 4% aqueous sodium carbonate solution (670 mL) was added to 5
(3.20 g, 14.9 mmol). The mixture was vigorously stirred at room tempera-
ture for 7 days and the reaction mixture was extracted with CH,Cl, (5x
250 mL), dried over anhydrous Na,SO, and concentrated under reduced
pressure. The residue was purified by column chromatography (neutral
alumina, AcOEt/hexane 60:40—80:20) to give 7-nitroisoquinoline as a
yellowish solid (1.71 g., 66 % yield). '"H NMR (400 MHz, CDCL;): 6 =7.78
(d, *J=5.6Hz, 1H; Hyy), 7.99 (d, *J=85Hz, 1H; Hy,), 847 (dd, /=
8.5Hz, /=2.1Hz, 1H; Hy,), 8.74 (d, J=5.6 Hz, 1H; Hy,), 894 (d, V=
2.1Hz, 1H; Hy,), 947 ppm (s, 1H; Hp,); *CNMR (800 MHz, CDCL):
0=120.28 (CHyy), 123.72 (CHpy), 124.42 (CHyy), 127.18 (Cpppyquar)> 128.53
(CHpy), 13815 (Cppqua)> 146.20 (Cpppyqua)> 146.50 (CHypy), 154.26 ppm
(CHyy); ESI-MS: m/z caled: 175.05 [M+H]*, 216.08 [M+CH,CN+H]*;
found: 175.32, 216.32.

8-Methylamino-7-nitroisoquinoline ~ (7): Compound 6 (450 mg,
2.59 mmol) was dissolved in liquid methylamine (10-15 mL) at —10°C.
After stirring at —7°C for 30 min, KMnO, (818 mg, 5.17 mmol) was
added. The resulting mixture was stirred at this temperature for 4 h.
After evaporation of methylamine, distilled water (100 mL) and CH,Cl,
(500 mL) were added to the dark residue. This biphasic mixture was vigo-
rously stirred overnight and then the organic phase was isolated. The
aqueous phase was extracted with CH,Cl, (2x250 mL) and the organic
phases were combined, dried over anhydrous Na,SO, and filtered. After
removal of the solvent, the crude product was charged on a chromatogra-
phy column (silica gel, AcOEt/hexane 70:30—90:10) to give an orange
solid (372 mg, 71% yield). "H NMR (400 MHz, CDCLy): 6=3.64 (d, J=
5.6 Hz, 3H; NCH;), 7.02 (d, *J=9.2 Hz, 1H; Hy,), 7.57 (d, /=5.5 Hz,
1H; Hy,), 832 (d, ¥=92Hz, 1H; Hy,), 8.63 (d, /=55 Hz, 1H; Hy,),
9.66 (brs, 1H; NH), 9.77 ppm (s, 1 H; Hp,); "C NMR (600 MHz, CDCL):
0=37.64 (NCHj,), 115.26 (CHpy), 120.56 (Cpp.pyqua)> 120.79 (CHpy), 126.72
(CHpy), 129.55 (Cppqua)> 141.73 (Cppguar)» 147.12 (CHpy), 149.20 (Cpppyquar)s
151.11 ppm (CHp,); ESI-MS: m/z caled: 204.08 [M+H]*, 245.11
[M+CH,;CN+H]*; found: 204.30, 245.31.
5,5'-Methylenebis(N-methyl-7-nitro-8-isoquinolinamine) (I"): 8-Methyl-
amino-7-nitroisoquinoline (372 mg, 1.83 mmol) and p-formaldehyde
(27.4 mg, 9.16 x 107! mmol) were dissolved in a concentrated hydrochloric
acid solution (25%, 10 mL). The mixture was heated at 80°C and stirred
for 16 h. After cooling, the solution was poured into distilled water
(50 mL) and neutralised with aqueous ammonia (25%) to pH 10. The re-
sulting orange red precipitate was filtered, washed with water (200 mL)
and acetone (200 mL), and dried under vacuum (300 mg, 79 % yield).
'"HNMR (400 MHz, D,0/DCl): 6=2.53 (s, 6H; NCH;), 3.47 (s, 2H;
CH,), 6.97 (s, 2H; Hpy,), 7.18 (d, J=7.1Hz, 2H; H,), 752 (d, /=
7.1 Hz, 2H; Hyy), 8.85ppm (s, 2H; Hyp,); ESI-MS: m/z caled: 419.15
[M+H]*, 460.18 [M+CH,CN+H]*; found: 419.34, 460.35.
2-Fluoro-4-methoxynitrobenzene (9): The reaction was carried out under
nitrogen in absence of light. Methyl iodide (3.61 g, 25.4 mmol) was added
to a suspension of 8 (2.00 g, 12.7 mmol) and K,CO; (3.95 g, 28.6 mmol) in
dry acetone (30 mL). The reaction mixture was sonicated for 5 min and
then stirred at room temperature for 48 h to give a pale yellow suspen-
sion. It was evaporated to dryness and bi-distilled H,O (20 mL) was
added. The aqueous phase was extracted with CH,Cl, (3x100 mL). The
organic phases were combined, dried over Na,SO,, filtered and evaporat-
ed under reduced pressure. The resulting crude product was charged and
eluted on a small column (silica gel, CH,Cl,) to remove yellow impurities
that were left at the top of the column. The resulting white solid was sub-
sequently dried under vacuum (2.18g, 100%). 'HNMR (400 MHz,
CDCl;): 6=3.90 (s, 3H; OCH,), 6.74 (dd, *J;.p=14.1 Hz, “J;1;;=2.6 Hz,
1H; Hyp,), 6.77 (ddd, )iy =88 Hz, *Jy1y=2.6 Hz, Ny ;=1.0Hz, 1H;
Hpy), 8.10 ppm (t, Jun="r=88 Hz, 1H; Hy,); *CNMR (800 MHz,
CDCl;): 6=56.32 (OCH3;), 103.23 (CHpy), 110.37 (CHpy,), 127.91 (CHpy),
156.85 (Cpnquar)s 158.17 (Cppguar)> 165.29 ppm (Cpyguar) : ESI-MS: m/z caled:
172.04 [M+H]"; found: 172.38.

2-N-Methylamino-4-methoxynitrobenzene (10): A 2Mm solution of methyl-
amine in THF (8.77 mL, 17.5 mmol) was added dropwise to 9 (1.50 g,
8.77 mmol) and K,CO; (1.33 g, 9.65 mmol) in CH,Cl, (200 mL). This mix-
ture was stirred at room temperature for 24 h and bi-distilled H,O
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(50 mL) was added. The aqueous phase was extracted with CH,Cl, (3x
100 mL). The organic phases were combined, washed with a saturated so-
lution of NH,Cl (100 mL), dried over Na,SO, and evaporated under re-
duced pressure. The crude product was triturated in hexane (about
100 mL) and subsequently filtered. The yellow precipitate collected was
dried under vacuum (1.54 g, 97% yield). '"H NMR (400 MHz, CDCl;):
0=3.01 (s, 3H; NHCHS,), 3.88 (s, 3H; OCH,), 6.13 (d, */=2.6 Hz, 1H;
Hpy), 6.24 (dd, °J=9.5 Hz, */=2.6 Hz, 1 H; Hp,), 8.14 (d, >J=9.5 Hz, 1H;
Hpy), 829 ppm (brs, 1H; NH); *CNMR (800 MHz, CDCl,): 6 =29.67
(NHCH,), 55.63 (OCH3;), 94.74 (CHpy), 104.50 (CHpy), 126.52 (Cphguar)s
129.20 (CHypy), 148.66 (Cpyquar)s 166.03 ppm (Cpyqua): ESI-MS: mi/z caled:
183.08 [M+H]*; found: 183.33.

4,4 -Methanediylbis(5-methoxy-N-methyl-2-nitroaniline) ~ (I°“): Com-
pound 10 (1.00 g, 549 mmol) and p-formaldehyde (82 mg, 2.75 mmol)
were dissolved in a concentrated hydrochloric acid solution (30 mL,
25%). This mixture was heated at 80°C and stirred for 16 h. After cool-
ing, the solution was poured into bi-distilled H,O (50 mL) and neutral-
ised with aqueous ammonia (25%) to pH 10. The resulting yellow-
orange precipitate was filtered and subsequently washed with water
(400 mL). After drying under vacuum, the crude product was purified by
column chromatography (silica gel; CH,Cl,—CH,Cl,/MeOH 100—98:2)
to give the target product as a yellow solid (995 mg, 97% yield).
'"HNMR (400 MHz, CDCl;): =3.05 (s, 6H; NCHj3), 3.72 (s, 2H; CH,),
3.94 (s, 6H; OCH,;), 6.10 (s, 2H; Hpy), 7.97 (s, 2H; Hpy), 8.39 ppm (brs,
2H; NH); *C NMR (800 MHz, CDCl,): §=28.62 (CH,), 29.76 (NHCH,),
55.79 (OCHs;), 92.60 (CHpp), 118.01 (Cpngua)s 125.53 (Cpngua), 128.53
(CHpy,), 148.03 (Cppqua)> 164.59 ppm (Cppgua); ESI-MS: m/z caled: 377.15
[M+H]*; found: 377.34; elemental analysis calcd (%) for C;;H,N,Oq4: C
54.25, H 5.36; N 14.89; found: C 54.52, H 5.38, N 14.92.
4-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}pyridine-2,6-dicarboxylic  acid
diethyl ester: 4-Hydroxypyridine-2,6-dicarboxylic acid diethyl ester
(1.50 g, 6.27 mmol), tri(ethyleneglycol) monomethyl ether tosylate
(2.20 g, 6.90 mmol) and Cs,CO; (3.07 g, 9.41 mmol) were dissolved in an-
hydrous DMF (5 mL) under inert atmosphere. This mixture was kept at
60°C for 24 h under vigorous stirring. The solvent was removed under re-
duced pressure and the residue was redissolved in bi-distilled H,O
(30 mL). The aqueous phase was washed with CH,Cl, (3x250 mL). The
organic phases were combined, dried over Na,SO, and evaporated under
reduced pressure. The crude product was charged on a chromatography
column of silica gel and subsequently eluted with AcOEt. The collected
pale yellow oil was dried under vacuum (1.31g., 55% yield). '"H NMR
(400 MHz, CDCLy): 0=1.48 (t, *J=7.1 Hz, 6H; OCH,CH,), 3.40 (s, 3H;
OCH,), 3.56-3.58 (m, 2H; OCH,), 3.66-3.68 (m, 2H; OCH,), 3.70-3.72
(m, 2H; OCH,), 3.75-3.78 (m, 2H; OCH,), 3.92-3.95 (m, 2H;
PyOCH,CH,), 4.32-4.34 (m, 2H; PyOCH,CH,), 4.50 (q, *J=7.1 Hz, 4H;
OCH,CH;), 7.84ppm (s, 2H; Hp,); "CNMR (600 MHz, CDCL): 6=
14.15 (OCH,CHj;), 58.95 (OCH;), 62.31 (OCH,CH;), 70.20 (OCH,),
70.32 (OCH,), 70.61 (OCH,), 70.93 (OCH,), 71.87 (OCH,), 77.01
(OCH,), 114.36 (CHjyy), 150.13 (Cpyqua), 164.30 (C=0), 166.74 ppm (Cp,.
oqua); ESI-MS: m/z: caled: 518.26 [M+H]™; found: 518.36.

Synthesis of the ligandsThe numbering of the polyoxyethylene substitu-
ents is shown in Scheme 5.

Diethyl 6,6'-(methylenebis{[2-nitro-5-(1 H-pyrazol-1-yl)-4,1-phenylene] (-
methylcarbamoyl]})bis(4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}pyri-
dine-2-carboxylate) (I°®): A mixture of 1 (894 mg, 2.50 mmol), freshly
distilled SOCI, (2.98 g, 25.0 mmol), and dry DMF (20 pL, 0.25 mmol)
were heated under reflux for 120 min in dry CH,Cl, (20 mL) under inert
atmosphere. After evaporation and pumping for 2 h, the residual pale
yellow oil was redissolved in dry CH,Cl, (20 mL) and NEt; (3 mL), and
1* (432 mg, 9.63x10"' mmol) dissolved in dry CH,Cl, (10 mL) was

2 3 6
| x O\/\O/\/O\/\o/
No 1 4 5
CO.H

Scheme 5. Numbering used for assigning the NMR spectra.
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added dropwise. The solution was refluxed under inert atmosphere for
16 h and evaporated. The brown residue was redissolved in CH,Cl,
(100 mL) and washed with half-saturated NH,Cl (2x 100 mL). The com-
bined organic phases were dried over anhydrous Na,SO,, evaporated,
and the resulting crude solid was purified by column chromatography
(silica gel, CH,Cl,—CH,Cl,/MeOH 95:5) to give the disubstituted prod-
uct I* as brown orange oil (473 mg, 44 % yield). This product was di-
rectly converted into 19 without further purification. ESI-MS: m/z
caled: 1127.43 [M+H]*, 564.22 [M+2H]*/2; found: 1127.32, 564.33.
Diethyl 6,6'-(methylenebis{[1-methyl-6-(1H-pyrazol-1-yl)-1 H-benzimida-
zole-5,2-diyl]}bis(4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}pyridine-2-car-
boxylate) (I°): Freshly activated iron powder (684 mg, 12.3 mmol) and
HCl (25%, 3.4mL) were added to a solution of I“" (460 mg,
0.408 mmol) in ethanol/water (84/23 mL). The mixture was heated under
reflux overnight under inert atmosphere. The solution was cooled, the
excess of unreacted iron filtered, and the solvent evaporated. The crude
product was redissolved in absolute EtOH (30 mL), conc. H,SO, (97 %,
2 mL) was added carefully and the solution was heated under reflux over-
night. The solvents were removed after cooling and distilled water
(100 mL) was added; the pH was adjusted to 6 with a saturated solution
of aqueous NaHCO;. Na,EDTA (3.04 g, 8.17 mmol) was then added. The
colour of the solution turned brown upon addition of H,0, (30 %, 1 mL).
The pH was then increased to 7 with a saturated solution of aqueous
NaHCO; before extraction with CH,Cl, (2x200 mL). This extraction
procedure of the aqueous phase was repeated twice more before combin-
ing the organic phases. The latter were extracted again with a saturated
solution of aqueous NaHCO; containing Na,EDTA (3.04 g); they were fi-
nally dried over anhydrous Na,SO,, filtered, and evaporated to dryness,
which resulted in a brown crude solid which was purified by column
chromatography (silica gel; CH,Cl,—CH,ClL,/MeOH 95:5) to give a pale
orange solid (192 mg, 46 % yield). 'H NMR (400 MHz, CDCl;): d=1.45
(t, *J=7.0 Hz, 6H; OCH,CHS;), 3.36 (s, 6H; OCH3), 3.52-3.55 (m, 4H;
H°), 3.63-3.66 (m, 4H; H%), 3.66-3.69 (m, 4H; H*), 3.73-3.75 (m, 4H;
H?), 3.90-3.92 (m, 4H; H?), 4.01 (s, 2H; CH,), 4.33-4.35 (m, 4H; H"),
438 (s, 6H; NCH;), 447 (q, *J=7.0 Hz, 4H; OCH,CH), 6.33 (dd, *J=
23 Hz, /=18 Hz, 2H; Hy,,), 7.36 (d, J=1.8 Hz, 2H; Hy,,), 7.42 (s, 2H;
Hpy), 7.51 (s, 2H; Hpy), 7.72 (d, *J=2.3 Hz, 2H; Hyy,), 7.96 (d, /=22 Hz,
2H; Hy), 807ppm (d, ¥=22Hz, 2H; Hp); "CNMR (800 MHz,
CDCl;): 6=14.26 (OCH,CH;), 33.34 (NCH;), 33.50 (CH,), 59.02
(OCHs), 61.89 (OCH,CH,), 68.24 (OCH,), 69.16 (OCH,), 70.58 (OCH,),
70.63 (OCH,), 70.94 (OCH,), 71.89 (OCH,), 106.06 (CHjg.,,), 108.86
(CHpy,), 111.97 (CHyy), 113,57 (CHyy), 121.61 (CHgey,), 131.28 (CHpy,),
131.67 (CBenLqual)v 136.09 (CBenLqual)v 136.19 (CBemqua\)v 140.34 (CHPyr)’
142.35 (Cpenzquar)s 14871 (Cienzquar)s 150.76  (Cpyqua)s 151.88  (Cpyquar)»
164.78 (C=0), 166.43 ppm (Cpy.oqua); ESI-MS: m/z caled: 1031.46
[M+H]*, 516.23 [M+2H]*/2; found: 1031.30, 516.34.
6,6'-{Methylenebis[1-methyl-6-(1 H-pyrazol-1-yl)-1 H-benzimidazole-5,2-
diyl]}bis(4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}pyridine-2-carboxylic
acid) (H,L®): Intermediate I° (175 mg, 0.172 mmol) was dissolved in
absolute EtOH (25 mL) containing NaOH (28.6 mg, 0.714 mmol). This
mixture was stirred at room temperature for 2 h. After completion of the
reaction, the basic aqueous solution was washed with CH,Cl, (5x
200 mL) then the solution was acidified to pH2 by addition of HCI
(0.02m). The acidic solution was extracted with CH,Cl, (5x200 mL),
dried over anhydrous Na,SO,, and evaporated, to give a pale brown
solid. This crude product was subsequently purified by column chroma-
tography (silica gel; CH,;CN—CH;CN/NH,OH 80:20) to give a pale
yellow solid (138 mg, 84 % yield). 'H NMR (400 MHz, CD;0D): §=3.35
(s, 6H; OCH3), 3.48-3.51 (m, 4H; H°), 3.59-3.62 (m, 4H; H°), 3.63-3.65
(m, 4H; H*), 3.70-3.72 (m, 4H; H?), 3.91-3.93 (m, 4H; H?), 4.11 (s, 2H;
CH,), 428 (s, 6H; NCH,), 4.38-4.40 (m, 4H; H"), 6.38 (dd, *J=2.0 Hz,
’J=1.8Hz, 2H; Hyy,), 7.35 (s, 2H; Hg,), 7.56 (d, *J=1.8 Hz, 2H; H,,,),
7.59 (s, 2H; Hypy), 7.68 (d, *J=2.0 Hz, 2H; Hy,,), 7.76 (d, ‘J=2.0 Hz, 2H;
Hp,), 7.91 ppm (d, */=2.0 Hz, 2H; Hp,); "C NMR (600 MHz, CD;0D):
0=33.67 (NCHj;), 35.06 (CH,), 59.08 (OCHj;), 69.53 (OCH,), 70.34
(OCH,), 71.40 (OCH,), 71.58 (OCH,), 71.83 (OCH,), 72.94 (OCH,),
107.44 (CHg,,,), 110.94 (CHy,,), 113.53 (CH,,), 113,93 (CHp,), 121.70
(CHgep,), 133.39 (CHpy,), 13348 (Cpenpquar)s 136.96 (Cpenpquar)s 137.21
(Chenzquar)s 141.39 (CHpy,), 142,95 (Cyenpqua)s 15177 (Cpyqua), 152.34
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(Chenzquat)s 152.93 (Cpyqua)s 168.26 (Cpy.04uar)> 168.47 ppm (C=0); ESI-MS:
mlz caled: 975.40 [M+H]*, 488.20 [M+2H]*/2; found: 975.39 (high reso-
lution), 488.38; elemental analysis caled (%) for
CyHs5N,,04,0.25NH,O0H-1.5H,0: C 5822, H 5.80, N 14.20; found: C
58.19, H 5.59, N 14.25.

Diethyl 6,6'-{methylenebis[ (7-nitro-5,8-isoquinolinediyl) (methylcarba-
moyl)J}bis(4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}-2-pyridine carboxyl-
ate) (I®"): A mixture of 1 (700 mg, 1.96 mmol), freshly distilled SOCI,
(2.33 g, 19.6 mmol), and dry DMF (20 pL, 0.250 mmol) were heated
under reflux for 120 min in dry CH,Cl, (25 mL) under inert atmosphere.
After evaporation and pumping for 2 h, the pale yellow oil formed was
redissolved in dry CH,Cl, (50 mL) and NEt; (3 mL). Then, I“* (300 mg,
0.717 mmol) was added in small portions over a period of 1 h. The solu-
tion was heated under reflux under an inert atmosphere for 24 h. and
evaporated. The brown residue was redissolved in CH,Cl, (100 mL) and
washed with half-saturated NH,Cl (2x100 mL). The combined organic
phase were dried over anhydrous Na,SO,, evaporated, and the resulting
crude solid was purified by column chromatography (silica gel, CH,Cl,—
CH,Cl/MeOH 98:2—95:5) to give the disubstituted product 1" as
brown orange oil (364 mg, 47 % yield). This product was directly convert-
ed into I®¢ without further purification. ESI-MS: m/z caled: 1097.41
[M+H]*, 549.71 [M+2H]*/2; found: 1097.39, 549.37.

Diethyl (6,6'-[methylenebis(1-methyl-1 H-imidazo[4,r5-h]isoquinoline-
5,2-diyl) [bis(4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}-2-pyridine carbox-
ylate) (I): Freshly activated iron powder (550 mg, 9.85 mmol) and HCl
solution (25%, 2.7mL) were added to a solution of I®" (460 mg,
0.408 mmol) in ethanol/water (66/18 mL). The mixture was heated under
reflux overnight under an inert atmosphere. The solution was cooled, the
excess of unreacted iron filtered and the solvent evaporated. The crude
product was redissolved in absolute EtOH (30 mL); H,SO, (97 %, 2 mL)
was added carefully and the solution was heated under reflux overnight.
It was cooled and the solvents were removed. Distilled water (100 mL)
was added and the pH was adjusted to 6 with a saturated solution of
aqueous NaHCO;; Na,EDTA (2.44 g, 6.57 mmol) was added to this solu-
tion. The colour turned to brown upon addition of H,O, solution (30 %,
1mL). The pH was adjusted to 7 with a saturated solution of aqueous
NaHCO; before extraction with CH,Cl, (5x250 mL). The organic phases
were combined, and extracted again with a saturated solution of aqueous
NaHCO; containing Na,EDTA (2.44 g), dried over anhydrous Na,SO,,
filtered and evaporated to dryness, which resulted in a brown crude solid
subsequently purified by column chromatography (silica gel; CH,ClL,—
CH,Cl,/MeOH 95:5) to give a pale orange solid (54 mg, 17% yield).
'"HNMR (400 MHz, CDCly): 6=1.51 (t, *’J=7.1 Hz, 6H; OCH,CH,),
3.38 (s, 6H; OCHj3), 3.54-3.56 (m, 4H; H°), 3.64-3.67 (m, 4H; H°), 3.67—
3.70 (m, 4H; H*), 3.73-3.76 (m, 4H; H?), 3.90-3.93 (m, 4H; H?), 4.33—
436 (m, 4H; HY), 453 (q, ¥/=7.1Hz, 4H; OCH,CH;), 4.98 (s, 6H;
NCH,), 5.00 (s, 2H; CH,), 7.76 (d, J=2.6 Hz, 2H; Hyy), 7.77 (s, 2H;
Hioqu), 8.01 (d, J=5.4 Hz, 2H; Hy,,,), 8.02 (d, /=2.6 Hz, 2H; Hy,), 8.66
(d, 3J=54Hz, 2H; Hy,,), 1012ppm (s, 2H; Hy,); “CNMR
(400 MHz, CDCl;): 6=17.41 (OCH,CHj;), 39.19 (NCH;), 40.19 (CH,),
58.40 (OCH,;), 62.06 (OCH,CHj;), 68.60 (OCH,), 69.20 (OCH,), 70.52
(OCH,), 71.46 (OCH,), 71.96 (OCH,), 72.89 (OCH,), 116.11 (CHj,),
117.80 (CHpy), 121.45 (CHigqu)s 123.03 (Croquguar)s 128.73 (Craoququat)s
130.34 (Croququar)s 133.80 (CHigoqu), 137.62 (Creoququar)s 144.32 (CHigoqu)s
14570 (Craoququa)s 14749 (Cpopyua)s 148.18  (Cryqa): 14995 (Coyguar:
153.05 (CHigoqu), 168.50 (C=0), 170.29 ppm (Cpy.0qua): ESI-MS: m/z
caled: 1001.44 [M+H]*, 501.22 [M+2H]*/2; found: 1001.35, 501.80.
6,6’-[Methylenebis(1-methyl-1 H-imidazo[4,5-h]isoquinoline-5,2-diyl]-
bis(4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}-2-pyridine carboxylic acid)
(H,L): An amount of I®* (54 mg, 0.0540 mmol) was dissolved in abso-
lute EtOH/H,O (8/3 mL) containing NaOH (9.1 mg, 0.227 mmol). This
mixture was stirred at room temperature for 2 h. After completion of the
reaction, the solvents were removed under reduced pressure. The crude
product was subsequently purified by column chromatography (silica gel;
CH,;CN/NH,OH 75:25) to give a pale yellow solid (49 mg, 94% yield).
'"H NMR (400 MHz, [Dg]DMSO): 6=3.18 (s, 6H; OCH;), 3.35-3.38 (m,
4H; H°), 3.46-3.48 (m, 4H; H°), 3.49-3.51 (m, 4H; H*), 3.56-3.59 (m,
4H; HY), 3.76-3.78 (m, 4H; H?), 4.33-4.35 (m, 4H; H'), 491 (s, 6H;
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NCH,), 5.07 (s, 2H; CH,), 7.65 (s, H, Hy,q), 7.66 (d, /=22 Hz, 2H;
Hp,), 7.95 (d, /=22 Hz, 2H; Hy,), 8.13 (d, *J=5.7 Hz, 2H; Hy,,), 8.65
(d, J=57Hz, 2H; Hy,), 1012ppm (s, 2H; Hye): “CNMR
(600 MHz, [D¢]DMSO): 6=36.72 (NCH,), 40.03 (CH,), 58.06 (OCHj;),
68.16 (OCH,), 68.53 (OCH,), 69.64 (OCH,), 69.81 (OCH,), 70.04
(OCH,), 71.29 (OCH,), 112.28 (CHy,), 112.57 (CHy,), 118.61 (CHiyqy),
118,74 (Crooququads 12477 (Crquua)s 129:55 (Cropququan)s 130.70 (CHigoq),
133.08 (Clsoququal)a 139.95 (CHlsoqu)~ 142.74 (Clsoququal)s 145.76 (CBemqual)’
148.54 (Cpyqua)> 149.41 (Cpyqua), 15143 (CHigoqu), 165.83 (Cpy0quar)s
166.11 ppm (C=0); ESI-MS: m/z caled: 945.38 [M+H]*, 473.19
[M42H]*/2; found: 945.38 (high resolution), 473.20; elemental analysis
caled (%) for CHs,NgO,,-0.6 NH,OH-1.5NaCl: C 55.89, H 5.26, N 11.43;
found: C 55.94, H 5.25, N 11.30.

Diethyl  6,6'-{methylanediylbis[ (5-methoxy-2-nitrobenzene-4,1-diyl) (me-
thylcarbamoyl) |}bis(4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}-2-pyridine
carboxylate) (I°"): A mixture of 1 (730 mg, 2.04 mmol), freshly distilled
SOCl, (243 g, 20.4 mmol), and dry DMF (20 pL, 0.250 mmol) were
heated under reflux for 2 h in dry CH,Cl, (25 mL) under an inert atmos-
phere. Upon evaporation and pumping for 2h, the pale yellow oil
formed was redissolved in dry CH,Cl, (50 mL) and NEt; (3 mL). Then,
1€ (300 mg, 0.717 mmol) was added in small portions over a period of
one hour. The solution was heated under reflux under an inert atmos-
phere for 16 h and evaporated. The brown residue was redissolved in
CH,Cl, (100 mL) and washed with half-saturated NH,Cl (2x100 mL).
The combined organic phases were dried over anhydrous Na,SO,, evapo-
rated, and the resulting crude solid was purified by column chromatogra-
phy (silica gel, CH,Cl,—CH,Cl,/MeOH 100:0—97:3) to give the disubsti-
tuted product I°® as brown orange oil (654 mg, 79% yield), which was
directly converted into 1°° without further purification. ESI-MS: m/z
caled: 1055.41 [M+H]", 528.21 [M+2H]*/2; found: 1055.83, 528.34.
Diethyl 6,6'-[methanediylbis(6-methoxy-1-methyl-1 H-benzimidazole-5,2-
diyl) [bis(4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}pyridine-2-carboxylate)
(I%): Freshly activated iron powder (1.04 g, 18.61 mmol) and HCI (25 %,
5.2 mL) were added to a solution of I (654 mg, 0.620 mmol) in ethanol/
water (128/35 mL). The mixture was heated under reflux overnight under
an inert atmosphere. The solution was cooled, the excess of unreacted
iron filtered and the solvents evaporated. The crude product was redis-
solved in absolute EtOH (30 mL); H,SO, (97 %, 2 mL) was added care-
fully and the solution was refluxed overnight. The solvents were removed
after cooling and distilled water (100 mL) was added; the pH was then
adjusted to 6 with a saturated solution of aqueous NaHCO,; Na,EDTA
(4.62 g, 12.41 mmol) was added to this solution. The colour turned to
brown upon addition of H,0O, solution (30 %, 2 mL). The pH was then in-
creased to 7 with a saturated solution of aqueous NaHCO; before extrac-
tion with CH,Cl, (5x250 mL). The organic phases were combined, and
extracted again with a saturated solution of aqueous NaHCO; containing
Na,EDTA (4.62 g), dried over anhydrous Na,SO,, filtered and evaporat-
ed to dryness, which resulted in a brown crude solid subsequently puri-
fied by column chromatography (silica gel; CH,Cl,—CH,Cl,/MeOH
95:5) to give a pale yellow solid (501 mg, 85% yield). '"HNMR
(400 MHz, CDCly): 6=1.44 (t, *J=7.0 Hz, 6H; OCH,CHS), 3.35 (s, 6H;
OCHj;), 3.52-3.54 (m, 4H; H°), 3.63-3.65 (m, 4H; H), 3.66-3.68 (m, 4H;
HY), 3.72-3.74 (m, 4H; H?), 3.88-3.90 (m, 4H; H?), 3.93 (s, 6H; OCH,),
4.16 (brs, 2H; CH,), 4.30-4.33 (m, 4H; H"), 4.36 (s, 6H; NCHs), 4.45 (q,
3J=17.0 Hz, 4H; OCH,CH,), 6.81 (s, 2H; Hg.,,), 7.47 (s, 2H; Hg,,,), 7.65
(d, J=24Hz, 2H; H,,), 8.00 ppm (d, ‘/=2.4 Hz, 2H; Hy,); "C NMR
(800 MHz, CDCl;): 6=14.60 (OCH,CHj;), 31.45 (CH,), 33.31 (NCH,),
56.19 (OCHs;), 59.35 (OCHs;), 62.11 (OCH,CH;), 68.48 (OCH,), 69.53
(OCH,), 70.90 (OCH,), 70.95 (OCH,), 71.25 (OCH,), 72.23 (OCH,),
91.30 (CHgep,), 111.46 (CHy,), 113.46 (CHyy), 121.39 (CHj.,,), 126.90
(Coenraua) 13661 (Consqua): 13698 (Cpensquu)- 148.05 (e 148.79
(Cpyqua)> 152.78 (Cpyquar)s 156.35 (Cienzquar)s 16531 (C=0), 166.58 ppm
(Chyoqua); ESI-MS: m/z caled: 959.44 [M+H]*, 480.22 [M+2H]*/2;
found: 959.84, 480.38.

6,6'-[Methanediylbis(6-methoxy-1-methyl-1 H-benzimidazole-5,2-diyl) |-
bis(4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}pyridine-2-carboxylic  acid)
(H,L): Intermediate 1°°° (501 mg, 0.523 mmol) was dissolved in absolute
EtOH/H,0 (30 mL) containing NaOH (72 mg, 1.80 mmol). This mixture
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was kept at 60°C for 16 h. After completion of the reaction, the solvents
were removed under reduced pressure. The residue was dissolved in bi-
distilled H,O (20 mL) and the resulting aqueous solution was acidified to
pH 2 by addition of a hydrochloric acid solution 0.02m. The acidic solu-
tion was then extracted with CH,Cl, (5x100 mL), dried over anhydrous
Na,SO, and evaporated. The crude product was subsequently purified by
column chromatography (silica gel; CH;CN —CH;CN/NH,OH 70:30) to
give a pale yellow solid (345mg, 73% yield). '"HNMR (400 MHz,
[De]DMSO): 6=3.21 (s, 6H; OCH,), 3.37-3.39 (m, 4H; H°), 3.47-3.50
(m, 4H; H°), 3.52-3.53 (m, 4H; H*), 3.58-3.60 (m, 4H; H?), 3.78-3.80 (m,
4H; H?), 3.93 (s, 6H; OCH;), 4.07 (brs, 2H; CH,), 4.35 (s, 6H; NCH;),
4.33-4.35 (m, 4H; H'), 7.25 (s, 2H; Hg.y,), 725 (s, 2H; Hgey,), 7.59 (d,
‘J=22Hz, 2H; Hy,), 793 ppm (d, Y=22Hz, 2H; H,); "CNMR
(800 MHz, [D4]DMSO): 6=31.04 (CH,), 33.25 (NCH;), 56.38 (OCH,),
5850 (OCH,;), 6846 (OCH,), 6897 (OCH,), 70.04 (OCH,), 70.21
(OCH,), 7045 (OCH,), 71.54 (OCH,), 92.93 (CHjg,,), 111.24 (CHy,),
112.77 (CHyy), 120,43 (CHg,,), 125.92 (Cpenrqua)> 136.26 (Cpenpquar)> 137.04
(Chenzqua)s 14783 (Coenzquat)s 150.02 (Cpyquar), 15221 (Cpyguar)s 155.69
(Chenzquar)s 166.11 (Cpy.oqua), 166.37 ppm (C=0); ESI-MS: mi/z calcd:
903.38 [M+H]*, 452.19 [M+2H]*/2; found: 903.37 (high resolution),
452.30; elemental analysis caled (%) for C;sHyNqO,4H,O: C 58.74, H
6.13, N 9.13; found: C 58.47, H 6.14, N 9.14.

Cell imaging experiments and analyses: These experiments have been
conducted as previously described.®* A detailed account is given in the
Supporting Information.
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