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ABSTRACT: Synthetic methodologies were developed to achieve the preparation of ligands L1 and L2 consisting in tacn- and
pyclen-based chelators decorated with pendant arms consisting in pyridinylphosphonic groups combined with ethylpicolinamide
or acetate coordinating functions respectively. Phosphonate functions have been selected for their high affinity towards Ln*" ions
compared to their carboxylated counterparts and for their steric hindrance that favors the formation of less-hydrated complexes.
Thanks to regiospecific N-functionalization of the macrocyclic backbones, the two ligands were isolated with good vyields and
implicated in a comprehensive photophysical study for the complexation of Eu**, Tb®* and Yb*". The coordination behavior of L1
and L2 with these cations has been first investigated by means of a combination of UV-vis absorption spectroscopy, steady-state
and time-resolved luminescence spectroscopy and ‘H and *'P NMR titration experiments. Structural characterization in solution
was assessed by NMR spectroscopy corroborated by theoretical calculations. Spectroscopic characterization of the [LnL1] and
[LnL2] complexes was done in water and D,0 and showed the effective sensitization of the lanthanide metal-centered emission
spectra, each exhibiting typical lanthanide emission bands. The results obtained for the phosphonated ligands were compared to
those reported previously for the corresponding carboxylated analogues.

INTRODUCTION

Complexes of the trivalent lanthanide ions (Ln**) are re-
ceiving great attention due to the importance of several ap-
plications associated to their magnetic (Gd*, Dy*)*® and
optical (Eu*, Tb*, Yb*, sm*, Er**, Dy*...) properties.*’ In-
deed, the paramagnetic Gd*" ion is very efficient in promoting
the relaxation of proximate active NMR nuclei, which allowed
complexes of this ion to be used in clinical practice as con-
trast agents in magnetic resonance imaging. Complexes of
Dy** and other lanthanides are being also intensively investi-
gated as single molecule magnets due to their large magnetic It is important to keep in mind that the optimization of
anisotropies. Concerning optical properties, the visible emis- the luminescence properties is based on the use of
sions of Eu® and Tbh*" ions remain the most exploited in many chromophore-containing  chelators, which allow the
fields including bioimaging and bioanalysis.® However, NIR appropriate sensitization of the Ln*" ion through the antenna
(Near Infra-Red) emitters (Yb*, Dy*', Er*'...) are gaining in- effect.® Additionally, the ligands should lead to

complexes thus remains an important challenge for the de-
sign of supramolecular assemblies able to convert low energy
photons in the NIR to Visible emission, thereby generating
upconversion (UC). As an example, the full understanding of
the assembly processes leading to hetero-polynuclear Yb/Tb
systems allowed for the first-time attaining UC at the molecu-
lar scale in DZOM'15 and in water,” where the NIR excitation of
the Yb* center (980 nm) resulted in a cooperative photosen-
sitization of the Tb®" ion as observed by the detection of its
characteristic green emission.

creasing attention, especially for biological applications.9 For
example, biphotonic Yb(lll)-based bioprobes were designed
for NIR-to-NIR cell imaging.'®*? Additionally, the energy mi-
gration pathways within Ln®** complexes are of prior im-
portance in applied fields such as the improvement of photo-
voltaic devices.”® Understanding the structure/activity rela-
tionships associated to the energy transfer processes in Ln**

thermodynamically and kinetically stable Ln** chelates, espe-
cially for in vivo applications, to avoid the release of the Ln**
ion and therefore to prevent toxicity and the extinction of the
luminescent properties. Polyazamacrocycles such as tacn
(1,4,7-triazacyclononane), cyclen (1,4,7,10-
tetraazacyclododecane), pyclen (3,6,9,15-
tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene) and even



cyclam (1,4,8,11- tetraazacyclotetradecane) are recognized as
convenient platforms for the coordination of several metal
cations, including Ln** ions, after functionalization of their
amine groups.”” With some exceptions,ls'19 cyclam-based Ln®*
complexes proved to be quite unstable, whereas cyclen-
based lanthanide chelates have been the focus of numerous
studies and have been probably the most studied for their
photophysical properties.zo'23 We and others have largely
contributed to the development of cyclen-based ligands for
Ln** complexation, by preparing new specifically N-
functionalized ligands thanks to efficient synthetic methodol-
ogies.”*?® Tacn-based chelators are also part of the golden
standards to afford astonishing optical proper‘cies.ls’y’?'1 Tacn
was mostly tri-N-functionalized with three identical pendant
arms, but compared to the cyclen platform, specific N-
functionalization is facilitated due to the lower number of
amine groups. Derivatives of the 12-membered
tetraazamacrocyclic ligand pyclen, which includes a pyridine
unit within the ring, have been far less studied.?*** We there-
fore have stepped up our efforts to take advantage of its
structure to develop new lanthanide(lll) chelates.***® Indeed,
the presence of the aromatic moiety confers to the
macrocyclic backbone an interesting rigidity that constrains
the overall structure, which sometimes leads to uncommon
properties when compared to other closely related
azamacrocycles. More surprisingly, the regiospecific N-
functionalization of the pyclen backbone has a deep impact
on the physico-chemical and photophysical properties of the
Ln*" chelate, with optimal properties being obtained in the
case of dissymmetric arrangement of the pendant arms. For
example ligand L (Chart 1), N°,N°-difunctionalized by two
picolinate moieties, forms a very stable Tb* complex (log Kry.
= 25.2)¥ characterized by very interesting luminescent prop-
erties (¢ > 95 %, T =2.40 ms).>*
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Chart 1. Ligands discussed in this work.

To improve the thermodynamic stability of Ln®* chelates,
while favoring radiative de-excitation of the central ion, the

picolinate units can be substituted by their phosphonate
analogues. Some reports demonstrated that phosphonate
functions have a higher affinity with trivalent lanthanide ions
compared to their carboxylate counterparts,38 while the steric
compression exercised by the phosphonate groups favors the
formation of less-hydrated Ln* complexes.**** Phosphonate
pendants have also the ability to further form electrostatic
interactions in presence of an excess of Ln** ions and to gen-
erate discrete polynuclear assemblies."******* For example,
the Yb>* complex obtained from ligand L’ (Chart 1) is able to
interact with Tb* to give [(YbL),Th,] (x = 1 or 2)
supramolecular assemblies displaying cooperative UC photo-
sensitization in water."

In this work, we aim to explore the photophysical proper-
ties of new lanthanide complexes based on macrocyclic scaf-
folds containing methylpyridin-2-yl phosphonic acid units. We
developed the synthetic methodology required to achieve a
dissymmetric arrangement of the pendant arms, which al-
lowed the preparation of ligands L1 and L2 (Chart 1), via
regiospecific N-functionalization of tacn or pyclen platforms.
The coordination behavior of these ligands with Ln*" cations
and the photophysical properties of isolated mononuclear
complexes is presented. Furthermore, we also analyzed their
ability to form supramolecular heteronuclear assemblies that
was corroborated by spectroscopic studies and theoretical
calculations.

RESULTS AND DISCUSSION

Ligands synthesis The synthesis of L1 is described in Scheme
1 and full experimental details are given in the Experimental
Section (Figures S1 to S20). Compound 1 was first synthesized
in  two steps from commercially available 2,6-
pyridinedicarboxylic acid according to the literature.*®
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Scheme 1. Synthesis of H,L1.

Peptidic coupling conditions (HOBt, EDC-HCI in DMF) were
chosen to react compound 1 with ethylamine affording com-
pound 2 in 56 % yield. Reduction of the methyl ester moiety
to primary alcohol followed by a chlorination reaction in the
presence of thionyl chloride led to compound 4 in almost
quantitative yield over the two steps. In parallel, alkylation of
1,4,7-triazacyclononane 5 with two equivalents of the pyri-
dine derivative 6* gave compound 7, along with the for-
mation of the mono- and trisubstituted derivatives. Opti-
mized purification of the mixture by column chromatography
on alumina allowed isolating compound 7 in 43 % yield. The
N-functionalization reaction of the latter with compound 4
afforded precursor 8. Deprotection of the phosphonic acid
functions was then performed under mild conditions thanks
to TMSBr in dichloromethane followed by treatment in meth-
anol/water to give the desired ligand L1 with 87 % yield.
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Scheme 2. Synthesis of HgL2:3HCI.

The synthesis of L2 (Scheme 2) started from the pyclen deriv-
ative 9, on which two adjacent amine functions of the
macrocyclic platform are protected thanks to a diamide
bridge.” This allowed the N’-regiospecific functionalization of
compound 9 with one equivalent of methyl bromoacetate in
83% vyield. Deprotection of the amine functions was then
performed with acidic conditions under reflux according to a
well-known procedure.®® N-functionalization of the resulting
pyclen derivative 11 with two equivalents of compound 6 was
followed by TLC and mass spectrometry but turned out to be
very slow, requiring six days of reaction at 40 °C to form pre-
dominantly trifunctionalized pyclen 12. The latter was partly
retained on alumina during its purification, explaining the
moderate yield of this step (44 %). The hydrolysis of both
methyl ester and phosphonic esters was first attempted in 3
M HCl at 60 °C for 12 hours, but only a partial deprotection of
the phosphonic esters was observed, while increasing the
reaction time up to eight days led to the degradation of com-
pound 12. Therefore, a second strategy based on the
deprotection of the phosphonic acids under mild conditions
(TMSBr at room temperature for 24h) was adopted, followed
by the hydrolysis of the methyl ester in 3 M HCl to yield ligand
L2 as its tri-hydrochloride salt. Full NMR and HRMS character-
ization of pyclen derivatives 12 and 13 and ligand L2 can be
found in the supporting information (Figures S21-529).

Spectrofluorimetric and UV-Vis absorption titrations of L1
and L2 with Ln* ions. The coordination behavior of L1 and L2
with lanthanide cations (Ln*" = Eu®, Tb*, Yb*') has been in-
vestigated by means of a combination of UV-vis absorption
spectroscopy, steady-state and time-resolved luminescence
spectroscopy. Spectrophotometric titrations were performed
with aqueous solutions of the ligands at pH = 7.3 (0.01 M Tris/
HCI), by adding increasing amounts of the metal salt up to 4
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equivalents. Figure 1 displays the results obtained from the
titration of L1 by Yb*" monitored by absorption and emission
spectrophotometry.
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Figure 1. (a) Evolution of the absorption of a solution of L1 (0.76
x 10™ M) upon titration by YbCl;-6H,0 (1.01 x 10 M) in 10 mM
TRIS/HCI, pH = 7.3; (b) Evolution of the luminescence during the
titration (A, = 268 nm). Inset: Evolution of the total emission
intensity as a function of the [Yb3+]/[L1] ratio.

The UV-vis spectrum of the free ligand L1 exhibits a high
energy absorption band centered around 268 nm, character-
istic of the Tt = m* transitions of the aromatic pyridyl rings.*
Addition of the solution of the Yb*" salt resulted in a batho-
chromic shift of the maximum from 268 nm to 271 nm (at 1
equivalent) together with the appearance of a shoulder at ca.
275 nm, characteristic of the complexation of the aromatic
pyridyl phosphonate moieties. Similar results were observed
in the case of Eu®" and Tb*" (Figures S30 and S32).

Excitation into the pyridyl phosphonate-centered absorp-
tion band at 268 nm upon addition of the Yb** solution led to
the characteristic spectral signature of Yb* in the NIR, with
the emission spectrum displaying the typical emission band
due to the 2F5/2 - 2F7/2 electronic transition, confirming the
antenna effect as responsible for emission sensitization (Fig-
ure 1(b)). From 0 to 1 equivalent of Yb*', the luminescence
intensity gradually increased, as a result of the inclusion of
the cation into the cavity of the nonadentate ligand. Above
one equivalent the luminescence intensity slowly decreased
until a plateau was reached. As shown in the inset of Figure 1,
the fluorescence intensity as a function of [Yb*]/[L1] ratio
shows a marked inflection point for one equivalent, suggest-
ing the formation of a mononuclear complex with high stabil-
ity constant. After 1 equivalent, changes in the shape of the

transition evidence the formation of polynuclear species,
which were also observed during the titration with Eu® and
Tb** (Figures S30 and S32).
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Figure 2. Speciation diagram of the species formed upon addi-
tion of YbCl;-6H,0 to (a) an aqueous solution of L1 (10 mM
TRIS/HCI, pH = 7.3, A = 268 nm) and (b) an aqueous solution
of L2 (10 mM TRIS/HCI, pH = 7.3, A, = 268 nm). Charges are
omitted for clarity.
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The analysis of absorption and emission titration experi-
ments upon addition of Yb®" was performed by using the
Specfit software (Figure 2).°*>" Unfortunately, the sharpness
of the inflection points precludes the determination of the
association constant for the formation of the LnL1 species,
pointing to the formation of very stable species (LogK.o.q > 7).
The different titrations evidenced the formation of
polynuclear species which were ascribed to [Ln,L1] entities
for Yb and Tb, but interestingly, the careful examination of
the D, = 'F, transition of Eu** (Figure S31b) also evidenced
the formation of a [Eus(L1),] compound. Thus, it is to be kept
in mind that the 2:1, Ln*:L1 ratio observed for the
polynuclear species might reflect the formation of more com-
plex entities such as a [Ln,,(L1),] complexes (x = integer). The
emission spectrum of the mononuclear complex [Eull] re-
mains constant on a rather wide range of pH values from ca.
12.0 to 7.5, while below this pH the emission intensity de-
creases slightly as a consequence of the protonation of the
phosphonate groups with an apparent pK, value of 5.7 (Figure
S35). Thus, the complex of L1 is nearly fully deprotonated at
the pH values used for spectroscopic studies.

Similar trends were also obtained in the case of the titration
of L2 with Eu®*" and Yb*" (Figures S36 and figure 3). The free
ligand L2 displays a broad absorption band with a maximum
at ca. 266 nm that is displaced to 267 nm after addition of
Ln** salt. The emission spectra, specific to each lanthanide
ion, is observed after progressive addition of the metal solu-
tion. In the case of Eu®, the fluorescence intensity as a func-
tion of [Eu®"1/[L2] ratio shows a marked inflection point for 1
equivalent (Figure S36(a), inset), suggesting as for L1, the
formation of a mononuclear complex. In the luminescence
spectra of a solution of L2 in the presence of increasing
amount of Yb*, a broad emission band shoulders the sharp
ZF5/2 - ZF7/2 emission band (Figure 3).

Figure 3: (a) Evolution of the absorption of a solution of L2
(1.18 x 10 M in 10 mM TRIS/HCI) upon titration by YbCl;.6H,0
(0.98 x 10 M, in 10 mM TRIS/HCI, pH = 7.4). (b) Evolution of
the luminescence of the solution during the titration (A.,. = 268
nm). Inset: Evolution of the total emission intensity as a func-
tion of the [Yb*']/[L2] ratio.

'H and *'P NMR. To get further insights into the coordination
properties of the ligands with lanthanide cations, we con-
ducted an NMR titration of L1 with Lu*. 'H and *'P NMR
spectra, displayed respectively in Figures 4 and 5, were rec-
orded after each addition of an aliquot of metal salt from 0 to
3 equivalents, followed by pD equilibration to 7.0 by addition
of NaOD. As Lu*" is added, the 'H signals belonging to the free
ligand gradually disappear, while a new set of peaks is ob-
served, corresponding to the formation of the mononuclear
complex (between 0.1 and 0.9 equivalents). At 1 equivalent a
single set of signals is observed in the 'H NMR spectrum (Fig-
ure 4), which shows that the effective C, symmetry of the free
ligand is lost, in agreement with a coordination of the cation
in the cavity formed by L1 and a concomitant wrapping of the
arms around the metal leading to A and A enantiomers.>
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Figure 4. 'H NMR spectra of ligand L1 upon addition of 0 to 3
equiv. of LuCl;-6H,0 (D,0, pD = 7.0, 298 K, 400 MHz).

The C; symmetry also indicates a slow interconversion of the
isomers on the NMR timescale. Further additions of aliquots
resulted in the broadening of the signals indicating the for-
mation of polynuclear species. **P NMR also supported the
formation of the mononuclear complex up to addition of 1
equivalent of Lu** (Figure 5), with a strong deshielding of the
*p peak of the free ligand, characteristic of the coordination
of pyridyl phosphonate moieties. Furthermore, two new
signals are observed, as expected for the formation of the A
and A enantiomers. The large downfield shifts of the peaks
upon coordination of the Lu®* cations also indicated that the
complexation is accompanied by the second deprotonation of
the phosphonate functions.”*** After 1 equivalent, as it could
be seen for "H NMR, broad signals are observed, confirming
the formation of polynuclear species in slow to intermediate
exchange within the timescale of the NMR experiments.
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Figure 5. 3'p NMR spectra of ligand L1 upon addition of 0 to 3
equiv. of LuCl;:6H,0 (D,0, pD = 7.0, 298 K, 162 MHz).

Synthesis of the complexes. Synthesis of mononuclear com-
plexes with various lanthanide cations (Eu®*, Tb*, Yb**, Lu®)
was undertaken for L1 and L2 (Scheme 3). In the case of L1,
formation of its Ln* complexes was monitored by *H and *'P
NMR (D,O, pD adjusted between 6.5 and 7 between each
aliquot) to ensure the exact stoichiometry leading to the
formation of mononuclear complexes. Complexes were then
purified by reverse phase chromatography on a C;3 column
using TFA in the eluents, thus leading to protonated complex-
es, which were characterized by 'H and *'P NMR, elemental
analysis and ESI mass spectrometry (Figure S$39-S51).
Complexation of ligand L2 with various lanthanide(lll) ions
was performed in H,0O at pH ~ 6. After completion of the
complexation reaction, desalting by dialysis gave complexes
[LnL2] (Ln = Eu, Tb, Yb, Lu) with yields ranging from 67 % to
100 %. All the final complexes were characterized by HRMS
and their purity was controlled by analytical HPLC (see Sup-
porting Information, Figures S52-S63). NMR experiments
were performed on the diamagnetic [LuL2] chelate. A single
set of signals were obtained for H, **C and *'P NMR spectra
(Figures S52-S54). In order to investigate the formation of
mononuclear entities, a "H DOSY experiment was recorded in
D,O (pD = 5) for [LuL2] (Figure S55). A diffusion coefficient
Dp,0 =237 x 10" m%s™ was measured that corresponds to a

’

Van der Waals radius r of 7.5 A according to the Stokes-
Einstein equation (I) where kg is the Boltzmann constant
(1.38065 x 10 J-K™), T the absolute temperature (in K) and n
thess\gisscosity of the medium (Npyo = 1.232 x 107 Pa.s at 298
K).”
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The diffusion measured in D,0 is somewhat higher than
those reported for small mononuclear Ln** complexes (3.9-5.4
x 101 mz-s'l).‘w'59 DFT calculations were also used to estimate
the molecular volume of [LuL2], which turned out be 678 A?,
as defined by a contour of electron density of 0.001 e-Bohr™
(Table S3). This molecular volume corresponds to that of a
sphere with a radius of 5.5 A. This value is considerably lower
than that estimated from diffusion measurements. However,
lanthanide complexes with ligands containing phosphonate
groups are well-known for having a well-defined second-
sphere hydration shell, which may increase the hydrodynamic
radius of the complex,so'62 though some degree of aggrega-
tion cannot be excluded.
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Scheme 3. Synthesis of the [LnL1]TFA and [LnL2] complexes.
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Figure 6: 'H NMR spectrum of the Yb(Ill) complex of L1 (400

difficulties in modeling the structures of phosphonate com-

Table 1. Main Spectroscopic Parameters of the [YbL], [TbL], and [EuL] Complexes (L = L1 or L2) in H,0 and D,0 at pH =7.2.

Species Aec(nm) €40 buo(%)  doo(%)  TuolWs)  Toolks) g
(Mtem™)

[EuLl] 268 12 560 12 13 1160 1720 0

[TbL1] 268 11270 40 55 2470 2620 -0.2

[YbL1] 268 12 000 0.3 1 3.4 11.1 -0.1-0.1

[EuL2] 270 11910 20 31 1380 2025 0

[TbL2] 270 12870 61 81 1960 2450 0.2

[YbL2] 270 12 050 0.3 2 3.8 13.8 -0.1-0.1

MHz, 298 K, D,0, pD = 7.0) and comparison of the experimental
and calculated shifts. The solid line represents the identity line.

At neutral pD, the [YbL1] complex displays a rather well
resolved "H NMR spectrum, with 30 paramagnetically shifted
signals spread over the approximate 90 to -60 ppm range.
These signals could be assigned on the basis of their
linewidths, relative integration and the cross-peaks observed
in the COSY spectrum (Figure S47 and Table S1). The para-
magnetic shifts were subsequently analyzed assuming that
they are dominated by the pseudocontact contribution, fol-
lowing the methodology applied to other Yb*' complexes.®
The analysis of the paramagnetic shifts was performed by
using the structure of the complex optimized using DFT calcu-
lations, which reveals nine coordination of the ligand to the
metal ion, as would be expected (Figure S68). All attempts to
fit the paramagnetic shifts to the pseudocontact model how-
ever failed, as they provide unacceptable deviations of the
experimental and calculated shifts. We hypothesized that this
may be related to the high negative charge of the
phosphonate functions, which results in an optimized geome-
try where the metal ion is pulled towards the phosphonate
groups due to their high negative charge. This effect is ex-
pected, given the limitations of continuum models of solva-
tion to account for hydrogen bonding interactions involving
the phosphonate groups and solvent water molecules, which
leads to an overestimation of electrostatic interactions.® This
effect is even more pronounced when calculations are per-
formed in the gas phase. To test this hypothesis, we per-
formed calculations on the [YbH,L1]", in which the
phosphonate groups are protonated. Upon protonation, the
average Ln-N distances involving amine N atoms shorten from
2.711to 2.651 A, as the metal ion approaches the macrocyclic
mean plane. The protonated complex provides a reasonably
good fit of the paramagnetic shifts (Figure 6 and table S1),
indicating that the structure of the complex in solution is
described rather well by this structure, a maximum deviation
of calculated versus experimental data of 13.7 ppm and a
mean deviation of 5.6 ppm. These deviations are relatively
small compared with the overall chemical shift range of the
'H NMR signals of ~143 ppm, though somewhat better
agreements were observed for rhombic complexes with a
comparable number of signals. This appears to reflect the

. 65
plexes for the reasons outlined above.

The results of the fits provided the parameters D, = 2112
+126 and D, = 1072 + 214 ppm A?, which are proportional to
the axial and rhombic parts of the magnetic susceptibility
tensor. The values of D, and D, indicate that the paramagnet-
ic shifts are dominated by the axial contribution, but display a
significant contribution from the rhombic term. Furthermore,
the main symmetry axis of the magnetic susceptibility tensor
(the z axis) is nearly orthogonal with respect to the pseudo-
trigonal axis (Figure S68). A similar situation in which the easy
axis of magnetization is perpendicular to the
pseudotetragonal axis was observed for [Dy(DOTA)]".%¢

Spectroscopic characterization of the [LnL] complexes. The
UV-visible spectra of all complexes ([LnL], Ln = Eu, Th, Yb, L =
L1, L2) were measured in water and D,0 and exhibit, in both
solvents, a strong absorption band centered at ca. 268 nm
together with a shoulder at ca. 275 nm (Figure 7), as already
observed during spectrophotometric titrations of ligand L1
with Ln® (Figure 1). As expected, the excitation spectra (Fig-
ure 7) recorded on the metal-centered emission overlap very
well with the absorption spectra, indicating the energy trans-
fer from the ligand to the metal as a result of the antenna
effect. Upon excitation of the complexes into the ligand ab-
sorption bands at 268 nm, effective sensitization of the lan-
thanide and metal-centered emission spectra were observed,
exhibiting each typical lanthanide emission bands, corre-
sponding to the °D, — 'F, (J = 6 to 3) transitions for Tb**, the
Dy — 'F, (J = 0 to 4) for Eu*" and to the 2F5/2 - 2F7/2 transition
for Yb* in the NIR domain as displayed in Figure 7. Similar
trends were observed for [LnL2] complexes upon excitation at
268 nm (Figure S65).
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Figure 7. UV/vis absorption (brown) and excitation (pink)
spectra of [EuL1] (left) and normalized emission spectra (A,
= 268 nm) of a H,0 solution of [LnL1]TFA with Ln = Yb (pur-
ple), Eu (red) and Tb (green) (right).

The main spectroscopic properties measured for the [LnL]
(L =11, L2) complexes (Ln = Eu, Th, Yb), in water and in D,0,
are presented in Table 1. The spectroscopic results observed
from the study of the complexes obtained with three differ-
ent Ln* ions reveal several interesting properties. First, the
hydration number, calculated with the luminescence lifetimes
in water and in D,0 according to the methodology developed
by Beeby and co-workers®’ confirms the nonadentate coordi-
nation of the ligand with lanthanides having no inner-sphere
water molecule. In all cases, luminescence lifetime measure-
ment indicated a decay perfectly fitted with mono-
exponential functions. The overall luminescence quantum
yields were measured in water and D,0. In the case of Tb**,
results are rather similar to data reported for complexes
based on tacn with phosphonated pyridine arms (Ligand L,
Chart 1),* while in the case of europium(lll) the values are
rather high compared to previous results. In the case of the
lanthanide(lll) complexes of L2, opposite trends are observed.
While quite similar luminescent properties in water are ob-
served when comparing [EuLl] (Chart 1) and [EuL2], both the
luminescence quantum yields and lifetimes are significantly
decreased for [TbL2] compared to its carboxylated analogue
[TbL] (respectively 2400 ps and 90 % for the excited state
lifetime and quantum yield of [ToL]).>

Finally, it is important to draw attention on the lifetimes
of the ytterbium complexes in water and in D,0. These values
are identical for the Yb complexes of L1 and L2, both contain-
ing two phosphonated pyridine pendants. These results un-
derline the efficiency of such coordinating arms to sensitize
the luminescent of Yb*. Interestingly, the values are rather
similar, even higher, to those already observed in our group
for complexes that led to upconversion in water.

Luminescent titrations of the [TbL1] complex with in-
creasing amounts of Eu** were performed (Figures S64(b) and
(c)). Upon addition of increasing amounts of Eu**, a progres-
sive decrease in the Tb*-centered emission was observed,
accompanied by the increase of the typical Eu*-centered
bands at lower energies (ca. 700 nm). The fluorescence inten-
sity as a function of [Eu®1/[TbL1] decreases exponentially
until an equimolar mixture of Eu® and [TbL1] is obtained,
then a plateau is reached and the emission remains constant
despite the addition of additional Eu®" (Figure S64(c)). As
proven by previous work,*! the decrease of Tb*-centered
luminescence comes from intermetallic f-f energy transfer,
meaning formation of polynuclear species and not from metal
exchange in the macrocyclic cavity. Indeed, the theorical
speciation diagram obtained based on this titration indicates
the formation of two new species. With a ratio [Eu®)/[TbL1]
lower than 1, the [TbL1] monomer coexists with [Eu(TbL1),].
With higher ratios, [Eu,(TblL1),] is predominant (Figure
S64(a)). In the case of L2 a similar behavior is observed, the
luminescence of [TbL2] decreases upon addition of Eu® (Fig-
ure S66(b)). However, when reporting luminescence intensity
according to [Eu®]/[TbL2], the Tb*"-emission intensity de-
creases dramatically until this ratio is equal to 0.5, then it
decreased slowly until it reached a plateau (Figure S66(c)).
The calculated speciation diagram indicates in this case the
formation of the polynuclear [Eu(TbL2);] species with low
concentrations of Eu® and [Eu,(TbL2),] (x = integer) is
quantitively formed from equimolar mixture of Eu® and
[TbL2] (Figure S66(a)).

Computational studies. The absorption and emission
spectra of the [YbL1] complex was further analyzed using
theoretical calculations with the N-electron valence state
perturbation theory (NEVPT2) method, which incorporates
dynamic correlation on the top of the CASSCF wave function
(see computational details below). Given the results obtained
from the analysis of the Yb*-induced paramagnetic shifts, we
used in this calculations the deprotonated from of the com-
plex. Spin-orbit coupling effects were incorporated using
guasi-degenerate perturbation theory. The 2F7/2 ground state
of Yb*" splits into four Kramer’s doublets by effect of the
ligand crystal field (levels 0 to 3 in Table 2), while the 2F5/2
level splits into three Kramer’s doublets (levels 4 to 6). The
experimental absorption and emission spectra (Figure 8) are
dominated by a sharp feature at 977 nm that can be assigned
to the 450 transition on the basis of CASSCF/NEVPT2/QDPT
calculations, which predict this transition at 987.8 nm (Table
2).



The absorption spectrum displays two shoulders on the
high-energy side at around 963 and 947 nm that can be at-
tributed to the 5<-0 and 6<-0 transitions, respectively. The
three transitions observed in the absorption spectrum pro-
vide the splitting of the excited 2F_r,/2 level. The deconvolution
of the emission spectrum using Gaussian functions (Figure
S70), provided estimates of the 4—1, 4—2 and 4—3 transi-
tions, which are observed at 983, 1004 and 1021 nm. The
agreement between the experimental and calculated data is
rather good, with the calculated absorption spectrum being
very similar to the experimental one, though slightly shifted
to lower energies (Figure S69). The mean deviation between
the experimental absorption and emission data and the calcu-
lated transitions amounts to 115 cm™. Noteworthy, the simu-
lations of the absorption spectrum required using different
linewidths for the dominant 4<—0 transition (40 cm™) and the
remaining transitions (400 cm™). This is in line with the
deconvolution of the experimental spectrum using Gaussian

Table 2. Experimental absorption and emission spectral data obtained for the [YbL1] complex and results obtained with
CASSCF/NEVPT2/QDPT calculations.

Transition (pop.)° A (nm) Energy (cm’l) 109><fosc Exp (nm)° Exp (nm)d
4<>0 (0.504) 987.8 10123.7 272 978 977
5<>0 (0.504) 974.5 10261.6 110 963

6<>0 (0.504) 958.1 10437.4 74 947

4<>1(0.268) 1000.8 9992.1 70 983
5<>1(0.268) 987.2 10130.0 76

6<>1 (0.268) 970.3 10305.7 98

442 (0.154) 1012.6 9875.7 36 1024 1004
5¢>2(0.154) 998.6 10013.6 44

632 (0.154) 981.4 10189.4 14

4<>3 (0.074) 1028.5 9722.5 8 1021
5<>3(0.074) 1014.2 9860.4 14

6<>3 (0.074) 996.4 10036.1 2

“ Boltzmann population of the lowest energy level involved in the transition at 300 K provided within parentheses. ® Data from ab-
sorption spectra. ¢ Data from emission spectra.

functions, which evidences that the 4<-0 transition is consid-
erably sharper than the remaining components (Figure S70).
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Figure 8. a) UV/vis absorption (green) and emission (blue)
spectra of [YbL1]" and b) Energy diagram obtained from the
analysis of the spectral data, with each horizontal line repre-
senting a Kramer’s doublet.

The overall splitting of the 2F7/2 level (441 cm™) is quite
small compared with other Yb®* complexes, which display
twice as high energy differences between the lowest and
highest energy Kramer’s doublets of the 2F7/z manifold.%®®
This appears to be related to the tricapped trigonal prismatic
coordination environment around the metal ion, which is
characterized by small crystal field splitting effects.

CONCLUSION

Polyazacycloalkanes are very interesting coordinating
macrocyclic platforms to form highly stable complexes with
several cations and, once N-functionalized, can afford very
powerful ligands for the coordination of trivalent lanthanides
cations. If cyclen-based chelators have been probably the
most employed in the literature to form Ln-complexes for
several applications including luminescence, tacn and pyclen
derivatives that were less studied a decade ago have proved
their ability to contribute to the building of numerous n-
acceptor ligands for development of luminescent complexes.
We and others have for instance developed some bioprobes
based on these azamacrocycles,27’28'29’31’34'35’36 and also
demonstrated interesting up conversion behaviors to produce

high energy emission photons.” In this study we first suc-
ceeded in synthesizing two new ligands L1 and L2 in tacn- and
pyclen-based chelators with a dissymmetric arrangement of
the pendant arms consisting in respectively
pyridinylphosphonic groups combined with ethylpicolinamide
or acetate coordinating functions, respectively. Our previous-
ly developed regiospecific functionalizations were then em-
ployed with new pendants highlighting their versatility. Prior
to the complexes synthesis, the coordination of L1 and L2
with Eu®*, Tb®* and Yb** has been investigated by means of a
combination of UV-vis absorption spectroscopy, steady-state
and time-resolved luminescence spectroscopy and ‘H and *'P
NMR. Then, spectroscopic characterization of the synthesized
complexes was performed in water and D,0. Experiments
clearly demonstrated the formation of the usual 1:1 L:Ln
species but also polynuclear adducts with a 1:2 ratio. Very
interestingly trends can be highlighted with opposite behav-
iors of the Tb** and Eu®" complexes of L1 and L2 compared to
their previous carboxylated derivatives, but the important
information was given by the ytterbium complexes. Indeed,
their long excited state lifetimes in water and in D,0 under-
lined the efficiency of such two phosphonated pyridine pen-
dants to sensitize the luminescence of Yb**. Finally, calcula-
tions were achieved and unambiguously confirmed the exper-
imental data obtained by 'H-NMR for the structure and by
spectroscopy for the absorption and emission properties,
further supporting our conclusions.

EXPERIMENTAL SECTION

Materials and methods. Reagents were purchased from
ACROS Organics and from Aldrich Chemical Co and used
without further purification. Dialysis membranes (cut-off 100-
500 Da) were purchased from Repligen. All solvents were
dried and distilled prior to use according to standard meth-
ods. Compound 1, compound 6™7° and pyclen derivative
11*® were synthesized according to previous procedures.
Analytic HPLC analyses were performed on a Prominence
Shimadzu HPLC/LCMS-2020 equipped with a UV SPD-20 A
detector. The chromatographic system employs a HPLC Col-
umn (Puriflash Prep Cigaqg 5 UM 250x4.6 mm) with H,0 (+
0.1% TFA or HCOOH) and MeOH or CH;CN as eluents (gradi-
ent detailed under each chromatogram in the supporting
information) at a flow rate of 1 mL/min and UV detection at
254 and 350 nm. NMR spectra were recorded at the “Services
communs” of the University of Brest or at the University of
Strasbourg. 'H and C NMR spectra were recorded using
Bruker Avance 500 (500 MHz), Bruker Avance 400 (400 MHz),
or BrukerAMX-3 300 (300 MHz) spectrometers. Chemical shift
(6) values are given in parts per million and are referenced to
the solvent.”* The given pH values are corrected for the deu-
terium isotopic effects (pD = apparent pH + 0.4).”> When
attribution of the NMR signals is done in the experimental
part (according to 2D NMR experiments), labelling of the
molecules is given in the supporting information. HRMS anal-
yses were realized on a HRMS Q-Tof MaXis, sources ESI, APCI,
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APPI, nano-ESI (at the Institute of Organic and Analytic Chem-
istry — ICOA in Orléans). Elemental analysis and mass spec-
trometry analysis were carried out by the “Service Commun
d’Analyses” of the University of Strasbourg and analyzed
using the ChemCalc Software.”

Synthesis. 6-(Methoxycarbonyl)picolinic acid (1). Dimethyl
pyridine-2,6-dicarboxylate (2.0 g, 10.25 mmol, 1.0 equiv.) was
suspended in MeOH (120 mL). The reaction was heated to
50°C until homogenous. 1 M NaOH,,q (9.74 mL, 9.74 mmol,
0.95 equiv.) was added and the reaction was stirred at 50°C
for 15 minutes. The reaction was cooled down to ambient
temperature and MeOH concentrated to ca. 30 mL and ex-
tracted with CH,Cl, (4 x 50 mL). The organic layer was dis-
carded. The aqueous phase was acidified with a 12 M HCl,q
solution (811 uL, 9.74 mmol, 0.95 equiv.), extracted with
EtOAc (4 x 100 mL) and the combined organic layers were
dried over MgSO,. The solvent was removed in vacuo to give
compound 1 as a white solid (1.63 g, 9.00 mmol, 93%). 'H
NMR (400 MHz, 298 K, (CD3),SO): 6 13.48 (s, 1H, CO,H), 8.26-
8.21 (m, 2H, 2 x PyH), 8.19-8.14 (m, 1H, PyH), 3.91 (s, 3H,
CHs).

Ethyl 6-(ethylcarbamoyl)picolinate (2). Ethylamine
hydrochloride (0.409 mg, 5.02 mmol, 1.0 equiv.), EDC.HCI
(1.95 g, 12.55 mol, 2.5 equiv.), HOBt.H,0 (1.70 g, 12.55 mmol,
2.5 equiv.) and DIPEA (3.10 mL, 17.57 mmol, 3.5 equiv.) were
dissolved in anhydrous DMF (50 mL). 6-
(methoxycarbonyl)picolinic acid 1 (1.00 g, 5.52 mmol, 1.1
equiv.) was dissolved in anhydrous DMF (20 mL) and added
dropwise to the reaction mixture. The reaction was stirred at
ambient temperature for 36 hours. The solvent was removed
in vacuo. The compound was partitioned between H,O (50
mL) and EtOAc (50 mL). The aqueous phase was further ex-
tracted with EtOAc (3 x 50 mL). The organic fractions were
combined and dried over Na,SO,. The solvent was removed in
vacuo and the residue was purified by column chromatog-
raphy (SiO,; MeOH/DCM; 0:100 to 2:98) to obtain compound
2 as a beige solid (586 mg, 2.81 mmol, 56%). *H NMR (500
MHz, 298 K, CDCl5): & 8.31 (dd, 1H, J = 1.2 Hz, J = 8 Hz, PyH),
8.13 (dd, 1H, J = 1.3 Hz, J = 7.5 Hz, PyH), 8.06 (br. s, 1H, NH),
7.93 (t, 1H, J = 8 Hz, PyH), 3.93 (s, 3H, O-CH,), 3.49-3.43 (m,
2H, NHCH,CH;), 1.21 (t, 3H, J = 7.25 Hz, NHCH,CH;). *°C NMR
(126 MHz, 298 K, CDCl;): 6 164.9 (COCH;), 163.2 (CONH),
150.4 (C-Py), 146.4 (C- Py), 138.5 (CH-Py), 127.1 (CH-Py),
125.3 (CH-Py), 52.8 (OCHs), 34.4 (NHCH,CH,), 14.8
(NHCH,CH,). ESI-MS: m/z calcd. for [CioH;,N,05Na]™: 231.08;
found 231.07. Anal. Calcd for Cy0H;,N,05 (208,21 g.mol™): C,
57.68; H, 5.81; N, 13.45. Found: C, 57.48; H, 5.80; N, 13.14.

N-Ethyl-6-(hydroxymethyl)picolinamide (3). Ethyl 6-
(ethylcarbamoyl)picolinate 2 (571 mg, 2.74 mmol, 1.0 equiv.)
was dissolved in CH,Cl,/MeOH (70 mL; 1:1). NaBH, (1.04 g,
27.4 mmol, 10.0 equiv.) was added portion wise over 20
minutes and the reaction was stirred during 1h. The reaction
was acidified to pH = 5 with 1M HCl,, and then was basified
to pH = 8 by the addition of NaHCO;. The reaction was ex-
tracted with CH,Cl, (10 x 50 mL) and the combined organic
layers were dried over Na,SO,. The solvent was removed in

vacuo to give compound 3 as a colorless oil (493 mg, 2.66
mmol, 97%). 'H NMR (500 MHz, 298 K, MeOD): & 7.95 (dd,
1H, J = 1.2 Hz, J = 7.75 Hz, PyH), 7.90 (t, 1H, J = 7.6 Hz, PyH),
7.59-7.57 (m, 1H, pyH), 4.75 (s, 2H, CH,0H), 3.46-3.42 (m, 2H,
NHCH,CHs), 1.23 (t, 3H, J = 7.5 Hz, NHCH,CH,).). ®C NMR (126
MHz, 298 K, MeOD): & 166.4 (CO-NH), 161.4 (C-Py), 150.3 (C-
Py), 139.2 (CH-Py), 124.3 (CH-Py), 121.4 (CH-Py), 65.5 (CH,-
OH), 35.3 (NHCH,CHj3), 14.9 (NHCH,CH;). ESI-MS: m/z calcd.
for [CyH,;DN,0,Nal™: 204.09; found 204.09. Anal. Calcd for
CsH1,N,0, (185.61 g.mol™): C, 58.24; H, 6.84; N, 15.09. Found:
C,58.44; H, 6.76; N, 14.82.

6-(Chloromethyl)-N-ethylpicolinamide (4). N-ethyl-6-
(hydroxymethyl)picolinamide 3 (486 mg, 2.70 mmol, 1.0
equiv.) was dissolved in CH,Cl, (20 mL) under Ar. SOCI, (274
uL, 3.78 mmol, 1.4 equiv.) was added dropwise and the reac-
tion was stirred for 18 hours. The solvent was removed in
vacuo and the residue was coevaporated with CHCl; (2 x 10
mL) to give compound 4 as a colourless oil (534 mg, 2.69
mmol, >99%). *H NMR (500 MHz, 298 K, CDCl,): & 8.13 (dd, 1
H,J=1 Hz, J=7.5Hz, PyH), 8.00 (brs, 1H, NH), 7.86 (t, 1H, J =
7.5 Hz, PyH), 7.58 (dd, 1H, J = 1.5 Hz, J = 7.5 Hz, PyH), 4.66 (s,
2H, CH,-Cl), 3.53-3.47 (m, 2H, CH,-CHs), 1.26 (t, 3H, J = 7 Hz,
CH,-CHs). °C NMR (126 MHz, 298 K, CDCls): 6 163.6 (CO),
155.2 (C-Py), 149.7 (C-Py), 138.5 (CH-Py), 125.2 (CH-Py), 121.6
(CH-Py), 46.1 (CH,-Cl), 34.3 (CH,-CH5), 14.9 (CH,-CH). ESI-MS:
m/z caled. for [CoH,;CIN,ONa]™: 221.06; found 221.05. Anal.
Calcd for CoHy;CIN,O (198.65 g mol™): C, 54.42; H, 5.58; N,
14.10. Found: C, 54.25; H, 5.49; N, 14.02.

Macrocycle (7). A Schlenk flask was charged with K,CO; (300
mg, 2.17 mmol) and dried under dynamic vacuum with heat-
ing and backfilled with Ar. Tacn 5 (280 mg, 2.17 mmol) and
diethyl (6-(chloromethyl) pyridine-2-yl) phosphonate 6 (1.14
g, 4.34 mmol) were added under argon and after 1h under
vacuum, were dissolved in CH3;CN (5 mL). The reaction mix-
ture was stirred during 1 day at 60°C. The remaining K,CO;
was removed by filtration, and the solvent was removed
under reduced pressure. Purification of the crude product
was performed by column chromatography over alumina
(CH,Cl,/MeOH gradient from 100:00 to 95:5), yielding com-
pound 7 (550 mg, 43%) as yellow oil. *H NMR (500 MHz, 298
K, CDCls): & 7.68-7.60 (m, 4H, PyH), 7.32 (td, 2H, J = 7.7 Hz, J =
1.9 Hz, PyH), 4.14-4.04 (m, 8H, O-CH,-CH,), 3.87 (s, 4H, Py-
CH,), 3.27 (t, 4H, J = 6 Hz, TACN-CH,), 2.9 (t, 4H, J = 6 Hz,
TACN-CH,), 2.58 (s, 4H, TACN-CH,), 1.20 (t, 12H, J = 7 Hz, O-
CH,-CHs). *C NMR (126 MHz, 298 K, CDCl;): & 159.7 (d, J =
21.3 Hz), 151.5 (d, J = 226.3 Hz), 136.9 (d, J = 11.3 Hz), 126.6
(d, J=23.8 Hz), 125.6 (d, J = 3.8 Hz), 63.1 (d, J = 6.3 Hz), 60.9,
52.6, 50.0, 42.3, 16.5 (d, J = 6.3 Hz). **P NMR spectrum (162
MHz, 298 K, CDCl;) : & 10.74. ESI-MS: m/z calcd. for
[C6H4aNsOGP,]": 584.27; found 584.28. Anal. Caled for

Cy6HaaNsOGP,"CH,Cl, (670.54 g mol™): C, 48.43; H, 6.92; N,
10.46. Found: C, 48.50; H, 7.25; N, 10.82.

Compound 8. A Schlenk flask was charged with K,CO; (63 mg,
0.456 mmol) and dried under dynamic vacuum with heating
and backfilled with Ar. Macrocycle 7 (133 mg, 0.228 mmol)
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and 6-(chloromethyl)-N-ethylpicolinamide 4 (50 mg, 0.252
mmol) were dissolved in anhydrous MeCN (3 mL) and added
in the Schlenk flask. The reaction was heated at 40 °C under
Ar for two days. The reaction was cooled down to room tem-
perature and the solvent removed in vacuo. Purification of
the crude product was performed by column chromatography
over Alox (DCM/MeOH gradient from 100:0 to 95:5), yielding
compound 8 (147 mg, 87%) as a yellow oil. '"H NMR (500 MHz,
298 K, CDCly): 6 7.98 (d, 1H, J = 8 Hz, PyH), 7.74-7.66 (m, 5H,
PyH), 7.57 (d, 2H, J = 7.5 Hz, PyH), 7.50 (d, 1H, J = 7.5 Hz, PyH),
4.21-4.06 (m, 8H, O-CH,-CH;), 3.86 (s, 4H, Py-CH,), 3.81 (brs,
2H, Py-CH,), 3.47-3.35 (m, 2H, NH-CH,-CH;), 3.00-2.54 (brs,
12H, 1.24 (t, 12H, J = 7 Hz, 0-CH,-CH;), 1.18-1.13 (m, 3H, NH-
CH,-CHs). °C NMR (126 MHz, 298 K, CDCl;): & 164.2, 152.0,
150.2, 137.7, 163.3 (d, J = 12.5 Hz), 126.3 (d, / = 24.4 Hz),
125.5,64.2,62.9 (d, J =5.7 Hz), 55.8, 34.8, 16.3 (d, J = 6.3 Hz),
14.9. *'P NMR spectrum (162 MHz, 298 K, CDCl;) : § 11.07.
ESI-MS: m/z calcd. for [C35HssN,0,P,]": 746.35; found 746.35.

Anal. Caled for CzsHs3N,0,P, CH,Cl, (830.72 g mol™): C, 52.05;
H, 6.67; N, 11.80; Found: C, 52.29; H, 6.88; N, 11.81.

Ligand L1. To a Schlenk tube containing compound 8 (107 mg,
0.143 mmol), dissolved in anhydrous CH,Cl, (3 mL) under
argon, was added dropwise TMSBr (188 uL, 1.43 mmol). The
reaction mixture was stirred during 18h. The solvent was
removed in vacuo and the residue was taken up in MeOH.
The solvent was removed under reduced pressure. The same
procedure was then repeated with H,O. Purification of the
crude product was performed by column chromatography
over C,5 (H,O/CH3;CN/TFA 0.1% gradient from 95:5 to 0:100),
yielding ligand L1-2C,HF;0,-2H,0 as a brown solid (79 mg,
87%). "H NMR (500 MHz, 298 K, D,0): & 8.35-8.31 (m, 2H),
8.05-7.96 (m, 5H), 7.82 (d, 2H, J = 7.5 Hz), 7.68 (d, 1H, J = 7.5
Hz), 4.63 (s, 2H), 4.39 (s, 4H), 3.68 (t, br, 4H), 3.31 (q, 2H, J =
7.5 Hz, J = 14.7 Hz), 3.23 (t, br, 4H), 3.03 (s, 4H), 1.06 (t, 3H, J
= 7.3 Hz). ®C NMR (126 MHz, 298 K, D,0) 165.9, 135.5, 152.2
(t, J = 10.7 Hz), 149.8, 149.2, 144.9, 140.9, 128.1, 128.0,
127.5, 123.0, 59.7, 56.7, 51.5, 50.3, 48.0, 34.7, 13.6. ESI-MS:
m/z calcd. for [Cy;H3,N;05P,K]™: 672.22 found; 672.18. Anal.

Calcd for C27H37N707P2'2C2HF30z'2H20 (897.65 g m0|'1): C,
41.48; H, 4.83; N, 10.92. Found: C, 41.44; H, 4.75; N, 10.96.

Complex [EuL1]JTFA. L1-2TFA-2H,0 (27.0 mg, 30.1 umol) was
dissolved in D,0 (1.5 mL) and the solution was basified with a
solution of NaOD in D,0 to pD = 7. A solution of EuCl;.6H,0 in
D,O (ca. 0.6 equiv., 0.05 M) was added and the pD equili-
brated to 7. The reaction progress was monitored by *H NMR
to calculate remaining free ligand. Additional EuCl;.6H,0
solution was added to give 1.0 equiv. in total and the reaction
mixture was basified to pD =7. The solvent was removed in
vacuo and the crude was purified by reversed phase chroma-
tography (Cig, H,O/CH;CN/TFA 0.1% 95:5 to 0:100) to give
[EUL1]TFA as a white solid (16.0 mg, 20.4 umol, 67%). "H NMR
(400 MHz, 298 K, D,0, pD 6.9) : & 10.74 (s, 1H), 10.43 (s, 1H),
9.36 (d, J = 7.8 Hz, 1H), 9.14 (s, 1H), 8.84 (t, J = 7.8 Hz, 1H),
8.59 (s, 1H), 8.36 (d, J = 7.9 Hz, 1H), 8.13 (t, J = 6.1 Hz, 1H),
8.00 (s, 1H), 7.66 (t, J = 8.0 Hz, 1H), 6.77 (s, 1H), 6.54 (s, 1H),

6.35 (d, J = 7.9 Hz, 1H), 6.28 (t, J = 7.6 Hz, 1H), 3.68 (s, 1H),
3.49 (s, 1H), 2.85 (d, J = 7.2 Hz, 1H), -2.94 (s, 1H), -3.61 (s, 1H),
-4.15 (s, 1H), -4.62 (s, 1H), -7.06 (d, J = 14.3 Hz, 1H), -12.22 (s,
1H), -13.40 (s, 1H), -14.13 (d, 1H, J = 12.0 Hz). *'P NMR
spectrum (162 MHz, 298 K, D,0, pD 6.9) : 6 3.31, -16.12. ESI-
MS: m/z calcd. for [C,;H3sEUN,O,P,]™: 784.13, found 784.13.
Anal. Calcd for [CyHs7EUN;0,P,](C,F50,)2(C,HF;0,)-2(H,0)
(1162.63 g.mol™): C, 34.09; H, 3.73 N, 8.43. Found: C, 34.26;
H, 3.43; N, 8.36.

Complex [TbL1]TFA. L1-:2TFA:2H,0. (25.0 mg, 27.9 umol) was
dissolved in D,0 (1.5 mL) and the solution was basified with a
solution of NaOD in D,0 to pD = 7. A solution of TbCl;.6H,0 in
D,0 (0.04 M) was added by increasing aliquots (ca. 0.1 equiv.
to 1 equiv.). The pD was equilibrated to 7 after each aliquot
and the reaction progress was monitored to calculate remain-
ing free ligand. The solvent was removed in vacuo and the
crude was purified by reversed phase chromatography (Cys
H,O/CH3;CN/TFA 0.1% 95:5 to 0:100) to give [TbL1]TFA as a
white solid (13.0 mg, 16.4 pmol, 59%). *H NMR (400 MHz, 298
K, D,0): 6 109.69 (s, 1H), 102.22 (s, 1H), 97.54 (s, 1H), 18.01
(s, 1H), 13.76 (s, 1H), 7.12 (s, 1H), -4.62 (s, 1H), -7.92 (s, 1H), -
13.91 (s, 1H), -20.97 (s, 1H), -26.70 (s, 1H), -30.00 (s,1H), -
40.82 (s, 1H), -51.71 (s, 1H), -71.45 (s, 1H), -75.82 (s, 1H), -
94.25 (s, 1H), -141.54 (s, 1H). *'P NMR spectrum (162 MHz,
298 K, D,0) : & -3.10. ESI-MS m/z calcd. for [Cp;H3sTON;0;P,]":
790.13, found 790.13. Anal. Calcd for

[C27H37N707P2Tb]'(C2F302)'(CzHF3OZ)'2(H20) (1169.59 g.m0|71):
C, 33.89; H, 3.71; N, 8.38. Found: C, 34.01; H, 3.51; N, 8.25.

Complex [YbL1]JTFA. L1-2TFA-2H,0 (45.0 mg, 50.1 umol) was
dissolved in D,0 (1.5 mL) and the solution was basified with a
solution of NaOD in D,0 to pD = 7. A solution of YbCl;.6H,0 in
D,0 (0.072 M) was added by increasing aliquots (ca. 0.1
equiv. to 1 equiv.). The pD was equilibrated to 7 after each
aliquot and the reaction progress was monitored to calculate
remaining free ligand. The solvent was removed in vacuo and
the crude was purified by reversed phase chromatography
(Cys, H,O/CH;CN/TFA 0.1% 95:5 to 0:100) to give [YbL1]TFA as
a white solid (20.0 mg, 24.8 umol, 50%). 'H NMR (400 MHz,
298 K, D,0) : 6 88.78 (s, 1H), 37.15 (s, 1H), 36.73 (s, 1H), 33.87
(s, 1H), 26.73 (s, 1H), 23.80 (s, 1H), 21.40 (s, 1H), 18.44 (s, 1H),
17.69 (s, 4H), 17.44 (s, 1H), 17.17 (s, 1H), 14.58 (s, 1H), 12.97
(s, 1H), 11.15 (s, 1H), 8.44 (s, 1H), 7.56 (s, 1H), 3.14 (s, 1H),
2.36 (s, 1H), 1.07 (s, 1H), -2.83 (s, 1H), -6.52 (s, 1H), -12.20 (s,
2H), -14.00 (s, 1H), -22.90 (s, 1H), -28.05 (s, 1H), -29.90 (s,
1H), -37.46 (s, 1H), -54.36 (s, 1H). *'P NMR spectrum (162
MHz, 298 K, D,0): 6 0.13, -54.13. ESI-MS m/z calcd. for
[C,7H3sYbN;05P,]": 805.15, found 805.15. Anal. Calcd for

[CoyH3;N,0,P,Yb]. (CoF50,)-3(C,HF;0,):6(H,0) (1369.81 g.mol’
Y): C,30.69; H, 3.83; N, 7.16. Found: C, 30.73; H, 3.14; N, 7.44.

Complex [LuL1]TFA. L1-2TFA-2H,0 (22 mg, 24.2 umol) was
dissolved in D,0 (1.5 mL) and the solution was basified with a
solution of NaOD in D,0 to pD = 7. A solution of LuCl;.6H,0 in
D,0 (0.072 M) was added by increasing aliquots (ca. 0.1
equiv. to 1 equiv.). The pD was equilibrated to 7 after each
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aliquot and the reaction progress was monitored to calculate
remaining free ligand. The solvent was removed in vacuo and
the crude was purified by reversed phase chromatography
(Ci1s, H,O/CH;CN 95:5 to 0:100) to give [LUL1]TFA as a white
solid (19.0 mg, 23.6 pumol, 92%). "H NMR (400 MHz, 298 K,
D,0): 6 8.18 (t, J = 8.1 Hz, 1H), 8.06-7.96 (m, 3H), 7.80-7.74
(m, 3H), 7.54 (dd, J = 7.8 Hz, J = 25.6 Hz), 9.00 (dd, J = 14.0 Hz,
J = 7.3 Hz, 2H), 4.07-3.99 (m, 3H), 3.75 (d, J = 15.2 Hz, 1H),
2.95-2.60 (m, 7H), 2.59-2.48 (m, 2H), 2.30 (td, J = 12.7 Hz, J =
5.4 Hz, 1H), 1.95 (td, /= 12.7 Hz, J = 5.4 Hz, 1H), 0.74 (t, J = 7.3
Hz, 3H). *P NMR spectrum (162 MHz, 298 K, D,0): & 13.09,
12.26. ESI-MS m/z calcd. for [C,7H3sLuN,0,P,]* 806.15, found

806.15. Anal. Calcd for [CyHs,LuN,0,P,](CF5CO,)52(H,0)
(1183.62 g.mol™): C, 33.49; H, 3.49; N, 8.28. Found: C, 33.95;
H,3.57; N, 8.28

Compound 12. To a solution of pyclen derivative 11 (379 mg,
1.36 mmol), K,CO; (754 mg, 5.45 mmol, 4 equiv.) and Nal
(419 mg, 2.79 mmol, 2.05 equiv.) in CH5CN (31 mL) was added
compound 6 (736 mg, 2.79 mmol, 2.05 equiv.). The reaction
mixture was stirred at 40°C for 6 days. Salts were filtered off
and the filtrate was evaporated to dryness. The residue was
taken up in CHCI; and residual salts were filtered on cotton.
The oily residue was then submitted to several precipitations
(in MeOH/Et,0 and MeOH/CH,Cl,) and to a purification by
column chromatography (Al,Os, eluent: CH,Cl,/MeOH 100/1
to 100/2) to give compound 12 (446 mg, 0.61 mmol, 44%) as
a brown oil. *H-NMR (500 MHz, CDCl): 6 7.85 (m, 1H, ArH),
7.77 (m, 1H, ArH), 7.69 (m, 2H, ArH), 7.61 (t, J = 7.6 Hz, 1H,
ArH), 7.58-7.50 (m, 1H, ArH), 7.45 (t, J = 8.4 Hz, 1H, ArH), 7.10
(d, J = 7.6 Hz, 1H, Ar pyclen), 7.04 (d, J = 7.7 Hz, 1H, Ar
pyclen), 4.20-3.95 (m, 14H, H24, CH, pyclen), 3.80-3.60 (m,
8H, H17, CH, pyclen), 3.06 (m, 1H, CH, pyclen), 2.85-2.81 (m,
1H, CH, pyclen), 2.60 (d, J = 14.6 Hz, 1H, CH, pyclen), 2.55-
2.49 (m, 1H, CH, pyclen), 2.36-2.31 (m, 2H, CH, pyclen), 1.75-
1.69 (m, 1H, CH, pyclen), 1.29 (m, 9H, H25), 1.19 (t, J = 7.1 Hz,
3H, H25). *'P-NMR (202 MHz, CDCl,): § 12.00, 11.88. *C-NMR
(126 MHz, CDCl,): 6 173.4 (C16), 158.6, 158.1 (C1 and C11),
158.5 (d, J = 20 Hz, C19 or C19’), 158.1 (d, J = 17.5 Hz, C19 or
C19’), 151.2 (d, J = 224 Hz, C23 or C23’), 150.9 (d, J = 226 Hz,
C23 or C23’), 138.1 (C13), 137.5 (d, J = 12.5 Hz, C21 or C21’),
137.1(d, J = 11.3 Hz, C21 or C21’), 127.0 (d, J = 2.5 Hz, C20 or
C20’), 126.7 (d, J = 2.5 Hz, C20 or C20’), 126.0 (d, J = 23.7 Hz,
C22 and C22’), 121.5 (C12), 120.9 (C14), 62.9 (m, C24), 62.2,
61.6, 61.1, 59.7, 57.4, 56.4, 54.1, 52.4, 52.1 (C2, C4, C5, C7,
C8, C10, C15, C18, C18’), 51.9 (C17), 16.3 (d, J = 5 Hz, C25).
ESI-HR-MS (positive) m/z calcd. for [C34Hs;NgOgP,]": 733.3238,
found: 733.3237, [M+H]"; caled. for [CsHsoNgNaOgP,]":
755.3057, found: 755.3049, [M+Na]’; calcd. for
[C34Hs,NgOgP,]*": 367.1655, found: 367.1662, [M+2H]*".

Compound 13. To a solution of compound 12 (62 mg, 85
pumol) in CH,Cl, (3.5 mL) was added dropwise TMSBr (223 uL,
1.69 mmol, 20 equiv.) and the reaction mixture was stirred at
room temperature for 24h. CHCl; was then added to the
reaction mixture until formation of a precipitate. The precipi-
tate was filtered on cotton and rinsed with CHCI;. The solid on
cotton was then dissolved in H,O and evaporated to dryness.

The residue was submitted to a precipitation in wa-
ter/acetone to give quantitively compound 13 as a yellow oil
which was used in the next step without further purification.
ESI-HR-MS (negative) m/z; calcd. for [C,gH3,NgNaOgP,]™:
641.1660, found: 641.1656, [M-2H+Na]; calcd. for
[C,6H33N¢OgP,]: 619.1840, found: 619.1830, [M-H]J".

Ligand L2. A solution of compound 13 (54 mg, 87 umol) in 3
M HCI (2 mL) was stirred at 80°C for 20h. Acetone was added
in large excess until formation of an oil on the wall of the
flask. The solvents were poured off and the residual oil on the
flask was rinsed with acetone to give compound L2 (39 mg, 54
pumol, 62%) as a brown oil. Sometimes compound L2 needed
a purification by flash chromatography (column C,5, eluent:
H,O/ACN 100/0 a 0/100) but the final yield decreased dra-
matically from 27 to 62%. The ligand was obtained as a

trichlorohydrate salt L2:3HCI. "H-NMR (500 MHz, D,0, 298 K):
5 8.11 (m, 1H, H21’), 8.05 (m, 1H, H21), 8.02-7.94 (m, 4H,
H13, H20, H22, H22’), 7.63 (d, J = 7.9 Hz, 1H, H20’), 7.54 (d, J =
7.8 Hz, 1H, H12), 7.41 (d, J = 7.9 Hz, 1H, H14), 4.86 (s, 2H,
H10), 4.56 (s, 2H, H2), 4.49 (s, 2H, H18'), 4.36 (s, 2H, H18),
4.23 (s, 2H, H15), 3.87 (s, 2H, H8), 3.53 (s, 2H, H4), 3.25 (s, 2H,
H5), 3.14 (s, 2H, H7). *P-NMR (202 MHz, D,0): &§ 5.32, 0.60.
BC-NMR (126 MHz, D,0): 6 173.2 (C16), 157.4 (d, J = 202 Hz,
C23 or C23’), 155.9 (d, J = 183 Hz, C23 or C23’), 155.3 (d, J =
11.4 Hz, C19), 153.2 (C1), 152.9 (C11), 152.6 (d, J = 16.9 Hz,
C19), 147.3 (C13), 144.0 (C21’), 131.2 (d, J = 13.9 Hz, C22 or
C22’), 130.9 (C20), 130.3 (d, J = 19.8 Hz, C22 or C22’), 129.7
(C20’), 126.6 (C12 and C14), 62.5 (C10), 60.4 (C15), 60.1 (C2),
59.4 (C18'), 58.2 (C18), 56.9 (C8), 54.2 (C4), 52.8 (C5), 52.7
(C7). ESI-HR-MS (negative) m/z; calcd. for [C,sH3;oNgNaOgP,]:
627.1503, found: 627.1496, [M-2H+Na]; calcd. for
[C,sH3:NgOgP,]: 605.1684, found: 605.1678, [M-H]; calcd. for
[CosH,6CaNgOgP,] : 643.1153, found: 643.1146, [M-3H+Ca]".

Complex [Lul2]. Ligand L2:3HCI (12 mg, 17 umol) was dis-
solved in D,0 (200 uL) and the pD was adjusted to 6.8 with
0.1 M NaOD before addition of LuCl;.6H,0 (201 uLof a 0.1 M
solution in D,0, 20 umol, 1.2 equiv.). The pD was adjusted
again to 6.8 with 0.1 M NaOD and the reaction mixture was
stirred at 60°C for 15h. The precipitate was filtered on a pad
of cotton and washed with D,0. The filtrate was lyophilized to
dryness to give [LuL2] (13 mg, 17 umol, 100%) as a white
powder. 'H-NMR (500 MHz, D,0, 298 K): 6 8.05-8.02 (m, 1H,
H21), 7.92-7.90 (m, 1H, H21’), 7.84 (t, J = 7.7 Hz, 1H, H13),
7.79-7.77 (m, 1H, H22), 7.60-7.56 (m, 2H, H20, H22’), 7.43 (d,
J=7.5 Hz, 1H, H20’), 7.40 (t, J = 6.8 Hz, 1H, H12), 7.13 (d, J =
7.8 Hz, 1H, H14), 5.19 (dd, J = 15.2, 1.0 Hz, 1H, H10a), 4.57 (d,
J = 14.8 Hz, 1H, H18), 4.18-4.05 (m, 4H, H2a, H10b, H15a,
H18a), 4.00-3.94 (m, 2H, H2b, H18'b), 3.70 (d, J = 15.3 Hz, 1H,
H18b), 3.45 (d, J = 15.6 Hz, 1H, H15a), 3.19-3.18 (m, 1H, H8&a),
2.95 (d, J = 15.3 Hz, 1H, H5a), 2.87 (d, J = 15 Hz, 1H, H8b),
2.59-2.56 (m, 3H, H4a, H5b, H7a), 2.20-2.14 (m, 1H, H4b),
1.63-1.56 (m, 1H, H7b). *P-NMR (202 MHz, D,0): § 13.07,
11.09. ®C-NMR (126 MHz, D,0): § 184.4 (C16), 162.1 (C1),
162.0 (C11), 163.9 (d, J = 122 Hz, C23 or C23’), 161.5 (d, J =
203 Hz, C23 or C23’), 159.6 (d, J = 16.2 Hz, C19), 158.2 (d, J =
15.3 Hz, C19’), 142.9 (C13), 142.5 (d, J=9.1 Hz, C21), 141.4 (d,
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J=9.5Hz, C21’), 128.4 (d, J = 18.4 Hz, C22), 127.3 (d, J = 19.4
Hz, C22’), 126.6 (C20’), 126.0 (C20), 123.6 (C12), 122.5 (C14),
67.2 (C2), 67.1 (C10), 66.8 (C15), 65.2 (C18), 64.7 (C5), 64.6
(C18’), 61.4 (C4), 61.1 (C7), 59.7 (C8). ESI-HR-MS (positive)
my/z calcd. for [CysH3oLuNgOsP,]"™: 779.1002, found: 779.1009,
[M+H]; caled. for [C,sHasLuNgNaOgP,]": 801.0822, found:
801.0827, [M+Na]*; calcd. for [C,sH,sLuNgNa,0¢P,]": 823.0641,
found: 823.0649, [M-H+2Na]*; calcd. for
[C,sH30LUNgNaOgP,1*": 401.0447, found: 401.046, [M+H+Na]*;
caled. for [ChsHsLuNgOgP,]*": 390.0537, found: 390.0551,
[M+2H]*.

Complex [Eul2]. Ligand L2:3HCI (38 mg, 53 umol) was dis-
solved in H,0 (2 mL) and the pH was adjusted to 6.0 with a 1
M KOH solution before addition of EuCl;.6H,0 (21 mg, 58
pumol, 1.1 equiv.). The pH was adjusted again to 6.6 with 0.1
M KOH and the reaction mixture was stirred at 60°C for 3
days. The reaction mixture was concentrated to 1 mL before
addition of acetone in large excess. The precipitate was fil-
tered over a pad of cotton and the solid on cotton was dis-
solved in H,0. Water was evaporated and the residue was
submitted to a dialysis process to remove salts in excess.
After lyophilization, compound [EuL2] (37 mg, 49 umol, 95%)
was obtained as a white powder. ESI-HR-MS (positive) m/z
caled. for [CysHioEuNgOgP,]": 757.0807, found: 757.0811,
[M+H]%; caled. for [C,sH,EUNgKOgP,]": 795.0365, found:
795.0363, [M+K]"; calcd. for [CysHssEUN,OgP,]": 774.1073,
found: 757.0811, [M+NH,]’; calcd. for [CysH3 EUNGOgP,]*":
379.0439, found: 379.0453, [M+2H]*".

Complex [YbL2]. Ligand L2:3HCI (40 mg, 56 umol) was dis-
solved in H,0 (2 mL) and the pH was adjusted to 6.3 witha 1
M KOH solution before addition of YbCl;.6H,0 (24 mg, 62
pumol, 1.1 equiv.). The pH was adjusted again to 6.8 with 0.1M
KOH and the reaction mixture was stirred at 60°C for 20h. The
reaction mixture was concentrated to 1 mL before addition of
acetone in large excess. The precipitate was filtered over a
pad of cotton and the solid was dissolved in H,0. Water was
evaporated and the residue was submitted to a dialysis pro-
cess to remove salts in excess. After lyophilization, compound
[YbL2] (29 mg, 37 umol, 67%) was obtained as a white pow-
der. ESI-HR-MS (positive) m/z calcd. for [CrsHsoYbNgOsP,]":
778.0983, found: 778.0979, [M+H]:; caled. for
[CosHasYbNgKOgP,]™:  816.0542, found: 816.0534, [M+K]';
calcd. for [C,sH33YbN;OgP,]": 795.1248, found: 795.1205,
[M+NH,]"; calcd. for [ChsHs,YbNgOgP,]**: 389.5528, found:
389.5529, [M+2H]*".

Complex [TbL2]. Ligand L2:3HCI (39 mg, 54 umol) was dis-
solved in H,0O (4 mL) and the pH was adjusted to 6.3 witha 1
M KOH solution before addition of TbCl;.6H,0 (24 mg, 62
pumol, 1.1 equiv.). The pH was adjusted again to 6.3 with
aqueous 0.1 M KOH and the reaction mixture was stirred at
60°C for 3 days. The reaction mixture was concentrated to 1
mL before addition of acetone in large excess. The precipi-
tate was filtered over a pad of cotton and the solid was dis-
solved in H,0. Water was evaporated and the residue was
submitted to a dialysis process to remove salts in excess.

After lyophilization, compound [TbL2] (36 mg, 47 umol, 87%)
was obtained as a white powder. ESI-HR-MS (positive) m/z
caled. for [CpsHsTbNgOgP,]": 763.0848, found: 763.0858,
[M+H]"; caled. for [CysH,oTbNgKOsP,]": 801.0407, found:
801.0407, [M+K]"; calcd. for [C,sHs3TbN,OgP,]": 780.1114,
found: 780.1112, [M+NH,]"; calcd. for [C,sH3TbNgOgP,]™":
382.0461, found: 382.0472, [M+2H]*".

Spectroscopic measurements. Distilled water was purified by
passing through a mixed bed of ion-exchanger (Bioblock Sci-
entific R3-83002, M3-83006) and activated carbon (Bioblock
Scientific ORC-83005). All the stock solutions were prepared
by weighing solid products using an AG 245 Mettler Toledo
analytical balance (precision 0.01 mg). Metal cation solutions
were prepared from their metal chloride salt (EuCl;-6H,0,
TbCl3-6H,0, YbCl;:6H,0, 99.9 %, Sigma-Aldrich), and their
concentrations were determined by colorimetric titrations
with EDTA (5.37 x 10° M, Merck, Titriplex Ill) according to
standard procedures, using xylenol orange as indicator.”

UV/vis absorption spectra were recorded on a Specord spec-
trometer from Jena Analytics. Steady state emission spectra
were recorded on an Edinburgh Instrument FLP920 spec-
trometer working with a continuous 450W Xe Lamp and a red
sensitive R928 photomultiplier from Hamamatsu in Pelletier
housing for visible detection (230 to 900 nm) or a Hamamatsu
R5 509-72 photomultiplier for the Vis-NIR part. All spectra
were corrected for the instrumental functions. For emission
spectra upon UV excitation, a 330 nm cut-off filter was used
to eliminate second order artefacts. Phosphorescence life-
times were measured on the same instrument working in the
Multi-Channel Spectroscopy (MCS) mode, using a Xenon flash
lamp as the excitation source. For short ps lifetimes, the
intensity decay was corrected for the lamp intensity decay
profile using a scattering solution of Ludox in water. Lumines-
cence quantum vyields were measured according to conven-
tional procedures,” with optically diluted solutions (optical
density < 0.05), using [Ru(bipy);Cl,] in water (O = 0.04)”® as
reference for Eu, a bipyridine Tb complex, [TbL(H,0)] in water
(® = 0.31)" as reference for Th, and cardiogreen (IR125) in
MeOH (® = 0.078) for Yb.”® The errors are estimated to 10 %
on the lifetimes and 15 % on the luminescence quantum
yields. Hydrations numbers, q, were obtained using equation
of Beeby et al.”’

Computational details. Geometry optimizations of the [YbL1]
and [Lul2] systems were carried out with density functional
theory (DFT) using the Gaussian16 program’® and the TPSSh®
functional. The lanthanides were treated using the large-core
approximation, which incorporates the 4f electrons of Yb and
Lu in the core, while describing the outer 5s, 5p, 5d, and 6s
electrons with a (7s6p5d)/[5s4p3d]-GTO valence basis set.®
The 6-31G(d,p) basis set was used for all other atoms. The
criteria for the convergence of the self-consistent field calcu-
lations and the size of the integration grid were set with the
scf=tight and Integral=superfinegrid keywords. Bulk solvent
effects (water) were incorporated with the integral equation
formalism of the polarized continuum model (IEF-PCM).#
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Molecular volumes were estimated using the volume=tight
keyword.

Complete active space self-consisted field (CASSCF)® calcula-
tions were performed using the ORCA5®" ® program system
(Program Version 5.0.3). Dynamic correlation was introduced
with N-electron valence perturbation theory to second order
(FIC-NEVPT2).2* ¥ Relativistic effects were incorporated with
the second-order Douglas-Kroll-Hess (DKH2)%® & approxima-
tion and a finite nucleus model.® The active space included
the 13 Yb electrons distributed in the seven metal-based 4f
orbitals [CAS(13,7)]. The integration grids were increased
from the defaults using the AngularGrid 7 and IntAcc 5.0
options within the %method section. Bulk water solvent ef-
fects were introduced with the SMD model proposed by
Truhlar.®! Spin-orbit coupling effects were incorporated with-
in the framework of quasi-degenerate perturbation theory
(QDPT).> ** For ligand atoms, we selected the DKH-def2-
TZVPP basis set recontracted for DKH2 calculations by D. A.
Pantazis taking the exponents from the def2-TZVPP basis
set.” The Yb atom was described with the SARC2-DKH-QZVP*
basis sets. The resolution of identity and chain of spheres
(RIJCOSX)***® approach accelerated the calculations with the
aid of the SARC2-DKH-QZVP/JK®® auxiliary basis set for Yb and
the auxiliary basis sets generated with the Autoaux”™ proce-
dure for all other atoms.
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L1 and L2, two tacn- or pyclen-based chelators with pyridinylphosphonic arms have been synthesized to investigate their coordi-
nation properties towards lanthanide ions. Both generate new monomeric and polymeric species with a very good shielding of
the cation in the monomeric one.
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