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The systematic investigation of steric and electronic effects on the formation of lanthanide complexes with the
tridentate N,N,N',N'-tetraalkylpyridine-2,6-dicarboxamide ONO ligands (alkyl = ethyl: L5, isopropyl: L6 and
benzyl: L7) shows a reduced affinity with increasing steric demand in the order L5 < L6 < L7. [Ln(Li)]** and
[Ln(Li),]** are formed with the three ligands, but 1 : 3 complexes are strictly limited to [Ln(L5);]*" and [Ln(L6),]**
because of the significant steric congestion provided by the twelve benzyl groups located along the three-fold axis in
[Ln(L7),]**. Comparisons between L6 and L7 in the 1 : 2 complexes evidence superimposable pseudo-monocapped
square antiprismatic coordination spheres in the crystal structures of [Ln(L#),(H,0),(CF;SO,)](CF;S0;), (i=6, Ln =
Eu: 9; i =7, Ln = Gd: 10). Photophysical properties of [Ln(L6),]** and [Ln(L7),]** (Ln = Eu, Gd, Tb, Lu) are similar
except for improved quantum yields for [Ln(L7),]*" (Ln = Eu, Tb) which can be assigned to a slightly more efficient
L7 — Ln™ energy transfer process. The removal of two benzyl groups in the analogous N,N’-dibenzylpyridine-2,6-

dicarboxamide ligand (L8) restores the formation of stable triple-helical complexes as demonstrated by the crystal
structure of [Tb(L8),],(CF;SO;), (11). However, the existence of intricate mixtures of isomers in solution which are
blocked on the NMR time scale limits their use as building blocks for the design of polymetallic d—f and f-f helicates.

Introduction
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Since the 4f valence shells of the trivalent lanthanides, Ln
shielded from external perturbations by the filled 5s* and 5p'
orbitals, the interaction of the metallic core with the surround-
ing ligands in coordination complexes is mainly electrostatic.'
Minor, but predictable tuning of the electronic, optical
and magnetic properties can be then traced back to weak
crystal-field effects induced by the donor atoms in the first co-
ordination sphere.” The use of ligand design for the optimiz-
ation of one particular property in the final lanthanide
complexes is thus attractive, but it remains challenging because
(i) the structural control of the coordination sphere mainly
relies on weak interstrand interactions,? (ii) polarization effects
strongly affect crystal-field parameters,® and (iii) the entropic
contribution to the complexation process is considerable which
complicates theoretical modeling.’ In this context, semi-rigid
tridentate binding units derived from 2,2":6’,2"-terpyridine (L1)
are valuable candidates because saturated nine-coordinate
monometallic lanthanide complexes requires the helical wrap-
ping of only three ligands in [Ln(L1),]** which minimizes the
entropic cost.*” Moreover, non-covalent interstrand inter-
actions controlling the size and geometry of the metallic site
can be programmed via peripheral modifications of L1, thus
leading to tuneable thermodynamic,? structural® and optical*’
properties. However, the limited enthalpic stabilization of

T Electronic supplementary information (ESI) available: tables of
NMR data (Table S1), elemental analyses (Table S2), calculated distri-
bution of isomers for [Ln(L8),*" (Table S3) structural data for the
lanthanide coordination sphere (Table S4) and intra- and inter-
molecular stacking interactions (Table S5) in [Tb(L8);],(CF;SO;),, and
crystallographic data (Table S6). Figures showing steroviews of L8
(Fig. S1) and [Tb(L8),],(CF;S0,), (Fig. S7), spectrophotometric titra-
tion of L7 (Fig. S2), solution structures of [Ln(L6),]** and [Ln(L7),]**
(Fig. S3), the coordination sphere in [Gd(L7),(H,0),(CF;SO;)**
(Fig. S4), distribution curves (Fig. S7); emission spectra (Fig. S6) and
partial superimposition of both molecules of the asymmetric unit in 11
(Fig. S8). See http://www.rsc.org/suppdata/dt/b3/b307413g/
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[Ln(L1),]*" is a severe handicap for the design of efficient com-
plexes for aqueous An™/Ln™ separations (nuclear waste man-
agement),*® and for the development of functional luminescent
probes.**® This drawback can be partially overcome thanks to
the replacement of the distal pyridine rings in L1 with more
polarizable dialkyltriazinyl rings in L2 which significantly
improves the affinity for Ln™.""-13 The alternative connection of
distal five-membered heterocycles in L3'* and L4'® provides an
optimal fit between the tridentate cavity and the size of Ln™,
and remarkable size-discriminating effects along the lanthanide
series have been evidenced for [Ln(L4);]**. On the other hand,
efficient energy back-transfers in [Tb(L4),]** *** and quenching
processes involving low-lying LMCT states in [Eu(L4);]*" '
prevent their use as luminescent building blocks in sophisti-
cated polymetallic triple-stranded d—f and f—f helicates.>® The
introduction of aromatic substituents in L4 (R = benzoic esters
or benzyl alcohols) ' does not significantly improve the antenna
effect, but the long distance separating the metal from the
chromophoric groups may explain this failure, as recently
demonstrated in rigid C,-symmetrical macrocyclic lanthanide
platforms grafted with peripheral aromatic groups.'® In order (i)
to put the light-harvesting chromophores closer to the metal
ion in triple-helical lanthanide complexes and (ii) to develop a
novel library of tridentate receptors for the selective complex-
ation and sensitization of lanthanides, we have resorted to
N,N,N',N'-tetraalkylpyridine-2,6-dicarboxamide ONO ligands
derived from L5 for which stable and moderately luminescent
(Ln = Eu, Tb) triple-helical complexes [Ln(L5),]** have been
reported.” A thorough investigation of the solution and solid
state structures of [Ln(L5);]*" demonstrated that the OC-
N(amide) bonds display considerable double-bond character
which arranges the alkyl residues R close to the three-fold axis
and the metal ion." In this contribution, we report on the steric
and electronic consequences brought by the connection of
bulky semi-flexible benzyl chromophores to the terminal carb-
oxamide side arms in L7. Particular attention is focused on the
thermodynamic, structural and photophysical properties in the
resulting lanthanide complexes [Ln(L7),]*" (n = 1-3) which are
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Fig. 1 Numbering of the carbon atoms for NMR measurements and possible conformations of the free ligands L6, L7 and LS.
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Scheme 1

compared with those provided by L6 (similar steric constraints
with no peripheral chromophoric unit) and L8 (similar benzyl
chromophores with reduced steric congestions).

Results and discussion
Syntheses and structures of the ligands L6-L8

The tridentate ligands L6-L8 are obtained in 80-82% yields via
the amidation of 2,6-pyridinedicarboxylic acyl chloride with
an excess of the corresponding amine. Room-temperature 'H
NMR spectra reflect C,,-symmetrical geometries characterized
by (i) two equivalent carboxamide side arms and (ii) enantio-
topic methyl groups in L6 (H6-H7 and H9-H10), or methylene
protons in L7 (H5-HS' and H6-H6') and in L8 (H5-HS5',
Fig. 1, Table S1 ESI ). The rotations about the OC-N amide
bonds are blocked on the NMR time scale as demonstrated by

non-equivalent isopropyl groups in L6 and benzyl groups in L7.
Variable-temperature data (293-433 K, d®-DMSO) show the
coalescence of the signals of the methyl groups (H6-H7 with
H9-H10) at 7, = 353 K for L6, and that of the methylene pro-
tons (H5-HS’ with H6-H6') at T, = 363 K for L7. Calculations
using the Eyring model (eqns. (1)—~(3))*

AG* er(igj (1)
k:"f(_v )

X —6X*+[12 - 27(Ap)1X* — 8=0 (3)
give AG*(L6) = 71(3) kJ mol ™! and AG*(LL7) = 74(3) kJ mol ' at
the coalescence temperatures (k is the rate constant at 7, dv is
the chemical shift difference in absence of exchange taken from
the '"H NMR data at 293 K, R, kg and / are, respectively, the
molar gas constant, the Boltzmann and Planck constants, Ap is
the difference in population between the two exchangeable
sites, and X is the solution of the polynomial expression given
in eqn. (3) (X = V2 for Ap = 0 in this case)).?’ These activation
energies are slightly smaller than those found for N,N’'-di-
methyformamide (AG” = 86 kJ mol™')?! which reflects the
increased delocalization of the electronic © density of the OC—
N bond onto the electro-withdrawing pyridine ring in L6 and
L7.

The C,, symmetry found for L6 and L7 is compatible with
both the anti-anti or syn-syn conformations of the carboxamide
side arms (or a fast exchange between these conformers, Fig. 1).
However, the lack of NOE effects between the protons of the
distal isopropyl (L6) or benzyl (L7) groups, and the pyridine H1
and H2 protons eventually establishes syn-syn conformations
which minimize the repulsion between the dipole moments of
the central pyridine ring and the connected carbonyl groups.
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Table 1 Cumulative stability constants (log(5 i) for the complexes [Ln(Li),]** (i = 5-7, n = 1-3, acetonitrile, 293 K)

L5 L6 L7
Metal R-AC log(B1)” log(B,,)" log(By3)" log(B11) log(f1,) log(B13) log(f1y) log(B12)
La(u) 1.216 7.403) 14.8(3) 21.0(3) 7.8(5) 14.0(7) 18.0(8) 5.4(5) 11.1(6)
Ce(1n) 1.196 7.6(3) 14.3(4) 22.0(3) 7.4(4) 13.0(6) 17.9(7)
Pr(1m) 1.179 7.6(3) 14.6(3) 22.2(3) 8.0(6) 13.8(8) 17.5(9)
Nd(m) 1.163 7.5(3) 13.8(4) 21.5(4) 7.7(5) 13.5(7) 17.5(8)
Sm(111) 1.132 7.33) 14.4(4) 22.0(4) 8.5(6) 12.9(7) 18.4(8)
Eu(m) 1.120 8.3(3) 15.3(3) 22.3(3) 8.3(6) 13.9(6) 17.6(7) 4.9(5) 9.8(6)
Gd(mm) 1.107 7.93) 14.7(4) 22.6(4) 7.9(7) 13.7(9) 17.5(9)
Tb() 1.095 8.2(3) 14.5(4) 22.9(4) 7.6(6) 13.8(7) 18.5(7)
Dy(1r) 1.083 7.5(3) 14.8(4) 22.5(4) 7.7(5) 14.4(6) 17.3(8)
Ho(1m) 1.072 7.3(4) 14.8(4) 22.3(4) 8.3(6) 14.2(7) 17.9(9)
Er(1) 1.062 7.7(4) 14.4(4) 22.7(4) 8.3(5) 13.9(6) 17.5(8)
Tm(1) 1.052 8.5(3) 16.0(3) 22.1(4) 7.9(6) 13.8(7) 17.8(9)
Yb(1r) 1.042 8.5(3) 15.6(3) 22.8(4) 7.7(4) 13.7(5) 16.7(6)
Lu(m) 1.032 8.1(3) 15.2(3) 22.9(3) 7.6(4) 13.5(5) 17.3(6) 5.3(5) 9.7(6)
Y (1) 1.075 7.6(3) 14.6(4) 22.4(4) 4.9(5) 9.4(6)

“Tonic radii for nine-coordinate Ln™.? * Taken from ref. 19.

Surprisingly, L8 also exists as a single conformer with C,,-
symmetry although we expect a mixture of EE, EZ and ZZ
isomers resulting from the blocked rotation about OC-N bonds
in secondary amides (the £ and Z notation refers to the the
OC-N bond considered as a double bond). However, the form-
ation of two intramolecular NH --- N(pyridine) hydrogen
bonds producing two fused five-membered rings in the syn-syn
conformation strongly stabilizes the ZZ isomer according to
Etter’s rules,” and L8 consequently adopts a blocked syn-syn-
ZZ conformation (Fig. 1). Variable-temperature 'H NMR data
do not affect the signals of the H5-HS5' protons in L8 which
suggests that AG*(L8) > AG*(L6) ~ AG*(L7) for the rotation
about the OC-N bonds.

The molecular structure of L8 in the solid state confirms the
exclusive formation of the syn-syn-ZZ isomer (Fig. 2) as pre-
viously reported for the analogous ligand L9 in which the ter-
minal benzyl groups are replaced with phenyl groups (Scheme
1).* The bonds lengths and bond angles are standard,? and two
short contact interactions N3HO03 -+ N1 = 232 A and
N2HO02 --- N1 = 2.36 A suggest the existence of two strong
intramolecular hydrogen bonds which are optimized by the

Fig. 2 ORTEDP view of the ligand L8 with atomic numbering scheme.
Ellipsoids are represented at 40% probability level.
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almost coplanar arrangements of the carboxamide side arms
(C1-C6-0O1-N2 and C5-C14-0O2-N3) with the central pyr-
idine ring (interplanar angles 6.03(8) and 12.53(9)°; a similar
structural pattern has been reported for L9 with NH .-+ N =
2.33-2.38 A and average interplanar angle 24°).%* For L8, each
NH donor is further involved in one intermolecular hydrogen
bond with the oxygen atom O2’ of a neighbouring ligand (x, %2
— y, Va+ z; N2HO02 + -+ 02" =2.22(3) A, N2-H02 - +- 02’ =
154(2)° and N3HO03 -+ 02" = 2.26(3) A, N3-H03 +-- 02’ =
165(2)°), thus forming chains approximately along the [001]
direction. These chains are further packed through weak inter-
molecular offset face-to-face aromatic stacking interactions
involving pyridine—pyridine pairs through a centre of inversion
(separation 3.43 A), and pyridine-benzyl pairs through a glide
plane (separation 3.66 A, interplane angle = 10.5°, Fig. SI,
ESIT). We can thus safely assign the larger activation barrier for
the rotation about the OC-N bonds observed for L8 in solution
to specific intramolecular NH - - - H hydrogen bonds which (i)
stabilize the ZZ isomer and (ii) have no counterparts in L6 and
L7.

Stoichiometry, stability and dynamic of the complexes formed in
solution between L6, L7 and trivalent lanthanides (Ln = La-Lu)

As previously reported for L5," the absorption spectra of L6
and L7 are significantly modified both in shape and intensities
upon complexation to Ln™, and this allows a quantitative
analysis of the complexation process by using spectrophoto-
metric titrations (Fig. S2, ESIT). Titrations of L6 (10™* mol
dm™?) with Ln(CF;S0;)-xH,0 (Ln=La-Lu, x=2-4; Ln: L6 =
0.1-2.0) in acetonitrile show a smooth evolution of the absorp-
tion spectra with two marked end points for Ln : L6 = 0.5 and
Ln : L6 = 1.0. Factor analysis® systematically confirms the
formation of four absorping species assigned to L6 and
[Ln(L6),]*" (n = 1-3) as previously established for L5." The
spectrophotometric data can be satisfyingly fitted with non-
linear least-squares techniques?® to equilibria (4)—(6), and the
associated formation constants are collected in Table 1.

Ln*" + Li = [Lo(L)]**: log(p 1} 4)
Ln®" + 2 Li = [Ln(Li),]**: log(B"3 (5
Ln** + 3 Li = [Ln(Li),]*": log(8'3 (6)

f1i and B13 for L5 and L6 are comparable within experimental
errors and display the expected electrostatic trend (i.e. a slight
increase of log(f ) with the decreasing size of the metal ion)>
resulting from the contraction of the ionic radii along the



lanthanide series (Fig. 3(a) and (b)). This points to similar affin-
ities of the tridentate binding units for Ln™, but the reduction
of B3 by 3—4 orders of magnitude when going from L5 to L6
testifies to the increased steric constraints produced by the
wrapping of three bulky tridentate strands in [Ln(L6),]**
(Fig. 3(c)). Related spectrophotometric titrations of L7 (107*
mol dm™*) with Ln(CF,S0,)-xH,0 (Ln = La, Eu, Lu, Y,
x =2-4; Ln : L7 = 0.1-2.0) shows the formation of only three
absorping species assigned to L7 and [Ln(L7)n]** (n =1, 2), and
corresponding to equilibria (4) and (5) (Table 1). Any attempts
to introduce [Ln(L7),’* in the non-linear fitting process
fail, which suggests that the terminal dibenzylamine groups are
too bulky to allow the wrapping of three strands in the final
triple-helical complexes.

A parallel ESI-MS titration performed in the same condi-
tions for Ln = Lu confirms the exclusive formation of 1 : 1
complexes ([Lu(L7)*" at m/z = 583.6 and its adduct ions
[Lu(L7)(CF,S05),,]¢™*, m=1,2)and 1 : 2 complexes ([Lu(L7),-
(CF;S0,),]¢™*, m =1, 2). Traces of [Lu(L7);(CF;SO,)** (m/z
=950.1) can be only detected in large excess of ligand, but its
quantity in solution is expected to be negligible since the effi-
ciency of the cationization process is maximum for the 1 : 3
saturated complexes.”” We can thus safely ascribe the stepwise
decrease of B3 when going from L5 to L6, and its dis-
appearance for L7, to the increased interstrand steric repulsions
provided by the terminal tertiary amide groups in the final
triple-helical complexes [Ln(Li),]** (i = 5-7). It is also worth
noting that 8} and '3 for L7 are (i) significantly smaller than
those found for L5 and L6 and (ii) deviate from the classical
electrostatic trend (Fig. 3(a) and (b)). Both effects can be traced
back to the steric bulk of the dibenzylcarboxamide side arms in
L7 which strongly limits the access of the tridentate cavity for
the complexation of Ln™.,

In order to support our speciation in solution, we have per-
formed 'H NMR titrations of Li (0.15 mol dm >, i = 6, 7) with
Ln(CF;S0;)-xH,0 (Ln=La, Lu, Y, x=2-4; Ln: Li=0.25-1.0)
in CD,;CN. For L6, we observe the successive formation of
three different complexes in agreement with the speciation cal-
culated with the stability constants collected in Table 1 (Fig. 4).

The observation of two septuplets for the methine protons
H5 and H8 combined with two doublets for the enantiotopic
methyl groups H6-H7 and H9-H10 (see Fig. 1 for the number-
ing scheme) in [Ln(L6)]** is reminiscent of the C,,-symmetrical
arrangement found in the free ligand, but the significant down-
field shifts of the protons H1 and H2 (Fig. 4(a)) is diagnostic for
the complexation of Ln™ to the tridentate binding unit in its
anti-anti conformation.” The coordination sphere in [Ln(L6)]**
is completed with slow exchanging solvent molecules among
which coordinated water molecules can be detected at 6.05
ppm. The 1 : 2 complexes [Ln(L6),]** exhibit C,-symmetry in
agreement with the observation of (i) two non-equivalent
signals for the meta protons of the pyridine ring H2 and H2’,
(ii) four different heptuplets for the methine protons H5 and HS
(Fig. 4(a)) and (iii) eight diastereotopic methyl protons for H6,
H7, H9, H10. A single twofold axis interconverts the two
ligands in [Ln(L6),*", but no other dynamically average
symmetry element is observed on the NMR time scale. Finally,
[Ln(L6);]*" is almost quantitatively formed for a ratio Ln : L6 =
1 : 3 and the reduced number of signals is compatible with D;-
symmetrical triple helical complexes (two different heptuplets
for the methine protons H5 and H8 and four diastereotopic
methyl protons for H6, H7, H9, H10, Fig. 4(a))."” In excess of
ligand (Ln : L6 =1 : 4), the non-coordinated L6 provides well-
defined and separated signals, thus pointing to (i) the absence
of complexes with L6 : Ln > 3, and (ii) the existence of inert
[Ln(L6);]** complexes on the NMR time scale at room temper-
ature. Variable-temperature data show coalescence for the
intermolecular ligand exchange process (eqn. (7)) occurring at
T.=303 K (Ln=La), 348 K (Ln=Y) and >350 K (Ln = Lu) in
CD;CN, thus leading to AG*(Ln = La) = 64(2) kJ mol™!,
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Fig. 3 Cumulatives stability constants log(2) for the formation of
(@) [LnLi)*" (i=5:®,i=6:X,i=7: A), (b) [Ln(Li),]’* (i=5: ®,i=6:
X, i=7: A) and (c) [Ln(Li),]** (i=5: ®, i= 6: X) as a function of the
inverse of nine-coordinate lanthanide radii (R™")* (acetonitrile, 293 K).
The linear trendlines are only guides for the eyes.
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AG*(Ln=Y)=75(2) kJ mol ' and AG*(Ln = Lu) > 75 kJ mol ™'
calculated with eqns. (1)-(3) and X = 2.3 for a difference
in population of Ap = 0.5 between the exchangeable sites. A
similar mathematical treatment for the same intermolecular
exchange process observed in [Ln(dipicolinate),]*” in water
gives AG*(Ln = La) < 59 kJ mol™!, AG*(Ln = Y) = 68(1) kJ
mol ' and AG*(Ln = Lu) = 74(2) kJ mol~'.*® This confirms that
the bulky ligand L6 is compatible with the formation of well-
defined triple-helical complexes [Ln(L6);]*" in acetonitrile
which are even more inert toward intermolecular ligand-
exchange processes than [Ln(dipicolinate),]*".

[Ln(L6);P" + L6* = [Ln(L6),(L6*)* + L6  (7)

The parallel 'H NMR titrations of L7 with Ln(CF;SO;)-
xH,O (Ln = La, Lu, Y, x =2-4) in CH;CN show the successive
formation of only two complexes corresponding to [Ln(L7)**
(Cy-symmetry) and [Ln(L7),*" (D, or C,, symmetry) in
agreement with spectrophotometric data (Fig. 4(b)). For
L7 : Ln = 3, we do not detect significant amounts of 1 : 3
complexes (<3%, limit of detection with '"H NMR), and the 'H
NMR spectrum corresponds to a mixture of [Ln(L7),]*" and
L7 in a 2 : 1 ratio (ligand speciation, Fig. 4(b)). Variable-
temperature NMR data show no coalescence in the temper-
ature range accessible in CD;CN (233-343 K), but 7, =413 K
for Ln = Lu in CD;NO, thus leading to AG*(Ln = Lu) = 86(2)
kJ mol™! for the intermolecular exchange process modeled with
eqn. (8) (Ap =0.33, X=2.698 in eqn. (3)).

[La(L7),]** + L7* = [Ln(L7)(L75P* + L7 (8)

In conclusion, the 'H NMR titration confirm the speciation
evidenced by spectrophotometry with the formation of 1 : 1 and
1 : 2 complexes with both ligands L6 and L7, while 1 : 3 com-
plexes is restricted to the less bulky receptor L6. Interestingly,
[Ln(L6);** and [Ln(L7),*" display comparable activation
energies for intermolecular ligand-exchange processes despite
their different stoichiometries. A strict comparison between the
lanthanide complexes of L6 and L7 is thus limited to the 1 : 2
complexes, and it is unexpected that [Ln(L6),]*" possesses an
average C,-symmetry on the NMR time scale, while [Ln(L7),]**
is characterized by average D, or C,, symmetries. Reliable struc-
tural models in solution will be proposed after the description
of the molecular solid-state structures found for 1 : 2 complexes
(vide infra, Fig. S3, ESI{), but we tentatively assign the average
lower symmetry observed for [Ln(L6),*" on the NMR time
scale to the more rigid coordination of the ligand (compared
with [Ln(L7),]*") which limits the access (and decreases kinetic
exchange rates) of ancillary solvent molecules and/or counter-
anions. In this context, it is worth noting that the analogous
rigid 1 : 1 complexes [Ln(L4)(NO;);] display anomanously
slow anion-exchange processes in solution, thus leading to the
observation of separate spectra for [Ln(L4)(NO,);] and
[Ln(L4)(NO;),]* on the NMR time scale.!™*

Isolation and characterization of 1 : 2 complexes
[Ln(Li),J(CF;S0,);xH,0-yTHF (i = 6, 7;
Ln = Eu, Gd, Th, Lu)

Diffusion of diethyl ether into concentrated THF solutions
containing stoichiometric mixtures of L6 or L7 (2 equiv.) and
Ln(CF;S0;)-xH,O (Ln = Eu, Gd, Tb, Lu, x=2-4, 1 equiv.)
provides microcrystalline powders of [Ln(L6),]J(CF;SO;);:
xH,0-yTHF (Ln=Eu, x=2,y=0:1; Ln =Gd, x=y=0:2; Ln
= Tb, x=p=0: 3;; Ln = Lu, x= 0, y= 1.5: 4) and [Ln-
(L7),](CF;S05);-xH,0-yTHF (Ln = Eu, x=1, y=0: §5; Ln =
Gd,x=0,y=2:6; Ln=Tb,x=3,y=0:7; Ln=Lu, x=1,y=0:
8) in 74-84% yields. Elemental analyses support the proposed
formulations (Table S2, ESIt), and dissolution in acetonitrile
gives ESI-MS and '"H NMR data identical to those obtained
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upon direct titrations with Ln : Li = 1 : 2. Fragile solvated
monocrystals suitable for X-ray diffraction studies have been
obtained for [Eu(L6),(H,0),(CF;SO,)|(CF,;S0,),(THF),s (9)
and [Gd(L7),(H,0),(CF;S0,;)|(CF;S0;),('BuOMe), (10) upon
ultra slow diffusion of various dialkylether into concentrated
solutions of 1 in THF, respectively of 6 in propionitrile.

Crystal and molecular structure of [Eu(L6),(H,0),(CF;SO,)]-
(CF;S0,),(THF), 5 (9) and [Gd(L7),(H,0),(CF;S0,)]-
(CF;S0,),('BuOMe), (10)

The crystal structures of 9 and 10 confirm the formation of 1 : 2
complexes in which Ln™ is coordinated to two tridentate lig-
ands, two water molecules and one monodentate triflate anion
to give the nine-coordinate cations [Eu(L6),(H,0),(CF;SO,)I**
and [Gd(L7),(H,0),(CF;SO,)]**. The non-complexed solvent
molecules and ionic triflates display some weak hydrogen bonds
with the coordinated water molecules but show no other feature
of interest. Fig. 5 shows the numbering schemes for the two
cations, and selected bond-distances and angles are given in
Table 2.

Except for the slight contraction expected when going from
Ln=Euin 9 to Ln = Gd in 10 (relative contraction = 1.2% for
nine-coordinate metals),”? the molecular structures of the two
cations are almost superimposable (Fig. 6). The coordination
sphere of Ln™ can be best described as a distorted monocapped
square antiprism (MSA) in which O2a, Nla, O2b, N1b and
Ola, Olc, O1b, O2w define, respectively, the lower and upper
tetragonal faces of the approximate antiprism, the latter being
capped by Olw (Scheme 2 and Fig. S4, ESI). The two tetra-
gonal faces are almost paralell (interplane angles: 2°in 9 and 3°
in 10) and separated by 2.31 A (9) and 2.29 A (10), Ln™ being
located closer to the capped face (0.67 A for 9 and 0.64 A for
10). A geometrical analysis based on the angles ¢, 0; and w,
defined in Scheme 2 is given in Table 3. It shows that the co-
ordination spheres indeed fit the main criteria required for an
approximate MSA arrangement, except for the different flaten-
ning of the two tetrapodes (0 = 74(5)° for the upper Ola, Olc,
O1b, O2w tetrapode and 0= 50(8)° for the lower O2a, Nla, O2b,
Nlb tetrapode, Table 3) which results from the shift of Ln™
toward the capping oxygen atom Olw.

RI-R?

---._?[9.1'[0213]

Scheme 2

The Ln—N(pyridine), Ln—-O(amide) and Ln—O(water) bond
distances are standard *® and they closely match those reported
for [Eu(L5),]J(CF,;S0;),."” The ionic radii calculated according
to Shannon’s definition® with r(N) = 1.46 A%, (O) = 1.35 A for
water and #(O) = 1.31 A for coordinated amide and triflate
oxygen atoms,*’ amount to Rgyq, = 1.111 A'in 9 and Rgyp) =
1.098 A in 10, which satisfyingly fit the expected ionic radii for
nine-coordinate Eu™ (1.120 A) and Gd™ (1.107 A).?® This



) ci
o =D s
/ C34a
. P AN
c1sb €D kit cana (2L
“ 0 (@ csb N1 c35a
c18p =
1 ] C~) c1an cata /z‘ coon
!
.e. X)) N2b y cosa
cisb  c200 QY >

027:
c22a c2s2 \}"\
024 (R===4C} ‘l

can ({52 & “/ A AL ez
p=— T4 N7
c3b, "(‘ L) c2aa C28a
Flc /’
/' cah A csb

=~

[y q ote

\ N Fc N\ })
QAN Yoo

Fic 1\') 0 h\') ste 0

Cc21n  O2b
S 1) N3b cz8b
czo0 CT5 L

Fig. 5 ORTEP views of the molecular structures of the cations
(a) [Eu(L6),(H,0),(CF;SO3)F* (9) and (b) [GA(L7),(H,0),(CF;SO;)I**
(10) along the Ln—O1w bond with atomic numbering scheme. Ellipsoids
are represented at 40% probability level for 9 and 30% probability level
for 10.

points to minor steric constraints affecting the structure of the
1 : 2 complexes whatever the size of the terminal groups con-
nected to the carboxamide side arms (isopropyl in 9 and benzyl
in 10). Finally, the careful consideration of the molecular struc-
tures of [Eu(L6),(H,0),(CF;SO)** and [Gd(L7),(H,0),-
(CF;SO,)I** suggests the existence of a pseudo-two-fold axis
passing throug Ln-Olw according that the coordinated triflate
anions are replaced with water molecules (Fig. 5). Since this
exchange process is likely to occur in solution with the average
fixation of three solvent molecules, we expect an average C,-
symmetry on the NMR time scale under slow exchange regime
as observed for [Ln(L6),]*"in CD,CN (Fig. S3(a), ESIT). The
higher symmetry evidenced for [Ln(L7),]** in solution implies
(1) a partial re-orientation of the two tridentate ligands provid-
ing a two-fold axis passing through the pyridine rings of each

Fig. 6 Perspective view of the optimized superposition of the two
coordination spheres of (a) [Eu(L6),(H,0),(CF;SO;)]*" (in blue) and
(b) [GA(L7),(H,0),(CF;SO;)]** (in red). The terminal isopropyl and
benzyl groups have been omitted for clarity.

ligand and (ii) a faster dynamic exchange of the solvent mole-
cules which eventually occupy average interconverting posi-
tions within the meridional plane (Fig. S3(b) and (c), ESI¥).
Depending on the relative orientation of the pyridine rings, the
average solution structures correspond to either C,,-symmetry
(= meridional coordination) or D,-symmetry (= double-
stranded helix, Fig. 3(b) and (c), ESI¥).

Photophysical properties of the 1 : 2 complexes [Ln(L6),]-
(CF;S03); (Ln = Eu, 1; Ln = Gd, 2; Ln = Tb, 3; Ln = Lu, 4)
and [Ln(L7),]J(CF;SO,); (Ln = Eu, 5; Ln = Gd, 6; Ln = Tbh, 7;
Ln = Lu, 8) in solution. Sensitization processes, antenna effect
and quantum yields

According to the stability constants determined for [Eu(Li),]**
in acetonitrile (i = 6, 7; n = 1, 2, Table 1), we calculate that the
formation of more than 80% of [Eu(Li),]** (ligand speciation)
for a stoichiometric ratio Eu : Li =1 : 2, requires a total ligand
concentration larger than 2 x 107> mol dm > (Fig. S5, ESI T). We
have therefore performed photophysical studies by using 10~°
mol dm™ solutions of complexes 1-8 as a compromise for
which decomplexation is minimized, but self-quenching is not
too dramatic. The absorption spectra of the free ligands L5,"
L6 and L7 in the 41000-25000 cm™' range are very similar
and show a broad maximum centered around 37000 cm™',
and assigned to n — n* and © — 7* transitions centered onto
the pyridine-dicarboxamide units (Table 4).” Since toluene
exhibits only weak structured n — r* transitions in this domain
(e = 120260 M~! cm™"),* the benzyl groups in L7 and L8 are
not expected to strongly contribute to the low-energy part of
the absorption spectrum, and our results suggest that their con-
nections to the N-atom of the carboxamide units do not affect
their electronic properties.

Upon complexation to Ln™ in the 1 : 2 complexes [Ln(Li),]-
(CF;S0;); (1-8), the intensity of the molar absorbance per lig-
and significantly increases with the concomitant appearance of
two broad maxima around 40700 and 34500 cm™' (Fig. S2,
ESIL, + Table 4)." Excitation via the ligand-centered n,n — n*
transitions for [Eu(Li),]** (i = 6, 1 and i = 7, 5) and [Tb(Li),]*"
(i=6,3 and i = 7, 7) produce sizeable metal-centered lumines-
cence characterized by sharp bands associated with °D, — 'F,
(J = 0-6) transitions for Ln = Eu and °D, — 'F, (J = 6-0)
transitions for Ln = Tb. No residual emission of the ligand-
centered singlet (*nn*) and triplet (nr*) can be detected in
solution (Fig. 7(a) and (b)), but the observed quantum yields
remain modest for these complexes (3 X 107° < @2 < 1072,
Table 5), and comparable to those found for the saturated
triple-helical nine-coordinate [Ln(L5),]** in the same condi-
tions." The long lifetimes (1.8 < 7, < 2.8 ms, Table 5) measured
for the Eu(*D,) excited level in [Eu(Li),]** (i = 6, 7) and Tb(°D,)
in [Tb(Li),]** (i = 6, 7) again match those reported for the
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Table 2 Selected bond lengths (A) and bond angles (°) in [Eu(L6),(H,0),(CF;SO,)|(CF;SO,;),(THF),5(9) and [Gd(L7),(H,0),(CF;SO,)]-

(CF,S05),(‘BuOMe), (10)

[Eu(L6),(H,0),(CF;80,))(CF,805),

[Gd(L7),(H;0),(CF;80,)|(CF;505),

Ligand a Ligand b Ligand a Ligand b
Eu-Ol1 2.386(3) 2.419(2) Gd-02 2.485(3) 2.389(3)
Eu-N1 2.594(3) 2.600(3) Gd-N1 2.586(3) 2.592(3)
Eu-02 2.403(3) 2.463(3) Gd-O1 2.411(2) 2.377(3)
Ol1-Eu-N1 63.41(9) 63.78(9) 0O1-Gd-N1 63.48(9) 62.3(1)
NI-Eu-02 62.25(9) 62.3(1) N1-Gd-02 62.40(9) 63.67(9)
O1-Eu-02 125.23(9) 126.02(9) 01-Gd-02 125.45(9) 125.89(9)
Eu-Olc 2.459(3) Gd-Olc 2.410(3)
Eu-Olw 2.438(3) Gd-Olw 2.430(3)
Eu-O2w 2.444(3) Gd-O2w 2.409(3)
Olc-Eu-Olw 71.2(1) Olc-Gd-Olw 69.6(1)
Olw—Eu-O2w 70.8(1) Olw—-Gd-O2w 70.3(3)
Olc-Eu-O2w 141.4(1) Olc-Gd-02w 139.8(1)
Table 3 Selected structural data for the lanthanide coordination
spheres in [Eu(L6),(H,0),(CF;S0,)](CF;S0,),(THF), 5 (9) and [Gd- 2
(L7),(H,0),(CF;S0,))(CF;50;),(‘BuOMe), (10)
J=1
9 10 Perfect MSA " a) 4 SDTF,
“ 3 AL
Angles ¢“/° £
&
R'-Ln-R? 174.7 176.9 180 £ b)
°
s
Angles 6,°/° (distal tetrapodes) ; o)
8 J =§
R'-Ln-Olb 714 78.2 a 2 | srn
R'-Ln-Ola 81.6 76.6 a & AN
R'-Ln-Olc 71.8 71.3 a
R'-Ln-O2w 69.8 68.6 a
R>-Ln-N1b 58.1 56.3 a d)
R>-Ln-O2b 41.8 422 a A
R>-Ln-Nla 59.2 58.1 a .
2 T T T T T T T 1
R*Ln-O2a 390 384 ¢ 350 450 550 650 750
A /nm
Angles w; “I°
Fig. 7 Time-resolved phosphorescence spectra (delay 0.1 ms) of
Proj[Ola]—Ln—Proj[O2b] ¢ 51.5 49.8 45 (a) [ELI(L6)2]34r (1073 mol dm ™ in acetonitrile, ;"exc =32780 cm", 293 K),
Proj[Ola]—Ln—Proj[Nla] 46.5 46.7 45 (b) []51.1(].47)2]34r (1073 mol dm’3 in acetonitrile, ;“exc = 31250 cm", 293
Proj[O1b}-Ln-Proj[N1b] 35 a5 45 K). (©) [Eu(L6LI(CF{SO)y2H,0 (1, /g = 42194 em™', 77 K) and
pI‘OJ[OZW]*LI]*PI‘O‘][Nla] 48.7 49.8 45 (d) [EU(L7)2](CFSSO3)3'H20 (5, ;ve,(c =39215cm 5 77 K)
Proj[O1c]-Ln—Proj[O2b] 27.8 33.8 45
Proj[Olc]-Ln-Proj[N1b] 57.3 54.1 45 ligand-centered states, then (ii) 'nn* — 3nr* conversion occurs
Proj[O2w]-Ln-Proj[O2a] 333 33.8 45 (11sc) followed by (iii) energy transfer from the ligand-centered
Proj[O1b]-Ln-Proj[O2a] 48.6 47.9 45

“ For the definition of ¢, 0; and w;, see Scheme 2. The error in the angles
is typically 0.5°. ®Perfect MSA = monocapped square antiprism.
¢ Proj[O(i)] and Proj[N(7)] are the projections of O(i) and respectively
N(i) along the R'-R? direction onto a perpendicular plane passing
through the lanthanide atom. R' = Ln-Ola + Ln-Olb + Ln-Olc +
Ln-O2w and R*=Ln-02a + Ln-O2b + Ln-Nla + Ln-NIb.

related saturated complexes [Ln(L5),]** and point to the
absence of water molecule in the first coordination spheres.
Since two water molecules are bound to Ln™ in the crystal
structures  of [Eu(L6),(H,0),(CF;SO3)*" and [Gd(L7),-
(H,0),(CF;S0,)**, we conclude that solvent exchange occur in
solution and that the water molecules coordinated in the solid-
state are replaced with CH;CN and/or triflate counter-anions in
acetonitrile.

A thorough comparison beween [Ln(L6),]** and [Ln(L7),]**
(Ln = Eu and Tb respectively) reveals that [Ln(L7),]*" exhibit
quantum yields improved by factors of 4 (Ln = Tb) and 8 (Ln =
Eu, Table 5). The origin of this beneficial effect is difficult to
assign because the overall antenna effect involves a multistep
mechanism in which (i) UV light is first collected by the singlet
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to the metal-centered excited states (*nn* — Ln, #gp), and (iv)
metal-centered visible light emission (Ln = Eu, Tb, @""). The
total quantum yield @ is thus given by eqn. (9)** and the
replacement of the terminal isopropyl groups in [Ln(L6),]**
with benzyl groups in [Ln(LL7),]** may affect any step.

b {:)l: = ”ISC”ET(DLH = r]sens(an (9)

Since the lanthanide luminescence step is given by @ =
Tobs! Tr»> and the radiative lifetimes 7y are not expected to dram-
atically vary between the closely related complexes [Ln(L6),]**
and [Ln(L7),]**,°* we deduce that (i) the minor variation of
the observed lifetimes (z,,,, Table 5) cannot account for the
observed change in the total quantum yield @3, and (ii) the
sensitization process (44, 1S thus slightly more efficient for
[Ln(L7),]**. Although ligand-centered emission is too weak to
be detected in solution at 293 K for [Ln(Li),*" (Ln = Gd, Lu,
i = 6, 7), we have resorted to solid-state samples of [Ln-
(L6),](CF;S0;); (Ln = Gd, 2; Ln = Lu, 4) and [Ln(L7),]-
(CF,;S0O;); (Ln = Gd, 6; Ln = Lu, 8) for investigating the
energies of the ligand-centered 'nn* and 3nn* excited states. At
77 K, these complexes exhibit similar broad emission bands



Table4 Ligand-centered absorption at 293 K (10~ mol dm* in acetonitrile) and emission properties at 77 K (solid state) for the ligands L6, L7 and
selected complexes [Ln(Li),](CF;SO,;);-xH,0-yTHF (Ln = Eu, Gd, Tb, Lu; 1-8)

Compound E(n,n — n*)/lcm™'¢ E('nn*)/em™'? ECrnn*)/em™'? 7(3nn*)/ms

L5¢ 37040 (7160) a a a

L6 37040 (8500) 34540 25680 ¢

L7 37300 (6500) 34600 25910 d

[Lu(L6),](CF,S0,); (4) 40980 (18400) 34600 26040 0.11(2)
35340 (21000)
34600 (19300 sh)

[Lu(L7),J(CF,SO5); (8) 40650 (23680) 34540 25940 0.12(2)
34840 (20460 br)

[GA(L6),)(CF;SO5); (2) 40650 (19400) 34540 25940 0.123)
35460 (21500)
34600 (19100 sh)

[GA(L7),](CFSO,); (6) 40980 (24900) 34600 25940 0.12(2)
34840 (21450 br)

[Eu(L6),](CF,S0,), (1) 40650 (21600) 34480 25810 a
35460 (23400)
34600 (20700 sh)

[Eu(L7),J(CF,S0,); (5) 41150 (24800) : s a
34840 (20460 br)

[Tb(L6),J(CF,S05); (3) 40650 (20260) 34600 26100 a
35460 (22840)
34700 (20630 sh)

[Tb(L7),[(CF;S05); (7) 41150 (24800) 34600 25940 a
34840 (20460 br)

“1073 mol dm™? in acetonitrile; sh = soulder. br = broad. Energies are given for the maximum of the band envelope and the molar absorption
coefficient (¢) is given in parentheses in M~' cm™'. * Data obtained from the emission spectra at 77 K recorded on solid-state samples. ¢ Taken from
ref. 19.  Not determined. ¢ Quenched by efficient L7 (*nn*) — Eu(i) transfer and/or by intersystem crossing L7 (‘nn*) — L7 (*nn*)./ Quenched by

efficient L7 (*nn*) — Eu(m) transfer.

Table 5 Absolute quantum yields (®) and lifetimes (7) of the Eu(°*D,)
excited level in [Eu(Li),](CF;SO;); (i= 6, 1; i= 7 : 5) and Tb(*D,) in
[Tb(Li),]J(CF;S0;); (i= 6, 3; i= 7 : 7), and in related complexes (107*
mol dm? in acetonitrile, 293 K)

Compound Vi /om ™! b 7/ms

[Eu(L6),](CF,S0;); (1) 32785 33x10°° 2.03(1)
[Eu(L7),](CF;S05); (5) 31250 22x 107 2.78(1)
[Tb(L6),](CF,S05); (3) 31750 28% 107 2.26(2)
[Tb(L7),]J(CF,S0,), (7) 31250 9.9x 103 1.82(2)
[Eu(L5);)(CF;SO;);" 32051 8.6 x 1073 2.42(4)
[Tb(L5),](CF;S0;),“ 31055 3.5% 107 1.85(3)
[Eu(L1),](ClO,)," 26955 13% 102 271(3)
[Tb(L1),)(CIO,);" 27470 47 %1072 1.21(3)

“ Taken from ref. 19. * Taken from ref. 40.

originating from 'nr* at 34600 cm ™' and 3mr* at 25900 cm™!
(Table 4, Fig. S6, ESIt). The large energy gap AE = E(*nn*) —
E(Cnn*) = 8700 cm™! ensures an efficient driving force for the
intersystem crossing process (5000 cm ™! is considered as a min-
imal gap to generate sizeable #5c).>* However, the rather short
lifetimes of the triplet states in [Ln(Li),]J(CF;SO,); (i = 6, 7)
(z(rm*) = 110-120 ps, Table 4) contrast with those reported for
similar coordinated ONO tridentate binding units in nona-
dentate Lu—podate (t(*nn*) = 27 ms) and Gd-podate (t(nn*) =
3 ms).% This points to efficient de-excitation pathways of the
Spr* states in [Ln(Li),J(CF,;SOs), (i = 6, 7, spin—orbit mixing,
paramagnetic effect, vibrational quenching)*® which strongly
limit the sensitization process.”” Moreover, the systematic
observation of residual 'nr* and 3zr* emissions for [Ln(L6),]-
(CF;S05); (Ln = Eu, Tb, Fig. 7(c)) and [Tb(L7),](CF;S0;),
(Table 4) indicates poorly efficient ligand — Ln™ energy trans-
fers which can be tentatively assigned to a poor match between
the energies of the ligand-centered donor and metal-centered
acceptor levels. Interestingly, residual 'nrn* and 3nn* emissions
are not detected for [Eu(L7),]J(CF;SO;); (Fig. 7(d)) in agree-
ment with slightly better energy transfer processes (7gr) with
L7, leading to larger overall quantum yields. We cannot pro-
pose any obvious origin for this effect, but a better match of the
donor and acceptor energy levels in phonon-assisted energy

transfers could benefit from the replacement of isopropyl
groups in L6 (aliphatic CC and CH vibrations) with benzyl
groups in L7 (aromatic CC and CH vibrations).

The case of the tridentate ligand L8 fitted with secondary amide
side arms: crystal and molecular structure of [Th(L8);],-
(CF5S0,)(CH;CH,CN),(H,0) (11)

Because of the considerable kinetic interness provided by
the intramolecular hydrogen bonds which stabilize L8 in its
syn-syn-ZZ conformation (Fig. 1), the complexation processes
with Ln(CF;SO;)-xH,0 are extremely slow and we were unable
to collect satisfying spectrophotometric data under thermo-
dynamic equilibrium. Mixtures containing Ln : L8 ratios of
1:1,1:2and 1: 3 in CD;CN and equilibrated for one week
(Ln = La, Y, Lu, total ligand concentration: 107> mol dm™)
provide intractable '"H NMR spectra suggesting the formation
of complexes [Ln(L8),*" (n =1, 2, 3, respectively) in which L8
adopts the anti-anti conformation combined with three differ-
ent arrangements of the terminal secondary amides (EE, EZ
and ZZ). For the triple-helical complexes [Ln(L8),]**, we calcu-
late that a statistical 1 : 2 : 1 distribution of the FE : EZ : ZZ
conformers within each ligand strand produces 13 different
inert isomeric complexes in variable proportions (1.5-19%,
Table S3, ESI{). It is thus not surprising that the '"H NMR data
escape a straightforward interpretation, and the speciation in
solution was not pursued. Interestingly, slow diffusion of
light petroleum into a stoichiometric mixture of L8 (3 equiv.)
and Tb(CF;S0,):3H,0 (1 equiv.) in propionitrile produces
X-ray quality prisms of [Tb(L8);],(CF;SO;)s(CH;CH,CN);-
(H,0) (11) existing as inversion twins in various ratio for each
crystals. The solvent molecules and triflate anions are not
coordinated and display some disorders (see Experimental
section), but show no other feature of interest. The unit cell
contains two asymmetric nine-coordinate triple-helical
cations [Tb(L8),** displaying opposite helicities and slightly
different arrangements of the tridentate ligand strands (Fig. 8:
A-[Tb(L8);** (11a: strands a, b, ¢) and A-[Tb(L8),*"
(11b: strands d, e, f)). Fig. 8 shows the atomic numbering
scheme, Fig. 9 displays a stereoview of the two cations of the
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Fig. 8 (a) Perspective views of the molecular structure of the two
cations of the asymmetric unit approximately along their pseudo-three-
fold axis with atomic numbering scheme (A-[Tb(L8);]*" (11a: strands
a—c) and A-[Tb(L8),*" (11b: strands d-f). (b) ORTEP view of the
coordinated strand a showing the atomic numbering scheme. Ellipsoids
are represented at 40% probability level.

Fig. 9 Stereoview of the molecular structure of the two cations
approximately along their pseudo-three-fold axis (top: 11a, bottom:
11b).

asymmetric unit. Selected bond angles and bond distances are
collected in Table 6.

All the secondary amide groups of the six ligands exhibit ZZ
conformations, while the benzyl groups are further oriented to
produce overall S-shape conformations for the strands. For 11a,
the cation forms a right-handed (A = P) triple-helix displaying
pseudo-D; symmetry with the approximate three-fold axis per-
pendicular to the {N1a, N1b, Nlc} plane, and the two-fold axes
passing through C3m-N1m-Tbl (m=a, b, c¢; Fig. 9). An oppos-
ite left-handed helicity (A = M) characterizes the cation 11b
when we consider an imaginary three-fold axis perpendicular to
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the {N1d, Nle, N1f} plane, but the benzyl groups of strands d
and f point outward this imaginary axis, while those of strand f
point inward (Figs. 8 and 9). Consequently, the pseudo-C; is
removed in 11b and a single pseudo-two-fold axis passing
through C3f-N1f-Tb2 remains. The Tb-N and Tb-O bond
distances are standard,’® and the calculation of the ionic
radii ((N) = 1.46 A, (O) = 1.31 A for coordinated amide
oxygen atoms)?*! gives Ry, = 1.067 A and Ry, = 1.075 A
which roughly match the expected ionic radius for nine-
coordinate Tb™ (1.095 A)?* The coordination spheres can
be described as distorted tricapped trigonal prismatic sites
(TTP) in which the oxygen atoms occupy the vertex of the
prism and the three nitrogen atoms cap the rectangular faces. A
classical geometrical analysis based on the angles ¢, 0; and w;
defined in Table S4 (ESIT)"™*! show very similar coordin-
ation sites for 11a and 11b displaying minor twists of the tri-
gonal faces (w; = 9-16°, perfect TTP: 0°) as found in [Eu(L5),]*"
(w; = 18-19°)." It is worth noting that the average flattening of
the trigonal prism along the three-fold axis in 11a (6 = 49(2)°),
11b (0 = 47(2)°) and [Eu(L5);]** (0 = 46(2)°) are comparable
despite the extended intermolecular m-stacking interactions
involving the benzyl groups in [Tb(L8);],(CF;SO;)s(CH;-
CH,CN);(H,0) (11) (Table S5, ESI ). In the crystal of 11, the
cations [Tb(L8),]*" arrange in layers parallel to the ac plane.
Within each layer, a compact pseudo-tetragonal network
results from numerous intermolecular offset m-stacking and
edge-to-face interactions involving the aromatic benzyl and
pyridine rings (Table S5, Fig. S7, ESI{). However, we do not
detect strong hydrogen bonds involving the amide N—H groups
in contrast to those found in the free ligand L8. We thus con-
clude that the removal of two benzyl groups when going from
L7 to L8 restores the formation of stable triple-helical com-
plexes, but the existence of conformational isomers strongly
limit characterization in solution. The crystal structure of 11 is
a lucky example in which the (ZZZ)* isomer selectively
crystallizes.

Conclusion

Following our pioneer work with L5," we demonstrate here
that the connection of symmetrical tertiary amide side arms at
the 2- and 6-positions of the central pyridine rings provide a
library of versatile tridentate binding units for the complex-
ation of Ln™. The increased steric congestion brought by the
replacement of diethylamide (L5) with diisopropylamide (L6)
and dibenzylamide (L7) decreases the affinity of the tridentate
cavity for Ln™, but 1 : 1 [Ln(Ld)]** and 1 : 2 [Ln(Li),]**com-
plexes can be obtained at submilimolar concentrations in
acetonitrile for the three ligands. Obviously, the triple-helical
complexes [Ln(Li);]** are more sensitive to steric effects
because of the location of a large number of terminal amide
groups along the three-fold axis. The associated cumulative
formation constants are thus reduced by 3-4 orders of magni-
tude when going from [Ln(L5),]** to [Ln(L6),*", and they
become too small to be determined for [Ln(L7),]** which event-
ually establishes that peripheral interstrand interactions can
control the wrapping process, a crucial point for generating
size-discriminating effects.*® However, no peak of selectivity is
evidenced along the lanthanide series for [Ln(Li);]*" (i = 5, 6)
which strongly constrasts with related steric effects in
[Ln(L4),*" favoring the complexation of mide-range Ln™.'
This difference can be traced back to the extreme rigidity of the
helically wrapped strands in the latter complexes producing
interstrand dispersive (i.e. m-stacking) forces which optimizes
the cavity for a precise ionic radius. For [Ln(Li);]** (i= 5, 6), the
larger flexibility provided by the carboxamide side arms limits
size-discrimination, which translates into a simple inversion of
the classical electrostatic trends when going from L5 to L6. As
far as 1 2 complexes [Ln(L6),(H,0),(CF;SO,)** and
[Ln(L7),(H,0),(CF,SO,)]*" are concerned, we observe very



Table 6 Selected bond lengths (A) and bond angles (°) in [Tb(L8),],(CF;S0,)s(CH;CH,CN),(H,0) (11)

Tbl, 11a Tb2, 11b

Strand a Strand b Strand ¢ Strand d Strand e Strand f
Bond lengths
Tb-Ol1 2.356(8) 2.386(9) 2.383(8) 2.387(8) 2.382(8) 2.413(9)
Tb-N1 2.54(1) 2.54(1) 2.54(1) 2.51(1) 2.49(1) 2.51(1)
Tb-02 2.365(9) 2.405(9) 2.331(7) 2.396(9) 2.411(09) 2.415(9)
Bite angles
Tbl, 11a Tb2, 11b
N-Ln-N
Nla-Tb1-Nlb 120.1(3) N1d-Tb2-Nle 119.2(4)
Nla-Tbl-Nlc¢ 123.0(3) Nle-Tb2-NIf 120.4(3)
N1b-Tbl-Nlc 116.9(3) NI1f-Tb2-N1d 120.4(4)
O-Ln-N
Ola-Tbl-N1b 72.7(3) O1d-Tb2-Nle 139.1(3)
02a-Tb1-N1b 139.7(3) 02d-Tb2-Nle 71.1(3)
Ola-Tbl-Nlc 138.6(3) O1d-Tb2-NIf 71.6(3)
02a-Tbl-Nlc 71.9(3) 02e-Tb2-NIf 134.93)
Olb-Tbl-Nla 139.4(3) Ole-Tb2-N1d 138.3(3)
O2b-Tbl-Nla 73.1(3) 02e-Tb2-N1d 74.1(3)
Olb-Tbl-Nlc 70.1(3) Ole-Tb2-NIf 72.1(3)
02b-Tbl-Nlc 134.93) 02e-Tb2-NIf 134.93)
Olc-Tbl-Nla 73.4(4) Ol1f-Tb2-N1d 74.6(3)
02¢c-Tbl-Nla 137.9(3) 02f-Tb2-N1d 134.3(3)
Olc-Tbl-Nl1b 140.3(3) Ol1f-Tb2-Nle 133.9(3)
02¢-Tbl-N1b 69.5(3) 02f-Tb2-Nle 76.8(3)
O-Ln-O
Ola-Tb1-Olb 81.3(3) 01d-Tb2-Ole 143.7(3)
Ola-Tbl-Olc 83.1(3) 01d-Tb2-O1f 87.0(3)
Ola-Tb1-0O2b 86.3(3) 01d-Tb2-02¢ 80.4(3)
Ola-Tb1-O2¢ 142.2(3) 01d-Tb2-02f 76.5(3)
02a-Tb1-Ol1b 142.0(4) 02d-Tb2-Ole 81.6(3)
02a-Tb1-Olc¢ 79.9(3) 02d-Tb2-0O1f 79.6(3)
02a-Tb1-02b 82.1(3) 02d-Tb2-02¢ 85.6(3)
02a-Tb1-02¢ 82.7(3) 02d-Tb2-02f 147.7(3)
Olb-Tb1-Olc 81.9(3) Ole-Tb2-O1f 77.2(3)
O1b-Tb1-02c 82.7(3) Ole-Tb2-02f 87.4(3)
02b-Tb1-Olc 146.2(3) 02e-Tb2-0O1f 148.7(3)
02b-Tb1-02c 77.2(3) 02e-Tb2-02f 77.3(3)

similar structural and photophysical behaviours which point to
negligible electronic coupling between the terminal alkyl or aryl
groups and the tridentate bis-carboxamidopyridine core. Two
noticeable differences merit to be mentioned. (1) A slightly
improved L7 — Ln™ (Ln = Eu, Tb) energy transfer process
increases quantum yields in solution for complexes with L7, but
the light-conversion process remains modest because of the
global inefficient ligand-centered sensitization. (2) The dynamic
of solvent exchange in the first coordination sphere is faster for
[Ln(L7),(H,0),(CF;SO,)]*", thus leading to an average C,, or
D, symmetry on the NMR time scale while [Ln(L6),-
(H,0),(CF;SO,)]** exhibits C, symmetry. Some hydrophobic
effects resulting from the four benzyl groups may be invoked for
rationalizing a restricted access of the first coordination sphere
together with weaker interactions with solvent molecules in
[Ln(L7),(H,0),(CF;SO;)]*". Finally, the connection of a single
benzyl groups to each amide side arm in L8 restores the form-
ation of stable triple-helical complexes [Ln(L8);]*", but the
blocked rotations round the OC-N bonds produce intricate
mixtures of inert conformers in solution which strongly limit
the characterization process.

Since closely related carboxamido-pyridine binding units
are used in extended triple-helical polymetallic d—f* and %
helicates and in sophisticated nine-coordinated podates,®>*°
we can now foresee that (i) improved light-harvesting proper-
ties in related complexes can be only envisioned with the intro-
duction of a single substituted benzyl groups absorbing in the
near-UV per carboxamide side arms and (ii) significant size-
discrimination along the the lanthanide series cannot rely on
simple steric crowding along the three-fold axis. These two
points are crucial for the design of segmental ligands pro-
grammed for the selective preparation of pure heterometallic
f—f helicates.**' Obviously, neutral 2,6-dicarboxamidopyr-
idine ligands provide too small entropic contributions upon
complexation with Ln(mn) to provide stable asssemblies in
water, and the complexes described here are to be modified
if their use as sensors in biological media is foresee. How-
ever, the recent combination of one amide and one carboxyl-
ate side arms connected at the 2 and 6 positions of the
central pyridine ring in nine-coordinate podands demonstrates
that the design of related water-stable complexes is within
reach.®
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Experimental
Solvents and starting materials

These were purchased from Fluka AG (Buchs, Switzerland)
and used without further purification unless otherwise stated.
Thionyl chloride was distilled from elemental sulfur,
acetonitrile, dichloromethane, N,N-dimethylformamide were
distilled from CaH,. Silicagel (Acros, 0.035-0.07 mm) was used
for preparative column chromatography. The triflate salts
Ln(CF,;S0,),xH,0 (Ln = La-Lu) were prepared from the
corresponding oxides (Rhodia, 99.99%) and dried according
to published procedures.” The Ln content of solid salts was
determined by complexometric titrations with Titriplex III
(Merck) in the presence of urotropine and xylene orange.*®

Preparation of N,N,N',N’-tetraalkylpyridine-2,6-dicarbox-
amide (R = isopropyl: L6, R = benzyl: L7), and V,N'-dibenzyl-
pyridine-2,6-dicarboxamide (L8)

2,6-Dipicolinic acid (3.06 g, 18.3 mmol) was refluxed with thio-
nyl chloride (40 cm?, 550 mmol) and N,N-dimethylformamide
(0.1 cm®) for 1 h. Excess thionyl chloride was evaporated and
the crude residue co-evaporated with dichloromethane (10
cm?). The dried solid residue was dissolved in dichloromethane
(25 cm®) at 0 °C, and N,N-dialkylamine (183 mmol, alkyl =
isopropyl: L6, alkyl = benzyl: L7),) or N-benzylamine (183
mmol, L8) was added dropwise under an inert N, atmosphere.
The resulting solution was refluxed for 1 h and evaporated. The
yellow residue was partitioned between dichloromethane (200
cm®) and aq. NaOH (0.01 M, 150 cm®). The organic phase was
washed with water (2 x 100 cm®), dried (Na,SO,) and evapor-
ated to dryness. The resulting crude compound was purified by
column chromatography (silica gel, CH,Cl,-MeOH 99 : 1) and
crystallized in CH,Cl,—diethyl ether (L6 and L7) or acetonitrile
(L8) to afford L6, L7 and L8 as white solids (80-82% yields).

L6: Mp =167 °C. '"H NMR (d*-DMSO): 6 1.05 (CH,, d, /*=7
Hz, 12H), 1.39 (CH;, d, J* = 7 Hz, 12H), 3.55 (CH, hept, J* =
7 Hz, 2H), 3.56 (CH, hept, J* = 7 Hz, 2H), 7.39 (H2,d, J* = 7.5
Hz, 2H), 7.91 (H1, t, J* = 7.5 Hz, 1H). ESI-MS (CH,Cl,~
CH;O0H = 9 : 1): m/z 356.3 (M + Na]"). Anal. Calc. for
CoH;3N;0,: C, 68.43; N, 12.60; H, 9.37. Found: C, 67.8; N,
12.4; H, 9.4%.

L7: Mp =90 °C. '"H NMR (d5-DMSO): 6 4.26 (CH,, s, 4H),
4.49 (CH,, s, 4H), 7.06-7.34 (CH-aryl, m, 20H), 7.69 (H2, d,
J* =8 Hz, 2H), 8.00 (H1, t, J* = 8 Hz, 1H). ESI-MS (CH,Cl,~
CH,0H = 9 : 1): m/z 548.3 ((M + Na]"). Anal. Calc. for
C3sH3 N;O,: C, 79.9; N, 7.99; H, 5.94. Found: C, 80.3; N, 7.8;
H, 6.1%.

L8: Mp =180 °C. '"H NMR (d*-DMSO): §4.56 (CH,, d, J*=6
Hz, 4H), 7.16-7.29 (CH-aryl, m, 10H), 8.12-8.23 (H1-H2,4B,,
J* =8 Hz, 3H), 9.86 (NH, t, J* = 6 Hz, 1H). ESI-MS (CH,Cl,~
CH;0H = 9 : 1): m/z 368.2 (M + Na]*). Anal. Calc. for
C,;H,oN;0,: C, 73.02; N, 12.17; H, 5.54. Found: C, 72.7; N,
12.0; H, 5.5%.

Preparation of the complexes [Ln(L6),](CF;SO;);-xH,0-yTHF
CIn=Eu,x=2,y=0:1;Ln=Gd, x =y =0:2; Ln = Tbh,
x=y=0:3;Ln=Lu, x =0,y =1.5:4) and [Ln(L7),]-
(CF;S0;);xH,0-yTHF (Ln = Eu, x =1,y = 0: 5; Ln = Gd,
x=0,y=2:6;Ln=Tb,x =3,y =0:7;Ln=Lu,x =1,
y=0:8)

A solution of Ln(CF,;S0;),-xH,0 (Ln = Eu, Gd, Tb, Lu; 0.017
mmol) in acetonitrile (3 cm®) was added to a solution of L6 or
L7 (0.034 mmol) in acetonitrile (3 cm®). After stirring for 2 h. at
RT, acetonitrile was evaporated and the solid residue dissolved
in tetrahydrofuran. Diethyl ether was diffused into the solution
for 1 day and the resulting white microcrystalline powders were
collected by filtration and dried to give 74-84% of [Ln(L6),]-
(CF;S0,);xH,0-yTHF (Ln=Eu,x=2,y=0:1; Ln=Gd, x=y

3866 |

Dalton Trans., 2003, 3856-3868 |

=0:2;Ln=Tb,x=y=0:3; Ln=Lu, x =0, y = 1.5: 4) and
[Ln(L7),]J(CF;S0;),-xH,0-yTHF (Ln=Eu,x=1,y=0:5; Ln=
Gd,x=0,y=2:6;Ln=Tb,x=3,y=0:7; Ln=Lu, x=1,y=0:
8). All the complexes were characterized by their IR spectra
and gave satisfying analyses (Table S2, ESI) Fragile solvated
monocrystals suitable for X-ray diffraction studies have been
obtained for [Eu(L6),(H,0),(CF;SO,)|(CF,;SO,),(THF),s (9)
and [Gd(L7),(H,0),(CF;S0,)|(CF;S0;),('BuOMe), (10) upon
ultra slow diffusion of dialkyl ether (diisopropyl for 9 and tert-
butyl methyl ether for 10) into a concentrated solution of 1 in
THF, and 6 in propionitrile.

Preparation of the complex [Th(L8),],(CF;SO,){(CH,CH,CN),-
(H,0) (11)

A solution of Tb(CF;S0,);-3H,0 (50 mg, 0.076 mmol) in pro-
pionitrile (3 cm?®) was added to a solution of L8 (78 mg, 0.23
mmol) in propionitrile (3 cm®). After stirring for 3 d. at RT, light
petroleum (bp = 40-60 °C) was slowly diffused and the resulting
white crystals [Tb(L8),],(CF;S0,),(CH;CH,CN),(H,0) (11)
were directly transferred onto the diffractometer. A parallel
synthesis with Eu(CF;S0;);-3H,0 provided a microcrystalline
powder which was collected by filtration and dried to give 80%
of [Eu(L8),;](CF;S0O;);. Anal. Calc. for Eu(C,H;sN;O,);-
(CF;S05);: C,48.47; N, 7.71; H, 3.51. Found: C, 48.1; N, 7.6; H,
3.6%.

Crystal structure determinations of L8, [Eu(L6),(H,0),-
(CF;SO,)I(CF;S0;),(THF), 5 (9), [GA(L7),(H,0),(CF;S0;)]-
(CF;S0,),('BuOMe), (10) and [Tb(L8),],(CF;SO,),(CH,CH,-
CN); (H,0) 1)

A summary of crystal data, intensity measurements and struc-
ture refinement are collected in Table 7. All crystals were
mounted on quartz fibre with protection oil. Cell dimensions
and intensities were measured at 200 K on a Stoe IPDS dif-
fractometer with graphite-monochromated Mo-Ka radiation
(4 =10.71073 A). Data were corrected for Lorentz and polariz-
ation effects and for absorption. The structure were solved by
direct methods (SIR97),* all other calculation were performed
with XTAL* system and ORTEP * programs.

L8. The hydrogen atoms were observed and refined with fixed
isotropic parameters (0.05 A?). CCDC reference number
213297.

[Eu(L6),(H,0),(CF;S0,)](CF;80,),(THF), 5 (9). The hydro-
gen atoms of the two water molecules were observed and
refined with fixed isotropic parameters (0.05 A%). One of the
THF molecule was refined with a population parameter of 0.5.
CCDC reference number 213298

[Gd(L7),(H,0),(CF;SO3)(CF;S0,),(‘BuOMe), (10). The
benzyl group C29b-C35b was disordered and refined on two
positions with population parameters of 0.5 (C30b was com-
mon to both positions). The phenyl C23b-C28b was also dis-
ordered and showed large anisotropic displacement parameters
in the mean plane of the aromatic ring. Refinement on a set of
specific positions did not provide satisfying results and this sug-
gested the existence of a dynamic disorder producing statistical
positions. The ‘BuOMe group g was disordered and refined
with restraints on bond distances and bond angles on two posi-
tions possessing a common position for C5g with population
parameters of 0.6 and 0.4. The minor site g’ was refined with
isotropic displacement parameters. CCDC reference number
213299.

[Tb(L8),],(CF;S0;)s(CH;CH,CN); (H,0) (11). The complex
crystallized in the polar space group P2, and exhibited pairs of
domain structures twinned by inversion in variables ratios for
each crystal. The refinement of the Flack parameter*” showed
reliable values of the inversion-distinguishing power:* x =
0.07(1) for the selected crystal, unambigously showing that the
crystal structure was non-centrosymmetric with an inversion
twin ratio of 0.93 : 0.07 (Fig. S8, ESIf). The propionitrile



Table 7 Summary of crystal data for L8, [Eu(L6),(H,0),(CF;SO,)](CF;SO,),(THF), 5 (9), [Gd(L7),(H,0),(CF;SO;)](CF;SO;),('BuOMe), (10) and

[Tb(L8);],(CF;50;)(CH;CH,CN),(H,0) (11)

L8 9 10 11

Formula G, HoN;0, CyH7sEuFgNO 454 Cy3HggFoGdAN(O,,S; Cia1H3:F 15N, 05, S4Th,

M, 3454 1410.5 1868.2 3468.1

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic

Space group P2,/c P2,/c Dla P2,

alA 15.9562(12) 14.6845(6) 24.0530(11) 16.0103(7)

blA 11.0886(8) 25.3495(13) 15.0320(6) 28.0794(13)

c/A 9.9212(7) 18.3302(8) 48.983(3) 17.3614(7)

pr 97.695(9) 101.303(5) 99.378(6) 93.889(5)

UIA? 1739.6(2) 6691.0(6) 17473.8(15) 7787.0(6)

zZ 4 4 8 2(Z'=2)

DJgcm™ 1.319 1.400 1.420 1.479

u(Mo-Ko) mm™' 0.087 1.118 0.917 1.080

No. measured reflc. 18736 65007 116662 68845

No. unique refle. 3365 12398 20939 30394

No. observed reflc. 1564 8091 11243 21740

Flack parameter x - - - 0.069(12)

R, wR 0.031, 0.031 0.033, 0.035 0.037, 0.037 0.041, 0.042
molecules were refined with isotropic displacement parameters. Acknowledgements

The fluorine atoms of triflates k and 1 were disordered and
refined with isotropic displacement parameters, and restraints
on bond distances and bond angles. CCDC reference number
213300.

See http://www.rsc.org/suppdata/dt/b3/b307413g/ for crystal-
lographic data in CIF or other electronic format.

Spectroscopic and analytical measurements

Electronic spectra in the UV-Vis were recorded at 20 °C from
solutions in MeCN with a Perkin-Elmer Lambda 900 spectro-
meter using quartz cells of 0.1 and 1 mm path length. Spectro-
photometric titrations were performed with a J&M diode array
spectrometer (Tidas series) connected to an external computer.
In a typical experiment, 50 cm® of L6 in acetonitrile (10™* mol
dm™?) were titrated at 20 °C with a solution of Ln(CF,SOj;),
xH,O (107 mol dm™) in acetonitrile under an inert atmos-
phere. After each addition of 0.10 ml, the absorbences were
recorded using Hellma optrodes (optical path length 0.1 cm)
immersed in the thermostated titration vessel and connected to
the spectrometer. Mathematical treatment of the spectro-
photometric titrations was performed with factor analysis®
and with the SPECFIT program.? IR spectra were obtained
from KBr pellets with a Perkin Elmer 883 spectrometer. 'H and
BC NMR spectra were recorded at 25 °C on a Broadband
Varian Gemini 300 spectrometer. Chemical shifts are given in
ppm with respect to TMS. Pneumatically-assisted electrospray
(ESI-MS) mass spectra were recorded from 107* mol dm™
acetonitrile solutions on a Finnigan SSQ7000 instrument. Exci-
tation and emission spectra as well as lifetime measurements
were recorded on a Perkin-Elmer LS-50B spectrometer
equipped for low-temperature measurements. The quantum
yields @ have been calculated using the equation

@ AW)LH)AD,
@ AW nD,

where x refers to the sample and r to the reference; A is
the absorbance, 7 the excitation wavenumber used, I the inten-
sity of the excitation light at this energy, n the refractive index
and D the integrated emitted intensity.®® [Eu(terpy);](ClO,),
(P& = 1.3%, acetonitrile, 107> mol dm™) and [Tb(terpy),]-
(C10,); (P £ = 4.7%, acetonitrile, 107> mol dm?) were used as
references for the determination of quantum yields of the
Eu- and Tb-containing samples, respectively.'**" Elemental
analyses were performed by Dr H. Eder from the micro-
chemical Laboratory of the University of Geneva.

This work is supported through grants from the Swiss National
Science Foundation. We thank Héléne Lartigue and Bernard
Bocquet for technical support.
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