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The binding of the terdentate precursor 2,2'-(4-methyl-3,5-divinylpyridine-2,6-diyl)bis(1-allyl-5-bromo-1H-
benzo[dlimidazole) (1) to the lanthanide container [Ln(hfac);] (Ln=lLa, Eu, Gd, Y, Er; H-hfac=1,1,1,5,55-
hexafluoropentane-2,4-dione) ensures the cis-cis orientation of the two adjacent o,a’-diimine units that is
required for the successful intramolecular Grubb ring-closing metathesis generating the target rigid 6-methyl-
9,11-dihydro-1H,3H-2)2,10\*-pyrido[2,3-c:6,5-c'Ibis(azepine) scaffold decorated with two terminal 5-bromo-1H-
benzol[d]imidazole in ligand L7. The bond valence analysis of the crystal structures of the associated nine-
coordinate adducts [L7Ln(hfac);] (Ln=La, Eu, Gd, Er, Y) reveals a satisfying match between the rigid terdentate
cavity and the size of the bound lanthanide metal, with a pronounced preference for the largest lanthanum
cation. Thermodynamic studies in dichloromethane confirm the formation of [L7Ln(hfac);] adducts with
unprecedented stabilities due to the removal of the energy penalty associated with trans-trans to cis-cis
reorganization. The introduction of saturated methylene groups within the polyaromatic ligand backbone breaks
extended aromatic delocalization and clears the visible part of the electromagnetic spectrum from emission
arising from low-energy ligand-based excited states.

Keywords: Lanthanides, template synthesis, ring-closing metathesis, preorganization, heteroleptic complexes.

chemists for the rational tuning of its affinity for the

Intr ion . . : . o
troductio entering metal.®="" For a given ligand with specific

During the last two decades, lanthanide-based com-
plexes [L,Ln,] have found widespread applications as
therapeutic  agents,"?  catalysts,®  luminescent
bioprobes**! and templating agents for sophisticated
(supra)molecular architectures,’®” just to name a few.
Their thermodynamic formation constants A.'
mainly depend on 1) the size of the trivalent
lanthanide ions (Ln), a parameter that can be selected
along the series, and 2) the nature of the ligand (L),
which corresponds to the main aspect explored by

Supporting information for this article is available on the
WWW under https://doi.org/10.1002/hlca.202200190

structural and electronic properties (size of the
chelating ring, nature and arrangement of the donor
atoms, denticity, etc.), the dependence of the for-
mation constant on the lanthanide size along series is
often monotonic with either positive or negative
slopes, but significant deviations are regularly re-
ported showing convex or concave bowl-shape
trends.21912-14 A5 an example, the affinity of ligand
L1 for [Ln(hfac);] containers in acetonitrile displays a
global decrease along the series, yet modulated by
some bowl-shape selectivity for mid-range lantha-
nides (Figure 1,b)."2 On the other hand, the associ-
ated stability constants of the given lanthanum
complexes [LkLa(hfac);] (Lk=L1-L2) decreases when
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a) N cavities adapted for the complexation of the smaller
N A AN Ne |N/ N trivalent lanthanides."">'? Associated with the chelate
Q/N N@ BrGN NOBr effect, some partial polyaromatic preorganization is
>/7 I »/7 L2 yet sufficient for inducing selective extraction proc-
esses, and semi-rigid polydentate heterocyclic N-
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Figure 1. Effects of a) electronic density and b) lanthanide size
on the thermodynamic formation constants of the adduct
[LkLn(hfac);] in CH;CN (Lk=L1, L2; 298 K),"'® and ¢) structural
preorganization on the stability constants of the lanthanide
complexes [LKEr>* measured in 50% CH;0H/H,0 (Lk=L3-15,
298 K).["*!

electron-withdrawing groups (Br-atoms in L2) are
connected to the benzimidazole rings found in ligand
L1 (Figure 1,a)."® It has also been noticed that the
stabilities of the resulting lanthanide complexes may
be further maximized when using the concept of
preorganization.l'® In this context, the increased level
of preorganization programmed along the L3—L4—
L5 series of polyaromatic ligands (Figure 1,c) results in
a significant thermodynamic stabilization: a trend
assigned to the stepwise removal of energy penalty
induced by the cis-cis—trans-trans rearrangement
required for complexing the a,a’-diimine binding
units to the lanthanide ions.™>'7~ However, rigid-
ification to give highly preorganized ligands often
relies on extended polyaromatic backbones, which 7)
affects the excited electronic levels used for sensitiz-
ing trivalent lanthanides in light-converting
devices?” and 2) sometimes prevents the design of

the selective complexation of larger (and softer)
trivalent actinides over related smaller (and harder)
lanthanides upon nuclear waste treatments.!?' =26
Preorganization beyond simple rigid polyaromatic
scaffolds usually exploits metal-templated synthesis
in order to assemble and dispose the bound units
into favorable orientation/organization, so that sub-
sequent intramolecular or intermolecular ligand-
based reactions provide the final target
molecule.?”” 3% Using this strategy, Sauvage and co-
workers described in the early eighties the successful
metal template synthesis of interlocked molecules, in
which two aromatic bidentate ligands, held orthogo-
nally by Cu(l), were connected by alkyl chains to give
the desired entangled catenates and knots.?”! At the
turn of the century, the active metal template
approach of a rotaxane was reported, in which a
metal ion played both the role of template for linking
ligands together and the role of catalyst that allows
the intramolecular reactions affecting the complexed
ligands.B" The high coordination numbers (up to 12)
found in lanthanide complexes can be taken as an
advantage for increasing the ligand density around
the central metal and for inducing sophisticated
intramolecular reactions between the bound
ligands.®” With this in mind, Gunnlaugsson and
coworkers described the formation of catenanes by
using lanthanide-directed synthesis,”! while Leigh
and coworkers reported on the use of lanthanide
templates for the preparation of chiral molecular
knots.B? In parallel, the lanthanide high coordination
number remains a challenge for getting a rational
control of 7) the structural geometry and organiza-
tion, which result from only minor energy
differences® 3% and 2) the number of coordinated
target ligands and co-ligands that can be completed
by solvent molecules and counter-anions.>3¢! Build-
ing on this concept, we realized that non-macrocyclic,
but highly preorganized multidentate ligands are
essentially missing for the efficient capture of neutral
[Ln(B-diketonate);] lanthanide containers, and this
despite the attractive magnetic®’® and impressive
luminescent properties®*=*! of their heteroleptic
[LkLn(B-diketonate);] adducts. A pioneering attempt
aimed at designing the strictly planar and highly
delocalized polyaromatic terdentate ligands L6,
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which were reminiscent of the flexible 2,6-bis-
(benzimidazol-2'-yl)pyridine scaffold (Figure 2,a).2% As
previously reported for the complexation of L4 and
L5 with metallic cations,”'>' thorough thermody-
namic studies indicated that [L6Ln(hfac);] displayed a
preference for the larger metals (Figure 2,b), but solid
state structures pointed to anomalously long Ln—N,,
bonds, which were diagnostic for a very limited fit
between the cavity of the planar terdentate ligand L6
and the entering [Ln(hfac)s] container.””’ As a cure to
this drawback, we report here on the unprecedented
template synthesis and characterization of the less
rigid, yet better preorganized ligand L7 (Schemes 1
and S7) and its heteroleptic complexes [L7Ln(hfac);],
which are compared to their flexible precursors
[1Ln(hfac);] and [L8Ln(hfac);] (Scheme 2).

Results and Discussion

Synthesis, Characterization and Molecular Structures of
Terdentate Ligands 1, L7 and L8 and Their Heteroleptic
Adducts [LkLn(hfac);] (Ln=La, Eu, Gd, Er, Y)

The target flexible precursor 1 has been synthesized
in seven delicate steps from commercial 2,4,6-
trimethylpyridine (Scheme S2). It is designed for the
preparation of a rigid 6-methyl-9,11-dihydro-1H,3H-

L6 R = CH,-CH,-CH; :L6¢
® log Al
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3 L L L] L] T L L 1 L] L] 1
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Figure 2.a) Chemical structure of the delocalized aromatic
terdentate ligand L6 and b) associated thermodynamic for-
mation constants of the adduct [L6Ln(hfac);] recorded in
dichloromethane +0.14 m diglyme at 293 K.2!

HELVETICA

2)%,10A-pyrido[2,3-c:6,5-c'Ibis(azepine) scaffold deco-
rated with two terminal 5-bromo-1H-benzo[d]-
imidazole as found in L7, but the required intra-
molecular Grubbs ring-closing metathesis only failed
in our hands (red cross in Scheme 1). The crystallo-
graphic structure of 1 (Tables S1, S4 and Figure S123a)
indeed demonstrates a trans-trans arrangement of
two di-imine units, in which the allyl chains borne by
the nitrogen of two benzimidazole side arms are on
the opposite side of the vinyl groups bound to the
central pyridine ring in order to minimize steric
repulsion (Scheme 2,a). The same trans-trans organ-
ization prevails in CD,Cl, as it is evidenced by the
lack of Nuclear Overhauser Effects (NOE) between the
protons of vinyl groups and those of the allyl chains
of 1 (Figure S31). Altogether, the large distance that
separates the reactive double bonds in 1 may explain
the failure of intramolecular ring-closing metathesis
reactions.

In order to overcome this limitation, the complex-
ation of 1 to [(dig)Ln(hfac);] (Ln=La, Eu, Gd, Y, Er;
dig=diglyme) have been considered for forcing the
coordinated precursor ligand 1 to accommodate the
unfavorable cis-cis geometry, which is required for a
successful intramolecular metathesis reaction be-
tween the terminal olefin groups borne by the
pyridine and benzimidazole rings. 'H-NMR titrations
of ligand 1 with Ln(hfac); containers (Ln=La, Eu, Y) in
CD,Cl, at 293 K show the formation of loosely bound
heteroleptic [1Ln(hfac);] adducts, which correspond
to approximately 70-80% of the total ligand speci-
ation for |1|y/|LN}e=1.0 at millimolar concentra-
tions (Figures S124-5126).

The target trans-trans to cis-cis conformational
change of the bis(benzimidazole) scaffold accompa-
nying the complexation of 1 is evidenced by the
downfield shift of proton H6, which is located close
to the coordinated metal in [1Y(hfac);], while the
appearance of the signal of H17 is diagnostic for the
presence of the hfac co-ligand bound to the metallic
center (Figure 3a and 3,b). Slow diffusion of tert-butyl
methyl ether into dichloromethane solutions of [1Ln-
(hfac);] provided X-ray quality crystals of [1Eu(hfac)s]
(Scheme 2a, Table S2 and Figure S123b) and [1Y(hfac)s]
(Table S3, Figure S123¢), in which a distorted cis-cis
conformation of the bound terimine unit can be
unambiguously assigned (Scheme 2a).

One notes that the benzimidazole-pyridine inter-
planar angles in the [1Ln(hfac);] adducts are consid-
erable (average a=50(2)°) and reflect the energetic
penalty brought by the steric repulsion between the
close allyl and vinyl groups. However, the latter
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Scheme 1. Synthesis of the terdentate ligand L7 and its complexes [L7Ln(hfac);] (Ln=La, Eu, Gd, Er, Y).

organization can be exploited as a template effect to
perform the target catalyzed ring-closing metathesis
reaction (Scheme 1). Carrying out the metathesis
reaction at low concentrations (0.2 mM) to favor
intramolecular  cyclization over intermolecular
polymerizations****! affords the complexes [L7Ln-
(hfac);] in limited yields (16-31%) with small lantha-
nides (Er, Y), but in good yields (59-77 %) with larger
lanthanides (Gd, Eu, La). The lower yields observed
with small lanthanides can be accounted for by 7)
some minor decomplexation of the hfac™ anions to
give [L7Ln(hfac),]*, as previously established for
Ln=Y,"¢! that alters the ruthenium-based catalyst™”!
and 2) the difficulties encountered for the separation
of the desired neutral compounds [L7Ln(hfac);] from
the charged side-products [L7Ln(hfac),]". The 'H-

NMR spectrum of the final complex [L7Y(hfac)s]
(Figure 3,c) shows the disappearance of the signals of
the terminal CH,-alkene groups observed for the
[1Y(hfac);] precursor (Figure 3,b), together with the
detection of new signals, that are characteristic of the
formation of newly formed internal double bonds.
The vicinal hyperfine coupling constant J=10.7 Hz
measured between the two alkene protons H12 and
H13 in [L7Y(hfac);] reveals the exclusive formation of
a (2)-configuration for the new double bond in
agreement with its crystal structure (Scheme 2,b). The
fact that only the cis-isomer is obtained can be
assigned to the rigidity of bound L7. Upon slow
diffusion of tert-butyl methyl ether into dichloro-
methane solutions, single crystals could be obtained
for the neutral [L7Ln(hfac);] complexes (Ln=La, Eu,

www.helv.wiley.com (4 of 20) 202200190 © 2023 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

35USD17 SUOLULLOD dAIIERID) 3|qedl jdde a3 Aq pauenoB afe sajoie YO '8N JO SanJ Joj Arig 1 8uljUO A8|IAA LUO (SUONIPUOD-PUE-SLUBIWOY" B[ 1M'Aeq 1 Buluo//Sthy) SUORIPUOD PUe SWB 1 8Y) 38S ' [£202/v0/yT] Uo AigiTauljuO AS|IM ‘1JUSIOS UOITEULIOJUL| S UOKSIAIQ USD ap 91SRAIUN, | 9p anbayioliqig Aq 06T002202€21U/200T OT/I0p/wod" A 1m Akelqpul|uoy/sdny wo.j papeojumoq ‘0 'SL9222ST


www.helv.wiley.com

0 Helv. Chim. Acta 2023, 106, €202200190

scs

1 [1Eu(hfac);]
cis-cis (a¢=47.17,52.3°)

L7 [L7Eu(hfac),]
cis-cis (a=28.7,34.4°)

Lé6a [Lé6aEu(hfac);]
cis-cis (&= 3.8, 6.5°)

L8 [L8Eu(hfac)s]
trans-trans (a=29.3,33.3°) cis-cis (= 8.0, 13.5°)

Scheme 2. Molecular structures of a) precursor 1 and its adduct
[1Eu(hfac);], b) preorganized ligand L7 and its adduct [L7Eu-
(hfac)s], ) preorganized ligand L6a and its adduct [L6éaEu-
(hfac)31?” and d) flexible ligand L8 and its adduct [L8Eu(hfac)s]
in their crystalline states. Solvent molecules and H-atoms have
been omitted for clarity. Color codes: C=grey, N=deep blue,
O =red, F=light blue, Br=brown, Eu=green.

Gd, Y, Er; Tables S10-524, Figure S127). All molecular
structures display similar geometries, in which the
central trivalent lanthanide cation is nine-coordinated
by three nitrogen atoms of the bound terdentate
aromatic ligand L7 (cis-cis conformation) and by six
O-atoms of three didentate hfac™ anions (Scheme 2,b).
Their exact coordination geometries evolve stepwise
from muffins for the largest cations (Ln=La, Eu)
toward spherical capped square antiprisms for the
smaller ones (Ln=Gd, Y, Er, Table 525).147=50

The Ln—X (X=0, N) bond lengths in [L7Ln(hfac);]
complexes display the rough expected stepwise

HELVETICA

decrease due to the lanthanide contraction along the
series (Tables S26 and S27, Figure S128).°'=>% Reliable
affinities, corrected for the lanthanide contraction,
between the N- or O-atoms and the lanthanide center
can be computed by using Egn. 1,°* where v; is
known as the bond valence measuring the affinity of
two bound chemical elements i and j, R; is the bond
valence parameter associated to each specific i
pair,>>=>! d; is the distance between central atom i
and donor j, and b=0.37 is a universal scaling
constant.

v = el (Ri=a) /] (1M

The bond valences computed for Ln—Ng, (
Vi ~0.34; bz=Dbenzimidazole) and for Ln—Oy¢, (
Vin_o ~0.35; hfac=hexafluoroacetylacetonate) in the
crystals of [L7Ln(hfac);] are comparable and constant
along the lanthanide series (Figure 4,a). Much smaller
values are computed for the central Ln—N,, inter-
action (0.24 < v,y <0.27; py=pyridine), which
regularly increases for the heavier lanthanides (Fig-
ure 4,a and Table 528). This behavior contrasts sharply
with the opposite trends reported for the more
constrained parent complexes [L6alLn(hfac);], in
which Vi py & Vino > Vi, (Figure 4,0).2% In order to
set a basic reference for a rational analysis of the role
of preorganization in these complexes, we have
additionally prepared the model flexible terdentate
ligand L8 (Scheme 2,d, Scheme S3, Tables $29-531 and
Figure S128). Reaction of L8 with [(dig)Ln(hfac)s]
(Ln=La, Eu, Gd, Er, Y) in dichloromethane generates
the complexes [L8Ln(hfac);] in 73-85% yield. Slow
diffusion of tert-butyl-methylether into dichlorome-
thane solutions provides single crystals for [L8La-
(hfac);]-CH,CI,, [L8Eu(hfac);]-2(C5H¢,0), [L8Gd-
(hfac);]-2(C4H;00), [L8Y(hfac);]-(CH,CI,) and
[L8Er(hfac);-CH,Cl5] (Scheme 2,d, Tables S32-546 and
Figure S129). The molecular structures of [L8Ln(hfac);]
are roughly superimposable with those of [L7Ln-
(hfac);] for a given lanthanide (Scheme 2,b and 2,d)
and their exact coordination geometries evolve from
muffins for the largest cation (Ln=La), toward spher-
ical capped square antiprisms for Ln=Eu and, finally,
spherical tricapped trigonal prisms for the smaller
ones (Ln=Gd, Y, Er, Table $47).4775% The Ln—-N and
Ln—O distances are similar in both preorganized
[L7Ln(hfac);] (Tables $26-527) and flexible [L8Ln-
(hfac);] (Tables S48 and S49) complexes and follow
the lanthanide contraction along the series. However,
a careful look evidences a convex trend for Ln—N
bond distances along the lanthanide series for
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Figure 3. 'H-NMR spectra of a) precursor 1, b) complex [1Y(hfac)s],

298 K.

flexible complexes [L8Ln(hfac);], while a more linear
trend is found for [L7ZLn(hfac);] (Figure S128). This
translates into bowl-shaped bond valences v,,,.,, and
Vinbz for [L8Ln(hfac);] along the series (Figure 4,b and
Table $50), which represents the well-established
signature?®°8-6% of the binding of flexible 2,6-bis-
(benzimidazole-2-yl)pyridine scaffold to Ln(hfac)s.
Moreover, vinp, > Vi found in [L8Ln(hfac);] mirrors
the trend observed for [L7Ln(hfac);]. One can con-
clude that the rigidification (preorganization) of the
bound terdentate ligand in going from L8 to L7 has
only a minor influence on the Ln—N bond strength in
the associated adducts [LkLn(hfac);]. The cavities of
both ligands in their cis-cis conformations are well-

c) complex [L7Y(hfac);] and d) ligand L7 in CD,Cl, solution at

suited for catching [Ln(hfac);] along the lanthanide
series. This situation strongly contrasts with the more
rigid polyaromatic terdentate L6a scaffold, for which
the distal Ln—Ny, interactions remain unusually weak
due to unfavorable sterical constraints (Scheme 2,c
and Figure 4,¢).

Finally, the demetallation of [L7Ln(hfac);] with
H,EDTA results in the free ligand L7 (Scheme 1),
characterized by an upfield shift of proton H6 and the
disappearance of the malonate proton of the hfac™
anion in the 'H-NMR spectrum of L7 (Figure 3,d).
Combined with the NOESY spectrum (Figure S77), one
can state that ligand L7 displays 7) a total number of
"H-NMR signals pertinent to only one half of aromatic
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Figure 4. Variation of average Ln—X (X=N, O) bond valences as
a function of lanthanide ionic radii in a) [L7Ln(hfac);], b)
[L8Ln(hfac);] and ¢) [L6aLn(hfac);]?” complexes in their crystal-
line states. Standard deviations of the averages are shown with
vertical error bars. The dashed traces are only guides for the
eyes.

protons due to the existence of an average twofold
symmetry axis, 2) enantiotopic methylene protons
(H14) due to the existence of an average symmetry
plane on the NMR time scale and 3) a NOE signal
between H12 and H11 due to a cis-cis arrangement of
the diimine units. Altogether, these analyses reveal
an average cis-cis planar C,, symmetrical arrangement
for L7 in solution that is reminiscent of that found in
the crystal structure of L7-CH,Cl, (Scheme 2,b, Ta-
bles S51-553 and Figure S130). Using Na,H,EDTA as a
demetallating agent for [L7Eu(hfac);], lead to the
unexpected five-coordinate complex [L7ZNa(hfac)] in
66 % yield, the structure of which could be confirmed
by NMR studies in solution (Figures $63-569) and by
single crystal X-ray diffraction in the solid state
(Tables S54-S57 and Figure S131).

HELVETICA

Thermodynamic Behavior of the Terdentate Ligands (L7
and L8) with Ln(hfac); Containers in Dichloromethane
(Ln=La, Eu, Y)

The stability constants of [LkLn(hfac);] complexes
have been determined by 'H-NMR titrations of Lk=
L7, L8 with [(dig)Ln(hfac);] according to Egn. 2. The
titrations have been monitored at 293 K in CD,Cl,
solution containing an excess of diglyme ([digli,:=
0.14 m) in order to 1) prevent the fluctuation of the
activity coefficients’®® and 2) reduce the ligand
exchange process to the conditional association
reaction depicted in Egn. 3. All concentrations are
given between vertical lines | | and refer to equili-
brium concentrations in this work.

[(dig)Ln(hfac);] + Lk = [(Lk)Ln(hfac);] + dig
Lk,Ln (2)

1,1,exch

[Ln(hfac);] + Lk = [(Lk)Ln(hfac);]
ein o |LkLn(hfac)s| 3)

11eond = Tdigly,  [Ln(hfac), [JLK

Experimentally, the "H-NMR spectra (Figure 5 and
Figures S132-5137) provide reliable integrations for
the same proton connected to the free (/) and
coordinated (/) ligand, from which the occupancy
factors (6 = ,Lk’LLn“E:,Lk) and the free concentrations of
the lanthanide containers (|Lnq..= O;4|LKk|,) can be
calculated with Egn. 4 for building the experimental
binding isotherms shown in Figure6 (6;, versus
log|Ln(hfac)s|, black diamonds).

g _ ILN|pound _ |LkLn(hfac);| _ Iiktn _
t |Lk|t0t |Lk|t0t ILkLn + ILk
n 4
Ll |Ln(hfac)s| A4 glLn(hfac),| @
|LK] ot 1+ ﬂﬁﬁ’;’;nd|Ln(hfac)3|

Non-linear least-square fits of 6} versus |Ln(hfac),|
according to the right part of Egn. 4, which considers
the exclusive formation of single 1:1 adducts [LkLn-
(hfac);] during the whole titration process (Eqn. 3),
give satisfying rebuilt dashed red traces for the
titrations of flexible L8 with [(dig)Ln(hfac);] along the
complete series (Ln=La, Eu, Y; Figure 6,a), together
with the searched conditional formation constants
B (Table 1, entry 1).

However, one cannot completely overlook that
the fits of 6,3 versus log(|Ln(hfac);]) (dashed red
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Figure 5. 'H-NMR titration of L7 (2.51 mm) with [(dig)Y(hfac);] in CD,Cl,+0.14 m diglyme at 293 K.

traces in Figure 6,a) slightly deviate from the exper-  5).1% |ts origin has been assigned to some changes in
imental data for Ln=Y (black diamonds in Figure 6,a).  the solvation energies AG'{’ﬂLcr(‘jd (Egn. 6, °=1 m is the

This behavior can be explained by the changes in  concentration of the reference state), which are not
activity coefficients y; in non-ideal solutions (Egn.
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Figure 6. Experimental (black diamonds) and fitted (dashed traces) binding isotherms for the titrations of (a) flexible ligand L8 and
(b) semi-rigid ligand L7 with [(dig)Ln(hfac);] in CD,Cl,+0.14 m diglyme at 293 K. The dashed red traces are obtained by using Eqn. 4
and " . taken from Table 1 (entry 1). The dashed green traces are obtained by using Egn. 7 and AG:%""” and AG:S'" taken

from Table 1 (entries 7 and 8). For [(L7),,La(hfac)s], Eqn. 9 applies with A%, and 5%, taken from Table 2 (entries 1 and 2) to give

the dashed red trace, while Eqns. A3-7 and A3-8 developed in Appendix 1 (Supporting Information) are used for computing the
dashed green trace.

considered in the standard states of the pure reaction measured by the increasing concentrations

reactants and products.¢? of the formed complexes |LkLn(hfac),| (Figure 7).
The resulting free energy changes at infinite
L as. s (c90/<) dilution AGY" 5, = —RTIn (B, %ry) and the ‘solvation
Ticond = "eq g = AT e\ (S — correction’ AG:"** are collected in Table 1 (entries 7

aidi - YV (€ /) (ci/c?) . 1:1,cond .

(5) and 8). Finally, the improved rebuilt occupancy factor
Yikin < [LkLn(hfac),| >~ce _ Vo Qtkin 0 Ory computed for each (|LK|.; |Ln|w) pair is obtained
YinYu \|Ln(hfac)s|[Lk| YV " by solving Egn. 7 for |Ln(hfac)s;|, which eventually

provides the binding isotherms shown as green

—RTIN(Q}'50d) = dashed traces in Figure 6,a.2
" (6)
—RTIn (B ) + AG' - (|LkLn(hfac),| /c)

The theoretical reconciliation between the exper-
imental quotients of reaction Q*'" and the thermo-

1,1,cond
dynamic stability constant at infinite dilution B}'%,

is given in Egn. 6 and experimentally confirmed by
the satisfying linear dependences of —RTIn(Q': )

with respect to the advance of the complexation
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Table 1. Thermodynamic conditional stability constants %2

(Egn. 3) and Bk . (Egn. 8), intrinsic affinities fee" . (Eqn. 11),

asso,cond
interligand interactions ut% * = exp(—AELs 1 /RT) (Eqn. 12)

and thermodynamic free energiesAG", , = —RTIn(B'% ),
AGHK™ and AGH'"S  determined for the titrations of L7 and

1,1,cond 1,1,cond

L8 with [(dig)Ln(hfac);] (Ln=La, Eu, Y) in CD,Cl,+0.14 m
diglyme at 293 K.

Ln L8 L7
T o La 153(8) 1.4(1)10°
B Eu 1.7(1)-103 1.6(6)-10*
Y 3.1(1)-10° 1.1(6)-10*
o La 0 6.2(2)-10°
oond La 76(4) 7.0(5)10°
' Eu 8.5(1)-102 8.0(3)-103
Y 1.6(1)-103 5.5(3)-103
U La 0 3.2(3)10°4
AGHS o/KImol™! La —12.3(1) ~34.5(3)
Eu —18.2(1) —23.6(4)
Y ~19.6(1) —22.6(5)
AGHY /kmol™! La 0 —493(3)
AGKY® filmol ™! La —11.4(1) —19.4(1.0)%
Eu —16.7(3) —16.7(5)
Y —17.4(8) —-16.1(1)
AGH e kmol ™! La ~979(103)  —7.8(7)10°@
Eu -1503)10®  —5.7(3)-103
Y —22(6)10°  —6.1(1)-103

@) Calculation is detailed in Appendix 1 (Supporting Informa-
tion).

Q" conalLn(hfac);| _ |LkLn(hfac)s|
14+ Q% L |Ln(hfac)s| LK o

1,1,cond
|Lnfie — [Ln(hfac)s|
|Lk|tot

exp

Ln __
Lk —

AG Y Grs + (|Ln|ior—[Ln(hfac)s|)-
- /RT |-

Ln,Lk,S
AG1 ,1,cond

|Ln(hfac),|

exp

AG%?{!-!;;Z + (ILn]e—|Ln(hfac)s])-
144 |- JRT |-

Ln,Lk,S
AG1 ,1,cond

|Ln(hfac)s|

The same approach holds for titrations of preor-
ganized L7 with [(dig)Ln(hfac);] in CD,Cl,+0.14 M
diglyme (Figures 6,b and 7,b). Larger stability con-

HELVETICA
stants S:1"

1icona (Table 1, entry 1, and Figure 8) are
observed together with the detection of minor
amounts of the di-adduct [(L7),La(hfac);] with the
largest lanthanum metal (Figure S133). This behavior
is reminiscent to that previously reported for closely
analogous terdentate complexes, for which the
molecular structure of a ten-coordinated pseudo-
bicapped  square-antiprismatic ~ double-stranded
[(Lk),La(hfac),]* adduct could be observed in the
crystal structure of the [(Lk),La-
(hfac),],[La,(hfac),(0,CCF;),] salt. 8 In this situation,
Egn. 3 must be completed with Egn. 8, and the
binding isotherm in Egn. 9 now considers [La(hfac);]
as the host to which two L7 guest molecules can be
successively bound. The non-linear least square fits of
the experimental data (black diamonds in Figure 6,b
for Ln=La) with the help of Egn. 9 provides the two
cumulative stability constants A% . and B33
gathered in Table 1 (entries 1 and 2). The rebuilt
binding isotherm is shown as a dashed red trace in
Figure 6,b (left).

[Ln(hfac);] + 2Lk [(Lk),Ln(hfac);]

win _ Bateen _ |(Lk)sLn(hfac)s| (8)
#hend = diglo:  [Ln(hfac),|[Lk[?

oLk — LK bound _ |Lk| ot ( s + Ira > _
L 2|Lalier  2|Lafior \Nik + ke + ikla
Ln Ln 9
|Lk|tot_||'k| — ﬁ#’;}cond||‘k| + zﬁlz-ﬁ,l_cond|l'k|2
2|Lal 2(1 + B nalLk| + B3 nal LK)

The application of Eggers’ model (reminiscent to
Egn. 6)°~%2 to fit the binding isotherm for the 1:2
complex ([(L7),La(hfac);]) using variable activity co-
efficients is detailed in Appendix 1. It did not improve

(7) significantly the fit as exemplified by the green

dashed trace built in Figure 6,b, left.

At millimolar concentrations in dichloromethane,
the conditional association constants g\ ; for the
formation of the [LkLn(hfac);] adducts with the two
flexible ligands L8 (orange squares in Figure 8 and
Figure S138a) and L9 (blue squares)?® confirm the
decrease in affinity by a factor 2 when Br-atoms are
connected to the 5-position of the peripheral benzi-
midazole side arms.%® Despite this unfavorable
inductive effect, the novel di-bromo substituted
preorganized ligand L7 produces [L7Ln(hfac);] ad-
ducts (green disks in Figure 8 and Figure S138a) which
are more stable than their counterparts with the non-
substituted rigid L6a analogue (red disks). For both
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Figure 7. Plots of —RTIn(Q#ﬁ’_LC’:md) as a function of |LkLn(hfac);| for the titrations of a) L8, and b) L7, with [(dig)Ln(hfac)s] in CD,Cl,
+0.14 m diglyme at 293 K (experimental =black diamonds and linear least-square fits=dashed blue traces). According to Egn. 6,

AGLk,Ln,oo

1.1,cond

corresponds to the ordinate and AG

Lk,Ln,S
1,1,cond

to the slope of the linear traces.
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Figure 8. Conditional thermodynamic association constants for the formation of 1:1 complexes [LkLn(hfac);] in CD,Cl,+0.14 m
diglyme for a) ligands L7 and L8 and b) ligands L6a and its flexible precursor L9.2” The dashed traces are only guides for the eyes.
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preorganized ligands L7 and L6a, an anti-electrostatic
selectivity is detected along the lanthanide series
(La>Eu = Y), whereas the parent flexible ligands L8
and L9 exhibit the opposite trend. Extrapolation at
infinite dilution highlights significant drifts due to the
variation of the activity coefficients as caught by
Eggers’ model (Eqn. 6 and Table 1, entries 7 and 8), but
the thermodynamic gain of replacing flexible (L8 or
L9) with their preorganized counterparts (L7 and
L6a) remains a fully valid concept (Figure S138b).
Finally, following Benson’s approach,® the condi-
tional formation constants 85" . can be separated
into two contributions in Eqn. 10. Firstly, a statistical
factor o™ that takes into account the pure
statistical contribution due to the change in the
molecular rotational entropies when the reactants are
transformed into products.>®® |t can be easily
computed by using the symmetry number technique
detailed in Appendix 2. Secondly, a chemical part
K . Which measures the associated change in
enérgies accompanying the reorganization of the
multi-components interactions (including solvation

effects).[6”]

Lk,Ln _ . LkLnyLklLn
ﬂn,hcond - wnJ Kn,1.chem (‘I O)
The chemical part K*'*_ can be further dissected

into inter-component fa';'z;;';ond (Table 1, entry 3 with
intra-component

AGEk = —RTIn(f™ 1)) and
Ueers (Table 1, entry 4 with AESK™ = —RTIn(utid))

asso,inter asso,cond
cond inter cond

contributions with the help of the site-binding model
(Egns. 11 and 12).12067]

Lkln _  Lklnglkln  _ ~lkln

1,1,cond = Y11 fasso,cond - 2fassoAcond (1 1)
Lk.n  _  Lkln(fLkln 2 LkLk Lk.Ln 2 LklLk
2,1,cond w2‘1 (fasso,cond) cond T 4(fasso,cond) cond (1 2)

Obviously, the computed conditional inter-compo-
nent associations =" between Lk and [Ln(hfac);]
strictly mirror the thermodynamic trends established
for B 4 (Eqn. 11 and Figure 8). Interestingly, Eqn. 12
provides an estimate of AEg.\" = —RTIn(u ;)=
19.6 kJ mol™' for the considerable anti-cooperative
process accompanying the successive binding of two
ligands L7 to [La(hfac)s].

Altogether, the affinities of the preorganized
ligand L7 for [Ln(hfac);] cations are larger by factors 3
to 9000 than those of the flexible ligand L8 for the
same lanthanide containers (Table 1, entry 3). This
phenomenon can be assigned to the energy penalty
produced by the rotation of the benzimidazole side
arms, which is required for the binding of L8 to the

HELVETICA

lanthanide metal but is absent with the preorganized
ligand L7. Compared with the closely related ligand
pairs L9 (flexible)/L6a (preorganized),”*® the gain in
stability upon preorganization is larger by at least
one order of magnitude in going from L8 to L7,
which compensates for the detrimental connection of
electro-attractive Br-atoms. This makes L7 eligible for
its incorporation into linear polymeric scaffolds.!
We also note that 7) both preorganized terdentate
ligands L6a and L7 exhibit a pronounced preference
for the large lanthanide metals (Figure 8), and 2) no
dissociation of hfac™ co-ligand can be detected at
millimolar concentration in dichloromethane for all
complexes except for [L8Y(hfac);], the "H-NMR spec-
trum of which evidenced some traces of [L8Y(hfac),] "
and hfac™ (Figure S139).

Finally, the absorption spectra recorded in di-
chloromethane solution show remarkable comple-
mentarities for the two preorganized ligands L7 and
Lé6a (Figure 9,a), and for their [LkLn(hfac);] adducts
(Figure 9,b). The highly delocalized 30m-electron aro-
matic structure of Léa (red traces in Figure9)
possesses low-energy electronic states reaching the
visible part (400-450 nm) of the electromagnetic
domain. This makes this ligand attractive for the
visible sensitization of lanthanide-based NIR emitters
(Ln=Nd, Er, Yb), but it restricts linear light-upconver-
sion to final excited states emitting at wavelengths
longer than 500 nm. The introduction of two addi-
tional methylene units into the pyridine-benzimida-
zole bridges in L7 breaks aromatic electronic delocal-
ization and no ligand-centered absorption band can
be detected at wavelengths longer than 360 nm
(green traces in Figure 9).

Conclusion

The synthesis of the preorganized terdentate ligand
L7 exploits a Grubbs ring-closing metathesis between
terminal olefin groups, which appeared to be only
possible when the later groups are held close
together by a template reaction using a neutral [Ln(f3-
diketonate);] lanthanide container. During the tem-
plate complexation process, only one molecule of the
ligand precursor 1 is connected to the trivalent
lanthanide ion thanks to a strict control of the
coordination number via the complementary binding
of three anionic bidentate hfac™ co-ligands. Large
lanthanides (Ln=La, Eu, Gd) better match the sterical
constraints required for the formation of the final
1,2,3,9,10,11-hexahydropyrido[2,3-c:6,5-c']bis(azepine)
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Figure 9. Absorption spectra of a) ligands L7, L8 and L6a™"

and b) complexes [LkY(hfac)s] in CH,Cl, solution (10~° m, 293 K).
The computed dissociation of the [LkY(hfac);] adducts does not
exceed 4% in these conditions.

scaffold in good yields. The crystal structures of the
[L7Ln(hfac);] adducts show that the two seven-
membered 2,7-dihydro-1H-azepine rings, which con-
nect the central pyridine rings to the benzimidazole
side arms in L7 (Scheme 2,b), favorably preorganize
the peripheral N,, donor atom for their efficient
binding to [Ln(hfac);] (Figure 4,a). The opposite, and
unfavorable situation held with the previously re-
ported rigid ligand L6a,?” because the shorter six-
membered 1,2-dihydropyridine bridging rings (Sche-

HELVETICA

me 2,c) prevented the effective connection of the
peripheral benzimidazole ring to the lanthanide
cation in [L6aLn(hfac);] (Figure 4,c).

Thermodynamic studies in dichloromethane con-
firm 7) the optimum fit between the cavity of L7 and
large lanthanide cations and 2) the considerable
benefit of preorganizing the ligand strand in going
from flexible L8 to rigid L7. Compared with its L6a
analogue, the stabilities of [L7Ln(hfac);] are system-
atically larger (Figure 8), and this is despite the
connection of two terminal unfavorable electron-
withdrawing Br-atoms, which are required for the
further introduction of this terdentate unit into linear
oligomers and polymers. On the other hand, the
selectivity of ligand L8 for heavy lanthanides con-
trasts with the reverse trend evidenced with the
preorganized ligand L7. These characteristics could
be exploited 7) for designing heterometallic lanthani-
dopolymers with controlled intermetallic communica-
tions and associated photophysical properties®-7%
and 2) for separating lanthanide ions by selective
complexation reactions.”’ 73!

Finally, whereas light-downshifting processes are
probably more attractive with [L6alLn(hfac);], the
design of a ‘broken’ polyaromatic structure in [L7Ln-
(hfac);] clears the visible part of the electromagnetic
spectrum from ligand-centered excited states and
paves the way for exploiting in a forthcoming
contribution this ligand for Er-based linear molecular
upconversion implemented in soluble polymers.”*

Experimental Section
General

All reagents were purchased from Alfa Aesar, Fluo-
roChem, Acros, Fischer Chemicals AG and Sigma-
Aldrich, and used as received. NMR Spectra were
recorded on a Bruker Avance 400 MHz spectrometers.
The experiments were recorded at 25°C and the
solvent was used as an internal reference. Pneumati-
cally assisted electrospray (ESI) mass spectra were
recorded on an APl 150EX (AB/MDS Sciex) equipped
with a Turbo lon-Spray source. Elemental analyses
were performed by K. L. Paglia from the Micro-
chemical Laboratory of the University of Geneva.

3,5-Dibromo-2,4,6-trimethylpyridine (2).7>7¢ N-
Bromosuccinimide (NBS; 81.00 g, 0.46 mol) was added
to a solution of 2,4,6-trimethylpyridine (9.00g,
0.074 mol) and 96% H,SO, (65 mL) in trifluoroacetic
acid (TFA; 90 mL). The resulting solution was stirred
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at 50°C for 72 h and poured into water (200 mL) at
0°C. The solution was basified to pH 10 with NaOH
and extracted with AcOEt (4x200 mL). The organic
phase was evaporated to nearly dryness. The residue
was recrystallized from EtOH/H,0 (1:1) to afford 2 as
a white solid (12.849g, 62%). 'H-NMR (400 MHz,
CDCl3): 2.61 (s, 6H), 2.60 (s, 3H). > C-NMR (400 MHz,
CDCl3): 154.96, 146.56, 121.21, 25.62, 24.64. ESI-MS:
277.8 (IM+H1"), 279.9 (IM+2+H]™"), 281.8 (IM+4+
HI ).

3,5-Dibromo-2,6-bis(bromomethyl)-4-methyl-

pyridine (3). A mixture of 2 (11.50 g, 41.22 mmol), N-
bromosuccinimide (NBS; 29.50 g, 165.75 mmol) and
azobisisobutyronitrile (AIBN; 6.80 g, 41.41 mmol) in
benzene (300 mL) was refluxed for 3 h. The solution
was cooled, filtered, and evaporated to dryness. THF
(200 mL) was added. Diisopropylethylamine (22.26 g,
172.24 mmol) and diethyl phosphite (11.79g,
85.39 mmol) were added at 0°C. The solution was
stirred at r.t. for 3 h. H,O (150 mL) was added and
THF was evaporated. Saturated NaHCO; (200 mL) was
added, and the solution was extracted with CH,Cl,
(3%200 mL). The organic phase was dried over
Na,SO, and evaporated to dryness. The residue was
purified by column chromatography (SiO,,
cyclohexane/CH,Cl, 100:0 to 95:5) to afford 3 as a
white solid (12.15 g, 67 %). 'H-NMR (400 MHz, CDCl5):
4.70 (s, 4H), 2.67 (s, 3H), 221 (s, 3H). "C-NMR
(400 MHz, CDCls): 153.67, 149.57, 123.31, 33.61, 24.74.
ESI-MS: 433.7 (IM+H]"), 435.8 (IM+2+H]™"), 437.7
(IM+4+H1T), 439.9 (IM+6+H]).

2,2'-(3,5-Dibromo-4-methylpyridine-2,6-diyl)-

diacetaldehyde (4). A mixture of MeONa (0.56 g,
10.37 mmol) and 2-nitropropane (0.93 g, 10.47 mmol)
in MeOH (100 mL) was refluxed for 30 min. Com-
pound 3 (2.0 g., 458 mmol) was added at r.t. The
resulting mixture was stirred at r.t. for 72 h and then
evaporated to dryness. H,O (50 mL) was added. The
solution was extracted with CH,Cl, (3%x50 mL). The
organic phase was dried over Na,SO, and evaporated
to dryness. The residue was purified by column
chromatography (SiO,, CH,Cl,/MeOH 100:1) to afford
4 as a yellow solid (0.93 g, 61%). "H-NMR (400 MHz,
CDCl5): 10.25 (s, 2H), 2.81 (s, 3H). *C-NMR (400 MHz,
CDCl5): 189.70, 152.83, 147.27, 126.83, 23.48. ESI-MS:
305.88 (IM+H]™), 307.87 (IM+2+H]T), 309.87 (IM+
4+HIM).

2,2'-(3,5-Diethenyl-4-methylpyridine-2,6-diyl)-
diacetaldehyde (5). A mixture of 4 (0.65g,
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1.96 mmol), potassium vinyltrifluoroborate (1.32 g,
9.85 mmol), PdCl,(dppf) (0.16 g, 0.20 mmol) and
K,CO3 2 N (5.0 mL, 10.0 mmol) in toluene (50 mL) was
stirred at 90°C for 6 h. H,O (50 mL) was added. The
solution was extracted with AcOEt (3x50 mL). The
organic phase was dried over Na,SO, and evaporated
to dryness. The residue was purified by column
chromatography (SiO,, cyclohexane/AcOEt 90:10) to
afford 5 as a yellow solid (0.24g, 62%). 'H-NMR
(400 MHz, CD,Cl,): 10.21 (s, 2H), 7.10 (dd, J=17.8,
11.6, 2H), 5.83 (dd, J=11.6, 1.3, 2H), 5.39 (dd, J=17.8,
1.3, 2H), 2.45 (s, 3H). "*C-NMR (400 MHz, CD,Cl):
192.94, 148.31, 147.61, 139.80, 131.55, 124.20, 17.72.
ESI-MS: 202.09 (IM+H] ™).

4-Bromo-2-nitro-N-(prop-2-en-1-yl)aniline (6). A
mixture of 4-bromo-2-nitroaniline (8.08 g,
37.23 mmol) and Cs,CO5; (12.14g, 37.26 mmol) in
butanone (150 mL) was stirred at 80°C for 30 min.
Allyl bromide (3.08 g, 25.42 mmol) and Kl (catalytic
amount) were added. The resulting mixture was
stirred at 80°C for 48 h, filtered over Celite and
evaporated to dryness. The residue was purified by
column chromatography (SiO,, cyclohexane/CH,Cl,
100:0 to 80:20) to afford 6 as an orange solid (5.14 g,
79%). 'H-NMR (400 MHz, CDCl;): 8.33 (d, J=2.4, 1H),
8.18 (br.,, 1H), 7.48 (dd, J=9.2, 2.4, 1H), 6.74 (d, J=9.2,
1H), 5.92-5.88 (m, 1H), 5.32-5.24 (m, 1H), 3.99-3.95
(m, 2H). 3C-NMR (400 MHz, CDCl5): 144.28, 138.90,
132.74, 132.37, 128.92, 117.43, 115.95, 106.72, 45.38.
ESI-MS: 256.9 (IM+H] ™), 258.9 (IM+2+H] ™).

4-Bromo-N'-(prop-2-en-1-yl)benzene-1,2-dia-

mine (7). A mixture of 6 (3.00 g, 11.86 mmol) and
iron powder (2.60g, 46.43 mmol) in H,O/THF (5:1,
120 mL) was stirred at 60 °C for 12 h. The mixture was
extracted with AcOEt (4x 100 mL), dried over Na,SO,
and evaporated to dryness. The residue was purified
by column chromatography (SiO,, cyclohexane/AcOEt
80:20) to afford 7 (2.31 g, 87 %) as a brown liquid. 'H-
NMR (400 MHz, CDCl5): 6.90 (dd, J=8.4, 2.2, 1H), 6.84
(d, J=2.2, 1H), 6.50 (d, J=8.4, TH), 6.03-5.94 (m, TH),
5.32-5.26(m, 1H), 5.21-5.17 (m, 1H), 3.74 (dt, J=5.5,
1.6, 2H), 3.39 (s, 3H). 3C-NMR (400 MHz, CDCls):
136.45, 135.89, 135.13, 123.00, 118.90, 116.63, 113.39,
110.66, 46.79. ESI-MS: 227.0 (IM+H]™), 229.0 (IM+2
+H1P).

2,2'-(3,5-Diethenyl-4-methylpyridine-2,6-diyl)-
bis[5-bromo-1-(prop-2-en-1-yl)-1H-1,3-benzimida-
zole] (1).77 A mixture of 5 (0.30g, 1.49 mmol), 7
(1.00g, 4.40 mmol) and Ce(NO;);:6H,0 (0.20 g,
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0.46 mmol) in DMF (15 mL) was stirred 60°C for 3 h.
0.01 N Na,H,EDTA (100 mL) was added, and the
mixture was extracted with AcOEt (3x100 mL). The
organic phase was washed with H,0 (2 x50 mL), dried
over Na,SO, and evaporated to dryness. The residue
was purified by column chromatography (SiO,,
CH,Cl,/MeOH 100:0 to 100:1) to afford 1 (0.64g,
70%) as a brown solid. "H-NMR (400 MHz, CD,Cl,):
791 (d, J=1.3, 2H), 7.41 (dd, J=8.6, 1.8, 2H), 7.29 (d,
J=8.6, 2H), 6.97 (dd, J=17.8, 11.6, 2H), 8.85-5.75 (m,
2H), 5.45 (dd, J=11.6, 1.4, 2H), 5.19 (dd, J=17.9, 1.4,
2H), 5.08-5.06 (m, 2H), 4.95-4.91 (m, 2H), 4.80 (dt, J=
5.5, 1.7, 4H), 2.51 (s, 3H). ">*C-NMR (400 MHz, CD,Cl,):
152.24, 146.79, 145.79, 144.50, 137.10, 134.37, 132.92,
132.63, 126.30, 123.13, 122.43, 117.98, 115.43, 112.33,
47.49, 18.54. ESI-MS: 614.06 ([M+H] ™), 616.05 (IM+2
+H]"), 618.05 (IM+4+H]).

General Procedure for the Synthesis of [L7Ln(hfac)s]
Complexes (Ln=La, Eu, Gd, Er, Y)

A mixture of 1 (0.10g, 0.16 mmol, 1 equiv.) and
[(dig)Ln(hfac);] (2 equiv.)®¥ in CH,CICH,Cl (20 mL)
was stirred at r.t. for 30 min and then added to a
solution of Hoveyda-Grubbs Il (50.8 mg, 0.081 mmol,
0.5 equiv.) in CH,CICH,Cl (800 mL). The resulting
solution was stirred at 80°C under N, for 12 h and
then evaporated to dryness. The residue was purified
by column chromatography (SiO,, CH,Cl,/MeOH
100:0 to 100:1) and precipitation in pentane to afford
[L7Ln(hfac);] complexes.

Data of [L7La(hfac);]: Yield: 59%. 'H-NMR
(400 MHz, CD,Cl,): 8.22 (d, J=1.8, 2H), 7.59 (dd, J=
8.8, 1.8, 2H), 7.47 (d, J=8.8, 2H), 7.04 (d, J=10.9, 2H),
6.68 (dt, J=10.9, 6.9, 2H), 5.89 (s, 3H), 4.79 (d, J=6.9,
4H), 2.67 (s, 3H). ">*C-NMR (400 MHz, CD,Cl,): 175.85
(g, J=33.9), 151.43, 150.61, 144.73, 142.10, 133.09,
131.94, 130.06, 128.86, 128.23, 123.78, 117.61 (q, J=
287.0), 117.49, 110.75, 89.88, 39.88, 17.48. ESI-MS:
11121 (IM—hfac]™). Anal. calc. for
C4qHy0BryF1gNsLaOg: C 37.33, H 1.53, N 5.31; found: C
37.29,H 1.75,N 5.21.

Data of [L7Eu(hfac);]. VYield: 62%. 'H-NMR
(400 MHz, CD,Cl,): 23.23 (s, 2H), 10.22 (d, J=8.7, 2H),
9.10 (d, J=8.8, 2H), 7.56 (dt, J=10.6 and 7.0, 2H), 6.36
(d, J=10.6, 2H), 6.25 (d, J=6.9, 4H), 3.11 (s, 3H). '3C-
NMR (400 MHz, CD,Cl,): 161.42, 157.28, 156.04,
149.00, 136.44, 131.82, 130.48, 127.76, 125.91, 119.35,
113.23, 106.30, 40.42, 15.83. ESI-MS: 1332.8 (M),
1226.2 (IM—hfac] ™). Anal. calc. for
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Ca1Hy0Br,EUF,gNsOg: C 36.96, H 1.51, N 5.26; found: C
36.80, H 1.64, N 5.25.

Data of [L7Gd(hfac)s]. Yield: 77%. ESI-MS: 1131.0
(IM—hfacl™). Anal. calc. for C4qH,oBryF13GdNsOg C
36.81, H 1.51, N 5.24; found: C 36.57, H 1.63, N 5.26.

Data of [L7Y(hfac)]. Yield: 31%. "H-NMR (400 MHz,
CD,Cl,): 8.32 (d, J=1.8, 2H), 7.56 (dd, J=8.8, 1.8, 2H),
7.45 (d, J=8.8, 2H), 7.04 (d, J=10.9, 2H), 6.66 (dt, J=
10.9, 6.8, 2H), 5.89 (s, 3H), 4.81 (d, J=6.8, 4H), 2.68 (s,
3H). *C-NMR (101 MHz, CD,Cl,): 175.93 (g, J=34.1),
151.76, 150.79, 144.05, 142.45, 133.70, 131.95, 129.84,
129.34, 128.50, 125.15, 118.10 (g, J=287.6), 117.67,
11097, 90.07, 40.41, 17.87. ESI-MS: 1062.2
(IM—hfac]™). Anal. calc. for C4yH,0Br,F1gNsOgY: C
38.80, H 1.59, N 5.52; found: C 38.80, H 1.74, N 5.52.

Data of [L7Er(hfac)s]. Yield: 16%. ESI-MS: 1141.2
(IM—hfac]®). Anal. calc. for C,qH,BrErF;gNsOg C
36.54, H 1.50, N 5.20; found: C 36.30, H 1.43, N 5.07.

Synthesis of Ligand L7 from [L7Ln(hfac);] Complexes
(Ln=La, Eu, Gd, Er, Y)

A mixture of [L7Ln(hfac);] (1 equiv.) and H,EDTA
(10 equiv.) in THF/H,O/NH4OH (2:2:1) was stirred at
rt. for 30 min and then extracted with CH,Cl,. The
organic phase was dried over Na,5O, and evaporated
to dryness. The residue was purified by precipitation
in pentane to afford ligand L7 in 75-97% yield. 'H-
NMR (400 MHz, CD,Cl,): 8.01 (s, 2H), 7.47 (d, J=8.7,
2H), 7.41 (d, J=8.7, 2H), 7.01 (d, J=10.7, 2H), 6.60 (dt,
J=10.3, 6.7, 2H), 4.68 (d, J=7.0, 4H), 2.56 (s, 3H). °C-
NMR (400 MHz, CD,Cl,): 152.07, 146.36, 146.01,
144.63, 133.54, 130.55, 129.99, 129.65, 126.16, 123.27,
115.34, 110.71, 39.68, 16.74. ESI-MS: 558.5 (IM+H]™"),
560.3 (IM+2+H]"), 562.1 (IM+4+H]). Anal. calc.
for CyH4,BryNs-CH,Cl, (L7-CH,Cl,): C 50.34, H 2.97, N
10.87; found: C 50.40, H 3.23, N 11.02. The dichloro-
methane molecule found in the bulk solid was
detected as a singlet at 5.32 ppm in the associated
"H-NMR spectrum in CDCl; (Figure S71).

4-Bromo-N-methyl-2-nitroaniline (8). A mixture
of 4-bromo-2-nitroaniline (13.0 g, 59.90 mmol) and
Cs,CO5; (20.0g, 61.38 mmol) in butanone (150 mL)
was stirred at 80°C for 30min. CH;l (5.70g,
40.17 mmol) was added. The resulting mixture was
stirred at 80°C for 48 h, filtered over celite and
evaporated to dryness. The residue was purified by
column chromatography (SiO,, cyclohexane/AcOEt
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80:20) to afford 8 as an orange solid (8.03 g, 87 %).
'"H-NMR (400 MHz, CDCl;): 8.31 (d, J=2.4, 1H), 8.02
(br., TH), 7.52 (dd, J=9.1 and 2.4, 1H), 6.76 (d, J=9.2,
1H), 3.02 (d, J=5.1, 3H). 3*C-NMR (400 MHz, CDCl;):
145.24, 138.99, 132.25, 128.88, 115.13, 106.37, 29.85.
ESI-MS: 231.3 (IM+H]"), 2333 ((M+2+H] ).

4-Bromo-N1-methylbenzene-1,2-diamine (9). A
mixture of 8 (4.00g, 17.32 mmol) and iron powder
(3.90 g, 69.64 mmol) in H,O/THF (5:1, 120 mL) was
stirred at 60°C for 12 h. The mixture was extracted
with AcOEt (4x100 mL), dried over Na,SO, and
evaporated to dryness. The residue was purified by
column chromatography (SiO,, cyclohexane/AcOEt
80:20) to afford 9 (2.41 g, 69%) as a brown solid. 'H-
NMR (400 MHz, CDCls): 6.93 (dd, J=8.4, 2.2, 1H), 6.83
(d, J=2.2, TH), 6.50 (d, J=8.4, 1H), 3.34 (br., 3H), 2.83
(s, 3H). 3C-NMR (400 MHz, CDCl3): 137.90, 135.64,
123.13, 118.69, 112.22, 110.33, 30.97. ESI-MS: 201.2
(IM+H17), 203.3 (IM+2+H]™).

4-Methylpyridine-2,6-dicarbaldehyde (10). A
mixture of 2,4,6-trimethylpyridine (9.17 g,
75.66 mmol) and SeO, (16.80g, 151.41 mmol) in
nitrobenzene (100 mL) was stirred at 150°C for 0.5 h.
The solution was filtered over Celite and evaporated
to dryness. The residue was purified by CC (SiO,,
cyclohexane/AcOEt 80:20) to afford 10 as white solid
(1.10g, 10%). 'H-NMR (400 MHz, CD,Cl,): 10.15 (s,
2H), 7.99 (s, 2H), 2.55 (s, 3H). *C-NMR (400 MHz,
CD,Cl,): 190.75, 151.07, 148.39, 124.18, 19.25. ESI-MS:
150.4 (IM+H]™).

2,2'-(4-Methylpyridine-2,6-diyl)bis(5-bromo-1-
methyl-1H-1,3-benzimidazole) (L8). A mixture of 10
(0.13 g. 0.87 mmol), 9 (0.53 g, 2.64 mmol) and Ce-
(NO3)56H,0 (0.19 g, 0.44 mmol) in DMF (15 mL) was
stirred at 60°C for 3 h. Na,EDTA (1.7 g, 4.57 mmol)
was added and pH was adjusted to pH 9 with NH,OH.
The mixture was stirred at r.t. for 30 min. The solution
was extracted with CH,Cl, (3x50 mL), dried over
Na,SO, and evaporated to dryness. The residue was
purified by column chromatography (SiO,, CH,Cl,/
MeOH 100:0 to 100:1) and precipitation in pentane
to afford L8 as white solid (0.33 g, 74%). 'H-NMR
(400 MHz, CD,Cl,): 8.28 (s, 2H), 7.94 (s, 2H), 7.47 (d, J=
8.7, 2H), 7.38 (d, J/=28.6, 2H), 4.22 (s, 6H), 2.58 (s, 3H).
13C-NMR (400 MHz, CD,Cl,): 151.42, 149.88, 149.16,
143.91, 136.37, 126.42, 126.24, 122.59, 115.37, 111.38,
32.72, 21.03. ESI-MS: 510.3 (IM4H]"), 512.3 (IM+2+
HI™), 514.4 (IM+4+H]"). Anal. calc. for C,,H,7Br;Ns:
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C 51.69, H 3.35, N 13.70; found: C 51.55, H 3.04, N
14.19.

General Procedure for the Synthesis of [L8Ln(hfac);]
Complexes (Ln=La, Eu, Gd, Er, Y)

A mixture of L8 (1equiv.) and [(dig)Ln(hfac)s]
(3 equiv.)®*¥ in CH,Cl, was stirred at r.t. for 10 min
and then evaporated to dryness. The residue was
purified by SEC (Biorad SX1, toluene) followed by
precipitation in pentane to afford [L8Ln(hfac);] com-
plexes.

Data of [L8La(hfac);]. Yield: 71%. 'H-NMR
(400 MHz, CD,Cl,): 8.19 (d, J=1.8, 2H), 7.91 (s, 2H),
7.59 (dd, J=8.8, 1.8, 2H), 7.42 (d, J=8.8, 2H), 5.89 (s,
3H), 4.17 (s, 6H), 2.74 (s, 3H). "*C-NMR (400 MHz,
CD,Cl,): 175.91 (g, J=33.7), 153.28, 151.08, 147.92,
141.29, 135.13, 128.52, 125.40, 123.80, 119.05 (g, J=
286.7), 117.62, 111.34, 89.95, 33.26, 21.98. ESI-MS:
12711 (M), 1064.0 ([M—hfac]™). Anal. calc. for
C57H50BryFqgLaNsOg: C 34.96, H 1.59, N 5.51; found: C
35.00, H 1.65, N 5.48.

Data of [L8Eu(hfac);]. VYield: 73%. 'H-NMR
(400 MHz, CD,Cl,): 24.06 (s, 2H), 10.28 (d, J=8.7, 2H),
9.11 (d, J/=8.7, 2H), 6.41 (s, 2H), 5.82 (s, 6H), 3.02 (s,
3H). C-NMR (400 MHz, CD,Cl,): 159.60, 158.55,
151.14, 147.57, 136.42, 132.05, 126.02, 120.22, 113.43,
99.67, 33.13, 18.97. ESI-MS: 1078.2 (IM—hfac] ). Anal.
calc. for C57H,0BryF1gNsOgEu: C 34.60, H 1.57, N 5.45;
found: C 34.60, H 1.62, N 5.39.

Data of [L8Gd(hfac);]. Yield: 85%. ESI-MS: 1083.3
([M—hfaC]Jr). Anal. calc. for C37HzoBr2F18N5O6Gd: C
34.46, H 1.56, N 5.43; found: C 34.36, H 1.67, N 5.38.

Data of [L8Y(hfac)]. Yield: 77 %. "H-NMR (400 MHz,
CD,Cl,): 8.30 (d, J=1.8, 2H), 8.0 (2s, 2H), 7.56 (dd, J=
8.7 and 1.9, 2H), 7.40 (d, /=8.7, 2H), 6.06, 5.90 (2s,
3H), 4.21 (s, 6H), 2.76 (3s, 3H). ESI-MS: 1014.0
(IM—hfac]™). Anal. calc. for Cj;H,0BroFigNsOgY: C
36.39, H 1.65, N 5.73; found: C 36.20, H 1.67, N 5.82.

Data of [L8Er(hfac)s]. Yield: 79%. ESI-MS: 1093.3
(IM—hfac]™). Anal. calc. for Cs;H,BryErFgNsOg: C
34.19, H 1.55, N 5.39; found: C 34.56, H 1.58, N 5.75.

X-Ray Crystallography

Crystals were mounted on a MiTeGen cryoloop with
protection oil. Cell dimensions and intensities were
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measured at 100K or 120K on a Rigaku XtalAB
Synergy diffractometer equipped with a hybrid pixel
array detector (Hypix Arc 150) and microfocus sealed
X-Ray source (Cu[Ka] radiation). The structures were
solved by using dual space method with SHELXT.”®!
Full-matrix least-square refinements on F?> were
performed with SHELX2014.78 and all other calcula-
tions and drawings were performed with OLEX2?
and ORTEP®Y programs. CCDC 2224787 -2224802
contain the supplementary crystallographic data for
this paper. These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures
service www.ccdc.cam.ac.uk/structures. Summary of
crystal data, intensity measurements and structure
refinements for ligands 1, L7, L8 and complexes
[LkLn(hfac);] (Lk=1, L7, L8; Ln=La, Eu, Gd, Er, Yb, Y)
and [L7Na(hfac)] were collected in Tables ST1-53, 510,
$13,S516, 519, 522, 529, 532, 535, 538, 541, 544, 551 and
554

Supporting Information

Characterization of the new compounds are reported
in the electronic supporting information which is
available under https://doi.org/10.1002/hcla.
202200190. CCDC deposition numbers 2224787 -
2224802 contain the supplementary crystallographic
data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Ac-
cess Structure service www.ccdc.cam.ac.uk/structures.

Deposition Numbers 2224787 (for 1), 2224788 (for
[1Eu(hfac)s]), 2224789 (for [1Y(hfac)s]), 2224790 (for
[L7La(hfac);]), 2224791 (for [L7Eu(hfac)s;]), 2224792
(for [L7Gd(hfac);]), 2224793 (for [L7Y(hfac)s]),
2224794 (for [L7Er(hfac)s]), 2224795 (for L8), 2224796
(for [L8La(hfac);]-CH,Cl,), 2224797 (for [L8Eu-
(hfac);]-2(C5H4,0)), 2224798 (for [L8Gd-
(hfac);]-2(C4H,(0)), 2224799 (for [L8Y(hfac)s]-(CH,CI,)),
2224800 (for [L8Er(hfac);:CH,Cl,]), 2224801 (for
L7-CH,Cl,) and 2224802 (for [L7Na(hfac)]).
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