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a Nonadentate Bispidine Ligand

Laura Abad-Galan,” Patrick Cieslik*,™ Peter Comba,*™ @ Michael Gast,” Olivier Maury,**
Lucca Neupert,” Amandine Roux,® and Hubert Wadepohl®

Dedicated to Professor Wolfgang Kaim on the occasion of his 70™ birthday.

Abstract: Eu", Tb", Gd" and Yb" complexes of the non-
adentate bispidine derivative L* (bispidine = 3,7-diazabicyclo
[3.3.1]lnonane) were successfully synthesized and their emis-
sion properties studied. The X-ray crystallography reveals full
encapsulation by the nonadentate ligand L? that enforces to
all Ln" cations a common highly symmetrical capped square
antiprismatic (CSAPR) coordination geometry (pseudo C,,
symmetry). The well-resolved identical emission spectra in

solid state and in solution confirm equal structures in both
media. As therefore expected, this results in long-lived excited
states and high emission quantum yields ([Eu"L]", H,O,
298 K, t=1.51 ms, ¢ =0.35; [Tb"L}*, H,0, 298 K, T=1.95 ms,
¢ =0.68). Together with the very high kinetic and thermody-
namic stabilities, these complexes are a possible basis for
interesting biological probes.

/

Introduction

Luminescent lanthanide complexes generally have very narrow
and metal-ion-specific emission spectra, large pseudo-Stokes
shifts, relatively high quantum yields ¢ (for Eu" and Tb", e.g., ¢
around 20-30%"? and 60%® is common, and values up
90%™“® have been reported), and long emission lifetimes of the
order of milliseconds.”® Potential applications include emissive
optical materials and various kinds of biological probes, also
including in-cell imaging.”"® Major challenges for lanthanide-
based luminescence probes are the quantum yield and lifetime
optimization,"?'¥ and consequently, the limitation of non-
radiative deactivation processes like vibrational and/or rota-
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tional quenching or back-energy transfer."’””'® Quenching by

the O—H overtones of water often occurs from coordinated
H,0%" but may also be due to H,0 in the second coordination
sphere,? and therefore, full encapsulation of the metal ions by
the ligand is of great importance. Typical ligands used in the
area are octa- and nonadentate macrocyclic'®*>% and cryptate
based ligands®®*'*? as well as the tetradentate HOPO
family®*7% and a ditopic ligand producing helicates,?> as
shown in Scheme 1, together with the published octadentate
bispidine ligand L'™*" and its nonadentate derivative L?
discussed here. Ln" ions often realize coordination numbers of
8 or 9.4 |n particular, the bispidine-Ln" complexes
reported so far were all 9-coordinate with the octadentate L'
and a monodentate co-ligand, H,0, in aqueous solution."**'*
For CN=9, the coordination geometries most commonly
observed are trigonal capped prismatic (TCTPR)**¥ or spherical
capped square antiprismatic (CSAPR)“*? (see Figure 1), the
latter generally leading to more intense 4f-4f electronic
transitions due to the odd-parity asymmetry of the structure.””
Therefore, ligands that enforce highly symmetrical CSAPR
geometries are of particular interest.

The rigidity of the bispidine platform®>% and the versatility
in terms of denticity and donor types as well as the synthetic

Figure 1. Graphical illustration of a tricapped trigonal prismatic (left),
spherical capped square antiprismatic (middle) and muffin (right) coordina-
tion of Ln" ions.

Chem. Eur. J. 2021, 27,10303-10312  Wiley Online Library 10303  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0002-9709-3711
http://orcid.org/0000-0001-7796-3532
https://doi.org/10.1002/chem.202005459

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper
doi.org/10.1002/chem.202005459

Chemistry—A European Journal

0
NOON OH
o N = /\ f\ -
HO N N
[ j N—7 HN q; HN NH N
7N SN N ) CE’ ° o @ o) =
/N HO = - [
= HO 4 —0
Vel O R0 QJ,Q
" N
Me-DODPA o
= HN ° °© o ° NH e N Ho' 0 N
HO 0 p NH HN,_
0 N L %/ &) \ P
=\ HO o N N i
- P HN e o

NH
HO N _\ o OH
JN
o
0 o =9 bispidine L2
pyclen based
2L11,2-HOPO

cryptate

Scheme 1. Typical structures of commonly used ligands for Ln"

availability of a large number of ligands, makes this type of
chelator a favorable platform for a variety of applications,
including Ln" based luminescence probes.*>*¢ Moreover, with
negatively charged donors (e.g. carboxylates) or non-coordinat-
ing substituents, the overall charge of the complexes may be
affected, allowing to tune the cell permeability for in-cell
imaging. Also, a number of bispidine derivatives have been
reported that allow their attachment to biological vectors; of
particular interest is the substitution at C9, i.e. remote from the
coordination site.®”*"

We have recently reported nonacoordinate Ln" complexes
with the octadentate bispidine L' (Scheme 1) with CSAPR
coordination geometries, which, although coordination of a
water molecule was detected in the first coordination sphere,
lead to Ln" complexes with extended luminescent lifetimes and
appreciable quantum yields.*"” Importantly, these Ln" com-
plexes have large complex stabilities and also show exceedingly
high kinetic stabilities, as usually observed with bispidine metal
complexes."®%'%2 To further improve the system, the analogous
nonadentate ligand L? with the same rigid ligand scaffold and
predictably similar coordination geometry was believed to
significantly enhance the luminescence lifetime and provide
higher quantum yields by suppressing the detrimental water
coordination. Therefore, we now report the synthesis of the
nonadentate bispidine L? and its Ln" complexes and discuss
here their photophysical properties.

Ligand Synthesis

The synthesis of the nonadentate ligand L?> was achieved by
using two different protecting groups at the bispidine amine
donors N* and N’. The synthesis starts by building up the
bispidone scaffold (1) in two consecutive double Mannich
reactions (Scheme 2). The literature-known piperidone P** was
synthesized with commercially available starting materials, and
this allows to prepare it on a large scale (currently up to 100 g
batches). The piperidone was reacted with formaldehyde and
2,4-dimethoxybenzylamine to obtain the double amine-pro-
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ditopic hexadentate ligand

complexation, and of the bispidine derivatives L' and L with the numbering of bispidine L2.

tected bispidone 1. To prevent ring opening from retro-
Mannich reaction, the keto group at C9 of was reduced with
sodium borohydride, yielding bispidol 2. Deprotection with
trifluoroacetic acid led to intermediate 3 with one free amine,
suitable for coupling through nucleophilic substitution to tert-
butyl 6-(bromomethyl)picolinate 7.” The benzylated bispidine
4 was hydrogenated with palladium on activated charcoal to
yield the secondary amine precursor 59 tert-butyl 6-
(bromomethyl)-[2,2-bipyridine]-6-carboxylate 8 was obtained
from 6'-methyl-[2,2'-bipyridine]-6-carboxylic acid 9 by apply-
ing a known procedure to compound 7 (Scheme 3). Alkylation
was carried out as before for the synthesis of 4. The tert-butyl
ester groups of precursor 6 were finally removed by treatment
with TFA to obtain ligand L? in an overall yield of 5%. All
bispidine derivatives were obtained by purification via crystal-
lization, and the synthetic steps were carried out in multigram
scales (see Experimental Section for details).

Metal complexes

Equimolar solutions of the metal salts and ligand L? in
methanol/water (1:1) were combined and diethylether diffusion
afforded [LnL%[NO,] (for Lh=Tb, Gd and Yb), and [Eu L7
[CF;CO,] complexes with 40-70% vyield (Scheme 4). The for-
mation of the metal complexes was confirmed by HRMS,
elemental analyses and photophysical measurements. Crystals
of all four Ln" complexes, suitable for single-crystal X-ray
analyses, were obtained by diffusion of diethylether into the
methanolic solution of the complexes (Figure 1). However, the
counter ion of [EUL?[CF,CO,] could not be refined.*® The
geometry of the cation could, however, be established and
refined satisfactorily. Therefore, only the salient geometric
features are discussed and presented in Table 1.9 As seen in
Figure 2, in all structures the central Ln" ions are coordinated to
all nine donor atoms (N,0,) of the doubly deprotonated ligand,
fully saturating the coordination sphere and therefore avoiding
the detrimental coordination of water molecules. Selected bond
lengths and angles are compared in Table 1. It emerges that, in

10304  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 3. Synthesis of tert-butyl 6'-(bromomethyl)-[2,2"-bipyridine]-6-carboxylate (8).
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Ln = Eu, Th, Gd, Yb
X =CF;C0y, NOy

Scheme 4. Synthesis of the [LnL?|[X] complexes (X =CF,CO, for Eu, X=NO,
for Tb, Gd and Yb).

agreement with the lanthanide contraction, metal-donor bond
lengths are decreasing with increasing atomic number. This is
especially obvious for the M-Nbpicl and M—N7 bonds, where
the distances decrease by Ag,.,=0.12A and 0.09 A, respec-
tively. The metal-oxygen bond lengths show similar trends (M-
Opic: Agyyv, =0.10 A; M-Obpic: Ag,y, =0.09 A). The rigidity of the
backbone is supported by the constant N3.-N7 distances of
around 3.00 A. An overlay plot of all structures of the [LnL**
complex cations well visualizes the rigidity of the ligand due to
the bispidine platform (Figure 3).

Chem. Eur. J. 2021, 27, 10303-10312 www.chemeurj.org

Continuous shape analyses using the program SHAPE 2.1%”
were carried out to investigate the coordination geometry (see
Supporting Information, Table S2). The smallest continuous
shape measure values (CShM) are also presented in Table 1 (0<
CShM <100, CShM =0 indicates the perfect polyhedron). Ac-
cording to the experimentally determined CShM values, the
coordination geometry of all [LnL%[X] complexes can be
considered as a slightly distorted spherically capped square
antiprismatic (CSAPR-9, C,,), with the Muffin (MFF-9, C,) slightly
less well matching. A representation of the coordination
polyhedra is shown in Figure 4. For the CSAPR geometry, the
two square planes with internal torsional angles between 5.0°
and 12.2° are rotated by 15-30° to each other. The distances of
the centroids of the two square planes are 2.6 A on average
(Table 2). The centroid-N3 distances only differ slightly and are
in all cases close to 1.6 A. The centroid-centroid-N3 angles are
close to 180° and the dihedral angles are close to 0° in
excellent agreement with the shape analysis (see Supporting
Information for a detailed discussion of the crystal structures).

10305  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 1. Selected bond lengths [A] and angles [°] in the crystal structures of [LnL*][X] complexes (Ln=Eu,” Gd, Tb, Yb; X=CF,CO,, NOs) together with
selected CShM values.
[EuL?[CF,CO,1® [GAL[NO;] [TbL%[NO;]-solv [YbL?]INO;]
M-N3 2.665(5) 2.650(3) 2.652(2) 2.619(6)
M-N7 2.640(5) 2.622(3) 2.598(2) 2.553(6)
M—Npy1 2.580(5) 2.616(3) 2.693(3) 2.549(6)
M—Npy2 2.676(5) 2.692(3) 2.597(3) 2.664(7)
M—Npic 2.512(5) 2.520(3) 2.491(2) 2.438(6)
M—Nbpic1 2.549(5) 2.525(3) 2.504(10)" 2.434(6)
2.459(13)®
M—Nbpic2 2.520(5) 2.502(3) 2.492(14)" 2.444(6)
2.494(18)®
M—Opic 2.379(4) 2.378(2) 2.338(2) 2.284(5)
M—Obpic 2.364(4) 2335(2) 2.358(19)® 2.278(5)
2.28(2)"
N3--N7 3.007(5) 3.017(3) 2.996(3) 2.983(5)
Npy1--Npy2 4.721(5) 4.734(3) 4.704(4) 4.651(5)
N3-M-N7 69.06(14) 69.81(9) 69.58(7) 70.41(18)
Npic—M—Obpic 70.13(16) 72.42(9) 72.8(11)" 71.4(2)
71.6(15)®
Npy1-M—Npy2 127.83(16) 126.20(9) 125.56(8) 126.24(19)
Npic-Obpic-Nbpic2-Opic 11.43 10.81 8.29" 5.02
7.50®
Opic-Npic-Obpic-Nbpic2 12.18 11.55 8.94"! 5.10
7.52"
Npy2-N7-Npy1-Nbpicl 6.36 8.75 8.40" 10.16
10.92®
Npy1-N7-Npy2-Nbpicl 5.46 7.70 9.52®! 9.80
10.28"
CShM (CSAPR-9, C,,) 1.682 1.615 1.748 1.380
CShM (MFF-9, C,) 2.051 1.995 2.093 1.828
[a]®®: [b] 0.57:0.43 disorder.

o3 ﬁjjj LS A S
< :5: WA | “
<

. L - e = & K6

) il P Vil B 1&; - :'4\6
. bpa2 d : e, . :
A N \v « FR4

[EuL?]CF,;CO, [GdL?]NO;-4 H,0 [TbL2]NO;-solv [YbLZ]NO;-MeOH

Figure 2. ORTEP plots of the [LnL?]" complex cations. Atoms are shown at 50% probability; hydrogen atoms, solvent molecules and anions are omitted for
clarity .

Table 2. Distances [A] and angles [°] in the coordination polyhedron of . . .
[LnL2]* complex cations. Photophysical Investigation
[EUL?][CF,CO,J®  [GdLZINO;]  [TbL?[NO,]®  [YbL[NO;]
For the photophysical characterization, absorption, excitation,

X;-X,19 2.597 2.570 2.543 2.477 - . .

2585 and emission spectra as well as emission quantum yields and
X,-N31 1.600 1.590 1.590 1.606 excited state lifetimes of all complexes, where possible and

1.590 useful, were measured in the solid state (amorphous phase) and
X;-X,-N39  173.03 173.22 174.93 175.79 " . . . .

173.19 in diluted aqueous solution. The main data are summarized in
R 0.96 1.83 081 1.06 Table 3.

213 The absorption profiles of all complexes in water are
[a]®®; [b] 0.57:0.43 disorder; [c] centroid of the square planes: X, =Npy1- identical and show the characteristic t—mt* transitions of the
N7-Npy2-Nbpic1, X,=Npic-Obpic-Nbpic2-Opic; [d] dihedral angles be- pyridine and picolyl moieties at 260-280 nm,"" as well as a red
tween the mean plane of the two square planes. shifted t-m* band at ~315 nm, attributed to the bipyridine arm

Chem. Eur. J. 2021, 27,10303-10312  www.chemeurj.org 10306 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Molar absorptivities of 10 uM aqueous solutions of [LnL?][X] at
25°C (Ln=Eu (orange trace), Gd (violet trace), Tb (blue trace), Yb (green
trace); X=CF;CO, (for Eu), NO,).

Figure 3. Overlay of crystal structures of [LnL?]" complex cations (orange: Eu, X . . X
purple: Gd, blue: Tb, green: Yb). Hydrogen atoms, solvent molecules, anions 4:1, 77 K) without and with a 0.1 ms delay to filter the short-

and non-coordinating residues have been omitted for clarity.® lived component of emission from possible fluorescent states
(Figure 6). When performing time-gated emission spectroscopy,
the high energy band disappears, being then assigned to
fluorescence from the relaxed singlet state (Es;=30,600 cm™),
while the long-lived well-structured band centered at ~500 nm
remains, being consequently assigned to phosphorescence
from the triplet state. The deconvolution of this band into 4
individual peaks allows the localization of the lowest triplet
state, E;;=22,500cm™' (see Figures6 and S2). This triplet
excited state energy should be of sufficient energy to efficiently
sensitize the main emissive states of Tb®" (°D,~20,000 cm™),

CSAPR Eu®* (°D,~19,000 cm™ and °D,~17,200 cm™'), and Yb>* (*F,,,~
10,000 cm ™), while limiting detrimental back-energy transfer
(Figure 7).7""72

Indeed, upon excitation of the ligand at ~315 nm, charac-
teristic sharp emission profiles, assigned to the ’F«°D,

1.0
S \.VL,ka\
\
£ o8-
=
= )

MFF € 06 * “ \
= \
=
1}

N

K]

E
Figure 4. Depiction of the coordination polyhedra CSAPR (a) and muffin (b), g
derived from the [YbL?]" complex cation. Coordinating atoms are shown as
balls, the bispidine backbone as wireframe. Metal center, hydrogen atoms
and non-coordinating residues have been omitted for clarity.

T T T T 1
350 400 450 500 550

Wavelength/ nm

(Figure 5).°*7% Since the energy of the triplet state of the ligand

| . tant role in th itizati f the lanthanid Figure 6. Emission spectra (A, =300 nm) of [GAL?][NO,] without (black
p aYS an important role in ) € sensitization o ela a e trace) or with (blue trace) a delay of 0.1 ms at 77 K in a mixture EtOH:MeOH
excited states, the photophysics of the [GAL’][NO;] complex was  (4:1). * and * represent the location of the lowest singlet and triplet state,
examined at low temperature, in glass medium (EtOH/MeQOH  respectively.
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Table 3. Selected photophysical data of [ML?]" in the solid and in dilute aqueous solution (H,0, D,0) at 298 K.
Compound Medium habs [NM] € [Lmol~'em™"] Aem [NM] T [us] Tp [us] o, DY, Nsens
[GAL?][NO;] H,0 262 13,500 345 - - - - -
313 8,000
EtOH/MeOH - 77 K - - 500 - - - - -
[EuL?|[CF4CO,] Solid State - - 614 1,480 3,578 0.41 0.50@ 0.71
H,0 (D,0) 261 13,500 614 1,510 4,507 0.34 0.35" 0.97
314 8,000 (2,150)
[TbL?][NO;] Solid State - - 544 1,200 - - 0.719 -
H,0 (D,0) 261 16,000 544 1,950 - - 0.68" -
313 9,000 (2,210
[YbL?][NO;] Solid State - - 979 5.11 - - - -
H,O0 262 15,000 979 3.54 - - - -
312 9,500
[a] using an integrating sphere; [b] with quinine bisulfate as reference (®;=0.54 in 0.5 M sulfuric acid).
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GS 3,, T, Fy Fyn
LIGAND L Gd* Eu** Th* Yh

Figure 7. Jablonski Diagram for complexes [LnL][X] (Ln=Gd, Eu, Tb, Yb;
X=CF;CO, (for Eu), NO;) highlighting the possible energy transfer pathways
for the efficient antenna effect.

(J=0-4), 'F;~—°D, J=6-1) and *F,,«Fs,, 4f-4f transitions of
[EUL?][CF,CO,], [TbLAINO;] and [YbLZ][NO;], respectively, in both
the solid state and diluted aqueous solution were obtained
(Figure 8). In all cases, residual ligand fluorescence cannot be
detected, indicating possibly an efficient sensitization process.
Additionally, broad excitation spectra comparable to the
absorption spectrum of the ligands were measured, confirming
the antenna effect (Figures S3, S4, S8-11). The energy transfer
mechanism as well as the excited states involved for each
complex are compiled in Figure 7. The excited state lifetimes at
the maximum wavelength were measured at room temperature
for the three complexes. In every case, the decay data were
fitted mono-exponentially with values of 1.48 ms, 1.20 ms and
5.11 ps, in the solid state and 1.51 ms,1.95 ms and 3.54 us in
diluted aqueous solution for the Eu", Tb" and Yb" complexes,
respectively, suggesting the presence of one unique species in
each medium. These values are significantly longer than those

Chem. Eur. J. 2021, 27, 10303-10312 www.chemeurj.org

of the previously reported lanthanide(lll) complexes with the
bispidine L'.*" This is interpreted to be due to the incorporation
of a bipyridine in the new ligand, which offers an additional
donor to fully encapsulate the lanthanide center, as shown in
the crystal structures. To further prove the saturation of the first
coordination sphere of the lanthanide ions in solution, lifetimes
were measured in natural and deuterated water (Table 3), and
the hydration number g was estimated with the usual
phenomenological equation.”” The g values are 0 for both, the
Eu" and Tb" complexes, indicating the absence of water in the
first coordination sphere in solution, as expected from the
ligand design and crystal structures.

The quantum yields for [EuL?][CF,CO,] and [TbL?][NO,] were
measured by following an absolute method in the solid state,
using an integrating sphere, and by relative methods in water
by using quinine bisulfate as reference (Table 3). While the
values for the Eu" complex are 0.50 and 0.35 for the solid state
and aqueous solution, respectively, slightly higher numbers
were obtained for the Tb" complex, with 0.71 and 0.68,
respectively. It is important to note that these values are
comparable for the two media, indicating similar environments
of the lanthanide complexes and minimal multiphonon deacti-
vation by solvent relaxation. The equivalent emission spectra
for solid state and solution experiments found for all three
complexes, also suggest conservation of the symmetry upon
solution of the complexes. The values for lifetimes and quantum
yields are comparable to other well studied complexes with
macrocylic ligands.26'2242>28)

The efficiency of the sensitization process could be further
quantified in the case of the Eu" complex (see Supporting
Information for details), where the radiative decay was calcu-
lated from the emission spectra to be 3.58 ms and 4.51 ms in
the solid state and aqueous solution respectively. These
numbers result in an intrinsic quantum yield of 0.41 and 0.34,
respectively, giving sensitization efficiencies of 0.71 and 0.97,
respectively. While the value in the solid state is moderate, as
observed for other Eu" complexes,”>7¥ the value in water is
remarkably high, where typically enhanced quenching by the
solvent is observed”® and highlights the intense luminescent
properties of these compounds in solution.

10308 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 8. Emission spectra (Ao, =313 nm) of [LnL*][NO;] (Ln =Tb, green trace
and Ln=Yb, blue trace) and [EuL][CF;CO,] (red trace) at room temperature
in the solid state (a) and in diluted aqueous solution (b).

It is well-established that Eu" and Yb" emissions are
particularly sensitive to environmental effects and in particular
to variations in the first coordination sphere, making them
valuable local symmetry or geometry probes.” Therefore, the
solution structures of these complexes were studied in further
detail and compared to the experimental crystal structures.”
Experiments were performed at 77 K to reduce inhomogeneous
line broadening and obtain higher resolution emission spectra
(Figures 9, 10). In the case of [EuL?][CF,CO,] in a mixture EtOH:
MeOH (4:1) at 77 K, the observation of an intense “F,—°D,
transition indicates that the Eu®*" ion occupies a site with low
symmetry like C,, C, or C, (Figure9). The fact that this
transition, intrinsically non-degenerated (J=0), can be fitted
with a single Gaussian curve with a width at half maximum of
~20 cm™, indicates that one unique emissive species is present
in solution, and therefore, no speciation occurs upon dissolu-
tion. Moreover, the ’F,«°D, transition reflects the crystal-field
splitting (CFS) of the ’F, level and additional information about
the symmetry of the complex can be gained. Experimentally,
we observe three clear CFS-sublevels of the ’F,, present in
orthorhombic or lower symmetries. In such low symmetry, the
splitting of the ’F, transitions is expected to yield 2 J+1 CFS-
components.”® The hypersensitive (J=2) transition can there-
fore be decomposed to 5 gaussian curves, while the J=4
transition is deconvoluted only into 7 due to overlap between
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Figure 9. (a) Emission spectra (\.,. =313 nm) of [EuL?][NO;] in EtOH:MeOH
(4:1) at 77 K. (b) Zoom of the main transition bands and their deconvolution
to Gaussian curves in the wavenumber scale.

the different bands (Figure 9b). Comparable features of the
emission spectrum where similarly found in the solid state at
low temperature, confirming the stability of the complex upon
dissolution (Figures S4, S5). In addition to the crystal field
splitting, the relative intensity of the ’F, + °D, transition is also
a good indication of the symmetry of the complexes.”” In this
case, the emission profile in solution at 77 K presents relative
intensities of 0.03, 1, 1.48, 0.11, 2.03, while values of 0.03, 1,
1.44, 0.13, 2.07 are obtained in the solid state. In both cases, the
magnetic dipole transition (J=1) was used as an internal
reference. The similarity of the relative intensities confirms that
the symmetry of the complex in the solid state is maintained in
solution. The ’F,«°D, transition clearly appears as the main
contribution of the total emission area. In general terms, this
transition is very weak for centrosymmetric compounds and
becomes more intense for compounds with lower symmetry
than D,y while the intensity of the J=2 transition follows the
opposite trend. Therefore, the ratio of the intensity of the J=2
over the J=4 transitions (R) can serve as an indicator to
compare the symmetry of different complexes. In the present
case, the obtained values of 0.73 and 0.70 in solution and in the
solid state, respectively, indicates a rather low symmetry of the
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studied complexes.”® This value is much lower than those
previously seen for TACN®*’ or pyclen® based lanthanide
complexes, featuring perfect C,, and distorted C; symmetry,
respectively. These features clearly indicate a low symmetrical
environment of the studied complex, suggesting that the
geometry can be assigned to a distorted CSAPR (C,,) or a Muffin
(MFF-9) polyhedron with C, symmetry, found as the second
closest geometry by shape analysis of the solid-state
structure.

Finally, the crystal field splitting was also studied for the Yb"
complex at low temperature. The line-like emission in the range
of 900-1100 nm, characteristic of the *F,,«F, transition
found at room temperature was better defined at low temper-
ature (Figure 10). The total removal of the hot bands at
~950 nm as well as the four sublevels of the Kramers F,,, state
at 10,225, 10,050, 9,900 and 9,775cm™" could clearly be
distinguished. Broad total splitting of the °F,, has been
previously assigned to low symmetric geometry of Yb**
complexes.®'®? In the present case, the overall splitting of the
ground state °F,,, is 428 and 438 cm™" in solution and the solid
state at 77 K, respectively, which indicates the conservation of
the structure upon dissolution (Figure 10b). These values are
higher than for previously reported complexes with higher D,
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Figure 10. (a) Emission spectra (Ao, =313 nm) of [YbL?[NO;] in aqueous
solution at room temperature (black trace), in a mixture of EEOH:MeOH (4:1)
at 77 K (blue trace) and (b) its low temperature emission comparison with
the solid state (red trace).
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symmetry (~350 cm™")®*%¥ but lower than less symmetrical
examples with D, symmetry (~525cm )% pyre C,
(670 cm")® or really low symmetric structures (triclinic) with
values over 800 cm~".**°" These results highly suggest that the
structure of [YbL?[NO,] is close to C, symmetry (CSAPR), in
perfect agreement with the shape analysis, where it can be
observed that in fact, [YbL?][NO,] is the least CSAPR distorted of
the series.

Conclusion

We report the successful synthesis of the first nonadentate
bispidine ligand, which leads to a fully saturated coordination
sphere with Ln" ions. The photophysical properties show
significantly increased lifetimes compared to those with the
octadentate ligand L' (by factors of approx. 3)*" and exciting
results in terms of quantum yields. The thorough investigation
of the spectroscopic and photophysical properties allows to
confirm the prediction that the structures in solution and in the
solid state are identical and that solvent molecules do not
coordinate directly to the metal ions. This is important
information for other applications of Ln" complexes of L?
(including radiopharmaceutical probes or MRI), and it also
indicates that these complexes are very stable and inert. For
applications as biological fluorescence probes, red-shifted
absorptions would be of interest, and modifications to achieve
this goal as well as bioconjugation may be included in future
work.

Supporting Information

The entire Experimental Section, the crystallographic data and
information on the structural refinement, NMR and high-
resolution mass spectra of all relevant ligand intermediates,
ligands and complexes, as well as additional details on the
photophysical experiments are given as Supporting Informa-
tion.
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