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Synthesis, Crystal Structures, and lon Pairing of k°N
Complexes with Rare-Earth Elements in the Solid State and

in Solution

Perrine M. R. Wingering,” Silvia Hohnstein,” Felix Kramer,” Melina E. A. Dilanas,”
Cristina Ruiz-Martinez,™ Ignacio Fernandez,*™ and Frank Breher*®

The rare earth element complexes (Ln=Y, La, Sm, Lu, Ce) of
several podant k°N-coordinating ligands have been synthetized
and thoroughly characterized. The structural properties of the
complexes have been investigated by X-ray diffraction in the
solid state and by advanced NMR methods in solution. To
estimate the donor capabilities of the presented ligands, an
experimental comparison study has been conducted by cyclic
voltammetry as well as absorption experiments using the

Introduction

The coordination chemistry of the trivalent f-block elements is
very diverse™ and lanthanide(lll) ions are classified as hard
Lewis acids relating to the HSAB (hard/soft Lewis-acid/base)
theory.” Considering this, the Ln*" ions show a high coordina-
tion affinity with hard electron donating groups such as oxygen
or fluorine.”

For a long time, N-donor ligands were considered to be too
soft for the complexation with lanthanide cations. Meanwhile,
multiple rare earth elements (REE) were coordinated with
nitrogen-based ligands such as amine guanidine,>® N-
heterocycles” or Schiff bases,®™ evidencing technological and
scientific applications in catalysis,®® medicine,"” luminescent
materials,"" or in magnetochemistry.'? Another application, in
which tri-'¥ and tetradentate™ nitrogen-based ligands have
shown effectiveness, is for the nuclear waste treatment.

Nuclear waste treatment is of important interest because
10.000 tons have to be safely disposed per year.'™ The nuclear
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cerium complexes and by analyzing Y NMR chemical shifts of
the different yttrium complexes. In order to obtain a complete
and detailed picture, all experiments were corroborated by
state-of-the-art quantum chemical calculations. Finally, coordi-
nation competition studies have been carried out by means of
'H and *'P NMR spectroscopy to investigate the correlation with
donor properties and selectivity.

waste is composed of highly radioactive compounds such as
uranium, plutonium and minor actinides americium, curium,
neptunium and their long-lived fission products."® Radioactive
waste represents a risk for human and environmental health”
and the proper disposal of the waste is essential. Therefore, the
Advanced Fuel Cycle (AFC) has been developed and is
attractive: in addition to decreasing the waste volume, it
simplifies the requirements for a repository due to the low
long-term risk potential."® According to this method, highly
radioactive nuclear waste is separated (Partitioning) and the
minor actinides are transformed into stable fission products or
rather to nuclides with a short half-life time (Transmutation).
After separation of uranium, plutonium and neptunium by the
PUREX process,"” americium(lll), curium(lll) and the lanthanides
are isolated from the other fission products using the DIAMEX
process.”” Finally, the SANEX process allows the separation of
Am(lll) and Cm(lll) from the lanthanides using N-donor ligands,
for example, containing bis-triazinyl-pyridine (BTP) or bis-
triazinyl-bipyrdine (BTBP) moieties (see Scheme 1).2" The trans-
mutation of Am(lll) and Cm(lll) is made by reaction with
neutrons® and some lanthanides show a high neutron
absorption ratio that drastically decrease the efficiency of the
reaction. For this reason, the separation of the lanthanides from
the Am(lll) and Cm(lll) is imperative to improve the trans-
mutation yield. However, the separation of 4f- and 5f-elements
is challenging because of their chemical similarities, and there-
fore investigation of their coordination chemistry will help to
better understand which properties are decisive for selective
coordination.”® Sterics, the bond lengths to the actinide, or
stoichiometry involved between the ligand and the metal are
the most discussed aspects that influence the ligand
selectivity.””

To better investigate the electronic and steric role of ligands
in coordination with f-elements, the use of rigid tripodal ligands
is of great interest. Our group already reported a k°N donor

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Established polydentate N-donor ligands and k°N donor ligands
investigated in this study.

ligand that exhibits coordination ability with trivalent REE and
plutonium.” By using this ligand backbone and varying the N-
heterocyclic substituents on the ligand donor entities, it was
possible to synthesize multiple comparable ligand systems with
varying electronic and steric properties (cf., Scheme 1).

We report herein the synthesis of various k®N donor ligands
and their complexation ability with several Ln** ions. Most of
the compounds are characterized in detail using X-ray diffrac-
tion, pulsed field-gradient spin-echo (PGSE) diffusion NMR
measurements, and low-temperature multinuclear NMR spec-
troscopy. The donating character of the ligands is investigated
by complexation with cerium triflate followed by cyclic
voltammetry, Y NMR of the resulting yttrium complexes and
UV-vis spectroscopy. All experiments were accompanied by
quantum chemical calculations to shed more light on the donor
capabilities. Finally, competition assays performed between
ligands and lanthanide precursors examine the selectivity of the
different ligands.

Results and Discussion

Synthesis

The synthesis of the k°N donor ligands (S)P[N(Me)N=C(H)-Het],
(Het = heterocycle: im, 1H-imidazolyl; ™¢im, N-methyl-1H-imida-

zolyl; py: pyridyl) have been previously reported by our
group.”® Following similar reaction conditions, the synthesis of
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Scheme 2. Synthesis of the ligands.

(S)PIN(Me)N=C(H)-Het] (Het: **¢im: 4-methyl-1H-imidazolyl; *™e-
pz: 5-methyl-1H-pyrazolyl; pyz: pyrazine; pydz: pyradizine) were
performed by imine condensation between 1,1,1-trimeth-
ylthiophosphoryltrihydrazide (SP(NMe-NH,);) and the corre-
sponding carboxaldehydes of the heterocycles (Scheme 2).

The obtained ligands were recrystallized from acetonitrile,
hexane/chloroform or cold ethanol (see Experimental Section).
The formation of the ligands was verified by 'H NMR spectro-
scopy by disappearance of the aldehyde signals (8,=9.5-
10.5 ppm) and by *'P NMR spectroscopy by shifting of the
signal to lower frequencies (8, =72.3-72.9 ppm) compared to
SP(NMe-NH,),.

Complexation experiments with Ln(OTf); (Ln=Y, La, Ce, Sm,
Lu) were carried out in THF at room temperature under an
atmosphere of argon. In all cases, complexes of the general
formula [(x°N-L)Ln(OTf);] were obtained, generally denoted as
M(Het) hereafter, depending on the metal (M) and the hetero-
cycle in the ligand (S)P[N(Me)N=C(H)-Het],. The different
lanthanides were chosen to investigate the coordination of the
ligands with those of small (Y and Lu), middle (Sm), or large
ionic radii (La). Cerium is redox-active and enables cyclic
voltammetry measurements for experimental analysis of the
donor properties of the ligands.””” Unfortunately, no pure
products were obtained by complexation of different lantha-
nide triflates with pyz and pydz. For the ligand “¢im, only
Ce(™im) could be obtained in analytically pure form.

Solid state structures

The structures of all reported complexes are very similar,
establishing mononuclear species (Figure 1). Selected bond
lengths are summarized in Table 1. The cationic metal atoms
are coordinated in each case by three triflate counter ions (k'0)
and three imine and three heterocyclic nitrogen atoms (k°N) of
the donor ligand. The only exception is observed for the Lu(im)
complex, where one triflate counter-ion is not directly coordi-
nated to the metal centre in the solid state. This behaviour can
be explained by the smaller ionic radius of the Lu®* cation
compared to the other lanthanides (La*": 121.6 pm, Ce*':
119.6 pm, Y**: 107.5pm and Lu**: 103.2 ppm).”® Another
structural difference is the coordination of the im ligand with
cerium and lutetium. For lutetium, three imine nitrogen atoms
N2, N4 and N6, and three imidazole nitrogen atoms N7, N9 and
N11 are coordinated to the central atom. However, for the
cerium complex, one N—Me (N2) nitrogen donor and only two
Nimine donors (N4 and N6) are coordinated to the cerium centre.
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Figure 1. Solid-state molecular structures of the [(k°N-L)Ce"] complexes and the associated calculated steric maps using SambVca.

[30]

! Views are given from

below omitting the lowest triflate anions (030): Ce(im) (a), Ce(**im) (b), Ce(***pz) (c) and Ce(py) (d). Thermal ellipsoids are given at the 30% probability level.

Hydrogen atoms are omitted for clarity.

Table 1. Selected bond lengths (A).
Lu(im) Ce(im) Ce(*"eim) Y(*Mpz) La(*Mpz) Ce(*Mpz) Ce(py)

M—N2 2.428(11) 2.743(5) 2.718(2) 2.711(3) 2.721(3) 2.692(3) 2.799(2)
M-—N4 2.265(13) 2.666(5) 2,634(2) 2.568(3) 2.700(3) 2.752(3) 2.658(2)
M—-N6 2.511(12) 2.707(5) 2.803(2) 2.582(3) 2.775(3) 2.696(2) 2.689(2)
M-—N7 2.364(13) 2.612(6) 2.594(2) 2.457(3) 2.660(3) 2.554(3) 2.643(2)
M-N9 2.363(12) 2.579(5) 2.621(2) 2.444(3) 2.576(3) 2.550(3) 2.670(2)
M-N11 2.371(12) 2.623(6) 2.570(2) 2.478(3) 2.565(3) 2.639(3) 2.681(2)
M-010 2.216(11) 2.469(4) 2.474(2) 2.324(3) 2.471(2) 2.443(2) 2.478(2)
M—-020 2.265(10) 2.462(5) 2.290(2) 2.367(3) 2.540(3) 2.495(3) 2.430(2)
M—-030 2.448(4) 2.479(2) 2.350(2) 2.466(2) 2.465(2) 2477(2)

Table 2. Selected structural details for the cerium complexes (cf. Figure 2).

For the M(im) complexes (M=Lu, Ce), the Lu—Nnne (@ Ce(im) Ce(*¢im) Ce(™pz) Ce(py)
2521 A) and Lu—N,, (@ 2.366 A) bond lengths were found to be & dCe N /A 2687 A . 2713 A 271
considerably shorter than the corr?sponding values detected & d(Ce-Ny)/A 2604 A 5595 5579 A 2664
for Ce(im), i.e. Ce—Niine (@ 2.687 A) and Ce—N,, (@ 2.604 A). iy :
This is also reflected in the M—O bond lengths of @ 2.240 A for AR 2365 2593 2630 2352
Lu—0 and @ 2.460 A for Ce—0, respectively. /A 2141 2057 2017 2,033

For the M(**pz) complexes, the M—N bond lengths of the | h:"/A 0464 0528 0618 0505
La and Ce complexes are very similar, while those of Y(*"*pz) bite/A 2.825 2778 2.758 2756
are much shorter. Typical values are, for instance, Ce—N;ine (@ a®/A 2.862 3.050 3.115 2.083
2.713 A) and Ce—N,, (@ 2.579 A) versus Y—N, ;. (@ 2.620 A) and A 4253 4248 4186 4349
Y*sz (@ 2.459 A) The same trend is observed for the M—O eRr 65.267 62.972 62.729 61.607
bond lengths: while La—O and Ce—O are similar, the Y—O bonds - - -

o [a] according to Figure 2; [b] h, and h, denote the distance of the central

are 0.145 A shorter. metal ion from the planes defined by (N;,); and (N,)s, respectively.

All cerium complexes shown in Figure 1 possess similar
bond lengths (cf. Table 1).2® In order to quantify the steric
profile and the ligand “pockets” of the «°N ligands im, *im,
*Mepz, and py, we have analysed selected geometric measures
for tris-bidentate ligands.”® It was of particular interest if the
trigonal torsion and metal —ligand bond lengths are correlated
in Ce complexes featuring different heteroatoms in the multi-

dentate ligands (Figure 2 and Table 2). All the cerium complexes

Chem. Eur. J. 2023, 29, €202301529 (3 of 14)

show comparable geometrical structures. However, Ce(im)
stands out from the crowd with a larger 0 angle and longer bite
distances compared to the other complexes. The d(Ce—N;mine)
bonds are shorter for Ce(im) although the h, distance is the
shortest, which confirms the higher distortion expressed by 6.
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Figure 2. Selected geometric measures for complexes of tris-bidentate
ligands; (top) for the case of the ideal octahedron; (bottom) for the ideal
trigonal prismatic structure; h: height of the polyhedron (here distance of
the planes defined by (N;i.); and (Ny..)5); a: non-bonded distance of N,
donors; ¢: non-bonded distance of N, donors; bite: intra-podal donor
distance; 6: trigonal twist angle of the planes (N;n); and (Nye)s.

In contrast with the two other five-membered N-heterocyclic
ligands **¢im and **pz, the im ligand seems to be more flexible
and enables the third triflate counter ion to coordinate more
easily to the lanthanide center. With respect to Ce(py), the
distances a are the shortest, and the distances c are the longest
obtained, which testify to a less prismatic but more conical
geometry of the complex. According to that, more space is
available for the axial triflate counter-anion to coordinate to the
cerium center.

We have also qualitatively evaluated the steric bulk
provided by the different ligands by analysing their steric
maps.B" The steric maps of the complexes with the remaining
two equatorial triflate groups are shown in Figure 1. The steric
bulk is viewed from the Ce—P axis. For Ce(im) (a) and Ce(py) (d),
the steric hindrance at the metal centre is lower than that for
the two other complexes. The flexibility of Ce(im) and the
conical geometry of Ce(py) observed previously apparently
decrease the steric hindrance at the metal centre. For Ce(**im)
(b), the coordination sphere of the Ce atom is more crowded by
the ligand and the two equatorial coordinated triflate counter
ions, which hamper the coordination of the third triflate group.
Meanwhile, for Ce(***pz) (c), the methyl groups of the ligand fill
up the coordination sphere towards the Ce—P axis of the cerium
centre, making the coordination of the third triflate counterion
more unfavourable. Based on these findings, we expected a
lower steric hindrance in the im- and py-based complexes as
compared to the **im and *“®pz counterparts. To shed more
light on the solution behaviour, we performed in-depth NMR
spectroscopic studies.

Chem. Eur. J. 2023, 29, €202301529 (4 of 14)

Diffusion NMR experiments

The presented tris(hydrazonyl)thiophosphane ligands are model
compounds to investigate the complexation behaviour of f-block
elements. The study of the coordination behaviour in solution is
also of great interest and has been investigated using the
diamagnetic complexes with Y**, La®>" and Lu®" as central cations.
Complexes of the title compounds possess many NMR active
nuclei, such as 'H, C, "N, *P, F and *Y for the yttrium
complexes, which makes them interesting probes for the inves-
tigation in solution. As can be seen in the crystal structure of
Lu(im), one triflate group is not coordinated to the lutetium centre
in the solid state (Supporting Information). However, only one
sharp "F NMR signal (W,,=3.8 Hz) is detected in the '"F NMR
spectrum indicating a fast exchange of the triflate groups at room
temperature. To investigate this behaviour more deeply, PGSE
(pulsed gradient spin echo) NMR methods have been executed,
enabling the determination of the diffusion constant (D) for the
complexes.®>* Diffusion measurements of ionic transition metal
compounds provide information about the interaction between
cation and anion and, in turn, the degree of ion pairing in
solution®™ 'H and FNMR diffusion experiments have been
performed for several Y, La and Lu complexes (Table 3). The
diffusion coefficients have been determined and the related
hydrodynamic radii r; was calculated using the Stokes-Einstein
equation.® Unfortunately for the ““(im-based ligand, only the
La’* complex could be isolated in pure form and is the only

“Meim-complex analysed in this section.

Table 3. Diffusion coefficient D and hydrodynamic radius r, for selected
complexes (each 30 mM solution in d;-MeCN at 292 K.®' Experimental
error£2%." Calculated from the diffusion coefficient by Stokes-Einstein
equation, viscosity 1=0.363 10> kg m? s 25
Compound Nucleus D/107'° m%/s® ry/A®! Dc/Dy
M(im) Y H 9.89 6.1 0.719
9F 13.77 4.4
La H 10.19 59 0.773
F 13.19 4.6
Lu H 9.72 6.2 0.709
9F 13.70 4.4
M(*M¢im) La H 8.77 6.6 0.664
9F 13.21 4.6
M(*pz) Y H 12.65 5.1 0.778
F 16.61 4.0
La H 9.57 6.1 0.690
9F 13.86 43
Lu H 9.47 6.1 0.681
F 13.91 4.2
M(py) Y H 9.02 6.6 0.788
9F 11.46 52
La H 10.01 6.2 0.852
F 11.75 53
Lu H 9.70 6.4 0.725
°F 13.38 46
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Figure 3. Variation of the ratio D./D, as a function of ionic radius (in pm) of

the central metal ion in CD,CN at 292 K (D./D, = quotient of the diffusion
coefficient of cationic and anionic species, c=30 mM).

The cationic hydrodynamic radii (ry) of the im-based com-
plexes are in the range of r,=5.9-6.2 A, while the determined
anionic hydrodynamic radii are about 1.6 A smaller than the
cationic species. Based on the quotient of cationic (Dc) and anionic
(Dy) diffusion coefficients, the grade of ion pairing can be
determined. For the D/D,=1 value, all triflate counterions would
be fully coordinated, a deviation from the unity value is an
indication for some degree of solvent separated ion pairs (SSIPs)
and therefore the non-coordination of the triflate species to some
extent is evident. As shown in Table 3, all complexes are SSIPs in
solution. Regarding the im-based complexes, the La complexes
exhibit the highest D/D, value, followed by the yttrium and then
lutetium complexes, which are well-correlated to the decreasing
ionic radii. For Lu(im), the D./D, value is comparable with the one
reported previously for Lu(py) (Dc/D,=0.725,"" cf. Lu(im): D/D,=
0.709). The lanthanum complex with the py ligand Ln(py) follows
the same tendency, that is, a reduction of the diffusion ratio D./D,
within the ionic radius (Figure 3). The complex La(py) exhibits a
much higher D./D, value (D./D,=0.877%") as compared to La(im)
(Dc/Dp=0.773) and compared to Y(py) and Lu(py). Another
difference between py and im is the increased ion pairing in the
La and the Y complexes and much reduced increment in the Lu
complex. A smaller ligand ‘pocket’ of the latter, compared to py,
which shows a more conical geometry, is a possible explanation
for this difference. As observed in the previous section, in the X-
ray structure of Ce(im), three triflate counterions were coordinated
to the cerium centre. Instead, in Lu(im), the third triflate ion is
dissociated from the metal centre. The larger ionic radius of
cerium enables the coordination of three anions but by decreasing
the ionic radius, there is just enough space for two counter-ions to
coordinate to the lutetium centre. As discussed above, the im
ligand displays a high distortion by coordination of cerium, which
is not enough to coordinate with the lutetium centre and three
further triflate counterions. When *¢pz is involved, the linear
decreasing tendency is broken, with the yttrium complex showing

Chem. Eur. J. 2023, 29, €202301529 (5 of 14)
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Figure 4. °F NMR (282.40 MHz, CD;CN) spectra of Y(im) as a function of
temperature in acetonitrile.

a higher D./D, quotient than the La complex, the former of
smaller ionic radius. In this sense, La(***pz) and Lu(***pz) display
very small D/D, values compared to Y(**pz). For Y(*"°pz), the
quotient is comparable to that of Y(py) and is higher than the
value of La(im). Related to this, the D./D, quotient of La(**im) is
also very low and not comparable to the others obtained for
La(im) and La(py). The D./D, values obtained for the different
lanthanum complexes confirm the statement done by analysis of
the steric maps. The ligands **im and *"*pz crowd the metal
center, which results in the coordination of the third triflate anion
being complicated and consequently the D./D, values being
smaller than for im and py.

Low Temperature '°F NMR Spectroscopy

As mentioned in the previous paragraph, the triflate groups are
partially dissociated from the Ln centre in solution. For Lu(im), a
dissociated triflate group is observed in the solid state.
However, only one signal is observed by the '°F NMR spectro-
scopy experiment at room temperature in acetonitrile, support-
ing the view of a fast exchange at room temperature. To further
investigate the dissociation of the triflate group, '’F NMR
spectroscopy measurements of Y(im) and Lu(im) at lower
temperature were performed. At low temperature, the ex-
change between the associated and dissociated form of the
triflate group is slowed down and two 'FNMR signals are
observed as previously reported.”

For Y(im), a broadening of the signal at 8=—79.4 ppm is
observed by lowering the temperature to 253 K, followed by
splitting into two signals at 243 K (Figure 4). The one at lowest
chemical shift is reasonably sharp (W,,,=17.4 Hz), and the one
at higher frequency significantly broad (W,,,=44.3 Hz) due to a
probably non-resolved exchange between two of the three
triflate anions.

As mentioned previously, PGSE NMR experiments indicated
a smaller ion pairing for Lu(im) than for Y(im), and therefore
the same low temperature NMR experiments were performed
with Lu(im) to look for similarities. However, no signal splitting
was observed by lowering the temperature to 233 K and only a
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much broader signal was evidenced (Figure S97). The low
temperature NMR measurements were done in acetonitrile,
which freezes at 228 K. Therefore, measurements at lower
temperatures were not possible. The use of other deuterated
solvents such as acetone (T,,=178 K) or THF (T,,=165 K) could
not be employed due to the low solubility of the complexes in
these solvents.

¥Y NMR spectroscopy

®Yttrium NMR measurements were performed to investigate
the donor character of the different ligand systems. Faster
measurements are obtained when using indirect methods, and
therefore two-dimensional 'H, Y HMBC NMR experiments were
performed to unravel their chemical shifts (see Supporting
Information). The ¥Y nucleus showed a scalar interaction with
the imine proton of the different complexes. The yttrium
chemical shifts were all located in the range from 6,=—17.8 to
+56.6 ppm, and are clearly distinct among the different
complexes. Although a correlation between the *Y chemical
shifts and the metal coordination number is unclear,®® there
are examples in which the signal is located at lower chemical
shifts when strong donor atoms surround the nucleus with a
higher coordination number. Table 4 shows the experimental
®Y NMR chemical shifts for the complexes under study.
Interestingly, imidazole-like ligands (*"¢im, “¢im, and im)
showed positive chemical shifts, while py- and pz-like ligands
showed negative chemical shifts. Y(*Mpz) exhibits the lowest
chemical shift of 6,=—17.8 ppm followed by Y(py) with a
signal at 0y=—4.9 ppm. The substitution patterns in the
imidazole ring and the strength of the nitrogen bonding to the
yttrium atom seem to play an important role in driving the ion
pairing capabilities. In this sense, the Y(**¢im) complex has the

Table 4. Experimental and computed #Y NMR chemical shifts.

#Y NMR/ppm ¥Y NMR/ppm #Y NMR/ppm

Experiment® Method 1 Method 2%

Y(im) 24.8 9.03 263

[Y(im)-OTf]**! - 38.83 32.77
Y (M<im) 17.9 22.80 18.24
[Y(“¢im)-OTf]*! - 4219 37.94
Y(*¢im) 56.6 14.09 8.92

[Y(*¥¢im)-OTf]*! - 33.90 28.35
Y(*Mepz) —17.8 26.60 21.04
[Y(*Mepz)-OTf]+*! - 3254 27.92
Y(pydz) - 22.07 11.75
[Y(pydz)-OTf]+@ - 44.11 34.89
Y(pyz) - 38.96 30.94
[Y(pyz)-OTf] ™ - 48.40 41.12
Y(py) —49 49.00 40.94
[Y(py)-OTf]*™ - 69.87 62.68

[a] Complexes with two coordinated triflates and one acetonitrile; [b]

CD;CN; [c] TPSSh/SARC-ZORA-TZVP; [d] B3LYP/SARC-ZORA-TZVP.

highest chemical shift of the entire series with a value of 8,= +
56.6 ppm, whereas the Y(™iim) complex shows a more shielded
signal at 8y= +17.9 ppm.

At first glance, the observed trends seem to correlate well
with the ion pairing features. For instance, the *“¢im-based
ligand shows the smallest ion-pairing of the lanthanum
complexes (smallest D./D, value of 0.664) and is the one
showing the highest yttrium chemical shift of 8,= +56.6 ppm.
In the yttrium series, a similar trend is observed. The im ligand
shows the lowest ion paring ratio and the highest yttrium
chemical shift of 8,= +24.8 ppm. In the case of py and *"pz
ligands, both showed high D./D, ratios, and both display
negative chemical shifts of 8,=—17.8 and —4.9 ppm, respec-
tively. Although the dataset is very small at this stage, this could
be a good probe to study the donor abilities within this series.
To shed light on the coordination sphere of the Y atom in
solution, the ¥Y NMR shifts of the complexes with three OTf
groups as well as the cationic complexes where one OTf group
is replaced by one MeCN (denoted as [M(Het)-OTf]* in Table 3)
were calculated by means of DFT on TPSSh(B3LYP)/SARC-ZORA/
TZVP level of theory including CPCM(MeCN) solvation correc-
tion (further details in the Supporting Information). The error of
this method is about 20 ppm, which allows no exact determi-
nation of the coordination sphere in solution.®” Nevertheless,
the cationic species clearly show a calculated *Y NMR chemical
shift at lower field, which would be in line with the high
chemical shift observed for Y(*“¢im).

DFT Calculations

As already mentioned, we computed (TPSSh/QZVPP/D3BJ) the
proton affinities (PA) and the energies of the donor orbitals of
the isolated ligand N-donor entities. The results are given in
Table 5 and Figure 5.

Not for all ligand entities the HOMO is the corresponding
donor orbital (see caption of Figure 5 for details). The computed
PA shows values between 1005-1051 kJ/mol. For the im-, “¢im-,
*Meim-, *Mepz- and py-based ligands, the calculated PA correlates
well with the energies of the corresponding donor orbital such
that with increasing orbital energies the PA increases as well.
For the six-membered donors pydz and pyz, however, a reverse

Table 5. Computed (TPSSh/QZVPP/D3BJ) donor orbital energies and
proton affinities (PA).

PA/kJ/mol Edonor orbital/ €V donor orbital
im 1021 —6.56 HOMO-1
Meim 1051 —6.52 HOMO-1
Meim 1035 —6.49 HOMO-2
SMepz 1005 —6.67 HOMO-2
pydz 1027 —5.64 HOMO
pyz® 1018 —6.02 HOMO-1
py 1032 —6.26 HOMO-1
[a] Transition state with one imaginary frequency.
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Me. _H Me. _H Me. .H Me. .H
N ey N Me. .H Me. .H Me\N,H

As mentioned in the introduction, the donor ability of the
ligands can be determined by the oxidation potential of the
Ce"/Ce" redox couple of the corresponding Ce®* complexes
using cyclic voltammetry. Only a few cyclic voltammetry experi-
ments of Ce"/Ce" with polydentate N-donor ligands have been
reported so far.®®*® Therefore, an additional [Ce(terpy),(OTf),]

N
N N N N

=4 I = = z ([/ Z
= = =

Z N Me N7 Me -7~y \ N 6,"“ ‘N ‘N
H— [ HN—Y NH =N N &S

¢ e complex has been synthetized following the published proce-

Ew! b _ . dure and the electrochemical behaviour has been
586 652 -5.49 _ 602 -6.26 investigated.*” The obtained cyclic voltammograms are shown

o/ o . 587 in Section S4 of the Supporting Information. The measured
lemo?[ o7 1051 1035 _ 1025 — 1032 oxidation and reduction potentials are summarized in Table 6.
1005 1018 All complexes display irreversible oxidation and reduction

waves, which attest for a high ligand reorganisation or slow
electron transfer processes during the oxidation and/or reduc-
tion events. The difference between oxidation and reduction

Figure 5. Plotted (iso =0.02) donor orbitals (im: HOMO-1; "éim: HOMO-1;
“Meim: HOMO-2; *"*pz: HOMO; pydz: HOMO-1; pyz: HOMO-1; py: HOMO-2),
energies of the donor orbitals and proton affinity of the isolated ligand arms
of im-py.

Table 6. Measured first oxidation and reduction potentials of the synthesized cerium complexes in acetonitrile vs Fc/Fc* (internal standard Fc/Fc™;
conditions: Pt/[NBu,][PFs]/Ag; v=100 and 250 mV/s.

Compound En/V T/ LA Eed/V loe/ LA Eox—Erea/V
Ce(im)

100 mV/s 1.44 0.11 —1.01 0.56 2.45
250 mV/s 1.47 0.18 —1.02 1.08 2.49
Ce(Mim)

100 mV/s 0.52 1.16 -1.19 3.42 1.71
250 mV/s 0.47 0.95 —1.25 5.26 1.72
Ce(*im)

100 mV/s —0.24 0.16 -1.25 0.14 1.01
250 mV/s —0.26 0.63 —1.24 0.27 0.98
Ce(SMepz)

100 mV/s 1,67 1.47 —-1,78 0.66 3.45
250 mV/s 1.67 1.52 -1.76 0.78 343
Ce(py)

100 mV/s - - —1.26 3.16 -
250 mV/s 1.08 0.42 —1.28 4.15 2.36
Ce(terpy),

100 mV/s 1.71 0.22 —1.01 0.10 2.72
250 mV/s 1.71 0.76 -1.10 0.31 2.81

trend is observed. Taking the proton affinities into account, the
following order of the donor strength results:

Meim > *M¢im > py > pydz > im > pyz > **pz.

Following the energies of the corresponding donor orbitals
(assuming the highest energy correlates with the strongest
donor abilities), the order is:

pydz > pyz > py > “*¢im > "¢im > im > *Mepz.
This is due to the above-mentioned reverse trend in the PA and
orbital energies of pydz and pyz.

Chem. Eur. J. 2023, 29, €202301529 (7 of 14)

potentials is varying to a great extent. Ce(*"¢im) displays the
smallest difference between oxidation and reduction potential
(Esx<Eeq=0.99V), followed by Ce(*im) with a comparable
difference (1.71V), as reported for the tridentate terpyridyl
ligand before.®®

For almost all complexes, the reduction wave is more
intense than the oxidation wave, which is in concordance with
the reported results.®™ The only observed exceptions occur for
the Ce(*pz) and Ce(terpy),(OTf); complexes. As mentioned
above, the oxidation potential can be a gauge for the donor
ability of the ligands. Indeed, the Ce*" ion produced by
oxidation should be more stabilized by a ligand with more
donating character and the oxidation potential should be lower.
Because of the very low intensity of the oxidation waves, DFT
calculations have been performed to confirm the experimental
results; for completeness reasons, Ce(pydz) and Ce(pyz) have
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Table 7. Computed (TPSS/TZVP/D3Bl), ionization energies (gas phase), HOMO energies (gas phase) and E,,, vs. Fc/Fc* including solvent effects (MeCN).
Complex™ Epon (gas) Enomo/€V (gas) E,/V E,»/V (MeCN)

Ce(im) 593.72 —3.7074 4.97 0.31

Ce(“im) 593.53 —3.8721 4.97 0.31

Ce(*™im) 576.49 —3.5788 4.77 0.11

Ce(**pz) 607.84 —3.9251 5.09 0.43

Ce(pydz) 588.69 —4.1314 4,97 0.31

Ce(pyz) 644.03 —4.4391 5.21 0.55

Ce(py) 615.25 —4.1304 5.09 043

[a] Ce complexes including three OTf ligands.

also been calculated. For comparison with the experimental
values, the first ionization energies, the HOMO energies (which
can be correlated with the experimental redox potential),“" the
half wave potentials E;, and the half wave potentials vs Fc/Fc*
including CPCM(MeCN) solvation effects were calculated on the
TPSS/TZVP level of theory including D3BJ dispersion correction.
The results are summarized in Table 7.

The experimental and calculated oxidation potentials are
not in agreement, which, however, is not surprising. The
experiments show irreversible oxidations whereas the half wave
potentials E;,, of fully reversible oxidations are obtained by
quantum chemical calculations. Additionally, the error of the
calculated values is 200-300 mV.*? The calculated values in
Table 7 only serve as a qualitative comparison of the complexes.
For the experimental results, the order

Ce(*™im) > Ce(™im) > Ce(py) > Ce(im) > Ce(*M*pz)
with Ce(**im) containing the strongest and Ce(**pz) the
weakest donor is obtained. For the calculation, the trend

Ce("™im) > Ce(im) = Ce(*im) > Ce(***pz) = Ce(py)

is found, where Ce(*“(im) displays the strongest donor charac-
ter, which is in line with the experiments. The two trends differ
somewhat, but in general they gave a similar picture especially
for Ce(**im) and Ce(™¢im). Moreover, when these values are
compared to the ones for the proton affinity for the isolated
ligand entities, these two ligands are displaying the strongest
donating character too. The results obtained experimentally
and theoretically are thus satisfactory.

The cerium(lll) complexes in our study are all paramagnetic.
To investigate where the single electron is localized in the
structure of the complexes, the spin density has been calculated
on the TPSS/TZVP level of theory including D3BJ dispersion
correction. A representation of the localization of the spin
density is shown in Section 10, Figure S98 of the Supporting
Information. The calculations display a localization of the spin
density at the cerium atom, which supports the hypothesis that
the first oxidation occurs at the Ce** atom.

Chem. Eur. J. 2023, 29, €202301529 (8 of 14)

UV-vis spectroscopy

To obtain additional information about the donating ability of
the ligands, we measured the UV-vis spectra of the cerium
complexes in MeCN at 298 K (Figure 6). Additionally, we
performed computational investigations using TD-DFT at the
TPSSh/TZVP level of theory, with incorporated solvent effects
CPCM(MeCN). The calculated absorption maxima and corre-
sponding energies were found to be in good agreement with

a)
3
=
<
200 300 400 500
A nm
b)
1.0- — Ce(im)
5 —— Cce(®im)
2 —— Ce(*"®im)
< —— Ce(Mepz)
0.57 Ce(py)
0.0+ —
250 300 350 400 450 500

A/nm
Figure 6. (a) Absorption spectra of Ce(im), Ce(*¢im), Ce(**im), Ce(***pz) and

Ce(py) in MeCN at 298 K; (b) Computed UV-vis absorption spectra of in
MeCN with three coordinated triflate counter ions.
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Figure 7. Results of the selectivity studies of (a) each ligand with the lanthanide precursors and (b) Sm(OTf), with the different ligands im, *"¢im

Reaction solutions were stirred overnight at 298 K in MeCN or THF.

the experimental results. The energies obtained correspond to
the HOMO-LUMO energy gap and primarily involve MLCT
transitions. However, due to variations in the ligand-centred
acceptor orbital that depend on the specific ligand used, we
were unable to extract further information regarding the donor
strengths from the UV-vis spectra.

Selectivity Studies

To investigate the selectivity of the different ligands, competi-
tion studies have been carried out by mixing one equivalent of
a ligand with one equivalent of each lanthanide triflate
precursors (Scheme 3). Due to the differing solubility of the
complexes in THF, the studies were also carried out in
acetonitrile where all complexes have approximately the same
solubility.

After stirring overnight, 'H and 'P NMR measurements of
the reaction solutions were performed. To determine the
proportion of each complex in solution, we analysed the
obtained NMR spectra by integrating the detected signals. The
value of the integrals when measured under quantitative

1Y(OTf); a[Y(L)(OTf)]
+ +
1 La(OTf)3 b [La(L)(OTf);]
MeCN or THF
1L+ + — » L + +
1 Sm(OTf); >(a-d) = 100% ¢ [Sm(L)(OTf)3]
+ +
1 Lu(OTf)3 d [Lu(L)(OTf)3]
Scheme 3. Stoichiometric description of the competition reactions. L refers
to im, **éim, *°pz and py.

Chem. Eur. J. 2023, 29, €202301529 (9 of 14)

5Me
)

pz and py.

conditions (inverse-gated pulse sequence, 30° of pulse angle,
and long recycle delays of 10s) gives the proportion of each
complex in solution. The results are shown in Figure 7. For all
ligands in both solvents, no formation of a La*" complex is
observed, and the most favoured complex is the Lu®*" complex.
Since the ionic radius of La*" (r.=121.6 pm)* is larger than
that of Lu*" (=103.2 pm), the small cations apparently fit
better in the ligand ‘pocket’ and its formation is favoured.
However, a pure trend based on the ionic radii is not evident
because the second most observed complexation is observed
between the ligand and samarium triflate. The percentages of
formation of the Sm** complexes ranges between 14.8% (with
im in MeCN) and 41.7% (with *pz in THF). The yttrium
complexes are formed in small amounts with the im- and *"®pz-
based ligands, but no formation is observed with the *“¢im
ligand. Complexation between py and Y(OTf); is observed in
THF, but the amount in solution could not be estimated. The
most important finding was that the most selective ligand was
the one which is based on “*tim. In the competition experi-
ment, Lu’>" is strongly preferred (83.3%) and only small
amounts of the Sm*" complex is formed (16.7 %).

To provide further insight on the selectivity of the *¢im-
based ligand, additional competitivity studies were carried out
by mixing the different ligands im, **im, *"¢pz and py with one
metal precursor. Unfortunately, the analysis of these results by
'H and *'P NMR spectroscopy was found to be challenging.
After the reaction, large amounts of free ligands remained in
solution and generated NMR signals of high intensity. The
identification of the 'H and *'P NMR signals of the complexes
were impossible using yttrium, lanthanum, or lutetium triflate
and only the study with samarium triflate gave evaluable
results. As shown in Figure 7, the **im-based ligand is most
selective within the series (75.2 %), while other chelators such as
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Menz and py showed no complexation. No conclusive results

could be afforded in the case of the **im-based ligand due to
its very sparingly solubility. Since the electrochemical, computa-
tional, and also the NMR spectroscopic studies revealed the
highest donating character for *"®im within the series, this could

be an explanation for the favored complexation with samarium.

Conclusions

Multiple REE complexes have been synthesized and character-
ized in the solid state and in solution. The X-ray single-crystal
measurements attest to the structural similarities of the Ln
complexes in the solid state. For all measured complexes, six
nitrogen atoms of the podant x®N-donor ligand and three
triflate groups (k'0) are coordinated to the metal center. Only
for Lu(im), a difference is observed, since the crystal structure
shows one dissociated triflate group and one coordinated
MeCN. The geometrical investigations and the steric maps
suggest that im is the most flexible and py shows a conical
geometry, which both enable the easier coordination of the
third axial triflate counter-ion. The ion pairing of the different
complexes was examined by PGSE-NMR spectroscopy, which
supports the presence of dissociated OTf ligands in solution
and enables the evaluation of the decreasing ion pairing with
decreasing ionic radius for im and py. **im and *"°pz display
lower ion pairing and support the obtained results by geo-
metrical investigation and the steric maps. The donor character
of the ¥°N podant ligands has been investigated multidimen-
sionally including state-of-the-art DFT and TD-DFT calculations
as well as experimentally by cyclic voltammetry, ®Y NMR
spectroscopy and UV-Vis measurements. The computational
and cyclic voltammetry studies revealed that the **¢im-based
k°N chelate is the ligand with the most donating character. This
was also supported by the NMR studies. Competition studies
revealed that the ligands reported here favored the formation
of lutetium complexes compared to those of the other
lanthanide triflates. Lutetium is the lanthanide with the smallest
ionic radius and apparently fits best into the ligands’ coordina-
tion sphere. The competitivity study between all the ligands
and Sm’" highlighted that the **im-based ligand is the most
favored one. Our laboratories are currently exploring the
synthesis of novel, highly selective ligands to deepen our
understanding of their behavior and facilitate their use in
nuclear waste extraction processes. This research aims to
enhance the effectiveness of these processes and contribute to
the development of sustainable solutions for nuclear waste
management.

Experimental Section

Computational details: All calculations have been performed with
the ORCA 4.2"* or ORCA 5.0.3 program.*? Further details are
given in the Supporting Information, Section S7.

General methods: All operations were carried out under dry argon
using standard Schlenk and glovebox techniques. THF was freshly

Chem. Eur. J. 2023, 29, €202301529 (10 of 14)

distilled under argon from sodium/benzophenone, diethyl ether
and diisopropyl ether from sodium-potassium alloy/benzophenone
and acetonitrile from CaH, prior to use. CD;CN was vacuum
transferred from CaH, into thoroughly dried glassware equipped
with Young Teflon valves. All chemicals were purchased from
Aldrich or ABCR and used as received.

IR spectra were measured on a Bruker Alpha spectrometer using
the attenuated reflection technique (ATR) and the data are quoted
in wavelength numbers [cm™']. The intensity of the absorption
band is indicated as vw (very weak), w (weak), m (medium), s
(strong), vs. (very strong), and br (broad). Melting points were
measured with a Thermo Fischer melting point apparatus and are
not corrected. A Perkin—-Elmer Lambda 9 UV/Vis spectrophoto-
meter was used for recording absorption spectra at room temper-
ature. Cyclic voltammetry measurements were performed with
Gamry or Metrohm potentiostats and an electrochemical cell within
a glovebox. We used a freshly polished Pt disk working electrode, a
Pt wire as counter electrode, and a Ag wire as (pseudo) reference
electrode {[nBu,N][PF;] (0.5 M) as electrolyte}. Potentials were
calibrated against the Fc/Fc™ couple (internal standard). NMR
spectra were recorded on Bruker AV 300, AV 400 and Avance Neo
400 spectrometers in dry degassed deuterated solvents. 'H, *C{"H}
chemical shifts where reported against TMS and *'P{'"H} against
H;PO,, CFCl; for F, NH; for N and Y(NO,); for ®Y. Coupling
constants (J) are given in Hertz as positive values, regardless of their
real individual signs. The multiplicity of the signals is indicated as s,
d or m for singlet, doublet or multiplet respectively. The assign-
ments were confirmed, as necessary, with the use of 2D NMR
correlation experiments. Subscript indexes such as py or im are
given for entities belonging to the pyridyl, imine, or hydrazonyl
subunits of the ligand, respectively. PGSE NMR diffusion measure-
ments were carried out in a Bruker AV Ill 500 spectrometer using
the stimulated echo pulse sequence.”™ A rectangular shape was
used for the gradient pulses and their strength varied automatically
in the course of the experiments. The D values were determined
from the slope of the regression line In(l/ly) versus G according to
Equation (1). I/l,=observed spin echo intensity/intensity without
gradients, G=gradient strength, A=delay between the midpoints
of the gradients, D= diffusion coefficient, d =gradient length.

(1) =076 (4-2)o gy

The measurements were carried out without spinning. Gradient
calibration was carried out by means of a diffusion measurement of
HDO in D,0 (D(HDO)=1.902 x 10°m?s """ The experimental
error in D values was estimated to be smaller than £2% (3
standard deviations). All of the data leading to the reported D
values afforded lines whose correlation coefficients were above
0.999. The gradient strength was incremented in 4-8% steps from
2-10% to 98% so that, depending on signal:noise, 12-25 points
could be used for regression analysis.

Materials and reagents: The ligands im, py, and the complexes
Y(py), La(py), Sm(py), and Lu(py) were prepared according to
literature methods.“¥“2>! Note that for the complexes described in
this paper, no elemental analyses could be obtained due to the
high fluorine content of the samples ([OTf] counter ion).

General method for the synthesis of the x°N donor ligands
(S)PIN(Me)N=C(H)-Het]; (L with Het=heterocycle) (Table 8): 1,1',1"-
Trimethylthiophosphoryltrihydrazid (1.98 g, 10 mmol) and MgSO,
(0.5 g) were suspended in methanol (20 mL). N-heterocycle-carbal-
dehyd (3.21 g, 30 mmol) in methanol (20 mL) was added dropwise.
After addition, the mixture was refluxed overnight. The resulting
mixture was cooled down to room temperature and filtered. The
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Table 8. Reaction solvent, recrystallization solvent and yield of the ligands.
Ligand Reaction solvent Recrystallization solvent Yield [%]
Meim MeOH/DCM CHCl,/EtOH quant.
Mepz MeOH MeOH/CH;CN 68

pyz MeOH CHCly/n-hexane 89

pydz MeOH MeCN 81

solid was extracted with chloroform (3 x 5 mL) and the filtrate was
evaporated under reduced pressure. The obtained solid was
dissolved in chloroform (20 mL) and overlaid with n-hexane
(40 mL). The product was obtained as colorless crystals after several
recrystallization from acetonitrile.

“Meim: M.p.. >155°C decomp. 'HNMR (300.13 MHz, 298.8 K, ds
DMSO): §=2.21 (s, 9H, im-Me), 3.16 (d, 2J;p=9.1 Hz, 9H, N-CH;,), 7.55
(s, 3H), 7.65 (d, “4p=15Hz, 3H, N=CH) ppm. “C{'H} NMR
(75.48 MHz, 298.8 K, d¢-DMSOQ): 8=11.6 (s, im-Me), 32.8 (d, Y=
8.36 Hz, N-CH;), 129.1 (s), 130.0 (s), 133.3 (d, *Jop=14.9 Hz, N=CH),
135.0 (s) ppm. *'P{"H} NMR (121.49 MHz, 298.8 K, d,-DMS0): § =72.3
(s) ppm. FTIR (solid, ATR): 2223 (w), 2193 (vw), 2082 (vw), 2028 (vw),
1992 (w), 1976 (w), 1959 (w), 1950 (vw), 1931 (vw), 1440 (w), 1386
(w), 1227 (w), 1148 (w), 944 (vs), 867 (s), 753 (s), 703 (m), 641 (s),
632 (s), 613 (vs), 573 (s), 545 (s), 520 (s), 509 (vs), 486 (vs), 467 (vs),
455 (vs), 444 (vs), 433 (vs), 423 (vs), 398 (s), 390 (vs), 381 (s) cm™".

Mepz: M.p.: 130-155°C. "H NMR (300.13 MHz, 298.8 K, CD;CN): 6=
2.18 (s, 9H, pz-Me), 3.20 (d, Jp=9.1 Hz, 9H, N-CH,), 6.13 (s, 3H), 7.66
(s, 3H, N=CH), 10.76 (s, br, 3H, N-H) ppm. *C{'"H} NMR (75.48 MHz,
298.8 K, CD,CN): =11.2 (s, pz-Me), 32.8 (d, Yep=7.90 Hz, N-CH;),
102.4 (s), 133.5 (s, N=CH) ppm. *'P{'"H} NMR (121.49 MHz, 298.8 K,
CD,CN): =729 (s) ppm. FTIR (solid, ATR): 2860 (vw), 2157 (w),
2024 (vw), 1572 (vw), 1426 (w), 1225 (w), 1138 (m), 1005 (w), 948
(vs), 846 (s), 799 (m), 758 (vs), 738 (vs), 670 (s), 599 (s), 518 (vs), 471
(vs), 453 (vs), 422 (vs), 407 (vs), 394 (vs) cm™".

pyz: M.p.: >210°C decomp. 'H NMR (300.13 MHz, 298.8 K, CD;CN):
8=3.40 (dd, *Jyp=9.1 Hz, *J;u=0.6 Hz, 9H, N-CH,), 7.23 (ddd, ¥, =
8.6 Hz, *Jyu=4.9 Hz, *J,,=0.7 Hz, 3H), 7.71 (dd, *J,,=8.7 Hz, “Jpy=
1.7 Hz, 3H), 8.05 (,t*, “J44=0.9 Hz, *Jy = 1.0 Hz, 3H, N=CH), 8.96 (dd,
*Jyw=48Hz, “yy=1.8Hz, 3H) ppm. "C{'H} NMR (75.48 MHz,
298.8 K, CD,CN): §=33.5 (d, Y =9.3 Hz, N-CH5), 123.5 (s), 127.7 (s),
137.4 (d, *Jop=14.4 Hz, N=CH), 152.0 (s), 158.6 (s) ppm. >'P{'H} NMR
(121.49 MHz, 298.8 K, CD,CN): §=72.8 (s) ppm. FTIR (solid, ATR):
3053 (w), 1590 (m), 1568 (m), 1518 (w), 1458 (m), 1406 (m), 1358
(m), 1222 (m), 1163 (s), 1107 (m), 1057 (w), 1014 (w), 985 (m), 966
(vs), 899 (m), 883 (s), 839 (m), 782 (vs), 752 (m), 706 (m), 666 (m),
630 (s), 611 (m), 582 (m), 530 (m), 515 (s), 463 (s), 413 (vs) cm™".

pydz: M.p.: >170°C decomp. 'H NMR (300.13 MHz, 298.8 K, CDCl,):
8=341 (dd, *p=9.1 Hz, 9H, N-CH,), 7.80 (d, *Jyy=1.1Hz, 3H,
N=CH), 8.42 (d, *Jy;=2.3 Hz, 3H), 8.51 (s, 3H), 8.90 (s, 3H) ppm. "*C
{'"H} NMR (75.48 MHz, 298.8 K, CDCl;): §=32.9 (d, 2 =9.9 Hz, N-
CH,), 136.0 (d, *Jp=14.4 Hz, N=CH), 141.5 (s), 143.0 (s), 143.5 (s),
149.7 (s) ppm. *'P{"H} NMR (121.49 MHz, 298.8 K, CDCl,): §=72.3 (s)
ppm. FTIR (solid, ATR): 1590 (w), 1568 (w), 1518 (w), 1458 (w), 1406
(w), 1358 (w), 1222 (m), 1163 (m), 1107 (m), 1057 (w), 1014 (w), 985
(m), 1966 (m), 899 (w), 883 (m), 839 (m), 781 (s), 752 (m), 706 (w),
666 (W), 630 (m), 611 (s), 611 (m), 582 (m), 529 (m), 515 (m), 463 (s),
413 (s)cm™".

General method for the synthesis of the complexes [(k®N-L)Ln(OTf),]
(Table 9): Ligand (L) and Ln(OTf); were dissolved in THF in
stoichiometric quantities and stirred overnight at room temper-
ature. The precipitate forming was filtered and wash two times with
THF. The resulting solid was dissolved in acetonitrile and overlayed
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Table 9. Scale, recrystallization solvent and yield of the complexes.
Compound Scale Recrystallization Yield
(umol) solvent [%]
Y(im) 231.2 MeCN/Et,0 85
La(im) 100.0 MeCN/Et,0 82
Sm(im) 231.2 MeCN/Et,0 82
Lu(im) 100.0 MeCN/Et,0 86
Ce(im) 500.0 MeCN/Et,0 92
Ce("im) 500.0 MeCN/Et,0 92
Y(*¢im) 250.0 MeCN/Et,0 45
Ce(*™im) 500.0 MeCN/Et,0 75
Y(Mpz) 250.0 MeCN/ Pr,0 75
La(*“°pz) 105.0 MeCN/Et,0 88
sm(*pz) 500.0 MeCN/Et,0 97
Lu(*™pz) 250.0 MeCN/Et,0 72
Ce(*“pz) 127.6 MeCN/ Pr,0 58
Ce(py) 500.0 MeCN/Et,0 73

with ether to obtain pure product. (For those where no precipitate
forms: the clear solution was evaporated to dryness and the solid
dissolved in acetonitrile and overlayed with ether to obtain pure
product).

Y(im): M.p.: 271-281°C. '"H NMR (300.13 MHz, 298.8 K, CD,CN): 6 =
3.36 (d, ®J;p=10.8 Hz, 9H, N-CH;,), 7.53 (s, 3H), 8.20 (s, 3H), 8.25 (s,
3H, N=CH), 11.13 (s, br, Wi, ~15Hz, 3H, NH) ppm. "C{'H} NMR
(75.48 MHz, 298.8 K, CD,CN): 8=38.1 (d, 2J;p=7.7 Hz, N-CH;), 122.7
(s), 134.8 (s), 140.8 (s), 148.9 (d, *J(p=9.9 Hz, N=CH) ppm. "“F{'H}
NMR (282.40 MHz, 298.8 K, CD,CN): §=-79.4 (s) ppm. >'P{"H} NMR
(121.49 MHz, 298.8 K, CD;CN): 8 =65.8 (s) ppm. *Y NMR (19.61 MHz,
298.8 K CD;CN): 6=24.8 (s) ppm. FTIR (solid, ATR): 3201 (vw), 3132
(w), 2947 (vw), 2898 (vw), 2262 (w), 1612 (vw), 1537 (vw), 1514 (vw),
1444 (w), 1419 (vw), 1316 (m), 1303 (m), 1258 (vs), 1241 (vs), 1211
(vs), 1166 (vs), 1059 (s), 1038 (s), 1027 (vs), 994 (w), 957 (s), 862 (m),
850 (m), 795 (s), 767 (s), 715(m), 633 (vs), 619 (vs), 585 (m), 515 (m),
497 (s), 481 (m) cm ™.

La(im): M.p.. >190°C decomp. 'HNMR (300.13 MHz, 298.8K,
CD,CN): =3.37 (d, *J4;p=10.2 Hz, 9H, N-CH,), 7.52 (d, *J,,y=0.9 Hz,
3H), 8.09 (s, 3H), 8.24 (s, 3H, N=CH), 10.85 (s, br, W, ~23 Hz, 3H,
NH) ppm. “C{'H} NMR (75.48 MHz, 298.8 K, CD,CN): 5=38.0 (d,
2J=8.0 Hz, N-CH5), 123.1 (s), 135.4 (s), 140.0 (s), 149.0 (s, N=CH)
ppm. “F{'H} NMR (282.40 MHz, 298.8 K, CD,CN): =-79.4 (s) ppm.
3'P{'"H} NMR (121.49 MHz, 298.8 K, CD,CN): §=67.4 (s) ppm. FTIR
(solid, ATR): 1615 (vw), 1511 (vw), 1445 (vw), 1296 (w), 1216 (m),
1170 (w), 1089 (w), 1027 (s), 953 (m), 853 (w), 758 (m), 719 (w), 631
(vs), 614 (s), 583 (w), 511 (s), 481 (m) cm™".

Sm(im): M.p.: 256-258°C. "H NMR (300.13 MHz, 298.8 K, CD,CN): 6 =
2.76 (d, *Jup=10.6 Hz, 9H, N-CH,), 8.11 (s, 3H), 8.23 (d, “Jyy=1.5 Hz,
3H), 8.26 (s, 3H, N=CH), 11.42 (s, br, W, ~17 Hz, 3H, NH) ppm. 13
{'"H} NMR (75.48 MHz, 298.8 K, CD,CN): 6=31.4 (d, %J;o="7.63 Hz, N-
CHs), 123.7 (s), 140.3 (s), 141.6 (s), 151.9 (s, N=CH) ppm. "F{'"H} NMR
(282.40 MHz, 298.8K, CD;CN): 8=-79.5 (s) ppm. *'P{"H} NMR
(121.49 MHz, 298.8 K, CD,CN): 6=64.0 (s) ppm. FTIR (solid, ATR):
3524 (br), 3132 (vw), 3057 (vw), 2599 (vw), 1616 (w), 1515 (w), 1447
(w), 1286 (m), 1254 (m), 1218 (vs), 1168 (m), 1093 (m), 1034 (vs), 956
(s), 917 (w), 854 (s), 763 (s), 721 (w), 697 (vw), 632 (vs), 612 (s), 583
(m), 573 (m), 512 (s), 484 (m), 415 (vw) cm ™"

Lu(im): M.p.: 190-200°C. 'H NMR (300.13 MHz, 298.8 K, 298.8 K,
CD;CN): 6=3.39 (d, *J4p=11.0 Hz, 9H, N-CH,), 7.58 (s, 3H), 8.24 (s,

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

95UB017 SUOWIWIOD @A1Te810 3|qeot(dde 8y Aq peusenob ke Sajolie YO 8SN JO S8|nJ 10} ARIq1T8UIUO /8|1 UO (SUOTPUOO-PUR-SLUIBIWIOD A8 |1 ARe.q 18U [Uo//Sdy) SUOTIPUOD pue swie | 8y} 88s *[£202/80/62] Uo Ariqiauluo A8|1m ‘eifojouyse | 4 uonninsu| Bunss|ey Aq 625TOEZ0Z WeUd/Z00T 0T/10p/L0o 48| im Atelqijpuljuo'ado.ne-Alis iweyoy/sdny woly pepeojumod ‘st ‘efoz ‘S9/£T2ST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202301529

3H), 8.28 (s, 3H, N=CH), 11.44 (s, br, W:, ~17.4 Hz, 3H, NH) ppm. *C
{'"H} NMR (75.48 MHz, 298.8 K, CD,CN): 6=37.7 (d, Y»=8.0 Hz, N-
CHa), 122.7 (s), 135.1 (s), 142.4 (s) and 147.7 (d, ¥J;p=9.9 Hz, N=CH)
ppm. F{"H} NMR (282.40 MHz, 298.8 K, CD;CN): =-79.4 (s) ppm.
3'P{'"H} NMR (121.49 MHz, 298.8 K, CD,CN): §=65.5 (s) ppm. FTIR
(Feststoff, ATR): 3194 (br), 3135 (br), 3052 (w), 2947 (vw), 2901 (vw),
2261 (vw), 2153 (vw), 1614 (w), 1538 (vw), 1515 (vw), 1444 (w), 1419
(m), 1361 (s), 1303 (s), 1242 (vs), 1213 (vs), 1164 (s), 1089 (m), 1039
(m), 1026 (s), 995 (m), 959 (s), 863 (m), 796 (s), 768 (s), 727 (m), 716
(m), 632 (vs), 618 (s), 574 (m), 516 (s), 482 (s) cm™".

Ce(im): M.p.. >250°C decomp. 'HNMR (300.13 MHz, 298.8K,
CD,CN): 6=0.71 (s, br, 9H, N-CH,), 8.51 (s, br, 3H), 10.81 (s, br, 3H),
12.03 (s, br, 3H), 13.75 (s, br, 3H) ppm. *C{"H} NMR (75.48 MHz,
298.8 K, CD;CN): 0=34.7 (s, N-CH,), 46.1 (s), 121.0 (s), 124.3 (s),
131.0 (s), 1404 (s), 1499 (s), 1516 (s) ppm. "F{'H} NMR
(282.40 MHz, 298.8K, CD;CN): 8=-79.8 (s) ppm. *'P{'H} NMR
(121.49 MHz, 298.8 K, CD,CN): 8=58.2 (s) ppm. FTIR (solid, ATR):
3185 (vw), 1613 (vw), 1512 (vw), 1447 (vw), 1297 (w), 1216 (s), 1167
(m), 1089 (w), 1027 (s), 956 (m), 858 (m), 761 (m), 719 (w), 633 (vs),
615 (s), 573 (w), 513 (s), 482 (m), 443 (w), 415 (w), 394 (w), 386 (w)
cam™.

Ce(™im): M.p.. >160°C decomp. 'HNMR (300.13 MHz, 298.8 K,
CD,CN): 8=0.12 (d, ¥p=10.2 Hz, 9H, N-CHs), 6.13 (s, 9H, N;,-Me),
7.58 (s, 3H), 10.21 (s, 3H), 11.74 (s, br, 3H, N=CH) ppm. *C{'H} NMR
(75.48 MHz, 298.8 K, CD,CN): 8=33.2 (d, 2J»_9.81 Hz, N-CH,), 37.4
(s, N;w-Me), 135.1 (s), 138.5 (s), 141.3 (d, *Jp_11.26 Hz, N=CH), 152.3
(s) ppm. "F{"H} NMR (282.40 MHz, 298.8 K, CD,CN): §=-74.8 (s)
ppm. *'P{'"H} NMR (121.49 MHz, 298.8 K, CD,CN): §=53.0 (s) ppm.
FTIR (solid, ATR): 2165 (vw), 2140 (vw), 2026 (vw), 1967 (vw), 1489
(vw), 1451 (vw), 1424 (vw), 1307 (w), 1233 (s), 1211 (vs), 1169 (m),
1027 (s), 963 (s), 886 (w), 775 (w), 713 (vw), 683 (vw), 634 (vs), 572
(vw), 533 (vw), 511 (m), 491 (w), 411 (vw), 391 (w) cm™".

Y(*™im): M.p.: >200° C decomp. 'H NMR (400 MHz, 298.8 K, CD;CN):
8=2.37 (s, 9H, im-CH,), 3.35 (d, *Jp=10.9 Hz, 9H, N-CH,), 8.06 (s,
3H, im-H), 8,21 (s, 3H, N=CH), 11.10 (s, 3H, NH) ppm. *C{'"H} NMR
(100.6 MHz, 298.8 K, CD,CN): 8=9.6 (s, im-CH;), 38.1 (s, N-CH,),
131.0 (s), 134.3 (s), 140.0 (s), 149.4 (s, N=CH) ppm. "F NMR
(282.40 MHz, 298.8K, CD;CN): 8=-793 (s) ppm. *'P{'H} NMR
(121.4 MHz, 298.8 K, CD,CN): 8=66.7 (s) ppm. ¥Y NMR (19.61 MHz,
298.8 K, CD;,CN): 6 =56.6 (s) ppm. FTIR (solid, ATR): 3197 (vw), 2169
(vw), 1629 (vw), 1447 (vw), 1289 (w), 1213 (m), 1165 (m), 1027 (s),
961 (m), 875 (m), 774 (m), 635 (vs), 573 (m), 513 (s), 381 (m) cm™".

La(**¢im): "H NMR (400.1 MHz, 298.8 K, CD,CN): §=2.36 (s, 9H, im-
CH,), 3.35 (d, *Jp=10.4 Hz, 9H, N-CH;), 7.96 (s, 3H, im-H), 8.20 (s, 3H,
N=CH), 10.79 (s, 3H, NH) ppm. "*C{'H} NMR (100.6 MHz, 298.8 K,
CD;CN): =9.6 (s, im-CH;), 38.0 (d, 2Jp=7.63 Hz, N-CH5), 131.4 (s),
1343 (s), 1389 (s, Cn-H), 1493 (s, N=CH) ppm. 'FNMR
(282.40 MHz, 298.8 K, 298.8 K, CD,CN): 6=-79.4 (s) ppm. *'P{'H}
NMR (121.4 MHz, 298.8 K, CD;CN): =68.5 (s) ppm.

Sm(*¢im): 'H NMR (400.1 MHz, 298.8 K, CDsCN): §=2.76 (d, *}ip=
7.1 Hz, 9H, N-CH,), 2.82 (s, 9H, im-CH;), 8.07 (s, 3H, im-H), 8.22 (s, 3H,
N=CH), 11.19 (s, 3H, NH) ppm. "C{'"H} NMR (100.6 MHz, 298.8 K,
CD,CN): §=10.2 (s, im-CHs), 37.2 (s, N-CH,), 135.1 (s), 136.5 (s), 140.6
(s, Gn-H), 1525 (s, N=CH) ppm. "F NMR (282.40 MHz, 298.8 K,
298.8 K, CD,CN): 8=-79.5 (s) ppm. 3'P{"H} NMR (121.4 MHz, 298.8 K,
CD,CN): 6=65.2 (s) ppm.

Lu(*im): "H NMR (400.1 MHz, 298.8 K, CD;CN): § =2.38 (s, 9H, im-
CH,), 3.38 (d, *Jp=11.0 Hz, 9H, N-CH;), 8.10 (s, 3H, im-H), 8.24 (s, 3H,
N=CH), 11.05 (s, 3H, NH) ppm. "*C{'H} NMR (100.6 MHz, 298.8 K,
CD5CN): 8=9.6 (s, im-CHs), 37.9 (d, %Jep=7.27 Hz, N-CH5), 123.23(s),
131.3 (s), 134.4 (s), 141.4 (s, C,,-H), 148.7 (s, N=CH) ppm. "°F NMR
(282.40 MHz, 298.8 K, 298.8 K, CD,CN): 6=-79.5 (s) ppm. *'P{'H}
NMR (121.4 MHz, 298.8 K, CD,CN): 8 =66.8 (s) ppm.
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Ce(*™M€im): M.p.. >240°C decomp. 'HNMR (400.1 MHz, 298.8K,
CD,CN): 8=0.74 (s, br, 9H, N-CH,), 4.24 (s, br, 9H, im-CH,), 9.33 (s,
br, 3H), 1230 (s, br, 3H), 13.93 (s, br, 3H) ppm. 3C{'H} NMR
(100.6 MHz, 298.8 K, CD;CN): 8=12.38 (im-CH,), 34.83 (N-CH,),
137.47, 142.81, 151.33 (im-CH) ppm. F NMR (282.40 MHz, 298.8 K,
CD,CN): 8=-79.77 (s) ppm. *"P{H} NMR (121.4 MHz, 298.8K,
CD,CN): $=59.75 (s) ppm. FTIR (solid, ATR): 2183 (vw), 2145 (vw),
1993 (vw), 1622 (vw), 1445 (vw), 1305 (vw), 1212 (m), 1167 (w),
1029 (M), 956 (w), 880 (w), 765 (w), 702 (vw), 634 (vs), 580 (vw), 512
(m), 490 (w), 417 (vw), 401 (w), 386 (vw) cm™".

Y(*™pz): M.p.: >290°C decomp. 'H{'P} NMR (300.13 MHz, 298.8 K,
CD,;CN): §=2.38 (s, 9H, pz-Me), 3.41 (s, 9H, N-CH,), 6.47 (s, 3H), 8.18
(s, 3H, N=CH), 11.66 (s, br, 3H, NH) ppm. *C{'"H} NMR (100.61 MHz,
298.8 K, CD;CN): 6=10.9 (s, pz-Me), 37.9 (d, 2J;p=9.2 Hz, N-CH;),
108.1 (s), 144.7 (s), 146.6 (d, *Jop=14.4 Hz, N=CH), 146.9 (s) ppm.
F{"H} NMR (282.40 MHz, 298.8 K, CD;CN): =-79.3 (s) ppm. *'P{'H}
NMR (121.49 MHz, 298.8 K, CD,CN): 8=64.4 (s) ppm. ¥*Y NMR
(19.61 MHz, CD;CN): =-17.8 (s) ppm. FTIR (solid, ATR): 3476 (w),
3286 (br), 3153 (w), 298.80 (w), 1572 (m), 1480 (w), 1435 (m),
1307(s), 1236 (vs), 1216 (vs), 1164 (s), 1063 (w), 1033 (vs), 994 (vs),
957 (m), 912 (m), 879 (m), 867 (m), 813 (w), 778 (w), 751 (w), 740
(w), 691 (w), 633 (vs), 584 (w), 572 (w), 555 (m), 529 (s), 516 (s), 479
(m)cm™"

La(*“°pz): M.p.: 234-259°C. 'H NMR (300.13 MHz, 298.8 K, CD,CN):
8§=2.35 (s, 9H, pz-Me), 3.41 (d, *Jup=10.6 Hz, 9H, N-CHs), 6.45 (dd,
“Juu=13Hz, °J,u=0.6Hz, 3H), 8.13 (d, “Jp=0.9 Hz, 3H, N=CH),
11.45 (s, br, 3H, NH) ppm. *C{'"H} NMR (75.48 MHz, 298.8 K, CD;CN):
8=11.2 (s, pz-Me), 37.3 (d, 2Jp=9.3 Hz, N-CH,), 108.3 (s), 144.4 (s),
145.6 (d, *Jop=13.1 Hz, N=CH), 148.1 (s, 3-C,,) ppm. "F{'H} NMR
(282.40 MHz, 298.8 K, CD;CN): 8=-79.2 (s) ppm. *'P{'H} NMR
(121.49 MHz, 298.8 K, CD,CN): 8=68.5 (s) ppm. FTIR (solid, ATR):
1994 (vw), 1956 (vw), 1573 (vw), 1428 (vw), 1311 (w), 1233 (m),
1216 (m), 1165)m), 1024 (s), 957 (m), 872 (w), 774 (w), 689 (vw), 633
(vs), 570 (vw), 513 (s), 476 (w), 414 (vw) cm™".

Sm(*Mpz): M.p.. >295°C decomp. 'H NMR (300.13 MHz, 298.8 K,
CDyCN): §=2.55 (s, 9H, pz-Me), 2.74 (d, *Jyy=10.3 Hz, 9H, N-CH,),
7.12 (s, 3H), 8.16 (s, 3H. N=CH), 11.12 (s, br, 3H, N-H) ppm. *C{'H}
NMR (75.48 MHz, 298.8 K, CD;CN): =11.1 (s, pz-Me), 36.5 (d, Jp=
8.98 Hz, N-CH,), 109.1 (s), 145.0 (s, N=CH), 148.7 (s), 152.1 (s) ppm.
YFNMR (282.40 MHz, 298.8 K, CD;CN): 6=-79.3 (s) ppm. *'P{'H}
NMR (121.49 MHz, 298.8 K, CD,CN): 6=62.1 (s) ppm. FTIR (solid,
ATR): 1575 (vw), 1430 (vw), 1307 (w), 1216 (m), 1173 (w), 1143 (w),
1027 (m), 986 (vw), 951 (w), 913 (vw), 873 (w), 817 (vw), 774 (w),
695 (vw), 656 (vw), 634 (vs), 583 (vw), 571 (vw), 517 (s), 477 (m), 401

(vw), 386 (vw) cm™".

Lu(®epz): M.p.: 124-126°C. 'H NMR (300.13 MHz, 298.8 K, CD,CN):
8=2.45 (d, *Jyy=0.4 Hz, 9H, pz-Me), 3.46 (dd, ), =10.7 Hz, *Jyyy=
0.6 Hz, 9H, N-CHs), 6.55 (s, 3H, 4-H,,), 8.19 (,dq", *Jpp=1.5 Hz, *Jy =
0.8 Hz, 3H, N=CH), 12.13 (s, br, 3H, NH) ppm. "C{'H} NMR
(75.48 MHz, 298.8 K, CD;CN): 6=11.0 (s, pz-Me), 37.6 (d, Y=
9.3 Hz, N-CH,), 108.6 (s, 4-C,,), 144.0 (d, *Jop=14.4 Hz, N=CH), 147.7
(s, 5-C,,), 1485 (s, 3-C,,) ppm. "F{'"H} NMR (282.40 MHz, 298.8 K,
CD;CN): $=-79.3 (s) ppm. *'P{'"H} NMR (121.49 MHz, 298.8 K, CD,CN):
0=63.3 (s) ppm. FTIR (solid, ATR): 3475 (w), 3276 (br), 3155 (w),
298.82 (w), 1573 (m), 1481 (w), 1437 (m), 1308(s), 1251 (vs), 1236
(vs), 1216 (vs), 11164 (s), 1063 (vs), 1031 (vs), 996 (m), 956 (s), 912
(w), 880 (m), 867 (m), 814 (m), 780 (m), 753 (s), 741 (w), 691 (w), 649
(w), 632 (vs), 584 (m), 572 (m), 555 (m), 530 (m), 517 (s), 480 (m)
cm™

Ce(*™pz): M.p.. >304°C decomposed. 'HNMR (300.13 MHz,
298.8 K, CD;CN): 6=0.70 (s, br, 9H, N-CH,), 2.83 (s, 9H, N=CH), 9.11
(s, br, 3H), 11.06 (s, br, 3H) ppm. *C{'"H} NMR (75.48 MHz, CD,CN):
8=12.0 (s, pz-Me), 33.7 (d, 2p = 8.72 Hz, N-CH,), 114.8 (s), 142.8 (s),

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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151.3 (s), 152.2 (s) ppm. "°F NMR (282.40 MHz, 298.8 K, CD;CN): § =-
79.0 (s) ppm. *'P NMR (121.49 MHz, 298.8 K, CD,CN): §=54.8 (s)
ppm. FTIR (solid, ATR): 1571 (vw), 1475 (vw), 1430 (vw), 1304 (s),
1235 (s), 1213 (vs), 1163 (s), 1027 (vs), 959 (s), 912 (vw), 877 (w), 866
(w), 811 (vw), 773 (m), 737 (vw), 690 (vw), 634 (vs), 571 (vw), 555
(vw), 515 (s), 475 (w) cm ™.

Ce(py): M.p.: >300°C decomposed. 'HNMR (400.1 MHz, 298.8 K,
CD,CN): 8=0.75 (s, br, 9H, N-CHs), 7.58 (s, br, 3H), 9.39 (t, br, Jyu=
7.9 Hz, 3H), 10.28 (s, br, 3H), 11.47 (s, br, 3H) ppm. "*C{'H} NMR
(100.6 MHz, 298.8 K, CD,CN): 8=33.3 (N-CH,), 129.5 (s), 134.1 (s),
1424 (s), 147.1 (s), 151.9 (s), 156.1 (N=CH) ppm. 'FNMR
(282.40 MHz, 298.8 K, CD,CN): 6=-78.3 ppm. *'P NMR (121.4 MHz,
298.8 K, CD;CN): 8 =55.7 ppm. FTIR (solid, ATR): 1608 (vw), 1563
(vw), 1441 (vw), 1305 (w), 1234 (w), 1198 (m), 1181 (w), 1150 (m),
1105 (vw), 1026 (m), 1008 (m), 955 (m), 790 (m), 777 (m), 765 (m),
701 (vw), 630 (vs), 601 (w), 581 (vw), 570 (vw), 510 (s), 466 (w), 414
(w) cm™.

Crystallographic details: Deposition Number(s) 2245061 (for Lu-
(im)), 2244878 (for Ce(im)), 2244876 (for Ce(*¢im)), 2244880
(for Y(*“pz)), 2244883 (for La(*“°pz)), 2244877 (for Ce(*M°pz)),
2244882 (for pyz), and 2245330 (for Ce(py)) contain(s) the
supplementary crystallographic data for this paper.

Supporting Information

Additional  references cited within the Supporting
Information.®** The Supporting Information also contain cyclic
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tional details, and the coordinates of the calculated structures.
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