7 ROYAL SOCIETY
PP OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Rare-earth metal complexes with redox-active

’ '.) Check for updates ‘
formazanate ligands+

Cite this: Dalton Trans., 2022, 51,
5218 .
Da Jin, Xiaofei Sun, {2 Alexander Hinz (2 and Peter W. Roesky (= *

The synthesis and characterisation of rare-earth metal complexes with redox-active formazanate ligands
are described. Deprotonation of the neutral formazan ligand L*H (L* = PANNC(Ph)NNPh) with [Ln{N
(SiMesz),}s] (Ln =Y, Sm, Dy) resulted in homoleptic tris(formazanate) complexes with the general formula
[(LYsLn] (Ln = Y (1), Sm (2), Dy (3)), in which the central metal atom is coordinated by six N atoms, reveal-
ing a propeller-type structure. To generate heteroleptic complexes, a novel formazan ligand L2H (L2 =
{PhNNC(4-tBuPh)NNPh}) was employed. Salt metathesis by using the trivalent precursors [SmCp*,(u-
Cl),K(thf)] (Cp* = 1°-CsMes) or [LnCp,Cll, (Cp = n°-CsHs, Ln = Dy, Yb) and [L?K(thf)] formed mono
(formazanate) complexes, [L2SmCp*s] (4) and [L2LnCp,] (Ln = Dy (5), Yb (6)), respectively. Unexpectedly, a
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redox reaction occurred between [L?K(thf)] and the divalent ytterbium precursor, [Ybl,(thf),], generating
the trivalent ytterbium complex [(L2)sYb] (7). When the neutral formazan ligand (L2H) reacted with
[SMCp*,(thf),], the oxidised samarium complex 4 was formed. These novel compounds were fully
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Introduction

Formazans are a class of nitrogen-rich compounds featuring a
Ar'-NH-N=—CR’*-N=N-Ar" backbone. They were first reported
more than one hundred years ago' and have been studied
extensively since the 1940s.>® Because of their intense colour,
they have found application as dyes especially in chemical
biology.* ® Deprotonation of formazan results in the mono-
anionic chelating N-donor formazanate with a conjugated
5-membered n-system, which shows structural similarities to
the well-known p-diketiminate ligands (Fig. 1).” However,
owing to the presence of four nitrogen atoms in the ligand
framework, the LUMO of formazanates is low in energy, which
may allow compounds coordinated by formazanates undergo
ligand-based reductive activations under mild conditions.®’
Although formazanates are similar in structure to other chelat-
ing N-donor ligands, surprisingly, their coordination chemistry
has not been studied to the same extent. Only a selected few
examples were reported in recent years.'”'" In 2007, Hicks and
co-workers reported that formazanate boron diacetate com-
pounds could be converted to radical anions, which was the
first work demonstrating formazanates as redox-active ligands
and set the stage for further exploration.'”> With continuous
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characterised and their electrochemical properties were explored by cyclic voltammetry.

efforts of chemists, a great number of formazanate complexes
with different properties have been synthesised,"”™> and the
reduction chemistry with formazanate ligands has shown that
ligand-based storage of up to two electrons in a single form-
azanate ligand is feasible.'®"”

Formazanates have been employed as ligands in both main
group and transition metal chemistry over the past few
decades."® In contrast, their coordination chemistry toward the
highly electropositive rare-earth elements has not yet been
reported. There is still a gap in our knowledge about the basic
coordination chemistry of formazanates. In earlier work, we
have studied the coordination chemistry and application of
rare-earth metal complexes with different N-donor ligands,
such as amidinates and pyridines.'*?® In an effort to further
develop rare-earth metal formazanate chemistry, we report the
synthesis, diverse structures and redox properties of a series of
rare-earth complexes bearing different formazanate ligands.

Results and discussion

The tris(formazanate) rare-earth metal compounds [(L');Ln]
(L' = PANNC(Ph)NNPh, Ln = Y (1), Sm (2), Dy (3)) were syn-
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Fig. 1 Formazanate ligand (left) and p-diketiminate ligand (right).
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thesised by straightforward deprotonation of the neutral for-
mazan ligand L'H with corresponding [Ln{N(SiMe;),};] (Ln =
Y, Sm, Dy)** in a 3 : 1 ratio in toluene (Scheme 1). Suitable crys-
tals for X-ray diffraction analysis were obtained by slow evapor-
ation of toluene from the reaction mixture at room tempera-
ture in good yields (>80%). All three complexes 1-3 are iso-
structural and crystallise solvent-free in the triclinic space
group P1 (Fig. 2 and 3). The metal atom in each complex is
hexacoordinated by six nitrogen atoms of three formazanate
ligands, resulting in a distorted octahedral geometry. These
complexes adopt propeller-type structures and each is consti-
tuted by three non-planar six-membered heterocycles
(NNCNNLn). The central metal is completely shielded by three
ligands. Here, only the structure parameters of the samarium
complex 2 are discussed in detail.

Three formazanate ligands in complex 2 adopt the boat-like
distortion where both the metal atom and the C atom are bent
out of the plane defined by the four N atoms (Fig. 2). The di-
hedral angles between the defined plane of NSmN and NNNN
in the ligand framework are 23°, 56° and 69°, respectively. The
values of the bite angle of N-Sm-N in complex 2 (65.12(6)° to
69.59(6)°) are more obtuse than these in other homoleptic tris
(guanidinates) samarium complexes (54.6(2)° to 55.62(7)°).>*>®

N)\N
P Ak
toluene Ph/N’r, N~Ph
NN r.t. Ph g / Ph
3 v \ + [Ln{N(SiMe3)ots] ——— > L ek n—,
_N HN. ) N N
Ph Ph — 3 HN(SiMes), NC/ %, \)\
AN NS e

Ph” N° Ph PH

Ln = Y(1), Sm(2), Dy(3)

Scheme 1 Synthesis of tris(formazanate) rare-earth metal complexes
1-3.

Fig. 2 Molecular structure of 2 in the solid state (left: front view; right:
side view). All hydrogen atoms are omitted for clarity. Selected bond
lengths (A) and bond angles [°]: Sm—N1 2.497(2), Sm—-N4 2.373(2), Sm—
N5 2.443(2), Sm—N8 2.434(2), Sm—N9 2.407(2), Sm—-N12 2.435(2), N1-
N2 1.302(3), N2—-C1 1.356(3), N3-N4 1.317(3), N3-C1 1.338(3), N5-N6
1.310(3), N6-C2 1.347(3), N7—-N8 1.318(3), N7-C2 1.352(3), N9-N10
1.313(3), N10—-C3 1.363(3), N11-N12 1.300(3), N11-C3 1.358(3); N1-Sm—
N4 68.02(6), N5-Sm—-N8 65.12(6), N9-Sm—-N12 69.59(6).
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Fig. 3 Molecular structures of 1 (left) and 3 (right) in the solid state. All
hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
bond angles [°]: 1: Y-N1 2.315(2), Y-N4 2.429(2), Y-N5 2.377(2), Y-N8
2.392(2), Y-N9 2.351(2), Y-N12 2.382(2), N1-N2 1.315(2), N3-N4
1.303(2), N5-N6 1.320(2), N7-N8 1.316(2), N9—N10 1.322(2), N11-N12
1.306(2), N2-C1 1.336(2), N3-C1 1.362(2), N6-C2 1.345(2), N7-C2
1.351(2), N10-C3 1.359(2), N11-C3 1.358(2); N1-Y—-N4 70.74(5), N5-Y—
N8 66.71(5), N9-Y-N12 70.85(5). 3: Dy—N1 2.443(4), Dy—N4 2.327(5),
Dy—N5 2.382(4), Dy—N8 2.385(4), Dy-N9 2.368(4), Dy—N12 2.379(4),
N1-N2 1.305(6), N2—C1 1.355(6), N3—N4 1.313(6), N3-C1 1.335(7), N5—
N6 1.307(6), N6—-C2 1.356(7), N7-N8 1.309(6), N7-C2 1.351(6), N9—-N10
1.315(6), N10-C3 1.365(6), N11-N12 1.316(6), N11-C3 1.355(6); N1-Dy—
N4 70.46(14), N5-Dy—-N8 66.29(14), N9-Dy—N12 70.44(14).

The Sm-N bond lengths (2.373(2) A to 2.497(2) A) lie between
representative covalent and donor-acceptor bonds.”””® They
are also comparable to those in other homoleptic Sm com-
plexes with related bidentate N-ligands.>*' Moreover, the
C-N and N-N distances within the ligand frameworks are
intermediate of the corresponding single and double bonds,
indicating significant delocalisation of the n-electrons of the
formazanate backbone.

NMR spectra were recorded for 1 and 2 but not for the
highly paramagnetic Dy complex 3. In the 'H and “C{'H}
NMR spectra of 1 and 2, only one set of signals is observed for
the formazanate ligands, respectively, suggesting the sym-
metrical coordination of the ligand to the metal atoms in solu-
tion. This is consistent with their molecular structures found
in the solid state. Upon deprotonation and coordination
toward metal atoms, the characteristic "H NMR signals of the
ligand L'H are shifted upfield (see ESI Fig. S1, S5 and S77).

Cyclic voltammetry was employed to investigate the electro-
chemical properties. The voltammograms of the complexes
1-3 in THF solution (Fig. 4) show three (quasi-)reversible
1-electron redox-events in the range of —0.76 to —0.95, —1.51 to
—-1.71 and —2.22 to —2.54 V vs. Fc”" (also see ESI Table S27).
Surprisingly, the observed redox waves do not show the split-
ting of the waves expected for the presence of more than one
redox active ligand, as for instance observed by Otten et al. for
bis(formazanate)zinc complexes.*” The first reduction occurs
at more positive potential than these of reported formazanate
aluminium and zinc complexes,'®?** but at similar potential
compared to the formazanate boron diacetate complex.'” The

Dalton Trans., 2022, 51, 5218-5226 | 5219


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt00456a

Open Access Article. Published on 11 March 2022. Downloaded on 11/10/2025 4:50:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

—— compound 1
compound 2
—— compound 3

0.5

0.0

Current (uA)

-0.5 4

T T T T T T 1
-3.0 25 -2.0 -1.5 -1.0 -0.5 0.0

Potential (V) vs F¢' / Fc”

Fig. 4 Cyclic voltammogram of 1-3 (THF, 0.1 M [Bu4NI[PF¢l) recorded
at 250 mV s,

second redox wave occurs between the two reduction values
(-1.55 V and —2.55 V) of the reported bis(formazanate)Zn
complex and the third value is similar to the second value of
bis(formazanate)Zn compound (—2.55 V).** The third redox
wave shows the least reversibility and may indicate slow
decomposition or rearrangement of the reduced compound.
Due to the great similarity of the redox potentials and CV
graphs in three complexes and the absence of an additional
wave in the Sm complex, the redox processes are likely to dom-
inantly involve the formazanate ligand. The present shifts in
redox potentials in the sequence Sm < Dy < Y are correlated
with the ionic radius of the metals (Sm*' > Dy’" > Y**) and
hence, the average bite angle of the formazanate ligands (Sm
67.6° < Dy 69.1° <Y 69.4°). Provided a larger bite angle of the
formazanates contributes to the stabilisation of a formal di-
anionic radical ligand, this trend in ligand bite angles provides
a plausible explanation for the decreasing redox potentials the
smaller the cations are.

Our attempts to isolate the reduction products of 2 by using
common reducing agents such as cobaltocene or sodium at
ambient temperature were unsuccessful, as they always led to
complex mixtures. As the appearance of the reaction mixtures
kept changing throughout the reduction process, there is a
possibility that the reduced products are not stable under
these conditions. To limit possible side-reactions and over-
reduction, we decided to study heteroleptic rare-earth formaza-
nate complexes bearing only one formazanate moiety. These
were targeted in a second series of experiments by changing
the stoichiometric ratio between the neutral formazan L'H
and [Ln{N(SiMej;),}] in the reaction mixtures from 3:1 to 2:1
or 1:1. However, in all cases, according to NMR analysis of the
crude product, homoleptic complexes were always formed as
major constituent along with small amount of other minor
products. The separation of those side products was not
successful.

To circumvent this problem in the transamination reac-
tions, we focused on the synthesis of mono(formazanate) rare-
earth metal complexes by salt metathesis. Several combi-
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nations of lanthanide, formazanate and co-ligands were inves-
tigated, but on many occasions, problems with the crystallinity
of the product compounds arose. To improve the crystallisa-
tion behaviour of the formazanate complexes, various substitu-
ent modifications were carried out on the formazan ligand
framework. The best results were obtained with the novel for-
mazanate ligand L> (L> = PhNNC(4-tBuPh)NNPh), bearing
phenyl groups on the nitrogen atoms and a 4-tert-butylphenyl
group on the central carbon atom. The corresponding forma-
zan ligand L’H and its potassium salt [L*K(thf)] were prepared
by modification of a published method.>**> The salt meta-
thesis reaction of [L’K(thf)] with [SmCp*,(u-Cl),K(thf)]*® or
[LnCp,Cl], (Ln = Dy, Yb)*” in THF formed the corresponding
mono(formazanate) complexes [L*SmCp*,] (4) and [L’LnCp,]
(Ln = Dy (5), Yb (6)) (Scheme 2). Single crystals of compounds
4-6 were obtained from concentrated n-pentane solutions at
room temperature.

Three mono(formazanate) lanthanide complexes 4-6 crys-
tallise in the monoclinic system with space group P2,/c (4)
(Fig. 5) and P2; (5 and 6) (Fig. 6), respectively. The central
lanthanide atom in each complex is in the centre of a distorted
tetrahedron, coordinated by two nitrogen atoms of the forma-
zanate ligand and two Cp* or Cp groups.

As a representative example, the molecular structure of
complex 4 is discussed in detail (Fig. 5). As shown by the equi-
valent N-N and C-N bond lengths, respectively, the bonding in
the six-membered core is delocalised. The structure shows the
expected n’-coordination of the cyclopentadienyl ligands, with
the planar n’-rings exhibiting no significant distortion within
the carbon framework. The Sm~Ciin, distances are in the range
between 2.717(6) and 2.769(6) A with the distance between the
Sm and the ring-centroid being 2.454(9) and 2.471(4) A. These
data are in good agreement with other bis(cyclopentadienyl)
complexes of trivalent samarium.***° The bond distances of
Sm-N are similar to that of complex 2 and the angle of N-Sm-
N (72.15(15)°) is a bit more obtuse than that of complex 2. In
contrast to complex 2, the sum of inner angels of the six-mem-
bered heterocycle (NNCNNSm) in complex 4 is 719.35°, which

N7 3N
tBu [SmCp*a(u-Cl)oK(thf)] NN
————————— Ph~ ~Ph
\/
Sm, Bu
THF
N N r.t.
4
h',m,lj\ -Kcl
PR / Ph
K NN
(thf) U U
0.5 [Cp,LnCl], thN\ /N~Ph
L2K(thf) Ln_

N

Ln = Dy(5), Yb(6)

Scheme 2 Synthesis of mono(formazanate)
4-6.

lanthanide complexes
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Fig. 5 Molecular structure of 4 in the solid state (left: front view; right:
side view). All hydrogen atoms are omitted for clarity. Selected bond
lengths (A) and bond angles [°]: Sm—N1 2.489(4), Sm—N4 2.475(5), N1—
N2 1.306(6), N2—C1 1.335(7), N3—N4 1.290(6), N3—-C1 1.349(7); N1-Sm-—
N4 72.15(15), N2-N1-Sm 133.3(4), N1-N2-C1 122.7(5), N4-N3-C1
122.3(5), N3-N4-Sm 134.3(4), N2—C1-N3 134.6(5).

Fig. 6 Molecular structures of 5 (left) and 6 (right) in the solid state. All
hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
bond angles [°]: 5: Dy-N1 2.370(8), Dy—N4 2.366(7), N3—-N4 1.309(10),
N3-C1 1.329(10), N1-N2 1.286(11), N2-C1 1.346(10); N1-Dy-N4
74.0(3), N2-N1-Dy 131.1(6), N1-N2-C1 123.0(8), N4-N3-C1 122.8(7),
N3-N4-Dy 130.5(5), N2-C1-N3 131.0(8). 6: Yb—N1 2.37(2), Yb—N4
2.335(15), N1-N2 1.26(3), C1-N2 1.39(3), N3-C1 1.31(3), N3-N4 1.29(2);
N1-Yb—-N4 73.8(7), N2—-N1-Yb 130.4(15), N1-N2-C1 122(2), N4-N3-C1
124(2), N3—-N4-Yb 129.5(13), N3-C1-N2 130(2).

is close to the ideal planar of 720°. But the corresponding sum
of the internal angles in compounds 5 and 6 are 712.55° (Dy)
and 709.74° (Yb), respectively, which indicate slight deviation
from the planarity of [NNNN].

All three complexes 4-6 contain paramagnetic metal
centres. NMR spectra with sharp and well-defined signals
could only be obtained for the samarium complex 4. The 'H
NMR spectrum of complexes 5 and 6 showed very broad
signals owing to the paramagnetism of Dy(m) and Yb(um). In
the 'H NMR spectrum of 4, two sharp singlets were observed
at the high field 6 1.24 and 1.67 ppm, which could be assigned
to the protons of the Cp* ring and tert-butyl groups,
respectively.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Cyclic voltammogram of 4—6 (THF, 0.1 M [Buy4N][PFg]) recorded
at 250 mV s~

The cyclic voltammograms of compounds 4-6 were
measured in THF solution (Fig. 7). In contrast to the boron
mono-formazanate complex [{PhNNC(p-tolyl)NNCPh}BPh,]
where two redox processes were observed (—1.35 V and —2.26
V),"” in 4-6 there are three (—0.76 to —0.82, —1.51 to —1.60,
—2.25 to —2.42 V, see ESI Table S3t). The two redox waves at
similar potentials are found at more negative values for the
lanthanide complexes. For this, both the bite angle of the
ligand and the covalency of the interaction can play a role, as
well as the difference in substitution of the phenyl rings, as p-
tert-butyl groups cause a more electron-rich ligand scaffold. All
three factors make L> more difficult to further reduce and
therefore lead to more negative redox potentials. Within the
series of lanthanide complexes, the redox potentials follow the
sequence Sm < Dy < Yb, which follows the same correlation
with the ionic radius (Sm** > Dy*" > Yb*") as discussed for the
L' complexes. It is interesting to note that even the protic
ligand L°H shows three redox processes with very similar
characteristics to complexes 4-6 (ESI Fig. S19 and Table S37) at
—0.81, —1.55 and —2.29 V which further corroborates that the
redox events in the lanthanide complexes almost exclusively
occur on the formazanate ligands.

Unfortunately, from attempted reactions of the chemical
reduction of complex 4 by using cobaltocene only an oily
product and no crystalline materials could be obtained. When
sodium was used as a reducing agent, the lanthanide complex
decomposed and a Na formazanate complex was formed. The
Na complex could be isolated as crystalline material, but struc-
tural data were of low quality and only serve to confirm the
connectivity in the complex (see ESI, Fig. S277). Since its struc-
ture is related to the reported potassium formazanate,®* we
did not pursue it any further. Attempted reductions with other
reducing agents did not give the desired results.

Since the aforementioned reduction of formazanate lantha-
nide compounds did not progress smoothly and taking into
account that divalent lanthanides are often used as reducing
agents,*"*> we explored the reaction between divalent lantha-
nides complexes with formazanates. The potassium salt of the

Dalton Trans., 2022, 51, 5218-5226 | 5221
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ligand [L’K(thf)] was treated with the divalent Yb halide
complex [YbI,(thf),] in THFE."® Unexpectedly, the homoleptic
tris(formazanate) Yb compound [(L?);Yb] (7) was formed
(Scheme 3).

The molecular structure was unambiguously determined by
X-ray diffraction analysis (Fig. 8). It crystallises in the triclinic
space group P1. Except the small difference in the substituents
on the ligand backbone, the structural parameters of 7 are
closely related to those of the homoleptic complexes 1-3,
which indicates that there are no electronic changes of the for-
mazanate ligand moiety. The exact mechanism of the for-
mation of 7 is unclear. Apparently, the presence of the forma-
zanate ligand L” in the coordination sphere of a divalent Yb(i)
is not sufficient to stabilise the highly reactive metal centre
and the formation of the trivalent complex is favoured. Such
reactivity has been presented in the literature, as a similar

redox reaction was observed when potassium amide
tBu
Bu
MW
N N-pn
Ybly(thf), PhPh 5 F Pl
N THF Ao PN,
NN rt N / % )
N t C/N ‘,N‘N
K N*"Ph pH
(thf) Bu
Bu
L2K(thf) 7

Scheme 3 Synthesis of complex 7.

Fig. 8 Molecular structure of 7 in the solid state. All hydrogen atoms
and solvent molecules are omitted for clarity. Selected bond lengths (A)
and bond angles [°]: Yb—N1 2.324(2), Yb—N4 2.344(2), Yb—N5 2.372(2),
Yb—N8 2.287(2), Yb—N9 2.311(2), Yb—N12 2.345(2), N1-N2 1.322(3), C1-
N2 1.347(4), N3—-C1 1.346(4), N3—-N4 1.307(3), N5—-N6 1.321(3), N6—-C2
1.345(4), N7-C2 1.350(4), N7—-N8 1.312(3), N9—N10 1.317(3), C3-N10
1.351(3), C3—-N11 1.347(4); N1-Yb—-N4 69.38(8), N5-Yb—N8 71.70(8),
N9-Yb-N12 68.39(8).
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[{KN(CgH;iPr,-2,6)(2-CsH;3;N-6-Me(OEt,)},] was reacted with
[SmI,(thf),] and afforded a homoleptic Sm(m) trisamide.** To
further test the above mentioned hypothesis, L>H was treated
directly with the divalent Sm compound [Cp*,Sm(thf),],*> a
similar behavior to the Yb complex was observed, as the triva-
lent Sm complex 4 formed, which could be identified accord-
ing to the 'H NMR spectrum (Scheme 4).

The electrochemical properties of the homoleptic complex
[(L*),;YD] (7, Fig. 9) bear very close resemblance to heteroleptic
[L*YbCp,] (6), both with respect to the potentials (—0.76, —1.53
and —2.32 V) and to the shape of the redox waves. In compari-
son with L' complexes 1-3, the CV data show similarities with
the smallest central atoms in accord with the correlation of
larger ionic radius with more negative redox potentials.

UV-Vis spectra of compounds 1-7 were recorded in THF
(Fig. 10). All compounds have high extinction coefficients (¢ >
10* L mol™* em™, ESI Table S31), which is in agreement with
previous reports.>**® The tris-formazanate compounds 1-3
and 7 show intense absorption bands in the visible range of
the spectrum between 400 and 600 nm as a result of =—n* tran-
sitions in the formazanate framework with an absorption
maximum between 489 and 494 nm and a shoulder at 540 nm.

tBu
tBu
THF
,  NOSN L Smithf), _rt Ef\m
Ui | 3 -0.5H, Ph™ ~Ph
pp N HN=pp 2 \/
¥’
2
L°H 4

Scheme 4 Synthesis of complex 4 by redox reaction from [Cp*,Sm
(thf),].
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Fig. 10 UV-Vis spectra of compounds 1-7 with ligands L*?H in THF.

The spectral formazanate framework with an absorption
maximum between signature in each one is similar, in particu-
lar, closely resembling that of the protic ligand, suggesting
these transitions are predominantly ligand-based in character,
which is consistent with CV results. The spectra of mono-for-
mazanate compounds 4-6 show additional maxima at 410 nm.
However, the features observed in compounds 1-3 and 7 at
490 and 540 nm are still present in these spectra, albeit with
lower extinction coefficients.

Conclusions

A series of tris(formazanate) and mono(formazanate) rare-
earth metal complexes were synthesised and fully character-
ised. These complexes represent the first structurally character-
ised rare-earth complexes comprising formazanate ligands.
Moreover, complexes 1, 2, 3 and 7 are the first examples of
homoleptic tris(formazanate) complexes. The cyclic voltammo-
grams of all complexes indicate three separate redox events,
which are mainly attributed to the ligand framework. The
shifts of redox potentials between these analogues are corre-
lated with the ionic radius of the rare-earth metals. Although
we could not isolate the corresponding reduction products, the
obtained cyclic voltammograms on the rare-earth metal com-
plexes could be used as a reference for the further electro-
chemical studies on this area.

Experimental
General procedures

All manipulations of water- and air-sensitive compounds were
performed with exclusion of moisture and oxygen in flame-
dried Schlenk-type glassware either on a dual manifold
Schlenk line, interfaced to a high vacuum (10~ mbar) line or
in an argon-filled MBraun glove box. All solvents were dried by

This journal is © The Royal Society of Chemistry 2022
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using an MBraun solvent purification system (SPS 800),
degassed and stored in vacuo over LiAlH,. Tetrahydrofuran was
additionally distilled under nitrogen from potassium benzo-
phenone ketyl before storage in vacuo over LiAlH,. C¢Ds was
transferred from sodium/potassium alloy into
thoroughly dried glassware with the probe substance and
flame sealed afterwards. NMR spectra were recorded on Bruker
spectrometers (Avance III 300 MHz, Avance 400 MHz or Avance
III 400 MHz) at 298k. Chemical shifts are referenced internally
using signals of the residual protio solvent (*H) or the solvent
(**c{'H}) and are reported relative to tetramethylsilane ('H,
B¢{'H}). The multiplicity of the signals is indicated as s =
singlet, d = doublet, dd = doublet of doublets, t = triplet, q =
quartet, m = multiplet and br = broad. Assighments were deter-
mined on the basis of unambiguous chemical shifts, coupling
patterns and **C DEPT experiments or 2D correlations ("H-'H
COSY, "H-"C HMQC and '"H-">C HMBC). Elemental analyses
were carried out with an Elementar Vario Micro cube from
Elementar Analysensysteme GmbH. IR spectra were obtained
on a Bruker Tensor 37 spectrometer equipped with a room
temperature DLaTGS detector, a diamond ATR (attenuated
total reflection) unit and a nitrogen-flushed chamber. In terms
of their intensity, the signals were classified into different cat-
egories (vs = very strong, s = strong, m = medium, w = weak,
and sh = shoulder). Cyclic voltammetry measurements were
performed with a suitable potentiostat and electrochemical
cell within a glovebox. We used a freshly polished Pt disk
working electrode, a Pt wire as counter electrode, an Ag wire as
(pseudo) reference electrode in a 0.1 M solution of
["Bu,N][PF¢] as electrolyte. Potentials were calibrated against
the Fc/Fc' couple as internal standard.

1,3,5-Triphenylformazan (L'H) was obtained commercially
and used as received. [L’K(thf)],** [Ln{N(SiMe;),};],>*
[SmCp*,(pu-Cl),K(thf)],>®  [LnCp,Cl],,*>" [YbL(thf),],*> and
[Cp*,Sm(thf),]** were prepared following literature procedures.
All other chemicals were obtained from commercial sources
and used without further purification.

vacuum

Synthesis of PANNC(4-tBuPh)NNHPh (L’H)

PhNNC(4-tBuPh)NNHPh (L’H) was prepared by modification
of a published method.**> Phenylhydrazine (1.622 g, 10 mmol)
was combined with 4-tert-butyl benzaldehyde (1.081 g,
10 mmol) and ethanol (15 mL). 4-tert-Butylphenyl phenyl
hydrazone formed as yellow precipitate upon stirring the
mixture at ambient temperature overnight. The precipitate was
collected by filtration after washing with cold ethanol several
times. In a round bottom flask, the aniline (0.466 g, 5 mmol)
was dissolved in hydrochloric acid (1.25 mL) and cooled to
0 °C in an ice bath. Sodium nitrite (0.345 g, 5 mmol) was dis-
solved in H,O (2 mL) and then added to the acidic aniline
solution by a dropping funnel over 15 minutes. After the
addition was complete, the diazonium salt solution was
allowed to stir at 0 °C for further 30 minutes. In a separate
flask, 4-tert butylphenyl phenyl hydrazone (1.260 g, 5 mmol)
was dissolved in methanol (15 mL) and cooled in a salt-ice
bath to —5 °C. The diazonium salt solution was then added to
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the hydrazone solution over 30 minutes. Additional ice was
added during the addition to keep the solution at —5 °C. Once
the addition of the diazonium salt was complete, the mixture
was allowed to warm to room temperature and stirred over-
night. Then, dark red precipitate was filtered off and purified
by recrystallisation from ethanol.

Yield: 0.997 g (0.28 mmol), 56%. 'H NMR (400 MHz, C¢Dy):
5 (ppm) = 15.27 (s, 1H, NH), 8.29 (d, 2H, J = 8.3 Hz, tBuPh,
m-H), 7.52 (d, 4H, J = 8.1 Hz, NPh, 0-H), 7.46 (d, 2H, ] = 8.3 Hz,
tBuPh, 0-H), 7.13 (d, 4H, J = 7.5 Hz, NPh, m-H), 6.97 (t, 2H, J =
7.3 Hz, NPh p-H), 1.29 (s, 9H, C(CHj);). “C{'H} NMR
(101 MHz, C¢Dg): 6 (ppm) = 150.7 (¢BuPh ipso-C), 148.4 (CPh
ipso-C), 142.1 (NCN), 135.4 (NPh ipso-C), 129.5 (NPh (meta)),
127.4 (NPh (para)), 126.5 (tBuPh (meta)), 125.6 (tBuPh (ortho)),
119.1 (NPh (ortho)), 34.6 (C(CHz)3), 31.5 (C(CH3);). IR (ATR): U
(em™) = 3053(w), 2954(s), 2901(w), 2864(w), 1596(m), 1506(vs
1452(s), 1406(w), 1388(w), 1352(s), 1314(w), 1294(w), 1229(vs
1206(s), 1181(m), 1162(m), 1110(w), 1071(w), 1033(s), 1007(m
984(w), 915(w), 890(w), 836(s) 807(w), 767(m), 744(m), 719(m),
682(m), 655(m), 630(m), 549(w), 511(w), 481(w). Anal. Calc. (%)
for C,3H,,N, (356.47 ¢ mol™): C 77.50, H 6.79, N 15.72; found
(%): C 77.29, H 6.32, N 15.72.

)s
)
)s

Synthesis of [{PhNNC(Ph)NNPh};Ln] (Ln =Y (1), Sm (2), Dy
3)

To a mixture of L'H (0.360 g, 1.20 mmol) and [Ln{N(SiMe;),};]
(Ln =Y, Sm, Dy) (0.40 mmol) toluene (50 mL) was added and
the resulting mixture was stirred at room temperature for 18 h.
All volatiles were removed under reduced pressure. The result-
ing solid was washed with cold n-pentane (5 mL) and dried
in vacuo for 2 h affording the product as a dark red solid.
Crystals suitable for X-ray diffraction analysis were obtained
from slowly evaporation of toluene from the reaction mixture.

[(LY3Y] (1). Yield: 0.335 g (0.34 mmol), 85%. 'H NMR
(400 MHz, C¢D): 6 (ppm) = 8.14 (d, 2H, J = 7.3 Hz, CPh 0-H),
7.39 (t, 2H, J = 7.5 Hz, CPh m-H), 7.31 (t, 1H, J = 7.3 Hz, CPh
p-H), 7.22 (d, 4H, J = 7.2 Hz, NPh 0-H), 6.78 (m, 6H, NPh m-H
and p-H). "*C{'H} NMR (101 MHz, C¢Ds): § (ppm) = 151.8 (NPh
ipso-C), 146.8 (NCN), 137.5 (CPh ipso-C), 129.0 (NPh (meta)),
128.6 (CPh (meta)), 128.5 (CPh (para)), 127.3 (NPh (para)),
126.9 (CPh (ortho)), 122.7 (NPh (ortho)). IR (ATR): 7 (em™') =
3084(w), 3053(m), 3028(m), 1945(w), 1596(s), 1509(vs), 1491
(vs), 1454(s), 1442(m), 1350(s), 1313(s), 1226(w), 1181(vs),
1161(s), 1098(s), 1071(s), 1042(s), 1017(s), 982(m), 914(m),
889(w) 843(w), 804(w), 750(vs), 686(s), 650(m), 632(m), 587(w),
542(w), 516(w), 498(m), 460(w). Anal. Calc. (%) for C5;H45N;,Y
(986.98 g mol™): C 69.37, H 4.60, N 17.03; found (%): C 69.22,
H 4.61, N 16.60.

[(LY3Sm] (2). Yield: 0.365 g (0.35 mmol), 87%. 'H NMR
(400 MHz, CgDg): 6 (ppm) = 8.19 (m, 2H, CPh, 0-H), 7.36-7.27
(m, 3H, CPh p-H and m-H), 6.36 (t, 2H, J = 7.3 Hz, CPh m-H),
6.05 (t, 4H, J = 7.2 Hz, NPh m-H), 5.26 (br, 4H, NPh, o-H). *C
{"H} NMR (101 MHz, C¢D): 6 (ppm) = 148.6 (NPh ipso-C),
142.3 (CPh ipso-C), 139.2 (NCN), 128.8 (NPh (meta)), 128.7
(CPh (meta)), 128.0 (CPh (para)), 126.3 (NPh (para)), 126.0
(CPh (ortho)), 120.5 (NPh (ortho)). IR (ATR): & (cm™") = 3084(w),
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3052(m), 3028(m), 1944(w), 1653(s), 1636(vs), 1597(w), 1509
(vs), 1491(vs), 1454(s), 1442(s), 13450(s), 1313(m), 1291(w),
1228(vs), 1181(s), 1162(s), 1149(s), 1098(w), 1071(m), 1042(s),
1017(s), 982(m), 914(m), 889(w), 844(w), 817(w), 804(w), 750(s),
686(s), 650(m), 632(m), 587(m), 542(w), 499(m), 459(w). Anal.
Calc. (%) for Cs,H,5N;,Sm (1048.43 g mol™'): C 65.30, H 4.33,
N 16.03; found (%): C 65.08, H 4.42, N 15.62.

[(LY;Dy] (3). Yield: 0.338 g (0.32 mmol), 80%. IR (ATR): &
(em™") = 3083(w), 3053(m), 3028(m), 1945(w), 1596(s), 1509(vs),
1491(vs), 1440(s), 1350(s), 1313(w), 1228(vs), 1180(s), 1158(s),
1097(w), 1071(m), 1042(m), 1017(s), 982(m), 914(m), 889(m),
805(w), 750(vs), 686(s), 650(m), 631(m), 586(m), 542(w),
498(m), 459(w). Anal. Calc. (%) for Cs;H4sN;,Dy (1060.57 g
mol™): C 64.55, H 4.28, N 15.85; found (%): C 64.71, H 4.27, N
15.53.

Synthesis of [{PhNNC(4-tBuPh)NNPh}SmCp*,] (4)

Method A: THF (10 mL) was added to a mixture of the potass-
ium formazanate salt L?K(thf) (0.070 g, 0.15 mmol) and
[SmCp*,(p-Cl),K(thf)] (0.090 g, 0.15 mmol) at room tempera-
ture. The resulting mixture was stirred overnight. All volatiles
were removed under reduced pressure. The resulting solid was
extracted with 15 mL of pentane and filtered. Concentration of
the filtrate afforded dark red plate crystals suitable for X-ray
diffraction analysis. Method B: LH (0.053 g, 0.15 mmol) and
[Cp*,Sm(thf),] (0.085 g, 0.15 mmol) were combined in a
Schlenk flask and dissolved in 15 mL of THF. The reaction
mixture was stirred 6 hours. Then, the solvent was removed in
vacuo and extracted by pentane. Crystals were obtained by con-
centrating the filtrate.

[L>SmCp*,] (4). Yield: 0.080 g (0.10 mmol) (from method A),
69%. 'H NMR (400 MHz, C¢D): 6 (ppm) = 9.76 (d, 2H, J = 8.5
Hz, tBu-Ph, m-H), 8.09 (d, 2H, J = 8.5 Hz, tBu-Ph, 0-H), 4.63 (t,
J = 7.3 Hz, 2H, NPh p-H), 3.42 (br, 4H, NPh m-H), 1.67 (s, 9H,
C(CHs)3), 1.46 (br, 4H, NPh o-H), 1.24 (s, 30H, Cp*-CH;). *C
{'"H} NMR (101 MHz, C¢D¢): 6 (ppm) = 150.0 (NPh ipso-C),
146.9 (tBu-Ph ipso-C), 145.2 (NCN), 142.8 (CPh ipso-C), 126.9
(tBu-Ph (meta)), 126.8 (tBu-Ph (ortho)), 124.8 (NPh (meta)),
123.1 (NPh (para)), 119.9 (Cp*-Cring), 115.1 (NPh (ortho)), 35.1
(C(CH3)3), 31.9 (C(CHj)3), 19.2 (Cp*-Me). IR (ATR): & (cm™') =
3087(w), 3055(w), 2953(m), 2900(w), 2864(w), 1597(m),
1560(w), 1507(s), 1453(m), 1407(w), 1388(w), 1352(m), 1310(m),
1230(vs), 1204(s), 1180(s), 1144(s), 1111(s), 1071(m), 1033(m),
1006(m), 982(s), 915(w), 890(w), 836(m), 806(w), 767(m),
754(w), 742(m), 717(w), 680(m), 655(w), 630(m), 594(w), 574(w),
550(w), 482(w). Anal. Calc. (%) for C,3Hs3N,Sm (776.29 g
mol™): C 66.53, H 6.88, N 7.22; found (%): C 66.18, H 6.58, N
7.23.

Synthesis of [{PhNNC(4-tBuPh)NNPh}LnCp,] (Ln = Dy (5), Yb (6))

Compounds 5 and 6 were synthesised using the same pro-
cedure as for 4 method A. THF (10 mL) was added to a mixture
of the potassium formazanate salt [L*K(thf)] (0.070 g,
0.15 mmol) and [Cp,LnCl], (Ln = Dy, Yb) (0.5 eq.) at room
temperature. The resulting mixture was stirred overnight. All
volatiles were removed under reduced pressure. The resulting

This journal is © The Royal Society of Chemistry 2022
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solid was extracted with 15 mL pentane and filtered.
Concentration of the filtrate afforded dark red plate crystals
suitable for X-ray diffraction analysis.

[L*DyCp,] (5). Yield: 0.070 g (0.11 mmol), 72%. IR (ATR): &
(em™) = 3076(w), 3058(w), 3008(w), 2957(s), 2902(m), 2865(m),
1652(w), 1597(m), 1559(w), 1540(w), 1507(vs), 1481(br),
1453(s), 1406(w), 1391(w), 1353(m), 1313(w), 1295(w), 1269(w),
1226(vs), 1180(s), 1163(s), 1112(m), 1072(w), 1034(w), 1008(m
985(s), 916(m), 890(w), 864(w), 837(m), 782(m), 766(m),
755(m), 744(m), 723(w), 682(w), 657(w), 632(w), 589(w), 573(w),
550(w), 510(w). Anal. Calc. (%) for C3;3H33N,Dy (648.16 g
mol™): C 61.15, H 5.13, N 8.64; found (%): C 60.24, H 5.00, N
8.66.

[L?YbCp,] (6). Yield: 0.062 g (0.09 mmol), 63%. IR (ATR): &
(em™) = 3080(w), 3003(w), 2960(m), 2902(w), 2865(w), 1671(w),
1653(w), 1583(w), 1560(w), 1540(w), 1508(w), 1479(m), 1455(w),
1394(w), 1362(w), 1331(w), 1297(m), 1273(s), 1225(vs), 1180(vs),
1159(s), 1115(s), 1079(m), 1046(w), 1009(w), 982(w), 888(w),
865(w), 842(m), 789(s), 757(s), 725(w), 688(m), 661(m), 617(w),
591(w), 557(w), 513(w). Anal. Calc. (%) for C;3Hz3N,Yb
(658.71 g mol™): C 60.17, H 5.05, N 8.51; found (%): C 59.75,
H 4.70, N 9.20.

)s
)

Synthesis of [{PhNNC(4-tBuPh)NNPh};Yb] (7)

THF (10 mL) was added to a mixture of [L’K(thf)] (0.198 g,
0.42 mmol) and [YbI,(thf),] (0.121 g, 0.21 mmol) at room
temperature. The resulting mixture was stirred overnight. All
volatiles were removed under reduced pressure. The resulting
solid was extracted with pentane and filtered. Crystals were
obtained by concentrating the filtrate.

[(L*);Yb] (7). Yield: 0.086 g (0.07 mmol), 33%. IR (ATR): 7
(em™) = 3062(w), 3035(w), 2958(vs), 2902(m), 2866(m),
1699(w), 1651(w), 1634(w), 1597(m), 1560(w), 1540(w), 1508
(vs), 1481(s), 1454(s), 1407(w), 1393(w), 1358(m), 1312(w),
1270(m), 1219(vs), 1185(vs), 1162(s), 1112(m), 1073(w),
1035(m), 1011(m), 982(w), 914(w), 890(w), 866(w), 837(m),
805(w), 758(m), 722(w), 687(m), 664(w), 633(w), 560(w), 486(w).
Anal. Calc. (%) for CeoHgoN1,Yb (1239.45 g mol™): C 66.87, H
5.61, N 13.56; found (%): C 67.38, H 5.11, N 13.33.
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