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ABSTRACT: Out of the 14 lanthanide (Ln) ions, molec-
ular complexes of Ln(IV) were known only for cerium
and more recently terbium. Here we demonstrate that
the +(IV) oxidation state is also accessible for the large
praseodymium (Pr) cation. The oxidation of the
tetrakis(triphenysiloxide)  Pr(Il) ate complex,
[KPr(0SiPh3)4(THF)3], 1-PrPh, with
[N(CeH4Br)3][SbCle], affords the Pr(IV) complex
[Pr(0SiPh3)s(MeCN)2], 2-PrPh, which is stable once
isolated. The solid state structure, UV-visible spectros-
copy, magnetometry, and cyclic voltammetry data,
along with the DFT computations of the 2-PrPh com-
plex unambiguously confirm the presence of Pr(1V).

The most stable oxidation state for all lanthanide el-
ements is the +3. However, in the last ten years, com-
plexes of all lanthanides but one (Pm) have been syn-
thetized in the + 2 oxidation state.! The high oxidizing
power of Ce** has found important application in ca-
talysis, rare earth separations, and materials science,?
but, until 2019, cerium was the only lanthanide for

which the +4 oxidation state could be accessed in mo-
lecular complexes. In the last year, the first three ex-
amples of molecular complexes of Tb(IV) were re-
ported by our group3 and others. In contrast, Pr(IV)
has so far been observed only in extended oxide and
fluoride materials.> Previous attempts to prepare a
Pr(IV) complex by oxidation of a Pr(IlI) precursor
have so far only resulted in cation exchange® or ligand
oxidation.”

The calculated5a Pr(IV)/Pr(IlI) reduction potential
of + 3.4 Vvs NHE is very close to the potential reported
for the Tb(1V)/Tb(III) couple (+3.3 V vs NHE) suggest-
ing that it may be possible to use similar supporting
ligands and oxidizing condition to isolate molecular
complexes of Pr(IV). Notably, electrochemical produc-
tion of both Pr(IV) and Tb(IV) from concentrated car-
bonate solutions was reported more than forty years
ago.8 However, preliminary attempts carried out in
our group to synthesize a molecular Pr(IV) complex
using the tris(tertbutoxy)siloxide ligand, which was



previously shown to  stabilize  homoleptic
[Ln(0Si(0tBu)3)4] complexes of Ce(IV)? and Tb(IV)3b,
did not allow the isolation of the Pr(IV) homologue
probably due to the higher lability and higher coordi-
nation number of Pr which is one of the largest Ln
ions.>a

Here we show that the monodentate siloxide ligand
“0SiPh; allows the synthesis and characterization of
the first example of a molecular complex of the 4f1
Pr(IV) ion. The six-coordinate complex
[PriV(0SiPh3)s(MeCN)z], 2-PrPh, was prepared by oxi-
dation of the Pr(1II) analogue, [KPr(0SiPh3)4(THF)s],
1-PrPh, using [N(CeH4Br)3][SbCle¢] as the oxidizing
agent and was fully characterized by X-ray crystallog-
raphy, cyclic voltammetry, magnetometry, and density
functional theory calculations.

The potassium tetrakis(tertbutoxy)siloxide Pr(III)
complex, [KPr(0Si(0tBu)sz)4], 1-ProtBu, was prepared
in the same manner reported for Ce,% Gd,3 and Tb,3b
from the reaction of KOSi(0tBu)s with the anhydrous
lanthanide trichloride in 70% yield. The molecular
structure of 1-ProtBu determined by X-ray crystallog-
raphy shows that the Pr(IlI) complex is isostructural
with the Ce(III) analogue [KCe(0Si(0tBu)3)4] (See sup-
porting information).%

Tris(triphenylsiloxide)complexes of Ln(III) were al-
ready reported 30 years ago,10 but the Pr(IIl) potas-
sium-tetrakis(triphenylsiloxide)
[KPr(0SiPh3)4(THF)3], 1-PrPh complex was not yet re-
ported; we found its synthesis less straightforward
than that of 1-ProtBu, Reaction of the anhydrous tri-
chloride praseodymium salt with 4 equiv. of KOSiPh3
led to a mixture of 1-PrPh and the previously reported
[Pr(0SiPh3)3(THF)3] complex,!! independent of the
reaction temperature or time. However, addition of 1
equiv. KOSiPh3 to the pure [Pr(0SiPhs3)3;(THF)3]!! al-
lowed the isolation of analytically pure 1-PrPh in 64%
yield. The solid state structure of 1-PrPh (Figure 1)
shows a 6-coordinate Pr(IlI) complex bound by four
0SiPh3 and two THF ligands in a distorted octahedral
geometry. The structure of the six-coordinate 1-PrPhis
similar to that reported for the five-coordinate Tb(III)
complex in 1-TbPh 3a except that one additional THF
ligand is bound to the Pr center. The OSiPh3 ligands in
1-PrPh bind the potassium ion in close proximity to
the Pr(III) ion. Addition of 2.2.2-cryptand to a THF-dg
solution of 1-PrPh resulted in a shift, in the TH NMR
spectrum, of the signals assigned to the ligand’s

protons (Figure S7) suggesting that the potassium cat-
ion in 1-PrPh remains bound in solution.

Figure 1. Solid-state molecular structure of 1-Prft (50%
probability ellipsoids). Hydrogens atoms, phenyl groups not
bound to the potassium ion and the disordered K1 are omit-
ted for clarity. Selected distances (A): Pr1-Osioxice range
=2.248(9) - 2.304(9); mean Pr1-Osiloxide = 2.27(2); Pr1-Otur
=2.571(10) - 2.583(8).

The addition of the strong oxidizing agent
[N(CeH4Br)3][SbCle],12 to a MeCN solution of 1-PrPh or
1-Prou resulted in the bleaching of the blue oxidant
to yield orange/brown colored solutions. Any attempt
to isolate the species formed in the oxidation of 1-
Prou resulted in the isolation of a Pr(I11) decomposi-
tion product, showing the loss of a siloxide ligand and
chloride coordination. The determined molecular
structure  of the  decomposition  product
[{Pri1(0Si(0tBu)3)3}2(u-C3(p-K)s3], 3, (see Supporting
information) suggests that chloride binding to the pra-
seodymium is likely to provide a decomposition path-
way for the putative Pr(IV) intermediate species.

The isolation of the Pr(IV) complex
[Pr(0SiPh3)s(MeCN);], 2-PrPh, formed by the oxida-
tion reaction of 1-PrPh, turned out to be much more
challenging compared to the isomorphous terbium
complex [Tb(0SiPh3z)4(MeCN);], 2-TbPh3a, Notably, 2-
TbPh3a precipitates from solution as an orange solid
immediately after addition of the oxidizing agent
while 2-PrPh remains in solution and readily decom-
poses preventing isolation. We finally found that the
isolation of 2-PrPh required a thorough drying under
vacuum of the reaction mixture obtained immediately
after addition of the oxidizing agent. Only after addi-
tion of fresh acetonitrile to the residue, 2-Prfh could
be obtained as a brown solid in 55% yield (Scheme 1).
The 1H NMR spectrum of the isolated 2-PrPh complex



at 298 K in THF-dg shows one set of three signals at 7.8
ppm, 7.2 ppm, and 7.0 ppm for the 3 chemical shift in-
equivalent protons of the 12 phenyl groups, which is
in agreement with the presence of a fluxional species
(Figure S9). 1H NMR studies in THF-ds showed that 2-
PrPh is more stable in solution once isolated and sepa-
rated from the oxidation byproducts; approximately
70% of 2-PrPh is still observed in the 1H NMR spec-
trum after 3 hours at room temperature (Figure S11)
whereas in the reaction mixture, freshly generated 2-
PrPh decomposes completely within 3 hours (Figure
S§12). In both decomposition experiments,
[Pr(0SiPh3)3(THF)3] was produced as the only identi-
fiable product (Figure S11 and S12).

The UV-Visible spectrum of 2-PrPh measured imme-
diately after dissolution in THF showed a broad ab-
sorption maximum located at a lower energy Amax =
363 nm (¢ = 3800 M1 cm™) (Figure S14) compared to
that reported for solutions of Pr(IV) species electro-
chemically generated in aqueous carbonate medium
(Amax = 283 nm, £ > 1000 M1 cm™1)8,

Crystals of 2-PrPh suitable for characterization by X-
ray diffraction were obtained upon storage of a satu-
rated MeCN solution of 2-PrPh at - 40 °C overnight.

SiPh,
+ [N(CeH4Br)3l[SbClg]  PaSi | C|> ~SiPhs
,, A“QA
1-PrPh MeCN Y, priv
-IN(CeH4Br)3] MeCN/I e
o)
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Scheme 1. Synthesis of [Pr(0SiPh3z)4(MeCN):], 2-PrFh,

The complex 2-PrPh crystallizes in the orthorhom-
bic space group Pca21 and is isomorphous with the
previously reported Th(IV) complex
[Tb(0SiPh3)4(MeCN)z], 2-ThPh, 3a The molecular struc-
ture of 2-PrPh shows a six-coordinate Pr(IV) ion bound
by four k! triphenylsiloxide ligands and two molecules
of acetonitrile in a distorted octahedral coordination
geometry (Figure 2). The differences in the Ln—-Osiloxide
bond distances (see Table S5) between 2-PrPh and 2-
TbPh are smaller than the 0.09 A difference expected
on the basis of their 6-coordinate Shannon ionic radii
(Pr(IV), 0.85 A, Tb(IV), 0.76 A).13 The smaller than ex-
pected changes could be indicative of increased cova-
lency in Ln(IV) complexes.14

Figure 2. Solid-state molecular structure of 2-Prfh (50 %
probability ellipsoids). Hydrogens atoms, phenyl groups,
residual solvent molecules and a second molecule of 2-PrPh
present in the unit cell are omitted for clarity. Selected dis-
tances (A): Pr1-Osioxice range = 2.088(4) - 2.121(4); mean
Pr1-Osiloxide = 2.10(1); Pr1-N = 2.599(6) - 2.603(6).

The X-band EPR spectra of the 1-CePh (4f1), 2-PrPh
(4f1), and 1-PrPh (4f2) complexes measured at 5 K as
frozen toluene or THF solutions did not show any sig-
nal. The absence of EPR signal for f! species has been
observed in several examples of 5f1 U(V) complexes.15
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Figure 3. Plot of yuT versus temperature data for ground
solid samples of 1-PrPh (green), 2-PrPh (brown), and 1-CePh
(black) collected under an applied magnetic field of 1 T.
The ymT versus T data (ym = molar magnetic suscep-
tibility) measured for 2-PrPh overlap with those meas-
ured for 1-CePhin the temperature range 300 to 2 K as
anticipated for an isoelectronic 4f! ion, Figure 3. In
contrast, the ymT versus T and ym versus T data of 1-
PrPhare typical of an f2 ion. The ymT = 0.622 and 0.544
emu-K/mol measured at 300 K for 2-PrPhand 1-CePh,



respectively, are in agreement with the ymT = 0.8
emu-K/mol predicted for a 4f! complex and much
lower than the 1.5 emu-K/mol found for the 42 Pr(III)
in 1-PrPh (predicted 1.6 emu-K/mol).
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Figure 4. Cyclic voltammograms of 2 mM solutions of 1-
Prfh (green), 2-PrPh (brown), 1-TbPh (black)3s, 2-TbPh
(red),’2 and 1-CePh (orange) measured in 0.1 M
[NBu4][B(CesFs)] in THF versus vs Fc/Fc* with a glassy car-
bon working electrode. The measurements were performed
at room temperature and scanned at 100 mV/s.

Cyclic voltammetry experiments were performed in
THF as 2 mM solutions of the tetrakis(triphenylsilox-
ide) praseodymium complexes 1-PrPh and 2-PrPh, The
performed with 0.1 M
[NBu4][B(CeFs)] as the supporting electrolyte (Figure
4, Table S4). The cyclic voltammogram of 2-PrPh
shows a metal-based reduction feature at Epc = -0.38
Vs Fc/Fc* and arelated oxidation feature at Ep, = 0.67
Vvsvs Fc/Fc* with a peak separation of AE =1.05V (at
a scan rate of 100 mV/s). This oxidation event is oc-
curring at a potential 0.18 V more positive than that of
the Tb(IV) analogue 2-TbPh (E,c = 0.49 V vs Fc/Fc* at
a scan rate of 100 mV/s)32 and is in agreement with
the difference between their respective calculated re-
dox potentials.52 However, the reduction wave of 2-
PrPh is identified at a potential 0.58 V more positive
than for 2-TbhPh (E,, = -0.96 V vs Fc/Fc* at a scan rate
of 100 mV/s). This suggests an easier reduction of the
+IV to the +III oxidation state for the praseodymium
than for terbium complexes and therefore a lower ki-
netic stability of the Pr(IV) species.

measurements were

DFT (B3PW91) calculations were carried out on
compounds 1-PrPh and 2-PrPh in order to further con-
firm the +IV oxidation state of Pr in 2-PrPh, The opti-
mized geometries of 1-PrPh and 2-PrPh compare well
with their experimental structures (see Supporting In-
formation). Among other things, the Pr-O bond

distances are well reproduced (2.09-2.12 A vs. 2.08-
2.12 A experimentally for 2-PrPh) and are significantly
shorter than in 1-PrPh (2.25-2.30 A vs. 2.24-2.30 ex-
perimentally). This shortening is in line with the oxi-
dation of the Pr center from +III in 1-PrPh to +IV in 2-
PrPh, A similar situation was observed for the oxida-
tion of Tb(III) to Tb(IV), pointing in the direction of
the +IV oxidation state in 2-PrPh. To further gain con-
fidence on this assignation, the unpaired spin density
of the two compounds was computed and plotted (Fig-
ure 5). First of all, the unpaired spin density is in both
cases only located at the Pr center; ruling out the pos-
sibility of Pr(Il)-ligand radical 2-PrPh. An unpaired
spin density of 1.1 is found for 2-PrPh, in line with a
Pr(IV), whereas it is 2.03 in 1-PrPh as expected for a
Pr(IIT) complex. NBO analysis indicates that the Pr-0O
Wiberg Bond Indexes (WBI) are 0.85 higher than for
the Tb(IV) analog (0.60-0.65) indicating a more cova-
lent interaction in Pr(IV) than in Tb(IV). In 2-PrPh,
NBO shows very strong donations from the oxygen
lone pairs (sp) to empty s/d/f hybrid orbitals on Pr
(donation of more than 130 kcal/mol at the second-
order donor-acceptor level indicative of bond pres-
ence).

Figure 5. Spin density plot of 1-PrPh (left) and 2-PrPh
(right) showing that the that the unpaired electrons are only
located on the metal and only arising from f orbitals.

In conclusion, we showed that, despite its higher ki-
netic lability, it is possible to stabilize the Pr(IV) cation
as an isolable molecular complex by using electron-
rich triphenylsiloxide ligands and carefully chosen re-
action conditions. The presence of Pr(IV) was unam-
biguously identified by X-ray crystallography, magne-
tometry, cyclic voltammetry, and our results were cor-
roborated with density functional theory calculations.
The Pr(IV) tetrasiloxide complex is isomorphous with
its Tb(IV) analogue but DFT studies indicate greater



covalency with respect to the Ln-0 interaction in 2-
PrPh, These results extend the +4 oxidation state to
molecular complexes of Pr(IV) providing important
opportunities to study bonding, and expand the redox
reactivity and separations chemistry of lanthanides.
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