
  Chemical
  Science
rsc.li/chemical-science

Volume 13
Number 38
14 October 2022
Pages 11271–11450

ISSN 2041-6539

EDGE ARTICLE
Marinella Mazzanti et al.
Assembling diuranium complexes in diff erent states 
of charge with a bridging redox-active ligand 



Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 9

:4
1:

10
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Assembling diura
aGroup of Coordination Chemistry, Institut d

Polytechnique Fédérale de Lausanne (EPFL

marinella.mazzanti@ep.ch
bLaboratoire de Physique et Chimie des Na

Appliquées, Cedex 4, 31077 Toulouse, Franc
cLaboratory for Quantum Magnetism, In

Fédérale de Lausanne (EPFL), 1015 Lausann
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nium complexes in different states
of charge with a bridging redox-active ligand†

Dieuwertje K. Modder,‡a Mikhail S. Batov, ‡a Thayalan Rajeshkumar,b

Andrzej Sienkiewicz, cd Ivica Zivkovic, c Rosario Scopelliti, a Laurent Maron b

and Marinella Mazzanti *a

Radical-bridged diuranium complexes are desirable for their potential high exchange coupling and single

molecule magnet (SMM) behavior, but remain rare. Here we report for the first time radical-bridged

diuranium(IV) and diuranium(III) complexes. Reaction of [U{N(SiMe3)2}3] with 2,20-bipyrimidine (bpym)

resulted in the formation of the bpym-bridged diuranium(IV) complex [{((Me3Si)2N)3U
IV}2(m-bpym

2�)], 1.

Reduction with 1 equiv. KC8 reduces the complex, affording [K(2.2.2-cryptand)][{((Me3Si)2N)3U}2(m-

bpym)], 2, which is best described as a radical-bridged UIII–bpymc�–UIII complex. Further reduction of 1

with 2 equiv. KC8, affords [K(2.2.2-cryptand)]2[{((Me3Si)2N)3U
III}2(m-bpym

2�)], 3. Addition of AgBPh4 to

complex 1 resulted in the oxidation of the ligand, yielding the radical-bridged complex

[{((Me3Si)2N)3U
IV}2(m-bpymc�)][BPh4], 4. X-ray crystallography, electrochemistry, susceptibility data, EPR

and DFT/CASSCF calculations are in line with their assignments. In complexes 2 and 4 the presence of

the radical-bridge leads to slow magnetic relaxation.
Introduction

F-element complexes led recently to a paradigm shi in
molecular magnetism.1 In particular multimetallic f-element
complexes with strong superexchange-type metal–metal inter-
actions mediated by radical bridging ligands are currently
excellent candidates for the development of single-molecule
magnets (SMMs) operating at temperatures compatible with
practical applications.1a,d,2 In this context, the large radial
extension of 5f orbitals should allow for stronger exchange
coupling in polymetallic uranium complexes making them
ideal candidates for the development of exchange-coupled
SMMs.3 However, uranium complexes showing SMM behavior
are mainly limited to mononuclear complexes4 while examples
of uranium-based exchange-coupled SMMs remain extremely
rare and all except one5 consist of 5f-3d systems.3f,6 This is due to
both the difficulty of designing rational syntheses of
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), 1015 Lausanne, Switzerland. E-mail:

no-objets, Institut National des Sciences

e

stitute of Physics, École Polytechnique
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polymetallic complexes of uranium and to the poor under-
standing of the parameters leading to magnetic exchange in
polynuclear uranium complexes. In contrast, some unambig-
uous examples of magnetic coupling between uranium centers
have been reported, but none of these systems showed SMM
properties so far.7

Redox-active ligands and in particular N-heterocyclic ligands
such as 2,20-bipyrimidine (bpym) were identied more than 10
years ago as suitable bridging ligands capable of promoting
magnetic communication between two lanthanide(III) centers
leading to single molecule magnet behaviour.2c,8 Seminal
studies by Schelter and Kiplinger showed that the redox-active
cyano-substituted terpyridine ligands could be used to
assemble multimetallic 5f-4f and 5f-5f complexes exhibiting
metal–metal communication,9 but further development of
exchange-coupled uranium SMMs based on redox-active
ligands has lagged behind. Particularly desirable in this
context is the design of radical-bridged diuranium(III)
complexes. Uranium(III) complexes have been reported to
promote the reductive coupling of polyazines such as pyrazine
and 2,4,6-tris(2-pyridyl)-1,3,5-triazine,10 but reduction of pyri-
dine, 2,20-bipyridine (2,20-bpy) and 4,40-bipyridine (4,40-bpy) was
not observed for U(III) complexes supported by cyclo-
pentadienyl or hydrotris(3,5-dimethylpyrazolyl) borate
ligands.10a,11 Direct reduction of bipyridine by a U(III) complex
was only reported recently by Meyer and coworkers for the tris–
aryloxide complex [((Ad,tBuArO)3tacn)U] complex.12 A few exam-
ples of mononuclear uranium complexes of bipyridine radical-
s11a,11c,13a–g are known, including a unique U(III)–bipyc�
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of [K(2.2.2-cryptand)][{((Me3Si)2N)3U}2(m-bpym)],
2, [K(2.2.2-cryptand)]2[{((Me3Si)2N)3U}2(m-bpym)], 3, and [{((Me3Si)2-
N)3U}2 (m-bpym)][BPh4], 4.
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compound that showed zero eld slow magnetic relaxation
behavior.11c However, examples of dinuclear complexes of
uranium containing a redox-active ligand in different states of
charge are very rare.7k,14 Recently, our group and the Schelter
group showed that the reaction of the amide supported U(III)
and U(II) complexes [U{N(SiMe3)2}3]

n�, with redox active ligands
(N,N-dimethylbenzamide, benzophenone and bipyridine) leads
either to mononuclear U(IV)-ligand radical complexes or dinu-
clear complexes bridged by dianionic ligands but multiple
states of charge were not identied for the bridging ligand.15

Here we show that the [U{N(SiMe3)2}3] complex provides
a convenient precursor to access 2,20-bipyrimidine-bridged
dinuclear complexes for which different states of charge can be
stabilised. Structural, spectroscopic and computational studies
indicate that dinuclear radical-bridged UIV-bpymc�-UIV and UIII-
bpymc�-UIII complexes have been obtained for the rst time.
Despite the absence of an obvious metal–metal coupling, a slow
magnetic relaxation is observed in both complexes.

Results and discussion
Syntheses

Since we recently showed that the bulky amide N(SiMe3)2 ligand
allows the binding of 2,20-bpy to a [U{N(SiMe3)2}3]

+ fragment,16

the amide supported uranium(III) complex [U{N(SiMe3)2}3] was
chosen as a convenient precursor to investigate the possibility
of accessing bpym-bridged dinuclear complexes.

Upon addition of a THF solution of bpym to [U{N(SiMe3)2}3],
the color changed from purple to light green and crystals of the
diuranium bpym-bridged complex [{((Me3Si)2N)3U}2(m-bpym)],
1 (Scheme 1), were obtained in 62% yield. The 1H-NMR spec-
trum of 1 measured at room temperature showed broad signals
at �7.7 and �23.3 ppm, as well as a sharp signal at 33.9 ppm
(Fig. S2†), assigned to the N(SiMe3)2 ligands and the protons of
the bpym ligand, respectively. Upon increasing the temperature
to 60 �C coalescence of the two broad peaks was observed, in
agreement with a higher uxionality of the amide ligands.

With complex 1 on hand reduction and oxidation reactions
were pursued with the objective of accessing radical-bridged
diuranium complexes. Addition of 1 equiv. KC8, in the pres-
ence of 1 equiv. 2.2.2-cryptand (Scheme 2) to a solution of 1 in
THF, resulted in a color change from light green to brown.
Crystals of the complex [K(2.2.2-cryptand)][{((Me3Si)2N)3U}2(m-
bpym)], 2, were isolated in 73% yield by slow diffusion of hexane
into a concentrated THF solution. The 1H-NMR spectrum of 2 at
room temperature shows one broad signal at �8.9 and a sharp
signal at 13.1 ppm (Fig. S4†) corresponding to the N(SiMe3)2
ligands and the protons of the bpym ligand, respectively. Upon
decreasing the temperature, the broad signal splits into two
Scheme 1 Synthesis of [{((Me3Si)2N)3U}2(m-bpym)], 1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
broad signals, which can be observed both at 0 �C and at�40 �C
indicating a decreased uxionality of the amide ligands.

Addition of 2 equiv. KC8, in the presence of 2 equiv. 2.2.2-
cryptand (Scheme 2) to a solution of 1 in THF at room
temperature, afforded, aer crystallization from Et2O at�40 �C,
single crystals of [K(2.2.2-cryptand)]2[{((Me3Si)2N)3U}2(m-
bpym)], 3, in 57% yield. Complex 3 was also obtained from the
reaction of the previously reported masked U(II) complex
[K(2.2.2-cryptand)]2[{((Me3Si)2N)3U}2(m-O)]16,17 with bpym at
�80 �C as indicated by 1H-NMR spectroscopy (Fig. S9†), but it
requires working at low temperatures and its isolation is more
difficult due to the formation of the terminal oxo complex
[K(2.2.2-cryptand)][U(O){N(SiMe3)2}3] as byproduct. Oxidation
of 3 with 1 equiv. AgBPh4 in THF solution resulted in the
formation of 2 as indicated by 1H-NMR spectroscopy (Fig. S10†).

Further reduction of 3 with excess KC8 (up to 10 equiv. KC8)
only resulted in partial decomposition of the complex, releasing
KN(SiMe3)2 as identied by 1H-NMR spectroscopy (Fig. S11†). The
1H-NMR spectrum of 3 measured at room temperature shows
a broad signal at �7.3 and a sharp signal at 12.8 ppm (Fig. S6†).
Upon decreasing the temperature to 0 �C, the former broadens.

The reaction of 1 with AgBPh4 caused a color change from
green to brown. Slow diffusion of hexane into the resulting THF
solution yielded dark brown crystals, characterised by X-ray
spectroscopy as [{((Me3Si)2N)3U}2(m-bpym)][BPh4], 4 (Scheme 2),
in 62% yield. Complex 4 shows very broad NMR signals (Fig. S8†).

In these complexes the assignment of the bridging ligand's
charge and of the U centers' oxidation states is not straightforward.
In order to assign the oxidation state of the uranium centers and
the charge of the bpym ligand (neutral, a radical anion, or a dia-
nion) in complexes 1-4 we performed structural studies, cyclic
voltammetry, EPR,magnetometry and computational DFT studies.
Solid-state structures

The molecular structures of complexes 1–4 (Fig. 1 and S12–15†)
all consist of two [((Me3Si)2N)3U] units bridged by a bpym ligand
and related by an inversion center. In all complexes the two
Chem. Sci., 2022, 13, 11294–11303 | 11295
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Fig. 1 Molecular structures of [{((Me3Si)2N)3U}2(m-bpym)], 1, [K(2.2.2-cryptand)][{((Me3Si)2N)3U}2(m-bpym)], 2, [K(2.2.2-cryptand)]2[{((Me3Si)2-
N)3U}2(m-bpym)], 3, and [{((Me3Si)2N)3U}2(m-bpym)][BPh4], 4, with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms have
been omitted for clarity. For labeled structures and bond lengths see ESI.† U atoms are shown in green, N in blue, Si in orange and C in grey.
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uranium centers are ve-coordinate with a distorted trigonal
bipyramidal geometry. Each uranium center is bound by three
N(SiMe3)2 ligands and two adjacent nitrogen atoms from the
bpym ligand. Complex 1 is neutral, complexes 2 and 3 consist of
negatively charged uranium complexes with one and two
[K(2.2.2-cryptand)] counter cations, respectively, while complex
4 consists of a positively charged uranium complex with a BPh4

counter anion. For the latter, the asymmetric unit cell consists
of two independent halves of the molecule.

Bpym is a redox-active ligand that can exist in three different
oxidation states (0 to �2) and the inter-ring C–C bond (C–C
bond between the two pyrimidyl groups) distance is the
parameter most indicative of the degree of reduction. Notably,
a value of 1.501(1) Å was reported for the inter-ring C–C bond
distance in free bpym, while the inter-ring C–C bond distance of
1.359(1) Å found in the complex [(Cp*2Yb)2(m-bpym)] was
interpreted in terms of the presence of bpym2�.18 For compar-
ison we also pursued the isolation of the one-electron reduced
bpym ligand. Reduction with one equivalent of KC8 in the
presence of 2.2.2-cryptand yielded a few crystals, characterised
by X-ray spectroscopy as a mixture of the neutral and one-
electron reduced bpym ligand, 5 (Fig. S16†). The C–Cinter-ring

bond length of 1.506(3) Å for free bpym in the mixed crystal
structure is in agreement with the reported value.18 An inter-ring
C–C bond length of 1.423(4) Å was measured for [K(2.2.2-
cryptand][bpym] that can be used as a reference for the
compounds presented here.

The C–Cinter-ring bond lengths in 1 (1.344(9) Å) and 3 (1.349(5)
Å) are in line with the presence of a double bond, indicating the
two-electron reduction of the bpym ligand, similarly to what was
observed by Andersen and colleagues in the bpym-bridged
diytterbium complex (C1–C1

0 1.359(1) Å).18 The loss of aroma-
ticity is further supported by the uneven distribution (Table S2,
bonds b and d are elongated†) of bond lengths within the rings
compared to free bpym.

In contrast, the C–Cinter-ring bond length in 4 (1.407(10) Å) is
signicantly longer than in 1 and 3, but shorter than in the free
bpym ligand (1.506(3) Å), and close to the inter-ring C–C bond
length of the one-electron reduced bpym ligand (1.423(4) Å).
These features suggest that, based on structural data, 4, should
be formulated as a diuranium(IV) complex bridged by a bpymc�

ligand. The inter-ring C–C bond length in 4 falls within the
range previously reported for transition metal and lanthanide
bpymc� complexes (1.396(9)–1.432(18) Å).8a,19 Furthermore, the
11296 | Chem. Sci., 2022, 13, 11294–11303
elongation of the bond lengths b and d (Table S2†) in the rings
is less pronounced than in the bpym2� complexes 1 and 3.

In 2, the C–Cinter-ring bond length (1.37(2) Å), is similar to that
found in 4. However, the error in the bond lengths of 2 is
relatively high, due both to crystal quality and to the specic
crystallographic symmetry, preventing a denitive assignment
based on the structural data.

The mean value of the U1–Namide bond length increases
progressively from 1 (2.285(9) Å), to 2 (2.36(1) Å) and 3 (2.44(4)
Å). A similar increase of the U–N bond length is found from the
U(IV)/U(IV) [{((Me3Si)2N)3U}2(m-O)] (2.29(1) Å), to the U(III)/U(III)
[K(2.2.2-cryptand)]2[{((Me3Si)2N)3U}2(m-O)], (2.430(5) Å) oxo-
bridged complexes.16,20 The observed increase in U1–Namide

length from 1 to 3, is consistent with the presence of U(IV)/U(IV)
and U(III)/U(III) complexes, respectively. In the U(III)/U(IV)
[K(2.2.2-cryptand)][{((Me3Si)2N)3U}2(m-O)] complex the U–N
amide distances suggest a localised valence with mean values of
U(IV)–N at 2.335(6) Å and U(III)–N at 2.381(6) Å. The mean value
of the U–N bond lengths (2.36(1) Å) in 2 and the equivalence of
the two uranium centers seems to indicate that 2 is better
described as a U(III)–bpymc�–U(III) complex but an alternative
formulation as a U(III)–bpym2�–U(IV) with a delocalised valence
cannot be completely ruled out. In 4, on the other hand, the
mean value of the U1–Namide bond lengths (2.255(8) Å) is similar
to that found in 1, providing further evidence for the assign-
ment of 4 as a diuranium(IV) complex bridged by a (bpym)c�

ligand. Nevertheless, solid-state structures cannot always
unambiguously assign oxidation states. Therefore, additional
characterization techniques were used to corroborate
assignments.
Electrochemistry

The observed chemical reductions and oxidation were further
investigated with cyclic voltammetry for all complexes. The
voltammogram of complex 1 (Fig. 2) shows two chemically
reversible reduction waves II and I at E1/2 ¼ �1.94 V and E1/2 ¼
�2.55 V, corresponding to the reductions to complexes 2 and 3,
respectively. Furthermore, one chemically reversible oxidation
wave III was observed at E1/2 ¼ �0.95 V, in line with the
oxidation of the bpym ligand forming complex 4. The voltam-
mograms of the complexes 2, 3, and 4 (Fig. 2) conrm this
assignment and have similar half wave potentials, with the
average potentials of the waves at E1/2¼�0.94 V, E1/2 ¼�1.92 V,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cyclic voltammograms of [{((Me3Si)2N)3U}2(m-bpym)], 1 (black),
[K(2.2.2-cryptand)][{((Me3Si)2N)3U}2(m-bpym)], 2 (green), [K(2.2.2-
cryptand)]2[{((Me3Si)2N)3U}2(m-bpym)], 3 (red), and [{((Me3Si)2N)3U}2(m-
bpym)][BPh4], 4 (blue), in THF/0.06 M [NBu4][BPh4] at a 50mV s�1 scan
rate versus Fc/Fc

+ using a Pt0 disk as a working electrode (arrows
indicate scan direction).

Fig. 3 Magnetic moments for complexes 1–4, measured under an
applied field of 0.1 T (1, black; 2, green; 3, red; 4, blue).
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and E1/2 ¼ �2.54 V. Finally, no reduction wave could be
observed aer U(III)/U(III). This is in line with the chemical
reactivity, which indicated no further reduction of complex 3 is
possible. The obtained voltammograms were independent of
the scan direction. The cyclic voltammogram of free bpym
ligand (Fig. S17 and S22†) shows two chemically reversible
waves at E1/2 ¼ �2.47 V and E1/2 ¼ �3.04 V, indicating that the
reduction of the bpym ligand is facilitated by binding to
uranium.

The reductions to complex 2 (wave II) and complex 3 (wave I)
show a large separation, both for the reduction and the oxida-
tion waves. Theoretically, the reduction or oxidation of two
equivalent non-interacting redox centers gives a separation of
36mV. Larger separations, such as 240mV for a uranium(IV) 1,4-
phenylenediketimide-bridged complex, have been attributed to
metal–metal communication.9b The separation of the reduction
waves I and II varies between 560 and 640 mV and the separa-
tion of the oxidation waves between 570 and 650mV (Table S4†).
Such large separation could be assigned to strong metal–metal
communication or, more likely, could indicate that the two
waves correspond to different processes: one involving the
metal reduction and one involving the ligand reduction.
Notably, wave II can be assigned to the reduction of U(IV) to
U(III), paired with an electron transfer from the bpym ligand to
the other U(IV) center, resulting in a symmetric U(III)–bpymc�–
U(III) complex, while wave I corresponds to the reduction of the
U(III)-bound bpymc�ligand (the reduction of the U-bound
bpymc� to U-bound bpym2� is shied towards more positive
potentials compared to the reduction of the free bpym ligand
(Fig. S17†) as anticipated upon binding to the metal). This
assignment is consistent with the assignment of complex 2 as
a U(III)–bpymc�–U(III) species (see below magnetic and compu-
tational studies).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Magnetism and EPR spectroscopy

Susceptibility data for complexes 1–4 were recorded by per-
forming a temperature scan in the 2–300 K range under an
appliedmagnetic eld of 0.1 T (Fig. 3 and 4). The c versus T plots
for 2, 3 and 4 show a continuous increase towards low
temperatures, characteristic of magnetically isolated uranium
centers, but the presence of weak magnetic coupling cannot be
ruled out.21 The magnetic susceptibility curve of 1 also shows
a continuous increase but starts to plateau around 12 K until
rapidly rising below 5 K (Fig. S27†), possibly hinting at a weak
magnetic interaction between the uranium centers, which is
obscured by a paramagnetic impurity. However, it has been
shown that such plateaus are also observed for isolated U(IV)
ions in a singlet state at low temperature and are associated
with the presence of non-negligible single-ion crystal eld
effects within the system.22 In contrast, the nitride bridged
diuranium(IV) complex supported by N(SiMe3)2 ligands showed
a clear antiferromagnetic coupling.23

The cMT vs. T plots (Fig. S23 and S24†) for complexes 1–4 do
not show any evidence of a maximum that could be associated
with strong ferromagnetic coupling, but the possibility of weak
magnetic interactions cannot be completely be ruled out. For
complex 1 the cMT vs. T curve approaches zero when cooled to 2
K, thus conrming the presence of a non-magnetic 5f2 non-
Kramers (3H4) ground state.

The range of magnetic moments of U(III), U(IV) and U(V) can
overlap for various compounds, making it complicated to
assign an oxidation state solely based on this.21aNevertheless, in
our systems the ligands are identical for all complexes, thus
enabling a direct comparison.

The magnetic moments of 1 of 0.32 mB and 1.92 mB per
uranium center at 2 K and 300 K (per complex: 0.45 mB at 2 K and
2.83 mB at 300 K), respectively, are in the range of those previ-
ously reported for bimetallic uranium(IV) complexes (2 K: 0.2–
1.1 mB; 300 K: 1.65–5.17 mB).7f,g,7l,14b,15,21a,22,24 The values of the
magnetic moment of 3 are higher compared to those measured
for 1, being 0.67 mB and 2.74 mB per uranium center at 2 K and at
300 K, respectively (per complex: 1.01 mB at 2 K and 3.79 mB at
Chem. Sci., 2022, 13, 11294–11303 | 11297
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Fig. 4 Overlay of c versus T plots for complexes 1–4, measured under
an applied field of 0.1 T up to 300 K and with a zoom up to 150 K (1,
black; 2, green; 3, red; 4, blue).

Fig. 5 Comparison of solid-state EPR spectra of 2 (green) and 3 (red),
recorded at 10 K; the asterisk denotes a bpymc� radical signal.
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300 K). These values are within the range reported for bimetallic
U(III) complexes (2 K: 0.24–0.74 mB; 300 K: 1.5–3.74 mB).7n,21a

The values of the magnetic moment of 2 at 2 K (0.72 mB per
complex and 0.51 mB per uranium center) and at 300 K (3.04 mB

per complex and 2.15 mB per uranium center) are slightly higher
than those found for 1 but lower than those found for 3. Upon
cooling the magnetic moment drops monotonically with
a faster decrease below 20 K. The value of the magnetic moment
at 2 Kmay denote an antiferromagnetic interaction between the
moment of the radical bpymc— and the U(III) in a UIII–bpymc�–
UIII complex. Complexes associating uranium(III) and radical
ligands are rare9c,11a,11c,25 but a similar magnetic behavior was
reported for two mononuclear uranium(III) complexes with
a radical bipyridine or terpyridine ligand.11c,13,13a Alternatively
the low magnetic moment could be interpreted in terms of the
presence of a mixed valent complex UIII-bpym2—UIV (compa-
rable magnetic data were previously reported for a nitride-
bridged dinuclear U(III)/U(IV) complex [{((Me3Si)2N)2U(THF)}2(-
m-N)]24d).

Upon examination of the magnetic behavior of 4 no evidence
is seen of any features that could be attributed to magnetic
coupling between two U(IV) centers, tentatively expected from
a radical-bridged f-block compound. However, the rather large
magnetic moments of 1.39 mB at 2 K and 3.08 mB at 300 K per
complex are likely to result from the contribution of an
unpaired electron present in the complex. The magnetic
moment of 4 at 300 K is considerably higher than that of 1, in
line with the presence of an extra unpaired electron and
excluding the possibility of the presence of a UV–bpym2�–UIV

complex. Furthermore, the high magnetic moment at 2 K,
normally uncharacteristic for a U(IV) and not observed for
complex 1, was also observed for monouranium(IV)-radical
complexes, such as [((AdArO)3tacn)U

IV(COc�)] (1.51 mB;
(AdArOH)3tacn ¼ 1,4,7-tris(3-adamantyl-5-tert-butyl-2-hydrox-
ybenzyl)1,4,7-triazacyclononane),26, [((t�BuArO)3tacn)U

IV(OCc�t-

BuPh2)] (1.61 mB at 5 K)27,
MesPDIMec�UIVI3(THF) (1.5 mB;

MesP-
DIMe ¼ 2,6-(2,4,6-Me3-C6H2–N¼CMe)2C5H3),28 the charge-
separated amide radical, [U{OCc(Ph)(NMe2)}(N(SiMe3)2)3]15 and
for the radical bridged U(IV)/U(IV) complex [(MesPDIMe)c3�UIVI]2
(1.03 mB).29 In these systems, the high values of the low
temperature magnetic moments were attributed to magnetic
11298 | Chem. Sci., 2022, 13, 11294–11303
contribution from the unpaired electron of the radical ligand
[U(IV)Lc�] alone or combined to contributions from the [U(III)L0]
resonance structure.26,27

In previous reports, ligand radical character in uranium-
radical ligand complexes was supported by the observation of
an EPR signal at room temperature at a g value around 2.12,15,29,30

Moreover, recently a mixed-valent U(III)/U(IV) triamidoamine
complex bridged by the diradical dianion OCPc2� unit was re-
ported to possess a high magnetic moment (per complex) of
1.35 mB at 2 K and showed EPR signals both from the U(III)
center and from the bridging radical (the weak nature of the
signals was assigned to the presence of a U-radical antiferro-
magnetic coupling).31 However, in other reports, compounds
were formulated as charge separated [U(IV)Lc�] systems and
showed quite high low-temperature magnetic moments
because of the contribution of the ligand radical, but no EPR
signal could be observed, probably due to coupling between the
U center and the radical.4h,32 An EPR-silent ground state arising
from the coupling of the U(III) center with the bipyc� radical
was also reported for the charge separated [U(III)(Tp*)bpyc�]
(Tp*: tris(3,5- dimethyl-1-pyrazolyl)borate).25

In order to further investigate the electronic structure of the
complexes, X-band EPR spectra were measured (Fig. 5).
Complex 1 did not present any measurable EPR signal in the
solid state, as expected for a system containing U(IV) ions.33 In
turn, as shown in Fig. 5 complex 2 demonstrates a characteristic
EPR spectrum with a pronounced narrow signal at low eld
around g1 ¼ 4.98 (H0 ¼ 1348 Gs) and two overlapping broad
features shied up-eld to g2 ¼ 0.65 (H0 ¼ 10 327 Gs) and g3 ¼
0.61 (H0 ¼ 11 004 Gs). Similar EPR spectra were reported for
mononuclear uranium(III) complexes26,34 or for a radical-bridged
dinuclear U(III)/U(IV) complex,31 where an EPR signal associated
to the radical was also observed.

Accordingly, the observed EPR spectrum would be consistent
with the formulation of 2 as a UIII–bpym2�–UIV species.
However, an alternative formulation of 2 as a radical-bridged
UIII–bpymc�–UIII complex, where the bridging radical is not
enabling efficient coupling between the two U(III) centers, is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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also conceivable and is supported by computational studies
(vide infra). Notably, the two computed lowest spin states of
complex 2 correspond to the presence of two U(III) for complex 2
with either an antiferromagnetically or ferromagnetically
coupled spin on the ligand. Since these two states are very close
in energy, the spin on the radical ips easily, which may lead to
weak magnetic coupling and could explain the lack of an EPR
signal. This is also consistent with the observed low magnetic
moment.

In contrast, for complex 3 a very different EPR spectrum was
observed (Fig. 5) with main features at g1 ¼ 11.77 (H0 ¼ 570 Gs)
and g2 ¼ 1.05 (H0 ¼ 6530 Gs). EPR spectra with similar shapes
were reported previously for U(III) multimetallic systems and
were associated with weak ion-to-ion communication.35

Accordingly, the EPR spectrum recorded for complex 3 is
consistent with the presence of two weakly coupled U(III)
centers.

Finally, complex 4 is EPR-silent, ruling out the presence of
a UIII–bpym0–U(IV) conguration. The absence of EPR signals
has already been observed in mononuclear charge-separated
U(IV)-radical compounds,4h,32 thus supporting the assignment
of 4 as a diuranium(IV) radical-bridged complex.

In sum, complexes 2 and 4 can be assigned as radical-
bridged diuranium(III) and diuranium(IV) complexes, respec-
tively, indicating that such systems are accessible for uranium.
However, if some radical-promoted magnetic communication
between the U centers exists, it could not be unambiguously
detected by the variable temperature susceptibility measure-
ments. This suggests that the combination of the bpym ligand
with amide supporting ligands, while favoring the formation of
radical-bridged species, is not optimal to promote strong
magnetic communication between the metal ions. Notably,
recent studies on nitride-bridged diuranium(IV) complexes
showed that for analogous bridging groups, the nature of the
supporting ligand has a decisive inuence on the presence or
absence of magnetic coupling.23

In order to probe for any slow magnetic relaxation
phenomena, compounds 2–4 were investigated by employing
alternating current (AC) magnetometry at low temperatures
(1.8–2.2 K), under an applied eld of 0.2 T. Complex 2 presented
a frequency-induced response in the measured range of up to 1
kHz, characterised by a shiing maximum in the out-of-phase
(c00) magnetic susceptibility (Fig. S50†). The energy barrier,
DE/kB, was best determined from the linear t to the Arrhenius
law s ¼ s0 exp(DE/kB T) and was found to be 12.84(3) K (or
8.92(2) cm�1) with s0 ¼ 8.87(23) $ 10�7 s (Fig. S51†). Even
though the data only allowed for an approximate estimate, the
barrier value is comparable with previously reported U(III)
examples, such as (BDI)U(ODipp)2 (Ueff ¼ 14.5(1) cm�1),4l,
[U(N(SiMe3)2)4]

� (Ueff ¼ 16 cm�1) and [U(OSi(OtBu)3)4]
� (Ueff ¼

18 cm�1)4g [U-(BIPMTMS)(I)2(THF)][BIPMTMS ¼ CH(PPh2-
NSiMe3)2] (Ueff ¼ 23.4 (0.8) K or 16.3(0.6) cm�1).36 The behavior
of complex 2 is compatible either with the presence of a single
U(III) ion (formulation of 2 as a UIII–bpym2�–UIV species) or with
a UIII–bpymc�–UIII species with an ineffective coupling between
the two UIII centers. In contrast, 3, containing two U(III) centers
bridged by dianionic bipyrimidine, did not show any out-of-
© 2022 The Author(s). Published by the Royal Society of Chemistry
phase components of the dynamic susceptibility at an applied
eld of 0.2 T (Fig. S53†). Since no slow relaxation is observed for
3, the behaviour observed for 2 could be assigned to the pres-
ence of the bridging radical bpymc� which enhances coupling
and reduces quantum tunneling. Slow magnetic relaxation was
previously reported in one case for amononuclear U(III) complex
with a radical ligand and it was shown that U(III)-radical
coupling removed quantum tunnelling mechanism under zero
static eld.11c

Complex 4 manifests a better-dened maximum in out-of-
phase (c00) susceptibility compared to 2, and the DE/kB barrier
was estimated to be 2.81(5) K (or 1.95(3) cm�1) with s0 ¼
6.38(10) $ 10�4 s (Fig. S55 and S56†). A similar SMM behavior
was observed for the U(IV) radical-containing SIMs, [{(SiMe2-
NPh)3-tacn}U

IV(h2-N2Ph2c)].4h
Computational studies

Calculations were carried out at the DFT level (B3PW91) on
complexes 1–4. The geometries were fully optimised in all cases
for different spin states (see Table S7†). It should be noted that
all the electrons of the two metals are considered without
including any coupling interaction. For the neutral complex 1,
the lowest spin state was found to be a quintet (S ¼ 2), which
means four unpaired electrons, consistent with two U(IV)
centers and a doubly reduced bpym ligand. A septet (S ¼ 3),
which corresponds to six unpaired electrons, in line with two
U(III) and an unreduced bpym ligand, was also optimised but
lies 7.3 kcal mol�1 above the quintet (at the DFT level, the sextet
corresponds to three unpaired electrons at each U(III) and
therefore does not necessarily imply any coupling between the
two U(III) centers). To conrm the oxidation states of the
uranium centers in 1, the unpaired spin density was scrutinised
and two unpaired electrons per uranium were found (Table S10
and Fig. S58a†) further corroborating the experimental assign-
ment of the uranium oxidation states. The double reduction of
the bpym ligand is highlighted in the molecular orbital diagram
of 1 where the HOMO-4 that is doubly occupied corresponds to
the bpym p* (Fig. 6a). Moreover, in the optimised geometry of 1
in the quintet spin state, the C–Cinter-ring bond length is 1.35 Å,
in excellent agreement with the experimental value, which
corresponds to a localised C]C (1.33 Å in ethylene) and is in
line with the bpym p* being doubly occupied.

The singly reduced form of complex 1, complex 2, was
investigated using the same methodology. In this case, two spin
states (a sextet and an octet) were found to be almost degen-
erate, the sextet being 1.8 kcal mol�1 lower than the octet. It is
interesting to note that both spin states are displaying the
presence of two U(III) and a radical anion bpym ligand (an
antiferromagnetic coupling between the uranium centers and
the ligand radical was found in the sextet and a ferromagnetic
coupling in the octet). Due to the relatively small energy
difference, multireference (CASSCF) calculations were also
carried out in this system by distributing 7 electrons into 7
orbitals. The lowest state is a sextet which corresponds to
a mixture of the UIII–bpymc�–UIII (65%) and UIII–bpym2�–UIV

(35%), the octet being 2.3 kcal mol�1 higher in energy.
Chem. Sci., 2022, 13, 11294–11303 | 11299
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Fig. 6 3D depiction of (a) the HOMO-4 of complex 1, (b) the SOMOof complex 2, (c) the HOMO-6 of complex 3 and (d) the SOMOof complex 4.
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Therefore, the multireference character of the sextet ground
state, as well as the very low energy required for the spin ip at
the bpym radical do not allow efficient magnetic coupling
between the different unpaired electrons. The SOMO of the
system (Fig. 6b) is the bpym p* and the unpaired spin densities
(Table S10 and Fig. S58b†) highlight the presence of two U(III)
and one bpym radical. The optimised C–Cinter-ring bond length is
slightly longer than in complex 1 at 1.40 Å (1.37(2) Å experi-
mentally) and similar to that observed in benzene (1.39 Å). This
also suggests that the bpym p* is not doubly occupied but
rather singly occupied. It is very interesting to note that the
reduction of complex 1 appears to occur at the metal center in
this case and a concomitant oxidation occurs at the bpym
ligand to yield a UIII–bpymc�–UIII species. This is in line with the
reversible electron transfer from f-elements to N-heterocylic
derivatives that was demonstrated by Andersen and Nocton in
lanthanide chemistry.37

The doubly reduced form, complex 3, displays features
similar to complex 1. Indeed, although different spin states
were investigated (Table S7†), the ground state is a septet (S¼ 3)
with the quintet (S ¼ 2) far higher in energy (+16.0 kcal mol�1).
Both the unpaired spin density (Table S10 and Fig. S58c†) and
the nature of the HOMO-6 (Fig. 6c) are indicating the presence
of two U(III) centers with a doubly reduced bpym ligand. The
optimised C–Cinter-ring of 1.36 Å (experimental value: 1.349(5) Å)
is in line with a localised double bond and a doubly occupied
bpym p*. Thus, the second reduction takes place at the bpym
ligand.

Finally, the oxidised form of complex 1, complex 4, was
investigated. In line with our observation for the rst reduction,
two spin states (quartet and sextet) are lying at the same energy
(quartet being 1.5 kcal mol�1 lower than the sextet). Like
complex 2, the two spin states only differ by a spin ip at the
11300 | Chem. Sci., 2022, 13, 11294–11303
bpym radical so that two U(IV) centers are present. Therefore,
CASSCF calculations were carried out on this system by
distributing 5 electrons into 5 orbitals. The ground state is
found to be the quartet which is essentially described by a single
conguration UIV–bpymc�–UIV (98%). The sextet is lying
2.1 kcal mol�1 higher in energy. This is further highlighted by
the unpaired spin density values of 2.18 on each U (Table S10
and Fig. S58d†) and the nature of the SOMO of the system
(Fig. 6d). The optimised C–Cinter-ring of 1.41 Å (experimental
value: 1.407(10) Å) is indicative of a partial occupation of the
bpym p* as already found in complex 2. This shows that the
oxidation occurs at the bpym ligand, as expected. As already
mentioned for complex 2, the easy spin ip of the electron at the
bpym radical may prevent coupling between the different
unpaired electrons and could explain the lack of an organic
radical EPR signal in this complex.

Conclusions

The redox-active bpym ligand is a particularly attractive linker
that was found to promote magnetic coupling in lanthanides
resulting in complexes displaying exchange coupling and single
molecule magnet behavior. Here we have identied convenient
routes for the synthesis of dinuclear complexes of uranium in
low oxidation states where the two uranium centers are bridged
by the redox-active bpym ligand. The neutral UIV-bpym2�–UIV

complex 1 was prepared by reaction of the UIII complex [U
{N(SiMe3)2}3] with neutral bpym. The one and two electron
chemical reduction of 1 yielded the mono-anionic and di-
anionic complexes 2 and 3, respectively, while one electron
oxidation afforded the cationic complex 4. The four complexes
show analogous solid-state structures but different metrical
parameters. The U–N distances and the value of the inter-ring
© 2022 The Author(s). Published by the Royal Society of Chemistry
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C–C bond distance of the bpym ligand provide indication of
charge localization in these complexes which was further
corroborated by magnetic and EPR studies. Magnetic and EPR
data are in agreement with the assignment of 3 as a UIII–

bpym2�–UIII species and of 4 as a radical-bridged diuranium(IV)
complex UIV–bpymc�–UIV species. The assignment was also
corroborated by computational studies. The electron congu-
ration of complex 2 is more ambiguous despite all the struc-
tural, magnetic and EPR analysis and both formulations of 2 as
a UIII–bpym2�–UIV or a UIII–bpymc�–UIII species could be
possible. However, computational study indicated that complex
2 is best identied as a radical-bridged diuranium(III) complex.
Cyclic voltammetry studies show similar quasi-reversible waves
for all complexes conrming that they can be reversibly trans-
formed into each other by one electron reduction or oxidation.
The large separation in the reduction and oxidation waves is
suggestive of different reduction processes (metal and ligand),
supporting the assignment of 2 as UIII–bpymc�–UIII. The
measurements of the variable temperature magnetic suscepti-
bility did not show evidence of strong magnetic coupling, but
presence of weak magnetic coupling cannot be ruled out.
Notably, AC susceptibility measurements revealed a slow
magnetic relaxation behavior for the UIII–bpymc�–UIII complex
2 which is not observed in the UIII–bpym2�–UIII complex 3 and
that could be interpreted in terms of a weak radical-based
exchange.

In summary, these results show that radical-bridged low-
valent uranium complexes can be accessed using simple
amide supporting ligands and that the radical bridge leads to
slow magnetic relaxation in these systems. These ndings pave
the way for the synthesis of radical-bridged U(III) complexes
and suitable tuning of the supporting ligand should lead to
improved magnetic communication and exchange-coupled
SMM's.
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