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Abstract: The synthesis, isolation, and characterisation of well-defined low-valent actinide complexes
are reviewed with a main focus on compounds featuring uranium and thorium metal centres in
formal oxidation states < +3. The importance of the ligand environment in enabling access to these
highly reactive species, as well as its influence on ground state electronic configurations and their
reactivity, are emphasised. Furthermore, we highlight cyclic voltammetry (C.V.) studies as a more
widely used method that can guide the synthesis of these highly reducing species.
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1. Introduction

Historically, the first attempts to access organometallic or similar (e.g., amido) com-
plexes of the actinides date back to the Manhattan Project, when such compounds were
investigated as candidates for an isotope separation (e.g., [1,2]). These efforts focused mainly
on actinide complexes in oxidation states, usually >+4, especially in the case of uranium.

Unlike the 4f manifold of the lanthanides, the 5f orbitals of the actinides extend radially
(one radial node excluding the one at infinity), and as a result, they can be involved in
covalent bond formations. Table 1 shows their atomic ground state electronic configuration,
and as can be seen, the increase in atomic number Z results in the decrease in the energy of
the 5f orbitals, especially after Pu (Z = 94). Nevertheless, this decrease is not as pronounced
as in the case of the 4f orbitals in the lanthanide series, and Pa, U, and Np have the general
electronic configuration [Rn]5f"6d17s2. This means that the 5f, 6d, and 7s valence orbital
manifolds are relatively close in energy, and consequently, actinides have a wider accessible
range of oxidation states, especially the earlier ones (e.g., +7 for the neptunyl cation [3]).

Herein, we review recent advances in broadening the actinide’s extensive oxidation
state (O.S.) repertoire to isolate organometallic complexes in oxidation states < 3. We focus
mainly on the organometallic complexes of Thorium (O.S. IIII and III) and Uranium (O.S.
II and I), with an emphasis on their synthesis and reactivity, while bringing into focus
underlying structural-electronic configurations and ligand environment correlations. The
importance of electrochemistry in guiding the synthetic efforts towards isolating low-
valent U/Th complexes is also highlighted. U(III) complexes and their extensive reactivity
toward small molecules have been thoroughly reviewed recently [4] and, as such, will be
discussed in passing; a recent book chapter by Evans et al. highlights the emergence of the
+2 oxidation state for both the 4f and 5f elements [5].

It has to be noted that the synthesis and isolation of these highly reactive complexes
demand rigorous anaerobic conditions as well as the careful exclusion of H,O from sol-
vents and reagents since they are easily oxidised and form strong An—-O bonds. Coupled
with these considerations, research with actinides requires special controls (access, envi-
ronmental/laboratory/materials monitoring, waste disposal, etc.), and in the case of the
trans-uranic elements, manipulations must be conducted only in purpose-built radiologi-
cal facilities.
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Table 1. Atomic ground state electronic configuration of actinides; # although the radioactive francium
and radium do not strictly belong to the An series, they are useful to highlight the 5f/6d/7s orbital
energies with increasing Z.

Element z Electronic Configuration
Fr® 87 [Rn] 75
Ra" 88 [Rn] 75?

Ac 89 [Rn] 6d" 75
Th 90 [Rn] 6d° 75
Pa 91 [Rn] 5£ 6d' 752
U 92 [Rn] 57 6d! 7s?
Np 93 [Rn] 5f* 6d" 752
Pu 94 [Rn] 5f° 75
Am 95 [Rn] 5 75
Cm 96 [Rn] 5f 6d! 752
Bk 97 [Rn] 5 75
Cf 98 [Rn] 5f10 752
Es 99 [Rn] 5f11 75
Fm 100 [Rn] 5f1 75
Md 101 [Rn] 5f13 752
No 102 [Rn] 5f14 75
Lr 103 [Rn] 5% 6d" 75

2. Thorium

Thorium is unique among the actinides with an electronic configuration of [Rn]6d?7s?,
indicating that the 6d manifold is lower in energy than its 5f orbitals. As a result, the most
common oxidation state encountered is the +4, and in that respect, thorium resembles Group
IV transition metals. Furthermore, it means that 6d orbitals most likely play a dominant role
in the bonding interactions, especially in the case of low valent complexes. Nevertheless,
the presence of empty 5f orbitals in its valence cell can have a profound impact on the
reactivity of Th(IV) complexes compared to U(IV) and Zr(IV)/Hf(IV) analogues [6-9],
distinguishing it from either of these two cases. Th(IV) complexes can catalyse a variety of
organic transformations [10], and we point the reader to recent reviews [11,12].

2.1. Isolation of Th(III) Complexes

Due to the dominance of the +4 oxidation state and the lack of Th(III) starting materials
(unlike U), the number of known thorium complexes in the +3 oxidation state is limited
compared to U(III) complexes. One reason for this relative scarcity can be traced to the
Th(IV)/Th(III) redox couple value of —3.7 V vs. the corresponding value of —0.6 V for the
UV)/U(I1) couple, as estimated by atomic spectroscopy measurements (i.e., for ions in
the gas phase—uvide infra Section 5) [13]. Given the fascinating reductive reactivity of U(III)
complexes, the above values suggest that Th(IIl) complexes should be even more reactive
than their U(IIl) analogues. In order to overcome this highly reducing Th(IV)/Th(III)
redox couple, access to low valent thorium complexes requires strong reducing agents.
Furthermore, the choice of ligands is paramount in order to saturate the coordination
sphere, reduce the magnitude of this potential and engender kinetic stabilisation [14].

The first reports of Th(IIl) complexes date back to the 1970s by Kanellakopulos et al.,
when the Th(IV) complex [Th(n® -Cp)3Cl] (1) (Cp = CsHs ™) was reduced with Na/napthalene
to furnish the violet [Th(n>-Cp)s] (2-Th) based on an elemental analysis, IR spectroscopy
and magnetic measurements [15]. These early efforts were followed by attempts to synthe-
sise Th(III) compounds via Photolysis of Th(IV) alkyl complexes of the general formula
[Th(n®-L)3R] (3-R) (L = Cp® (R’ = H, Me, D, Me5), R = Pr, s-C4Hy, n-C4Hy; L = indenyl,
R =n-C4Hy) by Marks et al. [16,17]. These studies lead to the isolation of green microcrys-
talline solids, which were postulated to be low valent Th(III) complexes based on some
magnetic measurements, UV-Vis and IR. Mechanistic studies posited the formation of
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[Th(n®-L)3H] (3-H) hydride complexes as intermediates en-route to the formation of these
Th(III) complexes.

It was not until 1986 when the first structurally authenticated blue Th(III) complex
[Th(n°-Cp)3] (5) (Scheme 1) was synthesised and isolated in good yields by Lappert
and co-workers from the reductive redistribution of [Th(n®-Cp"),Cl,] (4) (Cp” = [1,3-
CsH3(SiMes);] ), using Na/K alloy with concurrent formation of Th metal [18]. The
synthesis of (5) was later achieved starting from [Th(n>-Cp”)3Cl] (6-Cl) under the same
reduction conditions, thus mitigating the lower yields obtained in its initial synthesis [19].
This synthesis was further expanded to other bis-silyl substituted Cp ligands (Scheme 1) [20].
EPR studies in either powder or methylcyclohexane solutions, both at RT and low tem-
peratures, showed that the ground state electronic configurations in both (5) and (8) are
consistent with a 6d! Th(IIT) metal centre [18,21].

R R

SiMe; R ﬂ R
@ @ Na/K ]

Megsi—@R\_ qctNaK N forki (R =ity N O

MesSi Th~ — = = R Toluene \

cl -KCl -ACI (A = K,Li)
R R
SiMe; R R
(4) R=SiMe; (5), SiMe,'Bu (8) R=SiMe; (6-Cl), SiMe,'Bu (7)

‘ 1eq 'BuCl (R = SiMey)

Scheme 1. Synthesis of Th(III) complexes (5) and (8).

Following the seminal synthesis of Th(III) complexes (5) and (8), Cloke and co-workers
reported on the synthesis of the green-blue ionic Th(IIT) sandwich complex [K(DME),][Th(n?-
COTTBPMS2), 1 (10-Th) (COTTBPMS? = [{1,4-(SiMe, 'Bu)},-CsHg ]>~; DME = 1,2-dimethoxyethane)
from the reduction in the neutral Th(IV) precursor [Th(n®-COTTBPMS2),] (9-Th) with K
mirror in DME (Scheme 2) [22]. In a similar manner, the ionic U(III) congener (10-U) was
also isolated, and a structural comparison between these two An(IlI) complexes revealed
that the Th(III) metal radius in (10-Th) is approximately 0.04 A larger than U(III) in (10-U)
(0.06 A larger than in Th(IV) complex (10-Th)). Again, EPR studies in powdered samples
of (10-Th) at 298 K and 110 K revealed a 6d! electronic configuration with the unpaired
electron residing in a SOMO of predominantly d,, character.

[KOME);] ©

_ ‘\\\\SiMeztBu — — \\\ ‘\\\\SiMegtBu -1 0
' SiMe,'Bu ' SiMe,'Bu
! v ; ! i
BuMe,sis, (U/Th) _Kmiror | tBuMe,sis,, YN
DME
BuMe,Si BuMe,Si
9-U/Th) (10-UITh)

Scheme 2. Synthesis of U/Th(IIl) complexes supported by silyl substituted COT?~ ligands
(COT?~ = cyclooctatetradienide).

In 2010, Evans et al. reported the synthesis and structural characterisation of the
dark purple Th(III) [(n5—Cp*)2Th(1c2—iPrNC(Me)NiPr] (Cp* = CpMe5 ) (12) from the reduction
of in situ generated [(n>-Cp*); Th(x>-'PrNC(Me)N'Pr)]*[MeBPh;] ~ (11) with KCg in THF
(Scheme 3) [23]. Based on UV-Vis, EPR and DFT studies, this complex also adopts a 6d'
ground-state electron configuration. The Th-Cp* centroid distances shorten from 2.584 and
2.598 A in precursor (11) to 2.541 and 2.545 Ain (12), despite Th(IV)’s smaller ionic radius.
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Concurrent to this is the shortening of the Th-N bond distances in (12) compared to the
Th(IV) complex [(n5—Cp*)2Th(K2—iPrNC(Me)N’Pr)Me] (13) [24] and the authors attribute
this phenomenon to relieving steric hindrance upon removal of the Me ligand.

S}
[MeBPhs]
_ @
ﬁ LS ﬁ
\Th':: KCs \ Thit*
Nk THF, -K[MeBPh;] \
in-situ generated (11) (12)

Scheme 3. Synthesis of Th(III) complex (12) supported by Cp* and amidinate ligands.

Using the electron donating [CpMé4]~ and [Cp*]~, Evans and co-workers were able
to synthesise the homoleptic purple Th(Ill) complexes [(nS-CpME4)3Th] (15) [25] and [(n°-
Cp*)sTh] (16) [26] respectively, by reducing the Th(IV) precursors [ —CpMe4R)3Th(THF)X]BPh4
(R =H: x =0 (14¥); R = Me, x = 0, 1 (14Me)) with KCg or in the case of (15) by reducing
[(nS—CpME4)3ThBr] (15-Br), using the same reductant (Scheme 4).

— —@

\ R © KCS -KBPh, KCs -KBr \ /%

R Th'V BPhy ———————— > Th Th'V
\ THF or THF RT \
(THF), benzene (R Me x=0) (-graphite) Br
(- graphlte)

R = H: (14") R = H: (15)
R = Me: (14V€) R = Me: (16)

(15-Br)
Scheme 4. Synthesis of [(n>-CpMe4R);Th] (R = H (15), Me (16)).

As in the case of (5) and (8), EPR and UV-Vis studies are consistent with a 6d! ground
state electronic configuration for both (15) and (16), while the longer Th-Cp(centroid)
distance in (16) (2.607 A) compared to that in (15) (2.551 A) is attributed to the steric
crowding imposed by the Cp* ligand in (16). Interestingly, when the dimeric Th(IV) complex
[{(n5—Cp*)2ThH}(u—H)]z (17) [27] is reduced with KCg in the presence of crown ether 18-
crown-6 (18-crown-6 = 1,4,7,10,13,16-hexaoxacyclooctadecane) the blue mixed valence
Th(IV)/Th(IIl) dimer [K(18—crown—6)(THF)][Th(n5—Cp*)2H2]2 (18) [26] is formed, whose
identity was confirmed by an elemental analysis as well as its analogous spectroscopic
features (EPR, UV-Vis) to the structurally characterised mixed valence Th(IV)/Th(III) blue
complex [[K(18-crown-6)(Et;0)] [Th!(n>-Cp”)o(u-H)z Th'V(1m3-Cp”),(H)] (44) (see also
below—Section 2.3—Scheme 14) [26].

Using the bulky and electron-rich Cp®*~ (Cp'*~ = [1,3-'Bu,-CsH;3] ") ligand, Mills and
co-workers were able to isolate dark blue [(n° -Cptt)3ThIH] (20-Th) from the reduction in its
Th(IV) precursor [(n5—Cptt)3ThCl] (19-Th) with KCg in DME (Scheme 5) [28]. Detailed CW
and pulsed EPR (HYSCORE) studies on (20-Th) and its U(III) congener (20-U) revealed
that there is a greater degree of covalency between the ligand and the U%* centre in (20-U)
than in (20-U) despite the greater radial extent of 6d orbitals vs 5f. This was attributed to
only the singly occupied 6d,,! in (20-Th) having the correct orientation for the overlap
of its annular lobe with ligand frontier orbitals, whereas in (20-U), the singly occupied 5f
orbitals (5f> electronic ground state) have a more in-plane character [28]. A more recent
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detailed theoretical and computational study from Chilton et al. [29], which takes into
account paramagnetic spin-orbit contributions to model the experimental spectra, arrived
at the conclusion that actually (20-Th) exhibits a higher degree of covalency between the
Cp't ligands and the Th(III) centre; interestingly the interactions between the Th(III) centre
and the ligand extend further from the carbons of the 5-membered Cp" scaffold to include
the H atoms of the ring, while the tBu substituents are also involved. A comparison of
13C-HYSCORE spectra of (20-Th) and [YbH! M°-Cp)3](2-Yb) (4f13 ) [30] surprisingly suggests
similar covalency between the two, despite the 4f vs. 6d/5f valence orbitals.

By 5
/5 Bu~ 6
ThIV tBu \Thm‘o
DME Bu
CI 1By -KCI By
By Bu
(19-Th) (20-Th)

Scheme 5. Synthesis of [(°-Cp't); Th] (20-Th).

Reduction in the Th(IV) alanate complex [(n5—Cp“)3ThC1(u—H)3A1C(SiMe3)3] (21) with
excess KCg in n-hexane furnished the purple Th(III) complex [(>-Cpt)3 Th(u-H)3 AIC(SiMe3)3]
(22-Th) which co-crystallises with the Th(IV) hydride complex [(n°-Cp't); ThH(pu-H)3 AIC
(SiMe3)3] (23) in a 1:0.12 ratio ((22-Th):(23)) (Scheme 6) [31]. Despite the presence of (23), the
identity of (22Th) as a Th(III) complex was confirmed by magnetic studies, EPR and UV-Vis
spectroscopy. The most interesting feature in (22Th) is the Th— Al bonding interaction
(2.942(2) A) originating from an overlap of the singly occupied 6d,; in (22Th) and the
antibonding Al-C molecular orbital of the alanate ligand, which has a predominantly Al-3p
character. The U(III) analogue (22-U) also shows a similar interaction, with Wyberg Bond
Indices for the U— Al interaction very similar to that of (22-Th), despite the involvement
of 5f valence orbitals [31]. This novel bonding interaction was further scrutinised by DFT
studies and later by pulsed EPR techniques, and was compared to the Ti(Ill) complex
[Cp, Ti(n-H)3 AIC(SiMe3)3](22-Ti), which revealed that in the latter, the Ti— Al interaction
is at best minimal due to the 3d orbitals of Ti (i.e., smaller radial extent) being much less
diffuse [32].

t
N Bu ‘\\\t Bu

i H
é\\\\\SIMe?, t \ Ha, \\SlMe3 t s wHam,, \\\S|M93

hm—# SlMe3 + ThV < H'AI—TS'Mes

A .
\ ; n-hexane & H
SiMe; n-hexane %BN S|Me3 ‘%: ;“\tBU\H/ SiMes
5L (22-Th) \ (23)

Bu

N J

CuCl or Ph3CCl

1:0.12

Scheme 6. Synthesis of an alanate Th(III) (22-Th) complex.

Liddle et al. reported that K;[C4(SiMe3)4] (25) acts as a reducing agent when it reacts
with [(n8-CgHg)ThCl,(THF),] (24), leading to the formation of the blue trimetallic thorium
cluster [{Th(n®-CgHg)(13-C1)2}3{K(THF),}2]-(26) (Scheme 7) [33]. This cluster features two
Th(III) and one Th(IV) metal centres, and it is diamagnetic according to SQUID (Super
Quantum Interference Device) measurements (albeit ~1.3% of an unidentified paramagnetic
impurity was also present). The diamagnetism of (26) points to a d? singlet ground state
instead of two non-interacting magnetic singlets (i.e., two d!-d! Th(Ill) metals centres),
which were also supported by theoretical calculations. Computationally, it was found
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that a 3c-2e” HOMO between the three Th centres rationalised the observed magnetic
measurements [33], and it was suggested that (26) exhibits o-aromaticity [33-35]. This
was challenged by Szczepanik [36], suggesting that a multi-centre charge-shift bonding
between the Th and Cl atoms is dominant (i.e., delocalisation along the Th-ClI bridges).
A very recent detailed study by Kaltsoyiannis et al. [35] scrutinising different basis sets
and employing an extended NBO (Natural Bond Order) analysis (specifically Adaptive
Natural Density Partitioning—AdNDP) showed that delocalized electrons are associated
unsurprisingly with the COT ligands but also the Thj centres. Indeed, the latter showed
that the bonding contribution in the Thz core resembles the Kohn-Sham HOMO calculated
using the most appropriate SARC-TZVPP basis set from the ones scrutinised. Furthermore,
calculations examining the responses of electron delocalisation in an applied magnetic field
gave further evidence for the aromaticity of the Thz core. Lin and Mo have also arrived
at the conclusion that (26) displays such o-aromaticity [34]. It is also worth pointing out
that unlike the previous examples discussed above, the centres of the Th(III) metals in (26)
encompass their coordination sphere, bridging chlorides as supporting ligands.

© Me3Si: K :SiMes

| +05
THqu-..ThlV.,,,”THF Me;Si }|( SiMe;
o ¥
Me;Si SiMesy
(24) (25) | |
Me;Si SiMe,

Scheme 7. Synthesis of a mixed-valence trimetallic Th(III)/Th(IIT)/ Th(IV) cluster exhibiting o-
aromaticity between its metal centres (the metal centres in (26) are indistinguishable with respect
to their formal oxidation centres; between the three metal centres is depicted part of (26)’s HOMO
isosurface responsible for the o-aromaticity:.).

In 2019, Evans and co-workers reported on the dark purple Th(IIl) complex [Th(OAr)4]~
[A(THF)(Et;O)y]* (28) (Ar = 2,6-'Buy-4Me-C¢Hy; A = Li, x =4,y =0; A=K, x=5,y = 1)
supported by bulky aryloxide ligands, instead of substituted by Cp or COT ligands [37].
Its synthesis was achieved via a reduction in the S; symmetric Th(IV) neutral precursor
[Th(OAr)4] (27) either with KCg, Li metal or Cs metal in THF; although in the last case, no
molecular structure could be obtained (Scheme 8) and attempts to isolate a Th(III) complex
from the dark purple solution led to decomposition. Complex (28) is the first example of a
square planar Th(IIl) complex with the unpaired electron residing in the low-lying 6d,,
orbital (with some of 7s character). The geometric re-arrangement upon reduction of the
S4-symmetric (27) to square planar (28) occurs because of the significant gain in ligand field
stabilisation, partly due to the repulsive interactions between the m-donating aryloxide
ligands and the dyy orbital, as well as the degenerate dy, and dy, orbitals of the Th(III) metal
centre. Dispersion forces were also found to be important as they can be better facilitated
in a square planar environment, where more of the 'Bu methyl groups are near the metal
centre, as a result of the longer Th(III)-OAr bond distances (avg 2.243 A) vs. the ones in
[Th(IV)-OAr’]s (29) (Ar’ = 2,6-'Buy-CgHj or 2,6-Phy-C¢Hj) complexes (avg ~2.190 A) The
choice of supporting aryloxide was also found to be crucial in determining the geometry
of the Th(IV) precursor, especially since it was found that if (27) adopted a Td or similar
geometry, its le-reduction would be endothermic. The square-planar geometry of d! (28) is
usually associated with transition metal complexes with d’-d” electronic configurations
and shows that analogies between the early actinides and the transition metals should be
better considered as mere parallelisms.
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Scheme 8. Synthesis of square planar d,»! Th(II) complex (28) (A = alkali metal cation: Li (x = 4,
y=0),K(x=5y=1)).

2.2. Isolation of Th(Il) Complexes

The scarcity of Th(IlI) complexes is even more pronounced in the case of Th(II) com-
plexes. The first evidence of the existence of Th(II) was reported by Lappert et al., when
it was observed that during the synthesis of [Th(nS—Cp/ ")3] (5) using an excess of Na/K
alloy, the reaction mixture turned from blue to green. An NMR spectroscopy revealed that
this green compound was diamagnetic, but it could not be isolated and fully characterised.
Following the landmark isolation of the first U(II) complex [K(2.2.2-crypt)][UH(T]5—Cp’ )3]
(68’-U) (Cp’ = {C5H4-SiMe3} ™~ see below Section 3.1.1) [38], Evans and co-workers tried to
access the Th(Il) complexes supported by the Cp’ ligand, but unfortunately these attempts
were not successful [39]. Following this work, the reduction in (5) with a small excess of
KCgs (ca 1.5 mol eq.) in the presence of [2.2.2.-crypt] or 18-crown-6 in THF yielded a green
solution, from which the dichroic blue/red Th(IT) complex [K(macrocycle)(THF)]*[Th(n®-
Cp”)3]1~ (30) (macrocycle [2.2.2-crypt], x = 0; macrocycle = 18-crown-6, x = 2) could be
isolated (Scheme 9) [40]. The molecular structure of the anion in (30) shows that the Th(II)
metal centre adopts a trigonal coordination mode similar to the Th(III) precursor (5). The
Th-Cp” (centroid) distances are essentially the same between the two compounds (avg
2.523 A in (30) vs. 2.520 A in (5)), signifying that the ground state electronic configuration
in (30) is most likely 6d2. NMR spectroscopy, as well as magnetometric studies both in
solution (Evan’s method) and in the solid state (SQUID) at RT and low temperatures, show
that (30) is indeed diamagnetic, confirming Lappert’s initial observations. It has to be noted
that DFT calculations in the gas phase point to a 5f/6d! ground electronic configuration
while the experimentally-found 64> electronic configuration is only 63 cm~! higher in
energy; the HOMO in (30) has largely 6d,, character.

_, Sle 33
S\M[
|: \@)|//> MB]SI
"\835\ Th"
N
Q/ ‘\’_) SiMe3
SlIVIs 3

N\ + macrocycle, THF @'17'
THil

MesSi
-graphite
SiMes

iMe;
SiMes; +KCa (‘19\\'
MesSi @

’ ~ 0/—\0
s Ty
O

Scheme 9. Reduction in (5) furnishing the Th(II) complexes (30).

(30)

|Me3

SiMes
S|Me3

(30)
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2.3. Reactivity of Th(III) and Th(Il) Complexes

Surprisingly, it was more than three decades after (5) [18] was isolated that the reac-
tivity of this seminal Th(III) complex was investigated. Complex (5) readily reacts with
stoichiometric amounts (i.e., two equivalents) or excesses of CO, (gas or supercritical) to
give the Th(IV) dimer (32) (Scheme 10), which contains a bridging {u-k?:x2-C,O,} oxalate
di-anion resulting from the reductive coupling of two CO, molecules [41]. In this case,
the Cp” ligand is not innocent and undergoes an insertion of a CO, molecule into one
Th-C(Cp”) bond, followed by SiMe3 migration to form a new carboxylate ligand. As a
model of the first steps of this reaction, (5) was reacted with 0.5-10 equivalents of CS,
to form the dinuclear Th(IV) complex (33), where the two metal centres are bridged by
{u-k2:k1-CS,} dianion (Scheme 10) [41]. Complex (5) also reacts with white phosphorus to
yield cleanly the Th(IV) dimer (31) featuring a bridging cyclo-P4 67t aromatic dianion which
adopts a {u-ntm!-Py4} coordination mode [42]. This coordination mode is most likely due to
the steric congestion imposed by the Cp” ligands, with VI-NMR studies showing restricted
rotation of the {pn'm!-Py) bridging moiety around the Th-P bond. (Scheme 10). The same
group also studied the reactivity of (5) with pyridine and 4,4-bipyrine (4,4’-bipy), yielding
the Th(IV) complexes (34) and (35) respectively (Scheme 10) [43]. In both (34) and (35),
the N-heterocycle is no longer aromatic, and the Th-N bond distances are characteristic
of Th-amide bond lengths, while at the same time, a new C—-C (case of (35)) or C=C (case
of (34)) bond has been formed. Based on the reactivity of (5) with 4,4"-bipy and pyridine,
the authors were able to gauge the reduction potential of the Th(IIl) metal centre in (5)
(vide infra) at ca —2.76 V vs. Ag/AgCl, although it was noted that for the reduction of a
substrate to take place, its coordination to the Th(III) metal centre was a pre-requisite (e.g.,
no reaction with naphthalene or anthracene). In contrast to the observed reactivity of (5)
with pyridine and 4,4'-bipy, the U(IIT) complexes [U(17°-Cp’)3] (67’-U) and [U(5°-Cp*)3]
(Cp* = {'Bu-C5Hy} ™) do not react with these two heterocycles. Interestingly, when crystals of
(34) are dissolved in hydrocarbons (toluene-d8, C¢Dg), the appearance of a blue coloration
characteristic of Th(III) complexes is observed over a short period of time (<10 min); the
authors suggest that a fast equilibrium takes place involving reversible C—-C bond formation
between the two pyridines in (35). From powder X and Q band EPR spectra, the Th(IV)
complex [ThY (n>-Cp”)3(py~'~)1(36) containing a pyridine radical anion ligand has been
tentatively postulated to be formed, but reactivity studies were not able to substantiate
its intermediacy in the formation of (32). It is interesting to note that no reactivity is
observed between (5) and 4-'Bu-pyridine. Complex (5) also reacts with the sterically unen-
cumbered N-heterocyclic olefin (NHO) 3-dimethyl-2-methyleneimidazoline (Scheme 10)
in toluene at 130 °C to furnish the Th(IV) methyl complex [Th!Y(n>-Cp”)3;Me] (6-Me)
and MeImCH;CH;Melm (Melm = 1-methyl-imidazole) as the organic side-product [44].
Complex (6-Me) is the result of N-demethylation via a radical pathway involving coor-
dination of the NHO to the Th(III) metal centre in (5), according to some preliminary
spectroscopic evidence.

The Th(III) complex (5) becomes disproportionate following its reaction with MX salts
(MX = KH, LiMe, KCI, NaN3), in the presence of a chelate ([2.2.2-crypt] or 18-crown-6)
to afford the Th(II) complex (30) along with the corresponding Th(IV) complex [Th!V (n°-
Cp”)3X](6-X) (Scheme 11) [45]. A plausible mechanism for this reactivity involves the initial
formation of [M(chelate)] [ThI! (M°-Cp")3X] (37), which in the presence of neutral (5), affords
the disproportionation products. This mechanism is supported by electrochemical data
and the comproportionation reaction between Th(I) complex (30) and [Th'Y (1°-Cp”)5Cl]
(6-C1) that yielded (5) as the major product [45].
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Scheme 11. Disproportionation of (5) yielding Th(II) complex (30).

When the Th(IIl) complex (15) (Scheme 12) reacted under similar conditions with KH
in the presence of [2.2.2-crypt] the only isolable products were [(nS—CpME4)3ThIVH] (15-H),
[K(Z.Z.Z—crypt)][CpMe4] and the tuck-in complex [K(2.2.2—cryp’c)][(715—C1:>Me4)zThIVH(n1 m°-
CsMe3;HCH,;)] (38). The same product distribution was also observed when (15) was
reacted with Hj in the presence of KCg and [2.2.2-crypt] (Scheme 12) [46].

o [K(2.2.2-crypt)]

-{Wﬁ

& Hz, KCq % @
2.2~ ,-45°C

\Th"'O 12.22-crypt] 45 \Th'VO + Hv\Th'V{)

R YWY

(15) (15-H) (38)

Scheme 12. Reaction of (15) with H; in the presence of KCg yielding Th(IV) hydride complexes (15-H)
and (38).

Complex (15) does not react appreciably with just H, before the onset of decomposition,
while (5) shows no reactivity at all. In contrast, complex (16) reacts readily with H; to
give the Th(IV) complex [(n5-Cp*)3ThIVH] (16-H) (Scheme 13) [26]. As can be seen from
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Scheme 13, complex (16) reacts in a manner typical of a reducing complex with various
reagents to give sterically crowded Th(IV) products. For example, the Th(IV) methyl
complex (16-Me) does not react with Hj to give the hydride complex (16-H).

’Q H12H, ~ & “I}’ 2eq. PhCI PhCI h'V
hIV
(16- H) \x ‘ i (16-Cl)
Al,Meg (16) 1/2 2
SAl SiMesl
j+MeI

Scheme 13. Reactivity of Th(III) complex (16).

The reactivity of (16) diverges from that of its U(II) analogue [(M°-Cp*)3U™M] (39); for
instance, complex (16) produces only (16-Cl) (Scheme 13) even when it reacts with an excess
of PhCl, and even over prolonged periods, while (39) ultimately yields [(°>-Cp*), UV Cl,]
(40) under these conditions [47]. Furthermore, (16), unlike (39), does not ring-open THF,
nor does it polymerise ethylene-like complexes [(n5—Cp*)3MHI] (M =1U (39) [48], Ce (40), Pr
(41), Nd (42), Sm (43) [49)).

The Th(IT) complex [K(18-crown-6)(THF),][(n°>-Cp” )3 Th'!] (30) reacts with [EtsNH][BPhy]
to give the Th(III), complex (5), and the Th(IV), complex [(n>-Cp”); Th!VH] (6-H) (Scheme 14);
as mentioned above, (5) does not react with H; to give (6-H) in a manner analogous to
(16) (Scheme 13). Furthermore, (30) reacts with Hy with concomitant loss of [K(18-crown-
6)1[Cp”'] furnishing again the Th(IIl) complex (5) and the structurally-characterised mixed-
valence Th(ITIT) / Th(IV) dimer [K(18-crown-6)Et,O][(n>-Cp”")o Th!(u-H); ThIVHn>-Cp”),]
(44) (Scheme 14). Complex (44) (and (18)—see Section 2.1—as determined by the anal-
ogy of their spectroscopic analyses) is a rare example of a mixed-valence Th(III)/ Th(IV)
dimer; a spectroscopy and computational analysis advocate a 6d! configuration with the
HOMO and LUMO being localised at the Th(III) metal centre, and having predominantly
d,» metal characteristics. The isolation of (44) signifies that the [Cp”/>(u-H)3]°~ ligand
set can also provide a suitable coordination environment for this electronic configuration.
Complex (44) can be oxidised with AgBPhy or CuX salts to furnish (6-H). In contrast, its
Cp* analogue (18) is oxidised by the same reagents to give the Th(IV) dimeric precursor
[{(n® -Cp*)zThIVH}(p-H)]z (17), further demonstrating the role of steric hindrance in the
reactivity of these complexes [46].

The formation of (44) from (30) involves a net four-electron reduction of H; to produce
four hydride ligands in (44). The observation that the Th(III) complex (5) is also formed
during the reaction suggests that electron processes are also in play. A plausible mechanism
involves the formation of a dimeric Th(IV) complex with bridging hydride ligands, similar
to (17), which is then reduced in the presence of (5), ultimately yielding (44). Similarly, the
reaction of the Th(II) complex (30) with [Et; NH][BPhy] to give the Th(IV) complex (6-H) is
also a net two-electron oxidation process (Scheme 14). However, the concurrent formation
of the Th(III) complex (5) and its lack of reactivity towards either H, or [EtsNH][BPhy],
makes the implication of the one electron process in the overall mechanism apparent.
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Scheme 14. Reactivity of Th(II) complex (30).

Nevertheless, the observed redox transformations of (30) distinguish Th(II) complexes
from their U(II) analogues (see below Section 3.2). A germane example is the reactivity
of (30) with COT (CgHg) to yield the Th(IV) complex [Th!Y (n>-Cp”),(n8-CgHg)] (45), i.e.,
the result of a two electron reductions in COT, as the only thorium containing product

(Scheme 15) [46].

[K(18¢6)(THF),]*
— iMe3 —1© /@&Me:S
SiMes Me;Si
Me;Si \ . CgHs \Th'V
Me;Si Th ‘O -[K(18c8)|Cp" MesSi
\% \QSiMes
SiMeg
SiMes
(39) (45)

Scheme 15. Net 2e~ reduction in COT by Th(II) complex (30).

At this point it is also pertinent to mention that the reactivity of the Th(IV) complexes

[Th™Y (7°-Cp™)(2,2"-bipy? )]/ [Th" (°-Cp™)2(2,2'-bipy> )] (46'/46'%) (Cp'™* =

{1,2,4-"Bus-

CsHj} ™) (Scheme 16) with PhyC=S [50] parallels that of the U(IIl) complexes [UHI(175—
Cp"")2(2,2"-bipy—*)1(47) (Cp"" = {1,2,4-(SiMe);-CsH,} ) with the same substrate or of
[UHI(n5 -Cp*)2(2,2'-bipy—*)] (48) with p-chloro-benzaldehyde [51-53]. Magnetometric stud-
ies (SQUID) showed that complexes (46'3/46'2) exhibit small but positive xu1's at H > 1T,
displaying temperature independent paramagnetism which is indicative of low-lying ex-
cited states coupling to their S = 0 ground state (van Vleck paramagnetism). Computational
studies further confirmed this, pointing to an S = 1 triplet excited state (f'd'7*!) which can
be thermally populated. The observed product is explained with the reaction taking place
along this S = 1 energy surface with the first step being the coordination of PhyC=S to the

Th centre of this triplet state complex [50].
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Scheme 16. Reactivity of Th(IV) complexes resembling the one of U(III) complexes.

The intermediacy of a transient Th(III) complex has also been suggested in the re-
ductive transformation of CO, to C,;04% (reductive coupling) or CO;52~ (reductive dis-
proportionation) by the Th(IV) complex [Th(n8-COTTPS)n>-Cp*)I] (53-I) (COTFS = [{1,4-
(Si'Pr3)},-CgHg]? ") in the presence of an Na/K alloy in toluene over 12 days to furnish the
Th(IV) dimeric complexes [{Th(n8-COT™™PS)(n>-Cp*)}, (u:x?, x> — C,04] (54) and [{Th(n®-
COTTPS)m3-Cp*)y (!, k> — CO3] (55) (Scheme 17), respectively. The intermediacy of
the Th(III) complex [Th(nS—COTTIPS)(nS—Cp*)] (53), analogous to the U(III) mixed sandwich
complexes, supported by the [COTSR;]>~ (R = 'Pr, Me) and [CpMe*R1]~ (R1 = H, Me, Et,
iPr, Bu, SiMej3) ligands known to facilitate reductive transformations of CO,, was based on
the absence of reactivity between [Th(nS—COTTIPS)(nS—Cp*)X] (53-X) (X =CI, I) and Na,COg3
or NayC,0O4 over prolonged periods of time. Attempts to isolate the Th(IIl) complex (53) by
reducing (53-I) with Na/K alloy under the same reaction conditions invariably led to the
formation of Th metal and [Th'Y (n8-COT™S),] (56) [54].

SiPrg

Na/K alloy: CO R Om, '
LU e v \\\)I}Th'v + Th'V o—<<o/ T

toluene RT, 12 days
o~ PPrgi
Prsi s
(54) (55)

Si'Prs

Scheme 17. Reductive coupling and reductive disproportionation of CO, involving the intermediacy
of a Th(III)(53) complex.

Diaconescu et al. have reported on the synthesis and isolation of a series of bimetallic
thorium complexes supported by a di-amido ligand, and featuring an aromatic 107 tetra-
anionic y-17°,57° arene symmetrically bridging the two metal centres (56) (Scheme 18) [55].
Although these inverse arene sandwich complexes feature Th(IV) metal centres, their
reactivity is akin to that of low valent thorium complexes (e.g., the reaction of (56) with
COT, Scheme 18).
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Scheme 18. Inverse sandwich arene complexes of Th(IV) reacting as “Th(II)’ synthons. In the case
of (56), only the biphenyl is shown as an example, but analogous complexes where arene = toluene,
benzene and naphthalene have also been synthesised, isolated and characterised.

Mazzanti and co-workers, in an effort to access Th(IIl) complexes supported by a
tripodal ligand scaffold featuring silyl oxide moieties of varying electron-donating abilities
tethered to a basal arene, isolated complexes (60) and (62), both featuring Th(IV) metal
centres with a doubly reduced non-planar basal arene [56]. CV studies of both (60) and
(62) showed that two reduction events are ligand-centred and further confirmed structural
data advocating the description of these two complexes as [Th!V-(arene)>~]. Representative
examples of the reactivity of (60) and (62) shown in Scheme 18, resemble those of Th(II)
complexes, but as in the case of the Th(IV) dimers (56) (see above), are the consequence of a
highly reduced arene ligand.
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3. Uranium

The organometallic and non-aqueous coordination chemistry of uranium has been
extensively studied, especially due to the relevant abundance of depleted-uranium with
respect to the nuclear fuel cycle. Its [Rn]5f°6d!7s? electronic configuration means that all
the oxidation states from +3 all the way to +6 are accessible.

From the standpoint of low valent uranium chemistry, the +3 oxidation state is the most
explored, especially due to the well-established methods for accessing a variety of U(III)
precursors [48,57-68] and starting materials [58,62,63,69-77]. Furthermore, the reducing
nature of [U(III)] complexes enables fascinating reactivity with a variety of small molecules
and substrates. Some characteristic examples include the reductive transformations of car-
bon oxides [78-99] (including C30; [100]), phosphorus [101], phospha-alkynes [102], ECO™
(E=P[103], As [104]), nitrogen fixation [97,105-110], multi-electron N=N bond activation-
cleavage and its subsequent transformation to ammonia and silyl-amines [111-119], elec-
trocatalytic water splitting [120,121], arene activation [122,123], isolation of a CO, radical
anion [99,124], activation of ethylene and its catalytic hydrogenation [125], activation of
CS5 [93,96,98,126,127], COS [128], activation of NO [129,130] and NO/CO conversion to
isocyanate [131,132], SO, [90], as well as novel insertion chemistry [64,133,134]. Moreover,
[U(III)] complexes offer a gateway to high valent complexes, allowing for the isolation of
terminal chalcogenides [135-147], nitride [119,136,148-160], amido [161]and imido com-
plexes [133,147,159,162-171] in oxidation states > +4. The scope of this review is focused
mainly on [U™] complexes where n < 3, and we would like to point the reader to the
following reviews [4,123,172-178] delving into the reactivity of uranium complexes in
oxidation states > +3.

3.1. Isolation of U(II) and U(I) Complexes and Their Reactivity
3.1.1. U(I) Compounds Supported by Cyclopentadienyl Ligands

The first evidence for this oxidation state came from matrix isolation experiments
and similar observations in the gas phase [179]. In the condensed phase, early attempts to
access U(II) complexes via the reaction of UCly with two equivalents of KCp (Cp = CsH57)
in the presence of two equivalents of Na metal as a reductant in THF were unsuccessful,
yielding instead the U(IV) complex [U(n5—Cp)3O—nBu] (64) [180]. Counter-intuitively, in the
complexes [{NAr(R)}QU]z(yz:176,176-arene) (65) (R = 'Bu, Ad; arene = 3,5-Me,-CgHj3) [170,181]
and [(175—Cp*)2U]2(;42:776,176—benzene) (66) (Cp* = CsMes5 ) [182], although each U metal
centre can be assigned the +2 formal oxidation state, detailed spectroscopic studies show
instead that the bridging arene has been reduced. Therefore, these complexes belong to the
wider class of inverted uranium arene complexes [183], and each U centre adopts a >+3
formal oxidation state depending on the degree of the bridging arene reduction, which acts
as a redox-active ligand (RAL).

Following their success in accessing the +2 oxidation state for the whole lanthanide
series (except Pm) [5,184-188], Evans and co-workers reported the first successful synthesis,
isolation and crystallographic characterisation of the dichroic maroon/green U(II) complex
[K(2.2.2-cryptand)][U"(n°-Cp’)3] (68’-U) (Cp’ = {SiMe;3-C5Hy} ™), prepared by the reduction
in green [um (n5—Cp’ )3] (67’-U) [58] with KCg in the presence of the chelate 2.2.2-cryptand
in THF/Et,O at —35 °C [38]. Complex (68’-U) is stable at RT in the solid state for several
days, but its THF solutions have a t1/, of ca 1.5 hrs owing to its high reactivity (Scheme 19).
In contrast, its analogues (68’-U) supported by the Cp” (Cp” = {1,3 — C5Hy(SiMe3),} ")
(Scheme 19) ligand are more stable (t; /» of 15 to 20 hrs in THF) [189]. The increased steric
protection and the incorporation of an extra electron withdrawing SiMes group per Cp are
believed to play some role, but unfortunately, due to the insufficient quality of structural
data for (68’/-U) the comparison of pertinent metric parameters with (68’-U) is not possible.
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Scheme 19. Synthesis and isolation of the first U(II) complexes (A = Alkali-metal cation).

Upon reduction in (67’-U) to (68’-U), the U-Cp/(centroid) distance increases (avg.
2521 A in (68') vs. avg. 2.508 A in (67’-U)); such an increase is also observed during
the reduction in [Ln™n>-Cp’);] (67’-Ln) to [Ln™®n>-Cp’)3]~ (68’-Ln) [5,184-188] and
is attributed to the 4f”’15d1 electronic configuration of the Ln(II) metal centre. In the
case of (68’-U/68"'-U), DFT, magnetometric and UV-Vis studies support a 5£6d" ground
state electronic configuration, rather than the 5f* expected for a U(II) ion. The formation
of U(II) complexes (68’-U/68"'-U) was also confirmed as a ground state electronic con-
figuration, rather than the 5fs of paramagnetic uranium complexes are very sensitive to
changes in oxidation state [190]. In both cases, a significant upfilled shift to the region of
—320 to —330 ppm was recorded for these two U(II) complexes compared to —163 ppm
for (67”/-U) and —165 ppm for (67’-U). The possibility of (68’-U) being the anionic U(III)
hydride complex [K(2.2.2-cryptand)][HU"(n>-Cp’)3] (69’), was excluded by the indepen-
dent synthesis of the latter from (67’-U) and KH in the presence of 2.2.2-cryptand and it
displayed distinctly different spectroscopic and structural features compared to (68’-U)
(vide infra) [38]. It is also interesting to note that the family of the ionic U(II) complexes
(68’-U) can be accessed using Na and Li metal as well as K, an observation which is in
agreement with CV studies which have determined the U(III)/U(Il) redox couple for (68"~
U) tobe —2.71 V vs. Fc/Fc+ (see also Section 4) [191,192]. Furthermore, the use of chelating
agents (i.e., crown-ethers) is not strictly necessary for the preparation of U(II) complexes as
shown by the synthesis and isolation of [Li(THF)4] [U"(n>-Cp”')3] (68"'-U) or the polymeric
[(M°-Cp” YU (um®, n°-Cp)2Cs(THF), ] (70) (Figure 1) [192]. It has to be noted though,
that when the preparation of (68’-U) was attempted using 18-crown-6 instead of [2.2.2-
crypt], the reaction mixture furnished instead the bridging hydride di-metallic complex
[K(18—c—6)(Et20)][{UIII(n5—Cp’ )3}2(u-H)] (71) even at —35 °C. The bridging hydride in (71)
presumably originates from solvent activation by the in situ generated highly reactive
[K(18-c-6)(solvent)][ U"(n>-Cp’)3] (72) [189]. Reduction in (67”/-U) with Rb metal in THF, in
the absence of chelates, also results in the same solution colour changes (green to maroon),
however the reduction products were not isolable. Reductions in (68’-U) with different
alkali metals also undergo the same colour changes, but the thermal instability of the U(II)
products prohibited their isolation [189].

The above series of Cp stabilised U(II) complexes was further expanded to include
strong electron donating Cp ligands: reduction in dark brown [UM(n3-CpMe4)3] (73) [72,193]
with K smear in the presence of 2.2.2-crypt, in THF, at —35 °C, furnishes the U(II) complex
[K(2.2.2—crypt)][UII(n5—CpMe4)3] (74-U) [194]. The isolation of (74-U) parallels the synthesis



Inorganics 2024, 12, 275

16 of 39

of the crystallographically characterised series [Ln!'(n°-CpMe4)3]~ (74-Ln) complexes [195].
The ground state electronic configuration is again 5£64d!, with the extra electron residing
in an orbital of significant 6d,; character. The U—CpME4(centr0id) distance in (74-U) (avg
2564 A) has increased compared to (73) (avg 2.522 A) and is also longer than the one
found in the U(II) complex (68’-U) (avg. 2.521 A—see above). One possible reason for
this latter increase is to counteract the electron donating characteristics of the (CpMe4)33~
ligand environment.

iMes SiMe3 THE THF SiMe;

Me3Si \ /

(70)
Figure 1. Polymeric structure of [(n>-Cp”)UM(un®, n°-Cp”'),Cs(THF), ], (70).

Using the penta-isopropyl substituted Cp, Cpi"™®, Layfield et al. were able to access the
neutral U(IT) complex [U(n>-CpiF),] (76-U) (Scheme 20) [196]. Complex (76-U) adopts
in the solid state the staggered confirmation of the Ds; polymorph of ferrocene with a
CpiPrS(cent)—U(II)— CpiPrS(cent) angle of 180° and thus can be given the moniker of the “2nd
generation uranocene’, 51 years after the isolation of [U"Y (n8-CgHg),] (77) [197].

Pr iPr

T
=
_ o
=
ﬁv
J
5
X
S
w\

Pr KCq

Pr Uil _benzenefhexane 4 , o
[}

-U_
3
5 2
T
-
ﬁ
\\

Pr 'Pr
staggered
(75) (76-U) confirmation of (76-
u)

Scheme 20. Synthesis of the ‘2nd generation” of U(II) uranocene.

The Cp™*5(cent)-U distance in (76-U) is elongated to 2.504 A compared to the ones
found in the bent U(IIT) uranocene cations [U™M(1n>-CpP™R), |*[B(C4F5)4]~ [198,199] (R = H
(77-H): CpiPr4(cent)—U—CpiPr4(cent) =142.5(2)°; R = 'Pr (77-1Pr): Cpil’ﬂ_’(cer1’r)—U-CpiPr5 (cent)
=167.82°) of 2.472 A for (77-'Pr) and ca 2.42 A for (77-H) As a comparison, the linear
(i-e., Cp'P™(cent)-Nd(II)- Cp''™(cent) = 180°) neutral Nd(II) congener [Nd(n>-Cpi'™),]
(76-Nd) [200], reported by Long et al., that has a 4£54" ground state electronic configuration,
has a Nd-Cp"™>(Cent) distance of 2.477(6) A (average of two disordered Cp'’™ components
in the molecular structure). Based on magneto-metric studies, UV-Vis spectroscopy and
detailed computational investigations, the four unpaired electrons in (76-U) are distributed
in three orbitals of predominately 5f character with the fourth electron occupying a non-
bonding orbital originating from strong mixing of the 7s and 6dz> atomic orbitals (ca 60:40
respectively) of the U(II) metal centre. This latter orbital extends in the empty equatorial
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region between the Cp''™ ligands and is most likely the reason behind the observed
geometry in (76-U). The lowest unoccupied orbitals in (76-U) are 6dxy and 6dy,.y» orbitals
(see also below Section 3.3). It is worth pointing out that the synthesis of (76-U) takes
place in the absence of coordinating solvents or chelates. CV studies have shown that
the E; /, redox couple for the process: (75) + e~ — (76-U) + 1™ is ca —2.33 V vs. Fc*/Fc
(Fc = ferrocene; see also Sections 3.2 and 4) [196].

3.1.2. U(Il) Complexes Supported by Amido and RO~ Ligands

In 2014 Meyer and co-workers reported the isolation of the U(Il) complex [K(2.2.2-
crypt)][UH{(Ad'MeArO)gMes}] (78-U) [201] supported by d-backbonding from the basal
mesitylene anchor of the multidentate [{(AdMe ArO)sMes)} P~ ligand (Scheme 21) [202].
Cyclic voltammetry studies showed that the reduction in the U(III) precursor [[UM{(AdMe A rQ),
Mes}] (77), is nearly reversible and takes place at —2.495 V vs. Fc* /Fc (see also Section 4) [203].
The temperature of the reduction reaction is crucial for the isolation of (78-U), since at
higher temperatures, in benzene and in the presence of 18-crown-6, products resulting from
C-H activation of the ligand scaffold are only isolated [203].

®
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Scheme 21. Cont.
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Scheme 21. Synthesis of U(II) complexes stabilised by U-arene 5-backbonding.

The U—O bond distances in (78-U) are elongated (2.236(4) A) compared to U(III) pre-
cursor (77) (2.158(2)-2.178(2) A); in contrast the U-Arene(Cent) distance in (78-U) contracts
to 2.18 A from 2.35 A in (77). The C—C(arene-anchor) bond distances in (78-U) are slightly
longer (1.432(7) A vs. avg. 1.42 A in (77)); nevertheless, the aromatic framework of the
basal arene is planar and is effectively undisturbed. The most salient feature of (78-U) is
its electronic configuration of 5f* which is in stark contrast with the 5£64" configuration
observed for U(II) complexes supported by Cp ligands (vide supra). The X-band EPR
spectrum of (70) is silent while its UV-Vis spectrum is devoid of strong absorptions due to
f—d transitions. DFT calculations suggest a metal centred reduction in (77) to (78-U); it has
to be noted though that the m-system of the central arene has the right spatial orientation
to interact with the 5f orbitals. Nevertheless, the importance of the U-arene interaction to
stabilise the family of U(II) complexes shown in Scheme 21, is still unclear. The isostructural
4f* Nd(II) congener [K(2.2.2.—crypt)][NdH{(Ad'MeArO)g,Mes}] (78-Nd) displays a Nd—O
bond length of 2.237(4) Aand a Nd(IT)-Cent(arene) distance of 2.366 A [204].

Similarly, the neutral U(II) complex [UT (NHATr™),] (80) [205], as well as the ionic
complexes [K(2.2.2-crypt)[[UY(x'-Omn®-TDA),] (82) (TDA = N-(2,6-di-isopropylphenyl)pival
amido) [206], [K(2.2.2-crypt)][UT (A4TBPN3)] (84-U) [146] and the ate U(IT) complex [K(THF),-
UM [{OSi(O!Bu), Ar}s-arene](THF)] (86) as well as its ion separated congener [K(2.2.2-
Crypt.][UH[{OSi(OtBu)zAr}g,-arene](THF)] (86-crypt) (Scheme 21) [207], all featuring UnP
arene interactions, exhibit a 5f* electronic ground state.

The reason behind the different ground state electronic configurations between the
family of complexes [K(chelate)][UH(nS—CpR]g] (68-U) and the n®-arene U(II) complexes in
Scheme 21 was investigated computationally by Furche and Evans [208]. It was concluded
that the symmetry imposed from the ligand environment is crucial in determining if the
extra electron, upon [U(III)] — [U(II)] reduction, occupies a 5f or a 6d orbital. From the
model and reported complexes scrutinised computationally in this study it was found
that ligand environments imposing a close to planar geometry around the U(II) metal
centre, like Cp ligands, favour a 5f36d! ground state electronic configuration, regard-
less of the nature of the ligand. For example, complex [K(2.2.2-crypt)][[UMN"] (88-U)
(N = N(SiMe3), ™) [194] featuring a U(II) metal centre and stabilised by three amido
ligands in a D3 symmetric environment (Scheme 22), features a 5P6d! ground state elec-
tronic configuration. The average U-N amido bond distance of 2.373 A in (88-U) is longer
than the one found in the U(III) precursor [UIDN"5] (87) (2.320 A) [57], and is reminis-
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cent of the elongation observed in the Ln(Il) series of complexes [M(2.2.2-crypt)][LnN"3]
(88-Ln) (M = Rb, K) featuring a 4f”’15dl electronic structure. On the other hand, for the
U(II) complexes and their corresponding U(III) precursors in Scheme 21 where the ligands
impose a pseudo-octahedral environment, it was found that a 5f* ground state electronic
configuration is favoured.

KCe
[2.2.2-crypt] I, .
[UM(N(SiMes)pds] — " a [K(2.2.2-crypt)]| N*—UNCIN(SMes),
THF, -35 °C N(SiMes),
(87) (88-U)

Scheme 22. Synthesis of a U(II) complexes supported by electron donating amido ligands.

Table 2 summarises the salient bond distances of the U(II) complexes stabilised by
amido or aryloxido ligands, compared to their U(III) precursors.

Table 2. Comparison of selected bond distances of U(II) and U(III) complexes: * [BARF24]-: [B{3,5-
(CF3)2-C6H3}4]-; P see also Section 3.2 (Scheme 29); € k1-O-U distance(s); ¢ two molecule s in the
asymmetric unit, average of 6 U-N bond distances ranging from 2.463(3) to 2.504(3) A.

Compound U-E(A) (E=N, O) U-Arene(Cent) (A)
[UH{(AdMe Ar(O);Mes)] (77) 2.158(2), 2.178(2), 2.169(2) 2.35
[K(2.2.2)-crypt)][UT{(AdMe ArO);Mes}] (78) 2.236(4) 2.18
[UM(NHArT6),1] (79) 2.390(3), 2.372(3) 2.777(1), 2.790(1)
[UI(NHATT™),] (80) 2.330(2) 2.405(1)
[UH(NHATr0),]* [BARF?4]|~ (113) @b 2.283(6), 2.583(3) 2.573(3), 2.583(3)
[UM(«1-Ome-TDA)(k!, k1-N,O-TDA),] (77) 2.310Q2) © 2.602(2)
K(2.2.2-crypt)][U (k1 -Om®-TDA),] (82) 2.339(3), 2.356(4) © 2.334(6) (see also below)
[UM(AITBPNG3)] (83) 2.413(2), 2.427(2), 2.429(2) 2.34
[K(2.2.2)-crypt)] [UN(AITBPN3)] (84) 2.477(avg) 4 2.18
[UI[{OSi(OtBu), Ar}s-arene](THF)] (85) 2.201(3); 2.209(3); 2.210(3) 2.485(2)
[K(THF),-U[{OSi(O'Bu), Ar}3-arene](THF)] (86) 2.236(5); 2.241(5); 2.250(5) 2.255(9) (see also below)
[K(2.2.2—crypt.][UH[{OSi(OtBu)zAr}3—arene](THF)] 2.2181(18); 2.2183(18); 2.256(1)
(86-crypt) 2.2197(18) :
[UIIN"5] (87) 2.320 (avg) N/A
[K(2.2.2-crypt)][UN"5] (88-U) 2.373 (avg) N/A

As Table 2 demonstrates, the reduction in the U(III) centre results in the elongation of
the U-O or U-N bond, while the U-Arene centroid distance shortens. The latter is attributed
to the d-back-donation between the metal centre and the arene ring. It is also worth pointing
out that in the case of the U(II) complex [K(2.2.2—crypt)][U(H)(Kl—Ozné—TDA)z] (82), there
are two types of arene rings. One is a planar with minimal torsion angles and C—C bond
lengths ranging from 1.389(7) to 1.440(6) A. The second arene shows a significant distortion
from planarity (torsion angles of 11.5(4) and 15.5(4)°), with other metrics characteristic
of a mono-reduced arene ligand, with a U-Arene(Cent) distance of 2.274(6) A [183,206].
The stoichiometry of the reaction implies that two equivalents of KCg are needed for the
preparation of (82), with one equivalent facilitating the U(III)— U(II) reduction, while the
second one is consumed to reduce the arene ligand with concomitant loss of one TDA™
ligand. Detailed EPR studies agree with the structural data, further confirming the two
decoupled spin systems in the ground state: a S = 2 for the U(II) metal centre (i.e., 5f*) and
a S = 1/2 for the mono-reduced arene. The requirement for an excess of KCg to access
the U(II) complex (82), was demonstrated by the reduction in (81,) with one equivalent of
KCg which yielded the U(III) ionic complex [K(chelate)[[U(x!-O-TDA)4] (89) (chelate = 18-
crown-6 or 2.2.2-crypt) [206]. As a comparison, when the reduction in the Th(IV) complex
[Th!Y (x2-N,O-TDA),] (90) was performed under similar conditions to the preparation of
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[ThV(k?-N,O-TDA),]

(90)

(82), reductions occurred at the ancillary arene exclusively, yielding the Th(IV) complex
(91), with the loss of one TDA™ ligand (Scheme 23) [206].

. © @ [K22.2c t)]®
‘\\\Pr [K(2.2.2-crypt.)] - i
Pr
2 eq. KCq °
[2.2.2-crypt] N\
THF, -40 °C o | M, \
e wThV <0 = \>‘t
<~<——= pjp THF “, Pr v Bu
FC+[B(CGF5)4]- \NYO O)\ THF\\\\"Ih,,,/<O
Et O‘ _40 OC Di — 2% tB //K1-O‘TDA
) . PP~ N~ Bu k'-O-TDA
(91)

Scheme 23. Attempt at isolating a Th(II) complex supported by a Th-arene interaction (the reduced
arene is an Ly X ligand (structure on the right) according to the CBC model [209] with negative
charges localised; as such it is best described as a cyclohexa-1,4-diene-3,6 diyl ligand with loss
of aromaticity).

In the case of the U(Il) inner sphere ion-pair complex [K(THF),-U[{0Si(O'Bu), Ar}s-
arene](THF)] (86), the structural data show a distorted basal arene with torsion angles
and C—Cp,gal-arene Pond distances in the range of 1.1-22° and 1.405(10)-1.455(10) A re-
spectively [207]. In the case of its U(II) separated ion complex (86-crypt), these ranges of
values are less pronounced at 3.0-8.7° for the torsion angles and 1.409(4)-1.440(4) A for the
CCpasal-arene bond lengths. The X-band EPR spectra for both (86) and (86-crypt) are silent,
characteristic of a 5f* non-Kramer U(II) ions in both cases. Computational investigations
of (86) and (86-crypt) show that triplet (S = 1) and quintet (S = 2) states have very similar
energies. In the case of (86), these are very close, giving rise to (86), and being described as
either a [U(IV)-(arene)?~] complex (S = 1; due to 1st-order Jahn-Teller effect, the reduced
arene has no unpaired e~ density) or a [U(ID)-(arene)?] (S = 2). On the other hand, (86-
crypt) can be best described as a true [U(II)-(arene)’] complex (i.e., S = 2). Nevertheless,
SQUID magnetometry, UV-Vis spectroscopy, and cyclic voltammetry in a solution (see also
Section 4) demonstrate that both (86) and (86-crypt) are best described as U(II) species [207].

3.2. Small Molecule Activation and Reactivity of U(II) Compounds

Due to their high reduction potential (see also Section 4), U(II) complexes can po-
tentially precipitate two electron transfers (i.e., [U(II)] — [U(III)] followed by [U(III)] —
[U(IV)]), and thus open new avenues in the reductive transformation of substrates and
small molecules.

The U(II) complexes (68’-U)/(68"'-U) both react with H; (1atm) or PhSiHj to furnish
the U(III) hydride complexes (69”)/(69”), respectively (Scheme 24) [189]. The reactivity of
the (68’-U) with H; contrasts with the one observed for the analogous Th(II) complex [K(18-
¢-6)(THF);] [ThIH(n5-Cp’ ")3] (30), which yields the mixed-valence Th(III)/ Th(IV) complex
[K(18-crown-6)Et,O][(n°-Cp”")o Th (1-H); ThIVHn>-Cp”'),] (44) (Scheme 14), along with
the Th(III) complex [Th!(n°-Cp’);] (5), which does not react with H, [46]. Complexes
(69”) and (69”) can also be synthesised via the reaction of (67’-U) and (61”-U) with KH,
in the presence of a [2.2.2-crypt], respectively [38,189]. In contrast, the Th(III) complex
[Th'(n>-Cp”')s] (5) becomes disproportionate when it reacts with KH salts in the presence
of a chelate ([2.2.2-crypt] or 18-crown-6) to afford the Th(II) complex (30) along with the
corresponding Th(IV) complex [Th!Y (n>-Cp”)3H] (6-H) (Scheme 11).
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Scheme 24. Reactivity of (68’-U)/(68"-U).

One electron oxidation of (68’-U) with AgBPh, regenerates its U(III) neutral precursor
(67’-U) [38]. Both (68’-U) and (68”'-U) react with cyclooctatetraene (COT-CgHg) to give
either the U(III) ionic compound [K(Z.Z.Z-crypt)][UHI(175-Cp’)3(111-Cp/ )], (88), or in the case
of (68"'-U), and its U(III) precursor [UM(13-Cp”)3], (68’'-U), respectively, concomitant losses
of [UY (58-CgHg),] (92) and [K(2.2.2-crypt)|CpMe3n (n = 1, 2) in both cases [189]. These
two different outcomes underline the importance of sterics in controlling reactivity and
product distribution. Furthermore, the formation of [U" (58-CgHg),] (92) as a side product
suggests that two electron transfers are likely to take place. In contrast, the Th(II) complex
[K(18-c-6)(THF),] [Th'(13-Cp”')3] (30) reacts with COT (CgHsg) to yield the Th(IV) complex
[ThY (n>-Cp”),(n8-CsHs)] (45) (Scheme 15), as the only thorium-containing product [46].
It is also worth noting that the U(III) complex (93) can be prepared from (68’-U) and 0.5
equivalents of PbCp’,, with metallic lead being the by-product (Scheme 24) [189].

The reduction of the heteroleptic U(III) complexes [(175 -Cp*)3_nUIII (N"a] (n = 1: (94);
n = 2: (95)) in THF at —35 °C ultimately produces the U(III) ionic complexes (98) and
(99), respectively (Scheme 25). The reaction is thought to proceed via the corresponding
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ionic U(II) complexes (96) and (97), which cannot be isolated, but whose intermediacy is
supported by in situ UV-Vis spectroscopy and computational studies. Complexes (98) and
(99) are the result of facile C-H activation of one of the SiMej disilylazide substituents by
the respective U(II) centre, probably because of the inadequate steric protection offered by
these ligand environments. According to the aforementioned computational studies, both
(96) and (97) adopt a 5f3 6d! ground electronic configuration [210].
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n f 1 (o4) intermediattes - not isolable
n=2:(95) n=1:(96)
n=2:(97) | |||/C\H2
N../U\N/SlMez
SiMe3
(99)

Scheme 25. Intermolecular C-H activation by transient U(II) complexes.

In the same vein, intramolecular C-H activation has been reported by Mazzanti et al.
during the reduction of [UTIN"3] (87) with one equivalent of KCg in THF at RT, yielding instead
the U(III) cyclometallated complex [K(2.2.2-crypt)[[UM(N"),(x>-C,N—CH,SiMe;NSiMe3)]
(100) (Scheme 26). The preparation of (100) most likely proceeds via its initial formation
in the solution of the U(II) complex [K(2.2.2-crypt)][UN"3] (88-U). This is supported by
the observation that cold (—40 °C) solutions of (88-U) decompose to (100) over prolonged
periods of time or upon warming to RT [211].

KCs H2C—sime,

2.2.2-crypt .
[UM{N(SiMe3),)s] —>[ Crip] [K(2.2.2—crypt()? N"/U"I\'”HN(SIMes)
Nll

(87) ’ (100)

2 ZECS g warm to RT
.2.2-cryp @ . or prolonged time at
> [K(2.2.2-crypt)] [U"(N )3]941 o9

THF, -40 °C (88-U)

Scheme 26. Intramolecular C-H activation by U(II) complex (88-U).

The same group have investigated the reactivity of [K(2.2.2-crypt)][U'N"3] (N” =
N(SiMe3), ) (88-U) (Scheme 26) with diphenyl-acetylene [212], PAN=NPh [212], and
N-aromatic heterocycles [213]. In the first two cases, the products [K(2.2.2—crypt))][(172—
PhC=CPh)U'"VN"3] (101) and [K(2.2.2-crypt))][(#*>-PhN-NPh)U'VN"3] (102) are formed,
respectively [212], as the result of the transfer of two electrons from (88-U) to the corre-
sponding substrate (Scheme 27). THF solutions of compound (101) react further upon
warming to RT to yield the 5-coordinate diamagnetic U(VI) bis-imido complex [K(2.2.2-
crypt)][N”3UVI(=NPh),] (103); i.e., overall a 4e~ reduction of PhyNj [212]. When (88-U)
reacts with pyridine or 4,4’-bipy, the dimeric U(III) complexes (104) and (105) can be iso-
lated, where in both cases, the N-aromatic heterocycle has lost its aromaticity [213]. This
reactivity resembles the one observed with these two substates with the Th(III) complex
[Th™(5°-Cp"")5] (5) [43]. In both these cases, the U(IIT) complex [K(2.2.2-crypt][UT(N")4]
(106) is observed amongst the by-products, while in the case of the reaction with 4,4’-bipy
the dinuclear-bridged cyclometallated U(IV) complex (107) is also observed. Interestingly;,
the same uranium products are observed when the oxo-bridged bi-metallic U(III) complex
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[K(2.2.2-crypt) o [{N” 3UHI}2(;¢-O)] (108) is reacted under similar conditions with the organic
substrates mentioned above (Scheme 26) [212,213]. In this latter case, the reactions pro-
ceed with concomitant loss of the U(IV) terminal oxo complex [K(2.2.2—crypt)][(O)UIVN’ '3]
(109) [138,171], signifying that compound (108) can be viewed as a masked U(II) synthon.
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Scheme 27. Two and four electron reactivity of (88-U) and the masked U(II) synthon (108).

The U(II) complex [K(2.2.2-crypt)][UH(Kl-O:n6-TDA)2] (82) (Scheme 21) reacts with
cycloheptatriene (CHT) to furnish the U(IV) complex [K(2.2.2—crypt)][(177—C7H7)UIV(K1—
O-TDA),(THF)] (110) containing a C;H7>~ ligand (Scheme 28). Complex (110) is a rare
example of a U-cycloheptatriene complex [214-216], and results from an overall [U(II)]
— [U@V)] 2e~ metal-centred oxidation, with the third electron for the C;H; — C;H;3~
reduction most likely originating from the reduced arene in (82). During this reaction, gas
evolution is observed, presumably H; gas. As a result of this overall 3e™ redox reactivity
due to the ligand’s non-innocence, (82) can be viewed as a masked U(I) synthon. Complex
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(82) also reacts with COT in a manner similar to (68”’-U) (Scheme 24) to produce the
homoleptic complex[K(Z.Z.Z-crypt)][UH(Kl—O—TDA)4] (111) (vide supra), with a concomitant
loss of [UY (78-CgHg),] (92). Finally, (82) is readily oxidised with I, to the iodo-bridged
bimetallic U(III) complex (112) [206].

[K(2.2.2-crypt.)]

§\< [K(2.2.2-crypt. )]
() % @ "
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(111) -0.5H THF
. pr > o’ '8y
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[UV(n°-CgHg),] N7 (82) Pr
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21
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o
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Scheme 28. Multi-electron reactivity of U(II) complex (82).

The neutral bis-amido U(IT) complex, (80), undergoes facile le- oxidation with Fc* [BARF#]~
(Fct = [Fem®-CsHs),]*; [BARF?4]~: [B{3,5-(CF3),-CsH3}4] ") to yield the U(IIT) complex
(113) (Scheme 29) [205]. Complex (84) undergoes a facile O transfer reaction from ei-
ther N,O or pyridine N-oxide (CsHs;NO) to produce the U(IV) ionic complex [K(2.2.2-
Crypt)][(O)UIV(AdTBPNg,)] (114) (i.e., a 2 e- oxidation, Scheme 29) [146].

Et,0, -40 °C
—

Ar
Fc*[BARF24]
-Fe

[K(2.2.2-crypt.)]®
Ad )

N,O
Ad 2 .

or CsHsNO

Scheme 29. Reactivity of n®-arene U(II) complexes (80) and (84).

Remarkably, the U(II) complexes [K(THE),-U[{OSi(O'Bu), Ar}3-arene](THF)] (86) and
[K(2.2.2—crypt.][UH[{OSi(OtBu)zAr}g-arene](THF)] (86-crypt) react with two equivalents of
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KC;s to furnish complexes (115) and (115-crypt), respectively (Scheme 30). Computational
studies, X-band EPR spectroscopy and SQUID magnetometry show that the U-metal centre
in (115)/(115-crypt) is in the +3 oxidation state. The extra two unpaired electrons singly
occupy U-arene 5-bonds, with their spins either both antiparallel or one parallel and the
second one antiparallel to the unpaired electron density of the U(III) centre, giving rise to a
doublet or a quartet ground state, respectively, which were found to be almost degenerate.
This also explains the experimentally observed planarity (SC-XRD) of the basal arene and,
thus, complexes (115)/(115-crypt) can be described as [U"-(arene)?>~]. Both (115)/(115-
crypt) can also be prepared from the reaction of the U(III) neutral precursor (85) with three
equivalents of KCg in the absence or presence of [2.2.2-crypt.], respectively [207].
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Scheme 30. Reactivity of (86)/(86-crypt) and (115).

Complex (115) reacts with CHT (cyclo-heptatriene) to yield the U(IV) complex (118),
which adopts a polymeric solid-state structure (Scheme 30). The CHT ligand has been
reduced triply to {C7H7}3~, and coordinates to the U(IV) centre in an )’ -fashion. The overall
3e™ transfer from (115) is reminiscent to the reactivity of [K(2.2.2—crypt)][UH(Kl-O:n6-TDA)2]
(78) (Scheme 21) [206] and, thus, (115) can be considered as a masked U(I) synthon. In
contrast, the reaction of CHT with the U(II) complex (86) results in a 2e~ transfer, yielding
the inner sphere U(IV) ionic complex [EtZOK-UIV(776—C7H8){(OSi(OtBu)zAr}rj—arene}] (117).
The n® coordinated CHT in complex (117) is reduced doubly (i.e., {C7Hg}?7), and is the



Inorganics 2024, 12, 275

26 of 39

first example of CHT coordinating in this fashion to a uranium metal centre [207]. Finally,
(86) and (86-crypt) reduce PAN=NPh by double, to produce either the inner spere ionic
complex (116) or its separated ion pair analogue (116-crypt) (the latter has only been
spectroscopically characterised) [212].

The examples shown in Scheme 30 point to a very delicate interplay of metal centre
vs. arene/ligand-based reduction. This is further accentuated in complexes [(THF)4K5-
{(Ph3SiO), U}(u-O)(p-x2:17°-Ph,0-PhSiPh, O)-{U(THF)-(Ph3SiO)3}] (120) and [K(THF),(18-c-
6)]2[K{(Ph3SiO)U}(1-O) (u-x?:17*-Ph,0-PhSiPh,O)-{U(THF)-(Ph3SiO)s}] (121), the synthesis
of which is shown in Scheme 31 [217].
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THF, -40 °C - Ph .
b) 2 18-c-6 ©_ —5
Ph ;
3 s 20,//“ | OSiPhg
“::K----oslph 0™/ Yo
PhaSIQ PhaSIG RSPhs 2KCs PhoSIOC _0A / \\THF2 THFK-C:O °C </—\‘,\ \,'O/ “SiPh,
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Scheme 31. Reactivity of masked multi-metallic masked U(II) /U(I) complexes.

Based on the charge balance, compound (120) is formally a bridging oxo “U(II)/U(IV)’
complex. Nevertheless, a structural analysis shows that the arene coordinated to one of the
U-—centres, and is consistent with a cyclohexadiene-like geometry (two short and two long
C-C bonds and torsion angles of 14.0(7)° and 19.3(7)°) similar to [K(Z.Z.Z-crypt)][U(H)(Kl-
Om®-TDA),] (82) (Schemes 21 and 28) and the Th(IV) complex (91) (Scheme 23) [206]. EPR
studies, SQUID magnetomentry, and computational investigations show that a ‘U / UV
complex with a doubly occupied U-arene -bond, i.e., a doubly reduced arene, is the most
likely scenario. Nevertheless, the description of a “U(II)/U(IV)" complex with the two
electrons of the U(II) centre stored in the 8-bond is equally valid. On the other hand,
complex (121) features two planar arenes, one coordinating to the U—centre in an n° fashion
and the other in an n*. A sextet ground state (S = 5/2) was calculated for complex (121),
pointing to a ‘U(III) /U(IV)” system consistent with EPR spectroscopy and SQUID studies.
Two electrons are located on the n°-arene (Scheme 31), with the §-bond having an 80%
U-character [217].

Complex (120) reacts with four equivalents of pyridine to produce the oxo-bridged
UV)/U(IV) dimer (122), where two pyridine molecules have been reductively coupled
to form the de-aromatised bridging bis-amido [2,2’-dihydro-bipy]*~ ligand. Complex
(122) reacts further upon reaching RT with the cleavage of one of the 6-membered rings,
to produce complex (123). Finally, complex (121) reduces PhN=NPh to the [PhNNPh]*~
dianion, but no uranium-containing products could be isolated (Scheme 31) [217].

The reactivity shown in Scheme 31 underlines the roles that redox-active ligands
(RALSs) can play in obfuscating the ‘true’ valency of the metal centre, and to a certain degree,
mimic the reactivity of low-valent actinide complexes [218].
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3.3. Isolation and Reactivity of a U(I) Complex

During CV studies to investigate the redox chemistry of [U(nS—CpiPrS)zl] (75) and
determine the U(III) /U(II) redox couple value for this system (see also above and Section 4),
an irreversible redox process centred at ca —2.85V vs. Fc*/Fc** (Fc* = [Fe(775—Cp*)2 ; —3.28V
vs. Fc/Fc*] close to the cathodic solvent breakdown was observed [196]. This suggested
that a U(I) complex might be accessible. Indeed, both the U(III) complex (75) and the
U(II) complex (76-U) can be reduced with KCg, in the presence of [2.2.2.-crypt] in hex-
ane at RT, to yield the only known bent U(I) complex [K(2.2.2—crypt][Ul(n5—CpiPr5)2] (124)
(Scheme 32) [219]. In this case, the reduction to (124), either from (75) or (76-U), does not
proceed in the absence of chelator [2.2.2-crypt]. The CpiPrS (cent)—U-CpiPr5(cent) angle of
163.4° in (124) is somewhat less obtuse than the corresponding angle of 167.82° found in
the bent uranocene [UIH(nS—CpiP ™),]*[B(CeFs)4]~ [199]. In this family of U(IIT) to U(I) com-
plexes, there is a monotonic increase in the CpiPr5 (cent)-U bond distance after the reduction
from 2.472 A in [UX(n>- CplPr5)2]+[B(C6F5)4]* (125) [199] to 2.504 A in [U"(n3-Cp'T™),]
(76-U) [196], and, finally, to 2.575 A (avg) in [K(2.2.2-crypt][U'(n>-CpiF™®),] (124) [219].
Computational investigations suggest that the ground state electronic configuration is
5f3(7s/ 6dZ2)1(6dx2_y2 / 6dxy)1, with three electrons occupying atomic 5f orbitals, one electron
occupying a quasi o-symmetric orbital with strong admixing of 7s and dz2 atomic orbitals
(as in the case of (76-U)), and the last electron located in a quasi-3-symmetric 6dyo.y2 /6dxy
set of orbitals, with significant delocalization into the ligands. The X-band EPR spectrum
of powdered samples of (124) at 10K shows a rhombic signal, whereas (75) is EPR-silent
at this temperature. AC SQUID measurements show that the (124) exhibits some SMM
behaviours, while measurements in the DC regime of x,T suggest a complicated manifold
of thermally-accessible excited states.
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Scheme 32. Isolation and reactivity of the first U(I) complex (124).
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The possibility of (124) being a U(II)-hydride complex was discounted by its reaction
with CCly that did not show any signs of CHCl3 formation. Complex (124) reacts with
one or two equivalents of Cul to produce the U(II) complex (76-U) or the U(IlI) precursor
(76), respectively. Solutions of the U(I) complex (124) decompose instantly in THF, but
disproportionately in C¢Dg over the course of 5 days at RT to the U(II) complex (76-U),
[K(2.2.2-crypt)]Cpi™ and U metal. When (124) reacts with, it undergoes an 1 e~ oxidation
to the U(II) complex (76-U), while azobenzene is reduced to the [PhpN,]~* radical anion.
This latter reactivity contrasts with the reactivity of the U(IT) complex [K(2.2.2-crypt)][[UN"5]
(88-U) and PhyN, [212], and is most likely attributable to the steric bulk by the Cpipr5
ligand [219].

4. Cyclic Voltammetry (CV) Studies of Low Valent U and Th Complexes

Despite the rich reductive chemistry of the low-valent Th and U complexes highlighted
above, informative cyclic voltammetry (CV) studies measuring the values of the relevant
Th(IV)/Th(II) and An(III)/ An(I) (An = U, Th) redox potentials were rare [203], and for
many years, based on calculated estimates [220], especially for thorium. One reason is
the high reactivity of these divalent and trivalent species, which makes them sensitive
to the experimental conditions of the technique. For example, in the first CV studies
conducted by Cloke et al. [221] to determine Th(IV)/Th(Ill) redox potential values, it
was found that the electrolyte [N(n-Bu)4]*[B(CsFs)4] ~, used successfully in CV studies
of mixed sandwich U(III) complexes in THF [81], was incompatible. On the other hand,
commercially available [N(n-Bu)4]*[BPhs]™ have enabled successful CV investigations
into these highly-reduced species [146,191,196,198,207]. A summary of the measured E; /»
values for the Th(IV)/Th(Ill) and An(III)/An(II) (An = U, Th) redox couples is given in
Table 3.

Table 3. Experimentally determined Th(IV)/Th(III) and An(III)/ An(II) (An = Th, U) reduction po-
tentials. @ vs Fc/Fc*, b using 0.05M [N(n-Bu)4][BPh4]/THF; € using 100 mM [N(n-Bu)4][BPhy4]/THEF;
d only cathodic current response observed; ¢ using 50 mM [N(n-Bu)4][BPhy]/THF; f using
100 mM [N(n-Bu)4][PF¢]/THE; & using 60 mM [N(n-Bu)4][BPhy]/THF irreversible process with
AEpp = 884 mV at 200 mV.s~! scan rate; I vs. Fc*/Fc** (Fc* = decamethyl-ferrocene) 100 mM [N(n-
Bu)4][PFg]/THF; ! 100 mM [N(n-Bu),4][BPh,]/THF at 100 mV.s~! vs. Fc/Fc*.

Compound Eq/» Th(IV)/Th(II) 2 Eq» An(IID/(I) 2
[ThY (>-Cp)3Cl] (6-Cl) [191,221] —296b/-293¢

[Thm>-Cp)3] (5) [191,221] —296b/-293¢ —2.85¢

[Th!Y mP-Cp'')3Br] (124) [191] —2.89¢

[ThYY n>-Cp’)3Cl] (125) [191] —3.14°¢

[ThYY (n>-Cp’)3Br] (126) [191] —3.17¢<d

[Th!Y 3-CpMe4);3Br] (15-Br) [191] —3.34°¢
[Th'!! (n°-CpMet)3] (15) [191] —3.28°¢
[K(18-c-6)(THF),][Th!l(n>-Cp”)5] (30) [191] —2.84°
[K(2.2.2-crypt)] [Th'(n>-Cp")3] (30) [221] —2.85¢

[ThY (n8-COTTPS2)(n>-Cp*)Cl] (53-Cl) [221] —3.32P

[Th!Y (n8-COTTBPMS2),1 (9-Th) [221] —3.23b
[UMn3-Cp")3] (67-U) [191] —2.73¢
[K(18-c-6)(THF),][U(n>-Cp”)3] (68”'-U) [191] —2.71¢
[UM@P-Cp')3] (677-U) [191] —226¢
[K(2.2.2-crypt)][UT(n>-Cp’)3] (68’-U) [191] —227¢
[UM(n3-CpMedys] (73) [191] —3.11°¢
[UM {(AdMe A Q) Mes}] (77) [203] —2.495f
[ULL(AATBPN3)] (84) [146] —240h
[UM[{OSi(OtBu), Ar}s-arene](THF)] (86) [207] —2.521

[UM0P-Cpi™),1] (75) [196] 2338
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Based on the above values, reduction of [Th™(1>-Cp”)3] (5) was achieved with all the
alkali metals (except Fr) either in the presence of [2.2.2-crypt] (Li, Rb, Cs) or 18-c-6 (Na).

As can be seen from entries 1 and 3 in the table above, the leaving halide (chloride or
bromide) plays a minimal role in the reduction in Th(IV) complexes to Th(III); on the other
hand the electron-donating properties of the supporting ligands have a more profound
effect, especially in the case of thorium complexes, with more electron-donating ligands
pushing the measured E; ;s to more negative values. This is exemplified by [CpMe4]~
Th(IV)/Th(III) supported complexes (entries 6 and 7), as well as the Th(IV) complexes
supported by silyl-substituted COT ligands (entries 10 and 11). In the case of U(III) /U(II)
redox couples, complex [um (n5—CpME4)3] has the most negative value [191,221].

The U(III)/U(II) redox couple in complex (85) was determined to be at —2.52 V
vs. Fc/Fct [207], a value close to the one found for (77) [203]. This was also con-
firmed by CV studies of the U(Il) products (86) and (86-crypt), which both showed
the same current response at this voltage. Complexes (115)/(115-crypt) (i.e., [K(2.2.2-
crypt.JJUM[{OSi(O'Bu), Ar}3-(arene)?~ ](THF)]; Scheme 30) also feature a process with the
same values as (85), (86)/(86-crypt) signifying that in a solution it can behave as a U(II)
complex, a fact that is reflected by their 3e™ reactivity with CHT (Scheme 30) and further
showcased by the fine balance between ligand vs. metal-based unpaired spin electron
density (or somewhere in the middle, e.g., U-arene -bonds) [207]. Interestingly, in this
series of U complexes, a second reductive process appears at —3.34 V vs. Fc/Fc*, which
is very close to the one found for the [U"(1°-Cp'*™),](76-U) /[U'(5°-Cp'T™®),] ~ (124) [196]
redox couple (Scheme 32, Section 3.3). Nevertheless, whether this process was metal- or
ligand- based is ambiguous.

Spectroelectrochemical studies of the thorium complexes listed in Table 3 further
showed that both the +3 and +2 oxidation states could be accessed in situ via electrolysis,
although the respective complexes were not stable under these conditions. The most im-
portant conclusion is that a 2e™ Th(IV) to Th(Il) reduction is not taking place; instead, such
a reduction involves two, one electron processes via the intermediacy of the corresponding
Th(III) complex. This was also confirmed via the reaction of [Th(n® -Cp”")3Br] (6-Br) with Ba
metal in THF: in the absence of chelates 2.2.2-cryptand or 18-c-6 only blue (5) is formed,
whereas in the presence of these chelates, the green (30) is spectroscopically observed via
the intermediacy of blue (5) [191].

The measured E; /, values in Table 3, show that low-valent An(III) and An(II) com-
plexes (An = Th, U) are strongly reducing organometallic reagents. As such, this study
has investigated whether they can be used to access lanthanide complexes in the +2
formal oxidation states. in situ EPR studies showed that (5) or (67”’-U) are insufficient
to reduce either [La'(n°-Cp”');] (67"'-La) or [Y!'(n°-Cp’)3] (67-Y) to their La(II) or Y(II)
derivatives (I(**La) = 7/2, 1(*Y) = 1/2). Conversely, both [K(2.2.2.-crypt)[[An!(>-Cp”')5]
(An = Th (30), U (68"'-U)) reduce (67”-La) and (67’-Y) to the corresponding Ln(II) com-
plexes with the concomitant formation of [An!(n®-Cp”)3] (An = Th (5), U (67"'-U)). Simi-
larly, [K(2.2.2.-crypt)][[Y!(1°-Cp’)3] (62-Yb) and [K(2.2.2.-crypt)][Lall(n°-Cp’);] (68"'-La)
are able to reduce [ThIH(nS—Cp’ ")3] (5) to the Th(II) complex (30). Based on these studies,
upper and lower bounds for the La(Ill) /La(II) and Y(III)/ Y(II) redox potentials could be
estimated: [K(2.2.2.-crypt)] [An{(1°-Cp”')5] </~ [K(2.2.2.-crypt)][Y!(n°-Cp’)3] (68’-Y) ~
[K(2.2.2.-crypt)][La'l(n>-Cp’)3] (68”-La) < [An(>-Cp”)3] [222]. In agreement with these
studies, is the experimentally-determined E; /, redox value for (68’-Y) that was found to be
—3.06 V vs. Fc/Fc* (for (68”-La); only a cathodic current response is observed at —3.36 V
vs. Fc/Fc™) [223].

5. Conclusions

The prior discussion showcases recent advances in the exciting field of molecular U
and Th complexes in oxidation states < +3. From the early, well-defined Th(III) complexes
reported by Lappert and Cloke, the newly emerging examples of both U and Th low-
valent complexes underline the multifaced importance of ligand-metal complementarity to
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tame such unusual oxidation states, determine ground state electronic configuration, and
establish and control new patterns of reactivity, which in some cases involve metal-ligand
cooperativity. Although, as a new field, the chemistry of these reactive species is still being
explored, they have proven capable of promoting reductive events, with the number of
transferred electrons (typically 1-3) modulated by the supporting ligands. This opens new
prospectives in the activation of small molecules and similar important substrates and such
investigations will undoubtedly be aided by CV experiments. These have proved useful in
experimentally determining the actual values of these rare Th(IV)/Th(III), U(III) /U(II), and
U(I)/U(I) redox couples; with the aid of electrochemistry-derived predictor tools [224],
they can guide further explorations into their reactivity.

Although studies in the reactivity of these low-valent complexes are limited compared
to U(III)-mediated transformations, small molecule activation, and, recently, catalysis [175]
from the discussion above, the potential for these extremely low valent complexes to pro-
mote new chemical transformations is clear, especially when taking into considering their
high reduction potentials. Central to this is the ligand’s role and ability to control and
modulate multi-electron transfers to substrates, as well as to determine the ground state
electronic configuration of the actinide. However, for an effective catalysis, cycling the
high-valent oxidised An™* (An = Th, U; n > 3) products to their more reactive low-valent
An™ (An = Th, U; n < 3)-reduced couples pose challenges. One obvious solution would
be to use electrochemical methods. However, another plausible way to circumvent our
method of effective catalysis could take inspiration from the reports by Marks et al., as
their work proposes the formation of Th(III) complexes from the photochemical elimina-
tion of Hy from Th(IV) hydrides and alkyls [16,17], and suggests using photo-reductants.
For example, acridine photo-reductants [225] have been recently synthesised with E; /»
redox potential of their excited state of —2.91 to —3.6 V vs. SCE (ca —2.5 to —3.1 V vs.
Fc/Fc*), values that are in the range for the An™"/An®™~D* (An = Th (n =4, 3) U (n = 3))
redox couples, shown in Table 3.

Finally, these U and Th low-valent complexes offer an overall fundamental under-
standing of the f-elements and are the basis to extend these motifs to the trans-uranic
elements. As salient examples, we mentioned the isostructural to (68”'-U) (Scheme 19)
An(II) (An = Np, Pu) ionic complexes [K(2.2.2-crypt.)][An! (11°-Cp”’)5] (68"'-Np) [226] and
(68"'-Pu) [227]; the former features a 5f*6d" ground electronic state configuration, while
the latter is a borderline case between a 5f*6d! and a 5°6d” one (see also Table 1), with
its HOMO having an appreciable 64z character according to calculations [227,228]. With
new synthetic methods [229-235] offering access to AnXy,(coordinating-solvent)y start-
ing materials (n = 0, 1; coordinating-solvent = DME, THF, pyridine, CH3CN; X = halide
or N’ (n =1, y = 0); An = transuranic element), low-valent molecular complexes of the
heavier actinides [236-244] will further expand our knowledge and understanding of
the f-elements.
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