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Abstract: The high stability of the +4 oxidation state limits thorium
redox reactivity. Here we report the synthesis and the redox
reactivity of two Th(IV) complexes supported by the arene-
tethered tris(siloxide) tripodal ligands [(KOSiR2Ar)s-arene)]. The
two electron reduction of these Th(IV) complexes generates the
doubly reduced [KTh((OSi(OBu)2Ar)s-arene)(THF)2] (2°t8*) and
[K(2.2.2-cryptand)][Th(OSiPh2Ar)s-arene)(THF)2](2P"-crypt)
where the formal oxidation state of Th is +Il. Structural and
computational studies indicate that the reduction occurred at the
arene anchor of the ligand. The robust tripodal frameworks store
in the arene anchor two electrons that become available at the
metal center for the two-electron reduction of a broad range of
substrates (N20, COT, CHT, Ph2N2, PhsPS and O2) while
retaining the ligand framework. This work shows that arene-
tethered tris(siloxide) tripodal ligands allow implementation of
two-electron redox chemistry at the thorium center while retaining
the ligand framework unchanged.

Introduction

Recent research in uranium chemistry allowed expansion of the
number of accessible oxidation states (+| to +VI) with the
discovery of molecular compounds of uranium in +I" and +|2h
3b,2d, 3] gxidation state. Moreover, the ability of uranium to engage
in multielectron transfer reactions enabled the reduction of small
unreactive molecules such as dinitrogen!® or carbon dioxide.® In
contrast, the chemistry of thorium remains mainly limited to one
oxidation state (+IV), with only few examples of compounds of
thorium in the +Il and +lll oxidation state. ® The high stability of
Th(IV) and the tendency of Th(ll) and Th(lll) to undergo
decomposition and disproportionation reactions has hindered the
development of thorium redox chemistry.®l Alternatively, multi-
electron transformations of metal centers with low redox flexibility
can be enabled by using redox-active ligands, but the use of
redox-active ligands to enable multi-electron transformations
remains rare in thorium chemistry [0 ['1]

Arenes and arenides are a class of redox-active ligands
increasingly studied in f element chemistry.['22-9. 4 1200 Arenide
complexes of thorium were reported twenty years ago,'"l but only
recently arenides have attracted renewed interest in thorium
chemistry as redox-active supporting ligands.['2° 3¢ 13 Notably we
recently showed that a mononuclear arenide complex and an

Inverse-sandwich complex of thorium can perform multielectron
reductive chemistry with a range of substrates, acting as Th(ll)
synthons.[' However, loss of the arenide ligand during reactivity
limits these systems versatility. Stabilization of unusual oxidation
states and more controlled multielectron transfer reactivity were
achieved in uraniumf® 4 4 and in cerium chemistry!'s using an
arene anchor to tether aryloxide, amide or siloxide ligands.
However, such arene-anchored tripodal ligand were never used
in thorium chemistry. Here we report the synthesis and the redox
reactivity of two Th(IV) complexes supported by arene-tethered
tris(siloxide) tripodal ligands [(KOSiR2Ar)s-arene)] (R= OBul'®d or
Phl'®). The robust tripodal frameworks store electrons that
become available at the metal center for the two-electron
reduction of substrates while retaining the ligand framework.

Results and Discussion

At first, we pursued the synthesis of two heteroleptic Th(IV)
complexes with arene-tethered tris(siloxide) tripodal ligands
presenting different substituents, [ThCI((OSiR2Ar)s-arene)(THF )]
(19%8¥; R= OBu, x= 1, 1°": R= Ph, x= 2)(Scheme 1).

Addition of 1.0 equiv. of ligand salt [(KOSiR2Ar)s-arene)] (R= O'Bu
or Ph) to 1.0 equiv. of [ThCl4(DME)z] in THF at room temperature,
resulted in a white suspension. After 16 hours, the formation of
new species and full consumption of ligand salt [(KOSiR2Ar)s-
arene)] (R= OBu or Ph) was observed by 'H NMR spectroscopy
(Figure S4 and S14). Colorless crystals of complexes 1°t8% and
1Ph were isolated at -40 °C in 90% and 89% yield from a
concentrated toluene and a concentrated THF/Hexane solution,
respectively. The "H NMR spectrum of the isolated complex 1°tB4
revealed five resonances at § 2.56, 3.02, 3.72, 4.90, and 10.68
ppm, which correspond to the —OSi(OBu)2 and tripodal arene
moieties. Similarly, the "H NMR spectrum of isolated complex 1P"
shows five resonances at § 6.79, 7.04, 7.06-7.24, 7.54, and 7.73
ppm, corresponding to the —OSiPh2 and tripodal arene moieties.

Significant differences were observed in the 2°Si{'H} NMR
resonances (8 -75.45 ppm for —0Si(O'Bu). and & -22.04 ppm for
—0SiPhz) in complexes 1°®¥and 17" due to the stronger electron-
donating character of the phenyl substituents. The solid-state
molecular structures of complexes 1% and 1P" were determined
by X-ray diffraction studies.
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Scheme 1. Synthesis of complexes 1°tBu, {Ph 20tBu 20tBUDME) gnd 2Ph.crypt supported by trianionic tripodal ligands.

The molecular structures of complexes 1°8% and 1" and selected
structural parameters are presented in Figure 1 and Table 1.
Both structures show the presence of Th(IV) ions coordinated by
the tripodal ligands and an axial chloride ligand, along with THF
ligands, but display different coordination geometries. In complex
10t8u the Th(IV) center is penta-coordinated by three —0Si(OBu)2
groups of the tripodal ligand, one axial chloride ligand, and one
coordinated THF, with a distorted square pyramidal geometry. In
contrast, in complex 1°" the Th(IV) is hexa-coordinated, having
two coordinated THF ligands instead of one as found in 1°tBY |
and adopts a distorted octahedral arrangement. This difference is
most likely due to the higher steric crowding provided by the di-
tert-butylsiloxide compared to the diphenylsiloxide. The average
Th-Osioxide distances in both complexes are comparable, with
19tBu exhibiting an average value of 2.180(3) A and 1" showing
a similar value of 2.176(12) A. The Th-arene distance in 18" (Th-
Ceentroid =3.1508(13) A) is significantly shorter than that found in
1PP (Th-Ceentroia =4.070(4) A), but in both cases the Th-arene
distance is longer than those found in other Th(IV) neutral arene
complexes (Th-centroid distances ranging from 2.619 to 2.95
A" suggesting the presence of very weak Th-arene interactions
with significantly weaker interactions in 1P" when compared to
1°tBu_ Moreover, the average C-C bond length in the centroid
arene of 1°tBY (1.400(6) A) is slightly longer than that found in 1°"
(1.389(6) A) but remains comparable to that found in the free
ligand [(HOSiPhzAr)s-arene)]  (1.3932(19)  A),l'81  further
emphasizing the lack of significant thorium-arene interactions in
both complexes. Meanwhile, the Th-CI distance in 1°" (2.728(2)
A) is slightly longer than that in 1°%8% (2.6628(10) A, but remains
comparable to that found in the previously reported Th(lV)
complex [Th(OSi(OBu)s)sCI(THF)2] (2.735(3) A).['8

With these tripodal ThCI complexes 1°8* and 1P" in hand, we set
out to investigate if 1°®" and 1°" could be reduced and to
compare their redox reactivity (Scheme 1).

The reaction of 18" with 1.0 equiv. of KCs in THF at -40°C
resulted in a mixture of 1°®®Y and of a new species, 2°%", as
observed by 'H NMR spectroscopy (Figure S8). The addition of a

second equiv. of KCs to the reaction mixture at -40°C led to a full
consumption of 198 and a clean formation of a new species as
indicated by 'H NMR spectroscopy (Figure S8). Similarly, the
reduction of 1P also requires 2.0 equiv. of KCs for the full
consumption of 1P yielding a new species, 2", as confirmed by
"H NMR spectroscopy (Figure S18). The di-reduced complex
[KTh((OSi(O'Bu)2Ar)s-arene)(THF)2] (2°®Y) was isolated from a
mixture of THF and n-hexane at -40 °C in 89% yield. Attempts to
obtain X-ray suitable single crystals of the 2°%BY were
unsuccessful. However, a few dark red-brown crystals suitable for
X-ray crystallography analysis of the complex
[K(DME)Th((OSi(OBu)2Ar)s-arene)(DME)] ~ (2°tBu(PME)y  were
isolated from a concentrated DME/toluene mixture at -40 °C. On
the other hand, attempts to obtain X-ray suitable single crystals of
the 2P" from the reduction of 1°" were unsuccessful.

However, upon the addition of 1.0 equiv. of 2.2.2-cryptand and
2.0 equivalents of KCs to 1P at -40 °C, a new set of resonances
appeared in the "TH NMR spectrum (Figure S20) recorded at room
temperature. Eventually, dark purple crystals of complex [K(2.2.2-
cryptand)][Th(OSiPh2Ar)s-arene)(THF )2](2"-crypt) were
obtained from a concentrated THF/n-hexane mixture at -40 °C in
92% vyield. Moreover, adding 1.3 equiv. of 2.2.2-cryptand to 2P"
led to the formation of 2P"-crypt as observed by 'H NMR
spectroscopy (Figure S19).

The solid-state molecular structure of complex 20tBU(PME) gnd 2Ph.
crypt were determined by X-ray diffraction studies (Figure 1 and
Table 1). The molecular structure of 2°tBUPME) shows the presence
of a neutral complex where the K* cation is bound by two siloxide
arms of the [K(DME)Th((OSi(OBu)2Ar)s-arene)(DME)] moiety
and one coordinated DME. The structure of 2P"-crypt shows the
presence of an ion pair consisting of one outer sphere [K(2.2.2-
cryptand)]* cation and the [Th(OSiPh2Ar)s-arene)(THF)2]" anion.
The Th center in 20tBUPME) anq 2Ph.crypt is coordinated by the
three siloxide groups of the tripodal ligand, the distorted arene
anchor and one DME (in 2°BuPME)) or two THF (in 2PP-crypt)
molecules. The average value of the Th-Osiloxide bond lengths in
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Figure 1. Molecular structures of (a) [ThCI((OSi(OBu)zAr)s-arene)(THF)], 1984, (b) [ThCI((OSiPh2Ar)s-arene)(THF)2], 1P, (c) [K(DME)Th((OSi(OBu)2Ar)s-
arene)(DME)], 20Bu(OME)  (d) [K(2.2.2-cryptand)][Th(OSiPhzAr)s-arene)(THF)2], 2P"-crypt with thermal ellipsoids at drawn at the 50% probability level. Hydrogen
atoms, methyl groups on the —OSi(OBu): ligands, [K(2.2.2-cryptand)]* and five carbon atoms of each Ph group have been omitted for clarity.

Table 1. Selected bond lengths (A) and angles (°) for complexes 1084 1Ph, 20tBuBME) gnd 2Ph.crypt.

Complex 1018 1P 20tBu(DME) 2Ph_crypt
Th—Osioxide 2.175(3)-2.184(3) 2.160(6)-2.190(6) 2.285(10)-2.332(11)  2.257(3)-2.298(3)
Th-Cl 2.6628(10) 2.728(2) - -
Th—Carene - - 2.647(16)-2.848(16)  2.623(5)-2.866(5)
Th—Ceentroid 3.1508(13) 4.070(4) 2.364(8) 2.3869(19)
C—Carene 1.391(5)-1.409(5)  1.382(12)-1.399(11) 1.36(2)-1.50(2) 1.359(8)-1.499(7)
Torsion  angles 0.4(4)-2.3(3)° 0.1(13)-4.2(13)° 7(2)-21(2)° 1.7(8)-24.5(7)°

(central arene)

the reduced complexes 2°tBUPME) (2 29(3) A) and 2P"-crypt
(2.2824(18) A) increases compared to those found in precursors,
108u (2.180(3) A) and 17" (2.176(12) A). These distances are
comparable to those found in the recently reported thorium
arenide complexes supported by —0Si(0Bu)s,
[K(OSi(0'Bu)s)sTh(n®-C1oHs)] (2.238(5) A).I"* The range of O-Th1-
O bond angles found in the reduced complexes 2°tBu(DME)
(91.8(4)-150.4(4)°) and 2P"-crypt (90.23(13)-151.53(14)°) are

larger than those found in the precursors, 1°%B¢ (106.24(10)-
140.44(10)°) and 1P" (95.6(2)-106.2(2)°) respectively. Notably,
the Th ions interact with the central arene in a n®-fashion, with Th-
Ceentroid distances (2°t84(PME): 2 364(8) A and 2P"-crypt: 2.3869(19)
A) significantly shorter than those found in 1°t2" and 17", revealing
a stronger interaction between the arene and the metal center.
Moreover, the average arene C-C lengths of the arene anchor in
20tBuDME) (1 43 (2) A) and in 2P"-crypt (1.44(5) A) are significantly



longer than those found in the precursor 1°8Y (1.400(6) A), 1"
(1.389(6) A). The planarity of the central arene is significantly
distorted in complex 20tBUDME) gnd 2Ph.crypt with maximum
values of torsion angles at 21(2)° and 24.5(7)°, respectively,
providing strong evidence of the presence of a reduced arene
moiety. These values are consistent with a di-reduced arene
bound to a Th(IV) center.l'?2 3 Similar high torsion angles were
also found in the analogous uranium [K(THF)U((OSi(O'Bu)2Ar)s-
arene)(THF)] (22.0(11)°)"*l and cerium [K2(Ce((OSi(OBu)2Ar)s-
arene)(Et20)2] (18.0(11)°)1"% complexes.

The reduction of the Th(IV) complex 1°8! proceeds differently
from what was reported for the reduction of the U(lll) and Ce(lll)
complexes of the (‘OSi(O'Bu)2Ar)s-arene ligand, which led first to
the stabilization of the U(Il) and Ce(ll) analogues, followed by
ligand-based reduction. Furthermore, the formation of a one-
electron reduction product of the complexes 1°8¥ and 1P could
not be observed and two-electron reduction is the only product
observed for the thorium complexes.

Ph_,
2Ph-crypt
T
e > 20tBu
5
(&)
- 20tBu + cryptand
-3.3 -3 -2.7 -2.4 -2.1 -1.8 -1.5

Potential (V vs Fc%Fc*)

Figure 2. Cyclic voltammograms for complexes, 2°t8" (red) , 2P"-crypt (blue)
and 298 + cryptand (purple) in THF. Conditions: Pt disk working electrode,
referenced to the Fc%Fc* couple; 0.1 M [NBu4][BPh4] electrolyte in THF. Scan

rate (250 mV/s). Arrows indicate the scan direction.

Cyclic voltammograms were measured for 3 mM THF solutions of
complexes 2°®BY and 2Ph-crypt. The measurements were
performed with 0.1 M [NBu4][BPh4] as the supporting electrolyte
with decamethylferrocene (Fc*) as the internal reference (Figure
2).The cyclic voltammogram for complex 2% in THF revealed
two quasi reversible redox events at values of E12 = -2.05, and -
2.65 V vs. Fc*® (Figure 2). The two measured waves display
reduction events with Epc values of -2.20 V and -2.78 V vs. Fc*,
respectively. These values are significantly more positive than the
range of values reported for Th(IV)/Th(lll) (-3.00 to -3.48 V vs.
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Fc*0), and Th(lll)/Th(ll) (-2.89 to -3.30 V vs. Fc* ), couples in
complexes supported by Cp ligands ['¥ indicating these two redox
events should be essentially ligand-based although some metal
contribution cannot be ruled out. The voltammogram of 2°tBY after
the addition of cryptand shows comparable Epc values at -2.32
and -2.74 V vs. Fc*°, suggesting that the bound K* ion does not
have significant effect on the reduction potentials. The di-reduced
complex of the —OSiPh; substituted tripodal ligand, 2”"-crypt,
exhibits similar redox events, in which the two-reduction
potentials for 2P"-crypt (Epc = -2.22 and -2.71 V vs. Fc*) are
comparable to those of 284, Overall, the cyclic voltammograms
of the 29U and 2Ph-crypt complexes show that both reduction
events occur at the ligand in both complexes. Therefore, the
different electron-donating character of the siloxide substituents
(lower for the di(tert-butoxy) groups) does not significantly affect
the redox properties of the two thorium complexes.

In order to gain some more insights on the nature of complexes
10tBu qPh 20tBUDME) anq 2Ph.crypt, DFT (B3PW91) calculations
including dispersion corrections were carried out. The optimized
geometries of the two Th(IV) precursors 1°8% and 1" compares
well with the experimental ones with a maximum deviation of 0.03
A on the bond lengths around Th. As expected, the Th-Cl and Th-
O bonds are found to be strongly polarized toward the hetero-
element (Tables S5 and S16). In both cases, the HOMO is the
arene 11 (the classical non-bonding one) while the LUMO is the
m*(Tables S9 and S21). According to this, the reduction of
complexes 1% and 1P" are anticipated to be ligand-based. To
investigate if the reduction is ligand-based, complexes 2°tBu(PME)
and 2PP-crypt were optimized in two different spin states (namely
singlet and triplet). For both complexes, the singlet is found to be
the ground state with the triplet lying respectively 8.7 kcal.mol
and 10.7 kcal.mol”" higher in energy(Tables S11 and S23). It is
interesting to note that the optimized geometries of both singlet
and triplet compare well with the experimental ones indicating that
the Th is in a similar oxidation state in both spin state. This is
further evidenced by comparing the Highest occupied Molecular
Orbitals of the two spin states. In the singlet the HOMO is a doubly
occupied d-bonding interaction. Similarly, in the triplet state the
two &-bonding bonding orbitals are two singly occupied SOMOs.
In the latter spin state, the unpaired spin density is mainly located
in the arene ring (1.7 unpaired spin) so that one can safely
conclude that the reduction is occurring at the arene rather than
at the metal centre (see SlI).

Based on the cyclic voltammetry studies of complexes 2°tBY and
2Ph.crypt, we assumed that these complexes can potentially
transfer two-electrons to oxidizing substrates. Therefore, we set
out to investigate the reactivity of complexes 2°8* and 2P"-crypt
with selected substrates.

At first, we investigated the reaction with azobenzene (PhNNPh).
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Scheme 2. Reactivity of complex 2°tB" towards small molecules.

The addition of 1.0 equiv. of PhNNPh to a solution of 2°t84in THF
led immediately to a color change from dark red-brown to yellow,
full consumption of the starting material and formation of a new
species as indicated by 'H NMR spectroscopy (Figure S24-S25).
Single crystals suitable for X-ray diffraction studies were obtained
from Et20 solution at -40 °C, and identified as the complex
[K(Et20)Th((OSi(OBu)2Ar)s-arene)(PhNNPh)(THF)]  (3°%¥) in
82% vyield (Scheme 2). The solid-state molecular structure of
complex 3°®Y (Figure 3) displays a mononuclear complex where
the thorium cation is bound by three siloxide oxygens of the
tripodal ligand and one [PhNNPh]? ligand in a pseudo-octahedral
geometry. A potassium cation is bound in the second coordination
sphere by one phenyl ring of [PhANNPh]%, two oxygens of one —
OSi(OBu)2 ligand arm, and one Et2O molecule. The Th ion no
longer interacts with the arene anchor, where the Th1-Ccentroid
distance (3.7759(18) A) is significantly elongated compared to the
precursor (2.364(8) A). The Th-Osioxide bond distances (2.217(4)-
2.254(4) A) are shorter compared to the complex 2°tBUPME) gnq
are slightly longer than the monomeric unit in the previously
reported u(Iv) analogue, [K(Et20)U((OSi(OBu)2Ar)s-
arene)(PhNNPh)(THF)] (2.178(2)-2.203(2) A)? in agreement
with the difference in ionic radii of the two metals. The N1-N2
bond distance (1.468(7) A) of the dianionic [PhNNPh]?> moiety
and Th1-N bond distances (2.332(4) and 2.370(4) A) are slightly
longer compared to the average values found in the only Th(IV)-
(PhNNPh)*  complex reported so far, [(NNT®)Th-
(THF)(PhNNPh)2 (NN = fc-(NSi'BuMez)2, fc = 1,1-
ferrocenediyl)](N-N: 1.466(7) A and Th-N: 2.306(14A )'*l. The
N1-N2 bond length (1.468(7) A) is similar to that reported for

dianionic compound, [K(18C6)]2[PhNNPh] (1.40(3) A),?% and is
elongated compared to neutral PhNNPh (1.25 A) and to the singly
reduced species, [K(2.2.2-cryptand)][PhNNPh] (1.34(3) A),M
compared to neutral PANNPh (1.25 A) and to the singly reduced
species, [K(2.2.2-cryptand)][PhNNPh] (1.34(3) A),M indicating

Figure 3. [K(Et20)Th((OSi(OBu)2Ar)s-
arene)(PhNNPh)(THF)] (3°'8) with thermal ellipsoids at drawn at the 50%
probability level. Hydrogen atoms and methyl groups on the —OSi(O'Bu): ligands

structure of

Molecular

have been omitted for clarity
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Scheme 3. Reactivity of complex 2PP-crypt towards small molecules.
that complex 3°B" has transferred two-electrons to the
azobenzene to yield a dianionic [PhNNPh]?%.
Complex 2P"-crypt showed the same reactivity with azobenzene
as 29tBu_ also resulting in the formation of the azobenzene adduct,
[K(2.2.2-cryptand)][Th((OSiPh2Ar)s-arene)(PhNNPh)(THF)](3P"-
crypt)(Scheme 3). Attempts to isolate single crystals for XRD
analysis were not successful, but 'H, "C{'H}, #°Si{'"H} NMR
spectra and elemental analysis (See Sl) are in agreement with the
formation of 3P"-crypt.

We also explored the reactivity of 2°®8" and 2P"-crypt toward the
potential two-electron acceptors cyclooctatetraene (COT, CsHs).

Addition of 1.1 equiv. of COT to a solution of 2°®®¥ in THF resulted
in the full consumption of 2°%Y and the formation of new
resonances in the '"H NMR spectrum (Figure S32-33). Colorless
crystals were isolated from a concentrated toluene reaction
mixture at room temperature and identified as the complex,
[KTh((OSi(O'Bu)2Ar)s-arene)(8-CsHs)l>  (4°8Y), in 70% yield
(Scheme 2). Complex 2P"-crypt also reacted with 1.1 equiv. of
COT, leading to the formation of [K(2.2.2-
cryptand][Th(OSiPh2Ar)s-arene)(n-CsHs)] (4°"-crypt) complex in
71% vyield (Scheme 3 and See Sl). The solid-state molecular
structure of complex 4°8Y (Figure 4 and Figure S62) displays the
presence of a dimeric bimetallic structure where two
[KTh((OSi(O'Bu)2Ar)s-arene)(n8-CsHs)] moieties are held together
by the K* cations bridging the two oxygens of one —OSi(OBu)2
arm and a COT? dianion. The Th ion no longer interacts with the
distorted arene anchor, where the Th1-Ccentroid distance (4.143(2)
A) is significantly elongated compared to the precursor (2.364(8)

Figure 4. Molecular structure of monomeric unit of [KTh((OSi(OBu)2Ar)s-
arene)(n8-CgHs)]z in 4°tBY with thermal ellipsoids at drawn at the 50% probability
level. Hydrogen atoms, and methyl groups on the —OSi(O'Bu): ligands have

been omitted for clarity.

A). The planar COT? moiety binds in an n®-fashion, where all C-
C bond lengths in COT? (1.369(14)-1.426(10) A) are consistent
with the previous reported dianionic COT complex of thorium,
[(NNTBS)Th-(THF)(n®-COT)] (NN = fc-(NSi'BuMez)2, fc = 1,1-
ferrocenediyl)] (C-Ccor (1.384(16)-1.428(15) A), Th1-COTecentroid
(2.103(3) A) and Th1-Ccor (2.762(8)-2.809(9) A).l'?! However,
the Th1-Ccor (2.818(6)-2.876(9) A) and Th1-COTcentroid (2.174(3)
A) bond distances are slightly longer due to the presence of K*
binding to COTZ.



The solid-state molecular structure of complex 4”-crypt (Figure
S63) shows the presence of an anionic mononuclear complex,
[Th(OSiPhzAr)s-arene)(n®-CgHg)]” with the planar COT? moiety
binding in an n®-fashion. The structure is completed by one outer-
sphere [K(2.2.2-cryptand]* cation. The C-Ccor (1.380(17-
1.445(17) A), Th1-Ccor (2.772(11)-2.816(10) A) and Th1-
COTeentroid (2.099(4) A) bond lengths are comparable to those
found in 4°®8Y The geometrical parameters found for the
complexes 4°BU and 4Ph-crypt clearly indicates that complex
20tBu and 2Ph.crypt act as two-electron reductants toward the
COT substrate while retaining the precursor ligand framework.

We then explored the reactivity of 2% and 2PM-crypt with
substrates, such as cycloheptatriene (CHT, C7Hs), which can act
as either a two-electron or three-electron acceptor.?!: 3 14l Upon
undergoing a two-electron reduction, C7Hzg yields a C7Hs? dianion
that adopts a non-planar geometry, coordinating to the metal in
an nS-fashion. When the CrHs undergoes a three-electron
reduction and subsequently undergoes H2 elimination,
cycloheptatriene achieves aromaticity, resulting in the formation
of the planar C7H7* anion.?" It is noteworthy that actinide analogs
containing CHT in its dianionic (C7Hs?) and trianionic (C7H7*)
form still remain rare.?3 3

Figure 5. Molecular structure of anion [Th(OSiPh2Ar)s-arene(n®-C7Hg)]" in (5P"-
crypt) with thermal ellipsoids at drawn at the 50% probability level. Hydrogen
atoms, five carbon atoms of each Ph group on the —OSiPhzligands and [K(2.2.2-
cryptand)]* have been omitted for clarity.

The reactivity of both 2PP-crypt and 2°%BY with CHT were
examined. The addition of 1.1 equiv. of CHT to a THF solution of
2Ph.crypt resulted in a color change from dark purple to dark
green and full consumption of the starting material to yield a new
species as indicated by 'H NMR studies after 1 hour at room
temperature (Figure S46). Single crystals suitable for X-ray
diffraction studies were obtained from a mixture of toluene and
THF at room temperature and identified as [K(2.2.2-
cryptand)][Th(OSiPh2Ar)s-arene(n®-C7Hs)] (5P"-crypt), in 73%
yield (Scheme 3). The 'H NMR spectrum of 5°'-crypt in THF-ds
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showed five distinct resonances at 6 4.98, 4.34, 3.50, 0.50 and -
1.87 ppm, which can be assigned to the bound n°-C7Hs* (Figure
S47). The solid-state molecular structure for complex 5°"-crypt
(Figure 5) displays an anionic mononuclear Th(IV) complex,
[Th(OSiPh2Ar)s-arene(n®-C7Hs)[" and an outer-sphere [K(2.2.2-
cryptand)]* cation. The Th1-Osioxice bond distances (2.215(3)-
2.226(3) A) are slightly shorter than those found in the precursor,
2Ph.crypt (2.257(3)-2.298(3) A). The Th ion no longer interacts
with the arene anchor, where the Th1-Cecentroia distance
(4.2136(15) A) is significantly elongated compared to the
precursor (2.3869(19) A). The CHT moiety adopts a terminal n®
binding mode, with two C-Ccur bond lengths being elongated
(C68-C74: 1.460(15) and C68-C69: 1.499(15) A) compared to the
five remaining bonds (1.364(15)-1.449(18) A). These bond
lengths are slightly longer and shorter when compared to free
CHT (where C=C: 1.356 A; C—-C: 1.446 A; CH-CH2: 1.505 A)?2
and are consistent with the only reported uranium analogue
containing the n°-CrsHg* moiety, [K(Et20)U((OSi(OBu)2Ar)s-
arene)(n®-C7Hsg)].l14!

The reaction of 2°%®¥ with 1.1 equiv. of CHT in THF proceeds
similarly leading immediately to a color change from dark red-
brown to brown. The 'H NMR spectrum of the reaction mixture
revealed the presence of [KTh((OSi(OBu)2Ar)s-arene)(n8-C7Hs)],
displaying five resonances at § 5.91, 5.03, 4.07, and -0.93 ppm
(with one resonance overlapping with the other signals), which
corresponds to the bound n8-CsHe?(Figure S40). However,
dissolution of the reaction mixture (after drying) in toluene resulted
in a gradual change of the "H NMR spectrum (Figure S41-42) and
led to observation of free CHT release which was not observed
for the 2P"-crypt complex. Single crystals suitable for X-ray
diffraction studies were obtained from a concentrated
toluene/Et.0O solution at -40°C in the absence of cryptand in 59%
yield and identified as the trimeric complex,
[K(Et20)3(Th((OSi(OBu)2Ar)s-arene)2(u-n’,n’
C7H7)(Th((OSi(O'Bu)2Ar)s-arene)(n’-C7H7)] (5°tBY) (Scheme 2).

Figure 6. Molecular structure of [K(Et20)3(Th((OSi(O'Bu)2Ar)s-arene)z(u-n’,n’-
C7H7)(Th((OSi(OBu)2Ar)s-arene)(n’-C7Hz)]  (5°tBY)  with

depicted as wire frames for clarity. Thermal ellipsoids at drawn at the 50%

tripodal moieties

probability level. Hydrogen atoms and methyl groups on the —OSi(O'Bu): ligands

have been omitted for clarity.



The molecular structure of complex 5°8Y (Figure 6) shows the
presence of three [Th((OSi(O'Bu)2Ar)s-arene]* complexes, three
K* ions and two trianionic C7H7> groups where one trianionic
C7H7* moiety bridges two thorium centers while a potassium
cation bridges the resulting dimer to the trianionic C7H7* moiety
terminally bound to a mononuclear thorium complex
[Th((OSi(OBu)2Ar)s-arene]*. The planar C7H7* moiety binds in an
n’-fashion, where all C-Ccur (1.34(2)-1.48(2) A), Th-Cchr bond
lengths (2.584(16)-2.840(14) A) and Th-CHTcentoia distance
(2.082(7)-2.284(16) A) are longer than those found in the reported
tripodal uranium analogue, [(K(Et20))2)U((OSi(O'Bu)2Ar)s-
arene)(n’-C7Hr) .. [ and in the three uranium complexes of
trianionic CHT (n-C7H7>) previously reported.?> 31 This
elongation is attributed to the slightly larger ionic radius of thorium.
The Th ions no longer interact with the arene anchor, where the
Th-Ceentroia  distances (4.124(6)-4.361(6) A) are significantly
elongated compared to the di-reduced precursor (2.364(8) A).
The 'H NMR spectrum of 5°8" in THF-ds shows two distinct
resonances at § 5.61 and 4.86 ppm (Figure S43) that were
attributed to the two different aromatic trianionic C7H7* species.
The formation of 5°B¥in toluene is the result of the release of a
neutral CHT ligand (observed by 'H NMR) from a putative
mononuclear (n°-C7Hg)?> complex analogue of 5°"-crypt and only
occurs in the presence of the potassium counterion.

Notably, release of CHT in toluene was prevented by addition of
2.2.2-cryptand to the 2°8Y (Figure S43) but did not allow isolation
of the mononuclear (17°-C7Hs)* complex in crystalline form.

To the best of our knowledge, complexes 5°® and 5P"-crypt
represent the first examples of thorium CHT adducts featuring n’-
C7H7* and nf-CsHs> moieties, respectively. Moreover, the
formation of 5°® and 5PP-crypt clearly indicate that both 2°tBu
and 2P"-crypt behave as two-electron reductants in the reaction
with CHT despite the different product formed.

Furthermore, we investigated the possibility of accessing terminal
or bridging sulfides, which remain extremely rare in thorium
chemistryl®, from the reaction of 2°t8“ and 2P"-cryptwith the two-
electron oxidizing reagent, triphenylphosphine sulfide (PhsPS).

The reaction of 1.0 equiv. of PhsPS with a THF solution of
complex 2°tB at room temperature for 3 days, resulted in a pink
suspension. The 'H NMR spectrum of the reaction mixture
showed the full consumption of the starting material and the newly
formed species precipitated from the solution (Figure S51). Single
crystals suitable for X-ray diffraction studies were obtained from a
diluted THF solution at room temperature and were identified as
the dimeric complex, [(K(THF)Th((OSi(O'Bu)2Ar)s-arene))z2(u-S)2]
(6°®Y) in 91% yield (Scheme 2).

The solid-state structure of 6°t8“ (Figure 7) shows the presence
of a dinuclear complex consisting of two equivalent Th(lV)
moieties, bridged by two sulfide ligands. Each thorium center is
penta-coordinated in a distorted square-pyramidal geometry and
is bound by three —OSi(OBu)2 arms and the two bridging sulfides.
Two K* cations are bound by two —OSi(OBu)2 arms and one THF
molecule. The Th-S distances (2.725(5)-2.755(4) A) are longer
than the only two reported examples of the Th sulfide dimers
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supported by cyclopentadienyl ligands, [(n®-1,2,4-
(MesC)3CsH2)2Th)2(u-S)2] (2.713(2)-2.726(2) A)?3 and [n°-1,3-
(MesC)2CsHa3)2Th)2(u-S)2] (2.668(1) A8l The Th-S-Th angles are
equivalent in 6°8Y, with values of 99.31(12)° and are in line with
those reported for the bis-sulfide Th(IV) complexes supported by
Cp ligands (95.65(4)-103.45(6)°).2%12% The reactivity of 2P"-crypt
with PhsPS was also examined. The reaction of 1.0 equiv. of
PhsPS with a THF solution of complex 2PP-crypt at room
temperature for 3 days, resulted in a dark green solution. Single
crystals suitable for X-ray diffraction studies were obtained from a
concentrated THF/toluene solution at room temperature and were
identified as the dimeric complex, [K(2.2.2-
cryptand]z[Th((OSiPh2Ar)s-arene)l2(u-S)2]  (6PM-crypt) in 52%
yield (Scheme 3).

Figure 7. Molecular structure of [(K(THF)Th((OSi(OBu)2Ar)s-arene))2(u-S)z]
(6°tBv) with thermal ellipsoids at drawn at the 50% probability level. Hydrogen
atoms and methyl groups on the —OSi(OBu)2 ligands have been omitted for

clarity.

The solid structure of 6”"-crypt (Figure S65) was found to be very
similar to tert-butoxy analogue (6°%8Y), with two outer-sphere
[K(2.2.2-cryptand)] cations instead of bound K* cations in the
structure.

Additionally, the Th-S distances (2.706(2)-2.785(2) A) are similar
to those observed in 6°%®Y, but Th-S-Th angles (96.73(10)-
97.54(10)°) are slightly smaller than those observed in 6°B" due
to the absence of bound K* ions. Notably, in both cases, the Th
ions no longer interact with the arene anchor, where the Th-
Ceentroid  distances (4.072(6)-4.1294(4) A) are significantly
elongated compared to the di-reduced precursors (2.364(8)-
2.3869(19) A). The reactions of 2°%8" and 2P"-crypt with PhsPS
most likely proceed with the two-electron reduction of Ph3PS and
formation of terminal Th(IV) sulfides that rapidly dimerize.
Dimerization of Th(IV) sulfides due to their high basicity has been
reported@ and is only prevented by tuning the sterics of
supporting ligands.

Finally, we investigated the ability of 2°%®" and 2P"-crypt of
transferring two electrons to oxo transfer agents yielding rare Th



oxo complexes. The isolation of thorium oxo complexes remain
limited to few examples of terminal 242 27. 100 or pridgingl?42. 26. 131
oxo complexes which include a very recent example supported by
a redox active ligand.l'"®! Common route to generate metal oxo
compounds involves activation of dioxygen or using oxygen
transfer reagents such as N2O. However, the examples of well
characterized products isolated from the reaction of actinide
complexes with dioxygen remains extremely limited, mainly due
to the uncontrollable formation of insoluble oxo byproducts. 28 101,
At first, we examined the reaction with strong oxidizing agent N20.
Addition of excess N2O (1 atm) to a THF solution of 2% |ed
immediately to a color change from dark red-brown to pink and to
the formation of multiple products as indicated by 'H NMR
spectroscopy (Figure S56). Attempts to isolate XRD quality
crystals proved unsuccessful.

Interestingly, the addition of an excess of N2O (1 atm) to a THF
solution of 2P"-crypt immediately led to a color change from dark
purple to colorless, resulting in the full consumption of the 2Ph-
crypt and appearance of a single new species, as indicated by
the "H NMR spectrum (Figure S57). Single crystals suitable for X-
ray diffraction studies were obtained in 67% yield from a
concentrated THF solution at room temperature and were
identified as the dimeric complex, [K(2.2.2-
cryptand)]2[Th((OSiPh2Ar)s-arene)2(u-O)2(THF)] (7P"-crypt)
(Scheme 3).

Figure 8. Molecular structure of dianion [(Th((OSiPhzAr)s-arene))z(u-
0O)2(THF)]* in (7PP-crypt) with thermal ellipsoids at drawn at the 50% probability
level. Hydrogen atoms, five carbon atoms of each Ph group on the —OSiPh:
ligands and [K(2.2.2-cryptand)]2?* have been omitted for clarity.

The molecular structure of 7°"-crypt (Figure 8) shows the
presence of a dinuclear complex consisting of two equivalent
Th(IV) complexes, bridged by two oxide ligands. The two Th-Ooxo
distances (2.1850(17)-2.2109(17) A) are in the range of those
found in other reported oxo bridged Th(IV)(u-O)2 complexes
(2.135(9)-2.203(4) A)i242.26. 131 byt significantly longer than the Th-
O distances found in terminal Th-oxo complexes (1.983(7) A-
2209 (4) A).[4a 7. 100 The Th-O-Th angles (106.56(8)-
106.63(8)°) are in line with those reported for the bis-oxide Th(IV)
complexes supported by —OSi(OBu)s and Cp ligands (106.1(4)-
108.9(2) ©).[?#2. 26. 131 Moreover, the Th ions no longer interact with
the arene anchor, where the Th-Ccentroia distance (4.2125(12)-
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4.2336(11) A) are significantly elongated compared to the di-
reduced precursor (2.3869(19) A). The different reactivity of N2O
may be attributed to the bulky tripodal ligand environment in 2084,
which disfavored the dimerization of reactive Th(IV) terminal oxo
intermediates.

Next, we pursued the reactivity of 2°BY and 2PP-crypt with
dioxygen from dry air. Addition of excess dry air to a THF solution
of 20tBY and 2Pr-crypt, resulted in a colorless solution immediately,
indicating the oxidation occurred. Analysis by 'H NMR
spectroscopy showed the presence of multiple species in both
cases (Figure S61-S62). Attempt to isolate single crystals suitable
for XRD analysis were unsuccessful for the oxidation products of
208y However, only a few single crystals suitable for X-ray
diffraction studies were obtained from a concentrated THF
solution at room temperature from the oxidation of 2PP-crypt and
identified as the dimeric complexes, [K(2.2.2-
cryptand)]2[Th((OSiPhzAr)s-arene)]z(u-n2:n?Oz2)2( THF)] (8Ph-
crypt)(Scheme 3 and Figure 9). Attempts to isolate analytically
pure complex 8Ph-crypt by changing temperature and
stoichiometric conditions proved unsuccessful due to the
formation of multiple unidentified products.

Figure 9. Molecular structure of dianion [(Th((OSiPhzAr)s-arene))2(u-n2n-
02)2(THF))% in (8P-crypt) with thermal ellipsoids at drawn at the 50% probability
level. Hydrogen atoms, five carbon atoms of each Ph group on the —OSiPh2

ligands and [K(2.2.2-cryptand)]2?* have been omitted for clarity.

Conclusion

In summary, we reported the synthesis and the redox reactivity of
two Th(IV) complexes supported by arene-tethered tris(siloxide)
tripodal ligands [(KOSiR2Ar)s-arene)]. The two- electron reduction

of these Th(lV) complexes generates the di-reduced
[KTh((OSi(O'Bu)2Ar)s-arene)(THF)2]  (2°®Y) and  [K(2.2.2-
cryptand)][Th(OSiPh2Ar)s-arene)(THF)2](2°"-crypt) where the

formal oxidation state of Th is +ll. Structural and computational
studies indicate that the reduction occurred at the arene anchor
of the ligand. The robust tripodal frameworks stores two electrons
in the arene anchor, which become available at the metal center
for the controlled two-electron reduction of a broad range of
substrates (N2O, COT, CHT, Ph2N2, PhsPS and O2) while the



ligand framework is retained in its original form. We found that the
presence of substituents with different electron-donating
properties (tert-butoxy vs phenyl groups) on the siloxide arms of
the tripodal ligand does not significantly affect the redox reactivity
of the Th complexes probably because the electrons are localized
on the arene anchor. However, changing the nature of the
substituents can facilitate the isolation of the reaction products
and we found that the phenyl substituents allow the isolation of an
unprecedented thorium peroxide bridged complex. This work
shows that arene-tethered tris(siloxide) tripodal ligands allow
implementation of two-electron redox chemistry at the thorium
center while retaining the ligand framework unchanged. These
results open new perspectives in the chemistry of thorium.
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Two electrons can be stored by in the arene anchor of robust tripodal siloxide frameworks by chemical reduction of their Th(IV)
complexes. The two electrons become available at the metal center for the controlled two-electron reduction of a broad range of
substrates (N20, COT, CHT, Ph2N2, PhsPS and O2) while the ligand framework is retained in its original form.
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