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ABSTRACT: The importance of the specific trialkylsilyl sub-
stituent in the cyclopentadienyl chemistry of C5H4SiR3 ligands has
been demonstrated by the synthesis of low oxidation-state thorium
complexes. Although the structure of the disilyl-substituted
cyclopentadienyl Th(III) complex, [C5H3(SiMe3)2]3ThIII

(Cp″3ThIII), was reported in 1986, no monosilyl-substituted
analogues, (C5H4SiR3)3ThIII (R = alkyl, aryl), have been isolated
to date, even though analogues are well known in U(III) chemistry.
We now report that crystalline tris(monosilyl-substituted cyclo-
pentadienyl) Th(III) and Th(II) complexes can be isolated when R
= isopropyl, i.e., using the (triisopropylsilyl)cyclopentadienyl
ligand, C5H4Si

iPr3 (CpTIPS). The salt metathesis reaction between
three equiv of KCpTIPS and ThIVBr4(DME)2 (DME = 1,2-
dimethoxyethane) a:orded the colorless Th(IV) complex, CpTIPS

3ThIVBr, 1, which was identified spectroscopically and
crystallographically. KC8 reduction of 1 in THF produced dark blue CpTIPS

3ThIII, 2, in crystalline form. The complex was
identified by X-ray crystallography, EPR, and UV−visible spectroscopy in contrast to ″(C5H4SiMe3)3ThIII

,″ which has never been
isolated due to its instability. This Th(III) complex can be reduced further with KC8 in the presence of 2.2.2-cryptand (crypt) to
make [K(crypt)][CpTIPS

3ThII], 3, which is only the second crystallographically characterized Th(II) complex isolated since
(Cp″3ThII)1− was discovered in 2014. Spectroscopic, crystallographic, and density functional theory (DFT) analyses are consistent
with 6d1 and 6d2 electron configurations for the Th(III) and Th(II) complexes, respectively. The importance of the triisopropylsilyl
substituent and the role that steric factors play in the successful isolation of Th(III) and Th(II) complexes were evaluated by Guzei
solid angle calculations and electrochemical studies. The results suggest that both electronic and steric e:ects should be considered
in the isolation of Th(III) and Th(II) complexes.

■ INTRODUCTION

A crucial part of developing the chemistry and reactivity of any
element in the periodic table is to have synthetic access to all of
the available oxidation states. Generally, isolating coordination
complexes containing metals in unusual oxidation states often
depends on selecting stabilizing ligands that have suitable steric
and electronic profiles. Optimizing the choice of ligands can be
achieved by comparing similar metals and similar ligands.

Thorium and uranium chemistry has been advanced through
this process since the two metals can display similar features.
Despite this, thorium chemistry lags behind uranium chemistry
in development, particularly in low oxidation-state chemistry.
For example, scores of crystallographically characterized U(III)
complexes have been known for several decades,1−9 but it was
not until 1986 that the first crystal structure of a Th(III) complex
of any kind was reported by Lappert and co-workers, namely
[C5H3(SiMe3)2]3ThIII (Cp″3ThIII).10 Since then, only 10 other
Th(III) complexes have been structurally characterized, Scheme
1.11−20

The monosilyl-substituted cyclopentadienyl U(III) complex,
(C5H4SiMe3)3U

III (Cp′3U
III), was also reported in 1986,3 but

surprisingly, the monosilyl-substituted Th(III) analogue,
Cp′3ThIII, has never been isolated as it is not thermally stable
enough to be crystallographically characterized.21

A similar situation exists in Th(II) and U(II) chemistry. The
first example of a crystallographically characterized U(II)
complex was reported in 2013, and numerous examples of
other U(II) complexes with di:erent ligand systems have been
reported since then.22−28 The first example of a molecular
Th(II) complex, (Cp″3ThII)1−, was isolated and crystallo-
graphically characterized in 2015,29 but no other ligand
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environments have been found to stabilize a new Th(II)
complex in the intervening eight years. This is particularly
surprising since the (Cp″3ThII)1− anion readily forms and has
been isolated with five di:erent alkali metal countercations,
[K(crypt)]1+, [Rb(crypt)]1+, [Cs(crypt)]1+, [Na(18-crown-
6)2]

1+, and [K(18-crown-6)(THF)2]
1+.29,30

Expanding the small library of low-valent Th(III) and Th(II)
complexes is an important goal in understanding fundamental
actinide chemistry. However, a major challenge in generating
new examples of Th(II) complexes is the dearth of Th(III)
precursor complexes. Furthermore, several of the fully
characterized Th(III) complexes have polyalkylated cyclo-
pentadienyl ancillary ligands which are less likely to yield stable
Th(II) complexes compared to the relatively electron-with-
drawing trialkylsilyl-substituted cyclopentadienyl ligands.31

Recent studies on Ln(II) aryloxide complexes (Ln = Y, La, Ce,
Nd, Gd, Dy, Yb, and Lu) that highlighted the importance of
steric bulk in stabilizing highly reducing Ln(II) ions32,33 have
provided precedent for us to explore the capacity of a larger
mono(trialkylsilyl)-substituted cyclopentadienyl ligand, namely
(C5H4Si

iPr3)
1−, (CpTIPS)1−, to yield new isolable Th(III) and

possibly Th(II) complexes. The synthetic, structural, spectro-
scopic, and electrochemical results from our study are reported
here along with density functional theory (DFT) and Guzei
solid angle calculations34 to evaluate steric trends.

■ RESULTS

The appropriate alkali metal cyclopentadienyl reagent,
KC5H4Si

iPr3 (KCpTIPS), was synthesized following a modified
procedure from that developed by Cloke and co-workers for the
synthesis of the disilyl-substituted analogue, NaC5H3(Si

iPr3)2.
35

The monosilylcyclopentadienyl reagent was synthesized by slow
addition of a solution of iPr3SiOTf in hexane to a solution of
NaC5H5 in THF at −78 °C followed by warming to room
temperature and stirring for 3 h before work up, Scheme 2. The
presence of bis(trialkylsilyl)cyclopentadiene byproducts is
commonly observed during the synthesis of mono(trialkylsilyl)-
cyclopentadienes, so it is necessary to perform the addition
slowly at low temperatures.36,37 This was crucial for obtaining
the crystalline thorium complexes described below. Extraction
into hexane and filtration to remove the NaOTf byproduct
yielded a pale-yellow oil that was presumed to be HCpTIPS in
86% yield. HCpTIPS can be treated with either KH in THF or
KN(SiMe3)2 in toluene to generate KCpTIPS in 75 and 83%
yields, respectively (Scheme 2). The potassium salt was

Scheme 1. Crystallographically Characterized Th(III) Complexes

Scheme 2. Synthesis of KC5H4Si
iPr3 (KCpTIPS) from NaC5H5
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identified by 1H, 13C, and 29Si NMR spectroscopy (Figures S1−

S3).
The reaction between three equiv of KCpTIPS and one

equivalent of ThIVBr4(DME)2 (DME = 1,2-dimethoxyethane)
in diethyl ether at room temperature generated CpTIPS

3ThIVBr,
1, eq 1, as a white solid in 85% yield. Complex 1 was
characterized by analytical, spectroscopic, and crystallographic
methods.

Initial attempts to crystallize 1 were unsuccessful until the
methods described above were developed to improve the purity
of the HCpTIPS starting material. Once this was done,
crystallization was still challenging. Although colorless 1 is
very soluble in hydrocarbon and arene solvents as well as diethyl
ether, cooling the solutions to −35 °C usually resulted only in
the precipitation of powders. To obtain crystals of 1 suitable for
study by X-ray di:raction, powders precipitated from a solution
in toluene were separated and the more dilute mother liquor was
stored at −35 °C to induce further crystallization. After
repeating this procedure several times, a relatively dilute
solution of 1 in toluene (approximately 15 mg/4 mL) stored
at −35 °Covernight yielded crystals suitable for X-ray di:raction
(Figure 1).

Complex 1 crystallizes in the P1̅ space group, with a molecule
of toluene in the asymmetric unit. The coordination environ-
ment about the thorium metal center is pseudotetrahedral with
respect to the bromide ligand and the ring centroids of the three
cyclopentadienyl ligands. The degree of distortion from
tetrahedral can be evaluated by the sum of the three Cnt−
Th−Cnt angles, which is 349° instead of the 360° expected for
trigonal planar in tris(cyclopentadienyl)ThIII complexes and
328.5° expected for pure tetrahedral. The 2.55 Å average Cnt−
Th distance of 1 falls within a range typically seen for other
tris(cyclopentadienyl) Th(IV) complexes with halide ancillary
ligands, such as (C5H3

tBu2)3ThIVCl38 (2.600 Å), Cp″2(C5Me5)-
Th I VCl 3 9 (2 .571 Å) , Cp″ 3Th I VCl 3 9 (2 .565 Å) ,
[C5H3(SiMe2

tBu)2]3ThIVCl39 (2.581 Å), (C5Me4H)3ThIVBr17

(2.576 Å), and (C5H4SiMe3)3ThIVBr40 (2.535 Å). Also, the
Th−Br distance of 2.8310(9) Å is comparable with the Th−Br
distances of the structurally similar (C5Me4H)3ThIVBr17

(2.8372(8) Å) and (C5H4SiMe3)3ThIVBr40 (2.8355(8) Å).
Treating complex 1 with 1.2 equiv of KC8 in THF at room

temperature immediately generated a dark blue solution, similar
to that of Cp″3ThIII10, and a black precipitate, presumably
graphite. Upon removal of solvent under reduced pressure, the
reduction product was extracted into hexane, dried, and
triturated with SiMe4 to yield CpTIPS

3ThIII as a royal blue solid
in 98% yield, eq 2. The reaction can also be performed in diethyl
ether, but the reaction proceeds at a slower rate.

The EPR spectrum of a solution of 2 in THF at 77 K displays
an axial signal with g|| = 1.97 and g⊥ = 1.88. At room temperature,
that same solution displays an isotropic EPR signal with giso =
1.90 (Figure 2). These values are consistent with other reported
crystallographically characterized Th(III) complexes, as shown
in Table 1. Due to the paramagnetism of the Th(III) ion, the 1H

NMR and 13C NMR spectra of 2 could not be definitively
assigned (Figures S9 and S10). However, the 29Si NMR
spectrum of 2 shows a resonance at −21.8 ppm (Figure S11).

The UV−visible spectrum of 2 contains absorptions at 504,
582, and 664 nm with extinction coeKcients of 1300, 900, and
1100 M−1cm−1, respectively, and a shoulder at 350 nm with an
extinction coeKcient of 844M−1cm−1 (Figure 3). As shown, this
spectrum is similar to that of the crystallographically
characterized Th(III) complex, Cp″3Th.12 In addition, the
infrared spectrum of 2 is almost identical to that of complex 1
since M−Br vibrations appear below 650 cm−1 (Figures S23 and
S24).42

Storage of a saturated solution of 2 in pentane overnight at
−35 °C generated large dark blue blocks of CpTIPS

3ThIII suitable
for study by X-ray di:raction, Figure 4, in stark contrast to
“Cp′3ThIII

,” which has never been isolated.21 Complex 2
crystallizes in the P1̅ space group, with a single molecule in
the asymmetric unit. Unlike 1, the structure of 2 has a trigonal
planar arrangement of the three CpTIPS rings around the thorium
metal center with a sum of the Cnt−Th−Cnt (Cnt = ring
centroid) angles of 359.4° that matches the 360° sum of angles
found for the other tris(cyclopentadienyl) Th(III) com-
plexes.10,12,14,17,19 The average Cnt−Th distance of 2.520 Å is
equivalent to that of Cp″3ThIII10 (2.518 Å) and numerically
shorter than that of [C5H3(Si

tBuMe2)2]3ThIII12 (2.533 Å),
(C5Me4H)3ThIII17 (2.551 Å), (C5H3

tBu2)3ThIII19 (2.566 Å),
and (C5Me5)3ThIII14 (2.62 Å). A full table of metrical
parameters for 2 can be found in the Supporting Information.

When a solution of 2 and 2.2.2-cryptand (crypt) in THF was
treated with 1.2 equiv of KC8, an inky dark blue-black color was
generated. After filtration to remove insoluble solids, dark blue-
black solids were obtained from the filtrate upon removal of the
solvent in vacuo. Unlike complex 2, these solids are insoluble in
hydrocarbon solvents and were washed with hexane to remove
unreacted complex 2. Although some attempts to isolate the

Figure 1. Molecular structure of CpTIPS
3ThIVBr, 1, with selective atom

labeling. Ellipsoids are drawn at the 50% probability level, and the
cocrystallized toluene molecule and hydrogen atoms are not shown for
clarity.
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reduction product by crystallization from diethyl ether or THF/
hexane led to the isolation of colorless crystals of the ligand salt,
[K(crypt)][CpTIPS], identified by X-ray crystallography (see
Supporting Information), crystallization from either a diethyl

ether solution over 2 weeks or from a THF/hexane solution over
2 days at −35 °C yielded dark blue-black crystals of
[K(crypt)][CpTIPS

3ThII], 3, identified by X-ray crystallography
(Figure 5 and eq 3).

Complex 3 crystallizes in two di:erent unit cells depending on
the crystallization conditions. From a saturated solution of
THF/hexane stored at − 35 °C, 3 crystallizes in the P21/c space

Figure 2. X-band EPR of CpTIPS
3ThIII in THF at 77 K (left; mode: perpendicular) and at room temperature (right; mode: perpendicular). The feature

observed at g = 2.00 for both spectra is attributed to electride.41

Table 1. EPR Data for Th(III) Complexes along with Calculated Guzei G Values (G) (Discussed Later) Presented in Increasing
Order

Th(III)/Th(II) complex giso g|| g⊥ G(%)

(C5Me5)3ThIII14 1.88 1.97 1.85 79

(C5Me4H)3ThIII17 1.92 82

(C5Me5)2ThIII(iPrNC(Me)NiPr)16 1.871 1.97 1.91 84

[K(THF)5(Et2O)][ThIII(OC6H2-2,6-
tBu2-4-Me)4]

11 1.84 1.99 1.79 87

“(C5H4SiMe3)3ThIII”21 1.90 1.98 1.89 87a

(C5H3
tBu2)3ThIII19 1.974 1.880 88

[K(DME)2][C8H6(Si
tBuMe2)2]2ThIII15 1.916 88

[K(crypt)][CpTIPS
3ThII]b 87c, 88d

CpTIPS
3ThIIIb 1.90 1.97 1.88 89

[K(crypt)][Cp″2ThIII(μ-H)3ThIVHCp″2]
13 89

[K(crypt)][Cp″3ThII]29 90

Cp″3ThIII12 1.910 1.97 1.88 91

[K(crypt)][Cp″2ThIII(μ-H)3ThIVHCp″2]
13 91

aCalculated from a DFT-calculated structure. bThis work. c[K(crypt)][CpTIPS
3Th] grown from Et2O. d[K(crypt)][CpTIPS

3Th] grown from THF/
hexane.

Figure 3.UV−visible spectra of 2 (blue) andCp″3ThIII (red) in THF at
room temperature.

Figure 4. Molecular structure of CpTIPS
3ThIII with selective atom

labeling. Ellipsoids are drawn at the 50% probability level and hydrogen
atoms are not shown for clarity.
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group. The structure of 3 consists of a [K(crypt)]1+ cation that is
well separated from a (CpTIPS

3Th I I)1− anion. The
(CpTIPS

3ThII)1− anion in 3 has a trigonal planar arrangement
of the three CpTIPS rings around the thorium atom with a sum of
359.5° for the Cnt−Th−Cnt angles, similar to the 360° values
reported for the previously characterized structures of the
(Cp″3ThII)1− anion.29 The average Th−Cnt distance of 2.521 Å
in complex 3 is equivalent to that of CpTIPS

3ThIII, just as the
average Th−Cnt distances of 2.521 Å in [K(crypt)]-
[Cp″3ThIII]29 and 2.525 Å in [K(18-crown-6)(THF)2]-
[Cp″3ThIII]29 are equivalent to the average Th−Cnt distance
in their Th(III) precursor, Cp″3ThIII.10 In these Th(III)/Th(II)
pairs, the bond distance to the ligand does not change
significantly upon reduction.29,43−46

When X-ray quality crystals are grown from a saturated diethyl
ether solution stored at −35 °C, complex 3 crystallizes in the
P21/n space group. The structural parameters of the P21/n
structure of 3 are similar to those of the P21/c structure with an
average Th−Cnt distance of 2.516 Å and a sum of 359.9° for the
Cnt−Th−Cnt angles. However, the relative orientations of the
rings and silyl substituents are not equivalent between the two
structures of 3 and do not superimpose (Figure 6). This shows
the flexibility of the CpTIPS ligands to form X-ray quality crystals
in more than one orientation. Full tables of bond distances and
angles for both structures of complex 3 is given in the Supporting
Information.

The reduction of CpTIPS
3ThIII, 2, with KC8 without the

presence of a chelate also generated blue-black solutions similar
to those of 3, but once the solvent was removed, the resulting
blue-black solids were poorly soluble in THF. Once dissolved,
the solutions quickly become colorless. This result highlights the
importance of the alkali metal chelate in the successful isolation
of 3.

The EPR spectrum of complex 3 is silent at 77 K, similar to
that of the originally reported EPR spectrum for (Cp″3ThII)1−

(Figure S27).29 Indeed, 1H, 13C, and 29Si NMR spectra can be
collected for complex 3 in THF-d8, and resonances were
observed in the diamagnetic region, shifted slightly in
comparison to the NMR spectra of KCpTIPS and [K(crypt)]-
[CpTIPS] (see Supporting Information). In comparison to the
resonance observed at −6 ppm in the 29Si NMR of [K(crypt)]-
[Cp″3ThII],29 complex 3 shows a resonance at −5.5 ppm versus
SiMe4.

Complex 3 decomposes faster at room temperature than the
previously reported Th(II) complex, [K(18-crown-6)(THF)2]-

[Cp″3ThII], which decomposes only 8% after 8 days at 298 K in
THF.29 In contrast, THF-d8 solutions of complex 3 stored under
an argon atmosphere in J. Young NMR tubes at ambient
temperature completely lose their color to clear pale-yellow
solutions after 4 days (Figures S28−S31). At that point, the 1H,
13C, and 29Si NMR spectra of the resulting solution showed the
presence of a new diamagnetic species which may be a Th(IV)
hydride complex based on the resonance observed at 11.83 ppm
in the 1H NMR (Figures S15 and S16).13 Similar Th(IV)
hydride products were observed in attempts to reduce
(C5Me4H)3ThIII with KC8 in the presence of crypt which led
to the identification of (C5Me4H)3ThIVH, [K(crypt)]-
{(C5Me4H)2ThIVH[η5:η1-C5Me3H(CH2)]}, and [K(crypt)]-
[C5Me4H] as the only isolable products.13

TheUV−visible spectrum of complex 3 is compared to that of
2 in Figure 7. The measured extinction coeKcients of 3900,
4700, and 5200 M−1 cm−1 for the absorptions centered at 424,
585, and 650 nm are likely to be underestimated due to
decomposition, but they clearly are more intense than those of
complex 2 (Figure 7). However, the measured extinction
coeKcients of 3 are not as large as the 23,000 M−1 cm−1 value
observed for the absorption at 650 nm of [K(crypt)]-
[Cp″3ThII].29

Attempts to measure the electrochemical behavior of the blue
CpTIPS

3ThIII in our hands were complicated by the fact that it
decomposes to a colorless solution upon addition to electrolyte
solutions of [nBu4N][BPh4] or [

nBu4N][PF6] in THF. Although
2 decomposed in the supporting electrolyte solution, the
voltammogram of CpTIPS

3ThIVBr, 1, could be obtained using
approximately 100 mM multiply recrystallized [nBu4N][BPh4]
supporting electrolyte concentrations in THF. Scanning anodi-
cally, a redox process centered at −3.09 V vs Fc+/Fc was

Figure 5. Molecular structure of [K(crypt)][CpTIPS
3ThII], 3, with

selective atom labeling. Ellipsoids are drawn at the 50% probability level
and hydrogen atoms are not shown for clarity.

Figure 6. Overlay of the P21/n (blue) and P21/c (red) structures of the
anion of [K(crypt)][CpTIPS

3ThII], 3. Hydrogen atoms are not shown
for clarity. Both structures are oriented to have an exact overlay of the
thoriummetal center and one cyclopentadienyl ring. The two structures
are not optical isomers although the orientations of the ligands di:er
along those lines (see Figure S26).
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observed, which was assigned as the Th(IV)/Th(III) couple
(Figure 8). The voltammogram of 1 was complicated by redox
processes presumed to be ligand-based events, Figure S32, so 20
cycles were performed between −1.92 and −3.82 V to more
accurately determine the Th(IV)/Th(III) redox couple of 1.

The Th(IV)/Th(III) reduction potential of 1 is more
negative than that of the Cp″3ThIVX (X = Cl, Br) complexes,
which contain disilyl-substituted cyclopentadienyl ligands but
similar to the redox couple of the ThIV complex, Cp′3ThIVCl,
which contains monosilyl-substituted cyclopentadienyl ligands
(Table 2). Furthermore, compared to the Th(IV)/Th(III)
reduction potential of (C5Me4H)3ThIVBr, which contains
polyalkylated cyclopentadienyl ligands, complex 1 and all of
the other tris(silylcyclopentadienyl) ThIV complexes have
noticeably more positive Th(IV)/Th(III) redox couples. This
trend is in line with the electron-withdrawing nature of silyl
groups relative to alkyl groups in complexes of this type.31 The
Th(IV)/Th(III) reduction potential does not change signifi-
cantly upon substitution of the SiMe3 substituent with the more
sterically encumbering SiiPr3 substituent. This suggests that the
number of the trialkylsilyl substituents on the cyclopentadienyl
ligands has a more significant e:ect on the Th(IV)/Th(III)
redox couple than the specific trialkylsilyl group. Hence, the
increased thermal stability of CpTIPS

3ThIII compared to the
reduction product of Cp′3ThIVX21 is possibly due to steric
saturation about the metal center and not a di:erence in
reduction potentials.

Electronic structure calculations on both CpTIPS
3ThIII and

(CpTIPS
3ThII)1− were performed using DFT with the TPSSh

hybrid meta-generalized gradient density functional47 with the
D3 dispersion correction48,49 and the resolution of the identity
(RI-J) approximation.50 Scalar relativistic e:ective core
potentials with the def-TZVP basis set51 were used for thorium,
and the polarized split-valence basis set def2-SV(P) was used for
other atoms.52 The continuum solvent model COSMO53 was
used with parameters for THF (dielectric constant ε = 7.52 and
refractive index Rind = 1.41).54 All calculations were performed
with the TURBOMOLE package V7.6.55,56 Complete details
can be found in the Supporting Information.

The geometry-optimized structures of the neutral
CpTIPS

3ThIII and the (CpTIPS
3ThII)1− anion have average Th−

Cnt distances of 2.501 and 2.489 Å, respectively, which are
within 0.03 Å of the experimentally determined Th−Cnt average
distances, 2.520 and 2.524 Å, respectively. The calculated bond
angles are also reproduced within a few degrees for both
structures. Geometry optimization on the coordinates for both
structures yields ground state geometries with C1-symmetry.

The electronic structure suggests (6dz2)
1 and (6dz2)

2 electron
configurations for CpTIPS

3ThIII and (CpTIPS
3ThII)1−, respec-

tively. These are the same ground-state electron configurations
assigned to the neutral Cp″3ThIII and the anionic (Cp″3ThII)1−

of the disilyl-substituted cyclopentadienyl analogues.29 To
further verify the ground-state configuration of (CpTIPS

3ThII)1−,
geometry optimization was run on the same anion constrained
to a triplet state. The total energy was >0.4 eV higher than the
singlet ground state. The 6dz2 character of the HOMO for
(CpTIPS

3ThII)1− can be seen in Figure 9.
Time-dependent DFT calculations were then conducted on

the geometry-optimized structures, and the resulting simulated
UV−visible absorption spectra qualitatively reproduce the
experimental spectra observed (Figure 10). For CpTIPS

3ThIII,
the strongest absorptions >550 nm primarily correspond to 6d
→ 5f transitions. For (CpTIPS

3ThII)1−, the three absorptions
between 450 and 650 nm with the greatest oscillator strengths
correspond to d → f and/or d → p transitions. While further
improvement of the agreement between experimental and
computational spectra for 2 might be possible, the observed
deviations are within the expected range for this type of
calculation and measurement.

The importance of steric saturation of the metal center in
Th(III) and Th(II) complexes was evaluated using the Guzei
solid angle method that provides G, an estimation of the
percentage of the coordination sphere of the metal that is
protected by the ligands.34 Guzei G values were calculated for
complexes 2 and 3 in addition to all of the crystallographically
characterized Th(III) and Th(II) complexes, which have
published crystal structures that include hydrogen atoms
(Table 1). Although it is generally best to compare G values

Figure 7. UV−visible spectra of 2 (blue trace) and 3 (blue-black trace)
in THF at room temperature.

Figure 8.Voltammogram of CpTIPS
3ThIVBr, 1, at ν = 200mV s−1 in 100

mM [nBu4N][BPh4]/THF at room temperature after 20 cycles scanned
between −1.92 and −3.82 V.

Table 2. Reduction Potentials of
Tris(cyclopentadienyl)thorium Complexes with 100 mM
[nBu4N][BPh4] Supporting Electrolyte in THF in Increasing
Order of E1/2

Th(IV) complex EPC (V) EPA (V) E1/2 (V)

Cp″3ThIVBr30 −3.00 −2.77 −2.89

Cp″3ThIVCl30 −3.04 −2.81 −2.93

CpTIPS
3ThIVBra −3.27 −2.90 −3.09

Cp′3ThIVCl30 −3.38 −2.90 −3.14

Cp′3ThIVBr30 −3.17

(C5Me4H)3ThIVBr30 −3.48 −3.19 −3.34
aThis work.
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only for a structurally similar series of complexes, all of the
isolable Th(III) complexes regardless of ligand have G values
between 82 and 91%, except (C5Me5)3ThIII.14 This defines a

range of G values that can provide stable structures. The low
value of 79% observed for (C5Me5)3ThIII can be rationalized by
the fact that the Th−Cnt distances reported for this complex are
substantially longer than those observed for other complexes as
is characteristic of (C5Me5)3M

III complexes.57 This causes the
(C5Me5)

1− ligands to be located further from the metal center,
which leads to a lower G value.

The new Th(III) complex, 2, has a G value of 89%, whereas
the new Th(II) complex, 3, has G values of 87 and 88%, falling
within the range of those calculated for the other Th(III) and
Th(II) complexes in the literature. The small decrease in the G
value upon reduction from Th(III) in 2 to Th(II) in 3 is
consistent with small changes in metal−ligand distances upon
the addition of a 6d electron. Similarly, the G values for
Cp″3ThIII and (Cp″3ThII)1− are 91 and 90%, respectively.

Although complexes 2 and 3 haveG values in the range typical
of stable complexes, G values alone cannot always predict
stability even within a class of structurally similar complexes.
This is exemplified by theoretical calculations conducted on the
monotrimethylsilyl-substituted cyclopentadienyl Th(III) com-
plex, (Cp′3ThIII. A G value of 87% was calculated for this
complex using a DFT-calculated structure, which suggests that it
should be isolable. However, no experimental evidence of its
formation has been observed to date.21 We note here that a G
value for CpTIPS

3ThIII was calculated to be 93% from a DFT
-calculated structure prior to the crystallization of 2, which
provided an experimental value of 88%. Hence, G calculations
based on DFT structures may be slightly overestimated, and the
actual value for Cp′3ThIII could be at the lower limit of the range
cited above. In addition, slight di:erences in the way molecules
pack in the solid state can also introduce variations in the G
value. This is exemplified by the 87 and 88%G values for the two
crystal structures of [K(crypt)][CpTIPS

3ThII], 3, grown under
di:erent conditions, as shown in Figure 6.

Since the other tris(ligand) Th(III) complexes with
polyalkylated cyclopentadienyl ligands, (C5Me5)3ThIII,
(C5Me4H)3ThIII, and (C5Me5)2ThIII[iPrNC(Me)NiPr], have
G values of 79, 82, and 84%, respectively, it is conceivable that
reductions of these Th(III) complexes would form isolable
Th(II) complexes. Although reductions of these Th(III)
complexes form transient dark green solutions similar to that
of (Cp″3ThII)1−, none of these reactions yielded isolable Th(II)
products.58 In the case of (C5Me4H)3ThIII, only the Th(IV) C−

H bond activation product, [K(crypt)]{[C5Me4H]2ThIVH-
[η5:η1-C5Me3H(CH2)]}, and the Th(IV) hydride complex,
(C5Me4H)3ThIVH, were isolated and characterized.13 In these
cases, it is possible that the electron-donating ability of the
ligands is making them more reactive, and this should be
considered in addition to the steric bulk of the cyclopentadienyl
ligand when seeking isolable Th(II) complexes.

■ CONCLUSIONS

In summary, replacing trimethylsilyl with triisopropylsilyl as the
trialkylsilyl substituent on the cyclopentadienyl ligand has led to
the isolation of the first crystalline monosilyl-cyclopentadienyl
Th(III) complex and the second example of a Th(II) complex of
any kind. Specifically, CpTIPS

3ThIII, 2, and [K(crypt)]-
[CpTIPS

3ThII], 3, can be isolated and structurally characterized,
while the isolation of Cp′3ThIII and [Cp′3ThIII]1− has been
elusive. The synthetic utility of the SiiPr3 functional group
compared to SiMe3 has been long ago documented in organic
chemistry.59 However, this is surprising in this case since the
alkyl groups on the silyl substituents are not close to the metal

Figure 9. Calculated HOMO (ε = −1.235) of (CpTIPS
3ThII)1− plotted

with a contour value of 0.05.

Figure 10. Simulated (blue) and experimental (black) UV−visible
spectra for CpTIPS

3ThIII, 2 (top), and [K(crypt)][CpTIPS
3ThII], 3

(bottom). The computed TDDFT oscillator strengths are shown as
blue vertical lines. Each calculated spectrum was empirically blue-
shifted by 0.30 eV, and a Gaussian line broadening of 0.15 eV was
applied.
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center and the 89% G value for CpTIPS
3ThIII is close to the 87%

value estimated for Cp′3ThIII. The superiority of the
triisopropylsilylcyclopentadienyl ligand for isolating Th(III)
and Th(II) complexes emphasizes the importance of ligand
variation in optimizing chemistry. In addition, the successful
isolation of complex 3 exemplifies the fact that Th(II) complexes
are not limited to bis(trialkylsilyl)cyclopentadienyl coordination
environments if the monotrialkylsilyl substituent is large
enough. Clearly, the interplay of electronic and steric factors
that stabilize Th(III) and Th(II) complexes remains to be fully
defined.

■ EXPERIMENTAL DETAILS

Caution! 232Th is an α emitter with a half-life of approximately 1.41 ×

1010 years. Samples should be prepared and handled only in laboratories
appropriately equipped to handle radioactive materials.

All manipulations and syntheses described below were conducted
with the rigorous exclusion of air and water using standard Schlenk line
and glovebox techniques under an argon atmosphere. Solvents were
sparged with UHP argon, dried by passage through columns containing
Q-5 and molecular sieves, and stored over activated sieves overnight
prior to use. Deuterated NMR solvents were degassed and dried over
activated 3 Å molecular sieves overnight prior to use. 1H NMR, 13C
NMR, and 29Si NMR spectra were recorded on a Bruker AVANCE600
MHz spectrometer at 298 K unless otherwise stated. 1H NMR and 13C
NMR spectra were referenced internally to residual protiosolvent
resonances, and 29Si NMR spectra were referenced internally to SiMe4.
Infrared spectra were recorded as compressed solids on an Agilent Cary
630 ATR-FTIR spectrometer. UV−visible spectra were collected under
an inert atmosphere of argon in THF at 298 K using a Varian Cary 50
Scan UV−visible spectrometer in a 1 mm Schlenk cuvette fitted with a
Teflon stopper unless otherwise stated. X-band EPR spectra were
recorded on a Bruker EMX spectrometer equipped with an ER041Xg
microwave bridge and calibrated with DPPH (g = 2.0036). Elemental
analyses were conducted on a Thermo Scientific FlashSmart CHNS/O
elemental analyzer at UC Irvine Materials Research Institute’s TEMPR
facility in Irvine, California. NaC5H5

60 and KC8
61 were synthesized

according to the literature procedures. ThIVBr4(DME)2 (DME = 1,2-
dimethoxyethane) was synthesized by treating ThIVBr4(THF)4

62 with
neat DME followed by filtration and drying under reduced pressure.
Triisopropylsilyl triflate was purchased from TCI Chemicals and used
as received. 2.2.2-Cryptand (crypt) was purchased from Sigma-Aldrich
and recrystallized in Et2O prior to use.

Synthesis of KC5H4SiiPr3 from NaC5H5. In separate Schlenk
flasks, solutions of NaC5H5 (2.01 g, 22.8 mmol) in THF (50 mL) and
iPr3SiOTf (7.06 g, 306.42 mmol) in hexane (20 mL) were cooled to
−78 °C. The iPr3SiOTf solution was then added dropwise over 2 h to
the NaC5H5 solution via cannula, and the resulting mixture was allowed
to stir and warm to room temperature over 3 hours, at which point it
became a pale-yellow mixture with much colorless precipitate. Solvent
was removed under reduced pressure to yield a pale-yellow residue. The
flask was then brought into a glovebox, and the residue was extracted
into hexane (20 mL), centrifuged, and filtered to remove insoluble
solids, presumably NaOTf. Solvent was removed under reduced
pressure to yield a yellow oil, presumably HC5H4Si

iPr3 (4.37 g, 86%),
which was directly used for the next step.

HC5H4Si
iPr3 (1.22 g, 5.46 mmol) was dissolved in toluene (3 mL) to

a:ord a pale-yellow solution. With stirring, a solution of KN(SiMe3)2
(1.04 g, 23.05 mmol) in toluene (15 mL) was added dropwise at room
temperature over 10 min. Colorless precipitate slowly formed
throughout the addition, and the mixture was allowed to stir at room
temperature overnight. The mixture was filtered through a medium
porosity glass frit, and the solids were washed with toluene (5 mL)
followed by hexane (20 mL). The solids were collected and dried in
vacuo to yield KC5H4Si

iPr3 as white powdery solids (1.03 g, 76%). 1H
NMR (THF-d8, 600 MHz): δ 5.96−5.95 (m, 2H, C5H4Si

iPr3), 5.83−

5.82 (m, 2H, C5H4Si
iPr3), 1.18−1.13 (sept, 3JHH = 1.1 Hz, 3H, CH of

iPr), 1.07−1.06 (d, 3JHH = 1.1 Hz, 18H, CH3 of
iPr). 13C NMR (THF-

d8, 151 MHz): δ 115.1 (C5H4Si
iPr3), 108.0 (C5H4Si

iPr3), 103.1
(C5H4Si

iPr3), 20.1 (CH3 of
iPr), 13.4 (CH of iPr). 29Si NMR (THF-d8,

119 MHz): δ − 3.10 (C5H4Si
iPr3). IR: 3054w, 2935s, 2886m, 2860s,

1459m, 1434m, 1378w, 1361w, 1345w, 1246w, 1174m, 1074w, 1035s,
1009m, 979w, 878s, 813w, 738vs, 734vs, 660vs, 656vs. Anal. calcd. for
C14H24KSi: C, 64.54; H, 9.67. Found: C, 65.31; H, 9.69; C, 65.10; H,
9.70; C, 65.03; H, 9.70. The C/H ratios in the analytical data give
formulas of C14H24.7, C14H24.7, and C14H24.8, respectively, close to the
calculated value of C14H25.

Synthesis of (C5H4SiiPr3)3ThBr, 1. KC5H4Si
iPr3 (624 mg, 2.39

mmol) was added as a solid in portions over 1 min to a stirred white
suspension of ThIVBr4(DME)2 (584 mg, 0.798 mmol) at room
temperature in Et2O (9 mL). The resulting mixture was allowed to stir
at room temperature for 16 h at which point it became a white
suspension. White insoluble solids, presumably KBr, were removed by
centrifugation followed by filtration to yield a clear pale-yellow solution.
Solvent was removed under reduced pressure to yield white solids. The
solids were extracted into hexane (5 mL) and filtered to remove
insoluble solids. Solvent was removed from the clear pale-yellow filtrate
to yield 1 as white solids (664 mg, 85%). Colorless crystals suitable for
X-ray di:raction were grown from dilute solutions of toluene
(approximately 15 mg/4 mL) stored at −35 °C. The appropriately
dilute solution was obtained by repeatedly harvesting powders that
initially formed from more concentrated solutions. 1H NMR (C6D6,
600 MHz): δ 6.64−6.63 (m, 6H, C5H4Si

iPr3), 6.60−6.59 (m, 6H,
C5H4Si

iPr3), 1.53−1.45 (sept, 3JHH = 1.2 Hz, 9H, CH of iPr), 1.21−1.20
(d, 3JHH = 1.2 Hz, 54H, CH3 of iPr). 13C NMR (C6D6, 151 MHz): δ
128.9 (C5H4Si

iPr3), 128.6 (C5H4Si
iPr3), 122.4 (C5H4Si

iPr3), 19.8 (CH3

of iPr), 12.6 (CH of iPr). 29Si NMR (C6D6, 119 MHz): δ − 0.86
(C5H4Si

iPr3). IR: 2941s, 2887m, 2862s, 1460m, 1382w, 1367w, 1305w,
1293w, 1242w, 1163m, 1067w, 1043s, 996m, 917w, 880s, 845w, 782vs,
778vs, 667vs, 659vs. Anal. calcd. for C42H75Si3BrTh: C, 51.67; H, 7.74.
Found: C, 54.42; H, 8.20; C, 52.35; H, 7.96; C, 52.78; H, 7.97. The C/
H ratios in the analytical data give formulas of C42H75.2, C42H75.9, and
C42H75.4, respectively, close to the calculated value of C42H75.

Synthesis of (C5H4SiiPr3)3Th, 2. Solid KC8 (18 mg, 0.133 mmol)
was added to a solution of (C5H4Si

iPr3)3ThBr (104mg, 0.106mmol) in
THF (3 mL) at room temperature to immediately produce a dark blue
solution. The vial was swirled at room temperature for 5 min before
being filtered to remove insoluble solids. Solvent was removed from the
filtrate under reduced pressure to yield dark blue oily solids, which were
then extracted into hexane (5 mL) and filtered. Solvent was removed
under reduced pressure to yield dark blue solids which were then
triturated with SiMe4 (1 mL) and dried to yield (C5H4Si

iPr3)3Th, 2, as
blue solids (94 mg, 98%). Dark blue crystals suitable for X-ray
di:raction were grown from a solution in pentane stored at −35 °C. 29Si
NMR (C6D6, 119 MHz): δ −21.8 (C5H4Si

iPr3). IR: 2941m, 2889w,
2862s, 1462m, 1382w, 1365w, 1261w, 1247w, 1159w, 1094w, 1066w,
1041s, 1015m, 997m, 917w, 880s, 860m, 841m, 769vs, 661vs, 652vs.
UV−vis (THF, room temperature) λmax, nm (ε, M−1 cm−1): 350 (840,
shoulder), 504 (1300), 582 (900), 664 (1100). EPR: giso = 1.90, g|| =
1.97, g⊥ = 1.88 (100.9 mHz). Anal. calcd. for C42H75Si3Th: C, 56.28; H,
8.43. Found: C, 56.16; H, 8.52; C, 56.36; H, 8.48; C, 55.06; H, 8.18.
The C/H ratios in the analytical data give formulas of C42H75.8,
C42H75.1, and C42H74.2, respectively, close to the calculated value of
C42H75.

Synthesis of [K(2.2.2-cryptand)][(C5H4SiiPr3)3Th], 3. Solid KC8

(4.3 mg, 0.032 mmol) was added to a solution of 2 (24.0 mg, 0.0268
mmol) and crypt (11.0 mg, 0.0292 mmol) in THF (4 mL) at room
temperature to immediately produce an inky blue-green solution. The
mixture was swirled for 5 min at room temperature before being filtered
to remove insoluble solids. Solvent was removed under reduced
pressure to yield dark blue-black solids. The solids were then washed
with hexane (2 mL) to remove unreacted 2 and dried under reduced
pressure to yield 3 as dark blue-black solids (34 mg). X-ray quality
crystals can be grown from a THF/hexane or diethyl ether solution
stored at −35 °C. Colorless X-ray quality crystals of [K(crypt)]-
[CpTIPS], identified by X-ray crystallography, were found to
cocrystallize from solutions of 3 in Et2O or THF/hexane. 1H NMR
(THF-d8, 600 MHz): δ 6.85−6.1 (br, 12H, C5H4Si

iPr3), 3.55 (s, 12H,
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OCH2CH2O), 3.51 (s, 12H, NCH2CH2O), 2.53 (s, 12H,
NCH2CH2O), 1.50−1.31 (br, 9H, CH of iPr), 1.30−0.98 (br, 54H,
CH3 of iPr). 13C NMR (THF-d8, 151 MHz): δ 114.7 (C5H4Si

iPr3),
107.7 (C5H4Si

iPr3), 102.3 (C5H4Si
iPr3), 71.3 (OCH2CH2O), 68.5

(NCH2CH2O), 54.8 (NCH2CH2O), 20.3 (CH3 of iPr), 13.4 (CH of
iPr). 29Si NMR (THF-d8, 119MHz): δ −5.54 (C5H4Si

iPr3). IR: 3037w,
2912w, 2883m, 2853s, 2817m, 1477w, 1460m, 1443m, 1418w, 1355s,
1296m, 1260m, 1239w, 1130s, 1101vs, 1077vs, 1033vs, 1011m, 986w,
948s, 932s, 881m, 830w, 781w, 750w, 700w, 661s. UV−vis (THF,
room temperature) λmax, nm (ε, M−1 cm−1): 424 (3910), 585 (4700,
shoulder), 650 (5200). Anal. calcd. for C60H111N2O6Si3KTh: C, 54.93;
H: 8.53; N: 2.14. Found: C, 55.79; H, 9.95; N: 5.81. C, 55.64; H, 8.80;
N, 5.971. C, 55.82, H, 8.62, N, 5.76. The C/H/N ratios in the analytical
data give formulas of C60H127N5.4, C60H113N5.5, and C60H111N5.3. The
high N values can be accounted for by the presence of excess crypt
(anal. calcd. for C18H36N2O6: C, 57.42; H, 9.64; N, 7.44) in crystalline
samples of 3.

Independent Synthesis of Crystallographically Character-
ized [K(2.2.2-cryptand)][C5H4SiiPr3]. KC5H4Si

iPr3 (16.0 mg, 0.0614
mmol) and 2.2.2-cryptand (23.0 mg, 0.0614 mmol) were both added to
a J. Young NMR tube fitted with a Teflon stopper. THF-d8 (1 mL) and
one drop of SiMe4 were then added to the J. Young tube, and the tube
was shaken until all the solids were dissolved to form a colorless
solution. NMR spectroscopy confirmed the quantitative formation of
[K(2.2.2-cryptand)][C5H4Si

iPr3].
1H NMR (THF-d8, 600 MHz): δ

5.81 (m, 2H, C5H4Si
iPr3), 5.66 (m, 2H, C5H4Si

iPr3), 3.46 (s, 12H,
NCH2CH2O), 3.44 (t, 3JHH = 3.4 Hz, 12H, NCH2CH2O), 2.47 (t, 3JHH

= 2.4 Hz, 12H, NCH2CH2O), 1.17−1.11 (sept, 3JHH = 1.1 Hz, 3H, CH
of iPr), 1.07 (d, 3JHH = 1.1 Hz, 18H, CH3 of iPr). 13C NMR (THF-d8,
151 MHz): δ 113.8 (C5H4Si

iPr3), 106.7 (C5H4Si
iPr3), 99.0

(C5H4Si
iPr3), 71.3 (OCH2CH2O), 68.4 (NCH2CH2O), 54.9

(NCH2CH2O), 20.5 (CH3 of iPr), 13.7 (CH of iPr). 29Si NMR
(THF-d8, 119 MHz): δ −3.52 (C5H4Si

iPr3). Crystal data, bond length
and angle tables, and structure refinement information can be found in
the Supporting Information.
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