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ABSTRACT: The synthesis and crystal structure of homoleptic
tetrabenzylthorium, Th(Bn)4 (4) (Bn = benzyl, CH2Ph), is
presented herein. First reported by Thiele and co-workers 48
years ago, the characterization of Th(Bn)4 was limited due to the
material’s sensitivity. Several other new tetrabenzyl complexes were
also crystallographically isolated and discussed here, including
Th(Bn)4(THF)2 (1-THF) and Th(Bn)4(dme) (2-dme, dme =
1,2-dimethoxyethane). A previously isolated phosphine adduct of
tetrabenzylthorium, Th(Bn)4(dmpe) (3-dmpe, dmpe = 1,2-
bis(dimethylphosphino)ethane), is reported with a modified
synthesis and updated structural data. A short discussion of
hapticity and coordination modes of actinide benzyl ligands is also
presented. Studies on the utility of 4 as a synthon to other
organothorium compounds are reported, including Th(adap)2(pyr)3 (5-ap) (pyr = pyridine), formed from the reaction of 4 with 2-
(adamantan-2-ylamino)-4,6-di-tert-butylphenol (H2

adap). All compounds were characterized by multinuclear NMR spectroscopy
and X-ray crystallography.

■ INTRODUCTION
Inquiries into uranium isotopic separation during the
Manhattan Project era created a desire for volatile uranium
complexes for centrifugal separation.1 Gilman and co-workers
attempted syntheses of homoleptic tetravalent uranium 1,3-
dicarbonyl chelates, but due to temperature sensitivity and an
undesired high molecular weight, further uranium alkyl work
was suspended.1 About two decades later in 1974, Thiele and
co-workers introduced tetrabenzyluranium and thorium
complexes, producing reliable syntheses without the necessity
of an ancillary ligand.2,3 Though this work suggested
multidentate coordination of the benzyl ligand, both the
U(Bn)4[MgCl2] and Th(Bn)4 (Bn = benzyl, CH2Ph) were
accompanied by limited characterization due to temperature
and air sensitivity.2,3 Given the advancements in glovebox
technology over the past decades, various benzyl actinide
derivatives were synthesized and reported, including structural
characterization.4−8 However, most structures isolated with
uranium and thorium used ancillary organic ligands as
supports.4 Progress in isolating unsupported alkyl complexes
has been slow, with most complexes being isolated in the last
two decades.4,5,9,10

In 1984, structural characterization of tetrabenzylthorium
was achieved with the addition of a stabilizing phosphine
ligand, producing Th(Bn)4(dmpe) (dmpe = 1,2-bis-
(dimethylphosphino)ethane).11 The synthesis of this complex
was achieved via the addition of benzyllithium to
ThCl4(dmpe) at −70 °C.11 In the same year, the first

homoleptic thorium alkyl complex, [Li(TMEDA)]3[Th-
(Me)7], was reported with structural characterization depicting
a monocapped trigonal prismatic geometry.12 This differs from
the analogous uranium complex, as uranium adopts a six-
coordinate geometry with [Li(TMEDA)]2[U(Me)6], likely
due to its smaller ionic radius.9 Hayton, Walensky, and co-
workers reported multiple homoleptic thorium alkyls, includ-
ing [K(THF)]2[Th(Bn)6].

5 Despite these advancements, the
true molecular structure of tetrabenzylthorium without an
ancillary ligand has been elusive.
Tetrabenzylthorium derivatives are of interest for advancing

studies related to actinide catalysis, including polymerization,
as similar chemistry has been noted for Group IV metals.13−16

Such species are also potential starting materials to generate
more highly decorated compounds bearing anionic ligands via
protonation, as the toluene byproduct is easy to remove in
vacuo. The molecular structures of tetrabenzylhafnium,
tetrabenzylzirconium, and tetrabenzyltitanium have all been
established crystallographically, and their reactivity was
subsequently explored.14,15 Of particular interest has been

Received: May 23, 2023
Published: August 2, 2023

Articlepubs.acs.org/Organometallics

© 2023 American Chemical Society
2079

https://doi.org/10.1021/acs.organomet.3c00248
Organometallics 2023, 42, 2079−2086

D
ow

nl
oa

de
d 

vi
a 

PU
R

D
U

E 
U

N
IV

 o
n 

M
ay

 1
, 2

02
4 

at
 1

3:
52

:1
1 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="D.+M.+Ramitha+Y.+P.+Rupasinghe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Makayla+R.+Baxter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Zeller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suzanne+C.+Bart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.3c00248&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?fig=abs1&ref=pdf
https://pubs.acs.org/toc/orgnd7/42/15?ref=pdf
https://pubs.acs.org/toc/orgnd7/42/15?ref=pdf
https://pubs.acs.org/toc/orgnd7/42/15?ref=pdf
https://pubs.acs.org/toc/orgnd7/42/15?ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.organomet.3c00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org/Organometallics?ref=pdf


understanding the hapticity of the benzyl groups in
tetrabenzylzirconium;17,18 however, studies of similar rigor
are lacking for tetrabenzylthorium and related complexes, with
the only example being that from Andersen, Zalkin, and co-
workers who studied Th(Bn)4(dmpe).11

Inspired by these studies and by our own reported ancillary
ligand-free tetrabenzyluranium derivatives,4 we explored the
synthesis and characterization of parent tetrabenzylthorium,
Th(Bn)4 (4), and several related complexes with Lewis bases,
including Th(Bn)4(THF)2 (1-THF), Th(Bn)4(dme) (2-dme,
dme = 1,2-dimethoxyethane), and Th(Bn)4(dmpe) (3-dmpe).
These complexes, along with their respective spectroscopic and
structural data, as well as preliminary reactivity studies of these
derivatives as synthons for organothorium complexes, are
reported.

■ RESULTS AND DISCUSSION
Synthesis of Tetrabenzylthorium Compounds. Initial

attempts at the synthesis of the tetrabenzylthorium family
followed the analogous synthesis of tetrabenzyluranium, which
involved mixing thawing solutions of UCl4 and 4 equiv of
benzylpotassium (KBn).4 However, with ThCl4(dme)2, the
solution had inconsistent color changes, such as turning
orange-yellow, compared to the expected yellow as indicated
by Thiele and co-workers.2 Addition of KBn in two portions
circumvented this issue, and the observed color was
consistently yellow. It is important to note that even a slight
excess of KBn needs to be avoided, as this causes the solution
to turn orange, indicating the possible formation of the
hexabenzylthorium dianion along with the desired tetraben-
zylthorium.5 Hence, a THF solution of exactly 4 equiv of KBn
was added in two portions to a thawing THF solution of
ThCl4(dme)2 under light-free conditions (Scheme 1).
Immediate workup at room temperature resulted in intractable
decomposition products and a mixture of Th(Bn)4(THF)2 (1-
THF) and Th(Bn)4(dme) (2-dme) as indicated by 1H NMR
spectroscopy (Figure S1). However, workup at −10 °C
resulted in the isolation of 2-dme in moderate yield (56%).
The 1H NMR spectrum showed six resonances with four of

those assigned to equivalent benzyl group protons and two
assigned to dme protons (Figure S2). The 13C NMR spectrum
revealed five resonances assigned to the equivalent benzyl
group carbons and two to the dme carbons (Figure S3).
Compound 1-THF could not be isolated as a fine powder but
could be isolated as crystals by immediate filtration of a THF
solution of the reaction followed by slow addition of cold
pentane over several days with a yield of 74% when dried
under vacuo. If the THF solution is left at room temperature,
decomposition is observed within minutes, which is consistent
with observations by Thiele and co-workers.2

In order to compare the features of 1-THF and 2-dme,
previously reported Th(Bn)4(dmpe) (3-dmpe) was synthe-
sized using a similar procedure as 2-dme, followed by the
addition of a thawing THF solution of dmpe. This procedure is
different from the previous method reported by Andersen,
Zalkin, and co-workers as the starting material used was the
dme adduct, Th(Bn)4(dme)2, in THF compared to using the
THF adduct, Th(Bn)4(THF)3.5, in diethyl ether.11 Workup
done at room temperature afforded a bright yellow solid in
high yield (81%, Scheme 1). The 1H NMR spectrum of 3-
dmpe displayed several resonances assignable to the benzyl
groups and two resonances assignable to the dmpe group
(Figure S4). 31P NMR spectroscopy indicated a single
resonance at −26.16 ppm assigned to the dmpe ligand (Figure
S5). The 13C NMR spectrum revealed five resonances assigned
to the equivalent benzyl group carbons and two to the dmpe
ligand carbons (Figure S6).
Given that 2-dme is obtained exclusively when ThCl4(dme)2

is used and the workup is done at −10 °C, another starting
material was necessary to obtain a homoleptic tetrabenzyl
complex without ancillary ligands. As such, ThCl4(THF)3.5 was
used because Thiele and co-workers confirmed the isolation of
Th(Bn)4 via elemental analysis and 1H NMR spectroscopy
using this starting material.2 Addition of a thawing solution of
4 equiv of KBn to a thawing solution of ThCl4(THF)3.5
resulted in Th(Bn)4 (4) after workup at −10 °C in 77%
yield (Scheme 2). The 1H NMR spectrum of 4 revealed four
resonances assigned to equivalent benzyl groups (Figure S7)

Scheme 1. Synthesis of 1-THF, 2-dme, and 3-dmpe
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and the 13C NMR spectrum of 4 revealed five resonances
assigned to equivalent benzyl groups in solution (Figure S8).
Crystallography of Tetrabenzylthorium Complexes.

Yellow rod-shaped crystals of 1-THF suitable for single-crystal
X-ray diffraction were generated by adding pentane dropwise
over several days to a freshly filtered THF reaction mixture at
−35 °C (Figures 1 and S12). Crystals of 2-dme and 3-dmpe
were both grown from a concentrated solution of toluene as
yellow rods at −35 °C (Figures 1 and S12). Finally, suitable
crystals of 4 were obtained either from concentrated toluene at
−35 °C (4-η4) or by layering a pentane solution of 4 with
cyclopentane at −35 °C (4-η3) (Figures 1 and S12).
Refinement of the data showed that compounds 1-THF and

3-dmpe both crystallize in the P1̅ space group and have one
molecule in the asymmetric unit. Despite being grown in the
same manner, 3-dmpe (from the original work by Andersen,
Zalkin, and co-workers) was reported to have two molecules in
the asymmetric unit.11 Compound 2-dme crystallizes in the
monoclinic P21/c space group with two molecules in its
asymmetric unit. Data collection for crystals of 4 at 150 K

using either method (toluene or pentane/cyclopentane)
showed crystallization in the P21/c space group; the toluene
crystal had only one molecule in the asymmetric unit, whereas
the pentane/cyclopentane crystals had two. During measure-
ment of the pentane/cyclopentane crystals of 4, it was found
that the crystal underwent a phase transition from Pccn to
P21/c upon cooling below 175 K. The phase change involves a
change of one of the 90° angles to nearly 91° (at 150 K) and
loss of orthorhombic symmetry. After the phase transition, the
crystal is twinned by the previous orthorhombic symmetry, and
reflections split at medium and high angles. The phase
transition is reversible under retention of the single crystal if
warmed back up above 175 K slowly. Interestingly, crystal data
collected at 190 K also had one molecule in the asymmetric
unit compared to two molecules at 150 K.
Based on the quality of the crystals, reliable structural

parameters to understand the coordination environment of the
thorium center could be obtained (Table 1). The Th−C bond
lengths for the methylene carbons for the entire family of
compounds, 1-THF, 2-dme, 3-dmpe, 4-η3, and 4-η4, were
found to range from 2.506(16) to 2.583(6) Å and are
consistent with previously reported benzylthorium methylene
carbon distances (2.491−2.687 Å).5,19−24

In the cases of 1-THF, 2-dme, and 3-dmpe, where ancillary
ligands are present, the geometries of the thorium ions can be
described as distorted octahedra with the Th−O/Th−P bonds
trans to the benzyl groups. The complexes of 4 are best
described as distorted tetrahedra if only the anionic Th−C
bonds are considered. Despite the difference in coordination
sphere compared to 4, 1-THF, 2-dme, and 3-dmpe have Th−

Scheme 2. Synthesis of 4

Figure 1. Molecular structures shown with 30% probability ellipsoids. Top: 1-THF, 2-dme, and 3-dmpe. Bottom: 4-η3 (grown from pentane/
cyclopentane) and 4-η4 (grown from toluene). Hydrogen atoms, co-crystallized solvent molecules, and additional bonds are omitted for clarity.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.3c00248
Organometallics 2023, 42, 2079−2086

2081

https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00248/suppl_file/om3c00248_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00248/suppl_file/om3c00248_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00248/suppl_file/om3c00248_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00248/suppl_file/om3c00248_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00248?fig=fig1&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.3c00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


C bond distances that are only slightly longer than these
homoleptic species.
Hapticity of Tetrabenzyl Compounds. In addition to

the anionic Th−methylene carbon linkages in these species,
the hapticity of the benzyl groups must also be considered for a
complete bonding picture. The hapticity describes instances
where ligands containing extended π-systems have covalent
bonding interactions to the metal ion.25 Because the f elements
have larger coordination spheres compared to their transition-
metal counterparts, the hapticity of their benzyl groups is
generally greater than η1. Each benzyl group must be
considered separately, and the hapticity is generally assigned
based on crystallographic parameters or computational studies,
depending on interactions of the phenyl π-system with the f-
element ion.
To effectively describe benzyl group hapticity, various

models have been developed for both d- and f-block
organometallics. In the case of transition metals, Parkin
describes the hapticity of Group IV tetrabenzyl complexes,
which are often considered smaller analogues of thorium, for
two polymorphs of tetrabenzylzirconium.16 Lanthanide
tribenzyl complexes have been classified by Liddle, where
again, ligand hapticity was assigned using crystallographic
parameters.26 In the family [Ln(Bz)3(THF)3] (Ln = Ce, Pr,
Nd, Sm, Gd, Dy, Er), these ions were found to be fac-
octahedral, with their hapticities varying as determined by van
der Waals radii. Cerium, praseodymium, neodymium, and
lanthanum were found to contain 3 η2 -benzyl groups, whereas
samarium showed only one η2 interaction, and yttrium,
gadolinium, dysprosium, and erbium showed none. For
actinides, rigorous classification of benzyl hapticity has been
primarily performed using a method developed by Andersen,
Zalkin, and co-workers (AZ model).4,11,27 This model involves
analyzing crystallographically characterized benzyl derivatives
with a focus on trends involving the M---C distances to the
phenyl group, specifically M-CH2, M-Cipso, and M-Cortho (M-
Co) distances (Figure 2). These varying classification methods
for different metals from across the periodic table suggest a
certain degree of subjectivity in hapticity assignments for

benzyl complexes overall. A compilation of data for a variety of
compounds can be found in Tables S1 and S2.
For a bonding interaction greater than η1 to be present, M−

C bond distances should be within the sum of the van der
Waals radii as previously noted.28,29 Analysis of structurally
characterized Th−C bonds in the Cambridge Structural
Database (CSD) shows a range of 2.32−3.10 Å.24,30,31 For
the tetrabenzylthorium complexes reported here, all Th−Cipso
and Th−Co distances are below 3.10 Å, thus suggesting multi-
hapto interactions. It should be noted that meeting the
distance criterion for a van der Waals interaction does not
necessarily mean a hapto interaction is present, as there must
also be electron density donated by the π system of the phenyl
group to the metal ion, rather than just a weak electrostatic
interaction with no significant orbital overlap.
A classic example is Cp*Th(Bn)3, reported by Marks and

co-workers in 1982, where the authors describe that “the bond
distances and angles are more in accord with a strong Th-C1
sigma interaction together with a more diffuse, unsymmetrical
secondary interaction involving the (C2,- C3,C7) part of the π
system.” Marks and co-workers do mention secondary
interactions with the adjacent carbons, but point out that the
interactions are relatively weak: “the greater range of Th-
C2,C3,C7 contacts suggests that the potential-energy surface
for the latter interaction is relatively flat”.
Hayton and co-workers originally reported [K(THF)]2[Th-

(Bn)6], made by the addition of 6 equiv of K(CH2Ph) to a
THF solution of ThCl4(DME)2.

5 In this case, the thorium is in
a “severely distorted octahedral geometry”, which the authors
ascribe to the “multidentate” benzyl ligands. From structural
parameters, the authors assign one of the groups as η3

hapticity, another group as η2 hapticity, and the rest as η1
hapticity. Further computational analysis predicts a distorted
octahedral geometry but does not predict any multidentate
behavior for any of the benzyl groups in [K(THF)]2[Th-
(Bn)6].
Andersen and Zalkin’s work established a different model for

describing benzyl group hapticities in organoactinide species,
the previously mentioned AZ model, where the following
differences in bond distances are considered: Δ = δo − δipso
and Δ′ = δo′ − δipso, where δipso = [MCipso − MCH2], δo =
[MCo − CH2] and δo′ = [MCo′ − MCH2]. MCo is the shorter
metal-to-ortho carbon contact length, MCo′ is the longer
metal-to-ortho contact length, MCH2 is the metal-to-
methylene carbon bond length, and MCipso is the metal-to-
ipso carbon contact length. Here, a comparable magnitude
between the Δ and Δ′ parameters indicates a η4- benzyl (about
|Δ′ − Δ| ≤ 0.3); for the previously published U(Bn)4, this was

Table 1. Bond Lengths of Tetrabenzylthorium Compounds in Å

1-THF 2-dme A 2-dme B 3-dmpe

Th1-C1 2.5641 (16) 2.561 (6) 2.544 (6) 2.5568 (16)
Th1-C8 2.5455 (18) 2.538 (6) 2.527 (7) 2.579 (2)
Th1- C15 2.5656 (18) 2.525 (7) 2.555 (6) 2.5685 (18)
Th1-C22 2.5498 (16) 2.583 (6) 2.554 (5) 2.5231 (16)
average 2.556 2.552 2.545 2.557

4-η4 4-η3 (190 K) 4-η3 (150 K) A 4-η3 (150 K) B

Th1-C1 2.5641 (16) 2.525 (3) 2.524 (15) 2.506 (16)
Th1-C8 2.5455 (18) 2.514 (3) 2.513 (16) 2.508 (16)
Th1- C15 2.5656 (18) 2.514 (3) 2.529 (17) 2.532 (14)
Th1-C22 2.5498 (16) 2.519 (3) 2.520 (16) 2.526 (18)
average 2.5563 2.518 2.522 2.518

Figure 2. M−C distances for hapticity discussion in benzyl ligands.
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the case.4 A large difference of approximately |Δ′ − Δ| > 0.3
was used to indicate an η3-benzyl, as this difference is
consistent with η3 classification from previous work.4,5,11 The
limitations of this model include that only η3 and η4

interactions can be assigned; η1 and η2 interactions cannot
be established. Furthermore, the AZ model does not consider
the M−CH2−Cipso bond angle, which is used in discussions of
hapticity involving transition metals and in some other actinide
and lanthanide benzyl complexes.5,17,26,32

For the new tetrabenzylthorium derivatives reported here,
their structural parameters, as well as the |Δ′ − Δ| value and
hapticity assignment according to the AZ model are
summarized in Tables 2 and 3. In the cases of 1-THF, 2-
dme, and 3-dmpe, some clear trends emerge when looking at

the |Δ′ − Δ| value. When this value is above 0.3 Å, as indicated
in the tables, the assignment given is a η3 benzyl, in concert
with the original Andersen work. When the value is below 0.3
Å, an η4 benzyl is a more accurate description. For 1-THF, the
two ancillary THF ligands are more flexible than the chelating
dme ligand in 2-dme; therefore, there are three η4 benzyls
according to this model. Both molecules in the unit cell only
have two η4 benzyls, which could be due to crystal packing or
the bidentate nature of the dme ligand, which prevents
additional coordination. In the case of dmpe, η4 benzyl
interactions are likely due to the fact that the Th−P bond
distance is longer than the Th−O bond distance, creating a
sterically less encumbered Th center where the benzyls have a
closer approach.

Table 2. Hapticity Assignments of 1-THF, 2-dme, and 3-dmpea

angle δipso δo δo′ Δ Δ′ |Δ′ − Δ| AZ model

1-THF
C1 102.12 0.650 1.234 1.429 0.584 0.779 0.20 η4

C8 123.34 1.027 1.776 1.835 0.749 0.808 0.06 η4

C15 94.41 0.479 0.997 1.191 0.518 0.712 0.19 η4

C22 87.24 0.327 0.717 1.041 0.390 0.714 0.32 η3

2-dme
C1A 114.01 0.861 1.581 1.647 0.720 0.786 0.07 η4

C8A 100.77 0.623 1.018 1.539 0.395 0.916 0.52 η3

C15A 99.73 0.599 1.041 1.467 0.442 0.868 0.43 η3

C22A 85.47 0.277 0.712 0.901 0.435 0.624 0.19 η4

2-dme
C1B 116.52 0.925 1.545 1.761 0.620 0.836 0.22 η4

C8B 108.00 0.770 1.206 1.707 0.436 0.937 0.50 η3

C15B 116.52 0.542 0.885 1.431 0.343 0.889 0.55 η3

C22B 88.25 0.348 0.884 0.902 0.536 0.554 0.02 η4

3-dmpe
C1 105.73 0.715 1.291 1.525 0.576 0.810 0.23 η4

C8 99.71 0.597 1.154 1.349 0.557 0.752 0.20 η4

C15 111.86 0.841 1.511 1.627 0.670 0.786 0.12 η4

C22 86.36 0.309 0.667 1.011 0.358 0.702 0.34 η3
aΔ = δo − δipso and Δ′ = δo′ − δipso, where δipso = [MCipso − MCH2], δo = [MCo − CH2] and δo’ = [MCo′ − MCH2].

Table 3. Hapticity Assignments of 4-η3 and 4-η4

angle δipso δo δo’ Δ Δ′ |Δ′ − Δ| AZ model

4-η4

C1 85.36 0.283 0.740 0.865 0.457 0.582 0.13 η4

C8 85.14 0.276 0.676 0.896 0.400 0.620 0.22 η4

C15 88.90 0.368 0.898 0.967 0.530 0.599 0.07 η4

C22 82.53 0.215 0.634 0.758 0.419 0.543 0.12 η4

4-η3 (190 K)
C1 86.49 0.311 0.655 1.019 0.344 0.708 0.36 η3

C8 86.95 0.318 0.684 1.009 0.366 0.691 0.33 η3

C15 88.51 0.358 0.614 1.234 0.256 0.876 0.62 η3

C22 86.48 0.313 0.611 1.082 0.298 0.769 0.47 η3

4-η3 (150 K)
C1A 85.97 0.302 0.600 1.075 0.298 0.773 0.48 η3

C8A 87.17 0.321 0.670 1.067 0.349 0.746 0.40 η3

C15A 86.01 0.295 0.638 1.014 0.343 0.719 0.38 η3

C22A 86.26 0.308 0.614 1.149 0.306 0.841 0.54 η3

4-η3 (150 K)
C1B 86.06 0.297 0.611 1.256 0.314 0.959 0.65 η3

C8B 86.92 0.317 0.627 1.100 0.310 0.783 0.47 η3

C15B 86.68 0.319 0.643 1.011 0.324 0.692 0.37 η3

C22B 85.45 0.303 0.695 1.014 0.392 0.711 0.32 η3
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With the hapticities established based on the AZ models, it
is also important to look at the angles, which have not been
taken into account in the original model. Based on the assigned
hapticities, it is possible to see that for the groups assigned as
η3 benzyls, the Th−CH2−Cipso angle is typically less than 90°.
For those benzyls assigned as η4, the angle is generally above
90°. Therefore, the sharper the angle, the less the interaction
with the thorium ion, resulting in a smaller hapticity. This is
because the sharper the Th−CH2−Cipso angle is, the more
twisted the benzyl is, resulting in a lesser interaction with the
ortho carbons, which in turn generates a larger Δ′.
In the absence of the ancillary ligands, compounds 4 have

|Δ′ − Δ| values that vary from 0.07 to 0.62. The benzyl groups
that are above 0.3 fit are again assigned to an η3 hapticity, 4-η3,
whereas those with values lower than that are assigned to η4
benzyls, 4-η4. Therefore, the assignments are different
depending on the polymorph. Unlike in the cases of 1-THF,
2-dme, and 3-dmpe, there is not a clear trend here for the
Th−CH2−Cipso angle, as all angles are below 90° for this
subset of compounds; no correlation can be made in these
cases between angle and benzyl group hapticity.
Synthesis of Thorium bis(amidophenolate) Complex,

5-ap, from 1-THF/ 2-dme and 4. Despite tetrabenzyltho-
rium having been discovered in 1974, it has not been routinely
used as a synthon for organothorium derivatives. This is likely
due to the instability of the complex during isolation; however,
we hypothesize that it can still be produced in situ to be useful
for synthesis. To test this, a thorium amidophenolate
compound was synthesized such that it could be compared
with previously published work by our group and to obtain
preliminary reactivity insights.33−35

Compounds 1-THF and 2-dme were first synthesized in situ
as previously described and immediately after, a cold THF
solution of 2 equiv H2

adap was added. Upon workup, a pale-
yellow powder was obtained (Scheme 3) and assigned as
Th(adap)2(THF)x. Unfortunately, Th(adap)2(THF)x could not
be isolated from unreacted ligand due to solubility issues.
Using a more basic solvent, pyridine, and recrystallizing
allowed isolation of Th(adap)2(pyr)3, 5-ap, in low yields (15%).
The low yield was due to the partial conversion of
Th(adap)2(THF)x to Th(adap)2(pyr)3 when pyridine was
added. Despite the low yield, the pyridine adduct was
convenient to work with for crystallization. These procedures
were repeated with isolated tetrabenzylthorium, 4, and 5-ap
was obtained in similar yield. Performing this reaction in
noncoordinating solvents such as toluene did not produce a
nonsolvated product with reasonable purity.

1H NMR spectroscopy of 5-ap showed 10 resonances: three
resonances were assigned to the adamantyl groups, three for
the pyridines, two for the tert-butyl groups, and two for the
aromatic hydrogens on the ligand (Figure S9). The 13C NMR

spectrum had the expected number of resonances assigned to
pyridine, aromatic ligand carbons, adamantyl, and tert-butyl
groups (Figure S10). IR spectroscopy was also performed, with
no evidence for NH absorption bands, consistent with full
deprotonation of H2

adap ligands to form the metalated product
from tetrabenzylthorium (Figure S11).
X-ray quality crystals of 5-ap were grown from a

concentrated pyridine solution layered with pentane (1:2
ratio) at −35 °C (Figure 3). Refinement of the data showed a

seven-coordinate thorium center, with two amidophenolate
ligands and three pyridine ligands. The Th−O and Th−N
bond lengths are similar to those of previously published
amidophenolate complexes (Figure S8).33 The C−O and C−
N bond lengths differ slightly but are within the expected range
for single bonds.30,36−38 Compared with the analogous
uranium structure, the only major difference is that there are
three solvent molecules on 5-ap while there are only two for
the uranium complex. The isolation of the 5-ap complex shows
the utility of tetrabenzylthorium as a synthon for ligand
metalation.

■ CONCLUSIONS
In summary, an updated synthesis and the first molecular
structure of ancillary ligand-free tetrabenzylthorium (i.e.,
Th(Bn)4, 4), which was initially synthesized in 1974 by Thiele
and co-workers, is reported here. The synthesis of analogous
Lewis base compounds, 1-THF and 2-dme, is also reported
along with an updated molecular structure of 3-dmpe. These
complexes were characterized by 1H NMR spectroscopy and
X-ray crystallography to get a full picture of their solution and
solid-state behaviors. Finally, the synthesis of an amidopheno-

Scheme 3. Synthesis of 5-ap

Figure 3. Molecular structure of 5-ap shown with 30% probability
ellipsoids. Hydrogen atoms, pyridine carbons, and co-crystallized
solvent molecules are omitted for clarity.
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late complex, 5-ap, was explored with 4 in situ and isolated to
understand the utility of tetrabenzylthorium as a starting
material for the generation of other organothorium complexes.
The ancillary ligand-free compound, 4, is a final entry to a

family of tetravalent homoleptic benzyl species containing
titanium, zirconium, hafnium, and uranium. Thorium is the
largest of these ions and thus has more degrees of freedom in
its coordination mode compared to its smaller counterparts.
Based on the previous bonding model established by Andersen
and co-workers, the benzyl groups in the cases shown here fit
nicely with that work, establishing these groups as either η3 or
η4 benzyls. Future studies will focus on understanding
fundamental organometallic reactions with these species.
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