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ABSTRACT: This paper describes the synthesis and character-
ization of two actinide alkyls: thorium and uranium compounds of
stoichiometry M(CH2NMe2BH3)4 (M = Th, U) where
CH2NMe2BH3

− is the boronatodimethylaminomethyl group
(abbreviated BDAM). The crystal structures of these compounds
show that the coordination geometry of the metal center can be
described in terms of a D2d dodecahedron, whose eight vertices are
defined by the four metal-bound carbon atoms and the four boron
atoms of the BH3 groups. Two of the BH3 groups in each
compound bind to the metal centers in a κ2 fashion (i.e., by means
of two B−H−M bridges) and two in a κ1 fashion. Thus, both
compounds can also be described as ten-coordinate in which four
carbon atoms and six hydrogen atoms form the inner coordination
sphere. The structures of both complexes and the nature of the BH3−M interactions were investigated computationally. The NMR
spectra of the diamagnetic thorium(IV) compound and paramagnetic uranium(IV) compound are discussed; both compounds are
fluxional in solution even at −124 °C. Variable temperature magnetization studies of the paramagnetic uranium(IV) compound in
the solid state are consistent with its tetravalent oxidation state.

■ INTRODUCTION
Alkyl derivatives of the actinide elements have been of interest
since the 1940s, when they were investigated as part of a search
for volatile uranium compounds suitable for isotope enrichment
processes.1 Although these early studies showed that charge-
neutral homoleptic organoactinide compounds of simple alkyl
ligands (methyl, ethyl, etc.) were too unstable for isotope
enrichment purposes, later work showed that actinide alkyls
could be isolated under the right circumstances.2−4 Just as alkyl
complexes have played a key role in understanding the chemistry
of transition metals,5−7 alkyl complexes have also shed light on
many aspects of the chemistry of actinide metals.2,8−10

Despite persistent interest in the isolation of simple
homoleptic alkyl complexes of actinide elements (mostly
thorium and uranium), substantial progress has occurred only
in the past ∼15 years.3,11 Among the more recent advances are
the first examples of crystallographically characterized homo-
leptic actinide alkyls,3,4,8−10,12−17 which can be isolated either as
anionic “ate” compounds of the form [MRn]x− (where R = Me,
CH2CMe3, CH2SiMe3, or CH2Ph, n = 5 or 6, and x = 1 or 2)3,12

or as neutral complexesMR4 (where R is a ligand such as CH2Ph
or picolyl that can either π-bond or chelate to the metal).4,15

Here we describe the synthesis of two new actinide-alkyl
compounds of stoichiometry M(CH2NMe2BH3)4 (M = Th, U)
where CH2NMe2BH3

− is the boronatodimethylaminomethyl

group (abbreviated BDAM). The BDAM ligand is isoelectronic
and isosteric with the neopentyl group, CH2CMe3−, but unlike
neopentyl, it can chelate to a metal through a metal−carbon σ
bond at one end and through one or more pendant B−H bonds
at the other to form three-center, two-electron interactions. Both
the thorium and uranium compounds have been studied by X-
ray crystallography, variable-temperature NMR spectroscopy,
and computationally; the variable-temperature magnetic
susceptibility of the uranium compound is also reported.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of M(BDAM)4 (M = Th,

U) Compounds. The reaction of ThCl4(dme)2 (dme = 1,2-
dimethoxyethane) in diethyl ether with 4.5 equiv of the
previously described18 (boronatodimethylaminomethyl)lithium
reagent LiCH2NMe2BH3·thf (LiBDAM·thf) produces the
homoleptic thorium complex Th(BDAM)4, 1, which can be
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isolated by crystallization from diethyl ether as colorless crystals.
Similar treatment of UCl4 with 4.1 equiv of LiBDAM·thf in
diethyl ether produces a light green solution from which the
uranium compound U(BDAM)4, 2, can be isolated by
crystallization as green crystals.

Compounds 1 and 2 are sparingly soluble in pentane and
readily soluble in diethyl ether, toluene, and benzene. Solution-
phase samples of 1 and 2 readily hydrolyze even in the presence
of trace amounts of water, and solid samples enflame in air.
However, the compounds are stable under argon at room
temperature both in solution and in crystalline form.
Compounds 1 and 2 are more thermally stable than most
other homoleptic alkyl compounds of thorium and uranium; this
stability can be attributed, in part, to the chelating nature of the
BDAM ligand. In particular, 1 and 2 are more thermally stable
than the homoleptic tetrabenzyl complexes of thorium and
uranium, in which there are Ph···An interactions with the metal
center.4,19 In addition, whereas tetra(benzyl) uranium readily
reacts with dmpe (dmpe = 1,2-bis(dimethylphosphino)ethane)
to yield the Lewis base adduct (dmpe) U(CH2Ph)4,

4

compounds 1 and 2 do not react with dmpe in diethyl ether at
room temperature to generate adducts. These comparisons
suggest that BH3···An interactions are significantly stronger than
Ph···An interactions.
The infrared spectra of 1 and 2, which are nearly identical

(Figure S1), contain sets of strong bands at 2370 and 2225 cm−1

that correspond to terminal B−H stretches and bridging B−H−
An stretches, respectively.20

Solid State Structural Properties of the Boronatodi-
methylaminomethyl Actinides. Crystal data and refinement
parameters for 1 and 2 are listed in Table S1, and relevant bond
lengths and angles are summarized in Table 1. For both crystal
structures (Figure 1), the hydrogen atoms attached to boron
were located in the difference maps, and their positions were
refined with mild restraints.
Thorium(IV) and uranium(IV) compounds 1 and 2 are

isomorphous: Each of the CH2NMe2BH3
− ligands binds in a

chelating fashion, at one end though the CH2 group and at the
other end through the BH3 group. The metal-bound carbon and
boron atoms in each compound describe a D2d dodecahedral
coordination geometry. In an ideal D2d dodecahedron, there are
two sets of four equivalent atomic positions: one set occupies the
“inner” vertices of the two interlocked trapezoids that make up
the dodecahedron (denoted with “i” in Figure 2), and the other
set occupies the “outer” vertices (denoted with “o” in Figure 2).

Each of the BDAM ligands bridges between an inner and outer
site; two such ligands define the four vertices within each
trapezoid so that the backbones of these pairs of BDAM ligands
are more-or-less coplanar.
In D2d dodecahedral compounds of the formMX4Y4, typically

the X ligands all occupy the inner sites, or they all occupy the
outer sites (and similarly for the Y ligands).21 In contrast, of the
four BDAM ligands in 1 and 2, two of the CH2 groups occupy
inner sites and two occupy outer sites; the BH3 groups occupy
the other two inner and two outer sites (Figure 2). This unusual
arrangement is probably adopted because it minimizes steric
repulsions between the groups bound to the inner sites of the
D2d dodecahedron: if two BH3 groups (or two CH2 groups)
occupied neighboring inner sites, then the hydrogen atoms on
them would be eclipsed relative to the B···B or C···C axes. The
interligand angles would have to adjust to avoid creating large
H···Hnonbonded repulsions. In contrast, by having neighboring
inner sites occupied by one BH3 and one CH2 group, the
hydrogen atoms are staggered with respect to the B···C axis, thus
minimizing these repulsions. The unusual distribution of B and
C atoms among the inner and outer sites also may be favored by
weak H···H attractive forces that arise owing to the partial
negative charge of the B−H hydrogen atoms: There are B−H···
H−C contacts between the BH3 group of one BDAM ligand and
the NMe2 group of another whose distances (2.50(3) and
2.33(3) Å in 1 and 2.37(5) and 2.44(4) Å in 2) are similar to the
sum of the van derWaals radii of two hydrogen atoms of 2.4 Å.22

For compounds of the form M(bidentate)4 with D2d
dodecahedral geometries, the metal−ligand bond lengths are
often correlated with the normalized bite angle b of the chelate:
the M−Li bonds tend to be longer than theM−Lo bonds when b
> ∼0.9, and the opposite when b < ∼0.9.23 This correlation can
be understood as follows: When b is large, the groups bound to
the inner sites become closer to one another, and the M−Li
bonds lengthen owing to the increased steric congestion at these
sites. For 1 and 2, the average values of b (calculated from the
C−M−B angles) are 0.87 and 0.88, respectively, and thus, we
might expect the M−Lo bonds to be longer than the M−Li
bonds. In fact, this is the case, although the M···B distances are
more sensitive to this effect. The Th−Co and Th−Ci distances in
1 are 2.594(4) and 2.574(4) Å, respectively (only slightly
different, but in the expected direction), whereas the Th···Bo and
Th···Bi distances are 3.067(5) and 2.968(4) Å, respectively
(difference of 0.1 Å). A similar trend is seen for the uranium(IV)
compound 2. The U−Co and U−Ci distances of 2.521(8) and
2.522(7) Å, respectively, are similar, but the U···Bo distance of

Table 1. Selected Distances and Angles for
Th(CH2NMe2BH3)4, 1, and U(CH2NMe2BH3)4, 2

a

1 2

M−C(11)i (Å) 2.574(4) 2.522(7)
M−C(21)o (Å) 2.594(4) 2.521(8)
M···B(2)i (Å) 2.968(4) 2.888(8)
M−H(2A) (Å) 2.50(5) 2.42(8)
M−H(2B) (Å) 2.69(5) 2.61(8)
M···B(1)o (Å) 3.067(5) 3.082(10)
M−H(1A) (Å) 2.60(5) 2.61(8)
M···H(1B) (Å) 2.79(5) 2.96(8)
C(11)−M−B(1) (deg) 51.08(12) 50.9(2)
C(21)−M−B(2) (deg) 51.93(12) 53.3(2)

aSubscripts “i” and “o” indicate inner and outer positions of the D2d
dodecahedron, respectively.
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3.082(10) Å is significantly longer than the U···Bi distance of
2.888(8) Å (difference of 0.19 Å).
Although these bond length differences are in the direction

expected for the small bite angle of the BDAM ligand, other
factors probably also contribute to the greater lengthening of the
M···Bi distances but not the M−Ci distances in 1 and 2. One
possibility is that two BH3 groups with long M···B distances in 1
and 2 are interacting with the metal in a κ1 fashion (through only
one B−H bond). Typically, in metal-borohydride compounds
the number of bridging B−H bonds is strongly correlated with
theM···B distance.24 For example, the average κ1BH3 and κ2BH3
Th···B distances in Th(BH3NMe2BH3)4 are 3.193(5) and
2.911(3) Å, respectively (a difference of 0.28 Å).25 The latter
distance is similar to those seen for κ2BH4−Th interactions in
other compounds: 2.950(8) and 2.879(9) Å in Th-
(BH4)4(dmpe)2

26 and 2.895(6) and 2.934(6) Å in homoleptic
Th(BH4)4.

27 Although to the best of our knowledge no κ1
borohydride-uranium(IV) interactions have been structurally
characterized, several κ2BH4−U distances have been reported:
2.90(1) and 2.82(2) Å in U(BH4)4, 2.89(1) Å U-
(BH4)4(Et2O)2 ,

28 2 .87(2) and 2.90(2) Å in U-
(BH4)4(Me2O)2,

28 and 2.84(5) Å in U(BH4)4(OPPh3)2.
29

Although the 0.1 Å difference between the long and short
Th···B bonds in 1 and the 0.19 Å difference between the long
and short U···B distances in 2 are smaller than the ca. 0.28 Å
difference seen for the M···B bond lengths for κ1 and κ2
complexes of BH4 ligands, we believe that the long M−BH3
bonds in 1 and 2 are κ1, and the short bonds are κ2. We believe
that these differences are smaller than those in complexes of BH4
ligands owing to the constraints of the chelation: keeping the
substituents on the backbone of the BDAM ligand more-or-less
staggered places constraints on the locations of the hydrogen
atoms in the BH3 groups with respect to the metal center.

Direct determination of the number of hydrogen atoms that
bridge between B and Th or U from crystallographic results is
not always possible owing to the weak scattering of X-rays by H
compared with Th and U. In the present crystal structures,
however, the hydrogen atom positions were refinable subject to
the weak restraint that the B−H bond lengths should be
approximately equal (see the Supporting Information for
details).
The locations of the hydrogen atoms support the conclusions

from the M···B distances that two BH3 groups are κ2 and two are
κ1. The two inner BH3 groups (corresponding to the short M···B
distances in compounds 1 and 2) are clearly describable as κ2
with M−H distances of 2.50(5) and 2.69(5) Å in 1 and 2.42(8)
and 2.61(8) Å in 2. For the two outer BH3 groups (having the
longer M···B distances) one hydrogen atom bridges to the metal
with a distance of 2.60(5) and 2.61(8) Å in 1 and 2, respectively
(Figure 1), but a second hydrogen atom on these groups forms a
long M···H distance of 2.79(5) and 2.96(8) Å in 1 and 2,
respectively (Table 1). These B−H contacts (which are
comparable to the 3.10 Å sum of the van der Waals radii of
Th/U and H)22 are too long to indicate the presence of a
significant bonding interaction. As such, we describe the outer
BH3 groups with longer M···B distances in 1 and 2 as κ1BH3−M
interactions. For this description of metal−ligand bonding,
compounds 1 and 2 are formally 10-coordinate (four carbon
atoms and six hydrogen atoms). High coordination numbers
have frequently been observed for thorium(IV) and uranium-
(IV) borohydride compounds.25−30

Compounds 1 and 2 serve as rare examples of homoleptic
thorium(IV) or uranium(IV) tetraalkyls. The Th−C distances
in 1 of 2.574(4) and 2.594(4) Å are similar to those in other
thorium alkyls that have coordination numbers of six or more,
such as Th(CH2Ph)62−,3 Th(CH2Ph)4(dmpe),31 and Th-
(CH3)73−,32 but are slightly longer than those in lower
coordinate thorium alkyls such as Th(CH2

tBu)5− (ref 3) and
L T h ( CH 2 S i M e 3 ) 2 w h e r e L = 2 , 6 - b i s ( 2 , 6 -
diisopropylanilidomethyl)pyridine.33

The U−C distances in 2 of 2.522(7) and 2.521(8) Å are
slightly longer than those observed in the neutral homoleptic
uranium(IV) alkyl U(CH2Ph)4 of 2.446(7)−2.477(7) Å;4 the
small lengthening probably reflects the higher coordination
number for 2 as discussed earlier. The U−C bond lengths in 2
are similar to those in the six-coordinate homoleptic “ate”
uranium(IV) alkyls {[K(thf)]3[K(thf)]2[U(CH2C6H5)6]2}x

12

Figure 1.Molecular structures of Th(CH2NMe2BH3)4 (1) and U(CH2NMe2BH3)4 (2). Ellipsoids are drawn at the 35% probability level, except for
the hydrogen atoms, which are represented as arbitrarily sized spheres. Hydrogen atoms bound to carbon have been omitted for clarity.

Figure 2. Representation of the D2d dodecahedral geometries of
M(CH2NMe2BH3)4 (M = Th, U) compounds. Subscripts i and o
indicate the “inner” and “outer” positions of the interlocked trapezoids,
respectively.
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and [Li(thf)4][Li(thf)2U(CH3)6],
2 and to those of the benzyl

groups in the neutral eight-coordinate complex U-
(CH2Ph)3(CH3)(dmpe).31 Similarly, the U−C bonds in 2 are
longer than those in the five-coordinate homoleptic “ate”
uranium(IV) alkyls [Li14(OtBu)12Cl][U(CH2SiMe3)5]

12 and
[Li(thf)4][U(CH2

tBu)5],
12 but are shorter than those observed

in the seven-coordinate uranium(IV) alkyl {[Li][Li(OEt2)][Li-
(OEt2)2]U(CH3)7}n,

2 as expected from the different coordina-
tion numbers.
Magnetic Properties of Tetrakis(boronatodimethyl-

aminomethyl)uranium, 2. SQUID magnetic susceptibility
data show that uranium compound 2 has an effective magnetic
moment at 300 K of 3.11 μB, which is smaller than the calculated
value of 3.58 μB for the 3H4 triplet state of a 5f2 ion,

12,34 larger
than the value of 2.60 μB measured in the solution phase for the
uranium(IV) benzyl compound U(CH2Ph)4,

4 but similar to
those of 2.96 and 3.09 μB seen for the uranium(IV) alkyls
[Li(dme)3][U(CH2SiMe3)5] and [Li(thf)4][U(CH2

tBu)5], re-
spectively.12 It is known that the room temperature moment is
not diagnostic of the oxidation state of uranium because the
ranges observed for uranium(III), uranium(IV), and uranium-
(V) species overlap significantly.34 What is more diagnostic is
the magnetic moment at low temperatures, which for 5f2
uranium compounds in low symmetry geometries approaches
zero, but which does not approach zero for 5f1 or 5f3
compounds.34−36 For 2, the magnetic moment does approach
zero as the temperature is decreased, reaching a minimum value
of 0.40 μB at 2 K (Figure 3), which confirms the assigned +4
oxidation state derived from the crystal structure.

Solution Phase Behavior of the Boronatodimethyl-
aminomethyl Complexes. The room temperature 1H NMR
spectrum of the diamagnetic thorium(IV) compound 1 displays
two sharp singlets at δ 2.58 and 2.07 attributable to the NMe2
and Th−CH2 protons, respectively (Figure 4); these shifts are
similar to the δ 2.68 (NMe2) and 2.01 (Li−CH2) shifts observed
for the lithium salt of BDAM, LiCH2NMe2BH3·thf.18 The BH3
groups in 1 give rise to a broad 1:1:1:1 quartet at δ 2.76 in the 1H
NMR spectrum (Figure 4) and a quartet at δ −6.95 in the 11B
NMR spectrum (Figure S4). The shifts of these resonances and
the 1JBH coupling constant of 85Hz are similar to those observed
for Th(BH4)4

37 and Th(BH3NMe2BH3)4.
25

The room temperature 13C{1H} NMR spectrum of 1 features
two sharp singlets at δ 102.5 and 57.8 attributable to the

Th−CH2 and NMe2 carbon atoms in 1, respectively (Figure 4).
Although the 13CNMR chemical shift of the NMe2 resonances is
similar to that seen for LiCH2NMe2BH3·thf,18 the 13C NMR
chemical shift of the Th−CH2 resonance in 1 is significantly
deshielded compared to that of δ 69 seen for LiCH2NMe2BH3·
thf. Similar deshielding of metal-bound carbon atoms is
commonly observed in other organothorium compounds,
including (tBuNSiMe2OSiMe2tBuN) Th(CH2SiMe3)2,

38 Th-
(CHPPh3)(N(SiMe3)2),

39 [Th(C6H5)6]2−,10 [Th(C6Cl5)5]−,8

[Th(CH2EMe3)]5− (E = C, Si),3 and [Th(CH2Ph)6]2−.3 The
deshielding effect seen for these f0 ions has been attributed to
paramagnetic contributions arising from spin−orbit coupling of
occupied ligand-based M−C orbitals with unoccupied metal-
based orbitals of appropriate symmetry and has been correlated
with the covalency of the M−C bonds.8,9,13,40−43

The room temperature 1H NMR spectrum of the para-
magnetic uranium(IV) compound 2 displays two broad singlets
at δ 8.19 and 4.25 attributable to the U−CH2 and NMe2
protons, respectively (Figure S6). The U−CH2 protons of 2
show an unusually small paramagnetic shift compared with the
shifts of corresponding protons in other uranium(IV) alkyls: δ
17.80−26.44 in [U(CH2EMe3)5]− anions (E = C, Si),12

between δ −23.74 and −32.44 in tetrabenzyluranium(IV)
derivatives,4,15 and between δ −19.92 and −25.88 for [UR6]2−

anions (R = Me,2,12 or Bz).12 The 1H NMR shift of the U−CH2
protons in 2 compares best with that of δ 4.16 seen for
tetrakis[(2-methoxyphenyl)methyl]uranium, U(CH2-o-
OMeC6H4)4.

15 Both of these compounds contain chelating
ligands that form five-membered rings: U−C−N−B−H in 2 and
U−C−C−C−O in U(CH2−o-OMeC6H4)4.
The 1H NMR spectrum of 2 also contains a broad 1:1:1:1

quartet at δ −0.16 (1JBH = 80 Hz) due to the BH3 hydrogen
atoms of the BDAM ligand (Figure S6); a corresponding
binomial quartet at δ 46.1 (1JBH = 80 Hz) is present in the 11B
NMR spectrum (Figure S8). These 1H and 11B NMR shifts for 2
are significantly different from those of δ 119−134.8 (1H) and δ
131.6−153 (11B) observed for U(BH4)4 and U(BH4)4(thf)2;

44

the 1JBH coupling constants in 2 and U(BH4)4 are both 80 Hz.
The 13C{1H}NMR spectrum of 2 shows one sharp singlet at δ

86.0 that we attribute to the NMe2 carbon atoms of the BDAM
ligand (Figure S7); we assume that the uranium-bound carbon
atom resonance is unobservable due to paramagnetic effects of
the 5f2 U4+ ion.
Both 1 and 2 are fluxional in solution. For each compound,

four M−CH2 resonances and four NMe2 resonances are
expected in the 1H NMR spectrum based on their crystal
structures. Each of the two symmetry-equivalent pairs of ligands
has two diastereotopic M−CH2 groups and two diastereotopic
NMe2 groups. The presence of only oneM−CH2 resonance and
one NMe2 resonance in the room temperature 1HNMR spectra,
as well as only one BH3 resonance (Figures 4 and 5), however,
indicates that dynamic exchange processes are occurring in
solution. This conclusion is supported by the room temperature
13C{1H} NMR spectrum of 1, which also contains only one M−
CH2 resonance and one NMe2 resonance (vs the two and four
expected, respectively, from the crystal structures).
Although 1 and 2 have coordination numbers higher than

eight, as discussed above, each compound features a metal atom
bound to four CH2 groups and to four BH3 groups in a
dodecahedral arrangement. In eight-coordinate compounds, the
interconversion between dodecahedral, square antiprismatic,
and bicapped trigonal prismatic geometries is typically almost
barrierless.45 Accordingly, fluxional behavior is commonly

Figure 3. Temperature dependence of the magnetic moment of
U(CH2NMe2BH3)4, 2.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.3c00306
Organometallics 2023, 42, 2839−2848

2842

https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00306/suppl_file/om3c00306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00306/suppl_file/om3c00306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00306/suppl_file/om3c00306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00306/suppl_file/om3c00306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00306/suppl_file/om3c00306_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00306?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00306?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00306?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00306?fig=fig3&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.3c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


observed in eight-coordinate compounds of thorium(IV) and
uranium(IV).46−50 Presumably, similar processes are respon-
sible for the fluxionality of 1 and 2, in which there is an exchange
of ligated CH2 and BH3 groups between “inner” and “outer”
positions of the D2d dodecahedron (Figure 2).
As discussed above, the 13C{1H} NMR resonance for the Th-

CH2 groups in 1 is significantly deshielded (by about 30 ppm)
compared with the shift seen for the Li−CH2 groups
LiCH2NMe2BH3·thf, probably owing to spin−orbit effects
transmitted through the direct Th−C bond. Although a similar
deshielding of the directly bound Th−H−B groups might be
expected in the 1H NMR spectrum of 1, we do not see this effect
because there is rapid exchange between the bridging and
terminal B−H groups so that the observed 1H NMR chemical
shift for the BH3 groups is an average of that for the one bridging
B−H group with the relatively unaffected shift of the two
terminal B−H groups.
We carried out variable-temperature NMR studies down to

−124 °C in an effort to slow the dynamic exchange processes.
When a sample of 1 is cooled from 22 °C to −124 °C, the Th−
CH2 and NMe2 1H NMR resonances remain as singlets and do
not decoalesce; over this temperature range, the resonances shift

upfield by 0.10 and 0.02 ppm, respectively (Figure 4). Similarly,
the Th−CH2 and NMe2 resonances remain as singlets in the
13C{1H} spectra of 1 even down to −124 °C; the resonances
shift 1.94 and 0.64 ppm upfield from their shifts at 22 °C,
respectively (Figure 4). The temperature dependence of the
chemical shift (vs T−1) is nonlinear and instead an asymptote is
approached at low temperatures (Figures S12 and S13); this
nonlinear behavior may be due to the presence in solution of a
temperature-dependent equilibrium between two or more
isomers of each compound, which are exchanging rapidly.
Similarly, when a sample of uranium(IV) compound 2 is

cooled from 22 to −124 °C, the 1H NMR spectrum shows no
evidence of decoalescence. The U−CH2, NMe2, and BH3
resonances shift and broaden as the sample temperature
decreases (Figure 5), owing to the paramagnetism of the U4+

ion. The 1H NMR chemical shifts of the NMe2 protons show a
linear dependence on T−1, which is consistent with Curie
behavior.51 In contrast, however, a plot of δ versus T−1 for the
U−CH2 resonance of 2 is distinctly nonlinear (Figure S14).
Nonlinear plots of shift vs T−1 for paramagnetic transition

metal complexes (such as pseudo-octahedral cobalt(II)
compounds) have been ascribed to deviations from Curie law
behavior owing to first- and second-order Zeeman effects.51,52

The observation of both linear and nonlinear plots of shift vsT−1

for themethyl andmethylene protons in 2, respectively, could be
a result of differences in the Fermi contact and pseudocontact
effects at each position; these different effects are likely the result
of some combination of anisotropic g tensors, unquenched
ground state orbital angular momentum, thermal population of
excited states, and field-induced mixing of excited states with the
ground state.51,52

Computational Investigation of the Boronatodi-
methylaminomethyl Complexes. To provide insights into
the structures and metal−ligand bonding in 1 and 2, we
performed gas phase quantum chemical structural optimizations
and natural localized molecular orbital (NLMO) analyses.
NLMO calculations have frequently been employed to
investigate metal−ligand bonding in organometallic thorium
and uranium compounds.8,10,39,53

A benchmarking study of various density functionals and basis
sets was performed to determine which methodology provided
the best fit of the optimized gas phase geometry of thorium
compound 1 to the experimental crystal structure (see
Supporting Information for details). Most methods tested
were able to reproduce the experimentally determined

Figure 4. 1H (left) and 13C{1H} (right) NMR spectra of Th(CH2NMe2BH3)4, 1, at 22 °C (top) and −124 °C (bottom) in CDFCl2.

Figure 5. Variable-temperature 1H NMR spectra of U-
(CH2NMe2BH3)4, 2, in CDFCl2. Impurity due to NMe3BH3 (from
trace hydrolysis) are denoted with an asterisk.
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thorium−carbon distances within 0.03 Å, but many failed to
reproduce the thorium−boron distances within this tolerance.
Overall, the B3LYP-D3(BJ)/ZORA method (along with
B3LYP-D3(BJ)/SDD) showed the best agreement with the
experimentally determined structure of 1. These two methods
were then used to investigate 2.
For both 1 and 2, theM−C and the shorterM···Bi distances in

the gas phase calculated by B3LYP-D3(BJ)/ZORA agree well
with experiment (within 0.03 Å), but this method under-
estimates the longer M···Bo distances (to the BH3 group that
appears to be κ1 from the crystallography) by 0.03 Å for 1 but by
0.06 Å for 2. These distances to the κ1BH3 group are very
sensitive to the Th−H−B angles, which in turn depend on the
rotameric conformation about the N−B bond, and the potential
energy surface along this coordinate is probably relatively flat.
Thus, we should not be surprised that the experimental M···Bo
distances are the most poorly reproduced by theory. Even so,
however, the difference between theory and experiment seen for
the M···Bo distances in 2 is larger than we expect. Although this
discrepancy could be due to solid state packing effects (which
are not accounted for in the calculations), it is also possible that
the experimental distance is incorrect (i.e., longer than it actually
is) owing to a less-than-perfect data crystal (see the Supporting
Information for details).
A metal−ligand bonding analysis was performed on the

B3LYP-D3(BJ)/ZORA gas phase optimized structures of 1 and
2. Natural localized molecular orbitals (NLMOs) were
calculated for the four M−C bonds and eight B−H bonds that
are pointed toward the metal atom (Figure S15). Relevant bond
lengths, percent metal, and metal orbital hybridizations for these
NLMOs are given in Figure 6 and Table S5.
The NLMO analysis leads to several conclusions. First, the

metal character of the M−C bonds to the inner and outer
positions of the D2d dodecahedron in 1 and 2 is not significantly
different. Second, the U−C bonds in 2 have on average 2.4%
more metal character than the Th−C bonds in 1 (Figure 6,
Table S5); similar but slightly larger differences of 4−7% were
predicted for the M−C bonds in [M(C6Cl5)5]−8 and [M-
(C6H5)6]

2−53 (M = Th, U). Third, the NLMOs corresponding
to the M−C bonds have 7.3−10.3% and 9.0−12.0% more metal
character than the NLMOs of each M−H−B bond in 1 and 2,
respectively. Fourth, the metal character of the NLMOs for the
M−H−B interactions increases as the M−H distance becomes
shorter.

The largermetal contribution in the uranium−ligand bonds of
2 vs the thorium−ligand bonds in 1 is consistent with the
“energy-degeneracy-driven” concept of covalency in actinide
bonding: The lower energies of the valence orbitals of uranium
compared with thorium bring the former closer in energy to the
valence orbitals of the ligand, and as a result more significant
metal−ligand orbital mixing is expected.54,55 A similar effect is
responsible for the larger metal character in the M−C bonds
than in M−H−B bonds: the orbital corresponding to the lone
pair of the CH2NMe2BH3

− group is calculated to be 3.69 eV
higher in energy than the B−H bonds and is therefore a better
energetic match for the 5f and 6d orbitals of thorium and
uranium (Figure S16). However, any differences in the
covalency of the metal−ligand bonds in 1 and 2 are not
reflected in the Hirshfeld charges of ligated groups. The
calculated charges on the metal-bound C atoms and BH3 groups
do not differ significantly between 1 and 2 (Table S4).
The hybridization of metal orbitals involved in metal−ligand

bonding differs significantly for the M−C and M−H−B bonds.
Although the M−C NLMOs in 1 and 2 feature mainly metal 6d
character, the M−H−B NLMOs contain nearly equal amounts
of metal 6d and 5f orbitals (Figure 6). Specifically, the M−H−B
interactions in 1 and 2 are predicted to have up to 25% more 5f
character than the M−C interactions. These results are the
opposite of those expected from energy-degeneracy consid-
eration: the lower energy of the B−H bonds (and therefore
larger energetic gap to the metal 5f orbitals) than that of the lone
pair of the BDAM group should result in less 5f character in M−
H−B bonds than in M−C bonds. The higher calculated 5f
character of the M−H−B bonds is likely due to differences in
spatial overlap between the metal 5f orbitals and the BH3 and
CH2 groups in 1 and 2.
Concluding Remarks. Compounds 1 and 2 of stoichiom-

etry M(CH2NMe2BH3)4 (M = Th and U) have been
synthesized and characterized. These compounds add to the
small number of reported homoleptic thorium(IV) and
uranium(IV) tetraalkyls. Both complexes feature four metal-
bound CH2 groups and four metal-bound BH3 groups in which
the C and B atoms describe a D2d dodecahedral arrangement;
unusually, the four inner sites of the dodecahedron are occupied
by two C and two B atoms (and the same is true for the outer
sites), probably to minimize interligand repulsions. Two of the
BH3 groups in each compound are clearly describable as κ2; the
remaining two BH3 groups are best described as κ1 on the basis

Figure 6. Percent metal (left) and metal orbital hybridization (right) of M−C bonds and potential M−H−B interactions in Th(CH2NMe2BH3)4, 1,
and U(CH2NMe2BH3)4, 2, from NLMO analysis. For each M−BH3 interaction, there are two individual M−H−B NLMOs. Subscripts “i” and “o”
indicate average values for the inner and outer positions of the D2d dodecahedron, respectively.
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of their longer M···B distances. Variable-temperature magnet-
ization studies in the solid state confirm the tetravalent oxidation
state of 2 and show (as expected for this f2 ion) that 2 has a spin
triplet configuration at room temperature. Compounds 1 and 2
are fluxional in solution, even at −124 °C, as shown by variable-
temperature NMR studies. Quantum chemical calculations of 1
and 2 suggest that there is a significantly larger degree of 5f
character in the M−H−B bonds than in the M−C bonds.
Experimental Section. All manipulations were carried out

under either argon or a vacuum using standard Schlenk and
glovebox techniques unless otherwise specified. All glassware
was oven-dried before use, assembled hot, and cooled under
vacuum. Diethyl ether and thf were distilled under nitrogen from
sodium/benzophenone and sparged with argon immediately
before use. LiBDAM·thf,18 ThCl4(dme)2,

56 UCl4,
57 and

CDFCl2
58 were synthesized by literature procedures. Benzene-

d6 (Cambridge Isotope Laboratories) was distilled from calcium
hydride under argon and stored in 3 Å molecular sieves.
Elemental analyses were carried out by the University of

Illinois Microanalytical Laboratory. FTIR spectra were acquired
on a Thermo Nicolet IR200 spectrometer as mineral oil mulls
between KBr plates and processed using the OMNIC software
package with automatic baseline corrections. The 1H, 13C{1H},
11B, and 11B{1H} NMR data were collected on a Varian Unity
Inova 400 instrument at 9.4 T, a Varian Unity Inova 500
instrument at 11.7 T, or a Varian Unity Inova 600 instrument at
14.1 T. All variable-temperature 1H and 13C{1H} data were
collected on a Varian Unity Inova 600 instrument at 14.1 T.
Chemical shifts are reported in δ units (positive shifts to high
frequency) relative to SiMe4 (1H, 13C) by assigning appropriate
shifts to solvent peaks or to an external standard of BF3·Et2O
(11B) by sample replacement. X-ray crystallographic data were
collected by the staff of the G. L. Clark X-ray Laboratory at the
University of Illinois. DC magnetic measurements in the
temperature range 2−290 K with an applied field of B = 0.1 T
were performed with a Quantum Design MPMS 3 SQUID
Magnetometer on finely ground crystalline samples. Diamag-
netic corrections were made using Pascal’s constants59 and data
from an empty sample holder.
Caution! Uranium and thorium salts are radioactive alpha

emitters. Inhalation should be avoided by conducting all operations
of dry materials in an approved fume hood with proper safety
equipment. Compounds 1 and 2 enf lame upon exposure to air.
Tetrakis(boronatodimethylaminomethyl)thorium.

Th(CH2NMe2BH3)4, 1.To a stirred suspension of ThCl4(dme)2
(290mg, 0.52mmol) in diethyl ether (20mL) at 0 °Cwas added
dropwise a solution of LiCH2NMe2BH3·thf (390 mg, 2.48
mmol) in diethyl ether (25 mL). The mixture was immediately
warmed to room temperature and stirred for 18 h to afford a pale
yellow solution and colorless solids. Themixture was filtered and
the filtrate was concentrated to ca. 40 mL and cooled to −20 °C
to yield colorless prisms. Yield: 177 mg (65%) Anal. Calc. for
ThN4C12B4H44: C, 27.7; H, 8.5; N, 10.8. Found: C, 27.5; H, 8.5;
N, 10.5. 1H NMR (CDFCl2, 22 °C, 600.1 MHz): δ 2.76 (q, 1JBH
= 85 Hz, 3H, BH3), 2.58 (s, 6H, NMe2), 2.07 (s, 2H, CH2).
13C{1H} NMR (CDFCl2, 22 °C, 150.9 MHz): 102.5 (s, CH2),
57.8 (s, NMe2). 11B NMR (C6D6, 25 °C, 128.4 MHz): δ −6.95
(q, 1JBH = 85 Hz, BH3). IR (cm−1): 2727 w, 2679 w, 2505 sh,
2368 s, 2322 s, 2281 sh, 2258 sh, 2225 s, 2148 sh, 2106 sh, 2050
m, 1811 w, 1712 w, 1462 s, 1408 m, 1398 m, 1281 m, 1250 m,
1228 m, 1215 m, 1196 m, 1155 s, 1122 m, 1092 m, 1009 m, 991
s, 901m, 862m, 721 w, 505m, 453m. Crystals suitable for X-ray

diffraction were grown by cooling a saturated diethyl ether
solution to −20 °C.
Tetrakis(boronatodimethylaminomethyl)uranium. U-

(CH2NMe2BH3)4, 2. To a stirred suspension of UCl4 (280 mg,
0.74 mmol) in diethyl ether (20 mL) at 0 °C was added
dropwise a solution of LiCH2NMe2BH3·thf (500 mg, 3.18
mmol) in diethyl ether (20 mL). The resulting mixture was
stirred at 0 °C for 15 min and then at room temperature for an
additional 5 h to afford a green solution and gray solids. The
mixture was filtered, and the filtrate was concentrated to ca. 35
mL and cooled to −20 °C to yield green prisms. Yield: 101 mg
(26%). Satisfactory elemental analysis could not be obtained due
to the air sensitivity of 2. 1H NMR (CDFCl2, 22 °C, 600.1
MHz): 8.19 (s, fwhm = 45Hz, 2H, CH2), 4.25 (s, fwhm= 21Hz,
6H, NMe2), δ −0.16 (q, 1JBH = 80 Hz, BH3). 13C{1H} NMR
(C6D6, 25 °C, 125.7MHz): δ 86.0 (s, fwhm= 10Hz, NMe2). 11B
NMR (C6D6, 25 °C, 128.4MHz): δ 46.1 (q, 1JBH = 80 Hz, BH3).
IR (cm−1): 2370 s, 2318 m, 2287 m, 2264 m, 2225 s, 2198 sh,
2165 sh, 2148 sh, 2108 sh, 2054 w, 1486 s, 1444 m, 1408 sh,
1398 w, 1279 m, 1246 m, 1228 m, 1215m, 1196m, 1155 s, 1122
m, 1093 w, 1084 w, 1007 m, 991 s, 901 m, 864 m, 721 w, 505 m,
455 w. Crystals suitable for X-ray diffraction were grown by
cooling a saturated diethyl ether solution to −20 °C.
Computational Details. Geometry optimizations and

frequency calculations of compounds 1 and 2 were performed
with the Orca 5.0.1 program60 using the B3LYP functional,61,62

the scalar relativistic zeroth-order regular approximation
(ZORA) Hamiltonian,63−65 and SARC-ZORA-TZVP66 basis
set for Th and U atoms. All B, C, N, and H atoms were treated
with the ZORA-def2-TZVP basis set;67 Grimme’s D3 empirical
dispersion correction68 was applied with Becke-Johnson (BJ)
damping.69 Compounds 1 and 2 were treated as spin singlets
and triplets, respectively. A full list of the tested methods in this
study is given in the Supporting Information. A frequency
calculation was performed for all optimized geometries to ensure
that a given structure was at an energetic minimum.
Bonding analysis of optimized structures of 1 and 2 was

performed based on natural localized molecular orbitals
(NLMOs)70 calculated with NBO 7.071 implemented in Orca
5.0.1. NLMOs were calculated using the B3LYP functional,
ZORA Hamiltonian, SARC-ZORA-TZVP basis set for Th and
U atoms, and the ZORA-def2-TZVP basis set for B, C, N, and H
atoms. Analysis was performed for 2 based on average values
from α and β spins.
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Almeida, M.; Baldoví, J. J.; Pereira, L. C. J.; Gaita-Ariño, A.; Coronado,
E. A Mononuclear Uranium(IV) Single-Molecule Magnet with an
Azobenzene Radical Ligand. Chem. - Eur. J. 2015, 21, 17817−17826.

(47) Ball, G. E.; Andersen, R. A. Stereodynamics in Eight-
Coordination; A 2D NMR Spectroscopic and Computational Study
of the Exchange Process in ThCl4(Me2NCH2CH2NMe2)2. Inorg. Chem.
2012, 51, 10141−10147.
(48) Tatsumi, K.; Matsubara, I.; Inoue, Y.; Nakamura, A.; Cramer, R.
E.; Tagoshi, G. J.; Golen, J. A.; Gilje, J. W. A Homoleptic Uranium
Thiolate: Synthesis, Structure, and Fluxional Behavior of [Li-
(dme)]4[U(SCH2CH2S)4] and Reaction with Carbon Disulfide.
Inorg. Chem. 1990, 29, 4928−4938.
(49) Holm, R. H. Stereochemically Nonrigid Metal Chelate
Complexes. In Dynamic Nuclear Magnetic Resonance Spectroscopy;
Jackman, L. M., Cotton, F. A., Eds.; Academic Press, 1975; pp 317−
376.
(50) Holm, R. H.; Hawkins, C. J. Stereochemistry and Structural and
Electronic Equilibria. InNMR of Paramagnetic Molecules; LaMar, G. N.,
Horrocks, W. D., Holm, R. H., Eds.; Academic Press, 1973; pp 243−
332.
(51) Jesson, J. P. The Paramagnetic Shift. In NMR of Paramagnetic
Molecules; LaMar, G. N., Horrocks,W. D., Holm, R. H., Eds.; Academic
Press: 1973; pp 1−52.
(52) McGarvey, B. R. Theory of the Isotropic NMR Shifts in Trigonal
Co(II) Complexes. J. Chem. Phys. 1970, 53, 86−91.
(53) Wolford, N. J.; Sergentu, D.-C.; Brennessel, W. W.; Autschbach,
J.; Neidig, M. L. Homoleptic Aryl Complexes of Uranium (IV). Angew.
Chem., Int. Ed. 2019, 58, 10266−10270.
(54) Neidig, M. L.; Clark, D. L.; Martin, R. L. Covalency in f-Element
Complexes. Coord. Chem. Rev. 2013, 257, 394−406.
(55) Su, J.; Batista, E. R.; Boland, K. S.; Bone, S. E.; Bradley, J. A.; Cary,
S. K.; Clark, D. L.; Conradson, S. D.; Ditter, A. S.; Kaltsoyannis, N.;
Keith, J. M.; Kerridge, A.; Kozimor, S. A.; Löble, M. W.; Martin, R. L.;
Minasian, S. G.; Mocko, V.; La Pierre, H. S.; Seidler, G. T.; Shuh, D. K.;
Wilkerson, M. P.; Wolfsberg, L. E.; Yang, P. Energy-Degeneracy-Driven
Covalency in Actinide Bonding. J. Am. Chem. Soc. 2018, 140, 17977−
17984.
(56) Cantat, T.; Scott, B. L.; Kiplinger, J. L. Convenient Access to the
Anhydrous Thorium Tetrachloride Complexes ThCl4(DME)2,
ThCl4(1,4-dioxane)2 and ThCl4(THF)3.5 Using Commercially Avail-
able and Inexpensive Starting Materials. Chem. Commun. 2010, 46,
919−921.
(57) Hermann, J. A.; Suttle, J. F.; Hoekstra, H. R. Uranium(IV)
Chloride. Inorg. Synth. 1957, 5, 143−145.
(58) Siegel, J. S.; Anet, F. A. L. Dichlorofluoromethane-d: A Versatile
Solvent for VT-NMRExperiments. J. Org. Chem. 1988, 53, 2629−2630.
(59) Bain, G. A.; Berry, J. F. Diamagnetic Corrections and Pascal’s
Constants. J. Chem. Educ. 2008, 85, 532.
(60) Neese, F. The ORCA Program System. WIREs Computational
Molecular Science 2012, 2, 73−78.
(61) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti
Correlation-energy Formula into a Functional of the Electron Density.
Phys. Rev. B 1988, 37, 785−789.
(62) Becke, A. D. Density-functional Thermochemistry. III. The Role
of Exact Exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(63) Chang, C.; Pelissier, M; Durand, P. Regular Two-Component
Pauli-Like Effective Hamiltonians in Dirac Theory. Phys. Scr. 1986, 34,
394−404.
(64) Heully, J. L.; Lindgren, I.; Lindroth, E.; Lundqvist, S.;
Martensson-Pendrill, A. M. Diagonalisation of the Dirac Hamiltonian
as a Basis for a Relativistic Many-body Procedure. J. Phys. B: At. Mol.
Phys. 1986, 19, 2799−2815.
(65) Lenthe, E. v.; Baerends, E. J.; Snijders, J. G. Relativistic Regular
Two-component Hamiltonians. J. Chem. Phys. 1993, 99, 4597−4610.
(66) Pantazis, D. A.; Neese, F. All-Electron Scalar Relativistic Basis
Sets for the Actinides. J. Chem. Theory Comput. 2011, 7, 677−684.
(67) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:
Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7,
3297−3305.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.3c00306
Organometallics 2023, 42, 2839−2848

2847

https://doi.org/10.1107/S0108270187092242
https://doi.org/10.1107/S0108270187092242
https://doi.org/10.1021/ic50118a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50118a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00080a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00080a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00080a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om00080a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00334a062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00334a062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00334a062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00334a062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060914f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060914f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060914f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500242w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500242w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7SC01998J
https://doi.org/10.1039/C7SC01998J
https://doi.org/10.1039/C7SC01998J
https://doi.org/10.1039/C7SC01998J
https://doi.org/10.1016/j.chempr.2021.05.001
https://doi.org/10.1016/j.chempr.2021.05.001
https://doi.org/10.1016/j.chempr.2021.05.001
https://doi.org/10.1002/zaac.19713860110
https://doi.org/10.1002/zaac.19713860110
https://doi.org/10.1002/zaac.19713860110
https://doi.org/10.1021/om0343115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0343115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om0343115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC04666G
https://doi.org/10.1039/D1SC04666G
https://doi.org/10.1021/acs.organomet.7b00202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.7b00202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.7b00202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201204634
https://doi.org/10.1002/anie.201204634
https://doi.org/10.1002/anie.201204634
https://doi.org/10.1002/anie.201204634
https://doi.org/10.1021/acs.inorgchem.8b03175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b03175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b03175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-21766-4
https://doi.org/10.1038/s41467-021-21766-4
https://doi.org/10.1038/s41467-021-21766-4
https://doi.org/10.1021/acs.inorgchem.1c00598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c00598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c00598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50187a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201503133
https://doi.org/10.1002/chem.201503133
https://doi.org/10.1021/ic300586f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic300586f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic300586f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00349a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00349a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00349a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1673837
https://doi.org/10.1063/1.1673837
https://doi.org/10.1002/anie.201905423
https://doi.org/10.1016/j.ccr.2012.04.029
https://doi.org/10.1016/j.ccr.2012.04.029
https://doi.org/10.1021/jacs.8b09436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b923558b
https://doi.org/10.1039/b923558b
https://doi.org/10.1039/b923558b
https://doi.org/10.1039/b923558b
https://doi.org/10.1002/9780470132364.ch39
https://doi.org/10.1002/9780470132364.ch39
https://doi.org/10.1021/jo00246a046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00246a046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed085p532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed085p532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.81
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1088/0031-8949/34/5/007
https://doi.org/10.1088/0031-8949/34/5/007
https://doi.org/10.1088/0022-3700/19/18/011
https://doi.org/10.1088/0022-3700/19/18/011
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.466059
https://doi.org/10.1021/ct100736b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100736b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.3c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(68) Grimme, S. Semiempirical Hybrid Density Functional with
Perturbative Second-order Correlation. J. Chem. Phys. 2006, 124,
034108.
(69) Johnson, E. R.; Becke, A. D. A Post-Hartree-Fock Model of
Intermolecular Interactions: Inclusion of Higher-order Corrections. J.
Chem. Phys. 2006, 124, 174104.
(70) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Intermolecular
Interactions from a Natural Bond Orbital, Donor-acceptor Viewpoint.
Chem. Rev. 1988, 88, 899−926.
(71) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.;
Bohmann, J. A.; Morales, C. M.; Karafiloglou, P.; Landis, C. R.;
Weinhold, F. NBO 7.0; Theoretical Chemistry Institute, University of
Wisconsin: Madison, WI, 2018.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.3c00306
Organometallics 2023, 42, 2839−2848

2848

https://doi.org/10.1063/1.2148954
https://doi.org/10.1063/1.2148954
https://doi.org/10.1063/1.2190220
https://doi.org/10.1063/1.2190220
https://doi.org/10.1021/cr00088a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00088a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.3c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

