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Abstract

Reaction of [Ln(NO3)3(THF)4] (Ln = La; Ce) with 4 equiv of LiC¢Cls in Et2O resulted in the
formation of the homoleptic lanthanide-aryl “ate” complexes [Li(THF)4][La(CesCls)4] ([Li][1]) and
[Li(THF)4][Ce(CeCls)s] ([Li][2]). These complexes represent the first isolated homoleptic
perchlorophenyl complexes for the lanthanides. In the solid state, both [Li][1] and [Li][2] exhibit
octa-coordinate lanthanide centers, with four Ln-C o-bonds and four Cl—>Ln dative interactions
involving the ortho-Cl atoms of the C¢Cls ligands. Despite this apparent steric saturation, both
[Li][1] and [Li][2] are highly temperature sensitive and quickly decompose in solution at room
temperature. Density functional calculations show that the Ln-Cipso donation bonds feature only
weak 4f participation (e.g., ~1% 4f weight for [1]). Nonetheless, the '*C chemical shift for the
Cipso nuclei of [1] includes ca. 8 ppm of deshielding from spin-orbit coupling effects from the 4f

(and 5d) participation in its La-C bonds.



Introduction

Homoleptic lanthanide aryl complexes have a long and rich history.! The first
structurally characterized example, [Li(THF)4][Lu(2,6-Me2CsH3)4], was isolated in 1972 by
Hursthouse and co-workers.? Since that time, a large number homoleptic Ln aryl complexes have
been reported in the literature. Many of these complexes utilize pendant donor groups to stabilize
the Ln-Caryi bonds,"** such as [Ln(n?-N,C-C¢Hs-0-CH2NMe»)s] (Ln = Er, Yb, Lu, Y),* [Ln(n*-
N,C-CsHas-0-CH(Me)NMez);] (Ln = Y, Dy, Nd, Sm),! [Sm(n2-N,C-CsHs-0-C(Me)NMe:)3],! and
[La{(S,S,)-Phebox-Pr}s],> among others.!**® However, many solvent-stabilized Ln aryl
complexes are also known, which do not feature stabilizing pendant donor groups. Among these
examples are several [Ln(Ar)s(solvent)]- and [Ln(Ar)z(solvent),]-type complexes,’'? including
[Yb(C6Fs)2(THF)4] and [Eu(Dpp)2(THF),] (Dpp = 2,6-PhoCeH3).!""'2  These complexes are
functionally homoleptic due to the lability of their solvent donor ligands. Yet, despite this rich
history, there are no reported lanthanide complexes containing the perchlorophenyl ligand (C¢Cls),

which is remarkable given the large number of homoleptic CsCls complexes reported for the
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transition metals, and more recently, the actinides.

Previously, we and others have shown that '*C NMR spectroscopy is a valuable tool to

2331 In particular, the '*C chemical shifts of

evaluate covalency in actinide-ligand bonding.
organometallic ligands have proven to be highly sensitive to the degree of 5f orbital participation
in the An-C bonds. Actinide perchlorophenyl complexes have also proven useful in this
regard.>>**  For example, the Cipo chemical shift in the uranyl Ce¢Cls complex
[Li(Et20)2(THF)][UO2(CsCls)3] was found at 236.7 ppm. Calculations reveal a 62 ppm downfield

spin-orbit (SO) induced shift due to the involvement of the 5f orbitals in the U-C bonding.* In

contrast, this method of analysis has not been widely applied to the lanthanides. In one case,



reported by Schelter and co-workers, an analysis of the '*C NMR spectrum of [Li(THF)4][Ce"" (-
ortho-oxa)(MBP);] (ortho-oxa = dihydro-dimethyl-2-[4-(trifluoromethyl)phenyl]-oxazolide,
MBP?* = 2,2"-methylenebis(6-tert-butyl-4-methylphenolate)) reveals a calculated 40 ppm SO-—
induced shift for the Cipso resonance, which is compelling evidence of 4f involvement in
lanthanide(IV)-ligand bonding.>? That said, to our knowledge this method has not been applied to
Ln(IIT) organometallics.

In an effort to expand this method of analysis to lanthanide organometallics, we targeted
the synthesis of two homoleptic lanthanide-aryl “ate” complexes [Li(THF)4][La(CsCls)4] ([Li][1])
and [Li(THF)4][Ce(CsCls)4] ([Li][2]). These complexes proved to be highly thermally sensitive;
nonetheless, both complexes were characterized by X-ray crystallography and 3C{'H} NMR
spectroscopy, and their electronic structures were examined by density functional theory (DFT)
with a relativistic Hamiltonian.

Results and Discussion

Synthesis and Characterization. Reaction of [La(NOs3)3(THF)4] with 4 equiv of LiCe¢Cls* in cold
Et20 (-25 °C) resulted in immediate formation of an orange-yellow solution, concomitant with the
deposition of copious amounts of tan precipitate. Work-up of reaction mixture afforded
[Li(THF)4][La(CsCls)4] ([Li][1]), which as isolated as colorless plates in 20% yield (Scheme 1).
We also sought to synthesize the analogous cerium(Ill) aryl complex [Li(THF)4][Ce(CsCls)4]
([Li][2]), which was prepared by reaction of [Ce(NO3)3(THF)4] with 4 equiv of LiC¢Cls in cold
Et,0 (-25 °C) (Scheme 1). Work-up of the reaction mixture followed by recrystallization from
concentrated toluene afforded [Li][2] as yellow plates in 16% yield. Importantly, [Li][1] and

[Li][2] represent the first homoleptic perchlorophenyl complexes of the lanthanides.



The low yields observed for [Li][1] and [Li][2] reflect their high thermal sensitivity (see below).
Indeed, the highest yields were achieved when the reaction time and temperature were minimized.
In particular, reaction times were kept to 2 min, and the work-up was performed using cold pentane
and toluene. Longer reaction times (e.g., 1 h at room temperature) resulted in substantially reduced
yields. Attempts to improve the yields of [Li][1] and [Li][2] were met with limited success. For
example, reaction of LiC¢Cls with CeClz or [CeCl3(THF)4] did not generate [Li][2], likely because
the low solubility of either starting material in Et20 resulted in minimal conversion. In this regard,
the successful use of [Ln(NOs3)3(THF)4] in this chemistry likely reflects its higher solubility in
Et,0. Additionally, our choice of solvents was somewhat limited because LiCsCls reacts rapidly
with THF. Moreover, attempts to understand the mass balance of each transformation was
complicated by the absence of a convenient NMR handle.

Scheme 1. Synthesis of Complexes [Li][1] and [Li][2]
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Figure 1. Solid-state molecular structure of [Li][1] shown with 50% probability ellipsoids (top).
Solid-state molecular structure of [Li][1] with the triakis tetrahedron polygon shown in blue

(bottom). The [Li(THF)4]" counterion was omitted for clarity.



Complex [Li][1] crystallizes in the tetragonal space group I4i/a and features only one
crystallographically independent aryl ligand (Figure 1). The eight-coordinate lanthanum center is
coordinated by four ipso carbons and four “short” Ln—CI contacts involving the ortho-Cl atoms
of the CsCls ligands. However, calculations suggest that the La center forms dative interactions
of varying strengths with all eight ortho-Cl atoms (see below). According to the continuous shape
measure,’* the coordination geometry is best described as a Tg-symmetric triakis tetrahedron.
Cl->M dative interactions were previously observed in
[Li(DME)2(Et20)]2[Li(DME)2][Th(CsCls)s]3 and [Li(Et20)4][U(CeCls)s], as well as several
transition metal examples.!*!>!%2* Despite these nominally stabilizing interactions, [Li][1] still
exhibits appreciable thermal sensitivity (see below). The La-C distance in [Li][1] is 2.594(3) A
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(Table 1), which is similar to those seen in other 6-bonded lanthanum aryl complexes,
as [CpzLa(2,6-(Me2NCH2)CsH3] (2.548(3) A).% The Cl—Ln distance in [Li][1] (3.5193(9) A) is
significantly longer than the Cl>An interactions observed for

[Li(DME)2(Et,0)]2[Li(DME)2][ Th(C4Cls)s]s (av. 3.09 A) and [Li(Et20)4][U(CeCls)s] (av. 3.13 A),

despite their relatively similar ionic radii (i.e., La** = 1.032 A; Th* = 0.94 A; U*" = 0.89 A).3

Complex [Li][2] crystallizes in the monoclinic space group P2i/c as the toluene solvate,
[Li][2]-C7Hg (Figure S3). The solid-state molecular structure of [Li][2] reveals an eight-coordinate
cerium center formed by four Ln-C o-bonds and four “short” Cl—>Ln dative interactions.
According to the continuous shape measure,** its coordination geometry is best described as a
highly distorted triakis tetrahedron. The average Ce-C distance in [Li][2] is 2.559(7) A (range =
2.542(7)—2.579(7) A; Table 1), which is shorter than the La-C distance in [Li][1], consistent with
smaller ionic radius of the Ce(III) ion.’® These values are also shorter than the Ce-Cipso distances

in [Cp’2Ce(CsFs)] (Cp’ = 1,2,4-BusCsHy; 2.621(4) A),37 [Cp’2Ce(2,3,4,6-CsHF4)] (2.623(3) A),%®



and [Cp’2Ce(2,3,4,5-C6HF4)] (2.64(2) A).*® Interestingly, these examples also feature F—Ce
dative interactions similar to the Cl—>Ce interactions found in [Li][2].>° In this regard, the “short”
Cl—Ce distances in [Li][2] range from 3.455(2) to 3.558(2) A. These values bracket that found
in [Li][1].

Table 1. Selected metrical parameters for [Li][1] and [Li][2]-C7Hs.

Complex [Li][1] [Li][2]-C7Hs

Ln-C 2.594(3) 2.557(6),
2.542(7),
2.579(7),
2.552(7)
Cl>Ln 3.5193(9) 3.455(2),
3.470(2),
3.545(2),
3.558(2)
Ln-Cipso-Cortno | 118.5(3)°, 126.1(2)° | 118.8(5)°, 127.6(5)°
119.1(4)°, 126.1(5)°
120.3(5)°, 124.2(4)°
121.9(5)°, 123.0(5)°

Both [Li][1] and [Li][2] exhibit appreciable thermal sensitivity, as evidenced by a *C{'H} NMR
spectrum of an in situ prepared sample of [Li][1] that was allowed to stand at room temperature
for 1 h (Figure S15). This spectrum reveals the formation of a number of decomposition products,
including C¢ClsH, and while the other decomposition products could not be definitively identified,
the number of peaks, and their positions, suggest that they could be chlorinated biphenyls.*
Similar products are generated upon decomposition of Ln-C¢Fs complexes.!!**4142 Additionally,
both [Li][1] and [Li][2] quickly decompose upon dissolution in tetrahydrofuran, CH>Cly, pyridine,
dimethoxyethane, and dimethylacetamide, as evidenced by the rapid formation of intractable deep
orange-brown solutions. Isolated samples of [Li][1] and [Li][2] are insoluble hexanes and EtxO,

and only somewhat soluble in arene solvents. Curiously, however, the solubility of material



prepared in situ in Et20 is much improved. Accordingly, we recorded their 3C{'H} NMR spectra
with material generated in situ in this solvent. These spectra were also recorded at -35 °C to
minimize thermal decomposition. The in situ '*C{'H} NMR spectrum of complex [Li][1],
recorded in a mixture of Et2O/benzene-ds, features a resonance at 185.41 ppm (Figure S6), which
we assign to the ipso carbon environment of its pentachlorophenyl ligands. This resonance is much
more upfield than the Cipso resonances of [Li(Et20)2(THF)][UO2(CsCls)3]* and
[Li(DME)2(Et20)]2[Li(DME),][Th(CsCls)s]3,>* which appear at 236.7 and 198.78 ppm,
respectively, suggesting a much less covalent M-C interaction (see below for more discussion).
This spectrum also features resonances at 139.80, 128.73, and 128.47 ppm, which we ascribe to
the ortho, meta, and para resonances of the pentachlorophenyl ligand, respectively. Additionally,
we observe resonances at 184.35, 141.06, 127.74, and 127.38 ppm, which we ascribe to the ipso,
ortho, meta, and para resonances of unreacted LiCesCls, respectively. Confirmation of these
assignments comes from a 1*C NMR spectrum of [Li][1] prepared with 10 equiv of LiC¢Cls (Figure
S8), as well as *C NMR spectrum of a sample of LiC¢Cls prepared in situ (Figure S14). The in
situ *C{'H} NMR spectrum of [Li][2], recorded EtoO/benzene-ds, features a distinctive downfield
resonance at 557.87 ppm (Figure S10), attributable to the ipso carbon of the pentachlorophenyl
ligand. In addition, we observe resonances at 150.92, 149.83, and 129.66 ppm, which are assigned
to the ortho/meta, para, and ortho/meta resonances of the pentachlorophenyl ligand, respectively.
The large downfield shift of the Ciyso peak is consistent with the paramagnetism expected for

[Li][2]. This spectrum also exhibits resonances assignable to unreacted LiCsCls.

Electronic Structure Analysis. To understand the electronic structures and bonding interactions

within [Li][1] and [Li][2], DFT calculations with various hybrid and non-hybrid functionals, and

a relativistic Hamiltonian, were performed on the anionic components, [1]~ and [2].*%



Complete computational details are given in the Supporting Information. The calculated NMR
shifts of [1]” were insensitive to the choice of functional, and therefore only the NMR data and
corresponding bonding analysis obtained with the PBE functional are discussed in the following
paragraphs. Complex [1] is a closed-shell spin singlet, whereas complex [2]  exhibits a spin
doublet configuration, as expected for a Ce(Ill) complex. The spin density is effectively localized
at cerium, as evidenced by the Ce spin population of 0.986 (idealized 1.0) (Figure S1). The singly
occupied molecular orbital (MO) is mostly of non-bonding 4f character. Natural localized MO
(NLMO) analysis of the Ln-Cipso interactions reveals nearly identical orbital compositions for La
and Ce (Figure 2), which is also indicated by the similar Ln-Ciyso Wiberg bond orders (WBOs) of
0.30 and 0.33 for [1] and [2], respectively. The Ln weights in the 6-bonding NLMOs range from
8% (for [1]") to 9% (for [2] ). Within these weights, the 4f and 5d contributions are 11% and 73%
for [1]7, respectively, and 17% and 69% for [2], respectively, with the balance being 6s character
in both cases (Table 2). The Cipso Weights in the 6-bonding NLMOs are 84% for both [1]” and
[2]". Within these weights, the 2s and 2p contributions are 25% and 75% for [1]", respectively,
and 26% and 74% for [2] ", respectively. In other words, there is an appreciable degree of donation
bonding, but weaker than what is known from similar actinide complexes,?**’*¢ and the
involvement of the 4f orbitals in the donation bonds is overall very minor. For comparison, the
An-Cipso WBOs for [An(CeCls)s]~ are much larger, ranging from 0.47 for the Th analogue and 0.56
in the U analogue.?* This difference reflects both the greater expected M-L covalency for the early
actinides vs. the lanthanides, as well as the greater expected M-L covalency for M*" vs M3* 3247
The NLMO analysis of [1]” and [2] also reveals the presence of eight weak Cl—An dative

interactions in each complex. The average Ln weight in the NLMOs of these dative interactions
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is 2% for both [1]" and [2]" (Figure S2 and Table 1), which are commensurate with the

experimentally measured (relatively long) Cl—>Ln distances.

[T [2]

Figure 2. Representative Ln—C bonding NLMOs in [1]” and [2] . (Isosurface values +0.03 au.)

Table 2. % weight compositions of the Ln-C (Ln = La, Ce) bonding and Lone pair (LP) NLMOs

in [1] and [2]. % orbital character averaged over equivalent NLMOs.

Complex Orbital Total L ns np Total Ln 6s |5d |4f
o(La-C) 84 25 75 8 15|73 | 11
(1]
LP(CI) 96 26 74 2 19 | 76 5
o(Ce-C) 84 26 74 9 14 | 69 | 17
[2]
LP(Cl) 96 27 73 2 20 | 75 5

We calculated the '*C NMR chemical shifts of the Cipso nuclei for [(Et20)3Li(CsCls)] and [1]” with
and without SO coupling effects. Repeated attempts to model the paramagnetic NMR (pNMR)

ligand shifts for [2] with DFT or wavefunction calculations were unsuccessful, likely because of
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a strong sensitivity of the spin delocalization and spin population to the dynamics of the system;*
50 therefore, the chemical shifts for [2]™ are not included in this analysis. The calculated Cipso,
Cortho, Cmeta, and Cpara chemical shifts for [(Et20)3Li(CeCls)] are 180.9 ppm (exp = 183.63 ppm),
145.1 ppm (exp = 140.97 ppm), 132.6 ppm (exp = 127.79 ppm), and 131.7 ppm (exp = 127.57
ppm). These predictions match the experimental values reasonably well, and further confirm our
assignments for the unreacted LiC¢Cls in the in situ '3C NMR spectra. The calculated Cipso, Cortho,
Creta, and Cpara chemical shifts for [1]™ are 184.0 ppm (exp = 185.41 ppm), 140.6 ppm (exp =
139.80 ppm), 131.6 ppm (exp = 128.73 ppm), and 132.3 ppm (exp = 128.47 ppm). These values,

especially the Cipso and Cortho chemical shifts, are in excellent agreement with experiment.

The diamagnetic, paramagnetic, and spin-orbit shielding () contributions to the Cipso chemical
shifts for both [1]” and [Th(CsCls)s]- are provided in Table 3. Note, for both [1]” and
[Th(CsCls)s]~, the 2s contributions to the M-Cipso bonding are similar (25 and 28%, respectively).?*
Likewise, o4 contributions are essentially identical and the o, contributions are very similar. The
only substantive difference is the oso contribution (-7.9 and -26.1 ppm, respectively), which can
be explained by the greater covalency (and greater valence f-shell contributions) in the M-Cipso
donation bonds of [Th(CsCls)s]~ vs. [1]". [Ce'V(k2-ortho-oxa)(MBP),]~ features a large (40 ppm)
deshielding due to SO coupling for the same reason.*> Nonetheless, while the SO contribution to
the Cipso chemical shift in [1] is relatively small, as expected given the weak 4f (and to a lesser
extent 5d) participation in the La-Cipso bonds, its inclusion is unequivocally necessary to achieve

good agreement between theory and experiment.
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Table 3. Calculated Cipso NMR chemical shift (8, in ppm) and individual isotropic shielding
contributions (o, in ppm) in [1]” and [Th(CsCls)s] at the SO-PBE level of theory.?

Compound Method Cd Op GC'so Ocalc Ocale Oexpt Ref
(1] SO-PBE | 248.7 | -2446 | -7.9 -3.8 184.0 | 1854 This
work

[Th(CsCls)s] | SO-PBE | 2484 | 237.1 | 26.1 | -148 | 2032 | 1988 | 24

? 64, 0p and oy, indicate the diamagnetic, paramagnetic, and SO shielding, respectively, as
partitioned in the NMR calculations.

Conclusion

In summary, we have prepared and characterized the first structurally authenticated homoleptic
perchlorophenyl complexes of the lanthanides, [Li(THF)4][La(CsCls)4] ([Li][1]) and
[Li(THF)4][Ce(C6Cls)s] ([Li][2]), and we have confirmed their formulations by X-ray
crystallography. A combined *C NMR spectroscopic and DFT study found that the Ln-Cipso bonds
are mostly ionic, with the donation bonding mainly involving the Ln 5d orbitals and only minimal
4f orbital participation. Indeed, the spin-orbit-induced deshielding of the Cipso chemical shift was
only ca. 8 ppm — much less than that calculated for comparable An*" perchlorophenyl complexes.
Yet, while the SO contribution to the Cipso chemical shift is small, it must be included in the DFT
calculations to accurately match theory to experiment, highlighting the sensitivity of this approach

to unravel electronic structure.
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The homoleptic lanthanide-aryl “ate” complexes, [Li(THF)4][Ln(Ce¢Cls)4] (Ln = La, Ce), exhibit
highly ionic Ln-Cipso bonds with minimal 4f orbital participation, according to a combined '*C

NMR spectroscopic and density functional theory study.
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