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Tris(carbene)borates; alternatives to cyclopentadienyls in 
organolanthanide chemistry 
Amy N. Price,a,b Ankur Gupta,c Wibe de Jong,c Polly Arnolda,b*

The chemistry of the tris-carbene anion phenyltris(3-alkyl-imidazoline-2-yliden-1-yl)borate, [C3Me]‒ ligand, is initiated in the 
f-block. Neutral molecular complexes of the form Ln(C3)2I are formed for cerium(III), while a separated ion pair [Ln(C3)2]I 
forms for ytterbium(III). DFT/QTAIM computational analysis of the complexes and related tridentate tris(pyrazolyl)borate 
(Tp) supported analogs demonstrates the anticipated strength of the σ donation and confirms greater covalency in the 
metal-carbon bonds of the [C3Me]‒ complexes in comparison with those in the TpMe,Me complexes. The DFT calculations 
demonstrate the crucial role of THF solvent in accurately reproducing the contrasting molecule and ion-pair geometries 
observed experimentally for the Ce and Yb complexes.

Introduction
There are still relatively few ligands in f-block chemistry 

organometallic chemistry that bind to the f-block metal cations 
using only carbon atoms, despite the field now being more than 
fifty years old. Cyclopentadienyl ligands, monoanionic, six-
electron donors [C5HnR5-n]- (n = 1-5) have dominated the field,1 
with the cyclic dianionic ligand cyclooctadienide (COT2-) close 
behind,2-6 but few other competitors, e.g. cyclobutadienide, 
cyclononatetraenide.7-13 Lanthanide organometallic complexes 
have demonstrated exciting properties, from single-molecule 
magnetism14-17 and molecular qubit behavior 18,19, 20 to 
reductive activation of small molecules21, 22 and photocatalytic 
properties.23, 24 New robust, monoanionic, and sterically bulky 
alternatives to these cyclic ligand sets should further expand the 
capabilities of molecular f-block compounds. 

N-heterocyclic carbenes (NHCs) have seen application as σ-
donating ligands to metals across the periodic table, and are 
highly tunable.25-29 Yet ligands which coordinate through 
multiple carbenes have only rarely been used to bind f-block 
cations.30-34 We recently reported, in collaboration with the 
Jenkins group, the use of macrocyclic tetradentate, dianionic 
tetracarbenes [BMe2,MeTCH]‒ in Fig. 1, to form homoleptic 
thorium (IV) and uranium (IV) carbene ‘sandwich’ complexes.35 

Neutral, homoleptic bis(NHC)borate complexes have been 
made for a few rare earth trications (Y, Tb, Dy, Ho, Er), and the 
ligand field that they imparted on the Tb and Dy ions shown to 
generate single-molecule magnet (SMM) behavior with a 
magnetization relaxation that is orders of magnitude slower 
than in the isomeric bis(pyrazolyl)borate analogues.36

We considered that the monoanionic, phenyltris(3-alkyl- 
imidazoline-2-yliden-1-yl)borate [C3R]‒ in Fig. 1, which has been 
used extensively to support first-row transition metal 
complexes  with unusual electronic structures, 37-41 could
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Figure 1. Multidentate ligands with anionic borate backbones as potential replacements 
for carbocyclic anions such as cyclopentadienyl, Cp-.

support unusual new f-block chemistry.42 It is isolobal to Cp- and
the tris(pyrazolyl)borate ligand [TpR,R’]‒ in Fig. 1, an N3-donor 
that has a long history in f-block chemistry.43, 44  The C3 ligand is 
readily tunable with a range of substituents reported including 
R = Me, Et, tBu and mesityl, and R’ = H, Ph.45-48 The triscarbene 
C3Me is similar in size to the Tp* ligand (R, R’ = Me), which has 
been used in preparing bis-Tp* lanthanide complexes. 
However, the Tp* ligand has been shown to be prone to BN 
cleavage,44, 49, 50 which is not reported for the C3 ligand. 
Here, we report C3 complexes of CeIII and YbIII, representing the 
beginning and end of the series, and a DFT/QTAIM 
computational analysis of their electronic structures, which is 
compared with those of their Tp* analogues. Topological 
analyses of the metal complexes using the QTAIM51 theory have 
helped us further understand and quantify the covalent nature 
of the metal-ligand bonds. The QTAIM metrics, the ratio of 
Lagrangian kinetic energy and potential energy density at the 

bond critical point (BCP) (commonly represented as  
―𝑮𝐁𝐂𝐏

𝑽𝐁𝐂𝐏

symbolically) and the delocalization index ( ) have been 𝜹(𝐌,𝐗)
found to be effective in identifying covalency trends in actinide 
complexes.52, 53 Therefore, we have applied these metrics in the 
present work to broaden their applicability. 

Results and Discussion
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The cerium complex Ce(C3)2I can be obtained from the 
reaction of two equivalents of Li[C3] and CeI3(thf)4

 at room 
temperature, Scheme 1. Ce(C3)2I was found to be stable in thf 
at 70°C for up to 80 hours with only minor degradation, while 
the tris(pyrazolyl)borate analog Ce(Tp*)2I was reported to be 
unisolable due to B-N cleavage,49 although it could be made in 
situ and converted to the stable bipyridyl adduct 
Ce(Tp*)2(bipy), which contains a formally mono-reduced 
bipy·− radical anion. To enable comparisons of the chelate 
ligands, we made Ce(C3)2(bipy) from the reaction between 
Ce(C3)2I and K[bipy] in THF. 

Ytterbium(III) is significantly smaller than Ce(III) (rcov, 6-coord 

CeIII = 1.15; YbIII = 1.008 Å)54. The reaction of YbI3(thf)1.5 with two 
equivalents of Li[C3] results in the formation of a separated ion 
pair [Yb(C3)2]I, with two [C3]‒ ligands coordinated to the 
ytterbium center, and an outer-sphere iodide. This is analogous 
to the separated ion pair [Yb(Tp*)2]OTf.55

Once made, [Yb(C3)2]I is insoluble in THF, unlike molecular 
Ce(C3)2I which is highly THF-soluble. An attempt to prepare 
Yb(C3)2 from ytterbium diiodide and two equivalents of Li[C3] 
instead led to the isolation of crystals of [Yb(C3)2]I, alongside 
the deposition of a grey material presumed to be ytterbium 
metal, suggesting a preference of the C3 ligand for higher 
oxidation state metal complexes.  This is in contrast to the Tp* 
analogue, for which the Yb(II) complex is reported to be readily 
isolable.55

The mono(C3) complex Li(thf)4[Ce(C3)I3] can also be made 
from the equimolar reaction between CeI3(thf)4 and Li[C3] (see 
SI for details and the solid state structure). Addition of a second 
equivalent of Li[C3] to Li(thf)4[Ce(C3)I3] swiftly gives Ce(C3)2I, 
observed via 1H-NMR spectroscopy, although addition of 
further CeI3(thf)4, quickly regenerates Li(thf)4[Ce(C3)I3], 
Scheme 1, demonstrating that the [C3] NHC chelate binds CeIII 
more strongly than LiI but that these monoanions can exchange 
rapidly. The solid-state structures of the three bis(C3) 
complexes (Figure 1) are discussed below along with the 
computation results arising from DFT geometry optimizations 
and electronic structure calculations (Table 1 above, further 
details are included in the SI). 

The structures of Ce(C3)2I and Ce(C3)2(bipy) are similar, with 
a B-Ce-B angle of 144.64(5)° in Ce(C3)2I and 144.64(5)° in

NN MePhBLi

Li[C3]

3
2

+ CeI3(THF)4
- 2 LiI

[Yb(C3)2] ICe(C3)2I Ce(C3)2(bipy)
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- 2 LiI

+ 2 CeI3(THF)4
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Li(THF)4[Ce(C3)I3]
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+ 2 LiI

+ K[bipy]

- KI

Scheme 1: Ce and Yb complexes of [C3]- can be prepared from Li[C3]- and the 
respective LnI3(thf)n salt via salt metathesis. All reactions were conducted in thf at 
room temperature.

Figure 2. Solid-state structures of a) Ce(C3)2I, b) Ce(C3)2(bipy), and c) the cation of 
[Yb(C3)2]I. peripheral carbons drawn as wireframe, hydrogen atoms, lattice 
solvent, and iodide counterion in c) omitted for clarity. C= grey, Ce, Yb= green, 
N=blue B=pink, I=purple.

Table 1. QTAIM metrics for the metal-ligand bonds in the optimized lanthanide borate 
complexes. BCP = Bond critical point,  Electron density at BCP,  𝝆𝐁𝐂𝐏 = ∇𝟐𝝆𝐁𝐂𝐏 =

Laplacian of the electron density at BCP,  Lagrangian kinetic energy,  𝑮𝐁𝐂𝐏 = 𝑽𝐁𝐂𝐏 =

Potential energy density,  = Delocalization Index𝜹(𝐌,𝐗)

Metal 
Complex

Bond 
Length 
(Å)

𝝆𝐁𝐂𝐏 ∇𝟐𝝆𝐁𝐂𝐏  
―𝑮𝐁𝐂𝐏

𝑽𝐁𝐂𝐏

(Mean)

𝜹(𝐌,𝐗)
(Mean)

Ce(C3)2I 2.63 – 
2.84

0.034 – 
0.053

0.063 – 
0.083

0.767 – 
0.855
(0.801)

0.253 – 
0.346
(0.306)

[Yb(C3)2]I 2.43 – 
2.50

0.052 – 
0.060

0.122 – 
0.142

0.803 – 
0.820
(0.811)

0.288 – 
0.326
(0.304)

Ce(C3)2

(bipy)
2.70 – 
2.82

0.032 – 
0.045

0.062 – 
0.080

0.810 – 
0.873
(0.832)

0.216 – 
0.302
(0.270)

Ce(Tp*)2

(bipy)
2.57 – 
2.71

0.036 – 
0.049

0.095 – 
0.124

0.864 – 
0.921
(0.893)

0.212 – 
0.275
(0.239)

[Yb(Tp*)2]I 2.31 – 
2.35

0.061 – 
0.066

0.201 – 
0.216

0.854 – 
0.866
(0.861)

0.287 – 
0.314
(0.296)

Ce(C3)2bipy. The Ce-C range is 2.631(2) - 2.781(2) Å in Ce(C3)2I, 
slightly shorter than in Ce(C3)2(bipy) (2.7016(17) to 2.8270(17) 
Å), likely due to reduced steric hindrance about cerium in the 
former. (Median Ce(III) carbene distance in CCDC = 2.749 Å.) 
The computed Ce-C bonds agree with experiment, and are in 
line with greater covalency of the Ce-C bonds in Ce(C3)2I.

 The  ratio is typically between 0.5 and 1.0 for covalent 
―𝑮𝐁𝐂𝐏

𝑽𝐁𝐂𝐏

bonds, with a lower value indicating a higher degree of 
covalency; while  represents the approximate number 𝜹(𝐌,𝐗)
of electron pairs shared between two atomic basins; a higher 𝜹

 value for a bond signifies a higher level of covalency. (𝐌,𝐗)
Calculated values of  and  for the Ce-C bonds 𝝆𝐁𝐂𝐏 ∇𝟐𝝆𝐁𝐂𝐏

indicate that the Ce-C bonding is primarily ionic, while  is 
―𝑮𝐁𝐂𝐏

𝑽𝐁𝐂𝐏

calculated to range between 0.767-0.855 for Ce(C3)2I and 
0.810-0.873 for Ce(C3)2(bipy), suggesting slightly more covalent 
Ce-C bonding for Ce(C3)2I than Ce(C3)2(bipy). The Yb-C 
distances in [Yb(C3)2]I range between 2.379(5)- 2.481(4) Å, and 
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the B-Yb-B angle is 155.3(1)°. The distortion from pseudo-
octahedral geometry around the Yb(III) center is in contrast to 
that observed in the reported Tp* analogue, which has a 
crystallographically enforced B-Yb-B angle of 180°.
 A similar and small amount of covalency in the Ln-C bonds was 

found for Ce(C3)2I and [Yb(C3)2]I using QTAIM analysis:  
―𝑮𝐁𝐂𝐏

𝑽𝐁𝐂𝐏

for the Yb-C bonds in [Yb(C3)2]I (between 0.803 and 0.820) were 
similar to the values for Ce(C3)2I, although in a narrower range, 
reflecting the narrower range of M-C distances in [Yb(C3)2]I 
compared to Ce(C3)2I (a result of greater symmetry).

It is instructive to compare the physical and electronic 
structures of Ce(C3)2(bipy) with Ce(Tp*)2(bipy).49 The SI 
contains an analysis of the steric similarity of C3 and Tp*. 

Structurally, Ce(C3)2(bipy) and Ce(Tp*)2(bipy) are very 
similar, with B-Ce-B angles of 145.05(4) and 146.7(1)° 
respectively, while the Ce-Nbipy distances in Ce(C3)2(bipy) are 
slightly longer than in Ce(Tp*)2(bipy) (2.612(4) v.s. 2.592(4) Å) 
potentially due to more electron density on the cerium(III) 
center in Ce(C3)2(bipy), as a result of strong σ-donation from 
the tris(carbene) ligands.

The partial atomic charges for all the metal complexes were 
computed using the QTAIM and NPA schemes, Table S1 in the 
SI. As is normal, the metal atom charges are lower than their 
formal oxidation state of +3 in all cases due to ligand-to-metal 
electron (charge) transfer, which appears greatest for each C3 
adduct.

Analysis of  (electron density at BCP) and  𝝆𝐁𝐂𝐏 ∇𝟐𝝆𝐁𝐂𝐏

(Laplacian of the electron density at BCP) suggest that the 
bonding for both the Ce-C bonds in Ce(C3)2(bipy) and the Ce-
NTp* bonds in Ce(Tp*)2(bipy) are primarily ionic in nature. 

However, the slightly lower value of  at BCPs for the Ce-C 
―𝑮𝐁𝐂𝐏

𝑽𝐁𝐂𝐏

bonds (0.810-0.873) in Ce(C3)2(bipy) compared to the Ce- NTp* 
bonds in Ce(Tp*)2(bipy) (0.874-0.921 Å), suggests slightly more 
covalent character for the Ce-C bonds in Ce(C3)2(bipy). 
The calculations show that the frontier orbital energies for the 
Tp* complexes are slightly lower than those of their [C3] 
counterparts, for both the Ce bipy complexes and the Yb 
complexes (Figure 3 for Yb and Figure S5 for Ce in the SI). The 
SOMO-LUMO gaps for the bipy complexes are close in energy at 
1.58 eV and 1.56 eV for Ce(C3)2(bipy) and Ce(Tp*)2(bipy), while 
the SOMO LUMO gaps for [Yb(C3)2]I and [Yb(Tp*)2]I are 3.99 
and 3.14 eV respectively (ignoring the electrons in the HOMO to 
HOMO-2 orbitals which are on the I- counterion), suggesting 
greater oxidative stability for [Yb(C3)2]I, in line with the 
observation that the attempts to prepare Yb(C3)2 instead 
generated [Yb(C3)2]I, while Yb(Tp*)2 is reported to be isolable.  
Both bipy complexes exist in the triplet spin state with one 
electron on Ce and one on the bipy radical with unpaired 
electrons on the Ce center and the bipyridyl ligand. The UV-Vis 
absorption spectra of Ce(C3)2I and Ce(C3)2bipy were calculated 
using the time-dependent density functional theory (TD-DFT) 
method and were compared with the experimental spectra, 

with the computed spectra validating the theoretical 
predictions (Figures S1 and S3 in the SI, further details about 

Figure 3. Calculated frontier molecular orbital diagrams for the Yb borate 
complexes. The three nearly degenerate HOMOs for the Yb complexes (shown in 
magenta) are exclusively localized on the non-bonded iodine ion.  

these calculations and the frontier orbitals for the Ce complexes 
are also in the SI). 

The bonding is surprisingly different in the two Yb 
complexes: first, the LUMO in [Yb(C3)2]I is  ( ,  anti-𝑓𝑧3 𝑚𝑙 = 0 𝜎
bonding) while in [Yb(Tp*)2]I it is computed to be  (𝑓𝑥𝑦𝑧 𝑚𝑙 = +2
,  anti-bonding). Further, and in contrast with the Ce 𝛿
complexes, the unpaired spin in the 4f orbital of the Yb atom is 
confined within lower energy occupied molecular orbitals, 
rather than those near the HOMO. Comparing the two Yb 
complexes, the 4f orbitals of [Yb(Tp*)2]I are more hybridized 
than those of [Yb(C3)2]I, as indicated by the lower number of 
molecular orbitals with over 90% f-orbital contribution (only 
3 in [Yb(Tp*)2]I vs. 7 in [Yb(C3)2]I). These data suggest the two 
different ligands can generate different preferred f-orbital use 
by the Ln center.

In conclusion, the coordination chemistry of tris(NHC) 
borates has been extended to the lanthanides cerium and 
ytterbium. Neutral molecular complexes of the form Ln(C3)2I 
are favored for the larger cerium ion, while a separated ion pair 
of the form [Ln(C3)2]I forms for ytterbium, resulting in 
dramatically different solubilities of the resulting complexes. 
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We suggest that this may have potential use in the separation 

of lanthanide ions. Calculated QTAIM metrics, including  
―𝑮𝐁𝐂𝐏

𝑽𝐁𝐂𝐏

suggest that the tris(carbene) borate ligands form slightly more 
covalent bonds with cerium and ytterbium than the N-donor 
tris(pyrazolyl)borates, and greater covalency calculated for the 
Ce-C bonds in Ce(C3)2I than the bipyridyl adduct Ce(C3)2(bipy). 
Future work will study the use of these ligands to isolate specific 
rare earth ions and an investigation of their photophysical 
properties.
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