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Homoleptic Cerium tris(Dialkylamido)imidophosphorane 
Guanidinate Complexes
Luis M. Aguirre Quintana,a Ningxin Jiang,a John Bacsa,a and Henry S. La Pierre*ab

We report the synthesis of a new potassium tris(piperdino)imidophosphorane N,N’-dicyclohexylguanidinate, K[CyGNP(pip)3], 
and describe the synthesis and characterization of the tris-homoleptic compounds, [Ce(CyGNP(pip)3)3], 1-Ce, and 
[Ce(CyGNP(pip)3)3][BPh4], 2-Ce. The latter is an unusual cationic tetravalent cerium complex. Cyclic voltammetry studies of 1-
Ce and 2-Ce revealed Epc potentials of -1.56 V and -1.81 V, and Epa potentials of -0.78 V and -0.66 V (200 mV/s; THF, vs. Fc0/+), 
respectively. Compounds 1-Ce and 2-Ce were studied by L3-edge X-ray absorption near-edge spectroscopy (XANES), and the 
spectrum of 2-Ce revealed a white-line multiplet with an nf value of 0.50(2). 

Introduction
Synthetic methods to isolate tetravalent lanthanide ions are 
vital tools to enable the application of these high-valent ions in 
components of quantum information technologies.1-4 
Additionally, detailed understanding of ligand effects on the 
redox properties of the trivalent lanthanides may facilitate the 
development of novel intralanthanide separations.5-7 In 
practice, it is difficult to produce molecular tetravalent 
lanthanide compounds other than those of cerium. However, 
the redox properties of molecular cerium complexes are 
exceptionally sensitive to their coordination environment.8-10 
Therefore coordination and redox studies of cerium1, 11, 12 serve 
as a guidepost for the isolation and characterization of 
tetravalent terbium7, 13, 14 and praseodymium15 complexes as 
has recently been demonstrated. These examples of unusual 
molecular tetravalent lanthanide complexes are supported by 
either tris(dialkylamido)imidophosphorane, ([NP(NR2)3]-), or 
tris(alkoxy)siloxide/tris(phenyl)siloxide ligands. These ligands 
are both principally monodentate 1, 2 weak-field donors that 
also provide steric protection to the metal center.13, 16  In order 
to examine the synergy between the number of ligand donor 
atoms and the stabilization of high-valent lanthanides, 
guanidinate ligands supported by the 
tris(dialkylamido)imidophosphorane, ([NP(NR2)3]-), were 
prepared. 

Guanidinates are bulky weak-field ligands17-19, but differ 
from imidophosphoranes and siloxides in that they operate as 
bidentate ligands.19, 20 Most guanidinate ligands possess a 

dialkylamido moiety in their backbone that makes them more 
basic donors than their amidinate or formamidinate 
counterparts.18, 21-24 There have been iterations of guanidinates 
with different backbones such as ketimides25 and imidazoline-
2-iminates,26 however there are no examples of the 
guanidinates with a [NP(NR2)3]- supporting moiety. 
Tris(dialkylamido)imidophosphoranes have a zwitterionic ylide-
like (i.e. [(N2-–P+(NR2)3])16 resonance structure that poises them 
to act as uniquely basic donors in a guanidinate ligand 
framework. As a result, they are attractive candidates to 
stabilize tetravalent lanthanide compounds. Herein we present 
the synthesis of a new tris(piperdino)imidophosphorane N,N’-
dicyclohexylguanidinate ligand, and the isolation of its tris-
homoleptic Ce3+ and Ce4+ complexes. These metal complexes 
were studied by cyclic voltammetry and L3-edge X-ray 
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Scheme 1: Synthesis of 1-K, 1-Ce, and 2-Ce.
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absorption near edge spectroscopy (XANES) in order to 
determine the relative stabilization of the tetravalent oxidation 
state in a homoleptic guanidinate coordination environment 
and the resultant changes and ground state 
multiconfigurational behaviour.

Results and discussion
Synthetic procedures

The synthesis of these metal complexes preceded via the 
isolation of the tris(piperdino)imidophosphorane N,N’-
dicyclohexylguanidinate ligand precursor, [K(THF)2

CyGNP(pip)3]2 
(1-K, Scheme 1). The reaction of the previously reported11 
K[NP(pip)3] with N,N’-dicyclohexylcarbodiimide in THF for 24 
hours produced 1-K in good yield, 89 %. The reaction of three 
equivalents of 1-K with CeCl3(THF)4 yielded the greenish-yellow, 
tris-homoleptic Ce3+ complex, [Ce(CyGNP(pip)3)3] (1-Ce) in 84 % 
yield. The tris-homoleptic, Ce4+ complex, 
[Ce(CyGNP(pip)3)3]BPh4, 2-Ce is then isolated from the reaction 
of  1-Ce with AgBPh4 in Et2O in 81 % yield (Scheme 1). 

X-ray crystallography
The molecular structure of 2-Ce, as determined by single-

crystal X-ray diffraction (SC-XRD), is shown in Figure 1. The 
structure of 1-Ce is very similar (Figure S25). Compounds 1-Ce 
and 2-Ce both crystallize in the P  space group. The XRD 1
analysis revealed the molecular structure of 1-Ce to be a tris-
homoleptic Ce3+ complex with three ligands coordinated to the 
cerium ion via a 2-guanidinate. The structure of 2-Ce is charge-
separated and is comprised of a [Ce(CyGNP(pip)3)3]1+ cation that 
is structurally similar to 1-Ce, and an outer-sphere [BPh4]1– 
counteranion. In both structures, the 6-coordinate cerium 
complex adopted a propeller-like structure. Compound 2-Ce is 

one of a few crystallographically characterized cationic Ce4+ 
complexes reported to date.27-30

The average Ce–Nguan. distance in 1-Ce is 2.497(13) Å, and is 
similar to that observed in other trivalent cerium complexes.31 
Upon oxidation to 2-Ce the average Ce–Nguan. distance shortens 
to 2.355(13) Å. The contraction of the Ce–N on oxidation 
(0.142(13) Å) is in line with the expected difference in the 
Shannon ionic radii of 0.14 Å.32 There is no change in the 
average P–Nimido distance on oxidation (in 1-Ce is 1.538(7) Å and 
in 2-Ce is 1.548(2) Å, see Table 1). However, the average P–
Nimido–Cguan. angles in 1-Ce and 2-Ce are 133.76(17) and 
141.64(17), respectively. These metrics in 1-Ce and 2-Ce 
suggest that the imidophosphorane moiety of the ligand 
displays zwitterionic character (i.e. [(N2--P+(NR2)3]) which may 
be accentuated upon oxidation (as indicated by the change in 
angle). The average Cguan.–Nguan. and Cguan.–Nimido distances in 1-
Ce are 1.343(3) Å and 1.390(3) Å respectively, suggesting partial 
double-bond character between the guanidinate carbon and 
the imidophosphorane nitrogen. Notably, the average Cguan.-
Nguan. and C–Nimido distances in 2-Ce are 1.355(3) Å and 1.348(3) 
Å respectively. From a purely structural standpoint, the changes 
in metal-ligand and intra-ligand bond-metrics upon oxidation of 
1-Ce to 2-Ce suggest that the imidophosphorane backbone of 
the ligand participates in compensating for the change in the 
central metal’s charge. 

Table 1: Selected bond lengths and angles of 1-K, 1-Ce, and 2-Ce as determined by single 
crystal X-ray diffraction.

Cyclic Voltammetry
Cyclic voltammetry (CV) measurements were performed on 

1-Ce and 2-Ce and their cyclic voltammograms are shown in 
Figure 2. The cyclic voltammogram of 1-Ce, performed at a scan 
rate of  = 100 mV/s, shows an oxidation event at Epa = -0.85 V 
(vs. Fc0/+) and a return reduction at Epc = -1.52 V (vs. Fc0/+). 
Performing the measurement at higher scan rates showed a 
linear scan-rate dependence on the Epa and Epc as well as their 
corresponding ipa and ipc (see Figures S20 and S22) that resulted 
in redox events at Epa = -0.62 V (vs. Fc0/+) and Epc = -1.69 V (vs. 
Fc0/+) at a scan rate of  = 800 mV/s. The cyclic voltammogram 
of 2-Ce, performed under the same conditions as 1-Ce, at a scan 
rate of  = 100 mV/s showed a reduction at Epc = -1.78 V (vs. 
Fc0/+) and a returning oxidation at Epa = -0.76 V (vs. Fc0/+), while 
at a scan rate of  = 800 mV/s Epc = -1.97 V (vs. Fc0/+) and Epa = -

Compound/Metric 1-K 1-Ce 2-Ce

Avg. Ce–Nguan. dist. N/A 2.497(13) Å 2.355(13) Å 

Avg. P–Nimido dist. 1.550(7) Å 1.538(7) Å 1.548(2) Å

Avg. Cguan.–Nimido dist. 1.411(13) Å 1.390(3) Å 1.348(3) Å

Avg. Cguan.–Nguan. dist. 1.341(10) Å 1.343(3) Å 1.355(3) Å

Avg. Nguan.–Cguan.–
Nguan. angle

116.0(9)  113.61(12) 110.53(19)  

Avg. P–Nimido–Cguan. 
angle

127.8(7)  133.76(17) 141.64(17) 

Figure 1. Molecular structure of 2-Ce shown with thermal ellipsoids at 50% 
probability. Hydrogen atoms and the tetraphenylborate counteranion are omitted 
for clarity.
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0.46 V (vs. Fc0/+). The linear relationship between peak current 
and -2 observed in the Randles-Sevcik plots for 1-Ce and 2-Ce. 
(See Figures S21 and S23) suggest that the Ce3+/4+ and Ce4+/3+ 
redox events are both diffusion-controlled.33

To properly situate these electrochemical measurements in 
the broader context of cerium electrochemistry, the measured 
Epc of 1-Ce and 2-Ce are ~1 V less reducing than the Epc reported 
for [KCe(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] and 
[KCe(NP(pip)3)4].9 Only a few other examples of cerium 
compounds have more negative Epc potentials than 2-Ce. These 
systems include [Li2Ce(N=CtBuPh)6],34 [Ce(L’)(OtBu)2]35 (where L’ 
= 1,1′-di(2,4-bis-tert-butyl-salicylimino)ferrocenyl)), 
[Ce(L”)(OtBu)2]35 (where L” = 1,1′-di(2-tert-butyl-salicyl-(bis-
phenyl)-iminophosphorano)ferrocenyl), and [Ce(2-
(tBuNO)Py)4]36. These examples present an Epc ~400 mV more 
negative than 2-Ce. However, these examples are of neutral and 
anionic compounds.  When compared to some of the previously 
described cationic Ce4+ compounds, more specifically those 
bearing TriNOx28 and Atrane30 ligands, 2-Ce has an Epc ~500-600 
mV more negative. The experimentally measured Epc of the 
previously reported tris-homoleptic guanidinate  
[Ce((iPrN)2CN(SiMe3)2)3] (-0.56 V, vs. Fc0/+)37 is remarkably ~1 V 
more positive than the Epc of 1-Ce and 2-Ce. This example best 
highlights the direct impact of the imidophosphorane backbone 
of this guanidinate ligand on the Ce3+/4+ couple.

UV-Visible-Near-Infrared spectroscopy
UV-visible-Near-Infrared (UV-Vis-NIR) spectra were 

acquired for 1-Ce and 2-Ce as solutions in THF (Figure 3). The 
UV-Vis-NIR spectrum of 1-Ce displayed two absorption features 
at 376 nm ( = 368 cm-1M-1) and 452 nm ( = 543 cm-1M-1). The 
molar absorptivity coefficients of these absorption features are 
well within the range for the expected 2F  2D transitions →
characteristic of a Ce3+ ion.38, 39 The UV-Vis-NIR spectrum of 2-
Ce exhibits a broad and intense transition centered at 575 nm 
( = 4017 cm-1M-1), and a less broad but intense transition at 355 
nm ( = 4765 cm-1M-1), both representative of ligand-to-metal 
charge transfer bands, which can be frequently observed in Ce4+ 

4f0 complexes.40 The normalized excitation and emission 
spectra of 1-Ce (See Figure S18) presents excitation bands at 
315 nm, 375 nm, 442 nm, and 464 nm and a broad emission 
band at 525 nm. In contrast to other Ce3+ tris-homoleptic 
guanidinate compounds,31 the relative intensities of the 
excitation bands of 1-Ce are nearly equivalent and the 
difference in the energies of the maxima is decreased. Another 
contrast to literature Ce3+ homoleptic guanidinate complexes 
with dialkylamide backbones is that the emission band of 1-Ce 
does not exhibit a resolvable shoulder feature corresponding to 
the 2D  2F7/2 transition.31  →

Ce L3-edge X-ray absorption near edge spectroscopy (XANES)
Ce L3-edge XANES was used to investigate the impact of the 

[CyGNP(pip)3]- ligand on the ground-state electronic structure of 
1-Ce and 2-Ce. As described in our previous work,11 the cerium 
L3-edge is the electric-dipole allowed transitions arising from 
the cerium 2p orbital electrons excited to the unoccupied 5d 
states, 2p64fn5d0  2p54fn5d1. To guide our discussion and →
analysis of the Ce L3-edge spectra of 1-Ce and 2-Ce, both spectra 
were fit using pseudo-Voigt functions and a single step function. 

The Ce L3-edge XANES spectrum of 1-Ce (Figure S23) shows 
a single white-line feature and is characteristic of a Ce3+ ion.41 In 
contrast, spectrum of 2-Ce displayed a white-line doublet, 
diagnostic of Ce4+ compounds.1, 9, 11, 41, 42 This feature is 
considered to be the result of a multiconfigurational ground 
state that consists of partial 2p64fn5d0L and 2p64fn+15d0L (where 
L is a ligand hole) character that transition to the excited states 
2p54fn5d1L and 2p54fn+15d1L, respectively.41-45 The ratio 
between the intensity of the first feature to the sum of the 
intensity of both features that comprise the white-line doublet 
is referred to as nf and is a measure of the multiconfigurational 
nature of the ground state wavefunction. The spectrum of 2-Ce 
was fit using four pseudo-Voigt functions [p2 [purple trace), p3 
(orange trace), p4 (pink trace), and p5 (green trace)], and 
another Voigt function (p1) was included to fit the observed 
pre-edge feature that arises from a quadrupole-allowed 2p3/2  →

Figure 3. Co-plot of UV-vis-NIR absorption spectra of 1-Ce (blue, 1.2 mM, THF) and 
2-Ce (magenta, 2.45 M, THF). The ^ symbol denotes the grating change and * 
denotes an instrumental artefact.

Figure 2: Cyclic voltammograms of 1-Ce, and 2-Ce, at 3.0 mM analyte and 0.1 M 
[(nBu)4N][PF6] at 100 mV/s . All potentials are referenced versus Fc0/+ in THF.
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4f transition [p1 (blue trace)], as shown in Figure 4. The energies 
of the white-line doublet maxima are 5729.0(7) eV and 
5735.6(10) eV for 2-Ce. The nf value corresponding to the two 
white-line features for 2-Ce is 0.50(2): where nf = (Ap2 + 
Ap3)/(Ap2 + Ap3 + Ap4 + Ap5). The nf value of 2-Ce is higher than 
that of [Ce(NP(pip)3)4] (nf = 0.38(2))9 and [Ce(NP*)4] (nf = 
0.40(4)),9 and smaller than that of cerocene (nf = 0.82(3))44, 46, 
and is statistically equivalent to that observed for ceria (nf = 
0.56(4))47 and [CeCl6]2- (nf = 0.51(5)).41 This observation is 
notable since 2-Ce is a cationic Ce4+ complex,  while the other 
two materials are either neutral or anionic.

Conclusions 

In summary, we have reported the synthesis of a homoleptic 
Ce3+ complex, 1-Ce, supported by the new 
tris(dialkylamido)imidophosphorane guanidinate ligand, 
[CyGNP(pip)3]- that was subsequently oxidized with AgBPh4 to 
yield the cationic homoleptic Ce4+ complex, 2-Ce. The bond 
metrics of both 1-Ce and 2-Ce display noticeable differences 
between the Ce3+ and Ce4+ complexes while maintained under 
a similar coordination environment, thus allowing for an 
analysis of how this new ligand framework accommodates the 
oxidized metal center.  Cyclic voltammetry demonstrates, in the 

case of 2-Ce, a remarkably negative Epc. The cerium L3-edge 
XANES data for both 1-Ce and 2-Ce revealed from a 
spectroscopic standpoint how the donor profile of this ligand 
framework stabilizes the tetravalent oxidation state of cerium, 
with similar multiconfigurational behaviour to that observed in 
anionic and neutral Ce4+ materials for the cationic, tetravalent 
cerium complex, 2-Ce. These results poise this new ligand and 
its derivatives as an attractive system to build high-valent 
chemistry of lanthanides.
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