Structural distortion by alkali metal cations modulates the redox
and electronic properties of Ce3* imidophosphorane complexes
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A series of Ce3* complexes with counter cations ranging from Li to Cs are presented. Cyclic voltammetry data indicate a

significant dependence of the oxidation potential on the alkali metal identity. Analysis of the single-crystal X-ray diffraction

data indicates that the degree of structural distortion of the secondary coordination sphere is linearly correlated with the

measured oxidation potential. Solution electronic absorption spectroscopy confirms that the structural distortion is

reflected in the solution structure. Computational studies further validate this analysis, deciphering the impact of alkali metal

cations on the Ce atomic orbital contributions, differences in energies of Ce-dominant molecular orbitals, energy shift of the

4f-5d electronic transitions, and degree of structural distortions. In sum, the structural impact of the alkali metal cation is

demonstrated to modulate the redox and electronic properties of the Ce3* complexes, and provides insight into the rational

tuning of the Ce3* imidophosphorane complex oxidation potential through alkali metal identity.

Introduction

The Ce3*/4* redox potential is remarkably sensitive to ligand
coordination environment, spanning a uniquely large range of
potentials for a single metal-based redox couple.! This
dependence on coordination chemistry and solvation is
demonstrated by the range of redox properties exhibited in
cerium systems. For example, Ce** ammonium nitrate (CAN) is
among the strongest isolable chemical oxidants. At the other
extreme, Ce3* imidophosphorane ("N=PRs;, R = alkyl/amido)
complexes exhibit redox potentials among those of the most
potent chemical reductants.24

Over the past few decades, the molecular chemistry of the
lanthanides has seen a rapid expansion, with developments
revealing that the lanthanides exhibit a wider range of
molecular oxidation states than previously thought possible.>23
However, the number of ligand systems and synthetic pathways
supporting tetravalent lanthanides, except for Ce*, is very
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limited. Rational control of the Ln3*/4* (Ln = lanthanide) redox
potential through ligand design is a powerful tool for expanding
Ln%* chemistry. Seminal studies?4-26 by Schelter and co-workers
shed light on the critical role that ligand reorganization takes in
Ce3*/% redox kinetics and thermodynamics. Identity of the
cation results in divergent rates, potentials, and reactivity
patterns among analogous complexes. In aggregate, this body
of work demonstrated the critical role of structural aspects of
the coordination sphere in Ce3*/4* redox chemistry.
Comprehensive studies of tuning the molecular Ln3+/4+ potential
within a given ligand framework are limited to BINOLate
(BINOLate = 1,1’-bi-2-naphtholate) complexes. Rationally
leveraging characteristics of the outer coordination sphere to
modulate metal redox properties of a metal center is noted as
a challenging, but promising approach to control metal
speciation.?’

Imidophosphorane ligands dramatically shift the redox
potentials of f-block complexes, and have demonstrated
accessibility of molecular tetravalent Tb8 & Pr1? and the most
reducing Ce3* complexes reported.l: 3 4 28 The factors that
modulate the redox potentials of Ln imidophosphorane
complexes have yet to be delineated, though the alkali metal is
shown to be influential in the oxidation.? The isolation of new
tetravalent Ln complexes requires a thorough understanding of
the factors that modulate the oxidation potential. Herein, an
alkali metal series of Ce3* imidophosphorane complexes is
presented. The comparison of cyclic voltammetry data and
structural parameters derived from the solid-state structures
demonstrate a positive, linear correlation between the degree
of ligand sphere distortion and the measured oxidation
potential (Ey.). Lewis acidity of redox-inactive metals has
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Scheme 1. General synthetic scheme with conditions as follows: (a) Li wire, Et,0,
14 h. (b) Na®, Et,0, 3 h. (c) KCg, hexanes, 20 min. (d) RbCg, hexanes, 20 min. (e) CsCg,
Et,0, 15 min. (f) KCg, 2 equivalents 18-crown-6, Et,0, 15 min. (g) KCs, [2.2.2]-
cryptand, Et,0, 15 min.

previously shown to best describe the modulation of the redox
potential in transition metal?®3¢ and uranyl37. 38 systems,
however, structural aspects of the coordination sphere and the
size of the alkali metal cation display better correlation in the
imidophosphorane system reported here. Analysis of Ce3* alkali
metal series indicates that structural distortion can play a
critical role in modulating the Ce3+/4* potential across diverse
ligand frameworks, 2426 however, in this imidophosphorane
ligand system, Ep is relatively unperturbed and Ep, spans 600
mV. The electronic effects of the structural perturbations on Ep,
are amplified by the unique binding of each alkali cation in the
secondary coordination sphere of the zwitterionic
imidophosphorane ligands.

Results
Synthesis

All Ce3* alkali metal complexes were prepared via reduction of
the previously reported* tetravalent cerium complex,
[Ce**(NP(N,N’-di-tert-butylethylenediamide)(diethylamide)),]

(1-Ce, [N=P(N,N’-di-tert-butylethylenediamide)(diethylamide)]~
= NP*) (Scheme 1). The trivalent complexes, [M][Ce3*(NP(N,N’-
di-tert-butylethylenediamide)(diethylamide))s] (M = Li* (2-Celi),
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Figure 1. Ball and stick model overlay of 2-CeY, 2-CeN?, 2-CeX, 2-CeR®, and 2-Ce®
generated from SC-XRD data. C and H atoms omitted, and N atoms not bound to
the Ce center are drawn hollow for clarity. Where more than one molecule is
present in the asymmetric unit, the least disordered was selected.
Na* (2-CeN?), K+ (2-CeK), Rb* (2-CeRP), Cs* (2-Ce®s), K*([2.2.2]-
cryptand) (2-Cek222), K+(18-crown-6), (2-CeX186) span the alkali
metal series (Li—Cs), with the outer-sphere potassium analogues
(2-CeKk222) 2-CeK18<6) serving as controls for minimal interaction
with the counter cation. 2-Ce and 2-CeN2 were prepared via
reduction of 1-Ce in the presence of excess Li or Na metal,
respectively. An alternative method for the synthesis of the
previously reported* 2-CeK using the potassium graphite
intercalation compound, KCsg, is reported here with improved
yield (69%). The compounds 2-CeKl&é and 2-Cek222 were
prepared in an analogous manner to 2-CeK, with the addition of
2 equivalents of 18-crown-6 or 1 equivalent of [2.2.2]-cryptand,
respectively. The rubidium and cesium congeners, 2-CeRt and 2-
CeS, were prepared using the corresponding alkali metal
graphite intercalation compound. A new direct synthesis of 1-
Ce is reported, providing an improved crystalline yield of 85%,
compared to the 48% total yield in the previously reported,
step-wise preparation.?
Cyclic voltammetry

Cyclic voltammograms were measured in tetrahydrofuran
(THF) with either 50 mM ["BusN][BPh,] or 100 mM ["BusN][PFg]
as the supporting electrolyte. Analyte concentration was
generally 3 mM, except for 2-CeR* and 2-Ce®, which were
measured at 1 mM concentration. 2-CeRP and 2-Ce®s in solutions
of 100 mM ["BusN][BPh,] generated a colorless precipitate, so
50 mM electrolyte concentration was used in all experiments
for consistency. Only ["BusN][BPh,] allowed for measurement
of all analytes in the series. The values measured in ["BusN][PFg]
solution are reported where possible (Table 1), though the
following discussion is limited to values measured with
["BusN][BPh,] as the supporting electrolyte.

Except for 2-Celi, the features in the cyclic voltammograms
electrochemically with  peak-to-peak

are irreversible,
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separation (AEpp) ranging approximately 0.7-1.2 V. In 2-Cel,
AEgp is much smaller at ~250 mV, indicating a quasi-reversible
event. Eya is modulated across a range of ~600 mV by the
identity of the alkali metal. The electrochemical reduction (Epc)
shows a smaller response to the alkali metal, occurring within a
<200 mV range, excluding 2-Ce!. The anodic feature occurs at
more positive potentials traversing the alkali metal series from
Cs to Li. 2-Celi is the least reducing compound, measured by Ep,
at —1.37 V vs. Fc*/Fc. The most reducing compound is 2-CeSs,
with Epa = =1.98 V. The Na, K, and Rb congeners display
intermediate Ep, values, progressing to more negative values as
the size of the cation increases. 2-CeN® and 2-CeX display
secondary features around —1.9 V. The secondary feature is well
resolved for 2-CeM in both electrolytes, however, it is
unresolved for 2-CeX with ["BusN][PFs] as the supporting
electrolyte. The ratio of the current response at the primary and
secondary events varies with scan rate for both 2-CeN? and 2-
CeK (Figures S50-52, see Discussion for further analysis).
2-CeK18<6 and 2-CeK222 serve as controls in which structural
distortion by the cation is minimized. 2-CeX18<6 and 2-CeX222 gre
among the stronger reductants of the series, with E,, values of
—1.92 Vand —1.94 V, respectively. Their oxidation potentials are
close to that of the tetravalent complex, 1-Ce (Epa = —1.83 V),
where no alkali metal counter cation is present. The similarity
of the oxidation potentials of 2-Cek8<6 2-Cek222, and 1-Ce
validate 2-CeK186 and 2-Cek222 3s models for studying redox
processes with minimal interaction with the alkali metal.

Chemical oxidation

Chemical redox reactions were performed with both
benzophenone (E¥ = -230 V in THF)? and
decamethylcobaltocenium hexafluorophosphate
([Co3*Cp*,][PFe], E* =—1.91 V in MeCN)? to probe the divergent
Epc measured for 2-Cell. The irreversibility of many of the redox
features complicates estimating chemical redox potential, but
the potential was approximated to lie between E,; and Epc for
each complex. Initially, benzophenone was chosen for its E*
that is substantially more negative than the Eq/; of 2-Celi (-1.56
V), and more positive than E,. of 2-CeK!8<6 (—2.78 V), suggesting
capability of being reduced by 2-CeK18<6, hut not 2-Celi. At room
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Figure 2. Cyclic voltammograms collected in a 50 mM ["BuyN][BPh,] solution in THF.
Analyte concentration is 3 mM for all complexes, except for 2-CeR® and 2-Ce®,
which were measured at 1 mM analyte concentration.

Table 1. Redox potentials (V vs. Fc*/Fc) measured by cyclic voltammetry.?

2-Celi 2-CeNa 2-CeX 2-CeRb 2-Ce®s 1-Ce 2-Cek18c6 2-Cek222
Epa [BPhs] -1.37 -1.45 -1.71 -1.87 -1.98 -1.83 -1.92 -1.94
Epc [BPhs] -1.74 -2.71 -2.76 -2.82 -2.73 -2.87 -2.78 -2.74
Epa [PFe] =1%23 -1.44 -1.44 -1.31b -1.63 -1.63 -1.62
Epc [PFe] -1.47 -2.84 -2.86 -3.00° -2.86 —2.80 -2.89

9 Tabulated anodic (Epa) and cathodic (Epc) potentials measured by cyclic voltammetry in THF. Electrolyte cation is ["BuaN]* in all experiments. Electrolyte concentrations
=50 mM for ["BusN][BPhs] and 100 mM for ["BusN][PFs]. All analyte concentrations = 3 mM, except for 2-CeR? and 2-Ce®, which were measured in 1 mM analyte

concentration in 50 mM ["BusN][BPha].
b Features are not as well defined, see Figure S57.
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Figure 3. E,, measured by cyclic voltammetry (50 mM ["Bu,N][BPh,] in THF) plotted vs. A) 14 calculated using P-Ce—P angles. B) Za109.5 calculated using P-Ce—P angles. C) ionic
volume (4/3-mtr3, r = Shannon ionic radius®?), 2-Ce*18<6 data excluded from linear regression analysis. D) computed HOMO energy levels.

temperature, addition of a solution of 1 equiv. of
benzophenone with 2-CeK18<6 in THF-dg results in an immediate
color change from light yellow to dark green. The corresponding
reaction with 2-Ce'" does not effect a color change. Nuclear
magnetic resonance (NMR) analysis indicates complete
consumption of benzophenone in the case of 2-CeK186, while
benzophenone signals in the aryl region of the 'H NMR are
present with 2-Celi (Figures S69, S73). Heating the reaction
mixtures for 1 h at 60°C led to complex degradation, however,
the major species in the reaction of 2-Cel' was the trivalent
starting material (Figures S73-S74).

[Co3*Cp*,][PFe] (E* =—1.91 V in MeCN)? was identified as a
more chemically inert reagent with E* in the targeted range. At
room temperature, addition of [Co3*Cp*,][PFs] to a solution of
2-CeK186 in THF-dg results in an immediate color change to a
red/orange color characteristic of 1-Ce. The corresponding
reaction with 2-Cel' does not produce a visually apparent
change at room temperature. Both reactions were subjected to
heating at 60°C and analyzed via NMR, demonstrating the
production of [Co2*Cp*;] by oxidation of 2-CeK18<6 put not 2-Cel
(Figures S63-568, see ESI for further analysis). Reactions with
both benzophenone and [Co3*Cp*,][PFs] indicate the reducing
power of 2-Cell is significantly less than 2-CeK18<6 in agreement
with the CV data. Divergent behavior in the Li analogue is
consistent with the Ce3* BIONLate complexes reported by
Schelter and co-workers.?> The steric bulk of the
imidophosphorane ligand differentiates the series presented

4| J. Name., 2012, 00, 1-3

here compared to the Ce3* BINOLate complexes, as inner-
sphere functionalization is unlikely due to the inaccessibility of
the Ce center. Density functional theory (DFT) analysis of the
molecular orbitals (MOs) composition and energy levels of the
metal-dominant MOs in the 2-CeM series (vide infra) supports
the result that 2-Ce is a much less-potent reductant compared
to the rest of the series.

Structural analysis

The crystallographically characterized complexes (2-Cel, 2-
CeNa, 2-CeK, 2-CeK186 2-CeRb, and 2-Ce®) exhibit pseudo-
tetrahedral geometry in the primary coordination sphere. Two
adjacent ligands form a pocket in which the alkali metal is bound
(except for 2-CeK18<6 where the alkali cation is outer sphere).
There are two distinct types of Ce—N bonds, those binding the
alkali metal (Ce—Ncappea) and those only bound to the metal
center (Ce—Nterminal). The differences in bond lengths between
Ce—Ncapped and Ce—Nierminai are about 0.1 A, measuring
approximately 2.3 and 2.4 A, respectively, across the series. The
contraction to about 2.2 A in the structure of 1-Ce is consistent
with the ~0.14 A contraction3® of the Ce ionic radius upon
oxidation. The P—Nimi4o distance is, on average, 1.53(3) A across
all trivalent complexes. 2-Celi exhibits notable deviations, with
P—Nimido bond lengths ranging from 1.495(8) to 1.59(1) A, with
an average of 1.54(4) A. 2-CeKi86 exhibits shorter P—Nimido
bonds, including the shortest P—Nimi¢go bond among the Ce3*
complexes at 1.44(1) A.

This journal is © The Royal Society of Chemistry 20xx



Table 2. Ce---M* distances and distortion parameters of the Ce3* complexes derived from

SC-XRD data®

2-Celib 2-CeMa 2-CeX
CerM* 3.02(1)
Distance (A) 2970) 3.367(6) 3.785(7)
0.928
T4 On-ce—N 0.915 0.929
0.889
0.906
T4 Op-ce—p 0.957 0.923
0.919
. 494
Zn109.5 On-cen (°) 37.3 34.0
53.4
. 436
Zp109.5 Op-cep (°) 25.9 23.0
31.2

2 Numbers in parentheses are estimated standard deviations of the last digit.
b More than one crystallographically unique molecule is present in the asymmetric u

The structures were examined for connections between the
degree of distortion and the redox potentials measured by
cyclic voltammetry. The t4 index*° was calculated as a measure
of structural distortion present, defined as (360° — (a+B))/141°
(where a and B are the two largest angles in the coordination
tetrahedron). The parameter 2p109.5 Wwas also considered and is
defined as the sum of the absolute difference between the ideal
109.5° and each of the six angles that compose the tetrahedral
coordination sphere. 51005 is @ component to an equation*!
previously used to describe distortion of the geometry around
boron in complexes with N->B moieties and has been
implemented for similar Ln imidophosphorane complexes.*?
The t4 and Za109.5 values were calculated with the terminal N
atoms constructing the primary coordination sphere, as well as
the P atoms of the ligands. In the case of 14, the values using the
N coordination sphere show linear correlation with Ep,,
however, 2-Ce® breaks the trend with an anomalously low 1,
value (Figure S79A). Calculating t4 using the secondary P
coordination sphere results in linear correlation with Eys, and 2-
Ce® does not return an anomalous value (Figure 3A). When
using the primary N coordination sphere, Za109.5 displays linear
correlation with E,, (Figure S79C). When calculating 2a109.5 using
the secondary P coordination sphere, remarkable linear
correlation is observed with Epa (R? = 0.981 excluding 2-CeK18c6,
RZ = 0.958 including 2-CeK186 Figure 3B). See Discussion for
further analysis.

Electronic absorption spectroscopy

The UV-Vis spectra are consistent with previously reported®
43 Ce3* imidophosphorane complexes, featuring 4f-5d
transitions at the edge of the UV-visible spectral window. The
position of Amax for the 4f-5d transitions varies over a 53 nm
(0.43 eV) range, from 361 nm in 2-CeX18<6 to 414 nm in the
lower-energy feature in the spectrum of 2-Ce'. The molar
extinction coefficients are generally 500-1000 M-cm! (Table
S1), consistent with those of similar complexes.> 4 43 The
spectra of 2-Celi and 2-CeNa diverge from the rest of the series,

4,

This journal is © The Royal Society of Chemistry 20xx

Z_CeRb Z_CeCsb z_ceK18c6
4.131(2)

3.947(1) 9.56(15)
4.061(2)
0.941

0.945 0.948
0.903
0.956

0.935 0.970
0.980
28.5

29.5 15.7
30.9
13.4

18.4 8.71
6.1

nit, metrics for each molecule are presented.

with two distinguishable features (Figure 4A). The spectrum of
the previously reported 2-CeX displays one feature, identified as
a 4f-5d transition.* The spectra of 2-CeX, 2-CeRb, and 2-Ce®s
appear remarkably similar. Computational studies (vide infra)
predict subtle differences between the K, Rb, and Cs congeners,
however, they are not visually identifiable given the resolution
of the measurement. The observation of two 4f-5d transitions
in the spectra of 2-Cel' and 2-CeNa is due to crystal field splitting
of the 5d orbitals due to lower molecular symmetry.44-46

Density functional theory (DFT)

DFT calculations were employed to assess the effects of
incorporating alkali metal cations, M* (M = Li, Na, K, Rb, Cs,
K(18c6),), in the Ce3* imidophosphorane complex. Specifically,
changes in the metal-ligand bonding as a function of structural
distortion induced by M* were evaluated, the nature of
electronic excitations were assigned, the energy shift of the 4f-
5d transitions in this series were examined, and the degree of
structural rearrangement occurring upon oxidation was
assessed (see ESI for computational details). Overall, the
optimized structures show good agreement with the bond
metrics from the XRD data (Table S2), with the average Ce:--M*
distances, Ce—N bond lengths, and the average Ce—N—P angles
deviating less than 2.4%, 2.9%, and 3.7%, respectively,
validating the theoretical models.

In all complexes where M* occupies a binding pocket in
between the ligands, the Ce—Ncapped distances are distinct from
Ce—Nierminal, €.9., 2.405 A vs. 2.294 A in 2-CeN?, respectively. This
result agrees with the smaller total participation of Ce atomic
orbitals (AOs) in the Ce—Ncapped bonds relative to Ce—Nterminal in
the entire series from Li* to Cs*: 7.7-7.9% vs. 11.0-12.0%,
respectively (Table S3). In both types of Ce—N bonds, there is
little variation in the Ce AOs contribution throughout the series,
in accordance with the minimal bond length changes: within
0.011 A exp./0.006 A theor. for Ce—Ncapped and 0.030 A
exp./0.030 A theor. for Ce—Nierminal. Despite this, there is a
recognizable trend, showing that, as the degree of structural

J. Name., 2013, 00, 1-3 | 5
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height at 0.15 eV. Direct comparison of TD-DFT and UV-Vis spectra for each complex are shown separately in Figures $92-S99.

distortion from the approximate tetrahedral symmetry
decreases, there is a commensurate decrease in the disparity of
bond lengths between Ce—Ncapped and Ce—Nterminal (Table S4).
This trend is also supported by the decreasing difference of the
%Ce AOs participating in the Ce—Ncapped and Ce—Nterminal bonds,
e.g., from 4.1% in 2-Ce% to 3.2% in 2-CeSs.

Adaptive Natural Density Partitioning (AdNDP47- 48) analysis
of the alkali metal-coordinated complexes revealed a chemical
bonding pattern (Figures S80, S81; Tables S3, S5) which is
qualitatively similar to the one previously reported for
[Ce(NP(NMe;)3)4]~.3 The Ce contribution in the Ce—N ¢ bonding
is comparable between Ce—Ncapped (7.0-7.2%) and Ce—Nierminal
(8.0-8.2%), and is appreciably larger than in the Ce-N-P m
bonding, where it is smaller for the Ce—Ncappea—P 1 bonds (0.6—
0.7%) compared to Ce—Ntermina—P 1 bonds (3.0-3.7%). The
difference in the %Ce AOs in the bonding with Ncapped VS. Nierminal
is due to the presence of M*, where the it electron clouds of two
N 2p lone pairs extending to Ce and P are appreciably disrupted
at the Ncapped atom compared to Nerminal, resulting in longer Ce—
Ncapped bonds.

The average %Ce AOs, considering all Ce—N o+t bonds in the
M+-stabilized Ce3* imidophosphorane complexes (9.4-9.8%), is
slightly higher than in the bare 2-Ce~ (9.0%). The overall
stabilizing effect of coordinating M* cations is also tracked in
their MO energy levels relative to that of 2-Ce~ (Figure S82). The
decreasing contribution of the Ce AOs in the averaged Ce—N

6 | J. Name., 2012, 00, 1-3

bonds goes in tandem with the increasing energy level of the Ce
4f-dominant highest occupied molecular orbital (HOMO)
through the series: from —3.92 eV in 2-Celi to —3.81 eV in 2-CeSs,
increasing to —3.40 eV in 2-CeK186 and reaching the most
positive value of —3.32 eV in 2-Ce~ (Figures S82—589).

The increasing HOMO energy levels linearly correlate with
increasing Ce---M* distances in the series from Li* to [K(18c6),]*,
with R2 = 0.985 (Figure S90). The close proximity of Li* to the
Ce3* center enables the strongest Ce:-M* interactions,
substantially stabilizing the HOMO level in 2-Cell. On the other
hand, the significantly increased Ce---M* charge separation in 2-
CeK186 hrings about the smallest changes in the geometric and
electronic structure, with its HOMO energy deviating by only
~0.09 eV from the “bare” 2-Ce~. The appreciably distinct MO
energy levels of the complexes with the least (2-Cek18<6) and
most (2-Cel) distorted tetrahedral structures support their
chemical reactivity patterns (vide supra). The higher HOMO
energy level (A = 0.51 eV) as well as the larger energy gap
between the 4f-dominant HOMO and ligand-dominant HOMO-
1(A=0.20eV) in 2-CeK18<6 5, 2-Celi explains a greater likelihood
of the 4f unpaired electron in 2-CeKl&€ to participate in
reactions, in accordance with its observed reactivity in reactions
with benzophenone and [Co3+*Cp*;][PFe].

The stepwise trends in the MO energy levels that appear as
aresult of decreasing structural distortion from Li* to [K(18¢6)2]*
also manifest into a series of changes in the computed

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. TD-DFT spectra accentuating the splitting between the higher and lower
energy 4f-5d transitions in the Ce3* complexes. Vertical bars depict theoretical
oscillator strength of single-electron excitations. Half-width at half height is 0.15
eV.

absorption spectra. The time-dependent DFT (TD-DFT) spectra
show an excellent agreement with the UV-Vis features (Figure
4, Figures $S91-599), very well reproducing the absorption peak
positions of the expected 4f-5d transitions and splitting
between them, where they are experimentally observed (Table
S6). The two distinct UV-Vis absorption features of 2-Celi and 2-
CeNafound at 360—-363 nm and 393—414 nm are identified as the
most predominant 4f-5d transitions by natural transition orbital
(NTO) analysis, with 84-87% probability for a single electron
excitation from one orbital to another for each peak (Table S7,
Figures S100-5102). The splitting between the lower and higher
energy 4f-5d transitions is slightly smaller in 2-CeN2 than in 2-
Celi, i.e., 31 nm exp./33 nm theor. vs. 51 nm exp./48-54 nm
theor., respectively (Figure 5). This manifold of two 4f-5d
transitions is maintained for the complexes with larger M* (M =
K, Rb, Cs) and 2-CeX18<6 35 well, albeit, with decreased splitting
as the distortion in the complexes lessens, i.e., dropping to 22
nm in 2-CeX, then to 13—16 nm in the 2-CeR? and 2-CeSs, and
further to 4 nm in 2-CeX18¢<6 (Tables S6—S7, Figures S103—-5107).

Vertical and adiabatic detachment energies (further
referred to as VDE and ADE, respectively) were calculated to
assess the degree of structural rearrangement (VDE, none; ADE,
total) and probability of the retention/ejection of M* upon
oxidation in the series (Table S8). Comparing VDE values for the
M* ejected (2-CeM->1-Ce) and M* retained (2-CeM->1-CeM)
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redox reactions, two qualitatively different pictures are noted.
For 2-Ce', the more negative VDE value corresponding to the
M* retained reaction relative to the M* ejected reaction (—0.69
V vs. —0.35 V) suggests that the retention of Li* is favored upon
oxidation. In contrast, for all other inner-sphere M*
counterparts (M = Na, K, Rb, Cs), the VDE for the ejection of M*
is appreciably more negative than for its retention (ranging
from —-1.30 V to —1.83 V vs. —0.76 V to —0.80 V). The difference
between VDE values corresponding to the retention/ejection of
M+ abruptly increases from 0.54 V/0.63 V in 2-CeN2/ 2-CeX to
1.00 V/1.05 V in 2-CeRb/2-CeSs. This gap indicates that 2-CeRb/2-
CeS are much more likely to eject the alkali metal cation upon
oxidation than 2-CeNa/2-CeX.

The VDE values of the M* ejected reactions of 2-CeRb / 2-Ce®s
are very close to their experimental Eps values with
["BusN4][BPha4] as the supporting electrolyte (—1.79 V theor./—
1.87 V exp for Rb* and —1.83 V theor./-1.98 V exp. for Cs*),
indicating minimal structural changes occurring upon oxidation.
Conversely, the VDE for the retention of M* in 2-Cet (—0.69 V) is
substantially different from the experimental oxidation
potential of —1.37 V. The corresponding ADE value of -1.33 V
matches the Epa value implying large structural rearrangement
upon oxidation, in agreement with the largest deviation from
the tetrahedral symmetry of 2-Cell in the series. The VDE values
for the M+ ejected redox reactions of 2-CeN2/2-CeX (—1.30 V/—
1.40 V) suggest less structural rearrangement than 2-Cel, but
appreciably more than 2-CeRb, 2-CeS, and 2-CeKl8c,
Furthermore, the ADE values for the 2-CeM->1-CeM redox
reaction of 2-CeN? (—1.38 V) and 2-CeX (—1.43 V), which are close
to their respective Ep, values, imply that the Mt*-retained
oxidation is also possible. However, this would require a larger
structural rearrangement than for the 2-CeM->1-Ce redox
reaction as the VDE values for the M*-retained redox reactions
(ca. —0.76 V) are significantly more positive than their
experimental Epa values. This suggests a possibility of both
inner- and outer-sphere complexes for 2-CeN2/2-CeX.

Discussion

Quantification of structural distortion for 4-coordinate
metal complexes is often quantified by the t4 index.%° Given the
flexibility of the imidophosphorane coordination sphere, the
absence of consideration of the smallest angles renders T4 less
reliable in describing structural distortion. 21095 provides a
more complete description of the ligand sphere by including all
six tetrahedral angles. Based on size of the alkali metal and
proximity to the Ce center, structural distortion could be
predicted to increase as follows: 2-CeX18¢6 < 2-Ce®s < 2-CeRb < 2-
CeX < 2-CeNa < 2-Cel. P-Ce—P angles were used to quantify
distortion, as N—Ce—N angles returned anomalously low t4 value
for 2-Ce® because it fails to capture the distortion of the
secondary coordination sphere. The improved performance of
using P—Ce—P angles could be expected, due to the distortion
largely affecting the secondary coordination sphere, rather than
the primary Ce—N coordination sphere. Using P—Ce—P angles,
the amount of structural distortion is proportional to the size of
the alkali metal cation in the inner-sphere complexes (Figure
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3B). Structural metrics of 2-CeX18<6 gre similar to those of 2-CeSs,
indicating minimal structural influence of the alkali metal cation
in 2-Ce®s.

The modulation of Epa by the alkali metal cation spans a
range of about 600 mV, which is comparable to the reported
series of Ce BINOLate complexes.?* 25 The electrochemical
reduction (Ey) is less sensitive to alkali metal identity spanning
less than 200 mV, except for 2-Ce" (Epc = —1.74 V), which is about
1V more positive than the rest of the series. The more positive
Epc and quasi-reversibility of 2-Cel' suggest the
electrochemically oxidized product diverges from the rest of the
series. NMR experiments demonstrate that the geometry of 2-
Celi is constrained and intramolecular Li* mobility is relatively
slow at room temperature by the presence of two 31P{'H}
signals (Figures S4-S5). Computational studies support the
retention of Li* in the electrochemical oxidation of 2-Ce!l. The
VDE for2-Cel was calculated for the case of alkali metal ejection
and retention upon oxidation. In contrast to the rest of the
series, the VDE for retention of the Li* ion is more negative than
that considering ejection (—0.69 V vs. —0.35 V, Table S8). The
VDE for ejection of the alkali metal for the rest of the series
(where applicable) was calculated to be much more negative
than that of retention. For example, the VDE of 2-Ce® is
calculated to be —1.83 V in the case of ejection vs. —0.80 V for
retention of the Cs* ion. The VDE for the ejection of Cs* is much
closer to the experimentally measured value (-1.98 V),
suggesting 2-Ce®->1-Ce redox reaction with minimal structural
rearrangement upon oxidation.

Within this framework, the larger alkali metal cations exert
less influence on the ligand coordination sphere as they lie
toward the outer edge of the secondary coordination sphere.
The similarities between the cyclic voltammograms of 2-CeRb
and 2-Ce® compared to 2-CeX222 gand 2-CeK186 syggest that less
interaction with the secondary coordination sphere facilitates
Ce3* oxidation, i.e., results in more negative Eys values. The
Lewis acidity of the alkali metal cation unequivocally influences
the Ce3* oxidation potential, however, the relationship between
M*(H20)x pKa (as a measure of M* Lewis acidity) and Epa is not
as well correlated compared to examples in the transition
metals and uranyl complexes (Figure S79E).29-32,37, 38, 49-51

A secondary feature is observed at ca. —1.9 V in the cyclic
voltammograms of 2-CeN2 and 2-CeX (Figure 2). Differential
pulse voltammetry (DPV) demonstrates that two features are
indeed present for the anodic event of 2-CeX (Figure S60). This
behavior is attributable to an equilibrium between the inner-
and outer-sphere complexes in solution. The potential of the
secondary features is close to those of the outer sphere
congeners 2-CeK18<6 gnd 2-CeK222, as well as the predicted
potential for the hypothetical 2-Ce~ (Table S8). The similarity
between the potentials of the secondary features and the
outer-sphere congeners supports that some of 2-CeN2 and 2-CeX
may dissociate into the corresponding charge-separated, outer
sphere complexes in electrolyte solution. NMR studies in cyclic
voltammetry conditions in THF-ds display a broadened 31P{*H}
signal for 2-CeX (FWHM = 80 Hz, Figure S78) and a small
secondary signal for 2-CeN2 (Figure S77), supporting exchange
between inner- and outer-sphere complexes in solution. These
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data suggest that the alkali metals of intermediate size (Na, K)
can dissociate from the coordination sphere without Ce3*
oxidation in THF electrolyte solutions. Evidence for such a
process does not present itself for 2-CeRP and 2-Ce®s, which is
likely due to the larger ionic radii of Rb* and Cs* precluding
significant perturbation of the coordination sphere that is
observed for smaller cations.

The NMR spectra of all complexes, except for 2-CelY, indicate
that the cation is mobile within the secondary coordination
sphere on the NMR timescale, and a single 31P{1H} signal is
observed in these systems at room temperature. Solution state
UV-Vis data demonstrate that the structural distortion of the
coordination sphere is indeed present in the solution state,
despite intramolecular mobility of the cation. The UV-Vis
spectra of 2-Celi and 2-CeNa display two features, which are
assigned as 4f-5d transitions through NTO analysis. The
observation of two 4f-5d transitions in the solution-state
measurements is an important piece of evidence supporting the
presence of structural distortion in solution. The splitting of the
5d orbitals can be rationalized through crystal field theory as a
splitting of the E state in the reduction of the symmetry of the
complex from tetrahedral. This splitting would not be observed
if the structural distortion is not maintained in solution. That is,
if the solution structure was not distorted by the alkali metal
cation due to exchange or diffusion of the alkali metal from the
coordination sphere, the UV-Vis spectra should resemble that
of 2-CeK18<6_ A good linear relationship (R? = 0.953, Figure 3D)
between measured E,; and the calculated HOMO energies of
the geometry-optimized complexes further supports that the
electronic structure of Ce3* is modulated by the alkali metal
cation in solution.

While variable-temperature NMR (VT-NMR) data indicate
that the cations have intra-molecular mobility in solution at
temperatures >-60°C, the room temperature UV-Vis, CV, as well
as computational results support that the structural effect of
the alkali metal is present, despite exchange of the cation
between different pairs of ligands. A clear relationship between
the coalescence temperature (T¢) and structural metrics and/or
Epa is not readily identifiable. This result suggests intramolecular
mobility is a related, but distinct, phenomenon to structural
distortion. The match in size between the secondary
coordination sphere and the alkali metal is likely important,
with K* uniquely exhibiting mobility down to —80°C in 2-CeK
(Figures S32, S35). The reader is directed to the ESI for VT-NMR
spectra and further discussion.

Cyclic voltammetry studies in the
modulation of the Ce3* oxidation potential by the identity of the
alkali metal cation. Distortion parameters from SC-XRD data
provide good linear correlation with Eps, demonstrating that
structural aspects of the coordination sphere and size of the
alkali metal cation influence the oxidation potential. Solution-

solution reveal

state UV-Vis data further demonstrate that the structural
distortion measured in the solid-state is reflected in solution
spectroscopic data. This effect is indicated by the presence of
two 4f-5d transitions in 2-Celi and 2-CeNa. This splitting of the f-
d transition is due to 5d crystal field splitting caused by
reduction of symmetry at the Ce center. TD-DFT results and NTO
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analysis support this assignment of the UV-Vis spectra, and
good correlation between Ep, and the calculated HOMO
energies (Figure 3D) provide additional evidence that the
distortion by the alkali metal modulates the Ce3* oxidation
potential.

Conclusions

The correlation between the shift in Epa and
electrostatic/Lewis acidic properties of the redox-inactive metal
cation is well established in the literature across multiple classes
of transition metal and uranyl complexes.29-38 4951 The data
presented herein demonstrates the impact of structural
distortion by alkali metal bound in the secondary coordination
sphere on the Ce3* oxidation potential within an
imidophosphorane framework. Quantification of the distortion
of the ligand sphere by means of Za1095 elucidates a linear,
positive relationship between structural distortion and
oxidation potential. Specifically, structural distortion by the
alkali metal cation modulates the electronic structure of the
ligand and Ce3* ion, making oxidation more difficult as the
coordination geometry deviates from the ideal pseudo-
tetrahedral geometry. This distortion observed in the solid-
state is reflected in solution electronic absorption spectroscopy,
which reveals the reduced molecular symmetry at Ce3* as a
function of the alkali metal. The effect of alkali metal binding on
the donation properties of the zwitterionic ligand and electronic
structure of the trivalent lanthanide establishes a new ligand
design consideration. Similar effects of zwitterionic ligands have
been reported on Cu redox properties and small molecule
activation chemistry.5255 In this imidophosphorane system,
optimization of alkali metal binding can be used to tune the
potential of anionic metal complexes through the counter
cation. This approach could be implemented across the periodic
table, and potentially be applied to expand the range of
molecular tetravalent lanthanides.
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