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ABSTRACT: Computer-aided molecular design and high-throughput screening of viable host architectures can signiﬁcantly reduce the eﬀorts in the design
of novel ligands for eﬃcient extraction of rare earth elements. This paper
presents a computational approach to the deliberate design of bis-phosphine
oxide host architectures that are structurally organized for complexation of
trivalent lanthanides. Molecule building software, HostDesigner, was interfaced
with molecular mechanics software, PCModel, providing a tool for generating
and screening millions of potential R2(O)P−link−P(O)R2 ligand geometries.
The molecular mechanics ranking of ligand structures is consistent with both
the solution-phase free energies of complexation obtained with density
functional theory and the performance of known bis-phosphine oxide
extractants. For the case where the link is −CH2−, evaluation of the ligand
geometry provides the ﬁrst characterization of a steric origin for the
“anomalous aryl strengthening” eﬀect. The design approach has identiﬁed a number of novel bis-phosphine oxide ligands
that are better organized for lanthanide complexation than previously studied examples.

■

includes by ﬂotation, gravity, or magnetic processes, which
produce REE-rich concentrates.9 These are leached with
aqueous inorganic acids, such as HNO3, HCl, or H2SO4.
Solvent extraction is generally used to recover the lanthanides
from these leachates either to produce intermediate lanthanide
mixtures or to separate and purify the individual lanthanides.10
The pure lanthanides are converted to salts, oxides, and metals,
which are then used in the manufacture of magnets, phosphors,
catalysts, polishing powders, and other products.7 The wellknown diﬃculty in separating the lanthanides from one another
has historically represented a fundamental challenge in the
ﬁeld.5,7,10
Organophosphorus compounds are widely applied in
commercial REE solvent extraction processes.10,11 Two
extensively used extractants are di(2-ethylhexyl)phosphoric
acid (HDEHP) and the mono-2-ethylhexyl ester of 2ethylhexylphosphonic acid (HEHEHP). These ionizable
extractants function via a cation-exchange mechanism, and
metal extraction is sensitive to the acid concentration in the
aqueous phase, shutting down under strongly acidic conditions.
Organophosphorus acids exhibit a good overall selectivity
across the breadth of the lanthanide series, but separation

INTRODUCTION
The unique physical and chemical properties of rare earth
elements (REEs) drive their growing demand in health care,
electronics, transportation, aerospace, and defense.1 Cleanenergy technologies including electric vehicles, wind power, and
energy-eﬃcient lighting depend strongly on neodymium and
dysprosium for powerful magnets and europium, terbium, and
yttrium for phosphors. Substitutes for the REEs in such
technologies have proven to be elusive, and recycling has
largely been impractical. What is worse, these metals have a
supply chain that can be disrupted or is otherwise at risk.2 As a
result, the U.S. Department of Energy has classiﬁed neodymium, dysprosium, europium, terbium, and yttrium as critical
materials due to their necessity for a clean energy economy.3
These elements are also among the materials identiﬁed by the
European Union as being critical for a decarbonized economy.4
Technology gaps in the REE supply chain contributing to
their criticality include the need for more eﬃcient separations.5
Despite their name, REEs are relatively abundant in the earth’s
crust.6,7 Their average crustal concentration, 220 ppm, is
greater than that of carbon’s, 200 ppm, as well as those of many
transition metals. Rare earth ore deposits containing key
minerals such as bastnaesite, monazite, and xenotime, however,
are unevenly dispersed across the globe and rarely occur at
economically exploitable concentrations.8 Beneﬁciation of ores
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chelates,23 this software has since been adapted to handle a
wider range of host−guest interactions and has been used
successfully in the design of receptors for anions24 and small
organic molecules,25 as well as molecular components that
direct the self-assembly of high-symmetry polyhedra.26 Herein
HD is employed to identify bis-phosphine oxide architectures
that are structurally organized for complexation with trivalent
lanthanides. Molecular mechanics strain energies are used to
evaluate and rank the candidates. The scoring results are found
to be consistent with the performance of known bis-phosphine
oxides and with calculated solution-phase free energies of
complexation computed via density functional theory (DFT)
methods. The results identify a variety of novel bis-phosphine
oxide architectures that are better organized for lanthanide
complexation than previously studied examples.

factors between adjacent lanthanides are relatively low, with the
separation factor S being deﬁned as the ratio of distribution
ratios (SM2/M1 = DM2/DM1, where DM = [M]org/[M]aq); for
example, HDEHP yields an average selectivity factor of 2.5 for
two adjacent lanthanides.12 However, the application of
organophosphorus acids to separate individual metal ions
requires careful adjustment of acid concentration in the
aqueous feed, necessitating the dilution of highly acidic
leachates, and the use of strongly acidic stripping solutions.10
The resulting consumption of acids and bases raises processing
costs signiﬁcantly.
Nonacidic organophosphorus extractants, such as tributylphosphate (TBP) and trioctylphosphine oxide (TOPO), also
separate mixtures of REE from aqueous acid solution. Pure
TBP solvent provides lanthanide separation factors comparable
to those observed with HDEHP,13 but performance becomes
less eﬃcient when the TBP concentration is decreased with an
organic diluent.14 Neutral organophosphorus extractants oﬀer
an advantage in that they are less susceptible to proton
competition. As a result, solvent extraction processes based on
neutral extractants can be applied directly to strongly acidic
leachate solutions. Because counteranions from the acid
accompany the metal into the organic phase to maintain
charge neutrality, extraction is actually favored at high acid
concentration. In addition, stripping metal ions from these
organic phases can often be accomplished by contact with
dilute acid solutions. The ability to extract from strongly acidic
leachate solutions and strip with dilute acid solution reduces the
amount of chemicals that must be used in the process and
decreases the amount of secondary waste, thereby lowering
processing costs. The current study focuses on a class of chargeneutral organophosphorus extractants, the phosphine oxides.
The majority of prior studies of liquid−liquid extraction
separation processes report results for simple, monofunctional
phosphine oxide extractants, R3PO. The performance of such
extractants, which can be moderated only by variation of the R
groups, quickly reaches a limiting behavior, and there remains
substantial room for improving separation process performance
by enhancing both metal ion aﬃnity and selectivity. A
fundamental tenet of coordination chemistry is that when
two metal binding sites are covalently linked together in a
fashion such that both can contact the metal, the resulting
chelating ligands exhibit a signiﬁcant increase in metal ion
aﬃnity.15 Moreover, relatively small changes in chelate
structure, for example, the addition of a single CH2 group to
the link between the binding sites, can eﬀect dramatic changes
in selectivity.15,16 Thus, it is not surprising that in many cases
bis-phosphine oxide chelates have been observed to be far
better lanthanide extractants than their monofunctional
analogues.17−21 To date, only a few possible covalent links
between the phosphorus atoms have been investigated. These
links include the n-alkanes,17−21 cis- and trans-ethenes,18,20b,c
and o- and m-xylenes.18 On reviewing this data, several
questions arise. Are there other ways to covalently connect
two phosphine oxides that would lead to improved performance? What bis-phosphine oxide architecture would give the
highest aﬃnity for lanthanide metal ions and the highest
selectivity among the lanthanide series?
Identifying three-dimensional (3D) molecular structures that
provide the optimal arrangement of binding sites in a receptor
molecule is a nontrivial exercise. The de novo structure-based
design software, HostDesigner (HD),22 was created to address
this issue. Originally developed for application to metal ion

■

METHODOLOGY
Structure Generation. Bis-phosphine oxide ligands were
constructed using the de novo structure-based design software,
HostDesigner (HD).22 This software assembles 3D molecular
structures by combining user-deﬁned input fragments with
hydrocarbon fragments taken from the HD database. In this
study, the input fragment consisted of two phosphine oxide
groups coordinated to a representative lanthanide ion, Gd3+. As
will be described in the Results and Discussion, information
needed to create this input fragment was obtained from the
Cambridge Structural Database (CSD)27 and optimized
geometries and potential energy surfaces from molecular
mechanics calculations. HD input ﬁles are provided as
Supporting Information. A few structures of interest not built
by HD, either because they were rejected during the process or
because the link fragment was not present in the database, were
generated by hand. In addition, a series of diphosphoranedione
architectures that cannot currently be generated with HD
building algorithms were generated by hand.
Molecular Mechanics Calculations. Molecular mechanics
calculations on phosphine oxides and their lanthanide
complexes were performed with the MM3 force ﬁeld28 as
implemented in PCModel,29 a program that is capable of
performing both geometry optimizations and conformational
analyses. This entailed modiﬁcation of the default parameter
set. Previous MM3 phosphine oxide parameters30 were
adjusted to improve agreement with rotational potential energy
surfaces computed at the MP2/cc-pVTZ level of theory.31 This
approach has been extended to assign additional torsional
parameters for O−P−C−X (X = H, C, or P) and P−C−X−Y
(X = C or P, Y = H, C, O, or P) interactions. Phosphine oxide
complexes with lanthanides were modeled using a points-on-asphere approach,32 necessitating the addition of M−O bond,
M−O−P angle, and M−O−P−C torsion parameters. The
complete set of modiﬁed MM3 parameters and the basis for
their assignments are provided as Supporting Information.
Conformational searching was accomplished using Monte
Carlo random sampling and stochastic simulation strategy with
default settings in PCModel.29 During the searches, trial
structures were generated by alternating between the “bonds
method” and the “Cartesian method”. In the “bonds method”,
trial structures are generated by randomly rotating a subset of
bonds. In the “Cartesian method”, trial structures are generated
by removing hydrogen atoms, randomly moving the remaining
atoms, and replacing the hydrogen atoms. A search was
terminated when one of the stopping criteria is met, either
exceeding a limit of 100 000 trials or after 50 consecutive trials
B
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Combining ΔG1 and ΔG2 provides an estimate for the
overall free energy change on going from the free ligand to the
bound ligand. The assumption that the terms c1 and c2 are
constant for a series of ligands that contain the same set of
binding sites yields eq 3, which gives the relative free energy
change for metal complexation, ΔGrel. This value can be used to
rank a series of constant-donor candidates, with the top
candidate having the lowest value of ΔGrel. The lowest possible
ΔGrel value is 0, which would occur when the ligand is
preorganized (ΔU1 = 0), the ligand is complementary (ΔU2 =
0), and there are no frozen bond rotations (Nrot = 0). Data for
structures 1−65 (optimized atomic coordinates and energies)
are provided as Supporting Information.

in which no new conformation is located within 3.5 kcal/mol of
the global minimum.
Molecular Mechanics Scoring Methods. HD output
consists of geometries for a series of bis-phosphine oxide
ligands chelated to Gd3+ that are ranked based on geometric
factors.22a Although approximate in nature, the geometry-based
scoring method used by HD provides a rapid means for
selecting the best candidates from a large group of potential
structures. Molecular mechanics analyses were subsequently
applied to provide a more accurate prioritization of the top
2000 candidates. As discussed in detail elsewhere, it is possible
to relate molecular mechanics strain energies, ΔU values, to
free energies, ΔG values.33 The approach entails partitioning
the complexation event into a two-step process as shown in
Figure 1. In the ﬁrst step, the ligand goes from the free form,

ΔGrel = ΔU1 + ΔU2 + 0.31Nrot

Electronic Structure Calculations. To provide additional
corroboration of MM3 scoring methods, aqueous free energies
of formation for [Gd(L)(OH2)(NO3)3]0 complexes with
selected mono and bidentate ligands, L, were computed.
These calculations were performed with the Gaussian 09,
revision C.01, software package35 at the B3LYP level of
theory.36 The 6-31+G(d) basis set was used for main group
elements and hydrogen for geometry optimization.37 The
energy-consistent scalar-relativistic Wood−Boring-adjusted 53electron−core pseudopotential and corresponding (7s6p5d)/
[5s4p3d] basis set (LCRECP) was selected for Gd.38 Since the
LCRECP calculations include the 4f electrons in the core
([Kr]4d104f7), they were performed using a pseudosinglet
state conﬁguration. Only the outermost 11 electrons (5s, 5p,
5d, and 6s) were treated explicitly. Additionally, single point
energy calculations were performed at the B3LYP/LC(Gd)/6311++G(d,p)//B3LYP/LC(Gd)/6-31+G(d) level of theory.
Frequency calculations veriﬁed optimized structures as minima
on the potential energy surface and provided zero point
energies. Thermal contributions to the gas phase Gibbs free
energies were calculated using standard molecular thermodynamic approximations,39 except that vibrational frequencies
lower than 60 cm−1 were raised to 60 cm−1. This procedure is
similar to that proposed by Truhlar and co-workers40 as a way
to correct for the well-known breakdown of the harmonic
oscillator model for the free energies of low-frequency
vibrational modes. Free energies of solvation were calculated
at the B3LYP/LC/6-31+G(d) level using the IEF-PCM implicit
solvation model with default settings.41 Data for reported
structures (optimized atomic coordinates and absolute
energies) are provided as Supporting Information.
Calculation of the Complexation Free Energies.
Complexation free energies in aqueous solution, ΔGaq, with
neutral ligands were calculated using the thermodynamic cycle
shown in Figure 2. It was found that the computed hydration
free energies of trivalent metal ions complexes with the total
charge 3+ were sensitive to small changes in the models and
complex geometry, which could potentially introduce large

Figure 1. Reaction partitioned into two steps deﬁning three distinct
structural states for the ligand: bound form, binding form, and free
form.33 The bound form is the structure of the ligand when complexed
with the metal, the binding form is the ligand conformation obtained
after removing the metal and optimizing the ligand, and the free form
is the global minimum conformation of the ligand.

deﬁned as the lowest energy conformation of the ligand, to the
binding form. The diﬀerence in free energy between these two
forms, ΔG1, provides a measure of the degree of preorganization in the host. In the second step, the ligand and metal form
the complex. The free energy change for this step, ΔG2, is a
measure of the degree of complementarity oﬀered by the
binding conformation.
Starting from Cartesian coordinates for a metal−ligand
complex generated by HD, the molecular mechanics evaluations occur in two steps. In the ﬁrst step, ligand strain energies,
ΔU2 = U(bound form) − U(binding form), are calculated. The
ΔU2 values can be related to the free energy change ΔG2 (see
Figure 1), if it is assumed that (a) the interaction energy
associated with forming two phosphine oxide−lanthanide
bonds is constant and (b) entropic contributions are constant
except for restricted bond rotation associated with the
formation of the metal−ligand complex.34 The magnitude of
the latter term is given by the empirical relationship 0.31Nrot
kcal/mol, where Nrot is the number of freely rotating bonds
restricted on complexation.34 Thus, ΔG2 values in kilocalories
per mole are provided by eq 1, consisting of an enthalpic
component, ΔU2, and entropic component, 0.31Nrot, and some
constant contribution c1.
ΔG2 = ΔU2 − T ΔS2 = ΔU2 + 0.31Nrot + c1

(3)

(1)

In the second step, conformational analyses are performed to
obtain values for ΔU1, taken as U(binding form) − U(global
minimum). The ΔU1 values yield an estimate for ΔG1 if it is
assumed that (a) in the absence of the metal ion the majority of
the ligand is in the global minimum conformer and (b)
entropic contributions are constant. Thus, ΔG1 values are
provided by eq 2, consisting of an enthalpic component, ΔU1,
and some constant contribution c2.
ΔG1 = ΔU1 − T ΔS1 = ΔU1 + c 2

(2)

Figure 2. Thermodynamic cycle used to calculate ΔGaq.
C
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uncertainties in the computed ΔGaq. These issues can be greatly
alleviated for neutral Gd3+ complexes formed with weakly
coordinated nitrate anions. In this case, ΔGaq is given by

examination of crystal structure data for lanthanide complexes
in which monodentate phosphine oxides are coordinated to the
metal. In such examples, the geometries associated with the
lanthanide−phosphine oxide interaction are not contaminated
by geometric constraints present when the phosphine oxide
donor occurs within a chelate ring.
A search of the CSD27 yielded 424 example geometries for
lanthanide interactions with monodentate phosphine oxides.
The M−O distances exhibited expected behavior, showing a
steady decrease on going from La to Lu. Average values
decreased from 2.42 Å for La3+ to 2.18 Å for Lu3+. Standard
deviations for any given M−O distance ranged from 0.03 to
0.05 Å. A plot of average M−O distance versus Shannon’s ionic
radii44 exhibits a linear correlation, r = 0.993 (see Supporting
Information).
Given that the interaction between a phosphine oxide and
lanthanide is predominantly ionic in character, one might
anticipate that a trivalent cation would align with the P−O
dipole moment to yield an M−O−P angle of 180°. A histogram
of observed M−O−P angles, Figure 3a, shows that this angle

ΔGaq = ΔG°g + ΔΔG*solv + (n − 1)ΔG° → * + nRT
ln([H 2O])

(4)

Here, ΔG°g is the free energy of complexation in the gas
phase and ΔΔG*solv is the diﬀerence in the solvation free
energies for a given reaction
ΔΔG*solv = ΔG*solv ([Gd(L)(NO3)3 (H 2O)3 − n ])
+ nΔG*solv (H 2O) − ΔG*solv ([Gd(NO3)3 (H 2O)3 ])
− ΔG*solv (L)

(5)
→

The standard state correction, ΔG° *, represents the change
in the free energy of transfer of 1 mol of solute from the gas
phase at a standard state of 1 atm (24.46 L/mol) to the
aqueous phase at a standard state of 1 mol/L (1 M)42
ΔG° → * = −T ΔS° → * = RT ln(V °/V *) = RT ln(24.46)
= 1.89 kcal/mol

(T = 298.15 K)

(6)

Applying eq 6 to each gas-phase reactant and product yields
the correction given in the upper leg of the thermodynamic
cycle shown in Figure 2. With water, an additional correction,
RT ln([H2O]) = 2.38 kcal/mol, is needed if the pure solvent
H2O(l) is adopted as the reference state for the solvent in the
lower leg of the thermodynamic cycle.43 This correction
represents a free energy change associated with moving a
solvent from a standard-state solution phase concentration of 1
M to a standard state of the pure liquid, 55.34 M. The partition
function for bond rotation is not accurately described using the
harmonic approximation,34b and thus the applied level of theory
does not correctly account for entropic contributions arising
from restricted bond rotation. For consistency with the
approach adopted in the MM3 ΔGrel estimate (see above), a
correction of 0.31Nrot kcal/mol was applied to the ΔGaq values
obtained with DFT: ΔGtot = ΔGaq + 0.31Nrot.

■

RESULTS AND DISCUSSION
Design Basis and Input Fragment. De novo structurebased ligand design involves building 3D molecular structures
by connecting molecular fragments to achieve geometries that
organize binding sites for complexation with the targeted metal
ion. The process requires the user to create a 3D molecular
input fragment structure that deﬁnes the desired placement of
binding sites about the metal ion. In the current study, the goal
is to identify bis-phosphine oxide ligands that are organized to
chelate a lanthanide metal ion. The input selected for this task
was a single fragment containing two phosphine oxide
functional groups attached to a representative lanthanide
metal ion, Gd3+, chosen because it lies in the middle of the
series. Consideration of two geometric factors provided the
basis for how these phosphine oxides were positioned: the
orientation of each phosphine oxide with respect to the metal
ion and the distance between the oxygen donor atoms.
The ﬁrst geometric factor that deﬁnes the optimal placement
of the two phosphine oxide functional groups is the orientation
of each phosphine oxide with respect to the lanthanide metal
ion in terms of M−O distance, M−O−P angle, and M−O−P−
C dihedral angle. This information can be obtained by

Figure 3. (a) Distribution of M−O−P angles observed in crystal
structures of lanthanide complexes with monodentate phosphine
oxides. (b) MM3 potential energy surface for distortion of the M−O−
P angle in [Gd(OPMe3)]3+.

ranges from 140 to 180° in crystal structures with a maximum
at 167°, indicating either a shallow potential surface in the
vicinity of 180° or a preference for this angle to distort from
linearity. The MM3 potential energy surface for distortion of
this angle for the representative [Gd(OPMe3)]3+ complex,
Figure 3b, indicates the strain energy associated with Gd−O−P
angle distortion is less than 1 kcal/mol from 150 to 180°,
consistent with the variation in the observed angle distribution
(see Supporting Information).
A histogram showing the distribution of all M−O−P−C
dihedral angles is shown in Figure 4. The values are randomly
distributed over 0−360° indicating no apparent preference for
D
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leaving a bond vector for attachment of a link fragment. Each
phosphine oxide was initially oriented with respect to a Gd3+
metal ion to give Gd−O distances of 2.27 Å, Gd−O−P angles
of 165°, and Gd−O−P−vector dihedral angles of 0°. The
resulting structure, Figure 5c, represents only one of many
possible bond vector poses (orientations), for this input
fragment. To account for the observed degree of freedom in
metal-related angles and dihedral angles, input parameters were
set to generate series of vector poses from this structure by
varying each Gd−O−P angle by ±14° in 7° increments and
each Gd−O−P−vector dihedral angle by ±90° in 15°
increments.
The second geometric factor that deﬁnes the optimal
positioning of two phosphine oxide functional groups is the
distance between the oxygen donor atoms, otherwise known as
the bite of the ligand.
Deciding on an appropriate range for the bite involves a
consideration of the nature of the species that are likely to form
in the organic phase of a liquid−liquid extraction system. Given
the widespread use of nitric acid as the acidic aqueous phase,
the majority of data regarding the nature of organophosphorus
complexes formed in the organic phase involve nitrate as the
counteranion. Studies have shown that with monodentate
phosphine oxide extractants, and the related charge-neutral
phosphinate, phosphonate, and phosphate esters, the extracted
complexes most commonly exhibit a stoichiometry of three
ligands, L, to one metal, [M(L)3(NO3)3]0, across the entire
lanthanide series.7,10,13,14,45 Single crystal X-ray data provides
31 examples for such species with L = phosphine oxide across
the lanthanide series, showing that the three nitrate anions
coordinate with the lanthanide in a bidentate fashion giving rise
to a metal coordination number of 9.46 A representative
example of one of these complexes is shown in Figure 6a.
Several stoichiometries are possible with bis-phosphine oxide
extractants. With larger, early lanthanides and/or ligand
architectures that provide a small bite (O---O distance), both
ligands could coordinate in a bidentate fashion giving rise to a
10-coordinate [M(L)2(NO3)3]0 species. This behavior is
observed in X-ray structures of La3+ and Ce3+ complexes with
a bis-phosphine oxide where the P atoms are connected by a
methylene link, Figure 6b.47 With smaller lanthanides and/or
ligand architectures that provide a larger bite, complexes with
the same stoichiometry could occur in which one of the ligands
coordinates in a bidentate fashion and the other coordinates in
a monodentate fashion to give a 9-coordinate complex. This
behavior is observed in X-ray structures of bis-phosphine oxides
where the P atoms are connected by ethylene48 or butylene
links,49 Figure 6c and Figure 6d, respectively. A ﬁnal possibility
is that the ligand is so poorly organized that bidentate chelation
is not possible and each ligand serves as a monodentate donor
giving rise to the 9-coordinate [M(L)3(NO3)3]0 complex. In
this case a bis-phosphine oxide extractant would exhibit
behavior similar to that of a monodentate phosphine oxide.
Enhanced performance is expected only when one or more of
the bis-phosphine oxide extractants are able to chelate the metal
in a bidentate fashion.
It follows from the above discussion that a small bite is a
desirable geometric property, allowing [M(L)2(NO3)3]0 species
in which both ligands are able to form chelate rings. Due to
steric hindrance in the inner coordination sphere, if the bite of
the ligand is increased beyond some limit, it will not be possible
to form even one chelate ring and maintain a high coordination
number. An indication of this limit is obtained through the

Figure 4. Distribution of M−O−P−C dihedral angles observed in
crystal structures of lanthanide complexes with monodentate
phosphine oxides.

this geometric parameter. This is not surprising given the near
linearity of the M−O−P angle and the relatively long, ≥2 Å,
M−O distances when compared to the distances encountered
in organic molecules.
As seen above, evaluation of crystal structure data deﬁnes the
average geometry associated with a lanthanide−phosphine
oxide interaction and gives the range of observed values for
each geometric parameter. This information is graphically
summarized in Figure 5a,b illustrating the average placement of
Gd3+ with respect to Me3PO as well as the region of space that
can be accessed without excessive energy penalty (≤1 kcal/
mol). In constructing the input fragment geometry, Figure 5c,
one methyl group was removed from each phosphine oxide

Figure 5. (a) Average experimental position of a trivalent lanthanide
with respect to R3PO is illustrated here with a Gd−OPMe3 complex.
Section of a sphere shows the region of space that can be accessed by
the metal ion with ≤1 kcal/mol of destabilization. (b) The same
structure viewed down the O−P bond. (c) Input fragment in which
both phosphine oxides have been positioned to give the average
geometry shown in (a). Blue vectors emanating from each phosphorus
atom show the direction of the two P−C bonds that will be made by
connection to a hydrocarbon link from the HD fragment database.
E
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obtained and the maximum observed bite for an O,O chelate
ring increases to 3.52 Å.
The initial geometry of the input fragment, Figure 5, has an
O−M−O angle of 75° corresponding to a bite of 2.76 Å. In
addition to variation in the M−O−P angle and M−O−P−
vector dihedral angle (vide supra), a ﬁnal degree of freedom
was speciﬁed to expand the set of vector poses to include a
range of possible bite values. The O−M−O angle was varied
from 55 to 100° in 5° increments, generating bites ranging from
2.10 to 3.48 Å in the input fragment. When combined with the
other degrees of freedom, the 5 M−O−P angle positions and
13 M−O−P−vector dihedral positions that are applied to each
of the two phosphine oxides, adding 10 O−M−O angle
positions, generates a total of 42 250 vector poses (5 × 5 × 13
× 13 × 10).
Structure Generation and Scoring. With the above input
HD evaluated 42.8 million geometries in 116 mina rate of
0.00016 s per geometry (Macintosh G5, 2.8 GHz Intel Xeon
processor)! During this process a total of 4756 hydrocarbon
links taken from the HD fragment database were scored for
their ability to connect the bonding vectors emanating from
each phosphorus atom in the input fragment speciﬁed in the
preceding section. This subset of links represents all possible
low-energy conformations and stereoisomers for all noncyclic
alkane and monoalkenes containing one to six carbon atoms, all
simple ﬁve- and six-membered rings, all dimethyl-substituted
ﬁve- and six-membered rings, and selected polycyclic molecules.
The calculations identiﬁed 2290 candidate ligand architectures.
Initial scoring performed by HD ranked the ligand candidates
with respect to how well the bonding vectors on the link
complement the bonding vectors on the input fragment.
Subsequent molecular mechanics analyses were then applied in
two steps to achieve a more accurate ranking via the quantity
ΔGrel (eq 3).
Applying the molecular mechanics analyses to the candidates
generated by the HD run involved geometry optimization of
each Gd complex. Examination of the resulting structures
revealed that although the vector poses within the input
fragment corresponded to bites ≤3.48 Å, after geometry
optimization a few of the structures exhibited O---O distances
exceeding 3.50 Å. Given the lack of precedent for chelate rings
with bites ≥3.50 Å for oxygen donor ligands in lanthanide
complexes with coordination numbers ≥8 (vide supra), any
structures with bites ≥3.50 Å were excluded from the list of top
candidates.
The 3D geometry of a ligand is optimally organized for metal
complexation when the most stable conformation of the free
ligand provides an orientation of binding sites that spatially
match the coordination sites on the metal ionin other words,
when the ligand is both preorganized and complementary.16,23
Ligand architectures with a high degree of structural
organization are the exception rather than the rule. As a result,
most ligands must undergo some degree of structural change,
or reorganization, to achieve the geometry that occurs in the
metal complex. The ΔGrel values rank candidates based solely
on the amount of energy it takes to reorganize the geometry of
an isolated ligand from the free form to the bound chelated
form (ΔU1 + ΔU2) plus an entropic penalty associated with
number of restricted bond rotations on formation of the chelate
ring (0.31Nrot). For series of ligands with a ﬁxed number and
type of binding sites, ΔGrel values provide a quantitative
measure for ranking the ligands with respect to metal ion
aﬃnity.33

Figure 6. Single crystal X-ray structures showing examples of
phosphine oxide complexes with lanthanide tris-nitrates: (a) 9coordinate complex with three monodentate phosphine oxides
(KAZCOF);46 (b) 10-coordinate complex with two bis-phosphine
oxides coordinated in a bidentate fashion (UKAQOM);47 (c and d) 9coordinate complexes with one bis-phosphine oxide coordinated in a
bidentate fashion and the other in a monodentate fashion (XALNAA48
and PEBFAF,49 respectively). Values given in parentheses are CSD
reference codes.

examination of crystal structure data. A histogram of the
observed bites for O,O chelate rings in lanthanide complexes
with three bidentate nitrates in the inner sphere as a function of
the size of the chelate ring is shown in Figure 7. Although there

Figure 7. Distribution of chelate bite (O---O distance within a chelate
ring) observed in crystal structure data as a function of the number of
chelate ring atoms in lanthanide complexes in which the inner sphere
contains three bidentate nitrate ligands and at least one chelate ring
involving two oxygen donor atoms.

is overlap between the data sets, it can be seen that the average
bite increases with the number of chelate ring atoms (ring size,
average bite): 5, 2.62 ± 0.07 Å; 6, 2.83 ± 0.08 Å; ≥7, 2.94 ±
0.11 Å. These complexes, which exhibit coordination numbers
ranging from 9 to 12, show a maximum observed bite of 3.38 Å.
If the search is expanded to include any lanthanide complex
with a coordination number of ≥8, analogous results are
F
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This ranking assumes that M−O bond strength remains
constant, irrespective of the nature of the R groups attached to
P. In this case, where the ranking is applied to a series of
Me2(O)P−link−P(O)Me2 molecules, either a saturated or
unsaturated carbon atom of the hydrocarbon link is bound to
the phosphorus of each Me2(O)P group. Studies of inductive
eﬀects show that, relative to an alkyl group (σ* = 0.00, methyl;
−0.10, ethyl; −0.12, n-propyl; −0.19, isopropyl; −0.30, tertbutyl), alkenes and arenes are electron withdrawing (σ* =
+0.40 for vinyl, +0.60 for phenyl).50 Thus, the identity of the
link will to some extent modify the basicity of the oxygen donor
atoms. Decreasing basicity is expected to weaken the M−O
interaction. Consistent with this expectation, the extraction
ability of monodentate organophosphorus ligands decreases
when alkyl groups are replaced with electron withdrawing
substituents, such as phenyl groups or alkoxides.20,45d,51 Thus,
it should be kept in mind that when P atoms are attached to
link unsaturated carbon atoms, ΔGrel values may overestimate
the relative stability for such ligands when compared to cases
with P attached to link saturated carbon atoms. Likewise, ΔGrel
values may underestimate the relative stability when comparing
cases with P attached to primary saturated carbon atoms in the
link to cases attached to secondary saturated carbon atoms in
the link.
To gain some insight into the magnitude of this inductive
eﬀect, DFT calculations were performed to compute both the
gas phase, ΔG°g, and aqueous phase, ΔGaq, values for the
substitution reaction shown in Figure 2, where the monodentate (n = 1) ligand L = RMe2PO and R = Et, Ph, or t-Bu. In
the gas phase, the ΔG°g values are −12.5, −10.7, and −12.7
kcal/mol for R = Et, Ph, and t-Bu, respectively. This trend is
consistent with the inductive eﬀect of the R group discussed
above. In the aqueous phase, the ΔGaq values are −5.9, −4.6,
and −5.9 kcal/mol for R = Et, Ph, and t-Bu, respectively. While
the diﬀerence in the binding aﬃnity for R = Et and t-Bu
becomes very small, the binding aﬃnity in the presence of the
electron-withdrawing aromatic substituent remains notably
lower.
Ranking all 2290 candidates by ΔGrel value, which ranged
from 1.0 to 18.5 kcal/mol, and eliminating any structures with a
bite ≥3.50 Å after geometry optimization, identiﬁed bisphosphine oxide structures that are optimally organized for
chelating a representative lanthanide, Gd3+, under solvent
extraction conditions. For structures created by bridging two
Me2(O)P groups with a hydrocarbon link, the top 30
candidates are presented in Figure 8. In the majority of these
structures, the P atoms are attached directly to C atoms in an
aliphatic ring system. Such links are favored because they
minimize the penalty associated with restricted bond rotation.
In addition, the conformational rigidity of the ring limits the
degree of structural reorganization associated with metal
chelation. Scoring information for 1−30, summarized in
Table 1, reveals the ΔGrel values range from 1.60 to 4.30
kcal/mol.
Examination of 1−30 reveals several groups of structures that
represent variants of the same connectivity and exhibit similar
chelate ring geometries. For example, 3 and 4 exhibit
architectures very similar to that of 2. Variants of link observed
in 5 are found in 6, 8, 10, 14, 17, and 19. In this case altering
the placement of two methyl substituents on the cyclohexene
link moderates reorganization energies over a range of 0.9 kcal/
mol and chelate bite over a range of 0.26 Å. For comparison the
simplest analogue of this series, the cis-4,5-cyclohexenyl link

Figure 8. Top 30 candidates after ranking by ΔGrel, where P =
Me2(O)P.

lacking any methyl substituents, is ranked 103rd in the output
with a ΔGrel value of 5.0 kcal/mol, in other words, 1.8 kcal/mol
less organized than the best scoring analogue, 5. Thus, the
design approach accounts for conformational stabilization
arising from alkyl substitution by building and evaluating all
dimethylated link variants for ﬁve- and six-membered rings.
Although there is some degree of redundancy in the top hits,
there is also diversity. The output serves to illustrate another of
the advantages of the design approachthe unbiased
identiﬁcation of the best candidate structures, most of which
would not be intuitively obvious to a synthetic chemist. The
links shown in Figure 8 establish no apparent preference for the
number of C atoms in the shortest path between P atoms: 11
cases with two C atoms; 10 cases with three C atoms; four
cases with four C atoms; ﬁve cases with ﬁve C atoms. Thus,
when complexed with a metal ion, the chelate ring size in these
ligands ranges from 7 to 10. At ﬁrst this result might seem to
conﬂict with early studies of chelating ligands where it was
observed that complex stability generally decreases as the
chelate ring size increases and ligands require a chelate ring size
≤6 in order to form stable complexes.15 Such observations are
based on the behavior of binding sites connected with ﬂexible
links, such as −(CH2)n−, where chelation is accompanied by
G

DOI: 10.1021/acs.inorgchem.5b02995
Inorg. Chem. XXXX, XXX, XXX−XXX

Article

Inorganic Chemistry
Table 1. Scoring Results for Top 30 Candidates (Figure 8)a
structure

bite

ΔU1

ΔU2

Nrot × 0.31

ΔGrel

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

3.43
3.11
3.15
3.30
2.66
2.80
3.23
2.81
2.74
2.79
2.72
3.26
3.45
2.58
2.70
2.71
2.84
2.71
2.71
2.69
2.94
2.76
3.28
2.76
3.33
2.74
2.73
3.39
2.74
3.23

0.30
0.94
0.77
0.92
2.22
2.48
0.00
2.66
2.25
2.57
0.00
1.04
2.45
2.19
1.04
1.08
3.31
2.73
2.48
0.00
2.40
2.64
1.02
2.81
2.46
2.63
1.07
1.62
1.40
2.20

0.68
1.09
1.30
1.49
0.32
0.33
2.50
0.24
0.66
0.35
3.19
1.61
0.75
1.09
2.24
2.28
0.11
0.74
0.98
3.47
1.09
0.86
2.49
0.75
1.16
1.01
2.57
1.74
2.27
1.48

0.62
0.62
0.62
0.62
0.62
0.62
0.93
0.62
0.62
0.62
0.62
0.93
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.93
0.62
0.62

1.60
2.65
2.69
3.03
3.16
3.42
3.43
3.51
3.53
3.55
3.81
3.59
3.82
3.90
3.91
3.98
4.04
4.08
4.08
4.09
4.11
4.12
4.13
4.18
4.25
4.26
4.26
4.28
4.29
4.30

Figure 9. Synthetically accessible candidates numbered in order of
increasing ΔGrel, where P = Me2(O)P.

these candidates is summarized in Table 2. Analogues for some
of these compounds, in which Me substituents on phosphorus
are replaced with other R groups, have been studied as
extractants for lanthanides and actinides.17−21 In comparing the
observed reactivity of these analogues to that predicted by
ΔGrel values (see Comparison with Experimental Extraction
Strength), it was observed that the identity of the R groups may
inﬂuence the degree of structural organization. To evaluate the
inﬂuence of R on ΔGrel, additional calculations were performed
with analogues of 31− 53 in which the four Me substituents
were replaced with either four Ph substituents or four Et
substituents.52 As seen in Table 2, Et substitution has a minor
eﬀect on ΔGrel in most cases, with only 5 of these 23 structures
exhibiting changes larger than 0.5 kcal/mol. Ph substitution,
however, results in an average change of ±1.2 kcal/mol in ΔG
rel, with half of the structures exhibiting changes larger than 1.0
kcal/mol.
Because HD currently builds molecules by forming single
bonds between isolated fragments, all candidates generated by
HD have at least two rotatable bonds. With Nrot ≥ 2, this
introduces an entropy penalty for restricted bond rotation and
the possibility of conformational reorganization, ΔU1 > 0. If a
complementary spatial arrangement of the two OPR3 groups
can be achieved, then higher degrees of organization, ΔU1 = 0
and Nrot = 0, are possible by incorporating the phosphine
oxides within cyclic ring systems to yield rigid monocyclic or
bicylic diphosphorinanediones. Using this strategy to preorganize bidentate diamides53 has led to dramatic increases in
performance in extractive separations of lanthanides. Thus,
although synthetically challenging, this class of architectures
was evaluated in order to determine whether further enhancement in organization is possible. All possible bis-phosphine
oxide chelates formed by inserting two P atoms within the rings
of cyclopentane, cyclohexane, cycloheptane, bicyclo[3.3.0]octane, bicyclo[4.3.0]nonane, and bicyclo[4.4.0]decane, such

Bite = O---O distance (Å) in the metal−chelate complex. ΔGrel =
ΔU1 + ΔU2 + 0.31Nrot; ΔU1 is U(free) − U(binding form), ΔU2 is
U(binding form) − U(bound form), where U refers to the MM3 strain
energy, and Nrot is the number of restricted bond rotations on forming
the chelate ring. Energies are given in kcal/mol.

a

unfavorable conformational reorganization and entropic contributions that weaken binding to the point that enhanced
stability beyond that of monodentate analogues is not generally
observed when n > 4. When such eﬀects are minimized through
the use of rigid links, as in 1−30, the caveat that small chelate
ring size is required for high metal ion aﬃnity no longer applies.
Inspection of Figure 8 also highlights a disadvantage of the
de novo design approach. When structures are indiscriminately
assembled from molecular fragments, the process produces
numerous candidates that range from diﬃcult to impossible to
synthesize. Because 1−30 all involve P−C bonds to carbon
atoms in aliphatic rings, all of these structures are chiral. From a
synthetic point of view chiral centers are problematic because
the preparation of enantiomerically pure precursors is expensive
and subsequent synthesis often results in low synthetic yields
and diﬃculties in isolating the desired stereoisomer. For this
reason prior research of bis-phosphine oxide extractants has
focused on synthetically accessible links. Links in this category
include linear n-alkyl chains, monomethylated alkyl chains,
gem-dimethylated alkyl chains, ethene, benzene, toluene, and
xylene.
Although they do not give the most organized architectures,
a number of synthetically accessible candidates, 31−53 in
Figure 9, were identiﬁed during the HD run. Scoring data for
H
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Table 2. Scoring Results for Synthetically Accessible Candidates (Figure 9)a
ΔGrel
structure

rank

biteb

ΔU1b

ΔU2b

Nrot × 0.31

R = Me

R = Et

R = Ph

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

52
90
274
407
464
471
527
∼540c
683
775
858
894
∼1112c
1176
1181
1191
1300
1310
1347
1383
1476
1570
1572

3.87
2.69
3.39
3.35
3.38
2.59
3.34
3.75
2.92
2.96
2.87
3.61
2.87
3.21
2.71
2.74
2.74
2.89
3.28
3.27
2.85
3.03
2.69

2.86
1.05
1.91
1.99
2.84
0.90
2.24
1.44
0.96
5.17
5.90
3.02
1.74
3.16
5.24
4.44
2.84
0.58
4.56
4.76
7.44
4.92
8.11

0.32
3.08
2.60
2.92
2.23
5.11
2.98
4.43
5.29
0.99
0.73
3.06
5.51
3.90
2.45
3.27
5.20
7.19
2.98
2.86
0.55
3.37
0.79

1.24
0.62
1.55
1.55
1.55
0.62
1.55
0.93
0.93
1.24
0.93
1.55
0.93
1.24
0.62
0.62
0.62
0.93
1.24
1.24
1.24
1.24
0.62

4.42
4.74
6.06
6.46
6.61
6.63
6.77
6.80
7.18
7.40
7.56
7.63
8.18
8.30
8.31
8.33
8.67
8.70
8.78
8.87
9.22
9.52
9.53

4.59
4.56
5.74
6.73
6.86
6.87
6.37
7.20
7.08
6.97
7.49
8.01
8.31
9.19
8.19
8.62
9.49
6.80
8.99
7.28
10.68
9.52
9.26

4.15
4.57
7.29
4.98
5.86
3.61
6.03
8.14
8.91
8.40
7.43
5.95
7.40
7.64
10.35
5.02
6.59
9.76
8.48
8.54
10.55
8.69
9.22

a
Rank gives the position in the output ﬁle after ranking by ΔGrel. Bite = O---O distance (Å) in the metal−chelate complex. ΔGrel = ΔU1 + ΔU2 +
0.31Nrot; ΔU1 is U(free) − U(binding form), ΔU2 is U(binding form) − U(bound form), where U refers to the MM3 strain energy, and Nrot is the
number of restricted bond rotations on forming the chelate ring. Energies are given in kcal/mol. bAs in Tables 1 and 3, the bite, ΔU1, and ΔU2
values refer to structures in which R = Me in R2(O)P groups. cStructures built and evaluated separately because monomethylated benzene links are
not included in the HD fragment library. HD located links analogous to 38 and 43 using dimethylated benzenes.

that they were separated by at least one C atom, were
systematically generated by hand. Evaluation of 65 potential
connectivities and stereochemistries (see Supporting Information) identiﬁed 12 compounds, 54−65 in Figure 10, that scored
as well as the top 30 candidates, in other words, with ΔGrel ≤
4.3 kcal/mol (Table 3). With one exception, 59, the shortest
connection between the two P atoms in these candidates
involves one C atom to yield six-membered chelate rings.
Comparison with Aqueous Free Energies of Complexation Computed with DFT. Aqueous free energies of

Table 3. Scoring Results for Diphosphorinanedione
Candidates (Figure 10)a
structure

bite

ΔU1

ΔU2

Nrot × 0.31

ΔGrel

54
55
56
57
58
59
60
61
62
63
64
65

2.69
2.83
2.78
2.77
2.79
2.86
2.81
2.79
2.79
2.78
2.79
2.79

0.29
0.00
0.00
0.00
0.00
3.19
0.00
0.00
0.00
0.00
0.00
0.00

1.65
2.42
2.54
3.34
3.70
0.70
3.88
4.00
4.10
4.10
4.12
4.21

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.94
2.42
2.54
3.34
3.70
3.88
3.88
4.00
4.10
4.10
4.12
4.21

Bite = O---O distance (Å) in the metal−chelate complex. ΔGrel =
ΔU1 + ΔU2 + 0.31Nrot; ΔU1 is U(free) − U(binding form), ΔU2 is
U(binding form) − U(bound form), where U refers to the MM3 strain
energy, and Nrot is the number of restricted bond rotations on forming
the chelate ring. Energies are given in kcal/mol.

a

complexation, ΔGtot, for selected bidentate ligands computed
with DFT were used to corroborate the MM3 scoring results. It
is not yet possible to use DFT methods to compute absolute
ΔG values for the formation of complexes involving multivalent
metal ions with a predictable degree of accuracy. However,
there are numerous examples demonstrating that trends in ΔG
values computed with DFT correctly predict trends in
experimental ΔG data for series of related ligands.54 Diﬃculties
with this approach arise from the accurate treatment of

Figure 10. Diphosphorinanedione candidates numbered in order of
increasing ΔGrel, where R = Me.
I
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oxide molecules for their ability to form an isolated chelate ring
with a representative lanthanide metal ion, Gd3+. The results
show that variation of the link used to bridge the phosphine
oxides leads to a wide range of steric strain within the chelate
ring, predicting that some links should yield signiﬁcantly better
performance than others. For synthetically accessible candidates, Table 2, it is possible to test the validity of some of these
predictions by comparing them against the observed behavior
of bis-phosphine oxide extractants. The majority of prior
studies on the extraction of f-block metal ions involve the
extraction of the metal ion from nitric acid solution into
chlorinated organic solvents. Under these conditions, the data
has been interpreted in accord with the equilibrium given in eq
7, where Kex provides a measure of metal ion aﬃnity. For
trivalent f-block metal ions, the observed L:M ratio for
monodentate phosphine oxides is 3, whereas for most bisphosphine oxides the predominant L:M ratio is 2. As noted
earlier (see Figure 6), such stoichiometries are observed in
crystal structures of lanthanide tris-nitrate complexes.46−49 In
the case of the bis-phosphine oxides, the observed L:M ratio
suggests that at least one of the extractants is bound to the
metal ion in a bidentate fashion under the extraction
conditions.

solvation eﬀects for highly charged metal ions and their
complexes.42 The high sensitivity of calculated hydration free
energies for the trivalent metal ions to small changes in the
models could be overcome by considering ligand exchange
between neutral complexes formed by weakly coordinated
counterions. An important assumption of the model is that
counterions do not signiﬁcantly alter the chelation ability of the
neutral ligands under study. NO3− anions can be chosen for
convenience, because they are the dominant anions in highlevel waste nuclear waste and only weakly coordinated to rareearth metal ions (log K1 ∼ 0).55
Following the approach illustrated in Figure 2, B3LYP
calculations coupled with the IEF-PCM solvation model were
used to calculate aqueous phase, ΔGtot, values of Gd3+ for
several ligands chosen to cover a wide range of predicted
aﬃnity. In order to minimize the inﬂuence of basicity, selection
was limited to links that form P−C bonds with saturated
carbon atoms. The most stable geometry of [Gd(NO3)3(H2O)3]0 was taken from previous studies.56,57 The
initial positions of the ligand with respect to Gd3+ were
obtained by superimposing the oxygen atoms of the bisphosphine oxide over the oxygen atoms of two water ligands. In
general, four nonequivalent initial complex conﬁgurations were
considered by choosing between two pairs of neighboring water
molecules to be replaced by a ligand and two possible ligand
orientations. The ΔGtot values were reported using the most
stable complexes. The lowest energy free ligand conformation
obtained with MM3 was used as the initial geometry for DFT
optimization. In all cases, the same free ligand conformation
was obtained after DFT optimization.
A plot of the total ligand reorganization energy, ΔGrel,
computed using MM3, versus the aqueous complexation free
energy, ΔGtot, computed using DFT is given in Figure 11. The

K ex

Maq 3 + + 3NO3−aq + n Lorg HooI M(NO3)3 (L)norg

(7)

Although equilibrium constants, Kex, are sometimes reported,
experimental data is often limited to metal ion distribution
coeﬃcients, DM, which allow diﬀerent ligands to be compared
under a speciﬁc set of experimental conditions. The DM value,
the ratio of metal ion concentration in the organic phase to that
in the aqueous phase, is typically reported as its logarithm.
These log DM values are related to log Kex values by eq 8.
log DM = log

[M(NO3)3 (L)n ]org
[M3 +]aq

log[NO3−]aq + n log[L]org

= log Kex + 3
(8)

In addition to Kex, other variables will inﬂuence the
magnitude of log DM. These include nitrate ion concentration,
organic phase ligand concentration, identity of the organic
solvent, pH of the aqueous phase due to competing ligand
protonation at high acid strength, temperature, and solubility of
the metal complex that forms in the organic phase. Thus, when
comparing the behavior of two extractants, it is important to do
so under the same organic and aqueous phase compositions,
with the only variable being the identity of the extractant
molecule. Because the identity of the P substituents in an
R2(O)P−link−P(O)R2 molecule, including both R and link
groups, can inﬂuence the basicity of the oxygen donor atoms,
elucidating the role of steric eﬀects arising from variation in link
structure requires that such inductive eﬀects be kept as constant
as possible. In addition, the identity of the P substituents can
inﬂuence the organic phase solubility of the resulting metal
complex. To minimize the inﬂuence of inductive and solubility
eﬀects, in each of the examples that follow, comparisons are
made between bis-phosphine oxides with identical R
substitution and saturation of attached link atoms, and where
measurements were made under identical experimental
conditions.
The ﬁrst comparison is between 31 and 52, which are linked
by m-xylyl and o-xylyl groups, respectively. When in the R = Ph

Figure 11. Plot of total ligand reorganization energies, ΔGrel(MM3),
versus aqueous-phase complexation free energies, ΔGtot(DFT), for the
formation of selected bis-phosphine oxide Gd3+ complexes.

linear correlation between the results (r = 0.87) produced by
two diﬀerent methodologies suggests that the inﬂuence of steric
factors on the metal ion aﬃnity of bis-phosphine oxides is well
captured by the MM3 method. In particular, two models
consistently identify both the best-scoring and the worstscoring ligands. Given the many orders of magnitude higher
computational cost associated with DFT calculations, it remains
prohibitive to use DFT to perform conformational searches and
scoring on thousands of candidate structures.
Comparison with Experimental Extraction Strength.
In the foregoing analysis, ΔGrel values ranked bis-phosphine
J
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form, 31 extracts trivalent metals 1000 times stronger than
52.18 It has been suggested that this diﬀerence in reactivity is
perhaps due the meta-isomer being more basic than the orthoisomer.20c However, these two links are not be expected to
diﬀer greatly in their electron donating ability. Consistent with
experiment, the calculated ΔGrel values predict 31, 4.15 kcal/
mol, to be signiﬁcantly better organized for metal chelation
than 52, 8.69 kcal/mol. The signiﬁcant increase in strain, 4.5
kcal/mol, illustrates that the large decrease in extraction on
going from 31 to 52 is largely due to diﬀerences in steric, rather
than inductive, eﬀects.
A second comparison with experimental data occurs with 32,
which is linked with a cis-ethenyl group. When in the R = Ph
form, 32 is an eﬀective extractant for trivalent f-elements
whereas the trans-ethenyl linked analogue was 1000-fold
weaker, giving D values similar to those observed for
monodentate extractants.18 Similar behavior was reported
when this pair of ligands was studied as U(VI) extractants,
with 32 yielding one of the highest D values observed for bisphosphine oxides and the trans-ethenyl analogue yielding one
of the lowest.20c HD identiﬁed the cis-ethenyl linked structure,
32, as a candidate and, with ΔGrel = 4.7 kcal/mol, subsequent
evaluation ranked it among the top 100 candidates. In addition,
HD correctly rejected the trans-ethenyl link as a viable
candidate. After building the trans-ethenyl linked structure by
hand, MM3 analysis gives ΔGrel = 27.8 kcal/mol when this
molecule is forced to chelate the metal ion. The large steric
penalty associated with the formation of this chelate ring is
apparently not oﬀset by the stabilization gained by forming two
MOPR3 bonds, and as a result the trans-ethenyl linked
structure exhibits the behavior of a monodentate extractant.
Thus, ranking by ΔGrel is again consistent with experiment,
predicting a ligand bridged by the cis-ethenyl link to be well
organized for chelation, much more so than one bridged by the
trans-ethenyl link.
The next comparison occurs with the series of ligands
bridged by n-alkyl links, −(CH2)n−, with n = 1−4. Data for this
series occurs in Table 2: 46, CH2; 39, (CH2)2; 40, (CH2)3; and
35, (CH2)4. These extractants have been studied with two types
of R group, n-alkyl and aryl groups. With n-alkyl substituents,
for example, when R = n-hexyl, all of these links yield similar
weak extraction aﬃnities for the lanthanides Pr3+, Nd3+, Sm3+,
and Tm3+.17 Selecting data for the metal ion closest in size to
Gd3+, on extraction of Sm3+ from 0.1 to 5.0 M nitric acid into
dichlorobenzene, DSm values for all four ligands diﬀer by less
than an order of magnitude at any given acid concentration.
Unlike the previous two comparisons, the relative extraction
strength varies with acid concentration. At 0.1 M HNO3, the
extraction strength increases as follows [link (log DSm)]: CH2
(−0.32) < (CH2)3 (−0.11) < (CH2)2 (0.10) < (CH2)4 (0.35).
At 1 M HNO3, the extraction strength increases as follows:
CH2 (0.01) < (CH2)3 (0.03) < (CH2)4 (0.24) < (CH2)2 (0.35).
Computed ΔGrel values for this series are summarized in Figure
12. Using R = Et as a surrogate for a long chain n-alkyl
substituent,52 the results predict that Gd3+ extraction would
increase as follows [link (ΔGrel)]: CH2 (8.6) < (CH2)2 (7.1) <
(CH2)3 (7.0) < (CH2)4 (6.9). In agreement with the
experimental data the ΔGrel value predicts that the CH2 link
should give the weakest extractant in this series. However, the
ΔGrel value for CH2, 1.5 kcal/mol higher than (CH2)2, predicts
that the CH2 bridged structure, 46, should be an order of
magnitude weaker extractant than the others, which is not
observed. The similarity in ΔGrel values for (CH2)2, (CH2)3,

Figure 12. Comparison of ΔGrel values for two R2(O)P groups
connected by −(CH2)n− links as a function of n and R (see 35, 39, 40,
and 46 in Figure 9 and Table 2).

and (CH2)4 bridged structures, which diﬀer by ≤0.2 kcal/mol,
is fully consistent with the observed experimental behavior.
An unexpected experimental result was obtained with n-alkyl
linked bis-phosphine oxides when the R substituents were
changed from alkyl to aryl groups.20 Based on the behavior of
monodentate organophosphorus extractants,20,45d,51 it was
anticipated that putting electron-withdrawing Ph substituents
on these ligands would result in weaker extractants. Although
this expected consequence was observed with longer links, the
opposite behavior was observed with the CH2 linked structure.
The DM values for trivalent f-block metal ions actually increased
by 1−2 orders of magnitude.20 In an early attempt to rationalize
this unexpected result, termed the “anomalous aryl strengthening” or AAS eﬀect, it was suggested that there is π−π
conjugation between the aryl group and the PO group and, on
forming the six-membered chelate ring structure, the resulting
methylene bridge becomes aromatized allowing delocalization
of the electron density from the Ph groups into the ring.20c
Another suggestion was the possibility of a favorable entropy
eﬀect, where the metal ion may ﬁrst contact the nearby Ph rings
forming a loose intermediate prior to contact with the PO
group.21 More recently, it was hypothesized that the AAS eﬀect
may have a structural origin, in other words, that alkyl
substituents may hinder conformational rearrangement more
than aryl ones.19c The nature of such steric eﬀects, however,
was not clariﬁed, and 40 years after its discovery, the basis for
the AAS eﬀect has remained obscure.
As seen in Figure 12, ΔGrel values establish the presence of a
large steric eﬀect when R = alkyl is replaced by R = Ph. Relative
to R = Et, aryl substitution results in the following changes
(link, ΔΔGrel): CH2, −3.60; (CH2)2, +1.83; (CH2)3, +1.43;
(CH2)4, −1.00. Based on these energy diﬀerences, at 298 K
steric eﬀects associated with replacing alkyl substituents by aryl
substituents stabilize the CH2 analogue by a factor of 437,
destabilize the (CH2)2 analogue by a factor of 22, destabilize
the (CH2)3 analogue by a factor of 2, and stabilize the (CH2)4
analogue by a factor of 5. Thus, consistent with experiment,
ΔGrel values predict that adding Ph groups should result in a
large enhancement only for the CH2 linked structure. These
results establish that steric eﬀects associated with the formation
of an isolated chelate ring play a major role in causing the
“anomalous aryl strengthening” eﬀect observed in Ph2(O)P−
CH2−P(O)Ph2.
The cause of the large steric eﬀect in the CH2-linked
structure, 46, is apparent on examination of the geometries for
K
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CH2, 2.20. Computed ΔGrel values for this series of compounds
predict that Gd3+ extraction would increase as follows [link
(ΔGrel)]: (CH2)2 (8.9) < (CH2)3 (8.4) < (CH2)4 (5.9) < CH2
(5.0). Although the analysis of steric eﬀects in isolated chelate
rings gives the wrong order for the two weakest extractants,
(CH2)2 and (CH2)3, in agreement with experiment ΔGrel values
predict that when R = Ph, the CH2 link yields the best
extractant of this series, with the (CH2)4 link as the second
best.
Another comparison between observed extraction strengths
and ΔGrel values is provided by data showing what happens
when CH2 or CH2CH2 links are substituted with additional
groups. When R = Ph, addition of any substituent X onto the
CH2 link of 46 to give CHX causes a decrease in extraction
eﬃciency. For example, when X = n-dodecyl, DEu is decreased
by 2 orders of magnitude.18 Using X = methyl as an analogue,
45, ΔGrel values show that changing the link from CH2 to
CHMe increases the reorganization energy by 5.3 kcal/mol,
correctly predicting a signiﬁcant decrease in extraction strength.
Decomposition of this steric eﬀect (see Figure 13) shows that
compared with 46 the destabilization is primarily due to the
cost of rearranging from the free conformation to the binding
conformation, ΔU1.
When R = Ph, the addition of a methyl group to 39 to give
48 results in a decrease of log Kex for Gd3+ by one log unit.19b
The ΔGrel values for this pair show that adding the Me group
increases the reorganization energy by 0.9 kcal/mol, again
predicting the observed trend.
A ﬁnal comparison is possible when the CH2 link in 46 is
replaced with the CCH2 link in 53 for R = Ph analogues.18 In
this instance, DEu values decrease by an order of magnitude.
Given that this pair of links may exhibit a signiﬁcant diﬀerence
due to inductive eﬀects, it is not possible to attribute all of the
decrease to steric eﬀects. Nonetheless, the trend is consistent
with ΔGrel values, which show an increase of 4.2 kcal/mol with
this change in link structure and predict that 53 should be
weaker than 46.
Inﬂuence of Structure on Metal Selectivity. As shown
above, comparisons with experimental data establish that ΔGrel
values are a good predictor of the inﬂuence of link structure on
the ability of a bis-phosphine oxide to extract a medium-sized
lanthanide from nitric acid solution. Given that average M−
OPR3 distances increase from 2.18 to 2.42 Å on going from
Lu3+ to La3+ (see Supporting Information), there is the
possibility that strain within the chelate ring may vary across the
lanthanide series. When such eﬀects are present in a chelate
ring, they can inﬂuence binding aﬃnity as a function of metal
ion size and modify the intrinsic selectivity that is observed with
monodentate extractants. By examining how the steric energy
within an isolated chelate ring varies as the metal ion is varied
from Lu3+ to La3+, it is possible to determine whether a
bidentate architecture exhibits a preference for a certain metal
ion size and how strong this preference is.16,58,59 These
preferences are quantiﬁed as the diﬀerence U(M) − U(Gd),
where U(M) is the steric energy for the chelate ring with any
lanthanide metal, M, and U(Gd) is the steric energy obtained
for Gd3+. A positive diﬀerence indicates the ligand exhibits a
steric preference for Gd, and a negative diﬀerence indicates the
ligand exhibits a steric preference for M.
Such analyses were performed for candidates 1−65 where R
= Me. Evaluation of the results, summarized in Figure 14,
reveals some interesting behavior. The ligands fall into two
classes: those that show a relatively small energy diﬀerence

the diﬀerent forms of the ligand. On forming the six-membered
chelate ring, two of the R groups occupy pseudoequatorial
positions and two of the R groups occupy pseudoaxial
positions. Space-ﬁlling views of the chelated geometries, Figure
13a, reveal that when R is an alkyl group there is a close contact

Figure 13. Comparison of MM3 geometries and reorganization
energies for 46 (R = Et), 46 (R = Ph), and 45 (R = Ph). (a) Spaceﬁlling views showing close contacts when the ligand is bound to a
metal ion. (b) Geometries of the ligand in the bound form (top),
binding form (middle), and free form (bottom). Strain energy
diﬀerences between the forms, ΔU1 and ΔU2, are given in kcal/mol.

between the two axial α-CH2 groups resulting in repulsive
nonbonded interactions. When R is an aryl group, the
corresponding phenyl groups orient face-to-face eliminating
the repulsion. The reduction in steric hindrance on going from
alkyl to aryl is quantiﬁed by analysis of the energies associated
with structural reorganization, Figure 13b. On removing the
metal ion and geometry optimizing the ligand to obtain the
binding conformation, it is observed that the alkyl substituted
structure undergoes C−P bond rotation to reduce the
hindrance between the axial substituents, whereas the only
change in the aryl substituted structure is an increase in the C−
P−O angle. The strain energy associated with these changes,
ΔU2, is 3.0 kcal/mol higher with the alkyl substituted case and
accounts for the majority of the eﬀect. Both of these structures
undergo further conformational change to arrive at their lowest
energy form. In this case, the strain energy diﬀerence between
the binding conformation and the free conformation, ΔU1,
makes a minor contribution to the eﬀect being 0.4 kcal/mol
higher in the alkyl substituted case.
When R = Ph, the extraction ability order for the series of nalkyl linked extractants diﬀers from that observed when R =
alkyl. On extraction of Gd3+ from 4 M NH4NO3 into
dichloroethane,19d the extraction strength increases as follows
(link, log DGd): (CH2)3, −0.97; (CH2)2, −0.06; (CH2)4, 0.11;
L
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preferred by the ligand. Placing such vectors on the binding
conﬁguration of 46 yields the picture shown in Figure 15a. The

Figure 15. (a) Hypothetical geometry derived by rotation about the
C−P bonds in the binding conformation of 46 to place both PO bonds
in the coplanar orientation observed in the bound form. (b) Initial
geometry obtained when Gd3+ is placed in the plane of the PO bonds
at a distance of 2.29 Å from each oxygen atom. (c) MM3 optimized
geometry for the Gd3+ complex with 46.

Figure 14. Plot of U(M) − U(Gd) versus M−O distance illustrates
the range of intrinsic selectivity for 1−65 as a function of the number
of carbon atoms in the shortest path connecting the two P atoms (for
the dependence with a speciﬁc structure, see Supporting Information).
Data for ﬁve C atom links, not shown, in all cases exhibit a weak
dependence, ≤0.4 kcal/mol, over this range of distances.

two PO groups are coplanar and nearly parallel, and given a
preferred M−O−P angle of 167°, the vectors converge at 6.5 Å,
quite a long distance from the donor atoms. Although a number
of six-membered chelate rings have been found to exhibit a
steric preference for smaller metals,15b,c,16,59 this is a case where
a six-membered chelate ring exhibits a clear preference for
larger metals.
Placing a Gd3+ ion in the plane of the PO groups and at a
distance of 2.29 Å from each oxygen atom yields the
hypothetical structure shown in Figure 15b. At 139°, the M−
O−P angles are too small, and would give rise to signiﬁcant
strain (see Figure 3). After geometry optimization (Figure 15c),
other angles within the chelate ring have adjusted in an attempt
to widen the strained M−O−P angles. Decreases in the P−C−
P angle and C−P−O angles, and a concomitant decrease in the
bite, yield M−O−P angles of 149 Å. The energetic preference
for metals of increasing size arises because the degree of M−
O−P angle distortion is largest at small M−O distance and
smallest at large M−O distance.
The prediction that the six-membered chelate rings obtained
with one C atom links will exhibit a signiﬁcant steric preference
for larger lanthanides is supported by experimental observation.
DM values for the trivalent lanthanide cations with series of
Ph2(O)P−(CH2)n−P(O)Ph2 extractants are compared to those
obtained with the monodentate analogue Ph2EtPO in Figure
16.19d It can be seen that, while these bidentate ligands are all
stronger extractants than the monodentate one, selectivity
trends across the lanthanide series vary as a function of the
length of the link. The longer links, (CH2)3 and (CH2)4, give
trends similar to that observed for Ph2EtPO; in other words,
smaller lanthanides are extracted more strongly than larger
ones. When the link is (CH2)2, the trend is weakened to the
point that there is very little diﬀerence in DM across the entire

across the lanthanide series, ≤0.8 kcal/mol, and those that
show a large diﬀerence, ≥1.3 kcal/mol. Ligands in the ﬁrst class,
which all have ≥2 C atoms in the link, may prefer either small
or large lanthanides and there is no clear trend with chelate ring
size; in other words, preferences for small or large metals are
both seen with connections containing two C atom, three C
atom, and four C atom links. Within this ﬁrst class of ligands,
15, 16, and 25 exhibit the strongest preference for large metal
ions and 2, 9, and 52 exhibit the strongest preference for small
metal ions.
All members of the second ligand class exhibit a strong
preference for larger lanthanides; in other words, the chelate
strain energy drops signiﬁcantly on going from Lu3+ to La3+.
With one exception, 38, all members of this class have one C
links and form six-membered chelate rings. The smallest drop
in energy, −1.4 kcal/mol, occurs with 53, and the largest drop
in energy, −4.1 kcal/mol, occurs with 60. The prototype CH2
linked structure, 46, exhibits intermediate behavior with a drop
of −2.5 kcal/mol.
The origin of this strong metal size preference can be
understood by considering the geometry of the ligand when in
the chelating conformation and the preferred geometry of each
M−OPR3 interaction (Figure 5). The metal size preference in a
simple bidentate chelate arises from structural constraints on
the donor group orientation and can be visualized by placing a
vector on each of the donor atoms to illustrate the optimal line
of approach for the metal ion.16 The distance at which these
two vectors intersect indicates the size of the metal ion
M
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with large bites, steric crowding can exert a destabilizing strain
on going from large to small metal ions. Crowding in the inner
sphere can lead to compressed ligand bites and elongated M−O
distances that will weaken the complexes with smaller metal
ions relative to those of larger metals. In extreme cases, it can
lead to ligand dissociation.
As noted earlier, two geometries are possible for the species
that are extracted by bis-phosphine oxides, which exhibit a
stoichiometry of [M(L)2(NO3)3]0. With large lanthanides both
of the ligands can chelate giving a 10-coordinate structure,
whereas with smaller lanthanides, one ligand can chelate and
the other can bind in a monodentate fashion giving a 9coordinate structure (see Figure 6). The only known crystal
structure examples for such 10-coordinate structures occur in
complexes of La and Ce with the R = Ph analogue of 46. In
structures of this ligand with Pr, Nd, Eu, Gd, and Ho, from
crystals grown under the same conditions, two bis-phosphine
oxides do coordinate in a bidentate fashion, but one of the
nitrates is replaced by water to yield 9-coordinate [M(L)2(NO3)2(OH2)]+ complexes.47 Formation of such species,
which would be extracted as ion pairs with outer-sphere nitrate,
would be expected to lead to a signiﬁcant decrease in DM
values. Given that 46 exhibits one of the smaller bites, it can be
inferred that only the largest lanthanides will form stable trisnitrato complexes in which all three nitrates remain bound in a
bidentate fashion and both bis-phosphine oxides are chelated.
If the bite becomes too large, steric crowding may prevent
chelation and bis-phosphine oxides may exhibit the same
stoichiometry as monodentate extractants, [M(L)3(NO3)3]0.
To gain some insight into when such behavior is likely to occur,
MM3 calcula tions w ere performed on the [ M(OPMe3)3(NO3)3]0 complex across the lanthanide series
using the ligand arrangement most commonly observed in
crystal structures (Figure 6a). The O---O distance between
adjacent phosphine oxides, which provides a measure of the
maximum chelate ring bite that would not introduce additional
steric crowding, is plotted against the M−O distance to the
phosphine oxide ligands in Figure 17. The calculated O---O
distances range from 2.90 Å for Lu3+ to 3.37 Å for La3+. When
points representing the average distances observed in X-ray
structures of [M(OPR3)3(NO3)3]0 complexes46 are superimposed on this plot, the calculated curve is seen to be
consistent with experimental behavior. The results are also in
accord with the earlier observation that the maximum chelate

Figure 16. (top) DM values for lanthanide extraction from 4 M
NH4NO3 solution from 1,2-dichloroethane containing either 0.01 M
bidentate ligand or 0.02 M monodentate ligand plotted with data
extracted from Figure 16 in ref 19d and ﬁt with cubic splines. (bottom)
Plot of U(M) − U(Gd) versus M−O distance for R = Ph analogues of
35, 39, 40, and 46.

series. However, when the link is CH2, there is a reversal in
selectivity, with the larger lanthanides being extracted much
more strongly than the smaller ones.
Plots of U(M) − U(Gd) versus M−O distance, calculated for
these links with R = Ph, are also shown in Figure 16. Consistent
with the R = Me data discussed above, the curve for the CH2
bridged structure, 46 (R = Ph), predicts that this ligand will
exhibit a signiﬁcant steric preference for larger metals. When
this steric preference is imposed on the intrinsic selectivity
pattern illustrated by Ph2EtPO, the result is to destabilize the
smaller metals and stabilize the larger ones as observed in the
experimental data. With the longer links, the intrinsic metal size
preference imposed by the chelate structure is weak, predicting
selectivity trends as Ph2EtPO across the lanthanide series. This
behavior is observed with the (CH2)3 and (CH2)4 links.
However, for (CH2)2 the model predicts a weak steric
preference for smaller metals and fails to explain the relative
increase in binding aﬃnity that is observed with the larger
lanthanides.
In addition to the intrinsic metal size preferences imposed by
the chelate architecture, there is another steric factor that may
inﬂuence selectivity as the size of the metal ion changes. For a
given complex stoichiometry, as the M−O distances decrease,
steric crowding within the inner sphere increases. For ligands

Figure 17. Plot of O---O distances between adjacent OPMe3 ligands
versus M−OPMe3 distance in MM3 optimized [M(NO3)3(OPMe3)3]0
complexes. Points show average distances observed in crystal
structures of [M(NO3)3(OPR3)3]0 complexes.46
N
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calculations for monophosphine oxides, indicate that in general
the replacement of alkyl by aryl substituents leads to a decrease
in metal ion binding aﬃnity. The opposite trend is observed
with the CH2-linked structure, termed the “anomalous aryl
strengthening” in earlier works.19c,20,21 A steric origin for this
eﬀect has been clariﬁed in the present study demonstrating that
unfavorable 1,3-diaxial interactions between alkyl substituents
are alleviated by favorable face-to-face orientation of the
corresponding phenyl groups.
The inﬂuence of structural eﬀects on selectivity was discussed
in terms of two factors: intrinsic metal size selectivity and steric
crowding. With respect to the former factor, a signiﬁcant drop
in strain energy on going from Lu3+ to La3+ is observed for all
ligands that form six-membered chelate rings. The predicted
trend is consistent with the observed behavior reported for the
Ph2(O)P−CH2−P(O)Ph2 extractant19d and can be rationalized
with a smaller degree of M−O−P angle distortion when
chelating larger metal ions. With respect to the latter factor, the
formation of tris-nitrato complexes in which two bis-phosphine
oxides are both able to form chelate rings becomes sterically
unfavorable as the bite increases, thereby yielding higher
selectivity for larger metal ions.

bite observed in X-ray structures for 9-coordinate lanthanides
bearing three bidentate nitrates in the inner sphere is 3.38 Å
(Figure 7). Thus, one can conclude that, for ligand bites ≤2.90
Å, at least one of the bis-phosphine oxides in [M(L)2(NO3)3]0
species will be able to bind the metal in a bidentate fashion
across the entire lanthanide series. When bites are larger than
2.90 Å, formation of such complexes may result in
destabilization with smaller metal ions and thereby yield an
increased selectivity for larger metal ions.

■

SUMMARY
The design of favorable host architectures that are structurally
organized for complexation with trivalent lanthanides was
performed using the de novo molecule-building software,
HostDesigner. Candidates are scored using the reorganization
energy of the host, calculated with an MM3 force ﬁeld model
that was adjusted to improve the agreement with quantum
mechanical rotational potential energy surfaces of phosphine
oxides and extended to include metal-dependent parameters to
reproduce crystal structures of rare-earth metal ion complexes.
The MM3 scoring results are found to be consistent with both
the solution-phase free energies of complexation obtained using
density functional theory and with the performance of known
bis-phosphine oxide extractants.
The approach has identiﬁed a variety of novel bis-phosphine
oxide architectures that are better organized for lanthanide
complexation than previously studied examples. The unbiased
identiﬁcation of the best candidates has revealed a large
diversity of ligand architectures and conformational stabilization arising from alkyl substitution, most of which would not be
intuitively obvious. The 1,6-trans-decalin link in 1 and the 2,5nonbornane link in 2 with the smallest ΔGrel values of 1.6 and
2.7 kcal/mol, respectively, provide the most organized
architectures. An independent check using density functional
theory conﬁrms that 1 and 2 are promising candidates
exhibiting high binding aﬃnity for Gd3+. However, when the
structures are indiscriminately assembled from molecular
fragments, the top hits involving P−C bonds to carbon
atoms in aliphatic rings are chiral, rendering the synthesis of
such compounds challenging. Likewise, incorporating phosphine oxides within several bicyclic ring systems has yielded
three hits with ΔGrel < 3.0 kcal/mol, but they would be diﬃcult
ligands to make.
A number of synthetically accessible ligands were also
identiﬁed, with links including linear n-alkyl chains, methylated
alkyl chains, ethane, benzene, toluene, and xylene. The mxylene link in 31 with methyl substituents on phosphorus
(ΔGrel = 4.4 kcal/mol) and o-benzene link in 36 with phenyl
substituents (ΔGrel = 3.6 kcal/mol) on phosphorus give the
most organized structures in this category. Prior testing of an
extractant with the m-xylene spacer18 showed large enhancement in the extraction strength compared to an extractant with
the o-xylene spacer. Compound 36 exhibits one of the smallest
bites, 2.59 Å, and thus should be able to chelate across entire
lanthanide series. Although this link has not been reported for
bis-phosphine oxides, a study comparing links in related bisphosphonic acid extractants found that the o-benzene link gave
a stronger Am3+ extractant than −(CH2)n−, when n = 1, 2, or
4.60
The identity of the substituents on phosphorus inﬂuence
both the basicity of the oxygen donor atom and the geometric
complementarity arising from variations in the link structure.
Observed trends in extraction eﬃciency, corroborated by DFT
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