Inorganic Chemistry

BTBPs versus BTPhens: Some Reasons for Their Differences in
Properties Concerning the Partitioning of Minor Actinides and the
Advantages of BTPhens

Frank W. Lewis,* " Laurence M. Harwood,*" Michael J. Hudson,” Michael G. B. Drew,’
Véronique Hubscher-Bruder,i Vladimira Videva,i Frangoise Alrnaud—Neu,;t Karel Stambelrg,§
and Shyam Vyas”'#

TDepartment of Chemistry, University of Reading, Whiteknights, Reading RG6 6AD, United Kingdom

*Université de Strasbourg, IPHC, 25 rue Becquerel 67087 Strasbourg, France CNRS, UMR7178, 67037 Strasbourg, France
§Depalrtment of Nuclear Chemistry, Czech Technical University in Prague, Bfehova 7, 11519 Prague 1, Czech Republic
I'National Nuclear Laboratory, Chadwick House, Warrington Road, Warrington WA3 6AE, United Kingdom

© Supporting Information

ABSTRACT: Two members of the tetradentate N-donor ligand families 6,6’-
bis(1,2,4-triazin-3-yl)-2,2’-bipyridine (BTBP) and 2,9-bis(1,2,4-triazin-3-yl)-
1,10-phenanthroline (BTPhen) currently being developed for separating
actinides from lanthanides have been studied. It has been confirmed that
CyMe,-BTPhen 2 has faster complexation kinetics than CyMe,-BTBP 1. The
values for the HOMO—LUMO gap of 2 are comparable with those of CyMe,-
BTBP 1 for which the HOMO—LUMO gap was previously calculated to be
2.13 eV. The displacement of BTBP from its bis-lanthanum(III) complex by
BTPhen was observed by NMR, and constitutes the only direct evidence for
the greater thermodynamic stability of the complexes of BTPhen. NMR
competition experiments suggest the following order of bis-complex stability:
1:2 bis-BTPhen complex > heteroleptic BTBP/BTPhen 1:2 bis-complex > 1:2
bis-BTBP complex. Kinetics studies on some bis-triazine N-donor ligands using
the stopped-flow technique showed a clear relationship between the rates of metal ion complexation and the degree to which the
ligand is preorganized for metal binding. The BTBPs must overcome a significant (ca. 12 kcal mol™") energy barrier to rotation
about the central biaryl C—C axis in order to achieve the cis—cis conformation that is required to form a complex, whereas the
cis—cis conformation is fixed in the BTPhens. Complexation thermodynamics and kinetics studies in acetonitrile show subtle
differences between the thermodynamic stabilities of the complexes formed, with similar stability constants being found for both
ligands. The first crystal structure of a 1:1 complex of CyMe,-BTPhen 2 with Y(NO,); is also reported. The metal ion is 10-
coordinate being bonded to the tetradentate ligand 2 and three bidentate nitrate ions. The tetradentate ligand is nearly planar
with angles between consecutive rings of 16.4(2)°, 6.4(2)°, 9.7(2)°, respectively.
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Bl INTRODUCTION fission. This separation is necessary since the lanthanides have
higher neutron capture cross sectional areas than the actinides
and will thus absorb neutrons, which are required in the
transmutation process, in preference to the actinides.’

Despite the chemical similarities between the two groups of
elements,6 soft N- and S-donor ligands have been shown to be
capable of discriminating between the trivalent actinides
(An(11)) and trivalent lanthanides (Ln(III)). The development
of actinide-selective organic ligands has been the subject of
several recent reviews.” The terdentate 2,6-bis(1,2,4-triazin-3-
yl)pyridine (BTP)® and quadridentate 6,6'-bis(1,2,4-triazin-3-

In recent decades, much research has been carried out aimed at
reducing the environmental impact of the spent fuel generated
by nuclear power plants. This goal is becoming increasingly
important as many countries consider expanding their civil
nuclear power programs to meet future energy demands.'
Although the PUREX process is currently used” to recover
uranium and plutonium from used nuclear fuel, the remaining
spent fuel still contains the minor actinides americium,
neptunium, and curium which account for much of its long-
term radiotoxicity. One strategy currently being pursued is

“Partitioning and Transmutation”,® whereby the radioactive y1)-2,2-bipyridine (BTBP)” ligands have so far shown the most
minor actinides americium(III) and curium(III) are first promising properties for these separations in liquid—liquid
separated from the nonradioactive lanthanides using a selective
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extraction tests. It has been demonstrated on genuine waste
solution that CyMe,-BTBP 1 (Figure 1) is a suitable ligand for
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Figure 1. Structures of the ligands CyMe,-BTBP 1 and CyMe,-
BTPhen 2.
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the separation of An(Ill) from Ln(IIl) in a laboratory-scale
SANEX process, although a phase-transfer agent was needed to
improve the otherwise slow extraction kinetics.'® In addition, 1
is employed as the principal extractant in processes currently
being developed for the selective extraction of actinides directly
from PUREX raffinate."!

The ligand CyMe,-BTPhen 2 (Figure 1) was recently
reported as a promising candidate for the separation of
actinides from lanthanides in the SANEX process.'> This
ligand has specific differences from the BTBPs. CyMe,-BTPhen
2 is held in the cis—cis conformation and is thus more
preorganized for complex formation; it has a dipole moment
and is surface active at the interface.”> Consequently, CyMe,-
BTPhen 2 shows faster rates of metal ion extraction and
stripping together with distribution ratios which are 2 orders of
magnitude higher for An(IIl) extraction in liquid—liquid
extraction experiments than its non-pre-organized BTBP
counterpart 1. The improved kinetics of metal ion extraction
by 2 compared to 1 can be attributed, at least in part, to higher
concentrations of the ligand 2 at the phase interface. Some
additional examples of 2,9-bis-(1,2,4-triazin-3-yl)-1,10-phenan-
throline (BTPhen) ligands were reported recently.'* However,
although the underlying reasons for the higher extraction
capabilities exhibited by the BTPhen ligands (and 2 in
particular) are beginning to be understood, a basic knowledge
of the thermodynamics and kinetics of the interactions of
actinide and lanthanide cations with bis-triazine N-donor
ligands is nevertheless essential to better understand the
coordination chemistry of the ligands that will eventually be
chosen for use in the SANEX separation process.

Quantum mechanics calculations suggest that BTPhens are
more basic than BTBPs and form more stable complexes with
Eu(III)."® In addition, it has been shown that increasing the
degree of ligand preorganization within a series of polypyridine
ligands leads to progressively greater comglex thermodynamic
stabilities with a variety of metal ions.'® For example, the
preorganized ligands 2,9-di(2-pyridyl)-1,10-phenanthroline
(which is closely related to 2)"" and 2-(pyrid-2'-yl)-1,10-
phenanthroline'® form lanthanide(III) complexes with larger
stability constants than their non-pre-organized analogues
2,2":6',2":6",2"""-quaterpyridine and 2,2":6',2"-terpyridine, re-
spectively. On the other hand, recent investigations in solution
and in the solid state show no significant differences in the
speciation of 1 and 2 with trivalent lanthanide nitrates," and
show that 1:2 complexes with comparable thermodynamic
stabilities are the meg'or species formed under extraction
relevant conditions.'”*° Thermodynamic and kinetic parame-
ters for the complexation of some BTP and BTBP ligands
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(including CyMe,-BTBP 1) with some Ln(III) cations in
homogeneous medium were also previously reported.”'

In order to gain further insights into the reasons for the
differences in extraction properties between BTPhens and
BTBPs, we report herein the results of our investigations using
detailed molecular modeling calculations,”>** lanthanide NMR
titrations and competition experiments, thermodynamic and
kinetic studies in solution, and X-ray crystallography. An
analysis of the conformations of ligands 1 and 2 has been
carried out using DFT calculations. The thermodynamics and
kinetics of complex formation between CyMe,-BTPhen 2 and
some representative Ln(III) cations and Y(III) were then
studied by spectrophotometry and microcalorimetry under
conditions identical to those reported previously.”' Finally, the
complexation of 1 and 2 with selected lanthanides has been
investigated by NMR spectroscopic titrations and lanthanide
binding competition experiments.

B EXPERIMENTAL SECTION

Molecular Modeling Calculations. The conformational space of
ligands 1 and 2 was searched using a systematic approach by varying
specific torsion (rotational) angles in sequence, rather than by using a
Monte Carlo approach. The conformer analysis tools within the
Materials Studio software package®® were used to carry out the
simulations. These tools vary the selected angles within the molecule
in user defined steps and calculate the energy at each point, so
generating a conformational map of the most likely states the molecule
will occupy. In some cases this approach may generate highly strained
structures that are unrealistic. These are briefly optimized using the
density functional code, DMol within the Materials Studio software
package.”® This code removes the close contacts and allows bond
lengths in the molecule to change, but will keep the molecule in the
same conformation. In the case of ligand 1, the three torsion angles
(the triazine—pyridine, pyridine—pyridine, and pyridine—triazine
dihedral angles) were varied systematically in steps of 30° generating
a total of 1722 conformers (after the duplicates are removed). These
were subsequently optimized using the DMol code using the COARSE
setting (which sets the tolerances for parameters such as the optimizer,
number of SCF cycles, exact details are in the Supporting Information)
and the BLYP functional. In the case of ligand 2, the two torsion
angles (the two triazine—phenanthroline dihedral angles) were varied
systematically in steps of 10° generating a total of 324 conformers. The
energies of the conformers were calculated using the COMPASS
forcefield.”® For ligand 2, the two lowest energy conformations were
further optimized using DFT to calculate more accurate energy
differences. A full description of the settings used in these calculations
can be found in the Supporting Information.

Materials. The ligands CyMe,-BTBP 1*” and CyMe,-BTPhen 2"
(Figure 1) were synthesized as described previously. The aliphatic
diketone precursor to ligands 1 and 2 was synthesized by a new
procedure.”® Methanol-Chromasolv (Sigma-Aldrich, maximum 0.03%
water) and acetonitrile (Riedel-deHaén, maximum 0.1% water) were
used without any further purification. The supporting electrolyte
Et,NNO,; (Acros, 99%) was dried under vacuum for 24 h at room
temperature. The following metal salts were used for the
spectrophotometric and microcalorimetric titrations: La(NO;)4-6H,0,
Eu(NO;);-H,0, Yb(NO,);xH,0, and Y(NO,);xH,O (Alfa Aesar,
99.99%). These salts were dried under vacaum before use, and stock
solutions of all of them were standardized by complexometric
titrations with EDTA.* The following metal salts were used for the
NMR titrations: La(NOs)y6H,0, Lu(NO,);-6H,0, Eu(NO5);-SH,0,
Ce(NO;);-6H,0, and Y(NO;);-6H,0 (Aldrich).

X-ray Crystallography. Independent reflection data (11458)
were collected with Mo Ka radiation at 150 K using the Oxford
Diffraction X-Calibur CCD System. The crystal was positioned at 50
mm from the CCD, and 321 frames were measured with counting
times of 10 s. Data analysis was carried out with the CrysAlis
program.®® The structure was solved using direct methods with the
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SHELXS97 program.®’ The non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydrogen atoms bonded to
carbon were included in geometric positions and given thermal
parameters equivalent to 1.2 times (or 1.5 times for methyl groups)
those of the atom to which they were attached. Absorption corrections
were carried out using the ABSPACK program.>* The structure was
refined using SHELXL97*' on F* to R1 0.0680, wR2 0.1336 for 7649
data with I > 26(I).

Spectrophotometric Study. The overall stability constants f,
equal to the molar ratio [M,L,**]/[M™]*[L} (M"™ = cation, L =
ligand), were determined by UV absorption spectrophotometry at 25.0
#+ 0.1 °C in methanol and in acetonitrile. The constant ionic strength
was provided by 107 M Et,NNO;. Suprasil quartz cells of 1 cm path
length were used. The spectral changes of 2.5 mL of solutions of ligand
2 upon stepwise additions (10 uL) of metal nitrate solution directly
into the measurement cell were recorded from 250 to 400 nm with a
Shimadzu UV-2401 PC spectrophotometer. The ligand concentration
was in the range 107 to 1.2 X 10™° M. The titration was continued to
the point where further spectral changes were negligible, and the value
of the metal cation to ligand ratio at this point was dependent on the
stability of the complexes. The data thus obtained were treated with
the program Specfit.> Statistical analysis performed by this program
enabled us to determine the best model.

Microcalorimetry. Microcalorimetric titrations were performed
using the 2277 thermal activity monitor microcalorimeter (Thermo-
metric). Seventeen 15 yL portions of the metal solution were added to
the cell containing 2.5 mL of 9 X 107 to 7 X 107> M solutions of
ligand 1 or 2 in the appropriate solvent at 25 °C. The heat changes
were measured after each addition. Chemical calibration was made by
determination of the complexation enthalpy of Rb(I) with 18C6 in
methanol.** Values of the overall stability constants () and of the
enthalpies of complexation (AH) were refined simultaneously from
these data using the ligand binding analysis program DIGITAM
version 4.1>° and after correction of dilution heat effects determined in
separate experiments by adding the metal salt solutions to 2.5 mL of
the pure solvent. The corresponding overall entropies of complexation
(AS) were calculated from the expression AG = AH — TAS, knowing
that AG = —RT In p.

Kinetic Studies. The stopped-flow technique (Applied-Photo-
physics, SX 18MV spectrophotometer) was used to study the rates of
complexation of La(IIT), Eu(IIT), and Yb(III) with the ligand CyMe,-
BTPhen 2. The absorbance versus time was followed at a suitable
wavelength, which was selected on the basis of spectral changes
observed in the equilibrium studies. Ligand and Ln(III) solutions
prepared in methanol in the presence of Et,NNO; (I = 107> M) were
mixed at 25.0 + 0.2 °C in a 1 cm optical cell (mixing time = 3 ms).
The ligand concentrations were around 10™* M, and Ln(III) was in
sufficient excess to ensure pseudo-first-order conditions ([Ln*],, at
least five times [ligand],,: S X 107 M < [Ln*],, < 2.2 X 107> M).
For each ratio, the measurement of the absorbance versus time was
repeated at least five times, and the corresponding kinetic traces were
treated with the program Specfit in order to obtain the value of the
observed pseudo-first-order rate constants kg,.>> Variations of ke
with the concentration of Ln®* were fitted to a linear regression.
Fisher’s F test was used to check the linearity of these curves. The
value of the intercept was compared to zero by a Student’s t test at the
95% confidence level. The confidence intervals given in Table 2
correspond to the standard deviations obtained from independent
determinations.

NMR Titrations and Stability Constant Determination. Stock
solutions (0.01 M) of the ligands 1 and 2, and of the metal nitrate salts
La(NO;);-6H,0, Lu(NO;);-6H,0, Eu(NO;);-SH,0, Ce-
(NO,)46H,0, and Y(NO,;);:6H,0 (Aldrich), were prepared in
CD,CN (Aldrich). A 0.5 mL aliquot of the appropriate ligand
solution was placed in an NMR tube, and the "H NMR spectrum was
recorded at 400.1 MHz on a Bruker AMX400 instrument. The
appropriate lanthanide salt solution was added to the NMR tube in 50
uL aliquots (i.e., 0.1 equiv each time) using a calibrated Eppendorf 100
4L micropipette. The tube was inverted several times to ensure full
mixing, and the 'H NMR spectrum was recorded after each successive
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addition until the resonances of the free ligand had completely
disappeared and/or until no further spectral changes were observed.
Homogeneous solutions were obtained after each addition. The
relative ratios of the different species present were calculated from the
relative integrals of a suitable one-proton resonance of the ligand 1 or
2. These values were normalized such that, for a given one-proton
resonance, the total integration for all species present equaled unity.
The species distributions at different metal/ligand ratios were
calculated from these normalized relative ratios. The model used for
the description of a given complexation reaction consists of two
balanced equations (one for ligand 1 or 2, and the second one for the
metal) and equations for one or two equilibrium constants (stability
constants). The Newton—Raphson36 multidimensional nonlinear
regression procedure was used to solve this set of equations to
determine the values of the stability constants. In the course of
regression, the experimentally determined data were fitted (compared)
with the calculated data, and finally, the so-called goodness-of-fit was
evaluated by the y’-test. The value of y* is used for calculating the
WSOS/DF criterion (weighted sum of squares of deviations of the
experimental values from the calculated values, divided by degrees of
freedom).”” A value of WSOS/DF < 20 indicates a good agreement
between the experimental and calculated data. The code used for the
calculation, PMeBTBP4.fm (Code Package STAMB-2013), was
constructed using the software product FAMULUS.*® The procedure
has been reported previously (see Supporting Information for
details).*

B RESULTS AND DISCUSSION

Molecular Modeling. When trying to understand the
binding characteristics of N-donor extractant ligands, an
important aspect is to determine the types of conformers that
will dominate in solution. These conformers will influence the
efficiency of the extraction process because the closer the free
molecule states are to the metal—ligand complex, the easier the
binding process becomes. The conformer distribution is
dependent on a number of factors including the repulsive
interactions between the groups in the molecules, the solvent,
and the concentration.

Conformer space can be searched by calculating the energies
of molecules as a function of the torsion angle with either
classical or quantum approaches. If several rotatable bonds are
present, there will be an interdependence of the torsion angles
which must be accounted for in the search. The space can be
searched either systematically by varying specific angles in
sequence or through a Monte Carlo approach, which generates
random structures to search the conformation space. The
advantage of the former method is that it can assess the
interdependence of multiple torsions in a systematic way.
However, for larger, more flexible molecules the number of
possible conformations can rapidly increase to unreasonable
levels, and the Monte Carlo approach becomes the only
solution. The results from such conformer searches can be
plotted graphically to understand which conformers will
dominate and the energetics for transition between them.
The best examples of such calculations are the Ramachandran
diagrams used in the study of proteins.*’

In the present study we have used a systematic conformer
analysis to study the energetics of possible conformations that
CyMe,-BTBP 1 and CyMe,-BTPhen 2 may adopt. The aim is
to suggest the likely conformers that may exist in solution and
how these will influence the chelation properties of the
molecules. We also present calculations of the geometric and
electronic properties of CyMe,-BTPhen 2 which has previously
not been studied.

dx.doi.org/10.1021/ic3026842 | Inorg. Chem. 2013, 52, 4993—5005
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Figure 2. Energy profiles concerning the conformations of CyMe,-BTPhen 2.

The 3D structure of CyMe,-BTBP 1 is shown in the
Supporting Information. There are three torsion angles that
control the overall structure of the molecule (these are shown
on the diagram). The angles were varied systematically in steps
of 30° and the energy calculated using the COMPASS
forcefield,”® with the potential cutoff set to 20 A. A total of
1722 conformers were generated and subsequently optimized
using the DMol code using the COARSE setting (which sets
the tolerances for parameters such as the optimizer, number of
SCF cycles, exact details are in the Supporting Information)
and the BLYP functional. Using finer tolerances would risk
taking some of the samples out of a metastable conformation
into the global minimum which would not be desirable and
significantly alter the torsion angle.

It is clear that the central torsion angle of 1 will control
conformations that are relevant to binding. If this angle is close
to zero, the molecule will adopt an eclipsed structure, which is
seen in the crystal structures of the bound metal complex-
es.”*'”?° If this torsion angle is close to —180° or 180°, the
molecule will adopt a linear conformation.

A plot of the relative energy as a function of this angle for all
of the different conformers of 1 is presented in the Supporting
Information. The results indicate that a large proportion of the
molecules in solution will adopt linear conformations since
these have the lowest energies. The linear conformations are
more stable by about 12 kcal mol™. This can be seen from the
line that highlights the lowest energy conformations. A linear
conformation minimizes the steric repulsion between the bulky
aliphatic triazine substituents. This is in broad agreement with
previous work on the conformers of the BTBPs.*' X-ray
crystallographic studies reported in this paper showed that
BTBP derivatives adopted linear conformations in the solid
state. In addition, computational calculations in the same paper
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on only the BTBP core show that the all cis-conformation is
approximately 9.5 kcal mol™" higher in energy, which is similar
to our calculations on the larger CyMe,-BTBP ligand 1.

The search of conformational space shows that there is a
metastable conformation at about 40° which is about 8.7 kcal
mol™" higher in energy than the linear molecule. It could be
speculated that the chelation of metal ions to CyMe,-BTBP 1
involves these metastable conformations. Initially, the metal ion
chelates to one side of the molecule. At this point, the energy
gained by all of the nitrogen atoms coordinating to the metal
ion would be larger than the steric penalty of the bulky side
groups being closer together. A spreadsheet containing all of
the raw data is provided as part of the Supporting Information.

The 3D structure of CyMe,-BTPhen 2 is also shown in the
Supporting Information. There are only two torsion angles that
can significantly alter the molecular geometry; these are
associated with the two C—C bonds that link the two triazine
rings to the phenanthroline core. As with its BTBP equivalent 1
the torsion angles were varied in 10° steps and the energy
calculated with the COMPASS forcefield*® In total, 324
conformers were generated. Given the relative rigidity of the
molecule no further geometry optimization of these was
deemed to be required and would actually be counter-
productive as many of the conformers are metastable states.
However, as will be discussed later, DFT was used to optimize
several of the conformers to obtain better absolute energy
values. Again, this was carried out with the DMol code using
the BYLP functional and FINE settings for the tolerances.

The phenanthroline moiety of 2 reduces the degree of
conformational variability compared to its BTBP counterpart,
and only the C—C bonds that link it to the triazine groups can
rotate freely. This may explain the improved kinetics of
extraction of CyMe,-BTPhen 2 since it is largely preorganized

dx.doi.org/10.1021/ic3026842 | Inorg. Chem. 2013, 52, 4993—5005
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Figure 3. Transition path between rotational conformers of CyMe,-BTPhen 2.

in the ligating conformation. Figure 2 shows the result of the
forcefield based conformer energy calculations and highlights
the interdependence of these two torsion angles. The lowest
energy configuration is that in which one of the lone pairs on
nitrogen 2 of the 1,2,4-triazine ring is pointing toward the
center of the molecule and the corresponding nitrogen on the
second 1,2,4-triazine ring is pointing outward (termed the
inward—outward configuration). The second lowest (by about
0.4 kcal mol™) is one where both of these nitrogen lone pairs
are pointing in toward the center of the molecule (referred to
as the inward—inward configuration). Interestingly, the con-
former where both sets of adjacent nitrogens on the triazine
rings are pointing outward is highly unfavorable. This is a result
of the triazine ring being slightly asymmetric compared with a
benzene ring, owing to the difference in length between the C—
N, N—N, and C—C bonds. Thus, when the N—N bond is
pointing outward, the aliphatic cyclohexenyl groups are much
closer together compared to when the triazine N—N unit is
pointing inward.

The difference between the two lowest energy conformations
(inward—inward and inward—outward) is close enough that
they are both within the accuracy limits of forcefield
calculations. Thus, we optimized both of these structures
using DFT to calculate more accurate energy differences which
show that the inward—inward state is actually slightly more
favorable (by about 4.1 kcal mol™"). This is in agreement with
the experimental X-ray structures of [Eu(CyMe,-
BTPhen),(NO;)]-[Eu(NO;)s;] and [Eu(CyMe,-
BTPhen),(H,0)](NO,);-9H,0 which each show the CyMe,-
BTPhen ligand 2 in the inward—inward configuration.'*'” As
the relative stability of the inward—inward and inward—outward
conformers is largely determined by steric factors, it would
appear that there is a trade-off between hindrance resulting
from proximity of the two CyMe, -moieties in the inward—
inward conformer and that resulting from one CyMe,-moiety
interacting with the phenanthroline proton ortho to the triazine
ring in the inward—outward conformer.
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Even with DFT based calculations the energy difference
between these states is very close, and it would be feasible that
both states could exist in solution depending on the
temperature. Hence, it would be useful to understand the
mechanism and energetics of the conversion between the two
states. Using the data in Figure 2 we can determine the path of
the rotation as being a direct transition with only one of the
triazine rings rotating. Therefore, the rotational energy barrier
can be calculated by determining the energy of the highest
point on this path (the transition state Er) and subtracting the
lowest energy state (Epad-iwad). Lhe results are shown
graphically (along with the mechanism) in Figure 3. Using the
same DFT settings as those for the inward—inward and
inward—outward state, we calculate the rotational barrier as
being approximately 25.28 kcal/mol. This value is relatively
high, but it should be borne in mind that the calculations are
done in vacuum at absolute zero. This barrier will no doubt
decrease in the presence of a solvent and at room temperature,
and so should be regarded as an upper limit to the rotation
barrier.

Geometric and Electronic Properties of CyMe,-
BTPhen 2. Computational chemistry enables the analysis of
the geometric and electronic features of molecules. Here we
present some of the calculated geometric and electronic
properties of CyMe,-BTPhen 2. The solvent accessible surface
and the N—N distances within the molecular cavity for both of
the conformers of 2 are shown in the Supporting Information.
The solvent accessible surface is the surface area of a molecule
that is accessible to an external solvent molecule; it takes into
account the van der Waals radius of both the ligand and solvent
atoms. The method was originally developed to look at the
characteristics of pockets within biomolecules.*” It is clear from
the surface that the coordination cavity of the inward—inward
conformer is larger and the mouth less sterically hindered when
compared with the inward—outward conformer. A more
quantitative analysis of N—N distance in both the conformers
shows this in more detail. As discussed earlier, the asymmetry

dx.doi.org/10.1021/ic3026842 | Inorg. Chem. 2013, 52, 4993—5005



Inorganic Chemistry

Figure 4. Molecular orbital energy level diagram for CyMe,-BTPhen 2.
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within the triazine rings results in N—N distances in the
inward—outward conformer being smaller, and hence a smaller
volume when compared with the inward—inward conformer
which has larger N—N distances. The biggest difference is at the
mouth of the cavity which is approximately 0.7 A larger in the
inward—inward configuration. Thus, it would be very difficult
for the metal ion to bind to the inward—outward conformer as
the cavity is inaccessible from the exterior of the molecule.
The shape and energies of the frontier orbitals (the HOMO
and LUMO) for the inward—inward conformer of 2 (the
conformation adopted when binding to An(IIl) and Ln(III))
are shown in a molecular orbital diagram (Figure 4). The
HOMO-LUMO gap for the inward—inward conformation is
calculated to be approximately 47 kcal mol™ (about 2.04 eV),
and the gap is slightly less for the outward—inward
conformation at about 44 kcal mol™' (1.92 eV). This difference
may be attributable to small changes in the electron density
between the conformers. However, further studies would be
required. The values for the HOMO—LUMO gap of 2 are
comparable with those of CyMe,-BTBP 1 for which the
HOMO-LUMO gap is calculated to be 2.13 eV.*' The
calculations by Foreman et al. were carried out using the ADF
code and TZP basis set on several BTBP derivatives.*' The
HOMO-LUMO gaps for these molecules ranged from 2.28 to
2.13 eV. Given the differences in their calculation methods and
the structural similarities between molecules 1 and 2, one could
speculate that the HOMO—LUMO gaps of the BTPhen class
of molecules could be very close to their BTBP equivalents.
The HOMO orbitals of 2 mainly reside on the triazine rings
with small amounts on the nitrogen atoms in the phenanthro-
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line ring. The LUMO also shows some probability on the
triazine, but also includes a significant proportion on the carbon
atoms in the phenanthroline ring. These shapes are in broad
agreement with the DFT work of Bhattacharyya on the related
ligand 2-(S,6-dimethyl-1,2,4-triazin-3-yl)-1,10-phenanthro-
line.® Thus, the majority of the electron donation to the
metal ions is likely to occur via the 1,2,4-triazine rings. It could
be speculated that, for a purely electrostatic interaction between
the metal ions and the ligand, only the HOMO would play a
role. However, the LUMO would also play a role in the 7-
backbonding interaction with the metal, which would be
slightly greater for the minor actinides Am(III) and Cm(III)
than the rare earths such as Eu(III).**

Thermodynamic Studies. The complexation of CyMe,-
BTPhen 2 with various lanthanide (La(III), Eu(III), and
Yb(III)) nitrates and yttrium(III) nitrate was investigated in
solution using UV-absorption spectrophotometry and titration
microcalorimetry (ITC). The first experiments performed in
methanol, a solvent in which the related BTBPs were studied
previously,”' suggested the formation of ML, complexes (M =
metal cation, L = ligand). However, it was necessary to assume
the formation of additional species to interpret satisfactorily the
experimental data obtained by both techniques (see Supporting
Information). Species like ML,, M,L,, or even ML, ; complexes
were found to give good fits. These results contrast with those
obtained for the BTBPs, for which the experimental data
unambigously agreed with the formation of both ML and ML,
species.”’ Some ESI-mass spectra were run in methanol with
some lanthanides in order to confirm or dismiss the possible
formation of these species, which seems quite unlikely with a
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Table 1. Overall Stability Constants (log /) and Thermodynamic Parameters (in k] mol ') for the Complexation of Some
Lanthanide Cations and Y(III) with CyMe,-BTPhen 2 in Acetonitrile at 25 °C

cation complex log p
La(1ID) 12 85+ 02
1:2¢ 8.6 + 027
Eu(1II) 12 81+ 0.1
Yh(1I0) 12 89 + 0.1
Y(111) 12 8.5 + 0.4

—-AG —AH TAS
48 + 1 85 +2 -37+3
49 + 1° 79 + 3¢ —30 + 47

46.2 + 0.6 113 + 6 —67 +7
50.7 + 0.6 92 +3 —41 + 4
48 + 2 87 +1 -39+3

“Results for the complexation of La(III) by CyMe,-BTBP 1 in acetonitrile at 25 °C.

rigid ligand such as CyMe,-BTPhen 2. The spectrum recorded
for CyMe,-BTPhen 2 in the presence of La(NO,); (C.,/C. =
1.1) suggested only the formation of [2L + La]*" and [2L + La
+ NO,]*" species. Peaks corresponding to the ligand complexed
with Na(I) and Ca(Il) were also visible. In the presence of
Eu(NO,); (1.1 equiv), a peak corresponding to [2L + Eu]**
was observed. Thus, the presence of these unusual species was
not indicated by ESI-mass spectrometry.

In view of the difficulties encountered in methanol, the
complexation of CyMe,-BTPhen 2 with the above cited metal
cations was then investigated by spectrophotometry and
microcalorimetry in the nonprotic solvent acetonitrile.
Although the spectral changes undergone by the ligands upon
addition of the various nitrates were more pronounced than in
methanol (see Supporting Information), spectrophotometry
proved again to be of no use for the characterization of the
complexes formed in this medium.

In contrast, microcalorimetry led to interesting results. With
the three lanthanides, the profiles of the thermograms were
very similar, showing exothermic peaks becoming progressively
more and more endothermic above a ratio Cy/C; of ca. 0.5.
The intensity of these peaks decreased to reach values
corresponding to the dilution after a ratio Cy/Cp of ca. 1.
The case of lanthanum is presented in the Supporting
Information.

These thermograms, showing at least two phenomena, could
be interpreted by the formation of ML, complexes. There is
also evidence for the formation of a second species occurring at
higher metal ion concentrations which could be an ML species,
but it was not possible to derive accurately the corresponding
thermodynamic parameters. In the case of yttrium, the first part
of the thermogram is well fitted by considering an ML,
complex.

The values of the stability constants (log ) and of the
thermodynamic parameters (—AH and TAS) are given in
Table 1. The behavior of CyMe,-BTPhen 2 toward the three
lanthanides and yttrium is the same, i.e., the formation in all
cases of 1:2 species of similar stability. No selectivity is
therefore observed in the lanthanide series. A similar behavior
has been observed in our previous study on lanthanide
complexation by BTPs performed in methanol,*! although in
other studies a significant difference in complex stability
between the Pr(III) and Eu(HI) complexes of CyMe,-BTPhen
2 (Alog f = 3.8 in MeOH)," and between the La(III) and
Yb(III) complexes of the BTPs (Alog f = 4.3 in H,0/
MeOH)* was observed. The complexation of these metal
cations is characterized by strongly negative and favorable
enthalpy changes (—AH > 0) overcoming negative unfavorable
entropy terms (TAS < 0). These observations suggest strong
ligand—cation interactions (in agreement with the poor
solvating properties of acetonitrile), and reorganization of the
ligand during complexation, respectively. The 1:2 complexes of
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La(III) with ligands 1 and 2 have almost identical stabilities,
although there appears to be a greater enthalpy contribution to
complex formation with 2 than with 1. The thermodynamic
parameters determined for Y(III) are very similar to those of
the lanthanide complexes.

Kinetic Studies. The kinetics of the complexation of
Ln(III) cations with CyMe,-BTPhen 2 was then studied under
experimental conditions identical to those used earlier on
CyMe,-BTBP 1, C5-BTBP 3, and n-Pr-BTP 4 (Figure 5).*' A

SO AR SO

4

ek

Figure S. Structures of the ligands CS-BTBP 3, n-Pr-BTP 4, and
CyMe,-BTTP 5.

comparison was also made with the pentadentate ligand
CyMe,-BTTP § (Figure 5).** The kinetics of complexation
of La(Ill), Eu(1ll), and Yb(III) with CyMe,-BTPhen 2 was
followed by UV spectrophotometry using the stop-flow
technique under pseudo-first-order conditions. The absorbance
at a wavelength corresponding to the maximum overall change
was monitored versus time for different metal concentrations
(5—22 times the concentration of the ligand).

The experimental kinetic trace recorded for the complexation
of Eu(Ill) with CyMe,-BTPhen 2 is shown in Figure 6. For
Eu(1II) and Yb(III) the time dependence of the absorbance at
365 nm was well fitted by a single exponential function. The
observed pseudo-first-order rate constants (ky,,'s) vary linearly
with [Ln],., with a non-significant intercept (Figure 7). In these
cases only the values of the formation rate constants (k¢s)
could be determined (Table 2).

In the case of La(III), the absorbance at t = 0 s increased with
the excess of metal. This behavior is typical of a very fast
reaction, resulting in a loss of information at the early stages
and preventing any interpretation of the kinetic traces.
However, it could be assumed that for La(IIl) the complexation
kinetics with 2 are more rapid than those of Eu(Ill) and
Yb(III).
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Figure 6. Experimental kinetic trace for the complexation of
Eu(NO,); (Cy = 5.51 x 107" M) with CyMe,-BTPhen 2 (C; =
1.09 X 107" M) in methanol (4 = 365 nm, T =25 °C, I = 10> M
Et,NNO,).
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Figure 7. Observed pseudo-first-order rate constants (ko's) as a

function of the total metal ion concentration for the complexation of
CyMe,-BTPhen 2 with Eu(III) and Yb(III) in methanol at 25 °C.

Table 2. Formation Rate Constants (10° L mol™"' s™") for the
Complexation of Lanthanides with Aromatic Nitrogen
Donor Ligands in Methanol at 25 °C

ligand La(1II) Eu(1II) Yb(III)
CyMe,-BTPhen 2 a 215 + 10 129 +3
CyMe,-BTTP § 147 + 0.3 20+02 0.29 + 0.02
CS-BTBP 3 223 + 1 27.0 +£ 0.3 4.07 + 0.07
CyMe,BTBP 1 70.5 + 0.8 115 + 0.8 14 £ 0.1
n-Pr-BTP 4 182 + 5 a 118.7 + 0.9

“Kinetic traces not interpretable.

For the complexation of the same lanthanide cations by
CyMe,-BTTP §, the time dependence of the absorbance at 350
nm was also well fitted by a single exponential function (see
Supporting Information for the case of lanthanum). Linear
regression of the variations of k, with [Ln], led to the values
of k; (Table 2).

For all systems studied including n-Pr-BTP 4 and BTBPs 1
and 3, the trend observed is a decrease of the k; values across
the lanthanide series (e.g, in the case of CyMe,-BTPhen 2:
kEu(III)] 1.7 k{Yb(III)]), in line with the lanthanide
contraction. The stronger solvation of the cations at the end of
the series could explain this decrease. For a given cation, the
rate constants decrease in the following sequence:

CyMe4—BTPhen 2 > n-Pr-BTP 4 > CS-BTBP 3

> CyMe,-BTBP 1 > CyMe,-BTTP §

5000

In other words, the complexation reaction is much faster with
the more rigid preorganized ligand CyMe,-BTPhen 2 than with
CyMe,-BTBP 1 and especially CyMe,-BTTP § (ca. 92 times
and 444 times faster, respectively, with Yb(III)), which exhibits
the slowest complexation kinetics among the five ligands
studied. This observation is fully in agreement with the
extraction kinetics results for ligands 1 and 2.'* One of the
principal criticisms of CyMe,-BTBP 1 as a ligand for the
SANEX process has been that the rates of extraction are too
slow for use in an industrial process. Clearly, the CyMe,-
BTPhen molecule 2 exhibits much improved rates of extraction.
These differences in rates of complexation can be understood in
terms of the number of biaryl dihedral angles that each ligand
needs to adjust in order to achieve the correct conformation for
complex formation. Thus, CyMe,-BTPhen 2 (and n-Pr-BTP 4),
which has only two dihedral angles to adjust (i.e., those
between the pyridine or phenanthroline moieties and the outer
1,2/4-triazine rings), complexes the metal ions more rapidly
than BTBPs 1 and 3 (which each have three dihedral angles to
adjust) or CyMe,-BTTP 5 (which has four dihedral angles to
adjust).

NMR Titrations and Stability Constant Determination.
In order to clarify the results observed above for the
complexation of CyMe,-BTBP 1 and CyMe,-BTPhen 2 with
the lanthanides by titration microcalorimetry and gain further
insight into the solution speciation of these ligands, we carried
out some NMR titrations of both ligands with Y(III) and the
diamagnetic lanthanides La(III) and Lu(II1).** We have
previously employed this method to investigate the solution
speciation of a related quadridentate ligand with the
lanthanides.*” During the "H NMR titration of CyMe,-BTPhen
2 with La(NO,), in deuterated acetonitrile, both 1:1 and 1:2
M:L species were observed during the course of the titration.
Initially, a single species was observed at the beginning of the
titration, and the disappearance of the free ligand resonances
after 0.6 equiv of La(III) had been added indicates this was a
1:2 species. The 1:2 species was the dominant species observed
throughout the titration, but small amounts of the 1:1 species
(formed by dissociation of the 1:2 complexes) were observed at
higher metal/ligand ratios. The species distribution curve for
the titration of 2 with La(NOs,); is presented in Figure 8. The
NMR stack plots are shown in the Supporting Information.
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Figure 8. '"H NMR titration of CyMe,-BTPhen 2 with La(NO;); in
CD;CN (key: black M = free ligand 2, red @ = 1:1 complex, blue A =
1:2 complex).
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Similar results were obtained for the titrations of CyMe,-
BTPhen 2 with Lu(NOs); and Y(NO;); (see Supporting
Information), although in the case of Y(NO;);, very minor
amounts of the 1:1 complex were observed at high metal/ligand
ratios, suggesting that the 1:2 complex of 2 with Y(III) is more
stable and dissociates less readily than those of La(Ill) and
Lu(II). These results are in contrast to those previously
obtained for a related quadridentate ligand which did not
extract Am(III) or Eu(Ill) from nitric acid solutions (in
contrast to 1 and 2), and for which 1:1 species were the major
solution species observed by NMR titrations with lanthanide
nitrates.*” The "H NMR titrations of 2 with the paramagnetic
lanthanides Eu(III) and Ce(III) led only to the formation of
1:2 complexes in each case, and the very low intensities of the
resonances for these complexes did not allow us to calculate the
species distribution curves. The 1:2 stoichiometry observed by
NMR for the complexation of lanthanides and yttrium by 2 is in
agreement with that determined by microcalorimetry.

Slow evaporation of the CD;CN solution used for the NMR
titration of 2 with Y(NO,), led to the formation of crystals
suitable for X-ray crystallographic analysis. Surprisingly, the
charge neutral 1:1 complex [Y(2)(NO;);].MeCN was isolated
and structurally characterized (Figure 9) rather than the

Figure 9. X-ray crystal structure of [Y(2)(NO,);]-MeCN with
ellipsoids at 30% probability. The solvent molecule has been omitted
for clarity.

expected 1:2 complex. This is unusual as only solid state
structures of 1:2 complexes of BTPhens with the lanthanides
have been reported to date.'>'® The metal ion is 10-coordinate
being bonded to the tetradentate ligand 2 and to three
bidentate nitrate ions. The tetradentate ligand is approximately
planar with angles between consecutive rings of 16.4(2)°,
6.4(2)°, 9.7(2)°, respectively. The Y—N distances are similar in
the range 2.497(3)—2.526(3)A. The structure has approximate
mirror symmetry. Thus, the plane of the metal and the three
nitrate nitrogen atoms is approximately perpendicular at an
angle of 88.8(1)° to the equatorial plane of the metal and the
four ligand donor nitrogen atoms. The Y—O distances are
Y(1)-0(82) 2.378(2), Y(1)—0(81) 2.381(2), Y(1)-O(71)
2431(2), Y(1)-0(72) 2.530(2), Y(1)-0(61) 2.535(3),
Y(1)—0(62) 2.535(3) A. The structure is very similar to that
of the 1:1 complex of CyMe,-BTBP 1 with Eu(NO,);,"** and
with those of other BTBPs with Ln(III) reported previously.*'

The 'H NMR titrations of CyMe,-BTBP 1 with La(III),
Lu(III), and Y(III) gave very similar results to those of CyMe,-
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BTPhen 2. The 1:2 bis-complexes were again the major
solution species observed, especially at low metal/ligand ratios.
At higher metal/ligand ratios, the bis-complexes begin to
dissociate leading to the formation of 1:1 complexes. The
species distribution curve for the titration of 1 with Y(NO;); is
shown in Figure 10 as an example (see the Supporting
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Figure 10. '"H NMR titration of CyMe,-BTBP 1 with Y(NO,); in
CD;CN (key: M = free ligand 1, red @ = 1:1 complex, blue A = 1:2
complex).

Information for NMR stack plots for the titrations of 1 with
La(III), Lu(III), and Y(III)). Interestingly, in the titration of 1
with Lu(NO;);, greater amounts of the 1:1 complex were
observed earlier on in the titration than was the case in the
other titrations (at a metal:ligand ratio of 0.2). The similar
solution speciation of 1 and 2 with the lanthanides observed by
NMR suggests that the differences in extraction capability
between the two ligands (about 2 orders of magnitude higher
distribution ratios for 2) are not related to differences in the
stoichiometries of their extracted metal complexes. Recent
lanthanide speciation studies with ligands 1 and 2 in solution
and in the solid state further support this view.'"> However, it
remains to be seen if the similar speciation of ligands 1 and 2
with the actinides parallels that of the lanthanides.

Using a procedure reported previously,” the data obtained
from the NMR titrations was used to calculate the stability
constants for the complexation of CyMe,-BTBP 1 and CyMe,-
BTPhen 2 with La(1lI), Lu(III), and Y(III).** In the case of
La(NO;);, “reverse” NMR titrations (i.e., addition of 1 or 2 to a
solution of La(III)) were carried out to aid in the determination
of the stability constants (see Supporting Information). The
stability constants are presented in the Supporting Information.
In the case of ligand 1, there is a reasonably good agreement
between the value for the stability constant of the 1:2 complex
of La(Ill) with 1, and the corresponding value obtained by
microcalorimetry (Table 1). The stability constant for the 1:2
complex of 2 with Y(III) determined by NMR also agrees
reasonably well with that determined by microcalorimetric
titration.

We then carried out a series of lanthanide NMR competition
experiments with the aim of determining whether CyMe,-
BTPhen 2 formed thermodynamically more stable complexes
than those of CyMe,-BTBP 1. The 'H NMR spectrum of a
1:1:1 mixture of CyMe,BTBP 1, CyMe,-BTPhen 2, and
La(NO;); in deuterated acetonitrile displayed resonances for
the 1:2 bis-BTBP complex, the 1:2 bis-BTPhen complex, and
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an additional set of resonances (four methyl peaks in the
aliphatic region, one triplet, two double doublets, one singlet,
and one large singlet in the aromatic region) that were assigned
to the heteroleptic 1:2 bis-complex (a bis-complex containing
one CyMe,-BTBP and one CyMe,BTPhen ligand). These
resonances were not previously observed in the titrations of
either 1 or 2 with La(NOj;);, and thus did not correspond to
the 1:1 complexes observed as minor components in some
cases. The approximate ratio of bis-BTBP/bis-BTPhen/
heteroleptic bis-complex was 1:1:2 (the expected ratio based
on statistics). A statistical mixture of three bis-complexes was
thus obtained (see Supporting Information).

We then assessed the ability of each of the ligands 1 or 2 to
displace the other from its lanthanide 1:2 bis-complexes. The
addition of a solution of CyMe,BTPhen 2 (1 equiv) to a
solution of the 1:2 bis-complex of CyMe,-BTBP 1 with
La(NO;); (formed by the addition of 1 equiv of CyMe,-BTBP
1 to 0.5 equiv of La(NO;),) gave rise to a solution containing a
mixture of 1:2 bis-BTPhen and heteroleptic 1:2 bis-complexes,
as well as free uncomplexed BTBP 1 (see Supporting
Information). Only trace amounts of the 1:2 bis-BTBP complex
were observed. The major species present was the 1:2 bis-
BTPhen complex. No peaks due to free uncomplexed CyMe,-
BTPhen 2 were observed. Thus, CyMe,-BTPhen 2 is able to
displace CyMe,-BTBP 1 from its 1:2 bis-complex with La(III).

A solution almost identical in composition to that above was
obtained when a solution of CyMe,-BTBP 1 (1 equiv) was
added to a solution of the 1:2 bis-BTPhen complex with
La(NO;);. The 1:2 bis-BTPhen complex was again the major
solution species present, and minor amounts of the heteroleptic
1:2 bis-complex were also observed. Thus, the addition of
CyMe,-BTBP 1 to a solution of the La(III) bis-complex of 2
has little or no effect. At best, 1 is able to displace one CyMe,-
BTPhen ligand 2 from its bis-complexes but never two. This is
evidence that CyMe,-BTPhen 2 must be forming the
thermodynamically more stable bis-complex with La(III) than
CyMe,-BTBP 1. This is, to the best of our knowledge, the only
direct evidence so far of differences in the thermodynamic
stabilities between the 1:2 complexes of BTBPs and BTPhens.
Whether this higher complex stability is enthalpic or entropic
(or both) remains unclear.

We then carried out a "H NMR titration of a 50:50 mixture
of both ligands 1 and 2 with La(NO;); in deuterated
acetonitrile. Initially, we observed the formation of the 1:2
bis-BTPhen complex and minor traces of the heteroleptic 1:2
bis-complex as the metal was added but not the 1:2 bis-BTBP
complex. After 0.4 equiv of metal had been added, the free
ligand CyMe,-BTPhen 2 had been completely consumed.
Further addition of La(III) led to the formation of the
heteroleptic 1:2 bis-complex and the 1:2 bis-BTBP complex,
with the heteroleptic 1:2 bis-complex being the major species.
Once 0.7 equiv of metal had been added, both ligands had been
completely consumed. At this stage, an equilibrium mixture of
1:2 bis-BTPhen, 1:2 bis-BTBP, and heterolepic 1:2 bis-
complexes was observed, with no single species dominating
(see Supporting Information). After this point, 1:1 complexes
began to form. Further addition of La(Ill) now led to the
formation of both 1:1 BTBP and 1:1 BTPhen complexes, in
approximately equal amounts. After 1.5 equiv of metal had been
added, a complex equilibrium mixture of 1:2 bis-BTBP, 1:2 bis-
BTPhen, heteroleptic 1:2 bis-complex, 1:1 BTBP, and 1:1
BTPhen complexes was obtained (Figure 11). The relative ratio
of the three bis-complexes was approximately the same as that
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Figure 11. Enlargement of the aromatic region of the 'H NMR
spectrum of a 50:50 mixture of CyMe,-BTBP 1 and CyMe,-BTPhen 2
(1 equiv) in CD4CN after 1.5 equiv of La(NO;); had been added
(assignments: # = 1:2 bis-BTBP complex, + 1:2 bis-BTPhen
complex, * = heteroleptic 1:2 bis-complex, x = 1:1 BTBP complex, o =
1:1 BTPhen complex).

after 0.7 equiv of La(Ill) had been added, indicating that all
three bis-complexes dissociated to form the 1:1 complexes. The
order of appearance of the 1:2 bis-complexes early in the
titration suggests that the order of stability of the 1:2 bis-
complexes is

1:2 bis-BTPhen complex
> heteroleptic BTBP/BTPhen 1:2 bis-complex
> 1:2 bis-BTBP complex

Similar results were obtained in the NMR competition
experiments of 1 and 2 with Lu(NO;);. A 1:1:1 mixture of
CyMe,-BTBP 1, CyMe,-BTPhen 2, and Lu(NO;); in
deuterated acetonitrile gave rise to a statistical mixture of 1:2
bis-BTBP, 1:2 bis-BTPhen, and heteroleptic 1:2 bis-complexes
in an approximate ratio of 1:1:2 (see Supporting Information).
However, in contrast to La(IIl), no ligand displacement
reaction occurred when a solution of either ligand 1 or 2 was
added to a solution of the 1:2 bis-complex of the other ligand
with Lu(III). This indicates that, contrary to the situation with
La(III), CyMe,-BTPhen 2 is unable to displace CyMe,-BTBP
from its Lu(Ill) bis-complex. The thermodynamic stabilities of
the two bis-complexes could be quite similar, or the kinetic
barrier to displacement of ligand 1 with ligand 2 (or vice versa)
could be higher with Lu(IIl) than is the case with La(IIl).
During the "H NMR titration of a 50:50 mixture of 1 and 2
with Lu(NO,);, an almost equal mixture of 1:2 bis-BTPhen and
heteroleptic 1:2 bis-complexes was formed initially (only traces
of the 1:2 bis-BTBP complex were observed), and 2 was
completely consumed after 0.6 equiv of Lu(Ill) had been
added. The 1:2 complexes partially dissociated to 1:1
complexes as the metal/ligand ratio was increased, and an
equilibrium mixture of 1:2 bis-BTBP, 1:2 bis-BTPhen,
heteroleptic 1:2 bis-complex, 1:1 BTBP, and 1:1 BTPhen
complexes was obtained after 1.5 equiv of metal had been
added (see Supporting Information). The order of appearance
of the bis-complexes early in the titration suggests that the
order of stability of the bis-complexes with Lu(III) is the same
as that found with La(1II), namely
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1:2 bis-BTPhen complex
> heteroleptic BTBP/BTPhen 1:2 bis-complex
> 1:2 bis-BTBP complex

B CONCLUSIONS

Density functional theory calculations show that CyMe,-BTBP
1 must overcome a rotational energy barrier of ca. 12 kcal
mol™! in order to achieve its metal binding conformation, while
this barrier is absent in CyMe,-BTPhen 2. For both ligands, a
relatively small energy barrier exists corresponding to rotation
about the outer 1,2,4-triazine rings (4.1 kcal mol™" for 2). The
complexation thermodynamics and kinetics of CyMe,-BTPhen
2 with some lanthanide cations have been studied in both
methanol and acetonitrile. In acetonitrile, only the micro-
calorimetric titrations clearly showed the formation of
predominant ML, complexes with lanthanides. However,
there was evidence for the formation of one or more additional
species, certainly an ML species. The fast kinetics study carried
on in methanol using the stopped flow technique with a
spectrophotometric detection showed that the rate of complex-
ation of trivalent lanthanides with the aromatic N-donor ligands
was strongly dependent on the degree of preorganization of the
ligands, the fastest reaction being achieved with the ligand
CyMe,-BTPhen 2. Lanthanide NMR titrations showed that 1:2
species were the major solution species formed with La(III),
Lu(IlI), and Y(III), while lanthanide binding competition
experiments in deuterated acetonitrile revealed that CyMe,-
BTPhen 2 formed the thermodynamically more stable 1:2 bis-
complex with La(II) than CyMe,-BTBP 1. The above results
suggest that differences in extraction ability between the BTBPs
and their preorganized BTPhen counterparts are, in the case of
lanthanides at least, based only on subtle differences in the
thermodynamic stabilities of the complexes formed. It remains
to be seen whether the similarities in the speciation of ligands 1
and 2 with the lanthanides are also observed with the actinides.
On the other hand, BTPhens exhibit faster complexation
kinetics than BTBPs that are related to the higher degree of
ligand preorganization in the BTPhens. This study adds more
support to the notion that the BTPhen ligands appear to be the
optimal choice for the separation of Am(III) from Eu(II)
within partitioning processes.
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