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A ligand system containing three preorganized carbamoylmethylphosphine oxide (CMPQ) moieties anchored onto
a rigid Cs-symmetric triphenoxymethane platform has been developed for facile metal complexation and subsequent
extraction from aqueous acidic nuclear waste streams. Intended to mimic the 3:1 CMPO—actinide stoichiometry of
the extracted species in the TRUEX nuclear waste treatment process, the CMPO arms on this ligand are oriented
such that all three CMPO moieties can cooperatively bind a metal ion. Extractions of simulated nuclear waste
streams (10~* M metal in 1 M nitric acid) with solutions of this ligand in methylene chloride (102 M) reveal a high
affinity for the actinide thorium and a very low, but constant, affinity for the lanthanides across the series. Thorium
and five lanthanide (lanthanum, cerium, neodymium, europium, and ytterbium) nitrate complexes of this ligand
have been synthesized and fully characterized by X-ray crystallography, *H and 3'P NMR spectra, and FT-ICR-MS
to elucidate the mechanism of this unique actinide selectivity. All six oxygen donors from the three CMPO arms of
the ligand and one or two nitrate counterions coordinate these metals to afford 2+ cationic complexes in every
case. Because of the large size of the ligand, both the thorium and lanthanide complexes present similarly charged
and sized surfaces to the extraction solvents, but the thorium complex is extracted quantitatively over the lanthanide
complexes. A possible rationale for this extraction behavior difference is presented and further illustrated by the
extraction properties of this ligand system for the alkali metals (lithium, sodium, potassium, rubidium, and cesium)
as picrate salts and by the solid- and solution-state structures of its lithium picrate complex.

Introduction been exploited in théransuranium exraction (TRUEX)
The processing of acidic actinide solutions such as thoseprgceS§' Although this method can read_lly sequt_a§ter ac-
found in typical nuclear waste streams requires the separatiorfnides, lanthanides are still extracted in quantities that
of actinide radionuclides from the chemically similar but COomplicate processing. Along with advancing traditional
relatively innocuous lanthanides. To fulfill this need, several Nucléar waste processing, an improvement of the efficiency
actinide/lanthanide separation strategies have been develope®f an actinide/lanthanide separation protocol will increase
and of these, liquigliquid extractions with carbamoyl- the feasibility of the currently impractical transmutation of
methylphosphine oxide (CMPO) based ligands have beenlong-lived ¢i. ~ 10°~10" years) actinide isotopes into short-
one of the most widely used and studigdin particular, ~ lived (2 ~ 10" years) and more practically stored lan-
the ability of octyl(phenyl),N-diisobutylcarbamoylmethyl)-  thanides. Without their removal, the daughter lanthanide
phosphine oxide]l, to remove actinides from nitric acid products produced by the neutron bombardment of actinides
solutions of fission products via metal coordination with its (the mechanism of transmutation) absorb these neutrons,
carbonyl and phosphoryl oxygen atoms and subsequentlyshielding the remaining actinidés.
transfer these metals into an organic solvent medium has
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The CMPGO-actinide complexes formed during the TRUEX thorium and lanthanide complexes of this ligand in relation
extraction procedure have been extensively studied toto its metal extraction properties is detailed herein.
develop ligand modifications and process changes that might

) . - - Ph 0
increase its selectivity for actinidés’ For example, a 3:1 =0
CMPO to metal stoichiometry has been implicated for o
americium species extracted from the acidic aqueous phase HN CsHie

into the organic phase during the TRUEX procébsspired
by this fact, groups in the 1990s attached multiple CMPO
moieties to a variety of calixarene and calixarene-like
platforms and were able to extract actinides with these
ligands at higher selectivities than seen in comparable
experiments with mono-CMPO extractafit$?> The most
extensively studied group of these ligand systems contained
four CMPO maoieties tethered to the narrow and wide rims
of calix[4]arenes,2 and 3, and although an increase in
actinide affinity relative to the mono-CMPO ligands was EXperimental Section
generally found, the lanthanide selectivity of these ligands  General Considerations The lanthanide and actinide salts, La-
proved to be less predictable. The affinity for lanthanides in (NOs)s:6H20 (Alpha Aesar), Ce(Ng)s:6H20 (Aldrich), Nd(NGs)s:
these systems varied widely across the series, with the6Hz0 (Aldrich), Eu(NQ)s'5Hz0 (Aldrich), Yb(NG;)s-5H0 (Al-
selectivity toward some lanthanides equaling that of the drich), UO(NO)2:6HO (Strem), and Th(Ng).-4H,O (Strem),
actinidesi® Additionally, the multi-CMPO ligand systems Were used as received. The solutions were prepared fromQ8 M
presented in the literature have thus far lacked definitive M'”.'Pore deionized water, TraceMetal grade HMF'Sher. Sc-
. . entific), and freshly distilled organic solvents. The salts, Li picrate,
cha.racterlzatlons ,Of the Ilggﬁdnetal complexes. formed Na picrate, K picrate, Rb picrate, and Cs picrate, were synthesized
during the extraction experiments. Such a detailed under- sing 0.1 M picric acid (Aldrich) as described previou&* A
standing of the chemical basis for the metal selectivities of varian Cary 50 UVivis spectrophotometer was used for the
these ligands is essential for creating improved metal Arsenazo(lll) and picrate assays. ICP-MS measurements were made
extracting systems. Inspired by these same TRUEX studiesby ALS Chemex in North Vancouver, BC, Canada. Elemental
and the calix[4]arene work that followed, we have developed analyses were performed by Complete Analysis Laboratories, Inc.
a tris-CMPO ligand system that mimics the 3:1 TRUEX in Parsippany, NJ. AiiH, *3C, and®'P NMR spectra were recorded
stoichiometry and have demonstrated that it is selective in O @ Varian VXR-300 or Mercury-300 spectrometer at 299.95, 75.4,
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extraction experiments for actinides. An analysis of the
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and 121.42 MHz for the proton, carbon, and phosphorus channels,
respectively. IR spectra were recorded as KBr disks on a Bruker
Vector-22 instrument at a resolution of 2 tinMass spectrometry
samples were analyzed on a Bruker Apex Il 4.7T Fourier transform
ion cyclotron resonance mass spectrometer (Bruker Daltonics,
Billerica, MA). The MS analysis was by nanoelectrospray in
positive ion mode with side-kick trapping and broad-band excitation
from 300 to 5000m/z. The MS samples were prepared at
approximately 1Q:M levels in methanol with 1% nitric acid and
sprayed from %m tapered Pico-Tips (New Objective, Cambridge,
MA) at 1200 V. Tris(3,5tert-butyl-2-hydroxyphenyl)methand,®
andp-nitrophenyl (diphenylphosphoryl)acetai#®? were prepared
as previously described. The synthetic methodology for the prepara-
tion of 8 has been adapted from procedures developed in work with
phenols and calixflarene platforms.

Lanthanide and Actinide Extractions. Following a modifica-
tion of an extraction method and assay previously desctib&a;*
M solutions of L&", Ce*, Nd®t, EW**, Yb®", and TH" in 1 M
nitric acid and a 10° M solution of 8 in methylene chloride were
prepared. Into 20 mL scintillation vials were transferred 5 mL of
a metal solution and 5 mL of th@ solution using an Eppendorf
micropipet. The vials were capped and placed into an orbital shaker
for 15 h at 20°C. The layers were allowed to fully separate. A 1
mL aliquot of each aqueous layer and 2.5 mL of 64104 M
Arsenazo(lll) solution in sodium formatdormic acid buffer (pH
= 2.8) were transferred to a 25 mL volumetric flask, and the flask
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Selectvity for Actinides aer Lanthanides

was filled to the mark with formate buffer. The metal concentrations recrystallized from acetonitrile to give 10.41 g (91%) of product.
of the aqueous phases were determined by measuring the absorbanéél NMR (CDCL): ¢ = 1.20 (s, 27 H; Ar-C(CH3)3), 1.34 (s, 27

of the sample using 665 nm for the actinide solutions and 655 nm H; Ar—C(CHz)3) 2.01 (b, 6H; NHy), 2.96 (t,3J(H,H) = 5.1 Hz, 6
for the lanthanide solutions. The extractability of each metal by H; Ar—O—CH,), 3.41 (t, 6 H; AO—CH,CH,NH,), 6.45 (s, 1 H;
the ligand was calculated using the formulaB®e= 100%@; — CH), 7.17 (d,J(H,H) = 2.4 Hz, 3 H; ArH), 7.31 (d,*J(H,H) =
A)/(A; — Ag), whereA is the absorbance of the extracted aqueous 2.4 Hz, 3 H; ArH). 13C NMR (CDCk): 6 = 152.9 (Ar), 144.6

phase with the Arsenazo(lll) indicatok; is the absorbance of the
aqueous phase before extraction with the indicator, &nid the
absorbance of metal-feel M nitric acid and the indicator. The

(Ar), 141.9 (A1), 137.4 (Ar), 127.2 (Ar), 122.4 (Ar), T4.4 (Ar
O—CHy,), 42.4 (Ar—O—CH,CHy,), 37.8 C—H), 35.6 (Ar—C(CHy)3).
34.5 (AI'—C(CHg)g), 31.4 (AI'—C(CHg)g), 31.4 (AI'_C(CHg)g) Anal.

errors reported are based on the accuracy of the spectrophotometeCalcd for GgH;ogN3O3: C, 77.62; H, 10.50; N, 5.54. Found: C,
or one standard deviation from the mean of 3 measurements,77.48; H, 10.56; N, 5.39.

whichever was higher.

Alkali-Metal Extractions. Warning Picrate salts are potentially
explosve and should be handled with great cafeollowing a
literature proceduré®140.014 M Li and Na picrate, 0.015 M K

Preparation of Tris(3,5-tert-butyl-2-(((diphenylphosphoryl)-
acetamido)ethoxy)phenyl)methane, 8A chloroform solution of
6 (8.00 g, 10.55 mmol) ang@-nitrophenyl (diphenylphosphoryl)-
acetatey/ (12.50 g, 32.71 mmol), was stirred at 46 for 3 days.

picrate, and 0.010 M Rb and Cs picrate aqueous solutions wereAfter cooling of the solution to room temperatyse1 M solution
prepared. Aliquots of each picrate solution were transferred to 3 of NaOH (100 mL) was added and the mixture was stirred for 2 h.

mL shell vials—1.10 mL Li and Na picrate, 1.00 mL K picrate,
and 1.50 mL Rb and Cs picrateising an Eppendorf micropipet.
To each of these vials, 1.00 mL of 0.0158n CHCI; and enough

CHClI; to dilute the concentration @& to match the aqueous layer

The p-nitrophenol sodium salt was extracted from the chloroform
solution using 5% sodium carbonatex6300 mL), and the organic
layer was further extracted with brine. The organic phase was dried
with MgSO, and filtered and the solvent removed in vacuo to give

concentration was added. The vials were capped and shaken for 5an off-white solid material. The crude material was recrystallized
min and then allowed to separate. From each vial, a 0.125 mL from acetonitrile to give 14.84 g (95%) of crystalline product. IR:
aliquot of the organic phase was carefully removed with a v = 1670 cn! (C=0), 1189 cm! (P=0).H NMR (CDs;CN): 6
micropipet and added to a 25 mL volumetric flask, which was then = 1.12 (s, 27 H; Ar-C(CHs)3), 1.30 (s, 27 H; A-C(CHa3)3), 3.47
filled to the mark with acetonitrile. The absorbances of the diluted (d, J(H,P) = 13.5 Hz, 6H; G,_-POAL), 3.49 (m, 6H; Ar-O—
samples were measured at 380 nm. The extractability of each picrateCH,CH,), 3.65 (t,3J(H,H) = 5.2 Hz, 6 H; A—O—CH,), 6.28 (s,
salt by8 was calculated using the formulaBs 100%@A; — A)/ 1 H; C—H), 6.82 (d,*J(H,H) = 2.5 Hz, 3 H; ArH), 7.25 (d,"J(H,H)
(A1 — Ao), whereA is the absorbance of the diluted extracted = 2.5 Hz, 3 H; ArH), 7.39 (m, 12 H; P-Ar H), 7.47 (m, 6 H;
aqueous phasd), is the absorbance of the diluted aqueous phase P—Ar H), 7.68 (m, 12 H; P-Ar H), 8.00 (t,3J(H,H) = 5.6 Hz, 3
before extraction, andy is the absorbance of acetonitrile. The errors  H; N—H). 13C NMR (CDsCN): 6 = 166.7 (d,2)(C,P)= 5.5 Hz,
reported are based on the accuracy of the spectrophotometer oIC=0), 154.7 (Ar), 146.2 (Ar), 143.4 (Ar), 139.2 (Ar), 134.2 (d,
one standard deviation from the mean of 3 measurements, which-J(C,P) = 105.7 Hz, P-Ar), 133.6 (Ar), 133.3 (P-Ar), 132.0 (d,
ever was higher. J(C,P)=9.6 Hz, P-Ar), 130.0 (d,J(C,P)= 12.1 Hz, P-Ar), 127.7
Preparation of Tris(3,5-di-tert-butyl-2-(cyanomethoxy)phen- (Ar), 124.1 (Ar), 72.0 (A-O—CHy), 40.9 (Ar-O—CH,CH), 40.1
yl)methane, 5.A 12.19 g portion (19.4 mmol) of was dissolved (C—H), 39.5 (d,J(C,P)= 63.4 Hz,CH,POAL,), 36.5 (Ar-C(CHg)3),
in dry acetone (200 mL) with 26.81 g (194.0 mmol) of potassium 35.4 (Ar—C(CHjz)s), 32.2 (Ar—C(CHz)s, 32.0 (Ar—C(CH3)s. 1P
carbonate, 29.08 g (194.0 mmol) of sodium iodide, and 9.80 g NMR (CDsCN): 6 = 28.7.'H NMR (CDCl): 6 = 1.16 (s, 27 H;
(155.0 mmol) of chloroacetonitrile, and the solution was refluxed Ar—C(CHzg)s), 1.27 (s, 27 H; Ar-C(CH3)3), 3.44 (d,J(H,P)=13.7
48 h under nitrogen. After the solvent was removed in vacuo, the Hz, 6H; CH,-POA,), 3.46 (m, 6H; A-O—CH,CH,), 3.46 (b, 6
product was taken up in ether, dried with Mg&@nd filtered, and H; Ar—O—CHy), 6.35 (s, 1 H, G-H), 7.12 (b, 6 H; ArH), 7.37
the solvent was removed. Recrystallization of the reddish brown (m, 18 H; P-Ar H), 7.76 (m, 12 H; P-Ar H), 8.00 (t,3J(H,H) =
crude material from ethanol afforded 11.04 g (75%) of colorless 5.6 Hz, 3 H; N-H). 3C NMR (CDCk): ¢ = 165.4 (G=0), 153.3
crystalsIH NMR (CDCl): 6 = 1.22 (s, 27 H; Ar-C(CHa)3), 1.40 (Ar), 144.8 (Ar), 142.0 (Ar), 137.5 (Ar), 132.2 (d(C,P)= 1125
(s, 27 H; Ar—C(CHs)3), 4.22 (s, 6H; A-O—CH,CN), 6.22(s, 1 Hz; P-Ar), 132.2 (P-Ar), 131.2 (d,J(C,P)= 9.8 Hz; P-Ar), 128.8
H; C—H), 7.24 (d,*J(H,H) = 2.4 Hz, 3H; ArH), 7.29 (d,*J(H,H) (d, J(C,P)=12.1 Hz; P-Ar), 127.0 (Ar), 122.5 (Ar), 70.7 (Ar
= 2.4 Hz, 3H; ArH). 13C NMR (CDCk): 6 = 151.4 (Ar), 147.5 0O—CH,), 40.5 (Ar—O—CH,CH,), 39.1 (d,J(C,P)= 62.6 Hz;CH,-
(Ar), 143.2 (Ar), 135.5 (Ar), 126.9 (Ar), 123.7 (Ar), 114.TK), POAL), 38.4 C—H), 35.6 (Ar—C(CHs)3), 34.6 (ArC(CHs)s), 31.6
57.6 (Ar—O—CH,), 37.6 C—H), 35.6 (Ar—C(CHj3)3), 35.6 (Ar— (Ar—C(CHj3)s, 31.6 (Ar—C(CH3)3). 3P NMR (CDCE): 6 = 28.9.
C(CHg)3), 34.7 (Ar-O—CH,CHy), 31.3 (Ar—C(CH3)3, 31.2 (Ar— Anal. Calcd for GiH11N3OgPs: C, 73.61; H, 7.60; N, 2.83.
C(CHj3)3). Anal. Calcd for GgHg7N3Os: C, 78.88; H, 9.05; N, 5.63. Found: C, 73.44; H, 7.64; N, 2.73. Slow diffusion of pentane into
Found: C, 78.69; H, 9.27; N, 5.67. Slow evaporation of a a saturated solution d in chloroform afforded crystals suitable
chloroform solution of the product afforded crystals suitable for for X-ray analysis.

structural analysis. Preparation of Metal Complexes. Preparation of [BTh(NO3)]-
Preparation of Tris(3,5-di-tert-butyl-2-(2-aminoethoxy)phen- (NO3)2, 9. A solution of Th(NQ)4-4H,0 (0.025 g, 0.046 mmol) in
yl)methane, 6.A diethyl ether solution 06 (11.04 g, 15.0 mmol) 1 mL of methanol was added to a solution ®{0.068 g, 0.046
was added dropwise over 30 min to a slurry of lithium aluminum mmol) in 1 mL of methanol, and the mixture was stirred for 10
hydride (7.60 g, 225.0 mmol) in diethyl ether at©. The mixture min. A white precipitate formed within minutes, and the product
was allowed to warm to room temperature and stirred for an was collected by filtration, washed with cold methanol and ether,
additional 12-15 h. A 10 mL portion of 5% NaOH was slowly  and dried to afford 0.088 g of product. Yield: 98%. IR:= 1617
added to the slurry, and the solution was allowed to stir for 30 cm™! (C=0), 1523 (N-0), 1289 (N-0), 1127 (B=0), 742 (N~
min. The solution was dried with MgSQand filtered, and the 0). 'H NMR[CD3;CN:CDsOD(1:1)]: 6 = 1.15 (s, 27 H; Ar
solvent was removed in in vacuo. The crude white solid was C(CH3)3), 1.19 (s, 27 H; A-C(CHj3)3), 1.22 (m, 6H), 2.46 (d,
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J(H,P) = 13.5 Hz, 2H; ®&i,-POAw), 3.06 (d,J(H,P) = 8.2 Hz,
2H; CH,-POA,), 3.52 (t,3J(H,H) = 7.1 Hz, 2H), 4.42 (t3J(H,H)
= 12.0 Hz, 2H), 6.31 (s, 1 H; €H), 7.19 (d,*J(H,H) = 2.4 Hz,
3 H; Ar H), 7.43 (d,"J(H,H) = 2.4 Hz, 3 H; ArH), 7.46 (b, 6 H;
P—Ar H), 7.55 (b, 12 H; P-Ar H), 7.60 (b, 6 H; P-Ar H), 7.88
(b, 6 H; P-Ar H), 9.51 (h 1 H (exchanges with solvent);-\H).
31P NMR (CDsCN): ¢ = 39.7. HR ESI-ICR MS (sample injected
as solution in 1% HN@MeOH): m/z 919.88, B-Th(NGs),]2 .
Anal. Calcd for 61H118N7024P3Th: C, 54.14; H, 5.89; N, 4.86.

Found: C, 54.19; H, 5.71; N, 4.92. Slow diffusion of ether into a

saturated acetone/methanol (1:1) solution &TH(NGO;),](NO3),
afforded crystals suitable for structural analysis.

General Procedure for the Preparation of [8LNNO3]Ln-
(NO3)s (Ln = La, Ce, Nd, Eu, Yb).A solution of 2 equiv of Ln-
(NO3)3-xH,0 in CH;CN was added to a solution of 1 equiv®fn

Peters et al.

Ar—C(CHs)3), 4.40 (b, 6 H; AFO—CHy), 5.34 (b, 6H; Ar-O—
CH,CH,), 6.75 (b, 12 H; P-Ar H), 7.11 (b, 12 H; P-Ar H), 7.56
(d,*J(H,H) = 2.4 Hz, 3 H; ArH), 7.97 (d,J(H,H) = 2.4 Hz, 3 H;
Ar H), 8.64 (s, 1H; C-H), too broad to see NH. 3P NMR (CDs-
CN): 6 = —12.3 (broad). HR ESI-ICR MS (sample injected as
solution in 1% HNQ/MeOH): nvz 848.34, B-EUNG;]?". Anal.
Calcd for GiH11:NgO1sPsEU(H:0): C, 59.38; H, 6.24; N, 4.57; P,
5.05. Found: C, 59.29; H, 6.24; N, 4.48; P, 4.88.
[8:YbNO3]Yb(NOg)s, 14 Yield: 75%. IR: v = 1628 cn1?
(C=0), 1481 (N-0), 1309 (N-0), 1162 (P=0), 737 (N-0). H
NMR (CDsCN): 6 = 1.68 (s, 27 H; Ar-C(CH3)s), 2.23 (s, 27 H;
Ar—C(CHs)3), 5.02 (b), 6.16 (b), 7.95 (s, 3 H; A), 8.55 (s, 3 H;
Ar H), 10.81 (s, 1 H; & H). 3P NMR (CD;CN): ¢ = 3.9 (broad).
HR ESI-ICR MS (sample injected as solution in 1% HMNO
MeOH): m/z858.84, B-YbNO;]%". Anal. Calcd for GiH11dNgO27 P

CH3CN. Within 5 min a precipitate formed, and the solid was Yb,: C, 49.41; H, 5.15; N, 5.70. Found: C, 50.24; H, 5.42; N,
collected, washed with cold acetonitrile and ether, and dried to 5.38.

afford product typically in yields ranging from 45% to 75%. Single

Preparation of 8:LiOC gH,N3Og, 15.Warning! Picrate salts are

isostructural crystals of the compounds could often be grown from potentially explosie and should be handled with great cam
saturated acetonitrile solutions, and although the crystals were 0f0.013 g (0.05 mmol) portion of lithium picrate was added to a
poor quality, a full structural determination of the Nd species was solution of 0.080 g (0.05 mmol) & in 2 mL of chloroform. The
undertaken. In the solid state, two inequivalent lanthanides are reaction mixture was stirred at room temperatunelfd to allow

coordinated by, one of which contains an additional water ligand.

the lithium picrate to dissolve. The solvent was removed in vacuo

This water molecule (0.5/complex) has been included in the and the residue washed with pentane to give 0.091 g of product.
calculated formula for the elemental analysis data. Crystalline Yield: 98%. IR: v = 1630 cnt (C=0), 1185 (B=0). H NMR
material was also often obtained from saturated methanol solutions,(CDCly): 6 = 1.18 (s, 27 H; AF-C(CHa)3), 1.19 (s, 27 H; Ar
but these tiny needlelike crystals were unsuitable for X-ray C(CHa)s), 2.97 (d,J(H,P) = 8.1 Hz, 2H; (H,-POA), 3.21 (d,
diffraction experiments. In the case of the Eu complex, elemental J(H,P) = 8.1 Hz, 2H; (H,_POAL), 3.37 (t, 6H,3J(H,H) = 15.1
analysis (C, H, N, and P) of this material was consistent with the Hz; Ar—O—CH,CH,), 3.82 (m, 6 H; A-O—CH,CH,), 4.18 (b, 2

formulation B-EuNG;(H,0)](NO3),.

[8-LaNO3]La(NO3)s, 10. Yield: 57%. IR: v = 1629 cn1?
(C=0), 1459 (N-0), 1320 (N-0), 1161 (P=0), 735 (N-0O). H
NMR (CDsCN): 6 = 1.16 (s, 27 H; Ar-C(CHs)3), 1.19 (s, 27 H;
Ar—C(CHj3)3), 3.60 (b, 6H; G1,-POAr,), 3.60 (b, 6H; Ar-O—
CH,CH,), 3.60 (b, 6 H; A-O—CH,), 6.31 (s, 1 H; G-H), 7.21
(d,*J(H,H) = 2.2 Hz, 3 H; ArH), 7.37 (d,*J(H,H) = 2.2 Hz, 3 H;
Ar H), 7.44 (m, 12 H; P-Ar H), 7.58 (m, 6 H; P-Ar H), 7.72 (b,
12 H; P-Ar H), 8.25 (b, 3 H; N-H). 3P NMR (CD;CN): 6 =
36.1. HR ESI-ICR MS (sample injected as solution in 1% HNO
MeOH): m/z 842.33, B-LaNQ;]?". Anal. Calcd for GiH113No
Lay0,7 825 C, 50.99; H, 5.31; N, 5.88. Found: C, 50.51; H, 5.23;
N, 6.08.

[8:CeNGs]Ce(NOg)s, 11. Yield: 60%. IR: v = 1629 cn1l
(C=0), 1459 (N-0), 1320 (N-0), 1161 (P=0), 735 (N-0). H
NMR (CDsCN): 6 = 0.75 (s, 27 H; Ar-C(CHa)3), 0.89(s, 27 H;
Ar—C(CHj3)3), 3.80 (s, 1 H; G-H), 6.72 (d,*J(H,H) = 2.4 Hz, 3
H; Ar H), 6.84 (d,*J(H,H) = 2.4 Hz, 3 H; ArH), 8.08 (b, 15 H),
9.92 (b, 12 H).3’P NMR (CD;CN): ¢ = 51.4 (broad). HR ESI-
ICR MS (sample injected as solution in 1% HjMeOH): m/z
84283, B'CENOg]2+. Anal. Calcd for G1H113N9C92027_§33: C,
50.93; H, 5.31; N, 5.87. Found: C, 51.06; H, 5.37; N, 5.69.

[8°NdNO3]Nd(NO3)s, 12 Yield: 71%. IR: v = 1629 cn1?
(C=0), 1477 (N-0), 1314 (N-0), 1161 (P=0), 737 (N-O).H
NMR (CDsCN): 6 = 0.70 (s, 27 H; A-C(CHag)s), 0.92 (s, 27 H;
Ar—C(CH3)3), 6.74 (s, 3 H; ArH), 6.84 (s, 3 H; ArH), 7.89 (s,
1H; C—H), 8.18 (b, 12 H; P-Ar H), 9.60 (b, 6 H; P-Ar H), 10.20
(b, 12 H; P-Ar H). 3P NMR (CD;CN): ¢ = 67.7 (broad). HR
ESI-ICR MS (sample injected as solution in 1% HNK@eOH):
m'z 843.83, B‘NdNO3]2+ Anal. Calcd for (51H113NgNd2027d33:
C, 50.73; H, 5.29; N, 5.85. Found: C, 50.86; H, 5.26; N, 5.76.

[8:EUNO3]EU(NOg)s, 13. Yield: 45%. IR: v = 1629 cnr?
(C=0), 1473 (N-0), 1307 (N-0), 1163 (P=0), 736 (N-0O). H
NMR (CDsCN): 6 = 1.42 (s, 27 H; Ar-C(CHs)3), 1.60 (s, 27 H;
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H; CH,-POAR), 6.54 (s, 1 H; G-H), 7.10 (d,4)(H,H) = 2.4 Hz,

3 H; ArH), 7.34 (d,*J(H,H) = 2.4 Hz, 3 H; ArH), 7.45 (m, 18 H;
P—Ar H), 7.80 (m, 12 H; P-Ar H), 8.34 (b, 3 H; N-H), 8.86 (s,

2 H; picrate). 13C NMR (CDCk): 6 = 181.0 (G=0), 166.0
(picrate), 162.2 (picrate), 153.0 (Ar), 145.0 (Ar), 142.1 (Ar), 141.8
(picrate), 137.2 (Ar), 132.8 (PAr), 131.2 (d,J(C,P)= 10.6 Hz,
P—Ar), 130.9 (P-Ar), 129.2 (d, J(C,PF 12.1 Hz, P-Ar), 128.9

(d, J(C,P)=12.1 Hz, P-Ar), 126.8 (Ar), 122.9 (Ar), 69.9 (Ar
O—CHy), 41.5 (Ar—O—CH,CH,), 38.6 (d,J(C,P)= 61.1 Hz,CH,-
POAL,), 36.6 C—H), 35.6 (Ar—C(CHy)3), 34.7 (Ar—C(CHjz)3), 32.0
(Ar—C(CH3)s, 31.7(Ar—C(CH3)s. 3P NMR (CDCk): 6 = 32.6.
Anal. Calcd for Q7H114LiN6016P3: C, 67.74; H, 6.68; N, 4.89;
Found: C, 67.71; H, 6.67; N, 4.93. Slow diffusion of pentane into
a saturated solution d-LiIOCgH,N3Og in chloroform produced
crystals suitable for X-ray structural analysis.

X-ray Crystallography. Unit cell dimensions and intensity data
for all the structures were obtained on a Siemens CCD SMART
diffractometer at 173 K, with the exception & Th(NG;),](NO3),,
which was collected at 193 K. The data collections nominally
covered over a hemisphere of reciprocal space, by a combination
of three sets of exposures; each set had a diffeseartgle for the
crystal, and each exposure covered M3v. The crystal to detector
distance was 5.0 cm. The data sets were corrected for absorption
by using SADABS6 or by measurement of crystal faces.

All the structures were solved using the Bruker SHELXTL
software package for the PC, using either direct methods or
Patterson functions in SHELXS. The space groups of the com-
pounds were determined from an examination of the systematic
absences in the data, and the successful solution and refinement of
the structures confirmed these assignments. All hydrogen atoms
were assigned idealized locations and were given a thermal
parameter equivalent to 1.2 or 1.5 times the thermal parameter of

(16) Blessing, R. HActa Crystallogr., Sect. A995,51, 33.
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Table 1. X-ray Data for the Crystal Structures & and the Complexe$8, 12, and15

8:CsH12 9-2.5MeOHO0.5E£O (12a,h-7.25CHCN 154CHCk
tot. reflcns 45472 25051 45 369 28 811
unique reflens 15253 16 050 27 965 18 059
Omax (deg) 24.72 24.00 22.50 24.50
empirical formula GeH124N300P3 Cos 9H122N7024P3Th Ci9gH250N26Nd4O55Ps C101H116Cl12LIN 6016P3
M, 1556.89 2076.95 4637.11 2197.26
cryst system monoclinic triclinic triclinic triclinic
space group P2i/c P1 P1 P1
a(h) 18.207(2) 12.3375(8) 14.4930(7) 12.091(1)
b (A) 22.309(3) 17.742(1) 23.024(1) 16.743(2)
c(A) 22.805(3) 24.853(2) 34.534(2) 28.071(3)
o (deg) 102.478(1) 80.964(1) 102.015(2)
p (deg) 105.212(5) 102.155(1) 81.605(1) 91.830(2)
y (deg) 95.590(1) 86.256(1) 100.091(2)
Ve (A3) 8938(2) 5134.0(6) 11 248(1) 5458.0(8)
D. (g cnm3) 1.157 1.344 1.348 1.337
z 4 2 2 2
u(Mo Ka) (mm™1) 0.124 1571 1.030 0.412
Ri [I = 20(1) dataP 0.0544 [10 611] 0.0706 [9115] 0.0961 [14 290] 0.0798 [8877]
wR; (all datay 0.1450 0.1624 0.2531 0.2073
GoF 1.089 0.954 0.986 0.962
larg diff peak, hole (e A3) +0.39, 0.31 +1.00, 1.29 +1.51,1.56 +0.63, 0.46

aObtained with monochromatic Mo K radiatio & 0.710 73 A) at 173 K for8, 12, and15 and 193 K for9. PR; = Z||Fo| — |Fel/=Fo. CWRy =

{ZwW(Fe? — FAZ[W(Fe?)?} 2,

Table 2. Selected Bond Lengths (A) for the Compour]s®, 12a,h and15

8 9,M = Th(1) 123 M = Nd(1) 12b, M = Nd(1) 15,M = Li(1)
P(1)-0(5) 1.4833(19) 1.516(7) 1.472(9) 1.486(10) 1.503(3)
P(2)-0(7) 1.487(2) 1.511(6) 1.490(10) 1.519(9) 1.494(3)
P(3)-0(9) 1.4872(18) 1.485(7) 1.484(10) 1.510(9) 1.481(3)
C(46)-0(4) 1.225(3) 1.276(11) 1.219(16) 1.240(16) 1.228(6)
C(62)-0(6) 1.236(3) 1.233(10) 1.261(17) 1.252(16) 1.252(6)
C(78)-0(8) 1.230(3) 1.262(11) 1.214(15) 1.236(14) 1.238(6)
M—0(5) 2.431(6) 2.434(9) 2.405(8) 1.942(9)
M—0(7) 2.395(6) 2.436(10) 2.394(9) 1.935(9)
M—0(9) 2.412(7) 2.429(9) 2.452(9) 1.863(9)
M—0(4) 2.419(6) 2.482(9) 2.358(9)
M—0(6) 2.483(6) 2.430(10) 2.386(9) 2.005(8)
M—0(8) 2.419(6) 2.490(10) 2.437(9)
M—0(10) 2.664(7) 2.615(10) 2.535(10)
M—0(11) 2.528(6) 2.621(10) 2.552(10)
M—0(13) 2.613(8)
M—0(14) 2.637(8)
M—0(100) 2.518(10)

the atom to which it was attached. For the methyl groups, where
the location of the hydrogen atoms is uncertain, the AFIX 137 card
was used to allow the hydrogen atoms to rotate to the maximum
area of residual density, while fixing their geometry. In cases of
extreme disorder or other problems, the non-hydrogen atoms were
refined only isotropically, and hydrogen atoms were not included
in the model. Severely disordered solvents were removed from the
data for8, 9, 12, and15 using the SQUEEZE function in the Platon “all up"

for Windows softwar#’ and the details reported in the Supporting  Figure 1. Illustration of the two extreme conformations of the oxygen
Information in the CIF file for each structure. Structural and atoms on the triphenoxymethane platform relative to its central methine
refinement data and selected bond lengths for all the compoundshydrogen.

are presented in Tables 1 and 2.

"all down"

up” (Figure 1) relative to the central methine hydrogen of
the platform exclusively exists both in the solid state and in

To develop a functional tris-CMPO ligand system, three Ssolution:® Tethering three CMPO moieties to this platform
CMPO groups can be attached to a platform capable ofvia these phenol oxygens satisfies the requirement for
preorganizing these moieties for cooperative metal binding. Proximate metal binding CMPO groups while the sext-
Previous work with the triphenoxymethane platfornhas ~ butyl groups at the periphery increase the solubility of the
shown that when all three phenol oxygens dénare final ligand product and its metal complexes in organic

substituted, the conformation with these oxygen atoms “all solvents. As outlined in Scheme 1, the synthesis of the tris-
CMPO ligand follows the well-established derivatization

methods of the CMPOcalixarene systenid.Since all steps

Results and Discussion

(17) van der Sluis, P.; Spek, A. |Acta Cryst.199Q A46, 194.
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Scheme 1 2
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I//
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a Key: (i) KoCGgs, Nal, CICHCN, refluxing acetone, 2 days, 75%; (ii)
LiAIH 4, ELO, rt overnight, 70%; (iii)7, CHCL, 45°C, 3 days, 95%. Note:
R = t-Bu.

Figure 2. Diagram of the structure d (40% probability ellipsoids for
N, O, and P atoms; carbon atoms drawn with arbitrary radii). All hydrogen
atoms have been omitted for clarity.

in this synthesis are high yielding, multigram quantities of
the ligand can be produced with little synthetic effort. X-ray
crystal structures of the intermediate produgtsee Sup-
porting Information), and the tris-CMPO ligan8,(Figure
2), illustrate that, indeed, the conformation of the platform
is “all up” and that the three CMPO moieties8rare poised

Peters et al.

Table 3. Extraction Percentage (%) for 1-3 and8
cation (164M) equiv of ligand 8 1c 2d 3d

in1MHNO;z inorganic phase (%E) (%E) (%E) (%E)

Th*t 1 40+ 1 76+1 61+1

10 98+ 1 >90 > 90
100 12.2

UO2Z* 10 45+ 1

Las*t 10 4+1 19+1 98+1
50 9+ 1

cet 10 5+1
50 13+ 1

Nd3+ 10 3+1
50 15+ 1

Ewt 10 3+1 16+1 58+1
50 10+ 1 63+ 3

2500 69.5

Yb3+ 10 10+ 1 26+0.7 3+1
50 12+ 1

Th*+(mixedp 10 98+ 1

UO2H(mixedy 4141

La®t(mixedf 3+1

Eudt(mixedyf 241

3% E = 100%(M]og/[M™ i) after extraction as determined by
Arsenazo(lll) assay? In a volume of CHCI, equal to the volume of the
aqueous phaséData reported from ref 8 Data reported from ref 10.

e Extraction percentages for a single solution containinf THO2", La3*,

and Ed* (each 104 M), determined by ICP-MS.

extracted with an equal volume of a OM methylene
chloride solution of8. Due to the quantitative removal of
thorium from the agueous phase under these initial condi-
tions, the extraction experiment for this metal was repeated
using a 104 M solution of 8 in methylene chloride to obtain

a reportable extraction percentage; however, the quantitative
extraction of thorium under the lanthanide extraction condi-
tions will be discussed herein to prevent confusion. Experi-
ments using two different ligand concentrations resulted in
the extraction of the thorium metal as a suspension. A
competition experiment using a mixed metal aqueous phase
containing 104 M each of lanthanum, europium, thorium,
and uranyl nitrateri 1 M nitric acid and a 1& M methylene
chloride solution of8 in the organic phase was also
performed. The extractability of the metal ion in all cases
was determined by measuring the metal concentration in the
nitric acid phase before and after the extraction with solutions
of 8. These extraction results are presented with the results
of the most fully studied of the tetra-CMPO calixarene
systems2 and 3, in Table 3 and Chart 1.

The results of the extraction experiments reveal 81as
a high affinity for actinides similar in magnitude to the
CMPO-—calixarene systems, but unlike these other systems,
8 has a low and constant affinity for lanthanides across the

for cooperative metal binding. Moreover, with the three arms series. Initially, the selectivity & for actinides was attributed
situated in such close proximity, large metal ions capable of to the strong cooperative binding potential among its closely

interacting with the ligand will be simultaneously bound by
all three arms 0B, each in a bidentate fashion.

spaced CMPO moieties and the ability of the ligand to mimic
the 3:1 stoichiometry implicated in the TRUEX process, but

The conditions of the actinide and lanthanide extraction lanthanides should form analogous species Bitlleading

experiments were chosen both to mimic the acidic environ-

to their removal from the aqueous phase of the experiment.

ment of the TRUEX process and to allow a direct comparison To gain an understanding of the differences between the

between the extraction properties®fand other published
multiple-CMPO ligand systems such dasand 3. Initially,
10 M solutions of the nitrate salts of the lanthanides,

lanthanum, cerium, neodymium, europium, and ytterbium,

and the actinides, thorium and uranyl,i M nitric acid were

1712 Inorganic Chemistry, Vol. 41, No. 7, 2002

actinide and lanthanide complexes generated during these
extractions, complexes @ with lanthanide and actinide
metals were synthesized and characterized. The fully hy-
drated nitrate salts of these metals were utilized in the
preparation of these complexes to provide the exogenous
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Chart 1. Metal Extraction Percentages (&) for the Ligands2,10 3,10 100 1 919.8800
and8 Using 10* M Metal Nitrate n 1 M Nitric Acid and 103 M ;
Ligand in Methylene Chloride 1
calc.
919.0 9200 921.0 9220 9230 mz
g
8 expt.
2
%E & l l l
174}
919.0 9200 921.0 9220 923.0 Mz
-t
e
|
a The thorium extraction percentages f@rand 3 at this ligand 0 = o | 1500 | koo | 1500 | 1500 | 1800 | ave

concentration were both reported as greater than 80%. ) ] o
Figure 4. FT-ICR-MS spectrum 09 demonstrating that thet2cationic

complex exists in solution. The small peak-at900 corresponds to atl
complex containing an undissociated nitrate anion. The inset shows the
theoretical and actual isotope distribution patterns of the cationic
complex of9.
cooperative binding in solution of the thorium ion by all three
CMPO moieties in8. The complex exhibits a single
phosphorus resonance shifted 11 ppm downfield in com-
parison to the spectrum of the ligand, in agreement with all
three CMPO moieties binding the metal simultaneously in
solution. For the FT-ICR-MS spectrum, the complex was
acidified with nitric acid prior to injection, and the spectrum
(Figure 4) of this solution contains almost exclusively the
2+ cationic complex from the crystal structure. Finally, the
arrangement in solution of the two coordinated nitrate
counterions and the three coordinated CMPO groups, verified
by FT-ICR-MS and3®P NMR spectra, respectively, was
shown to match the solid-state structure By NMR
spectroscopy. The coordination of the thorium ion by the
two nitrate counterions disrupts tl@&-symmetric environ-
ment induced by the ligand. In thel NMR spectrum of the
complex, resonances associated with analogous linker moiety
hydrogens located near this asymmetry differentiate relative
to theH NMR spectrum of8, while resonances associated
Figure 3. Diagram of the structure d (40% probability ellipsoids for with the less affected triphenoxymethane portion of the
Th, N, O, and P atoms; carbon atoms drawn with arbitrary radii). Al complex retain their symmetry in solution (spectrum in
hydrogen atoms have been omitted and the thoriligand bonds have  Sypporting Information). The solubility of this complex in
been drawn with solid lines. . . . .
methylene chloride is minimal, thus accounting for the

water ligands and nitrate counterions available to them whensuspension in the organic phase of the extraction experiments.
dissolved m 1 M nitric acid. Complexes of8 with uranyl nitrate could not be isolated

The crystal structure of the thorium nitrate complex8of  and characterized, but due to the linear arrangement of the
is shown in Figure 3, and the cooperative binding of all three two oxo groups on the metal ion, the structure of a uranyl
CMPO arms through their six oxygen donor atoms is readily nitrate complex with8 must significantly differ from the
apparent. The tight binding of the tetravalent metal by these thorium species. Efforts are in progress to characterize the
three bulky ligand moieties allows space on the metal for structure of the uranyl complex and determine a basis for
only two of its four nitrate counterions and no coordinated the affinity of 8 for uranyl ion.
water molecules, generating at2cationic complex. To The solid- and solution-state structures of the lanthanide
confirm the existence of this structure in solution and its complexes of8 were similarly determined using X-ray
relevance to the extracted material, theand3'P NMR and crystallography, NMR, and mass spectrometry. An X-ray
the Fourier transform ion cyclotron resonance mass spec-crystal structure of the neodymium complex was obtained,
trometry (FT-ICR-MS) spectra of the complex were exam- and the two slightly different neodymium complexes found
ined. The®P NMR spectrum of the mixture verified the in the asymmetric unit are shown in Figures 5 and 6. Both

Inorganic Chemistry, Vol. 41, No. 7, 2002 1713



Figure 5. Diagram of the structure df2a(40% probability ellipsoids for

Peters et al.

a \ n calc. b | ﬂ calc.
miz 841 B42 843 844 845 843 844 845 miz
expt. expt.
| | l L.
™z 841 842 843 844 845 843 844 845 miz
c
J\MMJ\JLA - d AAAUA :alc'
A
mz  B44 846 848 848 849 850 851 mz
J expt. l expt.
| ] H L L] l |
mz 844 846 848 848 849 850 851 miz

859 860 861 mz

il

859 860 861 miz

Nd, N, O, and P atoms; carbon atoms drawn with arbitrary radii). For clarity, Figure 7. Theoretical and actual isotope distribution patterns of tire 2

the neodymiumligand bonds have been drawn with solid lines and all

hydrogen atoms omitted.

Figure 6. Diagram of the structure df2b (40% probability ellipsoids for
Nd, N, O, and P atoms; carbon atoms drawn with arbitrary radii). The
neodymium-ligand bonds have been drawn with solid lines and all
hydrogen atoms omitted for clarity.

of these complexes contain a neodymium ion fully coordi-
nated by the three CMPO moieties froghand a single
bidentate nitrate counterion. The-Zharge of each of these
symmetry inequivalent complexes is balanced by a N[O
counterion. In one of the neodymium complexes3p12a

1714 Inorganic Chemistry, Vol. 41, No. 7, 2002

cationic complex of (ajl0, (b) 11, (c) 12, (d) 13, and (e)14 from their
FT-ICR-MS spectra.

the metal is coordinated by a water molecule while the
neodymium in the other complex wi) 12b, is anhydrous,
demonstrating the flexibility of the coordination environment
around the metal. Nevertheless, in each case, there does not
appear to be enough space to accommodate a second
coordinated nitrate counterion. In bottRa,hh the three
CMPO arms of8 have wrapped around the metal ion and
bind in a bidentate fashion. The N@® distances in both
complexes are marginally shorter than the bis-CMRNG
complex, [(PBP(O)CHC(O)NEL).Nd(NGs)3], characterized

by Paine and co-workef8,consistent with the decrease in
coordination numbers of the metals.

Crystals of the europium complex 8fwere also obtained
and were determined to be isostructural to the neodymium
complex by unit cell determination. The existence of the
anhydrous 2 cationic neodymium complex in solution was
confirmed by FT-ICR-MS using the same acidic sample
preparation condition used for the thorium complex (Figure
7). The3P NMR spectrum of the complex shows a single
shifted resonance consistent with all three CMPO moieties
coordinating to the metal, but the peak is broadened and the
shift is larger in magnitude relative to the corresponding peak
in the 3P NMR spectrum of the thorium complex due to
paramagnetic effects from the trivalent neodymium ion.
Because of this paramagnetism, peaks in tHeNMR
spectrum of the neodymium complex were too broadened
to determine structural features of the complex in solution;
however, theH NMR spectrum of the diamagnetic lantha-
num nitrate complex o8 reveals shifted proton resonances
and a preservation of theé; symmetry of the complex. The
lack of induced asymmetry from the coordinated nitrate
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counterion in the spectrum is most likely due to the flexibility
of the coordination environment around the metal apparent
from the crystal structure of the neodymium complex. The
lanthanum, cerium, europium, and ytterbium nitrate com-
plexes of8 were also characterized 5P NMR and FT-
ICR-MS, and given the similarities in spectroscopic and
extraction properties these compounds share with neo-
dymium, it seems likely that extracted species of these metals
exist in solution as anhydroust2cationic complexes fully
coordinated by all three CMPO moieties from the ligand
(Figure 7). As noted above with the thorium complex, these
lanthanide complexes 08 are insoluble in methylene
chloride.

The characterization of the thorium and lanthanide com-
plexes of8 that are likely formed during the extraction
experiments at first glance reveal few differences to account
for the high thorium selectivity 08 relative to its lanthanide
selectivity. Upon complexation b8, all of the metal ions
form 2+ cationic complexes. By tight coordination to the
metals, the bulkiness of the tris-CMPO ligand essentially
“equalizes” the physical properties of the actinide and
lanthanide complexes. The compounds are all very similar
in size and shape and exhibit identical solubility properties.
Yet, in the acidic solutions, the thorium complex is- extracted Figure 8. Diagram of the structure df5 (40% probability ellipsoids for
to a r,nUCh greater eXtenF' As suggested by Sedﬁm&gal?nt . Li,gN, O,.and Pgatoms; carbon atoms drawn wﬁh arbitra);y ra?iii). Bonds to
actinides and lanthanides can be separated using i0N-he lithium atom are indicated with solid lines. For clarity, all hydrogen
chromatography columns due the ability of the actinide to atoms have been omitted.
employ Sf-hybrid orbitals in bonding, and this unique Chart 2. Alkali-Metal Extraction Percentages () for 8 Using
attribute may have some influence in the extraction of Equimolar Amounts of Ligand in Chloroform and the Metal Picrate Salt
actinides with8. Additionally, since the thorium ion is 0 Water
tetravalent, the increased Lewis acidity relative to the 35
trivalent lanthanide ions may favor its extraction wétHOne 30
or both of these effects could account for the quantitative
extraction of thorium as a suspended complex8afnder 201
conditions which disfavor the formation of lanthanide %E .
complexes, and further experiments witparticularly with
trivalent actinides, are in progress to ascertain the basis for
the selectivity of8 toward thorium(IV) witnessed in these £ 5 = ; L
experiments. L* Na*  K* Rb* Cs

Further demonstrating that selectivity based upon small
differences in the stability of the extracted metal complexes the solid state by X-ray crystallography. The, 13C, and
is possible, an enhanced extraction of the smallest ion was3lp NMR spectra of the complex clearly indicate that the
noted when aqueous alkali-metal picrate solutions were structure of this complex in solution is equivalent to the solid-
mixed with chloroform solutions oB. Aqueous lithium,  state structure. In the lithium complex as highlighted in
sodium, potassium, rubidium, and cesium picrate solutions Figure 8, all three CMPO moieties bind to lithium ion in a
were extracted by equimolar amounts of chloroform solutions tetrahedral arrangement about the metal using three phos-
of 8, and the results are reported in Chart 2. Attempts to phoryl oxygens and one carbonyl oxygen. In # NMR
synthesize and characterize alkali-metal picrate complexesspectrum of the complex, a single shifted resonance corre-
of 8 for a structural comparison analogous to the actinide/ sponding to the three coordinated phosphoryl groups from
lanthanide work detailed above resulted solely in the forma- the ligand verifies that all three CMPO groups coordinate
tion of a stable complex with lithium. The sodium, potassium, to the metal, while the asymmetry the tetrahedral coordina-
rubidium, and cesium complexes could not be isolated, andtion environment induces onto tk& symmetric environment
'H and3'P NMR spectra of equimolar mixtures of these of the ligand is evident in thiH NMR spectrum as illustrated
picrate salts an@ confirm that no interactions between these in Figure 9. Using this structural information, the selectivity
metals and the CMPO moieties Brxist. The lithium picrate of lithium by 8 over the other alkali metals can be
complex of8 was successfully isolated and characterized in rationalized by two factors. The smaller lithium metal has a

(18) Diamond, R. M.; Street, K.: Seaborg, G.JTAm. Chem. Sod954 higher charge density in comparison to the other alkali
76, 1461. metals, and this difference increases the strength of its
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multi-CMPO systems such &and3. The characterization
a " d‘ A of both the thorium and lanthanide complexes formed with
8 provides a possible explanation for the enhanced selectively
of 8. The three CMPO moieties on the ligand tightly
b " Ml l coordinate both TH and Lr#*, leaving only enough space
in the remaining metal coordination sphere to accommodate

one or two nitrate counterions. Thus both*Trand Li#*
form complexes with essentially the same shape and an
equivalent 2 charge. In view of this similarity in size and
a charge between the two complexes, the selectivit§ fr
A thorium over the lanthanides may be attributed to the higher
intrinsic stability of the thorium complex created by the
combined effects of its increased Lewis acidity relative to
M Ao M the trivalent lanthanides and the increased ability of the
actinide metal to accommodate the coordination environment
presented by the ligand. Similar metal complex stability
Figure 9. !H NMR spectra (in CDG) of (a) 8 and (b)15, demonstrating effects were shown to influence the alkali-metal extraction
the loss ofC3 symmetry upon coordination of the lithium ion. Note the properties ofs.

T D T e po e ene . If actinide selectvity in this system is controlled by the
of CH; peaks between 3 and 4 ppm upon lithium complexation. charge density of the metal and its coordination geometry,
small alterations can be made to the ligand system to exploit
interactions with Lewis bases such as the oxygen donors onthese differences and further increase its affinity for these
the CMPO moieties orB. The tetrahedral coordination metals. Accordingly, procedures to incorporate modifications
geometry of the lithium ion is also perfectly accommodated that alter the basicity of the CMPO oxygen donors as well
by the donor atoms fron8, especially by the bidentate as the distance between adjacent CMPO groups on the
coordination of one of the CMPO moieties, while the larger triphenoxymethane platform are in progress. Future work will
metals cannot adopt such a symmetric coordination environ-also involve the determination of the extraction behavior of
ment with a single molecule . These small differences 8 with trivalent actinides such as americium and the
in Lewis acidity and coordination geometry are very likely characterization of the complexes of these metals ®ith
responsible for the differences in selectivities tBaixhibits
for lithium over the other alkali metals.

5,....‘i...-;)-ppm
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