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Structural modifications of carbamoylmethylphosphine oxide (CPMO)-functionalized triphenoxymethane platforms
are described, and the influence of these changes on the ability of the ligand to extract actinides from simulated
acidic nuclear waste streams has been evaluated. The ligand system has been shown to have excellent binding
efficiency and a selectivity for An(IV) in comparison to the a simple monomeric CMPO ligand under analogous
conditions. Both the extraction efficiency and selectivity are strongly dependent on the flexibility and electronic
properties of the ligating units in the triphenoxymethane construct. The Th(lll) and Bi(lll) nitrate complexes of
tris-CMPO derivatives have been isolated, and their structures were elucidated by NMR, ESI FT-ICR MS, and
X-ray analysis, providing information on the interactions between metal ions and the tris-CMPO molecules.

Introduction tion of problematic long-lived radionuclei would reduce
) ) _ ) uncertainties related to the long-term waste storage (several

In a typical light-water reactor, the operational life-span pyndred thousand years) in the geological repositories. In
of a fuel rod is only 3 years, yet they still contain some aqgition, the development of safe recycling and disposal
energy potential. The recycling of fuel rods potentially offers echnologies will help raise public awareness and accept-
both significant economic and environmental impactfie  apility of nuclear power as the most viable energy source to
scale of the waste problem is truly impressive, given that systain global development without significant environmental
nuclear reactors in the U.S. annually produce 98 GW of consequences.
power? A single 1 GW reactor will produce approximately — after removal from a reactor, a spent rod is still predomi-
30 tonnes of spent fuel each year, and depending on thenately made up of*®U, but the rod contains some useful
burnup and cooling time of the rods, there will be ap- amounts®%U and22%Pu. The remaining 34% of the fuel
proximately 0.2 tonnes 6f*Pu and 0.02 tonnes of the minor  has been converted primarily to a mixture of radioactive and
actinides (neptunium, americium, and curium) produced as nonradioactive fission products. Although no definitive
waste? In the U.S., spent fuel rods currently remain in storage procedures have been set by the Department of Energy,
at the reactor, awaiting transport for disposal at a governmentseveral options have been proposed. One possible protocol
repository. Protracted litigation, however, may keep the for spent fuel reprocessing would involve the recovery of
Yucca Mountain Repository closed for many yeaiBhe the two major components (uranium and plutonium), fol-
partitioning of radioactive waste followed by the transmuta- lowed by the separation of long-lived transplutonium radio-
nuclides from the other elements. Uranium and plutonium
* To whom correspondence should be addressed. Fax: 352-392-3255.could then be converted back to fuel, whereas the long-lived

E'Tsir';ivg‘ri:i‘;-;‘;@ég?irgé“f'-ed“- actinides could be transmuted into short-lived and nonra-
* Argonne National Laboratory. dioactive elements thus decreasing the volume and long-
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tation of actinides would be impeded by even small amounts (1.4 M TBP and 0.2 M CMPO?}? and to reduce the volume
of lanthanide ions due to the large neutron capture crossof the secondary waste produced by TRUEX, development
sections of these elements, and an efficient protocol for their of either a completely incinerable (CHON-based) or a more
separation must be developed for this process to work.  efficient phosphorus-based extraction system is highly desir-
The solvent extraction separation process used in wasteable. Although the PUREX process for the separation of Pu-
reprocessing is based on the transfer of a metal cation from(1V) is inexpensive, efficient, and highly refined, the waste
an acidic aqueous phase into an immiscible organic phasereprocessing remains a difficult and important problem,
with simultaneous charge neutralizatfdrDuring the extrac- particularly in the case of Am(lll) and Cm(lll). The
tion, a variety of species are formed in the combination of continued development of new ligand types that are highly
ionic metals with water, acid, and organic solvent. The extent efficient and selective for any of the actinides including Pu-
of the extraction can be expressed by the distribution ratio (IV) may be of aid in the eventual solution of the most
(D = S[Mord/3[Ma) of the total metal ion concentration difficult separation problems faced in nuclear waste recy-
in the organic phase>(Morg]) against the total metal ion  cling.
concentration in the aqueous phaf¢N.d), or percentage The chemical properties of lanthanides and actinide are
wise (Y%E= 100%(M"]or/[M™ ]iota). IN the liquid—liquid similar, and historically, the close relationship between the
extraction process, the extractant is commonly diluted/ two groups of elements helped predict the properties of the
dissolved in a water immiscible organic solvent. Therefore, transplutonium elements, facilitating their eventual synthesis
successful and efficient separation is determined not only and isolation. From a waste reprocessing perspective,
by the choice of the proper ligand, but also by the careful such similarities are disadvantageous. The matching
selection of the organic solvent and the content of the oxidation states of trivalent actinides and lanthanides and
aqueous solution. an approximately equal ionic radii make the separation
Nuclear waste reprocessing begins with the dissolution of particularly difficult. Both An(lll) and Ln(lll) are hard acids
used fuel rods or waste in concentrated nitric acid. To date, and form complexes preferentially with hard bases through
the most successful technique used for the partitioning of strong ionic interactions. A careful examination of their
nuclear waste components predominately employs organo-electronic structures and binding with less-compatible soft
phosphorus extractants. Industrial uranium and plutonium bases revealed that small but important differences between
recovery utilizes neutral monodentaterrbutyl phosphate  these two groups of cations are evidént.
(TBP) @) in the PUREX (Plutonium/URanium EXtraction) The exceptional stability of the lanthanides’ trivalent
process:® Other popular organophosphorus compounds like oxidation state is perhaps the most exceptional diffence
bidentate octyl(phenyl)-N,N-diisobutylcarbamoyl methylphos- between the two grougé.Across the lanthanide series, the
phine oxide (CMPOQ) ) and dihexyIN,N-diethylcarbam- radii of the outer 6s and 5d orbitals are significantly larger
oylmethylene phosphonate (DHDECMP3){ are widely than the average radius of the 4f orbital, which effectively
studied as chelating agents for both actinides and lanthanidesshields the f electrons and stabilizes the third oxidation
The mixture of CMPO and TBP extractants, originally state!’ In the case of actinides, more spatially extended 5f
studied by Horwitz and co-workers, is applied in the orbitals are no longer effectively shielded by the outer 7s
commercially operating TRUEX (TRansUranic elements and 6d orbitals, resulting in the decreased stability of the
EXtraction) proces§ 12 for removal of both lanthanide and  trivalent state. The later actinides (transplutonium elements)
actinide ions from high-level liquid waste generated during show somewhat higher stability of the third oxidation state
PUREX reprocessint’1® The TRUEX process generates a with respect to the early members of the group due to the
great deal of nonincinerable, phosphorus-containing wasteslight decrease in the size of the 5f orbital radius with respect
to the size of 7s and 6d orbitals as the elements become
Eg; II:IIZ:R IL(.'LIT.Iﬁic—)ig?\r&tbggtkr;)LOtr;lgé(ﬁlr;/:sLi%zaar%’ghzgn;?r?/'of Rare Earths heavier. Thls effect pl’OVIFJES Sqme shielding of f Orblt§1|S,
Gschneider, K. A., Eyring, L., Jr., Choppin, G. R., Lander, G. H., although itis not as effective as in the case of the 4f orbitals
Eds.; Elsevier Science: Amsterdam, The Netherlands, 1994; Vol. 18, of lanthanideg618

pp 197-238. e . L .
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Eds.; CRS Press: Boca Raton, FL, 1984; p 1. significantly improved by the preorganization of several

(8) Miles, J. H. InScience and Technology of Tributyl Phosph&ehulz, . . . .
W. W., Navratil, J. D., Eds.; CRS Press: Boca Raton, FL, 1984; p ligating units on a molecular platform. Particularly

%\Il. VLS Ruik o interesting are cases of CMPO moieties secured to a variety
©) |n2?§. r‘Me't._So",g,u(':ﬁé’mFi'ggé 2"5 tegi’,%g,'g"j Iyer, R-8ynth. React. ¢ cajix[4]arene and resorcinarene platfofn or tripo-
(10) Horwitz, E. P.; Kalina, D. G.; Diamond, H.; Vandegrift, G. F.; Schulz,
W. W. Sobent Extr. lon Exch1985 3, 75—-109. (15) Mathur, J. N.; Murali, M. S.; Natarajan, P. R.; Badheka, L. P.; Banerji,
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dands such as 1,1,1-tris[(aminopropoxy)methyl]propane anddeionized water, TraceMetal-grade HN@isher Scientific), and
1,3,5-trialkylbenzené?” Previously, we have reported the HPLC-grade organic solvents. The Arsenazo(lll) assay was per-
synthesis of a modified chelate system with three precisely formed o a a Varian Cary 50 UVvis spectrophotometer, whereas
arranged carbamoylmethylphosphine oxide moieties attached® 2°00TR Packard liquid scintillation analyzer was used for
to a rigid, triphenoxymethane platform (tris-CMP&)and counting a-emitting plutonium and uranium radionuclides. A
Bohmer f;md co-workers have produced a related moleculecanberra GammaTrac 1185 with a germanium detector and an

built th ite side of the triph h lat AccuSpec-B multichannel analyzer was used’féAm and!5Eu
uit-on the opposite side of the triphenoxymethane plat- counting. All of thelH, 13C, and3'P NMR spectra were recorded

form.2® The extraction activities of our triphenoxymethane 4, 3 varian VXR-300 or Mercury-300 spectrometer at 299.95 and
ligand for a selected group of trivalent lanthanides and 121 42 MHz for the proton and phosphorus channels, respectively.
tetravalent thorium have been compared to multi-CMPO Elemental analyses were performed by Complete Analysis Labo-
calix[4]arene-based extractant as well as the commercialratories, Inc., in Passipany, New Jersey. Mass spectrometry samples
CMPO ligand under similar conditions of concentration and were analyzed by Dr. Lidia Matveeva and Dr. Dave Powell at the
solvent. The impact of further structural ligand derivatization University of Florida on a Bruker Apex I 4.7 T Fourier transform

on the extraction selectivity and efficiency for tetravalent ion cyclotron resonance mass spectrometer. Fast atom bombardment

actinides, in particular plutonium, is presented herein. The (FAB), ionization energy (IE), and liquid secondary ion mass
extraction behavior of the tris-CMPO derivatives in com- SPectrometry (LSIMS) mass spectra were recorded on a Finnigan

. . . MAT95Q Hybrid Sector.

parison to the CIaSSIC.aI CMPO and other .mUI“'CMPO Metal lon Extractions. The lanthanides, bismuth, and thorium
_systems haS_ been discussed, demonstrating an OveralJextraction experiments followed a previously reported proce-
improvement in the development of CMPO-based extractants gy re21.2830The extractability of each cation was calculated & %
for actinide/lanthanide separations. = 100/(\r — A)/(A; — Ag), where A is the absorbance of the
extracted aqueous phase with the Arsenazo(lll) indic#tpis the
absorbance of the aqueous phase before extraction with the
indicator, andAy is the absorbance of metal-&rel M nitric acid
and the indicatorZ(Ln(m) = 655,l|3i(|||)4 Th(v) — 665 nm).

In the case of3%Pu, 238, 24?Am, and!5%Eu isotopes, a solution
of ligand, 103to 102M in CH,Cl,, or 1-octanol has been contacted
with 1 M HNOs-containing radioactive nuclides. The acid concen-
trations were measured by titration with phenylphtalein and give
-, . - the low concentrations of both extractants and metals; no significant

In addltlo_n, metal comple?(es of tris-CMPO derlyatlves HNO; coextraction should occur with dichloromethane. Test tubes
have been isolated, and their structures were elucidated bycontaining +2 mL of the aqueous phase and an equal volume of
NMR, ICR-MS, and X-ray analysis, which provided potential the organic phase were placed into an orbital shaker 4C2for
rationalization for the presented ligands’ extraction behavior. 20-24 h to allow the system to reach equilibrium. The test tubes

were removed from the rotator, the layers were allowed to separate,

triphenoxymethane

Experimental Section

General Considerations.The lanthanide and actinide salts, La-
(NO3)3°H20 (Alpha Aesar), Ce(N€);-6H,0, Nd(NGs)3-6H,0, Eu-
(NO3)3'5H20, Tb(NQ)gGHzO, Yb(NQ3)35H20 (AldrlCh), Bi-
(NO3)3+5H,0 (Acros), and Th(NG)44H,O (Strem), were used as
received. The solutions were prepared from 18 Miillipore

(20) Boerrigter, H.; Verboom, W.; Reinhoudt, D. Bl. Org. Chem1997,
62, 7148-7155.

(21) Barboso, S.; Carrera, A. G.; Matthews, S. E.; Arnaud-Neu, Fanizo,
V.; Dozol, J. F.; Rouquette, H.; Schwing-Weill, M. J.Chem. Soc.,
Perkin Trans. 21999 719-723.

(22) Schmidt, C.; Saadioui, M.; ‘Bwmner, V.; Host, V.; Spirlet, M. R;
Desreux, J. F.; Brisach, F.; Arnaud-Neu, F.; Dozol, JOFj. Biomol.
Chem.2003 1, 4089-4096.

(23) Arduini, A.; Bthmer, V.; Delmau, L.; Desreux, J. F.; Dozol, J. F;
Carrera, M. A. G.; Lambert, B.; Musigmann, C.; Pochini, A,
Shivanyuk, A.; Ugozzoli, FChem—Eur. J. 2000 6, 2135-2144.

(24) Boerrigter, H.; Verboom, W.; Reinhoudt, D. Hiebigs Annalen-
Recueil1997 2247-2254.

(25) Boerrigter, H.; Verboom, W.; de Jong, F.; Reinhoudt, DRiddiochim.
Acta 1998 81, 39-45.

(26) Reinoso-Garcia, M. M.; Janczewski, D.; Reinhoudt, D. N.; Verboom,
W.; Malinowska, E.; Pietrzak, M.; Hill, C.; Baca, J.; Gwr, B.;
Selucky, P.; Gitiner, C.New. J. Chem2006 30, 1480-1492.

(27) Janczewski, D.; Reinhoudt, D. N.; Verboom, W.; Malinowska, E.;
Pietrzak, M.; Hill, C.; Allignol, C.New. J. Chem2007, 31, 109-
120. Dam, H. H.; Reinhoudt, D. N.; Verboom, Wew J. Chen2007,
31, 1620-1632.

(28) Peters, M. W.; Werner, E. J.; Scott, M.ldorg. Chem.2002 41,
1707-1716.

(29) Rudzevich, V.; Schollmeyer, D.; Braekers, D.; Desreux, J. F.; Diss,

R.; Wipff, G.; Bothmer, V.J. Org. Chem2005 70, 6027-6033.

and then were transferred into the shell vials. Equal aliquots of the
organic and the aqueous phases were taken for counting and
distribution coefficient determination.

Isotopes Stock Solutions. Plutonium Stock SolutioriThe stock
solution of tetravalent®Pu was purified using the anion exchange
method®! The method is based on the retention of PugN® in
7.5 M HNG; by the anion exchanger (Bio-Rad AGxL8). All of
the cations were eluted from the column with 7.5 M HNO
Subsequently, plutonium was stripped from the column with a
solution of 0.3 M HNQ at 60°C. The strip was taken to a wet salt
with a few drops of concentrated HCJ@o destroy any organic
impurities. The resulting Pu(VI) salt was dissolvedli M HNO;
and was treated with 0.1 mL of concentratedObl to convert
plutonium to tri- and tetravalent oxidation stafég.0 oxidize Pu-

(1) to Pu(lV), 20 mg of solid NaN@ was added to the solution.

An electron absorption spectrum, collected in 4800 nm range,

revealed no evidence of either Pu(lll) or Pu(VI). The solution was
diluted with 1 M HNO; to get 10° M Pu(lV) and was used for

the experiments.

Uranium Stock Solution. A weighted amount of38U30g of
analytical purity was dissolved in 14.7 M HN@nd then diluted

with water to 1.6 M UQ(NOz3); in 1 M HNOs. The solution was
then diluted with 1 M HNQto 0.01 M UQ(NOs3), and was spiked

(30) Marczenko, ZSeparation and Spectrophotometric Determination of
ElementsE. Horwood, Ed.; Halsted Press: Chichester, New York,
1986.

(31) Cleveland, J. MThe Chemistry of PlutoniumGordon and Breach
Science: New York, 1969.
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with 233U(VI) (T2 = 1.59 x 10° y) to increase the effectiveness
of the liquid scintillation counting.

Americium and Europium Stock Solutions. The purity of the
241Am stock solution was determined by the ICPMS analysis. The
solution was evaporated to dryness and redissolvddM HNO;.

Matloka et al.

aluminum hydride (4.36 g, 129.00 mmol) in diethyl ether &0
The mixture was allowed to warm to room temperature and stirred
for an additional 1215 h. A 10 mL portion of 5% NaOH was
slowly added to the slurry, and the solution was allowed to stir for
30 min. The solution was dried with MgQQfiltered, and the

Thel5%u stock was purchased from Isotope Products Laboratories.solvent was removed in vacuo. The crude white solid was

The original 0.5 M HCI solution was taken to a wet salt with nitric
acid twice and was then redissolvadl M HNQs;. The activities
of the stock solutions were 1 micro Ci per 1 mL. The working

recrystallized from acetonitrile to give to give 6.00 g (83%) of
product.'H NMR (CDCl): 6 = 0.48 (m, 18 H; CHCH3), 1.11
(s, 18 H; CQH3), 1.30 (s, 18 H; CEi3), 1.43 (9, = 7.4, 6 H;

solutions were spiked with the gamma nuclides with amounts to CH2CHs), 1.67 (q,d = 7.4, 6 H; GH,CHs), 2.89 (t,J = 5.0, 6 H;

provide good counting statistics for each sample withit% error.
Synthesis.The synthetic methodology for the preparation8of

CH,CH,—NH,), 3.32 (t,J = 5.0, 6 H; O-CH,CH;), 6.38 (s, 1 H;
CH), 7.00 (d,J = 2.6, 3 H; Ar—H), 7.12 (d,J = 2.3, 3 H; Ar—H).

and12 has been adapted from procedures developed in work with **C NMR (CDCk): 6 =9.3, 9.8, 28.8, 29.7, 35.3, 37.1, 37.9, 38.8,

phenols and calixflarene platform$%32 Detailed synthetic proce-
dures were previously reported for the preparatio®@mf833.34
Tris(3,5-tert-pentyl-2-(cyanomethoxy)phenyl)methane, 5d&ol-
lowing the procedure described in ref 19 fiy, a 10.70 g portion
(15.00 mmol) of4a was dissolved in dry acetone (200 mL) with

39.4 (aliphatic); 42.8 (Ck-NH,); 74.4 (O-CH,); 125.0, 128.2,
138.0, 140.1, 142.8, 152.9 (aromatic). Anal. Calcd for
055H91N3031 C, 78.42; H, 10.89; N, 4.99. Found: C, 78.13; H,
11.35; N, 4.66.
Tris(3-methyl-5-tert-butyl-2-(aminomethoxy)phenyl)-

20.73 g (150.00 mmol) of potassium carbonate, 22.48 g (150.00 methane, 6c.Following the procedure outlined fda, a 6.46 g

mmol) of sodium iodide, and 7.59 g (120.00 mmol) of chloroac-
etonitrile, and the solution was refluxed for 48 h under nitrogen.

(10.0 mmol) portion obc gave 5.7 g (86%) of productH NMR
(CDCl): 6 = 1.18 (s, 27 H; Ar-C(CH3)3), 2.26 (s, 9 H; Ar

After the solvent was removed in vacuo, the product was taken up CHs) 2.87 (t,J = 5.1 Hz, 6 H; A-O—CHy), 3.31 (t,J = 5.2 Hz,

in ether, dried with MgSQ filtered, and the solvent was removed.
Recrystallization of the crude material from ethanol afforded 8.91
g (72%) of product.!H NMR (CDCl): 6 = 0.55 (m, 18 H;
CH,CHg), 1.13 (s, 18 H; G-CHj3), 1.36 (s, 18 H; & CHs), 1.48
(9,3=7.4,6H; GH,CHg), 1.74 (9, = 7.5, 6 H; (H,CHy), 4.14
(s, 6H; tH,CN), 6.17 (s, 1 H; ©), 7.04 (d,J = 2.6, 3 H; Ar—H),
7.15 (d,J = 2.3, 3 H; Ar—H). 13C NMR (CDCk): 6 = 9.4, 9.7,
28.6, 29.4, 35.5, 37.0, 38.1, 38.5, 39.5, (aliphatic); 57.8@r
CHp); 115.0 (CN); 126.3, 127.5, 136.0, 141.5, 145.7, 151.8
(aromatic). Anal. Calcd for £H79N3O3: C, 79.57; H, 9.59; N, 5.06.
Found: C, 79.75; H, 10.07; N, 4.96.
Tris(3-methyl-5-tert-butyl-2-(cyanomethoxy)phenyl)-
methane, 5c Following the procedure described above, a 0.55 g
(1.2 mmol) portion ofdc yielded 0.59 g (89%) of pure produéH
NMR (CDCl): 6 = 1.18 (s, 27 H; Ar-C(CHg)3), 2.37 (s, 9 H;
Ar—CHg), 4.14 (s, 6H; A-O—CH,CN), 6.22(s, 1 H; CH), 6.85
(b, 3 H; Ar—H), 7.12 (d, 3 H; Ar-H). 13C NMR (CDCk): 6 =
17.1, 31.2, 34.3, 37.7, 57.2 (aliphatic); 115.5 (CN); 125.5, 127 .4,
130.9, 135.0, 147.9, 151.4 (aromatic). Anal. Calcd for
CaoHaaN3O5: C, 77.51; H, 7.97; N, 6.78. Found: C, 77.68; H, 8.36;
N, 6.71.
1,2-bis(3,5-ditert-butyl-2-(cynomethoxy)phenyl)ethane. As
described for5a, a 6.57 g (14.98 mmol) portion of 2;Bth-
ylidenebis(4,6-diert-butylphenol) to afford 4.20 g (54%) of
product.'H NMR (CDCl): ¢ = 1.18 (s, 18 H; CEi3), 1.34 (s, 18
H; CCH3), 1.60 (d,J = 6.9, 3 H; CHQH3), 4.52 (m, 4 H; G,CN),
4.65 (gq,d = 7.1, 1 H; (HCH;y), 7.11 (d,J = 2.6, 2 H; Ar—H),
7.18 (d,J= 2.6, 2 H; Ar—H). 13C NMR (CDCk): 6 = 23.3, 31..6,
31.7,32.3, 34.9, 35.7, (aliphatic); 58.9 (AD—CH,), 115.7 (CN);

6 H; Ar—O—CH,CH;NH,), 6.76 (s, 1 H; ®), 6.92 (d,J = 2.6
Hz, 3 H; Ar—H), 7.00 (d,J = 2.6 Hz, 3 H; Ar-H). 3C NMR
(CDCly): 6 =16.8,31.3,34.1, 36.9, 42.4, 74.2 (aliphatic); 125.8,
125.9, 129.8, 136.3, 145.5, 152.3 (aromatic); LS| MSHNI|+ =
632.48.

1,2-bis(3,5-ditert-butyl-2-(2-aminoethoxy)phenyl)ethaneLithium
aluminum hydride (1.49 g, 39.26 mmol) was suspended in dry ether
(80 mL), and the reaction flask was cooled t6@. 1,1-bis(3,5-
di-tert-butyl-2-(cynomethoxy)phenyl)ethane (2.70 g, 5.23 mmol)
was added in three portions with stirring. The reaction mixture was
warmed to room temperature and stirred overnight. The reaction
was monitored by TLC, (pentane/ether 80:20) and once completed,
5% sodium hydroxide solution (4.5 mL) was added dropwise (ice
bath) and the mixture was stirred until the suspension became milky
white. The resulting white solid was discarded through filtration,
and the organic layer was dried over MgS@®emoval of the
solvent under vacuum yielded analytically pure product. Yield 2.30
g (84%).'H NMR (CDCly): 6 = 1.27 (s, 18 H, Ei3), 1.42 (s, 18
H, CHy), 1.67 (d,3HJ= 7.2 Hz, CHQH3), 3.15 (b t, 4 H, N-CH-
CH,—0), 3.89 (m, 4 H, N-CH,CH,—0), 4.70 (q, 1 HJ = 7.2
Hz, CH), 7.21 (s, 2 H, Ar-H), 7.24 (s, 2 H, Ar-H). 13C NMR
(CDCly): 0 =23.95, 30.18, 31.57, 31.69, 32.33, 34.70, 35.64, 42.52
(aliphatic); 75.62 (0-CHy); 122.54, 124.69, 139.02, 141.80, 145.18,
153.66 (aromatic). Anal. Calcd fors@seN.O,: C, 77.81; H, 10.76;
N, 5.34. Found: C, 78.32; H, 11.14; N, 5.08

Preparation of 8a. The synthesis d8afollowed the preparation
method for8h.28 A chloroform solution of6a (2.92 g, 3.47 mmol)
and p-nitrophenyl(diphenylphosphoryl)acetatg, (4.16 g, 10.91
mmol) were stirred at 48C for 3 days. After cooling to room

123.4, 124.2, 138.4, 142.5, 147.7, 152.2, (aromatic). Anal. Calcd temperaturea 1 M solution of NaOH (100 mL) was added and

for CasHagN-O,: C, 79.02; H, 9.36; N, 5.42. Found: C, 79.39; H,
9.82; N, 5.44.
Tris(3,5-di-tert-pentyl-2-(aminomethoxy)phenyl)methane6a.
As outlined in ref 19, a diethyl ether solution 6& (7.12 g, 8.58
mmol) was added dropwise over 30 min to a slurry of lithium

(32) Matthews, S. E.; Saadioui, M.;"Bmer, V.; Barboso, S.; Arnaud-
Neu, F.; Schwing-Weill, M. J.; Carrera, A. G.; Dozol, J.F Prakt.
Chem.1999 341, 264-273.

(33) Peters, M. W.; Ph.D. Thesis, University of Florida: Gainesville, Florida
2002.

(34) Dinger, M. B.; Scott, M. JEur. J. Org. Chem200Q 2467-2478.
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the mixture was stirred for 2 h. Thgenitrophenol sodium salt was
extracted from the chloroform solution using 5% sodium carbonate
(6 x 300 mL), and the organic layer was further extracted with
brine. The organic phase was dried with MgS@itered, and the
solvent was removed in vacuo to give 4.21 g (77%) of product as
an off-white solid material'H NMR (CDClk): 6 = 0.46 (m, 18

H; CH,CHj3), 1.06 (s, 18 H; CEl3), 1.23 (s, 18 H; CEl3), 1.40 (q,
J=17.3, 6 H; H,CHy), 1.57 (b, 6 H; G,.CHg), 3.41 (b, m, 18 H;
O—CH,CH,—NHC(O)—CH,—P), 6.28 (s, 1 H; @), 6.92 (d,J =

2.3, 3 H; Ar-H), 6.95 (d,J = 2.1, 3 H; Ar—H), 7.38 (m, 18 H;
P—Ar H), 7.72 (m, 12 H; P-Ar H), 7.89 (b, 3 H; NH). 3C NMR
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(CDCL): 6 = 9.3, 9.8, 28.7, 29.7, 35.5, 37.1, 37.8, 38.7, 39.3, 138.0, 142.2, 144.6, 153.7 (aromatic); 168.3+Q). FAB MSm/z

39.5 (aliphatic); 40.4 (CkH-NH,); 70.4 (O-CH,); 125.0, 127.7,

= 1212.66 [M+ Na]*

128.7,128.9,131.2,131.3, 132.1, 132.2, 137.8, 139.9, 142.8, 153.2 General Procedure for Synthesis of 1la and 11bTo a

(aromatic); 165.4; 165.5 (€0). 3P NMR (CDCk): 6 = 29.8.
Anal. Calcd for G7H12AN3OgPs: C, 74.26; H, 7.97; N, 2.68.
Found: C, 74.59; H, 8.14; N, 2.70.

Preparation of 8c. Following the procedure described above

for 8a, a 2.60 g (4.11 mmol) portion dc was reacted with 4.90
g (12.85 mmol) of7 to afford 1.97 g (35%) of productH NMR
(CDCly): 6 = 1.14 (s, 27 H; AFC(CHy)s), 2.12 (s, 9 H; A
CHg), 3.29 (b, 12 H; AF-O—CH,CHy), 3.49 (d,J(H,P)= 13.9 Hz,
6 H; CH,—POAR), 6.65 (s, 1 H; ®l), 6.84 (d,J = 2.4 Hz, 3 H;
Ar—H), 6.94 (d,J = 2.5 Hz, 3 H; A—H), 7.38 (m, 12 H; P-Ar
H), 7.47 (m, 6 H; P-Ar H), 7.76 (m, 12 H; P-Ar H), 8.00 (b, 3
H; N—H). 13C NMR [CDCl3]: ¢ = 16.79, 31.2, 34.0, 38.7, 39.5,

40.0 (aliphatic); 70.6 (©CHy); 152.1, 145.6, 135.9, 132.7, 131.9,

suspension o0 in absolute ethanol, hydrazine mono hydrate (4
equiv) was slowly added and the mixture was refluxed for 24 h.
The reaction was cooled to room temperature, and the solvent was
partially evaporated under reduced pressure. The resulting residue
was poured into ice-cold water and a white precipitate quickly
formed. The product was collected by filtration.

Compound 11la.Yield 97%. H NMR (CDCl): 6 = 0.40-
0.49 (m, 18 H, CHCHg), 1.04 (s, 18 H, Ei3), 1.25 (s, 18 H, Ely),
1.37 (q,J = 7.5 Hz, 6 H, ¢,CHg), 1.62 (q,J = 7.5 Hz, 6 H,
CH,CHz), 1.77 (quintet,J = 6.6 Hz, 6.9 Hz, 6 H, N-CH,CH,-
CH,—0), 2.58 (b s, 6 H, W), 2.80 (t,J = 6.9 Hz, 6 H, N-CH>-
CH,CH,—0), 3.38 (b t, 6 H, N-CH,CH,CH,—0), 6.23 (s, 1 H,
CH), 6.95 (s, 6 H, Ar-H). 13C NMR (CDCk): 6 = 39.5, 39.4,

131.4, 131.0, 130.9, 129.7, 128.6, 128.4,126.0, 125.5(aromatic);39.2, 37.7, 36.9, 35.0, 34.2, 29.5, 28.7, 9.7, 9.2 (aliphatic); 70.4

165.1, 165.09 (€0). 3P NMR (CD;0D): 6 = 30.77. HR ESI-
ICR MS (sample injected as solution in 1% HiMeOH):
[M+H]* = 1358.62. Anal. Calcd for £HgsN3OgPs: C, 72.49; H,
6.97; N, 3.09. Found: C, 72.37; H, 6.97; N, 3.38.

Preparation of 9. The synthesis 0D was adapted from that
described above fa, and a 1.15 g (2.19 mmol) portion of 151

bis(3,5-ditert-butyl-2-(2-aminoethoxy)phenyl)ethane was treated

with 1.76 g (4.62 mmol) of7 to afford 2.00 g (90%) of product.
IH NMR (CDCl): 6 =1.25 (s, 18 H, El3), 1.33 (s, 18 H, El3),
1.43 (d, 3 HJ = 8.6 Hz, CHM3), 3.42-3.71 (several multiplets,
8 H, P-CH,—C(O) + N—CH,CH,—0), 3.99 (m, 4 H, N-CH,CH,—
0),4.70(q, L HJ=6.6 Hz, H), 7.15 (b s, 2 H, Ar-H), 7.18 (b
s, 2 H, Ar—H), 7.27-7.47 (m, 12 H, P-Ar), 7.78 (b m, 8 H, P-Ar),
8.27 (b, 3 H, NH). 13C NMR (CDCk): ¢ = 24.07, 31.59, 34.62,
35.51, 38.89, 39.69, 40.26 (aliphatic); 71.94—(OH,); 122.46,

(O—CHy); 153.5, 147.4, 142.3, 139.7, 138.2, 128.0, 124.7 (aro-
matic). FAB MSm/z = 884.76 [M+ H]*.
Compound 11b.Yield 92%.*H NMR (CDCly): ¢ 1.12 (s, 27
H, CHa3), 1.25 (s, 27 H, €l3), 1.83 (quintet] = 7.5 Hz, 6.6 Hz, 6
H, N—CH,CH,CH,—0), 2.87 (t,J = 7.5 Hz, 6 H, N-CH,CH,-
CH,—0), 3.38 (1, = 6.6 Hz, 6 H, N-CH,CH,CH,—0), 6.25 (s,
1 H, CH), 7.10-7.16 (m, 6 H, Ar-H). 13C NMR (CDCk): 6 =
31.32, 31.45, 33.17, 34.51, 35.46, 38.50, 38.98 (aliphatic); 70.50
(O—CHy); 122.47, 126.0, 127.38, 129.83, 131.79, 137.61, 141.79,
144.68, 153.35 (aromatic). FAB M&/z = 800.67 [M+ H]™.
General Procedure for the Synthesis of 12a and 12bA
chloroform solution of 0.75 g of aminel{) and 3.1 equiv of
p-nitrophenyl(diphenylphosphoryl)acetaf® (vere stirred at 45
50 °C for 3 days. The reaction mixture was cooled to room
temperaturel M sodium hydroxide solution was added and stirred

124.10, 128.69, 128.85, 130.99, 131.12, 132.23, 132.61, 139.40,for 2 h. The organic phase was extracted with 5% sodium carbonate

141.65, 141.65, 145.36, 153.22 (aromatic); 165.36Q0. 3P NMR
(CDCl): 6 = 30.41. Anal. Calcd for &H7gN,OgP2: C, 73.78; H,
7.79; N, 2.78. Found: C, 73.85; H, 7.98; N, 2.73.

General Procedure for the Synthesis of 10A stirring suspen-
sion of triphenoxymethane moleculd)g* N-(3-bromopropyl)-

followed by brine, and the solution was dried over MgSThe
solvent was removed in vacuo, and acetonitrile (15 mL) was added
resulting in product precipitation. The solid was filtered, washed
with acetonitrile, and dried, to afford a pure product.

Compound 12a.Yield 70%.*H NMR (CDCls): 6 0.36-0.42

phthalimide and cesium carbonate in DMF was heated t6 80 (m, 18 H, CHCH3), 1.04 (s, 18 H, El3), 1.15 (s, 18 H, €El3), 1.36
85 °C for 6 days. The reaction mixture was cooled to room (qg,J= 7.5 Hz, 12 H, Gi,CHj3), 1.50 (q,J = 7.5 Hz, 6 H, G-

temperature and poured into cold water, resulting in formation of CHz), 1.80 (b s, 6 H, N-CH,CH,CH,—0), 3.23-3.40 (several
a white solid product. The mixture was transferred to a separation multiplets, 18 H, P(O)-CH,—C(O)N—CH,CH,CH,—0), 6.15 (s,
funnel and extracted with diethyl ether. The solid product suspended1 H, CH), 6.88 (d,J = 1.8 Hz, 3 H, Ar-H), 7.00 (d,J = 1.8 Hz,

in the ether layer and was collected by filtration and dried.

Compound 10a.Using a 10.01 g (14.04 mmol) portion of tris-

(3,5-ditert-pentyl-2-hydroxyl)methanetg) afforded 11.53 g (64%)
of product.H NMR (CDCl): 6 = 0.50 (m, 18 H; CHCH3), 1.13
(s, 18 H; CQH3), 1.32 (s, 18 H; CEly), 1.45 (g, = 7.4, 6 H;
CH,CHg), 1.70 (g, = 7.5, 6 H; GH,CHg), 2.12 (b, 6 H; CHCH,-
CHz), 3.50 (b, 6 H; CHCH2CH2_N), 4.01 (m, 6 H; G-CH,CH,-
CHy), 6.42 (s, 1 H; ®l), 7.01 (d,J = 2.3, 3 H; Ar—H), 7.10 (d,J
= 2.1, 3 H; Ar—H), 7.45 (m, 6 H; Ar-H), 7.54 (m, 6 H; Ar-H).

3C NMR (CDCh): 6 =9.3,9.8, 28.8, 29.6, 29.7, 35.1, 36.3, 37.1,

37.9, 39.4 (aliphatic); 69.8 (©CH,); 122.9, 124.9, 128.1, 132.8,
132.9, 133.3, 138.3, 140.1, 142.5, 153.4 (aromatic); 1688
FAB MS m/z = 1274.77 [M+ H]".

Compound 10b.The material was obtained in 89% yieftH
NMR (CDCls): 60 =1.19 (s, 27 H; CEl3), 1.34 (s, 27 H; CEl3),
2.19 (m, 6 H; CHCH,CH,), 3.58 (t,J = 5.5, 6 H; CHCH,—N),
4.03 (m, 6 H; O-CH,CH,), 6.48 (s, 1 H; ®1), 7.15 (d,J = 2.3, 2
H; Ar—H), 7.23 (m, 2 H; Ar-H), 7.47 (m, 6 H; Ar-H), 7.54 (m,
6 H; Ar—H). 13C NMR (CDCk): ¢ = 29.6, 31.5, 31.7, 34.7, 35.7,

36.3 (aliphatic); 70.3 (©CH,);1 22.4 122.9, 127.3, 132.8, 133.3,

3 H, Ar—H), 7.28-7.48 (m, 18 H, P-Ar H), 7.64-7.84 (m, 12 H,
P—Ar H). I3C NMR (CDCk): 6 =9.2,9.7, 28.7, 29.6, 30.5, 35.1,
37.0, 37.7, 38.1, 39.2, (aliphatic); 69.7 {@H,); 124.7, 127.9,
128.7,128.9,131.1, 131.6, 132.2, 133.0, 137.8, 139.7, 142.3, 147 .4,
153.3 (aromatic); 165.22, 165.160). 3P NMR: 6 = 30.3. ESI
FT—ICR MS nvVz = 1633.88 [M+ Na]'.

Compound 12b.Yield 49%.'H NMR (CDCl): ¢ = 1.16 (s,
27 H; CMH3), 1.21 (s, 27 H; CEl3), 1.91 (b, 6 H; CHCH,CH,),
3.39 (several multiplets, 18 H;-0CH,CH,CH,—NH—C(O)CH,P-
(0)), 6.28 (s, 1 H; ©), 7.08 (d,J = 2.3, 3 H; Ar—H), 7.23 (d,J
= 2.6, 3 H; Ar=H), 7.40 (m, 18 H; P-Ar H), 7.77 (m, 12 H; P-Ar
H), 7.87 (t,J= 5.4, 3 H; NH). 13C NMR (CDCk): 6 = 30.6 31.6,
31.7, 34.6, 35.6, 38.1, 38.9, 39.7 (aliphatic); 70.3-@CH,); 122.3,
127.1, 128.7, 128.9, 131.1, 131.2, 131.7, 132.17, 132.21, 133.1,
137.6,141.9, 144.4, 153.6 (aromatic); 165.2, 165:Q7. 3P NMR
(CDCl): 6 =29.8. ESI FF-ICR MSm/z= 1549.79 [M+ Na]".

Compound 13a.To a mixture of6a (2.16 g, 2.56 mmol) and
KOH (4.32 g) in 40 mL of dichloromethane, ethylchloroformate
(1.6 mL, 1.82 g, 17 mmol) was added. The mixture was stirred for
3 days at room temperature. The solution was then washed with
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200 mL of water and brine (50 mL) and was dried over MgSO
The solvent was evaporated to afford 2.5 g of product in 92% yield.
1H NMR (CD3OD): ¢ = 0.56 (t, 9 H, CHCH3), 0.59 (t,J = 7.5,
9 H, CH.CHj3), 1.18 (s, 18 H, CE3), 1.26 (t,J = 7.5, 9 H,
OCH,CHg), 1.37 (s, 18 H, CEBi3), 1.54 (q,J = 7.5, 6 H, GH2-
CHg), 1.76 (q,d = 7.5, 6 H, GH,CH3), 3.39-3.65 (b m, 6 H,
O—CH,CHx-N + 6 H, O—CH,CH;—N), 4.12 (g,J = 7.2, 6 H,
O—CH,CHg),), 6.42 (s, 1 H, @), 7.15 (b, 6 H, ArH). 13C NMR
(CD3OD): 6 = 9.8, 10.2, 15.2, 29.3, 30.3, 36.3, 38.0, 38.9, 40.4,
42.4 (aliphatic); 62.0 (Ck-0); 72.0 (CH—OAr); 126.4, 129.1,
139.3, 141.4, 144.2, 154.4 (aromatic); 159. Q). LSI MS: m/z
= 1058.77 [M+ H]. Anal. Calcd for G4H103N30s: C, 72.62; H,
9.81; N, 3.97; Found: C, 72.86; H, 10.30; N, 3.90.

Compound 13b.To a mixture of aminellb (5 g, 6.3 mmol)
and KOH (11.4 g) in 20 mL of dichloromethane, ethylchloroformate
(2.8 mL, 3.2 g, 29 mmol) was added. The mixture was stirred for

Matloka et al.

NMR (CDCly): 6 = 1.18 (s, ®3,27 H), 1.34 (s, €l3,27 H), 1.95
(t, 3= 7.35 Hz, 6 H, N-CH,CH,CH,—0), 2.43 (s, 9 H, El3,),
2.73 (t,J = 7.35 Hz, 6 H, N-CH,CH,CH,—0), 3.54 (t,J = 6.30
Hz, 6 H, N~CH,CH,CH,—0), 6.36 (s, 1 H, @), 7.12-7.26 (m,
6 H, Ar—H). 3C NMR (CDCk): 6 = 30.8 31.6, 31.7, 34.6, 35.6,
36.6, 38.8 (aliphatic); 49.3 (NCHy); 71.0 (O-CHy); 122.6, 127.3,
138.0, 141.8, 144.3, 147.4, 153.9 (aromatic). FAB M8&/z =
842.71 [M+ H]™*.

Compound 15a.To a solution of the secondary amihéa (2.42
g, 2.74 mmol) and KCO; (4.50 g, 32.56 mmol) in CkCl, was
added chloroacetyl chloride (1.40 mL, 17.60 mmol), and the
reaction mixture was refluxed for 18 h. A second portion of
chloroacetyl chloride (0.70 mL, 8.80mmol) was added and refluxed
for an additional 20 h. Subsequently, the solution was cooled down,
washed wih 2 N NaOH and HO, and dried over MgS® The
solvent was remover in vacuo, and the crude white solid was

3 days at room temperature. Subsequently, the solution was washedecrystallized from dichloromethane/hexamethgisiloxane to give

with 250 mL of water and brine (50 mL), dried over Mgs@nd
evaporated. Yield: 75% (4.75 gH NMR (CDCl3): 6 = 1.18 (s,
27 H, (H3), 1.23 (t,J = 6.90 Hz, 9 H, ®43), 1.33 (s, 27 H, E3,),
1.98 (m, 6 H, N-CH,CH,CH,—0), 3.39 (m, 6 H, N-CH,CH,-
CH,—0), 3.52 (m, 6 H, N-CH,CH,CH,—0), 4.11(q,J = 6.20
Hz, 6 H, O-CH,CHjy), 5.39 (b s, 3 H, M), 6.35 (s, 1 H, E),
7.13-7.26 (m, 6 H, Ar-H). 13C NMR (CDCk): ¢ = 14.9, 30.9,
31.6, 34.6, 35.7, 39.1, 60.7, 71.0 (aliphatic); 122.6, 127.3, 144.7,
137.8, 141.9, 153.6 (aromatic); 157.0). FAB MS: m/z =
1016.73 [M+ H]*. Anal. Calcd for GiHg7/N3Os: C, 72.08; H,
9.62; N, 4.13; Found: C, 72.07; H, 9.88; N, 4.06.

Compound 14a.To a stirred solution of lithium aluminum
hydride (2.53 g, 0.067 mol) in tetrahydrofuran (500 mL) &@
2.4 g (2.27mmol) of estek3awas added dropwise, and the reaction
mixture was stirred at room temperature for 5 days. To quench
LAH, the solution was cooled to TC, treated with 3 mL of water
and stirred for 5 min. A total of 3 mL of 15% NaOH was then
added dropwise, and after an additional 30 min, more water (9 mL)
was added (Steinhard’'s methdd)The solid was separated, and
the organic phase was dried over MgSOhe solution was
evaporated to give crude product that was further purified by
precipitation in acidified pentane, dissolution in diethyl ether, and
extraction with 1M NaOH. The organic phase was dried with
MgSQ, and evaporated to yigl2 g (95%) of pure productH NMR
(CDCly): 6 =0.55 (t,J= 7.2 Hz, 9 H, CHCHjy), 0.57 (t,J=7.2
Hz, 9 H, CHCHg), 1.13 (s, 18 H, €l3,), 1.35 (s, 18 H, €13,), 1.47
(q,J = 7.5 Hz, 6 H, G,CHs), 1.73 (q,d = 7.5 Hz, 6 H, G,-
CHg), 2.47 (s, 9 H, NEi3), 2.43 (b t, 6 H, N-CH,CH,—0), 3.65
(t, J = 5.7 Hz, 6 H, N-CH,CH,—0) ,6.36 (s, 1 H, @), 6.99 (b,
3 H, Ar—H), 7.05 (b, 3 H, Ar-H). 13C NMR (CDCk): 6 = 9.3,
9.7, 28.8, 29.7, 35.35, 36.9, 37.1, 37.8, 39.3 (aliphatic); 52:2 (N
CHy); 71.7 (O-CHy); 124.9, 127.9, 138.0, 139.8, 142.6, 153.4
(aromatic). LSI MS: m/z = 884.76 [M+ H]*.

Compound 14b.To a stirring solution of estek3b (7.0 g, 0.0069
mol) in tetrahydrofuran (500 mL) in ice-cold conditions, lithium
aluminum hydride (2.8 g, 0.074 mol) was slowly added. The

2.70 (88%) g of pure productH NMR (CDCls) as well as*C

NMR (CDCl) spectra are very complicateti NMR (CDCLy): 6

= 0.51-0.60 (m, 18 H, CHCH3), 1.12 (b, 18 H, El3,), 1.30 (b,
18 H, CH3,), 1.44-1.73 (b m, 12 H, €1,CHs), 2.88-4.22 (several
multiplets 9H N—CH3+ 6 HN—CH,CH,—O+ 6 H, N—CH,CH,—

0), 4.06 (s, 6 H, €,—Cl), 6.33, 6.38, 6.43 (s, 1 H,H), 6.82—

7.11 (m, 6 H, Ar-H). LSI MS: m/z= 1112.67 [M+ H]".

Compound 15b.To a solution of the secondary amihéb (3.00
g, 3.60 mmol) and KCO; (6.00 g, 43.40 mmol) in CKCl, (20
mL) was added chloroacetyl chloride (2.08 mL, 26.15 mmol), and
the reaction mixture was heated at45for 12 h. A second portion
of chloroacetyl chloride (1.04 mL, 13.07 mmol) was added and
stirred for an additional 20 h at 4%. Subsequently, the solution
was cooled down washed Wwi2 N NaOH and HO, and dried over
MgSQO,. The solvent was remover in vacuo to give 2.50 g (66%)
of pure product’H NMR (CDCl): ¢ = 1.18 (s, 27 H, Ei3,),
1.36 (s, 27 H, ®3,), 1.84— 1.95 (m 6 H O—CH,CH,CH,—N),
2.86-3.04 (m, 9 H, N-CHg), 3.37-3.65 (b m, 6 H, G-CH,-
CH,CH,—N + 6H, CH,—Cl), 4.04-4.10 (m, 6 H, O-CH,CH,-
CH,—N), 6.33 (s, 1L H, €l), 7.20-7.11 (m, 6 H, Ar-H). 13C NMR
(CDCly): 6 =27.9,29.3, 31.6, 33.7, 34.6, 35.7, 39.1, 41.1, 41.8,
46.347.9 (aliphatic); 70.4 (OGH 122.6, 127.5, 137.9, 141.8, 144.9,
153.5 (aromatic) 166.2 (€0). El MSm/z= 1071.61 [M+ H]*.
Anal. Calcd for GiHqiCIsN3Og: C, 68.36; H, 8.84; N, 3.92;
Found: C, 68.58; H, 8.31; N, 3.71.

Compound 16a. Method A.The 2.50 g, 2.24 mmol of starting
material (58 was dissolved in 9.00 mL of ethyl diphenylphos-
phinite (9.59 g, 41.65 mmol) while the temperature was gradually
increased from 100 to 15@ and the mixture was stirred for 40 h.
Subsequently, the reaction mixture was cooled down to room
temperature, and the diisopropyl ether was added until a white
precipitate was formed. The solid was filtered and washed with
diisopropyl ether to afford 3.08 g (85%) of pure proddét.NMR
(CDCl) as well as3C NMR (CDCk) spectra are very complicated.
IH NMR (CDCly): ¢ = 0.44-0.53 (m, 18 H, CHCHj3), 1.04 (s, 9
H, CHa,), 1.09 (s, 9 H, E3,), (these two singlets merge into one

reaction mixture was stirred at room temperature for 6 days. The 0 = 1.8 at 55°C), 1.21 (s, 9 H, €l3,), 1.27 (s, 9 H, €l3), (these

reaction mixture was cooled to ice-cold temperature, 1M NaOH
(50 mL) was added, and the stirring was continued for 15 min.

two singlets merge into oné = 1.25 at 55°C), 1.42 (b m, 6 H,
CHj3,), 1.62 (b m, 6 H, €l3,), 2.66-3.69 (several multiplets, 9 H,

Then, water (100 mL) was added and the content was transferredN—CHz + 6 H N—CH>CH,—O + 6H, N—CH,CH,—0), 6.21, 6.26,

to separating funnel and extracted with diethyl ethex (80 mL).
The organic phase was washed with brine«(20 mL), dried over
MgSQ,, and evaporated to give 5.04 g (87%) of pure prodtidt.

(35) Fieser, L. F.; Fieser, MReagents for Organic Synthesiiley: New
York, 1967.
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6.32 (s, 1 H, ®l), 6.83-7.02 (m, 6 H, Ar-H), 7.44-7.53 (m, 18

H, P—Ar H), 7.84-7.90 (m, 18 H, P-Ar H). ESI FT-ICR MS
m/iz = 827.94 [M + 2Napf", m'z = 1632.89 [M+ Na]". Anal.
Calcd for GogH130N309Ps: C, 74.55; H, 8.13; N, 2.61; Found: C,
74.34; H, 8.44; N, 2.61. Slow diffusion of pentane into a solution
of 16ain diethyl ether/dichloromethane afforded crystals suitable
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for X-ray analysisMethod B. A solution of secondary amine (0.47  0.06mmol) in 2 mL of methanol, and the mixture was stirred for 1
g, 0.53 mmol) angb-nitropheny! (diphenylphosphoryl)acetate (1.10 h. Part of the solvent was evaporated in vacuo, and the product
g, 2.88 mmol) in dichloromethane was stirred for 2 weeks at room was precipitated out by ether diffusion. Yield 0.080 g (52%). Slow
temperature. Subsequently, the solution was treatédiwi NaOH diffusion of ether into a saturated acetonitrile/methanol solution of
and stirred for additional 2 h. Thenitrophenol salt was extracted  [8¢c-Bi(NO3)](NOs), afforded crystals suitable for structural analysis.
from the organic phase using 5% sodium carbonate. The organic’H NMR (CDsCD), 55°C: 6 = 1.15 (s, 27 H; Ar-C(CH3)3), 2.14
phase was dried over MgQ@iltered, and the solvent was removed (s, 9 H; Ar—CH3), 3.17 (b, 12H; 3.96 ArO—CH,CH,), 6.74 (s, 1
in vacuo. The crude product was criticized by the diffusion of H; C—H), 7.00 (d,J = 2.05 Hz, 3 H; ArH), 7.10 (d,J = 2.56 Hz,
pentane into a solution of the product in diethyl ether/dichlo- 3 H; Ar H), 7.49 (m, 12 H; P-Ar H), 7.62 (m, 6H; P-Ar H), 7.74
romethane; yield 0.60 g (70%). (m, 12 H; P-Ar H), 7.86 (s, 3 H; NH). 3P NMR (CDCk): =
Compound 16b. Method A.The 0.50 g, 0.47 mmol of starting ~ 39.66. HR ES+ICR MS (sample injected as solution in 1% HYO
material (15b) was suspended in 1.00 mL of ethyl diphenylphos- MeOH): m/z = 814.29 Bc-Bi(NO3)]2" andm/z =1691.56 Bc-Bi-
phinite (4.20 mmol) while the temperature was gradually increased (NO3)z]*. Anal. Calcd for GsH10BiNsO21Ps: C 54.73; H 5.64; N
from 100 to 150°C. Within first 3 h of thereaction, every 20 min ~ 4.61; Found: C, 54.54; H, 5.32; N, 4.92.
the mixture was exposed for few seconds to the vacuum. The X-ray Crystallography. Unit cell dimensions and intensity data
reaction mixture was stirred at 15€ for an additional 20 h. for all of the structures were obtained on a Siemens GBART
Subsequently, it was cooled down to room temperature, and thediffractometer at 173 K. The data collections nominally covered a
diethyl ether was added until a white precipitate was formed. The hemisphere of reciprocal space, by a combination of three sets of
solid was filtered and redissolved in diisopropyl ether to give a exposures; each set had a differgrangle for the crystal, and each

pure product upon crystallization. Yield 0.42 g (57%) NMR exposure covered @.3n w. The crystal-to-detector distance was
(CDClg) as well asi3C NMR (CDCLk) spectra are very complicated. 5.0 cm. The data sets were corrected empirically for absorption
IH NMR (CDCl): 6 = 1.15 (s, 27 H, €l3,), 1.27 (s, 27 H, €13,), using SADABS

1.78-1.95 (m, 6 H, N-CH,CH,CH,—0), 2.66-3.55 (several All of the structures were solved using the BrulRiHELXTL
multiplets, 27 H: 9 H N-CH3 + 6 H N—CH,CH,CH,—0O + 6H, software package for the PC, using either the direct methods or
N—CH,CH,CH,—0), 6.24 (b s, 1 H, €), 6.93 (b s, 2 H, Ar-H), Patterson functions IBHELXSThe space groups of the compounds

7.06 (b's, 2 H, Ar-H), 7.38 (m, 18 H, P-Ar H), 7.74 (m, 12 H, were determined from an examination of the systematic absences
P—Ar H). 13C NMR (CDCk) 6 = 27.9, 29.4, 31.5, 33.9, 34.5, 35.5, in the data, and the successful solution and refinement of the
36.9, 37.7, 38.6, 38.9, 46.0, 48.3 (aliphatic); 70.6-CH,); 122.3, structures confirmed these assignments. All of the hydrogen atoms
127.2,128.6,128.7,131.2, 131.3,132.1, 133.3, 137.7, 141.7, 144 5were assigned idealized locations and were given a thermal
144.7, 153.5 (aromatic); 164.8€D). 3P NMR (CDC}k) 6 = 29.4, parameter equivalent to 1.2 or 1.5 times the thermal parameter of
29.3. El MSm/z = 1567.86 [M+ H]*. Method B. A solution of the atom to which it was attached. For the methyl groups, where
secondary amine (2.00 g, 2.40 mmahnitrophenyl (diphenylphos- the location of the hydrogen atoms is uncertain, the AFIX 137 card
phoryl)acetate (4.50 g, 11.80 mmol), and 1 mL of;NEtin was used to allow the hydrogen atoms to rotate to the maximum
chloroform, was stirred for 5 days at450 °C. After cooling down area of residual density, while fixing their geometry. In cases of
to room temperature, the solution was treatedhtitM NaOH and extreme disorder or other problems, the non-hydrogen atoms were
stirred for an additional 2 h. The-nitrophenol salt was extracted  refined isotropically, and hydrogen atoms were not included in the
from the organic phase using 5% sodium carbonate. The organicmodel. Severely disordered solvents were removed from the data
phase was dried over MgQ@iltered, and the solvent was removed for 12a 16a [8aTbNO;](NO3),, [8c:BiNO3](NO3), using the

in vacuo. The crude product was washed with diethyl ether and SQUEEZE function in thé”laton for Windowssoftware, and the

dried, yielding 2.50 g (67%) of clean product. details are reported in the Supporting Information in the CIF file
Terbium Complex of 8a [8aTbNO3](NO3),. To a solution of for each structure. Structural and refinement data and selected bond
8a(0.200 g, 0.127 mmol) in acetonitrile (8 mL), Th(N@6H.O lengths for all of the compounds are presented in the Table 1.

(0.058 g, 0.128 mmol) in methylene chloride (4.5 mL) was added, ) )
and the reaction mixture was stirred overnight at room-temperature, R€sults and Discussion

resulting in a white solid. The complex was isolated by filtration, Synthesis of Tris-CMPO Ligands with Two-Carbon
washed with acetonitrile, and dried. Yield 0.180 g (74%). Anal. Li . s i
inkers to Platform. A 3:1 CMPO-to-metal stoichiometry
Icd f H PsTh: .87, H, 6.53; N, 4.39. F : . .
ga(g% g{,e"; 12641\6I66(')1£:\13 225’ gcl)osv’dif;‘uessiii’ of e:tgt?er ?nﬁgda has been suggested for americium species extracted
L amtratad cal tion af the o from the acidic aqueous phase into the organic phase

concentrated solution of the complex in methanol afforded crystals . S
suitable for structural analysis. during the TRUEX proces¥; 3¢ and to facilitate the

Terbium Complex of 16a [16aTbNO3](NOs),. A solution of extraction, we envisioned that a single ligand with three
Tb(NOs)3-6H,0 (0.028 g, 0.062 mmol) in 1 mL of methanol was CMPO arms extended out from a molecular platform
added to a solution of6a (0.100 g, 0.062 mmol) in methanol (1 ~ could greatly enhance the binding and extraction of
mL), and reaction mixture was stirredrfb h atroom temperature. ~ the metal ions from an acidic solution. In our previous work
A white precipitate formed within minutes, and the product was with the triphenoxymethane ligand, this base favored a
collected by filtration, washed with cold methanol, and dried to conformation with the three pheno”c oxygen atoms orientat-
obtain 0.080 g (62%) of product. ESI FICR MSm/z=915.40 g themselves “all up” (Figure 2), relative to the central
[16aTbNGs)%*. Slow diffusion of ether into a concentrated solution
of the complex in a mixture of methanol and dichloromethane (3g) martin, K. A.; Horwitz, E. P.; Ferraro, J. Rsobent Extr. lon Exch.
afforded crystals suitable for structural analysis. 1986 4, 1149-1169.

R ; ; i (37) Horwitz, E. P.; Martin, K. A.; Diamond, H.; Kaplan, [Sobent Extr.
Bismuth Complex of 8¢ [8¢BiNO3](NOs3),. A solution of Bi lon Exch. 1086 4, 449404,

(NO3)3'_5'__|20 (0.058 g, 0.12 mmol) in 8 mL of all mixture of  (3g) Baker, J. D.; Mincher, B. J.: Meikrantz, D. H.; Berreth, JSRbent
acetonitrile and methanol was added to a solutio®©{0.08 g, Extr. lon Exch.1988 6, 1049-1065.
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Table 1. X-ray Data for the Crystal Structures df2b, 16a and the Complexe88&TbNO3](NO3),, [16aThNO3](NO3)2, and Bc:BiNO3z](NO3)2

[8a-TbNO] [16aTbNOJ]

12b-CH4OH 16a3CHCk-Y-EL0 (NO3); ELO (NO3), CH:OH [8c-BINOgJ(NO3);
total reflns 24 103 32 269 31 069 23 269 51 156
unique reflns 5195 20 440 19 665 14 248 30 858
Omax(deg) 24.99 25.00 25.00 23.00 24.50
empirical formula GsH122N3010P3 C105H138CIgN309 5P3 C101H13NgO19P3Th Ci101H134NeO10P3Th Cg2Ho4BiNgO18P3
M, 1558.87 2006.14 1987.97 1987.97 1753.52
cryst syst hexagonal triclinic triclinic triclinic triclinic
space group R3 P1 P1 P1 P1
a(A) 18.674(2) 17.250(2) 12.5597(9) 12.4105(18) 20.8891(13)
b (A) 18.070(2) 15.5209(12) 13.713(2) 22.9583(15)
c(A) 43.801(3) 21.557(3) 28.949(2) 33.122(5) 23.1141(15)
o (deg) 87.288(2) 93.700(2) 88.353(3) 80.308(1)
5 (deg) 66.965(2) 90.632(2) 82.941(2) 64.914(1)
v (deg) 71.870(2) 90.532(2) 66.989(2) 68.352(1)
Ve (A3 13228(2) 5855.5(13) 5630.9(7) 5148.0(13) 9330.4(10)
Dealcd (g €M) 1.174 1.138 1172 1.282 1.294
T(K) 173(2) 173(2) 173(2) 173(2) 193(2)
Z 6 2 2 2 4
(Mo Ka) (mm-) 0.126 0.307 0.732 0.801 2.004
R1[l = 20(]) dataP 0.0816 [3938] 0.0826 [13367] 0.0682 [11826] 0.0970 [11988] 0.0657 [15711]
wR2 (all dataj 0.1980 0.2673 0.1610 0.2090 0.1780
GOF 1.140 1.115 0.901 1.274 0.899

a Obtained with monochromatic Mo radiation § = 0.71073 A).P R1 = Y [|Fo| — |Fell/S|Fol. SWR2 = {S[W(Fo2 — FAS [W(FAF} Y2

Figure 1. Common organophosphorus extractai{fEBP, 2-CMPO, and
3-DHDECMP.

Figure 2. Depiction of the “all up” conformation of the phenolic oxygens
on the triphenoxymethane platform with respect to its central methane
hydrogen generated from crystallographic coordinates.

methine hydrogen both in the solid-state and in solu-
tion 28:34.39.40T ethering three CMPO moieties to this platform

Scheme 1 @
OO O
o~
7 @\P=O
\ o
n NH, HN
5 ) {
J
OH H o~ H o H O H
R R
Ry A 1 B 1 C Ry
3 3 3 3
R, Ry Ry Ry
4a,b,c 5a,b,c 6a,b,c 8a,b,c
a: Ry, R, = t-Pentyl
b: Ry, R, =t-Bu

c:Ry=Me, R, =t-Bu

aKey: (A) Nal, KaCOs, chloroacetonitrile, refluxing acetone, 3 days;
(B) LAH, diethyl ether; (C)p-nitrophenyl(diphenylphosphoryl)acetaf®,(
45—-50 °C chloroform.

proximate metal-binding CMPO groups. With the triph-
enoxymethane platform, the alkyl group on the ortho position
of the phenol moderates the solubility of the platform in
organic solvents as well as exerts an influence on the
extended arms. Large, bulky groups such tesg-pentyl
increase the solubility but also restrict the flexibility of the
three arms tethered to the phenolic arms. To compare the
properties of different variants of our ligand system, two new
tris-CMPO derivatives were synthesizea(and 8c). The
CMPO moieties were tethered to the altered platform using
well-established methodology developed for the CMPO-
calix[4]arene systems as outlined for tBa—c in Scheme
1_19,32

Extraction and Binding Properties of Tris-CMPO
Ligands, 8, with Two-Carbon Linker Arms. The results

via these pheno] oxygens satisfies the requirement for have shown a significant solubility variation within the

(39) Matloka, K.; Gelis, A.; Regalbuto, M.; Vandegrift, G.; Scott, MJJ.
Chem. Soc., Dalton Tran2005 3719-3721.

(40) Matloka, K.; Gelis, A.; Regalbuto, M.; Vandegrift, G. F.; Scott, M. J.
Sep. Sci. TechnoR00§ 41, 2129.
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studiedt-pentyl, t-Bu, and Me derivatives8@, b, and c).

All three compounds are readily soluble in most common
organic solvents such as dichloromethane, THF, or methanol,
but in less polar solvents, the solubility of the methyl



CMPO-FunctionalizedC3-Symmetric Tripodal Ligands

Table 2. Percent of Metal Extracted (&P from 1 M Nitric Acid Table 3. Percent of Metal Extracted (&?° from 1 M Nitric Acid
Solution by Ligands:8a, 8b, and8c; Aqueous Phase: 16 Metal Solution by Bis-CMPO Ligan® and Mono-CMPO2; Aqueous Phase:
Nitrate in 1 M HNOg, Organic Phase: 16 M Ligand in Methylene 104 M Metal Nitrate n 1 M HNQ;, Organic Phase: % 1073 M of 2¢,
Chloride and 102 M of 9 in Methylene Chloride

ligand 8a 8b 8c ligand 9 2

cation % %E %E cation % %E

Th(1V) 100 98 99 Th(IV) 4 2

La(llr) 3 4 10 La(lln) 10 5

Ce(lll) 1 5 9 Ce(lll) 6 6

Nd(ll1) 4 3 8 Nd(lll) 6 6

Eu(lll) 2 3 4 Eu(lll) 6 7

Yb(lll) 4 10 6 Yb(ll) 3 8

2E% = 100%(M™]org[M"]iota) after extraction as determined by an aE% = 100%(M™]ord[M™]ota) after extraction as determined by an

Arsenazo(lll) assay2 Mean value of at least four measurements. The Arsenazo(lll) assay? Mean value of at least four measurements. The

precision: o -1) = 1, whereon-1) is a standard deviation from the  precision: on-1) = 1, whereon-1) is a standard deviation from the

mean value. mean value¢ Three-times higher concentration of classical CMPO was used
to keep the same concentration of ligating units in the organic phase.

Scheme 2 2
P\\O
Lo
070 NH, HN
Figure 3. Diagrams of the 10-coordinate2 cationic thorium(IV) nitrate OH H OJ)H OJ)H O H
complex of8b with 2-coordinated N@ counterions. Complete structure R A R B /R c /R
is presented in ref 28. > > >
3 3 3 3
R R R R

@»Q Q@ 4ab 10ab 11ab 12a,b
P<O0 O=R a: R = t-Pentyl

Sro Oi> b: R = t-Bu
HN NH aKey: (A) N-(3-bromopropyl)phthalimide, GEOs, 80—85 °C DMF,
g 6 days; (B) hydrazine mono hydrate, refluxing ethanol, 24h; ()
o S nitrophenyl(diphenylphosphoryl)acetat®,(45—50 °C chloroform, 3 days.
O O With only two CMPO arms available for the metal, we
envisioned that there should be more space in the coordina-

tion sphere of the metal for the binding of an additional one
or two nitrate counterions. With the resulting reduction in
positive charge of the complex, the material would have
enhanced solubility in the organic phase. The extraction
results revealed, however, that the change from three to two
arms severely diminished the effectiveness9ofor the
extraction. In fact, the bis-CMPO ligand showed very similar
extraction behavior to the simple CMPO extracté)({able
3). Ligand9 had very low affinity for Th(IV) as well as the
series of lanthanides. Apparently, three preorganized CMPO
. . . arms are essential to fulfill the geometry requirements around
lanthanides as the Sizé of these groups at. t_he 2 POSItONL e metal center and afford an appreciable extraction percent-
decreases, a8t exhibits a slightly higher affinity for La- age.
(Ill) in comparison to8a and8b. Synthesis of Tris-CMPO Ligands with Three-Carbon

The crystal structures of thorium and trivalent metal Arms. Extensive work on CMPO-like molecules utilizing
nitrates of8b*® and 8c showed three CMPO arms tightly  calix[4]arene as a platform has found that there is a
bound to the metal center, which allowed space on the significant influence of ligand flexibility on its extraction
metals for only one (in the case of Ln(lll)) and two (in the performancé! Calix[4]arene extractants showed a strong
case of Th(IV), Figure 3) nitrate ions, generating di- increase of the extraction percentage with increased length
cationic complexes. In view of the fact th#P NMR and of the spacer between the amido and phenoxy group. Thus,
FT—ICR—-MS have confirmed the existence of these species as proposed by the authdéspne can anticipate a direct
in solution, the affinity of the organic phase for these charged correlation between the size of the cavity and the flexibility
complexes might be limited. Therefore, the bis-CMPO ligand of the ligand and its affinity for a particular cation. The
(9) was synthesized using procedures similar to those usedincreased flexibility of the molecule should indeed allow for
in Scheme 1. better accommodation of metal ions because of the ability

Figure 4. Bis-CMPO ligand 9).

derivative 8¢) is significantly limited. Of the three, only the
t-pentyl derivativeBa, is compatible with 1-octanol. Despite
the solubility differences and steric variations in the plat-
forms, the modifications at the 2 position of the phenols do
not significantly affect the affinity of the tris-CMPO ligands
for Th(IV), as presented in Table 2. There does appear,
however, to be a small increase in affinity for the lighter

Inorganic Chemistry, Vol. 46, No. 25, 2007 10557
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Chart 1. Percent of Metal Extracted (& from 1 M Nitric Acid

Solution by Tris-CMPO Ligands with a Two-Carbon Linker to Platform,
8a, and a Longer Three-Carbon Linkd2a Using 16-* M Metal

Nitrate in 1 M Nitric Acid and 10-3 M Ligand in Methylene Chloride

of the molecule to form a more appropriate cavity size. To
exercise this postulate, derivatives of the tris-CMPO system
with an extended arm length between the platform and the
CMPO donors were synthesized. Methodology to isolate a
primary amine with a three-carbon spacer to the phenolic Figure 5. Fragment of the crystal structure 8b molecules forming a
. hydrogen bond connected network. (Crystals obtained by slow diffusion of

oxygen of the triphenoxymethane was adapted from the pentane into a saturated solution&if in methylene chloride).
preparation of calix[4]arene-based extractants (Scherfie 2).

Productsl2aand12bwere obtained via alkylation of the
triphenoxymethane platform witR-(3-bromopropyl)phthal-
imide in the presence of cesium carbonate. The subsequent
treatment with hydrazine in ethanol to remove the phthal-
imide afforded 97% of primary aminElaand 92% ofl1b,
respectively. Final products were obtained in 70% ¥@an
and 49% forl2b yields.

Comparison of the Extraction Efficiency of Tris-CMPO
Ligands with Two- and Three-Carbon Arms. The results
of the extraction experiment revealed an anticipated increase
in the affinity of ligand12aover more-rigidBafor the studied
metal ions, although without any expected significant
decrease in Th(lV) selectivity (Chart 1). The increase in the
length of the arm, however, did result in a small increase in
the binding effectiveness for the lanthnides, presumably due
to the increased flexibility of the binding groups.

Solution Properties and Solid-State Structures of Tris-
CMPO Ligands with Two- and Three-carbon Linkers, 8
and 12. The choice of solvents represents one of the most

important factors in IIqUId-lquId separation science. To igure 6. Diagram of the solid-state structure d2b (30% probability

achieve effective phase separation, nonpolar .Sowen.t's ShOUI(gllipsoids for nitrogen, oxygen, and phosphorus atoms; carbon atoms drawn
be used. Because of safety concerns, the high boiling andwith arbitrary radii). For clarity, all of the hydrogen atoms have been

flash points and the low toxicity of the solvent are as equally °Mitted.
important as the polarity for waste cleanup operations.

Therefore, to find an application in nuclear waste decon- 5 79g A) as well as the intermolecular hydrogen bonds
tamination, compatibility of the tris-CMPO ligand system between the phosphoryl oxygens on one ligand and the
with aliphatic solvents would be highly desirable, and this remaining amide hydrogens on an other (Figure 5).

trait can be achieved either by altering the structure of the The crystal structure ofi2b presented in Figure 6

ligand itself or by the additi f ist. Th lubilit
'gand 1isef] br by “he adgliion o a synergis © SolbIty significantly differs from the more-rigi@b. In place of the

studies of8b confirmed that the addition of TBP as a
synergist indeed induces a defined increase in the solubility ©<ténded hydrogen bond network, all three arms form only

of the extractant. Unfortunately, the effect is only temporary, ntramolecular hydrogen bonds between phosphoryl oxygens
and the tris-CMPO ligand eventually precipitates from the 2nd adjacent amide hydrogens<®---N, 2.809 A), con-
solution. This phenomenon can most likely be attributed to Structing a rigorouslyCs-symmetric structure in the solid
the formation of both intra- and intermolecular hydrogen State. The aliphatic solvent may force these aromatic
bonds. In the previously publishidsolid-state structure of ~ Molecules to aggregate, further decreasing their solubility,
8b there are two strong hydrogen bonds present between théesulting in precipitation.

amide hydrogens and the phosphoryl and carbonyl oxygens Alkylation of Amide Nitrogen for Increased Solubility.

on adjacent arms &PO:**Namige 2.801 A; C=0-**Namide To prevent formation of the problematic hydrogen bonds,
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Scheme 3 2
{ cl o=P’®
O
0= \ o o}
NH, NH NH N— N—
A B c % D <§)
)n )n )n )I’l n
O "'H O H O'"'H O 'H O H
<R <R <R <R <R
j3 : j3 j3 j3 j3
R R R R R
6a,11b 13a,b 14a,b 15a,b 16a,b
a:n =1, R=tPentyl
b:n=2,R=tBu

aKey: (A) ethylchloroformate, KCOs, dichloromethane, 3 days, rt; (B)
LAH, THF, 5 days, room temperature; (C) chloroacetyl chlorideC®&s,
24h, refluxing dichloromethane; (D) ethyl diphenylphosphinite, 46040
h.

the amides were alkylated to forNtmethylated tris-CMPO _ _ _ ) .
i ds. The svnthesis of the tertiary amide derivative of the Flgure_ 7. Dla_tgram of the solid-state structure d6a (30% probability
|gan S. ) y y ; ellipsoids for nitrogen, oxygen, and phosphorus atoms; carbon atoms drawn
tris-CMPO ligand was rather challenging. Even though with arbitrary radii). For clarity, all of the hydrogen atoms have been
preparation of the secondary amiriebvia acylation of6a omitted.
and11b, and LAH reduction ofl3was quite straightforward,  chart 2. Percent of Metal Extracted (& from 1 M Nitric Acid
the final acylation withp-nitrophenyl (diphenylphosphoryl)- ﬁoluti%nlby 't\‘/lt%np-(c?l’\\/lﬂigféTV\llJO-_Cartligul?\iﬂnlselr Tlrii-_CMPQB? ’f\slﬂnd
: : -methylate ris- a, using etal Nitrate in
acetate took prolonged pteIOdS In the} casd@d and16b, Nitric Acid and 10-3 M Ligand in Methylene Chloride
presumably due to the steric congestion caused by the three
arms. A modified two-step proceddfewas employed
involving acylation of the secondary amine with the chlo-
roacetyl chloride and subsequent Arbusov reactiomre-
sented in Scheme 3. The reaction of chloroacetyl chloride
with 14aafforded an 85% yield af5a and the same reaction
with 14bresulted in a 66% yield oi5b. The final product
of the Arbusov reaction between molecul®a and ethyl
diphenylphosphinite resulted in a 70% yield of prodliéa
whereas the same reaction witbb gave producti6b with

a 57% yield. more-flexible ligandL6b, a noticeable decrease of extraction

As shown in Figure 7 t_he poIa.r cavity of the ligand was (with respect to nonalkylatet?2a) along the entire series of
replaced by hydrophobic interactions between three methyl studied metal ions was observed. As a reshiglkylated

groups located on the amidip hitrogens, which cay;ed all 16a (shorter CMPO tripod linker) and6b (longer CMPO
three carbonyl oxygens to p(_)mt outward. It was anticipated tripod linker) display a similar selectivity profile. The
that S.U.Ch a structural altergtlon would not only enhancg the complexity of the extraction process does not allow for an
solubility of the ext_ractant in nonpolar SOI.YemS' as desired, unambiguous explanation of such behavior, but if the nitrate
but perhaps even Improve the extract‘_':lk_)|l|ty of Ln(lll) and counterions are bound via hydrogen bond interactions to the
An(lll), because of the increased basicity of the carbonyl amidic hydrogens as was observed in the solid-state structures

ox_>|fﬁensli( lati f tris-CMPO h ianif . of the metal complexes, the presence of these hydrogens may
e alkylation of tris- has a significant Impact on po ocial for the transfer and stability of the complex in
the extraction properties of the ligand. Surprisingly, bbda the organic phase

and16bshowed lower selectivity for tetravalent thorium than Examination of the Extraction Ability of 8a and 16b

th?ir Eonal:%/lated counterpartfsaéarjrdhllzvb) (ChaTt zzm with Pu(IV). The light actinides can be separated from the
n the solid-state structure of the Th(IV) complex lanthanides because of the favored extractability of their

p:?etnted n Tglgfl?” tzeztgg 6n/§r:1te atr;]lOns 'C?;e p(_)ts't'onedhigher oxidation states. Because the results of the extraction
atdistances ot 2. and 2. rom the amide ni rogens’experiments have proven the ability of ligar¥ts b, andc

suggesting a weak hydrogen bonding interactfoithe to take advantage of differences in oxidation states of

decrease 'g .theh extractloPsz:\Il/ty ffd16ah\_/v:;1]s hespeually tetravalent thorium and a series of trivalent lanthanides, we
pronounced in the case of Th(IV), for which the extraction were prompted to study the extraction of the Pu(lV) ion, to

o
v;/]as redulﬁeld O\éer 50% Wé:: rceﬁpec; tol thi perform?nrc]e 01Everify the ability of the tris-CMPO molecule to preferentially
the nonalkylated extractaia (Chart 2). In the case of the extract tetravalent light actinides other than thorium. As

(41) Bhattacharya, A. K.. Thyagarajan, Ghem. Re. 1981 81, 415 qutlined in T'abIe 4, the tris-CMPO. ligand was foupq to be
430. highly effective for Pu(lV) separation, and the affinity for
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Table 4. Metal Extraction Percentages B8 for Pu(IV),> U(VI),P o} Ph_Ph 0. p.oPhPh
Am(lll), and Eu(lll) by Ligands: 8b, 16a and16b in Methylene N-o /):’> \N\éo |5
Chloride and 1-Octanol o\ e ;\ o \ o ;\
Ph No—o” ¥ _Ph O §
. _0'Nd—O \ _0""NdO
Pu(IV), U(VI), Am(ll), Eu(ll), Ph-p=0 P50 o PP 50 b
ligand G solvent  %E %E %E %E k(O % Poph ‘\fo % Poph
8b  10°M CHCl, 98 2F 29 N s
16a 108M CHCl; 72 25 M e
16b 103M CHxCl, 87 79 Figure 8. Diagrams of the cocrystallized neodymium(lll) complexes of
16b 102M  CHCl, 97 83 29 17 8b, anhydrous 8-coordinated-2 cationic complex (left) and water-
16b 102M 1-octanol 86 61 6 3 containing 9-coordinated-2 cationic complex (right) from ref 28.
a2 The metal solutions were spiked with the gamma nuclides to provide . i .
counting statistics for each sample withirll% error.P Pu(lV) 1075 M, could be separated using cation-exchange resin columns
U(IV) 1074 M in 1 M HNOs. © 1M HNOg/5M NaNG;. because of the ability of the actinides to employ 5f orbitals

in bonding, as discussed in the introduction. With these issues
the 3+ metals was negligible. After 24 h of extraction, a i3 mind, the Am(ll)/Eu(lll) extraction experiment was
significant fraction of 98% of Pu(IV) was removed from the  performed to test the ability @b to take advantage of such
aqueous phase t8b at concentrations as low as M, a discrepancy between Am(lll) and the similarly sized Eu-
whereas the percent of metal extracted for all of the (j|) jon (Table 4). It was found, however, th@b has a very
lanthanides was quite low. Even after only 30 min of |ow affinity for both ions (%E less than 20), and it is not
extraction, almost all (96%) of the Pu(lV) is removed from  aple to distinguish between these two elements. Upon
the acidic solution (Table 4). In the industrial TRUEX enrichment of the aqueous phase with sodium nitrate, the
process, high extraction values are obtained with very large gpjjity of the ligands to extract americium and europium from
concentrations of both mono-CMPO (0.2M) and TBP the acidic layer slightly improved, as expected, but neither
(1.2M)42 and this results in the production of a large the extraction percentages nor the separation factor was
amount of secondary phosphorus waste that cannot besatisfactory. In the case of the U(VI), boBb and 16b
destroyed by incineration. Dramatically reducing the con- showed moderate affinity, and in view of the structure of
centration of mono-CMPOZ, in solution results in a  the yranyl ion, it is difficult to see how all three arms could
significant decreases in binding affinity for An(IV), as  simultaneously bind to the metal during the extraction event.
outlined in Chart 2. With a 30 equiv excess of ligand, the ysijization of the Industrially Friendly Solvent 1-Oc-

amount of metal extracted bg in the case of for the  ynq) For real-world applications, dichloromethane would
extraction of Th(IV) was~2%, whereas under identical e 5 very poor choice for an extraction solvent because all
conditions with 10 equiv oBa, Th(IV) was almost com- ¢ e roblems associated with its use on an industrial scale.
pletely removed from the acid layer. With the significant - z¢corgingly, the extraction behavior of the most-soluble tris-
increase in affinity afforded by the preorganization of the CMPO compound, theN-methylated, three-carbon linker
three arms in the tris-CMPO complex, significant metal ligand, 16b, was examined in 1-octanol. As it was observed
loading can be achieved in the organic layer with a much i’y case of CMPO-like calixarenéthe binding potential

lower concentration of extractant in comparison to _the of 16b was somewhat mitigated in 1-octanol. At the same
TRUEX system, and no TBP coextractant would be required, ,5iar concentration of ligand6b in both solvents, the

pote_ntially offering a considerable reduction in waste pro- affinity for metal ions was much lower in 1-octanol than in
duction. ) ) ) dichloromethane (Table 4). In 1-octanol, the hydrogen
As was noted in the Th(IV) extraction experiments (Chart ponding interactions between the solvent and the phosphoryl
2), theN-alkylated ligand,16a was not as effective for the 544 carbonyl oxygens of the extractant may mitigate the
extraction of Pu(IV) in comparison the simple tris-CMPO  gxtraction either by preventing ligaranetal binding or by
compoundgb. Upon amide alkylation, the percent of metal  gimply changing the stability of the complex in the organic
extracted into the organic layers dropped significantly from pnase. Efforts to determine the true structure of the extracted
98 to 72% at 10° M ligand concentration in dichlo-  gpecies with both alkylated and nonalkylated ligands in
romethane. However, a 10-fold increase in ligand concentra- sojytion, which would allow for better understanding of the
tion with theN-alkylated, three-carbon linker compouidép, extraction behavior of the ligands, are in progress.
restores the high extraction value for Pu(lV) in the organic Solid-State Structures of Tris-CMPO Ligands with
phase. Interestingly, a similar but more-dramatic decreaseM(m) lons. The solvent extraction separation process is

In extraction eff|C||ekn(Ty was r;othed W'th dCM_P 0 béeig]arlng calix- based on the transfer of a metal cation from an aqueous phase
[n]arene_s upon alkylation o t € am.|_e nitrogens. into an immiscible organic phase with simultaneous charge
Examination of the Extraction Ability of 8a and 16b neutralizatior?. As we have previously shown in organic

with U(VI) and An(lll). In the early 1950s, Seaborg and solvents? the three CMPO arms in ligar@b tightly wrap
co-worker$? found that trivalent lanthanides and actinides around Ln(NQ); (Ln = Eu(lll), Nd(lll)) in a bidentate

: fashion, forcing two of the nitrate counterions out of the
(42) Ozawa, M.; Nemoto, S.; Nomura, K.; Korea, Y.; Togashi, A. In

International Information Exchange Program on Actinide and Fission

Product Separation and Transmutatioirgonne, lllinois, 1992. (44) Delmau, L. H.; Simon, N.; Schwing-Weill, M. J.; Arnaud-Neu, F.;
(43) Diamond, R. M.; Street, K.; Seaborg, G.JT.Am. Chem. S0d.954 Dozol, J. F.; Eymard, S.; Tournois, B.; Goer, C.; Musigmann, C.;
76, 1461-1469. Tunayar, A.; Bdimer, V.Sep. Sci. Technol999 34, 863—-876.

10560 Inorganic Chemistry, Vol. 46, No. 25, 2007



CMPO-FunctionalizedC3-Symmetric Tripodal Ligands

Figure 9. Diagram of the structure of compound3a{TbNO3](NOs3); (left), [8c:BiNO3](NO3), (center) and I6aTbNO;](NO3)2 (right) (30% probability
ellipsoids for M(lll), nitrogen, oxygen, and phosphorus atoms; carbon atoms drawn with arbitrary radii). All of the hydrogen atoms and therdtkerder i
tert-pentyl groups have been omitted for clarity. In the solid st&geHiNO3](NO3), contained two complexes in the asymmetric unit and only one of the
two essentially identical compounds is shown.

coordination sphere of the metal and producing a complex Table 5. Time Dependence on Extraction of a £V Solution of
with an overall 2- charge. In the solid-state structure of the Pu(!V) by a 10°M Solution of8b in Methylene Chloride

Nd(lll) species with8b, originally presented in ref 28, two time (hours) Pu(lv), %
distinct Nd(lll) complexes cocrystallized (Figure 8). One 0.5 96
metal center is eight coordinate, whereas the other Nd(llI) zi gg

contains an extra coordinated water molecule. As expected,
all of the metat-oxygen bond lengths are slightly longer in  2.373(7), BarTONG;](NO3): 2.347(4)-2.397(4), Nd CN=

the 9-coordinate species. 8:. 2.358(9)-2.437(9), Nd CN= 9: 2.430(10y-2.490(10),
Similar, although only 8-coordinate structures were ob- Bi(1): 2.444(7)-2.575(6), Bi(2): 2.464(6}2.533(6)).
tained for Th(lll) complexes with new derivatives of tris-  The bond lengths between metal and the coordinated

CMPO chelates3a and 16a and Bi(lll) complex with8c nitrate also follow the trend: T Nd CN= 8 > Nd CN
(Figures 9), unlike Th(lll) complexes, the Bi(lll) compound = 9 > Bi ([8a-TbNO;](NO3).: 2.468(4)-2.480(4), [L6a
contained two similar structures in the asymmetric unit. TONGs](NO3): 2.474(8)-2.599(5), Nd CN= 8: 2.535-
Bismuth was chosen as a model for other large rietal (10)-2.552(10), Nd CN= 9: 2.615(10)-2.621(10), Bi(1):
cations. In addition to solid-state structure analysis, the 2.444(6)-2.519(6), Bi(2): 2.458(5}2.587(6)). The B-O
affinity of ligands8b and 8c toward trivalent bismuth was ~ separation in this 8-coordinate compound was found to be
tested to ensure selectivity of the tris-CMPO chelate over somewhat longer from the average—8) distance in the
other f-element trivalent metal ions present in waste. The neutral 8-and 9-coordinate bismuth nitrate complexes with
extractability of Bi(lll) was found to be as low as that of tridentate 2,6-bis{ CH,—P(=O0)R;) pyridine oxides [CN=
the trivalent lanthanides. At the 10-fold excess of ligands 8 (2.321 A); CN= 9 (2.340 A)J/¢ and similar to the
8b or 8c in dichloromethane, only 8% of bismuth was distances in the 9-coordinate nitrate complex wiBTQ)-
transferred to the organic phase. (O)PCHP(O)(OPr), [2.432(2)-2.544(2) A]¥

In the solid-state structures, the different rédif the The incorporation of the tertiary amide into the ligand
studied metals (trivalent neodymium, terbium, and bismuth) scaffold seems to have a small influence on the terbium
were reflected in the variations of the bond lengths in the coordination environment in the solid-state complexes. The
resulting complex. In the smallest, and therefore the most distances between phosphoryl oxygens and terbium ions in
electropositive 8-coordinate Tb(lll)r (= 1.180 A), the  [8aTbNGO;](NO3), and [L6aTbNGO;](NO3), are within the
distances to the binding atoms are shorter than those in thesame range. The carbonyl oxygens and metal bond lengths
8- (r = 1.249 A) and 9- (= 1.303 A) coordinate Nd(lll)  are only slightly shorter in thelpa TbNOs](NOs). complex,
and that in the 8-coordinate Bi(llly = 1.310 A). In all of but the nitrate is bound slightly weaker. Selected bond lengths
the cases, the metaphosphoryl oxygen distance is shorter of the molecular structures 42b, 163, [8a-TbNG;](NOg),

than the metatcarbonyl distance O—M: [16aTbNO;]- [16aTbNG;](NOs)2, and BcBiNO3](NOs), determined by
(NOy)y: 2.297(7)-2.322(6), Ba-ThNO;](NOs)z: 2.300(4)- the single-crystal X-ray diffraction analysis are summarized
2.315(5), Nd CN= 8: 2.394(9)-2.452(9), Nd CN= 9: in Table 6.
2.429(9)-2.436(10), Bi(1): 2.315(6)2.414(6), Bi(2): 2.330- (46) Engelhardt, U.. Rapko, B. .. Duesler. E. N.. Frutos, D.. Pane, R

. . . ngelhardt, U.; Rapko, B. M.; Duesler, E. N.; Frutos, D.; Paine, R.
(6)—2.394(6); G=O—M: [16aTbNG;](NO3).: 2.326(8)- T.; Smith, P. HPolyhedron1995 14, 2361—2369.

(47) Mehring, M.; Mansfeld, D.; Schurmann, M. Anorg. Allg. Chem.

(45) Shannon, R. DActa Crystallogr., Sect. A976 32, 751-767. 2004 630, 452-461.
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Table 6. Selected Bond Lengths (Angstroms) fb2b, 16a [8a TbNOs](NO3)2, 16a TbNO3](NOs),, and Bc-BiNO3](NO3)2

[8c-BINO3] [8c-BINO3]
[16aTbNGy] (NOg)2 (NO3)2
12b 16a [8a-TbNO3] (NO3)2 (NO3)2 Bi(1) Bi(2)
P(1)-0O(5) 1.480(3) 1.502(5) 1.505(7) 1.497(6) 1.506(6)
P(2)-0(7) 1.485(3) 1.497(5) 1.510(7) 1.502(7) 1.520(7)
P(3)-0(9) 1.484(3) 1.503(5) 1.520(7) 1.497(6) 1.498(7)
P(1y-0(3) 1.477(3)
C(19-0(2) 1.232(4)
C(53-0(4) 1.230(4) 1.289(12)
C(70y-0(6) 1.233(4) 1.260(11)
C(87)-0(8) 1.231(4) 1.240(12)
C(52y-0(4) 1.261(7)
C(68)-0(6) 1.232(8)
C(84-0(8) 1.248(7)
Metal-Phosphoryl
M—0O(5) 2.315(5) 2.322(6) 2.315(6) 2.352(5)
M—0(7) 2.308(5) 2.315(7) 2.334(6) 2.330(6)
M—0(9) 2.300(4) 2.297(7) 2.414(6) 2.394(6)
Metal—Carbonyl
M—0(4) 2.347(4) 2.326(8) 2.450(6) 2.464(6)
M—0(6) 2.349(5) 2.368(7) 2.444(7) 2.469(7)
M—0(8) 2.397(4) 2.373(7) 2.575(6) 2.533(6)
Metal—Nitrate
M-0(11) 2.468(4) 2.599(9) 2.444(6) 2.458(5)
M—0(10) 2.480(4) 2.474(8) 2.519(6) 2.587(6)

The nitrate counterions in the solid-state structures of both proximately 1.5 grams of ligand per liter), whereas the
[8a TbNG;](NO3), and BcBiNO3](NOs), maintain hydrogen  extractions values for lanthanides were low. In the industrial
bonding interactions with the amide hydrogens. For example, TRUEX process, efficient extraction is normally obtained
the N-O distances range from 2.857(9) to 2.920(5) A in with very large concentrations of both mono-CMPO (0.2 M,
[8a- TbNGO;](NO3),. In contrast, the alkylated nitrogens in 78 grams of CMPO per liter) and TBP (1.2M, 266 grams of
ligands16aand16b do not present suitable hydrogen bond TBP per liter).
donors to interact with the counterions, and during the As in the case of calix[4]arene and resorcinarene deriva-
extraction event, a charge separated complex would have taives, the extraction efficiency of classitN,N-diisobutyl-
dissolve in the organic layer when the three CMPO arms carbamoylmethyl) octylphenylphosphineoxide (CMPO) ex-
wrap around the # metal center. Witt8b, the hydrogen  tractant was notably improved by the attachment of CMPO-
bonding interactions between the amides and nitrates couldiike functions on the triphenoxymethane skeleton. The unique
facilitate dissolution of the charged metal complex in the geometrical arrangement of the three ligating groups, as
organic layer as discussed above, and the lack of theseopposed the four groups utilized in calix[4]arenes, enhanced
contacts may help explain the dramatic decrease in thethe selectivity profile of this multi-CMPO extractant. To the
extraction efficiency for An(lIV) ofl6a and relative to8a best of our knowledge, the tris-CMPO ligands are among
outlined in Chart 2. Interestingly, reasonable extraction the most effective and selective CMPO-based ligandsvat
efficiency can be obtained with6b by increasing the ligand/  ratios of metal/ligand concentrations for the selective rec-
metal ratios by a factor of 10, and without the alkylation of ~ognition of tetravalent actinides. The structural modifications
the ligand, these high ratios cannot be achieved with theseof tris-CMPO have shown a significant decrease in the
large ligands because of the relatively poor solubility8af  extraction efficiency and selectivity with the introduction of
in comparison tdl6h. a tertiary amide into the ligand structure, presumably due to
the lack of hydrogen bond donors to the nitrate counterions.
Elongation of the secondary amide ligating arm slightly

A series of molecules containing three precisely arranged enhanced the extractability of all of the studied ions without
carbamoylmethylphosphine oxide (CMPQO) moieties have a major reduction in selectivity, whereas a decrease in the
been synthesized, and their ability to selectively extract number of chelating arms from three to two produced a very
actinides from simulated acidic nuclear waste streams hasineffective ligand highlighting the significance of the pres-
been evaluated. The ligand system has shown an excellenence of exactly three preorganized chelating moieties for the
binding efficiency for An(IV) and Pu(lV) in particular at  efficient metal binding. This remarkable attraction for
very low concentrations of ligand to metal. The preorgani- tetravalent actinides can be attributed to the match between
zation of the arms and the large entropy increase affordedcoordination requirements of An(lV) and the geometrical
by a single ligand produces a very highly efficient and environment presented by the ligand. Moreover, the higher
selective system for extraction of An(IV) fno1 M HNG;, charge density of tetravalent actinides with respect to trivalent
particularly in comparison to the TRUEX systéfnFor f-elements may additionally account for the increased affinity
example, 98% of Pu(IV) was removed from the acid phase of the tris-CMPO for An(lV) and the complex stability.
by 8a at concentrations of I8 M (100:1 L/Pu(lV), ap- Although the separation of Pu(lV) from An(lll) and Ln(lll)

Conclusions
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is not a particularly difficult problem, the results with ligand ENG-38 with the U.S. Department of Energy. The U.S.

8 and16 demonstrate that a properly designed, single-ligand Government retains for itself, and others acting on its behalf,
system can achieve very high selectivity and binding a paid-up, nonexclusive, irrevocable worldwide license in

efficiency for the actinides, and minor modification of the = sajd article to reproduce, prepare derivative works, distribute
framework.cgn result in large changes in both binding affinity copies to the public, and perform publicly and display

and selectivity. publicly, by or on behalf of the Government.
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