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Electrospray ionization (ESI) quadrupole ion trap mass spectrometry (QIT-MS) and collisionally activated dissociation
(CAD) were used to evaluate the rare-earth hinding properties of two hydrophobic carbamoylmethylphosphine
oxide (CMPO) ligands, the normal bidentate variety, (+BuCeH,),P(O)CH,C(O)N(i-Bu), (A), a new potentially tridentate
extractant, (t-BuCgHy)2P(O)CH[CH,C(O)N(i-Bu),]JC(O)N(i-Bu), (B), and tributyl phosphate. The mass spectral results
obtained from analysis of 1% HNOgs/methanol solution containing the ligands and dissolved lanthanide salts reveal
that the favorable stoichiometries of the ligand/metal/nitrate complexes are 2:1:2 for the bidentate ligand A, 1:1:2
for the tridentate ligand B, and 3:1:2 for the monodentate tributyl phosphate. These observed stoichiometries
correlate with the number of available binding sites on each ligand as well as with potential steric effects. Energy-
variable collisionally activated dissociation experiments showed that for the 2:1:2 complexes involving ligand A or
B, as the ionic radius of the bound metal decreased, the removal of nitric acid required less energy and resulted
in less extensive spontaneous solvent coordination. This experimental trend suggests that, as the ionic radius of
the lanthanide ion decreases, a pair of the carbamoylmethylphosphine ligands is able to more completely solvate
the bound metal ion thereby weakening the nitrate—metal interaction.

Introduction Subsequent reprocessing involves the ligtliduid extrac-

Nuclear waste reprocessing requires the nearl uantitativetion of uranium(V1) and plutonium(1V) from the aqueous
rep greq hearly q waste streams with tributyl phosphate diluted in some type
recovery of uranium and plutonium from fission products,

such adrans-uranium (TRU) actinides and lanthanides, and of aliphatic hydrocarbon mixture and is known as the

. : N i PUREX (plutonium and uranium reduction extraction)
T e canconaCCESE ¢ ATer s exacion, he radoactvesns
: o . . . ) ‘uranium (TRU) actinides still in the aqueous effluate can be
tions (3—4 M) of nitric acid to solubilize uranium oxid&? ( ) d

separated from the stable lanthanide ions via the TRUEX
i i ,6,7 i -
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jbrodbelt@mail.utexas.edu (J.5.B.), kpannell@utep.edu (K.H.P.). complished with several different types of ligands, and many
lme Bn!vers!:y 0; ans a: élugtm- have been designed and studied to increase the effectiveness
n I . . . . . .
S Lversiy o - exas a aso of this proces$f1? Given the highly acidic extraction
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Figure 1. Structures of ligands with molecular weights.
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the metal ions are also knowh.Quantum mechanical
calculations have modeled the metdgjand interactions
responsible for such properties and shown that the energy
difference between the two forms, mono- and bidentate, are
not large but increase in the sequence of La ions froff La
to Yb*".1%In general, two molecules of the CMPO lanthanide
ions are found in the resulting complexes.

The evaluation of metalligand interactions with mass
spectrometry has been very successful since the advent of
electrospray ionization (ESI), which has the ability to
preserve and transport liganthetal complexes from solution
to the gas phas@ ESI mass spectrometry (ESI-MS) has been
applied to numerous investigations of hegtiest complex-
ation and to the general field of molecular recognitié e’

This research involved investigations of the stoichiometries,
relative stabilities, and conformations of peptide/protein

environment and the very similar ionic radii and chemical g pstrat@22 DNA drug?324 and macrocycle/metal com-
properties of the lanthanides and actinides, the design Ofplexesz.HB Furthermore. several studies have related the

ligands that differentiate via metaligand interactions is
difficult. 3

Carbamoylmethylphosphine oxide (CMPO) ligandg? R
(O)CH,C(O)NR>, were developed with a goal of reducing

results of ESI mass spectrometry experiments to the original
solution concentrations, binding interactions, and equilibria
active in molecular recognitiof¥. 4°

The exploration of metatligand complexes in the gas

the amount of necessary extractant and volume WaStephase by ESI-MS has expanded in recent years. Vachet and

generated in théransuranium extraction process. In this
report, we focus on the study of a very hydrophobic CMPO
ligand, (-t-BuCeH,).P(O)CHC(O)N(-Bu), (A) (Figure 1),

co-workers have demonstrated that gas-phase ligand addition
reactions can be used to probe the gas-phase coordination
structures of metatligand complexes involving synthetic

which has been applied at Los Alamos National Laboratory ligandg-4° as well as to study coppeprotein binding sites

in a hydrochloric acid version of the TRUEX process and
tested for similar use in nitric acid separatidh addition,

we investigated a new, potentially tridentate, derivative of
A in which a second carbamoy! group;ttBuCsH,).P(O)-
CH(CH,C(O)N(-Bu))C(O)N(-Bu). (B), has been intro-

in metalloproteing®5! For example, they have used ESI-

(19) Boehme, C.; Wipff, Glnorg. Chem.2002 41, 727-737.
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duced (Figure 1). Furthermore, because the modified TRUEX (22) Loo, J. A.Mass Spec. Re 1997 16, 1-23.

process uses tributyl phosphate as an additive to the CMPO

ligands, we also evaluated this ligand.

There is extensive literature of the use of the CMPO
ligands for separations and extractions of lanthanide'toi%.
There are several structures illustrating modes of lanthanide
CMPO binding in which predominantly bidentate binding
(via P=0 and G=0 groups) is observet;'®but, monoden-
tate systems in which the CO group is not directly bound to
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(13) Schulte, L. D.; McKee, S. D.; Salazar, R.[IROE Spent Nuclear Fuel
& Fissile Material ManagementAmerican Nuclear Society, Inc.: La
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MS to show an elegant correlation between the reactivity of evaluate the binding characteristics of ligands following their
metal complexes with organic ligands in the gas phase andsynthesi$3%567 whereas others have studied gas-phase
the coordination numbers of the met&ls!® The correlation reactions between rare-earth metal ions and volatilized
was based on the occurrence or lack of reactions betweerorganic ligands in trapping mass spectromei&tdRecently,

the metal complexes and various molecules, such as CH the Colette group used ESI-MS to study the stoichiometries
CN, H,O, CH;OH, NH;, and pyridine. Van Stipdonk et al.  and relative stabilities of various 2,6-bis(5,6-dialkyl-1,2,4-
have used ESI-MS extensively to examine the complexation triazin-3-yl)pyridine (DATP) ligands with trivalent lanthanide
of uranyl ions with organic ligands, such as acetone, ions®°In addition, the kinetic stabilities of these complexes
methanol, HO, and 2-propanol, and subsequent dissociation were studied via energy-resolved collisional activation,
of the resulting multiligated complex&%:56 Spontaneous  providing useful binding and structural informatiéhThis
solvation of the resulting multiligated complexes in the gas Work, along with theoretical studié$/>™ has provided
phase was observed in some cases. This solvation dependedgluable insight into binding modes, stoichiometries, and
on the charge state and stoichiometry of the complexes and'elative energies of rare-earth/ligand complexes.

was related in part to the coordination number of the uranyl ~ The present work describes the application of ESI-MS and
ion52-57 |n addition, ESI-MS has been applied to evaluate collisionally activated dissociation (CAD) tandem mass
the formation of gas-phase complexes involving rare-earth Spectrometry experiments in an effort to obtain an under-
metal ions and synthetic ligands, along with associated standing of the relative binding affinities and stoichiometries
counterions and/or solvent molecuf&s’t Many groups have  Of carbamoylmethylphosphine oxide and tributyl phosphate
used ESI-MS, along with other techniques, as a tool to ligands with rare-earth ions (Ea—Lu®") in the gas phase.

Experimental Section

(46) Hartman, J. R.; Combariza, M. Y.; Vachet, R. WWorg. Chim. Acta

- 2004b35Z 51’\;53-_\/ het RV Ph o 108 1757 Materials. The digert-butylphenyl)N,N-diisobutylcarbamoyl-
@7 5706'2' ariza, M. Y.; Vachet, R. W. Phys. Chem. 2004 108 1757~ methylphosphine oxide ligandj was synthesized using a recently
(48) Combariza, M. Y.; Fermann, J. T.; Vachet, R. Mbrg. Chem 2004 published procedur®.The synthesis of liganB is outlined below.

43, 2745-2753. Tributyl phosphate and the lanthanide salts were purchased from
(49) fsoTlljggfi"lg"s- Y.; Vachet, R. W. Am. Soc. Mass Spectrog04 Aldrich Chemicals (St. Louis, MO) and used without further
(50) Lim, J.; Vachet, R. WAnal. Chem2004 76, 34983504 purification.

(51) Bridgewater, J. D.; Vachet, R. Am. Soc. Mass Spectro#005 341, Synthesis of {-BuCgH4).P(O)CH[CH ,C(O)N(i-Bu),]C(O)N-

122-130. (i-Bu)z, B. To a 100 mL THF solution of 4.84 g (10 mmol) of

(52) Gresham, G. L.; Gianotto, A. K.; de Harrington, P.; Cao, L.; Scott, J. .
R.; Olson, J. E.: Appelhans, A. D.; Van Stipdonk, M. J.; Groenewold, CMPOA, in a 250-mL round-bottomed flask, was added 0.25 g

G. S.J. Phys. Chem. 2003 107, 8530-8538. _ (20 mmol) of powdered NaH under an atmosphere of Ar. The
(53) Goenewold, G. S.; Van Stipdonk, M. J.; Gresham, G. L.; Chien, W.; mixture was stirred at room temperature h and then filtered

(54) %g#e'gzb&woma?i %ﬁie'\r/]la?,i .S/Rﬁ%t;?ggr?‘tf?’grsei—h;%' G L. underAr. To the filtrate was added dropwise 2.06 g (10 mmol) of

Groenewold, G. Sint. J. Mass Spectron2004 237, 175-183. CICH:C(O)N(i-Buy), and the resulting mixture was stirred over-
(55) Chien, W.; Anbalagan, V.; Zandler, M.; Van Stipdonk, M.; Hanna, night. Removal of the solvent yielded a white solid that was

D.; Gresham, G.; Groenewold, G. Am. Soc. Mass Spectrog004 recrystallized from hexane to produin 50% yield, 3.3 g (5

15, 777-783.
(56) Van Stipdonk, M. J.; Chien, W.; Anbalagan, V.; Bulleigh, K.; Hanna, Mmol).
D.; Groenewold, G. SJ. Phys. Chem. 2004 108 10448-10457. Analysis for C4oHesPO3N, (Galbraith Laboratories). Anal.

(57) Anbalagan, V.; Chien, W.; Gresham, G. L.; Groenewold, G. S.; Van . . . . . .
Stipdonk, M. J.Rapid Commun. Mass Specirog004 18, 3028- Calcd: C, 73.6; H, 10.03; N, 4.28. Found: C, 73.0; H, 9.95; N,

3034. 4.24. Mp: 156-8°C. IR (cnT?, THF): C(O) 1649 (bd), P(O) 1197.
(58) Platt, A. W. G.; Fawcett, J.; Hughes, R. S.; Russell, OnBrg. Chim. 31P NMR (ppm, CDCJ): 32.1.13C NMR (ppm, CDC}): 171.06
Acta 1999 295 146-152. (PCCO, d,2)c_p = 15.76 Hz), 170.108 (PQTO, d, Jep = 2.1

(59) Stewart, I. I.; Horlick, GAnal. Chem1994 66, 3983-3993.

(60) Curtis, J. M.; Derrick, P. J.; Schnell, A.; Constantin, E.; Gallagher, Hz), 155.959 faraC, d, Jc—p = 2.56 Hz), 132.89rﬁetac,.d,.]c7p
R. T.; Chapman, J. Rnorg. Chim. Actal992 201, 197-201. = 9.2 Hz), 132.46 rpetaC, d, Jc—p = 9.4 Hz), 129.75ipso-C,
(61) Colton, R.; Klaui, W.Inorg. Chim. Actal993 211, 235-242. Jec—p=100.9 Hz), 128.79iffso-C Jc—p = 100.9 Hz), 126.33drtho-

(62) Jackson, G. P.; Gibson, J. K.; Duckworth, DI@. J. Mass Spectrom. — —
2002 220, 419--441. C, Jo-p = 12.1 Hz), 126.05drtho-C, Jc—p = 12.0 Hz), 57.75, 56.68,

(63) Beer, P. D.; Brindley, G. D.; Fox, O. D.; Grieve, A.: Ogden, M. I.; 990 (N=CHy), 43.1, (P-CH, Jc—p = 62.9 Hz), 35.7 CMe3), 34.4

Szemes, F.; Drew, M. G. B. Chem. Soc., Dalton Tran2002 3101 (CH,CO), 31.9 (®e3), 29.9, 29.1, 27.6, 27.3THMey), 21.4, 21.2,
(64) rﬂelei A. M. J.; Charnock, J. M.; Kresinski, R. A.; Platt, A. W. G 21.1,20.8 (Cithe;). H (ppm, CDCY): 7.98-7.43 (m, Ar), 4.46-

Inorg. Chim. ACta2001. 319, 170-182 T on BB 435 (P-H, m), 3.48-2.40 (m), 2.05-1.70 ((HMe), 1.30-0.7 (m,
(65) Chapon, D.; Husson, C.; Delangle, P.; Lebrun, C.; Vottero, P. J. A. Me).

Alloys Compd2001, 323 128-132. X-ray Analysis of B. A colorless blocklike crystal of ap-

(66) Evans, W. J.; Johnston, M. A.; Fujimoto, C. H.; Greaves, J.
Organometallic200Q 19, 4258-4265.
(67) Zhang, J. J.; Zhang, W.; Luo, Q. H.; Mei, Y. Rolyhedron1999

proximate dimensions 0.3% 0.26 x 0.22 mm was mounted on a

18, 3637-3642. (72) Groenewold, G. S.; Van Stipdonk, M. J.; Gresham, G. L.; Chien, W.;
(68) Marcalo, J.; deMatos, A. P.; Evans, WQrganometallics1997, 16, Bulleigh, K.; Howard, A.J. Mass Spectron2004 39, 752-761.

3845-3850. (73) Hutschka, F.; Dedieu, A.; Troxler, L.; Wipff, Q. Phys. Chem. A
(69) Colette, S.; Amekraz, B.; Madic, C.; Berthon, L.; Cote, G.; Moulin, 1998 102 3773-3781.

C. Inorg. Chem2002 41, 7031-7041. (74) Troxler, L.; Dedieu, A.; Hutschka, F.; Wipff, Gl. Mol. Struct.
(70) Colette, S.; Amekraz, B.; Madic, C.; Berthon, L.; Cote, G.; Moulin, THEOCHEM.199§ 431, 151-163.

C. Inorg. Chem.2003 42, 2215-2226. (75) Guillory, P.; Kapoor, R. N.; Pannell, K. H.; Schulte, L.; McKee, S.
(71) Lau, R. L. C.; Jiang, J. Z.; Ng, D. K. P.; Chan, T. W.DAm. Soc. D.; Zhang, Z. Y.; Bartsch, R. CSynth. Commur2003 33, 325-

Mass Spectronl997 8, 161—-169. 330.
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Table 1. Crystal Data and Structure Refinement for Compoénd

empirical formula GoHesN203P

fw 652.91

T 123(2)

radiation and wavelength  Mod§ 4 = 0.71073 A
cryst syst triclinic

space group P1

unit cell dimensions a=13.251(2) A

b=13.426(2) A
c=13.845(2) A
o = 104.155(3)
p=112.198(3)
y =107.304(3)

\Y 1992.1(6) R

z 2

D (calcd) 1.088 Mg/rh

abs coeffu 0.105 mn1t

F(000) 716

cryst size 0.32< 0.26x 0.22 mm

max and min transm 0.9772 and 0.9671 ) ) )

6-range for data collection 1.74& 6 < 28.42 Figure 2. Structure of tridentate CMPO ligan8BuCsH4)-.P(O)CH[CHC-

index ranges —16<h=<17;-17<k=<17;-18<1<18 (O)N(i-Bu)2JC(O)N(i-Bu): (B).

reflns collected 23236

refins| > 20(1) 6116 Table 2. Selected Bond Lengths (A) and Angles (deg) for Compound

final R indices [ > 20(l)] R1=0.0688, wR2=0.1433 B

R indices (all data) R% 0.0864, wR2= 0.1514 P1-0O1 1.485(2) PLCT7P 1.805(2)

P1-C1P 1.806(2) P1C1 1.843(2)

nylon loop and used for crystallographic analysis. The X-ray = 02-C2 1.236(2) 02-C2 1.228(3)

intensity data were measured at 123(2) K on a Bruker SMART  N1-C2 1.350(3) N+C3 1.466(3)

APEX CCD area detector system equipped with a graphite “i: %77, 112773((2)) mlligsz’ 12‘7188

monochromator and a Modfine-focus sealed tubé < 0.71073 O1-P1-C7P 1'12_42(9) O1P1-C1P 1'11_00(9)

A). The detector was placed 5.968 cm from the crystal. C7P-P1-C1P 108.43(9) 01P1-C1 108.31(9)
A total of 2400 frames were collected with a scan width of0.3 gp?\qu_c%l i(l)g-‘5582(9) g;':gl_(gl 123'292(9)

in w and an exposure time of 10 s/frame. The frames were integrated C3-N1-G7 119.68 Co-N1'—CT 123 ‘7((2))

with the Bruker SAINT software package using a narrow-frame  co_N1—C3 117.'4(2) C7-N1—-C3 118:9(2)

integration algorithm yielding the unit cell parameters reported in
Table 1. Data were corrected for absorption effects using the position. Indeed, the Paine group reported that treatment of
multiscan technique (SADABS) and used for structure solution and R,p(0)CHC(O)NEt (R = EtO, Ph) with NaH followed by
refinement with the Bruker SHELXTL software package. The final addition of substituted benzy! chloridésand N,N-diethyl-
anisotropic full-matrix least-squares refinement hconverged : : o )
at R1= 6.88% for the observed data and at wR2.5.14% for all Eﬂ%%azcoiﬁgc{g r_escu: (Zdr ;2 dtgiké%mgzorgsgfeg\fg))/)

= CH, , .

data with a GOF of 1.160. A complete summary of collection and e .
refinement data are given in Table 1, the structure is illustrated in Thus, similar treatment ok with powdered NaH followed

Figure 2 , and selected bond lengths and angles are presented iy addition of CICHC(O)N(Bu) resulted in the formation
Table 2. of the tridentate ligan® (eq 1). The formation 0B presents

Instrumentation. All mass spectrometry experiments were o o
performed using 99% methanol/1% nitric acid solutions»6.00~° Il Il
M in lanthanide ions and 5.8 106 M in ligands, on a Finnigan Bu P\CH /C\ ~
>/:§ 3 N

‘Bu

a NaH
_

b CICH,C(O)N'Bu,

iBu
LCQ-Duo ion trap mass spectrometer using the Xcalibur (Finnigan, B
San Jose, CA) software package and an electrospray ionization

source. The ion trap was operated at a base pressure of nominally A ﬁ (ﬁ ;

5 x 107% Torr with helium. For ESI experiments, the sample flow ‘Bu—©' ------- NG /Biu

rate was L/min, and upon sample introduction, the pressure in @ |CH N Bu 1

the analyzer region increased tox110-° Torr. The electrospray By CH, e By

voltage used was 4.5 kV, and the heated capillary was set to 180 \c/N\_

°C. lonization and trapping conditions were optimized for maximum B g Bu

intensity of the [2A + La(NOs),]* ion (W/z 1229) and were kept

constant throughout. an opportunity to investigate the efficacy of increasing the
i ) multidentate character of CMPO ligands.

Results and Discussion All NMR and IR spectroscopic data @& are in accord

Ligand Synthesis and Characterization.The synthesis ~ With the proposed structure and in keeping with related
Of. Ilhga?]dA Wa? ricently reTortégas was its structgre, ﬁllon% (76) Kapoor, R. N.; Guillory, P.; Schulte, L.; Cervantes-Lee, F.; Haiduc,
with those of the uranyl and some organotin chloride I.; Parkanyi, L.; Pannell, K. HAppl. Organomet. Chen2005 19,
complexed® The presence of the potentially reactive P{O) - %10—517-6 S Meline R, L: Caudle. L. 1. Duesler. E. N Paine. R

_ . onary, G. o5.; Meline, R. L.; Caudle, L. J.; buesler, £. N.; Paine, K.
CH,—C(0O) methylene group suggests that a series of T Inorg. Chim. Actal991 189, 59—66.

derivatives could be forthcoming via substitutions at this (78) McCabe, D. J.; Bowen, S. M.; Paine, R. Synthesi<1986 319.
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Figure 3. ESI mass spectra of (A) ligand, (B) ligand B, and (C) tributyl phosphate with Ho€in 99:1 methanol/HN@

ligands’> 78 Because of the asymmetric center at tieHP arrangement at the N atoms (sum of the bond angles=at N
atom, many of the NMR signals are doubled, as noted above.359.9(2} and 360.0(2) is a further illustration of this
For example, thepso-aryl carbons are noted as a pair of bonding arrangement.
doublets {Jc—p = 100.9 Hz) and the chemical shift between  An interesting feature of the conformation of the ligand
the two sets diminishes progressively with the distance of B is that the two independent=€D groups, C2=02 and
the C atom to the ®@H atom such that thpara-aryl carbon C2=02, align themselves to take advantage of the intramo-
atom appears as a single doublédc(p = 2.56 Hz). lecular dipolar C*—0O°~ stabilizing interaction. Thus, the
Similarly, the NCH, andCHMe, atoms of both acetamides C2=02 and C2=02 internuclear distances are 3.22 and
appear as a doubled set of two singlets because of the well-3.66 A, close to the sum of the van der Waals radii, 3.25 A.
established nature of the cis/trans orientation of acetamideThe actual energy of such an interaction is low. For example,
alkyl substituents on N. However, interestingly, for the two experimental results on the dimerization of acetone resulted
distinct acetamide groups, one set of methyl groups showsin ~2 kcal/mol stabilization energy compared to that of two
up as a doubled set of two singlets, and the other set exhibitsnoninteracting molecule$.In the present case, modeling the
a single resonance. This latter situation is also noted for thetwo amide groups as dimethylacetamide, a,Nie(O)CH;
unsubstituted CMPO precursor aNgN-diisobutylchloroac- dimer resulted in a stabilization 6f2.3—3.3 kcal/mol with
etamide. inter C and O distances similar to those reported aSbve.
We were able to obtain crystals 8f suitable for X-ray Such an interaction is clearly sufficient to direct the crystal-
analysis, and the structure is illustrated in Figure 2. In lization process to incorporate such a dipole alignment.
general, there are no surprises concerning the various bondAlthough this confirmation is not one that would facilitate
lengths and angles (Table 2). The=®© bond length oB at tridentate binding to a metal center, complexes of this ligand
1.458(2) A is somewhat shorter than that of the parent CMPOare currently under investigation and any conformational
ligand A, 1.481(2) A, reflecting the electron-withdraw- change needed for such binding is not great.
ing capacity of the additional carbamoyl grouping. The two  Stoichiometries of Complexes Detected by ESI-MS.
C=0 bonds with distances of 1.236(2) (PC{D)) and Analysis of solutions containing a 10:1 concentration ratio
1.228(3) A (PCHCHC(0)) indicate the equivalence of the of metallligand in 100% methanol by ESI-MS produced
PCC(O) groups inA (1.231(3) Ay andB, and the other
CO group is somewhat shortened. As expectedNth€(O)
bonds for both carbamoyl groups, 1.350(3) and 1.349(3)

(79) Park, S. M.; Herndon, W. Cletrahedron Lett1978 2363-2366.
A (80) The calculations were kindly performed by Professor W. C. Herndon
) using both a DFT/B3LYP/6-31G** (2.343 kcal/mol) and an HF
6-31G** (3.33 kcal/mol) level of theory. The latter approach is known

are significantly shorter than thé—CH, bonds (1.466(3)
1.473(3) A) because of the (€>~)=N* resonance contribu-

tion to the amide linkage. Furthermore, the trigonal planar

to give a smaller error in the basis set superposition problem, thus,
the overall stabilizing effect of the dipotadipole alignment is not in
doubt.
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Figure 4. CAD mass spectra of (A) f2A + Ho(NGs);] ", (B) [2:B + Ho(NOs)2], (C) [B + Ho(NOs),]F, and (D) [3TBP + Ho(NGs)z]*. The precursor

ions are indicated by asterisks.

spectra that were difficult to interpret because of the number single ligand. The extra carbamoyl substituenBomay also

of different ionic species observed. To obtain less complex,
more reproducible results, it was determined that the addition
of 1% nitric acid to methanolic solutions containing lan-
thanide ion/ligand concentrations of 5010°55.0 x 1076

M resulted in the observation of ions containing solely nitrate
counteranions and allowed the type of metal ligand com-
plexes formed to be readily evaluated. Because of the
superiority of these data, the same solution composition was
used for all of the studies reported herein. Holmium was

cause some steric hindrance to limit formation of theB[2
+ Ho(NG;),]* complex.

The monodentate tributyl phosphate was also analyzed in
the presence of holmium chloride under the same solution
conditions, producing abundant-JBP + Ho(NOs),] " and
[3-TBP + Ho(NGs),] " species. The tributyl phosphate ligand
is smaller than eitheA or B, so three monodentate ligands
are able to arrange themselves in a stable complex around a
single metal ion without the steric constraints/fAfand B.

chosen as the representative lanthanide ion because it is Tandem Mass Spectrometry of Lanthanide/Ligand

monoisotopic. Figure 3 shows that under these conditions
the spectra are simplified, with dominant ions duerd_|
+ Ho(NGs),]t complexes.

In the case of the bidentate ligard the only ion with
significant abundance appearswt 1255, which represents
the [2A + Ho(NGs),] " complex (Figure 3A). Protonatel
is also observe{z 484) at~5% relative abundance. Under
these experimental condition&,strongly favors the forma-
tion of the 2:1:2 (ligand/metal/anion) complex.

The potentially tridentate CMPO liganB, was analyzed
under the same conditions (Figure 3B). Unlikethe most
abundant ion rifvz 941) represents the 1:1:2 ligand/metal/
anion complex, B + Ho(NGs),] ", with the 2:1:2 complex
([2°B + Ho(NOs),]", m/z 1593) present at-50% relative
abundance. Both the lower abundance of th@3[2 Ho-
(NO3)2]* complex and the presence of the abundant singly
ligated complex, B + Ho(NOs),]* (which is not observed
with A), can be attributed to the extra coordination sit@&of
because of the additionil|N-diisobutylacetamide substituent
which allows complete coordination of the metal ion by a

6420 Inorganic Chemistry, Vol. 44, No. 18, 2005

Complexes.Further information about the relative stabilities
of the lanthanide/ligand complexes in the gas phase can be
obtained from collisionally activated dissociation experi-
ments. Dissociation of the {& + Ho(NGO;)]* complex
(Figure 4A) provides evidence for strong liganchetal
interactions between each of the bound ligands and holmium.
Upon activation, this complex does not dissociate via the
loss of either of the bound CMPO ligands but rather by the
loss of nitric acid (63 amu, resulting in an ion @fVz1192)

or by the loss of a diisobutylamine substituent (129 amu,
resulting in an ion ofr/z 1126). The product ion at the'z

of 1192 from the loss of HN@undergoes rapid, spontaneous
addition of water or methanol, as verified by M&xperi-
ments (data not shown), producing the unusually broad
adduct peaks atvz of 1209 and 1223 in Figure 4A. These
adducts are interesting because they suggest that upon
removal of a nitric acid molecule, i.e., the coordinating nitrate
ion, the holmium ion becomes insufficiently solvated and
therefore picks up a molecule of adventitious water or
methanol in the ion trap. This dissociation/association
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reaction is depicted in Scheme 1. The two ions that result Table 3. Electrospray Mass Spectral Data of 10:1:1 Mixed Ligand
from solvent adduction (nominallgvz = 1209 and 1223)  Solutions in 99:1 Methanol/HNO
have apparentyz values that are-12 amu lower than would relative

be expected on the basis of their chemical formulas. Also, "Sg(‘;"lﬂ‘t’izri]” Obsnﬁgved complex identity ab“(%ance
the peaks are broader than normal and have non-Gaussian A TBP p— T HO(NOWT* 1
shapes with lowwz tails. These fgatures are chargcteristic ’ 1038.1 [§+ TB(p+ |2|2(5'|)(N03)2]+ 35
of weakly bound solvent adducts in a quadrupole ion #tap. 1086.9 [3TBP + Ho(NOs),] 5
LigandB produces two abundant complexes:H2+ Ho- S 13351-2 [Z/jr L Hﬁl(gs@)fr 1(532
(NOs)] " and B + Ho(NOs);] . Collisional activation of the ’ 1086.9 [%TBPO-‘:(- Hozlz\]og)zr 3
[2:B + Ho(NGOs),]" complex results in two distinct dissocia- 1207.1 B + TBP + Ho(NO),]* 7
tion pathways (Figure 4B). The first is the loss of nitric acid | 1575332 [[AZET_' OH(‘,)\I(&%])E]J' 10(?1
from the precursor complex (resulting imalz of 1531), as ’ 0413 B + Ho(NOy):]* 22
was seen for the analogous 42+ Ho(NQOs),]™ complex. 1255.3 [2A + Ho(NGg)z]* 63
This product, however, does not react with adventitious 14243 A+ B+ Ho(NOy) " 100
1593.5 [2B + Ho(NO3)2] ™ 37

solvent molecules to form other secondary adduct species.

The other major fragment iom(z = 941) involves the loss

of an entire CMPO ligand. The fact that the-2+ Ho- that removal of this ligand substituent results in insuf-

(NO3)]* complex loses an intact ligand, whereas the ficient solvation of the metal ion, thus promoting solvent

analogous complex fof does not, suggests both that the adductiorfl4° Certainly, the loss of this N group will

second ligand is more weakly bound than the first and that eliminate the presence of the more basic—(0)=N"'R;

the first ligand can function as a polydentate ligand that form of this grouping, thereby increasing the need for further

effectively solvates the lanthanide ion. coordination at the metal center. The second dissociation
Dissociation of the other complexB[+ Ho(NOs),]" route of B + Ho(NOs)J]* is the loss of HN@, as was

(Figure 4c), results in behavior that is somewhat similar to opserved for the [ + Ho(NO;);]* and [2B + Ho(NOs)]
that observed for the [A + Ho(NOs),] ™ complex. The first complexes.

fragmentation route involves the loss of a diisobutylamine  nicqociation of the [STBP + Ho(NOy),]* complex (Figure

portion of the ligand (givingm'z 812), which may be 44 yields a single dominant fragmentation pathway: the loss
followed by rapid, spontaneous solvent adduction, Iea_dmg of an intact TBP ligand (resulting inm/z of 821). The loss
to the secondary products afz of 829, 843, and 857 via ot gne of the ligand molecules leaves the metal ion

addition of water, methanol, or water and methanol, respec-jq ficiently coordinated, resulting in the spontaneous
tively. The formation of intense adduct peaks following formation of a methanol adduct at m/z of 852. The
dissociation could suggest that the nitrogen atom in the formation of this adduct is interesting because it provides

dllsog_utylgmm;e r[l:)ortlon Io_f th_e Ilhgand s involved :n thed further evidence that at least three monodentate tributyl
coordination of the metal ion in the precursor complex an phosphate ligands (as well as two nitrate anions) are

(81) Wells, J. M.: Plass, W. R.: Patterson, G. E.; Zheng, O. Y.: Badman, N€cessary to completely solvate the holmium cation in the
E. R.; Cooks, R. GAnal. Chem1999 71, 3405-3415. gas phase.
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Table 4. Electrospray Tandem Mass Spectral Data of Mixed Ligand Compitexes

relative
precursor fragment abundance

precursor complex m'z m'z proces’ product identity (%)

[A + TBP + Ho(NOs),] ™ 1038.1 831.5 —TBP,+ACN, +H,O [A +Ho(NO;s), + ACN + HO]* 6
812.4 —TBP,+ACN [A + Ho(NOs), + ACN]* 53

803.3 —TBP, +MeOH [A + Ho(NOs), + MeOHJ* 100

789.0 —TBP,+H20 [A +Ho(NGO;s), + HOJ* 24

772.3 ~TBP [A + Ho(NOz)5] * 16

[B -+ TBP + Ho(NO3)7] 1207.1 941.3 —TBP [B -+ Ho(NOs)2] * 100
[A + B + Ho(NO3)s]* 1424.3 1361.5 —HNO3 [A + B + Ho(NO3), — HNO3] * 100
941.3 -A [B + Ho(NOs),]* 10

a ACN is acetonitrile and TBP is tributyl phosphate‘Process” indicates the dissociation and possible solvent adduction pathway.

[2-A + La(NO,), - HNO,+MeOHJ*
1197.3

A 100 1229.3
=
@ [2:A + La(NOy), - HNO,+H,O'
2 1182.9
£
o
2 [2:A + La(NOy), - CgHygNI*
5 1100.1
o} 1197.3 w_ [2A+La(NOy), - HNOJ*
o 11829 e 1166.5 | | [2:A +La(NO,),]*
11665 | e *

1100 ‘ 1200 " 300 T, 1229.3

0 | |
[2:A + Lu(NO,), - HNOJ*
1202.3
B. 100 12653
> [2:A + Lu(NOy), - HNO+H,0]*
@ 1218.4
m 1
Qo
£
0 [2:A + Lu(NO,), - HNO,+MeOH]*
2 [2:A + LU(NO;), - CgHyoNI* 1 1232.9
I 12023 1136.1 i
14 1232.9 “\ [2-A + Lu(NO,),]*
‘ ‘ ‘ 1%}\8.4)\ x\ 1265.3
1100 1200 1300 A *
\ ]
(0 s T T LA R A N LA A LN LA LA LAY M R LA LA R R AR R T T RARN AR T
500 600 700 800 900 1000 1100 1200 1300

m/z

Figure 5. CAD mass spectra (95% fragmentation) of the (A)2+ La(NOs)z]*, and (B) [2A + Lu(NOs)z]* complexes. Insets are 50% dissociation
CAD spectra (A) at 2.60 V and (B) at 2.34 V. The precursor ions are indicated by asterisks.

The involvement of tributyl phosphate in the PUREX and on the energy required to remove tributyl phosphate from
TRUEX processé$ makes it interesting to probe the intrinsic  each of the complexes and dissociate 50% (an arbitrary
lanthanide-binding properties of tributyl phosphate relative quantity) of the parent complexes. After correction for
to those of the CMPO ligands. Thus, solutions containing degrees of freedom to account for the different number of
two of the ligands A or B and TBP) and HoGl were vibrational modes in each complé&a significantly greater
analyzed by ESI-MS and the resulting heteroligand com- CAD voltage is required for a comparable extent of dis-
plexes were subjected to CAD. ESI of solutions containing sociation of the A + TBP + Ho(NOs),]* complex (2.93
each of the ligand combinations resulted in the formation of V) relative to that of thel8 + TBP + Ho(NGs),]* complex
the expected homoligand complexes (see Table 3) as well(1.77 V), indicating that the tributyl phosphate ligand is more
as the formation of relatively low-abundance heteroligand strongly bound to holmium in they] + TBP + Ho(NO;),] *
complexes containing Ho(N{) and either TBP and\ or complex than in theB + TBP + Ho(NOs),]* complex as a
TBP andB. Upon CAD, the loss of tributyl phosphate was direct result of the tridentate capacity Bf
the dominant fragmentation pathway regardless of the A solution containing both of the CMPO ligands was also
identity of the CMPO ligand (see Table 4). This suggests analyzed. The heteroligand complex correspondind\te-[
that the interaction of TBP with holmium in each of these B + Ho(NGOs),]" was detected at avz of 1424 (Table 3).
complexes is less energetically favorable than the CMPO/ Upon collisional activation, this heteroligand complex dis-
holmium interaction, which is an expected result when mono- sociated by two dominant fragment pathways (Table 4): the
and multidentate ligands are compared. loss of nitric acid and the loss &. The dominance of the

In addition, the MS/MS data allow comparison of the (82) Jones, J. L.: Dongre, A. R.; Somogyi, A.: Wysocki, V.JHAM. Chem.
relative stabilities of the complexes in the gas phase based = Soc.1994 116 8368-8369.
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Figure 6. CAD voltages required for 50% dissociation off2+ Ln(NOgz),]* complexes.

first dissociation pathway, the loss of nitric acid instead of (NO3),]™ complex as compared with 2.34 V needed for 50%
the loss of either ligand, confirms the intrinsic stability of dissociation of the [A + Lu(NOzs),] " complex. Less energy
this complex. The lack of solvent adducts formed upon the is required to cleave HNg&from the corresponding lutetium
loss of nitric acid suggests that the combination of these two complex because the two CMPO ligands more strongly
ligands more effectively solvates the lanthanide ion than do coordinate the smaller lutetium ion ¢+ = 1.00 A cf. with
two molecules ofA. re#+ = 1.17 A) thereby labilizing the nitrate ligar$d.
Metal-Dependent Dissociation Trends. Collisionally For the complete lanthanide series, the trend in the
activated dissociation was also used to probe the metal-collision voltages needed to dissociate the complexes are
dependent trends in the fragmentation behavior of the examined and are summarized in Figure 6. For each of the
complexes containing\ or B. Such trends are evident by [2-A + Ln(NOs),]* complexes, the dominant dissociation
examination of the threshold dissociation energies and theroute is the loss of HN@with subsequent solvent adduction
relative efficiencies of the solvent coordination process. An and the collision voltage decreases steadily across the series
example of the differences in dissociation behavior for the of lanthanides. A similar trend was observed by the Colette
[2:A + M(NOg3);]* complexes, M= La and Lu, is shown  group for DATP (lanthanide complexes based on energy-
in Figure 5. The primary dissociation pathway for both of resolved dissociation in a triple quadrupole mass analyger).
the complexes is the elimination of HNOwvhich may be Equivalent studies on the tridentate ligaBdproduce a

followed by spontaneous solvent coordination of either water gjmilar trend when the dissociation thresholds of theB[2
or methanol. The extent of the solvent adduction varies . Ln(NOs),]* complexes are compared for each of the

substantially for the two complexes, with far more occurming |anthanides. In this case, there are two dissociation pathways
for the lanthanum complexes than for the lutetium complexes. gy ailable: the loss of nitric acid and the loss of an erfiire
These adducts arise because the product formed via the |OSﬁgand_ A single multidentate liganB forms more stable

of nitric acid is sufficiently unstable and reactive such that complexes with Ln(NG),* as the size of the lanthanide ion
subsequent solvent attachment stabilizes the complex. Thejecreases. In contrast, energy-variable dissociation of the [3
greater extent of solvent agjdlt!on to the’t.éon presumaply TBP + Ln(NOs),]* complexes does not convey any signifi-
reflects the weaker coordination of the larger metal ion by c4n¢ frend across the lanthanide series. This is a counterin-
the CMPO ligand, a phenomenon that is associated with itSyjtive result. The expected increase in steric interactions

lower electrostatic potentiaby). _ between bound ligands with a decrease in the metal radii
Second, the collisional energy needed to achieve the sameynq the general increase in electrostatic potential of tfé Ln

extent of dissociation (i.e., such that 50% of the precursor j;ns seem to have no systematic effect on the dissociation
ions are converted to fragment ions) is significantly different ¢ tributyl phosphate from the lanthanide complexes.
for the two complexes. Greater collision voltages are required

to QI§SOCIate more Stable_ metdigand interactions. A (83) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced
collision voltage of 2.60 V is needed for the-f2 + La- Inorganic Chemistry6th ed.; John Wiley & Sons: New York, 1999.
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Figure 7. Extent of solvent adduction to fragment ions upon CAD ofy{2 Ln(NOs)z]* complexes: ratios of peak area for loss of H\Nf@m parent
complex/peak areas for all subsequent solvent adducts.

The ratios of the areas of the peaks due to the loss of nitric (NO3),]* complex results in an insufficiently solvated metal
acid upon CAD of the [B + Ln(NOs),]" complexes to the  ion, evidenced by the spontaneous adduction of solvent
sum of the areas of the spontaneous solvent addition peaksnolecules to the4 + Ho(NG;s),] ™ product ion. In contrast,
are compared for each of the lanthanide complexes at theremoval of a single ligand from the B + Ho(NGQ;),]*
50% dissociation level (Figure 7). The ratios increase acrosscomplex produces théB[+ Ho(NGOs),]* product ion which
the lanthanide series, indicating that solvent adduction does not react with solvent molecules, illustrating its relative
becomes less prevalent as the size of the metal ion decreasestability compared to that of the analogous lig&groduct
paralleling the data shown in Figure 6. Clearly, as the size ion.

of the lanthanide ion decreases, the CMPO ligands more Threshold collisionally activated dissociation experiments
efficiently solvate the metal, resulting in more facile cleavage zjjowed investigation of the relative stabilities of the 42

of H_NOg and lower probability of subsequent solvent + Ln(NO,),]* and the [2B + Ln(NOs),]* complexes formed
addition. with different lanthanide ions, both by the energy required
for 50% dissociation and by the extent of post-dissociation
solvent adduction. Both the collisional energy required for

_ ESI-MS of nitric acid solutions containing the CMPO  the removal of an HN@molecule from the complex and
ligands {-BuGeH,):P(O)CHC(O)N(-Bu), (A), (t-BuCGsHa):P- the extent of subsequent solvent adduction decreases as the
(O)CH[CH,C(O)N(-BU)JC(O)N(i-Bu), (B), and tributyl  jonic radius of the metal ion decreases. These results suggest
phosphate with dissolved rare-earth salts allowed determi-nat the carbamoylmethylphosphine ligands more effectively

nation of the favorable gas-phase stoichiometries of lan- g5yate the smaller, more charge dense lanthanide ions.
thanide complexes with each ligand. It was found that ligand

Conclusions
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