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Tightening the Hydrophobic Belt: Effects of Backbone and Donor Group Variation on
Podand Ligand Complexes of the Lanthanides
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The N,O;3 tripodal aminomethylene phosphinato ligand tris(4-phenylphosphinato-3-methyl-3-azabutyl)agine (H
ppma) forms mono- and bis(ligand) complexes with lanthanide(lll) metal ions Ln whes ISm—Lu. The
formation constants of the Lu (Iggy = 1.79, logp, = 4.40) and the Yb (lo@: = 2.25, logf, = 4.42) complexes
were determined at pH 1.5 using an unusudP NMR spectroscopic method. The molecular structure of the
lutetium complex [Lu(Hppma}](NOs)3-3H,0 (CsoHasLUN11024P6) was solved by X-ray methods; it crystallizes

in the trigonal space grouR3c, with a = 19.060(1) A,c = 36.395(3) A, andZ = 6. The structure was solved

by Patterson methods and was refined by full-matrix least-squares procediRes 024 R, = 0.025) for
2061 reflections with > 3(1). The ligand coordinates in a tridentate manner through the three phosphinate
oxygens, resulting in a bicapped octahedral structure of eékasymmetry, which is preserved in solution as
shown by'H and3!P NMR spectroscopies (GDD, DMSOds). The two NOs tripodal amine phenol ligands
1,1,1-tris(((2-hydroxy-5-sulfobenzyl)amino)methyl)ethangtékhs) and 1,2,3-tris((2-hydroxy-5-sulfobenzyl)amino)-
propane (Htaps) showed a binding modality different from that withpma, forming NOs encapsulated

complexes whereby all six donor atoms bind to the lanthanide. This complexation was investigated potentio-

metrically at 25°C and 0.16 M NaCl. lod values of [M(tams)}i™ ((M(Htams)E") for M: La, 9.17; Nd, 11.19;
Gd, 11.86 (18.41); Ho, 12.71 (19.40); Yb, 13.78 (20.11). Kogplues of [M(taps)}~ ((M(Htaps)F-) for M: La,

11.33 (18.47); Nd, 13.59 (20.13); Gd, 14.50 (20.88); Ho, 14.71 (21.15); Yb, 15.15 (21.54). The formation constants

show an increasing affinity for the heavier lanthanides, withapls forming the more stable complexe<0
NMR spectroscopy of [Dy(tams)] and [Dy(taps)j~ indicated the presence of three inner-sphere water molecules,
implying a 9-coordinate Dy in each complex. The factors governing the coordination geometries in the solid and

solution states and chelation of these and related metal ion complexes are discussed with reference to the

hydrophobic belt.

Introduction resonance imaging contrast agehtSimilarities in oxophilicity

(e.g., Al(lll) and Ln(lll)) and ionic radii (e.g., In(lll) and Ln-

The vigorous pursuit of suitable chelating agents for trivalent (1)) do not necessarily result in a complementary chemistry
metal ions such as the group 13 metals and the lanthanides isor the respective group 13 and lanthanide ions. Recent&work
a result of their deleterious effects (e.g., concern over aluminumin our group has focused on the chelation of both the
neurotoxicity) and their burgeoning use in vivo as diagnostic aforementioned metal ions with a variety of mixed nitrogen/
probes, such as the use of gallium and indium radionudlides oxygen donors in amine phenol tripodal ligands; however, until
in radiopharmaceuticals or the exploitation of the physical the water-soluble sulfonated analogues were synthe$fditle
properties of the lanthanideas luminescent, EPR, and NMR  was known of the solution behavior in water. The coordination
shift probes as well as their widespread application as magneticmode of the ligand can be metal dependent. For instance, in
aqueous solution, #ns (see Chart 1) forms bicapped bis-
* To whom correspondence should be addressed. Fax: 604-822-2847.(ligand) lanthanide complexes in which bonding is solely

Tel: 604-822-4449. E-mail: orvig@chem.ubc.ca. through the phenolic oxygersyhereas Ga(lll) and In(Ill) form
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Hstrns®~ system. It was found that the difference betwégn
andK; increased as the metal ion size increased. In light of
this size effect, we wished to further explore this phenomenon
by using larger metal ions, i.e., the lanthanides. Reported here
are the results of the reactions of Ln(lIl) withgppma where,
once more, bicapped species are formed.

The anomalous equilibrium constant behavior was also
observed and is discussed in relation to the similar trend
observed for lrns, whereby the anomaly can be described in
terms of hydrophobic effects (see Discussion).

Experimental Section

Materials. Sodium deuterioxide (NaOD, 40%), deuterium chloride
(DCI, 12 M), and the lanthanide atomic absorption standards were
obtained from Aldrich. Hydrated lanthanide nitrates and chlorides were
obtained from Alfa. Deuterium oxide @@), methanol, (CD;OD),
and DMSOeds were purchased from Cambridge Isotope Laboratories.
All were used without further purification. Tris(4-phenylphosphinato-
3-methyl-3-azabutyl)amine trihydrochloride monohydrate 5-(H

1:1 encapsulated complexes in which bonding occurs with both PPMa3HCI-Hz0)? 1,1,1-tris(((2-hydroxy-5-sulfobenzyl)amino)methyl)-

oxygen and nitrogen donors, while Al(lll) does not form a stable
complex with Htrns in aqueous solution. The capped and
bicapped lanthanide complexes oftifhs have 16-membered

ethane dihemihydrate gggms2.5H,0) 8 and 1,2,3-tris((2-hydroxy-5-
sulfobenzyl)amino)propane dihemihydratetéps2.5HO)e were prepared
as described in earlier papers.

Instruments. *H NMR spectra (200 and 300 MHz) were referenced

chelate rings, much larger than the five- and six-membered ringSto DSS or TMS and recorded on Bruker AC-200E and Varian XL 300

in the encapsulated complexes. It has been sugdakdhere

is an effect which predisposes the ligand to a binding posture,

spectrometers*3C NMR (75.5 MHz, referenced to DSS or TMS)P
NMR (121.0 MHz, referenced to external 85%sR®,), natural-

for example the inter- and intrastrand hydrogen bonding betweenabundancé’0 NMR (40.7 MHz, referenced to 40), and3%.a NMR
protonated nitrogens and phenolic oxygens. The hydrogen (42.4 MHz, referenced to 0.1 M La(Cipin 1 M HCIO,) spectra were

bonding, coupled with the large chelate ring size, can result in
a ligand which suffers little or no strain energy in accommodat-

ing differently sized lanthanide ions, and thus the changes in
stability noted (an unprecedented 5 orders of magnitude increas%

in stability from Nd to Yb) correlated with the increasing
effective nuclear charge.

In an effort to gain some further insight into the aqueous
chemistry of Htrns with the lanthanides, the aqueous lanthanide
coordination chemistry of two other smaller tripodal amine
phenol ligands, ktams and Baps (see Chart 1), has been

recorded on the latter instrument. Mass spectra were obtained on a
Kratos Concept Il H32Q (Cs LSIMS) instrument with thioglycerol
or 3-nitrobenzyl alcohol as the matrix. Infrared spectra were obtained
s KBr disks in the range 406@100 cnt? on a Galaxy Series 5000
TIR spectrometer. Analyses for C, H, and N were performed by Mr.
Peter Borda in this department.

Synthesis of the Lanthanide-Hzppma Complexes. The prepara-
tion of the lutetium complex (as the trihydrate) is representative for
the lanthanides EfrLu, and the preparation of the terbium complex
(as the pentahydrate) is representative for the lanthanideHamYb,
and Lu (in the case of Sm, Eu, and Ho, the metal chloride was used).

investigated herein. Should these ligands coordinate in a similarAll the complexes prepared with their elemental analyses and NMR

manner as ktrns*~ (bicapped), 14- and 13-membered chelate
rings would be formed upon lanthanide coordination. We were

interested in the effect of the large chelate ring size on metal
| mL) of Hsppma3HCI-H,0 (0.200 g, 0.257 mmol) and Lu(NJ-6H,0O

ion stability and selectivity. There has been no structural
chemistry reported for either the bitams or Ln-taps systems;
however, as was seen with the group 13 meétaariations in

data are listed in Tables 1 and 2 (mass spectral and infrared data are in
the Supporting Information).
[Lu(H sppma),][NO3]s+3H,0. The pH of an aqueous solution (4

(0.060 g, 0.128 mmol) was raised to 2.0 gsBhM NaOH. Colorless
prisms deposited after 2 h; these prisms were filtered off and dried
under vacuum to yield 0.145 g (66%). Yields for the other com-

the number of potential donor atoms, the number of chelate pjexes: Yb, 78%; Tm, 50%; Er, 53%.

rings formed upon coordination, and the size of the chelate rings

formed (five- or six-membered rings) can have a profound effect

[Tb(H sppma);][NO 5]5:5H,0. An aqueous solution (0.7 mL) ofH
ppma3HCI-H,0 (0.100 g, 0.128 mmol) was added to Th(Rb6H,O

upon metal ion selectivity and coordination geometry (Scheme (0.057 g, 0.128 mmol) in 0.7 mL of #. Colorless hexagonal crystals
1). Instead, this change in backbone results in a dramatic changeleposited after 24 h; these were filtered off and dried under vacuum to

in binding modality in that tams and Haps react with Ln-

yield 0.064 g (58%). Yields for the other complexes: Lu, 71%; Yb,

(1) ions in the presence of base to form encapsulated complexes’3%; Ho, 43%; Dy, 50%; Gd, 63%; Eu, 40%; Sm, 48%.

wherein all six donor atoms of the ligand (i.e 30§ coordina-
tion) coordinate to the lanthanide ion. This change in coordina-
tion mode relative to ktrns (capped, bicapped) also produces
a lower selectivity for heavy lanthanide chelation.

Changing the phenolic oxygen donor atoms aftrik to
phosphinic acids, kppma (see Chart 1), resulted in bicapped
binding for the group 13 metals (Schemée®1The first stepwise
equilibrium constank; (formation of the monocapped species)
is less than that of the secol@ (formation of the bicapped
species).

(8) Lowe, M. P.; Rettig, S. J.; Orvig, G. Am. Chem. Sod.996 118
10446.

NMR Measurements. The variable-pHH NMR spectra of the kt
tams and ltaps complexes were run inD with the pD values being
measured by a Fisher Accumet 950 pH meter employing an Accumet
Ag/AgCl combination microelectrode. The pD values were converted
to pH by adding 0.40 to the observed readinglhe 'O NMR
experiments with Dy(lll) were recorded at ZC, with a spectral
window of 1000 Hz, a 90 pulse width of 18us, and an acquisition
time of 0.256 s; this gave 512 data points. Two thousand transients
were collected per spectrum. TH® line widths for HO were about
60 Hz. Concentrations employed ranged from 1 to 40 mM. The

This behavior was also noted in the lanthanide dysprosium-induced shifts (DIS) were obtained from the observed shift

by making a correction for the bulk magnetic susceptibility of the

(9) Glasoe, P. K,; Long, F. Al. Phys. Cheml96Q 64, 188.
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Table 1. [Ln(Hsppma}](X)sYH20 (X = NOs, Cl) Complexes Prepared in This Study and Their Elemental Analyses
% C % H % N
formula calc found calc found calc found
CsoHgoLUN11021Ps*3H20 41.99 41.88 5.64 5.87 8.98 8.95
CsoHgoLUN11021Ps+5H,0 41.13 41.26 5.75 5.65 8.79 8.55
CosoHooN11021PsYb-3H,0O 42.04 42.34 5.64 5.60 8.99 8.91
CsoHgoN11021PsYb-5H,0 41.17 41.19 5.76 5.62 8.80 8.68
CsoHaoN11021Ps Tm-3H,0 42.14 42.24 5.66 5.61 9.01 8.79
CeoErHgoN11021Ps*3H,0 42.18 41.88 5.66 5.87 9.02 8.95
Cs0Cl3HgoHONgO1,Ps+5H,0-2HCI 41.52 42.06 5.92 6.15 6.46 6.24
Cs0DYHgoN11021Ps*5H.0 41.42 41.66 5.79 6.04 8.86 8.50
CsoHgoN11021PsTh-5H,0 41.51 41.23 5.81 5.85 8.87 8.59
Cs0GdHyoN11021Ps*5H,0 41.55 41.61 5.81 5.63 8.88 8.53
Cs0ClzEUHgoNgO1,Ps5H,0+2HCI 41.84 41.99 5.97 6.10 6.50 6.25
Cs0ClaHgoNgO12PsSn5H,0-2HCI 41.87 42.13 5.97 6.14 6.51 6.38
Table 2. 'H and3P NMR Chemical Shiftsfor [Ln(Hsppma}](NOz):3H,0 in CD;OD (Ln = Er—Lu)
[Tm(Hsppmay]** [Er(Hsppma)]>* [Yb(Hsppma}]** [Lu(Hsppma)]|®*
Ha —17.04 —-5.97 —-0.27 3.24
Ha: —13.06 —3.93 0.44 2.37
Hg —22.92 —-7.91 —0.63 4.74
Hp —26.94 —8.69 —0.76 3.00
Hc —4.24 —0.02 1.88 3.03
Hp —3.80 —1.93 2.14 2.30
Ho 9.39 5.00 3.19 3.00
He 45.08 23.25 13.59 7.50
He 19.69 12.23 9.22 7.46
Hu 17.07 11.2 8.83 7.34
P 14.61 —6.86 34.41 15.29

aFor labeling see Figure 6. NMR spectra were referenced to TMS yOCEand chemical shifts were corrected for bulk magnetic susceptibilty.

solution?® Stock solutions were prepared from metal nitrates i®D
(H20), and the metatligand solutions were prepared by pipetting
required amounts of stock solution and adjusting the pH with acid or fixed amount of M* (25 mM) with the ligand concentration varieg
base. In the equilibrium measurements, the ionic strength was — [L]+/[M]7) as 0.25< R < 4. Solutions were made up to a volume

controlled by addition of NaCl.

For the Ln-Hsppma (Ln= Yb, Lu) equilibrium constant studies
using®P{H} NMR, conditions as described in a previous publication

(10) Bertini, I.; Luchinat, CNMR of Paramagnetic Molecules in Biological
SystemsBenjamin/Cummings: Menlo Park, CA, 1986; Vol. 3.

were used. Metal ion stock solutions (50 mM) were prepared from
the hydrates of Lu(N€); and Yb(NQ)s. All solutions contained a

of 0.8 mL, and the pH was adjusted to 1.5. The solutions were allowed
to equilibrate for 48 h prior to collection of the spectra. The respective
peak integrals enabled a quantitative measurement (long delay times
of 1.6 s were employed) of free ligand ([L]). The knowledge of [L]
allowedn, the ratio of bound ligand to total metal, to be calculated (
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Table 3. Selected Crystallographic Data for Table 4. Selected Bond Lengths (A) and Angles (defgy
Lu[(Hzppma}](NOz)3:3H:0 [Lu(Happma}](NO3)z+3H,0
empirical formula  GoHgsLUN11024Ps  pcaic, 9/CIT? 1.493 Lengths
fw 1716.29 T,°C 21 Lu(1)—0(1) 2.190(2) P(1y0(1) 1.492(2)
crystal system trigonal radiation Cu P(1)-0(2) 1.487(2) P(1yC(4) 1.826(3)
space group R3c A, A 1.54178 P(1)-C(5) 1.786(3) N(1)}C(1) 1.471(3)
a A 19.060(1) u, et 43.66 N(2)—-C(2) 1.518(3) N(2)-C(3) 1.498(4)
c, A 36.395(3) transm factors 0.82.00 N(2)—C(4) 1.506(3)
v, A3 11449(1) R 0.024
z 6 R 0.025 Angles
O(1)-Lu(1)-O(1p 88.72(6) O(1)Lu(1)-O(1P 180.0
AR = J||Fo| — IFcll/Y|Fol- * Ry = [SW(IFo| — [Fcl)2/3w|Fo[FY2 O(1)-Lu(1)-O(1y 91.28(6) O(1}P(1}-0O(2)  119.1(1)

O(1)-P(1)-C(4) 103.5(1) O(1yP(1)-C(5) 108.41(10)
= ([L]t—[L])/[M] 7). A plot of Avs [L] resulted in a curve from which 8((5;_58)):&(3)) igggg; (L)((Z:—L))—Pc()l(gcigs()l) ﬁéggg
. A L — ) u — )

;t;me;r:z?le&‘i’l andp; could be calculated using computer curve fitting C-N(I)-C(IF 1087(2) CERYNE@)1-CE) 111.52)

Potentiometric Equilibrium Measurements. The procedure was ﬁggig(é)):ggg ﬁgig; (l\:lg;gg)):g%‘ll; ﬂgzgg
the same as detailed in a previous papéfhe measurements were P(L-C(4)-N(2) 112:6(2) P(1)C(5)-C(6) 121:8(2)
made at25.a: 0.1°C andu =0.16 M (NaCI) The p(a_values of the P(l%C(S)*C(lO) 1195(2)
ligands were checked whenever a different synthetic batch of ligand ]
was used, and fresh ligand solutions were always employed. (ForH % Symmetry operations:af —y, X =y, z (b) =X, =y, 1 =z (0} V.,

taps: K1) = 1.7, Ku(2) = 6.54, Ko(3) = 7.78, Ko(4) = 8.73, Ko —x+yl-z
(5) = 9.77, K«6) = 11.24. For Htams: Ki(1) = 2.92, K(2) =
6.56, Ka(3) = 7.95, Ka(4) = 8.91, K4(5) = 9.81, [K4(6) = 11.195) refs 14 and 15, respectively. Selected bond lengths and bond angles

The lanthanide solutions were prepared by dilution of the appropriate appear in Table 4. Complete tables of crystallographic data, final atomic
atomic absorption standards. Since the lanthanides do not hydrolyzecoordinates and equivalent isotropic thermal parameters, anisotropic
below pH 6, the excess acid in the solutions could be obtained by thermal parameters, bond lengths, bond angles, torsion angles, inter-
titrating with standard NaOH and analyzing for the strong acid by the molecular contacts, and least-squares planes are included as Supporting

method of Grari! Information.
The ratios of ligand to metal used were in the range4.2:M <
4:1, and concentrations were in the range-®2% mM. A minimum Results

of five titrations were performed for each metal. The metddtaps . .
and metatHetams solutions were titrated to just beyond 6 equiv of _ [LN(H appma);]** (Ln = Lu—Sm). The synthesis of the bis-
NaOH/Hstaps (Htams), because of slow hydrolysis beyond this point. (ligand) complexes as hydrated salts was achieved by mixing
Although complexation was rapid € min per point to give a stable  stoichiometric (L:M= 2:1) amounts of aqueous solutions of
pH reading), care was taken to ensure that no trace hydrolysis or metal nitrate or chloride andgdpma (with Er-Lu the pH was
precipitation was occurring by monitoring up to 30 min for pH drift.  raised to 1.5). Precipitation of the resulting complexes occurred
The protonation constants for the lanthanridigand stability constants within a few hours to days, depending on the metal ion. The
were determined by using the program BESTHgtams and |aps  |anthanide complexes fall into two categories: The complexes
both r(_aacted Wlth Ln(_III) to coordl_nate as hexadentqte ligands, liberating of the smaller, heavier lanthanides ¢Hru) were prepared in
6 equiv of acid per ligand. Typically 100 data points were collected h their group 13 metal analdgyieldin
with about 86-90% of the points being in the buffer region of metal the Same manner as group 15 9
ligand complexation and the remaining points in the strong acid region cubic CrYStals’ which al_nalyzed as trihydrates. The complexes
being used as a check of excess acid concentration. of the lighter lanthanides (SfHo, and Yb and Lu for
X-ray Crystallographic Analysis of Lu(H sppma)(NO3)s-3H,0 comparison) were prepared in a similar manner; however, no
[CecHosLUN11024P¢]. Selected crystallographic data appear in Table pH adjustment was made. Hexagonal plates were obtained;
3. The final unit-cell parameters were obtained by least-squares these analyzed as pentahydrates (and when a starting material
calculations on the setting angles for 25 reflections with=255.7— metal chloride was used, two additional hydrochlorides were
68.7. The intensities of three standard reflections, measured every found). It is expected that this additional hydration is due to a
200 reflections throughout the data collection, decayed linearly by 2.7%. different crystal lattice formed at lower pH; however the thin
T][‘re dat‘?j were prodce‘?é@”q corrected f‘?”b‘oregtz a”d_p("ar:izlaﬂon plates proved unsuitable for X-ray analysis. The IR spectra of
effects, decay, and absorption (empirical, based on azimutha SCans)‘the Er-Lu complexes resembled their group 13 analogues, with

The structure of [GHooLUNsO12](NO3)3-3H,O was solved by the .
Patterson method. The structure analysis was initiated in the cen-ON€ of the three PO stretches shifted to lower wavenumber

trosymmetric space grotgBc on the basis of thE-statistics, this choice S the metal ion increased in size, a trend which persisted
being confirmed by subsequent calculations. The nitrate anions andthrough the lanthanide series from samarium to lutetiupg (
water molecules were modeled as (1:1) disordered about a pafist of = 1154-1165 cntl). The P-O stretch at the highest wave-
symmetry. Because of thermal motion and near overlap of disordered number for the trihydrates, when =a Er—Lu (vpo = 1194~
components, the nitrate groups deviate from ideal geometry. Refine- 1190 cntl), changed for the pentahydrates of the earlier
ment of the structure in the noncentrosymmetric space gR8affailed |Janthanides Ln= Sm—Ho, Yb, and Lu ¢po = 1183-1180

to _resolvg the disorder. All non-hydrogen atoms were reflne_,-d Wlth cm ) likely due to a slight change in structure3Eh,0 vs
anisotropic thermal parameters. Hydrogen atoms were fixed in .5 5y |t s unclear whether this is attributable to differences

calculated positions (NH = 0.91 A, G-H = 0.98 A, By = 1.2Byonceq in hydrogen bonding or to a different coordination number;

aom). A correction for secondary extinction (Zacharaisen type) was 2 " 1
applied, the final value of the extinction coefficient being 1.73(3) however, a large shift in theny stretch Qv ~ 300 cnm™)

1077, Neutral-atom scattering factors for all atoms and anomalous @l0ng with a change ofpo indicated a change in hydrogen-
dispersion corrections for the non-hydrogen atoms were taken from bonding strength. The LSIMS+H) mass spectra showed

(11) Gran, GActa Chem. Scand.95Q 4, 559. (14) International Tables for X-ray CrystallographiKynoch Press: Bir-
(12) Motekaitis, R. J.; Martell, A. ECan. J. Chem1982 60, 2403. mingham, England, 1974; Vol. IV, pp 99402.
(13) teXsan Crystal Structure Analysis Packag®lolecular Structure (15) International Tables for CrystallographKluwer Academic Publish-

Corp.: The Woodlands, TX, 1985 and 1992. ers: Boston, MA, 1992; Vol. C, pp 26(R06.
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C1) 11+ tams
C@) \dg% 104 La
CcQ) N(1) d\« 9

N(2)
H(1)

Figure 1. ORTEP representation of the cation in [Lufipmal]-
(NO3)3*3H,0 (25% probability thermal ellipsoids). Only one phenyl
group is shown for clarity.

. . Figure 2. Experimental titration curves at 2 mMgtdams-2 mM Ln-
— + — 2+
molecular ions [Ml—2H]" and [ML. — H]*" at the appropriate (I (top) and 2 mM Htaps—2 mM Ln(lll) (bottom) (@ = moles of

m/zvalue for the bicapped species and ions for the monoligand NaoH/moles of ligand).
species [ML— 2H]* and for the free ligand [4- H]" atm/z=

651. at a ratio of 2 mM Ln(lIl):2 mM ligand. The equilibria in eqs
X-ray Crystal Structure of [Lu(H sppma),][NO 3]5-3H,0. 1 and 2 apply to these two systems=Ltams®~ tap$~). The

Colorless prisms crystallized in the space grdRfc. An a o 2

ORTEP representation of the [Lugppma}]3* cation is shown Ln™" +L” =[Ln(L)] 1)

in Figure 1, and selected bond distances and angles are listed - i 6o

in Table 4. The structure is that of a bicapped Miomplex, King = [ILn(L)] ™ J[Ln=]IL ™" ]

similar to that observed for the bis(ligand) tren-based amine

phenolate-lanthanide complexe, and is isostructural and Ln*" + H" + L® =[Ln(HL)]* (2)

isomorphous with the indium structufeThe complex cation

has exact symmetry. The G-Lu—O trans angle is crystal- Kinginy = [IEN(HL)]* WLn*IH L]

lographically imposed at 18C.0and the cis ©G-Lu—0O angles
are 88.72(6) and 91.28(%esulting in nearly perfect octahedral curves show plateaus which extend u@te 6, indicating that
geometry, expected because the ionic radios Lu™ (0.861 the ligands are coordinating in a hexadentate fashion through
A) is similar to that of Ii#* (0.800 A), i.e., the ideal size to  all six N3Oz donor atoms; this is verified (and further empha-
accommodate two ligands in a bicapped manner. TheQu sized) in then plots (Figure 3) where the curves riserte= 1
distances of 2.190(2) A are in the expected range, although fewand then plateau, even in the experiments with excess ligand.
six-coordinate lutetium structures have been reported. This Analysis of the potentiometric data gave the stability constants
distance is only slightly longer than the-H® distance (2.117(3)  listed in Table 5. It was necessary to include monoprotonated
A) in the indium structuré,again reflecting the similar sizes of ~ complexes in the model to improve the fit of the data, although
the ions. On coordination to the metal ion, the phosphorus these only form to a small extent (maximum25% of total
atoms are rendered chiral, with half of the bicapped structure Ln(lll)). Both tam$~ and tap%  are selective for the heavier
possessing alR chirality and the other half al; i.e., the cation lanthanides but much less so than igrHs®=.”
is theRRRSSHiastereomer. This opposimRRRSSS8hirality Because of the very low Ky's for Hzppma® formation
generates the 6-fold symmetry and is indeed necessary toconstants for the ytterbium and lutetium complexes giptna
accommodate the six bulky phenyl rings because, once thewere determined by &P NMR approach highlighted previ-
phosphinates coordinate, the phenyls completely engulf the ously® 3P NMR spectra were recorded for a series of solutions
coordination sphere. Highly ordered intramolecular hydrogen (R = [L]1/[M]1; L = Hzppma; M= Yb, Lu) in the range 0.24
bonding is observed from the protonated nitrogen N(2) to the < R < 3.80 (where [Lu]= [Yb] = 25 mM). A representative
phosphinate oxygen O(2) on an adjacent arm, whereCH= sample for the Yb study is shown in Figure 4. The resonance
1.87 A (N-+-O = 2.684(3) A) and N-H---O = 147. for free Hgppma is clearly distinct from those for the metal
Formation Constants. Figure 2 shows experimental titration ~complexes (ML and MLE). Two resonances for bofRRRSSS
curves for the lanthanides withstdms (top) and ktaps (bottom) andRRSSSHiastereomers were noted, as was seen in the group
13 study® It is much more difficult to assign these resonances
(16) Shannon, R. DActa Crystallogr.1976 A32 751. as specific 1:1 and 2:1 species (cf. the case of the group 13
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Figure 3. Experimental plots ofi vs log [tam§~] (top) andn vs log
[tap$~] (bottom). The solid lines were generated using the calculated
stability constantsK niams) and Kinaps)

T T T T T
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PPM

Figure 4. 3P NMR spectrum (121.0 MHz) for the stability constant
study of the Yb(Ill}-Hsppma systemR = [L]+/[M]+ = 3.8.

T T

20 15

Table 5. Logarithms of the Formation Constants for Ln(lll) with
tam$~ and tap& (25 °C, u = 0.16 M (NaCl))

tam$- tap$-
Ln(ill) [MLY[M]L] [HML)}[ML]H] [ML}[M]L] [HML}/[ML][H]
La 9.17 (1) 11.33(3) 7.14 (2)
Nd  11.19 (6) 13.59 (3) 6.54 (3)
Gd  11.86(9) 6.55 (9) 14.50 (1) 6.38 (4)
Ho  12.71(10) 6.69 (4) 14.71 (4) 6.44 (9)
Yb  13.78(1) 6.33 (3) 15.15 (3) 6.39 (4)

metals where the additional tool of the metal NMR was
invaluable); however the concentration of free ligand [L] is
readily obtained from the integrals. From this valbesan be

Lowe et al.

2
log[H,ppma]

Figure 5. Plot of n vs [Hzppma] for the Yb(lIl) ©) and Lu(lll) @O)
systems. (Solid lines indicate fits; symbols indicate experimental data.)
The calculated curves for the group 13 metal foase included for
comparison.

(egs 3 and 4) where M Yb, Lu and L= Hzppma and using
mass balance equatiors,(the ratio of bound ligand to total
metal) can be expressed as eq 5 in terms of the formation

M+ L=ML (3)
ML +L =ML, 4)
n=(ByL] + 2B,[L1/(1 + Bi[L] +B[L1D)  (5)

constantg3; and S, and free ligand [L]. From a plot ofi vs

[L], values of the formation constants obtained for Lu are log
p1= 1.79(7) and log3, = 4.40(2) and for Yb are log; =
2.25(7) and logs, = 4.42(5). A plot ofn vs log [L] for Lu
and Yb (also included are the défar Al, Ga, and In) is shown

in Figure 5. The curves rise to = 2 and then plateau,
indicating formation of a 2:1 species.

Multinuclear NMR ( 1H, 13C, 31p, 139 a). Solution NMR
studies on the Ln(lIl-Hgtams and Ln(ll1)-Hetaps systems were
unrevealing. ThéH NMR and3C NMR spectra of [Lu(taps3}
in D,O at pD 9 showed a series of broad overlapping resonances
characteristic of fluxional behavior. TH&l NMR spectra of
[Lu(tams)P~, [La(tams)f~, and [La(tapsfi~ were similar to
those of the free ligand, suggesting fast exchangé3l& NMR
study of 30 mM La(lll)-30 mM Hgtaps as a function of pH
showed only one resonance at 0 ppm, the chemical shift of
La.@". The line width of this resonance increased with pH,
suggesting that [La(taps)] is in exchange with La®*.

TheH NMR spectra of the [Ln(Bpbpma}]®* complexes in
CD;OD where Ln = Er—Lu, all exhibit 10 resonances,
corresponding to the 10 hydrogens labeled in Figure 6, the
spectrum of the thulium complex. The observance of only 10
resonances clearly indicates the persistence o&sgmmetry
in solution for all these gbpma complexes. The spectrum of
the diamagnetic lutetium complex greatly resembles those
obtained for the same structure with the group 13 métaisl
is most similar to that of the indium complex, consistent with
the similar ionic radii of the two metals. The resonances can
be readily assigned from their coupling patterns (Lu), from their
2D H—1H COSY spectra, and from comparison with the group
13 metal complexes of dppma. With the paramagnetic
lanthanide (E+Yb) complexes, dramatic chemical shifts are
noted, with well-resolved and narrow resonances. SfRNMR
spectra of these four late lanthanide complexes also exX&ibit

calculated for each experiment (see Experimental Section andsymmetry in solution, showing a single narrow resonance for

ref 8). Assuming the formation of the 1:1 and 2:1 complexes

all six equivalent phosphorus atoms.
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c A 7,17 which applies to a superconducting solenoid, whers
the concentration (mM) of Ln(lll)yer is the effective magnetic
D g oA moment for Ln(lll), andT is the temperature (K). Calculated
o B x uett values were taken from Figgté. The contact and pseudo-
B C contact shifts can be expressed by €d ®hereA. andA, are
F G
H
G

each expressed as the product of two terms.
N=A—(Ag+A)=A+A,=5F+CG (8)

B B' The first term [$Cor CP) is characteristic of the lanthanide
D but independent of the ligand, while the second teffnol G)
F D' is characteristic of the ligand in question but independent of
the Ln(ll1) cation. Values for the lanthanide-dependent contact
term, [$y[JJand pseudocontact ten@?, have been calculaté:23
i § L eq 8 can be separated into two linear forms, egs 9 and 10.

o o o o e o e L LI B o e e o e e | A’/CDZF([@DCD)JFG (9)
50 40 30 20 10 0 -10 -20 -30
PPM A'IS,0= G(CPISB,0+ F (10)
Figure 6. *H NMR spectrum (300.0 MHz) of [Tm(kbpma}](NOs)z . . . .
in CD;OD (corrected forAy, the shift due to the bulk magnetic Although both (9) and (10) are mathematically identical, Reilley
susceptibility;* = solvent). et al?* have advocated the use of eq 9 wifer G (and eq 10
whenG > F) since the dependence on theoretic8l(or (S}
On moving to the Iarger |Ighter lanthanides (SHO), a will be minimized by a small intercept_
dramatic change in the respectitd/3!P NMR spectra is noted. Figure 7 shows a plot oA'/CP vs [S,[ICP for the IH NMR
The 3P NMR spectra no longer indicate a single species in spectra (top) and thé'® NMR spectra (bottom) of [Ln(k
solution (four resonances are usually observed), resulting in appma)]*. For an isostructural series, a linear relationship is
proliferation of resonances in the correspondifty NMR expected, whereby the parametérsind G may be obtained
spectra. The chemical shifts of tP® NMR resonances suggest  from slopes and intercepts of plots derived from egs 9 and 10,
that only complexes are present (i.e., no resonance for fsee H respectively. This is clearly not observed in the structures
ppma is evident), and thus one must assume that the solvenpyresented in Figure 7. A difference betweer-Eb and Sm-
CD3OD is interacting with the bicapped complex, forcing Ho would be expected as analysis reveals additional water in
changes in geometry and/or stoichiometry. Even from these the solid state; however a correlation for-Efb would certainly

complex spectra, the 10 resonances corresponding to thepe assumed as all evidence points to an “isostructural minis-
RRRSSSliastereomer can usually be discerned when the eries”. It is evident from these plots that there must be some

lanthanide in question causes sufficient chemical shift separationchange in ligand orientation.

(Tb—Ho). If a different solvent is used, i.e., DMS@; a 170 NMR. The natural-abundané& NMR of water in the
dramatic simplification of the spectrum is observed. Ten presence of a lanthanide ion and ligand gives a qualitative
resonances (broader than in &ID) of the RRRSS#iastere-  picture of complexation. Peters and co-workers have exploited
omer are observed in thél NMR spectrum, along with the  the dysprosium-induced shift of water (DylS) to estimate
spectrum of Hppma. This is reciprocated in tiéP NMR quantitatively the number of bound water molecules associated

spectrum where two resonances are seen, one of which is presefjith various lanthanide complexés:2’ The DylS of water

in the CD;OD spectrum and the other of which is a new one \as measured at varying dysprosium concentrations. The plot

for free Hsppma. Interestingly, if the Yb and Lu complexes  of DyIS versus [Dy(lll)] was linear with a slope 6£358 ppm/

are prepared in the same manner as those ofl8mi.e., no M. It had been previously established that the contact contribu-

pH adjustment, as hexagonal crystals (analyzing as the pen+jon in a paramagnetic Ln(lll)-induced shift of a Ln(ll)-bound

tahydrate), their respective NMR spectra are the same as those7o nucleus is almost independent of the nature of the probed

obtained by raising the pH (as the trihydrate); i.e., no decom- O-containing ligand in question and of other coligands coor-

position or rearrangement is noted, which suggests the lanthanide

is sufficiently small and/or tightly bound to prevent solvent (17) Peters, J. A.; Huskens, J.; Raber, DPtbg. NMR Spectrosd 996

interaction with metal ion. 28, 283. ] ) ) )
The shift, A, induced at a nucleus of a ligand binding to a ('8 Fadie, B I Inteducron o Ligand Fields Robert €. Krieger

Ln(lll) cation can be expressed as the sum of the diamagnetic (19) Golding, R. M.; Halton, M. PAust. J. Chem1972 25, 2577.

shift (Ag), the contact shift4), the pseudocontact shif\g), (20) Pinkerton, A. A.; Rossier, M.; Spiliadis, $.Magn. Resor985 64,

i i hili 420.
and the shift due to the bulk magnetic susceptibility)( eq 6. (21) Bleaney, BJ. Magn. Reson972 8, 91.

(22) Bleaney, B.; Dobson, C. M.; Levine, B. A.; Martin, R. B.; Williams,

A=Ayt A+ Ap + A% (6) R. J. P.; Xavier, A. VJ. Chem. Soc., Chem. Commu®72 791.
(23) Golding, R. M.; PyykkoP. Mol. Phys.1973 26, 1389.
— (24) Reilley, C. N.; Good, B. W.; Allendoerfer, R. B\nal. Chem1976
A, = 4nC(u/2.84¥I3T @) 28 1446,
(25) Alpoim, M. C.; Urbano, A. M.; Geraldes, C. F. G. C.; Peters, JA.
The diamagnetic shift, which is usually relatively small, can Chem. Soc., Dalton Tran4992 463.

i i 3+ ; (26) Huskens, J.; Kennedy, A. D.; van Bekkum, H.; Peter3, Am. Chem.
be obta.uned from the shift of [I_'u(icﬂ)pma)g] . Since the Soc.199% 117 375,
magnetic moments of the Ln(lll) ions are relatively constant, (27) Huskens, J.; Peters, J. A.: van Bekkum, H.; Choppin, Gn&rg.

the bulk magnetic susceptibility shift can be estimated from eq Chem.1995 34, 1756.
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Figure 7. Plot of A'/CP vs [%[ICP for the'H NMR spectra (See Figure

6 for labeling. Top: ® = hydrogen H, B = Hg, o = Hy) and for the
3P NMR spectra (bottom) of [Ln(ppma}]*t where Ln= Sm—Lu.

dinated to the lanthanic®:28 Since thel’O shift is predomi-

Lowe et al.

Dy.LS (ppm)

T T T T T
0 10 20 30 40

[Dy] (mM)
Figure 8. Plot of DyIS vs [Dy(Ill)] (mM): Dy, A; [Dy(tams)f-,
®; [Dy(taps)F-, O; [Dy(Hstrnsy]®~, O. Error bars represent line widths
at half-height.

tively. Ratios of tam% :Dy(lll) and tap$~:Dy(lll) as high as

8 showed a limiting stoichiometry of 1:1 for tafnsDy(lIl) and
tap$—:Dy(lll). A study of the hydration of the DyHsppma
system was attempted; however, even at large excesses of ligand,
multiple species were present.

Discussion

Hsppma forms highly &) symmetrical bis(ligand) complexes
with the lanthanides SmlLu, analogous to those formed with
the group 13 metafs.Indeed, the X-ray structure of the lutetium
complex is isostructural and isomorphous with that of the indium
complex. The high symmetry is preserved in solution, indicated
in the IH and3!P NMR spectra. Such evidence indicates an
isostructural series of compounds from Sm to Lu. In light of
this, it was expected that the paramagnetic shifts ofthand
31p resonances could be resolved into contact and pseudocontact
components, once corrected for diamagnetic and bulk magnetic
susceptibility contributions. However, a linear relationship for
A'ICP vs [&[ICP (or A'/[F[vs CP/[F[) was not forthcoming
(Figure 7). Such a failure to correlate strongly suggests a
changing coordination geometry or number. In the casesof H
ppma, all evidence (NMR, mass spectral, IR, and elemental
analyses) points toward an isostructural series, especially for
Er—Lu. It is evident that subtle changes in ligand orientation
about the paramagnetic lanthanide as the ionic radius increases
cause sufficiently large changes in chemical shift, to prevent a
linear correlation; i.e., the interlocking phenyl groups must move
further apart to some extent to accommodate the larger metal

nantly contact in nature, the slope of a plot of DylS versus ion, even if the change in ionic radius is only small. The

[Dy(11] should be proportional to the number of bound water

opposite of this, i.e., the compression of the phenyl rings, was

molecules associated with the complex. If the hydration number the rationale for the greater stability of the indium complex with

of Dy(lll) is taken to be &2 then a slope of-358/8 = —45

respect to those of gallium and alumin@mndeed the chemical

would be indicative of one bound water and each multiple of shifts of the hydrogens ortho to phosphorus in the phenyl rings
45 corresponds to one water. Figure 8 shows the DyIS versus(Hg) show a progressive shift to lower frequency-#$a—In—

[Dy(IN)] plots for Dy, [Dy(tams)F~, and [Dy(taps)i~ (a
plot for [Dy(Hatrns)]3+ 7 is shown for comparison). The slope
of —358 ppm/M for Dyt is in excellent agreement with that
obtained by Alpoim et &#®> (—357 ppm/M) and by Reuben and
Fia®® (—360 ppm/M). The error bars show the line widths at
half-height (60 Hz); however, the precision w&$s Hz. All
three plots were linear with correlation coefficients of greater
than 0.999. The slopes for [Dy(tam%)jand [Dy(taps)}~ were
—128 ppm/M (2.8 HO) and—123 ppm/M (2.7 HO), respec-

(28) Peters, J. A.; Kieboom, A. P. ®Recl. Tra.. Chim. Pays-Bad4983
102 381.

(29) Helm, L.; Foglia, F.; Kowall, T.; Merbach, A. B. Phys.: Condens.
Matter 1994 6, A137.

(30) Reuben, J.; Fiat, Ol. Chem. Phys1969 51, 4909.

Lu. The fact that these small changes in geometry cause such
a large effect suggests a large pseudocontact contribution to
the chemical shift, as it is this contribution which contains
structural information. It is statéd?*25 that if geometric
information for a substrate is to be obtained, the complex must
have axial symmetry (at least 3-fold); it is expected tBat
symmetry here would be more than sufficient.

The bis(ligand) complexes obtained foggpma are similar
to those obtain€dvith Hstrns®~, where the oxygen donor group
is phenolato as opposed to phosphinato. For complexes of both
these ligandsK; was found to be less thak,, an unusual
occurrence. In the girns>~—Ln(lll) system/ it is likely that
this unusual phenomenon is predominantly an entropic effect;
the nature of the kirns*~—Ln(lll) system suggests that there
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Figure 9. Tightening the hydrophobic belt: the Ln(I#Hsppma or—Hstrns’~ equilibria viewed in terms of hydrophobic interactions.

should be no favorable enthalpy associated Wilfrelative to are also enthalpically favored by the formation of +@

K1) on the basis of electrostatic arguments and a lowering of (phenolate) bonds. This hydrophobic interpretation of the
coordination number. The first equivalent oftkhs®~ displaced complexation can also be invoked to explain the similar
three waters, while the second equivalent displaced five waters;anomalous behavior of the equilibria of the ligangbpima when

this second equilibrium increased the translational entropy of complexed to the group 13 meté&lsTopologically the ligand

the system more than the first and was thus manifested in theis almost identical to trifs, having a tripodal tren-based
larger value oK,. This argument was supported by calorimetric structure bearing pendant donors incorporating a hydrophobic

measurements, which showgg> S, for each Ln(lll) studied. aryl region. Hppma reacts with the group 13 metals and with
An alternative argument can be proposed for the anomalousthe lanthanides to form capped and bicapped complexes by
K> > Kj effect on the basis of théydrophobic effect!32 coordinating to the metal through the phosphinato oxygen atoms.

Consider the solvation of a gaseous hydrocarbon in water at 25The second stepwise equilibrium constant is markedly greater
°C. This process involves a small negative enthalpy of solvation than the first in the case of the group 13 metals and less so, but
but a larger negative entropy of solvation; it is thermodynami- still significantly large, in the case of the lanthanides.

cally disfavored because of entroply The aggregation of apolar Since the aquo ions of Al(Il), Ga(lll), and In(lll) are known
solutes is then driven by entropy such that the water moleculestg pe six-coordinate and the bicapped complexes contain
avoid entropically unfavorable interactions with the apolar solute octahedral ions, the argument presented previously foftrns
molecules. Hirns~ and Hppma can be thought of as am- e, for an inner-sphere desolvation and lowering of coordination
phiphilic species with charged polar regions and three apolar number, does not apply. However this anomalous behavior can
aryl rings. Describing the two equilibri&, andKo, pictorially be rationalized by the hydrophobic effect as shown in Figure
as in Figure 9 for Bopma (the charges differ forns®~) leads 9. In the case of the lanthanides, a reduction of solvation may
to a hydrophobic interpretation of the two complexation play a part, but again it is likely that this hydrophobic
reactions. The areas shaded in gray represent the hydrophobiexplanation is applicable. The difference betwéenandK;
aryl portions of the molecules. is not as startling as that for the group 13 metals even though
In the first step K1) one ion with a hydrophobic region  the formation of a six-coordinate lanthanide complex would be

combines with a lanthanide ion to give a molecule with a expected to exhibit an even greater entropic effect on moving
hydrophobic region. The second stéfy)is the combination  from a monocapped species with the expulsion of five bound
of a mono(ligand) species with a second ligand, each with a waters. The major difference in this case is the increase in size
hydrophobic region, combining to give an ion with only one of the coordinated metal ion. gdpma showed an increased
hydrophobic region. This minimization of solvent AB) affinity for the larger metals in group 13, where I&g followed
accessible hydrophobic regions, or “a tightening of the hydro- the order for In> Ga> Al, increasing by an order of magnitude
phobic belt”, should be reflected in a more positive entropy for in each casé. The preference for indium was attributed to the
K, relative toKy, as was observed forins’™.” Both steps  jonic radii of the metals, indium being of ideal size to
- - - accommodate the bulky phenyl groups on coordination. The
(31) Tanford, C.The Hydrophobic Effect. Formation of Micelles and  getermination of the formation constants of the group 13 metals

Biological MembranesJohn Wiley & Sons: New York, 1973. . . . 2TA1T
(32) Blokzijl, W.; Engberts, J. B. F. Nangew. Chem., Int. Ed. Engl993 was carried out via a combinédP—27Al/"Ga NMR spectro-

32, 1545, scopic method, as the use of more conventional methods
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(potentiometry) was obviated by the very lovKgs of the 18
phosphinic hydroxyls and lack of chromophores (UV/vis). In 164
the case of the lanthanide complexes, the study was restricted |
to diamagnetic Lu(lll) and paramagnetic Yb(lll). Attempts with

any earlier lanthanides were thwarted by increasing line widths pm

and overlapping of resonances. Even so, a trend is noted, which 104

can be readily explained by considering the “tightening of the 8

hydrophobic belt”. Indium, it would appear, is the ideal size 64 1a Nd Gd Ho Yb
to accommodate the six phenyl rings in a strain-free manner, T T T T T T T
while still excluding solvent from the coordination sph&ighe 56 58 60 62 64 66 68 70

lanthanides show a marked increaseKinwith respect to the z

group 13 metals, which can be attributed to their increased ionic Figure 10. Comparative pM values v&: Hatrns'™, [Ln(ll)] r = 1
radii. The larger the metal ion, the further apart the two ligands MM: @ Hatms®, [Ln(lI)] o = 1 1M, line; taps™, [Ln(lIl)] o = 1 mM,
become, thus allowing more solvent to be in contact with the 4; ams”, [Ln(lN] o = 1 mM, B

hydrophobic areas of the complex (Figure 9); hence the

hydrophobic belt is somewhat loosened. This is reflected in complexes. The change in coordination mode frogird?-
the decrease iK; relative toK; as we move from Yb(lll) to to tam§~ and tap& has a profound effect on the metal ion
Lu(lll); indeed it appears that on moving to the larger lan- selectivity. There is a large increase in stability upon going
thanides (He-Sm), the phenyls will be sufficiently separated from La(lll) to Nd(lll) for all three ligands. However, on going
to perhaps allow water coordination or at least interference of from Nd(lll) to Yb(lll), H strns*~ exhibited a selectivity of about
solvent, causing a breakup of the complexes, as was highlighted?2 log units per lanthanide studied. Here tAmexhibits lesser

by the'H and3P NMR spectra of these complexes in §£ID. selectivity, about 1 log unit per lanthanide studied, whereas
This may also be the cause of the noncorrelation of the tap$— has a much lower selectivity between Gd(Ill) and Yb(ll).
lanthanide-induced shift NMR data. A better way of analyzing the data is to take into account the

When Htrns~ binds to a lanthanide(lll) in a tridentate ~ competition with the hydrogen ion for the ligand by calculating
fashion, there should be no chelate effeittree 16-membered ~ PM values where pM= —log [Mted. This gives an impression
chelate rings are formed. Given the relatively high stability Of the relative sequestering ability of the ligands under a standard
found for these Capped 16-membered ring comp|ém’re set of conditions. In Figure 10, pl\/l values are calculated at
must be an effect which predisposes the ligand to a binding PH 7.4 for a ligand-to-metal ratio of 10:1. The total concentra-
posture. The flexibility imparted by a loose H-bond network tion of Ln(ll) is set at 1 mM; however since the stability
coupled with the large chelate ring size results in a tridentate constants for ktrns’~ have an inverse square dependence on
ligand which should have little or no strain energy created in [Hatrs*], the pM values for [Lngy = 1 uM have also been
accommodating different Ln(lll) ions; thus the increase in calculated to highlight this dilution effect. At millimolar
stability is purely electrostatic and increases with the inverse concentrations and above,stths’™ is the best ligand for
ionic radius of the lanthanide considered. To further explore complexing Nd(Ill) — Yh(lll), and its sequestering ability
the effect of large chelate ring size on Ln(lll) selectivity, solution increases with atomic numbez, The much flatter curve for
studies with Htams and gaps were undertaken. If these two tap$~ |qd|cates that it is less able to discriminate between the
ligands reacted in the same manner asii$, then lanthanide  lanthanides.
complexes containing 14-membered and 13-membered chelate The major structural difference between fapand tam$"
rings would be formed. Instead of coordinating solely through iS that tap& coordinates to a lanthanide forming four six- and
the phenolato donor atoms, témsand tap& coordinated  two five-membered chelate rings, whereas tanferms only
through the three amino nitrogen and three phenolato oxygensix-membered chelate rings upon coordination. An established
donor atoms. A major difference betweesgtids and Htams tenet of coordination chemistry is that five-membered chelate
or Hetaps is the microscopic order of deprotonation. It had been rings are more stable than six-membered chelate rings and this
shown that the first three deprotonation events gtfti$ occur difference in stability increases with increasing metal ion ize.
at phenolic sited,whereas ltams and kaps are first depro- ~ This effect is manifested here where [Ln(taps)fomplexes
tonated at an ammonium site, followed by three phenol sites, are -2 orders of magnitude more stable than the analogous
and then the remaining two ammonium grofipdhe first [Ln(tams)P~ complexes.
deprotonation of ktams and ltaps occurs at a pH much lower
than that at which Ln(lll) complexation occurs. Hence coor-

dination to this amino group should be facile. Coordinationto  The ligand Hppma has been shown to forS3-symmetric
one amino group would necessarily bring the remaining picapped bis(ligand) complexes with the lanthanides (as seen
ammonium groups closer to the metal ion to allow for proton iy the X-ray crystal structure of the lutetium complex, and in
displacement and lanthanide coordination to give the observedsg|ution NMR studies), whereby it binds as a tridentate ligand
N3O; ligand donor set. Variation of the donor group in changing exclusively via the phosphinato groups. These complexes are
from Hatrns®” to Hsppma, i.e., from phenolato to phosphinato, isostructural with those obtained with the group 13 métafsl
showed no dramatic change in coordination as shown fotams - similar to those obtained when the oxygen donor is phendlato.
and tap§. Indeed, none is expected as both ligands have However, moving to the slightly smaller tripodal amines with
nitrogen Ko's which are higher than the oxygegs, the much  phenolate donors, taftsand tap$", coordination to lanthanides
lower phenolato and phosphinaté4s dictate binding to the  jn a hexadentate fashion is observed through three amino
lanthanides exclusively through oxygen. nitrogens and three phenolato oxygen donors. The ability of
The 1’0 NMR study of both [Dy(tams§] and [Dy(taps)}~ these aminephenolates to coordinate through the amino group
(Figure 8) indicated the presence of three inner-sphere water
molecules, implying a nine-coordinate Dy(lll) in each of the (33) Hancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875.

Concluding Remarks
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is a consequence of the lowKp of one of the ammonium  for the very kind use of his crystallographic facilities, and Ms.
moieties in these compounds. The selectivity for the late Parisa Mehrkhodavandi for experimental assistance.
lanthanides by tafs and tam% is considerably muted , _ _

compared to that of #ms*~. 170 NMR established that the Supporting Information Available: Complete tables of crystal-

o _ lographic data, final atomic coordinates and equivalent isotropic thermal
3
fr? otr?magontnumbe(; fosr_[pygamsg(gﬂ))g] is 9 (NsOe) and parameters, anisotropic thermal parameters, bond lengths, bond angles,
at for [Dy(taps)(HO)]" is 9 (NsO). torsion angles, intermolecular contacts and least-squares planes, as well
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