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Abstract: Three unsymmetrical tridentate pyridine-2,6-dicarboxamide binding units have been connected to
the tris(2-(N-methyl)aminoethyl)amine tripod to give the podand that exists as a statistical mixture of four
conformers in solution. In aqueous acidic medium, the protonated apical nitrogen atom of the thgod (p
([L1°4-H]™) = 4.66(2)) adopts an endo conformation compatible with the formation of bi- and trifurcated
hydrogen bonds with the oxygen atoms of the proximal carboxamide groups, thus producing a clipped

conformation preorganized for the complexation of
with Ln(ClOg)3 (Ln = La—Lu) in acetonitrile provide

lanthanide metal ions. Reactiori8 ahd. [L1°4-H] ™
stable nine-coordinate podates [EH{E" and [Ln-

(L1%+H)]**. Thermodynamic investigations indicate that the increased electrostatic repulsion associated with
the complexation of the protonated podand is compensated by preorganization leading to only minor effects
on the stability of the final podates. A structural characterization in solution using paramagnetic NMR concludes
that a weak interaction between Ln(lll) and the lone pair of the apical nitrogen atom of the tripod in [Ln-
(L19]3* is removed in [Ln(L%+H)]** leading to a distortion of the coordination site. The crystal structure of

the complex [Eu(£+H)](CFsSOs)3(PFs)(CHsCN)o 5 (12, EuCsgHes2 N10£015F15P'S, trigonal,R3, Z = 6) reveals

a cationic conical triple-helical podate [EUfH-H)]*" resulting from the wrapping of the three meridionally
tricoordinated chelating units about the metal ion. A remarkable trifurcated hydrogen betidt {({lO=C)s)
rigidifies the tripod and forces Eu(lll) to lie at the center of the pseudo-tricapped trigonal prismatic cavity.
High-resolution emission spectroscopy demonstrates that Eu(lll) is efficiently protected within the podate whose

resistance toward hydrolysis is significantly improved

compared to related nonclipped triple-helical complexes.

The implications of covalent tripod for the design of nine-coordinate lanthanide building blocks with
predetermined structural, thermodynamic, and electronic properties is discussed.

Introduction

It has been realized recently that lanthanide complexes
possessing a high degree of structural organization associate
with tunable electronic and magnetic properties are promising
precursors for molecular and supramolecular devioesking
as (i) luminescent probes for time-resolved fluoroimunoagsays
and signaling and labeling technologfeéij) contrast agents
for magnetic resonance imagifigjji) magnetic probes in liquid
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crystals? and (iv) catalysts for RNA and DNA hydrolystsis

a result of the poor stereochemical preferences and variable
oordination numbers of lanthanide(lll) metal iohisp(lll), the
tructural control of the final architectures essentially arises from

weak but crucial interactions between the wrapped ligand strands

according to thenduced fitconcept In this context, semirigid
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symmetrical tridentate binding units containing a central pyridine lanthanide probes in aqueous media and (ii) to allow a precise
ring L1~* have been shown to produce nine-coordinate pseudo-structural control compatible with the design of extended
tricapped trigonal prismatic sites in [Lnf2H);]*~ 8 and directional and organized polymetallic edifices as previously
[Ln(L)3]3" °-11 (i = 2—4) with tunable structural, geometrical, demonstrated for d-block io#8An elegant approach developed
and thermodynamic properties. An improved control of the by Orvig and co-workef uses podand-type ligands made of
electronic properties requires the development of unsymmetrical three bidentate binding units connected to short covalent tripods
tridentate units possessing two different sidearms connected toto achieve a fine structural and thermodynamic control of the
the 2- and 6-positions of the central pyridine ring as demon- final lanthanide complexes resulting from subtle noncovalent
strated by the faciaCz-symmetrical building block [Eu(®)z]3" interstrand interactions (i.e., hydrogen bonds and hydrophobic
found in heterobimetallic helicat®awvhich exhibits an emission  effects). An unprecedent selectivity for the complexation of
quantum yield increased by factors 20 and 2000 compared tosmall Ln(lll) in 1:2 complexes [Lnk] has been attributed to

those measured for the relatbg-symmetrical complexes [Eu-
(L3)3]3+ 9 and [Eu(l%)3]®".13 However, the controlled facial

specific entropic effects which are relevant for explaining the
preferred formation of 12-coordinate lanthanide capsules with

arrangement of three unsymmetrical tridentate binding units related hexadentate podarfdsA careful consideration of the

around Ln(lll) implies their connection to a tripod which
prevents isomerization with the statistically favor€gsym-

crystal structure of the pseudstriple-helical complexes [Ln-
(L3)3]3* (Ln = La, Eu} suggests that the endo conformation of

metrical meridional isomérFacial pseudo-octahedral d-block  a tris(2-aminoethyl)amine (TREN) tripod would be suitable for
complexes have been extensively used as noncovalent tripodsapping one trigonal face of the prism in the complexes without
to organize facial nonadentate coordination sites in self- inducing too severe steric constraints, thus leading to a podate
assembled heterobimetallie-€itriple-stranded helicates (HHH)-  in which Ln(lll) would be nine-coordinate by three unsym-
[LnM(L 8)3]>* (Ln = La—Lu; M = Fe, Co, Zn)}? but covalent metrical tridentate binding units. Here we report the preparation
tripods which are systematically used for the facial organization and complexation properties of the new podand that is

of unsymmetrical bidentate binding units around six-coordinate designed to encapsulate nine-coordinate tricapped trigonal
d- or f-block metal ion¥ rarely have been involved in the prismatic lanthanide ions. The nature and geometry of the
related arrangement of tridentate binding units about nine- coordination sphere have been carefully investigated in the solid
coordinate f-block ion$>-17 Molecular models suggest that a state and in solution to detect structural and electronic changes
regular wrapping of three bent and semirigid tricoordinated associated with the introduction of the covalent tripod. The
chelating units around a spherical ion induces severe structuralprotonation of the apical nitrogen atoms plays a crucial role in
requirements and this statement is supported by the observatiorthe organization and rigidification of the final architecture which

that the potentially tridentate chelating sidearms 6fhd L8

are only dicoordinate to the same metal in the podates [Ln-

(L7-3H)(DMP)12! and [Ln(L8-3H)(OHy),]*® while L® provides
an unsymmetrical terminal nine-coordinate site around Y(III)

has been assigned to the formation of a trifurcated hydrogen
bond within the covalent tripod. A partial report of this work
appeared as a preliminary communicatién.

involving three phenolate oxygen atoms and six ether oxygen Results

atoms of the hemiacetal groupNevertheless, the introduction
of a covalent tripod is expected (i) to improve the kinetic
inertnes& and the thermodynamic stabiltfy of the final
complexes which are crucial points for the development of
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Synthesis and Structure of the Podand E° in Solution.
The attachment of chelating sidearms to the tris(2-aminoethyl)-
amine (TREN) tripod via secondary amide groups has been
shown to provide a network of intramolecular ©8—H---N-
(apical) hydrogen bonds which severely constraints the cova-
lent tripod* (i) To allow sufficient flexibility within the
TREN tripod to facially organize semirigid bent tridentate
binding units around nine-coordinate metal ions and (ii) to limit
the quenching of luminescent Ln(lll) (Ls Eu, Tb) by high-
frequency N-H oscillators in the final podat¥, we have
introduced unsymmetrical tertiary amide connectorsttwhich
remove NH hydrogen donors. A selective trialkylation of TREN
gives tris(2-\-methylamino)ethyl)amine (Me-TRE) in two
steps® which is reacted with an excess of the acyl chloride
derivative of the tridentate synthd@122to produce the target
ligand L9 in good yield (86%, Scheme 1). As a result of
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hindered rotations at room temperature about thReNGonds 0.05 ppm) excludes the protonation of the pyridine Ahg/hen

of the three unsymmetrical tertiary amide connectors, we expectthe titration of 19 by TfOH is monitored by!H-NMR in

the formation of a mixture of four conformers which are CD3;CN at 298 K, a striking simplification of the spectrum is
dynamically inert on the NMR time scale and characterized by evidenced after the addition of 1 equiv of acid. The blocked
cis or trans orientations of the methyl group%w@th respect methyl groups €of [L1%4+H]* give only three singlets at lower
to the oxygen atom of the carboxamide: -e@ss—cis (CCC, fields compared to 1°(3.01, 3.08, and 3.14 ppm) with relative
Cs, symmetry), cis-cis—trans (CCT,Cy), cis—trans-trans intensities of 1:3:2, respectively (Figure 1b). Two-dimensional
(CTT, Cy, and trans-trans-trars (TTT, Cg,). (According to {H—1H}-NMR correlation spectroscopy and NOE measure-
IUPAC nomenclature, the cis orientation described in the text ments demonstrate the almost exclusive existence of two
corresponds to the isomer when we consider a double bond conformers in the mixture: 50% of @z,-symmetrical species
between the nitrogen and the carbon atoms of the amide group(CCC or TTT) associated with the singlet at 3.08 ppm and 50%
Consequently, the trans orientation is related toZhsomer.) of aCs-symmetrical species (CTT or TCC; singlets at 3.01 and
Six singlets are observed for the protons of the methyl groups 3.14 ppm). Traces of the two remaining conformers can be
C8in the 'H-NMR spectrum of £°in CDsCN (298 K: 2.72, detected in the spectrum and correspond to less than 2% of the
2.82, 2.85, 2.95, 2.97, and 3.08 ppm) with relative intensity of mixture and have been neglected. Potentiometric titrations of
1:1:2:2:1:1 corresponding to the statistical distribution: CCC L1° with TfOH in acetonitrile/water mixtures definitively
(12.5%) and TTT (12.5%) give two singlets of intensity 1 and establish the fixation of a single proton in the pH range-8.0
CCT (37.5%) and CTT (37.5%) provide four signals, two with 1.0 with pKa([L1%4+H]) = 4.66(2) (HO/CHCN = 95:5, 0.1
intensities of 2 and two with intensities of 1 (Figure 1a). M NaClQy) and Ky([L1%4-H]™) = 4.3(2) (HO/CHsCN = 5:95,
According to the complexity of theH-NMR signals in the 0.1 M NBwCIQy). Similar values are found for the model
aliphatic region (we expect 12 quartets and 12 triplets in the compoundl (pK([1+H]") = 5.19(2) (HO/CH;CN = 95:5,
range 2.8-3.4 ppm corresponding to the protond-H H22, 0.1 M NaClQ) and Ky[1+H]") = 5.3(2) (HLO/CH,CN =
H”7, and H-9), we were not able to assign the observed signals 5:95, 0.1 M NBuCIQ,)) that does not possess pyridine rings,
for the protons of the methyl groups®*@ each complex by  thus confirming the protonation of the apical nitrogen atom of
using intramolecular NOE effects. Heating the solution to 343 the Me-TREN tripod in £0. Surprisingly, fK4([L°+H]") and

K (CD3CN) produces a broadening of the signals, but coales- pK4([1+H]*) are approximately 6 orders of magnitude lower
cence is only obtained at 413 K in DMS&-leading to the than that of the triethylammonium cationkp= 11.01), but
expected dynamically averagé,-symmetrical structure for  recent results based on protonated cryptéhdsd tris(2-

L1 on the NMR time scale (Table 1). The addition of 1 equiv hydroxyethyl)amine podanéksuggest that the protonated apical
of trifluoromethanesulfonic acid (TfOE= CRSO;H) in these nitrogen adopts an endo conformation stabilized by intramo-
conditions induces downfield shifts for' and H-2 (Ad(HLY) lecular hydrogen bonds with the surrounding oxygen atoms of
= 0.85 ppm,Ad(H?2) = 0.44 ppm) which are characteristic the sidearms. The hydrophilicity of the resulting clipped
for the protonation of the apical nitrogen atom in the Me-TREN (27) Lavallee, D. K.; Baughman, M. D.; Phillips, M. B. Am. Chem.

tripod 26 The minor variation of the signal of HAJ(H% = Soc.1977, 99, 718.
(28) MacGillivray, L. R.; Atwood, J. LJ. Org. Chem1995 60, 4972.
(26) Caravan, P.; Orvig, Gnorg. Chem.1997, 36, 236. (29) Castellari, C.; Ottani, SActa Crystallogr.1996 C52, 2619.
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Scheme %

aReagents: (i) KMn@ H:O; (i) (1) SOCh, CH,Clz, DMFeat; (2)
Et,NH, CH,Cly; (iii) SeQ, pyridine; (iv) CICQEt, KOH, GHg—H,0;
(v) LIAIH 4, THF; (Vi) SOCh, CH,Clp, DMFea; (Vii) EtsN, CH,Cl.

conformation is severely reduced leading to a drastic destabi-
lization of the protonated form in polar media. These observa-
tions together with the NMR data strongly suggest that
protonation of the apical nitrogen atom results in the formation
of a clipped conformation stabilized by bifurcated (TTCy)

or trifurcated (TTT,Cs,) hydrogen bonds between the acidic
proton and the oxygen atoms of the proximal trans tertiary amide
groups (Scheme 2.

Formation of the Podates [Ln(L19]3" (Ln = La—Lu) in
Solution. Spectrophotometric titrations of'® in acetonitrile
(10~*m) with Ln(ClOy)3-xH,0 (Ln = La—Lu, x = 6—8) display
a sharp end point for Ln1° = 1.0 in agreement with the
formation of the podate [Ln9)]3" (Figure 2). Factor analyses
involve the exclusive formation of the 1:1 complex for En
Nd—Lu (Figure 2b), while a second absorbing complex is
evidenced for L= La—Pr (Figure 2a). The spectrophotometric
data can be satisfactorily fitted with a nonlinear least-squares
techniqué! to eq 1 (Ln= Nd—Lu) and to eqs 1 and 2 (L&
La—Pr) with stability constants Iogﬁ‘) given in Table 2.

@)
)

Ln®" + L= [LnL™)*" log (85}
Ln®" 4+ 2 L =[Ln(L'9,]*" log(855

Thepi), values do not reflect a clear size-discriminating effect

J. Am. Chem. Soc., Vol. 121, No. 40, 2999

* *
a)
E3
* * *
T L} T T L] T T L3 T
42 40 38 36 34 32 30 28 ppm
X
b)
%k
%
-1 L L} T ¥ T T L 1
42 40 38 36 34 32 3.0 2.8 ppm

Figure 1. Part of the 300 MHZH-NMR spectra of (a) L° and (b)
[L14+H]™ in CDsCN at 298 K. The singlet resonances of thienizthyl
protons are indicated with an asterisk.

along the lanthanide series, except for a minor increase of the
stability for the light Ln(lll) ions which strongly contrasts with
the classical electrostatic trend (i.e. the increase of the stability
constants with decreasing ionic raditf)?!previously observed

for the related nonclipped triple-helical complexes [LHE3"

in the same conditionkSteric constraints associated with the
covalent Me-TREN tripod in [Ln(E9)]3* may explain the
reduced affinity for smaller Ln(lll) ions which induce a tighter
helical wrapping of the ligand stran8$ut specific solvation
effects in acetonitrile have to be considered (see Discussion).
The formation of 1:2 complexes [LniP),]3* is limited to large
Ln(lll) ions and is confirmed by ES-MS titrations performed
in the same conditions. Strong peaks assigned to [I%yE+

and [Ln(L19),(ClO,)]?" are observed for Ln= La—Pr in

(30) Taylor, R.; Kennard, O.; Versichel, W. Am. Chem. Sod.984
106, 244.

(31) Gampp, H.; Maeder, M.; Meyer, C. J.; Zubéhker, A. D. Talanta
1985 32, 95.
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Table 1. NMR Shifts (with Respect to TMS) for Ligand'£and Its Complexes [LM3" in CDsCN and [Ln(L*°4-H)]*" in CDsCN/CDsNO;
(1:1) at 298K

IH-NMR shifts
H1, Hl’ HZ’ H2’ H3 H4 H5 HG H7’ H7‘ H8 HQ’ H9‘ HlO

L 10a 2.78 3.40 2.96 7.54 7.95 7.54 3.41 1.13 3.40 1.13
[LIO+H] 2 3.53 3.84 3.07 7.64 8.00 7.58 3.39 1.13 3.39 1.13
[LaL9s* b b 3.32 8.07 8.31 8.01 b 1.38 b 0.53
[La(L¥0+H)]4+ 3.86 3.86 3.49 8.20 8.41 8.12 3.60 1.37 3.23 0.70
[Cel1)3+ b b 3.42 8.00 8.62 8.00 b 1.41 b 0.52
[Ce(L+H)]* b b 3.68 5.88 7.23 7.08 270 145 b 1.54
[PrL)3+ 0.87/0.99 2.35/2.44 3.30 9.36 9.72 9.02 3.83 1.51 2.69 0.35
[Pr(L4+H)*+ 7.51/9.52 5.48/6.24 3.58 6.86 7.80 7.81 2.93 1.56 4.39/5.90 1.65
[NdL193+ 3.71/4.95 2.66/2.95 3.65 8.48 8.78 8.70 3.51/3.70 1.50 3.27/4.02 0.73
[Nd(LXO4+H)]+* 5.69/8.88 6.58/7.89 3.63 6.92 7.51 7.99 3.01/3.17 1.61 4.28/6.01 1.82
[SmL193+ 2.47/2.70 2.96/4.27 3.34 8.12 8.51 8.02 3.53/3.71 1.40 3.03/3.30 0.61
[SM(LO+H)+* 4.74/5.56 3.98/4.21 3.53 7.79 8.13 7.92 3.43/3.66 1.42 3.24/3.66 0.98
[EuL193*+ 3.15/5.20 2.83/3.41 3.09 6.71 7.22 6.32 3.53/3.65 1.32 3.35/3.53 0.62
[Eu(LOHH)]+* 2.01/2.70 1.84/2.70 3.69 7.98 8.48 7.18 3.78/4.12 1.18 1.67/2.41 -0.35
[YL3+ 2.58/2.74 3.00/4.27 3.39 8.17 8.35 8.10 3.53/3.77 1.40 2.95/3.18 0.62
[Y(LYO4+H)]+* 3.64/3.98 3.68/4.77 3.55 8.26 8.45 8.19 3.50/3.83 1.39 2.88/3.08 0.69
[YbL193*+ 3.68/4.05 3.40/5.52 3.73 7.57 7.84 7.97 3.08/4.39 1.29 2.72/3.40 0.43
[Yb(L1O4H)]+* —3.41+~1.97 —3.58/0.13 3.65 12.32 11.28 10.09 3.98/5.48 0.76—-1.60~0.11 —3.67

[LuL 3+ 2.62/2.73 2.98/4.25 3.41 8.19 8.36 8.12 3.54/3.79 1.31 2.92/3.14 0.62
[Lu(L1O04-H)]+* 3.71/3.97 3.64/4.78 3.58 8.28 8.46 8.21 3.50/3.87 1.39 2.83/3.02 0.70

B3C-NMR shifts
ct CZ C3 c* Cc5 CG (ol CB Cg ClO

[LaL19)3* 55.98 49.42 38.09 127.88 142.44 127.66 44.89 13.81 43.45 11.42
[La(Lo4-H)]*+ 58.70 46.17 39.48 128.53 142.68 127.86 44.95 13.26 43.17 11.24
[Cel 3+ 56.05 50.54 38.73 132.31 141.42 132.26 45.84 13.94 44.84 11.73
[Ce(LYO+H)]*" 64.48 50.97 40.45 128.22 138.54 129.13 45.56 13.06 44.94 12.20
[PrLOp3+ 53.82 48.07 38.13 141.85 139.66 141.51 46.48 13.22 44.25 10.74
[Pr(L14H)]4* 62.94 50.45 41.26 136.47 137.53 137.08 46.18 12.91 46.28 12.16
[NdL193+ 56.88 50.44 38.67 144.68 137.02 144.61 45.46 13.16 46.99 11.32
[Nd(LYO+H)]+* 63.87 51.02 41.68 140.28 135.88 141.41 46.74 12.89 46.82 12.39
[SmL93* 55.77 49.72 38.17 127.24 142.96 126.99 44.14 13.82 44.93 11.49
[SM(LO+H)]4* 59.87 47.05 39.77 127.16 143.00 126.79 44.36 13.48 45.21 11.73
[EuL193+ 55.68 50.17 37.56 94.48 154.02 95.21 43.34 15.48 41.70 12.39
[Eu(LYO4+H)]+* 56.42 43.20 37.12 101.13 155.54 98.4 42.17 14.9 41.74 11.14
[YL1o3+ 56.08 50.16 38.23 128.23 142.68 127.96 45.20 13.89 44.70 11.61
[Y(LYO+H)]4" 59.37 46.50 39.76 128.87 143.18 128.33 45.60 13.51 44.64 11.63
[YbL 193+ 58.05 51.35 38.35 122.21 144.50 122.86 44.75 14.34 44.68 11.99
[Yb(L1o+H)]4+ 50.80 40.54 38.59 131.95 150.77 128.47 45.32 13.71 38.94 7.97
[LuL 193+ 56.22 50.34 38.21 128.42 142.54 128.11 45.25 13.88 44.92 11.66
[Lu(L 104+H)]4* 59.60 46.49 39.71 129.02 143.00 128.46 44.92 13.49 45.78 11.72

2In DMSO-ds at 440 K.” Too broad or too complicated overlaped signals to be unambiguously assigned.

agreement with the existence of a significant amount of 1:2 the two successive complexes [Laf)]3+ and [La(L19),]3" is
complexes in solution. These signals become weak forLn  restored, but with formation constants (I6§) = 7.8(1);

Nd and almost completely disappear for &nL.u (Table S10,  |og(5i2) = 12.5(2)) slightly lower than those found in pure
Supporting Information). To the best of our knowledge, there 5cetonitrile.

is no precedent for similar complexes with nonadentate podands, 10V 34 A .
but we notice that (i) [Ln(E)3]3+ has been shown to react with Str_uctures of the Podates [Ln(LYT** (Ln L".J‘ Lu) n
. . P - Solution. According to eqs 1 and 2 and their associated
a supplementary ligand to give [Lnfl]®" in acetonitrilé and thermodynamic constants, we calculate that a 1:1 mixture of
(i) 1:2 lanthanide complexes with two hexadentate podands 10 dyL Cl Ln = ’L CLa) i tonitril ’ d
coordinated to Ln(lll) have been previously reported by Ward and. n(ClQ)s (Ln —a u) in acetonitrile produces
guantitatively and exclusively the podates [LH)[3* for a total

and co-workerd? We suspect that large Ln(lll) are less liqand . 005 M. th lowing i |
efficiently protected by the wrapped tridentate chelating units 192nd concentration of 0.05 M, thus allowing its structura

in [Ln(L 193+ thus allowing further interactions with additional ~ nvestigation by NMR spectroscopy in these conditidhs.and
ligands. 'SC-NMR spectra of the diamagnetic podates [L¥I** (Ln
The addition of water into acetonitrile (5% viv; 2.78 M) = L& Y, Lu) in CDCN display a single set of three aromatic

prevents the formation of 1:2 complexes and spectrophotometricSignals corresponding to 4 and C™° respectively and
titrations can be fitted to eq 1 for the complete lanthanide series implying Cs or Cs, symmetries. However, the pairs of methylene
(Table 2). This behavior is in line with the fixation of a second protons H-*, H%Z, H"7, and H-¢ are diastereotopic in the
podand in [Ln(119),]3" by weak electrostatic interactions which ~podates leading t8H-NMR spectra only compatible with @-
are severely reduced in more polar solvents as previously symmetrical helical arrangement of the wrapped stréaég.he
suggested for [Ln()4]3".° To substantiate this hypothesis,L observation of strong intramolecular NOE effects betweén H
has been titrated with La(CiR-6H,O in acetonitrile containing ~ H* and H—H"" is diagnostic for a ciscis conformatiofi of
5% of MeOH, a cosolvent with a lower polarity and a weaker the tridentate binding units in [Ln#8]3" (i.e. the oxygen atoms
affinity for Ln(lll) than water. As expected, the formation of of the carbonyl groups are cis to the nitrogen atom of the
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pyridine ring) resulting from their meridional tricoordination helical interconversion in the temperature range-2383 K in

to Ln(lll). The downfield shift of H in the diamagnetic podates acetonitrile. The blockeds-symmetrical arrangement of the
(A6 = 0.36-0.41 ppm, Table 1) confirms th¥-coordination chelating sidearms is maintained and the addition of an excess
of the pyridine moiety:2’ Contrary to [La(L%)3]®" for which a of L0 has no significant effects on th#-NMR spectrum

fast P = M interconversion between helical enantiomers leading to well-separated signals for the free and coordinated
operates in solution leading to sharp NMR signals at 298 K ligands. A similar rigidification and improved kinetic inertness

associated with a dynamically averagBg, symmetry, [La- with small Ln(lll) has been previously noticed for the analogous
(L19]3* displays only slightly broadenedH-NMR signals Dz-symmetrical complexes [Lnf)g]3*.°

associated with &s-symmetrical complex the conformation of Further structural information in solution may be gained from
which is blocked at room temperature on the NMR time scale. the separation of Contacﬁt“o and pseudo-contact{) con-
Coalescence to the dynamically averag@e-symmetrical  ipytions to the isotropic paramagnetic shi? 1 in axial

structure occurs at 323 K in GON and ps(ilnts toanimproved  naramagnetic lanthanide compleX&® The expenmental chemi-
Kinetic inertness for the podate L))" compared o the o shift ©5®) for a nucleusi in an axial complex of a
related nonclipped triple-helical complex [L&jb]3".° Addition
of an excess of {°to a solution of [La(19)]3" induces a severe (32) (a) Reilley, C. N.; Good, B. W.; Desreux, J.Anal. Chem1975
broadening of théH-NMR signals resulting from intermolecular 47, 2110. (b) Reilley, C. N.; Good, B. W.; Allendoerfer, R. Bnal. Chem.

1976 48, 1446. (c) Bertini, I.; Luchinat, O\IMR of Paramagnetic Molecules
ligand exchanges at an intermediate rate on the NMR time scaleIn Biological SystemsBenJamln/Cummlngs Publishing Co., Menlo Park,

The podates [Ln(t9)]** (Ln =Y, Lu) which incorporate smaller ¢ 1986 Chapter 10. (d) Bertini, I.; Turano, P.; Vila, A.Ghem. Re.
Ln(l11) are significantly less flexible and do not experience fast 1993 93, 2833.
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Figure 2. Variation of molar extinction at six different wavelengths

for the spectrophotometric titrations of4(10~* M) with (a) La(CIQy)3*
6H,0 and (b) Lu(ClQ)s*7H;0 in acetonitrile at 293 K.

Table 2. Cumulative Thermodynamic Formation Constants
log (ﬂ )2 for the Complexes [LiL2%);(H)J @+ in Acetonitrile and
Acetonltrlle/Water (95/5, viv) at 293 K

ion ionicradiu§  solvent  logBily log(85) log(B:

Lal) 1216  CHCN 83(2) 136(2) 6.1(1)
CHCNH,0  5.0(1) 4.2(1)

Ce(ll) 1196  CHCN 8.5(7) 13.3(9)

Pr(lll) 1179  CHCN 8.0(7) 12.9(9)

Nd(Ill)  1.163  CHCN 8.1(5)

sm@l) 1132  CHCN 7.0(4) 6.7(1)
CHCN/H,O  6.3(3) 4.9(1)

Gd(l) 1107  CHCN 7.6(4)

Dy(ll)  1.083  CHCN 7.4(3)

Y{liny 1075  CHCN 6.7(4) 6.4(5)
CH;CN/H,O  6.8(1) 5.5(1)

Tm@l)  1.052  CHCN 7.2(6)

Lu(llly  1.032  CHCN 8.0(6) 6.4(5)
CHCN/H,O  7.5(3) 6.1(1)

ai represents the number of metal iopghe number of ligands,
andk the number of additional protons in the final pod&t&ffective
ionic radius for nine-coordinate Ln(lIf).

lanthanidgj is given by eq 32
5P =
[}

6Eara+ 6;1ia+ 6jbulk (3)

The bulk magnetismd** affects similarly all the nuclei in

the sample and cancels when using an internal reference (TMSS

or CD;HCN).1233The isotropic paramagnetic shifff") is
thus obtained by subtracting the diamagnetic contribution
(6™ taken from the spectra of [Ln{®)]3* (Ln =Y, Lu) from

the observed chemical shift of the paramagnetic complexes [Ln-

(L19]3* (eq 4). In the point approximation, Ln(lll) is considered

(33) (&) Evans, D. FJ. Chem. Socl1959 2003. (b) Evans, D. F.;
Fazakerley, G. V.; Phillips, R. K. Chem. Soc. A971, 1931. (c) Grant,
D. H.J. Chem. Educl995 72, 39. (d) Piguet, CJ. Chem. Educl997, 74,
815.

Renaud et al.

as a paramagnetic dot which allows a straightforward separation
of contact 6”, eg 5) and pseudo-contact jf, eq 6) contribu-
tions in axial complexes (eq 4}:3°

6para (Sexp édla (30 + 6pc (4)
&ZL'[@Q:E'@ZQZ F[@m (5)
I y’r’lBOT T !
. ker [1—3coge, Gl
=l [G=zC=C6C ©

[EhlandC; are respectively the spin expectation value§,of
and the anisotropic part of the axial magnetic susceptibility
tensor which have been tabulated for the free {n¥ The
contact termF; reflects through-bond Fermi interactions be-
tween the paramagnetic center and the nucie(4; is the
hyperfine interaction parameter amj the applied magnetic
induction) which depend on (i) the topological separation of
the nucleud and lanthanidg and (ii) the mechanism of spin
delocalization. The pseudo-contact teri@ correspond to
through-space effects and depend on the geometric position of
the nucleud (r; and 6; are the internal axial coordinates with
respect to the ligand field axis) and the crystal field parameter
(kcp) associated with the complexes. Keeping in mind the Curie
(T-1) dependence of; and theT—2 dependence of; and the
approximation thaf$,[landC; values are the same for free and
complexed iong4-36 a straightforward calculation of contact
and pseudo-contact terms is performed for each nuclats
fixed temperature according to eq 7 and multilinear least-squares
techniques applied to an isostructural series of at least two
different axial paramagnetic lanthanide complek&s32

6para 6exp

o =F B+ G-C 7)

As previously established for the diamagnetic podates, the
paramagnetic complexes [Ln@]*" (Ln = Ce, Pr, Nd, Sm,
Eu, Yb) display inerCs-symmetrical structure on the NMR time
scale. Obviously, the diastereotopic protons'HH22, H"'7,
and H? and the quaternary C atoms escape to an unambiguous
assignment while € C7, and C give intricate overlapping
signals. Two-dimensiongtH—1H} - and{*H—13C}-NMR cor-
relation spectra associated with NOEDIF experiments allow a
reliable attribution of the signal arising from*$, H8, and H°
and from G, C3°6, C8, and @9 which have been used in the
fitting process. The isostructurality of the podates [L
(Ln = Ce—YDb) along the lanthanide series is checked by plots
of 0f* 18/ vs C/[Sflandof*IC; vs [SLIC; (two linear forms
of eq 7% which are expected to give straight lines for an
isostructural serie¥. Analysis of the paramagnetic data for the
selected nucleusin [Ln(L19]3" (Table 1) produces approximate
straight lines along the complete lanthanide seriesL@Ge—

Yb) pointing to a single structure for these podates in acetonitrile
olution (Figure 3). However, the moderate correlation coef-
ficients found for these linear plots point to a rather flexible
arrangement of the podand in the complexes which slightly
varies with the size of the metal ion. Consequently, the accuracy
of the separation of contadt;) and pseudo-contacg() terms

(34) Golding, R. M.; Halton, M. PAust J. Chem1972 25, 2577.

(35) Bleaney, BJ. Magn. Resonl972 8, 91.

(36) Sherry, D. A.; Geraldes, C. F. G. C. Lanthanide Probes in Life,
Chemical and Earth Science8unzli, J.-C. G., Choppin, G. R., Eds;
Elsevier Publishing Co: Amsterdam, 1989; Chapter 4.

(37) Peters, JJ. Magn. Resonl986 68, 240.
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a) positive while Ges and Gee are close to zero. This strongly
3.5 contrasts with the considerable negative val@ess = —0.40-
(3) andGes = —0.22(1) found for théz-symmetrical complexes
38~ [Ln(L3)3]3* in which the Ln(lll) atom lies in the plane of the
Bu s three pyridine nitrogen atoméds = 87°; rcs = 6.31 A andgcs
251 "~.,_\\ R*=0.986 = 108.6; rcss = 5.53 A taken from the crystal structure of
R2=0987 - S« [Eu(L3)3]31).° A slight shift of Ln(lll) out of the plane of the
T SN. Nd nitrogen atoms of the pyridine rings toward the apical nitrogen
15 | gem RN atom of the covalent tripod in [Ln@9]3" increases simulta-
- " ._f\ neouslyfcs, 6cs, and g5¢ which significantly reduce&cs and
IO RSN Ce Gee compared toGe and Ge* (eq 6) and accounts for the
) & observed trend iiG5; values for the podates [LniB]3*.
2 Formation of the Protonated Podates [Ln(L1%4+H)]** (Ln
ol s.). b N = La—Lu) in Solution. Potentiometric titrations of [Ln(19)]3"
= Yo', with trifluoromethanesulfonic acid (TfOH) in acetonitrile/water
05 \ s 1 ‘ , LI (95:5, 0.1 M NBUCIO,) show a single end point corresponding
28 23 1.8 13 08 03 02 to the formation of a monoprotonated species wiky(fLn-
(LY04-H)]4") = 3.5(2) for Ln= La, Sm, Y, and Lu, within
b) experimental error. ES-MS titrations with TfOH in similar
3 A conditions confirm the formation of the protonated complexes
i - [Ln(L19+H)]** (Table S10, Supporting Information) and the
i R:=0928 -~ Sm significant downfield shifts of théH-NMR signals observed
8.) 7 for HL! (A0 = 1.06-1.22 ppm) and BZ (A0 = 0.50-0.68
1r Pid ppm) in the diamagnetic protonated podates [LA{LH)]*" (Ln
g = La, Y, Lu; Table 1) parallel the behavior of {&+H]* and
e imply that protonation involves the apical nitrogen atom of the
tripod. Surprisingly, BEa([Ln(L°4+H)]*") is only marginally
>~ "AEu lower than Ky([L1%+H]") (0.8 log unit) despite the larger
positive charge borne by the podates. According to the
3 fa e thermodynamic cycle of Scheme 2, IﬂQZ]) (eq 9) can be
) estimated using eq 10.

05 r

s s S Ln®" + L4+ H]" = [Ln(L ™+ H)"" log(B11)  (9)
-9 -6 -3 0 3 6 9 12

Li _ Li 10 4
Figure 3. Plots of ()0%9C, vs [SG and (b)sfspvs Gisg  10901m) = 109(B110) + PK([Ln(L ™+ H)] -
for C®in [Ln(L19]3* (M) and [Ln(L'°4+H)]** (a) (CDsCN, 298 K). pK([L 04 H]+) (10)

is limited as exemplified by the large calculated agreement o . )
factorsAF; (eq 8; Table 3). Considering the formation constants I8g) measured in

acetonitrile/water (Table 2) an&pvalues obtained in the same
(0% — 5ealon2 12 conditions, we calculate logk},) = 4.2, 5.5, 6.0, and 6.7 for
Z I L Ln = La, Sm, Y, and Lu, respectively, which satisfactorily
AF, = Sl (8) match the experimental values estimated from spectrophoto-
592 metric titrations of [1°4+H]™ with Ln(ClO4)3 (Table 2). The
z( i minor reduction of the formation constants (€a8 log unit)
: on going from [Ln(129]3* to [Ln(L1%+H)]** indicates that the
Computed values oF; and G, terms andAF; factors are preorganization o_f the protonated Iigapd iﬁCEH:H]_+ essentially
collected in Table 3. Calculated contact and pseudo-contactOvercomes the increased Coulombic repulsion between the
contributions are given in Table S1 (Supporting Information). POSitively charged podand and n As previously described
If we neglect HOwhich displays a minor induced paramagnetic for [Ln(L19]%", the formation constants loii) of [Ln-
shift, theAF; factors remain large (0.06 AF, < 0.61) compared  (L'°+H)]*" display a small size-discriminating effect along the
to those found for similar mathematical treatments applied to lanthanide series in acetonitrile/water (95:3) log(8l) =
[Ln(L3)3]%" (0.01 < AR < 0.31F and [Ln(L-2H);]%~ (0.04 < log(85s,) — log(s2,) = 1.9) which disappears in pure acetoni-
AF; < 0.27)32a Large uncertainties affect tHg and G; terms trile (Table 2). Interestingly, no 1:2 complexes can be detected
(Table 3), but we still observe significant contact terms for the with the protonated podate as a result of the improved
pyridine protons K6 (0.10 < F; < 0.17) confirming the unusual  electrostatic repulsion between [LA(H#-H)]*" and a second
large spin delocalization onto the aromatic ring previously positively charged podand {P+H]*.
established for tricoordinated neutral 2,6-disubstituted pyridine  Structure of the Protonated Podates [Ln(LX4+H)]** (Ln
units?12 The F; values for the carbons“C® are in line with = La—Lu) in Solution. Apart from the shifts of the NMR
this observation and are similar to those reported for [Ln- signals of H-*, H2Z2, C1, and C associated with the protonation
(L3)3]3* 9 pointing to a related meridional tricoordination of the of the apical nitrogen atoms and the appearance itHREMR
chelating units in the podate [Ln{§)]3". A detailed interpreta-  spectra of a new broad signal corresponding to the proton of
tion of the G; values is precluded by the limited accuracy of the ammonium group in [Ln@°4+H)]** (7.85 ppm (Ln= La),
the separation process, but we notice tBat G¢3, andGe+ are 7.60 (Ln=Y), 7.55 (Ln= Lu)), the'H- and'3C-NMR spectra
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Table 3. Computed Values for ContacdE{j and Pseudo-ContacG() Terms for'H and*3C Nuclei in Paramagnetic Complexes [L2" in
CD:CN and [Ln(L2%+H)]*" in CDsCN/CDsNO; (1:1) at 298K

H3 H4 HS H6 H8 HlO Cl C3 C4 CS C6 C8 ClO

[LnL 103+

F 0.04(1) 0.13(4) 0.10(4) 0.17(3) 0.01(1)  0.001(2) 0.09(8) 0.08(3) 3.4(4).1(4) 3.2(3) —0.1(2) —0.06(3)

G 0.016(6) —0.02(2) —0.03(2) 0.01(1) —0.002(3) —0.004(7) 0.11(4) 0.01(2) 0.2(2)—0.04(2) 0.0(1) 0.002(7)  0.01(1)

AF, 0.44 0.36 0.46  0.27 0.61 0.93 054 039 018 006 015  0.08 0.44
[Ln(L20+H)]++

F. —0.01(1) 0.08(7) 0.04(5) 0.1(4)  0.01(1) 0.03(6) 0.2(2) 03(6) 2.8@L.1(1) 3.02) —0.13(1) —0.01(5)

G —0.00(1) 0.20(4) 0.13(2) 0.10(2)—0.024(4) —0.2(3) —0.41(9) —0.04(3) 0.4(1) 0.24(4) 0.28(9)  0.00(1)-0.16(2)

AR 097 031 031 031 0.24 0.25 0.33 030 015 011  0.12 0.15 0.24

of the diamagnetic podates [Ln®-H)]*" (Ln = La, Y, Lu) relaxation rate for the acidic proton which prevents its reliable
in CDsCN/CDsNO;, (1:1) display very similar features to those detection and attribution in [Ln@®+H)]*" (Ln = Ce—Nd, Eu-
described for the unprotonated analogues (Table 1). The mainYb).

differences between [Ln{C+H)]*" and [Ln(L'9]3* lie in the Isolation of the Podates [Ln(L'9)](CIO 4)s-xH,O [Ln = Eu
dynamic processes occurring in solution which operate at (4), Gd (5), Tb (6)] and [Ln(L 1°4+H)](TfO) 4-yH,0-zCHsCN
different rates. On the NMR time scale at room temperature, [Ln = La (7), Eu (8); Gd (9); Tb (10); Lu (11)]. The mixing
the P== M helical interconversion is fast for the protonated of stoichiometric quantities of 1° and Ln(ClQ)s-xH:0 (x =
podate [La(E%+H)]*" leading to an averag€s,-symmetry i 6-8) in acetonitrile followed by slow diffusion oftert-
solution in contrast with th€s-symmetry found for the more  putylmethyl ether produce good yields (889%) of amorphous
inert podate [La(E%]*". The broadH-NMR signals observed  powders whose elemental analyses correspond to L
for [Ce(L%+H)]*" are compatible with a slower exchange rate (Cl0,)s-xH,0 [Ln = Eu,x = 2.5 @), Ln = Gd,x = 2 (5); Ln
and the sharp signals associated with the pairs of diastereotopic= Th, x = 2 (6)]. IR spectra show the characteristic ligand

protons H-* and H-? detected for [Ln(E°+-H)]*" (Ln = Pr—
Lu) are diagnostic for blocke@s;-symmetrical helical structures
in solution with small Ln(lll) ions. On the other hand,

vibrations (maximum of the band envelope i&€€=0 at 1650
cm 1) together with two strong bands at 1090 and 625 tm
typical for ionic perchlorate® Unfortunately, we were unable

intermolecular exchange between free and complexed ligand isto obtain X-ray quality crystals for these complexes under
slow for [Ln(L*%+H)]** along the complete lanthanide series various experimental conditions: acetonitrile, propionitrile,
as demonstrated by the observation of two sets of sharp aromatigutyronitrile, or nitromethane as solvents combined with several
signals in the presence of an excess of ligand. Analysis of the diffusing agents (diethyl ethetert-butylmethyl ether, diiso-
paramagnetic NMR data for [Ln{€+H)]** (Ln = Ce-Yb) propyl ether) and noncoordinating counteranions (TH®TsO",
shows the existence of a single isostructural series since linearPr;~, BF,~, CIO;~, [B(phenyl)]”). The preparation of the
plots are obtained fob}* 7S5 vs Cj/[S,[land 0™ IC; vs (S protonated complexes usestoichiometric quantities of 1°,

C; (Figure 3). The separation of contact and pseudo-contacttrifluoromethanesulfonic acid (TfOH), and Ln(Tf@¥H.O (x
contributions is improved (0.1% AF; < 0.31 except for P) = 1.5-5) in acetonitrile/propionitrile (1:1). Diffusion ofert-
compared to that found for [Lnf)]3" and points to a larger  butlymethyl ether into the mixture gives 998% of micro-
structural rigidity in the protonated podates (Tables 4 and S1). crystalline complexes whose elemental analyses correspond to
The contact termsFK) are alike for [Ln(l9]*" and [Ln- [Ln(L1%+H)](TfO)4-yH,0-zCHsCN [Lh = La,y = 0.3,2=0.2
(L10+H)]*" in agreement with a similar tridentate binding mode (7); Ln = Eu,y =0.3,z=0.2 @); Ln = Gd,y=0.2,z=0.3

of the chelating units which precludes protonation of the pyridine (9); Ln =Tb,y=0.4,z=0.1 10); Ln=Lu,y=0.4,z=0.1

ring in the latter complexes. A comparison of tBgterms is (11)]. IR spectra show the characteristic vibrations of the ligand
difficult because of their complicated dependence on the axial with a remarkable shift of the maximum of the envelope of the
coordinates of the nucleus and the crystal field parameters (edcarbonyl stretching toward lower energy0=0 = 1610 cn1l,

6). However, we notice that the absol@evalues for C~° are Av = 40 cnml) compared to the unprotonated complexes. Weak
similar (0.24< G; < 0.4) and in good agreement with those absorptions corresponding to the cocrystallized solvent® (H
found for the analogous triple-helical complexes [LHEIS" at 3356-3450 cnt! and CHCN at 2260 cm?) are observed
which indicates a comparable location of the lanthanide ion together with the typical vibrations of ionic triflate anio#fs.
within the facial plane defined by th€s-symmetry related  X-ray quality prisms of [Eu(E-+H)](CF3SOs)3(PFs)(CH3CN)os
nitrogen atoms of the pyridine ring. Compared to [LHJIS* (12) can be grown from a solution containing a mixture of
in which Ln(lll) is slightly shifted toward the lone pair of the triflate and hexafluorophosphate counteranions.

apical nitrogen, protonation in [Ln{€+H)]** pushed back Ln- Crystal and Molecular Structure of [Eu(L 1°4-H)](CF 3SOs)s-

(111 toward the center of the pseudo-tricapped trigonal prismatic (pF,)(CH3CN)o5(12). The crystal structure df2 confirms the

site defined by the three coordinated tridentate binding units. existence of a protonated cationic podate [E@lH)]** located
Since the acidic proton points toward 'Lrin [Ln(L**+H)]** on a crystallographic 3-fold axis passing through N(1), H(01),
and displays a short LnH distance (3.22 A in the crystal  and Eu: disordered anions and solvent molecule complete the
structure of [Eu(E*+H)]**, vide infra), its'H-NMR signal is ~ ynjt cell (see Experimental Section). Figure 4 shows the
very sensitive to paramagnetic effeétdmpressive paramag-  pumbering scheme of the asymmetric unit and Figure 5 shows

netic shifts are thus expected e.g. a broad peak at 10.9 pPpMORTEP? views of the cation perpendicular to and along the
corresponding to the proton of the apical ammonium group is

observed for the poorly paramagnetic complex [SHH{IH)]*"

para - .
(Osm = 3.3 ppm). The use of paramagnetic lanthanides “%g5c (o 3 " PE S e Weolyhedron1994 13, 1787.

displaying larger magnetic moments and anisotropies produces  (40) johnson, C. KORTEP It Report ORNL-5138; Oak Ridge National
a very large paramagnetic shift and a severely increasedLaboratory: Oak Ridge, TN, 1976.

(38) Nakamoto, K.Infrared and Raman Spectra of Inorganic and
s Coordination Coumponds$th ed.; Wiley: New York, 1997; p 199.
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Figure 4. Atomic numbering scheme of the cation [E&U:H)]*" in

12. Ellipsoids are represented at the 40% probability level. The
disordered ethyl group (C10, C11) is represented with arbitrary fixed
Uiso (0.04 A3) for clarity.

3-fold axis. Selected bond distances and bond angles are given

in Table 4. Full geometrical parameters, atomic coordinates,
and anisotropic displacement parameters are collected in Tables
S2-S4 (Supporting Information).

The three chelating units of the podand are tricoordinated to
Eu(lll) whose coordination sphere is best described as a distorted
tricapped trigonal prismatic site in which the six oxygen atoms
of the carboxamide units occupy the vertices of the prism and
the three pyridine nitrogen atoms cap the rectangular faces. The
Eu atom lies almost in the equatorial plane defined by the 3-fold
symmetry related nitrogen atoms N(1), N(IN(1") (deviation
0.028(1) A). Moreover, Eu is located closer to the lower trigonal
face of the prism (1.649(1) A froriO(2), O(2), O(2")} and Figure 5. ORTEP® views of the cation [Eu(l°+H)]*" (a) perpen-
1.780(1) A from{O(1), O(1), O(1")}). The E+-N and Eu+-O dicular to theCs axis showing the intramolecular trifurcated hydrogen
distances are standatdyut the triple-helical podate adopts a bond and (b) along thé; axis showing the helical twist of the complex.
conical shape that is exemplified by the larger nonbonding Hydrogen atoms have been omitted for clarity.

O---0 ol_lstances observed between the oxygen atoms of thet e 4. selected Bond Lengths [A] and Bond Angles [deg] in
lower trigonal face{ O(2), O(2), O(2)} (O(2)--0(2) = 3.01 [Eu(L%+H)](CFsSOs)s(PFs)(CHsCN)os (12)
A, O(1)---O(1) = 2.80 A). This contrasts with the cylindrical

arrangement of the helical strands found in the related non- Eﬂ_ﬁ(%g %;égg((% EwO(2) 2:395(7)
clipped complex [Eu(B)3]®*" and we conclude that the Me-

TREN tripod in [Eu(29+H)]*+ affects the wrapping of the S(%)):Eﬂ:g((?) 233((3)) 8(&);55:8((?2’)) 13{’1-%((;))
tridentate chelating sidearms about Eu(lll). A deeper under- O(1)-Eu-0(2) 125:5(2) O(1) Eu-N(3") 78.'9(4)
standing of these distortions in [EUtH)]*" requires the O(1-Eu-0O(r)  71.2(3) O@yEu-N(3)  135.1(2)
detailed analysis of the coordination sph&téThe flattening 0O(2)-Eu—0(2) 77.8(3) O(2Y-Eu—N(3") 74.5(3)
of the trigonal prism along th€z axis is measured by th& O(1-Eu—-0O(2) 153.1(4)

angles between the EWD(1)) vectors or Et-O(2) and theCs
axis. We obtairg; = 42.2 for the oxygen atoms of the upper measured by the) angles between the vectors Eu-projP(
face{O(1), O(1), O(1")} which is significantly smaller than  and Eu-proj[N{)] where proj[O{)] and proj[N()] stand for the

the values found for (i) the lower trigonal fag€®(2), O(2), projections of the oxygen and nitrogen atoms of the coordination
0O(2')} (6; = 46.5) in [Eu(L%+H)]*" and (ii) the related sphere onto a plane perpendicular to @eaxis and passing
unconstricted triple-helical complex [Eu{js]3" (45.8 < 6; < through Eu(lll). The interligandv; angle between the oxygen

48.6° calculated according to a pseu@g-axis)? This reflects atoms of the distal trigonal faces amounts da¢Eu-proj-
a significant stretching of the trigonal prism toward the covalent [O(1)];Eu-proj[O(2)]) = 21.6° compared withw; = 14.6-17.1°
tripod and confirms that protonated Me-TREN induces severe for [Eu(L3)3]3" ° which implies a significant twist of the prism
steric constraints which bring closer the oxygen atoms of the (we expectw; = 0° for a perfect prism and 60for a perfect
proximal carboxamide group$O(1), O(%), O(1")}. The octahedron). However, the variable successive intraligand
deformation of the trigonal prism toward the octahedron is values are similarg(Eu-proj[O(2)];Eu-proj[N(3)])= 51.C° and
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w(Eu-proj[N(3)];Eu-proj[O(1)])= 47.4) and point to a rather
regular wrapping of the strands coordinated to Eu(lll). Finally,
we have resorted to four parallel planes fdefined by the
symmetry-related atoms of the chelating tridentate binding units
to quantify the helical revolution of the threads about the 3-fold
axis; F is defined by{ O(2), O(2), O(2")}, F> by {N(3), N(3),
N(3")}, Fs by {O(1), O(1), O(1")}, and R by {C(1), C(1),
C(1")}. The separations between these plathes 1.677(1) A
(F1—F»), dp = 1.752(1) A (b—F3), andds = 3.078(1) A (R—

Fs) allow the calculation of pitche®; associated with each
helical portion according toP; = (di/w;)-3604 P, — P,
corresponds to the wrapping of the helical portion containing
the coordination sphere whik; reflects the helical twist within
the covalent tripod. We calculaf®y = 11.84 A,P, = 13.30 A,
andP3; = 34.65 A which correspond to a decrease of the helical
torsion when going from the lower oxygen trigonal face)(F
toward the carbon trigonal faceFIt is worth noting that the
ligand threads invert their screw direction between the helical
portions b—F3 and i—F, which thus possess opposite helicities
leading to an irregular conical amphiverse helix (Figuré?s).
Similar calculations for the analogous nonclipped cation [Eu-
(L3)3]3* show a regular helical pitch of 11.32 A between F
and k. A remarkable trifurcated hydrogen bond is evidenced
between atom N(1) (endo conformat)cemd O(1), O(J), and
O(1") atoms!243with a gauche conformation about the G{1)
C(2) bond (dihedral angle=97.0(9¥, Figure 5). The hydrogen
bond length H(01)-O(1) = 2.167(8) A, (N(1)--O(1) = 3.02-

(1) A) and the bond angle N(BHH(01)+-O(1) = 131.8(4} are
comparable with those found in related podates in which three
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Figure 6. Projection of the unit cell o2 along theb axis showing

the hexagonal close-packed AABBCC arrangement of the podates and
the location of thehead-to-headand tail-to-tail bilayers (H atoms,
anions, and solvent molecules are omitted for clarity).

bidentate catecholate sidearms are organized around six-envelope centered around 37450 émand assigned to a

coordinate Ti(IV¥#* or Ge(IV)* by a tris(3-hydroxypropyl)amine
tripod. In the latter complexes, the trifurcated hydrogen bond

combination ofr — s&* and n— x* transitions as previously
established for £ (37040 cnT?).® Upon complexation to Ln-

is associated with the formation of three fused nine-membered (Ill), we observe a structuration of the main absorption band

rings while three fused and helically twisted seven-membered
rings (N(1)-C(1)-C(2)—N(2)-C(3-0O(1)—H(01)) in [Eu-
(L1%4+H)]** contribute to the rigidity and the compact arrange-
ment of the tripod.

As the z coordinates of the Eu atoms in the unit cell are
aproximatelyn/12 (n is odd and the difference relative to an
exact twelfth amounts t&a = 0.032 A), the latter atoms are
distributed in almost equidistant planes perpendicular tocthe
axis /6 + 2A = 10.233 and 10.107 A). The cations [Eu-
(L1%4-H)]#*, which are located on 3-fold axes, are distributed
in parallel layers in a hexagonal AABBCC close-packed

associated with a red shift of the maximusw(~ 1350 cn?,

Ln = Eu, Gd, Tb) and an increase in intensity (Table 5). Very
similar absorption spectra are obtained for [L#}jI3" and [Ln-
(L1%+H)]** in complete agreement with the protonation of the
apical nitrogen atom which is not involved in the low-energy
electronic transitions. Upon irradiation in the UV, we do not
detect any significant emission for the free ligand in solution
and in the solid state in the temperature range 295 K. This
points to the existence of efficient nonradiative deactivation
pathways as reported forP® In the podates [Gd({9)](ClOg)z

(5) and [Gd(°4H)|(TfO)4 (9) at 77 K, a weak broad

arrangement (Figure 6). Pairs of adjacent layers are related byfluorescence band centered at 256@6000 cm* is assigned

inversion centers and shdwead-to-headndtail-to-tail orienta-
tions of the cations with EerEu distances of 12.691(1) and
10.233(2) A, respectively. TfOanions occupy the free space
between the conical podates within head-to-headbilayer

to the emission of the ligand-centeredr* excited state in view

of its removal in time-resolved spectra (delay tim&0 us),

but we were unable to detect the long-lived emission of the
triplet state expected at lower energy for [G&I(CIO4)s and

whereas disordered acetonitrile molecules and hexafluorophos{Gd(L**+H)I(TfO)4. These poor ligand-centered emission prop-

phate anions are located in the interstitial spaces betivead-
to-headandtail-to-tail bilayers, respectively.

Photophysical Properties of [Ln(L%4H)](TfO) 4-yH20-
ZCH3CN [Ln = Eu (8), Gd (9), Tb (10)] and [Ln(L19)]-
(ClO4)3xH20 [Ln = Eu (4), Gd (5), Tb (6)] In acetonitrile,
the ligand [1° shows a broad and asymmetric absorption band

(41) For a related calculation with octahedral d-block helicates see:
Charbonniee, L. J.; Williams, A. F.; Piguet, C.; Bernardinelli, G.; Rivara-
Minten, E.Chem. Eur. J1998 4, 485.

(42) Brewster, J. HTop. Curr. Chem1974 47, 29.

(43) (a) Taylor, R.; Kennard, O.; Versichel, \Wcta Crystallogr.1984
B40Q, 280. (b) Taylor, R.; Kennard, O.; Versichel, \W. Am. Chem. Soc.
1983 105 5761.

(44) Hahn, E. F.; Rupprecht, S.; Moock, K. B.. Chem. Soc., Chem.
Commun.1991 224.

(45) Wolff, B.; Weiss, A.Angew. Chem., Int. Ed. Endl986 25, 162.

erties parallel those reported fof And its complex [Gd(B)3]-
(TfO)3 (*zr* at 23500 cnm?) and limit the use of such tridentate
binding units for the development of efficient luminescent
probes’ Consequently, the intensities of the emission spectra
of [Eu(L19](CIOy4)3 (4) and [Eu(LI4+H)](TfO)4 (8) obtained
upon irradiation of the ligand are weak leading to the observation
of the metal-centere¥Do — F; (j = 0—4) transitions together
with a broad residual emission of the ligand-centeted*
excited state confirming a poor antenna effect combined with
an inefficient L:° — Eu(Ill) energy transfer. Nevertheless, the
measured intensities at 10 K are strong enough to extract
valuable structural information from the high-resolution emission
spectra of the Eu(lll) complexes (Figure “P).

The emission spectra of [Eu{l+H)](TfO),4 (8) obtained upon
irradiation through the ligand-centered excited states (25190
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Table 5. Ligand-Centered Absorptiénn Acetonitrile Solution

(295 K) and Ligand-Centered Singlet State Energies As Determined

from the Emission Spectra of the Solid at 77 K foland Its
Complexes [Ln(E9](ClO4); and [Ln(LP4-H)](TfO)4

compd

absorption/cm?®
n—a* +n—xa*

emission/cm?

171”*

Aexdem?

L10
[Eu(L9*" (4)

[Gd(L9P** (5)

[Tb(L1I** (6)

[Eu(LI+H)]*+ (8)

[GA(L+H)]*+ (9)

[Tb(L*+H)]*+ (10)

37450 (13030)

41670 (29000 sh)
37310 (23500 sh)
36100 (25500)

35210 (23500 sh)
42020 (30000 sh)
37310 (24000 sh)
35970 (26000)

35090 (24000 sh)
41670 (30000 sh)
37310 (24000 sh)
36100 (26000)

35210 (24000 sh)
41840 (30000 sh)
36630 (24000 sh)
35970 (27700)

35090 (24500 sh)
41370 (29700 sh)
37040 (24000 sh)
35970 (27500)

35090 (24800 sh)
42010 (29000 sh)
37450 (24500 sh)
36500 (27700)

35590 (24800 sh)

25000 br
23800 br

25100 br

23810 br

25000 br

26000 br

24390 br

40000
37040

40000

37040

40000

40000

38460

a2 Energies are given for the maximum of the band envelope irt cm
and the molar absorption coefficient) (is given in parentheses in

M~1.cm™%; sh = shoulder, br= broad.
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Figure 7. Part of the laser-excited emission spectra of (a) [EH{H)]-
(TfO)4 (8) and (b) [Eu(19](ClO.)s (4) at 10 K.

cm™ 1) or through laser excitation of th#®, — 7Fy transition
are similar and not temperature dependent. The profile of the resulting from the flexible nature of the unprotonated podand.

5Dp — "Fo transition in the excitation spectrum at 10 K reveals

a symmetrical band centered at 17215 éiffull width at half-

J. Am. Chem. Soc., Vol. 121, No. 40, 9999

the experimental values. A detailed analysis of the high-
resolution emission spectrum of [EU-H)](TfO), (8) reveals
features typical for &s-symmetrical environment around Eu-
(1) (Figure 7a)%134"Two main components are observed for
the 5Dy — “F; transition which are attributed to the A A
(16797 cmt) and A— E components (16856 and 16878 Cin
The further faint splitting of the A~ E transition AE = 22
cm™1) results from minor deviation fronCz-symmetry® and
can be compared tAE = 20 cnt! found in [Eu(L3)3](TfO)3.°
The5Dy — 7F; transition displays three main components (one
A — A and two A— E components) of which the two A E
transitions are further split by 18 and 16 threspectively
(16106 cm!, A — A; 16136 and 16158 cm, A — E; and
16242 and 16258 cm, A — E). The EutDy) lifetimes of [Eu-
(LY04-H)](TfO)4 (1.78-1.81 ms at 10 K; Table S11 in the
Supporting Information) do not depend significantly on the
temperature and are only marginally shorter than those measured
for [Eu(L3)3](TfO)3 (1.83-1.93 ms§ pointing to a negligible
contribution of the protonated tripod (NH oscillators) to the
deactivation pathways of the Bl) level 2449

The emission spectrum of the podate [EXfEH)]*" in
acetonitrile (103 M) is very similar to that obtained in the solid
state and confirms that th&s-symmetrical structure is main-
tained in solution in agreement with NMR data. The T}
lifetime is slightly longer in solution (1.96(3) ms) as often
observed with related compleXegs-1248and this confirms that
no water molecules are complexed in the first coordination
sphere. Although the quantum yield of [Edf-H)]** relative
to [Eu(terpy}]®" is weak and amounts t®, = 1.1 x 1072
(Paps = 1.5 x107%),50 it corresponds to twice that measured
for [Eu(L3)3]3" in the same conditionsThe protection of EY
in [Eu(L%+H)]*" and its resistance toward hydrolysis is
significantly improved. The addition of 10 M water in aceto-
nitrile has only a minor effect on the emission spectrum of [Eu-
(L1%+H)]** and its associated Ellp) lifetime (1.96(3) ms in
the absence of water and 1.29(5) ms with 10 M water, Table
6), while a drastic quenching of the luminescence is observed
for [Eu(L3)3]°" after the addition b1 M water (Figure 8f A
comparison between the quenching efficiencies £ Ms D,O
using the empirical Horrocks and Sudnick’s equéatiadlows
a maximum estimation off = 0.2 + 0.5 water molecule
coordinated to Eli in acetonitrile containing 10 M water (Table
S5). Such a small number can be accounted for by interactions
in the second coordination sphere.

The excitation spectrum of the deprotonated podate [E)]{L
(ClOy)3 (4) at 10 K displays two broad bands centered at 17213
and 17236 cm! pointing to at least two different crystal-
lographic sites in the solid. However, selective laser-excited
emission spectra do not show significant variations in agreement
with the existence of several sites with very similar geometries

Despite the faint metal-centered emission of the complex, we
detect three equally spaced components for ibg — “F;

height: fwhh= 11.9 cn1') compatible with the existence of a
single Eu(lll) site in the crystal. This transition is shifted to
17225 cm! at 295 K6 and matches that previously observed
for [Eu(L®)3]®" in the same conditions (17227 c#).® The
application of Frey and Horrocks’ equatidipredicts an energy
of 17233 cn! for this transition at 295 K when Eu(lll) is nine-
coordinate by six oxygen atoms of carboxamide groups and three
heterocyclic nitrogen atonfdn qualitative good agreement with

(46) Binzli, J.-C. G. InLanthanide Probes in Life, Chemical and Earth
SciencesBinzli, J.-C. G., Choppin, G. R., Eds.; Elsevier Publishing Co:
Amsterdam, 1989, Chapter 7.

(47) Frey, S. T.; Horrocks, W. deWhorg. Chim. Actal995 229 383.

transition (16892, 16845, and 16779 chnFigure 7b) implying
a severe distortion fronCz-symmetry. The E&Do) lifetime
(1.41 ms at 10 K, Table S11) is shorter for [E&)(CIO4)3z

compared to its protonated analogue which strongly suggests a

(48) Piguet, C.; Williams, A. F.; Bernardinelli, G.;"Bali, J.-C. G.Inorg.
Chem.1993 32, 4139.

(49) Aime, S.; Botta, M.; Dickins, R. S.; Maupin, C. L.; Parker, D. A.;
Riehl, J. P.; Williams, J. A. GJ. Chem. Soc., Dalton Tran$998 881.

(50) Petoud, S.; Buzli, J.-C. G.; Glanzman, T.; Piguet, C.; Xiang, Q.;
Thummel, R. PJ. Luminesc1999 82, 69.

(51) (a) Horrocks, W. deW.; Sudnick, D. R. Am. Chem. Sod.979
101, 334. (b) Horrocks, W. deW.; Sudnick, D. Bciencel979 206, 1194.
(c) Horrocks, W. deW.; Sudnick, D. RAcc. Chem. Red.981, 14, 384.
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Table 6. Quantum Yields ) Relative to [Eu(terpy)®" and [Th(terpy3]®* (terpy = 2,2:6',2"-Terpyridine) and Lifetimest) of the EufDo)
and ThfD,) Levels for [Ln(L19](ClO4)s and [Ln(L%+H)](TfO)4 (Ln = Eu, Tb) 10° M2 in Acetonitrile at 298 K

compd added kO (M) Aexc (NM) €exc(M~tcm™?) 7 (ms) D Daps

[Eu(terpy}]®* 0 371 549 2.71(3) 1 1.3 10°2¢
[Eu(Lio+H)]4* 0 314 352 1.96(3) 1.% 102 1.5x 10
2.0 314 382 1.91(3) 8.6 03 1.1x 10

4.0 314 367 1.50(3) 7503 9.9x 107

6.0 313 344 1.36(3) 5.5 1073 7.3x 10°°

8.0 310 350 1.31(3) 3.5 1073 4.6x 1075

10.0 306 361 1.29(3) 2.%10°8 2.8x 10°°

[Eu(L19)]3* 0 316 716 1.66(3) 8.6 103 1.1x 107
2.0 315 709 1.56(3) 5.2 1073 7.0x 10°°

4.0 315 702 1.46(3) 42103 5.5x% 1075

6.0 314 705 1.42(3) 2.8 1073 3.7x10°°

8.0 312 684 1.32(3) 2.210°3 29x 10°

10.0 308 719 1.24(3) 1.8 108 24x 10°

[Tb(terpy)]®* 0 364 685 1.21(3) 1 4.% 10°2¢
[Th(L1O+H)]** 0 319 234 1.58(2) 0.73 341072
2.0 319 236 1.52(2) 0.68 321072

4.0 319 248 1.48(2) 0.57 2% 1072

6.0 318 257 1.27(2) 0.42 201072

8.0 315 271 1.16(2) 0.28 13102

10.0 311 281 1.11(2) 0.19 94103

[Th(L9)J3+ 0 322 704 1.11(2) 1.6 102 48x 102
2.0 320 701 1.09(2) 9.9 1072 4.7x 1078

4.0 319 702 1.07(2) 9.6 102 4.5x% 1073

7.0 318 697 1.06(2) 8.4 1072 3.9x 108

9.0 315 707 1.05(2) 6.9 102 3.2x 1073

10.0 313 703 1.05(2) 6. 1072 2.9x 1073

aQuantum yields are determined for2M solution to minimize decomplexatiof.Relative errors onb, are typically 16-15%. ¢ Measured
relative to an aerated water solution of [Ru(bi¥) whose absolute quantum yield has been deternfihed.

2.0
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Figure 8. EulDy) lifetimes for [Eu(L1°+H)]*" (O) and [Eu(Ll9]3*
(m) and ThfD,) lifetimes for [Th(L4+H)]** (a) and [Tbh(L19]3* (a)
as a function of the concentration of added water in acetonitrile at
298 K.

less efficient protection of the metallic site from external
interactions and/or an improved flexibility of the receptor.
According to the excitation spectrum of [EU4@)]®" in aceto-
nitrile (10-3 M, 298 K), a single site is restored in solution
whose®Dy < 7Fp transition lies at 17217 cm (fwhh = 7.8
cm™1) as similarly found for [Eu(E°4-H)]** (17219 cn1?, fwhh

= 9.2 cnT?) and in agreement with @;-symmetrical pseudo-
tricapped trigonal prismatic coordination geometry around Eu-
(I1). The Eu@Dy) lifetime of [Eu(L19)]3" (1.66(3) ms) in solution

ligand and not from the coordination of water molecules in the
first coordination sphere.

As previously reported for the triple-helical complex [Tb-
(L3)3]%",° the podates [Tb(9)]3+ and especially [Th(L+H)]4*
exhibit a strong green luminescence upon UV irradiation
associated with metal-centereid, — ’Fj (j = 1—6) transitions.
Compared to Eu(lll), the quantum yields are more encouraging
(5 x 1073 < ®yps < 5 x 1079 and point to a better 1° —
Tb(lll) energy transfer. Resistance toward water hydrolysis is
also remarkable with only a minor reduction of the quantum
yield upon the addition of 10 M water which can be compared
with the 36% decrease observed B([Th(L3)3]%") in aceto-
nitrile containirg 1 M water.

Discussion

The podand E° acts as a nonadentate ligand toward Ln(lIl)
in acetonitrile leading to stable complexes [LEH)' in which
the metal is coordinated in a facial pseudo-tricapped trigonal
prismatic site. NMR studies imply that the tridentate chelating
units are helically wrapped about Ln(lll) to give an isostructural
series ofCs-symmetrical podates [Ln@#9)]3* (Ln = La—Lu),
but the separation of contact and pseudo-contact contributions
points to significantly different pseudo-contact ter@g and
Gcs for the protons located in the meta positions of the pyridine
ring. This can be accounted for by a slight shift of Ln(lll) toward
the covalent tripod associated with a possible weak interaction
with the lone pair of the apical nitrogen atom. Emission spectra

remains shorter than that observed for the analogous protonatedn solution confirms aCs-symmetry for [Eu(l29]3* in which

podate (1.96(3) ms) thus confirming the better rigidity and
protection of the Eu(lll) site in [Eu(t®+H)]*". The only
marginally lower quantum yields measured for [EWjI"

Eu(lll) is efficiently protected from external interactions. In
particular, the EWDo) lifetimes measured for [Euf®]3*
demonstrate that the podate is resistant toward hydrolysis and

(Table 6) associated with a similar resistance toward water no water molecule is bound in the first coordination sphere in

hydrolysis (Figure 8) unambiguously confirm that (i) the-N
oscillator has minor effects on the emission properties of Eu-
(1) in [Eu(L 1%+H)]*" and (ii) the reduced lifetimes observed
for [Eu(L19]3" originate from an improved flexibility of the

acetonitrile/water (8:2). As we have firmly established that (i)
the podates [Ln(9)]3+ possess a similar structure in acetonitrile
along the complete lanthanide series and (ii) no extra solvent
molecules are coordinated to the metal in [LHjI3*, the
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complexation process leading to the podate may be reasonably The clipping of three carboxamide units by a short covalent
described by two successivermal steps: first the complete  tripod and the protonation of the apical nitrogen atom in [Ln-
desolvation of the cation and the ligand (eq 11) followed by (L1°+H)]*" forces Ln(lll) to lie in the center of the pseudo-
the combination of the two desolvated partners (eq’12). tricapped trigonal prismatic site and provides a global conical
shape for the podate as observed in the crystal structure of [Eu-
[Ln(S)*" + LYS),=Ln* + L+ (m+n)S (11) (LY%4-H)]**. The pseudo-contact term@; found for [Ln-
(L19+H)]** in solution suggest that a related structure is
Ln®*" + L= [Ln(L")]*" (12) maintained in solution and we have further tested this hypothesis
_ _ by using the crystal structure of [EU(l+H)]*" as a structural
When S= H,0, it has been shown that the opposite enthalpic oqe| for the separation of contact and pseudo-contact contribu-
(AH(eq 11)> O)_and entropictT-ASeq 11)< 0) contrlbunons_ tions in [Ln(L1%4+H)]** and [Ln(L19]3* in solution. We have
to the desolvation process compensate themselves leading tQomplied to the following procedure. (1) Starting from the axial
negligible dehydration free energies®(eq 11)~ 0) along the coordinate®d; andr; for each nucleus #46, C1, C3-6, C8, CL0
complete lanthanide series. Consequently, the variation of freeigken from the crystal structure of [EU@-H)]4*, the structural
energies for the global complexation procassdora = AG(eq factors (1— 3 cog 6)/r® are calculated (the protons2HHe,
11) + AG(eq 12) essentially reflects the combination step (€q and H0 are not considered because of fast rotation of the methyl

12) leading to the well-known enthalpy-driven electrostatic groups in solution). (2) Contact contributions are excluded for
effect, i.e., an increase of the formation constants with the c1 8 and @0 which are sufficiently remote from the Ln(lll)

decreasing size of the lanthanide metal ibAsielated behavior  qjte and which possess small to negligiBleterms (Table 3).

is obtained for the formation of [L['@]3+ andL[Ln(L10+H)L]4+ (3) The experimental isotropic paramagnetic shift§1? are

H i . n —_ u a

in acetonltrllelwatﬁr (95-5)&?%1@11 = |°g(ﬂn — log(B110 fitted to eq 13 by using multilinear least-squares methods with
= 2.5 andAlog(f1;) = log(f11) — log(B11y) = 1.9, respec-  gjght parameters for each lanthanjdeeven contact contribu-

tively) which suggests that Ln(lll) ions are preferentially {jong ©¢ for H*6 and G~6) and one axial anisotropic mag-
solvated by water molecules in this solvent. In pure acetonitrile .- su]sceptibility parameteéf?, 10 x 8 fits).55
I '

(water content<1073 M), lanthanide perchlorates at low
concentrations (IG—10~4 M) exist as solvated ions [Ln(GH 1-3co26

CN).]3* (n = 8, 9) whose structures are similar to those found P £., 72 i + % (13)
for the aquo ion83 We can reasonably assume that the enthalpic i % 3 Z I
contribution to the desolvation process is reductH(eq 11)- i

(CHsCN) < AH(eq 11) (HO)) while the entropic terms which 27 . . .
essentially reflect the translational contributizere comparable Computed values of-y;" and o; together with associated
(ASeq 11)(CHCN) ~ ASeq 11)(H0)) in both solvents. average values calculated fbr and G; terms using eqs 5 and
Therefore, the compensation effect observed for the dehydration® for [|-”(|-10"'_H)]4_+ and [Ln(L')]** (Ln = Ce, Pr, Nd, Sm,
step in water is removed in pure acetonitrile and we have to EU, YD) are given in Tables S8 (Supporting Information).
consider separately the global enthalpid{g'oba = AH(eq 11) As expected from the increase of adjustable parameters per
+ AH(eq 12)) and entropic contributionA@'oval = AS(eq 11) lanthanide used in this method, the agreement fa&érsare

+ AS(eq 12)) to the complexation process for which we cannot Significantly improved except for €C%, and C%whose contact
foresee straightforward trends. We observe that the free energie§ontributions are fixed to zero (Table S7, Supporting Informa-
for the formation of [Ln(L19]3* (eq 1) and [Ln(Ll%4-H)]*+ (eq tion). A comparison of the averaggandG; terms obtained by

9) in acetonitrile do not vary significantly along the lanthanide this technique (Tables S8, Supporting Information) with those
series suggesting that eith&kg'ebal and ASvlebal do not depend obtained using eq 7 (Table 3) shows that a satisfying correlation
on the ionic size of the lanthanides or specific compensations iS Only observed for [Ln(E+H)]** as demonstrated by the
occur between the thermodynamic contributions along the Willcott agreement factors (eq %347 callgulated forG; terms
lanthanide series. Surprisingly, the protonation of the apical WTCh%amOU”tS to 0.46 for [Ln@®+H)]*" and 1.11 for [Ln-
nitrogen atom of the tripod has only minor effects on the global (L'91*". As expected, thé; terms are less sensitive to minor
free energies of complexation, Iqﬁﬁ@ being only marginally structural changes and good correlation is found for both types

smaller than Iogﬁ’l‘o) for a given lanthanide metal ion despite of podates in solutionAFs, = 0.09).

the increased electrostatic repulsion between the positively ! . e
charged podand fi>+H]* and Lr#t (Table 2). According to z(qul — G
our detailed NMR and potentiometric studies of°Lwe |
conclude that protonation of the free ligand provides a ca. 1:1 AFGi - 5
mixture of two clipped conformers which are highly preorga- Z(Gieq7)
nized for the complexation of Ln(lll). Bifurcated and trifurcated l T
hydrogen bonds involving the protonated apical nitrogen and

the proximal oxygen atoms of the carboxamide groups are Z( i i
thought to stabilize the clipped conformation as exemplified by 1!

. . . . AFp =|——m (14)
the observation of such interactions in the crystal structure of i eqh2
[Eu(L10+H)]++ GE

I

(52) Nakamaru, KBull. Chem. Soc. Jpril982 55, 2697. .

(53) Deacon, G. B.; Qtler, B.; Junk, P. C.; Lork, E.; Mews, R.; Petersen, : -
J.; Zemva, BJ. Chem. Soc., Dalton Tran$998 3887. Bunzli, J.-C. G.; _Although a perfect correlation is precluded by the poor
Milicic-Tang, A. In Handbook on the Physics and Chemistry of Rare rigidity of the podates along the lanthanide series, the expected
Earthes Gschneidner, K. A., Jr., Eyring, L., Eds; Elsevier Science Pub.: theoretical trend in axial anisotropic magnetic susceptibility
Amsterdam, 1995; Vol. 21, Chapter 145.

(54) Mammen, M.; Shakhnovich, E. I.; Deutch, J. M.; Whitesides, G. (55) Kemple, M. D.; Ray, B. D.; Lipkowitz, K. B.; Prendergast, F. G.;
M. J. Org. Chem199§ 63, 3821. Rao, B. D. N.J. Am. Chem. S0d.98§ 110, 8275.
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Table 7. Comparison between Theoretical and Experimental Data
of the Principal Value of the Axial Anisotropic Magnetic
Susceptibility Tensorg:y”) for [Ln(L*9)]*" and [Ln(L'*+H)]** in
Solutiort

Ln; theory?® [Ln(L9)]3*+ [Ln(L1O04H)]+*
Ce 0.57 —0.08 1.33
Pr 1.00 1.00 1.00
Nd 0.38 —0.36 1.22
Sm 0.06 0.15 0.12
Eu —0.36 0.05 —0.69
Yb —2.00 —0.80 —2.25

aRatios relative to Pr(lll) are giveft.

parameters-y;* is better reproduced for [LnC+H)]** than

for [Ln(L19]3* (Table 7) and we conclude that the crystal
structure of [Eu(t°4-H)]*" is a satisfying structural model only
for [Ln(L1%+H)]** (Ln = La—Lu) in solution. The slight shift
toward the apical nitrogen atom of the tripod experienced by
Ln(lll) in [Ln(L 1913 produces a new set of structural factors
(1 — 3 cog 6)/ri® which significantly deviate from those
observed in the crystal structure of [E4fEH)]4".

However, the improved kinetic inertness toward=P M
helical interconversion observed for [LA@d]3" compared to
[Ln(L%+H)]** in solution is difficult to attribute to such minor
structural variations. Raymond and co-workers have studied
similar interconversion processes for triple-helical complexes
containing six-coordinate Ga(lll) and conclude that Bailar twists
involving trigonal prismatic transition states with no bond
breaking are operatini§. For nine-coordinate podates [Ln-
(L14-H)]** and [Ln(L19)]3", a related torsion mechanism would
involve an eclipsed trigonal prism as the transition state which
will produce severe steric constraints within the tripod and

Renaud et al.

connection of pyridine-2,6-dicarboxamide sidearms to the tris-
(2-(N-methyl)aminoethyl)amine tripod resulting in stalils-
symmetrical podates [Ln{®)]3+ and [Ln(L'%+H)]**. The crystal
structure of [Eu(°+H)]*" reveals that the protonated apical
nitrogen atom of the tripod adopts an endo conformation leading
to a trifurcated hydrogen bond involving the three surrounding
oxygen atoms of the proximal carboxamide units as acceptors
and causing a stretching of the trigonal prism toward the
covalent tripod. Although we were not able to obtain a crystal
structure for [Ln(L19]3*, the solution structure established by
paramagnetic NMR indicates that [LA@)]3" podates display

a structure similar to that found for [Eu{%&+H)]** in the solid
state while a slight shift of Ln(lll) along th€; axis toward the
apical nitrogen atom of the covalent tripod is observed for [Ln-
(L19]3*. Therefore, protonation of 1 is thought to play a
crucial role for (i) preorganizing the free ligand prior to its
complexation and (i) forcing Ln(lll) to occupy a central position
within the conical facial pseudo-tricapped trigonal prismatic site.
This behavior parallels that reported for [LS{I3* whose
lanthanide metal ion is shifted toward the terminal acetal groups
when Ni(ll) is introduced within the tripod to give [LaNi-
(L°-3H)(H20)]?".17 In the latter complex, the tripod is rigidified

by three fused eight-membered metal-containing macrocycles,
while three fused seven-membered hydrogen-containing mac-
rocycles are produced in [Ln{f+H)]**. It is worth noting that
each tridentate sidearm in [Ln{Q]3* and [Ln(LX04-H)]4*
provides two-fused five-membered chelate metallacycles incor-
porating Ln(lll) and leading to a slightly distorted tricapped
trigonal prismatic site similar to those found in [LA3* (i

= 3, 4)%1348The predicted preference of large Ln(lll) ions for
five-membered metallacycl¥ss confirmed by our results and
may explain the failure to prepare regular triple helical nine-

considerable repulsion between the terminal carboxamide groups;oordinate lanthanide podates witf€ which are designed to

of the chelating units. An alternative mechanism involving a

partial decomplexation of one or more chelate sidearms appears

more likely as demonstrated by Williams and co-workers for
sterically constrained bimetallic triple-stranded helic&tesc-
cording to this mechanism, the larger stability found for [Ln-
(L19]3* compared to [Ln(E%+H)]*" may account for its
improved Kkinetic inertness since a tighter binding of the
chelating units is expected in [Ln{®)]3*.

In view of the poor light-harvesting properties of the pyridine-
2,6-dicarboxamide binding unifsthese podates present only
limited interest as light-converting devices. However, laser-
excited high-resolution emission spectra confirm t8g
symmetrical structure adopted by [EdP-H)]*", while sig-
nificant distortions are observed for [E4@]3" in the solid state.
According to EutDo) lifetimes, strong interactions with water
molecules are excluded for both complexes in acetonitrile
containing up to 10 M water which represents a significant
improved resistance toward water hydrolysis compared to the
related nonclipped triple-helical complex [Edfg]3".°

Conclusion

The simultaneous control of (i) the mutual orientation of three
unsymmetrical meridionally tricoordinated semirigid bent tri-
dentate chelating units and (ii) their wrapping around spherical
nine-coordinate Ln(lll) ions has been achieved through the

(56) Meyer, M.; Kersting, B.; Powers, R. E.; Raymond, K. INorg.
Chem.1997 36, 5179. Kersting, B.; Meyer, M.; Powers, R. E.; Raymond,
K. N. J. Am. Chem. Sod996 118 7221. Kersting, B.; Telford, J. R;
Meyer, M.; Raymond. K. NJ. Am. Chem. S0d.996 118 5712.

(57) Charbonniee, L. J.; Gilet, M.-F.; Bernauer, K.; Williams, A. F.
Chem. Commuril996 39. Charbonniee, L. J.; Williams, A. F.; Frey, U.;
Merbach, A. E.; Kamalaprija, P.; Schaad, DAm. Chem. S0d997, 119,
2488.

provide fused six-membered chelate metallacytie®.

When we compare 1 with its nonclipped acyclic precursor
L3, the introduction of a covalent tripod brings three major
improvements. (1) The strictly facial organization of unsym-
metrical tridentate binding units provides a vectorial arrangement
of the strands which offers fascinating possibilities for the design
of anchors in functional heteropolymetallic lanthanide-containing
supramolecular complexes. Directional energy and/or electron
transfers require such structural control which is intensively
explored for d-block metal ion$P*8but essentially ignored with
f-block ions159(2) Structural control, thermodynamic stability,
and kinetic inertness are improved in [LAQI®" and [Ln-
(L19+H)]**. Moreover, a fine-tuning of the arrangement of the
chelating strands and, consequently, of the size and geometry
of the coordination site may be triggered by the protonation of
the covalent tripod. The use of alkali or alkaline earth cations
as alternative messengers for controlling the lanthanide coor-
dination site is an attracting possibility which is currently being
investigated in our laboratories. (3) The clipping of one end of
the trigonal prism by a covalent tripod in the podates [L1f)(E+

and [Ln(Lt%4-H)]** has a beneficial effect on the protection of
the central metal ions toward external interactions, and in
particular water is excluded from the first coordination sphere.
This is crucial for the design of luminescent devices based on
lanthanide metal ions which are very sensitive to deactivation
via high-energy NH or OH oscillators.

(58) For reviews see: Ward, M. @hem. Soc. Re1997, 26, 365. Von
Zelewsky, A.; Belser, PChimia 1998 52, 620.

(59) Piguet, C.; Bozli, J.-C. G.; Bernardinelli, G.; Hopfgartner, G.;
Williams, A. F. J. Am. Chem. Socl993 115 8197. Buwnzli, J.-C. G;
Froidevaux, P.; Piguet, QNew J. Chem1995 19, 661 and references
therein.
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Experimental Section

Solvents and starting materialswere purchased from Fluka AG
(Buchs, Switzerland) and used without further purification, unless
otherwise stated. Acetonitrile, dichloromethahgN-dimethylforma-
mide (DMF), and triethylamine were distilled from Cakind thionyl
chloride from elemental sulfur. Tris(N¢methylamino)ethyl)amine2f?
and 6-(,N-diethylcarbamoyl)pyridine-2-carboxylic aci®){?® were

prepared according to literature procedures. The perchlorate salts Ln-

(ClO4)3°nH,0 and trifluoromethanesulfonate salts Ln(GiTiiH,O (Ln
= La to Lu) were prepared from the corresponding oxides (Glucydur,
99.99%) according to literature proceduf@sSilicagel (Merck 60,
0.040-0.060 mm) was used for preparative column chromatography.

Preparation of Tris{2-[N-methylcarbamoyl-(6-(N,N-diethylcar-
bamoyl)pyridine-2)ethyllamine} (L1%. A solution of 6-(N,N-dieth-
ylcarbamoyl)pyridine-2-carboxylic acid(2.00 g, 9.0 mmol), thionyl
chloride (9.8 mL, 0.14 mol), and,N-dimethylformamide (10@L) in
dry dichloromethane (80 mL) was refluxed for 45 min. The resulting
mixture was evaporated to dryness, coevaporated twice with dichlo-
romethane (2« 20 mL), and dried under vacuum. The white residual
powder was dissolved in dichloromethane, then trid{@nethylamino)-
ethyl)amine 2, 424 mg, 2.25 mmol) and triethylamine (6.3 mL, 45.2
mmol) in dichloromethane (20 mL) were added dropwise under an inert
atmosphere. The mixture was refluxed for 90 min, evaporated to
dryness, and partitioned between dichloromethane (100 mL) and half-
saturated aqueous NEI (100 mL). The aqueous phase was extracted
with dichloromethane (% 50 mL) and the combined organic fractions
were dried (NaSOy) evaporated to dryness and the crude product was
purified by column chromatography (Silicagel; €8H,/MeOH 98:2—
90:10) to give 1.62 g (1.94 mmol, yield 86%) ot%*2H,0 as a pale
yellow oil. *H NMR in DMSO-ds (300 MHz, T = 440 K): ¢ 1.13 (t,
3J = 7.0 Hz, 18H), 2.652.75 (m, 6H), 2.96 (s, 9H), 3.40 (§ =7
Hz, 12H), 3.40 (m, 6H), 7.507.58 (m, 6H), 7.95 (8] = 7 Hz, 3H).
13C NMR in DMSO-ds (75 MHz, T = 440 K): primary C 12.39, 34.50;
secondary C 40.32, 46.45, 51.11; tertiary C 121.84, 122.17, 137.08;
quaternary C 152.93, 153.32, 166.46, 166.89. ES-MS,CTH- 0.1%
HCOOH): m'z801.4 [M+ H]*, 401.6 [M+ 2H]?". Thermogravimetry
55—140 °C, weight loss 4.12%, calcd for 2B in CsHeoN10Os*
2H,0: 4.30%.

Preparation of the Complexes [Ln(L'9)](CIO 4)s*xH,0 [Ln = Eu
(4), Gd (5), Th (6)]. L**2H,0 (48 mg, 0.06 mmol) and Ln(CLl}-
xH20 (Ln = Eu, Gd, Th;x = 4—7, 0.06 mmol) were dissolved in hot
acetonitrile (5 mL). The mixture was cooled and stirredXd atroom
temperature. Slow diffusion d@ért-butlymethyl ether for 24 h into the
concentrated acetonitrile solution gave-&%5% of complexes Ln(9)]-
(ClO4)3°xH0O [Ln = Eu,x = 2.5 @), Ln = Gd,x = 2 (5), Ln = Th,
X = 2 (6)] as white waxy solids.

Preparation of the Complexes [Ln(L*°+H)](TfO) 4-yH0-zCH3CN
[Ln = La (7), Eu (8), Gd (9), Tb (10), Lu (11)].L*2H,0 (48 mg,
0.06 mmol) and Ln(TfO3xHO (Ln = La, Eu, Gd, Th, Lux = 1—4,
0.06 mmol) were dissolved in hot acetonitrile/propionitrile (1:1, 5 mL).
A 0.06 M solution of trifluoromethanesulfonic acid in acetonitrile (1
mL, 0.06 mmol) was added anert-butlymethyl ether was slowly
diffused into the mixture for 3 days to give 998% of complexes
[Ln(LX%4+H)](TfO)4-yH20-zZCH,CN [Lh = La,y = 0.3,z= 0.2 (7), Ln
=Eu,y=0.3,z=0.2@),Ln=Gd,y=0.2,z=0.3 9), Lh =Th,
y=04,z=0.1 (10), Ln = Lu, y = 0.4,z = 0.1 (12)] as white
microcrystals. X-ray quality crystals of [Eu(l-H)](CF:SOs)s(PFs)(CHs-
CN)os (12) were obtained with the same procedure, but tetrabutylam-
moniumhexafluorophosphate (271 mg, 0.7 mmol) was added to the
acetonitrile solution prior to the slow diffusion of diethyl ether.
Complexes4—11 were characterized by their IR spectra and gave
satisfactory elemental analyses (Table S9, Supporting Information).

Physicochemical MeasurementsElectronic spectra in the UV
visible range were recorded at 2Q from 10°—10"* M acetonitrile

solutions with Perkin-Elmer Lambda 5 and 9 spectrometers using quartz

cells of 0.1 and 1 cm path length. Spectrophotometric titrations were
performed with a Perkin-Elmer Lambda 5 spectrometer connected to

(60) Desreux, J. F. Ilanthanide Probes in Life, Chemical and Earth
SciencesBinzli, J.-C. G., Choppin, G. R., Eds.; Elsevier Publishing Co:
Amsterdam, 1989; Chapter 2.
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an external computer. In a typical experiment, 50 mL of ligafdél L
(107 M) in acetonitrile were titrated at 298 K with a solution of Ln-
(ClO4)3*xH20 2 mM in acetonitrile. After each addition of 0.1 mL, the
absorption spectra were recorded gsia 1 cm quartz cell and
transferred to the computer. Plots of absorbance as a function of the
metal/ligand ratio gave a first indication of the number and stoichi-
ometry of the complexes formed; factor analysis was then applied to
the data to confirm the number of different absorbing species, and
finally, a model for the distribution of species was fitted with a nonlinear
least-squares algorithm to give stability constants using the SPECFIT
program?! IR spectra were obtained from KBr pellets with a Perkin-
Elmer 883 spectrometer. Potentiometric titrations were performed under
an inert atmosphere in a thermostated titration vessel (298 K) equipped
with a pH electrode Metrohm 6.0202.000 connected to a pH meter
Metrohm 691. In a typical experiment, 50 mL of ligand®Lor
complexes [Ln(E9]3* (1072 M) in acetonitrile/water (95:5) containing
NBu,CIO, (0.1 M) were titrated with a solution of trifluoromethane-
sulfonic acid 0.05 M in the same solvent. After each addition of 0.05
mL, the pH was recorded and transferred to a computer. A model for
the distribution of species was fitted with a nonlinear least-squares
algorithm to give acierbase constant$H and*3C NMR spectra were
recorded at 298 K on a Broadband Varian Gemini 300 spectrometer.
Chemical shifts are given in ppm wrt TMS. EI-MS (70 eV) were
recorded with VG-7000E and Finnigan-4000 instruments. Pneumatically
assisted electrospray (ES-MS) mass spectra were recorded from 2
1074 M acetonitrile solution for the complexes on ARl Il tandem
mass spectrometer (PE Sciex). The spectra were recorded under low
up-front declustering or collision induced dissociation (CID) conditions,
typically AV = 0—30 V between the orifice and the first quadrupole
of the spectrometét. The experimental procedures for high-resolution,
laser-excited luminescence measurements have been published previ-
ously3¢2Solid state samples were finely powdered and low temperature
(77 or 10 K) was achieved by means of a Cryodyne Model 22 closed-
cycle refrigerator from CTI Cryogenics. Luminescence spectra were
corrected for the instrumental function, but not excitation spectra.
Lifetimes are averages of at least3 independent determinations.
Ligand excitation and emission spectra were recorded on a Perkin-
Elmer LS-50B spectrometer equipped for low-temperature measure-
ments. The relative quantum yields were calculated using the following
formula®® QJQr = A(A)/AA) (A (Ax) /N2 DD, where
subscript r stands for the reference and x for the sampleas; the
absorbance at the excitation wavelengthis the intensity of the
excitation light at the same wavelengthis the refractive index (1.341

for all solutions in acetonitrile), an® is the measured integrated
luminescence intensity. Thermogravimetric analyses were performed
with a Seiko TG/DTA 320 thermogravimetric balance (undej).N
Elemental analyses were performed by Dr. H. Eder from the Micro-
chemical Laboratory of the University of Geneva.

X-ray Crystal Structure Determination of [Eu(L *°+H)](CF3SOs)s-
(PFs)(CH3CN)o5(12). M, = 1566.6;u = 9.43 mn1?, F(000)= 4758,
D.= 1.67 gcm3, trigonal,R3, Z = 6, a = 13.2949(5) Ac = 61.020-
(3) A, vV = 9340.6(8) R, from 25 reflections (45 < 20 < 60°),
colorless prism 0.12 0.23 x 0.44 mm mounted on a quartz fiber
with RS3000 oil. Cell dimensions and intensities were measured at
200 K on a Stoe STADI4 diffractometer with graphite-monochromated
CuKo radiation ¢ = 1.5418 A), w—26 scans, scan width 1.05+
0.35 tan#@, and scan speed 0.06 deg/s. Two reference reflections
measured every 45 min showed no variatiell2 < h <12; 0 < k <
13; 0< 1 < 64 and all antireflections; 5097 measured reflections, 2552
unique reflections of which 2179 were observablgs|(> 40(Fo));
Rint for equivalent reflections 0.049. Data were corrected for Lorentz
and polarization effects and for absorpfid(A* min, max = 2.725,
7.791). The structure was solved by direct methods using MULTAN
8784 all other calculations used the XTAtsystem. Full-matrix least-

(61) Hopfgartner, G.; Piguet, C.; Henion, J. D. Am. Soc. Mass
Spectrom1994 5, 748.

(62) Piguet, C.; Williams, A. F.; Bernardinelli, G.; Moret, E.; &ali,
J.-C. G.Helv. Chim. Actal992 75, 1697. Petoud, S.; Buli, J.-C. G;
Schenk, K. J.; Piguet, Gnorg. Chem.1997, 36, 1345.

(63) Blanc, E.; Schwarzenbach, D.; Flack, H. D.Appl. Crystallogr.
1991, 24, 1035.
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squares refinement based Busing the weight of 14%(F,) + 0.0001- sanne) for the gift of spectroscopic equipment. This work is

(F?)] gave final valueR = 0.065,wR = 0.062, andS = 2.33(4) for supported through grants from the Swiss National Science
285 variables and 2179 contributing reflections. The non-H atoms were Fqundation.

refined with anisotropic displacement parameters except for the two C

atoms of one disordered ethyl residue. H-atoms were placed in . . . . .
calculated positions and contributed E calculations. The final Supporting Information Available: - Table S1 lists the

difference electron density map showed a maximum+-6f98 and a computed CF’”ta_Ct and pseugocontact C(fgtrlbujlon to th_e NMR
minimum of —1.02 eA 3. The complex is located on a 3-fold axis with paramagnetic _Sh'fts of [LnGIQ)] "and [L.n(L +H)]*" according

Eu, N(1), and H(01) in special positions 6¢. One of the ethyl substituents 10 €0 7; atomic coordinates, bond distances and bond angles,
(C(10)-C(11)) shows a cross disorder (population parameters of 0.6 and anisotropic displacements parameters for [EH(H)]-

and 0.4) and four atomic sites have been refined Withand restraints (CRsS0s)3(PRs)(CH3CN)o 5 (12) are listed in Tables S254; Eu-

on bond lengths and bond angles. The BRd CHCN molecules are  (°Dy) lifetimes for [Eu(L1%+H)]** in acetonitrile/water mixture
disordered. Crystallographic data (excluding structure factors) have beentogether with calculated numbers of inner-sphere water mole-
deposited to the Cambridge Crystallographic Data Base (deposition No.cyles ) are given in Table S5; Tables S®8 collect the axial
102293). anisotropic magnetic susceptibility parameters, contact and pseu-

) docontact contributions, and averggeandG; terms calculated
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