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We report here a structural and photophysical study of lanthanide(lll) complexes with the di-deprotonated form of
the bibracchial lariat ether N,N'-bis(2-salicylaldiminobenzyl)-1,10-diaza-15-crown-5. The X-ray crystal structures of
[Ce(L2-2H)](Cl04)+0.5H,0 (2) and [Sm(L>2H)](CIO,)+C3HgO (5b) show the metal ion being nine-coordinated and
deeply buried in the cavity of the dianionic receptor. Thanks to the formation of a pseudomacrocycle through z—s
interaction between one of the phenol rings and one of the benzyl rings, the complexes present a cryptand-like
structure in the solid state. *H and *C NMR studies on the La(lll) complex point that the solid state structure is
essentially maintained in acetonitrile solution. High-resolution laser-excited emission spectra of the crystalline Eu(lll)
complex demonstrate the presence of several coordination sites arising from different conformations of the crown
moiety. The ligand-to-Eu(lll) energy transfer is relatively efficient at low temperature, but back transfer is implied
in the deactivation process, especially at room temperature, because the ligand triplet state lies at very low energy.
However, the low energy of the 3zzz* state provides an efficient conversion of the visible light absorbed into near-
infrared light emitted by the Nd(IIl) ion.
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and kinetic inertness; (iii) protection of the metal ion from
various quenching or back transfer processgsveral classes

of receptors have been designed to meet these requirements,

such as preorganiz&dhnd predisposétimacrocyclic ligands,
multidentate podandé,or self-assembled lanthanide triple-
stranded helicaté's. In addition, Schiff-base macrocyclic

receptors have also turned out to be good candidates for the

sensitization of Eu(lll) because the electronic delocalization
in the ligand induces a relatively low-lying triplet state, which
also provides an efficient conversion of the visible light
absorbed into near-infrared light emitted by Nd(l11) or Yb(lll)
ions#15

The cyclic framework of crown ethers affords an interest-
ing platform for the complexation of metal ions. Moreover,
the relative facility with which crown ethers can be func-
tionalized with pendant arm(s) containing additional donor
atom(s) allows one to enhance the cation binding ability and
the selectivity of the parent crown ethéin particular, the

hard acid character of the crown moiety makes crown ethers

interesting potential ligands for the complexation of trivalent
lanthanide ion¥ or for the design of efficient lanthanide-
based luminescent devices. In a recent wWérke described
the coordinative ability of the di-deprotonated lariat ether
N,N-bis(2-salicylaldiminobenzyl)-4,13-diaza-18-crownt6:;(
Chart 1) toward lanthanide(lll) ions. This receptor forms
stable complexes in acetonitrile solution only with the three

Chart 1

L1:n=1
L2:n=0

and®3C NMR spectroscopy has been used to obtain structural
information on the Ln(lll) complexes in acetonitrile solution.
Finally, the photophysical properties of the Nd(lll), Eu(lll),
and Gd(Ill) complexes are reported and a high-resolution
luminescence study is presented on the Eu(lll) complex to
obtain structural information both in the solid state and in
solution.

Experimental Section

Materials. N,N-Bis(2-aminobenzyl)-1,10-diaza-15-crown-5 was
prepared by reduction of the corresponding dinitro precursor as
previously describetf Lanthanide(lll) perchlorates hydrates were
purchased from Alfa laboratories and used as received. Salicyl-
aldehyde (98%) and triethylamine (99%) were commercial reagents
from Aldrich. Acetonitrileds; for NMR measurements (Merck, 99%

lightest lanthanide ions (La, Ce, and Pr), as a consequenceb) was used as received.

of the combination of the relatively large ring size of the
crown moiety and the presence of relatively rigid pendant
arms.

Herein, we present the synthesis and the structural
characterization of lanthanide complexes with formula [Ln-
(L2-2H)](ClO4)*xH20-yC3HgO (Ln = La—Ho), wherelL ? is
the lariat etheN,N-bis(2-salicylaldiminobenzyl)-1,10-diaza-
15-crown-5. The crystal structures of the Ce(lll) and Sm(lIl)
complexes were determined by X-ray crystallograpthy.
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Caution! Perchlorate salts combined with organic ligands are
potentially explosie and should be handled in small quantity and
with the necessary precautiofs.

Preparation of the ComplexesN,N-Bis(2-aminobenzyl)-1,10-
diaza-15-crown-5 (0.050 g, 0.108 mmol) and 0.026 g of salicyl-
aldehyde (0.216 mmol) were dissolved in 2-propanol (30 mL) and
heated to reflux. Aftel h asolution of 0.022 g of triethylamine
(0.216 mmol) in 10 mL of 2-propanol was added, and the reflux
was maintained for 30 min. A solution of the corresponding
hydrated lanthanide(lll) perchlorate (0.108 mmol) in 25 mL of the
same solvent was then added, the resultant solution was refluxed
for 2 h and filtered while hot, and the filtrate was left to evaporate
slowly at room temperature to yield yellow crystals that were
collected by filtration and dried under vacuum over GacCl

[La(L 2-2H)](ClO4):2H,O (1). Yield: 0.056 g, 57%. Anal.
Found: C, 50.4; H, 4.7; N, 6.4. Calcd forsgEls,ClLaN,Og*
1.5H,0: C, 50.7; H, 5.0; N, 6.2vma/cm™t 1607 (G=N), 1535
(C=C), 1088 and 623 (CIQ). MS (FAB+) [m/z (% BPI)]: 773
(100%) [Lal2-2H)]". Solution'H and3C NMR: Table 4.

[Ce(L2-2H)](ClO4)+0.5H,0 (2). Yield: 0.078 g, 76%. Anal.
Found: C, 51.7; H, 4.8; N, 6.3. Calcd forzl4,CeCIN,Og-
0.5H,0: C, 51.7; H, 4.9; N, 6.3vma/cm™t: 1607 (G=N), 1535
(C=C), 1113 and 623 (Cl®). MS (FAB+) [m/z (% BPI)]: 774
(100%) [Cel2-2H)]". Yellow single crystals of2, suitable for
single-crystal X-ray diffraction analysis, were grown by slow
evaporation of 2-propanol solutions of the complex.

[Pr(L 2-2H)](CIO,) (3). Yield: 0.088 g, 86%. Anal. Found: C,
52.1; H, 4.8; N, 6.4. Calcd for £gH4,CINJPrQy: C, 52.2; H, 4.8;

N, 6.4. ymafcm L. 1609 (G=N), 1537 (G=C), 1119 and 631

(19) Esteban, D.; Babre, D.; de Blas, A.; Rotyuez-Blas, T.; Bastida,
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(ClO47). MS (FAB+) [mVz (% BPI)]: 775 (100%) [Pi(>-2H)]".
A (acetonitrile): 132 chQ~1 mol1 (1:1 electrolyte).

[Nd(L2-2H)](CIO4)*H,O (4). Yield: 0.046 g, 44%. Anal.
Found: C, 50.9; H, 5.1; N, 5.7. Calcd forsgE4,CINsNdOqy*
0.5GH;0: C, 50.9; H, 5.0; N, 6.3vma/cm™1: 1609 (G=N), 1538
(C=C), 1116 and 622 (CI©). MS (FAB+) [m/z (% BPI)]: 778
(100%) [Nd(2-2H)]*. Ay (acetonitrile): 161 criQ -1 mol1 (1:1
electrolyte).

[Sm(L2-2H)](CIO4)-H,O (5). Yield: 0.074 g, 70%. Anal.
Found: C, 50.4; H, 4.6; N, 6.1. Calcd forgEl1oCIN,OgSm-H,0:
C, 50.6; H, 4.9; N, 6.2vma/cm L 1608 (G=N), 1536 (C=C),
1117 and 624 (CIg)). MS (FAB+) [mVz (% BPI)]: 786 (100%)
[Sm(L2-2H)]*. Ay (acetonitrile): 134 crh Q1 mol~ (1:1 elec-
trolyte). Yellow single crystals with formula [Stiog-2H)](CIO,)-

C3HgO (5b), suitable for single-crystal X-ray diffraction analysis,
were grown by slow evaporation of 2-propanol solutions of the

complex. SolutiontH and3C NMR: Table 4.

[Eu(L2-2H)](CIO4)-C3H7O (6). Yield: 0.026 g, 24%. Anal.
Found: C, 52.2; H, 5.3; N, 5.9. Calcd forzgls,CIEUN,Og*
C3H/O: C, 52.0; H, 5.3; N, 5.9vmadcm™t: 1606 (C=N), 1536
(C=C), 1094 and 623 (CIQ). MS (FAB+) [m/z (% BPI)]: 787
(100%) [Eul?-2H)]". A (acetonitrile): 113 crhQ 1 mol! (1:1
electrolyte).

[Gd(L 2-2H)](CIO 4)-C3H70+0.5H;0 (7). Yield: 0.038 g, 34%.
Anal. Found: C, 51.2; H, 5.3; N, 5.8. Calcd fogdEl1,o,CIGdN,Og
C3H/O: C, 51.3; H, 5.3; N, 5.8vmadcm™t: 1607 (C=N), 1536
(C=C), 1094 and 623 (CI©). MS (FAB+) [m/z (% BPI)]: 789
(100%) [Gd(2-2H)]*. Au (acetonitrile): 144 crhQ~1mol~1 (1:1
electrolyte).

[Tb(L 2-2H)](CIO ) (8). Yield: 0.038 g, 38%. Anal. Found: C,
51.1; H, 4.7; N, 6.3. Calcd for $gH4,CIN4OoTh-H,0: C, 51.1; H,
4.7; N, 6.3.vmafcm™L 1609 (G=N), 1538 (G=C), 1116 and 622
(ClO47). MS (FAB+) [mz (% BPI)]: 793 (100%) [Thi(2-2H)]".

[Dy(L 2-2H)](CIO4)-CsH7O (9). Yield: 0.092 g, 82%. Anal.
Found: C, 51.2; H, 4.9; N, 5.7. Calcd forsgEl;,CIDyN4Oq*
C3H/O: C, 51.5; H, 5.3; N, 5.9vmadcm L 1609 (C=N), 1538
(C=C), 1116 and 622 (CI©). MS (FAB+) [m/z (% BPI)]: 798
(100%) [Dy(L?-2H)]*. Ay (acetonitrile): 118 criQ 1t mol 1 (1:1
electrolyte).

[Ho(L 2-2H)](CIO 4)-H,0-C3H;0O (10). Yield: 0.030 g, 26%.
Anal. Found: C, 50.6; H, 5.2; N, 5.8. Calcd fogdEl;,CIHON,Og
H,O-C3H,0O: C, 50.4; H, 5.4; N, 5.7vma/cm L 1607 (G=N),
1536 (G=C), 1095 and 623 (CIQ). MS (FAB+) [m/z (% BPI)]:
799 (100%) [Hol 2-2H)]". Ay (acetonitrile): 125 crhQ~1 mol~
(1:1 electrolyte).

Gonzdez-Lorenzo et al.

Table 1. Crystal Data and Structure Refinement foand5b

2 5b
formula GagHa2.5CeCINiOg 25 C41H50CIN4O10SmM
M, 878.83 944.65
cryst system monoclinic monoclinic
space group P2i/c P2i1/n
TIK 293(2) 298(2)
alA 25.5382(4) 16.5413(2)
b/A 11.6407(2) 14.3782(2)
c/lA 27.6814(6) 17.8293(2)
pldeg 110.70 98.28
VIA3 7697.8(2) 4196.18(9)
Fooo 3580 1932
z 8 4
Dcaidg cn 3 1.517 1.495
ulmm2 1.312 1.524
Rint 0.1249 0.0579
reflcns measd 50 048 27 258
reflcns obsd 8353 6330
goodness-of-fit orfF2 1.061 1.054
Rq? 0.0958 0.0550
WR; (all data¥ 0.1873 0.1139

@Ry = Z[|Fo| — [Fell/Z|Fo|. ®WR2 = { Z[W(||Fo|? — |Fc[A)?/' [W(Fo)]} V2

spectra in the UV-vis range were recorded at 2CQ on a Perkin-
Elmer Lambda 900 UVvis spectrophotometer using 1.0 cm quartz
cells. Reflectance spectra were recorded on a Perkin-Elmer Lambda
900 spectrometer equipped with a biconical diffuse reflectance
PELA-1022 accessory.

The experimental details for high-resolution laser excited lumi-
nescence measurements were previously desctiefittimes are
averages of at least-3% independent determinations. Ligand
excitation and emission spectra were recorded on a Perkin-Elmer
LS-50B spectrometer equipped for low temperature (77 K) mea-
surements. Absolute quantum yields were calculated relative to
quinine sulfate in dilute sulfuric acid (absolute quantum yield:
0.546¥2 or cresol violet (absolute quantum yield: 0.32).

X-ray Crystal Structure Determinations. Crystal data and
details on data collection and refinement are summarized in Table
1. Three-dimensional, room-temperature X-ray data were collected
in the 6 range 0.85-28.27 (2) and 1.5728.30C (5b) on a Bruker
Smart 1000 CCD instrument. Reflections were measured from a
hemisphere of data collected from frames each of them covering
0.3 in w. Of the 50 048 2) and 27 258%b) reflections measured,
all of which were corrected for Lorentz and polarization effects
and for absorption by semiempirical methods on the basis of
symmetry-equivalent and repeated reflections, 82)30d 6330
(5b) independent reflections exceeded the significance leé# (

Measurements Elemental analyses were carried out on a Carlo 4|F|) > 4.0. The structures were solved by direct methods and
Erba 1108 elemental analyzer. FAB mass spectra were recordedrefined by full-matrix least squares d¥. Hydrogen atoms were
using a Fisons Quatro mass spectrometer with Cs ion gun andincluded in calculated positions and refined in the riding mode.

thioglycerol matrix.'H and 13C NMR spectra were run at 20C

with Bruker AC200 F, Bruker AMX300, and Varian Unity-500

Refinement was performed with allowance for thermal anisotropy
of all non-hydrogen atoms id and5b except for the atoms O(1W)

spectrometers operating respectively at 200.13, 300.130, andin 2 and C(1S), C(2S), C(3S), and O(1S) of the 2-propanol group

499.824 MHz for'H and 50.366, 75.533, and 125.789 MHz for

in 5b. The crystal oR presents two complex salts in the asymmetric

13C. Chemical shifts are reported in parts per million with respect unit and presents a disorder in one ionic perchlorate. This disorder

to TMS. Longitudinal'H relaxation timesT; were measured by

the inversion-recovery pulse sequengeSpectral assignments were

has been resolved, and two atomic sites for O(11), O(12), and O(13)
atoms of the perchlorate ion have been observed and refined with

based in part on two-dimensional COSY, HMQC and HMBC anisotropic atomic displacement parameters. The sites occupancy
experiments. IR spectra were recorded, as KBr disks, using a Brukerfactor was 0.59308 for CI(2A), O(11A), O(12A), and O(13A). The
Vector 22 spectrophotometer. Conductivity measurements werecrystal of 5b presents a disorder in the carbon atoms around the

carried out at 20C with a Crison Micro CM 2201 conductimeter
using 10 M solutions of the complexes in acetonitrile. Electronic

(21) Vold, R. V.; Waugh, J. S.; Klein, M. P.; Phelps, D.EChem. Phys.
1968 48, 3831.
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1979 83, 696.
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perchlorate ion. These disorders have been resolved, and two atomic Ci35)
sites for C(6), C(10), and C(11), around the N(2) atom, and for
O(6) and O(9), in the perchlorate ion, have been observed and
refined with anisotropic atomic displacement parameters. The sites
occupancy factors were 0.57604 for C(6A), C(10A), and C(11A)
and 0.62841 for O(6A) and O(9A). Minimum and maximum final iy ‘ ) S 4

electronic densities 0£0.742 and 1.169 e #for 2 and —0.697 e A g =S N N 08l
and 0.544 e Afor 5b were found. Complex scattering factors were - RS (™S A A
taken from the program package SHELXlas implemented on J
a Pentium computer.

Results and Discussion

Synthesis and CharacterizationReaction ofL? [prepared
in situ by the condensation &f N-bis(2-aminobenzyl)-1,10-
diaza-15-crown-5 and salicylaldehyde] with triethylamine
and the corresponding hydrated lanthanide perchlorate in
2-propanol led to complexes of formula [ILE2H)](CIOy)-
XH;0-yC3HgO (Ln = La—Ho) in 24—86% yield. The IR and
FAB-mass spectra of the complexes confirmed the formation
of the Schiff-base lariat ether and its presence in the
complexes. The IR spectra (KBr disks) feature a band
attributable ta/(C=N)imine Stretching mode at ca. 1608 cin
The presence of this band together with the absence of bands
due to carbonyl and/or amine vibration modes confirms the
formation of the imine. Bands corresponding to théCl—
O) stretching andd,{O—CIl—-0) bending modes of the
perchlorate groups appear at ca. 1100 and 630'éhThe
absorption at 630 cni clearly shows up without splitting,
as befits an uncoordinated anion. The FAB-mass spectrum
of each complex displays a very intense peak (100% BPI)
corresponding to the [Lh@-2H)]* fragment. The molar
conductivity values, as measured in ca3®l acetonitrile

solutions of the complexe;, fal.l in the range _generally Figure 1. Crystal structures of [C&E-2H)]* (top, A optical isomer) and
accepted for 1:1 el_eCtrplyteS n th|§ solvéhsuggesting t.hat. [Sm(L2-2H)]* (botton, A optical isomer). Hydrogen atoms are omitted for
the perchlorate anion is not coordinated to the Ln(lll) ion in simplicity. The ORTEP plot is at the 30% probability level.
acetonitrile solution.

X-ray Structures of 2 and 5b. Crystals of2 and 5b
consist of [Cel(?-2H)]" and [Sm[?-2H)]" cations, respec-
tively, and one well-separated perchlorate anion; crystal ce(1}-0(1) 2.593(7) Ce(2}0O(6) 2.587(7) Sm(BO(1) 2.552(4)

lattices also contain solvent and water molecules. Complexge(i)—g(g) %-ggé(;) ge(Z-)g(g) g-;gi(;) gm(Hg(g) %ggg(ﬁ)
2 crystallizes in the monoclinic space groBg,/c, and the CEEJ_O&; 2:3008 cg%og 2:297&33 smégo% 599 48

asymmetric unit contains two different [@e¢2H)]CIO, Ce(1)}-0(5) 2.287(6) Ce(2YO(10) 2.297(6) Sm(BHO(5) 2.258(4)
complex salts with slightly different bond distances and geg);mg; g-gg;g; ge%m% g-g?gg; gmgmgg %-ggggig

. . .. e . e . m .
angles. Complexsb crystalllzgs |n.the mgnochmc SPACe  Ce(1)-N(3) 2.984(8) Ce(2yN(7) 2.822(8) Sm(IYN(3) 2.757(4)
groupP2:/n, but the asymmetric unit contains a single [Sm- Ce(1)-N(4) 2.644(7) Ce(2yN(8) 2.685(8) Sm(1L¥N(4) 2.580(4)
(L2-2H)]CIO4 complex salt. In the complexes [Unf-2H)]*
(Ln = Ce, Sm), the corresponding lanthanide ion is bound except for the distances between the lanthanide ion and both
to the nine available donor atoms of the bibracchial lariat pivotal nitrogen atoms, which are considerably shorter in the
ether as shown in Figure 1. Table 2 summarizes selectedcase of2. This is probably a consequence of the smaller
bond lengths, while selected bond angles are given in Table

S1 (Supporting Information). Most of the bX (X = O,

Table 2. Selected Bond Lengths (&) for Complex2sind5b
2 2 5b

(27) Rogers, R. D.; Rollins, A. N.; Benning, M. Mnorg. Chem 1988

N) distances are standattWe have noticed that the €& 27, 3826. Rogers, R. D.; Rollins, A. N.; Etzenhouser, R. D.; Voss, E.
i imi + 18 J.; Baner, C. Blnorg. Chem1993 32, 3451. Lee, T. J.; Shen, H.-R;
distances are very similar to those found for [CJeEH)] ’ Chin, T. I.; Chang, C. TActa Crystallogr., Sect. @983 39, 1357.
Rogers, R. D.; Kiruhara, L. Kinorg. Chem 1987, 26, 1498. Burns,
(24) Sheldrick, G. MSHELXTL Bruker Analytical X-ray Systenelease J. H.Inorg. Chem1979 18, 3044. Spodine, E.; Moreno, V.; Garland,
5.1; Bruker: Madison, WI, 1997. M. T.; Pena, O.; Baggio, Rnorg. Chim. Acta200Q 309, 57. Terzis,
(25) Nakamoto, K. Ininfrared and Raman Spectra of Inorganic and A.; Mentzafos, D.; Tajmir-Riahi, H. Alnorg. Chim. Actal984 84,
Coordination CompoundsSrd ed.; J. Wiley: New York, Chichester, 187. Howell, R. C.; Spence, K. V. N.; Kahwa, I. A.; Williams, D. J.
Brisbane, and Toronto, 1972; pp 14254. J. Chem. Soc., Dalton Tran$998 2727. Bernhardt, P. V.; Flanagan,
(26) Geary, W. JCoord. Chem. Re 1971, 7, 81. B. M.; Riley, M. J. Aust. J. Chem200Q 53, 229.
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ring size of the ligand, which allows the pivotal nitrogen Ni2)
atoms to approach the Ln ion.

Figure 1 allows an appraisal of the conformation adopted
by the bibracchial lariat ether i@ and 5b. Both sidearms
are on the same side of the crown moiety, resulting $yra
conformation. Likewise, the lone pair of both pivotal nitrogen
atoms is directed inward the receptor cavity in emdo-
endo arrangement. It must be pointed out that thyn
conformation adopted by the lariat ether leads to a chiral
structure for the complex with two possible optical isomers,
labeledA or A, indicating either left-handed\( or right-
handed Q) structural chirality about the 2-fold symmetry
axis of the complex. Inspection of the crystal structure data
reveals that2 and 5b crystallize as racemates. The two
aromatic rings containing C(12) and C(33) are nearly parallel,
and the coordination of both sidearms to the Ln(lll) ion
brings the two aromatic rings close together so that intra-
molecularz—z interactions are possibté 3 The distance
between the center of both rings is 3.967 A for the cation
complex containing Ce(1) and 3.816 A for the cation Figure 2. View of the coordination polyhedron in [Qet-2H)]*.
complex containing Ce(2), and the dihedral angles between
the least-squares planes are 15.7 and°]2edpectively. For
5b, the distance between the center of both rings is 3.962 A 4 “©
and the dihedral angle between the least-squares planes O
amounts to 16.7 These data demonstrate that the electron- ;
rich phenol ring containing C(33) overlaps the electron-
deficient benzyl ring containing C(12), which results in a
cryptand-like structure due to the formation of a second
pseudomacrocycle. Similar—s stacking interactions were
observed for a Ba(ll) complexes with a 18-crown-6 ligand
bearing two 5-chloro-8-hydroxyquinoline units.

The coordination polyhedron around the lanthanide ion vis ()
may be described as a distorted monocapped square antiprism
comprised of two parallel pseudo planes: O(1), O(3), O(5),
and N(1) define the upper pseudoplane while O(2), O(4),

N(3), and N(4) define the lower pseudoplane, N(2) capping

ot

Rr1

&

. . . R2
the upper plane (Flggre_ 2)' The degre? of d'_Stortlon of th_e Figure 3. Definition of the angles and vectors used in the analysis of a
bicapped square antiprisms has been investigated quantitasquare antiprism coordination polyhedron.

tively using a geometric analysis on the basis of the
determination of three angles, 6, andw; (Figure 3)** The  (Table 3), disregarding the different nature of the donor atoms

average bending of the uppevs(j)) and lower ¥i(j)) of the ligand. This indicates a small bending of the upper
pseudoplanes is measured by the argleetween the sum  and lower facial planes, which is also confirmed by their
vectorsR; andR; (Ry = ZleLn —vs(j), Rz = Zf':an - almost parallel arrangement (Table 3). Thealues between

vi(j), and¢ = 180 for an ideal square antiprism), while the the R; and thevs vectors are in general larger than those
angles; reflect the flattening of the coordination polyhedron formed betweerR, and thevi vectors for both complexes
along the pseud@y axis. Finally, the angles; show the as a consequence of the unsymmetrical position of the Ln
deformation of the coordination polyhedron from a square ion into the coordination polyhedron, probably because the
antiprism (ideal value 49 toward a square prism (ideal value capping atom “pulls” the lanthanide ion closer to the upper
0°). In both2 and5b complexes the angle does not deviate plane (Table 3). Finally, the mean angles are very close
much from the expected value for a perfect square antiprismto the ideal values of #5expected for a square antiprism
(28) Zhang, X.-X.; Boedunov, A. V.; Bradshaw, J. S.; Dalley, N. K.; Kou, (T?ﬁlzn‘?:j).li‘c NMR spectra. ThelH andC NMR spectra

X.; Izatt, R. M.J. Am. Chem. Sod 995 117, 11507. . . .
(29) Ranganathan, D.; Haridas, V.; Gilardi, R.; Karle, 1.JLAm. Chem. of the La(lll) diamagnetic compleX were recorded in

Soc 1998 120, 10793. itri i i i -
(30) Lahiri, S.: Thompson. J. L.: Moore, J. . Am. Chem. So@00Q apetom?rlledg solution and assigned on the bas!s of two
122 11315. dimensional COSY, HMQC, and HMBC experiments at

(31) g’iguet, C., BuCer:, JCS G, Beqnardinelli, g<’39.; Bgoschetlhcb_G-: Froi- 293 K (Table 4; see Figure 1 for the numbering scheme).
Si\é?,léﬁ’itipii]:. iy J__OCCI"G'.D.angLeTtraCnff o 8 350'293’;’ The anionic nature of the receptor is confirmed by the

121, 10747. absence of signal due to the phenolic protons. Both'the
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Table 3. Geometric Analysis of the Coordination Polyhedra2iand Table 4. 'H and3C NMR Shifts ¢, with Respect to TMS) of

5b Compoundsl and 5?2
22 2 5b H 1P 5 15C 1v 5¢
a/deg 9.6 10.6 12.4 Hlax 3.02 —0.90 C1 55.2 54.1
dyAd 0.1591 0.1628 0.0937 Hleq 3.02 —-1.02
d¥Ae 0.0258 0.0016 0.0967 H2ax 3.43 1.43 c2 70.8 72.8
dAf 2.590 2.560 2.38 H2eq 3.72 1.43
dyAe 1.871 1.898 1.64 H3ax 3.53 8.14 c3 67.8 79.0
d5An 0.9630 0.9567 0.9431 H3eq 3.63 4.21
de/Ai 1.5753 1.5539 1.4549 Héax 3.14 8.27 C4 71.2 80.6
pldeg 170.5 171.0 172.8 Héeq 4.32 4.82
meand vs — Ri/deg 67.9 68.1 67.9 H5ax 3.53 2.14 C5 70.4 70.4
meanf vs — Rj/deg 52.4 52.9 54.2 H5eq 4.13 (b) 2.82
meanw vs - vii/deg 45.7 45.6 44.9 H6ax 2.28 5.47 C6 53.4 64.2
_ _ N _ H6eq 3.43 0.78
2 Data corresponding to the cation containing Ce{Data corresponding H7ax 2.66 (d) 1.43 c7 59.1 60.0
to the cation containing Ce(2 Angle between the upper and lower facial H7eq 3.03 ~0.90
planes.4 Mean deviation from planarity of the upper facial plah&lean H8.y 3.75 2.82 cs 71.1 78.5
deviation from planarity of the lower facial planeDistance between the H8eq 4.25 5.48
upper and lower facial plane$Distance between N(2) and the upper plane. g . 3.63 531 c9 70.5 80.7
h Distance between Ln and the upper pldrgistance between Ln and the Ho9, 3.90 8.05
‘eq . .
lower plane. H104x 2.42 (d) 7.84 C10 53.7 62.7
H10q 4.32 2.12
and®C NMR spectra demonstrate that the complex presents H11g 4.33 —0.28 (d) c11 57.9 56.6
a C; symmetry in acetonitrile solution, as in the solid state. Hllp 3.90 1.09
Large low-frequency shifts have been described for aromatic c12 128.4 d
o e , 7 H13 7.29 (m) 6.53 (d) C13 132.3 134.9
protons of electron-deficient aromatic rings, which can still  Hi4 7.00 (td) 6.65 (t) Cl4 126.2 130.5
be further shifted byr—x interactions between aromatic H15 6.92 (m) 6.17 (td) C15 130.8 1333
rings2832 This seems to be the situation for compouhd H16 566 (d) 4.38 (d) C<1:%6 1(122'1 é25'0
for which the signal attributable to the aromatic proton H16  Hig 8.04 (s) 4.64 ci18 169.7 172.7
occurs at an unusually low frequency (5.66 ppm, Table 4). Ho0 729 (m) 739 (m) Cégo 1%234 &3 o
o : : : .29 (m .39 (m . .
Therefore, thet—ma mtergctlons op;erved m the _solld sta’Fe Ho1 6.59 (td) 7.29 (1) Co1 1152 1208
appear to operate also in acetonitrile solution. Since assign- H22 7.29 (m) 8.38 (td) c22 135.6 141.7
ments to specific axial/equatorial GHbrotons were not H23 6.10 (m) 9.62 (d) Cg§3 1(121-9 é27-1
pos§|ble on the basis of the 2[? NMR spectra, they were H25 376 ~0.06 (d) Cos 62.9 64.1
carried out using the stereochemically dependent proton shift H2s,  3.16 (d) 0.98 (d)
effects, resulting from the polarization of the-€l bonds Loy 734 dd) 5,81 (0 Cé% 12193-39 (133 .
by the electric field generated by the cation chaﬁ?ge_ls Ho8 7.26 (m) 6.88 (1) Cos 1961 1297
predicted from the X-ray crystal structure & This H29 7.40 (td) 7.39 (m) c29 130.8 135.4
polarization results in a deshielding of the equatorial protons, H30 6.64 (d) 8.94 (d) cgfo ld23-8 $25-4
which are pointing away from_ the .metal ion. H32 7.90 (s) 565 Ca2 166.7 1713
For the Sm(lll) comple, which displays relatively sharp C33 127.3 d
signals, the'H (Figure 4) and®*C NMR resonances from :gg g-jg E?d(;) g-gg ((tO)I) ggg llfjg 1138-19
aromatic nuclei were assigned on the basis of two- 3¢ 6.92 (m) 739(m) €36 1351 1407
dimensional COSY, HMQC, and HMBC experiments (Table  H37 6.10 (m) 6.72 (d) c37 122.6 126.8
4). Most pairs of geminal CHprotons were identified c3s8 d d

because they give strong COSY cross-peaks (Figure S1,
Supporting Information). A full assignment for the Sm(lll)
complex was carried out using the shift analysis meftfod,

aSee Figure 1 for numbering schenieConditions: assignment sup-

ported by 2D H,H COSY, HMQC, and HMBC experiments at 293 K,
CD3CN, 500 MHZ.2J7E¢73x = 13.8 HZ;ZJ]_oecH_Oax: 9.0 HZ;3\]14713 =
8da-15= 7.5 HZ;*J1a16 = 1.2 HZ;3J16-15 = 8.1 Hz;3Jp1 20 = 3Jp1- 20 =

and Cartesian coordinates were obtained from the X-ray 7.3 Hz;2Jmsaseq= 12.2 Hz;3J27-28 = 7.1 HZ;%J09-27 = Jo7-20 = 1.2 Hz;

crystal structure obb (Table 4; Figure 4). Proton spin
lattice relaxation time T;) measurements show that the
proton signals corresponding to glxial protons display

3J3(y29 =Jog30=7.7 HZ;3J34735 =77 HZ;4334735 = 1.8 Hz.¢ Conditions:
assignment supported by 2D H,H COSY, HMQC, and HMBC experiments
at 293 K, CQCN, 500 MHZ.2J11711 =129 HZ;szgfzs =11.8 HZ;3J13714
= 7.1 Hz;3)14 13 = 3J14-15 = 7.4 HZ;*J15 13 = 1.1 HZ;3015 14 = 3015 16

T, values shorter than 0.20 s, while the signals corresponding= 7-5 Hz;%J16-15 = 7.9 Hz; 3120 = 7.0 HZ; %5550 = 1.9 HZ; %5551 =

to equatorial protons present values ranging from 0.20 to

3Jo1-20 = 7.5 Hz;3Jp3-20 = 330223 = 8.5 HZ;3Jp7-28 = 6.6 Hz;3Jp5 27 =
7.4 HZ; 3J28_29 =75 HZ; 3J30_29 =8.4 HZ; 3J34_35 =77 HZ; 3J35_34 =

0.32 s. These results suggest that the dipolar contribution t033;5 35 = 7.2 Hz; 433436 = 1.7 Hz;3Js7_35 = 7.8 Hz.9 Not observed.

the proton spirrlattice relaxation rates is dominant in the

present case, since this contribution should be proportionalto the inverse sixth power of the metadroton distances and,
hence, short relaxation times are expected for the protons
(32) Sanders, J. K. M.; Hunter, B. ilodern NMR Spectroscop@xford located closer to the paramagnetic cefitdie have explored
University Press: Oxford, U.K., 1987. th ibility t f titati vsis of th
(33) Harris, R. K.Nuclear Magnetic Resonance Spectroscopy: A Physi- 1€ POSSIDIlIty {0 periorm a more quantitative analysis ot the
cochemical ViewPitman: London, 1983.

(34) Forsberg, J. H.; Delaney, R. M.; Zhao, Q.; Harakas, G.; Chandran, R. (35) Bertini, |.; Capozzi, F.; Luchinat, C.; Nicastro, G.; Xia, Z.Phys.
Inorg. Chem.1995 34, 3705. Chem 1993 97, 6351.
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120 3 Table 5. Ligand-Centered Absorption and Emission Propetties
H36H11 F3aH28 S Ha compd T p*b T — p*¢ Lgrd Sgare () e
H22 H37
WIS o Nd 42410 (5.40) 44190 f f f
HI0 36320 (4.98) 34300
84 82 80 78 76 74 72 70 68 66 64 27 060 (4.87) 26 430

Eu 42370 (5.02) 41600 f f f
36230 (4.78) 34340
27030 (4.48) 26400

Gd  42920(5.24) 44040 21320 18750 1.32(5)
36100 (4.84) 34240 17 630
26950 (4.75) 26 350 16 440

aEnergies are given in cm. P Electronic spectral data in acetonitrile at
295 K; energies are given for the maximum of the band envelope it,cm
and loge is given within parenthese$Reflectance spectra recorded at 295
o K. 9 Luminescence data in acetonitrile at 295%_.uminescence data and
lifetimes (ms) in frozen acetonitrile solution at 77 K3zr* luminescence
guenched by transfer to the lanthanide ion.

Figure 4. 500 MHz 'H NMR spectrum of compoun8 as recorded in

CDsCN solution at 293 K. (See Figure 1 for labeling scheme.) Solvent . . . .
signals are denoted with an asterisk. 200 MHz, while at 500 MHz the line widths are substantially

enhanced, with values of 140.4, 146.5, 189.2, and 152.6 Hz,
respectively. Although no specific assignments of the proton
signals could be done, which prevented us from obtaining
structural information, the spectra point again toCa

structure of this complex in solution by using the Sm(lll)
paramagnetic induced shifts. Although such an analysis might
b(_athof I|m|_t§|d value duet tot rela’il\_/beh:_ smal_l ![nduct_ed S.h]'cfts symmetry of the complexes in solution that is compatible
e e e hon e e om0 & nne-corinaton of e () o

' u i » WNICH SUGQests The'H NMR spectra of these complexes (EnLa—Ho)

Ctruetures, auth 2o a difforent coordination number. do not!eMained unchanged for several weeks, demonstrating that
occur. It a{lso confirmed a very large magnetic anis’otropy Q-dgprotonatg&forms_ stable.complexes W.'th these metgl
for thi's thombic complex in solution ions in acetonitrile splutlon. Thls contrasts with the behavior

' of the analogou4.! ligand, which forms stable complexes

1
The'H NM.R spectra qf the Pr(lll), Nd(lll), and Euli) in acetonitrile solution only with the three lightest lanthanide
complexes display 42 signals for the 42 nonexchangeableionS (La, Ce, and P#§ probably as a consequence of the

protons of the ligand (Table 52, Supporting Information), combination of the relatively large ring size of the crown

thereby conﬂrmmg the absence of symmetry element. moiety and the presence of relatively rigid pendant arms.
However, the assignment of the spectra of these compoundsrhe smaller ring size of 2 compared to that of * allows

was not pos§|ble because the short relaxation times of thethe formation of complexes with most of the Ln(lll) ions
proton nuclei (e.g. thd; values measured for the Eu(lll)

(Ln = La—Ho). The analogous complexes bf with the
cc;)mplex@ ran?er(]j petc\/votagn 28 and 768 ms) prev;ented fthe heaviest lanthanide ions (ELu) could not be isolated. These
?elzz\r/ve?“oﬂ of their . Y lcro; S-peaxs, ?xcﬁ pt for al W results parallel previous potentiometric studies on lanthanide

y sharp proton signals that appear in the centra partcomplexes with 18-crown-6 and 15-crown-5 derivatives,
of the sp.ectlra. The shofk values obser\{ed for th? Eu(ll) which demonstrated that the stability of the complexes
complex indicate that all the proton nuclei are relatively close decreases through the lanthanide series due to a better
to the paramagnetic center, confirming that the whole set Ofencapsulation of the larger ions into the cavity of the
the macrocyclic ligand donor atoms are bound to the metal macrocycle?’
ion in_acetonitrile solution, the lanthanide ion being nine- Photophy.sical Properties.Relevant photophysical data
;:eososrqclhn;r:et?\.elzg; tgitzz(ig' sD|y§1|2I)s e(lggt\l;lvzg::)zcg 'gilg(e(?“) for the Nd, Eu, and Gd complexes are presented in Table 5.
and 37 for Ho) afe observed E\ tFil NMR spectra (Tabl)tla Electronic spectra of the complexes display three regions of

S2, Supporting Information), probably as a consequence Ofabsorption, a band centered around 27 000'aypical of
the, extreme Iine-broadeniné of some resonances. Some ofC=N chromophore¥ aqd two bands at ca. 36 000 and
these signals are extremely broad and probably C;)rrespond43 000 cml_correspondm_g tc_) B andzEﬂ_J.t* transitions

. . : of the substituted aromatic rings, respectiv&if.he fluo-
to axial protons of the crown moiety which are at

3.5-3.8 A of the Ln(lll) ion in the X-ray structure db, rescence spectrum of the Gd(lll) compléxn acetonitrile

hile other peaks are clearlv sharper and probably. cor- solution (295 K) presents a single band centered at ca.
whi P y P P y 21 300 cni* (Figure 5) assigned to emission from ther*

respond to "’?rom"’.‘“c protons of the Illgand .pendant arms. Onestate. The absolute fluorescence quantum yield amounts to
notices Curie-spin effects on the line widths of the latter

proton signals® For instance, the peaks observed in the (37) massaux, J.; Desreux, J. F.: Delchambre, C.; Duyckaertf)dgg.

spectrum of the Ho(lll) complex at 75.5, 54.9, 51.0, and 32.6 555?11548%32,71893- Massaux, J.; Desreux, J.J=Am. Chem. Soc
ppm present line widths of 53.4, 49.6, 71.2, and 54.7 HZ at (3g) ‘Aruna, V. A. J.; Alexander, V3. Chem. Soc., Dalton Trand996

1867.
(36) Aime, S.; Barbero, M.; Botta, M.; Ermondi, G. Chem. Soc., Dalton (39) Silverstein, R. M.; Bassler, Gpectrometric Identification of Organic
Trans 1992 225. CompoundsWiley Int.: New York, 1967.
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Gd

Eu

26 24 22 20 18

E/10°cm’
Figure 5. Corrected fluorescence spectrum of [G&#@H)]™ in acetonitrile
solution at 295 K (dotted line) and phosphorescence spectra (solid lines)
of [Ln(L2-2H)]* (Ln = Gd, Eu) in the solid state at 77 K. Vertical scale:
arbitrary units.

L L AL
15.0

T T T

T T
15.5 _;IG.O 16.5 17.0 17.5

E/10°cm
Figure 6. Corrected emission spectra of [E@d2H)]* (solid state, 10 K)
under various excitation conditiongiexc = (@) 23 753 cmt and (b) 17
285 cnrl. Vertical scale: arbitrary units.

Q = 0.32%. The phosphorescence spectrum recorded in the

solid state at 77 K presents a band with a maximum at ca.
17 630 cm! and a zero-phonon component at 18 750 €m

(Figure 5). This emission possesses a single-exponential time

decay with a lifetime of 1.32- 0.05 ms and is therefore

assigned as arising from tRax* state. The luminescence

of the ligandzz* and 3r* states disappears completely
for the Eu(lll) complex, indicating sensitization of the metal
ion via a®zz*-to-metal energy transfer (Figure 5).

A high-resolution study has been performed to gain
information on the chemical environment of the Eu(lll) ion.
Upon excitation in the ligandizz* state at 10 K, the emission
spectrum displays the characteristic u(— “F,) transitions

(Figure 6a). The integrated and corrected relative intensities

of the °Dy — 7F; transitions are 1.9, 1.00, 9.9, 0.6, and 2.4
for J =0, 1, 2, 3, and 4, respectively. TH®, — "F
transition, which is quite intense and reminiscent of a site
with a C, (or Cp) symmetry, occurs at 17 292 cf
Excitation spectra of the nondegenerddg — F, transition
measured at 10 K by monitoring tRBo — 7F; or °Do — F,

Table 6. Energy of the’F; Sublevels § = 1—4, cnr?) of the Eu(lll)
lon in Sites A and C, As Identified from Luminescence Spectra at 10 K

site 7Fo 7F1 7F2 7F3 7F4
A 0 226 869 1823 2632
332 936 1869 2808
658 1040 1885 2893
1313 1954 2945
2053 2994
3050
3094
C 0 227 866 1814 2614
334 928 1869 2785
638 1029 1887 2884
1282 1946 2955
1297 2031 2991
3028
3094

transitions display three main bands. The corresponding
emission spectra recorded under selective excitation are
similar but present some differences with respect to the
5Dy — "F» transition, which confirms the presence of slightly
distinct chemical environments labelled as A, B, and C
(Figure S2, Supporting Information). The emission spectrum
of site C (Figure 6b) may be interpreted in terms of a low-
symmetry around Eu(lll), derived from a higher pseudotet-
ragonal symmetry such as the one evidenced in the crystal
structure determinations & and5b. The transition to'F,
displays three components, one of which has quite a high
energy (638 cm’; cf. Table 6). The two components
appearing at low energy can be thought as arising from the
splitting of the "Fi(Ey) sublevel in tetragonal symmetry
induced by the distortion of the coordination polyhedron
evidenced in the crystal structures. The splitting of the
level in tetragonal symmetry is governed by thg Brystal
field parameter. Since the barycenter of the spljitcBm-
ponent lies at lower energy (280 cH) than the Aq
component (638 cnt), this parameter is positive and its
value can be estimated to about 1600 értom a known
linear correlatiort® The distortion from the idealized sym-
metry implies the disappearance of tg axis, and in
addition to B?, another crystal field parameter determines
the ’F; splitting, B, which is proportional ta\Egg; the large
value of the latter (107 cm) indicates a large distortion
from the idealized square antiprism geometry. The other
transitions are more difficult to interpret quantitatively, but
the number of observed components is consistent with the
above discussion. A careful analysis of the emission spectra
of the other sites allowed us to assign most of the crystal
field sublevels of théF; manifold corresponding to site A
(Table 6). The latter presents a distortion from the square
antiprism geometry similar to the one evidenced for site C:
AEge = 106 cntt while AEae = 379 cn1? points to an even
larger B2 parameter (on the order of 1700 ch

The presence of at least three different Eu(lll) coordination
sites in the emission spectra of a solid-state sampéenody
be due to several reasons. First, the presence of two
stereoisomers may generate different spectra, as observed

(40) Galler-Walrand, C.; Binnemans, K. IHandbook on the Physics and
Chemistry of Rare EarthGschneidner, K. A., Jr., Eyring, L., Eds.;
Elsevier Science BV: Amsterdam, 1996; Vol. 23, Chapter 155.
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Table 7. Lifetimes of the EW{Do) Level in [Eu(2-2H)]" as We have also examined the luminescence properties of
Determined at 10 K under Different Experimental Conditions the Nd(III) complex 4. In Nd(III), the energy gap
site Vexdomt Panlom=1 w/ms AE(*F32 — 4152 = 5400 cn1t is quite small and is easily
A 17 285 16 226 0.41(%) matched by &H, O—H, or N—H vibrations?*® However,
12 ggé 8-‘3‘3(? the luminescence spectrum of the Nd(lll) complenecorded
c 17 302 16 265 6.25(2) in the solic_i state at 10 K under laser egcit_ation of ‘t@e/g_
17 084 0.27(1 level consists of a strong structured emission band assigned
:I i; §g§ ig gg; 8-;‘;? to theFs, — %lg) transition with components at 10 800, 11
" bl 15987 oot 020, 11 158, 11 377, and 11 412 ciMoreover, this strong
. ) » _ emission is maintained at 295 K, with a slight shift of the
Solid state= Frozen acetonitrile solution. components to 10 798, 11 005, 11 155, 11 285, 11 382, 11

462, and 11 576 cm, indicating that the receptok {-2H)?~
protects the Nd(lll) ion from quenching or back transfer
processes.

in dipicolinate derivative$! and second, the crown moiety
may take several slightly different conformations, as indi-
cated by the disorders observed in the crystal structur@s of .
and5b, which in turn result in differences in the crystal field Conclusions , , _
effect?2 These different conformations of the crown moiety ! its di-deprotonated form, the Schiff-base bibracchial
are not always resolved by X-ray determinations, which yield 'ariat ethem,N'-bis(2-salicylaldiminobenzyl)-1,10-diaza-15-

an average representation of the unit cell. However, the fastercrOWn-5 is a strongly binding versatile ligand for coordination
time scale of luminescence experiments provides an instan-to the trivalent lanthanide ions. The X-ray crystal structures

taneous representation of it. of [Ce(L2-2H)](CIO,)-0.5H0 (2) and [Sm*-2H)](CIO,)-

At low temperature, the lifetimes of the ED() level are 32O (5b) show the metal ion being nine-coordinated and
short (0.3-0.5 ms, Table 7) and the Eu(lll) emission is nearly deeply buried into the cavity of-the d|an|on|c_ receptor. The
completely quenched at room temperature. This is indicative complexes presenta cryptand-like structure in the solid state
of a temperature-dependent quenching mechanism such aQue to the formation of a second pseudo-macrocycle through

mixing with ligand vibrational modes, photoinduced electron- . 7 Interaction beltween one of the phenol rings and one
transfer processes, or back transfer tone* state of the of the benzyl rings:H and™C NMR studies on the La(lll)

ligand. Reinhoudt and co-workéfshave concluded from complex point that the solid-state structure is essentially
their work on modified Eu(lll)-containing calix[4]arenes that ma|_nta|ned_ n acetonitrile solution. ngh-resolutmn laser-
the antenna effect is improved when ther* 0-phonon excited emission spectra of the crystalline Eu(lll) complex

transition lies 3500 crmt above the lanthanide excited state. ggmqnstra}te the.p_res?nce c()jf.f?everal S“%htly dl.fferentf C(;OI‘-
They also observed that therz* — 3zz* intersystem ination sites arising from different conformations of the

crossing is maximized when the energy difference between S/OWN Moiety and/or stereoisomers. The ligand-to-Eu(lll)
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