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Highly Luminescent, Visible-Emitting Lanthanide Macrocyclic Chelates
Stable in Water and Derived from the Cyclen Framework
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Two new tetraazamacrocyclic ligands are designed with the aim of sensitizing the luminescence of Th(lll) and
Eu(lll) ions in water: L5 {1,4,7,10-tetrakis[N-(phenacyl)carbamoylmethyl]-1,4,7,10-tetraazacyclododecane} and L6
{1,4,7,10-tetrakis[N-(4-phenylphenacyl)carbamoylmethyl]-1,4,7,10-tetraazacyclododecane} . These ligands react with
lanthanide trifluoromethanesulfonates to yield stable 1:1 complexes in water (log K = 12.89 + 0.15 for EuL5).
X-ray diffraction on [Th(L5)(H20)](CFsSOs); (P1, a = 13.308(3) A, b = 14.338(3) A, ¢ = 16.130(3) A, o =
101.37(3)°, B = 96.16(3)°, y = 98.60(3)°) shows the Th(lll) ion lying on a C, axis and being 9-coordinate, with
one water molecule bound in its inner coordination sphere. The absolute quantum yields are determined in aerated
water for the complexes formed with ions used in fluoroimmunoassays (Ln = Sm, Eu, Tb, and Dy). Large values
are found for [Th(H,0)(L5)]** and [Eu(H0)(L6)]**, in line with the molecular design of the receptors: 23.1% and
24.7%, respectively. The intense luminescence of these ions results from efficient intersystem crossing and L —
Ln energy transfer processes, as well as from a suitable shielding of the emitting ions from radiationless deactivation.

Introduction pramolecular assemblies with enhanced physicochemical
Luminescent lanthanide complexes are increasingly usedprolperties‘% as weI_I as for selective luminescent signaling of
as diagnostic tools in biomedical analysis, as responsive Va/i0us analytes including pH- _ _ ,
analytical systems,as luminescent labels for enhanced W€ have shown that a cyclen-based ligand fitted with
imaging of cancéror for fluoroimmunoassaysand in color-  carbamoyl pendant armé.1, see Chart 1) leads to stable
tailored fluorophores for simultaneous detection of multiple !2nthanide chelates with pseu@ symmetry and that the
targets on DNA strands> Encapsulating the lanthanide ions luminescence O_f Th(lll) is fa|r!y well sensitizéd.More
into suitable receptors able to sensitize their luminescence'€Cently. a detailed photophysical study of the complexes
and to provide thermodynamically stable and kinetically inert With L1—L4 associated with structural investigations dem-
edifices under physiological conditions is a challenge that Onstrated the importance of the various parameters interven-
chemists have addressed in several Widyamong them, ing in sensitizing the Iur_mnescence of Ln(lll) ioksIn
the use of a cyclen framework (cyclen is 1,4,7,10-tetraaza- Particular,L1 and L4, which feature a methylene spacer
cyclododecane) fitted with functionalized dangling arms has Petween the aromatic chromophoric unit and the amide
proved to be quite successful for the design of Gd-containing 2inding moiety, are much better sensitizers of the Th(lll)

contrast agents for magnetic resonance imdgamyl su-  luminescence than, respectively? and L3, which are
devoid of this characteristic, because the chromophoric unit
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can less favorably position itself above the metal ion.
However, mainly because of unfavorable energy factors for
Th(Ill) and photoelectron-transfer processes for Eu(lll), the
guantum vyield of the [Lh]3* (i = 1—4) complexes is too

low for utilizing them as efficient luminescent stains. Because
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by a Digital Personal DEC station 5000/25. NMR spectra were
recorded on Bruker AM-360 (360.16 MHz) or Avance DRX-400
(400.03 MHz) spectrometers. Proton chemical shifts are reported
in parts per million (ppm) with respect to TMS. Electronic spectra
in the UV—vis range were recorded at 293 K using a Perkin-Elmer
Lambda 900 spectrometer connected to an external computer and
using quartz cells of 1.000 cm path length (Hellma). The concentra-
tion of the solutions ranged from & 104to 1 x 107 M. IR
spectra were collected on an FT-IR Mattson Alpha Centauri
spectrometer (KBr pellets). Low-resolution luminescence measure-
ments were made on a Perkin-Elmer LS-50B spectrofluorimeter.
High-resolution spectra and lifetimes (averages of at least four
determinations) of the Eu(lll) complexes in the solid state were
measured on a previously described instrumental sétup.
SynthesesN-(Phenacyl)bromoacetamide (1)Phenacylamine
hydrochloride (1.000 g, 5.8 mmol) in GBI, was added to an
aqueous solution of NaOH (0.466 g, 11.7 mmol). The mixture was
cooled to 273 K, and bromoacetyl bromide (0.569 mL, 5.8 mmol)
was added dropwise. The resulting solution was stirred for 30 min
at 273 K and for ¥, h at room temperature. The aqueous phase
was extracted with 4 10 mL of CHCI,, and the organic phase
was washed with 3x 50 mL of HO, dried on NaSQ, and
evaporated under vacuum. The residue was recrystallized in a 1/1
hexane/ethyl acetate mixture (0.740 g, 2.9 mmol, 50%). Calcd for
CigH100:NBr: C, 46.90; H, 3.94; N, 5.47. Found: C, 46.77; H,
3.99; N, 5.48.04 (CDCl;, 293 K): 3.96 (s, 2HNCH,CO), 4.78
(d,2J = 4.2 Hz, 2H, NCHCOPh), 7.52 (t2J = 7.6 Hz, 2H, Ph),
7.60 (br, 1H, NH), 7.65 (£ = 7.6 Hz, 1H, Ph), 7.99 (&) = 7.6
Hz, 2H, Ph).
1,4,7,10-Tetrakis[(N-(phenacyl)carbamoylmethyl]-1,4,7,10-

phenacyl and 4-phenylphenacyl chromophores are known t0¢eraazacyclododecane (L5)A mixture of cyclen (0.050 g, 0.3
induce efficient energy transfers onto Th(lll) and Eu(lll) mmol) and1 (0.334 g, 1.3 mmol) was refluxedrfé h in dry THF
ions}®we have now designed ligantl andL6 incorporat- containing NE3 (0.324 mL, 2.3 mmol). A white precipitate formed
ing these moieties. In this paper, we describe the synthesiswhich was washed with water and recrystallized inCN (0.148
of these receptors and of the resulting complexes; we showg, 0.17 mmol, 57%). Calcd for fHs¢0sNg: C, 66.04; H, 6.47; N,

that not only Eu(lll) and Tb(lll) give rise to highly

luminescent compounds but that the luminescence of Sm-

(1) and Dy(lll) can also be sensitized. In addition, we report
the first X-ray structure of a Th(lll) complex derived from
cyclen as well as the stability constant of the Eu(lll) complex
with L5 in aqueous solution.

Experimental Section

General. Solvents and chemicals were purchased from Fluka
AG (Buchs, Switzerland). Acetonitrile was dried over Gadihd
P,0s.14 Dichloromethane and tetrahydrofuran were distilled from
CaH,. Lanthanide trifluoromethanesulfonates (triflates, trif) were
prepared from the oxides (Rhe-Poulenc, 99.99%) and ftriflic
acid® while dtmd® and cycle®” have been synthesized according

12.84. Found: C, 65.82; H, 6.28; N, 12.68z= 873.8 ([H.5]")
and 437.3 ([HL5]2"). oy (CDCN, 293 K): 2.97 (s, 4 H, NChiyq),
3.54 (s, 2 H, NCHCO), 4.48 (d,2J = 5.3 Hz, 2H, NCHCOPh),
7.44 (t,2) = 7.6 Hz, 2H, Ph), 7.60 (8J = 7.6 Hz, 1H, Ph), 7.64
(t, 1H, NH), 7.80 (dd2J = 7.6 Hz,3) = 1.2 Hz, 2H, Ph)ymax =
3311 (N—H), 1700 (CG=0OPh), 1663 (E=ONH) cnr ™.

4-Phenylphenacylamine (2}° Sodium diformylamide (0.415 g,
4.3 mmol) was added to a solution of 4-phenylphenacyl bromide
(1 g, 3.6 mmol) in CHCI,. The resulting solution was stirred for
2 h at 343 K, filtrated, and washed with 10 mL of hot €N, and
half of the solvent was evaporateticrystallized directly from this
solution (0.684 g, 3.2 mmol, 90%yy (DMSO-dg, 293 K): 4.64
(s, 2H, COCH), 7.47 (q, 1H, Ar), 7.53 (t, 2H, Ar), 7.78 (dJ =
6.5 Hz, 2H, Ar), 7.91 (d2J = 8.6 Hz, 2H, Ar), 8.11 (d2) = 8.6
Hz, 2H, Ar), 8.38 (br, 2H, NH).

to literature procedures. Elemental analyses were carried out by  4-phenylphenacylamine Hydrochloride (3)A 10 mL portion

Dr. H. Eder from the Microchemical Laboratory of the University
of Geneva.
Spectroscopic MeasurementsElectrospray mass spectra (ES-

of a 5% HCI solution in EtOH was added2q0.610 g, 2.9 mmol).
The resulting solution was stirred for 24 h at room temperature
and then evaporated. The beige solid was washed with 5 mL of

MS) were measured on a Finnigan SSQ-710C spectrometer drivengt,O and dried (0.720 g, 2.9 mmol, 90%).

(13) Sato, N.; Shinkai, Sl. Chem. Soc., Perkin Trans.1®93 621.

(14) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals Pergamon Press: Oxford, 1988.

(15) Binzli, J.-C. G.; Pilloud, Flnorg. Chem.1989 28, 2638.

(16) Alderighi, L.; Bianchi, A.; Calabi, L.; Dapporto, P.; Giorgi, C.; Losi,
P.; Paleari, L.; Paoli, P.; Rossi, P.; Valtancoli, B.; Virtuani, Eur.
J. Inorg. Chem1998 1581.

(17) Pittet, P. A.; Fruh, D.; Tisstes, V.; Binzli, J.-C. G.J. Chem. Soc.,
Dalton Trans.1997 895.
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N-(4-Phenylphenacyl)-bromoacetamide (4)Compound3 (0.500
g, 2.0 mmol) was dissolved in 50 mL of GEl, and added to an
aqueous solution of NaOH (0.160 g, 4.0 mmol). The solution was
cooled to 273 K, and bromoacetyl bromide (0.170 mL, 2.0 mmol)
in CH,Cl, was added dropwise under vigorous stirring. The mixture

(18) Binzli, J.-C. G.; Milicic-Tang, Alnorg. Chim. Actal996 252 221.
(19) Yinglin, H.; Hongwen, HSynthesisl99Q 7, 615.
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was then stirred for 30 min at 273 K and fot#/;sLh at room 50 1

temperature. The aqueous phase was extracted witdi@ mL of — [BuLS)P

CH,Cl,, and the organic phase was washed with 50 mL of water, P 01\ e

dried on NaSQy, and evaporated under vacuum. The crude product S 30

was recrystallized in a 1/1 hexane/ethyl acetate mixture (0.864 g, =

2.6 mmol, 90%). Calcd for GH1.NO,Br: C, 57.85; H, 4.25; N, e 207

4.22. Found: C, 58.10; H, 4.29; N, 4.18, (CDCls, 293 K): 3.98 ™ 10

(s, 2H,NCH,), 4.82 (d,2) = 3.8 Hz, 2H, BrCH), 743 (m, 1H, "=

Ar), 7.49 (t,2) = 7.7 Hz, 2H, Ar), 7.57 (br, 1H, NH), 7.64 (d, o

2J = 7.7 Hz, 2H, Ar), 8.06 (d2) = 7.7 Hz, 2H, Ar). 200 220 240 260 280 300 320
1,4,7,10-Tetrakis[(N-(4-phenylphenacyl)carbamoylmethyl]- Alnm

1,4,7,10-tetraazacyclododecane (L6Lompound4 (0.864 g, 2.6 Figure 1. Absorption spectra of5 andEuL5 in water.

mmol) was added to a solution -O]-( cyclen (0.099 g, 0.58 mmol) in Table 1. Absolute Quantum Yields (%) dfuL5 and EuL6 Relative to
40 mL.of anhydrous THF containing Nﬂﬁ_).349 mL, 2.6 m.mOI)' ., Cresyl Violet (CV), Rhodamine 101 (RH), arilL6, as a Function of
The mixture was refluxed for 12 h and filtrated. The beige solid ¢ gxcitation Energy

was washed with 50 mL of water, stirredrfd h in 50 mL of hot
CH:CN, filtrated, and dried (0.588 g, 0.5 mmol, 88%). Calcd for Eoxd Eul5 Eul6

CsH7NgOg: C, 73.45; H, 6.16; N, 9.52. Found: C, 73.72; H,6.32; _ cm: 40320 37740 34720 40320 37740 34720

N, 9.31.nm/z=1177.8 ([H.6]") and 589.9 ([HL6]%"). 6y (DMSO- Q(cv) 2.1 2.5 6.4 8.4 16.7 24.5

ds, 293 K): 3.35 (s, 4HNCH), 4.05 (s, 2HNCH,CO), 4.74 (d, ggRH)& (Z-é)a (2-26)a 562 12.8 18.9 24.9

2) = 5.3 Hz, 2H, NCHCOAY), 7.43-7.63 (m, 3H, Ar), 7.79 (d, Eul. L 5. 5.

2)=7.8 Hz, 2H, Ar), 7.88 (dJ = 7.7 Hz, 2H, Ar), 811 (= & 46 %68 436 470 608 48l
7.7 Hz, 2H, Ar), 8.69 (t, 1H, NH)vmax = 3310 (N—H), 1697 aUnreliable data due to very low absorptionldf at these wavenumbers.
(C=0Ph), 1650 (E&ONH) cnr 2. b Absolute quantum yield of CV relative to RH, recalculated from the data

. . on EuL (literature value: 5496}
Preparation of the Complexes.Lanthanide complexes df5 ( g

and L6 were isolated with triflates as counterions. They were
prepared by heating 1 equiv of the Ln salt and 1 equiv of L at
reflux in dry acetonitrile for 24 h. After cooling, the solution was
filtered on sintered glass and concentrated,;Clklwas added to ) )
the solution which was kept overnight at 277 K. The deposited ~ Quantum Yields MeasurementsAll the quantum yield®Q have
solid was recovered by filtration, washed with @, and dried been measured in aerated water and calculated using the equation
for 2 h at 313 Kunder vacuum (1 mbar). The complexes wlifh QIQ = A():néDdA(¥)-n*Dy, where x refers to the sample,
were recrystallized from water, and those wit, from CH,CN. and r, to the referenced is the absorbancey, the excitation
Yields ranged between 60% and 708mL5-2H,0 (5). Calcd for wavenumber usedy, the refractive index, an®, the integrated
SMGHedO1NsSsFs: C, 40.66; H, 4.01; N, 7.44. Found: C, 40.84; emitted intensity. Measurements on the Eu(lll) complexes were
H, 4.14; N, 7.43.EuL5 (6). Calcd for EuGHss01/NgSsFs: C, performed using two organic references emitting in the same region
41.61; H, 3.83; N, 7.61. Found: C, 41.99; H, 4.23; N, 7.718L5+ as Eu(lll), cresyl violet (CV,Qabs = 54% in methanof} and
2H,0 (7). Calcd for ThGiHgeO1NgSsFs: C, 40.43; H, 3.99: N, rhodamine 101 (RHQaps = 100% in ethanol¥! Such an experi-
7.40. Found: C, 40.65; H, 4.12; N, 7.4DyL5-2H,0 (8). Calcd mental procedure allowed us to calculate the quantum yield of one
for DyCs1Hs0O10NsSFe: C, 40.33; H, 3.98; N, 7.38. Found: C, reference relative to the other in order to check the consistency of
40.29; H, 4.08; N, 7.36.uL5 -3H,0 (9). Calcd for LuGiHe:O20- the data (Table 1). The values found are close to the literature data,
NgSsFo: C, 40.31; H, 4.34; N, 7.10. Found: C, 40.25; H, 4.26; N, within the experimental error which is estimated tai#0%. Three
7.31.SmL6 (10). Calcd for SmGsH740:1gNsS3Fo: C, 50.75; H, 4.09; different excitation energies have been used: 40 320'¢maxi-
N, 6.31. Found: C, 50.68; H, 4.62; N, 5.68uL6-H,0 (11). Calcd mum of thexr — 7* transition of complexed.5), 37 740 cnm! (an
for EuGsH7¢01NsSsFe: C, 50.20; H, 4.16; N, 6.24. Found: C, energy at which the absorption spectra of the two references present
49.93; H, 4.41; N, 5.97TbL6 (12). Calcd for ThGsH74016NgSs- a maximum), and 34 720 cth(maximum of absorption dEuL6).
Fo: C,50.00; H, 4.14; N, 6.22. Found: C, 49.71;H, 4.41; N, 6.06. For the complexes, all th#D, — 7F; transitions were taken into
LuL6 -3H20 (13). Calcd for LuGsHg:0.:NeSFo: C, 48.13; H, 4.31; account § = 0—6): transitions ta) = 5 and 6 account for 9% and
N, 5.99. Found: C, 48.53; H, 4.45; N, 5.92. 23% of the total emission oEuL5 and EuL6, respectively. In
Stability Constant Determination. The stability constant of addition, the quantum yield duL5 was measured takinguL6
EuL5 was determined at 298 K by competitive titration with dtma  as reference, and the value found was the same as that obtained
(1,4,7,10-tetrakis(methylcarbamoylmethyl)-1,4,7,10-tetraazacyclo- with the organic references (Table 1). The EuL complexes were
dodecane); loK(Eu) = 13.174 0.04 in HO containing 0.1 M taken as references for the determinationQgBmL), while the
MesNNO; at 298.1 Ki® whereK is the constant of the equilibrium  quantum yields offbL5 and TbL6 were measured relative to
[Eu(H0)n*" + L = [Eu(H0)(L)]*" + (n—1)H.O. As the complex  quinine sulfate (QSQaps= 54.6% in 0.5 M aqueous 430,) and
formation for [EUL]3Jr (L = dtma,L5) is slow, it was necessary to to 9, ]_O_dipheny|anthracene (DPQabs = 90% in Cyc|ohexane)
operate in batch mode, and 30 individual solutions were prepared gnd TbL5 for DyL5 (Table 2). The refractive indices were equal
at pH 6.5. Each solution was made up of a mixture of 5 mL®f 15 1,338, 1.425, 1.328, 1.360, and 1.332 for solutions of QS, DPA,

(6 x 107° M), 5 mL of dtma (6x 10~° M), and various amounts  cs RH, and of the LnL complexes, respectively. Samples have
of Eu(trif)s*5H,0 (1.2 x 1074 M). The ratio [Eu}/([dtma} + [L5])

varied between 0 and 1.5, and the ionic strength was adjusted to ;

B ' . o 20) G , H.; Maeder, M.; M , C. J.; Zubéhtar, A. D. Talant
0.1 M with MesNNOs. The solutions were equilibrated for 25 days (20) 19a8r2p§3, 943, aeder ever ! aama
at 298 K in a thermostated bath. The collected data were analyzed(21) Eaton, D. FPure Appl. Chem1988§ 60, 1107.

with SPECFIT2 the factor analysis revealed two absorbing species,
L5 andEuL5, the spectra of which are very similar, but for a slight
increase in molar absorption coefficient for the latter (Figure 1).

Inorganic Chemistry, Vol. 41, No. 9, 2002 2461



Table 2. Absolute Quantum Yields (%) dfnL5 (Ln = Sm, Th, Dy)
andLnL6 (Ln = Sm, Th)

cmpd Eexdem™t  reft Q% cmpd Eexdcm™t  refr Q%
SmL5 40320 EuLl 0.061 SmL6 40320 EulL5 0.36
37740 0.16 34720 EuL5 0.50
34720 0.40 34720 EuL6 0.70
TbhL5 40320 QS 23.1 ThL6 34720 QS 1.0
DyL5 40320 QS 0.06
DPA 0.05
ThL5 0.04

a See Experimental Section.

Table 3. Crystal Data and Details for the Structure Determination
of TbL5

chemical formula [GeHs8NgOg Th][(CF303S)]z-2H20

fw 1533.19
cryst syst triclinic
space group P1

a(A) 13.308(3)
b (R) 14.338(3)
c(A) 16.130(3)
o (deg) 101.37(3)
p (deg) 96.16(3)
y (deg) 98.60(3)
vol (A3) 2953.5(10)
z 2

Dealcd (9 € 3) 1.724
F(000) 1556
u(mm™2) 1.415
temp (K) 143
wavelength (A) 0.710 70
measured reflns 15797
unique reflns 9262
unique reflns [ > 20(1)] 6503
data/params 9262/830
Ra[l > 20(1)] 0.0650
WRZ22 (all data) 0.1872
GOF 0.984

3R = J||Fo| — IFcll/3|Fol; WR2 = {F[W(Fo? — FA)A/ T [W(Fs?)?} 2
b GOF = {3 [W(Fo? — Fcd?/(n — p)} Y2 wheren is the number of data and
p is the number of parameters refined.

been excited with an energy for which the absorbance is lower than

0.05 to ensure a linear relationship between the emission intensity
and the concentration. Since the measurements described here hav@

Zucchi et al.

Figure 2. Ball-and-stick representation bL5 depicting the cation with
its atom-numbering scheme (hydrogen atoms are omitted for the sake of
clarity).

containing triethylamine with substituted bromoacetamide,
itself obtained from the corresponding amine hydrochloride
and bromoacetyl bromide. The overall yields (calculated from
the starting commercial products) amount to 28.5%Lfor

(2 steps) and 64% fol6 (4 steps). Complexes were
synthesized in CKCl, with triflates as counterions; elemental
analyses showed their formula to be Ln(#lify-nH,O with

n = 0—3. TheLnL5 complexes are quite soluble in water,
while the corresponding ones witltb are somewhat less
soluble. Complexation by the four amide oxygen atoms is
evidenced by the presence of only one=Q (amide)
stretching vibration in the IR spectra of the complexes, which
is shifted to lower energy by30 cnt! compared to that of
the free ligands.

Solid State Structure of TbL5. The compound [TH(5)-
(H20))(CRS0s)3-2H,0 (7) crystallizes in the triclinic system,
space groufPl. The asymmetric unit contains one complex
molecule, three triflate anions, and two water molecules. The
metal ion is nine coordinate, being bound to the four nitrogen
toms of the macrocycle, to the four oxygen atoms of the

been performed independently and using several references, thei@Mide functions, and to a water molecule (Figure 2). The

good convergence point to the reported data is taken to be reliable.

X-ray Experimental Section. ThL5 was crystallized from water.
Details about the crystal, data collection, and structure refinement
are listed in Table 3. Diffraction data were collected on a mar345
Imaging Plate Detector at 143 K. Data reduction was performed
with marHKL release 1.9.22 The structure was solved with ab
initio direct method® and refined using the full-matrix least-squares
on F2 with all non-H atoms anisotropically defined. H atoms were
placed in calculated positions (except those belonging to water
molecules, which were not included in the final model) with
Uiso = alUe(X) (Whereais 1.2 and X the parent atom).

Structure refinement, molecular graphics, and geometrical cal-
culation were carried out with the SHELXTL software package,
release 5.%¢

Results and Discussion
Synthesis of the Ligands and Complexed.igandsL5
andL6 were prepared by reacting cyclen in anhydrous THF

(22) Otwinowski, Z.; Minor, W.Macromolecular Crystallography, Part
A; Carter, C. W., Jr., Sweet, Eds.; Methods in Enzymology Vol. 276;
Academic Press: New York, 1997.

(23) Sheldrick, G. MActa Crystallogr.199Q A46, 467.

(24) SHELXTL release 5;1Bruker AXS Inc.: Madison, WI, 1997.
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average Th-X distances (where X is a coordinated atom,
Table 4) are comparable to those found in the Eu(lll) and
Lu(lll) complexes withL2 and L3,*? taking into account
ionic radius differences: TbN = 2.616(7) A, Tb-Oanmide
=2.365(5) A, and Tb-O,, = 2.437(5) A. The Tb(lll) ion is
located between the £tycle) and @Qamide) planes which
are almost parallel, the interplanar angle being 0:8(Bhe
distances from Tb(lll) to these planes are 1.573(3) and 0.746-
(3) A, respectively. The distance between the trans nitrogen
atoms of the macrocycle amounts to 4.171(9) A between
N(1) and N(3) and to 4.189(9) A between N(2) and N(4).
The mean N-Th—O angle (twist angler) is 39.2; thus,

the coordination polyhedron may be described as a distorted
monocapped square antiprism, corresponding to the so-called
M form. The mean values of the NCCN and NCCO torsion
angles are-58.3(9f and+25.4(11}, respectively, and the
complex adopts a\(A1411) conformation. A complicated
network of hydrogen bonds involving both bound O(9) and
interstitial O(19) and O(20) water molecules as well as the
four NH and the carbonyl O(8) functions directs the stacking
of the molecules in the crystal (Table S1, Supporting
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Table 4. Selected Bond Lengths (A) and Angles (deg) Tor distortedC, symmetry (Figure S2, Supporting Information),
Th(1)-0(4) 2.341(5) 09} Th(1)-N(3)  128.01(19) in line with the data obtained by X-ray diffraction on a single
nglg—o% 2.358E5; oEngglg—Ngzg 140.(1()2) crystal of the Th(lll) complex. For instance, thBg — "F;
Th(1)-0(3 2.380(5 O(2}Th(1)-N(2) 66.8(2 o
Th(1)-0(1) 2382(5) OBy Th(L-N(2)  74.45(19) transition is composed of threg components, two of them
Th(1)-0(9) 2.437(5) O(1)Th(1)-N(2)  131.69(19) being closely spaced f&uL6 (arising from the splitting of
%EB—“% g-ggggg (N)((??EEEB_H% é§97-?2()2) the ’F1(E) sublevel) while these components are more equally
Th(1)-N(L) 2625(6) Oy Th(L-N(D)  131.7(2) spacgd in EuL5. From these data}, one mfgrs that the
Th(1)-N(4) 2.638(6) Oy Tb(1)-N(1)  73.29(19) coordination polyhedron is more distorted with respect to
O(4)-Th(1)-0O(2)  143.9(2) O(3Tb(1)=-N(1)  142.3(2) the idealizedC, symmetry in the latter compound.
88:%8;:88; Si;iiﬁgg 8@%8:“83 ‘jgﬁg?z) Stability Constant of EuL5. To determine if the bulky
O(4)-Th(1)-O(1)  85.11(19) N3y Tb(1)-N(1)  106.0(2) substituents grafted on the amide functions have an influence
8%:%8;:88 23-23%1(%) g&g%ggim% 22-519(22()19) on the stability of the resulting complexes in water, we have
O(4)-Tb(1)-0(@)  71.0(2) O(2)Tb(1)-N(4)  140.90(19) determined the stability constant BULS by competitive
O(2-Tb(1)-0O(9)  73.02(19)  O(3)yTbh(1)-N(4) 132.4(2) spectrophotometric titration with dtma (1,4,7,10-tetrakis-
O(@3)-Th(1)-0(9)  72.96(19)  O(1}Tb(1)-N(4)  72.6(2) (methylcarbamoylmethyl)-1,4,7,10-tetraazacyclododecane).
O(1)-Th(1)-O(9)  69.59(18)  O(9Th(1)-N(4) 124.1(2) 7 L S . -
O(4-Th(1)-N@3)  72.3(2) NG} Tb(1)-N(4)  68.9(2) Preliminary kinetic tests indicated that a solution containing
O(2-Th(1)-N(3)  132.2(2) N2y Tb(1)-N(4) 106.1(2) 90% dtma and 10%5 (metal-to-ligand ratic= 1:1) reaches
O(3)-Thb(1)=N(3) ~ 67.4(2) N(1)-Tb(1)-N(4)  68.6(2) thermodynamic equilibrium after 20 days, while a solution

O(-Th(1)=N()  140.6(2) containing 10% dtma and 90%% reaches equilibrium after

Information). Each NH group interacts with a triflate anion, 15 days, which tends to point to a slightly faster formation

while the carbonyl group O(8) is linked to O(20). Water kinetics with L5_ as Fompared W'th. dtma. ,
molecules display interactions between them and with one 1he competing ligand chosen is one of the few amide
triflate anion. The crystal packing consists of a series of derivatives of cyclen for which stability constants have been
dimers linked together by water molecules (Figure S1, feported, for example, log((Eu) = 13.17 + 0.04'° The
Supporting Information), as already observed for other tetra- fitration was conducted in batch mode, allowing 25 days for

amide complexe& whereas the total network consists of equilibration. The solutions contained an equimolar ratio of
infinite one-dimensional chains. Ne-stacking interaction ~ the two ligands and metal-to-ligand ratios in the rangd .
occurs between the aromatic rings. Factor analysis revealed only two absorbing species in the

Structural Propertes of EuLS and EuLe. High-resolu- 8 FE8 0T TReRt e B converged
tion luminescence spectroscopy allows one to investigate the P 9 g

coordination environment of the Eu(lll) ion by analyzing Iﬁr lognﬁ(il:) Tmlz.hSQ:l: r?l.ls.\;”:atliltfl, tge stugﬁit'ztil:]t'onﬁ()f ¢
the transitions from theDy level. ForEuL6, the laser-excited € pendant arms has only a very fittle desta g eftect.

excitation spectrum of théDy — 7F, transition, which This can be_ explain_ed by the lack of interaction between
features a single component for a given chemical environ- the arms ewaenced n th_e X_—ray crystal structurdbe.
ment due to the nondegeneracy of the initial and final Pnotophysical Properties in Aerated Water.The ab-
electronic states, exhibits one sharp band at 17 217 with sorption spectra df5 and its complexes display two bands
a full width at half-height (fwhh) equal to 1 crhat 13 K. at 40 300 and 35 700 crhwith molar absorption coefficients
This clearly points to a single, well-defined metal ion site @round 45000 and 6000 M cm™, respectively (Eu

in this compound. The situation fdEuL5 is somewhat complex, Figure 1). No significant shift occurs upon com-
different, with a much broader band (17 229 ¢fwhh = plexation. We assign these bands to transitions with main
6 cmY) displaying shoulders on both sides; the broadening 7 — " @and n— z* character. On the other handé and

is due to a less good quality of the microcrystals while the 'S complexe? display only one broad_and asymnlwetrli:lband
shoulders may be assigned to vibronic transitions because?t 36 000 cm*, butitis more intensee(= 50 500 M™ cm
excitation at these energies yields emission spectra identicaf©r the Eu complex).

to that obtained by exciting at an energy corresponding to Upon excitation of these transitions, no fluorescence is
the maximum of the’D, — 7F, transition. Broad band  detected at room temperature or at 77 K, but phosphorescence

excitation of theSLs — 7Fo; transitions at 13 K yields  from the triplet states is seen at low temperature, which
emission spectra in which the corrected relative intensities 'eveals an efficient intersystem crossing in both ligands
for the 5D, — 7F, transitions are 0.10, 1.00, 3.27, and 1.80 (Figure 3). At low temperature, nonradiative deactivation
(EuL5) and 0.14, 1.00, 2.90, and 2.12yL6) for J=0, 1, pathways become less probable, so that deactivation of the

2, and 4, respectively. The intensity of tiB, — Fo excited singlet state mainly occurs via the intersystem
transition is fairly large, which is indicative of an axial Ccrossing, the efficacy of which is large and comparable to
symmetry? Direct laser excitation of théDo(Eu) level that reported for cyclen derivatives fitted with an arm bearing

results in spectra which may be interpreted as arising from @ benzophenone chromophdgfeThe 0-phonon transitions
of the triplet states are located at 24 53®%) and 20 080

(25) Binzli, J.-C. G. InLanthanide Probes in Life, Chemical and Earth
Sciences. Theory and Practjd@unzli, J.-C. G., Choppin, G. R., Eds.; (26) Beeby, A.; Bushby, L. M.; Maffeo, D.; Williams, J. A. @. Chem.
Elsevier Science: Amsterdam, 1989; Chapter 7. Soc., Perkin Trans. 200Q 1281.
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T T T T T T Table 5. Largest Quantum Yields Obtained in Aerated Water, Decay

m Rate Constants of theD,(Tb), 5Do(Eu), and*Gs;(Sm) Excited Levels in
T Water and Deuterated Water, and Hydration Numloers
_,-—-f-/'/f‘/\b cmpd  Eedem™  ®apd%  k(H:0)/ms!  K(D0)ms!
m SmLs 34722 0.4 b b b
EuL5 34722 55 1.67 0.56 0.7
A A H d TbL5 40 323 23.1 0.53 0.34 0.7
DyL5 40 323 0.05 b b b
Aﬂ | SmL6 34722 0.7 100 16.7 1.0
e EuL6 34722 24.7 1.59 0.68 0.4

___,,_/\__,/\-—\T; TbL6 34720 1.0 b b b

aCalculated using the following equations; = 1.2(Ak — Akcorr —

A g 0.075) for Eu(lll), and q = 5(Ak — Akcor) for Tb(lll), where Ak =
X k(H20) — k(D20), Akgor = 0.25 (Eu) and 0.06 mé (Tb), andx is the
_/\LL h number of NH oscillatorg? g = 0.026(H;0) — 1.6 for Sm(lll)3° ® Not
measured.
.,J\./\./_ [ which AE(za*—°D4) amounts to only 300 cm. An
n q i exponential decay of the radiative deactivation rate with
increasing temperature is indeed observed (Figure S3,
L A k Supporting Information), the lifetime decaying very rapidly
[ SRR R up to 100 K.
15.0 20.0 1 25.0 The quantum yields of the complexes with (Lh = Sm,
E/10° cmr Eu, Tb, Dy) andL6 (Ln = Sm, Eu, Th) have been

Figure 3. Phosphorescence spectra in frozen acetonitrile (77 K)L%a) ; ; o ; _
(2 x 104 M T — 40 000 cm3), (b) LUL5 (2 x 104 M, 40 000 crr?), determined upon ligand excitation in aerated water. When

(c) SmL5 (5 x 1074 M, 40 000 cnt?), (d) ThL5 (1 x 1075 M, 41 670 ever possible, data have been measured using several
cmY), (e) EuLS (1 x 10°° M, 40 000 CrTTl),1 (f) DyL5 (1 x 10° 55 M, different references, and the influence of the excitation energy
gg ggg g?ﬂ; ((%)Is_al(jsalglc'\rﬂé fﬂs 2;03%%)#;? '(‘J‘)JLT%L% ?1131¥'5 has also been examined. Indeed, ligand-to-metal energy
M, 33 330 cn1d), (K) EuL6 (1 x 1075 M, 34 720 cnt). transfer processes are rather comgfeand both the excited

singlet and triplet states may transfer energy onto the
cm 1 (L6). The emission spectra of the nonluminescent Lu- lanthanide ion, so that the quantum yield possibly will change
(1) complexes have also been recorded to evaluate thedepending on which ligand state is excited. Moreover, to
influence of the coordination. As for the free ligands, the avoid correction problems, both the sample and the reference
singlet states could not be located. The energy of the have been excited at the same energy, which sometimes may
0-phonon transitions of the triplet states amounts to 25 300 not be optimum for one of them. For a given excitation
and 20 800 cmt for LuL5 andLuL6, respectively, close  energy, the data reported in Tables 1 and 2 are coherent from
to the values reported for the calixarene complégds. one reference to the other, with two exceptions for which
addition, time-resolved luminescence spectroscopy allowedthe difference in the absolute quantum yield exceeds the
us to locate the triplet state &mL5 and DyL5 because  experimental error that, we believe, is on the ordet-80%
transfer onto the corresponding ions is incomplete, allowing given the precaution taken. These exceptions may be
for residual triplet state emission. That Dy(lll) is not explained by nonideal experimental conditions, that is, a
sensitized by 5 is somewhat surprising because the energy particularly low absorbance of the reference used, which
difference between its excited leveh,; and the ligand triplet ~ becomes very difficult to measure. Moreover, an important
state (3400 cm') is more favorable for an efficient energy result is that excitation of the lower singlet state of the ligand
transfer than that in the Eu(lll) complex (7000 chfior °Dyy). produces always a better quantum yield of the metal-centered
However, the selection rule ahJ?”?8is less favorable for ~ luminescence. This can be traced back to a smaller energy
Dy(lll) than for Eu(lll), and, as a consequence, the energy gap between the ligand excited state(s) and the acceptor and/
transfer from the ligand triplet state to t#®, level is or luminescent state(s) of the metal ion. When a ligand state
allowed, while it is forbidden to théFy, state. Moreover,  with higher energy is excited, more energy is lost during
deactivation of the metal ion excited states by OH vibrations the migration onto the luminescent excited state of the metal
has also to be taken into account (see later). Similar ion through more numerous nonradiative deexcitation pro-
considerations hold foBmL5. cesses.

Compared withLnL5, the triplet state of the complexes Ligand L5 is a very good sensitizer of the Th(lll)
formed with L6 is lower in energy and back transfer luminescence and a good sensitizer of the Eu(lll) lumines-
processes are likely to happen, particularly for Th(lll) for cence, while it also sensitizes the otherwise poorly lumines-
cent Sm(lll) and Dy(lll) ions. Table 5 summarizes the
@7 E‘f §§rﬁaf:}u“§'?'$?’ A‘?;- dL{; s',jiﬁg?%?’é:cjo?a’. %'mﬁj Qie“%o?ﬁgg’ R. quantum yields obtained under the best conditions and lists

165, the radiative decay rate constants of the metal excited states
(28) Gonalves e Silva, F. R.; Longo, R. L.; Malta, O. L.; Piguet, C:rli, measured both in water and deuterated water, from which

il'._%.;szng,sb(.:rﬁn;ée?nhr?;]d,Pg.);@@%?,ZH.?G?Obi(ggﬁgflé?;shﬁoig\r/,aj. hydration numbers can be obtairi@d° For the Eu(lll) and

E.; Binzli, J.-C. G.J. Phys. Chem. R002 106, 1670. Tb(lll) complexes withL5, g amounts to 0.7, close to the
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expected value of 1. Therefore, in addition to the energy state with higher energy is excited, an important loss of
factors and selection rules discussed previously, efficient energy occurs during the energy migration to the luminescent
deactivation through OH vibration due to a small gap level of the metal ion, leading to less efficient antenna effect.
between the excited and ground state of Sm(lll) and Dy(lll) However, because the molar absorption coefficient is also
certainly contributes to the weak luminescence of these ions.larger for the more energetic transition, the overall efficacy
The quantum yield for the Tb(lll) compound is quite large, of the luminescent macrocyclic compounds may remain
23.1%, because of both an efficient intersystem crossing andlarge, which means that these potential probes can be excited
energy transfer process, and also because of a good protectioin a fairly broad spectral range. These results are promising
of the metal ion from vibronic deactivation by solvent because the described compounds fulfill two essential criteria
molecules. for potential use in fluoroimmunoassays, namely, large
On the other hand, ligands does not sensitize efficiently  stability and intense metal luminescence in water. The present
the luminescence of Tb(lll), because of the back transfer study also demonstrates that phenacyl and 4-phenylphenacy!
process mentioned earlier, but is an excellent sensitizer ofchromophoric moieties are well suited for designing efficient
the Eu(lll) luminescence and a fair sensitizer of the Sm(Ill) UV-to-visible light converters because of both efficient
luminescence. The value found fBuL6 (24.7%) isamong  intersystem crossing and ligand-to-metal energy transfer. This
the largest reported in water for a europium compleX gpens the way for the use of these potential probes in
belonging to this class of compounds. The value of 0.7% submicromolar concentration, an asset in the analysis of
for SmL6 is also interesting because the absolute quantumpjological material. Furthermore, we have demonstrated that
yields for Sm(lll) rarely exceed 2% in agqueous meditim.  the Juminescence of Sm(lll) and Dy(lll) is also sensitized,
The best quantum yields reported to date for terbium and which is interesting in view of the development of multiple
europium cyclen derivatives are 49.0%and 9.5%° with fluoroimmunoassays. Modification &6 andL6 for allowing

Php-CO,CH; and GH4COPh groups as sensitizers, respec- a coupling to biological materials is presently underway in
tively, and thereforelEulL6 is the most luminescent Eu(lll)  oyr laboratories.

containing cyclen derivative reported so far.
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