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The synthesis and structural characterization of a series of neutral Eu®*-containing macrocyclic complexes, Eu-
(4)—Eu(7), are reported. The synthetic pathway herein allows for the size and functionality of the macrocycle to be
tailored in one step from a common precursor (N,N''-bis(p-isothiocyanatobenzylcarbamoylmethyl)diethylenetriamine-
N,N'N''-triacetic acid, (3) in high yield. The macrocyclic ligands 4—7 have within their structure a his-amide derivative
of diethylenetriaminepentaacetic acid (DTPA) functioning as the europium chelate that is bridged through thiourea
groups by either a butyl (4), hexyl (5), octyl (6), or m-benzyl (7) linker. The two thiourea groups were designed into
the host macrocycle to serve as hydrogen-bond donors to potential guest molecules that may alter the luminescence
properties of the parent macrocycle. Characterization of the luminescence of Eu(4)—Eu(7) reveals an antenna
effect from the ligand, and the luminescence lifetime data reveals the presence of one coordinated water molecule
in aqueous solution.

Introduction of systems, many of which take advantage of a fluorophore

Anions play essential roles in biological and environmental 25 the signaling unit. Fluorescence signaling, including
systems. For example, DNA, amino acids, and a majority Ianthan_u_je Iummescenqe, has bee_n widely gpplled to cation
of enzyme substrates are anionic or have anionic compo-récodnition as well, mainly due to its potential for “on/off”
nents2 Anions are present in detergents and fertilizers and SWitching and high sensitivities?
as additives in foods and drinking water. The ability to detect ~Numerous ion-sensing systems exploit photoinduced elec-
various quantities of specific anions in different media is tron transfer (PET) to an aromatic moiety or a metal ion as
important for monitoring pollutant levels and studying @ luminescence gquenching mechanfsi. A number of
biological processes. For this reason, a large area of interesinion sensors use a thiourea group as the binding site and
in the field of supramolecular chemistry has evolved to PET donor® Thioureas are neutral hydrogen-bond donors
include studies of anion binding, transport, and recognition. that, based on the design of the receptor, can selectively bind
Designing molecules with the potential to selectively identify anions such as acetétéfluoride " dihydrogen phosphaté’

a specific anion is a current challenge within this field. In
recent years, several articles have appeared in the literature,(5) (a) Martnez-Mdiez, R.; Sanceg F.Chem. Re. 2003 103 4419~
summarizing and highlighting the diverse approaches toward ‘Iﬂg'}(ﬂ153%3.'E‘é'fbﬁié,@effﬁvnvie%aiﬁg}, ﬁ?ﬁi@iﬁéﬁﬁ?&iﬁ’h.
anion complexatlon and sens#fgf. Many groups have Rev. 2001 222, 57—102. (d) Anzenbacher, P.; Jursikova, K.; Sessler,

employed a variety of potential binding sites (metals, organic J.J. Am. Chem. So@00Q 122, 9350-9351.
(6) Parker, D.Coord. Chem. Re 200Q 205 109-130.

cations, hydrogen-bond donors), yielding a growing number (7) (a) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.: Huxley,
A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T.Ghem. Re.

*To whom correspondence should be addressed. E-mail: 1997, 97, 1515-1566. (b) de Silva, A. P.; Fox, D. B.; Huxley, A. J.
Theresa.Reineke@uc.edu. M.; Moody, T. S.Coord. Chem. Re 200Q 205 41-57.
(1) (a) Bianchi, A.; Bowman-James, K.; Gadtspan, E., Eds.Su- (8) (a) Swager, TAcc. Chem. Resl998 31, 201-207. (b) Kim, J.;
pramolecular Chemistry of Anion®Viley-VCH: New York, 1997. McQuade, T.; McHugh, S.; Swager, Angew. Chem., Int. E@00Q
(b) Anzenbacher, P.; Jursikova, K.; Aldakov, D.; Marquez, M.; Pohl, 39, 3868-3872.
R. Tetrahedron2004 60, 11163-11168. (c) Nishiyabu, R.; Anzen- (9) (a) Gunnlaugsson, Tletrahedron Lett2001, 42, 8901-8905. (b)
bacher, PJ. Am. Chem. SoQ005 127, 8270-8271. (d) Kim, T.; Gunnlaugsson, T.; Leonard, J. P/;ngehal, K.; Harte, A. JJ. Am.
Swager, TAngew. Chem., Int. ER003 42, 4803-4806. Chem. Soc2003 125 12062-12063. (c) Gunnlaugsson, T.; Mac-
(2) Beer, P. D.; Gale, P. AAngew. Chem., Int. EQ001, 40, 486-516. Doénaill, D. A.; Parker, D.J. Am. Chem. So001, 123 12866~
(3) Gale, P. A.Coord. Chem. Re 2003 240, 191-221. 12876. (d) Holliday, B.; Farrell, J.; Mirkin, G. Am. Chem. So¢999
(4) Keefe, M. H.; Benkstein, K. D.; Hupp, J. Toord. Chem. Re 200Q 121 6316-6317. (e) Lee, S.; Luman, C.; Castellano, F.; Lin,@iem.
205, 201-228. Commun2003 2124-2125.
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Scheme 1. Synthesis of Macrocyclic Ligand$é—7 as Trisodium Salt8.
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a (i) 4-nitrobenzylamine, N(et) DMF; (ii) 10% Pd/C, H, MeOH; (iiij) CSCh, CHCk, H2O, NaHCQ; (iv) HoNRNH,, NaCOs, MeOH/H,O (high dil);

(v) EuCk, H0.

or bis-carboxylate&?*® Upon anion binding, the signal is
typically a change in fluorescence intensityabsorption
wavelengthi! or *H NMR chemical shift of the receptdt.

have chosen a chelathl,\""-bis-amide derivative of dieth-

ylenetriaminepentaacetic acid, DTPA) that is responsible for

binding the lanthanide moiety to provide the signaling event.

In addition, a few macrocyclic thioureas have been developedDTPA-based macrocycles and their lanthanide complexes

with the intention of improving selectivity through preor-
ganizationt?

have been previously studiét.However, as shown in
Scheme 1, the synthetic pathway chosen to create our systems

Our design strategy is to integrate several components ofallows for both the size and functionality of the pocket to
successful anion sensing systems into a new series ofbe tailored easily through altering the diamine used in the
macrocycles featuring lanthanide luminescence as the signakyclization step. Here, we report the synthesis and charac-

and thioureas as the binding sites. Previously studied

thiourea-based systems have utilized simple organic fluoro-

phores such as anthracée® or pyrene'®-¢ Lanthanide

terization of a series of lanthanide-containing macrocycles,
Eu(4)—Eu(7) (Scheme 1). These macrocycles will serve as
models to study energy-transfer phenomena with lanthanide

luminescence allows for time-resolved fluorescence measuredions upon specific binding events and have potential to be

ments to be obtained, which is important to eliminate the
fluorescent background possible in biological sampté43
To the best of our knowledge, this is the first examination

utilized for anion recognition applications.

Experimental Section

of a lanthanide-based macrocycle to incorporate thiourea General. All reagents used in the synthesis, if not specified, were

groups for potential application in anion sensing. Also, we

(10) (a) Gunnlaugsson, T.; Davis, A. P.; O'Brien, J. E.; Glynn, ®4g.
Lett.2002 4, 2449-2452. (b) Gunnlaugsson, T.; Davis, A. P.; O'Brien,
J. E.; Glynn, M.Org. Biomol. Chem2005 3, 48—56. (c) Gunnlaugs-
son, T.; Davis, A. P.; Hussey, G. M.; Tierney, J.; Glynn, ®Ig.
Biomol. Chem.2004 2, 1856-1863. (d) Sasaki, S.; Citterio, D.;
Ozawa, S.; Suzuki, KJ. Chem. Soc., Perkin Trans.2b01, 2309~
2313. (e) Nishizawa, S.; Kaneda, H.; Uchida, T.; Teramad, Bhem.
Soc., Perkin Trans. 2998 2325-2327.

(11) (a) Kato, R.; Nishizawa, S.; Hayashita, T.; TeramaeT &rahedron
Lett. 2001, 42, 5053-5056. (b) Jose, D. A.; Kumar, K.; Ganguly, B.;
Das, A.Org. Lett.2004 6, 3445-3448.

(12) (a) Choi, K.; Hamilton, A. DCoord. Chem. Re 2003 240, 101—
110. (b) Sasaki, S.; Mizuno, M.; Naemura, K.; Tobe JYOrg. Chem.
200Q 65, 275-283. (c) Lee, K. H.; Hong, Jletrahedron Lett200Q
41, 6083-6087. (d) Snellink-Rule B. H. M.; Antonisse, M. M. G.;
Engbersen, J. F. J.; Timmerman, P.; Reinhoudt, DEN. J. Org.
Chem.200Q 165-170.

(13) (a) Mayer, A.; Neuenhofer, Angew. Chem., Int. Ed. Engl994
33, 1044-1072. (b) Hanaoka, K.; Kikuchi, K.; Kojima, H.; Urano,
Y.; Nagano, T.J. Am. Chem. So2004 126, 12470-12476.
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obtained from Aldrich Chemical Co. (Milwaukee, WI) and were
used without further purification. The mass spectra were obtained
from an lonSpec HiResESI mass spectrometer in positive ion mode.
NMR spectra were collected on a Bruker AC-250 MHz or a Bruker
AV-400 MHz spectrometer. All NMR samples prepared igCD
were adjusted to pB= 10 with NaCOs. 'H NMR samples were
standardized relative to sodium 3-(trimethylsilyl)propionaie<

0.0 ppm).13C NMR samples in BO were standardized relative to
DMSO, which was assigned &t= 39.5 ppm. Elemental analysis

of 3 was performed by the University of Illinois Microanalytical

(14) (a) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, Rem.
Rev. 1999 99, 2293-2352. (b) Inoue, M. B.; Santacruz, H.; Inoue,
M.; Fernando, QInorg. Chem.1999 38, 1596-1602. (c) Inoue, M.
B.; Navarro, R. S.; Inoue, M.; Fernando, @org. Chem.1995 34,
6074-6079. (d) Franklin, S. J.; Raymond, K. Morg. Chem.1994
33, 5794-5804. (e) Carvalho, J. F.; Kim, S.; Chang, C. lAorg.
Chem.1992 31, 4065-4068. (f) Brunet, E.; Juanes, O.; Sedano, R.;
Rodfguez-Ubis, JOrg. Lett.2002 4, 213-216.



New Series of E&" Macrocycles

Laboratory, and elemental analysegtef7 andEu(4)—Eu(7) were The reaction stirred fob h and the layers were allowed to separate.
performed by Midwest Microlab, LLC. Determination of the %Eu The aqueous layer was removed and the organic layer was then
content was performed using a Perkin-EImer ELAN 6000 Induc- washed with HO (2 x 100 mL). The agqueous portions were
tively Coupled Plasma Mass Spectrometer. Ultraviolet absorption combined and then washed with CHE8 x 150 mL) to remove

data was obtained using a Varian Cary 50 thisible spectro- unreacted thiophosgene. It should be noted that all steps were
photometer. Luminescence studies were performed using a Varianperformed in a closed hood due to the toxic nature of this reaction.
Cary Eclipse fluorescence spectrophotomel&in-layer chroma- Hydrochloric acid (1 M) was then slowly added until a white

tography (TLC) was performed using TLC plastic sheets (silica precipitate formed. The solution was then filtered to isolate the
gel 60 ksg) from Merck (Darmstadt, Germany). The TLC solvent  precipitated product3), which was then dried under vacuum.
system for determination of all retention factoiR)(was 2:1:1 Yield: 0.350 g, 61.0%. ESI-MSm/z686.1727 BH*]. Anal. Calcd
(acetonitrile/methanol/water). Dialysis membranes [500 molecular for CagH33N,0sS,Nap-2H,0 C, 47.05; H, 4.87; N, 12.80; S, 8.37.
weight-cutoff (MCWO)] were manufactured by Spectrum Labo- Found: C, 46.92; H, 4.97; N, 12.66; S, 8.3.= 0.42.'H NMR

ratories, Inc. (Rancho Dominguez, CA). (400 MHz, D,O): 6y 7.30 (d, 4H, AH), 7.28 (d, 4H, AH), 4.39
Synthesis. Trisodium N,N"-Bis(p-nitrobenzylcarbamoyl- (s, 4H), 3.28 (s, 4H), 3.18 (s, 4H), 3.05 (s, 2H), 2.70 (br s, 8H).
methyl)diethylenetriamine-N,N'N"-triacetate (1). p-Nitrobenzyl- 13C NMR (100 MHz, 9:1 CROD:D,0): dc 179.2, 174.3, 139.8,
amine (1.73 g, 11.3 mmol) was generated from its hydrochloride 136.3 (£N), 131.0, 130.1, 126.9, 60.5, 60.3, 55.1, 54.2, 51.9, 43.4.
salt in an aqueous solution of NaOH at pH12 and extracted General Procedure for Macrocycle Synthesis. Butyl Macro-

using ether, which was promptly removed by evaporation. This cycle (4).Compound3 (0.167 g, 0.218 mmol) and NGO; (0.060
yellow solid was dissolved in anhydrous DMF (15 mL), affording g, 0.566 mmol) were dissolved in 20 mL of 1:1 MeOH® A

a yellow solution. Anhydrous triethylamine (5 mL) was then added g tion of 1,4-diaminobutane (0.023 g, 0.260 mmol) was prepared
to the solution op-nitrobenzylamine via syringe. This solution was i, 20 mL of MeOH. The two solutions were then added dropwise
then adde_d via_ syr_inge to a_mixture containing diethylenetriamine- a vigorously stirred solution of MeOH (20 mL) in equal amounts
pentaacetic acid bis-anhydride (DTPA-BA) (1.50 g, 4.2mmol)and , hinet to a three-neck reaction flask over 1 h. The reaction was
anhydrous DMF (15 mL) under4y). This solution was then stirred e 14 sir for 20 h, after which the solvent was evaporated down

for 30 h, and the resulting mix_ture turned _deep y_ellow in color. 0 5 mL. Hydrochloric acid (0.5 M) was then slowly added until
Upon removal of solvent,_ a thick yellow oil rem_alned andCH pH = 3, where a white precipitate had formed. The solution was
(35 mL) was added to give a cloudy yellow mlxture. Aqueou_s then filtered and dried under vacuum to isolate the precipitate,
NaOH (1M) was then added (to pH 10), and this aqueous solution as a monosodium salt. Yield: 0.123 g, 72.8%. ESI-M$z 796.28

was washed with ether (& 25 mL) to remove unreacted amine. [4Na*]. IR (KBr): cm-1 3280 (br), 3055, 2934, 1720, 1643 (s),

Upon removal of water and drying under vacuum overnight, the 1539 (s), 1512, 1385, 1344, 1314, 1237, 1092 (w), 1018 (). Anal.

e compound was obtaned a5 a yellow cystaline SOl Vied: icq for GH.NOSNaZHO: C. 49.09; H, 6.06: N, 15,15
02 9, 1197, . ' ‘ ; Found: C, 49.59; H, 6.16; N, 14.9R = 0.33.'H NMR (400

CogH3aN701:Na6H,0: C, 41.33; H, 5.57; N, 12.05. Found: C, MHz, Dzo): oy 7.39 (d’ 4H, AH), 7.23 (br s, 4H, AH), 4.40 (S,

. . — 1, .
gl'?l’?H(' dS'ja “/i’Hl)l'?Tf; (d 0433' A'J'H')\”\flr‘;{“(oso L\,AHI;Z'sDzs(z)){s 4H), 3.54 (br s, 4H), 3.25 (s, 4H), 3.16 (s, 4H), 3.02 (s, 2H), 2.63
H N PR AR v (i ' (brs, 8H), 1.58 (br s)3C NMR (100 MHz, DO): d¢ 180.0, 179.8,

4H), 3.21 (s, 4H), 3.15 (s, 2H), 2.74 (br s, 8HJC NMR (100
MHz, CD;OD): d¢ 179.1, 174.2, 148.4, 148.1, 129.6, 124.6, 61.3, ‘11;53;2;11365'62%53’ 138.2,136.5,129.9, 127.3,59.6,59.5,53.1, 52.3,

60.6, 60.0, 55.6, 55.3, 43.4.
Trisodium N,N"-Bis(p-aminobenzylcarbamoylmethyl)diethylene- Hexyl Macrocycle (5). Compounds3 (O.;67.g, 0.218 mmol),
NaCO; (0.060 g, 0.566 mmol), and 1,6-diaminohexane (0.030 g,

triamine-N,N'N"-triacetate (2). CompoundL (1.01 g, 1.39 mmol) -
and 10% Pd/C (0.807 g) were placed in a flask, and methanol was?-258 mmol) were reacted as described above for compdund
Compounds was isolated as a monosodium salt. Yield: 0.115 g,

added (70 mL), dissolving and forming a black, turbid solution
65.7%. ESI-MS:m/z 824.25 BNa']. IR (KBr): cm~* 3302 (br),

upon stirring. This solution was degassed by bubblingh¥ough
the solution for 1 h. Hwas then bubbled into the mixture using a 3070, 2923, 1720, 1643 (s), 1539 (s), 1514, 1388, 1344, 1314, 1241,

needle outlet. After 35 min the outlet was removed and the solution 1092 (W), 1018 (w). Anal. Caled for 4HsiNsOsS,Na-2H,0: C,
stirred under K After 2 h, the reaction appeared to be complete °0-28; H, 6.33; N, 14.66. Found: C, 50.72; H, 6.49; N, 14R9.
by TLC; however, the mixture was allowed to stir for a total of 5 = 0-30.*H NMR (400 MHz, D,O): dn 7.39 (d, 4H, AH), 7.22

h to ensure complete conversion. The solution was then vacuum-(0r S, 4H, AH), 4.41 (s, 4H), 3.54 (br s, 4H), 3.25 (s, 4H), 3.18 (s,
filtered through Celite, the solvent removed, and vacuum-dried, 4H). 3.04 (s, 2H), 2.62 (br s, 8H), 1.59 (br s, 4H), 1.33 (br s, 4H).
yielding the desired compound as a white powder. Yield: 0.863 g, “°C NMR (100 MHz, DO): dc 179.8, 179.5, 175.0, 162.€8%),

93.0%. ESI-MS:m/z 668 [2H*]. Anal. Calcd for GgHagN;OgNag: 137.8, 136.3, 129.5, 126.8, 59.6, 59.4, 53.0, 52.3, 45.5, 43.1, 28.8,
2.5H,0: C, 47.19; H, 5.80; N, 13.76. Found: C, 47.47; H, 5.93; 26.4.
N, 13.58.R; = 0.11.'H NMR (400 MHz, D;O): 6y 7.11 (d, 4H, Octyl Macrocycle (6). Compound3 (0.167 g, 0.218 mmol), Na

ArH), 6.82 (d, 4H, AH), 4.28 (s, 4H), 3.19 (s, 4H), 3.13 (s, 4H), C0;(0.060 g, 0.566 mmol), and 1,8-diaminooctane (0.037 g, 0.256

2.97 (s, 2H), 2.52 (br s, 8H}3C NMR (100 MHz, CQOD): dc mmol) were reacted as described above4oCompound6 was

179.1, 173.4, 147.9, 129.9, 129.5, 116.7, 61.1, 59.9, 55.0, 54.9,isolated as a monosodium salt. Yield: 0.147 g, 81.2%. ESI-MS:

43.8. mv/z 852.34 BNa']. IR (KBr): cm~1 3286 (br), 3059, 2929, 1722,
N,N’"-Bis(p-isothiocyanatobenzylcarbamoylmethyl)- 1640 (s), 1540 (s), 1512, 1385, 1316, 1236, 1100 (w), 1020 (w).

diethylenetriamine-N,N'N"-triacetic Acid (3). Compound (0.500 Anal. Calcd for GgHssNgOsS;NarH,O: C, 52.46; H, 6.49; N, 14.49.

g, 0.749 mmol) and NaHC£X0.300 g, 3.57 mmol) were dissolved Found: C, 53.02; H, 6.54; N, 14.56& = 0.35.'H NMR (400

in 165 mL of HO. This solution was then carefully added dropwise MHz, D;O): oy 7.32 (d, 4H, AH), 7.16 (br s, 4H, AH), 4.39 (s,

to a solution of thiophosgene (CSCCAUTION!) (1.08 g, 9.40 4H), 3.53 (br s, 4H), 3.22 (s, 4H), 3.16 (s, 4H), 3.02 (s, 2H), 2.56

mmol) in 165 mL of CHC} over 65 min with vigorous stirring. (br s, 8H), 1.58 (br s, 4H), 1.31 (br s, 8H}C NMR (100 MHz,

Inorganic Chemistry, Vol. 44, No. 26, 2005 9831



D,0): oc 179.8, 179.6, 174.8, 163.£8), 137.4, 136.6, 129.5,

126.3, 59.6, 59.2, 53.0, 52.5, 45.6, 43.1, 28.8, 28.7, 26.5.
m-Benzyl Macrocycle (7).Compound3 (0.167 g, 0.218 mmol),

NaCO; (0.060 g, 0.566 mmol), aneh-xylylenediamine (0.035 g,

0.254 mmol) were reacted as described abovelf@ompound?

was isolated as a monosodium salt. Yield: 0.098 g, 85.5%. ESI-

MS: mV/z 843.82 [/Na']. IR (KBr): cm~* 3332 (br), 3049, 2923,

1730, 1642 (s), 1540 (s), 1514, 1394, 1343, 1314, 1232, 1092 (w),

1018 (w). Anal. Calcd for ggH47NgOsS,Na-H,O: C, 52.95; H, 5.61;
N, 14.62. Found: C,52.91; H, 5.51; N, 14.6% = 0.38.'H NMR
(400 MHz, D;O): dy 7.31 (d, 4H, AH), 7.20 (m, 8H, AH), 4.8
(s, 4H, hidden under HOD resonance), 4.34 (s, 4H), 3.22 (s, 4H),
3.16 (s, 4H), 2.94 (s, 2H), 2.57 (br d, 8H}C NMR (100 MHz,
D,0): oc 180.3, 179.8, 174.9, 163.Z%), 139.4, 137.6, 136.2,
129.5, 126.9, 126.5, 124.0, 59.6, 59.2, 52.9, 52.4, 48.4, 43.0.

General Procedure for Eu Complex Formation with Mac-
rocycles. Eu(4) Macrocycle4 (0.050 g, 0.063 mmol) was dissolved
in an aqueous NaOH solution (10 mL; 2:7 102 M), and Eu-
(Ch)3(0.017 g, 0.066 mmol) in kD (10 mL) was added dropwise
over 45 min. This mixture was stirred at 46 for 5 h. The solution
was evaporated down to5 mL under reduced pressure and then
transferred into a 500 MWCO cellulose membrane for dialysis (24
h; 3 x 4 L H,O exchange). The water was evaporated and the
remaining solid dried under vacuum to yield an off-white powder.
Yield: 0.057 g, 95%. ESI-MS:mVz 924.20 Eu(4)H*]. UV —vis
(DMSO) Amafnm (/M1 cmY): 274 (19800). IR (KBr): cm?
3418 (br), 3264, 3088, 2929, 1621 (s), 1539, 1514, 1399, 1314,
1257, 1095 (w), 1021 (w), 927 (w). Anal. Calcd fog844NgOsS,-
Eu o5H,0-3NaCl: C, 34.81; H, 4.64; N, 10.75; Eu, 11.66.
Found: C, 34.11; H, 4.22; N, 9.63; Eu, 10.67.

Eu(5). Macrocycle5 (0.052 g, 0.065 mmol) and Eu(Glj0.017
g, 0.066 mmol) were reacted as described abovEfigd), yielding
an off-white powder. Yield: 0.058 g, 94%. ESI-M3/z 951.98
[Eu(B)H™]. UV —vis (DMSO)Ama/nm (/M -1 cm™1): 273 (22000).
IR (KBr): cm~13434 (br), 3264, 3088, 2929, 1621 (s), 1542, 1514,
1399, 1314, 1257, 1095 (w), 1018 (w), 927 (w). Anal. Calcd for
C3gHgNgOsSEU-5H,0-3NaCl: C, 35.55; H, 4.81; N, 10.36; Eu,
12.49. Found: C, 34.28; H, 4.59; N, 9.54; Eu, 11.53.

Eu(6). Macrocycle6 (0.054 g, 0.065 mmol) and Eu(Gl1j0.017
g, 0.066 mmol) were reacted as described abovEdg4d), yielding
an off-white powder. Yield: 0.062 g, 97%. ESI-M3$w/z 980.04
[Eu(6)H™]. UV —vis (DMSO)Ama/nm (/M -1 cm™1): 274 (23200).
IR (KBr): cm~13429 (br), 3088, 2929, 1616 (s), 1553, 1512, 1402,
1314, 1257, 1095 (w), 1021 (w), 927 (w). Anal. Calcd for
C38H52N90852EU'5H20‘2N8.C|: C, 38.49; H, 5.27; N, 10.63; Eu,
12.81. Found: C, 38.85; H, 5.15; N, 10.11; Eu, 12.08.

Eu(7). Macrocycle7 (0.053 g, 0.065 mmol) and Eu(Gl1{0.017
g, 0.066 mmol) were reacted as described abovEdg4d), yielding
an off-white powder. Yield: 0.058 g, 92%. ESI-M3w/z 972.46
[Eu(7)H*]. UV —vis (DMSO)Ama/nm (/M -1 cm™1): 275 (23000).
IR (KBr): cm~13418 (br), 3093, 2918, 1608 (s), 1539, 1512, 1399,
1317, 1257, 1095 (w), 1018 (w), 927 (w). Anal. Calcd for
CagH44NgOsSE-4H,0-2NaCl: C, 39.35; H, 4.52; N, 10.87; Eu,
13.10. Found: C, 39.72; H, 4.49; N, 10.34; Eu, 13.20.

Luminescence StudiesExcitation and emission spectraBé-
(4)—Eu(7) (DMSO, 2.0x 1075 M) were obtained in phosphores-
cence mode with a total decay time of 0.02 s, a delay time of 0.10
ms, and a gate time of 5.0 ms. Excitation and emission slit widths
were both set at 10 nm. The excitation wavelengfhg)(used in

the emission studies were either 274 or 395 nm. The emission

wavelength fen) for the excitation studies was 615 nm. Determi-
nation of the luminescence lifetimer)( of Eu(4)—Eu(7) was
performed in both KD and RO (3.5 x 10-° M) with a delay time
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of 0.05 ms, a gate time of 0.1 M&y. = 272 nm, andlem = 615
nm. Excitation and emission slit widths were 10 nm. Calculations
of g used the equatiog = 1.11ku,0 — Kp,o — 0.31+ 0.07510-

cnn] Wherek is the rate of luminescence decay amgcny is the
number of amide N-H oscillators in which the amide carbonyl
oxygen is coordinated to Et'®

Results

Macrocycle Synthesis and CharacterizationThe syn-
theses of macrocyclic ligands-7 are shown in Scheme 1.
The first step involves opening the bis-anhydride of DTPA
(DTPA-BA) with 2 equiv ofp-nitrobenzylamine to yield the
bis-amide,1. The *H NMR spectrum ofl indicates high
conversion. The ESI-MS data support this conclusion with
major peaks occurring at 662, 684, 706, 728, and m&0
The peak at 662 is identified aswith each carboxylate
protonated and ionized with an additional proton, denoted
1H,*. Each successive peak in the series is due to replace-
ment of one proton with a sodium ion (684z = 1Hz;Na",
706m/z= 1H;Na*t, 728m/z= 1HNas", 750m/z= 1Na,").

Compound? is generated by catalytic hydrogenation of
the nitro group inl. TLC analysis during the course of this
reaction shows complete disappearancé after 2 h with
concurrent appearance 2fThe'H NMR spectrum of lacks
resonances from the nitrobenzyl precursor, and a large upfield
shift of the aromatic resonances occurs (consistent with
formation of an electron-donating amino group as a sub-
stituent). In the ESI mass spectrum®yfpeaks at 624, 646,
668, and 690 are obtained, where the peak at 624 is due to
the monosodium specie®i;Na*, and each successive peak
thereafter is the result of the replacement of a proton with a
sodium ion (646m/z = 2H,Na,t, 668 Mz = 2HNas™, 690
m/z= 2Na,") similar to the result obtained with The next
step in the synthetic route requires reactior? @fith excess
thiophosgene (CS¢@)lin a two-phase reaction to generate
the bis-isothiocyanat&'6 Full caution (closed hood, lab coat,
and gloves) must be taken when working with thiophosgene
due to its high toxicity and volatility. The desired product
(3) is obtained in an efficient manner and isolated by
precipitation with acid, which effectively removes trace
impurities resulting from addition of only 1 equiv of
p-nitrobenzylamine to DTPA-BA in the first step of the
reaction sequence. The monosubstituted impurities are
retained in the aqueous layer due to the presence of four
carboxylic acid groups and only one aromatic ring. THe
NMR spectrum of3 reveals two resonances in the aromatic
region ¢ = 7.28 and 7.30 ppm) consistent with conversion
to the isothiocyanate-substituted benzene rings. Elemental
analysis of this compound indicates a formula efHzsN7Og-
SNa-2H,0, consistent with the proposed structure, where
two waters of hydration persist after drying under vacuum.
Two major peaks occur in the ESI mass spectrum corre-
sponding to3H," and 3Hz;Na" at m/z = 686 and 708,
respectively. Macrocyclic, oligomeric, and all trace solvents

(15) Supkowski, R. M.; Horrocks, W. D., Jnorg. Chim. Acta2002 340,
44—48.

(16) Brechbiel, M. W.; Gansow, O. A.; Atcher, R. W.; Schlom, J.; Esteban,
J.; Simpson, D. E.; Colcher, Dnorg. Chem.1986 25, 2772-2781.
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Chart 1. Macrocyclic EG" ChelatesEu(4)—Eu(7)
i 0 0 3 0. 0 i
Q o NH NH o
w g oSN\, A oSN\, H o\ .
N NH / // o N NH
q i\g\—N{r@_N\\( CNAINTCw € <‘\)\~N/H_©_N\(
o~ S O)_/ H \(
© o}
Eu(4)(H,0) Eu(5)(H,0) Eu(6)(H,0) S Eu(7)(H,0)

are not detected at this stage. The first three steps in this(4)—Eu(7). The products are purified by dialyzing each

synthesis yiel® in a highly pure form and thus, purification

compound in ultrapure ¥ using a 500 MWCO membrane

via chromatography is deemed unnecessary for any of theseo remove salts and any excess reactants. The infrared spectra

precursor molecules.

Compound3 is the synthetic precursor to forming mac-
rocycles4—7. The key step in the synthesis of these systems
is the cyclization step, where, for example, 1,4-diaminobu-
tane is reacted witl8 under highly diluted conditions to
generated in high yield. NMR data indicate the formation
of a single product in this reaction, characterized by a few
large changes. For examplk] NMR resonances appear in
the aliphatic region of the spectrum € 3.54 and 1.58 ppm),
corresponding to two sets of four equivalent methylene
protons, which represents linking of the aliphatic chain to
form the macrocycle. In thé’C NMR spectrum of4, the

of Eu(4)—Eu(7) show intense bands at1610 cn1?, which

is a lower stretching frequency than expected for amide or
carboxylate &0'’s, and is consistent with coordination of
these groups to Et. In addition, complexation with E
simplifies the ESI mass spectra4f7, and in the spectrum
of Eu(4), for example, the major peaks occumalz = 924
and 946, corresponding to tHEu(4)]H" and [Eu(4)]Na"
ionized species, respectively. In the caseEof5), Eu(6),
andEu(7), peaks for the proton-ionized species occunét
=952, 980, and 972, respectively. The isotopic distribution
pattern fofEu(7)]H" is shown in Figure 1. The highest peak
at 972.1992 is due to the complex with the major isotope,

resonance near 136.3 ppm (characteristic of the isothiocy-1>Eu, whereas the peak at 970.1854 is attributed to the

anate group) is absent; however, a new peak appears at 162
ppm, indicative of the newly formed thiourea functionality.

In addition, new resonances appear in the aliphatic region
at 45.3 and 26.9 ppm, ascribed to the carbons linking the

.Bomplex with>Eu.

Luminescence StudiesAll the complexes studied have
similar excitation and emission spectra, and the luminescence
spectra ofEu(4), shown in Figure 2, are representative of

thiourea moieties together. Similar spectral changes are alsqhe spectra observed for produgs(5)—Eu(7). The excita-

observed in the NMR spectra 6f-7, indicating complete
conversion of the starting material to the desired products.
The ESI-MS of4 has a major peak atvz = 796 which
corresponds to the neutral ligand ionized with a sodium ion,
4H3Nat. In addition, similar to the pattern observed in
compoundsl and 2, there are significant peaks aiz =
774 [AH4)T, 818 @H,Nat), 840 @HNag™), and 862 4Nay™).
These results indicate this product to be the [1:1] macrocycle
where [1:1] denotes the ratio of DTPA precursor and the
diamine that form the final product, as shown in Chart 1.
The ESI-MS data fod—7 are similar with respect to the
formation of exclusively the [1:1] product. In addition, a
small peak atm/z = 708 is observed as a fragmentation
product in the mass spectra fét-7 and is most likely not
due to the presence of unreac®&advhich has the samevz
ratio. Small peaks are also found in the region of the MS
where [2:2] macrocyclic products would appeand =
1547-1701 for 4). However, an ESI-MS-MS experiment

using6 as a model revealed that these peaks are due to proton,g

or sodium ion-bound dimers that decompose at low energy
into the monomer. The NMR and elemental analysis data
support this conclusion that the [1:1] productsdef7 are
obtained in a pure form.

The DTPA unit of these macrocycles is an octadentate
ligand for lanthanide metals. Addition of Eu(etb aqueous
solutions of4—7 gives the final macrocyclic productsu-

tion spectrum ofEu(4) (Figure 2a, emission at 615 nm) is
dominated by a broad band at 25825 nm with a maximum

at 276 nm. This large band is primarily due to the absorbance
of the benzene sensitizers present in the macrocycle struc-
tures. However, significant bands arising from direct excita-
tion of EL*" are also observed in the region from 310 to
480 nm. The most intense band, at 395 nm, is characteristic

»of ELPT absorption. The general UWis absorption spectrum

of Eu(4) shows only a broad band at 25805 nm that is
much more symmetrical in shape than the broad band in the

[Eu(7)] Theoretical
100

972.2045

970.2031

k 971.2059 973.2071

974.2060

‘ 975.2067
|
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970.1854

o 971.1941

970 971 972 973 974 975
Figure 1. ESl isotopic distribution pattern for [Eu(7)jH Top: theoretical
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0 “miz

distribution. Bottom: actual.
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Figure 2. Excitation (a) and emission (b) spectrafdi(4) in DMSO (2.0x 1075 M).
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Figure 3. Decay of the luminescence emissiol = 272 nm;lem =
615 nm) of a 3.5x 107> M solution of Eu(4) in H,O (open triangle) and
D,0O (closed square).

Table 1. Summarized Luminescence Lifetime Datati(4)—Eu(7)

compound TH,0 (MS) 7p,0 (MS) QR
Eu(4) 0.68 1.74 0.82
Eu(5) 0.71 1.63 0.69
Eu(6) 0.79 2.04 0.68
Eu(7) 0.75 2.08 0.78

aValues forg were calculated using the method from Horrocks éfal.

excitation spectrumigy, = 615 nm) and is attributed to
absorption from the aryl portion of the ligand.

luminescence decak & 1/r) andno—cnn is the number of
amide N-H oscillators in which the amide carbonyl oxygen
is coordinated to EU.'® For the EG" complexes studied,
No=cnw = 2 and g ~ 1 in all cases. The octadentate
macrocyclic ligand inEu(4—7) allows for one vacant
coordination site on the metal to be filled by solvent, resulting
in the preferred nine-coordinate compléx.

Discussion

The design principles behind this new series of macro-
cycles, Eu(4)—Eu(7), require three components: (i) a
lanthanide chelate complex that serves as the signaling unit,
(i) an aromatic moiety that functions both as a spacer and
a light harvesting unit (antenna), and (iii) thiourea groups
that function as the anion binding pocket. This pocket can
be tailored by substitution of the functional group between
the two opposing thioureas, which may potentially allow for
increased selectivity based on anion shape recognition
through incorporation of additional binding sitépplying
these systems for anion sensing depends on excitation of the
organic chromophore on the macrocyclic ligand, which
transfers energy to the Eucenter, resulting in lumines-
cence’” Our working hypothesis is that hydrogen-bonding
interactions between the thiourea hydrogens and bound
anionic acceptors could affect the energy transfer between

The emission spectra taken at excitation wavelengths of chromophore and E, therefore resulting in a detectable

274 and 395 nm of compleku(4) are shown in Figure 2b.

change in luminescence intensity. Gaining an understanding

Again, similar emission spectra to that shown in Figure 2b of this process and mechanism is the goal of this research

are observed for all producBu(4)—Eu(7). At a 274 nm

and has driven the design of these new macrocycles. These

excitation wavelength, the emission intensity for the three first models were created to study the efficiency of the

main emission bandSPo — "F; (Amax = 592 nm),5Dy —
F (Amax = 615 nm), anc®Dy — "F4 (Amax = 695 nm)] is

synthetic pathway, which incorporates simple substituted
benzene groups as the antenna with differing hydrocarbons

approximately 2.5 times more intense than when excited atlinking the functional thiourea groups together. Here, we have

395 nm (the wavelength used for direct excitation of'gu

developed a versatile route that allows for a systematic

The degree of luminescence enhancement via energy transfevariation in the final structure through choice of an appropri-

from the ligand for complexeSu(4)—Eu(7) is very similar,
even thoughEu(7) contains am-xylene linker.

ate diamine moiety to form a variety of macrocycles. The
cyclization step, which results in formation of two thiourea

Luminescence lifetime data also have been obtained for functionalities in the cyclic binding pocket, proceeds in high

the complexe&u(4)—Eu(7) to determingg, the number of

yield and with minimal byproducts for a number of diamines

coordinated water molecules in aqueous solution. Experi- of different lengths. This result demonstrates the versatility

mental lifetime data from the study &u(4) are shown in

and promise for future models to study anion sensing and

Figure 3, and the summarized results from studies of all the energy transfer mechanisms involving lanthanide metals.

complexes are shown in Table 1. The luminescence lifetime,

7, has been determined in both®and BO.*® Calculations
of q were performed using the equation= 1.11Ku,0 —
ko,o — 0.31 + 0.07510=cnu] Where k is the rate of
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The first three synthetic steps en route to macrocyttes
(Scheme 1) are high yielding with minimal purification

(17) Hay, B. P.; Firman, T. K.; Moyer, B. AJ. Am. Chem. SoQ005
127, 1810-18109.
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required, resulting in an overall yield of 44.0% f8rfrom
DTPA-BA. In particular, column chromatography is not
needed to isolat8 in high purity. The synthesis of macro-

lifetime measurements indicate that one water molecule is
coordinated inEu(4)—Eu(7). Previous crystal structure
determinations of DTPA bis-amide macrocyclictrcom-

cycles4—7 from 3 can -be compared to prgvious one-step plexes have shown that a water molecule occupies a capping
Syntheses, where reaction of the blS'anhydrlde of DTPA with position in a distorted tricapped trigona| prism (TTP)

various diamines resulted in a vast array of macrocyclic gegmetryt4a< This capping position is not oriented toward

ligands for lanthanide ion$.Dilute conditions (26-40 mM)
with either DMF4~¢ DMSO !¢ or MeOH“? are used to
avoid formation of oligomers, and post-purification yields
ranged from 10 to 45% In the synthesis of4—7, a
bicarbonate-buffered }#0/MeOH solvent system is used at
high dilution (2 mM), with yields between 70% and 80%.
The bis-isothiocyanat8 is stable in the presence of,@

the cavity of the macrocycle. Currently, it is unknown as to
whether this ninth site is accessible in DMSO solution, but
this possibility would allow E#" to act as an additional anion
binding site in macrocycles of this series.

Our hypothesis of the possible anion sensing capabilities
in macrocycles such d@su(4)—Eu(7) depends on changing

under these conditions, and the reaction proceeds in goodthe intensity of the lanthanide emission upon anion binding
yield. Previous syntheses of macrocyclic thioureas (that lack to the thiourea groups via hydrogen bonding. It has been
a metal chelating group) through the reaction of bis- reported that anion binding to thiourea lowers the oxidation
isothiocyanates with diamines under high dilution (2 mM in potential of the sulfur atom, in effect, making it a better donor

CHCI) have resulted in similar yields, 7079%2?° In the
current work, the synthetic scheme produc#g/ maintains

to suitable acceptors nearB?.¢ In PET mechanisms, the
fluorescence of an aromatic group can be quenched by such

the higher yields particular to the isothiocyanate reaction, g process, where typically there is a methylene spacer

while also producing a DTPA-containing macrocycle.

between the fluorophore and the thiourea gr83g.In Eu-

Ligands4—7 were dissolved using aqueous NaOH solution (4)—Eu(7), the thiourea moiety is directly attached to the

and subsequently reacted with Eg@ yield Eu(4)—Eu-

benzene chromophore and anion binding may alter the

(7), respectively. Yields ranged from 92% to 97%. ESI-MS  hromophore’s photophysical properties, potentially resulting

data indicate the formation dtu(4)—Eu(7), and intense
peaks are observed for both the bind Na ionized species.

The IR spectra of the four complexes are similar, with the

most intense band occurring between 1608 and 162E.cm

This relatively low-frequency reflects the weakening of the

C=0 of amide and carboxylate functionalities upon®*Eu
coordination. Elemental analyses Bti(4)—Eu(7) reveals

in a change in EXf luminescence. For example, significant
changes in absorption spectra have occurred with simple
thioureas directly covalently attached to aromatic uHits.
However, without suitable models for comparison, potential
changes in the luminescence upon anion bindingu@})—
Eu(7) are difficult to predict. Preliminary studies in DMSO

the presence of NaCl in the bulk sample, despite dialysis of have shown that the luminescencei(4)—Eu(7) increases

the complexes. In addition, the %Eu found in tBa(4)
sample is slightly low, possibly due to the more tightly
restricted macrocyclic ligand.

Due to the weak absorption capabilities offEuorganic

up to ~100% in the presence of up to 8 equiv of the

tetrabutylammonium salts of dihydrogen phosphate and
benzoate, but no change is observed in the presence of
tetrabutylammonium iodide. These results show that a

chromophores are often used to increase ion emission throughf€sponse to anions is achieved by our current system, but it

energy transfer process&sA relatively intense emission is

is not by a PET quenching mechanism. Further studies of

important for practical applications involving induced changes anion recognition with these macrocycles are currently being
in the luminescent signal. Also, enhancing the emission pursued.

allows low concentrations to be used. In the case of ligands Studying the effects of anion binding requires that the
4—7, only the disubstituted benzenes are possible sensitizers,yianna is excited and then proceeds to transfer energy to

for the EZ* emission, and insight into the efficiency of the

sensitization can be gained through analysis of the absorption,
excitation, and emission spectra of these complexes. The

excitation and emission spectra®i(4)—Eu(7) (Figure 2)
are typical in that a large ligand-based excitation baiRdx(
= 274 nm) and a Ei-based bandig.x = 395 nm) are
present, with both excitations giving rise toEwemissions
at 592, 615, and 700 nm.

The mass spectra @&u(4)—Eu(7) indicate that a coor-

the EJ' center. As shown in Figure 2b, the benzene spacer
in Eu(4)—Eu(7) appears to function as a weak antenna,
evidenced by the enhancement ofEluminescence when
the complex is excited at 274 nm compared to 395 nm, where
Ew' is excited directly. This feature is also reflected in the
excitation spectra otu(4)—Eu(7), which show significant
bands assigned as direct excitations of'Hidmax= 319 and

395 nm, for example), roughly one-third the intensity of the

dinated solvent molecule is not present in the isolated andPand from 250 to 305 nm where the ligand absorbs. In
dried product. However, it is important to determine if a designing future systems analogous=ta(4)—Eu(7), incor-

solvent molecule is coordinated to the3Egenter in solution

poration of more efficient antenna moieties will be necessary.

because the availability of an open coordination site on the The m-xylylene linker inEu(7) did not appear to have any
metal could disrupt potential interaction of an anion with effect on enhancing the luminescence of the complex, as
the hydrogen-bond-donating thioureas of the macrocycle, compared withEu(4)—Eu(6). This is most likely due to a

complicating future studies. InJ@ and DO, luminescence

larger distance between this group and thé'Eenter.
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Conclusion transfer properties of the ligand, and its interaction with
various anions is necessary for developing more responsive

f and selective macrocyclic systems for specific anion recogni-
tion.

The synthesis, characterization, excitati@mission spec-
tra, and luminescence lifetime data for a new series o
lanthanide and thiourea-containing macrocyfiag4)—Eu-

(7)] are presented. These systems represent a new series of
complexes synthesized by a clean, versatile process thatC
potentially allows for functional variability for future mac-
rocycles. Excitatioremission spectra reveal that these
complexes luminesce, and luminescence lifetime studies
reveal that one water molecule is coordinated to th&"Eu
center in aqueous solution. Current studies are focused on  sypporting Information Available: Mass spectra i3—7 and
designing similar macrocycles with improved sensitizers that Eu(4)—Eu(7), ESI-MS-MS data for7, '"H NMR spectra of4—7,

will further enhance the antenna effect to create highly and absorption, excitation and emission spectr&wf)—Eu(7).
luminescent complexes. Also, studies on the anion-binding This material is available free of charge via the Internet at
ability and response @u(4)—Eu(7) are underway to study  http://pubs.acs.org.

the inclusion chemistry of this new macrocyclic system. A

solid understanding of the structure of the complex, energy 1C051324X
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